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Abstract

There is a growing interest in the estimation of the number of unseen features, mostly driven
by biological applications. A recent work brought out a peculiar property of the popular com-
pletely random measures (CRMs) as prior models in Bayesian nonparametric (BNP) inference
for the unseen-features problem: for fixed prior’s parameters, they all lead to a Poisson posterior
distribution for the number of unseen features, which depends on the sampling information only
through the sample size. CRMs are thus not a flexible prior model for the unseen-features prob-
lem and, while the Poisson posterior distribution may be appealing for analytical tractability and
ease of interpretability, its independence from the sampling information makes the BNP approach
a questionable oversimplification, with posterior inferences being completely determined by the
estimation of unknown prior’s parameters. In this paper, we introduce the stable-Beta scaled
process (SB-SP) prior, and we show that it allows to enrich the posterior distribution of the
number of unseen features arising under CRM priors, while maintaining its analytical tractability
and interpretability. That is, the SB-SP prior leads to a negative Binomial posterior distribu-
tion, which depends on the sampling information through the sample size and the number of
distinct features, with corresponding estimates being simple, linear in the sampling information
and computationally efficient. We apply our BNP approach to synthetic data and to real cancer

genomic data, showing that: i) it outperforms the most popular parametric and nonparametric
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competitors in terms of estimation accuracy; ii) it provides improved coverage for the estimation

with respect to a BNP approach under CRM priors.

KEYWORDS:  Bayesian nonparametrics, Beta process prior, completely random measure, genetic

variation, predictive distribution, scaled process prior, stable process, unseen-features problem

1 Introduction

The problem of estimating the number of unseen features generalizes the popular unseen-species
problem [Orlitsky et al., 2016], and its importance has grown dramatically in recent years, driven by
applications in biological sciences [lonita-Laza et al., 2009, Gravel, 2014, Zou et al., 2016, Chakraborty
et al., 2019]. Consider a generic population in which each individual is endowed with a finite collection
of W-valued features, with W possibly being an infinite space, and denote by p; the probability that
an individual has feature w; € W for ¢ > 1. The unseen-features problem assumes N > 1 observable
random samples Z1.y = (Z1,..., Zy) from the population, such that Z,, = (A4, ;);>1 are independent
Bernoulli random variables with unknown parameters (p;);>1. Then, the goal is to estimate the

number of hitherto unseen features that would be observed if M > 1 additional samples were collected,

U:Z]l <2N:AM-O> 1 (i ANt >0>,

i>1 n=1 m=1

ie.

with 1 being the indicator function. The unseen-species problem arises under the assumption that
each individual is endowed with only one feature, i.e. a species. A wide range of approaches have
been developed to estimate U, including Bayesian methods [lonita-Laza et al., 2009, Masoero et al.,
2021], jackknife [Gravel, 2014], linear programming [Zou et al., 2016], and variations of Good-Toulmin
estimators [Orlitsky et al., 2016, Chakraborty et al., 2019].

In biological sciences, we may think of individuals as organisms and of features as groups to which
organisms belong to, with each group being defined by any difference in the genome relative to a
reference genome, i.e. a (genetic) variant. In human biology, the estimation of U arises in the context
of optimal allocation of resources between quantity and quality in genetic experiments: spending
resources to sequence a greater number of genomes (quantity), which reveals more about variation
across the population, or spending resources to sequence genomes with increased accuracy (quality),
which reveals more about individual organisms’ genomes. Accurate estimates of U are critical in the
experimental pipeline towards the goal of maximizing the usefulness of experiments under the trade-off
between quantity and quality [lonita-Laza and Laird, 2010, Zou et al., 2016]. While in human-biology
the cost of sequencing has decreased in recent years [Schwarze et al., 2020], the expense remains non-
trivial, and it is still critical in fields where scientists work with relatively budgets, e.g. non-human and
non-model organisms [Souza et al., 2017]. Other applications arise in precision medicine [Momozawa
and Mizukami, 2020], microbiome analysis [Sanders et al., 2019], single-cell sequencing [Zhang et al.,
2020] and wildlife monitoring [Johansson et al., 2020].



1.1 Owur contributions

We introduce a Bayesian nonparametric (BNP) approach to the unseen-features problem, which relies
on a novel prior distribution for the unknown (p;);>1. Completely random measures (CRMs) [King-
man, 1992] provide a broad class of nonparametric priors for feature sampling problems, the most
popular being the stable-Beta process prior [James, 2017, Broderick et al., 2018]. In a recent work,
Masoero et al. [2021] brought out a peculiar feature of CRM priors in the unseen-features problem:
they all lead to a Poisson posterior distribution of U, given Z;.n and fixed prior’s parameters, which
depends on Z3.ny only through the sample size N. Despite the broadness of the class of CRM priors,
such a common Poisson posterior structure makes CRMs not a flexible prior model for the unseen-
features problem. While the Poisson posterior distribution may be appealing in principle, making
posterior inferences analytically tractable and easy to interpret, its independence from Z;.n makes
the BNP approach a questionable oversimplification, with posterior inferences being completely de-
termined by the estimation of the unknown prior’s parameters. A somehow similar scenario occurs in
BNP inference for the unseen-species problem under a Dirichlet process (DP) prior [Ferguson, 1973],
and led to the use of the Pitman-Yor process (PYP) prior [Pitman and Yor, 1997] for enriching the
posterior distribution of the number of unseen species, while maintaining analytical tractability and
interpretability of the DP prior [Lijoi et al., 2007].

We show that scaled process (SP) priors, first introduced in James et al. [2015], allow to enrich
the posterior distribution of U arising under CRM priors. Under SP priors, we characterize the
posterior distribution of U as a mixture of Poisson distributions that may include, through the mixing
distribution, the whole sampling information in terms of the number of distinct features and their
frequencies. While this is appealing in principle, it may be at stake with analytical tractability and
interpretability, which are critical for a concrete use of SP priors. Then, we introduce the stable-Beta
SP (SB-SP) prior, which provides a sensible trade-off between the amount of sampling information
introduced in the posterior distribution of U, and analytical tractability and interpretability of the
posterior inferences. In particular, we characterize the SB-SP prior as the sole SP prior for which
the posterior distribution of U, given Z;.5 and fixed prior’s parameters, depends on Zi.5 through
the sample size N and the number Ky of distinct features; the SB-SP may thus be considered as the
natural counterpart of the PYP for the unseen-feature problem. Under the SB-SP prior, the posterior
distribution of U, as well as of a refinement of U that deals with the number of unseen rare features,
is a negative Binomial posterior distributions, whose parameters depend on N, Ky and the prior’s
parameters. Corresponding Bayesian estimates of U, with respect to a squared loss function, are
simple, linear in K and computationally efficient.

We present an empirical validation of the effectiveness of our BNP methodology, both on synthetic
and real data. As for real data, we consider cancer genomic data, where the goal is to estimate
the number of new (genomic) variants to be discovered in future unobservable samples. In cancer
genomics, accurate estimates of the number of new variants is of particular importance, as it might
help practitioners understand the site of origin of cancers, as well as the clonal origin of metastasis,
and in turn be a useful tool to develop effective clinical strategies [Chakraborty et al., 2019, Huyghe
et al., 2019]. We make use of data from the cancer genome atlas (TCGA), and focus on the chal-

lenging scenario in which the sample size N is particularly small, and also small with respect to the



extrapolation size M. Such a scenario is of interest in genomic applications, where only few samples
of rare cancer might be available. We show that our BNP methodology outperforms the most popular
parametric and nonparametric competitors, both classical (frequentist) and Bayesian, in terms of es-
timation accuracy of U and a refinement of U for rare features. In addition, with respect to the BNP
approach under the stable-Beta process prior [Masoero et al., 2021], our approach provides improved
coverage for the estimation. This is an empirical evidence of the effectiveness of replacing the Poisson
posterior distribution with the negative Binomial posterior distribution, which allows to better exploit

the sampling information.

1.2 Organization of the paper

In Section 2 we show how SP priors allow to enrich the posterior distribution of U arising under
CRM priors. In Section 3 we introduce and investigate the SB-SP prior in the context of the unseen-
features problem: i) we characterize the SB-SP prior in the class of SP priors, providing its predictive
distribution; ii) we apply the SB-SP prior to the unseen-features problem, providing the posterior
distribution of U and a BNP estimator. Section 4 contains illustrations of our method. In Section
5 we discuss our approach, a multivariate extension of it, and future research directions. Proofs and

additional experiments are in the Appendix.

2 Scaled process priors for feature sampling problems

For a measurable space of features W, we assume N > 1 observable individuals to be modeled as a
random sample Z;.y from the {0, 1}-valued stochastic process Z(w) = 3. Aidw, (w), w € W, where
(w;);>1 are features in W and (A;);>1 are independent Bernoulli random variables with unknown
parameters (p;);>1, p; being the probability that an individual has feature w;, for ¢ > 1. That is, Z
is a Bernoulli process with parameter ( = )", pidw,, denoted as BeP(¢). BNP inference for feature
sampling problems relies on the specification of a prior distribution on the discrete measure (, leading
to the BNP-Bernoulli model,

Zol¢ ™ BeP(¢) n=1,...,N, (1)
¢ ~ Z,

namely ( is a discrete random measure on W whose law % takes on the interpretation of a prior
distribution for the unknown feature’s composition of the population. By de Finetti’s theorem, the
random variables Z,’s in (1) are exchangeable with directing measure 2 [Aldous, 1983]. In this
section, we show how SP priors for ¢ [James et al., 2015] allow to enrich the posterior distribution of

the number of unseen features arising under CRM priors.

2.1 CRM priors for Bernoulli processes

CRMs provide a standard tool to define nonparametric prior distributions on the parameter ¢ of the

Bernoulli process Z. Consider a homogeneous CRM pig on W, ie. ig = > ;5 pidw,, where the p;’s



are (0, 1)-valued random atoms such that ) .., p; < +00, while the W;’s are i.i.d. W-valued random
locations independent of the p;’s. The law 0f7u0 is characterized, through Lévy-Khintchine formula,
by the Lévy intensity measure vg(ds,dw) = Ag(s)dsP(dw) on (0,1) x W, where: i) \g is a measure on
(0,1), which controls the distribution of the p;’s, and such that f(o,l) min{s, 1}Ag(s)ds < +oo; ii) P is
a non-atomic measure on W, which controls the distribution of the W;’s. For short, g ~ CRM(vy).
See Appendix A for an account on CRMs [Kingman, 1992, Chapter 8]. Note that, since P is non-
atomic, the random atoms W;’s are almost surely distinct, that is to say the different features cannot
coincide almost surely. The law of pg provides a natural prior distribution for the parameter ¢ of the
Bernoulli process. The Beta and the stable-Beta processes are popular examples of 1o ~ CRM(vyp),
for suitable specifications of vy. A comprehensive posterior analysis of CRM priors is presented in
James [2017]. In the next proposition, we recall the predictive distribution of CRM priors [James,
2017, Proposition 3.2].

Proposition 1. Let Z1.n be a random sample from (1) with { ~ CRM(vy). If Z1.n displays Ky = k
distinct features {Wf,...7WI*(N}, each feature W} appearing exactly My, = m; times, then the

conditional distribution of Zn41, given Zy.n, coincides with the distribution of

KN
d
Iny1lZvn = 2y + ZAN+1,¢5W;, (2)
i=1
where: i) Zni 1|y = dis1 Ang1:0w; ~ BeP(ug) and pg ~ CRM(vp), with vy(ds,dw) = (1 —
$)NXo(s)dsP(dw); i) the Any1,:’s are independent Bernoulli random variables with parameters J;’s,
such that J; is distributed according to the density function fj,(s) o< (1 — s)N=mismiNg(s) fori > 1.

According to (2), Zy41 displays “new” features W/’s, i.e. features not appearing in the initial
sample Z;.n, and “old” features W,*’s, i.e. features appeared in the initial sample Z;.n. The posterior
distribution of statistics of “new” features is determined by the law of Z},, which depends on Z;.x
only through the sample size IV; the posterior distribution of statistics of “old” features is determined
by the law of ZlSiSKN AN+1J(5W;, which depends on Zy.n through the sample size N, the number
K of distinct features and their frequencies (My 1,..., Mn k). As a corollary of Proposition 1,
the posterior distribution of the number of “new” features in (Zni1,-..,ZN+M), given Z1.n and
fixed prior’s parameters, is a Poisson distribution that depends on Zj.y only through N [Masoero
et al., 2021]. Such a posterior structure is peculiar to CRM priors, being inherited by the Poisson
process formulation of CRMs [Kingman, 1992]. That is, despite the broadness of the class of CRM
priors, all CRM priors lead to the same Poisson posterior structure for the number of unseen features,
which thus makes them not a flexible prior model for the unseen-features problem. While the Poisson
posterior distribution may be appealing in principle, making the posterior inferences analytically
tractable and of easy interpretability, its independence from Z;.5 makes the BNP approach under
CRM priors a questionable oversimplification, with posterior inferences being completely determined

by the estimation of unknown prior’s parameters.

Remark 1. For the sake of mathematical convenience, and in agreement with the work of James
[2017], in the sequel we maintain the random measure formulation for both the prior model py and the

Bernoulli processes Z,,. However, we point out that each Z, is equivalently characterized by means



of the Bernoulli variables (A, ;)i>1 and the random features (W;);>1. In other terms, there exits
a one-to-one correspondence between Z, and the sequence of points {(An ., Wi)}ti>1. Finally, note
that, although the values of features’ labels W; are immaterial, the features W;’s are assumed to be
random. This is in line with the BNP literature on species sampling models, where the species’ labels

are assumed to be random [Pitman, 1996].

2.2 SP priors for Bernoulli processes

Consider a homogeneous CRM p = .. 70w, on W, where the 7;’s are non-negative and such that
>i>1Ti < +oo, and the Wy's are iid. and independent of the 7;’s. We denote by v(ds,dw) =
A(s)dsP(dw) on Ry x W, with f]R+ min{s, 1}A(s)ds < 400, the Lévy intensity measure of u. Let
A1 > A > ... be the decreasingly ordered 7;’s, and consider the discrete random measure

Aip

A, = A oW, i1
N 1
i>1

such that A;11/A; € (0,1), fori > 1, and >, Ajy1/Ay < +00. A SP on W is defined from pia,
as follows. Let Fa,(da) = exp {— [ A(s)ds} /\_(a)da be the distribution of A; [Ferguson and Klass,
1972, pg. 1636], and let G, be the conditional distribution of (A;4+1/A1);>1 given Ay = a. Moreover,
let Ay, denote a random variable whose distribution has a density function fa, ,(a) = h(a)fa,(a),
where h is a non-negative function and fa, is the density function of Fa,. If (p;)i>1 are (0, 1)-valued

random variables with distribution G, , then

KAy, = Zpi6Wi+1~ (3)

i>1

is a SP. For short, ua,, ~ SP(v,h). The law of pa, , is a prior distribution for the parameter ¢ of
the Bernoulli process. The next proposition characterizes the predictive distribution of SP priors. See

also James et al. [2015, Proposition 2.2] for a posterior analysis of SP priors.

Proposition 2. Let Z1.5 be a random sample from (1) with ¢ ~ SP(v, h). If Z1.n displays Ky =k
distinct features {Wl*,...,Wl*(N}, each feature W appearing exactly My, = m; times, then the

conditional distribution of Ay, given Zy.n, has a density function of the form

e, fol s™i(1 — s)N=mig\(as)ds
exp {25:1 fol s(1 — s)"~laX(as)ds

9A1 4w | Zin (a) S8

}fAl,h(a)- (4)

Moreover, the conditional distribution of Zny1, given (A1 p, Z1.n), coincides with the distribution of

Kn
Znir | (Dup, Zun) £ Ziv gy + > Anjridwr, (5)

i=1
where: i) Zj iy |, = 2is1 Any1,i0wy ~ BeP(uh, ) and iy, [Arp ~ CRM(vy, ), with
VA, (ds, dw) = (1 — s)N Ay pA(sA1 p)L(0,1)(s)dsP(dw); i) the Any1,’s are independent Bernoulli

random variables with parameters J;’s, respectively, such that J; | Ay, is distributed according to the



density function f, |, (s) o< (1 — )N "™is™ Ay nA(A1p8)L(0,1)(s)ds fori> 1.

See Appendix B for the proof of Proposition 2. The marginalization of (5) with respect to (4) leads
to the predictive distribution of SP priors: i) Zy1 displays “new” features W/’s, and the posterior
distribution of statistics of “new” features, given Zi.n, is determined by the law of (Aqp,Zj +1)i
i) Zn41 displays “old” features W}’s, and the posterior distribution of statistics of “old” features,
given Zy41, is determined by the law of (A1, > 1 <;< AN+1,:0w;). Because of (4) and (5), the
law of (A1 4, Z ;) may include the whole sampling information, depending on the specification of v
and h, and hence the posterior distribution of statistics of “new” features, given Z.y, also includes
such an information. As a corollary of Proposition 2, the posterior distribution of the number of
unseen features, given Zp.n and fixed prior’s parameters, is a mixture of Poisson distributions that
may include the whole sampling information; in particular, the amount of sampling information in the
posterior distribution is uniquely determined by the mixing distribution, namely by the conditional
distribution of Ay p,, given Zi.n. SP priors thus allow to enrich the Poisson posterior structure arising
from CRM priors, in terms of both a more flexible distribution and the inclusion of more sampling
information than the sole sample size N, though they may lead to unwieldy posterior inferences due
to the marginalization with respect to (4).

The use of the sampling information in the predictive structure of SPs somehow resembles that of
Poisson-Kingman (PK) models [Pitman, 2006]. PK models form a broad class of nonparametric priors
for species sampling problems. The DP prior is a PK model whose predictive distribution is such that:
i) the conditional probability that the (N +1)-th draw is a “new” species, given N observable samples,
depends only on the sample size; ii) the conditional probability that the (N + 1)-th draw is an “old”
species, given N observable samples, depends on the sample size, the number of distinct species and
their frequencies. Such a behaviour resembles that of CRM priors, i.e. Proposition 1. PK models allow
to include more sampling information in the probability of discovering a “new species” arising under
the DP prior, which typically determines a loss of the analytical tractability of posterior inferences
for the number of unseen species [Bacallado et al., 2017]. Such a behaviour resembles that of SP
priors, i.e. Proposition 2. The PYP prior is arguably the most popular PK model. It stands out for
enriching the probability of discovering a “new” species arising under the DP prior, by including the
sampling information on the number of distinct species, while maintaining the analytical tractability

and interpretability of the DP prior.

3 Stable-Beta Scaled Process (SB-SP) priors for the unseen-

features problem

In Section 2 we showed how SP priors allow to enrich the Poisson posterior structure of the number
of unseen features arising under CRM priors, e.g. the Beta and the stable-Beta process priors. While
this is an appealing property, it may lead to a lack of analytical tractability and interpretability of
posterior inferences, thus making SP priors not of practical interest in applications. In this section,
we introduce and investigate a peculiar SP prior, which is referred to as the SB-SP prior, and we show

that: i) it leads to a negative Binomial posterior distribution for the number of unseen features, which



generalizes the Poisson distribution while maintaining its analytical tractability and interpretability;
ii) it leads to a posterior distribution for the number of unseen features, which depends on the sampling
through the sample size and the number of distinct features. The SB-SP prior thus provides a sensible
trade-off between the enrichment of the Poisson posterior structure of the number of unseen features
arising under CRM priors and the analytical tractability and interpretability of posterior inferences.
In particular, we characterize the SB-SP prior as the sole SP prior for which the posterior distribution
of the number of unseen features depends on the observable sample only through the sample size and
the number of distinct features. The SB-SP may thus be considered as a natural counterpart of the

PYP for the unseen-feature problem.

3.1 SB-SP priors for Bernoulli processes

Stable scaled processes (S-SP) [James et al., 2015] form a subclass of SPs, and hence their definition
follows from Section 2. In particular, for any o € (0,1), let p, be the o-stable CRM on W [Kingman,
1975], which is characterized by the Lévy intensity measure v, (ds,dw) = A\, (s)dsP(dw) on Ry x W,
with f]R+ min{s, 1}\,(s)ds < +oo, where \,(s) = 057 177. We recall that the largest atom A; of p,

is distributed according to the density function

fa,(a) = ca "7 exp {—a“’} . (6)

That is, A1 = E~1/9, where E denotes a negative exponential random variable with parameter 1.
For any non-negative function h, a S-SP on W is defined as the SP with law SP(v,,h). S-SP priors
generalizes the Beta process prior, which is recovered by setting h to be the identity function, and
then letting o — 0 [James et al., 2015]. The predictive distribution of { ~ SP(v,, h) is obtained from
Proposition 2. In the next theorem, we characterize the S-SP priors as the sole SP priors for which
the conditional distribution of Ay, given Z;.n, depends on Zy.n only through the sample size N and

the number K of distinct features in Zy.y.

Theorem 1. Let Zi.ny be a random sample from (1) with { ~ SP(v,h), and let Zi.n displays
Ky distinct features with corresponding frequencies (Mn1,. .., Mn ky). Moreover, let v(ds,dw) =
A(s)dsP(dw), and let fa,, be the density function of Ayp. If fa,, > 0 on Ry and the functions
A and fa,, are continuously differentiable, then the conditional distribution of Ay, given Zi.n,

depends on Z1.n only through N and Ky if and only if v = v,.

See Appendix C for the proof of Theorem 1. We recall from Section 2 that the conditional
distribution of A; 5, given Z; n, uniquely determines the amount of sampling information included in
the posterior distribution of statistics of “new” features. Then, according to Theorem 1, S-SP priors
are the sole SP priors for which the posterior distribution of the number of unseen features, given Z;.n
and fixed prior’s parameters, depends on Z. only through N and K. As a corollary of Theorem 1,
the Beta process prior is the sole S-SP prior for which the posterior distribution of statistics of “new”
features depends on Z;.n only through N. Analogous predictive characterizations are well-known in
species sampling problems, and they are typically referred to as “sufficientness” postulates’ [Bacallado

et al., 2017]. In particular, the DP prior is characterized as the sole species sampling prior for which



the conditional probability that the (N + 1)-th draw is a “new” species, given N observable samples,
depends only on the sample size [Regazzini, 1978]. Moreover, the PYP prior is characterized as the
sole species sampling prior for which the conditional probability that the (N + 1)-th draw is a “new”
species, given N observable samples, depends only on the sample size and the number of distinct
species in the sample [Zabell, 2005]. Theorem 1 provides a “sufficientness” postulates’ in the context
of feature sampling problems.

As a noteworthy example of S-SPs, we introduce the SB-SP. The SB-SP is a S-SP obtained by a
suitable specification of the non-negative function h. In particular, for any ¢, 8 > 0 let

6c+1
heg(a) = =———a~“exp {—(6 - 1)a_"} , (7)

I(c+1)
where T'(-) denotes the Gamma function. Then a SB-SP on W is defined as the SP with law
SP(vy, heg). For short, we denote the law of a SB-SP by SB-SP(o,c¢, 5). The SB-SP prior gen-
eralizes the Beta process prior, which is recovered by setting ¢ = 0 and 8 = 1, and then letting
o — 0. According to the construction of SPs, the distribution of Al,hc, 5 has a density function
obtained by combining (6) and (7); this is a polynomial-exponential tilting of the density function
(6). In particular, Aizcﬁ is distributed as a Gamma distribution with shape (¢ + 1) and rate /5.
Such a straightforward distribution for Ay, is at the core of the analytical tractability of poste-
rior inferences under the SB-SP prior; this fact will be clear in the application of the SB-SP prior
to the problem of estimating the number of unseen features. The next proposition characterizes the

predictive distribution of the SB-SP prior.

Proposition 3. Let Z1.x be a random sample from (1) with ¢ ~ SB-SP(o,¢,3). If Z1.n displays
Ky =k distinct features {W7, ..., W]*(N}, each feature W appearing exactly My ; = m; times, then

(3

the conditional distribution of A1 n, 4, given Zi.n, has a density function of the form

c,B?
(N)\k+c+1
B+ ") ko (et D)o—1 —a— (B4
gAl,;LC,B | Z1i:in (a) = UI‘(/CE-—C—i-l)a ko—(ct+1)o—1, B+ )7 (8)
where ’y(()N) = UZlSiSN B(1 — o,i), with B(-,-) being the (Fuler) Beta function. Moreover, the

conditional distribution of Zn411, given (Al,hcﬁ,Zl:N), coincides with the distribution of

Kn
ZNy1 | (Aih, sy Z1:N) < Zyni1+ ZAN+1,1'5W;‘, 9)

=1

where:

i) ZJ/V+1 |/L/A1,,Lc’ﬁ = 2121 A9V+1,1‘5Wi’ ~ BeP(UlALh
with

Cﬁ) such that u'Al,hcﬁ PANWINES CRM(V’AMC#)’

V/Al,hc,ﬁ (ds, dw) = Aizl,hcﬂ (1-— S)Nas_l_“]l(oyl)(S)dsP(dw);

i) the Ant1,’s are independent Bernoulli random variables with parameters J;’s, respectively, such



that each J; | Ay p, , is distributed according to a density function of the form

c.B

1

(S): B(mi—a,N—mi—i—l)

Smiig(l — S)Nﬁmi+1]1(0)1)(3).

friann,,

See Appendix C for the proof of Proposition 3. According to Equation (8), the conditional distri-
bution of ALhc,B’ given Zy.y, depends on Z;.y only through the sample size N and the number Ky of
distinct features in Z7.y. This agrees with Theorem 1, implying that the posterior distribution of the
number of unseen features, given Z1.5 and fixed prior’s parameters, depends on Zi.5 only through
N and Ky. Because of (8) and (9), the posterior distribution of statistics of “new” features stands
out for analytical tractability, thus being competitive with that arising from CRMs, e.g. the Beta
and the stable-Beta processes. In particular, from Equation (9), the conditional distribution of Z},_ |,
given (Al,hc,[“ Zi1.n) is a Poisson distribution that depends on Z;.y only through N. Then, from
(8), its marginalization with respect to the conditional distribution of Aj p, ,, given Z1.y, leads to a
negative Binomial posterior distribution. Such an appealing property arises from the peculiar form
he,5 that, combined with v,, leads to a conjugacy property for the conditional distribution of A;

c,B8?
given Z1.y. That is, the conditional distribution of AIZC o given Z1.y, is a Gamma distribution with

shape (Ky 4+ ¢+ 1) and rate 8 + véN), which is the distribution A;7  with shape and rate being
updated through Z;.n. The next proposition establishes the distribution of a random sample Z7.y
from a SB-SP prior. See Appendix C for details.

Proposition 4. Let Zy.5 be a random sample from (1) with { ~ SB-SP(o, ¢, 8). The probability that

Z1.N displays a particular feature allocation of k distinct features with frequencies (mq,...,mg) is
o ﬂ(‘+l & )
(N) B+t D(m D(N —m; + 1
P (may e me) = S H wﬂ) . (10)

Tlhtcrl) i=1

3.2 BNP inference for the unseen-features problem

Now, we apply the SB-SP prior to the unseen-features problem. For any N > 1 let Z;.n be an
observable sample modeled as the BNP Bernoulli model (1), with { ~ SB-SP(o,¢,3). Moreover,
under the same model of the Z,’s, for any M > 1 let (Zn41,...,ZNn+m) be additional unobservable

sample. Then, the unseen-feature problem calls for the estimation of

=1 (Z AN ymi > 0) (Z Api= 0) , (11)

i>1

namely the number of hitherto unseen features that would be observed in (Zn1,...,Zn+nm). As

generalization of the unseen-feature problem (11), for » > 1 we consider the estimation of

N
U(M7) Z]I<ZAN+m1T>1<ZAn’iO>’ (12)

i>1
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namely the number of hitherto unseen features that would be observed with prevalence rin (Zn41,..., ZN+M)-
Of special interest is r = 1, which concerns rare (unique) features. The next theorem characterizes
the posterior distributions of UN and Uy, (M,r ), given Z1.n. We denote by NegativeBinonial(n, p) the

negative Binomial distribution with parameter n and p € (0, 1).

Theorem 2. Let Zy.y be a random sample from (1) with { ~ SB-SP(o,c¢, ), and let Z1.n displays
Kn = k distinct features with frequencies (M 1,..., My ky) = (m1,...,my). Then, the posterior
distributions of U](VM) and of U](VM’T), given Z1.n, coincide with the distributions of

(M)
U](VM) | Z1.n ~ NegativeBinonial (KN +c+1, %) , (13)
B+
and
M P(M ")
U](\, ™) | Z1.n ~ NegativeBinonial [ Ky + ¢+ 1, 1\1[\; i | (14)
B+6" + o
for any index of prevalence r > 1, respectively, where 'y](VM) = UZISZ’SM B(1 — o,N +1i) and where
pg\],\/[’r) = (J\T/I)JB(T —o,N+ M —r+1), with B(-,-) denoting the (Euler) Beta function.

See Appendix D for the proof of Theorem 2. The posterior distributions (13) and (14) depend
on Zj.n through the sample size N and the number Ky of distinct features. This is in contrast
with the corresponding posterior distributions obtained under the Beta and the stable-Beta process
priors, which are Poisson distributions that depend on Z;.x only through N [Masoero et al., 2021,

U(M r

Proposition 1]. BNP estimators of UM N ) and , with respect to a squared loss function, are

obtained as the posterior expectations of (13) and (14), i.e

M
14

N+M M
B+ ( ) _ z(v)

UM = (Ky +c+1) (15)

and
(M,r)
PN

B+ V(N)

respectively. The estimators (15) and (16) are simple, linear in the sampling information and com-

UM = (Ky +c+1) (16)

putationally efficient. In the next theorem we establish the large M asymptotic behaviour of the
posterior distributions (13) and (14), showing that the number of unseen features has a power-law
growth in M. The same growth in M holds under the stable-Beta process prior [Masoero et al., 2021,
Proposition 2], though the limiting distribution is degenerate.

Theorem 3. Let Zy.y be a random sample from (1) with ¢ ~ SB-SP(o,¢, ), and let Z1.n displays
Kn =k distinct features with frequencies (My1,...,Mn ky) = (m1,...,mg). As M — +o0
g
Mo

(17)
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where Wy is a Gamma random variable with shape (Ky + ¢+ 1) and rate (8 + véN))/I‘(l — o), and

U(Mﬂ") as
]];[/[0 | Z1n = Wiy, (18)

where Wi is a Gamma random variable with shape (Ky+c+1) and rate T'(r+ 1)(ﬁ+’yéN))/aF(r—a).

4 Experiments

Over the last decade, genomics has witnessed an extraordinary improvement in the data availability
due to the advent of next generation sequencing technologies. Thanks to larger and richer datasets,
researchers have started uncovering the role and impact of rare genetic variants in heritability and
human disease [Hernandez et al., 2019, Momozawa and Mizukami, 2020]. The development of methods
for estimating the number of new genomic variants to be observed in future studies is an active research
area, as it can aid the design of effective clinical procedures in precision medicine [lonita-Laza et al.,
2009, Zou et al., 2016], enhance understanding of cancer biology [Chakraborty et al., 2019], and help to
optimize sequencing procedures [Rashkin et al., 2017, Masoero et al., 2021]. Here, we consider datasets
of individual genomic sequences. Following common practice, we assume that an underlying fixed and
idealized genomic sequence (the “reference”) is given. Then, each coordinate of an individual sequence
reports the presence (1) or absence (0) of variation at a given locus with respect to the reference. All
variants are treated equally, namely, any expression differing from the underlying reference at a given
locus counts as a variant. We make use of our methodology to estimate the number of genomic loci
at which variation was not observed in the original sample, and is going to be observed in (at least
one of) M additional datapoints.

We find in our experiments that the estimates of the total number of new variants to be observed
produced using the SB-SP-Bernoulli model, hereafter referred to as SSB, tend to be more accurate
than other available methods in the literature. This phenomenon is particularly evident when the
sample size N of the training set is small, and when the extrapolation size M is large with respect to
N. Moreover, the SSB model is particularly effective in estimating the number of new rare variants,
e.g. variants appearing only once in the additional unobservable samples. Accurate estimation of rare
variants is particularly important, as these are believed to be largely responsible for heritability of
human disease [Rashkin et al., 2017, Chakraborty et al., 2019]. To benchmark the quality of the
SSB, we consider a number of competing methodologies for the feature prediction problem available
in the literature: i) Jackknife estimators (J) [Gravel, 2014]; ii) a linear programming method (LP)
[Zou et al., 2016] and variations of Good-Toulmin estimators (GT) [Chakraborty et al., 2019]. We
also compare our empirical findings to a BNP estimator obtained under the stable-Beta process prior
(3BB), which has been introduced in Masoero et al. [2021]. We complete our analysis with a thorough
investigation on synthetic data in Appendix F and Appendix G, as well as on additional real data
from the gnomAD database [Karczewski et al., 2020] in Appendix H.
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4.1 Empirics and evaluation metrics

For the SSB method to be useful, we need to estimate the underlying, unknown, parameters of
the SB-SP prior. To learn these prior’s parameters, we here adopt an empirical Bayes procedure,
which consists in maximizing the marginal distribution (10). In particular, we maximize numerically
Equation (10) with respect to the parameters 5 > 0, ¢ > 0 and ¢ € (0, 1) of the SB-SP prior, and use

the resulting values to produce our estimators. That is, we let

(Baév&) = arg max {pEgN)(mla 7mk)}7

(B,c,0)

and plug these values in the BNP estimator (13) and (14). The resulting values provide our BNP

estimates of the number U ](\,M) of new variants and the number U 1(\,M’T)

of new variants with prevalence
.
To assess the accuracy of our estimates, we consider the percent deviation of the estimate from

the truth to be the achieved accuracy. That is, the accuracy of the estimator U ](VM) is defined as

(M) _ 7y(M)
M . JUN T =Ux
'U](V )::l—mln{w,l . (19)
Un
In particular, the accuracy v](VM) equals 1 when the estimate is perfect (no error is incurred), and
(M)

decreases to 0 as the estimate deviates from the truth. The min operator in (19) ensures that vy
lies in [0,1]: we let the accuracy to be equal to 0 whenever there is a severe overestimation, and
the percentage estimation error exceeds 100%, i.e. when UJ(\,M) > 2x UJ(VM). The SSB, 3BB and LP
methods also offer an estimate for the number of new features observed with a given prevalence r.

We let UJ(VM’T) be the accuracy metric, where we replace in (19) UJ(VM) with U](VM’T), the number of new

features observed with prevalence r, and U 1(\,M) with U ](VM’T).

4.2 Estimating the number of new variants in cancer genomics

Following the empirical study of Chakraborty et al. [2019], we make use of data from the Cancer
Genome Atlas (TCGA), the largest publicly available cancer genomics dataset, containing somatic
mutations from 10,295 patients and spanning 33 different cancer types. We partition the samples into
33 smaller datasets according to cancer-type annotation of each patient. See Chakraborty et al. [2019)
and Masoero et al. [2021, Appendix F] for details on the data and the experimental setup. For each
cancer type, we retain a small fraction of the data for purposes of training, and consider the task
of estimating the number of new variants that will be observed in a follow-up sample given a pilot
sample. We validate our estimates by comparing the estimate U ](VM) of the number of distinct variants
to the true value, obtained by extrapolating to the remaining data. To assess the variability and error
in our estimates, we repeat for every cancer type the experiment on S = 1,000 subsets of the data,
each obtained by randomly subsampling without replacement from the full sample.

We find that the SSB and 3BB methods perform particularly well when the training sample size
N is small compared to the extrapolation sample size M. This setting is relevant in the context

of cancer genomics, as scientists are interested in understanding the “unexploited potential” of the
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genetic information, especially for rare cancer subtypes [Chakraborty et al., 2019, Huyghe et al., 2019].
To compare and quantify the performance of the available methodologies in this setting, we report in
Figure 1 the distribution of the estimation accuracy when retaining only N = 10 samples for training
and extrapolating to the largest possible sample size M for which we can compute the accuracy metric
(Equation (19)). We report results for the 10 cancer types with the largest number of samples in the
original dataset. For each cancer type and for each method, the distribution of the estimation accuracy
is obtained by considering its performance across the S = 1,000 replicates. Across all cancer types,
the estimates obtained from the SSB method achieve higher accuracy.

We show in Figure 2 the behavior of 0](\;) for five different cancer types as i = 1,..., M. Again,
we let N = 10, and M be the largest possible extrapolation value, as dictated by the dataset size. We
report the estimates obtained from a fixed sample of size N = 10, as well as the variability around such
estimates obtained by re-fitting each model, iteratively leaving one datapoint out from the sample.
In this setting, the SSB method outperforms competing methods in terms of estimation accuracy.
Moreover, the variability in the estimates arising from re-fitting the model on subsets of the data

provides a useful measure of uncertainty in such estimation.

Breast, M =767 Glioma, M = 495 Lung, M=476  Carcinoma, M=461 Colon, M =454

1.0 1.0 1.0
0.8% 0.8 0.84>
0.6 0.6 0.6
0.4 0.4 0.4
0.2 0.2 0.2
: 0.0 0.0 0.0
0.50 0.75 1.000.50 0.75 1.000.50 0.75 1.000.50 0.75 1.000.50 0.75 1.00
Lung (Sq.), M =447 Melanoma, M=396 Uterine, M =388 Bladder, M =365 Ovarian, M =363
1.0 1.0 1.0 1.0
0.8 0.8 0.8 0.8
0.6 0.61" 0.6 0.6
0.4 0.4 0.4 0.4
0.2 0.2 0.2 0.2
0.0 0.0 0.0 0.0
0.50 0.75 1.000.50 0.75 1.000.50 0.75 1.000.50 0.75 1.000.50 0.75 1.00
v % v v v
—— SSB —-- 3BB == P ===]4 e GT
(M)

Figure 1: Estimation accuracy v n  for the number of new genomic variants U 1((1)\/[ ). For each method and each cancer
type, we retain N = 10 random samples and use them to estimate up to M total observations, where N 4+ M is the size
of the original sample.

4.3 Estimating the number of new rare variants in cancer genomics

In recent years, the cancer genomics research community has become increasingly interested in study-

ing and understanding the role of extremely rare variants, such as singletons, i.e. observed in only
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Figure 2: Estimation of the number of new genomic variants U](\;'), for i = 1,..., M. For each method and cancer

type, we retain N = 10 random samples and use them to estimate up to the largest possible size. We fit each model on
the full sample, as well as N = 10 additional times by iteratively leaving one datapoint out from the training sample.
The solid black line is the true number of features that would have been observed (vertical axis) for any extrapolation
size N + M (horizontal axis), for a fixed ordering of the data. Shaded regions report the prediction range obtained from
the estimates from the leave-one-out fits.

one patient. Evidence suggests that rare deleterious variants can have far stronger effect sizes than
common variants [Rasnic et al., 2020] and can play an important role in the development of cancer.
For example, in breast cancer, it is well accepted that the risk of a variant is inversely proportional
with respect to its prevalence: the rarer the variant, the higher the risk [Wendt and Margolin, 2019].
Therefore, effective identification and discovery of rare variants is an active, is an ongoing research
area [Lawrenson et al., 2016, Lee et al., 2019]. This phenomenon is not limited to breast cancer, but
is progressively being studied across different cancer types. See, e.g. the recent works on ovarian
[Phelan et al., 2017], skin [Goldstein et al., 2017], prostate [Nguyen-Dumont et al., 2020] and lung
[Liu et al., 2021] cancers and references therein. In downstream analysis, these estimates could be
useful for planning and designing future experiments, e.g. informing scientists on the number of new
samples to be collected in order to observe a target number of new variants, or for power analysis
considerations in rare variants association tests [Rashkin et al., 2017].

The BNP framework considered here allows us to estimate the number of new rare variants
to be discovered. While Zou et al. [2016] did not consider the problem of estimating rare vari-
ants, it is straightforward to obtain an estimate for this quantity from their framework. Indeed,
for every prevalence x € [0,1], the LP estimates the histogram h(z), which counts the number
of variants appearing with prevalence x in the population, and the number of variants appear-
ing with prevalence r follows from the binomial sampling model assumption, namely UZ(VJV[’T)
> . h(z) {(NtM)xr(l —g)NAM=r (f)x’"(l - m)N_T}. We show in Figure 4 that the SSB method
provides better estimates than the 3BB and LP methods.

4.4 Coverage and calibrated uncertainties

One of the benefits of the BNP approach is that it automatically yields a notion of variability of
the estimate of U via posterior credible intervals. We here check whether these intervals produce a
useful notion of uncertainty, by investigating their calibration. For « € (0, 1), we say that a 100 x a%
credible interval is calibrated if it contains the true value of interest, arising from hypothetical repeated
draws, 100 x a% of the times. We here assess the calibration of a 100 x a% credible interval for U ](VM)

conditionally given Zj.n as follows. Let S be a large number (S = 1,000 in our experiments). For
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Figure 3: Estimation accuracy U§VM’1) for new variants appearing with prevalence one in future unobservable samples
for different cancer types. For each method and each cancer, we retain N = 10 random samples and use them to
estimate up to the largest possible size.
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Flgure 4: Estimation accuracy v( D for new variants appearing with prevalence one in future samples. For each
method and different cancer types, we retain a random sample of size N = 5% of the available dataset, and use it to
estimate up to the largest possible size.

each s = 1,...,5, we retain a random subset of the data of size N, and estimate the corresponding
parameters 3, ¢, & as discussed in Section 4.1. Then, we let W( S)low( ), WJ(VJ\i hi(c) be the endpoints

of a 100 x a% credible interval for the distribution of the number of new features, as given by

Equation (13), centered around the posterior predictive mean. We compute coverage calibration via

S
wit!(a) = Z {A](Vj\ilow( ) < Knan < Wy sm( )}-

This is the fraction of the S experiments in which the true value was contained by an 100 x % credible
interval. The closer wgvM) () to a, the better calibrated the credible intervals. We compute the same
quantity for the 3BB method using the results in Masoero et al. [2021]. Although still not perfect, we
find that the posterior predictive intervals obtained from the SSB method are better calibrated than

the ones under the 3BB method (see Figure 5).

16



N/(N+M) = 5% N/(N+M) = 10% N/(N+M) = 20% N/(N+M) = 30%

=95 . SSB 95

o

= 709 "t 70

o

L40 40

8 .

10 o s 107 .

10 40 70 95 10 40 70 95 10 40 70 95 10 40 70 95
Width of credible interval Width of credible interval Width of credible interval Width of credible interval

Figure 5: Coverage calibraiton of BNP estimators for number of new variants in future samples across all cancer types
in TCGA. Different subplots refer to different ratios of the training N with respect to the extrapolation M. For each

cancer, we retain a training sample of size N € {5%,10%, 20%,30%} of the total available dataset, and extrapolate
up to the largest available M. Colored lines report the average coverage wxM)(a) across all cancer types (y-axis) as a

function of a (z-axis). Faded dots refer to coverage for individual cancer types.

5 Discussion

Masoero et al. [2021] first applied CRM priors to the unseen-features problem, showing that: i) despite
the broadness of the class of CRM priors, all CRM priors lead to the same Poisson posterior structure
for the number of unseen features, which thus makes them not a flexible prior model for the unseen-
features problem; ii) while the Poisson posterior distribution may be appealing in principle, making
the posterior inferences analytically tractable and of easy interpretability, its independence from Z;.y
makes the BNP approach a questionable oversimplification, with posterior inferences being completely
determined by the estimation of unknown prior’s parameters. In this paper, we introduced the SB-SP
prior, and showed that: i) it enriches the posterior distribution of the number of unseen features arising
under CRM priors, which results in a negative Binomial distribution whose parameters depend on the
sample size and the number of distinct features; ii) it maintains the same analytical tractability and
interpretability as CRM priors, which results in BNP estimators that are simple, linear in the sampling
information and computationally efficient. The effectiveness of the SB-SP prior is showcased through
an empirical analysis on synthetic and real data. Under the SB-SP prior, we found that estimates of
the unseen number of features are accurate, and they outperform the most popular competitors in
the challenging scenario where the sample size IV is particularly small, and also small with respect to
the extrapolation size M.

Our approach admits an extension to the multiple-feature setting, which takes into account of the
many forms of variation, e.g. single nucleotide changes, tandem repeats, insertions and deletions, copy
number variations [Zou et al., 2016]. We briefly describe the multiple-feature setting, and defer to
Appendix E for details. It is assumed that a feature w; comes with a characteristic, i.e. the form of
variation, chosen among ¢ > 1 characteristics. For N > 1, the observable sample Z1.y = (Z1,...,ZnN)
is modeled as a {0, 1}9-valued stochastic process Z =) .. A;idy,, where A; := (A;1,...,4;4) isa
Multinomial random variable with parameter p; = (p; 1, . :Di,q) such that |p;| = 32, pij <1,
and the A;’s are i.i.d. That is, for any ¢ > 1 all the A; ;’s are equal to 0 with probability (1 — |p|),
i.e. w; does not display variation, or only one A; ;’s is equal to 1 with probability p; ;, i.e. w; displays
variation with characteristic j. Z is a multivariate Bernoulli process with parameter ¢ = Y.~ Pi0w,-
The stable-Beta-Dirichlet process prior for ¢ is a multivariate generalization of the stable-Beta process

prior [James, 2017], and it leads to a Poisson posterior distribution for the number of unseen features,
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given Zi.y, which depends on Z;.5 only through N. In Appendix E we introduce a scaled version of
the stable-Beta-Dirichlet process, and show that it leads to a negative Binomial posterior distribution
for the number of unseen features, which depends on Z;.y through N and the number of distinct
features in Z1.n.

SP priors have been introduced in James et al. [2015] and, to the best of our knowledge, since
then no other works have further investigated such a class of priors. To date, the peculiar predictive
properties of SP priors appear to be unknown in the BNP literature. Our work on the unseen-features
problem is the first to highlight the great potential of SP priors in BNPs, showing that they provide a
critical tool for enriching the predictive structure of the popular CRM priors [James, 2017, Broderick
et al., 2018]. We believe that SPs may be of interest beyond the unseen-features problem, and more
generally beyond the broad class of feature sampling problems. CRM priors, and in particular the
Beta and stable-Beta process priors, have been widely used in several contexts, with a broad range
of applications in topic modeling, analysis of social networks, binary matrix factorization for dyadic
data, analysis of choice behaviour arising from psychology and marketing surveys, graphical models,
and analysis of similarity judgement matrices. See Griffiths and Ghahramani [2011] and references
therein for details. In all these contexts, SP priors may be more effective than CRM priors, as they
allow to better exploit the sampling information in posterior inferences.

Among applications of SP priors beyond features sampling problems, it is worth mentioning the
use of SP priors as hierarchical (or latent) priors in models of unsupervised learning [Griffiths and
Ghahramani, 2011, Section 5], the most popular being Gaussian latent feature modeling. Differently
from features sampling problems, where the values of features’ labels W;s are immaterial, in Gaussian
latent feature modeling the values the W;’s become material. That is, under the Gaussian latent
feature model with a SP prior, observations are assumed to modeled as a multivariate Gaussian
distribution, whose mean depends on latent features that are modeled with a SP prior, thus making
the values of features’ labels W;’s of critical importance for the analysis. Bayesian factor analysis
[Knowles and Ghahramani, 2011] provides another context where SP priors may be usefully applied
as hierarchical priors. Within the context of factor analysis, we also mention the work of Ayed and
Caron [2021] with applications to network analysis. There, the authors exploit CRM priors to recover
the latent community structure in a network between individuals, and the features’ labels describe
the level of affiliation of a certain individual to a latent community. In such a context, we believe that
SP priors may be used in place of CRM priors, with the advantage of introducing richer predictive
structure. In this respect, our work paves the way to promising directions of future research, in terms

of both methods and applications.
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A A brief account on completely random measures

In this section we provide a short account on completely random measures (CRMs). For a more
exhaustive treatment refer to Daley and Vere-Jones [2008], Kingman [1992]. Let us denote by W a
Polish space equipped with its Borel o-field W, and we also indicate by Bg, the Borel o-field of the
positive real line R4.. Denote by My the space of all bounded and finite measures on (W, W), in other
words p € My iff u(A) < 400 for any bounded set A € W. The space My is usually assumed to be
equipped with a proper Borel o-algebra, which is induced by the so called weak-hash convergence and
denoted here as My (see Daley and Vere-Jones [2008] for details).

Definition 1. A Completely Random Measure (CRM) p on (W, W) is a random element defined on a
suitable probability space and taking values in (Mw, Mw) such that the random variables (A1), . .., n(4,)
are independent for any choice of bounded and disjoint sets Ay, ..., A, € W and for any n > 1.

Kingman [1967] proved that a CRM may be decomposed as the sum of three main components:
i) a deterministic drift u, namely a deterministic measure on (W,W); ii) a part with random jumps
(7i)i>1 at random locations (W;);>1, denoted here as ji. = Y.~ 7i0w,; iil) a component with random

jumps (7;);>1 at fixed locations wy, ws, ... € W. That is to say

p() =u(-) + pe(-) + Y nidu,(+). (20)

i>1

See Daley and Vere-Jones [2008] for a proof.
Following standard practice in the nonparametric literature, in this paper we deal with CRMs
without deterministic drift and without fixed atoms, namely we assume that u = p.. In this case

1 = pe is characterized through the Lévy-Khintchine representation of its Laplace functional:

E [e_ fwf(w)uc(dw)} — exp _/ (1 —e s/ @hy(ds, dw) ¢, (21)
R+ x W

for any measurable function f : W — R, where v is a measure on R4 x W and it is referred to as

the Lévy intensity of the CRM pu.. The measure v is also required to satisfy the following conditions

v(Ry x {w})=0 YweW, and min{s, 1}r(ds,dw) < oo
RyxA
for any bounded A € W. The representation (21) is of paramount importance to prove all our poste-
rior results, and it clarifies the pivotal role of v in the determination of the distributional properties
of p.. Kallenberg [2010] provides a very general decomposition for such a measure v as follows:
v(ds, dw) = Ay (ds)A(dw), where A is a o-finite measure on (W, W) and A, is a transition kernel, i.e.,
w — Ay (A) is W-measurable for all Borel sets A € Br, and A — X\, (A) is a measure on (R4, Br, ).
When A, (ds) = A(ds) does not depend on w € W, we say that the CRM is homogeneous, which is
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tantamount to saying that the atoms W;’s and the jumps 7;’s are independent random variables. In
BNP problems, it is common to suppose that A(dw) = aP(dw), where P is a probability measure
on (W, W) and @ > 0. Two remarkable examples of CRMs are the o-stable process, which can be
recovered by choosing A\(ds) = os~179ds, and the gamma process, which corresponds to the choice
A(ds) = e~%/sds. See also [Lijoi and Priinster, 2010] for additional details and connections with the
BNP literature.

In Section E, we will make use of multivariate CRMs to define a multivariate extension of the
Bernoulli process model, called the Bernoulli process model with a condiment. For this reason we
now specify what we mean for a multivariate CRM. A vector g = (p1,. .., ftg) of completely random

measures is said to be a multivariate CRM if the random variables

(11 (AL, 1 (AD)s e  ((An), 1 (An))

are independent for any choice of bounded and disjoint Borel sets A1,..., A, € W and for any n > 1.
A decomposition similar to the one stated in Equation (20) holds true for multivariate CRMs as well
[Kallenberg, 2010]. In the present paper we focus on multivariate CRMs which are functionals of

marked Poisson point processes on ]Ri x W, i.e.,

n= ZTi(SWw

i>1

where (7;);>1 are random jumps in RY and (W;);>1 is a sequence of random atoms in W. Such a

multivariate CRM has the following Lévy-Khintchine representation which generalizes Equation (21):

Ele™ S fr(w)pa (dw) == [ fq(uf)uq(dw)]

= exp {_/ / (1 _ e—.@lfl(w)—"'—sqfq(w))Ij(q)(ds17 L ,dSq,d’LU)}
W JRE

for arbitrary measurable functions fi,..., fg : W — R,. The intensity measure v(4) in (22) is required

(22)

to simultaneously satisfy
V(q) (Rz_ X {w}) =0 YweW

and

/ min{]|s||, 1}v(g) (ds1,. .., dsy, dw) < oo,
RixA

for any bounded A € W, and having denoted by ||s|| the Euclidean norm of the vector s := (s1,. .., $4)-
In the present paper, we will work with a homogeneous Lévy intensity measure of the following form
V(g)(dsy, ... dsg, dw) = g (81, .-, 8¢)ds1 - - dsqP(dw), where P is a diffuse probability measure on
(W, W) and A\, : RY — R, is measurable. See, e.g., [Kallenberg, 2017] for further details.
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B Posterior analysis for SP priors: proofs and details

In the present section we derive the marginal, posterior and predictive distributions for the Bernoulli
process model under a scaled process prior. Specifically we focus on the following statistical model

throughout the section:

Zn | ,uifig BeP(ua,,), for n=1,...,N
KAy, ™~ SP(V’ h’)7

(23)

where pa, , has been defined at the beginning of Section 2.2. In Subsection B.1 we provide some
lemmas regarding SP priors, then Subsection B.2 is concerned with the Bayesian posterior analysis of
the model in (23).

B.1 Preparatory lemmas

Some preparatory lemmas are required before the posterior analysis. The first lemma provides the

reader with the conditional distribution of pa, , given Ay 4.

Lemma 1. Let pa,, ~ SP(v,h), governed by the Lévy intensity measure v(ds,dw) = A(s)dsP(dw)
on Ry x W. The conditional distribution of un, ,, given A1y, equals the one of a CRM on (W, W)
with Lévy intensity

A pA(A1RS) 10,1y (s)dsP(dw).

Proof. Recall the construction of a SP prior, as detailed in Section 2.2. It starts from an underlying
CRM u = 2221 T:0w, with intensity v on Ry x W. Moreover, having denoted by Ay > Ay > ... the
decreasingly ordered jumps 7;’s of u, one considers:

JAVESY

HA, = ; oW, i1
N 1
i>1

and the SP process is defined by a change of measure of the largest jump A;, replaced with the
distribution of A ;. As a consequence it is sufficient to prove that pa, | A1 is a CRM with Lévy
intensity

A1 (A18)1(o,1)(s)dsP(dw). (24)

In order to prove this remind that (A;);>2|A; are the points of a Poisson process with Lévy intensity
A(8)19,a,)(s)ds, thanks to the representation by Ferguson and Klass [1972]. Therefore, the condi-
tional distribution of pa,, given A;, may be found by a simple evaluation of the Laplace functional.

To this end, consider a measurable function f: W — R, and compute

Efe™ Jw f(w)um(dw)|A1} - F [e_ i1 FWig1)Aig1 /D |A1]

o= [ [T e s N6 Pl |

= exp {— /w /O+°°(1 — eI g 1y (5)A(sA1) Ards P(dw)}
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which is exactly the Laplace functional of a CRM having Lévy intensity (24).
O O

We now provide the reader with a sufficient condition to ensure that each Z, in (23) is almost

surely finite, for any n > 1.

Lemma 2. Consider the model in Equation (23). If

B [/OlALh)\(sALh)ds} < o0, (25)

then each Z, displays almost surely finitely many features — i.e. Y .~  An i < 00, almost surely, for

every n > 1.

Proof. For a fixed n > 1, it is sufficient to show that condition (25) entails

The expected value in the previous formula may be computed as follows

B> Al =E[E[S 4.
i=1 i=1

! 1
=K [/ / SAl,hA(Al,hS)dSP(dUJ)} =K [/ sA1 B A(Aq ps)ds
w Jo ;

Arp| | =E [E[pa,, (W)[Aq]]

where we have applied the Campbell theorem [Kingman, 1992] and Lemma 1 to evaluate the total mass
pay ., (W) of pa, ,. As a consequence, condition (25) is sufficient for the finiteness of the Bernoulli
process Z,.

O O

B.2 Posterior analysis

We start with the marginal distribution of the observations Z.x induced by the model. Our deriva-
tion closely follows the proof in James [2017]. The marginal distribution is the counterpart of the
“exchangeable feature probability function” (EFPF) for the Indian Buffet Process (IBP; see, e.g.,
Broderick et al. [2013]).

Proposition 5 (Joint marginal distribution). For any N > 1, let Z1.n be a random sample modeled
as the BNP-Bernoulli model (23), where pua,, ~ SP(v,h). The probability that the observations
Zy1.n display Ky = k distinct features, labelled by {W7,.. .,WI*(N}, with corresponding frequencies
(M, .. My ky) = (my,...,mg), equals

+
péN)(mh_”?mk) :/ — N pnla) H/ i(1—s) N-— Mia\(as)ds fALh(a)da,
0

where ¢n(a fo (1 —s)"taX(as)ds.
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Proof. From the result showed in Lemma 1, we know that conditionally on a known value of A; ;, = a,

the random measure pa, , is completely random. Therefore, we can exploit the result in James [2017,

Proposition 3.1] to characterize the marginal distribution of the feature counts my 1, ..., my k. This
is given by
p,(CN)(ml, coomi | Ay =a)
N k 1 (26)
=exp{ — Z ¢n(a) H {/ s™i(1 — S)N_m"a)\(as)ds} )
n=1 i=1 /0
with ¢,,(a fo s(1 —s)""LaX(as)ds. Integrating with respect to fa,, — the mixing distribution of

Ay — ylelds the desired result.
O O

Next, we characterize the posterior distribution of the random measure pa, , ~ SP(v, h). The pos-
terior distribution of the law of A j is an important ingredient in the study of the predictive properties
of the model. We mention that the posterior characterization of Proposition 6 is a consequence of
[James et al., 2015, Propositions 2.2] and the results developed by James [2017].

Proposition 6 (Posterior distribution). For any N > 1, let Z1.n be a random sample modeled as the
BNP-Bernoulli model (23), where pia, , ~ SP(v,h). Suppose that the observations Zy.n display Ky =
k distinct features, labelled by Wy, ... , Wi, with corresponding frequencies (Mna,....Mnky) =

(ma,...,my), then the conditional distribution of A1y, given Z1.n, has density function
k 1
INWAVAR N O( exXp { Z d)" } H {/ Smi(l - S)N_nLia)‘(aS)dS} fA1,h(a)7 (27)
i=1 /0
with ¢n(a fo s(1 — s)"“taX(as)ds. Moreover, the posterior distribution of the random measure

KA, condztwnally given Z1.ny and Ay p, equals

Kn
:LLAl,h | (Al,h; Zl:N) i MlAl,h, + Z J7.5WZ*; (28)

i=1
where

i pia,,|Arn ~ CRM(vy, ) with
V’AM (ds,dw) = (1 — S)NALhA(SALh)]l(OJ)(S)ds P(dw); (29)

1. Ji.xy are Ky independent random jumps and independent of lJ/Al ,» With density on [0, 1] pro-

portional to
Frin, . (s) o< (1= s)N =™ s™ Ay A (A ps). (30)
Proof. Again, leveraging the result showed in Lemma 1, we know that conditionally on a known
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value of Ay p,, the measure pa, , is completely random. Therefore, we can simply apply James [2017,
Theorem 3.1] to obtain the posterior distribution of pa, , |(A1,n, Z1.n5) as described in Equation (28).
Finally, the posterior distribution of the largest jump A; ; conditionally on the observations Zj.n
derived in Equation (27) follows by direct application of Bayes’ theorem, recognizing that fa, , is the
prior distribution for Ay p, and the distribution in (26) as the likelihood of the observations Z1.n|Aq p.

O O

Last, we prove the predictive characterization provided in Proposition 2, which has a pivotal role
in our analysis, as it is the conceptual starting point in order to study the predictive behavior of the

model, and it again follows form [James, 2017].

Proof of Proposition 2. We consider 4 pA, ,, thus we are dealing with the model (23). The posterior
distribution of Ay p, in (8) follows from (27), by the argument used in Proposition 6. In order to prove
the characterization in Equation (9), we use once again the fact that conditionally on a known value
of Ay, pa,, is a completely random measure (see Lemma 1). Thus, we can exploit the results in
[James, 2017] to characterize the predictive distribution of Zy 1 given the sample Z;.5 and the jump
Aq . More specifically the form of the predictive distribution in (9) follows by a plain application of
James [2017, Proposition 3.2].

O O

C Posterior analysis for SB-SP priors: proofs and details

Here we provide details and proofs of the results in Section 3.1, i.e. a full Bayesian analysis for
the SB-SP prior. More specifically we prove Theorem 1, then we move to characterize the posterior

distribution of A; j_ ,, marginal, predictive and posterior distributions of the SB-SP model.

c,B?

C.1 Proof of Theorem 1

The posterior density of Ay j, given Zi.n, has density proportional to
N Ky ,1
[Leo @] [ smo s aras)ds fa, , (a),
n=1 i=170

where we used the notation ¢, (a) = fol s(1—s)""ta)(as)ds. Hence, there exists a normalizing factor
e(mya, .-, mn g, N, Kn), depending on the sample size N, the distinct number of features Ky and

the frequency counts, such that

10, e on@ TIEY [ smni(1 — )N =mviaA(as)ds fa, , (a)

C(mN,la- .. 7mN,KN7N7KN)

gALh\ZLN(a) = )
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or equivalently we can write

N Ky 1
Iarmn@ [T e @] / ™1 = )N NN (as)ds fa, , (0)
n=1 i=1"0 (31)
= c(mN,l, e ,mN7KN,N, KN).
If the posterior density ga, ,|z,.y (@) does not depend on my 1, ..., MmN Ky, then the function
gA1 h\Z1N H6*¢n = fi(a, Kn,N)

depends only on Ky, N and a, but not on the frequency counts. Therefore, (31) boils down to

N 1
fi(a, Kn,N) - H/ s (1 — s)NTmNig\(as)ds = c(mn1, .-, MN Ky, Ny KN). (32)

As a consequence, the function on the right hand side of (32) is independent of a, for any choice of
the vector (mn.1,...,mN ky, N, Kn). Now we consider my1 = --- = mn,xy = m > 0, and we can

say that the function
Kn

{w(a, Ky, N)/0 s™(1 = s)N""aA(as)ds (33)

does not depend on a € Ry, where w(a, Kn,N) = “X/f1(a, Ky, N). We now select m = N, thus
the function

w(a,KN,N)/O sNaX(as)ds (34)

does not depend on a € Ry. Note that, since fa, , and X are functions of class C*(R4.), i.e., derivable
with continuous derivative, also w is in class C'(RR.y) with respect to the variable a. Thus, we can

take the derivative of (34), and this is equal to 0:
d a a
d—w(a, Kn,N) / sM\(s)dsa™N — Na=Vw(a, Ky, N) / sN\(s)ds 4+ w(a, Ky, N)A(a) = 0
a 0 0

which is an ordinary differential equation in w, and it can be easily solved by separation of variables,

thus obtaining
R

Jo sV A(s)ds

where R > 0 is a suitable constant independent of a. As a consequence, the function in (33) equals

w(a, Kn,N) = a" -

Ky

lfl st(as)ds . /0 s™(1 — s)N "™ \(as)ds
0
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and this is independent of a € R. It is possible to choose m = N — 1 in the previous function, and

we can state that ) . )
/ sV I\ (as)ds — / sV \as)ds = C / sV \as)ds
0 0 0

where C' is constant with respect to a. If one takes the derivative of the previous equation two times

with respect to a, then she obtains
Aa)(1 = NC) =aX(a)C,

which is an ordinary differential equation in A\ that can be solved by separation of variables. In

particular we get the following result
Ma) = aa=NC for a > 0. (35)
The exponent of a in (35) should satisfy
+oo
/ min{1,a}\(a)da < 400,
0

from which it is easy to realize that —2 < (1 — NC)/C < —1, hence

1
Aa) = O

where o > 0 and o € (0,1). The reverse implication of the theorem is trivially true, hence the proof
is completed.
O

C.2 Detailed derivation of the distribution of A, ,

We first derive explicitly the distribution of the largest jump given in Equation (6). This follows from

direct application of the law of the largest jump,

Fa, (da) = exp { / h /\U(s)ds} Ao (a)da

when the Lévy measure is
Ao(s)ds = 0577 g, (s)ds.

Having denoted by fa, the density function of Fa,, we get

Fas(0) = Aa(@)e D1, (@) =ow e {= [T ouau} 1. (0

=oa "t 1R, (a).

From direct inspection, we recognize that this is the density function of A; = T-1/7 where T is a

Gamma with parameters (1,1). The mixing measure is then obtained by tilting the density fa, as
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follows:
Faun, (@) % fa, (@hes(a) = 00~ D exp {—fa~"} 1, (a),

i.e. letting
hepla) xa™"“exp{—(8—1)a " }.

By integration, we get the normalizing constant:

o _ _ L(c+1)
o(c+1)—1 _ o = 7
/0 a exp{ Ba }da T
from which
fa (a) = 7033*1 a= 7t oxp {-Ba="} 1g, (a). (36)
lJLC,B F(C + 1) +

C.3 Posterior distribution of SB-SP priors

Here we characterize the posterior distribution of SB-SP priors: the result is not included in the paper,

but we think it is useful to have a full picture on SB-SP priors from a Bayesian viewpoint.

Proposition 7. For N > 1 let Zy.iy be a random sample modeled as the BNP-Bernoulli model (1),
with ¢ ~ SB-SP(0, ¢, B). If Z1.y displays Ky = k distinct features {Wy,... , Wy 1}, each feature W;

appearing exvactly My ; = m; times in the samples, then the conditional distribution of Ay, ,, given
Z1.N, has a density function of the form
(N)\k+tet1
B+ ) —ko—(c+1)o—1 - (N)
_ o—(c o . —0C 37
gAlJLC'B‘ZI:N(a) o F(k‘—l—c—i—l) a exp{ a (5+’YO )]’a ( )

where 7™ = & . B(1 —o0,1), with B(-,-) denoting the (standard) Beta function. Moreover, the
Yo 1<i<n g

conditional distribution of ¢, given (Al,hCﬁa Z1.N), coincides with the distribution of

Ky
d
CHA L he s Z1N) = Piny,,, > Jidw;, (38)
=1

where:

oy . . p ,
i) By, , 150 discrete random measure such that Fain, , | At he s ~ CRM(VAMC .

being

V/Al,hcﬁ (ds, dw) = Aizlth (1- S)Nos_l_“]l(oyl)(s)dsP(dw); (39)

3

Ji‘ALhc,B ad Beta(mi — 0, N — m; + 1)7 (40)
where Beta denotes the beta distribution.

Proof. We apply Proposition 6, which describes the general posterior distribution of a SP process. We

first compute the posterior distribution (8) of the largest jump conditionally on observations Zj.n.
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To do so we specify (27) in our case, and we first compute the exponent ¢, (a). In our case the Lévy

—o—1

density equals A\, (s) = os and the mixing density of A;p, , is provided in Equation (36), thus

the exponent ¢,, takes the form

1
¢n(a) = a/ s(1—8)""ta s 7" ds = 0a " B(1 — o, n). (41)
0

Recalling the shorthand notation 'yéN) = UzlgngN B(1 — g,n), the posterior distribution of At hs

is then proportional to

kool
a® exp {fafg'yéN)} H/ t™i(1 — )N\, (at)dt fAMCﬁ (a)
i=170
x a—o(k+C+1)—1 exp {_a—a I:ﬁ =+ fY(()N)i| } ;
where fa, , has been specified in (36). As a consequence we get
AT? | Zy.n ~ Gamma (k+c+ 1,58+ (V)
1he,g 1:N ) Yo )

which corresponds to the posterior density in (37). The characterization of the posterior distribution
in (38) is an easy consequence of Proposition 6, by a specialization of this result with the choice

A(s) = Ay (5) = 057771 for the underlying Lévy intensity. O O

C.4 Proof of Proposition 3

The predictive characterization is a simple consequence of the general characterization in Proposition
2 with the SB-SP specifications A(s) = \,(s) = 05771, O

C.5 Proof of Proposition 4

We apply Proposition 5 to obtain the marginal distribution for the SB-SP prior. Conditionally on
A1, 5 = a, using the form ¢, (a) derived in (41), the marginal distribution is given by

koo
pECN)(ml, coomy | Ay, =a) = (ca”) exp {—af"’y(()N)} H/ MmO (1 — 5)N=mi(s,
i=170

that may be written in terms of the Beta function as follows

k
p,(CN) (mi,...,mp [ Dy, =a) = (Ua_")k exp {—a_"’yéN)} HB(mi —o,N—m;+1).

=1
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Last, we obtain the marginal distribution in Equation (10) by randomizing with respect to the mixing

distribution of the largest jump given in Equation (36). We need to compute

pi ) ma, ) = / e (ma, g | Avp, = a)fa,,, ()da
; ,

oht1get k

= 7H3(mi —o,N—m;+1)
I(c+1) Falen

X/ afa(k+c+1)*1exp{ o [BJFW(N)Hda
0

k Qc+1 ]€ 1

= Uﬁ +c+ HB -—07N—mi—|—1)7

(5+7(()N))k+c+1 I(c+1)
and the thesis now follows. O

D Estimation of the unseen features via SB-SP priors: proofs

Here we detail the proofs of Section 3.2, which is devoted to the unseen-features problem under the
SB-SP prior.

D.1 Proof of Theorem 2

We first focus on the proof of (13), i.e. the posterior distribution of UJ(VM). In order to do this we
exploit the predictive characterization provided in Proposition 3 to evaluate the probability generating
function (PGF) of the random variable U ](é\ D posteriori, conditionally on the sample Z;.y. We denote
the PGF as QU;VM) (+). If t belongs to a neighborhood of the origin, then one has

(M) (M)
Goon(t) =B [t | Zin| = B[B [tV | Zin, Aun ] | Ziow] (42)

where we have applied the tower property of the conditional expectation. We now observe that,

conditionally on Z.y and Ay, 5, the random variable U](VM) may be represented as

i>1

UM (Zin, A, ) Zn(ZAN+m )

where we used the representation given in Proposition 3. Here, independently across i, Al myi 18
a Bernoulli random variable with parameter p}, conditionally on the random measure pj , =
vhe g

> i>1 Piw; with Lévy intensity aAl_’ZCﬁ(l —5)Ns™1771 1) (s)dsP(dw). We now focus on the eval-
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uation of the expected value in Equation (42):

(M)
E[U |Zl,...,ZN,A1,hCWB]

=E|E H(t—l {ZAN+W>0} )

i>1

=E H[t—l (ZAN+W>0|NAM [>+1

i>1

b

=E|]] l(t— 1) {1 ~ [T PN =01 M’ALW)} +1

i>1

where we applied the independence of the Bernoulli random variables Ay, ;s, conditionally on
M/Al,hc = We now recall that M/Al,hcﬁ is a CRM with a known Lévy measure and that the Ay, s

are Bernoulli with parameter P to obtain

c,B

(M)
E[tUN | Z1yoo o Zn, A

=B |[[-n0-0-pm"+1)

=T |exp Zlog (t—1)(1—-(1- PM) + 1]

i>1

:exp{—(l—t)/ol(l—(l— s)M )(l—s)NAlz ﬁas_l_”ds}.
:exp{—(l—t)AiZ ﬁ,y](VM)},

where we used the identity

1 M
/ [1-(1=-s)M (1 =9s)Vs"""7ds =D B(1—0,N+m).
0 m=1
We replace this expression in Equation (42) to obtain

Gy (t) = Elexp{—(1 = )ATF "} | Zun]. (43)

30



The results now follows by integrating with respect to the posterior distribution of A77 | given in
slte, B
Equation (37):

(B ,V(()N))KN-i-c-H /OO { o) . ..
t) = —(1-t } Nteem (Bt rg
QU;VM)( ) T(Ky et 1) ; exp ( N xpx e T

(B Ay E et T'(Ky +c+1)
DEN+e+1) (B44N + (1= t)y{D)Kntett

ﬁ—|—f}/(N) Kn+c+1 1 7p5\][\/[) Kn+c+1
B+ — 4 QD AN ’

(M)

for any [t| < 1/p§\1,\/1), where py (N+M)) < 1. This is the probability generating

(M) 4

=N /(B +
function of a negative binomial distribution where Ky + ¢+ 1 is the number of failures, and pjy

the success probability in each experiment.

We now apply similar arguments to derive the posterior distribution of U J(\,M’T), provided in

(M,r)

(14). Again, we calculate the probability generating function of Uy a posteriori, denoted here

as QUI%M,M (-). If ¢t belongs to a neighborhood of the origin, then one has

U(ZW ,7) U(Z\{ ,T)

Gy (t) = E[ | Z1, N} =F [E[ | Z1vs i, ] |ZLN} . (44)

U](VMJ»)

It is now easy to see that, conditionally on Z1,...,Zy, A p, ,, the random variable may be

c,B7?
written as

UJ(\,M’T)|Z17""ZN’A“LU’ Zﬂ{ZAN+mz: }

i>1
by applying Proposition 3. With the same notation used in the first part of the proof, we recall
that the A’y +m,;S are independent Bernoulli variables with parameters 5, conditionally on the CRM
N = > i>1 Piw; with Lévy intensity UA;ZCB(I — 5)Ns711 g 1y(s)dsP(dw). Across i, the

random variables
E : AN+m 7

are independent, each one distributed as a binomial with parameters M and success probability pj.

We then evaluate the expected value appearing in (44) as follows:

E[tU5" | Zyn, Avp, }:E E H(t—l {ZAN+W=7«}+1>
i>1

- H [(t —DP(Sp; =7 M/Al,hcﬁ) + 1}

i>1

=E|]] [(t —1) (%) () (L= p)™ =" + 1]

i>1

31



Since ,u’Al . is a CRM with a known Lévy measure, we can evaluate the previous expected value:
) C,B

(M,r)
E [tUN | Zl,...,ZN,ALhC,ﬁ}

=5 exp { o (0= 0 () )1 - ¥ 1)

i>1

M 1
= exp {—(1 - t) ( r ) / ST_U_l(l - S)M_‘—N_Tdso-Al_,Zc,ﬁ}
0

M
= eXp{—(l - t)ALZCﬁo( . )B(r —o,M+N—r+ 1)}
= exp {—(1 - t)A;ZC’ﬁpgvM’r)} )

where we used the notation introduced in the statement of the theorem, i.e. p%w’r) = J(Af)B(r —

o, M+ N —r+1). Then the probability generating function in Equation (44) is obtained by integrating
with respect to the posterior distribution of the largest jump provided in (37):

%) (N) Kny+c+1
_ (]VIJ')} (B +’70 ) Kn-+c 7(5+7(N)):v
n(t) = —(1—1t . 0 d
QUZ<VM, (1) /0 exp{ ( )ToN TRyt et D) x e x

IKy+c+1) (B + ™)K et

(45" + (L= )ply" et DKy +e+1)

K+c+1 r Kn+c+1
_ B+ (=R
B + oy — 1oy L—tpiy"”

for any |¢| < 1/p\""), where we have set

M,r
(M,r) _ PSV :

M,r N) -~
B+p§v )+%§)

Then we conclude that the posterior distribution of U J(VM’T) is a negative binomial distribution where

Ky + ¢+ 1 is the number of failures, and pS\wa’T) is the success probability in each experiment.

O

D.2 Proof of Theorem 3

In order to prove this result, we first exploit the Lévy continuity theorem, to obtain a convergence in
distribution, and later strengthen this result to show that the convergence holds true also in the almost-

sure sense. For the convergence in distribution, thanks to Theorem 2, the characteristic function of

UM /M | Zy.y is given by
M Kn+c+1
® O L - ~piy”
v yage () =

1— pEVM)eit/M“
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where t € R, K is the number of distinct features in Z1.n5 and p%\/[) = VJ(VM)/(V(()N) + 'y](VM) +3). The

quantity above can be rewritten as

(N) Kn+c+1
Ly 0 (1) = ™) 7 TM?‘) o
N B+ +N —n etM?

We can exploit Masoero et al. [2021, Lemma 1] to determine the asymptotic expansion VJ(VM) =

M°T(1-0)(1+0(M~7)) as M — +00, having used the big-O notation. Thus, using the asymptotic

expansion of the exponential function, one has

(N) Kn+c+1
Sy e () = ™) (D) ?Mi o
N B+ +vn  —n L+ itM—o 4+ O0(M—27))

B8+ ’Y(()N) et
B+~ = y(MitAr-o + O(M~7)

Kn+c+1
_ B+
B+ —ith(1 - o) + O(M~°)

which converges to the characteristic function of a gamma random variable with parameters (K +
c+1,(7{") + B)/T(1 — 0)) as M — +o0. This proves that

(N)
UJ(\,M)/M” | Z1.n 4 Wy, where Wy ~ Gamma <KN +c+1, m> .
-0
In order to prove convergence in the almost sure sense, we exploit the corresponding results proved
for the stable beta-Bernoulli process in Masoero et al. [2021, Theorem 2| for the statistic U ](VM). We
..5> then the SB-SP-Bernoulli

is a completely random measure whose asymptotic behavior is analogous to the stable beta-Bernoulli

first notice that if we condition on the value of the largest jump A p

process. Thus, specializing the almost sure convergence results given in Masoero et al. [2021, Theorem

2], a posteriori, we have

[
P tim - —ar(1- a)‘ZLN, App,=a)=1 (45)

The probability limit for the model in which the largest jump is random is obtained by observing that

vy
P tim S = A7, (1= 0)|Ziy
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in other words U](VM ) /M? converges almost surely to the random variable ATy ﬁI’(l —o0), with respect

to the conditional probability I’ given Zi.n. Note also that the posterior distribution of A} 7 BF(l —0)

B+
ri-o) )’

is a Gamma with parameters

<KN+C+ 1,

thus the a.s. convergence in (17) now follows.

We proceed along the same lines as to show the validity of (18). First, we show the convergence in
distribution of U J(VM’T) using the characteristic function, and then we show that the result also holds

in an almost sure sense. From Theorem 2, the characteristic function of UJ(VM’T) /M | Zy.n is given by

1 _ M) )KN+C+1

=P~
<I)U1(VM,7-)/MU (t) = (1 _ %Vfﬁr)eit/M”

p

where ¢ € R, and p%w) = pg\]y,r)/(v(()N) + pSVM’T) + ), and pS\J,M’T) was defined in the statement of

Theorem 2. The expression above is equivalent to

B—}—’y(N) Kn+c+1
0
(M,T’) _eit/M'j)) ’

Dy, () =
R B 4o

Thanks to the well-known asymptotic relation for the ratio of gamma functions, it is easy to see that

I(M+1) T(N+M+2-7r) % N — ML+ OMY)

(er):g]_" _ — =
PN r =) = i) T(NT M 12=0) 7

7!
as M — +4oo. Hence, the characteristic function under study boils down to
(N)

Kn+c+1
B+
B + T (r = o) (r) M=o (14 O(M 1)) (1 = eit/M)

<I>UI(VM,T)/MG (t) = (

Kny+ce+l
_ B+
B+~ — oD (r — o) (r1)~tit + O(M )

which converges, as M — +o00, to the characteristic function of a gamma random variable with
parameters as in the thesis. The almost sure statement of (18) goes along similar lines, indeed one

can exploit the convergence theorems proved by Masoero et al. [2021] to state that

R O R § R P

Exactly as before, one can conclude that

P < U(M,r) B 0.(1 _U)(Tfl)A—a

lim & =
M54o0 MO 7! Lhe,s

r(1— U)‘ZLN> —1,
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where the posterior distribution of the limiting random variable is a gamma with the same parameters
as in the statement of the theorem (Equation (18)).
O

E Multivariate extension

In the present section we discuss the multivariate version of the Bernoulli process, which we call the
Bernoulli process with a condiment or the simple multinomial process, using the terminology of James
[2017]. We first revise the model of James [2017] and the associated prior, called stable-Beta-Dirichlet
process, then we move to introduce a new scaled prior for the model. In both the cases, we determine
closed-form results to face prediction of new features with condiments. These models are extremely
important in genomics to account for the presence of variants at certain genomic loci with a specific

characteristic (or condiment). See, e.g., Lee et al. [2016].

E.1 Bernoulli process with a condiment

The IBP process with a condiment has been introduced by James [2017] and we remind the definition
here. For ¢ = 1,2,..., we define the vector of probabilities p = (p1,...,p,) taking values in the

following set

q
Sq={s=(s1,...,8¢): s;>0asj=1,...,q, |s| ::Zsj<1}
j=1

where for a generic vector s, |s| = Z?=1 s; denotes the L! norm of the vector. For a fixed vector p € Sy,
we also define the simple multinomial distribution M(1,p). A vector A = (4;,...,4,) € {0,1}7 is
said to have the simple multinomial distribution with parameter vector p iff it has the following

probability mass function

oy (L=pl)tlel i jal <1

P(A=a)=P(A = ay,..., A, = a,) =
(4=a)=Plh = @ = a) {0 if |a| > 1

and we will write A ~ M(1,p). In other words A concentrates on the vectors of {0,1}¢ for which at

most one element is equal to 1 and all the other entries are zero.

The Bernoulli process with a condiment assumes that each observation Z is a multivariate {0, 1}9-

valued stochastic process
Z(w) =Y Aiby, (w)
i>1

where (w;);>1 are features in W and (A;);>1 are independent simple multinomial random variables
with parameter vector p, = (pi1,...,Piq) as @ = 1,2,.... Here |p;| represents the probability that
an individual displays feature w;, while p; ; is the probability that the individual exhibits feature
w; with condiment j € {1,...,q}. Thus, Z is termed a simple mutlinomial process with parameter

¢= 2121 Pidw,, and it is denoted by MP(¢). In order to carry out BNP inference, we need to specify
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a distribution for the discrete measure ¢. Thus, we obtain a multivariate version of the model (1):

ZC N MP(¢) n=1,...,N

(~ 2

(46)

where 2 denotes the distribution of the discrete random measure ¢.

E.2 Priors based on multivariate CRMs

In this section we consider a class of priors 2 in (46) defined by James [2017] and based on a mul-

tivariate extension of CRMs (see Daley and Vere-Jones [2008]). In particular consider a multivariate

CRM on W:
= Z pidw,
i>1
where p; = (pi,1, .-, pi,q) is a vector of [0, 1]-valued random jumps with the property > -, |pi| < +oo,
the W;’s are i.i.d. W-valued random locations independent of the p;’s. Under this nonparametric
prior each observation Z, in (46) admits the representation Z,|p = Zizl A, ;0w,, where A, ; =
(Anit, - Anig)lp ind M(1, p;). Note that the random measure p equals the vector of random

measures (ul, ...y lq), Where

szzpi,jéwﬁ .7:1)7q

i>1
As a simple CRM of Section A, the multivariate extension of a CRM is characterized by its Lévy-
Khintchine representation:

]E[e fw fr(w)p (dw)— 7&\ fa( w)p,q(dw)]

= exp {—/ / (1 - e_slfl(w)—---—sq'f‘Z(w)))\(q)(81’ .. .7Sq)d81 o dSqP(dw)}
w ]Rq+

for arbitrary measurable functions fi,..., fq : W — R, where P is a probability measure on W.

The multivariate Lévy intensity \(,) is assumed to satisfy the integral condition
/ min{1, [|s[[}A(g) (51, .-, 8¢)ds1 -+ -dsg < 400
RY

where ||s|| is the Euclidean norm of the vector s. When A(4)(s1,...,5,) concentrates on S, the law
of p may be employed as a distribution for the parameter ¢ of the simple multinomial process in (46).
A possible choice indicated by James [2017] is to select a stable-Beta-Dirichlet process, which is a
generalization of the Beta-Dirichlet process [Kim et al., 2012] with power law behavior. We say that a
multivariate CRM p = (1, . . ., f1q) is a stable-Beta-Dirichlet process with parameters (o, £+ a;~; 9),
where v = (y1,...,7q), if it is characterized by the following Lévy intensity specification

AN . o ;
N8 = sl s 1Hs" Loy (lsl), s € 5, (47)
j=11\7j
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where 0 <o <1,k > —a,¥ >0 and v; > 0 for any j =1,...,q. We write p ~ mSBD(c, k + a;y; V)
to denote the distribution of the stable-Beta-Dirichlet process. As emphasized by James [2017], it
can be easily checked, by means of the Laplace functional, that Z?Zl i; is a stable-Beta process
of Teh and Gorur [2009], i.e. a simple CRM on W with Lévy intensity on [0,1] x W equal to
Y57 (1 — s)* e tds P(dw).

E.2.1 Estimation of the unseen features with a condiment

In order to face predictive inference with the model (46) under the prior specification ¢ ~ mSBD(«, K+
a;7;¥), we need to characterize the predictive distribution of Zx1|Z1.y for the model (46). To this
end it is worth recalling the definition of the finite-dimensional Beta-Dirichlet distribution by Kim
et al. [2012]. A random vector P := (Py,..., P;) on S, is said to follow a Beta-Dirichlet distribution
with positive parameters o, x and v = (71, ...,7,) if the probability density function of the random

vector (P, ..., P;) has density proportional to
i 1
s[>~ (1= s])* [T s - s, (5) (48)
j=1

and we write (P1,...,P;) ~ B9(a, k;7). This distribution can be characterized as follows: |P| has
a Beta distribution with parameters (o, k) and the normalized vector (P;/|P|,...,FP,/|P|) follows a

Dirichlet distribution with parameters (1, ..., 7q)-

We first characterize the distribution of Zx1|Z7.y under the prior specification ¢ ~ mSBD(«, k+
a;7;9) in (46). The following result is immediate from the theory developed by James [2017].

Theorem 4. For any N > 1, let Z1.nx be a random sample modeled as the BNP multinomial process
model (46), with ¢ ~ mSBD(«, k + a;v;9). If Z1.n displays Ky = k distinct features, labeled by

Wi, ..., Wi, with condiment-specific frequencies (Mn 15, ..., MN ky. ;) = (M1 j,...,mk ), for any
j=1,...,q, then the conditional distribution of Zn1, given Zi.n, coincides with the distribution of
Kn
d
Zna|Zin = Zyy + Y Aniridw: (49)
i=1
where:

i) Ziy iy ds such that Zpy =35 Ay 0wy ~ MP(W) and g ~ mSBD(a, k + M + o;;9);

i) Ant11:Ky 95 a collection of independent simple multinomial random variables with respective

parameters Ji.k ., such that each J; = (J1,...,J,) has a Beta-Dirichlet distribution, i.e., J; ind
BD(m;—o, N—m;+r+a;v+m;), where we put m; == (m;1,...,m;q) and m; = Z§=1 m;; =
|my;| for anyi=1,...,Kn.

Note that in Theorem 4 My ; ; is the random number of times feature W;* has been observed out
of Zy.y with condiment j € {1,...,q}, while m; = Z?Zl m; ; is the number of times feature W;" has

been observed out of the sample.
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For any N > 1, let Z;.y be an observable sample modeled as the multinomial model in (46),

with ¢ ~ mSBD(a, k + a;7;9). Moreover, under the same model, for M > 1 let Zny1.n+m =

(ZNt1,- .-y ZNym) be an additional and unobserved sample. We now define the number of hitherto
unobserved feature with condiment ¢ € {1,..., ¢} that will be recorded out of Zn1.n4+1 as
M N
gy =31 (Z Apis > 0) 1 (Z Apig = 0) . (50)
i>1 m=1 n=1

Posterior inference for such a quantity could have potential interest in genomics to account for the
presence of a variant with certain biological characteristics (condiment). The next theorem provides
the posterior distribution of U ](\,]V?

Theorem 5. For any N > 1, let Z1.ny be a random sample modeled as the BNP simple multino-
mial process model (46), with ¢ ~ mSBD(a, k + a; ;). Suppose that Z1.n displays Ky = k dis-
tinct features, labeled by Wi, ... , Wi with condiment-specific frequencies (MNnaj,- s My gy ) =

)

(mig,....,miy), forany j =1,...,q. Then, the posterior distribution of UI(\% , given Z1.n, coincides

with the distribution of

M
U}%”ZLN ~ Poisson (19 Z (—1)m+? <A£)B(m —a,N+a+k) ((|1’£|))Z> (51)

m=1

Proof. The proof is based on the posterior characterization provided in Theorem 4 and the evaluation
of the probability generating function of the random variable U ](VA?, conditionally on the sample Z;.y.

The probability generating function is denoted as usual by gU(M) (-). Thanks to the characterization
N,¢

49), conditionally on Z;.y, the random variable U (M) may be written as
NL

M
M d
iz 3 (3 s 0).
m=1

i>1

Fix t in a neighborhood of the origin, then one has
()
gUz(sz) (t) = [tUNvf | Zl;N} . (52)

Here, independently across i, A’y 4m,i¢ 18 a Bernoulli random variable with parameter pg,e, condi-
tionally on the random measure p’ =3~ pidw; with Lévy intensity A{ )(s)ds; ---dsqP(dw) such
that

AN o o 1 -
)\'(q)(S) = ﬁﬁ\ (1 — s)NFrta-t Hsz 1]1[071](|s|), s €5, (53)

?:1 L'(v5) i=1
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Thus, the expected value in (52) boils down to

G (t) — [tzizﬂl(Z%:l A:n+N,i,£>O } HIE) [ =1 AN, e>0) | p]
Un.e
i>1
[ M
= H( (1—1t) [] P m+N,i’g:0|u/)>
i>1 m=1

=E [[Jt+ 0 -0 -p )™

i>1

where we used the fact that each A/, 4N, 18 @ Bernoulli random variable with parameter p;é, con-
ditionally on the random measure p’, and in addition these random variables are conditionally inde-
pendent. We now exploit the Laplace functional of the multivariate CRM p’ to obtain

gvaMz) (t) =E |exp Zlog(t + (1 —t)(1~ P;,E)M)

i>1

:exp{—(l—t)/sq
:exp{(l—t) M(—l)’"(?j)[g sm'(q)(s)dsl...dsq} (54)

m= q

[1— (1= s\, (8)dsy - ds }

where \{ ) has been specified in (53) and we exploited the following formula

1= (1= 5] fj () T—i(l)m(%ﬁ”. (53)

The integrals over S, in (54) may be easily evaluated (see, e.g., [Gradshteyn and Ryzhik, 2007, Formula
4.635.2]) to get

/ s{' (g (8)dsy - -dsg =0 Oe)m B(m —a,N+a+ k).
Sq (D

By substituting the previous expression in (54), we obtain

M
gU](V],VIZ) (t) = exp {(t -1) Z (—1)m*t (%)19((33)”; “B(m—a,N +a+ n)}

which is exactly the probability generating function of a Poisson random variable with parameter

M
S0 () B =N +a )

=1

O O
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M)

As a consequence of Theorem 5, one can define a BNP estimator of UJ(\, , with respect to a squared

loss function as follows:

M m
](VIV? —192 ’"“( )B(m—a,N—Fa—i—m) () . (56)
We point out that for computational convenience one may write

(57)

1-(1-XYy)M
UNZ =UB(1 —a,N +a+k)Exy) {()}

Y

where the expected value is taken with respect to the two independent random variables with the

following beta distributions
X ~ Beta(ye, |v] — ), Y ~Beta(l—a, N+ a+ k).

The equality (57) may be easily proved by observing that

Ex[X™] = (:f)m and B(m—a,N+a+k)=Ey[Y" Bl -a,N +a+k).

E.3 Scaled stable-Beta-Dirichlet prior for multinomial processes

From Theorems 4-5, it is apparent that, under the stable-Beta-Dirichlet process, the conditional
distribution of a statistic involving hitherto unobserved features, depends on the initial sample Z;.y
only trough the sample size N and not on other sample statistics. This behavior resembles what
happens for the Bernoulli process model described in the main paper when the prior ¢ in (1) is a
CRM. We then introduce a multivariate analogue of the stable-Beta scaled prior, that will be termed
scaled stable-Beta-Dirichlet process with the goal to enrich the predictive structure. We introduce a

discrete random measure depending on the random jump A 5, ., that has been defined in the main

c,B7
paper as a polynomial-exponential tilting of the density function (6), whose density equals

O.ﬁc+1

Tt D) —olet) =1 oxp {-Ba="} 1, (a) (58)

fAl,h,cﬁ (a) =

as shown in (36). The scaled stable-Beta-Dirichlet random measure is an almost surely discrete random

measure that can be represented as

BAL g, = Z pidw;,  Pi = (Pin,---:Pigq)
i>1

and consisting of ¢ components

/’(‘Al,heﬁ,j :mefswz asjz L...,q
i>1
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Conditionally on the jump A; j, ,, the multivariate random measure BAy is completely random

c,B7

with Lévy intensity Ay a, , . (s)dsq - - - dsqP(dp) with the specification

r Y -0 —o— ! i—1
() = W ~onrg Il [T 53 s, s €5, (59)

)\ A1 h
(@A, (]1':1 L'(v5)

8 o
where 0 < o < land~; > 0forany j =1,...,q. We write pa, , ~ S-mSBD(c,~; h¢3). A remarkable
property of this model is that 23:1 [ONW is distributed as the stable-Beta scaled process prior,
ie., |“A1,hc,g| ~ SB-SP(o, ¢, 8). Such a property may be easily proved by means of the Laplace
functionals. Note that one could potentially introduce an additional mass parameter in the model,

but this is irrelevant to carry out posterior inference in the stable case.

E.3.1 Posterior Analysis

We now provide posterior, predictive and marginal characterizations for the multivariate model (46)
under the scaled stable-Beta-Dirichlet process prior specification for 2. The results we present here

may be proved by exploiting [James, 2017, Section 5], conditionally on A; j_ , and then by marginal-

c,B

izing over the mixing distribution (58). We omit the details.

Theorem 6. For any N > 1, let Z1.5 be a random sample modeled as the BNP simple multinomial
process model (46), with ¢ ~ S-mSBD(o,v; he,g). If Z1.n displays Ky = k distinct features, labeled by

Wi, ..., Wi, with condiment-specific frequencies (Mn 15, .., MN Ky ;) = (M1j,...,mgj), for any
Jj=1,...,q, then the conditional distribution of Ay, , given Z1.n, coincides with the distribution of

AS  ~ Gamma(Ky +c+1,8+75") (60)
where 7(()“) = UZlgign B(1 —0,1i). Moreover, the conditional distribution of ¢, given Z1.n, 1 n, 4,

coincides with the distribution of

Kn
CN(Zrin, Arn,p) £ B, + D Jidw; (61)
' i=1

where:

i) Wa,, 18 a discrete multivariate random measure with Lévy intensity
) chﬁ

L(lv])

! dsyi,...,ds,, dw) = =———

VALhc,ﬁ( $1,-- -, dsg, dw) ;1‘:1 L'(v5)
o (62)

% |s|—a—|’>’|(1 —s)V H s;_YJ ]1[071](|s|)0A;ZC)ﬁdsl - dsg P(dw);
j=1
it) J1.xy 1S a vector of independent random jumps such that each J; = (J1,...,J4) has a Beta-
Dirichlet distribution, i.e.,

Ji|A1,hc,ﬁ N%.@(mi—a,]\f—mi+1;'y+mi) (63)
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where we put my; == (Mi1,...,M;q) and m; = Z?Zl m; ;= |my| foranyi=1,...,Kn.

Theorem 7. For any N > 1, let Z1.x be a random sample modeled as the BNP simple multinomial
process model (46), with ¢ ~ S-mSBD(o,~; he,g). If Z1.n displays Ky = k distinct features, labeled by
Wi, ..., Wg,, with condiment-specific frequencies (Mg, s MN Ky ;) = (Maj,...,my;), for any
Jj =1,...,q, then the conditional distribution of A1y, , given Zy.n, coincides with (60). Moreover,

the conditional distribution of Zni1, given Zi.n, A1 p coincides with the distribution of

c,B7

Kn

d
Zn1[(Z1n, Arp, y) = Znyy + Z ANi1,i0w; (64)
=1

where:

i) Ziy iy s such that Ziy 4 |Avn, , = D51 Agri0wr ~ MP(”/ALhCﬁ) and “/Al«hc,a |A1p, , is the

completely random measure having the Lévy intensity (62);

i) Ant11:Ky 1S a collection of independent simple multinomial random variables with parameters

Ji.ky, each one distributed according to Equation (63).

Theorem 8. For any N > 1, let Z1.x be a random sample modeled as the BNP simple multinomial
process model (46), with ¢ ~ S-mSBD(o,; h¢g). The probability that Zy.n displays a particular fea-
ture allocation of K = k distinct features with condiment-specific frequencies (My 1,5, ..., Mn Ky ;) =

(maij,...,my;), forany j=1,...,q, equals

p,(gN)(ml,...,mk) = H {B(mi —o,N—m;+1)

i=1

H?:l (’Yj)mi‘j
(D)m.
y Lk+c+1) okpett

let+1) (B4~ M)ktert

E.3.2 Estimation of the unseen features with a condiment

For any N > 1, let Z;.y be an observable sample modeled as the simple multinomial model in
(46), with ¢ ~ S-mSBD(o,~; h¢ ). Moreover, under the same model, for M > 1 let Zni1.n1m =
(Zn+1, .-y ZN+nm) be an additional and unobserved sample. Under this model, we now determine the
posterior distribution of the sample statistic U [(\%) in (50), counting the number of hitherto unobserved

feature with condiment ¢ € {1,...,q} that will be recorded out of the additional sample.

Theorem 9. For any N > 1, let Z1.n5 be a random sample modeled as the BNP simple multinomial
process model (46), with ¢ ~ S-mSBD(c,~; he,g). Suppose that Z1.n displays Ky = k distinct features

with condiment-specific frequencies (My1,j,--., MN ky,;) = (M1j,...,mp;), for any j = 1,...,q.

)

Then, the posterior distribution of UJ(\% , given Z1.n, coincides with the distribution of

(M)
UM Zy. ~ NegativeBinomial | Ky + ¢+ 1, G fN) (66)
, ¢N}e +7% @ +8
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where we defined

M
o) MY jymer OOm g
me = Z<m>( D A Bm = e N+ ).

m=1
Proof. The proof is based on the posterior characterization in Theorem 6 and on Theorem 7. As
in the proof of Theorem 5 we evaluate the probability generating function of the random variable
UJ(V]V?, conditionally on the sample Z;.n. The probability generating function is denoted as usual by

the random variable

QU<M)(-). Thanks to the characterization (64), conditionally on Z1.n, A1 s, 4,
N,j ’

U](VJ%) may be written as

M
UJ(VA%(ZLN’AWM) 2 Z]l (Z AniNie > 0) .

i>1 m=1

Fix t in a neighborhood of the origin, then one has
SIe) U )
gUJ(\sz) (t)=E [t N Zl:N} =K {E {t N Zl:N7A1,hc,g} | Zl:N} (67)

by an application of the tower property. We now focus on the evaluation of the inner expected value
in (67):

(M) /
E [tUNv@ | Zl;N,Al,hc,ﬁ} =FE {tzleAWrNM}

M M
=E HE[l : ]P(Z A;nJrN,i,Z = 0) +1- ]P(Z A;nJrN,i,E > 0)]

i>1 m=1 m=1

From Theorem 7, the A] _,,s are independent random variables as m = 1,...,M, and each
/ . . p " , .
one A’y +m,i¢ 18 a Bernoulli with parameter p; ,, conditionally on the random measure p D, =

> i1 Pidw; with Lévy intensity (62). As a consequence we obtain

B [t57 | Zin, Avne,] =B | T] [+ 0 =00 = 5]
i>1
Proceeding along the same lines as in the proof of Theorem 5 we have that

(M)
E [tUN,Z | Zi.n, Al,hc,a} = |exp Zlog(t +(1-t)(1- pil)M)
i>1

—exp{(lt)/w/s[l(1SZ)M}V’AMM(dsl,...,dsq,dw)}.

Now define
l F(|7|) —o—|v]| N . vi—1 —o
)\(q),Al,hcﬁ (s) := 4 . T(y) 5] (1-s) H s;i” py(lsl)oAy,
Jj=1 J j=1
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thus, the conditional expected value under study may be written as

(M)
E |:tUN,2 | Zl:Na Al,hc, ] = exp {—(1 — t)/ [1 — (1 — SX)M]/\/(qLAl,h ; (s)dsl, ce ,dsq}
S, c,B

:exp{ (1—1) i() 1"’“/5

where we applied (55). The integral over S, appearing in (68) may be evaluated resorting to [Grad-
shteyn and Ryzhik, 2007, Formula 4.635.2], therefore

sy /(q)yL\mcyﬂ (s)dsy,. .., dsq} (68)

q

/S szn)‘/(q),Al,hcyﬂ (s)ds1,...,ds,

q

(IVI) / Nigl—ol TT o1

oAT7 s —|s))N|s| oI 77 Hdsy - - - ds
Lhe g H ( ) s, L jl;[l J q
— (7@)771

=0A]} B(m —o,N +1).
e (o
Thus, by substituting the previous expression in (68) one obtains
(a)
E [tV57 | Ziw, Avn, | = e {-(1-0AT7 007} (69)

where we recall that 1/)1(\,1\7/2) has been defined as follows

i =0 Z < ) SO T T
(Dm
As a consequence, the probability generating function in (67) equals
69 .
Qvaz\? (t) ) E [eXp {—(1 — t)ALhC,[J/’EVAQ} | Zl;N} .

The conclusion follows by a marginalization w.r.t. the posterior distribution of AIZC 5 which is a

gamma random variable (see (60)):

) (N) Kn+c+1
G on(t) = / 6_(1_tw§VM")x : (Bt )" wKN“e*w(VéN)*B)dx
Un.e o NKy+c+1)

(B )t

'Ky +c+1)
(6 + ,y(N)>KN+c+1

- [(W’éN) +8)+(1-1) (M)]KN+C+1

) Kny+c+1
_ B+
6"+ 8+ — toy

which is the probability generating function of a negative binomial distribution as in the statement.

/OO 1§V 48+t (e L Kntet1=1 g,
0
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O O

As a consequence of Theorem 9, the BNP estimator of U I(VJ’V? under a squared loss function equals

A o
U](V]\,i) = (KN+C+1)%- (70)
Yo t+B8

For computational purposes, we finally note that the parameter wj(\,]v[[) in the posterior representations

may be computed as

1-(1-XY)M
0 = Bl By [0S T]

Y
where the expected value is made w.r.t. two independent random variables X and Y having beta

distributions as follows

X ~ Beta(ye, |v] —v) and Y ~ Beta(l —o, N +1).

F Synthetic experiments from the model

We now analyze empirically the properties of the SB-SP-Bernoulli model used in Section 3. We will
use the acronym SSB for brevity in the captions. I.e., we consider the hierarchical model detailed in
(1), with p ~ SB-SP(o, ¢, 8). The predictive characterization detailed in Proposition 3, together with
Equation (13), provides an algorithm to sample N observations from the model: given 8 > 0,0 €
(0,1),¢ >0,

e at every step n = 1,..., N, conditionally on the previous n — 1 samples Z;.,,_1 showing K,,_1

distinct features, each feature k =1,...,mg,,_, with frequency my, sample

n—1

— a random number of new features observed:

1)
U,Sl_)l | Z1.n—1 ~ NegativeBinonial (Kn_1 +c+1, L}) ;
B+

— for previously observed feature i =1,..., K,,_1:
Ani| Z1:n—1 ~ Bernoulli (m; — o, N —m; +1);
In particular, for the first step, Ko = 0.

F.1 Predictive behavior of the number of new features from the prior

First, we investigate the predictive behavior of the model as we vary the hyperparameters of the
process — f3,0,c. Because our interest is in understanding the coverage properties of the posterior
predictive distribution induced by the model, we report, together with the predictive mean, also
posterior predictive credible intervals. In this first set of simulations reported in Appendices F.1.1

to F.1.3, we assume the hyperparameter o, ¢, 8 to be known.
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Figure 6: 90% centered credible interval for the number of distinct features K (y-axis) as a function of the sample
size N (z-axis). We fix 8 = 1, ¢ = 5, and vary o across subplots. For the 5%, 50%, 95% quantiles, we compare the
theoretical value (solid black lines) to empirical result (dashed red lines), obtained by drawing Nj;c = 1000 different
datasets with the same parameter specification.
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Figure 7: 90% centered credible interval for the number of distinct features K (y-axis) as a function of the sample
size N (z-axis). We repeat the same experiments as in Figure 6, but now fix 8 = 1, 0 = 0.2, and vary c¢ across subplots.

F.1.1 The role of ¢

We start by analyzing the role of ¢ in Figure 6. As suggested by the asymptotic behavior analyzed in
Theorem 3, o directly controls the asymptotic rate of growth of the number of distinct features: as
o increases, the expected number of variants increases, approaching a linear behavior as ¢ — 1. We
notice that this behavior is reminiscent of the tail parameter of the stable beta-Bernoulli process [Teh
and Gorur, 2009, Broderick et al., 2012].

F.1.2 The role of ¢

We now move to the analysis of the polynomial tilting parameter, c¢. As suggested by the predictive
distribution given in Equation (13), ¢ acts as a “prior” number of features. That is, in the prior, the
expected number of features to be observed from N samples is a Negative Binomial random variable

with parameters ¢ + 1, WSN)/(ﬁ + ’y(()N)), i.e. with expectation given by

N
A

BV = e+ 1) (2

Again, larger values of ¢ induce a higher rate of growth in the number of features, as showed in Figure
7.

F.1.3 The role of

Last, we analyze the role of the exponential tilting parameter, 5. Inspecting again the predictive

distribution Equation (13), 5 affects the number of new variants thorugh the success probability of
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Figure 9: 90% centered credible interval for the expected number of distinct features IE[U](V ) | Z1.n] (y-axis) as

a function of the sample size N (z-axis). We fix 8 = 1, ¢ = 5, ¢ = 0.5, and total sequencing capacity L = 2000.
In different subplots, we show E[U](\,M) | Z1.n] for different values of N. Here, the first N samples display exactly

Ky = ]E[U(g]\”} distinct features.

the negative binomial — for fixed ¢, o, N, M, Z;.n, the expected number of new variants UJ(VM) | Z1.n

depends inversely on the parameter 5. We verify this empirically in Figure 8.

F.2 Predictive behavior of the number of new features from the posterior

Next, we perform a slightly different exercise from the one described above. We still assume the
parameters to be known, and we investigate how the posterior predictive behavior varies as we change
the number of training samples N with respect to a total sampling “capacity” L. Intuitively, for a fixed
value of this “sampling capacity”, N + M = L, the expected number of observed features from the
model should be the independent of the choice of N, M. However, we expect the distribution (e.g., the
posterior variance), to concentrate as N increases relative to M. To perform this experiment, we do as
follow: we fix 3, ¢, o and, for each £ = 1, ...,2000, we let K, = Uéz). Next, for N € {50,100, 500, 1000},
we compute U 1(\,M) | Z1.n, where we condition on the number of observed variants as given by the curve
{K¢}e=1,... 2000- As displayed in Figure 9 and Figure 10, the width of the credible intervals shrinks

with increasing training sizes V.

F.3 Estimation of the parameters

Next, we move to the more interesting scenario in which the parameters are unknown and need to
be inferred from the data. The natural way to estimate the unknown parameters is to maximize

a likelihood criterion, such as the marginal distribution of the feature counts mgy,...,mg, given in
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Figure 10: 90% centered credible interval for the expected number of distinct features ]E[U](VM) | Zi.n] (y-axis) as a
function of the sample size N (z-axis). We repeat the same exercise as in Figure 9 but now fix 8 = 2, ¢ = 1000, o = 0.2.
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Figure 11: 99% credible interval centered around the posterior predictive mean (dashed red line) of the number of

distinct features UI(\,M) | Z1.n (y-axis) as a function of the sample size N (z-axis). We fix 8 =1, ¢ = 20, 0 = 0.5, and
learn the parameters for different training size N € {100, 400, 700, 1000} across subplots for a total sequencing capacity

L = 5000.

Equation (10). We found this method to work well both on real data, as displayed in Section 4, and
on synthetic data. We here report some results in Figures 11 and 12. In general, and not surprisingly,
the precision of our estimates increases with larger sample sizes.

In our synthetic experiments, as expected, the values maximizing the marginal likelihood converge
to the underlying true values of the data generating process as the sample size N — oo. By performing
a visual investigation, we find that indeed the negativd marginal likelihood is a convex function in
each argument, with a unique, well-defined minimum (see Figures 13 to 15).

When most of the features are very rare (e.g., they appear once or twice in the sample), we found
that an alternative empirical Bayes approach, akin to the one adopted in Masoero et al. [2021], worked
better, as further discussed in Appendix G.
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Figure 12: 99% credible interval centered around the posterior predictive mean (dashed red line) of the number of
distinct features U§VM> | Z1.n (y-axis) as a function of the sample size N (z-axis). We repeat the same experiment as
in Figure 11, but now for 8 =1, ¢ = 100, o = 0.25.
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Figure 13: We draw a synthetic dataset of size N = 10’000 from a SSB with parameters 3 = 5,0 = 0.1,c = 3. In the
left subplot, we plot the value of the negative marginal likelihood (vertical axis) as we vary the value of 3 (horizontal
axis), keeping o = 0.1 and ¢ = 3 fixed at the true value. We repeat the same procedure, now varying o and keeping
B =5, ¢ = 3 fixed at their true value in the central subplot. Last, in the right subplot, we inspect the marginal likelihood
as we vary the value of ¢, keeping 8 = 5, 0 = 0.1. We then minimize numerically the negative log-likelihood, and report
in each subplot with a blue cross the numerical value of the corresponding hyperparameter (horizontal axis) together
with the corresponding marginal likelihood value (vertical axis).
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Figure 14: We repeat the same exercise of Figure 13 for N = 1’000, 8 = 10, ¢ = 0.7, ¢ = 20.
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Figure 15: We repeat the same exercise as in Figures 13 and 14 for N = 100, 8 = 5, ¢ = 0.35 and ¢ = 102.
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Figure 17: Estimates for the number of new features for the SB-SP-Bernoulli (red) and the stable beta-Bernoulli
(blue) processes as the exponent ¢ varies across subplots. Shaded regions cover a 95% credible interval around the
predictive mean. The solid black line represents the true counts. Here, the training is done using the first N = 100
observations, and extrapolating up to the remaining M = 1900 observations.

G Synthetic experiments from Zipf distributions

To compare the predictive performance of the SB-SP-Bernoulli process proposed in Section 3.1 to
existing competing methods, we also consider synthetic data from Zipf-distributed frequencies (see
Figure 16). That is to say, we imagine that there exists a countable number of features in the
population, and that, for some £ > 0, feature k is observed independently of any other feature with
probability 7, = (k4 1)7¢. An observation X, then a binary vector, in which, conditionally on the

frequencies m = (71, e, . ..) the k-th coordinate is a Bernoulli random variable:
Xop | 75" Bernoulli(my), 7= {(k+ 1) }es1. (71)

We perform our simulations as follows: we fix a total sequencing capacity of L = 2000, and draw L
i.i.d. samples from the model, following the recipe given in Equation (71). For simulation purposes,
we only consider the first K = 10° features to have non-zero probability, i.e. 7, = 0, for all &k > K.
We compare the estimates of our proposed SB-SP-Bernoulli model (Section 3.1), to the stable beta-
Bernoulli process [3BP], the linear program of Zou et al. [2016], the first four orders of the Jackknife
estimator originally proposed in Burnham and Overton [1978] and recently employed in the genomics
context by Gravel [2014], and the Good-Toulmin estimator, recently used in Chakraborty et al. [2019],
with the two alternative smoothing choices described in Orlitsky et al. [2016]. Estimates for Bayesian
methods are obtained by using the posterior predictive mean for the number of new variants condition-
ally on the observed sample, with hyper-parameters learned by numerically maximizing the marginal
distribution (EFPF) of the features counts, as described in Section 4.1.

As expected, we find the nonparametric Bayesian estimators to do particularly well for larger
values of the exponent £ — that is when most features are exceedingly rare. The SB-SP-Bernoulli
and the SB-SP-Bernoulli-parameter beta-Bernoulli processes performed comparably on these datasets,

both in terms of estimation accuracy and uncertainty quantification, as displayed in Figure 17.
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Figure 18: Accuracy of the competing methods (SB-SP-Bernoulli [SSP], stable beta-Bernoulli [3BP], Jackknife [J],
linear program [LP], Good-Toulmin [GT]) on simulated data from a Zipf model (Equation (71)) with parameter £ = 1.2.

For L = 2000, we report vgvMa) as N increases, for M = L — N. For each N, results across S = 100 datasets are reported

in the boxplots.
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Figure 19: Accuracy of the competing methods (SB-SP-Bernoulli [SSP], stable beta-Bernoulli [3BP], Jackknife [J],
linear program [LP], Good-Toulmin [GT]) on simulated data from a Zipf model (Equation (71)) with parameter £ = 0.8.

For L = 2000, we report vNMa as N increases, for M = L — N. For each N, results across S = 100 datasets are reported
in the boxplots.

To better asses the predictive quality of the different methods, we ran extensive simulation exper-
iments; for each value of £ € {0.8,1,1.2,1.4,1.6}, we generated S = 100 datasets of size L = 2000,
and for each value of N € {10, 50,100,200} we trained each method, and extrapolated to predict the
number of new variants to be observed up to M = L — N € {1990, 1950, 1900, 1800} remaining sam-
ples. We report as measure of accuracy the percentage accuracy incurred by each estimation method
vj(vj\i), defined in Equation (19), at the largest extrapolation level M = L — N, across different values
of NV and all S = 100 simulation studies. Results are reported via boxplots in Figures 18 to 20. While
all methods improve their performance with larger sample sizes, we find that the BNP estimators
(SSP, 3BP) provide relatively more accurate results for smaller samples sizes (e.g., N = 10, N = 50
in Figures 18 and 19). The performance of the BNP methods exceed those of competing methods for
larger values of the exponent (¢ € {1.2,1.4,1.6}), while higher order Jackknife and linear programs
tend to do better for smaller values of the exponent (¢ € {0.8,1}).

H Additional experiments on the gnomAD dataset

H.1 Experimental setup

In order to run our experiments, we use data from the gnomAD (genome aggregation dataset) discov-
ery project [Karczewski et al., 2020], the largest and most comprehensive publicly available human
genome dataset. We follow the same experimental setup adopted in Masoero et al. [2021]. We briefly
summarize this setup in this section. The gnomAD dataset contains 125’748 exomes sequences (i.e.
protein-coding regions of the genome), from 8 main populations. Sample size varies widely across sub
populations, e.g. the “Other” subgroup counts about 3’000 observations, while “South Easy Asian”

contains almost 16’000 individuals (see Karczewski et al. [2020] for additional details).
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Figure 20: Accuracy of the competing methods (SB-SP-Bernoulli [SSP], stable beta-Bernoulli [3BP], Jackknife [J],
linear program [LP], Good-Toulmin [GT]) on simulated data from a Zipf model (Equation (71)) with parameter £ €

{1,1.4,1.6} (top row, center row, bottom row). For L = 2000, we report vg\],wa) as N increases, for M = L — N. For each

N, results across S = 100 datasets are reported in the boxplots.

For privacy reasons not all individual sequences are accessible. Hence, in order to run our analysis
we generate synthetic data which closely resembles the true data as follows. For every subpopulation
with N individuals and every position j = 1,..., K in the exome, we have access to the total number
of individuals IV; showing variation at position j. We compute the empirical frequency of variation at
site 7, éj = N;/Nforall j =1,..., K. Our data is then generated by sampling independent Bernoulli
random vectors Xi,..., Xy, with X,, = [zn1,...,%n k] The entries in the vector are independent

Bernoulli random variables, z, ; ~ Bernoulli(éj).

H.2 Results from the gnomAD data

For each of eight subpopulations in the data, we performed the following experiment. Let 6 =
[61,...,0k,.] C[0,1] denote the “genetic signature” of the population, with 6, = Ni/N, with Nyo
the total number of individuals in the population and Nj the number of individuals in the population
displaying such variant, 1 < Ny < N Then, for each population, we generate S = 50 datasets by
drawing Ny, i.i.d. binary random vectors of length K.« as described above, with biases given by
6. We then retain for each dataset N € {50, 100} observations for training, and try to predict the
number of new variants that are going to be observed if we were to sample additional M = N;ot — N
observations.

In a nutshell, also on this data, the findings are similar to the results obtained on the MSK-IMPACT
cancer data. In particular, we find that when the sample size N is small, the proposed SB-SP Bernoulli
model leads to predictions that are often comparable or more accurate than competing methods.

First, we report the accuracy metric UJ(VM) for eight subpopulations in gnomAD, Afroamerican
(Amr.), South East Asian (SE. As.), Other East Asian (Ot. E. As.), Finnish (Fin.), South European
(S. Eu.), Swedish (Swe.), South Asian (S. As.) and the remaining Other. In Figure 21 we show results
(over S = 50 Monte-Carlo re-draws of the data from the estimated frequencies ) of retaining N = 50
datapoints for training, and extrapolating to the largest available sample size M. In Figure 22 we

report results for the same metric, with training performed by retaining N = 100 datapoints.
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Figure 21: Accuracy metric vég/l) for eight subpopulations in the gnomAD dataset. For each subpopulation we retain

N = 50 observations for training, and extrapolate to the largest possible value M. Results are over S = 50 Monte-Carlo
draws of the data, as described in Appendix H.1
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Figure 22: Same setup as in Figure 21, now for N = 100.
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Figure 23: Accuracy of the compared methods, now over all the eight subpopulations and over 50 Monte Carlo draws
for each population. N = 50, and M is set to be the largest possible extrapolation size for each subpopulation.
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Figure 24: Same setup as in Figure 23, now for N = 100.

Next, we provider boxplots that report the (aggregated) accuracy of the metric UEVM) across all the
eight populations, and all the S = 50 Monte-Carlo draws (so that each boxplot reports the accuracy
of a total of 50 x 8 = 400 accuracy values), for N = 50 (Figure 23) as well as N = 100 (Figure 24).
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Figure 25: Same setup as in Figure 23, but only for the American subpopulation.
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Figure 26: Same setup as in Figure 23, but only for the Other East Asian subpopulation.

H.3 Additional boxplots

Since in Figure 23 and Figure 24 we are aggregating result in which NN is consistent for all populations,
but M differs, we also report boxplots of each subpopulation individually.
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Figure 27: Same setup as in Figure 23, but only for the East Asian subpopulation.
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Other, N=50, M = 2950
—— ——
SSB (78.2%) 3BB (82.2%) LP (34.3%) 1 (54.9%) 1 (84.4%) J (86.7%) Ja (70.2%) GT; (53.0%) GT, (48.3%)
Figure 31: Same setup as in Figure 23, but only for the “Other” subpopulation.
Amr., N=100, M =17100
e
— — %
—
—_— B e
S5B (85.4%) 3BB (84.7%) LP (29.4%) 11 (33.1%) 1 (62.4%) J (95.2%) Ja (87.1%) GT; (32.0%) GT, (30.0%)

Figure 32: Same setup as in Figure 24, but only for the American subpopulation.
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%
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5SB (87.5%) 38BB (90.1%) LP (49.0%) 11 (48.6%) 1> (79.5%) J5 (91.2%) Ja (75.4%) GT; (51.3%) GT, (45.6%)
Figure 33: Same setup as in Figure 24, but only for the Other East Asian subpopulation.
SE. As., N=100, M =8900
;
5SB (94.9%) 38B (83.5%) LP (40.3%) 11 (41.6%) 1> (70.9%) Js (98.6%) Ja (79.4%) GT; (43.3%) GT, (38.3%)
Figure 34: Same setup as in Figure 24, but only for the East Asian subpopulation.
Fin., N=100, M=10700
B —_——
—
— —— —_— —_
SSB (73.3%) 38BB (98.0%) LP (0.0%) 1 (83.1%) 1> (93.3%) 15 (76.2%) Ja (57.9%) GT: (72.1%) GT, (67.5%)
Figure 35: Same setup as in Figure 24, but only for the Finnish subpopulation.

S. Eu.,, N=100, M =5500

e —m 8 —_—
— —
S5SB (94.0%) 38BB (86.3%) LP (51.9%) 11 (50.3%) J2 (79.6%) J3 (92.4%) Ja (73.6%) GT, (49.7%) GT, (48.5%)
Figure 36: Same setup as in Figure 24, but only for the Southern European subpopulation.

Swe., N=100, M =12900

——— —_—
;

5SB (95.2%) 3BB (72.7%) LP (36.7%) 11 (47.7%) J2 (73.0%) J (98.1%) Ja (83.0%) GT; (44.0%) GT, (40.0%)

Figure 37: Same setup as in Figure 24, but only for the Swedish subpopulation.
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Figure 38: Same setup as in Figure 24, but only for the “Other” subpopulation.
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