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Abstract

Bayesian methods constitute a popular approach to perform statistical infer-
ence and predict phenomena of interest. Surely, part of the popularity of the
Bayesian paradigm can be linked to their intuitive core idea: to take advantage
of the user’s prior knowledge and integrate it in the statistical procedure. The
result of this synergy is the posterior distribution, focal point of Bayesian
inference and instrument to quantify the uncertainty of the estimation. This
thesis collects the work done as a research student on statistical models, built
with the tools of Bayesian nonparametrics, to describe power-law distributed
data. The motivation of the proposed models are to be found in two different

fields of application: complex networks and privacy assessment.

After the introduction provided by chapter 1, in the first half of the thesis I con-
centrate on the proposal and analysis of models for networks, the mathematical
objects that describe relations among entities by representing them as nodes
connected through links. Power-laws usually appear in real-world networks
as the distribution function of the degrees, namely the number of links of
the nodes. The two pieces of work presented belong to the graphex process
framework, a flexible generating process which allows to mimic empirically ob-
served networks characteristics. Chapter 2 fits into this framework and extends
the original proposal of [Caron and Fox, 2017] to provide a novel modelling
approach to describe sparse networks with spatial structure or other covariates.
An approximate inference strategy is provided and tested on simulated data.
The paper presented in chapter 3 casts light on the asymptotic properties of
networks generated under the graphex process, proving the desirable properties
of sparsity, power-law degree distributions, clustering and two central limit

theorems.

The second half of the thesis is devoted to the development of statistical

methods to quantify the risk of disclosure, which arises whenever datasets



with records of individuals are published: an intruder could match the data
with prior information and disclose the identity, and therefore the sensitive
features, of a person. Chapter 4 develops an estimator to quantify this risk
using the Pitman—Yor process, a popular prior on probability distributions
that has a distinguishable power-law tail. A closed form posterior distribution
of the estimator is provided in a convenient mixture representation, and exper-
iments on both simulated and real data show the effectiveness of the method.
Chapter 5 deals with the estimation of the same risk under no distributional
assumptions, using a fully nonparametric method. The estimator is extremely

easy to understand, fast to compute and has provable guarantees of optimality.

Chapter 6 concludes the thesis with a final summary and some proposals to

extend the current work towards new research directions.



Chapter 1

Introduction

79

“Everything is linear if plotted log-log with a fat magic marker

(Mar’s law) Akin’s laws of spacecraft design

1.1 Power-law distributions

The term “power-law” is employed to indicate a relation between a pair of
variables where one varies as a power of the other. If one of the variables
represents the probability of observing a phenomenon of at least a certain
size, and this is roughly proportional to a power of the size itself, then we are
talking about power-law distributions. Such distributions have been observed
ubiquitously across natural and human phenomena: the size of craters on Pluto
([Scholkmann, 2016]), the distribution of the frequencies of words in a corpus
([Powers, 1998]), the magnitudes of earthquakes, volcanic eruptions, landslides
and wildfires ([Danos, 1998]), the distribution of wealth ([Toda, 2012]), links
across web pages ([Albert et al., 1999]) and the size of the population of cities
([Gabaix, 1999]). Because of this widespread observation in different contexts
and due to their interesting theoretical properties, communities of researchers
in probability and statistics have been using power-law distributions for a long
time in fields such as extreme value theory ([Resnick, 1987], [Beirlant et al.,
2004]), complex networks models ([Van Der Hofstad, 2009], [Voitalov et al.,
2019]) and species sampling problems ([Martin and Goldenfeld, 2006]). In



these communities, and in this thesis, a random variable X on the positive

real line is said to be distributed as a power-law if and only if
P(X > z) = ((z)z~ @ (1.1)

with @ > 1 and ¢(x) a function that, for now, we can assume to admit positive

(@=1) dominates ¢(x)

constant limit at infinity. In this definition, the term x~
in the limit, while on finite values ¢(z) can reshape the power-term quite
drastically. Definition 1.1 belongs to a wider family of functions, known as

regularly varying, which I will explore more in depth in section 1.3.2.

Power-law distributions are usually associated with some distinctive traits.
First, the usual summary statistics, such as mean, variance and higher order
moments, do not represent well samples from the distribution or might even
be infinite. When the mean value is finite, it might not describe well the
observed values, as the occurrences of extreme events (in particular those in
the right tail of the distribution) are much more common than in distributions
with lighter tails. They have, in fact, heavy tails. Power-laws are also known
as “scale-free” distributions, meaning that their behaviour is not affected by
different scales, being self-similar along all the domain (for a more detailed
account, see [Caldarelli, 2007]). This is shown formally by observing that
P(X > kx) = {(kz)k~@Vgz=(=D for k positive real constant: k@~ is a
constant and ¢(kz) has the same behaviour of ¢(x) in the limit (since it goes

to a constant), hence the dominant term in the limit is again z~(@~1,

In this thesis, I will explore some approaches to describe power-laws in different
contexts. Since the first claims about the scale-free behaviour of the degree
distributions of real-world networks (the most famous surely regards the
Internet graph, [Faloutsos et al., 1999] [Albert et al., 1999]), the claims about
the power-law nature of degree distributions have been countless. This is
attributed to the fact that some generating processes for networks, which have
been identified to mimic empirically observed processes of aggregation, lead to

power-law degree distributions. Moreover, scale-free degree distributions are



linked to some macroscopic properties often observed in real data, which will
be explored in the next section. This thesis offers a novel approach to describe
sparse spatial networks with power-law degree distributions and an extensive
analysis of such distributions in a specific class of network generating processes.
The second context is statistical disclosure risk limitation, the vast field of
statistical studies on disclosure risk assessment, privacy-preserving methods
and trade-offs between level of privacy and loss of information. I will focus on
the quantification of disclosure risk for data at individual level, which requires
to explore the structure of an unobserved sample from a discrete distribution.
When it comes to parametric approaches to model such distributions, power-

laws are once again a well documented choice ([Martin and Goldenfeld, 2006]).

1.2 An overview of the literature

In this section I will present a general review of the fields of statistical network
models and disclosure risk limitation. The section aims at letting the reader
dive into the applied contexts that motivated the research presented in this
thesis. Since the papers in the following chapters will be more specific, |
would like this to be the space to review the broader context and not only the
topics strictly connected to my work, which will nevertheless have a special

consideration.

1.2.1 Network properties and spatial networks

Graphs are the mathematical construction created to describe relationships
among agents. The agents are called nodes or vertices, and when two nodes
are in a relationship they are connected by an edge. Nodes could represent
any entity, for example humans, computers, chemical elements or cities, and
edges could describe relationships such as friendship, wireless connections,
chemical bonds or train lines. In more applied contexts, the term “network”

is often used in lieu of “graph”. In this thesis I will use both terms exchangeably.

One of the most studied network characteristics is the degree distribution,



where the degree of a node is the number of vertices connected to it (referred
to as neighbours). Many real-world networks have been observed to display
a heavy-tailed degree distribution which was almost often described to be a
finite sample from a power-law random variable. Despite the incredible number
of examples, though, power-law distributions prove themselves to be quite
divisive among researchers in the network modelling community ([Clauset
et al., 2009], [Stumpf and Porter, 2012|, [Broido and Clauset, 2019], [Voitalov
et al., 2019]). Power-laws are measured in their asymptotic behaviour, and
this makes finite samples difficult to distinguish from similar data generated
from other heavy tailed distributions (for example, the log-Normal). Having a
sufficiently large pool of data, covering at least a couple of orders of magnitude,
is a necessary requirement to run goodness-of-fit tests. As a result of this,
claims about the distributional nature of some benchmark network datasets
have been reassessed several times (see, for example, [Willinger et al., 2009]
for the internet and [Golosovsky, 2017] for citations). While I will use in this
thesis the definition of power-law distribution as eq. (1.1), a more common yet
stricter definition, which has often been used to test the networks’ degrees, is
P(X > z) = cz~(@ Y, where ¢ > 0 is the normalising constant and z is greater
than a certain value x,;,. The use of this definition, which does not allow
for any flexibility around the pure power function z—(®*1), causes difficulties
in the assessment of real network data, noisy and in sample sizes that often
are not big enough, and leads to the rejection of the hypothesis of power-law
in many goodness-of-fit tests. Instead, due to the presence of ¢(x), definition

(1.1) allows for a greater flexibility in the finite regime.

Despite being a fundamental feature, the degree distribution is not the only
characteristic of interest. I will introduce other network properties here, but
for a more detailed account I refer to [Newman, 2010]. Sparsity is an attribute
observed in many real-world networks. The concept of sparsity is related to the
relative number of edges with respect to the maximum number of connections
achievable, which is proportional to the squared number of nodes, when the

network size increases. In particular, when the number of edges grows as a



little-o of the squared number of nodes, the graph is sparse. To picture the
concept, think about your favourite social network: despite how popular you
might be, the number of people you are not connected with greatly outnumbers
the number of friends you have.

Another important feature of real-world networks is clustering, a measure
of transitivity in graphs, which quantifies if two nodes with a neighbour in
common have higher or lower probability of being connected with respect to
the chosen null model. In friendship networks, for example, having a friend in
common raises the probability of becoming acquainted. Many social networks
display this behaviour, which is measured by a positive clustering coefficient.
Also, the vast majority of real network data display the small-world effect.
This describes the fact that the the number of edges that need to be traversed
to connect two nodes selected at random is surprisingly small, even in huge
networks. Formally, to be a small-world network the average number of steps
to travel between nodes has to grow proportionally to the logarithm of the

number of nodes.

A class of networks studied in this thesis is the one identified by the presence
of node covariates or latent features, and more specifically the family spatial
networks. An example of such graphs is the network of airport connections,
whose nodes represent airports and whose edges describe flight connections,
an example of which can be seen in fig. 1.1. We call spatial networks those
graphs that lie in a metric space, which allows to measure pairwise distances
between nodes. The location of a node can either be a concrete information
such as the longitude and latitude of a point on the terrestrial surface, or
it could be a latent information. In fact, when there are no geographical
coordinates or we are dealing with features of different nature (continuous,
discrete, categorical, qualitative...), a distance function might not exist and
embedding the network into a metric space would associate a latent coordinate
to each node and allow to quantify their similarity through a properly defined
distance. For example, when talking about friendship networks, we might not

have the spatial information, but we could measure the proximity of individuals



S

Figure 1.1: A subsample of the US airports connections data in 2010 (exclud-
ing Hawaii and Alaska). The dataset comes from http://toreopsahl.com/
datasets/. The size of the node corresponds to the degree, and the airports
with highest degree are highlighted with their names.

in terms of interests, studies or jobs.

1.2.2 Statistical network models

Because of the complex nature of the phenomena described by networks, the
collection and storage of network data has seen a huge increase only in the
last two decades thanks to advances in the computing technology. This has
triggered the widespread interest of quantitative research communities, who
have worked to provide models that could describe, understand and predict

this type of data. Measuring the network properties described so far does not
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let us understand why these behaviours emerge or how they are related. To do
so, we want to construct models that allow us to generate multiple observations
of graphs having a certain characteristic, study their theoretical properties or
design hypothesis tests for them. Random graph models are tools to answer
such questions. I will present a brief overview of some of them, and refer for

more details to [Newman, 2010].

The first random graph model was proposed more than 60 years ago in [Erdos
and Rényi, 1959], who constructed networks by fixing a number of nodes n
and sampling edges between each pair of vertices with a probability p € [0, 1].
This structure stimulated the exploration of many theoretical properties, but
was too simple to describe real data. For example, its degree distribution does
not resemble empirical observations (it is a Poisson distribution in the limit,
very far from a scale-free) and its clustering converges to 0 as the number of
nodes increases.

To overcome the former challenge, a big advancement in random graph models
was the family of configuration models. These models fix a degree sequence and
construct a network that can achieve it. Therefore, they can obtain any degree
distribution (including the celebrated power-law) and under some conditions
they are proven to be small-world ([Chung and Lu, 2002]). Nevertheless, their
clustering coefficient is still converging to 0 as the size of the network grows.
Other properties of configuration models have been studied in [Molloy and
Reed, 1995], [van der Hoorn and Olvera-Cravioto, 2018] and [Kryven, 2017].
Configuration models introduce heterogeneity in the probability of connection
between nodes, since the probability of connection is a function of the degree
of the nodes. This mechanism, though, does not account for the presence of
communities in a graph: blocks of nodes that are highly interconnected among
them, but display less connections with the outside.

The stochastic block model (SBM) by [Holland et al., 1983] was developed to
describe these communities, defining for each node a probability of connection
that varies according to the membership of the other extreme of the edge:

higher for nodes in the same community of the starting node, lower for the



rest. Many modifications of the original model have been proposed. I only
mention the work by [Karrer and Newman, 2011], who developed a version of
the SBM which leads to a better fit of real data, and that of [Airoldi et al.,
2008], who proposed a model with overlapping communities.

Another approach to describe networks was proposed by [Watts and Strogatz,
1998], who proposed the small-world model, able to achieve strictly positive
clustering and small distances between pairs of nodes.

The cumulative advantage model ([de Solla Price, 1965]), popularly known
as preferential attachment ([Barabasi and Albert, 1999a]), is the modelling
transposition of the “rich get richer” phenomenon. To study the network of
citations in academic communities, Price drew insights from [Simon, 1955,
who studied the evolution of wealth accumulation: individuals tend to gain an
amount of wealth proportional to what they have invested, resulting in an even
starker inequality between rich and poor people. The generative process of
preferential attachment, which adds at each time step a new node and connects
it to a possible neighbour with probability proportional to its degree (hence,
the already rich node becomes richer), mirrors this type of growth and induces
a power-law degree distribution.

Sometimes the formation and evolution of a network is determined by an
optimisation problem determined by the field of application. For example,
supply chains and airlines construct their networks balancing the need to
save money (i.e. minimising the number of edges) and keep customers happy
(minimising the time to traverse the network). Generative mechanisms that
try to solve this kind of trade-offs are called network optimisation models,
and some examples can be found in [Solé et al., 2003], [Gastner and Newman,
2006], [Aldous, 2008] and [Liu and Zhao, 2012].

The class of exponential random graphs was created to address the issue of
statistical inference on networks using the flexible exponential family of distri-
butions. Exponential random graph models prescribe a way to sample from a
distribution over a family of graphs which possess a statistic of interest (for
example, a predetermined expected number of triangles). There exist some

hindrances that limit the applicability of this random graph model: in many

10



cases, the realisations are either very dense (almost complete) or empty. For
an account of the degeneracy problems, see [Chatterjee and Diaconis, 2013],
and for general examples and reviews refer to [Holland and Leinhardt, 1981],
[Strauss, 1986], [Lusher et al., 2013], [Harris, 2013].

The last model for graphs I am describing is the graphon, whose characteristics
and limitations will motivate part of this thesis. In recent times, the size
of networks has increased in a vertigious way: the Internet network crossed
the threshold of 1 billion web pages in 2014!, and at the beginning of 2020
Facebook had more than 2.5 billion users. It is not easy to keep track of
the sizes of these networks, as they are constantly growing or shrinking and
developing or destroying new connections. This is why researchers became
more and more interested in models that could handle large and evolving
graphs, and study their properties in the asymptotic regime. Motivated by this,
limit models for graphs have been explored. The graphon was introduced in
[Lovasz and Szegedy, 2006] and [Borgs et al., 2017] as the limit of dense graph
sequences, namely graphs whose number of edges grows as the squared number
of nodes. The graphon made its break-trough in the Bayesian community
when [Diaconis and Janson, 2008] drew its connection with the notion of
exchangeability for random matrices ([Aldous, 1985a]), which underpins a part
of the Bayesian modelling framework for networks. Chapters 2 and 3 are built
on an extension of this theory, known as graphex process, and therefore I will

review the graphon more thoroughly in section 1.3.3.

1.2.3 Statistical disclosure risk limitation

A risk of disclosure arises whenever an institution wants to publish a file of
microdata, i.e. data whose observations are at individual level, for example
census or surveys. Having access to data is a fundamental principle for the
advancement of analysis and research which will benefit the society, but on the
other side of the medal we have the moral imperative of preserving the privacy

of those in the dataset. A malicious intruder, for example, could be able to

'https://wuw.internetlivestats.com/
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match the published data with prior information or other datasets already
available and disclose the identities, and therefore the sensitive attributes, of
some individuals. This intrusion would not only cause a violation of privacy,
but also destroy the confidence of people participating to data collections, and
therefore providing reliable estimation of this risk is pivotal. Contrary to the
area of network science, which has seen a huge increase of attention only in
the last twenty years, the field of data confidentiality has been explored for
almost half a century, thanks to the easier collection of data and the huge
societal impact. Different types of risk of disclosure exist, leading to diverse
methods to tackle them. [Matthews and Harel, 2011] and [Willenborg and
Waal, 2001] distinguish among two main categories: risk of re-identification and
risk of predictive disclosure, the former focused on measuring the possibility of
disclosing the identity of individuals by matching records with their owners
and the latter on estimating with accuracy the values of sensitive attributes,

even without performing an exact match.

As explained in [Willenborg and Waal, 2001], an intruder could infer the
predictive distribution of a sensitive attribute (let us say, income) from the
microdata by regressing the variable of interest on the rest of the variables
(say gender, age, job and residence). This constitutes an example of predictive
disclosure. [Duncan and Lambert, 1989] quantify the knowledge gain that a
potential intruder gets from the release of microdata as the relative difference
between the uncertainty in the posterior predictive distribution and the un-
certainty in the prior predictive distribution. Exceeding a threshold on this
relative gain in information would flag the dataset and require further measures
to be taken.

Differential privacy is another important player in the context of predictive dis-
closure. [Dwork, 2006] and [Dwork et al., 2006] shift from an absolute definition
of privacy to a relative one, according to which the risk that somebody takes
on by sharing their data should be the same as the risk of another individual
not participating to the data collection. Take a randomised function I, i.e. a

function that takes as argument a dataset and outputs a randomised version

12



of it. As defined in [Dwork, 2006], a randomised function K is e—differentially
private (e > 0) if for all microdata Dy, D, differing in at most one observation

and for all sets S in the image of :
P(IC(D;) € S) < eP(K(Dy) € 5).

Since the ratio between the two probabilities is bounded from above, the
decisions based on the two versions of the dataset (one containing the data of a
certain individual and one not) have almost the same probability of happening.
If the query requested about some data is the number of 1s in the dataset, an
example of randomised e—differentially private mechanism could be to release a
value sampled from a Laplace distribution with mean the true number of rows
and variance 1/e (the proof can be found in [Dwork et al., 2006]). The field
of differential privacy has seen an incredible amount of research attention in
the last 15 years. Yet, the number of critiques to the method is not negligible.
Models that claimed to be differentially private were discovered not to be
so ([Ding et al., 2018]) and there has been a general call for transparency
in the applied fields ([Dwork et al., 2019]). Many of the critiques revolve
around the difficulty in transposing the results obtained at academical and
research level to the practical applications requested by companies and national
statistical services. [Garfinkel et al., 2018] explored the practical challenges
regarding the choice of the parameter ¢ and of the randomised mechanism,
the need of powerful computing resources and well trained personnel and the
expectation of the users that will work on the released data. In October 2018,
the Integrated Public Use Microdata Series (IPUMS), the largest database
of microdata in the world, criticised the decision of the US Census Bureau
to implement differential privacy techniques on US microdata, claiming that
the statistically-safe usability of public data would have been in danger. More
than 4000 academics, researchers and organisations signed their request to
delay the start of this procedure. Eventually, the US Census Bureau pushed
back the implementation of such mechanisms to 2025, but went on with the
decision to pursue the release of the 2020 Census data employing differentially

private randomisations, not without criticism ([Kenny et al., 2021] and [Mueller
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and Santos-Lozada, 2022] studied the effects of the latest disclosure avoidance
system used by the Bureau on the 2010 Census data and reported flawed

results in the estimation of the individuals’ race and ethnicity).

Setting aside predicting disclosure and focusing on the methods to tackle the
risk of identification, k-anonimity is commonly used by companies dealing with
sensitive data?. This method ([Samarati and Sweeney, 1998], [Sweeney, 2002]),
prescribes that each record in the microdata should not be distinguishable
from at least other k — 1 individuals in the sample. If the original data
do not satisfy it, k—anonimity is obtained by suppression or generalisation.
Suppression, as the name suggests, prescribes to cancel the entries of some
cells, while the generalisation technique groups categories of an attribute
into a coarser classification (for example, instead of the city it could show
the province). Despite the apparent simplicity, choosing how to modify the
dataset is an incredibly difficult problem ([Meyerson and Williams, 2004]) and
new algorithmic proposals have been explored to circumvent it (for example,
[Bayardo and Agrawal, 2005], [Kenig and Tassa, 2012]).

Another stream of disclosure methods originated with [Bethlehem et al., 1990],
who identified as participants at highest risk those that appeared only once in
the microdata sample and were also unique in the underlying population. From
now on, I will identify the number of sample uniques which are also population
uniques as 77. In table 1.1 I provide an illustrative toy example to understand
this quantity. Estimating 7; can help in quantifying the risk associated with
a specific dataset and address the question of publication, for example by
imposing a relative threshold over which the data will not be released or will
be modified using other privacy-preserving methods. The challenge of this
approach is the need to estimate the unobserved part of the population, and
different ways to do it were explored in [Samuels, 1998], [Skinner and Elliot,
2002a], [Rinott and Shlomo, 2006], [Carota et al., 2015]. The estimation of 7 is

the framework on which I have worked for part of this thesis, in chapters 4 and 5.

’https://centre.humdata.org/learning-path/disclosure-risk-assessment-overview/
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Gender # Kids Education  Residence

O F 1 Degree Oxford
* M 7 PhD Birmingham
Sample O F 1 Degree Oxford
O F 1 Degree Oxford » Population
\ ° F 3 Diploma  Manchester
°
®

Ve

Table 1.1: Example of microdata file, where the first 5 rows correspond to the
observable sample and the last 2 to the rest of the population. The symbols on
the left uniquely identify the possible records (there are 4 in the population,
and 3 appear in the sample). In this case, the number of sample uniques which
are also population uniques 7y is 1, corresponding to the individual identified
by *.

The estimation of 7 is directly linked to species sampling problems, a broad
statistical question that looks at the estimation of functionals of discrete
distributions regarding unobserved samples. A long-standing example is the
estimation of the number of unseen species ([Fisher et al., 1943], [Goodman,
1949], [Good, 1953], [Good and Toulmin, 1956], [Efron and Thisted, 1976],
[Orlitsky et al., 2016]). The most prolific field of application of species sampling
problems is biology, where they have been used for example to estimate variants
in the genome ([lonita-Laza et al., 2009]), complexity of genomic sequencing
([Daley and Smith, 2013]) and bacterial presence ([Gao et al., 2007]). Other
applications have been explored, such as unseen words in a corpus ([Efron
and Thisted, 1976]) or password habits [Florencio and Herley, 2007]. In these
examples, the population is sampled from a discrete distribution: there are
a countable (possibly infinite) number of species, and each of them has a
probability p; of being observed, such that 2321 p; = 1. The estimation
procedures of such distributions can be fully nonparametric, avoiding any
assumption on the mechanism originating the data, or impose some parametric
shape on it. When it comes to parametric approaches, power-law distributions
are once again a documented choice for this problems ([Martin and Goldenfeld,
2006], [Gnedin et al., 2007]).
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1.3 Background

The vast majority of the methods in this thesis are built under the Bayesian
framework. A Bayesian model is defined through the specification of an a
priori belief over the parameter 6, the prior distribution 7(#), and a function
describing the likelihood of observing some data points x conditioned on 6, the
likelihood function p(x|6). Employing Bayes theorem, the updated uncertainty
over the parameter is obtained in the form of a posterior distribution over

conditioned on the observations x:
7(0)z) o< p(x|f)m(6).

When the dimension of the parameter 6 is finite, parametric Bayesian inference
is used. In this thesis, I will use Bayesian nonparametric methods, designed
for infinite dimensional parameters. For a comprehensive review of Bayesian
inference, see [Gelman et al., 2003] and [Robert et al., 2007]. Specifically on
Bayesian nonparametrics, see [Ghosal and Van der Vaart, 2017] and [Hjort
et al., 2010].

1.3.1 Completely random measures

Completely random measures (CRMs) are a building block of Bayesian non-
parametric theory, being one of the tools to construct prior distributions over
functional spaces and discrete random structures. Firstly, I will revisit the

concept of Poisson Process, a famous atomic random measure and crucial
ingredient of CRMs.

Definition 1 (Poisson process. [Kingman, 1993]). A Poisson process N on a
measurable space (S,S) is a random measure such that for every collection of
measurable disjoint sets Ay, ..., A, € S it has N(A;) £ Poisson(v(A;)),i =
1,...,n, where v is a measure over (S,S). v is called the mean (or intensity)

measure of the process. We identify such Poisson process as N ~ Poisson(v).

Definition 2 (Completely random measure [Kingman, 1967]). A completely

random measure p over a measurable space (S,S) is a random measure on
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the same space such that for every disjoint measurable sets A and B, p(A) is

independent of u(B).

A characterization theorem for CRMs is available, which highlights the con-

nection with Poisson processes.

Theorem 3 (Theorem 4 [Kingman, 1967]). A CRM u on (S,S) can be de-

composed as the sum of three independent components:

po= po + Zvjéxj + /wN(dw, df) (1.2)

J=1

where gy is a purely deterministic measure, Z;’il V0., 18 an atomic random
measure with (v;); independent random variables on Ry and (x;); a countable
set of fized atomic locations in S. The last term of eq. (1.2) is derived from a
Poisson process N on Ry x S with mean measure v(dw, df) which satisfies the

following condition:
/ min{w, 1}v(dw, df) < oo
B JR;

on any measurable set B C S. v is referred to as the Lévy measure of the
CRM.

Of special interest in this thesis are homogeneous CRMs, a specific class of

CRMs whose Lévy measure can be factorised into two components.

Definition 4 (Homogeneous CRM). Consider a CRM p as in eq. (1.2). When
v(dw,df) can be decomposed into independent components p(dw)H (df), then

W 15 called homogeneous.

Following [Caron and Fox, 2017], for the rest of this work I will concentrate
on homogeneous CRMs on R, x S uniquely represented by the third term of
eq. (1.2). Such CRMs can be equivalently written as

=1

with Lévy measure p(dw)H (df).
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Examples of completely random measures

The generalised gamma process (GG) ([Hougaard, 1986], [Aalen, 1992], [Lee
and Whitmore, 1993], [Brix, 1999]) is an example of family of CRMs, well
studied due to its computational tractability. It is a homogeneous CRM of the
type of eq. (1.3) with Lévy measure

1

pec(dw)H (df) = =0

w7 e dwH (df) (1.4)
with (o,¢) € (—00,0] x (0,00) or (o,¢) € (0,1) x [0,00). Noteworthy subcases
are the gamma process obtained with ¢ = 0 and ¢ > 0, the stable process with
o € (0,1) and ¢ = 0, and the inverse-Gaussian process with ¢ = 1/2 and ¢ > 0
([Lijoi et al., 2005]).

Another example is the generalised gamma Pareto process (GGP), introduced
in [Ayed et al., 2019] as an extension of the BFRY distribution by [Bertoin,
2006] and [Devroye, 2009]. It is characterised by the Lévy measure

1

mw—w—w(a(f — 1), cw)dwH (db) (1.5)

pGGP(dw)H(dé’) =
where 0 € (—00,1),7 > 1,¢ > 0 and y(k,y) = [J v e "du is the lower
incomplete gamma function. Samples from the GG and GGP have a distinct

power-law behaviour, and I will illustrate it in section 1.3.2.

CRMs have been widely used in Bayesian nonparametrics as a tool to construct
priors over a set of distributions (see, for example, [Ghosal and Van der Vaart,
2017], [Hjort et al., 2010]). In this case, one needs to normalise a CRM
(whose total mass is tipically not 1) to obtain a normalised completely random
measure (NCRM). A notorious example of NCRM is the Dirichlet process
([Ferguson, 1973]). Normalisation is not the only way to obtain such priors,
and some alternative constructions have been proposed that also enhance the
understanding and interpretation of CRMs. One of such examples is given

by the construction of the Pitman—Yor process (of which the Dirichlet is a
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subcase): the stick-breaking representation proposed in [Pitman and Yor, 1997].
For ae € [0,1) and 6 > —a, let (2;);>1 be random variables independently and
identically distributed from a non-atomic distribution on a space S. Let (v;);>1
be independent of the (z;); and distributed according to the following rule:

ind

v; ~ Beta(l —a, 8 +ia).
Setting

P1 =1

B (1.6)
pi=v 5 (1—w) j>1

ensures that j>1P; =1 almost surely. Then

Pa,9 = ij(sz]-

Jj=1

is a Pitman—Yor process on S with discount parameter a and scale parameter
0. The Dirichlet process arises as a sub-case by letting o = 0.

The Pitman—Yor process is as well linked to the power-law phenomenon. In
fact, for o € (0,1), let (p(j));>1 be the random probabilities p;’s of eq. (1.6)
in decreasing order. Then, as j grows to infinity (and p(;) decreases), p(;) has
power-law behaviour with exponent o=*. The Pitman—Yor process generalizes
the Dirichlet process by means of the “discount” parameter o which controls
the tail behaviour of P, , ranging from a geometric tail (in the case a = 0 for
the Dirichlet process) to a heavy, power-law tail (the higher a, the heavier the
tail).

1.3.2 Regular variation

As motivated in section 1.1, the definition of power-law distribution used in
this thesis will correspond to eq. (1.1). Such definition belongs to the world of
regularly varing functions, of which I am about to give the formal definition.

Examples and connections with CRMs will follow.
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Regularly varying functions are characterised by a limiting behaviour (at
infinity or 0) that resembles a power law with an additional slack. For a

detailed account, see [Bingham et al., 1987].

Definition 5 (Slow variation, [Bingham et al., 1987]). A positive function f
on (0,00) is said to be slowly varying at infinity if lim,_, f(ty)/f(y) =1 for
any t > 0.

Examples of slowly varying functions are log® x,a > 0, or any function with

positive constant limit at infinity.

Definition 6 (Regular variation, [Bingham et al., 1987]). A positive function
fis reqularly varying at infinity with exponent o if it can be written as
fly) = y*l(y), with ((y) slowly varying at infinity. f is reqularly varying
at 0 with exponent « if f(1/y) is reqularly varying at infinity with exponent
a € R, or equivalently f(y) =y~ *4(1/y).

Intuitively, with this definition we are allowing a power function to be smudged
by a slowly varying function, which does not change too quickly at infinity.
Note that a function can be regularly varying at both extremes with different

exponents.

In this work, the interest is focused on regularly varying CRMs. This translates
in the analysis of regular variation measured on their respective tail Lévy
measures p(y) 1= fyoo p(dw). For two functions f and g, let f ~ g indicate that
lim, o f(z)/g(x) = 1. In the case of the GG of eq. (1.4), as y approaches 0 p

is

my"’ foro >0
pac(y) ~ log(l/y)  foro =0 (1.7)
—7 /o for o <0

Hence, the GG is regulary varying at zero with exponent max{0,c}. Due to
the exponential decay at infinity of eq. (1.4), the GG is not regularly varying
at infinity.
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The GGP of eq. (1.5) has tail intensity such that

~ a1y’ asy — 0
paar(y) ~ (1.8)
coy T asy — o

for some positive real constants cy, co. Therefore, the GGP is regularly varying

both at infinity and at 0, with exponents —o7 and o respectively.

1.3.3 Graphon and graphex

An important concept in Bayesian statistics is that of exchangeability, which
intuitively describes a relationship among random variables such that the
order of appearance does not matter. In many settings, this invariance with
respect to an order is a very reasonable assumption, and in statistical models
it is desirable because of its implications of computational and theoretical
tractability. 1 will present here more formally the concept of exchangeability

and some representation theorems, and for more details refer to [Aldous, 1985b].

Definition 7 (Exchangeable sequence [Aldous, 1985b]). Let (X;)i>1 be an
infinite sequence of random wvariables taking values in a space X with o—

algebra X. The sequence is exchangeable if
]P)(Xl < Al,XQ € AQ, - ) = ]P)(Xw(l) < Al,Xﬂ(g) < AQ, .. ) (19)

for every collection of sets A; € X and any permutation m over N, :=

(1,2,...}.

The structure of exchangeability is linked to a representation theorem. In the
case of the sequences just described, this was proposed in [de Finetti, 1931],
[De Finetti, 1937].

Theorem 8 ([De Finetti, 1937]). A sequence (X;);>1 is exchangeable if and
only if
P(X, € A1, Xy € Ay,...) = / [ »(A)v(dp)
Px

i>1
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with Px the space of probability measures on (X, X), X complete and measurable

and X its Borel o—algebra, and v a probability measure over Px.

In words, this theorem means that exchangeable sequences are mixtures of in-
dependent and identically distributed random variables. Therefore, in Bayesian
inference exchangeable sequences are obtained by first sampling a probability
measure p from the prior distribution v, then sampling the observations from
the likelihood p.

To describe networks, though, the concept of sequence has to be extended. The
most employed and easiest representation of a graph is through its adjacency
matrix 7, a square binary matrix representing the pairwise connections between
nodes: if an edge is present between nodes ¢ and j, the entry Z;; will be 1,
otherwise 0. From now on, I will use Z to indicate binary variables and X to

indicate any variable (not necessarily binary).

Definition 9 (Exchangeable matrix [Aldous, 1985b]). Let X = (X;;)ij>1 be a
matriz of random variables and define R; := (X,j,7 > 1) the sequence of row
vectors and C; := (X;;,1 > 1) that of columns. X is jointly exchangeable if
both R; and C; are exchangeable sequences according to definition 7, for any

permutation w applied to both R and C.

In the context of random graphs, this type of exchangeability is known as node
exchangeability, as it corresponds to a reshuffling of the nodes according to a
given permutation m. The representation theorem for random matrices was
proposed in [Aldous, 1981] and [Hoover, 1979].

Theorem 10 ([Aldous, 1985b]). A matriz X = (Xi;)ij>1 is jointly exchange-
able if and only if there exists a random function f : [0,1]*> — X such that

(Xij)ij £ f(U, Uy, Uyy) (1.10)

where (U;); and (U;;):5, Uji = Usj are respectively a sequence and a matriz of
independent and identically distributed Uniform|0, 1] random variables, inde-

pendent of f.

[Diaconis and Janson, 2008] opened the door for a connection between the

Aldous-Hoover theorem 10 and the graphon function, the limit of dense graph
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sequences introduced in section 1.2.2 ([Lovdsz and Szegedy, 2006]; [Borgs et al.,
2010]). Consider a jointly exchangeable graph without loops (edges from a
node to itself); according to theorem 10 there exists a function f satisfying
eq. (1.10) which maps into X = {0, 1}. Then, the graphon W is defined as the

symmetric, measurable function from [0, 1]? to [0, 1] such that

Wiz,y) == P(f(z.y.U) = 1|f) = / £, , w)du

with U distributed as a Uniform|0, 1] and W(x,z) = 0. From this perspective,
it is possible to rewrite theorem 10 specifically for exchangeable random graphs
(see Corollary II1.6 in [Orbanz and Roy, 2015]). Any node-exchangeable network

with adjacency matrix Z is represented by a graphon function W such that
Zij | (ﬁk)k:LQ,... ~ Bernoulli(W(ﬁi, 19])) (111)

where (9;); are independent and identically distributed Uniform[0,1]. And
the reverse holds true as well, since every symmetric measurable function from
[0, 1]2 to [0, 1] describes a node-exchangeable network.

This representation is very powerful, but hides an important cost: a con-
sequence of theorem 10 is that networks generated under this framework are
either empty or dense. In fact, since in a graph with n nodes there are up
to (g) edges, the expected proportion of edges in such network is given by
(g) %e, with € := f[o’l]g W(z,y)dzdy. As n grows to infinity, this quantity can
be either 0 if € is 0, or ©(n?) if € is positive, making the graph respectively
dense or empty and the model inherently misspecified for real graphs which

are usually sparse.

Some approaches to tackle this problem have been explored. Models like
preferential attachment ([Barabasi and Albert, 1999b], [Berger et al., 2014]) or
configuration ([Bollobéas, 1980], [Newman, 2010]) achieve sparsity by setting
aside exchangeability. Another possibility is to rescale the graphon function so
that the probability of connection becomes smaller as the size of the graph
grows ([Bollobas and Riordan, 2009], [Borgs et al., 2019]). These models

23



are finitely exchangeable but lack in projectivity, the property assuring that
inference performed on a graph of dimension n remains coherent when moving
to a version of the same graph with more nodes. Another possibility is to rely
on edge exchangeability instead of node exchangeability, as done in [Crane and
Dempsey, 2015], [Broderick and Cai, 2016], [Williamson, 2016], [Janson, 2017].

A different solution was advanced by [Caron and Fox, 2017] who, instead of
using the adjacency matrix, represented the graph as a point process on the

real positive plane:

Z=>" Zidss) (1.12)
2,JENL
where Z;; has the same binary values of the adjacency matrix and ¢; € R,

represents the label of node i. The notion of exchangeability is translated to

the world of point processes.

Definition 11 (Exchangeable point process [Caron and Fox, 2017]). A point
process Z as eq. (1.12) is jointly exchangeable if and only if

d
X(Ai x Aj) = X(Ary) X Az(j),

where A; = [h(i — 1), hi], for any h > 0 and any 7™ permutation on N..

The representation theorem associated with this definition is the continuous
time (and more involved) version of theorem 10 of [Kallenberg, 1990]. As
illustrated in [Caron and Fox, 2017], this notion is the keystone that allows
their construction to describe the full spectrum of empty, dense and sparse
graphs.

[Veitch and Roy, 2015] and [Borgs et al., 2019] expanded the theory around
[Caron and Fox, 2017] and showed that this new framework is a generalisation
of the graphon framework. They were the first using the term “graphex” for
this larger class of random graphs. The properties of graphexes were further
studied in [Janson, 2016], [Janson, 2017] and [Borgs et al., 2018]. Following
the notation of [Veitch and Roy, 2015], the graphex process is identified by the

sparse graphon function, a symmetric measurable function W : R%r — [0, 1]
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such that
Zij|(19k)k:1,2,... ~ Bernoulli(W(@?i, 79]))

where (Ug)k=12,. are points of a unit-rate Poisson process on R . The sparse
graphon W generalises the graphon W of eq. (1.11) by extending its defini-
tion on the whole positive real plane. The graphex process is the modelling

framework under which chapter 2 and chapter 3 will be developed.

1.4 Contributions and thesis outline

This thesis comprises four main chapters, each representing independent work.
Chapters 2 and chapter 3 focus on networks, the former containing contribu-
tions in terms of new Bayesian nonparametric modelling techniques for spatial
networks, and the latter proving some asymptotic characteristics of the graphex
process. Chapter 4 and 5 detail new statistical methods to quantify disclosure
risk, the first in a power-law setting, while the second without distributional
assumptions. Chapter 2 has not been submitted, chapter 3 has been submitted
to a journal and chapters 4 and 5 have been published. Finally, in chapter 6 I
offer a final summary of the whole work and draw some directions for future

exploration.

In the next subsections I am going to briefly present the methodologies, results

and impact of the following chapters.

1.4.1 Sparse spatial random graphs

In chapter 2, joint work with F. Caron and J. Rousseau, I present an extension
of the original base model for sparse random graphs of [Caron and Fox, 2017]
in the context of spatial networks. We attach to each node a location living
in a metric space and define a connection probability function that allows
for a dependence on the distance between nodes that can be tuned with a
parameter.

The methodology behind it lies in the world of Bayesian nonparametrics, in
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particular in the theory of completely random measures. We obtain inter-
pretable parameters and appealing network characteristics such as a power-law
degree distribution, positive clustering coefficients and sparsity. All of these
features can be easily tuned. To sample from the model we propose an
efficient algorithm that relies on spatial grids to reduce the computational
complexity. For the posterior inference of the variables and the parameters,
we use the approximation for CRMs proposed by [Lee, 2019] and construct a
Markov Chain Monte Carlo algorithm targeting the approximated posterior.
We show that this inference scheme works on simulated data. Finally, we

discuss our proposal in the context of the broader literature on spatial networks.

We propose this model because we think that the presence of the edges in
the base proposal of [Caron and Fox, 2017] can be enhanced by considering
nodes’ proximity in space. This is true, for example, in transportation networks
or social networks, where closeness in space usually corresponds to a higher
likelihood of connection. Our model, though, does not need to be specifically
considered as spatial in the proper sense of the word. In fact, locations could
be the result of the embedding of any network (without concrete spatial inform-
ation) in a latent metric space, for example when we want to quantitatively
measure the affinity among qualitative features of nodes. At the same time, any
quantitative covariate (not necessarily a location) could be employed, making

our model a flexible option for various applications.

1.4.2 On sparsity, power-law and clustering properties

of graphex processes

In chapter 3, I present the joint work with F. Caron and J. Rousseau on
some asymptotic properties of the graphex process. In the general graphex
framework, introduced in section 1.3.3, we show under which assumptions
the resulting graph is sparse or dense and has power-law degree distribution,
possibly with different exponents for high and low degrees. We provide the
asymptotic values of the global and local clustering coefficients, and derive

central limit theorems for the number of nodes and subgraphs. Interestingly,
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many of these results rely solely on a regularly varying behaviour of the

marginal graphon function p, defined as

(V) == /Ooo W (d, y)dy.

Intuitively, u(19) is proportional to the expected degree of a node with parameter
¥ and its regular variation translates onto the degree distribution.

After having proved the main results, we illustrate many examples of possible
sparse graphon functions, exploring sparse and dense networks and studying
more in depth the model by [Caron and Fox, 2017] under different choices
for the distribution of the node weights. We also show how the graphex
framework can be extended to include local structures such as communities or
new covariates (for example space, as proposed in the previous section 1.4.1),

and prove some asymptotic results in this more general setting.

1.4.3 Bayesian nonparametric disclosure risk assessment

In chapter 4, I present a way to estimate the number of sample uniques which
are also population uniques 7y, introduced in section 1.2.3. This work is joint
with S. Favaro and T. Rigon. The proposed estimator, first introduced in [Cer-
quetti, 2013], is based on the Pitman—Yor process (presented in section 1.3.1).
Under this prior, we are able to compute in closed form the posterior dis-
tribution and the expected value of the estimator. In particular, we show
how the posterior can be written as a mixture of the hypergeometric and
generalised factorial distributions. To provide uncertainty quantification of
the estimate, we rely on Monte Carlo techniques to sample from the posterior,

whose parameters are estimated using the empirical Bayes approach.

Our work provides an estimator for the number of sample uniques that are
also population uniques which is easy to implement and compute, even on
massive datasets. Moreover, it has a nice interpretation as the proportion
of the uniques in the sample weighted by a quantity easily explained by the

Pitman—Yor parameters’ values. We prove that our estimator works well when
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the underlying distribution over the population has power-law or geometric
tails (when the Pitman—Yor collapses to the Dirichlet process), by running
experiments that compare different estimators on simulated and real data. By
doing so, we show how our estimator is useful to overcome the underestimation
of 7 which is usually obtained by other approaches in the literature. Alongside,
we provide an easy way to empirically validate if the assumption of power-law
or geometric tails is satisfied, and therefore to check when our model is correctly
specified for the data in question. As real data, we opt for a dataset from
the 2018 American Community Survey, a random sample of the American

population.

1.4.4 Optimal disclosure risk assessment

In the context of disclosure risk, in chapter 5 I present the work done jointly
with F. Camerlenghi, S. Favaro and Z. Naulet on a new estimator for the
number of sample uniques which are also population uniques 7. We do so by
exploiting fully nonparametric techniques which do not impose any distribu-
tional assumption on the population distribution (differently from the work
just introduced in section 1.4.3) and result in an estimator which is very easy
to compute, without the need of any Monte Carlo technique. Our proposal has
also an interesting connection with the empirical Bayes approach in the sense

of [Robbins, 1956], which can be used to equivalently derive the same estimator.

Chronologically, this paper came before chapter 4, as we first felt the need to
solve the problem of estimation of 71 under a very general setting. After having
finished it, we decided that imposing some distributional assumptions would
have been an interesting addition to the literature, and looked at the power-law
behaviour as a well motivated choice for it. Moreover, the parametric approach
allowed us to perform uncertainty quantification, which is something we are

not able to provide in the fully nonparametric setting.

This paper represents an important step in the literature, since it provides

the answer to the long standing question of nonparametric estimation of 7
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posed by [Skinner and Elliot, 2002b]. We close the open problem by proposing
a nonparametric estimator which has desirable properties. Firstly, under
the assumption of a reasonably sized sample, we show that our estimation
procedure is optimal in the sense of vanishing normalised mean squared error
with matching upper and lower bounds. Secondly, we prove that when the
sample size is too small it is not possible to perform efficient nonparametric
estimation (meaning, again, with vanishing normalised mean squared error).
From a theoretical point of view, it is worth mentioning that the construction
used to bound from below the mean squared error of the estimator exploits
complex approximation techniques, since the problem can be rewritten as an
estimation of the best polynomial approximation to a certain functional. This
represents an advancement in the field of approximation theory, developing
for the first time a proof for a more complicated case than what is usually

encountered in the literature.
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Chapter 2
Sparse spatial random graphs

Unpublished and unsubmitted work.
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Abstract

We present a statistical model for graphs with sociability and spatial components, founded
on the theoretical framework of the graphex process and completely random measures. We
prove a number of asymptotic results for the number of nodes, edges, degree distribution
and clustering properties, showing that the model allows for the description of both dense
and sparse networks with a tunable sparsity level and power-law degree distributions for
low degree nodes. We offer a time-efficient way to simulate from the model and an approx-
imate Markov chain Monte Carlo algorithm to perform posterior inference. Finally, we
show the performance on simulated data and we compare our theoretical framework with
other similar spatial network models.

Keywords: Networks, spatial structure, Bayesian nonparametrics, completely random mea-
sures, point processes, sparsity, power-law, graphon.

1 Introduction

A graph is a mathematical construction to describe a set of entities, called nodes or vertices, and
the pairwise relations among them, identified by edges drawn between nodes. When this mod-
eling construction is translated into a more applied context, the term network becomes more
common. In this work we will use both terms with the same meaning. Networks, as many
mathematical constructions, possess the ability to describe a huge range of applications, from
social networks to biological interactions, from transportation networks to internet connections,
from molecule structures to article coauthorships and many more. Due to their complex rela-
tional nature, real world network data were hard to collect and store until a few decades ago,
but recently the availability of them surged dramatically thanks to the advancement in storage



and computing technology. And as data availability started to increase, so did the interest of the
statistical research community.

Starting from Erdos and Rényi (1959) more than 60 years ago, various models have been
proposed in probability and statistics to fit these complex relations in the most precise way
yet taking into account noise. Empirical analyses in the last decades have highlighted a set
of characteristics that seem to be common among real-world data across domains: scale-free
degree distribution, that describes the otherwise unexplained presence of nodes with very high
degrees and multitude of nodes with small degrees; the small-world phenomenon, according to
which every pair of randomly picked nodes is connected through a surprisingly short path; non-
vanishing clustering coefficient, the mathematical transposition of the fact that individuals with
a friend in common are more likely to become friends; sparsity in the number of connections
and presence of densely connected communities. A statistical model has to be flexible enough
to encapsulate at least some of these behaviours, but the desiderata of a modelling construction
do not end up there. At the same time, we want to achieve both theoretical and computational
tractability, that allow us to analyse theoretical properties and scale the inference to big datasets
in a limited time. Interpretability of parameters is another desirable property to understand
the obtained results. For a broad literature review of network models, we refer to Bollobas
(2001), Dorogovtsev et al. (2003), Newman (2003), Caldarelli (2007), Durrett (2007), Cohen
and Havlin (2010), Newman (2010), and Fienberg (2012).

In the vast majority of real-world networks, connections are not homogeneous throughout
all nodes, but are usually determined by observed or unobserved variables which differ across
nodes. For example, in social networks we know that jobs, interests, location, age, gender and
other individual variables can influence the connections among agents. A type of heteroge-
neous network model that has been extensively studied is the spatial graph. Spatial networks,
i.e. graphs whose nodes live in a metric space, have been the subject of increasing attention
since their emergence in the 1970s. First approached in quantitative geography (Haggett and
Chorley (1969)), they have since then evolved to represent a useful model to study various ap-
plications such as transportation, mobile phones, power grids, brain connections, the Internet,
social studies, epidemiology and others. In all these examples, the network structure cannot be
described without taking into account the topology of the space in which the nodes are embed-
ded. For an extensive review about spatial networks see Penrose (2003) and Barthélemy (2011).
But while in all these examples space is an observable covariate, this does not always have to
be the case. In fact, some networks without a concrete spatial structure might still benefit from
being embedded into an auxiliary metric space. The connection between two nodes could be
influenced by a similarity among covariates of different nature (discrete, continuous, categor-
ical, with different scales, qualitative...) or even by some unobserved factors, and embedding
the nodes into a metric space allows to define a meaningful distance between them, giving rise
again to a spatial graph. Latent space models for networks originated in Hoff et al. (2002); for
an interesting and convenient embedding of the internet graph see Boguna et al. (2010).

Various statistical and probabilistic models for spatial networks have been proposed. Among
others, the hyperbolic random graph (HRG) by Krioukov et al. (2010) and its Euclidean equiv-
alent, the geometric heterogeneous random graph (GIRG) by Bringmann et al. (2019) and
Komjathy and Lodewijks (2019), proved themselves able to achieve power-law degree distri-
butions, positive clustering and small and ultra small-world behaviours. The scale-free perco-
lation model (SFP) on Z¢ by Deijfen et al. (2013) and its continuum version on R? by Deprez
and Wiithrich (2018) were introduced to study degree distributions, distances properties and
percolation. SFP and GIRG are the spatial counterparts of the proposals previously developed



by Norros and Reittu (2006) and Chung and Lu (2002), where each node 7 is characterised
by a variable w;, interpreted as sociability, that explains the different degrees associated to each
node. These heterogeneous models are able to achieve scale-free degree distributions and small-
worldness but cannot obtain positive clustering. Their spatial versions are developed to solve
this challenge, since taking into account the topology of the space is a workaround to achieve
positive clustering. The sparse latent position model by Spencer and Shalizi (2017) originates
from a different stream of models, the latent position models by Hoff et al. (2002). Being purely
spatial and with no sociability variables, this model does not describe scale-free degree distri-
butions.

Setting aside space and zooming out on the general frameworks to describe random graphs,
the graphon setting (Lovasz and Szegedy (2006), Borgs et al. (2010)) is particularly important
because it describes the whole class of node exchangeable graphs, i.e. structures where the
labels of the nodes do not influence the distribution of the observed connections. Nevertheless,
the definition of infinite exchangeability associated with the graphon (Aldous (1981), Aldous
(2009)) has been proved to generate only dense or empty graphs (see, for example, Orbanz and
Roy (2015)). Networks with sparse connections, though, represent the vast majority of real data
and make the original graphon framework misspecified for real world applications. A number
of extensions of the graphon have been proposed to overcome this limitation. By setting aside
exchangeability, the preferential attachment (Barabdsi and Albert (1999), Berger et al. (2014))
and the configuration models (Newman (2010), Bollobas (1980)) have been proposed. Bol-
lobés and Riordan (2009) and Borgs et al. (2019) extended the original setting obtaining sparse
graphons, able to describe sparse networks but lacking in projectivity, a desirable property to
avoid consistency failures in certain estimation problems (Orbanz (2010), Spencer and Shalizi
(2017)). Another approach, initiated by Caron and Fox (2017), Borgs et al. (2016) and Veitch
and Roy (2015), introduced the graphex process, a framework in which a graph is represented
as a point process on a plane and therefore relies on a different shade of exchangeability (ex-
changeability for point processes, indeed). It generalises and extends the graphon approach,
allows for power-law degree distributions and is projective.

In this work we connect the literature of graphex processes and spatial networks to present
a novel methodology to describe sparse spatial random graphs. The model inherits all the desir-
able properties of the original graphex proposal of Caron and Fox (2017): projectivity, sparsity,
interpretability of the parameters and uncertainty quantification. The sociability variables, al-
ready present in the base model, ensure scale-free degree distributions for low degree nodes.
The addition of a latent spatial component enriches the description of the connections, draw-
ing insights from the topology of the space. Having both sociabilities and locations allows to
disentangle the different contributions to edge connections: the connections of a node can be
explained both by its sociability and its position in the metric space.

The paper is structured as follows. In section 2 we present the model and its specific con-
struction. Section 3 proves theorems on the asymptotic behaviour of the process, in particular
regarding degree distributions, sparsity and clustering. In section 4 we introduce an efficient
way to sample from the process and in section 5 we propose a way to perform approximate
posterior inference of the variables and parameters. Section 6 discusses the performance of the
model with experiment on simulated data. Finally, in section 7 we compare our proposal with
different spatial models.



Notation

Consider the stochastic processes (X4 )a>0, (Ya)a>0, @ € R, defined on the same probability
space and such that lim, ,,, X, = lim, , Y, = co. We will use X, = o(Y,) if and only
if limy 00 Xo/Ys = 0 almost surely, X, = O(Y,) if and only if limsup,,_, ., Xo/Y, < 00
almost surely, and X, = O(Y,) if and only if X, = O(Y,) and Y, = O(X,,) almost surely.

2 The model

In order to introduce our network model we refer to the similar setting introduced in Caron and
Fox (2017), Veitch and Roy (2015) and Borgs et al. (2016). Given a sample space F' from a
probability space (F, F, F'), we represent a random graph GG as a point process Z defined on

R3 x F?:
Z=2.2 wdo.,m) (M
i g

where ¢, j € N are the nodes of the graph and z;; is a binary random variable taking value 1 if
nodes ¢ and j are connected by an edge and 0 otherwise. 6; € R, is the label of node ¢ and in
section 3 we will see how it can be conveniently interpreted as the time of appearance of the
node. The variable x; € F' represents an observable or unobservable variable associated with
node 7, which we assume to influence the probability of connection between nodes. In this work
we will think of z as representing a real or latent location, but it could likewise have different
meanings.

We place ourself in the setting introduced by Caron and Fox (2017) by assuming Z to be
jointly exchangeable with respect to the labels 6:

Z(A; x Aj x - x) 4 Z(Argy X Argj) X - X ) (2)

for any set A; = [(i — 1)h,th), h > 0,14, 7 € N and any permutation 7 of N.

In order to specify a model for (z;;);;, we further assign to each node ¢ a variable ¢; drawn
from a unit-rate Poisson process on a feature space S. S belongs to a o-finite measure space
(S, S, \), with X the Lebesgue measure. This also connects our setting to the broader framework
introduced in Borgs et al. (2016). If we take S to be the product space S := R, x F, we can

define ¥; := (u;, ;). Consider the measurable and symmetric function W : S x S — [0, 1],
known as generalised graphon function. z;; are then conditionally defined as
2|0k, Vi) ~ Bernoulli(W (9;,9;)). 3)

We sample (6;, u;, z;) from a Poisson process on R? x F' with intensity A(d)A(du)F'(dzx).
For background material on point processes we refer to Kingman (1993) and Daley and Vere-
Jones (2008). Note that, as proved in Veitch and Roy (2015) and anticipated in section 1, when
we restrict the graphon function to a bounded support in the first two coordinates we obtain the
original graphon framework that describes only dense or empty graphs. Therefore, we will look
at the unbounded support case that yields both sparse and dense graphs.

2.1 Choice of the generalised graphon

We present here the specific generalised graphon function on which we will focus for the rest of
the paper. This type of link function is common in network models (see, for example, Aldous
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(1997) and Norros and Reittu (2006)) as it implies many nice features. The relation with the
variable u will translate in the shape of the degree distribution (see section 3), and the depen-
dence of 11 on the distance between locations is justified by empirical evidence (Bianconi et al.
(2009)). This choice also helps in terms of computational tractability by allowing for an easy
switch to the multigraph case (see section 2.3). We consider the feature space S = R, x R¢
and we fix the generalised graphon function to:

o)) "

W (), (a5 25)) = 1 = exp 22
W ((ug, ), (ui, ;) = 1 — exp (—ﬁ’l(ui)Q)

yielding the following generative model

) 20 (wi)p (uy .,
23] (O, ug, T )k>1 ~ Bernoulli (1 — exp (_(1p+ \<|x)li I(Ha)l)) i £ Q)
i j

2ii| (O, ug, T ) g>1 ~ Bernoulli (1 — exp (—ﬁ_l(ui)Q))
where || - || is @ norm over R? and v > 0 is the real-valued parameter that tunes the influence
of the distance between vertices. Note that for v = 0 we revert to the base model of Caron

and Fox (2017). p is a Lévy measure on (0, 00), which is o —finite and required to be such that
fR+ min(1, w)p(dw) < oo. pis the tail Lévy intensity of p, which is defined as

Aly) = / " plduw).

For the sake of simplicity, we operate a change of variables defining w; := p~!(u;). w therefore
belongs to R, and the model described by eq. (5) can be rewritten as

. 2w;w; -,
25| Ok, W, T )k>1 ~ Bernoulli <1 — exp (—(1 I _jx.“)v)) i#j (6)
i b

2ii| (Ok, Wi, Tk )k>1 ~ Bernoulli (1 — exp (—wf)) .

The variables (w;, z;);>1 make our model heterogeneous. We interpret the variables w as the
sociability weights of the nodes: a very sociable node will display many connections since the
link probability function is increasing in w. At the same time, the generalised graphon in eq. (4)
is decreasing as a function of the distance between the variables x of two nodes, reflecting
the reasonable assumption that similarity in  implies a higher probability of connection. In
this new formulation, we sample (6;, w;, x;);>1 from a Poisson process with intensity measure
A(dB)p(dw)A(dz). Under this specification, the generative model for (6;, w;, z;);>1 is equiva-
lently described through the atomic random measure

A= Z W0 (6, 2,) (7N

i>1

which we take to be distributed as a homogeneous completely random measure without deter-
ministic component and with stationary increments, with intensity measure \(df)p(dw)A(dx).
For background material on completely random measures, we refer to Kingman (1967), King-
man (1993) and Daley and Vere-Jones (2008).



2.2 Choice of the Lévy intensity

The last step to specify our model is the choice of the Lévy measure p. This choice will reveal
itself crucial to determine most of the theoretical graph properties we wish to achieve. Further-
more, it will allow us to perform efficient simulations, have an approximate posterior inference
and interpretable parameters.

An important characteristic of CRMs is their activity, which is a measure of the jump part of
the Poisson process and can be infinite or finite. The CRM of eq. (7) has infinite activity when

p 1s such that
/ pldw) = 0.
0

In our model, this reflects the fact that the number of potential nodes 6;, nodes that might
or might not be involved in a connection, are in infinite number in every compact subset of
R? x F?2. As we prove in theorem 3.2, this characteristic is what induces sparsity in the graph.
By contrast, if we take a CRM that has finite activity, i.e. with [~ p(dw) < oo, the resulting
graph will be dense.

We already mentioned in section 1 how scale-free degree distributions are very often sought
as a desirable goal of network models. After a couple of decades of enthusiasm, though, the
debate around these emprical observations and their fit to power-law distributions has sparkled
again. Broido and Clauset (2019) showed that under a specific definition of power-law the
majority of the degree distributions of a large pool of networks (more than 900) did not pass
their goodness-of-fit test. The core of the debate lies around the definition of power-law: in the
most restrictive case (considered by Broido and Clauset (2019)), a degree distribution is defined
as a power-law when the probability of a node of having degree k is exactly ck~“, with ¢ and
« positive real numbers and % greater than a fixed threshold £,,;,. Real data, though, have such
a complex and noisy nature that this definition is often too strict to be satisfied. As shown in
Voitalov et al. (2019), by allowing some slack around the purest power-law definition many
more datasets are not rejected as scale-free. This more flexible definition of power-law belongs
to the world of regularly varying functions, which we introduce here and can be studied in depth
in Bingham et al. (1987). For a detailed account on its use in the random graphs literature, see
Van Der Hofstad (2016).

Definition 2.1 (Bingham et al. (1987), pages 6 and 18). A strictly positive function f on (0, c0)
is said to be slowly varying at infinity if lim, . f(ty)/f(y) = 1 foranyt > 0. f is regularly
varying at infinity with exponent o € R if it can be written as

fly) = y“L(y),

with ((y) slowly varying at infinity. Finally, f is regularly varying at 0 with exponent « if
f(1/y) is regularly varying at infinity with exponent «, or equivalently

fly) =y~ “(1/y).

Intuitively, with this definition we are allowing a power-law behaviour y~“ to be smudged
by a slowly varying function ¢(y), which does not change too quickly at infinity. Examples
of slowly varying functions are functions converging to strictly positive constants or powers of
logarithms. Following Van Der Hofstad (2016) (equation 1.4.9), we will place ourselves in this



stream, and define a random variable X to have power-law distribution when its complementaty
cumulative distribution function is regularly varying at infinity:

P(X > x) ={l(z)x™ . (8)

To obtain a scale-free degree distribution it is common to impose the same distribution to
the sociability weights w (see, for example, Norros and Reittu (2006), Chung and Lu (2002)).
Caron et al. (2020) studied the implication of a regularly varying tail Lévy intensity p(y) on
the degree distribution. From now on we place ourselves in their framework and extend their
findings to our model, proving asymptotic results on degree distribution, sparsity and clustering.
In particular, this means that we will require the tail Lévy measure to be regularly varying at 0.
We will outline here two proposals that satisfy this characteristic.

First we consider the generalised gamma process, which has been studied in Hougaard
(1986), Aalen (1992), Lee and Whitmore (1993), Brix (1999) and whose role as CRM in
Bayesian nonparametrics has been advanced in James (2002), Lijoi and Priinster (2003), Li-
joi et al. (2007). Its intensity measure is

1

—1l—0 7cwd 9
—F(l—a)w e w )

pldw) =

with (o, ¢) € (—00,0] x (0,00) or (g,¢) € (0,1) x [0,00). The tail Lévy intensity as y tends to
0 satisfies

my"’ foro >0
p(y) ~ < log(1/y) foroc =0 (10)
—7 /o foro <0

which makes it regularly varying at 0 with exponent & = max{0,c}. Due to the exponential
term in eq. (9), the tail intensity is not regularly varying at infinity. This measure induces both
the infinite and finite activity regimes: when o < 0 the associated CRM has finite activity, while
for o > 0 it has infinite activity. To achieve sparsity, therefore, we will prefer the latter regime.
o is also pivotal in tuning the exponent of the degree distribution, as we will see in section 3.

When we plug this Lévy measure in the model specified by eq. (5) and 7 is strictly positive,
then it needs to be such that v > 1/ min(1, ¢) to assure the degrees to be almost surely bounded,
as proved in Deijfen et al. (2013).

In fig. 1 we show three samples from model in eq. (6) with weights sampled from a GG
and locations sampled uniformly at random in [0, 10]2. Each network corresponds to a different
value of 7 in {0, 1.5,3} and the other parameters are selected such that the networks have a
comparable number of edges. From the layout of the networks we see how an increase in v
penalises long connections. This is also illustrated in the histograms showing the distribution of
the pairwise distances between connected nodes, which show how the mass of the distribution
shifts towards the left as the distances gain importance.

2.3 Multigraph representation

One of the reasons to choose the graphon of eq. (4) is because of a handy latent variable rep-
resentation which induces a directed multigraph and will be useful for simulation purposes, as
detailed in section 4. A multigraph is a graph that admits m;; € N edges with direction from
node 7 to node j. In our model of eq. (6) this is achieved by setting

W;Wj . )
mij| (63, wi, ;)i>1 ~ Poisson ( . ) , i#] (11)
j ) (U Tl = 5l
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Figure 1: Three samples from model eq. (5), for varying v € {0, 1.5, 3}. The Lévy measure is
the GG with hyperparameters ¢ = 1,0 = 0.2 and locations are sampled uniformly at random
in [0, 10]°. ¢, parameter introduced in section 3 to sample finite graphs, takes respectively the
values 20, 50 and 90 so that the number of edges is comparable across plots (around 220). The
number of nodes is, from left to right, 98,128 and 193. The top row represents the network
in the space [0, 10]?, with the node sizes proportional to their degrees. On the bottom row, the

respective histograms of the pairwise distances between connected nodes.



m”|(01, w;, xi)iZI ~ Poisson (w?)
from which we recover the original model by simply checking whether m;; + m; is positive or
null: zi; = Ly, 4m;>0- We can equivalently represent the multigraph with a Poisson random
measure

M= Z mijé(gi’ej’xi’xj) - Z miié(eiﬁivxivl‘i) (12)
G| i
with mean measure
U)iw]' 9
' ; (L i — ) Oons) Zw (6o uim0) (13)

3 Time asymptotic properties

The nature of the point process of eq. (1) prescribes the number of nodes and edges of a graph
realisation to be almost surely infinite. To obtain graphs whose number of edges is finite, we
consider a truncated domain for the label 6 € [0, ¢],¢ > 0. As anticipated in the introduction, it
comes in handy to think of # as time of arrival of the node: when we restrict the point process
to # < t we mean that nodes whose arrival time exceeds ¢ will not be considered. In this section
we will focus on the behaviour of the graphex process as the threshold ¢ goes to infinity: the in-
tuitive idea is that, as time goes by, new nodes appear and connect to the already existing nodes
and we can observe the asymptotic behaviour of the process. For the same reason, we restrict
the space domain to an interval [0, Zyax, Zmax > 0. Even in the truncated process, though, the
number of potential nodes and connections is infinite when the activity of the Lévy measure is
infinite, as explained in the last section 2.2. To have finite graphs we need to take a step further
and limit ourselves to active nodes, i.e. those that have positive degree. Note that we study the
process as time goes to infinity, which is not the usual type of asymptotics in space (. going
to infinity) that spatial networks model study (see, for example Deijfen et al. (2013), Deprez
and Wiithrich (2018), Dalmau and Salvi (2019)). Our approach is motivated by the similitude
with Caron et al. (2020) and Veitch and Roy (2015), who studied the asymptotics for the base
graphex framework and from which we extend our results. The spatial asymptotics remains a
very interesting open problem to explore in the future, on which we make some conjectures in
section 7.

Let us first introduce the statistics of interest. To indicate the truncation in time, we will use
t as subscript for the various processes. For simplicity of notation, we will omit the indication
of the truncation in space. The truncated version of the process in eq. (1) becomes

Zt = Z Zz‘j5(9i,9j,xi,xj)16i§t19j§t~ (14)

]

The degree of node 7 is the number of nodes connected to %

Dy; = ZzijILGiSt]lﬁjgt- (15)

J

The number of active nodes is the number of nodes with positive degree

Ne=> p, =1lo<t, (16)
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and the number of nodes with degree j is

Nij =Y 1p, —ilg< (17)

The total number of edges in the indirected graph is

Nt(e) = Z Zii]leiﬁt + Z Zijﬂﬂigt]lajﬁt' (18)

% 7>t
We can finally state formally the definition of dense and sparse graphs.

Definition 3.1. A family of graphs (Gy)>o associated with the point process in eq. (14) with N,
nodes and N\° edges is dense if

N9 = ©(N?) as t — oo, (19)

and sparse if
N9 = o(N?) as t — oc. (20)

Recall that in a simple graph (i.e. with no multiple edges and self loops) with N, vertices,
the maximum number of possible edges is N;(N; — 1)/2 = O(N?), justifying the previous
definition. At this point, we can adapt one of the most important results of Caron and Fox
(2017) about sparsity and activity of the Lévy measure to our setting.

Theorem 3.2. Consider the point process Z; of eq. (14) representing the model specified in
eq. (6), with Ny and Nt(e) the associated number of nodes and edges. Consider a Lévy measure
p such that [~ wp(dw) < oo. If the CRM has finite activity, i.e. [~ p(dw) < oo, then the
graph is dense. If the CRM has infinite activity, i.e. fooo p(dw) = oo, then the graph is sparse.

Proof. The proof is presented in appendix 9.1. [

As highlighted in the introduction, another important feature of real-world networks is
clustering, a measure of transitivity in graphs. Clustering coefficients generally measure how
strongly a group of nodes is interconnected. The strength is usually measured by reshuffling the
edges of the graph uniformly at random and measuring the density of the edges in the considered
group of nodes before and after the reshuffling. A density that decreases after this procedure
indicates a positive clustering among those nodes, while if we observe an increase then the clus-
tering is negative. Depending on the zoom level you are using, different clustering measures
have been proposed. In this work we will focus on the asymptotic behaviour of the global and
average local clustering coefficients.

Definition 3.3. The number of triangles in which node 1 is involved is
Tt,i =3 Z Zijzikzjk]leigtﬂejgtﬂekgt-
kA kA

The global clustering coefficient is the ratio of the number of triangles over the number of
triplets in the graph:

9 3 X number of triangles B > T

= = . 21
number of open and closed triplets Z##k ZijZikLo,<tlg,<¢ Lo, <t 1)
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The local clustering coefficients are the analogous of the global coefficient when restricted to
nodes of degree j, for j > 2:

2
t,j ](] o 1)Nt,] i t,i LDy ;=]
The average local clustering coefficient Ct(l) is the mean of the Ct(l]) :

1
el = —— "Nl 22
b N, — Ny It 22)

dj>2

We present now the results about the asymptotic limits of the number of nodes, edges,
fraction of nodes with a certain degree and clustering coefficients. Theorem 3.4 deals with
sparsity and degree distribution and requires the regular variation assumption. Theorem 3.5
is divided into two parts: the former, about the global clustering coefficient, does not require
assumptions on p, while the result about the local clustering requires regular variation and some
integrability constraints. In remark 1 we specialise the obtained results to the Lévy measure
proposed in eq. (9). In remark 2 we talk about possible generalisations of our results to a
broader class of generalised graphon functions. Finally, we show some plots to illustrate the
asymptotic behaviours on simulated data. Theorems 3.4 and 3.5 are applications of broader
results respectively found in Caron et al. (2020) (remark 26) and Borgs et al. (2019) (Proposition
56).

Theorem 3.4. Consider a random graph family (G:);>o associated with point process Z; of
eq. (14) and the model of eq. (5). Let the associated Lévy measure p have a tail intensity
regularly varying at O with exponent o < 1.
For a € (0, 1) the graph is sparse and the number of edges and nodes obey to the following
relation:
Nt(e) — @(Ntl—i-a)'

For a = 0 we observe a sparse, almost dense behaviour

N2
N(e) — t
' © (10g(Nt)2> 7

while for o < 0 the graph is dense:
N = ©(N?). (23)

As for the degree distribution, for a strictly positive « the fraction of nodes with positive
degree j is such that
Cial'(j —a) lim Ny j < Cyal’'(j — a)
Ogjlr(l — Oé) T t—oo Nt - Cljlr(l — Oé)

for some positive constants Cy, Cy. Note that, as j goes to infinity, we have o' (j —«)/(5!T'(1 —
«)) converging to aj = /T'(1 — «) and hence a power-law behaviour with exponent 1 + « for
large degrees. For o < 0, the fraction of nodes with positive degree j converges to 0 almost

surely:

th a.s.
— — 0.
N,

11



Proof. The proof of these results can be found in appendix 9.1. U

Theorem 3.5. Consider a random graph family (G;)>o associated with the point process Z; of
eq. (14) and the model in eq. (5). Let

2w;w

2“’7,'“’]' i
/(1 — e Tl D7) (1 — e T ) p(dw; ) p(dw; ) p(dwy ) da;da jdxy, < oo. (24)

Then, we have that the global clustering coefficient has an almost sure limit as t tends to infinity:

Qwiwj 2w w;

™y _ 2w;w o AWEw;
o) o3 [(1—e TF=DT) (1 —¢ (B Eorerre v )1 — e T p(dw;) p(dw; ) p(duwy ) dx
t .

2wiw; 2w, w

J(1 = ¢ TR ) (1 — TSI p(dw ) () pldwy )

(25)
In the hypothesis of p regularly varying at 0 with exponent o € (0, 1) and when
2w wg
—— et — (1 — e D7) p(dw;) p(dwy ) da;da day,
= J (tllzi—a; )Y A+lzi—zk ) J J (26)

(f (HH;:}Wp(dwj)dxidxj)2

is finite and belongs to the interval (0, 1], then the local clustering coefficient has limit in prob-

ability for t that tends to infinity:
c 5,

Proof. The proof can be found in appendix 9.1. [

Remark 1 (GG measure). It is easy to prove directly that theorem 3.5 holds for the GG measure.
Consider eq. (24) and observe that

/(1 _ ¢ OFm )(1— ef(”'lztljuﬂﬂjic'l)7 )p(dw;) p(dw;) p(dwy,)dz;dx jdxy,
2
S Y ) ) @
Define

bw): = / T e plduy),

substitute the Lévy measure of the GG, eq. (9), and use the approximation 1 — e~
tends to 0:

1 00
(w) = /0 (1-— e’2wwf)wj’1"’e*cwjdwj +/1 (1-— e*Z“’Wj)wj*l*Uefcw]'dwj

T~ xaszx

1 e
~ w/ w; % e” " dw; + / (1—e " )w; ' =7 dwy.
0 1

By definition of eq. (9), o < 1 and therefore the first integral converges, while the second one
is always finite due to the exponential decay. Therefore, )(w) ~ w. Therefore, eq. (27) is
proportional to

o0
3 2—1—0 —cw;
xmax/ w; e "idw;.
0

Similarly, as o < 1 the integral is convergent. The hypothesis for convergence of the global
clustering coefficient holds for weights generated under the GG process. With very similar
computations it is possible to show that eq. (26) is finite for the GG process.

12
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Figure 2: Degree distribution (in logarithmic scale) of graphs generated under model eq. (6)
with sociabilities sample from a GG eq. (9) with varying ¢ € {0.2,0.4,0.6}. Locations are
sampled uniformly at random in [0, 10]. The truncation level of the GG is ¢ = 10~* and remain-
ing parameters are fixed to t = 150,c¢ = 0.1,y = 1.

In fig. 2 we can visualise different power-law behaviours of the degree distribution as a
function of the regular variation exponent o of the GG. As proved in theorems 3.4 and 3.2, this
coefficients tunes both the sparsity level and the slope of the power-law degree distribution.

In fig. 3 we observe the clustering coefficients’ asymptotic behaviour.

It is interesting to note how even for v = 0 the model is able to achieve positive clustering.
This is in stark contrast with usual inhomogeneous non spatial models, which lack in clustering
and usually require the addition of a space component to achieve it (see, for example, Deijfen
et al. (2013) and Bringmann et al. (2019)). The motivation lies in the fact that our asymptotic
studies are in time and not in space, in contrast with the usual spatial approach. This is an
interesting difference among the two approaches, which makes it challenging to compare them
directly but suggests possible future work directions.

Remark 2 (Choice of the generalised graphon function). The results of theorems 3.4 and 3.5 do
not hold solely for a generalised graphon function of the type of eq. (6). In fact, as illustrated
in Caron et al. (2020), the framework is flexible and can be used for any function W that can
be factorised as a the following product:

W (9:,9;) = n(u;, uj)w(z;, ;)

where 1 : Ry x Ry — [0, 1] is the component capturing the sparsity and w : F' X F — [0, 1]
deals with the local structure (for example distances or communities). Under some regu-
lar variation constraints for the function p,(u) = [n(u,u’)du’ and bounded behaviour of
vy(u, ') = [ n(u,a)n(u’, @) illustrated in Caron et al. (2020) the previous theorems hold sim-
ilarly.

The same is true for a more flexible class of generalised graphons. Consider

p(u, x) = /W((u,m), (', 2))du' F(dz")

13
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Figure 3: Global and average local clustering coefficients as a function of ¢ for 7 samples of
graphs with weights sampled from a generalised gamma process eq. (9) with 0 = 0.2,¢c = 2
and truncation level ¢ = 10~*, and locations drawn uniformly at random in [0, 1]. v is fixed to
1. The dashed lines represent the asymptotic limits derived in theorem 3.5.

and assume that for each fixed x there exist ug(x) > 0 such that for u > vy
Cpg(u)ps(r) < plu,z) < C'py(u)ps(x) (28)

for some positive functions 77 : Ry — R, and & : F — R, and positive constants C,C".
Assume |i; and v satisfy Assumptions 1 and 2 of Caron et al. (2020), then the results of the
previous theorems can be adapted to this framework. In particular, the condition described in
eq. (28) holds for W's of the form

W ((us, 3:), (uj,27)) = 1 — e Muu)@leary)
Our model enters into this second framework as

M(us, ug) = 20~ (u;)p~ " (uy)
1
(1 + |z — ;)"

(I)(Z)Si, iL‘j) =

with F(dz) = dx and x € R The function & could be even more general than this, as it can
be extended to any function &(x;, ;) = g(||z; — x;||) with g : Ry — R, and || - || norm on F.

4 Sampling algorithms

In this section we discuss the challenge of efficient sampling of graphs from our model. For
simplicity, we focus on the case d = 1, with d the dimension of the space of z.

We explained at the beginning of section 3 how to obtain a finite graph: we restrict the pro-
cess in time 6 € [0,¢] and space = € [0, Tax], and we consider only nodes with positive degree.
A priori, though, we do not know which w will be associated with a positive degree and we need
to find a way to avoid sampling an infinite number of them, which is the case for infinite activity
CRMs. Therefore, we will present ways to simulate a graph that rely on truncation techniques.

14



In particular, we first offer a naive sampling technique with time complexity O(N?) (with N
the number of nodes) and then, in section 4.1 we propose a way to decrease the complexity of
the naive algorithm to O(N log® N).

We mention here that the exact simulation of a CRM with infinite activity is possible for
some specific Lévy measures. In such cases (for example, the GG of eq. (9)) we need not re-
vert to truncation and could sample a graph with different techniques. We do not explore this
approach here, but it can be derived very similarly to section 5.5.2 of Caron and Fox (2017).

The restricted CRM representing the generative process of (6;, w;, z;);>1 is
At e = Z Wi0(0; ;) Ly €[0,max] L0s€(0.1] (29)
i>1

The corresponding restricted Poisson random measure equivalent to eq. (12) is

Mt,xmax = Z mija(eiﬁj,a:i,mj)]l;ti,:L’jE[O,wmax]]leiﬁje[[),t} (30)
%,J
with intensity
wW; W
it o — 5(91-,6' T, T )]lrl,a: i €[0,Zmax] ]101-,9 i€10,t]
2 [T o gy et L f
+ Z w?(s(@iﬁiwwﬁi)]lwiE[O,xmax} ]IGiE[O,t} (31

In the infinite activity case, a simple approximate approach to simulate the weights w;,
applicable to any Lévy measure, is the inverse Lévy method: after fixing a threshold € > 0, we
sample weights from the truncated CRM

A:@max = Z wzé(euwl) ]ll‘i,xje[o,ﬁmax] ]lei,éje[o,t] ]lu)iZe- (32)
i
The random measure that describes the multigraph becomes
szmax = Z mijé(éiﬂj,:ci,xj)]laci,Zje[O,zmaX]]19¢,€j€[0,t]]1wi,wj26~ (33)
ihj

Hence, for finite activity or truncated infinite activity CRMs we can easily simulate a graph
with the naive procedure of drawing edges for every possible pair of nodes. We describe this
procedure in algorithm 1.

Algorithm 1 Sampling Algorithm
Input: x,,.., t, €, 7, the Lévy measure’s parameters, empty square matrix GG
Output: G

1: Sample (w;);> from the CRM A, ., or from A; . Call N the cardinality.
2: Sample (z;)¥,, (6;)~, uniformly at random over [0, Z,,.x] and [0, ¢].
33fort=1,...,Ndo

4:  Sample my; ~ Poisson (w?)

5: if m;; > 0 then

6: Set G(i,1) = 1.

7: forj=i+1,...,Ndo

8: Sample m;; ~ Poisson <%>

9: if mg; > 0 then

10: Set G(i, §) = G(j,i) = 1.

15
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Figure 4: Adjacency matrices of three samples from the sparse spatial model for v varying in
{0, 1.5, 3}. The sociability weights are sampled from the GG process eq. (9) with 0 = 0.2, ¢ =
0.7 and truncation level ¢ = 10~%, and locations are drawn uniformly at random in [0, 10]. The
dots represent a connection between nodes with coordinates z;, ;.

Since for every node we have to cycle through every possible neighbour, the time complexity
of this algorithm is of order O(N?). In fig. 4 we represent samples from the model represented
through the adjacency matrix indexed by the values of x. Figure 4 is particularly important
because it leads our way to the next paragraph: for v > 0 the majority of connections happen
to be along the diagonal, i.e. connecting nodes close to each others in space. The magnitude of
the connections, therefore, looks linear in space and gives us hope to find an algorithm that will
exploit wisely the spatial information to decrease the complexity.

4.1 Efficient sampling via grids

Knowing that our interest is for graphs whose number of edges is below the squared number
of nodes, we would like to find a smart way to compute w;w;/(1 + |x; — x;|)” only for pair of
nodes that are likely to be connected. Based on the observations made from fig. 4, we partition
the space domain into cells to leverage the information that close cells will contain more edges
than cells that lie far away in space, as illustrated on the left of fig. 5 where we have divided the
domain [0, 10] into 1-dimensional boxed of size 2.5. Formally, we construct a regular grid of K
cells By, of size § = xp,.x/ K and we take K = O(N). Taking inspiration from Bringmann et al.
(2019), we perform a similar operation for the sociability weights, slicing them into layers. The
layers are not all equispaced, as the spatial grid, but have exponential growth and are defined
as:

Vi={ie{l,..., N} w; = w,2 < w; <wji g =w, 2t j=1,....J (34)
with wg, := min;e(,. Ny w; and J = log,(max;eq1,.. Ny w;/wo). For an illustration, see fig. 5.

On a high level, we associate each node with a spatial cell and a sociability layer in order
to bound its probability of connection with some constants that are common to all the nodes
that belong to that cell and layer. Thinning techniques for Poisson processes are the key that
allows us to propose a new algorithm that still samples exactly according to the model of eq. (6)
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Figure 5: On the left, adjacency matrix plotted according to the nodes’ space coordinates and
spatial grid of size 2.5. On the right, the logarithm of the sociability weights in increasing order
(purple) and layers of the weights (yellow). The graph has been sampled from the sparse spatial
model with v = 1.5, sociability weights sampled from the GG process with 0 = 0.2,¢ = 0.7
and truncation level ¢ = 107, and locations drawn uniformly at random in [0, 10]. Space is
partitioned into a grid with size 2.5.

and whose complexity is O(N log? N). For a reference on thinning methods, see Stoyan et al.
(2013), and for the details of the algorithm and proof of the complexity we refer to appendix
9.2.

Intuitively, the algorithm works as follows. For nodes in adjacent cells By, By1 we sample
the edges according to algorithm 1, while the algorithm changes for cells that are not adjacent.
For each cell By, and each pair of layers Vj, , V;, we sample an upper bound on the total number
of connections whose starting point is a node in cell By, and layer V;, and end point is a node in
layer V},. Then, we sample the cell B;,l = k + 2, ..., K where the end point of the edge will
lie and and eventually we sample the pair of nodes associated to that edge.

Algorithm 2 describes exactly the steps of the procedure. For the sake of simplicity, we
focus on the finite activity case. Everything holds in the same way for the infinite activity case
with the truncated process and intensity defined in eq. (29) and eq. (32). New notation needs to
be defined for algorithm 2. In particular, p(l; k, K,7,9) := 1/(Ck K ~zma (1 + (=0 + 01))7) is
the probability mass function of a Zipf distribution on the cells By, ..., B that can contain
the end point of a connection starting from By, of which Cy. k45 = 1, o(L=0+6|k 1))
is the normalizing constant. w,(j ) is the sum of the weights associated to nodes that belong to
layer V; and cell By: @,(Cj) =Y wilicy Licp, .
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Algorithm 2 Sampling Algorithm
Input: K v,t, Ty, €, the Lévy measure parameters, empty square matrix GG
Output: GG

1: Sample (w;);>1 from the CRM A4, or Af . Call N the cardinality.
2: Sample (z;)/,, (6;);L, uniformly at random over [0, Zay] and [0, #].
3: Create weight layers V;,j = 1...,J as described in eq. (34).
4: Create the partition By, . .., By of equal side length of [0, Zax]. Set § = zpax/ K.
5: Create vector (C’k Krs) i . 2
6: for jl = 1 J do
7: for [ = 1 , K —2do
8: Compute wl(jl) = > wiliey; Tica,.
9: forjlzl,...,Jd(l
10: for o =1,...,Jdo
11: fork=1,..., K —2do
12: Sample m(j1 7). Poisson(2w\ w Wi, 1 [Vio|Cr i v,6)
13: form=1,... m" 72) do
14: Sample u(jl ]2) ~ p(-) and set [ := u{/"7?),
15: if Uniform[0, 1] < ;ﬂ then
Wiy +
16: Sample an edge from pmf - x — for x;, z; € By, x B.
k
PR 1-548]k—1
17: if Uniform|0, 1] < ﬁ then
18: Set G(i,j) = 1.
19: fork =K —1,K do
20: follow algorithm algorithm 1 for nodes in these cells and layers

5 Posterior inference

In this section we propose an algorithm to perform posterior inference in the case of the model
in eq. (6). We observe a set of connections (z;;)1<; j<n, among N; active nodes. We aim at
sampling from the posterior

p (e, @)% 0,011y ) (35)

where ¢ is the set of parameters of the Lévy measure p and N/ > N, represents the unknown
cardinality of the full set of nodes, active and inactive. Note that [V} is infinite for infinite activity
CRMs. Observe that this is the inference setting of a latent space model, or space model where
x 1s unknown. If x is treated as a covariate, the posterior becomes

N/ N!
p <(wi)i:tl7 (Ii)i:tNt—i-l? o, t, 7|<Zij)£[;:1a (Iz)th1>

For our choices of p (eq. (9)) the posterior in eq. (35) is not tractable, and we will therefore rely
on a Markov chain Monte Carlo (MCMC) approach to sample values approximately distributed
from the posterior. Our algorithm will exploit steps from Gibbs samplers, Metropolis-Hastings
(MH) and Hamiltonian Monte Carlo (HMC). For references about these methods, see respec-
tively Geman and Geman (1984), Hastings (1970) and Neal (2011).

In the following subsection, we will present the case of the weights from a generalised
gamma process of eq. (9) and specify the remaining prior distributions for the hyperparameters,
parameters and locations.
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5.1 Approximate posterior inference for the generalised gamma process

To overcome the challenge of infinite activity CRMs, we rely on the finite and independent
identically distributed approximation of CRMs introduced in Lee (2019) and Lee et al. (2016),
a brief summary of which can be found in appendix 9.3. Such approximation of an infinite
activity CRM is a finite CRM Ay whose weights are independently and identically distributed
from an appropriate density f:

L

S 00,0, W S (36)

i=1
such that Zle W;0(p,,2;) converges in distribution to the infinite dimensional CRM A of eq. (7).

Consider p(dw) the Lévy measure of a generalised gamma process with parameters ¢ and
¢, 0 € (0,1),¢ > 1, as introduced in eq. (9). As presented in Lee (2019), a finite independent
and identically distributed representation of the generalised gamma process is offered by the
exponentially-tilted BFRY distribution with parameters (o, (, ¢), whose density function is

oW TTeT(1 — W)
L1 —0o)((C+c) =)

Jfeldw) = dw (37

where ¢ = (Lo /t)"/°.

Our new target is then the following approximation of the posterior in eq. (35), truncated at
L > Nt:
p ((wi)iLzla (xi)f:h ¢7 t, ’Y|(Zij>iL,j:1) . (38)
with ¢ = {0, c}. Note that z;; = Ofori,j = N,+1,...,L,i=1,...,Nyand j = N;+1,..., L,
j: 1,...,Ntand7;:Nt+1,...,L.

Prior distributions and MCMC algorithm

We present here the general structure of the MCMC procedures to sample from the posterior
presented in eq. (38) in the case of the GG process prior for weights, which we approximate
with the distribution of eq. (37). For details on the proposals and computations we refer to
appendix 9.4. For simplicity, we define p;; := (1 + |z; — x;|) 7.

Following Caron and Fox (2017), we place a Gamma prior on ¢ and improper priors on o
and c:

t ~ Gamma(ay, b;) (39)
p(o) ~1/(o(1 - o))
ple) ~1/e

This choice allows us to update ¢, 0 and c through the Metropolis-Hastings proposals with log-
Normal distributions.

We propose for (x;);=1,...1, and 7 the following prior distributions:

.....

z; % Uniform[0, 2ymax] i=1,...,L (40)
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v ~ Gamma(a., b, ).

We opt for another round of Metropolis-Hastings for the joint update of x and +, using as
proposal respectively a truncated Normal distribution on the same support and a log-Normal
distribution.

We use as prior for the weights the exponentially tilted BFRY distribution described in
eq. (37). In case of a simple indirect graph, we impute the latent variables which describe the
underlying directed multigraph:

50 if Zij = 0
Nij|z, W ~ < tPoisson(2p;;ww,) ifz;=1andi<j 41
tPoisson(w?) if z;; = 1

where tPoisson()\) is a zero-truncated Poisson whose density is e *\Y /(y!(1—e~?)) fory € N,.
To obtain a conjugate structure for the conditional distribution of the weights, we augment the
model with the independent variables

w;|w; ~ Truncated Poisson(Cw;), i =1,...,L (42)
and obtain the following joint distribution:
P ((74)7j=1 (i) iy ()i, ()i, (20)iy)
_ ﬁ (pijth; )™ e Pia s y (H Uwfl_”e*C@iMX (Guiy) e L L )
nij! AT(L=0)(C+0)7 =) wl(1 =) " max ) |

(43)

ij=1
i#J

From this we infer the conjugate full conditional distributions of w;, which allows for a Gibbs
sampler when no self edges are allowed. In fact,
Pl lrest, (7)) =77 A (AT )
= Gamma(—o + u; + Z Nij, ¢+ ¢+ Zpiju”)j)
J# J#

The Gibbs sampler, though, is known to have bad mixing in presence of strong correlation
among the variables. Another possibility is to opt for a Hamiltonian Monte Carlo (HMC) step
that updates all the weights of the nodes at the same time and is not limited by self edges. For

details on the general HMC algorithm see Neal (2011). To perform it, we need to be able to
compute the derivative of the posterior of w, that in our case is

0log p(log w|rest)

s G, = mi 4 u; — 0 — 0y (C + ¢) —wizjjpijuvj (44)

where m; = (7 + Nji).-

In algorithm 3 we present the steps of our posterior inference algorithm. For more details
we refer to appendix 9.4.
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Algorithm 3 Posterior Inference Algorithm

1: Update wy, ..., wy, given the rest with a Gibbs sampling or HMC step.

2: Update the parameters ¢, o, ¢ given the rest with a MH step.

3: Update 7n;; and u; given the rest according to their conditional distributions of eq. (41) and
eq. (42).

4. Update x4, ...,z and v given the rest with a MH step.

The Gibbs sampler, the HMC for w, the MH for v and z all have quadratic complexity in
the number of nodes when + is positive due to the update of the variable p;;. A possibility to
decrease the complexity would be to look at the thinning procedures exploited in section 4 or
look at further approximations. We discuss this as future work in section 8.

Another challenge of space models is the non identifiability of locations. In fact, a unique
matrix (p;;);; could be generated by an infinite number of configurations (z;);, due to the invari-
ance of the distance function to translations, rotations and reflections. A possible workaround
is to use the Procrustean transformation to rescale and centre the posterior samples with respect
to a reference configuration. For details of this method we refer to Hoff et al. (2002).

6 Experiments on simulated data

We study the performance of the MCMC algorithm on data generated from the approximate
model: we simulate a graph according to eq. (6) with weights sampled from the exponentially-
tilted BFRY distribution, the approximation to the GG proposed in section 5.1 with hyperpa-
rameters o = 0.2, ¢ = 1.5 and truncation level L = 10%, and locations sampled uniformly at
random in [0, 5]. The remaining parameters are set to ¢t = 80,7 = 1. The resulting graph is
sparse, has approximately 700 active nodes and 4000 edges.

In this experiment, we fix v and run three MCMC chains to estimate o, ¢, ¢, the sociabili-
ties (;);=1,..1, locations (z;);—1,. 1, counts (n;;); j—1... 7 and auxiliary variables (u;);—1 . r.
We initialise the first chain at the true values of the variables and hyperparameters, while we
randomly pick values according to the prior distributions for the second and third chains. Each
chain ran for 106 iterations and it took almost 48 hours to run the chains in parallel (using the
Python library multiprocessing) on a standard laptop (central processor unit at 2.3 GHz, dual-
core). We fixed the location of the highest degree node to its true value. This does not solve
completely the identifiability issue for locations (described in section 5), as it does not guaran-
tee a unique solution for the locations, but makes them identifiable up to reflection with respect
to the highest degree node. To completely solve the challenge of identifiability, we could use
the Procrustean transformation described in Hoff et al. (2002) or fix multiple locations.

In fig. 6 we show the traceplots of the MCMC samples for ¢, o, c. The chains are able to
recover the true values of the parameters.

In fig. 7, we plot the 95% posterior credible intervals for the sociability parameters of the
highest and lowest degrees nodes. Over the whole set of nodes, 95% of the true values fall in
the associated credible interval.

Figure 8 represents the posterior of the spatial parameters. We represent the traceplot of the
location of a node with high degree. In chain 1 we see the phenomenon of identifiability up
to reflection: the fixed node has location approximately 2.8 and the two modes visited by the
chain are equidistant with respect to it. To have a clearer idea of the estimation of xz, we report
a scatter plot illustrating the relation between the true values of the location and their posterior
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Figure 6: MCMC traceplot of ¢, 0 and c for a graph simulated exponentially-tilted GBFRY
sociabilities, uniform locations and o = 0.2, ¢ = 1.5, = 80,7 = 1, Zypax = 5.

mean estimates. We see a clear correlation between the true and the estimated value for nodes
with positive degree.

In fig. 9 we plot the logarithm of the posterior against the true value.

Figure 10 represents the 95% posterior credible intervals of the degree distributions, ob-
tained by sampling from the posterior predictive of the model for one of the chains. The credi-
ble bands cover the empirical degree distribution of the original data.

These experiments show that the posterior inference scheme is able to recover well the so-
ciability structure, the spatial structure and the parameters of the model. Future work requires
to explore different ways to estimate the locations and achieve a faster convergence through
better mixing as 7y increases. As the parameter that tunes the spatial effects increase, the lo-
cations get more correlated and the posterior gets more peaked and multimodal, making the
convergence difficult. In fact, the move of the chain from a local optimum to a region of the
space with higher likelihood would require a passage through configurations with much smaller
probability. A possible solution would be to explore parallel tempering algorithms (Swendsen
and Wang (1986)) that relieve this problem by allowing each chain to draw insights from the
different configurations explored by the others and use this information to explore the space
differently.
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80,7 = 1,zmax = 5. The violet dot represents the true value., the yellow line is the credible
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interval. Overall, 95% of the true weights fall into their credible intervals.
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Figure 8: On the left MCMC traceplot of the location of a high degree node. On the right,
scatter plot for one of the chains of the true location against the posterior mean of x (in yellow
the nodes of null degree and in violet those with positive degree). The graph has been sampled
with exponentially-tilted GBFRY sociabilities, uniform locations and 0 = 0.2,¢ = 1.5,t =

80,7 =1, Zyax = 5.
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Figure 9: Traceplots of the log posteriors of the three chains. The graph has been sampled with

exponentially-tilted GBFRY sociabilities, uniform locations and o = 0.2,¢ = 1.5,¢ = 80, =
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Figure 10: In yellow, 95% posterior credible intervals of the degree distribution. The dots rep-
resent the empirical distribution of the data, a graph sampled with exponentially-tilted GBFRY
sociabilities, uniform locations and o = 0.2,¢ = 1.5,t = 80,7 = 1, Zyyax = 5.
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7 Relations with other models

In this section we cover some of the spatial network models literature that can be related to our
model. We reflect on similarities and differences and highlight how our proposal generalises
some of them.

Homogeneous spatial random graph

Homogeneous random geometric graphs, also known as Gilbert-disk model as introduced by
Gilbert (1961), are spatial models whose link probability depends only on the distance between
nodes. Our proposal becomes equivalent to it when we set W (0,v¢') = W'(|z — 2/|).

Scale-free percolation (SFP) models

While we did not approach the study of percolation, many spatial network models focus on this
property. The study of percolation regards the growth of the biggest connected component in
the graph. In the limit, as the number of nodes goes to infinity, the probability of observing an
infinite connected component is tuned by a parameter A of which there exists a critical value
Ac such that for each A > ). we observe an infinite connected component with positive proba-
bility. Spatial scale-free percolation models have been around for at least 30 years (see Zhang
et al. (1983)), but recently Deijfen et al. (2013) proposed a percolation model with locations
drawn uniformly at random on the lattice Z¢ and with heterogeneity of nodes given by random
variables w € RY drawn from a distribution with regularly varying behaviour at infinity. The
probability of connection is 1 — e~ *=®sll==¥lI™" For certain values of  and of the regular varia-
tion exponent « it is shown that this model achieves a positive average local clustering, is small
world or ultra-small world and has regularly varying tails. This model was further extended
by Deprez and Wiithrich (2018) on the continuum space R?, by drawing locations according
to a homogeneous Poisson point process. While this model produces graphs that have an al-
most surely infinite number of nodes and edges, a finite graph can be obtained by restricting
the space of locations to a finite box. Among other important results on percolation and small
world properties, they prove that if min{~, ya} > d, then the degree distribution has power-law
tails with exponent 7 := ya/d > 1. For min{~,va} < d, instead, the degree distribution is
degenerate having almost surely infinite expected value. For the same model, Dalmau and Salvi
(2019) proved that for v > d and 7 > 1 the average local clustering coefficient exists, does not
depend on the locations’ process and is strictly positive.

Considering the vast parallelism between the scale-free in continuum space and our model,
we might wonder if it possible to extend these results to our case. In fact, we provide asymptotic
results in section 3 only for the time ¢ that goes to infinity, but we do not study the asymptotic
behavior in space (z,.x — 00). The main difference between the two models is that the weights
in the scale-free percolation model are drawn from a distribution, while in our case they come
from a CRM. In the case of infinite activity CRM (the most interesting to us), even if we restrict
the covariates x and the labels 6 on finite windows the number of potential nodes is still infinite.
In the scale-free percolation model, instead, it suffices to restrict the domain of the point process
on a finite box and automatically the number of nodes (with null or positive degree) will be
almost surely finite. This is a substantial difference and does not allow for a trivial extension
of their results to our model. We conjecture that some of the results might hold in our case as
well, and we leave this to future work.
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Hyperbolic random graph and GIRG

The extended geometric heterogeneous random graph (extended GIRG) model proposed by
Komjathy and Lodewijks (2019) is obtained by drawing locations x from a homogeneous
Poisson process on R, with intensity ¥ > 0, and weights w from a distribution P and con-
necting two nodes ¢ and j with probability h(w;, w;,|z; — x;]), h : RS — [0,1] to be fur-
ther specified. We can report this model to our framework by setting as graphon function
W, 9) == h(g(u), g(u'), |xr — 2'|)1y<1lw<1, Where g is the generalised inverse of 1 — P.
Given that g has bounded support, I inherits this property and therefore the extended GIRG
model generates only dense or empty graphs.

The extended GIRG, as the name suggests, was born as an extension of the GIRG pro-
posed by Bringmann et al. (2019), which is itself a reparametrisation of the hyperbolic random
graph (HRG) by Krioukov et al. (2010). The HRG is a homogeneous spatial random graph
model whose locations are sampled uniformly at random in the hyperbolic space H¢ and, in
the simplest version, an edge is drawn whenever the distance between two nodes is less than a
threshold. While formally introduced in Krioukov et al. (2010), it was empirically shown to be
useful in Boguna et al. (2010) when the hyperbolic space was used as the embedding space of
the internet graph. While many other embeddings have been proposed, especially in Euclidean
spaces, a simple hyperbolic mapping was shown to naturally retain many of the important char-
acteristics of the original network, in particular its scale-free degree distribution, the average
degree and the clustering coefficient. The GIRG by Bringmann et al. (2019) contains the HRG
as a particular case, by mapping the hyperbolic coordinates of nodes into weights in R, and
locations in [—n/2,n/2] (n number of nodes). Later, Komjathy and Lodewijks (2019) gener-
ated the extended GIRG by proving that from in the asymptotics regime of GIRG weights are
distributed as power-laws and locations are drawn from a homogeneous Poisson process.

Note also that the GIRG and the SFP are very similar models, which differ mainly in the
parametrization and the scope for which they were initially studied. Originally, they differed
in the space of locations, that for Deijfen et al. (2013) was Z? while in GIRG has always been
R?, and in the probability of connection. These differences, though, disappeared thanks to the
extensions offered by Deprez and Wiithrich (2018) and Komjathy and Lodewijks (2019).

Sparse latent space model

Spencer and Shalizi (2017) present the rectangular latent positions model (rectangular LPM) to
achieve a sparse, projective and learnable spatial networks, which belongs to the more general
class of latent position models by Hoff et al. (2002). In this new framework, points (z,7) are
drawn from a homogeneous Poisson process on R¢ x R. Given two points z,y € R? the
probability of connection depends solely on the locations through the function K (||xz — y||),
where K : R? — [0,1] is a link probability function. To get a finite graph it is once again
necessary to restrict the space through a function H : R, — B(R?) x B(R), with B(R) and
B(R?) the Borel o—algebras, such that for ¢; < ¢, we have H(t;) C H(ty) and |H(t)| = .
They focus on the special case of the rectangular LPM by setting H(t) = [—g(t), g(t)]¢ x
[0,¢/(29(t))?)], where g(t) := t*/?, p € [0,1]. In this case, they prove that Nt(e) ~ NP,
Without this auxiliary space construction, a linear increase of H (t) would imply Nt(e) ~ Ny,
lacking flexibility in sparsity. The resulting model is projective and learnable (i.e. they provide
upper bounds for speed of convergence of the estimators of the latent positions, squared latent
distance and link probability).

They provide comparisons with the sparse graphon and the graphex frameworks. The sparse
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graphon (Bollobas and Riordan (2009), Borgs et al. (2019)) is not projective, but they prove it
to be learnable. A projective model is instead the classic graphex (Caron and Fox (2017),
Veitch and Roy (2015)), whose learnability is a difficult open problem. To compare the two
models, consider the basic graphex process (without covariates) and set 1Js to be the locations
and 0s to be the auxiliary variables. The link probability function is more general in the graphex
framework than it is in the rectangular LPM, even if it could be extended in the latter at extra
cost. A naive transposition of the graphex to the rectangular LPM is still not possible since, if
W was uniquely dependent on locations, we could never satisfy the integrability condition of
W, necessary to observe a finite number of edges. With our spatial proposal, we enrich with
additional node variables the original proposal of Caron and Fox (2017), obtaining a more direct
way to embed spatial information. In fact, while in the base model the weights w = p~1(¥)
could be interpreted as latent locations, their interpretation as sociability parameters allows the
use of regular variation (which would not be very natural with spatial locations), offering all the
desirable sparsity and scale-free properties. These, in fact, are easily tuned by «, the exponent
of the regular variation of the Lévy measure.

8 Conclusion

In this work we present a novel model for sparse spatial random graphs. The model is inhomo-
geneous as each node is associated with two variables: a sociability weight and a more general
variable which can be conveniently interpreted as a location (real or latent). We select a link
probability function that is increasing in the sociabilities and decreasing in the distance be-
tween two nodes. The model fits into the more general graphex framework by generalising with
a spatial component the proposal of Caron and Fox (2017). This, together with the Bayesian
nonparametric construction based on completely random measures, allows our model to inherit
flexibility and interpretability of the parameters. In particular, through the distribution of the
sociabilities we are able to tune the sparsity of the connections and achieve different power-law
degree distributions. We also prove asymptotic results on the number of nodes, edges and clus-
tering coefficient. Interestingly, we show that the clustering coefficient is bounded away from
zero even in the non spatial version of the model. All our asymptotic results are in the time
domain, while further work would be required to assess the asymptotics in space and compare
the theorems with the broader space networks literature. Future work in this direction would
also include a discussion about the small or large world properties of the model.

While our study focused on the use of the generalised gamma process to achieve a power-
law for small degree nodes, another proposal could be advanced. Li and Cai (2004) and Paleari
et al. (2010) observed a double power-law degree distribution behavior in the networks of air-
ports connections around the world and Seshadri et al. (2008) inferred the same behaviour for
mobile calls. This means that nodes with low and high degrees exhibit power-law behaviours
with different exponents. To achieve it, we could consider a marked Poisson process with Lévy
measure doubly regularly varying, both at zero and infinity, for example the generalised gamma
Pareto process proposed in Ayed et al. (2019).

In terms of computational aspects, we propose different simulation algorithms for finite
activity or truncated infinity activity CRMs, reducing the computational complexity from the
naive O(N?) to O(Nlog?(N)). We also explain how to simulate exactly without truncations an
infinite activity CRM. We propose a posterior inference algorithm that targets an approximation
of the posterior. It relies on a combination of Gibbs, Hamiltonian Monte Carlo and Metropolis
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Hastings steps. We complement this algorithms with studies on simulated data to show the
convergence to the true posterior, and the next step requires to test the model with real spatial
network data.

The computational complexity of the algorithm is quadratic in the number of nodes and de-
mands further work to devise a smart way to scale it down. A possible workaround would be to
explore further approximations of the likelihood. A proposal in this direction has been advanced
in Rastelli et al. (2018) to solve a similar problem in the latent space model of Hoff et al. (2002):
after defining a grid on the space By, ..., Bk (as in section 4) they approximate the likelihood
by simply computing it at the centre of each box. Their suggestion cannot be directly applied
to our framework because of the term >, s w;w;/(1 + |z; — z;|)7 in eq. (43), which mixes w
and x. We would therefore need to integrate it with the weight layers used in section 4. This
would add other layers of approximation to our algorithm and would require further investi-
gation to understand the goodness of it. Another possibility would be to exploit the technique
of Poisson-minibatching, which requires to augment the model with auxiliary variables whose
presence reduces the complexity required to compute the augmented joint likelihood. This ap-
proach does not require approximations of the likelihood and leads to exact inference. Details
of a more general procedure can be found in Zhang and De Sa (2019).

Eventually, we discuss our contribution in the vast literature of spatial random graph modes,

drawing a map of models that are connected to ours and discussing how the sparse spatial
random graph model is linked to them and sometimes able to generalise them.
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9 Appendix

9.1 Proofs

Proof of theorem 3.2. The proofs follows noting that the probability of a connection is bounded
from above and below:

2w;w 2w;wy

1 — 67 (1+zmax)” S 1 — 6_ (1+‘xi_37j|)’y S 1 _ 672w2w]

The upper bound corresponds exactly to Caron and Fox (2017) model and the lower bound is
a simple reparametrization of it with w := L which does not affect the activity of the

vV (1‘~'117max)’Y

process. The density level of the two extreme processes depend solely on the activity of the
underlying CRM, hence the graphs resulting from the lower and upper bound are going to be
either both sparse or both dense. Therefore, defining V;, N and N;, N,° ©) the number of nodes
and edges of respectively the lower and upper bound process, we have that

o) = O(N7) = i < N < Nf = ©(\7) = ()

where the first and last equalities come from Theorem 2 of Caron and Fox (2017). Therefore,
Nt(e) = O(t?). The same reasoning applies to N;, and following Caron and Fox (2017) we get
that in the finite activity case N; = O(¢) and in the infinite activity case N; = O(t), which
proves the result. O

Proof of theorem 3.4. Model of eq. (6) can be rewritten as

W (s, ), (ug, ) = 1 — el (45)
where n(uz, Uj) = 2§_l(ui)ﬁ_1(uj) and LLJ(ZIZ',L', l’j) = m
of Caron et al. (2020) and can apply their Remark 26, obtaining

. We are now in the framework

_2
N/ fora € (0,1)

N~ Qe fora =0 (46)
N? fora =1
Moreover, consider the function ju(u, ) fR [W (v,y))dvdy. It holds that

Crp(u)p(@) < p(u, x) < Coplu)p(z)

with pi(u) = [fp n(u,u;)du; and p(z) = [, w(z,2;)dx;, for some positive constants C1, Cs.
We can then apply Proposition 17 in Caron et al. (2020) to the process described by the graphon
function W ((w;, z;), (u;,x;)) = n(u, uj)w(z, ;) and obtain an almost sure convergence of the
proportion of nodes with degree j for it. We can then bound the same quantity for our original
process obtaining for a € (0,1):

(J

Crollj—a) 0 Nej %—( ))
11—«

e CA forj > 1.
CyjlI'(1 —a) ~ t=x Nt org =

For a < 0 we get

Nt —>O forj > 1as..
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Proof of theorem 3.5. Call T, = %Z##k zijzikZjkLo,<t1g;<i 1, < the number of triangles
and A; = % > Lith zijzikLo,<t1o;<t 1, <; the number of open and closed triplets in the graph.
By definition 21, the global clustering coefficient can be written as C’t(g ) = 3T;/A; that is, the
number of triangles over the number of open and closed triples. We now exploit Proposition 56

of Borgs et al. (2019), since our model can be seen as a special case of theirs. From that, we
know that

3T, ~ t° /W((wwl"i)a (wy, ;)W ((wi, ), (Wi, ) )W ((w, x), (w5, 25)) p(dwi) p(dw;) p(dwy ) dx
and
Ap ~ tB/W((wi,:z:i), (wy, ;)W ((wi, ), (Wi, 7)) p(dw;) p(dw; ) p(dwy, ) dx

from which we get our result by dividing the two quantities.
By adapting Proposition 10 in Caron et al. (2020) to our graphon function of eq. (6) we get
that the local clustering coefficient converges in probability to

waj 2ww 2w iwy

1—e OHlmm=DT) (1 — e 0D )(1 — e =07 p(dw;) p(dwy,)da;dx jday,
waj

(J(1 —e O ) p(dw;)dw;da; )

C(Z) — lim f(

w—0

Using the inequality 1 — e~™ < tw we can employ dominated convergence theorem and ex-
change limits and integrals. Exploiting the equivalence 1 —e ™' ~ tw as t — 0 and substituting
w = p~1(¥9), the numerator behaves as

_ 2 0wy T OV R L -
/(1 —e Ui DY (1 — e Uikl ) (1 — e OFl =07 p(dw; ) p(dwy, ) da;dx

2wiwg

W; W

N4_1’l92/ 1_ 7@«#@771”7 d ) d dld d
o <1+’xi—xj\)”(lﬂxi—xk])v( € D7) p(dw;) p(dwy ) didixjdy,

For the denominator, we use again dominated convergence and the same equivalence to get

_ 20wy 2 W 2
(/(1 —e (Frmal )P(dwj)dxz‘dxjdl’k> ~4p 1 (9)? (/ (1+ |g;,j_ ;p.|)7/)(dwj)d$¢difj)
i j

Dividing numerator and denominator we get the result. ]

9.2 Details and complexity of algorithm 2
Details of algorithm 2

Consider the partition of nodes into cells acccording to their locations, proposed in section 4.1.
Note that we can split eq. (31) over the constructed grid in the following way:

2w;w;
Mt max = Z Z Z Z (1+|Z I_U]ijyé(@iﬁjvwi,zj)

k: 1 l=kk+1i:x;€AL j>i,x;€A;

_. (1)

Pt xmax
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K
2w;w;
PIDIIDIED DD DI rern e KT

k=1 £>k+2 I=k,k+1 i:x;EAy jZ’i:,Z’j €A

J/

_. @

‘Pt xmax

The connections coming from ugzmax can be simulated with a time complexity linear in /V using

the standard simulation technique explained at the beginning of section 4. In fact, the number

of nodes in every cell is O(1) (as K grows at most as /N) and we have O(N) cells and the
computational time is therefore O(N).

This space partition, though, is not enough to have a big gain in the computational complex-

ity, hence we add the weights partition into layers proposed in section 4.1. We can partition the

measure uiiﬁmax on every pair of weight layers V;,, Vj, and every pair of cells A, A; obtaining

(J152) (J152)

tlenax tyxn)ax

a restricted measure 1
of Poisson processes.

. We rewrite and upper bound p to rely on thinning properties

K-2 K Jl)
wi w; (1+6(1—k) —8)
/“Ltjmlrjy?ax - Z (1+ 5 l — k) — &) Z Z (1) —(sz) (14 |2 — x4]) 0(6,.0; 21.2;)
k=1 I=k+ 2 zeAkﬁVJl]eAmV wy, v J
K-2 '
S ](gjl)wj2+1“/}z|ck,f(,’y,§ Z p(l - ka k7 K777 5)

k=1 l=k+2

: ; 0;,0;,x;,x;
i€ARNV;, wl(cjl) wl(m (L4 |zi — 25 )
jGAlﬂV}é

where p(l; k, K,7v,0) = 1/(Crr~s(1 + (=6 + 61))7) is the probability mass function of a
Zipf distribution on {k + 2,..., K} of which C} g5 := Z{imz(l — 0+ 6|k —1])77 is the
normalizing constant. For simplicity, let us call p(-) := p(-; k, K, 7, ).

We can now use thinning properties of Poisson processes to obtain the sampling procedure
from u( ) _ illustrated in algorithm 2.

Complexity of algorithm 2

We start computing the expected value of the number of edges having an endpoint in cell k,
sum over all cells £ and then over all weight layers ji, jo. Summing over £ and calling, for
simplicity, C := Zle Ch.K 7.0°

K K
(j172) (1) A
E Z 12 Z YW, 4| Viel Crr s | < Cwyy B ||V Zwiliewh]
k=1 k= i
Wip+1 Wi +1
= Cwj, 1 / pldw) / wp(dw)
Wiy Wiy
Cw! 2+1w31+1 ifw;, ; <landw; , <1
B ij2+1wh+1 fw;.; <landw; >1

o
ij2+1wj1+1 ifw;, >landw; ., <1

Cw! 2+1wﬂ+1 ifw;, >Tandw; >1
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We are omitting the cases in between (e.g. w; < 1,w; .4 > 1), but the results hold the same.

Let J be the index such that w,, > 1 and w; < 1. Let us now define m(1-32) .= S5 3132)
and sum over all possible j;, j» in expectation:

J J J J J J
E LZ 3 m(jl’ﬁ)] <CY wify Y wih +OY wih Y wilt
. =1 . . ; 1

= Ji=1 Jjo=1 j1=1 jo=J+1
J J J J
~ 1-7 1-0 ~ 1-7 1-7
+C Z Wi 1 ijﬁ-l—i_c Z Wi +1 Z Wiy 41
Ji=J+1 Jo=1 Ji=J+1 Jo=J+1
_ 2
J J
_ A l1—0o A 1—7
o CE:MJ-H_{—C E:wﬁl
7j=1 j=J+1

. - 2
(2 (11—0 +w(1)—T2(J—J)(1—T)> . (47)

Note that Ci sy = Diis T5mdiay S Dotzo T 57 < 3 S0 gy and this

last series converges as long as v > 1 (p-series). Hence, C = O(1). Moreover, C can be com-
puted in linear time in K as the following recursion holds: Cj, g 45 = Ci—1,K .5+ 0

5 1—6+5(K—k))”/ :
Since C' = O(1), this bound is O(1) as long as 7 > 1.

We are finally able to compute the complexity of algorithm 2. Lines 1 to 7 can be executed
in linear time with respect to N. In particular for line 5, since J = O(logN), with counting
sort or bucket sort we can determine the weight layers in time O(/NV). The for loops in lines
8 to 12 take time Y. >3, O(|[V;, N Al) = O(N), as [V}, N Ay = 1,...,J, 1 =1,...,K
form a partition of the space of all nodes. As for the for loops in lines 13 to 28, the com-
plexity is >, >, Zk O(1) = O(Nlog®>N) since we showed in eq. (47) that on average

Dy Dy kM Un72) — O(1). Hence, the overall complexity is O(Nlog®N).

9.3 Approximations of CRMs

Consider the Poisson random measure N on the space (0, +00) x © with intensity measure
v(dw,dl) = p(dw)&,(dl), with p,, a Markov probability kernel from (0,00) to © and p a
Borel measure such that

/ (1 —-e")p(dw) < oo and / p(dw) =
0 0
Note that in our setting &, does not depend on w. The functional
A= / wN (dw, df) (48)
0

is an infinite activity completely random measure on © with random weights and atoms. A can
also be expressed in the form

A= "widy, (49)

i>1
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where (w;);>1 are stochastically ordered, i.e. for every w > 0 we have that P(w;1; > w) <
P(w; > w). Let Ay, be the CRM truncated after L steps:

L L
A= wiby, =Y w15, ,. (50)
=1 =1

where (wy,;);=1..1, is a finitely exchangeable random sequence such that w;; = Wr,, (i), With
7, permutation of the labels in the set [n]. Following Lee (2019), a finite independent and
identically distributed approximation of the truncated CRM of eq. (50) is

L
A = Z@L,ié(;“ (51)
i=1
where
- did 3 Ay (T~YL))p(dw
wr, i < fr= f\pfl(L)(dUO = ( (L))p( )
Orlwr,; = wr; ~ Eay (52)

where A, (t) = f(f Aw(du) is the distribution function of a Markov probability kernel A, (dt)
from (0, 00) to (0,00), and U (t) = [ Ay (t) p(dw).

Theorem 9.1 (Lee (2019)). Let A, be the finite independent and identically distributed approx-

imation defined by eq. (51) and eq. (52). Then, Ay, converges in distribution to the homogeneous
CRM A with intensity p(dw)&,,(d0).

9.4 Details on the MCMC algorithm for the approximate generalised gamma
process

Metropolis-Hastings for ¢, o, c

The posteriors of ¢, 0 and c are intractable, hence the first part of our posterior inference algo-
rithm relies on Metropolis Hastings proposals for ¢, o and ¢, following Caron and Fox (2017).
In particular, we will use as proposals:

|0 ~ log Normal (log . 7 ,03)

1—0 —0

&|c ~ log Normal(log(c), o2)

rYc

t|t ~ log Normal(log(t), o?)

where log Normal(y, o2) is a log Normal distribution with mean y and standard deviation o.
The change of variables 2= = e, where X ~ Normal (log 12, 02) implies the following
density function for o:

4:(6) =px (1og (1 = 0)) 'd <1og (ﬁ)) Jdé (53)
1 _ (og(5/(1-4))~log(a/(1-0)))? 1
= e 203 E—— (54)

,/27r0‘(27 5‘(1-6’)
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Combining the complete likelihood, the priors and the proposals we get an acceptance ratio that
is the minimum between 1 and r, r being

(It i et et Coge ) gLttt
) a(
&

i=1 " T(1-5)((C4¢)7 —&) uil(1—e—C) 1-5) ¢ T(at)

T =

~—1—0o

L o “7e Mi(l—e i) o (C@)"ie™Pi\ 1 1(b)™ 4a,1,-b
<Hi:1 TI—o) (- wli-eom) ) of e

1—0) ¢ T(az)

_ (log(o/(1=0))~log(5/(1=3)))2 _ (log(c)—log(@)? _ (og(t)=log(®)?
e 20% e 208 e 20’?
(1—0)oos coc toy

_ (log(5/(1=5))—log(a/(1=0))2 _ (log(&)—log(c))2 _ (log(f)=log(t))?
e 20% e 20% e 20’?
(1-6)60, éoc toy

~1 L o o\L 7\ M = A\
(1 —o) ((C~+c —7) (é) e T T o=t e (Eeti=0m: (%)

)7 —c
ofT(1— o)t ((C+¢e)F — )b \t i
N (R (t) i (100 ) eercoma ()
ULF(l—(})L((C~+5)&_E& L \¢ i i c

logr =L <log (g) + log (H) + log (Egig—::g)) + a; log (%)
+

= log posterior(&, ¢, t|rest) — log posterior(a, c, t|rest)

+logq(o,c,t|o,¢, f) —logq(a,¢, f|0, ¢, t)

Metropolis-Hastings for x and ~

For z and v we proceed in a way similar to ¢, o, c. We update x and v together, proposing a
Metropolis-Hastings update:

F|z ~ trNormal(0, Zpax, T, 02)

|y ~ log Normal(log(7), 03)

with trNormal(a, b, 1, 02) a truncated normal on the range [a,b], with mean p and standard
deviation 0. We can compute the acceptance rate for z and v by combining the likelihood,
the priors and the proposals. We omit the computations, which are very similar to the ones for
t,o,c.

Gibbs sampler for w, n, u

The full conditionals of 7,;, w; and u; are in closed form and easy to sample from, therefore we
can construct the following Gibbs samplers:

e n;;|rest ~ trPoisson(p;;w;w,) for any i, j;
indep . ~ .
o u;|rest ~ trPoisson({w;) for any i;

° ’lI}i|T65t, (UNJJ)]?gZ ~ Gamma(—a + u; + ijéi ﬁ’ija c+ g + Zj#i pUUNJ]) for any 1.
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Hamiltonian Monte Carlo for w

For the inference of the approximate sociabilities w;, we propose also an Hamiltonian Monte
Carlo procedure, that allows us to update all the weights together, instead of the sequential pro-
posal of the Gibbs sampler. HMC is less subject to the presence of correlation among variables,
which is the case instead for Gibbs samplers. To do so, we use as objective function the log
posterior of the weights, of which we need to be able to compute the derivative. For numerical
convenience, we take the derivative with respect to log w.

log p(log w|rest) = log p(w|rest) + Z log w;

log p(w|rest) o Z nij log(pij i) — pijil;]
+Z —1 — o) logw; — cw; + u;log w; — (]

log p(log w;|rest) o< log w; + log w; Z(ﬁ” + fji) — e8P Zpijwj — e?los i
J J#
+ (u; — 1 — o) logw; — (€ + c)e'os™
0log p(log w|rest)

9log 0 =m;+u; —o —w;(+7) wZZpr]

with m; = ) j (nj; + n;;). Fixing € and R to be the leapfrog stepsize and number of steps, the
algorithm iterates over the number of iterations according to these passages:

1. Sample the momentum Variables:
p; < Normal(0,1), i = 1,...,L

2. Simulate R steps of the discretized Hamiltonian: for every node ¢

(0)

log w; ' = log w;
~ € (log p(log w|rest
50— gy 4 €Qogpliogalrest))
2 a(log wi) log w=log w(0)
logu?l(’") = log ~§T )—l-EPZ(T Doy = 1,...,R—1
r ~(r— o(l 1 ¥ t
15§):p§ D4 e (OgP(Oglf}|Tes)) R
d(log ;) log w=log (")
3. Set for every node i
log w; = log w( D4 GPER 1)
5; = D € 9(log p(log w|rest))
o 2 d(log ;) log w=log w*

4. Accept w* with probability min(1,r,, ), where

log w*|rest 7
log 1, = log |PUog " lrest) p(p)]

p(log w|rest) — p(p)
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*

= Z (725 (log w} + log wy — log w; — log ;) — pyj(w; w; — wyd;)]
,J
+ Z [(u; — o)(logw! —logw;) — (¢ + ¢)(w} — w;)]

) =

= Z [(m; +u; — o)(logw; —logw;) — (¢ + {)(w] — w;)]

* % ~ 1 ~
= [pij (wiw; — ;)] — 3 > 5 —1})
ij

(2
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On sparsity, power-law and clustering
properties of graphex processes

Francois Caron, Francesca Panero and Judith Rousseau

Department of Statistics, University of Oxford

This paper investigates properties of the class of graphs based on exchangeable point processes. We provide
asymptotic expressions for the number of edges, number of nodes and degree distributions, identifying
four regimes: (i) a dense regime, (ii) a sparse almost dense regime, (iii) a sparse regime with power-law
behaviour, and (iv) an almost extremely sparse regime. We show that, under mild assumptions, both the
global and local clustering coefficients converge to constants which may or may not be the same. We also
derive a central limit theorem for subgraph counts and for the number of nodes. Finally, we propose a
class of models within this framework where one can separately control the latent structure and the global
sparsity/power-law properties of the graph.

MSC 2010 subject classifications: Primary 05C80, 60F15, 60G55.
Keywords: networks, sparsity, Poisson processes, community structure, power-law, generalised graphon,
transitivity, subgraph counts.

1. Introduction

The ubiquitous availability of large, structured network data in various scientific areas ranging
from biology to social sciences has been a driving force in the development of statistical network
models (Kolaczyk, 2009; Newman, 2010). Vertex-exchangeable random graphs, also known as
W -random graphs or graphon models (Hoover, 1979; Aldous, 1981; Lovasz and Szegedy, 2006;
Diaconis and Janson, 2008) offer in particular a flexible and tractable class of random graph
models. It includes many models, such as the stochastic block-model (Nowicki and Snijders,
2001), as special cases. Various parametric and nonparametric model-based approaches (Palla
et al., 2010; Lloyd et al., 2012; Latouche and Robin, 2016), or nonparametric estimation proce-
dures (Wolfe and Olhede, 2013; Chatterjee, 2015; Gao et al., 2015) have been developed within
this framework. Although very flexible, it is known that vertex-exchangeable random graphs
are dense (Lovdsz and Szegedy, 2006; Orbanz and Roy, 2015), that is the number of edges
scales quadratically with the number of nodes; this property is considered unrealistic for many
real-world networks. To achieve sparsity, rescaled graphon models have been proposed in the
literature (Bollobas and Riordan, 2009; Bickel and Chen, 2009; Bickel et al., 2011; Wolfe and
Olhede, 2013). While these models can capture sparsity, they are not projective; additionally,
standard rescaled graphon models cannot simultaneously capture sparsity and a clustering coef-
ficient bounded away from O (see Section 5).

These limitations are overcome by another line of works initiated by Caron and Fox (2017),
Veitch and Roy (2015) and Borgs et al. (2018). They showed that, by modeling the graph as an ex-
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Figure 1. Tllustration of the graph model based on exchangeable point processes. (left) A unit-rate Poisson process
(03,9:),1 € Non (0, a] x Ry. (right) For each pair ¢ < j, set Z;; = Z;; = 1 with probability W (d;, ;). Here, W
is indicated by the red shading (darker shading indicates higher value). Similar to Figure 5 in (Caron and Fox, 2017).

changeable point process, the classical vertex-exchangeable/graphon framework can be naturally
extended to the sparse regime, while preserving its flexibility and tractability. In such a represen-
tation, introduced by Caron and Fox (2017), nodes are embedded at some location §; € R, and
the set of edges is represented by a point process on the plane

> Zijdo,.0,) (1
4,7

where Z;; = Zj; is a binary variable indicating if there is an edge between node 6; and node
0;. Finite-size graphs are obtained by restricting the point process (1) to points (6;,6,) such
that 6;,0; < «, with o a positive parameter controlling the size of the graph. Focusing on
a particular construction as a case study, Caron and Fox (2017) showed that one can obtain
sparse and exchangeable graphs within this framework; they also pointed out that exchangeable
random measures admit a representation theorem due to Kallenberg (1990), giving a general
construction for such graph models. Herlau et al. (2016), Todeschini et al. (2020) developed
sparse graph models with (overlapping) community structure within this framework. Veitch and
Roy (2015) and Borgs et al. (2018) showed how such construction naturally generalizes the dense
exchangeable graphon framework to the sparse regime, and analysed some of the properties of
the associated class of random graphs, called graphex processes'; further properties were derived
by Janson (2016, 2017), Veitch and Roy (2019) and Borgs et al. (2019). Following the notations
of Veitch and Roy (2015), and ignoring additional terms corresponding to stars and isolated
edges, the graph is then parameterised by a symmetric measurable function W' : Ri — [0,1],
where for each i < j,

Zij | (ek,ﬂk)k:1,27,_. ~ Bernoulli{W(ﬁi,ﬂj)}, (2)

Veitch and Roy (2015) introduced the term graphex. In the same paper, they referred to the class of random graphs
as Kallenberg exchangeable graphs, but the term graphex processes is now more commonly used.
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Figure 2. Illustration of some of the asymptotic results developed in this paper, applied to the generalised graphon model
defined by Equations (39) and (44) with 09 = 0.2 and 79 = 2. (a) Empirical degree distribution for a graph of size
o = 1000 (red) and asymptotic degree distribution (dashed blue, see Corollary 5). (b) Average local (blue) and global
(red) clustering coefficients for 10 graphs of growing sizes. Limit values are represented by dashed lines (see Propositions
10 and 11). (c) Local clustering coefficient for nodes of a given degree j, for a graph of size « = 1000. The limit value
is represented by a dashed line (see Proposition 11).

where (05, )k=1,2,... is a unit-rate Poisson process on ]Ri. See Figure 1 for an illustration of
the model construction. The function W is a natural generalisation of the graphon for dense
exchangeable graphs (Veitch and Roy, 2015; Borgs et al., 2018) and we refer to it as the graphon
function.

This paper investigates asymptotic properties of the general class of graphs based on ex-
changeable point processes defined by Equations (1) and (2). Our findings can be summarised as
follows.

(i) We relate the sparsity and power-law properties of the graph to the tail behaviour of the
marginal of the graphon function W, identifying four regimes: a) a dense regime, b) a
sparse (almost dense) regime without power-law behaviour, ¢) a sparse regime with power-
law behaviour, and d) an almost extremely sparse regime. In the sparse, power-law regime,
the power-law exponent is in the range (1, 2).

(ii) We derive the asymptotic properties of the global and local clustering coefficients, two
standard measures of the transitivity of the graph.

(iii) We give a central limit theorem for subgraph counts and for the number of nodes in the
graph.

(iv) We introduce a parametrisation that allows to model separately the global sparsity structure
and other local properties such as community structure. Such a framework enables us to
sparsify any dense graphon model, and to characterise its sparsity properties.

(v) We show that the results apply to a wide range of sparse and dense graphex processes,
including the models studied by Caron and Fox (2017), Herlau et al. (2016) and Todeschini
et al. (2020).

Some of the asymptotic results are illustrated in Figure 2 for a specific graphex process in the
sparse, power-law regime.
The article is organised as follows. In Section 2 we give the notations and the main Assump-
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tions. In Section 3, we derive the asymptotic results for the number of nodes, degree distribution
and clustering coefficients. In Section 4, we derive central limit theorems for subgraphs and for
the number of nodes. Section 5 discusses related work. In Section 6 we provide specific examples
of sparse and dense graphs and show how to apply the results of the previous section to those
models. In Section 7 we describe a generic construction for graphs with local/global structure
and adapt some results of Section 3 to this setting. Most of the proofs are given in the main text,
with some longer proofs in the Appendix, together with some technical lemma and background
material. Other more technical proofs are given in a Supplementary Material (Caron et al., 2020).

Throughout the document, we use the notations X, ~ Y, and X, = o(Y,) respectively
for X,/Y, — 1 and X,/Y, — 0. Both notations X, < Y, and X, = O(Y,,) are used for
limsup X, /Y, < oc. The notation X, < Y, means both X, < Y, and Y, < X, hold. All
unspecified limits are when « tends to infinity. When X, and/or Y,, are random quantities, the
asymptotic relation is meant to hold almost surely.

2. Notations and Assumptions

2.1. Notations

Let M =, 6(p, 9, be a unit-rate Poisson random measure on (0, +00)? and W : [0, +00)? —
[0,1] a symmetric measurable function such that lim,_,., W(xz, ) and lim,_,o W(x, z) both
exist 2 and -
0<W = W(z,y)dzdy < oo, / W (z,z)dx < oo, 3)
R2 0
Let (Ui;);,jen2 be a symmetric array of independent random variables, with U;; ~ U(0, 1) if
i < jand U;; = Uy, fori > j. Let Z;; = 1y, <w (v, ,9,;) be a binary random variable indicating
if there is a link between ¢ and j, where 1 4 denotes the indicator function.
Restrictions of the point process ), j Zi50(9,.0,) to squares [0, «)? then define a growing fam-
ily of random graphs (G, ) >0, called a graphex process, where G, = (Va, £,) denotes a graph
of size a > 0 with vertex set V,, and edge set &, defined by

V) = {91 | 0; <aand 30, < as.t. Z;, = 1} 4)
5a = {{9“0j} ‘ 0,',91' S (e and Zl'j = 1} . (5)

The connection between the point process and graphex process is illustrated in Figure 3. The
conditions (3) are sufficient (though not necessary) conditions for |€,| (hence |V, |) to be almost
surely finite, and the graphex process well defined (Veitch and Roy, 2015, Theorem 4.9). Note
crucially that the graphs G,, have no isolated vertices (that is, no vertices of degree 0), and that
the number of nodes |V, | and edges |€,| are both random variables.

2By (3), this implies limz—, 00 W (z, ) = 0.
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& = 5. Note that the graph is empty for o < 1.

We now define a number of summary statistics of the graph G,,. Fori > 1, let
Dom = Z Zik]IHk <a-
k

If 6, € V,, then D, ; > 1 corresponds to the degree of the node 6; in the graph G, of size o;

otherwise D, ; = 0. Let N, = |V,| and N, ; be the number of nodes and the number of nodes
of degree j, j > 1 respectively,
No =3 lo<alp, 21, Naj= lo<alp, = ©)
i i

and N9 = |£,| the number of edges
g

N Z Zijlo,<allg,<a + Z Ziilo,<a- (7)
1?5]
For: > 1, let
1
Tai=5 Y. ZiZnZiklo<als <alpe<a- ®)
3kli#kA

If 6; € V,, T, corresponds to the number of triangles containing node 6; in the graph G,,
otherwise T;, ; = 0. Let

1 1
=3 ZTa,i =5 Z Zii Lk Zikle;<ale;<ale,<a )
i ik
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denote the total number of triangles and

Dy i(Da,i —1 1
? i£j#k

the total number of adjacent edges in the graph G, . The global clustering coefficient, also known
as the transitivity coefficient, is defined as

87,

«

oY = (11)
if A, > 1 and O otherwise. The global clustering coefficient counts the proportion of closed
connected triplets over all the connected triplets, or equivalently the fraction of pairs of nodes
connected to the same node that are themselves connected, and is a standard measure of the
transitivity of a network (Newman, 2010, Section 7.9). Another measure of the transitivity of the
graph is the local clustering coefficient. For any degree j > 2, define

2
C(O == T,:1 —i 12
a,j ](] _ I)Na,j ; y il Do i =7 (12)

if N, ; > 1 and O otherwise. C((fz corresponds to the proportion of pairs of neighbours of nodes
of degree j that are connected. The average local clustering coefficient is obtained by

=(0) 1 %)
Co =——> NajCL) 13
Y Na=Noa g © 4

if Ny — No,1 > 1and df) = 0 otherwise.

2.2. Assumptions

We will make use of the following three assumptions. Assumption 1 characterises the behaviour
of the small degree nodes. Assumption 2 is a technical assumption to obtain the almost sure
results. Assumption 3 characterises the behaviour of large degree nodes.

A central quantity of interest in the analysis of the asymptotic properties of graphex processes
is the marginal generalised graphon function y : (0, 00) — R, defined for z > 0 by

wz) = /OOO W (z,y)dy. (14)

The integrability of the generalised graphon W implies that p is integrable. Ignoring loops (self-
edges), the expected number of connections of a node with parameter ¥ is proportional to y(19).
Therefore, assuming j is monotone decreasing, its behaviour at infinity controls the small degree
nodes, while its behaviour at O controls the large degree nodes.
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For mathematical convenience, it will be easier to work with the generalised inverse ! of
1. The behaviour at 0 of ;=1 then controls the small degree nodes, while the behaviour of 1 ~!
at infinity controls large degree nodes.

The following assumption characterises the behaviour of y at infinity or, equivalently, of p~
at 0. We require p1~! to behave approximately as a power function 2~ around 0, for some
o € [0, 1]. This behaviour, known as regular variation, has been extensively studied (see, e.g.,
Bingham et al. (1987)) and we provide some background on it in Appendix C.

1

Assumption 1 Assume j is non-increasing, with generalised inverse p='(z) = inf{y > 0 |
w(y) < a}, such that
p i (z) ~ (1 /2)x asx — 0 (15)

where o € [0, 1] and € is a slowly varying function at infinity: for all ¢ > 0, lim;_, o, £(ct) /L(t) =
1.

Examples of slowly varying functions ¢ include functions converging to a strictly positive con-
stant, or powers of logarithms. Note that Assumption 1 implies that, for o € (0,1), u(t) ~
I(t)t~/7 ast — oo for some slowly varying function . We can differentiate four cases, as it
will be formally derived in Corollary 5.

(i) Dense case : 0 = 0 and limy_,, £(t) < oco. In this case, lim,_,o u~*(z) < oo, hence p

has bounded support. The other three cases are all sparse cases.

(ii)) Almost dense case: ¢ = 0 and lim; , ¢(t) = oo. In this case p has full support and
super-polynomially decaying tails.

(iii) Sparse case with power law : o € (0, 1). In this case x has full support and polynomially
decaying tails (up to a slowly varying function).

(iv) Very sparse case: ¢ = 1. In this case p has full support and very light tails. In order for
11 (and hence W) to be integrable, we need £ to go to zero sufficiently fast.

Now define, for x,y > 0
o) = [ Wi W (. 2)dz (16)
0

The expected number of common neighbours of nodes with parameters (¢1, J2) is proportional
to v(d,92).

The following assumption is a technical assumption needed in order to obtain the almost sure
results on the number of nodes and degrees. Veitch and Roy (2015) made a similar assumption
to obtain results in probability, see the discussion section for further details.

Assumption 2 Assume that there exists C,a > 0 and xo > 0 such that for all x,y > xg

x (% )
v(z,y) < Ciu(x)n(y)*,  nlzo) >0, {Zirlna (2:9) ggi[ﬁ’l) an

Remark 1 Assumption 2 is trivially satisfied when the function W is separable W(z,y) =
w(z)u(y)/W. Assumptions 1 and 2 are also satisfied if

Wi(z,y)=1— e~ F@fW)/f (18)



8

for some positive, non-increasing, measurable function f with f = fooo f(z)dz < oo and gen-
eralised inverse 1 verifying f~1(x) ~ £(1/x)x~7 as x tends to 0. In this case, i is monotone
non-increasing. We have

ey = [l e O NGy — o [ e ) Fdu ~ o
{1 (@)) / {1 Yy / )/

as x tends to 0 by dominated convergence. Hence f{p~"'(x)} ~ x as x tendsto Oand f~*[f{u~" (x)}] ~
0(1/z)x=7. Assumption 2 follows from the inequality W (z,y) < f(x)f(y)/f. Other examples
are considered in Section 6.

The following assumption is used to characterise the asymptotic behaviour of large degree nodes.

Assumption 3 Assume 1~ (t) = [ f(x)dx where
flx) ~ 127" Ys(x) as x — oo

where T > 0 and {5 is a slowly varying function.

Note that Assumption 3 implies that 11~ () ~ 2~ 7¢5(x) as & — oo, and p(t) ~ ()t ™'/ as t —
0 for some slowly varying function /.

3. Asymptotic behaviour of various statistics of the graph

3.1. Asymptotic behaviour of the number of edges, number of nodes and
degree distribution

In this section we characterise the almost sure and expected behaviour of the number of nodes
N,, number of edges N(ge) and number of nodes with j edges N,, ;. These results allow us to pro-
vide precise statements about the sparsity of the graph and the asymptotic power-law properties
of its degree distribution.

We first recall existing results on the asymptotic growth of the number of edges. The growth
of the mean number of edges has been shown by Veitch and Roy (2015) and the almost sure
convergence follows from (Borgs et al., 2018, Proposition 56).

Proposition 2 (Number of edges (Veitch and Roy, 2015; Borgs et al., 2018)) As « goes to in-

finity, almost surely o
N ~ E(N®) ~ a*W /2. (19)

The following two theorems provide a description of the asymptotic behaviour of the terms
Nq, N, ; in expectation and almost surely.

Theorem 3 For o € [0, 1], let £, be slowly varying functions defined as

0 (t) = /:O y H(y)dy and L,(t) = L)1 — ) foro €[0,1). (20)



Under Assumption 1, for all o € [0, 1],
E(Ny) ~ a4, (a). 1)

If o = 0 then for j > 1
E(Ng,j) = ofal(e)}.

Ifo € (0,1) thenforj > 1

ol'(j—o -
B(Nas) ~ =T 0w a)
Finally, if o =1,
%l () =1
E(Na, ) ~ a? :
! { Gl =2

Theorem 3 follows rather directly from asymptotic properties of regularly varying func-
tions (Gnedin et al., 2007), recalled in Lemma B.2 and B.3 in the Appendix. Details of the
proof are given in Appendix A.1.

Veitch and Roy (2015) have shown that, under Assumption 2 with @ = 1, we have, in proba-
bility,

No~E(Na), > Nap~E > Nog| forj>1.
k>j k>j

The next theorem shows that the asymptotic equivalence holds almost surely under the weaker
Assumption 2. Additionally, combining these results with Theorem 3 allows us to characterise
the almost sure asymptotic behaviour of the number of nodes and number of nodes of a given
degree. The proof of Theorem 4 is given in Section 3.2.

Theorem 4 Under Assumptions 1 and 2, we have almost surely as o tends to infinity
No ~ E(Na), > Nag~E(> Nog| forj>1 (22)
k>j k>j
Combining this with Theorem 3, we obtain that, for all o € [0, 1],
N, ~ a0, (a).
Moreover, for j > 1, ifo = 0 then N, ; = o{al(a)}, while if0 < o < 1

ol'(j — o)

N, ~ T\
a,g ]!

a7 (a).

Ifo =1, No1 ~ o?l1(c) and for all j > 2 we also have, N, ; = o{a?{1(c)}.
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The following result is a corollary of Theorem 4 which shows how the parameter o relates to
the sparsity and power-law properties of the graphs. We denote ¢# the de Bruijn conjugate (see
definition C.3 in the Appendix) of the slowly varying function £.

Corollary 5 (Sparsity and power-law degree distribution) Assume Assumptions I and 2. For
o € [0, 1], almost surely as « tends to infinity,

o 2
No(f) N gNg/(l_,_g)(;(Na)’ K:;(y) — |:{£;/(1+0') (y1/1+0)}#:| .

i (y) is slow varying and the graph is dense if o = 0 and lim;_, . 0(t) = C < oo, as
NS IN2 = C2W /2 almost surely. Otherwise, if & > 0 or o = 0 and lim, ((t) = oo, the
graph is sparse, as Née)/NfY — 0. Additionally, for o € [0,1), forany j = 1,2, ...,

Naj ol'(j — o)
N, JIT(1—-o)

(23)

almost surely. If o > 0, this corresponds to a degree distribution with a power-law behaviour as,
for j large

ol'(j — o) o

jIT(1—0) T —o)jlte’

Foro =1, No1/No — land N, j/No — 0 for j > 2, hence the nodes of degree 1 dominate
in the graph.

Remark 6 If o = 0 and lim;_,, £(t) = oo, the graph is almost dense, that is N(ge)/Ng —
0 and N(Sf)/Ng_6 — oo forany € > 0. If 0 = 1, the graph is almost extremely sparse (Bollobds
and Riordan, 2009), as N /Ny — oo and N5 /N1+¢ = 0 for any € > 0.

The above results are important in terms of modelling aspects, since they allow a precise
description of the degrees and number of edges as a function of the number of nodes. They can
also be used to conduct inference on the parameters of the statistical network model, since the
behaviour of most estimators will depend heavily on the behaviour of N, No(f) and possibly
N, ;. For instance the following naive estimator® of &

2log N,

(e) @4
log N&°

6’:

is almost surely consistent. Indeed under Assumptions 1 and 2, using Theorems 2 and 4, we have
almost surely N2 ~ 27270, (c)? and N& ~ o2 /2. Hence

2

N _
log 5 ~ 20 log(a) + log{{y(a)*2/WW}

«

3Following an earlier version of the present paper, Naulet et al. (2017) proposed an alternative estimator for o, with
better statistical properties.
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and the result follows as log ¢, («)/loga — 0.

All the above results depend on the behaviour of small degree nodes. It is also of interest to
look at, for « fixed, the number of nodes of degree j for large j. We show in the next proposition
that this is controlled by the high degree nodes.

Proposition 7 (Power-law for high degree nodes) Assume that Assumption 3 holds for some
7 > 0 and some slowly varying function {s. Then, for fixed graph size «

OéT+1T€2(j)

E(Navj) ~ j1+7-

as j — oo.

This corresponds to a power-law behaviour with exponent 1 + .
Proof. Under Assumption 3, we have 1~ () = [ f(x)dz with
flx) ~ 17" Yy (x) as 2 — oo

where 7 > 0 and /5 is a slowly varying function. It implies lim;_,¢ (t) = oo. From (Veitch and
Roy, 2015, Theorem 5.5), we have

E(Na;)=a /00(1 — W, 19))ea“<19>(°"2(,f9))jd19 + a/oo e~y (Y, ﬂ)wdﬂ
0 !

o (j—1)!
—a [0 W @ @) (O‘j” f()dz
o [T W @ @) S s

Note that lim,_,oo W(u=t(z), p~1(z)) € [0, 1] exists. Using Corollary B.6 (Willmot, 1990,
Theorem 2.1.) in the Appendix, we obtain that, for fixed «,

a™Tirly(5)

E(NO/,]) ~ j1+7’

as j — 0o.

3.2. Proof of Theorem 4

The proof follows similarly to that of (Veitch and Roy, 2015, Theorem 3.1), by bounding the vari-
ance. Veitch and Roy (2015) showed that var(N, ) = o(E(N,)?) and var(N,, ;) = o(E(Na.;)?)
and use this result to prove that (22) holds in probability; we need a slightly tighter bound on the
variances to obtain the almost sure convergence. This is stated in the next two Propositions.
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Proposition 8 Let N, be the number of nodes. We have

Var(Na) = E(Na) + 2042/]R M(x){l _ W(.’L'“’L')}e*a”(m)dx

o [ A=W} (1= Wie.o)H1 = W)

{eav(a:ay) — 14 W(x, y)} e—au(z)—au(?/)dxdy. (25)

Under Assumptions 1 and 2, with o € [0, 1], slowly varying function ¢ and positive scalar a
satisfying (17), we have
var(N,) = O{a®*T2772%¢ (a)?}. (26)

where the slowly varying functions {, are defined in Equation (20). Additionally, under Assump-
tions 1 and 4, we have, for any o € [0, 1] and any slowly varying function ¢

var(N,) < o' 2702 (). (27)

The proof of Proposition 8§ is given in Section S1.1 in the Supplementary Material (Caron et al.,
2020). Proposition 8 and Theorem 3 imply in particular that, under Assumptions 1 and 2,

var(N,) = O{E(N, )%™ "}

for some x > 0. N, is a positive, monotone increasing stochastic process. Using Lemma B.1 in
the Appendix, we obtain that N, ~ E(N,,) almost surely as « tends to co.

Proposition 9 Let N, ; be the number of nodes of degree j. Then, under Assumptions 1 and 2,
with o € [0, 1], slowly varying function £ and positive scalar o satisfying (17), we have

var(N, ;) = O{a®*T27 729 (a)?}.

where the slowly varying functions {, are defined in Equation (20). In the case c = 0 and a = 1,
we have the stronger result

var(N, ;) = of{al(a)?}.
The proof of Proposition 9 is given in Section S1.2 in the Supplementary Material (Caron et al.,
2020). Define No,j = 3y~ ; Na k. the number of nodes of degree at least j. Note that N, ; is a
positive, monotone increasing stochastic process in «, with Na’j = Ny — E?@: N 1. We then
have that, using Cauchy-Schwarz and Jensen’s inequalities

E(N,,;)=E N)—ZE wk), var( (”)<]{var(Na)+Zvar(Na7k)}.
k=1

Consider first the case o € [0,1). Since Theorem 3 implies, for j > 2, att(a) < E(]VQJ)
as o goes to infinity, using Propositions 8 and 9, we obtain var(N, ;) = O{a""E(N,;)?} for
some 7 > 0. Combined with Lemma B.1, it leads to N, ; ~ E(N, ;) almost surely as o goes to
infinity.

The almost sure results for IV, ; then follow from the fact that, for all j > 2, E( 0j) =<

E(N.)ifo € (0,1), E(Na;) ~ E(Na) if o = 0 and E(Na ;) = o{ E(N,)} if o = 1.
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3.3. Asymptotic behaviour of the clustering coefficients
The following Proposition is a direct corollary of (Borgs et al., 2018, Proposition 56) who showed

the almost sure convergence of subgraph counts in graphex processes.

Proposition 10 (Global clustering coefficient (Borgs et al., 2018)) Assume fo r)?%dx < oo
Recall that T,, and A, are respectively the number of triangles and number of ad]acent edges in
the graph of size o.. We have

To~ E(To) = — W(w Y)W (z, 2)W(y, z)dwdydz,

Ao~ B(An) = & / (z)Pde

almost surely as o — oo. Therefore, iffoOO w(x)%dx > 0, the global clustering coefficient defined
in Equation (11) converges to a constant

fRi Wz, y)W(x,2)W (y, z)dzdydz
fooo w(x)?dz

Note that if zz is monotone decreasing, as W < 0o, we necessarily have faoo w(x)?dr < oo
for any @ > 0. Hence the condition fooo w(z)%dxr < oo in Proposition 10 requires additional
assumptions on the behaviour of 4 at 0 (or equivalently the behaviour of 1 ~! at co0), which drives
the behaviour of large degree nodes. If the graph is dense, y is bounded and thus fooo p(x)?dr <
0.

cY

almost surely as o — 0.

Proposition 11 (Local clustering coefficient) Assume Assumptions I and 2 hold with o € (0, 1).
Assume additionally that

f]R2 W(xay)W(x>Z)W(y7Z)dde

for some b € [0, 1]. Then the local clustering coefficients converge in probabiltiy as o — o:
o —b Vi
Ifb > 0, the above result holds almost surely, and the average local clustering coefficient satisfies

lim C’(e) — b, almost surely.

a— 00
In general,
JW(z, )W (x, )W (y, 2)dedydz
}E& e /W z, )Wz, 2)W(y, z)dydz # T i(e)2da
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and the global clustering and local clustering coefficients converge to different limits. A notable
exception is the separable case where W (x,y) = u(x)u(y)/W, since in this case

2 2 2
J W w Wt =W ([t o= L)

nd
a /W(Ly)W(sc,z)W(y,z)dydzda: =W </ ,u(y)Qdy)S.

Sketch of the proof. Full details are given in Appendix A.2, and we only give here a sketch of
the proof, which is similar to that of Theorem 4. We have

2R,

C’g; = m, where R, ; = ;Tayill)m:j
R, ; corresponds to the number of triangles having a node of degree j as a vertex, where triangles
havingk < 3 degree-j nodes as vertices are counted k times.

We obtain an asymptotic expression for E(R,;), and show that var(R, ;) = O(a'72*[E(R, ;)]%).
We then prove that R, j/E(R, ;) goes to 1 almost surely. The latter is obtained by proving that
R, ; is nearly monotonic increasing by constructing an increasing sequence «, going to infinity
such that E(R,,, j)/E(Ra,,,,;) goes to 1 and such that for all o € (ty,, (vp41)

Ra,j— Rnj < Raj < Ra,irj+Buj, BRuj=0y(E(Ra,;))

Roughly speaking f{n ; corresponds to the sum of the number of triangles from 4, over the set ¢
such that D,, ; < j and 7 has at least one connection with some ¢’ such that 6;; € (ay,, ap41).
The result for the local clustering coefficient then follows from Toeplitz lemma (see e.g. (Loeve,
1977, p. 250)).

4. Central limit theorems

We now present central limit theorems (CLT) for subgraph counts (number of edges, triangles,
etc.) and for the number of nodes N,. Subgraph counts can be expressed as U-statistics of Pois-
son random measures (up to an asymptotically negligible term). A CLT then follows rather di-
rectly from CLT on U -statistics of Poisson random measures (Reitzner and Schulte, 2013).

Obtaining a CLT for quantities like V,, is more challenging, since these cannot be reduced to
U -statistics. We prove in this Section the CLT for /V,, and we separate the dense and sparse cases
because the techniques of the respective proofs are very different. The proof of the sparse case
requires additional assumptions and is much more involved. We believe that the same technique
of proof can be used for other quantities of interest, such as the number N, ; of nodes of degree
75 with more tedious computations.
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4.1. CLT for subgraph counts

4.1.1. Statement of the result

Let F be a given subgraph, which has neither isolated vertices nor loops. Denote |F'| the number

of nodes, {1,--- ,|F|} the set of vertices and e(F’) the set of edges. Let N be the number of
subgraphs F' in the graph G, :

#
N = kg Z H Zoio;16,,<allo, <ar
(v1, 01 k) (4,5)€e(F)
where k(py is a constant accounting for the multiple counts of F', that we can omit in the rest
of the discussion since it does not depend on «. Note that this statistics covers the number
of edges (excluding loops) if |F'| = 2 and the number of triangles if |F| = 3 and e(F) =
{(1,2),(1,3),(2,3)}. It is known in the graph literature as the number of injective adjacency
maps from the vertex set of F to the vertex set of G, see (Borgs et al., 2018, Section 2.5).

Proposition 12 Let F' be a subgraph without self edges nor isolated vertices. Assume that
fooo w(z)?F1=2dx < co. Then

NP _ g <N§F>)

var (N,gF))

— N(0,1), (29)

as « goes to infinity, where

E(NSD) = k!t /\F\
RL ' (45)€e(F)

Wz, zj)dry - - - dwjp) < 00 30)

and

var(N{F)) ~ epa?lF1=1

for some positive constant cp that depends only on F.

Remark 13 [If the graph is dense, p is a bounded function with bounded support and there-
fore fooo w(x)Pdx < oo for any p. In the sparse case, if u is monotone, we necessarily have

[.° p(z)Pdx < oo for any p > 1. The condition [;° p(z)*F1=2dx < oo therefore requires
additional assumptions on the behaviour of | at 0, which drives the behaviour of large degree
nodes.

4.1.2. Proof

The main idea of the proof is to use the decomposition

N —B(N{) = B(N{"|M) — E(N{) + N — E(N{7| M), 31)
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and to show that F (NéF) | M) is a geometric U-Statistic of a Poisson process, for which CLT
have been derived by Reitzner and Schulte (2013).

In this section, denote K = |F| > 2 the number of nodes of the subgraph F'. The subgraph
counts are

# K
1
N =k > ( ngvk§a> Bl o Il Zesion,
(v1, v ) \k=1 K TESK (i,5)€e(F)
where Sk denotes the set of permutations of {1, ..., K}.

Using the extended Slivnyak-Mecke theorem, we have

E(Ng”):k(p)aK/ [T Wi z)de - dex. (32)

RE (i.)€e(P)

As [° p(x)5~1da < oo, Lemma 62 in (Borgs et al., 2018) implies that E(NL(YF)) < 0. For
any K > 2, define the symmetric function

f(xh...’xK):@ Z H W(&r,, x,);

meSk (4,5)€e(F)

additionally, using condition (3) and fooo u(:r)K’ldat < 00, it satisfies 0 < fRK flze,...,zr)dey ... deg <
+
0.
We state the following useful lemma.

Lemma 14 The function f satisfies for all xy > 0

g(rk) == / flz1,...,2x_1,2Kk)dey .. .der—1 < Cy max(,u(:vK),,u(mK)K_l)
]RK

—1
"
for some constant C.

Proof. Let 7 € Sk and rx € {1,..., K} be such that ,,, = K. Denote S C {1,...,K — 1}
the set of indices 7 such that (i, 75 ) € e(F') and ¢ has no other connections in F'. Then

Lo

P eet) Ry
= Cru(ax)1® < Crvmax(u(zk), plzx) <)

W(xﬂ—“fl'ﬂj)dl'l...d(l}[(,l S Cl/\S| |:1;[SW(xﬂ,7xK)dxz]

for some constant C;. m
It follows from Lemma 14 and from the fact that [~ pu(z)dz < oo that, if [ pu(z)?5 ~2dx <

00, then
- 2
/ / flze,...,2x_1,y)dry .. .deg—1 | dy < oo.
0 RE-T
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We are now ready to derive the asymptotic expression for the variance of NéF) . Using the
extended Slivnyak-Mecke theorem again,

E((N{)?) = E(E(NS)? | M)

# K
k(F) Z f(ﬂvm'"77911}().]0(1911/17"'7191)}() H]lavkga]lﬁu;cﬁa
IR k=1
# K-1
+ k(F)KQE Z f(’lgmv cee 779v1<)f(19 791;;( lvﬁvK)ILGUKSa H 10%3()]10% <a
SUK k=1
VYo V1)
+0(a?572)
= k(QF)KQOzQK_l /2K ) flay, .. ox)f(@y, .. a1, 2K)dey, .. dogdx) ... dal_,
R2K~

4 E(NéF)>2 + O(aQK_Q).
It follows that
var(N{)) ~ k(QF)KzaQK_la?;

as « tends to infinity, where

2
0’%2/ / f(il?l,...,:L‘K_hy)dIl...d$K_1 dy < oo.
0 RE!

We now prove the CLT. The first term of the right-handside of Equation (31) takes the form

# K
E(N{M) =kapy > fWu,- o 0u) [] 16, <a- (33)
=1

(v1,,vK)
By the superposition property of Poisson random measures, we have

+
d
E(NSOIM) S kpy > Do, s . .. UK)H]19 <

(1, 77)K)

where the right-handside is a geometric U-statistic (Reitzner and Schulte, 2013, Definition
5.1) of the Poisson point process {(6;,7;)i>1} with mean measure adddd on [0,1] x R.. The-
orem 5.2 in Reitzner and Schulte (2013) therefore implies that

BN | M) — B(NST)

— N(0,1) (34)
Vvar(B(NE | 1)
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where var(E(NS | M) ~ var(N{) ~ kg |F[?a?!F1= 107, One can show similarly (proof
omitted) that var(NS — E(NS | M)) = o(a2/FI=1). It follows from Equations (31), (34)
and Chebyshev inequality that

N — BN
No = BNe ), a0, 1)

Var(NéF))

as « tends to infinity.

4.2. CLT for N, (dense case)

4.2.1. Statement of the result

In the dense case, p has a bounded support. If it is monotone decreasing, then Assumption 1 is
satisfied with o = 0 and £(¢) = sup{z > 0 | p(x) > 0} is constant. In this case a central limit
theorem (CLT) applies, as described in the following theorem.

Theorem 15 (Dense case) Assume that Assumption I holds with o = 0 and {(t) = C € (0, 00)
where C' = sup{z > 0 | p(x) > 0} (dense case). Also assume Assumption 2 holds with a = 1.
Then

No — E(N,)
Ja T BV, A0, 1), 35
T (0,1) 35)
Moreover, E(N,) = aC — mq o where
C
Moo = a/ e @) (1 — W(z,z))dz = o(a). (36)
0

Mq,0 can be interpreted as the expected number of degree 0 nodes, and is finite in the dense
case. Mmq,o can either diverge or converge to a constant as « tends to infinity, as shown in the
following examples.

Example 16 Consider ji(z) = 1,co,1], p(z) = (1 — 2)*Lyeo,1) and p(z) = (1 — x)*Lyepo,1)-

We respectively have mq, 0 — 0, Mq,0 ~ @alm and My o ~ F(4/3)a2/3.

The above CLT for N, can be generalised to Na’j =5 k> N i, the number of nodes of
degree at least j. a

Theorem 17 Assume that Assumption 1 holds with 0 = 0 and £(t) = C € (0,00) where
C = sup{z > 0| pu(x) > 0} (dense case). Also assume Assumption 2 holds with a = 1. Then,
forany j > 1 N N
No,j = E(Na,j)
vaC
Moreover, E(]\~/a71) = E(N,) = aC — mqa and for j > 2, E(]Yfa,j) = aC — mqgo —
11;11 E(Nq,;) where mg, o is defined in Equation (36) and E(N, ;) is defined in Equation
(51). Note that mq, o = o(a) and for any j > 1, E(N, ;) = o(«).

— N(0,1). (37
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4.2.2. Proof

For a point (0, ¥) such that ¢ > C, its degree is necessarily equal to zero, as p () = 0. Write

Na = Qa — INq,0, where Qa = E ]l@,iga]lgigc;
%

Q.. is the total number of nodes ¢ with #; < « that could have a connection (hence such that
w(d¥;) > 0), and

Ny = E 1g,<aly,<clp, ;=0

3

is the set of nodes ¢ with degree 0, but for which 6; < «, u(¢;) > 0. In the dense regime,
both Q, and N, o are almost surely finite. (Q4)a>0 is @ homogeneous Poisson process with
rate C. By the law of large numbers, @, ~ aC ~ N, almost surely as « tends to infin-
ity. Using Campbell’s theorem, the Slivnyak-Mecke formula, and monotone convergence, we

haveE(Ngy,0) = « foc(l —W(z,z))e” @) dx = o). We also have that

C C
E(NZ o)~ E(Nao) = o / / (LW (2, 2)) (1= W (1, ) (1= W (1, ) e~ v (@0) gy,
0 0

Hence, using the inequality e — 1 < ze”, we obtain

C C
var(Na) = o / / (1= W(z,2) (1 — Wy )1 — W(z,y))e @ -onw)+ar@y) guqy
0 0

2 (/0(1 = W(x,x))e"‘“(”dx) + E(Na)
0

c ,C
< E(Nayo) + a3/ / v(x,y)e~ @) —an@W)tav@y) g dy.
o Jo

Using Lemma B.7 in the Appendix and Assumption 2 with a = 1,

c ,C
/ / v(z, y)e_“/Q“(w)_o‘/Q“(y)dxdy = 0(04_2).
o Jo

It follows that var(N, o) = o(«). This implies, using Chebyshev’s inequality, the CLT for Pois-
son processes and Slutsky’s theorem that

No — E(Na) _ Qa—aC  Nao — E(Nay)
VaC Vol VaC

This concludes the proof of Theorem 15. The proof of Theorem 17 follows similarly. Note
that the case j = 1 in Theorem 17 corresponds to Theorem 15. For any j > 2, N ; = Qo —

Naoo — fc; N 1. We have, using Cauchy-Schwarz inequality and Proposition 9,

var (Na,o + i Na,k) <jJ (var(Naﬁo) + Zvar(Na7k)) = o(«)

k=1 k=1

— N(0,1).



20

This implies
Nag = B(Nay) _ Qa=0C  Nao+ 42} Nase = BNao + X42) Na) N(0.1)
VaC VaC VaC |

4.3. CLT for N, (sparse case)

4.3.1. Statement of the result

We now assume that we are in the sparse regime, that is ¢ has unbounded support. We make the
following additional assumptions in order to prove the asymptotic normality. Both assumptions
hold when W is separable, as well as in the model of Caron and Fox (2017) under some moment
conditions (see Section 6.5).

Assumption 4 Assume that there exists 0 < Cy < Cy and x¢ > 0 such that for all x,y > xg

Cop(z)uy) < v(z,y) < Cru(z)u(y).

Assumption 5 Assume that for any j < 6, and any (x1,...,%;) € Ri

/00o H W (zi,y)dy < H L(wi)p(as)

where L is a locally integrable, slowly varying function converging to a (strictly positive) con-
stant, and such that

/000 L(z)p(z)dr < co.

Obviously, Assumption 4 implies that Assumption 2 is satisfied with a = 1.
We now state the central limit theorem for N, under the sparse regime. Recall that in this
case, when Assumption 1 holds, we either have 0 = 0 and £(t) — oo or o € (0, 1].

Theorem 18 (Sparse case) Assume that p has an unbounded support (sparse regime). Under

Assumptions 1, 4 and 5, we have
N, — E(N,
Na = BNa) _, 0, 1),
var(Ny)

Remark 19 As detailed in Proposition 8, under Assumptions 1 and 4, we have, for any o € [0, 1]
and any slowly varying function {, var(N,) < a'*2702 (a) where the slowly varying function
L, is defined in Equation (20).

4.3.2. Proof

The proof uses the recent results of Last et al. (2016) on normal approximations of non-linear
functions of a Poisson random measure. We have the decomposition

N _E(Na) = (Na _E(Na | M)) + (E(Na | M) - E(Na))
= (Na — E(No | M)) + (M(ha) — E(Na)) + fo(M)
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where
fa(M) =Y 1p,<a [(1 W (B, 05))e ) _ e*]ﬂ(ga,ﬁi)}

is a nonlinear functional of the Poisson random measure M, and

M(ha) =3 Moo [1 = (1= W(05,0;))e )]

is a linear functional of M with o (0,9) = Lg<q [1 — (1 — W (9, 9))e~**(")]. Theorem 18 is
a direct consequence of the following three propositions and of Slutsky’s theorem.

Proposition 20 Under Assumptions 1 and 4, we have

O(at/?/20Y(a)) ifo € [0,1)

0(a1/2£1/2(a)) ifo =0 in probability

N, — E(N, M)z{
hence
Na _E(Na | M)
var(Ny)

Proposition 21 Under Assumptions 1 and 4, we have

— 0 in probability.

M (hg) — E(Ny) = O(a/?+9/201/2(q)) in probability
hence, if 1 has an unbounded support,

M(ha) B E(Na)

— 0 in probability.
var(Ng) P v

Proposition 22 Assume p has an unbounded support. Under Assumptions 1, 4 and 5, we have

_Ja(M) — N(0,1).
var(Ng)

The above three propositions are proved in Section S2 of the Supplementary Material (Caron
et al., 2020). The most challenging part is Proposition 22, where we use the results of (Last et al.,
2016, Theorem 1.1) on the normal approximation of non-linear functionals of Poisson random
measures. This requires the determination of tight bounds on integrals involving expectations of
multiple moments of terms of the form

fa(M+6z) _fa(M)

var(Ny)
fu(M+5zl +6zz)) _fa(M+5z1) _fa(M+5zz) +foz(M)
/var(Ny) '

The obtention of these bounds requires tedious calculations. The details are given in Section S2.3
of the Supplementary Material (Caron et al., 2020).

D.F, =

)

DzhzzFa -
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5. Related work and Discussion

Veitch and Roy (2015) proved that Equation (22) holds in probability, under slightly different
assumptions: they assume that Assumption 2 holds with ¢ = 1 and that p is differentiable,
with some conditions on the derivative, but do not make any assumption on the existence of o
or £. We note that for all the examples considered in Section 6, Assumptions 1 and 2 are always
satisfied, but Assumption 2 does not hold with @ = 1 for the non-separable graphon function (38).
Additionally, the differentiability condition does not hold for some standard graphon models
such as the stochastic blockmodel. Borgs et al. (2018) proved, amongst other results, the almost
sure convergence of the subgraph counts in graphex models (Theorem 56). For the subclass of
graphon models defined by Equation (39), Caron and Fox (2017) provided a lower bound on
the growth in the number of nodes, and therefore an upper bound on the sparsity rate, using
assumptions of regular variation similar to (40). Applying the results derived in this Section, we
show in Section 6.5 that the bound is tight, and we derive additional asymptotic properties for
this particular class.

As mentioned in the introduction, another class of (non projective) models that can produce
sparse graphs are sparse graphons (Bollobds and Riordan, 2009; Bickel and Chen, 2009; Bickel
et al., 2011; Wolfe and Olhede, 2013). In particular, a number of authors considered the follow-
ing sparse graphon model, where two nodes ¢ and j in a graph of size n connect with probability
pnW (U;,U;) where W : [0,1]2 — [0, 1] is the symmetric graphon function, measurable and
symmetric and p,, — 0. Although such model can capture sparsity, it has rather different prop-
erties compared to those of graphex models. For example, the global clustering coefficient for
this sparse graphon model converges to 0, while the clustering coefficient converges to a positive
constant, as shown in Proposition 10.

Also graphex processes include as a special case dense vertex-exchangeable random graphs (Hoover,
1979; Aldous, 1981; Lovédsz and Szegedy, 2006; Diaconis and Janson, 2008), that is models
based on a graphon on [0, 1]. They also include as a special case the class of graphon mod-
els over more general probability spaces (Bollobds et al., 2007); see (Borgs et al., 2018, p.21)
for more details. Some other classes of graphs, such as geometric graphs arising from Poisson
processes in different spaces (Penrose, 2003), cannot be cast in this framework.

6. Examples of sparse and dense models
We provide here some examples of the four different cases: dense, almost dense, sparse and

almost extremely sparse. We also show that the results of the previous section apply to the par-
ticular model studied by Caron and Fox (2017).

6.1. Dense graph

Let us consider the graphon function

W(ac,y) = (1 - $)(1 - y) ]lwgl ]1y§1
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which has bounded support. The corresponding marginal graphon function p(z) = 1,<1(1 —
x)/2 has inverse ' (z) = €(1/x) where £(1/z) = (1 — 22)1,<1 2 is slowly varying since
¢(1/x) — 1. Assumptions 1 and 2 are satisfied, hence by Theorem 4 and Corollary 5

Na' .
No~a, N ~a?/8 N ~ N2/8, N—’J—>0 ji>1

almost surely as @ — oo. The function W is separable and C’ég ) 54 /9.

6.2. Sparse, almost dense graph without power-law

Consider the graphon function, considered by Veitch and Roy (2015),
W(z,y)=e "

which has full support. The corresponding function p(x) = e~ has inverse u~!(z) = £(1/z) =
log(1/x)1g<<1, which is a slowly varying function. We have £;(z) = 1/ log(z)?. Assumptions
1 and 2 are satisfied and

N2 ,
e 2 e @ «@,] L
N, ~ alog(a), N ~a?/2, N§>~210g(Na)27 o — 0forallj=1,2,...

The function W is separable, and C’((lg) —1/4.

6.3. Sparse graphs with power-law

We consider two examples here, a separable and a non-separable one. Interestingly, while both
examples have similar power-law behaviours regarding the degree distribution, the clustering
properties are very different. In the first example, the local clustering coefficient converges to a
strictly positive constant, while in the second example, it converges to 0.

Separable example. First, consider the function
W(z,y) = (@+ 1)~V (y+1)~1°
with ¢ € (0,1). We have p(z) = o(x +1)"Y7/(1 — o), p'(z) = 27 ()0 — 1)77 — 1,
t) ~ (1o —1)"% and £5(t) ~ {(1/o —1)7°T(1 — 0’)}_2/(1+U). Assumptions 1 and 2 are
satisfied. We have N, ~ a'*T(1 — ¢)(1/o — 1)=7, N& ~ 202 /{2(1 — ¢)?} and
o2 {T(1—o)(L —1)~0} 77

N© a N2/(+0)
@ 2(1-0)2 @ ’

Naj ol'(j — o) .
y > 1.
N, jri-o)y ’°

The function is separable, and we obtain, for o € (0, 1)

1-0)\? 1-0)°
lim C¥) = ( U) and lim C[(fg = <U) almost surely.

a—00 2—0 a—00 2—0
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Non-separable example. Consider now the non-separable function

W(z,y) = (z+y+1)717" (38)
where o € (0,1). We have p(z) = oz + 1), p='(z) = 0277 — 1, £(t) ~ ¢ and
() ~{o°T(1 - U)}_Q/(1+U). Assumptions 1 and 2 are satisfied as for all (z,y) € R

140

- o)— - o)— —1-0o e =
Wi(,y) < (x+ 1)V COT2(y 4 1)7VEDT2 = o710 () pu(y) =

We have N, ~ a'+T(1 — 0)0%, N ~ a202/{2(1 — o)} and
*[0(1=0)o”)] ™7 N2/(to)
2(1-o0) @ ’

I\ r'(y—
i oLi=0)

N 2
e N, jri-o) ’°

We have [ p(z)?dz = % There is no analytical expression for [ W (z,y)W (y, 2)W (z, z)dzdydz,
but this quantity can be evaluated numerically, and is non-zero, so the global clustering coeffi-
cient converges almost surely to a non-zero constant for any o € (0, 1). For the local clustering
coefficient, we have p(z)? ~ 0222/ as x — oo and

/W(x,y)W(m, 2)W(y, z)dydz < z2/o2 /(y + 24 1)dydz = o(u(x)?).

Hence the local clustering coefficients Cb(fz converge in probability to O for all j.

6.4. Almost extremely sparse graph

Consider the function

1 1

W y) = G+ log( + )2 (v + D + log(1 + )

We have W = 1 and p(z) = (z + 1)71(1 + log(1 + z)) 2 and, using properties of inverses of
regularly varying functions, u~1(x) ~ 2=1(1/x) as  — 0, where £(t) = log(t)~2 is a slowly
varying function. We have, fort > 1, £, (t) = [~ a7 ¢(z)dz = 1/log(t) and (5 (t) ~ log(t)/2.
Assumptions 1 and 2 are satisfied, and almost surely

2
1
N©® ~a2/2, Ny~ —— N© ~ =N, log(N,
@ /2 log(a)” ¢ 4 08(Na),

Nal Na j
LN »J
N, " N,

— O forall j > 2.

p(x)?de = +(2+€Fi(—1)) ~ 0.24 where Ei is the exponential integral, hence C((xg) — 0.0576
6
almost surely.
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6.5. Model of Caron and Fox (2017)

Caron and Fox (2017) studied a particular subclass of non-separable graphon models. This class
is very flexible and allows to span the whole range of sparsity and power-law behaviours de-
scribed in Section 3. As shown by Caron and Fox (2017), efficient Monte Carlo algorithms can
be developed for estimating the parameters of this class of models. Additionally, (Borgs et al.,
2019, Corollary 1.3) recently showed that this class is the limit of some sparse configuration
models, providing further motivation for the study of their mathematical properties.

Let p be a Lévy measure on (0, +00) and p(z) = f;o p(dw) the corresponding tail Lévy
intensity with generalised inverse p~'(z) = inf{u > 0|p(u) < x}. Caron and Fox (2017)
introduced the model defined by

1= e 27 @' W) g2y
Wiz,y) = { 1 e~ t@)° r=y (39)

w = p~ () can be interpreted as the sociability of a node with parameter . The larger this
value, the more likely it is to connect to other nodes. The tail Lévy intensity p is a monotone
decreasing function; its behaviour at 0 will control the low degree nodes while its behaviour at
infinity will control the behaviour of high degree nodes.

The following proposition formalises this and shows how the results of Sections 3 and 4 apply
to this model. Its proof is given in Section 6.6.

Proposition 23 Consider the graphon function W defined by Equation (39) with Lévy measure
p and tail Lévy intensity p. Assume m = fooo wp(dw) < oo and

p(x) ~x7 %1 /x)asz — 0 (40)

for some o € [0,1] and some slowly varying function (. Then Equation (3) and Assumptions 1

and 2 hold, with a = 1 and £(x) = (2m)°{(z). Proposition 2, Theorems 3, 4 and Corollary
5 therefore hold. If [;° 1(2w)?p(dw) < oo, where ¥(t) = [(1 — e~"")p(dw) is the Laplace
exponent, then the global clustering coefficient converges almost surely

b ot _ Jr (LA~ A — T plda)o(dy)p(dz)
im CY = _
a—00 fo l/i(Qw)Qp(dw)
and when o € (0, 1), Proposition 11 holds and for any j > 2
- Jre2 yze 2% p(dy)p(dz)
lim Cg)j = lim C(Of) 1B

b)
a—oo  ® a—00 m2

almost surely. For a given subgraph F, the CLT for the number of such subgraphs (Proposi-
tion 12) holds if [ (2p~ () ¥1=2dx < cc. Under Assumption 1, this condition always holds
ifo = 0; foro € (0,1], it holds if p(x) = O(x~ClFI=2)0=¢) a5 & — oo for some € > 0. In this
case, we have

M) Bt

\/ var(N,gF))

— N(0,1). (41)
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Moreover; if [ wOp(dw) < oo, then Assumptions 4 and 5 also hold. It follows that Theo-
rems 15, 17 and 18 apply and, for any o € [0, 1] and any ¢,

N, — E(Ny)

1). 42
var(Ny) = N(0.1) “2)

Finally, assume o € (0,1) and £(t) = ¢ > 0. If additionally

p(x) ~cox™ T as x — 0 (43)

L£0]

for some T > 0,¢o > 0 then Assumption 3 is also satisfied with T > 0, {3(z) = T (=0)"

and Proposition 7 applies; that is, for fixed o

CK1+TT€2(j)

E(NO&J) ~ j1+7—

as j — oo.

We consider below two specific choices of mean measures p. Both measures have similar prop-
erties for large graph size «, but different properties for large degrees j.

Generalised Gamma measure. Let p be the generalised gamma measure
p(dw) = 1/T(1 — gp)w 1770 0% duy (44)
with 79 > 0 and 0¢ € (—00, 1). The tail Lévy intensity satisfies

71,(17100)0033_"“ oo >0

p(z) ~ { log(1/x) o0=0
g0

_To 0o <0

g0

as x — 0. Then for og € (0, 1) (sparse with power-law)

N, ; ool'(j — 00) .
N = n2/(1+00) @f 0 >1
. o " N, T —oo) 7

For oy = 0 (sparse, almost dense), N = NZ2/log(N,)? and N, j/No — 0,5 > 1; for
oo < 0 (dense) N((f) = N, 2 and N, ; /No — 0, j > 1 almost surely as « tends to infinity. The
constants in the asymptotic results are omitted for simplicity of exposure but can be obtained as
well from the results of Section 3. f wPp(dw) < oo for all p > 1, hence the global clustering
coefficient converges, and the CLT applies for the number of subgraphs and the number of nodes.
Note that Equation (43) is not satisfied, as the Lévy measure has exponentially decaying tails, and
Proposition 7 does not apply. The asymptotic properties of this model are illustrated in Figure 2
for 09 = 0.2 and 7y = 2 (sparse, power-law regime).
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Generalised gamma Pareto measure. Consider the generalised gamma Pareto measure, in-
troduced by Ayed et al. (2019, 2020)

pldw) = ﬁw_l_wv(a(r — 1), Bw)dw

where (s, x) = foz w$~le "du is the lower incomplete gamma function, ¢ > 0,7 > 1,0 €
(0,1). The tail Lévy intensity satisfies

plz) ~cx 7 asz —0

p(x) ~cox™T as x — o0
where ¢ = % and ¢y = % It is both regularly varying at O and infinity and

satisfies (40) and (43). We therefore have, almost surely,
Noz,j O'Or(j — 0')

N® < N2/(1+o) > 1.
. o N, TIrl-o) 7’7
Proposition 7 applies and, for large degree nodes,
1+7
E(Nq. ;) e as j — oo.

~ 20'7'07]_"(1 _ O')T j1+T

The global clustering coefficient converges if 7 > 2, and the CLT applies for the number of
subgraphs F'if 7 > 2|F| — 2, and for the number of nodes if o7 > 6.

6.6. Proof of Proposition 23

The marginal graphon function is given by u(x) = 1(2p~ ! (x)) where ¢ (t) = [~ (1—e~*")p(dw)
is the Laplace exponent. Its generalised inverse is given by =1 (x) = p(¢»~1(x)/2). The Laplace
exponent satisfies 1(t) ~ mt as t — 0. It therefore follows that p~! satisfies Assumption 1
with £(z) = (2m)?¢(z). Ignoring loops, the model is of the form given by Equation (18) with
f(x) = 2mp '(x). Assumption 2 is therefore satisfied. Regarding the global clustering co-
efficient, [ ¢(2w)?p(dw) < 4 [w?p(dw) < oo so its limit is finite. For the local clustering

s : . . . _e—2p L)y
coefficient, using dominated convergence and the inequality

7;?1 @ <y, we obtain

/W(% YWy, 2)W (z, 2)dydz = /(1 — eI (1 7T (1 = 25 p(dy) p(d)
~dp @) [y - ) pdolas)

Using the fact that pu(z) = ¢(2p~1(x)) ~ 2mp~!(z) as 2 — oo, we obtain the result. Finally, if

p satisfies (40), then ¢ (t) ~ I'(1 — 0)£(t)t” as t — co. Using (Bingham et al., 1987, Proposition

1.5.15) N
w—l(t) ~ F(l 7 G)_l/af#l/g(tl/a)tl/o



28

as t — oo, where (# is the de Bruijn conjugate of £. We obtain /=1 (t) = (5(t'/)t+ where (3
is a slowly varying function withls (t1/7) ~ ¢#1/7 (11/9\D(1 — )=/ as t — co. We therefore
havep =L (t) ~ co2 T3 (t1/7)7Tt™ as t — oo. If £(t) = ¢, then £3(t) = (c['(1 — o)) /7.

For the CLT for the number of subgraphs F' to hold, we need [ p(2)?¥172dz < oo. As
1 is monotone decreasing and integrable, we only need (z)2/F1=2 = (251 (x))?¥1-2 to be
integrable in a neighbourhood of 0. In the dense case, 1 (t) is bounded, and the condition holds.
If p satisfies (40), then ¥(t) ~ I'(1 — o'){(t)t” as t — oc. For o € (0, 1] (sparse regime) the
condition holds if 5(z) = O(x~CIF1=2)7=¢) ag & — oo for some ¢ > 0.

We now check the assumptions for the CLT for the number of nodes. Noting again that j(x) ~
2mp ' (x) as x — oo, we have, using the inequality 1 — e =% < =,

v(z,y) = / (1 - 672571(90)1”) <1 - efzﬁfl(y)w) p(dw)
< L(z)L(y) (@) p(y)

where L(z) = 22255) \/f w?p(dw) — \/f w?p(dw)/m as z — oco. Using now the inequality

1—e ™ > xe *, we have

— - —2(p H(x)+p w
o) 2 4p ) () [ute 2 @ 0 )

As [w2e=20 @4 W) p(dw) — [ w?p(dw) as min(z, y) — oo, thereis Co = 2 [ w?p(dw)
and ¢ such that for all z,y > xo, v(z,y) > Cop(z)u(y).
More generally, if [ wSp(dw) < oo, then for any j < 6

0o J J
/ [T W i w)dy < [] L)
0 =1 i=1
where L(x) = 22 (@) max (1, max;—;

p(x) ﬁfwjp(dw)) — max (17111an=1,...,6 fwjp(dw)) /m
as © — oo. Note also that fL(w)u(x)dx = 2max (Lman:L“_,@fwjp(dw)) pr(dw) <
0.

.....

7. Sparse and dense models with local structure

In this section, we develop a class of models which allows to control separately the local struc-
ture, for example the presence of communities or particular subgraphs, and the global sparsity/power-
law properties. The class of models introduced can be used as a way of sparsifying any dense
graphon model.

7.1. Statement of the results

Due to Kallenberg’s representation theorem, any exchangeable point process can be represented
by Equation (2). However, it may be more suitable to use a different formulation where the



29

function W is defined on a general space, not necessarily R2 , as discussed by Borgs et al. (2018).
Such a construction may lead to more interpretable parameters and easier inference methods.
Indeed, a few sparse vertex-exchangeable models, such as the models of Herlau et al. (2016) or
Todeschini et al. (2020) are written in a way such that it is not straightforward to express them in
the form given by (2).

In this section we show that the above results easily extend to models expressed in the fol-
lowing way. Let F' be a probability space. Writing ¢ = (u,v) € Ry x F,let £(d¥) = duG(dv)
where G is some probability distribution on F. Consider models expressed as in (1) with

Zij | (O, V) k=1,2,... ~ Bernoulli{W (9;,9,)}, W : (R4 x F)? > [0,1] (45)

where (0, Uk )k=1,2,00 are the points of a Poisson point process with mean measure d¢(dv) on
Ry x (R4 x F). Let us assume additionally that the function TV factorizes in the following way

W ((ui,vi), (ug,v5)) = wlvi, v;)n(us, uj). (46)

where w : F x F — [0,1] and the function n : Ry x Ry — [0,1] is integrable. In this
model w can capture the local structure as in the classical dense graphon and 7 the spar-
sity behaviour of the graph. Let i, (u) = [;° n(u, uv)du’, p,(v) = [pw P G(dv") and
vp(x,y) = f]R2+ n(z, z)n(y, z)dz. The results presented in Section 3 remain Vahd when fy and

vy, satisfy Assumptions 1 and 2. The proof of Proposition 24 is given in Section 7.2.

Proposition 24 Consider the model defined by Equations (45) and (46) and assume that the
Sfunctions (i, and v, satisfy assumptions 1 and 2. Then the conclusions of Proposition 2 hold and
so do the conclusions of Theorems 3 and 4 with {(«) and {1 () replaced respectively by

i) = t(a) /F 1o (0)°G(dv),  By() = f(a) /F 4o ()7 G ().

Consider for example the following class of models for sparse and dense stochastic block-
models.

Example 25 (Dense and Sparse stochastic block-models) Consider F' = [0, 1] and G the uni-
Sorm distribution on [0, 1]. We choose for w the graphon function associated to a (dense) stochas-
tic block-model. For some partition A1, ..., A, of [0,1], and any v,v' € [0, 1], let

w(v,v") = By 47)

withv € Ay, v' € Ay and B is a p X p matrix where By, ; € [0, 1] denotes the probability
that a node in community k forms a link with a node in community (. w defines the community
structure of the graph, and 1 will tune its sparsity properties. Choosing n(x,y) = Ly<11y<1
yields the dense, standard stochastic block-model. Choosing n(x,y) = exp(—x — y) yields a
sparse stochastic block-model without power-law behaviour, etc. An illustration of this model to
obtain sparse stochastic block-models with power-law behaviour, generalizing the model of Sec-
tion 6.3, is given in Figure 4. The function w is defined by: A1 = [0,0.5), A2 = [0.5,0.8), A3 =
[08, 1], Bll = 07, BQQ = 057 B33 = 09, Blg = 813 = 017 B23 = 0.05 and 7’]($, y) =
(14 2)~ Yo (14 y)~t°, witho = 0.8.
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Figure 4. Illustration of a sparse stochastic block-model with 3 communities. (a) Function w, that controls the local
community structure. A darker color represents a higher value. (b) Function 7, that controls the sparsity. (c) Graph
sampled from the sparse stochastic block-model using ov = 50. The size of each node are proportional to its degree. (d)
Empirical degree distribution of the sampled graph.

More generally, one can build on the large literature on (dense) graphon/exchangeable graph
models, and combine these models with a function 7 satisfying Assumptions 1 and 2, such as
those described in the previous section, in order to sparsify a dense graphon and control its
sparsity/power-law properties.

Remark 26 We can also obtain asymptotic results for those functions W that do not satisfy the
separability condition (46). Let p(u,v) = fR+XF W ((u,v), (v,v"))du'dv’. Assume that, for
each fixed v, there exists ug(v) > 0 such that for u >

Cafin (W) (v) < u(11,0) < Caf ()i (v) (48)

where fi, : F — Ry, iy : Ry — Ry with i (u) = [ 7i(u,u')du’ for some positive function
7, and Cg > 0 and Cy > 0. Assume that [i,, and vy, verify Assumptions 1 and 2. Then the results
of Theorems 3 and 4, Corollary 5 hold up to a constant. For example, we have for o € [0,1],

N,gf) = Nﬁ/ (HU)&’;(NQ) almost surely as « tends to infinity. In particular, the inequality from
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(48) is satisfied if ) i
W (w5, 03), (uj, v05)) = 1 = e7 &)t (49)

The models developed by Herlau et al. (2016) and Todeschini et al. (2020) for capturing (over-
lapping) communities fit in this framework. Ignoring loops, both models can be written under
the form given by Equation (49) with ij(u,u') = 2p~ 1 (u)p~t(u'), where p is a Lévy measure
on (0,+00) and p(z) = [° p(dw) is the tail Lévy intensity with generalised inverse p~"(x).
When @ is given by Equation (47), it corresponds to the (dense) stochastic blockmodel graphon
of Herlau et al. (2016) and if &(v;,v;) = viij with v; € RE, it corresponds to the model of
Todeschini et al. (2020). For instance, let p be the mean measure from Equation (44) with pa-
rameters 79 > 0 and oy € (—00, 1). Then for oy € (0,1), the corresponding sparse regime with

power-law for this graph is given by
Cyool'(j — 09)

Gyoolli=00) _ pyy Nay G j>1
’ C4 j'F(l —0'0) T a—oo Na - Cg j'F(l —0‘0)’ -

N(ge) = Ng/(HUo)

For 0y = 0 (sparse, almost dense regime) NS~ = N2/log(N,)? and Ny j/No — 0, > 1; for
oo < 0 (dense regime) N(gf) = N2 and Na,j/Nao — 0,7 > 1 almost surely as « tends to infinity.

7.2. Proof of Proposition 24

The proofs of Proposition 2 and Theorems 3 and 4 hold with x replaced by (u,v) € Ry x F,
dz = duG(dv) and p(x) = pn(u) e, (v). We thus need only prove that if 7) verifies Assumptions
1 and 2 then Lemmas B.2, B.3 and B.4 in Appendix hold. Recall that p(x) = ) () g, (v), for
2 = (u,v). Then for all v such that y,,(v) > 0 we apply Lemma B.2 to

go(t) = / (1- e—tun(u))du’ gr(t) = / un(u)re—tun(u)du’ t = apy(v).
0 0
This leads to, for all v such that y,,(v) > 0

/00(1 _ e*aﬂw(v)ﬂu(u))du — F(l _ O)agﬁ(a)uw(v)"e{a; (’U)}
0

()
= T(1 - 0)a” f()p ()7 {1 + o(1)}.

To prove that there is convergence in L; (G), note that if y,,(v) > 0 and since p,, < 1,

Y1 e @ (0 :/Oo o f oz - </°C (2 o2
/0 (1-e )du | oy ) e Fdz < | [y <a)€ dz

Moreover

{1+o(1)}

[
sup ————— Z)e ?dz 00,
azli a’l(a) Jo Hn a

thus the Lebesgue dominated convergence theorem implies

/ / 00(1 — e~ e (WY gy G (dv) ~ T(1 — 0)al(a) / 1o (0)? G(dv)
FJO F
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when o < 1 and wheno =1,

/F/Ooo(l - e*auw(v)un(u))du(}’(dv) ~ aﬂl(a)/Fuw(v)G(dv).

The same reasoning is applied to the integrals

[ [ ataye e OmyiuG )
F 0

To verify Lemma B.3, note that
ho(a) = / w(v, v)/ N, w)(1 — e~ @Y gy G (dv),
F 0

i) = [ w0 [ ntuw e e OO ducd)

so that the Lebesgue dominated convergence Theorem also leads to
o0
ho(a) ~ / w(v,v) / n(u, u)duG(dv),  hy(a) = o(a™")
F 0

and the control of the integrals fR+ o pitp(u, v) Ye (V) duG(dv) as in Lemma B.4.

8. Conclusion

In this article, we derived a number of properties of graphs based on exchangeable random mea-
sures. We relate the sparsity and power-law properties of the graphs to the regular variation
properties of the marginal graphon function, identifying four different regimes, from dense to
almost extremely sparse. We derived asymptotic results for the global and local clustering coef-
ficients. We derived a central limit theorem for the number of nodes N, in the sparse and dense
regimes, and for the number of nodes of degree greater than j in the dense regime. We conjecture
that a CLT also holds for N, ; in the sparse regime, under assumptions similar to Assumptions
4 and 5, and that a (lengthy) proof similar to that of Theorem 18 could be used. We leave this for
future work.
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A. Proofs of Theorem 3 and Proposition 11
Let go (6, 1) be defined, for any a, z, 6,9 > 0, by

Go,z(0,0) = —log{l — W(z,9)}g<q. (50)

A.1. Proof of Theorem 3

The mean number of nodes is (Veitch and Roy, 2015, Theorem 5.4)

E(Ny)=a | {1—e*®}dz+a W (z, z)e @ dg,
Ry R,

By the Lebesgue dominated convergence, we have a f]R<+ W(z,z)e”***)dx = o(c). We have,
using Lemma B.2, for o € [0, 1), as v goes to infinity fﬂh (1 — e~ @) dx ~ a”l(a)T(1 - o),
and for o = 1, fR+{1 — e~ @) dy ~ ol (). It follows that, as o goes to infinity

a”(a)T(1—0) ifo€]0,1)
E(Na) ~ { a?ly(a) ifo=1

The mean number of nodes of degree j is (Veitch and Roy, 2015, Theorem 5.5)

Jj+1 . J )

EWoy) =" [ (1= W@ 0)e D ppdo + 2 [ e W, ooyt
it e, J=1 e,

(51)
Lemma B.3, implies that
ad+l , ol _
—— W(9,9)e” "D ()7 d) + —— [ e OW (9, 9)u(9)? 1dd = o(a)
J! Ry j—1 Ry

and from Lemma B.2, we have, when o € [0,1)
ot

4!

. I'(j —
/ e~ 1 (9)id0 ~o T =) o).
R, J:

If o = 1, then o/ fR+ e~ ) 1 (9)dy ~ o201 () and for j > 2

adt!

4!

We finally obtain, for ¢ € [0,1) E(Na,;) ~ WQHW(Q), and foro = 1, E(Ny 1) ~
o?li (), and E(Ny ;) ~ o?/{j(j — 1)}(a), for j > 2.
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A.2. Proof of Proposition 11

For j > 1, define
Raj = Tuilp,.,- (52)

R, corresponds to the number of triangles having a node of degree j as a vertex, where triangles
having k < 3 degree-j nodes as vertices are counted k times. We therefore have

2 Ry,
3 —1) Na

© _
Coyi=

The proof for the asymptotic behaviour of the local clustering coefficients Cc(f)j is organised
as follows. We first derive a convergence result for E(R,;). This result is then extended to an
almost sure result. The extension requires some additional work as R, ; is not monotone, and

> P>k R}, is monotone but not of the same order as R, hence a proof similar to that for N

. — (¢

see Section 3.2) cannot be used. The almost sure convergence results for C(l)- and C( ) then
g a,] «

follow from the almost sure convergence result for R ;.

We have

1
R.; = ZTm‘ﬂDm:j =3 Z ZiZikZuly z,,=j15, <o Lo;<alo,<alo,<a
i i£lk
and

1

1
E(Raj | M) =5 > W (Wi I)W (D0, 01 W (90, 00) =y
i#£l#k :

j—2
: lH W(Q%, 198)‘| 67 Zs#l’k‘il’“'"ﬁ—2 G, 95 (05,0)
i1700.. . Al o Al#k Ls=1
= > W (05, 90)W (9, 0 )W (91, 0 ) (1 — W (95, 9,))

2(5—2)!
(J ) il ki) P Fij o

j—2
X [H W (9;,95)
s=1

1
. — > W (9, 9:)W (9;, 9) W (9, 95 )W (9, 9
+2(j—3)!, 2 ‘ ( YW ( DW( k)W (91, V)
iAlFEkFi1Fia. . Fij 3

e Zs;&l,k,il....,i]-72 Ja,9; (05,95)

=3
- ; ; ; a0, (05,05
x [T W (i, 0 )6 Zeriasinnisg 9a0i0e:0e)
s=1
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where g, . (6,19) is defined in Equation (50). Applying the Slivnyak-Mecke theorem, we obtain

Jj+1 )
E (Raj) = 7C,k W (2, )W (z, 2)W (y, 2)(1 — W (z, z))p(z)? 2”@ dedydz
2(j —2)! RS
J .
TR W (2, )W (z, 2)W (y, 2)W (, &) () " 2e @ dzdydz. (53)
2(j = 3)! Jrs

Note that under Assumption 1 with o € (0,1), u(x) > 0 for all x. The leading term in the
right-handside of Equation (53) is the first term. We have therefore

alT! )
E (Raj) ~ 7/ Lz)p(z) e @) dadydz
2(j - 2)! Jrz

where
(1—-W(z,z)) fRi Wz, y)W (x, 2)W (y, z)dydz

2

L=) = e

As lim,_, oo W(z,x) = 0, the condition (28) implies lim,_,~, L(z) = b.

Caseb > 0. Assume first that b > 0. In this case, L is a slowly varying function by assumption.
Therefore, using Lemma B.5, we have, under Assumption 1, for o € (0, 1)

/000 L(z)u(z) e @ dy ~ gbl(a)T(j — o)a 7.

as « tends to infinity. Hence

boT'(j — o)
2(5 —2)!
as « tends to infinity. In order to obtain a convergence in probability, we state the following

proposition, whose proof is given in Section S1.3 in the Supplementary Material (Caron et al.,
2020) and is similar to that of Proposition 9.

E(Ry;) ~ o't (a) (54)

Proposition A.1 Under Assumptions 1 and 2, with o € [0, 1], slowly varying function { and
positive scalar a satisfying (17), we have

var (Z Tai]lDaij) = O{a3+2072a€o(a)2} as o — o0,
%

and for any sequence o, going to infinity such that a1 — an, = o(ay,),

A _ 34+20—2a 2
var (Z Topvilp,, o1y, ]1%<9ilgan+lzﬁ,_1> =0 (o) ly(0)?) asn — oco.
i
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We now want to find a subsequence «,, along which the convergence is almost sure. Using
Chebyshev’s inequality and the first part of Proposition A.1, there exists ng > 0 and C' > 0 such
that for all n > nyg

. 3+20—2a 2
([ > ) 2ok et

<
. — bol'(j—0o o :
(Raj) e%%a}f L ay,))?
Now, if Assumption 2 is satisfied for a given a > 1/2, consider the sequence
a, = (nlog2 n)l/(Zafl) (55)

so that ), o ™2" < 400 and
w1
pr|l|l—=—-=—-1]>¢) < o0.
o ([aa
Therefore, using Borel-Cantelli’s lemma we have

boT'(j — o)

anj ™ 2(] — 2)' a}f"f(an)

almost surely as n — oo.
The goal is now to extend this result to R,;, by sandwiching. Let I, := {i : 6; < a}. We
have the following upper and lower bounds for R,

Y Towilpas; <) Tailpa= < Y Tapnilpa— (56)
€1, icl, i€la,
Considering the upper bound of (56):

E Tan+li]lD(x'i:j < E : Ta7b+1i]lD(xn+11:j+ E : TQ7L+17;]1Dui:j]lDo¢n+1z>j
el el i€l

pt1 Oyl n+1
< Ra, .+ Ryj (57
where
Rpj= Y Tapilp,, .<ily, Loy <o, <aniy Zisr 21" (58)
i€la, .,
We can bound the lower bound of (56) by
§ Tani]lDai:j > § Tani]lDani:]]lDai:j
i€l i€la,
> E Tan,i]lDani:j - E TaniIl‘Dani:j]]‘Da,,L+1i>j
1€1q, 1€1a,
2 § : Tani]lDam:j - § : Tan+1i]1Dan,zt§j]le]lan<e,-,/§an+12w21
i€l i€la, 4y

= Ra,j — Ruj. (59)
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The following Lemma, proved in Section S1.4 of the Supplementary Material (Caron et al.,
2020), provides an asymptotic bound for the remainder term R,,;.

Lemma A.2 Let IN{M be defined as in Equation (58). If Assumptions 1 and 2 hold with o € (0, 1)
and slowly varying function {, and condition (28) is satisfied with b > 0, we have

Fog = o(al*7t(a))
almost surely as « tends to infinity.

Combining Lemma A.2 with the inequalities (56), (57) and (59), and the fact that R, ; ~

Ra, . .j = att7l(a,) almost surely as n — oo, we obtain by sandwiching

boT'(j — o)

Roj ~ 55 =)

a'T7¢() almost surely as o tends to infinity.

Recalling that N, ; ~ w

a'T7¢(a) almost surely, we have, for any j > 1

0 _  2Rq

. = ——————— — b almost surely as « tends to infinity.
7§ =D Nay

Finally, as N#Aﬁl converges to a constant ; € (0, 1) almost surely for any j, we have, using

Toeplitz lemma
—(0) 1 0)
C,)=———)> N.;C,.—=b
Ny — Naa ;2 I

almost surely as « tends to infinity.

Caseb = 0. In the case L(z) — 0, Lemma B.5 gives [,° L(z)u(z) e~ (@ dx = o(a”7)
hence, by Markov inequality
Roj = o(a™7¢4(a))

and C’gj) — 0 in probability as « tends to infinity.

B. Technical Lemma

The proof of the following lemma follows similarly to the proof of Proposition 2 in (Gnedin
et al., 2007), and is omitted here.

Lemma B.1 Let (X,);>0 be some positive monotone increasing stochastic process with finite
Sfirst moment (E(X4))t>0 € RV, where -y > 0 (see Definition C.1). Assume
var(X;) = O{t “E(X;)*}

for some a > 0. Then
Xy

E(Xy)

— 1 almost surely as t — oo.



40

The following lemma is a compilation of results from Propositions 17, 18 and 19 in Gnedin
et al. (2007).

Lemma B.2 Let i1 : Ry — Ry be a positive, right-continuous and monotone decreasing func-
tion with [;° pu(x)dx < oo and generalised inverse =" (x) = inf{y > 0| f(y) < =} satisfying

pHx) = 27701 /x) (60)

where o € [0, 1] and ¢ is a slowly varying function. Consider

go(t) :/ (1—e "@dz, g, (1) :/ e @ () de. > 1.

0 0

Then, for any o € [0,1)
go(t) ~T(1 —o)t?L(t) ast — o0

and, forr > 1,

gr(t) = o{t”""L(t)} ifo=0

ast —>oo. Foro =1, ast — oo,

go(t) ~tly(t), gi(t) ~bi(t), gr(t) ~ LT (r — 1)

where £1(t) = [z~ 0(z)dx. Note that £(t) = o((1(t)) hence g, (t) = o{t' "¢, (t)}.

{ gr(t) ~t77"(t)oT(r — o) ifo € (0,1)

Lemma B.3 Let i : Ry — Ry be a positive, monotone decreasing function, and v : R+ —
[0, 1] a positive and integrable function with [, u(x)dxz < co. Consider ho(t) = [ u(x)(1 —
e~ @) dz and forr > 1 b, (t) = [;° u(z)e™ " p(z)"da.

Then, as t — oo.

ho(t) ~/ u(x)dx, h.(t)=o0(t""), r=>1.
0
Proof. ho(t) — fo u(z)dz by dominated convergence. Using Proposition C.5,

thy(t)
Jo~ u(z)dx
Proceed by induction for the final result. m

Lemma B.4 Let i be a non-negative, non-increasing function on R, with fooo x)dx < 0o
and such that its generalised inverse =t verifies =t (z) ~ 2= °¢(1/z) as x — Owith o € [0, 1]
and { a slowly varying function. Then as t — oo, forallr > o

/R () e @ de = 0Lt 0(t)}
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Proof. Let 7 > 0. Let U(y) = p~'(1/y). U is non-negative, non-decreasing, with U(y) ~
y?L(y) as y — oo. Consider the change of variable x = U(y), one obtains

/ ()} e @) dz = / y e tdU (y)
0 0

We follow part of the proof in (Bingham et al., 1987, p.37). Note that y — y~ " exp(—t/y) is
monotone increasing on [0, ¢/r] and monotone decreasing on [¢/r, 00).

2"t /r
[ pyreta)
2n=1t/p

StETeTTU(tr) ey 27T (20 )

n=1

o0

/OOO y~ e VAU (y) = {/Ot/r +

n=1

<2t et )r) + 2t T Z 27— (Qng /1Yol (27t )

n=1
oo
<27t 1) + 27T T Ty ol (2 /)
n=1

for t large, using the regular variation property of U. Using Potter’s bound (Bingham et al.,
1987, Theorem 1.5.6), we have, for any § > 0 and for ¢ large

€27t /r) < 26(t) max(1,2"° /r?).

Hence, for ¢ large,

/ y e AU (y) < tTTTL(t) <1 +> 270 max(r?, 27“5))
0

n=1

Taking 0 < 6 < ™57, the series in the right handside converges. m

The next lemma is a slight variation of Lemma B.2, with the addition of a slowly varying
function in the integrals. Note that the case o = 0 and ¢ tends to a constant is not covered.

Lemma B.5 Let f : Ry — Ry be a positive, right-continuous and monotone decreasing func-
tion with [)° f(x)dx < oo and generalised inverse f~'(z) = inf{y > 0| f(y) < «} satisfying

F7 @) = 27741 /x) ©1)
where o € [0, 1] and ¢ is a slowly varying function, with lim;_,, £(t) = oo if ¢ = 0. Consider
Jo(t) = / (1 —e @) L(2)da
0

and forr > 1

gr(t) = /0 et f(x)" L(x)da.
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where L : Ry — (0, 00) is a locally integrable function with lim;_, -, L(t) = b € [0, 00).
Then, for any o € [0,1)

{ Go(t) ~bI(1 — o)tol(t) ifb>0
Go(t) = o(t7L(t)) ifb=0
and, forr > 1,

{ Gr(t) ~ bt "(t)ol(r — o) ifo €(0,1),b>0
gr(t) = o{t7"L(t)} ifo=00rb=0

ast —oo.Forc =1,b> 0, ast — oo,
No(t) ~ bty (1), Gi(t) ~ bl (t),  g(t) ~ bt T (r = 1)
and where (1 (t) = [~ 2= (x)dx. Note that L(t) = o({y(t)) hence G.(t) = o{t'~"¢1(t)}.

Proof. Let go(t) = [7(1—e ¥ @)da. Let 1 (t) = [ 2~ (z)dx and £, (t) = T(1—0)L(t) if
o € [0,1). Using Lemma B.2, we have go(t) ~ t7¢,(t) as t — oo, and in particular go(t) — occ.
By dominated convergence, for any zg > 0 [°(1 — e"*/@®)L(z)dz — [° L(z)dx < oo
hence go(t) ~ f;:(l — e @) L(2z)dx as t — oo.

Let € > 0. There is x such that for all z > xq, |L(x) — b|] < e and so

(b—e)/ (1—e*tf<m))dxs/ (1—e @) L(z)dz < (b—l—e)/ (1—e @)y,
Zo Zo Zo
Hence by sandwiching

Go(t) ) f;oo(l — e @) L(z)dx
im = lim
t—o0 194, ()  t—oo 174y (1)

eb—eb+e).

As this is true for any € > 0, we obtain go(t) ~ bt7¢,(t) ast — oo if b > 0 and go(t) =
o(t7¢,(t)) if b = 0 . The asymptotic results for g, (¢) then follow from Proposition C.5. m

The following is a corollary of (Willmot, 1990, Theorem 2.1.).
Corollary B.6 (Willmot, 1990, Theorem 2.1.). Assume that
f@) ~ l(w)ae P

where { is a slowly varying, locally bounded function on (0,00), 8 > 0and o € R, or a < —1
and = 0. Then, as n — oo

/0 wf(x)dx ~G f(;))a+1 (Aiﬁ)nna ©
o () ) @

for any locally bounded function u vanishing at infinity.
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Proof. Equation (62) is proved in (Willmot, 1990, Theorem 2.1.). For any zo > 0, we have
%) T nef)\z 0o T nef)\a: .
Jo (A=) u(z) f(x)de ~ [°° Q€ 00 (2) f(x)dx. For any € > 0, there is o such that

n! z0 n!
u(x) < e forall z > xg, hence

] T ne—kx o T ne—)\x
/ %u(m)f(m)dw < 6/0 %f(w)d:c

0

and (63) follows from (62) by sandwiching. =
The following lemma is useful to bound the variance and for the proof of the central limit
theorem.

Lemma B.7 Assume the functions p and v satisfy Assumptions 1 and 2, for some o € [0,1],
slowly varying function £ and some a > min(1/2,0) ifoc < land a = 1if o = 1. Then

/ v(z, y)e—au(x)—au(yHau(x,y)dxdy -0 (a20—2a£§(a))
R}

where L is defined in Equation (20). If a = 1 and o0 = 0 we have the stronger result

/ V(x,y)efau(w)fau(y)+av(m,y)dxdy =0 (a’2£2(a)) )
R2

T

Proof. Using v(x,y) < +/u(z)u(y) < (u(z) + p(y))/2 and Assumption 2,

I

V(x’y)e—aﬂ(x)—a#(y)-‘rau(l‘,y)dxdy < / V(x’y>6—a,u(x)/2—ozp(y)/2dxdy

2 2
= R

00 2 Zo o]
<c < / u(x)aeamm) 49 / / (2, y)e— @ 2= /2y
x 0 0

0

where @ > min(1/2,0) if o < 1and a = 1if 0 = 1. Using [ v(z,y)dz < mou(y), we have
if g > 0 (otherwise the bound is trivial)

/ " / Y (, y)e ) 2=an ) 2y < p—anta)/2y /  g)eon )2 gy,
0 0 0

Since p(xg) > 0, the RHS is in o(a™?) for any p > 0. Using LemmaB.4 (0 < 1) orB.2 (¢ = 1)
together with Assumption 1, we therefore obtain

/ v(z, y)e @ man(y)rar(@y) qo. 4y — 0{a?* 7202 (a)}.
RQ

+

In the case 0 = 0 and @ = 1, Lemma B.2 and Assumption 1 give

/ v(z, y)e_a“(w)_a“(y)+o‘”<w’y)dxdy =o0 (ofzﬁz(oz)) .
R2

+
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C. Background on regular variation and some technical
Lemmas about regularly varying functions

Definition C.1 A measurable function U : Ry — R is regularly varying at oo with index
p € Rifforx >0, limy_,oo U(tz)/U(t) = xP. We note U € RV,. If p = 0, we call U slowly
varying.

Proposition C.2 IfU € RV, then there exists a slowly varying function { € RVy such that
U(z) = 2Pl(x) (64)

Definition C.3 The de Bruijn conjugate (% of the slowly varying function £, which always exists,
is uniquely defined up to asymptotic equivalence (Bingham et al., 1987, Theorem 1.5.13) by

x) 0 {xb(x)} — 1, 07 (x){xl®(z)} — 1

as © — oo. Then (£#)# ~ (. For example, (log” x)# ~ log™ " x for a # 0 and (¥ (z) ~ 1/cif
l(x) ~ec.

Proposition C.4 (Resnick, 1987, Proposition 0.8, Chapter 0) If U € RV,, p € R, and the
sequences (a,) and (al,) satisfy 0 < ap, — o0, 0 < al, — oo and a, ~ ca,, for some
0 < c < oo, then

Ulan) ~ cU(al) asn — oc.

Proposition C.5 (Resnick, 1987, Proposition 0.7 p.21) Let U : Ry — R absolutely continuous
with density u, so that U(z) = [ u(t)dt. If U € RV,, p € R and u is monotone, then

. au(x)
] —
w0 U(z)  ©

and if p # 0, then sign(p)u(z) € RV,_;.
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On sparsity, power-law and clustering
properties of graphex processes:
Supplementary Material

Frangois Caron, Francesca Panero and Judith Rousseau

Department of Statistics, University of Oxford

The supplementary material is organised as follows. Section S1 contains proofs of asymptotic
bounds on the variances of the number of nodes, number of nodes of a given degree, and number
of triangles of nodes with a given degree, as well as the proof of a secondary proposition for
the local clustering coefficient. Section S2 contains proofs of secondary propositions for the
central limit theorem. For the sake of simplicity, all Sections, Equations, Lemmas, etc., in the
Supplementary material here are denoted with a prefix S, to differentiate them from the Sections,
Equations, Lemmas, etc., of the main text (Caron et al., 2020).

S1. Proofs of secondary propositions for the variances and
clustering coefficients

S1.1. Proof of Proposition 8 on var(IN,)

An application of the Slivnyak-Mecke and Campbell theorems gives
var(Na) = B(Na) +20° [ pla)(1 = W(a, 0))e s
0

+a? / (@) — 14 W (a,))(1 — W(a,0))(1— W(y,p) (1 - W(a,y))e @40 dedy.
R

Using the inequality e” — 1 < xe”®,

var(Ny) < E(N,) + 202 /

p(x)e”H @ dy 4 o? /
JRr,

e—au(z)—a/t(y) {ay(;z;7 y)eau(m,y) + V[/(x7 y)} dxdy
R

2
+

Now, using Lemmas B.2 and B.7

W (x,y)e™ M@ =mW) drdy < / u(x)e” @ dyr = O (a7 (a)).

R2 Ry

[ vla o en O ete gy - 0 (o230
7y

1



It follows that var(N,) = O(a®t29724¢ (a)?).

Assume Assumption | and 2 are satisfied, with a = 1. From the first part of Proposition &, we
have the upper bound var(N,,) = O (a'T2702(«)) .
We now derive alower bound. If ¢ = 0, var(N,) > E(N,) = afy(a), hence var(N,,) = al(a).
Consider now the case ¢ > 0. We have

var(No) > a2/ (™) —1)(1 =W (2, 2)) (1= W (y,y)) (1= W (2, ) )e” =W dady

2
R

and using the inequality e* — 1 > z and Assumption 4

var(N,) > o / (e, y) (L — Wz, 2))(1 = W(y,9)(1 — W(z,y))e H= W dady

2
R

> Cpa® /OC /Oo (@) p(y) (1= Wz, 2)) (1= Wy, y) (1 — W (x,y))e @ =W dady

Using Lemmas B.2 and B.3, we have

/OO /“’O (@) p(y) (1 = W (2, 2) (1 — Wy, y)) (1 — W(z,y))e M@= drdy

2
N/ / M(x)‘u(y)efoc#(x)*au(y)dxdy = </ M(x)etw(oc)dx> ~ C¥2072f§(a).
o Jo R,

It follows that, for o > 0, var(N,) 2 a!*29¢2(a). Combining this with the upper bound
gives, for all o € [0, 1] var(N,) < 2902 (a).

S1.2. Proof of proposition 9 on var (N, ;)

‘We have,
E(NZ ;| M) — E(Na,; | M)

= > 1y, <allp, <apr {Z lgy<aZik =jand Y g <aZiyr =7 | M} :
k o

i1#102

J
Z Z Z 10i15a10i2§°‘

be{0,1}3 j1=0 i1 #iz

X pr {Z 1y, <aZi = j and Z]IGkSaZiz,k = j and ZILHkgaZilkZizk =Jj—J1
% % %

and Z;,;, = bi1, Ziyiy = b12, Zipi, = oo | M}

where b = (b11, b1a, baa) € {0,1}3. Let Ay, As, A1 be disjoint subsets of N\{iy, io} such that
|[A12| 4+ b1z = § — j1, |[A1] + |A1 2] + b1 + b1z = |Aa| + |A1 2| + bz + b1z = j respectively



3

corresponding to the indices of nodes only connected to node i1, only to node 5, or to both nodes
(il, 22) Let A = {il, 22} U Al U A2 U A12~ We have

pr {Z ILOkSOéZilk‘ = j? Z II-OkSOzZiQ,k = jv Z 10k§aZi1kZi2k = J - j17 (Zilila Ziliga Zizig) = b | M}

k k k
Lo, <alo,,<a b b b

— — — W 192 7,191 llW 0y Ui 22W 191 7191 12
Z (]_31_b12)'(]1 _bll)!(jl_bZQ)! ( 1 1) ( 2 2) ( 1 2)

Ai1,A2,A12
X {1 - W(ﬁiwﬁil)}l_bu{l - W(ﬁizvﬂ’ifz)}l_bm{l - W(’lgiuﬁlé)}l_bu

|: H ]lek<0¢ 1911 ) 19%){1 W(ﬁl27ﬁlk)}] [ H ﬂgkﬁa{l - W(’&'Ll ) ﬁlk)}W(ﬂlz’ 19%)]
keAq keAs

[ H 119k<o¢ ﬁl1aﬁlk)w(ﬁl27§lk)] exXp [ — Z {ga,ﬁil (eka/ﬂk) +go¢,19,,-,2 (0k77-9k:)}

k€A keN\ A

Using the extended Slivnyak-Mecke theorem,

E(sz)—E(Naj)
a2titii—bii—bi2—ba2

L5001 560,15, <50
be{;l}ghzo ]_]1_b12 (Jl_bll)-(]l_bZZ)! J12011 7120222915 12

<[ (o) = vl )} ) = vl )} ) e
RQ

X W (@, )" W (y, y)*2 W (2, )" {1 = W (2, o)} {1 = Wy, )} 7022 {1 = W(x, )} ~"2dady

a2titii—bii—bia—baz

J
Z (G —j1 — b12)!(j1 — b11)!(j1 — b22)!]ljlzbu]ljlzbzz]ljlﬁj—blz

% wz J1—bu y Ji=baz,, T,y J=ii=biz2 g—ap(@)—ap(y)+av(z,y)
/R ) )

x W (x, )P W (y, y)?2 W (2, )2 {1 — W (z, )} 70 {1 — W(y, )} 02 {1 — W(z,y)} "2 dxdy
We will need the following lemma.

Lemma S1 Letr > 1, j1,jo > 0. Define
I := / (@) P [ap(y))? (o (0, y)) e ) —ont)ror(®y) qady
]R2

for any p > 0. Under Assumptions 1 and 2, we have
I, = 0(a" 227 2 )

forallr > 1.
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Proof. We have, using Assumption 2, that
Lo<ar [ o)l fau)lv(e.g)re 0 2dady
R

< CIO/’_QGT (/ (au(z))jl—%are—au(m)ﬂdm) (/ (au(x))j2+are—au(m)/2dx> +0(Oc_p).
Ry Ry

for any p > 0. Assumption 1 and Lemmas B.2 (¢ = 1) and B.4 (¢ € [0, 1)) imply that
Ir _ O((XT_Q(ZT+20€C2,(C¥))
forallr > 1. m

It follows

) a2+2j—b11—b22—2b12
E(N?.)—=E(N, ;) < 1. 1.
( oz,]) ( -,J) ~ be%}s (] by — bll)'(] by — 522)! J>b11+b12 L5 >b2a+bi2

x / H(I)j_blz_bllu(y)j_bu_bﬂe—a#(ﬁﬂ)—aﬂ(’y)-‘ral/(x,y)
=
X W(x,x)bllW(y,y)b22W(x,y)b12
) L= W (2, 2)}' " {1 = W(y,y)} "2 {1 = W(x,y)}'~ "2 dady
+ O{a2+20+172a£§ (a)}

Let Vp and V7 respectively denote the sum of terms such that b1 = 0 and b5 = 1 in the above
sum. Using the inequality e < 1 4 xe®,

2127 —br1—ba2

_ j—b11 J=bi2 ,—ap(z)—au(y)+tav(z,y)
Vo = b bg{o 2 G=BiG — Ba) /Ri pua)? =0y e

X W (@, )" W (y, )" {1 = W (2, 2)}' " {1 = W(y,y)}' "2 {1 - W(z,y)}dady
a2+2j—b11—522

— J—bn J=b1z2 g—au(@)—ou(y)
7, (J = b11)1(J — ba22)! /Ri wle) e ‘

b11,b2
x W (2, )" W (y,y)"2{1 — W(z,2)} 7" {1 - W(y,y)}' ~*>dady

- j—b j—b (z) () +av(z,y)
+ 0] . . / x J—0b11 J—= 12y Z, e*all z)—au(y)+av(z,y ded
bllzvaQ (7 = b1)!(J — b22)! Jr2 n(z) 1(y) (z,y) y
Oél"'j—bu - \ -
% m/R pu(@) =W (2, 2)P {1 = Wz, 2)} e ) dy
b11,b22 C IRy

ol ti—b2 j—baso bao 1—b22 ,—u(y)
X m A w(y) W(y,y)”*{1 — W(y,y)} € dy
FIRy



+ O{Oé2+2a+1_2a€§(04)} _ E(Na,j)z + O{a2+20+1—2a£(27(a)}

Similarly,

Vi < Z a2j7b117b22]1j21+b11]1j21+b22 / M(l.)j—l—bu’u(y)j—l—bueaz/(w,y)—a#(l)—u#(y)w(x y)d:z:dy
- (=1=b1)!(G —1—b22)! Je ’

Q2i—bii—b22q

2
b11,b22 +

< Z j>1+b1y Lj>14bas /
o R

b, = 1=bu)l(j =1~ ba)!
+O{a2+2a+172a€§(a)}

pla)) 71 (e MOV (0, dady

2
+

For j; > 1 and jo > 1, using Cauchy-Schwarz and Lemma B .4,
W puta e duy

) ) 1/2
</ u(m)ﬁewm{ / W(x,y>u<y>2he2a~<y>dy} (@) da
Ry

1/2
< {/u(z)ﬁ“/?e—a“(z)dm} {/u(y)%%—zamy)dy} - O{a?»o/z—jl—jz—l/zggﬂ(a)}

and for j; >0

X

2
+

(I’)jl 67041,(90)7&#(?/)I/V(w7 y)dajdy § /

p(x)e” HOW (2, y)dwdy
&

- / p(z)rttemon@dy = O {a® Uy (a)}
Ry

It follows that Vi = O{a2+37/2=1/203/% ()} + O{a 02 (a) } + O{a2+20+1-22/2 (1) }. Com-
bining the upper bounds on Vj and V3, we obtain var(N,_ ;) = O(a3729729/2(«)) and this ter-
minates the proof. In the case ¢ = 0 and a = 1, one can use Lemma B.2 instead of Lemma B.4
and replace big O by little o in the above bounds, together with the fact that E(N, ;) = o(al(a))
and ((t) = O(¢%(t)) if o = 0.

S1.3. Proof of Proposition A.1

We first prove the first equality. The proof is similar to that of Proposition 9, given in Section S1.2.
For any 5 > 2,

2Ro; =2 Toilp,—ilo<a= Y ZinZiuZulp,—ils,<a-
i i#hAL
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Let Sy := 4R2 ;. We have

Saj = E ZivZyZwlp,,=jle,<a
itk
= E Ziyky Zisty Zkaty Zisks Zisls Zkolo LDoi, =i 1D iy =510, <alo,, <a
i1#k1#£l FiaFkaF#l2
+2 E Zivky Zinly Zkyiy Zisks Ligly Zk2llﬂDai1:leai2:jILail SDéIL@QSDé
i1 £k Al FiaF k2
+2 E Zi1k1Zilllzklllzléklzizll]lDailij]le'z:j]lailSa]leizﬁa
i1 £k Al Fi2
+ E Z’ilklzillle']l] Zi1k'2Z’L-1l2Zk72l2]1Doui1 :]]leq <a
i1k Al #Eka#l2
+2 E Zilkl Zilllzklllzilkz ZkzllllDaril:j]lail <a
11 7#k1 Al F k2
+2 E Zisk1 Zisty Zrein 1Dyi, =jlo; <a

i1 #k1#£l
(S1)

Note that some of the terms above are equal to 0 if j < 4. First note that for any jo < j:
Jo j
> (H Zu> Ip,,—lo,<a < ( )Naj (S2)
itk1 £ Ak, \I=1 Jo

Hence the last three terms of the right-handside of (S1) are upper bounded by C;N,, ;, for
some constant C'; that does not depend on a. Consider now

Sa,j,l = E Zilkl ZilllZk1l1Zizkzzizlzzk’zl’z]lDail=j]lDa7:2=j]leil ga]lé’,;z <a
11 £k Al FloFkaF#l2
J
=Y Saji
Jj1=2
where, for j;1 =2,...,5
Sa,jig = E Zisky Zisty Ziity Zisks Zisls Lot LD iy =j 1 Daiy =i 150, 204 Zigi o, <a=j—j1 L0, <alb, <a
i1k £l
FiaFkaFl2

= E E Zisk1 Zinty Lirty Ligks Ligls Lkols

be{0,1}3 i1#k1#l
FioFkoFl2

X ]le’lij]le'Q:j]le Z'LlchiQk]lokga:j—jI]]'Zilil =b11 ]lZiliQ =b12 ]]'Zi2i2 :b22]]'9i1 Sa]l@ig <a



where we introduce b = (byq,b12,b22) € {0,1}3 as in Section S1.2. Using the extended
Slivnyak-Mecke theorem, for j; = 2,..., 7,

E(Saj1.1) (S3)
q2titii—bii—bi2a—bas

= 1 <i—b.1; 1,
be{;}g (7 =1 = bi2)ls — i = 2)l(js — bgp — 2)17 TR T

« _ Jj1—2—b11 _ J1—2—baz j=j1—bi2 ,—ap(z1)—ap(z:)+av(zy,a2)
/Rg{'u(xl) v(z1,22)} {n(@2) —v(z1,22)} v(y,x9) e

X Wz, y1)W(xr, 20)W (y1, 21) W (22, y2)W (22, 22) W (y2, 22)

x Wz, m)b“W(y, y)b”W(at, y)b“’

x {1 — W(m,x)}lfb“{l — W(y,y)}lfb”{l — W(x,y)}1*b12dx1dy1dzldx2dy2d22
a2+j+j17b11*512*b22

< — - - 1, <ip1; 1,
= be{zo:l}g (j — - b12)!(]1 by — 2)!(j1 by — 2)| J1<j—bi2 Lj12b11 Lj1>b22

> u(l:l)jl727b11u(m2)j1727b221/(x1, x2)j*j1fb12efau(w)focu(y)jtau(whwz)
o
X Wz, y1)W(z1, 20)W(y1, 210) W (22, y2)W (22, 22) W (2, 22)
X W(Il, Il)bll W(.I‘Q, 1132)622 W(Il, :l?g)blz

X {]. — W(Il,xl)}l_bu{l — W(IQ,IQ)}I_IJH{]. — W(xl,xg)}l_b12dmldyldzldmgdygdzg
(54)

For b12 # 0 or j # j1, we can bound the terms in the above sum by
Q2+Hi+ii—bii—bia—bas
(4 —J1 = b12)!(J1 — b11 — 2)!(j1 — baz — 2
<[ PP ot
X W (w1, 1) W (20, 22)2 W (21, )12
X {1 = W (zy, 1)} 700 {1 = W(xo, 20) )1 7022 {1 — W (a1, 22) } =2 dz  diy
= 0(a’T27 72 ()?) (S5)

); ]ljl <j—bi2 ]ljl >b11 ]ljl >bao

using the intermediate results of the proof in Section S1.2.
Consider now the sum of terms such that b;5 = 0 and 7 = j; in (S4). Using the inequality
e® <1+ ze®, this sum is upper bounded by

OéQ-ﬁ-Qj—bu —ba2

Z (J = b1 = 2)1(j — b2z — 2)!

b11,b12

/ M(xl)j*2*bll u($2)j727622e*au(w)*au(y)Jrau(mhwz)
Y



X Wiz, y1)W(x1, 20)W (y1, 21) W (z2, y2)W (22, 22) W (y2, 22)

X W(zl,xl)b“W(xQ,xg)b“{l — W(Q?l,xl)}l_bu{l — W(Q?g,IQ)}1_b22dl‘1dy1d21d$2dy2d2’2
Q2127—b11—b22

j—2-b J=2=b2z ,—op(z)—au(y)
2 G oG g M e
b11,b12 +

x W(wy,y1)W (21, 20)W (y1, 20)W (22, y2)W (w2, 20) W (y2, 22)
X W(xl,zl)b“W(xQ Ig)bzz{l — W(Il,xl)}l_bu{]. — W(xg,xg)}l_bz"’dacldyldzldxgdygdZQ
a3 T25—b11—b22

p> (J —bn = 2)I(j — b2 — 2)!

b11 b

x Wiz, y1)W (21, 20)W (y1, 21) W (22, y2 )W (22, 22) W (y2, 22)

X W(Il,xl)b11W($27$2)b22 X {1 - W(.’El,l‘l)}l_bll{l - W(.’L’Q,1‘2)}1_b22d1?1dy1d2’1d1‘2dy2d22
<4B(Ra,)?

/ M(xl)r%buu(m)r%bzzy(% y)efau(x)fau(yﬂau(z,y)

a3129—bi1—ba

" Z (J = b1r = 2)1(j = bz — 2)!

b11,b12
X W(a:l,a:l) 11W(1’27$2)b22 X {1 — W(xl,xl)}lfb“{l — W($2,1’2)}17b22d$1d$€2
— 4E(Ra,j)2 4 0(0[3+2072agg(a)2)

using Lemma S1 in Section S1.2. It follows that

/M(xl)j_b“lﬁ(iz)j_bnu(x,y)e_a#@)—w(y)wv(x,y)

B(Sa,j1) = E(4Rq ;)" + 0(a™2772%, (a)?) (S6)
Consider now
Saj2 = Z Zisks Zisly Zkity Zisks Zisly Zkoty 1Dos = 1D iy =510, <ale,, <a
i1 7k £l Aia£ks
We have similarly
E(Saj2) = O(a’"27 72, ()?) (S7)

using Lemma S1. Similarly, using Lemma S1, E(S, j3) = O(a3T27 729, (a)?).

Combining the above bound with (S6) and (S7), we obtain var(R, ;) = O(a?27729, (a)?).

We now consider the second bound in Proposition A.l. Consider an increasing sequence «,, —

oo such that a1 — ay = o) asn — oo. Let I, = {i, 0; < oy} and IS = 1, \La,-
For any 7 > 1, let

»1) .
Rng Z TanJrlZ ani:j]lzi’elg Z,M/Zl’

i€la,

We have, similarly to Equation (S1)

an+1 I n+1

1
’ELJ) Z Z Z Zisky Zisty Ziity Lisks Zigls Zksly

11,42 k1#£l1#11 iaFkaoFls

x 1 1 | — —1.
Daniy=j*Daniy=j Zillelfb Zilli =11 Z'zezc 121271
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Hence using the same decomposition as (S1) together with the fact that 1y~ =z, =1 < 1, we
derive the same bounds as (S2), (S5) and (S7) so that !

((R(l)) ) < Olz+1€a(an) + ai+20_2a‘€a( ) + E(Sa" g1 ])

nj

where, writing b = (by1, baa),

€la, 1 \{i1,i2}

an 31, = E E E Zi1k1Zi111ZkI1[1Zi2kzzi212Zk2l2]lDani1:j]lDamQ:j
be{0,1}2 i1 Fio k1#ly
Fko#lo

X ]lzk,g,%“ Zi-,kZiQk':O]]'Zilil:blll]'ZiQizzbZQ]lzi/EI% Zi/i1=1]lzi/g% Zyip=1

so that E(S, j.1.7) = E(R'))2. We thus obtain that var(R() = O(a%+27 720, (o, )?).

S1.4. Proof of Lemma A.2

Let If = In, ., \1a, = {i | 0; € (n, an41]}. First note that Enj = {:1 R + RY + RYY
where

R — .
Ry = Tan+1l]lDa,Lz‘:7‘]lZi/EI% Zig1=1>s

i€la,
(2) = z n+1l a,ﬂ:T]lzi/elﬁ Z;;1>2>
i€la, 4y
3) = ZTanJrﬂ Dq,,i=T E’L/GI(:Z =1
icle
Forany r < j
eIO/n’?ﬁi
E( ) M) < Y WL IW W9 W 0, 9) Tulir — 2pr | Y Zis > 2/M
ielan_H l#k irere
€la, €1,
+2 ) > ZW (05, 9)W (s, O)W (00, ) T (i, r — Dpr | Y Zigr > 1M
261&n+1 l#i k#i i'elg

ers

+ S ST WL 0)W (0, 9 W (I, 94) T i)
i€la,,y, 1K

where, recalling the definition of g, in Equation (50),

€la, r
Jn(i,r) = > [H W (9, 9:,)

i1#in. . FipAlEk Ls=1

I
e Zs;?,k,il,...,ir Ja,9; (05,95) .
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Note that

IC
— ¢ Gogiq— (05,95 — > ey —an,9; (0s,95s
E Ziir > 2|M —1—¢ Zselng ni1—an.9; ( ) E W(ﬁi,'ﬁi/)e Zs;ﬁ@’g np1—an.0; (s )'
i’EIfL i/EIfL

Using the Slivnyak-Mecke theorem, the inequality 1 —e™¥ —ye ™Y < 42 fory > 0, the condition
(28) and Lemma B.5, we obtain

E <§'§12r)) S an1ap (angr — Oln)2/M(@M(@Hz@f&nﬂ(m)dﬂ? S 10y (g — an)*an),
where Lo (x) converges to b > 0 at infinity. Noting that (v, 41 — o)/, = O(1/n), we obtain
E (EQ)) < a2t (v, )/n?. This implies that >, F (E(Q)) /(a2 (o)) < +oo so that, by

Markov inequality and Borel-Cantelli lemma, R? = o(aZ(a,)) almost surely as n tends to
infinity.
We now study

() ._ E
R’ELT) T Tan+1i]lDan'i:T]lZi’€IC Zi=1-

ielg
Similarly to before
€la,
E(ES;) | M) ST W )W Wi, )W (9, 94) Juliyr — 2)pr [ 3 Zi = 1M
icle l#k ielg
1#£i
+23 0 Wi, 9)W (s, 05)W (9, 05) T (i, r — 1)
leIg k€l,,
so that
o+1
B (A) % ann — anal, [ Lafmuta)r ey < “tfn),

where L3(x) converges to b and RY) = o(ag*1l(a,)) almost surely as n tends to infinity.
Finally, we have

€la,
B (ROIM) S 7 Wi, 00W (00, 00)W (01, 90) (i r = 2) 30 WD, 0)
i£l#k irele
€la,
+23 0 W@, 9)W (W, 9)W (9, 93) T (i 7 — 1)
£l kelg

which implies that

(1) r+1
E( Ryy )) S (an+1 O‘n)/ Ll(x ,LL(I)T_H —anﬂ(w)dl‘

oz%“é,,(an adtle, (an)

-0 (a+;n_"> = o(1).
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where L () converges to b. Moreover, from Proposition A. |

1%7(11"’) 1—2a
var <a$+lég(an) =0 (an )

so that, RYY = o(alt?¢(a,)) almost surely. It finally follows that, for any j > 1, Enj =
o(alt¢(a,)) almost surely as n tends to infinity.

S2. Proof of secondary propositions for the Central Limit
Theorem

S2.1. Proof of Proposition 20
Let
Zoi= No = E(No | M) =3 _lp,<a(llp, 21— (1 - Mlmo))

2

where we recall that g, ,(0,9) = —log(1 — W(z,9))1lp<q and

e~ M(ga9,) — o= > —log(1=W(9:,95)) 1o <a _ H(l _ W(ﬂi,ﬁj))ﬂeﬂ'g(’
J

We have E(Z,, | M) = 0 hence var(Z,) = E(Z2). Note that

Z2="Za+ Y 1, <a(lp,  >1—(1- efM(g"’ﬁ”)))ﬂaiQSa(ﬂoa.Qa — (1 — e Mariy )y

iy g
—M(ga.s,
=Za+ Z Lo, <alp, ; >110,,<alD, iy >1 — Z 1y, <alp, ; >116,,<a(l —¢ (9,035 ))
7;1757;2 Z-13éi2
—M(ga,v; —M(ga,v, —M(ga,9;
- Z ]leilga(l —€ @ 'ﬂll)))]lgizga]lDa,Qzl + Z ]leilgot(l —€ o Y011))11‘9,;2§o¢(1 —e (g '012))
i17#42 i1

We have
E (Zg | M) _ Z 191'1 §a10i2§a67M(gﬂ’19“ )71\4(901.197;2)(6904,19,;1 (0ig,9iy) 1)
i17#42
Applying the extended Slivnyak-Mecke theorem

E(Z3) = 042/ (1= W(z,2))(L = W(y,9) (L = W(,y))e~r@O7onwraren(q — (1 - W(z,y)))dedy

2
R+

<a? [ W(a,y)eon@)-anw)ov@y) gy gy

2
R3
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Using Cauchy-Schwarz inequality, v(z,y) < v/u(z)u(y) < 5(u(z) + p(y)), and Lemma B.2,
we obtain

E(Z2) = 02/ p(x)e 2@ dp < oo 0(0) =

{ O(a'™¢l,(a)) o €0,1)
0

o(al(a)) c=0
It follows from Markov’s inequality that, in probability

7 _ [ 020/ (a)) o eo,1)
“ o(a/201/2(a)) o=0 '

S2.2. Proof of Proposition 21

Define M(ho) = >, Z; where Z; = ha(8i,9;) = 1p,<a [1 -(1- W(ﬂi,ﬁi))e’a“(ﬁi)] .
Using Campbell’s formula

E (Z Z) = a/oo(l — (1 =W(z,z))e ) dz = E(N,)

var (Z Z,) = a/ooo [1 -—(1- W(a:,x))e*au(w)r dz < E(N,)

Noting that E(N,,) ~ a**°T(1 — o){(a), it follows from Chebyshev’s inequality that, in prob-
ability,

> Zi—E(N.)=0

var <Z Z) —-0 (a1/2+0/2€},/2(a)>

If 11 has an unbounded support then, under Assumption 1, either ¢ > 0 or o = 0 and £(¢) — oc.
In both cases, in probability, 3, Z; — E(N,) = o (a/?t7¢,(a)) .

S2.3. Proof of Proposition 22

Let

FoM) = 3 Tg,co [(1 = W0, 9))e= 00 — =Moo

The idea is to use Theorem 1.1 from Last et al. (2016). To do so, define

M)
NG

F, (S8)
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where v, = var(N,) < a'*27¢2(a). Note that E(F,) = 0 and var(F,) = 1. Consider the
difference operator D, F, defined by

1
V¥V

D.F, = (fa(M+5Z)7f0£(M))

Also
1
V/Va
1

= \/E (fa(M+621 +622) - fa(M+621) - fa(M+622) +fa(M))~

21,22

D? Fa:DZQ(D21Fa):DZQ ( (fa(M+521)_fa(M))>

Define

1/2
a,l : 2 (/ \/E([ le 0)2([ 221 (1)2\/3([ 31.23 0‘)2(1: 32 z3 0‘)2d21d22d23>
6 EE )

1/2
Ya,2 1= (/R E [(D317Z3Fa)2(D§2’z3Fa)2] dzldz2d23>

6
¢
Vo3 1= / E|D.F,|*dz
R2
7
We state a corollary of Theorem 1.1 from Last et al. (2016).
Corollary S2 (Last et al., 2016, Theorem 1.1) If Yo1,Va,2, Va,3 — 0, then
M
F,= fa(M) — N(0,1).
VVa
The rest of the proof aims to showing that va,1,7a,2, Ya,3 — 0. The proof is rather lengthy and
therefore split in different subsections. We first state a few notations and lemmas that will be
useful in the following.

S2.3.1. Definitions and lemmas

The following lemma, obtained with Holder’s inequality, will be used multiple times.

Lemma S3 Foranyd > 1and any zy,...,2q > 0,
d
E (H e—M(ga,zk)> < e~ d Zizlu(zk).
k=1

Proof. Using Holder’s inequality, for any d > 1

d d d
E (H e]\l(ga,zk)) S H E (efdM(ga,zk))l/d — H 67% fooo(lf[lf‘/V(zk,y)]d’)dy
k=1 k=1 k=1
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d
< H e G S A=1=W(zey)dy _ =G iy nlzk)
k=1

[ |
Fori,5 > 0, let

H; j(z1,22) = W (21,y)' W (22, y)e” $Wdy, Hy(z) = H;o(z,2). (S9)

RS
The following lemma compiles various useful bounds.
Lemma S4 Assume Assumptions 1 and 5. Then
o forallj > landall xq,...,2;_1 >0,y >0andp,...,p; 21, a>0

1/2

/ (/ W (y1, x;)P? [H W(yhxk)p’“] ea”(yl)dyl) W(y2, z;)dx;
0 0 Pt

j—1 1/2
< L(y2)p(y2) (/L(yl)’”u(yl)’” [H W(ylka)pk‘| 6‘““(y1)dy1>
k=1

e Forany xo > 0,

/H1,1(561,=’E2)2d171 < /L(yl)L(yz)M(yl)#(y2)W(ZE27yl)W(fEmy2)€_%(“(yl)ﬂt(yz))dmdm
(S10)

e Foranyq=1,2,...

0o q
/ Hy(x)dz = /H/W(w,yi)ef%“(yl)dyidx =0(a9" U, (a)?)  (SI11)
0 i=1
e foranyq>1,p>1,
/(aHl(xl))Q/QL(xl)u(zl)p/Qe_%"(zl)dxl = O(a(q+1)0/2—p/2ga(a)(q+1)/2) (S12)

o Ifg<3,

2
/L(xl)u(xl)pW(xhxg)qef%“(’“)dxl < pu(x2) L(22)7 </L(x1)2u(x1)2pe§H(m1)dx1>
(S13)

Proof. The first inequality comes from Holder’s inequality, together with Assumptions 5 and 1.
Also (S10) is a consequence of

/H1,1($1,5L”2)2d$1 = /V(yhy2)W($27y1)W(9€2,y2)€_%(‘L(y1)+”(y2))dy1dy2
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Under Assumption 5, For any ¢ = 1, 2, .. ., using Assumption 1, 5, and Lemma B.5,

[es} q
[ m@ae= [T] [ e 10 dyda
0 i=1

q
<11 / L{ys)uly)e™ H0) dy, = 0(a 4y (a)").
i=1

Using Holder’s inequality,

1/2
/ (aHy (20) 2 L) ()P e H10 day < ( / (aHy (1)) dzy / L(m)?u(a)?e*““”“)

— O(a(qul)U/?*p/ZgU(a)(q+1)/2)
which proves (S12). Finally recall that from Lemma B.5 that for any p > 1,
/L(xl)u(xl)pe*%“(“)dxl = O0(a” Pl ().
so that using Holder and Assumption 5, for any ¢ < 3
2
/ L(wn)p(wn)PW (1, w2) e T4 day < pulws)TL(ws)? (/ L(m)“‘u(m)?ﬂe‘?‘“(“)d”l)
[ |

$2.3.2. General bounds
Let z = (¢, x). Recall that g, ,(6,9) = —log(1 — W(z,9))1p<qa.

Vo X DyFy = 1ico(1 — W(z,2x)) [e_a“(w) — e_M(g“v‘”)} +Li<q Z]leigaW(ﬁi,x)e_M(gavﬂi).
We have

Va |D-Fal < Li<a (‘6%”) — e M(ga)

+> To<aW (9, x)eM@W) (S14)

Similarly,
\% vOéDgl,zz (Fa) = ﬂthhiaw(mhx?) [(1 - W(wlvxl))e_M(gmml) + (1 - W(x27$2))6_]\{(ga'm2)

=14 tr<a Z Lo, <aW (s, 21)W (0, )™M (900)

Note that the above is equal to 0 if t; > aorto > a. Fort1,t2 < «

Voo X D2, Fol* < 2W (21, 39)% (e7 M Wem) 4 e Me2))2

21,22
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2
+2 (Z Lg, <o W (9, 21)W (9, m)eM(gw))

< AW (w1, 09) (e M) e Mwwa)) £ 2N "1y (W (0, 21)2 W (0, wp) %2 (90)

+2) Tg,<ale,<aW (Wi, 21)W (0, 22) W (95, 21)W (9, p)e M oo =M (0e0)
i#j

v2(D? | F,)*(D? , F,)*

21,237 @ Z2,237 &

< 16W (21, 23)>W (2, 23)% (e~ MGaar) 4 o= M(9aa3)) (e M(9awz) 4 o= M(garzs))

2
+ 8W (21, x3)2 (" Mawr1) 4 g=M(90.23)) <Z Lo, <o W (9, 22) W (0, x3)e]\/1(9a,19i)>

2
+ 8W (2, w3)7 (€7 M) 4 7 M(gwa)) <Z Lo, <o W (95, 21)W (0, m)ewgavﬂi))

+4 Z Lo, <alo,,<alo;, <alo,,<aW (Ui, 21)W D4y, 23)W (Fiy, 1) W (U4, 3)
11,%2,13,14
4
X W(1923 R x2)W('[9i37 Ig)W(ﬂi“ :L‘g)W(Q?u R .’[}3)6_ 2k M(g“’ﬂik )
We obtain, using the inequality (S10)
B (vA(DZ, ., F)X(D2, ., F)?)

<O x (W(x17x3)2w(x27x3)2(efa/2u(w1)) e /(@) (gma/2u(@2) | gma/2u(z))

+ (042H1’1($27.T3)2 + QH2’2($27.’L’3))W(1‘1, $3)2(€_a/3u(xl) + e—a/Sp(z;;)))
+ (a2H1,1(x1,$3)2 + aHs o (x1,23))W (z2, x3)2(e*a/3”(m2) + e*"‘/g”("”?’)))
+Az (21, 22, 23)) (S15)

for some constant C' > 0, where

As(x1, @2, 3)

4
=B S [IWWi23)Le, <ol (91, 20)W (Digs 20)W (3, 2) W (D5, o) bmr M 000

11,12,13,%4 £=1

1
= 044/HW(yz,xs)W(thl)W(yz,xl)W(yQ,IS)W(y&xz)W(y4,12)€_a/4(2?:1“(yi))dy1:4
e=1

+a? /(W(yl, 21)* W (y1, 3)° W (y2, 22)W (y2, 23)W (y3, 22) W (3, 7:3)

+ W (g1, 2)2 W (y1, 23)* W (y2, 21)W (y2, 23)W (y3, 1) W (33, Is))e_a/g(Z?zl mwD) dy, 5
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+a? /(W(yb 1) W (y1, 23)* W (y2, 22)* W (ya, 3)?
+ W (y1, 22)W (g1, 21)W (y1, 3)* W (ya2, 21) W (y2, 22) W (y2, 303)2)@7&/2(2?:1 1) dyy .

+a/W(yl’x1)2W(y1,I2)2W(y1,173)46_&”('7“)@1)

§2.3.3. Proofthat yo 3 — 0

We show here that 7,3 — 0, or equivalently [ E |\/v,D. F’S dz = o(a®/?T37¢3 ()). From

Equation (S14) and using the inequality (a + )3 < (a3 + b%) for any a,b > 0, a sufficient
condition is

/OOE ‘e—am) M|
0

We have

oo
/ R “eau(w) o M(gas)
0

3
(Z Lo, <aW (9, I)e_M(ng)> du = o(a!/*+37 03 (a)).

2
} dr < 2/E ( *aw - 67M<ga,m>> )dm

/(1 e 201 dg = O(al,(av))

Also under Assumptions | and 5, using Lemma S3

%) 3 0o 3
/ E (Z Lo, <a W (9:, w)e—M(ga«ﬂi)> dr < / E Z H Lo, <aW (i, x)efM(ga’ﬂiz) dx
0 ; 0

11,12,13 £=1

<a® (/ L(y)u(y)e‘)““("’)/?’dy>3 + 302 (/L(y)Qu(y)Qeo‘“(y)/3dy> (/L(y)u(y)e“”(y)/gdy)
+a [ L) utye 03y = 0 o (@)

It follows that v, 3 — 0 as o — 0.

§2.3.4. Proof that v, 2 — 0
We now need to show that the integral of the right hand-side of Equation (S15) with respect

to 71, o, w3 is o(a"3v2) = o(a~1*19¢2(«)). For the first term in the right hand-side of the
inequality (S15), we have

/W(xl,xg)ZW(xg,xg)z(e’%“(“’l)) + e~ 3@ (e F1(@2) 4 o= 318 ) 4 drodag
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< 3/W(J:l,ajg)W(zQ,xg)(e*%(u(zl)ﬂt(m)) +67%”(m))dm1da;2dq:3
< 3/V(131,x2)(37%(N(ml)‘i‘ﬂ(xz))dxldmz+3/M(m3)2€7%p(m3)d:p3

= 0(a?722()) + O(a” £y ()

For the second line (and similarly for the third line) in the RHS of Equation (S15), we have,
noting that Hs o (22, z3) < Hy 1(z2,23)

/(azHLl(xg, 23)% + aHy 1 (w9, 23))W (21, 23)% (e~0/31(@1) 4 e=0/30(2))) d) diodas

< a? [ Wler,aPW (gn, 22)W (1, 20)W (2, 22) W (2,7

% (e*a/3(u(y1)+u(y2)+u(w1)) + €7a/3(u(y1)+ﬂ(y2)+ﬂ(x3)))d$1d$2d$3dy1dy2

+ oz/W(ml, x3)2W(y1, z2)W (y1, x3)(e—a/3(u(y1)+u($1)) + e_a/3(“(y1)+“(’33)))d:rld:vgdmgdyl

= 042/W(l?h963)21/(1/1,yz)W(yl,fB:a)W(yQ,153)

x (e~ o/3mly)Fuly2)tu@n)) 4 o=a/3nlyn)+uly2)+1(@a))) do dasdy, dys

n a/W(xl,x3)2,u(y1)W(y17xg)(e_a/3(“(y1)+”(zl)) =03+ 4y dadyy

= 2a2/L(r1)2L(y1)L(yz)u(fvl)2u(y1)M(yz)e‘“/?’("(y”*“(y”*“(“”dmdmdyz

* a/#(yl)QL(yl)L(Il)QM(Il)26_"“/3(”(“)+“(I1))dx1dyl + O‘/N(I3)2L($3)2M(yl)6_a/3(”(y1)+”(“))dwsdyl
_ O(a30—2£g(a)3)

using Assumption 5 and Lemma B.5. For the third term in the right-handside of Equation (S15),
we obtain

/Az(xl, o, :1)3)d:1}1d$2d56’3

4 2
<a' </L(y)2u(y)26“/4“(”)dy> +a3/L(y1)4u(y1)46*"/3“("“)dy1 (/ L(y)zu(y)zea/?’”‘y)dy)

+a” (/ L(y)4u(y)4e“”/2“(y)dy>2 + a/L(y)Su(y)se‘a“(y)dy = 0(a*" )3 (a)

It follows that v,,2 — 0 as o« — o0.

$2.3.5. Proofthat y,1 — 0

For any x > 0 and any unit-rate Poisson point measure M on Ri, denote

ro(r, M) = e 1) 4 e=M(gas) (S16)
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Forany z; = (t1,x1), 2 = (to, &), if t; > c or ty > a, then | D, (F,)|* |D., (F.)|* = 0.
Otherwise, if t1,t2 < «, we have from Equation (S14),

Vo | Dz, (Fa)‘2 |D., (Fa)|2

< | 4ra (Il’ M) +2 Z ]leiﬁa]lej Saw(ﬁzﬁ xl)W(’lgja xl)e_]\/[(ga‘ﬂi)_kf(gu‘ﬂj)

,J

| Ara (@2, M) + 2 Lo, <allg,<aW (0, 22)W (9, wp)e M Gevi) =M (0e0)
,J
< 16ra(z1, M)ro(z2, M)
+8 W, 0,<a AW Wi, 1) W (95, 21)ra (w2, M) + W (93, 22) W (9, w20 (w1, M)) e~ M 90 = M{ge0;)
i,J
+4 Z W(ﬁi17I1)W(19i2,$1)W(19i3,JJQ)W(’&Z'MIQ) H (]lgiksae_M(ga‘ﬂik)) .
i1,%2,03,i4 k=1

Note that, using Campbell theorem, together with Lemma S3
E(ro(z1, M)ra(zg, M)) < e~ @) tnu(z2))/2

It follows that, using the extended Slivnyak-Mecke theorem
V2B (D2, (Fo) Dy (Fa) )

<C <e;(ﬂ(z1)+#(m2)) + a/ (W (y, z1)e” THE2) 4 W (y, 29)e™ 31E)) e~ 51 W) gy
0

+ a2 / {(W(y1, 1) W (ya, ggl)e—%u(wz) + W (1, 2)W (ya, x2)e—%u(w1)}e—au(yl)/3—au(y2)/3dy1dy2
R2

+

3

+a? /3 (W (y1,21)° W (y2, 22) W (y3, 22) + W (y1, 22)°W (y2, 21)W (y3, 21))e = Zr=1 W8)/3 gy, dys dys
R+

+at W(y1, 21)W (y2, 21)W (y3, 22)W (ya, w2)e™ e “(y’“)/4dy1dy2dy3dy4>
R

<C (6*%(H($1)+H(w2)) + a(Hy (21)e~ 314@2) 4 H, (20)e” $0E0) 4 o2 (Hy ()2 $4E2) 4 H (25)2e~ §1(0)

+0¢3(H1 (I1)2H270(.I2) + HQ,O(Il)Hl(.TQ)Q) + OZ4H1(.T1)2H1 (IQ)Q)

where H; ; are defined in Equation (S9); therefore, for any ¢1,%2 < «, using the fact that Hy o <

Hy and that />0 ;1 a; < \/DY.F 1 \/a;

2

2
vu\/IE \Dlea\Z \DZQFa\Q <V6C Z Z (aHl(ml))Q1/2(aHl(IQ))q2/26_%(M(wl)HQ1:0+H(w2)142:O)

q1=0g¢2=0
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Additionally, from Equation (S15), we have

va/\/E((D§1723Fa)2(D§2)23Fa)2)dx3

< C x (/W(xl,xB)W(xQ’xg)(ez(l"(ﬁl)‘FH(‘Tz)) +€*aﬂ($3)/4)dx3

Ba 1 (x1,72)

N /(aHl,l(I%xS) +y/aHa o (2, 23))W (21, 25) (e~ /0171 4 e=/61(2))) o

Ba,2(z1,22)

+ /(OéHl’l(Il,.Tg) + OéHQ’Q(.ThCEg))W(IQ,Ig)(B_a/G’u(xz) + 6_0/6#(z3)))dl’3

[V

Ba,3(z1,22)

for some constant C'. To show that v, 1 — 0, we aim to show that, for any ¢, ¢2 € {0,1,2}, and
any k=1,2,3

Iok(q1,q2) == /(aH1(xl))‘“/2(aH1(xg))’12/26_%(“(Il)1‘11:"+“(“)1‘12:“)Ba,k(xl,xg)dxldmg
= 0(a' 1 (a)")
Consider first
Ini(q1,q2) = /(aHl(Il))ql/z(aﬂl(ﬂfz))q2/2€_%(”(r1)1q1:°+”(r2)1q2:0)
X W(scl,xg)W(:vg,1:3)(67%(”(9“”“(9”2)) + efo‘”(m"‘)/‘i)dxldxgda:g
= / (aHy(21))" P Lz )u(ar)e 10 day / (aHy (w2))™/ L{wz)p(wa)e™ $02) day
+/(O{Hl(.’L’l))ql/z(CYHl(.’BQ))(D/?W(.’IIl,.’L'g)W(.%'Q,$3)€7Qﬂ($3)/4d$1d$2d$3
For q1, g2 > 1, using Holder’s inequality and Assumptions | and 5,

/(CEHI(-Tl))ql/Q(aHl($2))q2/2W($17$3)W(,’L'2,$3)e*a/4u(gp3)dxldx2dx3
< (/(O‘Hl(xl))%dxl/L(xS)QM(Ig)Qe‘W(ma)/4dx3

1/2
X /(aHl(.’Ez))qzd.’EQ/L(Z’3)2u($3)2€a#(m3)/4d$3)
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— O(a(q1/2+qz/2+1)0—2g0_(a)q1/2+qz/2+1)
Similarly,
/(aHl(xl))‘h/QW(xl,xg)W(xg,xg)e_a“(“)/‘ldxld@dxg = O(a(‘“/2+1/2)"_2€U(a)‘5’1/2+1/2)
/W(:cl,xg)W(xg,:rg)e_““(xf5)/4dz1dx2dx3 = O(o/’_QZU(oz))

and it follows that for any g1, g2 € {0, 1,2}, I 1(q1, g2) = O(a®* 724, (a)?) = o(a™ 11490, (a)?)
as required. Consider now

Ia,2(Q17q2) = /(OéHl(l'l))q1/2(aHl(xQ))q2/267%(“(xl)nq1=0+ﬂ(m2)1q2=0)
X (aHl’l(mg,Ig) + aH2,2(w2;$3))W(1’17:133)(e_a/6”(m1) 4 e_a/ﬁﬂ(r3)))d$1dl’2ddj3.
We have, using Lemma S4
In21(q1,92) ;:/(aHl(x1)>41/2(aH1<I2))q2/2€—%(H«(Cﬂl)Ilql:()-i-p,(:cg)]qu:O)
x aHl’l(‘T%IS)W(IlvmS)e_a/G“(xl)d‘Tldxzdxg
<« (/(QHI(II))Ql/ZG—‘glt(m)]lql0L(ml)u(ml)e—a/6u(zl)dm1>
X (/(CkHl(xz))%/Qegﬂ(mz)]lq2=ow($27y)L(y)u(y)e‘Zu(y)dxzdy>

If ¢ =0,
/ e~ SHEV L (2 p(ar )dzy = O(a” M, ()

and if ¢; > 1, using the bound (S12),
/(aH1(xl))(“/2L(:1:1)p(9:1)e_%“(‘Tl)dxl = O(a(nFDo/271y (q)n/2+1/2) (S17)
If g0 = 0,
/6_%“(“)W(l‘27y)L(y)u(y)e_%“(y)dxzdy < /L(y)ﬂ(y)z’e‘%“@)dy = 0(a” Ly ()
If g2 > 1, using Holder’s inequality, the bound (S11) and Assumptions 5 and 1,

/ (O Hy (22)) %W (23, 4) L(y)p(y)e™ 310 darydy

<(/ (am(x?))q?)m /(/ W(w)?dxz)w Liy)u(y)e 310dy
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< | [ (aHy(x2))® - L(y)*u(y)’e 11 W dy = O(al=/2HD72¢, (a/241))
(Jlomer) ]

Hence I42.1(q1,q2) = o(a**~1¢2(a)). Consider now

Ia,2,2(Q1,Q2) = /(aHl(xl))QI/Z(aHl($2))q2/2e*%(M(Z‘l)]lq1=0+ﬂ(x2)]lq2=0)
X C¥H171(.7}2,$3)W($1,.Z'3)€7a/6u(w3)d$1d$2d.%'3

If ¢ = 0, we obtain the following bound, using the same computations as above,

In22(q1,q2) < a/ei%u(ml)l’(wl)ﬂ(xl)dxl /(aH1 (w2))%/2e™ 8 1@ aa=0 T/ (29, ) L(y) pu(y)e~ ¥ dody
— O(a4072gg(a)4a)

If g1 > 0, we have
1/2 1/2
Inp2(q1,q2) < / (/(aHl(zl))qldQJl) </ W(fﬂl,l’s)le’l) (aH (x4))%/?e™ §#(@2)laz=0
X CVHLl(.Z'Q,.173)6_0‘/6“(353)(11’2(11‘3

< </(ozH1(z1))Q1dx1)1/2/L(xg)u(xg)(aHl(x2>)qz/2e—‘;u(xz)ﬂq2o

X aHy (29, x3)e” "/ 0M®3) do dag

If go = 0, noting that Hq 1 (22, z3) < L(z2)pu(xe)L(zs)p(zs), we obtain
1/2
To22(q1,q2) <« (/(aHl(«Tl))qldx1> /L($2)M(I2)L(I3)2M($3)26_%”(“)e_a/ﬁu(xsmxzd%
— O(a(q1/2+2)0*2g0(a)q1/2+2)

If g2 > 0, using Holder’s inequality and the bound (S13),

toan <o flemayman) ” (flomea)
X </L(IB)Qu(xg)%—a/i%u(zs)dx3> 1/2/L(y)2ﬂ(y)2€_z"(y)dy _ o3 4(ay)

Now, using Holder and the fact that Hy » < Hj 1, together with (S12),

oz a2) = [ (@ ()" *aHy () e § 0ttt )
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x (\/aHa (2, 23))W (21, x3)e /@) dpy daydas
< \/a/(OzHl(g;l))lh/2L($1)u(ml)efau(ml)/edml
1/2
X /(aH1(x2))qQ/2 </ u(y)W(:cg,y)e_Z“(y)dy> e § @) a=0 g
— 0(a(3+1/4)673/2go(a)3+1/4)
Consider

I, 24(q1,q2) = /(aHl(xl))‘h/z(aH1($2))QZ/267%(M(xl)nq1=0+ﬂ(x2)nq2=0)

X \/&HQ,Q(.’EQ, IL’3)W(.Z’1, $3)€7a/6”(w3)d$1d$6’2d$3

If g1 = 0, then, using the above computations,
Inoa(q,q2) < /(aHl(Iz))qz/Qe—%(u(wl)+u(ﬂcz)ﬂq2:o)

X \/OLHLl(l‘Q, .Ig)W(ZEl, .Z‘3)dl‘1dl‘2d$3

— O(a(3+1/4)073/2€0(a)3+1/4)

If ¢ > 0and go = 0, noting that Ha »(w2,23) < L(x2)?u(xs)?L(xs)?u(xs)? and using
Holder’s inequality and Assumptions 5 and 1,

1/2
In24(q1,q2) < Va </(GH1($1))qld1’1) /L(IS)M(CEs)@i%“(m) H2,2(9€27ms)eia/ﬁﬂ(“)dmdﬂ@g

1/2
<a </(aHl(m1))q1dx1> /L(x3)2u(gc3)2e_a/6"($3)d$3/6_%”(3@2)#(902)11(962)61962
_ 0(04307360((1)3)
If g1, g2 > 0, noting that [ Hy 1 (w2, 23) = [ p(y)?e” 1#Wdy = O(a” 24, (a)),

Ia,2,4((J1, (12)

<va(/ <aH1<x1>>‘hdx1)1/2 [ Elouas) @1 22)) /2 Hys(aa, ms)em /o4 5 din
<va(/f (aHl<x1>>q1dx1)1/2 ([@m@)ri) v
1/2

1/2
X (/L(xg)2u(x3)26_0‘/6“(x3)dx3) (/ HLl(IQ,Ig)dIgd.’L‘Q) = O(a3”_3/2€0(o¢3‘7))
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It follows that

Lo2(q1,q2) = o(a™v2). (S18)

Finally, consider

Ia,a(qth) _ /(OzHl(961))q1/2(aH1(xg))‘D/Ze’%(“(“)]1"1:"“‘(“)]1"2:0) Ag(z1, T, x3)dr dodas
where

Ay(xy, 22, 23)

< o?Hy 1 (z1,23)Hy 1 (20, 73) + ad/? <H1,1($2,$3)\/ Hjo(x1,23) + Hi1 (21, 23) H2,2($27$3)>
+a (\/H2,2(5E17 IB)\/H2,2(I2, x3)

+\/W(y1, 22)W (y1, 1) W (Y1, 23)>W (y2, 1) W (g2, 22) W (ya, 73)? e~/ 220 “(y"‘))dym)

v (W29 W ey "

Using Assumption 5,

/H1,1(331, x3))Hi (22, 23)des < /W(Oﬁh 1) L(yy)p(yr)e” 5490 dy, /W(fm, y2) L(y2)p(yz)e” 592 dy,
Therefore, using the asymptotic bounds (S12) and Assumption |,

In31(q1,92)

— o2 /(aH1(xl))‘“/Q(aHl(a:z))‘”/26_%(”(m)ﬂqlz"+“(m2)1QQ:")H1,1(I1,$3)H1,1(CE2,Lrg)dmdxzdxg
S 042 /(OéHl(xl))Q1/2(aH1(Iz))qz/QHl’l(Il,xg)Hl’l(l‘%$3)d$1d$2d$3
<o /(O‘Hl(Il))m/QL(yl)M(yl)W(Ilayl)e_%”(yl)dyldm

x /(O‘Hl(I2))qz/2L(y2)M(y2)W($2,yz)e_%”(yz’)dyzdf2

forany q1,q2 < 2.If ¢ =0,

/ (@H ()72 L) ()W (2, y)e~ 4O dydz = / Ly)u(y)e 5 Wdy = 00”24y (a)
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If ¢ > 0, noting that, using Holder’s inequality and Assumption 3,

/(aHl(:c))q/2W(:r,y)d:p < Ly)p(y) </(CVH1(:L‘))qd$)1/2

we have

1/2

/(aHl(x))q/zL(y)u(y)W(x,y)e*%#(wdydx < </(aH1(:c))qu>1/2 (/L(ym(y)zezu(y)dy)
= O(a(Q/2+1)U—2€U(a)q/Q-&-l).

It follows that I, 3.1(q1, g2) = O(a**~2¢(a)*7) for any g1, g2 € {0, 1,2}. Consider now
Ioz2(q1,q2) ==a®/? /(aH1($1))q1/2(aH1(152))(12/23—%(N(wl)]1«1:0+M(””2)ﬂ‘12:°)H1,1(96275E3)
1/2
X (/W(yl,xl)QW(yl,xg)Qe_“B“(yl)dyl) dwldxgdl‘g
< ¥/ [ @y (@) aHy (02) " H s o2,

1/2
X (/W(yhxl)QW(tha)gea/gﬂ(yl)dyl) dzydrodrs

Using Lemma S4,
1/2
/H1,1(=’E2,$3) </W(y1,I1)2W(y1,13)26_‘1/3“(3’1)61241) dxs

1/2
< [ Wlanmmyutrre T ([ D Pt (002 540 )

Therefore

Inso(q,q2) < a®? /(aH1($2))q1/2W($2,yz)L(yz)#(m)e_%“(M)dwdxz

1/2
x / (Hy (1)) 22/2 ( / L(yn?n(yl)?vv(yl,xl)ze—s“wdyl) .

Forgq; =0,
/L<y2)u(y2)26‘%“(“)dy2 = 0(a” %y (av)),

while for ¢; > 1,

/(O‘Hl (2)) 2 W (22, y2) L(y2) u(y2)e ™ 542 dysdas
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1/2

1/2
= ( / (Hy (22))" day x / L<y2>4u<yz>4e-3”(”’@2“2) = O(a( /22772y (q)nF1/2),

Additionally, for g» = 0, using Ho6lder’s inequality and Assumptions | and 5,

1/2
/ (/ L<y1>2u<yl>2w<yhz1>2e3"(””dyl) o
. 1/4
</ ( [ty oy, [ W(yl,m)“dyl) diy

< /L(zl)u(xl)dwl </L(y1)4u(y1)4€?“(yl)dyl>1/4 = 0(a”/" 14, ()11

while for ¢go > 1

/(aH1(x1))‘12/2 (/L(y1)2“(y1)2w(yl7x1)26gﬂ(yl)dyl)l/z "
</(aHl(x1))QZdI1/L(y1)2/‘(y1)2W(y1,x1)26—§ﬂ(y1)dy1dx1>1/2

1/2
1(21)) " dxy 1 )le™s 1 = s .
([(@medn [ Loy utmte s5man ) = otat/mr21, e/

IN

IN

Hence, for any ¢1,q2 < 2, I 32 = O(a3* 720, (a)?) = o(a~3v?2). Consider now

Ioss(q, q2) = a/(O‘Hl(ml))ql/Q(aHl(iC2))q2/2€7%(M(xl)]l“:ﬁﬂ(w”n”:o)
, 1/2
‘ [</ W(ylaxl)QW(yhxf})QW(yQaxQ)QW(y27$3)267a/2(2i:1 M(yl))dy12>
_ o 1/2
(W W )W 0,20 PO )W ()W ) T o) ]
dxi1dradxs
Using Holder’s inequality,

1/2
/(/W(yl711)2w(y17$3)2w(y27$2)2W(y2;$3)26G/Z(Z?ﬂ(yi))dym) dxs

1/2 1/2
< </W(y1,x1)2W(y1,x3)26_2"(y1)dy1d:c3> (/ W(y27$2)2W(y2,x3)26_r“u(yz)dmd%)
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For ¢ = 0, using Assumption 5 and |

1/2 1/2
/6_%“(@ (/Hz,z(xal’zs)df?;) dx < /e—%ﬂ(w) </W(y,x)2W(y,x3)dydz3> dx

= 0(a" Us(a))
Additionally,

1/2 1/2
</ W(yl,x1)2W(y1,ac3)2eg“(yl)dyldx3> (/W(Z/27902)2W(y2,953)2€g”(yZ)dZ/2d$3>

1/2 1/2
< ( / L<y1>2u<y1>2W<y1,x1>2e-2“<y1>dy1) ( / L(y2>2ﬂ<y2>2w<y2,x2>26—2u<y2>dy2)

It follows that, for ¢ > 1, using Holder’s inequality and Assumptions 5 and |

[t ( / L<y>2u<y>2w<y7x)2e—‘z‘ﬂ(y>dy)l/2 dz

1/2 1/2
< (/(aHl(:c))qu> (/L(y)‘*u(y)“e‘?“(y)dy) =0 (a(Q/2+1/2)0—2£0(a)(Q/Z-‘rl/Z))

Similarly, for the second term of 1, 3 5(¢1, g2)

1/2
/(/W(yl,Jiz)W(yh$1)W(y1,$3)2W(y2,xl)W(y2,le)W(y2,lB3)2€a/Q(Z?—lu(yi))dym) dxs

1/2
< (/W(yhm)W(yl,xz)W(yl,xs)ze_2“(y1)dy1dx3/W(y2,fv1)W(y2,$2)W(y27$3)2€_2”(y2)dy2d$3>
and, using Holder’s inequality and (S12),

/(aHl(xl))q1/2(aH1(Iz))@/?e—%(u(zl)ﬂqlzo+u(zz)1q2:o)
1/2
( / W(yl,x1>w<y1,x2)w<y1,x3>2e—Wl)dyldxg)
1/2
X /W(yz,ﬂﬁ)w(yz,$2)W(y2,$3)26g“(yQ)dygdyc‘g) dxydzs

<

X

1/2
(aHy (w1)) e @ L= (yy xl)#(yl)gL(yl)Qe_gﬂ(yl)dyldm)

e

1/2
/(O‘Hl(xz))@e_z”(wz)l‘”_“W(ym$2)M(y2)3L(y2)2€_;“(W)dmdm)

For ¢ = 0,

1/2
(/ e3“($)W(y,x)u(y)3L(y)2€g#(y)ddeC) = 0(040/272&,(@)1/2)
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while for ¢ > 1,

1/2
(/(aHl(x))qW(% w)u(y)BL(y)Qe‘g“(y)dydw) = O(al9/2H1 /D032y (q)0/2+1/2)

Combining the above results, we obtain, for any ¢1,¢2 € {0, 1,2}, I, 33(q1,q2) = o(a™3v2).

Consider finally

Io3.4(q1,92) ::/(aH1(%))ql/z(aH1($2))q2/2€7%(M(xl)]l"1:°+u(x2)]lq2:0)

1/2
X Va (/ W(yh961)2W(y1,$2)2W(y1,$3)46_a”(y1)dy1> dxidzodrs

‘We have

1/2
/(/W(yh$1)2W(y15$2)2W(y17$3)46a“(yl)dw) dxs

< </ L@S)M(IS)dIS) (/W(ylwl)ﬁe_“”(yl)dyl)l/ﬁ (/ W(ylyxz)fj@_a”(yl)dyl)l/ﬁ

and, for ¢; > 1, using Holder’s inequality,

1/6
/(aHl(xl))‘h </ W(yl,xl)%a”(yl)dyl) dxy = O(Q(qwl/G)a*lgU(a)q1+1/6).

For ¢; =0,

1/6
/ei%ﬂ(ml) </ W(yl’xl)(ieau(yl)dyl) dr, = O(Ckailfo(a))

It follows that, for ¢1,q2 < 2

Lo sa(qr, g2) = O /377320 () 1/3) = o(a™502) (S19)
Los(q1,q2) = O(@H1/D973/20 (0)4H1/3) = o(a302) (520)

e}

and, combining the bounds (52.3.5), (S18) and (S20), we obtain y,,; — 0.
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process prior, and it leads to a novel estimator of 71 with all the desir-
able features of partition-based estimators and that, in addition, allows to
reduce underestimation by tuning a “discount” parameter. We show the
effectiveness of our estimator through its application to synthetic data and
real data.
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1. Introduction

Releasing microdata for public use requires a careful assessment of the risk of dis-
closure (Willenborg and Waal [26]). Consider a microdata sample (X7, ..., X,)
of units (individuals) from a finite population of size N > n, such that each X is
a record containing identifying and sensitive information for the i-th unit. Iden-
tifying information consists of categorical variables which might match known
units of the population. A threat of disclosure results from the possibility that
an intruder, who could have personal or public information about the pop-
ulation (e.g. knowing who is included in the sample or using other available
datasets), might succeed in identifying an individual through such a match, and
hence be able to disclose sensitive information. To quantify disclosure risk, mi-
crodata units are partitioned according to a categorical variable that is defined
by cross-classifying all identifying variables. That is, units X;’s are partitioned
into non-empty cells, with each cell containing individuals with the same com-
bination of values of identifying variables. A risk of disclosure arises from cells
in which both sample and population frequencies are small, since the rarer the
category the more likely the match is correct. Of special interest are cells with
frequency 1 (uniques) since, assuming no errors in matching processes or data
sources, for these cells the match is guaranteed to be correct (Bethlehem et al.
(2], Skinner et al. [24]). This has motivated inferences on measures of disclosure
risk that are functionals of the number of uniques, the most popular being the
number 7y of sample uniques that are also population uniques. Once an esti-
mate 71 of 7; is obtained, a criterion to understand if the data would incur an
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excessive risk in being published is to set a relative risk threshold C' and check
if the proportion of 7; with respect to the sample size does not exceed it, i.e.
71/n < C (Bethlehem et al. [2]). If this is not the case, more care must be used
before releasing data, possibly applying other privacy preserving methods.

Over the past three decades, a wide range of parametric and nonparametric
approaches, both classical (frequentist) and Bayesian, have been proposed to
estimate 7. One may identify two main streams in the disclosure risk litera-
ture: i) modeling the sole microdata partition by parametric and nonparametric
partition-based models (Bethlehem et al. [2], Skinner et al. [24], Fienberg and
Makov [11], Samuels [21], Skinner and Elliot [23], Camerlenghi et al. [6]); ii)
modeling both the microdata partition and associations among identifying vari-
ables by parametric and semiparametric latent class models (Reiter [19], Skinner
and Shlomo [25], Manrique-Vallier and Reiter [13, 14], Carota et al. [4, 5]). All
these approaches have been applied to synthetic data and real data, showing
the effectiveness of 7y as a sensible global measure for assessing the risk of dis-
closure. Partition-based models lead to estimators that are simple, linear in the
sampling information, computationally efficient and scalable to massive data
sets, though they typically show underestimation when the sampling fraction
n/N becomes smaller than a certain threshold (Camerlenghi et al. [6]). Latent
class models have typically a better empirical performance than partition-based
models, especially for small sampling fractions, though this is achieved at the
cost of an increased computational effort for the need of Markov chain Monte
Carlo methods for posterior approximation (Reiter [19], Manrique-Vallier and
Reiter [13]).

In this paper, we contribute to the partition-based literature from a Bayesian
nonparametric perspective. Bayesian nonparametric ideas for estimating 7; date
back to the seminal work of Samuels [21], where the Dirichlet process (Ferguson
[10]) was applied as a prior model for the microdata partition. This approach
leads to an estimator of 7, which is easy to implement, computationally effi-
cient, and scalable to massive data. Despite these desirable features, empirical
analyses in Samuels [21] show that such an approach underestimates 71 in many
realistic scenarios, the issue being related to the tail behaviour of the empirical
distribution of microdata. That is, the heavier the tail the worse the underesti-
mation of 7;. As heavy-tail scenarios occur when the number of sample uniques
is large with respect to the population size, this phenomenon is a critical concern
in disclosure risk assessment. A simulation study in Figure 1 shows analogous
estimation issues for the most common partition-based estimators of 71 in such a
heavy-tails setting. Our experiments use synthetic microdata from a power-law
distribution of exponent o > 1, samples being the 10% of the population of size
108, and they are averaged over 1000 iterations. It emerges that the smaller o,
namely the heavier the tail, the worse the underestimation of Bayesian para-
metric estimators (Bethlehem et al. [2], Skinner et al. [24]), and the worse the
overestimation of a nonparametric empirical Bayes estimator (Camerlenghi et
al. [6]).

To overcome the underestimation phenomenon of Samuels’ approach, we pro-
pose a Bayesian nonparametric partition-based model that can be tuned to the
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Fic 1. Empirical performance, with respect to the true 71, of estimators 71: nonparametric
Bayes (NB) of Samuels [21], nonparametric empirical Bayes (NEB) of Camerlenghi et al. [6],
parametric Bayes (PB-1) of Bethlehem et al. [2], parametric Bayes (PB-2) of Skinner et al.

[24].

tail behaviour of the empirical distribution of microdata. In particular, as a
prior model for the microdata partition, we assume the Pitman—Yor process
(Perman et al. [15], Pitman [16], Pitman and Yor [18]). The Pitman—Yor pro-
cess prior generalizes the Dirichlet process prior by means of an additional “dis-
count” parameter that allows to control the tail behaviour of the prior, ranging
from geometric tails to heavy power-law tails (Pitman and Yor [18]). Under the
Pitman—Yor process prior, we present a simple characterization of the posterior
distribution of 71, given the observed microdata, and we propose the posterior
mean as a Bayesian nonparametric estimator of 7. Such an estimator has all
the same desirable features as Samuels’s estimator and, in addition, it allows
to reduce its underestimation of 71 by tuning the “discount” parameter with
respect to observable microdata. Our approach stands out for being the first
partition-based approach to provide a closed-form posterior distribution of 7y,
which makes straightforward to quantify uncertainty of our Bayesian procedure
through credible intervals. We investigate the empirical performance of our ap-
proach through synthetic data and real data from the 2018 American Commu-
nity Survey, showing its effectiveness in reducing underestimation phenomenon
of Samuels’ approach.

The paper is structured as follows. In Section 2 we introduce the Pitman—Yor
process prior and its sampling structure, and present our Bayesian nonpara-
metric approach to infer 7. Section 3 contains an illustration of the proposed
approach through synthetic data and real data. In Section 4 we conclude by
discussing our results and directions for future work. Proofs are deferred to the
Appendix.

2. Bayesian nonparametric inference for

We consider a super-population of units belonging to an (ideally) infinite num-
ber of distinct symbols (z;);>1, taking values in a measurable space Z, with
unknown proportions (p;);>1 such that Zj>1pj = 1. The partition of micro-
data into non-empty cells, both at the sample and population level, is modeled
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as a random partition induced by sampling from the unknown discrete distri-
bution P = ) i>1 p;62,;, where each symbol z; € Z takes the interpretation of
a distinct combination of values of identifying variables. That is, a population
of N > 1 of microdata units is assumed to be a random sample (X1,..., Xy)
from P, of which the first n < N elements (Xi,...,X,) are observable. These
samples induce a random partition at population level consisting of Ky cells of
frequencies (N1 n, ..., Nk, n), and a random partition at the sample level con-
sisting of K, cells of frequencies (N1, ..., Nk, »). If I(-) denotes the indicator
function, then

Ky
=Y I(Nijn=1)I(N;ny =1),
=1

namely the number of sample uniques that are also population uniques (Beth-
lehem et al. [2], Skinner et al. [24]). Bayesian nonparametric inference for 7,
relies on the specification of a (nonparametric) prior distribution on the dis-
crete distribution P, which in turn leads to a prior model for the microdata
partition.

2.1. The Pitman—Yor process prior

We assume the Pitman—Yor process as a prior model for the unknown discrete
distribution P. A simple and intuitive definition of the Pitman—Yor process
follows from its stick-breaking construction (Pitman [16]). For « € [0,1) and 6 >
—a let: 1) (V;);>1 be independent random variables such that V; is distributed
as a Beta distribution with parameter (1 — «,6 + ic); ii) (Z;);>1 be random
variables, independent of the V;’s, and independent and identically distributed as
a non-atomic distribution v on Z. If we set p; = V; and p; = V; HlSiijl(l —
V;) for j > 2, which ensures that ijﬂ’j = 1 almost surely, then P,9 =
2j21 p;j0z; is a Pitman—Yor process on Z with “discount” « and scale 6. The
Dirichlet process arises as a special case by letting o = 0. The Pitman—Yor
process generalizes the Dirichlet process by means of the “discount” «, which
controls the tail behaviour of P, g, ranging from geometric tails to heavy power-
law tails. In particular, for o € (0, 1), let (p(;));>1 be the random probabilities
pj’s of Py in decreasing order. Then, as j — +o00 the p(;)’s follow a power-
law distribution of exponent ¢ = o' (Pitman and Yor [18]). This shows that
a € (0,1) tunes the power-law tail behaviour of P, g through small probabilities
p(j)’s: the larger a the heavier the tail of P, g, whereas a geometric tail arises
as a — 0.

According to de Finetti’s representation theorem, a random sample from P, ¢
is part of an exchangeable sequence of Z-valued random variables (X;);>1 whose
directing measure II is the law of P, . Let (Xy,...,X,,) be a random sample
from P, g, i.e.

X;|Pay = Pag i=1,...,n, (1)
Pyo ~ 1L
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Because of the discreteness of P, g, the sample (X7,...,X,) induces a ran-
dom partition of {1,...,n} into K, < n blocks, labelled by distinct symbols
{Z1,...,Z} }, with frequencies (Nin,..., Nk, n) = (n1,...,n;) such that
Nip >1fori=1,..., K, and ) ;. Nin =n (Pitman [Chapter 3, 17]) for
a detailed account. A generative model for the X;’s, and hence for the induced
random partition, is provided by the predictive distribution of the Pitman—Yor
process, namely

0+ ko

P(Xn+1 €[ Xu,.., Xp) = T+

k
v(-) + QJF% Z(m —a)iz: (), (2)

for n > 1. That is, X,,+1 is of a new symbol (block), namely a symbol not
observed in the set {Z7,..., Z% }, with probability (0 + ka)/(0 +n), or X,41
is of symbol (block) Z} with probability (n; —a)/(60 4+ n), for i =1,..., k. See
Pitman [Chapter 3, 17] for a detailed account on the predictive distribution
(2).

The predictive distribution of the Pitman—Yor process highlights the role of
the “discount” parameter « in the sampling process: it drives a combined effect
in terms of a reinforcement mechanism and the increase in the rate of generating
new symbols. In particular, a new symbol z* entering in the sample produces
two effects: 1) it is assigned a mass proportional to (1 — ) to the z*’s empirical
component of (2); ii) it is assigned a mass proportional to « to the probability
of generating new symbols in (2). That is, the probability mass assigned to the
symbol z*’s is less than proportional to 1, and the remaining probability mass is
assigned to the probability of generating new symbols. The first effect gives rise
to a reinforcement mechanism: the sampling procedure allocates more mass on
symbols with higher frequencies. The second effect implies that the probability
of generating new symbols, which overall still decreases as a function of n, is
increased by a/(6 +n+1). The larger a the stronger the reinforcement mecha-
nism and the higher is the probability of new symbols. For a = 0, that is under
the Dirichlet process prior, everything is proportional to symbols’ frequencies,
which do not alter the probability of discovering new symbols. We refer to Ba-
callado et al. [1] for a detailed account on the predictive distribution (2), as well
a generalizations thereof, and for characterizations of (2) with respect to the
use of the sampling information, i.e. “sufficientness postulate”, and of Pélya like
urn schemes.

Remark 1. The power-law tail behaviour of the Pitman—Yor process emerges
from the large n asymptotic behaviour of the number K, of distinct symbols
and the number M, , of distinct symbols with frequency r > 1 in n random
samples from P, g. From Pitman [17, Theorem 3.8], K,, behaves as n® for large
n; this is the behaviour of the number of distinct symbols in n random samples
from a power-law distribution of exponent ¢ = a~!. Moreover, from Pitman
(17, Lemma 3.11] it holds that the proportion M, ,/K, of distinct symbols
with frequency r behaves as r—®~! for large n and large r; this is, up to a
constant or proportionality, the distribution of the number of distinct symbols



5632 S. Favaro et al.

with frequency r in n random samples from a power-law distribution of exponent
-1
oc=a .

2.2. Posterior inference for m;

We consider microdata units to be modeled under the Bayesian nonparametric
framework (1). That is, a population of N > 1 of microdata units is assumed

to be a random sample (X1,..., Xy) from a Pitman—Yor process, of which the
first n < N elements (X7, ..., X,,) are observable. We characterize the posterior
distribution of 71, given (X1,...,X,). To introduce our main result, it is useful

to recall the generalized factorial distribution (Charalambides [7, Chapter 2]).
For a real a and 7 € N let (a)(,) be the rising factorial, that is (a)) = 1 and
(@)ry = [lo<icr_1(a+1i) for r € Nx {0}, and for a > 0 and 7,5 € N with r < s
let € (r, s;a) be the generalized factorial coefficient (Charalambides [7]), that is
C(r,s;a) = Y geies(—1)H{il(s — )1} 71 (—ia) . For r € N, b € [0,1] and ¢ > 0,
a random variable Uy . on {1,...,7} has a generalized factorial distribution if,
forz e {1,...,r}

1
PUpcr = x) = 5—~—C(r,2;0)(¢) (@)- (3)
(bc)(r) (=)
The next theorem provides the posterior distribution of 71, given (Xy,..., X,),

as a mixture of a (general) hypergeometric distribution (Johnson et al. [12,
Chapter 6.2.5]) with respect to the generalized factorial distribution displayed
in (3). Then, a Bayesian nonparametric estimator of 7; is given as the posterior
mean.

Theorem 1. For N > 1 let (Xi,...,Xn) be a random sample from Py g,
of which the first n < N elements (X1,...,X,) are observable and featuring
M, = mq distinct symbols with frequency 1 (sample uniques). Then, for x €
{071,...77711}

) ()
AR UL S

P(rn=2]X1,...,X,) = Z

u=1

(i POa g, =0 @
mi

and

(9+a+n— 1)(N—n)

n= K Xi,...,Xp) =
T1 (Tl| 1, ) ) my (9+n)(N_H)

(5)

See Appendix A for the proof of Theorem 1. Theorem 1 is the first example in
the literature to provide a closed-form posterior distribution of 74. This is critical
to quantify, by means of Monte Carlo sampling, uncertainty of our Bayesian
procedure through credible intervals; see Section 2.3 below. According to (4),
for any fixed (a, ), the number M; ,, = m; of sample uniques is sufficient for
estimating 71. The estimator (5) is easy to implement, computationally efficient,
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and scalable to massive datasets. Moreover, it has a simple interpretation as the
proportion
(9 +n—-1+ a)(an)

(9 + n)( N—n)
of the number m4 of sample uniques. The estimator (5) is somehow reminiscent

of the “naive” nonparametric estimator (Bethlehem et al. [2], Skinner and Elliot
[23]) of 71, namely

me(Oé,@) = S (0,1),

_ n
T1 = M1 N

In particular, 7; is a smoothed version of 7y, where the smoothing acts by
replacing the purely empirical proportion n/N with the parametric proportion
wp, N (a,0). For any fixed #,n and N, the proportion w, n(a,§) increases in
a, meaning that the larger « the higher 7y. This behaviour, which agrees with
the role of « discussed in Section 2.1, shows the effectiveness of the “discount”
« in tuning the inference to the tail behaviour of the empirical distribution of
microdata.

Remark 2. For a = 0, namely under the Dirichlet process prior, Theorem 1
simplifies remarkably. In particular, the posterior distribution (4) reduces to a
(general) hypergeometric distribution. That is, by setting a = 0, Equation (4)
reduces to
(9+n71) ( N7n>
T mi—x

GaRO N (6)

mi

IP(7’1:$|X1,...,X”):

for z € {0,1,...,m1}. Moreover, by setting o = 0, Equation (5) reduces to the
estimator of Samuels [21], namely 71 = my(0 +n —1)/(0 + N — 1). Equation
(4) thus completes the work of Samuels [21], where only the estimator 74 was
provided.

By assuming both the sample and population to be large, it emerges: i)
the critical influence of the “discount” « in estimating 7y, with respect to the
scale 6; ii) the crucial limitation of the estimator proposed in Samuels [21]. In
particular, let f ~ g meaning f/g — 1. As n, N — +oo with n < N, for any
ze{0,1,...,m1}

P =l X = (M () - () @

and hence

That is, for large n and N with n < N, the posterior distribution (4) admits a
first order (local) approximation in terms of a Binomial distribution with param-
eters {m1, (n/N)1=*}. See Appendix B for the proof of (7). This result shows
that, in realistic scenarios, the “discount” « is the sole tuning parameter of our
Bayesian nonparametric model. In other terms, for « = 0, namely under the
Dirichlet process prior, the approximated estimator (8) reduces to the “naive”
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estimator 7;. Equivalently, for large n and N, the “naive” estimator 7; approx-
imates the estimator of Samuels [21]. Therefore, in realistic scenarios, Samuel’s
estimator is a purely empirical estimator, meaning that no tuning parameters
are available.

2.3. Computations

For any fixed a € (0,1) and 6 > —a, the estimator (5) can be easily evalu-
ated for arbitrary values of n and N. Instead, the evaluation of the posterior
distribution (4) might be numerically unstable for large n and N, due to the
overwhelming computational burden for evaluating generalized factorial coeffi-
cients. To address this issue, we rely on Monte Carlo sampling of the posterior
distribution (4) to obtain credible intervals for the estimator (5). By the mixture
representation of (4), Monte Carlo sampling requires to sample from a (general)
hypergeometric distribution and from a generalized factorial distribution. The
former is straightforward, for arbitrary values of n and N, and routines are
available in standard software. The latter becomes easy upon noticing that it
coincides with the distribution of the number Ky _,, of distinct symbols in N —n
random samples from a Pitman—Yor process with “discount” (1 — «) and scale
(0 + n). See Appendix C for a detailed explanation. For arbitrary values of n
and N, Monte Carlo sampling of the distribution of Ky _,, is straightforward by
Algorithm 1, which exploits the predictive distribution (2) of the Pitman—Yor
process.

Set k =1,

fori=1to N—-n—1do
Sample a binary variable s with probability {8 + n + (1 — a)k}/(0 + n +i);
Set k + k + s;

end

Return k.

Algorithm 1: Monte Carlo sampling of the mixing generalized factorial dis-
tribution.

To implement Theorem 1 we must specify the prior’s parameters (a, ),
whose choice is critical for a correct estimation of 7. Two common approaches
for estimating («,6) are: i) the hierarchical Bayes approach, which relies on
Bayesian estimates obtained from the posterior distribution of («,#) with re-
spect to suitable prior specification; ii) the empirical Bayes approach, which
relies on estimates obtained by maximizing, with respect to («, 6), the marginal
likelihood of the observable sample. Here, we adopt the empirical Bayes ap-
proach. Let (Xi,...,X,) feature K, = k distinct symbols with frequencies
(N1ny---y Nk, n) = (n1,...,n;). Pitman [16, Proposition 9] provides the like-
lihood function of (X,...,X,), and the empirical Bayes approach reduces to
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TABLE 1
Estimates of 71 for synthetic data. The parameters are o (Zipf data) and w (Geometric
data). PB-1 is parametric Bayes of Bethlehem et al. [2]; PB-2 is parametric Bayes of
Skinner et al. [24], and NEB is nonparametric empirical Bayes of Camerlenghi et al. [6].

DATA mi T1 PITMAN-YOR DIRICHLET PR. PB-1 PB-2 NEB

SCENARIO I: N = 106, n = 10°
Zipf 1.25 10818 6914 6818 [6689, 6947] 1123 [1042, 1203

1543 946 8328

]
Zipf 1.50 2045 941 948 [890, 1006] 206 [171, 241] 224 194 1403
Zipf 1.75 557 205 203 [174, 232] 56 [38, 75] 58 66 283
Zipf 2.00 230 80 74 [56, 93] 23 [12, 35] 22 30 198
Geom. 1074 9938 1027 1113 [1034, 1195] 1113 [1034, 1195] 4666 2095 740
Geom. 103 949 91 96 [73, 120] 96 [73,120] 335 167 67
SCENARIO 1I: N = 5000,n = 500
Zipf 1.25 139 76 82 [67, 96] 6 (7, 27] 34 20 120
Zipf 1.50 62 23 28 [18, 38] [1 13] 12 7 51
Zipf 1.75 28 7 10 [4, 17] 310, 8] 5 3 22
Zipf 2.00 11 3 310, 7] 1[0, 4] 2 1 6
Geom. 10—% 482 391 365 [341, 388] 365 [341, 388] 181 196 467
Geom. 103 387 95 129 [106, 153] 129 [106, 153] 160 158 320
solve:
k—1 . k
oA I1.55 (0 +icr)
(6,0) = argmax § A== TT(1 = @),y ¢ - (9)
(ev,0) @) i

The optimization problem (9) can be solved numerically and efficiently even for
large values of n, by means of routines available in standard softwares. We refer
to Favaro and Naulet [9] for provable guarantees of the estimator &. Alterna-
tively, one could specify a prior distribution on («, ). However, we found no
relevant differences between the fully Bayes and the empirical Bayes approach,
given that the posterior distribution of («, #) is highly concentrated, when n is
large.

3. Illustrations
3.1. Simulated data

We consider synthetic data from two super-populations P. For the first super-
population, we let the “true” probability masses (p;);>1 to be those of a Zipf
distribution with index ¢ > 1, so that data are generated from the discrete
distribution P = (o)~ ! ZjZIj’U(SZj, with (o) = ZjZI 779, As we discussed
in Section 2, this is the scenario in which a Pitman—Yor specification is recom-
mended. We considered different values of o = 1.25,1.50,1.75,2, and different
combinations of n and N. The prior’s parameter («,6) is estimated through
maximum likelihood; see Section 2.3. Table 1 reports estimates of 71, together
with 99% credible intervals (within brackets), and the “true” value of 1. Credi-
ble intervals are obtained via Monte Carlo sampling of the posterior distribution
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TABLE 2
Mazimum likelihood estimate for the parameter («, 6) of the Pitman—Yor model.

Param. Zipf 1.25 Zipf 1.50 Zipf 1.75 Zipf 2.00 Geom. 10~* Geom. 10~*

SCENARIO I: N = 106, n = 10°

& 0.80 0.67 0.56 0.51 0 0
[4 1.48 0.82 0.70 0.34 13559.80 1141.16
SCENARIO 1I: N = 5000, n = 500
& 0.77 0.66 0.57 0.39 0 0
[4 1.89 0.98 0.52 0.90 13529.12 1753.06

(1), by means of the scheme described in Section 2.3. Table 2 reports the corre-
sponding estimates of («, #) for the Pitman—Yor model. In all these scenarios,
the Bayesian nonparametric estimator (5) is much closer to the “true” value of
71, compared to its partition-based competitors. In particular, the approaches
of Bethlehem et al. [2], Skinner et al. [24] and Samuels [21] underestimate the
“true” 71, whereas the approach of Camerlenghi et al. [6] tends to overestimate
it.

For the second super-population, we let P = ijl (1l — ﬂ)j_152j7 corre-
sponding to a geometric distribution with parameter = € (0,1). We consider
two different values of 7 = 1073,10™* and the same sample size n and a pop-
ulation size N as before. As we discussed in Section 2, this is the ideal setting
for the Dirichlet process and this is indeed confirmed by Table 1. Moreover, the
Pitman—Yor estimator reduces to the Dirichlet process since we obtain & = 0,
as reported in Table 2.

3.2. The 2018 American Community Survey

We consider real data from the 2018 American Community Survey (Manrique-
Vallier and Reiter [13], Carota et al. [4]). This dataset is a random sample of
the American population (usa.ipums.org/usa). We regard the 2018 American
Community data as a “population” of size N = 2,432,323, and we consider ob-
servable samples which are the 5% and 10% fractions of the population obtained
by sampling at random n = 121,616 and n = 243,232 individual, respectively.
We restricted the population to individuals older than 20, and we cross-classified
the records according to the following variables: census region (9 levels), race
(139 levels), and primary occupation (531 levels), obtaining Ky = 60,215 non
empty classes.

As detailed in Section 2, the Pitman—Yor specification should be employed
whenever the data follow a power-law behaviour. However, in real data problems
such an assumption must be empirically validated. A simple approach is com-
paring the observed number m, of distinct types with frequency r = 1,...,n
against the model-based expected frequencies under a Pitman—Yor specification,
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FiG 2. Graphical representation in logarithmic scale of the number of distinct types m, with
frequency r (dots) and their expectations IE(My. n) under Pitman—Yor (solid line) and Dirich-
let process (dotted line) models, relative to the 5% and 10% sample data from the American
Community Survey.

namely

0 n
E(M,,) = —— 1-— =1,...
( 7’7”) (9)(71) (7”) ( a)(?“fl)(o + a)(nfTﬁ r ’ » 1,

where the parameters in the above formula are replaced by their maximum
likelihood estimates; see also Favaro et al. [8] for further details. Poor in-sample
fit strongly suggests that the corresponding disclosure risk assessment will be
unreliable.

The observed values m,. for r = 1,...,n and their model-based estimates for
the 5% and 10% fractions of the data from the American Community Survey
presented in Section 2.2 are reported in Figure 2, both under a Pitman—Yor and
Dirichlet process specification. These results confirm a very good in-sample fit
for the Pitman—Yor. Conversely, the Dirichlet process seems unsuitable for this
specific datasets. The prior’s parameters a and 6 are estimated through maxi-
mum likelihood; see Section 2.3. Results in Table 3 confirm what we observed
for synthetic data, and in particular it is confirmed the superior empirical per-
formance of our estimators, with respect to partition-based competitors. The
approaches of Bethlehem et al. [2], Skinner et al. [24] and Samuels [21] underes-
timate the true 71, whereas the approach of Camerlenghi et al. [6] overestimates
it.

TABLE 3
Estimates of 71 for real data the 2018 American Community Survey. The estimate PB-1

refers to the parametric Bayes of Bethlehem et al. [2], PB-2 is the parametric Bayes of
Skinner et al. [24], and NEB is the nonparametric empirical Bayes of Camerlenghi et al. [6].

Data percentage  mj 1 Pitman—Yor Dirichlet process PB-1 PB-2 NEB

5% 6776 1447 1458 [1372, 1546] 349 [303, 397] 1427 425 3492
10% 9620 2852 2958 [2842, 3075] 979 [903, 1056] 1799 1059 4526
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4. Discussion

In this paper, we considered the problem of Bayesian nonparametric estimation
of 71, which is arguably the most popular measure of disclosure risk. Our study
is motivated by an early work of Samuels [21], where empirical analyses showed
that the use of Dirichlet process priors lead to underestimate 71 in many real-
istic scenario, with the underestimation getting worse as the tail behaviour of
the empirical distribution of microdata gets heavier. Here, to overcome such an
underestimation phenomenon, we proposed the use of the Pitman—Yor process
prior, which generalizes the Dirichlet process prior through an additional “dis-
count” parameter that allows to control the tail behaviour of the prior, ranging
from geometric tails to heavy power-law tails. Under the Pitman—Yor process
prior, we obtained a simple characterization of the posterior distribution of 71,
in terms of a compound (general) hypergeometric distribution, and made use
of the posterior mean as an estimator of 7. Such a novel estimator has all
the desirable features as Samuels’ estimator, including ease of implementation,
computational efficiency and scalability to massive data, and, in addition, it
allows to reduce its underestimation of 7 by tuning the “discount” parame-
ter with respect to observable microdata. We presented an empirical analysis
of our Bayesian nonparametric approach through synthetic data and real data,
showing its effectiveness in reducing underestimation phenomenon of Samuels’
approach.

While 7 is known to be the most popular measure of disclosure risk (Bethle-
hem et al. [2] and Skinner et al. [24]), one might consider alternative measures
by broadening the definition of “uniqueness”. For instance, Fienberg and Makov
[11] considered a generalization of 71 which is defined in terms of the number
of cells with frequency less or equal than 2. In general, one may consider the
following measure

Kn
Tp.q = ZI(Ni,n <pI(Nin <p+q),

=1

namely the number of cells with sample frequency less or equal than p which
have population frequency less or equal than p+ ¢. In particular, 7y corresponds
to 71,0. We refer to Appendix D for Bayesian nonparametric inference of 7y 4,
which is arguably the most natural generalization of 7. It remains an open
problem to adapt our Bayesian nonparametric approach to deal with structurally
empty cells, i.e. structural zeros (Manrique-Vallier and Reiter [14]). In such
a context, it may be useful to consider spike and slab generalizations of the
Pitman-Yor process prior (Scarpa and Dunson [22], Canale et al. [3]). They
consist in replacing the non-atomic distribution v of the Pitman-Yor process
prior with a distribution 7(¢) = ¢dp + (1 — {)v, with ¢ € [0,1] and v being a
non-atomic distribution. Then ¢ may then be used to include the information
on structural zeros, being interpretable as the proportion of structural zeros in
the population.
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Appendix A: Proof of Theorem 1
A.1. Generalized factorial coefficients

For t € R, a > 0 and n € Ny, let (at)(,) be the rising factorial of at of order n,
ie. (at)m)y = [lo<icn_1(at +14). The (n,k)-th generalized factorial coefficient,
denoted by €'(n,k;a), is the k-th coefficient in the expansion of (at)(,) into
rising factorials, i.e.

(@) ) = Y _ € (n,i;0)(t) ), (10)
i=0
with €(0,0;a) =1, €(n,0;a) =0 for n > 0, ¥(n,i;a) =0 for ¢ > n. For b > 0,
let us consider the k-th coefficient in the expansion of (at — b)) into rising
factorials, so that

(at = b)) = >_ E(n,i3a,b)(t) ), (11)

i=0
with €(0,0;a,b) = 1, €(n,0;a,b) = (=b)¢, for n > 0, €(n,i;a,b) = 0 for
i > n. The coefficient €' (n, k; a, b) is referred to as the non-centered generalized
factorial coefficient (Charalambides [7]). Here, it is useful to recall the following

property

Cg<n7 7/7 b1b27 blr2 + Tl) = Z %(n,], blv Tl)cg(ja Zv b2: 1"2), <12)
j=i

for any b1, by > 0 and 71,73 > 0. The convolutional identity (12) can be found in
Charalambides [Chapter 2, 7] and plays a critical role in the proof of Theorem 1.

A.2. Generalized factorial and (general) hypergeometric
distributions

The generalized factorial distribution (Charalambides [7, Chapter 2]) is defined
by means of the identity (10), and it arises in the context of the classical coupon
collector problem (Charalambides [7, Example 2.7]). For r € N and b,¢ > 0, a
random variable Up . on the set {1,...,r} has a generalized factorial distribu-
tion if

P(Uper =12) = C(r,x;0)(c) @y I(x € {1,...,7}). (13)

1
(bc)(r)
The (general) hypergeometric distribution (Johnson et al. [12, Chapter 6.2.5])
has the same form as the classical hypergeometric distribution, though with a
more flexible parameterization. In particular, for ;s € N and a > 0 such that
a > r,arandom variable H, , s on the set {0,1,...,r} has a generalized factorial
distribution if

()(.%)
GoN

P(Hqps =)= (x €{0,1,...,r}). (14)
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Distributional properties, and moments, of the general hypergeometric distri-
bution can be easily obtained from (14) (Johnson et al. [12, Chapter 6.3]). For
r,s € Nwith s <r let S(r, s) be the Stirling number of the second type (Char-
alambides [7, Chapter 2]), and let T' denote the Gamma function. Then, for
z > 0 it holds

z o (M\T(a+1+s—)T(a+1
E{(Hars)"} = ; Sz i <z> T Eai 1 J—r )T (21 +(1 i s; (15)

We refer to Charalambides [7] and Johnson et al. [12] for a comprehensive ac-
count of the generalized factorial distribution and the (general) hypergeometric
distribution.

A.3. Proof of Theorem 1

Let (X1,...,X,) be a random sample from the Pitman-Yor process P, g, and
let (X1,...,X,) feature K,, = k distinct symbols, labelled by {Z],...,Z% },
with frequencies N,, = n, with N, = (N1 ,..., Nk, »), and n = (n,... ,ﬁk)
be such that N;, > 0 and ZKKK“ N; , = n. Moreover, for any N > n let
(Xnt1,...,Xn) be an additional random sample from P.g,andlet Nj y_, >0
be the number of records X;,4;,7 = 1..., N that coincide with the label Z¥, j =
1,..., K,. Moreover, let

Ky,

VNen=N-n=3 Ninn
i=1

be the number of X, 4;,7 = 1,..., N that do not coincide with any Z;’s. To
compute the posterior distribution of 71, we first determine its moment of order
z>1,1ie.,
E{(m)* | X1,..., X} (16)
=E{(n)* |N,=n,K, =k}

K, z
= { (Z I(Nip =1)I(N; N_p = 0)) IN, =n,K, = k} .

For s,t € N with s < ¢ recall that S(s,t) denotes the Stirling number of the
second type (Charalambides [7, Chapter 2]), and let C; ; denote a set of combi-
nation defined as follows: C;p = 0 and C; s = {(c1,...,¢5) 1 ¢ € {1,...,t},ci #
¢, if i # j} for any s > 1. Accordingly, Equation (16) admits the following
expansion

E{(Tl)z | X17 e :Xn}

EEEE (00

r=11i1=14=1 igp—1=1
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X Z E{HI N, n=1I th,N_n:o)iw—iwﬂann,ank}

(€1yeeey cz)ECK =

—ZS(zx > {f[[ e = NchNn:O)|Nn:n,Kn:k}

(c1,-.1C2)€ECR,z \t=1

725(,”3;'2 HI Nem=1E {ﬁI(NCt,Nn—OHNn—n,Kn—k}
t=1

(e1y-ns Cg)ECK, o t=1

:Z S(z,z)x! (17)

X Z HI Neyn=DP(Ney N-n=0,...,Ne, N -n=0| N, =n, K, =k).
(C11enrCa) ECH o t=1

The conditional probability (17) can be computed by a direct application of
Favaro et al. [8, Lemma 1]. In particular, from Favaro et al. [8, Equation 38 and
Equation 40]

IP(NCI,N_n:O,...,NCm7N n:O|N :nK :k7VN—n:’U)

(n B Zf 1 Me; — (k B %’)Oé)(N n— v)
(n - ka)(N n—uo)

and

P(VN—n =v| N, =n,K, =k)
151 (0+i)

N—n 9) o E(v,j;a
:( >(n_ka)Nnv)Z ()( cv-my B ( J ).

v ) s (6’+za) oJ
J=0 (0)(n)
Then,
IP(Ncl,anZOwnvNcw,an:0|Nn:n K, :k) <18)
Nen 0 o)
_ Z N — (n ~ ka) Z (O (nr(N-n)) %(UJ;Q)
Y (N n—o) Hkﬁ 1(9+m) ol

0)(n)

(TL B Zi:l Te; — (k B I) )(N—n—v)

X
(n - ka)(N n—uv)
N— 237 (04io) Ny
L "@)rvn N—n .
Z 7% Z < s ) (n - ka)(N—n—v)%(vvj; O[)
(0)(n) v=J
« (n - Zf:l Ne; — (k - x)a)(anfv)

(TL - ka) (N—n—v)
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n’f*? L(O+ic) N_p

(Ot v—ny) N—-n g
= Z ol Hf N CARID) Z ( v )‘5(1},],0[)
= (9)(n) v=J

(n— Z Ne, — (b = x)a) (N—n—v) (19)

N—n Hk+] 1(9+za) N—n

1 O rv—ny) N-—-n y
Z CY_ 571(9_‘_2&) z_: v %(Uvjva)
(0)(n) v=J

X E(N—n—0,0,aq, —n—i—chi + (k —2)a). (20)

i=1

Then, by the application of the convolutional identity (12) to the sum over v,
we get

IP(NC1N n—O cIN n_O|N —HK—I{j)
Hf+? 1(e+m> ,
_ Z 9><(n+<N o (N —n,j;o, n+Z e, + (k—2)a)
Hf 5 (0+ic) ol
O

N—n T

1 <0 > .

= —+k %(an,];oc,fn+g Ne, + (k — z)a).
(O +n)(n-n) j=0 ©) i=1

Therefore, by the application of the identity (11) to the sum over j, we obtain
that

P(Noy N-n=0,...Ne, n—n =0| N, =10, K, = k)
_ =3 e+ ze) (o)
(0+n)(N n)

By a direct combination of Equation (17) and Equation (18), the moment for-
mula (16) is

E{(Tl)z | )(17 e >Xn}

=Y Saat Y. [[I(New=1)
=1 (€150e01Ca )ECE, o t=1
X P(Ncl,an = 0, e 7Ncm,N7n =0 | Nn =n, Kn = k)

° 0+n—5% n. + .
= Szajl Y HI(th,n=1)( n 2 e 2w
z=1

(c15ees¢0 ) ECE,z t=1 (9 + n)(N_n)
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= iS(z x)x'<m1> (O +n—z+aa)nn
’ \ =z (9+n)(N_n)

(9+” (N—n) 4 Zs(z xx'( >{(1_a) GJ—FZ _x>}(zvn)’

and from (10)

N—n

E{(Tl)z | X17...7Xn}
1 = m1> . <9+n )
=— S(z,x)x! E(n,i;1 —a —x
(0 +n)(N—n) ; (z:2) ( z ; ( N\iza (0)
F(fj—gﬂex)

N—n z
— my
9—|—n - Z%n,z,l a);S(z7z)x!<x>—r (%7;3)

=1

N-n r(“’i—gﬂ')
Z‘ﬁn,z,l 17
(0+n(N n) F(%)

: m T (5 +i—2)T ()
()

2t i)
[by the application of (15)]

0+n B
0+n(N n)zcgnll (10[>()E{(H9+nlmll)} (21)

[by the definition of generalized factorial distribution (13)]
N—n
= Z E{(H%—1,m1,i)Z}IP(U1—a,%,N—n =1i). (22)

i=1

=

According to the above expression for E{(m)* | X1, ..., Xy}, the proof of The-
orem 1 is completed by using the definition of (general) hypergeometric distri-
bution (14).

Appendix B: Proofs of Equation (7) and Equation (8)

Let (Xi,...,X,) be a random sample from P, g, and let (X1,...,X,,) feature
K, = k distinct symbols with N,, = (Ny,..., Nk, ») corresponding frequen-
cies, n = (nq,...,n,) such that N;,, > 0 and Z1<1:<Kﬂ N; , = n. From the
proof on Theorem 1, T

- 0+n—i+tin N-n
E{(n)" | X1, Xn} = 3 S(z )i ( Z_ >( +(9+n)+(N )<) ) (@)
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Recall that by means of Stirling formula I'(n +4)/T'(n) ~ n® as n — +oo is
a first order approximation of the Gamma function. By applying it to (23), as
n — 4+o0o and N — 4o0.

_ is(z i)i' <m1> (9 +n — ) + iOé)(N_n)
¢ ’ 7 (0+n)(N,n)

T(0+N—i+ia)

R~ oy (M T@Fn—i+ia)
_ZS(z,z)z!<i>W

NG
~ §S(z,i)z’! <WZ”> {(%)1(1}2 . (24)

Equation (24) is the moment of order z of a Binomial random variable with
parameter (mq, (n/N)!=%), with m; being the number of trials and (n/N)!=2
being the probability of success in a trial. This completes the proof of Equation
(7) and Equation (8).

Appendix C: On the distribution of Ul—a,ffz Nen
Let (X1,...,X,) be a random sample from P, g, and let (X, ...,X,) feature
K,, = k distinct symbols with corresponding frequencies N,, = n, where N,, =
(Nim,---s Nk, n)andn = (nq,...,n) such that N; , > 0 and ZKKK” Nip=
n. The distribution of K, is known from Pitman [17, Chapter 3]. In particular,

for z € {1,...,n}

P(K, =12)= ———2%(n,z;a). (25)
According to (25), the distribution of U, __ o4+n »_, coincides with the distri-
bution of the number Ky _,, distinct symbols in N — n random samples from
Pl—a,9+n-

Appendix D: Bayesian nonparametric inference for m 4

Under the Pitman-Yor process prior, we characterize the posterior distribution
of 11,4 through its moments; this leads to a Bayesian nonparametric estimator
of 74 in terms of the posterior mean. The proof is along lines similar to the
proof of Theorem 1. Let (X7, ..., X,,) be a random sample from the Pitman-Yor
process P, g, and let (X1, ...,X,,) feature K,, = k distinct symbols, labelled by
{Z1,...,Z}, }, with frequencies N,, = n, with N,, = (N1,,..., Nk, »), and
n = (ni,...,n) be such that N;, > 0 and >, ;. i Nin = n. Moreover, for
any N > nlet (X,11,...,Xn) be an additional random sample from P, g, and
let Nj n—n > 0 be the number of records X, 4;,7 = 1..., N that coincide with
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the label Z7,j = 1,..., K,. Moreover, let Vy_, = N —n — ZlgiSKn Ni N—n
be the number of X, 4+;,2 = 1,..., N that do not coincide with any ZJ’-“S. To
compute the posterior distribution of 7y 4, we first determine its moment of
order z > 1, i.e.,
E{(r1,4)° | X1,..., X0} (26)
= E{(Tl,q)z | Nn =n, Kn = k‘}

Kn z
:E{(Z[(Ni,nzl)I(Ni,NnSq)) |Nn:n,Kn:k}.
i=1

For s,t € N with s < ¢ recall that S(s,t) denotes the Stirling number of the
second type (Charalambides [7, Chapter 2]), and let C; ; denote a set of combi-
nation defined as follows: C:g = 0 and Ci s = {(c1,...,¢5) 1 ¢ € {1,...,t}, ¢ #
¢j, if i # j} for any s > 1. Accordingly, Equation (26) admits the following
expansion

E{(TLq)Z ‘X17 N >Xn}

k q =
]E{ Z(ZI(Ni,n_l)I(Ni,Nn_h))] |Nn—nn,Kn—l<:}

i=1 \h=0
k z ilfl 7:.1:—2_1 . .

) 7 Ty
t=1i1=1is=1 iy_1=1 N1 2 z—1

z Gp—t—fp—t41
x > B H(iI(th,n—1)I(th,N_n—h)) IN,=n,, K,=k

(C1y0a)E€Cke E=1 \h=0

EEEE OO

12 e—1

I(thynzl)I(NchN_n:h)> |IN,=n,, Kn:k}

= Z S(z,z)x!

X Z E{ﬁ( d I(th,n—l)I(NchNn—h)> |Nn_ann_k}.
0

(c15001€2)ECK & t=1 \h=
Now, we define the (cartesian product) set Hq » = {0, ..., ¢}*, such that we can
write

E{(leq)z ‘Xl, e ,Xn}

:Z S(z,z)x!
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XZ Z E{ﬁ ct n—1 (th,N—n:ht)”Nn:nnaKn:k}

(Cl ----- Pr)eck @ (hl 11111 hy )EHQ Ed

= ;S(z,x)x! Z

(hlyuwhz)qu x

XZ HI(thm {H ct,N n—ht)) |N =1y, n—k}

(C1y0v0sCz )ECK o t=1 t=1

:Z S(z,x)x! Z (27)

<y HI eom=DP(Ney Non=h1,...,No, Non=hs|N,=n,, K, =k).
(c1,-,¢2 ) EC) o t=1
The conditional probability in (27) can be computed from Lemma 1 in Favaro
et al. (2013). In particular, from Equation 38 and Equation 40 in Favaro et al.
(2013) we have

i)
Pr(Ney, Non =h1,...,Ne, Non = hy [N, =, K, =k, VN, =)
(N—n—v)' H nCt - (hf
(N —n=v—=37 1 h)!
« (n— Zt:l Tey — (k - x)a)(anfvfz;;l he)
(n - ka)(anfv)
ii)
Pr(Vy_n =v|N, =n,, K, =k)
15 (0+ic)
_(N-n Oy E(v,550)
= ( v )(nka)(N n— U)Z Hk 1(0+wz) QJ 9
= (0)(n)
and
Pr(Ney Non =h1,...,Ne, Non = hy | N, =, K, = k) (28)

v 11 i:r({ ! (6+ic)

N—n .
N —n O rvny €0, J50
= 2 : (TL - ka)(anfv) k(_:r(N - V ( - )

v - H,‘,:o (9+'LO‘) oJ
v=0 3=0 (0) (n)

(N —n—v) H (ne, — a)(ht
(N—n—v—zt ol
(n - Zt:1 Ney, — (k - x)a)(anfvfzle ht)
(TL - ka)(anfv)

X

X
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Nep y D)
- I QISR —n\, )
"X T e & ( v >(” ko) (v € (v, ;@)
g=0 0)(n) v=J

(N —n — U)' H nct _ (ht
(N*nf'ufzt 1ht I

(n =3 iy e — (k= 95) )(N—n—v—Zf:1 he)

(n - ka)(anfv)

X

X

T Hft? 1(04’10‘)
(N —n) H ”q —a)(n,) Z Ot (N=n)
ReEre v o T

=1 =0 )
N—n x
. (N_n_ Zt:l ht)
: §%<”9’“)<N—n—v—zt o

x(n—ZnLt (k= 2)Q)(N—n—v-37_, hy)

[15 " (0+ia)

(N — 5 (ne, — Oé)(hf) (Ot (v —m)
= ool Zaf I v
= = ) (n)

Y (VTR M

v

x‘(f(N—n—v—th,O;a,—n—f—cht+(k—x)a)
t=1 t=1

nkﬂ L (9+ia)

(N - H (Me, — a)(ht) Z (9)(n+(N n))

(N —n— Zt 1 ' ol ; (0)(9+7,a)
0)n)

X %(N—n—th,j;a,—n—i-cht + (k—2)a)
t=1 t=1

_ (N —n)! = (e, — @) (hy) 1
(N =n—33 1 he)! iy hy! (0 +n)(N-n)

N—-n x T
0
X g ——l—k:) %N—n—g h,j;a,—n—l—g ne, + (kK —2)a
=0 (0‘ () | = =1 ( )

(N *n)' f[ Ne, — O‘)(h,« 1
(N—n—zt 1 't:1 t! (9+n)(N_n)

X (04n— Z Ne, + Q) (N-n-Y7_ hy)

i=1
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Then, by combining Equation (27) with Equation (28) we can write the following
identities

E{(r1,¢)7 [ X1,..., Xu}

:; S(z,x)x! Z

(h1y.she)€Hg o

Y J[I(Neym=1)P(Ne, n-n=h1,. .., Ne, N-n=hz|Ny =1, K, =k)

(c1,-01C ) ECY o t=1

:ZS(Z,J:):E! Z
D S |

_n — |
(C150e0sCa )ECK o t=1 " Zt:l ht)

H ncf — @) (nyy (041 =370 e, +TA) (N T )
_ (9 + n)(an)

- Z S(r, z)a! (";1> 3

=1 (h1yeees he)EHg o
(1- 0+n—z+ n—
X (N — H a(h)( n—T+TO)(N-n-¥i b v
(N —n—Zfl ) (0 +n) v
Therefore,
E{(T1,9)15 | X1,..., X0} (29)
k
=E (Z (Z I(Ni,n = 1)I(Ni,N—n = h))) |Nn = nn7Kn =k
i=1 \h=0 2]
mr\ & q
= 5|
( ' ) PO
(N —n)! ﬁ H—I—n—z—o—za)(NnZtl“)
(N_n_Zt 1Zt)' (0 4+ n)(n—n)

Equation (29) leads, by means of standard arguments on inversion formula,
to the calculation of the conditional distribution of 71 4 given (Xi,...,X,). In

particular, a Bayesian nonparametric estimator of 7 4, is given by the posterior
mean

7A_1,q = E{Tl,q ‘ )(17 N >Xn}

:mi (N_n)' ( )()(94*7’1714’0&)(]\[ n— 1)
P (N-n—i)l (6 + 1) (N_n)
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Note that 71, coincides with 7; in Theorem 1. We conclude the study of 7y 4
by considering the large n and large N asymptotic behaviour of the posterior

(falling) factorial moment IE{(71,4); | X1,..., Xn}. In particular, we write the
following
E{(71,0)12) |X1,--- n}

q
—a(")y oy
< 11 =0 1,=0
y (N —n)! S (L=a)uy (0+n—2+20)(Non-s: 4
(N—n— Zle Zt)' =1 Zt' (9+n)(N—n)

:zv<”;1>zq:zq:

i1=0 i,=0

F@—z+za+N-=>"7_,i)/T(N)

» F(N —-n+ ]. /F( ﬁ ]- - O[)(Zt) I'(C(0+n—z+za)/T'(n)
DN —n—37/_ it +1) /F(N t=1 W
g a —n+1 z NOTrtre R e
mq N (zt) 0—ztza
' n
(™Y (] s a)w
11=0 1,=0t=1
_ zy(’m) (2)1“] [M]
z ) |\N N1+ q¢r'2—«w
mi\ [/ny1=¢ T(2+qg—a) ]°
= 2l — [ S VA
Z( P ) (N) I(1+qr(2—a) (30)
If
nyl—@ T(2+¢—a)
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then Equation (30) is the falling factorial moment of order z of a Binomial
random variable with parameter (m1, (n/N)}=°T'(2+ ¢ —a)/T'(1+ ¢)T'(2 — a)),
with m; being the number of trials and (n/N)*~°T'(2+q—«a)/T(1+¢)T(2 — )
being the probability of success in a trial. Note that (31) is always satisfied for
q=0.
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Protection against disclosure is a legal and ethical obligation for agen-
cies releasing microdata files for public use. Consider a microdata sample
of size n from a finite population of size n = n + An, with A > 0, such that
each sample record contains two disjoint types of information: identifying
categorical information and sensitive information. Any decision about re-
leasing data is supported by the estimation of measures of disclosure risk,
which are defined as discrete functionals of the number of sample records
with a unique combination of values of identifying variables. The most com-
mon measure is arguably the number 7| of sample unique records that are
population uniques. In this paper, we first study nonparametric estimation of
71 under the Poisson abundance model for sample records. We introduce a
class of linear estimators of 7] that are simple, computationally efficient and
scalable to massive datasets, and we give uniform theoretical guarantees for
them. In particular, we show that they provably estimate 71 all of the way up
to the sampling fraction (A + D! (log n)~ !, with vanishing normalized
mean-square error (NMSE) for large n. We then establish a lower bound for
the minimax NMSE for the estimation of 7;, which allows us to show that:
1 A+ 1)_1 x (log n)_1 is the smallest possible sampling fraction for con-
sistently estimating t1; (ii) estimators’ NMSE is near optimal, in the sense of
matching the minimax lower bound, for large n. This is the main result of our
paper, and it provides a rigorous answer to an open question about the feasi-
bility of nonparametric estimation of 7| under the Poisson abundance model
and for a sampling fraction (A + n-l<1/2.

1. Introduction. Protection against disclosure is a legal and ethical obligation for agen-
cies releasing microdata files for public use. Any decision about release requires a careful
assessment of the risk of disclosure, which is supported by the estimation of measures of
disclosure risk ([30]). Let consider a microdata sample X (n) = (X1, ..., X;;) from a finite
population of size n > n and, without loss of generality, assume that each X; is a record
containing two disjoint types of information for the ith individual: identifying information
and sensitive information. Identifying information consists of a set of categorical variables
which might be matchable to known units of the population. A risk of disclosure results from
the possibility that an intruder might succeed in identifying a microdata unit through such a
matching, and hence be able to disclose sensitive information on this unit. To quantify the
risk of disclosure, sample records X (n) are typically cross-classified according to identifying
variables. That is, X (n) is partitioned in K, < n cells, with Y; (X, n) being the number of
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X;’s belonging to cell j, for j =1, ..., K, such that ZlfjsKn Y;(X,n) =n; we refer to the
number of occurrences Y; (X, n) as the sample frequency of cell j. Then a risk of disclosure
arises from cells in which both sample frequencies and population frequencies are small. Of
special interest are cells with frequency 1 (singletons or uniques) since, assuming no errors
in the matching process or data sources, for these cells the match is guaranteed to be correct.
This has motivated inferences on measures of disclosure risk that are suitable functionals
of the number of uniques, the most common being the number 7; of sample uniques which
are also population uniques. We refer to [24] for a comprehensive account on measures of
disclosure risk.

In this paper, we first study nonparametric estimation of the discrete functional t; under
the Poisson abundance model for sample records. The Poisson abundance model is arguably
the most natural, and weak, assumption to infer 71 ([2] and [25]). If n =n + An, with A > 0,
the model assumes that: (i) the population records (X1, ..., X;4+1,) can be ideally extended
to a sequence X = (X;);>1, of which X (n) is an observable subsample; (i1) the X;’s are in-
dependent and identically distributed as an unknown distribution (p;);>1, where p; is the
probability of the jth cell in which X may be cross-classified; (iii) the sample size is a
Poisson random variable N with mean #n, in symbols N ~ Poiss(n). Then sample records
X(N)=(Xy,...,Xn) resultin Ky cells with Y; (X, N) being the sample frequency of cell
J.for j=1,..., Ky, such Y;(X, N) ~Poiss(np;), Y;, (X, N) is independent of Y;, (X, N)
forany ji # jo,and 3°i <<k, Y;j (X, N) = N. [26] first raised the problem of nonparametric
estimation of 71 under the Poisson abundance model, leaving that as an open problem. In
particular, they discussed about the feasibility of nonparametric estimation of 71, arguing that
it is an intrinsically difficult problem. The problem shares the well-known difficulties of the
classical problem of estimating the number of unseen species ([10] and [8]). Indeed nonpara-
metric estimators of 71 may be “unreasonable” since they are subject to serious upward bias
and high variance for small sampling fractions of the population, thatis, (A + 1)~! < 1/2 or,
in other words, for n smaller than a half of the population 7.

Under the Poisson abundance model for sample records X(n) from the population
(X1, ..., Xntn), we introduce a class of nonparametric linear estimators of 7; that are sim-
ple, computationally efficient and scalable to massive datasets. We show that our estimators
admit an interpretation as (smoothed) nonparametric empirical Bayes estimators in the sense
of [22], and we prove theoretical guarantees for them that hold uniformly for any distribu-
tion (p;);>1. In particular, we show that our estimators provably estimate 7 all of the way
up to the sampling fraction (A + 1)~! o (logn)~! of the population, with vanishing normal-
ized mean-square error (NMSE) as n becomes large. Then, by relying on recent techniques
developed in [32] in the context of nonparametric estimation of the support size of discrete
distributions, we establish a lower bound for the minimax NMSE for the estimation of ;.
This result allows us to show that (1 + 1)~' o (logn)~! is the smallest possible sampling
fraction of the population for consistently estimating 71, and that the estimators’ NMSE is
near optimal, in the sense of matching the minimax lower bound, for a large sample size n.
This is the main result of the present paper, and it provides a rigorous answer to the ques-
tion raised by [26] about the feasibility of nonparametric estimation of 7; under the Poisson
abundance model and for a sampling fraction (A 4 1)~! < 1/2. Indeed our result shows that
nonparametric estimation of 71 has uniformly provable guarantees, in terms of vanishing
NMSE for large n, if and only if (A + D! (log n)~1L.

Starting from the seminal work of [2], in the last three decades a full range of paramet-
ric and semiparametric approaches, both frequentist and Bayesian, has been proposed for
making inference on t1; see, for example, [4, 13, 14, 20, 21, 23-25] and [5]. A common
thread of these works has been the enrichment of the classical Poisson abundance model
with stronger modeling assumptions: while early approaches were focused on parametric
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Bayesian modeling of the random partition induced by the cross classification of sample
records, recent approaches focused on semiparametric modeling of the associations among
identifying variables, typically by means of complex Bayesian hierarchical latent class mod-
els. All approaches in the literature are shown to empirically estimate t1, even for relatively
small sampling fractions, but without any provable guarantees. The approach we propose in
the present paper may be viewed as the natural nonparametric counterpart of the paramet-
ric empirical Bayes approach, in the sense of [7], introduced in [2] and further developed in
[24] and [21]. Besides being the first nonparametric approach to the estimation of t; under
the Poisson abundance model, our approach stands out for being the first to give theoretical
guarantees on the performance of the proposed class of estimators.

The paper is structured as follows. In Section 2, we introduce a class of nonparametric es-
timators for 71, and we show that they provably estimate 77 all of the way up to the sampling
fraction (A + 1)~! oc (logn)~!, with vanishing NMSE for large sample size n. In Section 3,
we show that (A 4+ 1)~ o< (logn)~! is the smallest possible sampling fraction of the pop-
ulation which guarantees a vanishing NMSE, and that estimators’ NMSE is near optimal
for large n. Section 4 contains a discussion of our results, their interplay with other discrete
functional estimation problems, and remaining open challenges. Proofs are deferred to the
Appendix, whereas technical results and numerical illustrations are available as Supplemen-
tary Material [3].

2. A nonparametric estimator of 1. We consider an infinite sequence of observations
X, and we assume that X(N) = (X1, ..., Xn) is the microdata sample of random size N un-
der the Poisson abundance model. We suppose that X (N) is a subsample of (X1, ..., Xpyr4n),
where M ~ Poiss(An), with A > 0 and independent of N. In the present framework,
(XN+1, ..., Xny4+m) may be seen as the unobservable population. When sample records are
cross-classified according to identifying variables, the sample (X1, ..., Xy) results parti-
tioned in Ky < N cells with corresponding sample frequencies (Y1(X, N), ..., Yk, (X, N))
such that ZIEjSKN Y;(X, N) = N. Hereafter, we denote by Z;(X, N) the number of cells
with frequency i, and by Z;(X, N) the number of cells with frequency greater or equal than
i, for any index i > 1. We are interested in estimating the number 7 of sample uniques which
are also population uniques, namely the following discrete functional:

T1(X,N, M) = Z Liy;ix.m=11y;(x. N+m)=1},
j=1

where 1 denotes the indicator function. We recall that the frequency counts, defined as
Yij(X,N)=> <<y li{x;=j}, are distributed according to a Poisson distribution with param-
eter npj, where p; is the unknown probability associated to the jth cell, that is, p; € [0, 1]
for j > 1 such that ijlpj = 1. We will denote by Y (X, N) := (Y1(X,N),...) the
whole sequence of the cell’s frequency counts. We remark that, under the Poisson abun-
dance model, the Y;(X, N)’s are independent random variables variables and, in addition,
Y;(X,N+ M) —Y;(X, N) is independent of Y; (X, N), for any j > 1: these properties fol-
low from standard statistical arguments. When the sample size n is fixed, the independence
property of the Y;(X, n)’s falls down and approximation arguments are required to handle
such a situation.

To fix the notation, in the sequel we will write f < g, for two generic functions f and
g, if and only if (iff) there exists a universal constant C > 0 such that f(x) < Cg(x); we
will further write f =< g whenever both f < g and g < f are satisfied. Let us denote by
& the set of all possible distributions over the set of natural numbers IN, that is, & := {P =
2 i=1Pjdj:pj€l0,1], with}" ;- p; = 1}, where §; denotes the Dirac measure centered at
j € IN. An estimator of 71 (X, N, M) is understood to be a measurable function p; (X (N), N)
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depending on the available sample X (/N) and the actual size of the observed sample N. We
will evaluate the performance of a generic estimator o1 (X (N), N) of t;(X, N, M), by its
worst-case NMSE, defined as

E[(p1(X(N), N) — t1(X, N, M))?]
. :

(1) E.n(01(X(N), N)) := sup
P n
where E[(p1(X(N), N) — 11(X, N, M))?] is the mean squared error (MSE) of p; under
the model (P, n, A), also denoted by MSE[p{ (X (N), N)]. Since MSE[p;(X(N), N)] does
not vanish as n — +o0, it is common to evaluate the performance of an estimator for
71(X, N, M) in terms of the NMSE (see, e.g., [19]). The NMSE is indeed the MSE of
p1(X(N), N) normalized by the maximum value of 7;(X, N, M) (which is exactly n, given
N = n), and hence the performance of p;(X(N), N) is evaluated in terms of the rate of
convergence to 0 of the NMSE as n — +o0.
A nonparametric estimator for 71 (X, N, M) may be simply deduced by comparing expec-
tations. Indeed, under the Poisson abundance model, it easy to see that

2) E[ri(X. N, M)] =) (=1)'A'(i + DE[Zi11(X, N)].
>0

See Appendix A.1 for details on the derivation of identity (2). In particular, according to
identity (2) we can define the following estimator of t1(X, N, M):

(3) T (X(N), N) =) (=D' (i + DA Ziy1(X, N).
i>0

By construction 7;(X(N), N) is an unbiased estimator of E[r;(X, N, M)], that is,
E[Z1(X(N), )] =E[t1(X,N, M) =Y ;- npje”*TDPi_The estimator 71 (X (N), N) ad-
mits a natural interpretation as a nonparametric empirical Bayes estimator in the sense of
[22]. More precisely, T1(X(N), N) is the posterior expectation of IE[z(X, N, M)] with re-
spect to an unknown prior distribution on the p;’s that is estimated from the Y; (X, N). See
Appendix A.2 for details. This observation makes the estimator (3) the natural nonparametric
counterpart of the parametric empirical Bayes estimator, in the sense of [7], introduced in [2].

THEOREM 1. For any positive reals x and vy, let | x| denote the integer part of x and let
X V y denote the maximum between x and y. If A < 1, for any P € & and for any n > 0,

Var[71(X, N, M) — 71 (X (N), N)]
4) E[Z(X,N+ M
< W(WE[Z;(X, N)] — [ 1(k+1+ )]

where in (4) we defined W (1) = (j* + DA such that j* = |21 — 1)/(1 — )] V0.

9

The proof of Theorem 1 is deferred to Appendix A.3. According to Theorem 1, for A <
1 one has that Var[zi(X, N, M) — 71 (X(N), N)] S n upon noticing that E[Z7(X, N)] <
[E[N] = n. That is, in expectation, (X (N), N) approximate 7;(X, N, M) to within n. We
formalize these observations in the next corollary.

COROLLARY 1. [IfA < 1isfixed, then &, ,(T1(X(N), N)) < W(X)/n, for any n > 1 and
for some constant W (L) depending only on A.

Corollary 1 legitimates 7; (X (N), N) as an estimator of 7; (X, N, M) under the assumption
A < 1. Unfortunately, this assumption is unrealistic in the context of disclosure risk assess-
ment, where the size An of the unobserved population is typically much bigger than the size n
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of the observed sample. The variance bound in Theorem 1 reveals that the assumption A < 1
is necessary to obtain a finite estimate of the variance. This variance issue of 7;(X(N), N) is
determined by the geometrically increasing magnitude of the coefficients (i + 1)(—A)". In-
deed, as A > 1, the estimator 71 (X (N), N) grows superlinearly as (i + 1)(—A)! for the largest
i such that Z; (X, N) > 0, thus eventually far exceeding 71(X, N, M) that grows at most
linearly. Then 7;(X(N), N) is useless for A > 1, thus requiring an adjustment via suitable
smoothing techniques. To fix this issue, we follow ideas developed by [8, 10] and [19] in
the context of the nonparametric estimation of the number of unseen species. We propose
a smoothed version of 7;(X(N), N) by truncating the series (3) at an independent random
location L, and then averaging over the distribution of L, that is,

L
tH(X(N),N) =, |:Z(—1)l(i + DA Zip1 (X, N)}
5) =1
=> (=D + DA PL =) Zi11 (X, N).
i>0

For any A > 1, as the the index i in (5) increases, the tail probability IP[L > j] compensate for
the exponential growth of (i + 1)(—A)’, thereby stabilizing the variance. In the next theorem,
we show that for A > 1 the estimator rlL (X(N), N) is biased for E[7;(X, N, M)], and we
provide a bound for the MSE of 7;(X(N), N).

THEOREM 2. Let rlL (X(N), N) be the estimator of t1(X, N, M) defined in (5). If . > 1,
then

E[#{(X(N), N)]

©) _ G [( S)L]
_E[rl(X,N,M)]—szZ:le pjn/O I 07 Il ds
and
MSE[#{(X (N), N)]
E[Z((X,N + M)]
E LY 1E[ z; -
o <( L[(L—|—1)k ]) [ZI(X,N)] 1
b Anp (—s)k
pin(A+1)
-l-(;e pjn/O e]E[ X ]s)

The proof of Theorem 2 is in Appendix A.4. Choosing different smoothing distributions
for L yields different estimators for (X, N, M). Following [19], we consider two distribu-
tions for L: (i) a Poisson distribution with parameter 8 > 0; (i1) a Binomial distribution with
parameter (xo, 2/(A + 2)). To choose the parameter S of the Poisson distribution and the pa-
rameter xg of the Binomial distribution, one should look for ,3 and xo which minimizes the
MSE bound (7). Once the values of B and ¥ are determined explicitly, we are able to obtain

a “limit of predictability” for rlL (X(N), N). That is, for some § > 0 we are able to specify
the maximum value of the sampling fraction A for which &; , (rlL (X(N), N)) < §. This gives
a provable (performance) guarantee for the estimation of 71 (X, N, M) in terms of A.

PROPOSITION 1. Let L be a Poisson random variable with parameter B. Then

(8) MSE[7L (X (N), N)| < e ?Pn? + ne?f=D,
[
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The right-hand side of (8) in minimized by setting ,B~ =log(n/(2x —1))/(41), for any 1 = 1.
Moreover, if L is a Poisson random variable with parameter 3 then

A A
) Ena (B (X(N), N)) < 755,

and for any § € (0, 1),

. AL
(10) XA GG XM NY =8 1
n—+00 log(n) 21og(A/§)

where A(A), is continuous in [1,+00) with limy 100 A(XA) =1 and A = max;>1 A(L) <
+00.

See Appendix A.5 for the proof of Proposition 1. A result similar to Proposition 1 holds
true when the random variable L is assumed to be distributed according to a Binomial distri-
bution. This result is stated in the next proposition, and its proof is omitted since it is along
lines similar to the proof of Proposition 1.

PROPOSITION 2. For any positive reals x and y, let | x | denote the integer part of x. Let
L be a Binomial random variable with parameter (xo,2/(A + 2)). Then

L A\ L 10x0/3 A 2
11 MSEAXN,N<< ) [3 x0 <_>]
( [Er @XM, M =nl 5775 "M\ 201 D
and the choice %y = [(3/10)log;(nA?/((A + 1)(A*(3'Y3 — 1) — 4 — 4)))| minimizes the
right-hand side of (11), for any A > 1. Moreover, if L is a Binomial random variable with
parameter (Xo,2/(A + 2)) then

. C)
L
(12) En i (T (X(N), N)) < 310z (1+2/1)/5
and for any § € (0, 1),
A& (th)<s 6
(13) lim DG (T) <O ,
n—>+00 log(n) 5log(3) log(C/3)

where C(A) is continuous in [1, +00) with limy_, ;oo C(X) =1 and C = max;>1 C(A).

3. Optimality of the proposed estimators. In Section 2, we have introduced two dif-
ferent estimators of t1(X, N, M), and we have provided guarantees of their performance,
as n — o0, in terms of the NMSE. We have already remarked that the case A > 1 is the
most interesting one for estimating the disclosure risk 7;(X, N, M). Indeed in the context
of disclosure risk assessment the fraction of the unobserved sample A is usually much larger
than 1. Throughout the section, we assume that A > 1 and we prove that the proposed esti-
mator flL (X(N), N) is essentially optimal. More precisely, we determine a lower bound for
the best worst-case NMSE, defined as

(14) &(h,n) i=inf &, (p1(X(N), N)).

o1
where the infimum in the previous definition runs over all possible estimators p; of
71(X, N, M). We will then see that the determined lower bound essentially matches with
the upper bound (9). In the sequel, we refer to & (A, n) as the (normalized) minimax risk. The
theorem provides us with a lower bound for &' (A, n).
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THEOREM 3. Assume that liminf,,_, { (1 + 1) > e2. Then there exists a universal con-
stant K > 0 such that, for any n sufficiently large, we have that

1 if A+ 1> log(n),
(15) EO0m>K-4 1421 /S 2ren
log(n) <m> if A+ 1 <log(n).

According to Theorem 3, it is clear that the lower bound on the (normalized) minimax risk
goes to zero if A + 1 = o(log(n)) and the rate is provided by the following corollary.

COROLLARY 2. Assume that 1 + A > e*. Then there exist universal constants ¢ > 0 and
¢’ > 0 such that, for any n sufficiently large, we have that

1

Corollary 2 is a consequence of Theorem 3, indeed, when A 4+ 1 > log(n) the two lower
bounds in (15) and (16) are constants, whereas if A + 1 <log(n) it is easy to observe that
the leading term in (15), as n — 400, is of order l/nc//* as in (16) for some ¢’ > 0. One
may easily see that every constant ¢’ > ¢? works in (16). Corollary 2 provides us with a
lower bound for the NMSE of any estimator of the disclosure risk 71(X, N, M). The lower
bound (16) has an important implication: without imposing any parametric assumption on the
model, one can estimate 71 (X, N, M) with vanishing NMSE all the way up to A o«clogn. Itis
then impossible to determine an estimator having provable guarantees, in terms of vanishing
NMSE, when A = A(n) goes to +00 much faster than log(n), as a function of n. By the
“limit of predictability” (10) determined for the estimator flL (X(N), N), we conclude that the
proposed estimator is optimal, because its “limit of predictability” matches (asymptotically)
with its maximum possible value A o log(n).

3.1. Guideline for the proof of Theorem 3. 'We present the main ingredients for the proof
of Theorem 3. Hereafter, we will write E’};k (resp., IP'};A) in order to make explicit the depen-
dence of the expected value (resp., the probability measure) w.r.t. P, the parameter n of the
Poisson random variable N and A. The proof of Theorem 3 relies on the method of the two
fuzzy hypotheses ([28]), which allows to reduce the proof of Theorem 3 to the problem of
finding the best polynomial approximation to some functions. A similar approach has been
recently considered by [31, 32] in the context of nonparametric estimation of the support size
of discrete distributions. Some steps of the proof of Theorem 3 are similar to that of [31]
and, therefore, they are omitted here, in favor of highlighting only the key differences. For
the sake of completeness, the whole proof is offered in the Supplementary Material [3].

Lemma 1 and Lemma 2 below are used in the proof of Theorem 3, and they constitutes
the essential difference between the proof of Theorem 3 and the proof of the minimax lower
bound in the work of [31]. Lemma 1 and Lemma 2 are proved in Appendix B.1 and Ap-
pendix B.2, respectively.

LEMMA 1. The following identity holds true:

&, n) =inf sup n2E5 (v (X, N, M) — p(Y (X, N)))*],
b PeZ

where the infinimum in the previous equation is understood to be taken with respect to all
measurable maps p : NN — R.
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The definition of the minimax risk in (14) allows for estimators depending on the whole
sample X(N), while 71(X, N, M) depends only on the frequencies Y (X, N + M) and
Y (X, N). Thus, in view of Lemma 1, there should be no gain of information in using es-
timators depending on X (N) over estimators depending only on the frequencies Y (X, N).
Investigation of the proof of Lemma 1 shows that for all estimators 7, the estimator p ob-
tained by symmetrizing 7; and taking the expectation conditional on Y (X, N) has always
risk smaller or equal than 7;. This may be viewed as a form of Rao—Blackwellisation of 7y,
where Y (X, N) acts as a sufficient statistics for 71, in the sense that o never depends on the
distribution of X. Besides being of self-interest for the reasons previously invoked, Lemma 1
crucially makes the proof of Theorem 3 easier by remarking that (X, k) — Y (X, k) is nicely
distributed under the Poisson model. The Lemma 1 constitutes the starting point of the proof
of Theorem 3. The rest of the proof consists on applying the reduction scheme of [31, 32]
to the expression in Lemma 1. The major difference with the aforementioned paper is that
we have to find the best, uniform on some interval, polynomial approximation of the map
x — exp(—2Bx) for arbitrary B > 0 instead of the map x — log(x) considered in [31].

To be more precise, for a, b € R, we let C[a, b] denote the space of continuous functions
on [a, b], and for any L € Z we let Py [a, b] C Cla, b] denote the space of polynomials of
degree no more than L on [a, b]. For any f € Cla, b], the best polynomial (of degree at most
L) approximation to f is defined as

(17) Er(f,la,b]) := inf{sup{| f (x) — q(x)|: x € [a,b]}: q € PLla, b]}.

Then our main result on the best, uniform on some interval, polynomial approximation of the
of the map x — exp(—2Bx), is stated in the following lemma, proved in Appendix B.2. The
rate of approximation is given in term of the function ¢ : R4+ — R4 such that

(18) @(x):=1—+/1+x2 + xarcsinh(x).

LEMMA 2. Let& > 1 and g : =111 - IRy be such that g¢(x) := exp{—2Bgx} with
B: =(§/2)(1 + O(E1Y) as &€ — o0o. Then, for every ¢ > 0, there exist constants K, &y > 0
such that for all £ > &y and all 0 < L < &,

1 f0<L <,§/2,
Er(ge. [ 1) = K- V& { £ (ZL

7 XP)—5¢ ?)} if\§/2<L <(§.

It is worth discussing how the previous result can be of interest beyond its use in this
paper. Approximation theory usually focuses on the regime L/§ — oo, where the error of
approximation is known to be superexponential in L. This regime is omitted here since it is a
classical result and we only need the regime L/ — y for some constant y > 0 in the proof
of Theorem 3. Approximation in the latter regime is much more difficult, as emphasized by
Lemma 2, and was not studied before to the best of our knowledge. The proof of Lemma 2
uses the well-known duality between best polynomial approximation and best trigonometric
polynomial approximation. Using the orthogonality of trigonometric polynomials, we are
able to reduce the problem into finding a good lower bound on maxgen K e €I L+4k (C),
where [; are the modified Bessel function of the first kind (see [18], p. 248), and C ~ £ /2.
Then the most delicate and final step consist of establishing the double asymptotic of I (C)
as k — oo and C — oo, with the constraint that +/C < k < C. Finally, we note that the lower
bound in Lemma 2 is essentially sharp, that is, up to determining the value of the constant K.
The matching upper-bound is derived in the Supplementary Material [3] by analyzing the rate
of convergence of Chebychev polynomials approximation of increasing orders.
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4. Discussion. [26] first raised the problem of nonparametric estimation of 71 under the
Poisson abundance model for sample records, and they left that as an open problem. In this
paper, we first considered the problem of [26], and we presented a rigorous solution to it.
In particular, we introduced a class of nonparametric estimators of 71, and we gave uniform
theoretical guarantees for them. First, we showed that our estimators provably estimate 7] all
of the way up to the sampling fraction (A 4+ 1)~! oc (logn)~!, with vanishing NMSE as n
becomes large. Second, and most importantly, we proved that: (i) (A + D! (log n)~1is
the smallest possible sampling fraction of the population for consistently estimating 71; (ii)
estimators’ NMSE is near optimal, in the sense of matching the minimax lower bound, for
large n. Besides being the first study on nonparametric inference for r; under the Poisson
abundance model, our work is the first to provide theoretical guarantees on the estimation
of 1. Indeed, despite the large number of contributions to the estimation of ty, all of them
proposed parametric and semiparametric approaches that empirically estimate 71, but without
provable guarantees. To be best of our knowledge, none of the contributions considers a
rigorous study on the interplay between the estimation of 71 and A.

The problem of estimating t| belongs to a broad class of discrete functional estimation
problems, commonly known as species sampling problems. Consider a population of indi-
viduals (X;);>1 belonging to different “species” (§;) j>1 with unknown proportions (p;) j>1.
Given an initial observable samples of size n from the population, species sampling problems
refer to the estimation of features of the population or features of An additional unobservable
samples. Recent noteworthy works on species sampling problems are concerned with the
estimation of the following discrete functionals: support size (e.g., [29] and [32]); entropy
(e.g., [11] and [31]); missing mass (e.g., [15, 17] and [1]); number of unseen species (e.g.,
[8] and [19]). Interest in these quantities first appeared in ecology, and it has grown in the
recent years driven by challenging applications in biosciences, physical sciences, machine
learning, engineering, theoretical computer science, information theory, etc. Our study on 7]
contributes to these recent literature, by studying a new discrete functional of interest in the
context of disclosure risk assessment.

While 7; is known to be the most common measure of disclosure risk ([2] and [24]),
one might consider alternative measures by broadening the definition of “uniqueness.” For
instance, [9] considered a measure of disclosure risk defined in terms of the number of cells
with frequency less or equal than 2. In general, one may consider

Ty (X, N, M) = Z Liy;(x.vy<rv} Ly (X, N+M)<ry)s
Jj=1

namely the number of cells with sample frequency less or equal than 5 which have pop-
ulation frequency less or equal than rj;. A nonparametric estimator of t,, ,,, and an upper
bound for the corresponding NMSE can be derived along lines similar to those applied in this
paper for t1. Regarding a lower bound on the NMSE, however, things get more challenging.
Technically, the main difference would be in the approximation theory involved. Instead of
finding the best (uniform) polynomial approximation to x — exp{—Bx} on some interval,
we would have to find the best polynomial approximation to x — g (x) exp{— Bx} where g is
some polynomial. As we are concerned with lower bounds, this turns out to be a much more
challenging problem. The interest in 7, ,, is not only motivated in context of disclosure risk
assessment, but also in the broad area of biosciences. Indeed, the discrete functional 7o ,,,
corresponds to the number of unseen rare species in additional unobservable samples, which
is a natural refinement of the number of unseen species considered in [19]. Work on these
problems is ongoing.
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APPENDIX A: NONPARAMETRIC ESTIMATORS
OF THE DISCLOSURE RISK: PROOFS

For the sake of simplifying notation, throughout this section we write 71 instead of
T1(X, N, M), 71 instead of 71 (X (N), N), and 7" instead of flL(X(N), N).

A.1. Details for the determination of the estimator (2). First observe that, according
to the definition of 71, we can write the following identities:

—np; (2j) .
i

(A.1) E[Z/(X,N)]=) P(Y;X,N)=i)=) e

j=1 j=1
Then

E[rj]1=) PY;X.N)=1)P(Y;X,N+M)—Y;(X,N)=0)=> npje "Pie i,
j>1 Jj=1

and by a direct application of Taylor series expansion of the exponential function e ~*"? , for
any j > 1, we can write the following expression:

Elr]=)_ Y mpp)tle™i =3 (=M (i + DE[Zi11(X, N)],

i>0 ! j>1 i>0

( 1)1)\‘1

where the last equality follows from a direct application of the identity displayed in (A.1).

A.2. Empirical Bayes approach to determine (3). The estimator 7; admits a natural
interpretation as a nonparametric empirical Bayes estimator in the sense of [22], that is, it is
the posterior expectation of IE[t1] with respect to an empirical nonparametric prior distribu-
tion on the unknown p;’s. Specifically, note that [E[7;] = Z;ﬁ? e~ FDnpjpg, j» and assume
that the p;’s are independent and distributed according to the empirical cumulative distribu-
tion function G(p) of p;,, ..., pi,, corresponding to the k distinct cells arising from the cross
classification of the initial sample, namely G(p) := k! > 1<t<k Lp;, <p}- Consider a cell j
containing x individuals out of the initial sample of size N, where x > 0, then from equation
(9) of [22]

[ 00 622 G g

A2 n = X
(A.2) @n (x) fe_”P%G(dp)

is the Bayes estimator of the quantity e~**+Dipp j appearing IE[7{], for a cell j which
contains x individuals out of the initial sample of size N. Now, rewrite ¢, (x) as

f e—(H—l)npnpe—np (Vl)l:!)x G(dp)
[ e~ G (dp)

on(x) =

A . x+i+1
Zizo = (z';c’_ i (x+i+ 1)!f ((’;1214_1)! 4

[enp _<"5,>x G(dp)

"G (dp)

_ Tizo SR G 4+ DIEZeri1 (X, V)]
E[Z: (X, N)] '
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Then the nonparametric Bayes estimator of I£[71] is obtained summing up over all the possi-
ble cross classification of the observed cells, where we replace IE[Z, (X, N)] by their empir-
ical counterparts Z, (X, N). Specifically, we can write the following:

Sino CEE (¢ i 4 1)1Z, i1 (X, N)

f=3 Zy(X.N)

= Z.(X,N)
_;)(ZJFDZ,H(X N)Z ), ,( (A+1)) "
= (=D'A( + 1DZit1 (X, N),

i>0

which coincides with the estimator (3) obtained by means of the identity displayed in (3).

A.3. Proof of Theorem 1. Because of the independence of the random variables
{Y;(X, N)};>1, we may write the variance Var(t; — 7;) as follows:

Var(t; — 71)

= 2;\]2“(2&( D' + DA’ ]l{Y (X, N)=i+1} ~ ]l{Yj(X,N)zl}]l{Yj(X,N—I—M):l})
J> 1>

2
—ZE[Zal (r,xm=iet) ¥y om0 ]l{Yf(X’NJrM):I})] ’

j=1 i>1

where we have defined a; := (—1)'(i + 1)A’. Now, observe that the events {Y;(X,N) =
i)}i>1 are all disjoint, hence the variance Var(t; — 71) may be rewritten as

ZE[ZC‘Z]I {v;xx,n= z+1}+]l{Y(X N)= 1}( ]l{Yi(XWﬂLM):]})Z]

j>1 i>1
2
—ZE[Z" 1 lv;x,M=i+1} — ]l{Y,-(X,N)zl}]l{xi(X,NJrM):l}]
j=1 i>0

observing that ag = 1. Thus, simple calculations show that we can bound Var(z; — 71) as

A 2 _ —n(+1)p;
_ < —_ J
Var(t; — 71) < m'>aox |a]| IE)[Zl(X , N)] E e np;j

/= j>1

(A.3)
l>0 | l| ’ )\. 1 ’ '

It remains to show that the a;’s have a maximum for A < 1, which is attained when i =i* :=
L(2A —1)/(1 —X)] v 0. Hence the thesis follows by (A.3), since max;>q |a;| = WV (L).

A.d. Proof of Theorem 2. First, we focus on the determination of the bound (6), con-
cerning the bias. Remember the definition of both flL and 11 to write

B[ - 0] = —E[ S 16+ DAPE i = DZia (X, V) |

i>0
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where we have observed that nonsmoothed estimator 7 is unbiased. It is now easy to see that

E[tf —7]= —E[Z(—l)ia +DAMP(L <i—1)Zin(X, N)}

i>0

= 3 316+ DAPEL <i — DP(Y;(X,N) =i + 1)

i>1j>1
(A4) i+1
i i . —n .(npj)
— _ _ pj >~ rJ7
— ;;( D'G+DAPL<i—1)e G+ D
=Y e gy Y1y ,,J)zm< D.
j>1 i>1

Now we focus on the evaluation of the sum with respect to i. If we set y := Anp;, then

i +00 i 1— i
Z(ly)IP(L< 1)—2( 4 ZIP(L k) = ZIP(L k)Z - y)

i~ o i=k+1
and remembering the definition of the incomplete gamma function we obtain that

400

Y (=)= IP(L<z—1)—ZIP(L < /O_yr"e—fdr

i>1 k=0

L
:—e_y/O ey [( li) ]ds.

Putting the previous expression in (A.4) and observing that y = Anp;, (6) immediately fol-

lows. Now, in order to bound the variance of the difference between 7 and its estimator flL,

recall that {Y; (X, N)} ;> are independent. Then

Var(tf —11) = Var(Z(—l)"(i + DA Zip1 (X, N)P(L > i)

i>0

400
- 2:1 ]l{Yj(X,N)zl}]I{Yj(X,N—i—M):l})
j=

400 400
- Zjl Var(,zgai]l{X;(X,N)ziJrl} - ]l{Yj(X,N):l}]l{Yj(X,N—i-M):l})’
j= i=

having defined a; :== (—1)' (i + 1)A!IP(L > i) for any i > 0. Therefore, we can write

Var(t{ — 11)

+oo [ /+o0 2
<> E (Zal [v;(x,M=i+1} _]l{Yj(X,N)zl}]l{Yj(X,N—I—M):l}) }
L l—
+o0  [+00 5 5
= . 1E > 4 ]l v (X, N)=i+1) "Hl{Y(X N)= 1}( 0~ ]l{Yj(X,N—i-M):l}) }
j=1 Li=1
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where we have used the incompatibility of the events {(Y;(X, N) = i)} for different values
of j. We can proceed with the upper bound for the variance as follows:

Var(tf — 17)

+
2
—ZE[Z" 1 lv;x,m=i+1} — ]l{Yf(X,N)zl}]l{Yj(X,N+M):1}i|

j=1 i=0

2
(AS) < max [ai| E[Z;(X,N)] - ZE Y(X,N):l}]l{Yj(X,N+M):1}]

—+00
2 —MIDi —nD:
:I?;é(lail E[Zi(X,N)] —]E:le "PiegT"Pinp

1
= max|ai PE[Z; (X, N)] = s— B[Z1(X. N + M)

Now, let observe that we can estimate the maximum value of the |a;|’s as follows:

+00
maX la;| = max(z + DAMP(L>i) = max(z + DA Z P(L =k)
k=i

<maXZ(l—|—1)k P(L = k)<Z(k+1)AkIP(L k)
k=0

=EL[(L+ DrF].

Replacing max;>g |a;| with Ez[(L + 1AL] in (A.5), the upper bound of Var(flL — 11) be-
comes
E[Z1(X,N + M)]

Var(#f — 11) < (EL[(L + DAR])*B[Z7(X, N)] - ALl

The proof is completed by putting together the previous upper bound for the variance and the
one for the bias (6), from which the bound on the MSE (7) easily follows.

A.5. Proof of Proposition 1. To prove (8), we use Theorem 2, bounding the two terms
appearing in (7) separately. In order to obtain an estimate of first term on the right-hand side
of (7), we note that for any y > 0 the following holds:

L k k
—e_y/O P 073 [( ) ]ds——e_y/ Z _ﬂi'(ks') ds

_ X (Bs)k(— 1)k
_ B
= f Z NCES

Recall that the Bessel polynomial (see [18]) is defined as Jy(z) := Zk -0 %, and that

|Jo(z)| < 1. Therefore, we obtain the following inequality:

L
'—e_y/()yeS]EL[( 2’) :|ds

<e <y+ﬂ>/ S| Jo2ysB)|ds <eP(1 —e™),
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which may be applied to bound the first term on the right-hand side of (7), with y = Anp;.
Precisely,

ARp; _o\L
Ze—p,-n(AJrl)pjn/ np; esEL[( s) ]ds'
0 L!

izl
A6 =
(8.9) <> e ™inpjeP(1—e i) <e PN e inp;
jzl j=1

= e PE[Z1(X,N)] <e PE[N]=¢"Fn.

In order to upper bound the other term on the right-hand side of (7), we observe that

= k too k +00 k
ol + D)= et =t (5 04 5RO
w0 K —k-1D! =k

= e P (P + Bref*) =PV (1 4 B,

hence we get

LIN21T . R
(A7) (BL[(L+ DA E[Z7(X, N)] = -~ B[Z1(X, N + M)

<ne?P*=D (1 + Ba)?.

Using (A.6) and (A.7), one can now estimate the MSE (7) in the Poisson case and (8) follows.
Because of (8) the NMSE can be bounded from above by

260=1(1 4 B>
N _ e
En(tl)<e F + U+52)

n
using the exponential inequality 1 + x < e* we get
o2B2A—1)
(A.8) Sty <e™ 4 ——
n

It is easy to show that the right-hand side of (A.8) is minimized when g equals ﬁ log(ﬁ).
Therefore, it is easy to observe that the inequality (A.8) becomes

1 21

AL
(A9) Ena () = nl/@y 25 — HI-1/@n)

hence the second bound (9) follows provided that A(}X) := (2)\—15% Now we can prove
the “limit of predictability” in the Poisson case, indeed thanks to (9) we have

A
AL
Ena(T1) < YIeSE
besides observe that nl/Aﬁ < § is satisfied if and only if A < % =: A*". As a conse-

quence the maximum value of A for which the inequality &, )\(flL) < § is satisfied, is bigger
or equal than A*, that is,

. AL log(n)
max{i: &, (7)) <8} > Toa(A/8)”

Then the thesis follows by taking the limit of the previous inequality as n — +o0.
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APPENDIX B: PROOFS RELATED TO THE LOWER BOUND
B.1. Proof of Lemma 1. First, it is obvious that

&, n) <inf sup n 2E5*[(r1(X, N, M) — p(Y (X, N)))*].
P PeZ

We now prove that the previous is indeed an inequality by deriving a lower bound that
matches. Let n > 0 be fixed. By definition, for every ¢ > 0 there exists an estimator p; such
that

EGn) > sup n2ESM (1 (X, N, M) — p1(X(N), N))?] — e
Pewp

= sup n 2EEMES [(11(X, N, M)
(Bl) Pe>
— p1(X(N),N))* | Y(X,N),Y(X,N + M)]] —¢
= sup B ( (X, N, M) — B[y (X(N), N) V(X N)])) e,

where the last line follows by Jensen’s inequality and by observing that
E5 [0 (X, N, M) | Y(X, N),Y(X, N+ M)] =71(X, N, M) and
E5 [61(X(N), N) | Y(X,N),Y(X,N+ M) =E5"[61(X(N),N) | Y(X, N)].

To see that the last equation is true, remark that Y (X, N + M) — Y (X, N) is independent
of Y(X, N) and depends only on (Xn+1, ..., Xny+m). Now we claim that p; can be chosen
such that for any k € Z and any permutation oy (X (k)) of the data, it holds p1 (X (k), k) =
01(0x (X (k)), k). We delay the proof of the claim to later. Now assume the claim is true.
Given k and Y (X, k), we can construct the functional

GY(X,k),k):=(1,...,1,2,...,2,...).
—_—
<Y1 (X,k) xYo(X,k)

Since p; is invariant under permutations of the data, we have for any P € &,
ES*[61(X(N), N) | Y (X, N)]
= [EB [61(X(N), N) | Y(X,N), N] | Y(X,N)]
=5 [EL [61(G(Y(X,N),N),N) | Y(X,N),N]| Y(X,N)]
=E%5"[61(G(Y(X,N),N),N) | Y(X,N)]
= 51(G(Y(X,N),N), N).

The last line follows because N =3~ Y;(X, N), and hence N is completely determined
by Y (X, N). Therefore, we have proved that the conditional expected value of p1 (X (N), N),
given Y (X, N) does not depend on P. Thus, (B.1) implies,

&, n) = sup n2ESM[(1)(X, N, M) — 1 (G(Y(X,N),N),N))*] —¢
Pew

> inf sup n 2E5*[(r1(X, N, M) — p(Y (X, N)))*] —e.
b PeZ
Since the previous is true for all ¢ > 0, the conclusion follows.
We now prove the claim we have used in the previous argument, that is, that p; can be
chosen such for any k € 7.+ and any permutation oy (X (k)) of the data, it holds py (X (k), k) =
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01(0k (X (k)), k). When k = 0, then the claim is trivial, hence we assume without loss of
generality that k > 1. We will prove that for any estimator g;, there is a symmetric estimator
f1 with a risk no more than the risk of pi. Let p; be arbitrary. Construct 7; such that for any
k € IN,

A(X k), k) == > bi(ow(X (K)), k).

|{ e

Clearly, f; has the desired invariance property under permutations. Moreover, by Jensen’s
inequality,

E3*[(v1(X, N, M) — 1 (X(N), N))’]

_ E@A[Ef;x[(HJN}l {Z}(rl(X, N, M) — pi(on(X(N)), N \ NH
Enk[EnA[H(: T {Z}(TI(X,N,M) p1(on (X(N)), N )Nﬂ

Now remark that for all (k, k') € Z2 7 the map X — 71(X, k, k') is invariant under any
permutations of the k first entries of X. Moreover, X is an i.i.d. vector, then the last display
implies that

ER*[(ti(X, N, M) — (X (N), N))*]
SE’};A[E’};A[ Z(U(X,N,M)—ﬁl(X(N),N))Z‘N]]
{on}

=B} [(r1(X. N. M) — 51 (X(N), N))°].
The conclusion follows by taking the supremum over P € & both sides of the last display.

b
{on}]

B.2. Proof of Lemma 2. In the whole proof, we drop the subscripts £ whenever it is
convenient.

Let o : [—1,1] = [E~!, 1] be such that o(x) := (1 — E~)(x + 1)/2 + £~1. No-
tice that o is bijective. By translating and rescaling, we claim that E;(g,[6~', 1]) =
E;(goo,[—1,1]). To see that this is true, remark that for all p € Pr[—1, 1] we have
lgoo — plles=llg — poo ' llec = Er(g, [~", 1]). This shows that E1(g 0 0, [~1,1]) >
Er(g,[E71 1]). The same steps using o ! show that E; (g oo, [—1,1]) < Er(g, [E!, 1]).
Hence Ef (g, [, 1)) = EL(g o0, [—1,1]).

For the sake of simplicity, we let C := B(1 — &~ ') and yc : [—1, 1] — Ry is defined by
yc(x) = exp{—C(x + 1)}. From the discussion in the previous paragraph, we have indeed
reduced the problem to finding E; (yc, [—1, 1]). This is because

Er(g. [ 1]))=EL(g oo, [—1,1]) =exp{—2BE "} EL (vc, [-1,1])
=e(l+o(D)EL(yc, [—1,1]).

To find a lower bound on Ez (yc,[—1, 1]), we will exploit the well-known relationship
between uniform approximation on the interval by polynomials and uniform approximation
of periodic even functions by trigonometric polynomials. We write CE[—1, 1] the space of
continuous and even functions on [—1, 1], and for any L € Z we let TP [—1, 1] denote the
set of even trigonometric polynomials of degree at most L, that is, TPz[—1, 1] is

L
T €CE[—1,1]1:T(x) = Y_ axcos(wkx), ar € R, x € [, 1]}.
k=0
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We furthermore define the periodization operator P : C[—1, 1] — CE[—1, 1] such that
Pf(@)= f(cos(mh)) forall f € C[—1, 1] and all & € [—1, 1]. Then it is well known (see, for
instance, the Theorem 14.8.1 in [6]) that

(B.2) Er(ve,[=1, 1)) =inf{||Pyc — Tlloo : T € TPL[—1, 1]}.

We will now bound the right-hand side of (B.2) by a technique inspired from [16], which
works as well for our setting. For any K € IN, we define the trigonometric polynomial Tk :
[—1, 1] — C such that

K—1 2
TK(@) — eiJT(L+1)9{ Z eianQ} )
k=0

Then, by orthogonality of the trigonometric polynomials, we have that
K-1K-1

-1 L
(B.3) /1 Tk @®)]do=>" )" / lelzﬂf—k)@ do =2K.

j=0 k=0""

By definition, for every € > 0 we can find a Q € TP [—1, 1] such that ||Pyc — Qllco <
E;(yc,[—1,1]) 4+ &. Choose such Q, and remark that (B.3) implies

1 1
[ (Pre® - 0@)Tc@)d| < IPye - 0l [ [Tk (®)]c6

<2K{EL(yc.[-1.1]) +e].

On the other hand remark that Q is a trigonometric polynomial of degree at most L, while Tx
is a trigonometric polynomial of degree strictly greater than L. Therefore, Q is orthogonal to
Tk . Moreover, the last display is true for all ¢ > 0 and for all K € IN, thus it must be the case
that
1 1
B4 E ,[—1,1 >ma—fP )Tk (6)do]|.
(B.4) Lo -1 ) zmax | [ Pre@T)
Interestingly, we can compute the previous integral. Namely,

K-1K-1

1 . | |
/ Pyc(O)Tg(©)do =) Z/ ye (cos(m6))e! ™ LH1T2i+28) gg
- j=0 k=071
K—1K—1
=2(=D" 3" 3 e i pi42424(0),
=0 k=0

where 1,(z) := %fé’ €298 cos(vt) dr is the modified Bessel function (see [18], p. 248); in
particular [18], formula 10.32.3. More precisely, from the above considerations and the fact
that the modified Bessel functions are nonnegative, we deduce that
1 K-1K-1
‘f 1 PVC(Q)TK(Q)(w’ =2 Z Z e I t142j42(C).
- j=0 k=0

Soni [27] proved that Ix11(z) < Ix(z) for all k € IN and all z > 0. Hence, we obtain from the
last display and (B.4) the bound

(B.5) Er(yc.[—1,1]) = max Ke™“I1 14k (C).
KelN
In the next lemma, We obtain a bound on the modified Bessel function z — I;(z) which

remains tighter than the classical bound derived in [12] when z > k. The proof of the lemma
is to be found in Section B.3.
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LEMMA B.1. Assume k € N and assume that C > 8,/1 + (k/C)?%. Then

exp{—Co(k/C)}
2e4(1 + (k/C)HV/4/C

e CI(C) >

For «, B € R to be chosen accordingly, we define K := a/Cif L <+/C,or K, := BC/L
if L > +/C. In view of (B.5), it is clear that E;(yc,[—1,1]) > K*e_CIL+4K* (C). Consider
now the case where L < \/6 , then

<L—|—4K* L+av/C a+1
= < )
- C C VC
Thus, Co((L +4K,)/C) = 0(1) as C — oo, (L +4K,)/C — 0 as C — oo, and C >

8\/ 1+ (L +4K,)?/C? when C gets large enough. We then obtain from Lemma B.1 that in
this case,

0

av/C(1 +o(1) exp{—Co((L +4K)/C)} N
262\/6 ~
at least for C large enough. We now consider the case L > +/C. In this case, we have
O<L—|—4K*:L—|—,3C/L:£ é<£ i
- C C C L~—C .C
Because by assumption there is a constant { > 0 such that L < ¢C, then (L +4K,)/C <

¢ +o0(1) as C — oo, and thus we have C > 8\/1 + (L +4K,)?/C? when C is large enough.
Then we can apply Lemma B.1 to find that as C — oo,

(BC/L)(1+o(1)) exp{—Co((L +4K)/C)}
4e2/C(1+ (L) C)2)1/4

ool 1))

at least for C large enough. Further, it can be seen that |¢’(x)| < |x| (see, for instance, Sec-
tion S6.3 in the Supplementary Material [3]). Then, by Taylor expansion,

o4 B)zo(B)+ (Lo B)E,

and thus, Co(L/C+B/L) <Ce(L/C)+ (1 —I—C,B/L2) <Cp(L/C)+ B(1+ p). It follows

| C L
— > —_ _
EL()/Ca[ 1,1])N L2 exp{ C(p<c>}.

With similar arguments, Co(L/C) = (§/2)p(2L/E) 4+ O(1) as & — oo.

EL(VC’[_171])> la

Er(yc,[=1,1]) >

B.3. Proof of Lemma B.1. The proof relies on the well known series representation of
the modified Bessel function (see [18], formula 10.25.2), namely we have whenever k € IN,

o0 1 z 2p+k

Conveniently, all the terms in the summation are nonnegative, which we will exploit to get
our lower bound. By Stirling’s formula, when k > 1, for any p > 0,

(p+k)!<e/(p+kexp{—(p+k)+ (p+k)log(p+k)},
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and for any p > 1, we have p! < e,/pexp{—p + plog p}. For convenience, let define the
functions ¢, x : R% — R, such that for any x, z € R% and any k € IN,

G k(x):=—z24+2x+k—xlogx — (x +k)log(x + k) + 2x + k) log(z/2).
Hence, because each term in the series expansion of (B.6) is nonnegative, we get the estimate

_ _ 1 F4 2P+" exp{¢:, k(p)}
B.7 Zl ) Y —
(B.7) L)z e ,;P“P“‘)’() 22 mea
Notice that
11

¢’ (x) = —log(x) — log(x + k) +2log(z/2), ¢ (x) = ———

Thus, ¢, x admits a unique nonnegative extremum at xq solution to xo(xp + k) = z2/4, that

1S,
—k 4+ Vk? + 22 4
X0 = 5 and ¢ (x0) = —?/1 + (k/2)* < 0.

Henceforth xg is indeed the unique maximum of the function ¢, x on R4. We let py smallest
integer larger than xo. Then pgp > 1 and we have, by Taylor expansion that for any p > pg
there is a p € (xg, p)

1
G2 k(P) = bz k(x0) + ¢ 1 (x0) (p — X0) + §¢Z,k(13)(p — x0)°

1
= .k (x0) + 504 (P)(p - x0)*.

Remark that, because p > xo,

1 1 1 1 4
noesy - > ___ _ =——,/1 k/z)2.
d)z,k(p) ﬁ ﬁ+k - X0 x0+k Z +( /Z)
2,/1 4+ (k/z)?

b

Then, for any p > po,

1
D2k () = bk (x0) + 5 (x0) (p — x0)% = ¢y 1 (x0) — (p — x0)%.

Therefore,

e “Ix(z) >

exp{¢z .k (x0)) 5 exp{¢ ; (x0) (p — x0)°/2}
¢’ pP=po vVp(p+k) .
Let p; be the largest integer such that —qb;/’ (x0)(p1 — x0)? < 2. Remark that whenever z >

2(1 + (k/z)z)l/ 2 we have p1 > xo + 1, which is always the case in the conditions of the
lemma. Because the summand is the previous is monotonically decreasing for p > pg, we
get the bound

exp{gzk(x0)} (P1—po) _ exp{gk(x0)} (p1 —x0) — 1
et Vpilpr+B Tt Upi(pr 0
But, by the definition of py, we have that p; +1—x¢ > \/ 2/(=¢? ; (x0)). Therefore, whenever

2> 8(1 + (k/2)*)'/2, by the definition of ¢/, (xo),

e—ZIk(Z) > exp{¢z k(XO)} 2 _9 /—(bgk(X())}

e4\/ ¢! (xo)pl(p1+k>

ﬁexp{%,k(xo)}
264 /=4 (x0)p1(p1 +K)

e “Ix(z) >
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Also,

p1(p1 + k) =xo(xo + k) + (p? — x3) + (p1 — x0)k
= x0(xo + k) + (p1 — x0)(p1 + x0 + k)
= x0(x0 + k) + (p1 — x0)* + (p1 — x0) (2x0 + k).

But we have that xo(xo + k) = z2/4, (p1 —x0)* < —2/@! ;. (x0), and 2xo+k = z,/1 + (k/2)>.
Thus,

p1(p1+k) <

2 2 2(1+4 (k/2)?)
=+ +
4 =gl (x0) J —¢ (o)

_Ty - ki [1+ (k/2)°]"

4 2142 V2

2 —1/211 4 (k /)21 /4 —1
ZZZ{1+Z [1+ (k/2)7] n z }

V2 2/1 4 (k/2)2

Therefore, whenever z > 8(1 + (k/z)%)!/?,

( +k)<z2{1+1+ 1 }<21 ) 2
PPTTR =71 T3 T 6 S et T2
Hence,

exp{oz k(x0)} expie; k(x0)}

e I (2) >

=0z 20+ KDDL

After some algebra, we find that

b1 (x0) = =2+ 24/ 1 + (k/z2)?
— (2/2{—(k/2) + /1 + (k/2)*} log{—(k/2) + /1 + (k/2)?}
— (z/2){(k/z) + /1 + (k/z)?}log|(k/z) + /1 + (k/z)?)

=—z+421+ (k/2)? —z- (k/z) arcsinh(k/z) = —z@(k /7).
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SUPPLEMENTARY MATERIAL

Supplement to ‘“Optimal disclosure risk assessment” (DOI: 10.1214/20-
AOS1975SUPP; .pdf). Supplementary S2 contains the complete proof of the minimax lower
bound given in Theorem 3. Supplementary S3 contains an illustration on synthetic data for
the estimators of Section 2, and their comparison with estimators from the existing literature.
Supplementary S4 contains the proof that the lower bound on Ey (g¢, [§ —11]) in Lemma 2
is sharp (up to constants). Supplementary S5 and S6 contain the proofs of the auxiliary re-
sults, respectively for the minimax lower bound and the tightness of the lower bound on
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University of Milano - Bicoccat, University of TorinoS, Université
Paris-Saclay’ and University of Ozford!

S1. Organization of the document. This document is the compan-
ion paper to the article Optimal Disclosure Risk Assessment, by the same
authors. It complements the result of the main paper in the following way:

e In Section S2, we give the complete proof of the minimax lower bound
given in Theorem 3 of the main document, with all details.

e In Section S3, we present an illustration on synthetic data of the esti-
mators introduced in Section 2. We compare our estimator with various
estimators from the existing literature.

e In Section S4, we demonstrate that the lower bound Ep(ge, €71, 1])
derived in Lemma 2 of the main document is sharp (up to constants).
The proof is constructive and exhibits that Chebychev polynomials
achieve the bound.

e Finally, Sections S5 and S6 contain the proofs of the auxiliary results,
respectively for the minimax lower bound and the tightness of the
lower bound on Ep,(ge, [€71,1)).

S2. Complete proof of the minimax lower bound. This section
is devoted to the complete proof of the minimax lower bound stated in the
main document, that is Theorem 3. Unless specified otherwise, the notations
and conventions are the same as in the main document. We recall that the
minimax risk is defined as

(S1) &\, n) = inf sup n 2B (p1(X (N), N) — 11 (X, N, M))?],

P Pep
where the infinimum is taken over all estimators p;. To obtain a lower bound
on the last display, we adapt the reduction scheme of [16, 15] which is based
on the method of the two fuzzy hypotheses [14]. More precisely, the proof
consists on the following steps.

*Also affiliated to Collegio Carlo Alberto (Torino, Italy) and BIDSA at Bocconi Uni-
versity (Milan, Italy).
TAlso affiliated to IMATI-CNR, “Enrico Magenes” (Milan, Ttaly).
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Step 1. The very first step is to use Lemma 1 in the main document. We
recall that Lemma 1 shows that the infinimum in equation (S1) can be
restricted over estimators depending only on (X (), N) through Y (X, N).
The details for this step are in the main document and omitted here. We
recall the result

(S2) &(\,n) = inf sup n2ERN[(r (X, N, M) — p(Y (X, N)))?].
P pPep

Step 2. The rhs of equation (S2) does not look like a classical minimax
bound because 71(X, N, M) is a random variable and not a function of
P € £ (though its distribution is). In order to reduce the problem to
a classical minimax problem, we show that 7 is sufficiently concentrated
around its expectation so that 71(X, N, M) can be traded (asymptotically
as n — oo) for 71(P,n,\) == Erlé’)‘[n(X, N, M)] under the model P. This is
made formal in the next proposition, proved in Section S5.1.

PROPOSITION S1.  Let Yy denote the random variable (X, N) — Y (X, N).
Then for any A,n > 0 the following is true,

1
(S3) E\n) 2 5 inf sup n2EEN (P, A) — p(Yw))? —

Remark that we dropped-out the superscript A in E%A in Proposition S1
as the argument in the expectation is independent of M, and thus its dis-
tribution depends on A only through 71 (P, n, \).

Step 3. The reduction scheme of [16, 15] involves the construction of (fuzzy)
hypotheses that are not probability distributions, but only quasi probabil-
ity distributions. Namely, to use their reduction scheme, we need to show
that trading & for a suitable set of quasi probability distributions &’ in
equation (S3) does not affect the bound too much.

For S € IN, £,§ > 0 to be chosen accordingly at the end of the day, we
define &’ as

(89) 2= i imde: pee 0,657, IS5 m — 1] <6}

Here and after, under IP%A with n > 0 and P € &2’ the random variable
Yy is understood as a vector of independent Poisson random variables with
intensities (np1,...,nps,0,...), with Zle p; not necessarily equal to one,
and (P,n,\) — 71(P,n,\) is extended trivially from £ to &’ by letting
T1(Pyn,A) = anzl pje_"(l“‘)pf, P ¢ &’ Then we have the following
proposition, proved in Section S5.2.

imsart-aos ver. 2014/10/16 file: CFNP_disclosure_suppmat_revised_final.tex date: April 21, 2020



SUPPLEMENTARY MATERIAL S3

PROPOSITION S2. Let define n' :== (1 + 0)n and let S,&,0 as defined
previously. Then, &(\,n) is bounded from below by

L_ n Ar/— A 2_1_ M22
S inf swp EE (A (P ) — ()] - = (14 ) o

This implies that for any € > 0, &(\,n) is bounded from below by

2
e, v Ay L ng(l+X2)\25
l%f;él?/IPP (I72(P,n.3) = p(Y)| > ne) n (1+ 5(1—5)> -

Step 4. The next step involves applying the method of the two fuzzy hy-
potheses [14] to the result of Proposition S2. The next lemma is an adap-
tation of [14, Section 2.7.4] to our setting. Its proof is to be found in Sec-
tion S5.3.

LEMMA S1 (Method of the two fuzzy hypotheses). Let M(IN) denote
the space of all measures on IN, endowed with canonical o-algebra. Let Q1 =
Zle q1,j0; and Q2 = Z;-gzl q2,;0; be independent random variables taking
values in M(IN). Also let &' and e as defined previously. Assume that for
some 0 < «, B,y < 1 with 2a+ 28+~ < 1 and with n’ defined as above the
following hold:

1. P(Q1 ¢ Z')<aand P(Q2 ¢ &) < a;

2. P(|71(Qj,n, A) — E[T1(Qj,n, N)]| > ne/2) < B forj=1,2;

3. E[’T’l(Ql, n, )\)] > E[’f‘l(QQ, n, )\)} + ne;

4. TV(E[@lePoiss(n’qu)], E[@lePoiss(n’qQJ)]) <. Here TV(P,Q) is
used to denote the total-variation distance between probability measures

P and Q.
Then,

/ 1
inf sup IPT;-,’)\(|7_’1(P,’I’L, A) — p(Yn)| > ne) > 7(1 —2a—208 — 'y).
b pey 2

Step 5. The next step consists on constructing the hypotheses that will
be used in conjunction with Lemma S1 and Proposition S2 to establish the
minimax lower bound. The construction relies on ideas from [16, 15].

For some L € IN to be determined later, but satisfying L < K& for some
constant K; > 0, we let U and V' be two random variables taking values in
[0,£571] such that E[U] = E[V] = S~! and when n is large enough,

E[U* =E[V* Vke{0,...,L+1},
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E[Ue—n(l-i-)\)U] > ]E[Ve_"““)v] + 5_16.

The existence of such random variables is guaranteed by Lemma S2 below,
proven in Section S5.4, for the appropriate choice of S, &, L and e.

LEMMA S2. Let L € IN and £ > 0 such that L < K7€ for some K1 > 0.
Let S = [n(1+ N)]. Then there exists Ko > 0 (depending only on K;y) and
two random variables U and V taking values in [0, 55’_1] such that,

E[U*] = E[V*] Vke€{0,...,L+1},
EU] =E[V] =571, Var(U)<&S™2 Var(V) < €572,
E[Ue "0V > E[Ve "NV 4§71 Ky min {1, \/¢/L2 exp(—L?/€)}.

Then we let (Uy,...,Us), respectively (Vi,...,Vs), be an independent
vector of i.i.d. copies of U, respectively V, and we let

S S
Ql = Z Uj(Sj, and, QQ = ZV}(S]
j=1 j=1

The next proposition establishes conditions under which @)1 and @9 as
defined above meet the criteria of Lemma S1. The first two items are con-
sequences of Bernstein’s and Hoeffding’s inequalities (respectively), item 3 is
straightforward, and the last item is an immediate corollary of [16, Lemma 6].
The proof is given in Section S5.5.

PROPOSITION S3. The following items are true.

1. Assume that Var(U) < £S72, Var(V) < ¢S72, and S6% > 2¢6(1 +
§/3)1log(2/c). Then P(Q1 ¢ &) < a and P(Q2 ¢ &) < «.

2. Assume that Se* > 2¢1og(2/B). Then P(|71(Q1,n, A\)—E[F1(Q1,n, \)]| >
ne/2) < . The same is also true for Qs.

3. E[ﬂ(Ql,n, )\)] > E[7_'1(Q2,’I’L, )\)} + ne.

4. Assume that 2log(2)LS > n&(1+6) and v(28)EH2(L+2)! > 4S(n&(1+
8))i+2. Then TV(E[©7_, Poiss(n'U;)], E[®5_, Poiss(n'V;)]) < 7.

Step 6. The proof of Theorem 3 follows from combining Propositions S2,
S3, and Lemma S1, by choosing the constants «, 3,y and variables ¢, S, &,9, L
accordingly. We now make explicit the choice for these constants and vari-
ables.

In the following for any = > 0 the notations [x] stands for the small-
est integer greater or equal than x. Then, for constants cg,c; > 0 to be
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determined we choose

(S5) S=[n1+N)],
(S6) 0 = coe/¢,
(S7) € = (2c1/e) min{(1 4+ \) logn, log®n}.

For another constant ¢y > 0 to be determined, we further define A(\,n) > 0
to be the solution to

14+ X)) —(1/2) loglog(n) + log(c2)
log(n)

Then we pick (remark that this ensures that L < K £ for some K; > 0, as

requested previously),

(S8) I— [2¢1 log(n)] if 14+ A > log(n),
[c1A(A\,n)log(n)] if 14+ X <log(n),

A\, n)log AN\, n) =t + cf110g<

and for c3 > 0 to be determined,

1 if 1+ X > log(n),

_ee1Alm?
o T e 2t

With this choice, we obtain the next proposition, proved in Section S5.6.

(89) E=2cC3

PROPOSITION S4. Let « = = v = 1/10, and let S,&,0,L,e as in
FEquations S5, S6, S7, S8 and S9. Then,

1. (1+ "Sg((llfg\)))%Q < c2e?(1+o(1)) as n — oo;

2. If liminf, {m} > 1 then there exists ng > 0 such that for all

n > ng it holds S62 > 2¢(1 4 6/3)log(2/a);

8. If liminf, {%} > 1 then there exists ng > 0 such that for all
n > ng it holds Se? > 2log(2/p);

4. For any Ko > 0 the constant c3 > 0 can be chosen such that ¢ <
Komin{1, \/¢/L2exp(—L?/€)}; In conjunction with Lemma S2 this
guarantees the existence of U and V' used in Step 5.

5. If co > 0 is large enough, then there exists ng > 0 such that for all
n > ng we have 2log(2)LS > né(1 + 6) and (2S)LT2(L + 2)! >
4S(n&(1+6))E+2,

Therefore, as a consequence of Propositions 52, S8 and Lemma S1, when
co, C1, C2,C3 are appropriately chosen, if 1 + \ > eclA(A,n)2, and if n gets
large enough,

E(A\,n) > (% —c+ 0(1))52.
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S6 CAMERLENGHI, FAVARO, NAULET AND PANERO

Step 7. In view of Equation S9, the choice of ¢ shall be made cautiously.
Indeed, the next proposition shows that ¢; = 1/e is the optimal choice. The
result of the next proposition also allows to get the final expression for the
lower bound in & (A, n), thus finishing the proof of Theorem 3. The proof of
Proposition S5 is to be found in Section S5.7.

PROPOSITION S5.  Let ¢; = 1/e. Then whenever 1+ X <log(n) we have
AN\, n) =e+o(l) as n — oo. Furthermore when 14+ X < log(n), as n — oo,

ca(1+A)

c1A(\, n)?log(n) < elog(n) + elog
log(n)

+o(1).

S3. Numerical illustrations. We present an illustration on synthetic
data of the estimators introduced in Section 2. We also consider other es-
timators of 7; that have been proposed in the literature of disclosure risk
assessment: i) two parametric empirical Bayes estimators of 71 proposed by
Bethlehem et al. [1] and Skinner et al. [13]; ii) a naive nonparametric estima-
tor of 71; iii) a Bayesian nonparametric estimator of 71 proposed by Samuels
[12]. A common feature of these estimators, as well as our class of non-
parametric estimators, is that they rely on the Poisson abundance model
for modeling the random partition induced by the cross-classified sample
records. More recent approaches, not considered here, focus on modeling
associations among identifying variables by log-linear models, local smooth-
ing polynomials and hierarchical latent models. E.g., Manrique-Vallier and
Reiter [8], Manrique-Vallier and Reiter [9], Carota et al. [2] and Carota et
al. [3]. In particular, the Bayesian hierarchical semiparametric models of
Carota et al. [2] and Carota et al. [3] show a remarkable better performance
than models for random partitions, at the cost of an increasing computa-
tional effort for the need of Markov chain Monte Carlo methods for posterior
approximation.

The approach of Bethlehem et al. [1] is a parametric empirical Bayes
approach in the sense of Efron and Morris [4]. It relies on the following
modeling assumption for the cells’ frequencies of the population: Y;(X,n) ~
Poiss(np;), where n is the size of the entire population. Bethlehem et al. [1]
also assumed a Gamma prior distribution over the probabilities associated
to each cell, namely p; ~ Gam(c, 8). One should specify the p;’s under the
condition Zsznl pj = 1, however, for the sake of simplicity, Bethlehem et al.
[1] assumed that ZJK:ﬁl E[p;] = 1, which is tantamount to saying that a =
1/(K7pB). Under these modeling assumptions, Bethlehem et al. [1] proposed
an estimator of the expected value of total number T (X,n) of population
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uniques, i.e.,

Ks
(S10) T(X,7) =Y Ly, (x.m)=1)-

Jj=1

Under the above Poisson-Gamma model, E[T}(X,7)] = A(1 + 7g)~ 1+,
which depends on the parameters « and 3, with the condition o = 1/(Kf3).
Parameters can be easily estimated via maximum likelihood, as we have done
in the subsequent numerical experiments. If K is not available, Bethlehem
et al. [1] suggested to estimate K assuming a uniform distribution over the
cells, hence

IA( TZKn

5 Ly (xm=1)

where n is the size of the observed sample and K, stands for the number
of distinct cells dictated by the sample of size n. If & and B denote the
maximum likelihood estimators of o and [, respectively, then an estimator
of Ti(X,n) is Ty = (1 4+ n3)~ (119, Bethlehem et al. [1] then suggested a

corresponding estimator of 71 as the sample portion of T;. More precisely,
they proposed

~ ~

as an estimator of ;. Skinner et al. [13] improved the estimator (S11). In
particular, still under the Poisson-Gamma model, they considered directly
the problem of estimating 7. In particular, they proposed the following
estimator

o\ —(14a)
(S12) 2ok, (L2 :
14+ng

where the prior parameters a and § can be estimated via maximum like-
lihood. The estimators proposed in Section 2, due to their nonparametric
empirical Bayes interpretation in the sense of Robbins [11], may be con-
sidered as the natural nonparametric counterparts of the empirical Bayes
estimator (S12).

Besides parametric estimators of 71, we also consider two nonparametric
estimators. A naive nonparametric estimator of 7 relies on the intuition
that a natural estimator of 71 is the sampling fraction, with respect to the
population, of the number of sample uniques. This estimator was first dis-
cussed in Bethlehem et al. [1] and Skinner et al. [13], and it is defined as
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S8 CAMERLENGHI, FAVARO, NAULET AND PANERO

follows
(S13) # = 21X, n) 2.
n

Samuels [12] exploits Bayesian nonparametric ideas, and in particular a
Dirichlet process prior (Ferguson [5]) on the p;’s to derive a smoothed ver-
sion of the naive estimator (S13). In particular, Samuels [12] suggested the
following estimator

(S14) 37 = Zl(X,n)m,
where 9 is the concentration parameter of the Dirichlet process prior. It is
well-known (see, e.g. Ferguson [5]) that the maximum likelihood estimator
of ¥ can be obtained by solving, with respect to ¢, the equation K, =
i<j<n—1 /(0 + ).

We study the behavior of the Normalized Mean Squared Error (NMSE),
with respect to the sampling fraction (14 A\)~!, for the collection of estima-
tors of 71 introduced before. In order to do that, we generate a collection
of synthetic tables with C' cells, where C' = 3 - 10% in all our experiments.
The population size is fixed to 7 = 10°, and we evaluate the NMSE for
different values of the sample size n = 7(\ + 1)~1. The true probabilities
(pj)j>1 of cells are generated according to different types of distributions:
the Zipf distribution, i.e., p; o< j~% for some s > 0, the uniform distribution
over the total number of cells and the uniform Dirichlet distribution. Each
Figure corresponds to a different choice of the distribution over the cells’
probabilities: the Zipf distribution with respective parameter s = 0.6,0.8,1
(Figures S1-S3), the uniform distribution (Figure S4), the uniform Dirich-
let distribution with respective parameter 5 = 0.5,1 (Figures S5-S6). Each
figure shows how the NMSE varies as a function of the sampling fraction
(1+X)~! for different estimators: i) the nonparametric estimator with Bino-
mial smoothing %1L b see Proposition 2; ii) the nonparametric estimator with
Poisson smoothing %1L P see Proposition 1; iii) the naive nonparametric esti-
mator %{V ; iv) the Bayesian nonparametric estimator %19 ; v) the parametric
empirical Bayes estimator 7; vi) the parametric empirical Bayes estima-
tor 7. All experiments are averaged over 100 iterations and the empirical
bands represent one standard deviation from the mean of the corresponding
estimates.

The sampling fractions considered in our simulation study are above the
limiting threshold (logn)~!. Within this range of sampling fractions, we do
not observe a clear behavior for the performance of the estimators. It is
apparent that in most of the simulated scenarios our estimator outperforms
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as the sampling fraction (1 + A)~! increases from the limiting threshold
(logn)~'. From Figure S5, the Bayesian nonparametric estimator 7 pro-
vides the smallest NMSE; this behaviour is not surprising since data are
drawn from a Dirichlet distribution. In Figures S1-S3, better performances
are achieved by the estimators %1L ® and %1L ?. We further observe that the
choice of the smoothing distribution L for 7, i.e. the Binomial smooth-
ing or the Poisson smoothing, is crucial with respect to the performance of
the corresponding estimators. In all the simulated scenarios the Binomial
smoothing displays a better performance than the Poisson smoothing. Fi-
nally in Table S1, we report the estimates of 71 (with empirical confidence
bands) when (A + 1)~! = 1/5 for all the choices of the cells’ probabilities,
from the left to right: the Zipf distribution with parameter s = 0.6,0.8,1,
the uniform distribution, the uniform Dirichlet distribution with parame-
ter 8 = 0.5,1. All experiments are averaged over 100 iterations and the
empirical intervals represent one standard deviation from the mean of the
corresponding estimates. From Table S1, we can deduce similar considera-
tions as before.

S4. Tightness of the approximation lower bound. We show that
a suitable Chebychev polynomial approximation of the exponential function
achieves (up to a multiplicative constant) the lower bound of Lemma 2 in
the main document.

In view of Section B.2 in the main document, letting vo : [-1,1] — R
such that yo(z) == e~ ¢+ it is enough to find a sequence of polynomial
(qr)r>1 such that ¢z, has degree at most L and for a constant K > 0,

(S15) L<VC= sup |yo(r)—qu(@)| <K,
z€[—1,1]

and,

(816) VO <L<(C= swp () —qu(@)] < K—eColL/O),
z€[—1,1] \/5

at least when C' is large enough, and with ¢ defined in Equation (18) in the
main document. If I < +/C, then we pick ¢z (z) = 0 identically, so that the
equation (S15) is trivially satisfied with any K > 1, because |yc(z)| < 1.
Thus it suffices to establish (S16). For any & > 0, we let T, : [-1,1] = R
the k-th order Chebychev polynomial, defined uniquely through the equality
Ty (cos(0)) = cos(kB), for all § € [—m, xw|. Then, we choose,

dzx.

_ L _ 1 e—C(achl)Tk(m)
S17)  qu(@) ._;)ak(C)-Tk(x), an(C) = Lm
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We collect in the next Lemma several facts about the polynomial g7 and
its coefficients a(C') which will be used to derive the rate of approximation
of gz to v¢, in the uniform norm.

LEMMA S3.  The following items are true.

1. a(C) = w(=1)*e CI(C) for all k > 0, where I, is the modified Bessel
function of the first kind (see [10, pg. 248]).

2. The series oo = Y pooar(C)T} converges uniformly in [—1,1], and
Ioo () = vo () for all x € [-1,1].

3. For all D > 0 there exists By > 0 such that for all B > By and for all
k > max{BC,2} , we have the bound |ay(C)| < e~ Pk,

4. For all B > 0 there exists Cy > 0 such that for all C > Cy, for all
VO<L<k< BC, we have the bound

ak(C”Sm.eXp{—C\;%(k/C)}.

Using the results of the previous lemma, we obtain the following corollary
on the error of the best uniform polynomial approximation to ¢ on [—1,1],
written EL(vc, [—1,1]).

COROLLARY Sl1. For all { > 0 there exists Cog > 0 such that for all
C > Cy and for all /C < L < (C

Er(vo, [-1,1]) < Var(1 ) - ?ew(wcx

Furthermore, the polynomial qr, defined in (S17) achieves the previous upper
bound; and in view of Lemma 2 and Section B.2 in the main document, this
bound is the best possible, up to a multiplicative constant.

S5. Remaining proofs for the minimax lower bound. This section
gather all the proofs of the propositions and lemma stated in Section S2.

S5.1. Proof of Proposition S1. Using Jensen’s inequality we deduce that

&) = inf sup n 2B R (72 (X, N, M) = (Y (X, N))? | Y (X, N)]
> inf sup n™*Ep (B ra (X, N, M) | Y (X, N)] = p(Y (X, ).

Note that there is no explicit dependency on X and M anymore in the
last display, but only on the random variable (X, N) — Y (X, N) which,
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under P, is distributed as an infinite vector of independent Poisson random
variables with parameters (npj,nps,...). Besides observe also that N =
>_j>1 Yj(X, N). Let define

71(Yn, Pn, A) i= ERm (X, N, M) | Y (X, N)]

= Z]1{Yj(X,N):1}E?D’/\[]l{xg(X,NJrM)—Yj(X,N):o} | Y (X, N)].
j>1

Remark that (Y;(X, N+M)-Y;(X,N): j € N) isindependent of Y (X, NV)
and is a collection of independent Poisson random variables with intensities
(Anpj : j € N). Henceforth, we get

(818> 7-1(YN7P7n7 >‘) = Ze_)\npj]l{Yj(X,N)ZI}7
Jj=1
and besides, since we abusively let Y denote the random variable (X, N) +—

Y(X,N),

(Slg) éa()‘> n) Z I%f ;ug n_QETILD’)\[(%l(YNa P7 n, >‘) - lb(YN))Z]
e y

We now trade 71(Yn, P,n,\) for its expectation whowh we define as
T (P,n,\) = IE?D’)‘[Tl(X, N, M)]. Recall that under P the vector Yy is dis-
tributed as independent Poisson with parameters (npy, npe, ... ). Hence,

T1(Pyn,\) = Z e—AnPj]E%A[]l{}/j(X’N):l}] _ nzpje—uﬂ)npj_
721 i>1

Similarly, for any P € &,

(S20) E%M(7 (Y, Pyn, A) — 71(P,n, A))?

= Z npje_(1+2)‘)”pj {1 —npje™™} <n.

i>1
Thus from (S19) and Young’s inequality, we find that
1
E(\n) > 5o inf sup B (7 (P,n, A) = p(Yi))’]
2n? " pep

1 = -

- EEP’ [(Tl(YNv P7 n, )‘) - Tl(P7 n, )‘))2}

That is using (S20),

1
&(A\,n) > —inf sup n_zEz’)‘[(ﬁ(P,n, A —p(Yw)? —nt.
2 b pex
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S5.2. Proof of Proposition S2. For any P € 2’ welet P(-) := P(-)/P(N),
so that P € 2 is a probability measure. We write pj = pj/P(N), j €
{1,...,S}. Furthermore we let m(P) :=n E}g:l p;. Then since Yy is a vec-
tor of independent Poisson random variables, is clear that for any P € &'

(821)  EX(A(P,n,N) — p(YN)?) = EpOA (7 (Pon, A) — p(Ya))2):
We now choose 7 to be an estimator satisfying for some ¢ > 0

sup BN (71(P,n, 3) — #(Y))?]

pPey’

< inf sup ERA (7 (P, ) — p(YN)?] +C.
P pPep

This is always possible for any ¢ > 0. Furthermore remark that m(P) <
(14 6)n = n/, so that m(P)/n’ < 1 always when P € &'. Let P € &’ be
fixed, and let W = (W7y, W, ...) such that conditional on Yy, the random
variables W, are independent binomial random variables with parameters
(Yj,m(P)/n’). Then define 7(Yy) := E[7(W)] | Yn]. By Jensen’s inequality,

Ep M (7(Pon,A) — 7(Yw)?) = ER (B[R (P,n,A) — 7(W) | Ya))?
< EBRAME[(R(P,n, A) — #(W))? | Ya]
= Ep (R (Pin,N) = #(¥w)))

< inf sup ERM(F(Pyn, A) — p(Yw)?] + ¢
b pezp
Taking the supremum over P € &’ on the lhs of the last display, and using
that the infinimum over p will be always smaller than the value at 7, we find
using (S21) that

inf sup E [(7‘-1(P,n, A) = p(Yn))?]
p Pep

= inf sup Eg)‘[(ﬁ(ﬁ’,n, A) — H(Yn))?]

b pez

= inf sup EP(P)/\[( (P n,A) — ﬁ(YN))z]
P Peyp!

> inf sup E’;’A[(fl(ls,n, A) — p(Yn))? = ¢
P Pe!

Since the previous is true for all ¢ > 0, we indeed have proven
inf sup B [(Tl(P,TL, A) = p(Yn))?
b Pep

> inf sup IE [(ﬁ(p,”,/\) - ﬁ(YN))Z]-
b pPep!

(S22)
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To finish the proof of the proposition, we will now show that 7 (P, n) in
(S22) can be traded for 71(P,n,\) at small cost. Remark that by Young’s
inequality, for any P € &2’ and any p,

(523) Ep(7u(Pin,A) = oY)
%E [(7-1 (Pa n, )‘> - ﬁ(YN))2] - (%I(P’ , /\) -7 (Pa n, )‘))2’
with

f1(]3 n, A) — %1(15 n, A)
S S
Z Je Hps 37 o (1A {1 _ 1N —m)}.
j=1 j=1
Hence,

(S24) |71(P,yn, ) — 7"1(]5 n, )|

<n2\p3 pg|+nzpe (FNmps |1 — (N @s=P3)],
J=1 J=1
The first term of the rhs of the last display is easily seen to be bounded
by né since |p; — p;| = pj Zlepk — 1] < épj for all j =1,...,5. For the
second term, we use that 0 < 1 —e™ < z for all x > 0. Hence, if p; < p;
we have,

~AF0mps 1 (@ =5s) | = e~ (1HNMPs (1 — 7 n(+NB5Ps))

<n(1+Np; — pjl - pj
<né(1+4 )55,

pje

while if p; > p;
pie” (i "IN P —P)| = pe”(1HMmPi (1 e NP =P)))

< n(l + MIpj — il - b;
<né(1+\) -5

Therefore in any cases the second term of the rhs of Equation (S24) is
bounded above by n?§(1 + \) Zj 1p]7 and thus

n§(1+)\))n5'

s
71 (P, A) = 71 (P, )| < nd+n26(1+0) )7 < <1+ S(1-46)

j=1
This estimate combined with (S22) and (S23) completes the proof for the
first inequality of the proposition. The second inequality simply follows from
the first by an application of Markov’s inequality.
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S5.3. Proof of Lemma S1. The proof is a trivial adaptation of the clas-
sical Le Cam method with two fuzzy hypotheses, as also described in [14].

Let p be fixed but arbitrary and let define for convenience the events
An(P;p) =A{Yn : |T1(P,n,\) — p(Yn)| > ne}. Since the average is always
less or equal than the supremum over &', we establish that

sup P (An(P; )
pPey’

>

E[PY ™ (An(Q1 ))19/(Q1)]+ E[ N (An(Q2:5) 150 (Q2))]
> ;B[P A An(Q139))] + ]E[ N An(Q2: )] — e,

e

where for the last line we have used the item 1 of the Lemma.

Now let define the events B, (Qj;p) = {Yn : |[E[T1(Qj,n,\)] — p(Yn)| >
ne/2}, for j = 1,2. Under item 2 of the Lemma, it is rapidly obtained from
the last display that

sup PN (A, (P; p))
Pe!

[IPZJA(Bn(QU ﬁ))] ; [ (B (Q% p))] —a —
[1- ]Pg{A(Bn(Ql; p)°) + ]ng(Bn(QQ; M) —a-B.

But under item 3 of the lemma, we have that B,(Q1;0)¢ C Bn(Q2;p0).
Moreover under @), j = 1,2, Yy is a vector of independent Poisson random
variables with parameters (n'g;1,...,7n'q;s,0,...) and thus by the classical
Le Cam’s trick the last equation is bounded by

sup P (An(P; )
Pc

v

1 . .
B (1 — TV(]E[@lePmss(n’ql,j)], E[®5:1P01ss(n'q2,j)])> —a—p

1

“(1—y—20-2 )

2 ( Y2020

where the last line follows from the item 4 of the Lemma. Since the rhs of
the last display is independent of p, the conclusion of the Lemma follows.

Y

S5.4. Proof of Lemma S2. The proof of Lemma S2 follows the guidelines
used in the papers Wu and Yang [16, 15], relating the problem of the exis-
tence of the random variables to the problem of finding the best polynomial
approximation to some function.
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SUPPLEMENTARY MATERIAL S15

For a,b € R, we let C[a,b] denote the space of continuous functions on
[a,b], and for any L € Z, we let Prla,b] C Cla,b] denote the space of
polynomials of degree no more than L on [a,b]. For any f € C[a, ], the best
polynomial (of degree at most L) approximation to f is defined as

EL(f[a,b]) := inf{sup{|f(z) — q(z)[ : = € [a,b]} : ¢ € PL[a,b]}.

For the sake of simplicity, we define B := n(1 + \){/(2S5). We also define
g:[¢€71,1] = R, such that g(x) := exp{—2Bxz}. It is a classical result that
for any L € IN we can find random variables X and Y taking values in
[€71,1] and such that

E[X*) = E[Y"], k=0,...,L,
Elg(X)] = E[g(Y)] + EL(g,[¢, 1))

The proof of the existence of such random variables can be found for instance
in Wu and Yang [15, 16] for a constructive argument, or for instance in Lepski
et al. [6] using the Hahn-Banach theorem and a duality argument.

We now assume that we have at our disposal the random variables X and
Y of the previous paragraph, and we write Px and Py their distributions.
The construction of the random variables U and V' is done using the trick
introduced in Wu and Yang [15, Lemma 4]. Namely, we let U and V' having
respective distributions on [0, £571]

Py(dz) == (1= E[(X)7"])d0 + (Sz) ' Pex/s(dx),
Py(dz) = (1 = E[(€Y)])do + (Sz) " Peyyg(da).

Because X,Y > ¢! almost-surely, then E[(6X)7!] < 1 and E[(¢Y) 1)) < 1.
Indeed from Wu and Yang [15, Lemma 4], Py and Py are proper probability
distributions on [0, £S!] satisfying

E[U] =E[V]=1/S, EUYM=EV", k=0,...,L+1,

EIU exp{-n(1 + NU} = E[V exp{-n(1 + )V}] + 5~ B (g, [, 1]).

Furthermore, it is clear that,

1
]E[Uz]:S/xPéx/S(dx): o7 < 35

Hence Var(U) < ¢/S2. It is obvious that we also have Var(V) < &/S2.
Thus, the proof of the theorem is finished by obtaining a lower bound on
the best polynomial approximation Ef(g,[¢7!,1]). This is a consequence of

imsart-aos ver. 2014/10/16 file: CFNP_disclosure_suppmat_revised_final.tex date: April 21,

2020



S16 CAMERLENGHI, FAVARO, NAULET AND PANERO

the Lemma 2 in the main paper since L < K&, B = (£/2)(1 +O(£71), and
also because

& /2L € 1,20N\2 L?
te(2) <5 4 -2
2 ¢ 2 2\ ¢ 13
by using the facts about ¢ derived in Section S6.3.

S5.5. Proof of Proposition S3. Here we prove separately all the items
stated in Proposition S3.

PRrROOF OF ITEM 1. The proof is an immediate consequence of Bernstein’s
inequality using that Var(U) < ¢S72?and 0 < U < £€S~L. Similarly for V. [

PRrROOF OF ITEM 2. The proof for @)1 and ()2 are identical, thus we only
prove the result for ();. By definition, we have that

s
7(Qu,n,A) =n Y Uje "4V,
=

Whence, 71(Q1,n,A) is a sum of i.i.d. random variables taking values in
[0,n£S71]. By Hoedffding’s inequality,

P(171(Q1,m,2) = El71 (Qu,m V]| > ne/2) < 2exp { — 2.
The conclusion follows from simple algebraic manipulations. O

PrOOF OF ITEM 3. This is immediate by remarking that E[7 (Q1,n, \)] =
nSE[Ue "NV and E[7(Qa,n, A)] = nSE[Ve n1+VV], 0

PROOF OF ITEM 4. Since (Uy,...,Ug) and (Vi,...,Vs) are independent
and i.i.d vectors, we obtain immediately that

(S25) TV(E[®]_,Poiss(n'U;)], B[®5_, Poiss(n'V;)])
= STV(E[Poiss(n'U)], E[Poiss(n'V)]).

Since 0 < U,V < ¢S~! almost-surely, we obtain from [16, Lemma 6],

TV (E[Poiss(n'U)], E[Poiss(n'V)]

< ([/_’1_2)‘ (%)LH (2 + gn'§/(28)—L + '€/ (2 10g(2)S)7L)‘
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Recall that n’ = n(1 + §), thus under the conditions of the proposition we
have n’¢/(2S5) < n'€/(21og(2)S) < L, and hence from the last display we
obtain that

4 (n§(1+5))L+2.

(526) TV (EfPoiss(w )], B[Poiss(V)]) < (L+2)!\ 28

Then the conclusion follows by combining Equations (S25) and (S26). [

S5.6. Proof of Proposition S/. Here we prove separately all the items
stated in Proposition S4.

PROOF OF ITEM 1. From the definitions of &, S and §, we immediately
see that (1 4+ 7?((11+(§\)))262 (1+ 1%5)20%52/5 = (1 + o(1)), because
¢ — oo and € = O(1) (the latter fact is easier to see a posteriori). O

PROOF OF ITEMS 2 AND 3. The case 1 + A > log(n) is straightforward,
thus we focus only on 14X < log(n). For the sake of simplicity, we define r :=

Viog(n)/(1+ X) and y = \/eci A(\, n), so that € = v/2¢c3(ry) ! exp(—r2y?/2).
Then from the definitions of S, § and &,

2

S5 Zc%n(1+)\)2—3-f
1 14+ A
Zn~max{(l+)\)210g3( )" log® (n)} €
1 14+ 1 22
Zé‘.n'max{(1+>\)210g3(n), 10g6(n)}(7“y)26 Y.

But under the assumption of the Proposition, have liminf,, {log(n)} > 1,

which entails that for n large enough S§2 > 2£(1 + 6/3) log(20). The proof
of item 3 is similar. O]

PROOF OF ITEM 4. This is an immediate consequence of the definitions
of e, L and &. O]

PROOF OF ITEM 5, CASE 1+ A <log(n). Note that in this case we have
€ = (2c1/e)(1 + A)log(n) and L = [c1A(N,n)log(n)]. For n large enough
such that 0 < § < elog(2) — 1 (this always happens, see for instance the
remark in the proof of item 1), we have

21og(2)LS > 2log(2)c1 A(A,n)log(n) - n(1+ )
=n¢ -elog(2)A(A\,n)
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S18 CAMERLENGHI, FAVARO, NAULET AND PANERO

> n& - elog(2)

>n&(1+9),
where the third line follows because A > 0 and from the definition of A(\,n)
by remarking that aloga > 0= a > 1.

Further, using that (L + 2)! > L?L!, and because L < K¢ implies that
(1462 < (146)L <eld < efra2 < 1) we have

(M) 2 50 ns)
(cl log(n) )QL (cl log(n))L
e L! e
< Slog?(n) <01 log(n))L
~ L5/2 L )

<5
NL2

S
Nl

where the last line follows from Stirling’s formula. Using the definitions of
S <n(l+A), Land A(\, n), we deduce that

45 (né‘(l + 5))L+2 < n(l + A)A()\, n)—qA()\,n) log(n)
(L+21\ 25 ~ A\, n)5/210g"?(n)
1 1
T e < —_
c2A(\,n)5/2 = ¢y
Therefore by choosing ¢y > 0 large enough we obtain that (25)/+2(L42)! >
4S(n&(1+6))k+2. O

PROOF OF ITEM 5, CASE 1+ A > log(n). Note that in this case we have
¢ = (2¢c1/e)log?(n) and L = [2¢;log(n)]. For n large enough such that
0 < 0 < 2elog(2) — 1 (this always happens, see for instance the remark in
the proof of item 1), we have

21og(2)LS > 4c1log(2)n(1 + A) log(n)
> 4¢; log(n)nlog?(n)
= n& - 2elog(2)
> n&(l+9).

Proceeding along similar lines as for the case 1+ A < log(n), it is easily
found that as n — oo we have

A4S nE(L+ )\ IH2
(L+2)!( 25 ) -

and hence certainly that (259)X+2(L +2)! > 4S(n&(1+0))5*2 when n gets
large enough. O]

)
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S5.7. Proof of Proposition S5. We define the function ¢ : R; — R such
that ¢(x) = zlog(z). When 1+ X\ < log(n), it is clear that A(\,n) converges
to the solution of () = ¢;' = e, hence A(\,n) — e, which proves the first
claim.

For the second claim, let define,

elog(l + A) — (1/2) loglog(n) + log(c2)
log(n) '
For n large enough such that A, > —1, it is clear than A(A\,n) > 0. Fur-

thermore, by a Taylor expansion of ¢ near x = e, we find that there is a
in the line segment between A(A,n) and e such that

A, =

P(AR) = 2(6) + (O AN) - ) + Z T (A m) o
> ple) + ¢/ () (A 1) — €),

because ¢”(x) = 1/x > 0 whenever z > 0. Since p(A(\,n)) — p(e) = A,
p(e) = e, and ¢'(e) = 2, we deduce that for those n large,

0<ANn) <e+A,/2.
Therefore,

2
e LA(X,n)?log(n) < elog(n) + A, log(n) + An{%g(n)
e
ca(1+X)

oa () + o(1).

= elog(n) + elog

This concludes the proof.

S6. Proofs related to the upper-bound on the best polynomial
approximation. In this section, we give the proofs of the results stated
in Section S4, regarding the construction of a polynomial of degree no more
than L achieving the approximation error of the Lemma 2 in the main
document.

S6.1. Proof of Lemma S3. Below we prove the items stated in Lemma S3.
The proofs mainly consist on driving the formula for a;(C) and getting sharp
estimates on |ag(C')| for various regimes governed by the ratio k/C.

PROOF OF ITEM (1). By doing the change of variable 2 + cos(f) in the
definition of ay(C), and using that T (cos#) = cos(kf) we obtain

1 —Cx
_ T (z)
C) = C/ £ g
ap(C) =e B — T
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S20 CAMERLENGHI, FAVARO, NAULET AND PANERO

= e_C/ e ¢80 cos(k)dH
0
= ﬂ-(_l)ke_clk(c)7
where we used [10, formula 10.32.3]. O

PROOF OF ITEM (2). The uniform convergence of the series is an imme-
diate consequence of the fact that |T;,(z)| < 1 for all z € [—1,1] and the
upper bound estimate on |a;(C)| obtained just after in item (3). O

PROOF OF ITEM (3). To prove the item, we use the classical bound on
the modified Bessel function obtained by Luke [7]. Indeed, for any k > BC,
we have

0<me “I(C) < %(g)k

< 7 (o)

< B { - (2]

where the first line comes from Luke [7], and the second line by Stirling’s
approximation. For k& > 2 we have 7/(2k) < 1. Thus, it is enough to take
By = e(1+D)/2, which concludes the proof. O

PRrROOF OF ITEM (4). We follow a similar path as in the Section B.3 of
the main document. Indeed, we can remark by Stirling’s formula that for
any p, k > 0 we have

(p+ k) > V2r(p+ k)p+k+1/2€*(p+k)’ pl >V 2mpPt1/2e,

Then, by defining ¢, () as in Section B.3 of the main document, we obtain
the upper bound,

eCL(C) < e;,c (5) + Z (pl+k) (&)
e ¢ ex
S K (5) o2 Z ;%

(S27)

We consider the first term of the rhs of the previous display. By Stirling’s
formula, we have

el -C
T (5) = a5
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—\/;Tkexp{ C+klog<2i)}
— = explécu0))

where ¢ (0) is defined by extending ¢¢ i, at zero by continuity. We remark
that,

¢ck(0) — dc k(o)
= —2x0 + xglogxg — klogk + (xo + k) log(zo + k) — 2x9 logg

= —2x0 — klogk + klog(xo + k) + J;0<log xo + log(zo + k) — 2log %)
—2z0 + klog (1 + %) — 200k (0)

—2x0 + klog (1 + %)

f; —X0.
It follows,
60(0>k < exp{dck(z0)} O o exp{ock(wo)} (1)
CRE Ve 2k Ve

as C' — oo, by remarking that C'/k < +/C and that k < BC, hence C/k >
B! and 2o > B'k > B'V/C — o for a universal constant B’ > 0.

We now consider the second term in the rhs of (S27). We let py be the
integer defined in Section B.3 of the main document, that is zo < pg < zo+1
is integer and ¢ ;(z9) = 0. Recall that z9 > B'k > B'VC — o for a
universal constant B’ > 0. Let G1 > 0 be a constant to be chosen accordingly
later, and let A; € IN be the only integer such that

xo —>(;1 xolog(xg) —1 <:141j§ xo —>(;1 xolog(xg).

By the previous discussion, we have 1 < A; < xg at least for L large enough.
Similarly, we let Go > 0 a constant to be chosen accordingly, and we let
As € IN be the only integer such that

xo + Gg(l + \/:L‘io) 10g($0) < Ay < 39 + Gg(l + \/?0) log(:cg) + 1.

Obviously Ay > xp. Then we decompose the sum in the rhs of (527) as

ZGXP{¢Ck b3S el | g ep(sor®)
Velp+k) G vele+k) o SE Velp+k)

S1 g; S3
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S22 CAMERLENGHI, FAVARO, NAULET AND PANERO

The conclusion of the proof follows by gathering the bounds for Sy, S2, and
Ss, which are derived in the paragraphs below, and by using that ¢¢ i (z0) =
—Cop(k/C).

Bound on S;. Let p € [1,A;]. We remark by a Taylor expansion that

e k(p) = dok(xo)+ 2(;5 (D) (p—m0)? for some p € (1,z). As for Section B.3
of the main document, we see that ol Ck x(P) < —1/zg. Therefore, remarking

that (p — 20)? > G%xglog(zo) for any 1 < p < A; (at least for L large
enough),

s < exp{¢0k 0)} Z xp( - xo)z)

Zo
w A\F ~G%/2
Ve VR
exp{ oo r(zo)}

= T‘O(l)v

where the last line follows by choosing G large enough, because Ay < xg,
C/k <V/C, and 2y > B'vVC — .

Bound on S3. Let A; < p < Ay. Then, |p — zo| = O(/zglog(wo)) as
C — oo. Further, it is easily seen that, as C' — oo,

sup  |¢¢x(x)| = sup (12+1)2>

x€[A1,A2] z€[A1,A2]

<2 sup —
z€[A1,A2] T
_ 21+ 0(1))

= 2
)

Therefore, by Taylor expansion, and as C' — oo,
3/2, 3
1 xy " log®(x
60(9) = beala0) + 20" (w0)(p - a0)? + O L8 0))
0

= be4(w0) + 50" (@) (p — 70)? + (1)

It follows,

Xp{¢0k C170 1 " 2
Sy < (1 + 0(1)) \/m = AZJrl (§¢ (xo)(p - $0) )

imsart-aos ver. 2014/10/16 file: CFNP_disclosure_suppmat_revised_final.tex date:

April 21,

2020



SUPPLEMENTARY MATERIAL S23

< (1ot L) 57 e (Gt

< (1+o0(1))- %{1”26@( )}

< (1 o) SRLCHID 4y (™ e (S0 (ao)i? )
0

xo(xo + k)
exp{ock(xo)} o
<o)~ 2 s Ut )

It is proven in the Section B.3 of the main document that zo(zo+k) = C2/4
and —¢¢ . (v0) = (4/C)+/1 + (k/C)2. It follows, as C' — oo,

exp{dc k(o) }
VO - (1+ (k/C)2)"/*
exp{¢ck(vo)}
Bound on S3. Let p > As. Remark that for L large enough we also have

p > x9 + +/xg. Then, by performing two Taylor expansions, we find that
there is T € (xo, o + /Zo) and p € (xg + \/Zo, p) such that

bck(p) = dck(wo + \/ﬁ) + ¢0 (D) (p — xo — /o)

Sy < V27m(1+ o(1))

<V2r(1+0(1))

= po k(o) + 500k (T)T0 + G (B) (P — w0 — /Z0)
§¢0k($0)+¢0k( p)(p — zo — v/Zo),

where the last line follows because ¢g,k(§:) < 0. By the results of Section B.3
of the main document, we can also see that

D p+ k
/ 5) — _1 2_1 p
bck(P) = pcr(wo) —log Py
=—1lo 2—lo Ptk
N & dy) B xo+ k
< —log &
Zo
<1 <1+ 1)
_lo =
g Zo
L
1+ /T
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S24 CAMERLENGHI, FAVARO, NAULET AND PANERO

Hence because p > zg + /o,

dck(p) < oo (o) — w.

It follows,

exp{dc (o)} _P—%0— /Ty
%3 < Vxo(ro + k) p; ( L+ /xo )

e - exp{ock(zo)} 4G
<
= Jao(@o + k) ;Oe - 1+r)

_e exp{ock(zo)} . %—G? (14 /).

xo(xo + k)

It is shown in Section B.3 of the main document that xo(zg + k) = C?/4.
Therefore, for C — oo and G sufficiently large,

exp{dcu(@o)}
JC

S6.2. Proof of Corollary S1. By item (2) of Lemma S3, we obtain im-
mediately that

(S28) Er(ve,[-1,1]) < sup |qr(z) o) < Jar(C
z€[—1,1] Iy

S3 = 0(1). Il

We let L' be the largest integer smaller than BC|, for B > 0 large enough.
Then, by the item (3) of Lemma S3, for any D > 0 we can choose By such
that for all B > By,

fllB(T

Z\ak |<Zeka< 1

k>L' k>L'

By taking B, D sufficiently large, the contribution of the previous display
in the rhs of (S28) is negligible. It remains to bound the sum from L + 1 to
L’ (note that for B large enough, we have L' > L). By the item item (4) of
Lemma S3, we obtain that

L' )7
|ak(C)] < V2r exp{—Cy(k/C)}
kzL;rl k kEL;rl vl
> exp{—Cp(z/C)}
<Vor /L oo =
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o0
= \/2770/ exp{—Cy(z)}dx,
L/C

where the second line follows because ¢ is monotone increasing on (L, c0),
because ¢’ > 0 (see for instance Section S6.3). Interestingly, the function
¢ is also monotone increasing (L/C, ), because ¢” > 0 (see again Sec-

tion S6.3). Hence, u > L/C < ¢'(u) > ¢'(L/C), and by Markov’s inequal-

ity,
2 Cy'(u) exp{ Co(u)}
S Jak(©0) <4/ 2 //C o

_ Jpn . ep{-Ce(L/C))
¢'(L/C)-VC
Now we remark that by a Taylor expansion we have u € (0,L/C), that is

u € (0,¢), such that ¢'(L/C) = ¢'(0) + ¢"(u) - L/C = ¢"(u) - L/C. In view
of Section S6.3, we deduce that

k=L+1

and thus,

L/
Y la(O)l < Ver(1+¢?)- \F R,

k=L+1

S6.3. Some results about the function . In this section, we collect some
facts about the function ¢ : Ry — R defined in (18) of the main document.
It is convenient to rewrite ¢ as

1
o(z):=1- 1+x2+§(—x+ 1+ 22)log(—z + V1 + 22)
1
+§(:1:+\/1+;C2)log(3:+ 14 a2).
Then,

(—x +V1+22)log(—x + V1 + 22 ) (x +V1+ a2 )log(x+\/1+x)
21 + 22 21+ 22

1 1 _ xz
ez 2 O = e

¢'(z) = —

@' (z) =
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By a Taylor expansion of ¢ near 0, we find that there is a y € (0,2) such
that

1 1 2
o) = 9(0) + ¢ (0)a + 3¢ (0)a + 5" () < T

because ¢(0) = ¢'(0) = 0 and ¢"(y) < 0 for all y > 0 by the computations
above. Similarly, there is y € (0, x) such that,

&' (@) < 1" ()] + " ()l |2] < |a].
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Fic S1. The normalized mean squared error as a function of the sampling fraction (1 +
A" when the distribution of the cell’s probabilities is a Zipf with parameter s = 0.6.
Each curve corresponds to a different estimator of 71 : i) the nonparametric estimator with
Binomial smoothing %IL ®; ii) the nonparametric estimator with Poisson smoothing 7°1L P i)
the naive nonparametric estimator 77" ; iv) the Bayesian nonparametric estimator 7 v)
the parametric empirical Bayes estimator 7 ; vi) the parametric empirical Bayes estimator
7. The shaded bands corresponds to one standard deviation.
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Fic S2. The normalized mean squared error as a function of the sampling fraction (1 +
A" when the distribution of the cell’s probabilities is a Zipf with parameter s = 0.8.
Each curve corresponds to a different estimator of 71 : i) the nonparametric estimator with
Binomial smoothing %IL ®; ii) the nonparametric estimator with Poisson smoothing 7°1L P i)
the naive nonparametric estimator 77" ; iv) the Bayesian nonparametric estimator 7 v)
the parametric empirical Bayes estimator 7 ; vi) the parametric empirical Bayes estimator
7. The shaded bands corresponds to one standard deviation.
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Fic S3. The normalized mean squared error as a function of the sampling fraction (1 +
\)"Y when the distribution of the cell’s probabilities is a Zipf with parameter s = 1.0.
Each curve corresponds to a different estimator of 71 : i) the nonparametric estimator with
Binomial smoothing %IL ®; ii) the nonparametric estimator with Poisson smoothing 7°1L P i)
the naive nonparametric estimator 77" ; iv) the Bayesian nonparametric estimator 7 v)
the parametric empirical Bayes estimator 7 ; vi) the parametric empirical Bayes estimator
7. The shaded bands corresponds to one standard deviation.
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Fic S4. The normalized mean squared error as a function of the sampling fraction (1 +
A)7Y when the cell’s probabilities are uniform distributed. Each curve corresponds to a
different estimator of T1: i) the nonparametric estimator with Binomial smoothing ?fb,‘
it) the nonparametric estimator with Poisson smoothing %IL P iii) the naive nonparametric
estimator 77 ; iv) the Bayesian nonparametric estimator 7 v) the parametric empirical
Bayes estimator 7L ; vi) the parametric empirical Bayes estimator 7. The shaded bands

corresponds to one standard deviation.
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F1G S5. The normalized mean squared error as a function of the sampling fraction (14X)™*
when the distribution of the cell’s probabilities is a uniform Dirichlet distribution with
respective parameter 8 = 0.5. Each curve corresponds to a different estimator of T1: 1) the
nonparametric estimator with Binomial smoothing 7A'1Lb; 1) the nonparametric estimator
with Poisson smoothing f'lL P ii1) the naive nonparametric estimator 7 i) the Bayesian
nonparametric estimator 717 ; v) the parametric empirical Bayes estimator 78, i) the
parametric empirical Bayes estimator #2. The shaded bands corresponds to one standard
deviation.
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FIG S6. The normalized mean squared error as a function of the sampling fraction (14X)™*
when the distribution of the cell’s probabilities is a uniform Dirichlet distribution with
respective parameter 8 = 1.0. Each curve corresponds to a different estimator of T1: 1) the
nonparametric estimator with Binomial smoothing 7A'1Lb; 1) the nonparametric estimator
with Poisson smoothing f'lL P ii1) the naive nonparametric estimator 7 i) the Bayesian
nonparametric estimator 717 ; v) the parametric empirical Bayes estimator 78, i) the
parametric empirical Bayes estimator #2. The shaded bands corresponds to one standard
deviation.
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S34 TABLES
| I Zipf 0.6 Zipf 0.8 Zipf 1 |
True 71 112780 82254 42397
7l 116533 € (115361,117704) 84478 € (83041,85916) 43370 € (41980, 44760)
e 124242 € (123380,125104) 89443 € (88195,90690) 45307 € (44188,46427)
il 32623 € (32580, 32666) 24436 € (24386, 24485) 12593 € (12555, 12630)
+Z 88030 < (87699, 88362) 40983 € (40833,41133) 14740 € (14688, 14792)
7B 64587 € (64525, 64650) 41815 € (41714,41915) 14362 € (14312, 14412)
7 71651 € (71543, 71759) 42022 € (41900,42145) 13738 € (13690, 13787)
I Uniform Dirichlet 0.5 Dirichlet 1
True 7 143375 92849 112468
2l 149823 € (149127, 150520) 95806 € (94658, 96955) 117449 € (116465, 118433)
#lr 157967 € (157408,158526) 108040 € (107174,108907) 128879 € (128150, 129607)
7 37424 € (37392, 37457) 33133 € (33086, 33181) 35147 € (35110,35184)
+Z 149121 € (148619, 149623) 98586 € (98178, 98993) 118696 € (118285,119106)
~B

71141 € (71110, 71172)
84631 € (84565, 84697)

(
66620 € (66568, 66672)
75504 € (75404, 75604)

68820 € (68782, 68858)
79853 € (79776, 79930)
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TABLE S1

Estimation of 11 for several simulated scenarios, when the size of the population is

7 =10% and (A 4+ 1)™' = 1/5. Each column corresponds to a different choice of the
distribution over the cells’ probabilities. The first line displays the true value of 11, while

the other rows contain the estimates and the empirical bands based on one standard
deviation. All the experiments are averaged over 100 iterations.
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Chapter 6
Discussion

This final chapter contains the summary of the work presented in this thesis

and suggestions for possible research directions.

6.1 Summary

This thesis contains four pieces of work regarding two statistical modelling

challenges: networks and disclosure risk assessment.

In chapter 2, I presented a novel methodology to describe sparse and dense
spatial networks. This random graph model relies on completely random
measures as prior distributions for the variables of the model to achieve desir-
able network properties such as sparsity, power-law degree distributions for
low degree nodes and positive clustering. We describe how to sample from
the model in sub-quadratic time. We provide a Markov Chain Monte Carlo
algorithm to sample from an approximate posterior distribution of the model’s
parameters and variables and show that the algorithm works well on simulated
data. The Bayesian approach allows conveniently to quantify the uncertainty

in the estimations.

Chapter 3 deals with the asymptotic studies on graphs generated in the graphex

process framework, under some regular variation assumptions. We provide
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the relation between number of nodes and edges and show how the graphex
process can describe both sparse and dense networks. We show under which
assumptions it is possible to obtain a power-law degree distribution for low
degree nodes and a double power-law with different exponents for high and
low degrees. We provide the asymptotic limits for the global and average local
clustering coefficients and prove central limit theorems for the number of nodes
and subgraph counts. To show some practical cases, we apply these results to
numerous sparse graphon functions. Finally, we extend some of the findings to
a framework enhanced by local properties, for example spatial structures or

communities.

Chapter 4 presents a study of statistical quantification of disclosure risk in
terms of the number of individuals whose answers in a microdata file make
them uniques in the sample and in the underlying population. The estimation
is based on a prior distribution commonly used in Bayesian nonparametric, the
Pitman—Yor process, from which the estimator inherits a convenient closed-
form representation of its posterior distribution, a scheme to sample efficiently
from it and quantify the uncertainty of the estimate. We show empirically on
simulated and real data that the estimator is particularly well suited to describe

populations generated under distributions with power-law or geometric tails.

Chapter 5 is chronologically the first work I did on statistical estimation of
disclosure risk. The work was motivated by the desire to find an estimator
for the number of sample uniques that are also population uniques without
assuming any shape on the distribution of the population. Our proposal is fully
nonparametric and is very easy to understand and compute. We prove that
the estimator is optimal since, under an assumption on the relative sample
size, it has vanishing normalised mean squared error with matching upper
and lower bounds, and when this assumption is violated it is impossible to
find a nonparametric estimator with guarantees of vanishing error. This study
motivated the need of a more specific assumption on the distribution of the

population, which subsequently gave birth to the idea for chapter 4.
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6.2 Extentions

The papers and manuscripts I have presented open some questions that require
further investigations and could lead to new research directions. I will explore

some of them here.

6.2.1 Efficient inference for sparse spatial random graphs

Chapter 2 provides an inference scheme, reliant on MCMC techniques, to
sample from an approximation of the posterior distribution of the variables and
parameters of the model. The time complexity of such algorithm is squared
in the number of nodes and therefore cannot be run in a reasonable time
on datasets with more than a few thousands of nodes. To insure a wider
applicability of the proposed model, a faster algorithm is required. Inspired by
the work of [Rastelli et al., 2018], an accessible possibility would be to find an
approximation of the likelihood function which relies on partitions of the space
domain and of the sociability layers, as already done in the sampling scheme
proposed in chapter 2. Another possibility, more challenging yet more elegant
and leading to an exact algorithm, would be to use Poisson-minibatching
methods, as proposed in [Zhang and De Sa, 2019]. This technique requires
to find new auxiliary Poisson variables whose presence induces an augmented
joint likelihood with lower computational complexity.

As the influence of space on the connection function increases, so do the chal-
lenges brought by the multimodal posterior. The second direction to develop a
more efficient algorithm is that of parallel tempering techniques ([Swendsen and
Wang, 1986]), which would encourage the Markov chains to explore different

regions of the space and not to get stuck in local optima.

6.2.2 Small worldness and spatial asymptotics

An interesting property of real networks is that it is possible to traverse the
network with a surprisingly low number of steps, quantified as proportional to

the logarithm of the number of nodes. Scale-free networks usually induce this
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behaviour, and it would be exciting to understand if it holds true in the case of
the sparse spatial random graphs and how the distance changes as a function
of 4. From similar studies in [Deprez and Wiithrich, 2018], I expect small
and ultra small world effects to hold, depending on the relation between the
parameter tuning the effects of the distance ~, the exponent of the regularly
varying distribution of the sociability weights o and the dimension of the space
of locations d. Similarly, it could be interesting to explore the percolation

properties of such model to understand the emergence of a giant component.

The asymptotic properties of networks generated under the graphex framework
proved in chapter 2 and chapter 3 have always been studied as functions of the
time of appearance of the nodes t. No less important would be to explore the
world of asymptotics in space, as Tyax tends to infinity. This would also allow
to compare more easily the sparse spatial random graph with other spatial

network models in the literature.

6.2.3 Applications of spatial network models

The sparse spatial random graph model of chapter 2 has been applied so far
only to simulated data, while testing it on real world data remains to be
explored. 1 would start from the US airport dataset illustrated in fig. 1.1.
Airports have real locations to test against and therefore it would be easy
to understand if the model is able to elicit spatial information by studying
the correlation between the inferred locations and the longitude and latitude
of the nodes. A space of dimension d = 2 and a geodesic distance function
seem to be the most natural choices to describe such network, but it would be
interesting to understand if different configurations could reveal other insights.
Furthermore, [Li and Cai, 2004] and [Paleari et al., 2010] observed that some
airports networks display a double power-law degree distribution with different
exponents for large and small degree nodes. The use of CRMs such as the
generalised gamma Pareto process (as constructed in [Ayed et al., 2019]) as
prior for the sociability weights could induce such behaviour and might provide
a better fit of the degree distribution.
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Many biological applications can be described by networks which are influenced
by their spatial structure. An example of this is neuroscience. The network of
connectomes, white matter fibers in the brain, are determined by a mixture
of their concrete spatial coordinates and an additional latent structure (for
example, see [Aliverti and Durante, 2019]). The degree distribution of such
networks seem to be better described by the Weibull distribution or a power-
law with exponential cut-off, instead of pure power-laws ([Gastner and Odor,
2016]). It would be interesting to study the performance of the sparse spatial
random graph model on brain networks characterised by the power-law with
exponential cut-off. More challenging, but possibly more interesting, would
be the opportunity to modify the model to accommodate different types of

degree distributions.

6.2.4 Disclosure risk assessment in presence of struc-

tural zeros

In the setting of disclosure risk assessment, a question of modelling interest
is that of structural zeros. Structural zeros are defined as combinations of
individual records that are impossible to observe (for example, an 8 years old
with kids). Since they represent impossible combinations, it would be wise to
account for them in the modelling scheme. A possibility is to employ spike
and slab priors that mix two probability distributions, the first being that
chosen for the observable combinations (for example, the Pitman—Yor process
in chapter 4) and the second being the Dirac measure at 0 for structural zeros.
Examples of such priors can be found in [Scarpa and Dunson, 2009] and [Canale
et al., 2017].
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