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ABSTRACT

MAPPING SPACES, SIGNATURES, AND DATA
DARRICK LEE

ROBERT GHRIST

Time-varying phenomena are ubiquitous across pure and applied mathematics, from
path spaces and stochastic differential equations to multivariate time series and dynamic
point clouds. The path signature provides a powerful characterization of such sequential
data in terms of power series of tensors, weaving together these diverse concepts. Originally
defined as part of Chen’s iterated integral cochain algebra, the path signature has since been
used as the foundation for the theory of rough paths in stochastic analysis. More recently;, it
has been shown to be a universal and characteristic feature map for multivariate time series,
providing theoretical guarantees for its application to time series analysis in the context of
kernel methods in machine learning. This thesis extends the scope of the path signature to
more complex parametrized data in two directions. First, we consider generalizations of
the codomain of a path. We lift the theory of signatures to the setting of Lie group valued
time series, adapting these tools for time series with underlying geometric constraints.
Furthermore, we build a signature framework to study paths of persistence diagrams,
objects which capture the evolving topological structure of dynamic data sets. Second, we
consider maps parametrized by higher dimensional cubes by developing notions of the
mapping space signature. Our approach returns to the topological origins of the signature as
the 0-cochains of the Chen construction. We formulate a cubical variant of the mapping
space construction, and use the resulting 0-cochains to define the mapping space signature

and establish its basic properties.
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PREFACE

This thesis is split into three major parts.

PART I contains Chapter 1 and Chapter 2, which are expository chapters that provide the
motivation and background for the remainder of the thesis. In Chapter 1, we motivate the
path signature by consider lead /lag behavior in time series. We then present the core theory
of path signatures in the context of machine learning applications, and provide a brief
introduction to rough paths. However, one of the original formulations of the signature was
in the context of algebraic topology, where they formed part of the 0-cochains of a cochain
model for path spaces and loop spaces of manifolds [Chey7]. Because this perspective has
been largely absent in the recent literature on signature methods in machine learning, we
provide an exposition of these ideas in Chapter 2.

The remainder of the thesis generalizes the theory and application of signatures in two
directions. The bounded variation paths discussed in this introduction can be viewed as a
subset

c'r(v) c C([0,1], V)

of the mapping space of continuous functions between [0, 1] and a Banach space V.

PART II contains Chapter 3 and Chapter 4, which generalize the path signature by
considering maps with more general codomains. In particular, in Chapter 3, we show that
all of the foundational theory presented in this introduction can be lifted to the setting of
Lie groups. We show that the Lie group signature is also universal and characteristic, and
provide two detailed numerical experiments to demonstrate these two properties.

In Chapter 4, we consider paths of persistence diagrams, which are objects that arise in
topological data analysis. The standard space of persistence diagrams is simply a monoid,
and lacks the algebraic and analytic structure required to define signatures. By connecting
the space of persistence diagrams with the existing theory of Lipschitz-free spaces in
functional analysis, we provide an isometric embedding of the space of finite persistence
diagrams into a Banach space. This allows signature methods to be used to study the
dynamic topological structure of temporally evolving point cloud data sets. We apply this
theory to a parameter estimation problem for models of collective motion, and show that
the signature method performs well, even in situations with missing data.

PART III contains Chapter 5, Chapter 6, and Chapter 7, which generalize the path
signature by considering maps from higher dimension codomains. The approach in these

X1



PREFACE

chapters exploit the connection between the signature and Chen’s iterated integral cochain
algebra from Chapter 2. We use a generalization of Chen’s construction to mapping
spaces [PTo3; GTZ10] in order to motivate the definition of these higher dimensional
signatures. In particular, the work in these chapters is restricted to the setting of smooth
maps.

In Chapter 5, we reformulate the simplicial construction from [PTo3; GTZ10] using
cubical sets with connection. This cubical variant of the Chen construction is more amenable
to the development of signatures from higher dimensional cubical domains. In particular,
we prove that the cubical generalization of mapping space cochain algebra is a morphism
of differential graded algebras to the de Rham complex of the smooth mapping space.

Next, in Chapter 6, we use the cubical construction to recover the 1-dimensional theory
of path signatures. While we do not prove any new properties of the signature, this chapter
shows that all of the algebraic structure of the path signature such as the shuffle product
and Chen’s identity, can be derived directly from the cochain model. Furthermore, the
1-dimensional setting allows us to connect the more abstract cochain construction with the
more familiar path signature.

Finally, in Chapter 7, we study the cubical mapping space construction explicitly for
maps

'y:Dd—HRN

where the domain is the unit d-cube (¢ := [0, 1]9. We classify the resulting 0-cochains into
several categories, and use these cochains to define notions of the mapping space signature.
We then show that the mapping space signature satisfies several invariance properties, as
well as generalized shuffle product structure. However, one of the main complications
with the higher dimensional theory is the obstruction of a direct generalization of Chen’s
identity. Nevertheless, we provide a formula to express the signature of the concatenation
of two maps using the signatures of the individual maps.
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NOTATION

PATHS AND MAPS

e We use (0 := [0,1]“ to denote the unit d-cube.

* Throughout the thesis, paths 7y : [0,1] — RN will be parametrized on the unit interval
unless otherwise specified. In PART 1 and PART 11, we will use subscripts to denote
the time parameter

ve=v(t).

However, in PART 111, we will revert to the (#) notation in order to coincide with
maps from higher dimensional domains such as a(ty,...t;) for a : 09 — RN,

* In PART 1 and PART 11, we work with various spaces of paths. For a vector space V,
we let
1. CP~%"(V) be the space of bounded p-variation paths;
2. CP'(V) be the space of piecewise regular paths;

3. CP¢(V) be the space of piecewise continuous paths.
CATEGORIES

¢ Categories and categorical (co)limits are denoted using sans serif font.

¢ Let Cbe a category and x,y € C be objects. The Hom set between x and vy is denoted
C(x,y).

* Let C and D be categories. The functor category from C to D is denoted by DC.

¢ The cateogries used in this thesis are:

1. Set, the category of sets

2. Top, the category of topological spaces;

3. Diff, the category of differentiable spaces;
4. U, the box category;
5

. U, the box category with connection;

Xiv



NOTATION

O]

P
6. C7), the category of cubical objects in C (with connection);

7. CH@, the category of cocubical objects in C (with connection).

¢ Cubical objects are denoted using homological notation (subscripts), such as Ke &
Set””, while cocubical objects are denoted using cohomological notation (super-
scripts), such as Z° € Set™.

. op . . . . .. . .
e All cubical sets, K, € Set"" , considered in this thesis are finite: K, contains a finite
number of non-degenerate cubes.

SETS AND SUBSETS
e Given N € N, we let [N] :={1,...,N}.
e The power set of [N] is denoted by 2N,

e In PART 111, we use the following convention for elements and subsets of [N] and
2[NJ;

1. i € [N], elements of [N] are denoted using lower-case characters;
2. I C [N], subsets of [N] are denoted using upper-case characters;

3. T C 2[N], subsets of 2IN! are denoted using calligraphic characters.

XV
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INTRODUCTION AND BACKGROUND



THE PATH SIGNATURE AND TIME SERIES ANALYSIS

1.1 MOTIVATION: LEAD/LAG BEHAVIOR AND SIGNED AREA

Consider the time series 7" = (v%,74) : [0,1] — R? and 7 = (94,43) : [0,1] — R? shown
in the figure below.

VAT WS
1&‘ 02 04 06 o.s\' /J 10&0424[04 06 \/

1 0.8 1

Figure 1.1: Two example time series. The time series 7" = (7{,73) is plotted in blue on the left,
while the time series 7 = (7¢,1}) is plotted in red on the right.

Both of these time series qualitatively exhibit lead/lag behavior: the dark blue (resp.
dark red) time series leads the light blue (resp. light red) time series. While the first time
series 7* is periodic, it is clear that the second time series 7" is not. However, we may
classify both time series as cyclic: the time series are of a repetitive nature, although there
may not be a fixed period. More formally, we say that a time series 7y : [0,1] — RN is cyclic
if it factors through the circle,

y:0,1] 5B st 5 RY,

with ¢ monotone, continuous and winding around the circle at least twice, where the
winding condition enforces nontrivial repetition. While the two time series 4* and "
may qualitatively look different, they are in fact related by a reparametrization. In other
words, there exists a continuous, monotone increasing bijection ¢ : [0,1] — [0, 1] such that

Y =9"0¢.



1.1 MOTIVATION: LEAD/LAG BEHAVIOR AND SIGNED AREA

Our goal is to detect the lead/lag behavior exhibited by the time series. A classical
approach is to use the unbiased cross-correlation of a time series v = (y1,72) : [0,1] — R?,
which is defined by

1

rly)(ta) = 1—1t/ (v1)e(v2)1—1,4t, (1.1.1)
40

where we define 7; = 0 when t ¢ [0,1]. In fact, this is the convolution of the two

components of the time series oy normalized by the length of the overlap between the

shifted time intervals. Applying the cross-correlation to both of our example time series *

and 'yb, we obtain the following.

]
]

-0.2 -0.1 0 0.1 0.2

Figure 1.2: The cross correlation of the two components of the time series 4* (in blue), nad AP (in
red).

A large local maxima in the cross-correlation indicates the existence of lead/lag behavior,
which can be clearly seen at t; ~ —0.05 in the cross-correlation of v*. However, this peak
is flattened out in the cross-correlation for 7, and this method is inconclusive.

The underlying reason why the cross-correlation fails to detect the lead /lag behavior
in 7’ is fact that the cross-correlation is inherently parametrization-dependent, while the
existence of lead /lag behavior is a reparametrization-invariant phenomenon. Indeed, one
component of the time series leading another depends only on the order of events, and
not necessarily on the exact parametrization. This suggests a reparametrization-invariant
approach to time series analysis.

Instead of viewing time series as graphs of functions with respect to time, we can con-
sider the multivariate time series as a single object: a path in RYN. Because the parametriza-
tion does not affect the image of the path, both the time series 4" and " trace out the path
in the following figure.

By considering geometric features of the resulting path, we can obtain reparametrization-
invariant features for the underlying time series. One such feature which can detect
lead/lag behavior is the signed area of a closed path. In the following discussion we will
assume that 7 : [0,1] — RR? is a closed path that begins and ends at the origin, so that
Y0 = 71 = (0,0). For arbitrary paths, we can form a closed path by connecting the end
point and the initial point via linear interpolation. Furthermore, we can translate the path



1.1 MOTIVATION: LEAD/LAG BEHAVIOR AND SIGNED AREA

Figure 1.3: The time series 7 and 7" viewed as a path.

to begin and end at the origin, since geometric features such as signed area are invariant
under translation.
The signed area of such a closed curve 7y is defined to be

A(y) = /H{Ziy('y;x)dx, (1.1.2)

where 77(7;x) is the winding number of - about the point x € R?. Thus, the signed area
is the area enclosed by the curve, taking into account the multiplicity as well as the
orientation of winding.

Figure 1.4: An example of the signed area. The solid black line represents the original curve, and
the dashed black line is the linear interpolation between the end and initial points to
create a closed curve. The area represented by the blue region is positive and the area
represented by the red region is negative.

In the case of our example path in Figure 1.3, the winding number is #(7y; x) = 4 if x
is contained within the ellipse since it winds around 4 times (consider the original time
series in Figure 1.1), and 7(;x) = 0 otherwise. The signed area can be reformulated
using Stokes” theorem into a form which is more closely related to lead /lag behavior. In
particular, the signed area can be computed by

A(r) = 3 [ (o) = (ran(a . (113)



1.1 MOTIVATION: LEAD/LAG BEHAVIOR AND SIGNED AREA

One criteria for the cyclic leading behavior can be formulated in terms of the components
71 and 7, as follows. We say that -y leads 7y, locally at time t if the following two conditions
hold:

1. positive influence of 1 on ¥z (71)¢(75): > 0 and
2. negative influence of v, on y1: (772):(7}): <O.

The first condition says that 7, is changing in the same direction as the value of 7, while
the second condition says that 7y is changing in the opposite direction as the value of 7»:
two properties to be expected when <y; leads ;. The signed area formula in Equation (1.1.3)
is the integral of these two conditions, resulting in a global measure of the cyclic leading
behavior over the entire path. Therefore, we say that 7y leads 7y, if

A(y) > 0.

It is clear that the signed area of our example path in Figure 1.3 is positive, and thus
correctly indicates that the first component of the time series y{ (resp. ’yll’ ) leads the second
component of the time series 4 (resp. 75). As opposed to the cross-correlation, the signed
area does not depend on the parametrization of the paths, and results in the same value
for both example paths.

Our analysis thus far has been restricted to a fairly simplified scenario which includes
only two components in the time series. In most real-world cases of time series analysis,
we wish to understand the relationship between the components of a general multivariate
time series v = (y1,...,n) : [0,1] = RN. In this more general setting, we can consider
the lead matrix, originally introduced by Baryshnikov and Schlafly in [BS16], which is a
matrix of all the pairwise signed areas of the time series.

Definition 1.1.1. Let v = (71,...,7n) : [0,1] — RYN. The lead matrix of , denoted A(7y),
is an N x N matrix with entries

1 b
A =5 [ [ 00a D = O (1) ndndsz (1.1.4)

Here, we have defined the signed area as an iterated line integral over the path, which
reduces to the formula in Equation (1.1.3) when ¢ = 0. Figure 1.5 shows an example lead
matrix for a multivariate time series with 5 components, where we can clearly identify the
pairwise lead /lag behavior between the components of the time series.

One important property of the lead matrix A(vy) is that it is a real skew-symmetric
matrix, which implies that its eigenvalues are purely imaginary and come in conjugate
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Figure 1.5: A multivariate time series with 5 components (left) along with its lead matrix (right).
pairs +iA;. Thus, if N is odd, we must have an odd number of zero eigenvalues. We will
order the magnitudes of these eigenvalues from largest to smallest

M>A > > Anp >0

The lead matrix cannot be diagonalized by real matrices, but it can be block-diagonalized
using real matrices. In particular, if N is even, there exists a real orthogonal matrix
Q € O(N), such that

A(r) = QAQT, (1.1.5)
where
0 M 0 0
A1 O 0 0 0 0
0 0 0 A 0 0
A= 0 0 —X O 0 0 (1.1.6)
_An 0

If N is odd, the decomposition in Equation (1.1.5) still holds, but A has an additional row
and column of zeros to account for the zero eigenvalue. Because Q € O(N), we can view
Q as a matrix of orthonormal vectors vy, ...,vy € RN.

The vectors v; and v, correspond to the block eigenvalue A, and determine the plane
on which < achieves the maximum signed area. This is analogous to the diagonalization
of covariance matrices performed in principal component analysis (PCA). In PCA, the
eigenvector corresponding to the largest eigenvalue determines the direction of maximal
variance. This shows that the lead matrix of a multivariate time series is a powerful tool
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which can be used to study lead /lag phenomena in cyclic (and not necessarily periodic)
time series [BS16; BG18; Zim+18; Sha+20].

Our approach of considering geometric properties of a path resulted in a reparametriza-
tion invariant feature set of the underlying multivariate time series. One may ask: are there
more reparametrization-invariant features we can extract from the path? The answer is yes,
and this leads to the central focus of this thesis: the path signature.

1.2 THE PATH SIGNATURE

The lead matrix in Definition 1.1.1 from the previous section was defined as a difference of
iterated integrals,

1 1 15 1 15
A('Y)i,j:2</0 /0 ('rﬁ)tl(v})tzdtldtz—/o /0 (v})tl(vﬁ)tzdtldtz>

— % (5(1‘4’)(7) _ S(j,i)(,y)> ,

These iterated integrals, denoted S("/)(y) and SU4)(v), are components of an infinite-
dimensional object called the path signature. The path signature is collection of reparametriza-
tion invariant features which completely characterize bounded variation paths up to
tree-like equivalence. The path signature was originally developed by Chen [Chesy; Chesy;
Ches8] as a characterization of paths on manifolds, and was later generalized to define
an iterated integral cochain algebra for path spaces and loop spaces [Chey3; Chey7]. We
discuss the cochain algebra in Chapter 2, and this perspective forms the foundation of the
generalization to mapping spaces, which is developed in Chapter 5 and Chapter 7.

More recently, the path signature was used to establish the definition of rough paths,
a deterministic approach to the integration of highly irregular paths [Lyo98], which has
led to influential developments in stochastic analysis [LQo7; LCLoy; FH20; FV10]. While
we do not directly work with rough paths in this thesis, we provide a brief exposition
of the fundamental ideas in Section 1.4, as this is one of the primary motivations for the
generalization of the signature to mapping spaces in Chapter 5 and Chapter 7.

The powerful properties of the path signature have also been exploited for time series
analysis in machine learning [Lyo14; CK16; Mor+21]. This is the main application of
signatures that we consider in this thesis, and we introduce the main machine learning
results in Section 1.3.

In this section, we will introduce the path signature along with all of its standard
properties. We will provide definitions for paths on an arbitrary Banach space V, but we
will also discuss the finite-dimensional case V = RY, in which formulas can be more
explicitly stated. We will begin by defining bounded p-variation paths, and our main focus
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will be on bounded 1-variation paths. Next, since the path signature is a map which takes
paths to a formal power series of tensors, we must define the Banach space of formal
power series. Once these preliminary constructions are defined, we move on to discussing
the path signature and its properties.

1.2.1 Bounded p-Variation Paths

Definition 1.2.1. Suppose (V, || - ||) is a Banach space. Let 7y : [0,1] — V. The p-variation of
7 is defined to be

n 1/p
|7]p—var == sup (Z e — vt II”> (1.2.1)
I \i=1

where IT={0=1t) <t <...<t,_1 <t, =1} is a partition of the interval [0, 1], and the
supremum is taken over all possible partitions. The space of all bounded p-variation paths is
denoted by

CP=o(10,1], V) == {7 :[0,1] = V  |7]p—var < o0}. (1.2.2)

Furthermore, if we require all paths to begin at a specified base point v € V, we will denote
the space by C2="([0,1], V). Unless otherwise specified, we will use the unit interval as
the domain, and thus simplify the notation as

Cl—var(v) — Cl—vur([ol 1], V), Czlj—var(v) — C{l}—vur([ol 1], V).

Proposition 1.2.1 ([CG98]). Let (V, || - ||) be a Banach space and p > 1. Then CP~%*"(]0,1], V)
equipped with the norm

H’YHP = "YO’ + "Y’pfvar
is a Banach space.
1.2.2  The Tensor Algebra

Given a Banach space (V, || - ||), we denote the algebraic tensor products of V by

VoK =V ®,...0,V,
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where ®, denotes the tensor product of the underlying vector space. There is a natural
action of the symmetric group 2x on V¥ defined for o € X by

T (01 @...0) = Vg(1) @+ .. @ Vg (1.2.3)

Further, suppose that we are given a sequence of tensor norms | - ||y on V®* which
satisfy the following two conditions:

1. for all n,m > 1, we have
18 ®a bllnsm < llallnl|blln
foralla € V®" and b € V®;
2. for all n > 1, the symmetric group %, acts by isometries on V%7, so that
leall» = llall»

for all a € V®a",

A sequence of tensor norms {|| - [|x}-; which satisfies these two conditions are called
admissible norms in [LCLo7]. The completion of V¥ under the norm || - || is a Banach space,
which we denote by (VZ, || - ||;). If V = RN is finite dimensional, the algebraic tensor
product and the completed tensor product is equivalent V®* 22 V@ Furthermore, the
action of the symmetric group also extends to the completion. By the above compatibility

condition, we have
V®an+m C V®n ®a V®m C V®n+m
and therefore, the completion of V®" ®, V®™ can be written as

V®n ® V@m o~ V®n+m'

A formal power series of tensors in V is an element
T 1ok
s= (s € [[V°
k=0

which consist of a sequence of elements sp € R and s € V@ for k > 1. Addition and
scalar multiplication are determined degreewise, so that for s,t € T((V)) and A € R,

(s+t)r =sp+ ty, (As)x = Asy, (1.2.4)
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and multiplication is defined by tensor multiplication
(s@k= ) 5m® bt (1.2.5)
m=0

We define a norm on []}>, V&F by

I[s]| = \/ skl %r (1.2.6)
k=1

which may be infinite for some terms. Note that there are several choices for the extension
of the tensor norms to a norm for the formal power series [LCLoy]. If V is a Hilbert space,
our choice of power series norm coincides with the Hilbert space norm. The algebraic
structure we are interested in is the following Banach space of finite norm group-like
power series

T(V))={se ﬁV®k :so=1, |s|| < co}. (1.2.7)
k=0

We will simply call this the tensor algebra. The condition that sy = 1 ensures the existence
of an inverse, and thus provides T((V)) with a group structure (hence the terminology
group-like elements), and the finite norm condition |[s|| < co ensures that the space is a
Banach space. Moreover, the truncated tensor algebra at degree M is the Banach space

M
TM (V)= {s e [V : so=1},
k=0

where the finite norm condition is immediately satisfied since there are only finitely many
terms in the series. Further details on the construction of this tensor algebra can be found
in [LQo7; Boe+15].

1.2.3 The Path Signature

Definition 1.2.2. Let (V, || - ||) be a Banach space. Let y € C! =% (V) be a bounded variation
path, and m > 1. The path signature of y at level m, S, lev‘”(V) — V¥ is defined to be

Sm(7) = / dyy @dyy, @ ... @dy,, (1.2.8)
Am(0,1)

10



1.2 THE PATH SIGNATURE

where A™(a,b) = {a <t < ... <ty < b}. This is an integral in the Riemann-Stieltjes
sense. By combining the information across all levels, we obtain the path signature of vy,
denoted as

S:Clm(V) = T((V)), (1.2.9)
and defined by

(S('Y))O =1, (S(’Y))j = S]‘(’)/), j=>1.

In order to understand the computation of this integral, it is instructive to use a recursive
definition of the path signature. By adapting Equation (1.2.8), we define

b
S1(7)ap = /Al(ab) dyt :/a dvyt. (1.2.10)

Next, we assume that S,,_1(7), is defined, and we take

b
Sm(7)ap :/ Sm—1(7)at @ dve (1.2.11)

= lim Z Sm—1(7)as_, ® (’Ys,- - 'YSH)f

[I(a,b)|—0 ;=

where the limit is taken over all partitions I'l(a,b) = {a =59 < ... < s, = b} of [a,b], and
the mesh size is [[1(a,b)| = sup;_;  (s; —si-1). Then, the path signature at level m is

In fact, this recursive definition shows that the signature is the solution of a controlled
differential equation.

Proposition 1.2.2. Let v € C1=9" (V). The path signature is the solution to the differential
equation

as dy

&= S(t) ® e (1.2.12)

We show that the norm of the path signature is finite, so that its codomain is indeed
T((V)), which consists of finite norm power series.

Proposition 1.2.3. For any v € C1=2(V), ||S(7)| < .

11
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Proof. We claim that at each level m, the norm of the level m signature can be bounded by

[Sm ()l < W/ (1.2.13)

which we will prove by induction. At level m = 1, we have

Hsl(,)/)Hl = H’)’l _'YOH1 < ")/|1—var-

Now, suppose Equation (1.2.13) holds for level m — 1. Using the recursive definition of the
signature in Equation (1.2.11), we have

1
1990l = | [ Sm-a()os @ e

m

1
< [ 1Swa(0osl - el

Note that S;,—1(7)o, is the level m — 1 signature of the restricted path ||y . Thus, by the
induction hypothesis, we have

’Wl[o,f]‘mil
[1Sm—1(7)oll < e
(m—1)!

Applying this to the above integral, and performing a change of variable, we get

1Sm(x)ln < / 1 |
|7‘1fvar Sm 1
< —d
_/0 (m—1n"
_ it en
T

Now, we can bound the norm of the full signature,

1S(y)]2 = Zns ||2<2'“””<Z

I%’“
o < exp(|’y|1 var)

In computational settings, we will also work with truncated path signatures.
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Definition 1.2.3. Let v € C!~%¥(V), and m > 1. The truncated path signature of -y at level m,
S : CL2 (V) — T("(V), is defined by

(S<m(M)o=1,  (S<m(7));j=Sj(7), 1<j<m. (1.2.14)

Finally, we will also give a separate definition in the finite-dimensional setting of
V = RN, which allows for a more concrete definition.

Definition 1.2.4. Let V = RN with an ordered basis (ey,...,ex), and v = (y1,...,N) €
C'=™r(V).Let I = (i1, ...,in) be a multi-index valued in [N] = {1,..., N}, so that i; € [N].
The path signature of -y with respect to I is

Sl(y) = /A'”(O 1)(%{1)[] (V) Aty by (1.2.15)

The tensor product V@ has a canonical basis {e;}, where I = (iy, ..., i) is a multi-index
valued in [N]. The path signature of v is defined by

S(y) =1+ i Y S'(v)er (1.2.16)

The finite dimensional definition coincides with the Banach space definition in Defini-
tion 1.2.2, but the Banach space definition is for the entire level m signature, while the
finite dimensional definition is term-by-term. The following proposition provides three
basic properties of the path signature.

Proposition 1.2.4. Suppose y € C1=%"(V), ¢ : [0,1] — [0, 1] a continuous monotone increasing
bijection, and a € RN. For A > 0, we define the multilinear scaling operator

o T((V)) = T((V)) (1.2.17)

(Sm)m=0 = (A"'sm)—o-
The path signature satisfies the following three properties.

1. Translation invariance:

S(y+a)=S(7). (1.2.18)
2. Reparametrization invariance:

S(yop) =S(7). (1.2.19)

13
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3. Multilinear scaling:
S(Ay) = 0xS(7). (1.2.20)

Proof. All three properties are straightforward to show using the definition of path signa-
tures. Translation invariance is due to fact that the path signature depends only on the
derivatives of the path (or the fact that Riemann-Stieltjes integrals are translation-invariant
with respect to the integrator). Reparametrization invariance of the first level is given by

Si(yo¢) = /Old(70¢)t = /01 dvi = S1(7),

since the Riemann-Stieltjes integral is reparametrization-invariant. Then assuming invari-
ance holds for level m — 1, and using the recursive definition for the signature from Equa-
tion (1.2.11),

1 1
Su(vo )= [ Sur(vopos@d(yop)i= [ Sua(rhos@dr = Su()

Finally, the multilinear scaling property is clear for level m = 1, and we assume it holds
for level m — 1. Then using the recursive definition of the signature again,

1 1
Su(0) = [ Sn-1(7)os @) = N [ty @ 3 = A" ().

O]

Remark 1.2.1. Path signatures can be defined for paths with an arbitrary closed interval
[2,b] C R as a domain. However, without loss of generality due to reparametrization
invariance, we only consider paths defined on [0, 1].

These path signatures characterize classes of paths in RN up to a tree-like equivalence,
originally defined using a reduction procedure in [Che58] for piecewise regular paths, and
later defined in its modern formulation in [HL10] for bounded variation paths. In order
to define the relation, we first consider concatenation of paths. Suppose a, 8 € C1=%(V),
then define the concatenation of the two paths, a * € C!=%" (V) by

(“*,B)t:{ L) ZtE[O,
(

. (1.2.21)
wy—Bo+Pa-1 teE [y

_ NI
~—

14
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The inverse of a path oy € C17"" is defined to be the same path but running in the opposite
direction, namely

(r e =m1- (1.2.22)

Definition 1.2.5 ((HL10]). A path y € C1=%" (V) is a tree-like path in RY if there exists some
positive real-valued continuous function & defined on [0, 1] such that #(0) = k(1) = 0 and
such that

lve —vsll < h(s)+h(t) —2 inf h(u), (1.2.23)

uelst]

where || - || is the Euclidean norm on RN. The function # is called a height function for v
and if / is of bounded variation, then 7 is a Lipschitz tree-like path.

Definition 1.2.6. Two paths &, B € C1=9% (V) are tree-like equivalent, denoted by a ~; B, if
a * B~1 is a Lipschitz tree-like path.

Lemma 1.2.1. Tree-like equivalence is an equivalence relation.

Proposition 1.2.5. The tree-like equivalence classes of paths
Cl=o(V) = C1=9" (V) / ~y (1.2.24)
is a group under concatenation, where the inverse is given by Equation (1.2.22).

Now we state the characterization theorem, which was proved by Chen [Ches8] for
irreducible piecewise regular continuous paths, and generalized in [HL10] to bounded
variation paths on a finite dimensional space V = RV. It was then further generalized to
rough paths on an arbitrary Banach space in [Boe+16]. The following statement is a special
case of the most general result in [Boe+16].

Theorem 1.2.1. Suppose a, B € C1=°" (V). Then S(a) = S(B) if and only if & ~; B.

In fact, this statement is even stronger when we consider the algebraic structures of
the group of equivalence classes C!~* (V) and the tensor algebra T((V)). The following
result is a fundamental property of the path signature, which is crucial to the definition of
rough paths. This was originally proved in [Ches54] and is called Chen’s identity.

Theorem 1.2.2. Suppose o, € C1=°7 (V). Then

S(axB) = S(a) ®S(B). (1.2.25)

15
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Proof. We begin by noting that it suffices to prove this property level-wise
(w*B) = E Si(a) ® Sp—i(B)- (1.2.26)
This can be proved using the following decomposition of the m-simplex:
m . .
A™(0,1) = JA(0,1/2) x A™7T(1/2,1). (1.2.27)
i=0

Let v = a * B to simplify notation. Then, decomposing the domain of integration in the
definition of the signature from Equation (1.2.8), we get

Sm(’)/) = /A'”(O]) d’)/tl ®"'®d7tm
_Z/ Ay, @...Qdy,
AN (0,1/2)xA"m=1(1/2,1)

= day, @...0da;, @dBs., ®...0d
;/Af (0,1)xA™=i(0,1) h y @ P Bty

2(/ day, & .. ®du¢t> </Am]01dﬁt]+1® ®d5tm)

m
Z ) ® Sm—i(B),
where we use the definition of concatenation and a change of variables in the third line. [
Then, combining Theorem 1.2.1 and Theorem 1.2.2, we obtain the following theorem.

Theorem 1.2.3. The signature map S : C*=°" (V) — T((V)) is an injective group homomor-
phism.

In the finite dimensional setting of V = RV, this theorem implies the collection of
signatures with respect to all multi-indices I of [N] provide a complete set of features for
paths up to tree-like equivalence. In the general setting, where V' is an arbitrary Banach
space, we define

Ly = @ v')*", (1.2.28)

16
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where V' denotes the topological dual of V. The space Ly is identified with a dense subset
of the topological dual of the tensor algebra T((V))’ by setting

(o]

€ty ==Y (y, tw), (1.2.29)

m=0

where £ € Ly and t € T((V)). Note that the (€, t) is simply the notation for £(t); since V
is an arbitrary Banach space, there doesn’t necessarily exist an inner product. However,
this notation coincides with the setting where V is a Hilbert space, in which case V' =V,
and can be interpreted as an inner product. Thus, we can similarly view the elements of
Ly as feature maps for paths using the above pairing, and the collection of feature maps
over Ly also provides a complete set of tree-like invariant features.

In fact, as functions on the path space, the elements of Ly are equipped with an algebraic
structure.

Definition 1.2.7. Let p and g be non-negative integers. A (p, q)-shuffle is a permutation
0 € Xpyq such that

c 1) <o 12)<... <o (p)
and
ol p+1) <ol (p+2) <...<oHp+q).

We denote by Sh(p, q) the set of (p, g)-shuffles.

Let N € IN. Given two finite multi-indices I = (iy,...,ip) and | = (ji,...,j;) of N, let
R=(r1,...,1p,Tps1,---Tpiq) = (i1,...,ip,j1,...,Jq) be the concatenated multi-index. The
shuffle product of I and | is defined to be the multiset of multi-indices

T = {(1’0(1),.. 'rU(P-Hi)) ‘0’ € Sh(p,Q)} .
As an example, suppose I = (1,2) and | = (2,3). Then
Twi=1{(1,223),(1,223),(21,23),(1,253,2),(21,3.2),(231,2)}.

There exists a shuffle product structure on the path signature.

Proposition 1.2.6. Suppose y € C1=9% (V). Then,

Sp(7) ® Sq(7) = Z ot Spig(7), (1.2.30)
ceSh(p.q)

where 0=\ € X4, acts by permutation on VEP+9) on the right hand side.

17
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Proof. The proof of this result relies on the following decomposition of the product of
simplices

AP x A= ] AP (1.2.31)
ceSh(p.q)
where
Ag+q = {(tl,. . '/tp+q) : 0 S tv(l) S e ttT(p-i—q) S 1} (1.2.32)

Applying this to the definition to the tensor product of the level p and level g signatures,
we get

Sp(’Y) ®Sq('y) = </M dvy ®...d’ytp> ® (/M dy, ®...d’ytq>

- Z /AP+q A ®...®d,,,
ceSh(p,q) =0

= d ®...0d
UGShZ(P/‘]) /Ap+q Tt Tty

= Z ot Sp+q(’)’),
ceSh(p.q)

where we apply the change of variables t,-1(j) ~— t; in the third line in order to transform

the domain of integration from AP 1o AP, O
This leads to an algebraic structure on the space of functions Ly.

Corollary 1.2.1. Suppose £ € (V')*? and g € (V')®1, and we treat both f and g as elements of
Ly. Let v € C'=%" (V). Then,

(£5(7) - (&S(y) = ). (o-(f®g),5(7)). (1.2.33)
c€Sh(p,q)

Thus, Ly is a subalgebra of the algebra of continuous functions C(C'=2%(V),R).

Proof. First, since f € (V')®P and g € (V')®1, we can simplify the expression on the left by

(£,5(7)) - (8 S(7)) = (£.54(7)) - (8 Sq(7))
= (f® g, Sp(7) ®S4(7))-

18
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Then, we apply the shuffle product of the signature in Equation (1.2.30) to get

<f®g,5p(v)®5q('r)>:<f®g, Y 0‘1-Sp+q(7)>

c€Sh(p.q)

= Y (o (£®8),Spiq(7)),
c€Sh(p.q)

where (0 -s,t) = (s,071 - t) fors € (V/)®" and t € V®" since the tensor product of linear
functionals act component-wise. ]

In the finite dimensional setting of V = RY, the product structure can be made more
explicit. In this setting, V' = V, and thus Ly is the space of polynomials of tensors.
In particular, given e; = ¢; ® ... ® ¢;, for some multi-index I of [N], the functional
corresponding to ey € (V')¥™ C Ly is

(er,S(7)) = S'(7). (1.2.34)

Therefore, the product structure in Corollary 1.2.1 can be restated as a product structure
on signatures with respect to specific multi-indices.

Corollary 1.2.2. Suppose V.= RN. Let I = (iy,...,ip) and | = (j1, ..., jq) be multi-indices
valued in [N]. Then for any y € C1=°%(V), we have

SH (1) (v) = PZIJ ]SP(W). (1.2.35)

Proof. Taking f = er and g = ey in Corollary 1.2.1, we have

(e, S(M)-le, S(M) =} (o-(e1®e)),S(7))

ceSh(p.q)

S‘msl(y) =Y, S"().
Pelw)

O

The last property of the path signature that we consider in this section is continuity. We
begin by computing a bound for the modulus of continuity for the level m-signature. The
proof given here is from [FV10], which states the result for a finite-dimensional V, but
their proof also holds in the general setting.

Proposition 1.2.7. Let o, € C1=° (V) and ¢ > max{|&|1_var, |Bl1—var}. Forall m > 1,

||Sm(0‘) - Sm(ﬁ) Hm < Emflgm_lh)é - ,Bhfvar/ (1.2.36)

19
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where
Eni=) = (1.2.37)
Proof. We will prove this by induction. At level m = 1, we have

I5:0) = S1(B)h = | [ o~ B

< ‘“ - ﬁ‘l—vur-

1

Now, suppose the result holds at level m — 1. Using the recursive definition of the signature
in Equation (1.2.11), we have

Sm(@) = Sm(B)
= [ (Sn1(@os = Sua (Boe) @ du+ [ S r(Blos @ e~ B)(0)
By the induction hypothesis,
I1Sm-1(@)o; — Sm-1(B)lm-1 < Em—20™ 2| — Bl1_var

holds for all t € [0,1]. Then, we can bound the first integral as

S EmfZEmil‘“ - ,B‘l—var-

m

H/Ol (Sm-1(®)or = Sm-1(B)o) © dacs

For the second integral, we use the bound from Equation (1.2.13) to get

H/ol Sm-1(B)os ®d(a — ﬁ)(t)H < ﬁgm—lm Bl var-

Combining the bounds on these two integrals, we obtain the desired inequality.

1

mgmil‘“ — Bli—var

Hsm(“) - Sm(ﬁ)”m < Em*2£m71’0‘ - ﬁ’l—var +
= Emflgm_lM - ,Bhfvar-
L]

This result shows that the truncated path signature is Lipschitz continuous for paths
with a fixed maximum length.

20



1.2 THE PATH SIGNATURE

Corollary 1.2.3. Let £ > 0 be a constant such that { # 1 and o, € C1="(V) be bounded

variation paths such that |a|1_yar, |Bl1—var < {. Forallm > 1,

_mn 1/2
I2n(a) = Sen(B)] < explD) (527 )l Bliooar

Proof. Applying the previous proposition,

1S<m(a) = S<m(@)|* = Z I1Sj(a) = S;(B)IIF
S ZEzn—lgm_lm ’1 —var
=1
m
<exp(1)[a — Bl1—var Z et
=1

—exp(la— Bt (7 )-

Then, we get the desired bound by taking the square root.

(1.2.38)

O

In fact, one can show that the signature map is continuous, though it requires a more
detailed analysis. The following theorem is a special case of Theorem 3.1.3 in [LQo7],

which provides a continuity result for rough paths.

Theorem 1.2.4. Let , B € C %% (V) and B be a constant such that

) ) 2
> — .
5_2(1+r§(r_2> )
If £ is a constant such that

/ 12
|D‘|1fvar/ |,B|1fvur < 57 and |0¢ - ,B|1fvar S €—

T B p

for some € > 0. Then for all m > 1,

1S (&) = S (B)l|m < eﬁ(m!)'

This implies that

IS(&) = S(B)| < ;expwz/z).
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In particular, this shows that the path signature is continuous.

1.3 THE SIGNATURE KERNEL

In this section, we will discuss the application of the path signature for time series analysis
in machine learning in the context of kernel methods. Suppose & is a topological space
of data that we wish to study. A standard method in machine learning is to first apply a
feature map, which is a continuous function

. X -V (1.3.1)

into a topological vector space V. The feature map allows us to extract relevant properties
of the data, and also to transform the data into elements of a linear space which can be more
easily manipulated computationally. Feature maps which are universal and characteristic
(see Definition 1.3.2) provide theoretical guarantees for problems related to learning
both functions and measures on X'. However, a vector space V rich enough to provide
such features may itself be unavoidably infinite dimensional, in which case we have not
mitigated the computational issues. When V' is a Hilbert space, the theory of kernel methods
in machine learning allow us to circumvent this difficulty by using efficient algorithms
to compute inner products (®(x), ®(y))y without computing the infinite dimensional
representations ®(x). This is often referred to as the kernel trick.

Some of the feature maps discussed in this thesis are not valued in Hilbert spaces; rather
they will be valued in a Banach space. However, the concept of universal and characteristic
feature maps still hold in this setting.

We begin with a brief introduction to kernel methods, followed by a discussion of
universal and characteristic feature maps. A common method to prove the universality of
a feature map is by using the Stone-Weierstrass theorem. However, the standard Stone-
Weierstrass result only holds for locally compact spaces, and the primary spaces of interest
in this thesis, such as path spaces and mapping spaces, are not locally compact. This leads
into our discussion of the strict topology [Gil71] on the space of bounded continuous
functions on non-locally compact spaces, which admits a Stone-Weierstrass type result.

We will then consider the signature as a feature map for the path space and define
the corresponding kernel. We discuss the results in [CO18], which first utilized the strict
topology to prove the universal and characteristic properties of the path signature. We will
end the section by considering the discrete path signature [KO19; DET20] which leads to a
more efficient algorithms to compute the signature kernel.
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1.3.1  Kernel Methods

Let X be a topological space and V be a Hilbert space. Given a feature map ®: X — V,
we define a corresponding kernel function:

K: X xX =R, x(x,x") = (D(x),D))y.

Note that we can treat the dual V* as a space of functions on X’ by viewing an element
e V*as ((,D(-))y : X — R. Conversely, associated to any such positive definite kernel
is a Hilbert space of functions on X', denoted H,, defined as the completion of the linear
span of the elements K, = «(-,x) = (P(-),®(x))y : X — R. The Hilbert space H is a
reproducing kernel Hilbert space (RKHS), and its inner product is defined by

<erKy>7-lK = K(x,y).

This construction for arbitrary positive definite kernels is the content of the Moore-
Aronszajn theorem [Aros0]. At the heart of the theoretical results from kernel methods is
the following representer theorem.

Theorem 1.3.1 ([SHSo1]). Suppose we are given a nonempty set X, a positive definite real-valued
kernel x : X x X — R with its associated RKHS H,, a training sample (x1,y1), ..., (Xm, Ym) €
X X R, a strictly monotonically increasing real valued function g : [0,00) — R to be used as a
reqularizer, and an arbitrary error function E : (X x R?)"™ — R U {oo}.

Then any minimizer of the empirical risk

fr= argminfeHK{E ((ev vy, f(x1)) o (X Yo f (X)) +g(|\f||HK)}

admits a representation of the form

where ¢; € R.

This theorem allows us to reframe an infinite dimensional optimization problem over
H, into a finite dimensional problem over the span of {Ky,},, which is determined by
the training set. This can be applied to two large classes of problems in machine learning:

1. (Learning functions on &) Suppose we wish to learn a function f : X — R. If
f € Hy, then we can use the representer theorem to recast this as a linear optimization
problem, significantly simplifying the computation. This is used to learn the decision
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boundary for binary classification problems using support vector machines, or to
perform regression using support vector regression.

2. (Learning measures on X’) Suppose we wish to understand a probability measure u
on X. Under mild assumptions, we can compute the kernel mean embedding (KME) of
i defined by

D:P(X) — He
y|—>/XCI>(x)dy(x).

Because V is a Hilbert space, we can use the norm to define a pseudometric for
P(X), the space of Borel probability measures on X. When the KME @ is injective,
this becomes a metric. This induced metric is equivalent to a classical metric for
measures called the maximum mean discrepancy (MMD), and can be used to perform
hypothesis testing on measures [Gre+12].

From the representer theorem in Theorem 1.3.1, we can use the kernel « to perform
nonlinear classification tasks using linear methods such as the support vector machine
(SVM). In fact, we can use the norm on #, to define a notion of distance on P(X).
Although this only provides a pseudometric since ® may not be injective, it coincides with
a well known measure of discrepancy between probability measures.

Definition 1.3.1. Let G C R? be a class of functions and u,v € P(X). The maximum mean
discrepancy (MMD) of u and v with respect to G is

MMDIG, u,v] = Sup (Eulf] - Eo[f]). (1.3:2)

When we take the function class G to be the unit ball in the RKHS #H,, the MMD can be
written as the distance between the mean embeddings, with respect to the norm on H.

Lemma 1.3.1 ([Bor+06]). Suppose the KME map ® is well-defined and suppose u,v € P(X).
Let G={f € H CRY : ||f|| <1}. Then,

MMD?(G, i, v] = [|®(p) — ®(v)]|*. (1.3.3)

This simplifies the study of probability measures by considering them as elements of a
linear space, and also provides a straightforward method to compute an unbiased finite
sample estimate of the MMD in terms of the kernel.

Lemma 1.3.2 ([Gre+12]). Suppose the KME map ® is well-defined and suppose u,v € P(X). Let
G={feH  CRY : ||f|| <1}. Let X = (x1,...,xy) and Y = (y1,...,Ym) be i.i.d. samples
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from y and v respectively. An unbiased estimate of MMD?[G, u,v] is given as the MMD of the
empirical distributions of X and Y,

1 non 1 m m
2 —
MMDu[g/X/Y] _n(n _ 1) ;ZK(XZ’X]) + m(m_ 1) ZZK(%':V])
i=1j#i i=1j#i
2 nom
_ nml;; K(xi, ;). (1.3.4)

While the requirement that V' is a Hilbert space may not be satisfied in certain situations,
recent work has generalized the Hilbert space kernel methods to the setting of Banach
spaces [ZXZo9; FLS11]. In particular, there are generalizations to the representer theorem
for reflexive Banach spaces [Schigb], where the necessity of the reflexive hypothesis is
also discussed. In the non-reflexive setting, approximate representer theorems have been
developed in [Sch2o]. Although we do not pursue this approach in the present paper, this
suggests a potential avenue for future work.

1.3.2 Universal and Characteristic Feature Maps

In order to effectively use the feature map to study the two classes of machine learning
problems listed above, the feature map must satisfy additional properties. In the case of
learning functions, we must first specify the function class G C R of interest, and show
that #, = G. This means that the linear span of functionals (¢, ®(-))y : X - R for ¢ € V*
is a dense subset of G. In the case of learning measures, we must ensure that the KME map
is injective. These two properties are respectively called being universal and characteristic.
The discussion in this section is adapted from [CO18].

In this section, we will only suppose that V is a topological vector space. Let V' denote
the topological dual of continuous linear functionals, and let V* denote the algebraic dual
of all linear functionals. Recall that these duals are equivalent when V is finite dimensional.

Fix a function class G € R¥. We will require a generalization of the KME defined on the
dual G’, which may include distributions. Rather than defining the KME using an integral,
the KME will send a distribution D € G’ to a linear functional on V' as follows

d:G — (V)
D (¢ DL, ®(-))v)),

where ¢ € V'. With this generalized KME, we can now define universal and characteristic
maps.
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Definition 1.3.2. Fix an input topological space X, and a function space C R*. Consider
a feature map

b X - V.

Suppose that (¢, ®(-)) € G for all ¢ € V'. We say that @ is

1. universal to G if the map
1: V=G, (—{D())

has a dense image in G; and

2. characteristic to G if the KME map
D:G = (V'), D (L= D{LD())v))
is injective.

Remark 1.3.1. Note that when V is a finite dimensional Hilbert space, we have (V')* =V,
and can define the KME for distributions in G’ using the Pettis integral, as described
in [SS18].

In the case where V is a Hilbert space, the characteristic property of the feature map
implies that the MMD between measures defined by the norm of V is a metric.

Corollary 1.3.1. Suppose V is a Hilbert space and ® : X — V is a feature map which is
characteristic with respect to P(X'). The maximum mean discrepancy with respect to G = {f €
V CRY ¢ |f| <1} is a metric.

We have the following equivalence between universal and characteristic maps.

Theorem 1.3.2 ([CO18]). Suppose that G is a locally convex topological vector space. A feature
map ® is universal to G if and only if ® is characteristic to G'.

Remark 1.3.2. This equivalence may seem to stand in contrast with previous work relating
universality and characteristicness, such as in [Kwi+15], which states that a characteristic
feature map is not necessarily universal. This is due to variations in the definition of
characteristicness; for example in [Kwi+15], a feature map is called characteristic if its
corresponding KME is injective on probability measures. An extensive discussion on the
various notions of universal and characteristic maps is provided in [SS18].
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1.3.3 The Strict Topology

The equivalence between universal and characteristic maps significantly simplifies the
study of such properties, as we only need to prove one of the two, and in many cases,
universality can be shown using Stone-Weierstrass type results. Our focus in this paper
is to show universality with respect to G = C,(X'), the space of continuous bounded
real-valued functions on X. Furthermore, we also wish to show characteristicness with
respect to probability measures on X.

An issue that arises is that the input spaces X that we consider in this paper are not
locally compact, and the classical Stone-Weierstrass theorem does not apply. However, as
was first noted in [CO18] for applications to signatures, when G = C,(X') is equipped
with the strict topology [Gil71], there exists a Stone-Weierstrass result, and G’ includes the
space of probability measures on X'.

Definition 1.3.3 ([Gily1]). Let & be a topological space. We say that a function ¢ : X —
R vanishes at infinity if for each € > 0, there exists a compact set K C X such that
sup,.yv_g |¥(x)| < e. Denote by Co(X') the set of functions that vanish at infinity. The
strict topology on Cy(X') is the topology generated by the seminorms

pyp(f) =sup|f(x)p(x)|, ¢ € Co(X).

xeX
Theorem 1.3.3 ([Gily1]). Let X' be a metrizable topological space.

1. The strict topology on C,(X') is weaker than the uniform topology and stronger than the
topology of uniform convergence on compact sets.

2. If Gy is a subalgebra of C,(X') such that for all x,y € X, there exists some f € Go such that
f(x) # f(y) (Go separates points), and for all x € X, there exists some f € Gy such that
f(x) # 0, then Gy is dense in C,(X') under the strict topology.

3. The topological dual of Cy(X) equipped with the strict topology is the space of finite reqular
Borel measures on X.

Specifically, the space of finite regular Borel measures on X includes all probability
measures on X

1.3.4 The Signature Kernel
The perspective in this section is to view the path signature S : C!=%" (V) — T((V)) as a

feature map and consider the universal and characteristic property with respect to G =
Cp(C9(V)). As described in Definition 1.3.2, we must first ensure that (£, ®(-))y € G
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forall ¢ € T((V))'. In particular, we must show that (¢, ®(-))y : X — R is bounded. This
will be achieved using tensor normalization.

Definition 1.3.4. A tensor normalization is a continuous injective map of the form

AT((V) = {te T((V)) : [It] < K}
t— oyt

where K > 0 is a constant, A : T((V)) — (0,00) is a function, and ¢, is multilinear scaling
operator from Equation (1.2.17).

The following proposition, proved in Appendix A of [CO18], shows the existence and
construction of the tensor normalization

Proposition 1.3.1 (([CO18]). Let V be a Banach space. Let ¢ : [1,00) — [1,00) with (1) = 1.
Fort € T((V)) and define A : T((V)) — (0,00) to be the unique non-negative number such that
loawtl* = p(lIt]]), where o, is the multi-linear scaling function in Equation (1.2.17). Define

A:T((V)) = T((V))
t— UA(t)t-

Denote ||1p||cc = sup,~ (x). Then the following holds.

1. The function A takes values in the set {t eT(V)) : |It|| </ Hl/)”oo}
2. If ¢ is injective, then so is A.

3. Suppose that sup, -, ¥(x)/s* < 1, |[le < oo, and that  is K-Lipschitz for some K > 0.
Then

IA(s) = AW < (14 VE+2y/[19]l)(3/lls =t V [1s — ).

Corollary 1.3.2 ([CO18]). Let @ : [1,00) — [1,00) be injective satisfying p(1) = 1 and the
conditions of item (3.) in Proposition 1.3.1. Then, the function A constructed in Proposition 1.3.1
is a tensor normalization.

This method of constructing a tensor normalization is done by defining the normalized
norm |[|o; g t|| of an element t, given its original norm (||t[|). In practice, we will be
working with a truncated element of the tensor algebra. Thus, given an element t &
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TM)((V)), we can obtain the value of A(t) by solving the equation loatl> = p(lItl).
This reduces to finding the zero of the polynomial equation

M

> A%t = w(llel) = o.

k=1

The following result shows that the path signature is a universal and characteristic
feature map, and we reproduce the proof here for completeness.

Theorem 1.3.4 ([CO18]). Let A: T((V)) — T((V)) be a tensor normalization. The normalized
signature

O:Cl(V) 5 T((V)), ®=AoS,

1. is a continuous injection from C'=" (V') into a bounded subset of T((V)),
2. is universal to G := Cy(C' =" (V) equipped with the strict topology, and
3. is characteristic to the space of finite regular Borel measures on C'=°% (V7).

Proof. From Theorem 1.2.3 and Theorem 1.2.4, the path signature is a continuous injection
on élfv’lr(V). Furthermore, since the tensor normalization is continuous and injective, ®
is a continuous injection.

To prove the second statement, let Go = Ly, as defined in Equation (1.2.28), which we
view as a subset of C,(C!~?(V)) by setting

() = {6, @(7)),

for any £ € Ly and v € C'~% (V). Because @ is injective, Ly separates points. Next, for
each v € C'="(V), there is some ¢ € Ly such that (£,®(y)) # 0. Moreover, Ly is a
subalgebra of C,(C'~?"(V')) by Corollary 1.2.1. By the second part of Theorem 1.3.3, ® is
universal with resepct to C,(C!~?% (V) equipped with the strict topology.

Finally, to prove the third statement, the equivalence in Theorem 1.3.2 shows that ®
is characteristic with respect to the topological dual of C,(C'~%(V)). By the third part
of Theorem 1.3.3, the topological dual is the space of finite regular Borel measures. O

1.3.5 The Discrete Path Signature
While the path signature is naturally defined for continuous paths, we often work with

discrete time series in data science applications. There is a discrete approximation of the
continuous signature for finite dimensional discrete paths which allows for more efficient
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computation, originally introduced in [KO19]. In this subsection, we recall main concepts
of this approximation.

In this subsection, we let V denote a Hilbert space with orthonormal basis {es }yca
for some index set A. For L € N, we let [L] := {1,...,L}. A discrete path is a map
4 :[L+1] — V, and its discrete derivative §' : [L] — V is defined to be

V() = Fie1 — 4t

for all t € [L]. We let Seq(V) denote the space of discrete paths of arbitrary finite length on
V. Furthermore, for « € A, we denote ¥, : [L + 1] — R to be the a-component of the path.

Definition 1.3.5. Let 4 : [L+1] — V.Let I = (iy,...,in) € A™ be a multi-index. We define
the discrete m-simplex with length L to be

Al ={(ty,...,ty) E[L]™ : 0<t <tr<...<t, <L}
The discrete path signature of 4 with respect to I is defined to be

Sl = X A () A ().

(t1,stm ) EAT

The discrete path signature can be viewed as an approximation to the continuous path
signature. Let y € C!7%" (V) be a bounded variation path. Given a partition [T = (0 = #; <
ty < ...<tp41 = 1), the discretization of v with respect to I1, denoted 410 [L+1] — G,
is defined to be

~

')’(H) (1) =T

The following proposition in [KO19] shows that the discrete signature indeed approximates
the continuous path signature and provides an explicit error estimate.

Proposition 1.3.2 (Corollary 4.3, [KO19]). Let v € C}=°"(V), and define a partition = = (0 =
h<tbhh<..<fp41 = 1). Then,

-----

The discrete signature can be viewed as a map
$:Seq(V) = T((V)),
or in truncated form as

Sm:Seq(V) — TM(V).
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We will be using the truncated variant of the signature in data analysis applications due to
its computability. We can bound the truncation error as follows.

Lemma 1.3.3. Let ¥ : [L+ 1] — V, and define £ = |§|1—par. Given M € IN, we have

ox 2\ gMa1N 1/2
1565) — Seml < (SR

Proof. First, we write a recursive definition

S () = Y. Smaa()(t—1) @4 (t)

t'elt]
For t' € IN, let 4 denote the restriction of 4 to [t']. We claim that

‘/)\/[O,t/] ’{\{var

Su()(r) < L]

The case of M = 1 is straightforward since

A

Sl(/)\/)(t,) = ||/)>t/ - /)\/OH < ”H[O,t’}’l—var-

Then, we will use induction to show the case for M > 1. By expanding definitions, we
have

Y, SN 1) @9'(F)
tel(t]

< Y IS =) @9 ()]l
t'elt]

< Y IS E =) - 19 @)
t'elt]

1Sm(7) (D)1 =

< Z "?[O,t’]’iw—;}zr . H'?,(t,)H
vel (M—1)!

where we use the compatibility condition of the tensor norms in the third line and the
induction hypothesis in the last line. Now, let y : [0, L + 1] — V continuous path defined

by linear interpolation of 4, and note that

Y061 [1-0ar = [¥(0,6)11-var-
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Then, since |7y |1-var @ monotone increasing function of ¢/, we can use an integral to
bound the sum

Y01 o s 1 t o
Hm'”””” < (M_1>./0 710,011 0 - 17 (£) [t
telt : .

Applying a change of variables with s = [(g y)|1-0ar With ds = [|7/(t')|dt', we get

1 ! M-1 1/ 4! / 1 |7[O,t]‘1—var M_1
(]\/I—l)l/o |7[0/t’]|17mr ’ ||,)/ (t )Hdt < (1\4—1)'/0 S ds

. |’Y[0,t] H\{var
N M! ’

which proves the claim. Now, let £ := |§|1_y4, SO We have

< exp(EZ)EM“
= (M+1)!

We define the truncated discrete signature kernel to be

Ku :Seq(V) x Seq(V) — R
(& B) = (Sm(&), Sm(PB))-

By expanding the definition of the discrete signature, we can formulate the following
expression for the signature kernel.
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Proposition 1.3.3 ([KO19]). The truncated discrete signature kernel can be computed as
Ku(B,9) =) [T(B (s0), 7' (8:). (1.3.5)
m=0 Am i=

When V is a finite-dimensional Hilbert space, this expression can be explicitly computed,
with an efficient algorithm given in [KO19]. Furthermore, we may be interested in situations
where the time series is valued in a topological space X, which is then mapped into a
Hilbert space V using a feature map ® : X — V. This is equipped with the associated
kernel function k¥ : X x X — V, and we are interested in the composition of the the feature
map P with the discrete signature kernel

Ko :Seq(X) x Seq(X) — R
(B,7) = (Sm o ®(B), Sm o @(7))v-

By once again expanding the definitions, we obtain a similar expression for the signature
kernel.

Proposition 1.3.4 ([KO19]). Let ® : X — V be a feature map into a Hilbert space, and suppose
k: X xX — R be the corresponding kernel. The truncated discrete signature kernel can be
computed as

M m
KM(B/ ’?) = Z Z HVSiltiK(BI '?)/ (1.3.6)

where

Vj,kK(ﬁr’?) 3=K(Bj+1/’?k+1) - K(B]’r Frt1) — K(Bjﬂ/?k) + K(Bj, Fi)-

This result implies that even if the feature space V is infinite dimensional, as long as we

have a computable kernel x, we can compute the signature kernels for discrete paths in
Seq(X).
Remark 1.3.3. There is another approach to computing signature kernels which is discussed
in [Cas+21]. In this approach, the untruncated signature kernel is formulated in terms of
the solution to a PDE. This approach can be also be extended to time series composed
with a feature map ® : X — V by using explicit computations for its corresponding
kernel ¥ : X x X — V. In particular, this method would allow us to compute the
untruncated signature kernel composed with the untruncated moment map. In this case,
the approximation error would be purely due to the PDE solution error rather than a
truncation error.
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1.3.6  Path Transformations

We turn to a discussion of several transformations which add information to paths, usually
used as a preprocessing step for signature methods in machine learning. This section is
from [LG20], but is also discussed in [Fer21; Mor+21].

1.3.6.1  Time transformation

The time transformation is a simple method to remove reparametrization invariance (com-
mon in the path signatures literature such as in [CK16]), defined by appending the time
parameter to the path:

Trime : Cg~*" (V) — C3 7" (V x R)
Yi = (1, t). (1.3.7)

Lemma 1.3.4. The map Trime : CL 77" (V) — CL%"(V x R) is injective.

Proof. First, note that Time is an injective map into a subset of C(l]_”‘”(V x R) where at
least one component is monotone increasing. The proof of Theorem 5 in [LO14] shows that
the signature is injective on paths with a monotone increasing component. Then, since the
signature of two paths is equivalent if and only if the two paths are tree-like equivalent,
this implies that Trime is injective into éé_”“r(v x R). O

This lemma implies that by first embedding a path ¢ € C; =" (V) into C; = (V x R),
we obtain a parametrization-dependent feature map for v € C3~*” (V) using the path
signature. More generally, this also removes tree-like invariance, so in fact we obtain an
injective feature map for Cy " (V).

1.3.6.2 Identity initialized transformation

The identity initialized (IdInit) transformation is a simple method to remove translation
invariance. Suppose v € V and we define ¢, € C17?"(V) to be the linear interpolation
between the origin of V to the point v € V. Then the IdInit transformation is defined to be

Tiamit : C' 77 (V) = Cy (V)
Y Loy * . (1.3.8)

For discrete time series, this simply amounts to appending the identity element to the
beginning of the time series. The following lemma is clear by definition.

Lemma 1.3.5. The map Tigpit : C1=°7 (V) — C} " (V') is injective.
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The implication of this lemma is that by embedding C'~*" (V) into C) " (V), we
can obtain a translation-dependent feature map for C! =% (V) using the path signature.
Moreover, by combining the time and identity start transformations, the path signature
provides an injective feature map for C1=9% (V).

Corollary 1.3.3. The composition Trime © Tigmit : PG — P(G xR) is injective.

1.3.6.3 Sliding window transformation

The sliding window transformation (often called the lead-lag transformation in the path
signature literature) has been used for several applications of the path signatures, such
as [Gyu+13] and [Yan+19], and has been empirically found to produce good results in
classification tasks [Fer21]. The exact definition may vary slightly between these papers,
and we give the definition from [Yan+19] and [Fer21].

Let T € R*, and m € IN. Given a path y € C!7%¥(V), we can extend its definition to all
of R as

Yo 1t <O
T=9 1 :te€l0,1]
71 > 1.

Then, we define the sliding window transformation with m lags to be

TSWin,m . levar(v) N (levar(v))erl
Ye = (Yt Vit Y20+ Vi—mt)- (1.3.9)

For discrete time series, we assume that the data is temporally uniformly sampled, and
we choose T to be the time in between samples. Then, if we consider a discrete time series
tobe 4 : [L+ 1] — V, then the sliding window transformation will be

Tswinm (7)i == (Fi, Vi1 - - » TViem)-

In the context of Euclidean path signatures, [Fer21] empirically shows that the sliding
window embedding often performs well on classification tasks, though there is no the-
oretical explanation. We note that due to the choice of padding the start of the delayed
time series with the identity, this transformation breaks translation invariance. We suggest
that breaking the translation symmetry is one reason the sliding window transformation
performs well in practice. This is discussed in Remark 3.5.1 in Section 3.5.1.
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1.4 ROUGH PATHS

In this section, we provide a brief exposition of the basic ideas behind rough paths.
Although they are not explicitly used in this thesis, the field of rough paths has played
a major role in the development of the theory and applications of path signatures in the
past two decades. Furthermore, one of the main motivations for the development of the
mapping space signature in Chapter 5 and Chapter 7 is to work towards a generalization
of rough maps to higher dimensional domains.

The goal of this section is to motivate rough paths, provide the definition, and show
that the path signature can be defined for rough paths. We will follow the exposition
in [LCLoy] in this section; in particular, we will only consider the finite dimensional
case of V. = RN. Another reference for the finite dimensional theory, including more
applications to stochastic analysis is [FV10], while [LQo7] works in the setting of arbitrary
vector spaces. Note that there is an alternate formulation of rough paths from an algebraic
perspective [Gubog] which is also discussed in [FH20].

Let V and W be Banach spaces. Suppose X : [0,1] -+ V and f: W — L(V,W), where
L(V,W) is the Banach space of continuous linear maps between V and W. Consider the
controlled differential equation

dY dX
o= f(Y(t))E, Y(0) = Yo (1.4.1)

where X is the control, f is the vector field controlled by X, and Y is the response. We say
that Y : [0,1] — W is a solution of Equation (1.4.1) if

Y(t) = Yo+ /O CH(Y(5))AX(s). (1.4.2)

In order to make sense of the solution, we must be precise with the type of integral used.
To begin, we suppose V, W = R and f(Y(t))dX(t) = Y(t)dX(t). Then consider the integral

/Ot Y (s)dX(s). (1.4.3)

in isolation. If Y is continuous and X is bounded 1-variation, then the classical Riemann-
Stieltjes integration theory tells us this integral exists. In fact, Young [You36] generalized
the Riemann-Stieltjes result and showed thatif Y € C17% (V) and X € CP~?"(V), with % +
1> 1, then the resulting integral exists, and as a function of ¢, the integral in Equation (1.4.3)
is bounded p-variation.

Returning to the integral equation in Equation (1.4.2) with the same f, Young’s result
implies that if X € CP~?(V), then the solution Y € CP~?" (V). Now, Young's condition
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for the existence of the integral reduces to % > 1, or p < 2. Young’s integral can be used to
prove the following existence and uniqueness theorem for controlled differential equations.

Theorem 1.4.1 ([LCLo7]). Let p and r be such that 1 < p < 2and p < r. Suppose X €
CP=2(V) and f is Lip(r). The, for every Yo € W, the differential equation Equation (1.4.3)
admits a unique solution. Let I¢(X,Yy) =Y denote the unique solution to Equation (1.4.3) starting
at Yy. Then the mapping

Ip: CP7P(V) x W — CPTP(W) (1.4.4)
is continuous.

Here, Lip(r) denotes a Lipschitz continuous function with additional regularity condi-
tions defined in [LCLoy]. The main property of Lip(r) functions required in this result is if
Y € CP~%"(W) and f € Lip(r), then f(Y) € Cg_U”r(W).

However, there are fundamental obstructions to the extension of Young’s integral to
lower regularity paths, as well as extensions of Theorem 1.4.1 to p > 2. Two such reasons
are given in [LCLo7]:

1. There are no continuous extensions of the Young integral rich enough to handle
Brownian paths in a deterministic fashion;

2. The signed area of a path is not a continuous functional with respect to the 2-variation
metric.

Thus, ordinary paths of low regularity do not contain enough information to establish a
deterministic integration theory. Note in particular that this implies that the path signature
cannot be defined for bounded p-variation paths with p > 2. The perspective of rough
paths is to focus on the path signature as the fundamental object. We will require two
preliminary definitions to define rough paths.

Definition 1.4.1. A control function is a continuous non-negative function w : A> — R,
which is super-additive in the sense that

w(s, t)+w(tu) <w(su),

forall 0 < s <t < u < 1 and for which w(t,t) = 0 for all + € [0,1]. For a path
7 :[0,1] — V, if there exists a control function w such that

H'Y’[s,t] prvar < W(S,t)l/p,

then we say that the p-variation of -y is controlled by w.
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1.4 ROUGH PATHS

Example 1.4.1. As a simple example, let 7 € CP~%¥ (V). Define w : A2 — R by

w(s, t) = ||,-),| [s,t] ||zfvar'

It can be easily checked that w satisfies the conditions to be a control function, and
furthermore, the p-variation of v is controlled by w.

Definition 1.4.2. Suppose n € IN. Let X : A> — T(”)(V) be a continuous map. For each
(s,t) € A%, we denote X := X(s, t), and write

0 1
Xs,t = (Xs,t/ Xs,tr sy Xg,t)'

where X, € V®". The function X is a multiplicative functional of degree n in V if XJ, = 1
and

Xs,u & Xu,t = Xs,t (1.4.5)
foralls <u <t
Example 1.4.2. Suppose ¢ € C'~?(V) and let n € IN. Define a map X : A> — T (V) by
Xs,t = S<n(7ls)-

By definition, we have XS,t =1 for all (s,t) € A%, and by Chen’s identity in Theorem 1.2.2,
the multiplicative property in Equation (1.4.5) holds:

Xst = S<n (’Y|[s,u] * ’)’|[u,t]) = SSn('Y|[s,u]) ® SSn(’)’|[u,t]) = Xou @ Xt

Definition 1.4.3. Let p > 1 be a real number. A p-rough path in V is a multiplicative
functional of degree |p| in V such that there exist a control function w : A2 — R where

w(s,t)%
B(5)

for all (s,t) € A>and m =1,...,|p|, where

[p]+1
o0 2 p

XSl [m < (1.4.6)
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Example 1.4.3. Consider the multiplicative function X : A2 — T (V) defined in Exam-
ple 1.4.2. We claim that X is an n-rough path. Define the control function w : A> — R
by

aJ(S, t) = [5")" [st] Hl—var'

Then, by the levelwise signature norm bound in Equation (1.2.13), we have

m m
n n

Misal” _ w(s ) _ w(sb)
m! p(mt) = B(E)

We can see that the first level of a p-rough path contains the same information as an
ordinary path, up to translation. From this example, we see that

XSl = 11Sm (¥l llm <

X0 = S1(7lj0,1) = 1t — 70-

Furthermore, we can interpret the m!" level of an arbitrary p-rough path X : A2 — T(lP)) (V)
as the analogue of the m'" level signature. For an arbitrary p-rough path with p > 2, the
signature cannot be directly computed, as we have previously discussed. Thus, the higher
level signature terms up to level |p| are prescribed as part of the definition of a rough
path. In fact there exist distinct p-rough paths which agree at the first level.

Example 1.4.4. We will construct a family of 2-rough paths which coincide at the first level.
Let w € V2, and define a rough path Xy, : A2 — T®)(V) by

(XW)g,t =1, (XW)g,t =0, (Xw)z,t = (t—s)w.

The multiplicative property in Equation (1.4.5) holds at the first level since it is trivial, and
at level 2, we have

((Xw)su ® (XW)u,t)z = Xg,u + Xi,t =(u—s)w+ (t—u)w = (t —s)w = (XW)E,t-
Now, we define a control function w : A2 — R by
w(s,t) = (- )BIwlla,

and the regularity condition in Equation (1.4.6) is satisfied. Therefore, Xy, is a 2-rough path
for any w € V2, Note that while X, is a distinct path for distinct choices of w € ve2
the first level of X, is trivial, and coincides with a constant path. One can interpret the
second level of these 2-rough paths as the iterated integral of infinitesimal information
which cannot be represented by the underlying path.
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1.4 ROUGH PATHS

To understand this idea, we consider a specific example where V = R2. We fix

w:(_ol ;).

Let 7, : [0,1] — R? be a sequence of paths defined by

_ (cos(2mn?t) sin(27mn?t)
= ()
1

so that 7y, winds around a circle of radius Tn @ total of n? times. Each path in the sequence

is bounded 1-variation, so we let X,, : A2 — T(2) (V) be the p-rough path, where 2 < p < 3,
defined by the 2-truncated path signature of 7,

(Xin)st == S<a(7ul [s.4] ),

as in Example 1.4.2. The second level of X,, can be directly computed and written as a sum
of two matrices

2 s 0 1
(X2 =1 >(_1 0)

1 ( cos(4rtn®t) — cos(47tn?s) sin(47tn?t) — sin(47tn?s) )

4mtn? —(sin(47n?t) — sin(47tn?s))  —(cos(4mn?t) — cos(4mn?s))

The second matrix converges to 0 as n — oo, and thus

(Xu)zr — (Xw)s

st

as n — oo. Furthermore,

(Xn)g,t — 0= (Xw);

s,t
in the p-variation metric with 2 < p < 3.

While the signature of a bounded p-variation path with p > 2 cannot be defined, once
we lift the path to a p-rough path by prescribing its iterated integrals up to level |p|, we
are able to perform the necessary integration steps to determine the signature.
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1.4 ROUGH PATHS

Theorem 1.4.2 (Extension Theorem [LCLo7]). Let p > 1 be a real number and let X : AZ —

T (V) be a p-rough path controlled by w. Then, there exists a unique extension of X to a
multiplicative functional X : A> — T((V')), where

Xop = (1,XL,, ..., XWXy, (1.4.8)
such that
w(s,t i
Iz < LG
B(3):
forall m € IN.

Note that the unique extension X coincides with the original rough path X up to level
| p]. Then, we can define the path signature of the p-rough path X as

S(X) = Xo,1- (1.4.9)

This result is merely the beginning of the rich theory of rough paths. Using this theory, we
are able to define generalizations of the 1D integral in Equation (1.4.3) where the integrator
is a p-rough path X. This, in turn, allows us to study controlled differential equations of
the form in Equation (1.4.1) where the control can be a p-rough path of arbitrarily low
regularity. For further details, we refer the reader to [LCLo7; LQoy; FH20].
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PATH SPACE COCHAINS AND SIGNATURES

In this chapter, we describe the path signature from the perspective of differential forms
on the path space. This perspective was initiated by Chen [Che77] as a way to study the
cohomology of loop spaces using geometric methods, akin to how the de Rham theorem
tells us that the de Rham cohomology of a manifold (derived from the geometry of the
manifold via differential forms) is isomorphic to the singular cohomology (derived from
the topology of the manifold).

The main tool that Chen used to build this connection between the geometry and
topology of loop spaces is the construction of the iterated integral cochain algebra of the
loop space, (X, which is also called the Chen complex of the loop space, Chen®(QX). The
same construction can be defined for the path space of a manifold, PX, yielding the Chen
complex of the path space, Chen®(PX), which is the object we will study in this chapter.

The Chen complex is a subcomplex of the de Rham complex for path spaces,

Chen*(PX) C O*(PX),

so we can interpret elements of Chen®(PX) as differential forms on the path space. However,
the path space of a manifold PX is infinite-dimensional, and therefore is not a manifold.
Thus, we must first establish a more general notion of a “smooth space” on which we
can define notions such as differential forms. Chen introduced and used the notion of
differentiable spaces, which is based on the following principle: we understand the concepts
of smooth maps and differential forms on Euclidean spaces, so we will use Euclidean
spaces to model the smooth structure of more general spaces.

If we fix X = RY, we find that the path signature S' . PX — R for a multi-index
I =(i,...,i,) valued in [N] is an element of the degree 0 part of the Chen complex

S! € Chen’(PRY) c Q°(PRY).

Such an object is a 0-cochain or O-form on PX. This connection shows that the path signature
only uses the objects in the degree 0 part of the construction, where the higher cochains
have yet to be exploited in the context of stochastic analysis or machine learning. While we
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do not explicitly discuss the application of higher cochains in this thesis, the perspective
of the path signature being the 0-cochains of the iterated integral cochain algebra is the
primary motivation behind the development of the mapping space signature in the latter
part of the thesis.

This chapter will introduce Chen’s construction and the corresponding connection to
path signatures in an expository manner. We begin with a brief discussion on differential
forms on RY in order to get an intuition into what it means to be a “differential form on
the path space.” Then, we consider diffeological spaces and differential forms on those
spaces, followed by a description of Chen’s construction along with the derivation of the
path signature from the 0-cochains.

2.1 FROM FORMS ON EUCLIDEAN SPACES TO FORMS ON PATH SPACES

Throughout this section, we will treat X as a manifold. Recall that for each point x € X,
the tangent space of X and x is the vector space denoted T, X. For X = RV, the tangent
space at each point x = (x1,...,xN) € RV is the N-dimensional vector space spanned by
the basis vectors

0 )

R (2.1.1)

which formally describes the space of derivatives at the point x € RN. For instance, given
a smooth path v = (71,...,7n) : [0,1] — RY, the derivative of y at t € [0,1] is contained
in the tangent space

’)’l(t) S Tv(t)IRN.

In the case of X = RY, tangent vectors from one tangent space TyRN can be parallel
transported to another tangent space T, RN via the identity isomorphism id : T,RN = T;RN.
Thus, when we are working on Euclidean space, we can simply work with a single tangent
space, which we take to be the tangent space at the identity v := TyRN = RN, which is
also the Lie algebra of RN. We will consistently use the vector space t for tangent vectors in
order to distinguish them from the underlying manifold X = R". Note that for arbitrary
manifolds, while the tangent spaces over any two points are isomorphic, the specific
isomorphism will depend on the choice of affine connection on the manifold, as well as a
path which connects the two points.

The identification of every tangent space on RN with t allows for a simple definition of
vector fields and differential forms. A vector field is a smooth function F : RN — t which
assigns a tangent vector to every point on RY.
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Next, the linear dual of a tangent space of X at x is called the cotangent space of X at x,
denoted T; X := (T, X)*. For X = RY, the cotangent space at x € RY is the N-dimensional
vector space spanned by the basis vectors

dX1, .. .de,

which are dual to the basis vectors in Equation (2.1.1). As with tangent spaces, we can
identify the cotangent spaces over any point with the dual of t, denoted v*. A differential
1-form on RN is a smooth function w : RN — t*. Thus, a 1-form on RY can be written as

=

w(x1,...,xn) =Y filx1,...,xN)dx;, (2.1.2)

i=1

where each f; : RN — R is a smooth function. The space of all 1-forms is denoted Q! (RV).
Recall that the k" exterior power of a vector space V, denoted A\* V, is the vector space
spanned by the elements

Ul/\.../\Uk,

where v; € V. The wedge product satisfies the alternating property: for any permutation
o ey,

00(1) VANRA vv(k) = sgn(a)vl VANRAN 7} (2.1.3)

In particular, the k" exterior power of t*, denoted A" t*, is the vector space with the basis
vectors

dxl-l VANV dxik,

where 1 < i < ... < iy < N. Then, a differential k-form on RN is a smooth function
w:RN - /\k t*, which can be written as

w(xy,...,xN) = Z fr(xr, .o xn)dxy AL AN dxg, (2.1.4)
I:(i1<...<ik)
where the sum is taken over all indices where 1 < i; < ... < iy < N. The space of all

k-forms is denoted QF(RN).

Intuitively, a differential k-form assigns an infinitesimal signed k-volume element to
every point in RN, where the orientation is taken into account by the alternating property
in Equation (2.1.3). The signed k-volume element represents some quantity of interest, and
we can integrate the k-form over a k-dimensional region C C RY (or the manifold X in
general) to obtain the total quantity.
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A k-form v € QF(C), where C C R¥ can be written as
v(xy, ..., xk) = §(xk, .., xp)dxy AL Adxy, (2.1.5)

since A¥(tF)* is 1-dimensional. The integral of an k-form over an k-dimensional region
C C R¥ is defined to be

/1/::/g(xl,...,xk)dxl...dxk, (2.1.6)
C C

where the right hand side is interpreted as an ordinary multidimensional integral.

The integral of a k-form w on RN over a k-dimensional region C C RN requires a
parametrization of the region C by a function ¢ = (v1,---,Yn) : D — RN, where D ¢ R*
and the image is C. The integral can be defined using the pullback of w along 7y, denoted
Y*w € OF(D). Let t = (#1,...,t;) describe the coordinates of D. Suppose w is given as
in Equation (2.1.4), then the pullback y*w is defined by

Yw(ty,. .. ) = Y. (fror) @]y (V)dt AL Adty, (2.1.7)
I:(i1<...<ik)
where

9, 9
oh oty

Jlvil=1{:+ . (2.1.8)
oy 9y
oh oty

is the determinant of the Jacobian of y; = (vi,...,7i) : D — RK. Then, since y*w €
OF(D), where D C R, the integral is given by Equation (2.1.6).

To summarize, the perspective on differential forms, which we state for an arbitrary
manifold X, is the following:

A differential k-form w € QF(X) assigns an infinitesimal signed k-volume elements to every point
in X. Integrals of w can be computed using the pullback «y*w along the map vy : D — X which
parametrizes the domain of integration.

This perspective places the pullback of forms along maps with Euclidean domains as
the central object needed to perform explicit computations such as integration. In fact, a
k-form w € OF(X) can be defined by the forms {¢*w}4 over all smooth maps ¢ : D — X,
in which D C R", where the dimension of the Euclidean space n € IN is permitted to vary.
If we define a form using {¢*w}, over all such ¢, we must ensure that the forms satisfy
compatibility conditions, which is discussed in the next section.
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This definition of a differential form in terms of pullbacks along maps with Euclidean
domains allows an immediate generalization to spaces more general than manifolds, such
as the path space PRN. As we will make precise in the next section, a k-form on PRY is
defined as a collection of forms {wy }, where wy € OF(D) and ¢ : D — PRY is a smooth
map. This requires the notion of smooth maps ¢ : D — PRY, which will be achieved by
viewing PRV as a smooth space using Chen’s notion of a differentiable space.

Once this is established, we can treat differential forms on PRY is the same manner
as forms on manifolds. In particular, a k-form on PRN assigns an infinitesimal signed
k-volume element to each point in PRYN. However, we describe the infinitesimal volume
element via pullbacks to Euclidean domains, which can then be integrated as differential
forms on RN,

2.2 CHEN’S DIFFERENTIABLE SPACES

In this section, we introduce Chen’s notion of a differentiable space [Chey7], which
provides notions of smooth maps for spaces much more general than manifolds. A smooth
structure is defined on an N-dimensional manifold X by using a collection of charts,
which are homeomorphisms ¢ : U — X, where U C RN is open. Charts can be viewed as
probes into the local structure of a manifold, and allow us to define smooth maps between
manifolds by exploiting the well-understood notion of smoothness for Euclidean spaces.
Differentiable spaces are defined similarly by using a collection of plots, the analogue of
charts, which relax the homeomorphism condition of charts, and also allow for maps from
convex Euclidean regions of arbitrary dimension.

Definition 2.2.1. A differentiable space is a set X equipped with, for every Euclidean convex
set C C R" with nonempty interior and for any dimension 7, a collection of functions
¢ : C — X called plots, satisfying the following;:

1. (Closure under pullback) If ¢ is a plot and f : C" — C is a smooth map between
convex subsets C’ C R" and C C R”, then ¢ o f is a plot.

2. (Covering condition) Suppose the collection of convex sets {C;} form an open cover
of the convex set C, with inclusions i; : C; < C. If ¢i; is a plot for all j, then ¢ is a
plot.

3. (Constant plots) Every map f : R® — X is a plot.

A function f : X — Y between two differentiable spaces is a smooth map if for every plot ¢
in X, the composite f o ¢ is a plot in Y. The category of differentiable spaces and smooth
maps is denoted Diff.
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Remark 2.2.1. We can also define a differentiable space as a generalized space from the
perspective of category theory. Let Conv be the category where the objects are all convex
subsets of R” for any n > 0, and the morphisms are smooth maps. There is a natural
Grothendieck toplogy on Conv defined using open coverings via inclusion maps. Thus,
Conv is a concrete site. Then, a differentiable space is a concrete sheaf X : Conv? — Set. In
fact, given X as a set, a differentiable structure on X is a subsheaf of

Set(—, X) : Conv’P — Set, (2.2.1)

which provides the collection of plots in Definition 2.2.1. The closure under pullback and
covering conditions are inherent in the definition of a sheaf, and the constant plot condition
is equivalent to the sheaf being concrete. For further details on this perspective, see [BH11],

Note that a priori, a differentiable space is simply a set and is not equipped with
a topology. However, a differentiable space inherits a topology by considering the final
topology with respect to all plots: the finest topology on X such that all plots are continuous.
Now, we consider several examples and constructions of differentiable spaces. These
examples are taken from [BH11].

Example 2.2.1. Any smooth manifold X is a differentiable space by letting ¢ : C — X
be a plot if and only if ¢ is smooth (in the sense of manifolds). This can be achieved by
letting every chart from a convex domain be a plot, and adding all other plots required
by Definition 2.2.1.

Example 2.2.2. Any subset Y C X of a differentiable space X is a differentiable space
where ¢ : C — Y is a plot if and only if its composite with the inclusion ¢ : Y < X is a plot
in X. This is called the subspace smooth structure. Note that the subspace smooth structure
can used to define equalizers in Diff.

Example 2.2.3. Suppose X is a differentiable space and ~ is any equivalence relation on
X. The quotient space Y = X/ ~ is a differentiable space where ¢ : C — Y is a plot if and
only if there exists an open cover {C;} fo C and a collection of plots in X

{471' G — X }i
such that the following diagram commutes:

.‘Pi>X

0

q

m:ﬁ

— Y,
¢
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where g : X — Y is the quotient map and ¢; : C; — C is the inclusion. This is the quotient
smooth structure. Note tha the quotient smooth structure is used to define coequalizers in
Diff.

Example 2.2.4. Suppose X and Y are differentiable spaces. The coproduct (disjoint union)
XTIV is a differentiable space where ¢ : C — X ][ Y if and only if ¢ is the composite of a
plot of X or Y, and one of the inclusion maps

ix: X = X[[Y, w:Y=X]]Y.

This is called the coproduct smooth structure.

Example 2.2.5. Suppose X and Y are differentiable spaces. The product X x Y is a dif-
ferentiable space where ¢ : C — X x Y is a plot if and only if composition with the
projections

x X XY — X, my : X XY =Y

are plots in X and Y respectively. This is called the product smooth structure.

Example 2.2.6. Suppose X and Y are differentiable spaces. The set Diff(X,Y) of smooth
maps between X and Y is a differentiable space, where ¢ : C — Diff(X,Y) is a plot if and
only if the adjoint function ¢ : C x X — Y defined by

¢(x,y) = 9(x)(v),

is smooth. Note in particular that this implies that the smooth path space Diff([0,1], RY)
and the smooth mapping space Diff (04, RN), where (7 := [0, 1], are examples of differ-
entiable spaces.

The final two examples lead to the following property of differentiable spaces.

Proposition 2.2.1 ([BH11]). Let X, Y, and Z be differentiable spaces. The map

®:Diff( X xY,Z

~—

— Diff(X, Diff(Y, Z)) (2.2.2)
— f

defined by f(x)(y) = f(x,y) is smooth and has a smooth inverse. Thus, the category Diff is
cartesian closed.

“~

There is one more category-theoretic property which we will need in the mapping space
construction.

Proposition 2.2.2 ([BH11]). The category Diff is complete (has all small limits) and cocomplete
(has all small colimits).
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Next, we will define differential forms on differentiable spaces.

Definition 2.2.2. A differential k-form w on a differentiable space X is an assignment of
a k-form wy on C to each plot ¢ : C — X such that if f : C" — C is smooth a smooth
map between convex subsets C' C R" and C C R", then Wpof = f*wy. The collection of
k-forms on X is denoted OF(X), and the graded collection of all forms on X is Q*(X).

The linear structure, wedge product, and exterior derivative are all defined on differential
forms plot-wise. Given w, w1, w2 € O*(X), A € R, and any plot ¢ : C — X,

¢ (w14 Awr)p = (w1)g + AMw2)g,
* (w1 Awp)p = (w1)p A (w2)g, and

2.3 THE CHEN COMPLEX

In this section, we will introduce Chen’s iterated integral cochain algebra for the path
space PX of a manifold X. Chen’s construction can be summarized as the composition of
the following two maps

ev; fAm

Q°*(X)®™ — Q*(A™ x PX) =% Chen®(PX) C Q*(PX). (2.3.1)

In other words, a g-form in Chen’(PX) is constructed following three steps.

1. Choose m differential forms wy, ..., wy, such that w; € O (X) such that
m
q= 2 gj —m. (2.3.2)

2. Compute the pullback of w1 ®...® wy € O*(X™) along the evaluation map ev, :
A™ x PX — X" defined by
evi((tr, - ti),v) = (v(t1), -, v (k) (2.3.3)

3. Integrate the resulting form on A™ x PX along A™ to obtain a form on PX, which is
denoted

/w1 ...wy € Chen(PX).
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Because differential forms on differentiable spaces such as PX are defined plotwise, we fix
aplot ¢ : C — PX, where C C R". Then, the adjoint map ¢ : [0,1] x C — X is a plot on
X by the smooth structure on PX in Example 2.2.6. The resulting differential form with
respect to the plot ¢, ([ w1 ...wny) g 18 then given by the composition of the following
maps for differential forms on ordinary manifolds

Q*(X)5m i 00 (A" x C) 2% 0 (). (2.3.4)

Given the differential forms wy, ..., w; where wj € 0% (X), consider the pullback of each
wj along ¢, which is a form ¢*w; € Qi ([0,1] x C). We will use the coordinates ¢t € [0,1]
and x = (x1,...,%,) € C. We say that a form v € OF([0,1] x C) is a Q" (C)-valued function
on [0,1] if

v(t,x) = Yo it x)dx AL Adx,.

I=(i1<...<ip)

In other words, v is a Qf(C)-valued function on [0,1] if there is no dt component in the
differential form. The pullback can be decomposed as

¢*wj(t,x) = wi(t,x) Adt + wj (t,x), (2.3.5)

where w; is a O ~1(C)-valued function on [0,1] and w]f’ is a O (C)-valued function on
[0,1]. The pullback along ev,, in Equation (2.3.4) can be written as

evi(w1 ® ... wy) = ¢ wi(t1,X) Ao A P*wm (i, X). (2.3.6)

Integrating this pullback along the A™ coordinates, we obtain the expression for the Chen
g-form

(/ w1 .. .wk> = / W' (t1, %) Ao e A (i, X)dty AL A dty,. (2.3.7)
¢ m
Note that because we have integrated out k of the dimensions, the degree of this form is
m
q=1Y gq;—m.
j=1

In order to recover the path signature, we will set X = RN, and consider the Chen
0-forms in ChenO(P]RN ). We begin by choosing m differential forms wy, ..., w, with
wy € O%(RN) such that Lj~1 g=m. The only nontrivial 0-forms are obtained by letting
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2.3 THE CHEN COMPLEX

each w; be a 1-form. Furthermore, we choose each w; to be a standard 1-form on RV, so
we choose w; = dx,-]., where I = (iy,...,iy) is a multi-index valued in [N].

Next, we must fix a plot in PR". Because we are constructing a 0-form, we may use the
constant plot y : x — PRYN, where the adjoint §¥ = (J1,...,9n) : [0,1] — RY is simply a
path. In this case, the pullback in Equation (2.3.5) is

i (t) = 7, (D,

where the prime denotes the time derivative of 4 here. Then, then resulting Chen 0-form is

</ dx;, ... dxim) = /A Y (t1) .. i, (tm)dty . by, (2.3.8)

Y

which is equivalent to the path signature S!(7¥).
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Part II

GENERALIZATIONS OF THE CODOMAIN
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PATH SIGNATURES ON LIE GROUPS

3.1 INTRODUCTION

Time series data is ubiquitous in modern data science, and may take values in a variety of
forms. Perhaps the most common is a collection of simultaneous multivariate real-valued
time series {7/ }Y,, where 7' : [0,1] — R. In this case, we may consider the entire collection
v = (v},...,7N) as a path through Euclidean space, 7 : [0,1] — RN. The path signature
is a feature set that completely characterizes such paths, and has recently been applied
to several tasks in machine learning [CK16; Lyo14]. Recent work has provided the path
signature with strong theoretical properties; namely that it is a universal and characteristic
kernel for time series in Euclidean space RN [CO18].

However, in many scenarios, the data may have some geometric constraints, and may
be better represented by elements of a (non-Euclidean) manifold. In this case, the time-
varying data can be modelled as path on such a manifold, rather than on Euclidean space.
Lie groups are smooth manifolds equipped with a compatible group structure. Paths (or
time series) valued in Lie groups model a number of natural phenomena, including the
following.

e The special Euclidean group SE(n) is the Lie group of all rigid body motions in R".
The group SE(3) is often used to model the position and pose of a rigid body, such
as a component of a robotic arm or an element of a drone swarm, with k such
components or elements collectively giving rise to a path SE(3)F [Selo4].

e The special orthogonal group SO(n) is the Lie group of all rotations in R”; this is a Lie
subgroup of SE(n). The Lie group SO(3)* has recently been used to represent the
pose of a human by recording the relative rotations of k pairs of body parts [VC16].
Thus, human movement can be represented as a path in SO(3)*. This representation
has been used in the computer vision problem of human action recognition, and Lie
group methods have achieved state-of-the-art results in this domain [Hua+17].
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3.1 INTRODUCTION

¢ The state of an oscillator may be described as an element of the circle S 1 and collective
behavior of a network of oscillators can be describe by an element of the n-torus,
T" = (S')". The time evolution of oscillator networks can therefore be modelled as a
path on T" [Stroo].

* The Euclidean space RY is the simplest example of a Lie group, where the group
operation is addition. The classical path signature for Euclidean space can be viewed
as a special case of path signatures on Lie groups.

In this chapter, we extend path signatures to time series valued in Lie groups, and show
that this extension is also a universal and characteristic kernel.

3.1.1  Contributions

We lift the theory of path signatures for time series valued in Euclidean space to the setting
of time series valued in Lie groups, restricting ourselves to the class of piecewise regular
paths on Lie groups.

Definition 3.1.1. Let G be a Lie group. A path v : [a,b] — G is regular if 7} is continuous
and nonvanishing on the entire interval [a, b]. Such a path is piecewise reqular if there exists
a partition a = ty) < t; < ... < t, = b such that vy is regular on each open subinterval
(ti, ti+1) for all i. The pathspace — the space of all piecewise regular paths on the unit interval,
7 :10,1] — G — will be denoted C*"(G).

Let G be a Lie group of dimension N, and let g be its Lie algebra (the tangent space at
the identity). We denote the underlying vector space of g by g = RN. The path signature is
a function on paths,

§:CM(G) = T((3)),

valued in a formal power series of tensors, T((g)), where we may view the coefficients
as descriptors (or features) of the underlying path (or time series). Path signatures for
general manifolds were originally defined by [Che58], but not in a manner conducive to
data analysis. Path signatures for Lie group valued data have been previously considered
by [CLT19] in a preliminary empirical study, showing promising qualitative classification
results, but extensions of theoretical results and detailed quantitative comparisons were
not provided. This paper gives a computationally clean derivation for path signatures
on Lie groups tuned for use in data analysis, and provides a thorough discussion of its
theoretical properties in the context of kernel methods.

Our generalization is designed to be analogous to the Euclidean case as much as possible,
for ease of applicability. For example, the definition of the path signature for ¢ : [0,1] — G
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3.1 INTRODUCTION

depends only on the derivative 7' : [0,1] — g. We exploit one of the key properties of Lie
groups — that tangent vectors at a point correspond to elements of its Lie algebra g, a
vector space. This will permit a signature construction making use of iterated integrals as
per the Euclidean case.

In the Euclidean case G = RY, the Lie group is often conflated with its Lie algebra
t = RY, and the fact that the integration is performed in the Lie algebra is often not made.
By clarifying and emphasizing this point, the generalization to Lie groups illuminates
understanding of the classical Euclidean case.

From a machine learning perspective, the basic properties of the path signature as a
feature map provide several benefits.

¢ The signature is a feature set for a path as a whole, and can be used to compare time
series with varying numbers of time points.

* Defined as iterated line integrals, the path signature is invariant under reparametriza-
tion, and thus only depends on the order in which events occur.

¢ The signature is left translation invariant, meaning the signatures of paths that differ
by a constant element ¢ € G will be the same. This implies that the signature only
depends on the dynamics of the time series and is unconcerned with the initial point.

¢ The antisymmetrization of the second degree signature tensor can be viewed as
an indicator of lead-lag behavior in the time series. In the case of Lie groups, the
interpretation will be considered in terms of left-invariant vector fields.

However, the most crucial property is that the path signature fully characterizes paths
up to tree-like equivalence; that is, the map S is injective, up to quotienting C*"(G) out
by an equivalence relation. This fact is originally due to [Che58] for the case of piecewise
regular paths on Lie groups, and later generalized by [HL10] to the case of bounded
variation paths in R".

Our main contribution is to apply this injectivity result to prove that a normalized
variant of the signature, S : C*"(G) — T((g)), is a universal and characteristic feature map
for time series in G, when we equip T((g)) with the structure of a Hilbert space. This is
proved in Section 3.4.1. This was originally shown for the Euclidean case by [CO18]. Such
feature maps can be used to two large classes of machine learning problems, in the context
of kernel methods.

1. (Studying functions on C*"(G)) Solving a classification problem on C*"(G) can be
reduced to finding a function f : C*"(G) — R such that the level set f = 0 provides
the decision boundary. The universality of the normalized signature map states that
any continuous bounded function f : CP"(G) — R can be approximated using a
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3.1 INTRODUCTION

linear functional f(-) ~ (¢,5(-)). This allows us to reduce a nonlinear optimization
problem into a linear one, greatly reducing the complexity.

2. (Studying measures on C?"(G)) Two-sample hypothesis testing on C?"(G) requires
the computation of a set of statistics that is rich enough to distinguish any two
probability measures on C*"(G). The characteristicness of the normalized signature
map states that the kernel mean embedding (KME) is injective with respect to the
normalized signature

D : M(CM(G) = T((9)), P(u) =Ey,[S],

where M(CP"(G)) denotes all finite regular Borel measures on C*"(G), and S is ap-
propriately normalized. This allows us to consider probability measures as elements
of a linear space; furthermore, the norm induced by the Hilbert space structure
coincides with the maximum mean discrepancy (MMD) between measures.

We perform two experiments that demonstrate the efficacy of the path signature for
these two classes of problems. First, we consider the computer vision problem of human
action recognition in Section 3.5.1. We show that the path signature method is much easier
to use than shallow learning methods previously applied to this problem [VAC14; VC16]
while providing comparable results. Second, in Section 3.5.2, we consider a hypothesis
testing problem for simulated random walks on the Lie group SO(3). Here, we show that
the Lie group valued path signature vastly outperforms the Euclidean path signature.

Along the way, we will establish extensions of other properties of the path signatures to
Lie groups and discuss several concepts related to path signatures and data analysis on
Lie groups more broadly. A summary of these contributions is given below.

1. We provide a detailed exposition of Lie group valued time series, and discuss a
notion of scaling for such time series in Section 3.2.2. Scaling of data is sometimes
required when the data needs to be normalized, and we discuss how scaling affects
the path signature in Section 3.3.1. We also discuss the continuous interpretation of
discrete time series on Lie groups in Section 3.2.3.

2. For G an N-dimensional Lie group, we give a signature-preserving bijection between
CP"(G) and CP"(RVN) in Section 3.3.2, which provides a Euclidean representation of
Lie group valued time series. This bijection allows the exportation of Euclidean data
analysis tools to Lie group valued data. With the metric introduced in Section 3.3.3,
this bijection is an isometry.

3. Itis well known that the Euclidean path signature is equivariant with respect to linear
transformations [FV10]. We show that path signatures are equivariant under Lie
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group homomorphisms in general. Namely, given a homomorphism of Lie groups
F : Gi = Gy, where g; and g; are the respective Lie algebras, we define the action
of this homomorphism on the tensor algebra F. : T((g;)) — T((g,)), and show in
Section 3.3.4 that

S(Fy) = ES(7)
for all v € CP"(G).

4. An important feature of the path signature is the interpretability of lower level
signature terms. We discuss the extension of the lead-lag interpretation of second
level signature terms for Euclidean paths, as well as a topological interpretation of
the first level signature terms for abelian Lie groups in Section 3.3.6.

5. Path transformations, such as appending the time parameter or using a sliding
window, are often used as a preprocessing step for Euclidean path signatures [CK16].
We discuss these transformations in the context of breaking reparametrization or
left-translation invariance in Section 1.3.6. Empirical studies [Fer21] have shown
that the sliding window transformation (also called the lead-lag transformation)
provides good classification results, despite the lack of a theoretical explanation. We
propose one explanation, which is that the sliding window transformation breaks
left-translation invariance, and we provide empirical evidence in the experiments in
Section 3.5.1.

6. We provide both algorithmic details and a Julia package for the computation of
path signatures valued in Lie groups, which can be found at https://github.com/
ldarrick/PathSignatures.

3.1.2  Previous and Related Work

The concept of path signatures is relatively new in data science and machine learn-
ing [Lyo14; CK16; GL20], but has deep roots in topology and geometry. Chen originally
defined the path signature for piecewise regular paths on manifolds and proved several
basic properties in a sequence of papers [Ches4; Chesy; Ches8]. He later studied the
geometry and topology of path spaces and loop spaces by constructing a rational cochain
model of these spaces, in which path signatures constitute 0-cochains [Che77].

[Lyog8] developed the concept of the path signature in a different direction, using the
path signature as a construction to lift bounded variation paths on RY to paths of power
series of tensors T((IRY)). This initiated the study of rough paths, which can be thought
of as a generalization of the path signature to highly irregular paths. This theory was
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then used to study stochastic processes and stochastic differential equations [LQo7; LCLoy;
FVi1o].

Within machine learning, path signatures have been used to study real-valued time
series data in a variety of settings. Examples can be found in the study of financial
time series [Gyu+13; LNO14], handwritten character recognition [YJL16], human action
recognition using position data [Yan+19], identifying psychological or neurological dis-
orders [Moo+19; Zim+18; PA+18] and featurizing the output of persistent homology in
topological data analysis [CNO2z0]. Additionally, experiments with path signatures on
Lie groups have previously been performed [CLT19], though theoretical results were not
provided, and thus suggests further study.

The theoretical aspects of path signatures in the context of kernel methods were devel-
oped in [KO19] and [CO18]. The present paper is largely inspired by these two papers. The
concept of using the path signature as a kernel for time series was first proposed in [KO19],
and efficient algorithms for computing the kernel were developed. The path signature for
Euclidean space was shown to be a universal and characteristic feature map in [CO18].
This exploits the recently formalized duality between universal and characteristic kernels
in [SS18].

It is well known that Euclidean path signatures are translation invariant, and we will
show that Lie group path signatures are left translation invariant. [DR19] has considered
the related problem of determining the Euclidean path signature terms which are invariant
under some matrix Lie group action.

We begin in Section 3.2 by reviewing basic facts on Lie groups and Lie algebras, and
provide an exposition on continuous and discrete time series on Lie groups. We then
define the path signature for Lie groups in Section 3.3, and discuss the bijection between
CP"(G) and CP"(RN), the equivariance of the path signature, detecting lead-lag behavior
in time series, and path transformations. In Section 3.4, we provide a brief overview of
kernel methods and prove our main result, which shows that the path signature kernel
is universal and characteristic. Finally, in Section 3.5, we apply the path signature on
Lie groups to a human action classification problem and a hypothesis testing problem
involving random walks on SO(3).

3.1.3 Notation

Throughout this paper, we will denote the time parameter for a path y : [0,1] — G using
a subscript ¢, meaning v := (t). Derivatives are shown using the prime notation, as in
v) = % (t). If we have a path in Euclidean space « : [0,1] — R, we will use superscripts
to represent the components, such as & = (a!,a?,...,aN). If G is a Lie group, we will use
g to denote its Lie algebra and use § to be the underlying vector space of g (forgetting the

Lie bracket structure).
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Continuous paths will often be denoted using the lowercase Greek symbols «, 3,7,
and the space of all piecewise regular paths in G is denoted C?"(G). For T € IN, we let
[T] = {1,..., T} denote the finite set of integers up to T. Discrete time series will be
distinguished using the hat notation 4 : [T] — G, and the space of all discrete time series
in G will be denoted Seq(G).

There are also several parameters that will be used consistently throughout the paper.
Unless otherwise specified, we reserve the following symbols for the given meaning.

* N is the dimension of the Lie group G that paths take values in;

¢ T 4 1 is the length of a discrete time series (so that the discrete derivative will be of
length T);

* M is the level of the truncated signature.

3.2 LIE GROUPS, PATHS, AND TIME SERIES

We begin this section by recalling several basic facts about Lie groups [AB15], followed by
paths on Lie groups and the interpretation of sampled time series on Lie groups, stressing
the differences from sampled time series on Euclidean space.

3.2.1 A Review of Lie Groups

Recall that a Lie group G is a smooth manifold with a group structure such that the
multiplication and inversion maps are both smooth. Let g9 € G. The left translation
map by go, written as Ly, : G — G, is defined to be Lg (g) = gog. The right translation
map Rgy : G — G is defined analogously. This induces a mapping on tangent spaces
Ly : ToG — TgyoG. A vector field X on G is called left-invariant if

LgyX(g) = X(Lgog) = X(808)

for all g9, ¢ € G. This implies that all left-invariant vector fields X are defined by their
value at the identity e € G,

X(g) = Lg«X(e),

and thus, we obtain a one-to-one correspondence between left-invariant vector fields and
the tangent space at the identity, which we denote by g := T, G. Vector fields act on smooth
functions f : G — R, and we define an operation of left-invariant vector fields X and Y by

(X, Y](f) = X(Y(f)) = Y(X(f)),
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3.2 LIE GROUPS, PATHS, AND TIME SERIES

where [X, Y] is also left-invariant. This provides g with the structure of a Lie algebra, where
the Lie bracket |-, -] : g X g — g is a bilinear mapping such that forall X,Y,Z € g

X, Y] = —[X,Y]
X,[Y, Z]] +[2,[X, Y]] + [Y, 2, X]] = 0.

Similarly, left translation induces a map L : Ty .G — T;G on cotangent spaces. A
1-form w € T*G is called left-invariant if

Lg,w(808) = Lg,w(Lgg) = w(g)

for all g,go € G. Again, we obtain a correspondence between left-invariant 1-forms and
the cotangent space at the identity via the property

w(g) = Lg_lw(e).

Thus, we may identify the left-invariant 1-forms by the dual of the Lie algebra, g*.

Remark 3.2.1. We can think of tangent vectors (derivatives) of a path 7 : [0,T] — G as
elements of the Lie algebra g in two ways. First, for a tangent vector v € T,G, we can
compute the pushforward the tangent vector along the left multiplication map L,-1v €
T.G = g. Second, a basis of the Lie algebra provides a global frame for G, meaning, it
provides a basis for TG for all g. By considering v € T,G in terms of this basis, we may
also think of v as an element of g.

In summary, the structure of the Lie group allows us to consider tangent vectors at any
point on G using a single vector space: a fact repeatedly used throughout this paper.

Given a left-invariant vector field X € g, there exists a unique 1-parameter subgroup
px : R — G such that px(0) = e and p/ (0) = X(e). This is defined by the integral curve of
X which passes through the identity at t = 0.

Definition 3.2.1. The Lie exponential map of G is defined as
exp:g— G, exp(X):=px(1),
where px is the 1-parameter subgroup defined above.

This exponential map provides a way to move between a Lie group and its Lie algebra.

Proposition 3.2.1. The exponential map exp : g — G is smooth and d(exp)o = id. Thus, exp is
a diffeomorphism between an open neighborhood of the origin 0 € g and an open neighborhood of
the identity e € G.

Thus, if elements are near the origin, we can define an inverse map.
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Definition 3.2.2. Suppose U C g is a neighborhood of the origin such that the exponential
map is a diffeomorphism. Let V = exp(U). The logarithm map on V is defined to be

log:V —g, log(g)=exp '(g).

A homomorphism of Lie groups F : G — H is a smooth map which is also a group
homomorphism, and a homomorphism of Lie algebras ¢ : g — b is a linear map that
preserves the Lie bracket F([X,Y]) = [F(X),F(Y)] for all X,Y € g. A Lie group homo-
morphism F : G — H induces a Lie algebra homomorphism F, : g — b between the
respective Lie algebras by the induced map between the tangent spaces at the identity
F,: T,G — T.H.

Example 3.2.1. The special orthogonal group SO(3) — orientation-preserving rotations of R
— will be the running example used throughout this paper. This is a matrix Lie group and
can be explicitly described as the space of all 3 x 3 orthogonal matrices (AAT = ATA = 1)
with determinant +1. The Lie algebra of SO(3) is s0(3), which consists of all 3 x 3 skew-

symmetric matrices (B = —BT). An explicit basis for so(3) is
0 -1 0 0 01 00 O
eg1=11 0 0], e2=10 0 0}, e=|(0 0 -1
0 0 O -1 0 0 01 0O

We will denote the duals of these basis vectors to be w; = ¢; € g*. For all matrix Lie
groups, the Lie exponential and logarithm are simply the matrix exponential and logarithm.
Suppose 0 € R. The exponential map in these three basis directions gives us

cosf —sinf 0
eXP(9€1) = |sin® cosf® O],
0 0 1

cos@ 0 sinf
exp(fex) = 0 1 0 |,
—sinf® 0 cosf
1 0 0

exp(fes) = [0 cos® —sin®

0 sinf cos@

These are exactly the rotation matrices about the z, y, and x axes respectively. Therefore, we
may think of the basis vectors e; of the Lie algebra as infinitesimal rotations in the respective
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3.2 LIE GROUPS, PATHS, AND TIME SERIES

directions. In particular, given a path v € P(5O(3)), the value w;(+y;) corresponds to the
infinitesimal rotation of 7 at time t in the direction of e;. If we integrate this over the
domain of the path,

1
| @bt

we obtain the cumulative rotation of 7 in the direction of e; over the unit interval. This
interpretation will be important to keep in mind when we define the path signature in
Section 3.3.

Finally, we briefly discuss the Riemannian structure of Lie groups. Recall that a Rie-
mannian metric on a smooth manifold M is the assignment of an inner product (-, -), to
the tangent space T,M for every point p € M, which varies smoothly. Specifically, this
means that if X, Y are smooth vector fields defined on a neighborhood of p, then the map
p — (Xp,Yp)p is smooth. On a Lie group, we often want a Riemannian metric that is
compatible with the algebraic structure of G. A Riemannian metric is left-invariant if

<X/ Y>g = <Lh*X/ Lh*Y>hg

for all ¢,h € G and X,Y € T,G, and a right-invariant Riemannian metric is defined
similarly. Such left-invariant metrics can simply be defined on the tangent space at the
identity.

Proposition 3.2.2. There is a one-to-one correspondence between left-invariant metrics on a Lie
group G and inner products on its Lie algebra g.

Namely, evaluating the inner product (, ), simply corresponds to viewing the tangent
vectors as elements of the identity, and then evaluating the chosen inner product on g. We
will assume that all Riemannian metrics under discussion are left-invariant, and simply
call them Riemannian metrics.

3.2.2  Paths on Lie Groups
A Riemannian metric (-, -), where we now omit the subscript g since it is left-invariant,

provides a notion of length for piecewise regular paths on G. Suppose ¢ € CP"(G). Then
the length of -y is defined to be

() = [\ oriar
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This allows us to define a metric on the Lie group. If g1,82 € G, then the distance
between ¢ and h is defined to be the infimum length of paths connecting g1 and g»,

d(g1,82) == inf {£(y) : v € CP"(G), 0 = g1, 11 = &2} -

Note that since the Riemannian metric is left invariant, this metric is also left invariant,

d(hg1,hg2) = d(g1,82),

for all h € G. The more familiar notion of length in the path signature literature is the
1-variation of a path.

Definition 3.2.3. Suppose (X, dx) is a metric space and let v € PX. The 1-variation of v on
[0,1] is defined as

|r)’|1fvar = Sup ZdX(')’ti/ ’)/tH,l)/ (3-2-1)
(t) i

where the sum is taken over all partitions 0 =t; < ... <t, =1 of [0,1].

Using the metric induced by the Riemannian metric, we may consider the 1-variation
length of paths in G. Under the piecewise regular hypothesis, these two lengths are
equivalent.

Lemma 3.2.1 ([Buris]). Let v € CP"(G). We have £(7y) = |Y|1—var-

At this point, in the case of paths on Euclidean space, we may use the 1-variation to
define a metric on C}j (RN), which are the paths which start at the origin. Given a Lie
group G with a left-invariant Riemannian metric, we could follow the same procedure to
obtain a metric space structure on C!"(G). However, this is not the metric space structure
on CP"(G) that is the most compatible with the path signature. We will defer this discussion
until Section 3.3.3.

The path space C*"(RYN) is endowed with a vector space structure since RY itself is
a vector space. Similarly, we can endow C?”(G) with a group structure by pointwise
multiplication, where the identity is the constant path at the identity, and the inverse to
a path ¢y € CP"(G) is the pointwise inverse. However, we are missing a notion of scaling
for paths in CP"(G), and such an operation is important to have in machine learning,
since algorithms may require normalization of data. Such a scaling is obtained by proving
a correspondence between paths in G and paths in g, and then transferring the scaling
operation from g to G.

This is done by considering paths on G from the point of view of differential equations.
We have the following existence and uniqueness theorem for first order ordinary differential
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equations. Let C*“(g) denote the space of piecewise continuous paths 7 : [0,1] — g which
are right continuous, meaning lim; ;v = 74,.

Theorem 3.2.1. Let f € CF°(g), so that f : [0,1] — g is piecewise continuous and right
continuous, where we consider elements of g as left-invariant vector fields. Then, the solution of the
first order ODE

Y=filr), =g (3.2.2)
exists and is unique.

Note that in this theorem, we consider a function 7 : [0,1] — G to be a solution of this
ODE if the differential equation holds at all points except the points of discontinuity of f.
This implies that we can represent piecewise regular paths in G as paths in the Lie algebra
g, along with its initial point. Let C; (G) C C*"(G) be defined as

Cy(G)={yeC"(G) : v =g}

Corollary 3.2.1. Suppose G is a Lie group and g its Lie algebra. The map ¥q : CP*(g) — CEY(G),
which takes f € CP°(g) to the solution of the ODE in Equation 3.2.2 with initial condition yo = g,
is a bijection.

Proof. Firstly, the map Y, is well defined by the existence and uniqueness theorem above.
The inverse to Y, can be defined by taking the derivative at every differentiable point.
Suppose 7y € C} (G), and let d(7y) C [0,1] denote the set of points such that v is differ-
entiable. Note that [0,1] — d(y) is a finite set since 7 is piecewise regular. Now, define
‘f’éjl (7)(t) =} for all t € d(vy), and at the nondifferentiable points by right continuity

-1 1 /

Yo () = lim ;.
This map is well defined: ‘I’;l(’y)(t) is continuous for every t € [0,1] — d(7), and right
continuous by definition. O

We can view CF°(g) as a Lie algebra, with pointwise vector space operations, and
pointwise Lie bracket. Because the group structure of C*"(G) and the Lie algebra structure
of CP*(g) are defined pointwise, the map ¥, is compatible with Lie algebra morphisms
induced by Lie group morphisms. Namely, if F : G — H is a Lie group morphism, we
obtain a group homomorphism F : C*"(G) — CF"(H) by applying the map pointwise.
Analogously, if F, : g — b is the induced Lie algebra morphism, we obtain a Lie algebra
morphism F, : CP(g) — CPF°(h). The following lemma is immediate since the group
structure on C?”(G) and the Lie algebra structure on CP¢(g) are defined pointwise.

64



3.2 LIE GROUPS, PATHS, AND TIME SERIES

Lemma 3.2.2. Suppose F : G — H is a morphism of Lie groups, and F, : g — b is the induced
morphism of Lie algebras. Then the following diagram commutes

The map ¥, allows us to view paths on Lie groups as paths in a linear space, while
retaining all first order differential information. We can use the fact that many operations
for paths on RN are defined via operations on the Lie algebra, and thus generalize these
operations to Lie groups.

For a path « € CP"(RN) and A > 0, denote the vector space scaling operation as
(Aw)s == Awy.

However, another way of viewing the scaling operation for paths that begin at the origin is
by scaling in the Lie algebra. Suppose A > 0, and denote the vector space scaling in a Lie
algebra gby c) : g — g.

Lemma 3.2.3. Let a € C} (RN). Then
Ax = lPo oC) Olfo_l(ﬂé).

Proof. In RY, the map Yy is simply integration in RN, and Y, 1 is differentiation. Thus, we
have

t
(‘I’OocAo‘I’al(tx))t:/O )ux;ds

t
= /\/0 ayds
= ()ux)t

We use this fact as motivation to define scaling on Lie groups.

Definition 3.2.4. Suppose G is a Lie group and g its Lie algebra. Let v € C"(G) and A > 0.
We define the Lie algebra scaling of v by A to be

Ay=Y,0c10 ‘I’,;Ol('y). (3.2.3)

Remark 3.2.2. We highlight three important differences between vector space scaling for
paths in RN and Lie algebra scaling for paths in an arbitrary Lie group G, and provide a
reason for each.

1. Returning to the setting of paths in RY, the two notions of scaling differ slightly
when the path does not start at the origin. If we have a € CP"(RY) such that ag = x,
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then (Aa)o = Ax, while (A - &)y = x. However, if we align the initial points, the paths
coincide,

(Aa) —Ax = (A-a) — x.

This difference is due to the fact that arbitrary Lie groups do not have a natural
scaling operation. However, if our Lie group was equipped with a suitable scaling
operation, such as a Carnot group [LD17], then we would be able to do define a
scaling operation that coincides with the vector space scaling in CP"(RYN).

2. We have only defined scaling by a nonnegative number. Definition 3.2.4 could be
extended to all real numbers A without any changes, but the interpretation of negative
scaling is more difficult in arbitrary Lie groups. For a path a € C' (RY), scaling by

A = —1 simply produces the pointwise inverse of a path. However, this is not the
case in a general Lie group. For example, let X,Y € g and consider the piecewise
path

)
!

Here, we have 73 = e®e’ and (—1-7);1 =e , which are not inverses in general.
Thus, we see that the obstruction to this interpretation is the noncommutativity
of arbitrary Lie groups. However, in the setting of abelian Lie groups, such an
interpretation would hold.

F,
m
o
S

—_ Nl

o2tX .
= eXe2=1)Y .4 ¢ 1,

XEY 7X67Y

3. By definition, the vector space scaling in C?"(RN) obeys the distributive law: A(a +
B) = (Aa) + (AB) fora, B € CP"(RN) and A € R. In other words, the vector space scal-
ing is a pointwise Lie group homomorphism for RN. However, ¢, : g — g is not a mor-
phism of Lie algebras in general since ¢, ([X,Y]) = A[X, Y] # A%[X, Y] = [cy X, c,Y].
Thus, it cannot be the induced map of an underlying Lie group homomorphism
for G, so the Lie algebra scaling for G is not distributive, A - (af) # (A-a)(A-B), in
general. In the case of an abelian Lie group H, the associated Lie algebra b is abelian
so that [X,Y] =0 for all X,Y € b, and thus Lie algebra scaling can be viewed as a
pointwise Lie group morphism.

Due to these remarks, we must keep in mind that the scaling operation for paths in Lie
groups is not compatible with the algebraic structure of G.
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3.2.3 Discrete Time Series on G

In this subsection, we will consider the interpretation of discrete time series on an arbitrary
Lie group G, and also discuss derivative computations for these discrete time series. We
will continue the theme of comparison with the corresponding notions in RY.

Remark 3.2.3. Here, we will assume that discrete time series are uniformly sampled at
integer times. This does not result in any loss of generality due to the reparametrization
invariance of the path signature, given in Proposition 3.3.2.

Let T € N and £ : [T + 1] — RN be a discrete time series in RY of length T + 1. There
is a natural interpretation of £ as a continuous time series x : [T + 1] — RY by linear
interpolation between points. Namely, it is the interpolation with a constant derivative
between the discrete points defined in £. This is the interpretation that we implicitly take
when we compute derivatives of discrete time series by finite differences £/ = %;,1 — £; to
get the discrete derivative £ : [T] — RN. Additionally, we can think about the continuous
path x as a geodesic interpolation of the discrete path £.

However, the interpretation is more subtle in the case of arbitrary Lie groups. Suppose
we have a discrete time series in G, which we denote by 4 : [T 4+ 1] — G. We wish to obtain
an interpolation such that the derivative, when viewed in the Lie algebra g, is constant
between adjacent points. This can be achieved by taking the logarithm of the difference
between adjacent points. We define the discrete derivative §' : [T] — g of a discrete Lie
group valued path by

i = log (’?fl'?iﬂ) €g. (3.2.4)

Then, we can define the continuous interpolation v : [0, T + 1] — G using the exponential
map such that for t € [i,i + 1), the interpolation is

Y= qJrexp ((t—1)%) .

We note that this construction reduces to linear interpolation in the case of G = R".
This is due to the fact that for the additive Lie group RY, the exponential and logarithm
map are both the identity and are both globally defined. Additionally, the group operation
is addition, so we should interpret all of the products as sums. However, there are two
essential differences between the case of arbitrary Lie groups and Euclidean space.

Firstly, for an arbitrary Lie group G, the logarithm map is only defined in a neighborhood
of the identity. The two reasons the logarithm may not be defined in a larger neighborhood
are the loss of injectivity and the loss of surjectivity of the exponential map. On any
compact Lie group, the exponential map will not be injective at any point. In this case,
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we can define the logarithm to be the value closest to the origin, but non-injectivity may
still occur. For example, the point antipodal to the identity in S! has no unique logarithm
since there are two paths of equal distance to the identity. However, if we perturb the
target point in either direction, there exists a unique shortest path. This implies that by
undersampling the underlying time series, we may infer incorrect information. The case of
S! is exactly the situation encountered in the Nyquist sampling theorem.

The exponential map is not always surjective, with the simplest examples being non-
connected Lie groups. However, connected Lie groups such as SL(2,IR) can still have
non-surjective exponential maps. In these cases, discrete derivatives may not exist, and
finer sampling is required so that the difference between adjacent points 4; 4,1 is closer
to the identity and has a well-defined logarithm. However, for compact Lie groups such as
SO(3), the Lie exponential map is surjective.

Secondly, the interpolation defined here may not be a geodesic connecting the two
points. Suppose h is a Riemannian metric on G. In general, geodesics do not coincide
with the one-parameter subgroups of G. In other words, in these cases, the Riemannian
exponential map and the Lie exponential map are not the same. However, for bi-invariant
metrics, they coincide.

Theorem 3.2.2. The Lie exponential map and the Riemannian exponential map at the identity
agree on Lie groups with bi-invariant metrics.

Thus, for all Lie groups equipped with bi-invariant metrics, we may continue to interpret
the interpolation as a geodesic interpolation. In fact, this holds for all compact Lie groups.

Proposition 3.2.3. Every compact Lie group admits a bi-invariant metric.

From this discussion, we find that for a compact Lie group G, the interpretation of
discrete time series on G is similar to the case of RY, with the main difference being the
non-injectivity of the exponential map.

3.3 PATH SIGNATURES ON LIE GROUPS

This subsection, based on the exposition of path signatures on Euclidean space given
in [GL20], begins by defining the path signature for Lie groups. We show several basic
properties which are well-known for path signatures on Euclidean space, culminating in
the definition of tree-like equivalence for paths and the property that the signature is an
injective group homomorphism. This material was originally developed by [Ches4; Chesy;
Ches8] and is not novel.

We then prove a signature preserving bijection between paths on an N-dimensional
Lie group G and paths on RN, which highlights the extent to which the theory naturally
extends to the case of Lie groups. This result provides a Euclidean representation of Lie
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group valued time series, and can thus be used to apply classical Euclidean data analysis
techniques to Lie group valued time series.

We then consider the extension of the equivariance property of path signatures. This is
followed by an interpretation of the second-level signature terms as indicators of lead-lag
behavior between the directions corresponding to our choice of basis vectors for the Lie
algebra g. Finally, we close this section by discussing computational aspects of the path
signature for discrete time series, as well as symmetry breaking path transformations
which can be used as a preprocessing step.

In this section, we use (ey, ..., eN) to denote an ordered basis of g and use (wy, ..., wN)
to denote the dual basis of g* such that w;(e;) = J;;, where ¢;; is the Kronecker delta.

3.3.1 Path Signature as a Group Homomorphism

Let G be an N-dimensional Lie group. Recall that C*"(G) denotes the space of piecewise
regular paths v : [0,1] — G.

Definition 3.3.1. Let v € C*"(G). Suppose wy, ..., wn € g* form a basis of g*. For i € [N],
define a path S'(7);: [0,1] — R as

S = [ s

Next, let I = (iy,...,i,) be a multi-index, where i; € [N]. Higher order paths SH(y)s
[0,1] — R are inductively defined as

t . .
SH(y)s = /O Slirrin=) (Yo, (72)ds. (3.3.1)

The path signature of v with respect to I is defined to be S!(7y) := S!(7);.

We can also present the definition in a non-inductive way. Let A™ be the standard
m-simplex

A" ={(ty,... ,tm) 1 0<t <ty <...<ty <1}

By collapsing the inductive definition, we can write the path signature of oy with respect to
I={(i,...,iy) as

Sl(y) = /Am wiy (74) - - wi, (01,) dty - . dby. (3.3.2)

We can amalgamate the path signatures with respect to every multi-index I into an
element of a tensor algebra. Let § be the underlying vector space of the Lie algebra g. The
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tensor algebra T((§)) is defined in Section 1.2.2. Let ey, ..., ex be a basis for g. We define
the path signature of T € CP"(G) to be

S()=1+Y Y S'(v)e,©...®¢, € T((3). (3-3-3)

m>1|I|=m

Remark 3.3.1. For path signatures defined on Euclidean space RN, we often choose the
standard 1-forms (dxj,...,dxy) to be the basis of t, the Lie algebra of RN, Suppose

a € CP'(RN). We can also write our path component-wise as &« = (a!,...,a"), where each

&' :[0,1] — R. Then, evaluation of the standard 1-forms is simply dx;(a;) = (a')}. Thus, in
the Euclidean case, the definition of the path signature reduces to

Sl(w) = /m(zxil);l o (am)) dty L dy. (3.3-4)

Let v € CP"(G) and g € G. The left translation of v by g is defined to be the path
(g7)t = g(7t), where we left translate the path by g pointwise (one can analogously
define the right translation of a path). Similar to the case of Euclidean space, path signatures
are left translation invariant and reparametrization invariant.

Proposition 3.3.1 (Left translation invariance). Let v € CP"(G) and g € G. Then S(gy) =
5(7)-

Proof. Tt suffices to show that S(gy) = S!(7y) for all multi-indices I. Note that we have
(87)t = Lgut-

Specifically, this implies that 7} and g7} are represented by the same element in the Lie
algebra g. Therefore for any w € g*, we have w(g7;) = w(v}). Thus, S'(gy) = S!(v) for
all I. O

Proposition 3.3.2 (Reparametrization invariance). Let 7y : [a,b] — G be a piecewise regular
path, and let ¢ : [c,d| — [a, b] be a strictly increasing function. Then S(y o ¢) = S(7y).

Proof. This is the Change of Variables Theorem. Reparametrization invariance of the first
level of the signature is given as

‘ d d b ‘
S'(vog) = [ wllropiat= [ wilry)gidt = [ wilat)dr = S(x).
Invariance for higher order terms is shown by induction using the same argument. [

In particular this proposition justifies our choice of only considering paths parametrized
by [0,1], as any other path can be reparametrized into this domain. Next, we would like to
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understand how scaling of paths in G given in Definition 3.2.4 affects the path signature.
Note that the vector space scaling in § induces a dilation map o) : T((§)) — T((g)),
defined in Equation (1.2.17).

Proposition 3.3.3. Let v € CP"(G) and A > 0. Then S(A - ) = 5,5(7y).

Proof. Consider the multi-index I = (i, ...,i). Then,

SI()\ . r)/) = Ak Wi, ()\’)/gl) .. .wik(/\f)/;k)dtl . dtk
- /Ak wi (71,) - - wi (vi,) dby - diy
= ARSI (7).
O

We have seen that the group structure on G allows us to define a group structure
on CP"(G) by pointwise multiplication. The group structure on G allows us to obtain
another group structure on a quotient of CP"(G) where the group operation is given by
concatenation. Let a, B € CP"(G). The concatenation of « and B is defined to be

wxB) = Xt : )
(oxp) { a1(Bo) Ba—1 €[]

The inverse of a path 7 is defined to be the same path, but in the reverse direction

H.
m
o
S

—_ NI

(')’71)1% = Y1-t-

Concatenation or inversion of piecewise regular paths is still piecewise regular. In order
to obtain an identity element, we must quotient out by an equivalence relation.

Definition 3.3.2. A path ¢ € CP"(G) is called reducible if there exist paths «, 8, € C"(G)
such that v = a * { * { ! x B, up to reparametrization. The path a * § is called a reduction
of y. We define the reduction of  x { ! to be c,, the constant path at the identity e € G. A
path v is irreducible if no reduction exists. An irreducible path 4 obtained by finitely many
iterative reductions of a path v is called an irreducible reduction of 7.

Theorem 3.3.1 ([Ches8]). Every piecewise regular path v € CF'(G) has a unique irreducible
reduction up to reparametrization.

This result allows us to define the notion of tree-like equivalence.
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ax(x('xp axf

Figure 3.1: (Left) An example of a reducible path a x { * {1 * B. (Right) The irreducible reduction
of the path on the left.

Definition 3.3.3. A path v € CP'(G) is a tree-like path if its irreducible reduction is c,, the
constant path at the identity. Two paths a, B are tree-like equivalent, & ~; B, if a x B! is a
tree-like path.

Remark 3.3.2. The definition of tree-like equivalence includes translations. Indeed, suppose
v € CP"(G) and g € G. Define gy and g to be the left and right translations of the path
v by g. Then ¢ ~; g7 since v x (¢7) ! = 7 * 7! by the definition of the concatenation
operator. The same holds for right translations.

Additionally, tree-like equivalence also includes reparametrization since the definition
of reductions are reparametrization invariant.

Proposition 3.3.4. Tree-like equivalence is an equivalence relation.

Proof. Let v, v1,72,73 € CP"(G). Note that the subscript here denotes distinct paths, and
does not denote the time parameter. By definition the reduction of «y * ! is the constant
path, so v ~; 7.

Next, if v = a* { ! * B, for paths a,8,{ € CP"(G), then v~ 1 = g1 x 1 xa™l.
Thus, a path is reducible if and only if its inverse is reducible. Additionally, the reduction
B~1xa~! of y7!is the inverse of the reduction a * B of y. Now, suppose 1 ~¢ 72 so that
1%k Yy 1 is tree-like. By the above argument, 72 * 7y 1 is also tree-like, 0 2 ~; 1.

Finally, the concatentation « * § of two tree-like paths is also tree-like, by performing all
the reductions of  and then performing all the reductions on . Suppose 1 ~; 72 and
Y2 ~t v3. Then, 71 * 75 lis a reduction of (7 * Yy D (12 % Y5 1), and the latter path is
tree-like since it is a concatenation of two tree-like paths. By the uniqueness of irreducible
reductions, 1 * 75 1 is tree-like. Thus, Y1 ~t Y3 O

We can now define C?"(G) := CP"(G)/ ~; to be the space of tree-like equivalence classes
of piecewise regular paths in G. We define the identity element to be [c.] € CP"(G), the
equivalence class of the constant path at the identity. Compatibility of concatenation and
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inversion are implicit in the above proof, and the group axioms are easily checked. Thus,
we have shown the following.

Proposition 3.3.5. The quotient CP"(G) is a group.
We can now state Chen’s injectivity theorem.

Theorem 3.3.2 ([Ches8]). Suppose G is a real Lie group. Let o, € CP"(G). Then S(a) = S(B)
if and only if « and B are tree-like equivalent.

Chen also showed that the signature is a group homomorphism. Namely, suppose
a, B € CP"(G). Chen’s identity [Ches4] states that

S(axp) =5(a) ®S(p)- (3-35)
Putting the previous results together, we obtain the following characterization.

Proposition 3.3.6. The path signature map S : CP"(G) — T((g)) is an injective group homomor-
phism.

We will also require an internal multiplicative structure on the path signature coefficients
which is an immediate generalization of the Euclidean path signature. The shuffle product
W of two multi-indices is defined in Definition 1.2.7.

Theorem 3.3.3. Let I and | be multi-indices in [N], of lengths k and | respectively, and suppose
v € CP'(G). Then

‘sl (y) = Y 5. (3.3.6)

Proof. Let R = (r1,..., 7k k1, - - - Tks1) = (i1, .-, 0k, J1, - - -, j1). Writing out the signature on
the left side of the equation using Equation 3.3.2, we get

/Ak wir(m,) - wil (1 )dt - diy /A, Wiy (71, -+ wjp (7 )ty .. dy
- Ak Al “n (7;1) e Wy ('Y;H,) dty... dtk+],

and the sum on the right side is

Z /Ak+l wg(rl) (’)/,,51) ce w,,(ml) <7£k+1)dt1 e dtk+l.
oeSh(k,)
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The equivalence of the two formulas is given by the standard decomposition of AF x Al
into (k + I)-simplices,

AkXAl:{(tl,...,tk+l) : 0<t1<...<tk<1,0<tk+1<...<tk+l<1}

= |_| {(ta(l),.-./ta(kJrl)) 20<t1<...<tk+l<l}.
seSh(kl)

3.3.2 Relationship between Euclidean and Lie Group Valued Paths

In this subsection, we define a signature-preserving bijection between piecewise regular
paths in G and piecewise regular paths in RN which start at the identity and origin
respectively.

The idea behind the following proposition is that the path signature computation only
requires the first derivative of paths. The Lie bracket is unused in the computation of path
signatures, so we can simply consider the Lie algebras of Lie group as vector spaces. Thus,
we can identify the underlying vector space of the Lie algebra g with the underlying vector
space of the Lie algebra t of RN. We then use the correspondence ¥, : C**(g) — C} (G)
between piecewise continuous paths CF¢(g) and piecewise regular paths C*"(G) given in
Corollary 3.2.1, to map paths on G to paths on RN.

In the following proposition, we abuse notation and consider elements of the Lie algebras
t of RN and g of G as both the tangent space at the identity, and the vector space of left-
invariant vector fields. Similarly, we consider elements of the dual of the Lie algebra t*
and g* as both the cotangent space at the identity, and the vector space of left-invariant
1-forms.

Because we will be using two different path signature functions, we will denote by
Sr : CP"(RN) — T((RN)) the path signature for RN with respect to the ordered basis of
standard 1-forms (dxy,...,dxy) of t*. We denote Sg : CP"(G) — T((RN)) to be the path
signature for G with respect to a given ordered basis (wj, ..., wy) of g*.

Proposition 3.3.7. Suppose G is an N-dimensional Lie group with Lie algebra g. Let ¢ : T — §
be an isomorphism of vector spaces, and ¢* : g* — v* be its dual. Let (dxy,...,dxn) denote the
standard 1-forms of RN, and define w; = (¢*)~1(dx;). Let Sg : CP"(G) — T((RN)) be the path
signature map for G with respect to the ordered basis (w1, ...,wnN) of g*. Then, there exists a
bijection ® : Cj (RN) — CI"(G) such that Sr(y) = Sg(®()) for all v € CF'(RN).
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Proof. The construction of the map @ is derived from Corollary 3.2.1. Let ¥R : CP*(v) —
C)"(RN) and ¥¢ : C*(g) — C!'(G) be the bijections from Corollary 3.2.1 for RN and G
respectively. Now, define ® by
. PT(mRN ¥ c 4 c Y ~pr
®:Cy (RY) — CPF(r) = CP(g) — C¢ (G).

The idea is that we start with a path v € C;' (RY), and apply the following maps:

1. Yi! : take the derivative 9’ to obtain a path in ¢

2. ¢ : identify the underlying vector space of v with g

3. Y¢ : solve the differential equation (Equation 3.2.2) with the identity initial condition
to obtain a path in G.

R? (b:tig G

0.1

. —

[\

04<Ugv4 0

S

-5 -0.1
-5 25 0 25 5 0.1 -0.05 0 0.05 0.1

Figure 3.2: An example of the function ® when we take G = S! x Sl. (Left) A path 7 € PR3.
(Middle) The derivative of 7y as a path in ¢ or g. (Right) The corresponding path ®(7y).

Because all three maps are bijective, ® is also bijective. To show that the signatures are

invariant under this mapping, let I = (i1, ..., i) and v € C) (RN). The path signature of
¥ with respect to I is

SIIR(’Y) - Ak dxi1 (’)/tl) . dxik('ytk)dtl cen dtk.
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Note that the derivative of ®(y) is given by ®(-y); = ¢(7;) and thus, the path signature of
d(y) with respect to I is

SE@() = [ @i (@(11) @i (@(a1)dtr ..ty

Ak
=/ ¢ (wiy ) (71,) - ¢ (wi) (p )ty . .. diy
= Si(7)-

The final equality holds because the dual isomorphism ¢* takes w; to dx;. Thus, Sk () =
SL(®(7y)) forall T € CP"(RVN), and all multi-indices I. O

3.3.3 Stability of the Path Signature

In this section, we will discuss the stability of path signatures, which is of crucial impor-
tance in machine learning applications. We begin by considering a metric structure on
CP"(G). We mentioned in Section 3.2.2 that a metric on C}; (RY) can be obtained by using
the 1-variation of paths. Namely, given a, 8 € C}'(RN), we may consider the distance
between these two paths as |« — B|1_yar, Where the difference is performed pointwise.
Such an approach could be used for C*’(G) in theory. Now suppose a, 3 € C!' (G), we
can use the metric on G to define the distance to be | ﬁ*1a|1,wr, where the inversion
and multiplication are both performed pointwise. However, this notion of distance is not
well-suited for the path signature.

The main reason for this is that the computation of |8~ a|;_, depends fundamentally
on the adjoint action of the Lie group on the Lie algebra, which is governed by the Lie
bracket. Namely, the adjoint action is trivial if and only if the Lie bracket is zero. However,
the path signature ignores the Lie bracket structure, so the prospect of Lipschitz continuity
of the signature with respect to this metric is problematic.

We therefore consider a different metric. Note that our path signature computations
have consistently been performed on the underlying vector space of the Lie algebra g, so it
seems natural to directly define a metric using the derivatives «’, ’ € Seq(g). One such
notion of a distance would be the L! distance between these derivatives

1
I/ =Bl = [l — Bilg ot
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which in particular does not use the Lie bracket structure. In fact this L! distance is
exactly the 1-variation of the corresponding paths ®~1(a), ®~1(8) € C}'(RYN), given by
the bijection in Proposition 3.3.7. Thus, we can define the metric on C!'(G) to be

d]R(lX, IB) = |q>71(0¢) - q>71(,3)|17var-

Note that equipped with this metric, the map @ is trivially an isometry.

Lemma 3.3.1. Suppose ® : C}' (RN) — C!"(G) is the map defined in Proposition 3.3.7. Suppose
C)"(RN) is equipped with the 1-variation metric, and C'(G) is equipped with the metric dg.
Then, ® is an isometry.

Using this isometry, stability for Lie group path signatures is a direct corollary of stability
for Euclidean path signatures from Corollary 3.3.1.

Corollary 3.3.1. Let £ > 0 be a constant such that £ # 1 and «, B € C}" (G) be bounded variation
paths such that |a|1—yar, | Bl1—var < €. Forallm > 1,

_ pm\ 1/2
I2n() = Sen(B)] < expD) (=7 ) B (.37

3.3.4 Equivariance of the Path Signature

At this point, a natural question to consider is how do path signatures behave under Lie
group morphisms? Let G; and G, be Lie groups of dimensions N; and N, respectively.
Given a Lie group morphism F : G; — G2, we have an induced Lie algebra morphism
F. : g1 — g2 between the corresponding Lie algebras. In particular, all Lie algebra
morphisms are linear transformations, so if we forget the Lie bracket, this results in
amap F, : §1 — g2 between the underlying vector spaces. Because linear transformations
induce maps on tensor products of the space FZ™ : gi’™ — 5", we also get an induced
map of algebras between tensor algebras

Fo: T((81)) = T((82))-

If (e1,...,en,) is an ordered basis for g and (fi, ..., fn,) is an ordered basis for g,, then
we can write F, : g1 — g2 as an N, X Nj matrix in terms of these bases, which we call M.
We can describe the action of F, in the tensor algebra using this matrix. Let t € T((§1)). In
general, the action on the order m elements t,, € g™ is a tensor-matrix multiplication, as
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described in [PSS19], in which all m sides of the tensor t,, are multiplied by the matrix M.
This can be written out as

Fit = i Y t'(Me;,) ® (Me;,) ® ... ® (Mey,).

m=0 |I‘:m

The low order tensors can be written out in usual matrix notation. Consider t; as a
column vector. The action on first order elements is matrix multiplication,

(Fit); = Mty.
Considering t; as a matrix, the action on the second order elements is conjugation by M,
(Fit)y = Mty MT.

For higher orders, we can no longer use matrix notation, so we explicitly define the
action for a given index. Let | = (..., jx) be a multi-index where ji € [Nz]. Then, the
element of F,t corresponding to the multi-index ] is

N M N
(F*t>I = Z Z A Z t(ll"“’l”)MjllileZ,iz, . 'Mjn,in'

i1=11i=1 ip=1

The following is a generalization of the equivariance of the path signature in Euclidean
space, which is discussed in [FV10] and [PSS19]. Here, suppose (wj, ..., wn;) is the dual
basis to (ey,...,en,) and (vy,...,vn,) is the dual basis to (f1,..., fx,)-

Proposition 3.3.8. Let Gy and G, be Lie groups, with Lie algebras g1 and g respectively. Suppose
F : G1 — Gy is a Lie group morphism and v € CP"(Gy). Then

S(Fy) = ES(7).

Proof. The proof of this claim is simply due to the linearity of integrals and 1-forms.
Consider the multi-index | = (j1, ..., jm). Then,

S/(Fy) = /Am Vi (Bl iy (B Yt . by,

Consider a single factor in the integrand. Using the basis (ey, ..., en,) for g, write the
derivative 7' as
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where ¢ : [0,1] — R are the component paths. Then, since vj(F,7}) denotes the j"
component of F,7;, we can write this as

Ny
vi(Favi) = ) Mjiw;i(71).
i3

Substituting this back into the formula for S/(F7y), we get

Ny
2 2 i M) /Am Wi, (71) - wi, (vp)dty .. dby,

1=1 1,1—1

Z Z i1 - ]m lm) S(illmlim) (')’)

=1 i,=1
(RS

3.3.5 Lead-Lag Relationships

For path signatures defined on Euclidean space, a certain linear combination of second
degree signature terms provides a reparametrization invariant indicator of lead-lag be-
havior in cyclic real-valued time series, as initially introduced in [BS16] and discussed
in Section 1.1. In this subsection, we will extend this interpretation to time series valued in
Lie groups.

In the setting of Lie groups, we can define the lead matrix of a path ¢y € C*"(G) in the
same manner as the Euclidean case in Definition 1.1.1, but the interpretation must be
slightly modified. Writing out the integral for S¥/ () given a basis (wy, ..., wn) of g*, we

get
si(n) = [ ([ witrias ) ity

The inner integral is simply S’(y); and represents the cumulative variation of the path in
the direction of ¢; (the dual of w;), which is the analogue of the displacement in Euclidean
space. Thus, for a cyclic time series v € CP"(G), we say that the ¢’ direction exhibits cyclic
leading behavior with respect to the ¢/ direction if the following holds:

1. (positive influence) when Si(7); is positive (negative), then w;(7}) is positive (nega-
tive), and
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2. (negative influence) when S/(y); is positive (negative), then w;(7}) is negative (posi-
tive).

Thus the lead matrix, as defined in Equation 1.1.4, can be interpreted as a measure of this
cyclic leading behavior for Lie group time series. An example of this interpretation is given
in Section 3.5.1.

However, the geometric interpretation in terms of signed area is no longer available.
This is because any area computation on Lie groups will require second-order differential
information about the paths, but path signatures are only defined using first order differ-
ential information. This suggests that an interpretation in terms of areas on the Lie group
will not be possible. However, by using Proposition 3.3.7, the value A% (-y) can still be
interpreted as the signed area of the corresponding path ®~1(y), where @ is the bijection
given in Proposition 3.3.7.

3.3.6  Topological Considerations

In this section, we will consider the topological interpretation of the first level signature
terms for some Lie groups. Namely, the first level signature term S’ is homotopy invariant
if the differential 1-form corresponding to the basis vector w; € g* is a closed form. For
simplicity, we will assume that all paths are piecewise smooth in this section. Note in
particular that the continuous interpretation of discrete time series is piecewise smooth, so
the discussion in this section holds for analysis of these discrete time series.

Recall the following definition of a homotopy between paths.

Definition 3.3.4. Suppose «, B : [0,1] — G are homotopic relative to endpoints if ay = Bo,
a1 = B1 and there exists a continuous function & : [0,1]> — G, called a homotopy, such that

h(0,t) =a;, h(1,t) =B, h(s,0) =ag=Po, h(s,1)=a; = p1.
We use the notation a ~ f if the paths « and B are homotopic relative to endpoints.

Loosely speaking, two paths are homotopic relative to endpoints if their endpoints
coincide, and there exists a continuous deformation from one path to the other. Namely,
homotopy relative to endpoints forms an equivalence relation in C?"(G). We say that a
map f : CP"(G) — R is homotopy invariant if f(a) = f(B) whenever a ~ B.

Recall that a differential form w is closed if its exterior derivative is trivial, dw = 0. By
Stokes’ theorem, the first level signature terms for closed forms are homotopy invariant.
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Indeed, let a,8 € C"(G), and let I : [0,1]> — G be a homotopy between & and f. By
Stokes’ theorem, we have

/w:/dw:O,
oh h

but the boundary of / is exactly a x B~1. Thus, we have

/w—/w: w = 0.
Y B oh

For left-invariant forms on Lie groups, there is a simple way to determine whether the
form is closed. We begin with the invariant formula for the exterior derivative [Leeo3]. Let
w be a 1-form on G, and X, Y are vector fields on G, then

dw(X,Y) = X(w(Y)) - Y(@(X)) - (X, Y)).

If in particular, if w € g* is a left-invariant 1-form and X, Y € g are left-invariant vector
fields, then this formula reduces to

dw(X,Y) = w([X,Y])

since w(X) and w(Y) are constant functions. Thus, the left invariant form w is closed if
and only if w([X,Y]) =0 for all X,Y € g. In particular, this implies that all left-invariant
1-forms are closed on abelian Lie groups such as RN and TV, since [X,Y] = 0 for all
X,Y € g. However, there are no closed left invariant 1-forms on SO(3) since a nontrivial
w € $0(3)* must be nonzero for at least some Z € s0(3). However, for all Z € s0(3), there
exist X, Y € s0(3) such that Z = [X, Y]. In fact, this argument extends to all semisimple Lie
groups, and thus there are no closed left-invariant 1-forms on any semisimple Lie group.

3.3.7 Discretization of the Path Signature

We have focused our discussion of the path signature so far on the continuous setting
in order to discuss the theoretical framework. However, applications are studied in the
discrete setting. In this section, we provide the explicit computation of path signatures for
discrete time series, and discuss a useful discrete approximation.

Letv = (vl,. .,oN ) € g, where we have written out the components of v in terms of
some choice of basis on g. Consider the continuous time series 7 = exp(vt), where exp
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is the Lie exponential. Note that the derivative ; = v is constant. In this case, the path
signature of 1 is straightforward to compute. Given I = (iy, ..., i), the path signature is

S = [ @i () i, (o ity

= /mvil ...Z)imdtl...dtm
(SRR
m!

The entire path signature can be written concisely as the tensor exponential.

Definition 3.3.5. Let V be a real vector space. The tensor exponential exp, : V — T((V))
is defined to be
®m

(expg, (0))m = —-

m!

Then, we may write the path signature of v = exp(vt) to be

S(7) = expy, (0).

Now, suppose we have a discrete time series 4 : [T + 1] — G. Recall from Equation 3.2.4
that we may compute the discrete derivative by

9t = log (7;1’?t+1)

to obtain a discrete time series ' : [T] — g. As discussed in Section 3.2.3, we interpret these
discrete time series as continuous paths by interpolating using the exponential. Thus, the
continuous interpretation of the discrete time series can be thought of as a concatenation
of several exponential paths

v = exp(§it) * exp(§at) * ... x exp(§rt).

Therefore, by the above computation of the path signature of an exponential path and
Chen’s identity, we define the continuous path signature of the discrete time series to be

S(7) = expy, (71) @ expy, (12) @ ... @ exp, (97)- (3.3.8)

By using tensor operations, this formula provides an effective implementation for the
computation of the path signature.

An alternative approach is to compute an approximation of the path signature for
discrete time series.
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Definition 3.3.6. Let § : [T 4+ 1] — G. Suppose wy,...,wy € g* form a basis of g*. Let
I = (iy,...,in) be a multi-index, where i; € [N]. Let ' : [T] — g be the discrete derivative
of 4. We define the discrete m-simplex with length T to be

NP ={(t,...,tw) E[T]™ : 0<tH <t <...<ty <1}
The discrete path signature of 4 with respect to I is defined to be

él(ﬁ’) = Z wil (’,)\/I/f]) M wim (/)\/;m)’

(t1,0etm ) EAT!
where t1,...,t, € [T]. The discrete path signature can be viewed as a map
S :Seq(G) — T((g)).

We consider the discrete path signature since it is more amenable to computation. The
approximations from [KO19] and discused in Section 1.3.5 extend immediately to the Lie
group setting. In particular, [KO19] derived efficient algorithms to compute the discrete
path signature kernel, and we extend these algorithms to Lie groups in Section 3.4.2.

3.3.8 Path Transformations

We now define the Lie group formulations of the path transformations from Section 1.3.6.

1. The time transformation is
Ttime : C'(G) — P(G x R)
7e = (r1h)- (33-9)
2. The identity initialized (IdInit) transformation is

Tiamit : C*'(G) — CI'(G)
Y Ly x, (3.3.10)

where {, is the exponential path from the identity e to the point ¢ € G.

3. The sliding window transformation is

Tswinm : CP'(G) — CP(G)™ !
Ye = (V6 Vet V-2t -+ Vi—mt), (3.3.11)
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where we define y; = e if t < 0.

3.4 THE PATH SIGNATURE KERNEL FOR LIE GROUPS

In this section, we show that a normalized variant of the path signature can be used to
define a universal and characteristic kernel for Lie group valued time series. Then, we
show that the algorithms introduced in [KO19] for efficient computation of the signature
kernel can also be used for Lie group valued paths.

3.4.1 The Path Signature Kernel

In this subsection, we will define the path signature kernel, and show that it is universal
and characteristic. This was shown for the Euclidean case in [CO18], which states that these
properties hold when studying paths evolving in a Hilbert space. Through our definition
of the path signature for Lie groups, we provide a clarification: the space itself need not be
a Hilbert space, but rather the space of tangent vectors must be a Hilbert space. In our
case of Lie groups, this is the Lie algebra with a Riemannian metric. With this setup, the
path signature kernel for Lie groups is universal and characteristic.

Theorem 3.4.1. Let A : T1(R") — T1(IR") be a tensor normalization. The normalized signature
®:CP(G) = Ti((§)), ®=AoS,
1. is a continuous injection from CP'(G) into a bounded subset of T, (R"),

2. is universal to F := Cy(CP"(G),R) equipped with the strict topology, and

3. is characteristic to the space of finite regular Borel measures on CP'(G).

Proof. The fact that ® is an injection follows from the injectivity of the path signature from
Theorem 3.3.2 and the definition of the tensor normalization. Continuity follows from the
stability property of Corollary 1.2.4. Next, we move on to universality. Define

L=1+D @)™
m=1

to be a dense subspace of T1((§)) (note that L only contains finite linear combinations of
tensors, whereas T1((§)) contains all power series of tensors) and define

Fo={{,®(-)):C"(G) =R : LeL}.
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We aim to show that Fj satisfies the hypotheses of the second point of Theorem 1.3.3. By the
injectivity of ®, the class of functions F( separates points, and because the path signature
is defined with constant term 1, the path signature is nonzero for all paths v € CP"(G).
Finally, by the shuffle product identity from Theorem 3.3.3, the class of functions Fjy is
closed under shuffle multiplication and is therefore a subalgebra of C;,(CP"(G), R). Namely,
let I and | be multi-indices, and e; and e; be the corresponding basis vectors in L. Then,
we may define multiplication in Fj by

{er, @(-)) (ef, @(-)) =< ). eK,<1>(')>/

Kelw]

which is closed. Thus, ® is universal with respect to F. Finally, by the duality in Theo-
rem 1.3.2 and the third point of Theorem 1.3.3, the function class F is characteristic with
respect to finite regular Borel measures on C*"(G). ]

Remark 3.4.1. Although this theorem is stated for tree-like equivalence classes of paths in G,
by precomposing with the time transformation or identity start transformation discussed
in Section 1.3.6, we can also obtain universal and characteristic feature maps that are not
reparametrization or translation invariant.

3.4.2 The Kernel Trick

The kernel trick refers to an efficient method to compute kernels without having to compute
explicit representations of elements in the feature space. Several efficient algorithms to
compute the Euclidean path signature kernel are provided in [KO19], who state that their
algorithms hold for path signatures computed for Hilbert space-valued data (their methods
hold in more generality). The algorithms depend only on an inner product structure in
the space where the integrals are being computed, namely in g, and thus also hold in
our present context of Lie group-valued data. In this section, we will provide an explicit
generalization of their main algorithm.

As in Section 3.3.3, we will restrict ourselves to the truncated signature
Sy : CP'(G) — TM)(g).
The signature kernel truncated at level M is defined to be
Ky : CP(G) x C"(G) = R, (&, B) = (Sm(a), Sm(B)) (3.4.1)

We will begin by simplifying the computation of the kernel for continuous paths.
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Proposition 3.4.1. The signature kernel can be computed as

M m
Ku(a, B) = / !By dsdt, 4
wlap) = L [ LT B 642

where we view «; and B} as elements of the Lie algebra g, and the inner product in the integrand
(+,+)g is computed in the Lie algebra. Also, we denote s = (s1,...,5y) and t = (t1,...,ty) as
elements of A", and write ds = ds; ...ds,, and dt .= dt; ...dt,,.

Proof. Let’s consider the inner product at a single level m. Recall that 7, : T((3)) — §°™
is the projection on to the level m tensors, and (-, -),, refers to the inner product on §*".
Then,

(7tmS(a), T S(B))m
= ), S'(a)-S'(p)

L|I|=m

= T [ enleh) . (al)ds [ (B (B, )it
I=(i1,eryim)

- ‘/(S,t)GAm X A I—(il;./im) [wil ([X;] )wil (‘Bil )] te [wim (lxém )wim (ﬁ;m )] ds dt
m

_ [T(&., B, )gds .

(s,)eAmxAm 57
Then, adding up all of the levels, we get our desired result. ]

As noted by [KO19], the expression in Equation 3.4.2 can be efficiently computed by a
method that is similar to Horner’s scheme for computing polynomial expressions. Suppose
we wish to compute the expression p(x) = Y™, x. By expanding this polynomial as

p(x) =14+x1+x(1+...+x(1+x)))
where the recursion occurs M times and computing the brackets from the inside to the

outside, we can evaluate the expression using M additions and M multiplications. In con-

trast, the naive computation of p(x) would require M additions and w multiplications.

Note that we may write out this recursion explicitly as follows. Let
n=1+%x gu=14+xq-1.

Then, we may write p(x) = gp. We can significantly reduce the number of operations
required to compute the integrals in Equation 3.4.2 by adapting this procedure.
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Corollary 3.4.1. Let

Qi(s,t) =1+ %’E[O,s} (aly, By )gds'dt’. (3.4.3)
t'e[0,4]

Then, we recursively define

Qu(5/1) =14 [rcigg Qua(s', ')l B dls'a. (G-4.4)
€0,

The signature kernel can be computed as

Km(w, B) = Qum(1,1). (3.45)

Proof. We will consider the case of M = 2. Here, we have

Qa(1,1) = 1+ [ cio Qulst b el B )adsrdt

tle[O,l]
=14+ s1€0,1] (1 + ﬁze[oﬁﬂ <a;2,,322>gd52dt2> <Dc;1,ﬁ;1>gd51dt1
t1€[0,1] t2€[0,t1]
2
=1+ [ o (@ B ety + [ con e 1‘[ LB ) dsidsydtydty
he [0 1] e 01} t2€[ 121
= Ka(a, B).
The general proof proceeds in the same manner. By each successive unfolding of the
definition of Q,,, we recover an additional summand in Equation 3.4.2. O

Next, we will consider the discrete formulation of this expression. For simplicity, we will
consider discrete time series of the same length, though the following results also hold
when the two discrete time series are of different lengths. Suppose &, : [T 4+ 1] — G, and
let &', B : [T] — g be their corresponding discrete derivatives. Following the notation in
Section 3.3.7 for the discrete signature, we define the discrete signature kernel truncated at
level M to be

Km (&, B) = (Sm(&), Sm(B)) m- (3.4.6)

Notice we are using the discrete signature given in Definition 3.3.6. Then, the discrete
analogues of Proposition 3.4.1 and Corollary 3.4.1 are as follows.

87



3.5 EXPERIMENTS

Proposition 3.4.2. The discrete signature kernel can be computed as

A

M m
Ru@,pB)=Y Y Tl Bt (3.4.7)

=0 (s, chmxAn i=1

Corollary 3.4.2. Let

Qis,t) =1+ 2 (a, Bir)a (3-4-8)

s'€ls], ' et]

and recursively define

Ou(s,t) =1+ Y Qua(s,t){al, By)g (3-4-9)

s'els], t'Elt]

The discrete signature kernel can be computed as
Rm(&, B) = Qu(T, T). (3-4.10)

The proofs for these discrete formulas proceed in exactly the same manner as their
continuous counterparts. This final recursive formula for the kernel provides an efficient

recursive algorithm for the computation of the discrete signature, which can be found
in [KO19].

3.5 EXPERIMENTS

In this section, we provide two detailed experiments to demonstrate the universal and
characteristic properties of the path signature. First, we consider the human action recog-
nition problem from computer vision, using a Lie group representation of the data. We
tind that the path signature method is simple to implement, achieves comparable classifi-
cation performance to shallow learning methods, and provides an interpretable feature set.
Second, we perform a kernel two-sample hypothesis test aiming to distinguish between
two different random walks on SO(3). Here, we find that the path signature for SO(3)
significantly outperforms the same hypothesis test done using the Euclidean representation
of SO(3).

3.5.1 Human Action Recognition

In this subsection, we aim to utilize the universal property of the signature kernel to
study a classification problem. Namely, we will be working in the domain of human
action recognition, in which several recent works, such as [Hua+17], [RWF18] and [Li+19],
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have used Lie group representations and deep learning to achieve state of the art results.
Euclidean path signatures have also been used to study the real valued and joint-based
representation of this problem in [Yan+19], and preliminary experiments using Lie group
path signatures have been performed in [CLT19], though detailed quantative comparisons
with larger datasets were not provided.

Our goal in this section is to demonstrate the utility, simplicity and interpretability of
the Lie group path signature using the G3D-Gaming dataset from [BMA12]. Thus, our
focus will be on establishing baseline results using support vector machines and random
forests, and our main comparison will be with the “shallow” learning methods described
in [VAC14] and [VC16]. We achieve comparable classification results using a random
forest algorithm and the second level signature as a feature set. A major advantage of the
second level signature is that we can interpret this feature set in terms of the underlying
movement, and we provide a brief discussion of this analysis.

3.5.1.1 Lie group representation

In this experiment, we aim to classify actions based on human skeletal motion data, which
we represent as a SO(3) valued time series. This Lie group representation of human
motion was introduced in [VAC14] and [VC16], which describes a pose as an element of
SO(3)F. The relative rotation of two body parts is an element of SO(3), and by recording
the relative rotation of k pairs of body parts, we can describe the full pose of a human.

A skeleton S = (V,E) can be described using a set of joints V = {v'}!"V,, where v' € R?,
and a set of body parts E = {¢'}!"Y,, where each body part is a function ¢’ : {0,1} — V.
We may consider ¢'(0) and e'(1) to respectively be the start and end point of the body part
¢'. Additionally, we will denote the unit vector describing the direction from the start to
the end of the body part by

¢ = M
le?(1) — e (0) ]

We will consider all pairs of body parts (¢, /) that share a joint, such that e(c;) = e/ (cy)
for some c1, ¢, € {0,1}, so k is the number of adjacent pairs of body parts. To obtain the
rotation matrix for a chosen pair (¢, /), we rotate the global coordinate system (with
minimum rotation) such that ¢’ is the x-axis. Then, the rotation matrix R;; € SO(3) is the
minimum rotation from &' to ¢ in this coordinate system. By repeating this for all adjacent
pairs, we obtain an element of SO(3)¥, and further repeating this for all time steps, we can
represent this motion as a time series in SO(3)*.
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3.5.1.2 Data and preprocessing

The dataset we use is the G3D-Gaming dataset from [BMA12]. This contains 663 sequences
of 20 different gaming motions performed by 10 subjects, and each subject performed
each action at least two times. The 3D locations of 20 joints are provided for every frame.
However, the number of frames for each recorded action varies widely from 3 frames to
330 frames. We use the code provided in [VC16] to generate the SO(3) representation.

200 —
150 f
100 f

50 |

) R
0 50 100 150 200 250 300 350

Number of frames

Figure 3.3: Histogram of number of frames per recorded action in G3D dataset.

Note that in [VAC14] and [VC16], all pairs of body parts are used in the Lie group
representation, which results in k = 342 pairs for this dataset. In contrast, we only use all
adjacent pairs of body parts, which we call the primary pairs, resulting in k = 18 pairs for
this dataset. We use significantly less data because the path signatures take into account
the relationships between all input pairs, so we have information regarding non-primary
pairs through the higher order signature terms. The numbering of the primary pairs are
given in the following figure.
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Figure 3.4: Numbering of the primary pairs of body parts.

We categorize these 18 primary pairs into 5 classes.

Body 1-2
LArm | 3-6
RArm | 7-10
LLeg | 11-14
R Leg | 15-18

3.5 EXPERIMENTS

Table 3.1: The body regions corresponding to groups of primary pairs.

Extensive preprocessing of this data is performed in [VAC14] and [VC16] in order to
deal with several difficulties. During the training stage, the following steps were taken.

1. Each time series is resampled via interpolation so that all time series have a fixed

length.

2. A nominal curve in SO(3) is generated for each action class.

3. To handle issues of rate variation and temporal misalignment, dynamic time warping
(DTW) is used to warp each time series to its corresponding nominal curve.

4. A rolling and unwrapping procedure is computed with respect to its nominal curve

to obtain a curve in the Lie algebra so(3)*.
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5. (Optional) A Fourier temporal pyramid (FITP) representation of the Lie algebra curve
may be computed to further deal with temporal misalignment.

A classifier such as a support vector machine (SVM) is then trained for every action
class (one vs. rest). In the testing stage, the data is preprocessed with respect to all
nominal curves and the corresponding SVM is used for prediction. This amounts to a large
preprocessing cost, especially for test samples, which must be preprocessed with respect
to all action classes.

In contrast, we perform minimal preprocessing since we can compare time series with
varying numbers of frames using path signatures, and the issues of rate variation and
temporal misalignment are handled by reparametrization invariance.

3.5.1.3 Results

Following [VAC14; VC16], we use a cross-subject test setting, where we use half of the
subjects for training, and the other half for testing. All of the reported classification
results are averaged over ten different combinations of the train/test split. We perform the
classification using a kernel SVM, as well as a random forest. For the kernel SVM, we report
the results using the signature kernel truncated at level 6. We use the Julia implementation
of scikit-learn, with the SVC implementation for support vector machines, which uses
the one-against-one approach [KPDgo] for multi-class classifcation. For the random forest,
we compute the level 2 signature of the time series and treat it as a feature set. We use
the random forest implementation in the Julia DecisionTrees package. We follow the
suggested default random forest hyperparameters in [PWB19], and use 1,000 trees, /7y
features for each tree, where 71 is the total number of input features, a maximum depth of
100, and use 70% of the data to train each tree. A tensor renormalization is used for all
path signature computations as described in Proposition 1.3.1, and using the function

P(x) = x2 ifx < VM
M+ MFI(M —x %) /a ifx > M

where M =4 and a = 1 as in [CO18].

We apply each algorithm to several embeddings of the discrete time series. In addition
to using the raw time series, we also use the identity initialialized (IdInit) embedding to
remove translation invariance, and the sliding window (SWin) embedding with 1 to 6 lags.

Based on our results, a random forest trained using level 2 signatures outperforms an
SVM trained using level 6 signatures for all embeddings. This may be due to the fact that
random forests are in general better suited for multi-class classification tasks, since the
SVM approach is to split the multi-class problem into (220) binary classification tasks.

We note by using the random forest classifier, and introducing lags, we are able to achieve
results which are comparable to the 87.95% accuracy of [VC16], given the fact that we are
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Random Forest‘ SVM ‘

Raw 69.99% 65.20%

IdInit 80.48% 77.86%
SW, 1 lag 80.32% 79.24%
SW, 2 lags 82.71% 80.27%
SW, 3 lags 83.77% 80.84%
SW, 4 lags 84.47% 81.08%
SW, 5 lags 84.86% 81.44%
SW, 6 lags 85.56% 81.44%

Table 3.2: Classification results using a random forest and SVM for different embeddings.

using significantly less input data, minimal preprocessing, and default hyperparameters
on the random forest.

Remark 3.5.1. In Section 1.3.6.3, we mentioned that one possible explanation for the strong
empirical performance of the sliding window embedding is the breaking of translation
invariance. In these results, we can isolate the effect of breaking translation invariance
by using the IdInit embedding. We see that for both the random forest and the SVM, the
performance improves significantly after using the IdInit embedding when compared to
the raw time series. The sliding window embedding with 1 lag also significantly improves
the performance when compared to the raw time series, but we see that the increase is
comparable to that of the IdInit embedding. When we increase the number of lags, the
path signature is able to capture more information by integrating with respect to past
values, and thus the performance continues to improve. [Fer21] suggested the problem of
explaining why the sliding window embedding performs well in practice. This empirical
evidence indicates that one such reason is the breaking of the translation invariance of the
path signature.

3.5.1.4 Interpretation of the second level signature matrix

In addition to comparable classification accuracy, the second level signature matrix affords
an interpretable feature set. This is one of the highlights of this method, as none of the
cited classification methods are easily interpretable. Namely, in both the narrow and
deep learning approaches, the input to the classification algorithm is the stacked (and in
some cases preprocessed) Lie group valued time series, resulting in an extremely high
dimensional vector. In this section, we will discuss the interpretation of the raw second
level signature matrix, which was used for the random forest classification.
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The second level path signature of a path v € C?"(G), where G is N-dimensional, can be
viewed as a (N x N) matrix where the (i, j) entry is simply S/)(«). For these applications,
our Lie group is G = SO(3)'8, which has N = 54 dimensions. We will consider the
absolute value of the averaged second level signature matrices for each action class of the
G3D data set. Specifically, because we are focused only on the interpretation in this section,
we will use all of the data when computing averages. Also, we take the absolute value to
simplify the interpretation of these matrices. We begin by considering a single action class
(walk) in order to describe how to read the matrix.

Walk (S™)

N—»
i |LArm|RArm|LLeg|RLeg
v

3 6 9 12 15 18

3
L Arm 0.8
6
RAm o 0.6
0.4
LLeg 12
15 0.2
R Leg
18 0

Figure 3.5: Averaged absolute second level signature matrix for the action class “walk.”

Here we have visualized the (54 x 54) matrix as a heatmap, where the entries are
arranged in accordance with standard matrix notation. The thin red grid lines separate the
matrix into (3 x 3) blocks, where each triplet of entries corresponds to a single primary
pair. The numerical labels on the axes enumerate the blocks (or primary pairs), which
correspond to the primary pairs as shown in Figure 3.4. The thicker red grid lines are used
to separate the different categories of primary pairs, as outlined in Table 3.1, and labelled in
the figure. The diagonal entries of the matrix measure the square of the cumulative rotation
of a given basis direction for a given primary pair. The off diagonal entries measure the
positive or negative influence of the basis direction i on the basis direction j, as defined in
Section 3.3.5. For a closer look at this example, we isolate the blocks corresponding to the
left and right legs, and reduce the color threshold.

The blocks with the largest magnitude are the diagonal blocks 14 and 18, which cor-
respond to the joints of the left and right foot (see Figure 3.4. In addition, many of the
off-diagonal entries are nonzero, which corresponds to the action of walking. While walk-
ing, we alternate moving our left and right legs, and the signature matrix measures this as
an influence of rotations about joints in one leg on the rotations about joints in the other

leg.
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_ Walk (1S™)
i j L Leg | R Leg
v 1112 13 14 15 16 1718
0.25
L Leg
0.2
0.15
0.1
R Leg
0.05

Figure 3.6: Averaged absolute second level signature matrix for the action class “walk.”

In Figure 3.7, we have plotted the absolute value of the averaged second level signature
matrix for all action classes in the data set. We omit the labelling to simplify the figure, but
all labelling is the same as Figure 3.5. In particular, the colors range from 0 to 1.

3.5.2 Random Walks on Lie Groups

In this experiment, we aim to take advantage of the characteristic property of the signa-
ture kernel and perform a kernel two-sample hypothesis testing problem, as described
in [Gre+12]. We aim to distinguish between two distinct discrete random walks on SO(3),
or in other words, between two distinct probability distribution on P(SO(3)). In addition,
by using the matrix representation of SO(3), we can also view these as probability distribu-
tions on PR’ and we also perform the hypothesis testing in this context. We find that for
this problem, the path signature defined using left-invariant forms on SO(3) significantly
outperforms the Euclidean signature.

3.5.2.1  Hypothesis testing with MMD

Suppose u and v are two probability measures on C?’(G) and we have i.i.d. samples
{X}1_, of u and {Y'}"_, of v, each with n samples. Note that we use the superscript to
index the separate samples, since the subscript is reserved for the time parameter. We wish
to distinguish between the null hypothesis Hy : 4 = v against the alternative hypothesis
H; : p # v. This is done by computing the unbiased empirical MMD (Equation 1.3.4)
between our two collections of samples, and comparing this against a chosen threshold. A
Type I error occurs when the test falsely rejects the null hypothesis, and a Type II error
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Figure 3.7: Averaged absolute S? matrices for all actions in G3D dataset.
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3.5 EXPERIMENTS

occurs when the test falsely accepts the null hypothesis. The level a of a test is a chosen
upper bound on the probability of a Type I error.

The threshold for the MMD is chosen such that the test is consistent, meaning the test
achieves a level a« and a Type II error of zero in the asymptotic large sample limit. One
method for choosing the threshold is by using large deviation bounds for the MMD
under the assumption that the null hypothesis is true, which are derived in [Gre+12].
However, because such bounds must hold for all measures, the threshold chosen in this
way is conservative and may not yield optimal results with a finite number of samples.
An alternative method is to use a data-dependent threshold. Our method here will be to
generate a null distribution for the MMD by performing a permutation test, and computing
the 1 — &« quantile for a level « test. Alternative methods for deriving data-dependent
thresholds are explored in [Gre+09; Gre+12].

3.5.2.2 Random walk generation

For this experiment, we will consider discrete random walks on SO(3). Each walk is
initialized by sampling a point uniformly at random from SO(3). A method to sample
uniformly from SO(3) is given in [DS87]. Next, we sample T ii.d. points {v;}], from
the unit sphere in the Lie algebra so(3). We use a unimodal probability distribution on
S2, called the von Mises-Fisher distribution. This is parametrized by the mean direction
x € §2, and the concentration parameter ¥ > 0, which describes the concentration of the
distribution about the mean.

; /ﬂ\ 0.086

0.084
0.5 0.082
N 0.08

0.078

-0.5 1
0.076

-1
] 1 0.074

0.072

Figure 3.8: The von-Mises Fisher density on S with mean direction x = (0,0,1) and x = 0.1.
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We may think of this as a random walk with drift in the mean direction. A numerically
stable method of sampling from this distribution is discussed in [Jak12]. The random walk
4 : [T + 1] — SO(3) is defined recursively as

Fiv1 = Fiexp(cvi),

where ¢ > 0 is the step size and 4, is a randomly sampled point on SO(3).

3.5.2.3 Results
We perform two classes of tests.

1. Hpy is false. Here, we attempt to distinguish between distributions with different
mean directions. We take x, = (1,0,0) and x, = (0,1,0).

2. Hy is true. Here we take the mean directions of both distributions to be x, = x, =
(1,0,0).

All distributions will have a concentration parameter of ¥ = 0.1. For each test, we will
sample n = 50 random walks from each distribution, and each random walk will have
L = 100 steps. To generate the null distribution of the MMD, we perform a permutation
test with 2,000 permutations for a given set of samples. A level of & = 0.05 is chosen, so
we compute the 0.95 quantile of the null distribution as the threshold used for the MMD.
The path signature is truncated at level 4 in the MMD computation. We perform 1,000 tests
for each class, and each test is done using both Lie group and Euclidean path signatures.

The following table provides the error rates (false positive/negative) for the two classes
of tests using the two methods.

‘ Lie Group ‘ Euclidean ‘

Hj false 6.1% 83.7%
Hj true 5.7% 4.9%

Table 3.3: Error rates for hypothesis testing. Each test was run 1,000 times.

Additionally, we provide histograms that summarize the test results. The test dis-
tributions show the distribution of MMD,, over the 1,000 independent trials. The null
distribution shown is generated from a permutation test for a single trial. The red line
shows the 0.95 quantile, and represents the threshold for that trial. The histograms for Hy
being false are shown in Figure 3.9 and the histograms for Hy being true are shown in
Figure 3.10.
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We find that the Lie group path signatures significantly outperform Euclidean path
signatures. This is due to the fact that the Euclidean representation of the data is ill-
suited for this problem. We are aiming to detect a slight drift in the direction of the
rotation, which is a translation invariant feature in SO(3). However, this is not a translation
invariant feature in the Euclidean representation of the problem, so the effect of the drift is
confounded in the Euclidean path signature.
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Figure 3.9: Test (top) and null (bottom) distributions of MMD,, when Hj, is false.

SO(3) Test Distribution (Ho true) Euclidean Test Distribution (Ho true)
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Figure 3.10: Test (top) and null (bottom) distributions of MMD,, when Hj is true.
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3.6 CONCLUSION

We have defined path signature for Lie group valued time series, and studied several
of its properties, the main result being the universal and characteristic properties of the
signature kernel. By defining signature using only the derivative of the path, computational
techniques from Euclidean valued paths to Lie group valued paths can be exported cleanly.
Our theory is validated using two detailed experiments highlighting both the universal and
characteristic properties, showing that the path signature has strong empirical performance,
while providing an interpretable feature set which can be used to better understand the
underlying phenomena.

Lie group valued data is ubiquitous; however, in previous studies analyzing such data,
the analysis pipeline can be complicated due to the ostensible complexities when dealing
with Lie groups (as described in Section 3.5.1). Our derivations show that Lie group valued
data can be treated in a manner nearly identical to standard Euclidean valued data.

The work in this paper provides the foundations for further studying properties and
applications of path signatures for Lie groups and more. We highlight two directions for
possible future research.

1. Although the path signature is a complete characterization of paths in Euclidean
space, the inversion problem of recovering a path given its path signature is diffi-
cult [LX17; Cha+17]. [PSS19] studies a restricted and approximate inversion problem
from an algebro-geometric perspective of the path signatures, which was initiated
in [AFS19].

One may consider a similar question for Lie groups. Suppose we fix a path 7y €
CP"(G), and we are given the path signature of a path « € C?"(H), where « = F,
where F : G — H is a Lie group homomorphism. Is it possible to recover the Lie
group homomorphism F?

2. In [Ches8], the path signature is defined for a manifold M by choosing a collection
of 1-forms {w;}Y, (as no natural Lie algebra basis is available). Choose x € M to
be a basepoint, and let S : C}' (M) — T((RYN)) be the path signature defined with
respect to these 1-forms and let a, 8 € C{'(M). If the 1-forms span the cotangent
bundle of M at every point x € M, Chen’s injectivity result states that S(a) = S(B)
if and only if « and p are tree-like equivalent (in a slightly modified sense). The
injectivity theorem given in Theorem 3.3.2 is a customization of Chen’s result to the
case M = G since a basis of g* spans the cotangent bundle at every point.

Recently, there has been interest in studying time series evolving on manifolds,
and the development of a path signature kernel for paths on manifolds would
provide a powerful tool for geometric time series analysis. One of the difficulties
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3.6 CONCLUSION

of this definition would be the representation of data on manifolds and the choice
of 1-forms used. One could begin with path signatures on parallelizable manifolds,
which by definition admit a smooth basis of vector fields and 1-forms. This would
encompass all orientable 3-dimensional manifolds.
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SIGNATURES, LIPSCHITZ-FREE SPACES, AND PATHS OF
PERSISTENCE DIAGRAMS

4.1 INTRODUCTION

In complex systems, collective behavior emerges from the interactions between individual
elements [D’O+06; NJG12], but the state of an individual element often contains very little
information. It is therefore reasonable, and even desirable, to describe the state of the
system by using abstract or qualitative organizational features. The negligible contribution
of individual agents suggests that it should be possible to infer such features from a
relatively small representative subsample of the constituent agents, and this is often the
approach applied in practice.

One tool for characterizing these organizational structures is persistent homology [Cha+16;
EHo8; Ghro8; Ott+17; ZCo5], a common tool from topological data analysis (TDA). It is
applied by constructing a nested family of spaces X. which model the structure of the
underlying system at a scale parameter € > 0; such a family satisfies X — X if €’ <€
and is called a filtration. By applying the k" homology functor, Hj, to this filtration, we can
track how homology classes persist as the scale parameter € varies. In particular, we record
the scale parameters b and d at which an individual homology class appears or disappears
respectively; these scale parameters are called the birth and death times of a homology class.
The multiset of the birth and death times for all of the k' homology classes in a data set is
called a persistence diagram. Persistence diagrams provide a multi-scale summary of the
system’s organization, while discarding precise information about, and even the identity
of, individual elements in a system. Thus, they are well-suited to characterizing the state
of a multi-agent complex system.

While the details of individual agents can often be abstracted away when describing a
static snapshot of a complex system, the same cannot be said for the temporal structure
when characterizing dynamics. Even if the ensemble of states the system attains is similar,
their ordering of these states must be carefully recorded to provide understanding. For
example, a system in which agents move into consensus versus one in which they move
out of consensus are operating under very different dynamic principles, even though
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Figure 4.1: Snapshots of a path of H; persistence diagrams (bottom row) generated from a time-
varying point cloud in R3 (top row).

reordering the time dimension so one runs backward will result in a similar collection of
coarse system organizations, and thus similar topological signatures. Paths of persistence
diagrams®™ [CEMo6; Mun13; PH15; Rie+20; TZH15], which is shown in Figure 4.1, provide a
hybrid form of measurement that retains this temporal® information while discarding the
relatively uninformative data about the individual agents.

However, as mathematical objects, paths of persistence diagrams are themselves not
necessarily straightforward to understand and measure. Neither spaces of persistence
diagrams nor spaces of paths are easy to vectorize, nor to develop standard statistical
methods for. To address this problem, in this paper we to develop a collection of infor-
mative, stable, and computable features for the space of paths of persistence diagrams,
and to apply those features to investigate and to demonstrate how to classify the dynamic
behaviors of complex systems.

The study of path spaces is a classical topic in algebraic topology [Che77]. Recent
work has leveraged and extended these ideas to provide sophisticated feature sets in
the form of path signatures for time series analysis in machine learning [CK16; KO19;
Ada+17; Mor+21; LG20; Kid+19]. The path signature is a reparametrization-invariant
characterization of paths valued in a Banach space, and has been shown to be universal

1 Here, we specifically mean paths in the space of persistence diagrams, as compared to the concept of a
persistence vineyard [CEMo6], which retains information about how individual homology classes evolve over
time. Such granular information is often difficult to obtain in the context of real data, particularly when
individual elements of the system cannot be tracked.

2 The methods we will develop work without change for any one-dimensional parameterized family of
persistence diagrams, however this terminology collides with that of the scale parameter so we will favor the
dynamic terminology throughout.
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and characteristic [CO18], two properties which provide strong theoretical guarantees in
the context of kernel methods.

In order to define an intrinsic path signature for time-varying persistence diagrams,
we first develop an isometric embedding of the space of persistence diagrams into a
Banach space.? The classical space of finite persistence diagrams has the structure of
a commutative monoid, and thus we must enrich this space with additional algebraic
and analytic properties. In particular, we enrich this space with additive inverses to
obtain an abelian group, with a notion of scaling to obtain a vector space, and a norm
which induces a complete metric to obtain the desired Banach space. We survey existing
enrichments [BE2ob; DL21; MMH11] which provide some of these additional properties
while lacking others. Then, we draw on the notion of the Lipschitz-free space (also called
the Arens-Eells space) from functional analysis [Wea18; CDW16], a universal construction
on metric spaces which provides a Banach space with the desired properties; in particular,
we show that there is an isometric embedding of finite persistence diagrams into the
corresponding Lipschitz-free space. While explicit representations of the relevant Lipschitz-
free spaces are not available, we suggest a construction by extending the method of group
completion introduced in [BE20b].

Having developed the theoretical foundations necessary to apply the theory of path
signatures to time-varying persistence diagrams, we describe how this framework can
be used to define explicit feature maps for studying time-varying data. Motivated by the
perspective of persistence diagrams as measures [Cha+16; DL21], we introduce the moment
map, a new feature map for static persistence diagrams which is injective and Lipschitz
continuous on bounded persistence diagrams. Composing this feature map with the path
signature, we obtain a computable representation for paths of persistence diagrams which
can be used in data science applications.

Finally, we demonstrate the efficacy of this approach by performing a detailed numerical
experiment to recover estimates of the parameters for the 3D D’Orsogna model of swarm
dynamics [D’O+06]. In particular, we highlight the ability of persistent homology to
capture global features of a system’s organization from sparse observations by estimating
these parameters using subsets of the positions of the agents, randomly selecting which
agents’ positions to use at each time point.

4.1.1  Contributions

The aim of this paper is to combine the tools of persistent homology and path signatures
to study the dynamic topological structure of filtrations of topological spaces (from a

A Hilbert space embedding would provide even more structure, though this has been shown to be impossible
without significant metric distortion [BW19; Wag21; TS20].
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theoretical perspective) and of data sets (from a computational perspective). In particular,
our main contributions are as follows:

4.1.2

We connect the the theory of persistence diagrams with the existing theory of
Lipschitz-free spaces [Wea18] in order to obtain an isometric embedding of the
space of persistence diagrams into a Banach space. To the authors” knowledge, this
connection is new, and so we provide a detailed discussion of Lipschitz-free spaces
in relation to existing generalizations of the space of persistence diagrams.

We introduce the space of bounded variation paths of persistence diagrams and show
that the path signature provides a universal and characteristic feature map for this
space. In particular, the expected signature characterizes measures on this path space,
and can thus be used for statistical applications. In addition, this characterization
provides a foundation for the investigation of stochastic dynamics using persistent
homology via analogy to the theory of rough paths.

We introduce a new feature map for persistence diagrams motivated by the perspec-
tive of persistence diagrams as measures. Specifically, by computing the moments
of bounded persistence diagrams, we obtain an injective stable feature map for the
space of persistence diagrams.

Combining the moment map with the discrete path signature, we obtain a computable
feature map for paths of persistence diagrams. Furthermore, this feature map is
stable with respect to the 1-variation metric on paths, and is also universal and
characteristic.

We develop code to perform signature kernel computations for paths of persistence
diagrams, which can be found at:

https://github.com/ldarrick/paths-of-persistence-diagrams.

Previous and Related Work

The question of how to study dynamic data using persistent homology reaches back to
the early development of the subject. Perhaps the earliest initial approach is through
persistence vineyards, introduced by Cohen-Steiner et al. [CEMo6]. While persistence
vineyards capture substantial information about the evolution of topological summaries,
they require a more complex representation and their use poses substantial computational
and theoretical challenges. Later, Munch et al. [Mun+15] studied the paths of persistence
diagrams through the lens of statistical and probabilistic features, such such as Fréchet
means. An alternative approach to the study of dynamic metric spaces was considered by
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Kim and Mémoli [KM20] by building a 3-parameter filtration, and using methods from
multiparameter persistence.

Because their features are often understood qualitatively, complex time-varying systems
are a popular potential application of persistent homology. One application of broad inter-
est is the dynamic topological structure of swarming/flocking behavior, which was studied
by Topaz et al. [TZH15] and Bhaskar et al. [Bha+19]. For purposes of interpretability and
comparison with existing methods, we use simulations of swarm data our computational
experiments. Other examples of time-varying persistence diagrams arise, for example,
in neuroscience, where they have been used to study time-varying fMRI [Rie+20] and
as EEG data [Yoo+16]. In another direction, persistent homology has been used to de-
tect periodicity in time series through sliding window embeddings [PH15; Per+15]. This
method has been used to detect chatter in physical cutting processes such as turning and
milling [KM16] and biphonation in videos of vibrating vocal folds [TP18].

Path signatures were originally developed as the iterated integral model for path spaces by
Chen [Che58] to characterize paths on manifolds, which was subsequently generalized to a
de Rham-type cochain algebra for loop spaces [Chey7]. Path signatures were later used as
the foundation for the theory of rough paths by Lyons [Lyog8], and has been transformed
into a powerful feature set for time series data [CK16]. Chevyrev and Oberhauser [CO18]
showed the signature is universal and characteristic, providing a theoretical justification
for its use in the context of kernel methods, facilitated by Kiraly and Oberhauser’s [KO19]
development of efficient algorithms to compute truncated signature kernels. A more recent
method to compute untruncated signature kernels using PDEs was developed by Cass
et al. [Cas+21]. The connection between path signatures and persistent homology was
initiated by Chevyrev, Nanda and Oberhauser [CNO2o0] to develop feature maps for static
persistence diagrams.

Interest in applying statistical and machine learning tools in the context of topological
data analysis has also driven recent work in on generalized spaces of persistence diagrams.
Bubenik and Elchesen [BE20a; BE20b] study the space of persistence diagrams from an
algebraic perspective, and develop spaces of persistence diagrams with additional structure
through the use of universal properties. The connection between persistence diagrams
and the theory of optimal transport was made explicit by Divol and Lacombe [DL21]. In
particular, they view persistence diagrams as Radon measures, and develop a complete
metric space for such persistence measures.

Recent work shows the space of finite persistence diagrams does not admit an isometry
into a Hilbert space [TS20] for any p-Wasserstein metric with p € [1,c0]. Indeed, when
p € (2,00], there does not even exist a coarse embedding into a Hilbert space [BW19; Wag21].
Finally, the limitations of bi-Lipschitz embeddings of finite bounded persistence diagrams
into a Hilbert space are discussed in [CB19]. Given these limitations, our construction of
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isometric embeddings of spaces of persistence diagrams into Banach spaces are among the
strongest positive results one could reasonably hope for.

4.2 A BANACH SPACE FOR PERSISTENCE DIAGRAMS

Formally, a persistence module is a functor F : (R, <) — Vect, where we view the poset
(R, <) as a category. The decomposition theorem [Cha+16] tells us that, up to a reasonable
notion of equivalence, the information in this functor can be summarized by a persistence
diagram, a multiset of points supported on a half plane of R?. In the context of real data, it
usually suffices to consider the space Df} of finite persistence diagrams: finite multisets of
points supported on a half plane. The space of finite persistence diagrams is a commutative
monoid with a metric structure given by p-Wasserstein distances.

However, there are several other algebraic and analytic properties which are desirable
for machine learning and statistics that D/ lacks. First, a notion of scaling by positive or
real constants is required to normalize outputs and to compute averages for finite samples.
Furthermore, in order to compute expectations of measures of persistence diagrams, we
require a notion of Lebesgue integration. Second, completeness is necessary to study
notions of convergence. Third, the ability to represent differences between persistence
diagrams is required to define p-variation metrics for paths of persistence diagrams. Finally,
in combination with the three previous properties, the existence of a norm connects the
algebraic structure to the metric structure of the space of persistence diagrams. Our goal
in this section is to enrich the space of finite persistence diagrams to include all four of
these properties, which will yield a Banach space of persistence diagrams.

We consider various enrichments of D, which satisfy some of the desirable properties
described above. Several of the enrichments of the space of persistence diagrams we will
describe have been previously considered, and their properties are summarized in Figure
4.2, where the arrows denote inclusion. The spaces D;]Tn, Df , M ;jrn, Mg, and ./\/lIr have
appeared previously in the literature, while F, in the center of the Venn diagram, is a
new addition: the Lipschitz-free space of a metric space [Wea18]. Before we describe these

constructions in detail, we briefly survey the appearances of these spaces in the literature:

1. Scaling: The perspective of persistence diagrams as measures was introduced
in [Cha+16], though these measures were still restricted to take values in IN. The
extension of this perspective to Radon measures M was initiated in [DL21], which
allows for a notion of scaling. The simplest generalization is M;]Tn/l, the space of finite
Radon measures with finite 1-Wasserstein distance to the empty diagram. In this
generalized setting, Divol and Lacombe were able to characterize convergence in the
Wasserstein metric, define expectations of probability measures valued in persistence
diagrams, and consider a law of large numbers.
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additive complete
inverse '

Figure 4.2: Enrichments of the space D of finite persistence diagrams and the properties of each;
arrows indicate inclusion. Note that D includes into all of these enriched spaces.

2. Completeness: The finiteness assumption on persistence diagrams introduces an
obstruction to being a complete metric space. A resolution to this problem was
developed in [MMH11] by considering diagrams with countably many points, but
with a finite 1-Wasserstein distance to the empty diagram, denoted by D;. A similar
condition was studied for Radon measures with infinite mass in [DL21], and this
extended space of measures, denoted Mf , was also shown to be complete.

3. Additive Inverse: The addition of an additive inverse was considered in [BE20b]
through the use of group completion of commutative monoids, which provides
formal differences to objects in a monoid. The group completion of Df, is the space
of diagrams with possibly negative coefficients on points, called virtual persistence
diagrams and denoted Dgy,. Furthermore, the group completion of finite Radon
measures is simply the space of signed finite Radon measures, denoted Mg, 1.

4.2.1  Generalized Spaces of Persistence Diagrams

We will describe each of these enrichments in the more general context of metric pairs
(X,d, A), where (X,d) is a metric space and A C X is an arbitrary subset. By working
with metric pairs, our definitions and results immediately extend to enriched spaces
of generalized persistence diagrams [BdS15], which are summaries of generalized persistence
modules, functors F : P — A, where P is a preordered set viewed as a category, and A is
an abelian category. Discussion on applications to generalized persistence diagrams is
in [BE2oa].

We introduce several enriched spaces of persistence diagrams from an algebraic per-
spective, following [BE20a; BE20ob]. We say that a metric pair (X, d, A) is admissible if X is a
locally compact Polish metric space and A is closed, implying that X — A is open. These
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are the hypotheses required to state the results of [DL21]. We will consider the following
constructions on a metric space X:

1. DT (X), the free commutative monoid

2. D(X), the free abelian group

3. V(X), the free vector space

4. M™(X), the space of finite Radon measures

5. M (X), the space of Radon measures

6. M(X), be the space of finite signed Radon measures

In particular, we treat M (X) as a commutative monoid and M+(X), M(X) as vector
spaces. Now, suppose (X, d, A) is an admissible metric pair. We define the following spaces
of enriched persistence diagrams on X relative to A:

1. D (X, A) = D*(X)/D*(A), 4. Mg (X, A) = MT(X)/M*(A),
2. Diin(X, A) = D(X)/D(A), 5. M*(X,A) =M (X)/M" (A),
3- Vin(X, A) = V(X)/V(A), 6. Mgn(X, A) = M(X)/M(A).

We begin by considering the unsigned enrichments, which are related by

D+

fin

(X, A) = M} (X, A) = M (X, A)

fin

and define an extended metric on these spaces by defining an extended metric on

MH(X, A).

Definition 4.2.1. Let (X,d, A) be an admissible metric pair. Let 711, 71 : X X X — X be the
projection map on to the first and second coordinates respectively, and (71)s, (712)+ :
M+(X x X) — M+(X) be the induced pushforward maps of measures. Let y,v €
MT(X, A). An admissible coupling between y and v is an element o € M+(X x X) such that

(m)«c=p (mod M'(A))
(M) =v (mod M (A)).

Let the space of all admissible couplings between u and v be denoted by ACpl(y,v). The
p-cost of o with respect to d is defined by

1/
Cost,[d](0) = (/Xxxd(x,y)pda(x,y)> p. (4.2.1)
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Figure 4.3: A visualization of an admissible coupling between the measures i and v, shown on the
two coordinate axes. The plane represents the product space X x X, with A x A in yellow.
The colors of the coupling measure correspond to the colors of the marginalization to u
and v.

Then, the p-Wasserstein distance W)[d] : M* (X, A) x M* (X, A) — [0,0] is defined as
follows. For u,v € M*(X, A),

0 — :
Wyld](u,v) = geAlc%f(y,m Costy[d](p,v). (4.2.2)

Finally, the p-persistence Pers, : M*(X,A) — Ris
Pers, () = W2ld](1,0),
where 0 € M1 (X, A) is the zero measure.

While this definition does not use the standard notation for admissible couplings used
in [FG1o; DL21], it is equivalent as shown in [BE20b]. Moreover, this definition specializes
to extended distance functions and p-persistence functions on D (X, A) and M (X, A).
By restricting to measures of finite p-persistence

M;fn,p(X,A) = {p € Mgn(X, A) : Pers,(p) < oo},

M (X, A) = {n € M(X,A) : Pers,(u) < oo},
the p-Wasserstein distance function Wg [d] becomes an honest metric. The space ./\/l;,r(X, A)
is shown to be complete in [DL21], and the completion of (Dg (X, A), Wg [d]) includes

diagrams with countably many points with finite p-persistence [MMH11; BE20b], which is
denoted (D, W2[d]).

Remark 4.2.1. In order to obtain the standard definition of persistence diagrams, we set

X=0:={(x,x) €ER*: x;y <x} (4.2.3)
A =00 = {(x,x) € R?}, (4-2.4)
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A finite persistence diagram a« € D/ (Q,9Q) is then a coset in D (Q) /D" (9Q)), consisting

fin
of a finite number of points in the interior of (), and an arbitrary number of points on the

boundary 0Q). A matching o € D*(Q x Q) between two diagrams «a, f € D (Q,0Q) and
its associated cost Cost,[d](«, B) corresponds to the ordinary definitions for persistence
diagrams, since ¢ is permitted to match points in « and B with any point on the diagonal
0Q). Therefore, we recover the ordinary p-Wasserstein distance Wg [d] for persistence
diagrams.

For a metric space (X,d) where X is a monoid, we say that the metric is translation-
invariant if d(x +z,y +z) = d(x,y) for all x,y,z, € X.

Lemma 4.2.1. Let (X, d, A) be an admissible metric pair. Then W?[d] is a translation-invariant
metric on Mﬁtl (X, A).

Proof. Let u,v,T € /\/lfml(X,A), and let (X, d, *) be the quotient of (X,d, A). From 4.2.3,
there exist measures i, 7 € M*(X) with equal mass such that W2[d](u,v) = Wi [d] (i, 7).
Furthermore, let € M*(X) be the measure such that T(*) = 0, and agrees with T on
X — A. Then, we also have WO[d](u + T,v + 7) = Wi[d](ji + £, 7 + T).

Next, the Kantorovich-Rubinstein duality for the ordinary 1-Wasserstein metric W [d] [Vilog]
states that

Wid] (1, 7) = sup [ / pdji — / lPdV]'

”lPHLlp<1

Therefore, we have
Wid|(i+57+7) = sup [ [ pd(fi+7) — ~1/;cz(ﬁ+f)]
1 ll9]lip<1 /X /
Ydji — wdv}
HlPHLlp<1 [/ /
= Wild](, 7).

O]

We can extend this translation invariant metric to the signed enrichments using the
group completion of monoids, a technique introduced in [BE20b].

Definition 4.2.2. Let (M, +) be a commutative monoid. The Grothendieck group of M (or the
group completion of M, denoted K(M) is defined as follows. Let ~ denote the equivalence
relation on M x M given by (a,b) ~ (c,d) if there exists some k € M such that

a+d+k=b+c+k.
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As a set, we define K(M) := (M x M)/ ~, and we denote the equivalence class of (a,b)
by a — b. The binary operation on K(M) is defined to be

(@a=b)+(c—d) = (a+c)—(b+d).

Lemma 4.2.2. Suppose M is a commutative monoid. The group completion (K(M),+) is an
abelian group.

The main result we will use from Bubenik and Elchesen is the combination of Proposition
3.1, 3.8 and 3.11 in [BE20b].

Proposition 4.2.1. Let K(M) be the Grothendieck group of a commutative monoid (M, +)
equipped with a nontrivial (d # 0) and translation-invariant metric d. Then, the function
p : K(M) x K(M) — [0, c0) defined by

pla—bc—d):=d(a+db+c) (4.2.5)
is the unique translation invariant metric extending d to K(M).

This leads to the extension of the translation invariant metric to signed enrichments.

Proposition 4.2.2. Let (X,d, A) be an admissible metric pair. Suppose u € Mg, (X, A), and let
i = ut — u beits Jordan decomposition into two positive finite Radon measures. Let

./\/lﬁnll(X,A) ={ue Mﬁn(X,A) : Persy(u™),Persy () < oco}.
The extended function Wy [d] : Mgy 1(X, A) x Mgy1(X, A) — R defined by
WY [d)(u,v) = WP ld) (" v vt ), (4.2.6)

where the right hand side is the 1-Wasserstein metric for positive measures, is a translation invariant
metric on Mg, 1(X, A). Furthermore, we extend the 1-persistence to Mg, 1(X, A) by defining

Pers (1) == W} [d](1,0),

where 0 is the empty measure on Mg, 1(X, A).

Proof. First, we note that Mg, 1(X, A) is the group completion
K(M;{nll(X,A)).

Thus, by Proposition 4.2.1, the function defined in Equation (4.2.6) is a translation-invariant
metric on Mg, 1(X, A). O
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The metric and 1-persistence can then be restricted to the the other signed enrichments,
which are related by

Diin (X, A) = Vin (X, A) = Miin1(X, A).

As discussed in [BE20b], the translation-invariance of W?[d] on positive measures
is required to define the translation-invariant extension. Furthermore, the translation-
invariant metric can be used to define a norm.

Lemma 4.2.3. The space Mg, 1(X, A) is a normed vector space with norm ||u||; = Persi(p)
such that ||\ —v|jy = Wo[d](u,v).

Proof. By the translation invariance of W?[d], we have

i =il = WY [d] (= v,0) = WY [d) (i, ).
The properties of the norm are then immediate from the properties of the metric. O

The space Mgn1(X, A) has most of the properties we require: a notion of scaling,
additive inverses, and the existence of a norm which corresponds to the 1-Wasserstein
metric. However, the following example shows that the completion of Mg, 1(X, A) cannot
be directly formulated as a space of signed measures.

Example 4.2.1. The following example is adapted from [PRT19], which also considered
Wasserstein norms, though it uses a different notion of generalized Wasserstein distances.

Let X = {(x,y) € R? : y > 0}, d be the standard Euclidean metric, and A = {(x,0) :
x € R}. Next, consider the following sequence of elements in Mg, 1(X, A):
n
Pn = 25(i+2—i,l) - 5(1‘72—’,1)'
i=1

Then, we have

n+k I~ ‘
[d] (Hns Husk) Z 2~ (i-1) Z 2= (i=1) — p—(n-1),
i=n+1 i

so the sequence is Cauchy. However, this sequence does not converge to any object
in K(M7 (X, A)). The limiting object can be formally described as a difference of two
measures

pt=

e

O(iy2-iny, M = Z‘S(i—f‘}l)‘

Il
_
-

Il
—

1
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However, both of these measures have infinite 1-norm, so u* — =~ ¢ K(M{ (X, A)), where
K(-) denotes the group completion of monoids.

Due to this obstruction, we will now turn to an alternative description of the completion
in terms of Lipschitz-free spaces.

4.2.2  Quotient Metric Spaces

In order to relate these enriched spaces of persistence diagrams for metric pairs to Lipschitz-
free spaces, we must reframe these constructions in the context of pointed metric spaces
by taking quotients.

Definition 4.2.3. Let (X,d, A) be a metric pair. We define the quotient metric space (X, d, *)
as a pointed metric space as follows. Let X := (X — A) U {*} denote the quotient set
obtained by collapsing A to a point denoted by *, which we treat as the basepoint. The
metric d on X is defined by

d .= min {d(x,y),d(x, A) +d(y, A)},

where d(x, A) = inf,ca{d(x,y)}. Furthermore, we will abuse notation and view the metric
d as a function on the X x X given by (x,y) — d(x,y) for x,y € X — A, (x,%) — d(x, A),
and (x,%) — 0.

This is a special case of a general construction for quotient metric spaces [Wea18],
and is shown to be a metric in this particular case in [BE20a]. Note that pointed metric
spaces (X, d, *) are special cases of metric pairs, and all the definitions above for enriched
spaces still hold. When the basepoint is clear, we will suppress it from the notation for the
enriched spaces of diagrams. For instance, persistence diagrams of pointed metric spaces
(X,d, *) will be denoted by

D+

fin

(X) :== D

fin

()~(,>|<)

Some of the enriched spaces of the metric pair can be related to those of its quotient
through the ordinary Wasserstein metric. Here, we focus on Mffnrl(X, A), since infinite
mass Radon measures defined on (X,d, A) may no longer be Radon measures when
projected onto its quotient.

Example 4.2.2. We have avoided the discussion of infinite mass persistence measures from
the perspective of quotient metric spaces due to the fact that some of these measures
in M;(X, A) may not be Radon measures on the quotient (X, d, *). In particular, Radon
measures ji € M (X, *) must be locally finite, meaning for every x € X, there exists some
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open neighborhood U of x such that p(U) < co. However, there exist Radon measures
i € M1(X, A) which have infinite mass close to A. Indeed, let

X={(xy) eR*:y>0}
A ={(x,0) € R?},

and consider the measure

M

Il
—_

#= )02

1

where ¢, ) denotes the Dirac measure at (x,y) € X. Note that

HV”l = szi =1,
i=1

so that u € My(X, A). However, for any open neighborhood U of the subset A, we have
#(U) = oo. Therefore, the pushforward g, under the quotient map gq: (X, A) — (X, *) is
not a Radon measure.

Definition 4.2.4. Let (X,d) be a metric space and suppose u,v € M*(X) such that
1(X) =v(X). Let 7r1, 12 : X X X — X be the projections to the first and second factor. The
set of couplings between p and v is defined to be

Cpl(p,v) == {c e ML (X xX) : (m1):0 =, ()40 =V} .

fin

The p-Wasserstein distance between p and v is

1/p
Wpld](u,v) == inf </ d(x,y)pda(x,y)> .
oeCpl(p,v) XxX

The following proposition in [DL21] shows that we can compute partial Wasserstein
distances using the ordinary Wasserstein distance for measures.

Proposition 4.2.3 ((DL21]). Let (X,d, A) be a metric pair and let (X, d, *) be its quotient. Let

U,V E Mj{m p(X) and ry, = y(X — A),r, = v(X — A), which is well defined since it does not

depend on the equivalence class. Let r > r, + r,. Define the modifications fi,7 € M™*(X) by

=t
I

p+ (r—ru)ds
v+ (r—r

_|_
+ < 1/)5*/

<
Il
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where 6, is the Dirac measure at the basepoint *. Then,
W d] (1, v) = W, [d)(f1, 7).

Corollary 4.2.1. Let (X,d, A) be a metric pair and (X,d, %) be its quotient metric space. Let
q : M;n,p(X,A) — Mﬁfn,p(X) be the bijective map induced by the quotient map. Suppose
TRV Mﬁfn,p(X,A), then

Wold)(u,v) = Wold)(a(u), q(v)).

Proof. Let ji,7 € M*(X) be the modifications of i and v as in the previous proposition.
Then,

Wyld] (p,v) = Wyld) (1, 7) = Wpld) (a(p), 9(v)),

since fi, 7 are also modifications of g(y) and q(v). O

4.2.3 Lipschitz-Free Spaces

We will now discuss the construction of a Lipschitz-free space of a metric space [Wea18],
which is a Banach space whose linear structure coincides with the metric structure of the
underlying space. We will view this as an enriched space of persistence diagrams which
contains the enrichments previously discussed. We have kept the notation in this section
consistent with the previous section, but this differs slightly from the standard notation
for Lipschitz-free spaces. The material in this section is primarily adapted from [Wea18;
CDW16]. Note that Lipschitz-free spaces are called Arens-Eells spaces in [Wea18].

Definition 4.2.5. Let (X,d,*) be a pointed metric space. The Lipschitz-free space of X,
denoted F(X), is the completion of Vg, (X, *) with respect to the 1-Wasserstein norm.

As the name implies, the Lipschitz-free space is related to the space of Lipschitz functions.
Given a function f : X — R, its Lipschitz constant is defined to be

e (SOOI o )
£l = sup (LT} € 0o 427

We define the space of Lipschitz functions on (X, d, %) to be

Lipg(X) = {f : X =+ R : [[flluip < o0, f(*) = 0} (+28)
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where we treat the Lipschitz constant as a norm on Lip,(X). Furthermore, Lip,(X) is
a Banach space with respect to this Lipschitz norm. The Lipschitz-free space can be
characterized by the following universal property.

Theorem 4.2.1 ((Wea18]). Let (X, d, *) be a pointed metric space. Then the map

1: X = F(X)
X — Oy

isometrically embeds X in F(X). If V is any Banach space, and f : X — V is a Lipschitz map
which preserves the basepoint, there exists a unique bounded linear map f : F(X) — V such that
f o1 = f; in other words, the following diagram commutes

x 1 .y
L

|

/,7
T F
F(X)

Furthermore, || f||Lip = || fllLip-

The unique extension is defined by first extending f to f : Vgn(X) — V, which is defined
as follows. Any a € Vg, (X) can be written as

where all the x; € X are distinct from each other and the basepoint. Then, we define

n

fla) =) aif (x).

i=1

This can be seen as an extension to the universal properties discussed for D; (X) and
Dgin (X) discussed in [BE20a; BE20b]. Furthermore, this provides a simple method to prove
the stability of maps from F(X) into a Banach space, extending the characterization of
Lipschitz maps on M (X, A) discussed in [DL21].

There is an equivalent definition of the 1-Wasserstein norm by viewing V,(X) as a
subspace of Lip,(X)* and using the dual norm. Given f € Lip,(X), and « € Vg, (X), the
pairing is defined to be

(@, f) =} f(x).

xeX
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Note that this pairing is well defined since for any f € Lip,(X), we have f(x) = 0, so the
pairing does not depend on the representative of the equivalence class of «. The following
equivalence is often called the Kantorovich-Rubinstein duality for the 1-Wasserstein distance,
which is extended to the Lipschitz-free space.

Lemma 4.2.4. For any a € Vj,(X), we have

feli= sup il
feLipy(X HfHsz
Furthermore, the dual norm uniquely extends to a norm on F (X)) which coincides with || - ||1.

Now that F(X) is realized as a Banach space situated within Lip,(X)*, a natural question
is whether F(X) is simply the entire dual space. In fact, 7 (X) is the predual of Lip,(X).

Proposition 4.2.4 ([Wea18]). Let (X, d, xo) be a pointed metric space. Then F(X)* = Lip(X).

Proposition 4.2.5 ([Wea18]). Let (X, d, xo) be an infinite pointed metric space. Then F(X) is
not a reflexive Banach space.

The fact that F(X) is not reflexive for an infinite metric space implies that F(X) is in
fact smaller than the entire dual space Lip;(X). Our main result in this section relates the
Lipschitz-free space back to persistence diagrams, providing an isometric embedding of
D (X) into a Banach space.

fin

Theorem 4.2.2. Let (X,d, x) be a pointed metric space. The inclusion Dﬁtl(X) — F(X) is an
isometric embedding.

Proof. The space of finite persistence diagrams on (X, d, *), D, (X), isometrically embeds
into Vgin (X). Then, since F(X) is the completion of Vi, (X), the inclusion D, (X) — F(X)

is an isometric embedding. O

Furthermore, the following proposition clarifies the fact that 7 (X) is also the completion
of Mﬁn,] (X)

Proposition 4.2.6 ([OO19]). Suppose (X,d,*) is a Polish pointed metric space. The space
(Vin(X), | - 1) is dense in (Mg, 1(X), || - ||l1). Thus, F(X) can be regarded as the completion of

(Miin 1 (X), [] - [11)-

Therefore, the Lipschitz-free space F(X) subsumes all of the enrichments previously
discussed, and provides the desired Banach space for persistence diagrams.

One of the main limitations of the Lipschitz-free space is the lack of an explicit represen-
tation of objects. Indeed, there are only a few explicit constructions of such spaces. It is well
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known that the Lipschitz-free space of IR is isomorphic to L (R) [Wea18], and the Lipschitz-
free space for convex subsets C C RY is isometric to a quotient of L!(C, RN) [CKK17]. As
we showed in Example 4.2.1, the Lipschitz-free space cannot be described as a space of
signed measures in general.

However, while the limiting positive and negative measures in Example 4.2.1 each have
infinite 1-norm, the 1-Wasserstein distance between them is

It —p =Wt u) =Y 27 =2
i=1

This suggests that the formal object ™ — u~, which we view as an element of the group
completion K(M™ (X, A)) of the monoid of all positive Radon measures, should have
finite 1-norm given an appropriate extended metric on K(M (X, A)). Indeed, let

Ki(X,A) = {p" —p~ € KM(X,A)) : W[d](u", ™) < o0}, (4-2.9)

where we use the extended partial 1-Wasserstein distance from Definition 4.2.1. Following
the setting of signed measures, we define a distance function on (X, A) to be

W) (" — vt v ) = Wi (ut v, ), (4.2.10)

where on the right, we are once again using the extended partial 1-Wasserstein metric for
positive measures.

Lemma 4.2.5. The function W{|d] defined in Equation (4.2.10) is a metric for KC1(X, A).

Proof. We begin by showing that W?[d] is well defined and finite on K (X, A). First, note
that given measures y,v,{ € MT(X, A), we have

WY ld) (i + Cv +2) < Wld] (w,v),

for the extended partial 1-Wasserstein metric on M*(X, A). Indeed, any admissible
coupling o € ACpl(y,v) induces an admissible coupling o + A.{ € ACpl(y+ (v +
), where A.{ denotes the pushfoward of { along the diagonal map A : X — X x X.
Furthermore, we have Cost; [d](c) = Cost; [d](c + A.{), since the support of A, lies on
the diagonal and does not contribute to the cost, providing the desired inequality.
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Suppose ut — u~, v —v~ € K1(X, A). Then, using the fact that W?[d] is an extended
metric on M1 (X, A),

W (pt = v —v ) = WPl (T + v p vt
W] (ut v, p + v )+ Wi ( +vt 4 v7)
W) () + W] (v, v7)

o0,

VAN

A IA

Thus, W [d] is finite on K1 (X, A). The fact that W?[d] is an extended metric on M* (X, A)
implies that W?[d] is a metric on K;(X, A). O

This leads to the following question.
Question 4.2.1. Is (K1(X, A), W?[d]) isomorphic to the Lipschitz-free space JF(X)?

An affirmative answer to Question 4.2.1 would provide an explicit representation for
the Lipschitz-free space of a quotient metric space of an admissible metric pair, in terms
of formal differences of Radon measures. This would provide a natural extension of the
enriched spaces of persistence diagrams considered in this section. However, we will
leave the consideration of this equivalence to future work. In the next section, we use the
Lipschitz-free space to define the Banach space of bounded variation paths of persistence
diagrams, as well as the path signature for these objects.

4.3 SIGNATURES FOR PATHS OF PERSISTENCE DIAGRAMS
Equipped with an isometric embedding of the space of finite persistence diagrams D (X)
into a Banach space F(X), we turn to the primary objects of interest in this paper:
paths of persistence diagrams. Such paths naturally arise in topological data analysis
by applying persistent homology to dynamic data sets. One notion of a time-varying
persistence diagram is the persistence vineyard, introduced in [CEMo6]. While persistence
vineyards capture information about how individual persistent homology classes evolve
over time, our methods treat persistence diagrams independently at each time step. Thus,
we distinguish these two notions by referring to our objects of interest as paths of persistence
diagrams or time-varying persistence diagrams, which have strictly less information that
persistence vineyards.

Because we can treat paths of persistence diagrams as paths in the Banach space
F(Q), all of the definitions from Section 1.2.3 hold in this setting. In particular, we
apply Theorem 1.3.4 to obtain a universal and characteristic feature map for paths of
persistence diagrams.
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Theorem 4.3.1. Let A : T((F(Q))) — T((F(Q))) be a tensor normalization. The normal-
ized signature Ao S : C'=""(F(Q)) — T((F(Q))) is injective, universal with respect to
Cp(CY=297 (V) with respect to the strict topology, and characteristic with respect to the space of
finite Borel measures on C1~% (V).

However, there is an obstruction to using this signature as a feature map in practice: it
is not readily computable. Indeed, the Banach space F (Q) is infinite dimensional, and
thus even the first level of the signature will be infinite dimensional. Furthermore, there is
no clear basis for F () which can be effectively used for computation; in fact, this is the
same problem as vectorizing persistence diagrams. We resolve this in the next section by
approximating the signature of persistence diagrams by using a feature map for F(Q)) as

well as truncation of the signature.

While the signature from this section may not be directly amenable to computation, it
forms a foundation for the investigation of stochastic time-varying systems using persistent
homology. In particular, the results of this section hold in the much more general setting of
rough paths, an approach to stochastic analysis which has led to influential developments
in stochastic differential equations [FH20]. When studying time-varying systems in the
presence of noise, the bounded variation hypothesis often does not hold. For example,
Brownian motion has unbounded p variation for p < 2. Rough paths allow us to work
with bounded p- variation paths for arbitrary p > 1 by enriching the path with information
from higher iterated integrals. Thus, the theory of rough paths may allow us to describe
the persistent homology of stochastic time-varying systems, which we leave to future
work.

4.4 METHODS FOR APPLICATION TO DATA

The previous section provided the framework to theoretically study bounded variation
paths of persistence diagrams by defining the signature of these paths. In this section, we
focus on adapting these tools to provide computable methods for data analysis. Motivated
by the observation that persistence diagrams can be viewed as measures, we introduce the
moment map, a stable and injective feature map into a Hilbert space which computes all
the moments of a persistence diagram. Here we make two modifications to the space of
persistence diagrams:

1. We use birth/lifetime coordinates rather than birth/death coordinates. Lifetime
coordinates provide a more interpretable feature, and simplify the description of
partial Wasserstein metrics, as the distance to the boundary is simply the lifetime
coordinate. Birth/lifetime coordinates have previously been used in the description
of persistence images [Ada+17].
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2. We use bounded persistence diagrams, supported in the space
Qr={(xy) € R?%0 < x,y <T}. (4-4.1)

In practical applications, this is a mild assumption since we often work with finite
metric spaces built from data. The boundedness assumption allows us to provide
stability results.

We then recall the discrete path signature, introduced in [KO19] and also studied
in [DET20]. We discuss computational aspects of the path signature, and discuss its
application to time-varying persistence diagrams.

4.4.1  The Moment Map

Equipped with the perspective that persistence diagrams are simply Radon measures on
Q, we study the use of moments as a feature map to vectorize persistence diagrams. The
following is a restatement of a classical result from probability. Let R][e;, . .., en]] denote
the power series algebra in N variables, and treat it as a Hilbert space, where the set of
monomials form an orthonormal basis.

Proposition 4.4.1. Suppose K C RN is a bounded subset. We define the polynomial map
Py:K— ]R[[el,. . .,eN]]

o0
x=(x1,...,XN) — Z Z x"e®,

m=0 ‘a‘:m

where & = (a1, ..., an) € NN is an exponent vector, and x* = x' ... x3¥. The polynomial map is

universal with respect to G = C(K), the space of continuous real-valued functions on K (equipped
with the uniform topology), and characteristic with respect to G', which is the space of regular Borel
measures on K. In particular, the expected exponential map E[Py(-)] is injective on the space of
finite Borel measures on K.

Proof. First, we note that the elements of the dual, (¢, Py(-)) : K — R, are exactly the
polynomial functions on K. Then, by the classical Stone-Weierstrass theorem, P, is universal
with respect to G. By Theorem 1.3.2, the map Py is characteristic with respect to G'. O

In our case, we wish to work with the quotient of the metric pair (Qr,d, 0Q 1), where
we define

0Qr = {(x,0) : x € [0,T]}.
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We will define ((N)T, d, *) to be the quotient of (Qr,d,0Q7), where * is the point represent-
ing the quotient of dQ27. We will also require a modification of the polynomial map such
that it will be continuous on this quotient. In particular, let R C R][e1, e2]] be the power
series subalgebra in 2 variables such that the coefficients of e’lf are 0 for all k > 1. Note
that R inherits the Hilbert space structure from R{[ej, e2]]. Then, we define the modified
polynomial map P : Q1 — R to be

1
061!0(2!

x*e",

P(x)=1+ i

m=1 |a¢‘:m
DlzZl

(4-4-2)

for x # % and P(x) = 1. The coefficients should be thought of as normalization, which is
required to show that the map is Lipschitz, and also results in a simple kernel computation.
We can use a similar proof to show the universal and characteristic properties of this
modified map.

Proposition 4.4.2. The modified polynomial map P : Qr — R is universal with respect to
G = Co(Qr), the continuous functions which vanish at infinity, and characteristic with respect to
finite Borel measures.

Proof. Here the elements of the dual, (¢, P(-)) : Q7 — R, where ¢ € R/, are the polyno-
mial functions on Q% with no e monomials. Note that R[[e;, e5]] is still an algebra; in
fact it is a subalgebra of Co(Qr). Furthermore, this collection of polynomial functions
vanishes nowhere on Qr and the space Qr is locally compact. Thus, the locally compact
Stone-Weierstrass theorem holds, and thus P is universal. Then, by Theorem 1.3.2, it is

characteristic with respect to G’, which contains the space of finite Borel measures. ]
P P

Proposition 4.4.3. There exists an extension P : F(Qr) — R of P to the Lipschitz-free space.
Furthermore, P is Lipschitz continuous.

Proof. From the universal property of Lipschitz-free spaces in Theorem 4.2.1, it suffices
to show that P is Lipschitz continuous. Let x,y € Q. First, consider the monomial map
myp : Qr — R to be myp(x) = x%x5 and m,;(x) = 0. We assume that b > 1 so that
m,,(0Q1) = 0, s0 we can define the map on the quotient 1, : Qr — R. First, suppose
that d(x,y) = d(x,y). Then, we have

|17 (%) — 1105 (y)| < (a4 b)Td(x,y).
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Next, suppose d(x,y) = d(x,007) +d(y,0Q7). Let &',y be the projection of x,y to dQr
(the x-axis). Then, we have
|10, (x) = 170, (y)] < 1720, () = 170, ()| + [1720,p (%) = 1710, ()]
= (a+b)T"d(x,x') + (a + b)T*™d(y,y)
= (a+b) T (d(x,9Q7) +d(y,0Q7)).

Therefore, 71, is Lipschitz continuous with Lipschitz constant (a + b) T**+?.

Now, considering the map P, we have

oo 1 N N
IP(x) =PWI*< Y Y, = liftap(x) = g (y)]?
m=1a+b=m, alb!
b>1
<3 ¥ (M)
m=1a+b=m m.\a
b>1
> m?(2T2)™ -
< ¥ P gy,
m=1 :

In order to bound the sum, we note that m% < 3™ for all m > 1. Thus, we have

0o " 1/2 0o - 1/2
C = (Z n12(51'1'—'2)> < (Z (63’;2') ) < exp(3T2).
: m=1 :

m=1

Therefore, the map P is Lipschitz continuous with the Lipschitz constant C as defined
above. O

Remark 4.4.1. Note that we also lower bound the Lipschitz constant in the above proposition
as follows.

C= (i mz(ﬁz)my/z > (i (Zz)m>l/z = exp(T?) — 1
. m=1 :

m=1

Thus, the Lipschitz constant is bounded by
exp(T?) —1 < C < exp(3T?).

Combining the previous two results, we we find that the restriction of the moment
map to Mg, (Qr) is a stable and injective feature map for static bounded persistence
diagrams, which is sufficient for applications to data. We note that while P is stable on
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the Lipschitz-free space F ((N)T) by the previous proposition, it is not immediate that the
extension to the Lipschitz-free space is still injective.

Theorem 4.4.1. The restriction Py = 13] Mpn(@r) * M fin(ﬁT) — R is Lipschitz continuous
and injective.

Proof. By the definition of the extension in the universal property, the restriction of Pto
Min (Q7) is equivalent to the expected polynomial map,

Py = EJ[P].
The result follows from Proposition 4.4.2 and Proposition 4.4.3. O]

The continuity and injectivity of Py, allows us to treat static persistence diagrams
as elements of the Hilbert space R. Then by Theorem 1.3.4, we have a universal and

characteristic feature map for paths of persistence diagrams, viewed as elements of
Cvlfvar(R)_

Corollary 4.4.1 (to Theorem 1.3.4). Let A: T((R)) — T((R)) be a tensor normalization. The
normalized signature A o S : C1=%7(R) — T((R)) is injective, universal with respect to bounded
continuous functions C,(C' % (R)) with respect to the strict topology, and characteristic with
respect to the space of finite Borel measures on C'~" (R).

Furthermore, the composition of the truncated path signature with the moment map is
Lipschitz continuous for paths with a fixed bounded length.

Theorem 4.4.2. Suppose L > 0 and suppose
Ciimr(v) = {’Y S levur(v) : ”)’llfvar < L}~
Then, the composition S<pgo Py : C%‘”“r(Mﬁn(ﬁT)) — T((R)) is Lipschitz continuous.

Proof. By Theorem 4.4.1, Py is Lipschitz continuous, and let C be its Lipschitz constant.
Then, given two paths «, f € C17%" (M, (Qr)), we have

[Pa( = B)|1-car = sup i 1Paa(a(t:) = B(t:)) = Paaae(tizn) = B(tiza) |

IT =1
< s;pf;cu(aui) (1)) — (altr1) — Blti)

S C|“ - ,B|1—var-
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Then, by the stability result for the truncated path signature in Corollary 1.2.3, we have

N _ M2
200 Paa(a) = Scaes Pu()] < exp(D) (L= ) IPula = Bla-ow

1— LM 1/2
< Cexp(1) < T > | — Bl1—var-
L]

Now that theoretical properties have been established, we turn to computational con-
cerns. In computational settings, we mainly need to work with persistence diagrams with

finitely many points. Given two persistence diagrams X, Y € D, (Qr) with points

X={xi= (xi,l,xi,z)}f\ixy Y ={yi = (yi,lryi,Z)}?Lle

we provide an exact formula for the computation of
K(X,Y) = (Pa(X), Pag(Y)) .-

Proposition 4.4.4. Given two persistence diagrams X,Y € Dﬁ; (Qr) as defined above, the moment
kernel can be computed as
Nx Ny
K(X,Y) =YY expx;-yj—expxi1-y1+1. (4-4-3)
i=1j=1

Proof. As persistence diagrams are simply sums of Dirac measures, the kernel can be
written as a sum of inner products of the polynomial map
Nx Ny
K(X,Y) =} ) (P(x:), P(y)))-

i=1j=1

Expanding the definition of the monomial map, we find

<P> (xi1yj1)" (xi2yj2)"
p

(Pex),P(y,)) =1+ T

p=1 a+b=
a>0,b>1

=expXx;-yj—expxii-Yj1+ 1

a p!
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In some cases, it may be more required to use a truncation of the moment map, denoted
ISVEE: Mﬁn(QT) — R,

where R, is the restriction of R to the set of polynomials of degree at most n. In these
situations, we show that the truncation error can be bounded simply using the Taylor
series remainder.

Lemma 4.4.1. Given X = {x; = (xi,l,xi,z)}fixl € Dﬁ;(ﬁ), the truncation error of Py, is
bounded by

~ ~ Nx e(xi,l""xi,z)(x‘ +x; )n+1
Py(X)—P XV < i1 i,2
[P (X) = Pagu(X)|] _i; CESII

4.4.2 Signature Kernels for Paths of Persistence Diagrams

Combining the results in this section with the discrete path signature from Section 1.3.5,
we obtain a feature map for discrete paths of persistence diagrams into the Hilbert space
T (R)

S 0 Pryg - Seq(Min(Qr)) — T (R).

From the previous section, there are two ways to compute the corresponding signature
kernel:

1. Use the truncated form of the moment map Py ,,, and explicitly compute the features
in R,. Then, compute the expression from Proposition 1.3.3. The advantage of this
method is the fact that we only need to compute the features for each time series
once, although this method will result in some truncation error.

2. Use the kernel for the moment map defined in Proposition 4.4.4, and then compute
the expression from Proposition 1.3.4. With this method, we are able to use the entire
set of moment features, but we must perform the moment kernel computation for
every pair of paths, which can be prohibitively expensive.

In practice, the first method is often much more efficient. Indeed, suppose we wish to
compute the kernel matrix for a collection of Ngamples €lements of Seq(Dﬁn(ﬁT)), each of
length L. Using the first method, we must compute the moment map O(NsamplesL) times.
However, in the second method, for each pair of paths, we must compute the moment
kernel matrix, which requires O(L?) computations of the moment kernel. Furthermore, this
is repeated for every pair of paths, and thus we perform the moment kernel computation
O(N2 L?) times.

samples
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4.5 APPLICATION: PARAMETER ESTIMATION IN A SWARM MODEL

This must be balanced with memory considerations. On the one hand, the memory
required in the first method to store the paths in feature space scales linearly with the
dimension of the feature space. On the other hand, the second only requires dynamic
memory, requiring O(L?) for each computation.

While we have primarily discussed the moment map as the feature map for persistence
diagrams, the signature method can be used together with any feature map such as persis-
tence landscapes [Bub15], persistence images [Ada+17], or tropical coordinates [Kal19]. By
using the second method outlined above, we can also adapt the use of kernels such as the
sliced-Wasserstein kernel [CCO17] or the persistence scale space kernel [Rei+15; Kwi+15].

Furthermore, there is a third approach to computing signature kernels which is discussed
in [Cas+21]. In this approach, the untruncated signature kernel is formulated in terms of
the solution to a PDE. This approach can be also be extended to time series composed
with a feature map ® : X — V by using explicit computations for its corresponding
kernel ¥ : X x X — V. In particular, this method would allow us to compute the
untruncated signature kernel composed with the untruncated moment map. In this case,
the approximation error would be purely due to the PDE solution error rather than a
truncation error.

4.5 APPLICATION: PARAMETER ESTIMATION IN A SWARM MODEL

In this section, we study the paths of persistence diagrams which arise in models of
collective motion as described in the introduction. We perform simulations using a swarm
model and use kernel support vector regression to estimate model parameters. In particular,
all of our methods only use unidentified position data from the swarms: we have access to
position data for a collection of agents at each time step, but we do not have information
regarding how individual particles move over time. This restriction disqualifies the use
of classical order parameters which make use of velocity information, such as group
polarization and (absolute) angular momentum, to classify collective behavior. Thus, we
estimate the model parameters purely by using the evolution of the shape of the swarm
over time.

We study the 3D D’Orsogna model [D’O+06] for collective motion. The evolving shape
of a single swarm simulation is seen in Figure 4.4. The swarm is initialized with random
positions and velocities, and the disordered nature of collective motion can be seen at t = 5.
After a period of time, the swarm moves into a more organized structure roughly in the
shape of a torus at t = 150. Finally, given enough time, the swarm settles into steady-state
behavior in the shape of a sphere at t = 350. The exact organization of the swarm over time
will depend on the (C, ¢) parameters, which we have chosen to be (0.6,0.3) in the figure.
The stable structures of these swarms are studied and organized into a phase diagram
in [NJG12].
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Figure 4.4: A single swarm simulation shown at time points t = 5, t = 150, and ¢ = 350. This
is simulated using the 3D D’Orsogna model [D’O+06] with Nagent = 200 agents. The
model parameters are m =1, « = 1.0,  =0.5,C = 0.6, and ¢ = 0.3.

Previous studies [Bha+19; Xia+20] have successfully applied persistent homology to
classify swarms based on the 2D D’Orsogna and 2D Vicsek models, using a feature map
called crocker plots. Both of these studies use a collection of simulations generated using
a fixed finite set of model parameters, and use clustering methods such as k-medoids
to classify the simulations into clusters based on the fixed set of parameters. In contrast,
our experiments use the 3D D’Orsogna model, and our model parameters are chosen
uniformly at random within a specified region in parameter space. Rather than using
classification algorithms which only work for a finite number of model parameters, we
use regression to perform parameter estimation.

Furthermore, we study the generalizability and stability of our methods by considering
situations with missing data. We find that our methods remain stable when a fixed
number of agents are randomly subsampled at each time step. Moreover, we consider a
heterogeneous situation where the training data is incommensurate with the test data:
we train a regressor on the full simulation, and use the regressor to estimate parameters
for simulations with subsampled data. While crocker plots become unstable for these
experiments, we find that signature methods are able to effectively predict parameters in
most situations.

4.5.1 Model Description and Data
The D’Orsogna model [D’O+06] describes the collective motion of Nagent interacting agents

with positions x; € R?, and velocities v; € R?. Previous work [TZH15; Bha+19] has applied
persistent homology techniques to study the two-dimensional (d = 2) model [Bha+19].

130



4.5 APPLICATION: PARAMETER ESTIMATION IN A SWARM MODEL

Here we choose to focus on the three-dimensional (d = 3) case. The agents are governed
by the following coupled differential equations

axi _
at
av;
md—tl = (lX — IBIVZ'IZ) vV, — Vill(xl-),
N
U(xi) =) (Crefr""’/g’ — Caefr"”'/éa) ,
j#i
where r;; = ||x; — x;|| and V; refers to the gradient with respect to x;. Each agent has mass

m, is self-propelled with propulsion strength «, and experiences a velocity-dependent drag
with coefficient B. Furthermore, each particle x; experiences a potential U(x;) derived from
pairwise interactions with all of the other agents. Each pair has a repulsive component with
strength C, > 0 and characteristic length scale ¢, > 0, and an attractive component with
strength C, > 0 and characteristic length scale ¢, > 0.

For our simulations, we use Nagent = 200 interacting agents. Furthermore, we fix m =1,
« = 1.0, and B = 0.5 which corresponds to the parameters chosen in [N]JG12]. After
nondimensionalizing the equation, we are left with two free parameters: the interaction
strength C = C,/C, and the characteristic length ¢ = ¢, /¢,.

We perform Ngimulation = 500 instances of this simulation, where each instance is run for
t € [0,400], and is discretized using T = 400 uniformly spaced time points. The differential
equations are solved using the DifferentialEquations package in Julia, which uses adaptive
timestepping. The solution is then sampled at the desired time points using the built-in
interpolation function. For each simulation, the initial positions are set by uniformly
sampling the unit cube [0,1]%, and each component of the initial velocities are sampled
from a Gaussian distribution with mean 1 and variance 1, as is done in [NJG12], and C and
¢ are chosen uniformly at random from [0.1,2]. As they are easily identified with simpler
measures, we reject unbounded phenotypes, which we define to be a simulation in which
any particle moves 40 units in any direction before t = 200. This restricts the distribution
of (C,¢), and we show the distribution of the parameters in our simulations in Figure 4.5.

To consider missing data, we take a random subsample of N agents at each time step.
We consider three cases of this with a fixed number of subsamples N across all simulations
with N = 150, 100, 50. We also consider the case where N is fixed across time for individual
simulations, but we sample N uniformly from [50,200] for each simulation. Finally, we
consider situations with heterogeneous training/test data. For these experiments we train
the regressor with data from the full simulation, and predict parameters for data from
the subsampled simulations. These are called the heterogeneous experiments, and this is
performed using all four sets of subsampled data.
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Figure 4.5: Scatter plot of generated parameter pairs (C, ¢) that resulted in bounded swarm simula-

tions.
1. Full simulation 6. Heterogeneous Subsampled (N = 150)
2. Subsampled (Fixed N = 150) 7. Heterogeneous Subsampled (N = 100)
3. Subsampled (Fixed N = 100) 8. Heterogeneous Subsampled (N = 50)
4. Subsampled (Fixed N = 50) 9. Heterogeneous Subsampled (Random
5. Subsampled (Random N in [50,200]) N in [50,200])

4.5.2  Support Vector Regression and Feature Maps

For each of full and subsampled data sets, we compute persistent homology up to di-
mension d = 2 for all simulations and all time steps in order to obtain three paths of
persistence diagrams (at dimensions d = 0, 1, 2) for each simulation. Persistent homology
is computed using the Eirene software package [HG17] written in Julia.

We use the support vector regression (SVR) algorithm [Dru+97; SSoz] to take advantage

of signature kernels. Suppose we have a training set {(D;, ;) }1"", where

1 1

D;(t) = (DY(), D}(1), D¥(t)) € '~ (D, (00)°)

represents paths of persistence diagrams with d = 0,1,2, and y; € R is the true parameter
value. Given a feature map

®: '~ (Df,

fin

(©)°) =,
support vector regression solves for a regression function

fwp(x) = (W, @(x))3 — b,
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where w € H and b € R by minimizing the regularized cost function

1 A Ntrain
Cw,b) = Slwlf + 5— Y i — fup(X)le, (4-5.1)
2 Ntraln i=1

where

lyle = max{0, |y| — €},

is the e-insensitive loss function and A, e > 0 are hyperparameters. We use the SVR algorithm
from the Julia implementation of the scikit-learn library. We perform our analyses using
three feature maps.

1. Moments + Signature. This is the composition of the truncated moment map with
the discrete signature kernel described in Section 4.4.2. In order to take into account
all three dimensions for homology, we compute moments for all three persistence
diagrams, and compute signatures with respect to the concatenated feature vector.
We truncate the moments at degree n = 6 and the signature at level m = 8.

2. PersPath + Signature. Here, we use a signature-based feature map for persistence
diagrams introduced in [CNO2o0] using the Betti embedding. Given a static persistence
diagrams at d = 0, 1,2, the Betti embedding returns a path p = (Bo, B1, B2) in R3, also
called the Betti curve, parameterized by the scale parameter € in persistent homology.
At each ¢, the Betti curve provides the rank of the d = 0, 1, and 2 persistent homology.

~\3
Given static persistence diagrams D; = (DY, D}, D?) € <Df;(ﬂ)> in dimensions

d=0,1,2, where Df = {(xf, yf) fi’l in birth/lifetime coordinates, the Betti curve is
defined by

Bale) = {i € {1, Na} = 2! <e < xf + ). (452)

By taking the truncated signature of the Betti curves along the € parameter, we
obtain a path in T(") (R?). Then, we compute the signature a second time along the ¢
parameter. We truncate the first signature computation at level n = 6 and the second
signature computation at level m = 8.

3. Crocker Plots. Crocker plots, introduced in [TZH15], treat the discretized Betti curve
B = (Bo,PB1,B2) as a feature vector. Following [Bha+19], we discretize the Betti
curve on a log scale from € = 107* to € = 1 with N, = 200 points. Furthermore,
we uniformly subsample the time coordinate at intervals of At = 20 to obtain
N; = 20 points in the time coordinate. Collapsing the discretized Betti curves into
a single vector, each path of persistence diagrams coorresponds to an element in
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[R3%200x20 — JR12000 The kernel is obtained from the standard inner product on
R12000

For the first two signature methods, we also show results using a sliding window
embedding, a common preprocessing step for signatures [CK16; Fer21]. The sliding
window embedding can be defined as

SWink . Cl—var(%) N Cl—var(er-H)
v(t) = (v, (E=T),.. v (E—kT))

for some delay T > 0. We define y(t) = 0 for any t < 0. We consider the case of k =0, 1,2.
Note that for the PersPath + Signature method, we only consider lags in the second
signature computation due to large memory requirements. We note that these memory
issues can theoretically be circumvented by iterating the PDE approach to signature
computations [Cas+21], but we do not consider this approach here.

4.5.3 Statistical Methods

We detail our statistical methodology in this section. We begin by enumerating the
Nsimulation = 900 individual simulations and randomly select a 400 / 100 split for the
training and test data respectively. With this choice, we perform a trial of our analysis,
which consists of three steps:

1. Hyperparameter selection. The SVR algorithm uses the hyperparameters (A, €) and
we tune the hyperparameters by grid search with 4-fold cross-validation exclusively
using the training data. The grid points of A are logarithmically spaced between 102
and 10%, and those of € are logarithmically spaced between 105 and 10'. We select
13 points for each parameter for a total of 169 parameter pairs.

2. Training. We select the parameter pair (A, €) which has the best performance in terms
of mean square error (MSE). We then train the SVR using these hyperparameters on
the entire training set.

3. Prediction. Using the trained regressor, we predict the (C, ¢) values of the data in
the test set and compute the MSE for each parameter individually.

Note that for the heterogeneous experiments, we use the full simulation data for steps 1
and 2, and use the subsampled data for step 3. We then repeat the trial Ny, = 1000 times
in order to obtain a distribution of the MSE for a given data set / feature map.
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Figure 4.6: Box plots for the g variants of the data, and all 7 feature maps. The central red line of
each plot denotes the median and the bottom / top edge of the box corresponds to the
25" and 75" percentile respectively.
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Figure 4.7: Comparison of persistence diagrams and Betti curves between a point cloud from the
full simulation (top row) and the subsampled simulation with fixed N = 50 (bottom
row). The Hy persistence diagram is shown as a histogram of lifetimes, since all birth
times are at € = 0. In the Betti curve, By is scaled by a factor of 1/10 and B is scaled by
a factor of 1/5 for visualization purposes.

4.5.4 Results and Discussion

The results of our experiment are shown as boxplots in Figure 4.6. In the 5 experiments
with the same train / test data used (on the left side of Figure 4.6), all of the feature maps
are able to predict parameters to some degree. For both the C and ¢ regression, we can
see that the Moments + Signatures (2 lags) feature map (M) consistently outperforms all
other feature maps, though the difference is more prominent for the C regression.

In the 4 experiments with heterogeneous train / test sets (on the right side of Figure 4.6),
we observe more unstable behavior. Note that the i axes on these plots are significantly
larger; in particular, the axes on the fixed N = 50 plot is larger by a factor of 2. We can
immediately see that all feature maps perform worse when compared with the experiments
using the same train / test data. However, the decrease in performance for the crocker plots
(C) is the most striking. The Moments + Signatures (2 lags) (M>) significantly outperforms
the crocker plot in all cases, but when we only use N = 50 subsampled data as the test set,
its performance also reduces drastically. This is expected due to the disparity between the
training and test sets: we are training on data using 200 agents at each time point, and
predicting parameters using the locations of only 25% of the data, which dramatically
alters the density of the cloud. While the PersPath + Signature method does not provide
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the best performance for most experiments, it significantly outperforms all other feature
maps for the heterogeneous subsampled (fixed N = 50) experiment.

To understand the performance of the feature maps in this N = 50 case, we consider
in Figure 4.7 a comparison of the persistence diagrams between the full simulation and
the subsampled simulation for a single simulation at a single time point. This comparison
demonstrates two representative phenomena that occur due to subsampling:

1. the persistence diagrams are much sparser due to fewer points in the point cloud,
and

2. there is a shift in the birth coordinate.

The sparsity of the subsampled persistence diagrams leads to a scaling of all feature maps.
However, the shift in the birth coordinate results in nontrivial differences for the moment
map and crocker plots; for instance, the cross-moments including the birth coordinate will
shift. However due to reparametrization invariance, this will not result in a significant
change in the signature of the Betti curve. Thus, the persistence paths + signature feature
map remains considerably more stable under subsampling noise.

One possible amendment to the moment map that would take into account the subsam-
pling phenomena is to use the number of agents in the swarm, which is a known parameter,
to normalize and scale the point cloud and persistence diagrams. These normalizations
are motivated by limit theorems for point processes in a unit d-cube in [DP19; DL21]. In
particular, let Xy = (Xj,..., Xx) be a collection of N i.i.d. samples of a bounded, positive
distribution on [0,1]%. Let %, = Nlegmq(Nl/dXN), where ngq(Nl/dXN) is the dimen-
sion g persistence diagram of the point cloud X scaled in all coordinates by n'/¢, and
the resulting diagram is then scaled by N~!, viewed as a measure. Then, the sequence of

measures j; Noee, u1 converges vaguely to some Radon measure p4. This result suggests
that by scaling our point clouds by N'/4, and the resulting persistence diagrams by N1,
we can effectively normalize our feature maps with respect to subsampling noise. We do
not pursue such an analysis here in the interest of concision.

4.6 CONCLUSION

We have presented a theoretical and computational framework for the study of paths
of persistence diagrams. By introducing the concept of Lipschitz-free spaces, we were
able to integrate several generalizations of the space of persistence diagrams into a single
Banach space. This allowed us to define a Banach space of bounded variation paths of
persistence diagrams, and thus to define the path signature of these diagrams. The Banach
space structure provides a setting to study probabilistic and statistical properties of both
static and time-varying persistence diagrams. Furthermore, the path signature is universal
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and characteristic, providing a robust theoretical tool kit for characterizing probability
measures on paths of persistence diagrams.

In addition, we introduced a new feature map for static persistence diagrams, motivated
by the perspective of diagrams as measures, and showed that it is both injective and stable.
Coupling this with the discrete path signature, we defined an approximation to the intrinsic
continuous signature. This approximation is computable, stable, and valued in a Hilbert
space, enabling the application of kernel methods for data analysis. We demonstrated
the efficacy of our feature map with a parameter estimation problem for a 3D model of
collective motion.

While we specifically considered the moment map, the signature methods we presented
is general: the signature can be used in conjunction with any feature map or kernel for
persistence diagrams. Moreover, the framework laid out in this paper suggests several
possibilities for future work, and we highlight some promising directions here.

¢ Persistence vineyards. Persistence vineyards [CEMo6] are paths of persistence dia-
grams with finer information; in particular it retains information about how indi-
vidual homology classes evolve over time. Can we further extend the connections
between topological data analysis, optimal transport and path signatures to represent
and study persistence vineyards? In particular, can we use adapted Wasserstein
metrics [Bac+20] and higher rank signatures [BLO20] to characterize vineyards?

* Rough paths. The theory of rough paths [LCLoy] provides a deterministic integration
theory for highly irregular paths, and has led to several developments in stochastic
differential equations [FV10; FH20]. This theory has been well-developed for paths
valued in a Banach space [LQo7]. Therefore, using the Lipschitz-free space as a Banach
space for persistence diagrams, we may define and study rough paths of persistence
diagrams. This opens up the possibility of studying the persistent homology of data
driven by stochastic differential equations.

¢ Banach space learning. While kernel methods for Hilbert spaces are a mature set
of tools in machine learning, the corresponding generalization to Banach spaces is
still fairly recent. As discussed in Proposition 4.2.5, the Lipschitz free space F (ﬁ) is
not reflexive, and thus many of the results for Banach space kernel methods [ZXZog;
Schiga] do not hold. Can we develop kernel methods using the approximate repre-
senter theorem [Sch20] for non reflexive Banach spaces? What is the advantage of
this compared to other methods?

¢ Lipschitz-free spaces. Although we have discussed several properties of Lipschitz-
free spaces which are directly applicable to the study of persistence diagrams, are
there other aspects of this connection which we can exploit? One concrete problem is
the an explicit description of the Lipschitz-free space of the quotient metric space of
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a metric pair (X, d, A). Does Question 4.2.1 have an affirmative answer? Or can we
adapt the representations for known Lipschitz-free spaces such as F(RY) [CKK17]
to develop a new representation of persistence diagrams?
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Part III

GENERALIZATIONS OF THE DOMAIN
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THE MAPPING SPACE CONSTRUCTION

Chen’s construction for path spaces in Chapter 2 provided a cochain model for path spaces
and loop spaces from a de Rham-theoretic perspective. The underlying formalism behind
this construction is much more general, and has been used to build cochain algebras for
mapping spaces in order to study their cohomology. The general idea consists of two steps:

1. Given suitable smooth spaces K and Y, build a cosimplicial model for the smooth
mapping space Diff(K,Y),

2. Given a cosimplcial space X,, build a cochain algebra which is quasi-isomorphic to
the singular cochain complex of the totalization of X,.

When we use de Rham cochains for the construction of the cochain algebra for the
cosimplicial space, we call the resulting cochain construction a Chen complex. One of
the earliest papers that considered the cohomology of mapping spaces in this direction
was [And7y2], which announced a generalization of the Eilenberg-Moore spectral sequence,
now called the Anderson spectral sequence, though proofs were omitted. Later, Bott and
Segal [BS77] provided an explicit description of the cochain construction for mapping
spaces, where the source of the mapping space has an open contractible covering (along
with finiteness and connectivity conditions). Bendersky and Gitler [BG91] considered the
more general case where the source is the realization of a simplicial set, though their proof
was not satisfactory for certain spaces. Finally, Patras and Thomas [PTo3] consolidated
the ideas through Kan adjunction techniques, and proved the quasi-isomorphism for
Top(K,Y) when K is the realization of a simplicial set weakly homotopy equivalent to a
finite simplicial set of dimension less than or equal to the connectivity of Y.

While the Patras and Thomas construction is stated for the topological setting and does
not explicitly use smooth de Rham cochains, their methods are general, and the results
using de Rham cochains and an explicit description of the Chen complex for mapping
spaces is provided in [GTZ10]. Motivated by the observation that the path signature
coefficients constitute the 0-cochains in Chen’s construction for path spaces, we aim to use
the 0-cochains of Chen’s mapping space construction to define a notion of mapping space
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signatures. In particular, our goal in this part of the thesis is to define a mapping space
signature for

Diff ((¢, RN).

A cubical domain is chosen due to its simplicity as well as the existence of compositions in
each dimension. While unit d-cubes can certainly be constructed as a simplicial set, the
number of nondegenerate top dimensional simplices increases on the order of d!, and the
composition of d-cubes is more difficult to express in the simplicial setting.

The goal of this chapter is to formulate a cubical variant of Chen’s complex for mapping
spaces, using cubical sets with connection. We begin with an overview of cubical sets,
followed by the topological construction. While we do not show that our cubical variant
of the mapping space construction leads to a quasi-isomorphism, we will show that it is
indeed a morphism of differential graded algebras. Finally, we extract the 0-cochains from
this construction, which we call monomials, which will be used to define signatures in the
following chapters.

5.1 INTRODUCTION TO CUBICAL SETS WITH CONNECTION

Just as simplicial sets [May92] can be viewed as a generalization of simplicial complexes,
cubical sets can be thought of as a generalization to cubical complexes in algebraic
topology. Simplicial and cubical sets can be defined as a sets of simplices or cubes, along
with information about how these objects are glued, in the form of face maps and degeneracy
maps. We obtain a topological space from a simplicial or cubical set through geometric
realization. In fact, we can define a homotopy theory (closed model category) for simplicial
sets [GJ12] and cubical sets [Jaroz] that is equivalent to the standard homotopy theory for
topological spaces. Thus, simplicial and cubical sets are used as a combinatorial approach
to the homotopy theory of topological spaces.

However, a major defect in the homotopy theory for cubical sets is that the geometric
realization does not preserve products. In other words, the realization of a product of two
cubical sets does not have the same homotopy type as the product of their realizations.
Cubical sets with connections were introduced in [BH81] to address this issue by adding ad-
ditional degeneracies to cubical sets called connections. Thus, cubical sets with connections
provide a more appropriate model of topological spaces.

In this section, we provide an introduction to cubical sets with connection which does
not require prior knowledge of simplicial sets. This section is entirely expository and
primarily references [BHS11; Antoz].
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5.1.1 The Box Category and Connections

Definition 5.1.1. The box category [J is a subcategory of Top where the objects are the
standard n-cubes (0" := [0, 1)" for n > 0, and the morphisms J((J",[0") are obtained by
compositions of coface maps 5¢ : (0" — 0"+! defined by

O (x1, 0.0, Xn) = (X1, ., Xi—1,€ Xiy - .o, Xn), ieln],eec{01}, (5.1.1)
as well as codegeneracy maps o; : (0" — [J"~! defined by
(X1, .., %) = (X1, .00, X1, Xig1, -+, Xn), i€ [n]. (5.1.2)

The coface and codegeneracy maps satisfy the following cocubical identites:

5207 = 0162, i<, (5.1.3)

0j0; = 0i0j41, 1<}, (5.1.4)
8o i<,

0j0; = 65 05 i>] (5.1.5)
id i=j

Note that while we use [J to denote both the box category and the unit interval, the
meaning will be clear from context. There are two ways to view the box category:

1. as an abstract category, ignoring the explicit definitions of the objects and morphisms
as those internal to Top, and

2. as a cocubical space, which is a functor F : [J — Top, defined as the identity functor,
which preserves the explicit structure of the objects and morphisms.

We begin by describing its structure as an abstract category, and return to the perspective
of a cocubical space when we discuss geometric realization. As an abstract category, we
ignore the topological structure of the individual objects, and to emphasize this view,
we describe the set of objects as the natural numbers IN, and denote the objects using
underlined integers such as n := [J". Furthermore, we also ignore the topological meaning
of the morphisms as maps between topological spaces; instead we define the coface and
codegeneracy maps as those which satisfy the cocubical identites.

We can now define cubical sets as a functor. Note that the topologial structure of the
box category is irrelevant in this definition, so we only need to consider it as an abstract
category.
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Definition 5.1.2. The category Set™" of cubical sets is defined to be the functor category
Cat([3°P, Set). Thus, a cubical set is a functor

K :[O° — Set

and a map of cubical sets is a natural transformation of functors. We will assume that all
cubical sets are finite, defined in Remark 5.1.1.

More concretely, a cubical set K : [J°P — Set is a collection of objects K,, := K(n) where
n € N, and a collection of maps between the K, generated by the face maps df := K(5¢) :
Ky41 — Ky, fori € [n] and € € {0,1}, and the degeneracy maps s; := K(0;) : K,—1 — K, for
i € [n]. The face and degeneracy maps satisfy the dual of the cocubical identities, which
are called the cubical identities:

drd? =d? d, i<, (5.1.6)

SiSj = Sj+181, 1<}, (5.1.7)
sjdi i<j

disj =< sdS | i>] (5.1.8)
id i=j.

Suppose K, € Set”™ and a € K,,. If there exists some b € K, 1 and some i € [n]

such that a = s;b, then we say that a is a degenerate cube; otherwise, we say that a is a
nondegenerate cube. Furthermore, every degenerate cube a can be written in a canonical
form as

a=s;S; ,...5;b (5.1.9)

where 1 <i; <ip <...<i, <n,and b € K,,_k is a nondegenerate cube. In this case, we
say that a is a degeneracy of b.

Remark 5.1.1. All cubical sets Ko € Set™" considered in this thesis are finite: each K, has a
finite number of non-degenerate cubes.

Intuitively, we can think of a cubical set K, € Set”™ as a combinatorial model for a
cubical complex, where the elements a € K;, are combinatorial n-cubes where each degree
k subcube is labelled by an element of K}, specifying the gluing data.

Example 5.1.1. We describe a cubical set I, € Set™™™ that models the unit interval [0,1]. As
a cubical complex, the unit interval [0, 1] can be describing using two vertices, vy and vy,
modelling the endpoints, and a single edge, e, modelling the interval. Indeed, the 0-cubes
of the cubical set are Iy = {vg,v1}, which we represent visually using white and gray
points.
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The 1-cubes in I, contain the expected edge ¢, but it also contains the degeneracies of
the 0-cubes. Thus, we have I} = {s1vp, 5101, e}. We visually represent each of these 1-cubes
using colored edges.

O=====) Q=== QO=—=0
Yos109 s10g e

The arrow on the left is used to specify a numbered coordinate direction, which is used
to read off the face maps. In general, an n-cube has two faces in each of the n-coordinate
directions, and each face is specified using the face maps d5. The index i € [n] corresponds
to the coordinate direction, and € € {0,1} specifies the “back” or “front” face. The arrow
points from 0 to 1. Thus from the figure, we can read off d{e = v as the white point, and
die = vy as the black point.

While we do not expect any non-degenerate 2-cubes, we must include all possible
degeneracies of vy, vy, and e. Therefore, the 2-cubes are I = {s251v9, 525171, S1€, 520},
represented visually in the following figure.

NEEEIE

528100 S§25101 51

The axes on the left now specify the two possible coordinate directions, and we can read
off the face maps for each 2-cube as before. As we can see in this figure, the degeneracy
s;a of some n — 1 cube a is an n-cube where the cube a is copied along the i direction.

The higher dimensions will also contain only degenerate cubes, and they can be repre-
sented in the same manner. The 3-cubes can be listed as

I = {83525100, 83525101, S251¢, S351€, S352€},

where we write all degeneracies in their canonical form specified by Equation (5.1.9).

As stated in the introduction, ordinary cubical sets lack certain properties when we con-
sider their realization as topological spaces. Thus, we consider a modification introduced
by Brown and Higgins [BH81].

Definition 5.1.3. The box category with connections L. is a subcategory of Top with the same
objects as the objects in [J. The morphisms homg_((3",[0") are obtained by compositions of
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L HEEE

5352510 53525101 5251€ 5351€ 5357€

the coface and codegeneracy maps from [ as well as the coconnection maps y; : (" — 0"~
defined by

Yi(x1, .o, xn) = (%1, ..., X1, max(X;, Xj11), Xiv2, - - -, Xn), i€n—-1], (5.1.10)

where n > 2. As before, the coface and codegeneracy maps satisfy the cocubical iden-
tites. Along with the coconnection maps, the three classes of maps satisfy the additional
coconnection identites:

e
yoe = { OT <D (5.1.11)
o0 v i>j+1
71'5? - 5?+1'Yf =id (5.1.12)
Yi8 = 8j17) = 60 (5.1.13)
i1 1<,
Vo107 1> ]
0jj = 0j0j = 0j0j + 1 (5.1.15)
YiYi = VivVj+1 (5.1.16)

As with the ordinary box category, we may interpret the box category with connections
as an abstract category or as a cocubical space with connections. We defer the discussion
of the cocubical space, and focus on the abstract category perspective. As before, the object
set of [; can be specified by IN, and the morphisms of [, are defined by the cocubical and
coconnection identities. Thus, the only difference is the existence of additional morphisms.

Definition 5.1.4. The category Set™*" of cubical sets with connections is defined to be the
functor category Cat(CJc¥, Set). Thus, a cubical set with connections is a functor

K:OF — Set

and a map of cubical sets with connections is a natural transformation of functors.
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Concretely, a cubical set with connection K : DSP — Set has the same objects K, face
maps df : K, 1 — K, and degeneracy maps s; : K;,_1 — K as a cubical set. In addition,
we also have the connection maps g; = K(7;) : K,—1 — K,, which only exist for n > 2. In
addition to the cubical identites, these objects satisfy the connection identities:

B qdS i<,

digj = { S e (5.1.17)
gidi_, i>j+1

d?g]- = g]'d})“ =id (5.1.18)

d]l‘gj = 8jd]1+1 = de]1 (5.1.19)

gisj = sj-18i 1<], (5.1.20)
5; igi_1 > ]

gjsj = sjsj = sj +1s; (5.1.21)

8i8j = 8j+18i (5.1.22)

Suppose K, € Set™ and a € K,. If there exists some b € K,_; and some i € [n] such
that a = s;b or some j € [n — 1] such that a = g;b, then we say that a is a degenerate cube;
otherwise, we say that a is a nondegenerate cube. In this way, we view connection maps as
“extra degeneracies.” Furthermore, every degenerate cube a can be written in a canonical
form as

a=s;Si 5,88 8D (5.1.23)

where

1<ii<ip<...<iy<n
1<ji<p<..<j<n—k-1

and b € K,__; is a nondegenerate cube. In this case, we say that a is a degeneracy of b.

Remark 5.1.2. If [ = (iy,...,iy) and | = (j1,.. ., j;), we will simplify the notation and write

S7870 = SiiSip_y - - -5 8 &jiy - - - 8jr - (5.1.24)

Therefore, we can identify degenerate cubes in terms of their unique non-degenerate cube
b, as well as the list of degeneracy and connection maps indexed by Z and 7. Thus, we
can express a € K, asa = (I, ],b).

Intuitively, we can view cubical sets with connection in the same manner as ordinary
cubical sets, but we have additional degeneracies.
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Example 5.1.2. We expand on Example 5.1.1 to specify a model of the unit interval [0, 1]
using a cubical set with connections I;. This new cubical set contains all of the cubes
from I,, but we must also include the additional connection degeneracies. Note that the
connection maps g; : If_; — I, only exist for n > 2, so the 0-cubes and 1-cubes remain the
same:

I5=1, I=1I.

We have one additional 2-cube, g1¢, which is represented below. Note that any connection
degeneracies can be rewritten as ordinary degeneracies according to the connection

identities.
1 D

1 gle

We have four additional degenerate 3-cubes, which we specify using the canonical form
in Equation (5.1.23).

a1y at ity

g241¢€ 5181¢€ 5281¢€ 5381¢€

5.1.2 Composition

One advantage of using cubical sets rather than simplicial sets is that cubical sets can be
equipped with a composition structure.

Definition 5.1.5. A cubical set with connections and compositions is a cubical set Ko : (¢F —
Set such each for each n > 1, the set of n-cubes has n partial compositions +;. For a,b € K,,
the composition a +; b is defined if and only if d!a = d'b. The relationships between these
partial compositions and the cubical maps are given by the following composition identites
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dia+; 1dib :i<j
d?a i=j,e=0

di(a+;b) = (5.1.25)
ia+;b) dlb i=je=1
dia+;dib :i>j
si(a+jb) = s tppsib s (5.1.26)
5ia +; sib 1> ]
it +jy1 8ib i<
gi(a +j b) = (gia +it1 Sib) +i (SH_lb +it1 gib) =] (5.1.27)
gia +;j gib ti>
Finally, we also have the following interchange law when both sides are defined:
(a+;b) +j (c+id) = (a +j c)+i(b =+ d). (5.1.28)

5.1.3 Geometric Realization and Evaluation Maps

In this section, we will consider the standard geometric realization of cubical sets (with
connection) as a topological space.

We can define cubical objects and cubical objects with connection in an arbitrary category
C as functors.

Definition 5.1.6. Let C be a category. A cubical object in C (resp. cubical object with connection
in C) is defined as a functor

Ko :O%°" - C, (Ke: X — Q).

The category of such objects is denoted by C-™ (resp. coy,

A cocubical object in C (resp. cubical object with connection in C) is defined to be a functor
K*:O0—=C, (K*:0,— Q).
The category of such objects is denoted by C- (resp. C).

(Co)cubical objects in Top are called (co)cubical spaces. By using the definition of [] and
[. as a subcategory of Top, we can interpret both of these objects as cocubical spaces
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via the identity functor. Recall the topological definition of the coface, codegeneracy and
coconnection maps:

O (X1, v, Xp) == (X1, 00, Xi1,€,Xi, .., Xn), ien],ec{0,1}
Oi(x1, .0, x0) = (X1, 00, X1, X1, -, Xn), i€ [n
Yilx1, oo, x0) = (x1,. .., %1, max(x;, Xj 1), Xit2, -, Xn), i€n—1].

The following figure demonstrates these maps between [1* and [°.

21 3 =

1
6 : 0 = [P o : P — O y 0P — O

Definition 5.1.7. The geometric realization | - | is defined as follows. For K, € Set™™ (resp.
K, € Sethp), the geometric realization of K, is

|Ke| :== HK" X D”/ ~, (5.1.29)

n=0

where K, is equipped with the discrete topology, and ~ is an equivalence relation on
[ I K x 0" defined by

(a(x),t) ~ (x,a(t)), x€K, tel (5.1.30)
where « : [J" — 0" is any morphism in the box category [ (resp. the box category with
connection [J;), and a = K(«) : K;;, — K.

In all of these cases, the geometric realization of K, is a CW-complex with an n-cell
for each n-cube in K,,. Then, for each n-cube in K,,, there exists an inclusion called the
evaluation map into the geometric realization, which will be crucial to the mapping space
construction.

Definition 5.1.8. For each n-cube a € K,,, we define its evaluation map na] : 0" — |K,| to
be

nla] : 0" = [ [ Ku x O" — |Ka|, (5.1.31)

n=0
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where the first map is an inclusion into {a} x [J", and the second map is the projection
onto the quotient.

Note that the CW-complex may be described using only the non-degenerate cubes since
all degenerate cubes are quotiented out by the equivalence relation. Indeed, for a cubical

set Ko € SetD?p, recall from Equation (5.1.23) that any degenerate cube a € K, can be
canonically written as

a=5;Si -5 & &1 -+ gflb
where

1<i<ip<...<ip<n
1<jp<p<..<j<n—-k-1,

and b € K,_,_; is a nondegenerate cube. We can explicitly define the evaluation map for
this degenerate cube. For x € [J", we have

- [(S"ksikfl <80 &8 'ghb/x)]
[(b/ Yig - Vi Oiy - - - O'ikx)],

where the square brackets denote the equivalence class in |K,|. This shows that each degen-
erate n-cube a is mapped onto its unique underlying non-degenerate cube b. Furthermore,
this shows the following factorization of the evaluation map.

op . . . .
Lemma 5.1.1. Let K, € Set™ be a cubical set with connection and a € K,, be an n-cube, written
in its canonical form as

a=8;Si 5,88 ...gjlb.

Let I = (i1,...,ix) and | = (j1,...,ji). The evaluation map n[a] : O" — |K| can be factored as
the composition

]
nla) - O Iy Okt e, K|, (5.1.32)

where 17,7 : " — 0" *=1is defined by the following composition of codegeneracy and coconnection

17,5’1(1:) =Y Vi - - O3 (1), (5.1.33)
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forall t € 0"
In fact, we can explicitly define 17,5’7.

Definition 5.1.9. A k-ordered subset of [n] is an ordered subset I C [n] equipped with a
partition into k nonempty subsets, denoted by I (") forr =1,...,k, such that if r < s, and
x €I,y €16, then x < y.

Lemma 5.1.2. Let n € N, I = (iy,...,ix) C [n] be an ordered subset and ] = (j1,...,j;) C
[n — k — 1] be another ordered subset. There exists a (n — k — I)-ordered subset I C [n] such that
the underlying subset I is the complement of I in [n] and

ﬂ,ﬂ(tl,...,tn) = q,ﬂ’](tl,...,tn) = (S1,-+,Sn—k_1), (5.1.34)
where
s, = max{t;}. (5.1.35)
]6](7)

Proof. The proof of this lemma follows by expanding the definitions of the codegeneracy
and coconnection maps in Equation (5.1.2) and Equation (5.1.10). We begin by considering
the case where I = @ so that the complement is I = [n]. In this case, we have | =
(j1,---,ji) C [p — 1] and we need to consider the iterated coconnection map

o]
7771 / = "yh "y]l

A consecutive subsequence in | corresponds to consecutive coconnection maps, which can
be written as

')’j—m')/j—m—&-l .. .’)’]'(t1,. . .,tn) = 'Yj—m .. -')’j—l(tll- . .,max(tj, t]'+1),. . .,tn>
= ’yj_m...’y]'_z(tl,...,max(tj_l,tj,tj+1),...,tn)
= (tl,...,max(t]-,m,...,t]-+1),...,tn).

Thus, a maximal consecutive sequence (j —m,...,j) C J corresponds to one part of the
partition I) = (j —m,...,j,j+ 1). For each maximal consecutive sequence in ] (including
sequences of length 1), we add the corresponding subset of I to the partition. Once every
element of | has been accounted for, we add the remaining elements of I into the partition
as singletons. Note that this procedure will provide a partition of I made up of exactly
p — | subsets, since each element of | decreases the number of singletons in the partition
by 1.
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Next, we consider the case where I = (iy, ..., ip), so we must consider the coconnections
as well as the codegeneracies. However, note that codegeneracies simply omit coordinates,
so that

O - .(Tl'p(h,---;tn) = (tj)jEI’

where I is the complement of T in [n]. Now, we can simply repeat the previous construction
of the partition with a smaller set I. O

Example 5.1.3. As a concrete example, consider n = 8, [ = (5,7) and | = (1,4,5). We
begin by taking the complement I = (1,2,3,4,6,8). Then, we consider the two maximal
consecutive subsequences in J: (1) and (4,5). For the subsequence (1), we add the first
and second element of I into a subset I) = (1,2) in the partition. For the subsequence
(4,5), we add the fourth, fifth and sixth element of I into a subset I®) = (4,6,8) in the
partition. The only element in I unaccounted for is the third element, so we add it to the
partition as a singleton I(?) = (3). Thus, the evaluation map can be explicitly written as

ﬂé'](tl, vy tg) = (max(tl, t2>, t3, max(t4, te, tg)).

Proposition 5.1.1. Let K, € Set™". Every n-cube a € K, can be represented by a pair (I,b),
where b is the unique non-degenerate k-cube corresponding to a, and I is a k-ordered subset.
Furthermore, every such pair (I,b) corresponds to an n-cube a € K,,. This will be called the
ordered subset notation for n-cubes.

Proof. By writing a in canonical form in terms of the degeneracy and connection maps,
we can uniquely represent a using two subsets I, ] as well as the non-degenerate cube b.
From Lemma 5.1.2, there exists a unique k-ordered subset I for every pair of subsets I and
J. Thus, we can use (I,b) as a representation for a. d

Given an n-cube a = (I,b), where b € K, is non-degenerate, the factorization of #[a]
given in Lemma 5.1.1 can be rewritten as

I
al(Lb)] o I e kg, (5.1.36)

where 77} is defined in Equation (5.1.34).

Remark 5.1.3. We note that we can describe geometric realization as a colimit. Indeed, for
K, € SetDCP, the geometric realization of K, is

|Ke| =coeq | [ KuwxDO"=][K.xDO"|. (5.1.37)

o0 —[m n
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The first coproduct is taken over all maps in the box category [J.. For a given map
a : " — O™ in O, we have two maps from K, x [J" into [ [, K, x O":

1. K(a) xid : Ky, x O" — K, x O"
2. id x a: K,,, x O" = K,,, x O™,

The condition enforced by this coequalizer is the same as the equivalence relation given in
the original definition of geometric realization. This formulation emphasizes the duality
between geometric realization and the totalization of cocubical spaces defined in the next
section.

5.1.4 Smooth Geometric Realization

Because we will be working with differential forms, we require a slight variation on the
geometric realization in order to produce a differentiable space, introduced in Defini-
tion 2.2.1. Note that the geometric realization is defined as the quotient of a coproduct. The
coproduct of differentiable spaces (as in Example 2.2.4) and the quotient of a differentiable
space (as in Example 2.2.3) are both differentiable spaces.

We wish to formulate a smooth version of geometric realization of cubical sets with
connection as a colimit as in Remark 5.1.3. However, the obstruction to such a definition
is the fact that the coconnection maps defined using maximum functions are not smooth
with respect to the ordinary smooth structure (the subspace smooth structure for (0" C RN
as in Example 2.2.2), and thus are not morphisms in Diff. We will remedy this be defining
a new smooth structure on the geometric n-cubes [1" such that the maximum functions
are smooth.

To begin, we note that each n-cube [J" can be viewed as a simplicial complex, where
the simplices are defined using the ordering of the coordinates. These simplices can be
described using functions

fi[n] = [n]U{eo e} (5.1.38)

Such a function corresponds to the following subsimplex of [1",

t = f(i)zeo
Ap=d (. oty e =1 fD=e (5.1.39)
ST Ly = g0 e
ti<t; :f(i) < f()
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In most cases, we will only need to work with the n-subsimplices of [1", and these
subsimplices can be defined using permutations. Given ¢ € %, we define

Ag = {(tl,...,tn) ced:0< tv(l) <...< ta(n) < 1} (5.1.40)

In particular, the union of the n-subsimplices defined over all permutations ¢ € ¥, is the
entire n-cube

U Ay =0,

oEX,

and the intersections occur at the lower dimensional subsimplices. Note that maximum
functions and in particular coconnection maps restricted to a n-subsimplex A} is smooth.
This is due to the ordering of the coordinates being fixed in A}, and thus maximum
functions restricted to A} are simply projection maps.

This leads to the motivating property of the desired smooth structure on [J". In the
following lemma, we define a smooth structure on [J" such that a map f : " — X is
smooth if and only if the restrictions f|an : A} — X are smooth for all ¢ € %,,.

Definition 5.1.10. The unit n-cube with the simplicial smooth structure, denoted by LI} € Diff,
will be defined as follows. For each ¢ € ¥, let A} € Diff be equipped with the subspace
smooth structure as a subspace A} C R". The disjoint union

U= [] A, € Diff

oer,

is a differentiable space using the coproduct smooth structure from Example 2.2.4. We
define an equivalence relation on the disjoint union U as follows. Let s € A} and t € A be
elements from distinct simplices. We set s ~ t if and only if s = t in the parametrizations.
Finally, we define

Orh =] Ag/ ~ € Diff, (5.1.41)

oeX,

equipped with the quotient smooth structure from Example 2.2.3.
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In particular, a map ¢ : C — [} is a plot if and only if there exists there exists an
open cover {C;} of C, along with plots ¢; : C; — A]} into the subsimplices such that the
following diagram commutes

G~ an
{1
C

5 Ha

where 4; : C; < C are the inclusion maps for the cover and ¢ : Ay — [} is the inclusion
of the subsimplex into the cube. This smooth structure on the unit cube has the desired
property of smooth maps.

Lemma 5.1.3. Let X be a differentiable space. A map f : U} — X is smooth if and only if the
restriction f, : A} — X is smooth for all ¢ € ¥,, where Al, C R" has the subspace smooth
structure.

Proof. Suppose f : L} — X is smooth. Suppose ¢ : C — A} is a plot and let i, : Ay — [I"
be the inclusion. Note that ¢, is smooth and thus the restriction of f to A}, defined as
foi: Al = X, is a composition of smooth functions and therefore smooth.

Next, suppose that f : [J} — X is a map such that the restrictions f, are smooth for all
o. In order to show that f is smooth, we must show that f o ¢ : C — X is a plot for every
plot ¢ : C — O}. Indeed, by definition of a plot for (I}, there exists an open cover {C;} of
C, along with plots ¢; : C; — Ag.. Since the restrictions f, are smooth, each composition
fo;0¢i : C; — X is a plot for X. Note that the plots f,, o ¢; cover the map f o ¢. By the
covering condition for differentiable spaces, f o ¢ is also a plot. O

An immediate corollary of this lemma is the following.

Corollary 5.1.1. The coface maps &, the codegeneracy maps o; and the coconnection maps <y; are
all smooth when the unit n-cubes are equipped with the simplicial smooth structure.

This allows us to define the smooth geometric realization in the same manner as the
topological geometric realization.

Definition 5.1.11. The smooth geometric realization functor | - | : Set™" —s Diff is defined as
follows. For K, € SetDCp, the smooth geometric realization of K, is

[Keoo :== | [ Kn x DZ/ ~, (5.1.42)

n=0
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where the equivalence relation ~ is defined in Equation (5.1.30), which is taken over all
morphisms in the box category . The product, coproduct and quotient are taken as
differentiable spaces.

As a topological space, the smooth geometric realization can be interpreted in the same
manner as the topological geometric realization: as a CW-complex with an n-cell for
each n-cube in K,. However, the smooth geometric realization gains the structure of a
differentiable space. In this setting, the evaluation maps from Definition 5.1.8 are defined
by the composition of an inclusion and quotient map, both of which are smooth. This
shows that the evaluation maps themselves are smooth.

[P 4-¢

Lemma 5.1.4. Let K, € Set and a € Ky,. The evaluation map n{a] : O} — |Ke|eo is smooth.

Remark 5.1.4. The smooth geometric realization for a cubical set with connection, K, €
SetD?P, can be expressed as a colimit in the same manner as the ordinary geometric
realization. The box category with connection []; can be viewed as a category internal
to Diff since the coface, codegeneracy, and coconnection maps are smooth, and thus
[ is a cocubical object in Diff. Furthermore, we treat K, as a cubical object in Diff by
equipping each set K, with the discrete smooth structure. Then, |K, |« can be defined as
the coequalizer in Equation (5.1.37), viewed as a colimit in Diff. Because Diff is cocomplete
from Proposition 2.2.2, the colimit exists.

Remark 5.1.5. The unit n-cube with the simplicial smooth structure defined in Defini-
tion 5.1.10 can also be defined as the smooth geometric realization of the unit n-cube as a
simplicial set.

Smooth maps from |K|« can be characterized in the same manner as smooth maps from

[JR, where the proof follows similarly.

Proposition 5.1.2. Let K, € Set™" be a cubical set with connection and X be a differentiable
space. Amap f : |K|e — X is smooth if and only if for each nondegenerate cube b € K,,, and each
o € X, the restriction to the subsimplex Al of the geometric n-cube corresponding to b, defined as

'An Lo Dn i][b] f
foo 1 Bg = Op — [Kleo = X, (5.1.43)

is smooth.

Proof. First, suppose that f : |K|o — X is smooth. Note that ¢, : A}, — [} is a plot.
Because the evaluation map #[b] is smooth, f;, is a composition of smooth maps, and is
therefore also smooth.

Next, suppose that f,, : Al — X is smooth for all degenerate cubes b € K, and
o€ X, Let ¢ : C — |K|w be a plot. By definition of the quotient smooth structure on
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\K]oo with respect to face, degeneracy and connection maps, there exists an open cover
{Ci} of C, along with plots ¢; : C; — O}, which are plots for the geometric n;-cubes
O\ corresponding to non-degenerate cubes b; € Ky,. These plots satisfy the following
commutative diagram, where ¢; : C; — C are the inclusions.

c, 2 o

‘ll l’l [bi]

C — |K |oo,
By the simplicial smooth structure of DZ”, there exists an open cover { Ci,j} of each C;,
along with plots ¢;; : C;; — A?,f’/., where o € ¥,,.. These satisfy the following commutative
diagram

Pij ;
Cij —— Ag ;

lil llgi’j

G 5 Oy,
By composing this diagram with the first diagram above, we find that {¢;; : C;; — A:;;]}
forms a cover of ¢ : C — |K|«. Then, since each fj, , is smooth, the composition Soi;; 0 g :
Cij — X is a plot, which implies that fo¢ : C — X is a plot. Thus, f : |K|e — X is
smooth. O

Remark 5.1.6. Here we consider an alternate way to frame this result. In the above proof, we
used the fact that the inclusion of a subsimplex ¢, : A} — [} is a plot and the evaluation
map 7[b] : 0} — |K|« are smooth, for any nondegenerate n-cube b € K, and any o € %,.
This implies that the composition

P+ By = |Kleo (5.1.44)

is a plot. Suppose f : |K| — X is a plot. Rather than checking that f o ¢ : C — X is a plot
for every plot ¢ : C — |K|w, the above proposition implies that we only need to check that
fo¢ps: A} — X are plots for all nondegenerate b € K, and ¢ € X,,. We will use the same
perspective to define differential forms on |K|« in Proposition 5.2.3.
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5.2 THE CUBICAL CHEN MAPPING SPACE CONSTRUCTION

In this section, we describe the cubical Chen construction to obtain a cochain algebra
for mapping spaces. This section will require some familiarity with simplicial homotopy
theory, as we adapt simplicial methods to the cubical context. The full construction will
not be used in this thesis, and we provide a discussion of the 0-cochains in this model in
the following section.

As described in the introduction to this chapter, the construction of a cochain algebra
for mapping spaces is done in three steps:

1. Given a cubical set K, € Set™™ and a differentiable space Y € Diff, build a cocubical
space model Diff* (K, Y) of the mapping space such that || Diff* (K, Y) ||« = Diff(|K|,Y),
where || - ||« denotes the smooth totalization of a smooth cocubical space;

2. Given a smooth cocubical space Z* € Diff~, and a cochain algebra functor for
smooth spaces C* : Diff®P — dga construct a cochain algebra T*(Z) for the cocubical
space;

3. Using the de Rham cochain algebra functor Q)* : Diff°®? — dga and the cocubical
mapping space Diff*(K, X), show that we have a map of differential graded algebras

IT : T*(Diff (K, X)) — Q*(Diff(|K|oo, X)).

As we will be building a cochain algebra for mapping spaces using differential forms,
our constructions will be performed in the category of differentiable spaces Diff. Using the
simplicial smooth structure on the unit n-cube [J%, the constructions for Top from [PTo3]
can be directly generalized to category of differentiable spaces Diff.

Notation: From this section onwards, cubical sets will refer to cubical sets with connection
unless otherwise specified. Furthermore, we will always assume that the unit n-cube 0" is
equipped with the simplicial smooth structure from Definition 5.1.10. Therefore, we will
supress the A from the notation, and denote this differentiable space as [1" := [}.

5.2.1  Cocubical Mapping Spaces

In this subsection, we fix K, € SetD?P to be a cubical set and Y € Diff to be a smooth
manifold (though the construction continues to hold for any differentiable space Y € Diff),
and we define a smooth cocubical mapping space Diff*(K,Y) and show there is a smooth
isomorphism

[ Diff* (K, Y) oo = Diff(|K]|oo, Y).
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We begin with the definition of the smooth totalization of a smooth cocubical space.

Definition 5.2.1. The smooth totalization functor || - || : Diffc — Diff is defined as follows.
For a smooth cocubical space Z* € Diff", the totalization is a subspace of the sequences
of maps

1Z* | [ ] DifF(O", Z") (5.2.1)
n

where (0" C R" is equipped with the simplicial smooth structure and (f, : 0" — Z")5° €
1Z°[|oo if

o Iy g

| |z@ (52.2)

m fom zm
commutes for all morphisms « : " — [ in the box category with connection [],.

Remark 5.2.1. As with smooth geometric realization, we can reframe totalization as a limit
as

|1Z°%]|c == eq [H Diff(0",z") =[] Diff(0",2M)]. (5.2.3)
n a:n—0m
The second product in the equalizer runs through all maps « : [J* — [ in [.. The two
maps
¢,y : [ [Diff(O",Z2") — [] Diff(O",Z2")
n a:Im—[m

in the equalizer are defined as:

¢ ((fu: O = Z7)50) = (Z(&) o fu : 1" = Z")acrr,
Y ((fu: 0" = Z")00) = (fmoa: 0" = Z%)aery,
Both of these maps are smooth (and thus morphisms in Diff) since [J” is equipped with

the simplicial smooth structure. Thus, this is a limit in the category of differentiable spaces
Diff, and since Diff is complete from Proposition 2.2.2, the totalization exists.

While the definition of totalization is less transparent than that of geometric realization,
this construction is well-suited to the modelling of mapping spaces.
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Definition 5.2.2. Let K, € Set™ and Y € Diff. The smooth cocubical mapping space
Diff*(K,Y) : O — Diff is defined by Diff"(K,Y) = Diff(K,, Y), where K, is given the
discrete smooth structure. All of the cocubical maps are induced by those in K,.

In order to understand how this construction corresponds to the mapping space, we
explicitly write out its totalization. First, we consider a sequence of maps

(fa : O" — Diff(Ky, Y))5oo € [ [ Diff(T", Diff (K, Y)).

By using the product-exponential adjunction in Diff from Proposition 2.2.1, we can rewrite
this sequence as

(fu: K x O" = Y)52g € [ [ Diff(Ky, x O, Y).
n

Thus, f, can be viewed as a map from each geometric n-cube in the realization of K, into
Y. Furthermore, we may combine this into a map

f][KexO" =Y.
n

Rewriting the compatibility condition for totalization in Equation (5.2.2) in terms of f, we
get

f(K(a)(x),t) = f(x,a(t)), x€K, tel,

for all morphisms a : (0" — " in [J. This implies that the map f respects the equivalence
relation specified by the geometric realization of K,. Thus, the map f is well defined under
the quotient, and we obtain

f:lKlo — Y.

This shows that there is a bijection ||Diff* (K, Y) || =2 Diff(| K|, Y). In fact, this is smooth
isomorphism, which we show using category theoretic methods.

Proposition 5.2.1. Let K, € Set™ and Y € Diff. Then, there exists smooth isomorphism (an
isomorphism in Diff)

IIDiff* (K, Y) || oo 2 Diff(|K]eo, Y). (5.2.4)

Proof. The following category-theoretic proof mimics the discussion above. We use the fact
that we are working with a cartesian closed category of differentiable spaces Diff, given
by Proposition 2.2.1. In particular, Diff(—, —) specifies the internal hom, which preserves
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limits in both variables. We treat the sets K, as differentiable spaces equipped with the
discrete smooth structure. Beginning with the equalizer definition of totalization and using
the product-hom adjunction, we get

IDIff* (K, Y) || = eq | ] Diff(0", Diff(K,, Y)) = [ DifF(D”,Top(Km,Y))]

L a:n—[m

> eq |[Diff(Ky x 0", Y) = [ Diff(Ky x 0", Y)
n

w50

> eq | Diff <]_[ UK, x D”,Y) = Diff ( [T Kux D”,Y)]
L n a0 —[m

>~ Diff (coeq [ L[ Kme"ﬁHKnxD” ,Y)
w O m n

= Diff(|K|oo, Y).

5.2.2  Cochain Algebras for Cocubical Mapping Spaces

Now that we are equipped with a cocubical model for mapping spaces, Diff*(K,Y), we
introduce a construction that associates a cochain algebra to Diff*(K, Y). This section is a
reformulation of the simplcial construction discussed in [BSy7; PTo3] adapted to cubical
sets and differentiable spaces.

We introduce the general construction using arbitrary cochains and smooth cocubical
spaces. Let Z* € Diff* be a smooth cocubical space, and let C* : Diff°? — Ch be a cochain
functor into Ch, the category of nonnegatively graded cochain complexes. By applying
the cochain functor C*® to the cocubical space Z*®, we obtain a cubical cochain complex

C*(Z*) € Ch™". Specifically, at each degree, we have
p > C*(ZP),

and the face, degeneracy and connection maps are induced by the coface and codegeneracy
maps in Z* since C* is a contravariant functor,

o =C*(65) : C*(ZP) — C*(zF ),

si=C*(o;) : C*(ZP) — C*(zPT),
gi = C*(vi) : C*(ZF) — C*(zP ™).

2
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We may also view this as a double complex

] g g
Cl(Z%) «2— cl(z!) « 2 CY(Z%) —— --- (5.2.5)
dT d] d]

CO(Z0) «2— CO(z1) +2— CO(Z2) o -

where the vertical differential, d, is the coboundary map from the cochain functor and the
horizontal differential is the alternating sum of face maps

9= i(—nf (a? - a}) L CR(zm) = Ck(zm ). (5.2.6)
i=1

By taking the total complex, we obtain a cochain complex associated to Z°.

Definition 5.2.3. The normalized bicomplex of the cubical cochain complex C*(Z*) is the
bicomplex shown in Equation (5.2.5), where the cochains C¥(Z™) are replaced with the
normalized cochains,

—k
C(27) = CX(Z")/ Clegen ("), (5.27)
where CK_ gen(ZP) is generated by the image of the degeneracy and connection maps of

C*(Z°).
The realization of C*(Z*), denoted T*(Z), is the total complex of the normalized bicom-
plex defined by

T'(2) = @ C'(z"). (5.2.8)
q—p=r

The differential of T*(Z), denoted by D : T*(Z) — T**1(Z) is defined for « € C'(ZF) by
D(a) = (=1)F(d — 9)(a). (52.9)
Lemma 5.2.1. The realization T*(Z) of a smooth cocubical space Z* € Diff" is a cochain complex.

Proof. In order to show that D? = 0, it suffices to prove that dd — dd = 0. We note that
the face maps of : C*(Z?) — C*(ZP) are cochain maps, and thus they commute with the
cochain differential d. Because 9 is a linear combination of face maps, it also commutes
with d. O
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If the underlying cochain functor is equipped with a multiplicative structure so that C* :
Diff°? — dga sends a differentiable space to a differential graded algebra, the realization
will also be a differential graded algebra.

Proposition 5.2.2. Suppose Z* € Diff* is a smooth cocubical space and C* : Diff°P — dga is a
cochain algebra functor. Then, the realization of C*(Z*) defined in Equation (5.2.8), T*(Z), is a
cochain algebra.

Proof. First, we will define a product on the unnormalized bicomplex C*(Z*). For each
pair p1, p2 € N, we have the map

griPz = (@72 phvPr) L OPrtP: — O x (P2
(%1 Xprgp) = (%1 X)), (Xt -0 Xpytpy) ) -
Within the cocubical space Z°, this provides maps
Z(0PvP2) = (Z(07V12), Z(05V12)) « ZPrive — 7Pt x 712
Then, given ¢ € C1(ZP1) and T € C*2(ZP?), the product o Ut € Chitk(ZP17P2) is given by
cUT:=Z(07"") cuZ(057) T, (5.2.10)

where the U product on the right hand side is the product from the cochain algebra C*.

Next, we must check that the product respects degeneracies and descends to a product
in the normalized bicomplex C' (Z*). Suppose that ¢ = Z(a)*¢’, where o’ € Ck1(zn1)
and a : 0P — [OP1~1 is either a codegeneracy or coconnection map in the box category [J,..
Then, we have

(Z(a)* "YUt = Z(6]""* 0a)*d’ U Z(65*)* .

There exists another codegeneracy or connection map a’ : (JF17F2 — [JP17P2~1 guch that
0P1=LP2 04" = (a,1) o GP1P2, In particular, note that 95171”’2 oa = 951’702 : Ontrz s P2
since the new codegeneracy only affects the first p; coordinates. Then, the above becomes
(Z(a)*o")UT = Z(a') (0] "7*) e’ U Z(a') Z(65' ') T
= Z(a)* (2(67 1) v Z(O) ) ),
where the final equality is given by the functoriality of C*. A similar computation can

be done for the case where T is degenerate. This shows that the cochain product is well
defined on the normalized bicomplex, and thus T*(Z) is a cochain algebra. O
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5.2.3 Chen Construction for Cocubical Mapping Spaces

In this section, we will restrict ourselves to the primary objects of study: differential forms

on mapping spaces Diff(|K|«, X), where K, € Set™ and X is a smooth manifold. The
main goal of this section is to establish a morphism of differential graded algebras

IT : T*(Diff* (K, X)) — Q° (Diff (|K|oo, X)), (5.2.11)

where the realization T* is constructed using the de Rham complex Q)° : Diff°? — dga as
the cochain algebra functor. Before we begin, we briefly recall the structure of differential
forms on the mapping space Diff (|K|c, X).

Recall from Definition 2.2.2 that a differential k-form on a differentiable space Y is a
collection of forms wy € (OF(C) on each plot ¢ : C — Y such that if f : C' — C is smooth,
then wy.r = f*wgy. For the smooth geometric realization of a cubical set |K|eo, differential
forms can be fully defined by specifying forms for the generating plots

. 1[b]
Dbt Ag S DZ — ’K|oo/

for all non-degenerate b € K, and ¢ € X,, which were previously discussed in Re-
mark 5.1.6.

Proposition 5.2.3. Let K, € Set™ . A differential k-form on |K|« is a collection of differential
forms wy,; € OF(AL) for each non-degenerate cube b € K, and ¢ € X, which agree on intersec-
tions. In other words, if by, by € K,, are nondegenerate cubes which share a boundary ¢ € K,,_1,
then for any 01,02 € X, and o € X,,_1 such that

im(¢ee) Cim(p,e) Nim(¢p,0,),
then
Weo = flwp,q = frw(by,02),
where f1: A1 — Ay and f : A Ay, are the inclusions.

Proof. We must show that given a collection of forms wy,, € QF(A!) as above, we obtain
differential forms wy € OF(C) for each plot ¢ : C — |K|«. By the same argument as the
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ey . . . . n;
pro;)lft;)lf froposmon 5.1.2, there exists an open cover {Ci/j} of C with plots ¢;; : C;; — Aal./].
such tha

B o
Cij —— A,

lj,jJ/ l(Phi’Ui,j

commutes. Here, b; € Kj,; are nondegenerate cubes, and 0;; € ¥,,. Now, we can define
forms w;; € OF(C;;) via the pullback

_ *
Wij = P; jW;,0;-

Because the forms w;,, € QF(A”) agree on intersections, and the sets Ci; form an open
cover of C, there exists a unique form wy € OF(C) such that ¢} Wy = wij. Thus, wy is the
desired differential form for the plot ¢. O

We will now define the map
ZT : T*(Diff(K, X)) — Q*(Diff (|K|e, X))

which associates a differential form on the mapping space Diff (| K|, X) to each element of
T*(Diff(K, X)), where

T"(Diff (|K|w, X)) = @ Q'(Diff(K,, X)).
q—p=r
Because K is equipped with the discrete smooth structure, we have

Diff (K, X) = XX,

where XXr is a finite Cartesian product of X, since we have assumed K, to be a finite
cubical set. We begin with the definition for the unnormalized cochain complex, and we
show that it remains well defined in the normalized complex in Lemma 5.2.2. Fix a g-form
w € Q1(XXr), where g — p = r, and we define the associated differential form.

By the totalization of cocubical spaces, we have a natural evaluation map

evy : 0P x || Diff* (K, X) [|lo — XX (5.2.12)
(t, (fn : O" — Diff (Ky, X))0) = fo(t)
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for each p. The pullback along this evaluation map provides a map
evy : Q1(X) — OI(0P x Diff(|K|w, X)).
In order to get a differential form on Diff (|K|«, X), we integrate over (¥ denoted by
/Dp : Q1(OP x Diff(|K|eo, X)) — QI7P(Diff (| K| oo, X)). (5.2.13)

Note that the resulting differential form on Diff (|K|, X) is of degree g — p = r, which
coincides with the degree of the element w € ﬁq(DifF(Kp,X)) C T"(Diff(K, X)). The
following result shows that this construction is well defined for the normalized cochains.

Lemma 5.2.2. Suppose w € Q1(XXr) is a degenerate element such that there exists some v €
QI(XK-1) such that w = u*(v), where u : XX — X&-1 is induced by either a degeneracy or
connection map in K, corresponding to the codegeneracy/coconnection map p : (P — =1, Then,

/ eV;;aJ =0.
(H4

Proof. From the definitions of the codegeneracy/coconnection map p and u, as well as the
definition of the evaluation map ev,, the following diagram commutes

07 x Diff(|K] e, X) ———s XK

(i) | l

0P~ x Diff(|Koo, X) 57— X1,

Then, the integrand can be expressed as

*, 0 * ok
evyw = evy,u'v
= (w,id)"ev,_;v.

Because the pullbacks factor through Q®(C0P~! x Diff(|K|e, X), there does not exist a
p-volume form component on [J?. Therefore, the resulting integral is zero. ]

The map from the cochain algebra of the cocubical mapping space to the de Rham
complex of the mapping space can be summarized as follows.

Definition 5.2.4. Let K, € Set™" and X € Diff. The integration map

IT : T*(Diff (K, X)) — Q°(Diff(|K|eo, X))
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is defined by

IT (w) == /Dp ev,w,

where w € Q7(XX) ¢ T7-7(Diff (K, X)). The image of the integration map is called the
Chen complex of Diff (| K|, X), and is denoted by Chen® (Diff (|K|c, X)).

While the integration map is defined for arbitrary elements in Q' (XKr), the construction
can be made slightly more concrete for differential forms which can be factored into a
product of forms on each individual factor of X in X*». This coincides with our definition
of the cochain model for path spaces in Section 2.3.

In this case, we choose a total order on the set of p-cubes Ky, and denote the cubes by
{ai}f\i”l, where N, is the number of p-cubes. Let 7, : XX» — X be the projection onto the

m'" factor. This induces an inclusion
el ®K o/ vK
pp: QX)) — Q%(XPr) (5.2.14)
(wl, e ,aJNp) — 7r’fcu1 VANPRAAN ﬂ}k\]prp.

Next, the evaluation map in Equation (5.2.12) can be defined in terms of the cubical
evaluation maps arising from the geometric realization of K, in Definition 5.1.8. Using the
isomorphism in Proposition 5.2.1, we can equivalently define the evaluation map ev, as

evy : 07 x Diff (|K|e, X) — X5 (5.2.15)

(t f) = (f onal(t))ack,-

Because differential forms are defined plotwise, we fix a plot ¢ : C — Diff(|K|e, X) in order
to make the construction more explicit. Recall from the definition of the mapping space
smooth structure in Example 2.2.6 that ¢ is a plot if the adjoint map ¢ : C X |K|c — X is a
plot. The evaluation map with respect to the plot ¢ is

ev,: Cx [V — XK (5.2.16)

(6 t) = (90 n[al(t)) i

The pullback of the composition of the inclusion from the tensor product in Equa-
tion (5.2.14), the evaluation map Equation (5.2.15) and the plot ¢ can be written as

Np

ev,5opp(w1 ®...@wn,) = A(ponla]) w;. (5.2.17)
j=1
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Thus, for these factored differential forms, we can define the integration map from Defi-
nition 5.2.4 as

IT,:Q°%(X)% — Q*(Diff (|K|e, X)) (5.2.18)

W1 ®...WN, — (/ /\ o (id, #[aj] )a)j) ,

¢

where on the right, we use the subscript ¢ to denote the differential form with respect to
the plot ¢.

Returning to the setting of arbitrary elements in T*(Diff(K, X)), the previous discussion
provides a definition of the integration map as a degree 0 linear map. In the remainder of
this section, we will show that 77 is a map of differential graded algebras. First, we show
that it respects the differential.

Proposition 5.2.4. The integration map ZT : T*(Diff (K, X)) — Q*(Diff (|K|eo, X)) is a cochain
map.

Proof. The proof of this relies on Stokes” theorem for fiberwise integration (also used in
both [BSy7] and [GTZ10]), which states that for a differential form v € Q°* (07 x C), then

d gpv = (—1)F < . dv — /BDP dv) . (5.2.19)

Because the exterior derivative of a differential form on a differentiable space is defined
plotwise, we fix a plot ¢ : C — Diff(|K|w, X). Given w € Q(XXr), the fibrewise Stokes’
theorem shows that

d(IT(w))s = (IT(w))g

= GVP ¢w

Finally, we will show that the integration map is a morphism of differential graded
algebras.
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Proposition 5.2.5. The integration map Z7T : T*(Diff(K, X)) — Q°*(Diff(|K|eo, X)) is mor-
phism of differential graded algebras.

Proof. The only part left to show is that the integration map preserves the product structure
of the of T*(Diff (K, X)). Recall from the proof of Proposition 5.2.2, specifically in Equa-
tion (5.2.10), that the product structure on T*(Diff(K, X)) is given as follows. Suppose
wy € O™ (X5) and w, € Q7 (XKr2).

Let 0772 : OnFP+2 — [Pt and 05" : OP1+P2 — [OP2 be the projection maps onto the
first p1, and last p, coordinates respectively. Both of these maps are iterated codegeneracy
maps, and are therefore morphisms of [J.. These induce morphisms

9’{714-}72 -0° (XKPI) N Q'(XKW*”Z),
g 0 (XK ) — Qf (XKnn),

and the product of w; and w; in T*(Diff (K, X)) is given by
w1 N\ wy = §f1+p2w1 A §§1+p2w2.
Then, the integration map applied to this product is

ZT (wy Awp) = / ev;1+p2§f1+p2w1 Nev, §§1+p2w2.

aritr2 1+p2

The differential form
evy ., 00 2wy € QTN (P72 x Diff(|K| oo, X))
depends only on the (t1,...,t, ) coordinates of (0P *72 and
evy 00 2wy € QI (P72 x Diff(|K|oo, X))

depends only on the (t,,41,...,tp,+p,) coordinates of (/1772 This implies that the integral
above can be factored as

IT (w1 Aws) = (/Dp evz‘,lw1> A </DP ev;2w1>

= IT(wl) A IT((UZ),

which is the wedge product of differential forms in Q°(Diff (| K|c, X)). O
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5.3 CUBICAL MONOMIALS FOR MAPPING SPACES

In this section, we discuss the 0-cochains in the cubical mapping space construction
detailed in the previous section. From this point onwards, we will also call individual
0-cochains signature monomials, or simply monomials. This terminology comes from the
analogy between the moment generating function and the expected path signature. Just
as moments (expectations of monomials) are used to characterize measures on finite
dimensional vector spaces, the expected path signature coefficients are used to characterize
measures on path spaces. We reserve the term signature for a collection of monomials
arranged into a single map, such as the full path signature S : PRN — T((RV)).

We begin by providing the general definition of the cubical monomials from the mapping
space model. Then, we refine this definition into the form which we will use in the next two
chapters to define the path signature and the mapping space signature. We will conclude
by considering the product structure on cubical monomials, which corresponds to the
shuffle product of the ordinary path signature. This section can be read independently
from the previous section on the topological construction and contains the foundational
material which will be used for the rest of this thesis.

5.3.1 Definition of Cubical Monomials

Throughout this section, we fix a cubical set K, € SetD?p and a smooth manifold X.
Recall that Diff (| K|, X) is the mapping space of smooth maps from the smooth geometric
realization of K, into X, which are characterized by Proposition 5.1.2.

We will introduce a class of monomials from the Chen construction obtained using
factored differential forms; this coincides with the definition in Equation (5.2.18). The
0-cochains (monomials) of the Chen construction Chen’(Diff(|K|«, X) have a grading,
analogous to the grading by levels in the ordinary path signature. Fix a level n € IN. Recall
from Section 2.3 that a level # monomial in Chen’s construction for path spaces is defined
using a collection of n 1-forms on the underlying manifold X. For the mapping space
construction, the input for a 0-cochain is a collection of m differential forms w; € Q% (X)
paired with a collection of m n-cubes a; € K, such that the degrees of the differential forms
satisfy

m
ZE]{ = n.

/=1

From Proposition 5.1.1, each n-cube a; € K, can be represented by a pair (I;, b;), where
bj is a non-degenerate g;-cube and [; is a g;-ordered subset, defined in Definition 5.1.9.
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5.3 CUBICAL MONOMIALS FOR MAPPING SPACES

Definition 5.3.1. Let n € IN, and consider the ordered sets

7= ((hb1),- o, (b)),

P — (wl,...,w"l).

The ordered set 7 specifies the choice of n-cubes, and P specifies the associated differential
forms. Each (I;,bj) specifies a n-cube, where b; is a non-degenerate g;-cube, and I; is
a gj-ordered subset of [n]. Furthermore, w; € Q% (M) such that };*; q; = n. Let v €
Diff (|K|eo, X). The cubical monomial of y with respect to Z and P is

M () = / 7\ (ﬂ[bj] 0175{')* (7" w)) (53.1)
j=1

The definition of the cubical monomial in Equation (5.3.1) uses the factorization of
the evaluation map with respect to the n-cube a; = (I;,b;) given in Equation (5.1.36),
while the second expression in Equation (5.3.2) uses the structure of differential forms on
Diff (|K|«, X) from Proposition 5.2.3. This Proposition states that a differential form on (1"
equipped with the simplicial smooth structure from Definition 5.1.10 is determined by its
restriction to the subsimplices A}, for all o € Z,,.

While this definition is still quite involved for general mapping spaces, we provide a host
of explicit examples for Diff([0, 1], RY) in Section 6.1.1, which recover the standard path
signature monomials, and for Diff ((04, RN) in Section 7.1.3, which lead to the monomials
used to define the mapping space signature. When we consider these explicit examples
in the following chapters, we work with a single non-degenerate cube b. In this case,
the indexing set Z can be described as a collection of k-ordered subsets Z = (I, ..., Ix).
Furthermore, since we will be considering the case where K, is a cubical model for a
geometric d-cube, the evaluation map for the non-degenerate cube b will be the identity
map, further simplifying the formula.
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5.3.2  Product Structure for Cubical Monomials

Our final task in this chapter is to consider the product structure on the collection of cubical
monomials, similar to the shuffle product for the standard path signature monomials.
Suppose we have two cubical monomials, one at level 17 indexed by

7= ((Il,bl),...,(lml,bml)), (53-3)
P=(wy,...,0m),

and another at level 1, indexed by
J = ((hlcl)/”'/(]mzrcmz))/ (5.3-4)
Q= V1, , Vmy)-

By using the definition of the cubical monomials in Equation (5.3.1), the product of these
monomials for a map y € MX is

M*P()MT ()

</n/\ bkoﬂn] 7%)(/”/\ cko%) (’y*vk)>.

Let p; : 0"t — [O0™M and p, : ™1™ — [0" be the two projection maps. By taking the
pullback of the two integrands along these projection maps, we can write the product as a
single integral,

MEP (y) MR () (535)
o <k/nj1 <17 o e 17#1 Opl)* (v*wk)> ! <k/:\21 (’7 [ei] ’7#2 OPZ)* (V*Vk)> .

In order to interpret this integral as a cubical monomial, we must rewrite 17,9‘1 opp and
;7[,"2 o p2 as evaluation maps for ny + n, cubes.

Lemma 5.3.1. Let p; : 01" — O™ and p, : O™+ — [0 be the projection maps onto 1™
and [3"2. Let I be a k-ordered subset of [n1] and | be a k-ordered subset of [n2]. Let I, ] be k-ordered
subsets of [n1 + ny| defined by

I=1
J=J+m={j+m:je]}
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In particular, T is equivalent to I, but reinterpreted as a k-ordered subset of [ny + ny]. The ordered
partitions of I and | are induced by those of I and |. Then,

177111+112 = 171{11 © pl (536)
My tny = 1Ty © P2 (5.3.7)

Proof. Equation (5.3.6) is straightforward to show by definition:

17,51 0p1(t1, -« tuy4ny) = (S1,...,5k), sy = max{t;},
jelm

which is equal to 17,1; \+n, by definition. Expanding the right hand side of Equation (5.3.7),
we get

7]1]12 S pZ(tll sy tn1+n2) = 777]12(tm+1/ sy t?’ll-HZz)

= (S1,.--,5¢), S, = max{tn]ﬂ-},
jeI

which is equal to 17,51 iy O

Theorem 5.3.1. Let MZP be a level ny cubical monomial and M7 be a level ny cubical monomial,
where the index sets are defined in Equation (5.3.3) and Equation (5.3.4) respectively. Let

T = (1), (g o), (s me1), o, (o ) )

PxQ=(w1,...,Wmy, Vi, Vmy),
where each Iy and Ji + ny are viewed as k-ordered subsets of [n1 + na]. Then for any v € MK,
MEF () MO () = MBI P20 (y). (538)

Proof. This product formula is obtained by applying Lemma 5.3.1 to the expansion of the
product in Equation (5.3.5). O

In Section 6.3, we will show how this product structure on Diff ([0, 1], R) reduces to the
ordinary shuffle product for the path signature monomials. Furthermore, in Section 7.3, we
will derive a generalized shuffle product formula for cubical monomials on the mapping
space Diff (04, RN).
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In the previous chapter, we developed a cubical variant of the Chen model for mapping
spaces and discussed the resulting 0-cochains for a general mapping space Diff(|K|«, X),
where |K|« is the realization of a finite cubical set K,, and X is a smooth manifold. In this
chapter, we consider the path space of X = RY, so we take K = [0,1]. Our goal in this
section is to demonstrate how to extract the standard path signature from the 0-cochains
of the cubical model. Furthermore, we will show that the shuffle product arises naturally
from the algebraic structure of the model and Chen’s identity can be derived using the
composition structure of cubical sets. While we do not derive any new properties of the
path signature in this section, we provide an overview of how to work with the 0-cochains
in a familiar setting. Many aspects of the mapping space signature, which we introduce in
the next chapter, will be studied in a similar manner.

The general goal of both this chapter and the next is to determine a collection of the
0-cochains of the cubical mapping space model which are rich enough to separate points
in the path space or mapping space; has some algebraic structure such as the shuffle
product; and is equipped with a composition law such as Chen’s identity. From this
point onward, we will call individual 0-cochains signature monomials, or simply monomials.
This terminology comes from the analogy between the moment generating function and
the expected path signature. Just as moments (expectations of monomials) are used to
characterize measures on finite dimensional vector spaces, the expected path signature
coefficients are used to characterize measures on path spaces.

We begin this chapter by providing explicit descriptions of the full set of cubical
monomials as well as several examples. Next, we consider the monomials indexed by
flags, which correspond to the coefficients of the path signature. We then derive the shuffle
product and Chen’s identity using the algebra structure on cochains and the composition
structure on cubical sets respectively.

Notation: As we will be comparing the monomials obtained from the cubical model
with those obtained from the simplicial model, we will use Sg to denote the ordinary
signature with respect to the multi-index P. We will also call these simplicial signature
monomials or simply simplicial monomials. We will continue to use “cubical sets” to refer to
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cubical sets with connection and implicitly assume that the geometric n-cube is equipped
with the simplicial smooth structure from Definition 5.1.10.

6.1 CUBICAL MONOMIALS

Throughout this section, we fix K, € to be the cubical model for the unit interval [0, 1]
as described in Example 5.1.1 and Example 5.1.2, and we fix X = RY. Recall from Def-
inition 5.3.1 that a cubical monomial of level n is defined by choosing a collection of m
differential forms w; € Q% (RN) paired with m n-cubes in K, such the total degree is
Y1 9j = n. Thus, there are two pieces of information which are required to specify a level
n monomial:

1. A collection of n-cubes denoted by
7— ((Il,bl),...,(Im,bm)>,and

2. A collection of differential forms
P=(wy,..., wy)
such that w; € O (RN) associated to each of the chosen n-cubes.

We begin by discussing the first step, which is slightly more involved. Recall that our
cubical model K, for the unit interval only has three non-degenerate cubes: two 0-cubes
v, U1 representing the endpoints, and a single 1-cube e representing the interval. Each of
the nondegenerate O-cubes has exactly one degeneracy at level p, written as

Spsp—l PN 51’0]‘.

The evaluation maps 77[s,s,-1...519;] : 07 — [0, 1] associated to these degenerate cubes are
the constant functions at the end points of [0, 1]. Thus the pullback along these evaluation
maps are trivial, and so we omit these cubes from our consideration.

This leaves the degree p degeneracies of the single 1-cube e, which can be indexed using
ordered subsets I C [p] as discussed at the end of the previous chapter. Note that we do
not consider any partitions since the corresponding non-degenerate cube is of degree 1,
thus resulting in a partition made up of a single subset.

We must then associate differential forms w; € Q7 (RVN) to collection of chosen subsets
I C [p]. However, because the domain of our mapping space [0, 1] is only one dimensional,
the only forms w € Q*(RY) with a nontrivial pullback are the 1-forms. This forces each of
the chosen forms wy to be 1-forms, and thus for a level p monomial, we must choose exactly
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p degeneracies of the edge to associate 1-forms to. Furthermore, we restrict ourselves to
using the standard 1-forms dx; of RN.

Definition 6.1.1. The level n cubical monomials of the path space Map([0, 1], RN) are indexed
by two objects:

I=(I,....1,)
P=(pi-..,pn)

where I; C [n] such that I; # @ and the I; are all distinct, and P is a multi-index where
pj € [N]. Let vy = (71,...,n) : [0,1] — RN. The cubical signature monomial of <y with respect
to I and P is defined to be

n
TP\ . _
St (y) = /teEI” k/:\1 Vo (Sk)dsk, sk = rlréeI\;({tl} (6.1.1)

In this definition, the Z specifies the choice of level n degeneracies of the edge ¢ which
in turn specifies the coordinates over which the s variables take their maximum, and p;
specifies that the 1-form dx,, should be associated to I;. Because we are using standard
1-forms on RN, we can explicitly compute one of the pullbacks from the general formula
for monomials in Equation (5.3.1) as y*dx; = ;(t)dt. Furthermore, we denote the pullback
along the evaluation map explicitly in terms of the s variables

(Wflk)*(’)/;ﬂk(t)dt) = Vp, (Sk)ds. (6.1.2)

As discussed in the previous section, differential forms on [J" equipped with the simplicial
smooth structure are determined by their restrictions onto each subsimplex A C 0", and
the signature is determined by summing over all subsimplices as in Equation (5.3.1).

6.1.1  Examples

We now provide several explicit examples of these cubical monomials. We focus providing
some intuition for various choices of Z. We begin with a couple of examples where the
choice of a simple Z leads to trivial information. We then explore some other choices that
will lead us back to the ordinary path signature.
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Example 6.1.1. We begin with the case where Z consists of singletons. Let’s consider a
level n = 2 monomial with I; = {1} and I, = {2}. Lety = (71,...,7n) : O = RY, and
take P = (p1, p2). In this case, s; = t;, and Equation (6.1.1) reduces to

St (7) = /D Vo (1) 7, (t2)d1dit
= (’Ypl(l) - 'Ypl(o)) (’)’pz(l) — Tpa (0))

Example 6.1.2. We can generalize the previous example for an arbitrary level n. Let
T = (I,...,I) consist of singletons I; = {j}, and let P = (p1, ..., px) be a multiset of [N].
As in the previous example, we have s; = t;, and the cubical monomial is

SLP _ /D Yy (b1) oo, ()dt .ty

- kH (1 (1) — 73, (0))
=1

These examples show that when Z consist entirely of singletons, the cubical signature only
provides information about the displacement of the path in various dimensions. Thus, in
order to gain any other information, we must consider other subsets in Z.

Example 6.1.3. Next, we consider an example atlevel n = 3, with I; = {1}, L, = {2,3}, I3 =
{1,2,3}. In this case, the pullbacks (q;j )* ('y;,j (t)dt) are computed piecewise to be

dty i3 <t
t3)dts :tp < t3,

dty 1,13 <ty

(£2)
(t3)
’)/;gs(tl)dtl 1ty i3 <
(2)
( )di’g T, b < f3.

We first note that in the region where t; is the largest, the wedge product of these
three will be 0 since both the first and third pullbacks contribute a dt; term. Then in the
simplices where t, (resp. t3) is the largest, both the second and third pullback contribute a
dt, (resp. dt3) term, and thus must be 0. Therefore, since the wedge product is 0 for all
subsimplices, it is zero over the entire integration domain, so

SE'(v) =0
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for all € Diff([0,1], RN). This demonstrates that certain nontrivial choices of Z can result
in a trivial monomial.

This example leads to a key observation. If we wish to construct a nontrivial level n
monomial with Z = (L, ..., I,), there must exist at least one subsimplex Al, given by
the ordering o € X, of coordinates, such that the collection of maximum coordinates s;
each projects onto a distinct coordinate in t = (f1,...,t,). As seen in the above example,
if s variables project onto the same coordinate t;, the integrand will have a dt; A dt; term,
leading to 0.

Example 6.1.4. Now, we consider the case where 7 is a flag. Specifically, we consider n = 2
and take I; = {1} and I, = {1,2}. By considering the two subsimplices of the unit square
individually as in the previous example, the pullbacks can be defined piecewise as

Vp, (81)ds1 = 7y, (t1)dt

p(f)dh b <t
Vp, (s2)ds2 = { 772( Vit it <t
'Yp2(fz)dt2 T < b

Thus, we have

2
0 1t <t
A Ty, (se)dsi = { ) ) !
k=1 Yo (B)7p, (R)dE Adty 2t <ty

where we use the fact that dt; A dt; = 0. Then in this case, since the integrand is 0 when
0 <t; <t; <1, the integration domain reduces to the standard 2-simplex, and the cubical
signature monomial is

SE'() = [, 7 (0, (2)dndty

Note that this is equivalent to S%(vy), one of the simplicial signature monomials.
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Example 6.1.5. Here, we consider the case of a flag at level n = 3 so that [; = {1}, I, =
{1,2},I3 = {1,2,3}. In this case, the three 1-forms can be written piecewise as

f)dty b <t

Vp, (s1)ds1 = 7y, (t1)dhy
( dt, 11 <y,

')/;72(52)‘152 = { i
Y

dty 1,13 <1t

(t1)
)
YV, (t)dtr :ta,t3 <t
(t2)
(k)dts :t,t < ta.

We will now need to take the wedge product of these three 1-forms. The only region
where the wedge product is nonzero is when t; < t; < t3.

3 / ! /

t t t3)dt dt dtz :t t t
m;xsk)dsk:{vm<1mz<z>m<s> VAd Ady b <b <t
k=1

0 : otherwise.

Finally, we see that the resulting monomial coincides with the ordinary path signature

S (v) = /M Vpy (1) Y, (£2) 1, (£3)dtrdtadt
= Sx(7)-

Example 6.1.6. We will conclude with one more example at level n = 3. We take I} =
{1}, b, = {1,2}, I = {3}. In this case, the forms are

Vp, (81)ds1 = 7y, (t1)dt

dty :t t

’Y;?z(sz)dsz = { ( posh

/
p(f1
! dty 1t < by,

Tp, (1)
Vp, (83)ds3 = 7}, (t3)dts
In this case, the wedge product will be zero in all subsimplices in which t; < t;, since

both the first and second form will contribute a dt; term. This leaves us with the three
subsimplices A% where 0; € X3 is defined as

oy = (123)
oy = (132)
o3 = (312).
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Let R = A?,l U A?,z U A%. The integrand can be written as

3 7
A ) (s0)dss — { Vo (1) Yy (12) Yy (b3)dt Adty Adts T € R

k=1 0 : otherwise.

Because R consists of three simplices, we can write the cubical monomial as a sum of three
simplicial monomials.

3
SE'0) = L [ 7 ()57 (1)
= 7

Furthermore, we can perform a change of variables on the integrals such that each
integration domain is the standard 3-simplex, and we can thus interpret this as the sum of
three ordinary path signature terms

SE' ) = [ V() )+ [, (47, ()7, ()

[ 07, (1), (k)
_ S(A’””’Z”“)(y) + S(Amfpsfpz)(,y) + S(Apafmfpz)(y).

This example demonstrates that in general, we should be able to write the cubical
monomials as a linear combination of ordinary path signature monomials. Moreover,
note that the resulting sum of three signature monomials corresponds exactly to the
shuffle product for S(Ap 1p2) (7)SK (7). We will make both of these statements precise in the

following sections.

6.2 RELATIONSHIP BETWEEN CUBICAL AND SIMPLICIAL MONOMIALS

As we saw in Example 6.1.4 and Example 6.1.5, certain choices of 7 result in cubical
monomials which are equivalent to the simplicial monomials. We will now show that
this is true in general: the simplicial path signature can be recovered from the cubical
monomials.

Definition 6.2.1. Let n € IN. An n-flag is an ordered set of subsets of [1] defined by

Fr=([1],2],...,[n=1],[n]). (6.2.1)
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Proposition 6.2.1. Let 7 : [0,1] — RN, and P = (p1,...,pn) be a multi-index with values in
[N]. Then

SE" () = SR(7).

Proof. First, we consider the pullback of forms along the evaluation maps restricted to the
standard n-simplex

AN"={0<th<h<..<t, <1}

Restricted to A", the s variables are s; = t; by definition. Thus, within A", the pullbacks
are evaluated as

YV (Sk)dsk = v, (k).
Therefore, within A", the wedge product is
n
N\ vy (sk)dsi = (’y;l(tl) . 'y;n(tn)) dty A ... Adty,
k=1

and the integral over A" is exactly the simplicial signature S} ().

Next, we must show that the wedge product is 0 outside of the standard n-simplex.
Consider the n-simplex A}, where ¢ € ¥, is not the identity. Then, there exist distinct
j. k € [N] where s; = maxc[;{t;} = max;cg{ti} = s;. Therefore, the wedge product in this
subsimplex will contain a dtj A dt]- term, and will be 0. O

Moreover Example 6.1.6 suggested that a stronger statement holds: that all cubical mono-
mials can be represented as a linear combination of simplicial monomials. By following the
computations in Example 6.1.6, this fact is not too surprising. Indeed, let Z = (I, ..., I,,).
Restricted to a simplex A}, each of the s variables s; are mapped to a fixed t variable t;.
The specific coordinates are given by the maximal coordinates.

Definition 6.2.2. Let Z C 21" such that @ ¢ Z, and let o € ¥,,. The maximal coordinates with
respect to L and o is

wZ,o) = (argmaxieh{ti},...,argmaxieln{ti}) € [n]", (6.2.2)
where the argmax is taken within Al

Thus, restricted to each A}, the s variables can be explicitly written as

Sk = tu(@,o) (k) -
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A priori, y(Z,0) is only an element of [n]", since there may be duplicate of a single
coordinate. However, as we saw in the examples, the integrand restricted to A} is trivial
when u(Z, o) includes a duplicate of any coordinate due to a dt A dt term.

Definition 6.2.3. Let Z C 21 such that @ ¢ Z. Given ¢ € 2, the subsimplex A} is a
nontrivial domain if u(Z, o) has no duplicate elements, and thus y(Z,0) € Z,.

In order to obtain an explicit formula for an arbitrary cubical monomial in terms of the
simplicial monomials, we only need to consider the nontrivial domains of [1". We will
characterize the nontrivial domains using the perspective of posets and lattices. Given
a set A, we let 24 denote the power set of A. We define the index set Z for a level
n cubical monomial as a subset Z C 21" such that |Z| = n and @ ¢ Z. Any subset
Z=1{L,...,I,} C 2" can be viewed as a poset by setting Ij < Iy if [; C Ix. Such a poset
is called a lattice if any two elements I; and I; have a least upper bound, called the join,
and a greatest upper bound, called the meet. For example, the full power set 2" is a lattice.
Indeed, given any two subsets A, B € 211 the join is the union A U B and the meet is the
intersection A N B.

Definition 6.2.4. Let Z C 2/"l. The union completion of T is defined to be

n
Uz) = {U I : I € I} U{2}. (6.2.3)
k=1
While we do not need the structure of the union completion to proceed, we will include
it for completeness.
Lemma 6.2.1. Let T C 2!, The union completion of T, U(Z), is a lattice.

Proof. Given any I,] € U(Z), the join is I U J, which is contained in U(Z) by definition.
Within U(Z), the meet of I and ] is defined to be

HfAeZT:AcLAC]T}

This element is contained in U(Z) by definition. Note that the meet between two elements
is not necessarily the intersection within U(Z). O

Given Z C 2/, we can use the union completion U(Z) to enumerate the subsimplices
with nonzero integrands.

Definition 6.2.5. Let Z C 2"l and U(Z) be its union completion. A maximal chain of U(Z)
is a sequence of n nonempty subsets of U(Z) ordered by inclusions:

L C...CI,=[n].
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The cardinality of each subset must be |Iy| = k, and thus each maximal chain corresponds
to a permutation ¢ € X, determined by

o= 0,Lb—"h,.... I, —I,—1).

The collection of maximal chains of U(Z) is denoted M(Z), and we view this as a subset
of the symmetric group X;.

Example 6.2.1. Let Z C 21 be defined by

T ={{1},{1,2},{1,3},{1,2,3,4}}.

We draw the Hasse diagrams of 7 as well as its union completion U(Z) in order to
visualize its poset structure:

(1,2,3,4} |

{1,2,3}
7N PN

{1,2} {1,3} {1,2} {1,3}

~ ~ 7
{1} {1}

There are two maximal chains in U(Z),

{1} c {1,2} € {1,2,3} C {1,2,3,4},
{1} ¢ {1,3} ¢ {1,2,3} € {1,2,3,4},

with the corresponding permutations

oy = (1234)
oy = (1324).

Thus, we have M(Z) = {0q,0»} C 4.

We claim that M(Z) indexes all of the nontrivial domains A?. We will prove this with a
sequence of lemmas.
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Lemma 6.2.2. Let T = (Iy,...,I,) C 2" such that @ ¢ . Suppose o € %, and let o C [n]
denote the first k elements of o as a set. The maximal coordinates y(Z, o) defined in Equation (6.2.2)
has distinct elements if and only if o satisfies the nonzero condition: for all k € [n], there exists
exactly one j € [n] such that

o N I] =1, Ok—1M I] # I] (6.2.4)

Proof. First, let suppose 0 € X, satisfies the nonzero condition. For each j € [n], Equa-
tion 6.2.4 implies that

argmaxielj(ti) = to(k)
on Ag. This implies that the largest coordinate corresponding to each I; will be distinct,
and thus u(Z,0) € %,.

Next, suppose that o € ¥, does not satisfy the nonzero condition. This implies that for
some k € [n], there exist two distinct ji, j» € [n] such that Equation 6.2.4 holds. This means
that the maximal coordinate for I;, and I}, are both k, so u(Z, o) contains a repetition, and
is not a permutation. O

We can now show that the permutations corresponding to maximal chains satisfy the
nonzero condition.

Lemma 6.2.3. Let Z = (I,...,I,) C 201 such that @ ¢ T. Let ¢ € ¥,,. Then o satisfies the
nonzero condition if and only if it corresponds to a maximal chain so that o € M(T).

Proof. Suppose ¢ satisfies the nonzero condition. We will continue to let 0}, C [11] denote
the first k elements of ¢ as a set. The maximal chain that corresponds to ¢ is

D=0y Coy C...Co0y,

so we must show that oy, € U(Z) for all k =0, ..., n. First, we have @ € U(Z) by definition,
so 09 = @ € U(Z). Next, we proceed by induction and suppose that o, € U(Z), and we
aim to show that 031 € U(Z). By the nonzero condition, we know there exists exactly one
I; € T such that Equation 6.2.4 holds for 0y ;1. We claim that

Ok41 = O U I]

Indeed, by the nonzero condition, we know that o(k +1) € I; and I; C 0y41, so these two
sets are equal. Thus, 0341 € U(Z).

Next, suppose that ¢ corresponds to a maximal chain in U(Z), meaning oy € U(Z) for
all k. Note that o7 € Z by the definition of U(Z) (we only add unions, so if a singleton
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exists, it must be in 7), so the nonzero condition holds for k = 1. Let’s consider the nonzero
condition at k. Note that we can write

O’k:I]'] U...UIjm
where [; ... I; € T. Thus, one of these sets I' € {I;,,...,;,}, contains the element ¢ (k).
Then, I’ satisfies Equation 6.2.4. This shows that for each k, there exists at least one set
I' € T that satisfies Equation 6.2.4. However, each set in Z satisfies the equation for exactly

one k. Thus, for each k, there is exactly one I; that satisfies the equation. Therefore, o
satisfies the nonzero condition. O

Putting these two lemmas together, we find that the permutations given by the maximal
chains correspond to each of the nonzero domains A].

Corollary 6.2.1. Let Z = (I,...,I,) C 211 such that @ ¢ T and o € ¥.,,. Furthermore, let P be
a multiset of length n valued in [N]. There exists a path -y : [0,1] — RN such that the integrand
of Sé’P (y) restricted to A} is nonzero,

n

N (75, (sk)dsi) # 0,

k=1
if and only if 0 € M(T).

Now that we have a characterization for the simplices with nonzero integrand, we can
provide an explicit formula for the cubical monomials as a linear combination of the
simplicial monomials.

Theorem 6.2.1. Let Z = (Ly,...,I,) C 201 such that @ ¢ T and P = (p1,---,pn) be a
multi-index with values in [N]. Then, for all v : [0,1] — RV,

1L, -1
K=Y i),
ceM(T)

where y(Z, o) is given in Definition 6.2.2.

Proof. As we have shown in Corollary 6.2.1, M(Z) indexes the nontrivial domains of [J".
Let’s fix o € M(Z) and to simplify notation, we set yu := i(Z, o). To prove the result, we
must rewrite the integral over A} as an integral over A" (the standard n-simplex). The
integral corresponding to ¢ is

/FeAg 7;’1(t?‘(1)) T r)/;?n(ty(n))dtl .LLdty,.
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We perform a change of variables by permuting the coordinates f — 0¥ so that the
domain of integration is mapped A} — A". Then, by moving the permutations from the
coordinates f; to the multi-index P, we get

/?eAg Vo (b)) -+ T, By )t - b

= ean ’)/;71 (tafloy(l)) ... ')’;Jn (tafloy(n))dtl ...dty,

(t) ... 7;7,,—107 ) (ty)dty...dt,

/
Tean ' Puloo(t) (

~log)P
=5y ()
Adding up all the subsimplices with nonzero integrands indexed by M(Z), we get the
desired result. 0

63 SHUFFLE PRODUCT

From the product structure for cubical monomials given in Theorem 5.3.1, we immediately
get a product structure for the cubical monomials for the path space.

Theorem 6.3.1. Let Z = (I1,...,1,) C 2l and 7 = (Ji,...,Jn,) C 2™ Let P =
(p1,---,pny) and Q = (q1,...,qn, be multi-indices in [N] of length ny and ny respectively.
Define

ITxJ = (11,...,1;11,]1+711/---/]112+n1)
P Q= (PreessPuis i Gns).

Then for any 7 : [0,1] — RN,
S5 (185°%(7) = S5V ().

Proof. This is a special case of Theorem 5.3.1. Note that for the cubical path signature
monomials, each of the elements of 7 and J correspond to degeneracies of the 1-celle. [J

When we restrict the subsets 7 and 7 to be flags, so that the monomials correspond
to the simplicial signature monomials, we recover the shuffle product. The set of (11, 12)
shuffles, denoted Sh(ny,n;) is defined in Definition 1.2.7.
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Corollary 6.3.1. Let P = (p1,...,pn,) and Q = (q1,---,qn,) be multi-indices in RN. Let
F, € 20mland F,,, C 201 be ny- and ny- flags respectively. Then

S5 SH (= L s ().

c€Sh(ny,ny)

Proof. By the product structure for cubical path signature monomials from Theorem 6.3.1
and the expression of cubical monomials as simplicial monomials from Theorem 6.2.1, we
immediately get

]:nlzp ]:Vll/P ]:”1 *]:nZ/P*Q
O O

(1) =S (7)
-1
_ Z SZ(}—nl *]—',,2,(7> oo (PxQ) (’)/)
o€ M(Fuy*Fny)

St (1)S

First, we show that M (F,, * Fy,,) = Sh(ny, ny). First, suppose that o € Sh(ny, ny), and
recall that oy = {0(1),...,0(k)} denotes the set containing the first k elements of ¢. The
maximal chain corresponding to ¢ is

D=09pC0o1C...C 0Onjtny.

By the definition of a (n1,ny)-shuffle, oy = [m;] U ([m2] + ny1) for some m; € [n1] and
my € [ny], thus oy is in the union completion U (Fy, * Fy,), so ¢ corresponds to a maximal
chain in U(F,, * F,,). Conversely, every element of U(F,, * F,,) can be written in the
form

[m1] U ([ma] +m),
and a maximal chain of such subsets corresponds to a permutation o € Sh(ny,nz). Thus
M(fnl * ‘FHZ) - Sh(i’ll,l’lz).

To complete the proof, we must show that y(Fy, * Fp,,0) = id, the identity permutation,
for all ¢ € Sh(ny,n;). Because

For Foy = (Mo ), (1] 4, o] + 1)

and the elements of [n1] and [ny] + n; appear in ascending order in ¢ since it is a shuffle,
we get

argmaxje[ml]{l‘j} =j, m € [n]

argmaxje[m2}+nl{tj} =my+m, my € [n]
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and thus

l/l(fnl *.Fnz,o-) — (1,2,...,”1 —|—1’12) :ld

6.4 COMPOSITION AND CHEN’S IDENTITY

In the previous section, we derived the shuffle product for the path signature using the
product structure on cubical monomials. In this section, we will derive Chen’s identity,
another fundamental property of the path signature, by using the composition structure
for cubical sets. Given two paths 71,79 : [0,1] — RY such that 4%}(1) = 7!2(0), the
concatenation of 7! and 7% is a path /% = 7% % 712: [0,2] — RN defined by

Our aim is to derive a formula for the cubical monomials of 7% using the cubical monomi-
als of 9! and 2.

6.4.1 A Modified Cubical Model for the Interval

In order to derive this using the composition structure of cubical sets, we require a modified
cubical set L, for the interval [0,2]. The 0-cubes of this cubical set are

Lo = {vo,v1, 02},

representing vertices at the points 0, 1, and 2 on the interval. Following the visual repre-
sentation of cubical sets introduced in Example 5.1.1 and Example 5.1.2, we can represent
this visually as shaded points.

Next, our cubical model has three non-degenerate 1-cells: ¢y, for the interval [0,1], e1»
for the interval [1,2], and ey, for the interval [0, 2], so

Ly = {s1v0,5171,5102, €01, €12, €02 }-
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Keeping the same colors for the 1-cubes s1vp, s1v1 and ep; as Example 5.1.1, the 1-cubes
can be represented as follows.

O======0 O==0 =0 O==0 O O O O
5100 5101 5102 €01 e12 en2

There are no other non-degenerate cubes. In general, we will have a single degeneracy

of each vertex in L,, and a collection of degeneracies for each non-degenerate 1-cube. For
example, the collection of 2-cubes is shown below.

OO0

525109  S25101 525102 51€01 51€12 51€02

[ 111

52€01 52€12 52€02

11111

81601 81612 81€02

This cubical model for the interval [0, 2] allows us to consider the cubical monomials of
7%, 412 and the concatenated 7% within a single model. Furthermore, this cubical model
has a nontrivial composition structure introduced in Definition 5.1.5. In particular, ey and
e12 are composable with respect to +; since di(eg1) = di(ep1) = v1, and we have

eo1 +1 €12 = €2 (6.4.1)

which can be visually represented as follows.

O===0 || O——0 — O——@
€01 €12 €02
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4

In general, we have n partial compositions for the n-cubes which are defined fora,b € L,
if and only if dla = d%b. Each of the compositions +; corresponds to composition along
various dimensions. For example, consider the following two compositions of 2-cubes.

+4 — —

52€01 52€12 52€02

51601 51612 51€02

We define certain degeneracies to be the units for the +; composition.

Definition 6.4.1. Let a € L. The left i-unit for a is s;d%a, which has the property that
sid?a +ia=a,
and the right i-unit for a is s;d}a, which has the property that
a—+; sid}a =qa.
For example, if a = eq, the right 1-unit of a is sld%a = 5101, and here we get
eo1 +1 5101 = €o1,

represented visually as follows.

O=====0 +1 O====Q — QO=0
€01 5101 €01

Next, we discuss a modified geometric realization of this model. Recall from Section 5.1.3,
the ordinary geometric realization of L, can be described as a CW-complex with an n-cell
for each non-degenerate cube, as all degenerate cubes are identified with non-degenerate
cube in the equivalence relation from Definition 5.1.7. We can describe the geometric
realization by defining the evaluation maps 7[a] for each non-degenerate cube a € L,.
However, we must take compositions into account in L,.
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Definition 6.4.2. Let L, be the cubical set with compositions as defined above. Suppose
a,b € L, are i-composable, a is not a left i-unit for b, and b is not a right i-unit for a. Then,
the evaluation map for the composition #[a +; b] : 0" — [0,2] is defined to be

+ib)(t1, .. ) = nlal(ty, ..., 2t,... ta) 1t €]0,1/2] 6.4.
7/[” ](1 ) {q[b](tl,,,.,Zti—1,...,tn) :tie(l/zll]' ( 42)

This definition implies that for our modified geometric realization can be defined
by providing the evaluation maps for all indecomposable and nondegenerate cubes. In
particular, the evaluation maps for the three non-degenerate 1-cubes in L, are defined by

77[601] O — [0, 2] 77[612] O — [0, 2] 77[602] O — [0, 2]
>t t— 1+t t— 2t,
where the evaluation map 7 [ep] is defined using Equation (6.4.2). The evaluation maps

for degenerate cubes can also be derived from this definition. Indeed, given a degeneracy
a € L, of ez, where T € {01,12,02}, we have

I
pla) -0 s gt 2, g0, ),

where I C 2" is given by Lemma 5.1.2.
While we cannot use Equation (6.4.2) for composition with units in general, there is a
special case for degenerate cubes when this definition still holds.

Lemma 6.4.1. Leta € L,,_1 and p € [n]. Then,

1lspal = n[spa 4, spal. (6.4.3)
Proof. The evaluation map 7[s,a] is factored as

o 7 el
flspal : 0" — 0" —[0,2],

where nip}@(h, cooty) = (t,. .. tp—1,tps1, . . ., ). Therefore, 17[spa] does not depend on
coordinate t,, so applying Equation (6.4.2), we get

1[spa +p spal = 1n(spal.
O

Remark 6.4.1. As we have previously mentioned, this definition of geometric realization
for cubical sets with composition does not coincide with ordinary geometric realization.
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One notion of geometric realization is considered in [BHS11] for w-groupoids, which
are cubical sets with composition and inverses. A loose analogy is that our modified
geometric realization is “strict” like a colimit, while the ordinary geometric realization for
w-groupoids is “weak” like a homotopy colimit.

Indeed, suppose we took the ordinary geometric realization of L,. The 1-skeleton of the
geometric realization would consist of 3 distinct edges, and is homeomorphic to S'.

€02

oo

€01 €12

However, we can obtain nontrivial 2-cubes by composing degenerate 1-cubes. For
example, consider the composition giep; +1 s2¢12, shown visually below.

€12
CO-0-0d--L-
[—w D
1 €02

g1€01 52612

The composition is not a degeneracy of any of the edges, so we have labelled its faces
on the right. In particular, since g1ep1 +1 52612 is a non-degenerate 2-cube, there will be
a 2-cell in the ordinary geometric realization which has ey, e12 and ey on its boundary.
In fact, if we consider the completion of L, into an w-groupoid, we obtain other non-
degenerate 2-cubes which will yield additional 2-cells in the realization with eq;, e12, and
ez on its boundary. Thus, the topology of the 2-skeleton will also be nontrivial, and higher
nondegenerate cubes are required to fill in the voids.

Thus, while the ordinary geometric realization of the w-groupoid corresponding to L,

is homotopy equivalent to [0, 2], our modified geometric realization is homeomorphic to
0,2].
Remark 6.4.2. While our modified cubical model for [0,2] is sufficient to consider the
concatenation of two paths, we would need a different model to consider concatenations of
three (or more) paths. However, even a model for [0,3] with 1 cubes ey, €12, €23 and their
compositions raises difficulties regarding associativity. Our definition for the modified
geometric realization explicitly parametrizes the evaluation maps, and it would not be
possible to define consistent evaluation maps for

(eo1 +1 €12) +1 €23
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and

eo1 +1 (e12 +1 e23).

While we show in the following sections that we can use the composition structure of
L, and the modified geometric realization to obtain Chen’s identity, these two remarks
suggest that this approach may not be the most general. A more general approach may
be to consider an w-groupoid which models the entire real line, such as the fundamental
co-groupoid of R interpreted as cubical set (or w-groupoid). However, such an approach
would yield an infinite dimensional geometric realization which is only homotopy equiv-
alent to the real line. Thus, in order to obtain a theory along these lines, one must first
interpret cubical monomials of this much larger model, and relate them to the ordinary
signature monomials.

6.4.2 Decomposition Functions

In this section, we consider the decomposition of degeneracies of ej, into sums of degen-
eracies of ¢y; and eqs.

Example 6.4.1. Consider the degeneracy g1ep2. From the composition identities for connec-
tions in Equation (5.1.27), this degeneracy can be decomposed as

g1e02 = g1 (e +1 €12)
= (g1€01 +251€12) +1 (52012 +2 §1€12)-

This is a composition of four 2-cubes arranged in a square as shown below. Note that by
the interchange law in Equation (5.1.28), the order that the +; and +;, compositions are

taken is irrelevant.
8112

51€12

1601
@

2 g1€02 =
1
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A third way of representing this decomposition is by using a function D|g1eqp] : Z3 — Lo.
Here, Z3 is used to index the four squares in the decomposed square, and the function
D|g1e02] is defined to be

Dlg1€02](0,0) = g1e01
D[g1e02](0,1) = sje1n
D[g1e02](1,0) = sze12
Dlgien](1,1) = gren

This functional representation of the decomposition is the most convenient to use in
practice, and we introduce this in general.

Definition 6.4.3. Let LQMZ C L, denote the n-cubes which are degeneracies of ep; and ey,
and let L9 C L, denote the n-cubes which are degeneracies of eg,. For any a € L%, the
decomposition function of a is the map

Dla) : Z§ — Ly

which is defined by the decomposition of a according to the composition identities
in Definition 5.1.5. The decomposition function satisfies

—+, +,--- 4+, Dlal(in, iz, ..., in) = a. (6.4.4)

WEZy ih€Zy in€Z;

The decomposition function provides a piecewise definition of the evaluation map for
any degenerate a ¢ ng in terms of the evaluation maps for elements in Lgl’lz, which is
the key to proving Chen’s identity. The unit n-cube can be decomposed into 2" cubes of
side length 1/2. These subcubes can be indexed by Z7 in precisely the same way as Z}
was used to index elements an n-dimensional composition in Definition 6.4.3. Specifically,
given € = (€1,...,€,) € Z5, we define

le e+1
O =1] [21, 12 ] . (6.4.5)
i=1
Because
O" = U Oz,
ez}

we can define a function on [J" by defining functions on each [J7 individually.
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Proposition 6.4.1. Let a € LY, and D[a] be its decomposition function. We assume that none the
compositions in D[a] are compositions with left/right units, except for the case in Lemma 6.4.1. Let
€ = (€1,...,€n) € Z5, then the evaluation map n[a] restricted to CI} is

nlal(ty, ..., tn) = n[Dlal(e)] (2t — €1, ...,2t, — €,). (6.4.6)

Proof. From the defining property of the decomposition function in Equation (6.4.4), we
can apply the definition of the evaluation map for composite cubes in Equation (6.4.2) for
each coordinate. If necessary, we also apply Lemma 6.4.1 to deal with the special units in
the decomposition function. O

In order to obtain a formula for the composition of cubical monomials, we require an
explicit expression for the decomposition function of an arbitrary degeneracy of eg,. This
will be shown using two technical lemmas, which are proved by repeated application
of the cubical identities in Definition 5.1.5. While we will need to translate the results
into the (I, b) notation for degenerate cubes introduced in Proposition 5.1.1, we begin by
stating and proving the lemmas using the degeneracy/connection notation so that we can
continue using the composition identities. Recall from Equation (5.1.24) that for subsets
I=(i1,...,ix) C [n] with [I| =k, and ] = (j1,...,jm) C [n — k — 1], we define

sfgfb = 80 Sip 1+ 508w - - .ghb.
We begin with the case where I = @, so we only have connection degeneracies.
Lemma 6.4.2. Let n € IN, and a = 8n—1)€02- For e = (€1,...,€n) € Z5, let
e 1(0)= (i : &=0)

and me = (n — 1) — |€e~1(0)|. Then, the decomposition function of a is

n_1]€ ce=0
D(gu—1jeue](€) = { Soe . (6.47)
Se-1(0)8[mc]€02 : otherwise

Proof. This lemma will be shown by iterated applications of the composition identites for
connections in Equation (5.1.27), repeated here for convenience.

il +j41 8ib i<
8i(a+jb) = q (gia+is15ib) +i (siab+ip18b) i=]
gia +; &b D>
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6.4 COMPOSITION AND CHEN’S IDENTITY

We begin with the case of € = 0. This is immediate from an iterated application of

gi(a+;b) = (gja+jt18b) +j (sj41b +j11gb)

to the first term of the expression, (g;a +;;15;b), and then taking the first element at the
end - this corresponds to the element of summand indexed by e = 0.

The rest will be done by induction on n. The case of n = 1 is given by definition of
eo2 = eg1 +1 e12, which satisfies our formula. Now, suppose the formula given in the lemma
holds for n. Using the composition rule for g; with i = j, we find that

D(gmeo2] = gn (g[n71]€oz)
= gn (D[g[nf1]€oz]0 +n D[g[nfueoz]l)
= (gnD[g[nfl]EOZ]O Tn+1 SnD[g[nfl]eoﬂl)
+n (Sn+1D[g[n71]602]1 +ut1 gnD[g[nq]eoz]l)

Here, D[g[,_1)€02]” denotes the composition of all elements D[g(,_jje02] (€) such that e, = p,

D 8n— 1302 —l_l —l_n 1 [a](il,...,in_l,p).

WE€Zy in_1€2Zo

All of the compositions in D[g[n_l]eoz]” are +, where k < n. This implies that the g, s,
and s,11, in the last expression above, factor “all the way though” using the composition
rules for i > j. Now, for € € Z4*?, we can write down an explicit formula for DI[guje02] (€)
in terms of the known decomposition D[g[,_1jenz]- For € = (e1,...,€441) € 751, define
ééle 73 by

€= (61/ e /enflren)

él = (6‘1,. . .,€n,1,1).

The decomposition function can be written as

gnD[g[n-1€02](€)  : (€n €nv1) = (0,0)
_ nD[gpm-1e02] (€") : (en €ni1) = (0,1) N
DIgujeoz](€) Sn+1D[ e 1)@ : (Emensy) = (1,0 (6.4.8)
&n [g[n 1602](6) : (Gn, €n+1> = (111)
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Now, we will use the expanded notation for degeneracies since we will need to work
with the cubical identities. Suppose that

D[g[n_”f?oz](é) =Sj--5,8m - .glelz.

Rewriting the formula in the statement of the lemma in terms of this explicit expression,
we get

‘ , 2 . B
D[gneo2](€) = { Ssnﬂs’k <8 &m .- &1€ t€np1 =0

12 . _
i 8 §mi18m - - - §1€ t€py1 =1

Thus, to complete the lemma, we need to use the inductive formula in Equation 6.4.8 to
show the above expression holds.

* (en,€n41) = (0,0). Since €, = 0, we know that iy = n, so using the fact that
8nSn = Sp+1Sn, We get

DIg(ue02)(€) = gnsSuSi,_y -+, Si8m - - - §1€12

= Su+15nSi_y -+, 51 8m - - - §1€12-
* (€n,€n41) = (0,1). This formula is a bit different since we use é'. Note that

Al
D[g[nfl]e()Z](e ) = Sipy -5 &mt1 - - - §1€12.
Then, using our inductive decomposition formula, we get

D[g(m o] (€) = suD[gp—1¢"] (")

= SnSip_4 -+ -Si&m+1 - - - 1€12-
* (€y,€141) = (1,0). This case is immediate.
* (€y,€141) = (1,1). Since €, = 1, we know that i, < 1, so
D[g[n]EOZ](G) = &n (Sik «e 5, 8m-- .g1€02>
=Sj---5,81+181 - - - 1€12

where the second equality is by repeated applications of g;s; = s;g; 1 fori > j. We
do this k times, and so the index on n decreases by k to get n —k =1 41, as desired.

O

Next, we consider the case for arbitrary degeneracies.
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6.4 COMPOSITION AND CHEN’S IDENTITY

Lemma 6.4.3. Let n € N. Let [ C [n] such that |I| = k < n,and let r = n —k — 1. For € € Z%,
let A=TUe 1(0), and m =r — |e 1 (0)|. Then

T e (1) CT
D(s7gnenl(e) = { sigpem € (1) =
SA8m)f12 - otherwise

Proof. This will be done by induction on k. The base case of k = 0 is the result of Lemma 6.4.2.
Thus, we assume that the expression in the lemma is true for k, and we will prove the case
of k+ 1. Thus, let I = (iy,...,i, p) C [n], and since I is an ordered subset, p > i;. Next, let

a = Sjg[,,}E()z,
where [ = (i1, ...,i), so the n-cube that we wish to decompose is
spa = Sl‘pS,‘k ce 51, 8r .- 81€02-

Unlike connections in which g;(b +; c¢) is decomposed into a composition of four cubes,
degeneracies s;(b +; c) is decomposed as

si(b+'c): sib+]'+1sic i<
! sib+jsic  i>]

Thus, in order to obtain a full decomposition function, we use the fact that spa is its own
left and right p-unit, and decompose s,a as

Spd = Spa +p Spa.

For example, the decomposition of s1(ep +1 e12) using our convention is given as follows.

51€12 | S1€12

2
1 O O O

In general, the decomposition function of sya is
D[spa](e) = spD[a](ép), (6.4.9)

. -1
where € = (e1,...,6,) € Z§ and é, = (€1,...,€p_1,€p41,...,€n) € Zy .

199



6.4 COMPOSITION AND CHEN’S IDENTITY

Ife (1) C 1, thené, (1) C I, so Da](é,) = s;gpe®* by the induction hypothesis, and
thus D[s,a](e) = s;gye®" by Equation (6.4.9).

Next, suppose that e (1) ¢ I. Since p € I, this implies that &, (1) ¢ I. Then, D[a](&,) =
sAg[m]elz, where A =Tué 1 (0)and m =1 — |é;1(0)|. Thus, by Equation (6.4.9), we have

D[spa(€) = sps 18(me"

We need to show that this is equal to s 4 g[m}elz, where A = I U e 1(0). In this case, we may
have some elements q € A such that q > p; specifically, these come from &, 1(0). However,
the corresponding elements in A must be g + 1 due to the shifting of indices between €
and €. By applying s;s; = s;j;1s; for i < j to shift the s, to the right until the degeneracies

are in the correct order, we get that s,s ; = s4 as desired. O
Finally, we translate Lemma 6.4.3 into the (I, b) notation for degenerate cubes.

Proposition 6.4.2. Let I C [n] such that I # @. For € = (€1, ...,€,) € Z5, let

Then, the decomposition function of the n-cube (I, ep) is

D[(Ireoz)](e)z{ ( (eo) — :INe”(1) =@ (6.4.10)

INe(1),e12) : otherwise.
Proof. First, we note that given I C [n] such that |I| =k < n and r = n — k — 1, we have
si8en2 = (I, en),

where [ is the complement of T in [n].

The condition € 7(1) C I is equivalent to I Ne~!(1) = @ since I is the complement of I.
Next, given A = [ Ue 1(0), the degenerate cube SAg[m €12 is rewritten as (INne (1), e12)
in the new notation since I Ne~!(1) is the complement of A in [n]. O

6.4.3 Chen’s Identity

In this section, we provide the composition law for cubical monomials, and derive Chen’s
identity as a special case. To begin, we introduce cubical monomials with respect to our
modified cubical model of [0,2]. Suppose 7,92 : [0,1] — RN and 7?2 = 40 x 412 :
[0,2] — RN. We use the formula in Equation (5.3.1) to define the cubical monomials for L.
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6.4 COMPOSITION AND CHEN’S IDENTITY

Definition 6.4.4. Let n € IN. A level n cubical monomial for L, is indexed using the
ordered sets

Z=((heq) ..., (Inex))
P: (p1/~"/pi’l)/

where I; C [n] are nonempty subsets, and 7; € {01,12,02} specifies the nondegenerate
cubes. Here, P is a multi-index in [N] which specifies the standard 1-forms dx, to use. The
cubical monomial of 72 with respect to (Z, P) is

P = [ /\ (I e2)]) " (1%2)* (dxy,) (6.4.11)

- /n /\ 77” ((rp) (B)dt) . (6.4.12)

The subscript in Sy, is used to denote the monomials derived using the modified cubical
model L, in order to distinguish them form S, the monomials derived using the standard
cubical model for [0,1]. Note that there are more monomials S; due to the additional
choice of the non-degenerate 1-cells e; in the set Z. However, when all of the ey are the
same in Z, the cubical monomials S; reduce to cubical monomials Sp.

Lemma 6.4.4. Let n € IN. Suppose

Z=((Ii,ec),...,(Iner)),

where T € {01,12,02}. Let P = (p1,...,pn) be a multi-index valued in [N]. Then, if T €
{01,12}, then

S%’P('yoz) _ Sé,P(,YT), (6.4.13)
where T on the right is interpreted as T = (I, ..., I,). If T = 02, then

S%’P('yoz) _ Sé’P(’yOZ o), (6.4.14)
where ¢ : [0,1] — [0,2] is any increasing bijective reparametrization.

Proof. The case of T € {01,12} is immediate from the definition of Sy; in particular Equa-
tion (6.4.12). The case of T = 02 is the same, but we also use reparametrization invariance
of the signature. O
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6.4 COMPOSITION AND CHEN’S IDENTITY

In the model L,, the nondegenerate 1-cell ep; can be decomposed, and we use this to
define the following composition property. Given such an indexing set Z, the decomposition
function of 7 is defined as

D[Z](e) = (D[(L1,e0)](€), ..., D[(Is,e02)])(€))- (6.4.15)

Theorem 6.4.1. Let n € IN, and let

7= ((I,en) .., (Inen))
= (p1,-. .,pn>.

Suppose Y1, 412 :0,1] — RN and 492 = 4% x 412:[0,2] — RN, Then,

SEP(492) = Y PP (02 (6.4.16)

ezl

Proof. From the definition of Sy, in Equation (6.4.11), and using the decomposition of [1"
into subcubes indexed by Z7 defined in Equation (6.4.5), we have

SEP(402) /n /\ [(Ik e02)]) " (%) (dxp,)

Z/ /\ [(Ik €02)]) " (v%)* (dxy, )

eeZy ek 1

Now, restricted to the subcube L7, the evaluation function

ﬂ[(lk, 802)] (tl, ey tn) = T][D[(Ik, 602)](€)](2t1 — €1, ,Ztn — €n),

by Proposition 6.4.1. Then,

St () = Z/ /\ D|(Iy, e02)](€)]) " (v*%)* (dxp,)

ecZy ek 1

= Z/ /\ D(Iy, e02)}(€)]) " (7*)* (dxp,)
eeZy

=L Sf[z Ty,
eeZy

where we performed a change of variables

(Ztl —€1,...,2tn —€n) — (tll---/tn)
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6.4 COMPOSITION AND CHEN’S IDENTITY

in the second equality to transform the domain of integration from [} to [L1". O

This theorem allows us to compute cubical monomials of 4% by using integrals involving
7% and !2. However, for arbitrary cubical monomials, some of the integrals in the
decomposition will involve both 4! and !2, in contrast with the usual Chen’s identity.
We will show that in the case where 7 is an n-flag, we recover Chen’s identity. Let

Fr=(([1],er),([2],€c), ..., ([n],er)), (6.4.17)

where T € {01,12,02}. The main step in proving Chen’s identity is the following lemma.

Lemma 6.4.5. Let n € N, and let oy = (0,0,...,0,,1,1,...,1) € Z5, where the subscript
denotes the coordinate. In other words, wy is the element where the first k terms are 0 and all other
terms are 1. Then

D[F](ax) = Fiy = Fik. (6.4.18)
Furthermore, if € # wy for any k, then

SPIFRIE)P 102y — (6.4.19)
for all ¥°2:]0,2] — RN.

Proof. In order to prove the first statement, we must consider the decomposition for each
element of the flag. From the formula for decomposition functions

ml e () = ([m], en) cm <k
D[([m], e02)] (ax) { K+ ko) ok

Putting this together for all m, we get Equation (6.4.18).

Next, suppose that € # ay for any k. In particular, this implies there exist j € [n] such that
€(j) = 1 and €(j + 1) = 0. In this case, we have both [j]Ne (1) = [+ 1] Ne (1) # @.
Thus,

D[([j], e02)](€) = ([1ne (1), e12)
= ([+1ne (1), e1)
= D[([j + 1], en2)] (€).

Therefore, D[(F{,, eo2)](€) will have two of the same element and therefore any cubical
monomial with respect to D[(F{,, en2)](€) will be 0. O
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Theorem 6.4.2 (Chen’s identity). Let n € IN and suppose P = (p1, ..., pn) is a multi-index
valued in [N]. Suppose v, 12 : [0,1] — RN and 4% = 7% x412:[0,2] — RN. Then,

Fn p n n n-l Fk (pq,..., Frok, seerPn
S70 (v2) = Sé ,P(,)/Ol) —i—Sé ,P(,le) + Z st (n pk)('YOl)SD (Pt )(712)‘
k=1
(6.4.20)

Proof. From Theorem 6.4.1 and Lemma 6.4.5, we get

1 7 n n—-1 k 4 n—k
SL]:oer<,),02> — Sfovp(,YOZ) + 5501/1’(,)/02) + Z S‘Z:Ol Fi rP(,)/OZ).
k=1
Next, applying the product structure for cubical monomials in Theorem 5.3.1, we get
L Tk FIk P
Z SLO] 12 ( ,),02)
k=0

n n n—1 k n—k
_ Sfoyp(yoz) + SfmrP(,yoz) + Z SLfm,(m,...,pk)(702)5?2 ,(pk+1,~~,m)(,yoz)
k=1

n—1
n n ]:k, Jeeny ]:n—k, seerPn
_ Sé P (401 +S§ P(412) 4 E st (p1 Pk)(,YOl)SD (Pr1p )(712)
k=1
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THE MAPPING SPACE SIGNATURE

In this chapter, we introduce and develop a notion of the mapping space signature, a
generalization of the path signature to higher dimensional domains. One of the primary
motivations for the development of the mapping space signature is the prospect of defining
a notion of rough maps, a higher dimensional analogue of rough paths, which were briefly
introduced in Section 1.4. The theory of rough paths provides a deterministic theory of
integration against paths which are highly irregular. Integrating a continuous function
f:[0,1] — R against a bounded 1-variation path g : [0,1] — R,

[ rwasa, 7o)

can be done using the classical Riemann-Stieltjes integral. If we wish to lower the regularity
of g, then we must compensate by allowing the integrand f to be of higher regularity. When
f is of bounded p-variation and g is of bounded g-variation, then we can use the Young
integral [You36] as long as 1/p +1/q > 1 is satisfied. If we require f and g to be of the
same regularity, the Young integral is only well defined when both f and g are bounded
p-variation, where p > 2. In particular, since the second level integral of 7 : [0,1] — RN
with (0) = 0 is given as

$(7) = [ () (o),

the path signature exists only when <y is bounded p-variation with p < 2. For integrals with
respect to functions of bounded p-variation where p > 2, classical deterministic theories of
integration break down, and one must enrich the paths with additional structure in order
to define the desired integrals [LCLo7], as discussed in Section 1.4.

In the case of higher dimensional domains, classical integration theories can still be used
for integrals with respect to f,g : [0 — R. As in the case of paths, if f is continuous and g
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is of bounded 1-variation, then the classical multidimensional Riemann-Stieltjes integral
can be used to define

[ F0dg(). (7:02)

For the case of d = 2, Towghi developed a multidimensional generalization of the Young
integral [Towoz2] such that if f is of bounded p-variation and g is of bounded g-variation
with 1/p +1/q > 1, then the integral in Equation (7.0.2) exists. In a related direction,
Zist [Ziis11] considered integrals of the form

/D fdgi AL Adgg, (7.0.3)

where f,91,...,84 : 4 — R are Holder continuous functions, where f is a-Holder,
and g; is b;-Holder. Ziist showed that if a 4+ by + ... + b; > d, then the integral is well
defined. These integrals of irregular differential forms were further studied by Stepanov
and Trevisan [ST20]. Their work reformulated the Ziist integral in terms of more general
algebraic machinery, extending the algebraic integration theory of Gubinelli [Gubo4].

The higher dimensional generalizations of the multidimensional integral discussed thus
far do not require any additional information underlying maps, and should be viewed as
the multidimensional analogue of Young’s theory of integration for paths. Going beyond
the scope of these theories, Chouk and Gubinelli [CG14] introduce the notion of a rough
sheet, a 2-dimensional generalization of rough paths. Their approach is partially successful,
and is based on a multidimensional generalization of the algebraic integration theory of
Gubinelli [Gubog]. However, their definition of a rough sheet results in a very complicated
algebraic structure which is not well understood.

The work in this chapter provides the first steps towards an alternate approach to
defining rough sheets and rough maps. In particular, we develop a notion of the mapping
space signature for smooth maps, and show that it has several properties analogous to the
path signature. Our approach is motivated by the observation that the path signature
monomials arise as the 0-cochains of Chen’s iterated integral cochain model for path
spaces. In Chapter 5, we reformulated Chen’s mapping space construction [GTZ10] in
terms of cubical sets rather than simplicial sets, and in Chapter 6, we showed that the main
properties of the path signature can be directly derived from the cochain model.

In this chapter, we will consider the cubical mapping space construction for smooth
maps Diff([ld, RN ), and study the monomials (0-cochains) which arise from this model.
In Section 7.1, we define these monomials and consider several explicit examples. We
classify the monomials into three categories and focus our attention on one of these classes:
the basic monomials. We provide the definition for two different mapping space signatures,
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both built from the basic monomials. In the later sections, we find that certain properties
are satisfied by one of these signatures but not the other.

In Section 7.2, we discuss the invariance properties of the mapping space signature.
Our definition of the monomials is in terms of Jacobian minors of the underlying maps,
and thus results in invariance with respect to Jacobian equivalence classes of maps. We also
discuss permutation invariance (of indices) and reparametrization invariance. We conclude
the section by studying maps which are defined as sums of paths. The resulting monomials
can be computed using the path signature of the underlying paths, and this leads to a
class of paths with trivial mapping space signature.

Next, in Section 7.3, we introduce the shuffle product for the basic monomials, which is a
direct generalization of the shuffle product for paths. We discuss two parametrized injectivity
theorems for the mapping space signature in Section 7.4. When maps in Diff ()9, RN) are
lifted to maps in Diff (09, R**N) by appending their parametrization, we show that two
modifications of the signature are injective with respect to the Jacobian equivalence classes
in Diff(09,RY), and injective on the entire space of maps. This injectivity result then
allows us to show that these two signatures are universal and characteristic with respect to
the corresponding space of maps.

Finally, in Section 7.5, we consider the algebraic structure imposed by composition of
maps, analogous to Chen’s identity for concatenation of paths. However, we find that
there is an obstruction to the extension of Chen’s identity to higher dimensional domains.
While our formula reduces to Chen’s identity in the case of d = 1, there is an additional
integration step required when d > 1.

We will begin with the definition of the cubical monomials for both Diff((34, RN) and
Diff (07, X) for an arbitrary smooth manifold X. We will then restrict ourselves to the
smooth maps in Diff((J¢,RY) in order to simplify the notation; though most results in
this chapter will still hold for arbitrary manifolds with some modification. While this
does not result in a generalization of rough paths, the mapping space signature defined
in this chapter is of independent interest. In particular, the smooth hypothesis can easily
be weakened to a piecewise smooth hypothesis, which is sufficient for many machine
learning applications. We can extend the perspective of the path signature as a feature
map for time series data and view the mapping space signature as a feature map for
data parametrized over the unit d-cube 4, such as images, videos, and vector fields. The
universal and characteristic properties of the mapping space signature provide strong
theoretical motivation for the study of the mapping space signature in data science
applications.
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7.1 CUBICAL MONOMIALS

In this section, we will define the cubical monomials for Diff(Dd,X), where X is an N-
dimensional manifold. We begin by defining the cubical structure on [}, and interpreting
the cubical monomials in this context. We classify the cubical monomials into three
categories

basic monomials C restricted monomials C interior monomials.

The interior monomials are all monomials obtained from the mapping space construction
using the degeneracies of the single non-degenerate d-cube. While even more monomials
exist in the mapping space construction, they use degeneracies of the lower dimensional
faces of (0. Such monomials contain information that is restricted to the boundary of 4,
and because our primary interest is in understanding the entire map 7 : 04 = X, we
restrict our focus to the monomials coming from the degeneracies of the d-cube.

The restricted monomials form a subset of the interior monomials such that the domain of
integration can be factored into a d-fold product of regions. Then, the linear basis monomials
further restricts the collection of monomials and forms a subset of the restricted mono-
mials. Any restricted monomial can be written as a linear combination of the linear basis
monomials, which motivates the name. This phenomenon is analogous to Theorem 6.2.1,
which showed that any cubical monomial for the path space is a linear combination of
the monomials indexed by n-flags. Indeed, for the case of d = 1, the class of restricted
monomials is the same as the class of interior monomials.

Finally, we will use the linear basis monomials to define the mapping space signature for
Diff (04, X). The mapping space signature has several properties which are analogous to
those of the path signature, and we will discuss these in the following sections of this
chapter. Thus, our main focus is on the linear basis monomials; the general and restricted
monomials are included for completeness.

7.1.1  Cubical Model for the d-Cube

In this section, we will define a cubical set K¢ modelling the unit d-cube (9. As in the case
of the unit interval in Example 5.1.1 and Example 5.1.2, the definition of the cubical set K¢
can be given by providing the non-degenerate cubes along with their boundary maps. Let
E = {0,1,¢}. The non-degenerate cubes in K‘f are indexed by E?, which is shown for d = 1
and d = 2 below. We will denote elements of E? as words a5 . . .a;, where a; € E.

The dimension of an element a € E? is the number of ¢’s in the word a. We will denote
the unique non-degenerate d cube by ¢?. The face maps can also be easily defined using
this notation. Leta = ay...a5 € E?be a non-degenerate cube of dimension k, so there are
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01 e1 11
2 0 1
o—eo Oe| ee |le
7 e
00 e0 10

k instances of the letter e in the word a. Let i < k, and suppose j € [d] is the index of the
it" instance of e in a. Then the face maps for the nondegenerate cubes are defined by
d?(ll) =4ap... aj,loajﬂ ... ayg

dll (ﬂ) =4ap... El]'_lla]'_H .. ag.

Note in particular that d$(a) will be of dimension k — 1. Furthermore, if a € E? is of
dimension k, the evaluation map #[a] : 0% — 9 can also be easily read off of the notation.
All of the e’s in the word a represent the dimensions to parametrize, and the 1’s and 0’s
specify the coordinates in those dimensions. For example, given Oele € E*, the evaluation
map 77[0ele] : (0* — [ is defined by

n]0ele|(ty,t2) = (0, 11,1, t2).

The degeneracies of these cubes can be denoted using the (I, b) notation given in Propo-
sition 5.1.1 and the evaluation map for (I,b) can be computed using its factored form
as 77[b] o 57}, where 7! is given in Equation (5.1.34). We will primarily be focused on the
non-degenerate d-cube ¢?, and in this case, the evaluation map 5[e?] : 07 — [ is simply
the identity.

7.1.2 Interior Monomials

Now that we have a cubical model for (19, we can define the cubical monomials for
Diff (04, X). Recall from Definition 5.3.1 that a level # cubical monomial is indexed by

7 = ((11,b1),...,(1m1bm))
P = (w1,..-,wm)~
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Each (I}, b;) specifies an n-cube in K4, where b; € E? is a non-degenerate cube of dimension
q;, and I; is a gj-ordered subset of [n], where }_i2; q; = n. Furthermore, each w; € Q% (X).
Given v € Diff((}9, X), the cubical monomial of  with respect to (Z, P) is

IP( ) — A oY (v on).
M (y) = [ A (k) (e

As we mentioned in the introduction, the collection of all monomials for mapping spaces
Diff (04, RN) where d > 1 is much larger than the case of the path space with d = 1, due
to the existence of many more non-degenerate cubes. If b € E? is a nondegenerate cube
of dimension k < d, then the evaluation map for a degeneracy (I, b) of b maps onto the
boundary of (). Thus, the pullback (17[(I,b)])*(7*w) results in a form which only contains
information about the boundary. Because we wish to study the entire map 7, including
the interior, we begin by considering monomials where Z only contains degeneracies of
the top dimensional cube ¢

In other words, we set b; = et for all j, and we will denote Z = (I, ..., I,,), where Ijis
a d-ordered subset. Note that this places restrictions on the possible levels of monomials
considered. In particular, since the dimension of each non-degenerate cube is d, we only
consider monomials of level md. This leads to our definition of the interior monomials.

Definition 7.1.1. Let m € IN and n = md. Let

I=(L,...,Iy)

P=(wy,...,wy),

where each I; is a d-ordered subset of [n] and w; € Q4(X). For v : 0% — X, the interior
monomial of vy with resepct to (I, P) is defined by

M) = [ A (1) (v ). (7.1.1)
k=1

In the case where X = RY, we have a collection of standard d-forms,
wp =dxp, N...Ndxy,,

which can be described using a subset P = (p1,...,p4) C [N]. For such a subset and a
map v = (71,...,7n) : 07 = RN, we let

Ye = (Ypirevr Vpa) (7.1.2)
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be the projection onto the coordinates specified by P. The pullback of the standard d-form
wp along the map 7 is

7 (wp) = Jlypldsi A ... Adsy € QY(D7), (7.1.3)

where J[vp] : 0 — R is the Jacobian determinant of yp,

ALY
dsq ds,4
Jlvel =1+ -~ (7.1.4)
Mg ...
951 dsy *

We can give a more precise definition of the interior monomials for X = RN.
Definition 7.1.2. Let m € IN and n = md. Let

T=(L...,Ln)
P=(P,..., P

where each I; is a d-ordered subset of [n] and P; C [N] is an ordered subset of length d.
For v : 09 — RN, the interior monomial of «y with respect to (Z,P) is defined by

Mizn’tp('y) = /n /\ (q,ﬁky (JlvpJdsi A ... Adsy). (7.1.5)
k=1

Note that we will always use (s1,...,5;) € 07 to parametrize the domain of the mapping
space, and use (t4,...,t,) € 0" to parametrize the domain of integration.

7.1.3 Examples

In order to gain a better understanding of these monomials, we begin with several examples
with X = RN,

Example 7.1.1. We begin with the example where n = d, the case of an interior monomial
for Diff(09, RYN). In this case, both Z = (I) and P = (P) have a single element. Recall
from Definition 5.1.9 that a d-ordered subset I is an ordered subset I C [n] equipped with
a partition into d nonempty subsets. Because n = d, we must take I = [d], and the subsets
in the partitions are the singletons I*) = {k}. With this choice of I, the evaluation map
nh 04 — O7 is the identity.
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Now let P C [N] be a subset of length d and + : (3 — RN. The interior monomial of v
with respect to (Z, P) is

Ml () = /Dd][’yp](tl,...,td)dtl...dtd.

This is the signed d-volume of the map <p, the projection of o onto the coordinates
specified by P. This is analogous to the level 1 signature monomials, which provides the
signed displacement of a path along a given coordinate.

Example 7.1.2. Next, we consider the case of n = 2d, where Z = (I, ;) and P = (P, P,)
each have two elements. In this case, we choose 11 = [d] partitioned by singletons If = {k},
and I, = [d] +d also partitioned by singletons I = {k+d}. The evaluation maps 172 LR
0?4 — [ are given by projections on to the f1rst and last d coordinates respectively. Given
two subsets P;, P, C [N], each of length d, and v : 09 — RY, the interior monomial of 0%
with respect to (Z,P) is

M () = /DZd][')’Pl](tll---/td)][')’Pz](thrL...,tZd)dtl...dtZd

= ([, tlrndtn sty ) - ([ slandee ..y

In this case, we get a product of level d interior monomials analogous to Example 6.1.1
in the case of d = 1. We can extend these types of monomials to level n = md by
choosing Iy = [d] + (k — 1)d partitioned by singletons to obtain monomials analogous
to Example 6.1.2.

Example 7.1.3. Now we consider a specific case for d = 2 and n = 2d = 4. In this case,
we have Z = (Il, Iz) and P = (P, P»). We let I; = (1,2,3) with the partition deﬁned by

= {1} and I = {2,3}; and let I, = (1, 2,3,4) with partition defined by I ={1,2}
and I = {3,4}. In this case,

(774{1)*(][’)?1]5151 Adsy) = [')’pl t1,t)dty Ndty 1tz < tp
[’)’pl t1,t3)dty Adts :t) < i3

(t, t2)
(t1, t3)
(b, t3)dby Ndts <ty < by, ty <t3
(2, £3)
(t1,ta)
(t2, t4)

Jl
* by, t3)dir Ndts 1t < tp, tg <t
(1) (Tlrmldss  dsg) = { T1l(tat)ta dls sty <oty <t
][’)/pz H,ta)dby ANdty ) < B, t3 < Iy

[

]’sz tr, tg)dty Ndty 1t < by, t3 < 1y4.
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One can check that the only subsimplex of [04 such that the wedge product of these
two forms is nontrivial is A* = {0 < t; < tp < t3 < t; < 1}. The interior monomial of
v : 0% — RN with respect to (Z, P) is

MED () = [ Tt 1) TEvm) (b ) dtdtadtadts (71.6)

Note that the ordering of coordinates in the Jacobian determinants is not consistent with
the ordering of coordinates in the subsimplex. In fact, due to the fact that the subsets in
the partition of I must be ordered, there does not exist a choice of Z such that the integral
has the form

/A4][’Ypl](tlftZ)][’er](f& ta)ddirdisdty.

Nevertheless, Equation (7.1.6) may seem to be an appropriate analogue of the cubical
path signature monomials indexed by 2-flags such as in Example 6.1.4 since the integrand
is nonzero only on a single subsimplex of [1*. While we can generalize Equation (7.1.6)
to higher levels, we argue that this is not the appropriate generalization. Indeed, a key
element of the definition of the path signature is its recursive definition in Equation (1.2.11)
which is not possible for monomials of this form. For example, it is impossible to define

Mﬁtp (7) as an integral of the level 2 monomial from Example 7.1.1.

Example 7.1.4. We consider another example ford =2 and n = 2d = 4. In this case, we
take [; = (1,3) partitioned by singletons I = {1} and I = {3}, and I, = (1,2,3,4)

partitioned by the subsets I = {1,2} and I = {3,4}. By writing out the pullbacks
along the evaluation maps and considering the subreglon of [J* with a nonzero integrand,
the interior monomial of y : (1> — RN with respect to (Z, P) is

Mt (1) = /AZ Tl (t )] Tye] (o, ta)dhdtadtsdty,
X
where A2 x A2 = {0 <t; <ty <1} x {0 <t; <ty <1} C O Asopposed to the previous

example, this monomial can be defined as an integral of the monomial from Example 7.1.1.
Indeed,

MZP / </ t,t dtdt> to ty)dtodt
int (1) = ez \Jocionx [w][“m](l 3)dhidts | J{vp,](t2, ta)dtadty

I P
- /t’ e mt1 ’Y)tﬁ,t’zf[’)’Pz](ti,té)dtidté,
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where we have renamed the variables in the second equality. Here, I} = (1,2) partitioned
by singletons as in Example 7.1.1, and

I},P,
M.V ,,—_/ t1,tr)dt dt
int (’Y)tl,tz (t1,t2)6[0,tﬁ><[0,t’2]][,)/Pl]( 1 2) 1442

is the cubical monomial of -y restricted to [0, t]] x [0, t5].

7.1.4 Restricted and Basic Monomials

In the previous subsection, we considered several explicit examples of interior monomials,
and in this subsection, we will classify these monomials into two subcategories: restricted
monomials and basic monomials.

From the previous examples, we find that the domain of integration (where the integrand
is nonzero) is determined by the choice of Z. In most cases, the nonzero domain of
integration D C (0™ for a level n = md interior monomial could be decomposed into a
product of d subsets of [1"

D=D;x...xD;cOm™, (7.1.7)

where D; C [J". Note that Example 7.1.3 does not satisfy this property. We will be
interested in certain interior monomials whose nonzero domains of integration satisfy this
decomposition property.

We can ensure the decomposition of the nonzero domain of integration by restricting
the possible d-ordered subsets in Z = (I, ..., I;). At level n = md, we restrict the subsets
in the partition of each I; such that they satisfy

19°C [m] + (k= 1)m = {k(m —1) +1,..., km}. (7.1.8)
Lemma 7.1.1. Let T = (Iy,..., L) be a collection of d-ordered subsets which satisfy Equa-
tion (7.1.8). The nonzero domain of integration of an interior monomial with respect to L satisfies
the decomposition in Equation (7.1.7).

Proof. Recall that a subsimplex A C (™, where o € ¥4, results in a trivial integrand
when two components from any two of the evaluation maps 17:,’; ; take the same value.
More specifically, this occurs when two of the maximum functions in the definition of
the evaluation map take the same value. Given the restriction in Equation (7.1.8) on the
allowed partitions of each I;, we note the coordinates ¢, and ¢, of "4 never appear in
the same maximum function in any of the evaluation maps if a € [m] + (k; —1)m and
b € [m] + (ky — 1)m for different ky, ky. O
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Now that we have factored the domain of integration into a product of smaller domains,
it is convenient to relabel our coordinates. In particular, we make the change of variables

tem—1)+j 7 bijs (7-1.9)

where j € [m] and k € [d], in the parametrization of (1. Then, in the decomposition
D =Dj x...x Dy C 0" we use (t16s - - -, tm k) to parametrize Dy. Furthermore, we will
denote 7 in terms of the subsets of its partitions rather than d-ordered subsets in order
to relate it to the cubical path signature monomials. Given a collection Z = (I, ..., L) of
d-ordered subsets, we define

However, due to the change of coordinates in Equation (7.1.9), each Z) can be simply
described as a subset Z() 2], These modifications lead to the definition of the restricted
monomials.

Definition 7.1.3. Let m € N and n = md. Let

where 70 = (11("),...,1,51’”) c 2" such that @ ¢ T® and w; € O4(X). The restricted
monomial of 7y : 0% — X with respect to (I, P) is

m
Mrzef = /Dmd /\ v (wi)(8j1,---/8)d), (7.1.10)
j=1
where
Sjk = m%({tz‘,k}- (7.1.11)
zelj

In the case of X = RY, we can provide a more explicit definition using standard d-forms
and Jacobian determinants.

Definition 7.1.4. Let m € N and n = md. Let

P=(P,...,Pn),
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ol M
level n n =md
degeneracy index 7 c 2l = (zW,..., 7@®), 1" c 2"
forms index P=(p,...,pn), pj€[N] P =(P,...,Py), P;C|[N]
integrand ’y;,], (s}) Jlvel(sj,--0854)

Table 7.1: Comparison between the cubical path signature monomials and the restricted cubical
monomials for mapping spaces.

where T = (Il(k),. e I,(f)) C 2I" such that @ ¢ Z®) and P; C [N] is a subset of length d.

The restricted monomial of y : 07 — RN with respect to (I, P) is
T m
ML = /Dmd H][’YP]-](S]',L ce,8j4)ds (7.1.12)
=1

where s is defined in Equation (7.1.11).

Note the similarity between this definition of the restricted monomials MEP for
Diff (0, RN) and Definition 6.1.1 of the cubical monomials Sé’P for Diff((1!, RN).

The first observation to make in this table is that the integer m in the restricted monomials
MZET coincides more closely with the level 7 in the cubical path signature monomials SCDI’P .
Then, rather than a single collection of subsets Z C 211 in the definition of Sé’P , we use d
collections of subsets Z(®) ¢ 20" in Mgef . Instead of choosing n 1-forms indexed using
integers p; € [N], we choose m d-forms indexed using subsets P; C [N]. Finally, in both
cases, the integrand consists of the Jacobian determinant of y projected onto the coordinate
p; and the coordinates specified by P;, using the maximum coordinates s; or s; . Thus, we
can think of Mrzef as the analogue of Sé’P ford > 1.

For the cubical path signature monomials, we considered a further restriction to the
case where 7 = F", the n-flag. We can consider the analogous degeneracy index for the
mapping space monomials. In particular, suppose we take

I=(F",...,F").

In this case, the restricted monomial is

m
Mz (7) :/Amx Dl )t (7.1.13)
XA R
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an expression that generalizes the simplicial path signature monomials. However, in the
higher dimensional setting, there are more monomials of this form that we must consider.

In particular, we will allow each flag ™ to be permuted. Let 7y,..., 15 € Z,,. The
action of X;; on F™ is given by permuting the elements of the ordered set. Explicitly, the
action is defined as

e F" = ([me(D)], [e(2)], - .., [t (m)]).
Then, we take
7= (7'[1./_"m,. . .,ﬂdfm),

Then, the restricted monomial of y : (17 — RN with respect to (Z, P) is
7P -
Mrés (’)/) = /Amx A H][’YPJ] (tnl(j),ll tnz(j),Z/ ey tnd(j),d)dt' (7.1.14)
e j:1

By performing the change of variables

bk — tiks

we can rewrite the integral as

M () :/A [Tl ta)dt. (7.1.15)

m X ”'Am .
ﬂl—l 7Tk—1 k=1

These monomials are the basic monomials, and we will index these monomials using
the permutations 7; rather than the degeneracy index Z. Given the permutations I1 =
(1t1,...,74) € X4, we define the domain

Dy a(IT) == A7, X AT X ... x AT (7.1.16)
Definition 7.1.5. Let m € N and n = md. Let

1= (m,..., my) €24
P=(wiy,...,wn),
where w; € Q4(X). The basic monomial of vy : % — X with respect to (I1, P) is
m

Mféﬁ - / /\ Y (wWj) (i, ta)- (7.1.17)
Dm/d(H) ]':1
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Note that if we were to write the restricted monomial in Equation (7.1.15) as a basic
monomial, we would use IT~! as the index. Once again, the case of X = RN can be written
more explicitly using Jacobian determiants.

Definition 7.1.6. Let m € IN and n = md. Let

11 = (7‘(1,...,7‘(,1) Ean
P=(P,...,Pn),

where P; C [N] is a subset of length d. The basic monomial of v : 07 — RN with respect to
(ILP) is

np _ & . '
Mps = ‘/Dm,d(n) ﬂ]hpj] (i1 tia)- (7.1.18)

We will use the basic monomials as the generalization of the simplicial monomials for
paths, and we will use them to define the mapping space signature in the next section.
Before moving on, we show that any restricted monomial can be written as a linear
combination of basic monomials, providing the mapping space analogue of Theorem 6.2.1.

The proof of this fact follows that of Theorem 6.2.1; the main difference is the domain of
integration. In the case of d = 1, we began by considering the nonzero domains A} C [J",
where ¢ € %,. In the current case of d > 1, we must consider the collection of subregions
D,,4(IT), where IT € X4, such that the integrand of the restricted monomial is zero. Note
that the subregion D,, 4(IT) is the analogue of A} for mapping spaces: for each fixed k, the
order of the variables {tj,k};nzl is fixed, and thus all maximum functions are fixed projection
maps within D,, ;(IT). The exact projection maps can be determined by a generalization of
the maximal coordinates in Definition 6.2.2.

Definition 7.1.7. Let m € N and n = md. Let

Z=(zW,...,7@)

where Z() = (Il(k), e, I,Sf)) c 20" such that @ ¢ ZW, and let IT = (rty,...,m4) € Z4. The
maximal coordinates with respect to I and 11 is

w(Z,10) == (W(ZWY, ), ..., w(ZW, 1)), (7.1.19)

where each (Z®), ;) is defined in Equation (6.2.2).
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When 7 and IT are clear, we will denote y(Z,IT) by u = (p1, ..., tq) to simplify notation.
Given 7 and I, the s variables on D, ,,(IT) can be written explicitly as

Sik = L) ke

Analogous to the case of d = 1, if two maximum coordinates s;; and s ; take the same
value on D,, 4(IT), then the integrand in this domain will be 0 due to a dt A dt term.
Therefore, in order for the integrand to be nontrivial on D,, 4(IT), each of the maximal
coordinates (Z"®), 7;) must contain distinct elements.

Definition 7.1.8. Let m € IN and n = md. Let

where Z*) = (Il(k),. . .,I,Sik)) c 2" such that @ ¢ Z®), and let IT = (ry,...,m) € 4. The
subregion Dy, C 0% is a nontrivial domain if each u(Z (k) ;) contains distinct elements,
and thus u(Z,T1) € 24,.

The collection of IT € £¢, such that D,, 4(I1) is a nonzero domain of integration can
be enumerated using products of maximal chains. Let Z = (Z(1), ..., Z{?)) such that each
Z® 21" is an ordered subset of length m. Then, recall from Definition 6.2.5 that M (Z))
is the set of maximal chains in U(Z (k)). Then, since 7 is a collection of these subsets, we
define

M(T) = M(ITW) x ... x M(ZD). (7.1.20)

Each maximal chain in M(Z(k)) corresponds to a permutation ¢ € X,,. Therefore, we can
view M (T) as a subset of X4,

Lemma 7.1.2. Let

P=(wy,...,wy)

such that each T") < 20" is an ordered subset of length m and wj € Q4 (X). Let 1 =
(71, ...,74) € X8 There exists a map «y : 0% — X such that the integrand of ML (),

m

/\ ’y*(w]-)(s”, ... ,sj,d), Sik = ma}}{ti,k}/

j=1 iel; )

is nonzero on Dy, (IT) if and only if I € M(T).
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Proof. The integrand is generically nonzero if and only if each s; is mapped to a distinct
ty x; otherwise we would have a dt;; A dt;, = 0 term in the integrand. In other words, the
integrand is generically nonzero if each yy contains distinct elements, and thus y; € X,
for all k. From Lemma 6.2.2 and Lemma 6.2.3, ji; € X, if and only if 71, € M(Z®)). Thus,
D, (IT) is a nonzero domain of integration if and only if IT € M(Z). O

Using this lemma, we provide an expression for restricted monomials in terms of basic
monomials.

Theorem 7.1.1. Let m € IN and n = md. Let

where T = (Il(k), . .,I,Szk)) c 21" such that @ ¢ T®) and w; € QY(X). Then, for v : 04 — X,
we have

o) Loo,
Ml (y) = Z Mﬁf’ ) P(’Y), (7.1.21)
o0=(01,.-,04)EM(I)
where
11(Z,0) = (4(ZW, 1), ..., u(ZD,0y)). (7.1.22)

Proof. From the previous lemma, the nontrivial domains of Mrzef are D, ;(c), where
p ,

o= (o1,...,04) € M(T). Let ux = u(Z",0;) € L. Then, restricted to D, 4(c), the
restricted monomial is

*0i(ty iy 1o - st d)-
/Dm,d(o') ]/—\],)/ w]( Vl(])’l Vd(])rd)

By performing the change of variables

t k — t]',k,

#e(f)
the integral becomes
m

* T1(Z, ) P
N\ Ywiltin, ... tq) = Mba(s D0l (),
=1

/Dm,d (H(I,U) -1 OU)

By summing over all ¢ € M(Z), we obtain the result. O
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7.1.5 The Mapping Space Signature

In this section, we will define two notions of the mapping space signature. First, we
define the mapping space signature in terms of all the basic monomials, motivated by the
perspective that the basic monomials are the analogues of the simplicial path signature
monomials described in the previous section. This first definition of the mapping space
signature satisfies invariance properties, discussed in Section 7.2, which are analogous to
those for the path signature. We show in Section 7.3 that this mapping space signature
satisfies a shuffle product. Furthermore, we prove an injectivity theorem in Section 7.4
when the map v : 09 — X is lifted to include its parametrization 4 : 04 — 0% x X,
allowing us to show that the signature is a universal and characteristic feature map.

As opposed to the case of d = 1, maps in Diff((0¢, X) have d distinct compositions,
one for each dimension. In general, the relationship between the composition of maps
and the algebraic structure of the mapping space signature is much more delicate in
the higher dimensional case. A direct analogue of Chen’s identity does not hold for the
mapping space signature. This leads us to define a second notion of the signature, where
the permutation index IT is fixed to the identity. In this case, we formulate a modified
version of Chen’s identity in Section 7.5.

We begin with the mapping space signature using all of the basic monomials. In the
formulation of the signature for a manifold X, we must first choose a finite set of d-forms,

W={wy,...,w} C Qd(X), (7.1.23)

which contains the allowed forms to take in the forms index P.

Definition 7.1.9. Let X be an N-dimensional manifold, and let W = {wy, ..., w,} C Q4(X)
be a fixed subset of d-forms. Let H; v be normed vector space spanned by the orthonormal
basis vectors ey p, where I1 € Z‘,’,ﬁ and P € W™. Then, let H; be the Hilbert space defined
by the completion of H, . The mapping space signature for Diff (¢, X) with respect to W is a
map

Mpasw : Diff(09, X) — Haw
defined by

Mpasw(7) =1+ Y My:T(7) e p, (7.1.24)
(ILP)

where the sum is taken over all allowed pairs (I1, P).

In the case of X = RV, our definitions of the interior monomials are already restricted
to the standard d-forms.
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Definition 7.1.10. Let H; y be the normed vector space spanned by the orthonormal basis
vectors ery p, where IT € 4 and P = (P,...,Py,), where each P; is a multi-index in [N].
Then, let H; x be the Hilbert space defined as the completion of H, . The mapping space
signature for Diff (09, RN) is the map

M : Diff (0%, RYN) — Hyn
defined by

Mpas(7) =1+ ) M{,ﬁ{f(’y) er,p, (7.1.25)
(ILP)

where the sum is taken over all allowed pairs (I1, P).

We now introduce the second notion of the mapping space signature, where we restrict
the permutation index IT € 4, to be the identity element IT = id. In this case, the
codomain of the signature can be described using the tensor algebra T((IRX)) for some K.

Definition 7.1.11. Let X be an N-dimensional manifold, and let W = {wy,...,w,} C
0%(X) be a fixed subset of d-forms. Let T((IR")) be the power series tensor algebra, with
basis elements ep = e, ® ..., ep, given by a multi-index P = (p1,...,pm) in [r]. The
identity mapping space signature for Diff (0%, X) with respect to W is the map

Miq : Diff(0%, RN) — T((R")),

defined by

M1d(r)/

|\[\18

2 Miisp (7.1.26)

Once again, in the case of X = RN, we simply choose W to be the collection of standard
d-forms.

Definition 7.1.12. Let T((]R(g))) be the power series tensor algebra with basis elements
ep =ep @...®ep,, givenby P = (Py,...,Py), where each P; is a multi-index in [N] of
length d. The identity mapping space signature for Diff (04, RN) is the map

Mg : Diff(04, RN) — T((R(™))

defined by

Mig(y) =1+ ) MET () ep, (7.1.27)
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where the second sum is taken over all P consisting of m subsets P; C [N] of length d.

We have stated the definition of the various notions of monomials and signatures for
both arbitrary manifolds and the special case of X = R, but we will begin to exclusively
state results for X = RN. While most of the results in the remainder of the chapter hold in
both cases, we choose to work with X = RN due to its direct analogy with the ordinary
path signature, and to reduce repetition.

An important aspect of the definition of the path signature is the fact that it can be
defined recursively. We show that a similar definition holds for the basic monomials
indexed by the identity permutation, as well as the identity mapping space signature.

Proposition 7.1.1. Let P = (Py), where Py is a multi-index in [N] of length d. For a =
(a1,...,aq) € O%and b = (by,...,by) € O, define

M (e = [, Tlml( o)t

0%(a,b) = [ ]lar bil. (7.1.28)

Then, for P = (Py,..., Py), where each P; C [N] of length d, let P = (P,...,Py_1), and we
recursively define

M (V)ap 3:/ MEP (arJlre,) (- ta)dt. (7.1.29)
4 (a,b)
Then,
MlloifW)O,l = Mﬁ{f('ﬂ- (7.1.30)

Proof. We obtain the proof by recursively expanding the definition of Mﬁ’f (7)o given
in Equation (7.1.29). Let t; = (¢;1,...,tjq4). Then

id,(Py,...,Py—
MEF (Mor = [ M) (o, T ()t

/ id,(Py,...
twel St 1e0(0,) 00

m
/ - [T/ lre)(t)dt ... dty,
t, €04 tm_leEId(O,tm) teld( 0t2]

/meZ) (’Y)O,tmfl I[’)/pm—l] (tm—l )dtm—ldtm
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7.2 INVARIANCE PROPERTIES

Then, since the domain of integration can be rewritten as
0% x 040, ty) x ...0%0, ) = A™ x ... x A" = D, ,(id),

we have M7 (y)g1 = M9 (9).

bas bas
O

Corollary 7.1.1. For a,b € 0% and € Diff(O4 RN), let

Mig(V)ab =1+ ) Myzd (7)apb ep, (7.131)

m=1 rP=(P1 ,,,,, Pm)
and let
N
Ily] : 0% — RG) (7.1.32)
t= (el () peuy i

Then,

Mia() = [ Mia()ox @ ] (Bt 71.33)
Proof. This is immediate from the previous proposition. O

7.2 INVARIANCE PROPERTIES

In this section, we discuss invariance properties of the mapping space signature. We
begin with Jacobian invariance, which reduces to translation invariance for the path sig-
nature. Next, we discuss permutation invariance with respect to the indexing subsets,
and reparametrization invariance in which each coordinate of [} is reparametrized inde-
pendently. Finally, we discuss a special case of maps which have trivial mapping space
signature.

7.2.1  Jacobian Invariance

Because the mapping space signature is defined in terms of Jacobian determinants,

Definition 7.2.1. Given two maps &, 8 € Diff(()%, RN), we say that « and B are Jacobian
equivalent, denoted a ~; B if

Jlap](t) = J[BPI(t) (7.2.1)
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7.2 INVARIANCE PROPERTIES

for all P C [N] such that |P| = d and all t € (9. Furthermore, we will denote the Jacobian
equivalence classes of maps by

Diff (O, RN) := Diff (0, RN)/ ~; . (7.2.2)

Example 7.2.1. We provide a simple 1-parameter family of maps which are all Jacobian
equivalent. Let a € R such that a # 0. Let 7% : [0 — R® be given by

1 1
’)’a(t], tz) = (atl, Ei’z, —aty + Etz).

The Jacobian of this map is

a 0 —a
W(h,tz):< 0 )
0 2

Then, the determinants of the three Jacobian minors are

JIvi2)(t t2) = T2l (t, t2) = Jlvisl(t, ta) =1

for all (t1,t;) € (2. Thus, 9° ~ 7P for any a,b € R—{0}.
The following proposition is clear from the definition of the basic monomials.

Proposition 7.2.1. Suppose a, B € Diff (0%, RN) such that « ~; B. Then

Mbas(‘x) = Mbas(ﬁ)'

Remark 7.2.1. In the case of d = 1, if ,8 € [0,1] — RY, then a ~; B if and only if
wl(t) = Bi(t) foralli € [N] and t € [0,1]. In other words, « ~; B if and only if & = B + ¢ for

1
some constant ¢ € RN. Thus, Jacobian invariance of the mapping space signature reduces

to translation invariance of the path signature.

7.2.2 Permutation Invariance

Next, we consider invariance of the signature with respect to permutations of the indices
in the basic monomials.

Proposition 7.2.2. Let I1 = (my,...,74) € X4, and P = (Py,..., Py) where P; C [N] such
that |Pj| = d. Let o € ¥, and define the permutation actions

oll = (omy,...,0my)
oP = (Pv(l)l"'rpa(m))'
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7.2 INVARIANCE PROPERTIES

Then for any « € Diff (09, RYN),

MY (y) = MIEP (7). (7.2.3)

bas bas

Proof. This will be proved by expanding the definition and performing a change of
variables. Indeed

MH,UP — /
bas (r)/) Dd,m (H) ]

m

][’)/pg(j)] (t]',l, ey t]‘,d)dt.
1

We perform the change of variables

t]',k —> ta(j),k'

Under this transformation, the domain of integration becomes D, ,,(¢I1), and we obtain
the desired result. O

This result implies that in practice, we do not need to compute all of the basic monomials
in order to obtain the mapping space signature. Indeed, we can restrict ourselves to the
basic monomials where the permutation index IT = (7, ..., ;) € £4 has one component
fixed to the identity; for example 711 = id. Indeed, we can compute the basic monomial for
an arbitrary IT as

-1

IL,P T L, m P
Mbas ('y):Mbals 1 ( )

Remark 7.2.2. In the case of d = 1, this implies that the permutation index can always be

set to the identity, and thus all of the basic monomials can be written as integrals over

the standard n simplex A". This explains the absence of a permutation index for the path

signature monomials.

7.2.3 Reparametrization Invariance

Next we will consider reparametrization invariance, one of the fundamental properties
of the path signature. We find that the mapping space signature is invariant under
reparametrizations in which each coordinate of [} is reparametrized independently.

Proposition 7.2.3. Let ¢y : [0,1] — [0,1] be smooth, monotone increasing bijections for k =
1,...,dand let ¢ = (¢p1,...,¢4) : 4 — 4. For any IT € x4, P = (P,...,Py) such that
P; C [N] and |P;| = d, and -y € Diff((0¢,RN),

MFP (v o) = MIP (7). (7.2.4)
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7.2 INVARIANCE PROPERTIES

Proof. First, we note that for any P C [N] such that |P| = d, the chain rule gives us

JICro)el(tr, - ta) = Jlvel(@r(t), - pata)) T[] (Hr, - -, Ha)
= Jlvel(¢1(ta), -, @a(ta))1(t1) - - P (ta).

Then, applying this to Mb P(y0¢), we get

Myl (v /d 1—[] Yop)pl(ti, ... tja)dt

- /Dd,m(H H][’ijK‘Pl(tj,l)/ .. -/CPd(t]',d))(Pi(f]’,l) .. 4)[;(t]-,d)dt

Next, we make the change of variables

Pr(tix) — tix
Gp(tix)dt — dtjy.

Because each ¢ is a monotone increasing bijection, each simplex A7 is preserved under
this transformation:

bk < - <tgmk = O (Erax) < <@ (En(ap)-

Then, under this transformation, the above integral becomes

Ml o) = [ Hmp bt )t

MHP(’Y)

bas
7.2.4 Maps with Trivial Signature
In this section, we consider maps - € Diff ()4, RN) defined as a sum of d paths. For such
maps, we show that the basic monomials can be expressed as a linear combination of the

simplicial path signature monomials, which leads to a class of maps which have trivial
signature.
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7.2 INVARIANCE PROPERTIES

Let g1,...,84: [0,1] = RY be a collection of paths on RN, where each path is written
component-wise as gx = (14 --.,gnk). Note that k is fixed in the second index. We
consider the map

'y:Dd—)]RN

d
(tl, .. -/td) —> Z gk(tk)-
k=1

This can be written component wise as v = (71,...,Yn), Where
’)/] . Dd — R
d
(- ta) = Y &jx(te)-
k=1

Given a subset P C [N] of length d, which we treat as a function P : [d] — [N], the Jacobian
determinant is

[u

Jlvel(ty, .o ta) = ), (—1)Sgn(g)Hg%(i),g(i)(ta(i))- (7.2.5)

oEL, i=1

Now, we can compute the basic monomials for such maps as follows. Suppose IT =
(m1,...,mq) € 24 and P = (P, ..., Py), where each P; C [N] is of length d. Then,

MIP (o

bas

H]’YP ]1/" /]d)dt

)= Jon
_ /Dd,m(n)ﬁ ( Y (—1)E) ig] ))) dt

Ui€Yy i

m d
S 1’1 /

o=(01,.. 0,,,)62"’ j=1i=

= Z Sgn /;dm g J( ),(T](l)(t]raj(z))dt

o=(01,...,00) 62” )i= 1j=1

At this point, we break the inner integral up into a product of 4 integrals. This is done by
using the structure of the domain of integration

Dy, (IT) = A%, X ... X AT,
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7.2 INVARIANCE PROPERTIES

where A?T]_ is parametrized by t; = (t1, ..., t;x) (note that k is the second index). Therefore,
we write the double product in the integrand as a product of functions of ¢; for fixed k.
Given ¢ = (01,...,04) € Xl and some k € [d], for every j, there exists a unique i such that
0i(i) = k. Thus, we re-index the double product in terms of k rather than i:

d m
mfm= T @ [ T s

T=(01,...,0m) XL €Da,n(Il) j=1j=7

= Z sgn H/ ng *1(k)),k(t]"k)dtk

o=(01,..,0m) 62‘.;1

o=(01,...,0m) XY} =1
Here, Q(I1, P, 0, k) is a multi-index of length m valued in [N], defined as follows. Suppose

= (m,...,mg) €X4,0=(01,...,0m) €LY, P = (Py,...,Pu), where each P; C [N] is
of length d, and k € [d]. Then,

QUL P, o k) = 7t (Puley (K)), - Pu( (K)) ), (7.2.6)

where (Pl(afl(k)),. e Pm(a,gl(k))) is a multi-index of length n valued in [N], and 71, ' €
X acts by permutation of elements. Thus, we have proved the following.

Proposition 7.2.4. Let g1,..., 84 : [0,1] — RN be a collection of paths on RN. Let v 4 — RN
be defined by

d
Y(t,... ¢ Z (7.2.7)

Then,

d
MIIP(q) = Y (~1) @ TS9P0 (g), (7.2.8)
cexn k=1

where Q(I1, P, 0, k) is given in Equation (7.2.6).
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An immediate corollary is the following.

Corollary 7.2.1. Let g1,...,84 : [0,1] — RN be a collection of paths on RN. Let v : 0% — RN
be defined by Equation (7.2.7). Furthermore, suppose at least one of the paths gy is tree-like. Then,

forall 1T and P.

Proof. Without loss of generality, suppose g is tree-like. Because g is tree-like, its path
signature is trivial, so for any multi-index P valued in [N], S (g1) = 0. Then, by Equa-
tion (7.2.8), Mgf(’y) = 0 for any IT and P. O

7.3 SHUFFLE PRODUCT

In this section, we consider the product structure of the restricted and basic monomials.
The product structure for restricted monomials is immediate from Theorem 3.3.3.

Theorem 7.3.1. Let mq,my € IN. Let

P:(Pl,...,Pm1>, Q:(Qll"'/sz)’

where TK*) = (Il(k), o, 1,553) c 2lml gnd g*) = (]1(k), .. .,],sz)) c 2mlgych that @ ¢ M, 7K
for any k and P;, Q; C [N] are subsets of length d. Let

IxT=ZWsxgW, ., 7@ g@)
P x Q = (Plr---rpm1/Q11-~-/Qm2)/
where
I(k) * j(k) = (Il(k),. . .,I,(f]),]l(k) +mq,.. "]T(sz) + ml).
Then, for any v € Diff([ld, RN),
MEP ()MZE () = Myg? T2 (). (7.3.1)

The product structure of the basic monomials provide the more familiar shuffle product.
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Theorem 7.3.2. Let mq,my € IN. Let
IT; = (7'[1,1, ey 7'(1’d) S Zzﬁ, I, = (7'[2’1, ceey 7'[2,5[) S Ziz
7)1:(P1,...,Pm1), P2:(Pm1+1/---lpm1+m2)/
where P; C [N] are subsets of length d for j = 1,...,my + my. Let

= (m,..., my) €8

my—+my
P - (Pll' . -/Pm1+m2)/
where 11 = 701 ) * (7o + M1) € Ty +my. Then, for any v € DifF(Dd, RY),

M ()M () = Y MIIVP (), (7.3.2)

0=(01,1.,04) €S (my,my )
where Sh(my, my) C Loy +m, 1S the set of (mq, my)-shuffles.
Proof. Writing out the product of the two basic monomials, we have
ML () M2 () = [ T el G39)
Diyny (T) X Dy (T2) 57 s ’
where (tjx)i=1,..m; € Dam (Il1) and (k)j=m +1,..m;+m; € Dam,(I12). The domain of

) o k=l..d k=1,....d
integration is

d d
D m, (TT) X D, (TT2) = (H A'ﬁik) X (H A%)
k=1

k=1
d
— my my
- H (Aﬂl,k X Aﬂz,k) :
k=1
Then, using the shuffle decomposition of A7!, x A7?, into the disjoint union
mq my __ my—+my

A7T1,k X Aﬂz,k - H A(Tkﬁk ’

U’kGSh(ml,ﬂ’Iz)
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7-4 PARAMETRIZED INJECTIVITY THEOREM

we get
d
Dd,m1 (Hl) X Dd,m2 (Hz) = L[ H A?kl;;mz
o=(01,...,04) ESh(my,my)? k=1
- H Dd,m1+m2 (UH)

Uz((fl,...,ad)ESh(ml,mz)d

This decomposition of the domain of integration allows us to rewrite the integral in Equa-
tion (7.3.3) as a sum of integrals over the domain Dy, 4, (011),

my-+my

11, P P :
M (MEP () = Y / [T JivelCtin, ... ta)dt
o€Sh(my,my)? D,y +my (0T1) 57

= X Mo

UESh(Wl],H’lQ)d
O

This provides the basic monomials with a shuffle product structure, analogous to that of
the simplicial signature monomials. It is also important to note that the shuffle product is
not closed for the basic monomials restricted to IT = id. Indeed, the shuffle product for
basic monomials gives us

id, P id, P, ,
Mlloas 1(7) Mlloas ? (7) = 2 Mgaﬁ(r)/)’

o €Sh(my,my)4

where ¢ € Sh(my,my)? C X4, +m, 18 not restricted to the identity. In the case of d = 1,
permutation invariance from Proposition 7.2.2 allows us to move the ¢ to the forms index
P. However, in the case of d > 1, this approach is not possible since o = (074, ...,04) € de
can consist of d independent permutations.

7-4 PARAMETRIZED INJECTIVITY THEOREM

In this section, we consider two injectivity theorems for the mapping space signature.
Both of these theorems require that we lift maps o € Diff((09RN) to a map 7 €
Diff (04, R™N) by appending the parametrization, and using the mapping space sig-
nature for Diff (04, R¥*N). The difference between the two theorems comes from the choice
of forms we allow from the additional d coordinates. The first will yield an injective map
on Jacobian equivalence classes of maps Diff ()%, RV), while the second will yield an
injective map for all smooth maps Diff (04, RN).
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7-4 PARAMETRIZED INJECTIVITY THEOREM

7.4.1 Jacobian Equivalence Classes

We begin with the inclusion

¢ : Diff(09, RN) — Diff(0%, RY*N) (7.4.1)
() = (7 (1)

We will denote the coordinates of RN by (u1,...,ug,x1,...,xN). Recall that in the
definition of the basic monomials, we denote the standard d form dx,, A... Adx,, €
O (RN) by the subset P = (py, ..., ps) C [N]. We will continue to use the same notation
for the standard d-forms on the x coordinates of RN. In addition, we will also allow the
d-form duy A ... Adu, in our signature, and we denote this form by V. Let H, v be the
Hilbert space given by the completion of the normed vector space with orthonormal basis
vectors ery p, where IT € >4 and P = (P,...,P,), where P; is either a subset of [N] of
length d, or P; = V. This is equivalent to the Hilbert space defined in Definition 7.1.9 given
our allowed choice of forms.

Then, let m € N, I1 € ¥4, and P = (Py,...,P,), where P; is either a subset of [N]
of length d, or P; = V. We define the parametrized mapping space signature signature
M, : Diff(0,RN) — H, y by

Mbas =1+ Z Mtl;;f eH,Pl (742)
for all allowed pairs (IT,P). The map () : ¢ — RY*N is simply the identity map
on the u-variables in R*N. Thus, J[¢(7)v](t) = 1 for all t € [09. As an example of this

parametrized signature, consider IT C Zﬁi, and P = (V,...,V,P), where P C [N] of length
d. Then, the parametrized mapping space signature of € Diff (09, RN) is

M7 () = [ o 0Pt )t (7.43)
d,m

It is clear that the parametrized mapping space signature is invariant under Jacobian
equivalence, and descends to a map My D|fF(Dd RN) — Hd ~. We show that My, is
injective on Diff((J¢,IRN). The main idea behind the proof is to show that for any exponent
vector ¢ = (c1,...,¢;4) € N¥ and any P C [N] of length d, there exists a linear combination
of the parametrized basic monomials ]\71&573 which is equal to

[ el vt
O

for all y € DifF(Dd, RN ), where t¢ := til .. t;d. In other words, the following lemma holds.
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Lemma 7.4.1. For any ¢ € N%, and any P C [N] of length d, there exists an element £ p € ﬁ;/N
such that

(top Moas(1)) = [ €] lvs] (0t (744

Before we prove this lemma, we will show that is used to prove the injectivity theorem.
This will require a second lemma.

Lemma 7.4.2. Suppose g : 0 — R is a smooth function. Then, if

/Dd tg(t)dt =0 (7.45)

forall ¢ € N¥, then ¢ = 0.

Proof. Let R[ty,...,t;] denote the space of polynomials in d variables viewed as functions
Q:0 - R. By the Stone-Weierstrass theorem, R|ty, ..., t;] is dense in C (Dd,]R), the
space of continuous functions under the uniform topology. Next, we treat o = g(t)dt as a
finite Borel measure on [0, where

pg(t) = /Dd teg(t)dt.

Then, since R[t,...,t;] is dense in C(0% R), and pe(t) = 0 for all ¢ € N9, we have
pg(f) =0forall f € C(O%R). The space of finite Borel measures on [} is the dual space
of C(O% R), and the fact that pe(f) = 0 for all f € C(0% R) implies that y, = 0. Thus,
g = 0. D

Using these two lemmas, we can prove the parametrized injectivity theorem.

Theorem 7.4.1. The parametrized mapping space signature
Mbas : D\if/F(Dd,]RN) — ﬁd,N

is injective.
Proof. Suppose a,p € Diff(0,RN) such that Mpas(w) = Mpes(B). Let ¢ € N and
P C [N] of length d. Then by Lemma 7.4.1, there exists an element /. p € Hj  such
that (£¢p, Mpas(7)) = St [yp](t)dt for any o € Diff(09,RN). Then, since Mypas(at) =
M,s(B), we have

(Lo Mhoas(8) = Whoas(8) = [, €€ (Tle)(6) — J[Br) (1)) dt = 0

04
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for all ¢ € N“. By Lemma 7.4.2, this implies that
Jlaep](t) — J[Br](t) =0,
which holds for all P. Therefore, « ~; p and Mbas is injective on ﬁﬁ(Dd, RN). O

Finally, it remains to prove Lemma 7.4.1.

Proof of Lemma 7.4.1. Fix ¢ € N? and P C [N] of length d. The goal of this proof is to find
a linear combination of basic monomials such that

Y AME () = [ el 0t 74.6)
i=1

where A; € R, IT; € 24, and P = (V,...,V, P). Note that the forms index P is fixed in
this sum.
Given this particular P, the basic monomial is

Mgf = / JIvel(tma, - - tma)dt. (7.4.7)
Dd,m(n)

This is an integral over Dy, (IT), parametrized by the variables (t;1);=1,..,m, and thus we
=1,..d

can integrate out all of the ¢;; with j < m. Each component 713 of I1 sp;c’i.fies the order of
the variables t1, ...,y , and since there is no ¢;; dependence for j < m, the integral only
depends on 7t ! (m). Thus, we let

B=(by,...,by) = (my Y (m),..., ;1 (m)), (7.4.8)
which we treat as a multi-index in [m] of length d. For t,, = (t1,...,tna), we let
d b b
Ed,m(B)(tM) = l__[A k_1(0/ tm,k) x A" k(tm,kll)/ (749)
k=1
where

A, b) ={a<t <...<t <b}.

We let t = (tj)j=1,..,m—1 parametrize Ej,,(B)(tx). Then, the integral in Equation (7.4.7)
k=1,..d
can be rewritten as

MIP — / < / di) t,)dt,,.
bas teld \JEeE n(B)(t) Jlre)(tn)
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The inner integral is simply the volume of the region E; ,,(B)(t,), which we can compute
by using the fact that the volume of the k-simplex A*(a, b) is

_ ok
/ P ChnlOll
teAk(a,b) k!

Then, using the definition in Equation (7.4.9), the volume of E; ,,(B)(ty) is given by

R d
Qm,b(t> = / dt = H (bk _ 1)| (m — bk)' : (7'4'10)

teEq,m(B)(1) k=1

Therefore, our original problem of finding a linear combination of basic monomials
in Equation (7.4.6) is reduced to finding some m € IN and subsets B; C [m] of length d
such that a linear combination of the polynomials Q5 (t) € R[ty,...t,] satisfy

Z /\Z'QI’VZ,B,' (t) == tC/ (7411)
i=1

for some A; € R. The choice of m € N is straightforward: we will choose m = max;{cx} + 1.
Now, we must find the subsets B; and coefficients A;.

We can further reduce the problem using the fact that Q,, z(t) is defined in factored
form. Let

tb—l (1 _ t)m—b

so that given B = (by,...,b;) C [m], we have

d
Qu,(t) = [ T amp. (te)-
1

Suppose for each k € [d] there exists a linear combination
s

Z/\k,z‘%n,bk,i(t@ = t%, (7.4.13)
i=1
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where Ay; € R and by; € [m]. Then,

d e
= [T Meim o, (1)
k=1i=1
d
Z Z Al Jip e /\d g (H Qm,bk,ik (tk)>
i1= k=1

Z Z Al S0 /\dld Qm b1,1 bdld)(t)

q=1 =
providing the desired linear combination.

Thus, it suffices to show that for any m € IN, and ¢ € IN such that ¢ < m — 1 there exists
a linear combination

;

Y gy, () = £ (7-4-14)
We fix m € IN, and prove this by induction on c. The base case will be ¢ = m — 1, which is
straightforward since

tm_l
H=— .

Gmm (£) (m —1)!
Now, we assume the linear combination in Equation (7.4.14) holds down to ¢, and we will
show the case of ¢ — 1. Consider

tc—l 1 — t)ym—c
Ime(t) = (c—1)! ((m —)c)! ’

which contains a t~! term, as well as monomials of degree strictly greater than ¢ — 1. By
the induction hypothesis, each of these monomials can be written as a linear combination
of the gy, (¢). Thus, Equation (7.4.14) holds for any m,c € IN such that c < m — 1.

O

7.4.2  Smooth Maps

In the parametrized mapping space signature considered in the previous section, we
restricted the permissible forms on RN to be either the standard d-volume form in the
R factor or a standard d-form in the RV factor. In this section, we will show that by
using a different collection of standard d-forms on R**"N, the mapping space signature is
injective on the space of all smooth maps in Diff((}%, RN).
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In particular, consider the d-form
Vig =duy Ao ANdug_y Ndug g A AN dug ANdxj € Qd(H{d+N). (7.4.15)
Given a map v = (71,...,7n) € Diff(04 RN) and its parametrized lift 7 = i(y) €
Diff (04, R**N), the pullback of v;; along 7 is

s 97i
T (i) (1) = 510 (7.416)
k
for all t € (9. We define a variant of the parametrized mapping space signature as follows.
We continue to let V = duj A ... A duy denote the standard d-volume form in the R? factor
of R™N_ Then, let

W = {V} U {vik}icim (7.4.17)
keld]

be the set of permissible forms. Let H,; y = H,w be the Hilbert space from Definition 7.1.9,
and define

Myas = Diff (0, RN) — Hy n

to be My, = Mpas,w © 1, where W is the set of permissible forms in Equation (7.4.17),
Mpas,w is the mapping space signature with respect to W, and ¢ is the parametrized lift
in Equation (7.4.1). The injectivity theorem can then be proved in a similar manner as
above.

Lemma 7.4.3. Forany ¢ € N%, i € [N] and k € [d], there exists an element {;; € ﬁ;N such
that

— O
(bess Moas(7)) = [ €51 (01t (7.4.18)

Proof. Fix ¢ € N9, i € [N] and k € [d]. The aim is to find a linear combination of basic
monomials such that

r —I1,P a,),
Z/\iMbas (7) = /Eld tcait:(t)dtl (7-4.19)
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where A; € R, I1; € Zfln, and P = (V,...,V,vj) in which there are m — 1 instances of
V. Once again, the forms index P is fixed in the linear combination. Given IT € X¢,, the
parametrized basic monomial with respect to this choice of P is

ML= [ Wttt
Dd,m(H) atk ’ ’

which has the same form as the basic monomial in Equation (7.4.7). Thus, we can use the
same procedure as in Lemma 7.4.1 to show the existence of the desired linear combination.
O

This can then be used to prove the second variant of the parametrized injectivity theorem,
which proceeds in the same manner as Theorem 7.4.1

Theorem 7.4.2. The parametrized mapping space signature
Mpas : W(Dd, IRN) — Han
is injective up to translation.
Proof. Suppose &, € Diff((07, RN) such that My,s(a) = Mpas(B). Let ¢ € N¥, i € [N], and

k € [d]. By Lemma 7.4.3, there exists an element /;; € H, y such that

_ o C%
(tesss Moss(1)) = [ €51 (0t

for any -y € Diff (07, RN). Because My,() = Mpas(B), we have

-— -— aocl- 8,8,
. — — c _ —_ L
(Fo Mo 0) ~ Pl (8)) = [, (510 = 200 )
for all ¢ € N“. By Lemma 7.4.2, this implies that
azxi . E),BZ
aTk(t) = aTk(t)

for all i € [N], k € [d], and t € (9. Because all derivatives of « and S are equivalent, we
have a(t) = B(t) + a, where a € RN. O

7.5 COMPOSITION OF MAPS

In this section, we consider the generalization of Chen’s identity to higher dimensions. One
of the primary reasons for using cubical domains as the higher dimensional generalization

239



7.5 COMPOSITION OF MAPS

of paths (rather than simplices, for example) is the existence of natural composition or
concatenation operations. In order to define composition in the smooth setting, we must
consider maps with a stationary boundary. Chen [Che77] called paths with this condition
paths which start and end smoothly.

Definition 7.5.1. Let v € Diff((0%, RN). The map « has a stationary boundary if there exists
some € € (0,1/2) such that

’)’(tl,...,tk,...,td) :'y(tl,...,O,...,td)
’)/(tl,...,l—tk,...,td) :’y(tl,...,l,...,td)
if # < € holds for all k € [d].

Lemma 7.5.1. Let v € Diff (004, RN). There exists a smooth reparametrization ¢ : 0% — 0% such
that «y o ¢ has a stationary boundary.

Proof. Lete € (0,1/2). Suppose f : [0,1] — [0,1] is a smooth bump function supported on
[e,1 — €] such that folf(t)dt = 1. Then, let

s = [ f,

which has the property that ¢(f) = 0 when t < € and g(f) = 1 when t > 1 —e. Let
¢(t1,...,ts) = (g(t1),...,8(ts)). Then 7 o ¢ has a stationary boundary. O

We can now define composition for maps with stationary boundary.

Definition 7.5.2. Let a, 8 € Diff(0)%, RN) be maps with stationary boundaries and let
ke [d]. If

“(tl/- . 'Itk_lllltk+ll" -/td) = ,B(tlr~--/tk—l/0/tk+l/- . -/td)

for all (t1,...,tk_1,tks1,---,tq) € 091 then we say that « and  are k-composable. Given
k-composable maps « and B, the k-composition a *; B € Diff (04, RN) is defined as

Dé(tl,...,sz,...,td) ZtkE[O,l/Z)

(7.5.1)
(tl,...,Ztk—l,...,td) T € [1/2,1]

Dc*kﬁ(tl,...,td) = {
p
The k-composable condition ensures that the k-composition is continuous, and the re-
quirement that « and B have stationary boundaries ensures that the resulting k-composition
is smooth. By Lemma 7.5.1, any map < € Diff(0¢, RN) can be reparametrized into one

with stationary boundary. Furthermore, by Proposition 7.2.3, the mapping space signature
is invariant under this reparametrization. Thus from this point forward, we will omit

240



7.5 COMPOSITION OF MAPS

the stationary boundary condition when discussing compositions, but we will tacitly
reparametrize all maps as necessary.

In Section 6.4.3, we used the formal composition rules for cubical sets to derive Chen’s
identity for the cubical path signature monomials. To summarize the derivation, we showed
Chen’s identity in two steps.

1. Using a modified cubical model L, for the interval [0,2] with three non-degenerate
1-cubes e, €12 and ep; such that egp = ey +1 €12, we showed that any cubical
monomial for L, where the degeneracy index Z only contains degeneracies of eg
can be decomposed into a sum of cubical monomials using the degeneracies of e
and ejp. This was shown in Theorem 6.4.1.

2. For the special case of cubical monomials indexed by flags, which were shown to be
equivalent to the simplicial path signature monomials in Proposition 6.2.1, each term
of the decomposition from the first step can be further decomposed as a product of a
monomial using only eg; degeneracies and a monomial using only ej, degeneracies.

The first step can theoretically be accomplished for the mapping space signature, al-
though the manipulations of the formal composition rules for cubical sets become much
more complex due to the larger variety of degeneracies for the non-degenerate d-cubes,
as well as the increase in the number of possible compositions for these non-degenerate
d-cubes. Moreover, we find that the second step is not possible in higher dimensions: the
basic monomials of a composite map « *j f cannot be expressed as a product of the basic
monomials of « and the basic monomials of B.

We illustrate this obstruction with an example. We will consider d = 2 for maps from
the domain (2, and level m = 2. Suppose «, f € Diff ((J?, RN) are 1-composable, and let
v = a x1 B be their 1-composition. We let the permutation index be the identity id € X3
and P = (P, P»), where P;, P, C [N] of length 2. Then,

MZ ) = [ Tl ) (s ) dsdt

where we use s and t variables rather than the double indexed ¢, in order to better
distinguish the variables s; < s, in the first A? and t; < t; in the second AZ?. In order to
express the integral in terms of « and B, we decompose the first A? as

A% = A%(0,1/2) U ([0,1/2] x [1/2,1]) UA*(1/2,1).
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Using the definition of the 1-composition in Equation (7.5.1), the basic monomial above
can be expressed as

MdP :/ Jt Lty dsdt
bas ()= |0 cneonymyeme ) TRV (52, F2)ds

i ,to)dsdt
+/(s,t)e([o,uz]x[1/z,1])xAz]le](sl V] p,) (52, £2)ds

o ,tr)dsdt
[ty N1 1) (52 £2)ds

- / Jlap,|(s1,t1)][ap, ] (s2, t2)dsdt
(s,t)eN?x A?
* /(s,t)eDZ><A2 ][apl] (Sl’ tl)][ﬁpz] (52, fz)dsdt
" /AZXAZ JBr](s1, t1)J[Br,] (2, t2)dsdt

We can see that the first and third integrals in this decomposition correspond to basic
monomials for « and B, and thus we have

M (7) = M (w) +/(Slt)eDZMZI[“Pl](slff1)][ﬁPz](Szzt2)det+M§i’f(f5)- (7.5-2)

The obstruction to a formula such as Chen’s identity is the remaining integral in the
above expression. Due to the nontrivial relationship t; < t, in the domain of integration,
we cannot express this integral as a product of a monomial of # and a monomial of S.
However, we can express it as the integral of a product of monomials. By expressing the
domain of integration explicitly, the integral can be written as

/(s SN A C A ICHREE (75:3)

— :_0 (/s:_ol[ucpl](ﬁ,h)dsl) </s21_0 /tzl_tl 11Br,](52, tz)dszdt2> dt,.

This integral can be expressed in terms of basic monomials of « and p restricted to
subdomains, which was previous defined in Proposition 7.1.1. From the definition in the
Proposition, we can express

M9P (), ::/ 1(ti1,... tiq)dt, 5.
bae (V)ab Dd,,,,@d)(a,b)gl [ve ] (t1 id) (7.5.4)
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where
Dy (id)( HA a, by). (7.5.5)

In other words, M{i’f (7)ap is the basic monomial of <y restricted to
[Ell, bl] X ... X [(ld,bd].

Note that we can take derivatives of this monomial with respect to the elements in a
and b. Returning to our example in terms of « and B, consider a = (0,0) and b = (1,¢).
Then the derivative with respect to t is

9 id,(P1) _ 9 /1 /t
athas ( )a,b - oF 6120 tl:oj[lxlﬁ](sl' tl)dsldtl

= Oj[ucpl](sl,t)dsl.

S1=

Finally, we can express the integral in Equation (7.5.3) as
p (51, 5y, ty)dsdt
/(S,t)EszAZI[ p](s1,t1)][Br] (52, t2)

. id,(Py) id,(P,)
/ 5 M (000,10 Migs ™ (B0, .0
Thus, the basic monomial of the composition « %1 ) is
Mlligj(“ *1B) (7.5.6)

1 ld P id, P 1
= My (a) + / Mgt (@) 00,00 - M (B) o, + Mis? (B).

This composition identity can be established for any basic monomial where the permu-
tation index is the identity id € 24,.

Theorem 7.5.1. Let , B € Diff (04, RN) such that « and B are i-composable for some i € [d]. Let
P = (Py,...,Py) where each P; C [N] is of length d, and let

P, = (Pl,...,P]-) (7.5.7)
Pr=Pu—rs1r--- Pn) (7.5.8)

denote the first r and last r elements of P respectively. Then, we will use

= (tlz---/ti—lrti+1/---/td) S -1
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to denote an element of O04~1 with the t; coordinate omitted. Let

f? = (tl,..-,tifl/ortH»l/""td) € ‘:‘d
fll = (tl/--~/ti—1/1/ti+1/~~rtd) € Dd/

denote the the corresponding coordinates on the 0 or 1 face of O in the i-direction. The all zeros
and all ones vector are denoted by 0 = (0,...,0) € 0¥ and 1 = (1,...,1) € O respectively.
Finally, let

9 0 0 0 0

ot; = ot; T oti_q0tiq oty

Then, we have

id,P id,P id,P
My (ax; B) = M (o) + My (B) (7.5.9)
m—1 _
J ., id,P, id, Py .
+ 7221 /i,-eDd—l aTiMbas (@), - Mpgs " (B dti.

Proof. We begin with the following decomposition of the standard m-simplex

A" = ﬁAf(o,l/z) X A™T(1/2,1). (7.5.10)
r=0

The definition of M{i’f (a %k B) is an integral over

d
Dyq(id) =A™,
k=1

and we apply the decomposition in Equation (7.5.10) to the i A™ in D, ,,(id). By the
definition of i-composition in Equation (7.5.1), this allows us to express the Jacobians in
the integrand in terms of & and p individually, after a change of variables which takes

A(0,1/2) x A™7(1/2,1) = A" x A"
We will use
DY = (A™)71 x (AT x A" x (A™)T, (7.5.11)

to denote the resulting domain of integration. We will continue to use ¢; as the coordinates
of DY

ims Where the (t;;) e[, variables are the coordinates for (A" x A™").
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In particular, we have

id, P id, P id, P
Mi)as (DC *1 ;B) Mllgas ( ) M}gas (:B) (7512)
m
+ Z . Hf wp) ()~ TT J1Br](t)dt
dm] j:I/-‘rl
Here, we use t; = (tjll,...,tj,d) e [ to supress the notation. The integrals in the

summand can be rewritten by changing the order of integration. In particular, we in-
tegrate the t,1,...,t,;_1,tri41,...,t, 4 at the end. In the following decomposition, given

= (a1,...,a4),b = (by,...,bs) € O, the domain D, (a,b) is defined as D, ,(id)(a, b)
in Equation (7.5.5), and we let

D, (a,b) == (A1) 71 A™ x (Am 1A

In order to preserve the labelling of the coordinates, we let

~

ti= (tr,lr sy tr,iflr tr,i+1/ ceey tr,i)

in the following expressions. By changing the order of integration, the integrals in the
summand above can be expressed as

/. Hf«xp () TT 716s) (8t

d,m ] :1’+1

_ /t . ( / ;,(Oi})]li ][txp].](t]-)dt> . ( /D o H JIBr]( )

] r+1
By definition, the second integral in the integrand is
id/fm—r j—
Mbas (:B)f?,l - / 20 H J ,BP t]
Dd,mfr(t ] r+1

Furthermore, it can easily be checked by iterated application of the fundamental theorem
of calculus that

d 4.,
aifiMi)as Of} = at /Dd I:I]“P

i /3”(0'*}) ﬂ”“ﬂ'](tj)dt
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which is the first integral in the integral. Thus, we can express

r m a i ; — B .
L Teslt)- TT JiBalepat= [ 5 Mias (@) - My ()it

dm j=1 j=r¥1 tic

Finally, substituing this integral back into Equation (7.5.12), we obtain the desired compo-
sition formula. O
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