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ABSTRACT

Persistent homology is a widely used tool in Topological
Data Analysis that encodes multiscale topological informa-
tion as a multi-set of points in the plane called a persistence
diagram. It is difficult to apply statistical theory directly
to a random sample of diagrams. Instead, we can summa-
rize the persistent homology with the persistence landscape,
introduced by Bubenik, which converts a diagram into a
well-behaved real-valued function. We investigate the sta-
tistical properties of landscapes, such as weak convergence
of the average landscapes and convergence of the bootstrap.
In addition, we introduce an alternate functional summary
of persistent homology, which we call the silhouette, and
derive an analogous statistical theory.

Categories and Subject Descriptors
G.2 [Probability and statistics]: Probabilistic Algorithms

General Terms

Algorithms, Theory, Measurement
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1. INTRODUCTION

Often, data can be represented as point clouds that carry
specific topological and geometric structures. Identifying,
extracting, and exploiting these underlying geometric struc-
tures has become a problem of fundamental importance for
data analysis and statistical learning. With the emergence of
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new geometric inference and algebraic topology tools, com-
putational topology has recently seen an important devel-
opment toward data analysis, giving birth to the field of
Topological Data Analysis, whose aim is to infer relevant,
multiscale, qualitative, and quantitative topological struc-
tures directly from the data.

Persistent homology ([11, 19]) is a fundamental tool for
providing multi-scale homology descriptors of data. More
precisely, it provides a framework and efficient algorithms
to quantify the evolution of the topology of a family of
nested topological spaces, {X(t)},.r, built on top of the
data and indexed by a set of real numbers — that can be
seen as scale parameters — such that X(¢) C X(s) for all
t < s. At the homology level’, such a filtration induces a
family {H(X(t))},cR of homology groups and the inclusions
X(t) < X(s) induce a family of homomorphisms H (X(¢)) —
H(X(s)), for t < s, which is known as the persistence module
associated to the filtration. When the rank of all the homo-
morphisms H(X(t)) — H(X(s)), are finite the module is said
to be g-tame ([3]) and it can be summarized as a set of real
intervals (b;,d;) representing homological features that ap-
pear in the filtration at ¢ = b; and disappear at t = d;. Such
a set of intervals can be represented as a multi-set of points
in the real plane and is then called a persistence diagram.
Thanks to their stability properties ([9, 3]), persistence di-
agrams provide relevant multi-scale topological information
about the data.

In a more statistical framework, when several data sets
are randomly generated or are coming from repeated exper-
iments, one often has to deal with not only one persistence
diagram but with a whole distribution of diagrams. Unfor-
tunately, since the space of persistence diagrams is a general
metric space, analyzing and quantifying the statistical prop-
erties of such a distribution is particularly difficult.

A few attempts have been made towards a statistical anal-
ysis of distributions of persistence diagrams. For example,
the concentration and convergence properties of persistence
diagrams obtained from point clouds randomly sampled on
manifolds and from more general compact metric spaces are
studied in [1] and [6]. Considering general distributions of

'We consider here homology with coefficient in a given field,
so the homology groups are vector spaces.



persistence diagrams, [16] have suggested using the Fréchet
average of the diagrams Di,...,D,. Unfortunately, the
Fréchet average is unstable and not even unique. A solu-
tion that uses a probabilistic approach to define a unique
Fréchet average can be found in [14], but its computation
remains practically prohibitive.

In this paper, we also consider general distributions of
persistence diagrams but we build on a completely different
approach, proposed in [2], consisting of encoding persistence
diagrams as a collection of real-valued one-Lipschitz func-
tions that are called persistence landscapes; see Section 2.
The advantage of landscapes — and, more generally, of any
function-valued summaries of persistent homology — is that
we can analyze them using existing techniques and theories
from nonparametric statistics.

‘We have in mind two scenarios where multiple persistence
diagrams arise:

Scenario 1: We have a random sample of compact sets
Ki,..., K, drawn from a probability distribution on the
space of compact sets. Each set K; gives rise to a persistence
diagram which in turn yields a persistence landscape func-
tion \;. An analogous sampling scenario is the one where
we observe a sample of n random Morse functions f1,..., fn
from a common probability distribution. Each such function
fi induces a persistence diagram built from its sub-level set
filtration, which can again be encoded by a landscape A;.
The goal is to use the observed landscapes A1, ..., A, to in-
fer the mean landscape p = E(\;).

Scenario 2: We have a very large dataset with IV points.
There is a diagram D and landscape A corresponding to
some filtration built on the data. When N is large, com-
puting D is prohibitive. Instead, we draw n subsamples,
each of size m. We compute a diagram and landscape for
each subsample yielding landscapes A1, ..., An. (Assuming
m is much smaller than N, these subsamples are essentially
independent and identically distributed.) Then we are in-
terested in estimating p = E(X;), which can be regarded as
an approximation of A. Two questions arise: how far are the
Ai’s from their mean p? How far is p from A? We focus on
the first question in this paper.

In both sampling scenarios, we study the statistical behav-
ior as the number of persistence diagrams n grows. We will
then analyze the stochastic limiting behavior of the average
landscape, as well as the speed of convergence to the limit.
Specifically, the contributions of this paper are as follows:

1. We show that the average persistence landscape con-
verges weakly to a Gaussian process and we find the
rate of convergence of that process.

2. We show that a statistical procedure known as the
bootstrap leads to valid confidence bands for the av-
erage landscape. We provide an algorithm to compute
confidence bands and illustrate it on a few real and
simulated examples.

3. We define a new functional summary of persistent ho-
mology, which we call the silhouette.

As the proofs are rather technical, we defer the interested
reader to the appendices.

2. DIAGRAMS AND LANDSCAPES

A (finite) persistence diagram is a multiset of real inter-
vals {(b;,d;)}icr where I is a finite set. We represent a
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Figure 1: The pink circles are the points in a per-
sistence diagram D. The landscape \(k,-) is the k-th
largest of the arrangement of the graphs of {A,}. In
particular, the cyan curve is the landscape A(1,-).

persistence diagram as the finite multiset of points D =
{(#, %)}iel. Given a positive real number T', we say

that D is T-bounded if for each point (z,y) = (%, %) €
D, we have 0 < b < d <T. We denote by Dr the space of
all positive, finite, T-bounded persistence diagrams.

A persistence landscape, introduced in [2], is a sequence of
continuous, piecewise linear functions A\: ZT x R — R which
provides an encoding of a persistence diagram. To define the
landscape, consider the set of functiorblsdcrs:a‘zed by tenting

+ —

each persistence point p = (z,y) = (T? T) € D to the

base line x = 0 as with the following function:

t—z+y tex—y,a] t—b te b
Apt)=qa+y—t te(ma+y ={d—t te (2 d

0 otherwise 0 otherwise.

(1)
Notice that p is itself on the graph of A,(¢f). We obtain
an arrangement of curves by overlaying the graphs of the
functions {Ap}pep; see Figure 1.
The persistence landscape of D is just a summary of this
arrangement. Formally, the persistence landscape of D is
the collection of functions

Ap(k,t) = kmax A,(t), te[0,T],k€N, (2)

J4S

where kmax is the kth largest value in the set; in particular,
lmax is the usual maximum function. We set Ap(k,t) =0
if the set {A,(¢),p € D} contains less than k points. From
the definition of persistence landscape, we immediately ob-
serve that Ap(k, -) is one-Lipschitz, since A, is one-Lipschitz.
We denote by Lr the space of persistence landscapes corre-
sponding to Dr.

For ease of exposition, in this paper we only focus on the
case k =1, and set A(t) = Ap(1,t). However, the results we
present hold for & > 1.

3. CONVERGENCE OF LANDSCAPES

Let P be a probability distribution on Lr, and let
Ayeees An “d p. We define the mean landscape as

u(t) =EN@), teo,T].

The mean landscape is an unknown function that we would



like to estimate. We estimate p with the sample average

Z)\ e [0,7).

Note that since E[A,(t)] = u(t), we have that A, is a point-
wise unbiased estimator of the unknown function p. Our
goal is then quantify how close the resulting estimate is to
the function p. To do so, we first need to explore the statisti-
cal properties of \,. [2] showed that A, converges pointwise
to p and that the pointwise Central Limit Theorem holds.
In this section, we extend these results, proving the uniform
convergence of the average landscape. In particular, we show
that the process

{vaGu@ —uo) },_ (3)
converges weakly (see below) to a Gaussian process on [0, 7]
and we establish the rate of convergence. For more details
on the theory of empirical processes, see [18].

Let

F={fito<i<r (4)
where f; : Lr — R is defined by fi(A) = A(t). Writing
P(f) = [ fdP and letting P, be the empirical measure that
puts mass 1/n at each A;, we can and will regard (3) as an
empirical process indexed by f: € F. Thus, for ¢t € [0,7T],
we will write

Gn(t) = Gn(ft) = v (An(t) — u(t)) ()
=V/n(Pn — P)(ft)

We note that the function F(X)
velope for F.

A Brownian bridge is a Gaussian process on the set of
bounded functions from F to R such that the process has
mean zero and the covariance between any pair f,g € F has
the form [ f(u)g(u)dP(u) — ([ f(u)dP(u)) ([ g(uw)dP(u)).
A sequence of random objects X,, converges weakly to X,
written X, ~ X, if E*(f(X,)) — E(f(X)) for every
bounded continuous function f. (The symbol E* is an outer
expectation, which is used for technical reasons; the reader
can think of this as an expectation.) Thus, we arrive at the
following theorem (see Theorem 2.4 in [5]):

= T/2 is a measurable en-

THEOREM 1 (WEAK CONVERGENCE OF LANDSCAPES).
Let G be a Browm'an bridge with covariance function K(t,s) =

J fe(x = [ fe)dPX) [ fs(X ), for t,s €
[0,T7. Then G ~ G.

Next, we describe the rate of convergence of the maximum
of the normalized empirical process G,, to the maximum of
the limiting distribution G. The maximum is relevant for
statistical inference as we shall see in the next section.

For each t € [0,7], let o(t) be the standard deviation of

VI An(t), ie

= /nVar(\,(t)) =

Suppose that o(t) > c for every ¢ in an interval [t.,t*] C
[0,T] and some constant ¢ > 0.

Var(ft(A1))- (6)

THEOREM 2  (UNIFORM CLT). There ezists a random
variable W < SUpye(s, ++) [G(fe)] such that

7
8

:O((logf) )

sup
ZGR

P sup [Ga(t) <2) ~P(W <2)

tE[tx,t*]

Remarks: The assumption in Theorem 2 that the stan-
dard deviation function o is positive over a subinterval of
[0, T] can be replaced with the weaker assumption of pos-
itivity of o over a finite collection of sub-intervals without
changing the result. We have stated the theorem in this sim-
plified form for ease of readability. Furthermore, it may be
possible to improve the term n~'/® in the rate using what is
known as a “Hungarian embedding” (see Chapter 19 of [17]).
We do not pursue this point further, however.

4. THE BOOTSTRAP FOR LANDSCAPES

Recall that our goal is to use the observed landscapes
(A1, ..., An) to make inferences about p(t) = E[Ai(t)], where
0 <t < T. Specifically, in this paper we will seek to con-
struct an asymptotic confidence band for p. A pair of func-
tions £n,un: R — R is an asymptotic (1 — «) confidence
band for p if, as n — oo,

]P’(én(t) < u(t) < un(t) for all t) >1—a—0(m), (7)

where 7, = o(1). Confidence bands are valuable tools for
statistical inference, as they allow to quantify and visual-
ize the uncertainty about the mean persistence landscape
function p and to screen out topological noise.

Below, we will describe an algorithm for constructing the
functions ¢, and wu, from the sample of landscapes AT :=
(M1, ..., An), and prove that it yields an asymptotic (1 — «)-
confidence band for the unknown mean landscape function
w and determine its rate r,. Our algorithm relies on the use
of the bootstrap, a simulation-based statistical method for
constructing confidence set under minimal assumptions on
the data generating distribution P; see [12, 13, 17]. There
are several different versions of the bootstrap. This paper
uses the multiplier bootstrap.

Let &7 = (&1,...,&,) where & ~ N(0,1) (Gaussian ran-
dom variables with mean 0 and variance 1) for all ¢ and
define the multiplier bootstrap process

Gn(fr) = G\, E1)(f2)
= %Zsi () =X)L € 0,7 (®)

Let Z(a) be the unique value such that

P sup G
tE [ty ,t*]

Note that the only random quantities in this definition are
&1,...,& ~ N(0,1). Hence, Z(a) can be approximated
by Monte Carlo simulation to a great precision as follows:
repeat the bootstrap B times, yielding B processes,
{Gif)(')yj =1,...,B}, and the corresponding values 0; :=
SUDiefr, ,¢4] |Gsf)(ft)\, j=1,...,B. Then let

Z(a):inf{z: %Zf(éj >z)§a}. (10)

We may take B as large as we like so the Monte Carlo error
arbitrarily small. Thus, when using bootstrap methods, one
ignores the error in approximating Z(«) as defined in (9)
with its simulation approximation as defined in (10). The
multiplier bootstrap confidence band is {(¢,(t),un(t)) : t €

> Z(a)

n(ft)

/\1,...,/\n> =a.  (9)



[t«,t*]}, where
i 2@ 5 2
o (t) = An(t) N n(t) = An(t) + e (11)

The steps of the algorithm are given in Algorithm 1.

Algorithm 1 The multipler bootstrap algorithm.
INPUT: Landscapes Ai1,...,An; confidence level 1 — «;
number of bootstrap samples B
OUTPUT: confidence functions £, un,: R — R
1: Compute the average An(t) = = 37" | Ai(t), for all ¢
: for j=1to B do
Generate &1, ...

2

3 ;&n ~ N(0,1)

4 Set éj = sup, n~/?| S & (Ni(t) = An(2))]
5: end for

6: Define Z(a) = inf{z: & Zle I1(0; > 2) < }
7 =

8

 Set n(t) = An(t) — 242 and un(t)

: return £, (t), un(t)

The accuracy of the coverage of the confidence band and
the width of the band are described in the next result, which
follows from Theorem 2 and Proposition 13 in Appendix B.

THEOREM 3  (UNIFORM BAND). Suppose that o(t) > ¢
for each t in an interval [t.,t"] C [0,T] and some some
constant ¢ > 0. Then

IP’(én(t) < () < un(t) for all t € [t ,t"})
>1—a—-0 (M) .

ni/8
Also, sup, (un(t) — €n(t)) = Op (\/g)

The second statement follows from the fact that Z(a) =
Op(1), where Z(a) is defined in (10). We remark that the
randomness is with respect to the joint probabilities of the
landscapes and of the &’s. In [5] a similar asymptotic con-
fidence band is computed for the whole interval [0,T] (see
Theorem 2.5), but the rate of convergence is not provided.

The confidence band above has constant width; that is,
the width is the same for all t. However, the empirical es-
timate A(t) might be a more accurate estimator of u(t) for
some t than others. This suggests that we may construct
a more refined confidence band whose width varies with ¢.
Hence, we construct a variable width confidence band. Con-
sider the standard deviation function o, defined in (6), and
its estimate

n

DO = a2, te0, 7). (12)

i=1

1
on(t) = .| —
G ) n
Define the standardized empirical process

Ha(fo) = HaAD)(f) = % > W -

(13)
and, for &1,...,& ~ N(0,1), define its multiplier bootstrap
version: for € [ts,t"],

B.() = B O ) () = = Yo e Bl g

Just like in the construction of uniform bands, let Q(a) be
such that

IP’( sup
te

[ ,t]

H. (AT, €8)(f2)

> 0(a) ‘ >\1,...,>\n) = a. (15)

Again, Q(a) can be computed by simulation to arbitrary
precision. The variable width confidence band is
{ls,, (), to,, (t)) : t € [t«,t"]}, where
< Q@)an(t) T i 4 Q@)én(t)
Ly, (8) = An(t) — 22000y, (8) = An(t) + 2
o (1) (t) n U, (1) (t) + NG
(16)

THEOREM 4  (VARIABLE WIDTH BAND). Suppose that
o(t) > ¢ > 0 in an interval [t.,t*] C [0,T], for some con-
stant c. Then

IP’(Z%(t) < u(t) < g, (t) for all ¢ € [t ,t*])
>1—a-0 (i“‘)g”w) .

nl/8

5. THE WEIGHTED SILHOUETTE

The kth persistence landscape A(k,t) can be interpreted
as a summary function of the persistence diagrams. A sum-
mary function is a functor that takes a persistence diagram
and outputs a real-valued continuous function. If the dia-
gram corresponds to the distance function to a random set,
then we have a probability distribution on the space of sum-
mary functions induced by a probability distribution on the
original sample space. The persistence landscape is just one
of many functions that could be used to summarize a per-
sistence diagram. In this section, we introduce a new family
of summary functions called weighted silhouettes.

Consider a persistence diagram with m off diagonal points.
In this formulation, we take the weighted average of the
triangle functions defined in (1):

2o wih;(t)
2?;1 w;
Consider two points of the persistence diagram, representing
the pairs (b;,d;) and (bj,d;). In general, we would like to
have w; > w; whenever |d; — bj| > |d; — b;|. In particular,

let ¢(t) have weights w; = |d; — b;|?, for p > 0.

o(t) = (17)
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Figure 2: An example of power-weighted silhouettes
for different choices of p. The axes are on different
scales. The weighted silhouette is one-Lipschitz.

DEFINITION 5 (POWER-WEIGHTED SILHOUETTE).
For every 0 < p < oo we define the power-weighted silhouette

2o lds = bi[PA;(¢)

(p) _
R SNV T




The value p can be though of as a trade-off parameter
between uniformly treating all pairs in the persistence dia-
gram and considering only the most persistent pairs. Specif-
ically, when p is small, ¢(p>(t) is dominated by the effect of
low persistence pairs. Conversely, when p is large, ¢<p)(t) is
dominated by the most persistent pair; see Figure 2.

The power-weighted silhouette preserves the property of
being one-Lipschitz. In fact, this is true for any choice of
non-negative weights. Therefore all the result of Sections 3
and 4 hold for the weighted silhouette, by simply replacing
A with ¢. In particular, consider ¢1, ..., ¢n ~ Ps. Applying
theorems 1, 2, 3 and 4, we obtain:

COROLLARY 6. The empirical process
Vi (nTt Y 6i(t) — E[p(t)]) converges weakly to a Brow-
nian bridge. The rate of convergence of the mazximum of
this process to the mazimum of the limiting distribution is

] 7/8
O (Lesp ).

COROLLARY 7. The multiplier bootstrap algorithm of Al-
gorithm 1 can be used to construct a uniform confidence
band for {E[p(t)]}ieft, =) with coverage at least 1 — o —

0] (%) and a variable width confidence band with cov-
erage at least 1 —a — O (%) , where [t.,t"] C [0,T]
is such that \/ Var(¢(t)) > ¢ > 0 for allt € [t.,t"] and some

constant c.

6. EXAMPLES

In Topological Data Analysis, persistent homology is clas-
sically used to encode the evolution of the homology of fil-
tered simplicial complexes built on top of data sampled from
a metric space; see [4]. For example, given a metric space
(X,dx) and a probability distribution Pg supported on X,
one can sample m points, K = {X1,..., X}, i.i.d. from Px
and consider the Vietoris-Rips (VR) filtration built on top
of these points. The persistent homology of this filtration in-
duces a persistence diagram D and a landscape A. Sampling
n such K, one obtains n persistence landscapes A1,..., An.
In this section, we adopt this setting to illustrate our results
on two examples, one real and one simulated.

6.1 Earthquake Data

Figure 3 (left) shows the epicenters of 8000 earthquakes
in the latitude/longitude rectangle [—75,75] x [—170, 10] of
magnitude greater than 5.0 recorded between 1970 and 2009.2
We randomly sample m = 400 epicenters, construct the VR
filtration (using the Euclidean distance), compute the first
persistence diagram using Dionysus® and the corresponding
landscape function. We repeat this procedure n = 30 times
and compute the mean landscape A,,. Using Algorithm 1, we
obtain the uniform 95% confidence band of Theorem 3 and
the variable width 95% confidence band of Theorem 4. See
Figure 3 (middle). Both the confidence bands have coverage
around 95% for the mean landscape p(t) that is attached
to the distribution induced by the sampling scheme. Simi-
larly, using the same 30 persistence diagrams we construct

2USGS Earthquake Search.
http://earthquake.usgs.gov/earthquakes/search/.
3Dionysus is a C+4+ library for computing per-
sistent homology, developed by Dmitriy Morozov.
http://mrzv.org/software/dionysus/.
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Figure 3: Top: Sample space of epicenters of 8000
earthquakes and one of the 30 persistence diagrams.
Middle: uniform and variable width 95% confidence
bands for the mean landscape u(t). Bottom: uniform
and variable width 95% confidence bands for the
mean weighted silhouette E[¢-%V (¢)].

the corresponding weighted silhouettes using p = 0.01 and
construct uniform and variable width 95% confidence bands
for the mean weighted silhouette E[¢*V (1)]; see Figure 3
(right). Notice that, for most ¢ € [0, 7], the variable width
confidence band is tighter than the fixed-width confidence
band.

6.2 Toy Example: Rings

In this example, we embed the torus S' x S in R® and we
use the rejection sampling algorithm of [10] (R = 5, r = 1.8)
to sample 10,000 points uniformly from the torus. Then, we
link it with a circle of radius 5, from which we sample 1,800
points; see Figure 4 (top left). These N = 11,800 points
constitute the sample space. We randomly sample m = 600
of these points, construct the VR filtration, compute the
persistence diagram (Betti 1) and the corresponding first
and third landscapes and the silhouettes for p = 0.1 and
p = 4. We repeat this procedure n = 30 times to con-
struct 95% variable width confidence bands for the mean
landscapes p1 (t), p3(t) and the mean silhouettes E[¢ (¢)],
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Figure 4: Top: Sample space and one of the 30 per-
sistence diagrams. Middle: variable width 95% con-
fidence bands for the mean first landscape 1 (t) and
mean third landscape us3(t). Bottom: variable width
95% confidence bands for the mean weighted silhou-
ettes E[¢*(¢)] and E[¢*V(t)].

E[¢° D (t)]. Figure 4 (bottom left) shows one of the 30 per-
sistence diagrams. In the persistence diagram, notice that
three persistence pairs are more persistent than the rest.
These correspond to the two nontrivial cycles of the torus
and the cycle corresponding to the circle. We notice that
many of the points in the persistence diagram are hidden
by the first landscape. However, as shown in the figure, the
third landscape function and the silhouette with parameter
p = 0.1 are able to detect the presence of these features.

7. DISCUSSION

‘We have shown how the bootstrap can be used to give con-
fidence bands for Bubenik’s persistence landscape and for
the persistence silhouette defined in this paper. We are cur-
rently working on several extensions to our work including
the following: allowing persistence diagrams with countably
many points, allowing 7' to be unbounded, and extending
our results to new functional summaries of persistence dia-
grams. In the case of subsampling (scenario 2 defined in the

introduction), we have provided accurate inferences for the
mean function p. We are investigating methods to estimate
the difference between p (the mean landscape from subsam-
pling) and A (the landscape from the original large dataset).
Coupled with our confidence bands for p, this could provide
an efficient approach to approximating the persistent homol-
ogy in cases where exact computations are prohibitive.

8. REFERENCES

[1] S. Balakrishnan, B. Fasy, F. Lecci, A. Rinaldo,

A. Singh, and L. Wasserman. Statistical inference for
persistent homology, 2013. arXiv 1303.7117.

[2] P. Bubenik. Statistical topology using persistence
landscapes, 2012. arXiv 1207.6437.

[3] F. Chazal, V. de Silva, M. Glisse, and S. Oudot. The
structure and stability of persistence modules, July
2012. arXiv 1207.3674.

[4] F. Chazal, V. de Silva, and S. Oudot. Persistence
stability for geometric complexes. Geom. Dedicata,
Dec. 2013.

[5] F. Chazal, B. T. Fasy, F. Lecci, A. Rinaldo, A. Singh,

and L. Wasserman. On the bootstrap for persistence

diagrams and landscapes, 2013. arXiv 1311.0376.

F. Chazal, C. Labruere, M. Glisse, and B. Michel.

Optimal rates of convergence for persistence diagrams

in topological data analysis. arXiv 1305.6239, 2013.

[7] V. Chernozhukov, D. Chetverikov, and K. Kato.
Gaussian approximation of suprema of empirical
processes, 2012. arXiv 1212.6885.

[8] V. Chernozhukov, D. Chetverikov, and K. Kato.
Anti-concentration and honest adaptive confidence
bands, 2013. arXiv 1303.7152.

[9] D. Cohen-Steiner, H. Edelsbrunner, and J. Harer.
Stability of persistence diagrams. Discrete
Comput. Geom., 37(1):103-120, 2007.

[10] P. Diaconis, S. Holmes, and M. Shahshahani.
Sampling from a manifold, 2012. arXiv 1206.6913.

[11] H. Edelsbrunner, D. Letscher, and A. Zomorodian.
Topological persistence and simplification. Disc.
Comput. Geom., 28(4):511-533, July 2002.

[12] B. Efron. Bootstrap methods: another look at the
jackknife. The Annals of Statistics, pages 1-26, 1979.

[13] B. Efron and R. Tibshirani. An introduction to the
bootstrap, volume 57. CRC press, 1993.

[14] E. Munch, P. Bendich, K. Turner, S. Mukherjee,

J. Mattingly, and J. Harer. Probabilistic Fréchet
means and statistics on vineyards, 2013. arXiv
1307.6530.

[15] M. Talagrand. Sharper bounds for Gaussian and
empirical processes. The Annals of Probability,
22(1):28-76, 1994.

[16] K. Turner, Y. Mileyko, S. Mukherjee, and J. Harer.
Fréchet means for distributions of persistence
diagrams, 2012. arXiv 1206.2790.

[17] A. van der Vaart. Asymptotic Statistics, volume 3.
Cambridge UP, 2000.

[18] A. van der Vaart and J. A. Wellner. Weak
Convergence and Empirical Processes: With
Applications to Statistics. Springer Verlag, 1996.

[19] A. Zomorodian and G. Carlsson. Computing persistent
homology. Disc. Comp. Geom., 33(2):249-274, 2005.

6



APPENDIX
A. CHERNOZHUKOV ET AL. (2013)

In this appendix, we summarize the results from [8] that
are used in this paper. Given a set of functions G and a prob-
ability measure @, define the covering number N (G, L2(Q), €)
as the smallest number of balls of size € needed to cover
G, where the balls are defined with respect to the norm
9> = [¢*(w)dQ(u). Let Xi,...,X, be iid. random
variables taking values in a measurable space (S,S). Let G
be a class of functions defined on S and uniformly bounded
by a constant b, such that the covering numbers of G satisfy

sgpN(g,Lz(QLbT) <(a/7)",0<7T<1  (18)
for some a > e and v > 1 and where the supremum is taken
over all probability measures @ on (S,S). The set G is said
to be of VC type, with constants a and v and envelope b.
Let o2 be a constant such that SUpP,cg Elg(X:)?] < 02 < b?
and for some sufficiently large constant C'i, denote K,
Cyv(logn V log(ab/o)). Finally, define

Gulo) = 7= > (0(X

and let W, := [|Gn|lg = sup,cg |Gn(g)| denote the supre-
mum of the empirical process Gy,.

—E[g(X:)]),9 €6,

THEOREM 8 (THEOREM A.l IN [8]). Consider the set-
ting specified above. For any v € (0,1), there is a random

variable W < IGllg such that

bK, 01/2[(73/4
N12pi2 T y12p1/A

1/352/3 r2/3
]P><|Wn—W|> b’ o >

~1/3p1/6
1
<0 (7 n w)
n

for some constant Cs.

Let &1,...,&n be i.id. N(0,1) random variables indepen-
dent of X1' :={X1,...,Xn}. Let £ := {&1,..., & }. Define
the Gaussian multiplier process

Gnlg) = Gu(XT,E1)(g)
—%Z&@m—

Lastly, for fixed «7, let W, (27) = SUp,cg |Gn(x’f,£{b)(g)|
denote the supremum of this process.

iiMMQ»wg

i=1

THEOREM 9 (THEOREM A.2 IN [8]). C’onsider the set-
ting specified above. Assume that b>K,, < no?. For any § >
0 there exists a set Sy, € 8™ such that P(Sy) 2 1-3/n and

for any 7 € S, there is a random variable W e sup,¢g |Gl
such that

- N oKLM? pl/2gl/2 g3/
P<|Wn(a:1)—W> St 9

b2 2 R34
< (s <6n1/4 + -

for some constant Cs.

THEOREM 10 (COROLLARY 2.1 IN [8]).
Let W = (Wi)er be a separable Gaussian process indexed by
a semimetric space T such that E[W;] = 0 and E[WZ] = 1
for all t € T. Assume that sup,cp Wi < o0 a.s. Then,

a(|W]) := E[sup,cq [Wi|] € [\/2/7,00) and

sup P (
x€R

for all € > 0 and some constant A.

teT

sup (W] — 2| < e) < Aca(IW))

THEOREM 11 (LEMMA 6.1 IN [7]). Let (S,S,P) be a
probability space, and let F C L*(P) be a P-pre-Gaussian
class of functions. Denote by G a tight Gaussian random
element in €°°(F) with mean zero and covariance function
E[G(f)G(g)] = Covp(f,g) for all f,g € F. Suppose that
there exist constants o, @ > 0 such that 0 < Varp(f) < &>
for all f € F. Then for every e > 0,

supIP’( < 5)
zeR

< Cse (E {sup Gf] ++v1vV 10%(2/6)) ;
feF

sup Gf —x
fer

where Cy is a constant depending only on o and .

THEOREM 12  (TALAGRAND’S INEQ., TH. B.1 IN [8]).

Let &1,...,&, be i.i.d. random variables taking values in
a measurable space (S,S). Suppose that G is a measur-
able class of functions on S uniformly bounded by a con-
stant b such that there exist constants a > e and v > 1 with
supg N(G, L2(Q),be) < (a/e)’ for all 0 < & < 1. Let
0% be a constant such that sup, g Var(g) < o <V If
b*vlog(ab(o)) < no?, then for all t < no?/b?,

¢ (s - o 1 (10 22)])

<e
where A is an absolute constant.

Zw&— a0l

’

B. TECHNICAL TOOLS

In this section, we prove some results that will be used
in the proofs of Appendix C. Some of our techniques are an
adaptation of the strategy used in [8] to construct adaptive
confidence bands.

Consider the class of functions F = {f;}o<¢<r, defined
in (4) and let AT = (A1,...,An) be an i.i.d. sample from a
probability P on the measurable space (L1, S) of persistence
landscapes. We summarize the processes used in the analysis
of persistence landscapes, given in Sections 3 and 4:

e G(f:) is a Brownian Bridge described in Theorem 1,

Gu(fi) = 7z 2im, (fe(h) — u(t)),
Gn(fe) = 7z i1 & (fe(A) = Xa(®)) -

For o(t) > ¢ > 0, we also defined
Ha(fe) = Ha (A1) (fe) i= <5 T, B0,

Hn(ft) = Hn( ?75?)(fi \ﬁ ZZL 151%

and for completeness we introduce



e H(f:), the standardized Brownian Bridge with covari-
ance function

f SN fu(N) dP f ft(”dP

fu(N)
To(t)o(u) o(t) dP()\)

o(u)
(19)
e The process

fa(f) = Ha (N €0)(f) WZM%)“),

(20)
which differs from ]ﬁln( f¢) in the use of the standard
deviation o(t) that replace its estimate &, (t).

PROPOSITION 13 (BOOTSTRAP CONVERGENCE).
Suppose that o(t) > ¢ > 0 in an interval [t«,t*] C [0,T], for
some constant c. Then, for large n, there exists a random
variable W < SUP;er, +) [G(fe)] and a set S, € S™ such that
P(AT € S,) > 1-3/n and, for any fized o= (5\1, e 5\") €

sup [P( sup [Gu (A, €)(f) < 2) — P(W < 2)|

2eR tE[tx,t*]
(logn)®/*
< CG( nt/8 )’
for some constant Cg > 0.

PROOF. Let F* = {f; € F : t € [t«,t"]}. Consider the
covering number N(F*, La2(Q), ||F||2¢) of the class F*, as
defined in Appendix A, with F = T/2. In the proof of
Theorem 2 we show that

SupN(]:*aL2(Q)v ||FH2€) < 2/63
Q

where the supremum is taken over all measures () on Lr.

Forn>2,b=0=T/2,v=1, K, = A(lognV1), Theorem
9 implies that there exists a set S, such that P(AT € S,,) >
1—3/n and, for any fixed AP = (5\1, ce 5\”) € S,andd§ > 0,

~ TvAlogn  T(Alogn)®/4
P nl — 5
(‘ tE[StI:I?t*] |G| = W] > Inl/2 onl/4
T(Alogn)®* 1
=G (T )
Define
. T(Alogn)'?  T(Alogn)®*
g(n,6,T) := o172 o1/ + 4.

Using the strategy of Theorem 2 and applying the anti-
concentration inequality of Theorem 11, it follows that for
large n and A7 := (A1,..., An) € S,

sup

P < sup |G (AT, €1)] < Z) —P(W < 2)
te

z [t %]

c T(Alogn)>* 1
<C 6,T),/1 C —
< G g(n,0,T), Jlog - + 3< Soni/i T o

(21)
for some constant C's > 0. Choosing § = %, we
have

T(Alogn)*/?  T(Alogn)®* (Alogn)'/®
g(n,,T) = L(Alogn) (Alogn) (Alogn) *
2nl/2 o2nl/4 nl/8

The result follows by noticing that, g(n,d,T) = O ((1ngL+)81/8)

and , /log -5 = O ((logn)l/Q) . g

In the following lemma we consider the class G = {g: :
= fi/o(t), t« <t < t"} where f; € F is defined in (4) and
we bound the corresponding covering number, as in (18).

LEMMA 14. Consider the assumptions of Theorem 4 and
consider the class of functions Ge = {gt : gt = fi/o(t), t« <
t < t"}, where fy € F. Note that T/(2c) is a measurable
envelope for G.. Then

SgpN(gc,h( ), ellT/(2¢)llq2) < (a/e)”, 0 <e <1

for a = (T? + 2¢?)/c¢® and v = 1, where the supremum is
taken over all measures Q on Lr. G. is of VC type, with
constants a and v and envelope T/(2c).

PRrROOF. First, using the definition of o(¢) given in (6) for
t > u, we have

o?(t) — o?(u) = Var(fi(\)) — Var(fu(\1))
= E[f}(\)] — (B[fe(A))* — E[f2 (M)] +
=E[(fi(\M) - fml))(ft(xl + fu(M)] +

(EB[fu(A)] = Efs(A)]) (B[fu(M)] + E[fs(M)])
(

< (¢ —w) (E[fe(M) + fuA)] + E[fu(A)] + E[f:(M)])
<2(t—w)T.

(Elfu(A1)])”

Note that we used the fact that f;(\) is 1-Lipschitz in ¢ and
T/2 is an envelope of F. Therefore

0°(t) — ()| _ |t~ uT
ot)+o(uw) — ¢
Using that f;(\) is one-Lipschitz, we also have that
lo(H)g:(N) — o(wg(w)] < |t~ ul, for t,u € [t.,t7). Con-
struct a grid t. = to < t1 < --- < tn = t* such that
2
tiv1—t; = TZTQCQ. We claim that {g¢; : 1 <j < N}is an
eT/(2¢)-net of Ge. If g; in Ge, then there exists a j so that
tj S t S t]'+1 and

lo(t) —o(u)] =

o(tj+1)gt; ot
Iy — el = |[L20ss_ oo

oltiv1) ot
a(tj+1)0(t)ge; o — o(tjr1)o(t)ge

o(tj+1)o(t)

By subtracting and adding 02(tj+1)gtj+1 in the numerator
the last quantity becomes

Q,2

(tj+1)gt; 41 [0(t) — o (tj+1)] + o(tj+1)[0(ti+1)gt, 40 — o(t)ge]

o(tj+1)o(t) 0.2

< || Tlo(®) = otj+1)] Lot
- 2c2 0.2 c

(tj+1 — t)T2 tjiy1 —t T2 + 262
< < (tjp1 — ) ———
= 2¢3 + c < (i1 — ) 263
_ el T*+42 T
TT242¢2 263 2

Thus,

supg N(Ge, L2(Q), €T/ (20)) < T2 —t) < Toi2e? -

ec?

Let H be a Brownian bridge with covariance function given
n (19). Then, combining Lemma 14 and Theorem 8, with

_ (logn)!/2

Y=g, we obtain:



%EMMA 15. One can construct a random wariable
Y = supepy, 4+ [H| such that for large n,

(logn)'/2\ _  (logn)!/?
P H,, -Y | < Csg——F—.
<| te?ﬁ%*] [Hn (fo) | > nl/8 S O i

for some absolute constants C7v and Cs.
Consider o(t) and 6(¢), defined in (6) and (12).

LEMMA 16. For large n and some constant Cy,

6 1 1/2 2
P( sup ont) 1’ > CQ(Og# < = (22)
tE[ta,t*] O’(t) n / n

2PROOFZ. Let Ge = {g: :
Ge:={g9":9€Gc}.

By definition O'n

gt = fi/o(t), t« <t < t*} and

th — ()] and o3(t) =
EWQM—(MWm.Hm

) | |62 | |60 — o)
o(t) 1‘<a2<t> 1’ 2(0) ’
§ 1YL O Ef () ‘
T telty,t] [T a2(t) o2(t)
o |[LXE 00 TEO])
AL {n o(t) } [ o (t) }
= 13000 ~Elo)
+ sup {iz ] Bl (29)

Using the same strategy of Lemma 14, it can be shown
that G2 is VC type with some constants A and V > 1 and
envelope T2/(4c?). Therefore, by Theorem 12, with t =
logn and for large n,

sup g(A A)]
<g692 n 2

1 1/2 1
>a5%m)§
n n

1/2
(24)
Note that  sup {1 ig()x)] — (E[g(N)])?
9€Ge n i=1
< — Sélp Zg —E[g(V)]

and, applying again Theorem 12 to the right hand side, we
obtaln

>Cn

ogn 1/2
— )| > 0, 1B < L

nt/2 n

E
(25)

The inequality of (22) follows from (23), (24) and (25). O

( sup
9€Ge

LEMMA 17  (ESTIMATION ERROR OF Q(cv)). Let Q(cv) be
the (1—a)-quantile of the random variable Y < SUPyers, ¢+ [H
and Q(a) be the (1 — a)-quantile of the random variable

SUDyelt, %] |Hn| There exist positive constants C12 and Ci3
such that for large n:

. A oan)3/8 oen)3/8
(i) P [Q(a) <Q (a + 012(1517/)8) - 013(1517/)8] <32

n’

L. ~ ogn 3/8 ogn 3/8
(ii) P [Q(a) >Q (a - 012(17%17/)8) + 013(1517/)8] <2
PROOF. Define AH,(f;) := H,(f:) — H,(f:). Consider
the set Sp,1 € S™ of values AT such that, if AT € S, 1, then

1/2
for all ¢t € [ts,t"].

G(t) (logn)

By Lemma 16, P(A\} € S,1) > 1 —2/n. Fix A} € Sn1.

Then
Z& ft(>\ >\ (t) (o’n((t)) _ 1)

is a zero-mean Gaussian process with variance

G2(t) [ a(t) B 2logn
=0 (&nu) 1) =G,

Let G, = {ag : a € (0,1],9 € G.}. G. is VC type with some
constants A and V' > 1 and envelope 72 /(4c®). Moreover,
the uniform covering number of the process AH,, (A7, £7)(f:)
with respect to the natural semimetric (standard deviation)

AH, (X7, €0)(

AD(f)l = sup [HAT)(fo)l

tE [ty ,t*]

sup [H(
tE [ty ,t*]

is bounded by the uniform covering number of G.. Therefore
we can apply Theorem 2.4 in [15] (see also Section A.2.2 in
[18]) and obtain
P ( 2 Bn>
<P ( sup |AH, (AT, &) (f+)| > ﬂn>
te[ta t*]
v
<D Qﬁnn Cov/logn exp gn (26)
CZlogn Bn/n ~2C2logn
for some constant D. For Ci4 = \/§C’9(1—i—V/2)1/2 and 3, =
Ch4(log n)/n1/2, the last quantity is bounded by
Ci5/[n(logn)*/?], for some constant Cys. Therefore, for
large n,
NIV ~ v logn)3/®
P (|sup IBGE) (1) — sup [EGR) (1] > 010 1B
p p nl/8
< (
< Cis

sup [H(AT) (f0)] — sup [AI(AT)( M’ > O <1§§/Z>>

(logm)*/*
nl/s

< Cis

1
n(logn)t/2 = (27)

. 3/8 .
By Theorem 9 with § = %, for large n, there exists

a set Sp2 € 8™ such that P(A\T € S,2) > 1 — 3/n, and
for any AT € S, 2, one can construct a random variable
y £ Sup,ee, ¢+ [H| such that

o
(28)

Combining (27) and (28), we have that, for large n and
)\711 € Sn70 = Sn,l n Sn,27

P(

for some constants Ci2,Cis.

3 3
Lo (logn)s (logn)s
e, IAGHUI-Y] 2 oS < o R

3 3
- logmy _ ., (logn)?
e, IAGHI-Y| 2 € T < 0w R

(29)



Let Q(a, A7) be the conditional (1 — a)-quantile of
Supepe, ¢+ H(AT)(ft)|- Then Q(a) = Q(a, AT) is a random
quantity and for AT € S, 0, we have that

R “n 1 3/8
P (Y < Qo A1) + cm%)

L 3/8
>P ({Y <O, 37) + 013%} N

(logn)®/®
{ < G

sup [H(A)(fi)| - Y

tE [ty ,t*]

NIV ~ “n logn 3/8
>P ( sup [H(AT)(fe)] < Q(a, AT )) - C127( gl/l
LE [ty t*] n

(log n)*/®
2 1—a-— Clzw.

Therefore (a + Ci2 %) < Q(a)+013% when-

ever A\ € Sp,0, which happens with probability at least
1 —5/n. This proves part (i) of the theorem. The proof of
part (ii) is similar and therefore is omitted. []

C. MAIN PROOFS

PROOF OF THEOREM 2. Let F* = {f; € F : ¢ € [tx,t"]}.
The Lipschitz property implies that for every A € Lr, | ft(A)—
Fo) = M8 = A(w)| < |t — ul and hence |fi — fullo.s <
|t — u|. Construct a grid, 0 = tp < t1 < -+ < tn =T
where tj11 — t; = €||F|lg,2 = €T/2. In the last equal-
ity, we used the constant envelope F'(A) = T//2. We claim
that {f:; : 1 < j < N} is an (¢7/2)—net of F*: choosing
ft € F*, then there exists a j so that t; <t <t¢;41 and

100 — fellQ2 < ltjrr =t < Jtj41 —t5] = T/2.
Thus, we can bound the covering number of F*, as in (18):
T
ellFll.2

where the supremum is taken over all measures () on Lr.
By Theorem 8, withb=0=T/2,v =1, K, = A(lognV1),

there exists W < sup;e 7« G such that, for n > 2,

SupN(]:*aL2(Q)v||FH2€) < = 2/63
Q

TAlogn T1/2(Alogn)3/4
P (| te[btlil,)t*] |G"| - W| > 271/2711/2 ,71/2711/4
T(Alogn)?/3 logn
+W <Cz v+ n

holds for n > 2 and for some constant Cs. Define the

event F := {’ SUpe(s, 4+ |Gnl — W| > g(n,~, T)}, where
T — TAlogn  TY?(Alogn)®* T(Alogn)?/3
g(n,'y, ) - 271/2711/2 71/2711/4 271/3n1/6

Then, for any z and large n,

IF’( sup Gn<z> —P(W <2)
te ]

[ts ,t*

S]P)(WSZ-‘FQ(TL,’)/,T))_

C
T),/log ——— + C' < +
) & 9(n, 7, T) 2\

P(W < z) + P(E°)

logn
n )

<Cig(n,y

where in the last step we used the anti-concentration in-
equality of Theorem 11. Similarly,

tE [ty ,t*]

IF’(W<z)—IP’< sup |G, <z>

tE[ty ,t*

<P(W < z,FE) ]P’( sup |Gn|§z,E> + P(E°)

<P(z—-g(n,~T <W<zE+P( )

log + Cs ( logn) .
n

<Cusg(n,~y,T

It follows that

P( sup |Gn|§z> —P(W < 2)
te

sup
z [t ,t*]
!
<Cig(n,,T), log ——— ( Og”) . (30)
g(n,y, T n
. 7/8
Choosing v = %, we have

_ T(Alog n)9/16 Tl/z(A log n)5/16 T(Alog n)‘s/s
g(n,7,T) = on7/16 + 13/16 + onl/8

.. /
The result follows by noticing that, g(n,~,T) = O (%)

and | /log ;e = O ((logn)1/2). O

PROOF OF THEOREM 4 (VARIABLE WIDTH BAND).
Let H(f;) be the Brownian bridge with covariance function
given in (19). Consider Y < SUPsepy, ¢+ [H|. Let Q(a) be
the (1 — a)-quantile of Y and Q(a) be the (1 — a)-quantile
of the random variable sup, ¢, 4« [Hn|.
Let &1(n) = Cr(logn)*/?/nt/8, e3(n) = Ciz(logn)>/® /nl/,
e3(n) = Co(logn)/?/n'/?, and define e(n) = e1(n)+ea(n)+
e3(n)Q(a).

Similarly let 61(n) = Cs(logn)*/?/n'/8, d3(n) = 5/n,
03(n) = 2/n, and define §(n) = d1(n)+d2(n) +d3(n). Define
7(n) = Ci2(logn)®/® /n!/®. Then, for large n,

]P’(&,(t) < u(t) < ug(t) for all t € [t ,t*])

=P sup
tE [ty t*]

sup [Hn(fi)] < (1 —e3(n)) @ (a+7(n)) - 52(71)}

>P
tE [ty ,t*]

— (52(17,) — 63(n),

where we applied Lemmas 16 and 17. Using Lemma 15, the
last quantity is no smaller than

P[Y < (1 - e3(m) Q (@ + 7(n)) — e2(n) — e1(w)]
—61(n) = d2(n) — d3(n)
> P[Y < Q(a+7(n)) — e(n)] — &(n)
>PY <Q(a+7(n)] — iggﬂ” (‘Y - :c‘ < E(n)> —4(n)

>1—a—71(n)—48§(n)—supP (’Y - :c‘ < e(n))

zeR

Ae(n),

where in the last step we applied the anti-concentration in-
equality of Theorem 10. [J

>1—a—71(n)—48n)—



