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Abstract: The present contribution investigates multivariate bootstrap procedures
for general stabilizing statistics, with specific application to topological data analysis.
Existing limit theorems for topological statistics prove difficult to use in practice for
the construction of confidence intervals, motivating the use of the bootstrap in this
capacity. However, the standard nonparametric bootstrap does not directly provide
for asymptotically valid confidence intervals in some situations. A smoothed boot-
strap procedure, instead, is shown to give consistent estimation in these settings. The
present work relates to other general results in the area of stabilizing statistics, in-
cluding central limit theorems for functionals of Poisson and Binomial processes in the
critical regime. Specific statistics considered include the persistent Betti numbers of
Cech and Vietoris-Rips complexes over point sets in R%, along with Euler character-
istics, and the total edge length of the k-nearest neighbor graph. Special emphasis is
made throughout to weakening the necessary conditions needed to establish bootstrap
consistency. In particular, the assumption of a continuous underlying density is not
required. A simulation study is provided to assess the performance of the smoothed
bootstrap for finite sample sizes, and the method is further applied to the cosmic
web dataset from the Sloan Digital Sky Survey (SDSS). Source code is available at
github.com/btroycraft /stabilizing_statistics_bootstrap.
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1. Introduction

In recent years, a multitude of topological statistics have been developed to describe and an-
alyze the structure of data, achieving notable success. These methods have seen application
in astrophysics [1, 41, 42, 43], cancer genomics [3, 21, 11], medical imaging [18], materials
science [29], fluid dynamics [30] and chemistry [52], and other wide ranging fields.

The use of simplicial complexes to summarize the geometric and topological properties
of data culminates in the techniques of persistent homology. Summary statistics based on
persistent homology, persistent Betti numbers, persistence diagrams, and derivatives thereof
effectively extract essential topological properties from point cloud data. A broad introduc-
tion to the methods of topological data analysis can be found in [51, 15].

While the use of such statistics has seen wide success, very little is currently known about
the statistical properties of these topological summaries. An initial attempt at statistical
analysis using persistent homology can be seen in [10], with the later introduction of persis-
tence landscapes in [9]. Likewise, central limit theorems have been developed for persistence
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landscapes [13], Betti numbers [54] and persistent Betti numbers [27, 31] under a variety
of asymptotic settings. However, the form of these results is insufficient to provide for valid
confidence intervals.

In the construction of asymptotically valid confidence intervals, subsampling and boot-
strap estimation have proven successful. In [23], various techniques are given for construct-
ing confidence sets for persistence diagrams and derived statistics, including persistence
diagrams generated from sublevel sets of the density function, as well as for the Cech and
Vietoris-Rips complexes of data constrained to a manifold embedded in RY. In [13, 14],
bootstrap consistency is established very generally for persistence landscapes drawn from
independently generated point clouds in R?, assuming that the number of independent sam-
ples is allowed to grow.

However, even with these recent developments, the available techniques for constructing
confidence sets using topological statistics remain severely limited. The bootstrap has proven
one of the only effective tools, however the theoretical properties of bootstrap estimation
applied to topological statistics are not well understood. For the large-sample asymptotic
regime in particular, results are largely nonexistent.

The goal of this work is to provide the foundational theory for the bootstrap in this
area. Here the validity of the bootstrap in the multivariate setting is established, a key step
towards an eventual process-level result. However, the latter remains a significant technical
hurdle. While motivated primarily by application to topological data analysis, the results
presented here apply much more generally over a class of stabilizing statistics. For an addi-
tional application, we show convergence for the bootstrap applied to the total edge length
of the k-nearest neighbor graph.

We also analyze the large-sample asymptotic properties of the bootstrap applied to the
Cech and Vietoris-Rips complexes directly, where the underlying point cloud is a sample
drawn from a common distribution on R?. In particular, we will show that the standard
nonparametric bootstrap can fail to provide asymptotically valid confidence intervals directly
in some cases. Via a smoothed bootstrap, however, we will construct multivariate confidence
intervals for the mean persistent Betti number, which lie in bijection with the corresponding
persistence diagram.

As defined in [38], a statistic stabilizes if the change in the function value induced by ad-
dition of new points to the underlying sample is at most locally determined. Applications of
stabilization have allowed for the development of central limit theorems for several topolog-
ical statistics. [54] show that Betti numbers exhibit the stabilization property, and provide
a central limit theorem for Betti numbers derived from a homogenous Poisson process with
unit intensity. [27] considers persistent Betti numbers in the homogenous Poisson process
case with arbitrary intensity. Most recently [31] established multivariate central limit the-
orems for persistent Betti numbers with an underlying point cloud coming from either a
nonhomogenous Poisson or binomial process. For the results in the present contribution, we
draw significant inspiration from this most recent work.

An application of our general consistency result is made to the persistent Betti num-
bers of a class of distance-based simplicial complexes, including the Cech and Vietoris-Rips
complexes. Throughout this work, a special focus is given towards weakening the necessary
assumptions compared to previous results. Specifically, the theorems presented here apply
for distributions with unbounded support, unbounded density, and possible discontinuities.
We assume only a bound for the L,-norm of the underlying sampling density.

For the first half of this paper, we focus on the theory of bootstrap estimation applied to
stabilizing statistics. In Section 2 we will introduce the concept of stabilization and estab-
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lish intermediate technical results in this context. We then present our general bootstrap
consistency theorem.

In the second half, we introduce the main topological and geometric statistics of inter-
est, applying the theory presented in the previous sections. In Section 3 we connect the
general theory to the specific case of persistent homology and related statistics. Towards
this end, we give a short introduction to simplicial complexes and persistent homology.
In Section 4, the stabilization properties of persistent Betti numbers are analyzed, along
with the Euler characteristic, for general classes of distance-based simplicial complexes.
We establish bootstrap consistency in the large-sample limit for each of these statistics,
as well as for the total edge length of the k-nearest neighbor graph. In Section 5 we pro-
vide several simulations demonstrating the finite-sample properties of the smoothed boot-
strap applied to persistent Betti numbers. Finally, Section 6 illustrates the utility of the
smoothed bootstrap with an application to a cosmic web dataset from the Sloan Dig-
ital Sky Survey (SDSS) [5]. Source code for the computational sections is available at
github.com /btroycraft /stabilizing_statistics_bootstrap [44].

Appendix A gives an investigation of several altered problem settings in which precise
stabilization properties may be derived. The proofs for all results can be found in Ap-
pendix B. Functionals considered include the “B-bounded” persistent Betti numbers and
the “g-truncated” Euler characteristic.

2. Stabilizing Statistics
2.1. Central Limit Theorems for Stabilizing Statistics

Before proving bootstrap convergence, we give a brief overview of the existing work regarding
stabilizing statistics. For the precise definitions used throughout this paper, see Section 2.2.
In the seminal work of [38], the chief objects of study are real valued functionals applied
over point sets in R?. Tt is here that a stabilization property was first defined, and used to
show central limit theorems for certain types of geometric functionals, including the length
of the k-nearest neighbor graph and the number of edges in the sphere of influence graph.
This initial work distilled two properties key to showing central limit theorems for geometric
functionals. First is the stabilization property, and second is a moment bound. In short, we
say that a functional v stabilizes if the cost of adding an additional point, or a set of points,
to the point cloud varies only on a bounded region. Specific definitions differ by context.

In [38], the authors distinguish between two data generating regimes. First, results are
shown for a homogenous Poisson process over R?. Alternatively, a binomial process is consid-
ered, being equivalent to a sample of fixed size from an appropriate probability distribution.
Here, the functional under consideration is restricted to a bounded domain B,, of volume
n, where n is allowed to increase. In this initial work, only homogenous Poisson processes
and uniform binomial sampling are considered. In [39], a similar framework is used to estab-
lish laws of large numbers for graph-based functionals, including the number of connected
components in the minimum spanning tree. Further quantitative refinements on the general
central limit theorems for stabilizing statistics are shown in [32], [33], and [34].

As pertains to topological statistics, an initial central limit theorem for Betti numbers
(see Section 3.2 for definitions) was shown in [54], establishing so-called weak stabilization
for Betti numbers in the homogenous Poisson and uniform Binomial sampling settings.
There an alternative set-up is being used where the domain is kept fixed, while the filtration
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parameter is decreasing to zero. A similar result for persistent Betti numbers is given in
[27].

Finally, [31] establishes multivariate central limit theorems for persistent Betti numbers
under a flexible sampling setting. Here, a nonhomogeneous Poisson or binomial process is
generated again over a growing domain with fixed filtration radii.

With these central limit theorem results, the stabilization property plays a central role
in understanding the asymptotic behavior for wide classes of geometric and topological
functionals. Unfortunately, as a reoccurring trend, explicit forms for the asymptotic normal
distributions are unavailable or computationally intractable. In this work it is shown how a
smoothed bootstrap procedure allows for consistent estimation of these inaccessible limiting
distributions, and thus for any subsequent inference derived therefrom.

Further, the bootstrap convergence results shown in this paper apply even more broadly,
given that the necessary assumptions are much weaker than normally used to establish
central limit theorems. To the best of our knowledge, it is not known whether there exist
stabilizing statistics which exhibit a non-normal limit, but our convergence results apply
equally for any distributional limit.

2.2. Stabilization

Here, we extend and rephrase existing definitions found in [38], [39], [54], and [31] to provide
a more general and consistent statistical framework. Let X (Rd) denote the space consisting
of multisets drawn from R¢ with no accumulation points, with the further restriction that
no point in a given multiset may be counted more than finitely often. Any locally-finite
point process on R? can be represented as a random element of X' (R?). Let X (RY) C
X (R?) contain the finite multisets drawn from R? and 1: X (RY) — R be a measurable
function. Furthermore, for S,T € X (]Rd) define the addition cost of T to S as D (S;¢,T) :=
Y (SUT)—1 (S). When T' = {2z} consists of a single point, we call D, (S;v¢) := D (S;v,{z})
an add-one cost or the add-z cost.

Broadly, we say that i stabilizes if the addition cost of a given T varies only on a
bounded region. In the preceding literature, the terms “strong” and “weak” stabilization
are very often used, with precise definitions changing based on circumstance. In the interest
of providing more explanatory and specific terminology, we propose the following definitions.

Seen below, almost-sure and locally-determined almost-sure stabilization (see Defini-
tions 2.4 and 2.5) correspond, respectively, to Definitions 3.1 and 2.1 in [38]. Here we have
generalized by accounting for possible measurability issues, however the definitions are es-
sentially equivalent. Let B, (r) denote the closed Euclidean ball centered at z € R? with
radius r. For convenience, the dependence on 1 and T is implicit in each of the following.

Definition 2.1 (Terminal Addition Cost). D>: X (R?) — R is a terminal addition cost
centered at z € R? if D> (S) = limy_,oo D (SN B, (1)) for any S € X (R?) such that the

limit exists.

For a finite multiset S € X (R?), the terminal addition cost centered at z € R? is
D> (S) = D (S), because no further changes to the addition cost may occur once SN B, (a)
contains all of S. This does not hold for infinite multisets, motivating a separate definition.
In the special case where T = {z} is a singleton at the centerpoint, the notation D> = D°
may be used, and will be seen throughout the remaining sections of the paper.
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Definition 2.2 (Stabilization in Probability). For S a point process taking value in X (Rd),
1 stabilizes on S in probability if there exists a center point z € R% and a terminal addition
cost D for v such that

Jim P*[D (SN B. (1)) # D= (S)] = 0. (2.1)

Here P* denotes the outer probability of a set. Stabilization is said to occur in probability
because, for any sequence of non-negative radii (I;),.y such that I; — oo, D (SN B; (I;)) it
D (S) whenever both quantities are measurable. D> is unique up to a null set in this case.
Stabilization in probability is difficult to show directly for many functions of interest. As

such, we have the following:

Definition 2.3 (Radius of Stabilization). p: X (R?) — [0,00] is a radius of stabilization
for ¢ centered at z € R? if, for any S € X (Rd) and [ € R such that p(S) <1 < oo,

D(SNB. (1) = D(SNB. (p(S))). (2.2)

D> (S):=D (SN B, (p(9))) is a valid terminal addition cost. In the case where
lim;_, o, D (SN B, (1)) does not exist, p (S) = oo necessarily, with the stabilization criterion
satisfied vacuously. As with the terminal addition cost, when T' = {z} we denote p = p..

In general, for any 1 there exists a unique minimal radius of stabilization, defined as the
pointwise minimum over all such radii sharing the same centerpoint. This minimum exists
because ¢ (S N B, (1)) is piecewise constant in 0 < I < oo, changing value only when a new
point of S is added, and because S has no accumulation points.

Definition 2.4 (Stabilization Almost Surely). For S a point process taking value in X (Rd ,
1 stabilizes on S almost surely if there exists a radius of stabilization p: X (Rd) — 10, 00]
for 1 centered at z € R? such that

lim P*[p(S) > L] =0. (2.3)
L—oo
Mirroring our previous terminology, we say stabilization occurs almost surely because, for
any sequence of nonnegative radii (I;),cy such that l; — oo, D(SN B, (I;)) “3 D> (S) =
D (SN B, (p(S))) whenever both quantities are measurable. Here we use outer probability,
because a radius of stabilization may not be a measurable function, specifically considering
the unique minimal radius. Almost sure stabilization implies stabilization in probability, as
shown in the following.

Proposition 2.1. For S a simple point process taking values in X (Rd), let ¥ stabilize on
S almost surely. Then v stabilizes on S in probability.

For our proof techniques, it is often necessary to compare the stabilization properties
of a function over a range of related point processes. For example, corresponding binomial,
Poisson, and Cox processes can be shown to have essentially equivalent local properties, while
differing globally. As defined in Definition 2.3, a given radius of stabilization could feasibly
show completely different behavior on each process type. This motivates the following:

Definition 2.5 (Locally Determined Radius of Stabilization). The radius of stabilization
p centered at z € R? is locally determined if for any S, T € X (Rd)

TNB.(p(S) = SNB. (p(S) = p(T) = p(S).
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With the local-determination criterion from Definition 2.5, we can assure that stabiliza-
tion must occur simultaneously on any two point processes which are locally equivalent. As
in the non-locally-determined case, there exists a unique minimal locally-determined radius
of stabilization:

Proposition 2.2. For R the space of locally-determined radii of stabilization for v centered
at z € R, let p*: X (R?) — [0,00] such that p* (S) = inf,er p(S). Then p* is a locally
determined radius of stabilization for 1 centered at z.

2.3. Technical Results

In all of the following, P (Rd) denotes the set of probability distributions over R%. Y7, ..., Y, S
G is a sample from G € P (Rd) and Y’ ~ G an independent copy. Let Y,, = {Y;}I_; be
the induced multiset. This definition may be simply denoted by Y,, := {Y;}!"_, G For a
measurable function ¢: X (Rd) — R, define the following conditions:

(E1) For a given C C P (R?) and some a > 2, there exists E, < oo such that

sup sup E [|¢ (V/n (Y, U{Y'})) — % (VnY,)|"] < Ea. (2.4)
GeC neN
(E2) For some a > 2 and R > 0, there exist U, > 0 and u, > 1 satisfying the following
property: For any S € X (Rd) and y € R?,

W (SU{y}) ¢ (9" <Ua (1 +#{SN By (R)}"). (2.5)

(E1) requires a moment bound that holds uniformly in the sample size and distribution
G € C. Clearly, if (E1) is satisfied for C, it is also satisfied for any subset of C. In the
context of the topological statistics considered in this work, (E1) is primarily useful for
proof purposes, and is mainly established via (E2) (See Lemma 2.3). However, as will be
seen with the case of the k-nearest neighbor graph, Corollary 4.6, there exist useful statistics
which do not conform to (E2), and the more general condition must be used. (E1) is related
to the “uniform bounded moments” condition, Definition 2.2 in [38]. Our version has been
suitably generalized, the original definition considering only a = 4. Let Cp as (Rd) denote
the class of probability distributions G € P (R?) admitting a density g such that |[|g|[, < M.
We have the following:

Lemma 2.3. For p > 2, let ¢ satisfy (E2) with u, < p —1 for some a > 2. Then for any
M < oo, 9 satisfies (E1) for Cp (Rd).

For drpy the total variation distance between probability distributions and Bp(e, drvy)
the closed e-neighborhood of F' under drv, we have the following stabilization conditions:

(S1) For a given C C P (Rd), FeC,b>0, and some (I),., such that lim. o l.e? =0, as
e — 0,

GeCNBF(e;dryv) n€EN

(S2) For G € P (R?), there exist locally-determined radii of stabilization (p.), ga for ¥
satisfying
lim supP* [p gmy (VnYy) > L] =0. (2.6)

L—00 peN
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(S1) and (S2) can be summarized as uniform stabilization conditions, either in probabil-
ity or almost surely. (S1) as stated is a technical condition mainly serving to weaken the
necessary conditions providing for bootstrap consistency. As such, we have the following
lemma linking (S1) and (S2).

Lemma 2.4. Let ¢ satisfy (S2) for F € Cp m (Rd). Then 1 satisfies (S1) for Cp p (Rd),
F,b=(p-2)/(dp-1)), and any (l¢)., such that lim o le=2/(dp=1) = 0 and
1im5_>0 le = Q.

We can often greatly simplify the addition costs and radii of stabilization required in
(S1) and (S2). For example, given a translation-invariant function v and any Dy, pg for 3
centered at 0, corresponding quantities can be constructed for any other center point. For
z € RY D, X (RY) — R where D, (S) = Dy (S — 2) is an add-z cost for 1 centered at
z. Likewise p.: X (R?) — [0, 00] where p. (S) = po (S — 2) is a radius of stabilization for
1 centered at z. In the following, Py denotes a homogeneous Poisson process on R? with
intensity .

Lemma 2.5. Let F' € Cp 5 withp > 2 and M < oco. Let py be a locally-determined radius
of stabilization for 1 centered at 0. Suppose that for any given a,b € (0,00), and 6 > 0,
there exists an Lqp5 < 0o and a measurable set Aqp 5 with po_1 ((Lap,s,00]) € Agps such
that
sup P*[po (PA) > Laps) < sup P[Py € Ayps] <0. (2.7)
AE[a,b] A€la,b]

Then for any § > 0 there exists an nsg < oo and Ls < oo such that

sup P* [po (X, — X') > Ls] < 6. (2.8)

n>ng

Lemma 2.5 provides a convenient tool for “de-Poissonizing” a locally-determined radius
of stabilization. Often it is easier to show stabilization properties for a homogeneous Poisson
process than for a binomial process directly. Lemma 2.5 allows for the extension of homoge-
neous Poisson results to the binomial setting, as is required for Lemma 4.1 and Corollary 4.6.
Note that the conclusion is not the same as the statement of (S1), only applying for n > ns.
Some extra effort is required for the conclusion to hold for all n € N, depending on the
specifics of the function ¥ considered. We come to the following important proposition, the
main supporting result for our general bootstrap consistency theorem, Theorem 2.7.

Proposition 2.6. For p > 2 and M < oo, let ¢ satisfy (E1) and (S1) for Cpm (Rd),

FelCom (Rd), and some a > 2. Then for any G € Cp (Rd) N Br (e,drv), there exist iid
iid iid

coupled random variables ((Xi,Y;));cn such that X,, = {X;}, ~F, Y, ={Y}, ~G,
and
sup Var {1 (¢ (VnXy) = (%Yn))} < Ye. (2.9)
neN \/ﬁ

The value 7. does not depend on G and satisfies lime_,g v = 0.

For any two distributions £; and L5 over R, we may define the 2-Wasserstein distance
between £1 and L5 as

W (L1, Lo) = \/ inf E [(U - V)Q] (2.10)

U~Ly,V~Ly
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where it is assumed that U and V follow a joint distribution with marginals £; and Ls. For
L denoting the law or distribution of a random variable, the variance given in the conclusion
of Proposition 2.6 bounds above

W (c{;ﬁ (¢ (X)) —E [0 (e/ﬁxn)])}, (2.11)

Jn

Consequently, Proposition 2.6 shows that this W5 distance can be made arbitrarily small
uniformly over a neighborhood of distributions around F'. An appropriately smoothed em-
pirical distribution falls within such a small neighborhood with high probability, given suf-
ficiently large sample sizes.

Furthermore, it can be seen that Proposition 2.6 extends directly to finite sums. Given

any (Ai)f:1 and (Bi)le, we have that Var [Zle A; — Zle BZ} < kazl Var [4; — B;].

Thus, if the conclusion of Proposition 2.6 holds for any finite set of functions, (wi)le, it

e Ly, -2y mvnm}).

also holds for Zle 1;, with rate depending on the worst case ;.

It should be noted that (S1) is slightly stronger than necessary to establish Proposi-
tion 2.6. As stated, D gy ((/nY5) N By (L)) itself is compared to the terminal add-
one cost D gy (¢/nY ). As could be useful for some statistics, it is only required that an
appropriate bound displays the desired stabilization property, see the provided proof for
details.

2.4. Smoothed Bootstrap

The bootstrap is an estimation technique used to construct approximate confidence intervals
for a given population parameter. In cases where asymptotic approximations for the sampling
distribution of a statistic are inconvenient or unavailable, bootstrap estimation provides a
general tool for constructing approximate confidence intervals. Bootstrap estimation is well-
studied in the statistical literature, an introduction being provided in [40]. In this section,
we will show consistency for a smoothed bootstrap in estimating the limiting distribution of
a standardized stabilizing statistic, ¢, in the multivariate setting. We describe the general
procedure below:

Let X, = {X;}", %

~ F. We estimate the sampling distribution of

(0 (YXa) ~ E [ (¢X,)]) (212

Vn
using a plug-in estimator F), for the underlying data distribution F'. In the standard non-
parametric bootstrap, we estimate F' by the empirical distribution, giving probability to
each unique value of (X;);_,, proportional to the number of repetitions within X,,. We have
the bootstrap statistic

1 . *
where X¥, = {X;/}", S F,|X,,, conditional on X,,. The sampling distribution of the
bootstrap version provides an estimate for the distribution of the original statistic, which
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in the ideal case converges to the truth in the large-sample limit. Confidence intervals for
E [¢ (¢/nX,,)] are then constructed from the bootstrap distribution and % (¥/nX,,).

However, as will be seen in Section 4.1, for some classes of topological statistics the stan-
dard bootstrap may not directly replicate the correct sampling distribution asymptotically.
Consequently, we instead estimate F' by a smoothed distribution approximation. Such a
smoothed bootstrap procedure can be shown to provide consistent estimation, even when
the standard nonparametric bootstrap may fail.

For the smoothed bootstrap sampling procedure outlined here, we require that F' has
a density f. Let f, be an estimator for the true density with corresponding distribution
Fn, each a function of the sample X,,. Conditional on X,,, we draw bootstrap samples X7,
independently from Fn|Xn A particular choice of fn is given via kernel density estimation.
For a kernel function @ and bandwidth kA > 0, the kernel density estimator of f(z) based
on the sample (X;)!_, is fon (@) :=1/ (nh®) >0, Q ((x — X3) /h).

In practice, when @) corresponds to a probability density, the kernel density estimator
allows for convenient sampling, as is required for implementation. Generating a sample from
fn’h is equivalent to first drawing from the empirical distribution on X,,, then adding in-
dependent noise following the distribution defined by @, scaled by the bandwidth h. Other
density estimators, including those using higher-order kernels, may not facilitate efficient
sampling. However, the theory established here supports the use of any density estimator
which meets the required convergence criteria, computational factors aside. More compli-
cated data-dependent estimators are also possible, falling under a similar sampling frame-
work. See Sections 5 and 6 for specifics on density estimation as pertains to this work from
a practical perspective.

We now present our main result. The following theorem establishes consistency for the
smoothed bootstrap in the multivariate setting. We give the result for a vector of stabilizing
statistics. In the context of the topological statistics introduced in Section 3, this can be the
persistent Betti numbers or Euler characteristic evaluated at different filtration parameters.

Theorem 2.7. Let F € P(Rd) with density f such that ||f]l, < oo for some p > 2.

Furthermore, let F and f, be such that ||f, — flli = 0 and || fn — fll, = 0 in probability

(resp. a.s.). Suppose 77/7: X (Rd) — R* has component functions Py X (Rd) R, 1<5<k

satisfying (E1) and (S1) for Cpar (RY), M > || fllp, F, and b= (p—2)/(d(p—1)). Then

for a sample X,, = {X;};_, ud F, (mn), ey such that lim, o m, = 00, a bootstrap sample
iid

Xp, ={X;h o~ X, and a multivariate distribution G,

% (4 (vnX,) ~E [4 (¥nX,)]) 4 6

if and only if
1
N

Theorem 2.7 establishes the asymptotic validity of bootstrap estimation for a range of
stabilizing statistics under fairly mild conditions on the underlying density. However, it
should be noted that further restrictions on the density and density estimate may be required
to satisfy (E1) and (S1), see Corollary 4.6 for example. The conditions under which || f,, 5, —
fll1 = 0 in probability or a.s. can be found in [20]. Proposition C.1 considers the convergence
of || fun, — f |lp, either in probability or almost surely. This result is outside the main

(ﬁ(\d/mannn) -E {J(\d/mannn) ’X"D 4 G in probability (resp. a.s.).
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contribution of this paper, but is interesting in its own right. Notably, no conditions are
placed on the density f except | f||, < cc.

As a point of caution, it is known that kernel density estimators suffer from a curse of
dimensionality. The convergence properties of the density estimator fn appear implicitly
within the necessary assumptions for Theorem 2.7. In particular, diminishing performance
can be expected in higher dimensions, as shown by the provided simulations of Section 5.

The above result holds for any choice of m,, such that lim,_,., m,, = 0o, and is stated as
such for the sake of generality. In practical application, m,, = n is standard, and will be used
throughout the simulation and data analysis sections of this paper. However, given that the
computational complexity of 1 often grows quickly with n, using a smaller m,, could prove
more feasible from a computational perspective.

Strictly speaking, convergence to a limiting distribution is not required for the boot-
strap to provide asymptotically valid confidence intervals. Proposition 2.6 gives that, with
high probability, the smoothed bootstrap and true sampling distributions become close in 2-
Wasserstein distance. Provided that the cumulative distribution function F; of (b (&/nX,)—

E[{ (¢/nX,)])//n has the property

lim limsup sup |F; (z+6) — Fj (2)| =0, (2.14)
60 nosoo gepd! ¥m n

it can be shown that confidence intervals constructed from the bootstrap statistic still achieve
the stated confidence level with high probability, given a sufficiently large sample. Conver-
gence to a continuous limiting CDF is just one way of satisfying this condition. However,
this extension is unavailable for the topological statistics considered here, as the behavior
of the finite sample statistics is currently very poorly understood.

In the later sections, we will show that the necessary moment and stabilization condi-
tions for Theorem 2.7 are satisfied for several specific statistics of interest, chiefly the Euler
characteristic and persistent Betti numbers for a class of simplicial complexes.

3. Simplicial Complexes and Persistence Homology
3.1. Simplicial Complexes

Let K = {K"},cr be a filtration of simplicial complexes, with K" C K* for r < t. Each
complex is a collection of simplices, subsets of the vertex multiset, V. Here any repeated
vertices are considered distinct. For a collection of simplices K to be a simplicial complex, for
any two simplices S C V and T C S, S € K only if T' € K. Here a simplex is only included
along with all of its subsets. For a given simplicial complex K, K, denotes the subset of K
consisting of all g-simplices. g-simplices are those simplices consisting of ¢+ 1 vertices. Each
g-simplex is said to have dimension ¢q. A graph or network refers to a simplicial complex
consisting of only 1-simplices (edges) and 0-simplices (vertices).

We will be looking at simplicial complexes constructed over point clouds in R¢. The two
major examples are the Cech and Vietoris-Rips complexes:

K¢ (S)z{aQS:EIzeRd st. ||z —z|| <r Ve eo} (3.1)
Ky (8) = {0 C S: o —yll <2 Vo € o} (3.2)

Each of these complexes summarizes the geometric and topological properties within a
given point cloud. The Vietoris-Rips complex can be considered a “completion” of the Cech
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complex, in so much that the Vietoris-Rips complex is the largest simplicial complex with
the same edge set as the Cech complex. While the primary motivation for the results given
here is application to the Cech and Vietoris-Rips complexes, our main results apply for a
range of possible complexes. For example, for computational reasons it is often convenient
to limit the number of simplices present within the final complex. As such, we have two
approximations, the alpha complex and its completion

KL(S)={0cCS:3FzeR%st. |2~z <rand |z — 2| < ||z —y|| Vz €0 Vy € S}

K}.(S)={cCS: {z,y} € K, (S) Vz,y € 0}.

These complexes avoid adding simplices between disparate points, controlling the total
size of the complex. It has been shown that the alpha and Cech complexes are both homotopy
equivalent to a union of closed balls around the underlying point set, thus sharing equivalent
homology groups. However, for the completion, denoted here as the alpha* complex, there
is no such relationship. The alpha complex is a subcomplex of the Cech complex as well as
the Delaunay complex

Kp(S)={0cCS:3zeRst. ||z —a||<||z—y| Ve €oVyecS}. (3.3)

3.2. Persistent Homology

Now, of chief interest are the topological properties for a given simplicial complex. Both the
Cech and Vietoris-Rips complexes reflect the structure present within an underlying point
cloud. As such the topology of each provides an effective summary statistic for describing the
structural properties of a dataset in R%. We provide below a short introduction to homology
and persistence homology as used in topological data analysis.

Define C' (K) to be the free abelian group generated by the simplices in K. Elements
of C'(K) are sums of the form },_;a;0;, where o; € K for a; an appropriate group
element. If we further allow the coefficients to come from a field, then C (K) is a vec-
tor space. For the purposes of this paper, coefficients are drawn from the two-element
field Fo = {0,1}. C (K) is equipped with a linear boundary operator 9: C (K) — C(K)
where & ({z1, ..., xg11}) = Dty (=)' {@1, oy i1, Tign, ..y Zg+1}. As a fundamental prop-
erty, 0o d = 0. With coefficients in Fo, the boundary of a simplex reduces to the sum of all
its faces. Cy (K) = C (K,) is the subspace spanned by the ¢g-simplices of K, with the image
of C; (K) under 0 lying in Cy_1 (K). 9,: Cy (K) — Cy—1 (K) denotes the restriction of 9
to Cy (K).

We now construct the homology groups of K. Let Z (K) = ker (9d) be the subspace
of C'(K) containing the cycles, those elements whose boundary under 0 is 0. Z, (K) =
Z (K4) = ker (9y) is the restriction of Z (K) to dimension ¢. Let B (K) = im (9) denote the
subspace of boundaries in C (K). B, (K) = B(K,) = im (9,+1) is the subspace consisting
of the boundaries of elements in Cy14 (K), lying in C,, (K).

The homology groups are given by H, (K) := Z, (K) /By (K), the cycles Z, in dimension
g modulo the boundaries B,. In words, the elements of the homology groups represent
“holes” within the simplicial complex, shown by closed loops whose interior is not filled by
other elements in the complex. These homology groups provide a topological summary of
the structure in the simplicial complex K. As stated previously, because we assume field
coefficients for C' (K), each homology group is also a vector space. The Betti numbers of
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the complex represent the degree or dimension of each homology space. We denote the g¢-
th Betti number of K by 3, (K) = dim (Z, (K) /B, (K)) = dim (Z, (K)) — dim (B, (K)).
Moving forward, Betti numbers and their like will be of primary interest.

Homology provides a topological invariant constructed from a single simplicial complex.
For a filtration of nested simplicial complexes, persistent homology provides more detail.
Given a filtration K = {K"},er, the homology groups for each complex, H, (K"), are
defined. However, due to the nested structure of the filtration, simplices are shared across
complexes, and thus there exists a natural inclusion map between homology spaces. Cycles
in Z,(K") are also cycles in Z, (K") if r < t. The boundary spaces behave similarly. For
a given equivalence class « + B, (K") € Hy (K"), x + By (K") — x + B, (K") specifies the
inclusion map from H, (K") to H, (K").

If a given element Z € H, (K") maps to § € H, (K') upon inclusion, with § # B, (K*"),
we say that T represents a persistent cycle across the filtration. Essentially the same under-
lying element is reflected in the homology groups over a range of simplicial complexes. The
collection of homology groups and inclusion maps form a persistence module. A wide body
of work exists on the properties of these persistence modules, see [55] for an introduction.
For any cycle feature in the filtration, there is a well defined death time, being the smallest
parameter level for which the given element lies in the kernel. The Betti numbers of a filtra-
tion form a function in the filtration parameter, 7. We use the notation gy (K) := 8, (K").
The Betti numbers in this context count the number of persistent features extant at r.

It is a fundamental theorem of persistent homology that a sufficiently well-behaved per-
sistence module can be represented by a persistence diagram. A diagram D (K) is a multiset
in R? x Z of points (b,d, q). Each point represents a single persistent feature in the module.
b denotes the birth time of the feature, being the smallest parameter level for which that
feature is represented in the homology groups. Likewise d gives the death time, and ¢ the
dimension of the feature. The collection of persistent features represented by the diagram
are a basis for the corresponding persistence module.

The persistence diagram is a simple summary statistic which condenses the complex
topological information present within a filtration. An example of a persistence diagram is
shown in Figure 1.

3.3. Persistent Betti Numbers

We arrive at the main focus of this section. For r < s, define the persistent homology groups
of a filtration K = {K"}, g as

Hy® (K) = 24 (K") [ (Bq (K°) N Z4 (K7)) . (3.4)

Nonzero elements in this group represent features born at or before time r which persist
until at least time s. The dimension of these spaces gives the persistent Betti numbers

By° (K) == dim (Z, (K") /By (K®) 0 Z4 (K")) (3.5)

= dim (Z, (K")) — dim (Bg (K*) N Zg (K")).
Persistent Betti numbers are in one-to-one correspondence with the respective persistence
diagram. Here (3 (K) counts the number of points in D (K) of feature dimension ¢ falling

within (—oo,7] x (s,00]. When s = r, we recover the regular Betti numbers, ;" (K) =
Bq (K7). An important result for persistent Betti numbers is given in the following lemma.
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Lemma 3.1 (Geometric Lemma). [Lemma 2.11 in [27]] Let J = {J"}, cp and K =
{K"}, cg be filtrations of simplicial complexes with with J" C K" for all v € R. Then

max {# {K;\ T} # (K \ 3 )} (3.7)
< #H{KGNTH+#{KG N\ T} (3.8)

The Geometric Lemma 3.1 relates the change in persistent Betti numbers between two
filtrations to the additional simplices gained moving between them. As a brief explanation
of the lemma, simplices can be divided into two classes, positive and negative. For two
simplicial complexes J C K, if we imagine adding the additional g-simplices in K to J
one by one, a positive g-simplex will increase the dimension of Z; by one, and a negative
g-simplex will increase the dimension of B,_; by one. Either change can affect the persistent
Betti numbers. This dichotomy is a basic result from persistent homology, see [7]. The bound
given in the Geometric Lemma describes a worst case, when all g-simplices at time r are
positive or all (¢+ 1)-simplices at time s are negative. The Geometric Lemma will be critical
moving forward, as it allows us to control the change in persistent Betti numbers by counting
appropriate simplices.

IN

|87 (K) — By* ()]

N

83.4. FEuler Characteristic

For a given simplicial complex K, the Euler characteristic is defined as

(—1)" #{Kx} . (3.9)

M8

X (K) =

b
i

0

Provided there is an m € N such that the Betti numbers g, (K) are 0 for all ¢ > m (as
n (D4) holds), it can be shown that the Euler characteristic has the following identity with

the Betti numbers: -

k
X(K) =Y (=1)" B (K). (3.10)
k=0
This relationship with the Betti numbers makes the Euler characteristic an important
topological invariant in its own right. Applications of the Euler characteristic and derivatives
may be found in [41, 43, 49].

3.5. k-Nearest Neighbor Graph

The k-nearest neighbor graph Ky i of a vertex set S connects each point x € S with
the k closest vertices to  within S\ z. This graph may either be directed or undirected.
K,k is commonly used to analyze the clustering structure of a point cloud. Let the total
length of the edges in this graph be denoted by Ixn . The total length of the k-nearest
neighbor graph, when suitably scaled, provides a measure of the average local “density”,
or concentration of the points in S. In Section 4.5, we will show bootstrap consistency for
[N,k within the stabilization framework.



Roycraft et al./Bootstrapping Stabilizing Statistics 14

1
sample sample
> 0 - original - original
+  bootstrap «  transformed
-1
-1 0 1 0.00 0.03 0.06 0.09 0.00 0.03 0.06 0.09
X birth birth

Fic 1. Left: The original data set of size n = 10,000, from which a single standard bootstrap sample is
drawn. Middle: Persistence diagrams for both the original and bootstrap samples, along with lines denoting
the median birth and death in each diagram. The asymptotic bias discussed in Section 4.1 can be clearly
seen. Right: Persistence diagrams after application of a multiplicative correction factor of V1 —e~1 ~ 0.795
to the bootstrap sample. Note that the median birth/death times correspond after transformation.

4. Bootstrapping Topological Statistics
4.1. Nonparametric Bootstrap

In this section, we will argue that the standard nonparametric bootstrap may fail to repro-
duce the correct sampling distribution asymptotically when applied to common topological
statistics.

For a wide class of simplicial complexes built over point sets in R?, the corresponding
persistence diagram is unaffected by the inclusion of repeated points within the vertex set.
This behavior holds for both the Vietoris-Rips and Cech complexes, defined in Section 3.1.
In the case of the Cech complex, this phenomenon is seen most directly. The Cech complex
under the Euclidean metric is homologically equivalent to a union of closed balls centered
on the vertex points in R?. Additional repetitions of vertex points leave both this union and
the derived persistence diagram unchanged.

In these cases where repetitions may be ignored in the calculation of statistics, the stan-
dard bootstrap behaves effectively like a subsampling technique. The size of a given subsam-
ple is random, equal to the number of unique points present in the corresponding bootstrap
sample.

Given a random sample X,, = { X7, ..., X;,}, it can be shown using elementary arguments
that a given bootstrap sample X of size n from the empirical distribution over X,, is
expected to contain n(l — (1—-1/n)") ~ (1 —e"!)n ~ 0.632n unique points. As such,
X7 behaves similarly to a sample of size 0.632n, but is not scaled accordingly within the
statistic (87 (¥/nX;,) — E [85* (/nX},) | Xn]) /¢/n. This discrepancy in scaling introduces
a non-negligible asymptotic bias. The effect is illustrated in Figure 1 for the Vietoris-Rips
complex.

Furthermore, the standard nonparametric bootstrap results in a fundamentally different
point process limit at small scales when compared to the original sample. For the original
sample, when X,, is drawn from a distribution with density f, the shifted and rescaled sam-
ple ¥/n(X,, — z) approaches a homogeneous Poisson process P, with intensity f (z). From
the preceeding stabilization literature ([38], [31]), this limiting local point process drives
the asymptotic sampling distribution of (85 (¢/nX,) —E [85* (¥/nX,)]) /¢/n. Consider-
ing the large-sample behavior of /n (X* — z)|X,,, the smoothed bootstrap sampling pro-
cedure described in Section 2.4 can be shown to reproduce the same local Poisson process
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P asymptotically.

However, the same is not true for the standard bootstrap when repeated points are
ignored. In this case, ¢/n (X} — z)|X,, is restricted to the discrete set /n (X, — z), and
thus cannot reproduce P, whose domain is R?. For this case, we describe the resulting
point process limit Q. in two steps. First, a homogenous Poisson process P, is generated,
representing /n (X,, — z). Defined conditionally, Q.|P, is a random subset of P, such that
Pz € Q.|P.] = 1—e ! =~ .632, considering each point 2 € P, independently. We have
\d/ﬁ (X"Tl - Z) = Q..

This difference in local behavior, combined with the asymptotic bias effect illustrated
carlier, are strong indicators that (87* (¢/nX}) —E [8r* (¢/nX};)] |X,) /¢/n and
(ﬁgs (¥/nX,) —E [ﬁgvs (¥/nX,,)]) //n likely do not share a weak limit. A technical treat-
ment is omitted here, and is outlined merely to justify the use of our smoothed bootstrap
procedure in place of the standard nonparametric bootstrap. The smoothed bootstrap pro-
cedure provides for bootstrap consistency (Corollaries 4.2 and 4.3), and in the following
sections we consider only this approach.

4.2. General Conditions for Simplicial Complexes

The results presented in the following sections apply for a range of simplicial complexes
constructed over point clouds in R¢. Here we will explain the specific conditions used, and
for which common simplicial complexes they apply. Let K be a function taking as input
SeX (Rd), giving as output a simplicial complex with vertices in S. For a given simplex
o, let the set diameter be diam (o). We have the following conditions:

(K1) For any S € X (RY) and z ¢ S, K (S) C K (SU{z}). Furthermore, o € K (SU{z})\
K (S) only if z € 0.
(K2) For any S € X (R?) and z € R, 0 € K (S) only if 0 — 2z € K (S — 2).

(D1) There exists ¢ < oo such that for any S € X (R?), o € K" (9) only if diam (o) < ¢.

(D2) There exists ¢ < oo such that for any S € X (RY) and z € R%, 0 € K (SU{z}) AK (S)
only if ¢ C B, (¢).

(D3) There exists an 5 > 0 such that for any S € X (R?) and = € Z (K (9)), diam (z) < n
only if x € B (K (9)).

(D4) There exists an m € N such that for any k¥ > m and S € X (RY), Zi (K (S)) =
By (K (S)).

(K1) means that the addition of a new point will not change the existing complex, only
add new simplices. Furthermore, any new simplices gained must contain the added point
as a vertex. (K2) gives that the complex is essentially translation invariant. (D1) sets a
maximum diameter for any simplex in the complex. (D2) gives that the influence of a new
point on the complex is confined to a local region around that point, within a fixed diameter.
This condition allows for both the addition and removal of simplices from the complex, but
only within the prescribed radius. It can be easily shown that if (D2) holds for ¢, (D1)
holds for 2¢. Conversely if both (K1) and (D1) hold for ¢, (D2) also holds for ¢. Finally,
(D3) gives that no small loops can exist with unfilled interiors, and (D4) gives that all Betti
numbers are 0 in sufficiently high feature dimensions.

Now, let K = (K"),p be a function taking as input S € X (R%), giving as output a
filtration of simplicial complexes with vertices in S. As a slight abuse, we will often refer to
the function I as a filtration of simplicial complexes, even though it is a function defining
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more than a single filtration, depending on the underlying point cloud. We say that a given
condition is satisfied for K if it is satisfied by K" for any r € R. In the cases of (D1),
(D2), and (D3), ¢ and n may depend on r as increasing functions ¢: R — [0,00) and
n: R — [0, 00).

It can be shown that all of (K1)-(D3) are satisfied for both the Vietoris-Rips and Cech
complexes in R? using ¢ (r) = 1 (r) = 2r. The same functions apply for the alpha complex
in R? and its completion K,~, with the notable exception that (K1) is violated. Finally,
it is known that (D4) is satisfied by the alpha, Cech, and Delauney complexes in R? for
m=d— 1.

While covering a wide class of distance-based simplicial complexes, there are several
complexes used in practice that may fail to satisfy any or all of these. For example, the
addition of a new point to the Delaunay complex, Gabriel graph, witness complex, or k-
nearest neighbor graph can both add and remove simplices, violating (K1). Furthermore,
there is not any limit on the simplex diameter within any of these complexes, violating (D1).
Likewise, the addition of a single point can alter simplices at arbitrarily large distances,
violating (D2). As a special note, it is common in practice to consider the intersection of the
Vietoris-Rips and Delaunay complexes, which unfortunately may violate all the assumptions
here. It is unclear if an extension or special consideration could be made to incorporate these
complexes.

4.3. Stabilization of Persistent Betti Numbers

To apply the general bootstrap theorem, we first require a technical lemma establishing
a locally-determined radius of stabilization for persistent Betti numbers. The result given
applies for general classes of simplicial complexes constructed over subsets of R?, using the
conditions listed previously. Reiterating, Cp as (Rd) is the class of distributions G on R? with
densities g such that ||g||, < M. We have the following:

Lemma 4.1. Let F € Cpp (R) for some p > 2 and M < oo, and let K = {K"}, .y be
a filtration of simplicial complexes satisfying (K2), (D2), and (D3). Then for any r € R,
s€R, and ¢ >0, B° (K) satisfies (S2) for F.

4.4. Bootstrap Results for Persistence Homology

Here we present the main applied results of this paper. Each is derived from Theorem 2.7
and the stabilization lemma for persistent Betti numbers (Lemma 4.1). For given vectors
of birth and death times, ¥ = (ri)le and § = (si)f:17 let Bg’g = (B“’SL) denote the
multivariate function whose components are the persistent Betti numbers evaluated at each
pair of birth and death times. For a vector of filtration times 7= (Tz)f 1> let Xﬂ denote the
function giving the Euler characteristic at each time 7, with x™ := (x (K “))l 1-

The following apply for F' € P (Rd) with density f such that ||f||, < oo for some

p > 2, as specified. F and F, are such that F, has density f,, ||fn — f|li — 0, and

| fu = fll, — 0 in probability (resp. a.s.). Let X,, = {X;}I_, X F and (M), en such that

limy, o0 My = 00. X5, = {Xl*}lnl" id F ’Xn is a bootstrap sample and G a multivariate

distribution. Recalling the conclusion of Theorem 2.7, for a multivariate statistic w.
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Statement 4.1. )

= (4 (vnX,) —E |6 (%) ]) 4 &
if and only if
1
N

For cases with a corresponding central limit theorem, G is the limiting normal distribution
of the original standardized statistic.

(J(WX;H) —-E [J(WX:‘W) |X"D 4 G in probability (resp. a.s.).

Corollary 4.2 (Persistent Betti Numbers). Let ¢ > 0 and p > 2q + 3. Let K be a
filtration of simplicial complexes satisfying (K1), (K2), (D1), and (D3). Then for any given
7, §, Statement 4.1 holds for Bg’g,

Corollary 4.3 (Persistent Betti Numbers - Alt.). Let ¢ >0 and p > 2q+5. Let K be
a filtration of simplicial complezes satisfying (K2), (D2), and (D3). Then for any given T,
§, Statement 4.1 holds for 655.

The only differences between the above corollaries are the conditions satisfied by the
underlying simplicial complex and the necessary norm bound on the density. The corre-
sponding results for the Betti numbers follow as special cases of Corollaries 4.2 and 4.3,
when the given birth and death parameters are equal ( 55 = ﬁ(’;’ﬁ). Also, although the state-
ments of Corollaries 4.2 and 4.3 are given in terms of a fixed feature dimension ¢, a direct
extension exists if ¢ = ¢; is allowed to differ for each (r;, s;). The form as given shows the
dependence of the density norm assumption on the chosen feature dimension.

The higher value of p required in Corollary 4.3 compared to Corollary 4.2 can be explained
intuitively based on the assumptions used. For the persistent Betti numbers, the main
quantity controlling convergence is the expected number of simplices altered or introduced
when a new datapoint is added to the sample. (D2) ensures that these simplices fall within
a small ball around the new data point. The stated density norm conditions control the
expected number of points, and by extension possible simplices, that can lie within that
small ball. Introducing (K1) further controls the number of possible simplices, and allows
for a weakening of the necessary norm condition. (K1) requires that, as the sample grows
by a single point, any additional simplices must contain the new point as a vertex, and no
deletion of simplices is possible. This means that every added simplex has one less “free”
vertex, and a weaker norm condition is required for control. The same intuition applies
whenever (K1) is assumed.

In the specific case of the alpha complex, both of the above Corollaries 4.2 and 4.3 apply.
While the alpha complex does not satisy (K1), it has equal persistent Betti numbers to the
Cech complex, which does. Thus, the weaker conditions of Corollary 4.2 are sufficient in this
unique case.

Corollary 4.4 (Euler Characteristic). Let m < co and p > 2m+3. Let K be a filtration
of simplicial complezxes satisfying (K1), (K2), (D1), (D3), and (D4). Then for any given 7,
Statement 4.1 holds for x".

Corollary 4.5 (Euler Characteristic - Alt.). Let m < co and p > 2m + 5. Let K be a
filtration of simplicial complexes satisfying (K2), (D2), (D3), and (D4). Then for any given
7, Statement 4.1 holds for x".
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It is suspected that some of the simplicial complex assumptions can be relaxed in the
persistent Betti number and Euler characteristic cases, but the extent to which this is pos-
sible is still unknown. Specifically, Corollary 4.2 requires a translation-invariant simplicial
complex (K2), along with the elimination of small loops via (D3). See Appendix A for al-
tered “B-bounded persistent Betti number” and “g-truncated Euler characteristic” problem
settings where these issues may be resolved.

To strengthen Corollaries 4.2-4.5 with rates, we require more specific knowledge about the
convergence to G of the original statistic. For persistent Betti numbers in the multivariate
setting, general central limit theorems have been shown in [31], but little is known at this
time with regards to rates of convergence. Proposition 2.6 does allow for rates of convergence
in 2-Wasserstein distance between the bootstrap and true sampling distributions for finite
sample sizes, but is phrased in terms of a tail probability for the radius of stabilization. See
the proofs of Corollaries 4.2-4.5 for details. For persistent Betti numbers the tail behavior
of the radius of stabilization is poorly understood. Owing to these difficulties, we may only
conclude consistency of the smoothed bootstrap for the functions considered.

4.5. Bootstrap Results for k-Nearest Neighbor Graphs

In the following, let D, ,, (C) be the class of distributions G with support on a bounded
C c R? such that fBz(T) dG > yr? for all r < 79 and z € C.

Corollary 4.6 (Total Edge Length of the k-Nearest Neighbor Graph). Let p > 2.
Furthermore, let F' € Dy, (C) and 1 {Fn € Dy g (C’)} — 1 in probability (resp. a.s.). Then
Statement 4.1 holds for Inn. .

The conditions of Corollary 4.6 are in particular satisfied when C' is known and convex,
with f bounded below on C by a constant, provided further that || f,, — f[lsc — 0 in prob-
ability (resp. a.s.). We include this final result to demonstrate the utility of stabilization
as a general tool for proving bootstrap convergence theorems outside of topological data
analysis. The k-nearest neighbor graph does not fall under the general simplicial complex
conditions provided in Section 4.2, thus special treatment is needed to show the required
stabilization and moment conditions. Here we rely on previous results from the literature,
see [38] for stabilization results and the corresponding central limit theorem.

5. Simulation Study

In this section we present the results of a series of simulations illustrating the finite-sample
properties of the smoothed bootstrap applied to persistent Betti numbers 3;* of the Vietoris-
Rips complex constructed over point sets in R?. Precise definitions and an introduction to
the properties of these statistics may be found in Section 3. Source code for this section, as
well as for the data analysis of Section 6 is available at

github.com/btroycraft /stabilizing_statistics_bootstrap [44].

We investigate the coverage probability of bootstrap confidence intervals on the expected
persistent Betti numbers E [5;’5 (\d/ﬁXn)} for a variety of feature dimensions, sample sizes,
data generating mechanisms, and bandwidth selectors. Table 1 lists brief descriptions of the
data distributions considered. For more detailed explanations, see Appendix D. The results of
the simulations are given in Table 2. For the persistent Betti numbers, a single choice of (r, )
was made for each combination of distribution and feature dimension, chosen to lie within
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Label Description
F Rotationally symmetric in R2, finite Lg norm
Fy Rotationally symmetric in R?, finite L2 norm, infinite Lg norm
Fs St embedded in R2, additive Gaussian noise
Fy Uniformly distributed over Bp (1) in R3, additive Gaussian noise
Fs 5 clusters in R3, additive exponential noise
Fg S? embedded in R®, additive Cauchy noise
Fr Flat figure-8 embedded in R0, additive Gaussian noise
TABLE 1

Description of densities or distributions considered for the simulation study of Section 5. For the
distributions based on manifolds, we first draw uniformly from the manifold, then apply the prescribed
additive noise. Detailed explanations of the distributions considered, along with precise definitions are

available in Appendiz D.

the main body of features in the corresponding persistence diagram. For computational
reasons, only feature dimensions ¢ = 1 and ¢ = 2 are considered.

We consider five data-driven bandwidth selectors. First are the “Hpi.diag” (plug-in),
“Hlscv.diag” (least-squares cross-validation), and “Hscv.diag” (smoothed cross-validation)
selectors from the ks package in R. Second, we include the adaptive bandwidth selector
described in Section 6. While this selector is tailored for the specifics of astronomical data,
we include it here for completeness. Each of these four selectors are available for data
dimension up to d = 6. Last, we consider Silverman’s rule of thumb (see [46]) via “bw.silv”
from the kernelboot package in R, which accepts data in any dimension.

For the two cross-validation selectors, note that a bandwidth is not always selected,
throwing errors on some datasets. To accommodate the automatic setting of this simulation
study, any error-producing data sets were simply rejected for each of these cases.

There is a noticeable drop-off in coverage as the data dimension increases. This is ex-
pected, as the kernel density estimator is known to suffer from a “curse of dimensionality”.
For distribution Fg, which exhibits heavy tails, only the adaptive bandwidth selector per-
formed well, because outliers are weighted much less heavily in this case. It is likely that
performance will suffer generally in the presence of heavy tailed data when using one of the
selectors with common bandwidth.

The coverage proportion is generally smaller than the nominal level of 95%. Therefore, it is
recommended to use a larger than desired level, especially for limited sample sizes. In terms
of general performance, we recommend any of “Hpi.diag”, “Hlscv.diag”, or “Hscv.diag”.
These selectors provide the most consistent coverage, and effectively replicate the nominal
95% level in many cases, especially for the largest sample size n = 400. Silverman’s rule
performs badly in several cases, and should only be used in the absence of better alternatives.

6. Data Analysis

In this section we show how smoothed bootstrap estimation performs on a real dataset.
We consider a selection of galaxies from the Sloan Digital Sky Survey [5], chosen from a
selection of sky with right ascension values between 100° and 270° and declination between
—7° and 70°. Three slices of galaxies were considered, separated by redshift, a measure of
radial distance from the solar system. The selections consist of galaxies with red-shift within
(0.025,0.026), (0.027,0.028), and (0.029,0.030), respectively. These slices were chosen to
investigate the topological properties of the cosmic web across time. In this case, due to
the rough homogeneity of the web at large scales, few significant topological deviations are
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Distr. [Fn [ Fo [Fs [F [ Fs [ F [ Fr F, [ [ F [F
g=1 9=2
T 494 [520 [303 [192 [030 [1.78 [1.28 [[ 296 [ 039 [ 271 [ 146
s 536 | 5.60 | 3.28 | 212 | 031 | 191 | 132 | 304 | 040 | 280 | 1.47
n =100 || 0.896 | 0.965 | 0.921 | 0.859 [ 0.954 | 0.19 0.908 [ 0.705 | 0.038
0.931 | 0.959 | 0.914 | 0.809 | 0.941 | 0.133 0.903 | 0.604 | 0.045
0.903 | 0.97 | 0.91 | 0.859 | 0.927 | 0.049 0.902 | 0.363 | 0.002
0.922 | 0.898 | 0.899 | 0.71 | 0.725 | 0.736 0.837 | 0.048 | 0.051
0.359 | 0.931 | 0.942 | 0.864 | 0 0 0.656 || 0.902 | 0 0 0.045
n =200 [[ 0.908 | 0.971 | 0.94 | 0.898 | 0.942 | 0.159 0.878 [ 0.795 | 0.125
0.92 | 0.972 | 0.946 | 0.891 | 0.923 | 0.106 0.872 | 0.707 | 0.074
0.888 | 0.975 | 0.959 | 0.906 | 0.892 | 0.06 0.908 | 0.277 | 0.031
0.888 | 0.909 | 0.828 | 0.783 | 0.773 | 0.705 0.673 | 0.032 | 0.27
0.299 | 0.954 | 0.903 | 0.899 | 0 0 0.766 || 0.882 | 0 0 0.537
n =300 [[ 0.9 0.971 [ 0.926 | 0.921 [ 0.94 | 0.183 0.854 [ 0.906 | 0.225
0.94 | 0.971 | 0.938 | 0.896 | 0.94 | 0.087 0.854 | 0.917 | 0.072
0.913 | 0.971 | 0.94 | 0.896 | 0.922 | 0.054 0.855 | 0.964 | 0.074
0.93 | 0.923 | 0.864 | 0.786 | 0.771 | 0.735 0.712 | 0.551 | 0.575
0.283 | 0.956 | 0.925 | 0.906 | 0 0 0.835 || 0.856 | 0 0 0.508
n =400 || 0.918 | 0.961 | 0.947 | 0.934 | 0.96 | 0.175 0.851 | 0.883 | 0.259
0.927 | 0.951 | 0.938 | 0.92 | 0.955 | 0.063 0.839 | 0.88 | 0.076
0.908 | 0.976 | 0.933 | 0.924 | 0.939 | 0.062 0.863 | 0.958 | 0.099
0.911 | 0.922 | 0.874 | 0.813 | 0.825 | 0.771 0.695 | 0.952 | 0.789
0.266 | 0.961 | 0.909 | 0.922 | 0.114 | 0 0.891 || 0.859 | 0 0 0.584
TABLE 2

Coverage proportions for 95% smoothed bootstrap confidence intervals on the mean persistent Betti
numbers; coverage is estimated using N = 1,000 independent base samples with B = 500 bootstrap
samples each. True mean persistent Betti numbers are estimated using a large (N = 100,000) number of
independent samples from the true distribution. For each case, the values from top to bottom: Coverage
proportions using “Hpi.diag”, “Hlscv.diag”, “Hscv.diag”, “adaptive”, and “bw.silv” bandwidth selectors,
respectively. (see Section 5)



Roycraft et al./Bootstrapping Stabilizing Statistics 21

expected.

Subset limits were chosen to maintain computational feasibility and avoid measurement
gaps. In an initial cleaning step, each slice was flattened using an area-preserving cylindrical
projection and trimmed so that the slices share a common boundary with the same number
of galaxies (2374) per slice. Angular units are converted to distances in Megaparsecs (Mpc)
based on the redshift and Hubble’s constant.

The distribution of galaxies in each dataset is modeled by a random sample from some
bivariate probability distribution, where the location of each galaxy is drawn independently
from the overall distribution. As a part of the model framework, the effect of gravitational
interaction manifests via a macroscopic change in the matter distribution, rather than as
dependency between individual galaxies.

Following the recommendation of [24], we estimate the density of the matter distribution
using the adaptive bandwidth selector described in [8]. This adaptive bandwidth selector was
chosen to accommodate for the large variations in density present within astronomy data.
The selectors considered in Section 5 do not perform well in this context, often oversmoothing
by a large margin. A pilot density estimator was constructed based on the “Hpi.diag” plug-in
bandwidth selector and a Gaussian kernel.

Visualizations of the density estimates are provided in Figure 2. Generally, the fit ad-
equately captures the filament structures present in the raw data. Within the persistence
diagrams, the mass of features present close to the main diagonal represents small-scale
holes between neighboring galaxies, whereas features farther from the diagonal represent
the large-scale holes formed by relatively disparate galaxies.

We apply the Vietoris-Rips complex to each of the slices, and calculate a selection of
persistent Betti numbers in dimensions ¢ = 0 and ¢ = 1. The 0-dimensional features sum-
marize cluster and filament structure, whereas the 1-dimensional features describe voids
and depressions. The transformed datasets and persistence diagrams in dimension ¢ = 1
can be seen in Figure 2. We consider the Betti numbers ; and 37, as well as the persistent
Betti numbers BI’TH for r = 3,...,30 Mpc. Filtration parameters for the persistent Betti
numbers were chosen to lie close to the diagonal r = s, excluding features with a lifetime
less than 1 Mpc. We use bootstrap estimation to construct nominal 98% confidence intervals
for the population mean values, both pointwise and simultaneous within each regime across
r = 3,...,30 Mpc. The number of bootstrap replicates used was B = 20,000, with results
seen in Figure 3.

In feature dimension ¢ = 0, the curves show similar behavior across the slices. Consistent
with our empirical results, similar Betti curves are expected when the within-filament matter
distribution and overall frequency of filaments for each sample are equal. For feature dimen-
sion ¢ = 1, more variation is present. However, as can be seen from the bootstrap confidence
intervals, much of this variation is explained by random fluctuation. For example, while a
notable depression around the scale of 8 Mpc exists for the third slice, it is still within the
margins of error provided. From this analysis, we do not find significant differences in the
topological properties of the three samples over the range of filtration parameters consid-
ered. The difference in topological structure seen within each pair of Betti curves is within
the margin of error provided by the bootstrap confidence intervals, especially considering
the wider simultaneous intervals.

The consistency shown in Section 4.4 for bootstrap estimation applies only for those
features within the “body” of topological features, being those occurring at a local scale.
Features with large persistence or ones that appear at large diameter are not accounted for
in this, as their relative weight is small within the persistent Betti numbers. As such, our



Roycraft et al./Bootstrapping Stabilizing Statistics

22

1004 1004
oN oN
X 50 X 50
04 04
-100 0 100
X1
1004 1004
N N
X 50 X 50
04 04
.
304 304 304
. .
. .
. .
. o ® . ° . -
. l. . ..
£ 20 .o £ 204 - £ 204 AR
5 v 5 5y ST
I
© . % kel Qe o~ S -‘.‘.,
. ‘fa oY
10 . g 10 . 104 .
l' ‘ o Cd '.. 3
0 0 0
0 10 20 30 0 10 20 30 0 10 20 30
birth birth birth

F1G 2. Top row: Transformed point clouds. Middle row: Density estimates using adaptive bandwidth. Bottom
row: Persistence diagrams in dimension q = 1 for the Vietoris-Rips complex. Columns from left to right:
Galazies with redshifts within (0.025,0.026), (0.027,0.028), and (0.029,0.030), respectively. Axis units are
given in Megaparsecs (Mpc).

analysis does not preclude differences in topology at a large relative scale, describing the
largest galactic structures.

7. Discussion

In this work we have shown the large-sample consistency of multivariate bootstrap esti-
mation for a range of stabilizing statistics. This includes the persistent Betti numbers, the
Euler characteristic, and the total edge length of the k-nearest neighbor graph. However,
many open questions still remain.

In Section 4.1 it was argued that the standard nonparametric bootstrap may fail to di-
rectly reproduce the correct sampling distribution asymptotically for topological statistics
like the persistent Betti numbers. However, there remains the possibility that a corrected
version of the standard bootstrap could provide for consistency. As discussed in Section 4.1,
standard bootstrap sampling results in a fundamentally different point process limit at small
scales. Previous stabilization results primarily consider Poisson and related processes, mean-
ing a full theoretical treatment of the standard bootstrap would likely require reconstructing
much of the previous stabilization and central limit theorem results for the alternative lim-
iting process.
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The results for the smoothed bootstrap presented here apply only in the multivariate
setting, the obvious extension being to stochastic processes. Essential to a process-level
result concerning the persistent Betti numbers would be a convenient tail bound for the
radius of stabilization, which is yet unavailable. In the case of persistent Betti numbers,
there is a strong relationship between the persistent Betti function and an empirical CDF
in two dimensions. As such, there is much established theory in that regard which may be
applied once stochastic equicontinuity is established.

In practice it is common that data comes not from a density in R¢, but instead from
a manifold. It is suspected that a version of the results in this paper could apply in the
manifold setting. However, this requires a bootstrap that adapts to a possibly unknown
manifold structure, similar to that found in [28]. Combined with the inherent challenges of
working with manifolds, this extension presents many technical hurdles.

Furthermore, in this work we have shown only consistency for bootstrap estimation to
a common limiting distribution. The rates of convergence in the 2-Wasserstein distance re-
garding the persistent Betti numbers rely on the unknown tail properties of the correspond-
ing radius of stabilization. Quantifying these tail properties is a challenging open problem,
and seems to be a key step towards an eventual rate calculation, as well as the previously
mentioned process-level result.

Finally, there are several statistics of interest, including those based on the Delaunay
complex, which do not fit into the specific frameworks provided here. It may be that these
statistics may still satisfy Theorem 2.7 in the general case, by techniques others than those
provided here.
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Appendix A: Altered Problem Settings
A.1. B-Bounded Persistent Bettt Numbers

To effectively quantify the radius of stabilization for persistent Betti numbers, it is necessary
to place controls on the size of possible cycles within a simplicial complex. Large loops extend
the influence of a single point beyond the local region, and complicate statistical analysis.
As such, we present the following definitions which eliminate any large loops. Note that the
statistics of this appendix are presented for their convenient theoretical properties, not their
practical significance. Let S € X (Rd) and K = K (S) be a simplicial complex with vertices
in S. For a given chain of simplices Y ;" 0; € C' (K (S)), we have the diameter given by
diam (3" 0;) := diam (|J;*, 0;). Let the space of B-bounded cycles of the complex K be
the vector space, denoted by Z, g (K), spanned by cycles in K with diameter no larger
than B. We have Z, p (K) := span{x € Z, (K) s.t. diam (z) < B}. Likewise let the space
of B-bounded boundaries be By g (K) :=span{z € B, (K) s.t. diam (z) < B}.
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The definitions presented here are directly inspired by a previous concept under the
name “M-bounded persistence” found in [4], and may be viewed as a generalization thereof.
In this previous work, it was shown that a diameter bound of this type is sufficient for
establishing functional central limit theorems for persistent Betti numbers, and thus an
extension is desireable. The original definition given in [4] is based on a correspondence
between loops and connected components in the complement space, and does not apply to
arbitrary simplicial complexes and feature dimensions.

The change in naming effected here is not meant to drawn a distinction between the two
definitions, but purely to avoid overloading symbols within this paper. M is used in this
work to denote an upper bound for a density norm.

The B-bounded spaces obey many of the same properties as their original counterparts.
We have By (K) € Zym (K). Thus we can define the B-bounded homology spaces as
H,p(K) = Z,p(K)/Byp (K). It should be noted that these definitions allow for chains
of unbounded diameter, so long as there exists a decomposition into a sum of bounded
chains. Furthermore, for B, g (K), the diameter control is on the chains z € B, (K), not on
a corresponding y € Cyq1 (K) with & = Jy. It is possible to have a chain with arbitrarily
high diameter, whose boundary has diameter less than B.

We next define the analog of Betti numbers and persistent Betti numbers over a filtration
of simplicial complexes in the bounded context. Given a filtration K = {K"}, g, we have
B-bounded analogs for the Betti numbers, persistent homology spaces, and persistent Betti
numbers given by

"5 (K) == dim (H, p (K7)) (A1)
= dim (Z,.5 (K")) — dim (B, 5 (K")) (A.2)

rs - Zg, (K")
HI% (K) = 7o KT)BO B g () (A.3)
B (K) := dim (Hg;; (IC)) (A4)
= dim (Z, p (K")) — dim (Zy 5 (K") N By.5 (K*)). (A.5)

Unfortunately, no direct analog of the Geometric Lemma 3.1 exists for B-bounded persis-
tent Betti numbers. The addition of a positive simplex can add more than one dimension to
Zq,B- Consider Z, consisting of a single cycle with diameter above B but below 25, meaning
Zy g = {0} initially. Now let the loop be split in two by a new simplex 0. Each piece may
now be of diameter less than B, unlike the original. In this way a single simplex can increase
the dimension of Z, g by two or more. The same is true for the negative simplices. Consider
the same setup, but now extend each simplex towards a distant point x in a cone. In this
case we have Z, p = B, p = {0} initially. The inclusion of the simplex ¢ U {z} will split the
boundary space just as before into two bounded pieces.

Thus it becomes clear that we must utilize slightly different techniques when consider-
ing B-bounded persistence. We have the following inequality, the analog of the Geometric
Lemma for B-bounded persistent Betti numbers.
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Lemma A.1. Let J = {J"}, g and K = {K"}
with J© C K" for all ™ € R. Then

rcr be filtrations of simplicial complezes

By (K) = By (J)\ < max {dim (ZZY;;) ,dim (%) } (A.6)
< dim (M) + dim (Bg;) . (A7)

Proof.

= |dim (Zq,B (Zq)Bﬂ(gq)B K?) (Z ﬂBq)B (Jsz)‘

-l (s )~ (e o)

< max < dim Zq.8 (K7) + By ( , dim <Z B(J")N By s (K
B

L7

IA
e
=

IA

=

Q0

™

/\T/—’;\

=

7 N N

»QN'PN

s}

<=

— |2 <
TN

&

B8

7 N

*Pm?m

s}

El\é

N————

——

O

We make a note here about the difference between Lemma A.1 and the Geometric
Lemma 3.1. While drawn from the same fundamental inequality, in the persistent Betti
number case, we reduce to counting the simplices that are added when moving from one
complex to the other. This reduction cannot be made in the B-bounded case, and we must
count the number of additional linearly independent loops and boundaries. Different combi-
natorial techniques will be needed when applying each lemma, as can be seen in the proofs
of Corollaries 4.2, 4.3, and A.6.

A.2. Stabilization Results

We define the g-truncated Euler characteristics as

= S (—D)F R KL (A8)

k=0

We have the following stabilization lemmas for B-bounded persistent Betti numbers and
g-truncated Euler characteristics. Since in both Lemmas A.2 and A.3 the radius of stabi-
lization is a deterministic constant, (S2) is satisfied for any distribution G. The same is true
in the following results for the truncated Euler characteristics.

Lemma A.2. Let K satisfy (K1). Then for any B > 0,7 € R, s € R, ¢ € Ny, and z € R?,
p. = 2B is a locally determined radius of stabilization for ﬂ;:% (K) centered at z.
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Proof. Leta > 2B and S € X (R?). We decompose Z, g (K" ((S N B. (a)) U {z})) into three
spaces. Let U, be spanned by the generators of Z, g (K" ((SN B, (a)) U{z})) with z as a
vertex. Let U, be spanned by the generators with vertices within B, (a) \ B, (2B). Finally,
let U, be spanned by the generators without z as a vertex and with no vertices within
B, (a) \ B (2B). Since the generators of Z, g (K" ((S N B, (a)) U{z})) have diameter at
most B, there are no generating cycles with vertices both at z and in B, (a) \ B, (2B).

By (K1) we have Z, g (K" (SN B, (a)) U{z})) = U, +U,+U., Z; 5 (K" (SN B, (a))) =
Us+Us, Zg g (K" ((SNB,(2B))U{z})) =U, 4+ U., and Z, g (K" (SN B, (2B))) = U..

Now for any cycle within U,, the associated vertex set must lie within B, (B). Likewise,
for any cycle in U,, the associated vertex set must lie within B, (a) \ B, (B). These vertex
sets cannot intersect, thus U, N U, = {0}.

Now, consider any vector spaces X, Y, and Z such that X NY = {0}. Because XNY NZ
is a subspace of X NY, it is also the trivial space {0}. We have

dim(X +Y + Z) —dim(Y + Z) (A.9)
= dim (X) —dim (X NY) —-dim(XNZ)+dim(XNY NZ)
dim (X) — dim (X N 2)
= dim (X + Z) — dim (Z). (A.10)

We use this result in each of the following. We have
dim (Zy, 5 (K™ (S 1 B. (a)) U {21))) — dim (Zy 5 (K" (S 1 B. (a))) (A11)
= dim (U, + U, + U,) — dim (U, + U,)
dim (U, + U,) — dim (U,)
= dim(Z, g (K" (SN B, (2B))U{z}))) —dim (Z, g (K" (SN By (2B)))). (A.12)
A similar result holds for the boundaries. Let V., V,, and V, be defined similarly to

U., U,, and U,, respectively, instead using the generators of B, g (K*® ((S N B, (a)) U{z})).
Similarly B, g (K* (SN B, (a))U{z})) =V, +Vo+ Vi, By s (K* (SN B, (2B))U{z})) =
V. + Vi, and we conclude V, NV, = {0}. Furthermore, we have U, NV, =V, NU, = {0} by
similar vertex-based arguments. Then (U, + V,) N (U, + V,) = {0}. We have

dim (Zg,5 (K" ((SN Bz (a)) U{z})) N By, (K* (SN B (a)) U{z})))

—dim (Zy g (K" (SN B, (a))) N By, g (K° (SN B, (a))))

=dim (U, + U, + U )NV, + Vo, + Vi)
—dim (Ug + Ux) N (Vg + Vi)

= dim (U, + U, + Uy) +dim (V, + Vo, + Vi) —=dim (U, + U, + U + V. + V, + Vi)
—dim (U, + U,) — dim (V, + Vi) + dim (U, + U + Vo, + Vi)

= dim (U, + U,) — dim (U,) 4+ dim (V, + V,.) — dim (V})
—dim (U, + U, + V. + V,) + dim (U, + V;)

= dim (U, + U,) N (V, + V,)) — dim (U, N V)

= dim (Z,, 5 (K" ((SN B (2B)) U{z})) N By, (K* (SN B: (2B)) U{z})))
—dim (Zy 5 (K" (SN B, (2B))) N By s (K*° (SN B, (2B)))).

Combining these pieces, the B-bounded persistent Betti numbers must stabilize after a
constant radius of p, = 2B5. O
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Lemma A.3. Let K satisfy (D2). Then for any B>0,r€R, s € R, ¢ >0, and z € R?,
p. = 2max{¢(r),¢(s)} + 2B is a locally determined radius of stabilization for B (K)
centered at z.

Proof. Denote by ¢ := max (¢ (r),¢(s)). Let S € X (Rd). Furthermore, let T' be any
finite multiset of points in R? with SN B, (290 +2B) C T and y ¢ B. (2¢ + 2B). We have
the following partition. Let U, Uy, and U, respectively, be spanned by the generators of
Zy.g (K" (T)) having: a simplex within B, (¢), a simplex within B,, (¢), or neither. Let U}
be spanned by the generators of Z, g (K" (T'U {z})) have a simplex in B, (¢). Finally, let
U, be spanned by the generators of Z, p (K" (T'U {y})) have a simplex in By, (¢).

By (D2) we have Z, g (K" (T)) = U, +U. + Uy, Zy g (K" (T U{2})) =U; + U, + U,
Zyp (K" (TU{y}) =U. +U. + Uy, and Z, g (K" (T U{z,y})) =U; + U, + U, .

Now for any cycle within U,, the associated vertex set must lie within B, (¢ + B). Like-
wise, for any cycle in Uy, the associated vertex set must lie within B, (¢ + B). Because
ly — z|| > 2¢ + 2B, these vertex sets cannot intersect, thus U, N U, = {0}. Likewise
U.nU;, =0;NnU, =U;NU; ={0}.

Now, for any vector spaces X, X* Y, and Z such that X N Y* = X* NY™* = {0}, we
have

dm(X*+Y* " +2) —dim(X +Y" + 2)

= dim (X) —dim(X*) +dim (X NY") +dim (X N Z) — dim (X*NY™) — dim (X* N 2)
+dim(X*NY*NZ) —dim(XNY*NZ)

= dim (X) — dim (X*) + dim (X N Z) — dim (X* N Z)

= dim(X +2) —dim(X*+ 2).

Thus we have

dim (Zg, 5 (K" (T U{z,9}))) — dim (Z,,5 (K" (T' U {y})))
= dim (U} + U, + U;) — dim (U, + U, + Uy)
= dim (U] + U,) — dim (U, + U,)
= dim (U + U, + Uy) —dim (U, + U, + U,)
= dim (Zy,p (K" (T'U{z}))) — dim (Z, 5 (K" (T))) -

A similar result holds for the boundaries. Let V3, V., V;,, V", and V. be defined similarly
to U,, U}, Uy, Uy, and Us, respectively, instead using the generators of By p (K™ (T)),
B, g (K" (T'U{y})), and B, g (K" (T'U{y})). Similarly B, g (K*(T)) = V., + Vi + V,
By (K (T U{=})) = V2 + Vi + Vy, By (K* (TU{y})) = V. + Vi + V7, and
Byp (K*(T'U{2,9}) = V) + Vi + V). We conclude V. NV, =V, NV =VnV, =
VNV, = {0}. Furthermore, we have U, NV, = U, NV, =U; NV, =U; NV, = {0}
and V,NU, = V,nU; = VNnU, = VNU; = {0} by similar vertex-based argu-
ments. Thus (U, +V.) N (Uy +V,) = (U.+ V)N (Us + V) = Uz +V)n Uy +V,) =



Roycraft et al./Bootstrapping Stabilizing Statistics 32
Uz + V) (U7 +V;) = {0}. We have

dim (Zg,p (K" (T U{z,y})) 0 By, (K° (T'U {2,y})))
— dim (Zg,p (K" (T'U{y})) N By, (K° (T'U{y})))
= dim (U} + U, + U;) 0 (VS + Ve + V) —dim (U. + U, + U;) N (Vo + Vi + V)
= dim (U} + U, + Uy) +dim (V' + Vi + V) — dim (U + U, + U + VS + Vi + V)
—dim (U, + U, + Uy) —dim (Vo + Vo + V) +dim (U, + U, + Uy + V. + V. + V)
=dm(U; +U,+Uy) —dim (U, + U, + Uy) +dim (V + V, +V,) —dim (V, + V. + V)
—dim (U} + U, + Uy + V) + Vi + V) + dim (U, + U, + U, + V, + Vi + V)
=dim((U; + U, +Uy) N (V) +Vi+V,)) —dim (U, + U, + Uy) N (V. + Vi + V)
= dim (Zy.5 (K" (T U{2})) N By (K* (T U{z})))
— dim (Z, 5 (K" (T)) N By p (K* (T))).

Thus, the addition of y to T" does not change the add-z cost. We proceed inductively.
Starting with SNB, (2¢ + 2B), for any a > 2¢+2B, the finitely many points of (S N B, (a))\
(SN B, (2¢ + 2B)) may be added one at a time, while leaving the add-z cost unchanged.
Thus, the B-bounded persistent Betti numbers must stabilize after a constant radius of
pr =20+ 2B. O

Lemma A.4. Let K satisfy (K1) and (D1). Then for any z € R and ¢ > 0, p, = ¢ is a
locally determined radius of stabilization for x, (K) centered at z.

Proof. Let a > ¢. By (K1) and (D1), we can partition K ((S N B, (a)) U{z}) into the sets

U:={oeK(SNB,(a))U{z}) st. z €0} (A.13)
Vi={oceK({(SNB,(a)) U{z}) st.oc C B, (¢)\{z}} (A.14)
W:={oe K({(SNB,(a)U{z}) st.cNB,(a)\ B, (¢) # 0} (A.15)

Condition (D1) gives that no simplices may simultaneously have z as a vertex and inter-
sect B, (a) \ B, (¢), thus U, V, and W indeed partition K ((S N B, (a)) U{z}). Condition
(K1) gives that the addition of {z} and SN(B, (a) \ B (¢)) to SNB. (¢) may only introduce
simplices to K (S N B, (¢)) with vertices somewhere within SN (B, (a) \ B, (¢)) U{z}, and
thus not included in V. Therefore, V- C K (SN B, (¢)). Furthermore, since S N B, (¢) C
(SN B, (a)U{z}, K(SNB,(¢)) C V. Thus we have V = K (SN B, (¢)). Using similar
arguments, condition (K1) also gives K (SN B, (¢)) U{z}) =UUV and K (SN B, (a)) =
Vuw.

For Uy, Vi, and W}, denoting the set of k-simplices contained in U, V', and W, respectively,
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the add-z cost for the g-truncated Euler characteristic becomes

Xq (K (SN B. (a)) U{z})) — xq (K (SN B. (a))) (A.16)

= > (D KL (SN B (@) U{zh} = D (-1 #{Kx (SN B. (@)} (A17)
k=0 k=0

= YD H{US +# VY # D) =Y (CDF @V + # (WD) (A1)
k=0 k=0

= S (DF @ U +# VD - Y (D) # (Vi) (A.19)

ol
Il
<]

k=0

(—1)*#{K, (SN B. ()} (A20)

M=

(—1)* #{Kx (SN B. (8)) U{z})} -

M=

k=0 k=0
= Xq (K (SN B2 (¢)) U{z})) = xq (K (SN B:(9))) - (A.21)
We see that x, (K) stabilizes after a constant radius of p, = ¢, thus the local-determination
criterion is immediately satisfied. O

Lemma A.5. Let K satisfy (D2). Then for any z € R and ¢ > 0, p, = 2¢ is a locally
determined radius of stabilization for x4 (K) centered at z.

Proof. Let z ¢ R* and S € X (Rd). Furthermore, let 7' be a finite multiset of points in R¢
such that SN B, (2¢) CT. Let y ¢ B, (2¢). Consider the partition

U:={oceK(T) st.ocCB,(¢)} (A.22)
U*:={oce K(TU{z}) st.0c C B,(¢)} (A.23)
Vi={oceK(T) st.oc C B, (¢)} (A.24)
V' = {oe K(TU{y}) st.oc C By(¢)} (A.25)
W:={oeK(T) st.c ¢ B, (¢) and o € B, (¢)}. (A.26)

Condition (D2) limits the influence of a single additional point on the complex to the
ball of radius ¢ around it. B, (¢) N B, (¢) = 0 because ||y — z|| > 2¢. Thus we have K (T') =
UUWUV, K(TU{z})=U*UWUV, K(TU{y} ) =UUWUV* and K (TU{y,z}) =
Uruwuve.

For Uy, U}, Vi, Vi¥, and W, denoting the set of k-simplices contained in U, U*, V, V¥,
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and W, respectively, the add-z cost for the g-truncated Euler characteristic becomes

(K (TU{y,2})) — xq (K (TU{y}))
(—1)* #{Kx (T U {y,2}1)} - Z ) # K (T U {yh)}

X

2

Il
MQ

=Y (D FHU H#EWS +HVED =D P #E D+ # D
= S DF@U A # W+ # VD) = D0 (0P # Vi + # W)
k=0 k=0

[
M@

(—D"#{EL (T UL} = D0 (1) # {Ki (1))
k=0
K(TU{z})) = xq (K(T)).

We see that the addition of {y} does not change the add-z cost. Starting with 7T =
SN B, (¢), for any radius a > 2¢, SN (B, (a)\ B, (¢)) consists of finitely many points,
which may be added to S N B, (¢) in succession while leaving the add-z cost unchanged.
We conclude that p, = 2¢ is a radius of stabilization for x4 (K), and is locally-determined
by virtue of being constant. O

B
Il
=]

>

q

A.3. Bootstrap Results

Here we give bootstrap convergence results for the altered statistics defined in Appendix A.1.
- k

For given vectors of birth and death times, 7 = (r;)*_, and = (s;)"_,, let By = (/3’;5)2:1

denote the multivariate function whose components are the B-bounded persistent Betti

numbers evaluated at each pair of birth and death times. Likewise, for a vector of filtration
times 7 = (ri)le, let Xf; denote the multivariate function giving the g-truncated Euler
characteristic at each time r;, with x7 (K) := (x4 (K“))l 1

The following apply for F' € P (Rd) with density f such that ||f||, < oo for some
p > 2, as specified. F and F, are such that F, has density f., ||[fn — f|li — 0, and

| fu = fll, — 0 in probability (resp. a.s.). Let X,, = {X;}I_, X F and (M), en such that

limy, o0 My = 00. X5, = {Xl*}:i" id F ’Xn is a bootstrap sample and G a multivariate
distribution. Recalling the conclusion of Theorem 2.7, for a multivariate statistic 1/}.

Statement A.1.
(J(e/ﬁxn) ) [J(%Xn)]) 4 G

if and only if

1
N
1

N

Corollary A.6. Let ¢ > 0 and p > 2q + 3. Let K be a filtration of simplicial complezes
satisfying (K1). Then for any given 7, 8, and B > 0, Statement A.1 holds for ﬁg:;

(ﬁ(\d/mannn) -E {ﬁ(\d/mannn) ’X"D % G in probability (resp. a.s.).
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Note the difference in necessary conditions between Corollaries 4.2 and A.6. Corollary 4.2
notably requires a translation-invariant simplicial complex, along with the elimination of
small loops via (D3). Corollary A.6 imposes relatively few assumptions on the underlying
simplicial complex. As a general statement, it can be seen that the B-bounded persistent
Betti numbers defined here are better behaved than the unbounded persistent Betti numbers.
Furthermore, the B-bounded persistent Betti numbers allow for an explicit rate calculation
for the 2-Wasserstein metric in Proposition 2.6, see Appendix B.6 for details. For the un-
bounded persistent Betti numbers, this rate is stated implicitly in terms of the unknown
tail probability for the radius of stabilization.

Proof. Let Y,, = {Y;};__, be iid and Y’ an independent copy. For a given ¢ > 0, B > 0, and
r,s € R, we will show that B, (K) satisfies assumption (E2).

Applying Lemma A.1, we must bound above the number of linearly independent B-
bounded g-cycles and g-boundaries added when {¥/nY"} is included with the sample /nY,,.
We start by considering the cycles. By (K1) the addition of ¢nY’ will only introduce
simplices to the complex having &/nY”’ as a vertex. As such, any B-bounded cycles in
Zy (K" (¢/n (Y, U{Y"}))) not having ¢/nY” as a vertex must already be in Z, (K" ({/nY,)),
and thus in Z, g (K" (¢/nY,,)). Thus, we must only bound the possible number of linearly
independent B-bounded cycles within K" (/n (U{Y’})) which have /nY” as a vertex.

Let I,, := Y, L{||Y; = Y’|| < B/+/n} be the number of sample points falling within B
of ¥/n.

We will construct a worst-case scenario. For any simplicial complexes J C K, we have
that Z, g (J) C Z, g (K). The addition of more simplices to K" (¢/n (Y, U{Y’})) having
nY’ as a vertex may increase the dimension of Z, g (K" (¢/n (Y, U{Y"}))), but will not
alter Z, g (K" ({/nY,)). As a worst case, we assume K" is such that all possible simplices
containing ¥/nY’ are included. Thus, for any simplex o € K" ({#nY,) such that o C
(V/nYn) N B gry: (B) and diam (o) < B, 9 (o U {{/nY"}) has diameter at most B, contains
InY’ as a vertex, and is a cycle within Z,. (K" (/n (Y, U{Y"}))). Let

U:={0(cu{¢nY'}) st.o C (VnY,) N B ymy (B) and # {c} =q+1}.

Now consider z to be any cycle in Z, (K" (¢/n (Y, U{Y'}))) with diameter at most B
and a vertex at ¥/nY’. For every simplex ¢ of x not containing /nY’ as a vertex, we add
A (cU{¥nY'}) to z, @ (0 U{&nY’}) necessarily having diameter less than B. This opera-
tion cannot add any new vertices to x, and thus cannot increase the total cycle diameter.
What remains after completing these additions is either 0 or a cycle 2’ whose simplices all
contain /nY’ as a vertex, the latter being an impossibility. Thus, any B-bounded cycle in
Zy (K" (¢n (Y, U{Y'}))) having a vertex at /nY” can be written as a linear combination
of B-bounded elements from U. For I,, := Y1 | 1{||Y; — Y'|| < B/ {/n}, we arrive at a worst

case bound of
dim (Zq,B (KT(%(YnU{Y’})))> < 4{U) = < Iy > (A.27)

Zq.B (KT (\d/ﬁYn)) q+1

A similar argument for the boundaries yields

oo ((Bup (K7 (4 (Y, U{Y')) [
am (20 ) <#r= () (A.28)




Roycraft et al./Bootstrapping Stabilizing Statistics 36

For any a > 2, via Lemma A.1 we have

a

By (K (¥ (Yo U{Y'))) = 855 (K (¥nY.))

max {di:n & & (o o UIDDY g (P LA ) }
<
a <q€:1>

<1 ja@
T ((g+DH" "

< G (B +1).

Here R=B,U, =1/((¢+1)")", and u, = a(q+ 1). (E1) is then satisfied via Lemma 2.3.
(S2) is satisfied via Lemma A.2, in this case with a constant radius of stabilization of 2B.
An application of Theorem 2.7 gives the desired result.

In this case, given that the radius of stabilization is a known constant, an explicit rate for
ve in Proposition 2.6 can be calculated. Details omitted, from the proof of Proposition 2.6

IN

we have §, = Bler=1 up to constant factors. For p < oo, using a = (p—1)/(¢g+1) we
achieve an optimal rate for -, of

o (Bd(1—2,fjf) (1 4 Bd(2q+2)) G;j%f(lfifff)) _ (A.29)

For p = oo, using a. = 2 — log (d.) we achieve an optimal rate of

2q+2
—log (Bde)
Bia+d) [ 2 : A.
o <1og<—1og<Bde>> (4.30)

O

Corollary A.7. Let ¢ > 0 and p > 2q + 1. Let K be a filtration of simplicial complexes
satisfying (K1) and (D1). Then for any given ¥, Statement A.1 holds for XZ.

Proof. We will show that assumption (E2) is satisfied for ¢ = xj (K) := x4 (K") given
r € R. Let Y, = {¥;}_, be an iid sample in R, with Y’ an independent copy.
By (K1), and (D1) it suffices to count those simplices within B gzy/ (¢ (r)) having a
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vertex at /nY’. Let I,, = > 1" 1{||Y; = Y'|| < ¢ (r) //n}. For any a > 2, we have

Xy (K (Vn (Yo U{Y'D)) = x (K (YY)

= DD R (Vn (YL U YD) =D () # K (Y )
k=0

a

k

[}

(1" (# KL (Vn (Yo, U{Y'})} — # {K (VnYa)})

a

M- I-

(D" # {K} (Y (Yn U{Y'D) \ K} (/nY,)}

I
o

ol
IIMQ

o
7N
> 5
~__
~—
I~}

INA
7~ N 7 N -/ N =

bl
- T-
o
N———
Q

VARPVA

D~

S
—_ N
— 3a |l
~— O

S]

+ 197

Here R = ¢ (r), U, = €%, and u, = agq, satisfying (E2). (E1) then follows from Lemma 2.3
for p > ga+1 > 2g+1. (S2) is satisfied via Lemma A.4 with a constant radius of stabilization
¢ (r). (S1) is satisfied via Lemma 2.4. An application of Theorem 2.7 gives the final result.

For the rate in Proposition 2.6, for p < oo we have that §. = ert up to constant factors.
Using a = (p — 1) /q we achieve a final rate for 7. of

0 (ai%f( *ffql)). (A.31)

For p = oo, using a = a. = 2 — log (¢) we achieve a final rate of

—log (e) 2
X ( (1og<—1og<e>>> ) | (432
O

Corollary A.8. Let ¢ > 0 and p > 2q + 3. Let K be a filtration of simplicial complexes
satisfying (D2). Then for any given 7, Statement A.1 holds for XZ'

Proof. The proof follows exactly that of Corollary A.7. Let Y,, = {Y;};_, be an iid sample
in R%, with Y’ an independent copy.
By (D2) it suffices to consider simplices within B g7y (¢ (7)). Let

n

L= 1{|Yi = Y| < 6(r) / ¢/n}.

i=1
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For any a > 2, we have

Xg (K (Vn (Yo U{Y']))) = x5 (K (VnYy))

S 0 (KT (R (Y U (D)} = S (1P (K (Y]

:i ) (# KL (Y (Yo ULY'D))} — # {K] (nY,)})
:i V¥ (# LG (¢ (Yo ULY' 1)\ K (¢RY0)})

=D F# KL (YY) \ KL (Vn (Yo U{Y'D)}) .-

Any simplices added by the inclusion of ¥/nY”’ may contain /nY”’ as a vertex, and any
removed simplices must only have vertices within ¢/nY,,. We bound the possible simplices
in each dimension. Thus for any a > 2

g (K (¢/n (Yo U{Y'D)) = X5 S/c (VnY))|"
> () (i)

IN
Y
i
o

|
7N
[N
bl
M-
~
=
T+
[a—
= —
~— >~
- +
i
~

0
(I, + 1)
< (o2 %)

IN

(2 (e — 1)) (I, + )@Y
9a(q+2)—1 (e —1)" (1 + ]S(q+1)) .

A

Here R = ¢ (r), U, < 24a+2)=1 (¢ — 1)? and u, = a(q + 1), satisfying (E2). (E1) is then
satisfied via Lemma 2.3 for p > a (¢ + 1) +1 > 2¢ + 3. (S2) is satisfied via Lemma A.4 with
a constant radius of stabilization ¢ (r). (S1) is satisfied via Lemma 2.4. An application of
Theorem 2.7 gives the final result.

For the rate in Proposition 2.6, for p < oo we have that §. = eht up to constant factors.
Using a = (p — 1) / (¢ + 1) we achieve a final rate for v, of

0 <ep 1<1—@>) . (A.33)
For p = oo, using a = a. = 2 — log (¢) we achieve a final rate of
—log (¢) >2q+2
Ole| ——————= . A34
( <log (—log (€)) (A5
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Appendix B: Proofs of Main Results
B.1. Necessary Inequalities
Throughout these proofs, we will make ample use of the Hélder, Jensen, and Minkowsky

inequalities, along with the following. For brevity, these inequalities may be used implicitly
and in combination. For m € N, {z;}/~, CR, and k > 1,

k m
<mh! <Z |$i|k> : (B.1)

Likewise for 0 < k <1

sz Z ERkS (B.2)
Next, for any density fand 1 <j <k < oo
G-V x4
1A < A0 (B.3)

Finally, for any set A C R? with |A| the Lebesgue measure of A and k > 1

’/Af(x) az|

Furthermore, in each of the following, we use the simplified notation

H, (S,T) = v (/7S) — v (YaT) (B.5)

for the change in the statistic ¢ when the underlying scaled point cloud is altered. In the
multivariate case, given ¢ = (wj)le we use the notation H, (S,T) = (H,; (S, T))"

where H,, ; =1, (/nS) — 1 ({/nT).

< |A[! /A F @) de. (B.4)

Jj=r

B.2. Proofs of Section 2.2

Proposition B.1 (Proposition 2.1). For S a simple point process taking values in X (Rd),
let ¢ stabilize on S almost surely. Then 1 stabilizes on S in probability.

Proof. Let p be a radius of stabilization satisfying Definition 2.4. Likewise, let D> be a corre-
sponding terminal addition cost. For any p (S) <1< oo, D(SNB,(l)) =D (SN B, (p(S)))
= D> (8S). Thus {D(SN B, (l)) # D> (S)} C {p(S) > I}, and consequently

P*[D(SNB,(l)) # D>®(S)] <P*[p(S) > 1] — 0. We see that v stabilizes in probability on
S with terminal addition cost D> (S). O

Proposition B.2 (Proposition 2.2). For R the space of locally-determined radii of stabi-
lization for ¢ centered at z € R?, let p*: X (RY) — [0,00] such that p* (S) = inf e p (5).
Then p* is a locally determined radius of stabilization for v centered at z.
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Proof. 1If all possible radii are infinite, the result follows trivially. Else for S, T € X (Rd) sup-
pose p* (S) < oo with SN B, (p* (S)) = TNB, (p* (5)). Since S and T have no accumulation
points, for any ¢ > 0 sufficiently small, we have SN B, (p* (S)+¢€) =T N B, (p* (S) + ¢).
There exists a locally determined radius of stabilization p such that p(S) < p* (S) + €. As
SNB, (p* (S) +¢€) =TNB, (p* (S) + ¢€) with p (S) < p* (S)+¢, we have that SNB, (p(5)) =
TNB,(p(S)). Thus p(S) = p(T) by the local-determination criterion. Then p* (T) <
p(T) = p(S) < p*(S) + €. Since the choice of € was arbitrary, we have p* (T') < p* (9).
Thus, SN B, (p* (T)) = TN B, (p* (T)). By similar arguments, p* (S) < p* (T'). Combining,
p*(S) = p* (T) must hold, and the result follows. O

B.3. Proofs of Section 2.3

Lemma B.3 (Lemma 2.3). Forp > 2, let ¢ satisfy (E2) with u, < p—1 for some a > 2.
Then for any M < oo, ¢ satisfies (E1) for Cp ar (R).

Proof. Let R > 0 and a > 2 be as given such that u, < p — 1. Define [, :=

#{Y, N By (R/¥/n)} = #{(¥nY,)N B ymy (R)}. Conditional on Y’, I,, follows a bi-
nomial distribution with expectation n [ By (R) ¢m) 9 (y) dy, where g is a density of G. By
(E2), we have that

E [[¢ (Vn (Yo U{Y"}) =9 (VnYa)|] (B.6)
SE[Ua (1417 (B.7)
< U, 1 +E[I%]). (B.8)

Via Corollary 3 in [35], there is a universal constant K such that the conditional u,-th
moment of I,, is at most

Uq

(Kbgu(‘;dyamax n/By/(R) g9(y) dy, n/By/(R)g(y) dy

%
(i) [
10g (ua) Byl ( é/%,
Removing the conditioning on Y, for V; the volume of a unit ball in R?, we have
/ / ) dy | g(z) dx
R4 ( L

=/Rd/3(,<m( ) 7 did
oo ot ) o1 0=

VaR?lgll3

g(y) dy+ | n g(y) dy
| o

IN

< VaRgll5 "
< VyRIM T
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and

a Rd<BO(R)
o t o\

VaR?)™ 1// g<x+ ) g (z) dt dz

(Valt) Re JBy(R) Vn (=)

- t o\ "
= (VzRH™ 1/ /g<x+) g (x) dz dt
(VaFt®) Bo(R) JRd vn (=)

Q
A
% -
~——
v

3
5]

SS

=

~—

o

8

IN

< (VaR")™ |lgllue i
< (VaRY)"™ JlglF ™
< (VdeM%)"“. (B.9)
Combining, we have
E [|[v (¢¥n (Yo U{Y'}) =9 (VnYn)|"] (B.10)
<U, <1 + <Klogu((;a))u (VdeMp% + (vdeMp’H)u“)> . (B.11)

Since this bound does not depend on G or n, (E1) is satisfied by 9 for Cp s (Rd). O

Lemma B.4 (Lemma 2.4). Let ¢ satisfy (S2) for F € Cp (Rd), Then v satisfies (S1) for
Cpm (RY), F,b=(p—2)/(d(p—1)), and any (l.) .~ such thatlim_,o lee=2)/(dp=1)) — ¢
and lim,_,¢ [, = co.
Proof. Let {X;},cy % F with X’ ~ F an independent copy. Likewise, for G € Cp.m (RY) N
Br (€;drv), let {Yi};cy % G with Y/ ~ G an independent copy. Denote X, := {X;}!" ;.
As dry (F,G) < ¢, it may be assumed that {(X;,Y;)},cy are iid with P [X; # Y;] < ¢ for all
1€ N.

Let (lc).s be such that lim¢ o l.elP=2)/(d(p=1) — 0. Define the following sets:

Ay ={Y' = X'} (B.12)
By = {¥an By (42) = Xun By (42 )] (B.13)
Cr, = {pgmx (VnX,) <lc}. (B.14)

By the local-definition criterion, Definition 2.5, we have the following inclusion:
Ay NBy; . NCx,, C {P%y/ (VnY,) <l}.
Then
B [p gy (V1Y) > L
< P*[AS UBY,; UCT]
<PAS]+P [BY, | +P*[C7]. (B.15)
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Bounding each piece, P [A] = P[X' #Y'] < e. Likewise, by (S2) we have P* [Cf ] =
P* [p Ynx’ (¥YnX,,) > le} < pe, with p. not depending on G or n such that lim._.g p. = 0. It
thus remains to be shown that By, occurs with small probability, uniformly in n and G.

As in (B.48) in the proof of Proposition 2.6, the probability that X,, and Y,, coincide

within By (Ic/¢/n) is at most 2M 7T leedeg;—?. Thus we have that P {Bgle} <
oM T lecdeg;—?. The bound does not depend on G or n, with

P p— P - d
lim 2M 7T Vylder=t = 2M 72TV, <1im zeed&fw) —0. (B.16)
e—0 e—0

Finally, by the definition of a radius of stabilization we have that

P D gy (VAY0) N Byz (1)) # D g (V)| (B.17)
< €+ pe+ 2MFTV lder . (B.19)
Here the final quantity does not depend on G or n, and goes to 0 as e — 0. Thus (S1) is

satisfied.
O

Lemma B.5 (Lemma 2.5). Let F' € Cpp with p > 2 and M < oco. Let py be a locally-
determined radius of stabilization for 1 centered at 0. Suppose that for any given a,b €
(0,00), and 6 > 0, there exists an Ly 5 < 0o and a measurable set A, p 5 with

pal ((Lap,s,00]) C Agps such that

sup P*[po (Py) > Laps] < sup P[Py € Agps] < 0. (B.20)
A€[a,b] A€[a,b]

Then for any § > 0 there exists an ns < co and Ls < co such that

sup P* [po (X, — X') > Ls] <. (B.21)
n>ngs
Proof. We consider n > ng. Define two independent sets of random variables (U;).-, <r

and (U});-, % F.For N ~ Pois (n), denote by P,, the Poisson process given by {Ui}il\il, hav-
ing intensity nf over R%. We will couple this Poisson process to X,,. {U;} " U {Uj}gi}Nﬁ
has the same distribution as X,,, thus we assume that the two random variables are equal. For
a given random variable U; or U} and L > 0, the probability of falling within Bx/ (L/¥/n)
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is bounded, as shown below. Applying the Cauchy-Schwartz inequality, we have

/]Rd /BI(L) fy) f(z) dy da

dn

:{4dé%(L)f@+%Lﬂx)wdx

b
_ /Bo(fn) [ TGS (@) dr

VyLe
n

Val® 775
n P

VLM 7=1
.

IA

1113

IN

<

The expected number of points within By (L/#n) that contribute to P,AX,, is then
at most

VyLiM v T - VyLiM 7T Var V] < M1 Val!
n n Vn

As the number of differing points is an integer-valued random variable, this expectation

bounds the probability that X,, and P,, differ within Bx- (L/+¥/n). For a fixed value of L

and sufficiently large n, the bound can be made arbitrarily small.

Next, we will couple the Poisson process P,, with a conditionally homogeneous approxima-
tion. We construct the following coupling: Let T be a homogeneous Poisson process on R? x
[0, 00) with unit intensity. The point process given by {U; s.t. (U;,T;) € T,T; < nf (U;)} is
then a nonhomogeneous Poisson process with intensity nf. We can safely assume that this
process equals P,,. Define the point process H,, := {U; s.t. (U;,T;) € T and T; < nf (X')}.

Conditional on X’, H, is a homogeneous Poisson process with intensity nf (X’). The
number of observations within Bx: (L//n) that contribute to P, AH,, follows a Poisson
distribution with rate parameter

E ||N —n| (B.22)

/ inf (4) — nf (X)| dy (B.23)
BX/< L

Un

Removing the conditioning on X’, the expected number is

L] -r@l ] i@ d (B.24)
s \" o (4)
In

As the expectation above is an upper bound for the probability that P, and H,, fail
to coincide within Bxs (L/</n), we show that this quantity can be made arbitrarily small.
Consider C, the set of Lebesgue points of f. We have that C'° has Lebesgue measure 0 by
the Lebesgue differentiation theorem. By the definition of a Lebesgue point, we may write

c=UN {xeRs.t. Jou@ I W)~ F @) dy S’y} (B.25)

5d
>0 A>05<A Va
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Here V; denotes the volume of a unit ball in R%. Now as f is a density, it may be shown
that me(é) If (y) — f (z)] dy/V4d? is a jointly continuous function of z and &, and therefore
it is measurable. Via the continuity with respect to §, we need only consider rational § < A,
because the rationals are dense in the reals. Thus,

Ca. = ﬂ {m ER st fBI(é) If(y) — f(2)] dy < ’Y}

d
s<A Vad

is a countable intersection of measurable sets. Finally, by the Archimedean principle and
other standard calculus arguments, we may assume ~ and A also come from a countable
class, {1/n:n € N}, for example. Let C, := Ua>0Ca . We have that C5, and C, are
measurable with lima_.q Cgﬁ = C§ and lim,_,o C§ = C°. By continuity of measure, the
Lebesgue measure of C'; must go to 0, as well for fq f () dz. We decompose the integral

in (B.24) as follows. For any integer 1 < a < p — 1, an application of Holder’s inequality
gives

s ”/B(f) F )~ @) dy f(x)ﬂ{xeccfﬁﬂ}fu) da
< yVyL? (B.26)

(Lol ) -

For the integral above
=)@

]Rd<BO(L (
[ o) e
( )f(x)

war {

§

a

dt) f(z) da
f f(z) dt dz

~

a

f(z) dt dz

a—1 dye—1 L ’ €T e T X
< 201 (V1) /BO(L)/Rd(f(I+%> H1@") o) drd
< (2vaLd)" | fot!
< (VL) | fIF T

< (QVdeM%)
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Thus (B.26) is at most

1—1
AVaL 4+ 2V, LOM 7T P [X’ eCe, } (B.27)
%,’Y
p—2
< AVuLE 4+ 2V LAM 7T P [X’ cC’y } . (B.28)
%17

This provides a bound for the probability that P,, and H,, fail to coincide within Bx: (L/#/n).
The bound holds in the limiting p = oo case and can be made arbitrarily small for ~ suffi-
ciently small and n sufficiently large. v can be chosen as a function of F', L, and n to provide
the tightest bound, but this requires specific knowledge of f. Combining with the previous
steps, we have coupled X,, and H,, to be equal with arbitrarily high probability.

Now for 7,¢ > 0 define D, ,, = f~' ([n,00)) and Df = f~' ([0,¢]). For n sufficiently small

and ¢ sufficiently large, P [X’ € D¢, ] and P [X’ c D;C] can be made arbitrarily small.

By assumption, for any given 7, ¢, and v > 0 there is an L, ¢, and a measurable set A4, ¢ ,
such that for any homogenous Poisson process Qy on R? with intensity A bounded between 7
and ¢, be have (pg) ™" ((Ly,¢,v,00]) € Ay e and P* [pg (Qa) > Lyco] <P[Qx € Ayc] <.
L, ¢ is possibly increasing as n — 0, ¢ — oo, and v — 0.

As {/n (H, — X') is a homogeneous Poisson process, conditional on X', € D, , U D{, we
have

P* [po (V/n (H, — X')) > Ly ¢.| X' € D,y UD{] (B.29)
<P[¢Yn(H, - X') € Ayco| X' €D, UD{] (B.30)
=E[P[Vn(H,—X') € Ay c.,|X']| X' € D, UD{] (B.31)
<. (B.32)

Combining the pieces and letting L = L, ¢, we have that

P [po (X5 = X') > Ly (B.33)
=P* [po(Hn, — X') > Ly c|X € Ay UA] P [X' € D, ,, U D}] (B.34)
+ P [Xn N Bx/ (L,%(’,,) 75 P, N Bx/ (L%Cﬂ’)] (B35)
+P [P, N Bx/ (Lycw) # HyNBx/ (Ly o) +P [ X € DS, | +P [X' € D] (B.36)
M#TV,LY , =
SV Y YL 2Vl MFEP | X e O (B.37)
\/ﬁ 1,6, 1,6, 71(\1,/%’/ -~
+P[X'eD;,|+P[X e€D;]. (B.38)

Asn,v = 0and ( = oo, Ly ¢, can become unbounded. Let v — 0 and choose ng suitably

large to ensure that the entire expression goes to 0. The result follows.
O
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Proposition B.6 (Proposition 2.6). For p > 2 and M < oo, let ¢ satisfy (E1) and (S1)
for Cp mr (Rd), FeCpm (Rd), and some a > 2. Then for any G € Cp m (Rd) N Br (e,dTv),

there exist iid coupled random variables ((X;,Y;));cn such that X, = {X;};_, # F, Y, =
{K}?:l % G’ and
1
sup Var | — (¢ (¥/nX,) — ¥ (V/nY5)) | < 7e. (B.39)
neN \/ﬁ

The value 7. does not depend on G and satisfies lim¢_,o vy = 0.

Proof. We refer to Appendix B.1 for a reference list of the general inequalities used here.
Our proof technique is inspired by that of Proposition 5.4 in [31]. We expand using a

martingale difference sequence (MDS). Let {(X;,Y;)};=, be iid such that {X;};°, o p
and {Y;}.2, 4 @. Bach pair (Xi,_Yi) can be iden‘pically coupled such that P [X; #Y;] =
dryv (F,G) < e For X; = {X;}/_,, Y, := {Y;}/_,, and o denoting a generated sigma
algebra, let F; := o {X;,Y;} with Fy := {Q,0}. For (X’,Y’) an independent copy of the
(Xi7Y;), let

X/nJ = {Xl, ...,Xjfl,X/,ijLl, ,Xn}
Y;l,j = {Yh ...,}/j_1,Y/7Y}+1, 7Yn} .

We apply the condensed notation H, (S, T) = ¢ (#/nS) — ¢ (/nT). Using the orthogo-
nality of a MDS and the conditional version of Jensen’s inequality,

Var Uﬁﬂn (X, Yn)] (B.40)
- g " (1, (X0, Yo) 1] — E [Hy (X0 Yo |751]

2
n

_1g S E[Hy (Xn, Yn) = Hy (X, 5, Y0 ) | 5]
j=1

3

= :L;:E B [Hy (X, Yo) = Hy (X5, Y0,) | 75]°]
<E [|Hn (X, Yn) — Hy, (X;,j,Y;Vj)ﬂ : (B.41)
The above holds for any 1 < j < n. We have an upper bound for (B.41) of
2 [|Hy (X U X', X) = Hy (YUY, Y0) ]
+ 28 || Hy (X UX', X, ) = Hy (Yo UY Y )]

— 4E [|Hn (X UX',X,0) = Hy (Y U Y’,Yn)ﬂ . (B.42)
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We will decompose the expectation in (B.42) using the stabilization of . Let L > 0,
and define the following sets. Note that when all four are satisfied, H, (X, UX’,X,,) =
H,(Y,UY"Y,).

Ay ={Y' = X'} (B.43)
L L

BY,L =<Y,,NBx T\/ﬁ =X, NBx/ T\/ﬁ (B44)

Cxr = { D (V7X0) N B yrixs (D)) = Dy (Vo) } (B.45)

Cy,1. = { Dy (VY0) N By (1)) = D gy (YY) }- (B.46)

Let Cx r« C Cx,r and Cy 1« C Cy,1, be measurable. We decompose the expectation in
(B.42) along these events into

E {|Hn (X UX', X)) = Hy (YUY, Y, 1 {Ay N By.z N Cx.z. N Cy,L*}}
B [|H, (X U X', Xo) = Hy (Yo UV, Y0P T{AS U B, UCK . UCE L)
- E [|Hn (X, UX',X,) = Hy (Yo UY', Y,)P1{AS UBS, UC 1, U C{}’L*}] .

Let a > 2 satisfy (E1). Holder’s inequality gives an upper bound of

_2
H|Hn (X, UX',X,) = Hy (Yo UYL Y| | PAG UBS UCK . UCs,,] "

2

As the choice of Cx . and Cy, 1. was arbitrary, the expectation in (B.42) is at most

2

1 (X0 U X7, X0) = Ho (YUY Y0P P [45 U Bf L UC LU CE ]
2

§H|Hn (X UX'",X,0) = Hy (Yo UY', Y )

a
2

x max (P [A5] + P [Bf ] + P [C% ) + P [C5,] 1}

Consider the norm in the final expression above. We have an upper bound of

2 (HHn (X, U X’,Xn)Q‘ ‘ ¥ HHn (Y, UY",Y,)
2

) < 4E;. (B.47)
2

This final quantity does not depend on €, G, or n. It thus remains to show that, for a
certain choice of L and as € — 0, that each of the events A, By, C% 1, and C§ | can be
made to occur with small outer probability, uniformly in G and n. For A€, this is satisfied
because P [ X' #Y'] <e.

We then consider By, ;. The sample pairs which contribute to X,, N Bx (L//n) but not
Y, N Bx: (L/{/n) are those (X;,Y;) for which X; # Y; and either | X; — X'|| < L/¢/n or
IY; — X'|| < L/¥n. Conditional on X', their count follows a binomial distribution with ex-
pectation at most nlP [X; # Y;] fBX/(L/ ) f(y) +3(y) dy. Here f and § are the densities of

X, and Y; conditional on the event {X; # Y;}. These densities can be shown to exist via the
absolute continuity of F and G with respect to the Lebesgue measure on R%. Subsequently,
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we have that || f]l, < [|fll,/P [Xi #Yi] < M/P[X; #Y;] and ||g], < M/P[X; # Yi]. Re-
moving the conditioning on X', via Holder’s inequality the expected number of pairs which
contribute to X,,AY,, within Bx/ (L//n) is at most

/Rd X%Y/(L 1) dy | (@) de

%

Ll 2
e LU ) e

PIX; # Y Val (1) 2, + 13 2, )fIIp

< 9P (X, £ Vi MV LA (P [XM# Y]>

< OMFEV L (B.48)
This final expression provides an upper bound on P [B; L]. Let (lc). satisfy (S1) and
L = I.. We have that P [B;JJ < OMFETV %= — 0. By (S1), both P* {CXZ} and
P* [Cf,l} are bounded above by a quantity p. such that lim._,gp. = 0.
Let 6. = min {e +2M T leedeg + 2pe, 1} be the derived upper bound for
P* [A‘g} UBy, UC%,; U C’;lf}. We achieve a final upper bound for (B.40) of

16E4617%. (B.49)

If (S1) is satisfied for many (), o such that lim. o leelP=2)/(dp=1)) — |, can be further
chosen to optimize the rate of d., provided a rate for p.. Furthermore, if (E1) is satisfied
for more than one a > 2, a = a. may be chosen to optimize the final rate as ¢ — 0.
Such considerations depend on the specifics of the statistic ¢ and the density assumptions
used. O
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B.4. Proofs of Section 2.}

Theorem B.7 (Theorem 2.7). Let F € P (R?) with density f such that || f|, < oo for some

p > 2. Furthermore, let F and f,, be such that ||fn—f||1 — 0 and ||fn—f||p — 0 in probability

(resp. a.s.). Suppose 1;: X (Rd) — R* has component functions (I X (Rd) R 1<5<k

satisfying (E1) and (S1) for Cpar (R?), M > ||f|p, F, and b= (p—2)/(d(p—1)). Then

for a sample X,, = {X;};—, i F, (mn),cy such that lim, o m, = 00, a bootstrap sample
iid

Xr = (X} N X, and o multivariate distribution G,

% (J(e/ﬁxn) _E [J(%Xn)}) 4G

if and only if

1
Vn

Proof. For any bounded, Lipschitz function v: R*¥ — R, consider the functional given by
Vin, :=E [v (ﬁm (Ym")ﬂ, where Y,,, = {Y;}. is an iid sample, and the functional
takes as input the shared distribution of the Y;. Let v be bounded within [—L, L] with a
Lipschitz constant of L. First assuming that H, (X,,) A G, we have V,, (F) — [, v dG.
Now, let X, = {X{nl}::"l % F be an independent copy of X,,, = {X;};"". Further-

more, as in the proof of Proposition 2.6, X7, and X can be coupled so that
PX!, . #X;]=dry (F, Fn> = || fa — fll1/2, conditional on X,,. Via Proposition 2.6 and

(J(WX;M) —E [J(WX:%) |XnD 4 Gin probability (resp. a.s.).
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Chebyshev’s inequality, for § > 0 we have almost surely that

Vi, ()
=B v (fn, (X;,)) [X0]

+E v(ﬁmn (x;;) V{1, (X5,) = Hon, (X5,) 1> 0} X0

(
( )
= [0 (fm, (X5,,)) 1{I1 i, (X5,) = B, (X5,) 11 <8} X0
[
(4

<E[v o, )—&-L(S‘X}
Lo i’ju»[ ) ) ]
SE[U( )+L6|X}

+L(2-0) Z]P’ | Ho iy (Xi) = Hony (X, > f|x} 1{|lfull, < M}

=1 *

+L2=5)1{|fuly > M}

<E [v(Hun, (X;,,))] + L6

k kA, - . R o
vr@-o) [ (S W02 3 fyf, < Md 1 ]l > )

j=1

Here Vel /2. is as given in Proposition 2.6 applied to ¢, for e = an—le/Q Similarly,
almost surely

Vi, (Fn) (B.50)

> E [0 (Hn, (X,,,))] - Lo (B.51)

k 7 .
—L(2-0) <<Z ]”’5“/) 1l fully < MY+ 1 {1 fullp > M}) . (B

i=1

As || fn = fll, = 0 and M > | f||,, we have that the lower bound for V,,,, (Fn> converges
to fR v dG — L§ and the upper bound converges to f]R v dG + L4, either in probability or a.s.,
depending on assumptions. Since this holds for any § > 0, we have that V,, (Fn) — fR v dG

in probability (or a.s.).
Now we will show the converse direction. Let X7, ~and X7, be as previously defined.
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We have
Vin,, (F)
=E[E [0 (fn, (X)) [Xa]]

<E[E[v(Hn, (X;,)) [Xa]| + 26

+LE2-0)E [min{g k”"(;;"“”’%l} {1 fully < M} +1{)1fuly > M}]
and
Vin, (F)
> E[E v (Hn, (X5,)) [Xa]] - 20
~L(2-0E [min{i ’Wl} V{1 fully < M} + 1 {l1fully > M}] :
=1

Each expectation involves only bounded random variables, thus the lower bound converges
to [ v dG — Ld and the upper bound to [, v dG+ L4, assuming |E [v (ﬁmn (Xjnn)> |Xn} —

fR v dG. This holds if the assumed convergence is either in probability or almost sure. Since
this holds for any 6 > 0, we have V;,, (F) — [, v dG. Since our initial choice of v was
arbitrary, the desired result follows. O

B.5. Proofs of Section 4.3

Lemma B.8 (Lemma 4.1). Let F € Cp (Rd) for some p > 2 and M < oo, and let
K ={K"} cg be a filtration of simplicial complexes satisfying (K2), (D2), and (D3). Then
foranyr € R, s € R, and ¢ > 0, 8>° (K) satisfies (S2) for F'.

Proof. We start by defining a crude locally-determined radius of stabilization. Let K be
either K" or K*. Denote ¢ = max{¢ (r), ¢ (s)} as given by (D2). For z € R%, § € X (R?),
and a > ¢, consider the connected components in K (SN B, (a)) and K ((SN B, (a)) U{z})
with at least one simplex entirely contained within B, (¢). By (D2), if these components
are entirely contained within B, (a — ¢), no simplices will be added or removed from them
within K (SN B, (b)) or K ((SN B, (b)) U{z}) for any b > a. This property holds for both
K? or K. The persistent Betti numbers are additive with respect to connected components,
thus the add-z cost is entirely defined by those components altered by the inclusion of z,
which necessarily must include one simplex within B, (¢). As such, a is a locally determined
radius of stabilization for S in this case. Any changes to the simplices outside of a must
contribute to different connected components, and thus do not influence the add-z cost.

Now, X,, contains n total points. Including one point within B, (¢), the longest possible
chain of n connected points reaches at most a radius of n¢. Therefore, p 47y, (VnX,) =
(n+1)¢ is a locally-determined radius of stabilization on ¥/nX,, centered at ¥/nX’, as
shown in the previous paragraph. However, since this radius grows with n, it alone cannot
provide for the desired result.

Given (D2) and (D3), by Theorem 4.3 in [31] and the proof thereof, there exists a locally-
determined radius of stabilization pf for 5;>° (K) centered at 0 such that the conditions of
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Lemma 2.5 are satisfied. It must be noted that the original statement of the referenced
lemma does not give this result directly. However, a careful analysis of the provided proof
yields this more general result with minimal additions, and is not restated here. By (K2), we
may define a radius of stabilization p} for 5* centered at z € R* with p (S) = p§ (S — ).

Thus, for any § > 0, there exists an L; < oo and ns < oo such that P p*ai/ﬁx’ (¢nX,)| <46

for all n > Nj.

Denote by P, (S) the union of all connected components in either K (S) or K (S U {0})
with at least one simplex entirely contained within B, (¢). For any center point z € R?,
define p, : X — [0, 00] with p, (S) = min {diam (P, (S5)) + ¢, p* (S — z)}. We have that p,
is a locally-determined radius of stabilization.

For n < ng, we have that pgmny, (/nX,) < (n;+1)¢ almost surely. For n > ng,
pymxr (YnXp) < Pomx (¥/nX,,) < Ls with probability at least 1 — §. Therefore

sup,en P [p gmx (¢/nX,) > max {Ls, (ns + 1) ¢}] <4, and the result follows. O

B.6. Proofs of Section 4.4

Corollary B.9 (Corollary 4.2). Let ¢ > 0 and p > 2q+3. Let K be a filtration of simplicial
complexes satisfying (K1), (K2), (D1), and (D3). Then for any given ¥, §, Statement 4.1
holds for B(’;’g.

Proof. For given r,s € R, we will verify that assumption (E2) is satisfied for ¢ = 3;* (K).
Let Y, = {Y;};_, be iid and Y’ an independent copy. By the Geometric Lemma 3.1, a
bound for the change in persistent Betti numbers when {&/nY”’} is added to ¥/nY,, is given
by the number of new simplices introduced to the corresponding complexes. By (K1), (D1),
it suffices to count the number of points within ¢ := max{¢ (r),® (s)} of &/nY’, the combi-
nations of which include any possible new simplices. Let I,, = Y"1 | 1{||Y; — Y| < ¢/ {/n}.
For any a > 2 we have

1By (K (¥/n (Y U{Y'})) = By (K (¥nYn))["
< |#A{KL (Vn (Y, U{Y'D)\ Ky (VnY,)}
+# { Koy (Vn (Yo U{Y'D)\ Koy (YY) [
In I/'L ¢
() ()
L+
a ( q+1 )
1
~ ((g+DH"
- 2a(q+1)—1
~ ((g+1)H*
In this case R = ¢, U, < 2¢TD=1/((g+ 1)* and u, = a (¢ + 1). (E1) then follows from
Lemma 2.3 for p > a(g+1) +1 > 2¢ + 3. As (K1) and (D1) together imply (D2), (S2) is

satisfied as shown in Lemma 4.1. Then (S1) follows from Lemma 2.4. Finally an application
of Theorem 2.7 gives the desired result.

IN

(I, + 1)a(q+1)

(IZ(Q-FU + 1) .
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Referring to Proposition 2.6 and the proof thereof, for p < oo, usinga=(p—1) /(g +1)
we achieve an optimal rate for . of

1_ 2a+2
0 (55 ) | (B.53)
Details of the calculation are omitted here. For p = oo, using a = a. = 2 — log () we
achieve an optimal rate of
—log (55) ) 2q+2
O | 6 ( . B.54
( log (—log (3.) (B:54)

Both of these rates depend on §, the upper bound for the total probability found in the
proof of Proposition 2.6. The techniques found in the proofs of Lemma 2.3 and Proposi-
tion 2.6 allow for a bound on 4., provided a tail bound for sup,,cx po (¢/n (Y, —Y’)). At
this time, such a bound is unavailable, thus no explicit rate calculation is possible. O

Corollary B.10 (Corollary 4.3). Let ¢ > 0 and p > 2q+5. Let K be a filtration of simplicial

complezes satisfying (K2), (D2), and (D3). Then for any given 7, §, Statement 4.1 holds

for By*.

Proof. The proof follows exactly that of Corollary 4.2, thus we will omit many replicated

details. Let Y,, = {Y;}_; be iid and Y an independent copy. Define ¢ := max {¢ (r), ¢ (s)}.
Since we do not assume (K1) in this case, the addition of ¢/nY” to the complex may both

add and remove simplices, but only within B g7y (¢) by (D2). Any additional simplices

may have {/nY”’ as a vertex, whereas any removed simplices may only have vertices within
InY,. For I, = 3" | 1{||Y; = Y'|| < ¢/n}, via the Geometric Lemma 3.1 we have

|87 (K (Vn (Yo U{Y'D)) = By (K (/nY )|

< |8y (K (Vn (Y, U{Y'D) UK (VnY,)) = 6% (K (Vn (Y, U{Y')))]
+ 185 (K (/0 (Yo U{Y')) UK (¥nY)) = By (K (¥/nY.))]
< #{KI (YY) \ KL (Yn(Y,U{Y'})}

+#{ Ko (VY ) \ Koy (Y (Ya U{Y'})}
+# {K; (Vn (Yo U{Y'D)\ K (V/nYn)}
+#A{K e (Vn(Y, U{Y' D)\ Koy (VY )}

I, I, I, +1 I, +1
= (q+1>+<fJ+2> +<q+1) +(q4r2)
I, +2
§2(q+2)
2q+3

< -2 (I,+1)72,
_(q+2)!( )

Thus for any a > 2,

a+1 +2
2( )(g+2) (Ia(q+2) n 1) .

17 (K (Y (Y 0 (YD) = 8" (K (YnY))[" < Ty (I
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(E2) is satisfied for R = ¢, U, = (2(@*D@+2)) /((g+2)))*, and u, = a (g + 2). Thus for
p>a(g+2)+1 > 2¢+5, (E1) follows by Lemma 2.3. (52) and thus (S1) follow from
Lemmas 4.1 and 2.4, respectively. An application of Theorem 2.7 gives the final result.

For the rate in Proposition 2.6, for p < oo, using a = (p—1) /(¢ +2) we achieve an

optimal rate for ~. of
_ 2q+4
0 (551 Pt ) . (B.55)

For p = oo, using a. = 2 — log (d.) we achieve an optimal rate of

L(ge) 2q+4
© (66 (log (—log (56))> ) ‘ (B.56)

O

Corollary B.11 (Corollary 4.4). Let m < oo and p > 2m + 3. Let K be a filtration of
simplicial complezes satisfying (K1), (K2), (D1), (D3), and (D4). Then for any given T,
Statement 4.1 holds for x".

Corollary B.12 (Corollary 4.5). Let m < oo and p > 2m+5. Let K be a filtration of simpli-
cial complezes satisfying (K2), (D2), (D3), and (D4). Then for any given 7, Statement 4.1
holds for x".

Proof. We prove together Corollaries 4.4 and 4.5. Recall that the Euler characteristic y
can be written as an alternating (finite) sum of the Betti numbers when (D4) holds. As
mentioned after the proposition statement, since Proposition 2.6 holds for the Betti numbers
in dimensions 0 < ¢ < m under the assumed conditions (see the proofs of Corollaries 4.2
and 4.3), then the same holds for their (alternating) sum, namely the Euler characteristic.
The proof of Theorem 2.7 applies without alteration. O

Corollary B.13 (Corollary 4.6). Let p > 2. Furthermore, let F € D, , (C) and
1 {Fn €Dy (C’)} — 1 in probability (resp. a.s.). Then Statement 4.1 holds for Inn k.

Proof. First, we will show that E [|inne (¢/n (Y, U{Y'})) — Inwyi (/0Y5,)|] is uniformly
bounded for G € D, ,, (C) and Y’ Y1,....Y, I G. Denote by Ag41 the k 4+ 1 nearest
neighbors of &/nY’ in &/nY,. Denote by By the set of points in ¥/nY,, for which &/nY” is
among the k nearest neighbors.

It may be shown that # {By} < Cg, where Cy) is a constant depending only on
the dimension d and k. To show this, consider a cone of angle 7/6 whose point lies on
InY'. For y1,...,yx the k closest points of By to /nY’ within the cone, it follows from
basic geometric arguments that any point lying within the cone, but outside a radius of
max {||y; — %Y’H}f:l from /nY’ must be closer to each of y, ..., yx than to &/nY”. Thus,
any cone of this type may contain at most k points of B,,. Since R? may be covered by
finitely many of these cones, there must exist the required bound Cg .

Now, consider the points of Axy; and Bg. Let Ryy1., := max{|ly — &/nY’|| :y € A,}.
For any point y in B, the distance to each point of A4, is at most ||y — &/nY’| + Rk+1.n
by the triangle inequality. In this case, the introduction of /nY” to the sample may reduce
the contribution to Ixn,, from the points in B,, by at most

Inngg (VY 3) = Inngg (V0 (Y U{Y'})) < Cae R,
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Likewise, the contribution of /nY”’ is bounded by

lNN,k' (\(V'E(Yn U {Y/})) - lNN,k (\d/ﬁYn) < kRk,n < kRk‘+1,n~
Thus, we proceed by bounding E [RZHJJ. For any G € D, ,,

B | [B0Y; v > 7| )" dr| < diam(©) (1)

0

We apply a bound similar to Theorem 7 in [47]. In the statement of the referenced
theorem, it is assumed that the above quantity is bounded by Cr/n for an appropriate
constant C. Here, we may improve that to an exponential bound. Consequently, we have

k+1\4 . 4\ m k+ 1))t T .
E[Rii.] < <;L) + diam (C') na (1*77’6%) +M / e vyt dy.

(B.57)

For any a < oo, this quantity limits to a constant with n — oo, thus admitting a constant
upper bound which holds for all n € N, satisfying (E1).

The required stabilization properties (2.4) are first established for a unit-intensity homo-
geneous Poisson process via Lemma 6.1 in [38]. Let p denote the minimal locally-determined
radius of stabilization for Inn ;. Let Py denote a homogeneous Poisson process with intensity

A. By the scaling properties of Inn k, we have po (Py) = po (]P’l/\dﬂ) = po (P1) /¥/\. Thus,
P* [po (Px) > L] =P |po (P1) > %L] For any A > 1, P* [po (Px) > L] < P* [po (P1) > L].

Likewise, for any A, < 1, we may choose Lj such that P* [po (P1) > /A.Ls] < 4. Then
P oo (Py) > Ls] < 6 for all A € [\, 00). Stabilization then extends to the binomial sam-
pling setting via Lemma 2.5 and the translation invariance of Ixn, ;. We have for any § > 0
that there exists an ns; < oo and Lj < oo such that P* [p gmy (¥/nY,) > L] < 6. Both
quantities do not depend specifically on G.
When restricted to C, we have an absolute upper bound of diam (C) /n for the radius
of stabilization, as all points will fall inside of C' almost surely. We set Ls =
max{diam (C) ¢/ns, L};}. Then P* [p gy (YY) > Ls| < 6 for all n € N, satisfying (S2).
We now have the required pieces to prove bootstrap convergence. Although C, ar N
Do, (C) is only a subset of Cp ps, the proof and conclusion of Proposition 2.6 still ap-
ply. Likewise, the proof of Theorem 2.7 is easily altered to include the additional condition

1 {Fn € Dy g (C’)} — 1. We omit details here. O

Appendix C: L, Consistency of Kernel Density Estimators

In this section we discuss the L,-norm consistency of the kernel density estimator under
very mild conditions. To the best of our knowledge, the exact proof of this result could not
be found in the kernel density literature, though it employs well-known results from proba-
bility theory. In the context of our smoothed bootstrap procedure, the L,-norm convergence
assumption of the KDE follows as a direct consequence of the following theorem. Notably,
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the necessary assumptions for L,-norm convergence for the KDE are strictly weaker than
those of Theorem 2.7.

For Q a kernel with [;, Q (#) dz = 1, define Q4 () := Q (x/h) /h®. Let F be a probability
distribution on R? with corresponding density f and {X;} I8 F. The kernel density

estimator for f with bandwidth h is

€N

fon () = % Z Qn (z — X;) (C.1)

Proposition C.1. Given p > 2, let [|Q|], < oo and ||f]|, < oco. Then for any h, such that
limy, o0 Ay, = 00 and lim,,_,o, nP/ 4=} = oo

If further ) 1/ (np/thL(p_l)) < o0

Proof. The expectation of fn,hn is Qn,, * f, where * denotes the convolution operator. We
expand the L,-norm using the triangle inequality.

|

Because [pq Qn, (z) dz =1 and [|f[], < oo, the second term goes to 0 with h,, — 0 via
Theorem 8.14 in [25]. We focus on the first term of (C.4).

=l

Frhn — pr 50 (C.2)

Frhn — f’ ’p =0 (C.3)

Jon — pr < ’

Fo = @no = f|| +l1@nax =1, (C.4)

fona (@) = @u,+ H @] do (C5)

Fun @) = @) @) ] = [

1
=— [ E
npb

n

> Yi()

=1

] dz (C.6)

where Y; (z) := Qn, (z — X;) — (Qn, * f) (z) are iid mean-zero random variables.

We symmetrize using independent Radamacher random variables {e; },y, letting Z; () :=
e;Y; (z). We have that E [|>0,Y; (2)["] < 2PE [|30; Z; ()["]. By Corollary 3 in [35],
there exists a universal constant C' < oo such that, for any j € N

E ézi(x)p SCp(logp)pmaX{(nE [Zj(x)ﬂ)g,nE[|Zj(x)|p]} (C.7)
= o () max{ (n2 [1vs @F]) " (o1}
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o @) = @+ D) 0] < 28 () [em @) e ©9)

nz \logp

— [ [ 10 @)= @u, <D @I 1) doay

270 [ [ (1@n, (2= ) + (@, < H @) £ 1) do dy
=21 (11Qn, 15+ 11Qn, = fI7)

IA

<27(|Qn, Il
2p .
= WHQ”p' (C.11)

The last inequality follows from Young’s inequality for convolutions, given that || f||; =1,
f being a probability density.

=l

As lim,,_, oo n?/24P=1))p, = 0o by assumption, this final bound goes to 0 with n — co.
For any € > 0, Markov’s inequality gives

|

el
)d(pfl)

(C.12)

log p nﬁhn

o @)= (@u 1) @) e < wer (2 )p<

Fonn — Qn, *prZe} =P U

~ p
E [\ F = Qn % pr]
<

= P

N p
Jnh, — Qn,, * pr > e”} (C.13)

(C.14)

As was shown earlier, the right hand side goes to 0, thus ‘ fn,hn — Qhn, * fH 2o0.
P

As ||Qn,, *f—f||p — 0, an application of Slutsky’s theorem gives the final result. If

Yomen 1/ (np/zhi(p_l)) < 00, the almost sure result follows from Borel-Cantelli. h,, =

n~(P=1/2 (log (n))2 satisfies this criterion.
O

Appendix D: Details of Simulation Study

Provided here are the data generating functions, written in pseudocode, for the simulation
study of Section 5. Each generator below corresponds to a distribution F}-F; in Table 1.
A description is included, explaining each case in more detail. In all of the following, S?~!
denotes the unit sphere in R?, B, (r) the ball with radius r around z, and Unif (S) the
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uniform distribution on the set S. N (,u, 02) denotes the normal distribution with mean p and
variance o2, and Exp () is the exponential distribution with rate parameter A. Cauchy (\)
denotes the Cauchy distribution with scale parameter A, and (-) is used to show vector
concatenation.

Generator 1:

1: 6 ~ Unif (S1)

2: S ~ Unif ({-1,1})

3: R ~ Unif ([0, 1])
return X = R 95

F1 is radially symmetric around the origin, and the radius is such that the random variable is unbounded,
and the Lg norm of the overall density is finite. Furthermore, the density approaches infinity near the
origin. This case is chosen so as to test the assumptions of Corollary 4.2 with regards to the required

norm bound.

Generator 2:

1: 6 ~ Unif (S')
2: S ~ Unif ({-1,1})
3: R ~ Unif ([0, 1])
return X = R 55

F5 is radially symmetric around the origin, and the radius is such that the random wvariable is unbounded.
The Lo norm of the overall density is finite, but the Lg norm is infinite. As with distribution Fi, the
density approaches infinity near the origin. This case violates the assumptions of Corollary 4.2.

Generator 3:

1: 6 ~ Unif (Sl)
2 X1, X2 ~ N (0,.04)
return 6 + (Y1,Y2).

F3 represents a ring in R?, combined with additive Gaussian noise. The variance parameter is chosen
small enough so that the ring structure is not lost within the additive noise.

Generator 4:

1: 6 ~ Unif (Bo (1))
2: X1,X2,X3~N(0,.01)
return 6 + (Y1, Y2, Y3).

Fy is the uniform distribution on the unit ball in R3, with a small amount of additive noise included to
slightly smooth the boundary at radius 1.
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Generator 5:

0.38741799, 0.24263535, 0.09535272
0.25147839, 0.63824409, 0.62425101

)

)

1: X ~ Unif | { (0.73988542, 0.80749034, 0.84972394)
)

)

o~~~

0.26811913,0.35911205, 0.08316547
(0.65954757,0.04704809, 0.02113341
2: Y1,Ya,Ys ~ Exp (25)
return X + (Y1, Y2, Y3).

Fs consists of 5 clusters, one around each of the provided opints in R3. Exponential noise is included to
test the effects of heavier tails on the final coverage probability. The rate parameter was chosen large
enough so that the 5 clusters remain distinct after noise addition.

Generator 6:

1: 6 ~ Unif (S?)
2: Y1,..., Y5 ~ Cauchy (.1)
return (6,0,0) + (Y1,...,Y5)

Fg represents a 2-dimensional unit sphere embedded in a higher dimension RS. We have included additive
Cauchy noise to investigate the effects of very heavy tails.

Generator 7:

1: (61,602) ~ Unif (S1)
2: S ~ Unif ({-1,1})
3: Y1, ..., Yo ~ N (0,.04)
return (61 + S,02,0,...,0) + (Y1,..., Y10)

Fy represents a dual ring, or figure-8 embedded in R1C. Full-dimensional Gaussian noise is added, with
variance chosen small enough so that the dual rings are not closed upon noise addition. F7 is included to
illustrate the effects of the “curse of dimensionality” expected in higher dimensions.
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