Journal of Applied and Computational Topology
https://doi.org/10.1007/s41468-022-00105-6

n

Check for
updates

Distances and isomorphism between networks: stability
and convergence of network invariants

Samir Chowdhury'® - Facundo Mémoli?

Received: 7 August 2020 / Revised: 24 September 2022 / Accepted: 10 October 2022
© The Author(s), under exclusive licence to Springer Nature Switzerland AG 2022

Abstract

We develop the theoretical foundations of a generalized Gromov—Hausdorff distance
between functions on networks that has recently been applied to various subfields of
topological data analysis and optimal transport. These functional representations of
networks, or networks for short, specialize in the finite setting to (possibly asymmetric)
adjacency matrices and derived representations such as distance or kernel matrices.
Existing literature utilizing these constructions cannot, however, benefit from contin-
uous formulations because the continuum limits of finite networks under this distance
are not well-understood. For example, while there are currently numerous persis-
tent homology methods on finite networks, it is unclear if these methods produce
well-defined persistence diagrams in the infinite setting. We resolve this situation by
introducing the collection of compact networks that arises by taking continuum lim-
its of finite networks and developing sampling results showing that this collection
admits well-defined persistence diagrams. The difference between the network setting
and metric setting arises as follows. For metric spaces, the isomorphism class of the
Gromov—Hausdorff distance consists of isometric spaces and is thus very simple. For
networks, the isomorphism class is rather complex, and contains representatives having
different cardinalities and different topologies. We provide an exact characterization of
a suitable notion of isomorphism for compact networks as well as alternative, stronger
characterizations under additional topological regularity assumptions. Toward data
applications, we describe a unified framework for developing quantitatively stable
network invariants, provide basic examples, and cast existing results on the stability
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of persistent homology methods in this extended framework. To illustrate our theo-
retical results, we introduce a model of directed circles with finite reversibility and
characterize their Dowker persistence diagrams.
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1 Introduction
1.1 Background

Networks which show the relationships within and between complex systems are
key tools in a variety of current research areas. Network analysis techniques such as
modularity, core-periphery structure, clustering coefficients, and centrality (Newman
2010) have enjoyed enormous success in being used by researchers to derive insights
from complex datasets, and this early success has ushered in a variety of approaches
from different disciplines toward network data analysis. One such perspective that has
appeared recently is to view a network as a generalized metric space (gms). In this
viewpoint, a network is a set X along with a real-valued edge weight function wx :
X x X — R. When X is finite, the pair (X, wy) can be represented as a real-valued
square matrix. Such a matrix may encode the adjacency matrix of a (possibly directed)
combinatorial graph or any real-valued function on pairs of graph vertices derived from
the adjacency matrix. Examples of the latter include shortest path length matrices or
positive semidefinite matrices such as the heat kernel obtained by exponentiating the
graph Laplacian.

The gms perspective enables the import of numerous tools from the setting of metric
spaces to the setting of networks. This program was initiated by the authors of Carlsson
et al. (2013, 2014), who showed that single linkage hierarchical clustering could be
defined for directed networks, and that a certain reformulation of the well-established
Gromov—Hausdorff (GH) distance (dgp) (Gromov 1981, 1999)—a network distance,
denoted das—could be used to show that such a clustering method would be stable
with respect to perturbations of the input data (Carlsson and Mémoli 2010). This
network distance was defined between pairs of finite networks (X, wx), (Y, wy) viaa
combinatorial optimization problem that would search over correspondences between
the points of X and Y as follows (see Definition 2.2.7 for a formal definition as used

@ Springer



S. Chowdhury, F. Mémoli

in this work):

dy(X,Y) = %min{ max lwx (x, X') — wy(y, Y)| : R € {0, 1}}XIxIY]
(x,y), (x",y)ER

with all row, column sums nonzero}.

Beyond its origins in metric geometry (Burago et al. 2001), the Gromov—Hausdorff
distance between metric spaces has found applications in the context of shape and
data analysis (Mémoli and Sapiro 2004; Mémoli 2011, 2012; Carlsson and Mémoli
2010; Chazal et al. 2009b). Thus one expects that an appropriate modification of the
Gromov—Hausdorff distance would be a valuable tool in network analysis. Follow-
ing this thread, the gms viewpoint enabled the development of persistent homology
methods for directed networks (Chowdhury and Mémoli 2016b, 2018b; Turner 2019;
Chowdhury and Mémoli 2018c; Dey et al. 2020) that came with stability guarantees
obtained via dxr. However, the theoretical guarantees of these methods were lim-
ited by the theoretical study of das, which has to date been limited to the setting of
finite networks. In this work, we remove this bottleneck and provide a comprehensive
study of d s and the theoretical framework surrounding its applications to hierarchical
clustering, persistent homology, and machine learning using (not necessarily metric)
dissimilarities.

1.2 Setup and use cases

Henceforth we will gradually stop referring to generalized metric spaces in favor of
the “network” terminology, but we stress that this gms perspective will always be
implicit. For the present discussion, the collection of networks is defined as (we will
shortly add extra conditions; see Definition 2.1.2 for the formal definition):

N = {(X,wx) : X aset,wy : X x X — R any function}.

A (possibly directed, weighted) graph G = (V, E) admits a variety of principled
embeddings into N, including:

e Adjacency: wy is defined to be the adjacency function of the graph.

e Distance: (for connected graphs/strongly connected digraphs) wy is defined to be
the geodesic distance function on the graph.

e Kernel: wy is defined to be any of a number of graph kernels, many of which
encode multiscale structure.

In this work, we study the metric structure of (N, das) with the goal of producing a
common framework for different embeddings into . This naturally opens up a direc-
tion of future work on developing new embedding techniques—possibly parametrized
and supervised, following Litman and Bronstein (2013)—that benefit from sharing a
common ambient space.

Toward obtaining such characterizations, we first observe that the das function
defined above can be immediately extended to infinite networks (X, wy), (Y, wy) by
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replacing the min, max with inf, sup. We also observe that das only sees wy, wy,
and thus it is sensitive to structures on X, Y only if these structures affect wy, wy.
One such structure, and the minimum needed to at least be able to talk about limits
and continuity, is a topology. Because topologies on X, Y seem to be a very basic
requirement, we redefine A/ as follows (cf. Definition 2.1.2):

N = {(X, wx) : X afirst countable topological space,
wyx continuous w.r.t. product topology}.

Here, first countability is a mild assumption needed to prove some of our technical
results. An interesting point to note is that given (X, wy), (Y, wy), there may be
numerous first countable topologies on X, Y against which wy, wy remain continuous.
Referring to these as admissible topologies, we note that das(X, Y) is non sensitive to
such admissible topological changes, as they do not perturb wy, wy. Later in this work,
we study the effects of constraining these admissible topologies. For now we remark
on particular subcollections of . The following definition of compact networks is
crucial for subsequent constructions:

CN = {(X,wx) € N : X acompact, first countable topological space,

wyx continuous w.r.t. product topology}.

As an example of the difference between N and CA/, we show that compact networks
admit the following characterization via tripods: if X, Y € CN, thenda/(X,Y) =0
if and only if there exists a set Z with surjective maps ¢x : Z — X, ¢y : Z — Y
such that wx (¢x (z), 9x (z")) = wy (py(2), ey (Z')) for all z, 7 € Z (see Sturm 2012;
Mémoli 2017; Blumberg and Lesnick 2017; Bauer et al. 2020 for related applica-
tions of this technique). In particular, this result is not true without some form of the
compactness assumption.

From the practical perspective, a first step is to clarify the types of networks that
motivate our constructions, and to which our theory can be applied. One primary
motivation has come from the domain of neuroimaging (Sporns 2011, 2012), where
the technique of building a network out of thresholded correlations between neural
systems (cf. Fig. 1) has led to great successes in identifying the neural correlates of
human behavior. The underlying correlation matrices are called functional connectiv-
ity matrices, and are square, non-metric matrices with values in the interval [—1, 1]
(Friston 1994) (cf. Fig. 2). It has been shown that embedding such matrices into spaces
with non-Euclidean geometry is beneficial for downstream analysis (Venkatesh et al.
2020), suggesting that building new spaces with different geometries may yield further
insights from the data. For search systems in computer vision, utilizing non-metric
dissimilarity matrices has been shown to be effective (Jegou et al. 2008; Horster et al.
2007), and our work characterizes such matrices as members of a “nice” space CN.
From these perspectives, our study of CA provides a new geometry in which to embed
data and also provides posthoc theoretical justification for empirical methods involving
non-metric dissimilarity measures.
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Fig. 1 Four unit vectors and their inner products, i.e. their correlations, as well as their representations in
the form of a matrix and a directed, weighted graph (self-loops are omitted from the figure). Networks with
positive and negative values and zeros in arbitrary positions are the object of study in this work
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Fig.2 Examples of networks derived from natural systems that violate metric axioms. a A simple (unnor-
malized) Markov chain X = {x1, ..., x,} with asymmetric forward and backward transition probabilities,
as used in modeling biological/physical systems at broken detailed balance (Hill 2005; Perez et al. 2020). b
Plot of Zf:l f(xi,xj41) and Zle b(xj, xj41) for 1 <k < n.c Weight function wy defined fori < j as

wx (xXj, xj) = Z]j(:i ks xpy1) and oy (x, x;) = Zli:i —b(xk, Xk41)- d, e Functional connectivity
(i.e. correlation) matrix and graph with edges corresponding to positive correlation values in the 80th per-
centile. Thresholding to obtain a graph is done in practice so that one may apply graph-connectivity tools
for posthoc analysis, but the caveat is that there is no consensus on how to threshold weights, or how to deal
with negative correlations. Our network framework provides posthoc analysis tools that accept arbitrary
matrices without thresholding, thus avoiding potential information loss

Raw data in a variety of scientific applications may violate symmetry and/or triangle
inequality, and this can be observed in natural phenomena such as human percep-
tion (Tversky and Gati 1982), broken detailed balance (Hill 2005), and discrepancies
between time and distance measures (Matsumoto 1989). Exploratory data analysis
techniques such as hierarchical clustering and persistent homology can be extended to
accept nonmetric data as input. This was observed and successfully explored in Carls-
son et al. (2013, 2014, 2018), Chowdhury and Mémoli (2018b, c) and Turner (2019).
These works focused on the setting of finite datasets due to their emphasis on appli-
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cations, but an underlying question—that was made explicit in Turner (2019)—was
that of characterizing the convergence of these techniques as the sample size grows
to infinity. Already in these works and surrounding literature (Carlsson and Mémoli
2010; Chazal et al. 2014), it was implicit that one way to prove such a result would be
to use a stability property of an appropriately reformulated GH distance along with a
notion of dense sampling analogous to taking e-nets in a metric space. Looking toward
the needs of a framework which can work with matrices that are possibly asymmetric
and can have both positive and negative entries, we study the structure of C" and pro-
pose it as a convenient ambient space for the collection of finite networks. Studying
CN necessitates the departure from spectral techniques and well-grounded structures
such as the cone of symmetric positive definite matrices (Pennec et al. 2006), but
generates new possibilities via the lenses of applied topology and related machine
learning approaches.

In this work we develop foundational tools for the theoretical integration of
(possibly directed) networks into applied topology and broader machine learning
frameworks. We study the notion of isomorphism under dy and produce multiple
characterizations of isomorphism that hold under a hierarchy of topological regular-
ity assumptions. We explore the limits obtained via da/-convergent sequences, and
use these insights to give conditions on networks admitting well-defined persistence
diagrams, i.e. networks on which persistent homology can be meaningfully applied.
Toward grounding hierarchical clustering methods on directed networks, we develop
the notion of sampling from networks equipped with probability measures and char-
acterize the continuum limits of these methods. Finally, we derive network invariants
that provide lower bounds on dps, and provide algorithms and implementations for
comparing networks via these lower bounds.

1.3 Main contributions and results

The main contributions of this work are as follows:
I We introduce (CN, dyr) and characterize its metric structure, including multiple
perspectives on its isomorphism structure. Among these, we highlight the results
that require the minimal amount of setup:

(@) (CN,dy)isacomplete, geodesic, pseudometric space that includes all square
matrices, notably matrices violating metric axioms (Theorems 2.3.7,3.3.1,3.5.4).

(b) (Weak) Isomorphism in (CA, dys) is exactly characterized via tripods (Theo-
rem 3.2.1).

I We extend known persistent homology methods on finite, possibly asymmetric
networks to the infinite networks in CA (Corollary 4.5.9). We also study conver-
gence of hierarchical clustering methods for finite, possibly asymmetric networks
on certain classes of infinite' networks equipped with Borel probability measures
(Theorems 4.6.10, 4.6.13).

III We define a directed network model—the family of compact directed circles with
finite reversibility—and characterize its Dowker persistent homology by linking to

1 Compact Polish spaces equipped with a bounded, measurable weight function w, cf. Definition 4.1.1.
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Persistence diagrams of the directed circle with finite reversibility
across reversibility parameters and (odd) homology dimensions k
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Fig. 3 Dowker persistence diagrams of (st wgl p) across different reversibility parameters. Each broken
line connects the persistence diagrams in homology dimensions k = 1, 3, 5,7, 9 for a single reversibility
parameter. This illustrates the exact characterization given by Theorem 4.7.3

existing results (Adamaszek et al. 2016; Adamaszek and Adams 2017) (cf. Fig. 3
and Theorem 4.7.3).

We now mention some additional results contained in this work. We show that
the collection (CA/, dar) is complete and geodesic. Crucially, networks in CA also
admit e-approximation by finite networks in the dar sense. This result is used to
show that compact networks have well-defined persistence diagrams, and to prove
convergence results for both hierarchical clustering and persistent homology methods
on networks. One may take a network (X, wyx) and perturb the topology without
incurring changes in das (X, -), as long as wy remains unperturbed while still satisfying
continuity. Combining this observation with the results stated above suggests that we
would like descriptions of topologies on a pair (X, wy) that are controlled by wy. We
provide such descriptions, which we call the weak and strong coherent topologies,
by means of a Kuratowski-like embedding. Here we consider wy (x, ), wx (-, x) in
the /°° function space, construct a metric in this space, and then study the topologies
on X that are compatible with the metric topology in /[*°. An interesting remark for
practitioners is that an ¢-ball in a coherent network may include points from disparate
regions in the network. This is commonly seen in neuroimaging applications, where
it is standard practice to study statistical correlations between disparate regions of the
brain that coordinate to produce function.

When restricted to compact networks equipped with coherent topologies, we
recover a result showing that a network can be recovered from the knowledge of
its n x n subnetworks, for n € N. This generalizes a result about reconstructibility
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of compact metric spaces from curvature sets (Gromov 1999). Notably in the metric
setting, this result on curvature sets is the crucial ingredient in the work of Chowd-
hury et al. (2020) on producing families of polynomial-time lower bounds to the GH
distance.

1.4 Related literature

A related thread which has received much attention from the machine learning commu-
nity recently is that of the Gromov—Wasserstein (GW) distance between metric measure
spaces,” which was introduced in Mémoli (2007, 2011) to simplify the difficult com-
binatorial optimization problem posed above by taking a relaxation based on optimal
transport (OT). This was later used in Hendrikson (2016) for network classification by
taking graph geodesic distances to define the underlying metric. This perspective was
further developed in Peyré et al. (2016), which discussed GW-averaging of distance
and kernel matrix representations equipped with measures, and then in Chowdhury and
M¢émoli (2019), where the authors showed that all restrictions on the representations
could be removed, and one would still obtain a pseudometric structure on such “mea-
sure networks” with well-defined notions of isomorphism. This theoretical framework
was leveraged in Xu et al. (2019a,b) and Chowdhury and Needham (2020a), which
used adjacency and heat kernel representations on graphs, respectively, for a variety of
learning tasks. Further applications of GW distances were demonstrated in Chowdhury
and Needham (2020b), where the authors developed the notion of GW-averaging and
principal component analysis from a Riemannian perspective. Yet another direction
in this line of work appeared in the formulation of Gromov—Wasserstein Factorization
(Hongtengl 2020), which unrolled the loopy computations of GW distances into a deep
learning framework for graph dictionary learning. The use of measures in the network-
GW setting has important theoretical and practical implications, and our work in this
paper contributes to the understanding of the “measure network™ setting by studying
the “network” setting in isolation and explaining which properties of the former are
inherited from the latter.

For the generalized GH distance d/, the critical difference between the metric and
network settings is in the zero set {dn/(X, -) = 0}, which can informally be thought
of as the collection of symmetries. The collection of compact metric spaces equipped
with dgy is a metric space up to isometry. So two compact metric spaces (X, dx),
(Y, dy) satistying dgu (X, Y) = 0 only differ by a bijection. In the setting of networks
(X, wx), (Y, wy) with dps, however, one may have dn/ (X, Y) = Oeven when X and Y
have different cardinalities. One far-reaching consequence of this phenomenon is the
following seminal observation by Sturm (2012) in the related setting of GW distance:
a certain subfamily of networks equipped with a GW distance admits Riemannian-
like structure such as tangent spaces and exponential maps, but the symmetries force
this collection to have the structure of a Riemannian orbifold rather than a manifold.
The close relationship between GH and GW distances then makes it relevant and
interesting to study the notion of isomorphism that is compatible with das. This is
one of the main directions of this work. Mildly relaxing the notion of isomorphism

2 Metric spaces equipped with a Borel probability measure.

@ Springer



S. Chowdhury, F. Mémoli

suggests considering limits and e-approximation under das, and these constructions
are also developed in this work.

Our approaches for studying (N, dys) are inspired by techniques used to study the
structure (M, dgp) (Burago et al. 2001; Petersen 2006; Ivanov et al. 2016; Chowdhury
and Mémoli 2018a) as well as methods used by Sturm (2012) to study the structure
of metric measure (mm) spaces equipped with the GW distance. For example, the
completion of the space of mm spaces turns out to be the space of relaxed mm spaces
that satisfy the triangle inequality almost everywhere. This in turn is embedded in an
ambient space which is isometric to the quotient space of symmetric L? functions on
the unit square modulo measure-preserving transformations of the unit interval. In our
setting, the idea of progressively relaxing the ambient space proceeds as follows: the
collection of finite networks FN is nested inside a collection of compact networks
CN thatis complete. This space admits a natural notion of equivalence class. Working
in a space where the elements need not satisfy metric requirements allows one to
perform linear operations such as “addition” of networks as well as operations where
the size of a network is changed while remaining in the equivalence class. These latter
properties turn out to be fundamental in a parallel theory of Riemannian statistics on
networks equipped with measures (Chowdhury and Needham 2020b).

For the related setting of quasimetric spaces, i.e. metric spaces where the symmetry
condition is relaxed, there has been significant development of the topological conse-
quences of quasimetry. Such spaces admit forward-open and backward-open g-balls,
and thus they may admit multiple topologies concurrently (Kelly 1963). These in turn
lead to “forward” and “backward” notions of Cauchy sequences, completeness, and
boundedness, which have been used in Shen and Zhao (2010) to extend results such
as Gromov’s precompactness theorem from Riemannian to Finsler manifolds. Such
results require some form of topological regularity. Shen and Zhao (2010) the regu-
larity is provided by a condition called finite reversibility that places bounds on the
asymmetry of the space. We study this condition in the context of a model of directed
circles with finite reversibility, and in particular, we characterize the Dowker persistent
homology (cf. Sect. 4.5) of such circles across all reversibility parameters to explain
the difference caused by asymmetry. Furthermore, we study a weaker topological reg-
ularity condition called coherence that is implied by finite reversibility. This allows us
to obtain a reconstruction result which, in the metric setting, states that compact met-
ric spaces can be recovered from their curvature sets (Gromov 1999, Section 3.27 %).
This in turn leads to efficient computational implementations for estimating dgy-type
distances (Oles et al. 2019). While our focus is on characterizing settings where asym-
metric networks can be studied via theoretical and computational tools developed for
metric spaces, we remark that numerous works dating back to Busemann have stud-
ied specialized versions of length structures, geodesics, and curvature for quasimetric
spaces (Busemann 1950; Zaustinsky 1959; Cobzas 2012; Mennucci 2013). We also
remark on an interesting connection to the work of Perrault-Joncas and Meila (2011),
where directed graphs are modeled as samples from a manifold equipped with an
asymmetric kernel: the directionality of the kernel is derived from a vector field on
the manifold, which in turn provides the topological regularity suggested above.

The “generalized metric” approach to studying networks utilizes different tech-
niques than combinatorial and spectral approaches (Newman 2010). A possible bridge
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between metric and combinatorial approaches is given by observing the structural
similarities between GH-type distances and the cut metric (Lovasz 2012; Borgs et al.
2008) that has been deeply influential in statistical physics, theoretical computer sci-
ence, and extremal graph theory. This connection is not fully fleshed out at present,
but we report on a potential approach and leave an explicit connection open for future
work. A different approach is provided by the notion of structure space (Jain and
Obermayer 2009), wherein networks are modeled to have fixed size by appending
null nodes (Calissano et al. 2020). This latter approach also gives rise to well-defined
notions of averaging and principal component analysis, and suggests that future work
could further elucidate these connections.

1.5 Organization

The presentation is divided into three parts. Section 2 introduces networks, notions
of isomorphism, the network distance, topological considerations in defining families
of networks, and a particular family of directed networks called the directed circles
with finite reversibility. Section 3 develops metric properties of the space of networks
equipped with the network distance and characterizes the isomorphism structure in this
space. In particular, it sets up results on finite sampling and convergence of compact
networks that we later use for proving convergence of network invariants. In Sect. 4
we set up the general framework of network invariants, which includes hierarchical
clustering and persistent homology for infinite networks. We then establish the stability
and convergence of these invariants.

Certain subsections fall into natural groups that may be read reasonably inde-
pendently of other parts. The directed circles with finite reversibility are introduced
in Sect. 2.9, and the full characterization of their (Dowker) persistent homology is
presented in Sect. 4.7. The crucial structural aspects of compact networks, namely
the sampling and isomorphism properties, are described in Sects. 3.1 and 3.2, and
their application toward obtaining well-defined persistence diagrams is provided in
Sect. 4.5.

Computational experiments using these invariants are provided in the Appendix.
To clarify presentation, longer proofs are relegated to the end of the section in which
they appear.

2 Networks, isomorphism, and network distances

In this section, we formulate definitions for networks, provide examples, construct
some model networks, define distances between networks, and relate different notions
of isomorphism. The notion of a unique limit for a dar-convergent sequence of finite
networks is somewhat complex, and the results in this section show why it is necessary
to work in an appropriate subspace of N
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2.1 Definitions

For real-world applications, the object of interest is often the collection of all finite
networks, which we denote by FN . Formally, one writes:

FN = {(X, wx) : X afinite set, wx : X x X — R any map}.

Example 2.1.1 (Finite graphs and metric spaces) This definition of a finite network is
an immediate relaxation of the definition of a finite metric space. The name “network”
is justified because graphs can be viewed as networks in the sense defined above. Given
a connected, undirected graph G = (V, E) having adjacency matrix A, degree matrix
D, and geodesic distance matrix dg, the pairs (V, dg) and (V, A), are both examples
of networks. Consider also the graph Laplacian L := D — A, or its normalized
form £ := I — D'AD. The pairs (V, L), (V, L) are also networks. In the case
of (strongly connected), directed graphs, one could consider the directed Laplacian
studied by Chung (2005) that is defined by deriving a Markov transition matrix and
considering its associated Perron vector. In summary, there are a variety of quantities
with different properties that can be derived from the combinatorial structure of a
graph, and the definition of a finite network is general enough to comprise all of these.
Each choice of a weight function that one may derive from a graph is a “lens” through
which to study the data—such perspectives have been successfully harnessed in data
analysis contexts (Singh et al. 2007).

In order to build a satisfactory theoretical foundation, one also needs to develop a
formalism for infinite networks. Thus we proceed with the following definition.

Definition 2.1.2 (Networks N') Let X be a first countable topological space, and let
wyx be a continuous function from X x X (endowed with the product topology) to
R. By a network, we will mean a pair (X, wx). We will denote the collection of all
networks by N.

Notice in particular that N includes metric spaces (they are first countable, and the
distance function is continuous) as well as spaces that are quasi-metric or directed (no
symmetry), pseudometric (no nondegeneracy), semimetric (no triangle inequality),
or all of the above. Recall that a space is first countable if each point in the space
has a countable local basis (see Steen and Seebach 1978, p. 7 for more details). First
countability is a technical condition guaranteeing that when the underlying topological
space of a network is compact, it is also sequentially compact.

Given a network (X, wy), we will refer to the points of X as nodes and wy as the
weight function of X. Pairs of nodes will be referred to as edges. Given a nonempty
subset A C X, we will refer to (A, wx|axa) as the sub-network of X induced by A.
For notational convenience, we will often write X € N to mean (X, wyx) € N.

Recall that any finite set X can be equipped with the discrete topology, and any
map wyx : X x X — R is continuous with respect to the discrete topology. Thus the
elements of FN trivially fit into the framework of . Throughout the paper, we will
always understand finite networks to be equipped with the discrete topology.

While we are interested in FN for practical applications, a key ingredient of our
theoretical framework is the collection of compact networks. We define these to be the
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networks (X, wy) satisfying the additional constraint that X is compact. The collection
of compact networks is denoted CN'. Specifically, we write:

CN = {(X, wx) : X compact, first countable topological space,
wyx : X x X — R continuous}.

Compact networks are of special practical interest because they can be finitely
approximated in a manner that we will make precise in Sect. 3.1. Real world networks
that are amenable to computational tasks are necessarily finite and may be viewed
as samples drawn from an underlying compact network, so whenever possible, we
will state our results for compact networks. Occasionally we will provide examples
of noncompact networks to illustrate interesting theoretical points.

The aforementioned finite reversibility property is defined for the special subclass
of dissimilarity networks that is described as follows.

Definition 2.1.3 (Dissimilarity networks N'9) A dissimilarity network is a network
(X, Ax) where Ax : X x X - Ry and Ax(x, x’) = 0if and only if x = x’. Neither
symmetry nor triangle inequality is assumed. The collection of all such networks
is denoted A4S, The finite and compact settings are denoted as FAN %S and CA4S,
respectively.

Definition 2.1.4 (The reversibility parameter px) The reversibility px of a dissimilar-
ity network (X, Ay) is defined to be

Ax(x,x")
px ‘= sup ——.
x#x'eX Ax(x', x)
(X, Ay) is said to have finite reversibility if px < oo. Notice that px > 1 always,

with equality iff wy is symmetric. Finitely reversible networks will feature heavily in
Sects. 2.9 and 4.7. See also Figs. 3 and 12.

Dissimilarity networks satisfying the triangle inequality, but not symmetry, include
the special class of objects called directed metric spaces, which we define below.

Definition 2.1.5 Let (X, Ax) be adissimilarity network. Givenanyx € X andr € R,
the forward-open ball of radius r centered at x is

BY(x,r):={x"e X : Ax(x,x) <r}.

The forward-open topology induced by Ay is the topology on X generated by the
collection { B (x, r) : x € X, r > 0}. The idea of forward open balls is prevalent in
the study of Finsler geometry; see Bao et al. (2012, p. 149) for details.

Definition 2.1.6 (Directed metric spaces) A directed metric space or quasi-metric
space is a dissimilarity network (X, vy) such that X is equipped with the forward-
open topology induced by vy and vy : X x X — R, satisfies:

vy (x, x") <vx(x,x) +vx&’,x”") forall x,x',x" e X.
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The function vy is called a directed metric or quasi-metric on X. Notice that compact
directed metric spaces constitute a subfamily of CA/4iS.

Definition 2.1.7 (Ultrametric/strong triangle inequality) A network (X, wy) is said
to satisfy the ultrametric or strong triangle inequality if

wx (x, x") < max {ox(x, x"), wx(x",x")} forall x,x',x" € X.

Metric spaces satisfying this property are simply known as ultrametric spaces. The
collections of networks satisfying this inequality are denoted NI, CA!t, and FA!
in the general, compact, and finite cases, respectively.

Example 2.1.8 Finite metric spaces and finite ultrametric spaces constitute basic exam-
ples of dissimilarity networks. Also note that finite dissimilarity networks are basic
examples of networks that satisfy finite reversibility (cf. Definition 2.1.4).

Dissimilarity networks satisfying the symmetry condition, but not the triangle
inequality, have a long history dating back to Fréchet (1906) and continuing with
work by Pitcher et al. (1918), Niemytzki (1927), Galvin and Shore (1984, 1991), and
many others, as summarized in Gruenhage (1984). One of the interesting directions
in this line of work was the development of a “local triangle inequality”” and related
metrization theorems (Niemytzki 1927), which has been continued more recently in
Waszkiewicz (2013).

Directed metric spaces with finite reversibility were studied in Shen and Zhao
(2010), and constitute important examples of networks that are strictly non-metric.
More specifically, the authors of Shen and Zhao (2010) extended notions of Hausdorff
distance and Gromov—Hausdorff distance to the setting of directed metric spaces with
finite reversibility, and our network distance d ns subsumes this theory while extending
it to even more general settings.

Remark 2.1.9 (Finsler metrics) An interesting class of directed metric spaces arises
from studying Finsler manifolds. A Finsler manifold (M, F) is a smooth, connected
manifold M equipped with an asymmetric norm F (called a Finsler function) defined
on each tangent space of M (Bao et al. 2012). A Finsler function induces a directed
metric dp : M x M — R as follows: for each x, x’ € M,

b
dp(x,x') := inf {/ F(y(t),y(®)dt :y : [a,b] = M a smooth curve joining x and x’
a

Finsler metric spaces have received interest in the applied literature. In Sabau et al.
(2013), the authors prove that Finsler metric spaces with reversible geodesics (i.e. the
reverse curve y'(t) := y (1 — t) of any geodesic y : [0, 1] — M is also a geodesic)
is a weighted quasi-metric (Sabau et al. 2013, p. 2). Such objects have been shown
to be essential in biological sequence comparison (Stojmirovi¢ and Yi-Kuo 2009).
In Sect. 2.9 we will study directed circles with finite reversibility, which have the
property that e-balls in such circles are not spherically symmetric. This is motivated
by the more general setting of Randers manifolds (Bao et al. 2004), which are a special
subfamily of Finsler manifolds.
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Fig.4 Networks over one and )
two nodes with their weight e} aq Q
functions o
~ B
N 1 (a) N 2 (Q)

Returning to the setting of general networks, a natural question in understanding the
structure of A/ would be: which elements of A/ are equivalent? A suitable answer to
this question requires us to develop notions of isomorphism that show various degrees
of restrictiveness. These notions of isomorphism form a recurrent theme throughout
this paper.

We first develop the notion of strong isomorphism of networks. The definition
follows below.

Definition 2.1.10 (Weight preserving maps) Let (X, wy), (Y, wy) € N. A map ¢ :
X — Y is weight preserving if:

wx(x,x") = wy(px), p(x")) forall x,x e X.

Definition 2.1.11 (Strong isomorphism) Let (X, wx), (Y, wy) € N. To say (X, wx)
and (Y, wy) are strongly isomorphic means that there exists a weight preserving bijec-
tion ¢ : X — Y. We will denote a strong isomorphism between networks by X =° Y.
Note that this notion is exactly the usual notion of isomorphism between weighted
graphs.

Strongly isomorphic networks formalize the idea that the information contained in
a network should be preserved when we relabel the nodes in a compatible way.

Example 2.1.12 Networks with one or two nodes (cf. Fig. 4) will be very instructive
in providing examples and counterexamples, so we introduce them now with some
special terminology.

e A network with one node p can be specified by « € R, and we denote this by
Ni(a). We have Ny (o) =° Ni(') if and only if &« = o'.

e A network with two nodes will be denoted by N>(€2), where 2 = (;‘f g ) € R?x2,
Given Q, Q' € R?*2, N»(Q) =5 N»(') if and only if there exists a permutation
matrix P of size 2 x 2 such that Q' = P Q PT.

e Any k-by-k matrix ¥ € R¥*K induces a network on k nodes, which we refer to
as Ni(X). Notice that Ni(X) =* N¢(X¥’) if and only if k = £ and there exists a
permutation matrix P of size k such that ¥’ = P ¥ PT.

Having defined a notion of isomorphism between networks, the next goal is to
present the network distance das that is the central focus of this paper, and verify
that d s is compatible with strong isomorphism. We remind the reader that restricted
formulations of this network distance have appeared in earlier applications of hierar-
chical clustering (Carlsson et al. 2014, 2013) and persistent homology (Chowdhury
and Mémoli 2016b, 2018b, c) methods to network data, and our overarching goal in
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this paper is to provide a theoretical foundation for this useful notion of network dis-
tance. In our presentation, we use a formulation of ds that is more general than any
other version available in the existing literature. As such, we proceed pedagogically
and motivate the definition of das by tracing its roots in the metric space literature.
Before ending this section, however, we will provide a final definition that is related
to the matrices in Example 2.1.12.

For a sequence (x;)!_; of nodes in a network X, we will denote the associated
weight matrix by (wx (x;, x;))7 Entry (i, j) of this matrix is simply wx (x;, x;).

i,j=1"
Definition 2.1.13 (Morif sets M,,) For each n € N and each X € CN/, define W% :
X" — R™" to be the map (x1,...,x,) — ((wx(x,,xj)))l =1 Note that W% is

simply a map that sends each sequence of length n to its correspondmg weight matrix.
Let C(R"*™) denote the closed subsets of R”*", Then let M,, : CN — C(R"**")
denote the map defined by

(X, wx) > {Wh(x1, ... x0) X1, .., x, € X

We refer to M,,(X) as the n-motif set of X. Notice that the image of M,, is closed
in R"*" because each coordinate is the continuous image of the compact set X x X
under wy, hence the image of M,, is compact in R"*" and hence closed.

Notice that for X € FN and for a fixed n € N, the set M,,(X) is a finite subset
of R"*" The interpretation is that M,, (X) is a bag containing all the motifs of X that
one can form by looking at all subnetworks of size n (with repetitions).

Example 2.1.14 For the networks from Example 2.1.12, we have M| (N2(R2)) = {«, B}
and

M@ ={ED. (55). (6. (G0} M) =1y,

Remark 2.1.15 Our definition of motif sets is inspired by a definition made by Gromov,
termed “curvature classes,” in the context of compact metric spaces (Gromov 1999,
§3.27).

2.2 The network distance

One strategy for defining a notion of distance between networks would be to take a well-
understood notion of distance between metric spaces and extend it to all networks. The
network distance d s arises by following this strategy and extending the well-known
Gromov—Hausdorff distance dgy between compact metric spaces (Gromov 1981;
Burago et al. 2001; Petersen 2006). The definition of dgy is rooted in the Hausdorff
distance dy between closed subsets of a metric space. Given a metric space (Z, dz)
and closed subsets A, B C Z, one defines:

dH (A, B) := max <sup gnf dz(a,b), sup inf dz(a, b))

acAbeB beB a€A
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Definition 2.2.1 Given metric spaces (X, dyx) and (Y, dy), the Gromov—-Hausdorff
distance dgy between them is defined as:

dgu((X,dyx), (Y,dy)) := inf {dﬁ(go(X), ¥(Y)) : Z a metric space,
¢o:X > Z, Y :Y — Zisometric embeddings}.

The Gromov—Hausdorff distance dates back to at least the early 1980s (Gromov
1981), and it satisfies numerous desirable properties. It is a valid metric on the
collection of isometry classes of compact metric spaces, is complete, admits many
precompact families, and has well-understood notions of convergence (Burago et al.
2001, Chapter 7). Moreover, it has found real-world applications in the shape match-
ing (Mémoli and Sapiro 2004, 2005) and persistent homology literature (Chazal et al.
2009b), and its computational aspects have been studied as well (Mémoli 2012). As
such, it is a strong candidate for use in defining a network distance.

Unfortunately, the formulation of dgy above is heavily dependent on a metric space
structure, and the notion of Hausdorff distance may not make sense in the setting of
networks. So dgy as defined above cannot be directly extended to a network distance.
However, it turns out that there is a reformulation of dgy that utilizes the language of
correspondences (Kalton and Ostrovskii 1999; Burago et al. 2001). We present this
construction next, and note that the resulting network distance d s will agree with dgy
when restricted to metric spaces.

Definition 2.2.2 (Correspondence) Let (X, wx), (Y, wy) € N. A correspondence
between X and Y is arelation R C X x Y such that 7x(R) = X and 7y (R) = 7Y,
where mx and my are the canonical projections of X x Y onto X and Y, respectively.
The collection of all correspondences between X and Y will be denoted Z (X, Y),
abbreviated to % when the context is clear.

Example 2.2.3 (1-point correspondence) Let X be a set, and let { p} be the set with one
point. Then there is a unique correspondence R = {(x, p) : x € X} between X and

{r}

Example 2.2.4 (Diagonal correspondence) Let X = {x,...,x,}andY = {y1, ..., yu}
be two enumerated sets with the same cardinality. A useful correspondence is the
diagonal correspondence, defined as A := {(x;, y;) : 1 <i <n}.When X and Y are
infinite sets with the same cardinality, and ¢ : X — Y is a given bijection, then we
write the diagonal correspondence as A := {(x, ¢(x)) : x € X}.

Definition 2.2.5 (Distortion of a correspondence dis) Let (X, wx), (Y, wy) € N and
let R € Z(X,Y). The distortion of R is given by:

dis(R) := sup lwx (x, x") — wy (y, Y)I.
(x,¥),(x",y)€ER

Remark 2.2.6 (Composition of correspondences) Let (X, wyx), (Y, wy), (Z,wz) €
N,andletR e Z(X,Y), S € Z(Y, Z). Then we define:

RoS:={(x,2)e X xZ|3y,(x,y) €R,(y,2) € S}.
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In the proof of Theorem 2.3.7, we verify that Ro S € Z(X, Z), and that dis(Ro §) <
dis(R) + dis(S).

Definition 2.2.7 (The first network distance dys) Let (X, wx), (Y,wy) € N. We
define the network distance between X and Y as follows:

dy (X, 0x), (¥, 0y)) = 5 inf dis(R).

When the context is clear, we will often write dn/(X, Y) to denote das((X, wx),
(Y, wy)). We define the collection of optimal correspondences %°P* between X and
Y to be the collection {R € Z(X,Y) : dis(R) = 2dar(X, Y)}. This set is always
nonempty when X, Y € FN/, but may be empty in general (see Example 2.3.4).

Remark 2.2.8 The intuition behind the preceding definition of network distance may
be better understood by examining the case of a finite network. Given a finite set X
and two edge weight functions wy, a)’X defined on it, we can use the £°° distance as a
measure of network similarity between (X, wy) and (X, a)’X):

lox — &y lleoxxx) == max lox (x, x") — &y (x, x")].
x,x'eX

A generalization of the £*° distance is required when dealing with networks having
different sizes: Given two sets X and Y, we need to decide how to match up points
of X with points of Y. Any such matching will yield a subset R € X x Y such that
mx(R) = X and my (R) = Y, where mx and 7y are the projection maps from X x Y
to X and Y, respectively. This is precisely a correspondence, as defined above. A
valid notion of network similarity may then be obtained as the distortion incurred by
choosing an optimal correspondence—this is precisely the idea behind the definition
of the network distance above.

Remark 2.2.9 Some simple but important remarks are the following:

1. When restricted to metric spaces, das agrees with dgy. This can be seen from the
reformulation of dgy in terms of correspondences (Burago et al. 2001, Theorem
7.3.25), Kalton and Ostrovskii (1999). Whereas dgy vanishes only on pairs of
isometric compact metric spaces, das vanishes on a broader family of networks
that we will describe more fully in Sect. 2.3.

2. Given X, Y € FN, the network distance reduces to the following:

1
dy(X,Y) = = min

m / /
ax wx(x,x") — oy, y)l
2 ReZ (x,y),(x',y")eR lox ( ) ¥, y)I

Moreover, there is always at least one optimal correspondence R°P' for which
dar(X,Y) is achieved; this is a consequence of considering finite networks.

3. Forany X,Y € CN, we have Z(X,Y) # &, and dy/(X, Y) is always bounded.
Indeed, X x Y is always a valid correspondence between X and Y. So we have:

1 1
dn (X, Y) < sdis(X x ¥) < 5 | sup|ox (x, x| + sup |y (y, y)| | < oo
2 2 x,x! y.y'eY
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4 4
Strong isomorphism: . .
S . ] , Type I weak isomorphism:
jﬁi;(t}f/bey injective and sur- bx \ﬁ\y o):/ \iy éx, by only surjective
X =° Y X = Y

Fig. 5 Relaxing the requirements on the maps of this “tripod structure” is a natural way to weaken the
notion of strong isomorphism

Example 2.2.10 Now we give some examples to illustrate the preceding definitions.

e For a,a’ € R consider two networks with one node each: Nj(ax) = ({p}, @)
and Ni(a’) = ({p'},a@’). By Example 2.2.3 there is a unique correspondence
R = {(p, p')} between these two networks, so that dis(R) = |« — o’| and as a
result dys (N1 (@), Ny (@) = Sla — o]

e Let (X, wx) € FN be any network and for o € R let Ni(a) = ({p}, «). Then
R = {(x, p), x € X} is the unique correspondence between X and {p}, so that

1
dy (X, Ni() = = max |ox(x,x) —af.
2 x,xeX

We now test whether d zs is compatible with strong isomorphism. Given two strongly
isomorphic networks, i.e. networks (X, wyx), (Y, wy) and a weight preserving bijec-
tion ¢ : X — Y, itis easy to use the diagonal correspondence (Example 2.2.4) to
verify that dar (X, Y) = 0. However, it is easy to see that the reverse implication is not
true in general. Using the one-point correspondence (Example 2.2.3), one can see that
dar(N1(1), N2(12x2)) = 0. Here 1,4, denotes the all-ones matrix of size n x n for
any n € N. However, these two networks are not strongly isomorphic, because they
do not even have the same cardinality. Thus we need to search for a different, perhaps
weaker notion of isomorphism.

2.3 Weak isomorphism

To proceed in this direction, first notice that a strong isomorphism between two net-
works (X, wy) and (Y, wy), given by a bijection f : X — Y, is equivalent to
the following “tripod” condition (cf. Fig. 5): there exists a set Z and bijective maps
¢ox 1 Z — X,py : Z — Y such that wx (px(2), px(2)) = wy(py(2), ¢y (z")) for
each z,7/ € Z. To see this, simply let Z = {(x, f(x)) : x € X} and let px, ¢y be
the projection maps on the first and second coordinates, respectively. Based on this
observation, we make the next definition.

Definition 2.3.1 Let (X, wx) and (Y, wy) € N. We define X and Y to be Type I weakly
isomorphic, denoted X Z[’ Y, if there exists a set Z and surjective maps px : Z — X
and ¢y : Z — Y such that

wx(px(2), px(2)) = wy(py(2), py(2)) foreach z,7' € Z. ey

Notice that Type I weak isomorphism is in fact a relaxation of the notion of strong
isomorphism. Indeed, if in addition to being surjective, we require the maps ¢ x and ¢y
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A B
1 1
2 2@@/‘
C
1 1
21 211 2211
iwy2) = (311) whwvw) = (143) Yolp.g,ms) = (

Fig. 6 Note that Remark 2.3.2 does not fully characterize weak isomorphism, even for finite networks:
All three networks above, with the given weight matrices, are Type I weakly isomorphic since C maps
surjectively onto A and B. But there are no surjective, weight preserving maps A — Bor B — A

to be injective, then the strong notion of isomorphism is recovered. In this case, the map
by od);(l : X — Y would be a weight preserving bijection between the networks X and
Y. The relaxation of strong isomorphism to a Type I weak isomorphism is illustrated in
Fig. 5. Also observe that the relaxation is strict. For example, the networks X = N (1)
and Y = N,(1,x2), are weakly but not strongly isomorphic via the map that sends
both nodes of Y to the single node of X.

Remark 2.3.2 (Surjective maps induce Type I isomorphism) Let (X, wx), (Y, wy) €
CN and suppose ¢ : X — Y is a surjective map such that wy(x,x’) =
wy (p(x"), (x")) for all x,x’ € X. Then X and Y are Type I weakly isomorphic.
This result follows from Definition 2.3.1 by: (1) choosing Z = X, (2) letting ¢x be
the identity map, and (3) letting ¢y = ¢. The converse implication, i.e. that Type I
weak isomorphism implies the existence of a surjective map as above, is not true: an
example is shown in Fig. 6.

When dealing with infinite networks, it will turn out that an even weaker notion of
isomorphism is required. We define this weakening next.

Definition 2.3.3 Let (X, wx) and (Y wy) € N. We define X and Y to be Type II
weakly isomorphic, denoted X =j Y, if for each ¢ > 0, there exists a set Z, and
surjective maps ¢% : Z; — X and ¢} : Z; — Y such that

lwx (¢% (2), 9% (2)) — wy (97 (2), oy (X)) <& forall z,7' € Z,. ()

Example 2.3.4 (Infinite networks without optimal correspondences) The following
example illustrates the reason we had to develop multiple notions of weak isomor-
phism. The key idea is that the infimum in Definition 2.2.7 is not necessarily obtained
when X and Y are infinite networks. To see this, let (X, wx) denote [0, 1] equipped
with the Euclidean distance, and let (Y, wy) denote Q N [0, 1] with the restriction
of the Euclidean distance. Since the closure of Y in [0, 1] is just X, the Hausdorff
distance between X and Y is zero (recall that given A, B C R, we have d]H}(A, B)=0
if and only if A = B Burago et al. 2001, Proposition 7.3.3). It follows from the defi-
nition of dgy (Definition 2.2.1) and the equivalence of dxs and dgy on metric spaces
(Remark 2.2.9) that dpas(X, Y) = 0.

However, one cannot define an optimal correspondence between X and Y. To see
this, assume towards a contradiction that R°P! is such an optimal correspondence,

@ Springer



Distances and isomorphism between networks: stability and...

i.e. dis(R°PY) = 0. For each x € X, there exists y, € Y such that (x, y,) € R
By making a choice of y, € Y for each x € X, define amap f : X — Y given
by x > y,. Then dx(x,x") = dy(f(x), f(x")) for each x, x’ € X. Thus f is an
isometric embedding from X into itself (note that Y C X). But X = [0, 1] is compact,
and an isometric embedding from a compact metric space into itself must be surjective
(Buragoetal. 2001, Theorem 1.6.14). This is a contradiction, because f(X) € Y # X.

We observe that das(X, Y) = 0 and so X and Y are weakly isomorphic of Type I,
but not of Type I. To see this, assume towards a contradiction that X and Y are Type I
weakly isomorphic. Let Z be a set with surjectivemaps ¢x : Z — Xandgy : Z — Y
satisfyingwy o(¢x, ¢x) = wyo(py, ¢y). Then{(¢x (2), ¢y (z)) : z € Z}isanoptimal
correspondence. This is a contradiction by the previous reasoning.

Recall that our motivation for introducing notions of isomorphism on N was to
determine which networks deserve to be considered equivalent. It is easy to see that
strong isomorphism induces an equivalence class on A. The same is true for both
types of weak isomorphism, and we record this result in the following proposition.

Proposition 2.3.5 Weak isomorphism of Types I and Il both induce equivalence rela-
tions on .

In the setting of N, it is not difficult to show that the two types of weak isomor-
phism coincide. This is the content of the next proposition. By virtue of this result,
there is no ambiguity in dropping the “Type I/II” modifier when saying that two finite
networks are weakly isomorphic.

Proposition 2.3.6 Let X, Y € FN be finite networks. Then X and Y are Type I weakly
isomorphic if and only if they are Type Il weakly isomorphic.

Type I weak isomorphisms will play a vital role in the content of this paper, but for
now, we focus on Type II weak isomorphism. The next theorem justifies calling dps a
network distance, and shows that ds is compatible with Type II weak isomorphism.

Theorem 2.3.7 djs is a metric on N modulo Type Il weak isomorphism.

Proofs of the preceding results are provided in Sect. 2.12.1. For finite networks, we
immediately obtain:

The restriction of dns to FN yields a metric modulo Type I weak isomorphism.

The proof of Proposition 2.3.6 will follow from the proof of Theorem 2.3.7. In
fact, an even stronger result is true: weak isomorphism of Types I and II coincide for
compact networks as well. We present this statement in Sect. 3.2. By virtue of this
latter result, we will use the notation =" without I/II qualifiers to mean Type I weak
isomorphism between compact networks.

Remark 2.3.8 (Making dn more sensitive to topology) As will be clear from the proof
of Theorem 2.3.7, ds is actually a metric modulo Type II weak isomorphism on the
collection {(X, wx) : X aset, wx : X x X — R any function}. In other words, when
applied in this general form, d s is insensitive to topology. However, restricting to sub-
collections of set-function pairs may improve this sensitivity. When one starts with a
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network in A/ (comprising a continuous weight function over a first countable topo-
logical space) it is possible to refine the topology while maintaining first countability,
even taking the discrete topology at the extreme, and remain in the same Type Il weak
isomorphism class. Alternatively, one may start with a network in CA and refine the
underlying topology by adding a finite number of open sets—the resulting network
will still be in CA, and will even be in the same Type I weak isomorphism class. In
each of these cases, we progressively narrowed down the types of topological changes
(possibly infinite refinements, and then finite refinements) against which d s would be
guaranteed to be insensitive by studying nested subcollections of set-function pairs.
Even the insensitivity to refinements need not be problematic, as it will turn out that
each Type I weak isomorphism class has representatives with “nice” topology. These
ideas will be introduced in the next section.

We end the current subsection with the following definition, which is reminiscent
of the notion of e-nets in metric spaces.

Definition 2.3.9 (s-Approximations) Let ¢ > 0. A network (X, wx) € N is said to
be e-approximable by (Y, wy) € N if dyr(X, Y) < e. In this case, Y is said to be an
e-approximation of X. Typically, we will be interested in the case where X is infinite
and Y is finite, i.e. in g-approximating infinite networks by finite networks.

2.4 Interpolating between strong and weak isomorphism

As we saw in the simple examples discussed above, strong isomorphism implies weak
isomorphism, and weak isomorphism does not in general imply strong isomorphism.
However, we will show that weakly isomorphic networks live over a “base space” of
strongly isomorphic networks. The following definitions enable us to formulate the
appropriate statement.

Definition 2.4.1 (Automorphisms) Let (X, wx) € CN. We define the automorphisms
(Aut) of X to be the collection

Aut(X) :={¢ : X = X : ¢ a weight preserving bijection} .

Definition 2.4.2 (Poset of weak isomorphism) Let (X, wx) € CN. Define a set p(X)
as follows:

p(X) = {(Y, wy) € CN : there exists a surjective, weight preserving map ¢ : X —

Next we define a partial order < on p(X) as follows: forany (Y, wy), (Z, wz) € p(X),

Y}.

(Y,wy) < (Z,wy) <= there exists a surjective, weight preserving map ¢ : Z — Y.

Then the set p(X) equipped with < is called the poset of weak isomorphism of X.

Definition 2.4.3 (Terminal networks in CN') Let (X, wx) € CN. A compact network
Z € p(X) is terminal if:
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\\
1
P

Fig. 7 Left Z represents a terminal object in p(X), and f, g are weight preserving surjections X — Z.

Here ¢ € Aut(Z) is such that g = ¢ o f. Right Here we show more of the poset structure of p(X). In this
casewehave X >V >Y...>Z

Py N

1. Foreach Y € p(X), there exists a weight preserving surjection ¢ : ¥ — Z.
2. LetY e p(X).If f: Y - Zand g : Y — Z are weight preserving surjections,
then there exists ¢ € Aut(Z) such that g = ¢ o f (Fig. 7).

In Sect. 2.6 we define a construction called the skeleton of a network and show that
it is terminal. One of our main results (Theorem 3.2.2) shows that, under some mild
topological regularity conditions,

weakly isomorphic networks have strongly isomorphic skeleta.

A terminal network captures the idea of a minimal substructure of a network.
One may ask if anything interesting can be said about superstructures of a network.
This motivates the following construction of a “blow-up” network. We provide an
illustration in Fig. 8.

Definition 2.4.4 Let (X, wy) be any network. Let k = (k,).cx be a choice of an index
set k, for each node x € X. Consider the network X[k] with node set Ux exlx, i)
i € ky} and weights w given as follows: for x, x’ € X and fori € ky, i’ € ky,

o((x, i), (&', i) = wx(x, x).

The topology on X[k] is given as follows: the open sets are of the form
Uyep {(x, 1) 1 i € ky}, where U is open in X. By construction, X [K] is first countable
with respect to this topology. We will call any such X[K] a blow-up network of X.

In a blow-up network of X, each node x € X is replaced by another network,
indexed by k,. All internal weights of this network are constant and all outgoing
weights are preserved from the original network. If X is compact, then so is X[K].

We also observe that X is weakly isomorphic to any of its blow-ups ¥ = X[k].
To see this, let Z = X[k], let ¢y : Z — Y be the map sending each (x, i) to (x, i),
and let ¢x : Z — X be the map sending each (x, i) to x. Then ¢y, ¢y are surjective,
weight preserving maps from Z onto X and Y respectively. By Remark 2.3.2, we
obtain X ={’

Later in Proposition 2.7.5, we will show that Type I weakly isomorphic networks
may be blown-up to strongly isomorphic networks.
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Fig.8 Interpolating between the skeleton and blow-up constructions

2.5 Coherence and Kuratowski-like embeddings

Thus far we have maintained one-way control over the topology of a network, i.e. the
topology of X restricts the collection of weight functions wy that are continuous and
hence admissible. In certain settings it will be useful to impose control in the other
direction, i.e. to restrict the collection of admissible topologies via wy. We produce
this type of topological control via the embeddings x — wx(x,-), x — wx(-, x).
These are variants of the well-known Kuratowski embedding (Heinonen 2012, Chapter
12) that is defined for compact metric spaces (X, dx) as the map x — dx(x, -). Such
a map gives an isometric embedding of (X, dx) into the Banach space [*°(X).
Let (X, wx) € N. For any x, x’ € X, define:

Sy (0, x') = llox (x, ) — ox (X', Yloor 85 (¥, %) 1= [lwx (-, x) — wx (- X)[loo

8x (x, x') 1= max(8y (x, x), 83 (x, x")). 3
Both 8; and &, are pseudometrics generated by the asymmetric Kuratowski-like
embeddings, and §y, being the max of two pseudometrics, is also a pseudometric. A

related generalization is later provided in Definition 3.6.7, and a figure demonstrating
its use is provided in Fig. 9.

Definition 2.5.1 Let (X, wx) € N. We say that X has a weak coherent topology if for
any x € X and any sequence (x,), in X, one has

x, — x iff §x(x,x,) — 0. @
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Definition 2.5.2 Let (X, wx) € N. We say that X has a strong coherent topology if
for any x € X, any sequence (x,), in X, and any subspace (S, wx|sxs) containing x
and {x, },, the following are equivalent:

® X, —> X
o 5x(x,x,) — 0
e Ss(x,x,) > 0

Metric spaces satisfy strong coherence due to the triangle inequality—in particular,
strong coherence encodes a generalized consequence of the linear constraints defining
metric spaces. For clarification, let us verify that the statements in Definition 2.5.2 hold
for metric spaces. In a metric space (X, dx), to say that a sequence (x,), converges
to a point x € X means that dx (x,, x) — 0, i.e. it suffices to check the value of dx
on the points S := {x} U {x,},. It is well-known that the Kuratowski embedding is
an isometric embedding for metric spaces, and hence dy (x, x,) — 0 is equivalent to
dx (x, x,) — 0. Next, considering the space (S, ds) where ds := dx|sxs, one applies
the triangle inequality to obtain

lds(xn, )| = ds(x, )llloo = 0 and [lds(-, x2)| = ds (-, X)[llc = 0.

Hence §s(x, x,,) — 0. Finally consider (S, dg) by itself and suppose §s(x, x,) — 0
for some x, {x,}, in S. Consider the isometric embedding given by the inclusion
(S,ds) — (X, dx). As a function, dy : X x X — R extends dg, and the linear
constraints coming from the triangle inequality force the following:

The notion of strong coherence captures this property of isometric embedding without
specifying, a priori, the form of these linear constraints.

We refer to such topologies as the weak or strong coherent topology generated by
wy, and refer to networks satisfying the property of Eq. (4) as weak or strong coherent
networks.

Remark 2.5.3 Directed metric spaces with finite reversibility comprise a collection
of objects that are strictly more general than metric spaces and still satisfy strong
coherence.

Definition 2.5.4 We refer to §x above as the canonical pseudometric of the network
(X, wx).

Remark 2.5.5 Kelly (1963) has studied separation axioms in spaces with multiple
topologies, as is the case here with the topologies generated by 8;;, 3y . Also note
that in a first countable space, the topology is determined precisely by the convergent
sequences. Generalizing this property leads to sequential spaces, which have been
studied by Franklin (1965).

Remark 2.5.6 (Weak coherence is strictly weaker than strong coherence) The construc-
tion of 8y above is extrinsic in the sense that to assign §x (x, x’), we used knowledge
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Fig. 9 To provide intuition for the Kuratowski-like embedding metric § (cf. Definition 2.5.4), we plot
§ (eo, 6’9) using gl (left) and wgl, (right) as 0 varies along S!. We have rescaled S! to be parametrized

by [0, 1) for convenience. The figure on the left shows that for the strictly directed circle, (S(eo, -) is
minimized at the antipode '™, and that for all & values less than the diameter, the §-ball of radius ¢ centered
at €0 contains only Y. The same holds for any other point el? by rotational symmetry. Thus the metric
topology induced by the Kuratowski-like embedding is actually discrete. Compare this with the figure on
the right. The different colored lines correspond to different choices of p, taken on a logarithmic scale. We
observe that § takes on an M-shape that converges to the shape of the geodesic distance as p | 1. The shape
of the plot also tells us that for any finite reversibility parameter, the §-ball of radius ¢ centered at 0 (and
thus any other point by rotational symmetry) is centrally symmetric, as is the case for a ball of radius &
using the standard geodesic metric

from all of X. While §y formally gives us a metric, its construction suffers from con-
sistency issues when embedding into a larger space. For example, suppose we have
an injective, weight-preserving map f : X — Y. A priori, we may have

8x (x, x") # max ([loy (f(x), ) = @y (f (), Moo, lwy ¢, f(x)) = 0y, f(&))lloo)
=8y (f(x), f(xN)

for x, x’ € X, which is an issue that one does not face with isometric embeddings of
bona fide metric spaces. This is illustrated in Fig. 10. Consequently, given x, — x,
one may have §x(x, x,) — 0 and dy(f(x), f(x,)) # 0. An alternative viewpoint
is the following. When extending a metric space (cf. Melleray 2007), say by a single
point, one needs to choose distances from the new point to all other points that satisfy
the linear constraints posed by the triangle inequality. When extending a network,
however, there are no constraints in choosing weights. This flexibility comes at the
cost of the inconsistent embedding described above. For strong coherence, however,
one has that if §x (x, x,) = 6rx)(f(x), f(xn)) — 0O, then 8y (f(x), f(xp)) — O
as well. This property is used below to generalize the familiar result that isometric
embeddings of metric spaces are continuous.

Proposition 2.5.7 Let (X, wx), (Y, wy) be strongly coherent networks, and let f :
X — Y be a weight-preserving map. Then f is continuous.

Proof Let V C Y be open. We need to show that U := f~!(V) is open. By first-
countability, it suffices to show that any sequence converging to a point of U is
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Fig. 10 “Isometrically” embedding into a larger space is tricky for networks. Let § denote the canonical
pseudometric obtained via the Kuratowski embedding as in Definition 2.5.4. Consider the embedding of Z
into the metric space X. We have §x(a,b) = dy(a,b) = 1 = 8z(a, b). However, §y(a,b) =2 # 1 =
8z(a,b). In Lemma 3.6.4 we show that this discrepancy can be resolved if the domain and codomain have
the same motif sets

eventually inside U. Let (x,), be a sequence in X converging to x € U. Then we
have

oy (f (xn), ) rx) — @y (f (), ) px0lloo = llox (xn, -) — wx(x, )lloc = 0.

Here the first equality holds because f is weight-preserving, and the limit holds by
coherence in X. Similarly we also have

loy -, fEa)l o) — oy, fFO)Iroxlloo = 0, and thus 87y (f(x), f(xn)) — 0.

By strong coherence, this property transfers to all of Y, i.e. §y (f(x), f(x,)) — O.
Thus we have f(x,) — f(x). But then there must exist N € N such that f(x,) € V
for alln > N. Then x,, € U forall n > N. Since (x,), was arbitrary, it follows that
U is open. This concludes the proof. O

Corollary 2.5.8 (Uniqueness) Let (X, wx) be a strongly coherent network with a topol-
0gy Tx. Let T’ be another strongly coherent topology on X. Then v/ = 1.

Proof The identity map is weight-preserving, and so we apply Proposition 2.5.7 to
show that each topology is finer than the other. O

Our ultimate application of coherence (Theorem 3.2.2) will be to improve a state-
ment about weak isomorphism to a statement about strong isomorphism. In such a
setting, we have equality of motif sets. It turns out that equality of motif sets allows us
to prove a form of the preceding result using only weak coherence. We will develop
this in Sect. 3.2.

2.6 Skeletons

The preceding construction naturally suggests the equivalence relation ~ defined on
X as follows:

x ~x" iff wx(x,z) =wx(',z) and wx(z,x) = wx(z,x") foral ze X.

@ Springer



S. Chowdhury, F. Mémoli

We refer to the process of taking equivalence classes as passing to the skeleton. Note
that for a pseudometric dy, one has dx (x, x’) = 0 iff [x] = [x'], i.e. dx/~ is a bona
fide metric. Next define o : X — X/ ~ to be the canonical map sending any x € X
to its equivalence class [x] € X/ ~. Also define wx/~([x], [x']) := wx(x, x") for
[x], [x'] € X/ ~. To check that this map is well-defined, let @, a’ € X be such that
a ~ x and @’ ~ x’. Then,

wx(a,d) = wx(x,d) = wx(x,x'),

where the first equality holds because a ~ x, and the second equality holds because
a’ ~ x'. We equip X/ ~ with the quotient topology, i.e. a set is open in X/ ~ if and
only if its preimage under o is open in X. Then o is a surjective, continuous map.

Observe that when X is compact, X/ ~ is the continuous image of a compact space
and so is compact. In general, first countability of a topological space is not preserved
under a surjective continuous map, but it is preserved when the surjective, continuous
map is also open (Steen and Seebach 1978, p. 27). The following proposition gives a
sufficient condition on X which will ensure that X/ ~ is first countable.

Proposition 2.6.1 Suppose (X, wx) € N has a weakly coherent topology. Then the
map o : X — X/ ~ is an open map, i.e. it maps open sets to open sets.

Proof of Proposition 2.6.1 Let U € X be open. Because X/ ~ has the quotient topol-
ogy, we need to show o o)) is open. For convenience, define V := o (e U)).
By first countability, it suffices to show that any sequence converging to a point in V
is eventually inside V. Let (v,),eN be any sequence in X converging to a pointv € V.
Note that we have o (v) = [v] = [x] for some x € U. Because x ~ v, we have by
weak coherence that v, — x as well. But because x € U and U is open, there exists
N € Nsuchthatv, € U C V forall n > N. Thus V is open. This concludes the
proof. O

Definition 2.6.2 (The skeleton (sk(X)) of a compact network) Suppose (X, wx) € CN

has a weakly coherent topology. The skeleton of X is defined to be (sk(X), wg(x)) €
CN, where sk(X) := X/ ~, and

wskx)([x], [x']) := wx(x,x") forall [x],[x] € sk(X).

Observe that sk(X) is compact because X is compact, and first countable by Propo-
sition 2.6.1 and the fact that the image of first countable space under an open, surjective,
and continuous map is also first countable (Steen and Seebach 1978, p. 27). Further-
more, wsk(x) is well defined by the definition of ~.

Theorem 2.6.3 (Skeletons are terminal) Let (X, wx) € CN be a network with aweakly
coherent topology. Then (sk(X), ws(x)) € CN is terminal in p(X).

The proof of this and related results are provided in Sect. 2.12.2.
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2.7 The second network distance

Even though the definition of dxs is very general, in some restricted settings it may
be convenient to consider a network distance that is easier to formulate. For exam-
ple, in computational purposes it suffices to assume that we are computing distances
between finite networks. Also, a potential reduction in computational cost is obtained
if we restrict ourselves to computing distortions of bijections instead of general cor-
respondences. The next definition (compare with Definition 2.2.7) arises from such
considerations.

Definition 2.7.1 (The second network distance ZZ\N) Let (X, wyx), (Y,wy) € N be
such that | X| = |Y|. Then define:

’

N 1
dy (X, Y) := 5 inf sup lox (x, x') — 0y (p(x), p(x"))

x,x'eX

where ¢ : X — Y ranges over all bijections from X to Y (at least one bijection exists
because | X| = |Y]).

In analogy with the case for d s, we note that X =° ¥ implies ZZ\N(X ,Y) =0, and also
thatd; /\ satisfies symmetry and triangle inequality. In the setting of finite networks, and
in contrast with ds, we have that d, Av(X, Y) = 0 also immediately implies X =° Y.
It turns out via Example 2.7.2 that dps and d, s agree on networks over two nodes.
However, the two notions do not agree in general. In particular, a minimal example
where dar # d, v occurs for three node networks, as we show in Remark 2.7.3.

Example 2.7.2 (Networks with two nodes) Let (X, wyx), &, wy) € FN where X =
{x1, x2} and Y = {yi, y2}. Then we claim dn/ (X, Y) = dn (X, Y). Furthermore, if

X =N ((% )‘E )) and Y = N, ((%: J‘i/, )), then we have the explicit formula:

1
dy (X, Y) = 3 min (I'(, I'2), where
Iy =max (Ja —o|, [B=B18 =81y —v'l),
Iy =max (Jo —y'I.ly —'|,16 — B'.1B = &']).
Details for this calculation are in Sect. 2.12.3.

Remark 2.7.3 (A three-node example where dns #~ EN) Assume (X, wy) and (Y, wy)
are two networks with the same cardinality. Then

(X, Y) < dy (X, Y).
The inequality holds because each bijection induces a correspondence, and we
are minimizing over all correspondences to obtain ds. However, the inequality may

be strict, as demonstrated by the following example. Let X = {x1,..., x3} and let
Y = {y1,...,y3}. Define wx(x1,x1) = wx(x3,x3) = wx(x1,x3) = L,ox =0
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elsewhere, and define wy(y3, y3) = 1,wy = 0 elsewhere. In terms of matrices,
X = N3(Zx) and Y = N3(Zy), where

101 000
EX=<000) and 2y=(000).
001 001

Define I'(x, x", v, ') = |lwx(x,x") —wy(y,y)| forx,x’ € X,y,y € Y.Let g
be any bijection. Then we have:

mgexxl“(x, X', 9(x), p(x) = max{I"(x1, x3, p(x1), (x3)), [ (x1, x1, p(x1), ¢(x1)),

X, X

T(x3, %3, 9(x3), 9(x3)), T (@ (33), 071 (3), ¥3, y3)}
=1.

So d, (X, Y) = % On the other hand, consider the correspondence

R = {(x1, y3), (x2, ¥2), (x3, y3), (x2, y1)}.

Then maxy y) (v'y)eR lwx (x,x") — wy(y,y)| = 0. Thus dy(X,Y) = 0 <
dny (X, Y).

Example 2.7.4 (Networks with three nodes) Let (X, wy), (Y, wy) € FN, where we
write X = {x1,x2,x3} and Y = {y1, y2, ¥3}. Because we do not necessarily have
dn = d, 7 on three node networks by Remark 2.7.3, the computation of ds becomes
more difficult than in the two node case presented in Example 2.7.2. A certain reduction
is still possible, which we present next. Consider the following list £ of matrices
representing correspondences, where a 1 in position (i, j) means that (x;, y;) belongs
to the correspondence.

() Co) () () Gr)
) G GG Op)
() 00 G Gr) Gn)

Now let R € Z(X,Y) be any correspondence. Then R contains a correspondence
S € Z(X,Y) such that the matrix form of § is listed in £. Thus dis(R) > dis(S),
since we are maximizing over a larger set. It follows that dar(X, Y) is obtained by
taking arg min % dis(S) over all correspondences S € Z(X,Y) with matrix forms
listed in L.

For an example of this calculation, let S denote the correspondence

{(x1, ¥1), (x2, ¥2), (x3, ¥3)} represented by the matrix <1 1 1)' Then dis(S) is the
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ot
ot

X ()—®

Y Z Y

Fig. 11 The two networks on the left have different cardinalities, but computing correspondences shows that
dpr(X,Y) = 1. Similarly one computes d (X, Z) = 0, and thus dps(Y, Z) = 0 by triangle inequality.
On the other hand, the bijection given by the red arrows shows das (Y, Z) = 1. Applying Proposition 2.7.5
then recovers das(X,Y) =1

maximum among the following:

lwx (x1, x1) — wy (y1, Y| lox(x1, x2) — oy (y1, y2)| lox(x1, x3) — 0y (y1, y3)I
lwx (x2, x1) — @y (¥2, yD| lox (x2, x2) — 0y (y2, y2)| |lwx(x2, x3) — wy (2, ¥3)|
lwx (x3, x1) — wy (¥3, YD lox(x3, x2) — wy (y3, y2)| lox(x3, x3) — wy (y3, ¥3)I.

The following proposition provides an explicit connection between ds and d, N -
The proof is provided in Sect. 2.12.4, and an illustration is provided in Fig. 11.

Proposition 2.7.5 Let (X, wx), (Y, wy) € N. Then,
dy(X,Y) = inf {ZZN(X/, Y): XY eN, X' =X, YV ZE{Y, and |X'| =|Y'|}.

The proof of this result is provided in Sect. 2.12.4. In words, the result states
that the d s distance between two networks X, Y may be achieved by blowing up to
networks X', Y’ of equal cardinality and then optimizing over bijections. Note that
when restricted to X, Y € FN, the Type Il weak isomorphism can be interchanged
with Type I weak isomorphism.

Remark 2.7.6 (Computational aspects of dnr and d, 'nr) The relation between das and
d, \ in the setting of finite networks has been leveraged in Chowdhury and Needham
(2020b) to compute network Fréchet means and geodesic principal components. From
a computational complexity perspective, even though d \v has a simpler formulation
than d s, computing d, /v still turns out to be a hard problem (cf. Sect. 2.10).

Instead of trying to compute d s, we will focus on finding network invariants that
can be computed easily. This is the content of Sect. 4. For each of these invariants, we
will prove a stability result to demonstrate its validity as a proxy for ds.

2.8 Special families: dissimilarity networks and directed metric spaces

The second network distance d; /n that we introduced in the previous section turned
out to be compatible with strong isomorphism. Interestingly, by narrowing down the
domain of dxs to the setting of compact dissimilarity networks (cf. Definition 2.1.3),
we obtain a subfamily of A where d s is compatible with strong isomorphism.
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Theorem 2.8.1 (Carlsson et al. 2013) The restriction of dnr to FNS is a metric
modulo strong isomorphism.

The expression for d s was used in the context of FN dis in Carlsson et al. (2013,
2014) to study the stability properties of hierarchical clustering methods on metric
spaces and directed dissimilarity networks. That setting is considerably simpler than
the situation in this paper, because in general we allow dar(X,Y) = 0for X, Y e N
even when X and Y are not strongly isomorphic. In Theorem 2.8.4 below, we provide an
extension of Theorem 2.8.1 to a class of compact dissimilarity networks that contains
all finite dissimilarity networks.

The following definition gives a continuous relaxation of the triangle inequality
that is motivated by applications to computer vision (Fagin and Stockmeyer 1998).

Definition 2.8.2 (W-relaxed triangle inequality) Let ¥ : R; x Ry — R, be a con-
tinuous function such that W (0, 0) = 0. A dissimilarity network (X, Ay) is said to
satisfy a W-relaxed triangle inequality if we have

Ax(x,x) < \I/(Ax(x, x"), Ax (x, x")) forall x,x’,x" € X.
This condition automatically encodes a notion of reversibility:

Ax(x,x") < W(Ax(x,x), Ax(x',x)) = (0, Ax(x", x)),
Ax(x',x) < LI!(Ax()c’,x/), Ax(x, x’)) = lI/(O, Ax(x,x’)).

In the sequel, whenever we write “(X, Ax) € N9 hasa W-relaxed triangle inequality”
without explicit reference to a map W, we mean that there exists a function ¥ :
R4+ x Ry — Ry satisfying the conditions above.

Remark 2.8.3 Any finite dissimilarity network is finitely reversible and has a W-relaxed
triangle inequality. For example, W can be taken to be a bump function that vanishes
outside REL\U —where U is some open set containing im(A x) and excluding (0, 0)—
and constant at max, ycx Ax(x, x") on U.

We end this section with a strengthening of Theorem 2.8.1 to the setting of com-
pact networks. Recall that the interesting part of Theorem 2.8.1 was to show that
dy(X,Y) =0 = X =° Y; we generalize this result to a certain class of compact
dissimilarity networks. The proof is provided in Sect. 2.12.5.

Theorem 2.8.4 Let (X, Ax), (Y, Ay) € CNYS be equipped with the forward-open
topologies induced by Ax and Ay, respectively. Suppose also that at least one of the
two networks has a WV -relaxed triangle inequality. Thendy (X, Y) =0 — X =° Y.

Remark 2.8.5 (Generalizations of Theorem 2.8.1) For any finite dissimilarity network
(X, Ay), the discrete topology is precisely the topology induced by Ay. We have
already stated before that finite dissimilarity networks trivially satisfy finite reversibil-
ity and W-relaxed triangle inequality. It folows that Theorem 2.8.4 is a bona fide
generalization of Theorem 2.8.1.
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Qj)

Fig. 12 The directed circle (Sl, a)él) and the directed circle (Sl, wgl p) with reversibility p, for some
p € [1, 00) (cf. Definition 2.1.4). The arrows show that traveling in a clockwise direction is possibly only
in the directed circle with reversibility p. However, this incurs a penalty modulated by p, hence the shorter
arrow in the clockwise direction

2.9 Network models: the directed circles

The collections A/, CN, and FN contain the collections of all metric spaces, com-
pact metric spaces, and finite metric spaces, respectively. It is interesting to identify
networks in these families that are not just metric spaces. Here we provide models
of directed circles, which are infinite, asymmetric networks. See Fig. 12 for an illus-
tration, and also Sect. 4.7 for applications of hierarchical clustering and persistent
homology methods to these asymmetric network models.

Define S! := {6[9 eC:0 €0, 271)} , 1.e. the standard unit circle in the complex
plane with the standard topology. For any x, y € S!, define wgi (x, y) to be the coun-
terclockwise geodesic distance (i.e. arc length) from x to y. Then (S!, wg1) becomes
a model of a directed circle.

An issue that arises now is that wg1 is not continuous with respect to the standard
topology on S'. Thus (S', wg1) is a set-function pair that can be accepted as input
into dr-computations, but does not enjoy the nicer properties of A. One recourse is
to define (S', wg!) to be equipped with the discrete topology. This topology is first
countable and makes wgi continuous, and so (S1 ,wgl) € N.

However, the resulting network is not compact. Moreover, a coarser topology does
not work to make (S, wg1) fit the framework of CAV. To see why, let x € S!. Suppose
wg1 is continuous with respect to some topology on S'. Fix 0 < & « 2, and
define V := ws_,l [(—e, &)]. Then V is open in the product topology, and in particular
contains (x, x). Since V is a union of open rectangles, there exists an open set U € st
such that (x,x) € U x U C V. Suppose towards a contradiction that U # {x}.
Then there exists y € U, for some y # x. Because (x,y) € U x U, one has
wgi (x,y) € (0,¢). But then wg1(y,x) € (2w — ¢, 2m), which is a contradiction
because (y,x) e U x U C a)S_ll[(—e, &)]. Thus U = {x}, and hence the topology on
(St, wg1) necessarily contains all singletons as open sets. Such a topology cannot be
compact.

We would still like a model of a directed circle with sufficient topological regu-
larity to belong to CN'. We therefore produce a family of directed circles with finite
reversibility as follows. Fix areversibility parameter p > 1 (cf. Definition 2.1.4). Then

@ Springer



S. Chowdhury, F. Mémoli

foreach x, y € S!, define wgl , as:

wst,(x, y) 1= min (a)S1 (x, ), pws1 (¥, x)) .

In particular, wg1, has reversibility p. Finally, we equip S! with the standard sub-
space topology generated by the open balls in C. In this case, S! is compact and first
countable. It remains to check that wg1 , is continuous. Before proceeding to the next
result, we set the notation dg1 to denote the standard (not necessarily counterclock-
wise) geodesic distance on S'. Note that dgi (x, y) = min(wg (x, y), wgi (¥, x)), and
so we always have wg1 ,(x, y) < pdsi (x, y).

Proposition 2.9.1 wg1, : St x 8! — R is continuous.

Proof of Proposition 2.9.1 1t suffices to show that the preimages of basic open sets
under wg! p are open. Let (a, b) be an open interval in R, and let (x, y) € a)S:llp [(a, b)].

Setg := % min{wg1 ,(x, y) —a, b —wg1,(x, y)}. Letx” € B(x, ¢) and y’" € B(y, &),
ie.dgi(x,x’) < eanddgi(y, ') < e. It suffices to show wS£p(x’, y) e wsjlp[(a, b1,
for which, in turn, it suffices to show:

lwgt, (x, ¥) — wg1,(x", Y| < 2pe = minfwg ,(x, y) —a, b — g1 ,(x, y)}.

Claim 1 Letx, y,z € S!. Then wgl’p(x, 7)) < wsgp(x, y) + wggp(y, 2).
Assuming the claim, we have wg1 , (x, y) < g1, (x, X ) +og1, (X', y)+og1, (', ¥)
and so

w§{p(xv y) - wS{p(x/v y/) =< Q)Sl,p(x, -x/) + wS{p(y/a y) < ;OdSI(x’ -x/) + pdSI (y/v J’)
= p(dgi (x, x) + dgi (v, ).

Similarly we have wgi,(x’,y) — wgi,(x,y) < pdgi(x',x) + pdsi(y,y) =
p(dsi (x, x") + dsi1 (y, y')). We thus have |wg1,(x, y) — wg1,(x, y')| < 2pe. Since
x" € B(x,¢),y € B(y, ¢) were arbitrary, it follows that a)S_llp[(a, b)] is open.

To conclude the proof, we need to verify the triangle’inequality in the claim.
First note that for x, y, z € S', we have the simpler triangle inequality wgl (x,7) <
wg! (x,y) + ws1 (y, z). To see this, note that the counterclockwise arc from x to z is
either equal to, or strictly included in, the union of the counterclockwise arcs from x
to y and from y to z. Next we treat four cases corresponding to the ways in which
wglp(x, y), (L)gl’p(y, z) may be realized.

First suppose wgi,(x,y) = wgi(x,y) and wg1,(y,2) = wsi(y,z). Then
a)Sl,p(x, 7) fwgi(x,2) w1 (x,y)+twsi(y,2) = a)Sl,p(x, y) +“)Sl,p(y7 7). Here the
first inequality follows by definition and the second follows by the triangle inequality
for wg. Similarly, for the case wg1 , (x, y) = pwsi (y, x) and wg1 ,(y, 2) = pwsi (z, y),
we have wgi,(x,2) = pwsi(z,x) < plosi(z,y) + osi1(y,x) = ws1,(y,2) +
wgl p(x, y).

@ Springer



Distances and isomorphism between networks: stability and...

Next suppose wgl1,(x, y) = wgi(x,y) and wg1,(y,2) = pwsi(z, y). Note that
either z belongs to the counterclockwise arc from x to y, or x belongs to the coun-
terclockwise arc from z to y. In the first subcase, we have wg1 p(x, 7)) =wgi(x,z) <
wgl(x,y) < wgl)p(x, y) + wsl’p(y, 7). Here we use the assumption wgl’p(x, y) =
wg1 (x, ¥). In the second subcase, we have a)gl,p(x, 72) < pwsgi (2, x) < pwgi(z,y) <
wst, (¥, 2) + wg1,(x, y). Here we use the assumption wg1,(y, z) = pwsi (2, ¥).

Finally we have the case wgi1,(x, y) = pwsi (y, x) and wg1,(y,2) = wgi(y, 2).
After splitting into subcases, this case proceeds analogously to the previous case. We
thus prove the claim, and conclude the proof. O

A

Definition 2.9.2 Let p € [1, 0co). We define the directed unit circle with reversibility
p to be (S', wsi,). This is a compact, asymmetric network in CN, specifically in
CNY%S. Figure 12 provides an illustration of such a network alongside (S', wg!) for
comparison.

Remark 2.9.3 (Directed circle with finite reversibility—forward-open topology ver-
sion) Instead of using the subspace topology generated by the standard topology on
C, we can also endow (S', wst ,) with the forward-open topology generated by wgt .
The open balls in this topology are precisely the open balls in the subspace topol-
ogy induced by the standard topology, the only adjustment being the “center” of each
ball. The directed metric space (S!, wgt ,) equipped with the forward-open topology

is another example of a compact, asymmetric network in CA/%S.

2.10 The complexity of computing dx/

Computing dps is at least as hard as computing the Gromov—Hausdorff distance
between metric spaces, which has been shown by Schmiedl to not be computable in
polynomial time unless P = NP (Schmiedl 2017, 2015). Moreover, Schmiedl showed
that even obtaining a 3-approximation of the Gromov—Hausdorff distance is not pos-
sible in polynomial time, unless P = NP. This result was obtained by starting with
an instance of the 3-partition problem and constructing an instance of the Gromov—
Hausdorff distance such that a 3-approximation of its optimal solution would solve
the starting 3-partition problem.

Remark 2.10.1 For quite some time prior to Schmiedl’s proof, it was remarked (Mémoli
2012) that computing the Gromov—Hausdorff distance is reminiscent of the quadratic
bottleneck assignment problem (QBAP) (Pardalos and Wolkowicz 1994), which is
NP-hard (Burkard et al. 2009). We reproduce this argument below in the case of ds.

By Remark 2.7.3 and Proposition 2.7.5 we know that it is possible to obtain an upper
bound on dy, in the case | X| = |Y|, by using ZZ\N. This problem turns out to be a case
of the quadratic bottleneck assignment problem (QBAP) (Pardalos and Wolkowicz
1994). Let X = {x1,...,x,}and let Y = {yq, ..., y,}. Let IT denote the set of all
n x n permutation matrices. Note that any 7w € IT can be written as 7 = ((77;; ));.” =1
where each 7;; € {0, 1}. Then Zj mij = 1 forany i, and ), m;; = 1 for any j.
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Computing d, Ay now becomes:

—~ 1
dy(X,Y)=-—min max Ijjmiimeg, where
N X T) 2 welli<ik,jl,<n 57°Y

lwx (xi, xk) — wy (yj, yDI.

Cikji

This is just the QBAP, which is known to be NP-hard (Burkard et al. 2009).

2.11 Comparison of dzs with the cut metric on graphs

In our work throughout this paper, we have developed the theoretical framework
of a certain notion of network distance that has proven to be useful for applying
methods from the topological data analysis literature to network data. In each of these
applications, networks were modeled as generalizations of metric spaces, and so the
appropriate notion of network distance turned out to be a generalization of the Gromov—
Hausdorff distance between compact metric spaces. However, an alternative viewpoint
would be to model networks as weighted, directed graphs. From this perspective, a
well-known metric on the space of all graphs is the cut metric (Lovasz 2012; Borgs
et al. 2008). In particular, it is known that the completion of the space of all graphs
with respect to the cut metric is compact (Lovdsz 2012, p. 149). An analogous result is
known for the network distance, and we will establish it in a forthcoming publication.
It turns out that there are other structural similarities between the cut metric and the
network distance. In this section, we will develop an interpretation of an £°° version
of the cut metric in the setting of compact metric spaces, and show that it agrees with
the Gromov—Hausdorff distance in this setting.

2.11.1 The cut distance between finite graphs

Let G = (V, E) denote a vertex-weighted and edge-weighted graph on a vertex set
V ={1,2,...,n}. Let o; denote the weight of node i, with the assumption that each
o; >0, and Zi a; = 1. Let B;; € R denote the weight of edge ij. Forany S, T C V,
define:

eG(S,T) = Y afu.

seS,teT

Note for future reference that one may regard e as a function from pow(V) x pow(V)
into R.

Let A be an n x n matrix of real numbers. Some classical norms include the £! norm
Al = n=2 37 21 1Aijl, the €2 norm [|All2 = (n™> 327 ;_; [4;51%)!/2, and the £
norm || Al = max; ; |A;;|. Note that the n~2 term is included for normalization.

The cut norm of A is defined as

1
IAlD = —  max Z Aijl.
wh teS/eT
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The cut metric or cut distance 6 between weighted graphs on the same node set
V={1,2,...,n}as

N Y ]
00(G, G) = max leG(S,T) — e (S, T)l

Next we consider weighted graphs with different numbers of nodes. Let G, G’ be
graphs on n and m nodes respectively, with node weights (o;)"_,, (er;)}_, and edge
weights (B; j)ﬁjzl, (ﬂ,/d)Zf 1—1» Tespectively. A fractional overlay is a non-negative
n x m matrix W such that

n m
ZWikza,’(forlfkfm, and ZWik:ai for 1<i<n.
i=1 k=1

Define W(G, G’) to be the set of all fractional overlays between G and
G'. Let W € W(G, G’). Consider the graphs G(W), G'(W) on the node set
{(i,k):i <n,k <m,i,k € N} defined in the following way: node (i, k) carries
weight W; in both G(W), G'(W), edge ((i, k), (j, 1)) carries weight Bijin G(W) and
By, in G’(W). Then the cut distance d between graphs of different sizes becomes

do(G.G) = min 0(GX) G'(X)). (*)

2.11.2 The cut distance and the Gromov-Hausdorff distance

In our interpretation, a fractional overlay is analogous to a correspondence, as defined
in Sect. 2. We define correspondences between networks, but a similar definition can
be made for metric spaces, and in the case of finite metric spaces, a correspondence
can be regarded as a binary matrix. Since correspondences are used to define the
Gromov—Hausdorff distance between compact metric spaces, and our definition of
network distance is motivated by GH distance, we would like to reinterpret the cut
distance in the setting of compact metric spaces. Our goal is to show that in this setting,
a certain analogue of the cut distance agrees with the GH distance.

For any compact metric space (X, dx), let pow(X) denote the nonempty elements of
the power set of X, and let ey be any R -valued function defined on pow (X) x pow(X).
In analogy with the definition of e for graphs, one would like ey to absorb information
about the metric dx on X.

Given a subset R € X x Y, let w1 and 7> denote the canonical projections to the
X and Y coordinates, respectively. Let E denote the map that takes a compact metric
space (X, dy) and returns a function ex : pow(X) x pow(X) — R. We impose the
following two conditions on the assignment dx +> ex induced by the map &E:

1. Forall x, x' € X,

E(dx)({x}, {x'}) = dx(x, x"). (#1)
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Thus ex = E(dyx) and dx agree on singleton sets.
2. ForallT,SC X x7,

|[E(dx) (@ (T), m1(S5)) — E(dy) (m2(T), m2(S))| (#2)
<  Jnax |dx (1 (1), w1(8)) — dy (7m2(2), m2(5))].

The latter of the two conditions above can be viewed as a continuity condition.

Example 2.11.1 Some natural candidates for the assignment dy — ex which satisfy
the two conditions above are:

EH such that ex (A, B) = d{f (A, B), the Hausdorff distance,
o EM™ such thatex (A, B) = sup,c4 pep dx(a, b),

™ such that ex (A, B) = inf,ea.pep dx(a, D).

It is clear that all these satisfy (#;). In Proposition 2.11.4 we prove that they satisfy
condition (#).

An analogue of the cut distance (x) in the setting of compact metric spaces is the
following.

Definition 2.11.2 (An analogue of the cut distance for compact metric spaces) Let B
be any map satisfying (#) and (#;). Then for compact metric spaces X and Y, define

= 1
di(X,Y) = Ei%f sup |E(dx)(m1(T), m1(8)) — E(dy) (m2(T), m2(5))],
S.TCR

where R ranges over correspondences between X and Y, and 71, 7, are the canonical
projections from X x Y onto X and Y respectively. We include the coefficient 2! to
make comparison with dgy simpler. We claim that this interpretation of d3 is identical
to dgy.

Note that one definition of the Gromov—Hausdorff distance for compact metric
spaces (Burago et al. 2001, Theorem 7.3.25) is the following:

1,
dGH(Xv Y):_ lnf Sup |dX(x’x/)—dY(y,y/)|-
REZ (x,y),(x',y")€R

We also make the following definitions for distortion:
dlSGH(R) = sup |dX(-xv-x/) _dY(y’ y/)|’
(x,3).(x",y")eR
disf(R) = sup |E(dx)(m1(T), m1(S)) — E(dy)(m2(T), m2(S))|.
S,TCR

Proposition 2.11.3 For all compact metric spaces X, Y and any assignment E satis-
fying (#1) and (#,) above, one has dgu(X,Y) = dEE] X, 7).
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Proof of Proposition 2.11.3 Writeexy = E(dx)andey = E(dy).LetR € Z(X,Y).In
computing ding (R), we take the supremum over all subsets of R, including singletons.
Since ey (resp. ey ) agrees with dy (resp. dy) on singletons, it follows that disgy(R) <
disg (R). Thus dgy < df.

‘We now need to show dS < dgH.

Let n > 0 such that dg(X, Y) < n. Then, by one of the characterizations of dgy
(Burago et al. 2001, Chapter 7), there exists a joint-metric § defined on X LI Y and
a correspondence R such that §(x, y) < n for all (x, y) € R. In particular, § agrees
with dy and dy when restricted to the appropriate spaces. Now we have

dis§i(R) = sup |ex(m1(T), 71(S)) — ey (m2(T), 72(S))]
T,SCR
< sup sup |dx(mi(t), wi(s)) —dy(m2(2), m2(5))|

T,SCRteT,seS
= sup sup [3(mwi (1), w1(s)) — 8(ma(2), ma(s))]
T,SCRteT,seS

By the triangle inequality, we have the following forany t € T and s € S:

[8(1 (1), w1(s)) — 8(m2(2), wa(s)| < [8(1(2), w1 (s)) — (w1 (s), m2(1))]
+ 181 (s), m2(1)) — 8(m2(2), m2(s))]
< 8@ (1), ma ()| + 18(1(s), m2(s))]
< n+ n = 2n. Thus we conclude
disg(R) < 21.

This shows dS(X, Y) < n, and so dS(X, Y) < dga(X,Y). So we conclude
dgu(X,Y) = dEE](X, Y), under the assumptions made in this discussion. O

Proposition 2.11.4 Each of the maps E™", E™X and B satisfies condition (#).

Proof We only give details for EH. The argument for the other cases is similar. Let
X, Y be compact metric spaces, and let 7, S € X x Y. First we recall the Hausdorff
distance between two closed subsets E, F C X:

dl){((E, F) = max {sup inf dx (e, f), sup inf dx (e, )¢ -
ecE [€F feF ecE

So dl}{( between two sets in X is written as a max of two numbers a and b, and we
have the general result

| max(a, b) — max(a’, b")| < max(|la —d’|, |b — b)).

Another general result about “calculating” with sup is that | sup f —sup g| < sup | f —
g| for real valued functions f and g. Both these properties are consequences of the
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triangle inequality, and we use them here:

ldi¥ (1 (T), 71(8)) — dif (m2(T), 72(S))| = | max(a, b) — max(da’, b)|
< max(la —d’|, |b — b'|), where
a = supinf dx (1 (1), m1(s))

teT S€

a’ = sup 1nf dy (ma2(t), m2(s))

teT s

b = sup inf dx (71 (1), 71(s))
sesteT

b’ = sup inf dy (2 (t), m2(s))
sestel

We consider only one of the terms |a — a’|; the other term can be treated similarly.

la —d'| = sup 1nf dx (T (1), T (s)) — sup 1nf dy (o (1), mo(s))
teT §
<sup mf dx (1 (2), w1 (s)) — mfdy(ﬂz(l) m2(s))
teT
< sup S |dx (71 (2), w1 (s)) — dy (7r2(2), m2(5))].
teT,se

The same bound holds for |b — b’|. Thus dy satisfies condition (#;), as claimed. 0O

2.12 Proofs from Section 2
2.12.1 Proofs related to Theorem 2.3.7

Proposition 2.3.5 Weak isomorphism of Types I and Il both induce equivalence rela-
tions on N.

Proof of Proposition 2.3.5 The case for Type I weak isomorphism is similar to that of
Type 1II, so we omit it. For Type II weak isomorphism, the reflexive and symmetric
properties are easy to see, SO We only provide details for verifying transitivity. Let
A, B, C € N besuchthat A =}{ Band B =[] C.Lete > 0, and let P, S be sets with
surjective maps ¢4 : P — A,¢op : P — B, Yp : S — B, Yc : S — C such that:

lwa(@a(p), 9a(p))) — wp(ep(p), p8(p')| < €/2 foreach p,p' e P, and
lwg(YB(s), ¥B(s")) — wc(Wc(s), ye(s')| < e/2 foreach s,s" €S.

Nextdefine T := {(p,s) € P x S : ¢p(p) = ¥p(s)}.

Claim 2 The projection maps 7p : T — P and g : T — S are surjective.

Proof Let p € P. Then ¢p(p) € B, and since Y5 : S — B is surjective, there exists
s € Ssuchthat ¥ p(s) = @p(p). Thus (p,s) € T,and wp(p, s) = p. This suffices to
show that mp : T — P is a surjection. The case for g : T — § is similar. O
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It follows from the preceding claim that o4 otp : T — Aand Yycomng : T — C
are surjective. Next let (p, s), (p’,s’) € T. Then,

lwa(@a(mp(p, ), pa(p(p'.s"))) — oc(Wc(ms(p, $)), ye(s(p', sH))
= |lwa(@a(p), a(p")) — wc(WPc(s), Ye(sh)]
= lwa(@A(P). a(P") — @B (9B(p). 98 (P")) + wp(@B(P). ¥B(P")
—woc(Yc(s), Ye(s))|
= |lwa(@a(p), 9a(P) — wp(@B(p), v8(P")) + wp(YE(s), Ya(s"))
—wc(We(s), Yes)
<eg/2+¢e/2=c¢.

Since & > 0 was arbitrary, it follows that A =[] C. O
Theorem 2.3.7 ds is a metric on N" modulo Type Il weak isomorphism.

Proof of Theorem 2.3.7 1t is clear that dpas(X, Y) > 0. To show dar(X, X) = 0, con-
sider the correspondence R = {(x, x) : x € X}. Then for any (x, x), (x’, x") € R, we
have |wyx (x, x") — wx (x, x")| = 0. Thus dis(R) = 0 and dx/ (X, X) = 0.

Next we show symmetry, i.e. da/ (X, Y) < dn (Y, X) anddp (Y, X) <dn (X, 7).
The two cases are similar, so we just show the second inequality. Let n > da/ (X, Y).
Let R € Z(X,Y) be such that dis(R) < 27. Then define R = {(y, x) : (x, y) € R}.
Note that R € Z(Y, X). We have:

dis(R) = sup oy (y,y) —wx(x, x|
(y.x), (Y, x)eR
= sup lwy (v, y') — wx (x, x")]|

(x,y),(x",y)eR

= sup lwx (x, x") — wy (y, y)| = dis(R).
(x,¥),(x",y)ER

So dis(R) = dis(R). Then dy/(Y, X) = L infgespy x) dis(S) < L dis(R) < ». This
shows da/ (Y, X) < dn (X, Y). The reverse inequality follows by a similar argument.
Next we prove the triangle inequality. Let R € Z(X,Y), S € Z(Y, Z), and let

RoS={(x,2) e XxZ|3y,(x,y) €R,(y,2) €5}

First we claim that R o S € Z(X, Z). This is equivalent to checking that for each
x € X, there exists z such that (x, z) € R o S, and for each z € Z, there exists x such
that (x, z) € R o S. The proofs of these two conditions are similar, so we just prove
the former. Let x € X. Let y € Y be such that (x, y) € R. Then there exists z € Z
such that (y,z) € S. Then (x,z) € Ro S.

Next we claim that dis(R o S) < dis(R) + dis(S). Let (x, z), (x’,z') € Ro S. Let
y € Y be such that (x,y) € R and (y,z) € S. Let y/ € Y be such that (x', y) €
R, (y',7') € S. Then we have:

lox (x, x") —wz(z,2)| = lox(x,x") —wy(y, y) + 0y (y, y) — wz(z, )|
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< lox(x,x") — oy (y, Y)| + loy (v, ) — 0z(z, 2)]
< dis(R) + dis(S).

This holds for any (x, z), (x’, z) € R o S, and proves the claim.
Now let n; > dpar(X, Y),let gy > dn(Y,Z,and let R € Z(X,Y), S € Z(Y, Z)
be such that dis(R) < 2n; and dis(S) < 2n,. Then we have:

dyn (X, Z) < $dis(Ro S) < 1dis(R) + 1 dis(S) < 21 + 21.

This shows that das (X, Z) < dar (X, Y)+dn (Y, Z), and proves the triangle inequal-
1ty.

Finally, we claim that X =] Y if and only if dpr(X, Y) = 0. Suppose dnr (X, Y) =
0. Let e > 0, and let R(e) € Z(X,Y) be such that dis(R(¢)) < &. Then for any
7= (x,y),7 = (x',y) € R(g), we have |wx(x,x") — wy(y,y")| < . But this
is equivalent to writing |wx (7x (2), 7x(2)) — wy (y (2), Ty (2))| < &, where wx :
R(¢) — X and my : R(e) — Y are the canonical projection maps. This holds for
each e > 0. Thus X = Y.

Conversely, suppose X = Y, and for each ¢ > 0 let Z(¢) be a set with sur-
jective maps ¢% : Z(e) — X, ¢j 1 Z — Y such that |wx(px(2), dx(z)) —
wy Py (2), dy(Z))| < e for all z,z77 € Z(g). For each ¢ > 0, let R(¢) =
{(@%(2), ¢5(2)) 1 z € Z(e)}. Then R(¢) € Z(X,Y) foreach & > 0, and dis(R(¢)) =
Sup, ez |wx ($x(2), $x(2)) — wy (py (2). y (@) < e.

We conclude that das(X, Y) = 0. Thus das is a metric modulo Type II weak
isomorphism. O

w
|

2.12.2 Proofs related to Theorem 2.6.3

The following lemma summarizes useful facts about weight preserving maps and the
relation ~.

Lemma 2.12.1 Let (X, wy), (Y, wy) € N, andlet f : X — Y be aweight preserving
surjection. Then,

1. f preserves equivalence classes of ~, i.e. x ~ x' for x,x’ € X iff f(x) ~ f(x').
2. f preserves weights between equivalence classes, i.e. wx/~([x], [x']D) = Wy j~

(Lf L Lf &N for any [x], [x] € X/ ~.

Proof of Lemma 2.12.1 For the first assertion, let x ~ x’ for some x, x’ € X. We wish
to show f(x) ~ f(x’). Let y € Y, and write y = f(z) for some z € X. Then,

wy(f(x),y) = oy (f(x), f(2) = wx(x,2) = wx(x', 2)
= wy (f(X), f(2)) = oy (f(x), y).

Similarly we have wy (y, f(x)) = wy(y, f(x')) forany y € Y. Thus f(x) ~ f(x').
Conversely suppose f(x) ~ f(x'). Let z € X. Then,

wx(x,2) = wy(f(x), f(2)) =y (f(x), f(2) = wx(x', 2),

@ Springer



Distances and isomorphism between networks: stability and...

and similarly we getwyx (z, x) = wx(z, x’). Thus x ~ x’. This proves the first assertion.
The second assertion holds by definition:

wy )~([f )L [F(D]) = 0y (f (x), f(x") = ox(x, x") = wx/~([x], [x].

]

The following proposition shows that skeletons inherit the property of weak coher-
ence (cf. Definition 2.5.1).

Proposition 2.12.2 Let (X, wyx) be a compact network with a weakly coherent topol-
0gy. The quotient topology on (sk(X), wsk(x)) is also weakly coherent.

Proof of Proposition 2.12.2 Let ([x,]), be a sequence in sk(X) converging to some
[x] € sk(X), and let U be an open set in X containing x. By Proposition 2.6.1 we
know V := o (U) is open. Thus all but finitely many of the terms of ([x,]), are inside
V, and so all but finitely many of the terms of (x,), are inside U. Thus x, — x.
By weak coherence, this means §x(x,, x) — 0. Because o preserves weights by
construction, we then have s (x)([x,], [x]) — 0.

This completes one direction of the proof. For the other direction, suppose we have
Ssk(x)([xn], [x]) — 0. We need to show [x,] — [x] in sk(X).

Let V be an open set in sk(X) containing [x], and denote U := o~ (V). Because
o preserves weights, we know §x(x,, x) — 0. Then by coherence of X, we have
X, — x. Thus (x,), is eventually inside U, and so ([x,]), is eventually inside V.
Thus [x,] — [x]. This concludes the proof. m|

In addition to weak coherence, the skeleton has the following useful property.

Proposition 2.12.3 Let (X, wyx) be a compact network with a weakly coherent topol-
0gy. Then (sk(X), wsk(x)) is Hausdorff.

Proof of Proposition 2.12.3 Let [x] # [x'] € sk(X). By first countability, we take a
countable open neighborhood base {U,, : n € N} of [x] such that Uy 2 Uy 2 Us...
(if necessary, we replace U, by N?_, U;). Similarly, we take a countable open neigh-
borhood base {V,, : n € N} of [x'] such that V; D V, D V3.... To show that sk(X) is
Hausdorff, it suffices to show that there exists n € N such that U, N V,, = @.

Towards a contradiction, suppose U, NV, # & for each n € N. For eachn € N,
let [y,] € U, N V,. Any open set containing [x] contains Uy for some N € N, and
thus contains [y,] for all n > N. Thus [y,] — [x]. Similarly, [y,] — [x']. Because
sk(X) has a weakly coherent topology (Proposition 2.12.2), we then have:

lwskx)([x], -) — ok ([X], Moo < lloskx) ([x], ) — @skx) ([ynl, oo
+ lwskx) ([ynl, ) — @k (2], oo — 0.

Thus wsk(x)([x], ) = oskx)([x], ) and similarly g x) (-, [X]) = o) G, [xD.
But then x ~ x” and so [x] = [x'], a contradiction. O

We are now ready to prove that skeletons are terminal, in the sense of Definition 2.4.3
(also recall Definitions 2.4.1 and 2.4.2).
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Theorem 2.6.3 (Skeletons are terminal) Let (X, wx) € CN be a network with aweakly
coherent topology. Then (sk(X), wsk(x)) € CN is terminal in p(X).

Proof of Theorem 2.6.3 LetY € p(X). Let f : X — Y be a weight preserving surjec-
tion. We first prove that there exists a weight preserving surjection g : ¥ — sk(X).

Since f is surjective, for each y € Y we can write y = f(x,) for some x, € X.
Then define g : ¥ — sk(X) by g(y) := [xy].

To see that g is surjective, let [x] € sk(X). Write y = f(x). Then there exists
xy € X such that f(xy) =y and g(y) = [x,]. Since f preserves equivalence classes
(Lemma 2.12.1) and f(xy) = f(x), we have x ~ xy. Thus [x,] = [x], and so
gy) = [x].

To see that g preserves weights, let y, y’ € Y. Then,

wy (y, y’) = wy (f(xy), f(xy/)) = wx(xy, Xy/) = wsk(x) ([xy], [xy/])
= wk(x)(g(»), g(Y)).

This proves that the skeleton satisfies the first condition for being terminal.

Next suppose g : ¥ — sk(X) and h : ¥ — sk(X) are two weight preserving
surjections. We wish to show & = i o g for some ¢ € Aut(sk(X)).

For each [x] € sk(X), we use the surjectivity of g to pick yy € Y such that
g(yx) = [x]. Then we define ¥ : sk(X) — sk(X) by ¥ ([x]) = ¥ (g(yx)) := h(yx).

To see that ¢ is surjective, let [x] € sk(X). Since A is surjective, there exists
yi € Y such that 2(y,) = [x]. Write [u] = g(y,). We have already chosen y, such
that g(y,) = [u]. Since g preserves equivalence classes (Lemma 2.12.1), it follows
that y,. ~ y,. Then,

Y([ul) = ¥ (g() = h(y) = h(yy) = [x],

where the second-to-last equality holds because  preserves equivalence classes
(Lemma 2.12.1).

To see that ¥ is injective, let [x], [x'] € sk(X) be such that ¥ ([x]) = h(y,) =
h(yy) = ¥ ([x']). Since h preserves equivalence classes (Lemma 2.12.1), we have
yx ~ Y. Next, g(yy) = [x] and g(y,/) = [x'] by the choices we made earlier. Since
yx ~ yy and g preserves clusters, we have g(yy) ~ g(y.). Thus [x] = [x'].

Next we wish to show that i preserves weights. Let [x], [x'] € sk(X). Then,

wsk(x) (Y (XD, ¥ ([x']) = wskexy (h(yx), h(Yx)) = 0y (s Yar)
= ok (x)(8(x), 8(0) = oskx) ([x], [X]).
Thus v is a bijective, weight preserving automorphism of sk(X). Finally we wish
to show that h = ¢ o g. Let y € Y, and write g(y) = [x] for some x € X. Since g

preserves equivalence classes (Lemma 2.12.1), we have y ~ y,, where g(yy) = [x].
Then,

Y(g() =¥ (x]) = ¥ (gQx)) = h(yx) = h(y),
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where the last equality holds because /i preserves equivalence classes (Lemma 2.12.1).
Thus for each y € Y, we have h(y) = ¥ (g(y)). This shows that the skeleton satisfies
the second condition for being terminal. We conclude the proof. O

2.12.3 Proof of Example 2.7.2

Example 2.7.2 (Networks with two nodes) Let (X, wy), (Y, wy) € FN where X =
{x1,x2} and Y = {y1, y2}. Then we claim dn/ (X, Y) = dn (X, Y). Furthermore, if

X =N ((% )‘i )) and Y = N, ((%: ﬁ,, )) then we have the explicit formula:

1
dy (X, Y) = Emin (', T2), where

Ty =max (lo —o/|, 1B =B, 16 =8l ly = v']),
[ =max (lo —y'l, |y =o', 16 = B, 18— 8]).

Proof of Example 2.7.2 We start with some notation: for x, x’ € X, y,y’ € Y, let

Lx,x',y,y) = lox(x, x") — oy (y, y)I.

Letp : X — Y be abijection. Note that R, := {(x, ¢(x)) : x € X} is a correspon-
dence, and this holds for any bijection (actually any surjection) ¢. Since we minimize
over all correspondences for dar, we conclude da/ (X, Y) < Zz’\N’(X, Y).

For the reverse inequality, we represent all the elements of Z (X, Y) as 2-by-2
binary matrices R, where a 1 in position ij means (x;, y;) € R. Denote the matrix
representation of each R € Z(X, Y) by mat(R), and the collection of such matrices
as mat(#). Then we have:

mat(%) = {(}4) :a.b {0, 13} U{(4}) :a,b {0, 1}}

Let A = {(x1,y1), (x2, y2)} (in matrix notation, this is ((1)(1))) and let B =
{(x1, y2), (x2, y1)} (in matrix notation, this is ((1)(1))). Let R € Z(X,Y). Note that
either A € R or B C R. Suppose that A C R. Then we have:

max I'(x,x',y,y) < max  I'(x,x’,y,y)
(x,),(x",y)eA (x,y),(x",y")eR

Let 2 (A) denote the quantity on the left hand side. A similar result holds in the case
B CR:

max Cx,x',y,y) < max T, x',y,y)
(x,y),(x",y")eB x,y),(x",y)eR

Let Q(B) denote the quantity on the left hand side. Since either A € R or B C R, we
have

min {Q(A), Q(B)} < min max  I['(x,x',y,5)
ReZ (x,y),(x",y)eR
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We may identify A with the bijection given by x| +— y; and x» — y;. Similarly we
may identify B with the bijection sending x| +> y2, x2 > y1. Thus we have

min max I'(x,x’, (x), ¢(x’)) < min max  I'(x,x,y,y).
¢ x,x'eX ReZ (x,y),(x',y)eR

So we have Zi\N(X, Y) <dn(X,Y). Thus c/fN =dy.

Next, let {p, g} and { r.q } denote the vertex sets of X and Y. Consider the
bijection ¢ given by p — p’, ¢ +> ¢’ and the bijection ¥ given by p +— ¢/,
q +— p'. Note that the weight matrix is determined by setting wx(p, p) =
o, wx(p,q) = 68, wx(q,p) = B, and wx(q,q) = Yy, and similarly for Y.
Then we get dis(p) = max (|a —d,1B=Bl 1y =y, 18 — 8’|) and dis(y) =
max((la -y, ly =a|,16 =B, 1B — 8/|). The formula follows immediately. O

2.12.4 Proof of Proposition 2.7.5

Proposition 2.7.5 Let (X, wx), (Y, wy) € N. Then,
dyv(X,Y) =inf [dy (X, Y): XY e N, X' =B X, Y =0 Y, and |X'| = Y|}

Proof of Proposition 2.7.5 We begin with an observation. Given X, Y € N,letX’, Y’ €
N be such that X = X', Y =[] Y/, and |X'| = |Y’|. Because ds is a metric on N/
modulo Type II weak isomorphism (Theorem 2.3.7), we have:

Ay (X, Y) <dy (X, X)) +dy (X, Y) +dy (Y, Y) = dy (X, Y) < dp(X, Y,

where the last inequality follows from Remark 2.7.3.

Nextletn > da (X, Y), and let R € Z(X, Y) be such that dis(R) < 2n. We wish
to find networks X’ and Y’ such that Zi\N(X’, Y") < n. Write Z = X x Y, and write
f:Z — Xand g: Z — Y to denote the (surjective) projection maps (x, y) — x
and (x,y) — y. Notice that we may write R = {(f(z),g(z)):z€ RC Z}. In
particular, by the definition of a correspondence, the restrictions of f, g to R are still
surjective. Also notice that Z is a finite product of first countable spaces and is hence
first countable. We equip R with the subspace topology, which is also first countable.

Define two weight functions f*w,g*w : Z x Z — R by f*w(z,7)) =
wx(f(2), f(Z))and g*w(z, 7') = wy(g(z), g(z')). Note that f*w is the composition
of wy with the continuous projection (x, y, x’, y') — (x, x), and is thus continu-
ous. The restriction of a continuous function to a subspace is continuous, and so f*w
restricted to R x R is continuous. We note also that the subspace topology on R x R
induced by Z x Z is just the product topology on R x R. Similarly, g*w restricted to
R x R is continuous. We now abuse notation slightly to write f*w, g*® to mean their
restrictions to R x R. Let (U, wy) = (R, f*w) and let (V, wy) = (R, g*w). Then
U,V € N.Note that dps(X, U) = 0 by Remark 2.3.2, because |U| > |X| and for all
7,7 € U,wehave wy(z,7) = f*w(z,7) = wx(f(z), f(z')) for the surjective map
f. Similarly da(Y, V) = 0.
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Nextlet ¢ : U — V be the bijection z — z. Then we have:

sup oy (z,2) —wv(e@), 9@ = sup |oy(z,7) —oy(z, 2)I
7,7/ €U 7,7/ €U
= sup |wx(f(2), f(z)) — wy(g(2), gl
72,7/ €R
= Sup |(1)X()C,X/) _a)Y(yv y/)|

(x,y),(x",y)eR
= dis(R). In particular,

inf dis(p) < dis(R).
@:U—V bijection

So there/\exist networks U, V with the same node set (and thus the same cardinality)
such that dar(U, V) < %dis(R) < 1n. We have already shown that da(X,Y) <
H\N(U, V). Since n > da/(X, Y) was arbitrary, it follows that we have:

Ay (X, Y) =inf {dy (X, Y) 0 X' =0 X, Y 28 Y, and [X'] = |Y'|}.

2.12.5 Proof of Theorem 2.8.4

Theorem 2.8.4 Let (X, Ax), (Y, Ay) € CNY be equipped with the forward-open
topologies induced by Ay and Ay, respectively. Suppose also that at least one of the
two networks has a WV -relaxed triangle inequality. Thendpn (X, Y) =0 =— X =° Y.

Proof of Theorem 2.8.4 By Theorem 3.2.1, we know that X and Y are Type I weakly
isomorphic. So there exists a set V with surjections ¢y : V — X, 9y : V — Y such
that Ay (px (v), ex (V")) = Ay (py (v), @y (v")) for all v, v' € V. Thus we obtain (not
necessarily unique) maps f : X — Y and g : ¥ — X that are weight-preserving.
Hence the composition g o f : X — X is a weight-preserving map. Without loss of
generality, assume that X has a W-relaxed triangle inequality. Recall that this means
that there exists a continuous function W : Ry x Ry — Ry such that ¥(0,0) =0
and Ax(x,x") < W(Ax(x,x"), Ax(x’,x")) forall x, x", x" € X.

It is known that an isometric embedding from a compact metric space into itself
must be bijective (Burago et al. 2001, Theorem 1.6.14). We now prove a similar result
using the assumptions of our theorem. Let 7 : X — X be a weight-preserving map.
By the assumption of a dissimilarity network, we know that f, g and 4 are injective.

We check that & is continuous, using the assumptions about the topology on X.
Let V C h(X) be open. Define U := h~1[V]. We claim that U is open. Let x € U,
and consider A(x) € V. Since V is open and the forward balls form a base for the
topology, we pick & > 0 such that BT (h(x), ) € V. Now let x’ € BT (x, ¢). Then
Ax(h(x), h(x")) = Ax(x,x") < e, soh(x") € BT (h(x),e) € V.Hence x’ € U. It
follows that BT (x, &) € U. Hence U is open, and h is continuous.
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Next we check that X is Hausdorff, using the Wy-relaxed triangle inequality
assumption. Let x, x’ € X, where x # x’. Using continuity of Wy, let ¢ > 0
be such that W ([0, ¢), [0, €)) < [0, Ax(x, x")). We wish to show that BT (x, &) N
Bt (x',&) = @. Towards a contradiction, suppose this is not the case and let z €
BT (x,e) N BT(x', &). But then Ax(x,x") < W(Ax(x,2), Ax(x',2)) < Ax(x,x"),
a contradiction. It follows that X is Hausdorff.

Now A(X) is compact, being the continuous image of a compact space, and it is
closed in X because it is a compact subset of a Hausdorff space.

Finally we show that 4 is surjective. Towards a contradiction, suppose that the open
set X\ (X) is nonempty, and let x € X\h(X). Using the topology assumption on
X, pick € > 0 such that BT (x, &) € X\h(X). Define xo := x, and x,, := h(x,_1)
for each n € N. Then for each n € N, we have Ax(xg, x,) > ¢. Since h is weight-
preserving, we also have Ay (xg, Xr+,) > € for all k, n € N. Since X is sequentially
compact, the sequence (xx)x>0 has a convergent subsequence (xk ) jeN that limits to
some z € X. Thus BT (z, ) contains all but finitely many terms of this sequence, for
any r > 0. Now for any m, n € N we observe:

Ax (X, Xn) < W(Ax(xtm, 2), Ax(xn, 2)), where

Ax (X, 2) < \P(Ax(xm,xm), Ax (2, Xm))
(O AX(Z’-xn‘l))a
w(

and similarly Ay (x,, z 0, Ax(z, xp)).

Since W is continuous and vanishes at (0,0), we choose § > 0 such that
([0, 6),[0,8)) < [0,e). We also choose n > 0 such that W (0, [0, n)) < [0, ).
Since B (z, n) contains all but finitely many terms of the sequence (x ;) j=N, we
pick N € N so that x;, € BT (z,n), for all m > N. Let m,n > N. Then
Ax(z,xx,) < nand Ax(z, xg,) < n. Thus Ax(xg,,z) < W(0, Ax(z,xx,)) < 6
and Ax (xg,,,z) < W(0, Ax(z, xx,)) < 9. It follows that Ax (xg,,, xk,) < €.

But this is a contradiction to what we have shown before. Thus % is surjective,
hence bijective. Since & was an arbitrary weight-preserving map from X into itself,
the same result holds for g o f : X — X. This shows that g is surjective. It follows
that X =° Y. O

3 Metric structure of networks

In this section we first characterize the weak isomorphism class of CA via a notion of
tripods. Viewing (CA// ~, dxr) as a bona fide metric space, we then recover results on
completeness, geodesics, and compact families as can be described for the collection
of compact metric spaces equipped with dgy.

With a slight abuse of notation, dnr : N/ Zff xN/ Zf{— Ry is defined as
follows:

dy([X1,[Y]) :=dpn(X,Y), foreach [X],[Y]eN/Zj.
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To check that dys is well-defined on [X], [Y] € N/ =f{, let X' € [X],Y € [Y].
Then:

dv (X' YD) =dy (X', Y) = dy (X, Y) = dy (X1, [Y]D),

where the second-to-last equality follows from the triangle inequality and the obser-
vation that da(X, X') = dp (Y, YY) = 0.

Our main result is that the two types of weak isomorphism coincide in the setting
of compact networks. As a stepping stone towards proving this result, we explore the
notion of “sampling” finite networks from compact networks.

3.1 Compact networks and finite sampling

In this section, we prove that any compact network admits an approximation by a finite
network up to arbitrary precision, in the sense of das.

Example 3.1.1 (Some compact and noncompact networks) The nonreversible and
finitely reversible directed circles in Sect. 2.9 are examples of noncompact and com-
pact asymmetric networks, respectively. The finitely reversible circle (S', wst ,) can
be “approximated” up to arbitrary precision by picking n equidistant points on S'
and equipping this collection with the restriction of wg1,. We view this process as
“sampling” finite networks from a compact network. In the next result, we present this
sampling process as a theorem that applies to any compact network.

Definition 3.1.2 (e-systems) Let ¢ > 0. For any network (X, wy), an g-system on X
is a finite open cover Y = {Uy, ..., Uy}, n € N, of X such thatforany 1 < i, j <n,
we have wx (U;, Uj) € B(rij, ) for some r;; € R.

In some cases, we will be interested in the situation where X is a finite union of
connected components {X1, ..., X,},n € N. By a refined e-system, we will mean
an e-system such that each element of the e-system is contained in precisely one
connected component of X.

The next result shows that by sampling points from all the elements of an ¢-system,
one obtains a finite, quantitatively good approximation to the underlying network.

Theorem 3.1.3 (Sampling from a compact network) Let (X, wx) be a compact net-
work. Then for any ¢ > 0,

e there exists a refined ¢ /4-system 4 on X
o for X' any finite subset of X having nonempty intersection with each element in a
refined € /4 system &4, one has

dn (X, wx), (X, ox|x'xx7)) < &.

In particular, one can always choose a finite subset X' C X such thatdy (X, X') < e.

The proof of this result is in Sect. 3.6.1.
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Remark 3.1.4 (Compact metric spaces admit e-systems) When considering a compact
metric space (X, dx), the preceding theorem relates to the well-known notion of taking
finite e-nets in a metric space. Recall that for ¢ > 0, a subset § € X is an ¢-net if for
any point x € X, we have B(x, ¢) N S # @. Such an e-net satisfies the nice property
that dgr (X, S) < & (Burago et al. 2001, 7.3.11). In particular, one can find a finite
e-net of (X, dx) for any ¢ > 0 by compactness.

Moreover, one may always find an e-system for a compact metric space, for any
e > 0. To see this, let (X, dx) be a compact metric space and let ¢ > (0. Consider
the open cover {B(x, ¢/4) : x € X}. By compactness, we can take a finite subcover
U = {B(xj,e/4) : 1 <i < n}forsomen € N. Now fix 1 < i,j < n. Let
x € B(x;,e/4),x € B(xj, e/4). Then by triangle inequality, one has:

ldx (x, x") — dx (xi, xj)| <dx(x,x;) +dx(xj,x") <e/2.

Consequently dy(x,x’) € B(dx(x;,x;),€). Since x,x" were arbitrary, we have
dx(B(xi,e/4), B(xj, e/4)) € B(dx(x;, xj), €). Setting r;; = dx (x;, Xj) now recov-
ers the property of being an e-system. Theorem 3.1.3 can be viewed as showing that
this property of compact metric spaces can be obtained (albeit with more difficulty)
as a consequence of compactness and continuity, rather than metric axioms.

Observe that we do not make quantitative estimates on the cardinality of the &-
approximation produced in Theorem 3.1.3. In the setting of compact metric spaces, the
size of an e-net relates to the rich theory of metric entropy developed by Kolmogorov
and Tihomirov (Edgar 1993, Chapter 17).

By virtue of Theorem 3.1.3, one can always approximate a compact network up
to any given precision. The next result implies that a sampled network limits to the
underlying compact network as the sample gets more and more dense.

Corollary 3.1.5 (Limit of dense sampling) Let (X, wx) be a compact network, and let
S = {s1, 52, ...} be a countable dense subset of X with a fixed enumeration. For each
n € N, let X, be the finite network with node set {s1, ..., s,} and weight function
wx|x,xx,- Then we have:

dny (X, X)L 0 as n— oo.
Proof of Corollary 3.1.5 Using the first statement of Theorem 3.1.3,1et¥ = {G1, ..., G4}

be a refined ¢ /4-system on X. By density of S, choose p(i) € Nfor 1 <i < g such
that s,,;) € G; for each i. Then define

n:=max {p(l), p(), ..., p(g)}.

Now define X, to be the network with node set {s{, 52, ..., s,} and weight func-
tion given by the appropriate restriction of wy. Then by the second assertion of
Theorem 3.1.3, one has da/(X, X,) < e. It follows from the construction that
dy (X, X)) ) Oasn — oo. O
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3.2 Weak isomorphism in compact networks and characterization via motifs

By Theorem 2.3.7, dys is a proper metric on N modulo Type II weak isomorphism,
which is equivalent to Type I weak isomorphism when restricted to FA/. The compar-
ison between Q N [0, 1] and [0, 1] in Example 2.3.4 shows that in general, these two
notions of weak isomorphism are not equivalent. This leads to the following natural
question: when restricted to CA/, are we still able to recover equivalence between Type
I and Type II weak isomorphism?

In the following theorem, we provide a positive answer to this question.

Theorem 3.2.1 (Weak isomorphism in CA) Letr X, Y € CN. Then X and Y are Type
1l weakly isomorphic if and only if X and Y are Type I weakly isomorphic, i.e. there
exists a set V and surjections ox : V. — X, @y : V — Y such that:

wx(px(v), px (V) = wy (py (v), py (V) forall v,v' € V.

The proof of this result is in Sect. 3.6.2. As a consequence of Theorem 3.2.1, we
see that weak isomorphisms of Types I and II coincide in the setting of CN. Thus
we recover a desirable notion of equivalence in the setting of compact networks. By
imposing slightly more control over topology using the notion of weak coherence, we
obtain the next result, which roughly states that weakly isomorphic compact networks
have strongly isomorphic skeleta.

Theorem 3.2.2 Suppose (X, wx), (Y,wy) are separable, compact networks with
weakly coherent topologies. Then the following are equivalent:

1. X="Y.
2. M, (X) =M, (Y) foralln € N.
3. sk(X) =° sk(Y).

The proof of this result is in Sect. 3.6.3. Assertion (3) implies (1) immediately, but
motif sets form the crucial tool required to pass from (1) to (3). When proving this
result, we will use a property of motif sets called stability to verify that (1) implies
(2). This property of stability is later contextualized and proved in Theorem 4.3.6.

To contrast this result with the metric setting, note that compact metric spaces
are automatically separable and weakly coherent, and that weak and strong notions
of isomorphism coincide for compact metric spaces. The directed circles with finite
reversibility (Sect. 2.9) form a family of non-metric spaces that satisfy the assumptions
of Theorem 3.2.2.

3.3 The completeness of C\/ /="

A very natural question regarding CN' /=" is if it is complete. This indeed turns out
to be the case. The proof of the following result is in Sect. 3.6.4.

Theorem 3.3.1 (CN /=Y, dy) is a complete metric space containing (FN /=Y, dny).

The result of Theorem 3.3.1 can be summarized as follows:
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A convergent sequence of finite networks limits to a compact topological space
with a continuous weight function.

Remark 3.3.2 The technique of composed correspondences used in the proof of The-
orem 3.3.1 can also be used to show that the collection of isometry classes of compact
metric spaces endowed with the Gromov—Hausdorff distance is a complete metric
space. Standard proofs of this fact (Petersen 2006, §10) do not use correspondences,
relying instead on a method of endowing metrics on disjoint unions of spaces and then
computing Hausdorff distances.

Completeness of CN /=" gives us a first useful criterion for convergence of net-
works. Ideally, we would also want a criterion for convergence along the lines of
sequential compactness. In the setting of compact metric spaces, Gromov’s Pre-
compactness Theorem implies that the topology induced by the Gromov—Hausdorff
distance admits many precompact families of compact metric spaces (i.e. collections
whose closure is compact) (Gromov 1981; Burago et al. 2001; Petersen 2006). Any
sequence in such a precompact family has a subsequence converging to some limit
point of the family. In the next section, we extend these results to the setting of net-
works. Namely, we show that that there are many families of compact networks that
are precompact under the metric topology induced by d /.

3.4 Precompact families in CA/ /="

We begin this section with some definitions.

Definition 3.4.1 (Diameter for networks, Chowdhury and Mémoli 2017) For any net-
work (X, wx), define diam(X) := sup, ,cx lox(x, x")|. For compact networks, the
sup is replaced by max.

Definition 3.4.2 A family F of weak isomorphism classes of compact networks is
uniformly approximable if: (1) there exists D > 0 such that for every [X] € F, we
have diam(X) < D, and (2) for every ¢ > 0, there exists N(¢) € N such that for each
[X] € F, there exists a finite network Y satisfying |Y| < N(¢) and dar(X, Y) < ¢.

Remark 3.4.3 The preceding definition is an analogue of the definition of uniformly
totally bounded families of compact metric spaces (Burago et al. 2001, Definition
7.4.13), which is used in formulating the precompactness result in the metric space
setting. A family of compact metric spaces is said to be uniformly totally bounded
if there exists D € R such that each space has diameter bounded above by D, and
for any ¢ > O there exists N, € N such that each space in the family has an ¢-net
with cardinality bounded above by N,. Recall that given a metric space (X, dx) and
e > 0,asubset S C X is an e-net if for any point x € X, we have B(x, &) N S # O.
Such an e-net satisfies the nice property that dgg(X, S) < ¢ (Burago et al. 2001,
7.3.11). Thus an e-net is an g-approximation of the underlying metric space in the
Gromov—Hausdorff distance.

Theorem 3.4.4 Let § be a uniformly approximable family in CN /=Y. Then § is pre-
compact, i.e. any sequence in § contains a subsequence that converges in CN /="
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Our proof is modeled on the proof of an analogous result for compact metric spaces
proposed by Gromov (1981). We use one external fact (Chowdhury and Mémoli 2017,
stability of diam): for compact networks X, Y such that dar(X,Y) < &, we have
diam(X) < diam(Y) + 2e¢.

Proof of Theorem 3.4.4 Let D > 0 be such that diam(X) < D for each [X] € §. It
suffices to prove that § is totally bounded, because Theorem 3.3.1 gives completeness,
and these two properties together imply precompactness. Let € > 0. We need to find

a finite family G € CA /=" such that for every [F] € F, there exists [G] € G with
dn(F, G) < e. Define:

A:={A e FN :|A| < N(g/2), dy (A, F) < ¢/2 for some [F] € §}.

Each element of A is an n x n matrix, where 1 < n < N(g/2). Foreach A € A,
there exists [F] € § with dar(A, F) < ¢/2, and by the fact stated above, we have
diam(A) < diam(F) 4+ 2(¢/2) < D + ¢. Thus the matrices in .4 have entries in
[-D — &, D + ¢€]. Let N > 1 be such that:

2D + 2¢

&
< -,
N 4

and write the refinement of [-D — ¢, D + €] into N pieces as:

Write A = |_|lN:(f/ 2) A;, where each A; consists of the i x i matrices of A. For
each i define:

Gi = {(Gppi=p.g=i : Gpg € W}, thei x i matrices with entries in W.

LetG = |_|lN:(‘f/ 2 G; and note that this is a finite collection. Furthermore, for each
A; € A,;, there exists G; € G; such that

&
14i = Gilloo < 7

Taking the diagonal correspondence between A; and G;, itfollows thatdas(A;, G;) <
¢/2. Hence for any [F] € §, there exists A € A and G € G such that

dn(F,G) <dn(F,A)+dy(A,G) <eg/24+¢e/2=c¢.
This shows that § is totally bounded, and concludes the proof. O
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3.5 Geodesic structure on CA/ /="

Thus far, we have motivated our discussion of compact networks by viewing them as
limiting objects of finite networks. By the results of the preceding section, we know that
(CN/=Y, dyr) is complete and obeys a well-behaved compactness criterion. In this
section, we prove that this metric space is also geodesic, i.e. any two compact networks
can be joined by a rectifiable curve with length equal to the distance between the two
networks.

Geodesic spaces can have a variety of practical implications. For example, geodesic
spaces that are also complete and locally compact are proper (i.e. any closed, bounded
subset is compact), by virtue of the Hopf—Rinow theorem (Burago et al. 2001, §2.5.3).
Any probability measure with finite second moment supported on such a space has
a barycenter (Ohta 2012, Lemma 3.2), i.e. a “center of mass”. Conceivably, such
a result can be applied to a compact, geodesically convex region of (CN /=Y, dnr)
to compute an “average” network from a collection of networks. Such a result is of
interest in statistical inference, e.g. when one wishes to represent a noisy collection
of networks by a single network. Similar results on barycenters of geodesic spaces
can be found in Le Gouic and Loubes (2017) and Leustean et al. (2016). We leave a
treatment of this topic from a probabilistic framework as future work, and only use
this vignette to motivate the results in this section.

We begin with some definitions.

Definition 3.5.1 (Curves and geodesics) A curve on N joining (X, wy) to (Y, wy) is
any continuous map y : [0, 1] = A such that y (0) = (X, wx) and y (1) = (Y, wy).
We will write a curve on FN (resp. a curve on CN') to mean that the image of y is
contained in FN (resp. CN). Such a curve is called a geodesic (Bridson and Haefliger
2011, §I.1) between X and Y if for all s, ¢ € [0, 1] one has:

dy(y (@), y(s) =1t —s|-dn (X, Y).
A metric space is called a geodesic space if any two points can be connected by a
geodesic.

The following theorem is a useful result about geodesics:

Theorem 3.5.2 (Buragoetal. 2001, Theorem 2.4.16) Let (X, dx) be a complete metric
space. If for any x, x' € X there exists a midpoint 7 such that dx (x, z) = dx(z, y) =
%dx (x, y), then X is geodesic.

The proofs of the next results are in Sect. 3.6.5. As a first step towards showing that
CN /=Y is geodesic, we show that the collection of finite networks forms a geodesic
space.

Theorem 3.5.3 The metric space (FN /=", dyr) is a geodesic space. More specifi-
cally, let[X], [Y] € (FN /=Y, dyr). Then, forany R € Z°PY(X, Y), we can construct
a geodesic yg : [0, 11 = FN /=" between [X] and [Y] as follows:

vr(0) == [(X, wx)], yr(1) :=[(Y,dy)], and
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YR(1) == [(R, wyp )] for 1 €(0,1),

where for each (x, y), (x',y’) € Randt € (0, 1),

a))/R(t)((x7 y)s (-x/s y/)) = (1 - t) . a)x(x,x/) +1t- COY(% y/)

A key step in the proof of the preceding theorem is to choose an optimal correspon-
dence between two finite networks. This may not be possible, in general, for compact
networks. However, using the additional results on precompactness and completeness
of CN'/=", we are able to obtain the desired geodesic structure in Theorem 3.5.4.
The proof is similar to the one used by the authors of Ivanov et al. (2016) to prove
that the metric space of isometry classes of compact metric spaces endowed with the
Gromov—Hausdorff distance is geodesic.

Theorem 3.5.4 The complete metric space (CN /=", dyr) is geodesic.

Remark 3.5.5 Consider the collection of compact metric spaces endowed with the
Gromov—Hausdorff distance. This collection can be viewed as a subspace of
(CN /=Y, dyr). Tt is known (via a proof relying on Theorem 3.5.2) that this restricted
metric space is geodesic (Ivanov et al. 2016). Furthermore, it was proved in Chowd-
hury and Mémoli (2018a) that an optimal correspondence always exists in this setting,
and that such a correspondence can be used to construct explicit geodesics instead
of resorting to Theorem 3.5.2. The key technique used in Chowdhury and Mémoli
(2018a) was to take a convergent sequence of increasingly-optimal correspondences,
use a result about compact metric spaces called Blaschke’s theorem (Burago et al.
2001, Theorem 7.3.8) to show that the limiting object is closed, and then use met-
ric properties such as the Hausdorff distance to guarantee that this limiting object
is indeed a correspondence. A priori, such techniques cannot be readily adapted to
the network setting, and while one can obtain a convergent sequence of increasingly-
optimal correspondences, the obstruction lies in showing that the limiting object is
indeed a correspondence. This is why we use the indirect proof via Theorem 3.5.2.

Remark 3.5.6 (Branching and deviant geodesics) It is important to note that there exist
geodesics in CA' /=" that deviate from the straight-line form given by Theorem 3.5.3.

Even in the setting of compact metric spaces, there exist infinite families of branching
and deviant geodesics (Chowdhury and Mémoli 2018a).

3.6 Proofs from Section 3
3.6.1 Proof of Theorem 3.1.3

Theorem 3.1.3 (Sampling from a compact network) Let (X, wx) be a compact net-
work. Then for any € > 0,

e there exists a refined ¢ /4-system G on X
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o for X' any finite subset of X having nonempty intersection with each element in a
refined € /4 system &4, one has

Ay (X, wx), (X', wxlx'xx)) < é.

In particular, one can always choose a finite subset X' C X such that dyr(X, X') < e.

Proof of Theorem 3.1.3 The idea is to find a cover of X by open sets G1, ..., G, and
representatives x; € G; for each 1 < i < g such that whenever we have (x, x’) €
G; x G, we know by continuity of wy that |wx (x, x') — wx (x;, x;)| < &/4. Then
we define a correspondence that associates each x € G; to x;, for 1 <i < g. Sucha
correspondence has distortion bounded above by &/2.

Let & > 0. Let 4 be a base for the topology on X.

Let {B(r, e/4) : r € R} be an open cover for R. Then by continuity of wx, we get
that

[ox' 1B e/4):r e R)

is an open cover for X x X. Each open set in this cover can be written as a union of
open rectangles U x V, for U, V € 2. Thus the following set is an open cover of
X x X:

%={UxV:iUVeR UxVcoy'Bu.e/dl rer].

Claim 3 There exists a finite open cover 4 = {Gl, e, Gq} of X such that for any
1<i,j<q,wehave G; xG; CU x V forsomeU xV e %.

Proof of Claim 3 The proof of the claim includes elements that are often used to
provide a proof of the Tube Lemma (Munkres 2000, Lemma 26.8). Since X x X is
compact, we take a finite subcover:

w ! ={U; xVi,...,U, xV,}, forsome n e N.
Let x € X. Then we define:

%xf':z{UxVe%f:er},

and write
f_
w! ={ur=<viup oxvi L 5)
Here m(x) is an integer depending on x, and {il, e, im(x)} isasubsetof {1, ..., n}.

Since % / is an open cover of X x X, we know that %Xf is an open cover of {x} x X.
Next define:

m(x)

Ay = UL (6)
k=1
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Then A, is open and contains x. In the literature (Munkres 2000, p. 167), the set
Ay x X is called a fube around {x} x X. Notice that A, x X C U% ! Since x was
arbitrary in the preceding construction, we define %f and Ay for each x € X. Then

note that {A, : x € X} is an open cover of X. Using compactness of X, we choose
{s1.....5p} € X, p e N, suchthat {Ay, ..., Asp} is a finite subcover of X.

Once againletx € X, andlet %f and A, be defined as above. Define the following:
= {Acx Vi sk =) )

Sincex € Ay and X C UZ’Z();) Vl’; , it follows that By is a cover of {x} x X. Furthermore,

since {Ay,, ..., As, } isacoverof X, it follows that the finite collection { By, . .., By, }
isacover of X x X.

Letz € X. Since X C Um(x)Vx we pick Vx for 1 <k <m(x) suchthat z € V"
Since x was arbitrary, such a ch01ce exists for each x € X. Therefore, we define:

C.:={VeZ:izeV, A, xV eByforsomel <i=p}.

Since each By, is finite and there are finitely many By, , we know that C is a finite
collection. Next define:

=) V.

VeC,

Then D, is open and contains z. Notice that X x D, is a tube around X x {z}. Next, using
the fact that {Ax,- 1<i< p} is an open cover of X, pick Asi(z) such thatz € A
Here 1 < i(z) < p is some integer depending on z. Then define

Si(z) "

G.:=D;NAg,,. (8)

Then G is open and contains z. Since z was arbitrary, we define G for each z € X.
Then {G; : z € X} is an open cover of X, and we take a finite subcover:

={G1,...,G,}, qeN.

Finally, we need to show that for any choice of 1 < i, j < g, wehave G; x G; C
UxVforsomeU xV € %.Letl <1i,j < q.Note that we can write G; = G, and
G; = Gy for some w, y € X. By the definition of G, (Eq. 8), we then have G,, C
Ay, for some index i(w) depending on w. Referring to Egs. (5) and (6) and using
the property that %s{(w) is a cover of {siw)} x X, we choose U%i) x VSiw) € 42/?’: )
such that VSiw contains y. Thus we obtain:

C U™ for USwm x Vo e )

S()7 lfl(w)ipa

@ Springer



S. Chowdhury, F. Mémoli

From Eq. (7) we have that A, ,, x V*i®) € By, . Then V¥ € C,, and so we have:
Gy g Dy g Vsi(w).
It follows that G; X G; = Gy x G, C U%iw) x Viiw e ¢, o

From the definition of %, it follows that ¢ is an &/4-system on X. By further
partitioning ¢ against the connected components of X, we obtain arefined & /4-system.
This concludes the first part of the proof.

For the next part, let ¢ be a refined ¢ /4-system on X, and suppose X' is a finite set
that intersects each element of ¢. We first perform a disjointification step. Define:

51 =Gy, 52 = Gz\al, 53 = G3\(61 U 52), R éq =G4\ (UZ;}&;J .
Next define a correspondence between X and X’ as follows:
R::{(x,xi):xeéi,lfifq}.
Let (x, x;), (x’,xj) € R. Then we have (x, x'), (xi, xj) € 51- X 5j C G; x Gj.
By assumption we know that G; x G; € U x V, for some U x V € % . Therefore
wx(x, x"), wx(x;, xj) € B(r, e/4) for some r € R. It follows that:
lwx (x, x") — wx(x;, xj)| < &/2.

Since (x, x;), (x", x;) € R were arbitrary, we have dis(R) < ¢/2.Henced/ (X, X') <
€. O

3.6.2 Proof of Theorem 3.2.1

Theorem 3.2.1 (Weak isomorphism in CA) Let X, Y € CN. Then X and Y are Type
1l weakly isomorphic if and only if X and Y are Type I weakly isomorphic, i.e. there
exists a set V and surjections ¢x : V. — X, @y : V — Y such that:

wx (px V), px (V) = wy (py (v), py (V) forall v,v' € V.

Proof of Theorem 3.2.1 By the definition of =", it is clear that if X =" Y, then
dy(X,Y)=0,ie. X = Y (cf. Theorem 2.3.7).

Conversely, suppose dp/(X, Y) = 0. Our strategy is to obtainaset Z € X x Y
with canonical projection maps 7y : Z — X,ny : Z — Y and surjections ¥y :
X = ax(Z2), ¥y : Y — my(Z) as in the following diagram:

BN 2N 2N

nx(Z) y(Z)
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Furthermore, we will require:

wx(mx(2), 7x(2) = wy (7y (2), 7y (2))) forall z,7' € Z, 9
wx(x, x") = wx(Wx(x), ¥x (') forall x,x" e€X, (10)
wy(y,y) =0y (Wy(y), ¥y (y)) forall y,y' €Y. (11)

As a consequence, we will obtain a chain of Type I weak isomorphisms
XZE nx(2) Z 7y (2) E

Since Type I weak isomorphism is an equivalence relation (Proposition 2.3.5), it will
follow that X and Y are Type I weakly isomorphic.

By applying Theorem 3.1.3, we choose sequences of finite subnetworks
{X, € X :neN}and{Y, CY :n e N}suchthatdp (X,, X) < 1/nanddp (Y,,Y) <
1/n for each n € N. By the triangle inequality, das (X, Yn) < 2/n for each n.

Foreachn € N, let T, € Z(X,, X), P, € Z(Y, Y,) be such that dis(T;,) < 2/n
and dis(P,) < 2/n. Define o, := 4/n — dis(T},) — dis(P,), and notice that o;, — 0 as
n — oo. Since dar(X, Y) = 0 by assumption, for eachn € Nwelet S, € Z(X,Y)
be such that dis(S,) < «,,. Then,

dis(7;, o Sy o Py) < dis(T;) + dis(Sy) + dis(P,) < 4/n.  (cf. Remark 2.2.6)

Then foreachn € N, we define R, := T, 08,0 P, € #(X,, Y,). By Remark 2.2.6,
we know that R, has the following expression:

R, ={(xyn, yn) € X;; x Y, : thereexistx € X, y € Y such that (x,, X) € T,
(iv 5’) € Sy, (5’3 )’n) € Pn}~

Next define:

S = {()Zn, Funen € (X x V)N 1 (&, ) € S, foreach n € N}.

Since X, Y are first countable and compact, the product X x Y is also first countable
and compact, hence sequentially compact. Any sequence in a sequentially compact
space has a convergent subsequence, so for convenience, we replace each sequence in
S by a convergent subsequence. Next define:

Z :={(x,y) € X x Y : (x,y) alimit point of some (X, ¥,)neN € S}.

Claim 4 Z is a closed subspace of X x Y. Hence it is compact and sequentially
compact.

The second statement in the claim follows from the first: assuming that Z is a closed
subspace of the compact space X x Y, we obtain that Z is compact. Any subspace of a
first countable space is first countable, so Z is also first countable. Next, observe that
wx(Z) equipped with the subspace topology is compact, because it is a continuous
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image of a compact space. It is also first countable because it is a subspace of the
first countable space X. Furthermore, the restriction of wy to wx(Z) is continuous.
Thus mx (Z) equipped with the restriction of wy is a compact network, and by similar
reasoning, we get that wy (Z) equipped with the restriction of wy is also a compact
network.

Proof of Claim 4 We will show that Z € X x Y contains all its limit points. Let
(x,y) € XxYbealimitpointof Z.Let{U, € X : n € N, (x, y) € U,} beacountable
neighborhood base of (x, y). For each n € N, the finite intersection V,, := N?_, U; is
an open neighborhood of (x, y), and thus contains a point (x,, y,) € Z that is distinct
from (x, y) (by the definition of a limit point). Pick such an (x,, y,) for each n € N.
Then (x,, y»)neN is a sequence in Z converging to (x, y) such that (x,, y,) € V,, for
eachn € N.

For each n € N, note that because (x,, y,) € Z and V), is an open neighborhood
of (xy, yn), there exists a sequence in S converging to (x,, y,) for which all but
finitely many terms are contained in V,,. So for each n € N, let (x,,, ¥,,) € S, be such
that (x,, y,) € V,. Then the sequence (X,, yn)neNn € S converges to (x, y). Thus
(x,y) € Z. Since (x, y) was an arbitrary limit point of Z, it follows that Z is closed.
O
Proof of Equation 9. We now prove Eq. (9). Letz = (x, y), 2’ = (x', y') € Z, and let
(Xn, ¥n)neN, (X, ¥ )nen be elements of S that converge to (x, y), (x’, y') respectively.
We wish to show |wx (x, x') — wy(y, y')| = 0. Let ¢ > 0, and observe that:

lwx (x, x') — oy (y, )]
= |ox (x, x') — wx (Fn, %) + 0x (&, X)) — 0y G, I)
+ @y (Gn, ) — oy (3, )
< lox (x, x') — ox @, )| + lox (Fn, %) — @y (G, 5,

+ @y (Fu, 5) — 0y (v, ¥)I.

Claim 5 Suppose we are given sequences (X, ¥n)neN, (X, ¥, )nen in Z converging to
(x,y)and (x', y") in Z, respectively. Then there exists N € N such that foralln > N,
we have:

lox (x, x") — wx(&n, X,)| < e/4, oy (Gn, 3,,) — oy (y, y)| < /4.

Proof of Claim 5 Write a := wx (x, x"), b := wy(y, y). Since wyx, wy are continuous,
we know that a))_(l [B(a, e/4)] and a);l [B(b, £/4)] are open neighborhoods of (x, x”)
and (y, y’). Since each open set in the product space X x X is a union of open
rectangles of the form A x A’ for A, A’ open subsets of X, we choose an open set
Ax A C w;(l [B(a, ¢/4)] such that (x, x") € A x A’. Similarly, we choose an open
set B x B’ C a);l[B(b, g/4)] such that (y, y’) € B x B'. Then A x B, A’ x B are
open neighborhoods of (x, y), (x’, y") respectively. Since (X, Yu)nen and (X, 7, )neN
converge to (x, y) and (x’, y'), respectively, we choose N € N such that foralln > N,
we have (¥, y,) € A x B and (%], ¥,) € A’ x B’. The claim now follows. O
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Now choose N € N such that the property in Claim 5 is satisfied, as well as the
additional property that 8/ N < ¢/4. Then for any n > N, we have:

lox (x, x") — 0y (v, )] < /4 + ox (Fn, X,) — @y (G, Tp)| + /4.

Separately note that for each n € N, having (%,, 3»), (X,.¥,) € S, implies
that there exist (x,, y,) and (x,, y,) € R, such that (x,, %), (x},,X,) € T, and
ns yn), By, 1) € Py. Thus we can bound the middle term above as follows:

lwx (Xn, X)) — @y (Fn, 3)]
= |ox (Xn, X)) — 0x (Xn, X;,) + 0x (Xn, X)) — @y (Yus ¥y)
+ wy (Yn, Y;/q) — wy (Y, 5’;,)|
< lwx Fn, X)) — 0x (xn, X))| + |0x (Xn, X,) — @y Vs Y
+ |wy (Yn, y;;) — wy (Yn, yliz)l
< dis(Ty,) + dis(R,,) + dis(P,) < 8/n < 8/N < g/4.

The preceding calculations show that:
lox (x,x) — wy(y, Y| < e.

Since ¢ > 0 was arbitrary, it follows that wx (x, x’) = wy(y, y'). This proves Eq. 9.

It remains to define surjective maps ¥y : X — nx(Z), ¥y : ¥ — my(Z) and

to verify Eqgs. (10) and (11). Both cases are similar, so we only show the details of
constructing ¥y and verifying Eq. (10).
Construction of {x. Let x € X. Suppose first that x € wx(Z). Then we simply
define ¥x (x) = x. We also make the following observation, to be used later: for each
n € N, letting y € Y be such that (x, y) € Sy, there exists x, € X,, and y, € Y, such
that (x,,, x) € T, and (y, y,) € P,.

Nextsuppose x € X\nx(Z).Foreachn € N,letx, € X, besuchthat (x,, x) € T,
and let X, € X be such that (x,, X,) € T,. Also for each n € N, let y, € Y be such
that (x,,, ¥,) € S,. Then for each n € N, let y, € Y, be such that (y,,, y,) € P,.
Then by sequential compactness of X x Y, the sequence (X, ¥»)neN has a convergent
subsequence which belongs to S and converges to a point (X, ¥) € Z. In particular, we
obtain a sequence (X,),eN converging to a point X, such that (x,, x) and (x,, X,) € T,
for each n € N. Define yx (x) = X.

Since x € X was arbitrary, this construction defines ¥y : X — mwx(Z). Note that
Yy is simply the identity on wx (Z), hence is surjective.

Proof of Equation 10. Now we verify Eq. (10). Let ¢ > 0. There are three cases to
check:

Case 1: x, x’ € mx(Z) In this case, we have:

lox (x, x') — ox(Yx (1), Yx ()] = wx(x,x) — wx(x,x") = 0.

Case 2: x,x’ € X\mx(Z) By continuity of wy, we obtain an open neighborhood
U = a);(][B(a)x(lﬁx(x), ¥x (x"), £/2)] of (x,x’). By the definition of
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Yx on X\mx(Z), we obtain sequences (¥, Jn)ueN and (X}, 3, )nen in
S converging to (Y¥x(x),y) and (¥x(x'),y’) for some 3,3 € Y. By
applying Claim 5, we obtain N € N such that for all n > N, we have
(Xn, X,) € U. Note that we also obtain sequences (xp)neN and (x,)neN
such that (x,, x), (x,, %,) € T, and (x},, x'), (x),, %) € T,. Choose N large
enough so that it satisfies the property above and also that4/N < ¢/2. Then
foranyn > N,

lox (x, x') — ox (Yx (x), Yx ()]
= lox (x, x') — ox (Xn, x,) + ©0x (Xn, X,) — 0x (X, %) + 0x (X0, ;)
— wx(Yx(x), Yx ()]
<dis(T,) +dis(T,) +e/2 <4/n+¢/2 <4/N +¢/2 < ¢.

Case 3: x € mx(Z), x’ € X\7wx(Z) By the definition of 1/x on X\ x (Z), we obtain:
(1) a sequence (X),eN converging to ¥x(x'), and (2) another sequence
(%) )nen such that (x, x") and (x,, ;) both belong to Tj,, for each n € N.
By the definition of ¥y on mwx(Z), we obtain a sequence (x,),cN such that
(x,,x) € T, foreachn € N.
Let U = a))_(l [B(wx (x, ¥x(x'), e/2)]. Since (X,)neN converges to
¥x (x), we know that all but finitely many terms of the sequence (x, X),)neN
belong to U. So we choose N large enough so that for eachn > N, we have:

lox (x, x') — wx (x, yx (x))]
= |wx (x, x') — 0x (X, X,) + ©x (X0, X)) — 0x (x, X,) + 0x (x, %)
— wx (x, Yx ()]
< dis(T,) +dis(T,) +€/2 <4/n+¢/2 <4/N +¢/2 < &.

Since ¢ > 0 was arbitrary, Eq. (10) follows. The construction of vy and proof for
Eq. (11) are similar. This concludes the proof of the theorem. O

3.6.3 Proofs related to Theorem 3.2.2

Our goal in this section is to prove that weak isomorphism, equality of motif sets,
and strong isomorphism between skeleta are equivalent in the setting of compact
networks with coherent topologies. Because the main result of this section will assume
equality of motif sets, we will specifically only use the weak form of coherence (cf.
Definition 2.5.1).

Proposition 3.6.1 Ler (X, wy), (Y, wy) be compact networks such that M, (X) =
M, (Y) for all n € N. Suppose X contains a countable subset Sx. Then there exists a
weight-preserving map f : Sx — Y.

Proof of Proposition 3.6.1 We proceed via a diagonal argument. Write
Sx = {x1,x2,...,x,,...}.Foreachn € N, let f,, : Sy — Y be a map that preserves
weights on {x1, ..., x,}. Such a map exists by the assumption that M, (X) = M,,(Y).
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Since Y is first countable and compact, hence sequentially compact, the sequence
(fu(x1))n has a convergent subsequence; we write this as (f1,(x1)),. Since fi is
weight-preserving on {x1, x2} for k > 2, we know that f; , is weight-preserving on
{x1, x2} for n > 2. Using sequential compactness again, we have that (/1 ,(x2)), has
a convergent subsequence ( f2 ,(x2)),. This sequence converges at both x; and x>, and
Jf2.n 1s weight-preserving on {x1, x2} for n > 2. Proceeding in this way, we obtain the
diagonal sequence (fy.,),» Which converges pointwise on Sx. Furthermore, for any
n € N, fi i is weight-preserving on {x1, ..., x,} for k > n.

Next define f : Sx — Y by setting f(x) := lim, f, ,(x) for each x € Sy. It
remains to show that f is weight-preserving. Let x,,, x,, € Sx, and letk > max(m, n).
Then wx (xn, Xm) = @y (f k(Xn), fi.k(xm)). Using (sequential) continuity of wy, we
then have:

wy (f (Xn), f(xXm)) = wy (li,?l Sk (xn), lim fk,k(xm))

= lilgn oy (fe.k(Xn),s frk(m)) = ox (Xn, Xm).

In the second equality above, we used the fact that a sequence converges in the prod-
uct topology iff the components converge. Since x,, x,, € Sx were arbitrary, this
concludes the proof. O

Proposition 3.6.2 Ler (X, wy), (Y, wy) be compact networks. Suppose f : Sx — Y
is a weight-preserving function defined on a countable dense subset Sx C X. Then f
extends to a weight-preserving map on X.

Proof of Proposition 3.6.2 Let x € X\Sx. By first countability, we take a countable
neighborhood base {U,, : n € N} of x such that U; 2 U, D Us... (if necessary, we
replace U, by N!_,U;). For each n € N, let x, € U, N Sx. Then x,, — x. To see
this, let U be any open set containing x. Then U, < U for some n € N, and so
xy € U, C U forall k > n.

Because Y is compact and first countable, hence sequentially compact, the sequence
(f (xn))n has a convergent subsequence; let y be its limit. Define f(x) = y. Extend
f toall of X this way.

We need to verify that f is weight-preserving. Letx, x” € X. Invoking the definition
of f,let (xn)n, (x,)n be sequences in Sy converging to x, x" such that f (x,) = f(x)
and f(x,) — f(x’). By sequential continuity and the standard result that a sequence
converges in the product topology iff the components converge, we have

limwy (f (6a), f(6)) = 0y (f (0), f(x)); lim wx (xa, x,) = ox (x, x).
Let ¢ > 0. By the previous observation, fix N € N such that for all » > N, we
have |wy (f (x,), f(x;)) — oy (f(x), f(x")] < € and |wx (x,, x;,) — wx(x, x)| < €.

Then,

lwx (x, x") — 0y (f(x), fF())] = lox (x, X)) — wx (6, X,) + 0x (X, x,)

— oy (f(x), f(x)]
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< Jox (¥, x") — wx (Xn, X,)| + lox (f (%), f(x,))

—wy (f(x), f(xX)] < 2.

Thus wx (x, x") = wy(f(x), f(x")). Since x, x’ € X were arbitrary, this concludes
the proof. O

Definition 3.6.3 Let (X, wy), (Y, wy) be networks. We say thatamap f : X — Y is
[*®°-intrinsic if we have 8y (f(x), f(x)) = 8x(x, x) forall x, x" € X, i.e.

max ([lwx (x, ) — @x (', oo, lox (-, x) = @x (-, x)lloc)

= max ([loy (f (x), ) = oy (f ('), loos loy (-, () =@y, FDleo) -
Recall that a topological space is separable if it contains a countable dense subset.

Lemma3.6.4 Let (X, wy), (Y, wy) be separable, compact, weakly coherent networks,
and suppose M, (X) = M, (Y) foralln € N. Let f : X — Y be a weight-preserving
map. Then f is [*°-intrinsic.

The interpretation of this lemma is that when two networks have the same motif
sets, they contain the same information, and thus a mapping between them does not
add any extrinsic data.

Proof of Lemma 3.6.4 Let x,x’ € X. Because f is weight-preserving, we know

lwy (f (), ) = wy (f (&), oo = lox (x, ) — wx (¥, )lloo-

First we wish to show that this is actually an equality. Towards a contradiction, suppose
the inequality above is strict. Let y € Y be such that

oy (f(x), ) = oy (f (), ) > lox () = ox (', )lloo.

Using separability, fix a countable dense subset {x{, x2, ...} € X. Next, for eachn €
N, define T}, to be the weight matrix obtained from (y, f(x), f(x"), f(x1), f(x2), ...,
f(xn)), i.e. the corresponding motif matrix. Because all the motif sets are equal, for
each T,, € M,,;3(Y) we have an equivalent copy in M,,13(X).

Because we do not maintain node labels when creating motif sets, it may be the case
that even though 7}, is a submatrix of 7},41, the points chosen to realize 7,, in X are
different from the points in X used to realize 7,1. Specifically, let (z!,a!, b!, pl)
denote the points in X realizing 77, let (zz, a?, b?, p%, p%) denote the points in X
realizing T3, and more generally, let (z", a", b", p, p5, ..., py) denote the points in
X realizing T,, for eachn € N.

By sequential compactness and a diagonal argument as used in Proposition 3.6.1,
we pass to a subsequence such that 7", a”, b", and pl’? fori < nallconvergeasn — oo.
Denote the limits by z, a, b, and { p; }; en, respectively. Crucially we have wx (a”, 7"*) =
oy (f(x),y), ox(",7") = wy(f(x'),y), and wx(a@",b") = wy(f(x), f(x)) =
wx (x, x") for all n € N. We also have wx (a", p!) = wy (f (x), f(x;)) = wx(x, x;)

@ Springer



Distances and isomorphism between networks: stability and...

for all n > i, and likewise for other combinations of 7z, a”", b", and { P?}ieN,nzi-
Consequently we have the same equalities for the limits of these sequences of points.

Nextdefineamap g : {a, b, p1, p2,...} = Xasa +— x,b+ x',and p; — x; for
each i € N. Then g is a weight-preserving map defined on a countable dense subset
of X, so by Proposition 3.6.2 it extends to a weight-preserving map g : X — X.
In particular we have wy (x, g(z)) = wx(a,z) = wy(f(x),y) and wx(x’, g(z)) =
wx (b, z7) = wy(f(x"), y). Thus we have

lox(x, ) —ox (X', oo = lox(x, g(2) — wx (', g(2))|

= loy (f(0), y) — oy (f(x"), Y)I,

which is a contradiction. Similarly one proves

oy, f(x) =y, fFED oo = llox (-, x) —wx(, x)]loo-
Because x, x’ € X were arbitrary, this concludes the proof. O

The following proposition mirrors the familiar notion that isometric maps between
metric spaces are continuous. As an immediate application, we will obtain unigueness
of the coherent topology, thus justifying its construction.

Proposition 3.6.5 Ler (X, wx), (Y, wy) be separable, compact, weakly coherent net-
works, and suppose M,(X) = Mu(Y) foralln € N. Let f : X — Y be a
weight-preserving map. Then f is continuous.

Proof Let V C Y be open. We need to show that U := f~!(V) is open. By first-
countability, it suffices to show that any sequence converging to a point of U is
eventually inside U. Let (x,), be a sequence in X converging to x € U. Because
f is [*°-intrinsic (Lemma 3.6.4), we have

oy (f (xn), ) = @y (f (x), oo = llwx (Xn, ) — @x(x, )]l = 0.

Here the limit holds because X is coherent. Thus we have f(x,) — f(x). But then
there must exist N € N such that f(x,) € V foralln > N. Then x, € U for all
n > N. Since (x,), was arbitrary, it follows that U is open. This concludes the proof.

O

Corollary 3.6.6 (Uniqueness) Let (X, wx) be a network with a separable, compact,
weakly coherent topology Tx. Let T’ be another separable, compact, coherent topology
on X. Then v/ = tx.

Proof The identity map id : (X, wx, tx) — (X, wx, T’) is weight-preserving, and
since both the domain and codomain have the same motif set, we know by Proposi-
tion 3.6.5 that id is continuous. Thus tx is finer than 7’. By the same argument, we
have that 7’ is finer than tx. Thus the two topologies are equal. O
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The next result generalizes the result that an isometric embedding of a compact met-
ric space into itself is automatically surjective (Burago et al. 2001, Theorem 1.6.14).
However, before presenting the theorem we first discuss an auxiliary construction that
is used in its proof.

Definition 3.6.7 (A variant of 8x (cf. Eq. (3))) Let (X, wx) be any network. For any
subset A C X, define 83‘} X x X - Ry by

8% (x, x') := max (SUP lwx (x, a) — wx (x', a)|, sup lwx(a, x) — wx(a, x/)l) .
acA acA

Then 8y is a special case of 53‘} where A = X. More generally, A acts as a set of
“observers”, and 8§ compares two points x, x” with respect to this observation set.

Next, for any £ C X and any y € X, define 8;}()1, E) :=infycg 8;}()1, y"). Then
) 3‘} (-, E) behaves as a proxy for the “distance to a set” function, where the set is fixed
to be E and the “distance” is measured relative to the observation set A.

Theorem 3.6.8 Let (X, wx) be a compact network with a weakly coherent, Hausdorff
topology. Suppose [ : X — X is a weight-preserving map. Then f is surjective.

Proof of Theorem 3.6.8 Towards a contradiction, suppose f(X) # X. By Proposi-
tion 3.6.5, f is continuous. Define X¢ := X, and X,, := f(X,—1) foreachn € N.
The continuous image of a compact space is compact, and compact subspaces of a
Hausdorff space are closed. Thus we obtain a decreasing sequence of nonempty com-
pactsets Xog 2 X1 2 X» O ....Then Z := N, n X, is nonempty and compact, hence
closed.

We now break up the proof up into several claims.

Claim 6 f(Z2) = Z.

To see this, first note that f(N,;enX,) € Mpenf(Xn) € Z. Nextlet v € Z. For
eachn € N, let u, € X, be such that f(u,) = v. Since singletons in a Hausdorff
space are closed, we know that {v} is closed. By continuity, it follows that £~ ({v})
is closed.

By sequential compactness, the sequence (u#,), has a convergent subsequence that
converges to some limit u. Since each u, € f’1 ({v}) and a closed set contains its
limit points, we then have u € f~!({v}). Thus f(u) = v, and v € f(Z). Hence
Z = f(Z). This proves the claim.

Let x € Xo\X1. Define xo := x, and for each n € N, define x,, := f(x,—1). Then
(xn)n is a sequence in the sequentially compact space X, and so it has a convergent
subsequence (x,, )x. Let z be the limit of this subsequence.

Claim7z € Z.

To see this, suppose towards a contradiction that z ¢ Z. Then there exists N € N
such that z ¢ X . Since Xy is closed, we have that X\ X is open. By the definition
of convergence, X\ Xy contains all but finitely many terms of the sequence (x,, ).
But each x,, belongs to X,,, which is a subset of Xy for sufficiently large k. Thus
infinitely many terms of the sequence (x,,)x belong to Xy, a contradiction. Hence
ze€”Z.
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Now we invoke the 8% construction as in Definition 3.6.7.
Claim 8 Forany £ C X andany y € E,

85y, 2) =L P (F (), £(2)).

To see this claim, fix y € E. Let v € f(Z). Then v = f(y’) for some y' € Z, and
8§(E) (f(y),v) = 8)’? (y, ¥"). To see the latter assertion, letu € f(E);thenu = f(y”)
for some y” € E. Because f is weight-preserving, we then have:

lox (f (), u) —wx(, w)| = ox (), fFO) —wx(F O, fFO)
= lox(y,y") —ox(y', ¥,

lwx (u, f(¥) —ox@,v)| =lox(fO), fFO) —ox(fO"), fFO)
= lox(y", y) —ox(y", ¥)I.

The preceding equalities show that for each v € f(Z), there exists y € Z
such that S}Z(E)(f(y), v) = 8§(y,y/). Conversely, for any y/ € Z, we have

S5 (), £ =85 (v, ). Tt follows that 3% (f (), £(2)) = 85 (y, 2).
Claim 9 5% (x, Z) = 0.

To see this, assume towards a contradiction that 85(( x,Z2) =¢>0 (83’(( is non-
negative by definition). Since f(Z) = Z, we have by the preceding claim that
8§(x, Z) = Sﬁ(x)(f(x), Z)=...= Sﬁn(x)(f”(x), Z) for each n € N. In particular,
forany k € N,

e =8l O (), ) < 8L (), 2) < SEU W), 2).

Here the first inequality follows because the left hand side includes an infimum over z €
Z, and the second inequality holds because the right hand side includes a supremum
over a larger set.

Since x,, — z, we have that 83 (f™(x),z) = 8§ (x",z) = 8x(x.2) — O,
where the limit holds by the definition of weak coherence (cf. Definition 2.5.1). This
contradiction proves the claim.

Recall that by assumption, x ¢ Z. For each n € N, let z;, € Z be such that
8§§ (x, zn) < 1/n. Then the sequence (z,), converges to x by weak coherence. Hence
any open set containing x also contains infinitely many points of Z that are distinct
from x. Thus x is a limit point of the closed set Z, and so x € Z. Thisis a contradiction.
|

Theorem 3.2.2 Suppose (X, wx), (Y, wy) are separable, compact networks with
weakly coherent topologies. Then the following are equivalent:

I. X="Y.
2. M,,(X) =M, (Y) foralln € N.
3. sk(X) =° sk(Y).
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Proof of Theorem 3.2.2 (2) follows from (1) by the stability of motif sets (Theorem
4.3.6). (1) follows from (3) by the triangle inequality of dxr. We need to show that (2)
implies (3).

First observe that sk(X), being a continuous image of the separable space X, is
separable, and likewise for sk(Y). Let Sy, Sy denote countable dense subsets of sk(X)
and sk(Y). Next, because dar (X, sk(X)) = 0, an application of Theorem 4.3.6 shows
that M,,(X) = M, (sk(X)) for each n € N. The analogous result holds for sk(Y).
Thus M,, (sk(X)) = M,,(sk(Y)) for each n € N. Since X and Y have weakly coherent
topologies, so do sk(X) and sk(Y), by Proposition 2.12.2. By Propositions 3.6.1
and 3.6.2, there exist weight-preserving maps ¢ : sk(X) — sk(Y) and ¢ : sk(Y) —
sk(X). Define X := ¢ (sk(¥)) and YV := ¢(sk(X)). Also define ¢; and ¥ to
be the restrictions of ¢ and ¥ to X and Y, respectively. Finally define X® :=
Y1 (YDyand Y := ¢ (XD). Then we have the following diagram.

sk(X) > XD > x@

sk(Y) 2 yo 2 e

Now v o ¢ is a weight-preserving map from sk(X) into itself. Furthermore, it is
continuous by Proposition 3.6.5. Since sk(X) is Hausdorff (Proposition 2.12.3), an
application of Theorem 3.6.8 now shows that ¥ o ¢ : sk(X) — sk(X) is surjective.
It follows from Definition 2.4.3 that ¥ o ¢ is an automorphism of sk(X), hence a
bijection. It follows that ¢ is injective. The dual argument for ¢ o ¥ shows that v is
also injective.

Since ¥ o ¢(sk(X)) = X® = sk(X) and X® < X C sk(X), we must have
XM = sk(X). Similarly, YV = sk(Y). Thus ¢ : sk(X) — sk(Y) and ¢ : sk(Y) —
sk(X) are a weight-preserving bijections. In particular, we have sk(X) =* sk(Y). This
concludes the proof. O

3.6.4 Proofs related to Theorem 3.3.1

Lemma3.69 Let Xi,..., X, € FN, and for eachi = 1,...,n — 1, let R; €
H(Xi, Xit1). Define

R:=R{oRyo---0Ry,

- {(xl,xn) € X1 x X, | 3()'=) (. xiy1) € R; for alli} .

Then dis(R) < Y"1, dis(R;).
Proof We proceed by induction, beginning with the base case n = 2. For convenience,

write X := X, Y := Xj,and Z := X3. Let (x,2), (x',z/) € RioRy.Lety € Y be
such that (x, y) € Ry and (y, z) € Ry.Lety’ € Y besuchthat (x’, y") € R, (y',7) €
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R>. Then we have:

lox (x, x") — wz(z, 2)| = lox (x, x") — oy (y, y) + 0y (v, y) — 0z(z, )|
< lox(x,x") —wy(y, )| + loy (v, y) — 0z(z,2)]
< dis(R) + dis(S).

This holds for any (x, z), (x’,z) € R o S, and proves the claim.
Suppose that the result holds for n = N € N. Write " = R{o--- 0o Ry and
R = R’ o Ry4+1- Since R’ is itself a correspondence, applying the base case yields:

dis(R) < dis(R’) + dis(Ry+1)
N
< Z dis(R;) + dis(Ry+1) by induction
i=1
N+1

= Z dis(R;).
i=1

This proves the lemma. O
Theorem 3.3.1 (CN/=Y, dy) is a complete metric space containing (FN /=Y, d ).

Proof of Theorem 3.3.1 Let ([X;]);en be a Cauchy sequence in FAN /=Y. First we
wish to show this sequence converges in CN'/=". Note that (X;);en is a Cauchy
sequence in FN, since the distance between two equivalence classes is given by
the distance between any representatives. To show (X;); converges, it suffices to
show that a subsequence of (X;); converges, so without loss of generality, suppose
dn (X, Xigsr) < 2~ for each i. Then for each i, there exists R; € Z(Xi, Xit+1) such
that dis(R;) < 27'*+!. Fix such a sequence (R;);eN. For j > i, define

Rij:=RioRjt10Rj4p0- -0 Rj_1.

By Lemma 3.6.9, dis(R;;) < dis(R;) + dis(Ri4+1) + - - - + dis(Rj_1) < 2772, Next
define:

overlineX = {(xj) :(xj,xj+1) € Rjforall j € N} C HX,-.
ieN

To see X # &, let x; € X1, and use the (nonempty) correspondences to pick a
sequence (x1, X2, X3, ...). By construction, (x;) € X.

Define w((x;), (x;.)) = limsup;_, o, wx; (x;, x}). We claim that wx is bounded,
and thus is a real-valued weight function. To see this, let (x;), (x}) € X.LetjeN.

Then we have:

lox; (xj, XD = lox; (xj, X)) —ox; , (cj-1, X;_1) +ox;  (xj-1,x;_4) — -~

@ Springer



S. Chowdhury, F. Mémoli

- a)Xl (xlv xi) + a)Xl(-xla xi)'
< |ox, (x1, x))| + dis(R1) + dis(Ry) + - - - + dis(R 1)

< lox, (x1, x])| +2
But j was arbitrary. Thus we obtain:

g (). )] = limsup [, (x7, x})] < |y, (1, x])] +2 < 0.
J—>00

Claim 10 (X, wy) € CN . More specifically, X is a first countable compact topological
space, and w+ is continuous with respect to the product topology on X x X.
Proof of Claim 10 We equip [ ;. X; with the product topology. First note that the
countable product [ [; . X; of first countable spaces is first countable. Any subspace
of a first countable space is first countable, so X C ]_[l- en Xi s first countable. By
Tychonoff’s theorem, [[; .y X; is compact. So to show that X is compact, we only
need to show that it is closed.

IfX =J] ien Xi» we would automatically know that X is compact. Suppose not, and

let (xi)ien € ([T;en Xi) \X. Then there exists N € N such that (xy, xy+1) ¢ Ry.
Define:

U:=X1 xXox - x{xn} x{xnys1} x X2 X -0

Since X; has the discrete topology for each i € N, it follows that {xx} and {xy 1} are
open. Hence U is an open neighborhood of (x;);en and is disjoint from []; en X It
follows that (], Xi) \X is open, hence X is closed and thus compact.

It remains to show that wv is continuous. We will show that preimages of open
sets in R under wy are open. Let (a, b)) C R, and suppose a)%1 [(a, b)] is nonempty

(otherwise, there is nothing to show). Let (x;);eN, (x])ieN € X x X be such that
o = wx((x)i, (x))i) € (a,b).

Write ' := min(|a — al, |b — «|), and define r := %r’.
Let N € N be such that 27¥*3 < . Consider the following open sets:

U= {x1} x {xa) x - x fowd x Xy x Xyqa x-S ] X,
ieN

V= {xi}x{xé}x---x{x;\,}xXNH ><XN+2><---§1_[X,~.
ieN

Next write A := X N U and B := X N V. Then A and B are open with respect to
the subspace topology on X. Thus A x B is open in X x X. Note that (x;);en € A
and (x;)ieN € B. We wish to show that A x B C w; [(a, b)], so it suffices to show
that w (A, B) C (a, b).
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Let (zj)ien € A and (z})jen € B. Notice that z; = x; and z; = x/ foreachi < N.
So forn < N, we have |wx, (24, 2),) — wx, (xn, x,)| = 0.
Next let n € N, and note that:

|0X g0 N5 Egn) = @Xyin N4 Xy )]
= 10Xy 10 @N+ns Zygn) — Oxy @N, Zy) + 0xy @N, Zy) = Oxy g, CNns Xy )]
= |wxy, (ZN+n Z;\H—rz) — wxy (2N, Z/N) + wxy (xN, x;\/) T OXN (XN tns X;v+,,)|
< dis(RN N+n) + diS(Ry N4n) < 27VF2 427 NH2 — 07N

Here the second to last inequality follows from Lemma 3.6.9. The preceding calcula-
tion holds for arbitrary n € N. It follows that:

lim sup wy, (x;, x}) — limsup wy, (z;, z;) < limsup(wy, (x;, x) — wx, (zi, 2})) <r,
i—00 i—00 i—00

and similarly lim sup;_, ., wx; (z;, z;) — limsup;_, ., wx, (x;, x)) < r. Thus we have
wz((zi)i, (z;),-) € (a, b). This proves continuity of wy. O

Next we claim that X; d—N> X asi — oo. Fix i € N. We wish to con-
struct a correspondence S € Z(X;, Y). Let y € X;. We write x; = y and pick
X1,X2, ..., Xi—1,Xit1,...such that (xj,;41) € R; for each j € N. We denote this
sequence by (x;)*=Y, and note that by construction, it lies in X. Conversely, for any

(xj) € X, we simply pick its ith coordinate x; as a corresponding element in X;. We
define:

= AUB, where
{0, )= 1y e Xi
{, )+ () € X

S:
A
B :

Then S € Z(X;, X). We claim that dis(S) < 27*2. Let z = (y, (%)), 2 =
(»', (x;)) € B.Letn € N, n > i. Then we have:

lwx; (v, ¥) — wx,, (n, X)| = lox, (v, ¥) — x,y Kigt, Xi1p) + 0x, (i1, X 4p)
— a)Xn,l(xn—la x;/l_l) + wx, (Xn, x;,)|
< dis(R;) + dis(Rj41) + - - - + dis(Ry—1)
< 2—i+l + 2—i + . + 2—n+2
< 2—i+2.
This holds for arbitrary n > i. It follows that we have:
i+2

lwx, (¥, ¥) — og((xp), ()] <27
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Similar inequalities hold for z, 7 € A, and for z € A,z € B. Thus dis(§) < 27112,
It follows that das(X;, X) < 27+ Thus the sequence ([X;]); converges to [X] e
CN /=Y.

Finally, we need to check that (CN /=", dyr) is complete. Let ([Y,,]),, be a Cauchy
sequence in CN /=" By invoking Theorem 3.1.3, for each n let [X,,] € FN /=" be
such that dn ([ X, 1, [Ya]) < % Let ¢ > 0. Then for sufficiently large m and n, we
have:

dn ([Xnl, [Xm]) < dy ([Xn], [Ya]) + dn (Yl YD) + dy (], [Xn]) < &

Thus ([X,,]), is a Cauchy sequence in FAN /=Y. By applying what we have shown
above, this sequence converges to some [X] € CA/=". By applying the triangle
inequality, we see that the sequence ([Y;]),, also converges to [X]. This shows com-
pleteness, and concludes the proof. O

Remark 3.6.10 In the proof of Theorem 3.3.1, note that the construction of the limit
is dependent upon the initial choice of optimal correspondences. However, all such
limits obtained from different choices of optimal correspondences belong to the same
weak isomorphism class.

3.6.5 Proofs related to Theorem 3.5.4

Theorem 3.5.3 The metric space (FN /=Y, dy) is a geodesic space. More specifi-
cally, let[X], [Y] € (FN /=Y, dxr). Then, forany R € Z°PY(X, Y), we can construct
a geodesic yg : [0, 11 = FN /=" between [X] and [Y] as follows:

Yr(0) := [(X, wx)], yr(1) :=[(Y,dy)], and
YR(1) = [(R, wyp))] for 1€ (0, 1),

where for each (x,y), (x',y') € Randt € (0, 1),
oy (G, ), & Y)) =0 = 1) - ox(x, X))+ 10y (y,y).
Proof of Theorem 3.5.3 Let [X], [Y] € FN/=". We will show the existence of a

curve y : [0,1] — FN such that y(0) = (X, wx), y(1) = (Y, wy), and for all
s,t €[0,1],

dn(y(s),y (@) =1t —s|-dn (X, Y).
Note that this yields das([y (s)], [y ®)]) = |t — s| - da([X], [Y]) forall s, ¢ € [0, 1],
which is what we need to show.
Let R € #°PY(X, Y),i.e.let R be a correspondence such that dis(R) = 2dar(X, Y).
For each ¢ € (0, 1) define y () := (R, w, (), where
oy (), (& y)) =0 — 1) wx(x, X) +1-wy(y,y) forall (x,y),(’,y)€R.
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Also define y(0) = (X, wyx) and y (1) = (¥, wy).
Claim 11 For any s, ¢ € [0, 1],

dn(y (), y (@) < |t —s|-dy(X, T).

Suppose for now that Claim 11 holds. We further claim that this implies, for all
s, 1 €0, 1],

dn(y(s), v () =t —s| - dn (X, T).

To see this, assume towards a contradiction that there exist sg < fo such that:

dn (v (s0), v (10)) < lto — sol - dy (X, Y).
Then dyr (X, Y) < dy (X, y(s0)) + dn (v (50), ¥ (t0)) + dnr(y (f0), Y)
<lso =0l - dn(X,Y) + |to — sol - dn (X, Y) + [1 —to| - dpr(X, Y)
=dn(X,Y), acontradiction.

Thus it suffices to show Claim 11. There are three cases: (i) s, € (0, 1), (ii)
s =0, € (0,1), and (iii) s € (0, 1), ¢ = 1. The latter two cases are similar, so we
just prove (i) and (ii). For (i), fix s, € (0, 1). Notice that A := diag(R x R) :=
{(r,r) : r € R} is a correspondence in Z(R, R). Then we obtain:

dis(A) = max w a,b) —w a.b
) (a,a),(b,b)eA| y(a.b) y(s) (@, b)]

= max |, ((x, y), (", ¥)) — oy ) ((x, y), (&', ¥))]
(x,y),(x",y")eR

= max (I —Doxx,x)+1-wy(y,y) — (1 —ox(x,x)
(x,y),(x",y")eR

— 5wy (y, Y|

= max I(s — Dowx(x, x") = (s = Doy (y, Y)I
(), (x",y)eR

=lt—s|- max |ox(x,x)—oy(y )l
(x,y).(x",y)€eR

<20t —s|-dy(X,Y).

Finally dy (v (1), ¥ (5)) < 3 dis(A) < |t — 5| - dnr (X, Y).
For (ii), fix s = 0, ¢ € (0, 1). Define Rx = {(x, (x, y)) : (x, y) € R}. Then Ry is
a correspondence in Z(X, R).

dis(Ry) = lox (x, x") = (1 = 1) - ox (x,x") =t - 0y (y, ¥

max
(xr,(x,y), (¢, (x",y")) €Rx

= max t-lox(x,x") —wy(y, Yl
(, (e, y), (2, () ERx

= tdis(R) = 2t - dy(X, Y).
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Thus da (X, y(2)) <t -dn(X,Y). The proof for case (iii), i.e. that dar(y (s), Y) <
[1 —s|-dn(X,Y),is similar. This proves Claim 11, and the result follows. O

Theorem 3.5.4 The complete metric space (CN /=", dyr) is geodesic.

Proof of Theorem 3.5.4 Let [X], [Y] € CN /=Y. It suffices to find a geodesic between
X and Y, because the distance between any two equivalence classes is given by the
distance between any two representatives, and hence we will obtain a geodesic between
[X]and [Y].

Let (X,,)n, (Yn)n be sequences in FA such that das (X, X) < rll anddpn (Y, Y) <
% for each n. For each n, let R, be an optimal correspondence between X, and Y,
endowed with the weight function

on((x, ). (a, b)) = Jwx, (x,a) + Jox, (7. b).

By the proof of Theorem 3.5.3, the network (R, w,) is a midpoint of X, and Y,,.
Claim 12 The collection {R,, : n € N} is precompact.

Assume for now that Claim 12 is true. Then we can pick a sequence (R,) that
converges to some R € CA. Then we obtain:

=dn(X, Xp) + 3dy(Xn, Ya) + dr(Ry, R) — Sdpy (X, Y).

Similarly das(R, Y) < %d v (X, Y). Furthermore, equality holds in both inequalities,
because we would get a contradiction otherwise. Thus R is a midpoint of X and Y, and
moreover, [R] is a midpoint of [X] and [Y]. The result now follows by an application
of Theorem 3.5.2.

It remains to prove Claim 12. By Theorem 3.4.4, it suffices to show that {R,} is
uniformly approximable.

Since dn (X, X) — 0 and dps(Yy, Y) — 0, we can choose D > 0 large enough
so that diam(X,,) < £ and diam(¥,) < £ for all n. Then diam(R,) < D for all .

Let ¢ > 0. Fix N large enough so that % < %, and write N (&) = max,<y | Ryl
We wish to show that every R,, is e-approximable by a finite network with cardinality
up to N(¢). For any n < N, we know R, approximates itself, and |R,| < N(¢g). Next
let n > N. It will suffice to show that R, is e-approximable by Ry .

Let S, T be optimal correspondences between X,, Xy and Y, Yy respectively.
Note that dp (X, X)) < dyv( Xy, X) +dyv (X, Xp) < % + % = %, and similarly
dy Yy, Yy) < % Thus dis(S) < % and dis(7T) < %. Next write

O={(x,y.x,yY)eRy xRy : (x,x) € S,(y.y) e T}.

Observe that since S and T are correspondences, Q is a correspondence between Ry
and R,. Next we calculate dis(Q):

dis(Q) = max  |on((x,), (@ b)) — o (X', ), (@', b))
(e, y.x",yh,
(a,b,a’ ,b'YeQ
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=  max |%a)xN (x,a) + %a)yN (y,b) — %wx,, x',a) — %a)yn C)]

(x,y,x",y),
(a,b,a’,beQ
< % max loxy (x,a) — wx, (x', a)|
(x,x"),(a,a")eS
+3 |lwyy (v. b) — wy, (', b))

max
>,y (b,b)eS
= 3 dis($) + 3 dis(T) < 7.

Thus dy/(Ry, Ry) < % < ¢&. This shows that any R, can be g-approximated by
a network having up to N(e) points. Thus {R,} is uniformly approximable, hence
precompact. Thus Claim 12 and the result follow. O

4 Invariants, stability, and convergence

At this point, we have computed ds between several examples of networks, as in
Example 2.7.2 and Remark 2.7.3. We also asserted in Remark 2.7.6 that dxs is in
general difficult to compute. A standard approach that is used in practice to circumvent
the problem of computing ds is to compute lower bounds instead. We frame this
approach in terms of defining quantitatively stable invariants of networks, and then
comparing the invariants instead of comparing the networks directly. In this section,
we set up the framework of stable network invariants, explain how this incorporates
existing stability results on persistent homology and hierarchical clustering, and go on
to prove convergence of these methods in the infinite setting. In particular, the setting
of compact networks gives a suitable family of infinite networks with well-defined
persistence diagrams.

Throughout this section, we will reserve the notation X for random variables, and
switch to using letters Y, Z to denote networks.

4.1 Preliminary setup

Throughout this section, all the underlying topological spaces will be assumed to be
compact, unless specified otherwise. We use the following convention for an open
cover of a topological space: An open cover of a topological space Z is a collection
of open sets {U; € Z : i € I} indexed by some set / such that each U; is nonempty
and | J;c; Ui = Z. Given a topological space Z, we will write Borel(Z) to denote
the Borel o-field on Z. We often write (2, F, IP) to denote a probability space. The
support supp of a measure wz on a topological space Z is defined as:

supp(uz) := {z € Z : for each open neighborhood N; > z, we have uz(N;) > 0}.
The complement of supp(iz) is the union of open sets of measure zero. It follows
that supp(uz) is closed, hence compact.

Given a probability space (€2, F,P) and a measurable space (Z, G), a random
variable (defined on 2 with values in Z) is a measurable function z : Q — Z. The
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pushforward or image measure of z is defined to be the measure z4IP on G given by
writing zsP(A) := P(z '[A]) for all A € G. The pushforward is often called the
distribution of z.

We recall an important corollary of the existence of infinite products of probabil-
ity measures. For any probability space (Z, &£, tz), there exists a probability space
(2, F, P) on which there are independent random variables z1, zy, . . . taking values
in Z with distribution xz (Dudley 2002, §8.2). This is done by letting Q :=[], .y Z
and taking each z; to be the canonical projection map (z;)jeN H> Zi-

Definition 4.1.1 (Measure network, Chowdhury and Mémoli 2019) A measure net-
work is a triple (Z, wz, nuz) where Z is a compact Polish space, ;7 is a Borel
probability measure on Z, and wz : Z x Z — R is a bounded measurable func-
tion.

We now specify what it means to sample from a measure network.

Definition 4.1.2 (Sampling from a measure network) Let (Z, wz, ;tz) be a measure
network, and let (€2, F, IP) be a probability space. A measurable functionz : @ — Z
is said to be a random variable taking values in Z. Foreachi € N, letz; : Q — Z
be an independent random variable with distribution 7. For each n € N, let Z, =

{z1, 22, ..., 12,}. To say that we sample n points randomly from (Z, wz, ;tz) means
that we take a selection Z,(w) = {z1 := z1(w), 22 = 2 (W), ..., 2 = Z,(w)} and
equip the collection Z, := {zy, ..., z,} With the restriction of wz.

A related concept is that of almost sure convergence w.r.t. dys. To say that 2,
converges almost surely to Z with respect to dar means that for each ¢ > 0,

P <lim sup{w € Q : dn (2, (w), Z) > 8}) =0.

n—oo

This notion of sampling is the form used when sampling from metric spaces, and it
assumes that selecting the points Z,, = {z, ..., z,} is enough to obtain the restriction
of wz to Z,, x Z,. This is often the case, such as when wy is given by a Gaussian kernel.
Note that this is quite different from sampling from a combinatorial graph, where one
has to use techniques such as Markov chain Monte Carlo so as to not sample very
sparse graphs (Lyu et al. 2019).

The presence of pz allows us to ask questions such as the following: Given a
measure network (Z, wz, uz) and some & > 0, what should it mean to take an
optimal g-system (cf. Definition 3.1.2) on Z? The next definition sheds some light on
this question.

Definition 4.1.3 (Minimal mass function m) Let (Z, wz, ;tz) be a measure network.
Let U be any e-system on Z for ¢ > 0. We define the minimal mass function mU) :=
min{uz(U) : U €U, uz(U) > 0}. Note that m returns the minimal non-zero mass
of an element in /.

Next let ¢ > 0. Define an optimal minimal mass function M, : CN" — (0, 1] as
follows:

M (Z) := sup {m(Uf) : U arefined e-system on Z} .
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Recall that a refined e-system was defined in Definition 3.1.2. Since U covers Z, we
know that the total mass of I/ is 1. Thus the set of elements in I/ with positive mass is
nonempty, and so m(lf) is strictly positive. It follows that 901, (Z) is strictly positive.
More is true when pz is fully supported on Z: given any e-system U/ on Z and any
U e U, we automatically have pz(U) > 0 (recall our convention above that empty
elements are excluded from an open cover).

In the preceding definition, for a given ¢ > 0, the function 9. (Z) considers the
collection of all refined e-systems on Z, and then maximizes the minimal mass of any
element in such an e-system. The functions in Definition 4.1.3 are crucial to the next
result, which shows that as we sample points from a distribution on a network, the
sampled subnetwork converges almost surely to the support of the distribution.

Theorem 4.1.4 (Probabilistic network approximation) Let (Z, wz, tz) be a measure
network. For each i € N, let z; : Q@ — Z be an independent random variable
defined on some probability space (2, F, P) with distribution wz. For eachn € N,
let Z, ={z1,20,...,2u}. Let ¢ > 0. Then we have:

(1 — 92 (supp(uz)))”
M /2 (supp(iz))

P({w € Q:dyn(supp(uz), Zy) = €}) <

where Z, = Z,(w) is an n-point sample as in Definition 4.1.2. In particular, the
subnetwork Z, converges almost surely to Z w.r.t. d.

Remark 4.1.5 (Relation to the metric setting) The invariants in Definition 4.1.3 are
abstractions of invariants that are standard in the metric setting. For a concrete example,
note that the mass of an e-ball in d-dimensional Euclidean space scales as £. Thus in
the setting of Euclidean space R?, the quantity on the right of Theorem 4.1.4 would
scale as s_d(l — sd)”. For stronger results in the metric setting, see Carlsson and
Mémoli (2010, Theorem 30).

Before proving the theorem, we prove the following useful lemma:

Lemma 4.1.6 Assume the setup of (Z,wz, uz), (2, F,P), and Z, for each n € N
as in Theorem 4.1.4. Fixe > 0, and let U = {Uy, ..., Uy} be a refined e-system on
supp(uz). Foreach 1 <i < m and each n € N, define the following event:

Ai = lwe Q:z() ¢ U} € Q.
k=1

Then we have P (U= Ax) < s (1 — m@)".

Proof of Lemma 4.1.6 Here we are considering the probability that at least one of the
U, has empty intersection with Z,,. As the points are sampled independently, we can
invoke independence and write P(A;) = (1 — uz(U;))". Then we have:

P (U Ak> <) PA =) (1 —uzUp)"
k=1 k=1 k=1
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a_ (L=m@))"
=m- lg}ca-sxm(l —pzUp)" = W

Here the first inequality follows by subadditivity of measure, and the last inequality
follows because the total mass pz(supp(iez)) = 1 is an upper bound for m - m(U).
Note also that each U € U has nonzero mass, by the observation in Definition 4.1.3.

O

Proof of Theorem 4.1.4 By endowing supp(uz) with the restriction of wz, it may itself
be viewed as a network with full support. So for notational convenience, we assume
Z = supp(pz).

First observe that M, 2(Z) € (0,1]. Let r € (0,9M;/2(Z)), and let U, be an
g/2-system on Z such that m(lf,) € (r, M, /2(Z)]. For convenience, write m :=
|Uy|, and also write U, = {Uy,...,U,}. Foreach 1 < i < m, define A; as in the
statement of Lemma 4.1.6. Then by Lemma 4.1.6, the probability that at least one U;
has empty intersection with Z,, is bounded as P (Ukm:1 Ak) < m(l —mU,)".
On the other hand, if U; has nonempty intersection with Z, for each 1 < i < m,
then by Theorem 3.1.3 we obtain da/(Z, Z,) < e. For each n € N, define: B, :=
{we Q:dn(Z, Z,(w)) > e}. Then we have:

" (1 —m@,))"
P(B,) <P (kLZJl Ak> =t

Sincer € (0, M, /2(Z)) was arbitrary, letting » approach i, /2 (Z) shows that P(B;,) <

%. We have by Definition 4.1.3 that 9, 2(Z) is strictly positive. Thus the

term on the right side of the inequality is an element of a convergent geometric series,
SO

o]

o 1 .
> P(By) < s ) D (=M (2))" < oo

n=1 n=1

By the Borel-Cantelli lemma, we have P(lim sup,,_, ., B;) = 0. The result follows. O

In the upcoming sections, we will see applications of these results to two different
fields of exploratory data analysis: persistent homology and hierarchical clustering.
These methods are classically defined for metric spaces, but generalizations have
recently been proposed to allow for meaningful constructions on generalized datasets
such as the networks in this work.

4.2 Network invariants and basic examples

An R-invariant of a network is a map ¢ : CAN" — R such that for any Y, Z € CN, if
Y =% Z then «(Y) = «(Z). Any R-invariant is an example of a pseudometric (and
in particular, a metric) space valued invariant, which we define next. Recall that a
pseudometric space (V, dy) is a metric space where we allow dy (v, v') = 0 even if

v#EV.
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Definition 4.2.1 Let (V, dy) be any metric or pseudometric space. A V -valued invari-
ant is any map ¢ : CN' — V such that (X, wx) = (Y, wy) whenever X =" Y.

In what follows, we will construct several maps that give rise to pseudometric
space valued invariants (Proposition 4.2.7). We will eventually prove that our proposed
invariants are quantitatively stable. This notion is made precise in Sect. 4.3.

Example 4.2.2 Define the diameter map to be the map

diam : CA' — R given by (Z, wz) — max lwz(z, 2.
z,7'€

Then diam is an R-invariant. Observe that the maximum is achieved for (Z, wz) € CN
because Z (hence Z x Z) is compact and w. Z x Z — R is continuous. An application
of diam to Example 2.2.10 gives an upper bound on das(Z, Y) for Z, Y € CN in the
following way:

dn(Z,Y) <dn(Z, N1(0) + dar(N1(0), Y)
= %(diam(Z) + diam(Y)) forany Z,Y € CN.

Recall that pow(R), the nonempty elements of the power set of R, is a pseudometric
space when endowed with the Hausdorff distance (Burago et al. 2001, Proposition
7.3.3).

Example 4.2.3 Define the spectrum map
spec : CN — pow(R) by (Z, wz) — {wz(z,7) : 2,7 € Z}.

The spectrum also has two local variants. Define the out-local spectrum of Z by
z > specy'(z) == {wz(z,2'), 7 € Z}. Notice that spec(Z) = |J, ., specy"(z) for
any network Z, thus justifying the claim that this construction localizes spec. Similarly,
we define the in-spectrum of Z as the map z +— specié‘(z) = {wz (Z,2):7 € Z} .
Notice that one still has spec(Z) = |J.., spec}‘(z) for any network Z. Finally, we
observe that the two local versions of spec do not necessarily coincide in an asymmetric
network.

The spectrum is closely related to the multisets used by Boutin and Kemper (2007)
to produce invariants of weighted undirected graphs. For an undirected graph G,
they considered the collection of all subgraphs with three nodes, along with the edge
weights for each subgraph (compare to our notion of spectrum). Then they proved that
the distribution of edge weights of these subgraphs is an invariant when G belongs to
a certain class of graphs.

Example 4.2.4 Define the trace map tr : CN' — pow(R) by (Z, wz) — tr(Z) :=
{wz(z,z) : z € Z}. This also defines an associated map z > trz(z) := wz(z, 7). An
example is provided in Fig. 13: in this case, we have (Z, trz) = ({p, g}, («, B)).
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Fig. 13 The trace map erases (2~ §

. ! . [N
data between pairs of nodes %?—@/:\f* : — 08 @ i
N )
v B : B
(Z,wz) (Z,trz)

Fig. 14 The out map applied to
each node yields the greatest
weight of an arrow leaving the
node, and the in map returns the
greatest weight entering the
node

Example 4.2.5 (The out and in maps) Let (Z, wz) € CN, and let 7 € Z. Now define
out : CN' — pow(R) and in : CA/ — pow(R) by

out(Z) = {ma%( lwz(z,Z)| 1z € Z} forall (Z,wz) € CN
e

in(z) = {ma%( lwz(Z',2)| 1z € Z} forall (Z,wz) € CN.
e

For each 7 € Z, maxy ¢z |wz(z,7)| and max, ¢z |wz(z, z)| are achieved because
{z} x Z and Z x {z} are compact. We also define the associated maps outz and inz
by writing, for any (Z, wz) € CN and any 7 € Z,

outz(z) = max |wz(z,7)| inz(z) = max|wz(Z,2)|.
7’eZ 7’eZ

To see how these maps operate on a network, let Z = {p, ¢, r} and consider the weight
. 123 . . .. . .
matrix X = (8 8 451) . The network corresponding to this matrix is shown in Fig. 14.

We ascertain the following directly from the matrix:

outz(p) =3 inz(p) =1
outz(g) =4 inz(g) =2
outz(r) =5 inz(r) =5.

So the out map returns the maximum (absolute) value in each row, and the in map
pulls out the maximum (absolute) value in each column of the weight matrix. As in
the preceding example, we may use the Hausdorff distance to compare the images of
networks under the out and in maps.
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Example 4.2.6 (min-out and min-in) Define the maps m°"' : CA' — R and mi" :
CN — Rby

m®((Z, wz)) = mi? outz(z) forall (Z,wz) € CN
zZ€Ee

m"((Z, wz)) =mi?inz(z) forall (Z,wy) € CN.
ze

Then both m™ and m° are R-invariants. We take the minimum when defin-
ing m°"", m" because for any network (Z,wz), we have max.czoutz(z) =
max,cz inz(z) = diam(Z). Also observe that the minima are achieved above because
Z is compact.

Proposition 4.2.7 The maps out, in, tr, spec, and spec® are pow(R)-invariants. Simi-
larly, diam, m°®", and m"™ are R-invariants.

This follows from the stronger statement of Proposition 4.3.2.

Definition 4.2.8 (Motif sets are metric space valued invariants) Recall the motif sets
described in Definition 2.1.13. Our use of motif sets is motivated by the following
observation, which appeared in Mémoli (2012, Section 5). For any n € N, let C(R"*")
denote the set of closed subsets of R"*". Under the Hausdorff distance induced by
the £°° metric on R"*", this set becomes a valid metric space (Burago et al. 2001,
Proposition 7.3.3). The motif sets defined in Definition 2.1.13 define a metric space
valued invariant as follows: for each n € N, let M,, : CN' — C(R"*") be the map
Z +— M, (Z). We call this the motif set invariant. So for (Z, wz), (Y, wy) € CN,
for each n € N, we let (U, dy) = (R"*", £°°) and consider the following distance
between the n-motif sets of Z and Y:

dp (M (Z), My (Y) := djf M (Z), My (Z).

Since dy is a proper distance between closed subsets, d,,(M,,(Z), M,,(Y)) = 0 if and
only if M,,(Z) = M,,(Y).

4.3 Quantitative stability of basic invariants

Let (V, dy) be a given pseudometric space. The V-valued invariant ¢ : CN" — V is
said to be quantitatively stable if there exists a constant L > 0 such that

dy((Z),1(Y)) < L -dn(Z,Y)

for all networks Z and Y. The least constant L such that the above holds for all
Z,Y € CN is the Lipschitz constant of ¢ and is denoted L(¢).

Note that by identifying a non-constant quantitatively stable V-valued invariant ¢,
we immediately obtain a lower bound for the ds distance between any two compact
networks (Z, wz) and (Y, wy). Furthermore, given a finite family ¢, : CN — V,
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a € A, of non-constant quantitatively stable invariants, we may obtain the following
lower bound for the distance between compact networks Z and Y:

d(Z,Y) = max L(te) " 'dv (ta(Z), ta(Y)).

It is often the case that computing dy (t(Z), t(Y)) is substantially simpler than
computing the djs distance between Z and Y (which leads to a possibly NP-hard
problem). The invariants described in the previous section are quantitatively stable.
The proofs of the next results are in Sect. 4.8.1.

Lemma4.3.1 Let (Z,wz), (Y,wy) € CN. Let f represent any of the maps tr, out,
and in, and let fz (resp. fy) represent the corresponding map trz,outz, iny (resp.
try, outy, iny ). Then we obtain:

diy(f(2), f(Y)) = pint P | f2(2) = fr)].
€ ) (z,y)e

Proposition 4.3.2 The invariants diam, tr, out, in, m°", and m™ are quantitatively
stable, with Lipschitz constant L = 2.

Example 4.3.3 Proposition 4.3.2 provides simple lower bounds for the ds distance
between compact networks. One application is the following: for all networks Z and
Y, we have dn(Z,Y) > %| diam(Z) — diam(Y)|. For example, for the networks
Z =Ny((13)) and Y = Ny (L) (the all-ones matrix—also see Example 2.1.12 to
recall the N, and Ny notation) we have dar(Z,Y) > %|5 — 1| =2, forall k£ € N. For
another example, consider the weight matrices

052 342
E:=(314) and E/:=<315).
143 334

Let Z = N3(X) and Y = N3(X'). By comparing the diagonals, we can easily see that
Z 2° Y, but let us see how the invariants we proposed can help. Note that diam(Z) =
diam(Y) = 5, so the lower bound provided by diameter (% |5 — 5| = 0) does not help
in telling the networks apart. However, tr(Z) = {0, 1, 3} and tr(Y) = {3, 1, 4}, and
Proposition 4.3.2 then yields

1 1
dn(Z,Y) = Edlﬂf({o, 1,3}, {1,3,4h) = 5

Consider now the out and in maps. Note that one has out(Z) = {5, 4}, out(Y) =
{4,5}, in(Z) = {3, 5,4}, and in(Y) = {3, 4, 5}. Then dlﬂf(out(Z), out(Y)) = 0, and
dlﬂf(in(Z), in(Y)) = 0. Thus in both cases, we obtain da/(Z,Y) > 0. So in this
particular example, the out and in maps are not useful for obtaining a lower bound to
dnr(X, Y) via Proposition 4.3.2.

Now we state a proposition regarding the stability of global and local spectrum
invariants. These will be of particular interest for computational purposes as we explain
in Sect. A.1.
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Fig. 15 Lower-bounding d s by 1 3
using global spectra (cf. %:@/—\ %:®/—\
Example 4.3.5) \/@D \_/®:D
1 3
2 1
Z Y

Proposition 4.3.4 Let spec® refer to either the out or in version of local spectrum.
Then, for all (Z, wz), (Y, wy) € CN we have

v

1
— inf sup dlﬂf(spec} (z), specy ()

dn(Z,Y)
2 ReZ (z.y)eR

v

1 g
EdH (spec(Z), spec(Y)).

As a corollary, we get L(spec®) = L(spec) = 2.

Example 4.3.5 (An application of Proposition 4.3.4) Consider the networks in Fig. 15.
By Proposition 4.3.4, we may calculate a lower bound for das(Z, Y) by simply com-
puting the Hausdorff distance between spec(Z) and spec(Y), and dividing by 2. In this
example, spec(Z) = {1, 2} and spec(Y) = {1, 2, 3}. Thus dlﬂ_}i(spec(Z), spec(Y)) =1,
and dy/(Z,Y) > 1.

Computing the lower bound involving local spectra requires solving a bottleneck
linear assignment problem over the set of all correspondences between Z and Y. This
can be solved in polynomial time; details are provided in Sect. A.1. The second lower
bound stipulates computing the Hausdorff distance on R between the (global) spectra
of Z and Y—a computation which can be carried out in (smaller) polynomial time as
well.

To conclude this section, we state a theorem asserting that motif sets form a fam-
ily of quantitatively stable invariants. Recall that we used this result in the proof of
Theorem 3.2.2.

Theorem 4.3.6 For each n € N, M,, is a stable invariant with LIM,;) = 2.

4.4 Persistent homology invariants and their convergence

Persistent homology is a technique for studying multiscale features of data by cre-
ating geometric complexes, associating algebraic invariants to these complexes, and
studying the structure of these invariants (Robins 1999; Carlsson 2009; Edelsbrunner
and Harer 2010; Edelsbrunner and Morozov 2014; Frosini 1992). In the conventional
setting, persistent homology takes Euclidean or metric data as input and produces
topological summaries called persistence diagrams or barcodes as output, one in each
dimension k € Z. In an intermediate step, this technique first constructs a collection
of vector spaces with linear maps, and these vector spaces are implicitly built on top
of geometric complexes. The structure of these linear maps is then studied via matrix
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reductions and summarized in persistence barcodes. Persistent homology research has
seen rapid progress in recent years, and in particular, the notion of persistent homology
for general, possibly asymmetric settings such as that of networks has been studied
in Turner (2019), Chowdhury and Mémoli (2018b, c), Chowdhury et al. (2019), Pinto
(2020), Huntsman (2020), and Dey et al. (2020). In these works, persistent homology
methods are defined for finite networks.

Here and in the next section, we use our machinery of e-systems (cf. Definition 3.1.2
and subsequent constructions) to prove that persistence diagrams of infinite, compact
networks are well-defined. This answers a question posed by Turner in Turner (2019).

We begin with the definition of a persistent vector space. Throughout this section,
all our vector spaces are assumed to be over a fixed ground field F.

Vs s/
Definition 4.4.1 A persistent vector space V (also denoted PVec) is a family {V? 20
v }s<s'er Of vector spaces and linear maps such that: (1) vs s is the identity map for
any § € R, and (2) Vs, 57 = Vg 8" O Vs §/ whenever § < 8’ < §”.

Conventional hierarchical clustering methods take in metric data as input and pro-
duce ultrametrics as output that are in turn faithfully visualized as dendrograms
(Carlsson and Mémoli 2010). A conventional persistent homology method (e.g.
Vietoris—Rips, defined below) yields a higher dimensional analogue of this process: it
takes a metric dataset as input, and outputs a persistent vector space ) that is faithfully
represented as a persistence diagram Dgm()). A classification result in Carlsson et
at. (2005, §5.2) shows that the persistence diagram is a full invariant of a persistent
vector space. This completes the analogy with the setting of hierarchical clustering.

Persistence diagrams can be compared using the bottleneck distance, which we
denote by dg. We point the reader to Chazal et al. (2016) and references therein for
details.

While the persistence diagram and bottleneck distance are the primary tools in
practical applications, theoretical proofs are often made simpler through the language
of interleavings and interleaving distance. We present this next.

Definition 4.4.2 (e-interleaving, Chazal et al. 2009a) Let U = {U‘S S—“; U‘S/}(;SyeR

Is.s . .
and V = (V% =5 V‘S/}gfyeR be two persistent vector spaces. Given ¢ > 0, I/ and

Y are said to be e-interleaved if there exist two families of linear maps {gs : U’ —
VOt ser and (Y5 1 V2 — UPT¥}scp such that: (1) @y 0 85,50 = fste,54¢ © @5, (2)

Vs ots5 = Ss4e,8+ O ¥, (3) 85,6426 = Wste © @s, and (4) 15 5126 = @546 0 Y for
eachd < 8§’ e R.

The interleaving distance dy between U and V is then defined as:
diU,V) :=inf{e > 0 : U and V are e-interleaved}.

The interleaving and bottleneck distances are connected by the Isometry Theorem,
which states that the two distances are in fact equivalent. Various forms of this theorem
have appeared in the literature; we will end this section with a statement of this result
that appears in Chazal et al. (2016).
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Our aim in this work is to describe the convergence of persistent homology methods
applied to network data. When dealing with finite networks, the vector spaces resulting
from applying a persistent homology method will necessarily be finite dimensional.
However, our setting is that of infinite (more specifically, compact) networks, and so we
need additional machinery to ensure that our methods output well-defined persistent
vector spaces. The following definition and theorem are provided in full detail in
Chazal et al. (2016).

Definition 4.4.3 (§2.1, Chazal et al. 2016) A persistent vector space V = {(v?é ﬂ)
V‘s/},gf(;/eR is g-tame if vs & has finite rank whenever § < §'.

Theorem 4.4.4 (Chazal et al. 2016, also Chazal et al. 2014 Theorem 2.3) Any g-tame
persistent vector space V has a well-defined persistence diagram Dgm(V). If U,V
are e-interleaved g-tame persistent vector spaces, then dg(Dgm(U), Dgm())) < e.

We conclude this section with a statement of the isometry theorem.

Theorem 4.4.5 (Theorem 5.14, Chazal et al. 2016) Let U,V be q-tame persistent
vector spaces. Then,

aU,V)=dgU,V).

4.5 Vietoris-Rips, Dowker, path, and ordered tuple persistent homology methods
on networks

We now present a collection of methods for producing persistent vector spaces
from network data. For finite networks, these methods have appeared in Chowdhury
and Mémoli (2018b), and Turner (2019). Here our goal is to define these methods
for compact networks and to establish their convergence properties. First we will
focus on defining the different types of filtered complexes—i.e. complexes nested by
inclusion—from which persistent vector spaces can be derived. Once the complexes
are defined, the persistent vector spaces are obtained by applying the homology functor
(cf. Munkres 1984 for details on homology). Recall that an abstract simplicial com-
plex on a set Z is a collection X of non-empty finite subsets of Z such that whenever
o € ¥ and T C o, we also have T € X. A filtered simplicial complex is a nested
collection of simplicial complexes {¥5 € X5 }s<s.

Definition 4.5.1 (Vietoris—Rips complexes (VR)) Given a compact network (Z, wz)
and § € R, the Vietoris—Rips complex at resolution § is defined as:

VR;(Z) = {a € pow(Z) : o finite, max wz(z,7) < 6} .
z,7/ €0

Practitioners of persistent homology will recognize that the Vietoris—Rips complex
construction given above is a direct generalization of the Vietoris—Rips com-
plex of a metric space. This definition yields a simplicial filtration {VRs(Z) —
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VRy (Z)}s<s'er. Applying the simplicial homology functor in dimension k (for
k € Z.) to this filtration yields the Vietoris—Rips persistent vector space PVeckVR(Z ).

Next we describe two constructions—the Dowker source and sink complexes—that
practitioners will recognize as asymmetric generalizations of the Cech complex of a
metric space (Chazal et al. 2014; Chowdhury and Mémoli 2018b).

Definition 4.5.2 (Cech complex (é) of a metric space) Given a metric space (Z, dz)
and § € R, the Cech complex at resolution § is defined as:

(V?(;(Z) = {a € pow(Z) : o finite, minmaxdz(z, p) < 5} .
peZ €0

Definition 4.5.3 (Dowker complexes (Dow)) Given a compact network (Z, wz) and
6 € R, the Dowker sink-complex at resolution § is defined as:

Dowf;i(Z) = {o € pow(Z) : o finite, min max wz(z, p) < 8} .
peZ €0
Similarly, the Dowker source-complex at resolution § is defined as:

Dow’(Z) := {a € pow(Z) : o finite, Ipneirzlrznax wz(p,2) < 8} .

€0

The Dowker sink and source complexes are different in general when X is asym-
metric. Surprisingly, the persistent vector spaces obtained from the sink and source
filtrations are equivalent. This result was established in Chowdhury and Mémoli
(2018b) in the setting of finite networks. For compact networks, the statement is
as follows. Here we momentarily denote the Dowker source and sink persistent vector
spaces as PVec® and PVec*!, respectively.

Theorem 4.5.4 (Dowker duality) Let (Z, wz) be a compact network, and let k € Z.
Then,

PVeci(Z) = PVec®(Z).

The proof is via a functorial generalization of Dowker’s Theorem (1952), which
holds in the case of infinite sets. Alternatively, a functorial generalization of the Nerve
Lemma can also be used to prove this result, as suggested in Chazal et al. (2014). Hence
we denote the resulting persistent vector space (in dimension k € Z ) as PVeckDOW (X),
without distinguishing between sink and source constructions.

Whereas the Vietoris—Rips and Dowker complexes generate conventional simpli-
cial complexes, it is possible to build more general complexes that better capture
asymmetry in the function wz. One example is via ordered-tuple (OT) com-
plexes (Turner 2019). An OT-complex X over a set Z is a collection of nonempty,
finite tuples (z1,...,zp) such that whenever (z1,...,z,) € X, we also have
(1, .5 %0, ...,Zp) € Tforall 1 <i < p, where the hat denotes omission from
the sequence. Notions related to homology can be defined for OT complexes without
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difficulty, and thus a persistent vector space can be immediately obtained after defining
a filtered OT complex. The following construction was phrased in Turner (2019) in
terms of set-function pairs, which are just finite networks in our setting.

Definition 4.5.5 (Vietoris—Rips OT complexes (OT)) Given a compact network
(Z,wz) and § € R, the Vietoris—Rips OT complex at resolution § is defined as:

OTYR(Z) := {(z1, 22, .-, 2p) t wz(zi, 2j) < 8 foralli < j}.

We denote the corresponding persistent vector space by PVec,?T(Z ).

Yet another approach is via the notion of path homology (Grigor’yan et al. 2014;
Chowdhury and Mémoli 2018c). A preliminary notion that we will need is that of
a boundary operator. Suppose we are given a set Z and the free vector space of
finite-length tuples in Z, i.e. the vector space F[{(z0, z1,...,2k) : k € Z4, z; €
Z for all i}]. Then one defines a boundary operator via the following alternating sum:

k
k(20,215 2) = D (=D G0 21,0 B 2.
i=0

Definition 4.5.6 (Persistent path homology (Path)) Given a compact network (Z, wz)
and § € R, first construct the digraph G® with V(G?) := Z and E(G?) := {(v, V') :
wz(v,v') < 8}. Next, for each k € Z., define the free vector space of allowed k-
paths A (G®) := F[(vo, v1, ..., v) : (vi, vi41) € E(G%) foreach0 <i <k — 1}].
Finally define 4 (G%) := F[{u € Ai(G®) : d(u) € Ax_1(G®)}]. Then the degree-
k path homology vector space of G? is given by HkE (G®) = ker(d)/im(ds1),
and the inclusions {G? C Ga/}gfg/ are transformed into a persistent vector space by
functoriality of homology. We denote the corresponding persistent vector space by
PVecPath(z).

The following lemma collects results from Chowdhury and Mémoli (2018b, ¢), and
Turner (2019) on the stability of persistent homology invariants of networks.

Lemma 4.5.7 (Quantitative stability between dns and dy) Let (Z, wz) and (Y, wy) be
two networks. Let € > 2dp (X, Y). Then PVeci(X) and PVec[(Y) are s-interleaved,
where * denotes any of the methods in {VR, Dow, Path, OT}.

Theorem4.5.8 Let (Z,wz) € CN, k € Z,. Then PVec;(Z) is g-tame, where x
denotes any of the methods in {VR, Dow, Path, OT}.

The metric space analogue of Theorem 4.5.8 appeared in Chazal et al. (2014, Propo-
sition 5.1); the same proof structure works in the setting of networks after applying
our results on approximation via g-systems.

Proof of Theorem 4.5.8 For convenience, write PVec;(Z) = (vé ﬂ V‘S/},;S;/GR.
Let 8 < &'. We need to show vs g has finite rank. Write ¢ := (8’ — §)/2. Let U be
an ¢/4-system on Z (this requires Theorem 3.1.3). Then by Theorem 3.1.3 we pick
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a finite subset Z" C Z such that dyr(Z, Z') < ¢/2. Then PVec;(Z') and PVec;(Z)

are e-interleaved by Lemma 4.5.7. For convenience, write PVec; (Z') = {U 8 ﬂ

U‘s,}gSg/ER. Then the map vs g : V4 — V¥ factorizes through U%*e via interleaving
maps V4 — Ute — V342 = v Since U is finite dimensional, it follows that
vs.s has finite rank. This concludes the proof. m]

Corollary 4.5.9 (Stability) Ler (Z, wz), (Y, wy) € CN, k € Z. Then for any % in
{VR, Dow, Path, OT},

dg (Dgmy (Z), Dgmy (Y)) < 2dy/ (X, Y).

Proof By Theorem 4.5.8, PVec*(Z), PVec*(Y) are both tame. Thus they have well-
defined persistence diagrams (Theorem 4.4.4). The result follows by Lemma 4.5.7 and
Theorem 4.4.4. O

The following result presents a probabilistic version of the prior result. Probabilistic
approaches have practical value due to the inevitable measurement error found in
network data (Newman 2018b, a).

Theorem 4.5.10 (Convergence) Let (Z, wz, jtz) be a measure network. For eachi €
N, let z; : Q — Z be an independent random variable defined on some probability
space (2, F, P) with distribution wz. For eachn € N, let Z, = {21,202, ...,2u}. Let
& > 0. Then we have:

(1 — Me/a(supp(uz)))”

P({o € 2: daDegm"(supp(e). Dem (2, (@) 2 e}) < —metCEmS

where Z,(w) is the subnetwork induced by {zi1(w),...,Z,(w)} and * belongs
to {VR,Dow, Path,OT)}. In particular, PVec*(Z,) converges almost surely to
PVec* (supp(iLz)) w.r.t. bottleneck distance.

Proof of Theorem 4.5.10 We can consider supp(uz) as a network with full support by
endowing it with the restriction of wz to supp(itz) x supp(uz). So for convenience,
assume Z = supp(uz). For any w € Q such that dar(Z, Z,(w)) < €/2, we have by
Corollary 4.5.9 that dg (Dgm*(Z), Dgm*(Z,,)) < e. Thus by applying Theorem 4.1.4,
we have:

P({w € Q:dg(Dgm*(Z), Dgm*(Z,(w))) > ¢} ) < P({w € Q:dpr(Z, Zn()) > £/2})

(1-Me4(2))"
Djt5/4(2) ’

IA

We conclude the proof with an application of the Borel-Cantelli lemma, as in the proof
of Theorem 4.1.4. O
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Fig. 16 The framework of
quantitatively stable invariants
allows us to produce easily
computable proxies for ds.
Apart from the hierarchical

clustering map H, all the other
maps embed network features ult
into simple spaces with metrics M (CN XY )

(Rnxn, dg")

n

that can be computed in CN
polynomial time. The H map
embeds an input compact
network into CAUIt (cf.
Definition 2.1.7), which can then
be displayed as a
dendrogram-like object (Smith
et al. 2016)

(Rv"D

diam

4.6 Hierarchical clustering methods on asymmetric networks

We now provide similar results in the special case of hierarchical clustering for asym-
metric networks. First we state some definitions relating to connectivity and induce
networks from preexisting partitions of a network. Then we will be ready to define
hierarchical clustering methods on asymmetric networks and to prove related conver-
gence results. The reciprocal and nonreciprocal clustering methods described below
were introduced in a slightly restricted setting (finite networks (Z, wz) with zero diag-
onal and nonnegative wz) in Carlsson et al. (2013). The stability of these methods,
given in the form dar(H(Y, wy), H(Z, wz)) < dn (Y, Z) where 'H denotes either
one of these hierarchical clustering methods, was also shown in Carlsson et al. (2013).

Applying either of the hierarchical clustering methods we describe next to a network
(Z, wz) produces a new weight function u 7z that satisfies the ultrametric inequality
(cf. Definition 2.1.7). Thus we get maps of the form H : CA — CN ! as shown in
Fig. 16.

Before proceeding, we make some historical remarks and explain the connection
to the next few sections. The methods described next will be reminiscent of single
linkage hierarchical clustering (SLHC). In the Euclidean case, it has been known for
some time that SLHC (Hartigan 1981, 1985) is not sensitive to modes of the data
distribution. This observation was refined in Carlsson and Mémoli (2010) where it
was shown that in the case of metric measure spaces, SLHC depended on only the
support of the measure. Despite this drawback, SLHC has long been of mathematical
interest (Hartigan 1985). In more recent years, it has been shown that under certain
axioms that characterize the well-behavedness of an HC method for metric spaces,
every well-behaved HC method factors through SLHC (Carlsson and Mémoli 2013).
This thread of axiomatic characterization has been further developed in the setting
of finite, asymmetric networks in Carlsson et al. (2013, 2018) and most recently
in Carlsson et al. (2021). The reciprocal and nonreciprocal clustering methods we
describe next are key players in these axiomatic treatments of directed networks,
as they constitute extremal examples that bound an infinite family of axiomatic HC
methods on directed networks. Over the next few sections, we treat the reciprocal and

@ Springer



S. Chowdhury, F. Mémoli

nonreciprocal methods in the infinite network setting and connect back to results in
Carlsson and Mémoli (2010) by showing that such methods remain sensitive only to
the support of the data distribution.

4.6.1 Chain cost and path-connectedness

Definition 4.6.1 (The modified w-weights and w-path-connectedness) Given a network
(Z, wz), one defines new weight functions @z : Z x Z — pow(R) and @z, w, :
Z x Z — R by writing the following for z, 7’ € Z:

07(z,7) = {wz(z,2), wz(z,2), wz(Z, )},
®z(z,7) = maxa@z(z,z), and

wy(z,7) == min@z(z, ).

To say that (Z, wz) is w-path-connected means that given any x, x’ € X, there
exists 7y »» € X and a continuous function y : [0, 1] — X such that y(0) = x,
y(1) = x’,and forany ¢ > O, thereexist0 =fg <t) <thp <...<t, = lforn € Z4
such that:

ax (v ), ytis1) S (ry v — &, 1y +6) foreach0 <i <n—1. (12)

Remark 4.6.2 When (Z, wyz) is a metric space, all the self weights wz(z, z) are zero.
So one would have w7z = wz and w, = 0. The notion of w-path-connectedness agrees
with the standard notion of path-connectedness in a metric space, as we elaborate in
Lemma 4.6.4 below. In general, however, if y () connecting x to x’ satisfies (12),
because of the asymmetry of wy, it does not follow that the reverse curve y (1 — ¢)
connecting x’ to x will satisfy (12).

Example 4.6.3 Similarity kernels, e.g. the cosine similarity or the Gaussian kernel,
constitute simple examples where wz(z, z) is nonzero. Such examples abound in
machine learning applications. The unit circle equipped with a Gaussian kernel is an
example of a w-path-connected space with nonzero self weights.

Lemma4.6.4 Let (Z, wyz) be a w-path-connected network. Then there exists a unique
rz € R such that wz(z,z) = rz for all z € Z. In the case of metric spaces, one has
rz =0.

Proofof Lemma4.6.4 Let z,7' € Z and let r, y € R be as in Definition 4.6.1. Let
(¢n)nen be a sequence decreasing to 0. Fix n € N, and let y : [0,1] — X be a
continuous function such that y (0) = z, y(1) = 7/, and there exist fp =0=<1<
1y < ...,t,’:n = 1 such that:

oz(y "),y (') S B(r;,z,&,) foreach 0<i <k, — 1.

Inparticular, because @z (z, ¥ (1)) S B(rz y/, en) and oz (y (t] 1), 2") S B(rz z, €n),
we have:

{0z(z.2), 02 )} S B(r. 2. €n).
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Thus |wz(z, z) —wz(Z/, 7')| < 2&,.Lettingn — 00, we obtain wz(z, z) = wz (', 7).
Since 7' € Z was arbitrary, we get that wz(7/, z') = wz(z, z) forall 7/ € Z. The result
now follows. ]

Definition 4.6.5 (Path-connectivity constant) Let (Z, wz) be a w-path-connected net-
work. Then we define its path-connectivity constant pc; to be the real number rz
obtained via Lemma 4.6.4.

Definition 4.6.6 (Networks arising from disconnected networks) Let (Z, wz) be a
network such that Z is a finite, disjoint union of w-path-connected components
{U, :a € A}, where A is a (finite) indexing set and each U, is compact. Let
va @ A x A — R be the map given by writing, for each a, a’ € A,

va(a,a’) :=min{@z(z,7) 1z € Uy, 2 € Uy}

Then (A, vy4) is a network. Analogously, one induces a symmetric network by defining
A4 as follows:

Aa(a,a’) == min {max(@z(z,7), 0z, 2) 1z € Us, 2 € Uy}.

The following definition will be useful in the next section.

Definition 4.6.7 (Chains and directed cost) A chain ¢ from z to 7’ is defined to be a
finite ordered set of points starting at z and reaching z’:

c={z0.21.22.....2n:20=2.2n =2,z € Zforall i}.

The collection of all chains from z to z’ will be denoted Cz(z, z’). The (directed) cost
of a chain ¢ € Cz(z, 7') is defined as follows: costz(c) := maxz; ;. ec 0z (Zi, Zi+1)-

Remark 4.6.8 (Equivalence of ultrametrics and dendrograms) Before proceeding to
the next section, we remind the reader that any ultrametric has a lossless representation
as a dendrogram, and conversely, any dendrogram has a lossless representation as an
ultrametric (Jardine and Sibson 1971). By virtue of this result, we write the outputs
of hierarchical clustering methods as ultrametrics. As shown in Smith et al. (2016),
a similar duality holds even in the setting of (asymmetric) networks, up to a small
modification of definitions. In particular, the output of an HC method on a network is
a network in itself, along with some special structure that allows it to be visualized as
a (generalized) dendrogram.

4.6.2 The nonreciprocal clustering method: definition and convergence

We now present the nonreciprocal hierarchical clustering method for directed net-
works.
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Definition 4.6.9 (Nonreciprocal clustering) The nonrecriprocal clustering method
(H™) is a map H™® : CN' — CN given by (Z, wz) — (Z,u}}), where u’}® :
Z x Z — R is defined by writing, for each z, 7' € Z,

ulR(z,7') == max inf  costz(c), inf costz(c) ).
ceCz(z,7)) ceCz(Z,2)

The output #* is symmetric and satisfies the ultrametric inequality, so it can be
represented as a tree (Semple and Steel 2003, §7.2). Compare this to the cluster trees
discussed by Hartigan (1975). The idea behind this definition is easily summarized:
two points z and z’ belong to the same cluster at resolution 8 if there are directed paths
z — 7' and 7/ — z, each with cost < §.

The next result shows that nonreciprocal clustering essentially recovers only the
structure of the support of the data distribution, and no information about the data
density. Such a result is also known for metric spaces (Carlsson and Mémoli 2010);
the proof for the current result uses the machinery of e-systems. Proofs related to the
next result are provided in Sect. 4.8.2.

Theorem 4.6.10 (Convergence of nonreciprocal clustering) Let (Z, wz, z) be a
measure network. Suppose supp(uz) is a finite, disjoint union of compact, w-path-
connected components {Z, : a € A}. Let (A, v4) be as in Definition 4.6.6, and let
(A, ul}®) = H"(A,vp). For eachi € N, letz; : Q@ — Z be an independent ran-
dom variable defined on some probability space (2, F, P) with distribution pz. For
eachn € N, let Z, = {z1,22,...,2Zn}, and for each w € R, let Z,(w) denote the
subnetwork induced by {z1(w), ..., Z,(w)}. Let ¢ > 0. Then,

- (1 — 22 (supp(uz)))”

) NR NR
P ({o € 2:dy (4. ). W Ento)) 2 ¢]) = o TS

In particular, the output of the nonreciprocal clustering method applied to the sampled
network Z, converges almost surely to (A, ul®) in the sense of dy as the sample size
increases.

We end this section with an application of nonreciprocal clustering to Finsler man-
ifolds.

Proposition 4.6.11 (Nonreciprocal clustering on Finsler manifolds) Let (M, Fr, wpr)
be a compact, connected Finsler manifold without boundary, where wyy is the asym-
metric weight function induced by the Finsler function Fy. Then u}yj(z,z') = 0 for
allz,7' € M.

Proof of Proposition 4.6.11 Let z,7 € M.Lete > 0,and let y,y' : [0, 1] — M be
curves from z to z’ and from z’ to z, respectively. By choosing n uniformly separated
points on y ([0, 1]) and y’ ([0, 1]) for sufficiently large n, we obtain finite chains ¢ and
¢’ on y ([0, 1]) and y’([0, 1]) such that max(costy;(c), costy(c’)) < €. Since & > 0
was arbitrary, we obtain u}f(z, z') = 0. O
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4.6.3 The reciprocal clustering method: definition and convergence

Definition 4.6.12 (Reciprocal clustering) The recriprocal clustering method (H®) is
amap H* : CN' — CN given by (Z, wz) — (Z,u%), where u’, : Z x Z — Ris
defined by writing, for each z, 7’ € Z,

R / . . _
uy(z,z):= inf max (max (0z(zi, zi+1), ©z(Ziv1,2i))) - (13)
‘ CGCZ(ZvZ,)ZiniJrlEC( ( s Lit i+15 Zi ))

The function u%, satisfies the ultrametric inequality, so it can be represented as a tree
(Semple and Steel 2003, §7.2).

Our convergence result for reciprocal clustering requires two additional assumption
on the underlying network: (1) the weight function is a dissimilarity measure (i.e.
self-weights are 0), and (2) the asymmetry is bounded, i.e. the network has finite
reversibility (cf. Sect. 2.8).

Under these assumptions, we are able to show that with increasing sample size,
reciprocal clustering converges to an object that is insensitive to the shape of the
data distribution. However, the limiting network is slightly different from that of the
nonreciprocal clustering case. The proof of the next result is provided in Sect. 4.8.3.

Theorem 4.6.13 (Convergence of reciprocal clustering) Let (Z, wz, (tz) be a measure
network with dissimilarity weights and finite reversibility. Suppose supp(iz) is a finite,
disjoint union of compact, w-path-connected components{Z, : a € A}. Let (A, L 4) be
as in Definition 4.6.6, and let (A, u';‘) = HR(A, Ay). Foreachi e N, letz; : Q2 — Z
be an independent random variable defined on some probability space (2, F, P) with
distribution wz. For eachn € N, let 2, = {z1,22, ..., 2}, and for each w € L, let
Z,(w) denote the subnetwork induced by {z1(w), ..., Z,(w)}. Let ¢ > 0. Then,

(1 =9 j2(supp(pz). A))"

P({w € Q:dy((A, uf), HNZ,(w) > €}) < M upp(i2), A)

In particular, the output of the reciprocal clustering method applied to the sampled
network Z, converges almost surely to (A, u,) in the sense of dnr as the sample size
increases.

In the case of Finsler manifolds with finite reversibility, we can also recover the
result of Proposition 4.6.11.

Proposition 4.6.14 (Reciprocal clustering on Finsler manifolds with finite reversibil-
ity) Let (M, Fuy, wm) be a compact, connected finitely-reversible Finsler manifold
without boundary. Here wyy is the asymmetric weight function induced by the Finsler
function Fy. Then u;(z,7') =0 forall z,z' € M.

Proof of Proposition 4.6.14 Let z,7/ € M.Lets > 0,and lety : [0,1] — M
be a curve from z to z’. By invoking the finite reversibility of M, choose n uni-

formly separated points {z1, ..., z,} on y ([0, 1]) for sufficiently large n such that
max(@u (zi, Zi+1)» ®m(zit1,2i)) < € foreachi = 1,...,n — 1. Here z; = z and
zn = 7Z’. Then u'}VI(z, 7) < e. Since ¢ > 0 was arbitrary, the result follows. |
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4.7 Clustering and persistence on the directed circle with finite reversibility

Recall the directed circle with finite reversibility (S', wst ,) presented in Sect. 2.9. Also

consider the directed circle with finite reversibility on n nodes (S,ll, wy,p) obtained by
writing

s! = {8’”’5 e(C:ke{O,l,...,n—l}}

and defining wy , to be the restriction of wg , on this set.

Directed circles on n nodes without the finite reversibility condition were introduced
in Chowdhury and Mémoli (2018b), and their Dowker persistent homology was fully
characterized by drawing on a connection to the Cech complex of a standard unit
circle. The persistent homology of this complex had in turn been fully characterized
in Adamaszek et al. (2016), and Adamaszek and Adams (2017). In this section we
further elaborate on this connection by showing that the Dowker complexes of directed
circles on n nodes with reversibility p actually interpolate between the Cech complex
of the standard circle and the Dowker complex of the directed, irreversible circle. We
will utilize the language of interleavings of simplicial complexes, and we describe this
construction briefly. For more details we direct the reader to Chowdhury and Mémoli
(2018Db).

Definition 4.7.1 (Interleavings of simplicial complexes) Simplicial maps between sim-
plicial complexes f, g : U — V are said to be contiguous if f(o)U g(o) is a simplex
in V whenever o is a simplex in U (Munkres 1984). Two filtered simplicial complexes

Ly s/ lg s/
{Us 20 Us'}ser, { Vs 20 Vs }scr are said to be e-interleaved for ¢ > 0 if there exist
two families of simplicial maps {¢s : Us — Vsielser and {5 : Vs — Ustelser
such that the following pairs of maps are contiguous for any § < 8’ € R:

® @5 ols s and isie 515 O @5
o Yy oty and (sye5+e 0 Ys
® Vste 0 @s and ts 542¢
® @s51e 0 Ys and L5 5426

Importantly, if two filtered simplicial complexes are e-interleaved, then their corre-
sponding persistent vector spaces are e-interleaved in the sense of Definition 4.4.2 (cf.
Dey et al. 2016 and also Chowdhury and Mémoli 2018b for details on these concepts
using a similar setup).

Now we set up some notation. To use the results of Adamaszek et al. (2016), and
Adamaszek and Adams (2017), we need the circle parametrized by the unit interval
[0, 1), which we denote as St Let (Sl,d) denote the [0, 1)-circle with geodesic
distance. Then define:

1._ 1 2 n—1
Sn = {0,;,;,...,17}.
Also define:
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g:8 -8} ¥ Sk sl
% — exp(2m‘§) exp(Zm’%) — %

In what follows we replace (ng(—), Dow;(—) notation with é(—; 8), Dow(—; &)
for readability. For each § € R, define:

=C(Sy: 3(& +555)), Vs :=Dow (S ).

To motivate this definition, first we consider different cases of §. For § < 0, both Us
and Vj are empty. For § = 0, Us and Vs comprise n 0-simplices. For 6 > 2, both Us
and Vj contain the full simplex on n points. Let§ € (0, 27),andlett € DOWSO(S}l; ).
Then t has the form

v =[exp (2 (1)) exp (271 (£ 4+ 1)),
exp (2 (£ +£)) . exp (2mi (£+2))]

where exp(2m'(rl; + %)) acts as the source. This means that we have 271’"’—;]‘ < §

and 27t— < —. In particular, the total geodesic distance on the unit circle from
exp(Zm(—) to exp(Zm'(l ) is ZnM <8+ ‘S. Rescaling to the [0, 1)-circle,
itm

we find the total geodes1c distance from to

=Y(() = [/ J + i—i——Lm/zJ
. e
is contamed in the closed ball

— 2
B(ﬁ—i_mn ’471+4n,0)

to be % + %. Finally consider

, ’/1 + 2. If m is even, then each rLl co

In the odd m case, we may need to extend the radius of the closed ball by 1/n. This
can be done via the update 6 < § + 47 /n, as we have Ust4z/n = C(s!; % + % +

1 ) D C(Sl; % + % + %). Thus for any simplex t € Vs, we have that ¢ ()

4np
isa 51mplex in Us14z/n.
Conversely, suppose o = [, L + 1 L4 M]jsq simplex in Us. Then the
]+m

geodesic distance from ' to is bounded above by 5+ 2 R . Rescaling to the

[0, 27)-circle, the geodesw dlstance from exp(2m( ) toexp(2mi (J +21)) is bounded
above by 8 + §/p. Thus there is a point § € S! such that the geodes1c distance from

exp(2m’(ﬁ) to & is 8/p and the distance from & to exp(Zni(% + 7)) is 8. We also

know that £ is in a % . 27”-neighb0rh00d of S,ﬁ. Let k be such that exp(27i (,i; + ]fl)) is

the closest element of S} clockwise of &. Then we have:
. J -k J i
n.e'n e n e ) <8421 /n,
J j &
©n.p <e2m ", eann . eZmﬂ) < 8/p.
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In particular, T = ¢(0) is a simplex in Vsyaz/s.

It follows from the preceding work that the rescaling maps ¢, 1, which are essen-
tially identity maps on simplices, induce interleavings. We record this below:
Claim 13 Let Us and V; be the simplicial complexes on n points as defined above.
Then they are 477 /n interleaved via the simplicial maps induced by ¢ and .

Finally we invoke a characterization of the Cech complex of S'.

Theorem 4.7.2 (Adamaszek et al. 2016; Adamaszek and Adams 2017) Letn € N, and
let 0 < k < n — 2 be an integer. Then,

n—k—1c21 .k _ _I_
(S]L)_ \/ S ‘n T I+
n ) T ) g2+l Lkl
C 41 n ]

where | € 7.,.. Moreover, if § < § < % and é(S,ll, ), é(S,ll, 8") have the same homo-
topy type, then the induced inclusion map is a homotopy equivalence. Consequently
the persistent homology of C (S,ll; —) is fully characterized.

The latter part of the preceding theorem is not contained in Adamaszek et al. (2016),
but follows from work in Adamaszek and Adams (2017). An explicit verification of
this portion, due to Henry Adams, can be found in Chowdhury and Mémoli (2018b,
Theorem 49).

Theorem 4.7.3 Let 1 < p < o0 be a finite reversibility parameter. The directed circle
(S, ws1,) with reversibility p has the following Dowker persistence barcodes in each
dimension 21 + 1 forl € Zy.:

pow ol ldrp) I+ DEp)
Pemai & esl,) = {(m T +p) 20420 + p)>} '

In even dimensions, the persistence diagram is trivial. Moreover, in the fully reversible
case p = 1, rescaling fromthe [0, 27 )-circle to the [0, 1)-circle recovers the persistent
homology of the Cech complex of the circle (Adamaszek and Adams 2017, Section 9).
An illustration of this result is provided in Fig. 3.

Proof By Theorems 3.1.3 and 3.3.1, we know that it suffices to characterize the Dowker
persistence for S and then take the limit as n — oo. First we observe from Theorem

4.7.2 that C(S1 8) ~ §2+1 on (2(l+1) 2l+1 ). By the work preceding Claim 13, we

+2)
know that C( s 8) is related to DOW(S §) via the affine transformation e = 4ﬂ + = 4ﬂp
Thus letting ¢ = 4 ~+ 4 5 and solving for § then yields:

( [(47p) (+1)@mp) )
204+ D(1+p) 20+2)A+p) )

From the interleaving result in Claim 13 and Definition 4.7.1, we know thatasn — oo,

DgmP"(S}) — ngé (S]). Taking the affine transformation of scale parameters into
account then yields the result. O
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We now specialize to the case of hierarchical clustering on (S!, wsl,).

Theorem 4.7.4 (Nonreciprocal clustering on (S!, ws1,))
Mg]fp(X,x/) =0 forall x,x' €S

Proof of Theorem 4.7.4 We claim that S! is w-path-connected, with path-connectivity
constant pcgt = 0 (invoking Lemma 4.6.4). The result then follows by Lemma 4.8.1.
Let x,y € S'. Without loss of generality, suppose wg1,(x,y) = wgi(x,y) (oth-
erwise, switch x and y). Let ¢ > 0. Pick x9 = x, x1,x2,...,x, = y such that
CL)SI,p(.Xi, Xi+1) = ws1(x;, xj41) < ¢ foreach 0 <i < n — 1. We automatically have
a)glyp(x,-, x;) = 0forall0 <i < n,andhence Gglp(xi, Xxi+1) € B(0, ¢) foralli. Since
x,y € S! were arbitrary, it follows by Definition 4.6.1 that S! is w-path-connected.
The preceding work shows that pcgi = 0. The result follows. O

The case of nonreciprocal clustering essentially followed from an application of
Theorem 4.6.10 (i.e. the special case of Lemma 4.8.1. Next we consider the application
of reciprocal clustering to (S!, wgt ,) via Theorem 4.6.13.

Theorem 4.7.5 (Reciprocal clustering on (S', ws1,))
M§1p(x7x/) =0 forall x,x' €S

Proof of Theorem 4.7.5 The proof is exactly analogous to that of Theorem 4.7.4, except
that we utilize the finite reversibility to obtain reciprocal connections. O

4.8 Proofs from Section 4
4.8.1 Proofs related to stability of basic invariants

Proof of Lemma 4.3.1 Observe that f(Z) = {fz(z) : z € Z} = fz(Z), so we need to
show

dii(fz2(Z), fy(¥)) = inf  sup |fz(z2) — fr()|.

ReZ(Z,Y) (z.y)€R

Recall that by the definition of Hausdorff distance on R, we have

di (f2(Z), fr(Y)) = max {sup inf | fz(z) — fy ()], sup inf | fz(z) — fr (y)l} .
z2eZ YEY yeY z€Z

Leta € Z andlet R € #(Z,Y). Then there exists b € Y such that (a, b) € R. Then
we have:

[fz(a) — fy(D)| < sup |fz(z) — fr(y)|, andso
(z,y)ER
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inf | fz@@) = fr®)| < swp 1f2() = fry)l

(z,y)eR

This holds for all @ € Z. Then,

sup mf [fz(a) — fr(D)| = sup |fz(z) — frWI
aczb (z,y)€R

This holds for all R € Z(Z,Y). So we have

sup lnf |fz(a) — fr(D)] < lnf sup |fz(2) — fr(WI.
aczb Z (z,y)eR

By a similar argument, we also have

sup 1nf | fz(a) — fr(b)] < in% sup | fz(@) — fr(yl.

bey @ ReZ (7,y)eR
Thus dif (fz(2). fr(Y)) < lnf sup | fz(z) — fr(yI.
ReZ (z,y)eR

Now we show the reverse inequality. Let z € Z, and let n > d§( fz(Z), fr(Y)).
Then there exists y € Y such that |fz(z) — fr(¥)| < n. Define ¢(z) = y, and
extend ¢ to all of Z in this way. Let y € Y. Then there exists z € Z such that
|fz(z) — fr(y)] < n. Define ¥ (y) = z, and extend i to all of Y in this way. Let
R ={(z,0@):2€ Z}YU{(¥(y),y) : y € Y}. Then for each (a, b) € R, we have
|fz(a) — fr(b)| < n. Thus we have inf ge s sup, yyer 1/2(2) — fr(¥)| < n. Since
n > dlﬂf( fz(2), fr(Y)) was arbitrary, it follows that

inf  sup |fz(2) — fr(W| < di(fz(2), fr(Y)).
ReH(Z,Y) (z,y)eR

Proof of Proposition 4.3.2 Let n > dar(Z, Y). We break this proof into three parts.
The diam case. Recall that diam is an R-valued invariant, so we wish to show
|diam(Z) — diam(Y)| < 2da(Z,Y). Let R € Z(Z,Y) be such that for any
(a,b), (d’,b") € R, we have |wz(a,a’) — wy (b, b)| < 2n.

Let z,7/ € Z such that |wz(z,z)| = diam(Z), and let y, y’ be such that
(z,¥), (Z',y") € R. Then we have:

lwz(z,2) — wy (y, Y)| <2
lwz(z,2") — wy (v, )| + loy (y, y)| < 2n + oy (v, ¥
lwz(z, 2| < diam(Y) + 27.
Thus diam(Z) < diam(Y) + 27

@ Springer



Distances and isomorphism between networks: stability and...

Similarly, we get diam(Y) < diam(Z) + 2n. It follows that | diam(Z) — diam(Y)| <
2n. Since n > dar(Z, Y) was arbitrary, it follows that:

| diam(Z) — diam(Y)| < 2dn(Z,Y).

For tightness, consider the networks Z = Nj(1) and ¥ = N;(2). By Exam-
ple 2.2.10, we have that dar(Z,Y) = % On the other hand, diam(Z) = 1 and
diam(Y) = 2 so that | diam(Z) — diam(Y)| = 1 = 2dy(Z, 7).

The cases tr, out, and in. First we show L(tr) = 2. By Lemma 4.3.1, it suffices to
show

inf  sup |trz(z) —try(y)| <2n.
ReZ(Z,Y) (z,y)eR

Let R € #(Z,Y) be such that for any (a, b), (a’,b') € R, we have |wz(a,a’) —
wy(b,b’)| < 2n. Then we obtain |wz(a,a) — wy(b,b)| < 27n. Thus |trz(a) —
try (b)| < 2n. Since (a,b) € R was arbitrary, it follows that SUP(4.b)eR |trz(a) —
trz(b)| < 2n. It follows that inf ge gz SUp(, pyeg | trz(a) — trz(b)| < 2n. The result
now follows because n > da/(Z,Y) was arbitrary. The proofs for out and in are
similar, so we just show the former. By Lemma 4.3.1, it suffices to show

inf sup |outz(z) —outy(y)| < 2n.
ReZ(Z.)Y) (z,y)eR

Recall that outz(z) = max,cz |wz(z,7)]. Let R € Z(Z,Y) be such that
lwz(z,7") — wy(y,y)| < 2n for any (z,y),(z’,y’) € R. By triangle inequal-
ity, it follows that |wz(z,7)| < |wy(y, y)| + 27n. In particular, for (z/,y’) € R
such that |wz(z,z)| = outz(z), we have outz(z) < |wy(y,y')| + 2n. Hence
outz(z) < outy(y) + 2n. Similarly, outy(y) < outz(z) + 2n. Thus we have
| outz(z) — outy(y)| < 2n. This holds for all (z, y) € R, so we have:

sup |outz(z) —outy(y)| < 2n.
(z,y)ER

Minimizing over all correspondences, we get:

inf sup |outz(a) — outy(b)| < 21.
ReZ (a,b)eR

The result follows because n > dar(Z, Y) was arbitrary.

Finally, we need to show that our bounds for the Lipschitz constant are tight. Let
Z = Ni(l)andletY = N(2).Thendn(Z,Y) = % We also havedlﬂf(tr(Z), tr(Y)) =
|1 — 2| = 1, and similarly djj (out(Z), out(Y)) = dj (in(Z), in(Y)) = 1.
The cases m°"* and m'™. The two cases are similar, so let’s just prove L(m°") = 2.
Since m°" is an R-invariant, we wish to show | m®"(Z) — m°"(Y)| < 2. It suffices
to show:

| m®(Z) — m®(Y)| < dix(out(Z), out(Y)),
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because we have already shown

dlﬂf(out(Z), out(Y)) = inf sup |outz(z) —outy(y)| < 27.
ReZ#(Z,Y) (z,y)€R

Here we have used Lemma 4.3.1 for the first equality above.
Lete > d&(out(Z), out(Y)). Then for any z € Z, there exists y € Y such that:

loutz(z) —outy(y)| <e.
Let a € Z be such that m®"*(Z) = outz(a). Then we have:
loutz(a) —outy (y)| <&,
for some y € Y. In particular, we have:
m®(Y) < outy(y) < & + outz(a) = & + m°"'(Z).
Similarly, we obtain:
m®(2) < & + m®"(Y).

Thus we have | m°*(Z) — m°"(Y)| < e. Since ¢ > dlﬂf(out(Z),out(Y)) was
arbitrary, we have:

| m®(Z) — m®(Y)| < dis (out(Z), out(Y)).

The inequality now follows by Lemma 4.3.1 and our proof in the case of the out
map.

For tightness, note that | m®" (N (1)) — m®"" (N1 (2))| = |1 —2| =1 =2 % =
2dnr(N1(1), N1(2)). The same example works for the m'™ case. ]

Proof of Proposition 4.3.4 (First inequality.) Let Z,Y € CN and let n > dn/(Z,Y).
Let R € Z(Z,Y) be such that sup, ) / yyer l©z(z, 7)) —wy(y,y)| < 2n. Let
(z,y) € R, and let a € spec,(z). Then there exists 7/ € Z such that wz(z, 7') = a.
Let y' € Y be such that (z/,y') € R. Let B = wy(y, y’). Note B € specy (y). Also
note that @ — 8] < 2n. By a symmetric argument, for each 8 € specy (), there exists
a € specy(z) such that @ — 8| < 2n. So dﬁ(specz(z), specy (y)) < 2n. This is true
for any (z, y) € R, and so we have SUP(; y)eR dlﬂf(specz(z), specy (¥)) < 2n. Then
we have:

inf  sup d§(specz(z),specy(y)) <2n.
ReZ (z,y)eR

Since n > dar(Z, Y) was arbitrary, the first inequality follows.

(Secondinequality.) Let R € Z(Z,Y).Letn(R) = SUP(; y)eR dﬁ(specz (2), specy ().
Leto € spec(Z). Then« € spec,(z) forsomez € Z.Let y € Y such that (z, y) € R.
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Then there exists § € specy(y) such that o — B| < dlﬂf(specz(z),specy(y)),
and in particular, |« — B8] < n(R). In other words, for each « € spec(Z), there
exists B € spec(Y) such that |« — 8] < n(R). By a symmetric argument, for
each B € spec(Y), there exists @ € spec(Z) such that |« — 8| < n(R). Thus
dlﬂf(spec(Z), spec(Y)) < n(R). This holds for any R € %. Thus we have

d&(spec(Z),spec(Y)) < inf sup dlﬂf(specz(z), specy (¥)).
ReZ# (z.y)eR

This proves the second inequality. O

Proofof Theorem4.3.6 Let n € N. We wish to show d,(M,(Z),M,(Y)) <
2dp(Z,Y). LetR € Z(Z,Y). Let (z;) € Z", and let (y;) € Y" be such that for each
i, we have (z;,y;) € R. Thenforall j, k € {1,...,n}, lwz(zi, zj) — wy(yi, ;)| <
dis(R).

Thus inf (y)eyn |z (zi, 2;) — wy (yi, ¥j)| < dis(R). This is true for any (z;) € X".
Thus we get:

sup inf |wz(zi,zj) — wy(yi, yj)| < dis(R).
(zi)ezr (Vi)eY™

By a symmetric argument, we get SUP(y, ) ey inf(;yezn lwz(zi, 2j) — wy (i, yj)| <
dis(R). Thus d, M, (Z), M,,(Y)) < dis(R). This holds for any R € Z(Z, Y). Thus
dn My (Z2), My (Y)) < infregp(z,y)dis(R) = 2dp(Z,Y).

For tightness, let Z = Ni(1) andlet Y = N1(2). Thenda(Z,Y) = %, so we wish
to show d,(M,,(Z),M,,(Y)) = 1 foreachn € N. Let n € N. Let 1,,«, denote the
n x n matrix with 1 in each entry. Then M,,(Z) = {1,,x,} and M,,(Y) = {2 - 1,,x»}.
Thus d,(M,,(Z), M,,(Y)) = 1. Since n was arbitrary, we conclude that equality holds
for eachn € N. O

4.8.2 Proofs related to Theorem 4.6.10

Lemma 4.8.1 (Nonreciprocal clustering on an w-path-connected network) Let (Z, wz)
be a w-path-connected network with path-connectivity constant pcy (cf. Defini-
tion/4.6.1). Then (Z,u}}) = HNN(Z, wz) is given by writing u% (z, z') = pc for all
z,7 € Z.

Proofof Lemma4.8.1 Let z,7' € Z, and let ¢ > 0. By Definition 4.6.1, there exist
chainsc € Cz(z,z")and ¢’ € Cz(Z/, z) such that max (costz(c), costz(c")) < pc,+s.
Thus u%*(z, z') < pcz + €. This holds for each & > 0, and for any z,z’ € Z. Thus
ul® < pcz. We also have u’)® > pc; by the definition of chain cost and wz. This

concludes the proof. O

Remark 4.8.2 (Distortion and @z) Let (Z, wz), (Y,wy) € N andlet R € Z(Z,Y).
Then,

sup [@z(z,2") — @y (y, y)| < dis(R).
(z,).(z,y")eR
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To see this, fix (z, y), (z/, y") € R.Supposeu, u’ € {z, 7'} are suchthatwz(z, 2’) =
wz(u,u'). Letv, v’ € {y, y'} be such that (u, v), (', v') € R. Then we have

07(z,7) = wz(u,u’) <dis(R) + wy (v, V") < dis(R) + @y (y, y).

Now let v,v € {y, y'} be such that @y (y, y') = wy(v,v'). Letu,u’ € {z,7'} be
such that (u, v), (u’, v') € R. Then,

oy (y,y) = oy (v, v) < dis(R) + wz(u, u') < dis(R) +@z(z, 7).

It follows that [wz(z, ') — @y (y, y')| < dis(R).

Lemma 4.8.3 (Nonreciprocal clustering collapses w-path-connected subsets) Let
(Z, wz) be anetwork such that Z can be written as a finite, disjoint union of compact,
w-path-connected components {Z, : a € A}. Let (A, v4) be as in Definition 4.6.6, and
let (A, ul*) = HN(A, vp). Also let U = {Uy, ..., Uy} be a refined &/2-system on
Z.

Suppose that S C Z is a finite subset equipped with the restriction ws := wz|sxs
such that S has nonempty intersection with Z, for each a € A, and with U; for each
1 <i <m. Then,

dn ((S, u$), (A, ul} ) < e.

Proof of Lemma 4.8.3 For each 7z € Z, let a(z) € A denote the index such that 7 €
Z,(z)- Here the index is unique because Z is a disjoint union. Then define:

R :={(s,a(s)) :s € S}.
Then R € Z(S, A). We wish to show dis(R) < 2¢, where the distortion is calculated

with respect to u'® and u{*. Let (s, a(s)), (s", a(s")) € R.
Claim 14 We have u)\* (a(s), a(s")) < u{*(s, s').

Proof Pick chains
/ /
c] = {ro =S, 1,1, k=S } € Cs(s,s’) and
) = {t() =s/,t1,t2,...,l‘j =S} € CS(S/,S)

such that u{* (s, s") = max(cost(c1), cost(c2)). Then foreach 0 < i < k — 1, we have
ws(ri, riy1) < u§(s,s’). Similarly for each 0 < i < j — 1 we have ws(t;, fi41) <
u'* (s, s"). Now observe that for each z, z’ € Z, we have:

va(a(z),a(@)) <wz(z, ). (14)
Then foreach 0 <i <k — 1, we have:

vala(ri), a(riz1)) < os(ri, riz1) < uy (s, s').
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Similarly for each 0 <i < j — 1, we have:
va(a(ty), a(tiy1)) < os(t, tiy1) < uy (s, s).

It follows that u* (a(s), a(s)) < u{*(s, s"). O
By Theorem 3.1.3, we obtain a correspondence R’ € Z(S, Z) with dis(R) < 2¢
such that for each (s, z) € R’, wehave {s, z} € U forsome U € Y. Here the distortion
is measured with respect to wz and wg. We will use this correspondence R’ as follows:
for each z € Z, there exists s € S such that (s, z) € R’. In other words, there exists
s € S such that {s,z} € U for some U € U. Since U is a refined ¢/2-system, we
know also that s, z belong to the same connected component Z,, for some a € A.
For each z € Z, we will write s(z) to denote the element of S obtained by the
preceding construction.
Claim 15 Let s, s € S be such that a(s) = a(s’), i.e. s, s’ belong to the same
w-path-connected component of Z. Then u"(s,s") < va(a(s),a(s)) + 2& <
ulR(a(s), a(s")) + 2e.
Proof of Claim 15 Since Z,() is w-path-connected, there exists a unique r € R
such that wz(z,z) = r for all z € Z,,) by Lemma 4.6.4. By Definition 4.6.6,
we have r < wvu(a(s),a(s)). Let n > 0, and let z,77 € Z be such that
(s,2), (s, z") € R’. Then by the definition of w-path connectivity, we can take a
chain ¢ = {Zo = 7,721,202y 2n = z’} joining z to 7’ such that costz(c) < r + 7.
We can now convert this to a chain in S by using the correspondence R’. Define:

cs = {s.5(21),5(z2), ..., 5@zn=1), 5"}

By construction, (s(z;),z;) € R foreach 1 < i < n — 1. Furthermore we have
(s,2), (8", Z") € R’ by our choice of z, /. Now by using Remark 4.8.2 and the fact
that dis(R) < 2¢, we have costg(cs) < r +n + 2e < va(a(s), a(s)) +n + 2s.

By a similar process, we can obtain a chain C/s € Cg(s’, s) such that costs(c’s) <
va(a(s), a(s)) +n+2¢e. Thus uR(s, s") < va(a(s), a(s)) 4+ n+2e. Since n > 0 was

arbitrary, the result follows. O
Claim 16 We have u" (s, s") < u*(a(s), a(s")) + 2.

Proof Let 7 = {ro, ..., 1} be achain in A such that ro = a(s), rx = a(s’), and
for each 0 < i < k — 1, we have @4 (ri, rix1) < uy*(a(s),a(s)). Similarly let
T = {to, e, tj} be a chain in A such that 1y = a(s’), tj = a(s), and for each

0<i<j—1,wehavewa(t;, ti11) < ulX(a(s), a(s)).

By construction, we have va (i, ri11) < u’\*(a(s), a(s")) forall 0 < i <k — 1.
Similarly we have va (5, t;11) < u™(a(s),a(s’)) forall0 <i < j — 1.

Next observe that by compactness of Z, foreacha, a’ € A we canobtainz(a) € Z,,
z(a") € Z, such that @z(z(a), z(a’)) = va(a,a’). Applying this construction to
consecutive elements in the chains ¢ and (c_, we obtain the following chains in Z:

¢z = {z(ro), ..., z(r)}, joining z(a(s)) = z(ro) to z(a(s")) = z(re),
&z = {z(t), ..., x(t))} . joining z(a(s") = z(to) to z(a(s)) = z(t)).
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In particular, for each 0 < i < k — 1, we have @z (z(r;), z(ri+1)) = va(ri, rit1).
Similarly foreach 0 <i < j — 1, we have wz(z(%;), z(ti+1)) = va(t;, ti1+1). Further-
more, we have z(r;) € Z,, foreach0 <i <k, and z(#;) € Z;, foreach0 <i < j.

Now we can use the correspondence R’ € Z(S, Z) that we had fixed earlier. Recall
the use of the notation s(z) € S for z € Z from the discussion preceding Claim 15.
Now we obtain the following chains in S:

—

cs = {s(z(rg)), ..., s(z(rg))}, joining s(z(a(s))) € Za(s) to s(z(a(s/))) S Za(s/), and
& = {szG0)), ..., s(z(tj)}, joining s(z(a(s")) € Zy(y) to s(z(a(s))) € Zy(s). such that

ws(s(z(ri), s(z(rir1))) < wz(z(i), z(rix1)) +2¢ forall 0 <i <k—1, and
ws(s(z(t)), s(z(tiy1))) < wz(z(t), z(tiy1)) +2¢ forall 0 <i <j— 1

Here we have applied Remark 4.8.2 on consecutive points in the chains to obtain
the inequalities.

We know that s and s(z(r9)) = s(z(¢;)) belong to the same w-path-connected
component Z,(s), and similarly s” and s(z(rx)) = s(z(t)) belong to the same w-path-
connected component Z(,y. By Claim 15, we have:

ug (s, s(z(p0))) = us" (s, s(z(w))) < uy(a(s), a(s") + 2e,
ug' (s, s(z(ou))) = ug" (', (2(10))) < uy*(a(s), a(s") + 2e.

Finally it follows that:

ugk(s, s < MIXR(a(s), a(s’)) + 2e.

O
Thus we have [u* (s, s") — u"\*(a(s), a(s"))| < 2e. Since (s, a(s)), (s', a(s")) € R
were arbitrary, it now follows that ds ((S, u®), (A, ul} ) <e. O

Theorem 4.6.10 (Convergence of nonreciprocal clustering) Let (Z, wz, ptz) be a
measure network. Suppose supp(uz) is a finite, disjoint union of compact, w-path-
connected components {Z, : a € A}. Let (A, v4) be as in Definition 4.6.6, and let
(A, ul}®) = H" (A, vp). For eachi € N, letz; : Q@ — Z be an independent ran-
dom variable defined on some probability space (2, F, P) with distribution pz. For
eachn € N, let Z, = {z1,22,...,2Zn}, and for each w € R, let Z,(w) denote the
subnetwork induced by {z1(w), ..., Z,(w)}. Let ¢ > 0. Then,

(1 — M2 (supp(uz)))”

P({o e @: (A ul). W Euto)) 2 ¢]) < = TP

In particular, the output of the nonreciprocal clustering method applied to the sampled
network Z, converges almost surely to (A, u®) in the sense of dyr as the sample size
increases.
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Proof of Theorem 4.6.10 The proof is analogous to that of Theorem 4.1.4, but we
repeat the argument here to facilitate the assessment of details. First observe that
M, 2 (supp(iz)) € (0, 1]. Letr € (0, M, /2(supp(iez))), and let U, be a refined g/2-
system on supp(itz) such that m(l;) € (r, M, 2 (supp(uz))]. For convenience, write
m := |U,|, and also write Y, = {U}, ..., Up}.

Foreach 1 <i < m,define A; as in the statement of Lemma 4.1.6. Then by Lemma
4.1.6, the probability that at least one U; has empty intersection with Z, (w) is bounded
as P (UZ) Ak) < mas (1 — m@))"™.

On the other hand, if U; has nonempty intersection with Z, (w) foreach 1 <i <m,
then by Lemma 4.8.3, we obtain dys((A, u’}}), HN(Z,(w))) < &. Now define:

By = {w € Q: dn (A, ), HN(Z,())) = &} .

Then we have:

m l ;
P(B,) <P (U Ak) < map (L me)"

k=1
Since r € (0, M, /2(Z)) was arbitrary, it follows that:

! n
P(By) < ——— (1 =M, .
(Bn) = ms/z(supp('uz)) ( /Z(Supp(MZ)))

By an application of the Borel-Cantelli lemma as in Theorem 4.1.4, we have
P(im sup,,_, o, Bn) = 0. The result now follows. O

4.8.3 Proofs related to Theorem 4.6.13

Lemma 4.8.4 (Reciprocal clustering on a w-path-connected network) Let (Z, wz) be
an w-path-connected network with dissimilarity weights and finite reversibility pz.
Then (Z,u%) = HX(Z, wyz) is given by writing u%,(z,z') =0 forall z,z' € Z.

Proof Let z,7/ € Z, and let ¢ > 0. By Definition 4.6.1 and the assumption that
wz(z,z) = 0 for all z € Z, there exists a continuous function y : [0, 1] — Z such
that y(0) = z, y(1) = 7/, and there exist (o = 0 < ;] < 1) < ... < t, = 1 such that:

wz(y (), y(ti+1)) € [0, %) foreach0 <i <n—1.

Since wyz is a dissimilarity, we have wz(y (fi+1), ¥y (t;)) > 0. By finite reversibility,
we also have

wz(y@iv1), yt) < pz oz @), ytiv1)) < e.

Thus by using the chain {y (%), y(¢1), ..., y(t,)}, we have u‘}(z,z’) < ¢. Since
7,7 € Z and ¢ > 0 were arbitrary, the result now follows. O
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Lemma 4.8.5 (Reciprocal clustering collapses w-path-connected subsets) Let (Z, wz)
be a network with dissimilarity weights and finite reversibility such that Z is a disjoint
collection{Z, : a € A}, where A is a finite indexing set and each Z, is compact and w-
path-connected. Let (A, L 4) be as in Definition 4.6.6, and let (A, ui) = HR(A, Ayp).
Also letU = {Uy, ..., Uy} be a refined € /2-system on Z.

Suppose that S C Z is a finite subset equipped with the restriction ws := wz|sxs
such that S has nonempty intersection with U; for each 1 < i < m. Then we have:

dy (S, uf), (A, u)) <e.

Proof of Lemma 4.8.5 For each z € Z, let a(z) € A denote the index such that z €
Z,4(z)- Then define:

R :={(s,a(s)) :s € S}.

Then R € Z(S, A). We wish to show dis(R) < 2¢, where the distortion is calculated
with respect to u and u®. Let (s, a(s)), (s', a(s")) € R.

Claim 17 We have u% (a(s), a(s")) < u§(s, s").

Proof Pick a chain ¢ := {ro =S,71,F2, .. = s/} € Cs(s, s’) such that

u§(s,s') = max (max@s(ri, rit1), @s(rivi, ri)))-
0<i<k—1

Next consider the chain c4 := {a(rg), ..., a(ry)}. By Definition 4.6.6, we have:

max Aa(a(ry), a(rit1)) < ul(s,s).
0<i<k—1

It follows that u* (a(s), a(s")) < u§(s,s’). O
By Theorem 3.1.3, we obtain a correspondence R’ € Z(S, Z) with dis(R) < 2¢
such that for each (s, z) € R’, we have {s, z} € U for some U € U. Here the distortion
is measured with respect to wz and ws. We will use this correspondence R’ as follows:
for each z € Z, there exists s € S such that (s, z) € R’. In other words, there exists
s € S such that {s,z} € U for some U € U. Since U is a refined ¢/2-system, we
know also that s, z belong to the same connected component Z,, for some a € A.
For each z € Z, we will write s(z) to denote the element of S obtained by the
preceding construction.
Claim 18 Let s, s” € S be such that a(s) = a(s’), i.e. s, s’ belong to the same w-path-
connected component of Z. Then ulg(s, s") < 2e.
Proof of Claim 18 Let n > 0, and let z, 7 € Z be such that (s, z), (s’, ') € R'. By
Lemma 4.8.4, we can take a chain ¢ = {z() =72,21,20, ..., In = z/} from z to z’ such
that

max max(wz(zi, zi+1), 0z (Zi+1,2i)) < 7.
0<i<n—1
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We can now convert this to a chain in S by using the correspondence R’. Define:

cs = {s.5(z1),5(z2), ..., 5@n-1), 5"}

By construction, (s(z;),z;) € R’ for each 1 < i < n — 1. Furthermore we have
(s,2), (s',z") € R’ by our choice of z, /. Now by using Remark 4.8.2 and the fact
that dis(R") < 2e, we have uf(s, s") < n+ 2. Since 1 > 0 was arbitrary, the result

follows. =
Claim 19 We have uf (s, ") < u5(a(s), a(s")) + 2.
Proof Let ¢ := {rg, ..., r¢} be a chain in A such that rog = a(s), ry = a(s’), and

max Aa(ri, riv1) < uS(a(s), a(s").
0<i<k—1

Next observe that by compactness of Z, foreacha, a’ € A we canobtainz(a) € Z,,
z(a") € Z, such that:

max(@z(z(a), 2(a"), ®z(z(a"), 2(a))) = rala, a").

Applying this construction to consecutive elements in the chain ¢, we obtain a chain
in Z:

cz ={z(ro), ..., z(rx)} , joining z(a(s)) to z(a(s")).
In particular, foreach 0 <i < k — 1, we have
max(wz(z(ri), z(ri+1)), @z (z(rig1), 2(r1))) = Aa(ri, rig1).

Now we can use the correspondence R’ € Z(S, Z) that we had fixed earlier. Recall
the use of the notation s(z) € S for z € Z from the discussion preceding Claim 18.
Now we obtain the following chain in S:

cs = {s(z(rg)), ..., s(z(rg))}, joining s(z(a(s))) € Zy(s) to s(z(a(sh)) e Za(s'y» such that

ws(s(z(ri)), s(z(riz1)) < wz(z(r;), z(riy1)) +2¢ forall 0 <i <k-1, and
ws(s(z(rit1)), s(z(ri))) < wz(z(rig1), 2(ri)) +2¢ forall 0 <i <k-—1.

Here we have applied Remark 4.8.2 on consecutive points in the chains to obtain
the inequalities.

We know that s and s (z(7¢)) belong to the same w-path-connected component Zy),
and similarly s” and s (z(rx)) belong to the same w-path-connected component Z .
By Claim 18, we have:

u(s, s(z(ro))) < 2e,
us(s', s(z(re))) < 2e.
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Finally it follows that:

u§(s, s") < uly(a(s), a(s") + 2e.

O
Thus we have |u§(s, s") — u% (a(s), a(s"))| < 2e. Since (s, a(s)), (s',a(s")) € R
were arbitrary, it now follows that d s ((S, uy), (A, u‘;)) <e. O

Theorem 4.6.13 (Convergence of reciprocal clustering) Let (Z, wz, [t z) be a measure
network with dissimilarity weights and finite reversibility. Suppose supp(uz) is a finite,
disjoint union of compact, w-path-connected components{Z, : a € A}. Let (A, L 4) be
as in Definition 4.6.6, and let (A, u") = H"(A, Aa). Foreachi € N, letz; : Q — Z
be an independent random variable defined on some probability space (2, F, P) with
distribution wz. For eachn € N, let 2, = {z1,22, ..., 2y}, and for each w € L, let
Z,(w) denote the subnetwork induced by {z1(w), . ..,Z,(w)}. Let ¢ > 0. Then,

(1 — 9 j2(supp(pz). A))"

P({w € Q:dy((A, uf), HNZ,(w) > €}) < e supp(i2), A)

In particular, the output of the reciprocal clustering method applied to the sampled
network Z, converges almost surely to (A, u,) in the sense of dxr as the sample size
increases.

Proof of Theorem 4.6.13 The proof is analogous to that of Theorem 4.6.10, but we
repeat the argument here to facilitate the assessment of details. First observe that
M /2(supp(iez)) € (0, 1]. Letr € (0, M, 2(supp(itz))), and let U, be a refined & /2-
system on supp (i z) such that m(l,) € (r, M, 2(supp(1ez))]. For convenience, write
m := |U,|, and also write U, = {Uy, ..., Up}.

Foreach 1 <i < m,define A; as in the statement of Lemma 4.1.6. Then by Lemma
4.1.6, the probability that at least one U; has empty intersection with Z,, is bounded
as P (Uj) Ax) < mu —mU))".

On the other hand, if U; has nonempty intersection with Z, (w) foreach 1 <i <m,
then by Lemma 4.8.5, we obtain das((A, ui), HR(Z,(w))) < ¢. Now define:

By = {w € Q: dy((A, u5), HN(Z,())) = 6} .

Then we have:

P(B,) <P CJ Ar ) = 1 (I —m@))".
- Pt - mUy)

Since r € (0, M, 2(X)) was arbitrary, it follows that:

l n
PBy) < .o (1 -0, _
() = M /2 (supp(iLz)) ( /2(supp(uz)))
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By an application of the Borel-Cantelli lemma as in Theorem 4.1.4, we have
P(lim sup,,_, o, Bx) = 0. The result now follows. O

5 Discussion

The original motivation for this work came from a scientific problem: that of having
a correspondence framework for graph-theoretic structures arising in systems neu-
roscience (Sporns 2012) in which undirected (functional connectivity) and directed
(effective connectivity) graphs would be compatible with one another. The dxr met-
ric that had recently been introduced in Carlsson et al. (2013, 2014) for extending
hierarchical clustering to asymmetric networks was a natural proposal for addressing
this limitation. After developing the ds theory in the finite case (Chowdhury and
Mémoli 2015, 2016a) and observing concurrent uses for developing stable persistent
homology methods for finite networks (Chowdhury and Mémoli 2018b; Turner 2019),
it was apparent that one needed to understand the convergence of sequences of finite
networks to continuous objects, as had been done for the cut metric in Lovasz (2012)
and related earlier works Borgs et al. (2008, 2012). In particular, this question was
made explicit in Turner (2019). Studying this convergence led us to realize that even
though dr metrizes the collection {(X, wx)} where X isasetandwy : X x X - R
is any function, such a collection was not amenable to meaningful convergence results
or even a satisfactory characterization of isomorphism. This first set of obstacles led
to the subsequent introduction of topologies and the intermediate collection CN'. This
turned out to be a suitable ambient space which was sufficiently general while also
having the required topological regularity.

Although our study of the consequences of relaxing metric assumptions was driven
by empirical and applied considerations which stem from the data-driven scientific
outlook of the recent decades, ultimately we were led to the literature developed by
Fréchet and his contemporaries at the beginning of the 20th century (Fréchet 1906;
Pitcher et al. 1918; Niemytzki 1927). These authors had been motivated to understand
different constructions so they could settle on an appropriate notion of a metric space.
Later works by Busemann (1950) and others on quasimetric spaces also turned out to
be useful for understanding the subtleties that arise with asymmetry. Along these lines,
a possible latent connection that we have not yet explored is to the field of directed
topology (Fajstrup et al. 2016).

In this work, we provided a comprehensive theoretical study of d s, its isomorphism
structure, and the metric structure that it induces on A. In particular, we introduced
CN as a subfamily that is nested between FN and N, proved the sampling and
convergence results on CA/ that finally enabled one to obtain well-defined persistence
diagrams on infinite asymmetric networks, and characterized the Dowker persistence
diagrams of the directed circles with finite reversibility. These results now suggest
numerous natural lines of continuation, some of which are as follows:

e Developing new embeddings As described in the introduction, graph structured
data may be embedded into CA in a multitude of ways. By virtue of this work,
different embeddings G — CA are now seen to share a common ambient metric
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space. Development of new and informative embeddings, perhaps by aggregating
existing embeddings, is a broad-scale challenge. Some previous works Chowd-
hury and Mémoli (2018b); Chowdhury et al. (2017) have shown that building
asymmetric Markov transition matrices can give better accuracy on certain classi-
fication tasks than their symmetric counterparts, so the systematic development of
“asymmetric embeddings” seems to hold promise in extracting additional signal
from data. With increasing availability of benchmark data sets for machine learn-
ing purposes, using data-driven supervision to generate “learned” embeddings is
a natural next step (Litman and Bronstein 2013).

e New inputs to persistent homology methods Along these lines, it would be inter-
esting to see which embeddings could serve as good preprocessing steps for the
hierarchical clustering and persistent homology methods described earlier in this
work. These would automatically benefit from das-stability with respect to the
bottleneck distance. From a different perspective, methods such as the Dowker
complex have natural connections to hypergraphs that are used to model multi-
way relations (Zhou et al. 2006). Elaborating on this latent connection by extending
our constructions to accept hypergraph data as input would open new directions
in hypergraph data analysis.

e More directed models with geometric regularity Another interesting thread for
future development would be to construct directed models of shapes beyond the
circles with finite reversibility. This would likely provide an interesting connection
to the theoretical development for Randers manifolds in Bao et al. (2004) and help
towards characterizing how such spaces are embedded in the (N, dar) hierarchy.
Implicit in this construction should be some notion of geometric regularity such
as the finite reversibility assumption.

Finally we remark that embeddings of the form G — A can be further extended
via maps N — N™ where the latter is the collection of measure networks equipped
with a generalized Gromov—Wasserstein distance (Chowdhury and Mémoli 2019).
This approach follows the formulation of Mémoli (2007) in taking a relaxation of the
ds problem, and benefits from the deep study of Riemannian structure developed
by Sturm (2012). This particular context has seen extensive growth in the machine
learning community in recent years (Peyré et al. 2016; Solomon et al. 2016; Chowdhury
and Needham 2020b), and as has already been shown in Xu et al. (2019a), Chowdhury
and Needham (2020a), in various cases the results demonstrated in these works arise
from utilizing different embeddings G +> A and studying the particular structure that
each embedding imposes upon the problem.
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A Experiments
A.1 Computational aspects and an algorithm for computing minimum matchings

In this section we first discuss some algorithmic details on how to compute the lower
bounds for das involving local spectra, and then present computational examples.
All networks in this section are assumed to be finite. Our software and datasets are
available on https://github.com/fmemoli/PersNet as part of the PersNet software
package.

Lower bounds for das involving the comparison of local spectra of two networks
such as those in Proposition 4.3.4 require computing the minimum of a functional
J(R) := max(z,y)er C(z,y) where C : Z x Y — R, is a given cost function and
R ranges in Z(Z, Y). This is an instance of a bottleneck linear assignment problem
(or LBAP) (Burkard et al. 2009). We remark that the current instance differs from the
standard formulation in that one is now optimizing over correspondences and not over
permutations. Hence the standard algorithms need to be modified.

Assume n = |Z| and m = |Y|. In this section we adopt matrix notation and
regard R as a matrix ((r;,;)) € {0, 1}"*™. The condition R € #Z(Z, Y) then requires
that 3 r; ; > 1 forall jand } ;r;; > 1 forall i. We denote by C = ((¢; ;) €
R’ the matrix representation of the cost function C described above. With the
goal of identifying a suitable algorithm, the key observation is that the optimal value
mingc J(R) must coincide with a value realized in the matrix C.

An algorithm with complexity O (n? x m?) is the one in Algorithm 1 (we give it in
Matlab pseudo-code). The algorithm belongs to the family of thresholding algorithms
for solving matching problems over permutations, see Burkard et al. (2009). Notice
that R is a binary matrix and that procedure TestCorrespondence has complexity
O (n x m). In the worst case, the matrix C has n x m distinct entries, and the while loop
will need to exhaustively test them all, hence the claimed complexity of O (n? x m?).
Even though a more efficient version (with complexity O ((n x m)log(n x m)) can
be obtained by using a bisection strategy on the range of possible values contained in
the matrix C (in a manner similar to what is described for the case of permutations in
Burkard et al. 2009), here for clarity we limit our presentation to the version detailed
above.

Algorithm 1 MinMax matching

1: procedure MINMAXMATCH(C)
2: v = sort(unique(C(:)));

3: k=1;

4:  while ~done do

5: c =v(k);

6: R =(C <=c);

7: done = TESTCORRESPONDENCE(R);
8: k=k+1;

9:  returnc

10: procedure TESTCORRESPONDENCE(R)

11:  done = prod(sum(R))*prod(sum(R’)) > 0;
12:  return done
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Fig. 17 Performance of local (left) and global (right) spectrum lower bounds on the random community
graph classification task. The global spectrum can reasonably tell apart classes of graphs with 4-5 com-
munities from those with a single community, but is confounded by graphs with two communities. In
comparison, the local spectrum is able to better distinguish the two-community graphs

A.2 Computational example: randomly generated networks

As a first application of our ideas we generated a database of weighted directed net-
works with different numbers of “communities” and different total cardinalities using
the software provided by [For]. Using this software, we generated 35 random networks
as follows: 5 networks with 5 communities and 200 nodes each (class ¢c5-n200), 5
networks with 5 communities and 100 nodes each (class c5-n100), 5 networks with
4 communities and 128 nodes each (class c4-n128), 5 networks with 2 communi-
ties and 20 nodes each (class c2-n20), 5 networks with 1 community and 50 nodes
each (class c1-n50), and 10 networks with 1 community and 128 nodes each (class
c1-n128). In order to make the comparison more realistic, as a preprocessing step
we divided all the weights in each network by the diameter of the network. In this
manner, discriminating between networks requires differentiating their structure and
not just the scale of the weights. Note that the (random) weights produced by the
software [For] are all non-negative.

Using a Matlab implementation of Algorithm 1 we computed a 35 x 35 matrix of
values corresponding to a lower bound based simultaneously on both the in and out
local spectra. This strengthening of Proposition 4.3.4 is stated below.
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Proposition A.2.1 Forall X,Y € FN,

dyn (X, Y > 1 min max C(x,vy), where
N( )z 2RE,%(x,y)ER )

out out

C(x,y) = max (dﬁ(speci;(‘(x), speci(v)), dis (specy™ (x), specy )).

This bound follows from Proposition 4.3.4 by the discussion at the beginning of
Sect. 4.3.

The results are shown in the form of the lower bound matrix and its single linkage
dendrogram in Fig. 17. Notice that the labels in the dendrogram permit ascertaining
the quality of the classification provided by the local spectra bound. With only very
few exceptions, networks with similar structure (same number of communities) were
clustered together regardless of their cardinality. Notice furthermore how networks
with 4 and 5 communities merge together before merging with networks with 1 and
2 communities, and vice versa. For comparison, we also provide details about the
performance of the global spectra lower bound on the same database in Fig. 17. The
results are clearly inferior to those produced by the local version, as predicted by the
inequality in Proposition 4.3.4.

A.3 Computational example: simulated hippocampal networks

A natural observation about humans is that as they navigate an environment, they
produce “mental maps” which enable them to recall the features of the environment
at a later time. This is also true for other animals with higher cognitive function. In
the neuroscience literature, it is accepted that the hippocampus in an animal’s brain is
responsible for producing a mental map of its physical environment (Best et al. 2001;
Brown et al. 1998). More specifically, it has been shown that as a rat explores a given
environment, specific physical regions (“place fields’’) become linked to specific “place
cells” in the hippocampus (O’Keefe and Dostrovsky 1971; O’Keefe and Nadel 1978).
Each place cell shows a spike in neuronal activity when the rat enters its place field,
accompanied by a drop in activity as the rat goes elsewhere. In order 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, often referred to as “spike trains”, enough to
recover the structure of the environment?

Approaches based on homology (Curto and Itskov 2008) and persistent homology
(Dabaghian et al. 2012) have shown that the preceding question admits a positive
answer. We were interested in determining if, instead of computing homology groups,
we could represent the time series data as networks, and then apply our invariants
to distinguish between different environments. Our preliminary results on simulated
hippocampal data indicate that such may be the case.

In our experiment, there were two environments: (1) a square of side length L, and
(2) a square of side length L, with a disk of radius 0.33L removed from the center. In
what follows, we refer to the environments of the second type as /-hole environments,
and those of the first type as 0-hole environments. For each environment, a random-
walk trajectory of 5000 steps was generated, where the agent could move above, below,
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Fig. 18 Single linkage dendrogram corresponding to 120 hippocampal networks of place field radii
0.05L,0.1L, and 0.2L. Results are based on the local spectrum lower bound of Proposition A.2.1. Inset,
top to bottom: Individual dendrograms for place field radii of 0.2L, 0.1L, 0.05L, respectively

left, or right with equal probability. If one or more of these moves took the agent
outside the environment (a disallowed move), then the probabilities were redistributed
uniformly among the allowed moves. The length of each step in the trajectory was
0.1L.
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In the first set of 20 trials for each environment, 200 place fields of radius 0.1L were
scattered uniformly at random. In the next two sets, the place field radii were changed
to 0.2L and 0.05L. This produced a total of 60 trials for each environment. For each
trial, the corresponding network (X, wy) was constructed as follows: X consisted of
200 place cells, and for each 1 < i, j < 200, the weight wx (x;, x ;) was given by:

# times cell x; spiked in a window of five time units after cell x; spiked

xi)=1—
ox (i X)) # times cell x; spiked

The results of applying the local spectra lower bound are shown in the inset
of Fig. 18. The labels env-0, env-1 correspond to 0 and 1-hole environments,
respectively. Note that with some exceptions, networks corresponding to the same
environment are clustered together, regardless of place field radius. In Fig. 18 we also
present the single linkage dendrogram obtained from comparing all 120 networks
together. In light of these results, we are interested in seeing how these methods can
applied to other time series data arising from biology.

As a final remark, we note that it is possible to obtain better clustering on the hip-
pocampal network dataset by using d\s-invariants that arise from persistent homology.
We refer the reader to Chowdhury and Mémoli (2018b) for details.
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