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ABSTRACT. We prove that the fractal dimension of a metric space equipped with
an Ahlfors regular measure can be recovered from the persistent homology of ran-

dom samples. Our main result is that if xq,...,z, are ii.d. samples from a d-
Ahlfors regular measure on a metric space, and E? (21,...,7,) denotes the a-
weight of the minimum spanning tree on x1,..., T, :

Eg (T1,...,2p) = Z le|,

e€T(z1,...,Tyn)
then there exist constants 0 < C7 < C5 so that

d—a
Cl S TLiTEg ((El, e ,.’En) S CQ
with high probability as n — oco. In particular, d can be recovered from the limit

log (EQ(21,...,2n))/log(n) — (d— )/d.
This is a generalization of a result of Steele [63] from the non-singular case to
the fractal setting. We also construct an example of an Ahlfors regular measure
for which the limit lim,,_, o n*%Eg (z1,...,2y) does not exist with high prob-
ability, and prove analogous results for weighted sums defined in terms of higher
dimensional persistent homology.

1. INTRODUCTION

The first precise notion of a fractal dimension was proposed by Hausdorff in 1918 [32,
38]. Since then, many other definitions have been put forward, including the box [13]
and correlation [35] dimensions. These quantities do not agree in general, but coin-
cide on a class of regular sets. Fractal dimension was popularized by Mandelbrot in
the 1970s and 1980s [51, 50|, and it has since found a wide range of applications in
subjects including medicine [4, 47|, ecology [36], materials science [24, 69], and the
analysis of large data sets [5, 66]. It is also important in pure mathematics and math-
ematical physics, in disciplines ranging from dynamics [65] to probability [7].

Recently, there has been a surge of interest in applications of topology, and of per-
sistent homology in particular. Several authors have proposed estimators of fractal
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dimension defined in terms of minimum spanning trees and higher dimensional per-
sistent homology [2, 49, 53, 56, 67], and provided empirical evidence that those
quantities agreed with classical notions of fractal dimension. Here, we provide the
first rigorous justification for the use of random minimum spanning trees and higher
dimensional persistent homology to estimate fractal dimension.

We define a persistent homology dimension for measures (Definition 9) and prove
that it equals the Hausdorff dimension for a wide class of “regular” measures (Corol-
lary 10). In concurrent, separate work with J. Jaquette [42], we implement an al-
gorithm to compute this persistent homology dimension and provide computational
evidence that it performs as well or better than classical dimension estimation tech-
niques.

Informally, a set of “fractal dimension” d is self-similar in the sense that its “local
properties” measured at scale e scale as €? or e ? for some positive real number
d that may be non-integral. This is not well-defined in general, and there exist
“multifractals” for which different local properties give different values of d. Here,
we assume a standard regularity hypothesis that implies that the fractal dimension
of a measure is well-defined in the sense that the various classical notions of fractal
dimension — including the Hausdorff, box-counting, and correlation dimensions —
coincide. This is done by taking the volumes of balls centered at points in our set as
the defining “local property.”

Definition 1 ([8, 22]). A probability measure p supported on a metric space X 1is
d-Ahlfors reqular if there exist positive real numbers ¢ and 6y so that

(1) D5 < (B (0) < o

for all z € X and 6 < &y, where Bs (x) is the open ball of radius 0 centered at x.

Ahlfors regularity is a common hypothesis used when studying geometry and analysis
in the fractal setting [22, 23, 44, 48, 55]. If p is d-Ahlfors regular on X then it is
comparable to the d-dimensional Hausdorff measure on X, and the Hausdorff measure
is itself d-Ahlfors regular. Examples of Ahlfors regular measures include the natural
measures on the Sierpinski triangle and Cantor set, and, more generally, on any
self-similar subset of Euclidean space defined by an iterated function system whose
correct-dimensional Hausdorff measure is positive [1] (a weaker requirement than
the usual open set condition); a certain well-studied measure on the boundary of
certain hyperbolic groups including the fundamental group of a compact, negatively
curved manifold [20, 23]; and bounded probability densities on a compact manifold,
either with the intrinsic metric or one induced by an embedding in Euclidean space



FRACTAL DIMENSION AND PERSISTENT HOMOLOGY 3

(these are indeed “self-similar” sets). As such, our methods and results will be more
general than previous papers on the absolutely continuous case. Standard arguments
used in proofs for the non-singular case do not work here, and laws of large numbers
that follow from them are false for some Ahlfors regular measures (as we will see in
Counterexample 4 below).

We study the asymptotic behavior of random variables of the form

B (w1, .omn) = Y, 7,

IEPHZ‘(wl,...,:En)
where {Ij}jeN are 1.i.d. samples from a probability measure g on a metric space,
PH; (xy,...,x,) denotes the i-dimensional reduced persistent homology of the Cech
or Vietoris—Rips complex of {x1,...,z,}, and |I| is the length of a persistent homol-
ogy interval. Unless otherwise specified, our results apply to the persistent homology
of either the Cech or Vietoris—Rips complex, though the constants may differ. The
case where ¢ = 0 and p is absolutely continuous is already well-studied, under a
different guise: if T'(xy,...,z,) denotes the minimum spanning tree on xi,..., T,

and
Eo(x1,...,2) = Z le|*

€T (21,0,
then
E,(21,...,20) = B2 (21,...,2,)
where persistent homology is taken with respect to the Vietoris—Rips complex.

In 1988, Steele [63] proved the following celebrated result.

Theorem 2 (Steele). Let p be a compactly supported probability measure on R™,
m > 2, and let {x,}, oy be i.i.d. samples from p. If 0 < o < m,

lim 0= B (21, @) > c(a,m) [ f (@) de
n—00 Rm

with probability one, where f (x) is the probability density of the absolutely continuous
part of u, and ¢ (a,m) is a positive constant that depends only on o and m.

Steele wrote [63]:

One feature of Theorem 2 that should be noted is that if 1 has bounded
support and p is singular with respect to Lebesgue measure, then we
have with probability one that EO (z1,...,z,) = o (n**/4) . Part of
the appeal of this observation is the indication that the length of the
minimum spanning tree is a measure of the dimension of the support
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of the distribution. This suggests that the asymptotic behavior of the
minimum spanning tree might be a useful adjunct to the concept of
dimension in the modeling applications and analysis of fractals; see,
e.g., [50].

However, despite many subsequent sharper and more general results for non-singular
measures on Euclidean space [3, 43, 70] and Riemannian manifolds [21], little is
known about the asymptotic properties of random minimum spanning trees for sin-
gular measures. As far as we know, the only previous result toward that end is
that of Kozma, Lotker and Stupp [44], who proved that if p is a d-Ahlfors regular
measure with connected support, then the length of the longest edge of a minimum
spanning tree on n i.i.d. points sampled from y is &~ (log (n) /n)"*, where the symbol
~ denotes that the ratio between the two quantities is bounded between two positive
constants that do not depend on n. They also raised the possibility that analogous
asymptotics hold for the alpha-weight of a minimum spanning tree, which we prove
here in Theorem 3.

More recently, as the field of stochastic topology has matured, several studies have ex-
amined the properties of the higher dimensional persistent homology of random geo-
metric complexes defined by absolutely continuous measures on Euclidean space [6,
10, 9, 28, 68]. Most relevantly, Divol and Polonik [27] proved a strong law of large
numbers akin to Steele’s theorem for the persistent homology of points sampled from
bounded, absolutely continuous probability densities on [0, 1]™ . In the non-persistent
setting, several authors have investigated the homology of random geometric com-
plexes on manifolds [11, 12, 25, 54]. However, as far as we know, the current work
is the first to study persistent homology of random geometric complexes beyond the
world of absolutely continuous measures on R™ with convex support (with the ex-
ception of our unpublished manuscript [59], which has largely been subsumed into
the current work). With these broader hypotheses, we encounter difficult geomet-
ric issues related to non-locality and non-triviality of persistent homology, which we
discuss below.

A relationship between persistent homology and fractal dimension has been observed
in several experimental studies. In 1991, Weygaert, Jones, and Martinez [67] pro-
posed using the asymptotics of E° (x,...,,) to estimate the generalized Hausdorff
dimensions of chaotic attractors. The PhD thesis of Robins, which was arguably one
of the first publications in the field of topological data analysis, studied the scaling of
Betti numbers of fractals and proved results for the O-dimensional persistent homol-
ogy of disconnected sets [56]. In joint work with Robert MacPherson, we proposed
a dimension for probability distributions of geometric objects based on persistent
homology in 2012 [49]. Note that the quantities studied in that paper and in the
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Figure 1. Two sets of fractional dimension, and their e-neighborhoods: (a)
a modified Sierpinski triangle and (b) a branched polymer. Their complex
geometry is reflected by their persistent homology.

thesis of Robins measure the complexity of a shape rather than the fractional di-
mension. Most recently, Adams et al. [2] defined a persistent homology dimension
for measures in terms of the asymptotics of E} (z1,...,x,). Their computational
experiments helped to inspire this work. We study a modified version of their di-
mension here (Definition 9), and find hypotheses under which it agrees with the
Ahlfors dimension (Corollary 10).

In the extremal setting, Kozma, Lotker and Stupp [45] defined a minimum spanning
tree dimension for a metric space M in terms of the behavior of E? (Y) as Y ranges
over all subsets of M, and proved that it equals the upper box dimension. In 2018, we
generalized this concept to higher dimensional persistent homology and established
hypotheses under which it agrees with the upper box dimension [60]. In the course
of this work, we investigated extremal questions about the number of persistent
homology intervals of a set of n points; these questions are also important in the
probabilistic context, as we describe below.

1.1. Our Results for Minimum Spanning Trees. Our main result is :

Theorem 3. Let i be a d-Ahlfors reqular measure on a metric space, and let {z,}
be i.i.d. samples from p. If 0 < o < d, then

neN

E° (21,...,2,) ~n a
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with high probability as n — oo, where the symbol ~ denotes that the ratio of the two
quantities is bounded between positive constants that do not depend on n.

We provide a proof of this result using the language of minimum spanning trees
(rather than persistent homology) in Section 3. The special case where p is a measure
on Euclidean space is also a consequence of either Theorems 5 or 8 below.

The hypotheses we require to prove Theorem 3 and our other results below are
somewhat weaker than Ahlfors regularity. In particular, the proofs of our upper
bounds only require that Ms (1) = O (6%), where M; (p) is the maximal number
of disjoint balls of radius ¢ centered at points of supp . Also, the proofs of our
lower bounds require that the uniform bounds in Equation 1 are satisfied on a set
of positive measure, but not necessarily at every point in the support of u. However,
a regularity hypothesis on the underlying measure is necessary. Some definitions
of fractals include the chaotic attractors studied in Section 4 of our computational
paper [42]. Our computations suggest that for several examples and each a > 0 there

do—a
is a different value of d, so that EY (y1,...,y,) &= n da (i.e. that the measure is
“multifractal”). In particular, we could not replace d in the previous theorem with,
say, the upper box or Hausdorff dimension of the support.

Our next result shows that a sharper law of large numbers as in Theorem 2 is false
in general for Ahlfors regular measures.

Counterexample 4. Let d = log(2) /log(3) and 0 < a < d. There exists a d-

Ahlfors reqular measure p on [0,1] so that lim, oo n™ @ E° (z1,...,2,) does not
converge in probability.

In particular, we construct an example of a d-Ahlfors regular measure where
n_d_TaEg (x1,...,2,) oscillates between two positive real numbers with high proba-
bility. We provide a brief description of the counterexample here, and a complete
proof in A. The construction can easily be modified to produce a counterexample of
of dimension d for any d € (0,1) as described at the end of A, but we concentrate
on the case d = log (2) /log (3) for clarity.

Recall that the standard middle-thirds Cantor set C' is constructed as the intersection

of a nested sequence of closed sets 77 D Tb D ..., where T} consists of 2% disjoint
intervals of length (%)k Our counterexample will resemble C' at some scales, and
C rescaled by % at others (see Figure 2). It will be supported on another nested
sequence of of closed sets S1 D S5.... To construct the counterexample, we suppose
that lim, oo n™“@ E° (y1, ..., yn) == c exists in probability, where {yj};cn are iid.

samples from the natural measure on C. We set S, = T}, for all sufficiently small
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Figure 2. A rough depiction of the construction of Counterexample 4,
where the size of each row is shown relative to the standard middle thirds
Cantor set C' at the same scale. At larger scales, it resembles C' (first row).
At a smaller scale, we shrink the pieces of the set by % relative to C' (second
row) resulting in structure that resembles C' rescaled by % when zooming
in further (third row). Even smaller, we re-expand pieces of the structure
by % relative to C' (fourth row) so that at finer scales it resembles C' again
(fifth row). We repeat this process, resulting in a structure that alternates
between resembling C' and %C at different length-scales.

k which ensures that, to a certain point, n_d_TaEg (x1,...,2,) also approaches c.
At smaller length-scales Sy, instead consists of 2¥ intervals of length % (%)k, and we
will show that n_d_TaEg (x1,...,2,) will dip down toward (g)ac. We repeat this
inductively, resulting in quantities that oscillate between ¢ and (%)a c.

1.2. Our Results for Higher Dimensional Persistent Homology. As we noted
in our earlier paper [60], proving asymptotic results for higher dimensional persistent
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homology is challenging due to extremal questions about the number of persistent
homology intervals of a finite point set. While a minimum spanning tree on n points
always has n — 1 edges, a set of n points may have trivial PH; for all ¢ > 0, and there
exist families of finite metric spaces for which the number of persistent homology
intervals grows faster than linearly in the number of points.

To prove upper bounds for the asymptotics of E?, for i > 0, we require either ex-
tremal or probabilistic control of the number of persistent homology intervals of a
set of n points. Families of point sets in Euclidean space with more than a linear
number of persistent homology intervals exist [34, 60], but are considered somewhat
pathological. As far as we know, the Upper Bound Theorem [62] on the number
of faces of a neighborly polytope provides the best extremal upper bound for the
number of persistent homology intervals of the Cech complex of a finite subset of
R™:
O (n*t1) i< %]

For the Vietoris-Rips complex of points in Euclidean space, we [60] showed that
|PHy (z1,...,2,)| = O (n)

by modifying an argument of Goff [34]. A different extremal question arises in the
process of proving lower bounds for E’. In particular, a subset R™ must have dimen-
sion above a certain non-triviality constant 7/ (defined in Section 6.2) to guarantee
the existence of subsets with non-trivial i-dimensional persistent homology. Note
that 7" may depend on whether persistent homology is taken with respect to the
Cech complex or Vietoris-Rips complex. Unless otherwise noted, that dependence
is left implicit. We showed that 47* < m — 1/2 for the Cech complex in our previous
paper [60].

The proofs of the upper bounds in the next two theorems work for Ahlfors regular
measures on arbitrary metric spaces, but the lower bound requires that the measure
is defined on a subset of Euclidean space.

Theorem 5. Let p be a d-Ahlfors reqular measure on R™ with d > ~™, and let
{Zn},en be i.i.d. samples from p. If there are positive real numbers D and a so that

’PHZ (xl,...,ajn)] < Dn*

for all finite subsets of supp p, and 0 < o < ad, then there are real numbers 0 < { < Z
so that

ad—a

d—a .
(n'F < El (a1, 3,) < Zn*%
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with high probability, as n — oco. In fact, the upper bound holds with probability one.

The upper bound is shown in Proposition 27, and the lower bound in Proposition 41.
The following is a corollary, using our previous results on 7% and the fact that the
Alpha complex of a set of n points in R? has O (n) faces.

Corollary 6. Let p be a d-Ahlfors reqular measure on R?, and let {@n},en be
i.i.d. samples from p. If 0 < o < d. If d > 1.5, 0 < a < d, and persistent ho-
mology s taken of the Cech complex, then

—

d
Bl (2y,...,2,) ~n 4

with high probability as n — oco. In fact, the upper bound holds with probability one.
Another corollary, based on our results on the Rips complex [60], is

Corollary 7. Let p1 be a d-Ahlfors reqular measure on R™, and let {xy,}, . be
i.1.d. samples from . If persistent homology is taken of the Rips complex, d > ~{",
and 0 < a < d, then

d—a
EY(zy,...,x,) ~n'a

with high probability as n — oo. In fact, the upper bound holds with probability one.

For ¢ > 0 and m > 2, we show better upper bounds for d-Ahlfors regular measures
for which the expectation and variance of |PH; (x1,...,x,)| scale linearly and sub-
quadratically, respectively. These quantities can be measured in practice, allowing
one to determine whether higher dimensional persistent homology would be suitable
for dimension estimation in applications.

Theorem 8. Let p be a d-Ahlfors reqular measure on R™ so that d > ™, and let
{@n},en be i.i.d. samples from p. If

E(|PH; (71,...,2,)]) =0 (n) and Var(|PH;(z1,...,7,)|) /n* =0
and 0 < o < d, then there are real numbers 0 < A < A so that

—a

An‘at < E' (21,...,7,) < An“T log (n)4
with high probability, as n — oo.
The upper and lower bounds are shown in Propositions 32 and 41, respectively. Many

of our other results can be viewed as special cases of this theorem, including Corol-
laries 6 and 7 and the particular case of Theorem 3 where the measure is supported
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on Euclidean space. More generally, although there are few rigorous results on the
scaling of the number of persistent homology intervals in higher dimensions, com-
putational results indicate that these hypotheses hold broadly — see the Appendix.
Also, Stemeseder [64] showed that any positive, continuous probability density on
the m-dimensional Euclidean sphere satisfies the hypothesis on the expected number
of intervals, and the uniform measure on the sphere satisfies the hypothesis on the
variance. However, we think these are interesting hypotheses not because they are
easy to prove but because they can be estimated in data analysis.

1.3. Dimension Estimation. As we noted earlier, several authors have proposed
to use persistent homology for dimension estimation. Here, we provide the first
proof that these methods recover a classical fractal dimension, under certain hy-
potheses.

We define a family of PH; dimensions of a measure, one for each real number o > 0
and 7 € N :

Definition 9.
o

1-3’

dimpgrg (1) =

where

B = limﬁsup log (& (Eﬁ‘)éx(lq;) 7)) .

That is, dimpge (1) is the unique real number d so that

limsupE (E, (21,...,2,)) 0" &
n—00
equals oo for all £ < d, and is bounded for £ > d. The case a = 1 is very closely related
to the dimension studied by Adams et al. [2], and agrees with it if defined.

Theorem 2 [63] implies that if p is a compactly supported, non-singular probability
measure on R™, then dimpgg (1) = m for 0 < a < m. Similarly, the results of Divol
and Polonik [27] show that if x is a bounded probability measure on the cube in R,
then dimpge (1) =m for 0 <a <mand 0 <i <m.

The following is a corollary of our theorems on the asymptotic behavior of E’:

Corollary 10. If p is a d-Ahlfors reqular measure on a metric space and 0 < o < d
then

dimpHg =d.
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Furthermore, if 1 is defined on R™, d > ~™, and
E(|PH; (z1,...,2,)]) =O(n) and Var(|PH;(zy,...,2,)|)/n* =0,

then

This result is weaker than our main theorems, and it can be proven with weaker
hypotheses. For example, the upper bound dimpyg (1) < d holds if the hypothesis
of d-Ahlfors regularity is replaced by the requirement that the upper box dimension
of the support of u is equal to d.

Proposition 11. Let o be a measure on a bounded metric space X, and let dimp,, (X)
be the upper box dimension of X (defined below). If o < dimyp,, (X) then

dimp[-[g (u) S dz’mbom (X) .

In separate experimental work (joint with J. Jaquette), we implement an algorithm to
compute the persistent homology dimensions and compare its practical performance
below to classical techniques for estimating fractal dimension, such as box—counting
and the estimation of the correlation dimension. The persistent homology dimension
(for i = 0) performs about as well as the correlation dimension, both in terms of the
convergence rate and speed of computation, and significantly better than the box
dimension. [42] Our results here imply that the computational estimates in [42] will
converge with high probability as the number of samples goes to infinity for several
of the examples considered. These include the PH, dimension of the Cantor dust,
Cantor set cross an interval, Sierpinski triangle, and Menger sponge, and the PH,
dimensions of the Cantor set cross an interval and the Sierpinski triangle.

1.4. A Conjecture. We conjecture that if the persistent homology of the support
of an Ahlfors regular measure is trivial, then the Lebesgue measure can be replaced
with the d-dimensional Hausdorff measure H¢ in Theorem 2. Note that this would
exclude Counterexample 4.

Conjecture 12. Let pu be a d-Ahlfors reqular measure on a metric space M and let
{@n},en be ici.d. samples from p. If PHo (supp p) is trivial and 0 < a < d, then

lim n"FTaEg (X1, .., Tpn) = o (e, d)/ F (@) gy
n—oo M

with probability one, where f (x) is the probability density of the absolutely continuous
part of p with respect to the d-dimensional Hausdorff measure H® and cy (o, d) is a
continuous function of o and d.
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Furthermore, if p is supported on R™, d > ~™, and PH; (supp ) is trivial then

n—0o0

lim n_d_TaEé (X1, ..y Tp) = ¢ (a,d)/ f(x)(d_o‘)/d d
M

with probability one, where f (x) is the probability density of the absolutely continuous
part of p with respect to the d-dimensional Hausdorff measure H® and c; (o, d) is a
continuous function of o and d.

2. PRELIMINARIES

We introduce notation and lemmas that will be used throughout the paper. Lemma 14
controls the asymptotics of the maximal number of disjoint balls centered at points
in the support of an Ahlfors regular measure, and will be applied in many of our
arguments. In Section 2.3, we define occupancy indicators in terms of collections of
subsets of a metric space, and prove a weak law of large numbers for them. Later in
the paper, we will use these occupancy indicators to define events implying the exis-
tence of a minimum spanning tree edge or persistent homology interval of a certain
length.

2.1. Notation. In the following, X will denote a metric space and x will denote
a finite point set with an unspecified number of elements. Furthermore, x, will
be shorthand for a finite point set {xi,...,z,} C X containing n points. If the
measure /4 is obvious from the context, {xj}jeN will be a collection of independent
random variables with common distribution p. Finally, we will use symbols with the
“mathcal” font (i.e. A, B,...) for collections of sets.

2.2. Ahlfors Regularity and Ball-counting. Let X be a metric space, and let
Ms (X)) be the maximal number of disjoint open balls of radius § centered at points
of X. The upper box dimension is defined in terms of the asymptotic properties of
M;(X).

Definition 13. Let X be a bounded metric space. The upper box dimension of X is

) ) log (Ms (X))
dimpe, (X) =1 —
e () =y = S

If X admits a d-Ahlfors regular measure, we can control the behavior of Ms (X) .

Lemma 14 (Ball-counting Lemma). If u is a is d-Ahlfors reqular measure supported
on a metric space X then

1
—275 1 < M5 (X) < co
C
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for all 6 < 6y, where ¢ and oy are the constants given in Definition 1.

Proof. Let {mj};.wz‘sl(x) be the centers of a maximal set of disjoint balls of radius
centered at points of X.

1= p(X)
Ms(p)
> Z w(Bs () by disjointness
j=1
1
> EédM(g (1) by Ahlfors regularity

— M (p) <co?.

The maximality of {Bs (z;) ?ﬁl(“ ) implies that the balls of radius 20 centered at the
points {z;} cover X. It follows that

1= p(X)
Ms(X)

< 3 j(Bus(ay)

J=1

< 2% M;s (X) by Ahlfors regularity
1
— M;(X)>-27%"1,
c

as desired. 0

2.3. Occupancy Indicators. Our strategy for proving lower bounds for the asymp-
totic behavior of E(zy,...,z,) will be to define certain occupancy indicators
that imply the existence of a persistent homology interval (or minimum spanning
tree edge) whose length is bounded away from zero.

If A and B are sets define

0 ANB=g

5(A’B):{1 ANB+4o

Also, If A is a set and B is a collection of sets define the occupancy indicator

1 6(A,x)=0 and d(B,x)=1 VBeB
0 otherwise '

E(X,A,B):{



FRACTAL DIMENSION AND PERSISTENT HOMOLOGY 14

All occupancy indicators considered in this paper will satisfy A N B = @ for all
B € B, and By N By, = @ for all By, B, € B so that By # Bs. We say that two
occupancy indicators = (x, Ay, B) and = (x, Az, C) (where x is the same sample for
each) are disjoint if

BeB cec
An n, p, q,-bounded occupancy indicator is a random variable of the form
= (%, A, B)

where B is a collection of at least r sets, and x, is a collection of n independent
random variables with common distribution v satisfying

v(A)<g/n and v(B)>p/n YVBeDB.

If the above conditions on v and the number of sets in B hold with equality, we say
that = (x,, A, B) is a n, p, ¢, r-uniform occupancy indicator.

Disjoint n, p, ¢, r-uniform occupancy indicators satisfy a weak law of large numbers
as n — oo.

Lemma 15. Let r;a > 0, and 0 < p,q < 1. Also, for each n € N let X7, ... ,X’fanj
be disjoint n,p,q, r-uniform occupancy indicators. If Y, = %Z]LZIZJ X7, then

lim Y, =~

n—oo

in probability, where v = ae™4 (1 — e P)".

Proof. First, we compute the limiting expectation of the events X7 as n — oo:

B(X)) =F (7 =1)=(1- %)ni(‘l)j () (1 7 f/:/n)n

by inclusion-exclusion. Therefore
I E (X)) = e (z v () ) ety

where we factored the second term in the middle equation using the binomial theo-
rem. Thus lim, . E (Y,) = 7 by linearity of expectation.
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A similar computation shows that if j # k,

lim E (X]”X,?) =M (1 — e_p)Qr .

n—oo

It follows that

lim Cov (X7, X7') = lim (E (X'X}) —E (X7)E(X])) = 0.

n—oo n—oo

Therefore

lan] lan] j—1
1
Var (Y,,) = 3 g Var (X;) + 2 E E Cov (X7, X}')
j=1 j=1 i=1

n®>—n

~ IVar (X7) +a Cov (X7, X7
n

n2

a 1
< - 1—— | Cov (X X7
_n+a( n) ov (X7, X3)

also converges to 0 as n goes to oo.

Let ¢ > 0 and 0 < p < 1. Choose N sufficiently large so that
ep
IE(Y,) — 7] <€/2 and  Var(Y,) < 2

foralln > N.If n > N,
P(Yy =] > ) < P([Ya—E(Ya)] > ¢/2)

IN

P (]Yn —E(Y,)| > % Var (Yn))

IN

p
by Chebyshev’s Inequality. O

The occupancy indicators we define below will not be uniform, but we can use the
previous lemma to bound them. To do so, we require a standard lemma on non-
atomic measures [41, 61].

Lemma 16. If i is a non-atomic measure on a metric space Y, and 0 < a < p1(Y)
then there exists Yo C'Y so that p(Yp) = a.
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Lemma 17. Let r,a >0, 0 < p,q < 1, and s, > |an| for all n € N. Also, for each
n € Nlet X{,..., X} be disjoint n,p,q,r-bounded occupancy indicators. Under these
hypotheses, there is a v > 0 so that

1 &
lim —ZXJT-L >y
j=1

n—oo N

with high probability.

Proof. Let ag = min (a,1/(p+q)), 1 <j < |agn], and

X =E2 (xn,A?,B;?) .

v is non-atomic, so by the previous lemma we can find a subset B of each set B € B
so that v (B) =p/n. Let

Laon ]
g ={B:Bep;} ad p,-J B
J=1 BeBR,

~

We will show that there are disjoint sets A7, ... 7A7fa0n | so that Al C fl;‘ C D¢ and
v <fl?> —q/nfor j=1,...,|apn]. Let D, = D\ U;jA7. The maximum index of j
is |agn| and ag (p + ¢) < 1 so

Applying the previous lemma to v |5 gives a C) C D,, with v (Cy) = q/n — v (A7),
so if A7 = Oy UA”? then A7 C A? C D,, and v (fl’f) = ¢/n. Assuming we have found
A?, e ,AZ we can apply the same argument to v ‘Dn\u;?:l/x; to find AZH.
Let

X7 =2 (%0, A7, B7) .
By construction, X" =1 = X;L =1 so % ZJLS':"IJ X7 stochastically dominates
1 ZJLZOI"J Xf Applying the Lemma 15 to the latter sum implies the desired result. [
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3. THE PROOFS FOR MINIMUM SPANNING TREES

We prove the upper and lower bounds in Theorem 3 in Sections 3.1 and 3.2 below.
First, we sketch both proofs. If x is a finite metric space, let T'(x) denote the
minimum spanning tree on x, and let p(x,d) be the number of edges of 7' (x) of
length greater than .

To prove the upper bound, we begin by controlling p (x,6) in terms of the max-
imal number of disjoint balls of radius §/2 centered at points of x,, (Lemma 19).
Combining this with the asymptotics we found in the ball-counting lemma above
(Lemma 14) gives that p (x,,d) < Cd~¢ for some constant C' > 0 and all x,, C X.
We convert this into a bound on Ef (x,,) by integrating (Lemma 20) and using that
a minimum spanning tree on n points has n — 1 edges, yielding the upper bound in
Theorem 3 (Proposition 21).

For the lower bound, we define an occupancy indicator that implies the existence of
a minimum spanning tree edge of length at least , by requiring that a ball of radius
9 is occupied and its annulus of radii (d,2d) is not (Lemma 22 and the preceding
text). Taking a collection of these indicators for a maximal set of disjoint balls of
radius 2n~'/¢ and applying Lemma 17 gives that

p (Xn,n ) >

with high probability as n — oo for some 7 > 0 (Lemma 23). Summing over edges of
length exceeding n~/? proves the lower bound in Theorem 3 (Proposition 24).

We use the next lemma in our proofs of both the upper and lower bounds. Let Gy
be graph the with vertex set x so that x; and x5 are connected by an edge if and
only if d(x1,x2) < € (this is the one-skeleton of the Vietoris-Rips complex on x).
The following is a corollary of Kruskal’s algorithm.

Lemma 18.
p (ZB, 6) = BO (G:I:,e) -1

where By (Gye) is the number of connected components of Gg..
3.1. Proof of the Upper Bound in Theorem 3.

Lemma 19. Let X be a metric space and suppose that there are positive real numbers
D and d so that

(2) M (X)< Dé



FRACTAL DIMENSION AND PERSISTENT HOMOLOGY 18

for all § > 0, where Ms(X) is be the mazimal number of disjoint open balls of radius
d centered at points of X (as defined in the previous section). Then

p(x,0) < D274 61
for all finite subsets ® of X and all 6 > 0.

Proof. Let x C X and § > 0. Also, let y consist of the centers of a maximal set
of disjoint balls of radius §/2 centered at points of x. The maximality of y implies
that for every = € x there exists a y € y so that d(z,y) < J. In particular, every
connected component of Gy s has a vertex that is an element of y. Therefore,

p(x,0) = Bo(Gxs) —1 by Lemma 18
< lyl-1
< D(5/2)° by Equ. 2
= 279p§?,

g

The previous lemma controls of the number of MST edges of length greater than e.

We can use this to prove an upper bound for E§ (x,) via the following lemma of
Cohen-Steiner et al. [19].

Lemma 20. Let J C RT be a bounded set of positive real numbers and let

Je={jeJ:j>¢€}.

If
| Je| < f(€) <o0
for all € > 0 then
max J
Zjageo‘f(e)+a/ f(8)0**dés
d=¢

jede
for all a > 0. Furthermore, if |J| < f(0) < oo then

max J

3) Sitza e,

jed 6=0
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Proof. For completeness, we reproduce the proof in [19]. > jes. J¢ can be expressed
as an integral involving the distributional derivative of |.J.|. Applying integration by

parts yields:
: > 0|Js|
¢ = — 0% do
2. /5 96

jeJe =€

- [_ BA (ﬂ:; + 04/600 |J5| 6% do

=€

sup J
_ ea|JE|+a/ 5] 6% do
1

=c
sup J

< eaf(e)—i—a/ F(8)6° ds.

d=¢
O

Combining the previous two lemmas gives an an extremal upper bound for E° (x,,)
that, when combined with Lemma 14, implies the upper bound for Theorem 3.

Proposition 21. Let X be a metric space and suppose that there are positive real
numbers D and d so that

Ms(X)< Ds™
forall 6 > 0. If 0 < a < d, then there exists a D, > 0 so that
EY (2,) < Don'®

for all n and all collections x, of n points in X. Furthermore, there exists a Dg > 0
so that

Eq (%) < Dq log (n)
for all n and all collections x, of n points in X.

Proof. Rescale X if necessary so that its diameter is less than 1, and let

1/ D \V
K== .
2 <n—1)

The previous lemma implies that

p({xn},e) < 274De ¢,

Furthermore,
p({xn},€) <n—1
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because a minimum spanning tree on n points has n — 1 edges. Combining these
yields that p ({x,},€) < f (€) where

n—1 e<K

(4) f(e) =min (n—1,27De™?) = { <

279D >k

We have that Applying Lemma 20 to the set of edge lengths of the minimum spanning
tree on x,, yields

Eg(xa)= Y le

e€T (Xn)
1
< « f(8)0** dé by Eqn. 3
6=0
K 1
= (n—1) / a6t ds+a274D 54 ds by Eqn. 4
0=0 0=k
alr x — o— 1
= (n_l) [5 ]6:O_d_a2 dD [5 d}ézn

Q@
— -1 « 27dD a—d 1
(n—1)Kr*+ FR (k )
e} d—o o
= 2°Di (14D —1) 7 — 27D
' ( N d— a) (n=1) d—o
< Don'7
where
— a «
DQ—QO‘Dd(l—i—D )
d—a
The result for a = d follows from a similar computation. O

We now prove the upper bound in Theorem 3.

Proof of the Upper Bound in Theorem 3. Let p be a d-Ahlfors regular measure and
0 < a < d, and let X be the support of u. By Lemma 14 there is a ¢ > 0 so that

Ms(X) <co™
for all 6 > 0. Therefore, by the previous lemma there exists a D, > 0 so that
d—a

E%(x,) < Don @

for all collections of n points x,, C X. O
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Proposition 21 also implies Proposition 11, that the PH, dimension of a measure is
bounded above by the upper box dimension (Definition 13) of its support, even if it
is not Ahlfors regular.

Proof of Proposition 11. Let p be a measure on a metric space X, d = dimypey (X)
be the upper box dimension of X, and o < d < dy. By Definition 13 thereisa D > 0
so that

M;s(X) < D§ %
for all sufficiently small §. Therefore, by Proposition 21, there is a D, > 0 so that

dg—«a

EY(x,) < Dyn %

for all sets of n points x,, C X.

Then
dp—«
oy PEEEL ) B () -

oo log (n) ~—  log(n) do

and, recalling Definition 9,
o «
. ) _ < _
e U0 =75 S Ty —a) e

where we have used that dod—;a > (. This inequality holds for any dy > d, so
dlmPHf‘ (,u) < d = dimy,ex (X> )
as desired. 0

3.2. Proof of the Lower Bound in Theorem 3. Our strategy to prove a lower
bound for the asymptotics of EY (x,) is to define random variables in terms of occu-
pancy patterns of disjoint balls of radius 2r. This will in turn allow us to count the
number of minimum spanning tree edges of lenght at least r.

Let M be a metric space and let u be a d-Ahlfors regular measure with support M.
If B is a ball of radius 2r centered at a point y € M and x is a finite subset of M,
define

W(B7X) = E(X’B\BT (y)7{Br (y)}) .

That is, w (B,x) = 1 if x intersects B, (y) but not the annulus centered at y with
radii 7 and 2r.
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Figure 3. The red balls on the right all satisfy w (B,x) = 1, which guar-
antees that the minimum spanning tree on the left has at least three edges
whose length exceeds 7.

Lemma 22. Let B be a set of disjoint balls of radius 2r centered at points of M, and
let x be a finite subset of M. Then

p(zr) > w(Bx)—1.

BeB

Proof. This is an immediate consequence of Lemma 18. See Figure 3. 0

Next, we take B to be a maximal set of disjoint balls of radius 2n~"¢ and use
Lemma 17 to provide a lower bound for p (Xn, n~Y d) :

Lemma 23. There is a positive real number v > 0 so that
p (@, n~ ") >y
with high probability as n — oo.

Proof. Fix n € N and let e = n~Y/% Let BY,.. ., B be a maximal collection of
disjoint balls of radius 2¢ centered at points of X, and let y}' be the center of B} for
g=1... 5.
Set
1 1
p=- and ¢q=2%—-.
c c
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where ¢ is the constant appearing in the definition of Ahlfors regularity (Definition 1).
By that definition,
n p
(B (y7) z pet =
and
n n d 1 d q
1 (B7\ Be (y7)) < c(2¢)" — o=
Also, Lemma 14 implies that

1 1
§y > —2792¢7d = 2972y
C &

Therefore, the occupancy indicators w (B}, X,),...,w (Bgn7 xn) satisfy the hypothe-
ses of Lemma 17 and

R n
Jggogéw(Bj,xn) > 5

with high probability as n — oo. Combining this with Lemma 22 gives the desired
result.

O
The lower bound in Theorem 3 follows quickly.

Proposition 24. Let p be a d-Ahlfors reqular measure on a metric space M. If
{SL’j}jeN are 1.i.d. samples from p, and 7y is as given in the previous lemma, then

lim n’%Eg (x,) >~
n—oo

with high probability.

Proof. We have that
lim n_d_TaEg (x,) > lim n T (n_l/d)ap (xn,n_l/d)
n— o0 n—oo

> lim n~ T n/ (yn) by Lemma 23

n—oo

g
with high probability as n — co. U
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4. PERSISTENT HOMOLOGY

We provide a brief introduction to the persistent homology [29] of a filtration, loosely
following [60]. For a more in-depth survey refer to, e.g., [14, 15, 30, 31, 33]. A
filtration of topological spaces is a family {X.} ., of topological spaces indexed by
an ordered set I, with inclusion maps X, — X, for all pairs of indices ¢; < €y. For
example, if X is a subset of a metric space M, the eneighborhood filtration of X,
{Xc}.oo, is the family of e-neighborhoods of X, where

Xe={meM:d(m,X) <e},

together with inclusion maps X, — X, for ¢; < e3. See Figure 1. If X is a subset
of Euclidean space, this construction is homotopy equivalent to the Cech complex

of X. The Cech complex of a subset X of a metric space is the simplicial complex
defined by

(x1,...,m,) € C(X,e) if N Be () # 9.

Note that the Cech complex depends on the ambient metric space. For example if
p1, P2, p3 are the vertices of an acute triangle R™ and the ambient space is R™ then the
2-simplex (p1, pa, p3) will enter C' (X, €) when € equals the circumradius of the triangle.
If the ambient space is {p1,p2, ps}, the simplex (p1,p2, p3) will enter the complex
when € equals the maximum pairwise distance between the three points.

In Euclidean space, the Alpha complex of a finite set x is filtration on the Delu-
anay triangulation on x. We do not define the Alpha complex here; see [29] for a
definition.

Another common construction is the Vietoris—Rips complex: if Y is a metric space,
let V (Y, €) be the simplicial complex defined by

(Y1, yn) €V (Yye) if d(yj,un) <eforjbk=1,....n.

The family {V (Y,€)}.., together with inclusion maps for ¢ < e is a filtration
indexed by the positive real numbers. As noted earlier, all of our results apply to
both the Cech and Vietoris-Rips complexes except for Corollaries 6 and 7, though
the constants may differ. We will suppress the dependence of persistent homology
on the underlying filtration, unless otherwise noted.

The persistent homology module of a filtration is the product [] .., H; (X.),
together with the homomorphisms je, ., : H; (Xe) — H; (X,,) for €y < €, where
H; (X.) denotes the reduced homology of X, with coefficients in a field. If the rank
of i¢, ¢, is finite for all €9 < €, — a hypothesis satisfied by all filtrations considered
in this paper [17, 15] — the persistent homology module decomposes canonically
into a set of interval modules [16, 71]. We denote the colletion of these intervals as
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PH; (X); each interval (b,d) € PH;(X) corresponds to a homology generator that
is “born” at € = b and “dies” at € = d.

If x is a finite metric space and persistent homology is taken with respect to the
Vietoris—Rips complex, Kruskal’s algorithm implies that there is a length-preserving
bijection between intervals of PH, (x) and the edges of the minimum spanning tree
on x. The same is true if persistent homology is taken with respect to the Cech
complex if the ambient space is R™, except that an interval is matched with an edge
of twice its length.

4.1. Properties of Persistent Homology. Let X be a metric space. For each
e > 0, let PH;(X) denote the set of intervals of PH,;(X) of length greater than
€

PH;(X)={l€ PH;(X): |I| > €} .
Also, define
(5) pi (X, €) = |[PH{ (X)] .

If X,V C X, let dy (X,Y) denote the Hausdorff distance between X and Y:
dy (X,Y)=inf{e>0:Y C X, and X CY.}.

Also, let d(X,Y) be the infimal distance between pairs of points, one in each
set:

d(X,Y)= inf d(z,y).

zeX,yeY

We use the following properties of persistent homology in our proofs:
(1) Stability: If dy (X,Y) < ¢, there is an injection
n: PH>*(X) — PH; (Y)
so that if n ((bo, do)) = (b1,d;) then
max (|bg — by, |do — di]) < €.

In particular,
pi (X, 2e+0) <p; (Y,9)
for all 6 > 0. [17, 18]

(2) Additivity for well-separated sets: If X;,..., X,, C M and

d (X;, Xi) > max (diam X, diam X) (1 — ;%) Vi, k
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then

Di (Uij7€) > Zpi (Xj? 6) .
J

(3) Translation invariance: PH; (X) = PH,;(X +1t) for all t € R™.
(4) Scaling: For all p > 0,
PH; (pX) = {(pb, pd) : (b,d) € PH; (X)} .
We use property (1) in our proofs of both the upper and lower bounds in Theorems 5
and 8, and property (2) for our proof of the lower bound. For these results, we also

require a non-triviality property (as in Definition 35) and an upper bound for the
number of i-dimensional persistent homology intervals of a set of n points.

4.2. A Lemma. If X is a metric space, let F! (X, ¢) denote the a-weighted sum of
the persistent homology intervals of X of length greater than € :

Fi(X.o= Y I

I€PHE(X)
We will use the following lemma in the next section.

Lemma 25. Ifdy (X,Y) < €/4 then
F!(X,e) <2°F.(Y,¢/2) .

Proof. By stability, there is an injection
n: PHS(X) — PH!? (Y)
so that for all I € PHS (X)
] <In(D)]+e/2<2[n(I)] .
It follows that

Fy(X,= > |

I€PHS(X)

< Y 2h@r
[€PHS(X)

<2 > M
JePH*(Y)

= 2°F' (Y, ¢/2) .
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5. UPPER BOUNDS

In this section, we prove the upper bounds for in Theorems 5 and 8, where the
former assumes extremal hypotheses on the number of intervals of PH; (x,,) and the
latter assumes that the expectation and variance of the number of intervals behave
nicely.

In the extremal case, we closely follow the approach of Section 3.1. Instead of using
that a minimum spanning tree on n points has n — 1 edges, we assume that the
number of intervals of PH; (x,) is bounded above by Dn® for some constant D. We
control p; (x,,,d) by approximating x,, by with the centers of a maximal set of disjoint
balls of radius /2 and applying stability (Lemma 26). The asymptotics we found
in the ball-counting lemma above (Lemma 14) then imply that p; (x,,d) < C§~*
for some constant C' > 0 and all x,, C X. We convert this into a bound on E{ (x,,)
by integrating (using Lemma 20) and again using our assumption on the number of
intervals, yielding the upper bound in Theorem 5 (Proposition 27).

While the extremal hypotheses allow us to prove the desired upper bound in Corol-
lary 6, they are inadequate to show a similar upper bound for subsets of higher
dimensional Euclidean space. Instead, we show that we can obtain a better upper
bound on the scaling of Ef (x,) by assuming that

(6) E([PH; (xn)[) = O (n)

and
Var(|PH; (x,)|) /n2 — 0,

which are quantities that can be estimated in practice during the course of data
analysis. We use Equation 6 to control the persistent homology of the support of
the measure (X)) by approximating X by a point sample in Lemma 29 and applying
stability in Lemma 30, resulting in Proposition 31 on the asymptotics of truncated
a-weighted sums for PH; (X) . With that, we write PH; (x,,) a sum of two terms, one
which approximates PH,; (X) and one which corresponds to “d-dimensional noise” at
a certain scale. Controlling both terms gives a proof of the upper bound in Theorem 8
(Proposition 32).

5.1. Extremal Hypotheses. First, we prove the upper bound in Theorem 5, which
implies the upper bound for our result on measures supported on a subset of R?
(Corollary 6). The next lemma uses bottleneck stability to convert an extremal
bound on the number of persistent homology intervals of a set of n points in a
metric space X into a bound on the number of intervals of length greater than ¢
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for any Y C X. It is the analogue of Lemma 19 for higher dimensional persistent
homology.

Lemma 26 (Interval Counting Lemma). If X is a bounded metric space so that
|PH; (x1,...,2,)| < Dn®.
for some positive real numbers a and D and all finite subsets {x1,...,x,} of X, then
pi(Y,e) < D'e
for some D' >0, allY C X, and all € > 0.

Proof. Recall from Equation 5 that p; (Y, €) is the number of intervals of PH; (Y) of
length greater than e.

Let Y C X, e > 0, and {y,} be the centers of a maximal set of disjoint balls of radius
€/4 centered at points of Y. The balls of radius €/2 centered at the points {y;} cover
Y so

du ({yi},Y) < €/2

It follows that

pi(Y,e) < pi({yi},0) by stability
< Dlyl|* by hypothesis
< DM,), (X)“
< Dct4m/dgad by Lemma 14
as desired. 0

The next proposition is the analogue of Proposition 21. The proof is nearly identical,
and we do not repeat it here.

Proposition 27. If X satisfies the hypotheses of the previous lemma and o < ad,
then there exists a D, > 0 so that

ad—a

E' (21,...,2,) < Don 4

for all finite subsets {x1,...,x,} C X and all n € N. Furthermore there exists a
D; > 0 so that

E' (x1,...,1,) < Dglog (n)
for all finite subsets {x1,...,x,} C X and alln € N.
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We now prove the upper bound in Theorem 5.

Proof of the Upper Bound in Theorem 5. Let u be a d-Ahlfors regular measure and
let X be the support of x. Assume that there are positive real numbers D and a so
that

|PH; (x,)| < Dn®
for all finite subsets of X, an let 0 < o < ad.
By Lemma 14 there is a ¢ > 0 so that
Ms(X) <co™
for all & > 0. Therefore, by the previous lemma there exists a D, > 0 so that
ad—a

E%(x,) < Dyn 4

for all collections of n points x,, C X. O

5.2. Probabilistic Hypotheses. While the extremal hypotheses of the previous
section allow us to prove the desired upper bound in Corollary 6, they are inadequate
to show a similar upper bound for subsets of higher dimensional Euclidean space.
Here, we show that hypotheses on the the expectation and variance of the number of
PH; intervals of a set of n points imply better asymptotic upper bounds (the upper
bound in Theorem 8). The idea of the proof is to control the behavior of the support
of the measure (PH; (X)) in terms of the persistent homology of point samples
from X. With that, we write PH; (x,) a sum of two terms, one which approximates
PH; (X) and one which corresponds to “d-dimensional noise” at a certain scale.

First, we require the following lemma, which follows from a standard argument using
the union bound; see [54] for a proof.

Lemma 28. Let p be a probability measure on a metric space X, and {Bj}é.zl cX
be a collection of balls so that so that 11 (B;) > a for all j. Then

P(x,NB; #@ for j=1,...,1)>1—1le .

Next, we apply the previous lemma to control the Hausdorff distance between X and
finite samples from an Ahlfors regular measure on X.

Lemma 29. If p is a d-Ahlfors reqular measure with support X then there exists
a positive real number Ay depending only on the constants ¢ and d appearing in the
definition of Ahlfors reqularity so that

(7) P(dy ({@,}, X) <€) > 1 — celem4on
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for all e > 0.

Proof. Lety = {yl, o 73/M€/3(X)} be the centers of a maximal set of disjoint balls of

radius €/3 centered at points of X. By the definition of Ahlfors regularity,
1 (Bess (y)) = Age?

for all y € y, where Ay = 379 /c.

The balls of radius 2¢/3 centered at the points of y cover X so
dy (y, X) < 2¢/3.

Therefore, if {x,} N B3 (y) # @ for all y € y then
dg ({xn},X) <€/3+2¢/3=c¢.
It follows that
Pldy ({x,},X)<e)> P ({xn} NBys(y) #@ forallye y)
1 — M3 (X) g~ Aocn by Lemma 28

P d
1— ce de Aoen

v

v

by Lemma 14 .

g

In the next lemma, we show that if the expected number of persistent homology
intervals of x,, is O(n), then we can control the number of “long” persistent homology
intervals of X itself.

Lemma 30. Let X be a bounded metric space that admits a d-Ahlfors reqular measure
[ satisfying
E(|[PH; (2,)]) = O (n) .

Then there are positive real numbers Ay and €y so that
Di (X, 6) S A1€7d lOg (1/6)
for all € < €.

Proof. By hypothesis, there are positive real numbers D; and N; so that
E(|PH; (x,)]) < nD1/2

for all n > N;. By Markov’s inequality,

(8) P(|PH, (x,)| < nDy) > 1/2.
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Manipulating the inequality in Equation 7 to solve for the number of points samples
required to approximate X within a distance of €/2 with probability exceeding 1/2
gives that

(9) P(dy ({z1,.. . 2me }, X) <€/2) >1/2
where

2d
(10) m(e) = [A—Oe_d log (2% ce™)].

Note that m (€) is chosen to give distances of less than €/2, rather than less than e.

Let € be sufficiently small so that m (¢) > Nj. The events in Equations 8 and 9 both

occur with probability greater than % so there exists at least one point set in the

intersection. That is, there exists a finite point set 1, ..., Ty of X so that
(11) ’PHi (xl,...,xm(e))’ < Dym (e)
and
(12) dy ({xl,...,xm(e)},X) <e€.
Therefore,
pi (X, €) < p ({xl, e ,xm(e)} , O) by stability and Eqn. 12
< Dym () by Eqn. 11
2d
= D [A—e’d log (27 ce )] by Eqn. 10
0
=0 (e’dlog(l/e))
as € = 0. ]

Next, we use the previous lemma to control F (X, ¢), the truncated a-weighted sum

defined in Section 4.2: ‘
Fo(X.9= >, |
IE€PHE(X)
where PH (X) is the set of PH; intervals of X of length greater than e.

Proposition 31. If X satisfies the hypotheses of the previous lemma and 0 < o < d,
then there exist positive real numbers As and €1 so that

Fl (X, e) < Aze® g (1/€)
for all e < €.
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Proof. Without loss of generality, we may rescale X so its diameter is less than one.
By the previous lemma

_ 1
(13) pi (X, €) < f(e) == Ay (e) “log <E>
for all € < ¢y. Applying Lemma 20 yields
€0
(14) FL(Y,e) <ef(e) + a/ fttdt+ F.(Y,e) .
t—

By Equation 13, the first term of Equation 14 equals
Ayt (log (1/€))

which has the desired asymptotics as € — 0. The second term equals

€0
a/ At*og (1/t) dt =
t

=€

P - L log (1/1) L jed]”
1 d g d 2 )
= e*log (1/€) + ;ea_d
d d—a)?
fd 1 a—d
- ( g (1) + a5
d—«

= e dlog(l/e)) .
Therefore, p;(X,€) = O (¢* ?log (1/6)) , as desired.

Finally, we can bootstrap the previous result to control E? (x,) and prove the upper
bound in Theorem 8. For clarity, we restate that upper bound as a proposition.

Proposition 32. Let p be a d-Ahlfors reqular measure on a bounded metric space.
If
E(|PH; (2,)]) = O (n)

and

Var (|PH; (x,)|) /n* =0,
then there is a A > 0 so that

El (z,) < An"" log (n)
with high probability as n — oo.
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Proof. Let
(15) Gy (x,¢) = >, 1%

IePH;(x)\PH{(x)
Our strategy is to write
Eé (xn) = Gf;y (Xn, €) + Fi (Xn, €)

for a well-chosen €. The former term can be interpreted as “noise,” and the latter
approximates the persistent homology of the support of u.

Let 0 < p < 1, and let D be a positive real number so that
E([PH; (xn)]) < (D/2)n
for all sufficiently large n. By Chebyshev’s inequality,
P(|PH; (x,)| > Dn) <
P(|1PH; (x)| = E(|PH; (x,)) | > Dn/2)

< Var (|PH; (x,)])

D2n?

which converges to 0 as n — oo, by hypothesis. Therefore, there is a M so that

(16) P(|PH; (x,)| > Dn) < p/2
for all n > M.
Solving for € in Equation 7 gives that
(17) P(du ({xn}, X) > €(n) /4) <p/2
if
€ (n) = 445" "MW (QCA%) "

where W is the Lambert W function. W (m) ~ log (m) as m — oo, and W (m) <
log (m) for m > e [40]. Therefore, there are positive real numbers Az and N; (p),
where the former does not depend on p but the latter does, so that

A
(18) 7371_1/“' log ()% < e (n) < Asn~Y4log (n)"/*

for all n > Nj (p). The right hand side goes to zero as n — 0o so we can choose
N5 (p) > Ni (p) to be sufficiently large so that € (n) < ¢; for all n > Ny (p), where €
is given in Proposition 31. Let n > N (p)
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and suppose that x,, satisfies
(19) |PH; (x,,)| < Dn and dy (X, X) < €(n) /4,
an event which occurs with probability greater than 1 — p by Equations 16 and 17.
Write
(20) Eq (xn) = Fy, (X, € (n)) + G, (%0, € (n)) -

We consider the two terms separately.

G (Xp,€(n)) < D x| €(n)” by Eqns. 15 and 19
< QO‘DAgndTTa log (n)*/*
= Azmd%a log (n)% )
where A, = 2D A$ is a positive constant that does not depend on n or p.

To bound the second term in Equation 20, we apply Lemma 25 to find

Fitce(m) < 2 (x )

2
1

< a-d — .
< Ay (e(n)* “log (e (n)) by Prop. 31

—a —a 1
< A2A§‘—dndT log (n)_dT log (ﬂnl/d log (n)_l/d) by Eqn. 18

3

—a —a (1

= AQAg_dndT log (n)fdT (a log (n) — log <2A3 log (n)l/d>)
1 —d 4=« [

< —AAS n @ log(n)d

d
= A5 log (n)d |

ale

where As = 14,497 % is a positive constant that does not depend on n or p.
d 3

In summary, if A = Ay + A5 and 0 < p < 1, then there exists an Ny(p) > 0 so that

ale

P (E; (x,) < An‘a® log (n) ) >1—p

for all n > Na(p). O
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6. THE LOWER BOUND

In this section, we prove the lower bound in Theorems 5 and 8. While our proofs
of the upper bounds work for Ahlfors regular measures on arbitrary bounded metric
spaces, here we restrict our attention to Ahlfors regular measures on Euclidean space.
This will allow us to use the structure of the cubical grid on R™.

We remind the reader of the occupancy indicators defined in Section 2.3. If x is
point set, A is a set, and B of a collection of sets then

1 6(A,x)=0 and d(B,x)=1 VBeB

0 otherwise ’

E(X,A,B):{

where for any set C'

0 CNx=90

§(C’X>:{1 CNx#a

To prove the lower bound, we modify the approach in our paper on extremal PH-
dimension [60] to work in a probabilistic context. The outline of the argument is
similar to that in Section 3.2, but more care is required to construct occupancy
indicators implying the existence of persistent homology intervals. We work on two
different length-scales: we divide the ambient Euclidean space into cubes of width
n~'/? and divide each of these cubes into k™ sub-cubes of width n~'/¢/k. Using
the non-triviality constants defined in [60] (Definition 35), we show that if a cube
contains sufficiently many sub-cubes that overlap with the support of the measure,
then we can define an occupancy indicator guaranteeing the existence PH; interval of
a certain length. We count the number of cubes with sufficiently many occupied sub-
cubes in Lemma 39, and apply Lemma 17 to the corresponding occupancy indicators
to give

pi (%n,€on %) > Qun

with high probability as n — oo for some ©; > 0 (Lemma 40). Summing over
intervals of length greater than eyn~'/? proves the desired lower bound (Proposi-
tion 41).

The proof is complicated, so we warm up with the special case of an m-Ahlfors regu-
lar measure on R™. The approach is more straightforward, but contains some of the
same elements. These arguments also appear in our unpublished manuscript [59],
which has largely been subsumed into the current work. First, we find an occupancy
indicator defined in terms of sub-cubes of a larger cube that guarantees the existence
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of a persistent homology interval of a given length, regardless of what happens out-
side of the cube in Lemma 34. Then, we assemble a collection of these occupancy
indicators to show the lower bound in Propostition 33.

6.1. The Absolutely Continuous Case. Note that if p is an m-Ahlfors regular
measure on R™ then p is comparable to the Lebesgue measure on its support and
is thus absolutely continuous with respect to it.

Proposition 33. Let i be an m-Ahlfors reqular measure on R™. There exist a con-
stant W > 0 so that

lim n_d_TaEé (X1, ..., 2) >V

n—00 -

with high probability.

Before proving the proposition, we state and prove a preliminary lemma to find an
occupancy indicator guaranteeing the existence of a persistent homology interval of a
given length, regardless of what happens outside of the cube (in a sense made precise
in Equation 21 below). The idea is to take B to be the set of sub-cubes that intersect
an ¢-dimensional sphere sphere that is separated from the boundary of a cube, as
shown in Figure 4. Let

Jei (X) ={(b,d) € PH; (X) :d <€} .

Lemma 34. Let 0 < i < m, and 0 < b < d < 1/8. There exists a A9 > 0 so
that if C C R™ is an m-dimensional cube of width R and X > Ao, there exists a
collection B of disjoint, congruent cubes of width R\ so that if A= C\ UgepB

and Z(x, A, B) =1 then PH; (xN C) contains an interval (I;, cZ) with
0<b<Rb<Rd<d.

Furthermore,

21) J3u (@) = Jy, (@N YU T, (@\ (2N ).

Proof. We may assume without loss of generality that R = 1 and C' is centered at
the origin. Let S* C R™ be an i-dimensional sphere of diameter 1/4 centered at the

origin; note that PH,; (S?) consists of a single interval (0, 1/8) for the Cech complex
(a slightly different argument is required for the Rips complex).

Let

1 1
22 = mi Z
(22) K = min (b, 3 d, 24)
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[ cube of B
 element of x

ST

C

Figure 4. The setup in the proof of Lemma 34.

and
mm/2

)\0:

,im
Choose A > )y and set § = A~ Let C be the cubes in the standard tesselation of
R™ by cubes of width ¢ and let
B:{CGC:Siﬂc%Q} .
See Figure 4.

If =(x,A,B) =1, then

dy (XﬁC,Si) <K
where we used the fact that the length of the diagonal of an m-dimensional cube
of width ¢ is §y/m. Stability and Equation 22 imply that PH; (x N C') includes an

interval (5, OZ) so that
. 1 ~ 1
b</<o§b<d§§—f<;<d<§+/<;§1/6.

By construction,

1 1 , 3 R

7 (xNC,C) > 5 (d(S°,C%) — k) = 6 /22 1/6>d,
where C° is the complement of C. Therefore, the the e-neighborhoods of x N C” and
C° are disjoint for all € < d and Equation 21 holds. O

Proof of Propostion 33. We will construct a set of bounded occupancy indicators of
the form defined in the previous lemma, and apply Lemma 17. The reader may want
to remind themselves of the definitions in Section 2.3.

(1t is absolutely continuous so its support contains a cube C. Without loss of generality,
we may assume that C' is a unit cube. Let by = 1/16,dy = 1/8, and A > A, where \g
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is as in the previous lemma. Set § = n=%/™ and let {D;,..., D} be the sub-cubes
in the cubical tessellation of width ¢ which are fully contained within C. There is a
constant x > 0 depending only on m so that

(23) s>Kk0 "> kn.

Assume 0 is sufficiently small so that k& > §™/2. Let [ € {1,...,s}, and let A; and B,

be the set and collection of disjoint sub-cubes of width SA~m contained in C) given
by the previous lemma. It follows from the statement of that lemma that

1 —1/m - -
(24) Di <XTL7 1_6n ) Z jz_;‘d(Xn’Al’Bl) .

Let ¢ be the constant appearing the definition of Ahlfors regularity, vg be the volume
of a unit ball in R™, and

Vo
A2me

em™ 2y,
2m
If Ey is a ball of radius §/m/2 containing C,

q= and p=

1 (A) < i (Ep) < evol (Ey) = ey (6v/m/2)" = g6™ = %.
Similarly, if B is a cube of B, and B is a ball of radius A~ /2 contained in B

p(B) > (B >~ (3 n) vy =L

Let r = |B;] and note that r depends only on Ay, by, and dy. = (x,,, A;, By) is an, p, q, -
bounded occupancy indicator for each [, so by Lemma 17 there exists a 79 > 0 so
that

(25) - Z Xn7 Ala Bl > Yo

with high probability as n — co. We have that

1 S

yZi (XTM En 1/m> Z ZE (XH7AZ7BI> by Eqn 24
j=1

> %S by Eqn. 25

> Yokn by Eqn. 23

with high probability as n — co.
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Then, by counting intervals of length greater than n~'/"/16,

m—a ; m—a 1 1 @
lim n™m E (x,) > lmn = p; (Xm —1/m> <_ (n—l/d))

e noe 16" 16
1 1
= 16 lim —p; | x,, —n /¢
nooo nt (X 16"
> 16" %k70
= QO
with high probability as n — oo. O

It is straightforward to modify the previous argument to work for any metric space
X with a subset Y that is the bi-Lipschitz image of a cube in Euclidean space. In
particular, if the bi-Lipschitz constant is L, it would suffice to take by to be # and
dy to be £ and argue that an interval (b,d) € PH; (C) with b <

to an interval (by,d;) € PH; (X) with by < & < & < d.

16‘;2 < g corresponds

6.2. Non-triviality Constants. To prove the lower bound, we modify the approach
in our paper on extremal PH-dimension [60] to work in a probabilistic context. If
p is a d-Ahlfors regular measure on R™ and § > 0, let Cs (1) be the cubes in the
grid of mesh ¢ that intersect the support of p. The basic idea is to sub-divide the
grid of mesh § so each cube contains k™ sub-cubes. If k is chosen carefully, we
can find a positive fraction of cubes in C; (1) that contain enough cubes of Cs/p, (1)
to guarantee a stable PH; class. In fact, we can require that the sub-cubes have
probability exceeding a certain threshold. We then control the number of stable PH;
classes realized by a random sample x,, with Lemma 17.

In previous work [60], we raised the question of how large a subset of the integer
lattice can be without having a subset with “stable” i-dimensional persistent homol-

ogy.

Definition 35. For x € Z™, let the cube corresponding to x — C (x) — be the cube
of width 1 centered at x. A subset X of Z™ has a stable i-dimensional persistent
homology class if there is a ¢ > 0 so that if Y is any subset of U,exC' (x) satisfying

YNC(x)#@ VreX,

then there is an I € PH; (Y') so that |I| > ¢ (see Figure 5). The supremal such c is
called the size of the stable persistence class.

Note that this notion depends on whether persistent homology is taken with respect
to the Rips complex or the Cech complex, but is defined for both.
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(a) (b) (c) (@

Figure 5. The Cech PH; class of the lattice points corresponding to the
gray cubes in (a) and (b)is stable — any choice of one point in each cube will
give the vertices of an acute triangle, and therefore a set with non-trivial
PH . The one in (c) and (d) is not, because the points in (d) form an obtuse
triangle so the persistent homology of that set is trivial. [60]

Definition 36. Let £™ (N) be the size of the largest subset X of {1,...,N}" C Z™
so that no subset'Y of X has a stable PH;-class. Define

g (€7 (V)
7 =it = N

~" may depend on whether persistent homology is taken with respect to the Rips
complex or the Cech complex, but we suppress the dependence here. 70t = 0 for all
m € N : any subset of Z™ with more than 3™ points has a minimum spanning tree
edge of length at least 1 and thus a PH interval of at length at least 1/2 for the
Cech complex and one of length at least 1 for the Rips complex (at least 3™ points
are necessary to rule out point sets with points from neighboring cubes). In [60], we
proved that " < m — % if persistent homology is taken with respect to the Cech
complex. Note that Definition 36 does not include the same restriction on the size
as in [60].

6.3. Ahlfors Regular Measures and Box Counting. Before proceeding to the
proof of the lower bound, we prove two technical lemmas about the asymptotics of
the number of cubes that intersect the support of a d-Ahlfors regular measure. The
first is similar to Lemma 14 on the asymptotic number of disjoint balls. Let Cs be
the cubes in the cubical grid of mesh ¢ in R™ centered at the origin, and for §,a > 0
define

(26) Csa () ={C €Cs: pu(C) > ad’}
and
(27) Nia (1) = |Co.a ()] -
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(The upper and lower box dimensions of a subset of Euclidean space can be defined in
terms of the asymptotic properties of Ny (X), analogously to Definition 13.)

Lemma 37. If i is a is d-Ahlfors reqular measure with support X C R™, then there
exist real numbers 0 < ¢y < ¢ < oo depending on m and the constants ¢ and d
appearing in the definitions of Ahlfors reqularity so that

(28) co0™ < Njo () < 07

for all 6 < 9y, where ¢ = c%m Similarly, there ezist real numbers 0 < ¢ < ¢) <
depending on c, d, and m so that

(29) o™ < Nso (n) < 67
for all & < d9.

Proof. Let C' be a cube in the grid of mesh ¢ that intersects X, and x € C' N X.
First, we show that bounds for Nsg (1) imply bounds for N5 (u), and vice versa.
By Ahlfors regularity,

1 (Bs (2)) > éad.

Also, Bj(x) intersects at most 2™ cubes in the grid of mesh J, so at least one cube
adjacent to C' has measure exceeding ¢6¢ (where two cubes are adjacent if they share
at least one point). Each cube of Cs. (1) is adjacent to at most 3™ cubes of Cs (1) , so
we can find a lower bound for Ns; (1) in terms of the number of cubes that intersect
the support:

1

(30) 3 Voo (1) < Nse (1) < Noo (1)

where the upper bound is trivial.

To show the lower bounds in the statement, we compute
1= p(X)
< Y ou(0)
C€Cs,0(n)
c0m®¥?Ns o (1)

IN

1
— Nyo(p) = —m®?67¢
C

which is the lower bound in Equation 29 with ¢ = %md/ 2. Then, by Equation 30,
the lower bound in Equation 28 holds with ¢f = 37" 1m/2.
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§=1/3
k B 6 o H I__
N T )
m cube in Cs/p (1) e
1
H 45| [
cube in Cs(p) sy Ko A4 dad > =C

Figure 6. Collections of cubes associated with the natural measure p on
the Sierpinski triangle.

For the upper bounds, note that the intersection of two cubes may have positive
measure, but a cube can share measure with only 3™ — 1 adjacent cubes. It follows
that

1= p(X)
1
Z 3—mé(5dN57@ (,u)
— Nso(p) <c6m574,

which is the upper bound in Equation 28 with ¢; = ¢6™. Then, upper bound in
Equation 29 holds with ¢ = ¢; = ¢18™, using Equation 30. Il

We consider cubes at two different scales: cubes of width §, and smaller cubes ob-
tained by divding each cube of width ¢ into k™ sub-cubes. Our eventual goal is
to count the number of cubes of width ¢ which contain sufficiently many positive
measure sub-cubes of width §/k to define an occupancy event implying a persistent
homology class. The next definition introduces collections of cubes corresponding to
a measure j, some of which are illustrated in Figure 6.

Definition 38 (Cube Collections Corresponding to a Measure). Let u be a d-Ahlfors

regular measure on R™ and let Cs, (1) be as defined in Equation 26. Fork € N, § > 0,
and C € Csq (1) , define

(31) Dy, (C) = {D € C&/k’é (,u) D C C}
where ¢ = 62%,1 as it Lemma 37 above, and set
Dy (C) = D (C)] -

Neat, we define a collection of cubes in Cso (1) which contain sufficiently many sub-
cubes. For d >0 and 0 < < d, let

Cy’ = {C € Cs0(n): D (C) > k°}
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and

M (8,k, 8) = ]cj;ﬁ‘ .

Next, we prove a technical lemma establishing a lower bound for M (4, k, 3) ., The
argument is similar to that of Lemma 26 in [60].

Lemma 39. If p is a d-Ahlfors regular measure supported on R™ and 0 < 8 < d,
then there exists a K so that for any k > K there exit positive constants 61 and co
so that

(32) M (6, k, B) > 0™
for all 6 < ;.

Proof. Let ¢y, ¢}, and §y be the constants from Lemma 37 so
(33) Nso(p) <67 and  Nse(p) > o0
for all § < 4.

A cube in Cso (u) is either an element of Cf" and contains between k® and k™

sub-cubes of Cs/i: (1) , or is contained in Csg (1) \ Cy” and can contain at most &’
sub-cubes in that set. On the other hand, each sub-cube in Cs/p ¢ (1) is contained in
exactly one larger cube in Csg (1) . Therefore,

Nsjro (1) < k™M (6, k, B) + k? |Cs (1) \ C&°
< KMM (0, k,B) + k’BNa,o (n) -

Re-arranging terms, we have that

N5 — kPN,
M (S, k,,B) > 5/k, (M) = 5,0 (M)

S cokd6—4 — kP o4
> e
= (cok™™ — k7™ 671

by Eqn. 33

As < d, we can choose K sufficiently large so that if £ > K then the coefficient
Co = (Cokdim — Cllkﬁim) y

is positive, and Equation 32 holds for all § < gy, as desired.
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6.4. Proof of the Lower Bound in Theorems 5 and 8. We require one more
lemma before proving the lower bound. The idea is similar to that of Lemma 23:
we assemble a collection of occupancy indicators which each imply the existence of a
persistence interval of a given length using Definition 36 and Lemma 39, and apply
Lemma 17 to bound the total number of intervals in probability.

Lemma 40. If i be a d-Ahlfors reqular measure on R™ with d > ~[", then there exist
positive real numbers €y and €2y so that
1
lim —p; (%,60 n_l/d) >
n—oo N,

with high probability.

Proof. Let ¥ < 3 < d. By Definition 36, we can find a K so that k% > &m (k) for
all £ > Ky. Let k > min (K, Ky), where Kj is as given in the previous lemma, and
let 6; and ¢ also be as in that lemma. There are only finitely many collections of
sub-cubes of [k]™, so there are only finitely many stable PH; classes of subsets of
[k]™ . Let €y be the minimum of the sizes of these stable classes.

Let 6 = n~'/? and choose n large enough so that § < ¢;. We will define a collection
of occupancy indicators in terms of subsets of cubes in Cg’ﬁ which imply the length
of a PH; interval of length at least €yd. To ensure that the indicators do not interfere
with each other, let {D,..., Dy} be a maximal collection of cubes in C(I;’ﬁ so that

(34) d(Dy, D) > (5+1) v/m
forall j,1 € {1,...,s} so that j # [. See Figure 7. There is a constant 0 < x < 1 that
depends only on d so that s > kM (9, k, 3) . Furthermore, by the previous lemma,

s> kM (6,k, ) > keod ™4 = Keon .

Let I € {1,...,s}. By construction, Dy (D;) (defined in Equation 31) contains at
least k” sub-cubes. k > Ko, so k® > &™ (k) and there is a collection of sub-cubes
B; C Dy (D;) with a stable PH; class (using Definition 36). Let

A= B&/ﬁ (C) \ UBEBLB

where Bj; v (Dy) is the union of all cubes in the grid of mesh ¢/k within distance
dv/m of Dy (see Figure 7). Also, let B} be collection of the interiors of the sub-cubes
B;. Note that Equation 34 implies that the sets A; and B are disjoint for different
values of [. It follows from property (2) in Section 4.1 that

pi (Xn,con ™) = "B (xn, AL BY) -

=1
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Cube of {D;} o cube of B

1N
I

N N

Figure 7. The setup in the proof of Lemma 40.

A, is contained in a ball of radius §/m + 6 so if ¢ = ¢ (y/m + 1)" then, by Ahlfors
regularity,

1 (A) Sccwmﬁ:g

for all [ € {1,...,s}. Also, each B € B, is an cube of width ¢/k in R™ so

wimyz L (S0m)

Y

c 2k n

where p = 27%~4m®?2 /c. Therefore, = (x,, A, B)) is a n, p, ¢, k™-bounded occupancy

indicator for each [, and the desired result follows from Lemma 17. U

The proof of the lower bound in Theorems 5 and 8 is now straightforward.

Proposition 41. Let p be a d-Ahlfors reqular measure on R™ with d > ™. Then
there is an €2 > 0 so that

lim n_(FTaEg (X1,...,2p) > Q

n—oo

with high probability.
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Proof. Let €y be as in the previous lemma. By counting intervals of length greater

than eyn~ "%, we have that
lim n_d_TaEg (x,) > lim n_d_Tapi (xn,eon_l/d) (eon_l/d)a
n—o0o n—oo
1 1
— O iy -1/d
€ Jim —p; (xp, con”)
> €8 by Lemma 40
= Q
with high probability as n — oo. O
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APPENDIX A. CONSTRUCTION OF COUNTEREXAMPLE 4

log(2)
log(3)

We will construct a d-Ahlfors regular measure o with d =
ii.d. samples from p and 0 < o < d then the quantity

n_d_TaEg‘ (21, -, 2n)

oscillates with high probability as n — oco. Our example will be constructed as the
intersection of a nested sequence of closed subsets Y7 D Y2 D Y;... of [0,1], where
each Y is the union of finitely many congruent, disjoint intervals. At some scales the
set will resemble the Cantor set, while at others it will resemble the Cantor set scaled
by a factor % As described at the end of this section, the construction can easily be
modified to produce a counterexample of dimension d for any d € (0,1).

so that if {z;},  are

We introduce notation and shorthand related to sets of intervals. Call a finite set
of disjoint intervals Z an “interval collection.” We will abuse notation, and use Z to
refer to both the collection Z and the union UjezI. Let |Z| be the number of intervals
in the collection, and ||Z|| be the minimum length of an interval.
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Before proving Counterexample 4, we prove three technical lemmas. The first one
shows that if two point sets have the same “interval membership” in a fine enough
interval collection, then the length of the corresponding minimum spanning trees is
close. If 7 = {Ij}§:1 and {x1,...,z,} C T let ¢z (x1,...,x,) record the interval
membership of the points =y, ..., 2, :

¢I<$1,...7$n):(ll,...,ln) ifl'1€]h7...,l'n€]ln.

Lemma 42. Letn € N,eg > 0, and o > 0. There exists a 6 > 0 so that if T is an
interval collection with || Z|| < 6 and {xy1,...,xn},{y1,-..,yn} C T satisfy
¢I($1a"‘7mn) :gbl(yl)"'ayn)
then
‘Eg (T1,...,2p) —Eg (yl,...,yn)} < €.

Proof. The function z — 2 is a-Holder continuous on [0, 1] so there exists a C' > 0
so that

(35) 2 =y < Clo —y[”
for all x,y € [0,1]. Let
1 €0 /o
36 o= (2)"
(36) 2 \Cn
If Z,{x1,...,2,}, and {y1,...,yn} satisfy the hypotheses then |x; —y;| < ¢ for
t=1,...,n, because x; and y; are contained in an interval whose length is less than
d.
It follows that
n—1
‘Eg (1, T0) — Eg (Y1, >yn)} = Z (@i — )" = i1 — ¥i)"
i=1
n—1
< Z [(Zip1 — )" — (Yir1 — 1i)"]
i=1
S Z C |<1’z‘+1 — yi+1) + (l’z — yz-)|a by Eqn. 35
i=1
< nC2%6° by [|IZ]} <o
= € by Eqn. 36.

U
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The next lemma shows that probability measures supported on a fine enough interval
collection which induce the same distribution of interval membership have random
minimum spanning trees with similar lengths. If p is supported on an interval col-
lection Z, let p} be the discrete random variable ¢z (z1,...,x,) .

Lemma 43. Let € > 0 and 0 < a < d. Let S1 D Sy... be a nested sequence of
interval collections with ||S;|| — 0, and let p be a probability measure supported on
N;S; so that

(37) n T EY (x4, ) — | < €/2

with probability greater than 1 — € for an integer n > 0. Then there exists an M (e, n)
so that if j > M (e,n) and v is any probability measure supported on S; satisfying
ng = ug], (that is, p and v induce the same discrete probability distribution on the
intervals in the set S;) then

d—«

TEg(yl,...,yn) <e€

‘c—n’

with probability greater than 1 — €, where {yi} oy are i.4.d. points sampled from v.

Proof. For convenience, define

d—
F(xy,...,z,) = ‘c—n’TaEg (X1, ..., Tp)

Let & > 0 be as given in by the previous lemma for ¢y = n“a"¢/2. Choose M (e, n)
sufficiently large so that ||.S;|| < ¢ for j > M (e, n).

Let 7 > M (¢,n) and define
V =¢s, (F(e/2)) .

That is, (I1,...,1,) € V if there exist points x; € I;,, ..., x, € I;, sothat F (z1,...,z,) <
€/2 (where S; = {I,}). By Equation 37

n
ps, (V) >1—e
and, because the discrete random variables ug], and ug], coincide by hypothesis,
ng >1—¢€.

Therefore, with probability greater than 1 — €, ¢7 (y1,...,yn) € V so there ex-
ist 21,...,2, satisfying F'(z1,...,2,) < €/2 and é7 (y1,.--,Yn) = &7 (21, -+, 2n) -
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e pointofx & ¢ ¢~ ¢~ S
e point of f(x)
— edges of T (x) and Tp (f (x)) !
— edges of T} (x)
o7 edgesof Th (f (x)) S oo o——————— . o
Figure 8. The setup in the proof of Lemma 44.
(z1,...,2,) and (y1, ..., yn) satisfy the hypotheses of the previous lemma, so

IN

F(Eg(yl,...,yn)) ’nidiTa (Eg(zl,...,zn)—Eg(yl,...,yn))’ + F(z1,...,2n)

d—a
< n 7 e+e€/2

€.

0

The third lemma compares the behavior of random minimum spanning trees on an
interval collection with that of one on another interval collection formed by trans-
lating its intervals. A natural map between two interval collections Z and J is
an order-preserving homeomorphism f : Z — J so that, for any I € Z, f |; is a
translation and f (I) is an interval in 7. Note that if Z and J are sets of disjoint,
congruent intervals so that |Z| = |J| and ||Z|| = ||J||, then there is a unique natural
map between them.

Lemma 44. Let T and J be interval collections contained in [0, 1], and suppose that
there is a natural map f:7Z — J. Let 0 < o < d, and let u be a probability measure
supported on I so that

n’d?TaEg (x,) — ¢
in probability as n — oo, for some real number c. Then

d

n_%aEg (f (‘rl)a' : 7f<$n)) —C

wn probability as n — oo.

Proof. First, note that if {y;,...,y,} is an ordered set of points in R, the edges of
the minimum spanning tree T (y1, . .., y,) are the intervals [y1, ya], . .. [yn_1, Yn] . For
a finite point set x C Z let Tj (x) be the set of edges of T'(x) that are contained in
an interval of Z:
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To(x) ={ee€T(x):eC I for some I €T}
and let T} (x) consist of the remaining edges:
T (x) =T (x)\ 1o (x) .
See Figure 8. Let k = |Z| and note that |T3 (x)| < k.

Recall that x,, is shorthand for {zy,...,x,}. If the edge [z}, z;41] is contained in
Ty (xn), then [z;,xj41] C I for some I € Z, and by the definition of a natural map
thereisa J € J so that f (/) = J and f; is a translation. Therefore [f (z;), f (z;11)]
is an interval in Ty (f (x,,)) of the same length as [z;, ;11 . It follows that there is a
length-preserving bijection between the edges of Ty (x,,) and Ty (f (x,)) , and

(38) doolet= D0 el

e€To(xn) e€To(f(xn))

For € > 0, choose N sufficiently large so that for all n > N

d—a

(39) kn=d <e€/4
and
(40) n T EY (x,) — ¢| < ¢/2

with probability greater than 1 — .
Let n > N. We have that

[ES(f (o)) = ES(xa)| < | D e = D el

e€To(f(xn)) e€To(xn)
AP D
e€Ti(f(xn)) e€Ti(xn)
= 0+ Z le|* + Z le|“ using Equation 38
e€Ti(f(xn)) e€Ti(xn)
< 2k all edges are contained in [0, 1]

< €/ on T using Equation 39.
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5
C ?C

Ty -- -- o - -

Figure 9. The nested sequences of closed sets defining C' and %C.

Therefore,
P B (F () — o < 0T B (S () — BD ()| + [ B () — ¢
< €/2+¢€/2
= ¢

with probability greater than 1 — ¢, where we used the previous computation and
Equation 40. [l

We are now ready to construct the counterexample.

As described in the introduction, our counterexample is related to the Cantor set.
The Cantor set can be defined in terms of a middle thirds operation on interval col-
lections. If I is an interval, let K (I) be the set of two intervals of length 1/3 |/

K(I)={1/31,1/31 +2/3|1|} ,
and if 7 is an interval collection let
KZ)={K():I€ZI}.

Define T,, to be the set of intervals obtained by applying K to {[0, 1]} m — 1 times.
T, consists of 2~ intervals of length (1/3)™ " . Then the Cantor set is

See Figure 9.

We define two more operations on interval collections. One produces slightly thinner
intervals than K does, and the other produces slightly thicker intervals. If I is an
interval, let

r0={(2) ) G) )= 0-(G) )}
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Figure 10. The interval operations L and I' applied 75, the second interval
collection used in the definition of the Cantor set.

r0={(5) (2) 2 (5) () (=) (5)) 1)

If 7 is an interval collection, define L (Z) and I' (Z) by performing the operation on
each interval in the collection. See Figure 10. The scaling factor % was chosen so
that the intervals of I" (S) are disjoint.

and

If Si D Sy D S3...1s a nested sequence of interval collections, there is natural
probability measure g on N,S, that assigns equal probability to each interval of S},
for each value of j. That is,

1
s (1) 5] for I €S;.
For example, the natural measure on the Cantor set is pur, where Ty D T5 D T3... is
the nested sequence of interval collections defined above (and depicted in Figure 9).
It assigns probability 1/2 to each interval in Ty, probability 1/4 to each interval in
T3, and so on.

Proof of Counterexample 4. Set d = Ei% and choose 0 < a < d. Also, let p and v
be the natural probability measures on C' and %C, where C' is the Cantor set. Let
{z;};cn and {y;},cy e ii.d. samples from p and v, respectively. Assume that there

is a real number ¢ so that
(41) n_lFTaEg (X1, ..., 2y) =
in probability as n — oo. If this was false, C' would be our desired example. Theo-
rem 3 implies that ¢ > 0. By rescaling the Cantor set, we have that
—a 5\
n_dTEg Y1y Yn) = <?> c

in probability as n — oc.
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We will construct a nested sequence of interval collections S; D Sy D S3. .. mostly by
applying the middle thirds operation K, but infrequently and alternately applying
the operations L and I'.

Let {¢;} be a sequence of real numbers converging to zero. We proceed by induction.
Let n; be large enough so

_d-a
c—n; © EX(x1,...,20,)| < e/2

with probability greater than 1 — €1, choose my > M (€1, n1), where M (e1,ny) is as
given in Lemma 43. Let Sy = T,,,, where T,,, is the m;-th interval collection from
the construction of the Cantor set. Then, by the definition of M (e1,n4), if o is any
probability measure o satisfying

1
o(l)=—=for I €5
sl
(that is, o assigns the same probabilities to intervals in S; as p does) then
_d—a
c—n; T EY(xy,...,10,)| < €

with probability greater than 1—¢;. (Note that we are indexing the sets S; differently
than described in the introduction but the resulting example is the same.)

By way of induction suppose that there are integers nq,...,n;_1 and a nested se-
quence of interval collections S; D ... D Si_1 so that

e Forodd i =1,...,k — 1, S; consists of 2% disjoint intervals of length (%)bl
for some integer b;.

e Foreveni=2,...,k—1, S; consists of 2% disjoint intervals of length % (%)b
for some integer b;.

and, furthermore, if o is any probability measure on Sy_; satisfying

o(I) forIeS;,j=1,...,k—1

1
1551
then if {z;},  are i.i.d. samples from o,
e foroddi=1,...,k—1,
_d-a
c—n; *E(zy,.. )| <&

with probability greater than 1 — ¢;.
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e foreveni=2,.... k—1,

5\ _da
'<?> c—n; T E(zy,...,7,,)| <€
with probability greater than 1 — ¢;.

If k is odd, let Z,, = T'(Sk_1), so I consists of 2°-17! disjoint intervals of length

1)1t 1 follows that there is a natural map fi. : Ty, ,+1 — Ly, where Tp, 41 is

the (bg_; + 1)-st interval collection in the construction of the Cantor set. Let uy be
the pushforward of p by fi (recall that u is the natural measure on the Cantor set)
and let {w;},;  be iid. samples from fy. fj is a natural map, so Lemma 44 and
Equation 41 imply that

n_(FTaEg (wy...wy,) — ¢

in probability as n — oo. It follows that there exists an n; so that

_d-—a
d

(42) ‘nk E% (wy, ..., wp,) —c| < ex/2,

with probability greater than 1 — €. ui is supported on intersection of the nested
interval collections

T = fi (To_y41) D Jo (Tou_rv2) D fi (To_143) - -

and ||fk (Tbkfﬁj) H — 0 as j — oo so the hypotheses of Lemma 43 are met; choose j >
M (e, ny,) , where M (e, ny,) is as defined in that Lemma and set Sy = fi (Th, ,+;) -
Then, by the definition of M (ex, ng), if o is any probability measure so that

1
o(l)=-—==for I € 5
o |kl
(that is, o assigns the same probabilities to intervals in Si as uy does) then
_d-—a
(43) ‘nk DN (zl,...,znk)—c‘ < €

with probability greater than 1 — ¢, as desired.

The argument for even k is very similar, except we set Zj, = L (Sk_1), the intervals
of T, have length 2 (%)b’“’lJrl
pushforward of v by fi, and ¢ is replaced by (%)a ¢ in Equations 42 and 43.

, fr is a natural map from %Tb,ﬁlﬂ to Iy, i is the

Let o be the natural probability measure on S = N;S; (the one that assigns equal
probability to the intervals of S; for all values of j), and let {z;}, y be i.i.d. samples
from o. By construction

d—a
=55 0
N © Ep (21,0, Zny,) = C
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but
_d—a 5\ ¢
n%fl Eg (21, . ,zn%ﬂ) — (?> c
in probability as k — oo.

To complete the proof, we will show that ¢ is d-Ahlfors regular. Let x € S. As a

first case, let m € N and consider the ball of radius 3%,1 centered at x, an interval of
length 3% Sm+1 contains 2™ intervals whose lengths are either 3%” or ?:%m Bs-n ()

contains at least 1 interval of S, ;1 (the one that has = as an element) and intersects
at most 4 such intervals. Therefore,

0 (By-m (2)) 2 ’S—lm| —9m — (37
and \
0 (Byn (2)) < 7gg = 4(27") =4 (37m)

€0 <0 <3epand /3 <0 < €.

By our previous computations,

o (B (1) > 0 (By (x)) > b > 3706
and
o (Bs (z)) <o (B, (z)) < 4ef <4(3%%).
Therefore, o is d-Ahlfors regular with §y = 1 and ¢ = 4 (3%)..

g

The construction for general d € (0, 1) is nearly identical, but is based on the middle-
B Cantor set rather than the middle thirds Cantor set. Let 0 < f < 1 and v = %
For an interval I define

Kg(I) ={v L,y + (1 =) 1]},
so K3 (I) consists of two intervals of length ~ |I| obtained by removing an interval
of length §|I| from the middle of I. Let T/ = [0,1], and inductively define T} =
K <T ,;8_1> IfT8 =n kT,f , then T'is the union of two separated copies of itself rescaled
by =, and the natural measure on T is Ahlfors regular of dimension
_ log(2) _ log (2)
o log(1/y)  log(2) —log(1-5)
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Figure 11. The (a) Menger sponge, (b) Sierpiriski triangle, and (c) two
stacked tori. Figures were generated in Mathematica.

Note that d ranges between 1 and 0 as § ranges from 0 to 1. To finish the construction,

repeat the previous argument verbatim except replace % with a scaling factor i so
that

1-B<n<1
and g with % This will produce a d-Ahlfors regular measure so that if 0 < o < d
then n’(FTaEg (x1,...,xy,) oscillates between a positive constant and n® times that
constant.

APPENDIX B. SCALING OF PERSISTENT HOMOLOGY

We provide computational evidence that the hypotheses of Theorem 8 hold in many
cases. We examine four examples in R?* — the natural measures on the Menger
sponge and the Sierpinski triangle cross an interval, the uniform measure on two
tori stacked one above the other, and empirical data from earthquake hypocenters.
See Figure 11. The first three are Ahflors regular measures, with dimensions of
1;>Ogg((230)) ~ 2727, 1+ % ~ 2.585, and 2, respectively. Note that 7% < 2.5 [60], so
the first two examples are known to meet all requirements of Theorem 8 for i = 1

except for perhaps the scaling of the expectation and variance of the number of
intervals.

We sample points from the natural measures on the Menger sponge and the Sierpinski
triangle using the procedures described in [42]. The rejection sampling algorithm
developed in [26] was used to sample points from the uniform distribution of the

2
torus (x/aﬂ +y2 — R) + 22 = 72 with R = 2 and r = 1. The z-coordinate was
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Linear Scaling of PH; Linear Scaling of PHy
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Figure 12. Scaling of |PH; (x1,...,2y)| /n for four examples, and i = 1, 2.
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Figure 13. Variance of |PH; (x1,...,x,)| divided by n? for three exam-

ples, and i = 1, 2.

translated by 3 with probability % The earthquake hypocenter data comes from the
Hauksson—Shearer Waveform Relocated Southern California earthquake catalog [37,
46, 58]; data was processed as in [42]. Persistent homology was computed using the
implementation of the Alpha complex in GUDHI [52, 57].

Figure 12 shows the empirical expectation of PH; (z1,...,x,) divided by n for each
of the four examples, and ¢ = 1,2. The expectation was averaged over 100 trials for
each example except for the earthquake data, which was averaged over 7. In each
case, the quantity appears to limit to a constant with n, indicating linear scaling of
the number of intervals. Figure 13 shows the empirical variance of PH; (xy,...,x,)
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divided by n? for the three regular examples. This quantity decreases toward zero
for all examples.



