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Topological signatures of periodic-like signals
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We present a method to construct signatures of periodic-like data. Based on topological considerations, our con-
struction encodes information about the order and values of local extrema. Its main strength is robustness to
reparametrization of the observed signal, so that it depends only on the form of the periodic function. The signa-
ture converges as the observation contains increasingly many periods. We show that it can be estimated from the
observation of a single time series using bootstrap techniques.

Keywords: Dependent data; functional data; limit theorems; persistent homology; time series

1. Introduction

We consider the problem of constructing a descriptor of a periodic function ¢ : R — R, based on an
observation of a reparameterized and noisy signal. Specifically, we assume that ¢ is 1-periodic and we
let y : [0,7] — [0, R] be an increasing bijection. We consider an observation S of the form

S:[0,T] >R, t— (poy)t)+ W(r), (1)

where W = (W;);¢[0,7] = (W(?));¢[0,7] s a stochastic noise process. Our aim is to construct a signature
F : § — F(S) which contains information about ¢ while remaining robust to W and to changes in 7.
Such information concerns the form of the period: for instance, it could be the number of local extrema
or their values. In a noiseless scenario, these are characteristic of the period of ¢ and, to a certain extent,
do not change with . To illustrate this objective more concretely, let us consider the two signals ¢y
and ¢ on the top of Figure 1 and the two parametrization functions g and y; on the left of Figure 1.
We would like to define a signature F such that F(¢g o yg + W) is more similar to F(¢g o y; + W) than
to F (¢ o yg+ W), because the former are both observations of ¢, and despite the fact that ¢ o vy and
¢o o v feature three and four periods of ¢ respectively.

Time series or functional observations of the form (1) appear in many applications, where ¢ is some-
how characteristic of a population: child growth dynamics (Ramsay and Silverman, 2002), physiolog-
ical signals (Goldberger et al., 2000), bird migration curves (Su et al., 2014). The reparametrization y
is the main source of variability in the point-wise evaluations of the signals, as in the ‘phase variation’
model in Functional data analysis (FDA), see Marron et al. (2015) for a review. The problems typically
considered in FDA consist in aligning a population of curves or computing a representative curve, for
which methods with guarantees have been proposed (Khorram, McInnis and Provost, 2019, Tang and
Miiller, 2008, Wang and Gasser, 1997). Underlying most of the models is the assumption that the start
and end points (y(0) and y(T) here) are common for all curves.

In applications like magnetic odometry or gait analysis studied in Bonis et al. (2024), Reise (2023)
and Bois et al. (2022) respectively, a single observation is composed of several periods of ¢ and the
number of periods varies across observations. In Reise (2023), the signal S is the magnetic signal
recorded in a moving car and the problem consists in inferring its displacement. The periodic function
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Figure 1. Four signals S; ; = ¢; oy; + W for i, j € {0,1}, for periodic functions ¢, ¢ and reparametrizations
Y0, Y1, corrupted by additive noise.

¢ models the magnetic signature of the angular position, y, of a wheel of that car. The problem consists
in estimating y from S. There is little reason for two observations to have the same number of periods,
unless the initial angular position of the wheel and the trajectory are exactly the same across those two
observations. Therefore, in contrast with FDA, the assumption of common endpoints is not satisfied
and the problem changes from describing the whole signal, to that of describing its constituent parts,
that is, the periods of ¢.

Techniques from topological data analysis (TDA) are said to describe the ‘shape of data’ and have
been increasingly used to extract geometric or topological information from observations (Chazal and
Michel, 2021). The arguably most popular TDA technique for analyzing a time series consists in com-
puting the homology of the time-delay embedding (TDE) of the time series, in order to verify whether
the underlying phenomenon is periodic or not (Perea, 2019). In applications, it has also been used to
understand dynamical systems behind climate change (Ghil and Sciamarella, 2023), to identify market
crashes (Gidea and Katz, 2018) or to propose biomarkers to detect seizures (Ferndndez and Mateos,
2022). The TDE of a time series X = (Xn),]:;] is a point cloud in R4, where each point is of the form
(Xns Xn+7s- - > Xns(a-1)7) for parameters d,7 € N. If § is periodic, a simplicial complex constructed on
the TDE at the right scale will have a non-trivial homology group in dimension one. In signals with
phase variation however, the length of the periodic structure changes and so does the geometry of the
TDE. This is corroborated by the fact that the geometry of the delay embedding contains information
about the frequencies supporting the signal (Perea, 2019, section 5).

Techniques other than the TDE have been proposed to extract topological information from time
series. In Corcoran and Jones (2017), the swarm behavior over time has been described with the zig-
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zag persistent homology of sublevel sets of a density estimator. In Khasawneh and Munch (2016), the
authors count revolutions of a machine in an industrial process by counting the number of ‘significant’
changes in a binary signal, where the significance of a change is defined in terms of persistence of
homology generators.

Visual features like local extrema or inflection points (Perng et al., 2000) quantify the ‘shape of
a curve’. Local extrema and excursion sets are particularly useful, since they are invariant to the
reparametrization of the domain. We propose to use the persistent homology of sublevel sets of the
signal to describe this last. This descriptor, the persistence diagram, summarizes the height, order and
number of local extrema.

In many statistical applications, it is convenient to map a persistence diagram to a vector or a func-
tion, via a functional representation. Numerous functionals (Adams et al., 2017, Carriere et al., 2020)
are ‘linear in the diagram’ and their properties have been well-studied in Divol and Polonik (2019). In
our case, it seems natural to renormalize the functionals by the total persistence of the diagram, a proxy
for the unknown number of periods. Building on Divol and Polonik (2019) and a recent characteriza-
tion of the stability of total persistence for Holder regular processes from Perez (2022), we study the
robustness of the signatures we propose.

Guarantees on the estimation of functionals of persistence diagrams, in both asymptotic and non-
asymptotic cases, have been provided in Berry et al. (2020), Chazal et al. (2014), under the assumption
that the persistence diagrams (or functionals thereof) in the collection are all independent. In a setting
motivated by magnetic odometry problem (Bonis et al., 2024), we have a single time series of which we
would like to estimate the signature. The natural procedure is to construct a sample by taking contiguous
vectors from that observation, what leads to a collection of shorter and dependent observations. We
study two reparametrization models and, building on the theory of strong mixing (Dedecker et al.,
2007, Doukhan, 1994), we show that the dependence between observations decreases. When the S-
mixing coefficients decrease sufficiently fast, the estimators of the functionals also converge in the
dependent setting (Bithlmann, 1995, Kosorok, 2008, Radulovi¢, 1996), not unlike in the independent
case (Chazal et al., 2014). So far, estimation of topological signatures from dependent data has been
less explored: a concentration inequality for persistent Betti numbers from dependent data is derived
in Krebs (2021).

Contributions and outline

In this article, we propose a signature of data of the form (1). The signature captures information about
local extrema and excursion sets. It is defined in the language of persistent homology of sublevel sets
of a one-dimensional function. Our contribution is an analysis which covers the entire process, from
data generation to a bootstrap procedure.

1. By analysing the noiseless case W = 0, we show that the proposed signature is a relevant descrip-
tor. First, the topological functional used in the signature converges as the number of periods in a
signal increases (Theorem 2.14). Second, by construction, it is invariant to reparametrization.

2. We discuss the invariance of the signature to parametrization y in presence of noise. When the
the endpoints y(0) and y(T') of the parametrization vy are fixed, an assumption common in FDA,
we show that the signature is continuous with respect to the distribution of y (Theorem 3.5).

3. We consider the problem of estimating the signature from stationary time-series data. When the
reparametrization satisfies Markovian properties, we exploit the periodicity of ¢ to generate a
sample to estimate the signature.

In Section 4, we provide a simple numerical illustration of the signature and its invariance properties.
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Figure 2. On the left, the graph of a function / and four sublevel sets marked with colors. At each level, there
is a different number of connected components. The right panel shows the persistence diagram D(%). The point
contained in the interior of the small rectangle corresponds to the connected component marked in a solid line on
the left panel.

2. Persistence diagrams of sublevel sets and functionals thereof

The signatures we propose are based on excursions sets of stochastic processes. The construction uses
the theory of persistent homology, which we describe in the deterministic setting in this section. We
first introduce a truncated version of persistence to keep boundedness and guarantee continuity of the
persistence-based signatures introduced further. Motivated by some additivity property of persistence
when studying periodic signals, we consider signatures which are normalized by the total persistence.
The objects studied in this section are interesting in themselves. We will therefore adopt a more general
setting than the specific model (1).

2.1. Persistence diagrams and total truncated persistence

In this section, we briefly recall the basics of ordinary persistence theory. A more formal presentation
of persistent diagrams based on terminated persistence modules is given in the proof of Lemma 2.5.

Let 7 € C(X,R) be a continuous function on a compact topological space X. The a-sublevel set of
h on X is then defined as: X, = {x € X : h(x) < a}. Generally speaking, ordinary persistence keeps
track of the times of appearance and disappearance of topological features in the sequence of spaces
(Xa)aer. In general, these features can be connected components, loops, cavities, etc. In this work,
X c R so we focus on connected components (0-dimensional features). To fix the ideas, assume that we
store the value ay, called the birth time, for which a new connected component appears in X, . This
connected component eventually gets merged with another one for some value @4 > @, which is stored
as well and called the death time. Moreover, one says that the component persists on the corresponding
interval [ap,a4]. This family of intervals is called the barcode, or persistence diagram, of (X, h), and
can be represented as a multiset of points (i.e., point cloud where points are counted with multiplicity)
supported on R? with coordinates {(ay,a4)}. Throughout this work, the persistence diagram of 4 will
be denoted by D(h) or Dy, as X is always the domain of /. See Figure 2 for an illustration.

Since the persistence diagram captures information about the number of connected components and
how they evolve, it does not depend on the parametrization of the domain.

Lemma 2.1 (Invariance to reparametrization). Consider a continuous function f : R — R and
let y1,y2 : [0,T] = R be two increasing and continuous functions, such that y(0)=7y,(0) and
Y1I(T) =y2(T). Then,

D(f oy1)=D(f ov2).
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Lemma 2.1 is a consequence of the fact that y; o yl‘l bijectively maps the connected components of
f oy to those of f oy;.

Proof. For any ¢ € R, the homeomorphism g = (yl—l 0y2):[0,T] — [0,T] maps the ¢-sublevel set of
foyato fory. Indeed,

(foyN ' (=oo ) ={y €[0T (foy)(y) <t}
={y=gx) | (foyD(gx)=(foy)(y) <t}
=g({y €[0,TT| (f o y2)(y) < t}).

Therefore, g induces an isomorphism between the two corresponding persistence modules. So the
corresponding persistence diagrams are the same (as well as any invariants there—of). O

Persistence diagrams are also stable with respect to the filter function. One distance which is often
used to compare diagrams is the bottleneck distance

dp(D1,Dy) =inf sup [lx = T(x)[le,
xeDjUA
where [': D; UA — D, U A is a partial bijection between the two diagrams. which allows some points

to be matched to the diagonal A. With respect to the supremum norm between functions, the persistence
diagram is stable in that distance.

Theorem 2.2 (Chazal et al. (2016), Cohen-Steiner, Edelsbrunner and Harer (2007)). For two func-
tions f,g : X — R with persistence diagrams Dy and Dg respectively,

dp(Dy,Dg) < || f = 8lleo-

The persistence of (b,d) € R? is w(b,d) := d — b. For p € N*, the rotal p-persistence of a persistence
diagram D is the sum of p-powers of the lifetimes of points,

1/p

pers, (D) = Z w(b,d)?

(b.d)eD

It is similar to total variation for functions on the interval (Plonka and Zheng, 2016). Similarly to
total variation, the total p-persistence of an a-Holder functions is finite for p > 1/, but it is not
continuous for functions with regularity strictly less than Lipschitz (Perez, 2022). To keep bound-
edness and guarantee continuity, we introduce the truncated persistence, we(b,d) == (d — b — €),
where (a); = max(a,0) denotes the positive par and € > 0 is fixed. For € > 0, the e-truncated total
p-persistence is

1/p

pers, (D)=| > webdl |
(b,d)eD

and supp(we) C A¢ i= {(b,d) eR? |d — b > €}.

We first give two general results on the truncated persistence of continuous functions defined on an
interval, before focusing to the case of periodic functions. In the statement of Proposition 2.3, both f
and g are deterministic functions.
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Proposition 2.3 (Lower- and upper-bound on e-truncated p-persistence). For continuous functions
f,2:[0,T] >R, and for p >0, £ >0,

pers) (f +8) 2 perst 4 (f)

where Ag = max g — ming. In addition, if f is a-Holder function with constant A and the exponent
satisfies (p — )a > 1, then

1/a
persh o (f) < (Af — )" (1 +pT (2] ) = Cpna

The result is weak but it is tight. For example, for the lower-bound, if we take f such that max f —
min f =2||f|l and g = —af, then f + g =(1 —a)f and ||g||c = @|| f]|c, SO that persﬁ’e((l —a)f)=
pers§,5+2a(f)'

Proof. We start with the lower-bound. Since pers is translation-invariant (pers,, .(f + ¢) = pers,, (f),
for any constant ¢ > 0), we can assume that Ag = 2||gllw. Let I' : D(f) — D(f + g) be a match-
ing between the diagrams and denote by ¢(I") the associated cost. Thanks to the bottleneck stability
theorem, infr ¢(I') < ||g]lco. Then, for any (b,d) € D(f) and (b’,d’) = T'((b,d)) € D(f + g), we have
d'—b">d—b-2c() and, for any 6 > 0, D(f) N Arery+s C Y (D(f + g) N As). Then,

persh (f+g)= D, web.d'V
(b'.d")eD(f +g)
> ) we )
(b’,d"eD(f+g)NAs

> > we((b.d) = e(N)(=1,1))"

(b,d)eI " (D(f+g)NAs)

= Z We+26(r)(b’ d)p
(b, d)eD(f)NDrc(r)+s

For ¢ = €, the last quantity is equal to persﬁ

obtain persz’e(f +g)> persi’ﬁzug”m(f).

For the upper-bound, we first note that when Ay < €, then persﬁ’e( f) = 0. For the non-trivial case,
we follow the proof of Theorem 4.13 in Perez (2022). An upper-bound of the covering number of the
image of f, at radius 7 > 0 is T(2A/7)'/® + 1, so that

,e+2c(r)(f)‘ By taking the infimum over all matchings I', we

A(f) A\ Ve
perSﬁ,e(f)Sp‘/ T(—) +1|(r-eP ldr
c T
A(f) = E)p—l
= (Af —e)f + PT(ZA)I/Q l TITdT'

We recall that since Ay /7 > 1and /o <p-1, (Af/‘r)l/" < (Af/‘r)p‘l, SO

T T

— -] 1 [Agf\Ve L p-1

(r—e)f™ Aaf (r— P! < AP~ 1/0(1_5) .
rl/a Al/(l S

f



Topological signatures of periodic-like signals 1961
Finally, by recognizing that 1 —e/7 < 1 —€/Ay, we obtain
persh (f) < (Ay =€) + pT@A* AP V(1 — /AP~ (Af — )

< (Ay - )1 —e/ApP 7 [AV" + pr2A) e AR
<(Af-ey (1 +pT (%) l/a)
<tar-or (1 ()],

where we have used that €'/@ < A;/ e, O

Proposition 2.4 (Continuity of e-truncated p—persistence). For any € > 0, the total e-truncated
p-persistence persﬁ,e :C([0,T],R) = R is continuous. In addition, persﬁ,s is Lipschitz over Holder
functions: for any two a-Hélder functions f,g with constant A and such that p -2 > 1/a,

-1 -1
Ipers] (/) = perst ()l < pllf = gl (pers? "} () +perst”} (2))

<Cpt,na,tllf — 8llo-

As for the proof of Proposition 2.3, the proof of Proposition 2.4 relies on bounds on the maximal
number of oscillations of size at least €.

Proof. Let f,g € C([0,T]) such that || f — g|lc < €/4.LetI": D(f) — D(g) be a matching. Recall that
[we(b,d)—we(mp,na)l < 1b—np|+1d—14] < 2||(b,d) — (1p,14) |l In addition, if d — b < €/2, then both
we(b,d) = 0= we(L(b,d)). Using the technique |} x| = p [ 1~ dt] < plx, = x| max(x? ™!, 2271
from the proof of Cohen-Steiner et al. (2010, Total Persistence Stability Theorem), we have

D welbd)? = Y we dP| < p Y Iwe(b.d) - we(T(b.d)]  max we(x)P!
(b,d)eD(f) (',d")eD(g) (b,d)eD(f) relbd).Ib.D)
<2 — glloo max we(x)P~!
pllf -l ) d;w)xe MK, e
d-b>e/2
<plf-gle D, (we(b,d)+2e/4y"!
(b,d)eD(f)
d-b>e[2
= pCrlIf = glleo-

Since f is continuous on a compact domain, it is uniformly continuous, so that Cy is finite and does
not depend on g.

For the Lipschitz character, we follow the proof of Perez (2022, Lemma 3.20). For two a-Holder
functions f, g with constant A,

D iwelbd) = Y web,d'V|<p Y Iwe(b,d) - we(T(b,d)] _ max we(x)P!
b.dED() (B .dVeD(s) (b.d)eD(f) *ellb,d),T(,d))
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Figure 3. On the left, a graph with of several periods of a periodic function, observed on [0, R] for R = 5. The dia-
gram Dy appears 4 times, and the corresponding parts are marked in green on the graph. The red parts correspond
to the remainder D’. The intervals [c¢ — 1,¢] and [R,c + N + 1] included as hatched regions are used to bound the
persistence of the remainder. On the left, a graph showing Dy and D’ in green and red respectively.

<oplf =gl D welb P+ > we(,a)yP!

(b.d)ED() (b",d)eD(g)
-1 -1
=2p(pers) ", (D(f))+pers)” (DI = gllo-

By Proposition 2.3, persij (D(f)) < TeP=DAP=I(1 + (p — 1)21/9), 50 that

Ipersh (D(f)) - persh (D(g))] < 4pT* P~ VAP (1 + (p = D2V f = gl O

We now focus on the case of periodic function, for which the structure of a persistence diagram can
be characterized more finely. Consider ¢ : R — R a 1-periodic and continuous function. We denote by
¢| 4 the restriction of ¢ to A C R and by D LI D’ the union of two multisets. For n € N*, nD is the
multiset with the same support as D and with multiplicites increased by a factor of n.

Lemma 2.5 (Additivity of diagrams). Let R > 1. There exists ¢ € [0, 1] such that

LR-1]

D(¢ljo,r)) = u D(liesk-1.c+x)) | U D, 2)
k=1

for some persistence diagram D’. In addition, Dy = D(@|[c c+1]) = D(@[c1k-1,c+k)) Jor any k and
pers,, ((D’) < 2pers,, (Dy) for any € > 0.

Before giving a complete proof, we provide an illustration of the core idea in Figure 3. By choosing
c €[0,1] to be a global maximum of ¢ and defining “the period” to be @|[. ..}, We can decompose
the diagram of @[y g) as a sum of diagrams of individual periods. These diagrams are all equal and
denoted D1, except for the first and last periods which are not complete and constitute the residual part
D’. Thus, we obtain (2). The total persistence of a diagram of an incomplete period is not greater than
the persistence of a complete period, so persp,e(D’) < 2pers,, .(D1).

Proof. We start the proof by explicitly defining the terminated persistence modules, using the theory
of persistence modules developed in Chazal et al. (2016). For ¢ € R, we consider the ¢-sublevel set of A,
X, = h™1(] - c0,t]) and we define the terminated module

t =

Hy(X;), ift<maxh
= 3)

0, otherwise,
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where Hj is the O-dimensional singular homology. For any s < ¢t < max A, the inclusion X; — X,
induces a morphism between the singular homology groups ¢ : Vy — V;. For ¢ > max &, i{, is the zero
morphism. We call V = (V;);er, (¢} )s<ser) the terminated persistence module associated to h.

When X is compact and h continuous, for any s < ¢, the rank of ¢, is finite. This allows to define a
measure on rectangles in R%: forany a < b <c <d € R,

. im(d5) N ker(t4)
m(la,b] X [c,d[) = dim m) ’

which counts the number of connected components of X;, that appeared later than in X, and persist
in X, but not until X,. Finally, we can define the multiplicity of a point (s,7) € R? with s <, as
m(s,t) =limg_,o+ m(]s — 8,5 + 8] X [t — 6,¢ + §[). The diagram D(h) is then the set of points for which
the multiplicity is positive. By convention, m(s, s) = oo, for any point (s,s) € A := {(t,1) € R}.

Having introduced the algrebraic tools, we can now characterize the structure of the terminated
persistence module of ¢|[y gj. Let M = max ¢, ¢ := inf{x € [0,1] | #(x) = M} and N = max{n € N |
¢ +n < R}. Consider the persistence modules defined by (3) for ¢|[g . Slc,c+n] and @l[c4n g)- For
t<M,

Blio.c; =00 t) N Pljeciny (= o0.t]) € {c},

and ¢(c) = M, so the intersection is empty and the same holds for ¢|[., g and ¢|(. .. n7- Therefore,

Ho(¢lj0.r " (1 = e0,11) =Ho(Bl10,¢) (1 = 00,11)) @ Ho(bl e cony” (1 = o0,2]))

, o)
© Ho(@licon,r) (I —00,2])).

Since the isomorphism is induced by inclusions, it is an isomorphism between the persistence modules
restricted to 1 €] — co, M[. By definition (3), the persistence modules are all O for > M, so both sides
of (4) are trivially isomorphic for r > M. Therefore, the persistence modules (on ¢ € R) are isomorphic.

By repeating the same argument as above, we can show that the persistence module of @[, ..y

is the direct sum of the persistence modules of (@[ciy, c4n +1])r]:]:_01' Then, for any n=0,...,N - 1,
gn 1 X > x +n is an isomorphism between the sub level set of @|(c c1] and @l[cipn,c4ns1]> SO the
persistence module of @[ ., xq is isomorphic to the direct sum of N copies of @[, ..17- Thus, (4)
becomes

N-1
Ho($ljo.5)" (1= 00,11)) = | €D Ho(@l ¢, c1y”" (1 = 0,11)) | © Ho(@lj0,.¢) ™ (1 = 0,1])

n=0
® Ho(l[cn g (= 00,1])).

The second crucial observation is that the diagram of a direct sum of two persistence modules is
the union of diagrams. The case of interval decomposable modules is treated in Chazal et al. (2016,
Proposition 2.16). The persistence modules that we consider are g-tame (Chazal et al., 2016, Theorem
3.33), so they do not necessarily admit an interval decomposition. Recall that the persistence diagram
is computed via rectangle measures (Chazal et al., 2016, Section 3), defined with ranks of inclusion
morphisms. For two persistence modules V = (V;);er, W = (W;);er and any s,7 € R, we have that
rank((V @ W), — (V@ W),) = rank(Vy; — V;) + rank(Wy — W;). This shows that the two rectangle
measures (uy + puw) and pyew are equal and so are their persistence diagrams. If we denote by
Dy = D(@l(c4n,c+n+1)) and by D’ the diagram of the sum of the rectangle measures of the ¢|, . and
Glic+n,R]> then (2) follows.
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We now need to bound the p-persistence of the remainder. Denote by U and V the persistence mod-
ules associated to ¢|[y ] and || .| respectively. For any ¢ € R, ¢|[0,c]_1(] —oo,t]) C ¢|[C_1’C]_1(] -
0o,t]) induces a map Uy — V;. We claim that it is an injective morphism between persistence mod-
ules. Hence, rank(Uy — U;) < rank(Vy — V;) for any s <t € R and both are finite. Hence, to ev-
ery point (b,d) € D(¢|o,.)) with b < d, we can assign a point (b",d") € D($|[_j ]) in such a way
that this assignment is injective (considered with multiplicity) and such that b’ < b < d < d’. So,
persy, (D(¢l(g.c1) < persp (D(@l[_14¢.c1))- A similar argument shows that pers, ((D(¢|[c4n r)) <

persp c(D(@lc.n.con+1p)- -
Remark 2.6. Usually, the persistence module associated to a continuous function is simply

((HO(XI))t eR>» (lé )s<reR)~

We use terminated modules to force the essential component to have a finite death value, an operation
particularly convenient to obtain (2).

In the case of persistence homology of sublevel sets of periodic functions, most points in the per-
sistence diagram will have multiplicity greater than one, reflecting the number of observed periods,
as stated by Lemma 2.5. When the function is corrupted by additive noise, the points will no longer
be superposed. The additive structure combined with robustness in the form of the bottleneck stability
motivates us to introduce normalized versions of persistence-based signatures.

2.2. Normalized functionals of persistence

The space of persistence diagrams is not a vector space and is ill-suited for statistical purposes. It
is common to map diagrams to a functional Banach space. Many such mappings have been pro-
posed (Adams et al., 2017, Bubenik, 2015, Carriere et al., 2020, Chung and Lawson, 2022) and their
properties are described extensively. For the purpose of creating signatures of periodic functions, func-
tionals normalized by the total persistence are of particular interest. As it is usually the case in the
TDA literature, we present a general set of assumptions and we show examples of functionals from the
literature (or of their adaptation) which fit within the prescribed framework.

Consider U a Euclidean space and let 7 be a Banach space of functions U — R. Let k : R> — H be
a map, which to a point (b,d) in the plane associates a function k(b,d) : U — R. We give two examples,
the persistence silhouette kernel A, q) from Bubenik (2015) and the persistence image kernel k” i
from Adams et al. (2017),

Ap,ay: R— R kPi(b,d): R? — R

d-b b+d b—x)2+(d—y)?
”*—)(T—W—%O (x,y)HzﬂlcrzeXp(—( ) )

’
+

Definition 2.7. For a persistence diagram D with pers,, .(D) > 0, the linear and the normalized func-
tionals are defined as

D)= S ek, p(D) = 2 5)

<D 2ixeD we(x)P

Otherwise, when pers,, (D) =0, we set p(D) =0 = p(D).
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Note that p(D) and p(D) are by construction elements of 4, that is functions from U to R. In this
work, we are more specifically interested in diagrams of sublevel sets of functions defined on a compact
interval. In this case we will abuse notation and write p(f) = p(D(f)).

Remark 2.8. We note a few differences with Persistence Curves introduced in Chung and Lawson
(2022). In that article, the operator aggregating {k(x)}ep is different from the sum used here. In addi-
tion, for normalized functionals, the authors only consider kernels of the form k(b,d)(u) = c1p, q)(u),
for some ¢ > 0, which are piecewise constant, so not continuous.

We will assume that k satisfies the following:

1. k(x) has a uniformly bounded support, for all x € R?
3K c U compact, k(x)| g =0, Vx. (6)
2. k(x) is Lipschitz, uniformly over x € R?
3L > 0, |k(x)(u) — k(x)(s)| < Ld(u,s),  ¥x €R% Vu,s € U. (7)
3. x> k(x) is Lipschitz
3Lk > 0,|lk(x) = k(x)llge < Licllx = x'Jloos ¥V x,x” €R2 (8)
4. k(x) is uniformly-bounded on the diagonal
3C <0, [[k[alla < C. ©)

Assumptions (7-9) are standard in the literature. Assumptions (8) and (9) guarantee that ||k(x)||4 is
uniformly bounded on any compact subset of R?. While a condition on ||k(x)|| could be imposed for
a different x, an assumption for x € A is natural because points in A correspond to generators in the
module which exist punctually and do not persist. However, many kernels do not satisfy (6), and it is
often obtained as a consequence of an assumption on the statistical model (Berry et al., 2020, Chazal
et al., 2014). To adapt a kernel to this assumption, we can precompose it with a projection. Specifically,
let Q < U € R and consider ng 7 : A9 — A the operator which maps points above the diagonal,
onto the upper triangle with corner at (Q,U)

mo.Uu: Axo— Ay

(bd) > (b.d) + (1,~1) min(max(d — U.Q — b,0), 452). (10)

Examples of kernels which satisfy the assumptions (6)-(9) are given below for the Persistence Silhou-
ette and the Persistence Image, and sample realisations are shown in Figure 4. The calculations of the
Lipschitz constants are carried out in Section A of the supplement Chazal, Michel and Reise (2025).

Example 2.9 (Persistence Silhouette). We set k°(b,d)(u) = A, Q’U(b,d))(u), so that

supp(k*(b,d)) C supp(A*(Q.U)) = [Q.U].

Since t — k*(b,d) is piecewise linear with slopes 0, 1 and —1, L =2 = L. The kernel is zero on the
diagonal, so C = 0 is enough to satisfy (9).
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Figure 4. On the right, a persistence diagram with € =1, L = 1 and U = 4.5 marked in dashed and dotted lines.
In the center and on the right, two functionals p evaluated on that diagram, with k% and kP! (o= 1,r = 1.1)
respectively, both weighted by the truncated persistence we with p =2.

Example 2.10 (Persistence Image). In order for k”’ to have bounded support and remain Lipschitz,
we propose to multiply by it the distance to a square of size 20" to (b,d), namely, for some r > 1, set

. _ r .

kpl’r(b, d)(x,y) — (2 _ ||7TQ,U(b,j) (x,y)l\oo) kpl(ﬂ'Q’U(b, d))(x,y)
+

We obtain the original persistence image kernel when we set » = 0 and Q = oo,U = co. Note that a

simple truncation of kP is not enough, as the kernel would not be continuous at the truncation interface.

The function (x,y) > exp(—(x? + y?)) is (4/e)-Lipschitz and (x,y) > (2 = |[(b,d) = (x,Y)|l /)" is

(r2" Jo)-Lipschitz, for the Minkowski distance. Hence, Ly pi.r = 2"~ 1(r +2)/mo and L = 2"*! /mec.

Continuity of functionals has been studied, notably in Divol and Polonik (2019) and Chung and
Lawson (2022). In the first, it was fully characterized, but only for linear functionals. In the latter, func-
tionals were considered under the L! metric. Due to the nature of the statistical results in Section 3.3,
we are particularly interested in || - ||c, SO We repeat the proof of Divol and Polonik (2019, Theorem 3)
for linear functionals p and we derive results for normalized functionals p.

Proposition 2.11 (Stability). Suppose that the persistence of any point in Dy and D, is bounded by a
uniform constant U and that k satisfies (6), (8) and (9). Then,

lo(D1) = p(D2)llgr < | Lipersh «(Dy) + p(LiU +C) )" persh”) (Di)| dp(D1,Dy), (11
k=1,2

-1 -1
persﬁ_l,e(Dl) + persz_l,e(Dg)

lp(D1) = p(D2)ll <| Li + 2p(Lg U + C) dp(D1,D»). (12)

persj, (D1)

Remark 2.12. The result we give for p is a special case of Divol and Polonik (2019, Theorem 3). To
see this, notice that using the notations of that article, Lip(¢) = Ly, A = p, and a = p, where ‘p’ is from
our work. In their article, p = co and a = 1. In particular, we see exactly that sup,, ||k(x)||l¢r < Ly U + C.

Proof. LetI': D; — D, be a matching between the two diagrams, we have

lo(D1) = p(D2)ll 4 < Z we(X)P[[k(x) = k(T2 + kT () [l we(x)” = we(T(x))”|

x€Dy
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< sup [[k(x) = KCEllgr Y welx)P

xeD; xeDy

+ sup [[k(T(x))llg Z [we(x)” = we(T'(x))”|

xeD; xeDy

< Lydg(Dy,Da)persh (Dy)

+p(LU +C) Z e (x) = we(TODI(we(x)P ™ + we(T(x)P ),

xeDy

where in the last inequality, we used that
KTt < Lacllk(rr,x2) = k(F572, 552 |9 + [k (H572, 252) |lg = L 2574 + C.

The sum in the second term is bounded from above by dB(Dl,Dz)(persi :} (D) + persf) :} (D2)).
Consider now the normalized version:

| Xxen, We(x) = Xy ep, we(y)?|
erDl we(x)P

persp 1. 5(D1) + pers? ool f(Dz)
persp,e(Dl)

lo(D1) — p(D2)ll
erDl we(x)P

1o(D1) = p(D2)ll ¢ < +11p(D2)ll ¢

SdB(Dl,Dz)(Lk +p(LiU +C)

-1 -1
p,l’E(Dl) + persz,l’e(DZ)

+ p(Ly U + C)dp(D1,D3)
persh e(Dl)

persp (Dl) +pers?”
<| Ly +2p(LeU + ) —E=

(D2)
- 1 < dg(D1,Dy).
persp,e(Dl)

Combine persz j (D) + persZ j (Dy) < 2maxy— » pers}'z j (Dy) with the observation that the

bound is symmetric so that we can have persz’ «(D») in the denominator. U

Corollary 2.13. Let f € C([0,T],R) such that Ay > €. Then, the linear and normalized functionals
o(D(f)) and p(D(f)) in (5) are well-defined. In addition, h — p(D(h)) is continuous at f for || - ||co-

Proof of Corollary 2.13. Since f is continuous on a compact domain, it is also uniformly continuous
and bounded. Let § > 0 be such that | f(z) — f(s)| < €, whenever |s — t| < §. By the reasoning of the
proof of (Cohen-Steiner et al., 2010, Persistence Cycle Lemma), |w™!(Je,co[) N D(f)| < 1 +T/6. Let
My = max(f), mg = min(f). Then,

oDl < > weld =B k(b d)ly
(b,d)eD(f)

<E +1)-we(Ms —ms)P k(b,d)|| 7.
(5 + 1) we(My — my) (b,d)IS}?Z})nA;”( Mg
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As stated above, the number of points is bounded from above, and so is the total persistence, thus
showing that p(D(f)) is well-defined. For the normalized functional,

o(D < +1 k(b,d)|l# < (L +1 k(b,d)| 4.
(DDl < (5 )(b’d)EmD%;c)nAZEII( M < CGs )<b,d>£?}‘m25”( Nl

To show the continuity, let z > 0 and consider i € C([0,T],R) such that || f — A|| < rf, Where

-1
re o= min persﬁ;,I’EG) z Af—E
I 4pMyp(Ar+e[2P71 LyrapQLy Apperst”) (Plpersh () 2 )’

and My = |D(f) N As¢/2|. By continuity of truncated persistence, and with the modulus of continuity
from the proof of Proposition 2.4, we have persz j,e(h) < 2pers1’: j’e( f). We observe that d — b < Ay
for (b,d) € D(f) and that d — b < Ay < A¢ +2||f — hllo < 2Ay. Applying Proposition 2.11 to Dy =
D(f), Dy = D(h) with U = 2A¢, we obtain

ers? ! f)

16D = POl < [ Lic + 4p(RAs Ly +C) =5

el ) | AP D)) < z. .

2.3. Normalized functionals of persistence for periodic functions

Let us now go back to the persistence diagram of a 1-periodic and continuous function ¢ : R — R.
As a consequence of the additivity of diagrams (Lemma 2.5), we find that the normalized functionals
are consistent. Indeed, the functional converges because the contribution of the boundary effects in
the normalized functional p(¢|[o, g)) decreases as the number of observed periods increases to infinity.
This justifies calling the limit the “signature of ¢”.

Theorem 2.14 (Consistency). Assume that k satisfies (8) and (9). Then, there exists c¢ € [0, 1[ such that
as R — oo,

Ml

P(D(¢l10,r)) — P(D(Blic,c+17))-

Proof. Let Dy = D(¢|[; c+17), D’ be given by Lemma 2.5 and let Dg = D(¢|[o_g})- Then,

Pp(R-1)D)+p(D")  p(Dy) p(D’) p(R-1)Dy)  p(Dy)
persh ¢(DR) persh (D) "o persh ¢(DR) H persp ((DR)  persh (D)) (H’
and
p(R-DDy)  p(Dy) < persh (D)p((R-1)Dy)—(persh ((R-1)Dy)+persh (D")p(Dy)

persh (Dr)  persh (D) persh, (Dr)persh (D) HW

H
lipersh e (D)p(D1)
= persh_(DR)persh (Dy)’

where we have used that for any N € N,

persy ((ND1)p(D1) = Npers), (D1)p(D1) = pers,, .(D1)p(NDy).
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Now, we observe that pers), ((Dg) = persh (R — 1)Dy) + persp, (D’) > (R — 1)persh (D) and
persh (D) < 2pers), (D) to obtain that

_ - oD lsc . lIperst (DDl oD lg+2 10D e
1A(D@l10,r1)) = PDBlic. el < T T persl ((DrpersT D) = (Rebpersh, Dy~ 1)

Using the Minkowski inequality,

oD =1 3wl Kl 3 )| ma Ol S pers () ma ()l

Because k is Li-Lipschitz by (8), for any x € D’, we have ||k(x)|l¢ < Lg||lx — 71(x)]loo + [|&(7r(x))]|oo0>
where 7(b,d) = (b+d)/2,(b+d)/2). Using (9) on one hand, and the fact that the distance of any point
in the diagram to A is bounded by Ay, we obtain ||k(x)|l¢s < LxAg/2 + C. A similar bound holds for
llo(D1)|l4- Going back to (13), we have that

(2lpersy, ((Dy)| + |persy (Dp)l) maxxepr 1k(x)ll9
(R - Dpers, (D)

lo(D(¢l10,r))) = P(D(@lc 1)l <
- 4(C + LkAqs),
N R-1

what converges uniformly to O as R tends to infinity. O

We conclude the section with another stability bound of normalized functionals under reparametriza-
tion and (deterministic) additive noise.

Proposition 2.15. Let (yi : [0,T] — [0, Rk ])k=1,2 be two fixed reparametrizations, for Ry > 2 and let
81,82 € C([0,T],R) be two a-Hdolder functions with constant Ag and with sup-norm bounded as follows
||gk||oo < A¢/2. Then,

- - 4A
166 071+ 81) = Pl 0 72 + g2l < L e gz + P(max(lg s 12 1))

where P(x) = O(x).

The expression of P(x) can be found in the proof below. The Proposition is a straightforward con-
sequence of Proposition 2.11 and Theorem 2.14. Note that the right—hand side is strictly positive, even
in the noiseless case g = 0. It is not surprising, because the bounds we use are very crude: we remove
the noise and we compare the respective signatures to the limit object p(¢). In the next section we
will provide alternative stability bounds for signatures under reparametrization and additive noise in a
stochastic setting. We finish this section with the proof of Proposition 2.15, preceeded by a lemma.

Lemma 2.16 (Perturbed, pathwise version). Consider g € C([0,T],R) an a-Holder function with
constant A and set 6 = ||g||co. If 20 < max ¢ — min @, then

15(¢ + 8) = P(@)llgr < L (P16 + P26” + P36%) =t L P(6),
where

P =1 +4A¢CT - lp(¢)
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P =8CTC;_1,[,(¢) + 4PA¢(CTC -2 p(¢) pIe)erA ZIJT)

P3 =4p CTCE 2p(¢) + Spdnar

persp ()
and
[T] persy .(¢)
Cr= , _ Agp = co0-
e G0 s =19l

Proof. By the diagram stability theorem, dg(D(¢ + g), D(¢)) < ||gllc < . The persistence of a point
in D(¢) and D(¢ + g) is bounded by 2A4 and 244, < 2(A4 + 6) respectively. Using Proposition 2.4,

-1 -2 -2 . .
we also bound persi71’6(¢ +g) < pers571,5(¢) + p6(persi72’6(¢) + persﬁile(g)). Using the uniform
bound on persistence from Proposition 2.3, persllz j’e(g) < Cp_3,A,a,7- Finally, putting these together
with Proposition 2.11, we obtain:

o persi_| (¢)+perst | (¢+¢)
lo(d) — p(d + @)l < Li [ 1+2pU > dp(D(¢),D(¢ + g))
persp,5(¢)
2[TTpers?" | (@lie,cr1)+PS(pers’ 5 (@) +Cp_an.a.1)
<Ly (1 +4p(||¢lleo +0) "ol (|_le —2)persh j¢§ = )

< 5L, [(1 +4A4CrCS_| ,,(¢))

(scTCE O+ 4pAg(Cr Tl 0)+ ey ot +

p-3,A,a, 2
i (Cregy 0 S| 7). -

Proof of Proposition 2.15. Combining Lemma 2.16 and Theorem 2.14,

o(poyi+g1)=plpoya+gllu< I0(d+(81)y-1) = p(lo,r,llw +

lo(@l10,r,1) = P(Pl10, R, Il +

15(¢l10,r,1) — P(¢ + (82),-2)ll

Li(P(61) + P(62) + 2 e 5y 1P(@ 1 .cs 1) )
L (PG1) + PO2) + s 2

4A
Ly (P(maX(51,52)) + W,‘Zzﬂ) ' -

A IA

IA

3. Signatures of periodic signals with phase variation

In this Section we define what we call the signature of a reparametrized periodic function, in a proba-
bilistic model. Next we provide robustness properties of the signature and statistical guarantees for its
estimation.
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3.1. Generative model and persistence-based signature

As the signature will be defined in term of an expectation, we first need to specify the probabilistic
model associated to our main model (1).

e We fix ¢ : R — R to be a continuous and 1-periodic function.

e We consider reparametrizations which have a lower-bound on the modulus of continuity. Specif-
ically, let I', . = {y € C([0,T],R) | y(s) — ¥(t) = Vmin(s — t), forall s > ¢} be the space of
reparametrizations, equipped with the Borel o-algebra B(|| - || ) and let x be a probability measure
on that space.

e We consider Ca,—(e+q)([0,T]R) == {W € C([0,T,R) | Aw < Ay — (€ + q)} the closed subspace
of continuous functions with amplitude bounded by Ay — (€ + ¢) for some ¢ > 0 and let v be a
probability measure on (CA¢_(€+q)([O,T],R),B(|| “loo))-

Under theses assumptions, we consider the stochastic process
St 1o ely(0) + W), (14)

where y and W are independent, y ~ u and W ~ v. Moreover the process y is not assumed to be
observed. Indeed, it is not necessary to observe y to define our persistence-based signature, which is
robust to the temporal changes.

We are now in position to introduce our persistence-based signature built on the signal S. Starting
from a kernel k, we define p(S) as in Equation (5). For a realization S(w) of S and u € U, and we can
calculate p(S(w))(u) € R. Since Ag(y) =2 Ap — Aw 2 € + g, by Corollary 2.13, p(S)(u) is a bounded
real-valued random variable. We then define the signature of S point-wise as

F(8)(u) = E[p(S) )] = Ey~p, wv[p(¢ 0y + W)(u)], (15)

where the expectation is taken with respect to the law of the process.

Remark 3.1. Note that T is fixed in our setting, so that the ‘time’ of the observation is the same, but
v(T) — (0), the number of periods of ¢ in S may vary. This is in contrast with typical assumptions for
functions with phase variation, where y(T") — y(0) is shared between observations.

We now show that p(S) € C(U,R) is also a random process.

Proposition 3.2. Under Model (14), if p : Ce14([0,T],R) — C(U,R) is continuous and C(U,R) is || - ||co-
separable, then p(S) is (C(U,R),|| - || )-measurable.

Since p(-)(u) is applied pathwise, it is not obvious under what conditions p(S)(u) is a R-valued ran-
dom variable and it is even less whether p(S) is a C(U,R)-valued random variable. Such considerations
could be circumvented by using outer probabilities (Kosorok, 2008, Radulovi¢, 1996), but we address
them in Proposition 3.2. For the proof, we will need the following lemma, see Theorem 1.1 in Pettis
(1938).

Lemma 3.3 (Pettis’ measurability theorem). Consider h:Q — E, where (E,dg) is a Banach space.
If E is separable as a metric space and h is weakly-measurable, then h is measurable with respect to
the Borel o-algebra induced by dE.
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Proof (proposition 3.2). First, assume that S is weakly-measurable on E = C([0,T],R) and that
(C(0,TT,R), |l - lleo) is separable. Using lemma 3.3, we get that S is o°(|| - ||)-measurable. Because
p: Cesq([0,T],R) — C(U,R) is continuous, it is measurable for the two o--algebra on the domain and
co-domain. This allows us to conclude that p(S) is (C(U,R),o (|| - ||))-measurable.

Let us now verify the assumptions of Lemma 3.3. We introduce the notation for the measurable
spaces on which y and W are defined,

¥ @A) = Tl ) W (@) = (Cayo(eng) (0.TLRY. RO,

By continuity of ¢, the composition ¢ o y is o"(RI%7])-measurable. As a sum of two (independent)
random variables, S = ¢ o y + W is o(RI®T1)-measurable for (Q,A), where Q = Q, x Q,, and A =
A, ® A,. The product o-algebra o-(RI®T1) coincides with that of weak measurability on RI%71. The
space C([0,T],R) with the topology induced by || fleo := supy[o,77|.f(x)| is a Banach, separable space.
Any subspace of a separable metric space is separable, so S(Q) is also separable. O

3.2. Robustness of the signature to reparametrization

We now investigate the robustness properties of the signature F, in both the noiseless and the additive
noise settings.

3.2.1. Robustness in the noiseless setting

We first consider the noiseless case W = 0. Lemma 2.1 implies that the functional depends only on
the number of periods. As a consequence, the signature F(S) is also robust to the distribution of
reparametrizations, but only when the distributions of endpoints are equal.

Let 6; : vy — 7y, be the evaluation map defined on I, . We introduce (6o, 1)« := pt © (60,67)7" the
push-forward measure on R?, which characterizes the distribution of (y(0),y(T)).

Proposition 3.4. Consider two probability measures ui, up on T If we let yi ~ ui such that

Vmin*
L

(60,7)x 1=(00,1) % 2, then

F(¢oyi)=F(¢oy) (16)
Proof. We first show that we can condition the measure . on (y,(0),vx(T)) = x. The space of continu-
ous functions C([0,T],R) is Polish, and so is I';, ,, as a closed subspace. By Bogachev (2007, Corollary
10.4.6), there are regular conditional measures ((141)x(dy)),cr2 and ((42)x(dy)),cg2- Lemma 2.1 im-
plies that y — p(¢ o y)(u) is constant on 661T(x), for any x = (s,r) € R%. For any u € U, using the regular
conditional measure property Bogachev (2007, Definition 10.4.1),

F@om= [ ooy (@)
-/ R CARCATTNATS
- [ [, Aoy anéorp@
R2 507;(;0

=F(¢oy2)(u). O
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While it is disappointing to require equality of the marginals (6o,7)« 1 and (8,7)« 2 in Proposi-
tion 3.4, removing this assumption poses a difficulty which we now discuss. In short, the main problem
lies in obtaining a fine control on the persistence diagram when ‘cutting’ a domain, [0, R], into [0, R; ]
and [Ry, R ], for any 0 < Ry < Ry. Specifically, we need to consider the difference between D(¢|[o g,7)
and D(4l,g,1) Y D(@l[R, r,])> and it is not zero unless R; € argmax¢. When R is a global maximum
of ¢, we can reason as in the proof of Lemma 2.5. However, this is far from the general situation, in
which case the cut at R might induce some spurious points in the diagram, as we now illustrate and
discuss briefly.

Assume for simplicity that v and y; are fixed with Ry := y;(T). Without loss of generality, assume
that Rj < Ry and let T} = yz‘l(Rl). Lemma 2.1 implies that p(¢ o y1) = p((¢ © y2)l[o,7;7)- If we let
Dy = D((¢ 0 ¥2)lj0,1,7) and Dy = D((¢ 0 y2)l7;.77), we obtain that

lo(p o y1) = p(p o y2)ll < [Ip(D1) — p(Dy U D2l + | p(D1 L D2) = p(¢ 0 y2)l| - (17)

We can conveniently analyze the first term of (17) by observing that a normalized functional of a union
of diagrams is a weighted average of the normalized functionals of the individual diagrams

persh (D)
persh (Dy U Dy)’

pers), (D1)

pD1UDy)=p(D)—H—— +
persh (D L D5)

(D)

so that

persy, (D1)
persﬁ’e(Dl U Dy)

persy, «(D2)

-1 — e =
persy, (D1 U D3)

lo(D1) = p(D1 L D)ll4 = || p(D1) +p(D2) ll#

persy, (D)

=|lp(D1) = p(DINH—F——
persy (D1 LU Dy)

p

< (Lig +C)—m e Do)
persp (D U D)

We claim that if ¢ is regular enough and R, — R is small, then so is persg’e(Dz). The first term in (17)
is thus not too problematic. On the contrary, controlling the second term in (17) is harder. Thanks to
Proposition 2.11, it can be can be upper bounded by dp(D; LI Dy, D(¢ o y>)), which, unless R; is a
global maximum of ¢, is positive. In conclusion, we see that to get a general stability from (17), we are
lacking a tight control of of dg(D U Dy, D(¢ © y7)).

3.2.2. Robustness in the additive noise setting

Let us go back to the model with noise, introduced in (14). Theorem 3.5 expresses the stability
of the signature for different distributions of 7y with endpoints y(0) = 0, ¥(T) = R fixed across all
reparametrizations. The aim here is to compare the impact of noise on the signature for two differ-
ent parameterizations. Let O < T, Tvpi, < R and consider

I7 . Rovmin = {y € C({O.TL[O0,R]) [ ¥(0) = 0,7(T) = R, 0 < vinin(r = 5) < ¥(1) = ¥(s5),Vs < 1}.

The set I'r g v,,, is convex. It is also included in C([0,7],R), so it can be naturally endowed with
the sup-norm, for which it is a closed, complete and separable space. In particular, it is a Radon
space, so that all measures on (I'r g v,,,» B(I'T,R,v,;,)) are inner-regular and locally-finite. Hence, we
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can equip the space of probability measures on (I't g v,;.» BT R,v,y,)) With the Wasserstein distance
Wi, (Panaretos and Zemel, 2020).

Concerning the noise W, in addition to the bound on Aw introduced in (14), we impose a path-wise
regularity condition: for some 0 < r| < ry,

there exists K = K, ,,, such that E[|W; - W|?] < K, , |t — s|"*71, forall s,r € [0,T].  (18)

Theorem 3.5 (Stability). Let u, u be two probability measures on I't gy . and let yx ~ px, for
k = 1,2. We take the same noise process W according to Model (14) in both cases: W ~v and W is
independent from yy and from vy,. For the normalized functional p defined in (5) with a kernel k that
satisfies (6, 8, 9), if p = 1 + max(ry,ry/(r] — 1)), then
C(Krp,ry)
IF (g 01+ W)= F(¢ 0 y2+ Wllge < —F= Wi (1 12)%,
min

where C(x) = O(x'/"2(1 + x"/*1=1)Y) depends on ¢, €, p, q and k.

Remark 3.6. Proposition 1.11 in Azais and Wschebor (2009) shows that if W satisfies (18), then W
has a version with a-Holder continuous sample paths, for any 0 < a < ry/r;. Difficulties in treating
W come both from controlling its amplitude and the regularity. The tools that we use are sensitive to
many, small fluctuations. Condition (18) allows us to control the regularity, without imposing a uniform
Holder character on all paths.

Before giving the proof, we discuss two cases showing that the control in Theorem 3.5 is satisfactory.
First, suppose that i = d,, for k = 1,2, for some fixed y1,¥2 € I'r R v,;,- Then, we obtain that the
signature is Holder, with respect to the distance ||y| — y2 |- It is expected that we do not have complete
invariance: for a fixed path W, the reparametrization y can influence how the points in the persistence
diagram are displaced. Consider now the case of vanishing noise. If K}, ,, decreases to zero, then so
does the Holder constant Ay and we have indeed that the right-hand side becomes zero.

Note that controlling ||W||. is not sufficient for the stability. When Ay < €, the constant factor in
C(x) is Cayw = Li(1 + 8p2A¢(A¢ - e)persZ:g,e(@/(R —2)q"”). We can take the truncation parameter
€ small, in which case g = (A4 — €) and so, for a function with a single maximum and minimum, we
have Cpy, =~ Lr(1+ 8p?) > 0, which is not zero. Even though the amplitude of the noise is smaller than
the cut-off e, it still has an influence on the signature. Therefore, it is important that as the amplitude
decreases, the noise does not become increasingly irregular: it is the case of aW, with a — 0*. The
almost-sure bound on Aw gives us the lower—bound on persﬁ’ (¢ oy + W), which appears in the
denominator of p.

For processes of decreasing amplitude but increasingly irregular, it is more advantageous to bound
||Wy;1 - Wyz—l [lo < 2]|W||eo in the proof. In such a scenario however, we ignore the reparametrizations

so the distance ||yl‘1 - !|lo disappears from the bound. Finally, it would be interesting to extend
Theorem 3.5 to I',, . from Proposition 3.4. In that case, we do obtain Wy ((1)x,(2)x) for almost-all

x € R?, but it is not clear that it lower—bounds W1 (i1, ).

Remark 3.7. When both endpoints are fixed and common to all reparametrizations, there is no reason
to normalize by the total persistence. The stability comes from the continuity of the functional, not
the renormalisation. Proposition 2.11 states that linear functionals of the form ), .p we(x)Pky are
also continuous for Holder functions, so a statement analogue to Theorem 3.5 also holds for such
functionals.
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Remark 3.8. A similar result to Proposition 2.15 could be shown for the signature F', using the regu-
larity assumption (18).

Proof. We start by treating S path—wise. Using Proposition 2.11 and the bottleneck stability of persis-
tence diagrams,

(@0 y1+W)=p(¢oyr+Wllg=Ilp(¢ +Wy1) = p(¢ + W)l

pers?

(¢+W 1)
< —
Li| 1+ 4pU max <o @, 1)

i W, = Wi lles (19)
2

where Ly is a regularity constant of the kernel and U is an upper-bound on the persistence of any point
in both diagrams. The persistence of any point in the diagram D(/) of a function 4 is bounded by Ay,.
Hence, the persistence of a point in D(¢ + W) is bounded by U = Ag 1w < Ap + Aw < Ag + (Ap — € —
q) < 2A¢,

Next, we obtain an upper—bound of maxy_; 2persp | 6(¢ +W, 1)/persp (o + w, 1) By Propo-
sition A.l, we can assume that W has a-Holder paths with a (random) constant AW, for a =
min(1,r; — 1)/ry. This implies that 1 + 1/a@ < p and we use the continuity of truncated persistence
from Proposition 2.4 to obtain

-1 -1
pers,,~y (¢ + W) <pers)”) (¢lio,r1) + (p = DIWllo(pers) 2. (@ljo.7)) +persi_ 2E(W -1)). (20)

For any x € [0,1] and p > 0, the function p — x” is decreasing, so that

persh ™) (@lio.r) = (Ag — e > max (4dL=e,0)"
(b,d)eD

p-2
<(Ap - ey! Z max(i‘f_‘f,o)
(b,d)eD

= (Ag - e)persh 3 (9).

Since ||W|le < (Ag — €)/2 and the persistence does not depend on the parametrization, equation (20)
becomes

-1 -2 -1 pers, (W)
persi_l’f(qﬁ + W,ylzl) <(Ap - e)persﬁ_z’f(qﬁ) (1 + pT (1 + ﬁ))
p-2,€

1 persp >, E(W)
< p(Ag - €)persp >, E(¢) R
p-2,€

An upper—bound for the persistence of W is given in Proposition 2.3

1/a
persz’e(W) <(Aw —€e)P (1 +pT (ZATW) ) ,

where Aw is the path-wise Holder constant of W. The amplitude A4 upper—bounds the persistence of
a point and it is also realized as the persistence of a pair of a global minimum and a global maximum,
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so pers’ > (o] [0.r]) = (R=2)(Agp — €)P~ =2 and hence

p2€

ersh (W p-2 1/a
P < (de)” ey (10 (2) 7).
persh 5 ()

Putting the above together, with p > 2,

-1 -2
persﬁ_l’g(qﬁ + W),;l) <p(Agp - e)persz_z’e(@

(1+(A3’_:)p (Aw - €)* % 2max(lp(m"v)l/a)).

We have therefore an upper—bound for the numerator. To lower—bound the denominator, we use Propo-
sition 2.3:

persp (o + w, 1) > persp e+Aw(¢)

> (R-2)(Ap — (Aw +€))!
>(R-2)(Ap —(Ap —€+q+€) =(R-2)q".

-1
We conclude that Cy, upper-bounds maxg persI’; _1,€(¢ + Wﬁl )/ persg’f(q) + W,y;] )
8p%A -2
Caw = Lt (1 + —(RI:Q);}, (Ag — e)persg_2,6(¢)

X (l+(i‘;’__§)p (Aw —€)? szax(l p(2A )1/0))).

As Aw < Ag — € — ¢, the only remaining stochastic term in Cyy, is A%a. Also, the bound only depends
on R (which is fixed), but not on vy itself.

Let 7 : A, 1 X A, 2 — R be a coupling of p; and uy. Specifically, 7 is a measure on the product
space (G X G, A1 ® A, ), such that 7(A,G) = ui(A) and n(G,A) = us(A), for all A € A. Then,
7n®v:((A1,B1),(A2,By))— (A1, A2)v(B] N By) is a coupling of u; ® v and uy ® v. Using the coupling
and (19),

IE[p(¢ o y1 + W) | W] =E[p(¢ o y2 + W) | Wlllg = [Exlp(d 0 y1 + W) =p(p oya+ W) | Wl
Ex[llo(¢ oy + W)= p(doyr+W)liw | W]
< CawElIW,-1 = Wi [l | W]

< Caw AWElllyr! =75 ' 12].

We have thus completely separated the bound into a product, with terms depending on v and (1, 2).
On one hand, it remains to take the expectation with respect to W. We bound the moments of Ay
using Theorem A.2, obtaining

E[Aw] < 16%L(K,, , )",
]E[A:,‘J,rl/n] < 6r2+2K£21,/rr|2+1/(r1—1))_
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On the other hand, by Jensens’ inequality, E[llyl‘1 - 72‘1 [|1&] < E[Ilyl‘1 - 72‘] |0 ]¥. Using the lower—
bound on the modulus of continuity,

- - _ 1
sup |77 (N =7, (Nl= sup lr=v;' (@) < sup ly2(1) =71 (D).
re[0,R] tel0,T] t€[0,7] Ymin
Taking the infimum over couplings, we obtain the 1-Wasserstein distance Wy (u1, u2). O

3.3. Estimation of the signature of a time series

We have defined the signature and studied its properties for continuous observations. In practical ap-
plications, we do not have access to S, but to observations in the form of a time series X = (X,,)rllv= 1
The purpose of this section is to show how to exploit the periodicity mechanism to obtain asymptotic
statistical guarantees for signatures of a discretized signal.

3.3.1. Time series model

We now consider a time series (X,),>1 which appears as a reparametrization of a 1-periodic function
o:
X, =o¢(yn)+ Wy eR, (21)

where (y,,),>1 is a strictly increasing time series and (W,,),,>1 is a stationary noise time series satisfying
E[W,] =0 and |W,| < (A — € — g)/2 almost-surely. Moreover, (y,)n>1 and (W,), > are assumed to
be independent.

We consider a class of reparametrization processes, defined as discrete integrals of another, positive
time series (V,,);»1. Specifically, let

n
Vet =Yn+ WVa=y0+h Y Vi, (22)
k=0

where (Vn)f:’:O is a sequence of random variables in I = [Vyin, Vmax] C€]0,00[, independent of y, and
h > 0 is a time step.

This model is inspired by dynamics, where the sequence (y,)nen could model the displacement
of a body over time and V,, should be thought of as the instantaneous speed. As for the continuous
framework studied before, the latent times 7y,, are not assumed to be observed.

We will consider two models for (V,,),en. In the first one, consecutive velocities are independent.
Since we do not expect a moving body to change speed abruptly, we also consider V,, as a Markov
process on 1. In both models, we need assumptions which guarantee that the velocity does not remain
fixed and that we will observe different parts of the signal. In Model 1, it is the lower-bound by the
density, while in Model 2 - the lower-bound of the density directly.

Model 1 ((V;))nen id.d). We assume that V,, are independent and follow the same, unknown distribu-
tion on R}, which satisfies the following property: there exists 0 < a, b, c such that, for all A € B(]a,b|)
measurable, P(V, € A) > cu(A), where u is the Lebesgue measure.

Model 2 ((V;;)nen @ Markov Chain). Let (V,),, be a Markov Chain with transition kernel P. Specif-
ically, v — P(v,A) is B(I)-measurable for all A € B(I), and A +— P(v,A) is a probability measure on
(1,8B(I)). We further assume that P(x,-) is a probability measure that has a density f, with respect to u
and that:
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1. the density is lower—bounded in a small neighborhood: there exists 7, g > 0, such that

Pl vanint = Ho, (23)

2. v f,(x) is continuous for any x € I.

Note that if f, = f, for all x € I, Model 2 reduces to a particular case of the i.i.d setting, where P has
density f, @ = Vinin, b = vmax and ¢ = pg.

Example 3.9. Set Vy ~ U(I) and let O < 17 < (Vmax — Vmin)/4. An example of a transition kernel satis-
fying assumptions of Model 2 is a truncated Gaussian kernel. The truncation is such that the support is
Iand o =n.

3.3.2. Stationary regime for Models 1 and 2

In the next section, we will introduce a topological signature for (X,;),,>1. To do this, we consider the
stationary regime, as we assumed earlier for continuous processes. We will also discuss extensions to
the non stationary setting at the end of the section. Note that (y,),,>1 in (22) is not generally a stationary
time series. For instance, for both Models 1 and 2, we have P(y,, < yn+1) = L.

For Model 1, the crucial observation is that the time series (frac(y;)),>1 is stationary, where
frac(x) := x — | x] denotes the fractional part of a real number. See Appendix B.1 for a formal proof.
The time series (¢(vn))n>1 = (¢(frac(y,)))n>1 and (X;,),>1 are thus stationary.

Regarding Model 2, it can be checked that (frac(yy),V,,)n>1 is @ Markov Chain which admits a
stationary measure 7, (see Appendix B.2 for details). Under the initial measure m, the time series
(frac(yn))n>1 is thus stationary and so is (X;,), 1. We will thus assume this initial measure in order to
stay in the stationary setting and denote Model 2-S this setting.

3.3.3. Signature of the time series

As we did for the continuous model, we operate at a fixed time horizon. In the time series setting, we
fix M € N. From the observed time series (Xn)nsz we define “windows” X,, each of length M along
the time series by

X, = Xy oo Xpens—1) forn=1,....N—M+1. (24)

Each vector X, is a RM _valued random vector, and under Models 1 and 2-S, the time series X1
is stationary.

We want to extend the definition of the signature F' to compute it on X,,. Starting from a kernel &,
we first extend the definition of the normalized functional p to define it on a vector of length M by

p(X1) := p(Sm), (25)

where S, is a continuous process on [0,7] which interpolates between entries of X;. Specifically, we
define Sy; by prescribing its values on the set ((m — 1)T/(M — 1), X,, %:] and linearly interpolating in
between. The resulting process Sy; follows the continuous model (14), so that p(Sy,) is well-defined.
We then define the signature by integrating p(X):

Fy(Xy) = E[p(X))].

Note that Fps(X1) is a function from U to R. Under Models 1 and 2-S, we obviously have F(X;) =
F(X,)foranyn=1...N - M + 1, we thus can write

Fy o= Fy(Xq) = Fy (X5).
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We now discuss the interest of introducing this signature for the study of time series. When the
discrete model (21)-(22) corresponds to discrete observations of an underlying continuous model of
the form of (1), then the interpolated signal Sy, will be close to its corresponding complete signal S,
when ¢ and the noise process are smooth enough. In the noiseless case, Theorem 2.14 shows that F(S)
converges to F(¢[c c+1])> which is an intrinsic signature of the underlying signal ¢, as the number of ob-
served periods tends to infinity. To summarize, in an idealized situation where there is very little noise,
for X; a dense enough sampling along the continuous signal, and for M large enough, the quantity
Fp(Xy) will be close to the intrinsic quantity F(¢¢ .+1]) which does not depend on the parametriza-
tion. Out of the previous idealized setting, the signature Fs (X ) also depends on the noise distribution.
However, the signature is robust (as justified by Theorem 3.5 in the continuous setting). This signature
then can be used for standard data sciences purposes, as for instance change point detection along a
periodic phenomenon subject to phase variations, and for which we wish to develop indicators robust
to phase variations.

3.3.4. Estimation of the signature

In practice, the signature Fjs has to be estimated because the expectation is unknown. The empirical
counter-part of Fs is the empirical mean

N-M+1
Fun=x5am D, X,
n=1

where p(X,,) is defined according to (25). The distribution of ﬁM, N can estimated by Moving Block
Bootstrap (MBB), see Bithlmann (2002). Indeed, the usual nonparametric bootstrap allows to estimate
the distribution of the empirical mean from independent data, but the functional nature of our obser-
vations prevents us from using it. The MBB is a common technique, designed for settings with depen-
dency. To be specific, let L = L(N — M + 1) € N be the block length and let B = m the number
of blocks we now define, which, without loss of generality, is assumed to be integer-valued. The MBB
consists of sampling B blocks, each composed of L consecutive vectors X;: that is, (X,,...,X;+7-1),

forne {1,...N — M + 1}. The MBB sample is then

* * P—
X X i) = Ko X 4215 Xgs e Xgs Lt s X - X s Lo1)s

block 1 block 2 block B

where ny,...ng ~U(1,...,N — M + 1) are independent. We finally define the bootstrap signature

N-M+1
e _ 1 - *
Fy N = Nom Z pXy).

n=1

Note that the MBB strategy is applied to the time series of vectors (X,,)N-M+1

el , and not to the
initial time series (X}, )f:’:l , see Figure 5 for an illustration. Also note that the bootstrap sample contains
overlapping samples at two different levels. Not only are the windows X, ..., Xy overlapping, but also
the different blocks can overlap.

We now prove that the empirical mean F, M,N converges to Fps and that we can approximate the
distribution of F"M, ~ by that of the bootstrap signature F' ;,I N> @ N — oco. The core idea resides in
exploiting the periodicity to control how the dependence between X and X, changes as k increases.
For this, we recall the definition of two mixing coefficients, see for instance Doukhan (1994).
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Figure 5. A schematic representation of the MBB, for M =5 and L = 3.

For a stationary sequence (¥},), e of random variables, denote by o, 5 the o-algebra generated by
Y,,...Yp. The k-th ¢-mixing coefficient is

¢y (k) = sup |P(B|A) - P(B)|.
A€0_,0,BETK 00, P(A)>0

The k-th S-mixing coefficient is

pr)=3% sup > |P(ANB)-P(A)P(B)

ACO-,0: Ac A, BeB
.’BCO’](’Do

where A, B are countable partitions of the sample space. We say that (Y,)nen is absolutely regular
(or B-mixing) if By (k) — 0 as k — oo. A process for which B(k) < a*, for some 0 < a < 1 is called
exponentially $-mixing. The same definitions apply for the uniform mixing coefficients ¢y. Moreover
we have that By (k) < ¢y (k).

Theorem 3.10. Let the stationary time series (Xy,)n>1 defined by (22) and (24), with (V,),>1 as in
Model 1 or 2-S. Assume that (W,,)), > is exponentially B-mixing. Then,

VN—M+1(FM’N—FM)—>GM as N — oo, (26)

where G py is a zero—-mean Gaussian process with covariance
(s.1) = lim 3" cov(BXe)(s) AXa)(0) @7
n=1

In addition, if L(N) — oo and L(N) = O(N'/?7€) for some € > 0, then the bootstrap is almost surely
valid:

VN -M + 1(Fy; y — Fu.n) >" Gy as N — o, (28)

where the convergence is for the (conditional) bootstrap distribution.
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This result is a functional central limit theorem, similar to many in the literature of topological data
analysis, see for example Chazal et al. (2014) and Berry et al. (2020, Proposition 2 and 3), except that
the samples are not independent. For independent data, it is sufficient to control the complexity of the
functional family. The novel aspect of Theorem 3.10 is the consideration of dependence and it is what
we treat with more care. More precisely, we show the following result:

Proposition 3.11. Let the time series (Xp,)n>1 defined by (24) with (V) >1 as in (22).

1. If (V)n>1 satisfies Model 1 then the Markov Chain (frac(yp))n>1 is exponentially ¢-mixing.
2. If (Vy)ns1 satisfies Model 2 then the Markov Chain (frac(yy,),Vi)ns1 is exponentially ¢-mixing,
whatever the initial measure.

Note that the proposition is valid for Model 2 in general, meaning also for non stationary regimes,
and in that case more general definitions for 8- and ¢- mixing coefficients are used, see for instance
Doukhan (1994).

The complete proof of Proposition 3.11 is given in Section B of the supplement Chazal, Michel and
Reise (2025). It relies on a general theorem for Markov chains given in Doukhan (1994), and which
requires a Doeblin-type condition.

Sketch of the proof of Propesition 3.11. For Model 1, we show that a uniform measure with small
but non—zero mass lower-bounds the distribution of frac(}}'_ Vk). The fact that the process (frac(yo +
2i—o Vi)nen is ¢-mixing then follows from general results in dependence theory (Doukhan, 1994,
Section 2.4, Theorem 1). When V,, is generated using Model 2, we find a similar uniform lower—bound
for the n-step transition measure of (frac(y;,), V;,). With the assumptions on the kernel in our model, we
show that for n sufficiently large, this lower—bound can be taken to be a uniform measure on [0,1] X /
with small but non—zero mass, chosen uniformly in the initial conditions (frac(yg), Vp). We conclude
again with (Doukhan, 1994, Section 2.4, Theorem 1). This concludes the proof that (frac(yy), Vi)nen
is exponentially ¢-mixing. O

We now give the proof of Theorem 3.10, with all details differed to the supplement Chazal, Michel
and Reise (2025).

Proof of Theorem 3.10. The functional Central Limit Theorem we use to show Theorem 3.10 relies
on the control of -mixing coefficients in the stationary regime. Moreover, we know that S-mixing
coefficients are upper bounded by ¢-mixing coefficients. Thus, under the assumptions of the theorem,
we obtain from Proposition 3.11 that

e under Model 1: (frac(y,)),>1 is exponentially B-mixing.
e under Model 2-S: (frac(yy), Vi)n>1 is exponentially S-mixing, and thus (frac(yy)),>1 is also ex-
ponentially S-mixing.

Next, we analyze how the dependence of (¢(yvy))nen and (Wy,),en shapes the dependence of (Xp,)nen
and that between the windows Xj,...,Xx_ps+1. Specifically, we have the following inequality

Bx(k) < Bx(k = (M + 1)) < Birac(y)(k = (M + 1)) + Bw (k — (M + 1)), fork > M +1,
of which we present a detailed proof in Section C of the supplement Chazal, Michel and Reise (2025).

Since (W,),en is exponentially B-mixing by assumption, (X, ),en is exponentially S-mixing. The
Gaussian approximation (26) is a consequence of Kosorok (2008, Theorem 11.24), the statement of
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which is included in Appendix C. Indeed, the arguments above ensure that the mixing coefficients
satisfy

22
k2B (k) < o,
k=1

for some r €]2, 0. It remains to verify that the bracketing entropy of the functional family {p,, },cu is
controlled, see Section D in the supplement Chazal, Michel and Reise (2025). The approximation of
the distribution of the empirical mean by the bootstrap distribution (28) is a consequence of Bithlmann
(1995, Theorem 1), for which we only need the aforementioned results (see Appendix C). (|

Remark 3.12. Note that length M of the window is fixed in the Theorem, it does not vary with N. It
would be interesting to make this quantity increases with N. For instance, when we use this signature
to compare two time series, our understanding is that increasing M may improve the discriminative
power of the signature. But too large M will also decrease the sample size of windows X, and then the
variance of the empirical signature will increase. Choosing M is a non-trivial issue, which moreover
cannot be easily resolved in practice by a cross-validation approach.

Remark 3.13. A classical framework in Functional Data Analysis (FDA) is when we have access to a
collection of K time series from the same model. Many contributions have been proposed to study this
statistical setting, see for instance Ramsay and Silverman (2002). To recast our setting in this standard
framework of FDA, we need to know how to segment the curve, or the time series, into successive
periods, which is not trivial in practice when there is unknown reparametrization and phase variations
in the signal, see for instance Bonis et al. (2024). The advantage of our approach is precisely that it
avoids this additional step of segmentation.

3.3.5. Discussion on possible extensions

The literature on functional central limit theorems for dependent data is rich in results for various
functional classes and dependence assumptions. We believe it might be possible to use more recent
and stronger results than Bithlmann (1995, Theorem 1). This would allow us to relax the decay of Sw
from an exponential to a polynomial one. For instance, Radulovié (1996, Theorem 1) is written for VC-
classes functionals, but the proof seems to rely on the bracketing entropy bound that the functionals
considered in the present work also satisfy.

Another natural extension to Theorem 3.10 is the framework of non stationary time series for Model
2. Although the times series (X,), > is non stationary, we still define the topological signature Fjs
with as initial measure the invariant measure m,. According to (Doukhan, 1994, Theorem 1, Section
2.4), the Markov Chain (frac(y;),Vy)n>1 is ¢-mixing and also uniformly ergodic. We can then show
convergence results quite directly only based on Markov chain properties. To keep things simple, let us
consider Model 2 with no noise (W,, = 0). Then, (frac(y,), V,;) admits a Central Limit Theorem (CLT),
as well as (¢ (frac(yn))))n 1, see for instance Theorem 24 and Proposition 29 in Roberts and Rosenthal
(2004). From this we can deduce that Fp; n admits a pointwise CLT, meaning for fixed u.

If we now consider mixing properties of Model 2 (with additive noise W,,), several avenues of re-
search are still possible to demonstrate CLTs under non stationary regime. For instance, a CLT for
¢-mixing sequences was obtained in Utev (1990), by assuming the Lindeberg condition. In Rio (1997),
a CLT for strong mixing is given that applies to both non-stationary sequences and triangular array
settings (see also Rio, 2017). More recently, a functional CLT is proposed Merlevede and Peligrad
(2020) for non-stationary strongly mixing sequences. This last contribution certainly paves the way for
demonstrating a result analogous to (26) in a non-stationary setting.
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Figure 6. Signatures of ¢| and ¢4, estimated on reparametrized signals described above. The top row shows
the first 3-second window from the 30-second signal, for both functions. The bottom row shows the estimated
signatures and the confidence intervals.

4. Numerical illustration

To illustrate the signatures and their stability, we propose to estimate the signatures of processes with
different periodic functions. Then, we compare the estimate to the signature of a process with a different
reparametrizations.
We will consider periodic functions ¢; and ¢4 defined by
¢o = O(sin(6mt) + |t — [t] — 3| — 3) + Ssin(4nt),  ford eR.
The observed signal follows the discrete model (21), with T' = 30 seconds and a sampling rate of S0Hz.

The reparametrizations are generated by integrating twice a Markov chain of accelerations, with a
truncated Gaussian transition kernel. The noise is a Gaussian process with covariance

)

We fix the temporal scale 7, but we vary o = 0.1, 0.5, 2. to illustrate the impact of noise on the signa-
ture.

For p, we take the persistence silhouette introduced in Example 2.9, where the weights are given by
the 0.2-truncated 1-persistence (e = 0.2, p = 1) and we use the projection m_g ¢ as in (10). We infer the
signatures on 3-second windows (M = 3 - 50). We construct the 1%-confidence intervals by resampling
200 times, with block lengths of 2 seconds (L =2 - 50).

In Figure 6, for the same random realization 1, we calculate the empirical signature F for ¢1 and ¢4,
and estimate the corresponding confidence intervals for F. For low noise levels, the variance due to the
number of observations and the variability in the endpoints is small, compared to the difference between
the functionals. As the noise level increases, the observed function looses its recurrent appearance and
the signatures become dominated by the noise.

(s—1)
272

I'(s,t)= o2 exp (—
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Figure 7. Signatures of ¢, estimated on two different reparametrized observations. The top row shows the first 3-
second window from the two observed signals. The bottom row shows the estimated signatures and the confidence
intervals.

Consider now two observations with the same periodic function ¢1, but different reparametrizations
Y1, v2. In Figure 7, we can see that for small values of noise, the signatures are close, what confirms
their invariance to reparametrization. It is worth noting that the signals contain different numbers of
periods. For more noisy observations, the signatures lose the robustness.

Appendix A: Moments of the Holder constant of a stochastic
process

Let (W;);e[0,7] be a stochastic process. A path ¢ — W;(w) is said to be a-Holder if [W;(w) — W(w)| <
Aw(w)ls —t|?, for any s,z € [0,T]. Many processes, for example Gaussian processes, do not admit a
uniform constant. Based on Azais and Wschebor (2009), Hu and Le (2013), Shevchenko (2017), we
will now give a condition under which Ayy () is a random variable and we will calculate its moments.

Proposition A.1 (Azais and Wschebor (2009, Proposition 1.11)). Suppose W satisfies (18) with
Kyy,r, and let a €]0,r1/r2[. Then, there exists a version (W/);ci0,1] of W and a random variable
Aw’.o >0, such that, for all s,t € [0,1],

P(IW/ = W{| < Aw ot —s|%) =1

and PW,=W/)=1.

Theorem A.2 (Shevchenko (2017)). Let r, € N be such that Ky, or, <0 and 1 —a > 1/ry, 1y > 2,

1 1/r
E[Aw] <16 %TK 2

r,ra+l’
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In addition,

k
342 a+2/r, k/r
E[Ak ] < (2 + /r2 Tz) Krz,r22d+1’ fOrO < k < ,
v 2

(23+2/r2 %/rz) Ky k(a+2/ry)-15 for k> r.

Lemma A.3 (Garsia—Rodemich—-Rumsey Inequality (Hu and Le, 2013, Lemma 1.1)). Let G :
R, — R, be a non—decreasing function with limy_, G(x) = o0 and 6 : [0,T] — [0,T] continuous and
non—decreasing with 5(0) = 0. Let G~" and 6~ be lower—inverses. Let f : [0,T] — R be a continuous

functions such that
/() = fO)
/ / ( 5= y) )dxdySB<oo.

[s—t]
1£(s)— F(1)] <8 /0 G (4B/u?)d5(u).

Then, for any s,t € [0,T],

Proof of Theorem A.2. Consider a path W(w) of the stochastic process and set
T pT
b= [ [ GaWw.@l/ot—s)drds

where G(u) = u”2 and 6(u) = u®*?/"2. Then, G~ (u) = u' "2 and d&/du = (a +2/r>)u®**/™2=1 Applying
Lemma A.3,

|s—t]|
IWs(@) - Wy(w)] <8 /0 G (4B(w)/u?)d5(w)

li=s| (4B 1/r
< 8/ ( (;))) (a +2/pur=lqy
0 u

lt—=s]

<8(4B(w))""(a +2/ry) / u® ' du
0

= 8(4B(w))'/"> W22 _ gl
As this is valid for any s, 7 € [0,T], Aw(w) < 8(4B(w))"/"2 (a +2/r,) /. By Jensens’ inequality,
3+2 +2/ 1 3+2 +2/ 1
E[Aw] < 2372/n SR gl p(y)!/n] < 23+2/n SR g p(,)) 2, (29)

By linearity of expectation,

Tt (Wi w)Ws(w)] T E[|W, (w)Ws(w)|™]
E/O/O ( 5= 5) )dtd] // 5 =57 dtds
[[W:(w)Ws(w)|"2]
/ / ;—slf"”z dtds

< / / Kp,pa_,_]dtds
0 0
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= TzKrz,rza'H .

Finally, E[Aw] < 232/ 72/72 Krlz/rrzzaﬂ (x +2/r)/a, as long as ra + 1 < r, and we can simplify the

constants if r, > 2. Consider now the higher moments. If k < r,, we can still apply Jensens’ inequality
in (29):

a

k
B[AY ] < (2427 220) 5 p(w) )

IA

(23+2/r2 a+2/r ) k E[B(a))]k/rz

a

(23+2/r2 at2/r ) k Kkin

@ r,rna+l’

IA

However, if k > 1,

[Wi(w)Ws(w)| K T EB[|Wi(w)Wy(w)|*]

([ [ oMl ] [ A,
[|Wi (w)Ws(w)[¥]

// |( — s[ka+2k/rs deds

S/ f Ky k(a+2/r)-1dtds
o Jo

=T K k(a+2/ry)-1- U

Appendix B: Stationary regimes for the time series models

B.1. Model 1 is stationary

In this section, we check that (frac(y,)),en is stationary. It is sufficient to show that for any K > 1,
(frac(yp),. . .,frac(yk)) ~ (frac(yp), . . . frac(yn+x)), for any n > 0. We write

n-1 n+K-1
(frac(yy),. . . frac(yn+k)) = frac(frac(yg + Z V,) + frac(0,V,,,. . ., Z Vi),
r=0 r=n

and we analyze the two terms separately. Here, frac is applied component—wise. First, because (V) en
arei.i.d, (Z ) (Z"+k V. ) for any n, k € N. Thus (0, Vj,. . .,Zf;é V) ~(0,Vy,.. Z'”K v 1t
also remains true when we apply frac component-wise, because it is a measurable mapping RK*+! —

RE+L Second, we claim the following lemma on the sum of two random variables, one of which is
uniform.

Lemma B.1. If U ~ U([0,1]) and Z is a real-valued random variable independent of U, then
frac(U + Z) ~ frac(U) ~

Before showing Lemma B.1, we conclude the proof by applying it to U = yo and Z = 37 1V
Indeed, vy is independent from (V. ):‘:1, so we obtain that frac(yg) ~ frac(yp + X2, V ). Finally, com-
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bining the above with frac((0, Vj, . . . ,Z:‘;é V) ~ frac((0, Vy, . .. ,Z’r“z,lf_l V;-)), we have that frac(yy,. . .,
’YK) ~ fraC()’n, LY »711+K)'

Proof of Lemma B.1. First, it is clear that for s <0, P(frac(U + Z) < s) =0 and that for s > 1, 1 >
P(frac(U+ Z) <s) = P(frac(U+Z)<1)=1.ForO<s <1,

P(frac(lU+Z)<s)=P

U+Ze U[k,k+s])=ZP(U+Ze[k,k+s]). (30)

keZ keZ

Because U and Z are independent, P(U + Z € [k, k + s]) = (uy * uz)([k,k + s]), where uy and uz are
the probability measures of U and Z respectively and x denotes their convolution. Note that since y is
translation—invariant,

1
(uu * uz)([k,k +s]) = /]R-/O Uk kevs) (2 + u)dudpz(2)
_ /R“([O’” ALk =2k + 5 — 2 duz(2)
= /R u([—k,—k + 11N [-z,—2 + s])duz(z)

= /R/,t([—k,—k + 1[N[—z,—z + s])duz(z).

Going back to (30),

P(frac(U+ Z) < s)= Z / u([=k,—k + 1[N[-z,—z + s])duz(z)
keZ R

= /R Z u([—k,—k + 1[N[-z,—z + s])duz(z)

keZ

= /R u([=z,—z + s)duz(z)

= 1([0.5) /R diiz(2).

=S.

Therefore, the distribution function of frac(U + Z) is uniform on [0, 1] and therefore also equal to that
of frac(U). O

B.2. Stationary distribution for Model 2

The process (frac(y,))nen is defined in (22), via the Markov chain (V;,),en. Recall that this Markov
chain has a transition probability kernel P, with support included in I = [vyin, Vmax]- The time series
(frac(y,))nen is not itself a Markov Chain but it can be easily checked that (frac(yy),V,)n>1 is. Let
P be the transition kernel of this Markov Chain and let U be the uniform measure on [0,1] X I. By
applying a similar proof as the proof of Doeblin’s Condition for Model 2, see Section B.2 step 8 in
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the supplement Chazal, Michel and Reise (2025), it can be shown that for any x € [0, 1] X I, whenever
A € B(]0,1] x I is such that U(A) > 0, then P"(x,A) > 0 for some n sufficiently big. In other terms,
the Markov Chain (frac(y;,), Vii)n>0 is U-irreducible.

By Proposition 4.2.2 Meyn and Tweedie (2012), there is a maximal measure, Q, for which
(frac(yn), Vu)nso is Q-irreducible. By Theorem 8.3.4 in Meyn and Tweedie (2012), such a maximally-
irreducible chain is either transient or recurrent. The fact that we can reach any element from the cover
from any other one, as well as the compacity of the domain [0, 1] prevents transience, so we can con-
clude it is recurrent. A recurrent chain admits an invariant measure, by Theorem 10.0.1 Meyn and
Tweedie (2012).

Appendix C: Gaussian approximation for dependent data

Theorem C.1 (Kosorok (2008, Theorem 11.24)). Let (X;))nexr C R be a stationary sequence and
consider a functional family F = (Fy);eu with finite bracketing entropy. Suppose there exists r €]2,00],
such that

Zk%ﬁx(k)< co. 31)
k=1

Then, VN(F; — F,) converges to a tight, zero—mean Gaussian G process with covariance (27).

Theorem C.2 (Bithlmann (1995, Theorem1)). Let (X,,)nen C R? be a stationary sequence and con-
sider a functional family F = (Fy);cu with finite bracketing entropy. Suppose that Bx (k) k—> 0 de-

crease exponentially and that F satisfies (6,8). Let the bootstrap sample be generated with the Mov-
ing Block Bootstrap, where the block size L(n) satisfying L(n) — oo and L(n) = O(n'*€) for some
0<e<1/2. Then,

VN(E:, —-EB*[E5)) =" G in probability,

N N p Y
where G is the zero-mean Gaussian Process with the covariance (27).
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.pdf). The supplement Chazal, Michel and Reise (2025) contains the calculations of Lipschitz constants
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