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SUMMARY

We introduce a novel stochastic process that we term the multivariate beta process. The process
is defined for modelling-dependent random probabilities and has beta marginal distributions. We
use this process to define a probability model for a family of unknown distributions indexed by
covariates. The marginal model for each distribution is a Polya tree prior. An important feature
of the proposed prior is the easy centring of the nonparametric model around any parametric
regression model. We use the model to implement nonparametric inference for survival distribu-
tions. The nonparametric model that we introduce can be adopted to extend the support of prior
distributions for parametric regression models.

Some key words: Dependent random probability measures; Multivariate beta process; Polya tree distribution.

1. INTRODUCTION

We introduce a stochastic process that we call the multivariate beta process; this is not related
to the process introduced in Hjort (1990). The multivariate beta process {Y;}yecx is defined
on a Euclidean space X C R¥, for every x in X, the random variable Y, has a beta distribu-
tion and, for every pair of points (x1,x7) in X, the random variables Yy, and Yy, are posi-
tively dependent. Moreover, the degree of dependence becomes stronger as x; approches x;.
In the first part of this article, the multivariate beta process is studied and a relation with the
Dirichlet process (Ferguson, 1974) is illustrated. In the second part, a Bayesian model for a fam-
ily P ={Py; x € X} of dependent random probability measures P, indexed by covariates x is
defined by using the multivariate beta process. The model is an extension of the Polya tree model
(Lavine, 1992).

Many important applications naturally lead to statistical inference based on dependent
random distributions. Typical examples are MacEachern (1999), De lorio et. al. (2004) and
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Dunson & Park (2008). We use the proposed model to implement a nonparametric extension
of a parametric proportional hazards model.

The stochastic process P is indexed by the points of the set {X x B}, where X is the covariate
space and B is the usual Borel o-field of the real line. It is assumed that X C R, for a given
positive integer k: covariates can be continuous or discrete. We summarize a few salient properties
of the model. For any x € X, the marginal process {Py(B)}pep is a random probability measure
with a Polya tree distribution. The process can a priori be centred around a given regression
model {F}}xcx. The model {F}ycx can include unknown hyperparameters 8. For example, in
an application to survival data, we use a Weibull model with unknown regression parameters 6
for prior centring. Another relevant property of the model is that for every measurable subset
B € B, point x € X and sequence {x; € X};>1 such that the Euclidean distances {|| x; — x [|};>1
vanish, the random sequence {Py, (B)};>1 converges in probability to Py (B). We also illustrate
that, for every finite subset of the covariate space {x1, ..., X, }, the law of the random probability
measures (Py,, ..., Py, ) has full support with respect to the weak convergence topology. We call
the outlined extension of the Polya tree model P the multivariate Polya tree.

2. THE MULTIVARIATE BETA PROCESS
2-1. Definition

We define a random process {Yy}recx with beta marginal distributions, Yy ~ Be(xg, o1)
for every x € X. Constructions of dependent beta random variables have been studied in
Olkin & Liu (2003), Nadarajah & Kotz (2005) and Nieto-Barajas & Walker (2007). Olkin & Liu
(2003) define a bivariate beta distribution by ratios of gamma random variables. We build on a
similar construction; the definition of the process {Y; }rcx is a natural extension of the following
specification of a bivariate random vector (Y7, Y2) with beta marginal distributions:

(1)

G G G G
(Y1,Yz)=< 1+ G 2+ G )

Gi+G2+ G4+ Gs Gy + Gz + Gs + Gg

where the equality is in distribution and G1, ..., G¢ are independent gamma random variables
with a fixed common scale parameter. Consider the kernels centred at x| and x5 in Fig. 1(a). The
kernels create six non-overlapping regions Ay, ..., Ag. Let X denote the covariate space, rep-
resented as the horizontal axis in Fig. 1(a). We define the gamma random variables G, ..., G¢
as the random weights assigned to 4| through 4 by a gamma process on X x R. The kernels
centred at x| and x; are used to specify the distribution of the random vector (Y7, ¥>). We extend
the construction to { ¥y }»cx by expanding from kernels centred at x| and x; to a family of kernels
with location parameters in X. The extension exploits the fact that a beta random variable can be
represented as the ratio of two gamma distributed random variables and the infinite divisibility
property of the gamma distribution.

Let X be endowed with a o-field A" and a o -finite measure p. Lebesgue measure and counting
measure are natural candidates for u in continuous and discrete covariate cases, respectively. Let
0O = {Oy}rex be a location family of probability measures, absolutely continuous with respect
to p and with derivatives {¢y}ycx. Throughout the article such derivatives will be assumed to
be unimodal; for example Gaussian, g (-) = N(:; x, o). Let {G(4)} 4e(x x5y be a gamma pro-
cess indexed by the sets of the product o-field X x B. For every m > 1 and non-overlapping
Ai, ..., Am, the random variables G(A41), ..., G(4,,) are independently gamma distributed
with a fixed-scale parameter and shape parameters v(4 ), where v is the product measure on
X x R of n and Lebesgue measure. Note that {G(A4)} 4e{x x5} 1s a positive random measure
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Fig. 1. Construction of a multivariate beta process. (a) Kernels aogx, (+), ®0gx,(-), —1¢x, (-) and

—a1¢x, (), centred at two covariate values, x| and x;. The areas indicated by A through A¢ are used

to define the dependent random variables Y7 and Y7 in (1). (b) Correlation corr(Yy, Yy 4+4) as a function

of d. Here X =R, {Yy}yex ~ MBP(xg, @1, O), g =« = 1, u is the Lebesgue measure and {g, }ycr
are Gaussian kernels with mean x and variance equal to 1.

on X x R. Finally, for every x, let Sg ={(z,y) e X x R:0 <y <apgy(z)} and symmetrically
S)} ={(z,y) € X x R: —a1¢9x(z) <y <0}, where ¢ and o are positive parameters. The sets SS
and S; are the regions bounded by the kernels «pgy (-) and —a1q, (-). We will use the notation
Sy = Sg U S;. In Fig. 1 we illustrate the case X =R, with ¢ (-) = N(-; x, o). The regions S)?l,
and S;l_ ,fori € {1, 2}, are bordered by the two kernels centred at x;. We can now define, for every
x € X, the beta random variable Y, as a function of the gamma process {G(A4)} 4e(x xB):

B G(SY)
TGS + Gshy

We call the constructed process {Y,}xex the multivariate beta process with parameters
(ag, a1, Q) and use the notation {Y, }xcx ~ MBP(ag, 1, Q).

For later reference, we note an alternative construction for the finite-dimensional distribu-
tions of {Y, }rex. Consider a set of covariate values x1, ...x,. Define vy, ., asthe v measure

restricted to

[(z, ) € X x R:min{—a;qy,(2)} <y < max{aogy, (Z)}} .

.....

x, 1s a Dirichlet process parameterized by the positive measure vy, .y, , then

Dyy...x, (SO) Dy....x, (S2) } o

Y,...,Yﬂ - 9 ey
(¥, ) {Dx1 5 (SO USH) Dy, (SO USL)

where the equality is in distribution. The identity between the two definitions of the process
{Yy}xex follows from the fact that a Dirichlet process can be represented as a normalized
gamma process.

..........
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2-2. Sampling from a multivariate beta process prior

We exploit (2) for sampling binary variables when their joint distribution is specified by means
of a multivariate beta process. Consider a vector of binary random variables Z = (Zy, ..., Zy),
with covariates x; (i =1, ..., N), and assume

N
P21 ZN Y Yo ) = [[ Y= Y)' ™7, (Vheex ~ MBR(2g, @1, Q). (3)
i=1

The urn scheme in Blackwell & MacQueen (1973) can be used to sample Z, marginalizing
over {Yy}yex. Let {(ij,h;j)) e X xR; i=1,..., N, j > 1} be an array of exchangeable ran-
dom vectors with random distribution Dy, ... Let (ji, ..., jn) be a vector of integers defined
as j; =inf{j : (;;, hij) € Sy;}. The vector (j;; i =1,..., N) selects N pairs {(;;, h;;); (i, j) =
(1, j1),..., (N, jn)} that belong to the areas contoured by the curves aogy, and —a1q,;. The
set of variables {(/;;, h;;); i=1,..., N, j=1,..., j;} can be generated by the Polya urn. The
binary random vector {/ (h;; > 0); (i, j) = (1, j1), ..., (N, jn)} has the same distribution as Z.
The equality in distribution follows from the fact that the random probabilities of the binary vec-
tor {7 (h;; > 0); (i, j)=(1, j1),..., (N, jn)} are exactly the right-hand side of (2) and have the

same distribution as the random variables (Y,;; i =1, ..., N) that define the probability distri-
bution of Z.

We will use this construction for the implementation of posterior simulation in §4. The aug-
mented model with the latent variables {(/;;, h;;); i=1,..., N +1, j > 1} canbe used to sam-

ple from the predictive distribution for a future Zy 1 with covariate x4 and, more generally,
to implement posterior inference.

2-3. Assessing the correlation function of a multivariate beta process

The correlation function of the process {Yy}rex ~ MBP(x, a1, Q) can be computed using
a result in Olkin & Liu (2003), who studied the bivariate beta distribution of a random vector
(Y1, Y2) defined by the equality

Gy Gy
11, )= . ,
G+ Gs; Gy+ Gs

where G1, G and G3 are independent gamma random variables with shape parameters a, b and
¢. Olkin & Liu (2003) show that

abT(a+b)F'b+c)l(a+b+c+1)
N INCE R INCE))

Xi Ma+j+1) rb+j+0H 1
Fra+b+c+j+DHTa+b+c+j+1) ;!

EMY2) =

4)

J=0

Consider {Yx}xeX’“ MBP (g, o1, Q_) and'two points x1 and xp in X. For i €{1,2} and j €
0,1}, let S/ =84, S =S°USL S, =8/ NSy, Siz= S}, USY, and D = Dy, x,. We note that

E(YyY,)=F

D(S1) D(S) D(52) D($2)

{D(S?z) N D(S?\Sg)} {D(S?z) N D(SQ\S?)}
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The equalities follow from representation (2) and from the tail-free property of the Dirichlet
process (Doksum, 1974). The right-hand side of the equation allows us to compute E (Y, Yy,)
using the identity (4). This is possible since the law of the random vector

{D(Sl\Sz) D(Sz\Sl)}
D(S)) = D($)

belongs to the family studied in Olkin & Liu (2003). Figure 1(b) illustrates the correlation func-
tion of a specific multivariate beta process.

The parameters have a clear interpretation: «g and o« characterize the univariate marginal
distributions while the correlation function can be flexibly chosen through a suitable specifi-
cation of Q. A simple example helps to clarify the relationship between O and the correlation
function. Let O be the location family of normal distributions on the real line with common
variance o2. The correlation function of the process {Yy}cecr depends on the choice of o2; the
larger the variance the larger the correlations of the bivariate marginal distributions. The triple
oo, o1, V(Sy, N Sy,) parameterizes the joint distribution of (Y, Yy,). For fixed values of g and
a1, the correlation between Yy, and Y, is an increasing function of v(Sy, N Sy,). See Proposi-
tion Al in the Appendix. It follows that, in the example, the map (o, x1, x2) = corr 2 (Yy,, Yy,)
is decreasing with respect to |[x; — x2|/o. The elicitation of the multivariate beta process includes
the choice of the parameter Q; this family of distributions defines the positive definite function

(x1,20) > v [(z,») € X x R:0 <y <min{gy, (2), 4x,(2)}] - (6)

The right-hand of (6) is identical to the correlations corr{G(SSl), G(ng)} and

corr{G(S! D G(S;Z)}. The mapping in (6) provides an easily interpretable representation
of the dependence between the random variables Yy, and Y,. Moreover, for fixed values of o
and oy, expression (5) allows us to evaluate the correlation function (xy, x2) + corr(Yy,, Yy,)
corresponding to any specific choice of the map (6). Positive definite functions as in (6) arise
from integrating suitably chosen indicator functions with respect to infinitely divisible processes
and have been studied in the literature (Mittal, 1976; Berman, 1978; Gneiting, 1999).

We conclude this section with a proposition on the distribution of (Yy,, Yy,) when the distance
between x| and x, becomes infinitesimal.

ProPOSITION 1. For every x € X, if {x; € X};>1 is a sequence such that supg g |Oy, (B) —
O (B)| — 0, then the random variables {Y,}; >1 converge in probability to Y.

The proofs of this and subsequent propositions are given in the Appendix.
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3. MULTIVARIATE POLYA TREES
3-1. The Polya tree model

For later reference, we recall the definition of the Polya tree prior (Lavine, 1992, 1994).
Let IT1 = (By = ; By, B1; Boo, Bot, - -.) be a binary tree of nested partitions of a separable
measurable space Q2 such that (By; Bo, Bi; Boo, ...) generate the measurable sets. Let A =
(g, a1, aqo, - - .) be a sequence of nonnegative numbers. Finally, let & =(J;,_,{0, 1} denote
the index set of A.

DEFINITION 1. A random probability measure P on Q2 is said to have a Polya tree distribution,
with parameter (I1, A), written P~ PT(I1, A), if there exist independent random variables
V=Y, € €& UQ)suchthat, foreverye € & UQ, Y, ~ Be(ae1, ae0) and P(Be1) /P (Be) = Ye.

For extensive discussion of the properties of the Polya tree model, we refer to Mauldin et al.
(1992).

3.2. The multivariate Polya tree

We introduce the multivariate Polya tree distribution. The idea formalized in the following
definition is to replace the beta random variables that characterize the Polya tree model with ran-
dom processes indexed by the points of a covariate space. We will use multivariate beta processes
{Ye x}xex, independent across €, to generate beta-distributed random variables that define Polya
tree random measures P, for each x.

In the sequel (By, B1; Boo,...) ={(0,1/2],(1/2,1]; (0, 1/4], ...} is fixed as the standard
dyadic tree of partitions of the unit interval. The proposed model is parameterized by (A, Q, F)
defined as follows. Let A= (a,; ¢ € & U Q) denote a sequence of positive numbers. For a
o -finite measure p on (X, X), let O = {Q,}xex denote a location family of probability mea-
sures absolutely continuous with respect to w. Finally, F = {F\}ycx is a class of continuous
distribution functions.

DEFINITION 2. 4 class of random probability measures on the real line {Px}yxcx has a mul-
tivariate Polya tree distribution, with parameters (A, Q, F), if there exist random processes
Y={{Yexlrex; €€ 8&UQ} such that the following hold: the random processes in ) are inde-
pendent across €, for every e € & U @, {Ye x}xex ~ MBP(Q;, g, Q); foreverym=1,2, ... and
every ¢ € {0, 1}™

m m
PAF Bae f= TI Yeropun T 0= Yorer) )

j=l;¢;=1 j=1;¢;=0

where the first factor in the products is interpreted as Yy x or as 1 — Yp . and, for every a €
0,1], F~Y(a) =inf{b e R : F(b) > a}.

We write {Py} ~MPT(A, Q, F). The parameter F defines the prior mean, A specifies the
variability, and Q defines the strength of dependence.

The following proposition asserts that the defined class of random probability measures
{Px }xex can be centred on an arbitrary model {Fy }ycx.

PROPOSITION 2. Forevery x € X and every Borel subset B, if {Py}xex ~ MPT(A, Q, F), then
the expected value of the random variable Py (B) is equal to Fx(B).
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For data analysis, it is important that the prior can be centred on a prior guess and that the
degree of variability of the random probability measure can be controlled to reflect the strength
of the available prior information. The Polya tree prior is a flexible probability model that can
achieve both of these objectives. See for example Lavine (1992).

In the multivariate Polya tree model, a third aspect enters the prior elicitation. The investigator
can specify the degree of dependence between the jointly modelled random probability mea-
sures {Px}yex. For example, consider a covariate space X = {x1, x2} consisting of two points.
The higher the degree of dependence between the two random probability measures, the more
borrowing of strength will occur between the two groups defined by the two covariates. In the
extreme cases, if the random measures are independent, the observations with covariate x, are
not used to estimate the unknown distribution Py,, while if the random measures are almost
surely identical, then all data are pooled to carry out inference about the one common random
probability measure.

The degree of dependence between jointly modelled random distributions is most easily char-
acterized by the correlations of the random probabilities. For an exhaustive motivation of this
approach, we refer to Walker & Muliere (2003). They study the joint law of two Dirichlet pro-
cesses, D1 and Dy, such that the quantity corr{ D1 (B), D»(B)} is a fixed positive constant inde-
pendent of the specific Borel subset B. In our case, the correlations of interest can easily be eval-
uated for a rich class of Borel subsets. Given the covariate points x; and x;, for every ordered
pair of integers (i1, i), consider

1 (11 (12 (11 RN AaL
o (£ (3) 5 (3)] 7= (52 (37) 5= ()]}

Using (7), the computation of the correlation coefficients can be reduced to the previously dis-
cussed problem of evaluating second-order moments of bivariate marginal distributions of inde-
pendent multivariate beta processes. Figure 2 illustrates, for a specific multivariate Polya tree
parametrization, some of the correlations that can be computed following the outlined procedure.
As desired, the closer the two covariates, the stronger the dependence between the correspond-
ing random measures. The parameters (A, F') characterize the marginal distribution of a single
random measure Py. If (A, F) is fixed, then the choice of Q allows flexible modelling of the
strength of dependence between the random measures. Consider, for example, the parametriza-
tion adopted in Fig. 2. Following the same arguments used earlier to discuss the relationship
between Q and the correlation function of { Yy }xecx ~ MBP(p, @1, Q), it can be shown that the
ratio |x; — x|/o determines the degree of dependence between Py, and P,,.

The next proposition asserts that, for a sequence of covariate points {x;};>| converging to x,
the differences between the associated random distributions, P,; and Py, become negligible.

ProrosiTION 3. For every xeX, if {x;e€X}i>1 is a sequence such that
supgep |Ox; (B) — Ox(B)| — 0 and supgcp|Fy,(B) — Fx(B)| — 0, then, for every Borel
subset B of the real line, the random variables { Py, (B)}i>1 converge in probability to Py (B).

Proposition 4 describes the support of the prior {Py }cx. For every x € X, the support of the
random probability measure P, includes all probability distributions that are absolutely contin-
uous with respect to Fy. If the support of Fy is the real line, then the law has full weak support,
which remains the same even under restrictions on neighbouring random probability measures.
Specifically, let x1, . .., x;; denote distinct covariate points. The random probability measure Py
still has full support, even conditional on Py, ..., Py, belonging to m, arbitrarily chosen, open
sets (A1, ..., A,,) with respect to the weak convergence topology.
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Fig. 2. Correlation between Py, (0, ] and Py, (0, ¢]. Here

{Pilrex ~MPT(A, O, F), X =R, o, =2 for every ¢, Fy

is the uniform distribution function on [0, 1] for every x and

(gx; x € X) is the family oszaussian kernels with variance
o-=2.

This property distinguishes the multivariate Polya tree from many other Bayesian models for
heterogeneous populations. Consider, for example, a Bayesian proportional hazards model F. If
the covariate space X is a subset of the real line, then, for any monotone bounded continuous
function f, the map x > [ fdF, is monotone. In contrast, assume that a multivariate Polya tree
‘P is centred on a proportional hazards model; if x; < x < x3 belong to the covariate space, then
the probability of the event [ fdPy, > max([ fdPx,, [ fdPy,) is strictly positive.

PROPOSITION 4. For every strictly positive §, foreverym = 1,2, ..., distinctxy, ..., X, € X,
and for any family of probability measures Sy, . . ., Sy, such that the absolute-continuity relations
S1 K Fyy,...,Sn KL Fy,, are satisfied, the following holds. If {V1, ..., Vi} is a partition of the

real line into intervals V;, then the event
{|7>x,.(Vj)—S,-(Vj)|<5; i=1,...,m, j:l,...,k}

has strictly positive probability.

The proposition guarantees that for any finite sequence of continuous and bounded real func-
tions { f1, ..., f1}, and for every positive &, the event

A m [ riav. - [ nas

has a priori strictly positive probability.

<&

3-3. Mixtures of multivariate Polya trees

We introduce to hierarchical extension to the multivariate Polya tree model. The extension is
similar to mixtures of Polya tree models. Mixtures of Polya trees have been studied by authors
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including Hanson (2006), Hanson & Johnson (2002) and Berger & Guglielmi (2001). An impor-
tant advantage of the mixture of Polya tree models compared with the Polya tree prior is discussed
in Lavine (1994). The awkward sensitivity of the inference with respect to the choice of the par-
titions is mitigated, and predictive distributions are smoother than under a Polya tree prior; see
Hanson (2006) and Hanson & Johnson (2002).

A mixture of multivariate Polya trees is a natural extension to the mixture of Polya tree
models. We consider a class of random probability measures {P; }:cx indexed by covariates x
such that conditionally on a random parameter 6 the process {Px}ycx is a multivariate Polya
tree centred on Fy,

{Pilxex |0 ~MPT(A, O, Fg), 6~A. (®)

The parameter 0 indexes a regression model Fy. For example, in the following discussion,
{Py }xex will be centred on a parametric survival regression model. Simple modifications allow
one to adapt the framework to other regression problems.

In §5 we will use the following nonparametric Bayesian model for event time data. Let { W;}7"_,
denote survival times, possibly censored from the right, of a sample of subjects with covari-
ates {x;}7_;. We assume that the censoring times are independently distributed with respect
to the survival times. Let Hp, (-) be a continuous cumulative hazard function with parameter
01 € ©y. Let Lg,(-) denote a link function with parameter 6, € ©;. Define the cumulative dis-
tribution functions Fy, g, x(-) =1 — exp{—Hp, () Ly, (x)} and Fy = {Fp, 6, x(-)}xex. We use the
prior (8) with 6 = (01, 62) and conditionally independent survival times, W; | {Py}xex ~ Py, for
i=1,...,n. Wewill specify Fp in the hierarchical prior as a Weibull proportional hazards model:
01 = (611, 6012) and Ly, (x)Hp, (t) = exp(92x)911912t9'2. A vague prior is adopted for the regres-
sion parameter 6, which is normally distributed with zero mean and large variance, while 61
and 61, are exponentially distributed.

4. POSTERIOR INFERENCE
4.-1. Posterior inference with multivariate Polya trees

Posterior inference in the proposed model can be implemented by Markov chain Monte Carlo
simulation.

Consider posterior inference conditional on data W = {W;, x;}7_,, under the sampling model
Wi ~ Py, and {Py}rex ~ MPT(A, O, F). We explain two key concepts that allow the construc-
tion of posterior Markov chain Monte Carlo simulation, the independence of the processes
{Ye x}xex across g, both a priori and a posteriori, and the Polya urn scheme with latent vari-
ables {(/;;, hij); i=1,..., N, j > 1} introduced in §2-2. Throughout the sequel, we use finite
Polya trees as approximations. Let m be a positive integer, M = 2" and let ¢y, . .., &3 denote the
indices of the partitioning subsets B, at level m of the multivariate Polya tree construction. Pos-
terior inference on Py {Fx_1 (Be;)}, j=1,..., M, provides an approximation of the conditional

law of the random probability measure Pyx. Let YV, = {Ye x; € € Uzm:_ol {0, 1}¢, x € X} denote all

random branching probabilities up to level (m — 1). Given the data W, a sufficient statistic for
updating ), consists of the array of indicators

. -
Im:[l{ijl (1{4)<W,~<ijl (Z\E)} i=1,...n j=1,... M—1|.

The sampling model for /,,, conditionally on )),, can be conveniently factored using (7).
We rearrange the likelihood such that all factors related to a single multivariate beta pro-
cess {Yex}xexy are grouped together and observe that the multivariate beta processes that
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define the multivariate Polya tree are both a priori and a posteriori independent. It thus suf-
fices to discuss posterior inference of {Y; y}xex for a fixed ¢. Let N = Z?Zl IH{F,(W;) e
B} and, without loss of generality, assume that Fy (W;) € By for i =1,..., N. The next
paragraph describes a Gibbs sampler algorithm that allows posterior inference for {Y; y}xex
given a sample Z = (Zy,..., Zy) of binary variables with covariates xi,...,xy, charac-
terized as in (3). The variables Z;, for i =1, ..., N, coincide with the indicator functions
[{in(VVi) € Be1}.

Recall the definitions of Dy, .y, {(ij, hij); i=1,...N, j>1} and {ji,..., jn} in the
sampling algorithm described in §2-2. The posterior distribution of the truncated sequences
{(ij, hij);i=1,...,N, j=1,..., j;}, conditionally on the binary random variables Z =
{I(h1j, >0),...,I(hyjy >0)}, with regression function {Yy},ex ~ MBP(atg, @1, Q), can be
approximated by iteratively sampling from the full conditionals

{js hug iy W hip)s =1, u—Lu+ 1, N, j=1... ji} Z (9)

Without loss of generality we assume that u = N. A minor modification to the algorithm in
§2-2 can be used for sampling from (9). We sample {(Iy;, hy;); j=1,..., jn} from Dy, xy
conditional on {(/;;, h;;);i=1,...,N —1, j=1,..., ji} using the updated Polya urn. So far
we are following the sampling scheme illustrated in §2-2. An additional accept—reject step is
introduced. If 4, > 0 and Zy =1 or, symmetrically, /;,, <0 and Zy =0, then the realization
is saved. Otherwise, sampling is repeated until the condition is satisfied. Using the latent ran-
dom variables {(/;;, h;;); i=1,..., N, j=1,..., ji}, we can generate a predictive sample for
Z n+1. It suffices to exploit the conjugacy property of the Dirichlet process in (2) with respect to
the random variables {(/;;, h;;); i=1,..., N, j=1,..., j;} and, if xy11 does not belong to
{x1, ..., xn}, the tail free property of the Dirichlet process.

4.2. Posterior inference with mixtures of multivariate Polya trees

In this subsection we consider mixtures of truncated multivariate Polya trees: Ye,, ¢, x = %

for j > m. We write {Py}yex ~ MPT,, (A, O, F) to denote a truncated multivariate Polya tree,
truncated at level m. Consider the model

0~A, {,Px}xeXwNMPTm(vA, 0, Fy), I/Vi|{,Px}xeX'\“,Pxi @i=1,...,n).

Below we give Markov chain transition probabilities that can be used to define Markov chain
Monte Carlo posterior simulation for the model.

Consider again the array {(;;, #;;);i =1, ...,n, j > 1} defined in 82, (j1, ..., ju), Dx,....x,
and the binary vector (Z1, ..., Z,) with Z; = I(h;;, > 0). Let k be an arbitrarily chosen posi-
tive integer, say k = 30. We define two more latent quantities, k; and H;. Let k; = max(k, j;).
We will later condition on {(/;;, h;;); j=1,...,k}. Also, we define the unsorted set H; =
{(ij, hij), j=1,...,k}. It will be important that /; is an unsorted set rather than a sequence.
We repeat this construction for each of the {Y; \}rcx in the construction of {Py},cx; we define
arrays {(ije, hije)ii=1,...,n, j =1}, vectors (jig, ..., jne), binary variables (Zye, ..., Zy¢)
and sets (Hje, ..., Hy:). The use of the random sets H;, is motivated by the following fact: if
the parameter 6 and the arrays {(/;;¢, hije); i =1, ..., n, j > 1} are iteratively sampled from the
full conditional distributions, then we only obtain a random sequence of 8 values that preserve
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the classes B, to which {Fy , (W1), ..., Fy x,(W,)} belong. That is, the random sets /;, are
introduced in order to define an irreducible Markov chain. The Markov chain Monte Carlo
algorithm exploits the identities

pr{FO,xi(I/I/i) € Be| ..... 8,,,} = pr(Zie|---sj =&j+1; Jj=0,...,m—=1),
Fox; (Wi) | Fo.x;(W;) € Be,

We use three transition probabilities and adopt the notation (x | y, z) to indicate that the ran-
dom quantity x is updated conditional on currently imputed values for y and z. In the following
description L, is the ithrow of Ly = {(/;j¢, hije); i=1,...,n, j=1,..., jis} and H denotes
the random sets H;,.

The first transition is (L;¢ | @, W, H). This step is carried out separately for all 7 and all ¢,
exploiting independence across i and ¢, conditional on 6, W and H. Conditioning on (6, W)
could determine Z;, and the indicator /(4 > 0). A simple example clarifies that sampling
from the conditional distribution reduces to a combinatorial exercise. Consider 41,.. ., A¢ and
Dy, x, asin Fig. 1(a). Let k=3, e =@ and i = 1. Assume Hjg, is constituted by three points,
respectively,in 41, As and Ag. If Fy , (W1) > 0-5and Z, = 1, then, simply counting the permu-
tations of the elements in Hj, that satisfy 4 ;, > 1 we find pr(Lip € Ag X 4110, W, H) =1/3.
By similar arguments, we generate L;,.

The second transition is (H | Lg, 8, W). This step is carried out separately for each &, exploit-
ing conditional independence. It is implemented by sampling, from the updated Polya urn, the
random variables {(/;j¢, hije); i=1,...,n, j=jie+1,..., Kk} conditional on L,.

Finally, the third transition is (6 | H, 6, W). We include 6 also in the conditioning subset
since the proposed Metropolis—Hastings transition probability also depends on the currently
imputed value of 6. Propose a transition & — 6’ and accept or reject the proposed value on
the basis of the standard Metropolis—Hastings rule. The acceptance probability requires the
evaluation of

p@ | W, Hyccp®, W | H) o< p®) [ p{Foe W) | HY ] Fi, (W), (10)

i=1 i=1

where p{Fy ,(W;) | H} denotes the conditional density function of Fy y, (W;) and Fé’ y; is the
derivative of Fy ,,. The right-hand side of (10) is evaluated using a simple combinatorial argu-
ment, which is best explained with an example. For simplicity, assume m = 1 and focusoni = 1.
Consider 4y, ..., A¢ and Dy, y, asin Fig. 1(a), k = 3 and H constituted by three points, respec-
tively, in 41, 4> and A4s. Then

2/3, 0< Fy (W) <05,

Fox,(Wi) | H} =
P{Fo.;(Wi) | H} {4/3, 0-5< Fyy, (W) < 1.

Only two out of the six possible permutations of A1, A3, As imply (/;,, h,) € As and Z1 =0.
Censored data are handled by imputing the missing event times and sampling them condition-
ally on 6 and H; a similar approach is discussed in Walker & Mallick (1999).
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Fig. 3. Simulation example. The dashed lines represent the

true survival functions, pr(#; > w; | x;), for x; =0-25 and

x; = 0-75. The solid lines illustrate the posterior estimates

of the two survival functions. The shaded bands show 90%
credible intervals.

5. EXAMPLES
5-1. Simulation example

The first example illustrates the flexibility of the multivariate Polya tree model. We consider
a simulated dataset generated from the following model:

L 2
X =10, 1], p(WiIxi)anp{—M

My, =0-5x; +0-5, oy, = —1-08x; + 1-2.

The density p(W; € dw | x;) is a truncated normal density. The covariates x; are uniformly sam-
pled from the unit interval. The simulation model includes censoring times {C; }; > that are inde-
pendent of {W;};>1. The censoring times are exponentially distributed with mean equal to 5-7;
the resulting censoring probability pr(C; < W;) is approximately equal to 0-15. We generated a
sample of n = 300 observations and estimated the underlying distributions. We use a mixture of
multivariate Polya trees truncated at m = 5. The hierarchical prior (8) is centred on a Weibull
model. The dashed lines in Fig. 3 show the simulation truth for two covariate values x; = 0-25
and xp = 0-75. The distribution functions associated with x; and x, cross. The sampling model
violates the proportional hazards assumption. The simulation results show how the dependent
branching probabilities allow posterior inference to adapt to the data when the assumptions of
the centring model are violated. Figure 3 shows the corresponding posterior estimates and point-
wise credibility intervals. Posterior inference appears to achieve a balance between borrowing
strength across covariate levels versus reporting meaningful covariate effects. These two goals are
in conflict with each other. Excessive prior dependence diminishes the flexibility of the posterior
inference to adapt to the model structure. On the other hand, in the absence of prior dependence
we would not borrow any strength across x.

The estimates are based on 30000 iterations of the Markov chain Monte Carlo algorithm
described in §4-2 after a burn in of 10 000 iterations. Convergence of the Markov chain Monte
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Table 1. Monte Carlo approximations of mean absolute errors for
point estimates of pt(Wy,+1 > w | xp+1) for some values of x,,+1 and
w: a comparison between mixtures of multivariate Polya trees and
dependent mixtures of log-normal densities specified with kernel
stick breaking processes (Dunson, 2008). Covariate values are 0-25,
0-50 and 0-75. For each value of x, 11 we consider w equal to the
25th, 50th and 75th percentile of the corresponding truncated normal
distribution.

Mean absolute errors
Xnt1  w =25th percentile  w = 50th percentile ~ w = 75th percentile

MMPT  0-25 0-044 0-049 0-041
0-50 0-042 0-046 0-040
0-75 0-047 0-049 0-042
KSBP 0-25 0-042 0-050 0-045
0-50 0-043 0-051 0-042
0-75 0-045 0-047 0-046

MMPT, mixtures of multivariate Polya trees; KsBP, kernel stick breaking process.

Carlo simulations has been validated by simulating six independent Markov chains starting
from distinct values of the hyperparameter . We also evaluated the convergence diagnostic
proposed by Raftery & Lewis (1992). This method requires a single Markov chain realization,
which is used to verify the accuracy of the computed predictive probabilities of the events
{Wy41 > w} for a grid of values of w. We found no evidence of lack of convergence. The compu-
tational time required for computing the estimates in Fig. 3 with a laptop computer was less than
9 minutes.

We compare the proposed mixture of multivariate Polya trees with a recent proposal for mod-
elling dependent random distributions (Dunson & Park, 2008). This approach extends the Dirich-
let mixture model by introducing a kernel stick breaking process which defines dependent dis-
crete random distributions. The random distributions are then used for specifying dependent
mixtures indexed by covariates. In our comparison we used mixtures of lognormal densities. This
modelling approach extends the density regression method introduced in Dunson et al. (2007).
We add a simple imputation step for censored data to the algorithm discussed in Dunson & Park
(2008). We carried out 100 simulations of the inferential procedure described in the previous
paragraphs. In Table 1 we summarize the simulation results by reporting mean absolute errors
of the posterior estimates of pr(W,+1 > w | x,41) for several values of w and x4 . The results
show the overall comparable errors under the two models.

5:2. A lung cancer trial

We apply the proposed mixture of multivariate Polya tree models to the analysis of survival
data from a clinical trial performed by the Lung Cancer Study Group (Lad et. al., 1980). The
objective of the trial was to determine the potential benefit of adjuvant chemotherapy for patients
with incompletely resected non-small-cell lung cancer. Patients were randomly assigned to either
radiotherapy, or radiotherapy plus chemotherapy. The trial demonstrated the benefit of adju-
vant chemotherapy in addition to the radiotherapy. The survival data are published in Piantadosi
(1997); 164 patients were enrolled in the trial and 28 were alive at the end of the follow-up period.

The most relevant prognostic factors are cancer histology and performance status at enroll-
ment. Histology is coded as X1 = 0 for squamous and X7 =1 for non squamous. Performance
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Fig. 4. Lung cancer trial. (a) Kaplan—-Meier estimates of survival functions. Solid lines refer to treatment and
dashed lines refer to the control group. (b) and (c) The model-based estimates of survival curves arranged by
cancer histology. For comparison, the corresponding Kaplan—Meier estimates are also included.

status is coded as X, =0 for Karnofsky indicator > 7 and X, =1 otherwise; we use the
dichotomized Karnofsky measurements provided in Piantadosi (1997). The third covariate is the
treatment assignment; we use Xo = 1 for treatment and X = 0 for control.

Observed survival times in the treatment and control arms are shown in Fig. 4(a). The Kaplan—
Meier survival functions for treatment and control cross at around w = 1000 days. For a while
after the crossing, the differences are negligible. At the end of the third year, the Kaplan—Meier
estimate of the survival function for the treatment group is above the corresponding curve for
controls.

The prior is parameterized by o, = 4 for every ¢. The kernels ¢, in this case are multivariate
normal densities with diagonal covariance matrix and the three standard deviations equal to 3.

As this example demonstrates the proposed multivariate Polya tree can easily be implemented
for a moderate number of covariates. In fact, the computational effort of posterior inference scales
only with the sample size, not with the number of covariates. Here the estimates of the survival
curves have been obtained on the basis of 25 000 iterations of the proposed algorithm, after a
burn in of 7000 iterations. The only concern limiting the number of covariates is the ability to
define meaningful kernels to induce the desired correlation. For practical implementations, we
see no problem with using the model with up to ten or so covariates.

Figure 4 summarizes some aspects of posterior inference under the proposed model. The
model-based estimates identify crossing survival functions. The corresponding Kaplan—Meier
curves are shown for comparison. Despite prior centring around the proportional hazards struc-
ture, posterior inference correctly identifies the intersecting curves. In contrast to the proportional
hazards model, the proposed MpT model allows posterior inference to violate the structure of the
prior centring family if the data so indicate.

6. DiscussioN

The construction of probability models for dependent random measures has been studied by
several authors in recent years. Among these, MacEachern (1999) and De Iorio et. al. (2004)
explore the idea of defining dependent random probability measures by means of an extension
of the Dirichlet process mixture model while Dunson & Park (2008) discuss an extension of the
stick-breaking representation.

The two main guiding principles in the proposed construction of dependent random probability
measures are the need to specify prior distributions with a clear interpretation and the aim of
constructing a probability model with large support.
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One of the main strengths of the proposed approach is the use of marginal Polya tree priors,
which allows one to restrict the model to continuous random distributions. Posterior inference
under the finite multivariate Polya tree model allows easy interpretation as essentially a random
histogram method. Some of the remaining limitations are computational challenges of higher
dimensional extensions, requiring the manipulation of higher dimensional partitioning subsets,
and the sensitivity of posterior inference on partitioning boundaries. The latter is greatly mitigated
by the hierarchical extension of the multivariate Polya tree model to a mixture of multivariate
Polya trees with a hyperprior for the centring model.

The multivariate beta process has interesting applications beyond the multivariate Polya tree
model. The multivariate beta process provides a flexible construction to define dependent ran-
dom probabilities indexed by covariates; the proposed approach can be generalized for defining
dependent random vectors on a finite-dimensional simplex or dependent discrete random dis-
tributions. For example, it could be used to define priors for finite mixtures by formalizing a
regression of mixture weights on covariates.

A natural continuation to the above line of research is the study of the asymptotic properties
of Bayesian inferential procedures based on the proposed class of dependent random probability
measures. We hope that the strict similarities of the multivariate Polya tree model with the tail free
prior distributions could prove helpful in future research for exploring its asymptotic behaviour.
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APPENDIX
ProrosITION Al. Let g and o be two strictly positive real values. If

=ap(l —a), r? =wpa, rz1 =r11 =ai(l —a), rcl =wa,
wherea € (0, 1), and (GY, Gg, G}, G%, G?,, GZ,) are independent gamma random variables with same scale

arameter and shape parameters 0, r9, ¥, 1 rO 1) then the function
172,757

GY + GO G+ G
G4+ G2+ Gl +G!" G+ GY+ G+ G!

p(a) = corr (

is monotone increasing.

Proof. The vector

GV G
(G?+G2+G}+G§+G2+Gg"”’G?+G§+G%+G§+GQ+G§)

is Dirichlet distributed with parameter (0,73, 7},71,7%,r!). Consider a Blackwell-McQueen
random sequence {/;};>; from an urn with initial weights (,73, 7}, 71,70 r]}) and colours
(€Y, CY,Cl,ci, 0 Cl). Let S be the first ball from the Blackwell-McQeen urn whose colour

belongs to the set (CV, C 11, Cg, C g) and let 7 be the first ball, subsequent to .S, whose colour belongs to
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the set (CY, C3, CY, Cl). Then
( GY+G° GY+G° )
GY'+G'+ Gl +Gl GY+ G2+ G +G!
=pr{Se(C?uCY), Ve (Cluch)
[ee) m—1
:Zpr{ (Ve UCh. lne(C)u CS)}
m=1

k=1

m—1
xpr{Ve(cgucfn ﬂlke(cgucg),zme(c?ucg)}. (A1)
k=1

For each component of the sum, the first product term equals

m—1

o H(l—a)(ao—}-otl)—i—k—l
Q2—-a)(ay+a)+m—1 Q2—-a)(a+ay) +k—1

p'la,m)=
k=1

and the second equals

p o alag+oy) +1 aag+ 1
pla,m)= l—-a———FF——+3a— .
o + o (oo + o)) +m (g + o) +m
The following inequalities can be verified with simple algebra. If a, a* and a™* belong to the interval
(0, ) anda™ >a* then_, - p'(@™,m) <}, p'(a*, m) forevery j and, for every m, p"(a**, m) >
p’(a*,m) and p”(a,m)> p”(a,m + 1). These inequalities and the equality Zm>1 pa**, m)=
> w1 P'(@*, m) imply that

[o¢] oo
@ mp@,my =Y pla, mp’@,m.
m=1

m=1

The last inequality completes the proof, indeed the two terms are equivalent to the expected value in (A1)
under different parameterizations of G9, ..., Gi,. O

Proof of Proposition 1. For every i, let

GY, =Glz,y) € X x R:0 <y < agmin{gy, (2), g ()}],

Gg\x,- =G{(z,y) e X xR:0<y <aygx(2), ¥y 2 aqy, (2)},
Gg,\x =G{z,y) e X xR:0<y <apqy,(2), ¥y = apg:(2)}.

We observe that G(S9) =G? . + G\, G(S)=GY, + G, and

x\x;? xi\x

E[(G(S) = GSOF]= EW(GY, — G007 =2var(GY).
The hypotheses imply that v{(z,y) e X x R:0 <y <gy,(2), g:(z) >y} — 0, and it follows that
var(GY ) = 0- We can similarly define G}  , Gl and G|, and verify that E[{G(S}) — G(S})}*] —
0. Finally, the convergences in mean square of {G(S]?i)}@l and {G(S;i)},;] imply that, for every ¢ > 0,

pr(| Yy, — Yy |>¢e) — 0. O

Proof of Proposition 2. For every e e U2 {0, 1}, E[PX{FX_I(BS)}] = A(B;), where A denotes the
Lebesgue measure. The same equality holds for the elements of the algebra of finite unions of B, sets.
The class (B € (0, 1]: A(B) = E[P.{F'(B)}]) is monotone. The monotone class theorem implies that
for every Borel subset B of (0, 1], E[P.{F'(B)}] = »(B). Finally, if a distribution p satisfies the equality
P{F(B)} = A(B) for every Borel subset B of (0, 1] then p = F,. O
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Proof of Proposition 3. Proposition 1 implies that, for every &eUX {0, 1}, the sequence
P {F;'(B:)} (i=1,2...) converges in probability to P.{F,'(B.)}. Similarly, if a measur-
able set B belongs to the algebra generated by {B.; ¢ € U2 {0, 1}'}, then the random variables
le.{ijl(B)} converge in probability to PX{F;I(B)}. Let BC[0,1] be a measurable set. Let
By, B, ... be an increasing sequence such that U;»;B; =B and assume that, for every j>1,
the random variables Pxi{ijl(Bj)} converge in probability to PX{FX‘I(Bj)}. We observe that,
for every pair (i, ), PuylFy 1(B)}—73,6[{F);1(B_,-)}>0 almost surely. We also observe that
E[Po{F; " (B)} — Py {F; '(B))}]=A(B\ B;), where A denotes the Lebesgue measure. It follows,
using the Markov inequality, that, for every § > 0 and & > 0, there exists m such that

8
pr [WX{F;‘(Bm)} — PAF (B} > i] <3
. . § § .
pr [P AF, (Bu)} — PolF, (B)} > 3 <3 i>1.
Moreover, there exists £ > 1 such that, for every j > £,
1 O §| ¢
pr |P’CJ{FX/ (Bm)} - Px{Fx (Bm)}l > g < g
For every j >k, pr[|77x/.{Fx_f‘(B)} — PAF Y (B)}| > €] <§. Similarly, if the sequence By, By, ...
decreases to B and, for every j > 1, the random variables PXI{FXTI(B_,-)} converge in probability to
Po{F,(B))}, then the sequence P, {F, ' (B)} converges in probability to Py {F, ' (B)}. It follows, using
the monotone class theorem, that for every Borel subset B C [0, 1] the sequence P, {ijl (B)} converges
in probability to P, {F, ' (B)}.

Assume that the pair (a, b) satisfies ¢ = Fy(a). The cumulative distribution functions F\, and F
are continuous. Therefore, the variables |P,,{(—oo, ijl(c)]} — P{(—00, al}| and |Px,{ijl(0, cl} —
PAF, 1(0, c]}| are almost surely identical. The random sequence IPX‘.{FXTI(O, cl} = PAFT 10, c]}|
converges in probability to zero. Note that E[|Py, {(—oco, ijl(c)]} — Py {(—00, al}|]] =|c — Fy,(a)|
and |c — F, (a)] — 0. It follows that the random sequences [Py, {(—o0, ijl(c)]} — Py, {(—00, al}| and
[Py, {(—00, a]} — Py{(—00, a]}| converge in probability to zero. Finally, through monotone class argu-

ments and exploiting the convergence in total variation of {F},};>1 to Fy, we verify that, for every Borel
subset B, the sequence P, (B) converges in probability to P, (B). O

Proof of Proposition 4. Assume that {Y,},cx ~ MBP(p, oy, Q). We prove that for every & > 0, for
everym =1, 2, ..., foreverydistinctx, ..., x, € Xanday, ..., a, €[0, 1]theevent {|Y,, — a;| <&; i =
1, ...m} has strictly positive probability.

There exist strictly positive numbers (g, g{) such that |{g{/(g} + g})} — a1| < &/2. Given G(S? ) = g}
and G(S},) = g{, there exist strictly positive numbers (g, g3) such that, if G(S? \ $?) =g? and G(S}, \
i) =gy, then [[G(SL)/{G(SY) + G (S} )}] — az| < /2. Similarly, for any fixed value of G(S} U S} U
. US)) and G(S? USY U...USY), there exist positive numbers (g7, g,,) such that, if G{S? \
(SPU...USHY =g\ and G{S] \(S} U...USH} =g/ |, then [[G(S} )/{G(SY )+ G(S ) —
aiy1]<§/2. The quantities v(S? ), v(S}), v(SE,\ S2), ..., v{S] \ (S} U...US] )} are strictly pos-
itive, indeed {g,}rcx is a location family of unimodal densities. It follows that the density func-
tion of [G(S?), G(S}), G(SY \ 82), ..., G{S} \ (S} U...US! )H}]inanadequate neighbourhood of
(g, gl, ..., gl) is strictly positive. This fact proves our assertion.

For every positive £ and every integer ; the event

I 141 I 1+1
-1 -1
{Si<Fx‘ (21’ 2/ D_P""(F"‘ (2]” 2/ D

<& 1< -1, i=1,...,m}
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has strictly positive probability. Finally, for any positive § and partition (V7, ..., V) constituted of inter-
vals, the absolute continuity hypothesis S; < Fy, < A, where A denotes the Lebesgue measure, implies
that, if j and & are suitably chosen, then this event becomes a subset of {|S;(V;) — Py, (V)| <é; [ =
I,....k,i=1,...,m}. |
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