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Abstract

In recent years, there have been significant efforts to develop rigourous geometric
and topological methodologies to better understand data sets, with the view of
performing machine learning tasks such as spectral clustering, non-linear dimen-
sionality reduction and Topological Data Analysis. These methodologies have
various objectives, use different techniques and are fundamentally different. For
instance, the techniques used to tackle the consistency of spectral clustering or
Cheeger consistency which are also discussed in this thesis, follow the so-called
variational approach (proposed by Trillos and Slepcev in a series of works, ini-
tiated in [63]). On the other hand, techniques used to investigate topological
features of random geometric complexes usually require knowledge of different
fields such as Morse theory. While these methodologies are fundamentally dif-
ferent, they may be related through the concept of random geometric graphs.
On the one hand, problems such as spectral clustering and Cheeger consistency
can be seen as optimisation problems on functionals defined on random geomet-
ric graphs. On the other hand, random geometric complexes can be thought as
generalisations of random geometric graphs, where we not only take into con-
sideration vertices and edges, but also higher order simplices. Another common
point is that all these methodologies are attempts to capture various geometric
invariants of a manifold from an underlying sampled set of i.i.d. points (e.g.,
Betti numbers, Cheeger constants, spectrum of the Laplacian).

While these methodologies have been applied successfully, there is still a lack
of results providing theoretical guarantees and rigorously explaining the extent
to which these various frameworks effectively work, under various settings. The
aim of this thesis is to contribute to the development of such theoretical guar-
antees, building on existing results and methods.






Lay summary

The aim of this thesis is to investigate theoretical aspects of mathematical prob-
lems motivated by applications in machine learning and data science. One type
of result we will be concerned with deals with the key task of clustering. This
consists in grouping data points according to some affinities, in order to extract
structure from a given data set. As such, it is a very common and central task
in machine learning and it is desirable to understand it better from a theoretical
point of view. Another type of result we shall investigate is on problems moti-
vated by Topological Data Analysis. This field is, loosely speaking, concerned
with extracting geometric shapes and patterns from data sets. It finds applica-
tions in various fields, such as medicine and neuroscience. In such applications,
a key challenge is to design computer algorithms that help us to summarize,
visualize or find patterns in large and complex data sets.
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Chapter 1

Introduction

A recurring objective of topological and geometric methodologies in machine
learning is to infer geometric properties/invariants of a manifold from a discrete
sampled set of points. Many of those methodologies start by connecting nearby
points with respect to an underlying metric, thus forming a so-called random
geometric graph. Random geometric graphs have been studied extensively by
Penrose in [55] and they contiune to be actively researched.

A classic problem, then, consists of comparing the asymptotic evolution
of geometric graph operators, functionals or quantities, with their continuous
counterparts. There are various graph quantities of interest to investigate as the
number of vertices n — oo, or better, with an error estimate given as a function
of n.

For instance, one may want to investigate the homology induced from a
random geometric graph and ask whether it recovers the homology of the un-
derlying manifold (from which the vertices of the graph are sampled) with high
probability (w.h.p.) (e.g., [20, 41, @, [T}, 10, 42]). Given a simplicial complex
built from a discrete set of points X,, with bandwidth parameter r,, (two classic
choices are the Cech or the Vietoris-Rips complex), one may be interested to
know whether the homology groups of different degrees are isomorphic to those
of the underlying manifold M from which the points are sampled. In this case,
the discrete quantities of interests are the Betti numbers §j, and we ask under
which conditions it holds that Sx( Cech or Vietoris-Rips complex ) — B¢ (M)
with high probability (w.h.p.). Besides being an interesting problem in its own
right, such a problem also finds practical applications with views towards Topo-
logical Data Analysis and statistical Persistent Homology. There, it is of interest
to estimate threshold values for the bandwidth parameter of a simplicial complex
(built from a sampled set), beyond which the induced homology recovers exactly
that of the manifold (from which the set was sampled) with probability tending
to 1 asn — oco. See [0, 51 BT [32, B0, 22], 177, [4] for early works in this direction.



While this set up yields some generalisations of random geometric graphs
(see Chapter 5 on random geometric complexes), problems about recovering the
homology of a manifold will only be addressed later in the thesis, in Chapters
6 and 7, as they use fundamentally different approaches from the other consis-
tency problems which we introduce below.

In another setting, geometric graph objects of interest may arise as operators
or functionals defined on the graph, e.g., the graph Laplacian, the Cheeger con-
stant and the minimal bisection functional. Analogous operators or functionals
can be defined in the continuous regime, and one may ask under which condi-
tions the graph operator or functional approximates its continuous counterpart.

A very popular operator to study is the graph Laplacian, which is known
to incorporate valuable information about the graph and is commonly used to
perform machine learning tasks such as spectral clustering (using the spectrum
of the graph Laplacian, or of a normalised version). As before, one may be in-
terested in showing spectral clustering consistency by establishing pointwise, or
better, spectral convergence of the graph Laplacian to the continuous Laplacian
on the underlying domain (the Laplace-Beltrami operator if the domain is a
Riemannian manifold).

When a given geometric graph quantity is shown to approximate its continu-
ous counterpart under certain parameters constraints, it is said to be consistent.
A well known necessary condition for consistency results to hold is generally
given by the connectivity threshold value of the bandwidth parameter of a ran-
dom geometric graph r,, i.e., the distance under which we connect two random
points. For bounded domains, more generally on compact Riemannian mani-
folds, this threshold value is known to be 7, ~ (logn)/4n=1/4 ([54]). Indeed, it
is straightforward to see that many geometric graph quantities of interest will
fail to be consistent if the graph is not connected.

The first four chapters of the thesis deal with consitency results on graphs,
such as spectral clustering (via spectral convergence of the graph to the contin-
uous Laplacian) ([63], [64] [61]) or Cheeger consistency ([60, 49]). The common
point between these results is that in all cases, the quantities of interest (e.g.,
eigenvalues of the graph Laplacian, Cheeger constant) arise as minimizers of
graph functionals of the form

S melw—y)(ulz) — uly))”,

X, yeXn

where u € L%, 5 : RY — R, is a kernel function (rapidly decaying to 0), and
nr(2) := 77 (z/r). As such, the problems of spectral clustering, of Cheeger
consistency or of the consistency of the minimal bisection functionals, can all be
seen as optimisation problems on graphs. A successful method to tackle such
problems was first proposed by Trillos and Slepcev in [63]: what they called



the wariational approach, using tools from the calculus of variations (e.g., I'-
convergence, defined below).

In Chapters 5,6,7, we will change our paradigm and present some results
related to random geometric complezes (which can be thought as generalisations
of random geometric graphs).

In Chapter 2, we recall some of the successful arguments establishing con-
sistency of various geometric graph quantities, using a variational approach as
first introduced in [63].

In Chapter 3, we show that many consistency results on random geometric
graphs (spectral clustering, Cheeger constants, etc) hold in the case of k-NN
graph constructions (which are well known sparse graph constructions, used in
practice). In particular we obtain conditions on & as a function of n for spectral
convergence of the graph Laplacian sparisifed via a k-NN construction to the
continuous Laplacian (see Theorem to be compared with Theorem 1.2 in
61]).

In Chapter 4, we show how some of the key results of the variational ap-
proach extend to R? and discuss some of the current limitations. In particular
we show some discrepancy-type results (see Theorems and and we
discuss the extensions some properties of some functionals used in the bounded
domain setting on R? (I'-convergence and compactness property) (see Theorem
4.7.1)).

In Chapter 5, we recall some basic definitions and concepts for geometric
complexes.

In Chapter 6, we show how well-chosen variable bandwidth constructions
can allow us to improve some already known results on vanishing of homolog
for Cech complexes on R?, what we call decrackling the noise (Theorems

and .

In Chapter 7 finally, we study homology of a Cech complex on a compact
Riemannian manifold with smooth non-empty boundary. We emphasise that
the content of this chapter will be similar to that of the paper [42], a joint work
with Ulrike Tillmann and Oliver Vipond (Theorem .



Chapter 2

Consistency results on
random geometric graphs:
a variational approach

2.1 Introduction and some notation

In this chapter we mention some of the consistency results obtained on bounded
domains, following a variational approach (e.g., [63 64} [62] [49]), which serve as
motivations and set up for later results. We note to the reader that this chapter
serves the purpose of introducing several important concepts and results which
are be useful for later chapters. In particular, this chapter does not contain
original results.

We begin with some notation and some definitions, which we shall refer to
throughout the thesis. Let Ry :=[0,00) and let RY := R, \ {0}. Likewise, we
define N* := N\ {0}. Let d > 2 and let D C R? be a bounded, connected, open
set with Lipschitz boundary. For z € R, let [z] := [1,2] NN. Given a sequence
of nonzero real numbers (a,)nen and of positive reals (b, )nen, we say that

an = o(by)
if a
g, =0
we say that
an = O(by)
if @)
am 5 <



We say that a, = w(by,) if

and that a, = Q(by,) if
lim % > 0,

n—o0 by,

We say that a,, = ©(b,,) if a,, = O(b,,) and a,, = Q(b,).

Definition 1. We say that a random wvariable X is Poisson distributed with
parameter A € R*, and we write X ~ Po()\), if X has discrete law given by
)\k Y
]P(X:k:):ﬁe , VkeN.
Definition 2. Let v be a probability measure and let (An)nen be sequence of
v-measurable events. We say that (An)nen is true with high probability,
abbreviated w.h.p., if
lim P(4,)=1.

n—oo

By a classic abuse of notation, we will say that A, is true w.h.p., instead of
(An)nen-

Definition 3. Let v be a probability measure and let A be a v-measurable event.
We say that A is true almost surely, abbreviated a.s., if

P(A) = 1.

Let v be a probability measure on D with continuous density ¢ : D — R,
satisfying
0< Gmin < Gmax < 00,

and let X, := {x1,...,2,} be an i.i.d. sample with respect to v.

Finally, let  : R — Ry be a kernel function and for > 0, let n,(h) :=
r~n(h/r). We should think of 7 as a function rapidly decaying to 0. Typical
examples include a compactly supported indicator function or a Gaussian, or
more generally a function which has exponential decay. The exact requirements
imposed on 7 are specified below in .

2.2 Dirichlet energy and the Laplacian: a vari-
ational approach to the consistency of spec-
tral clustering

A central and very common task in machine learning is that of clustering, i.e.,
grouping data points according to some affinities. In the case where the points



are sampled from a distribution v supported on a domain in R?, we may define
the affinity between two points x and y as n((z — y)/r), for some small band-
width parameter » > 0. This yields a (generalised) random geometric graph,
considering the points X, as vertices and {n((z —y)/r)} as weighted edges. In
particular, if the kernel function is given by n((z —y)/r) =1 (z —y| < T), this
is exactly the random geometric graph studied by Penrose in [55], also known
as the r-neighbourhood graph.

We may then define the (unnormalised) graph Laplacian as

Nprrues [@e Y (@ —y) (u(e) —uly) | ue L),

1 . .. .
where v,, = — E 0, is the empirical measure associated to v.
n
reX,

Normalised versions of the Laplacian can be defined (the normalised Lapla-
cian and the symmetric Laplacian), after suitably normalising the affinity matrix
(obtained by n) with the degree matrix of the graph. Most results we address
later generally hold for the various normalisation forms of the Laplacian. For
simplicity and brevity, we choose to only state those results for the unnormalised
Laplacian.

The graph Laplacian, in particular its spectrum, is known to contain valuable
information on the graph. For instance, the multiplicity of its first non-trivial
eigenvalue gives the number of connected components of the graph. Many suc-
cessful algorithms performing clustering on graphs rely on the spectrum of the
graph Laplacian. These clustering methods are known as spectral clustering.
We refer to [67] for an introductory survey on spectral clustering. From a the-
oretical point of view, one seeks for conditions such that both the eigenvalues
(suitably normalised) and eigenvectors of the graph Laplacian converge to those
of the continuous Laplacian of the sampling domain, i.e., such that the graph
Laplacian converges spectrally to the underlying continuous Laplacian. Suit-
ably normalised here will mean divided by nr?, but we note that this explicit
scaling is only relevant to the specific definition of the graph Laplacian which
we have opted for. The problem of convergence of the graph to the continuous
Laplacian has already been carefully studied in several papers in the case where
the domain is bounded (e.g., [7, 24, [59] 68| 64]).

Spectral analysis of the Laplacian is also closely related to non-linear di-
mension reduction techniques, such as locally linear embedding (LLE) ([57]) or
diffusion maps ([7, 24]). More generally, the topic of nonlinear clustering is a
large field which we shall not explore in this thesis.

There has been a significant amount of work done to provide theoretical evi-
dence for the consistency of spectral methods based on the graph Laplacian. To



that end, one is interested in establishing convergence (pointwise, or better spec-
tral) of the graph Laplacian (suitably normalised) to the continuous Laplacian
defined on the sampling domain (the Laplace-Beltrami operator if the domain
is a Riemannian manifold). The continuous Laplacian, also known as the heat
diffusion operator, occupies a key role in many branches of mathematics and
physics. It is defined as

A ur— —%div(qQVu)7
We consider the following problem, where A € R and v € H*(v) \ {0}:

Au = du,on D

2.1
8—u =0, on 0D. 1)
on

Here H' := W12 is the Sobolev space of L?, consisting of L? functions whose
weak derivative is also contained in L2. More generally, we define the Sobolev
space WP as

WP = {ue L |V]ja| <m, D®u e LP}.

Suppose that (\,u) € R x (H'(v)\ {0}) is a solution to (2.1), and let

v € H'(v) be a test function. Define also the inner product on L*(v)

() = /D u(@)o(z)g(z)dz,

where recall that ¢ is the sampling density of v, supported on the domain D.
Assuming (A, u) is a solution to (2.1), then (Au,v) = A(u,v), and we find by
integration by parts and using the boundary condition

/ VuVog(z)de = )\/ wvq(z)dz, ¥ v e H (v). (2.2)
D D

The condition given in (2.2) is the weak formulation of (2.1). Since functions
in H'(v) are not necessarily differentiable in the classic sense, we shall say
that (\,u) € R x (H*(v) \ {0}) is a weak solution to (2.1) if it satisfies (2.2).

In this case we say that A is an eigenvalue of A, with associated eigenfunction wu.

Just like its discrete counterpart, the continuous Laplacian contains valuable
information on properties of the domain on which it is defined. When the do-
main is a manifold, its spectrum provides a generalisation of Fourier bases and
allows us to perform spectral analysis on the manifold.

In [7, 24, B9], Belkin and Niyogi, Coifman and Lafon, and Singer estab-
lish pointwise convergence of the graph to the continuous Laplacian, providing
quantitative rates for the value of the bandwidth parameter r as a function of
n (seeking optimal rates of pointwise convergence).



In [68] Luxburg et al. first establish spectral convergence of the discrete to
the continuous Laplacian. This consists of showing convergence of the eigen-
values and eigenvectors of the graph Laplacian matrices suitably normalised, to
those of the underlying continuous Laplacian.

In [64] Trillos and Slepcev successfully establish that spectral convergence
occurs provided nr? = w(logn), d > 3, and for nr? = w((logn)*/?) when d = 2.
This is done via the so-called variational approach, first introduced by the same
authors in [63], from which they derive the convergence both of the eigenvalues
of the graph Laplacian (any version) suitably normalised (divided by nr2), to
those of the continuous Laplacian, and of the associated eigenfunctions. The
mode of convergence of the eigenfunctions must be specified, since the metric
in which they are defined L?(v,,) changes with n (see the definition of the T'L?
topology in Definition .

Definition 4. e A function f : RY — R is called radial (or isotropic, or
symmetric), if

2
Y(z,y) € (RY)", |2 =yl = f(2) = f(y).
e Given a radial function f : RT — R, define its radial profile to be the
function f: Ry — R satisfying
ve € RY, fllz)) = f(=).
Suppose that the kernel 7 is radial and let np : Ry — R, be its radial profile.

Furthermore, assume the following conditions for the kernel.

a) (0) > 0 and n is continuous on [0, rg] for some ry > 0,
b) 1 is non-increasing, (2.3)

c) oy = /o n(x)|z|?dr < co.

In [64] 61], the authors propose a variational approach to establish the con-
sistency of spectral clustering. To do so, they investigate (discrete or contin-
uous) functionals related to the discrete or continuous Laplacian. Define the
continuous Dirichlet energy as

G :ur— (u,Au), u€ HY(D,v), (2.4)

and

G(u) := oo ifu € L*(v) \ H'(v).
Using integration by parts and the boundary condition in (2.1)), we can rewrite
the Dirichlet energy of u € H'(v) as

(u, Au) = f/Du(x)ﬁdiv(qQ(z)Vu(x))q(w)dx

:/D|Vu(z)|2q2(ac)d:r.



The Dirichlet energy is an important functional in physics. It is to be com-
pared with the total variation functional, defined below. In some sense, the
Dirichlet energy is an L? version of the total variation. While the total varia-
tion measures the smoothness of an L' function by summing over its variations
(i.e., looking at an L' norm of the gradient when the function is differentiable),
the Dirichlet energy measures the smoothness of an L? function by summing
over the square of its variations (i.e., looking at an L? norm of the gradient
when the function is differentiable).

The eigenvalues of A satisfy
0=X <A1 < Aa...,

and there exists an orthonormal basis (uy,)ren of L?(v) such that for each k € N,
uy is an eigenfunction of A associated with A;. We refer for instance, to [67]
for a nice introduction to graph Laplacian matrices, their spectrum and other
properties, and their applications to spectral clustering.

The eigenvalues of the Laplacian can be seen as minimal values attained by
the the Dirichlet energy restricted to some subspaces of LQ(Z/).

In fact for each k € N*, we have by the Courant minimax principle (e.g., see
Proposition 2.15 in [64])

A = min  G(u) = sup min  G(u),
[[ul|=1, ueS Se,_, llull=1, uest

where Sy, = span{u; | i € [k—1]} and >, _; denotes the set of (k—1)-dimensional
subspaces of L?(v).

Definition 5. Similary, define the discrete Dirichlet energy functional as

SN e - ) (ule) —uly)®.

yeX, zeX,

1
n2r?

Gpriur

The same relation between the spectrum of A and the Dirichlet energy ex-
ists in the discrete setting. Thus, a natural first step towards showing spectral
convergence of the graph Laplacian to A, consists in showing some type of con-
vergence of the discrete to the continuous Dirichlet energy, in order to imply
convergence of the eigenvalues (suitably normalised). In [64] the authors estab-
lish I’-convergence of those functionals, characteristic of the so-called variational
approach (cf, [63, [62]).

Definition 6 (I'-convergence). Let X be a topological space and consider a

sequence of functionals (Fp)neny on X, ie., Vn € N, F, : X — Ry. We say

that (Fy)nen I'-converges to F : X — Ry, and write F—liH&Fn = F, if the
ne



following liminf and limsup properties hold true.
For every sequence (Tn)nen converging in X tox € X,

F < liminf F; .
(z) < 121611{11 n(Tn)

For every x € X, there exists a sequence (Ty)nen converging in X to x and such
that
limsup F),(z,,) < F(x).
neN

To show I'-convergence of the discrete to the continuous Dirichlet energy,
the authors of [64] define a distance allowing them to compare functions in
L*(v,) with functions in L?(v), where v, is the empirical measure associated
to v. More generally, how can one compare functions in L> (1) and functions
in L?(#), for two different probability measures p and 6 on D? To address this
issue, the authors in [64] choose to work under the TL? topology, which we now
define.

Definition 7. Given a probability measure u € P(X) and a probability measure
0 € P(Y), define the set of transportation plans bewtween p and 0 to be

L(p,0) :={yeP(X xY) | y(,Y) =p and v(X,.) =6}

Here P(X) denotes the set of Borel probability measures on a given metric space

X.
Definition 8. Let

TL*(D) :={(u, f) | p € P(D), f e L*(n)}.
The space TL*(D) defined above can be endowed with the following distance

1/2

. 2

draa(.0).0.0) = int ([ [ oo 4l - 1P aren)
TFEF(LL,Q) DJD

where T'(p,0) denotes the set of transportation plans between the measures p

and 6.

With the above definition, the authors in [64] show (see Theorem 4.1 in
[64]) I-convergence of the discrete Dirichlet energy functional to its continuous
version under the T'L? topology (with suitable normalising factors), provided
the bandwidth parameter r,, satisfies

. {w((logn)l/dn_l/d), if d > 3,

2.5
w((logn)®*n=1/2) if d = 2. (2:5)

The above dichotomy between the cases where d = 2 and d > 3 is recurring in
various variational approaches as introduced by Trillos and Slepcev in [63]. It
comes from the use of a previous work by the same authors on the concentration
of empirical measures under the oo-Wasserstein distance (see Theorem 1.1 in
[62]). They also show some compactness property relative to the Discrete energy
under the T'L? topology. Namely, we have the following result from [64].

10



Theorem 2.2.1 (Theorem 1.4 in [64]). Suppose that n sastisfies conditions
and that r,, satisfies conditions . Then the graph Dirichlet energies
(Gy,r)nen I'-converge to o,G in the TL® sense, where oy, is defined in condi-
tions and G is the continuous Dirichlet energy.

Furthermore, (G r, )nen satisfies the following compactness property in TL?.
Every sequence ((Vn,Un))nen in TL? satisfying

sup ||unHL2(Vn) + Gmrn (un) < 00,
neN

18 precompact in TL?.

To show the above, they define an intermediate functional which can be seen
as the expectation of the discrete Dirichlet energy, and for which I'-convergence
to 0,G and a similar compactness property can be shown to hold under the clas-
sic L2 norm. We do not give too many details about this intermediate functional
here. A similar set up arises in the case of the total variation functional, an
L' version of the Dirichlet energy, where we give more details (see next section).

Essentially, the I'-convergence of the discrete Dirichlet energy is what allows
us to show convergence of the eigenvalues of the discrete Laplacian (suitably
normalised) to the eigenvalues of A, seeing each eigenvalue as a minimizer of
the Dirichlet energy (as discussed above via the Courant minimax principle).
Given convergence of the eigenvalues, the compactness property then allows
us to deduce convergence of the eigenvectors under the T'L? metric (up to a
subsequence). Once the convergence of the eigenvalues and of the eigenvectors
have been established, the authors in [62] are able to deduce some result on the
consistency of some spectral clustering algorithms. For a full statement of the
main results obtained in [62], see Theorem 1.2 in [62] for the unnormalised graph
Laplacian, which follows as a consequence of Theorem [2.2.1] and see Theorem
1.5 in [62] for an equivalent result for the normalised graph Laplacian.

2.3 Total variation: consistency of the Cheeger
constant and the minimal bisection functional

We have just discussed a variational approach to address the problem of spectral
clustering. This approach consists in studying I'-convergence (defined above)

and some compactness property of the graph (or discrete) Dirichlet energy. More
generally, the same can be done for graph functionals of the form

>0 ez —y)(u(x) —uly))*
X, yeX,

The success of the variational approach to tackle machine learning problems, as
first proposed by Trillos and Slepcev in [63], comes from the fact that several

11



problems in machine learning can be formulated as an optimisation problem
on such graph functionals. For instance, as discussed in the previous section,
the eigenvalues of the graph Laplacian can be seen as minimizers of the graph
Dirichlet energy via the Courant minimax principle. We now present other
common graph quantities of interest arising in a similar way, and see how their
consistency can similarly be established by a variational approach. Namely, we
present some consistency results on the Cheeger constant and on the minimal
bisection functional. The results we present were first established by Trillos and
Slepcev in [63], in [66] for Cheeger consistency, and more recently improved by
Miiller and Penrose in [49]. They can be seen as L' versions of the results men-
tioned in the previous section. The functional of interest, the total variation,
can be thought as an L' version of the Dirichlet energy.

The Cheeger constant and the minimal bisection functional are popular
graph quantities arising in this way. The continuous Cheeger constant is de-
fined as the minimum perimeter to volume ratio over all subsets with induced
volume at most 1/2. On a graph, one may define the Cheeger constant anal-
ogously, after defining analogous versions of the perimeter of a subgraph (the
graph cut) and of its volume. The Cheeger constant is named after Cheeger’s
inequality, where it appears in the lower bound term for the smallest positive
eigenvalue of the Laplacian of a compact Riemannian manifold, proved by Jeff
Cheeger in [23].

In both the discrete and the continuous setting, the Cheeger constant can
be used to provide eigengaps on the (graph or the continuous) Laplacian. As
such, Cheeger constants are important quantities, relevant in spectral cluster-
ing methods on graphs, and the question of whether one can approximate well
the Cheeger constant of an underlying manifold from the Cheeger constant of
a graph (i.e., Cheeger consistency) is thus of interest from the point of view of
machine learning, and has already been investigated in the case of a bounded
domain D C R? in [66 49]. In [49], the authors show how their results can be
applied to a broader class of graph functionals and problems. In particular they
also provide consistency results for the minimal bisection functional of a graph,
which can be seen as a special case of the Cheeger constant.

Assume that n satisfies the following properties (e.g., [63]).

a) n(0) > 0 and 7 is continuous on [0, ro] for some roy > 0,
b) 1 is non-increasing, (2.6)

Q) oyi= [ m@lealde <,
0

where 1 above denotes the first coordinate of x, and 7 is, as before, the radial
profile of 7.

12



The following definitions can all be found in [49].

Definition 9. Given u € L*(v), consider the functional

e, Xn) = Y Y ne(ay)|ule) —uly)],

yeX, xeX,

and define its normalised version

Gny(u, X)) = e (u, Xp)-

2
n(n —1)r

A special case of interest to us is given when we take u = 14, A C D. In this
case, define the graph cut of A by

(CUtn,r(A) =) CUtn,r(AaX ) =n(14, X Z Z (2, y);
yeY z€X,\Y

where Y :== ANX,.

Definition 10. The discrete minimal bisection functional is defined as follows.
MBIS(G(Xy,, 7)) := min { Cuty »(Y,)[Yn C X, |Ya| = [n/2]}.

Definition 11. The balance term of Y C X,, is defined as

min{|V], | X \ Y]}

n

Bal(Y, X,,) :=

Definition 12. Having defined the graph cut in Definition[9, and the balance
term in Definition we may now define the graph Cheeger constant as

Cut, (Y

CHE(G(Xn,7n)) := min {Bal(YXn)

Y C X, V¢ {(Z),Xn}}.

Definition 13. Recall also the definition of the total variation of u € L*(D,q):

1V (i) =sup { [ ulalaiv(o)a)ds | o € CHDIRY, Yo € D, lo(o)] < o) |
Let v be the (probability) measure associated to the sampling density ¢:

v(A) = /Aq(:r)dx, A e B(D).

Definition 14. Define the minimal bisection functional on D with respect to q
as

MBIS(D, q) := inf{TV (1 4;q)|A € B(D),v(A) =1/2}.
Definition 15. As in the discrete case, define for A € B(D)
Bal(A) := min{v(A),v(A°)}.

13



Definition 16. Likewise, define the Cheeer constant of D with respect to q as

TV(1a;q)

CHE(D, q) := inf{ Bal(A)

| Ae B(D), v(A) e (071)}.
In [49] the authors show in particular the following theorems on the consis-
tency of the Cheeger constant and the minimal bisection functionals.

Theorem 2.3.1 (Theorem 2.1 in [49]). Let d > 2 and let D C R? be nonempty,
open, bounded, connected with Lipschitz boundary. Let g : D — R be a contin-
uous probability density with gmax < 00 and gmin > 0. For every (rn)nen such
that r,, = o(1) and nré = w(logn), we have a.s.

lim (CHE(G(Xn, Tn),q)

n2r,

) — (0y/2)CHE(D, q).

n—o0

Theorem 2.3.2 (Theorem 2.4 in [49]). Under the same assumptions as above
on D, q and r,, we have a.s.

iy (MBSO )0
n—oo

n2r,

> = (0,/2)MBIS(D, q).

One of the novelties of the above results is that that the argument does
not use the co-Wasserstein distance as in [63], 64} [61], and as such attains con-
sistency results for r, barely faster than the connectivity threshold value of
(logn)'/4(n)=1/? for every d > 2 (thus avoiding a dichotomy between the cases
d =2 and d > 3 inherent to the use of the co-Wasserstein distance).

2.4 Conclusion

In this chapter, we presented various consistency results of random geometric
graph quantities and functionals. We saw that all of these problems arise as
optimisation problems on graph functionals of the form

D00 ez —y)(u(x) —u(y))*

zeX, yeX,

For instance, in the case of spectral clustering, the Dirichlet energy is the
funtional above with o = 2 and u € L?(v,,), where v, is the empirical measure
associated to the underlying measure v. Eigenvalues of the graph Laplacian are
given by minimizers of this functional, hence the problem of spectral clustering,
which is that of establishing spectral convergence of the graph to the continu-
ous Laplacian, can indeed be seen as an optimisation problem on functionals as
above. Likewise, taking o = 1 we can study the problem of Cheeger consistency
or that of the minimal bisection functional.

14



To study convergence properties of such functionals, we presented some tools
(e.g., T-convergence) drawn from the calculus of variations. This approach to
consistency problems on graphs was first investigated by Trillos and Slepcev in
[63].
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Chapter 3

Some consistency results on
k-NIN graphs

As we have seen in Chapter 2, there exists a plethora of consistency results on
graphs, with various objectives and applications in machine learning. In practice
however, one is generally interested in building sparse graphs (with few edges)
for computational reasons. Two typical constructions yield sparse geometric
graph representations.

One of them, called the r-neighbourhood graph, consists in imposing a com-
pact support on the kernel function 7 inducing the weighted edges of the graph.
In this case, the above kernel conditions or are still satisfied by the
compactly supported kernel, hence the classic consistency results mentioned in
the previous chapter still hold for the r-neighbourhood graph.

The second classic construction yielding a sparse geometric graph represen-
tation, widely used in practice, is known as the k nearest neighbours graph
(k-NN). Two constructions exist. One consists in connecting each node only to
its k nearest neighbours. An alternative construction, known as the mutually
k-NN graph, consists in only connecting vertices which are each among the k
nearest neighbours of each other. We address both constructions, as we will see
that they are both dealt with in the same way in the arguments below.

Let X, := {z1,...,2,} C D be an i.i.d. sample with respect to some prob-
ability measure v, supported on a bounded, open, connected and Lipschitz do-
main D C R?. Suppose that v is absolutely continuuous with respect to the
Lebesgue measure, denote by ¢ the sampling density associated to v, and sup-
pose that

0 < Gmin < Gmax < 00, (3.1)

where
Gmin := inf{q(z) | x € D},
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and
Gmax = sup{q(x) | x € D}.

In this chapter, we show how basic results comparing the regularity of the
empirical measure with respect to the underlying measure can provide us with
ways to infer some consistency results on a k-NN graph from the better known
consistency results on r-neighbourhood graphs.

In Section 3.2 we show how one may easily use some concentration results
on bounded domains in order to deduce connectivity results for k-NN graphs
from better known connectivity results of r-neighbourhood graphs. Sharp con-
nectivity threshold values are already known for k-NN graphs (see [6]).

In Section 3.3 we extend this idea and show how it can also be used success-
fully to convert various consistency results on r-neighbourhood graphs to k-NN
graphs.

The main results of this Section are Theorems [3.3.4] and [3:3.5] providing
conditions for the consistency results to hold on k-NN constructions (spectral
clustering, Cheeger consistency).

3.1 Preliminaries

We first present a few results on the concentration of empirical measures, which
are helpful for our later derivations. One such result, given in [62], is on the
concentration of empirical measures under the co-Wasserstein distance.

Theorem 3.1.1 ([62]). Suppose that v has sampling density q satisfying .
With high probability, the following holds. If the dimension d = 2, then
Woo (1, ) < O Uosm?2

ni/Z
if d > 3, then
W (Un,v) < CM,

ni/d

where C' > 0 depends on D and on the density q.

Another interesting concentration result, which in fact can be used to deduce
the above theorem, is the discrepancy-type result in Lemma 3.2 of [49], which we
mention below - see Lemma Let us now derive similar discrepancy-type
results to this lemma, which we will see to be useful to derive some consistency
results for k-NN graphs.

Assume that
ry = w((logn)/4n~14)
and that v, = o(1) is sufficiently slowly decaying such that

nrdyd+2 = w(logn).

17



Assume furthermore that 7, = w((logn)™!). For each i € [n + 1], let
X=X, \ {2}

Adjusting the proof of the discrepancy-type result of Lemma 3.2 in [49], we
have the following.

Lemma 3.1.2. There exists an almost surely finite random variable ng € N*,
such that for all n > ng and all i € [n]

(n =11 = 1)v(Blai,r) <| X0 N Bai,r)| < (n = 1)1+ 7,)v(B(z,r)).
From this, using the assumptions on ¢ and r which imply that

n(v(B(xi,r))) = w(logn),

we easily deduce that for all n > ng and all 7 € [n]

| X, N B, r)| = 1 +’X,<j> N B(ai,r)

< nv(B(zi,r))(1 + vn + o((logn) ™))
< nw(B(wi,7))(1+7a(1 + 0o(1))).

The same can be done for the lower bound, so that we have the following
estimations for the number of sampled points in each of the random balls.

Corollary 3.1.3. For all n > ng and all i € [n]
‘Xn N B(x;, r)’ > (1 =y, (14 o(1)))nv(B(zi, 1))

and
| X 0 B(wi,r)| < (1+9n(1 4 o(1))nv(B(x;, 7).

A similar result can be deduced if we take merely r such that
(nwgr®)(logn) =t > K 4 o(1),

1
for some constant K > 0 and keep v, = v > 1/?. Then, by the same proof

than the one of Lemma 3.2 in [49], one may obtain

Lemma 3.1.4. For all z € X,
| X N B(z,r)| = (1= ~)nv(B(z,r))

and
| X N B(z,r)| < (1+7)w(B(z,7)).
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The above results, i.e., Theorem Corollary and Lemma [3.1.4]
are results on the concentration of the empirical measures. In particular, they
provide us with a way to control the number of sampled points in any of the
random balls very precisely in terms of the measure of the balls themselves.
This elementary observation yields a natural way to infer consistency results on
k-NN graphs from better known consistency results on r-neighbourhood graphs.

As a first example, let us see how the above results immediately give us some
connectivity threshold values for k.

3.2 Connectivity of the k-NN graph

It is already known that the k-NN graph is connected with high probability,
provided k = Q(logn) (e.g., [I5] for the mutual k-NN graph). In fact it was
shown in [69] that connectivity occurs w.h.p. for k = ©(logn). This was refined
in [B] and later in [6], where the authors eventually establish a sharp connectiv-
ity threshold value for k as a function of logn, such that beyond this value the
graph is connected w.h.p., while below this same threshold value, the graph is
not connected w.h.p..

This sharp transition is reminiscent of the well known sharp transition
threshold probability value for the connectivity of Erdés-Rényi random graphs
(although the setting and the techniques are different). Such a phenomenon
also occurs for the r-neighbourhood graph. Indeed, Penrose proved in [54] that
the smallest r such that the r-neighbourhood graph is connected satisfies

lim (nwgr?)(logn)™! = K as., (3.2)

n—oo

where K := max{q, > ,2(1 — 1/d)((q|op)min) "'} and w, is the volume of the
unit ball in R?. Here D denotes the boundary of D and

(qlop)min == inf{q(z) | x € 0D} > 0.

Likewise, random geometric complexes (generalisation of random geometric
graphs, cf, Chapter 5) exhibit similar sharp transition phenomena.

In this subsection we do not claim to obtain a sharp transition value for
k as precise as the one obtained in [6]. The results presented below, on the
connectivity of k-NN graphs, are to be taken as simple illustrations of how one
can easily derive consistency results for k-NN constructions from better known
consistency results on random geometric graphs.

This can be done in our case, with either Theorem [3.1.1] or Lemma [3.1.4]
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Theorem 3.2.1 (k-NN connectivity from Theorem [3.1.1). Let d > 3. Suppose
that

d
k> (Qmax (C + (K + 0(1))wd_1/d) > logn,

where the constants C and K are given as above (cf, [54)] and Theorem ,
then w.h.p. the k-NN graph (both constructions mentioned above) is connected.

In fact this could be made into an a.s. statement by Borel-Cantelli. Indeed,
referring Theorem 1.1 in [62], we see that the probabilities are summable over n.

Proof. First, let us note that the co-Wasserstein distance can be reformulated
as (cf, [36])

Weo (v, 1) == inf{r > 0|VA € B(D), v(A") > v,(A)},

where

A" :={x € D | dist(z,A) <r}.

Let r satisfy the above connectivity condition of Penrose given in (3.2), and let
Too = Woeo(Vn, V). Using the above formulation for W, we have the following
bounds. For every i € [n]

nyn(B('ria T)) < nV(B('%.iv r+ 7"00))
< anaxwd(r + TOO)d'

We know by Theorem that w.h.p.

1/d
e <C <logn> ’
n
and
1/d { logn 1/d
r< (K +o(1))wy "/ <n> ,
so w.h.p.
logn L/d —1/d
T ree < (C+ (K +o(1))w,; '),

and for all z € X,
d
nVn(B(x7 T)) < (qu (C + (K + 0(1))w;1/d) ) log n.

Choose k greater than (or equal to) the RHS above. Then, the above indi-
cates that
X, N B(x,r) C Ng(zx),
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where N (z) denotes the set of k nearest neighbours of z, together with z itself;
hence that for all z,y € X,

1(z—y|<r) (y € Ni(2)) 1 (z € Ni(y))

<1
<1 (y € Ni(z) or € Ni(y))

In other words, we know that w.h.p. the k-NN graph (either construction)
thus constructed contains as a subgraph the r-neighbourhood graph, with r
satisfying the connectivity condition in (3.2]). In particular, this means that the
k-NN graph is connected w.h.p. for such values of k.

O

By a very similar argument to above, we can use Lemma [3.1.4] instead and
obtain the following, which is sharper than the above.

Theorem 3.2.2 (k-NN connectivity from Lemmal(3.1.4). Let d > 2 and suppose

that
1 _
k > Gmax ((K +o(1) 44/ K) wy Y ogn,

then w.h.p. the k-NN graphs are connected.

Note that in fact, using Lemma[3.1.4 we could similarly derive a lower thresh-
old value for k.

The above is just to illustrate with a simple example, how one may use the
concentration results mentioned in the previous section to derive consistency
results for k-NN graphs from better known consistency results for random ge-
ometric graphs. While these results are not as sharp as those obtained in [6],
their proofs are elementary.

Next, let us see how Corollary can be used similarly to derive other
consistency results on k-NN graphs. As far as we know, the consistency re-
sults presented below have not been studied before. In particular, we derive
asymptotic conditions on k to guarantee spectral clustering consistency with a
Laplacian sparsified by a k-NN construction. We note the work of Maier, Hein
and Luxburg in [45] on choices of k for k-NN clustering, but emphasise that our
results below are set in a different paradigm. First of all, we are concerned with
spectral clustering, i.e., via the spectrum of a Laplacian (in particular, we do not
perform the same construction nor do we follow the same clustering algorithm).
Secondly, the authors in [45] have a different definition of clusters and different
assumptions on the sampling density. Consequently, they are set to answer a
different question to the one addressed below, and indeed find different answers.
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3.3 Other consistency results on the k-INN graph

As seen in the previous chapter, various quantities of interest on geometric
graphs (e.g. graph cut, Dirichlet energy) arise as functionals of the form

D00 ez —y)(u(x) —u(y)*
zeX, yeXn,

Analogous quantities can be defined for k-NN graphs in a similar fashion.
We present them in the following list of definitions.

Definition 17 (k-NN Dirichlet energies).

G w3 Y o)l (v € Nel)) 1 (y € Nelw) (ule) — u(y))?
r€X, yeX,

1
n2r2

2) .
G%B T

Y (e — )L (2 € Ni(y) ory € Ni(2)) (u(z) — u(y))?

r€Xy, YeEX,

Definition 18 (k-NN (unnormalised) graph Laplacians).

AP w20 D me(e—y)l (v € Ni(y)) 1(y € Ni(@)) (u(z) — u(y))
yEXn

AP iy |z Z nr(z —y)1 (z € Ni(y) ory € Ni(2)) (u(z) — u(y))
yEXn

Definition 19 (k-NN graph cuts).

Cut,(# A Z Z nr(z —y)1 (z € Ni(y)) 1 (y € Ni())

z€X,\Y yeY

Cutﬁfl A Z Z nr(z —y)1 (z € Ni(y) ory € Ni(z)),
zeX,\Y yeY

where Y :== AN X,,.

In the above definitions, the graph Laplacians and Dirichlet energies are
defined in two different ways. These two definitions correspond to the two
different ways one could construct the k&-NN graph, where the edge set is either
given by

Lz € Ne(y)1(y € Np(@))]ay,

or by
[1(z € Ni(y) or y € Ni(2))]ay-
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Definition 20 (k-NN graph Cheeger constants and minimal bisection function-
als).

Cut{).(Y)

CHE(k-NN®) := min {Bal(yxn)

|Y C X,, YgZ{(Z),Xn}}, i€ 2]

MBIS(k-NN®) := min {Cut;ﬁL(Yn)m C X, Vo] = Ln/ZJ} L ie[2
From now on, assume that v is the uniform distribution.

Let 7 be such that nr? = w(logn) and let v, = o(1) be as above, so slow
that v, = w((logn)™!) and
nriydt? = y(logn).

Finally let C' > 0 and let k € [Cnwgr?, Crnwgr? 4+ 1] N N.

Lemma 3.3.1. Let r; := r(1 + 2'yn)’1/d and ro = r(1 — %yn)*l/d. For all
n>mng and all x € X,

nn (B(z, CY%)) < k < nuyp(B(z, CYry));
from which it follows that for all x,y € X,
1 (|1: -yl < Cl/dm) <1 (x € Ni(y)) 1 (y € Ni(z))
<1 (y € Ni(z) orx € Ni(y))
<1 (|x—y| < Cl/drg) .

Proof. Using Corollary [3.1.3] the fact that v is the uniform measure, and the
assumptions on r which imply that

nv(B(z,r)) = w(logn),
we have for all x € X,

vy (B(x, C'41)) < nu(B(x, C'V4r))
= Cnwgr®
<k

< C’nwdrd +1

= nv(B(z, CYr)) (1 +o ((logn)_1)>

< nv(B(a, CY %)) (1 = v (1 + 0(1)))(1 + (7))
< vy (B(z, CYiry)).
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Hence for each x € X, all the points of X, contained in B(:E,Cl/drl) are
among the k nearest neighbours of x in X,,, which are themselves contained in
B(z, CY?ry). In other words, we have

X,, N B(z,CY%1) € Ny(2) € X, N B(x, CY%%5).

Now suppose that =,y € X, satisfy
1 (\x -yl < Cl/drl) =1

By the above observation, it follows that x € Ni(y) C B(y,Cl/drg) and y €
Ni(z) € B(z, C*ry), which gives the second claim of the lemma.
O

From this lemma, we have the following immediate corollary.

Corollary 3.3.2. Let n be a kernel function satisfying the conditions or

(2-6) mentioned in Chapter 2. Let o € N and let u € L*(D). As above, let r be
such that

nrd = w(logn)
and suppose that
ke [C’nwdrd, Crnwgr® + 1] NN,

then we have

B Y Y et (sl <) ) )

< ; y; ne(z —y)1 (z € Ni(y) 1 (y € Nie(2)) (u(z) — uly))®
< ;; 1’;” me(z = y)1 (z € Ni(y) ory € Ni(x)) (u(z) — u(y))
< :—% > male =1 (o -yl < V2 (u(a) - uly))”,

X, yeX,
where k, r1 and ro are chosen as above.

Proof. From Lemmd3.3.1] we can already deduce that

SN e =)/ (e - ol < V) (ul@) - uly)

re€Xy, yeXn

<Y D nle -yl (ze Nu(y) 1 (y € Ni(@)) (ul@) — uly))”

r€X, YyeXn

< D D mlz =yl (e € N(y) or y € Ni()) (ulz) — uy))®

TEX, YEXp

<r? Z Z n((z —y)/r)1 <|9€ -yl < Cl/drz) (u(z) —u(y))®.

reX, yeX,
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Since r1 < r < ro, we have

n((x—y)/r) <n((z—y)/r) <n((z —y)/r2),

from which the claimed result now follows.
O

The above corollary provides us with a natural way to deduce consistency re-
sults for the k-NN graphs via analogous consistency results for r-neighbourhood
graphs, with suitable choices for o and u. Below, we provide a few examples
which follow immediately from the above corollary and the known consistency
results for random geometric graphs (cf, Chapter 2).

3.3.1 The Dirichlet energy and spectral clustering consis-
tency for k-NN graphs

As we have seen above, the Dirichlet energy can be defined on a k-NN graph
in a similar way to before (cf, Definition . Combined with Corollary
this immediately gives us similar consistency results to the ones mentioned in
the Chapter 2 for random geometric graphs.

Namely, we have the following result (to be compared with Theorem m
above).

Theorem 3.3.3. Suppose that n sastisfies conditions (cf, previous chap-
ter) and that r,, satisfies conditions , and suppose that

k € [Cnwqr?, Cnwgr® + 1] NN,

for some C > 0. Then the k-NN graph Dirichlet energies (G(l)

mTrn
(Gﬁfln)neN both I'-converge to o3G in the TL? sense, where o5 s defined in
conditions , G is the continuous Dirichlet energy, and

Jnen and

i(z) == n(2)1(z| < CY9), z € RY.

Furthermore, (G )nen and (G2). )nen both satisfy the following compact-

m,"n ,"n
ness property in TL*. Every sequence ((Vn,un))nen in TL? satisfying

sup Hun||L2(Vn) + Ggl’)r(un) < 00,
neN
is precompact in TL?, i € [2].

We refer the reader back to Chapter 2, Definition 8] for the definition of the
T L? topology and to Chapter 2, Deﬁnition@ for the definition of I'-convergence.
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Proof. Let i € [2]. Let us first show the compactness property. Suppose that
((Un, un))nen in TL? satisfies

sup ||un||z2(1,) + G (un) < o0,
neN

then, by Corollary it follows that

d+2
< 1 _
Zlelll\)l !l L2 () + RS G ey (Un) < 00.

Since r; and r are asymptotically equivalent, we deduce by Theorem that
((Un, Un))nen is precompact in TL?.

Let us now show the I'-convergence.
Liminf lower bound

Let (un)nen, with u, € L*(v,), be converging in TL? to some u € L?(v).
By the I'-convergence in Theorem [2:2.1] we know that
hnrglo%f Gﬁ,n (un) > U;,G(u)

Again using Corollary and the fact that r; and r are asymptotically equiv-
alent, it then follows that

mi (4) _
1ggl£f Gy (un) > 073G (u),
which proves the required liminf property of the I'-convergence.
Limsup upper bound

Similarly by Theorem for every u € L*(v), there exists a sequence
(un)n7 with Up € LZ(Vn), such that

lim sup Gy r, (un) < 05G(u).
n—oo
Using Corollary and the fact that ro and r are asymptotically equivalent,
it follows that 4
lim sup Ggi)r (un) < 07G(u).
n—o0

O

In [64], it is shown that Theorem together with the Courant minimax
principle, viewing the eigenvalues of the (discrete or continuous) Laplacian as
minimizers of the (discrete or continuous) Dirichlet energy, imply Theorem 1.2 in
[64]: spectral convergence (both eigenvalues suitably normalised and eigenvec-
tors in the T'L? metric) of the graph to the continuous Laplacian and consistency
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of the spectral clustering Algorithm 1 proposed in that paper. By the same to-
ken, it is easy to verify that our Theorem [3:3.3] above similarly implies spectral
convergence (both eigenvalues suitably normalised and eigenvectors in the TL?
metric) of the unnormalised k-NN graph Laplacians to the continuous unnor-
malised Laplacian. As discussed before, the restriction to the unnormalised
case is for the sake of clarity and brevity of the presentation, but a similar
argument establishes likewise the spectral convergence of the normalised k-NN
graph Laplacians to the continuous normalised Laplacian. Let us summarize
the above discussion in a statement.

Let A1 < A2 < ... be the eigenvalues of the (unnormalised) Laplacian A, and
let w1, usg, ... be the associated othonormal eigenvectors (or eigenfunctions).

For i € [2], let A" < A < . be the eigenvalues of the (unnormalised)
k-NN graph Laplacians A% (cf, Definition , and let u{"", u{™" ... be the
associated eigenvectors. We have the following theorem (to be compared with
Theorem 1.2 in [64]).

Theorem 3.3.4. Let i € [2]. Suppose that n satisfies conditions , that
T satisfies conditions , and that k € [C’nwdrd, Cnwgr® + 1NN, for some
C>0.

Convergence of the eigenvalues: For all { € N*, we have

Convergence of the eigenvectors: For every { € N*, the sequence (u&n’i))n

is precompact in TL?, and for every converging subsequence (ugw(n)’i))n to some

ug € L*(v), it holds that ||ug|| 2,y = 1 and ug is an eigenfunction of A associ-
ated to A\y.

Convergence of the eigenprojections: The same statement as in Theorem
1.2 of [6)] holds.

Consistency of spectral clustering: We refer to Algorithm 1 in [64)], where
we change the unnormalised graph Laplacian A, to Aﬁj). Then the same state-
ment as in Theorem 1.2 [67)] holds as well. This establishes, under the above
conditions on v and k, consistency of spectral clustering done with a sparsified
Laplacian via a k-NN construction.

3.3.2 Consistency of the k.-NN Cheeger constant and min-
imal bisection functional

Likewise, the same observations as those above yield consistency results for the
Cheeger constants and the minimal bisection functionals on a k-NN graph.

We obtain, by the same token as in the previous section, the following a.s.
convergence results (to be compared with the results in [49]).
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Theorem 3.3.5. Let i € [2]. Suppose that n satisfies conditions (@, that
= w((logn)Y4n =14 d>2, and that k € [Crnwar?, Cnwgr® + 1NN, Then

(1 i
Tim. <nQTCHE (k;_NM >)> = CHE(D) a.s.,

and
lim (iMBIS (k-NM”)) — MBIS(D) a.s..

n—oo nr

3.4 Conclusion

For computational reasons, sparse graph constructions (few edges) are very im-
portant in practice. A classic sparsification method on graphs is the k-NN
construction (two possible variations) which we have discussed above.

While many consistency results are known to hold for random geometric
graphs, constructions are not assumed to be sparse. Generally, if one is given
a smooth kernel function 7, then every pair of vertices is assigned to a strictly
positive weight (even if negligible when the points are far away). As far as we
know, little is known from a theoretical point of view about consistency results
(e.g., spectral clustering done with a sparsified Laplacian, k-NN Cheeger con-
sistency, etc.) for sparse graph constructions such as k-NN graphs.

In this chapter, we showed how simple results on the regularity of empirical
measures with respect to the underlying measure can be used to derive such
consistency results of k-NN graph constructions from the better known consis-
tency results for geometric graphs (presented in Chapter 2). In particular, we
show if k = w(logn) then k-NN spectral clustering is consistent for appropriate
r, and we also have Cheeger consistency and consistency of minimal bisection
functionals.
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Chapter 4

On the consistency of
random geometric graphs
quantities on R

4.1 Introduction

The variational approaches described above, followed in [63] [64] 61, 49] to es-
tablish spectral clustering consistency and consistency of the Cheeger constants
and the minimal bisection functionals all rely on a few key ideas. One of them
deals with convergence and compactness properties of certain functionals. In
particular the I'-convergence of functionals, mentioned above, is characteristic
of the variational approach. Another key idea is a discrepancy-type result, com-
paring the regularity of the empirical measure on a partition of small cubes of
the domain, with respect to the underlying sampling measure, which is similar
to Lemma[3.1.2]above. We state these key results below. Then, we provide some
extensions of these results to the case where the domain is R? and discuss some
current limitations. We then illustrate an application of these generalisations to
R? by showing some type of consistent perimeter estimation on R? using graph
cut, a generalisation of the work in [65].

4.2 Some key results in the variational approach

It is worth noting a few key results which serve as cornerstones in all of the
successful variational approaches followed to establish spectral consistency or
Cheeger consistency.

One of them is a discrepancy-type result derived from Chernoff-type bounds,

measuring the regularity of the empirical measure on a partition of small cubes
of the domain, with respect to the underlying sampling measure. Some version
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of this result is used in order to derive the concentration bounds obtained in
[63] on empirical measures under the co-Wasserstein distance. This result is
also repeatedly used throughout the argument in [49].

The second key result, characteristic of the variational approach, deals with
properties of certain functionals. This is the so-called I'-convergence, alluded
to in the previous chapters (cf, Theorem . Together with a compactness
property, this type of convergence proves itself very useful to establish various
consistency results, as discussed above.

Before stating the discrepancy-type result, let us construct a partition of the
domain D into small cubes, as it is done in [49].

Let (vn)nen be non-increasing and such that
nyd2rd = w(logn),
where r,, satisfies
nrd = w(logn).

In particular, (v,)nen can be constant or tending to 0 arbitrarily slowly. In
[49], the added conditions that v, — 0 and

Tt = w(rn)

need to be satisfied for reasons related to later parts of the argument, but not
directly impacting the general discrepancy-type result which we present below.

Let n € N and divide R? into a grid of cubes of side v,r,. Call the cubes
{Q; ,li € N} and for each i € N denote the centre of Qj ,, by z; . Without loss
of generality, we may assume that the origin is one of the centres.

Given D C R connected, open, with Lipschitz boundary, let S, (D) := {i €
N | Q;, C D} and Dn(D) :={zin | i € Sp}. Suppose that S, (D) # @ (which
is necessarily true for n sufficiently large, given D).

For i € S, (D), let
I(i,n):={j e N|Vi' € Sp(D)\ {i}, |zi;n — zjn| <|2irn — 2jml}s

and let
Qin = Ujer(in)(Q}, N D).

These boxes in particular partition the domain D. We have the following
discrepancy-type result.
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Lemma 4.2.1 (Lemma 3.2 in [49]). Almost surely, there exists a finite random
variable ng such that for all n > ng and all i € S,, we have

‘Xn N Qi,n| S (1 + 'Vn)nl/(Qi,n)

and
|Xn N Qz,n| > (1 - 'Yn)nV(Qi,n)-

Note the similarity with our Lemmal[3.1.2]and Corollary[3:3:2] in the previous
chapter, which proofs are an easy adaptation of the proof of the above lemma.

The second key result, following results first established in [63], is about the
I'-convergence of some functionals. Here, we will focus on the setting of [49],
which investigates the total variation functionals rather than the Dirichlet en-
ergies (cf, persentation in the previous chapters). In particular, we will focus
on the I'-convergence of the functionals (T'V; )nen and on some compactness
properties relative to these functionals. These functionals are defined as follows.

Definition 21. Given u € L'(D,v), consider the functional

TV, (u;q) == E [Gnp(u)] = %/D/Dm(%y)ltt(x) —u(y)lg(z)q(y)dzdy.

These functionals can indeed be seen as the expectations of the (normalised)
graph cut functionals mentioned in the previous chapters. In [49], they serve as
an intermediate functional between graph cut and the total variation functional.

The convergence properties of the functionals (T'V;. )nen (as first proved in
[63] and also used in [49]) are gathered in the following lemma.

Lemma 4.2.2. For every r, = o(1), the following holds.
(i) [liminf lower bound] For all sequences (un)nen converging in L'(D,q) to
some u € LY(D, q),

liminf TV, (un;q) > 0,7V (u; q). (4.1)

n—oo
(ii) [limsup upper bound] For allu € L*(D,q),

limsup TV, (u; q) < 0,TV (u; q). (4.2)

n—oo
(i)’ We deduce from (i) and (ii) that for all u € L*(D,q),

lim TV, (u;q) = oy TV (u; ). (4.3)

(iii) [compactness property] If (u,)nen is a sequence bounded in L'(D,q)
such that (TV,, (un;q))nen is also bounded, then we can extract a subsequence
(Up(n))nen converging in LY(D,q) to some u € L*(D,q).
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We refer the reader back to equation for the general conditions assumed
on the kernel function #, and more specifically to c) for the definition of o,.
The discrepancy-type result and the above properties of functionals such as
(T'V;., )nen, are essential steps towards establishing consistency results such as
those presented in the previous chapters. Towards establishing consistency re-
sults for random geometric graphs quantities supported on R?, it is thus natural
to first seek analogues of these results in the case of an unbounded domain. We
choose to work with a homogeneous Poisson point process P, of intensity n,
sampled from a radial density ¢ with support supp(¢) = R%. The particular
choice of ¢ is of course an important matter. Let us now discuss some motiva-
tion behind the setting that we consider in R%.

4.3 A geometric interpretation for the co-Wasserstein
distance

In [66] part of the approach relies on results previously obtained in [62], on the
concentration of empirical measures under the oco-Wasserstein distance. This
forces a dichotomy between the cases where the dimension verifies d = 2 and
where it verifies d > 3, due to the rates of convergence of empirical measures un-
der the co-Wasserstein distance scaling differently with the dimension in those
two cases (see Theorem [3.1.1). In the case where d > 3, the authors of [66]
are able to obtain Cheeger consistency beyond the following threshold value of
the bandwidth parameter of the graph: r, ~ (log n)l/dn_l/d. This threshold
is sharp since this is the well known connectivity threshold value for random
geometric graphs on bounded domains. On the other hand, they could only
obtain Cheeger consistency for r, ~ (log n)3/4n71/2 in the case where d = 2,
due to the dichotomy inherent to the use of the oo-Wasserstein distance. These
bandwidth threshold values are similar to the ones obtained for the consistency
of spectral clustering by the same authors in [64] (which we presented in more
detail in Chapter 2). This is not surprising, since as we have already seen, both
problems (Cheeger consistency and spectral clustering consistency) arise as op-
timisation problems on graph functionals of the same form, and both arguments
use the concentration results on the co-Wasserstein distance (thus in both cases,
there is a dichotomy between the cases d = 2 and d > 3).

Part of the point of the recent approach followed by Miiller and Penrose in
[49], is to avoid using the oo-Wasserstein distance in the argument yielding to
Cheeger consistency, so as to avoid such a dichotomy. They successfully ob-
tain Cheeger consistency for r,, = w((logn)/4n=/?) for every d > 2. Another
advantage of their approach, is that it can be applied to a variety of other con-
sistency problems. In particular, as discussed above, the consistency of minimal
bisection functionals is also showed in [49] with the same approach.

It is interesting to note that in the case where d > 3, the concentration
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results on the co-Wasserstein distance obtained in [62] essentially indicate that
WOO(V7 l/n) 5 dH(D7 X’ﬂ)7

where dg is the Hausdorfl distance and

VnIZ%de

reX,,

is the normalised empirical measure associated to X,.
Indeed the Hausdorff distance between two sets A and B may be defined as

dp(A,B) :=inf{r >0|AC B" and B C A"},
where
A" = {xz | dist(z, A) <r}.
The Hausdorff distance between D and an i.i.d. sampled set of points X,, C D
is thus given by

dy (D, X,,) = inf {T >0|D C U?ZlB(xi,r)} ,

which is the minimum radius needed for balls sampled at random (i.e., their
centres) to cover a bounded domain (or a compact manifold).

This minimal random covering radius is known to be ~ (logn)'/4(n)=1/4
w.h.p. (cf, [63]). This quantity will play an important role in our later inves-
tigations of random geometric complexes, in particular in Chapter 7 where we
extend, following our joint work with Ulrike Tillmann and Oliver Vipond ([42]),
some previous results of Bobrowski and Weinberger ([L1]) and of Bobrowski and
Oliveira ([10]).

It is well known that the Hausdorff distance serves as a lower bound for the
oo-Wasserstein distance. In our setting, this is immediately verified from the
above formulation for dg (D, X,,) and using the following formulation for the
oo-Wasserstein distance (cf, [36])

Woo (v, 1) :=inf{r > 0|VA € B(D), v(A") > v,(A)}.

The results in [62] which are sharp in the case where d = 2, illustrate that the
reverse inequality is not expected to hold in general.

This observation yields a geometric interpretation of the co-Wasserstein dis-
tance when d > 3, in terms of this minimal random covering radius. We note
that similar geometric interpretations have already been investigated in the case
of the Wasserstein distances W,,, p € (1,00). In this case, it is shown that when
d >3, Wp(v,vp) ~ n~ 7, and is shown to be directly related to the minimal
covering radius of a set of n points (equivalently, to the cover number of a man-
ifold, given a radius) (e.g., [26]). We ask whether the geometric interpretation
for the co-Wasserstein distance in terms of the above minimal random covering
radius can be made more explicit, as in the other cases.
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4.4 Consistency results on R?

These geometric interpretations for threshold values of the bandwidth parameter
for consistency results in terms of the Hausdorff distance, raise natural questions
in the case where we consider an unbounded domain such as R?. There, we obvi-
ously have oo = dg(R%, X,,) < Wao(v,v,). In other words, the same geometric
pictures which helped to guide our guesses in the case of a bounded domain,
do not carry over to R%. On the other hand, note that if r, ~ dg(D,X,),
then in particular the union of the balls centered at the vertices with radius
T is contractible (assuming D is connected), which in turn is also a sufficient
condition for the graph to be connected. It turns out that if a sampling density
supported on R? has superexponential decay, conditions on 7, can be found
such that the union of the balls centered at the vertices and of radius r, are
indeed contractible, hence such that the graph is connected. This is the object
of Theorem 4.5 in [52], which we mention more in details below. This naturally
raises the question of whether such conditions on the density and on r,, can yield
consistency results on R?, similar to the ones obtained for bounded domains in
[63 164, 49] (spectral clustering consistency, Cheeger consistency, minimal bisec-
tion consistency, etc.).

There are several reasons to be interested in consistency results on R%. First
of all, because definitions for the Cheeger constant, the minimal bisection func-
tional or the Laplacian naturally extend to the case where the domain is R?
instead of, say, a compact manifold. Another reason is to consider the more
realistic possibility of sampling from a bounded domain with noise. One may
wonder if it is still possible to obtain consistency results on a bounded domain,
in the case where we sample from the domain with unbounded noise. In this
latter setting, we could assume the bounded domain to be just the origin, and
model the unbounded noise by a sampling density supported on R?. This setting
was already investigated with views on applications to Topological Data Anal-
ysis in [IL 52], where the authors investigated the effect on homology recovery
when sampling a manifold with noise.

4.5 Topological crackle and setting on R?

In [1I] the authors consider densities supported on R? with various decays, and
investigate the effect on capturing the homology of a manifold, when sampling
with unbounded noise. The answer to whether noisy samples affect the recov-
ery of the manifold homology, i.e., whether the homology of the noise eventually
vanishes, depends on the density considered. This work itself builds on previous
works by Niyogi, Smale and Weinberger (|50, 5I]) which considered cleaning
algorithms for random samples from low dimensional manifolds sampled with
Gaussian noise. Here the setting is more general. Assume the submanifold to be
reduced to be the origin and let ¢ be a density supported on R, not necessarily
Gaussian.
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The authors of [I] identify sequences of radii (R, )nen depending on the den-
sity, such that homology vanishes in B(0, R;) but not necessarily outside the
ball, in which case they call this phenomenon topological crackle. Crackle gen-
erally happens except if the density has superexponential decay, in which case
there exists a sequence of radii (R(")),en and choices for (ry)nen depending on
the density, such that w.h.p. P,, C B(0, RS)) and Ugep, B(z,ry,) is contractible;
here P,, is a homogenous Poisson point process.

In [, the authors focus on three particular densities, illustrating various
decaying rates: power law, exponential, Gaussian. They identify crackling se-
quences of radii (R;)nen in each case. This is the content of Theorem 1 in
[1]. Note that there is nothing special about these specific examples, other that
they are representative of three general rates of decay (power law, exponential,
superexponential). In fact, one can extract from the proof of Theorem 1 in [I]
the following lemma.

Lemma 4.5.1 (from proof of Theorem 1 in [I]). Let ¢ : R — R be a sampling
density supported on R? and let P,, be a homogenous Poisson point process of
intensity n, sampled with respect to q. Suppose that the sequences (R )nen and
(rn)nen satisfy

(RS /grn)® exp (—gdnrzq(RZel)) =o(1),

where g is a small constant depending only on the dimension d,
then

lim P (B(0,R;) C Ugep, B(z,my)) = 1.

n— oo

(We note early works, [50, B1], in this direction, with the difference that

they deal with compact Riemannian submanifolds of Rd.) Building from this
argument, the authors in [52] pursued the investigation of the topological struc-
ture of noise with more general settings assumed for the density, using tools
from Extreme Value Theory. In particular, they exhibit sequences of annulii in
R?, where each annulus generates homology of a certain degree. Furthermore if
the density has superexponential decay (a generalisation of the case where the
density was a Gaussian in [1]), they show (cf, Theorem 4.5 in [52]) as mentioned
above that the union of the balls (centered at the vertices) is contractible, thus
in particular that there is no topological crackling in this case.

As we have just seen, for every density one can find radii R;, such that the
union of the balls covers B(0, R;,) (in particular is contractible and the graph
restricted to this ball is connected). For clarity and brevity of the presentation
below, we restrict our attention to the above mentioned case of densities with
superexponential decay. With this restriction slightly more can be said (cf, The-
orem 4.5 in [52]), but we emphasise that similar results could be derived with
any density, following the work in [52]. Let us recall the setting for light tail
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densities used in [52], which we follow to derive our results in this chapter.

Definition 22. Given a function ¢ € C*(Ry;R), we say that it is of von
Mises type if for all z — oo,

¥'(2) >0,
P(z) = oo, X
a'(z) = 0, where a(z) := D)

Let the (light tail) density distribution function be given as in [52], by
¢:R{— R,
@ — L(|2]) exp (= (J2])) ,

where ¢ € C*(R;R) is a function of von Mises type.

We suppose furthermore that

L(t + a(t)v)

70 — 1 as t — oo uniformly on intervals, (4.4)

and that 3(v, 20,C) € Ry x R} x [1, 00),

L(zt)
L(z)

As discussed in [52], the above assumptions are made to ensure that the
tail behaviour of ¢ is governed by 1, while the behaviour of L becomes asymp-
totically negligible. Hence, for clarity of the results presented below, we shall
assume as in [52] that L = C, where C is a suitable normalising constant.

Vit > 1,Vz > 2z,

<cr. (4.5)

Definition 23. We say that a function f : RY — R is reqularly varying with
exponent o, and we write f € RV, if for all z € S9! and all t > 0

f(tRx)
ko J(Rz)

Assuming that ¢ € RV, for some v > 0, we say that the density ¢ has a
light tail with subexponential decay if v < 1, with exponential decay if
v = 1, and with superexponential decay if v > 1. We shall consider later the
special case where ¢ € RV, with v > 1, where some interesting concentration
results can be extended from a bounded domain to all of R?.

Since 1) is eventually monotone (increasing), its inverse function 9 is well-
defined asymptotically.
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Let (rn)nen be a regularly varying sequence of positive real numbers, de-
creasing to 0 and such that

-
lim %° ¥ (logn)

n—oo Tn

loglogn = 0. (4.6)

Furthermore, let (7,,)nen be decreasing to 0 (arbitrarily slowly) such that

nrdyd+2 = w(logn).

For n € N, let P,, be a homogenous Poisson point process with intensity n with
respect to the density ¢, i.e.,

Pn:={x1,...,xN},

where the x;’s are i.i.d. samples with respect to ¢ and independent from N ~
Po(n).

Assuming that ¢ € RV, with v > 1, i.e., that ¢ has a light tail with su-
perexponential decay, and under conditions (4.6)) assumed for the bandwidth
parameter r,,, we have the following theorem from [52].

Theorem 4.5.2 (Theorem 4.5 in [52]). There exists g > 0 sufficiently small
(independent of n), such that choosing 0 satisfying

d—egC <0,
letting
RO = ¢ (logn + dlogr, — loglog (r;ldf_(log n)) — 5)
and

R = ¢ (logn + (d —1)log* (logn) + log (a o ¥ (logn)) + loglog n) ,

we have
lim P [ B(0,R?) c U B(z,7), PaNBO, R =0 | =1
n— o0
z€P,NB(0,R)
and

RY — RO = o(r,).

As noted above, it is straightforward to deduce from this theorem that w.h.p.
Uzep, B(x,r,) is contractible, hence that w.h.p. the graph G(P,,r,) is con-
nected.
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4.6 Some discrepancy-type results on RY

Here, we present some extensions of the discrepancy-type result used in the
variational approaches for bounded domains (cf, Lemma 3.2 in [49]) to the case
where the domain is R? and the density ¢ has superexponential decay, as speci-
fied above. To do this we identify as in [T}, 52], sequences of radii beyond which
the discrepancy-type inequalities cease to hold (while they hold before these
radii).

As noted above, we could provide similar discrepancy-type results for more
general densities ¢ : R? — R, using the criterion given in Lemma De-
pending on the exact results one wishes to deduce, one may relax the conditions
on the bandwidth r,,.

The following Chernoff-type bounds for Poisson random variables, which are
the analogue of the bounds used in [49] for binomial random variables (see also
Lemmas 1.1 and 1.2 in [33]), hold.

Recall that N ~ Po(n) is a Poisson random variable with intensity n. For x > 0
let
H(z):=1—-2z+zxlogz,
and set H(0) := 1.
We have

P(N > k) < exp (—nH <:>> k> (4.7)

P(N < k) < exp <nH <:)) Jk<n. (4.8)

We start with the following discrepancy-type result on R? derived from the
above Chernoff-type bounds, which is obtained by combining Lemma 3.2 in [49]
and Theorem 4.5 in [52] (cf, Theorem above).

Theorem 4.6.1. Let q and r,, be as specified in the previous section. There
exists sequences (R\)nen and (RY))en such that

RS) — R1(10) =o(ry),

and such that with probability going to 1 as n — oo, the following holds.
For all i € S, (B(0, R™))

Pu(Qi,n)) < (14 m)nr(Q(; n)) (4.9)

and

Pn(Q(zv TL)) > (1 - Wn)nV(Q(i’ TL)) (4'10)

Furthermore,
P, N B(0, RV = 0.
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Proof. Let Rg) be chosen as in Theorem above, and let

R§?> =" (logn + dlog(ry) + (d + 2) log(vn) — loglog((ynrn) ' (logn)) — (5) ,

where 0 is chosen such that
(d—e°C'/3) < 0.
One can verify as in the proof of Theorem that
R — RO = ofr,)
and that with probability going to 1
P, N B(0,RM) = 0.

Furthermore, note that for i € S, (B(0, ("))

J

where ¢’ > 0 is an absolute constant.
Thus, picking n sufficiently large so that H(1 + 7,) > (1/3)72, we have for all
i€ S,(B(0,RY)
P (Pn(Ql,n) > (1+ 'Yn)nV(QZN)) < exp (*nV(Qi,n)H(l + 'Yn>)
< exp (~Cna(Ren)riyi™2/3)

dadez [ e > Ca(RPe) )",
Qi,nNB(0,Ry")

i,m

Summing over all i € S,(B(0,R)), we find by a union bound that the
probability that (8) does not hold for some i € S,,(B(0, R{")) is bounded above
by

To prove that the above goes to 0 as n — oo, it suffices to show that the
exponent on the RHS goes to —oo. We have indeed

dlog(r;lRglo))—C’/nq(Rglo)el)rﬁ75+2/3 < (d—e‘SC//3) log (r;lz/f_(log n)) — —00.

This shows that (8) holds w.h.p. and (9) is shown similarly.

O

While interesting in its own right, this theorem is not directly interesting for
the purpose of establishing a.s. consistency results. Indeed, the above proba-
bilities converge to 1 too slowly in n for us to apply the Borel-Cantelli lemma.
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This kind of result is required to obtain an a.s. convergence result similar to
Theorem 2.1 above, which is only possible if with probability 1, the above events
are true for all but finitely many n. To improve the rate of convergence of these
probabilities (to make the probabilities summable over n, so that we can invoke
the Borel-Cantelli lemma), we may restrict the setting to B(0, Rﬁlo)), where f%gO)
is barely smaller than Rﬁlo). We then find the following theorem.

Theorem 4.6.2. Suppose that
lim %2 ¥ (logn)

n—oo

loglogn = 0,

n

and let
RO .=y (logn + dlog(ry) + (d + 2) log(vs) — loglogn — 5) ,
where § is chosen such that
d—(C'/3)e’ < —2.
Note that it still holds that
Ry — R = o(rn),

with RS) chosen as above.
There exists an almost surely finite random wvariable No > 0 such that for all
n > Ny and all i € S,,(B(0, R"))

Pu(Qi,n)) < (14 )nr(Q(; n)) (4.11)

and
Pn(Q(Zv n)) > (1 - ’Yn)nV(Q(iv n)) (4'12)

Proof. We repeat the proof of the previous theorem with R&O) instead of R;‘)).
We find similarly that the probability that (10) does not hold for some i €
S, (B(0, R™)) is bounded above by

exp (410g((ur) " RY) — C'ngl RO en)rin42)3)

From the choice of RS)% we have

C'ng(RYeq)riyd™2 /3 = (C”/3)log(n)e’.

Furthermore, since
RY < ¥ (logn)
n n
< logn

n
< YnTn,
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the exponent above is bounded above by

<d - (C’/3)65) logn < —2logn,
hence this probability is bounded above by
-2

n

The probabilities being summable over n, we can thus apply the Borel-Cantelli
lemma and conclude that there exists an almost surely finite random variable
Ny such that for all n > Ny and all i € S,,(B(0, R(?))

Pr(Q(i,n)) < (14 m)nv(Q(i; n)).

The second inequality is obtained similarly.
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4.7 Properties of the functionals (7'V, ),cy on R?

We have presented above some extensions of the discrepancy-type result, in
Lemma 3.2 in [49]. To do this we followed the setting introduced [52] and fo-
cused our attention on densities with superexponential decay. We now present
some extensions of the properties of the functionals (T'V;., )nen (defined above),
which are key properties in the variational approach (I'-convergence and a com-
pactness property). We start by extending some definitions to this new setting.

Throughout, suppose as before that v has sampling density ¢ satisfying (3.1)).
We assume that ¢ is Lipschitz continuous and that is has superexponential de-
cay, as in the two previous sections.

Let as before, the kernel function 7 satify (2.6]), and let
ne(2) == r~(2), r > 0.
Definition 24. Let Q ¢ R%. For u € L'(R%,q), define the functional
() == 3 Y ne(zy)|u(z) — uly)|Lo(z) La(y).
YEPn xEPy

Define its normalised versions

Gny(u) == nr(u, Pr) (4.13)

n(n —1)r
and

Gy, (u) = ﬁm(u, Prn), (4.14)

where recall that |Pp| = N ~ Po(n).
Given u =14, A C R?, define similarly the graph cut of A by
Cuty . (4,Q) i=n,(14, Q) = > > m(2y)lal@)la(y), (4.15)
yeY zeP,\Y
where Y := ANP,.

Definition 25. Given u € Ll(Rd, q) and Q C R, consider as before the func-
tional

TV, (u, 4,9 / / (2, 9) u() — u(y)la(@)a(y)dzdy.

The total variation of u in  is given by

TV (u,q,Q) := sup {/Q u(z)div(o)(x)dz | ¢ € C’cl(Q;Rd),Vaz e Qo(x)] < q2(z)} .

The results of this section are gathered in the following lemma and are to be
compared to those presented in Lemma 3.3 in [49] and Theorem 4.1 in [63]. We
note in particular the difference in the compactness property, where we could
only attain convergence in L' (R%, ¢?) instead of L'(R?, ¢), and under restricted
assumptions.
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Lemma 4.7.1. Let (rp)nen be a sequence in Ry with r, = o(1).
(i) [liminf lower bound] For all sequences (u,)nen converging in L'(R?, ¢?)
to some u € Ll(]Rd, q),

liminf TV, (un,q) > 0,7V (u,q). (4.16)

n—oo
(i) [limsup upper bound] For allu € L*(R?, q) N L>°(RY),

limsup TV, (u, ¢, ) < 0,7V (u,q,),

n—oo

where Q, 1= QN B(0, Rn) and R, is such that
(ii)” We deduce from (i) and (ii) that for all u € L*(R%,q),

lim TV, (u,q) = 0,TV (ug). (4.17)
n—oo
(iii) [compactness property] Suppose that (un)nen s a sequence bounded in
LY(R?, q) and in L°°(R?), with supp(u,) C B(0, R,,) where R, is as above, such
that ~
Tanin(Rn)_l = 0(1);

suppose that (T'V,., (un, q))nen is also bounded and thatV§ > 0, ARs > 0, Yn € N
TV, (unsq, B0, Bs)") <9,

then we can extract a subsequence (Uy(n))nen converging in LY(R%, ¢°) to some
u e L'(RY, q).

Note that (i) deals with convergence in L'(¢?) instead of convergence in
L'(q) (it is thus a stronger result). This change of weight simply does not
affect the proof of the liminf lower bound; we chose to present it with L'(¢?)-
convergence in order to relate it better to the compactness property.

The fact that we can currently only establish the compactness property in
Lt (q2) is a major limitation to the potential applications towards establishing
consistency results for spectral clustering or Cheeger constants, as presented
above in the case of a bounded domain.
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4.7.1 The liminf lower bound

Proposition 4.7.2. Let Q C R? be (not necessarily bounded,) open, connected,
with empty or Lipschitz boundary, and let v € L*(R%,q). Let (up)nen be a
sequence converging in L*(Q, ¢%) to u. We have

liminf TV, (un; ¢; ) > 0, TV (u; ¢; Q).

n—oo

Proof. Let € > 0 and let ¢g € C(Q;R?) be such that YV € Q, |¢o(z)| < ¢*(x),
and

/Qu(a:)divqbo(x)dx >TV(u;q;Q) —e.

Let Ry > 0 be such that supp(do) C B(0,Ry) C Q. Since B(0,Ry) € R? is
an open, bounded, connected Lipschitz set, we can use Theorem 4.1 from [63],
where we note that replacing the L'(g)-convergence by L'(¢?) is just a change
of weight and the proof is not affected. We then find

liminf TV,., (un; ¢; Q) > liminf / / N (@ = y)|un () — un(y)la(x)q(y)dzdy
B(0,Ro) Y B(0,Ro)

n—o0 n— o0
> TV (u;q; B(0, Ro))
> / w(z)div(eo) (z)dx
B(0,Ro)
> TV (u;q; Q) — €,

and this holds for every € > 0.

4.7.2 The limsup upper bound

In this section, we prove the following limsup upper bound. From now on, let

R,, be such that ~
Tanin(Rn)71 = 0(1)

Let Q ¢ R? be (not necessarily bounded,) open, connected, with empty or
Lipschitz boundary, and let Q,, := QN B(0, R,,).

Proposition 4.7.3. Let u € BV(R%,¢) N L>®°(RY). If u € WHL(RY, q), then

limsup TV, (u, q,Q) < 0,TV (u, q,).

n— o0

More generally, we have

limsup TV, (u, ¢, ) < 0,7V (u, q, ).

n—oo
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Definition 26. Let u € BV (R%, q). Define for x,y € R?

O, (2,y) = 1 e, (2, 9) [u(2) — u(y)|La(z) lang, (1),
and define for x € R?

arn(‘r) = /]Rd o, (z,2)q(2)dz.

The limsup upper bound follows from the following lemma, which can be seen
as an extension of Lemma 2.1 in [65] to the case where the sampling density is
(not uniform and) supported on R%.

Lemma 4.7.4. Let p > 1, let u € WHH(RY, ¢) N L2 (RY), and define
Uoo 1= sup{|u(z) — u(y)| | =,y € R?}.

For all r > 0, we have

—-P (UOOQmaxwd)pilo'n ’
y @, (x)g(z)dx < </Q’Vu(x)| ¢ (x)dz + C 7"/9‘Vu(m)| q(x)dz) ,

rp—1
for some constant C' > 0. In particular, for p =1

n

TV, (u,q,9) < 0TV (u, q,Q) + o(1).

Suppose that the lemma holds for u € WH1(R?, )N L>°(R?), so that the first
claim of the above proposition holds. Then this implies the second statement
in the proposition above for general u € BV (R?, ¢) N L>°(R?). To see this, let
n €N, let u € BV(R?, q) N L>®(R?) and let (ug)x be a sequence in BV (R%, ¢) N
L% N C* approximating u as in Theorem 5.3 of the book [29], i.e.,

kILH;o Hu — uk||L1(qu) = 0
and
lim |Vug(x)|¢*(x)dz = TV (u, q, Q);
Qn

k—o0

recall that n is fixed here.
By construction of R,,, we have independently of &k

Qn n

r / Vs (@) lg(2)dz = o ( / |Vuk<x>|q2<x>dx> ,

hence for all k € N, we deduce from the lemma

[ Bty < et (/ \Vuk<x>|q2<x>d$) (1+0(1)
R4 Qn

rp—1

Passing to the limit in k, we attain the desired result for general u € BV N
L™,
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Proof of Lemmal[f.74 Suppose that u € W (R?, ¢) N L>(R?) and let us show
that

rp—1

/Rd & (@)q(a)dz < (oo Gmaxwa)? o,y (/Q|Vu(x)‘ ¢*(z)dx + C’T) ,

for some constant ¢’ > 0. This shows the proposition when u € Wht 0 L™,
The result for a general w € BV N L™ follows after picking an approximating
sequence uy — u (converging in L*(R%,q)), where u € C°°, as it is done in
Theorem 5.3 of the book [29], and as explained above. We have

/Rd br, (x)q(x)dr < r’p/ﬂ </B(0,1) lu(z 4+ rh) —u(z)|q(x + Th)dh> J(w)dx
pwp—l ulz +rh) — ulz)Pa(z i
<qmax d //B(O 1)| ( + h) ( )l Q( +h)dhq( )d
< (uqulax)pflwg”rfp
X / /B(o N |u(z 4+ rh) — u(z)|q(z + h)dhq(z)dz

< (UOOQmax)p ! p lrip

X / / / |Vu(z + trh).hq(x + rh)| dtdhq(x)dx
B(0,1)

1 p 1 -
< (UooGmax)? ™ P

// / |Vu(z + trh) h’dtdhq (z)dz
B(0,1)

+1"Lip(q)// /|Vu(x+trh).h’dtdhq(x)da:)
o JB(0,1) Jo

< (““qmi;ff)p_la" ( /Q Vu(z)| ¢*()dz + C'r /Q ;vu(x)\q(x)dx>.

O

4.7.3 The compactness property

Proposition 4.7.5. Suppose that (un)nen s a sequence bounded in Ll(Rd, q)
and in L®(RY), let Q c R? be as above and let Q,, := QN B(0, Ry,) where R,
as above, is such that

7"nqmin(én)71 = 0(1)

Suppose furthermore that (T'V;, (un;q))nen is bounded and that V6 > 0, IRs >
0, Vn eN .
TV;"n (una q, B(Oa Ré) ) < 5,

then we can extract a subsequence (u¢(n))neN converging in Ll(Rd,(f) to some
u e LY(RY, q).
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The proof of Proposition draws from the argument of Theorem 3.1 in
[2]. Nonetheless, several steps are affected by the addition of a weight (i.e., the
density function ¢) and by the fact that the domain is now unbounded. These
new considerations demand a more careful analysis at parts. We start with a
few lemmas which we require in the proof of Proposition [4.7.5

Lemma 4.7.6. Let Q C R%. For every u € LY(RY, ¢)NL®(R?) and every r > 0,
we have

| o s m@lata )~ wlelata + pata)dyds
<2([ [ miwlute +0) - uo)lte + w)a(oduds + ruLin(o)
< 2rTV(u; 27) + 2rus Lip(q).

Recall that given two functions f,g : R? — R, their convolution is defined
as

fxg:RT—R

T » fx —y)g(y)dy.

Proof. By the triangle inequality
[ [ e mwiete + )~ u@late + o
< /Q/Rd /Rd - (2)n-(y — 2)|u(z + (y — 2)) — u(z)|g(x + y)q(x)dzdydx
+ /Q /Rd /]Rd ne(2)n-(y — 2)|u((x +y) — 2) — u(z + y)|q(z + y)q(z)dzdydz.

Denote the first integral on the RHS above by I; and the second integral by I5.
Using Fubini, we have

n= [ (=2t + - 2) - u@late + natoyy ) dsa

using the change of variable w := y — 2z, the compact support of 7, and the
following inequality due to the Lipschitz continuity of ¢

q(z +y) < q(z +w) +rLip(q), Vlw —y| <,

we find

I < /Q /Rd /Rd N (2)n:(w)u(z + w) — u(x)|q(z + w)q(z)dwdzdz

+ P Lip() 1] 11 (ga )
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Without loss of generality we are assuming that [[n|[z1(ra q) = 1, hence (using
Fubini again)

L < /Q /Rd e (w)|u(z + w) — u(x)|g(z + w)q(z)dwdz + rusLip(q).

The same holds for I, which proves the lemma.

O
Lemma 4.7.7. Let Q@ C RY. We have
o [ e = lute) =~ u)la@)dyde = o (TV;, (0.0,)).
Proof. We have
o [ [ o= 9)luta) = ulw)la(e)dyda
QJQ
< Cutoinl B +7)7) [ [ s = )lu(o) = ulo)lat)a(w)dyd:
by construction of R, and using the Lipschitz continuity of ¢, we find
Tanin(Rn + Tn)71 = 0(1)
O

We also require the following result from [38§].

Lemma 4.7.8 (cf, Theorem 10 in [38]). Suppose that (wy)nen is a sequence
bounded in W (R?, p) and that V6§ > 0, IRs > 0, Vn € N,

/ (I ()] + [Vawn (@) )p(z)dec < 6,
|z[>Rs

then (wy)nen is relatively compact in L' (R, p).

Proof of Proposition[{.7.5 We may find a non-negative smooth function ¢ with
compact support, such that

e <nxnand [Vo| <nxn.

Without loss of generality, we may assume that supp(¢) C B(0,1) and that
/ @(x)dx = 1. Define then, for y € R? and r > 0
Rd

r(y) = r"%(y/r) and wa(y) == or, * un(y).
Note that (¢, Jnen is a standard sequence of mollifiers. We claim that

[ wn — tn|[L1(Ra g2) — 0, as 1 — o0,
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that (wy)nen is bounded in W' (R?, ¢?), and that for every § > 0, there exists
Rs > 0 such that for every r > 0

[ Fu@lee <o
|z|>Rs

In other words, we claim that the two sequences (un)neny and (wp)nen are
asymptotically equivalent in L'(R%, ¢%), and that (wy,)nen verifies the required
conditions stated in the above Lemma m taking p = ¢2, such that it is
relatively compact in L'(R?, ¢?). From these claims it follows that (u,)ney is
relatively compact in L'(R?, ¢?), as required.

It remains to prove the above claims. Denoting w, = w,, = w, and u, =
Uyp, = Up, We have

/Rd |w, —up|g* (z)da = /Rd’/Rd or () (ur(z + ) — up(z)dy| ¢*(z)dz
= /Rd /Rd\%(y)Hur(my) — ur(2)] ¢ () dyda
< /Rd /Rd‘%.(y)Hur(:v+y) —u,(x)] (x + y)q(z)dydze

wrtivte) [ [ lertlurte ) = uoo)] ate)dude

Since @, < 1 * 1., using Lemmas and and the boundedness of the
functionals (T'V,,(un, ¢))nen, the RHS above is O(r). Hence, we have as n — oo

||wn — unHLl(Rdﬂz) — 0.

This also shows that (wy,)ney is bounded in L*(R?, ¢?). Next, we have

| e @@= [
- LL

< /Rd /]Rd IVeorW)||ur(z + ) — ur(2)| ¢*(x)dx

Vo, (y)u(z + y)dy| ¢*(z)dx

Rd

Vior () (ur(z +y) — up(2))| ¢* (2)dz

< /]Rd Ad’v¢T(y)||Ur($+y) —UT(I)|q(x+y)q(x)dydx

+rtin(a) [ 190w+ 9) e (o) afe)duda,

Since this time
IVer| < 7“717% * My
we deduce as above that the RHS above is O(1).
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Repeating the above argument with {|z| > Rs + r} instead of R?, we find
/ [V, (2)| ¢*(x)dz < TV;, (un, 4, B, Rs) ) <,
|z|>Rs+r

where the implied constant above is independent of n, and the rest follows by
Lemma [4.7.8]
O
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4.8 Perimeter estimation on R? using graph cut

As an application of the above generalisations to R?, we present a result on
the estimation of perimeter using graph cut (Per(A, Q) := TV (14,Q)) for a set
A C R? with respect to some domain Q C R? (possibly unbounded). This can
be seen as a generalisation of the work in [65].

Theorem 4.8.1. Let p > 1 and let A C R%. There exists Cp,a > 0 depending
only on p and the dimension d, such that

E ﬂGCutn(Yan) — TV, (La,g, Qn)ﬂ < Cp,a(max {1, Per(A, ¢, Q)} f(n, )",

where Y, = ANP,, and f(n,r,) := \/nr,, and where ,, := QN B(O,Rn) s as

above.

In particular if €, = w(y/nry,), then a.s.
|chtn(Yna Qn) - TVTn (]lAa g, Qn)| <ép+ O(nil)'

We refer the reader back to Definition [24]for the definition of the graph cut of
a set (see (4.15)), and to (4.13)) and (4.14)) for its normalised versions GCuty, (Ys,),

respectively GCut, (Y;,).

Proof. Note that this theorem is similar to Theorem 1.1 in [65]. Most of the
steps of the proof given there follow identically here and we do not repeat them.
We note the few changes that must be taken into account in our setting.

First of all, part of the proof of Theorem 1.1 in [65] relies on Lemma 2.1
proved later in the same paper. This lemma establishes that TV, (14,D) <
o1, D), where A C D, D is a bounded domain and the underlying measure
is the uniform distribution. We already provided the required extension of this
lemma to the case where the sampling density ¢ is (not uniform and) supported
on R% in Lemma 2.11, in order to establish the limsup upper bound claimed in
Section 2.7.2.

The second difference to note between the setting of [65] and the current
setting, is that we are considering a homogenous Poisson point process P, of
intensity n instead of an i.i.d. sample X, of size n. The main difference, as far
as we are concerned with the impact on the proof of Theroem 1.1, is that the
sampled set of points now has size N ~ Po(n) instead of n. This explains why
the control on the pth moments in the statement of the above theorem involves
GCut,, instead of GCut,,.

With these two changes in mind, the estimates on the pth moments stated
above follow as in the proof of Theorem 1.1 in [65].
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Since we are rather interested to compare GCut, with TV, , it suffices to

have a good control on

n?

’éCutn(Yn) — GCut, (Y,)

’

and to use the estimates on the pth moments. This is what we shall do now.
We show that if €, = w(y/nr,,), then a.s.

= o(n_l).

]écutn(yn) — GCuty(Y,)

Since N ~ Po(n), a.s. there exists w(n) = o(1) and a finite random variable n’
such that for all n > n'
N =n+ w(n).

This holds by a similar argument to the one used in the proof of the discrepancy-
type results as discussed above, using the concentration of N ~ Po(n) given by
the Chernoff-type bounds mentioned above, and using the Borel-Cantelli lemma.

We then have
N(N —1) =n(n—1) +w(n)(2n — 1) + w(n)?,

hence

(2n — 1w(n) + w(n)?
n* + o(n*)

=0 (w(n)nilGnr(u))

=o(n71).

27‘_177,,.(u)

G () — Gy ()| =

O

Corollary 4.8.2. For every Q C R? and every A C R?, we have the following
graph cut estimation of the perimeter of A with respect to ):

lim GCuty, (4,q,9Q,) =0,TV(1a,q,Q) =: 0,Per(4,q,9Q),
n—o00

for instance with r,, satisfying the conditions mentioned in Theorem (in
fact, better conditions can be found for ry,).

4.9 Conclusion
While various consistency results are well understood on bounded domains (cf,

Chapter 2), little is known about possible extensions on R?, or more generally
on unbounded domains.
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In this chapter, we investigated possible extensions of some of the key results
used in the successful consistency results seen in Chapter 2 to the case where
the sampling domain is R?. In this case, extra care must be put into choosing
the sampling density. Depending on its properties, such as how fast it decays,
one may obtain different results. We have proposed a similar setting to the one
studied by Owada and Adler in [52]. In the case where the density has a light
tail, we showed some extension to R? of the discrepancy-type results (cf, Lemma
3.2 in [49]) seen in the previous chapters. Then, we studied some extensions of
the I'-convergence properties of some functionals. While the liminf porperty is
shown to easily extend, one must add some extra restrictions in order to derive
a limsup property, as well as a compactness property similar to the one used in
the case of a bounded domain. In fact, the results obtained on the compactness
property are not completely satisfactory, since we can only find a converging
subsequence in L' (v?) instead of L'(v) as needed to establish a.s. convergence
results such as those of [49].
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Chapter 5

Random geometric
complexes

5.1 Introduction

A random geometric complex is a simplicial complex built on a random geomet-
ric graph. Topological properties of random geometric complexes have been in-
vestigated (e.g., [41}[I11[10,[9,42]) as generalisations of properties of random geo-
metric graphs, as studied by Penrose in [55]. See also [50, 5T, BT} 132, 301 22} 17 [4]
for early works in this direction.

As observed in [41], the investigation of topological properties of random
geometric complexes is motivated by applications in Topological Data Analysis
and persistent homology (e.g., [71l, 28 20| 16, 13]). In particular, it is desirable
to find asymptotic bounds on the expected Betti numbers (the expected ranks
of the homology groups) under various settings, and to exhibit w.h.p. connec-
tivity thresholds (asymptotic values of the bandwidth beyond which homology
vanishes).

The two most commonly studied complexes are the Cech complex and the
Vietoris-Rips (VR) complex. The Cech complex has the advantage of yielding
a geometric interpretation via the Nerve Lemma (see [14] and [5.2.1), making it
the more natural complex to study when points are sampled from a Riemani-
ann submanifold M C R (e.g., [I1} 10, 2]). The Vietoris-Rips complex, on the
other hand, can be thought as a completely combinatorial complex - it is the
clique complex of a random graph (also known as the flag complex) - and is the
preferred choice from a computational point of view (since all the information
of the complex is contained within the underlying graph). In other words, the
Cech complex has a direct relationship to the geometry of the manifold we wish
to recover via the Nerve Lemma, while the VR complex is a better choice for
computational reasons.
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Expected topological features of the Cech and the VR complex can be in-
vestigated for various phases of the bandwidth parameter r. As long as the
bandwidth satisfies r = O(n*l/ 4). i.e., that we are in the subcritical or critical
phase, topological investigations of complexes can be done with fairly general
assumptions on the sampling density, which choice does not affect greatly the
asymptotic expected values of the Betti numbers (see [4I [0]). On the other
hand, as observed in [55] 41l 9], a change in the sampling density may signifi-
cantly alter the resulting connectivity threshold of a graph. In particular in the
supercritical phase, i.e., r = w(n_l/d), one generally restricts the density for
instance to being compactly supported and bounded away from 0, in order to
identify a connectivity threshold value for r (beyond which the homology groups
vanish w.h.p.).

It is shown in [41] that for a uniform sampling density on a smooth convex
body of R%, the expected Betti numbers of the Cech and the VR complex grow
sublinearly in the supercritical phase. It is also shown that the homology of
the Cech complex vanishes beyond the threshold value of r ~ (logn)!/4n =1/,
In order to identify such a threshold value for the Cech complex, it suffices
by the Nerve Lemma to identify a value beyond which the union of the balls
Uzex, B(z,r) is contractible. For the Vietoris-Rips complex we cannot use the
Nerve Lemma and can only show k-connectivity of the complex (see Definition
6.4 in and Theorem 6.5 in [41]), which is weaker.

Such results are classic and well known by now; they have been expanded in
various ways. The following list of works is by no means exhaustive.
Bobrowski and Weinberger [11] and later Bobrowski and Oliveira [10] continued
the investigation of homology of Cech complexes with more generality assumed
on the sampling domain. They consider respectively the case where the domain
is a torus and more generally when it is a compact and closed (without bound-
ary) Riemannian manifold. The task in those settings is to identify upper and
lower thresholds, such that if the bandwidth parameter r is below the lower
threshold, then w.h.p. the homology of the Cech complex does not recover that
of the underlying manifold, while if r is beyond the upper threshold it does so
w.h.p.. The upper and lower threshold values have tight gaps and these sharp
transitions of states are reminiscent of the well known sharp transition threshold
value for the connectivity of a random graph, given by A = logn in the case
of a random geometric graph and by np = logn in the case of a combinatorial
graph. In fact the recent work of Bobrowski in [I2], refined the sharpness of
those threshold values to exhibit sharp transitions for the recovery of the kth ho-
mology group, occuring exactly at A := nwqr® = logn + (k — 1) loglogn, where
wg denotes the Euclidean volume of the unit sphere (d being the dimension of
the manifold). The case of a compact Riemannian manifold with non-empty
boundary was recently investigated in [42]. Upper and lower threshold values
were provided as in the case of a closed compact manifold, but with a differ-
ent scaling due to the presence of a non-empty boundary, complicating several
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steps. Although the difference between the two thresholds remains small, no
sharp transition threshold has yet been identified in this setting. The work in
[42] is the content of the next section. It will be discussed in more detail there.
In all of the above mentioned works, only the case of a uniform density was
considered, with the extra requirements that it remains bounded and strictly
positive on the domain. We note (as observed in [9]) that by compactness these
results easily generalise to an arbitrary sampling density ¢ satisfying the classic
assumptions
0< Gmin < Gmax < OO,

where gmin and gmax denote respectively, as before, the inf and sup of the range
of ¢gin Ry.

5.2 Geometric complexes

To motivate the definition of Cech and Vietoris-Rips complexes, we define a
geometric graph as follows.

Definition 27 (Geometric graph). Given vertices P C R and a radius r > 0
(also called bandwidth parameter), define the geometric graph G(P,r) where
{z,y} C P is an edge if

B(z,r/2) N B(y,r/2) # 0.

Geometric complexes can be thought as generalisations of geometric graphs,
where we not only take into considerations vertices and edges, but also triangles
and higher dimensional simplices. As mentioned above, there are two common
geometric complexes, which we now define.

Definition 28 (Cech complex). Given vertices P C R and bandwidth param-
eter r > 0, define the Cech complex C(P,r) to be the simplicial complex where
for all k € [d], [zo,...,xk] is a k-face of the complex if

NF_oB(xz,7) # 0.

Definition 29 (Vietoris-Rips complex). Given vertices X C R? and r > 0,
define the Vietoris-Rips complex R(P,r) to be the clique complex of the graph
G(P,r), i.e., for allk € N, [xo,..., x| is a k-face of the complex if it is a clique
in G(P,r), ie., if

Vil 7'&7;2, B(xil,r/Q) ﬂB(xi2,r/2) 7'é 0

Those two complexes are closely related. In fact, it is immediate to verify
the following inclusions:

C(P,r) C R(P,2r) C C(P,2r).
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For a tighter nested inclusion than above, see Jung’s lemma in [40] and also [25].

While the VR complex is completely combinatorial, in that all the infor-
mation is contained in the underlying graph (i.e., it is the clique complex of
the graph), the Cech complex has the advantage of yielding a nice geometric
interpretation via the following celebrated Nerve Lemma. Below, we phrase
it in a way directly related to our purposes. A more general and well known
topological result holds, originating in [I4].

Lemma 5.2.1 (Nerve Lemma, [14]). Let P C RY, and let B(P,r) := {B(z,7) |z €
P}. The Cech complex C(P,r) is homotopy equivalent to B(P,r).

Recall the definition of a nerve.

Definition 30 (Nerve, [3]). Given open sets {U; | i € I} from a topological
space T, define the nerve as

N:={JcCI| ﬁjeJUj#(Z)}.

The Nerve Lemma ([I4]) gives general conditions for which the nerve, which
is an abstract simplicial complex (this can be checked from the definition),
captures the topology of the associated topological space. In our setting, the
Cech complex C(P,r) is the nerve of B(P,r) (by definition) and the general
conditions of the Nerve Lemma are satisfied (non-empty intersections of balls
in B(P,r)) are contractible), the Nerve Lemma reads that

C(P,r) = B(P,r),

as stated in Lemma i.e., that the Cech complex is homotopy equivalent
to its geometric realization. Hence the Nerve Lemma gives us a nice geometric
interpretation for the Cech complex, and a simple criterion for the vanishing
of homology of Cech complexes: the contractibility of the union of the balls
UzepB(z,T).
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Chapter 6

Random geometric
complexes on RY:
decrackling the noise

6.1 Introduction

Here we focus our topological investigation to the supercritical phase, where
the sampling domain is R%. A similar setting has already been carefully inves-
tigated in [I] and [52]. (Early works in this direction, on compact Riemannian
submanifolds of R?, can be found in [50, 51].) In [I] the authors are interested
in the effect of unbounded noise on homology recovery of a bounded domain,
building on [50, [5I], which considered the case of homology recovery for a low
dimensional submanifold sampled with Gaussian noise. In [I] the authors ex-
tend these previous works to consider a larger class of probability distributions
than just a Gaussian. They take the low dimensional submanifold to be just the
origin in the higher dimensional ambient space R?, and model the unbounded
noise by sampling densities with various decays on R? (power law, exponential,
Gaussian). Thus, they identify sequences of radii (R;,)nen depending on the
density, such that homology vanishes in B(0, R{) but not necessarily outside the
ball, in which case they call this phenomenon topological crackle. In practice
if topological crackle occurs for a given density, then cycles still form far away
from the origin, even for r,, >> (logn)/4n=/? i.e., the homology of the noise
does not vanish and we cannot hope to recover the true homology from a noisy
sample. In [I] the authors show that crackling occurs for the power law and
the exponential decay, but not for the Gaussian. In [52] the authors pursue the
work initiated in [I] with more generality assumed on the density, using tools
from Extreme Value Theory. They exhibit finite sequences of annuli splitting R?
(as in [I]), where each annulus generates homology of a certain degree. Their
analysis confirms that topological crackle generally occurs (in which case, as
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mentioned above, we cannot recover the true homology from a noisy sample)
unless the density has superexponential decay, a generalisation of the Gaussian
case analyzed in [I] (see Theorem 4.5 in [52]).

The goal of this chapter is to show that well-chosen variable bandwidth con-
structions can be used to remove the crackling phenomenon observed in [I} [52]
in a non-trivial way. While suitable conditions on the bandwdith parameter in
order to avoid the crackling phenomenon can only be found in the case where
the sampling density has Gaussian or more generally superexponential decay
following the results in [I, [52], our constructions will allow us to identify such
conditions on the bandwidth parameter for any light tail distribution. Further-
more if the density has superexponential decay, we present a construction which
can weaken the asymtpotic conditions on the bandwith parameter, as asked by
the authors of [52]. More generally, with a variable bandwidth construction one
may find suitable conditions to remove the crackling phenomenon observed in
[T, [52] for any radial density, however as we will see the conditions obtained for
the bandwidth in the case of a heavy tail distribution are trivial and of limited
interest.

6.2 Variable bandwidth constructions

Variable bandwidth constructions are well known and have proven to be useful
in the past. They have been successfully used in various topics, for instance in
non-parametric kernel density estimations (e.g., [39, 60, 58]) and spectral clus-
tering (e.g., [70]).

There are various ways one can define a so-called self-tuning or variable
bandwidth geometric graph. One way is the following.

Definition 31 (Variable bandwidth geometric graph). Given vertices X C RY,
a radius v > 0, and a scaling function ¢ : R? — R*, define the the variable
bandwidth geometric graph G(X;ry) to be the graph with vertexr set X and
where {z,y} C X is an edge if

B(z,re(z)/2) N By, mo(y)/2) # 0.

Note that the associated affinity matrix in this case is not given as in [70],
by

1 (|2 —yl* < r2e(@)e(y))

However, it is easy to verify that the above variable bandwidth geometric graph
is contained in the graph induced by the affinity matrix

1 (|2 — y| < rmax{p(z), 0(y)}) -

59



Likewise, the definitions of the Cech and the VR complex naturally extend
to a variable bandwidth setting.

Definition 32 (Variable bandwidth Cech complex). Given vertices X C RY,
a radius v > 0 and a scaling ¢ : RY — R, define the Cech complex C(X,rp)
to be the simplicial complex where for all k € [d], [zo,...,zk] is a k-face of the
complez if

o B(xi,rp(x;)) # 0.

Definition 33 (Variable bandwidth VR complex). Given vertices X C R?, a
radius v > 0 and a scaling ¢ : R? — RY, define the Vietoris-Rips complex
R(X,rp) to be the clique complex of the graph G(X,ry), i.e., for all k € N,
[0, ..., x| is a k-face of the complex if it is a clique in G(X,rp), i.e., if

v7;1 7'é i27 B(Iil,’l"gﬁ(l‘il)/Q) N B(xiw T@(zl2)/2) 7é 0

Picking a suitable scaling for ¢ is not straightforward and different choices
may yield very different results. A classic scaling (e.g., [58, 60} 39, [70, 8]) gen-
erally consists in choosing ¢ ~ p = q’l/ 4 on the sampled points, where ¢
is the sampling density and d the dimension of the ambient space. Indeed it

is well known that p(z;) can be asymptotically approximated in practice by
(k) (k)
—x

; |, where x;" is the k-nearest neighbour of z; from the sampled points

|
X. Furthermore, one easily verifies that this local scaling makes the measure
of the balls (i.e., the probability for a random point to lie in that ball) roughly
constant everywhere in the domain, for fixed bandwidth r, a property which is
characteristic of the uniform distribution and which may facilitate calculations
in various settings.

A first naive approach to our current problem of investigating random ge-
ometric complexes on R? thus consists in following in the steps of [58L 60, [39]
70, [8], picking similarly ¢ ~ p. Note however that in the case where the do-
main is unbounded, this scaling choice presents major drawbacks. Indeed, it is
not hard to see that such a scaling will have the effect of making the radii of
balls far from the origin grow too fast, such that beyond a certain radius value,
the balls will all contain the origin, at which point our construction has lim-
ited interest. In particular, this trivially implies for instance that the union of
the balls thus created is contractible and that the underlying graph is connected.

Motivated by numerous previous works ([58] [60, 39} [70, [8]) using variable
bandwidth constructions with such a scaling (this scaling is classic and perfectly
reasonable and judicious in the case where the sampling domain is bounded, as
discussed above), we have first approached the problem of random geometric
complexes on R? with this naive scaling choice. Thus, we went on to revisit the
classic argument of Kahle in [41] in the case of a variable bandwidth construc-
tion and an arbitrary radial density supported on R%. In particular we could
establish a result analogous to Theorem 6.5 in [41], giving explicit conditions
on the bandwith parameter r for the k-connectivity of a variable bandwidth
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complex on R?. As mentioned above however, such a scaling choice has limited
interest, and one may indeed check that the conditions we obtain on r imply
that beyond a certain radius, the radius rp(z;) at which we grow our balls even-
tually becomes larger than |z;|. We present this naive approach in the appendix
below, following the work of Kahle in [41].

Below, we discuss the cases where a more advisable choice of scaling can be
made, in order to “decrackle” the noise in a non-trivial way.

We will usually denote the vertices by X,,, when |X,,| = n. Furthermore, if
the vertices are randomly sampled, we will refer for instance to G(X,;r) and
G(X,;rp) as random geometric graphs and to R(X,,;r) and R(X,,;ry) as ran-
dom complexes.

Our setting relates to and follows closely the work in [52]. The same setting
was already introduced in Chapter 4.
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6.3 Random Cech complexes on R?: decrackling
the noise

6.3.1 Introduction

As mentioned in the introduction of this section, the above result only has
limited interest in the sense that the chosen scaling ¢ = p = q_l/d is naive,
yielding balls far from the origin with radii so large that they necessarily contain
the origin, in which case the graph thus constructed is not sparse enough and
most of the properties that we seek to establish will trivially follow for this
reason. We now show how non-trivial results can be obtained from a variable
bandwidth construction with a well-chosen scaling. To do this, we relate to and
follow closely the work in [52]. There, sequences of radii (RS),en and (Ry)nen
are more or less explicitly given, depending on the density, such that the union
of the balls which centre lie in B(0, RY,) is contractible (in fact covers the ball)
w.h.p., while the probability to find points outside the ball B(0, R,,) tends to 0.
Furthermore, densities with superexponential decay are showed to satisfy the
extra property that R, — RS = o(r,), under specified asymptotic conditions
on the bandwidth parameter r, of the graph, such that in fact the union of
the balls Uzep, B(z,7,) (not just those with centre contained in B(0, RS)) is
contractible, in which case by the Nerve Lemma, the associated Cech complex
(that of the noise) vanishes, i.e., such that eventually there is no topological
crackle. The elementary, yet key observation to keep, is that whenever the
difference R,, — R’ decays faster than the bandwidth parameter, then one can
deduce that the union of the balls is contractible hence that the homology of
Cech complexes of the noise vanishes and that there is no topological crackle
(as n — o00). This property, as explained above, is unfortunately showed in
[52] to only happen if the sampling density has superexponential decay. In
this section, we show how well-chosen variable bandwidth constructions can
allow us to extend the class of densities for which topological crackle does not
happen. We call this decrackling the noise. If the density has a heavy tail (cf,
definition in Section 3 in [52]), then there is no hope to find any result much
more interesting than the one obtained in the above “naive approach”. This is
because the radii R,, and RS, do not have the same asymptotic order, such that
in fact R, — Ry ~ R,,. This can easily be verified, for instance in the case of
the power law density .

q(z) = W?

taking r, = 1 and referring to the obtained asymptotic values for R,, and R
in [I]. Thus, any variable bandwidth construction will have to be such that
rnp(Ry) ~ R, if we wish for the homology of the noise to vanish, such that the
balls with centre near the radius R;, contain the origin, which yields a trivial
construction of limited interest, as discussed above.

In the case of light tail densities on the other hand, the key fact is that there
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R, ~ R%, hence in particular their difference grows much slower than the radii
themselves, i.e.,

This creates some room for a well-chosen scaling ¢ such that

Ry, — R}, = o(rup(Ry)),

while also
rnp(Ry,) = o(Ry,).

This last condition is to make sure that the graph remains non-trivial (that the
radii of the balls far from the origin don’t grow sufficiently fast to contain the
origin).

6.3.2 Outline of the results

Below, we present first the case where the light tail density has subexponential
or exponential decay and show that a variable construction can be found to
effectively decrackle the noise in a non-trivial way (i.e., satisfying the conditions
described above).

Next, we investigate the case of a density with superexponential decay. Even
though this case is already known to be exempt from crackle, the authors in [52]
asked whether the asymptotic conditions given on r;,, could be improved from

aoy(logn)loglogn

o(1)

Tn
to merely the condition already given in the other light tail cases:

ao 1 (logn)

T'n

= 0(1)7

where recall that g(z) ~ e~ ?(#D) and a(z) = ﬁ(z), z € Ry. While this question
remains open in the case of the classic “constant” bandwidth construction inves-
tigated in [52], we will see that a well-chosen variable bandwidth construction
can indeed allow us to weaken the asymptotic condition imposed on r,, as asked
above.

6.3.3 Preliminaries

Recall the setting in [52], described in details above in this thesis, which we
follow here as well. We suppose that our light tail sampling density satisfies

q(2) ~ e~ %020,

where ¢ € RV, for some v. If v < 1 we say that the density has subexponential
decay, if v = 1 that it has exponential decay, and if v > 1, we say that it has
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superexponential decay. Recall also, that we define a := 1/(¢))" on R.

Let us start with some preliminary observations, useful for the later parts of
the argument.

Lemma 6.3.1. It always holds that
aoy®(2) = (¢¥7)'(2),

and that (]
L a0v () log(2)
zZ—00 1/)&(2)

If ¢y € RV, withv <1, then

=0.

lim a o4 (2)logz = oco.
zZ—00

Proof. Note that
1= Woy™) (2) = W) ()¢ (¥ (2)),

hence
aoy(2) = (' W (2) 7" = @) ().
We have ¢ € RV, for some v € R, so 1)~ € RV;, and
ao” = () € RVyp_1.

The observations made thus far were already alluded to (without proof) in [52].
It then follows from the above, that
aoy*

w%

€ RV_q,

hence in particular
i 0¥ (2) log(2)
200 P (2)
Finally, if v < 1 then 1/v — 1 > 0 and as we have just seen, a o ¢ € RVyjy_1,
hence

=0.

lim ao ¢ (2)logz = oco.
zZ—00

O

Let us define the sequences of radii of interest (RS ), and (R, )., alluded to
in the introduction. We follow the setup in [52].

Definition 34. Let R;, := ¢ (4,), where
A, = logn + dlogr, —loglogr, '~ (logn) — 6

and § satisfies
d—e’glC < 0;
and let R, := ¢ (B,,), where

B, :=1logn + (d —1)logv (logn) + loga o ¥ (logn) + loglog n.
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Lemma 6.3.2. Iflogr, = o(logn), then

lim P | B(0,R;) C U Bm)| =1
PnNB(0,Rs)

This follows as in the proof of Theorem 4.5 in [52].
Lemma 6.3.3. We have
lim P (Pn N B(0,Ry) = (2)) ~1.

n—oo

Note that this lemma is similar to part of the content of Theorem 4.5 in
[52]. We provide the proof as we have assumed slightly weaker assumptions on
a. The proof remains mostly similar to the argument provided in [52].

Proof. To ease notation, let us denote R := R,, for this proof.
Note that

P (P, NB(0,R) =0) = exp (—n/ >Rq(x)dx> ;

we show n/ q(z)dz — 0 as n — oo. Recalling that ¢ is radial, this integral
lz|>R

can be written as

n / g(x)dz =s4_1na(R)(R)™q(R)
l2|>R

(o

where s4_1 denotes the surface area of the (d—1) dimensional unit sphere in R%.

Let us estimate the integral on RHS, as n — co. By the mean value theorem,
there exists ¢ between R and R + a(R)z such that

(R) = V(R + a(R)z) = —(4)'()(a(R)z).

By the preliminary observations made above on a we have a(R) = o(R), so
t ~ R and by the regular variation of a

() (t) = a(t)™" ~a(R)™";

hence, as n — oo,

PY(R) —Y(R+a(R)z) = —C'z,

for some constant C’ > 0, from which we find by the dominated convergence
theorem that the integral on the RHS above converges as n — oo to

o0 !
/ e~ %dz < 0.
0
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It remains to check that the remaining factor on the RHS above tends to 0,
as n — 00. And indeed we have, as in the proof of Theorem 4.5 in [52], that

na(R)(R)* e ") ~ (logn)~.

O

6.3.4 Subexponential or exponential decay: decrackling
the noise

From now on, let (r,),en be a regularly varying sequence decaying to 0 and

such that
a o ¥ (logn)loglogn

rp¢ (logn) = ofl).

Such a choice is feasible by the preliminary observations in Lemma [6.3.1}

Lemma 6.3.4. It follows, from the above assumptions on r,, that for n suffi-
ciently large
—log(r,) < loglogn.

Proof. By the above preliminary observations, since here ¥ € RV, with v <1,
we must have
ao ) (logn)loglogn = w(1).

Using the asymptotic conditions assumed for r,,, we then have

a o (logn)loglog n>
¢ (logn)

() ogn) =o
= o(rn),
from which it follows, since r,, = o(1), that for n sufficiently large
loglogn ~ log ¥ (logn) > —logr,.
O

In particular logr, = o(logn) is still true, so the assumptions of Lemma

[6.3.21 hold.

Theorem 6.3.5 (Subexponential or exponential decay: decrackling the noise).
Suppose that (rn)nen satisfies the above asymptotic conditions, then

lim P U B(z,m,* (log(e + p(x)))) is contractible | = 1.

n—00
€P,
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Note that by regular variation ¢* (log(p(R%))) ~ ¢ (logn) ~ R, and since
rn = 0o(1), we have o
ratp ™ (log(p(Ry,))) = o(Ry)
as desired (cf, above discussion in the introduction section).
The theorem follows from the lemma below.
Lemma 6.3.6. With the same assumptions on (7p)nen as above, we have
Ry — Ry, = o(rat)™ log(p(R7)))-

Proof. Using the assumptions on r,, we find by direct computations

log(p(RS,)) ~ logn + logr, —loglog(r, ¢ (logn))
~ logn,

hence by the regular variation properties of 1,
& (log(p(Ry,)))) ~ ¢ (logn).
By the mean value theorem, there exists t,, € [4,, By] such that
Ry — Ry, = (07) (tn)(Bn — Ay),

and (A, ~ logn and B,, ~ logn) = t, ~ logn. Using the above preliminary
observations, we then find

() (tn) ~ () (logn) = a0y (logn).
Thus

aop(logn) B, — A,
Tn P (logn)’

By Lemma[6.3.4] we know that for n sufficiently large

(rat~ log(p(R;,)) ™ (Rn — R;,) ~

—logr, <loglogn,

hence
B, — A, ~loglogn — logr, ~ loglogn.
Therefore
aov(logn)loglogn
rap(logn)

(rnt log(p(R;))) ™' (Rn — Ry,) o(1).

O
Combining Lemmas [6.3.2}, [6.5.9] and [6.3.6, Theorem holds as follows.
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Proof of Theorem[6.5.5 For all z € R? note that
rn < T (log(e + p(x)));
hence for z € B(0, R,,), using Lemmas and and
dist(z,P,) < dist(z, B(0, Ry)) + dist(B(0, R;,), Py),

we deduce that with probability going to 1 as n — oo, there exists x € P,, such
that

& — 2| < ra*(log(e + p(a))).
Combined with Lemma we have with probability going to 1 as n — oo
Pn C B(0,Ry) C | J Bla,rnt* (log(e + p()))),
z€P,

which gives the theorem.

6.3.5 Superexponential decay

In the case where ¥ € RV,, and v > 1, so that the sampling density has super-
exponential decay, the authors in [52] showed that the homology of the noise
vanishes provided 7, satisfies the following asymptotic condition

a oy (logn)loglogn

= o(1).

T'n
They asked whether this condition could be weakened to merely

a o (logn)
T'n

=o(1).

Here we show that under a suitable variable bandwidth construction, one may
weaken the asymptotic conditions for r,, as asked above. Namely, we show the
following theorem.

Theorem 6.3.7. Suppose that

ao 1/;:7(Llogn) —o(1),

then

lim P U B(z,m, L(p(x))) is contractible | =1,

n— o0
T€Pn

where L(z) = log(e + log(1 + 2)).
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Proof. We find as before by direct computations,
log log p(R;,) ~ loglogn.
As in the proof of Theorem by the mean value theorem, there exists
t, ~ logn such that
Ry — Ry, = (7)) (tn)(Bn — An).
We have as before
(¥ (tn) ~ (¥*) (logn) = a o™ (logn),
hence ppp— ao(logn) B, — A,
(rnloglog p(R7)) ™" (Rp — Ry,) ~ o loglogn

The first factor on the RHS above tends to 0 as n — oo, by assumptions. This
also implies that for n sufficiently large

loga o™ (logn) < logr, <0,

hence
—logr, < loglogn.
Thus, we have
B, — A, < loglogn — log T,
loglogn ~ loglogn
Wrapping up, we have just showed that

= 0(1).

Ry, — Ry, = o(r, loglog(p(Ry,))),
from which it follows as in Theorem that

lim P U B(x,r,L(p(x))) is contractible | = 1.

n—00
x€P,

6.4 Conclusion

In this chapter, we extended some of the work done in [52], investigating condi-
tions under which homology of noise on R? may vanish (which is the case when
the union of the balls is contractible). In [52] it was shown that noise introduces
non-vanishing homology in general, what the authors call topological crackle,
unless the sampling density has superexponential decay.

We showed how some well-chosen variable bandwidth constructions allow
us to decrackle the noise for light tail densities, in a non-trivial way. In the
case of a density with superexponential decay, which is already known to be
exempt from crackle, a well-chosen construction also allows one to weaken the
asymptotic conditions on the bandwidth parameter, to satisfy some conditions
asked by the authors in [52].
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Chapter 7

Random Cech complexes on
compact manifolds with
boundary

The goal of this chapter is to investigate the impact on homology recovery when
sampling from a compact manifold with non-empty boundary.

The content of this chapter follows the argument developed in [42], a joint
work with Ulrike Tilmann and Oliver Vipond.

This argument itself builds from previous works already mentionned above:
[1T] which studied homology recovery when sampling from a torus, and [10]
which generalised [II] to compact and closed (empty boundary) Riemannian
manifolds.

7.1 Outline of the main results

The main result of this chapter is the following theorem.

Theorem 7.1.1. Letd > 2 and let M C R? be a compact Riemannian manifold
with smooth non-empty boundary. Let A := nwqr?, let w(n) — oo arbitrarily
slowly, and let P, be a homogenous Poisson point process with intensity of n,
sampled with respect to the uniform distribution on M. For every k € [d — 1]
we have

1if A= (2-2/d)logn+ 2kloglogn + w(n),

nlggop (Hi(Cln,m)) = Hi(M)) = {O if A= (2—-2/d)logn+2(1/d — 3)loglogn — w(n).

Similarly to the results obtained in [IT} 0], this theorem yields upper and
lower threshold values for the bandwidth parameter r,, and for each k € [d — 1],
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such that if r is beyond the upper threshold value, the kth homology group of
the Cech complex is isomorphic to that of the underlying manifold with proba-
bility tending to 1, while if 7 is below the lower threshold value, this probability
tends to 0. Similarly to when studying the connectivity of random geometric
graphs or the homology of compact manifolds without boundary, we obtain a
tight gap between the upper and the lower threshold, which both behave asymp-
totically like (2 — 2/d)logn. We note however, that there is still some room in
the log log n coefficients, and that it is not known yet whether a sharp transition
occurs as it does when the manifold has empty boundary (see [12]).

The upper threshold for A, beyond which the above probability tends to 1, is
established using an upper bound estimate on the expected kth Betti numbers
of the Cech complex in terms of B,(M). Namely, we will show the following
upper bound estimate.

Proposition 7.1.2. Let M C R? (d > 2) be a compact manifold with boundary.
Let n — oo and r,m9 — 0 such that A — oo, Ay, = nwdrg — 0, ATOTS — 0 and
o > r(wa/k(1+|log 7)) ?, for some constant k. For every k € [d— 1] we have

E[Bk] < Br(M) + O (nAke_A’nl—l/dAke—l/ZA) '

To that end, we will establish the following upper bound on the expected
number of critical points of the distance function.

Lemma 7.1.3. Let ro = o(1) and r = o(rg), suppose that as n — 0o, A — oo,
Ao — 0 and A2 — 0 where Ay, = wynrd. Then for all k € [d — 1]

E[C(r,70)] = O (nlfl/dM*e*A/Q,nA‘He*A) .

Likewise the lower threshold for A, below which the above probability tends
to 0, is established using a lower bound estimate on the kth Betti numbers of
the complex. We will show

Proposition 7.1.4. Let M C R? (d > 2) be a compact manifold with boundary.
Let n — oo and r — 0 such that A — oo and Ar® — 0.
There exists a := 1/2+0((logn) ™) such that for all k € [d— 1], we have w.h.p.

BrL =0 (nAk*Ze*O‘Ar(log n)*(k“)) .

Note that this result yields a lower bound on i instead of E[S)] as in the
upper bound. This will be made possible, analogously to [10], by showing some
second moment result for the lower threshold (cf, Section 8 in [I0] and Section
8 in [42], and the discussion in the section on the second moment calculations
below). In the upper bound case, we can instead use directly Markov’s inequal-
ity (a first moment inequality).
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Throughout, a common strategy to address the issue of the presence of a non-
empty boundary, consists in viewing the manifold M embedded in its double
manifold

DM =M U@]y[ M/,

where two copies of M are glued together at the boundary. Equivalently,
DM :=M x {0,1}/ ~,

where (2,0) ~ (z,1) if z € OM. The double manifold is, by construction,
closed. This provides us with a natural bridge, facilitating the extension of vari-
ous results holding on closed manifolds to the case of manifolds with non-empty
boundaries. In fact, we could just as well view M as embedded in a larger closed
manifold, not necessarily DM.

Let us start with a a few preliminary results and necessary set ups, which
will be needed in the later arguments.

7.2 Riemannian approximations

Here, we briefly review some basic Riemannian geometry tools and discuss some
elementary Riemannian approximations results which are used later. We refer
to [44] for a more thorough introduction to Riemannian geometry. We also point
at [43] 56] as other references where the results asserted in this section can be
found.

Throughout, we consider a smooth Riemannian manifold (M, g) of dimen-
sion d, where M is smooth and compact and the metric g is smooth. This
means that at every p € M, there is a smoothly varying inner product g, :
T,M x T,M — R, where T,,M denotes the tangent space of M at p (thus in-
ducing a norm on T, M). This metric can be used to define the length of a path
on M and we denote, for pi, ps € M, the shortest path length between them to
be par(p1,p2). This defines a natural distance on M, which we implicitly refer
to when mentioning distances or balls on M.

For p € M, let exp,, : T, M — M be the Riemannian exponential map. The
exponential map exp,, is a local diffeomorphism, in the sense that for every p €
M, we can find a sufficiently small radius R, > 0 (cf, injectivity radius) such that
exp,, restricted to B, (0, R,) C T, M is a diffeomorphism. Consequently, the
exponential map can be used to define normal coordinates (z!,...,z%) locally
around p: the geodesic normal coordinates at p. Under these coordinates, the
Riemannian metric can be written (using the Einstein notation for sums) as

g9 = gijda’ @ da’,
with 1
gij == 0ij + gRikljxkxl +O(|z*),
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where d;; is the Kronecker delta function, and R;;; form the Riemann curvature
tensor at p. The canonical measure on M, induced by the Riemannian density,
is then given by

dvoly(z) = Jp(z)dvolg, (z),

1 ‘
JIp(x) = /| det(gi;)] =1 — ngcijx 7+ O(|z]?),

Ricij = E Rikkj
k

where

and where

is called the Ricci curvature tensor at p.

Using this expression for the Riemannian density, one deduces the following
results when M is closed (has empty boundary), which compare the Rieman-
nian volume and surface area of small Riemannian balls with their Euclidean
counterparts (see for instance [44] 43} 56]):

ViB.) =wart (1- 5225 +00))

and

6d

where ¢ is the induced (d — 1)-dimensional surface area, wg denotes the volume

O‘(S(p, T)) = dwdrd_l (1 _ @72 + O(T3)> 7

of a Euclidean unit ball and s(p) := Z Ric;; is the scalar curvature at p.

1
In fact, we have the following volume comparisons.

Lemma 7.2.1 ([I0]). Let M be closed, compact. Let |Ricp| := sup,er, an fo} W

For every v > 0, there exists r, > 0 depending continuously on v, such that for
allr<r, and allp e M

Ric,| + Ric,| +
rd-1 (1 - ‘chyyrQ) dvolga—1 < dvolsr(p) < pd-1 (1 + ’ZCE‘VTQ) dvolga—1

holds on B(p,r).

Corollary 7.2.2 ([I0]). For v > 0, let spin(v) = infpe]w% — v and

Smax (V) = SUPpepr % + v. For all v > 0, there exists r, > 0 such that
forallr <r, and allp € M

war?(1 — smax(1)12) < V(B(p, 7)) < war®(1 + smin (v)1?).

Lemma 7.2.3 ([I0]). For all v > 0, there exists a continuous choice of rv >0
such that for all v <r, and all p € M, we have on B(p,r)

(1= vr?)|dvolg,| <|dvoly| < (1 + vr?)|dvolg,| .
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Let us also mention Lemma 2.10 in [10], comparing the union of two small
Riemannian balls with the union of their Euclidean counterparts. This result
is required in the proof of the second moment section which we do not write in
full detail, as it is fairly heavy in integral calculations while these calculations
do not bring any conceptual insight to the argument, and mostly similar to the
second moment section in [I0]. Consequently, it is not necessary to restate the
content of Lemma 2.10 from [10].

Viewing our manifold M with non-empty boundary embedded in its double
manifold DM which is closed, the above results naturally extend to our setting
for balls having empty intersection with the boundary. Let us see how these
volume comparisons are affected for small Riemannian balls intersecting the
boundary.

Let c€ M C DM and let r > 0 be sufficiently small.

Lemma 7.2.4. Let § := p(c,0M) and let g := §/r. There exists € € [q/2,q]
such that

.V(B(c, )N M) — %(1 + ward| = O(rdth).

Proof. By the above volume approximation results between dvol, and dvolg,,
we have

’V(B(C, 7") N M) — VEd <ech_1(V(B(C7 T) N M)))' — O(,{,d+2)7
hence it suffices to show that

Vi, (expr (Ble,r) N M) — %(1 + war?| = O+,

Assume first that the image of the boundary exp_'(0M) on T.M is flat, such
that exp, '(B(c,7) N M) is a Euclidean ball from which we have removed a
spherical cap of height 7 — §. In this case, the volume of is known to be given

by
Gd(Q))
Ga(1) )’

1
Vis, (exp;  (B(e, 1) 1 M) = war <1 ¥

where G4(u) = / (1 —t*)"=Y/24t € [u/2,u], for u sufficiently small.
0

Indeed the integrand above is bounded above by 1, which gives G4(u) < u.
Conversely we have

Ga(u) > (1 —u>) D2 4 > /2,

for u sufficiently small.
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Thus, it remains to estimate the error induced by the non-flatness of the
boundary. We may model this boundary as

f:BYY0,r) = R,

with f(0) = 0 (if the boundary were flat as above, we would have f = 0),
where BU4=Y(0,r) denotes a (d — 1)-dimensional Euclidean ball. Thus, the
error induced by the non-flatness of the boundary is given by

B(d=1)(0,r)

The boundary being smooth, we can Taylor expand f locally around 0. Us-
ing the symmetry of B(d_l)(O, ), note that all odd degree terms of the Taylor
expansion vanish when integrated (these terms being odd functions integrated
over a symmetric set).

Hence we have
/ f(z)dx = wd,lrd_lf(O) + O(rd+1) = O(rd+1),
B@-1)(0,r)

since f(0) = 0.

We remark from the above, that the boundary f is such that
p(d=1) / f(x)dz = O(r?).
B@-1(0,r)

Furthermore, for r sufficiently small f is an increasing function on B~V (0, 7).
From this, it is immediate to see that we must have f(z) = O(r?) everywhere
on BY1(0,r) for r sufficiently small (arguing by contradiction and using the
continuity of f). We will use this remark later in the argument (cf, Lower
threshold section).

7.3 Random coverings

Throughout the thesis, we have referred to an interesting random covering result,
which also plays a key role in this argument. Given a fixed radius r > 0 and a
compact manifold M, what is the minimum number of random balls of radius
r that we should sample in order for M to be covered? Several papers have
investigated this question (see [33 B7, 48| [T, 21]). In [33] for instance, the
authors find an asymptotic expression for the expected number of balls in terms
of the radius, as well as some concentration results around this expected value.
For the sake of a better intuition, it is helpful to reformulate the result obtained
in [33] by the dual problem of estimating the minimal radius needed in order
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for n random balls to cover M. In other words, given an i.i.d. sample X,, C M
of size n, what is the Hausdorff distance dg (M, X,,)? The main result obtained
in [33] then reads that this random covering radius will be given w.h.p. by

r~ (logn)t/dn=1/4,

Note that in our case, we are not dealing with X,,, but rather with an ho-
mogeneous Poisson point process P,, whose size is a Poisson random variable
N ~ Po(n). However, due to the concentration results of Poisson random vari-
ables around their expected value (cf, the Chernoff bounds given in Section 2),
this does not affect the asymptotic formulas. In fact, we have the following
reformulation of the results of [33] from [I1], which is the most suitable formu-
lation for our purposes.

Theorem 7.3.1 ([II]). Let M be compact, closed, let w(n) — oo arbitrarily
slowly, let A : wgnr?, and let P, a uniform homogeneous Poisson process on M
of intensity n. We have

lim P(Mc | Blar) | =

n—00
zE€EP,

1if A=logn+ (d—1)lognlogn + w(n)
0 if A=logn+ (d—1)loglogn —w(n).

It is interesting to note that, up to multiplicative constants, this is the
same asymptotic as the well known connectivity threshold for random geo-
metric graphs. This provides us with an intuitive explanation of why there
is a sharp threshold for the various homology groups, all occurring around
A = wgnr? = O(logn) (even though each homology group has a different
threshold value). Indeed, as long as A << logn, the underlying random ge-
ometric graph is not connected, hence we expect that none of the homology
groups of the Cech complex will match those of M. This is easy to tell for
instance, with the Oth homology group, whose dimension indicates the num-
ber of connected components. On the other hand, when A >> logn so that
r > dg(Pn, M), then the union of the balls cover M and by the Nerve Lemma
this implies that all of their homology groups match.

The authors of [33] implicitly assumed the manifold to have empty boundary.
In the case where OM # (), as already observed above, balls near the boundary
will have volume about 1/2 that of another ball of same radius far from the
boundary. This suggests that a similar result to [33] holds with a suitable
normalisation in the asymptotic formulas. Such a result can be obtained as
an immediate corollary of the above random covering theorem. The following
sharp covering threshold was obtained in [21].

Theorem 7.3.2 ([2I]). Let M be compact with non-empty boundary. Let
w(n) — oo, and let A and P,, be as above. We have

lim P | M C U B(z,r) | =

n—00
zEP,

1if A= (2—-2/d)logn+ 2(d—2)loglogn + w(n)
0if A=(2—2/d)logn+ 2(d — 2)loglogn — w(n).
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7.4 Palm theory

The spatial independence property of the homogeneous Poisson point process
P, is a key feature facilitating its use over that of a deterministic i.i.d. sam-
ple X,,. In our argument we shall use the following results from Palm theory,
which follow from the spatial independence property of P,,. Palm theory was
named after Conrad Conny Palm, whose work can be seen as a generalisation
of Norman Robert Campbell’s work. In particular Campbell’s theorem, or the
Campbell-Hardy theorem (see [I8][19]), gives a way to compute the expectation
of the sum of a real valued function over a Euclidean point process.

Lemma 7.4.1 ([55]). Suppose that h(Y,Py,) is measurable for all Y C P, with
V| =k +1, then

k+1
El > hQP.)| =

Vl=k+1

hﬂz RV, V' UP,)],

where Y C M is an i.i.d. set with |Y'| =k + 1, independent from P,,.

Lemma 7.4.2 ([55]). Suppose that h is as above, then we also have

2k—j

V1= V2| =k+1, 31k —5)!
[Y1NY2|=j

where Y = V1 UYj is a set of 2k — j i.i.d. points in M, independent from P,
and such that )yl N y;\ =7.
7.5 Morse theory

A key idea in the argument of [10] is the use of Morse theory to study critical
points of the distance function

pp, : o+ min{p,(z) = p(p,z) | p € Pu}, v € M,

in order to draw conclusions on the homology of the Cech complex.

Let us start with some definitions on critical points and smooth Morse func-
tions.

Definition 35. Let M be a smooth d-dimensional manifold (possibly with bound-
ary) and let f: M — R be smooth.
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We say that ¢ € M is a critical point of f, if Vf(c) = 0.

A critical point ¢ of f is called non-degenerate, if the Hessian V> f(c) is non-
singular (i.e., its determinant is not equal to 0, i.e., is invertible); otherwise, ¢
is called degenerate.

A smooth function f: M — R is called a Morse function, if all its critical
points are non-degenerate.

Given a critical point ¢ of f, the index of ¢ is the dimension of the space
spanned by the eigenvectors associated to the negative eigenvalues of the Hessian

V2f(c).

While the distance function is not smooth, the square distance function p%n
is continuous and can be shown to be a Morse min-type function, i.e., at every
point, p% can be written as the minimum of finitely many smooth Morse func-
tions.

In [I0] the authors easily check that the square distance function is indeed
a Morse min-type function.

Lemma 7.5.1 (Lemma 4.1 in [I0]). Let (M, g) be a compact manifold (possibly
with non-empty boundary), there exists Ty > 0 such that for every finite

P C M\ OM, the function p% is a Morse min-type function on UperB(D, Tmt),
i.e., at every point, p% can be written as the minimum of finitely many smooth
Morse functions.

Morse theory generally applies to smooth functions. However, the work
of [35] essentially allows us to extend this study to Morse min-type functions.
There, the authors of [35] generalise the notions of critical points and their in-
dex for Morse min-type functions, and show that a Morse min-type function on
a closed, compact manifold can be approximated arbitrarily well by a smooth
Morse function, in such a way that the critical points of the Morse min-type
function are in one-to one index preserving correspondence with the critical
points of the smooth Morse function.

After extending the notion of a smooth Morse function on a compact mani-
fold with boundary as in [47], we may derive an analogous approximation result
of min-type Morse functions by smooth Morse functions for a compact manifold
with boundary M, by embedding it in its double manifold DM and invoking
the approximation result of [35] (see Proposition 3.12 and Corollary 3.13 in [42]).

We thus have a Morse theoretic framework for the critical points of p%ﬂ in
our setting.
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7.5.1 Critical points for the distance function

Let ¥ ={y1,...,yx} C M be finite and define the following sets

EQ):={z €M |py(x) =" =py ()}
E.(Y):=EQ)n | By
yey

Definition 36. Given two sets A and B, define their Minkowski sum as
A+B:={a+b|acA, be B}.

Definition 37. Two submanifolds N1, No C M are said to intersect transver-
sally at a point p € N1 N Na, if

T,Ny + T,Ny = T, M.

We say that N1 and No intersect transversally, if they do so at every point
Of Nl N NQ.

Definition 38. The set Y = {y1,...,yx} C M is called generic, if E(Y) # 0
and the k — 1 submanifolds ker(p,, — p,,) intersect transversally at every point
in OF_ B(Yi, Tmt), where 7y is chosen as in Lemma/|7.5. 1)

Lemma 7.5.2 ([10]). There exists 0 < rmax < Tme such that if Y is generic
and E,._. (V) # 0, then there exists a unique c()) € M such that for ally € Y

pu(ed) = _inf py(x).

Definition 39. Let Y = {y1,...,yx} C M and let p € M. Define
A(Y) = conv({Vp;, (p)}iei)):
where conv(.) denotes the conver hull.

We have the following proposition from [I0], characterising critical points
for the distance function.

Proposition 7.5.3 (Proposition 4.6 in [I0]). A critical point ¢ € M of p?;n has
index k if and only if there exists Y C M of size k + 1 such that

(1) c¥) =,
(2) 0€ AY) C TyM,
(3) Pu N Ble, py(c)) = V,

where ¢()) is the centre of YV defined above.
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7.5.2 Morse inequalities

Given a Morse min-type function f, define Ck(a,b) to be the number of critical
points of f of index k, such that f(c) € (a,b].

The following Morse inequalities, also presented in [10], motivate our con-
siderations for critical points of the distance function, showing how they relate
to the study of homology of Cech complexes.

Lemma 7.5.4 (Lemma 4.9 in [I0]). Let f : M — R be a Morse min-type
function. For a € R, let M, := f~*((—o0,a]). For all k € N, we have
Br(Ma) < Br(M) + Ciy1(a, +00).

Applying this result to the distance function p%n and using the Nerve Lemma,
we find the following inequalities, relating critical points for the distance func-
tion with the study of homology of Cech complexes:

Bk(Cr(Pn)) = B (Uzep, B(x,7)) < B (M) + Crpa (1, +00),

where C41(r, +00) denotes the number of critical points ¢ of p?,n of index k+1
such that p3 (c) >r* < pp, (c) > r.
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7.6 Blascke-Petkantschin formulae

A key element of the success of the bounds obtained in our argument, as in the
argument of [10] compared to [I1], is the use of a change of variable integral for-
mula known as the Blaschke-Petkantschin (B-P) formula. It is used repeatedly
in various forms both in the calculations of the upper and the lower thresholds,
as well as in the second moment calculations, discussed in the later sections.

In [I0] the authors extend a Euclidean B-P formula (cf, [46]) to the case of
a compact Riemannian manifold without boundary. We first present a heuristic
argument recalling the Euclidean formula derived in [46]. Then, we recall the
result obtained in [I0], with a slight modification such that it can be applied to
extending further the formula to the case of compact manifolds with non-empty
boundary. We then present the formula in the case where the boundary is non-
empty, and a multivariable version of the B-P formula, already used in [I0] in
the case where OM = (), without proof.

7.6.1 The Blaschke-Petkantschin formula in the Euclidean
case

Let us first recall a derivation of the classical Blaschke-Petkantschin formula in
the Euclidean case. Our derivation and Proposition [7.6.1] roughly follow Sec-
tions 2 and 3 of Miles in [46].

Let E, be a d-dimensional Euclidean space, and let (e;), be an orthonormal
moving frame in F4, where for an infinitesimal rotation of the frame,

ei-de; =0, Vi € [d];
and set
wij = e; - dej = —wji, Vi, j € [d].

Given r points {z; : i € [r]} C E4, Miles derives heuristically the associated

volume form .
j=1

i=1j=1

Furthermore, given the Grassmannian manifold Gr(r, d) with invariant measure
dprq(V'), Miles also derives

T d
dra= A A
i=1j=r+1

Using the above, the Blaschke-Petkantschin formula expresses the Euclidean
volume form dV (z%) on {z; : i € [r]} in terms of the volume element associated
to the r-plane containing {x; : ¢ € [r]}, denoted by dV (z]).
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Proposition 7.6.1 (Blaschke-Petkantschin formula Euclidean case ([40])). Let
{z; | i € [r]} be a linearly independent set of vectors spanning V = Span({e; | i €
[r]}) € Gr(r,d). For each j € [r], let (\jx)ke[r) € E™ be such that

zj =Y Ajkex, and let T :=|det(Ajx)| > 0.
k=1

Then

r

N\ dv(ad) = 14" dp, g /\ dv («h).

i=1 =1

Proof. Given j € [r] and i € {r +1,...,n}, we have

drj =Y (djrex + Ajrdey,)
k=1

T
e,-.dxj: E )\jkwik
k=1

/\ ei.dxj = ’det()\]k” /\ Wik
j=1

k=1
d T d T
/\ /\ ei.de = Td_r /\ /\ Wik
1=r+1j=1 i=r+1k=1
d I
/\ /\ e;.drj = Td”dur’d,
i=r+1j=1

and multiplying on both sides above by /\ /\ ei.dr; = /\ dV (x}), we obtain
i=1j=1 j=1
the desired result.
O

7.6.2 Blaschke-Petkantschin formula for Riemannian man-
ifolds

Following [46], we obtain a Riemannian generalisation of the Blaschke-Petkantschin
formula.

It enables us to reparametrise a (k + 1)-tuple of points near the diagonal
of M**! into local coordinates about their centre, according to the following
decomposition:

M M xR x Gr(k,d) x (SHF=D)k+t

y < (c(y),u, V,w),

82



where ¢(y) is the centre of the point y, u = p(y) is the distance of the points
from their centre, V' € Gr(k,d) is the k-dimensional subspace in which the pre-
image of the points lie in the tangent space at the centre, and w are the k + 1
points of the (k — 1)-sphere upon which they lie.

Suppose that M C R? is a closed Riemannian manifold and let y = (yi)fill €
M*1 with centre ¢ = ¢(y), with radius p(y) < r, and local normal coordinates
(z',...,z%). For sufficiently small r, we can write for all i € [k + 1]

y; = exp,(vs),

with

=3t ()

Let 1,(y) = H{E, .. (Yo, yx) # 0 and p(y) < r}. It is shown in [I0] that
{vi + i € [k + 1]} have linear dependency and span a k-dimensional subspace
V' C T,yyM when c(y) is a critical point. We have the following change of
variable formula.

Lemma 7.6.2 ([I0]). Let M be a compact closed Riemannian manifold with
M’ C M a submanifold with or without boundary. Let rmax be as in Lemma
andr < rmax. There exists an invariant measure dpy ¢(V') on Gr(k, TeM) =
Gr(k,d), such that for every f: MF™1 5 R

[ SO ) ely) € M} dvol, (3)

:/ ‘dvolg(c)|/ duudk_l/ dp.a(V)
M 0 Gr(k,ToM)

k+1

. /Sk+1 Ttli_k(w)f(expc(uw)) H \/ det(gexpc(uwi))‘dUOIsl (V) (wz)
1 =1

Proof. First note that if M’ has positive codimension then both expressions are
zero, so assume M’ has zero codimension. If y € M**! is such that E,__(y) #
(), then the induced centre ¢(y) is uniquely defined; hence

{y € M*! | e(y) € M' and E, (y) # 0} = | V().

ceM’

where Y(c) := {y € M*"' | B, (y) # 0 and c¢(y) = ¢}, and this union is
disjoint (by uniqueness of the centre).
Thus

/ F3)Le(y)1e(y) € M} dvoly(y)] =/ !dvolg(C)\/ F&)L{p(Y) < r}|dvoly(y)] -
ME+1 M/ V()

Now fix ¢ € M’ with local normal coordinates (z',...,z%); for y € Y(c) with
P(¥) <7 < rmax (this last condition ensures that y; can be written as exp,(v;),
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v; € TeM and |v;| = u < r, for all i € [k + 1]), we find:

/\22_11 dvoly(y;)

N |det(gy,) | dat (i) A -+ A da®(y;)

k+1
= H |det(gy,) N (yi) A A da (ys)

=1

k+1
= [T Vldet(g,) || i dvolyy,, (vi)

=1

k+1

I1 yldet(gu.)[avols, ()]

|dv0lg(y)| =

Note that we have the polar decomposition:

b

.dvolgEd (v)‘ = du.dvolgu(Ed)(v)

and so by the Blaschke-Petkantschin formula, since {v; : i € [k + 1]} lies in a
k-dimensional subspace V' C T, M, we have

’dvolsu(Ed)(v)‘ = Tu(v)d_kduk,d(V)’dvolsu(v)(v)’ ,

hence, we deduce that

k+1

|dvoly(y)| = H \/|det(gyi)|duTu(v)d_kduk’d(V)’dvolsu(v)(v)’ .
i=1

This shows that for ¢ € M’

F)L{p(Y) < r}|dvoly(y)| =

Y(e)
[t [ dyi a(V)
0 Gr(k,T-M)
k+1

g /S {7 (w) f (exp(aw) T /et (o, dvols, o i) |
1 i=1

and thus the result follows.
O

84



7.6.3 The Blaschke-Petkantschin formula for compact Rie-
mannian manifold with non-empty boundary

Using the change of variable formula established in Lemma for compact
closed Riemannian manifolds, we derive a B-P formula for Riemannian mani-
folds with non-empty boundary.

Lemma 7.6.3. Suppose that M is a compact Riemannian manifold with non-
empty boundary, let DM be its double manifold and let M' C M be a submani-
fold. Then we have:

[ TO{ey) € Mol (5

:/ |dvolg(c)|/ du/ dp,a(V)
ceEM’ 0 Gr(k,T.DM)

k+1

X/ Y=k (v) f(exp,(v)) H |det(gexp, (vi))||dvolgrsr ) (V).
(Su(V)Nexpg * (M))k+1

Proof. We have

| FOL ) € M} dvoly )

= /DMM f) 1y € M* 1 1,(y)1{c(y) € M'}|dvol,(y)|;

the double manifold DM is closed, hence applying the change of variables for-
mula in Lemma [7.6.2] to the function

y — f(y)l{y € M1},
we find

/ F)1{y € M1 1,(3) 1{c(y) € M"}dvol, (y)| =
DMF+1

/ |dvolg(c)|/ du/ dpg,a(V)
ceM’ 0 Gr(k,TeDM)
k+1
X/S . Tg—k(v)f(expc(v))]l{expc( eM’H—l}H |det(g. eXpC(Uwi))||dv0185+1(‘/)(v)"

which gives the lemma.
O

7.6.4 The multivariable Blaschke-Petkantschin formula

We require another change of variable formula, used in the second moment cal-
culations in order to bound the variance of the number of critical points induced
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by a point process. Although we skip some calculations from the second mo-
ment section below, we still present this multivariable B-P formula.

We show how to bound a change of variable formula when integrating over
two variables in M**! where M has non-empty boundary. This formula is
already used (without proof) in [I0] in the case where OM = ().

Lemma 7.6.4. Let M be a compact Riemannian manifold with non-empty

boundary and let y1,yo € M*L. Denote the respective centres by c1,ca, and
define

2
Q= {(y1,}’2) € (Mk+1) la < puler ) < b}'

The following bound holds:

/Q 1y faly2) L (y1, y2) | dvoly (y1, y2)| <

b
/’dvolg(cl)‘/ ds/ Sdil‘dUOZsl(TclM)(w))
M a 81(T., M)

2 r
X H/ duiufdil/ d,uk,d(V)
i1 /0 Gr(k,d) S1(V)k+1

where the implied constant above only depends on M.

dvolg, (vyr+1(Wi)| fi(exp,, (uiw;)),

Proof. We use the Blaschke-Petkantschin formula for integrals over one variable
in M**t! to attain the result. Given y1 €M k+1 and ¢; the induced centre let

Qy1) == {yg € M* | a < parler,ca) < b}.
Denote the above integral on the LHS by I, we have

I= /Mk+1 fi(y1)1e(y1) </Q(y1) fz(Y2)]lr(y2)|dvolg(y2)|> |dvoly(y1)] -

We first compute the inner integral, for fixed ¢; € M.
Note that

/ f2(y2) 1 (y2)|dvoly(y2)| =/ fo(y2)1,(y2)1{co € A% (c1)}|dvoly(y2)]
Qy1) M

where A%(c;) := By(c1) \ Ba(c1).
By the Blaschke-Petkantschin formula for manifolds with non-empty boundary,
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we then find

/ f2(y2) 1, (y2) |dvoly(y2)|
Q(y1)

:/ |dvolg(62)|/ dug/ dpg,a(V)
Ab(c1) 0 Gr(k,T.DM)
k1

X / dUOZSu(V)kJrl (Vg)‘ f2 (eXpC2 (Vg))TZ*k(Vg) H det(gexpC2 ('Uj))
(Su(V)Nexpey' (M)++1 i=1
S [ voly(en)| [ dud [ dav)
Ab (e1) 0 Gr(k,d)
k+1

X / dUOlsl (V)k+1 (Wg)’ f2 (expc2 (UQWQ))T?*]C(WQ) H A /det(gexpc2 (uzwj)) .
S1(V)k+L j=1

Using the compactness of M, the above is

<C ‘d'UOlg(CQ)‘/ du2ugk71/ dp,a(V)
Ab (c1) 0 Gr(k,d)

dvols, (vyr+1 (Wz)’ fa(exp,, (uw2)).
S (V)

Furthermore, using the Riemannian approximation results and polar decompo-
sition, we have

b
/ ’dvolg(cz)’ < C/ ds/ ‘deZSS(TC DM)(w)‘
Ab(e1) a S4(Te, DM) !

b
:/ ds/ Sdil‘delsl(TC DM)(w)‘-
a S1(Te, DM) !

The outer integral in the expression of I is estimated again with the Blaschke-
Petkantschin formula for manifolds with non-empty boundary. Doing so and
combining the result with the above expression for the inner integral of I yields
the claimed formula.

O

We are now ready to show the claimed upper and lower thresholds.

7.7 Upper threshold

In this section we prove the upper bound on the expected Betti numbers E[8 (1)],

k € [d—1], claimed in Proposition This follows as in [I0] from the lemma
below.

Lemma 7.7.1. If n — oo and r,ro — 0 such that r = o(rg), A — o0, and
Ayor5 — 0, then for every k > 1 we have

E [C’k(r, ro)] =0 (nAkile*A,nlfl/dAkfle’A/Z) .
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Recall that Cx(r,ro) denotes the number of critical points for the distance
function of index k and with critical values in (r,7o]. We then deduce the bound
claimed in Proposition as in [I0] by the above lemma and the Morse in-
equalities (see proof of Proposition 6.1 in [I0]; this part of the argument remains
the same in our setting and we do not repeat it).

Proof. The proof of the lemma follows a similar structure to [10], adapting the
estimation of the volume of Riemannian balls near the boundary.

We can write the number of critical points as a sum of indicator functions:
Ck (Ta TO) = Z g’r‘,T‘o (y7 Pn)7
|Vnl=h+1

where gy, (Y, Py) is defined as in the upper threshold section of [I0]. This can
be rewritten by Palm theory as

k+1
_ LE
(k+1)!

B+l
/ Py (y) e~V (BGINM) |dvolg(y)| .
Ika+1

E [Ck(’l", ’I"o)] [gr,m (y/ay/ Upn)]

T (k+ 1)

Using the Blaschke-Petkantschin formula for manifolds with boundary, we
then have

E [Ck(r, 7"0)] < nkH/ !dvolg(c)| / Oduudk7167"V°l(B(c’“)m]vI)
M r
X /Srlc+1 |dvols1 (v)| h (expc(v)) .

Let us split the above integral over M into two integrals, depending on
whether ¢ is near the boundary: the first integration being over M, := {z €
M | p(z,0M) > ro} and the second over OM,,, := M \ M,,.

If c € M,,, then V(B(c,u) N M) = V(B(c,u)); we can thus proceed as in
[10] and similarly obtain the bound

0] (nAkile’A) .
Let us now focus on the second integral

r
I = nk+1/ |d1)01g(6)|/ ’ duudkflean(B(c,u)ﬁM)
oM. I

0

X /SI1c+1 |dvols, (v)| b (exp,(v)) .
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For n sufficiently large, it is clear that B(c,u) N M must contain a half-ball from
B(c,u), so that
V (B(c,u))

5 .
Furthermore if p(c,0M) =: 6 < rg, then B(c,d) C B(c,u) N M, and there is
necessarily a half ball from B(c,d) which does not intersect the half ball from
B(c, u) contained in B(c,u) N M from above; hence we actually have

V(B(c,u) ﬂM) >

V(B(c,u) N M) > 1/2 (V(B(c,u)) + V(B(c, ) .

Note that this lower bound is less sharp than what we could obtain by Lemma
7.2.4 However, the bound as provided above is more suitable for the sake of
separating the variables v and §, hence yields easier integrals to compute. We
remark nonetheless that with extra considerations, using the estimates provided
by Lemma [7.2.4] could yield sharper bounds for Proposition [7.1.2] hence ulti-
mately a sharper upper threshold value for A in Theorem

Using the Riemannian approximation results and that 'm"‘olJr2 — 0, we then

find

exp (—nV(B(c,u) N M)) < exp (—deud — ;Lwddd> ;

therefore

70 r0
I <nphtt / do~y(9) exp (—de5d> / duu® ' exp <—deud> ,
0 T

where () = O(1) denotes the induced arclength of the set of points at distance
0 from OM.
We compute the first integral on the RHS via an identification to an incomplete

gamma function, after a suitable change of variable. With ¢ := gwdéd, we find

ds ~ (n= gt/ a1y gy,

" Ny ~1/d Aro/2 1/d—1 —ty.
dd exp deé ~n dt(t e ");
0 0

now the integral on the RHS tends to I'(1/d) = O(1), as n — oo, hence

ro
/ déd exp <nwd5d) <pVd
0 2

To
I <pl-l/d (nk/ duu® 1 exp <—deud>> ,
T
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and we recognize a similar lower incomplete gamma function, in the parenthese
on the RHS above, to the one investigated in [I0] and which evaluates to

0] (Ak_le_A/Q) .

7.8 Lower threshold

In this section we adapt to our setting the lower threshold argument developed
in [I0]; we derive a lower bound estimate for E[S(r)] = E[dim(H(C(Py,1)))].
In the upper threshold case, using the Morse inequalities it suffices to find an
upper bound on Cj1(r,rg): the number of critical points for the distance func-
tion of index k + 1 with critical value in (r,7¢]. For the lower threshold on the
other hand, we must make sure to only count critical points which induce new
non-trivial cycles in Hy,(C(Py,r)). This motivates the restriction in [I0] to what
the authors call ©-cycles.

Assume that OM = (), and let us recall some key results from [IT) [10] used
in their lower threshold arguments.

Let Y C P, C M be generic with centre ¢ = ¢()’) and critical value p = p(}),
and let € € (0,1). Define the annulus

Ac(c) = B(c,p) \ Bc, ep),
and define

1 1
= ‘= —  mi = — > .
o= o)) % ueag(ly)w‘ 5 sup{e >0 | 0A C A.(c)}

Suppose furthermore that ¢ has index k, p < rmax, and that Ag(c) C U B(z, p),

TEPn
then the authors in [I1] (see Lemma 7.1) show that ¢ induces a new non-trivial

cycle in Hy(C(Pn,r)). Such cycles are the so-called ©-cycles.

In Lemma 7.3 in [10], the following result shows how to use ©-cycles to yield
a lower bound on B (r).

1
Lemma 7.8.1 (Lemma 7.3 in [I0]). Letre >r > 0andry >r, /1 — —2(70—2 —1)2
c

9 r

Suppose the following conditions hold:

pE (r1,7],
BTQ(C) NP, =Y,
¢ =>e,
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and denote by B5.(r) the number of ©-cycles satisfying the above. Then, Bi(r) >
Bi(r).

Assume now that OM # (. The same results than above hold for critical
points far from the boundary, i.e., p(c, 0M) > ra, and it is straightforward to
see that counting ©-cycles far from the boundary reproduces the same bounds
than the ones obtained in [I0].

On the other hand, as in the upper threshold argument, counting critical
points near the boundary affects the estimates. Below we focus on obtaining
a lower bound estimate for the number of O-cycles near the boundary (this
bound will be sharper than the one we obtain by counting ©-cycles far from the
boundary).

Some of the above mentioned conditions to be met by the O-cycles are due
to technicalities. However, as we have seen, the annulus A. being covered by
the above union of balls is a crucial requirement, making sure that each such
critical point induces a new non-trivial cycle in Hy(C(P,, p)), where k is the
index of ¢ (see Lemma 7.2 in [10] and Lemma 7.1 in [I1]).

In our setting, since we are interested in counting critical points near the
boundary OM, the annulus A.(¢) C DM around a critical point ¢ will not
entirely be contained in M. To resolve this issue, we must restrict our attention
to the partial annulus formed by taking points not further away than a given
angle ¢ from a hyperplane approximately parallel to the boundary, where ¢ is
chosen in such a way that we do have indeed AE“’) C M. To that end, given
¢ € M near the boundary, let n := exp_ ! (p), where p is the nearest point on M
to ¢, and let W be the hyperplane with normal n. Define the partial annulus
mentioned above as

AP (e) = {z € Ad(e) | Zexpg ! (), W) < ),

and define the analogue of ¢ above

Y= 9(.0) = g sup{e >0 98 C AP ()}

How large we can afford to choose the angle ¢ of the partial annulus naturally
depends on how far away the critical point ¢ is from M. Thus, we see that
a suitable choice for ¢ and § := p(c,0M) must be made, towards finding the
best lower bound estimate possible. On the one hand, the larger ¢ the more
critical points we allow to count. On the other hand, the larger § the smaller
exp(—V(B(c,r)NM)), which we will see to also be a part of our lower bound es-
timate. Thus, one needs to find a suitable choice for § as a function n, balancing
out things in such a way that the lower bound estimate is as large as possible.
Due to its exponential expression, keeping the term exp(—V(B(c,r) N M)) as
large as possible turns out to be of more importance than the gain we have by
making ¢ large, hence we mostly want to choose § relatively small. We choose
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§ ~ (logn)~*r. This choice will become clear during the proof.

Given our choice of 4, let us see how large ¢ can be taken such that the
partial annulus is contained in M.

Let 29 € Ac(c) N OM and let g := (exp_ !(xq), W). Assume first that the
image of the boundary exp, (M) is flat. Since 6,9 — 0 as r — 0, i.e., as
n — 0o, we have by trigonometry the following asymptotic formula

o ~ tan(pg) > d/r.

If the boundary is not flat, this may affect the numerator ¢ in the above tangent
formula. After modeling the boundary as before by f : B9 (0,r) — R,
we know from the remark in Lemma [7.2.4] - that f(z) = O(r?), which is 0(5)
with our choice of § ~ (logn)~'r (keeping in mind that r ~ (logn)"/?n=1/4 =
o((logn)™")). Hence the above asymptotic formula remains unchanged and we
may choose in all cases
@~ 8/r~ (logn)~L.

Following the above discussion, we shall adapt the conditions of Lemma 7.1
in [I1] and Lemma 7.3 in [I0] to the boundary case. To that end, define

hY):=1 (O € A(y))
hey (YY) :=R(Y)1 (rl < p(Y) < r)
he? (V) = hey (V)L ($(V,0) = €) 1(5 < p(e(D),0M) < 26),

922 (V. Pa) = WP (D)L (Bry (W) N (Pa\ V) =0) 1| AP € ] Bla.p(d)

TEPy

Let us denote by ﬂ;*a(r) the number of critical points counted by the above
indicator functions, i.e.,

)= Y g P,

|V=k+1

The two differences from [I0] are the restriction to the partial annulus AEW
(to make sure the detected cycles are contained in M) and the restriction to a
given distance ~ § away from the boundary oM.

Similarly to Lemma 7.1 in [I1] and Lemma 7.2 in [I0], the following lemma
guarantees that each critical point counted above induces a non-trivial cycle in

Hi(C(Pn, p))-
Lemma 7.8.2. Let Y C P, C M be generic, inducing a critical point ¢ of index

ke ld—1]. Let ¢ = ¥(Y) and suppose that Agf)(c(y)) C U B(x,p), where
zE€Pn

p:=p(¥) = pp, (c) is the critical value of c.

Then ¢ induces a non-trivial cycle in Hy(C(Py, p)).
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The proof of this lemma is similar to that of Lemma 7.1 in [11] and we do
not repeat it here.

Me may now seek a lower bound for E[B;’é(r)] and prove the following result.

Lemma 7.8.3. Let r = o(1). With our choice of § ~ (logn)~'r, there exists
a=3+0((logn)™"),

such that for all k € [d — 1]
€SN k=2 —aA —(k+1)
BB (r)] = (nA e~ M (logn) ) .

Proof. We have as in [10],
k+1

- n
(k+1)!
nk+1

_ . he,(s —nV(B(c(y),r2)NM) dvol
G L e e dvol, (9),

E[8° (1) E g0, 9 UP)]

where pe,(y) =P [ A¥ ¢ | Bz.p(¥) |V =y, PaNBlcly),r) =V
z€Py
We first establish as in [I0] that for ¢ ~ (logn)™*, pe,(y) — 1 uniformly
over y. In [I0] this is done by building a small net over the annulus A., and
then deriving the estimate

1— Ceanede S pe(}’)7

for some C' > 0. Similarly here, we may build a small net over the partial
annulus and derive, using that ¢ ~ (logn)™!, the estimate

—Cnerd
1- C@ C S pﬁ,tp(y)v
for some (other) C > 0.

Thus, we can write
k+1

(k+1)!

E[By°(r)] 2 /D . he (y)e Vel Bra (CONNM)| ol (y)].

Define

W :={V € Gr(k,d) | V = span{w; | i € [k]}, Vi € [k], w; € W}.
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Note that by construction, for every y; € y counted above, we have w; :=
yi — Yo € W hence V € W, where V' = span{w;| i € [k]}. Using the Blaschke-
Petkantschin formula for manifolds with non-empty boundary, we then find

k+1

E €,0 > L/ dvol /Td dk—l/ d
N2 Gy, et [ [ daeat)

k+1
xR T ldetlgem o dvolggon o 0)](expe (),
(S1(V))+tt i=1

where f(y) := h&®(y)e "V (Bra(c))NM)
By Lemma [7.2:4] we know that

V(Br,(c(y)) N M) < 5(1+ q)war§

<
< fwar§(1+ g+ O(r2)),

N[ N

and ¢ = 2 ~ (logn)~! from our choice of 4.

Furthermore, ro ~ r = o((logn)~'), hence

V(Br,(c(y)) N M) < jwar§(1+ O((logn) ™))

= awgrd,
for some a := % 4+ O((logn)~1).
Thus
E[ 5,6(7,)] > nktl e,aA,pg (/ |dvol (C)|/T duud]gfl/ i d(V)
¥ ~(k+1)! OM 5.5 ! r wo

k41

oy T4 TT et o) [0t () 15 exp, ().
1 i=1

Let us estimate a lower bound for

k+1
Dj = /Wdukyd(V) /Sk+1( )Tffk(w)H |det(gexpc(wi))\|dvolsf+1(v)(w)|h§’5(expc(uw)).
1 W i=1

From the choice of W, we have h&®(exp,(uw)) = 1 for all w € SFF (V)
and V' € W. Furthermore for sufficiently small r, the determinant term tends
to 1, and the volume T (w) is bounded below in terms of € (as observed in [10]).

Hence it remains to estimate a lower bound for py 4(W). Let us emphasise
that the proposed argument below, bounding from below gy 4(W), is different
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from the one provided in [42]. This geometric argument relies on principal an-
gles and the covering number of a manifold and we find it elegant and concise.
While different from that given in [42], it yields the exact same bounds, which
is a good confirmation that this bound is fairly sharp.

Lemma 7.8.4. We show that
fira(W) 2 "

Definition 40. Let dist denote the geodesic distance on the Grassmannian

Gr(k,d), which is given by

dist(Vo, V) =

where the p;’s are the principal angles between the spaces Vi and V.

Proof of Lemma[7.84) Let Vo € Gr(k,W) C W and let V € B(Vy,¢) C
Gr(k,d) (ball centered at Vo under the above geodesic distance on Gr(k,d)).
Thus, we can write V = span{w; | i € [k]} and Vh = span{v; | i € [k]} such
that for all ¢ € [k]

L(wi,v;) < dist(V, V) < .

In particular, since v; € W, we must have
L(w;, W) < Z(w;,v;) < p,
hence V € W and B(Vg,p) C W.

Furthermore by Theorem 2.2 in [33], there exists C' > 0 such that for all
m € N, there exists S,, = {z1,...,2m} C Gr(k,W) = Gr(k,d — 1), with
|Sim| = m, and for every = # y € Gr(k,d — 1)

dist(z,y) > Cm~/P,
where D := dim(Gr(k,d — 1)) = k(d—k — 1).

Observe that the geodesic distance in Gr(k,d — 1) is the reduced distance
from Gk, d) to the subspace Gr(k, d—1). Thus, the balls { B(z;, (C/2)m~YP)|i e
[m]} are disjoint.

—k(d—k—1)

C
Picking m such that ¢ = gm_l/D, ie, mn~ @ , we know from

above that each of those balls is contained in W (because every basis vector in
every subspace of every ball has angle at most ¢ with W).
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Finally, each of the m distinct balls has volume g 4(B(xs,¢)) ~ @*@%),

hence we have the following lower bound
(W) 2, IR kIkD = gk

Theorem 2.2 in [33] being optimal (cf, the covering number of a manifold),
we could not have found more distinct balls above in our volume estimation.
This suggests that the above lower bound for ug q(WV) is sharp.

O

Wrapping up, we have
T
E[ Z’é(r)] znk"'l(pke_'mﬂ/ |dv0lg(c)\/ duu® 1L,
6]\1[5.25] 1

With r; == r(1 — 52/(205), ry i= (1 +¢&) and € = A™!, we have as in [I0],
e~ = Qe ), and we find

E[B0] 2 Fnhke=ohng? |dvoly ()|
OM(5,24)

> nAF=2e= A (log n) =K+,

7.9 Second moment for the lower threshold

In the upper threshold case, controlling the expected Betti numbers from above
suffices to control the Betti numbers w.h.p. by Markov’s inequality (a first mo-
ment inequality). In the lower threshold case we wish to establish that in the
designated regime for A, w.h.p. the Betti numbers diverge to oo (in which case
we do not recover the homology of the manifold). Yet, thus far we only have a
lower bound for the expected Betti numbers via the expected number of ©-cycles
near the boundary counted in the previous section. We shall use Chebyshev’s
inequality (a second moment inequality):

Var(82°(n)
(1 —7)2E[8;° ()2

We seek a lower bound for B;";(T) from the lower bound on E[ﬁ;*é(r)} ob-
tained in the previous section, hence it suffices to show that the RHS above
tends to 0, as n — oo.

P(By° (r) < AE[B5° (1)) <

The calculations of the different terms involved in the variance for the RHS
above are fairly tedious. They require the use of the multivariable Blaschke-
Petkantschin formula (proved above) and tedious integral calculations which
are almost identical to those already done in the argument in [10]. Hence we
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do not reproduce them here, as the calculations themselves do not constitute
a significant conceptual step of the overall argument. For a detailed exposition
of the calculations related to the second moment for the lower threshold, see
Section 8 in [I0] and Section 8 in [42].

The same calculations than in Section 8, [I0] hold up to some suitable nor-
malising factors, and we eventually obtain, similarly to [10], the following upper
bound

€,0 — —
Var(8,°(r)) < ne A/2AZk=3y (e~ (Aewa)/(2wa—1) y (d)
E[ ;75(7_)}2 ~ nQAQk*‘*e*ZaArQ(logn)*Q(’”l) ’

1
where o = 3 4+ O((logn)™') is as in Lemma [7.8.3

2(2k—1)wgq—1 loglogn
wd logn

A:=(2-2/d)logn+2(1/d — 3)loglogn — w(n).

and

Choose € :=

Such a choice for € is similar to the one made in [I0] in their second moment
section - Section 8 in [I0], up to a suitable normalising factor. The choice for A
comes from the value for the lower threshold which we derive when proving the
lower threshold part of the main theorem (see proof of Theorem [7.1.1] below). It
is thus natural to seek whether this candidate does satisfy the second moment
requirement (in which case, it is valid).

With the above choices, we find indeed that the RHS above tends to 0 as
n — o0, hence that wh.p. S(r) > 6;’5(7") > (1/2)E[6;’5(r)]. This proves
Proposition claimed above.

Note carefully that the RHS above tends to 0 only due to the specific choices
made above. In particular, this was only possible due to the error estimate of
O((logn)™') of a directly coming from our choice of § ~ (logn)~'r.

7.10 Proof of the main result

We now present the proof of the main result - Theorem discussed in the
outline section.

Proof of Theorem|7.1.1. Upper threshold

Letting A := ay logn + b loglogn 4+ w(n), let us solve for the best possible
coefficients ay, by such that, using the upper bound estimates,

E[Cli1(r,70)], E[Cr(r,m0)] < nAFe™ <nl=VIAke=1/2A 0 as n — .
Indeed, this implies by Markov’s inequality that

P (C}c(?", r0), Cry1(r,m0) > 0) -0,
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hence by Morse theory
P (Bk(ro) > Br(r)) — 0,
which implies that
P (Hi(C(n,r) = Hg(C(n,r)) — 1.
We have
n T VANRe=2A § exp(klog A — 1/2(ay logn + by, loglog n + w(n)) + (1 — 1/d) log n).

Discarding eventual constant terms in the exponent above and seeing that
—w(n) — —oo, it suffices to find a; and by such that the logn and the loglogn
coefficients vanish. Gathering the terms, we find the following condition for the
logn coefficient to vanish:

~1/2ap+1—1/d=0= a = 2(1 — 1/d).

Similarly, using log A ~ loglogn, we find the following condition for the log logn
coefficient to vanish:
k’*bk/QZO:}bk:Qk.

Let ro := r(wq/r(1+|logr]))/4 be as in Proposition For n sufficiently
large, using the covering result stated in Theorem [7.3.2] (see [21]), A,, is beyond
the upper threshold value, such that w.h.p. M C U,ep, B(z,7r9) and by the
Nerve Lemma, for n sufficiently large Hy(C(n,ro)) = Hi(M) w.h.p..

Hence
P (Hk(C(n,r)) = Hk(M)) — 1,

as required.
Lower threshold

Let
A = aglogn + by loglogn — w(n),

and recall the obtained lower bound on S (r) (w.h.p.)
Q (e_O‘AnAk_zr(log n)_(’”l)) .

Let us seek the best possible coefficients ay, by such that this threshold di-
verges to oo. Indeed, if such is the case, then in particular we cannot have

Br(r) = Br(M) < oc.

We can rewrite it as follows
re~“AnAR=2(log )~ +D) & pematelogn (k=215 A (146 ) = (k+1)
~ exp(% loglogn — %logn — (k+ 1) loglogn — logw(n)
— a(ag logn + b loglogn —w(n)) + logn + (k — 2) log(ax logn))
+ aw(n) — logw(n));
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the third line on the RHS above, i.e., aw(n) — logw(n) will diverge, hence it
suffices to find ax,br such that the rest of the exponent remains constant or
converges to 0.

We first look at the coefficients of logn. Taking ar = 2 — 2/d yields:

—1/d—aar+1=-1/d— (1/2+¢(n))(2—2/d) +1
=—-1/d—1—2¢e(n)+1/d—2¢e(n)/d+1
= (=2 - 2/d)e(n)
= o((logn)™"),

hence the logn term will converge to 0.
Since a; > 1, we have the trivial lower bound

(k —2)log(ax logn) > (k — 2)loglog n;
hence it suffices to solve for by such that (looking at the coefficients of loglogn)
k—2—-by/2—k—-141/d=0,
which yields by = 2(—3 + 1/d).
We have thus shown that choosing
A=(2-2/d)logn+2(—3+1/d)loglogn —w(n),

Br(r) = oo w.h.p.. In particular, for such A we do not recover the homology of
M w.h.p..
O

7.11 Conclusion

In this chapter, we investigated homology of a Cech complex from a random
sample on a compact Riemannian manifold with smooth non-empty boundary.
This can be seen as a continuation of previous works by Bobrowski and Wein-
berger ([11]) and Bobrowski and Oliveira ([I0]) which investigated the cases of,
respectively, a torus and a closed (empty boundary) Riemannian boundary. As
in these earlier works, we find a tight gap between the upper threshold value of
the bandwidth beyond which we recover the homology of the manifold w.h.p.,
and the lower threshold value below which we do not recover the homology of the
manifold w.h.p.. Indeed both thresholds occur for A := nwqr? ~ 2(1—1/d) log n.
Note that the coefficient is almost twice as much as the threshold values obtained
in [10]. This is naturally understood by the fact that Riemannian balls inter-
secting the non-empty boundary of the manifold have volume about half of a
ball of the same radius completely contained in the manifold (cf, the section on
Riemannian approximations above).
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Chapter 8

Conclusion and future work

We have defined and discussed several results related to geometric/topological
methods in machine learning. As we saw in Chapters 2, 3,4, and as noticed
in [63], many problems of interest on graphs arise as optimisation problems on
graph functionals of the form

SN e —y)(u(z) —uly)®.

z€EXn YEXn

This observation motivated the authors of [63], in a series of works, to draw on
techniques from the calculus of variations (e.g., I'-convergence) and propose a
variational approach to tackle the various problems on graphs arising as above.
In particular, this variational approach proved successful in establishing various
consistency results: e.g., spectral clustering, through the spectral convergence of
the graph to the continuous Laplacian; Cheeger consistency; minimal bisection
functional consistency. These results were presented in Chapter 2.

In Chapter 3, we noted how some basic results on the regularity of empirical
measures with respect to the underlying measure allowed us to derive similar
consistency results for k-NN graph constructions. In particular, we were able to
establish asymptotic conditions on the choice of k as a function of n, to guar-
antee consistency of spectral clustering done with a graph Laplacian sparsified
via a k-NN construction, and similarly Cheeger consistency and the consistency
of minimal bisection functionals.

In Chapter 4, we focused on some of the key results of the succesful varia-
tional arguments previously discussed: the concentration of empirical measures
(a discrepancy-type result) and the I'-convergence of certain functionals. There,
we proposed a setting motivated by the work of Owada and Adler in [52], in or-
der to investigate possible generalisations of these key results to the case where
the sampling domain is now all of R (more generally is unbounded). We estab-
lished such extensions and also discussed some of the current limitations which
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prevent one from carrying over the variational approach completely. In partic-
ular, there is still a need to understand how to establish better compactness
properties of some functionals in R?.

From Chapter 5 onwards, we changed our paradigm and focused on random
geometric complexes. These can be thought as generalisations of random geo-
metric graphs, where we not only consider vertices and edges, but also triangles
and higher order simplices. Chapter 5 serves as a brief introduction to random
geometric complexes. We refer to the work of Kahle in [41] for a nice introduc-
tion to the types of results one generally is interested in proving.

In Chapter 6, we proposed an extension of the results in [I, [52], investigating
the homology of noise when allowing the sampling density to be supported on
R¢ (instead of a bounded domain or more generally a compact manifold). We
showed that some conditions on the choice of the bandwith parameter can be
weakened with a well-chosen variable bandwidth construction, and how in some
cases we may decrackle the noise.

Finally, in Chapter 7, we investigated the problem of homology recovery
from a sampling on a compact Riemannian manifold with non-empty boundary,
building from previous works of Bobrowski and Weinberger ([11]) and Bobrowski
and Oliveira ([10]). This work follows the argument found in our joint work with
Ulrike Tillmann and Oliver Vipond in [42].

There are many future directions one can investigate. In Chapter 7, while
the upper and lower threshold values for A found in the case of a compact man-
ifold with non-empty boundary (cf, [42]) have a tight gap, in the sense that
they have the same leading term of (2 — 2/d)logn, the transition is not shown
to be sharp, unlike the case of a closed manifold (cf, [12]). In fact, since the
obtained lower threshold is independent of k, one may wonder whether such a
sharp transition can occur.

In Chapter 6, a natural next step is to continue the investigation of the ho-
mology of noise to that of persistent homology, much like the work of Owada
and Bobrowski in [53] continues the work in [52].

With regards to random geometric complexes, one may be interested in in-
vestigating the random connection model. There, we are given a smooth kernel
function on the graph, which we use for every two vertices x,y as a probability
to connect the points. In other words, given z,y € X, and a smooth kernel
7, connect the points x,y with probability n,.(z — y). This produces a ran-
dom graph (where both the vertices and the edges are random), from which
we may build a Vietoris-Rips complex (i.e., the clique complex of the graph).
We may seek, as in [41], to investigate the expected topological features of this
complex, such as its expected Betti numbers, as n — oo. Note in particular
that if n,.(x —y) = r~ %1 (z — y| < r), we recover the usual Vietoris-Rips com-
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plex construction. There are several advantages and disadvantages with this
model, which as far as we know has never been investigated from a topological
point of view (at the graph level on the other hand, the random connection
model is fairly well known). First, note that if we take the expectation of the
graph (of the affinity matrix inducing the graph) with respect to the edges
(keeping the vertices random), the expected graph is just the weighted graph
{n-(x—vy) | z,y € X,,}. Hence this provides us with a way of investigating topo-
logical features of a weighted graph. Furthermore, this matrix is smooth under
small noisy perturbations on the vertices, hence the various expected topological
features to investigate, e.g., the expected Betti numbers, will be robust to noise,
which is desirable and not generally the case (a motivation for studying persis-
tent homology instead). There are on the other hand some drawbacks. First of
all, while such a construction is natural on a Vietoris-Rips complex, since it is
a purely combinatorial construction, it is not clear how to make sense of such a
random connection model for a Cech complex. Hence such analysis would have
limited geometric interpretations. Furthermore from a computational point of
view, this model seems demanding.

For computational complexity motivations, we have investigated in Chapter
3 some consistency results for sparse graph representations, in particular k-NN
constructions. Noting that these results rely on a discrepancy-type result, which
was extended to various settings on R? in Chapter 4, it is natural to try and
combine the methods of Chapter 3 with the work of Chapter 4, and similarly
deduce some consistency (or even just connectivity results) in the case of a k-NN
graph sampled from an unbounded domain.

There are many more graph functionals which have slightly more compli-
cated forms than the ones studied in this thesis. In some cases, little is known
about them and it would be desirable to develop some approaches to similarly
establish consistency results there (e.g., [27]).

Finally, many of the results described in this thesis are asymptotic results.
Stronger results would control some error of convergence (of the various quan-
tities of interest) as a function of n. Such results are of course more difficult to
attain, but are highly desirable for practical points of view.
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Appendix A

Naive approach to noise
decrackling (cf, Chapter 6)

A.1 Introduction

As discussed in Section 6.2, this appendix looks at the use of a naive scaling
choice to study the classic argument of Kahle in [4I] in the case of a variable
bandwidth construction and an arbitrary radial density supported on R%. More
useful scalings were considered in Chapter 6. Let us start with some notation.

A.2 Notation

Given two functions f, g, write
if 3C > 0, Ing € N, Vn > nyg

write

if VC >0, Ing € N, Vn > nyg

|f(n)] < Cg(n);

write
f(n) =Q(g(n)),
if 3C > 0, Ing € N, ¥n > nyg



and write
f(n) =w(g(n)),
if VC' >0, Ing € N, Vn > nyg
|f(n)| > Clg(n)]|.
If the above constant C' depends explicitly on a parameter k, we will write for

instance f(n) = Qir(g(n)).

If li7rln g(n) =0, we write
f(n) ~ g(n),
if Ak, ke >0, dng € N, Vn > nyg
k1g(n) < f(n) < kag(n).
If lim g(n) = a, we write
” £l ~ g(n).
if (a = f(n)) ~ (a = g(n)).

A.3 A naive approach

Consider a set of points X,, = {x1,...,2,} C R independently sampled from
a radial density ¢ : R? — RT, where we assume that supp(q) = R
Denote by p the probability distribution associated to the density gq, i.e.,

1(A) ZZ/AQ(x)dm

In particular let y € R%, r > 0, and let

p: R — R
x> q(a) Y
it is easy to see after a suitable change of variable, that

w(B(y,rp(y))) ~ r.

Thus, we can scale any ball of R? by a function of its centre to make its volume
roughly constant for a fixed radius r. This well known idea allows us to follow
a similar approach to [4I] where the distribution is uniform.

While p is defined on R%, we will sometimes also refer to the induced function

p: Ry — R, where
p(R) = sup{p(z) | |z| < R}
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for R € R.. Similarly, we will sometimes refer to ¢ : R — R4 where
q(R) = inf{g(2) | |2| < R}

for R € R,. Note that p(R) = q(R)™/%.
Finally, we will make use of the function

QO:R+—)R+

When clear from context, we may refer to p(z;) by p; to simplify notation.

We wish to investigate topological properties of R(X,;7p) as n — oo.
In particular, we are interested in the asymptotic behavior of the expected ranks
of the homology groups Hy, i.e., the expected Betti numbers E[8x], k > 0, for
various choices of r.

A.3.1 Discrete Morse theory

We briefly recall the necessary tools from Discrete Morse Theory used in [41],
which are also used in our setting. A more thorough introduction can be found
in [34].

Definition 41. Let A be a simplicial complex, and let o and B be faces of A.

We write a < B if a is a codimension 1 face of 5.

Definition 42. Let A be a simplicial complex, and let V := {a < B} be a
collection of pairs of faces of A.

We say that V is a discrete vector field of A, if each face from V is in at most
one pair.

We say that a simplex is critical (wrt V), if it is not contained in any pair in

V.

Definition 43. Let A be a simplicial complex, and let V' be a discrete vector
field of A. Let n € N, and let {o; | i € {0,...,n}} and {B; | i € {0,...,n}} be
faces of A, such that for alli € {0,...,n}, ajp1 # o and

{ai < ﬁl} eV.
The sequence of faces
ag < Bo=a1 < P1 = < P anp1 =

1s called a closed V -path.
We say that V is a discrete gradient field, if there are no closed V -paths.

We can now state the Fundamental Theorem of Discrete Morse Theory, cf,
A1, [34].
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Theorem A.3.1 ([34]). Let A be a simplicial complez, and suppose that V is
a discrete gradient field of A.

Then A is homotopy equivalent to a CW complex with one cell of dimension k
for each critical k-dimensional simplex.

Letting fx be the number of cells of dimension k, we then have that 8 <
fr = Ck, where Cf is the number of critical k-dimensional faces of A. Thus,
as observed in [4I], to analyze the asymptotic behavior of the expected Betti
numbers, it suffices to obtain bounds on E[C}].

Recall the definition of k-connectivity for a topological space.

Definition 44 ([41]). A topological space T' is k-connected if for every 0 < i < k,
every map from an i-dimensional sphere S* to T is homotopically trivial.

In 1] it is shown for the VR complex on a smooth convex body of R?,
that for every k > 0, there exists ¢, > 0 such that if r > ¢ (log n/n)l/d, then
R(X,;7) is k-connected w.h.p..

Using the above observation that 8y, < Cj, it suffices to show for r > ¢ (log n/n)l/d,
that we have
]E[Ck] = 0(1).

A.3.2 Main result

The result obtained in [4I] on the sublinearity of the expected Betti numbers
and on k-connectivity threshold values for the VR complex can be summarized
by the following theorem.

Theorem A.3.2 (Theorem 6.5 in [41]). Let R(X,,;r) be a random VR complex,
where X, is an i.i.d. sample from the uniform distribution on a smoothly convex
body of RY, and let A := nr?.

There exists ¢ > 0 independent of X,,, such that for all k >0

E[B] = O (Ake*“n) .

In particular for k >0, if r = w(n_l/d) then

E[Bx] = o(n);
1/d
and if r = Q ((loin> ) then
E[Bk] = o(1).

Analogously, we obtain the following result for a variable bandwidth VR
complex on R? defined as above.
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Theorem A.3.3. Let R(X,,;rp) be the random variable bandwidth VR complex
defined above, where X,, is independently sampled from a radial density q, with
supp(q) = R?, and p(zx) == q(a:)_l/d. Let o = 4 if q is decreasing everywhere
on RY; otherwise let o = 6.

For every R(n) — oo, if 1 > 4p(R) (note that ¢ decays to 0), then for all k > 0

E[3] = O (Ake_c(")An) ,

where c(n) ~ p(R)™*%, and as before A := nr?.

In particular, let k > 0 and let w(n) — oo (growing arbitrarily slowly).
Let Ro(n) € py* (w(n)flnl/o‘d) (taking w(n) sufficiently slow such that Ryo(n) —
o0 ), where

po(R) = p(R) (log p(R)) """,

If r = Qg (po(Rg)anfl/d) and r > 4p(Ry), then

E[Bk] = o(n).

Let Ry(n) € p~* w(n)1<
that Ri(n) — o0).

1/d
Ifr =Qu (p(Rl)O‘ (logn) ) and r > 4¢(Ry), then
n

1/ad
> ) (taking w(n) sufficiently slow such
logn

E[Bx] = o(1).

Corollary A.3.4. Note that the above theorem applied to the case k = 0,
indicates that the random variable bandwidth graph G(X,;rp) onR? is connected

w.h.p. for
logn 1/d
7 2 max @(Rl),p(Rl)“< - > :

with Ry chosen as above; i.e., that for such r we have

lim P (G(X,;7p) is connected) = 1.

As it will be evident from the proof below, if the sampling domain is bounded
(rather than R?), then the condition 7 > ¢(R) can be dropped and R can instead
be taken to be a sufficiently large constant, independent of n. In particular, we
recover in that case the same connectivity threshold values than those obtained
in [AT, 5.
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A.3.3 Proof of Theorem [A.3.3

Throughout the proof, as n — oo, let R(n) — oo and let r(n) — 0 be such that
r > 4p(R). Note that such a choice of r — 0 is valid, since ¢ — 0 as R — oo.

Indeed, since g(z) = o(z|™%) (otherwise it wouldn’t be a density over R%), we
have p(z) = g(z)~"/* = w(a]), and

l=l _
plx)

Similarly to [41], we require the use of a geometric lemma.

o(1).

Lemma A.3.5 (Geometric Lemma). Let {yo,...,ys} C X, be such that

lyol < -+ <lyel,

where
1Yo — y1| > 7p1,

TP1
— < ,
9 |y1|

and such that for all {i,7} C {0,..., ¢}, {i,5} # {0,1},

|y —y;| < rmax{p;, p;}.

¢
Finally, let I := ﬂ B(yi,rpi) N B(0,|y1])-

i=1

There exists e4(n) > 0 (decreasing in n) independent of {yo,...,ye}, such that
() > eqr.
If q is decreasing, we can choose
eg~ (1—20)4,
and more generally we can choose
ea ~ q(R)*(1—6)4,
where § ~ /1 — p(R)™3.

The lower bound on u(I) obtained above indicates that there is enough room
in I to find a ball of radius ~ ei/ ;- contained in this intersection. In [41] eq is
independent of n and of the y;’s. In our current setting it remains independent
of the y;’s, but the sampling set (]Rd) being unbounded, we must make €4 de-
pendent on n (as defined above). As we will see, this dependency on n is carried
over to the proof of theorem, which explains why the obtained threshold values

of r (for the sublinearity of the expected Betti numbers and the k-connectivity
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of the complex) carry some extra functions of R (i.e., of n) compared to [41] .

In order to prove the Geometric Lemma, we start by proving the following
proposition which finds the centre y,, of the ball contained in the intersection
I.

Proposition A.3.6. There exists t € (0,1) with t ~ p~*(R), and § € (0,1)
with 6 ~ /1 — p(R)~3, such that for all {yo,...,ye} C X, satisfying the same
conditions as in the Geometric Lemma,

Vi€ [0, lyi — ym| < r0pi,

where ypm, = tyo + (1 — t)y1.
Note that the choices of t and § are independent of {yo,...,ye}.

We note a mild issue in [41], where a similar fact is proved and y,, is chosen

Yo n

to be ¥y, = 5 . Such a choice of y,, is not suitable, and one must instead

take v, = tyo + (1 — t)y; with a well-chosen ¢, as it is done in the above propo-
sition. This is because, as we will see, based on the conditions of the Geometric
Lemma, we cannot deal with the case i = 1 similarly to the case ¢ > 2.

Proof of Proposition[A.3.6f Let i € [{], and suppose that |y;| > R. Using r >
4p(R), we find for all ¢ € (0,1)

T
lyi — ym‘ < Q‘yi| < 5,01'.

Suppose now that |y;| < R and suppose that i > 2.
We have

2
lyi — Yl =ty — yo) + (1 = t)(yi — 1)
=y —yol” + (1 =)y — w1]® + 260 — ) (yi — yo, 5 — w1)

and
2 2 2
2(yi — Yo,y — Y1) =y — Yol” +1yi — yvol” —1|yo — v

hence
2
Y — yml? = tlyi —vol> + (1 = O)|yi — n1]* — t(1 —t)|yo — 1|
Yi — Y|’ < 1 (p? —t(1— t)p?) :

Thus, it suffices to find ¢ € (0,1) such that

p; —t(1—1)pf < 6°p},
hence we want

p?
§> 4 [1—t(1—1).
Pi
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Since |y;| < R < p; < p(R), we can choose

Prni
§i= 1 —t(1 —¢)Lmin
( )p(R)"’

where pin = min{p(z)|z € R?}. This shows that for all i > 2

[Yi — Ym| < 1dpi;
it remains to find ¢ € (0, 1) such that also
[Yy1 — Ym| < Tp1.
We have |y, — y1| = t|yo — 1|, hence it suffices to find ¢t € (0, 1) such that

tlyo — y1| < 2t|ly1| < 2tR < rdp;.
. R .
Using pmin < p1 and — < p(R), it suffices to find ¢ € (0,1) such that
r

4%p(R)? < (1 —t(1 — t)y?)p2ims

Pmin .

p(R)’
i.e., we want a quadratic in ¢t with positive leading coefficient, to be non-positive.
This quadratic can be showed to intersect the z-axis at

_ PV A2 92
24772 = 9?) '

Therefore, we can choose ¢t asymptotically in n as

where v :=

t

t~p(R)!

§ ~ /T~ p(R)=S.

and thus

We can now prove the Geometric Lemma.

Proof of the Geometric Lemma. From Proposition there exists § ~ /1 — p(R)™3
such that

Vi €[], |yi — ym| < 1dpi.
For z € B(ym,r(1 —d)p1) and i € [{]

|z —yil <|T = Ym| +1ym — vl
<r(1—0)p1 +1dpi;
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using p1 < p; we have
|z —yil < rpis
4
ie., B(Ym,r(1 —9)p1) C ﬂ B(yi,rpi), and so

¢
B(ym, (1= 8)p1) N B(O,Jsa]) C () B(yi, rpi) N B(O,|ul).

i=1
Suppose first that ¢ is decreasing. Using |y, | <|y1| we find
1 (B(ym,r(1 = 8)p1) N B(0,|y1])) = p (B(yr,r(1 = 8)p1) N B(O,|y1)) .

r P
and by assumptions |y; | > % > [Pmin

1 (B(yr, (1= 6)p1) N B(O,Jya)) 2 (1 —6)%r?,

and the Geometric Lemma holds with eg ~ (1 — §)<.

, hence

Suppose now that ¢ is not decreasing everywhere on R%. Then it does not
necessarily hold that

e (B(y1,7(1 = 8)p1) N B(O,Jy1])) > p (B(y1,m(1 = 8)p1) N B(O,]y1])°) -

If it did, we would get better estimates for the lower bound, as done in the case
where ¢ is decreasing, hence we may assume that

e (B(yr, (1= 8)p1) N BO,|y1])) > o (B(ys, (1 — 6)p1) N B(0,[y1]))
hence that

e (By1, (1= 6)p1) N B(0,|11])) > = (Byr,7(1—6)p1)) -

N~

Denote the Lebesgue measure by m, and let gmay = sup{q(z) | = € R?}.

Observe that

m (B(y1,m(1 = 8)p1) N B(0,]y1]))) 2 m (B(yr,r(1 = 8)p1) N B(0,|u1]))°) ,
hence that

p (By1,r(1 = 8)p1) N B(0,y1]))) < gmaxm (B(y1,m(1 — 8)p1) N B(0,]y1]))°)

<
S m (B(yy, (1= 6)p1) N B(0,]y1]))) -

Combining the above, we have

e (B(y1,m(1 = 8)p1) N B(0,]y1]))) > q(R)ym (B(y1,r(1 — 8)p1) N B(0,]y1])))
2 q(R)p (B(y1,r(1 —8)p1))
2q

(R)((1 = da)r)".
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Therefore, we find

1t (B(ym, (1 = 6)p1) N B(0,]y1]) (B(ym,7(1 = 6)p1) N B(0,]y:1])

m (Blyr.r(1— 8)p1) N B(O.Jya])
i (Bl r(1 = $)p1) N B(O,Jya])

hence the lemma holds in this more general case with ez ~ g(R)*(1 — 6)%.
O

Using the Geometric Lemma, we can prove Theorem [A23.3]

Proof of Theorem[A.3.3 Up to relabelling, we have a.s. X, = {z1,...,2,}
with |z1] <|za| -+ <|xn|.

We build a discrete gradient field V on R(X,,;7p) as done in [4I]. We explain
again the construction, as it will be helpful to have it in mind for the rest of the
proof.

For every face S = [x;,, ..., ], pair it if possible with the face [z;,, z;,, ..., z4,],
where ig < 41 is chosen as small as possible. As verified in [41], each face is paired
at most once, which guarantees that V' is a well-defined discrete gradient vector

field.

Let us bound the probability p, that a set of k + 1 vertices span a k-
dimensional face in the Vietoris-Rips complex. Let z1,...,zp+1 be the k + 1
vertices, and assume without loss of generality (up to relabelling) that p(zr4+1) =
max p(x;). Then for all i € [k + 1] we must have x; € B(xg41,7p(zk+1)), hence

pr =0 (M (B($k+1arp(33k+1))k) =0(r™).

We then estimate the probability that such a k-dimensional face is critical
with respect to the discrete field V.

Using a similar argument to that in [41], if the face F is critical, i.e., un-
paired, then there is no common neighbor z, of the vertices x;,, ..., x;, ,, with
a < i1. And for similar reasons, there must be some x;, common neightbor of
F \ {le} with ig < 4.

Note that letting y; := wx;,, we satisfy the conditions of the Geometric
Lemma, hence we can deduce that
u(l) > edrd,
where
k+1
I:= ﬂ B(x’bj ) ij) N B(0>|:L.’L1 |)a
j=1
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and €; > 0 is independent of F' but dependent on n, as above. We have thus
found a lower bound estimate for the measure of I, which yields an estimate
for the probability that a random point from R? belongs to I. Therefore, by
independence of the random points in R, the probability that a k-face F is
critical is

n—k—2
pe < (1 - edrd)

= O (exp(—c(n)A)),

where A := nr? and ¢(n) is an arbitrary constant in (0, eg).

Thus, the expected number of critical k-faces is given by

n
E[Cy] < (k+ 1)1%29@

=0 (nAkefc(”)A) .

Recall that if ¢ is decreasing we may choose €4 ~ (1 — §)¢, and more gener-

ally, we may choose e ~ q(R)?(1 — §)<.

With § ~ /1 — p(R)=3, it is easy to verify that (1 — §)? > p(R)~*?. Hence
we can pick
c(n) ~ p(R)~*
if ¢ is decreasing, and
c(n) ~ q(R)*p(R)~"" = p(R)~*

more generally.

It remains to find a value of r beyond which the expected Betti numbers
grow sublinearly, and a value of r beyond which the VR complex becomes k-
connected.

Let £ > 0, and let Ry be defined as in Theorem 5.2. This guarantees that
po(Ro)*n~ Y% = o(1). Let ¢, > (akd)'/? and suppose that r > 4p(Ry) and that

r = cup(Ro)* log (p(Ro)) /" n ="/
& Ap(Ro) ™" = cflog (p(Ro)) -
We see that
log A = dlog(cx) + loglog (p(Ro)) + adlog (p(Ro))
hence from the choice of ¢, we have

lim(klog A — ¢(n)A) = —o0,
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ie.,

limexp (klog A — ¢(n)A) =0,
which guarantees that
E [Bx] = o(n).
Similarly, let R; be defined as in Theorem 5.2, and let ¢; > 0 be such that
log n) 1/d

n

r=cpp(R1)” <

s nrt = A = p(R)*logn.

1/d
Using the fact that p(R1)® = o <(107gl > ) = log(p(R1)) = o(logn), we
n
have
lim(klog(A) — p(Ry) ™A +logn) = —oo,
ie.,

E 8] = A" exp (—c(n)A) n = o(1).
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