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Abstract

We study two methods for computing network features with topological underpin-
nings: the Rips and Dowker persistent homology diagrams. Our formulations work
for general networks, which may be asymmetric and may have any real number as
an edge weight. We study the sensitivity of Dowker persistence diagrams to asym-
metry via numerous theoretical examples, including a family of highly asymmetric
cycle networks that have interesting connections to the existing literature. In particu-
lar, we characterize the Dowker persistence diagrams arising from asymmetric cycle
networks. We investigate the stability properties of both the Dowker and Rips per-
sistence diagrams, and use these observations to run a classification task on a dataset
comprising simulated hippocampal networks. Our theoretical and experimental results
suggest that Dowker persistence diagrams are particularly suitable for studying asym-
metric networks. As a stepping stone for our constructions, we prove a functorial
generalization of a theorem of Dowker, after whom our constructions are named.
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1 Introduction

Networks are used throughout the sciences for representing the complex relations
that exist between the objects of a dataset (Newman 2003; Easley and Kleinberg
2010). Network data arises from applications in social science (Kumar et al. 2010;
Easley and Kleinberg 2010), commerce and economy (Elliott et al. 2014; Easley and
Kleinberg 2010; Acemoglu et al. 2015), neuroscience (Sporns 2011, 2012; Sporns
and Kotter 2004; Rubinov and Sporns 2010; Pessoa 2014), biology (Barabasi and
Oltvai 2004; Huson et al. 2010), and defence (Masys 2014), to name a few sources.
Networks are often directed, in the sense that weights attached to edges do not satisfy
any symmetry property, and this asymmetry often precludes the applicability of many
standard methods for data analysis.

Network analysis problems come in a wide range of flavors. One problem is in
exploratory data analysis: given anetwork representing a dataset of societal, economic,
or scientific value, the goal is to obtain insights that are meaningful to the interested
party and that can help uncover interesting phenomena. Another problem is network
classification: given a “bag” of networks representing multiple instances of different
phenomena, one wants to obtain a clustering which groups the networks together
according to the different phenomena they represent.

Because networks are often too complex to deal with directly, one typically extracts
certain invariants of networks, and infers structural properties of the networks from
properties of these invariants. While there are numerous such network invariants in
the existing literature, there is growing interest in adopting a particular invariant aris-
ing from persistent homology (Frosini 1992; Robins 1999; Edelsbrunner et al. 2002;
Zomorodian and Carlsson 2005), known as a persistence diagram, to the setting of
networks. Persistence diagrams are used in the context of finite metric space or point
cloud data to pick out features of significance while rejecting random noise (Edels-
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brunner et al. 2002; Carlsson 2009). Since a network on n nodes is regarded, in the
most general setting, as an n x n matrix of real numbers, i.e. as a generalized metric
space, it is conceivable that one should be able to describe persistence diagrams for
networks as well.

The motivation for computing persistence diagrams of networks is at least two-fold:
(1) comparing persistence diagrams has been shown to be a viable method for shape
matching applications (Frosini 1992; Frosini and Landi 1999; Collins et al. 2004;
Cohen-Steiner et al. 2007; Carlsson et al. 2005; Chazal et al. 2009), analogous to the
network classification problem described above, and (2) persistence diagrams have
been successfully applied to feature detection, e.g. in detecting the structure of protein
molecules (see Krishnamoorthy et al. 2007; Xia and Wei 2014 and Edelsbrunner et al.
2002, §6) and solid materials (see Hiraoka et al. 2016) and might thus be a useful tool
for exploratory analysis of network datasets.

We point the reader to Ghrist (2008), Edelsbrunner and Harer (2008), Carlsson
(2009), Carlsson and Silva (2010), Weinberger (2011), Burghelea and Dey (2013) and
Dey et al. (2014) for surveys of persistent homology and its applications, and some
recent extensions.

Some extant approaches that obtain persistence diagrams from networks assume
that the underlying network data actually satisfies metric properties (Lee et al. 2011;
Khalid et al. 2014). A more general approach for obtaining persistence diagrams from
networks is followed in Horak et al. (2009), Carstens and Horadam (2013), Giusti
et al. (2015) and Petri et al. (2013), albeit with the restriction that the input data sets
are required to be symmetric matrices.

Our chief goal is to devise notions of persistent homology that are directly applicable
to asymmetric networks in the most general sense, and are furthermore capable of
absorbing structural information contained in the asymmetry.

1.1 Contributions and an overview of our approach

In this paper, we study two types of persistence diagrams: the Rips and Dowker dia-
grams. We define both invariants in the setting of asymmetric networks with real-valued
weights, without assuming any metric properties at all (not symmetry and not even
that the matrix representing the networks weights vanishes on the diagonal). As a key
step in defining the Dowker persistence diagram, we first define two dual construc-
tions, each of which can be referred to as a Dowker persistence diagram, and then
prove a functorial Dowker theorem which implies that these two possible diagrams
are equivalent. Following the line of work in Chazal et al. (2009), where stability of
Rips persistence diagrams arising from finite metric spaces was first established, we
formulate similar stability results for the Rips and Dowker persistence diagrams of
a network. Through various examples, in particular a family of cycle networks, we
espouse the idea that Dowker persistence diagrams are more appropriate than Rips per-
sistence diagrams for studying asymmetric networks. We test our methods by solving
a network classification problem on a database of simulated hippocampal networks.
The first step in constructing a persistence diagram from a network is to construct
a nested sequence of simplicial complexes, i.e. a simplicial filtration, which, in our
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work, will be the Rips or Dowker filtrations associated to a network. Rips and Dowker
simplicial complexes and their associated filtrations are classically defined for metric
spaces (De Silva and Carlsson 2004; Ghrist 2014), and the generalization to networks
that we use is a natural extension of the metric versions. After producing the simplicial
filtrations, the standard framework of persistent homology takes over, and we obtain
the Rips or Dowker persistence diagrams.

Practitioners of persistent homology might recall that there are two Dowker com-
plexes (Ghrist 2014, p. 73), which we describe as the source and sink Dowker
complexes. A subtle point to note here is that each of these Dowker complexes can be
used to construct a persistence diagram. A folklore result in the literature about persis-
tent homology of metric spaces, known as Dowker duality, is that the two persistence
diagrams arising this way are equal (Chazal et al. 2014, Remark 4.8). In this paper
we prove a stronger result—a functorial Dowker theorem—from which the duality
follows easily. Furthermore, the context of this result is strictly more general than that
of metric spaces (see below for a more thorough description of the functorial version
of Dowker’s theorem).

Providing a construction of Rips and Dowker persistence diagrams is not enough: in
order for these invariants to be useful in practice, one must verify that the diagrams are
stable. In this context, stability means the following: the dissimilarity between two Rips
(resp. Dowker) persistence diagrams obtained from two networks should be bounded
above by a function of the dissimilarity between the two networks. To our knowledge,
stability is not addressed in the existing literature on producing persistence diagrams
from networks. In our work, we provide stability results for both the Rips and Dowker
persistence diagrams (Propositions 12 and 15). One key ingredient in our proof of
this result is a notion of network distance that follows previous work in Carlsson et al.
(2014) and Chowdhury and Mémoli (2015, 2016). This network distance is analogous
to the Gromov—Hausdorff distance between metric spaces, which has previously been
used to prove stability results for hierarchical clustering (Carlsson and Mémoli 2008,
2010) and Rips persistence diagrams obtained from finite metric spaces (Chazal et al.
2009, Theorem 3.1). The Gromov—Hausdorff distance was later used in conjunction
with the Algebraic Stability Theorem of Chazal et al. (2009) to provide alternative
proofs of stability results for Rips and Dowker persistence diagrams arising from
metric spaces (Chazal et al. 2014). Our proofs also involve this Algebraic Stability
Theorem, but the novelty of our approach lies in a reformulation of the network
distance (Proposition 9) that yields direct maps between two networks, thus passing
naturally into the machinery of the Algebraic Stability Theorem (without having to
define auxiliary constructions such as multivalued maps, as in Chazal et al. (2014)).

A crucial issue that we point out in this paper is that even though we can construct
both Rips and Dowker persistence diagrams out of asymmetric networks, Rips persis-
tence diagrams appear to be blind to asymmetry, whereas Dowker persistence diagrams
do exhibit sensitivity to asymmetry. In the case of Rips complexes, this purported
insensitivity to asymmetry can be immediately seen from its definition. In the case of
Dowker complexes, we argue about its sensitivity to asymmetry in two different ways.
Firstly, we do so by explicitly computing Dowker persistence diagrams of multiple
examples of asymmetric networks. In particular, we consider a family of highly asym-
metric networks, the cycle networks, and by building upon results from Adamaszek
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Fig. 1 A schematic of some of the objects studied in this paper. N is the collection of all weighted, directed
networks (i.e. digraphs with possibly asymmetric real weights). F is the collection of filtered simplicial
complexes. Dgm is the collection of persistence diagrams. We study the Rips (2R) and Dowker (D5, D5°)
filtrations, each of which takes a network as input and produces a filtered simplicial complex. s and t
denote the network transformations of symmetrization (replacing a pair of weights between two nodes by
the maximum weight) and transposition (swapping the weights between pairs of nodes). R is insensitive
to both s and t. But D% o t = D%, D% 0 t = D%, and in general, D' and D%° are not invariant under t
(Theorem 43)

and Adams (2017) and Adamaszek et al. (2016) we prove a complete characterization
result for the Dowker persistence diagrams—across all dimensions—of any network
belonging to this family. These networks constitute directed analogues of circles and
may be motifs of interest in different applications related to network data analysis.
More specifically, appearance of nontrivial 1-dimensional persistence in the Dowker
persistence diagram of asymmetric network data may suggest the presence of directed
cycles in the data.

Some of our experimental results suggest that the Rips persistence diagrams of this
family of networks are pathological, in the sense that they do not represent the signa-
tures one would expect from the underlying dataset, which is a directed circle. Dowker
persistence diagrams, on the other hand, are well-behaved in this respect in that they
succeed at capturing relevant features. Secondly, we study the degree to which Dowker
persistence diagrams are insensitive to changes (such as edge flips, or transposition)
in the network structure. An overview of this thread of work is provided in Fig. 1.

Dowker’s theorem and a functorial generalization Let X, Y be two totally ordered
sets, and let R € X x Y be a nonempty relation. Then one defines two simplicial
complexes Er and Fp as follows. A finite subset 0 € X belongs to Egr whenever
there exists y € Y such that (x, y) € R foreach x € o. Similarly a finite subsett C Y
belongs to Fgr whenever there exists x € X such that (x, y) € R foreach y € t. These
constructions can be traced back to Dowker (1952), who proved the following result
that we refer to as Dowker’s theorem:

Theorem 1 (Dowker’s theorem; Theorem la, Dowker 1952) Let X, Y be two totally

ordered sets, let R € X X Y be a nonempty relation, and let Eg, Fr be as above.
Then for each k € 7,

Hi(ER) = Hi(Fg).

There is also a strong form of Dowker’s theorem that Bjorner proves via the classical
nerve theorem (Bjorner 1995, Theorems 10.6, 10.9). Below we write |X| to denote
the geometric realization of a simplicial complex X.
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Theorem 2 (The strong form of Dowker’s theorem; Theorem 10.9, Bjorner 1995)
Under the assumptions of Theorem I, we in fact have |Eg| =~ | Fg|.

The Functorial Dowker Theorem is the following generalization of the strong form
of Dowker’s theorem: instead of a single nonempty relation R € X x Y, consider
any pair of nested, nonempty relations R € R’ € X x Y. Then there exist homotopy
equivalences between the geometric realizations of the corresponding complexes that
commute with the canonical inclusions, up to homotopy. We formalize this statement
below.

Theorem 3 (The functorial Dowker theorem (FDT)) Let X, Y be two totally ordered
sets, let R € R’ C X x Y be two nonempty relations, and let Eg, Fg, Eg/, Fg/
be their associated simplicial complexes. Then there exist homotopy equivalences
[C\gg| 2 |FRl — |ERl and T\g,,| @ |Fr| = |Eg/| such that the following diagram
commutes up to homotopy:

ltel
|FR| —————— | F/|

LlEg| |~ > DiEg)

[tr]
|[ER| ————— |ER/|

In other words, we have |tp| o U'\gp| > I'|g,,| o ltE|, where (g, L are the canonical
inclusions.

From Theorem 3 we automatically obtain Theorem 2 (the strong form of Dowker’s
theorem) as an immediate corollary. The strong form does not appear in Dowker’s
original paper (Dowker 1952), but Bjorner has given a proof using the nerve theorem
(Bjorner 1995, Theorems 10.6, 10.9). Moreover, Bjorner writes in a remark following
(Bjorner 1995, Theorem 10.9) that the nerve theorem and the strong form of Dowker’s
theorem are equivalent, in the sense that one implies the other. We were not able to find
an elementary proof of the strong form of Dowker’s theorem in the existing literature.
However, such an elementary proof is provided by our proof of Theorem 3 (given
in Sect. 5.1), which we obtained by extending ideas in Dowker’s original proof of
Theorem 1.!

Whereas the Functorial Dowker Theorem and our elementary proof are of inde-
pendent interest, it has been suggested in Chazal et al. (2014, Remark 4.8) that such a
functorial version of Dowker’s theorem could also be proved using a functorial nerve
theorem (Chazal and Oudot 2008, Lemma 3.4). Despite being an interesting possibil-
ity, we were not able to find a detailed proof of this claim in the literature. In addition,
Bjorner’s remark regarding the equivalence between the nerve theorem and the strong
form of Dowker’s theorem suggests the following question:

1A thread with ideas towards the proof of Theorem 2 was discussed in https://ncatlab.org/nlab/show/
Dowker%27s+theorem (Accessed 24 Apr2017), but the proposed strategy was incomplete. We have inserted
an addendum in https://ncatlab.org/nlab/show/Dowker%27s+theorem proposing a complete proof with a
slightly different construction.
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Question 1 Are the Functorial Nerve Theorem (FNT) of Chazal and Oudot (2008) and
the Functorial Dowker Theorem (FDT, Theorem 3) equivalent?

This question is of fundamental importance because the Nerve Theorem is a crucial
tool in the applied topology literature and its functorial generalizations are equally
important in persistent homology. In general, the answer is no, and moreover, one (of
the FNT and FDT) is not stronger than the other. The FNT of Chazal and Oudot (2008)
is stated for paracompact spaces, which are more general than the simplicial complexes
of the FDT. However, the FNT of Chazal and Oudot (2008) is stated for spaces with
finitely-indexed covers, so the associated nerve complexes are necessarily finite. All
the complexes involved in the statement of the FDT are allowed to be infinite, so the
FDT is more general than the FNT in this sense.

To clarify these connections, we formulate a simplicial Functorial Nerve Theorem
(Theorem 26) and prove it via a finite formulation of the FDT (Theorem 24). In turn,
we show that the simplicial FNT implies the finite FDT, thus proving the equivalence
of these formulations (Theorem 27).

Remark 4 Dowker complexes are also known to researchers who use Q-analysis to
study social networks (Johnson 2013; Atkin 1972, 1975). We perceive that viewing
Dowker complexes through the modern lens of persistence will enrich the classical
framework of Q-analysis by incorporating additional information about the meaning-
fulness of features, thus potentially opening new avenues in the social sciences.

An announcement of part of our work has appeared in Chowdhury and Mémoli
(2016).

1.2 Implementations

Following work in Curto and Itskov (2008) and Dabaghian et al. (2012), we implement
our methods in the setting of classifying simulated hippocampal networks. We simulate
the activity pattern of hippocampal cells in an animal as it moves around arenas with
a number of obstacles, and compile this data into a network which can be interpreted
as the transition matrix for the time-reversal of a Markov process. The motivating
idea is to ascertain whether, by just observing hippocampal activity and not using any
higher reasoning ability, one might be able to determine the number of obstacles in the
arena that the animal has just finished traversing. The results of computing Dowker
persistence diagrams suggest that the hippocampal activity is indeed sufficient to
accurately count the number of obstacles in each arena.

Our datasets and software are available on https://research.math.osu.edu/networks/
Datasets.html as part of the PersNet software package.

1.3 Organization of the paper
Notation used globally is defined directly below. Section 2 contains the necessary back-

ground on persistent homology. Section 3 contains our formulations for networks, as
well as some key ingredients of our stability results. Section 4 contains details about
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the Rips persistence diagram. The first part of Sect. 5 contains details about the Dowker
persistence diagram. Section 5.1 contains the Functorial Dowker Theorem. The con-
nection between the simplicial Functorial Nerve Theorem and the finite Functorial
Dowker Theorem is detailed in Sect. 5.2. In Sect. 6 we show that Dowker complexes
are sensitive to asymmetry. Section 6.1 contains a family of asymmetric networks, the
cycle networks, and a full characterization of their Dowker persistence diagrams. In
Sect. 7 we provide details on an implementation of our methods. Finally, proofs of
statements not contained in the main body of the paper are relegated to Appendix A,
whereas details about the characterization results for Dowker persistence diagrams of
cycle networks are given in Appendix B.

1.4 Notation

We will write K to denote a field, which we will fix and use throughout the paper. We
will write Z and R to denote the nonnegative integers and reals, respectively. The
extended real numbers RU {oco, —oo} will be denoted R. The cardinality of a set X will
be denoted card(X). The collection of nonempty subsets of a set X will be denoted
pow(X). The natural numbers {1, 2, 3, ...} will be denoted by N. The dimension of a
vector space V will be denoted dim(V'). The rank of a linear transformation f will be
denoted rank( f). An isomorphism between vector spaces V and W will be denoted
V = W. A homotopy relation for two maps f,g : X — Y between topological
spaces will be denoted f ~ g. Occasionally we will need to take about multisets, i.e.
sets where elements can have multiplicity greater than 1. We will use square bracket
notation [...] to denote multisets. Identity maps will be denoted by the notation id,.
Given a simplicial complex X, we will often write V(%) to denote the vertex set of
3. We will write Bd(o') to denote the boundary of a simplex o.

We say thatamap F : C — D between categories C and D is functorial whenever
F satisfies the properties of being a functor between C and D (see Mac Lane 2013
for definitions of these terms). In this paper, the most common usage of “functorial”
is in the following scenario. Suppose we have sets R, R’ related by an inclusion
R C R’ along with geometric simplicial complexes Ag, Bg, Ag’, Bgr and homotopy
equivalences fg : AR — BR, fr : Agr — Bpg/. The assignment R +— (Ag, Br, fr)
is functorial if fproig =~ 1po fr. Herety : Ag — Ap and tp : BR < By are
inclusions induced by the inclusion R C R’.

2 Background on persistent homology

We assume that the reader is familiar with terms and concepts related to simplicial
homology, and refer to Munkres (1984) for details. Here we describe our choices
of notation. Whenever we have a simplicial complex over a set X and a k-simplex
{x0, x1, ..., xx}, k € Z+, we will assume that the simplex is oriented by the ordering
X0 < X1 < +-- < xg. We will write [xg, x1, ..., xx] to denote the equivalence class
of the even permutations of this chosen ordering, and —[xo, X1, ..., xx] to denote
the equivalence class of the odd permutations of this ordering. Given a simplicial
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complex X, we will denote its geometric realization by |X|. The weak topology on
|X] is defined by requiring that a subset A C |X| is closed if and only if A N |o] is
closed in |o| for each o € X. A simplicial map f : ¥ — E between two simpli-
cial complexes induces a map | f| : |X| — |E| between the geometric realizations,
defined as | f[(D_,cx @) = )5 av f(v). These induced maps satisfy the usual
composition identity: given simpicial maps f : ¥ — E and g : E — Y, we have
g o f] =gl o|fl. To see this, observe the following:

lgo f] (Zavv) =Y ag(f) =gl (Zauf(v)> =lglo|f] (Zavv) :

vEXD vEX veEX veEX
(H

A filtration of a simplicial complex X (also called a filtered simplicial complex) is
defined to be a nested sequence {£% C 28,}555’511% of simplicial complexes satisfying
the condition that there exist 8;, 8 € R such that £% = & for all § < §;, and
¥ = % forall § > §F.

Fix a field K. Given a finite simplicial complex ¥ and a dimension k € Z_, we will
denote a k-chain in X as Zi a;jo;, where each a; € K and each 0; € X is a k-simplex.
We write Ci (%) or just Cy to denote the K-vector space of all k-chains. We will write
dx to denote the associated boundary map oy : Cy — Ck—1:

8k[x07 "’7xk] :: Z(_l)i['x07 "‘?xAi7 ""xk]7

1

where X; denotes omission of x; from the sequence.

We will write C = (Cy, 0¢)kez, to denote a chain complex, i.e. a sequence of
vector spaces with boundary maps such that d;_1 o 9 = 0. Given a chain complex
C and any k € Z., the kth homology of the chain complex C is denoted Hi(C) :=
ker(9x)/im(0+1). The kth Betti number of C is denoted B (C) := dim(H (C)).

Given a simplicial map f between simplicial complexes, we write f, to denote
the induced chain map between the corresponding chain complexes (Munkres 1984,
§1.12), and ( fi)# to denote the linear map on kth homology vector spaces induced for
eachk e Z4.

The operations of passing from simplicial complexes and simplicial maps to chain
complexes and induced chain maps, and then to homology vector spaces with induced
linear maps, will be referred to as passing to homology. Recall the following useful
fact, often referred to as functoriality of homology (Munkres 1984, Theorem 12.2):
given a composition g o f of simplicial maps, we have

(gk o fi)a = (g)# o (fi)#  foreachk e Z,. ()

. . . Hs.o
A persistence vector space is defined to be a family of vector spaces {U° ——

U‘S/}gf(g/eﬂg such that: (1) us s is the identity for each § € R, and (2) us s» = ps 57 ©
ws o foreach § < 8 < §” € R. The persistence vector spaces that we consider in this
work also satisfy the following conditions: (1) dim(U?) < oo ateach § € R, (2) there
exist 87, 6 € R such that all maps s s are isomorphisms for §, 8§ > 8 and for
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8,8 < 8y, and (3) there are only finitely many values of § € R such that U 8—e 22U 8
for each ¢ > 0. Here 4§ is referred to as a resolution parameter, and such a persistence
vector space is described as being R-indexed. The collection of all such persistence
vector spaces is denoted PVec(R). Observe that by fixing k € Z4 and passing to the
kth homology vector space at each step X of a filtered simplicial complex (£°%)scg,
the functoriality of homology gives us the kth persistence vector space associated to
(2%)seRr, denoted

(ts.5) ,
Hi(D) == (H(C%) =25 H(CP Vs<seRr.

The elements of PVec(R) contain only a finite number of vector spaces, up to
isomorphism. By the classification results in (Carlsson et al. 2005, §5.2), it is possible
to associate a full invariant, called a persistence barcode or persistence diagram, to
each element of PVec(R). This barcode is a multiset of persistence intervals, and is
represented as a set of lines over a single axis. The barcode of a persistence vector space
V is denoted Pers(V). The intervals in Pers()) can be represented as the persistence

diagram of V, which is as a multiset of points lying on or above the diagonal in Kz,
counted with multiplicity. More specifically,

Dgm(V) = [(5:, 8;41) € R : [81,8)11) € Pers(V)],

where the multiplicity of (§;,8;41) € R is given by the multiplicity of [8;,8;41) €
Pers(V).

Persistence diagrams can be compared using the bottleneck distance, which we
denote by dp. Details about this distance, as well as the other material related to
persistent homology, can be found in Chazal et al. (2016). Numerous other formu-
lations of the material presented above can be found in Edelsbrunner et al. (2002,
2015), Zomorodian and Carlsson (2005), Carlsson and Silva (2010), Edelsbrunner
and Harer (2010), Edelsbrunner and Morozov (2014) and Bauer and Lesnick (2014).

Remark5 Whenever we describe a persistence diagram as being trivial, we mean that
either it is empty, or it does not have any off-diagonal points.

2.1 Interleaving distance and stability of persistence vector spaces

In what follows, we will consider R-indexed persistence vector spaces PVec(R).
Vs s/ /
Given ¢ > 0, two R-indexed persistence vector spaces ) = (V8 20y }s<s and

U = {U5 M) U‘S/}SS(;/ are said to be e-interleaved (Chazal et al. 2009; Bauer and
Lesnick 2014) if there exist two families of linear maps

{§08,8+8 : V(S - U‘H—S}SGR’

{Ws.64e : U — VOTE g
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such that the following diagrams commute for all § < §’ € R:

Vjvj’

V(; V(g/ V8+S Vste,8'+e V5/+£
? Hote, s fe / M5/ ’ Vs
U5+8 i U5 +e U(S , U6
Ve V3,6+2¢ y yo+2e yi+e
/ Vs Ps+e
@5 ‘//5+5
Us+e U’ Hs.5+2¢ y ot2e

The purpose of introducing e-interleavings is to define a pseudometric on the col-
lection of persistence vector spaces. The interleaving distance between two R-indexed
persistence vector spaces V, U is given by:

diUU,V) :=inf{e > 0 : U and V are ¢-interleaved}.

This definition induces a pseudometric on the collection of persistence vector
spaces (Chazal et al. 2009; Bauer and Lesnick 2014). The interleaving distance is
then related to the bottleneck distance as follows:

Theorem 6 (Algebraic stability theorem, Chazal et al. 2009) Let U,V be two R-
indexed persistence vector spaces. Then,

dg(Dgm(lf), Dgm(V)) < diUd, V).

Stability results are at the core of persistent homology, beginning with the classical
bottleneck stability result in Cohen-Steiner et al. (2007). One of our key contributions
is to use the Algebraic Stability Theorem stated above, along with Lemma Sect. 3
stated below, to prove stability results for methods of computing persistent homology
of a network.

Before stating the following lemma, recall that two simplicial maps f, g : ¥ — E
are contiguous if for any simplex o € X, f(o) U g(o) is a simplex of E. Contiguous
maps satisfy the following useful properties:

Proposition 7 (Properties of contiguous maps) Let f, g : ¥ — E be two contiguous
simplicial maps. Then,

(1) £, gl :1Z| — |E| are homotopic (Spanier 1994, §3.5), and
(2) The chain maps induced by f and g are chain homotopic, and as a result, the
induced maps fy and gg for homology are equal (Munkres 1984, Theorem 12.5).

Lemma 8 (Stability Lemma) Let §, & be two filtered simplicial complexes written as

‘YzS,zS’ / t8,6’ /
{§° = 3 )ysser and {&° — &° }5>scr,
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where s5 s andts 5 denote the natural inclusion maps. Suppose n > 0 is such that there
exist families of simplicial maps {@s : §° — QS‘H"}SE]R and {5 : &° — Fo+n}
such that the following are satisfied for any § < §':

SeR

(1) tsyn,s5'4y © @s and Qs o Ss 5 are contiguous
(2) S54n,5'+y © ¥s and Ys o ts 5 are contiguous
(3) Ysin o @5 and s5 512, are contiguous
04 @54y 0 s and ts 542y are contiguous.

All the diagrams are as below:

%,5 55,8/ 55/ 554_" Ss+m.8'+n 35/+77

\ % V /

[Z)

Lsins'¥n o5 15,5/ / Vi
®8+ﬂ e @8 +n 66 LN 68
38 55,6420 N 3«3+2n 8«3+r)
\4 / vs o
(Z) 1/f5+n t \
@o+n s 3,6+2n s @o+2n

For each k € Z_, let Hx(S), Hx (&) denote the k-dimensional persistence vector
spaces associated to § and ®. Then for each k € Z .,

dp (Dgmy (Hk (), Dgmy (Hi(8))) < di(Hk(8), Hk(®)) < 1.

3 Background on networks and our network distance

A network is a pair (X, wy) where X is a finite set and wy : X x X — Ris a
weight function. Note that wy need not satisfy the triangle inequality, any symmetry
condition, or even the requirement that wx (x, x) = 0 for all x € X. The weights are
even allowed to be negative. The collection of all such networks is denoted A"

When comparing networks, one needs a way to correlate points in one network
with points in the other. To see how this can be done, let (X, wx), (Y, wy) € N. Let
R be any nonempty relation between X and Y, i.e. a nonempty subset of X x Y. The
distortion of the relation R is given by:

dis(R) ;==  max |ox(x,x") — oy, y)l.
(x,¥),(x",y)ER

A correspondence between X and Y is a relation R between X and Y such that
x(R)=Xandry(R) =Y, whererxy : X XY — Xandny : X x Y — Y denote
the natural projections. The collection of all correspondences between X and Y will
be denoted Z (X, Y).
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Following previous work in Carlsson et al. (2014); Chowdhury and Mémoli (2015,
2016) the nerwork distance dpr : N x N — R is then defined as:

1
dnv (X, Y) = 3 Irerg%dis(R).

The dps as defined above is a pseudometric, and the networks at O da/-distance
have been completely characterized (Chowdhury and Mémoli 2015, 2017). Next we
wish to prove the reformulation in Proposition 9. First we define the distortion of
a map between two networks. Here a map between networks (X, wx) and (Y, wy)
is simply any function ¢ : X — Y. Given any (X, wy), (Y, wy) € N and a map
¢ (X, wx) > (Y, wy), the distortion of ¢ is defined as:

dis(p) := max lwx (x, x") — wy (p(x), p(x))].

Next, given maps ¢ : (X, wy) — (Y,wy) and ¢ : (Y, wy) — (X, wx), we define
two co-distortion terms:

Cxy(p,¥) = " yn)lf;’?xy lwx (x, ¥(y) — wy(p(x), ),
Cyx(W,p):= max |wy(y, ¢x)) —ox(@(y),x)|.
(y,x)e¥Y xX

Proposition9 Let (X, wy), (Y, wy) € N. Then,

dy(X,Y) = } min{max(dis(g), dis(¥), Cx.y (¢, ¥),
Cyx(W,9):¢: X =Y, ¢ :Y — X any maps}.

Remark 10 Proposition 9 is analogous to a result of Kalton and Ostrovskii (1999, The-
orem 2.1) where—instead of dys—one has the Gromov—Hausdorff distance between
metric spaces. We remark that when restricted to the special case of networks that
are also metric spaces, the network distance dns agrees with the Gromov—-Hausdorff
distance. Details on the Gromov—Hausdorff distance can be found in Burago et al.
(2001).

An important remark is that in the Kalton—Ostrovskii formulation, there is only
one co-distortion term. When Proposition 9 is applied to metric spaces, the two
co-distortion terms become equal by symmetry, and thus the Kalton—Ostrovskii formu-
lation is recovered. But a priori, the lack of symmetry in the network setting requires
us to consider both terms.

Remark 11 In the following sections, we propose methods for computing persistent
homology of networks, and prove that they are stable via Lemma 8. Note that similar
results, valid in the setting of metric spaces, have appeared in Chazal et al. (2009)
and Chazal et al. (2014). Whereas the proofs in Chazal et al. (2014) invoke an auxiliary
construction of multivalued maps arising from correspondences, our proofs simply
use the maps ¢, ¥ arising directly from the reformulation of das (Proposition 9), thus
streamlining the treatment.
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When studying the effect of asymmetry on persistent homology, it will be useful to
consider the network transformations that we define next.

Definition 1 (Symmetrization and transposition) Define the max-symmetrization map
5s: N = N by (X,wx) = (X, wx), where for any network (X, wx), we define
@x : X x X — R as follows:

ox (x, x") = max(wyx (x, x'), wx (x", x)), forx, x' € X.

Also define the transposition map t : N' — N by (X, wx) + (X, ), where for
any (X, wy) € N, we define a);(x, x") == wx (x’, x) for x, x’ € X. For convenience,
we denote X | := t(X) for any network X.

We are now ready to formulate our two methods for computing persistent homology
of networks. The Rips filtration is the “workhorse” of persistent homology of metric
spaces so it is natural to consider its generalization to general asymmetric networks.

4 The Rips filtration of a network

Recall that for a metric space (X, dx), the Rips complex is defined for each § > 0 as
follows:

9{‘} := {0 € pow(X) : diam(o) < 8§}, where diam(c) := max dy(x, x').
x,x'€o

Following this definition, we define the Rips complex for a network (X, wy) as
follows:

R 1= {0 € pow(X) : max wx(x,x’) <8}
x,x'eo

To any network (X, wy), we may associate the Rips filtration {9‘{‘; — 9%‘;}555/.
We denote the k-dimensional persistence vector space associated to this filtration by
H,iﬁ (X), and the corresponding persistence diagram by D gm,%Ct (X). The Rips filtration
is stable to small perturbations of the input data:

Proposition 12 Let (X, wx), (Y,wy) € N. Then dg(DgmT*(X),Dgm(¥)) <
2dpn (X, Y).

We omit the proof because it is similar to that of Proposition 15, which we will prove
in detail.

Remark 13 The preceding proposition serves a dual purpose: (1) it shows that the Rips
persistence diagram is robust to noise in input data, and (2) it shows that instead of
computing the network distance between two networks, one can compute the bot-
tleneck distance between their Rips persistence diagrams as a suitable proxy. The
advantage to computing bottleneck distance is that it can be done in polynomial time
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(see Efrat et al. 2001), whereas computing ds is NP-hard in general. This follows
from the fact that the problem of computing ds includes the problem of computing
the Gromov—Hausdorff distance between finite metric spaces, which is an NP-hard
problem (Schmiedl 2015). We remark that the idea of computing Rips persistence
diagrams to compare finite metric spaces first appeared in Chazal et al. (2009), and
moreover, that Proposition 12 is an extension of Theorem 3.1 in Chazal et al. (2009).

The Rips filtration in the setting of symmetric networks has been used in Horak
etal. (2009), Carstens and Horadam (2013), Giusti et al. (2015) and Petri et al. (2013),
albeit without addressing stability results. To our knowledge, Proposition 12 is the
first quantitative result justifying the constructions in these prior works.

Remark 14 (Rips is insensitive to asymmetry) A critical weakness of the Rips complex
construction is that it is not sensitive to asymmetry. To see this, recall the symmetriza-
tion map defined in Definition 1, and let (X, wx) € N. Now for any o € pow(X),
we have max, y ¢, wx (X, x") = maxy yes @x(x, x). It follows that for each § > 0,
the Rips complexes of (X, wy) and (X, wx) = s(X, wx) are equal, i.e. R = Ros.
Thus the Rips persistence diagrams of the original and max-symmetrized networks
are equal.

5 The Dowker filtration of a network
Given (X, wy) € N, and for any § € R, consider the following relation on X:
Rs.x == {(x,x") t wx(x,x") < 6}. 3)

Then Rs x € X x X, and Rs,. x = X x X for some sufficiently large § . Furthermore?
forany &' > &, we have Rs.x C Ry x. Using Rs, x, we build a simplicial complex f
as follows:

gﬂx = {O‘ = [x0,...,X,] : there exists x’ € X such that (x;, x") € Rs x for each x,-} .4

Ifo e ’Dfsi’x, it is clear that any face of o also belongs to ’Dfsi’x. We call ZD;%X the
Dowker 8-sink simplicial complex associated to X, and refer to x’ as a §-sink for o
(where o and x’ should be clear from context).

Since Rs, x is an increasing sequence of sets, it follows that D;‘ x 1s an increasing
sequence of simplicial complexes. In particular, for 8’ > §, there is a natural inclusion
map CDE‘ x <> Dy x. We write @;} to denote the filtration {CD;‘ ¥ = 93 13 xJo<s
associated to X. We call this the Dowker sink filtration on X. We will denote the
k-dimensional persistence diagram arising from this filtration by Dgm}! (X).

We define a dual construction as follows:

Dy :={o =Ixo..... xp] : there exists x” € X such that (x’, x;) € Rs x for each x;} .

)
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g < —1
s _ ) {lal} i-1<8<0
" P55 = {la) B ) <h<
{[a]7 [b]7 [C}u [ab}u [bc]v [ac}v [abc}} :6>1
2 %] < —1
2 {lal} i-1<68<0
- C@\ﬂbo D5x = 4 {lal, [0], [e]} 0<8<1
1 {lal, [0], [¢], [ab], [ac] } 11<5<2
{lal, 8], [c], [ab], [bc], [ac], [abc]} : 6 > 2

Fig.2 Computing the Dowker sink and source complexes of a network (X, wy ). Observe that the sink and
source complexes are different in the range 1 <6 < 2

We call CD“’X the Dowker §-source simplicial complex associated to X. The filtration
{QEOX — D 5 xJs<s associated to X is called the Dowker source filtration, denoted
DY We denote the k-dimensional persistence diagram arising from this filtration by
ng °(X). Notice that any construction using D% 5.x can also be repeated using @(SS?X,
so we focus on the case of the sink complexes and restate results in terms of source
complexes where necessary. In particular, we will prove in Sect. 5.1 that

Dgmy' (X)) = Dgm}°(X) for any k € Z,

so it makes sense to talk about “the” Dowker diagram associated to X.
The sink and source filtrations are not equal in general; this is illustrated in Fig. 2.
As in the case of the Rips filtration, both the Dowker sink and source filtrations are
stable.

Proposition 15 Let (X, wyx), (Y,wy) € N. Then dg (Dgmy (X), Dgmp(Y)) <
2dn(X,Y). Here Dgm® refers to either of Dgm® and Dgm®.
Proof of Proposition 15 Both cases are similar, so we just prove the result for Dgm?*.

Letn = 2dns(X, Y). Then by Proposition 9, there existmaps ¢ : X — Y, ¢ : ¥ — X
such that

max (dis(¢), dis(¥), Cx vy (@, ¥), Cy x (¥, 9)) = 1.

First we check that ¢, ¥ induce simplicial maps ¢s : Z)(SS‘ x = ’Dgﬂr 0y and V5 :
@5 y = ®5+7 y foreach § € R.
Letd’ > 8 e R.Leto = [xg, ..., xs] € Z)zix. Then there exists x’ € X such that

wx (x;, x") < § foreach 0 < i < n. Fix such an x’. Since dis(¢) < n, we have the
following for each i:

lwx (xi, x') — wy (p(x:), p(x")] < 1.
So wy(p(xi), p(x")) < wx(xi,x")+n < § + n foreach 0 < i < n. Thus

ps(o) = {p(x0),...,p(x,)} is a simplex in CDH Y Thus the map on simplices
@s induced by ¢ is simplicial for each é§ € R.
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Similarly we check that the map 5 on simplices induced by i is simplicial. Now
to prove the result, it will suffice to check the contiguity conditions in the statement
of Lemma 8. Consider the following diagram:

. 55 s .
S1 N S1
D5x — Dy x

s o
1Z)

13
@Sl 6+v 8 +n

si
8+n,Y D

8'+n,Y

Here 55 5 and 754 5+, are the inclusion maps. We claim that 751y 51, o @5 and
@5 o s 5 are contiguous simplicial maps. To see this, let o € ’D;‘ x- Since 55 5 is
just the inclusion, it follows that 751, 5, (¢s5(0)) U gs (5.5 (0)) = @s(0), whichis a
simplex in D' Y because g; is simplicial, and hence a simplex in D} Y because
the inclusion t5+,, §'+n 18 simplicial. Thus #51,, 54, 0 @5 and @y o 55 5 are Contlguous,
and their induced linear maps for homology are equal. By a similar argument, we
verify that ss1, s'4, o ¥s and Vs o f5 5 are contiguous simplicial maps as well.

Next we check that the maps 5., o @s and ss 542, in the figure below are contigu-
ous.

58,842n

si si
QS,X ’ ©8+27),X
m /\06+n
si
©8+7] Y
Let x; € 0. Note that for our fixed o = [xg, ..., x,] € @gix and x’, we have:

lwx (xi, x') — wx (Y (@), Y (@M < lox (xi, x") — oy (p(xi), p(x))
+ oy (9(x), p(x))
—wx (Y p(xi), ¥ (&)
<2n.
Thus we obtain wx (¥ (¢(x;)), ¥ (¢(x"))) < wx (xi, x") +2n < § + 2.

Since this holds for any x; € o, it follows that V54, (ps(0)) € D S2n. X" We further
claim that

T =0 UYsiy(ps(0)) = {x0, X1, .- ., Xn, Y (9(x0)), - . ., Y (@(xn))}
is a simplex in 952277 x- Let 0 < i < n. It suffices to show that wx (x;, ¥ (¢(x")) <

5+ 2n.
Notice that from the reformulation of dxs (Proposition 9), we have

Cxy(p,¥)= max |ox(x, ¥ (y) —oy(p), y)l =n.
(x,y)eXxXY
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Let y = ¢(x'). Then |wx (x;, ¥ (y)) — wy (¢(x;), y)| < n. In particular,
wx (xi, Y(p(x")) < wy(p(xi), o(x) + 1 < wx(x;, x") +2n < 5+ 2.

Since 0 < i < n were arbitrary, it follows that t € Z)(SS‘H x- Thus ¥4, o @5 and
ss,542n are contiguous. Similarly, we use the dis(y/) and Cy, X(I// @) terms to verify
that 75 542, and @54, o Y5 are contiguous.

The result now follows by an application of Lemma 8. O

Remark 16 The preceding proposition shows that the Dowker persistence diagram
is robust to noise in input data, and that the bottleneck distance between Dowker
persistence diagrams arising from two networks can be used as a proxy for computing
the actual network distance. Note the analogy with Remark 13.

Both the Dowker and Rips filtrations are valid methods for computing persistent
homology of networks, by virtue of their stability results (Propositions 12 and 15).
However, we present the Dowker filtration as an appropriate method for capturing
directionality information in directed networks. In Sect. 6 we discuss this particular
feature of the Dowker filtration in full detail.

Remark 17 (Symmetric networks) In the setting of symmetric networks, the Dowker
sink and source simplicial filtrations coincide, and so we automatically obtain
Dgm3°(X) = Dgmj!(X) for any k € Z, and any (X, wx) € N.

Remark 18 (The metric space setting and relation to witness complexes) When
restricted to the setting of metric spaces, the Dowker complex resembles a construction
called the witness complex (De Silva and Carlsson 2004). In particular, a version of the
Dowker complex for metric spaces, constructed in terms of landmarks and witnesses,
was discussed in Chazal et al. (2014), along with stability results. When restricted to
the special networks that are pseudo-metric spaces, our definitions and results agree
with those presented in Chazal et al. (2014).

5.1 The functorial Dowker theorem and equivalence of diagrams

Let (X, wx) € N,andlet§ € R be such that Rs x is nonempty. By applying Dowker’s
theorem (Theorem 1) to the setting ¥ = X, we have Hy (@2% ¥) = Hi (QE?X), for any
k € Z4. We still have this equality in the case where Rs x is empty, because then
CDE‘ x and D’y are both empty. Thus we obtain:

Corollary 19 Let (X, wx) € N, 8 € R, and k € 7. Then,
H (@5 ) = H (D).

In the persistent setting, Theorem 1 and Corollary 19 suggest the following question:

Given a network (X, wx) and a fixed dimension k € 7., are the persistence
diagrams of the Dowker sink and source filtrations of (X, wx) necessarily equal?
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In what follows, we provide a positive answer to the question above. Our strategy
is to use the Functorial Dowker Theorem (Theorem 3), for which we will provide
a complete proof below. The Functorial Dowker Theorem implies equality between
sink and source persistence diagrams.

Corollary 20 (Dowker duality) Let (X, wx) € N, and letk € Z.. Then,
Dgm} (X) = Dgm{(X).

Thus we may call either of the diagrams above the k-dimensional Dowker diagram of
X, denoted ng]:(g (X).

Before proving the corollary, we state an R-indexed variant of the Persistence
Equivalence Theorem (Edelsbrunner and Harer 2010). This particular version follows
from the isometry theorem (Bauer and Lesnick 2014), and we refer the reader to Chazal
et al. (2016, Chapter 5) for an expanded presentation of this material.

Theorem 21 (Persistence equivalence theorem) Consider two persistence vector

”w
spaces U = {U° LN Ul }5<3/ER and V = {V? —8—8—> v }5<5/6R with connect-

ing maps fs : U — V9.

- oY v
[fs |.fa’ |.fa"
e v v

If the fs are all isomorphisms and each square in the diagram above commutes,
then:

Dgm(U) = Dgm(V).

Proof of Corollary 20 Let § < &' € R, and consider the relations Rs.x € Ry x C
X x X. Suppose first that Rs x and Ry x are both nonempty. By applying Theo-
rem 3, we obtain homotopy equivalences between the source and sink complexes that
commute with the canonical inclusions up to homotopy. Passing to the kth homology
level, we obtain persistence vector spaces that satisfy the commutativity properties of
Theorem 21. The result follows from Theorem 21.

In the case where Rs x and Ry x are both empty, there is nothing to show because
all the associated complexes are empty. Suppose Rs x is empty, and Ry x is nonempty.
Then @2‘ x and BDEOX are empty, so their inclusions into @;‘/ y and CD(}‘? x induce zero
maps upon passing to homology. Thus the commutativity of Theorem 21 is satisfied,
and the result follows by Theorem 21. O

The proof of the Functorial Dowker Theorem It remains to prove Theorem 3. Because
the proof involves numerous maps, we will adopt the notational convention of adding
a subscript to a function to denote its codomain—e.g. we will write fp to denote a
function with codomain B.
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First we recall the construction of a combinatorial barycentric subdivision (see
Dowker 1952, §2; Lefschetz 1942, §4.7; Barmak 2011, Appendix A).

Definition 2 (Barycentric subdivisions) For any simplicial complex X, one may con-
struct a new simplicial complex >M called the first barycentric subdivision, as
follows:

=M :={lo1,02....,0p] 101 S0 C-+- Cop, eacho; € T}.

Note that the vertices of =1 are the simplices of X, and the simplices of V) are
nested sequences of simplices of X. Furthermore, note that given any two simplicial
complexes ¥, E and a simplicial map f : ¥ — E, there is a natural simplicial map
=M 5 20 defined as:

Vo1, ....0pD) :=[f©@1),..., f6p)], 01 C02C...,0p, eacho; € X.

To see that this is simplicial, note that f(o;) € f(o;) whenever o; C 0. As a
special case, observe that any inclusion map ¢ : ¥ < E induces an inclusion map
(D@ oy 5,

Given a simplex ¢ = [xg, ..., xx] in a simplicial complex X, one defines the
barycenter to be the point B(o) := Zf:o ﬁxi € |X|. Then the spaces =M and
| 2| can be identified via a homeomorphism &}y : || — || defined on vertices
by £iz(0) := B(o) and extended linearly.

Details on the preceding list of definitions can be found in Munkres (1984, §2.14—
15, 2.19), Spanier (1994, §3.3—4), and also Barmak (2011, Appendix A). The next
proposition follows from the discussions in these references, and is a simple restate-
ment of Barmak (2011, Proposition A.1.5). We provide a proof in the appendix for
completeness.

Proposition 22 (Simplicial approximation to &,) Let ¥ be a simplicial complex, and
let & : =V — % be a simplicial map such that ®(c) € o for each ¢ € X. Then
|D| ~ g|2\.

We now introduce some auxiliary constructions dating back to Dowker (1952) that
use the setup stated in Theorem 3. For any nonempty relation R € X x Y, one may
define (Dowker 1952, §2) an associated map @, : E g) — Ep as follows: first define
@, on vertices of £ g) by @, (0) = s,, where s, is the least vertex of o with respect
to the total order. Next, for any simplex [o7, ..., ok] of Eg), where o1 C --- C oy,
we have ®g,(0;) = 55, € o forall 1 <i < k. Thus [Pg,(01),..., Prylor)] =
[Soys Sos» - - - » S0 1 1s aface of oy, hence a simplex of X. This defines ® g, as a simplicial

map Eg) — ERg. This argument also shows that ® g, is order-reversing: if o C o”,
then CDER(U) > @ER(O'/).
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Remark 23 Applying Proposition 22 to the setup above, one sees that [P g, | >~ &g
After passing to a second barycentric subdivision E ;2) (obtained by taking a barycen-
tric subdivision of Eg) ) and obtaining a map : Eg) — Eg), one also has

P ~
1P gl =&

)
ER

D
EY|

One also defines (Dowker 1952, §3) a simplicial map W, : E g) — Fp as follows.
Given a vertex o = [xg, ..., Xx] € Eg), one defines Wr, (o) = y,, for some y, € ¥
such that (x;, yo) € R for each i. To see why this vertex map is simplicial, let ¢ =
[00, . .., ok] be a simplex in Eg). Let x € og. Then, because oy C 01 C --- C oy, wWe
automatically have that (x, Wr,(0;)) € R, foreachi =0, ..., k. Thus ¥r, (W) is
a simplex in Fg. This definition involves a choice of y, when writing Vg, (o) = ys,
but all the maps resulting from such choices are contiguous (Dowker 1952, §3).

The preceding map induces a simplicialmap ¥ ) : E g) — F I(Ql) as follows. Given

F
avertex TV =[19, ..., 4] € Eg), i.e. a simplex in Eg), we define W 1) () .=
R
[WEe(70), ..., Wrg (tr)]. Since W, is simplicial, this is a simplex in Fg, i.e. a vertex
in F](el). Thus we have a vertex map W) : Eg) — F,gl). To check that this map is
R

simplicial, let 7® = [rél), . 1:1(,1)] be a simplex in El(ez). Then rél) - 71(]) c...C

r,(,]), and because W, is simplicial, we automatically have

1 1
Wrp (15") S Wrp(r{)) € - € W (zfV).
Thus W0, (r®) is a simplex in Fjy.
R

Proof of Theorem 3 We write F I(QZ) to denote the barycentric subdivision of F (D and

obtain simplicial maps ® : Fl(ez) — Fl(el),CDFR : Fl(el) — Fp, ¥ : Fl(f) — Eg),

0 m
FR ER

and W, : Eg) — Fg as above. Consider the following diagram:

(2) 2)
F§ Fy @

)
FR'
\
N
(1
Y Fp,
ry \ R Pry
| . N
- .
Vi, F) ==
R - 0y
T \
.- v \ P
o
N

We proceed by claiming contiguity of the following.
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(1) (2) (1
Fy Fy WFR T>FR
Fr K
L
Fr Vg
2) (1) (1)
Ey *}d)l“ Ey *HPI,‘ Eg Ey
a4
2) (1) (1)
_ _—
Fy > Fr Fp Y Fr
F R
* Ve
&
Vi /
"o
D PR
(1) R (2) R (1
_— _—
EY Ep ES £

Claim 1 More specifically:

(1) ®gg 0 <I>E<1> and Vg, o \IJF,(J) are contiguous.

(2) @y o0 CDF;;)

(3) WEg o CDFa) and @, o ‘I’Em are contiguous.
R

(4) Wpg 0 dDEg) and ® g, o \IJF](:) are contiguous.

and W, o \I/Em are contiguous.
R

Items (1) and (3) appear in the proof of Dowker’s theorem (Dowker 1952, Lemmas
5, 6), and it is easy to see that a symmetric argument shows Items (2) and (4). For
completeness, we will verify these items in this paper, but defer this verification to the

end of the proof.
By passing to the geometric realization and applying Proposition 7 and Remark 23,

we obtain the following from Item (3) of Claim 1:

Wegl o [P | = [PEglo W ml,
R R
|WEg| o SIF,(;DI >~ &gyl 0 N’Eg)" (Remark 23)
(€ is a homeomorphism, hence invertible)

Ephy 0 WEgl 0 & |

FO) o~ E%1)|.
Replacing this term in the expression for Item (2) of Claim 1, we obtain:

(Wrpl o Wpi | > [Prel o |P | = Ejrg) 0 € pan.
1 ~
|W gl Og\ER| o |WEgglo gng)‘ >~ & Fy| °5|Fg)|’

(Wrpl 0 &5k 0 [Wagl 0 & = idjfy -
Similarly, we obtain the following from Item (4) of Claim 1:
[Wrel 0 1@ 0| = [@py] 0 [W 0], 50 Epy 0 [Wigl 0 & o] = 1.
Replacing this term in the expression for Item (1) of Claim 1, we obtain:

Wegl o [Wpn | = | PEgl 0 1P pn| = Ejgy 0 & pu),
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|\I’ER|08|}L‘O|\I/FR|OE ElEgl 0 &

n| = 1
] IER|

—1 —1 .
[WEgl o 8|FR‘ o|Wrglo g|ER| > idj gy

Define I'\g,| : |Frl = |ER| by I'gg| = |WEg| 0 gl}}el‘ Then T'|g, is a homotopy
equivalence, with inverse given by |Wg,| o 5\751,3 E This shows that |Fg| >~ |Eg]|, for
any nonempty relation R € X x Y.

Next we need to show that I'| g,| commutes with the canonical inclusion. Consider

the following diagram, where the ¢, maps denote the respective canonical inclusions
(cf. Definition 2):

Lp

) 1)
Fp Fr
J':DFR CDFR/J
'
v/ Fa—— s Fp N\,
Er ‘£ Eg

Claim2 (g o Vg, and VE, oLlpw are contiguous.
Claim3 p o ®p, and O, o Lpq) are contiguous.

Suppose Claim 3 is true. Then, upon passing to geometric realizations, we have:

ltrl 0 E g = |trl o [ @pp| = [P F, o ltpmy] = EjFy 0 ltpm],

—1
5|FR’| o) |LF| ) 8|FR\ ~ |LF(1)|.
Suppose also that Claim 2 is true. Then we have:

WEgloltpm| = tel o [WEgl,

71 ~
IWEg |0 & g, 0ltrlo&lrp = ItEl 0 |WEgl,
—1 ~ -1
IWEg [0 &g, 0ltrl = ltel o [WEgl 0 & s e

Cig o ltrl = |tel o D)Eg)-
This proves the theorem. It only remains to prove the various claims.

Proof of Claim 1 In proving Claim 1, we supply the proofs of Items (2) and (4). These
arguments are adapted from Dowker (1952, Lemmas 1, 5, and 6), where the proofs of
Items (1) and (3) appeared.

For Item (2), let @ = [ré]), ...,tk(l)] be a simplex in F(z), where ré]) -
. C rk(l) is a chain of simplices in F 1({1)' By the order-reversing property of the

map ¢ we have that ®F1(€l)(r(§1)) D) <I>F1<€1)(1:i(1)) foreachi = 0, ..., k. Define

(1)
Fp”
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X 1= W (®,0(75")). Then (x,y) € R for each y € ® . (z5"). But we also
R R
have (x, @, ((bF(l) (ri(l)))) € Rforeachi =0, ..., k, because @, (dDFa) (ti(l))) €
R R
q>Fg>(ri<”) C Dy (zy") foreachi =0, ..., k.

1

Next let 0 < i < k. For each t € 1 (1))

, we have Wg,(7) € \IJE(l)(‘L'l-
R
(by the definition of \IIE(U). Because <I>F(1>(r(§l)) S r(gl) - ri(l), we then have
R R
x=WVg, (dDFa)(rél))) € \I'E(l)(ti(l)), which is a vertex of Eg) or alternatively a sim-
R R
plex of Eg. But then, by definition of W, , we have that (x, ¥, (\IJEU) (tl.(l)))) € R.
R
This holds for each 0 < i < k. Since 7@ was arbitrary, this shows that ® g, o ® F
R
and W, o \IlE(l) are contiguous.
R

For Item (4), let c® = [oél),...,ok(])] be a simplex in Eg). Let 0 <
i < k. Then J(;l) c ... C O’k(l), and dDE;el) (al.(l)) € ol.(l) C Jk(l). So
\IJFR(CDEU)(Ui(l))) € \IJF<1>(ak(1)). On the other hand, we have \I'Fu)(al.(])) -

R R R
1 1 1 1 . . .
\IJFS) (ak( )). Then GDFR(\IJFéU(oi( ))) € \I—’Fél)(O'i( )) - \I/Fg) (ak( )). Since i was arbi-
trary, this shows that Wg, o ® £ and @, oW F both map the vertices of 0@ to the
R R

simplex W FY (ak(l)), hence are contiguous. This concludes the proof of the claim. O

ProofofClaim2 Let tV) = [v, 71, ..., 7] € Fl(el), where i C 11 € --- C 1 isa
chain of simplices in Fg. Then LF(l)(‘E(l)) =1, and VE, (1,'(1)) = [Xg, ..., Xg ],
for some choice of x, terms. Also we have (g o W, (t(l)) = [xéo, - x;k] for some

other choice of x;l, terms. For contiguity, we need to show that

[Xrgs oo Xgps Xpgs oo X7, ] € ERr.
But this is easy to see: letting y € 79, we have {(x,o, V)sooos (Xg, y), (xéo, V)yeens
(xék, y)} C R. Since V) was arbitrary, it follows that we have contiguity. O
Proofof Claim3 Let tV = [19,71,..., 7] € FY, whereto C 71 € --- C 14 is a

chain of simplices in Fg. Then ® r, (7;) € 74 foreach0 <i < k. Thus tr o @, (r(l))
is a face of 1. Similarly, D, o LF(l)(‘E(l)) is also a face of 7. Since t1 was an

arbitrary simplex of F(l), it follows that tf o ® £, and Op, o Lpa) are contiguous. O

5.2 The equivalence between the finite FDT and the simplicial FNTs

In this section, we present our answer to Question 1. We begin with a weaker formu-
lation of Theorem 3 and some simplicial Functorial Nerve Theorems.

Theorem 24 (The finite FDT) Let X, Y be two totally ordered sets, and without loss of
generality, suppose X is finite. Let R € R’ C X x Y be two nonempty relations, and
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let ER, Fr, Eg/, Fg' be their associated simplicial complexes (as in Theorem 3). Then
there exist homotopy equivalences U'|gg| @ |FR| — |ER| and U\, : |[Fr'| — |ER/|
that commute up to homotopy with the canonical inclusions.

The finite FDT (Theorem 24) is an immediate consequence of the general FDT
(Theorem 3).

Definition 3 Let A = {A;},<; be a family of nonempty sets indexed by /. The nerve of
A is the simplicial complex NV (A) := {o € pow([) : o is finite, nonempty, and N;c,
A; # ).

Definition 4 (Covers of simplices and subcomplexes) Let X be a simplicial complex.
Then a collection of subcomplexes Ay = {X;};c; is said to be a cover of subcomplexes
for X if ¥ = U;¢; ;. Furthermore, Ay is said to be a cover of simplices if each
3; € Ay has the property that 3; = pow(V (%;)). In this case, each ; has precisely
one top-dimensional simplex, consisting of the vertex set V (%;).

We present two simplicial formulations of the Functorial Nerve Theorem that turn
out to be equivalent; the statements differ in that one is about covers of simplices and
the other is about covers of subcomplexes.

Theorem 25 (Functorial nerve I) Let ¥ C X/ be two simplicial complexes, and let
As = {Zi}ier, Asr = {E]}icr be finite covers of simplices for ¥ and X' such that
I CI'and 3; C X} for each i € I. In particular, card(I') < oo. Suppose that for
each finite subset o C I, the intersection Njcy Zlf is either empty or contractible (and
likewise for Nics Xi). Then |Z| >~ |N(Ax)| and |Z'| >~ |N(Agx)|, via maps that
commute up to homotopy with the canonical inclusions.

Theorem 26 (Functorial nerve II) The statement of Theorem 25 holds even if Ay, and
As are covers of subcomplexes. Explicitly, the statement is as follows. Let ¥ C ¥/ be
two simplicial complexes, and let Ay, = {Z;}ier, As = {Elf},'ep be finite covers of
subcomplexes for ¥ and ¥ suchthat I € I' and 5; C X foreachi € 1. Inparticular,
card(I') < oc. Suppose that for each finite subset o C I', the intersection Nicq X!
is either empty or contractible (and likewise for Nicy Ti). Then |Z| >~ |N(Ag)]
and |¥'| >~ |N(Ag)|, via maps that commute up to homotopy with the canonical
inclusions.

The following result summarizes our answer to Question 1.

Theorem 27 (Equivalence) The finite FDT, the FNT I, and the FNT II are all equiva-
lent. Moreover; all of these results are implied by the FDT, as below:

Theorem 25
Theorem 3 ——— Theorem 24 <———————— Theorem 26

We present the proof of Theorem 27 over the course of the next few subsections.

Remark 28 By virtue of Theorem 27, we will write simplicial FNT to mean either of
the FNT I or FNT II.
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Theorem 24 implies Theorem 25

Proof of Theorem 25 Let V, V' denote the vertex sets of X, ¥/, respectively. We define
the relations R € V x I and R C V' x I’ as follows: (v,i) € R < v € %;
and (v',i’) € R" <= v/ € X]. Then R C R/, the set I is finite by assumption,
and so we are in the setting of the finite FDT (Theorem 24) (perhaps invoking the
Axiom of Choice to obtain the total order on V). It suffices to show that Er = X,
Ep =%, Fgr =N(Ax),and Fpr = N (Asxy), where Eg, Eg/, Fg, Fg are as defined
in Theorem 3.

First we claim the Eg = X. By the definitions of R and E, we have Eg = {0 C
V: diel, wi)e RVveol={cCV: diel, ve X, Vv eoao}
Letoc € Egp,and leti € I be such that v € %; for all v € 0. Then 0 C V(%;),
and since ¥; = pow(V (%;)) by the assumption about covers of simplices, we have
o € %; C ¥.Thus Eg € X. Conversely, let 0 € ¥. Then o € X; for some i. Thus
for all v € o, we have (v, i) € R. It follows that 0 € Eg. This shows Ex = X. The
proof that Egp = ¥ is analogous.

Next we claim that Fg = N (Ayx). By the definition of Fg, we have Fp = {t C
I: veV, (vyiye RViert} Lett € Fg,andletv € V be such that (v,i) € R
foreachi € t. Then Nje; X; # &, and so T € N (Ag). Conversely, let T € N (Ayx).
Then Nje; X; # I, so there exists v € V such that v € ¥; for each i € 7. Thus
o € Fg. This shows Fg = N (Ayx). The case for R’ is analogous.

An application of Theorem 24 now completes the proof. O

Theorem 26 implies Theorem 24

Proof Let X and Y be two sets, and suppose X is finite. Let R € R’ € X x Y
be two relations. Consider the simplicial complexes Eg, Fr, Eg/, Fg as defined in
Theorem 3. Let Vg := V(ER). For each x € Vg, define Ay :={t € Fgp: (x,y) €
Rforall y € t}. Then A, is a subcomplex of Fg. Furthermore, Uycy, Ay = Fg. To
see this, let T € Fg. Then there exists x € X such that (x, y) € R forall y € 7, and
SOT € Ay.

Let A := {A, : x € Vg}. We have seen that A is a cover of subcomplexes for Fg.
It is finite because the indexing set Vg is a subset of X, which is finite by assumption.
Next we claim that N (A) = Eg. Let 0 € Eg. Then there exists y € Y such that
(x,y) € Rforall x € 0. Thus Nyes Ay # &, and so o € N (A). Conversely, let
o € N(A). Then Nyes Ay # @, and so there exists y € Y such that (x, y) € R for
allx € 0. Thus o € Eg.

Next we check that nonempty finite intersections of elements in A are contractible.
Leto € N(A) = Eg. Let Vy := Ny V(Ax) € V(Fg). We claim that Nyeg Ay =
pow(V,), i.e. that the intersection is a full simplex in Fg, hence contractible. The
inclusion Nyes Ax € pow(V,) is clear, so we show the reverse inclusion. Let T €
pow(Vy),andlet y € 7. Then y € Nyes Ax, S0 (x, ¥) € R for each x € o. This holds
foreach y € 7, so it follows that T € Nyeg Ax. Thus Nyep Ay = pow(V, ). We remark
that this also shows that A is a cover of simplices for Fg.
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Now for each x € V(Eg:), define A, := {r € Fp : (x,y) € R forall y € t}.
Also define A’ := {A], : x € V(Eg)}. The same argument shows that .4’ is a finite
cover of subcomplexes (in particular, a cover of simplices) for Fg/ with all finite
intersections either empty or contractible, and that Eg: = A (A’). An application of
Theorem 26 now shows that |Eg| >~ |Fr| and |Eg/| >~ | Fg/|, via maps that commute
up to homotopy with the inclusions |Eg| < |Eg/| and |FR| < |Fg/|. O

Theorem 25 implies Theorem 26

We lead with some remarks about the ideas involved in this proof. Theorem 26 is
a functorial statement in the sense that it is about an arbitrary inclusion ¥ € X',
Restricting the statement to just X would lead to a non-functorial statement. A proof
of this non-functorial statement, via a non-functorial analogue of Theorem 25, can be
obtained using techniques presented in Bjorner et al. (1985) (see also Kozlov 2007,
Theorem 15.24). We strengthen these techniques to our functorial setting and thus
obtain a proof of Theorem 26 via Theorem 25.

We first present a lemma related to barycentric subdivisions and several lemmas
about gluings and homotopy equivalences. These will be used in proving Theorem 26.

Definition 5 (Induced subcomplex) Let ¥ be a simplicial complex, and let A be a
subcomplex. Then A is an induced subcomplex if A = X N pow(V (A)).

Lemma 29 Let X be a simplicial complex, and let A be a subcomplex. Then AW is
an induced subcomplex ofE(l), ie. AU =3 n pow(V(A(l))).

Proof Let o be a simplex of A, Then o belongs to (I, and also to the full
simplex pow(V(A(l))). Thus AV € M N pow(V(A(l))). Conversely, let o €
PON pow(V(A(l))). Since 0 € TW we can write 0 = [0, ..., k], where
790 € --- C 1%. Since 0 € pow(V(A(l))) and the vertices of A1) are simplices
of A, we also know that each 7; is a simplex of A. Thus 0 € AW, The equality
follows. m]

Lemma 30 (Carrier Lemma, Bjorner et al. 1985 §4) Let X be a topological space, and
let X be a simplicial complex. Also let f, g : X — |X| be any two continuous maps
such that f(x), g(x) belong to the same simplex of | Z|, for any x € X. Then f ~ g.

Lemma 31 (Gluing Lemma, see Lemmas 4.2,4.7, 4.9, Bjorner et al. 1985) Let ¥ be a
simplicial complex, and let U C V (X). Suppose | Npow(U)| is contractible. Then
there exists a homotopy equivalence ¢ : | X U pow(U)| — |X|.

The Gluing and Carrier Lemmas presented above are classical. We provide full
details for the Gluing lemma inside the proof of the following functorial generalization
of Lemma 31.

Lemma 32 (Functorial Gluing Lemma) Let > C X' be two simplicial complexes. Also

let U C V() and U C V(X') be such that U C U’. Suppose |~ N pow(U)| and
|Z" N pow(U’)| are contractible. Then,
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(1) There exists a homotopy equivalence ¢ : |X U pow(U)| — |Z| such that ¢(x)
and id|zupow(v)| (x) belong to the same simplex of | X U pow(U)| for each x €
|Z U pow(U)|. Furthermore, the homotopy inverse is given by the inclusion
LX) = |2 Upow(U)]|.

(2) Given a homotopy equivalence ¢ : | X Upow(U)| — |X| as above, there exists a
homotopy equivalence ¢’ : X' U pow(U’)| — || such that ¢'||supow )| = ¢
and ¢'(x) and id|zupow ()| (x) belong to the same simplex of |X" U pow(U")]
for each x € |X' Upow(U")|. Furthermore, the homotopy inverse is given by the
inclusion ! : |X'| < |Z/ U pow(U")|.

Proof of Lemma 32 The proof uses this fact: any continuous map of an n-sphere S” into
a contractible space Y can be continuously extended to a mapping of the (n 4 1)-disk
D"+ into ¥, where D"*! has S” as its boundary (Spanier 1994, p. 27). First we define
¢.On | X|, define ¢ to be the identity. Next let o be a minimal simplex in | pow(U)\ X|.
By minimality, the boundary of ¢ (denoted Bd(o)) belongs to |~ Npow(U)|, and |X|
in particular. Thus ¢ is defined on Bd(o), which is an n-sphere for some n > O.
Furthermore, ¢ maps Bd(o) into the contractible space |X N pow(U)|. Then we use
the aforementioned fact to extend ¢ continuously to all of ¢ so that ¢ maps o into
|2~ Npow(U)|. Furthermore, both id|supow(v)|(0) = o and ¢ (o') belong to the simplex
| pow(U)|. By iterating this procedure, we obtain a retraction ¢ : | U pow(U)| —
| 2| such that ¢(x) and x belong to the same simplex in | U pow(U)|, for each
x € |ZUpow(U)|. Thus ¢ is homotopic to id|zupow()| by Lemma 30. Thus we have
a homotopy equivalence:

idyg =¢ot, togp ~idizupoww)| - (heret = (x| |sUpow)])

For the second part of the proof, suppose that a homotopy equivalence ¢ : |X U
pow(U)| — |X| as above is provided. We need to extend ¢ to obtain ¢’. Define ¢’ to
be equal to ¢ on | X Upow(U)|, and equal to the identity on G := |X/|\|Z Upow(U)|.
Let o be a minimal simplex in | pow(U’)|\G. Then by minimality, Bd(o) belongs to
|Z" N pow(U")|. As before, we have ¢’ mapping Bd(o) into the contractible space
| = Npow(U")|, and we extend ¢’ continuously to a map of o into | X’ Npow(U")|. Once
again, id|x/Upow(vy| (x) and ¢’ (x) belong to the same simplex | pow(U")|, forall x € o.
Iterating this procedure gives a continuous map ¢’ : | X' Upow(U’)| — |X’|. This map
is not necessarily a retraction, because there may be a simplex o € | Upow(U)|N|Z’|
on which ¢’ is not the identity. However, it still holds that ¢’ is continuous, and that
x, ¢ (x) get mapped to the same simplex for each x € |Z'Upow(U")|. Thus Lemma 30
still applies to show that ¢’ is homotopic to id|s/Upow(u7))-

We write ¢’ to denote the inclusion ¢’ : |X/| < |’ U pow(U’)|. By the preceding
work, we have " 0 ¢" > id|s/upow(v7)- Next let x € |X’|. Then either x € |Z/|N[Z U
pow(U)|, or x € G. In the first case, we know that ¢’(x) = ¢(x) and idjg(x) =
id|supow(v)| (x) belong to the same simplex of |[X U pow(U)| by the assumption on
. In the second case, we know that ¢’(x) = x = id|z/(x). Thus for any x € |X’[,
we know that ¢’(x) and id|x|(x) belong to the same simplex in | X" U pow(U")|. By
Lemma 30, we then have ¢'||x/| > id|x/|. Thus ¢’ ot >~ id|5|. This shows that ¢’ is
the necessary homotopy equivalence. O
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Now we present the proof of Theorem 26.
Notation Let / be an ordered set. For any subset J C I, we write (J) to denote the
sequence (j1, j2, j3, - - .), where the ordering is inherited from the ordering on /.

Proof of Theorem 26 The first step is to functorially deform Ay and Ay into covers
of simplices while still preserving all associated homotopy types. Then we will be
able to apply Theorem 25. We can assume by Lemma 29 that each subcomplex X; is
induced, and likewise for each Zlf . We start by fixing an enumeration I’ = {I1, I, .. .}.
Thus I’ becomes an ordered set.

Passing to covers of simplices 'We now define some inductive constructions. In what
follows, we will define complexes denoted X°, X'® obtained by “filling in” ¥ and X’

while preserving homotopy equivalence, as well as covers of these larger complexes
denoted %, ,, X, ,. First define:

s . | ZUpow(V(E) ifli el
X . otherwise.

2 = % Upow(V(%))).
Next, for all i € I, define

i Upow(V(Z) NV(Zy,)) :ifly el
T T ) e

% : otherwise.

And for alli € I, define

2,{’(11) = % Upow(V(Z) N V(Z))).

.....

,,,,,

Sl ) St U pow(V (Sh,y y,t) ¢ i lngr €1
> Usesln) : otherwise.

For alli € I, we have

i (U1 b bur1)

) Eiwb) YPoWV (Ei @y y.0) N V(L. 0)) il €1
| Zianhen : otherwise.

And for alli € I’, we have
Z b)) = B0y I POV (E 1) OV i)
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Finally, for any n < card(l’), we define Asx ¢,...1,) = {Zi.q,..1,) : i € I} and
Asr @y, = {21{,(1|,...,ln) . i € I'}. We will show that these are covers of X (1-/2:/n)
and ©'(¢1-12-1) | respectively.

The next step is to prove by induction that for any n < card(/’), we have
2] = | Bl and 2] = |20k that N(As) = N(As ay,..00)
and N'(Ax/) = N(As/ ¢, 1....1,))> and that nonempty finite intersections of the new
covers Asx, ,.1»....1,)» As’ a4, 1.....1,) Temain contractible. For the base case n = 0, we
have ¥ = X0, &/ = %’0. Thus the base case is true by assumption. We present the
inductive step next. O

Claim 4 For this claim, let o denote 1y, ...,1,, where 0 < n < card(I’). Define
| := I, 41. Suppose the following is true:

(1) The collections As (o) and As () are covers of £® and £'®.

(2) The nerves of the coverings are unchanged: N(As) = N(Asx (o)) and
N(As) = N(As/ (o))

(3) Each of the subcomplexes Zj (o), i € I, and E}’(.), j € I' is induced in ©® and
') respectively.

(4) Leto C I.IfNico Xi (o) IS nonempty, then it is contractible. Similarly, let T C I,
If Njer E;’(.) is nonempty, then it is contractible.

(5) We have homotopy equivalences |X| =~ =@ and |Z/| ~ |Z'®| via maps that
commute with the canonical inclusions.

Then the preceding statements are true for s wred) As (o1, and Asy (o) as
well.

Proof For the first claim, we have £(*) = % U Pow(V (X (o)) € Uiecr Xi (o)
For the inclusion, we used the inductive assumption that ¥ ) = Ui T i (e)- Similarly,
x/(D c UieI’E,{,(.,ly

For the second claim, leti € I.Then V(Z; (,)) = V(X;), and in particular, we have
V(% (e,)) = V(Zi e)) = V(Z;). Next observe that for any o C I, the intersection

NiceZi G = NicaV(Zi) # T = Nico V(Zi (o.1)
# T = NicoZi (o) #D.

Thus N (Ax) = N(AZ,(.)) = N(Az,(.,l)), and similarly N (As/) = N(AE/,(.)) =
N(As/ (o))

For the third claim, again leti € I.If [ ¢ I, then ¥; (o.;) = i (e), SO We are done
by the inductive assumption. Suppose [ € I. Since X; (o) is induced by the inductive
assumption, we have:

i o1y = Zi (o) U (PoW(V (Zi o) NV (Z,(e))))
= (@ N pow(V(Zi () U (pow(V (Zi () N pow(V (Zi,(a))))
= (2@ Upow(V (Z,))) Npow(V (i (4))
= 2D N pow(V(Zi ) = =V N pow(V (Z; (o))
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Thus X; (s 1) is induced. The same argument holds for the I’ case.
For the fourth claim, let ¢ C I, and suppose N;eqs Zi, (o,/) 1S Nonempty. By the
previous claim, each X; (, ) is induced. Thus we write:

Nico Zi o) = 2D Npow(Nico V(i (o))
= 2D Npow(Nico V(Ti o))
= (2@ U pow(V (Z,6)) N pow(Nico V(Ti ()
= (Nieo (2 N pow(V (Ti (0)))))
Upow(Nico V(X () NV (Z (0))
= (Nieo Zi (o)) UPOW(Nics V(Zi (o)) N V(X (0)))-

For convenience, define A := (Njeq i, (o)) and B := pow(Njco V (i o)) NV (X1, (e)))-
Then |A]| is contractible by inductive assumption, and |B| is a full simplex, hence
contractible. Also, A N B has the form

(Nieo (X N pow(V (Ti )))) N pow(Nico V (Zi(0) NV (Zi, (o))
=32® Npow(Njeo V(Zi@) NV(Z,e)
= Nico Zi.(e) N Tt (o)

and the latter is contractible by inductive assumption. Thus by Lemma 31, we have
|A U B| contractible. This proves the claim for the case o C I. The case T C I’ is
similar.

Now we proceed to the final claim. Since ¥ (o) is induced, we have %; o) =
=@ N pow(V (%, (e)))- By the contractibility assumption, we know that |X; (a)| is
contractible. Also we know that |E[” @l = |z N pow(V(El” (»y))| is contractible.
By assumption we also have V(X 4)) < V(El’y(.)). Thus by Lemma 32, we obtain
homotopy equivalences ®; : || — |=®)| and ;- |z/D| — |Z®)| such
that ®; extends ®;. Furthermore, the homotopy inverses of ®; and ®; are just the
inclusions |Z®)| < |Z®D| and |Z/©®)| — |z,

Now let ¢ : |[Z@®| — |Z/®] and ; : |[Z®D| — |Z/®D]| denote the canonical
inclusions. We wish to show the equality @; oy =1to®;. Letx € || Because
@) extends ®; (this is why we needed the functorial gluing lemma), we have

Q) (14 (x)) = Pj(x) = Pi(x) = (P (x)).

Since x € |=(*)| was arbitrary, the equality follows immediately. By the inductive
assumption, we already have homotopy equivalences | ()| — |Z|and |Z/®| — ||
that commute with the canonical inclusions. Composing these maps with ®; and ®;
completes the proof of the claim. O

By the preceding work, we replace the subcomplexes %;, X by full simplices of the

form X (e,1), 2 l/ (o) In this process, the nerves remain unchanged and the complexes

/(e,

¥, %/ are replaced by homotopy equivalent complexes £ (*9, ¥/(*!) Furthermore,
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this process is functorial—the homotopy equivalences commute with the canonical
inclusions ¥ < £ and £’ «— n'(),

Repeating the inductive process in Claim 4 for all the finitely many / € I yields
a simplicial complex ) along with a cover of simplices As ). We also perform
the same procedure for all [ € I’\I (this does not affect ¥ /) to obtain a simplicial
complex £'") along with a cover of simplices Ay (). Furthermore, £V and %')
are related to ¥ and X’ by a finite sequence of homotopy equivalences that commute
with the canonical inclusions. Also, we have N'(Ax) = N (Ax (1)) and N (Ag/) =
N (As (17y). Thus we obtain the following picture:

ISl |EWe—=—— = 120 —=— IN Az IV (A5)|
i ) LIy LN (1) N
=] = [z = e = IS0 —=— N (Azr, ) IV (As)|

By applying Theorem 25 to the block consisting of ||, |27, |V (As.7)| and
IN(Asr )|, we obtain a square that commutes up to homotopy. Then by composing
the homotopy equivalences constructed above, we obtain a square consisting of | 2|,
|Z'], IN(Asx)], and |V (Ax/)| that commutes up to homotopy. Thus we obtain homo-
topy equivalences || >~ |N(Ag)| and |X'| >~ |N (As/)| via maps that commute up
to homotopy with the canonical inclusions. O

6 Dowker persistence diagrams and asymmetry

From the very definition of the Rips complex at any given resolution, one can see
that the Rips complex is blind to asymmetry in the input data (Remark 14). In this
section, we argue that either of the Dowker source and sink complexes is sensitive
to asymmetry. Thus when analyzing datasets containing asymmetric information, one
may wish to use the Dowker filtration instead of the Rips filtration. In particular,
this property suggests that the Dowker persistence diagram is a stronger invariant for
directed networks than the Rips persistence diagram.

In this section, we consider a family of examples, called cycle networks, for which
the Dowker persistence diagrams capture meaningful structure, whereas the Rips per-
sistence diagrams do not.

We then probe the question “What happens to the Dowker or Rips persistence
diagram of a network upon reversal of one (or more) edges?” Intuitively, if either of
these persistence diagrams captures asymmetry, we would see a change in the diagram
after applying this reversal operation to an edge.

6.1 Cycle networks

Foreachn € N, let (X,,, E,,, Wg,) denote the weighted graph with vertex set X, :=
{x1,x2,...,x,}, edge set E, = {(x1,x2), (x2,x3), ..., (Xp—1, Xn), (xn, x1)}, and
edge weights Wi, : E,, — R given by writing Wg, (e) = 1 for each e € E,. Next
let wg, : X, x X, — R denote the shortest path distance induced on X,, x X,, by
WE,. Then we write G, := (X, wg,) to denote the network with node set X,, and
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weights given by wg, . Note that wg, (x, x) = 0 for each x € X,,. See Fig. 3 for some
examples.

We say that G, is the cycle network of length n. Cycle networks are highly asymmet-
ric because for every consecutive pair of nodes (x;, x;41) in a graph G,, where 1 <
mod (n) < n, we have wg, (x;, x;+1) = 1, whereas wg, (x;+1, x;) = diam(G,) =
n — 1, which is much larger than 1 when 7 is large.

To provide further evidence that Dowker persistence is sensitive to asymmetry, we
computed both the Rips and Dowker persistence diagrams, in dimensions 0 and 1,
of cycle networks G, for values of n between 3 and 6. Computations were carried
out using Javaplex in Matlab with Z, coefficients. The results are presented in
Fig. 3. Based on our computations, we were able to conjecture and prove the result
in Theorem 33, which gives a precise characterization of the 1-dimensional Dowker
persistence diagram of a cycle network G, for any n. Furthermore, the 1-dimensional
Dowker persistence barcode for any G,, contains only one persistent interval, which
agrees with our intuition that there is only one nontrivial loop in G,. On the other
hand, for large n, the 1-dimensional Rips persistence barcodes contain more than one
persistent interval. This can be seen in the Rips persistence barcode of Gg, presented
in Fig. 3. Moreover, for n = 3, 4, the 1-dimensional Rips persistence barcode does
not contain any persistent interval at all. This suggests that Dowker persistence dia-
grams/barcodes are an appropriate method for analyzing cycle networks, and perhaps
asymmetric networks in general.

Notation In the remainder of this section, we will prove results involving Dowker
sink complexes of the cycle networks G, and associated vector spaces at a range of
resolutions . For convenience, we will write Z)? = ’Dg‘ G, (where n will be fixed) and
C,‘E = Cy (@gi), the k-chain vector space associated to @gi for each k € Z.. For each
k € Z, the boundary map from C,f to C,ffl will be denoted 8,‘3. Whenever we write x;
to denote a vertex of G, the subscript i should be understood as i (mod n). We write e;
to denote the 1-simplex [x;, x;4+1] foreach 1 <i < n, where x,,41 is understood to be
x1. Given an element y € ker(alf ) C C?, we will write (y); to denote its equivalence
class in the quotient vector space ker(&,‘f)/ im(8,f). We will refer to the operation of
taking this quotient as passing to homology.

The following theorem contains the characterization result for 1-dimensional
Dowker persistence diagrams of cycle networks.

Theorem 33 Let G, = (X,,, wg,) be a cycle network for some n € N, n > 3. Then
we obtain:

Dgm?(G,) = {(1, m/2]) € RZ}.

Thus ng? (Gy) consists of precisely the point (1, [n/2]) € R? with multiplicity 1.

Proof of Theorem 33 The proof occurs in three stages: first we show that a 1-cycle
appears at § = 1, next we show that this 1-cycle does not become a boundary until
8 = [n/2], and finally that any other 1-cycle belongs to the same equivalence class
upon passing to homology (this shows that the single point in the persistence diagram
has multiplicity 1).
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/@D dowker-G3 (dimension 0) rips-G3 (dimension 0)

) 1 2 3 4 5 6
1 dowker-G3 (dimension 1)

The cycle network G'3 0 ! : : ‘ s oo ' : s ‘ s ¢
1 1
dowker-G4 (dimension 0) rips-G4 (dlsnwman 0)
@ o : 2 s . s .
dowker-G4 (dimension 1)
1 1
@ o 2 B T s s o ; 2 s . s .
The cycle network G4

dowker-G5 (dimension 0) rips-G5 (dimension 0)

o ' 2 3 4 5 6 0 1 2 3 4 5 6
dowker-G5 (dimension 1) § rips-G5 (dimension 1)

) ' 2 3 4 6 0 1 2 3 a 5 6
dowker-G6 (dimension 0) rips-G6 (dimension 0)

0 1 2 3 4 5 6 0 1 2 3 4 s 6
dowker-G6 (dimension 1) rips-G (dimension 1)

The cycle network G

Fig. 3 The first column contains illustrations of cycle networks G3, G4, G5 and G¢. The second column
contains the corresponding Dowker persistence barcodes, in dimensions 0 and 1. Note that the persistent
intervals in the 1-dimensional barcodes agree with the result in Theorem 33. The third column contains
the Rips persistence barcodes of each of the cycle networks. Note that for n = 3, 4, there are no persistent
intervals in dimension 1. On the other hand, for n = 6, there are two persistent intervals in dimension 1

Note that for § < 1, there are no 1-simplices in fsi, and so H; (Dzi) is trivial.
Suppose 1 < § < 2. O

Claim 5 There are no 2-simplices in CD(SSi forl <46 <2
Proof To see this, let x;, x;, x; be any three distinct vertices in X,,. Assume towards

a contradiction that there exists x € X, such that (x;, x), (x;, x), (xx, x) € Rs x,,
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where Rs x, is as given by Eq. 3. Thus wg, (x;, x) € {0, 1}, so either x = x; or
X = x;j41. Similarly we get that x = x; or x = x;41, and that x = x; or x = xg1.
But this is a contradiction, since x;, xj, xi are all distinct. O

By the claim, there are no 2-simplices in ©%, so im(ag) is trivial and the only
1-chains are linear combinations of ¢; terms. Next, we define:

vpi=eptex+ - +ey =[x, x2] + [x2, x3] + - - - + [xp, x1].

Note that v,, € C‘f for all § > 1. We also have Bf(v,,) = 0, for any § > 1. In other
words, v, is a 1-cycle for any § > 1.

Claim6 Let 1 < § < 2. Then v, generates ker(af) C C‘f.

Proof The only 1-simplices in Qgi are of the form ¢;, for 1 < i < n. So it suffices
to show that any linear combination of the ¢; terms is a multiple of v,. Let u =
Y aiei € ker(Bf), for some ay, ..., a, € K. Then,

n n
0=200a) =Y a;id)(e) =Y ai(lxit1] — [xi])
i=1 i=1
n
= Z(ai_l —a;i)[x;],  where xg is understood to be x;,.
i=1

Since all the [x;] are linearly independent, it follows that a; = a; = - -- = a,. Thus
it follows that u is a constant multiple of v,. This proves the claim. O

By the two preceding claims, it follows that {(v,)s} is a basis for H (@fsi), for
8 € [1,2). More specifically, (v,)s is a cycle that appears at § = 1 and does not
become a boundary until at least § = 2, and any other cycle in C¢, for § € [1,2), is
in the linear span of v,. Next, suppose § > 2. Note that this allows the appearance of
cycles that are not in the span of v,. In the next claim, we show that upon passing to
homology, the equivalence class of any such cycle coincides with that of v,,. This will
show that there can be at most one nontrivial element in ngﬁi (Gy).

Claim7 Let § > 2, and let y = Zf:] a;o; € ker(af) for some p € N, some
a,...,ap € K, and some o1, ...,0, € Z)fsi. Then there exists a choice of coef-
ficients (b))!_, € K" such that z = I bie; € ker(d)) and y — z € im(d3).
Moreover, we obtain (y)s = (2)s = (vn)s upon passing to homology.

Proof To see this, fix o; € @?, and write 0; = [x;, xx] forsome 1 < j, k < n. If
k = j+1 (resp. k = j — 1), then we already have o; = ¢; (resp. 0; = ¢x), so there is
nothing more to show. Assume k ¢ {j+1, j —1}. Since wg, (xj, x¢) + g, (xk, xj) =
n, we have two cases: (1) wg, (xj, xx) < n/2, or (2) wg, (X, xj) < n/2. In the first
case, we have k = j 4 [ for some integer [ € [2, n/2] (all numbers are taken modulo
n). In the second case, j = k + [ for some integer [ € [2,n/2) (also modulo n).
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QO

Fig.4 Given two points Xj, X € Xp, we have either @G, (xj, xg) < n/2,or G, (xk,xj) < n/2.To see
this, note that wg,, (x, x') + wg,, (x', x) = n forany x #x" € X,

.’Ej LL']‘
x ‘)
Xr s
T T k k

Fig.5 Three possible locations for a §-sink x of a simplex [xj, x ], assuming that wg,, (xj, x¢) < n/2. For
the figure on the left, note that @G, (X, x) > n/2 > @G, (x s xy ). For the figure in the middle, note that
oG, (xj,x) > wg, (xj, x). Finally, for the figure on the right, where x = xi, note that wg,, (x;, x) =
oG, (xj, xr) and wg, (xg, x) =0

The situation is illustrated in Fig. 4. Both cases are similar, so we only prove the case
wgG,, (x.i ,Xk) <n/2.

Recall that any §-sink x € X, for [x;, x;] satisfies max(wg, (x, X), wg, (X, X)) <
8, by the §-sink condition (Eq. 4). Also note that such a §-sink x satisfies

max(wg, (Xj, x), 06, (Xk, X)) = 0g, (Xj, Xk),

as can be seen from Fig. 5. So whenever some x € X, is a §-sink for [x, x¢], we have
Xk as a valid §-sink for [x;, x¢]. Since [x;, x¢] € DS it must have a §-sink x € X,,.
Thus x; is a valid 6-sink for [x;, x¢]. Next let [ € [2,n/2] be an integer such that
k = j + [ (modulo n). Notice that:

0 = wg, (X, x1) = 0g, (Xj+1, Xk) < 06, (Xj+i-1, Xk)

< - <wg,(Xjy1, X)) < wg, (xj, xx) < 6.
Then observe that:

[xj7 xj+17 xk]a [xj+17 x]+27 xk]a ) [xk725 Xk—1, xk] € 215
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since xi is a §-sink for all these 2-simplices. One then verifies the following:

3 ([xj, X1, X1+ X1, Xj2, Xkl + - -+ + [xe—2, xe—1, x¢])

k—j—2
5
=0 Z [Xjtg> Xjtg+1s Xkl
q=0
k—j—2 k—j—2 k—j—2
= Z [xj+q+1, Xl — Z [xj4g, xK] + Z [Xj4gs Xjtqg+1]
q=0 q=0 q=0
k—j-2 k—j—3 k—j-2
= Z [xjrgt1, xe] — [xj, xk] — Z [Xj+g+1, Xk] + Z [Xjrg, Xjrg+1]
q=0 q=0 q=0

= [xj, xj41] + [xj41, xjp2] + -+ [e—1, Xl — [xj, xx]
=ejtej1+--+ep—1 —o0;.

Thus a;(ej +ej11+---+ex—1) —aijo; € im(ag). Repeating this process for all o;,
i € {l,..., p}, we obtain the coefficients (b;)7_, such that Zle aioi — Y i_, bie; €
im(d9). Let z = ", bye;. Then y — z € im(33). Moreover, since 39 0 33 = 0, it
follows that 39 (y) — 3¢(z) = 0, so z € ker(d?).

Finally, note that an argument analogous to that of Claim 6 shows that by = b, =
.-+ = by,. Hence it follows that z is a multiple of v,. Thus (z)s = (v,)s. This proves

the claim. O

By Claims 6 and 7, it follows that H; (@?) is generated by (v, )s for all § > 1, so
dim(H;(D§')) < 1 forall § > 1. It remains to show that (v, )s does not become trivial
until § = [n/2].

The cases n = 3, 4 can now be completed quickly, so we focus on these simpler
situations first. For either of n = 3, 4, we have [n/2] = 2. Suppose 6 =2 and n = 3.
Then we have [x1, x2, x3] € @fgi because diam(G,) = 2 and any of x1, x2, x3 can be
a 2-sink for [x1, x2, x3]. Then,

3 ([x1, x2, x31) = [x2, x3] — [x1, x3] + [x1, x2] = €1 + €2 + €3 = v3.

Recall that by Claim 5, v3 ¢ im(ag) for any § < 2. Thus by Claim 6 and the preceding
equation, v3 generates ker(ais ) for 1 < § < 2, and becomes a boundary for precisely
8 > 2. Thus ngﬁ'i(Gg) = {(1,2)}. Next, suppose § = 2 and n = 4. Then we
have [x1, x2, x3], [x1, X3, x4] € D} with x3, x; as 2-sinks, respectively. By a direct
computation, we then have:

3 (Lx1, x2, X31 + [x1, x3, x4]) = €1 + €2 + €3 + eq = v4.
By following the same argument as for the case n = 3, we see that ngsli(G4) =
{(1,2)}.

In the sequel, we assume that n > 4. Recall that it remains to show that (v,)s
does not become trivial until 6 = [n/2], and that (v,)s = 0 for all § > [n/2]. We
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have already shown that (v, )s is not trivial for 6 € [1, 2). We proceed by defining the
following:

[\S)

ne
Yn = [x1, x2, x3] + [x1, X3, x4] + -+« + [x1, Xp—1, Xu] = ) [x1, Xit1, Xig2].
1

Claim 8 For each § > [n/2], we have y, € C‘2s and Bg (Yn) = vyu. In particular,
{(un)s = O for all such §.

Proof Let§ > [n/2]. Notice that

©G, (X[n/2141, X1) =1 — 0G, (X1, X[a/2141) =n — [n/2] <n/2 < [n/2] <6,
so wg, (xi,x1) < § foreachi € {[n/2]1 4+ 1,[n/2]1 +2,...,n}. "_l“hen for each
i e{[n/21+1,n/21 +2,...,n — 1}, we have [x;, x;41, x1] € D, with x; as a

8-sink.
Also notice that for eachi € {1, ..., [n/2]},

WG, (Xi, X[n/2141) < 0G, (X1, X[n/2141) = [n/2] <6,

80 @G, (i, Xrn/2141) < 8. Thus for any i € {2, ..., [n/21}, we have [x}, x;, xi4+1] €
D}, with xp,,/2111 as a §-sink.
Combining the two preceding observations, we see that forany i € {2,...,n —2},

we have [x1, x;+1, Xj4+2] € Z‘Dgi. It follows that y,, € C‘zs.
Next we observe the following:

n—2
35 (yn) = 05 (Z[Xla Xit1s Xi+2])

i=1

n—2 n—2 n—2

= Z[xi+1, Xip2] — Z[Xl, Xip2] + Z[xlvxi—&-l]
i=1 i=1 i=1
n—2 n—2

n—2
= Z[Xi+1, Xi+2] — Z[xl, Xit2] + [x1, x2] + Z[xl, Xi+1]
i=1 i=1 i=2
n—2

= Z[xm, Xip2l + [xr, x2] = [x1, X0] = vy.
i=1

It follows that for any § > [n/2], we have v, € im(ag), and so (v,)s = 0O for each
such §. O

Claim 9 There does not exist § € [2, [n/21) such that {vy,)s is trivial.
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x T

T[n/2]+1 Tn/2]+1
J/’[n/Q.‘ x[n/g"

Fig.6 Placement of x, /21 and x[; /2141, depending on whether n is even or not

Proof Let2 < § < [n/2]. As a first step, we wish to show that y,, ¢ Cg. For this step,
it suffices to show that the 2-simplex o := [x1, X[4/2], X[n/21+1] does not belong to
’Dgi. The placement of x[, /27 and x[; /2741 is illustrated in Fig. 6.

By an argument similar to that used in Fig. 5, one verifies that there exists a §-sink
for o if and only if at least one of x{, x[,/27, X[u/21+1 is a 8-sink for o. But note the
following:

n/2+1 :neven
[n/2] :n odd
[n/2] > 8,

G, (X271, x1) =n—([n/21 - 1) =

v

so x1 cannot be a §-sink for o. Similarly we note that wg, (X1n/21+1, X[n/21) =1 > 8
and wg,, (x1, szHl) = [n/2] > &, so neither x[, /27 nor x[,21+1 can be §-sinks for
o.Thus o ¢ D%, and so y, ¢ C‘2§.

Suppose there exists ' € Cg such that 83 (y") = v,. Since [x1, x3] is a summand
of v,, we must have a;[x1, x2, x;] as a summand of y’, for some coefficient aj and
some 3 < j < n. First suppose that x; is a sink for [x1, x2, x;]. We claim that
y’ is homologous to a chain containing [x{, x3, x3] as a summand. If j = 3, then
we are done, SO suppose J > 3. Then we also know that [x1, x2, x3, x;] is a 3-
simplex in D§'. Let y” be the chain obtained from y’ by replacing all [x1, x2, x/]
terms where j > 3 with terms of the form [xy, x2, x3] — [x2, x3, x;] + [x1, x3, x;].
Since Bg([xl, X2, x3, Xj1) = [x2, x3, x;] —[x1, X3, xj ]+ [x1, X2, x; ] — [x1, x2, x3] and
35 0 83 = 0, we know that 3 (y") = 35(y') = vp.

Now 83([x1 , X2, x3]) contributes an [x1, x3] summand which does not appear in
Uy, SO it must be cancelled by some other terms in y”. Thus there must exist another
summand [x1, x3, x¢] in y”, where k > 3. We repeat the preceding argument to
update y” to a chain homologous to y’ containing both [x1, x2, x3] and [x1, x3, x4]
as summands, but no summands of the form [x1, x3, x;] for j > 4. We describe one
more step of this iteration. Since [x1, x4] does not appear in v,,, we must have some
[x1, x4, x;] terms in y” such that after applying 83, the [x1, x4] terms from [x{, x3, x4]
and [x1, x4, x;] are cancelled. We previously collected and removed all [x1, x2, x4]
terms, so we must have j > 4. Thus the iteration forces us to have “bigger and bigger”
triangles. Proceeding in this way, we obtain a chain homologous to y’ that contains
[x1, X1n/215 X[n/21+1] as a summand. But this is a contradiction to what we have shown
previously, i.e. that [x1, x[,/27, X[n/21+1] is not a simplex in ’Dgi.
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In the case where x is not a sink for [x1, x2, x;], we must have x; as a sink instead.
Using similar reasoning as above, we replace y’ in this instance by a homologous
chain containing [x,, x1, x2] as a summand. Since [x,, x2] is not a summand of v,,
we obtain another homologous chain containing [x,_1, X,, X1] as a summand, then
a homologous chain containing [x,—1, X,,, X1], [X,—2, X4—1, X1] as summands, and so
on until we again obtain a homologous chain containing [x1, X,/21, X[n/21+1] as a
summand. Once again, this is a contradiction. This proves the claim.

Thus we have shown that v,, is a nontrivial cycle that appears at § = 1, and becomes
a boundary at exactly § = [n/2]. Furthermore, we have shown that upon passing to
homology, the equivalence classes of all cycles coincide with that of v,. Thus there
is only one off-diagonal point (1, [7#/2]) on the 1-dimensional persistence diagram,
which appears with multiplicity one. This concludes the proof. O

Remark 34 From our experimental results (see Fig. 3), it appears that the 1-dimensional
Rips persistence diagram of a cycle network does not admit a characterization as sim-
ple as that given by Theorem 33 for the 1-dimensional Dowker persistence diagram.
Moreover, the Rips complexes ¢ o€ R, n € N correspond to certain types of inde-
pendence complexes that appear independently in the literature, and whose homotopy
types remain open (Engstrom 2009, Question 5.3). On a related note, we point the
reader to Adamaszek and Adams (2017) for a complete characterization of the homo-
topy types of Rips complexes of points on the circle (equipped with the restriction of
the arc length metric).

To elaborate on the connection to Engstrom (2009), we write H,’f to denote the
undirected graph with vertex set {1, ..., n}, and edges given by pairs (i, j) where
1<i<j<nandeither j —i <kor (n+i)— j < k. Next we write Ind(H,]l‘) to
denote the independence complex of H,]l‘, which is the simplicial complex consisting
of subsets 0 C {1, 2, ..., n} such that no two elements of o are connected by an
edge in H. Then we have Ind(H¥) = E)‘i’é:k for each k, n € N such that k < n. To
gain intuition for this equality, fix a basepoint 1, and consider the values of j € N
for which the simplex [1, j] belongs to Ind(H,’l‘ ) and to 9‘{’(‘;:]‘ respectively. In either
case, we have k + 1 < j < n — k + 1. Using the rotational symmetry of the points,
one then obtains the remaining 1-simplices. Rips complexes are determined by their
1-skeleton, so this suffices to construct 9‘{’&;" Analogously, Ind(H,'f) is determined by

the edges in an , and hence also by its 1-skeleton. In Engstrom (2009, Question 5.3),
the author writes that the homotopy type of Ind(H,’f) is still unsolved. Characterizing
the persistence diagrams ng,?%(G,,) thus seems to be a useful future step, both in
providing a computational suggestion for the homotopy type of Ind(H,f), and also in
providing a valuable example in the study of persistence of directed networks.

Remark 35 Theorem 33 has the following implication for data analysis: nontrivial 1-
dimensional homology in the Dowker persistence diagram of an asymmetric network
suggests the presence of directed cycles in the underlying data. Of course, it is not nec-
essarily true that nontrivial 1-dimensional persistence can occur only in the presence
of a directed circle.

Remark 36 Our motivation for studying cycle networks is that they constitute directed
analogues of circles, and we were interested in seeing if the 1-dimensional Dowker
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persistence diagram would be able to capture this analogy. Theorem 33 shows that this
is indeed the case: we get a single nontrivial 1-dimensional persistence interval, which
is what we would expect when computing the persistent homology of a circle in the
metric space setting. We further studied the 2-dimensional Dowker persistence dia-
grams of cycle networks. Our computational examples, some of which are illustrated
in Fig. 7, enabled us to conjecture:

Conjecture1 Let n € N, n > 3, and let G, be a cycle network. If n is odd, then
ng? (Gyp) is trivial. If n is even, then ng? (Gn) =1(5.5+1) € R?2], and the
multiplicity of this point is 5 — 1.

This computationally motivated conjecture is in fact true; moreover, we have a full
characterization of the persistence diagram of a cycle network across all dimensions
k € Z,. This characterization relies on results in Adamaszek and Adams (2017)
and Adamaszek et al. (2016), and is stated for even and odd dimensions below:

Theorem 37 (Even dimension) Fixn € N, n > 3. Ifl € N is such that n is divisible

by (I + 1), and k = 13-_11 is such that 0 < k < n — 2, then ngzgl (Gy) consists of

precisely the point (l’}r—ll, li_ll =+ 1) with multiplicity l—i—Ll — 1. Ifl or k do not satisfy the

conditions above, then ng?[ (Gp) is trivial.

As a special case, Theorem 37 proves Conjecture 1 by setting [ = 1. If n is odd,
then it is not divisible by (/ + 1) = 2, and so ng? (Gp) is trivial. If n is even, then

it is divisible by (I + 1) = 2, and Ii—ll = % < n — 2 because n is at least 4. Thus

ngzg (Gy) consists of the point (5, 7 + 1) with multiplicity 5 — 1.

Theorem 38 (Odd dimension) Fix n € N, n > 3. Then for | € N, define M; :=

{m eN: li_ll <m< %} If M is empty, then ngSH(Gn) is trivial. Otherwise,

we have:

Dem3). (Ga) = {(ar [ 552 |) ]

where a; := min{m € M;}. We use set notation (instead of multisets) to mean that
the multiplicity is 1.

In particular, for / = 0, we have Ii—ll = 0and ”§l+—+21) =% >3/2,s01 € M;. Thus
we have ngfg (Gy) = {(1, [%1)} , and so Theorem 38 recovers Theorem 33 as a
special case. However, whereas the proof of Theorem 33 is elementary and pedagogical
(it relies on intuitive observations about the structure of a cycle network), the proofs
of Theorems 37 and 38 use sophisticated machinery developed across Adamaszek and
Adams (2017) and Adamaszek et al. (2016). We provide details for Theorem 33 in the

body of the paper, and relegate full details of Theorems 37 and 38 to Appendix B.
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dowker-Gd-dim2 (dimension 2) dowker-G6-dim2 (dimension 2)

0 1 2 3 4 5 6 0 2 3 4 5 6

dowker-G8-dim2 (dit

1
2)

0 1 2 3 4 5 6

Fig.7 Sample 2-dimensional Dowker persistence barcodes for cycle networks G4, Gg, Gg. In our experi-
ments, 2-dimensional Dowker persistence barcodes for G, were always empty for n odd

6.2 Sensitivity to network transformations

We first make the following:

Definition 6 (Pair swaps) Let (X, wx) € N be a network. For any z, 7’ € X, define

the (z, Z/)-swap of (X, wx) to be the network Sx(z, ) = (X%, wg(’zl) defined as
follows:

’
Xt =X,
wx(x',x) x=z,x'=7

wx(x',x) xX'=z,x=7

’ !
Forany x,x" € X**,  wy® (x,x):
wx (x,x") : otherwise.

We then pose the following question:

Given a network (X, wx) and an (x, x")-swap Sx(x, x") for some x,x" € X,
how do the Rips or Dowker persistence diagrams of Sx (x, x') differ from those
of (X, wx)?

This situation is illustrated in Fig. 8. Example 42 shows an example where the Dowker
persistence diagram captures the variation in a network that occurs after a pair swap,
whereas the Rips persistence diagram fails to capture this difference. Furthermore,
Remark 40 shows that Rips persistence diagrams always fail to do so.

We also consider the extreme situation where all the directions of the edges of a
network are reversed, i.e. the network obtained by applying the pair swap operation to
each pair of nodes. We would intuitively expect that the persistence diagrams would
not change. The following discussion shows that the Rips and Dowker persistence
diagrams are invariant under taking the transpose of a network.

Proposition 39 Recall the transposition map t and the shorthand notation X T =
t(X) from Definition 1. Let k € Z. Then Dgmy!(X) = ng,io(XT), and therefore
Dgm? (X) = Dgm? (X ") by Theorem 3.

Remark 40 (Pair swaps and their effect) Let (X, wyx) € N, let 7,7/ € X, and let
o € pow(X). Then we have:

/
max wy(x,x’) = max oy (x,x).
x,x'eo x,x'€o
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0 0
6 ¢ 6 4
V\"}/ ‘\3/
(X,wx) (Y,wy)

Fig.8 (Y, wy) is the (a, ¢)-swap of (X, wy)

Using this observation, one then repeats the arguments used in the proof of Proposi-
tion 39 to show that:

Dgm¥(X) = Dgm*(Sx(z, Z)), foreachk € Z.

This encodes the intuitive fact that Rips persistence diagrams are blind to pair swaps.
Moreover, successively applying the pair swap operation over all pairs produces the
transpose of the original network, and so it follows that ng?(X ) = ng,?‘(X .

On the other hand, k-dimensional Dowker persistence diagrams are not necessarily
invariant to pair swaps when k > 1. Indeed, Example 42 below constructs a space X
for which there exist points z, 7’ € X such that

Dgm? (X) # Dgm? (Sx(z, 2)).

However, 0-dimensional Dowker persistence diagrams are still invariant to pair
swaps:

Proposition 41 Let (X, wx) € N, let z, 7 be any two pointsin Z, and let o € pow(X).
Then we have:

Dgm{ (X) = Dgmg (Sx (z, 2)).

Example 42 Consider the three node dissimilarity networks (X, wy) and (¥, wy) in
Fig. 8. Note that (Y, wy) coincides with Sx (a, ¢). We present both the Dowker and Rips
persistence barcodes obtained from these networks. Note that the Dowker persistence
barcode is sensitive to the difference between (X, wx) and (Y, wy), whereas the Rips
barcode is blind to this difference. We refer the reader to Sect. 7 for details on how we
compute these barcodes (Figs. 9, 10).

To show how the Dowker complex is constructed, we also list the Dowker sink
complexes of the networks in Fig. 8, and also the corresponding homology dimensions
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dowker-persistence-network-Y (dimension 0)

dowker-persistence-network-X (dimension 0)

1 2 3 4 5

dowker-persistence-network-Y (dimension 1)

0 1 2 3 Py 5 6 —

0 1 2 3 4 5 6

Fig.9 Dowker persistence barcodes of networks (X, wy) and (¥, wy) from Fig. 8

rips-persistence-network-X (dimension 0) rips-persistence-network-Y (dimension 0)

0 1 2 3 4 5 6 0 1 2 3 4 5 6

Fig. 10 Rips persistence barcodes of networks (X, wy) and (Y, wy) from Fig. 8. Note that the Rips diagrams
indicate no persistent homology in dimensions higher than 0, in contrast with the Dowker diagrams in Fig. 9

across a range of resolutions. Note that when we write [a, b](a), we mean that a is a
sink corresponding to the simplex [a, b].

D x = {lal. [b]. [c]}  dim(H) (D x)) =0

1X-{[a] [b]. [c]. [a. b)(a)} d1m<H1< Tx) =0

S'x = {lal, [b]. [c], [a. b(a). [a, c](a). [b, c](a), [a. b, cl(@)} dim(H (DS y)) =0
SiX = {[al. [b). [e]. [a. b)(@). [a. €)(@). [b, €](@). [a. b, c}(@)}  dim(H( $x) =0
Dy = {lal. [b]. [c]} dim(H| (D)) =0

Ty = {lal. [b]. [c]. [a. b)(@)} d1m<H1< 1) =0

D%y = {lal. [b]. [c]. [a. b)(a). [a. c](c)} dim(H (DS ,)) =0

= {la]. [P]. [c]. [a. b)(@). [a. c](c). [b, c](b)} dim(H| (D)) = 1

D5y _{[a] [b]. [c]. [a. b(a). [a. c(a). [b, c](a). [a. b, c](@)} dim(H\ (D y)) =0

Note that for § € [3,4), dim(H; (@gi’y)) = 1, whereas dim(H; (in,x)) = 0 for
each § € R.

Based on the discussion in Remark 40, Proposition 41, and Example 42, we con-
clude the following:

Moral: Unlike Rips persistence diagrams, Dowker persistence diagrams are truly
sensitive to asymmetry.

We summarize some of these results:
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Theorem 43 Recall the symmetrization and transposition maps s and t from Defini-
tion 1. Then:

(1) Ros =90,

(2) D% ot="2", and

(3) D% ot="2%.

Also, there exist (X, wx), (Y, wy) € N such that (D% 0 6)(X) # D%(X), and (D% o
s)(Y) # D%(Y).

Proof These follow from Example 42, Remark 14, and Proposition 39. O

7 Implementation and an experiment on network classification

In this section, we present the results of an experiment where we applied our methods
to perform a classification task on a database of networks. All persistent homology
computations were carried out using the Javaplex package for Matlab. A full
description of Javaplex can be found in Tausz et al. (2011). We used K = Z; as
the field of coefficients for all our persistence computations. The dataset and software
used for our computations are available as part of the PersNet software package
on https://research.math.osu.edu/networks/Datasets.html. A version of our simulated
hippocampal networks experiment has appeared in Chowdhury and Mémoli (2016).

All networks in the following experiment were normalized to have weights in the
range [0, 1]. The Dowker sink filtration was passed into Javaplex to obtain O and
1-dimensional Dowker persistence barcodes.

7.1 Simulated hippocampal networks

In the neuroscience literature, it has been shown that as an animal explores a given
environment or arena, specific “place cells” in the hippocampus show increased activ-
ity at specific spatial regions, called “place fields” (O’Keefe and Dostrovsky 1971).
Each place cell shows a spike in activity when the animal enters the place field linked
to this place cell, accompanied by a drop in activity as the animal moves far away from
this place field. To understand how the brain processes this data, a natural question
to ask is the following: Is the time series data of the place cell activity, referred to as
“spike trains”’F, enough to detect the structure of the arena?

Approaches based on homology (Curto and Itskov 2008) and persistent homol-
ogy (Dabaghian et al. 2012) have shown positive results in this direction. In Dabaghian
etal. (2012), the authors simulated the trajectory of arat in an arena containing “holes.”
A simplicial complex was then built as follows: whenever n + 1 place cells with over-
lapping place fields fired together, an n-simplex was added. This yielded a filtered
simplicial complex indexed by a time parameter. By computing persistence, it was
then shown that the number of persistent bars in the 1-dimensional barcode of this
filtered simplicial complex would accurately represent the number of holes in the
arena.

We repeated this experiment with the following change in methodology: we simu-
lated the movement of an animal, and corresponding hippocampal activity, in arenas
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with a variety of obstacles. We then induced a directed network from each set of
hippocampal activity data, and computed the associated 1-dimensional Dowker per-
sistence diagrams. We were interested in seeing if the bottleneck distances between
diagrams arising from similar arenas would differ significantly from the bottleneck
distance between diagrams arising from different arenas. To further exemplify our
methods, we repeated our analysis after computing the 1-dimensional Rips persis-
tence diagrams from the hippocampal activity networks.

In our experiment, there were five arenas. The first was a square of side length
L = 10, with four circular “holes” or “forbidden zones” of radius 0.2L that the
trajectory could not intersect. The other four arenas were those obtained by removing
the forbidden zones one at a time. In what follows, we refer to the arenas of each type
as 4-hole, 3-hole, 2-hole, 1-hole, and 0-hole arenas. For each arena, a random-walk
trajectory of 5000 steps was generated, where the animal could move along a square
grid with 20 points in each direction. The grid was obtained as a discretization of the
box [0, L] x [0, L], and each step had length 0.05L. The animal could move in each
direction with equal probability. If one or more of these moves took the animal outside
the arena (a disallowed move), then the probabilities were redistributed uniformly
among the allowed moves. Each trajectory was tested to ensure that it covered the
entire arena, excluding the forbidden zones. Formally, we write the time steps as a set
T :={1,2,...,5000}, and denote the trajectory as a map traj : T — [0, L]°.

For each of the five arenas, 20 trials were conducted, producing a total of 100 trials.
For each trial /i, an integer ny was chosen uniformly at random from the interval
[150, 200]. Then nj place fields of radius 0.05L were scattered uniformly at random
inside the corresponding arena for each /;. An illustration of the place field distribution
is provided in Fig. 11. A spike on a place field was recorded whenever the trajectory
would intersect it. So foreach 1 < i < ng, the spiking pattern of cell x;, corresponding
to place field PF;, was recorded via a function r; : T — {0, 1} given by:

teT.

1 :if traj(r) intersects PF;,
ri(t) = .
0 : otherwise

The matrix corresponding to r; is called the raster of cell x;. A sample raster is
illustrated in Fig. 11. For each trial /i, the corresponding network (Xi, wy,) was
constructed as follows: Xj consisted of n; nodes representing place fields, and for
each 1 < i, j < ny, the weight wx, (x;, x;) was given by:

NG

Z"" N j(5)
where N; ;(5) = card ({(}s, 1) eT?:te[2,5000],t—s €[l,5],

ri®) =1,ri(s) = 1).

wx, (x;, xj) :i=1—

In words, N; ;(5) counts the pairs of times (s, ), s < ¢, such that cell x; spikes (at
atime ¢t) after cell x; spikes (at a time s), and the delay between the two spikes is fewer
than 5 time steps. The idea is that if cell x; frequently fires within a short span of time
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0 1000 2000 3000 4000 5000

Fig. 11 Bottom right: Sample place cell spiking pattern matrix. The x-axis corresponds to the number of
time steps, and the y-axis corresponds to the number of place cells. Black dots represent spikes. Clockwise
from bottom middle: Sample distribution of place field centers in 4, 3, 0, 1, and 2-hole arenas

after cell x; fires, then place fields PF; and PF; are likely to be in close proximity to
each other. The column sum of the matrix corresponding to wy, is normalized to 1,
and so a)}—k can be interpreted as the transition matrix of a Markov process.

Next, we computed the 1-dimensional Dowker persistence diagrams of each of
the 100 networks. Note that ng?(a)x) = ngf)(a);) by Proposition 39, so we
are actually obtaining the 1-dimensional Dowker persistence diagrams of transition
matrices of Markov processes. We then computed a 100 x 100 matrix consisting
of the bottleneck distances between all the 1-dimensional persistence diagrams. The
single linkage dendrogram generated from this bottleneck distance matrix is shown in
Fig. 12. The labels are in the format env-<nh>-<nn>, where nh is the number of
holes in the arena/environment, and nn is the number of place fields. Note that with
some exceptions, networks corresponding to the same arena are clustered together.
We conclude that the Dowker persistence diagram succeeded in capturing the intrinsic
differences between the five classes of networks arising from the five different arenas,
even when the networks had different sizes.

We then computed the Rips persistence diagrams of each network, and computed
the 100 x 100 bottleneck distance matrix associated to the collection of 1-dimensional
diagrams. The single linkage dendrogram generated from this matrix is given in Fig. 13.
Notice that the Rips dendrogram does not do a satisfactory job of classifying arenas
correctly.

Remark 44 We note that an alternative method of comparing the networks obtained
from our simulations would have been to compute the pairwise network distances, and
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plot the results in a dendrogram. But ds is NP-hard to compute—this follows from
the fact that computing das includes the problem of computing Gromov—Hausdorff
distance between finite metric spaces, which is NP-hard (Schmiedl 2015). So instead,
we are computing the bottleneck distances between 1-dimensional Dowker persistence
diagrams, as suggested by Remark 16.

Remark 45 1t is possible to compare the current approach with the one taken
in Dabaghian et al. (2012) on a common dataset. We performed this comparison
in Chowdhury et al. (2017) for a similar experiment, but with a stochastic firing model
for the place cells. Interestingly, it turns out that the network approach with Dowker
persistence performs better than the approach in Dabaghian et al. (2012), as indicated
by computing 1-nearest neighbor classification error rates on the bottleneck distance
matrices. A possible explanation is that preprocessing the spiking data into a net-
work automatically incorporates a form of error correction, where the errors consist
of stochastic firing between cells that are non-adjacent. On the other hand, such errors
are allowed to accumulate over time in the approach taken in Dabaghian et al. (2012).
For an alternative error-correction approach, see Chowdhury et al. (2017).

8 Discussion

We provided a complete description of the Rips and Dowker persistence diagrams of
general networks. The stability results we have provided give quantitative guarantees
on the robustness of these persistence diagrams. As a building block, we proved a func-
torial generalization of Dowker’s theorem, which also yields an independent proof of
a folklore strengthening of Dowker’s theorem. We have provided numerous examples
suggesting that Dowker persistence diagrams are an appropriate method for analyzing
general asymmetric networks. For a particular class of such examples, the family of
cycle networks, we have fully characterized their Dowker persistence diagrams in all
dimensions. Finally, we have implemented our methods for a classification task on a
database of networks, and provided interpretations for our results.

We believe that the story of “persistent homology of asymmetric networks” has
more aspects to be uncovered. Of particular interest to us is the analysis of alternative
methods of producing simplicial complexes from asymmetric networks, for example,
the directed flag complex construction of Dtotko et al. (2016). Yet another interest-
ing extension to the non-metric framework has appeared in Edelsbrunner and Wagner
(2017), in the context of computing generalized Cech and Rips complexes for Breg-
man divergences. We remark that a persistent homology framework for the directed
flag complex has been proposed by Turner (2016), but the computational aspects of
this construction have not been addressed in the current literature. Another approach
for computing persistence diagrams from asymmetric networks, which bypasses the
construction of any simplicial complex and operates directly at the chain level is given
in Chowdhury and Mémoli (2018). Some other interesting questions relate to cycle net-
works: for example, we would like to obtain a characterization of the Rips persistence
diagrams of cycle networks for any dimension & > 1. Finally, it is important to devise
more efficient implementations for the Dowker complexes we present here. It is likely
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Fig.12 Single linkage dendrogram corresponding to the distance matrix obtained by computing bottleneck
distances between 1-dimensional Dowker persistence diagrams of our database of hippocampal networks
(Sect. 7.1). Note that the 4, 3, and 2-hole arenas are well separated into clusters at threshold 0.1
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Fig. 13 Single linkage dendrogram corresponding to the distance matrix obtained by computing bottleneck
distances between l-dimensional Rips persistence diagrams of our database of hippocampal networks
(Sect. 7.1). Notice that the hierarchical clustering fails to capture the correct arena types
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that ideas from the literature on efficient construction of Cech complexes (Dantchev
and Ivrissimtzis 2012; Edelsbrunner and Wagner 2017) will be helpful in this regard.
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Appendix A: Proofs

Proof of Lemma 8 The first inequality holds by the Algebraic Stability Theorem. For
the second inequality, note that the contiguous simplicial maps in the diagrams above
induce chain maps between the corresponding chain complexes, and these in turn
induce equal linear maps at the level of homology vector spaces. To be more precise,
first consider the maps #s,, 51, 0@s and @y oss 5. These simplicial maps induce linear
Maps (s 51y © P4, (95 0 55.5)# + He(§®) — Hi(®%+7). Because the simplicial
maps are assumed to be contiguous, we have:

(E549,8' 47 © P8)# = (@sr © S5,/ ).

By invoking functoriality of homology, we then have:

(Es1y,6'+n)# © (@s)# = (ps)# 0 (85,5)#.

Analogous results hold for the other pairs of contiguous maps. Thus we obtain com-
mutative diagrams upon passing to homology, and so Hy (), Hi (&) are n-interleaved
for each k € Z,. Thus we get:

di(Hk($), Hi(®)) = 1.

Proof of Proposition 9 First we show that:

dn (X, Y) = 5 inf{max(dis(g), dis(), Cx.y (¢, ¥),
Cyx(W,9):¢:X — Y, : Y — X any maps}.

Let n = da(X, Y), and let R be a correspondence such that dis(R) = 2n. We define
maps ¢ : X — Yand ¢ : ¥ — X as follows: for each x € X, set ¢(x) = y for some
y such that (x, y) € R. Similarly, for each y € Y, set ¥(y) = x for some x such that
(x,y) € R.Thusforany x € X, y € Y, weobtain |wy (x, ¥ (y)) —wy(p(x), y)| <21
and |ox (¥ (y), x) — wy(y, ¢(x))| < 2. So we have both Cx y(¢, ) < 27 and
Cy x(¥, 9) < 2n. Also for any x, x’ € X, we have (x, ¢(x)), (x’, 9(x")) € R. Thus
we also have

lwx (x, x") — wy (p(x), p(x"))| < 2n.
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So dis(¢) < 27 and similarly dis(y) < 27. This proves the “>" case.
Next we wish to show:

dn(X,Y) < 5 inf{max(dis(p), dis(¥), Cx.y (¢, V),
Cyx(Y,9):¢:X - Y, : Y — X any maps}.

Suppose ¢, ¥ are given, and 3 max(dis(¢), dis(¥), Cx.,y (¢, ¥), Cy x (¥, 9)) = 1.
Let Rx = {(x,¢p(x):x € X} andlet Ry = {(¥(y),y) : y€ Y}. Then R = Ry U
Ry is a correspondence. We wish to show that for any z = (a, b), 7’ = (d/, ') € R,

lwx(a,a’) — wy(b,b")| < 2n.

This will show that dis(R) < 2n, and so dn (X, Y) < 1.

To see this, let z,z77 € R. Note that there are four cases: (1) z,z7 € Ry, (2)
2,7 € Ry,(3)z € Rx,zZ € Ry,and (4) z € Ry,z € Ry. In the first two cases,
the desired inequality follows because dis(¢), dis(y¥) < 2n. The inequality follows in
cases (3) and (4) because Cx y (¢, ¥) < 2nand Cy x (¥, ¢) < 2n, respectively. Thus
dy(X,Y) <. m|

Proof of Proposition 22 Tt suffices to show that @ is a simplicial approximation to &5,
i.e. whenever £|x|(x) € |o| for some vertex x € |2 M| and some simplex o € |X|, we
also have |®|(x) € |o| (Spanier 1994, §3.4). Here |o | denotes the closed simplex of o ;
for any simplex o = [vy, .. ., vg], this is the collection of formal convex combinations
Sk paiv; witha; > Oforeach 0 <i < kand Y 5_ga; = 1.

Letx = Zf:o a;o; beavertex in | X M |, with each a; > 0. Then we have &5 (x) =
Zf:o a;B(o;) = Zf:o a; ZUEU; v/card(o;), a vertex in |oy|.

Also we have |®|(x) = Zf:o a; P (o), a vertex in |ok|. Thus @ is a simplicial
approximation to &}z, and so we have |®| >~ &x). |

Proof of Proposition 39 Let § € R. We first claim that @?(X) = @;"(XT). Leto €
D3(X). Then there exists x’ such that wy (x, x) < §foranyx € 0. ThuswyT (x’, x) <
5.S00 € DP(X T). A similar argument shows the reverse containment. This proves
our claim. Thus for § < 8’ < §”, we obtain the following diagram:

DH(X) —— DI(X) —— DH(X) — ...

DPXT) — DPXT) — DPXT) —> ...

Since the maps Dgi — @fsi/, Dy — @g‘? for 8 > § are all inclusion maps, it
follows that the diagrams commute. Thus at the homology level, we obtain, via func-
toriality of homology, a commutative diagram of vector spaces where the intervening
vertical maps are isomorphisms. By the Persistence Equivalence Theorem (21), the
diagrams ng,ii(X ) and Dgm;° (X T) are equal. By invoking Corollary 20, we obtain
Dgm? (X) = Dgm? (X ). o
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Proof of Proposition 41 Let § € R. For notational convenience, we write, for each

k e Z+,
i._ i S . i §.__ a6 .0 S
mesh  deamy deided
055 =5 svcy Gk =C® g & =07 67 —> G

First note that pair swaps do not affect the entry of O-simplices into the Dowker
filtration. More precisely, for any x € X, we can unpack the definition of Rs x (Eq. 3)
to obtain:

[x] € @?si — wxx,x) < < w?z/(x,x) <8 & [x] ¢ Q(Ssi,s'

Thus for any 6 € R, we have Cg = CS’S. Since all 0-chains are automatically O-cycles,
we have ker(ag) = ker(ag’s).
Next we wish to show that im(8f) = im(8f’s) foreach s € R. Let y € Cf. We

first need to show the forward inclusion, i.e. that 8{5 ) € im(af ’S). It suffices to show
this for the case that y is a single 1-simplex [x, x'] € Z)fs‘; the case where y is a linear
combination of 1-simplices will then follow by linearity. Let y = [x, x'] € D§ for
x,x” € X. Then we have the following possibilities:

(1) x” € X\{z, 7'} is a §-sink for [x, x'].

(2) z (or Z’) is the only 8-sink for [x, x'], and x, x” ¢ {z, Z’}.

(3) z (or ') is the only 8-sink for [x, x'], and either x or x’ belongs to {
(4) z (or ') is the only 8-sink for [x, x'], and both x, x” belong to {z, 7

P

In cases (1), (2), and (4), the (z, z)-pair swap has no effect on [x, x'], in the sense
that we still have [x, x'] € D5 ¢. So [x'] — [x] = 8} (y) = 8] () € im(3)""). Next
consider case (3), and assume for notational convenience that [x, x'] = [z, x’] and
is the only §-sink for [z, x’]. By the definition of a §-sink, we have wx (z, z/) < 8 and
wx (x’,7) < 8. Notice that we also have:

[z,7],[Z, x'] € ©§, with 7’ as a §-sink.

Afterthe (z, z’)-pair swap, we still have g_ogf’z/ (x', 7') < 8, but possibly E%‘Z/ (z,7) >
3. So it might be the case that [z, x'] ¢ @2{ - However, we now have:

[, x'] e @2%5, with 7’ as a §-sink, and

[z.Z]]€ @f;i’s, with z as a §-sink.
Then we have:

R =z x)=x'—z=7—z24x' -7
=3[z, D+ 3 ([, X'
=377 (2. 2'D + 377 (12, xD) € im(3),
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where the last equality is defined because we have checked that [z, z'1, [Z/, x'] € Df{ g
Thus im(af) - im(8f’s), and the reverse inclusion follows by a similar argument.
Since § € R was arbitrary, this shows that im(Bf) = im(8f’s) for each § € R.

Previously we had ker(3)) = ker(3y') foreach § € R. It then follows that Ho(D}) =
Ho(’DEIS) for each § € R.

Nextlets’ > & € R,and foranyk € Z+,letfk$’8 : C,f — C,f/ g,‘z"; : C,‘E’S.—> C,‘j S
denote the chain maps induced by the inclusions D' — D, DF ¢ — D ¢. Since

8"
@gi and @(Ssi ¢ have the same O-simplices at each § € R, we know that f(f Y= gg"S .

Lety € ker(ag) = ker(ag’s), and let y + im(af) € Ho(Qfsi). Then observe that

(foa’y)#()/ +im(3})) = f(f'a/()/) +im(3) (foa,(s’ is a chain map)
— g’ +im@)) (2 =g)?)
= g% (») +im@"%) (im@)) = im(@]"*))
= (83’6/)#()/ + im(8f’s)). (gg"s/is a chain map)

Thu_s (f(f"s/)# = (gg,a’)# for each 8’ > § € R. Since we also have Ho(Qgi) =
Hy (@2{ ) for each § € R, we now apply the Persistence Equivalence Theorem (The-
orem 21) to conclude the proof. O

Appendix B: Higher dimensional Dowker persistence diagrams of
cycle networks

The contents of this section rely on results in Adamaszek and Adams (2017)
and Adamaszek et al. (2016). We introduce some minimalistic versions of defini-
tions from the referenced papers to use in this section. The reader should refer to these
papers for the original definitions.

Given a metric space (M, dy) and m € M, we will write B(m, ¢) to denote a
closed e-ball centered at m, for any & > 0. For a subset X € M and some ¢ > 0, the
Cech complex of X at resolution ¢ is defined to be the following simplicial complex:

v

CX,e) := {o C X :Nyeo B(x, 8) #= @}.

In the setting of metric spaces, the Cech complex coincides with the Dowker source
and sink complexes. We will be interested in the special case where the underlying
metric space is the circle. We write S! to denote the circle with unit circumference.
Next, for any n € N, we write X, := {0, %, %, R ”n;]} to denote the collection of
n equally spaced points on S! with the restriction of the arc length metric on S'. Also
let G, denote the n-node cycle network with vertex set X, (in contrast with X, here

G, is equipped with the asymmetric weights defined in Sect. 6.1). The connection
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between X,, and Dowker complexes of the cycle networks G, is highlighted by the
following observation:

Proposition 46 Let n € N. Then for any § € [0, 1], we have C(Xn, %) = szis,Gn'

The scaling factor arises because G, has diameter ~ n, whereas X;,, € S ! has
diameter ~ 1/2. This proposition provides a pedagogical step which helps us transport
results from the setting of Adamaszek and Adams (2017) and Adamaszek et al. (2016)
to that of the current paper.

Proof For § = 0, both the Cech and Dgwker complexes consist of the n vertices, and
are equal. Similarly for § = 1, both C(X,,, 1) and DZI,GH are equal to the (n — 1)-

simplex.
Now suppose§ € (0, 1).Leto € @mg G, .Theno 1softhef0rm[ 1, e, Lk';—"‘”]

|k+nsd]
n

for some integer 0 < k < n — 1, where the né-sink is and all the numer-

ators are taken modulo n. We claim that o € C(Xn, %). To see this, observe
that dgi (&, %4201y < 5 and so B(X, $) n B(XE2L 8y £ & Then we have
o€ ﬂ’."so B (LkHJ 8) andsoo € C(X,,, %)

Now let o € C(X,,, 2) Then o is of the form [k i, e ]ij] for some integer
1

0 < k < n — 1, where j is an integer such that < §. In this case, we have

o =X, ﬂ'i’:O B (X, 8). Then in G,,, after applymg the scaling factor n, we have

o€ Df:s G, With k:—/ as an né-sink in G. This shows equality of the two simplicial
complexes. O

Theorem 47 (Theorem 3.5, Adamaszek et al. 2016) Fixn € N, and let0 <k <n—2
be an integer. Then,

\/n kel g ifk =L

+1°
S2H—1

v koo
C(Xn»ﬂ)— orsz
I+1

< =

k I+1
n +2°

for some |l € Zy. Here \/ denotes the wedge sum, and ~ denotes homotopy equiva-
lence.

Theorem 37 (Even dlmension) Fixn € N, n > 3. Ifl € Nis such that n is divisible
by (+ 1), and k = l is such that 0 < k < n — 2, then ngy (Gy) consists of

precisely the point (l+1 , l+1 + 1) with multiplicity 2 71 — L If L or k do not satisfy the
conditions above, then ngy (Gy) is trivial.

Proofof'['heorem}7 Let [ € N be such that (I + 1) dividesn and 0 < k < n — 2.
Then D7 ; = C(X,, %) has the homotopy type of a wedge sum of (n — k — 1)
copies of S%, by Theorem 47. Here the equality follows from Proposition 46. Notice
thatn —k — 1 = 25 +1 — 1. Furthermore, by another application of Theorem 47, it
is always p0s31ble to choose ¢ > 0 small enough so that ’Dk e.Gy = C(X,,, )
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and D‘Zi oG, = C(X,, %) have the homotqpy types of odd-dimensional spheres.
Thus the inclusions D", ; € D' S D, 5 induce zero maps upon passing

to homology. It follows that ng2[ (Gp) consists of the point (7= 7 +1’ = +1 + 1) with
multiplicity 7 — L

If I € N does not satisfy the condition described above, then there does not e>_<ist an
integer 1 < j <n—2suchthat j/n=1/(+1).Soforeachl < j < n—2,©;"Gn =
C(X,, l) has the homotopy type of an odd-dimensional sphere by Theorem 47, and
thus does not contribute to ngzl (Gp). If [ satisfies the condition but k > n — 1, then
C(Xn, 2n) is just the (n — 1)-simplex, hence contractible. O

Theorem 37 gives a characterization of the even dimensional Dowker persistence
diagrams of cycle networks. The most interesting case occurs when considering the
2-dimensional diagrams: we see that cycle networks of an even number of nodes have
an interesting barcode, even if the bars are all short-lived. For dimensions 4, 6, 8,
and beyond, there are fewer and fewer cycle networks with nontrivial barcodes (in
the sense that only cycle networks with number of nodes equal to a multiple of 4,
6, 8, and so on have nontrivial barcodes). For a complete picture, it is necessary to
look at odd-dimensional persistence diagrams. This is made possible by the next set
of constructions.

We have already recalled the definition of a Rips complex of a metric space. To
facilitate the assessment of the connection to Adamaszek and Adams (2017), we tem-
porarily adopt the notation VR (X, €) to denote the Vietoris—Rips complex of a metric
space (X, dx) atresolution ¢ > 0, i.e. the simplicial complex {o C X : diam(o) < ¢}.
Theorem 48 (Theorem 9.3, Proposition 9.5, Adamaszek and Adams 2017) Let 0 <
r< % Then there exists a map Ty : pow(S') — pow(S') and a map n, : S' — !
such that there is an induced homotopy equivalence

VR(T,(X) ) = C(X, ).

’ 1+2r

Next suppose X € S and let0 < r <71’ < % Then there exists amap n : ' — !
such that the following diagram commutes:

VR(T,(X), 125) — VR(T3(X), 125)

T, rl: T, ,/l:

CX,r) —— = 5 CX, 1)

Theorem 49 Consider the setup of Theorem 43. Ifé(X, r) and é(X, r’) are homotopy
equivalent, then the inclusion map between them is a homotopy equivalence.

Before providing the proof, we show how it implies Theorem 38.
Theorem 38 (Odd dimension) Fix n € N, n > 3. Then for | € N, define M; :=

i) } If My is empty, then Dgm’y, | (G,,) is trivial. Otherwise,

{mEN l+—1<m<

we have:
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Dan 60 = o [42])]

where a; := min{m € M;}. We use set notation (instead of multisets) to mean that
the multiplicity is 1.

Proof of Theorem 38 By Proposition 46 and Theorem 47, we know that @,Sci’ G, =

C(X,, %) ~ S! for integers 0 < k < 5. Let b € N be the greatest integer less
than n/2. Then by Theorem 49, we know that each inclusion map in the following
chain is a homotopy equivalence:

si
IG CQbG,, —Q(n/z]*

It follows that DgmP (G,) = {(1. [41)}. The notation in the last equality means that
CD‘;G" = CD‘;{G” forall § € [b, b+ 1), where b+ 1 = [n/2].

In the more general case, let/ € N and let M; be as in the statement of the result.
Suppose first that M; is empty. Then by Proposition 46 and Theorem 47, we know
that ’D,S; G, has the homotopy type of a wedge of even-dimensional spheres or an odd-
dimensional sphere of dimension strictly different from (2/ 4 1), for any choice of
integer k. Thus ng?l +1(Gp) is trivial.

Next suppose M; is nonempty. By another application of Proposmon 46 and The-
orem 47, we know that 91?(; = C(Xn, o) = S2+1 for integers 2 l+1 <k < "31:21).
Write a; := min {m € M;} and by = max {m € M;}. Then by Theorem 49, we know
that each inclusion map in the following chain is a homotopy equivalence:

si
ar,Gy s @ 1,Gn Z)rn(1+1)/(l+2)r Gy’

It follows that nggH(Gn) = {(al, {%—I) } O

It remains to provide a proof of Theorem 49. For this, we need some additional
machinery.

Cyclic maps and winding fractions  We introduce some more terms from Adamaszek
and Adams (2017), but for efficiency, we try to minimize the scope of the definitions to
only what is needed for our purpose. Recall that we write S! to denote the circle with
unit circumference. Thus we naturally identify any x € S' with a point in [0, 1). We
fix a choice of 0 € S!, and for any x,x € § 1, the length of a clockwise arc from x to

x’ is denoted by @(x, x"). Then, for any finite subset X C St and any r € (0, 1/2),
the directed Vietoris—Rips graph \Tli(X , ) is defined to be the graph with vertex set
X and edge set {(x,x") : 0 < @(x, x") < r}. Next, let G bea Vietoris—Rips graph
such that the vertices are enumerated as xg, x1, ..., X,—1, according to the clockwise
order in which they appear. A cyclic map between Z;) and a Vietoris—Rips graph ﬁ is
amap of vertices f such that for each edge (x, x) € 6), we have either f(x) = f(x'),
or (f(x), f(x)) € H,and Y=} dgi (f(x;)., f(xiz1)) = 1. Here x, := xo.
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- -
Next, the winding fraction of a Vietoris—Rips graph G with vertex set V(G ) is
defined to be the infimum of numbers % such that there is an order-preserving map

V(E)) — Z/nZ such that each edge is mapped to a pair of numbers at most k apart.
A key property of the winding fraction, denoted wf, is that if there is a cyclic map

between Vietoris—Rips graphs G — H,then wf(G) < wf(H).

Theorem 50 (Corollary 4.5, Proposition 4.9, Adamaszek and Adams 2017) Let X C
S! be a finite set and let 0 < r < % Then,

VR(X,r) >~ SE 21_+1 < WECVR(X, r)) < 3t for some | € Zy.,

\/7 s wf(VR(X r)) = 2I+1’ for some j € N.

Next let X’ € S! be another finite set, and letr < r' < % Suppose f : \TR)(X, r) —
\ﬁ{)(X/, r’) is a cyclic map between Vietoris—Rips graphs and 21% < Wf(\TR)(X, r)) <

Wf(\TR>(X/, ) < 2114'—;3 Then f induces a homotopy equivalence between VR(X, r)
and VR(X', /).

We now have the ingredients for a proof of Theorem 49.

Proof of Theorem 49 Since the maps 7, and 7~ induce homotopy equivalences, it
follows that

VR(T;(X) VR(T,(X)

i) = , 1+2r’)
By the characterization result in Theorem 50, we know that there exists [ € Z. such
that

I+1

< Wf(VR(T (X) ’ 1+2r/)) 20+3"

) < wi(VR(T (X)

2H—l ’ 1+2r

The map 7 in Theorem 48 appears in (Adamaszek and Adams 2017, Proposition 9.5)
through an explicit constructlon Moreover, it is shown that 1 induces a cyclic map

wf(\—/R)(Tr(X), l_%rZr)) — wf(VR(T (X), 1+2r,)) Thus by Theorem 50 1 induces
a homotopy equivalence between VR(7,(X), 7 +2r) and VR(7,(X), 5 +2r

the commutativity of the diagram in Theorem 48 shows that the inclusion CX,r)C
C(X, r') induces a homotopy equivalence. O

—%-). Finally,

Remark 51 The analogue of Theorem 49 for Cech complexes appears as Proposi-
tion 4.9 of Adamaszek and Adams (2017) for Vietoris—Rips complexes. We prove
Theorem 49 by connecting Cech and Vietoris—Rips complexes using Proposition 9.5
of Adamaszek and Adams (2017). However, as remarked in §9 of Adamaszek and
Adams (2017), one could prove Theorem 49 directly using a parallel theory of wind-
ing fractions for Cech complexes.
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