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Abstract

This thesis explores the six persistence diagrams that arise out of persistent homology for
chromatic point clouds. Concretely, for each diagram the expected number and length
of their persistence pairs is being studied under the condition of uniformly distributed
2-colored points in the unit square. In a subset of cases we find explicit formulae for these
very expectations for large enough numbers of points as the probability distribution of
the colors varies.

During the creation of this work, deeper connections to the research area of Euclidean
minimum spanning trees were discovered as well, in the sense that the constant giving the
asymptotic limit of the (expected) length of the Euclidean minimum spanning tree also
presents itself in the computational experiments for the 1-norm in the diagrams.






Abriss

Diese Masterarbeit erforscht die sechs Persistenz-Diagramme, die aus der persistierenden
Homologie fiir gefarbte Punktwolken hervorgehen. Konkret wird fiir jedes Diagramm die
erwartete Anzahl und Linge der Persistenz-Paare unter der Bedingung von gleichméafig
verteilten, zweigefarbten Punkte im Einheitsquadrat untersucht. In einem Teil der Fille
finden wir explizite Formeln fiir ebendiese Erwartungswerte bei geniigend vielen Punk-
ten, wahrend die Wahrscheinlichkeitsverteilung der zwei Farben variiert. Bei der Entste-
hung dieser Arbeit wurden zudem tiefere Verbindungen zum Forschungsgebiet rund um
FEuklidische minimale Spannbaume festgestellt.

Dies ist in dem Sinne so zu verstehen, dass die Konstante, die den asymptotischen
Grenzwert der (erwarteten) Lénge des Euklidischen minimalen Spannbaums bildet, sich
auch in den rechnerischen Experimenten zur erwarteten 1-Norm in den Diagrammen
zeigt.
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1. Introduction

We live in a digitally connected and constantly changing world and generate massive
amounts of data on a daily basis. To be able to evaluate and analyze these piles of
information for various kinds of applications, we need tools that allow us to do so. The
still relatively new field of Topological Data Analysis (TDA) has gifted us with exactly
such theoretical instruments to investigate different data structures. Concretely, the
idea of TDA is based on the assumption that the way data sets are shaped contains
information itself, which helps with classification. But to get to this information with a
computer is a non-trivial task.

Indeed, consider a small 2-dimensional data set like the one depicted in Figure 1.1.
Clearly, the human eye instantly recognizes two clusters in this data set, one of which
forming an ellipsoidal loop. For a computer, however, this point cloud only consists of
100 individual discrete objects.
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Figure 1.1.: Simple example of a 2-dimensional data set that features two outstanding
clusters with different structures.

In order to computationally gain information about such structures, we make use of
a famous technique in TDA, that is persistent homology. With persistent homology
we can extract topological features such as holes, cavities or clusters. Essentially, the
idea is to grow balls around the points and to use the radius as a parameter to control
the growing. As the radius increases, balls may overlap and the union of these results
in a new topological space. It is exactly this change that is recorded by persistent
homology.

Historically, persistent homology originally emerged in the 1990’s, first touched upon
in Frosini’s work [20] where he introduced size functions. In 1999, Robins studied the



1. Introduction

topology of attractors in dynamical systems and introduced the concept of persistent
Betti numbers [25]. Independently, Edelsbrunner, Letscher and Zomorodian established
the framework of persistent homology in combination with a fast algorithm and a cor-
responding visualization [14]. This achievement was grounded on the previous work of
Delfinado and Edelsbrunner on developing an incremental algorithm for Betti numbers
[10] as well as a computational implementation of Alpha shapes, which was done in [18§]
by Edelsbrunner and Miicke. In 2005, Carlsson and Zomorodian gave another viewpoint
on persistent homology in algebraic terms [31].

Since then, a lot has been done and persistent homology has found great resonance,
in particular, in the fields of material and life sciences [2], [17], [26]. Especially, the
steadily growing area of spatial biology seems to give another opportunity to make us-
age of persistent homology, see for instance [7]. Motivated by this new field, Cultrera
et al developed a theory of persistent homology for chromatic point sets [5], [8], where
each point can be thought of as a cell with a color indicating its type. Out of this pro-
cess, six different persistence diagrams, the siz-pack, emerged instead of only one. This
thesis explores the expected 0- and 1-norm of these very diagrams with computational
experiments.

In chapter 2, we first give a detailed overview on the usual persistent homology for
non-chromatic point sets and afterwards, introduce all aforementioned concepts in the
colored setting. In the end of this theoretical chapter, we briefly treat Poisson point
processes, which is an essential ingredient for our analysis, and mention Euclidean min-
imum spanning trees and the asymptotic limit of their (expected) length. Chapter 3
serves as a quick guide through the setup of the computational experiments and its im-
plementation. The heart of this thesis lies in chapter 4, where some explicit formulae
are theoretically proven and a tabular summary is presented, including further conjec-
tures and still completely unknown cases regarding the expectation. In the appendix
the underlying empirical results, that initially sparked the deeper investigation of the
already mentioned formulae, can be looked up in a case-by-case fashion. Finally, chapter
5 discusses further open questions and interesting continuations of this thesis.



2. Mathematical Background

This chapter is devoted to introducing all mathematical concepts that are needed for
understanding the computational setup in chapter 3 as well as the results in the sub-
sequent chapter 4. In section 2.1 we begin with defining the notions of geometric and
abstract simplicial complexes and how they are related to each other. In section 2.2 we
encounter wildly known examples of simplicial complexes.

After a compact summary of the most essential definitions and constructions in sim-
plicial homology! in section 2.3, we turn to the useful tool of persistent homology in
section 2.4. There, we take the geometrical objects introduced in the first two sections,
construct filtrations of them and apply homology theory to be able to say something
about topological features like connected components or loops. In sections 2.5 and 2.6
everything about Alpha complexes and persistent homology is translated to the chro-
matic setting, which is of great importance for the computational setup as we deal with
colored point clouds. Finally, section 2.7 serves as a quick guide in the topic of Poisson
point processes.

2.1. Geometric and Abstract Simplicial Complexes

In this section we encounter the building blocks for defining Alpha complexes and follow
the contents of [16] and [24].

Definition 2.1.1. Let p; € R? (0 <4 < k). Then the set {po,...,pr} of k + 1 points is
called affinely independent if for all \; € R we get

k

k
> A=0 and Y Api=0 = Ag=---=X=0.
=0 1=0

Remark 2.1.2. The above implication is equivalent to requiring that the k vectors
pi —po (1 <i < k) are linearly independent in the usual sense. One consequence of this
observation is that there can be at most d + 1 affinely independent points in R.

Definition 2.1.3. The conver hull of a point set {po, ..., pr} € R? is defined as the set
of convex combinations

k k
COHV{po,...,pk}: {Z)\Zpl Z)\Z‘Zl, )\z 20}
=0 1=0

!First, in a more general way, for coefficients in Z and later on for coefficients in Z,.
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Definition 2.1.4. A (geometric) k-simplex (or just simplex) o is the convex hull

o = conv{po,...,Pk}

of some affinely independent set {po,...,px} C R?. We also say that o is spanned by
the points py, . ..,pk. The dimension of o is dim(o) = k.

In particular, for 0 < k < 3, k-simplices have their own names: A 0-simplex is called a
vertex, a 1-simplex is an edge, a 2-simplex is a triangle and, finally, a 3-simplex is called
a tetrahedron. Figure 2.1 shows these very simplices.

Figure 2.1.: From left to right: vertex, edge, triangle and tetrahedron.

Definition 2.1.5. Let o = conv{po, ..., pr} be a k-simplex in R%. A face 7 of o is the
convex hull of a non-empty subset of {py,...,pr} and it is proper if, additionally, the
subset is not all of {pg,...,pr}.

We write 7 < ¢ for 7 being a face of ¢ and 7 < ¢ if it is a proper one.

Remark 2.1.6. (1) Every k-simplex o in R? is compact and convex with respect to the
Euclidean topology. Moreover, dim(o) = k < d.

(2) It is easily checked that any face T of a k-simplex o is again a simplex of dimension
of dim(7) < k.

(3) A k-simplex o has 281 — 1 faces in total, all of which are proper ones apart from o
itself.

Definition 2.1.7. Let ¢ be a k-simplex in R?. The boundary of o is the union of all its
proper faces and we denote it by bnd(o).
Moreover, we define the interior of o to be int(o) := o \ bnd(o).

Example 2.1.8. Consider a triangle o in R?. Its boundary is then given by the union
of the points it is spanned by and all edges connecting these points, whereas its interior
is precisely what lies inside the triangle.

Lemma 2.1.9. Let o be a k-simplex in R% spanned by po, ..., pr € R® and let x € o be
of the form x = Z?:o Aipi (Ai > 0). Then the following are equivalent:

(i) x lies in the interior of o, so x € int(c).

(ii)) A\i >0 Vie{0,...,k}.

Proof. (1) = (i4). This implication is done by contraposition. Without loss of generality,
let Ay = 0. Then = € conv{py,...,pr—1} since Z?:_ol A; = 1. This means that z lies in
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the proper face conv{py,...,pr—1} of o, thus = € bnd(o).

(7i) = (i). Assume that each coefficient \; is positive. Since bnd(o) consists of all
proper faces of o, x cannot lie in any of them as they are convex hulls of proper subsets
of {po,...,px}. Hence, z € int(o). O

After introducing simplices we can now use them as our smallest building blocks to
define more sophisticated structures following a specific recipe.

Definition 2.1.10. A (geometric) simplicial complez K in R? is a finite collection of
simplices that obey the following two rules:

(a) (ce Kand T <o) =7€K.
(b) 01,02 € K = (01 Noy=0or o1 Noy < oj for both j =1 and j = 2).

In other words, (a) requires the closedness of K under taking faces and (b) states that
there must not be improper intersections.

Definition 2.1.11. Let K be a simplicial complex in R?. The dimension of K is given
by
dim(K) = max {dim(o)} < d.
ceK
The underlying space |K| of K is the union of all of its simplices viewed as a topological
space lying in R? and equipped with the trace topology.

Lemma 2.1.12. Given a simplicial complex K, then its underlying space |K| C R? s
compact with respect to the Euclidean topology.

Proof. Boundedness is clear since K is a finite collection of simplices that are compact
by remark 2.1.6/(1). For closedness of | K], first observe that

K=o

ceK

Since any finite union of closed sets is closed again, the claim follows. O

Example 2.1.13. Consider Figure 2.2 and imagine the drawings to lie in R3. In the first
collection of simplices the rightmost vertex is missing, which clearly violates condition
(a) from definition 2.1.10. Therefore, it cannot be a simplicial complex. Also, the
particular formation with two hollow tetrahedra in the middle of figure 2.2 does not
show a simplicial complex, because their intersection gives a proper face for one of them
but not for both. However, the third drawn example shows a simplicial complex of
dimension 3.

Definition 2.1.14. Let K be a simplicial complex. Then L C K is called a subcomplex
of K if L is a simplicial complex itself.
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Figure 2.2.: The first two collections of simplices are no simplicial complexes, where the
respective violation is highlighted by a red circle. The last one, however, is
a simplicial complex.

Example 2.1.15. For any simplicial complex K we can always construct its j-skeletons
KY ={o e K |dim(cs) <j}, 0<j<dim(K),

which are subcomplexes of K. Indeed, property (a) holds by construction and property
(b) is inherited from K. In particular, the 0-skeleton K () is the set of vertices that are
contained in K and we will refer to it as the vertex set of K.

So far, our definition of a simplicial complex crucially relies on the ambient Euclidean
space R? as there cannot be any such complex with underlying space |K| C R¢ of
dimension greater than d. To allow for more freedom, we are going to define a more
abstract notion of a simplicial complex.

Definition 2.1.16. A finite collection of non-empty finite sets A is called an abstract
simplicial complex if the property

(ceAand D #Ca)= €A
is fulfilled. An element oo € A is then named a simpler with dimension
dim(a) = card(«) — 1,

where card(«) denotes the cardinality of the set «, and the dimension of A is defined to
be

dim(A) = di .

im(4) = max {dim(a))

Definition 2.1.17. Let A be an abstract simplicial complex and let @ € A be some
simplex. A face of « is a non-empty subset 5 C « and it is called proper if, additionally,
B # a. Moreover, B C A is called a subcomplex of A if B itself is an abstract simplicial
complex.

Example 2.1.18. Let A = (P({ao,a1,a2}) UP({ao,as}) UP({as})) \ {0}, where every
a; (0 <i<4)is viewed as some abstract mathematical object. It is easily seen that A
defines an abstract simplicial complex. Simplices of A with different dimensions are, for
example, {ag, a1, az}, {a1, a2} or {as}. Setting B = (P({ao,as}) UP({az})) \ {0} gives
us a subcomplex of A.
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Intuitively, we can regard a simplex of an abstract simplicial complex as a collection of
points that will, later on, represent the vertices of a geometric simplex of a geometric
simplicial complex in some well enough chosen ambient Euclidean space. It is, therefore,
not surprising to come up with the following definition.

Definition 2.1.19. Let A be an abstract simplicial complex. The verter set of A,
denoted by Vert(A), is the union of all simplices of A, so

Vert(A) = U a.

acA

Example 2.1.20. Considering A and B to be as in the previous example 2.1.18, we
obtain Vert(A) = {ao, a1, a2, a3,a4} as well as Vert(B) = {aop, a2, az}.

Up until now, we have introduced two seemingly different notions of simplicial complexes
— geometric and abstract ones. In the upcoming lemma we will already see some connec-
tion between these constructions as every geometric simplicial complex can be turned
into an abstract one by discarding all of its simplices apart from the 0-dimensional
ones.

Lemma 2.1.21. Let K be a geometric simplicial complex of dimension dim(K) =k in
R?, then the set

A={{Pmgs--->Pm; } | conv{pmg,....pm;} € K,0<mg < - <m; <k}
is an abstract simplicial complexr and we call it a vertex scheme of K.

Proof. This is obviously the case, since K is a geometric simplicial complex. O

A natural question to ask is whether some converse statement can be formulated as
well. To be more specifc, is it possible to transfer an abstract simplicial complex A with
dimension dim(A) = n into a suitable ambient space R? such that one can construct a
geometric simplicial complex K out of it with vertex set K(©) = {{a} | a € Vert(A4)}?
It turns out, such a geometric realization of A does, indeed, exist for d = 2n + 1 and in
the following we sometimes denote it by A. However, in order to examine this claim, we
need one more definition.

Definition 2.1.22. Let p; € R? (0 < i < k). We say that {po,...,px} is in general
position if no (d + 2)-many points of this set lie on a common (d — 1)-sphere.

Remark 2.1.23. Considering definition 2.1.22 we observe that for k& < d the set
{po,-..,pr} is always in general position.

Theorem 2.1.24 (Geometric Realization Theorem). Every abstract simplicial complex
A with dimension dim(A) =n < oo has a geometric realization A in R?"+1,
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Proof. First notice that Vert(A) = {a;}ier where [ is a finite index set. Now construct
an injection f : Vert(A4) — R?"*! whose image is a set of points in general position.
Observe that for any simplex a@ € A we have a C Vert(A), hence the notion f(«) is
valid. We claim that

K = {conv{f(a)} | a € A}

is a geometric simplicial complex with vertex set
KO = {conv{f(a)} | @ € A, dim(a) = 0} = {{f(a:)} | a; € Vert(A)}.

For this to show let a1, ag € A, then by assumption dim(a;) < n and dim(az) < n. We
have
card(ay U ag) = card(a) + card(ag) — card(a; Nag) < 2n + 2.

Consequently, all points in f(a; U ag) are affinely independent, which implies that we
can form their convex hull and that every = € conv{f(ca; Uasg)} has unique coefficients.
Now, let 01,09 € K be of the form

o1 = conv{f(ai)}, oo = conv{f(asz)}
and suppose o1 N o3 # (). Then
x €o1Nog < x € conv{f(ag Naw)} =7,

where 7 is a face of both ¢ and o9. This proves condition (b). For condition (a),
take 0 = conv{f(a)} € K, then any face of ¢ has to be of the form conv{f(5)} where
() # B C ais a face of a and the claim follows. Therefore, K = A is the desired geometric
realization of A. O

Because of the Geometric Realization Theorem in most cases it is negligible whether
to have a geometric or an abstract simplicial complex in hand. We, thus, sometimes
simply speak about simplicial complexes, unless we explicitly work with one or the other
definition.

In the introductory chapter 1 we already touched upon the superficial concept behind
persistent homology. We briefly mentioned growing balls and how this idea eventually
changes the homology when taking the union and increasing the radius. Certainly, we
will go through this process step-by-step in the following sections. However, an important
theoretical result is needed for all of the following to work out. This is what we want to
talk about now.

Definition 2.1.25. Let S be a finite collection of sets. We define the nerve of S,
denoted by Nrv(S), to be the set of all non-empty subcollections of S whose elements
have non-empty common intersection. More compactly written, we have

Niv(S) ={TCS|T#0, () X #0}.

XeT
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Remark 2.1.26. The nerve of S is an abstract simplicial complex since for T' € Nrv(.S)

and () # T’ C T we obtain
) X2 ) X#0,
XeT” XeT

hence T” € Nrv(S).

Example 2.1.27. (1) Take S = { X, X1, X2} to be the set consisting of three overlap-
ping closed disks in R? as depicted in the top left of figure 2.3. Then we get

Nrv(S) = {To, T1, T2, To1, To2, Ti2, Toi2},
where
Ty ={Xo}, Ti={X1}, Tp={Xa},

Tor = {Xo, X1}, To2 = {Xo, X2}, T2 = {X1, Xo},
To12 = {Xo, X1, Xo}.

Since Nrv(S) is an abstract simplicial complex, we can use an injection f, like in the
proof of theorem 2.1.24, to get its geometric realization

Nrv(S) = {conv{f(T;)} | i € I}

with index set I = {0,1,2,01,02,12,012}. More concretely, for i € {0,1,2}, this gives
us the vertices p; = conv{f(T;)} = f(T;), then come the edges for i € {01,02,12} and,
lastly, ¢ = 012 yields a triangle that is spanned by pg, p1 and ps.

Figure 2.3.: Top: Three disks with common intersection, resulting in a solid triangle as
nerve. Bottom: Three disks with merely pairwise intersection, resulting in
an empty triangle as nerve.

(2) Now take S = {Xo, X1, X2} to be the set consisting of three pairwise overlapping
cloesd disks in R? as shown in the bottom left of figure 2.3. We again compute the nerve
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and obtain

Nrv(S) = {To, T1, T, To1, To2, Ti2 }
with

To ={Xo}, Ti={X1}, T>={X2},
Tor = {Xo, X1}, To2 = {Xo, X2}, Tio={X1,Xa}.

We see that there is no set Tp12 = {Xo, X1, X2} in the nerve of S anymore, since here
the intersection of all disks is empty. When considering the geometric realization Nrv(.S)
of Nrv(\S), this observation results in a, loosely speaking, unfilled triangle.

From the above example we get the feeling that somehow the union of the elements in
S is in some correspondence to the geometric realization of the nerve of S as both sets
look alike from the perspective of a topologist. Recall that in the language of topology,
this similarity corresponds to being homotopy equivalent.

Definition 2.1.28. Let X, Y be topological spaces, then two continuous functions
fyg : X — Y are called homotopic if there exist continuous maps Hy(z) : X — Y,
t € 10,1], such that Hy = f, H; = g and such that the map

H:X x|[0,1 =Y, H(xt)=H(x)
is continuous. Then H is called a homotopy joining f and g and we write f ~p g or
just f ~g.

Definition 2.1.29. The topological spaces X, Y are said to be homotopy equivalent if
there exist continuous maps f: X — Y and g : Y — X such that

gof~idy, fog~idy

and we then write X ~ Y.

In fact, we can generalize the insights we gained from example 2.1.27 and arrive at the
powerful Nerve Theorem.

Theorem 2.1.30 (Nerve Theorem). Let S = {X;}ier be a finite collection of closed,
convez sets in RY. Then

Nrv(S) ~ U X;.

i€l

There are many more versions of the nerve theorem, some of which are even less re-
strictive with the assumptions on the given sets. A hodgepodge on proofs for the nerve
theorem can be found in [4].

10
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2.2. Delaunay and Alpha Complexes

Now that we understand the nerve of a finite family of sets S, let us restrict ourselves
again to the special case of closed balls. We orientate ourselves on [8] and [16].

Definition 2.2.1. Given a finite set of closed balls B.(r) in R? with center at ¢ € R?
and radius r > 0 and let C be the collection of all the centers. The Cech complex of C
and r is then

Cech(r,C) = {a C C'| ﬂ B.(r) # 0}.

cex

Remark 2.2.2. The Cech complex can be regarded as the nerve of S = {B.(r) | ¢ € C}
but with elements being subsets o« C C' of the centers of the balls instead of subsets
T C S of the balls themselves. Hence,

Cech(r, C) = Nrv(S)
and Cech(r, () is an abstract simplicial complex. Also, we have the nice property that
Cech(r,C) C Cech(R, C) for r < R,

which is visualized in Figure 2.4.

Figure 2.4.: Two Cech complexes of the same point set but with different radii. As the
balls are growing, new simplices appear.

The Cech complex is a very simple but powerful discrete object for monitoring the
union of growing balls. The important connection to the nerve and the fact that balls
are always convex allow us to apply the Nerve Theorem 2.1.30 for each r > 0, which
yields

Cech(r,C) ~ U B(r). (2.1)
ceC

The downside of the Cech complex is that algorithms for computing Cech(r, C) are
rather time consuming as the radius r or the number of points in C' increase. Imagining

11
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a point cloud with hundreds or thousands of points, this soon gets us into trouble as
there are too many simplices forming we have to keep track of. An alternative abstract
simplicial complex that is, in some sense, a simplification of the Cech complex is given
by the Vietoris-Rips complex.

Definition 2.2.3. Given a finite set of closed balls B,(r) in R? with center at x € R?
and radius r > 0 and let C be the collection of all the centers. The Vietoris-Rips complex
of C" and r is

VR(r,C) = {a C C'| diam(a) < 2r},

where we denote by diam(a) the maximal Euclidean distance of two points in «.

A major disadvantage of this construction is, however, that, in general, we do not get an
analogous homotopy equivalence as in (2.1). The following simple example shows this
intuitively.

Example 2.2.4. Consider again example 2.1.27/(2) and assume that all X; (i =0,1,2)
are unit disks, so r = 1. This implies that the centers x; of these disks are exactly at
distance 2r = 2 from each other based on the fact that the pairwise overlapping of the
disks here only happens in one point, respectively. Setting C' = {zg, z1,z2}, this gives
us that Cech(1,C) is exactly the unfilled triangle as before.

Speaking now of C instead of Tp1o = {Xo, X1, X2} = S, we get that VR(1,C) corre-
sponds to the filled triangle since C also has diam(C) = 2r.

Nevertheless, the Vietoris-Rips complex serves as a good approximation of the Cech com-
plex and is computationally way better to use, especially for higher dimensions. [30]

We can construct yet another abstract simplicial complex, whose geometric realization
is homotopy equivalent to the union of growing balls, as compared to the Vietoris-Rips
complex, and which does not have that many simplices within its construction like the
Cech complex does. But first, we need one more concept.

Definition 2.2.5. Let C C R? be a finite set. The Voronoi domain at ¢ € C is given
by
V(e.C) = {x € R | [le — cll, < |l — ally, Ya € C}.

This definition tells us that V (¢, C') consists of all points in R? which are closest to c.

Example 2.2.6. In order to obtain a better feeling for Voronoi domains, let us go
through an example. Take C = {a, b, c} in the plane R?. We get V(a,C), V (b, C),V (c,C)
by considering the bisectors of a and b, b and c as well as a and ¢, respectively, and cutting
them off at their first point of intersection.

Generalizing the construction in example 2.2.6 to higher dimensions yields that a Voronoi
domain is the intersection of finitely many closed half-spaces and, thus, a closed convex
polyhedron. Moreover, observe that the topological interiors of the Voronoi domains are
pairwise disjoint and that the family of all Voronoi domains builds a covering of R

12



2.2. Delaunay and Alpha Complexes
Both of these properties can be seen well again in Figure 2.5. Therefore, the following
definition comes to no surprise.

Definition 2.2.7. Let C C R? be a set of finitely many points, then the collection of
Voronoi domains {V (¢, C) }.ec is called the Voronoi tessellation and we write Vor(C).

Figure 2.5.: The Voronoi domains of a point set. Together, all Voronoi domains form
the Voronoi tessellation.

Having a finite family of closed, convex sets — in our case a Voronoi tessellation — we are
able to build its nerve. This results in an abstract simplicial complex that is being very
important throughout this thesis.

Definition 2.2.8. Given a finite set of points C' C R?, define the Delaunay complex of
C to be

Del(C) ={a CC|[)V(e,C) # 0}.

cew

Remark 2.2.9. (1) If, additionally, C'is in general position, then Del(C') has a geometric
realization in RY itself.

(2) As before with the Cech complex in remark 2.2.2, the definition of the Delaunay
complex yields a bijection to the nerve of the Voronoi tessellation, thus

Del(C) = Nrv(Vor(C)).

There is another way of viewing Delaunay complexes, which will help us to get the idea
behind the concepts introduced in section 2.5.

Definition 2.2.10. Given a finite set of points C' C R%. We say that a (d — 1)-sphere
in R? is empty if every ¢ € C either lies on or outside the sphere. If this is the case, the
sphere passes through the points that lie on the sphere.

Lemma 2.2.11. Let C C R? be a finite set of points and let o C C. The following are
equivalent:

13



2. Mathematical Background

(i) a € Del(C), meaning that « is a simplex of the Delaunay comple.

(i) There is an empty (d — 1)-sphere that passes through every point in «.

Proof. Observe that for oo € Del(C) we get ) # ().co V(c,C) 2 2. This is equivalent to
saying that x has the same distance to all points in « and at least this distance to all
other points in C. Taking x to be the center of a (d — 1)-sphere, we obtain that this
sphere is empty and it passes through all points in a. Since the last implication can be
reversed as well, the claim (i) < (i7) follows. d

Unlike in the cases of Cech and Vietoris-Rips complexes, there is no varying parameter
r in the Delaunay complex. However, we can establish one by modifying our Voronoi
domains a little bit.

Definition 2.2.12. Given a finite set of points C C R?. For each ¢ € C, let B.(r) be
the closed ball in R? of center ¢ and radius r > 0. We call BY (r,C) = B.(r) NV (c, O)
the clipped Voronoi domain of ¢ with radius r and define the Alpha complex of C and r
to be

Alpha(r,C) = {a C C | (| BY(r,C) # 0}.

cEx

Figure 2.6.: Two Alpha complexes of the same point set but with different radii. As the
clipped Voronoi balls are growing, new simplices appear.

Remark 2.2.13. (1) Clearly, all BY (r,C) (c € C) are closed and convex and by defini-
tion of the Alpha complex we get

Alpha(r,C) = er({B;/(r, C)}eeo).

In particular, the Alpha complex is an abstract simplicial complex.
(2) Since BY (r,C) C V(c,C), the Alpha complex is a subcomplex of the Delaunay
complex and since BY (r,C) C B.(r), the Alpha complex is a subcomplex of the Cech
complex. This can be noticed by comparing Figure 2.4 with Figure 2.6. Moreover, we
have

Alpha(r,C) C Alpha(R, C) for r < R,

14



2.2. Delaunay and Alpha Complexes

which is a property that is visualized in Figure 2.6 as well.
(3) Just as before, we get a geometric realization for Alpha(r,C') in R? if C is in general
position. By (1) it follows that

Alpha(r,C) ~ | | BY (r,C) = ( U Bc(r)) N < UV 0)> =JBr), (22

ceC ceC ceC ceC

since the Voronoi tessellation covers R?. Notice that we obtain a homotopy equivalence
between Alpha(r, C') and Cech(r,C) for free out of equations (2.1) and (2.2).
(4) For r < R the diagram

Ucec Be(r) = Ueec Be(R)

=| E

Alpha(r,C) —— Alpha(R, C)

naturally commutes. This might not seem very exciting at first. Nevertheless, it carries
the important information that unions of growing balls and Alpha complexes share the
same persistences of “holes” which will become clear in section 2.4.2

Again, there is an equivalent description via empty spheres. For this to work, we observe
that an empty sphere, like in lemma 2.2.11, does not have to be unique. However, there
exists a smallest such.

Definition 2.2.14. Let C C R? be a finite set of points and let o € Del(C). We denote
by Su the smallest empty (d — 1)-sphere that passes through all points of «, which has
the radius r, > 0. On top of that, we define a map

Rad : Del(C) — R}, Rad(a)=r,,
which we refer to as the radius function on Del(C).
Lemma 2.2.15. Let C C R? be a finite set of points, then
Alpha(r,C) = Rad ([0, 7]).

Proof. First, let o € Alpha(r,C). Choose z € (e, BY (r,C) # 0 such that it is
the center of S,. This we can require because of lemma 2.2.11. Then the radius of this
sphere is 7 < 7, hence o € Rad ([0, 7]).

Conversely, let a € Del(C) such that its smallest empty sphere S, has radius r, < 7.
The center = of S, has equal distance (namely r,) to all of the points in « and, by
definition of empty spheres, the same or larger distance to any other point in C'. Hence,
T € (Neea Ve, C) and, simultaneously, z € (., Be(ra). Therefore, a € Alpha(ry, C) C
Alpha(r,C). O]

2The same holds for the Cech complex as well, but we will not focus on that.
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2. Mathematical Background

2.2.1. About the Radius Function

We follow [3], [8] and the introduction given in [19], in order to talk about the ra-
dius function in more detail, as these considerations turn out to be essential in section
2.7.1.

Definition 2.2.16. Let A be a simplicial complex and consider a function f : A — R. If
f(B) < f(a) whenever f is a face of a € A, we say that f is monotonic. If, additionally,
f is constant on the set [3,a] = {y € A | 5 C v C a}, we call [3,a] an interval of f.
Such an interval is mazimal if there is no strictly larger interval that contains it.

We, further, call a maximal interval [3, o singular if 5 = « and non-singular otherwise.
In the singular case, the only simplex o we get is said to be critical. Any other simplex
that is not critical is simply called non-critical.

Definition 2.2.17. Let A be a simplicial complex and let f : A — R be a monotonic
function. If the collection of all maximal intervals of f yields a partition of A, we say
that f is a generalized discrete Morse function.

Proposition 2.2.18. Given a finite point set C € R? that is in general position. Then
radius function Rad : Del(C) — RY is generalized discrete Morse. In particular, Rad is
monotonic.

In [8], a proof is given for this statement in an even more general fashion that involves
chromatic point sets, to which we will come in section 2.5.

2.3. Simplicial Homology

Homology theory is a main branch of algebraic topology and is covered in many text-
books. Here, we mainly focus on simplicial homology that works with simplicial com-
plexes as the underlying geometrical object and refer to [22] and [29] as used literature.

2.3.1. Chains and Homology Classes

Definition 2.3.1. Let o, be a k-simplex in R? spanned by po, . .., pr € R% and consider
now the (k + 1)l-many ways to order the vertices of oy.
Take two permutations 71,7 € S(k + 1) and define the equivalence relation

(Pri(0) -+ Pry(k)) ~ (Pra(0)s - - - » Pra(k)) < 3P € Seven(k + 1) such that 7 = p o,

where Seven(k + 1) denotes the set of even permutations. The equivalence class of some
ordering (pr(o), - - - » Pr(k)) is Written as [pr (o), - - -, Pr(x)] and we call it an orientation of oy.
Moreover, a k-simplex o with a fixed orientation is called an oriented k-simplexz.

Remark 2.3.2. (1) Usually, we fix the orientation (py,...,px) and, in short, this reads

O = [p07---7pk]-
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2.3. Simplicial Homology

(2) For k > 1, oy, has two orientations, whereas for £ = 0, we only get one orientation
since o( defines a single point.

Definition 2.3.3. Let o, be a k-simplex in R? with k& > 1. If o = [po, ..., px], then

0-];1 = [plap()) o 7pk]
is called the opposite oriented k-simplex of o.

Definition 2.3.4. Let (G,+) be an abelian group. A subset B C G is a basis of G if
any 0 # g € G has the (up to ordering of the summands) unique representation of the
form

g:anb, ny € 7,
beB

where ny, # 0 for only finitely many b € B.
We call G a free abelian group if it possesses a basis. The cardinality of such a basis B
is named the rank of G.

Definition 2.3.5. Let K be a simplicial complex in R%. For k € Z construct the k"
(simplicial) chain group Ci(K) of K by obeying the following rules:

(a) For k < 0 and k > dim(K), Cx(K) equals the trivial group, so Cx(K) = 0.

(b) For k =0, Cy(K) is the free abelian group generated by the vertices of K.

(c) For 0 < k < dim(K), Ci(K) is the free abelian group generated by all oriented
k-simplices o3 of K modulo the relation that opposite oriented k-simplices are
viewed as being inverse to each other in a group theoretical sense.

The elements of Cy(K) are called (simplicial) k-chains in K.

The set Cy(K), indeed, is a free abelian group by construction as the following proposi-
tion summarizes.

Proposition 2.3.6. Let K be a simplicial complez in R?. For every k-simplex in K

fix an orientation and write them as U]gl), .. .,J,imk), where my € Ny is the number of

k-simplices in K. Then any k-chain ¢ € Ci(K) has a unique representation as a formal
sum

my
l
c= ana,(g), n; € 7.
=1

Consequently, Cy(K) is a free abelian group of rank my, with basis {a,gl), D

Remark 2.3.7. As a group, C;(K) has the neutral element 0 = > 0 - a,gl) and by
definition 2.3.5(c) we get that (U]E:l))_l =(—-1) U,(gl) for every [ =1,...,my.
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2. Mathematical Background

Definition 2.3.8. Let K be a simplicial complex in R? and let o} = [po, ..., px] be an
oriented k-simplex in K. The boundary of oy, is the following (k — 1)-chain in K:

k ; ~ .
9 Yoico(=1)"[po, -, Piy .ok, 0 <k < dim(K),
k Ok =
k=0.
Here, p; means that the point p; is missing, so that [po,...,D;,...,pk] is an oriented

(k — 1)-simplex in K.
The boundary of a k-chain ¢ =Y ";"% n a,(f) € Ck(K) then is defined as

mp
Opc= an O O'I(CZ) € Ck_l(K).
=1

This gives a group homomorphism J : Cy(K) — Cp_1(K), which is named the k'
boundary operator. In particular, for k¥ < 0 and k& > dim(K), O is set to be the zero
map.

Definition 2.3.9. Let K be a simplicial complex in R%.
(i) A k-chain ¢ € C(K) is a k-cycle if Oy ¢ = 0. The subgroup
Z(K) ={ce Cr(K) | Op c =0} = ker(0)
of Cy(K) is called the k' cycle group of K.

(ii) A k-chain ¢ € Cy(K) is a k-boundary if there exists a d € Ci11(K) such that
Ok+1d = c. The subgroup

Bk(K) = {C € Ck(K) | dd € Ck+1(K) : 8k+1 d= C} = im(ak_H)
of Cx(K) is called the k** boundary group of K.

(iii) Two k-chains b, ¢ € Cy(K) are said to be homologous if b—c € By (K). This defines
an equivalence relation and the equivalence class

{C} = {b € Ck(K) | b—ce Bk(K)} = C—}—Bk(K)
is called the homology class of c.

Definition 2.3.10. A chain complez is a system G = (Gy, fx)rez of abelian groups Gy,
and group homomorphisms fj, : G — Gj_1 such that

fkofk+150 Vk € Z.

Proposition 2.3.11. Let K be a simplicial complex in R®. Then we have
akoak+1 =0 VkeZ

In particular, the system C(K) = (Cr(K), Ok )kez is a chain complexr and By(K) is a
normal subgroup of Zy(K) for any k € Z.
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2.3. Simplicial Homology

Definition 2.3.12. Let K be a simplicial complex in R?. We define
Hip(K) = Zi(K)/Bie(K) = {{z} | z € Zp(K)}
to be the k" (simplicial) homology group of K.

Remark 2.3.13. (1) Since the group Cy(K) is abelian and finitely generated as every
simplicial complex K is a finite object, so are Zy(K), Bi(K) and Hy(K).

(2) The group Hy(K) is non-trivial if and only if there is a k-cycle that is not a k-
boundary. Thus, the k** homology group measures how many “essential” k-cycles there
are in K.

2.3.2. Intermezzo: From Coefficients in Z to Z,

In computational topology, it is often more useful and intuitive to work with homology
with coefficients in Zs = {0, 1} instead of Z. In order to sustain the powerful machinery
of algebraic topology behind it, we are going to derive the k" homology group Hy(K; Zs)
and — before that — the k" chain group Cj,(K; Zs) with Zs-coefficients from a more gen-
eral concept, where we want an arbitrary abelian group (G, +) to be our coefficient set.
But first we need some more background knowledge on tensor products of abelian
groups.

Lemma 2.3.14. Let X # () and set
F(X)=A{f: X —=>Z] f(x) #0 for only finitely many x € X}.
Then (F(X),+) defines a free abelian group with addition being the pointwise operation

of maps.

Proof. Obviously, F(X) is an abelian group. It is left to show that it possesses a basis
B C F(X). For fixed z € X, let 1, : X — Z be the indicator function of z and set
ng = f(x) € Z. Then we can write any f € F(X) uniquely in the form

f = Z Ny ]lxa
zeX
thus B = {1, }.cx gives us a basis of F(X). O
Definition 2.3.15. Let X # () be a set. We call F(X) from lemma 2.3.14 the from X

freely generated abelian group and instead of 1, € F(X) we write just z € X, so that
all elements of F(X) look like ) . n, .

Definition 2.3.16. Let (G1,+), (G2, +) be abelian groups and consider F(G1 x G3).
We define R(G1 x Ga) € F(G1 x G2) to be the subgroup that is generated by the
elements

(914 91, 92) — (91, 92) — (91, 92) and (91,92 + g5) — (91, 92) — (91, 93) (2.3)
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2. Mathematical Background

with g1, 9] € G1, 92,95 € G2. The quotient group
G1® Gy = f(Gl X GQ)/R(GI X GQ)
is the tensor product of G1 and Ga.

Lemma 2.3.17. Let (G1,+), (G2, +) be abelian groups. In G1 @ G we have the
equalities

(+0)OP=0@gp+d, g and g1 @ (924 g)) = g1 @ g2 + g1 ® gh.

It immediately follows then that any element in G1®Go can be written as a (not uniquely
determined) sum with summands of the form g1 ® gs.

Proof. The claim is due to (2.3). O

Definition 2.3.18. Let K be a simplicial complex in R? and let (G, +) be an abelian
group. We define the k'* (simplicial) chain group with coefficients in G as

Cv(K;G) = Cr(K) ®G.

Example 2.3.19. (1) First, observe that for any abelian group (A4, +) we can build a
group isomorphism A = A ® Z via the mapping a — a ® 1 and with inverse a ® k — ka.
Thus, we may identify a with a ® 1 and write A = A® Z. Hence, setting A = C(K) we
end up with

(K3 Z) = Cu(K) @ Z = Ch(K),

for G = 7, which gives us the ordinary k** chain group that was constructed in definition
2.3.5.

(2) Let (A, +) be a free abelian group of rank m and let {a;};cr be a basis of A (with
card(I) = m). It can be shown that for any abelian group (G, +) we obtain

A®G%@G.

el

Therefore, any z € A ® G has the unique representation z = ), a; ® g; where only
finitely many g; # 0.

In particular, for A = Cx(K) and G = Zg this yields that any element ¢ € Cy(K;Zs)
looks like

M

2.3.17
c—an Jk)®g Z (mgr) (m €Z),
=1

where g; = 0 or g; = 1. Since then n; g; € Zo and alg) ®0 =0 as well as a,(fl) ®1= a,(cl)
by (1), this leads us to

/7

M
c= Z a,(fl) with mj, < my
=1
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after some possible rearrangement of indices.
From remark 2.3.7 we, moreover, conclude that

0y— l l
@) = (Do) =0}

for G = Zs, which tells us that we do not have to care about orientation anymore. The
corresponding k" boundary operator 0y, : Cp(K; Zy) — Cr_1(K; Zy) now reads

my,
8k Cc = Z@k O'](Cl),
=1

where the boundary of some k-simplex is defined to be the sum of all its (k — 1)-
dimensional faces. For k < 0 and k > dim(K), 0 is again the zero map.

With those tools in hand, we can define the k' cycle group Z(K;Zs), the k' boundary
group B(K;Zs) and the k' homology group H (K; Zs) with coefficients in Zs in a similar
fashion as already done with integer coefficients.

Remark 2.3.20. Let A be an abelian group and let (F, 4+, -) be a field. Then the tensor
product A ® F' equipped with the additional operation of multiplication with elements
in F'

(a@zr)=a® (' -z) (a€ A, z,2 €F)

forms a vector space over F. If, further, A is a free abelian group of rank m and with
basis {a;}icr, then A ® F' — seen as a vector space — is of dimension m and has basis
{a; ® 1};er. Here, 1 denotes the multiplicative neutral element of F'.

In the special case A = Cx(K) and F = Zy, we immediately get that Ci(K;Z9) is a
vector space and so are Zy(K;Zs), Bi(K;Zs) and Hy(K;Zs). The dimension (or rank)
of Hy(K;7Zs) is called the k™™ Betti number

Br = Br(K';Za) = rank(Hy (K; Zz)).

Moreover, the group homomorphism J; becomes a linear map.

Henceforth, we shall only deal with the case G = Zs to exploit the vector space nature of
homology groups. For the sake of simplicity and better readability, we will make a slight
abuse of notation and write Cy(K), Hi(K), . .. instead of Cy(K; Z2), Hi(K; Z2), . . ..

2.3.3. Simplicial Maps and Induced Homomorphisms

Definition 2.3.21. Let K, L be two simplicial complexes. A map ¢ : K — L is a
simplicial map if the following properties hold:

(a) ¢ maps vertices of K to vertices of L.

(b) If K 3 o, = conv{po,...,px}, then L > p(ox) = conv{p(po),...,»(pr)}-
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If, furthermore, ¢ is bijective, we call ¢ an isomorphism and we say that K and L are
isomorphic.

Definition 2.3.22. Let K, L be two simplicial complexes and let ¢ : K — L be a
simplicial map. For any k € Z we define a group homomorphism

(pr)e : Cp(K) = C(L)
between the k" chain groups of K and L by requiring the below settings:
(a) For k <0 or k> dim(K), set (¢x)e = 0.
(b) For 0 < k < dim(K), let o, = conv{py,...,pr} € K and set

_ Jeonv{p(po), .- p(pr)}  if w(pi) # ¢(p;) for i # j,
(Pr)elor) = 0 otherwise.

(c¢) For 0 < k < dim(K), let ¢ = Z?ﬁ“l a,(cl) € Ci(K) and set

m)

(er)e(0) = D (wr)elal).

=1

We say that (p)e is the induced homomorphism of the k" chain groups.

Definition 2.3.23. Let G = (G, fi)kez, G' = (G}, f},)kez be two chain complexes. A
chain map A : G — G' is a system A = (Aj)xez of group homomorphisms Ay : G — G,
such that

f]/gOAk:Ak—lofk Vk € Z.

Proposition 2.3.24. Let K, L be two simplicial complexes, let p : K — L be a sim-
plicial map and consider the chain complezes C(K) = (Ck(K),a,iK))keZ and C(L) =
(Ck(L),GIiL))kGZ. Then we have

(K)

o
Cu(K) 2 Oy (K)
L K
K o (or)e = (pr-1)e 0 ) VR EZ. (m.l Jm_n.
)
Ck(L) k*) Ckfl(L)

In particular, pe : C(K) — C(L) is a chain map and any (¢r)e maps k-cycles (resp.
k-boundaries) in K to k-cycles (resp. k-boundaries) in L.

Definition 2.3.25. Let K, L be two simplicial complexes and let ¢ : K — L be a
simplicial map. For any k € Z we define the group homomorphism

() - Hi(K) = Hi (L), (or)«({2}) = {(¢r)e(2)}

We call (@)« the induced homomorphism of the k'™ homology groups.

22



2.3. Simplicial Homology

Example 2.3.26. (1) Given the identity map ¢ = idg : K — K, which is obviously a
simplicial map, we easily obtain

(Pr)e =1dey k),  (Pr)x = idp, (k)

(2) Let L C K be a subcomplex of K. Clearly, the inclusion map ¢ : L — K is a
simplicial map.
(3) Let ¢ : K — L, v : L — M be simplicial maps, then

(Yr 0 vr)e = (Vi) © (0r)e : Cr(K) — Crp(M),
(Yr 0 or)x = (Vi) 0 (0r)s : He(K) — Hy(M).

(4) Let ¢ : K — L be an isomorphism, then (¢x)e and (¢y). are group isomorphisms.

2.3.4. Relative Simplicial Homology Groups

Definition 2.3.27. Let G = (Gy, fx)kez be a chain complex and let, for any k € Z,
Hj, C G be a subgroup such that fi(Hy) C Hg_1. Then the system H = (Hy, fk\Hk) is
a chain complex and it is called a chain subcomplex. We write H C G for short and we
say that (G, H) is a pair of chain complezes.

Definition 2.3.28. Let (G, H) be a pair of chain complexes, then
G/H = (Gy/Hy, fr)rez

is the quotient chain complex with

fr:Gr/Hy = Go1/Hy—,  filge + Hi) = fr(ge) + Hp—1.

Definition 2.3.29. Let K be a simplicial complex and let L C K be a simplicial
subcomplex of K. Clearly, Ci(L) C Ci(K) and the quotient group

Cr(K, L) = Cp(K)/Cr(L) ={c=c+ Cr(L) | c € Ck(K)}

is called the k" relative chain group of K relative L and its elements are called k-chains
of K relative L.

Remark 2.3.30. It is easy to see that (C(K),C(L)) is a pair of chain complexes.
Thus, C(K,L) = (Cx(K, L),0k)kez is the corresponding quotient chain complex with
kth relative boundary operator

5/@- : Ck(K, L) — Ck_l(K, L), 8k(c+ Ck;(L)) =0c+ Ck_l(L).

Definition 2.3.31. Let K be a simplicial complex and let L C K be a simplicial
subcomplex of K.

23



2. Mathematical Background

(i) The k™ cycle group of K relative L is defined to be
Zp(K, L) = ker(9y)
and its elements are the k-cycles relative L. To be more specific,
c=c+Cy(L) e Zy(K,L) < Oxce Cr_q(L).

Thus, if ¢ € Ci(K) has the property dxc € Cr_1(L), we simply say that c is a
k-cycle relative L, even though we actually mean its equivalence class ¢.

(ii) The k' boundary group of K relative L is defined to be
By(K, L) = im(O+1)

and its elements are the k-boundaries relative L.

(iii) Two relative k-chains b, ¢ € Cy,(K, L) are said to be homologous relative L if b — ¢ €
By (K, L). This defines an equivalence relation and the equivalence class

{¢} ={be Cx(K,L) |b—c€ Bp(K,L)} = ¢+ By(K, L)

is called the relative homology class of €.

(iv) By remark 2.3.30, C(K, L) is a chain complex, so we can define the k' (simplicial)
homology group of K relative L as

Hk(K7 L) = Zk:(Kv L)/Bk(Ka L) = {{5} ‘ z e Zk(K7 L)}

Example 2.3.32. In the following, let K always be a simplicial complex with simplicial
subcomplex L C K.

(1) Given L = (), then
Hk(K, @) = Hk(K) Vk € Z.
(2) Given L = K, then
Hy(K,K)=0 VkeZ,
where 0 indicates that Hy (K, K) is the trivial group.

(3) Let dim(L) < k — 1, then
Hy(K,L) = Hi(K).

Indeed, for j € {k — 1,k,k + 1} we obtain C;(L) = 0 by definition. Hence,
Cj(K,L) = Cj(K) and 0; = 0;. Since these are the only relevant ones for con-
struction Hy (K, L), the claim follows.
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2.3. Simplicial Homology

Definition 2.3.33. Given a sequence of abelian groups Gy, (k € Z) and group homo-
morphisms fx : Gx — Gg_1, so
v — Gt MG;C Ty Gy — ..
This sequence is said to be exact at Gy, if
im(fr11) = ker(fx).

If this is true for any k& € Z, the sequence is exact or we say that this is a long exact
sequence. If the exact sequence is of the form

04l BY% o,

we call it a short exact sequence. In addition, if there is a group isomorphism B =2 A@C
then the short exact sequence splits.

Proposition 2.3.34. Let A, B,C be abelian groups such that
0-A4LB% 0o,

is exact. If C is free abelian, then this short exact sequence splits.

Theorem 2.3.35. Let K be a simplicial complex and let L C K be a simplicial subcom-
plex of K. Then there exists the long exact sequence

(Ok+1)+

o — Hyuo (K, L) Hy (L) 2 i (1) A% (K L) —

where we define the group homomorphisms

() He(L) = Hi(K),  (u)«({2}e) = {#} K,
(gr)s + Hi(K) — Hp(K, L), (q)«({z}K) = {7},
(Ok)« : He(K, L) = Hy1(L), (Ok)«({Z}) = {02}

2.3.5. Connection to Singular Homology

Obviously, not every topological space is a simplicial complex. However, we would also
like to have some notion of homology for those spaces. Singular homology gives us a
generalization of simplicial homology to arbitrary topological spaces. In the following,
we briefly describe the most important concepts that are relevant for this thesis.

Definition 2.3.36. Let X be a topological space. A singular k-simplex in X is a
continuos map o : A — X, where Aj denotes the standard k-simplex which is the
convex hull of the unit points

1 0 0
0 1 0

€1 = . s €y = . s ey €k+1 = . (24)
0 0 1

of RF+1,

25



2. Mathematical Background

Remark 2.3.37. In a similar fashion to simplicial homology we can define the k"
singular chain group of X, denoted by Sk(X), as well as the k" singular homology
group of X, denoted by Hy(X). In addition, for a subspace A C X, there is Hi(X, A),
the k' relative singular homology group of (X, A).

Theorem 2.3.38. Let K be a simplicial complex with its underlying space |K|. Then
there exists an isomorphism between the simplicial homology group Hy(K) and the sin-
gular homology group Hy(|K|).

Theorem 2.3.39. Let K be a simplicial complex and let L C K be a simplicial subcom-
plex. Then for any k € Z\ {0} there exists the isomorphism

Hi(K, L) = Hy(|K],|L[) = Hp(IK|/|L]).
For the special case k =0 we get’

H(K,L) ® Zy = Hi(IK|/|L]).

2.4. Persistent Homology

We now come to the part where we want to capture the topological features like clusters
or holes, that appear and disappear within Alpha complexes as the radius increases. This
we will do by studying filtrations of simplicial complexes that give rise to sequences of
vector spaces. After explaining the theory about this method in detail, we give a simple
example on how to apply it, and throughout this section we follow [15] and [16].

Definition 2.4.1. Let K be a simplicial complex. A filtration of K is a collection of
subcomplexes (K;)icr, where I is a totally ordered index set, and such that K; C Kj
whenever i < j.

Example 2.4.2. By the remarks 2.2.2 and 2.2.13, both the families (Cech(r, C’))r>0 and
(Alpha(r, C’))T>0 are filtrations. In particular, the Alpha complexes build a filtration of
the Delaunay complex of a given finite point set C' C R,

Remark 2.4.3. (1) Another way of viewing a filtration of a simplicial complex K is by
considering a monotonic function f : K — R and its sublevel sets K(r) = f~!(—oo,r].
All K (r) are subcomplexes of K and (K (r))r cg becomes a filtration of K. In this sense,
we can also argue that (Alpha(r, C’))r>0 is a filtration as every Alpha complex is the
sublevel set of the radius function Rad, which is monotonic by proposition 2.2.18.

(2) Since we always regard a simplicial complex K to be a finite object, a filtration,
thus, can only consist of finitely many subcomplexes. More specifically, letting m > 1
be the total number of simplices in K, we get at most m-many non-empty different

3Beware that we work with the coefficient group G = Zo. For G = Z the additional Zs for k = 0
changes to Z.
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2.4. Persistent Homology

subcomplexes that are part of a filtration and we arrange them as a nested increasing
sequence

=KyCK{C---CK, =K for somen<m. (2.5)

Here, we added the empty set as the starting point of the filtration. This will be useful
in the next step when applying homology theory on such a structure.

Indeed, we are not so much interested in a sequence of subcomplexes but rather in their
topological evolution. Thus, taking "/ : K; < K; to be the inclusion map for any
0 <1i<j<n, we can, for every integer? k > 0, view the corresponding induced homo-

morphism (sz ), : Hi(K;) = Hy(K;) and build a sequence of homology groups

0= Hk(Ko) — Hk(K1) — s —> Hk:(anl) — Hk(Kn) = Hk(K)

connected by the aforementioned homomorphisms, which even are linear maps by what
was stated in remark 2.3.20. This sequence is a persistence module, which essentially is
a sequence of vector spaces connected by linear maps. As we go from one subcomplex in
the filtration to the next, we might gain new homology classes when non-trivial cycles are
added, and we might lose some when they become trivial or merge. We then collect all
homology classes that are “born” at or before a given threshold and “die” after another
threshold in groups.

Definition 2.4.4. Let K be a simplicial complex and let (K;)!", be a filtration of K
like in (2.5). The k' persistent homology group is given by

H(K) = im((57),) = Ze(Kd)/(Br(K;) 0 Zy(K2)  (0<i<j<n)
and the rank of H,i] (K) is called the k" persistent Betti number

B,i’j = rank (Hli’j (K)).

Remark 2.4.5. (1) In the special case j = i, the definition yields H;Z(K) = Hi(K;).
(2) At first glance, the definition of persistent homology groups seems a bit mysterious,
so let us be a bit more concrete about the classes counted by H;” (K).

Given {z} € Hy(K;), we say it is born at K; if {z} ¢ H,i_l’i(K). Now let {z} € Hy(K;)
be born at Kj, then it dies when entering K1 if (LZ])*({Z}) ¢ H,i_l’j(K) and if there
exists a {2’} € Hy(K;—1) such that (LZjJrl)*({z}) = (LZ_I’jJrl)*({z'}), so if we have
(I,Z’j—’—l)*({z}) € H,i_l’jH(K). Put differently, {2} has merged to {z'} — a class that has
been living longer than {z} — and {2’} survives. This is formally known as the Elder
Rule. N

In summation, we observe that H,” (K) contains all homology classes of K; that are still
alive in K.

4For k < 0 all homology groups are trivial, so we can ignore them for the sake of simplicity.

27



2. Mathematical Background

(3) Given {z} € Hy(K;) that is born at K; and dies entering K1, we call j +1 — ¢ its
index persistence. If the filtration complexes K; stem from sublevel sets f~1((—o0,r;])
of a monotonic function f: K — R, the difference rj;1 — r; is the persistence of {z}. If
{z} is born at K; but lives forever, we set its (index) persistence to infinity.

After this rather lengthy explanation of H ;C] (K) the construction is still very technical
and abstract. Thus, we would like to have a good visualization of what is going on for
some simplicial complex K and a fixed k > 0, in order to keep track of the (persistent)
Betti number(s) 3,7 and Sj.

Definition 2.4.6. Given a filtration (k)] of the simplicial complex K via a monotonic
function f : K — R and an integer k > 0. The k" persistence diagram Dgmy(f) is the
multiset in the extended plane R = (RU{400})? that consists of points (r;,7;41), each
uniquely corresponding to a homology class that is born at K; and dies entering K11.
The multiplicity of (r;,7j4+1) we denote by ,u;;j 1 Often we combine all k" persistence
diagrams to a big one and we call it the persistence diagram Dgm(f).

Remark 2.4.7. Because of ¢ < j, we see that r; < r; < ;11 and, hence, for r; > 0 all
points (75,7;4+1) lie above the diagonal in the first quadrant. The persistence 741 — 7;
is then the vertical distance to the diagonal.

Lemma 2.4.8 (Fundamental lemma of persistent homology). Given a filtration (K;),
of the simplicial complex K via a monotonic function f : K — R and an integer k > 0.

Then N
B =D mi

i<l j>m

What lemma 2.4.8 tells us is how to find Bllc’m in the persistence diagram. Recall that
62””, specifically, is the number of homology classes that are born at K; or before and
that are not yet dead in K, (but might be in K,,41). Therefore, such a homology class
has the point representation (r;,7;) with ¢ < [ and j > m. Counting all these classes
is like summing up all /ﬁ;’j with ¢ <[ and j > m. We have, thus, proven lemma 2.4.8
along the way of interpreting it and conclude that ﬁ,i’m is the number of points in the
semi-open® rectangle with lower right corner point (7, 7,,).

Before turning to a simple example that makes all these concepts and definitions more
tangible, we quickly introduce 0- and 1-norms on the multiset Dgm (f).

Definition 2.4.9. Let K be a simplicial complex and let f : K — R be a monotonic
function that generates a filtration of K. Fix k > 0. The 0-norm of Dgm,,(f) then is
defined to be the number of all persistence pairs

[Dgmy (f)llg = card(Dgmy(f)).

5Tt is closed along its vertical right side and open along its horizontal lower one.
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2.4. Persistent Homology

Moreover, the 1-norm of Dgmy(f) is the sum of all its persistences

IDgmy, (), = > rj—ri

(rirrj)

Remark 2.4.10. Clearly, |[Dgmy(f)l|, is always finite, but [[Dgm,(f)||; can be infinite
as soon as we have a pair of the form (r;,00) and at least for £k = 0, this is true in
any case. To avoid this undesired artifact, we work with a cut-off § € R that replaces
infinity and is at least the largest finite death value amongst all k** persistence pairs.

>
¢ o
hd ° 10 o
° / / 8 O
b hd hd .' - inf
§ 6 O S0
© o) 1
T AN I AN B
[ ] [ ]
2.
5 5 E O—I T T T T T
0 2 4 6 8 10

birth

Figure 2.7.: A simple filtration consisting of 12 nested simplicial complexes and its per-
sistence diagram. The unit, in which both birth and death values are given,
corresponds to one filtration step.

Example 2.4.11. Consider the filtration given in Figure 2.7. It consists of 12 nested
simplicial complexes — the 0 one being the empty set and the 11" one being the full
simplicial complex we want to have in the end. Here, at each step one more simplex joins.
If we apply the theory of persistent homology on this filtration we obtain its persistence
diagram, which can also be found in Figure 2.7. Each point above the diagonal represents
a homology class that is born in a specific filtration step and dies entering in another
such.

In the 0-dimensional case, we have different 0-dimensional holes throughout the filtration
— not appearing all at once. These correspond to the number of connected components.
For instance, /33’4 = 2 since there are two points inside the semi-open rectangle that is
drawn gray inside the diagram. Looking at the 27¢ cell in the 2"¢ row of the filtration
grid, this matches with the two connected components that are present there. A special
connected component is the one that is born first and lives forever due to the Elder Rule.
Similar oberservations can be made for the 1-dimensional case, where 1-dimensional holes
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2. Mathematical Background

are the cycles that are formed by edges. Such a cycle dies whenever it is fully filled by
triangles.

Finally, we can also compute the 0- and 1-norms of each persistence diagram of dimension
k = 0,1. Using, for instance, 6 = 5 as a cut-off, we get

Dgmg(f)llg =4, [[Dgmy(f)llg =2, [[Dgmy(f)ll; =38, [[Dgmy(f)ll; = 5.

Example 2.4.12. Viewing the same simplicial complex from the last step 11 in Figure
2.7, we notice that it represents a simple Delaunay complex when embedded into R2.
Running an Alpha complex filtration through it with f being the radius function Rad,
we get a different persistence diagram, which is illustrated in Figure 2.11 as the codomain
diagram.

Turning back to the wish of modelling unions of balls in a discrete fashion, we already
know that the Alpha complex does the job for each snapshot of time as the radius r
continuously grows. However, we are also interested in the topological changes during a
filtration and so, the question pops up whether the persistences of the Alpha complexes
equal the ones of the unions of balls. The answer to this question is “yes”. We show this
by recalling the commutative diagram from remark 2.2.13/(4). Since homotopy equiva-
lent spaces have isomorphic homology groups, for r < R we obtain the new commutative
diagram

Hi(Ueeo Be(r) —— Hi(Ueee Be(R))

~| E

Hy(Alpha(r,C)) —— Hy(Alpha(R,(C))

where the horizontal arrows symbolize the respective induced homomorphisms. The
desired result follows now from the Persistence Equivalence Theorem stated next.

Theorem 2.4.13 (Persistence Equivalence). Let (V;)i, and (W;)}, be two persistence
modules and let (;)_, be a collection of isomorphisms ; : V; — W; such that the
diagram

Vo % > Vi1 > Vi
Wo > Wi > > Whpet — W,

commutes. Then the persistence diagram defined by (Vi) is the same as the one defined
by (Wi)izo-

The last topic we want to touch upon in this section is about stability. Most of the time,
data does not consist of true values but of slightly different ones due to uncertainties in
measurements or rounding errors. Thus, it is essential to know whether pertubations of
data points change outcomes significantly or not.

This important question also arises for the concept of persistence and it turns out that
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2.4. Persistent Homology

it is stable under such small changes in the data. For further details on this we refer
to [16].

2.4.1. Connection to Minimum Spanning Trees

In the appendix of [9] a connection between the 1-norms of 0" persistence diagram and
the length of Euclidean minimum spanning trees is explained, which plays a crucial role
for providing theoretical proofs of some of the equations in chapter 4. Thus, we briefly
want to mention what a minimum spanning tree is and, later on in section 2.7.2, what
we know about its expected length in a probabilistic setting in particular.

Definition 2.4.14. Given a graph G = (V, E) with vertex set V' and edge set E. We
define a spanning tree G = (Vr, E7) to be a tree and a subgraph of G such that Vp =V,
which means that Gt spans over all vertices in G.

Corollary 2.4.15. Every connected graph G = (V, E) contains a spanning tree.
A short proof of this statement can be found in [6].

Definition 2.4.16. A graph G = (V, E) is called weighted if there exists a function
W : E — R assigning each edge e € E a weight W(e). We then write G = (V, E; W)
and call ) . W(e) its total weight.

Definition 2.4.17. Let G = (V, E;W) be a connected, weighted graph. A minimum
spanning tree of G is a spanning tree Gyssr = (V, Ejprsr) that has minimal total weight,
SO

Z W(e) = min{ Z W(e) | T spanning tree of G}

ecENsT ecET

In the following we will restrict our attention to the special case of a Fuclidean minimum
spanning tree which is a minimum spanning tree of a weighted graph G = (V, E; W) with
V C R4 and

W:FE— R+7 W(e) - ||U6,1 - 'Ue,2||2 (26)

being the Euclidean distance between the two endpoints ve 1,v.2 € V of e € E. In this
setting, we write |[EMST(V)| for its total weight and say that this is the length of the
FEuclidean minimum spanning tree.

Proposition 2.4.18. Let C € R? be a finite point set and take the radius function
Rad : Del(C) — Ry to produce the Alpha complez filtration of Del(C). We then obtain
for the 1-norm of the O persistence diagram the equality

1
IDgmg(Rad)ll; = 5[EMST(C)] +34,

where § denotes the cutoff we fix for computing the 1-norm.
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Proof. The construction of the Delaunay complex produces a connected graph as 1-
skeleton, whose edges can be equipped with the radius they map to through the radius
function. For critical 1-simplices this radius is always half their Euclidean length which
eagsily follows from definition 2.2.14. Moreover, the connected components in the filtra-
tion all have the same birth time r = 0, where they are only vertices, and they die the
moment they are first connected by an edge. The persistence of a connected component,
hence, is half the Euclidean length of the death-giving edge®.

On the other hand, the Euclidean minimum spanning tree of C'is clearly given by all the
death-giving edges we encounter in the filtration. Summing up all persistences yields the
length of EMST(C') plus the cutoff we chose beforehand, that serves as an alternative
for the infinite persistence of the one connected component that lives forever. O

2.5. From Black to Colorful: Chromatic Alpha Complexes

Up to now, we have successfully constructed a way to check point clouds for topological
features like holes or voids. With persistence diagrams we can extract these information
in a compact form and interpret the initial data set. All of this is well-known in the
field of topological data analysis and there are many great examples exploiting this tech-
nique. Next, we want to study point clouds with two or more colors, each of which may
correspond to a specified attribute, so that we can distinguish different kinds of points.
We will start by defining chromatic versions of the Delaunay and Alpha complexes. All
definitions and constructions in this section can also be looked up in [8] as well as in [5],
where these more general concepts beyond two colors were first established.

Definition 2.5.1. Let C be a finite set of points in R%. A chromatic point set is a map
x:C—w

where w = {0, 1,...,s} is a set of (s + 1)-many colors (s € Ny). For a fixed color j € w,
the preimage C; = x~1({j}) is the subset of C' containing all j-colored points.

Before proceeding with the next definition, let us mention here that the notions of C, w, x
and C} stay fixed in the following if not stated otherwise.

Definition 2.5.2. Let x : C — w be a chromatic point set. The chromatic Voronoi
tessellation is

Vor(x) = U Vor(C;) = {V (e, Cx(c))}cGC’-

JEwW

Remark 2.5.3. Recall that a Voronoi tessellation is always a partition of R?. In the
chromatic setting, however, overlappings of the interiors of differently colored Voronoi
domains may happen (see Figure 2.8).

5Death-giving edges are part of critical edges.
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Definition 2.5.4. Given a chromatic point set x : C' — w, define the chromatic Delau-
nay compler of x to be

Del(x) = {CB cCl m Ve, Cx(c)) # Q)}

cEx

Remark 2.5.5. Like with the Delaunay complex, its chromatic variant also is an ab-
stract simplicial complex and by its construction

Del(x) = Nrv(Vor(x)).

Definition 2.5.6. An w-stack (or short: stack) in R? is a family {S;} e, of (s+1)-many
concentric (d — 1)-spheres, where for each color in w there is one. The center of a stack
is the common center of all S; and its radius is defined to be the largest radius out of
all Sj.

We say that a stack is empty if, for any color j € w, S; is empty of points in C} in the
sense of definition 2.2.10. Lastly, a stack passes through some o C C' if, for any color
J € w, the sphere S; passes through the points in N Cj;. On the right of Figure 2.8, an
empty stack is depicted which passes through four points.

Figure 2.8.: On the left the chromatic Voronoi tessellation for a 2-colored point set is
illustrated and on the right an empty stack through two blue points and two
orange points is shown. In fact, this empty stack of four points is even the
smallest one there is by definition 2.5.8.

Lemma 2.5.7. Let x : C — w be a chromatic point set in R and let o« C C. The
following are equivalent:

(i) a € Del(x), meaning that « is a simplex of the chromatic Delaunay complez.

(it) There exists an empty w-stack {S;}je. that passes through .
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Proof. For a € Del(x) we get (¢, V(c,Cy(e)) # 0. In particular, this means that (i) is
equivalent to

(] V(e.Cj)#0, Vjecw.

ceanCj
By lemma 2.2.11, for each j € w there exists an empty (d — 1)-sphere S; that passes
through o N Cj, which yields (i) < (ii). O]

Similarly to the non-colored case, chromatic Alpha complexes are established, but this
time we initially define them through a radius function.

Definition 2.5.8. Given a chromatic point set x : C' — w, we denote by {S;}jecw the
smallest empty stack that passes through o € Del(x) and write r, > 0 for its radius.
The chromatic radius function on Del(x) then is

Rad, : Del(x) = Ry, Rady(a)=r,.

Definition 2.5.9. Let x : C — w be a chromatic point set in R%. We call
Alpha(r, x) = Rad;l([(), r])
the chromatic Alpha complex of x and r.

Remark 2.5.10. From our definition of a chromatic Alpha complex we immediately
see its potential for a filtration of the chromatic Delaunay complex. Indeed, for a fixed
chromatic point set x : C' — w and r > 0, Alpha(r, x) is an abstract simplicial complex
as o € Alpha(r, x) implies o € Del(x) with radius of the smallest empty stack {S; o }jew
being at most . Then any () # 8 C « is an element of Del(x) as well and, obviously,
{S;s}jew cannot have radius bigger than r, therefore 3 € Alpha(r,x). To see that
(Alpha(r, X))r>0 defines a filtration of Del(r, x) notice that Rad, is a monotonic function
by the argument in the previous sentence. In fact, Rad is even generalized discrete Morse
like its non-chromatic counterpart, given a chromatic version of general position. For
the quite technical proof, see [8].

Another immediate consequence of this definition is formulated in the below lemma.

Lemma 2.5.11. Given a chromatic point set x : C — w in R? and take a subset of
colors w' C w.

(1) Let n:w — W' be a merging of colors. Then

Alpha(r,n o x) C Alpha(r,x), Vr > 0.

(ii) Let x': x (') — w' be the restriction of x to colors in w'. Then

Alpha(r,x’) C Alpha(r,x), Vr >0.
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Proof. (i) Take o € Alpha(r,n o x). We obtain its smallest empty w’-stack {S;.q }icw
with radius at most r. Then {Sn(j)}jew is an empty w-stack of a with radius at most
r, so the radius of the smallest such empty w-stack of a cannot exceed r. Therefore,
a € Alpha(r, x).

(ii) Take a € Alpha(r,w’). Consider again its smallest empty w’-stack {S; o }icw with
radius at most r. Then we can build an empty w-stack with radius at most r by adding
(d — 1)-spheres for each color in w\ w’ with zero radius. Therefore, @ € Alpha(r,x). O

Remark 2.5.12. Notice that lemma 2.5.11 yields
Alpha(r,C) C Alpha(r, x) and Alpha(r,C;) C Alpha(r,x) Vjcw

by considering the maps 7 : w — {0} and X : C; — {j}, respectively.

By now, we are aware of the “filtration-type” nature of Alpha(r,y), but equally impor-
tant to us is wanting to view it as a discrete space homotopy equivalent to the union
of balls emanating from the points in C that grow as r increases. Recall that we even
defined Alpha complexes this way in section 2.2.

However, we must be careful as with colors there comes more structure and information
that we want to preserve. In fact, we are not only interested in the individual differently
colored topological spaces but also how they are in relation to one another.

Definition 2.5.13. Let x : C — w be a chromatic point set in R?. We define the
chromatic clipped Voronoi domain at ¢ € C of radius r > 0 as

BX(Tv X) = BC(T) N V(Ca Cx(c))

Lemma 2.5.14. Given a chromatic point set x : C' — w and r > 0, then we have

Alpha(r,x) ={a C C | [ BY (r,x) # 0}.

cea

Proof. Let a € Alpha(r, x), then {S;}jc. has radius 7o < r and, thus, the center
of the smallest empty stack has distance at most r, to any of the points in «, resulting
inx € ey Be(r) # 0. Also, a € Del(x) which yields ¢, V (¢, Cy(s)) # 0 by definition.
In the end we get

cew

() BY (r,x) = (COaB ) (

cea

Let o C C such that (.c, BY (r,x) # 0. Especially, .., V(c, Cy(e)) # 0 by (2.7),
which means that a € Del(y). Construct an empty stack that passes through a by

taking the common center to be @ € (., BY (r,x), then z € (., Be(r), so its radius
is at most r. We conclude that its smallest empty stack, therefore, has radius ro, < r
and a € Alpha(r, x). O

Ve, Cye )#@ (2.7)

cea
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Remark 2.5.15. All chromatic clipped Voronoi domains are closed and convex and by
lemma 2.5.14 it follows

Alpha(r, x) = Nrv({BY (r, X) }eco)-

Moreover, by the Nerve Theorem 2.1.30

Alpha(r,x) ~ | ] BY (r,x) = (UB ) (UV ) U B:(r)

ceC ceC ceC ceC

where the last equality is due to the fact that for each color j € w the Voronoi tessellation
Vor(C}) is a covering R,
Finally, we observe that Alpha(r, x) ~ Alpha(r,C') by remark 2.2.13/(3).

Because of the usage of different colors, everthing becomes more sophisticated. This
is certainly true for the commutative diagram we had encountered first in remark
2.2.13/(4). The following lemma gives the chromatic analogue and a proof can be found
in [8].

Lemma 2.5.16. Let x : C — w be a chromatic point set in R¢ and fiz some color j € w
and some radit 0 < r < R. Then we have the commutative diagram

UCEC]‘ BC(T) © ” UCEC BC(T)
\ ‘: \
~ UceCj BC(R) ) J’ 4 UCEC BC(R)
\ \
2.5.1. Lifting

Computing the chromatic Delaunay complex and, out of this, the chromatic Alpha
complexes, first appears to be very complicated, but there is a neat way how to obtain
the former which gives another way of viewing chromatic complexes at the same time.
The trick we use is to lift all points of the same color to an affine subspace of appropriate
dimension in a higher-dimensional Euclidean space. More precisely, let us embed the
points in C' of a chromatic point set ¥ : C — w in R? into R4 = R? x R®, where
s € Ny indicates how many colors w = {0,1,...,s} we have. Now, for each j € w lift
the subset C; C C to the affine subspace R? x {e;} where e; denotes the 4 unit point
in R® for j # 0 (see also equation 2.4) and ey represents the origin in R®. Figure 2.9
shows the lifting of two distinct 2-colored point clouds in R? to R? that were already
illustrated in Figure 2.8. In order to differentiate C; from its lifted version, we borrow
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2.6. Chromatic Persistent Homology

the notation in [8] and use CjA for the latter as well as C*® = COA - L CE. Because of
the extra dimensions we can just compute the regular Delaunay complex Del(C’A) and
establish an isomorphism between Del() and Del(C?). To see this, recall from lemma
2.2.11 that a simplex lies in the Delaunay complex of C* C R+ if and only if there
exists an empty (d 4 s — 1)-sphere that passes through every point of the simplex. With
the help of this characterization, we build the bridge to the existence of an empty stack
of (s + 1)-many concentric (d — 1)-spheres of the same simplex projected back to R,
which yields an element in Del(y). On the right in Figure 2.9 a simple example is drawn
to give even more intuition for this correspondence between empty spheres and empty
stacks.

Figure 2.9.: The lifting of the chromatic point clouds of Figure 2.8. On the right an
empty sphere is drawn that passes through four lifted points and that en-
capsulates the information of the empty stack as in Figure 2.8 and vice versa.
Since four points uniquely determine a 2-sphere, we even get the smallest
empty one.

2.6. Chromatic Persistent Homology

Persistent homology describes the lifespan of holes within a filtration of some simplicial
complex. For colored point clouds it is of further interest to also know how one color
affects those persistences of a different color. This is the moment where more than one
filtration joins the game. Again, we refer to [8] for further background.

Let (K;)i be a filtration of a simplical complex K that arises from a monotonic function
fr : K = R. Let, furthermore, L C K be a simplicial subcomplex. Then the restriction
fr = fkl|;, : L = R is again monotonic and gives a filtration (L;)]", of L such that
L; C K;. From the work done in section 2.4 we obtain two persistence modules

0= Hk-(LO) —_— Hk(Ll) —_— s — Hk(Ln—l) e Hk(Ln) = Hk(L)

(m*l l(al)* l(am)* l“")*
— H,

0= Hp(Ko) — Hp(K1) — -+ — Hp(Kn—1) — Hp(Ky) (K)
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2. Mathematical Background

Notice that the vertical maps (y;)« indicate the induced homomorphisms of the inclusions
2+ Li — Kj;. The top one we call the Eth domain persistence module and the bottom
we call the k' codomain persistence module. Moreover, we can construct a persistence
module out of relative homology groups

Hy (Ko, Lo) — Hp(K1,L1) — -+ — Hp(Kp—1,Lp—1) — Hy(Ky, Ly)

which we refer to as the k™ relative persistence module. From the induced homomor-
phisms (;)« we further get

ker(70)s — ker(y1)« —> -+ — ker(yn—1)x — ker(yn)«
im(go)x — im(1)x —> - — IMn-1)sx — IM(In)s
coker(jo)« — coker(y1)« —> -+ — coker(gp—1)« —> coker(J, )«

The top sequence is called the kernel persistence module, the one in the middle is the
image persistence module and the bottom one we call the cokernel persistence module.
In summation, we arrive at six persistence modules and on each we apply the theory
of persistent homology to get the six persistence diagrams of kernel, relative, cokernel,
domain, image and codomain, which we refer to as the siz-pack.

.\
.\
°
°
~
N

/N /N /N

/N /N /AN

%
||
.|
]

Figure 2.10.: Filtrations induced by fx (left), by fr (middle) and by fx. 1 (right). Notice
that the last one is no filtration of a simplicial complex.

Example 2.6.1. Take the filtration of example 2.4.11 but now use colors to indicate
which subcomplex L C K to choose. In this case, let the blue points always represent
vertices of L and let all other vertices located in K \ L be orange. By restricting our
filtration function fx to L, we end up with the filtration of the domain. Figure 2.10
shows the colored filtration of the codomain K on the left as well as its restriction on the
domain L right next to it. Apart from these two, the other four persistence modules do
not necessarily stem from a filtration of a simlicial complex. Thus, it is not so simple to
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2.6. Chromatic Persistent Homology

imagine what happens for the other ones. In the hope of giving a good understanding of
the relative case in particular, we nevertheless draw a filtration of a collection of simplices
that visualize the situation of Hy(Kj;, L;) for any ¢ = 0,...,11. This is depicted on the
right in Figure 2.10. Notice that this filtration corresponds to restricting fx to K \ L
which we write as fx 1.

Let us now go through each of the diagrams in the six-pack separately (see Figure 2.11),
starting with the codomain. This is the simplest one since it represents exactly the
same information we got for the non-chromatic example in section 2.4. Going to the
domain, we see that its persistence diagram comes to no surprise either. In the same
fashion as for the codomain we read off the lifespans of k-dimensional holes for &k = 0, 1.
The relative diagram appears to be more interesting. From its filtration we extract one
0-dimensional hole that is born in step 2. Its time of death is not noticeable so easily,
on the other hand. In fact, it dies the moment we add the first half-edge to the vertex,
making it the boundary of exactly this half-edge. The 1-dimensional hole is even more
hidden. Observe in step 6 that we have two half-edges connected by the orange point.
Naming the respective edges in the codomain e; and es, we get that

51 (61 + 62) = 8(61 + 62) + Co(L) = 2v, + Vp,1 + Up2 + Co(L) = 2v, + Co(L) = Co(L),

where vy, 1, vp 2 denote the blue boundary vertices of e; respective ez and where v, is the
shared orange boundary vertex. We conclude that e; + eo defines a relative 1-cycle and
it gets filled with a half-triangle in step 11. Since this half-triangle has e; + e as its
boundary, the 1-dimensional hole dies then.

The image diagram is again easier to explain. The first observation we make is that it
cannot have persistences of holes other than the ones that are in the codomain diagram
because im(y;). € Hg(K;). Secondly, by the very definition, the image reflects all holes
of the domain that are still holes in the codomain. The best way to digest this in our
example is to pick the specific blue vertex that gets born at step 3 and dies entering step
7 within the domain. However, when embedding the simplicial complex from step 6 in
the domain filtration into the one in the codomain, we notice that it is already connected
to the orange vertex. It already has died in the codomain at this point. This results in
the death in the image diagram. Since death of a homology class always means becoming
trivial in some way, the dead 0-dimensional in the image diagram suddenly pops up in
the kernel diagram. Only when merging with the color of its own, this 0-dimensional
hole disappears completely — both in the kernel diagram and in the one of the domain
since ker(y;)« C Hy(L;).

Finally, the cokernel diagram gives all persistences of holes in the codomain that do not
appear in the image. In our case, this corresponds to the single orange vertex and the
mixed-colored triangle.

Remark 2.6.2. The more complex the point cloud, the harder it gets to still understand
what is going on in the relative diagram since we have to compute relative homology.
But there is another way how to view it. This is done through the isomorphism we got
in theorem 2.3.39. It tells us that we can also look at the singular homology group of
the quotient Hy(|K;|/|Li|) to determine Hy (K, L;).

39



2. Mathematical Background

kernel relative cokernel
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Figure 2.11.: The six-pack of a simple chromatic point cloud with filtrations of codomain
K and domain L like in Figure 2.11.

Recall the inclusion maps 7; : L; — Kj;, then (7;)« : Hig(Li) — Hp(K;) denoted the
induced homomorphism for a fixed k € Z. Now we want to vary this parameter in order
to reveal relations between the different diagrams, so we rename those maps to y;j for
the sake of readability.

Lemma 2.6.3. Let (K;)i", be a filtration of a simplicial complex K with monotonic
function frx : K — R. Moreover, let L C K be a simplicial subcomplex and generate
a filtration (L;)7—, of L by restricting fx to L. Then for each i = 0,...,n and k € Z,
there exist the short exact sequences

0 — kery;p, — Hp(L;) — im g, — 0
0— im]i,k — Hk(Kl) — cokerjl-,k —0
0— cokerji,k — Hk(K@', Li) — kerjl-,k_l —0 (2.10)

Proof. The top sequence (2.8) is obviously exact. For (2.9) in the middle, exactness
follows because of cokery; , = Hy(K;)/imy; ;. Let us turn to the last sequence (2.10).
Notice that Hy(K;) is a vector space, so imy; ; is too, and in particular, it is a free
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2.6. Chromatic Persistent Homology

abelian group. By proposition 2.3.34, (2.8) yields Hy(L;) = ker ; 1, @ imy; , and we can
replace Hy(L;) in the long exact sequence from theorem 2.3.35 by ker 3; , — 0 — imy; .
The same procedure can be done for (2.9), where we exchange Hy(K;) in the long exact
sequence with imy; ;, — 0 — cokery; .. In the end, this leaves us with

- = ker g — 0 — imy; p — imy; p — 0 — cokery; p, — Hp(K,L) = ker g1 — 0 — ...
containing the desired last short exact sequence. O

Theorem 2.6.4. Let K be a simplicial complex with simplicial subcompler L C K.
Moreover, let fir : K — R be a monotonic function with fr respective fi 1 being the
restrictions of fx to L respective K \ L. Fiz a cut-off § > 0. Then for any dimension
k € Z we have the equalities

[Dgmy, (fL)ll; = [[Dgmy.(ker fz — fx)ll; + [[Dgmy,(im fz — fx )l (2.11)
IDgmy, (fx)lly = [[Dgmy (im fr = fx)ll; + [[Dgmy (coker fr = fr)lly (2.12)
IDgmy, (fi.2)ll, = [Dgmy (coker fr, — fi)lly + ||[Dgmy, . (ker fr — fr)[|,  (2.13)

Proof. We only prove the first equality 2.11. The other two can be shown analogously.
Let o < 0 < 1y <19 < --- < 1, be the values such that K; = ff(l([(),ri]). Set the
cut-off to be 6 = 1,11 > 1, and let L; = fL_l([O,ri]). Observe that for any r € [r;, 7i+1)
we still have L; = fL_l([O, r]). Therefore, the ranks of Hy(L;), ker 3, , and im y;  all stay
constant within such a half-open interval and

n

IDguy(f2)lly = Y (ris1 —ri) rank(Hg(L;)) (2.14)
i=0

|[Dgmy, (ker fr — fx)ll; = Z(riﬂ — r;) rank(ker y; ) (2.15)
1=0

Dgmy (imfr, = fr)lly = D> (rig1 — ) rank(im 3, x) (2.16)
i=0

Because the short exact sequence (2.8) even splits by the proof of lemma 2.6.3, the rank
of Hy(L;) is the sum of the ranks of kernel and image and the result follows. O

2.6.1. Filtration of the Chromatic Delaunay Complex

We have thoroughly introduced the concept of chromatic persistent homology and proved
some useful connections between the 1-norms of persistence diagrams. In example 2.6.1
we constructed very simple filtrations for K and L C K and analyzed its six-pack. Now
we want to apply our knowledge of chromatic Delaunay and Alpha complexes to this
setting. Recall from remark 2.5.10 that (Alpha(r, X))r>0 defines a filtration of Del(x)
induced by the chromatic radius function Rad,. Moreover, by remark 2.5.12 we know
that for every » > 0 and j € w we have Alpha(r,C;) C Alpha(r, x), which results in
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2. Mathematical Background

Del(C}) C Del(x) in the limit as 7 increases.

Setting fx = Rad, and choosing the regular radius function Rad : Del(C;) — R{ for
some j € w to be fr, we are able to produce a six-pack. Let us quickly go through an
example to demonstrate this.

kernel relative cokernel
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0.35 0351, 0.354,
0.30 0.30 0.30
0.25 0.25 0.25
o0 o 0
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e o ° ./o
° 0.10 0.10 0.10
0.05 0.05 0.05
0.00 0.00 0.00
£ oo 0.1 0.2 0.3 0.4 0.0 0.1 0.2 0.3 0.4 0.0 0.1 0.2 0.3 0.4
Q . N .
° domain image codomain
‘\.f 0.40 0.40 0.40 o
0.35 0.35 0.354,
0.30 0.30 0.30
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birth

Figure 2.12.: Filtration induced by fx = Rad, for a simple 2-colored point cloud (left)
and the six-pack we get for the choice that L is the Delaunay complex of
all blue points Del(Cy) (right).

Example 2.6.5. Take the same chromatic point set as in example 2.6.1 with coordinates
(0.1,0.3), (0.6,0.1), (0.8,0.3) and (0.4,0.9), where the first three are colored in blue and
the last one in orange. Let K = Del(x) and choose L = Del(Cjp) which corresponds to the
Delaunay complex of the blue points. The first difference to example 2.6.1 we notice is
clearly about the individual filtration steps. Since edges form the moment the respective
clipped chromatic Voronoi domains of the boundary points meet, the filtrations in this
example depend on Euclidean distances. Thus, it does not come as a surprise that the
steps in Figure 2.12 look the way they do. Nevertheless, we want to highlight three
special features. First of all, observe that after step 0 all points in step 1 are born at
the same “time” r = 0, which is best visible in the codomain diagram. This is always
the case for filtrations of the (chromatic) Delaunay complex by definition. Secondly,
cycles that form the boundary of obtuse triangles are filled in the same instance as the
hypotenuse appears. This is an artifact of the underlying geometry.

Finally, in the last step of the codomain filtration a lot happens all at once. A mixed-
colored edge appears, which seems to cross over another one. In the non-chromatic
setting this would not be possible. However, we have the ability to lift the orange point
into 3-dimensional space, where the overlapping dissolves. Moreover, although not that
well noticeable in the drawing, simultaneously with the edge two more triangles and the
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2.7. A Spoonful of Poisson Point Processes

tetrahedron spanned by all four points get born. In the six-pack this happening is not
recognizable because the simplicial complexes in step 7 and 8 are homotopy equivalent.

Beware that for a 2-colored chromatic point set in R? it may happen that the 27¢

persistent homology of the relative filtration is non-trivial, by which we mean that there
may appear 2-holes or voids in the respective persistence diagram. A great example of
such a case can be found in [8].

2.7. A Spoonful of Poisson Point Processes

The last ingredient we need for the computational part is a bit of probability theory as
we want to investigate the six-pack for randomly distributed colored point clouds. In
particular, we are interested in stationary Poisson point processes. Since the definition of
such one requires some measure theoretical background, we first provide a quick overview
of the most necessary terms and follow the content of [27].

Definition 2.7.1. A measure space is a triplet (€2,%, ) consisting of a set 2, a o-
algebra 3 and a measure p : 3 — [0,00] on . If u is defined on the Borel o-algebra
Y = B(Q2) of Q, then p is called a Borel measure. If ;1(2) = 1, then p is a probability
measure and we write P instead of . The triplet (2, %, P) is then a probability space.
A measurable space is merely tuple (€2, X), where € is a set, ¥ is a o-algebra for which
a measure exists.

Definition 2.7.2. Let (X, .A), (Y, B) be two measurable spaces. A function f: X — Y
is called (A — B)-measurable if

fY(B)e A, VBeB.

In case it is clear which o-algebras are meant, we drop the prefix (A — B) and say that f
is measurable. If B equals the Borel o-algebra B(Y'), we say that f is Borel-measurable.
In the special case where f has values in R, f is usually named random variable.

Definition 2.7.3. Let (X, .A), (Y, B) be two measurable spaces and let f: X — Y be a
measurable function. For every possible measure p: A — [0, 00] on A we define the set
function

f(,LL) :f*/u:ﬂof_l 1B — [0,00],
which turns out to be a measure on B and is called the pushforward measure of pu and f.

For the remainder of this section, let £ denote a locally compact, second countable,
Hausdorff topological space and turn it into a measurable space (E, B(EF)) with its Borel
o-algebra B(E).

Definition 2.7.4. We define M (E) to be the set of all Borel measures p on E that are
locally finite, which means that p(C) < oo for any compact subset C' C F.
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Remark 2.7.5. (1) From the above definition and because E is Hausdorff we conclude
that any p € M(E) is o-finite.
(2) We equip M (E) with the o-algebra M(FE) that is generated by evaluation functions

M(E) = [0,00], p+= p(A) (A€ B(E))
to obtain the measurable space (M (E), M(E)).

Definition 2.7.6. We define N(E) to be the set of all counting Borel measures p on
E, which means that u(B(FE)) C Ny U {o0}.

Remark 2.7.7. By definition, such a counting measure is always locally finite, hence
N(E) C M(FE) and one can even show that N(E) € M(FE). Out of this knowledge
we construct the o-algebra N(E) = {NNU | U € M(E)}, so that (N(E),N(E)) also
becomes a measurable space.

Lemma 2.7.8. For any u € N(E), there exist measurable functions & : N(FE) — E
(i=1,...,u(E)), such that

w(E)
p= Y b (217)
i=1

where §, denotes the Dirac measure for x € E.

Definition 2.7.9. We define Ng(E) to be the set of all counting Borel measures p on
E that are simple, which means that p({z}) <1 for each x € F.

Definition 2.7.10. Let u € M(E). The support of p is the smallest closed set A C F
such that u(E \ A) =0 and we write supp u = A.

Remark 2.7.11. (1) It can be shown that Ny(E) € N(E), so Ns(E) is a measurable
subset of N(E). Similarly to remark 2.7.7, we define N (FE) to be the trace o-algebra
and (N(E), Ns(E)) becomes a measurable space.

(2) Let € N(E). We then obtain that

suppp ={z € E [ p({z}) 21} C E

is a locally finite subset. Going one step further, for simple counting measures we get
the non-trivial isomorphism

NS(E) — 2lom M = supp

into the set . of all locally finite subsets of E. In particular, notice that u € N(FE) is
simple if and only if ; can be written in the form of (2.17) where & (1) # &;(1) whenever
i # j. Writing x; = &;(n) € E, This yields,

suppp = {z € E | p({z}) = 1} = {z;}¥)
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which may be a finite or infinite sequence of distinct points in E. Surely, an analogous
result is achievable for y € N(F). However, beware that, in this case, the sequence does
not necessarily consist of distinct points and we lose the isomorphism.

Definition 2.7.12. A random measure X on E is a measurable function X : Q — M(E)
from a probability space (€2,X, P) into the measurable space (M (F), M(FE)). In this
case, we equip (M(FE), M(FE)) with the pushforward measure of P and X and we call
X (P) the distribution of X.

If a random measure X on F satisfies {X € N(F)} P-almost surely, then we say that X
is a point process in E. If such a point process X meets the condition that {X € Ns(E)}
holds P-almost surely, we call X a simple point process.

Remark 2.7.13. By remark 2.7.11/(2), we make the following observation:

Let X be a point process in E with w € {X € Ng(E)}, then X (w) can be considered as
a simple counting measure or as a finite or infinite sequence in £ depending on whether
X(w)(E) < 00 or X(w)(F) = oo. If X(w) is simple, the above ways of viewing are
equivalent. Now the reason of calling X a (simple) point process has a solid justification.

Definition 2.7.14. Let X be a random measure on E. Then the set function
A:B(E) = [0,00], A(A) =E[X(.)(A)]
is a measure on E and it is called the intensity measure of X.

Definition 2.7.15. Let X be a point process in F with intensity measure A. We say
that X has Poisson counting variables if for every A € B(F) such that A(A) < oo the
random variable X (.)(A) : Q@ — Ny U {oo} has a Poisson distribution, so

PUX()(A) = k) = eSO AAD

Definition 2.7.16. Let X be a point process in E. For each choice of pairwise disjoint
Borel sets A1, ..., Ap € B(E) (m € N), let the random variables X (.)(A1),..., X(.)(4Amn)
be independent. Then we say that X has independent increments.

Definition 2.7.17. Let X be a simple point process in E. We say that X is a Poisson
point process if it has both Poisson counting variables and independent increments.

Corollary 2.7.18. Let X be a simple point process in E such that X has Poisson
counting variables. Then X is a Poisson point process.

From now on we focus on the special case where E = R%.

Definition 2.7.19. Let X be a random measure on R?. Then X is called stationary if
the distribution of X and its translate X + z coincide for all possible z € R%.
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Remark 2.7.20. For a stationary random measure X on R% with locally finite intensity
measure A we obtain that A has a particularly nice form. Indeed, first observe that,
within this setting, A is a measure on R? which is translation-invariant. The only locally
finite and translation-invariant measure on R, however, is a multiple of the Lebesgue
measure ||.||, which yields

A=Al
for some constant A € [0, 00) that is refered to as intensity of X.

Within the scope of this thesis we exclusively need stationary Poisson point processes
in R?. Since we can do experiments only on a finite data set, we are going to focus our
attention on an observation window W inside R? and we always choose W = [0, 1]? to
be the unit square. The question that is unanswered yet is how to simulate a stationary
Poisson point process X that is restricted to this region.

Consider the following construction:

First, take a random variable v : 2 — Ny equipped with a Poisson distribution with
parameter A = \ ||W/|| = A. We have

k
PlweQ|v(w) =k}) = e_)‘;\'
qnd fo; the outcome v(w) = k, we generate k-many independent random variaAbles

&,...& + Q@ — W which are uniformly dist}"ibuted in W. The point process X in
W we construct in this way has the property X (w)(W) = v(w) and is of the form

v(w)

X(“)(“i) = Z 5}(@(1‘1)
i=1
Notice that for A = ANW with A € B(R2) we have the equality

A HAH)k o Aanw A AN W|)*
Ll

k!

P({we Q| X(w)(A) =k}) =e i
= PweQ| X(w)(ANW) = k}),

so X has the same distribution as X restricted to W.

2.7.1. On the Poisson-Delaunay Complex

Taking a realization X (w) of a stationary Poisson point process X in R? with intensity
A\ = n, we can construct its Delaunay complex”, restrict our region of interest to the unit
square [0, 1]? and ask ourselves about the expected number of critical and non-critical k-
simplices® we have there. However, since we started with an infinitely large and random

"Initially, we defined the Delaunay complex for finite point sets only, but it is also possible to build it
with an infinite, but locally finite one. For X (w), this is the case due to the isomorphism stated in
remark 2.7.11/(2).

8See section 2.2.1 for the definition of these types of simplices.
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Delaunay complex, in this case sometimes called the Poisson-Delaunay complex, some
simplices get cut off at the boundary of the unit square. In order to deal with this issue,
we consider all k-simplices that have their center inside [0, 1]2, by which we mean the
center of their smallest empty sphere. For an interval [, «] this is the common center
of all of its elements.

Before stating the result on this question, that was given and proven as Theorem 1 in
[19], we need to remind ourselves what the (incomplete) Gamma function is.

Definition 2.7.21. The Gamma function T is given by the integral

F(a):/ s e ds
0

and the incomplete Gamma function -y is written as

Clearly, we have the relation vy(a,z) — I'(a) as x — oo.

Theorem 2.7.22. Let X be a stationary Poisson point process with intensity n > 0 in
R? and let X (w) be a realization viewed as a locally finite set of points scattered in R?.
For each R > 0, the expected number of intervals [B, a] of the Poisson-Delaunay complex
with center in the unit square [0,1]% and radius at most R is given by

,nmR?
’Y(ar?;r) )Cb,ana (2.18)

in which b = dim(B), a = dim(«) and in which Cy, are specific coefficients that take the
values

0071 = CO’Q =0, Co,o = CLQ = 0272 =1, 0171 = 2. (2.19)

A direct consequence of theorem 2.7.22 is summarized in the following corollary.

Corollary 2.7.23. In the same setting as in theorem 2.7.22, view the Poisson-Delaunay
complex of intervals with center in the unit square [0,1]2.

(i) In expectation there are 2n critical edges and n non-critical ones.
(ii) In expectation there are n critical triangles and n non-critical ones.

(iii) In expectation out of all critical edges it follows that n of them are death-giving
to connected components and n are birth-giving to loops. Moreover, all critical
triangles are death-giving to loops.
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Proof. We look at the Poisson-Delaunay complex itself, thus we imagine R to go to
infinity. Consequently, the incomplete Gamma function cancels and becomes the Gamma
function at a and we are left with C ,n. Hence, the number of critical edges is C'11n = 2n
and the number of non-critical ones is C 2n = n, which proves (7). For the non-critical
triangles we again have Can = n and Cs2n = n gives the number of critical triangles,
which shows (7).

We are left to prove (ii7). For this we construct a bijective correspondence between
critical edges that give birth to loops and critical triangles, since every of the latter fills
a loop created of the former at some radius. We conclude there are n such birth-giving
critical edges, which results in n death-giving critical edges.

Finally, all critical triangles contribute as death-giving ones because we do not have
any tetrahedra in the Poisson-Delaunay complex in the plane, so there cannot be any
triangles that give birth to tetrahedra. O

2.7.2. The Euclidean Minimum Spanning Tree Problem

Imagine n isolated electricity networks that you want to connect together. You hire
a company that lay cables, but of course you want it to be cost-efficient. Thus, you
construct a Euclidean minimum spanning tree with the networks forming its vertex set
embedded in R? and compute its length. In this way, the amount of needed cables is
kept to a minimum.

Now we further suppose that these electricity networks are uniformly distributed random
variables within the unit square [0,1]%. For each realization of these random variables
we most likely obtain a different vertex set V' and so, also [EMST (V)| might vary. For
a larger number n of electricity networks, however, the distances to nearest neighbors
necessarily decrease and we can ask ourselves whether there exists an asymptotic limit
the length of the Euclidean minimum spanning tree tends to.

In 1988 this question was successfully answered by Steele in [28]. He not only showed a
specific asymptotic behavior for the Euclidean minimum spanning tree in 2 dimensions
but more general in d dimensions. He even considered weight functions like in (2.6) with
integer powers a € (0,d). For the purpose of this thesis, it suffices to consider the case
where d = 2 and a = 1, which we state next.

Theorem 2.7.24. Let G = (V,E;W) be a complete, weighted graph with W like in
equation (2.6) and where the vertex set V consists gf the realization of n independent

and uniformly distributed random wvariables &1, ...,&, in the unit square [0,1]?> C R2.
Then with probability 1 we obtain that
EMST
lim (‘S(V)’> =c (2.20)
n— oo \/ﬁ
where ¢ > 0 is a constant. Furthermore, we even obtain the same behavior
E[|[EMST
lim <[|S(V)”> =c (2.21)
n—oo \/ﬁ
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for the expected length of the Euclidean minimum spanning tree.

Up until now, nobody has derived an explicit value of ¢, although there was some partial
success in developing a formula for computing this constant by Avram and Bertsimas [1].
Unfortunately, this formula contains a series expansion whose summands are increasingly
harder to calculate analytically. Nevertheless, Avram and Bertsimas achieved the current
best lower bound by approximating the series up to the fifth summand and we have

V2

0.6008 < ¢ < - ~ 0.7072, (2.22)

where the best upper bound is due to a theoretical argument of Gilbert [21].
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3. Computational Setup

In this chapter we explain the computational pipeline that was needed for the experi-
mental investigation of both 0- and 1-norm of the six-pack on a random 2-colored point
cloud in the unit square with varying number of points (n) and varying probability of
the colors (t). By random we mean a stationary Poisson point process X : Q — N,(R?)
restricted to the observation window W = [0,1], which we can model as described in
section 2.7.

The intensity we use is the number of points inside the unit square, so A = n. Since we
do many experiments and are only interested in the average cases of the computed data,
we further simplify the situation as we fix the number of points to be n, instead of intro-
ducing a random variable v : 2 — Ny that in expectation gives us the outcome n.

Dealing with randomness always leads to large amounts of data because each experiment
has its own unique point cloud structure that is obtained by a uniform distribution and
that we like to store somehow, in order to always be able to connect computational
outcomes with a visualization of the points’ positions in W. We use pseudo-randomly
generated seeds for this matter. Each experiment is assigned such a seed, which is a
230 and it serves as a key for reconstructing the
point cloud to the corresponding experiment. We cannot assure that no two experiments

uniformly chosen integer between 0 and

have the same seed and, therefore, have the same point clouds. However, we argue that
this possibility does not occur within our experiment series as its probability is 2730,
hence effectively 0. Algorithm 1 shows the construction of a list of seeds seed_list, which
we feed into the main algorithm 3 as one of many input parameters.

Algorithm 1 create_seedlist

Require: number_exps
Ensure: Creation of seed_list
seed_list + create list of (number_ezps)-many random seeds lying between 0 and 23°

The reason why we first construct all seeds and only then run the individual experi-
ments, depending on these seeds, is because we also want to compare different choices
of filtration settings with each other. Recall from section 2.6 that we can fix a filtration
by choosing a simplicial complex K and a subcomplex L C K. In this thesis, K always
refers to the chromatic Delaunay complex K = Del(y). The mapping x : C — {0,1}
refers to the random chromatic point set that is constructed by equipping each random
point in C' (that we get out of our simulated and simplified Poisson point process) with
the label 0 or 1, which should always be understood as the colors blue or orange in this
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3. Computational Setup

context. For the subcomplex L, three obvious choices appear in this framework:
(i) L = Del(Cy), (i) L = Del(Cy) or (iii) L = Del(Cy) U Del(CY).

The first two cases are symmetric to each other, so we choose (i) to work with, which is
the subcomplex of Del(x) consisting of all blue simplices. The third case is interesting
on its own again. There, L contains all simplices that are of exactly one color. In other
words, a simplex lies in L if it is either blue or orange. This is why we sometimes call
choice (iii) the mono-chromatic case, even though the vertex set of L is far from being
one-colored!

Coming back to our list of seeds, we construct random 2-colored point clouds in the
unit square with the fixed parameters n and ¢ and still be flexible with our choice on
L. Looking at Algorithm 3, we pick filtration to be one of the cases (i) - (iii) ahead of
any computation, but since we generated seed_list beforehand, we may apply Algorithm
3 multiple times — one for each choice of filtration.

The main purpose of Algorithm 3 is to build a dictionary with different keys, each
of which becoming the column of a .csv data frame structure in the last step within
Algorithm 4. Notice that we always set number_exps = 100, number_colors = 2 and
spatial_dim = 2. Moreover, norms = [0,1] and diagrams = [“kernel”, “relative”, “cok-
ernel”, “domain”, “image”, “codomain”] since we want to have 0- and 1-norms for all
six persistence diagrams. For better readability, we further set number_pts = n and
prob_colors = [t,1 — t].

Algorithm 2 add_value_to_dict
Require: dict, key, val, current_step, total_steps
Ensure: Add the value val to position current_step in list with (total_steps)-many

elements that lies inside the dictionary dict within the key key
if key is not in dict then

dict[key] < create list with (total_steps-1)-many 0’s and the value val at position
current_step

else

dict[key|[current_step]| < wval
end if

At first, we create the key “seed” and use the method add_value_to_dict (see Algorithm
2) to do so. In lines 7 and 8 in Algorithm 3 we construct for each experiment pair (ezp,
seed) a random 2-colored chromatic point cloud in [0,1]2. The next lines of code are
responsible for computing the filtration functions of the six-pack and all their persistence
pairs. For this, we use the free PyPI package chromatic_tda (version 1.1.6). For further
background on this package and a great manual for first use, see [12]. With the help of
the last three for-loops we get to the bottom of calculating the 0- and 1-norm for each
k" persistence diagram of the six-pack where k can go up to 2 for spatial_dim = 2.

In the end, we obtain the dictionary exps_dict, which we pour into the shape of a data
frame structure in Algorithm 4.
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Algorithm 3 create_exps_dict

Require: number_exps, number_pts, number_colors, prob_colors, filtration, spatial_dim,

diagrams, norms, seed_list

Ensure: Creation of exps_dict

10:
11:
12:

13:
14:
15:
16:

17:
18:
19:
20:
21:
22:
23:
24:

25:
26:
27:
28:
29:

A A v

exps_dict < {}
experiments < list of integers with range number_exps

. for (ezp, seed) in zip(experiments, seed_list) do

activate random seed seed

add_value_to_dict(exps_dict, “seed”, seed, exp, number_exrps)

points < list of (number_pts)-many randomly chosen coordinates with respect to
uniform distribution inside [0, 1]sratial-dim

labels « list of (number_pts)-many elements, each being an integer between 0 and
number_colors with weight prob_colors

/* From line 11 to 16 we work with methods from the package chromatic_tda %/

alpha_complex <+ compute alpha complex with input points, labels

simplicial_complex < get filtration simplicial complexes out of alpha_complex with
input filtration

compute persistence of simplicial_complex

for dgm in diagrams do
persistence_dict < dictionary with possible dimensions k as keys and all k"

persistence pairs with finite values as corresponding values
k_list + list of keys of persistence_dict

for k in k_list do
persistence_array < array of persistences of k" persistence pairs

for p in norms do
p_norm < array with pt"* norm for each element in persistence_array
add_value_to_dict(exps_dict, “dgm_k-dim_p-norm”, p_norm, exp,

number_ezps)
end for

end for
end for

end for
exps_dict < dictionary with all the data
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Algorithm 4 create_csv
Require: number_exps, number_pts, number_colors, prob_colors, filtration, spatial_dim,

exps_dict, filepath
Ensure: Saving the data in exps_dict as .csv file

dataframe < create data frame structure with content of exps_dict

/* The method filename from input is used for constructing a string with all the
important information inside to distinguish the different experiment series and their
data =/

filename < filename from input(number_exps, number_pts, number_colors,

prob_colors, filtration, spatial_dim)
Save dataframe as filename.csv with file path filepath

In Table 3.1 we illustrate an example of such a data frame of the configuration with
100 experiments, two equally likely colors, 1000 points in the unit square and in the
mono-chromatic case. Apart from the first two, all column captions are of the form
“dgm_k-dim_p-norm” like we have it in Algorithm 3, line 24.

exp seed kernel 0-dim_0-norm kernel 0-dim_1-norm ... codomain_1-dim_1-norm
1 515938188 491.0 4.4562. .. .. 2.1021...
2 362593555 510.0 4.4936. . . .. 2.0135. ..
3 802025811 541.0 4.5496. . . .. 1.9995. ..

98 633635510 498.0 4.2411. .. .. 1.9617...

99 642053118 520.0 4.4501. .. . 2.0066. . .

100 489887328 500.0 4.5637. .. ... 1.9787. ..

Table 3.1.: An excerpt of the file exp100_-n1000_col2_prob50-50_-mono_dim2.csv

Remark 3.1. Since we work with many different parameters, let us fix the notation of
a triple (n,t, L) which defines the setting we work in, where n indicates the numbers of
points, t gives the probability that we color a point blue! and L represents the type of
filtration, just like before.

! Abstractly speaking, this corresponds to color 0 for w = {0, 1}.
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4. Results

Recall from chapter 3 that for each of the 100 experiments, we are given a random
2-colored point set x : C — w inside the unit square [0,1]?, where we use a uniform
distribution to simulate the realizations of a Poisson point process within our observation
window. For a specific combination (n,t, L) we generate the persistence pairs of all k"
persistence diagrams of the six-pack, we apply the 0- and 1-norm, respectively, and
calculate their means.

Remark 4.1. For obtaining reasonable values with the 1-norm, we only take finite
persistence pairs into consideration and drop the usage of any cutoff. For better compa-
rability, we further use no infinite persistence pairs for the computation of the 0-norm
as well. This different way of viewing, however, does not affect the validity of the three
equalities we get in theorem 2.6.4.

To give a concrete example of the outcomes, let us turn to Figure 4.1. It shows two
graphics, both for the 0" persistence diagram of the domain L. We plot the number
of points against the average 0-norm on the left and the average 1-norm on the right
for three different values of ¢t and for the two interesting cases we have for L, which
are L = Del(Cp) (abbrev. “0-filt”) and L = Del(Cp) U Del(C1) (abbrev. “mono-filt”).
For better visualization, the settings with the former choice of L are always depicted by
empty markers, whereas the ones of the latter are given by solid markers.

We extract two major observations out of these plots now: firstly, for each choice of L
we have the same behavior of the means for increasing numbers of points and, secondly,
this behavior appears to be that of a linear function for the 0-norm and that of a square
root function for the 1-norm. In fact, these observations stay true for the 1% persistence
diagrams of the six-pack as well, and all these plots can be looked up in appendix
A.1. Coming back to Figure 4.1, we further highlight that we get similar curves for
different probability distributions and in the following, we are going to state and prove
explicit equations for the expected 0- and 1-norms for some k* persistence diagrams
in dependence of n and t. Moreover, the theoretical results will be supported by our
experimental data.

Since we work in the plane, the interesting cases appear for k = 0,1,2, where k = 2
only affects the relative filtration f7, x.' However, we are going to focus on k = 0
(corresponding to connected components) and k = 1 (corresponding to loops) only.

!See also the last paragraph in section 2.6.
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Figure 4.1.: Different developments for means of the 0-norm (left) and 1-norm (right) in
0" homology for the domain in the cases of “0-filt” and “mono-filt” and for
three probability distributions.

At first, we state and prove a proposition similar to theorem 2.7.22, in which we derive
a formula for the expected length of intervals, that is the expected sum of the intervals’
radii. This will become important later on when showing expected 1-norms in 1% per-
sistence homology. Finally, let us state here that the proofs of proposition 4.2 as well
as the ones of proposition 4.6 and 4.10 (for the special case t = 1 — ¢ = %) are going
to be included in an upcoming paper that is the joint work of Draganov, Edelsbrunner,

Saghafian and the author of this thesis. [13]

Proposition 4.2. Let X be a stationary Poisson point process with intensity n > 0 in
R? and let X (w) be a realization viewed as a locally finite set of points scattered in R2.
For each R > 0, the expected length of intervals B, a] of the Poisson-Delaunay complex
with center in the unit square [0,1]? and radius at most R is given by

v(a+ %, nmR?) Cha
M@ Vr

where b = dim(B) > 0, a = dim(a) > 1 and where Cy,, denote the same constants as
given in theorem 2.7.22. Explicitly,

N (4.1)

Co1=0Co2=0, Coo=Cra=0C2=1, Ci1=2. (4.2)
Proof. Take (2.18) from theorem 2.7.22, set x = nmR? and multiply the integrand of the
incomplete Gamma function with

r:[0,z] = RY,

r(s) =
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Going from 0 = r(0) to R = r(z), r goes through all possible radii in between and so,

Chan /‘” 1 -
: r(s)s* e %ds
[(a) Jo (®)

yields the expected sum of radii of all considered intervals [, «]. Rewriting the above
brings us to the desired formula

1 Cya (7 gati—l—s go _ v(a + %,erg) Cha

OB, OBV

0" homology, 0-norm

Proposition 4.3. Let x : C — {0,1} be a random 2-colored chromatic point set inside
the unit square [0,1]? in the setting (n,t, L) with L = Del(Cy) and K = Del(x). More-
over, let frx denote the corresponding filtration function of K with fr, respective fi p,
being the restrictions of fx to L respective K \ L. Then

E[IDgmq(f&)llo] = n, (4.3)
E[[Dgmq(f1)llo] = E[[Dgmg(im f = fx)llo] = tn, (4.4)
E[|Dgmg(ker fr = fx)llo] = t(1 —#)n, (4.5)
E[[Dgmy(f1.r)lly] = El[[Dgmg(coker f1, = fx)llo] = (1 —t)n. (4.6)

Proof. Notice that ||[Dgmg(fx)l||, gives us the number of connected components in the
codomain filtration, which can be considered as without any memory of the colors on
the points because of the lifting property (see 2.5.1). In expectation, this number of
connected components is n as we have n points in the filtration. This yields (4.3).

In the filtration of the domain observe that we expect tn blue points in there, which
means tn blue connected components. The second equality in (4.4) follows because out
of all expected tn blue points in the domain, each one remains a connected component
in the image.

In the relative filtration, on the other hand, there are (1 — ¢)n orange points in expecta-
tion. This is also true for the cokernel, where we view the codomain without the image.
Thus, we have shown (4.6). Equation (4.5) is a bit more work. This is the only case,
where vertices are not yet born in the first step of the filtration but only in the moment
they die in the image by getting connected with another vertex. Since the domain L
consists of all blue points, we are just interested in those.

Concretely, take an arbitrary point of our chromatic point set. The probability that this
point is colored blue equals t. Now, if this blue point is first connected with another blue
point, it dies in the image as well as in the domain, so nothing? happens in the kernel.

2 Actually, the blue point then has same birth and death time in the kernel diagram. But we do not
take such cases into consideration.
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The other option is that our blue point is first connected with an orange point. In the
domain, the blue point still lives on but in the image it dies, so it appears in the kernel.
This birth in the kernel is realized by a mixed edge. The probability that a death-giving
edge with the first boundary vertex being blue is a mixed one equals, therefore, ¢(1 — t)
and since there are n-many death-giving edges in expectation (see corollary 2.7.23), the
equality in (4.5) follows. ]

Proposition 4.4. Let x : C — {0,1} be a random 2-colored chromatic point set inside
the unit square [0,1)2 in the setting (n,t, L) with L = Del(Co)UDel(C1) and K = Del(x).
Moreover, let fx denote the corresponding filtration function of K with fr being the
restrictions of fix to L. Then

E[[|[Dgmg(fx)llo] = n, (4.7)
E[IDgmy(f2)llo] = E[lIDgmy(im fz = f&)llo] = n,
E[[[Dgmg(ker f — fx)llo] = 2¢(1 —t)n.

Proof. Because the codomain K has stayed the same as in proposition 4.3, equation (4.7)
immediately follows from (4.3). Also, (4.8) comes from an analogous argumentation.
Here, L consists not only of the set of all blue points but of the disjoint union of blue
and orange points. Therefore, we have tn + (1 — t)n = n many connected components
in expected in the domain filtration as well as in the image.

For the last equality, we already know that we have ¢(1—¢)n connected components in the
kernel stemming from blue points by the proof of proposition 4.3. Now, we go through
the same logic by starting with an orange point. The probability that we pick an orange
one to begin with is (1 —t) and the probability that this is a connected component in the
kernel is given by ¢(1 —t) due to a death-giving mixed edge that has an orange vertex as
its first boundary vertex. In the end, the expected number of connected components in
the kernel is equal to t(1 —¢t)n+t(1—t)n = 2t(1 —t)n, which is also exactly the expected
number of mixed death-giving edges in total.

For the relative filtration or the cokernel we do not get any results as there are no
connected components in either of them.? O

0" homology, 1-norm

Proposition 4.5. Let x : C — {0,1} be a random 2-colored chromatic point set in-
side the unit square [0,1] in the setting (n,t, L) with L = Del(Cy) and K = Del(x).
Moreover, let fx denote the corresponding filtration function of K with fr being the
restrictions of fx to L. Then for large enough n,

c

E{|[Dgmo (/)] = 5 v/, (4.10)
E|[Dgrmy(f2)]l,] = 5 ViV, (4.11)

3 At least no connected components with finite persistence.
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where ¢ > 0 is the constant from theorem 2.7.24.

Proof. By proposition 2.4.18, we already know that the 1-norm of connected components
in the codomain diagram is half the length of the Euclidean minimum spanning tree of
the vertices within the filtration.* In expectation and for large n this yields

E[|[Damo(fx) ;] = SEIEMST(O)) *Z 2

The same procedure also leads us to the proof of the second equality with the only
difference being that we have C as the underlying point set of L instead of C. Again,
for large enough n we obtain

1 2.7.24 1
E[|[Dgmo(f1)]l] = SEIEMST(Co)|) *2* Jev/im
in the expected case. O
Proposition 4.6. Let x : C — {0,1} be a random 2-colored chromatic point set inside
the unit square [0,1)2 in the setting (n,t, L) with L = Del(Co)UDel(C1) and K = Del(x).

Moreover, let fx denote the corresponding filtration function of K with fr being the
restrictions of fx to L. Then for large enough n,

E{|Dgmo(fx)1l,] = E[lIDgmo(im f1. = fx) ] = 5 v, (4.12)
E{|IDgmo(f)ll,) = 5(VE+VI= DV, (4.13)
E{|Dgmo(ker f = fir)ll,] = 5(VE+ VI—E - DV, (414)

where ¢ > 0 is the constant from theorem 2.7.24.

Proof. The expected 1-norm of connected components in the codomain filtration follows
immediately from (4.10). Notice now that the set of connected components in the image
is Cp LU Cp = C and they are all born at 7 = 0 and die as soon as they get merged with
another vertex regardless their color. We conclude that the 0" persistence pairs of the
image equal the ones of the codomain, which gives us (4.12).

For (4.13), recall that the underlying point set of L is the disjoint union of Cy and Cf,
so we view these sets separately and obtain

E[|[Dam(f2) ] = 1 (E[EMST(C)|| + EJEMST(C)[)) = S(VE+ VI— D)V

The last equation (4.14) about the kernel can be easily deduced from (2.11) in theorem
2.6.4. Like in the proof of proposition 4.4, neither are there connected components
present in the relative filtration nor in the cokernel. Thus, we do not get any results for
these two cases. O

4The cutoff § disappears in this case as we are only interested in the finite persistence pairs by remark
4.1.
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15" homology, 0-norm

Proposition 4.7. Let x : C — {0,1} be a random 2-colored chromatic point set inside
the unit square [0,1]? in the setting (n,t, L) with L = Del(Cy) and K = Del(x). More-
over, let fi denote the corresponding filtration function of K with fr, respective fi p,
being the restrictions of fx to L respective K \ L. Then

E[[IDgm, (f&)llo] = n, (4.15)
E[[|Dgmy (f2)llo] = tn, (4.16)
E[IDgmy (f.5)llg] = (2t + 1)(1 = t)n. (4.17)

Proof. First of all, there exists a bijective correspondence between the number of loops
within a filtration of the Delaunay complex and the number of critical triangles. In the
expected case, by corollary 2.7.23 the number of critical triangles is equal to n in the
codomain filtration and ¢n in the domain filtration, which provides the proof of (4.15)
and (4.16) simultaneously. The last equation (4.17) is a bit more work. Observe that
the expected number of critical triangles in the relative diagram also includes triangles,
which are non-critical in the codomain.” Moreover, there can be critical triangles in
the codomain that are no death-giving triangles in the relative but birth-giving to 2-
dimensional holes instead.® Thus, we tackle this problem by counting all critical birth-
giving edges in the relative filtration. To begin with, it is easily checked that all critical
edges in the relative have to be critical in the codomain. By corollary 2.7.23, there are
2n of them in expectation. Since L = Del(Cp), all blue-colored edges are mod out in the
relative, so the only remaining critical edges have to be purely orange or mixed. This
results in (1 —t2)-2n = (2 — 2t?)n critical edges in the relative on average. Subtracting
from this number all expected critical death-giving edges in the relative, which are (1—t)n
by proposition 4.37, gives the claim. ]

Proposition 4.8. Let x : C — {0,1} be a random 2-colored chromatic point set inside
the unit square [0,1)2 in the setting (n,t, L) with L = Del(Co)UDel(C1) and K = Del(x).
Moreover, let fi denote the corresponding filtration function of K with fr, respective fx 1,
being the restrictions of fx to L respective K \ L. Then

E[[Dgm, (f)llo] = El[[Dgmy (fL)llo] = 7, (4.18)
E[IDgmy (fz.5)llg] = 4t(1 = t)n. (4.19)

Proof. The expected number of loops in the codomain filtration follows immediately
from (4.15). Moreover, since the number of critical triangles in the domain filtration
equals tn + (1 —¢)n = n, this shows the second equality in (4.18). The relative filtration

5As an example, consider a mixed-colored obtuse triangle where the hypotenuse has two blue endpoints.

5For instance, take a critical orange-colored triangle in the codomain that is surrounded by many blue
points.

"To be precise, there are (1 —=t)n — 1 such, but we want we want to exclude the one infinite persistence
pair we have in the relative in the end of our argumentation, so we add +1.
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is again more interesting. According to theorem 2.3.39, Hy(K,,L,) = Hi(|K,|/|Lr|)
in each filtration step r > 0 and we can think of |K,|/|L,| as the underlying space of
the lifted chromatic Delaunay complex, where we shrink all blue simplices to one point,
all orange ones to another and identify these two remaining points. In the end, only
mixed-colored simplices are not mod out and what first were edges in the codomain
filtration become loops in the relative filtration. In fact, those are all loops there are.
Therefore, the expected number of loops in the relative case equals the number of critical
mixed-colored edges, which is 2¢t(1 —t) - 2n = 4¢(1 — t)n. O

15" homology, 1-norm

Proposition 4.9. Let x : C — {0,1} be a random 2-colored chromatic point set in-
side the unit square [0,1)% in the setting (n,t, L) with L = Del(Cy) and K = Del(x).
Moreover, let fx denote the corresponding filtration function of K with fr being the
restrictions of fx to L. Then for large enough n

c 1

EllDgm, (fi)l,] = (5 - 1) V& (1.20)

EflDgm, (7)) = (§ - ;) Viva (4.21)

Proof. To begin with we want to fully concentrate on proving (4.20). To compute the
expected length of loops in the codomain filtration, we have to sum up all persistences
of individual 1-holes. That is

Y = Y rj_< 3 )

(rs,r;) loop (r4,r;) loop (rs,r;) loop

The first sum on the right hand side is only contributed by death values of loops whereas

the second one adds up all birth values of loops. By corollary 2.7.23, the appearance of

a critical triangle always marks the death of an existing 1-hole.

With the help of proposition 4.2, the first sum on the right hand side in expectation is,
L3 c

thus, ty = vn = {vn.

The other sum on the right hand side, on the contrary, consists of the radii of all critical

birth-giving edges. In proposition 4.2 we cannot separate expected birth-giving from
death-giving persistences and so the trick is to subtract the expected lengths of all
critical edges and to add back the ones of all death-giving ones. In the end, we obtain
the desired equality

3 o~ T(5)Cu

E[|Dgmy (fr)ll] = 7v/n - NORNG

Going through the same thinking with the domain filtration, this yields

1

E[|[Dgmy (f2)[l] = Zm — Vtn + E[||Dgmy (f2)[l,] = (g - 4) Jin.

Vi1 + E{[Dgmo( )] = ( - 1)%

2 4
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4. Results

]

Proposition 4.10. Let x : C — {0,1} be a random 2-colored chromatic point set
inside the unit square [0,1)? in the setting (n,t,L) with L = Del(Cy) U Del(Cy) and
K = Del(x). Moreover, let fi denote the corresponding filtration function of K with fr,
being the restrictions of fix to L. Then for large enough n

EflDgm, (fi)l,] = (§ - 1) V& (1.2)
EllDgmy (7u)1,] = (§ - § )(Vi+ VIOV (4.23)

Proof. Equation (4.22) immediately follows from (4.20). To show (4.23), we again notice
that the underlying point set of L is the disjoint union of Cy and Cy, which yields

ElIDgm () = (§- 1 )vin+ (5 - 1) va—om
[

In appendix A.2, all outcomes of the computational experiments are given and compared
to the theoretical results if available. In some instances, where we could not come up
with a proof for the corresponding expectation, we state conjectures of possible explicit
formulae. In Tables 4.1 and 4.2 we compactly list all current theoretically proven results
on expected 0- and 1-norms (blue) opposed to conjectures due to the experiments we
have done (yellow). White boxes with a question mark indicate the cases where we
neither have a theoretical idea nor a concrete computational hint to what the explicit
form could look like.

The first table is about the 0 homology, so connected components, whereas the second
one is about the 1%' homology, meaning loops. Each big row stands for one diagram
and is divided into two smaller rows — one for the 0-norm and the other one for the
1-norm. The two columns are the two kinds of interesting filtrations there are for two
colors.

Observe that nearly all different cases are worked out in Table 4.1. Also, due to the
symmetry in ¢ for L = Del(Cp) U Del(C1), we obtain rather simple functions. This
changes for L = Del(Cy), where the conjectured explicit formula seems to be way more
delicate in the 1-norm setting. The good news is, though, that once we are able to show
either one of these conjectures in Table 4.1, we can deduce the rest of them with the
help of the powerful relations we have in (2.11), (2.12) and (2.13).

In Table 4.2 roughly half of the boxes are still given with a question mark, most of
which are regarding the expected length of loops in some persistence diagrams. The
computational experiments, however, shed light on some very simple and, at the same
time, also well-fitting functions that might be rigorously provable. Especially intriguing
seems to be the expected number of loops in the kernel diagram for both filtrations.
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0" homology H mono-filt ‘ 0-filt ‘
0 2t(1 — t)n t(1—t)n
kernel —t
L s(Vt+VI—t-1)yn (s-H2—<t+ vt vm
, 0| (1—t)n
relative — . .
! (G- D - 5t - (5 - DVE+5) Vi
0 (I—1t)n
cokernel — — . .
1 (G- - 5t- (- DVE+5)va
) 0 n tn
domain ~ —+
1| s(WVt+vVi—t)yn SVityn
) 0 n tn
image —t o ‘ .
1 3V (-GE-DP+5t+(E -V Vn
0 n
codomain —
1 sv/n

Table 4.1.: Explicit proven formulae (blue) or conjectures (yellow) for expectations in 0%
persistent homology. Each row for the diagrams is subdivided into 0-norm
(upper part) and 1-norm (lower part).

‘ 1%t homology H mono-filt ‘ 0-filt ‘
3t(1 — t)n t1 —t)(1+t)n
kernel
1 ? ?
] 4t(1 — t)n 2t+1)1—t)n
relative
1 ? ?
ut(l —t)n, p~ 2.8 ?
cokernel
1 ? ?
) 0 n tn
domain —
L -9 (VE+VI-t)vn | (§-Vivn
. 0 1—kt(l—t)n, Kk~ 2.4 ?
image
1 ? ?
0 n
codomain — .
! (5-1)vn

Table 4.2.: Explicit proven formulae (blue), conjectures (yellow) or completely unknown
cases (white with question mark) for expectations in 15¢ persistent homology.
Each row for the diagrams is subdivided into O0-norm (upper part) and 1-norm
(lower part).
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5. Outlook

It is noticable from the previous two tables that this thesis was the starting point for
many more open questions that we have on the six-pack. First of all, it would be
interesting to verify or falsify the mentioned conjectures. Secondly, it seems as if the
boundary effects that influence the number of critical triangles might be the reason why
it is difficult to come up with concrete theoretical conjectures out of the experiments for
the 1% persistent homology. Going from the unit square to the torus could resolve this
issue and lead us to better guesses on the expectations for loops. We close this thesis
with even further questions:

Can we also find formulae for the 2-norm?

Instead of using two colors, consider now three. Then we are suddenly confronted
with essentially four different filtrations. Moreover, we have two varying parameters on
the probability. Can we still derive general explicit formulae for the expectations in 0-
and 1-norm?

Instead of having a chromatic point cloud in the plane, we could go one dimension
higher and ask the same questions within the unit cube. Will the 3-norm then be
interesting to look at, too? And what about three colors in three dimensions?

Is there any way to generalize Theorem 1 from [19] and our modified version for the
expected length (see proposition 4.2) to the chromatic setting?

In our results, the unknown asymptotic constant ¢ crossed our way many times. Is
it possible to improve lower or upper bounds on ¢ due to the relations of the persistence
diagrams and proven formulae we have?
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A. Appendix

A.1. Behavior of Means of Norms

On the next four pages we present figures in the style of a six-pack, where we plot the
number of points against the mean of a specific norm — either 0- or 1-norm. Depending
on the 0** or 15 homology as well as on the choice of filtration for L we obtain different
results. For each fixed setting of these parameters we, moreover, choose three proba-
bility distributions for coloring the points in two colors, namely [0.3,0.7], [0.5,0.5] and
[0.8,0.2]. Being of the form [¢,1 — ¢], the variable ¢ denotes the probability of picking a
0O-colored point out of all points in the chromatic point set x : C' — {0, 1}.

In appendix A.2 we further investigate the relation between changing values of means
with varying probability distributions and increasing number of points.

HARD FACTS:

Number of experiments: 100

Number of points: parameter (n) on x-axis with values
100, 1000, 2000, 5000, 7000, 10000, 12000, 15000, 20000
Number of colors: 2

Probability of colors: [0.3,0.7], [0.5,0.5], [0.8,0.2]
Filtrations:

K = Del(x) with L = Del(Cp) (“0-filt”) or L = Del(Cp) U Del(C1) (“mono-filt”)
Spatial dimension: 2

Distribution of points: uniform

Location of points: unit square

Diagrams: six-pack fashion

Homology: 0%, 1%

Norms: 0,1
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A. Appendix

0" homology, 0-norm

kernel relative cokernel
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Figure A.1.: Different developments for means of 0-norm in 0** persistent homology in

a six-pack fashion for increasing number of points and various probability
distributions for coloring in the case L = Del(Cy) (top) and L = Del(Cp) U
Cy (bottom).
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A.1. Behavior of Means of Norms

0" homology, 1-norm
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Figure A.2.: Different developments for means of 1-norm in 0** persistent homology in

a six-pack fashion for increasing number of points and various probability
distributions for coloring in the case L = Del(Cy) (top) and L = Del(Cp) U
Cy (bottom).
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A. Appendix

1" homology, 0-norm

kernel relative cokernel
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Figure A.3.: Different developments for means of 0-norm in 1%¢ persistent homology in
a six-pack fashion for increasing number of points and various probability
distributions for coloring in the case L = Del(Cy) (top) and L = Del(Cp) U

Cy (bottom).
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1" homology, 1-norm

A.1. Behavior of Means of Norms

kernel relative cokernel
X 17.5 v v
4 15.0 v 8 v
8 8 12.5 v 4 v 0 ¢
: C 0 ‘ N
8 10.0 v o v ¢
v
2 ¥ A A 75 [ 4 Voo
A 0 4 A
IR sof _§ . ¥ an 2
. v A X A A 2 8 A A
A 25 A
e A AL AL
= o ﬁ 0.0 g [ ﬁ
8 1002000 5000 10000 15000 20000 1002000 5000 10000 15000 20000 1002000 5000 10000 15000 20000
- domain image codomain
S A 7 A 10 0
] 8 6
1S A A 4
A ¢ 5 A 8 0
6 A 4
Ay v 4 A 6 o
4 Ay v Vv 3 A 4
o) v o ¢ 4
A v 2 A ¢
2 O Y 4
@g i A o Y . - 21 &
\Y v Vv
0 # 0 égv v e
1002000 5000 10000 15000 20000 1002000 5000 10000 15000 20000 1002000 5000 10000 15000 20000
n
V' prob30-70 1-hom O-filt {  prob50-50 1-hom O-filt A prob80-20 1-hom O-filt
kernel relative cokernel
10 ¢ 25 ¢ e ¢
8 ¢ ¢ v 5 ¢
¢ » ¢ v A v
L A : v oa 4 ¢ v
€ ¢V 15 : A ¢y A
A A 3
¢V A ‘ A ¢ v A A
4 vV oa 10 A v
A 2 ; A
i ! :
’ ! 51 ¢ 1 !A
E ot 1 o2
g 1002000 5000 10000 15000 20000 1002000 5000 10000 15000 20000 1002000 5000 10000 15000 20000
- domain image codomain
S u 1 7 A 10 ]
g s A
12
{ o, x
t : A x
10 x A x
8 % 4 A v 7 N 6 %
s b ¢ 3 Ay 4, ¢ %
v ‘ a4
4 % 2 A ¢ *
R Y o &
ol % ol ¥ oL X
1002000 5000 10000 15000 20000 1002000 5000 10000 15000 20000 1002000 5000 10000 15000 20000

n

V¥  prob30-70 1-hom mono-filt

¢ prob50-50 1-hom mono-filt

A prob80-20 1-hom mono-filt

Figure A.4.: Different developments for means of 1-norm in 1% persistent homology in

a six-pack fashion for increasing number of points and various probability
distributions for coloring in the case L = Del(Cy) (top) and L = Del(Cp) U

Cy (bottom).
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A. Appendix

A.2. Best Fitting Curves for Means of Norms

Notice that we have a linear behavior with respect to n when taking the 0-norm and
a square root behavior with respect to n when taking the 1-norm (see appendix A.1).
Thus, we see that for n points the means of the ...

... 0-norm form a curve of the form

n +— c1-n -+ cop,

... l-norm form a curve of the form

n e -v/n+ oo,

where ¢; and c¢g might depend on the probability ¢ that a point is 0-colored. For 1%
homology the parameter ¢y may even depend on n due to boundary effects. Concretely,
points that lie near the boundary of the unit square are more likely to form obtuse
triangles than acute ones. This results in an imbalance that is possibly the reason why,
for instance, E[||Dgm; (fx)||,] empirically only reaches 0.9747n + co instead of n as the
theory suggests.

In the following pages we illustrate the best fitting curves that we obtain when plotting

. (exp)
the experimentally computed c;

(exp)
1

against the probability ¢. Note that for better visu-

are rounded up to four decimals. The goodness-of-fit is given
by the root mean square error or rmse for short.

alization, all values ¢

HARD FACTS:

Number of experiments: 100

Number of points: parameter (n) on x-axis with values

100, 300, 500, 700, 1000, 1200, 1500, 1700, 2000, 3000, 4000, 5000, 6000, 7000, 8000,
9000, 10000, 12000, 15000, 17000 20000

Number of colors: 2

Probability of colors: parameter ([t,1 — t])

[0.01,0.99], [0.05,0.95], [0.07,0.93], [0.1,0.9], [0.15,0.85], [0.2,0.8], [0.25,0.75], [0.3,0.7],
[0.35,0.65], [0.4,0.6], [0.45,0.55], [0.5,0.5], [0.55,0.45], [0.6,0.4], [0.65,0.35], [0.7,0.3],
[0.75,0.25], [0.8,0.2], [0.85,0.15], [0.9,0.1], [0.93,0.07], [0.95,0.05], [0.99,0.01]
Filtrations:

K = Del(x) with L = Del(Cy) (“0-filt”) or L = Del(Cp) U Del(C}) (“mono-filt”)
Spatial dimension: 2

Diagrams: kernel, relative, cokernel, domain, image, codomain

Distribution of points: uniform

Location of points: unit square

Homology: 0%, 15
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A.2. Best Fitting Curves for Means of Norms

FIXED PARAMETERS:

Diagram: codomain

Homology: 0"

Norm: 0,1

Filtration: Diagram does not depend on the chosen filtration

Best fit ¢ — ag Best fit ¢ +— ag
ay=1.0000, 0.323800 4 o0 ap=0.3237, o0 L)
rmse=0.0000 rmse=0.0001
1.04
0.323775
0.323750 4
1.02 4
0.323725 4
n
g 100 0323700{ © e@® e oo o0 ° ° oo
o
8]
0.323675 4
0.98
0.323650
0.323625 |
0.96 4
0.323600 4 [ [ ] [ ] [ ]
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
t best fit ®  cod 0-hom 0-norm ® cod 0-hom 1-norm

Figure A.5.: Best fits for cgeXp) when taking the O-norm (left) and the 1-norm (right).

These experiments verify the theoretical expectations

C

E[[Dgmo(fr)llo) = 7, E[[Dgmo(fx)ll1] = 5vn (A.1)

we get from propositions 4.3 and 4.5, respectively. In particular, our experimentally
obtained constant c(*P) = 2qq ~ 0.6474 fits with the bounds in (2.22).
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A. Appendix

FIXED PARAMETERS:

Diagram: domain
Homology: 0"
Norm: 0,1
Filtration: O0-filt

1.04

0.2 4

Best fit t — a1 -t + ag

Bestfittn—>q-\/f+ao

0.0 4

a1=0.9999,
a(=0.0000,
rmse=0.0001

¢=0.3222,
. ap=0.0013,
0301 [ rmse=0.0002

0.25

0.20

0.15

0.10

0.05

0.0 0.2

0.4

0.6 0.8

1.0

best fit ®  dom O-filt 0-hom 0-norm ®  dom O-filt 0-hom 1-norm

Figure A.6.: Best fits for CY’\XP) when taking the O-norm (left) and the 1-norm (right).

These experiments verify the theoretical expectations

E[[Dgmy(f2)llo] = tn,

E[[Dgmg(f2)l[;]

c

2

Vivn

(A.2)

we get from propositions 4.3 and 4.5, respectively. In particular, our experimentally
obtained constant ¢(®P) = 24 &~ 0.6444 fits with the bounds in (2.22).
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A.2. Best Fitting Curves for Means of Norms

FIXED PARAMETERS:
Diagram: domain
Homology: 0"

Norm: 0,1

Filtration: mono-filt

Best fit ¢ — ag Best fit t — q - (v + /1 — 1)+ ag
1p=1.0000, 0469 14=0.3182,
rmse=0.0000 ap=0.0080,
1.044 rmse=0.0002

0.44 4

1.02 4

0.42 1

C((:.’Ip)

0.40

0.98 4

0.96 4

0.36 9

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

best fit ®  dom mono-filt 0-hom 0-norm ®  dom mono-filt 0-hom 1-norm

Figure A.7.: Best fits for c&exP) when taking the 0-norm (left) and the 1-norm (right).

These experiments verify the theoretical expectations

E[[Dgmo(fL)llo] = 7, E[[[Dgmo(fL)ll1] = g(\/g+ V1i—t)vn (A.3)

we get from propositions 4.4 and 4.6, respectively. In particular, our experimentally
obtained constant ¢(*P) = 2 ~ 0.6364 fits with the bounds in (2.22).
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A. Appendix

FIXED PARAMETERS:
Diagram: image
Homology: 0"

Norm: 0,1

Filtration: O0-filt

Best fit t — a1 -t + ag Bestfittn—>(1,2-t2+m-t+q~\/Z+au
109 1a,=0.9999, ap=-0.0508,
a(=0.0000, 0.30 a1=0.3050,
rmse=0.0001 h q=0.0744,
ap=-0.0056,

rmse=0.0004

0.25

0.6 1

C(c'fp)

0.15

0.10

0.05

0.0 4 0.00

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

best fit ®  img O-filt 0-hom 0-norm ®  img O-filt 0-hom 1-norm

Figure A.8.: Best fits for CY’\XP) when taking the O-norm (left) and the 1-norm (right).

These experiments verify the theoretical expectation

E[|Dgmy(im f = fx)llo] = tn (A4)

we get from proposition 4.3. Moreover, we observe a potential explicit form for the
1-norm and conjecture that

EllDgig(in i Gl = (- (5-3)2+ 50+ (5-)Vi)va ()
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A.2. Best Fitting Curves for Means of Norms

FIXED PARAMETERS:
Diagram: image
Homology: 0"

Norm: 0,1

Filtration: mono-filt

Best fit ¢ — ag Best fit ¢ — ag
0.323800 o oo
1.04
0.323775
0.323750
1.02
0.323725
=
g 100 0323700{ © @@ ® e oo L) ° e oo
o
<
0.323675 |
0.98
0.323650
0.323625
0.96
0.323600 ° ° ° °
0.0 0.2 04 0.6 0.8 1.0 0.0 0.2 0.4 06 08 10
t best fit ®  img mono-filt 0-hom 0-norm ®  img mono-filt 0-hom 1-norm

Figure A.9.: Best fits for cgeXp) when taking the O-norm (left) and the 1-norm (right).

These experiments verify the theoretical expectations

E[[Dgmg(im f = fx)llg] = n,  E[[Dgmg(im fz = fx)lli] = gx/ﬁ (A.6)

we get from propositions 4.4 and 4.6, respectively. In particular, our experimentally
obtained constant c(*P) = 2qq ~ 0.6474 fits with the bounds in (2.22).
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A. Appendix

FIXED PARAMETERS:
Diagram: kernel
Homology: 0"

Norm: 0,1

Filtration: O0-filt

Best fit t > as - t> 4+ a; -t + ag Best fit t — as - t2 4 a1 -t +q- Vi +ag
0.25{ [43=-0.9998, 00 43=0.0477,
a1=0.9998, a1=-0.2949,
ap=0.0000, q=0.2394,
rmse=0.0001 0.05 4 ap=0.0085,
0204 rmse=0.0004

0.04 4

0.154

0.034

C((:.Tp)

0.10 1
0.024

0.05 4 0.014

0.001
0.00 4

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

best fit ®  ker O-filt 0-hom 0-norm ®  ker O-filt 0-hom 1-norm

Figure A.10.: Best fits for cgeXp) when taking the O-norm (left) and the 1-norm (right).

These experiments verify the theoretical expectation

E[|Dgmg(ker f = fx)llo] = t(1 —t)n (A7)

we get from proposition 4.3. Moreover, we observe a potential explicit form for the
1-norm and conjecture that

c 1

Blipgmgter o ol = ((5-1)2 - 5+ vE)ve ()

2 4
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A.2. Best Fitting Curves for Means of Norms

FIXED PARAMETERS:
Diagram: kernel
Homology: 0"

Norm: 0,1

Filtration: mono-filt

Best fit t — as - > +ay -t +ag Best fit t = - (vVI+1—1—1)+ag
05 [a;=-1.9995, ¢=0.3185,
a1=1.9995, 1=0.0023,

ap=0.0001,
rmse=0.0002

rmse=0.0002

0.4 4

C(c'fp)

0.08

0.06

0.1

0.04

0.0

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

best fit ®  ker mono-filt 0-hom 0-norm ®  ker mono-filt 0-hom 1-norm

Figure A.11.: Best fits for cgeXp) when taking the O-norm (left) and the 1-norm (right).

These experiments verify the theoretical expectations

E[[IDgmo(ker £z = fic)llo] = 26(1 = O)n, (A.9)
E{|IDgmo(ker f1 = fir) ] = 5(VE+ VI=T - 1)V (A.10)

we get from propositions 4.4 and 4.6, respectively. In particular, our experimentally
obtained constant ¢(*®) = 2¢ ~ 0.6370 fits with the bounds in (2.22).
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A. Appendix

FIXED PARAMETERS
Diagram: cokernel
Homology: 0"
Norm: 0,1
Filtration: O-filt
Best fit t — a1 -t + ag Bestfittn—>ag-t2+al-t+q~\/Z+au
1.0 a1=-0.9999, a2=0.0513,
4p=1.0000, 00 a,=-0.3062,
rmse=0.0001 q=-0.0736,
051 0.25
X 0.20
0.64
B
0.4

1p=0.3292,
rmse=0.0004

0.15

0.0 4

‘ . ‘ t . . best fit » ®  cok 6-fi|t 0-hom a-norm » ® cok 0-}i|t 0-hom 1->norm
Figure A.12.: Best fits for cgeXp) when taking the O-norm (left) and the 1-norm (right).
These experiments verify the theoretical expectation
E[||Dgmg(cokerfr, — fx)llo] = (1 —t)n
1-norm and conjecture that

(A.11)
E[|Dgmg(coker fr, — fr)|l;] = ((

c 1\, c
— — — |t — =t —
2 4)

2

we get from proposition 4.3. Moreover, we observe a potential explicit form for the

(g - i)x/H g)\/ﬁ (A.12)



A.2. Best Fitting Curves for Means of Norms
FIXED PARAMETERS:
Diagram: relative
Homology: 0"
Norm: 0,1
Filtration: O0-filt
Best fit t — a1 -t + ag Bestfittn—>(1,2-t2+m-t+q-\/Z+au
1.0 a1=-0.9999, a»=0.0513,
ao=1.0000, 00 a;=-0.3062,
rmse=0.0001 q=-0.0736,
1p=0.3292,
084 0 rmse=0.0004
X 0.20
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0.05
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0.00

00 02
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Figure A.13.: Best fits for cle®)

0.4

1

Ot() 0'& 1'.0
rel O-filt 0-hom 0-norm ® rel O-filt 0-hom 1-norm
These experiments verify the theoretical expectation

when taking the O-norm (left) and the 1-norm (right).

E[IDgmg(fL.x)llo) = (1 —t)n

1-norm and conjecture that

(A.13)
E[Dgmo(1.x)]l,] = (( !

c c 1
R
s-a)r 5

we get from proposition 4.3. Moreover, we observe a potential explicit form for the

(A.14)
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A. Appendix

FIXED PARAMETERS:

Diagram: codomain

Homology: 1%

Norm: 0,1

Filtration: Diagram does not depend on the chosen filtration

Best fit t — ag Best fit t — ag
° 007330{ e 600 © o o @00 © 0060 0000000
0.9752 °
ee 0.07328
0.9750
° °
0.07326
0078 e o °
g
3
\-/U_< ry ry 9
0.07324
0.9746 ° e o °
° °
097444 ® ° 0073229
° °
ap=0.0733,
0.9742 ° 0.07320 { | rm.se=0.0000 ° ° °
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
t best fit ®  cod 1-hom 0-norm ® cod 1-hom l-norm

Figure A.14.: Best fits for cgeXp) when taking the O-norm (left) and the 1-norm (right).

These experiments verify the theoretical expectation

EflDgm, (fi)lol = n. ElDgm (] = (5 - 7 )vA (A15)

we get from propositions 4.7 and 4.9, respectively. In particular, our experimentally
obtained constant ¢(*P) = 2(ap + 1) ~ 0.6466 fits with the bounds in (2.22).
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A.2. Best Fitting Curves for Means of Norms

FIXED PARAMETERS:
Diagram: domain
Homology: 1%

Norm: 0,1

Filtration: O0-filt

Best fit t — a1 -t + ag Best fit t — ¢ -Vt + ag
1.0
a1=0.9774, q=0.0744,
ap=-0.0036, 0074 | ap=-0.0010,
rmse=0.0008 rmse=0.0001

0.6 1

0.04

0.03

0.02

0.01

0.04

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

best fit ®  dom O-filt 1-hom 0-norm ®  dom O-filt 1-hom 1-norm

Figure A.15.: Best fits for cgeXp) when taking the O-norm (left) and the 1-norm (right).

These experiments verify the theoretical expectation

E{IDgny (72)lo] = . BIDgmy (7)) = (§ - § ) Viva (A.16)

we get from propositions 4.7 and 4.9, respectively. In particular, our experimentally
obtained constant ¢(®P) = 2(q + 1) ~ 0.6488 fits with the bounds in (2.22).
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A. Appendix

FIXED PARAMETERS:
Diagram: domain
Homology: 1%

Norm: 0,1
Filtration: mono-filt
Best fit ¢ — aq Best fit t — q- (VI ++/1—1) +ag
° ¢=0.0762,
] © a9=-0.0044,
0-973 1 rmse=0.0001
0.100
°
09724 °
° 0.095
°
E 09714 ©
< L ]
5 ° 0.090
°
0970 4 ° °
® °® 0.085 4
°
0.969 4 ° °
L4 ¢ ° 0.080
o ®
00 02 04 06 08 10 00 02 04 06 08 10
t —— best fit ®  dom mono-filt 1-hom 0-norm ®  dom mono-filt 1-hom 1-norm

Figure A.16.: Best fits for cgeXp) when taking the O-norm (left) and the 1-norm (right).

These experiments verify the theoretical expectation

E[IDgm; (fL)llo] = 7, (A.17)

ElIDgm (fu)lh] = (§ - ) (Vi + VIZDva (A18)

we get from propositions 4.8 and 4.10, respectively. In particular, our experimentally
obtained constant ¢(®*P) = 2(q+ i) ~ 0.6524 fits with the bounds in (2.22).
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A.2. Best Fitting Curves for Means of Norms

FIXED PARAMETERS:
Diagram: image
Homology: 1%

Norm: 0,1

Filtration: O0-filt

» Best fit t > ay - 1> + a1 -t + ag Best fit t — ag -3+ as- >+ a1 - t+q- Vi +ag
ap=1.1277, | | a3=-0.0539,
a1=-0.1585, 007 ay=0.1546,
a(=0.0048, a1=-0.0336,
o 4 [1mse=0.0009 006 ¢=0.0059,
: %71 | ap=-0.0001,
rmse=0.0002

0.05

= 0.04
Lo
Q

0.4 0.03

0.02

0.2
0.01
0.0 0.00
0.0 0.2 04 0.6 08 1.0 0.0 0.2 0.4 0.6 0.8 1.0
t best fit ®  img O-filt 1-hom 0-norm ®  img O-filt 1-hom I-norm

Figure A.17.: Best fits for cgeXp) when taking the O-norm (left) and the 1-norm (right).

Currently, these experiments do not give a concrete hint on the explicit form of the
expectation for neither the 0- nor the 1-norm.
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A. Appendix

FIXED PARAMETERS:
Diagram: image
Homology: 1%

Norm: 0,1

Filtration: mono-filt

Best fit t +— as - t2 +ay -t + ag BestfittHa4-t4+a;;-t3+a2~t2+a1»tAq-(\/?+\/17t)+a(]
ap=2.3775, a,=-0.2782,
a;=-2.3774, 0.070 4 a3=0.5565,
0o )=0.9864, a;=-0.2023,
rmse=0.0044 a;=-0.0760,
0.065 ¢=-0.0149,
ap=0.0892,

rmse=0.0001

0.8

0.060 4

0.055 4

(exp)

0.050 4

0.6

0.045 4

0.010 4

0.035 4

0.4

T T T T T T 0.030 4 T T T T T T
0.0 0.2 0.4 0.6 0.8 10 0.0 02 04 0.6 0.8 1.0

t —— best fit ®  img mono-filt 1-hom 0-norm ®  img mono-filt 1-hom 1-norm

Figure A.18.: Best fits for cgeXp) when taking the O-norm (left) and the 1-norm (right).

Currently, these experiments do not give a concrete hint on the explicit form of the
expectation for the 1-norm. However, at least for the 0-norm we conjecture it to be

E[|Dgm, (im f, = fx)llo) = (1 — &t(1 —t))n with £ ~ 2.4. (A.19)
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A.2. Best Fitting Curves for Means of Norms

FIXED PARAMETERS:
Diagram: kernel
Homology: 1%

Norm: 0,1

Filtration: O0-filt

Best fit t +>az-t3+as-t>+a1-t+ag Best fitt > as-t3+as-t2+ai-t+¢q-Vt+ag
a3=-0.9898, 0.035 a3=0.0513,
0354 | @2=0.0319, a=-0.1485,
a1=0.9594, a1=0.0252,
ap=-0.0016, 0.030 4 ¢=0.0741,
030 rmse=0.0002 ap=-0.0019,
rmse=0.0001
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0.25 4

0.020 4

0.0154
0.15 1

0.10 1 0.010 4
0.05 0.005
0.00 0.000
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
t — best fit ®  ker O-filt 1-hom 0-norm ®  ker O-filt 1-hom 1-norm

Figure A.19.: Best fits for cgeXp) when taking the O-norm (left) and the 1-norm (right).

Currently, these experiments do not give a concrete hint on the explicit form of the
expectation for the 1-norm. However, at least for the 0-norm we conjecture it to be

E[|Dgmy (ker fr = fx)llo) = (1 —1)(1 +t)n. (A.20)
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A. Appendix

FIXED PARAMETERS:
Diagram: kernel
Homology: 1%

Norm: 0,1

Filtration: mono-filt

Best fit t +— as - t2 +ay -t + ag BestfittHa4-t4+a;;-t3+a2~t2+a1»tAq-(\/?+\/17t)+a(]
ay=-2.9057, a,=0.2926,
079 | a1=2.9060, 0071 a3=-0.5850,
ap=-0.0017, ap=0.2286,
rmse=0.0003 a1=0.0639,
0.6 0.06 4 4=0.0982,
ap=-0.1014,
rmse=0.0001
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Figure A.20.: Best fits for cgeXp) when taking the O-norm (left) and the 1-norm (right).

Currently, these experiments do not give a concrete hint on the explicit form of the
expectation for the 1-norm. However, at least for the 0-norm we conjecture it to be

E[||Dgm, (ker fr, — fx)llo] = 3t(1 —t)n. (A.21)
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A.2. Best Fitting Curves for Means of Norms

FIXED PARAMETERS:
Diagram: cokernel
Homology: 1%

Norm: 0,1

Filtration: O0-filt

Best fit t — as - 3 + a9 - t> 4+ ay - t + ag Best fit t — ag -3+ as- >+ a1 - t+q- Vi +ag
ro a5=-05716, 43=0.0525,
a3=-0.5294, 0.07 as=-0.1526,
a1=0.1277, a1=0.0329,
ap=0.9687, q=-0.0059,
0.8 rmse=0.0022 0.06 ap=0.0734,
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Figure A.21.: Best fits for cgeXp) when taking the O-norm (left) and the 1-norm (right).

Currently, these experiments do not give a concrete hint on the explicit form of the
expectation for neither the 0- nor the 1-norm.
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A. Appendix

FIXED PARAMETERS:
Diagram: cokernel
Homology: 1%

Norm: 0,1

Filtration: mono-filt

Best fit t +— as - t2 +ay -t + ag BestfittHa4-t4+a;;-t3+a2~t2+a1»tAq-(\/?+\/17t)+a(]
07 ay=-2.7731 a1=0.2764,
a1=2.7734, 0.010 a3=-0.5538,
ap=-0.0106, ap=0.2011,
0.6 rmse=0.0044 - a1=0.0762,
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Figure A.22.: Best fits for cgeXp) when taking the O-norm (left) and the 1-norm (right).

Currently, these experiments do not give a concrete hint on the explicit form of the
expectation for the 1-norm. However, at least for the 0-norm we conjecture it to be

E[|Dgm; (coker fr, = fr)|lo] = pt(1 — t)n with p~ 2.8. (A.22)
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FIXED PARAMETERS:
Diagram:

Homology:
Norm: 0,1

Filtration:

relative

1st

0-filt

Best fit t + as - 1>+ ay -t +ap
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Figure A.23.: Best fits for ¢}

when taking the O-norm (left) and the 1-norm (right).
These experiments verify the theoretical expectation

A.2. Best Fitting Curves for Means of Norms

Bestﬁtt'—)&l-t+Q'\/Z+a(]
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a1=-0.3534,
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E[[Dgmy (fr,r)llo] = (2t +1)(1 = t)n

on the explicit form of the expectation.

(A.23)
we get from proposition 4.7. For the 1-norm we currently do not have a concrete hint
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A. Appendix

FIXED PARAMETERS:
Diagram: relative
Homology: 1%

Norm: 0,1

Filtration: mono-filt

Best fit t — as- > +ai -t +ag Bestflttn—>a2~t2+m-t+q~(\/f+\/17t)+ao
10 12=3.9484, o 2=-0.2350,
4,=3.9488, a1=0.2349,
a(=0.0000, 016 q=0.2641,
rmse=0.0003 : ap=-0.2568,
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best fit ®  rel mono-filt 1-hom 0-norm ® rel mono-filt 1-hom 1-norm

Figure A.24.: Best fits for cgeXp) when taking the O-norm (left) and the 1-norm (right).

These experiments verify the theoretical expectation

E[IDgmy (f.x)llg] = 4t(1 = t)n (A.24)

we get from proposition 4.8. For the 1-norm we currently do not have a concrete hint
on the explicit form of the expectation.
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