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Many aspects of modern science, business and engineering have become data-centric, relying
on tools from Artificial Intelligence and Machine Learning. Practitioners and researchers in
these fields need tools that can incorporate observed data into rich models of uncertainty to
make discoveries and predictions. One area of study that provides such models is the field of
Bayesian Nonparametrics. This dissertation is focused on furthering the development of this

field.

After reviewing the relevant background and surveying the field, we consider two areas of

structured data:

- We first consider relational data that takes the form of a 2-dimensional array—such as
social network data. We introduce a novel nonparametric model that takes advantage
of a representation theorem about arrays whose column and row order is unimportant.

We then develop an inference algorithm for this model and evaluate it experimentally.

- Second, we consider the classification of streaming data whose distribution evolves over
time. We introduce a novel nonparametric model that finds and exploits a dynamic

hierarchical structure underlying the data. We present an algorithm for inference in



this model and show experimental results. We then extend our streaming model to
handle the emergence of novel and recurrent classes, and evaluate the extended model

experimentally.
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CHAPTER 1

INTRODUCTION

In many fields—including science, business, government, and medicine—there is a constant
need to make decisions under uncertainty. For example, a business making decisions about
what products to produce and market necessarily must deal with the uncertainty of predicting
customer needs and desires. However, there is usually data available—often in large amounts—
to inform such decisions. In recent years, the field of machine learning has supplied many
of the computational techniques used to turn these data sets into actionable intelligence.
In practice, machine learning is essentially a field of applied statistics with an emphasis
on computational aspects, with many of its techniques founded in statistical theory and
probability.

An increasingly popular approach to statistics and machine learning is the Bayesian
paradigm (see, e.g., (Gelman et al. 2004; Box and Tiao 2011; Bernardo and Smith 1994;
Barber 2013; Thibaux 2008)), wherein probability is used to directly model uncertainty. The

general pattern of a Bayesian technique involves:

1. Defining a probability distribution over the observed data, called the likelihood, which

generally depends on unobserved parameters
2. Defining a probability distribution over these unobserved parameters, called the prior
3. Observing the data and updating the prior to produce the posterior distribution

The likelihood and prior should ideally encode whatever is known before the data is seen, i.e.,
the scientist’s prior beliefs.

This approach is very general, and even methods that are not traditionally considered
Bayesian can be re-cast into the Bayesian paradigm. For example, Neural Networks can be

trained using Bayesian techniques (Neal 1993a, 1992; Andrieu, Freitas, and Doucet 1999; Solla



and Winther 1998); Support Vector Machines can be cast as a probabilistic model (Franc,
Zien, and Scholkopf 2011), or used as part of a Bayesian model (Zhu, Chen, and Xing 2014);
k-nearest neighbor models can also be made more robust via Bayesian techniques (Guo and
Chakraborty 2009).

Historically, the process of computing posterior distributions—also called inference—has
been prohibitively expensive (Green et al. 2015; Betancourt 2017b), such that only uselessly
simple models were tractable. However, advances in inference techniques (Andrieu et al. 2003)
have enabled much more expressive models to be used. Thus, the Bayesian paradigm has
become a practical option worth considering. Indeed, there are many arguments in favor
of the Bayesian approach. On the practical level, it is consistent with the “common-sense
interpretation of statistical conclusions” and has “flexibility and generality [which] allow it
to cope with very complex problems” (Gelman et al. 2004). Indeed, “[t]he only relevant
thing is uncertanty” (de Finetti 1974): whether a process is deterministic, or whether more
information about it is available to other people, any decision or conclusion a scientist must
make can only depend on the information available to them, and their degree of certainty.
Additionally, only the Bayesian approach permits the use of information known prior to the
current experiment, and gives a formal method of combining such knowledge with the current
observations (Ferguson 1983). See also (Bernardo and Smith 1994; Barber 2013; Gelman
2008; Gelman and Robert 2013; Morey et al. 2015; Hauer 2004; Carlin and Louis 2009) for
further discussion on the merits of Bayesianism.

The remainder of this dissertation is organized as follows. In Chapter 2, we review the
theoretical background underlying Bayesian methods. In Chapter 3, we review nonparametric
techniques. In Chapter 4, we review the computational techniques for performing inference in
our models. In Chapter 5, we present a Bayesian nonparametric model of relational data such
as social networks. In Chapter 6, we present a Bayesian nonparametric model of streaming
data whose distribution can change over time, and in Chapter 7, we extend this model to

handle novel and recurrent classes. Finally, in Chapter 8, we present our conclusions.



CHAPTER 2

BAYESIAN PROBABILITY THEORY

To gain a deep understanding of Bayesian techniques, it is helpful to explore the theoretical
underpinings of modern probability theory. Here we present a shallow review of the most
relevant aspects of modern axiomatic probability. We assume familiarity with the standard
concepts and notation of basic set theory. See, e.g., (Roitman 1990) or the first chapter

of (Munkres 2000) for an introduction to this topic.

2.1 Notation and Preliminaries

We start with some preliminary definitions and notation.

We abbreviate the phrase “if and only if” by “iff” We denote by R, the set [0, 00) of
positive real numbers, and by R the set R U {—o00, co}. For any two functions f,g: A — B,
we write f = g if f(x) = g(x) for any x € A. We may also denote a constant function by
f = b for some b € B. We denote by a o b that a = ¢b for some constant c, i.e., that a is
“proportional to” b.

Given some ordered set A, the supremum, sup A, is the smallest upper bound on A, and
the infimum, inf A, is the largest lower bound. For countable sets, these are the same as
maximum and minimum, respectively, but are more general. For example, the open interval
(0,1) has no maximum or minimum, but has supremum 1 and infimum 0.

We denote by I'(-) the Gamma function

which generalizes the factorial to real (or complex) inputs. Relatedly, we denote by B(,-)

the Beta function

B(m,y)—/o txl(l—t)yldt—%.



2.2 Topological Spaces

Let €2 be some arbitrary set. A topology T on € is a collection of subsets of €2 such that:
-0eTandQeT
- Let U be an arbitrary subcollection of 7; then Upre/ T € T
- Let U be a finite subcollection of T then Ny T € T

That is, T is closed under arbitrary (even uncountable) unions and finite intersections. Then,
we call (2,7) a topological space, and the sets T' € T are called the open sets of Q. The
complement of any open set is called closed; a set can be both open and closed. If (S,S)
and (T',T) are topological spaces, then a mapping f : S — T is called continuous if for any
AeT, ff1A€ S, ie., it maps open sets to open sets. See (Munkres 2000) for a thorough

treatment of topology.

2.3 Measure Theory

A o-algebra A on € is a nonempty collection of subsets of {2 such that:
- If A € A, then the complement of A, A° € A
- If {4y, Ay, ...} is a countable collection of elements of A, then U;A; € A and N;A; € A

That is, A is closed under complementation, countable unions and countable intersections.
These properties imply that ) € A, and Q € A: if A € A, then A°, AN A= () and UA® = Q
are all in A. The pair (€2, A) is called a measurable space. A sub-c-algebra of A is some
o-algebra B on €2 such that B C A.

If we have some arbitrary collection C of subsets of €2, then there exists a smallest o-algebra

containing C, which we call the o-algebra generated by C and denote by o(C). In particular,



if C is a topology on €2, we call o(C) the Borel o-algebra on €2, and denote it B(£2) when the
topology is implicit. A Borel space is a measurable space S such that there exists a bijection
f between S and some T € BJ0, 1] such that both f and f~! are measureable.

The Lebesque measure X is a measure on (R, B(R)) such that A[a,b] = b — a.

If we have two measurable spaces, (€2,.4) and (=, B), then a mapping f : 2 — = is said
to be measurable if for every A € B, f~1A € A, so that measurable mappings are to measure
theory what continuous mappings are to topology (indeed, any continuous mapping between
topological spaces is measurable with respect to their Borel o-algebras (Kallenberg 1997,
Lemma 1.5)). The set {f~'B|B € B} is a o-algebra on €, called the o-algebra generated by
f. Note that by the definition of measurability above, o(f) C A.

A measure on (£2,.A) is a function p : A — [0, 00] such that:
- M@ =0
- countable additivity: \U; A; = ), pA;, for any collection {A;} of disjoint elements of A

Then, (2, A, ) is called a measure space.

A set A € A is called null if pA = 0. The support of u, supp p is the smallest closed
A € A such that pA€ is null. If there exists some countable partition (A,,) of € such that
A, < oo for all n, then p is said to by o-finite. If a property holds for all w € supp p (but
may fail to hold on some null set A), it is said to hold almost everywhere with respect to p,
or hold p-a.e.. If supp p = {w} for some w, then p = ¢, where §,(A) = 14(w) is a Dirac
measure, and ¢ > 0. In general, if {w} € A and p{w} > 0, then w is called an atom of p. If

1 has no atoms, it is said to be diffuse or nonatomic.

Proposition 2.1. Let C = C;,C,,... be some partition of 2, and let f : Q — R be

o(C)-measurable. Then, f is constant over each Cs;.

Proof. By measurability, we have that f~'B € ¢(C) for any B € B. In particular, f~!'{z} €

o(C) for x € R, so f~1{z} is either some C; or a countable union of Cjs. O



For any p > 0, we denote by LP(£2, A, i) the class of all measurable functions f: Q — R

such that )

151 =l = ( [ 1)) <oc
| - |l is called the LP-norm. If (Q, A, 1) = (R, B(R), A) or is obvious from context, we just
write LP.

We now define the integral of the measurable function f: ) — R:

nf = [ gau= [ (o)

as follows. First, any non-negative real-valued measurable function f is the limit of a sequence
(fx) of simple measurable functions : Q@ — R, (Kallenberg 1997, Lemma 1.11), where a

simple function is of the form

n
E Ci]lAp
i=1

where ¢; € Ry, A; € A, and

14 =
() {0 otherwise

is an indicator function for A;. Then, we can define the integral of a simple non-negative

function to be

% <Z Cﬂbu) = Z CiftA;.
i=1 i=1
Then, by (Kallenberg 1997, Theorem 1.19), if the sequence (fi) converges to f, then ufy
converges to puf. Finally, Lebesque’s dominated convergence theorem (Kallenberg 1997,

Theorem 1.21) gives conditions under which this result extend to arbitrary real-valued

measurable functions.

2.4 Probability Theory

If u(2) = 1, then p is a probability measure, and (€2, A, 1) is a probability space, and the
elements of A are called events. If a property holds p-a.e., and pu is a probability measure,

then the property is said to hold almost surely (a.s.) instead.



A function k : S x T — [0,00] is called a kernel from (S,S) to (T,7T) if k(-, B) is
S-measurable for any B € T, and k(s, ) is a measure on (7', 7T) for any s € S. Equivalently,
we can consider k to be a measurable function k : S — M(T'), where M(T') is the space of
all o-finite measures on (7', 7). If k(s,T) = 1 for all s, so that k(s, ) is a probability measure,

we call k a probability kernel.

2.4.1 Random Elements, Distributions, and Densities

Rather than define a probability measure (2,4, P) for each set we wish to sample from, we
often fix a probability space, e.g., ([0,1],B(]0,1]), A), and work with measurable functions
from this space. A random element of some set S is a measurable function £ : 2 — S. When
S =R, we use the term variable rather than element; when S is a space of functions, we call

¢ a stochastic process. Then, for B € S, we may denote the event {£ € B} = (7B, and
P{¢eB}=P('B)=(Po&)B,

where we call Po&~! the distribution of €. We denote by 54 n the fact that Poé~! = Pon™1,
i.e., £ and n have the same distribution.

Two events A, B € A are said to be independent (denoted A 1L B)if P(ANB) = PAXPB.
Likewise, two random elements £ : 0 — S and 7 : 2 — T are said to be independent, denoted
¢ L nif, forany A € o(§) and B € o(n), A 1L B.

The expected value of a random variable is defined as

Ef:/fﬂ%i/ﬂPO§UM@.

Likewise, for any measurable f : S — R,

Ef(€) = / f(6)dP = / F(5)(P o £ (ds) = / (P o (f o)) (d),

where £ takes values in an arbitrary S. The variance of a random variable is defined as

var(¢) = E[¢ — E[¢]]? = E[¢?] — (E[¢])%



Let f:Q — R, be measurable. Then, for any measure y, we may define v = f - u by

VA= (f - )A = p(1af) = /A Fd, 2.1)
and call f the p-density of v. This is also denoted f = dv/dpu.

Lemma 2.1. Let f,g: Q — Ry be measurable functions on some measure space (0, A, ),

and let v be some other measure on (Q, A). Then,
[ o) = [ rpgnldo)

iff f=dv/du.

Proof. First, let g = 14 for some A € A. Then, the result is just Equation (2.1), so f must be
a density. Using the linearity and dominated convergence techniques at the end of Section 2.3,

we extend to arbitrary functions g. [

If f=d(Po&')/dP, for some £ : Q — , we refer to f : S — R, as just the density
of £, and denote it p(z) for z € Q. If p(x) has other parameters, we may indicate this by
separating the other parameters with a semicolon, e.g., p(x;a,b)

We write £ ~ f or say that £ is drawn from f to denote that f is the distribution or
density of £. For a collection of random elements, we write &; nd fi to give the distribution
or density of each &; and to declare that the & are independent of each other. Similarly, we
write &; i f to show that the &; are independent and identically distributed with distribution
or density f.

Some common distributions we will need:

- The Uniform distribution: £ ~ UA if £ : 2 — A, A is some set, and



The Beta distribution: £ ~ Beta(a, §) if £ : Q — [0,1], a, f > 0, and

71 — )Pt
B(a,B)

p(z;a, B) =
(if « = B = 1, this reduces to U(0, 1))

The Dirichlet distribution: & ~ Dirichlet(a) if € is a random element of the d-simplex

(the set of d-dimensional real vectors whose elements sum to 1), @ € R?, and

The Ezponential distribution: & ~ Exp(A\) if € : Q@ — Ry, A > 0, and
pla;A) = Ae™™
The Gamma distribution: § ~ G(k,0) if € : Q@ — R, k,0 > 0, and

p(x; k,0) =

The Normal distribution: & ~ N(p,0%)if £€: Q= R, p € R, 0 > 0, and
e 1)2
( 2) oXp <_( 2;;) )
T, o) =
PR V2mo?
The Multivariate Normal distribution: € ~ N(7, %) if €: Q — R?, 7 e R?, % € R%*?

and is positive semi-definite, and
exp (~1(7 - )57 - )

\/ 27 |3

The Poisson distribution: £ ~ Poisson(A) if € :Q — Z,, A > 0, and

p(% i, %) =

The Bernoulli distribution: & ~ Bernoulli(p) if £ : 2 — {0,1}, p € [0, 1], and
l—p =0
pla;p) = {

D rz=1



2.4.2 Product Measures and Conditional Distributions

Let (S,8) and (T, 7T) be measureable spaces. We can define the product space of S and T to
be the measureable space (S X T, 8 ® T), where S ® T is the product o-algebra generated
by the set {A x T|A € S} U{B x S|B € T}. We now present an important result about

measures on such product space:

Theorem 2.1 (Fubini). Let (S,S,u) and (T, T ,v) be o-finite measure spaces. Then, there

exists a unique measure p @ v on (S X T,8 @ T) such that
(L®v)(Ax B)=uA-vB

forany A € S, B € T. Additionally, for any measurable function f : S x T — R with

(n@V)[f] < oo,

s = [ uds) [ ss.owian = [var) [ fs.0u(ds)

For any sub-cg-algebra F C A, we define the conditional expectation E[-|F] : L — L'(F)
to be the a.e.-unique linear operator such that, for any random variable £ € L!, and any

AeF

E[E[{|F]14] = E[¢14]. (2.2)

See (Kallenberg 1997, Theorem 5.1) or (Billingsley 2012, Section 34) for proofs of the existance
of this operator. To explore the meaning of this operator, consider some experiment that
yields information about £&. The possible outcomes of such an experiment induce some
o-algebra F. At one extreme, if the experiment yields no information, then F = {(}, Q}, and
we have E[£[{0, Q}] = E[{], i.e., we learn nothing and the conditional expectation is just the
expectation. At the other extreme, F = A and E[{|A] = &, i.e., the experiment tells us the

exact value of &, so the conditional expection is naturally just £ itself. Conditioning on a

10



random element 7 is defined as conditioning on (7). Applying Proposition 2.1, there exists
some constant «; € R where

E[¢]F](w) = a

for all w € C;. Combining with Equation (2.2),
E[E[|Fle] = Elaile] = a:P(C) = E[¢1e],

so a; = E[¢1¢,]/P(C;).

Then, consider the random variable £ = 14, which is 1 with probability P(A). We define
the conditional probability of A as P[A|F]| = E[La|F]. Applying the above argument, when
F = o(C) for some partition C of 2,

E[lale]  P(ANG)
P(C) PG

PIAIF)(w) =

for w € C;.

The function P[¢ € -|n], is called the conditional distribution of £ : Q — S, givenn : Q — T,
which is a probability kernel from (7, 7) to (S,S), i.e., for each t € T, P[{ € -|n](t,-) is
a measure on (S,S). In particular, P[¢ € -|n](t,A) = P[¢ € An|(t) = E[Lle-1a]a(n)](nt).
See (Faden 1985) for necessary and sufficient conditions for this kernel to exist.

We can now define conditional independence: two events A and B are conditionally
independent given F if

P(AN B|F) = P(A|F)P(B|F),

and the definition extends to random elements just as for unconditional independence.

Let (&,m) : 2 — Q x Q be a random vector with density f(z,y). Equivalently, we say
¢ and n are random elements with joint density f(z,y). Then, by Theorem 2.1, f(y) =
Jo f(z,y)(Po& ") (dx) is the density of 7 alone, and f(z) = [, f(z,y)(P on~')(dy) is the

density of €. These are called the marginal densities of f(x,y).

11



Theorem 2.2. Let

flzly) = {f}fﬁ) fly) #0

0 otherwise.

Then, f(z|y) is the density of the conditional distribution of & given n, that is,

fly) =

so that
/A f(2ly)(P o €71 (dz) = Pl € Aln)(y)

forany A€ S and anyy € T.

Proof. Let g : Q@ — R, be some measureable function. We first prove that Equation (2.2)

holds: that is, for any B € A,

B [ / g(x)f(xrmwos—1><dx>13<n>} — E[g(€)Ls(n)

Note that the left expectation is over n alone, whereas the right expectation is over both &

and n. Expanding both sides, and cancelling out the f(y) factors on the left, we get

/ {/g(x)f(x,y)(Poﬁ1)(da:)]lB(Z/)] P(dy) = // lg(2)15(y)] f(z,y)P(dz, dy)

which follows directly from Theorem 2.1, with y = Po ¢ tand v = Po ¢t
Thus, [ g(x)f(x|n)(P o & 1)(dz) is the conditional expectation of g(x) with respect to 7.

Applying g(z) = 14(z) yields the result. O]
Applying this, we get an immediate corollary:

Corollary 2.1 (Bayes’ Theorem). For any random vector (§,n) with density f(x,y), we have

fylz) f(x)

f(xly) = W)

12



The next result is best given in the visual language of category theory (see, e.g., (Adamek,
Herrlich, and Strecker 1990; Baez and Stay 2010; Mac Lane 1978) for an introduction to
category theory). A category is a class of objects together with morphisms or arrows between

Y

them. The objects represent “things,” and the morphisms represent “ways to go between
things” (Baez and Stay 2010). Importantly, morphisms can be composed: if f and g are

arrows, so is the composition g o f. Often, category theorists use graphical diagrams to

represent a category. For example,

A h s C

represents a simple category with three objects and three morphisms. A diagram is said to
commute if every path between two objects is equal. In this example, the diagram commutes
ifh=gof.

(Culbertson and Sturtz 2013) gives a categorical treatment of Bayesian probability, where
the objects are certain measurable spaces which admit conditional probabilities, and the
morphisms are certain probability kernels. The composition of kernels, denoted by g o, f is

given by
(908 f)(z, A) = / oy, A)f (z, dy).

Finally, let us introduce the notation ¢f(w, A) = 14(f(w)), which promotes the measurable

function f : 2 — S to a kernel from  to S. With this, we can present our next result:

Theorem 2.3. The diagram

13



Plee|n]

commutes and

| Plne g ByP o) = Pl € Ay tn e BY) = [ Pl € il AP o)
B
forany A € S and B € T, provided the conditional probabilities exist.

Here, 1 represents the trivial measureable set with one element, so that a probability
kernel from 1 to S is just a probability measure on S. (Culbertson and Sturtz 2013) proved

a similar theorem where Q =S x 7.

Proof. The diagram encodes the following basic relations, plus their symmetrical counterpoints

with & and 7 swapped:

(1) (Po&™)(A) = [ te(w, A)P(dw):
The right hand side expands to [ 14(§(w))P(dw) = E[14&] = P(§ € A), which is defined
as (Po & H(A).

(2) (Po&™h)(A) = [ P[S € Inj(t, A)(Pon~")(dt):
The right hand side is E[P[¢ € Aln]] = E[E[L¢-14|n]]. By Equation (2.2), this equals

Ellg-1a] = P(§7'A) = (Po&™')(A)

14



Finally,

/ Py € €)(- B)d(Po&™) = / Ply € €)(€(w), B)P(dw)
A 1A
- / Ply € BJ¢](£(w)) P(dw)
14

= E[P[n € BI§J(§(w))Le-14]
= E[E[L)-15[¢]Le-14]
=E[l,-151¢-14]

=P 'BN¢tA)

=P({¢eAjn{ne B})
The other equality follows symmetrically. [

We can interpret the composition of kernels as a sequential sampling operation: a kernel
f from S to T gives a way of sampling from T for each s € S. A kernel g from T to U
likewise samples U given t € T. The composition g o, f gives a way of sampling U given a
s € S: first sample t € T according to f(s,-), then sample from g(t,-). Using this language,
(1) is just a restatement of the definition of the random element £: w is drawn from P, then
&(w) is output. (2) says that we can sample the random element & by first sampling 7 then
sampling from the conditional distribution P[¢ € -|n]. Then, the final statement says that if
we sample £ and then 7 from the conditional (or vice versa), and put the two together, this

is the same as sampling from both unconditional distributions at the same time.

2.4.3 Martingales, Markov Processes, and Random Series

A filtration on some index set ' C R is a sequence of o-algebras F;, C A, t € T, with
Fs C F, for s < t. A stochastic process on T' (i.e., a random element of the set of functions
{f:T — U}) is adapted to (F) if it is F;-measurable for every t. The smallest filtration

that X is adapted to is said to be generated by X, and is given by F; = 0{X,|s < t}.

15



A real-valued process X is a martingale (with respect to (F)) if
E[M|Fs] = X a.s.
for all s <.

Lemma 2.2. Let (M,;) be a martingale such that M, is finite for all t. Then, var(M;) >
var(Ms) for allt > s.

Proof. We begin by expanding var(M,):

var(M,) = E[M{] — (E[M,])*
= E[E[M}|F]] — (E[E[M,|Fy]))? by Equation (2.2)
= Elvar[ M| F]] + E[(B[M:|F])?] — (B[E[M] F]))*
= Elvar[M,| F]] + var(E[M;| F,])

= E[var[M,;|F;]] + var(Mj) by the martingale property.

By definition, var[M;|Fs] > 0, so var(M;) > var(My). O

A S-valued process X on T'is a Markov process if it is adapted to some filtration (F;), and
X, is independent of F, given X, for s <t. If T starts at 0, then X is uniquely determined
by an initial distribution v and a set of kernels p,;. When p,, is fixed, we write P, for the
distribution of the paths (X;). If us; = pu—s depends only on the length of time t — s, X is
said to be time-homogeneous.

A process X is called stationary if ;X 2L X for all t, where 6, maps w, — wsyiy. A measure

v is called invariant for (p,) if [v(dz)p(z, B) =vB forall B€ S

Lemma 2.3. A time-homogeneous Markov process with initial distribution v and transition

kernels p; is stationary iff v is invariant for (u).

16



If S is countable, we call X a Markov chain; if T' = 7, we call it a discrete-time process.
If Ps,{inf{n > 0|X,, = j} < oo} > 0 for all 4,j € S—so that every state is reachable with
positive probability from every other state—we call X irreducible.

Let (i, g) = p(i,7), and pn(i,5) = 2pes -1, k)pn-1(k, j), so that p,(i,j) is the
probability of reaching state 7 from state i in n steps. Then, consider p, (i, {i}), for any state
i € S. Then, the set R = {n € N|u,(i,{i}) > 0} is the set of time-lags where it is possible
for ¢ to recur. If R has a greatest common denominator d; > 1, so that ¢ can only recur at
some multiple of d;, we call d; the period of 7. If there are no states ¢ with periods, we call X

aperiodic.
Theorem 2.4. For an irreducible, aperiodic discrete-time Markov chain X, either

1. There exists a unique invariant distribution v, such that v({i}) >0 for alli € S and

lim sup |(P, 06, ")A — P,A| =0,

n—oo A

or

2. No invariant distribution exists, and
lim u,(i,{j}) =0, foralli,j €S
n—oo

Thus, either X converges to a stationary chain P,, “forgetting” the initial distribution u,
or the multi-step transition probability u,(i,{j}) spreads out without bound.
A measurable transformation 7" on (€2, A, i) is called measure-preserving if o T = pu;

I

equivalently, u is called invariant relative to T'. Then, T o & if for any random element &.

Lemma 2.4. Let £ be a random element of S, and let T be a measurable transformation on
S. Then T o{“i{ iff the discrete-time process (1T"€),n € Zy is stationary. Additionally, if f
is measurable, (f o T"E) is also stationary. Any stationary process can be represented this

way.
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Combining Theorem 2.4 and Lemma 2.4, we see that an irreducible, aperiodic discrete-
time Markov chain X with invariant distribution v, converges to a chain X’ where X/ 45 for

some random variable . Furthermore,

v({7}) =Y viih, (i 44})
=Y v{i}(Pog){j}
= (Po&™H){j},
so X, % 1. These results extend to analogous results with continuous time and state; see,
e.g., (Kallenberg 1997, Theorem 20.15).

We end this section with a result on random series, i.e., sums over random sequences:

Theorem 2.5 (the law of large numbers). Let &1,&s,... be a sequence of i.i.d. random

variables with E|¢| < co. Then,

lim M = [E¢ a.s.

n—oo n

See, e.g., (Kallenberg 1997, Theorem 3.23) for a proof.

2.4.4 Exchangeability

A random sequence (&) is exchangeable if

(Erys g - ) 2(E1, 60

where (m;) is a finite permutation, a permutation such that m; # i for only finitely many i.
Such sequences are abundant in practice, to the extent that data that are not exchangeable

are the exception, and are typically called things like “time-series data” or “streaming data.”
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Theorem 2.6 (de Finetti). Let (&) be some infinite random sequence on some Borel space

S. Then, (&) is exchangeable iff

N~ A

itd
Sk~

for some measure \ on the space of probability measures on S.

This is a very useful—and very Bayesian—tool, as it says that any exchangeable data
(which, as discussed above, is most data) can be treated as conditionally i.i.d., so that we
may compute posteriors P[n € |&,...,&,] after n data points. A is sometimes called the
mizing distribution for (&). See (Aldous 1985; Diaconis 1988; de Finetti 1931, 1938) for more

discussion of exchangeability.

2.5 Bayesian Methods

The formal Bayesian approach to statistics begins by modeling observed data as a random
element ¢ and unobserved parameters as a random element 7, by defining the conditional
distribution P[¢ € -|n] (the likelihood), and the distribution P on~! (the prior). Typically,
this is done by defining the densities p(z|f) and p(@). Then, the posterior p(f|z) is computed
using Corollary 2.1:

p(z|0)p(0)

POL) = 7 al6)p(de) (2:3)

In some cases, the parameter 6 is the object of interest, but often the real interest is in
making predictions about future observations. In these cases, we model the observed data as

a vector (z1,...,x,), and compute the posterior predictive distribution

P(nsa |1, o) = / Ptnia| )]z, ., )

Often, we assume the order of the data is irrelevant, representing a partial observation of an

infinite exchangeable sequence, in which case we can apply Theorem 2.6.
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In principle, the output of a Bayesian procedure is a full posterior distribution, but in
practice this is hard to communicate. Often a summary of the posterior, such as the posterior
mean (expectation) or mode (maximum) is used instead. Another summary is the credible
interval, which is an interval, typically containing the mode which contain some set proportion
(e.g., 95%) of the posterior probability, i.e., a parameter has 95% posterior probability of

lying in a 95% credible interval.

2.6 Prior Selection

When specifying a model, the goal is to encode, as best as possible, the scientist’s actual
prior beliefs about the parameters 6 and the relationship between those parameters and
the observed data. For an illustrative example of this process involving human speech and
birdsong, see (Yildiz, Kriegstein, and Kiebel 2013). Accordingly, there is a need for a large
catalog of expressive, flexible priors and likelihoods. So far, we have only seen the small list
of parametric distributions in Section 2.4.1, which is hardly a comprehensive toolkit: they
are all unimodal, meaning that they have no local maxima other than the global maximum
(except for the uniform, which of course has no maximum at all). However, these and similar
simple distributions can be used as building blocks in constructing more complex priors. One
such construction method is that of the hierarchical model: the basic two-level model of
prior-plus-likelihood can be extended into a larger structure where the prior has parameters
which themselves get so-called hyperpriors, which themselves may have parameters. Another

construction method is a mizture model such as

7 ~ Dirichlet(Q)
iid

O ~ p(ek)

K
Ti ~ Z Wip(%’ek)'
k=1
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Here, the likelihood is a weighted sum (mixture) of differing versions of the simpler distribution
p(z;|0y). For example, the p(x;|0x) could be Normal distributions with means and standard
deviations varying according to 6. In this case, the likelihood p(z;|7, 5) may be multimodal,
in contrast to the unimodal Normal distribution it is built from.

When the scientist has a high degree of certainty about a parameter, the prior for that
parameter will be highly concentrated around the nearly-known value. Conversely, if there
they have a lot of uncertainty, the prior will be broad and diffuse. Such priors are also
called vague. In the extreme case, where there is no information at all, the goal is to use
an objective or noninformative prior. Over discrete spaces, and especially finite spaces, the
objective prior is usually constant (i.e., uniform), but in some cases there may be underlying
structure in the space or the likelihood that lead to other priors; see (Berger, Bernardo,
and Sun 2012). In infinite cases, there is usually no such thing as a uniform probability
distribution, but sometimes a prior based on a non-finite measure can yield a posterior
distribution that does sum to one; such priors are called improper. If the likelihood can be
expressed as p(z]0) = f(x — ), then 0 is called a location parameter, it is generally accepted
that the uninformative prior is the improper uniform prior on R (Gelman et al. 2004). If
p(z|0) = f(y/0), then 0 is a scale parameter, and the uninformative prior is the improper
prior p(f) o< 1/6 (Gelman et al. 2004).

(Kass and Wasserman 1996) reviews a number of proposed systems for defining nonifor-

mative priors. These include:

- Jeffreys’ prior, p(0) o< \/det(I(6)), where I is the Fisher information matrix,

0% log p(x|0
10 =8 |-
i0U;

If there are any location parameters, assume they are independent of other parameters.

- Laplace’s priors based on the “principle of insufficient reason,” which yields (often

improper) uniform distributions. However, these are not invariant to reparameterization:
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if the likelihood is expressed differently (for example, replacing the parameter o with
the parameter 7 = 1/ in the Normal distribution), the resulting prior is often far from

uniform.

Maximum entropy: find the prior that maximizes the entropy (— [ p(6)log p(6)u(df) for
some base measure ) subject to certain restraints on expected values. Here, choosing

1 is itself a challenge.

Berger-Bernardo: find prior that maximizes expected information gain in the limit of

infinite data, that is, maximize

lim E Vp(eya;l, ) log <p(9|x;(.9.). ’x”)) del

where the expectation is taken with respect to p(z1,...,z,) = [ p(z1,...,2,]0)p(0)do.

Zellner’s method, the Maximal Data Information Prior (MDIP): let

ﬂm:—/mmm%mww

then find the prior that maximizes

G:/Z@mm—/mwmmwx

i.e., maximize the difference in expected entropy of the likelihood and the entropy of

the prior. The solution is always

p(0) o 7

This prior is not invariant to reparameterization, but adding certain constraints in the

maximization can allow certain reparameterizations.
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Over certain topological spaces, (Dembski 1990) defines a general notion of uniform
probability. In the simple case of the unit interval, their methods lead to the Lebesque
measure, i.e., the usual uniform probability, as expected.

For an (incomplete) catalog of noninformative priors, see (Yang and Berger 1998).

Another approach to prior selection is to seek priors such that the Equation (2.3) is
analytically tractable. One such approach is to use conjugate priors, which are chosen to
be “closed under sampling” (Kadane 2011, Chapter 8), meaning that the posterior has the
same form as the prior, with parameters updated based on the observed data. In addition to
computational convenience, (Agarwal and Daumé IIT 2010) argues that there are geometric
arguments that justify the use of conjugate priors. A popular family of distributions with
abundant conjugacy properties is the exponential family (Diaconis and Ylvisaker 1979;
Wainwright and Jordan 2008), which includes many of the most commonly used distributions,
including all of the distributions listed in Section 2.4.1. A large number of conjugate pairs
(i.e., prior-likelihood pairs that are conjugate) are given in (Fink 1997) (including examples

that are not exponential family distributions).
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CHAPTER 3

BAYESIAN NONPARAMETRICS

The usual formulation of the Bayesian paradigm of placing a prior on a parameter # and
defining a likelihood p(z|f) can be reformulated as placing a prior p(n) on some probability
distribution 7, and then drawing x ~ 7, as seen in Theorem 2.6. Then, p(n) places probability
1 on the set of measures of the parametric form p(z|0). Viewed this way, such priors seem very
restrictive. For example, if p(z|0) = N(z; u, 0?), then all of the mass of p(n) is concentrated
on identically shaped symmetric, unimodal distributions that only vary in their location and
scale. The field of Bayesian nonparametrics (Ghosh and Ramamoorthi 2003; Hjort et al. 2010)
is concerned with identifying less restrictive priors using stochastic processes to define priors
on the infinite-dimensional space of measures (or, more generally, on any infinite-dimensional
space, such as spaces of densities or other functions).

The use of nonparametric priors can allow for fewer assumptions. For example, when
using mixture models, one must choose the number of mixture components. Nonparametrics
offer one way to let this factor be random as well.

We are left with the problem of defining priors on infinite-dimensional spaces. The

following theorem gives one method (Ferguson 1973; Walker et al. 1999):

Theorem 3.1. Let (2,.A) be a measurable space, and let D(A) = {(Ay1, ..., Amx)} be the
set of all finite sequences of pairwise disjoint sets A;; € A. Then, let {F(A)}aca be a

collection of random variables with values in (0,1) such that F'(2) = 1 almost surely, and

(F(UiAv,), ..., F(UiAn,)) (ZFAU. ZF m)

for each element of D(A), then there exists a unique measure A on the space of probability

measures on (2, A) yielding these finite dimensional distributions.
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3.1 The Dirichlet Process

Among the oldest and most popular nonparametric priors is the Dirichlet Process (Ferguson
1973). Let « be a finite, non-null measure on (S,S). Then, the random measure P is a

Dirichlet Process, P ~ DP(«) if, for any measurable partition (Ay,..., A,) of S,
(P(Ay), ..., P(A,)) 2 Dirichlet(a(Ay), . .., a(Ay))

By Theorem 3.1, this defines a probability measure on the space of probability measures on
S. Moreover, DP(«a) places probability 1 on the subspace of discrete probability measures.

Additionally, (Ferguson 1973) showed that the Dirichlet Process has a conjugacy property:

Theorem 3.2. Let P ~ DP(«), and let x; ~ P, i € {1,...,n} be samples from P. Then,

Plxy,...,x, ~ DP(a + Z(Sx)

i=1

(Blackwell and MacQueen 1973) gives what is known as the Pdlya urn representation of

the Dirichlet Process: -
o+ O

T (e xda,) o)

To explain the name, assume S is finite, and a{s} € Z, for all s € S. Then, for each s, place

i|z1, - -

afs} balls of color s into an urn. Generate each z; by drawing a ball at random from the
urn, then return it to the urn along with another ball of the same color. (Blackwell and
MacQueen 1973) showed that this process converges (as i — 00) to the Dirichlet Process,
even when S and « are unrestricted.

(Sethuraman 1994) developed the following constructive definition of the Dirichlet Process:

0; iﬂBeta(l,oz(S))

i—1
pi="0; H(l —6;)
7j=1

iid O

)

P = Z pi(syi
=1
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Y

This process has been called “stick-breaking:” we start with a unit-length stick, then break of
a piece of length p; = 61, and use it as the weight of y;. Then, 5 gives the proportion of the
remaining stick that we break off for y,, and ps is the absolute length of this second piece.
This process continues indefinitely. Using this representation, (Sethuraman 1994) presented
a simpler proof of Theorem 3.2. Furthermore, this representation leads to better inference

techniques (Walker 2007).

Consider the simple model

P ~ DP(a)

id

Thus, the Dirichlet process is the de Finetti mixing distribution for the exchangeable sequence
(x;). The distribution P|[(x;)], appearing first in (Aldous 1985) (but attributed to Jim Pitman),

is the Chinese Restaurant Process (CRP):

i—1
1 a(S)
Z2|217"'7Z7*_1 NZ <m523> +m62*

j=1
i

iid O
Y

a(s)

Xy = d)zm

where z* = max{z,..., 21} + 1 is the lowest value not yet assigned to any z;. Equivalently,

letting n, = |{Z]’] < ivzj = Z}|7

z¥—1
. o(s)
o, ~ Z <m5> e

Ty = gbz,')

The analogy which gives this process its name is as follows: a sequence of customers arrive

at a (Chinese) restaurant. The first customer sits at the first table (z; = 1), and orders a
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dish (¢ ~ ﬁ) Subsequently, the i*" customer sits at an occupied table z with probability
n./(i — 1+ a(s)), or chooses a new table with probability a(S)/(i — 1 + a(S)). If the
chosen table is already occupied, the new customer orders the same dish as the other

customers at that table. Otherwise, they order a new dish from —%:. This representation

a(S)
is computationally convenient, as we need only keep track of the observations x; and their
tables z;; the (infinite-dimensional) P has been integrated out.

This representation also gives insight into the meaning of the parameter «(S): if a(S) is
very large, then the relative probability of sitting at a new table (and thus ordering a new
dish i.i.d. from ﬁ) grows, so that samples x; % P resemble samples x} i ﬁ Conversely,
if a(9) is small, then P will be further from GE

The theoretical properties of the Dirichlet Process have been extensively studied; see, e.g.,
(Ferguson 1974; Kingman 1974; Green and Richardson 2001; Lo 1984; Ghosal, Ghosh, and
Ramamoorthi 1999; Gnedin and Kerov 2001; Pitman 1996).

Often, it is undesireable to be restricted to discrete distributions. (Ferguson 1983) presents

a simple workaround:

P ~ DP(Ma)

iid
(Hia Ui) ~ P

ind

Ty ~ N(:uiaaz?)?

where « is the Normal-Inverse Gamma prior conjugate to the Normal distribution, i.e., each

unique p; = % ~ G(a, %) with the corresponding p; ~ N (o, ( L

: 0;T)?

). This approach is called
a Dirichlet Process Mixture (DPM) of Normals. (Escobar and West 1995) discusses this
model further, and (Goriir and Rasmussen 2010) extends this model to the multivariate
Normal case, and discusses options for selecting a.

Of course, DPMs of other distributions are possible. (Canale and Scarpa 2015) discusses

DPMs of skew-Normal distributions. (West 1992) discusses setting M in DPMs of arbitrary
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exponential family distributions. Additionally, there are other techniques for smoothing a
Dirichlet Process draw; see (Petrone 1999b, 1999a).
(Antoniak 1974) presents the converse, mixtures of Dirichlet Processes, where the param-

eter «v is given a (hyper)prior; equivalently:

u~H

P~ DP(a(u,-))

for some kernel af-,-).

Dirichlet Processes have been applied to traditional machine learning tasks such as
classification (Shahbaba and Neal 2009), clustering (Kulis and Jordan 2012), and computer
vision (Sudderth 2006). (Stimberg, Ruttor, and Opper 2014) applies Dirichlet Processes
to neurology in modelling EEG data, and (Navarro et al. 2006) provides an application in
psychology. (Zhang, Pati, and Srivastava 2015) uses DPMs with a model of shapes to cluster
curves including protein structures and cell shapes. (Yuan et al. 2015) develops a DPM with
a rank-based likelihood for each mixture component, and (Kottas, Miller, and Quintana
2005) applies DPMs to discrete data.

Consider the problem of modeling data in the form of a collection of documents, i.e., a
collection of lists or sets of words. In (Blei, Ng, and Jordan 2003), the following parametric

model, called Latent Dirichlet Allocation (LDA) is proposed:

N; ~ Poisson(§)
0; ~ Dirichlet(d)
zij ~ 0;
wij ~ p(-|zij, B)
where ¢ varies over documents, and j varies over words in each document. Thus, each

document consists of a collection of words w;;, each drawn from a distribution associated with
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the “topic” z;;, which itself is drawn from a document-specific topic distribution 6, (based on
this terminology, LDA is known as a topic model). As a parametric model, it is assumed
that the number of topics is known a priori. The naive approach to a nonparametric version
of this model is to replace the Dirichlet distribution with a Dirichlet Process. However, this
leads to a situation where every document has its own Dirichlet Process, and therefor its own
a.s. unique topics; no two documents will share any topics.

(Teh et al. 2006) produces a solution to this problem with the Hierarchical Dirichlet

Process (HDP):

Go ~ DP(CY)

G; ™ DP(Go)

where v € R, is a parameter that controls the total mass of the measure vGy, since Gy will
a.s. have total mass 1. Because G is a.s. discrete, the G; will have positive probability of
sharing atoms with each other. Teh et al. develop a stick-breaking representation and a

CRP-like representation of the HDP. Put together, the nonparametric LDA is as follows:

G(] ~ DP (CM)
ind

Gj ~ DP(vG))

0ij ~ G

wij ~ 0
where « is a base measure on a space of probability distributions over the (fixed) vocabulary
of the corpus.

(Kim, Kim, and Oh 2012) presents a similar model where the documents can have

multiple labels. Each label gets a Dirichlet Process G§, and the base measure of each G; is a

finite mixture Y, A\;xG§, where k varies over the labels of document j. In addition to topic

modeling, the HDP has been in neural activity modeling (Knudson and Pillow 2013; Kim
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and Smyth 2006), and computer vision and image processing (Kivinen, Sudderth, and Jordan
2007b, 2007a; Sudderth et al. 2007).

In some cases, it is useful to model additional structure beyond i.i.d. topics. (Blei et
al. 2004) introduces the nested CRP (nCRP) to build a model where topics are organized into
a hierarchy. In the nCRP, each table of the restaurant is associated with another restaurant,
whose tables are associated with other restaurants and so on, to L levels. Each customer
visits the root restaurant and chooses a table according to the CRP. They subsequently visit
the restaurant associated with the chosen table, and so on. At each level, they still sample
dishes, so that overall each customer samples a path of restaurants with associated dishes.
Applying this to create the hierarchical LDA (hLDA), each document is a customer, and each

dish is a topic, so that each document has exactly L topics. Completing the model, we have

0; ~ Dirichlet(c)
zij ~ 0;

w;; ~ topic(z;j)

where 6; is a distribution over document ¢’s L topics. This induces a hierarchy over the
topics, as topics associated with restaurants near the root are shared by more documents
and therefor should be more general. (Wang and Blei 2009) shows that the nCRP has a
stick-breaking construction. This model is extended to eliminate the need for L in (Blei,
Griffiths, and Jordan 2010) by making the tree of restaurants infinitely deep and essentially
replacing the Dirichlet-distributed #; with a Dirichlet Process draw.

(Paisley et al. 2015) generalizes the nCRP by allowing each word to be associated with its
own path in the tree, so that each document has a subtree rather than a single path. (Li and
McCallum 2006) adds inter-topic dependencies to the LDA, and (Li, Blei, and McCallum

2007) generalizes this work to the nonparametric setting.
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3.2 The Pitman-Yor Process

(Pitman and Yor 1995) generalizes the Dirichlet Process DP(«a) to what is now known as
the Pitman-Yor Process PY P(6, «). This process can be defined in terms of a stick-breaking

representation:
9, ™ Beta(l — 0, a(S) + i6)

pi =0; H(l - 0])
j=1

iid O

)

P = Z pidyi
=1

It also admits a Chinese Restaurant representation:

z*—1
a(S) + (= 1)0
Zilz, ..o, Zica Z(Z_1+a )52)+ i— 14 a(S) =

=1

itd O

ST

€Ty = Cbzia

Distributions drawn from a Pitman-Yor Process have power-law behaviour (Broderick, Jordan,

and Pitman 2012), meaning that there exists constants ¢ > 0 and a € (0, 1) such that

n
lim ——1as
’rl—)OOC’I’L

where K, is the number of mixture components that have been sampled after n draws (i.e.,
the number of occupied tables z* — 1 after n customers), and that there exists constants
d>0and b € (0,1) such that

K, dT(1—b)
lim . -
n—oo dn® bI'(i — b)

=1as.,

where K,,; is the number of samples from the i mixture component (i.e., the number of
customers at table i after n total customers). Distributions with such properties have been

observed in a number of real-world situations (Zipf 1949; Gnedin, Hansen, and Pitman 2007).
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Like the Dirichlet Process, models based on hierarchies of Pitman-Yor Processes have
been used for language modeling (Wood et al. 2011; Teh 2006; Wood et al. 2009) and image
processing (Sudderth and Jordan 2008; Shyr et al. 2011).

3.3 Polya Trees

Another generalization of the Dirichlet Process is the Pdlya Tree, introduced by (Mauldin,
Sudderth, and Williams 1992), and further studied by (Lavine 1992, 1994); see also (Ferguson
1974). Let E = {0,...,k — 1} be some finite set, let E™ denote the set of sequences of
elements of E of length m, and let £* = U,, E™ denote the set of all finite sequences of
elements of E (including the empty sequence (). Next, let A = {a.le € E*} be a set of
k-dimensional vectors, and let IT = {mg, 71, ...} be an infinite tree of partitions of {2 such that
7o = {Q} and 7, is constructed by partitioning each element of m,,_; into k pieces. Finally,
for any € € £, let B. be obtained by traversing II: By = ), B is the first partition of
71, B(o,0) is the first part of By as defined by 7, and so on. Then, the random probability
measure P on  has a Pélya tree distribution, P ~ PT(II, A), if there exists a set of random

k-dimensional vectors ) = {Y,|e € E*} such that
1. Y. ~ Dirichlet(a.) and
2. for any € € E* of length m, P(B.) = [[/Z, Yie,...e;1)(€5)

where Y (e) is the e element of the vector Y. In words, x ~ P is drawn by randomly
traversing the tree II according to random variables with Dirichlet distributions whose
parameters come from A.

Dirichlet Processes are a special case of Pélya trees where oe = ) v, and like the
Dirichlet Process, Pdlya trees are conjugate under sampling: if P ~ PT(Il, A) and z ~ P,
then P|x also has a Pdlya tree distribution. With certain choices of IT and A, P can be an

a.s. continuous distribution.
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3.4 The Indian Buffet Process

The Dirichlet Process and its variants are sometimes referred to as “latent class” models (see,
e.g., (Ghahramani, Griffiths, and Sollich 2006))—the z; in the CRP representation serve as
class assignments. An alternative to latent classes are latent “features”. The Indian Buffet
Process (IBP) (Ghahramani, Griffiths, and Sollich 2006; Griffiths and Ghahramani 2005;
Ghahramani and Griffiths 2006) is a model that assigns latent binary features to each data
point. As in the CRP, in a draw Z ~ I BP(«), customers arrive sequentially, but now they
walk down an (infinitely long) buffet line. The first customer samples the first Poisson(«)
dishes; subsequently, the i*" customer samples previously-sampled dishes with probability
Tk where my, is the number of times the k'™ dish has previously been sampled. They then
sample Poisson($) new dishes. Then, Z is a matrix with one row per customer and an
infinite number of columns, of which only a finite number are non-zero, where z;;. is 1 if the
ith customer sampled the k' dish.

Like the Dirichlet Process, the IBP has a stick-breaking representation (Teh, Goériir, and
Ghahramani 2007): let py, denote the prior probability of any customer sampling the &' dish,

and let f1(1y > pi2) > - -+ denote the js in decreasing order. Then,

V() %Beta(a, 1)

k
po = [ [ v
=1

Zit, ~ Bernoulli(pip)

Just as the CRP is derived from the Dirichlet Process by integrating out the random

measure P, (Thibaux and Jordan 2007) considered the model

B ~ BP(H)

7id

Z; % BeP(B),
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where BP(H) is the Beta process with base measure H (Hjort 1990), and BeP(B) is called
the Bernoulli process with hazard measure B. Then, if we integrate out B, Z is distributed
according to the IBP.

There is a rich body of theoretical work on the IBP and the Beta process. (Wang and
Carin 2012) develops a representation of the Beta process as a Lévy process (Applebaum
2004). (Broderick, Jordan, and Pitman 2012) develops a 3-parameter generalization of the
Beta process that exhibits power-law behaviour. (Broderick, Jordan, and Pitman 2013) and
(Broderick, Pitman, and Jordan 2013) discuss the combinatorial properties of the IBP and
the Beta process. (Paisley et al. 2010) develops a stick-breaking representation for the Beta
process.

There has also been much work on applications using the IBP and the Beta process. (Hu
et al. 2012) uses the IBP for image representation, for visual feature extraction and image
reconstruction. (Fox et al. 2014) uses the Beta process to model multiple related time series
in the context of motion capture segmentation. (Wood, Griffiths, and Ghahramani 2006)
and (Adams, Wallach, and Ghahramani 2010) use the IBP (and a recursive variant called
the cascading IBP) to learn the structure of Neural Networks. (Knowles and Ghahramani
2007) and (Knowles and Ghahramani 2011) present models based on the IBP to perform
signal separation, wherein an observed dataset is assumed to be a linear combination of
multiple signals, which these models attempt to recover. In particular, they apply their
models to the problem of finding gene transcription factors based on gene expression data.
(Polatkan et al. 2015) uses the Beta-Bernoulli process for image superresolution, wherein
a high-resolution image is constructed based on a low-resolution image. (Ruiz et al. 2014)
applies the IBP to the problem of detecting patterns of psychiatric disorders appearing

together.
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3.5 The Gaussian Process

Another popular nonparametric prior is the Gaussian Process (Rasmussen and Williams
2006). Like the Dirichlet Process, the Gaussian process is defined by its finite-dimensional

distributions: if X is a Gaussian Process on some index set 7', X ~ GP(m, k), then

= (my,...,my,)

(th,...,th) ~ N(/J,,E)

for any (t1,...,t,) € T". Typically, X is thought of as a random real-valued function X (¢).
Then, m : T'— R is called the mean function, and k : T x T'— R is called the covariance
function.

As a special case, let m = 0 and k(s,t) = min{s,t}. Then, X(¢) ~ N(0,t), and X is
called Brownian motion (Ghosh and Ramamoorthi 2003; Zanten 2007).

Gaussian Processes have been used in many areas, ranging from regression (Rasmussen
and Williams 2006), classification (Rasmussen and Williams 2006; Barber and Williams
1997; Mackay and Gibbs 2000), extrapolation (Wilson and Adams 2013), and density

estimation (Murray, MacKay, and Adams 2009).

3.6 Other Nonparametric Models

It is often possible and useful to combine nonparametric priors. (Williamson et al. 2010)
combines the HDP and the IBP in a topic model that allows documents to focus on rare
topics. Similarly, (Paisley, Wang, and Blei 2012) combines the HDP with a Gaussian Process
for a correlated-topic model.

(Iwata, Duvenaud, and Ghahramani 2013) present a model that combines the Dirichlet

Process with the Gaussian Process: each data point is drawn from a DPM of multivariate
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Normals, with each dimension then “warped” by a function drawn from a Gaussian Process,

giving much more free-form cluster shapes:

P ~ DP(Ma)

fd ~ GP<m(')’ k(-, ))

iid
My, T4 ~ P

ind

Yi ~ N(Mi70i2>

Lid ™~ N(fd(xnd)v ﬁil)'

Relatedly, (Jackson et al. 2007) presents a Dirichlet Process mixture of Gaussian Processes,
where the parameters m(-), k(-,-) of the Gaussian Process are drawn from a Dirichlet Process.
(Rai and Daumé IIT 2008) develops a sparse variant of the IBP and combines it with a
nonparametric prior over trees called Kingman’s Coalescent (Kingman 1982).

(MacEachern 1999) adapts the Dirichlet Process to a regression setting: in cases where a
standard linear regression with parametric noise is a poor fit, a better approach is to use a
nonparametric distribution for the errors that smoothly evolves depending on the covariate.
The Dependent Dirichlet Process (DDP) is proposed to achieve this goal. Consider the
stick-breaking construction of the Dirichlet Process above. To adapt to the regression context,
we first replace the random variables y; g ﬁ with stochastic processes yix = (Yiz)zex, Where
X is the covariate space, essentially specializing to the case where « is a measure over a space
of functions X — S for some S. Next, we similarly replace the stick length proportions 6;
with processes 0;x = (0;z)zcx, likewise replacing p; with p;x. This effectively replaces the
parameter a(S) with a parameter My, which allows the degree to which samples from the
DDP resemble parametric regression to vary along X. See (Lin, Grimson, and Fisher 2010;
Barrientos, Jara, and Quintana 2012) for more theoretical discussion of DDPs; (Campbell
et al. 2013) generalizes the clustering algorithm of (Kulis and Jordan 2012) to the dependent

setting using DDPs.
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Hidden Markov models (HMMs) are a popular model of sequential data such as speech,
consisting of an unobserved (hidden) state which evolves among a finite number of states
according to a Markov chain. At each time step, an observed variable is generated based
on the current state. (Beal, Ghahramani, and Rasmussen 2002) introduce a nonparametric
technique for this setting by incorporating a HDP into the transition probability that governs
the unobserved Markov chain, allowing the state space to be infinite. (Bratieres et al. 2010)
and (Van Gael et al. 2008) discuss inference in this model. (Palla, Knowles, and Ghahramani
2014) develops a similar model where the Markov chain is guaranteed to be reversible,
whereas (Stepleton et al. 2009) enforces additional structure on the transition probability
that produces partitions (i.e. clusters) of the hidden state space. (Blunsom and Cohn 2011)
discusses an infinite HMM using hierarchical Pitman-Yor Processes.

Other works develop completely new models. (Titsias 2008) develops nonparametric
distribution over non-negative integer-valued matrices called the Infinite Gamma-Poisson
Process (IGPP). Similarly, (Broderick et al. 2015) produces the Beta Negative Binomial
Process (BNBP), which is similar to the Beta-Bernoulli Process underlying the IBP; they
also investigate the Hierarchical BNBP. (Zhou et al. 2012) shows that these two processes
are closely related, and (Zhou 2014) further develops the theory of the BNBP. Finally,
(Heaukulani and Roy 2016) derives the negative binomial version of the IBP.

Sometimes it is useful to develop new models by incorporating additional constraints into
existing models. (Dalal 1979) present a modified Dirichlet Process that produces distributions
that are invariant to certain transformations. (Gershman, Frazier, and Blei 2015) modifies
the IBP to incorporate a distance metric between customers such that similar customers are
more likely to sample the same dishes; (Miller, Griffiths, and Jordan 2008) presents a similar
modification that uses a phylogenetic structure among customers. (Williamson, Maceachern,
and Xing 2013) presents a method for modifying the IBP and other nonparametric processes

on infinite matrices, including the BNBP and IGPP, to change the distribution of the
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number of non-zero entries per row. In the case of the IBP, this corresponds to changing the
distribution for the number of dishes each customer samples.

Often, connections are found between seemingly disparate processes. For example,
(Heaukulani and Roy 2015) investigates connections between the Dirichlet Process and the
IBP, and a similar connection between the PYP and the three-parameter IBP of (Teh and
Goriir 2009). (James, Orbanz, and Teh 2015) explores further connections between the CRP
and the IBP and other processes. (Roy 2014) explores connections between the Dirichlet
Process and the Beta Process and uses this to generalize the IBP. (Jordan 2010) reviews a
class of models called Completely Random Measures (CRMs) (Kingman 1967), which includes
the Dirichlet Process and the Beta and Bernoulli Processes. See (Broderick, Wilson, and
Jordan 2018) for recent work in this area. (Broderick, Jordan, and Pitman 2013) develops a
theory of the combinatorial structure of the CRP and IBP.

The stick-breaking representations of the Dirichlet Process and IBP have lead to other
generalizations. (Dunson and Park 2008) incorporates random locations and a distance
measure into the stick-breaking weights of the Dirichlet Process. (Ghahramani, Jordan, and
Adams 2010) generalizes to a tree-structured stick breaking wherein sticks can be broken
into more than two pieces. (Nalisnick and Smyth 2016) develops a stick-breaking-based deep
Neural Network model. See also (Perman, Pitman, and Yor 1992).

The Wishart distribution, W,,(V, v), is a distribution over positive definite n X n matrices
(i.e., n x n matrices M for which 2" Mz is strictly positive for all non-zero n-vectors z) which is
commonly used as a prior for covariance matrices. If u; < N (0,V), then >0 wu] ~W(V,v)
(although the Wishart distribution is also defined for non-integer v); (Wilson and Ghahramani
2009) defines the Generalized Wishart Process analagously by replacing the Gaussian vectors
u; with Gaussian Processes, arriving at a distribution over infinite collections of positive

definite matrices.
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CHAPTER 4

INFERENCE

When applying Bayesian techniques, we wish to calculate posterior distributions or posterior
expectations (such as posterior predictive distributions). However, these calculations often
involve intractable integrals. Accordingly, there has been a great deal of effort in finding
efficient methods to accurately approximate these quantities. We will mostly focus on Monte
Carlo techniques, also called simulation techniques.

Suppose we wish to calculate E[f = [ f(0)p(df|z). If we can sample
0" ~ p(6]z),

then
7= 1 XK: f(g()
Ko
is a good estimator. In particular, a good estimator of this form should have two properties:
it should be unbiased, meaning that the expected value of the estimator should equal the
true value, i.e., E[I] = E[f(#)|z], and it should have decreasing variance as the number of

samples K grows. The second property follows from the law of large numbers (Theorem 2.5);

we prove the first:

E ;{z f(e@)] = % [Z f(e(”)] [ »(d6%)2)
= > [ 16 T st o
[ F(0D)p(doW)|z) = f(6D) for i # 7, so we have
1 K
= 2> [ Hop(as o



Unfortunately, it is often the case that one cannot sample p(6|z) directly, so that another
layer of approximation must be used. We focus on two classes of such methods: Markov

Chain Monte Carlo (MCMC) and Sequential Monte Carlo (SMC).

4.1 Markov Chain Monte Carlo

MCMC is based around the construction of a Markov chain with transition kernel P(6, B)
which has p(6|z) as its stationary distribution.

Any Markov chain satisfying the global balance condition

/p(9|m)P(9,d0’) = /p(d9’|x)P(d0’,0)

will have stationary distribution p(f|z). A stricter condition that implies global balance is

detailed balance:

p(9|$)P(976’/) :p(9/|ZL’)P(9,,9)

A generic form of such a kernel, known as the Metropolis-Hastings algorithm (Metropolis

et al. 1953; Hastings 1970), is

P(G, B) = Z/ qm(H,dH’) am(G,H’)—l—s(G)]l{geB}

m Proposé a  accept the no move
move m move (rejected or
from 6 none
to 6’ proposed)

where m varies over some set of available “moves,” which identify proposal distributions g, (-, -).
Sampling proceeds by first selecting a move m, then proposing a new state 0’ ~ ¢,,(0,-).
Then the new state ¢’ is either accepted (with probability «,,(6,6")), or rejected, in which
case the chain stays in state 6.

We may enforce detailed balance if we let

am(0,0") = min{l M}

" fm(6,6)
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where f,,(6,0') is the (finite) density of p(df|z)q,,(0,d0") with respect to some symmetric
measure [i,,, and m* is the move that can take state ¢’ to # (in many samplers, m* = m).

Multiple kernels may be combined in a mixture or in a cycle. Gibbs sampling is a special
case where 0 = (0y,...,60;), and each cycle samples 0; ~ p(6;|0-;) exactly. In this case,
a(f,0) =1.

See (Andrieu et al. 2003; Neal 1993b; Robert and Casella 1999; Brooks et al. 2011)
for reviews of MCMC techniques. (Gilks, Richardson, and Spiegelhalter 1996) and (Besag
et al. 1995) contain numerous examples of applied MCMC algorithms. (Green et al. 2015) is
a review of more recent advances.

There has been a considerable work on MCMC methods. In some cases, the acceptance
probability a(f,0’) is difficult to compute, in which case it can be estimated (Sherlock et
al. 2015) or decomposed into multiple ratios that are tested (so that if the sample is rejected,
the whole ratio is never computed) (Banterle, Grazian, and Robert 2014; Banterle et al. 2015;
Sherlock, Golightly, and Henderson 2016). The random proposals of a Metropolis-Hastings
kernel can sometimes be slow to explore the full support of the target distribution, leading to
low quality estimates. (Neal 1995) addresses this problem for Gibbs sampling by “ordered
overrelaxation:” when sampling 0, ~ p(-|{0;},+), generate K samples, then order them
01(1) <...< HZ(T) =0,<...< HZ(K) (r is the index of the current value), 6, = QgK_r); this tends
to make 0, more different from 6; than plain Gibbs, while preserving invariance. If a CDF is
available, more efficient versions are available. (Tak, Meng, and Dyk 2017) approaches the
same problem from another direction by incorporating the gradient of the target density into
the proposal and alternating between “attractive” and “repulsive” cycles which move toward
and away from local modes, respectively.

Another approach to this problem is slice sampling (Mira 1998; Neal 2003): let f(6)

be the (possibly unnormalized) density we wish to sample from, and let y be an auxiliary
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variable such that the joint density is

p(6,y) = {W 0<y<f(0)

0 otherwise;

then,

p(0) = /Of(e) (W) dy o< f(0),

so sampling from this joint distribution, then discarding y values yields the samples we
desire. The basic idea is to define a Markov chain that will converge to this joint distribution.
(Walker 2007) applies this technique to Dirichlet Process Mixtures.

Other methods of improving efficiency focus on the computational aspect, specifically en-
abling parallel and distributed implementations (Neal 2012; Angelino et al. 2014; Neiswanger,
Wang, and Xing 2014), and data subsampling techniques (Maire, Friel, and Alquier 2015;
Bardenet, Doucet, and Holmes 2017); see also (Angelino, Johnson, and Adams 2016).

Finally, there has been substantial work in the field of exact sampling (Green and
Murdoch 1998), which is focused on using MCMC methods to generate samples that are
exactly distributed as p(f|x). See also (Murdoch and Green 1998; Wang, Schwing, and

Urtasun 2014; Fill and Huber 2010). (Casella et al. 2002) develops an exact slice sampler.

4.1.1 Reversible Jump MCMC

In many cases, the states 6 and 6’ may be of different dimensions. In such cases, special care
must be taken to maintain detailed balance while the parameter space may change dimension
between moves. Reversible Jump MCMC (RJMCMC) (Green 1995; Green and Hastie 2009)
allows us to do this.

Let 6 = (k,0%), where k is the “model index,” which identifies the parameter space R™,
and 0 denotes the parameters of this model. Then, let %}, = {k} x R™ and € = U, %}, so

that € is the space we wish to sample from.
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To construct the new state 8 = (k/,0*"), because %) € R™ and #*) € R™ with
ny # Ny in general, it is often necessary to sample new real values. That is, when moving
from 6 to @', we set #) to some deterministic function of %) and v, where u® ~ g (u®) is
a real-valued random vector. Similarly, moving from ¢’ to 6 involves sampling u*) ~ g (u*")).
u® and u*) are of dimensions m; and my, respectively, such that ng + mg = ng + my
(noting that one or both of my and my may be zero).

Finally, to propose a new state 6, we must first pick a “move” m. Let j,,(6,0") denote
the probability of proposing the move m from the state . This includes both the probability
of choosing the m™ “type” of move, and the probabilities of any random variables sampled
in constructing the new state ¢ according to m (including the sampling of u*").

Let us revisit the requirement that p(df|z)q,,(0,d0") have a finite density f,,(x,z") with
respect to some symmetric measure ji,,,. To maintain symmetry, for any A C 65, B C %y,

we must have
fim(A x B) = M%) u®) . 9% ¢ A 9*) (9% ®) ¢ B},
where A is the Lebesque measure. Moreover, consider the inverse,
fm(B x A) = )\{(G(kl), u(k/)) 0% e B, 9(’“)(«9(’“/), u(k/)) € A}

By symmetry, (A X B) = (B x A), which requires that we have a bijection between
(%) u®)) and (0%, u*)), so we can move back and forth freely and deterministically.

Then, applied to our trans-dimensional model, the density f,,(0,6’) is

fmw? 0/) = p(k, 6" ’x)]m(ea 9/)
, (K (K)
fm(6/79> :p(klje(k)lx)]m(el’e) % a(e , U )

D(0®), u®)

Y

a(vl—vn)) duy ...du,, as

O(ut,...,un

where the Jacobian term comes from the fact that dv;...dv, = ‘

used in the general substitution rule in calculus.
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Then, a,,(0,0) = min{1, o, (0 9’)} where

o o P OF)|2) g (¢,6) | D(0F), ™))
ay,(0,0') = (k: 0k)|x )jm (0, Q/ ' (k) u(k) ‘
p(alk, 0%) p(k',0%) ju (¢,0) | D0, ul™)
= Ik 6y, 6 >/gm<9,e'>J‘ 5(60, ) ’
llkehhood p;iror prc;arosal J acggian
ratio ratio ratio

(Hastie and Green 2012) and (Andrieu and Doucet 1999) apply RIMCMC to the problem
of selecting a model, i.e., where p(k, %) and p(k’, %)) are entirely different models. (Green
and Mira 2001) proposes a delayed rejection approach to RIJIMCMC in which rejected
samples are instead given a second chance by re-applying a move. (Al-Awadhi, Hurn, and
Jennison 2004) discusses the development of efficient RIMCMC moves (i.e., moves with a

high acceptance rate).

4.2 Sequential Monte Carlo

Consider a state-space model or HMM, where an unobserved parameter evolves according to
a Markovian kernel p(6;|0;-1), and at each ¢, an observation is generated from p(z;|6;). An
MCMC approach to inference in such a model would have to repeatedly sample 6; and x; for
every i. Sequential Monte Carlo (SMC) methods work recursively, each step producing an
approximation of p(#;|x1.,_1) by modifying the previous step’s approximation of p(6;_1|z1._2),
taking advantage of a the Markovian structure.

A simple SMC method samples

) did

Np(el)

nd
0 % p(6:]0",, )

o)
and estimates p(6;|z1.;) by

K
p(0;|x1.) o< p(x;]60;) Zp@]GZ 1
k=1
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As with all Monte Carlo estimators, we wish our estimators to be unbiased:

B0 P Byt Fttt o | 35000 )
K
k k) |4k
= PEl0)E g0 - Bt 100, o /(Zp(eiw%(—)l))Hp(dez(—)lwz(_)zal'i1))
k=1 k=1
K K
i} -
:p<xl|92)]Ep(0§k))E (g(k |9(k3 Ti ) Z/p<ez|ef_)1)Hp<d92(3_)1"9,(]_)2>xz1))
j=1
k
b)) o160, ) Z/ (0:162), 01, 1) (d0§)1)>

k
(:BZ|9 ) k)) B (9(’V>2|¢9Z o i—2) Zp(@wz@z, xi—l))

Thus, the rightmost expectation replaces the term 02 1 with 0 and adds a dependency on

= plxi|6)E

xi—1. BEach successive expectation proceeds likewise until we get

K
= p(z:|6;) ZP(9i|$1:¢—1)
X p(xilei)p(:ei’xlzifﬁ
= p(0s]21.q)p(2:)
oc p(0i|71.)
However, this algorithm is not applicable in most applications: we cannot typically sample
from p(0; |92 1,%)
Working around this problem leads to one of the most basic SMC methods, the Sequential

Importance Sampling (SIS) algorithm, which is the basis for most SMC methods (Handschin

and Mayne 1969; Handschin 1970). We begin with samples from a proposal distribution,
01 ~ ([,

and compute the importance weights

p(6")

(k) (k)
wq o<p(x1|91 )—>
(0 |21)
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At each subsequent step,

which depend on the previous step’s weights. Then, at each time step, we have the approxi-

mation
p(0:|z1.4) = p(x4]60;) sz 1p9|9

As before, we show that this estimator is unbiased:

E[p(0:|z1:1)] o< p(zi|0;) E p(e%) " (,(k 0%)) (sz (0 |0 )

= p(x]0;)E 9<k>) B0, 100,

(k) (k) (k ((k) |9(k)> k) (k)
E /wi—Qp(xilwz'—l)p(eiwz'— ) (dei—1|9i—27xi*1)
s a(010%,, 2,1)

= p(zi|0;) E PO O®), o)) (Z w,_ 210 Ti_ 1,9'|8§f)2)>
oc p(x:]0;) E P ((9(’“)2\0(’“> (Z w;_ 2P (0; |91 25 Li— 1))

The rest of the proof mirrors the previous proof.

However, this simple algorithm leads to degenerate estimates: the normalized weights
tend towards a state where one sample has weight 1 and all other samples have weight 0. To
prove this, we first show that (w 1( )) is a martingale, following (Kong, Liu, and Wong 1994).

(k)

First, we re-express w, ' to match their expression:
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w® wgﬁ)lp(x,» |0£k))

k
(k) p(63)]a1.)
i—1 k
(03 |21.i-1)
(k)
k) ok k p(0 0 |21.)
EP($i|xlzi—1)[w’§ )|9§:i)—17x112‘—1} X wz(—)lEp($i|$1;if1) ((kl)—
P01 [71:-1)
k
) [ P01 214)

(08 i)
= wz(ﬁ)l/p(dicimg),fl:il)

p<dxi‘x1:i71)

Since the expected value of the i*® item is the (i — 1)' item, we have a martingale, as

(k)

desired. From Lemma 2.2, we have var(w;"’) > Var(wl@l).

Then, since ), wgk) = 1, as variance increases, the set {wgk)}k must “spread out” to 0
and 1. As at most one element may be 1, all others must be 0, completing our proof.

To correct this problem, we turn to the Sampling/Importance Resampling (SIR) (Rubin
1987; Smith and Gelfand 1992) algorithm (see also (Gordon, Salmond, and Smith 1993; West

1993)). At each time step, we sample (with replacement) from the previous step’s population

of samples instead of including their weight recursively:

Thus, samples with low weight tend to die out, leaving only samples whose history had higher

weight, i.e., samples that better match the data.
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This estimator is also unbiased:

K
~, k k
E[p(0i]z1.0)] o¢ p(ail0)E g0, - Eww WO o (Zwﬁ_ﬁpweg_ﬁ))
w k=1

= p(@i|)E 0, E (k)
PO, 0 el )

K K
(Z S w?, / pzi [0 )p(6:16") >p<de£ﬁ>1|e§iz>)

k=1 j=1

Mx
- g

(371'9 ) e(k)) -E

o))
p(6, 10" 2><§k2\{w<“

k=1

wz 2p Lij— 179 |91 2))

[M] =

x p(z;]0;)E o) -E w p(0; |01 oy Li 1))

1

Mx

($l‘(9 ) G(k)) -E

( )
a;’” )
(Q(k) ‘92 - 2 (k) Hw(k) ) (k

(0,16, 2,
(9<k ‘9 §>2> (k) Hw(k) Te) wl 2p ‘ 1= 2,x 1))
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Il
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Again the rest of the proof mirrors the original.

A critical weakness remains in this algorithm: because the history indicators a ) do
)

not depend on z;, 91( depends on z; only through ¢(-|-), which tends to be close to the

(k) ®
prior p(9§k)\9§fﬁ ))- In cases where p(ez(k)’tg&i ),

x;) differs significantly from q(ng) lﬁff(lk ))) (as
may be the case if x; is an outlier), the 95 will be poor samples, the weights w ) will be
highly skewed, and p(6;|z1.;) will be inaccurate. The Auziliary Particle Filter of Pitt and
Shephard (Pitt and Shephard 2001) addresses this problem by incorporating a forward-looking

estimator g(mﬂ@l@l) into the history indicator probabilities:

k a(.k)
plxi0™)  peM 16\
aék) k a(k> ’
g(x,]6." ) q(6161, ) )
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)
If g(a:i\egf’i )) approximates p(xiwﬁ)l) =/ p(a:iwz(k))p(d@gk)lﬁﬁ)l) well, the terms (approxi-
mately) cancel out, and weights will be (approximately) equal. Because p(xi\egk)) is now

(k)

represented in the weights w; ', we change our estimator to

9 ’$11 E U) e(k).

This estimator is unbiased:
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K
= (k) '
= Baoen Eq(ei’“)\eii %) @)} ><;w’ 59§k)<92>>

O(]E (()) . .
Sz )p(@®) w1

(k)

) 9 e(k) e(ai ) ]
i— 1 (Q?‘e(]) ) (k) (k)) 0; % i—1

k=1 j=1 9\xi|0;~ («9 \Hzl,xz)

33wty

o (k)
i-1) k k
a@®16 0 s 1)p(a®, [{w®) ) (k i

K
BIE B (0; 9
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As before, the rest of the proof is the same.
In addition to the dynamic state 6;, many models have a static parameter vector ¢. To
handle static parameters, we must maintain a collection of qﬁl(-k) drawn approximatly from

p(é|z1.5), which presents two challenges:
1. the target p(¢|xy,;) is intractable, and
2. there is no p(¢i|¢i—1) to base a proposal distribution on
However, we can recover a recursive estimator by observing that
p(em, ¢|$1:i) 8 P(9i|9i—1, o, xi)p(¢|91:i—1a 1U1:i—1)p(91:i—1|$1:i—1)-
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so we can estimate p(f1;_1|r1.,_1) by generating an estimate of p(61._1, ¢|r1.-1) and dis-
carding the QSZ(-ﬁ)l. Such methods must sample from p(¢|0y.;_1,x1.,-1), which typically has
complexity that is at least linear in 7. In models where we can take advantage of conjugacy,
p(6]01.i-1,21.-1) = p(@|T;—1), for some sufficient statistics T;_1; this gives the algorithm
from (Storvik 2002). Most models do not enjoy such conjugacy properties, however.

(Liu and West 2001) proposes using a Gaussian Kernel density estimate to approximate

p(¢|91:i7 wl:i):
K . -
Pi1 = Z w§J:z')—1¢z('j—)l

Vi 1_Zwlz 1 — O 1)((/5 — ¢i1)!
Wcﬁ“’ + (1= VI—R)di

q<¢§k>|xu> = N 0,

with smoothing parameter h. This is then mixed into the Auxiliary Particle Filter. That is, we
approximate p(¢|6;.;, x1;) with a Normal distribution whose mean and standard deviation are
derived from the previous iteration’s collection of ¢§’j>1 values. The weights wZ(k) and history
(k)

indicators a; ' ensure that each iterations {¢§’f)}k are approximate samples of p(¢|0y.;, z1.).

4.2.1 Other SMC Works

Here, we survey other works related to Sequential Monte Carlo techniques. See (Doucet,
Freitas, and Gordon 2001; Kantas et al. 2015) for other general surveys. (Cappe, Godsill, and
Moulines 2007) surveys recent advances in SMC, and (Liu and Chen 1998) gives guidelines for
using SMC techniques. (Doucet, Godsill, and Andrieu 2000) reviews SMC techniques from a
specifically Bayesian perspective. (Creal 2012) reviews SMC for use in economics and finance.
Some works use the term “Particle Filter” instead of SMC; (Arulampalam et al. 2002; Kiinsch

2013) review such works. (Fearnhead 1998) reviews SMC and Particle Filters.
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There has been a large volume of work specializing SMC methods to certain problems.
(Doucett et al. 2000) adapts SMC methods to the setting of Dynamic Bayesian Networks. More
generally, (Naesseth, Lindsten, and Schén 2014) develops SMC for Probabilistic Graphical
Models. (Andrieu, De Freitas, and Doucet 1999) uses SMC for Bayesian Model Selection.
(Naesseth, Lindsten, and Schén 2015) proposes using an SMC estimate as a proposal in a
higher-level SMC algorithm for use with high-dimensional data. (Del Moral and Murray
2015) develops a specialized SMC algorithm for use with “highly informative” data, wherein
the posterior distribution is very different from the prior. (Wang, Bouchard-Cété, and Doucet
2015; Everitt et al. 2016; Dinh, Darling, and Matsen IV 2017) develop SMC algorithms
for infering phylogenetic trees. In the setting of models with both static and dynamic
parameters, (Carvalho et al. 2010) uses sufficient statistics in a manner similar to that of
(Storvik 2002) discussed above, and (Nemeth, Fearnhead, and Mihaylova 2014) presents
an SMC algorithm that adapts to abruptly changing dynamic parameters. Certain models
(especially based on physical processes) are defined using partial differential equations. In
such models, discretization can lead to growing errors; (Beskos et al. 2017b) adapts an SMC
algorithm to this setting.

Another vein of research concentrates on the computational aspects of SMC. In particular,
there is interest in using SMC methods on parallel and distributed systems, as discussed
in (Cotter, Cotter, and Russell 2015; Vergé et al. 2013; Chen et al. 2011). (Paige et al. 2014)
presents a parallel and distributed SMC method that is “anytime” in nature, meaning that it
continuosly improves its accuracy (by generating more samples), but can be stopped at any
time to give an unbiased estimate.

There has also been more theoretical work on SMC methods. (Kitagawa 1996; Douc
and Cappe 2005; Whiteley, Lee, and Heine 2016) discuss the effect of resampling on SMC
algorithm, including different resampling distributions and methods to avoid resampling at

every iteration. Similarly, (Whiteley and Lee 2014) develops a resampling distribution that
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minimizes the growth of variance of the estimator. (Bengtsson, Bickel, and Li 2008; Beskos,
Crisan, and Jasra 2014) explore properties of SMC when the data are high dimensional.
(Gilks and Berzuini 2001) incorporates MCMC transitions (on the entire history of a sample)
into an SMC algorithm. Similarly, (Fearnhead 2002) incorporates MCMC transitions that
take advantage of conjugacy and sufficient statistics to remain efficient.

SMC methods can be used for problems other than state-space models. (Del Moral,
Doucet, and Jasra 2006) discusses using SMC for sampling from arbitrary sequences of
distributions. (Cappé et al. 2004) introduces Population Monte Carlo, which is essentially
an SMC algorithm where the target distribution is the same at every iteration. (Jasra,
Stephens, and Holmes 2007b) reviews similar algorithms, including ones that incorporate
MCMC techniques. (Wraith et al. 2009; Kilbinger et al. 2010) discuss the application of
Population Monte Carlo and other algorithms to cosmology. (Jasra, Stephens, and Holmes
2007a) combines these concepts with RIMCMC for trans-dimensional targets.

Similarly, (Andrieu, Doucet, and Holenstein 2010) introduces Particle MCMC, which uses
SMC algorithms for proposal distributions within an MCMC algorithm. (Pitt et al. 2012) and
(Chopin and Singh 2015) explore the theoretical properties of Particle MCMC, and (Lindsten,
Jordan, and Schon 2014) adds a kind of resampling between iterations of the MCMC algorithm.
(Bouchard-Cété, Doucet, and Roth 2017) incorporates split-merge moves into Particle MCMC
for mixture models, and (Golightly, Henderson, and Sherlock 2014) incorporates delayed
acceptance into Particle MCMC. (Meent et al. 2015) applies the algorithm of (Lindsten,

Jordan, and Schon 2014) to probabilistic programming.

4.3 Other Inference Techniques

4.3.1 Hamiltonian Monte Carlo

Originally introduced as “Hybrid Monte Carlo” (Duane et al. 1987; Neal 1992), Hamiltonian

Monte Carlo (HMC) is a simulation technique based in physics. In physics, Hamiltonian

52



dynamics represent the time-evolution of systems wherein energy is conserved (i.e., there is
no input of energy from outside of the system). The total energy of such systems can be
represented as the sum of potential energy (such as from a gravitational or electromagnetic
field) and kinetic energy. The basic idea of HMC is to generate samples from some target
probability distribution m(z) by simulating a dynamical system with potential energy given
by —logm(x): first a momentum p (and thereby a kinetic energy) is sampled from some
arbitrary distribution 7(p|x). Then, the Hamiltonian system is simulated for some time ¢
(e.g., using any of the techniques in (Lindsten, Jordan, and Schon 2014)), yielding (2, p/).
Because Hamiltonian systems conserve total energy H = —log7w(p|x) — logm(x), we have
(', p") ~ m(z,p) = w(x)m(p|z). Discarding p’ leaves us with a sample z’ ~ 7(z), as desired
(technically, because the simulation is of finite precision, there is a Metropolis-Hastings step
to occasionally reject bad samples). See (Betancourt 2017a) for an in-depth and intuitive
introduction to HMC methods that explains their efficacy, and see (Betancourt 2017b) for a
historical review of MCMC and HMC.

HMC methods have proven to be quite effective when they are applicable, and have
thus engendered a lot of study. (Betancourt et al. 2017) and (Barp et al. 2017) provide a
theoretical foundation of HMC based in differential geometry; (Betancourt 2014) uses some of
these properties to generalize HMC methods. More theoretical work can be found in (Seiler,
Rubinstein-Salzedo, and Holmes 2014; Livingstone et al. 2016; Zhang et al. 2016; Betancourt
2015).

Another area of study is the setting of the parameters of the HMC algorithm. (Betancourt
2016b) identifies the optimal integration time (i.e. length of the simulation). Hamiltonian
simulations typically proceed by making small “steps;” (Hoffman and Gelman 2014) develops
a variant of HMC without the need to tune the size of such steps. (Betancourt 2016a) and
(Livingstone, Faulkner, and Roberts 2017) discuss the kinetic energy of the system, i.e., the

distribution 7 (p|z).
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(Strathmann et al. 2015) HMC for problems w/out tractable gradients: fit a kernellized
exponential family model and use it’s gradients (or estimate the gradient with the model?)
(Sohl-Dickstein, Mudigonda, and DeWeese 2014) HMC w/out rejection (instead, longer
paths are simulated) (Tripuraneni et al. 2017) develops a variant of HMC with different
dynamics which still preserve energy. (Lan, Streets, and Shahbaba 2014) modifies HMC with
a periodic search for modes which are then linked via “wormholes” so that the samples can
more effectively explore a multimodal distribution.

The original HMC algorithm is only applicable to simulating real-valued variables with
smooth densities with efficiently computable gradients. There has been work (Beskos et
al. 2011; Beskos et al. 2017a; Byrne and Girolami 2013; Beskos 2014) on generalizing to non-
real spaces, as well as to discrete variables (Pakman and Paninski 2013; Nishimura, Dunson,
and Lu 2017) and densities with discontinuities (Afshar and Domke 2015). (Strathmann
et al. 2015) and (Stoehr, Benson, and Friel 2017) develop variants that do not require exact
gradients.

Finally, (Sohl-Dickstein, Mudigonda, and DeWeese 2014) develops a variant of HMC
without rejection (instead, longer paths are simulated), and (Betancourt and Girolami 2015)

specializes HMC for hierarchical models.

4.3.2 Simulated Annealing

Plain MCMC is useful for computing posterior means and other summary statistics, but it is
not efficient when the goal is to find the mazimum a posteriori (MAP) estimate (i.e., the
mode of the posterior distribution), since it will generate many samples far from the mode,
unless the distribution is sharply concentrated around the mode (which it rarely is). A useful
alternative is Simulated Annealing (Laarhoven and Aarts 1987; Andrieu, Freitas, and Doucet
2000), wherein instead of sampling from a homogeneous Markov chain that (assymptotically)

generates samples from some 7(z) one samples from an inhomogeneous Markov chain that
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generates samples from 7;(z) oc 77 (z), where T} increases as the simulation continues. As
T; increases, m;(x) becomes more and more concentrated around the mode(s) of m(z). By
introducing the increasing T; into the proposals and acceptance ratios of an MCMC sampler,
we can therefor produce better MAP estimates. The rate at which T} increases is itself a
subject of study (Hajek 1988; Kiwaki 2002). Alternatively, one can adapt SMC algorithms to
target m;(x) (Iba 2003).

If the model being used has so-called “nuisance parameters” a—parameters whose value
is not interesting—an alternative is to replace 77 (x, ) with H;‘:;l 7(x,a™) (Doucet, Godsill,
and Robert 2002; Zhao et al. 2015). This is better at integrating out .

(Andrieu, Freitas, and Doucet 2000) and (Bandyopadhyay 2005) combine the RIMCMC

techniques of Section 4.1.1 with simulated annealing.

4.3.3 Approximate Bayesian Computation

For sufficiently complex models, even evaluating the likelihood can be prohibitively expensive.
Approximate Bayesian Computation (ABC) (Sunnéker et al. 2013) is a class of algorithms
to handle inference in even the case that the prior and likelihood can be simulated but
the likelihood cannot be computed. The simplest version is to simulate an artificial set of
parameters and data (é\, 7), then compare the generated data with the true observed data. If
they are similar enough, i.e., p(x,7) < € for some distance metric p(-,-), then we accept 5;
otherwise, we reject. Thus, the set of accepted gs, being associated with virtual data similar
to the real data, are approximately distributed according to the posterior p(6|z).

ABC has been adapted to state-space models (Vakilzadeh, Beck, and Abrahamsson
2018) as well as classification using the popular random forest model (Marin et al. 2016).
Additionally, it can be incorporated into other inference mechanisms, such as SMC (Bonassi

and West 2015).
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4.3.4 Variational Methods

So far, all of the inference techniques we have discussed have been based on simulation and
sampling. An alternative approach, variational inference (Jordan et al. 1999; Blei, Kucukelbir,
and McAuliffe 2017; Wainwright and Jordan 2008) is instead based on optimization. The
posterior p(f|x) is approximated by the distribution ¢(6;¢) by solving the optimization
problem

arg min Dir(q(019)|p(0]x)),

where Dy (+]]-) is the Kullback-Leibler (KL) divergence (Kullback and Leibler 1951),

D (f(z)]lg(x /f (dz)log f(x /f )log g(z

In general, D (q(0]¢)||p(€]z)) is not available; instead, an equivalent optimization maximizes

the evidence lower bound:

g / 4(d0]6) log p(0, ) — / 2(d8]) log (6]6). (4.1)

Additionally, other divergence measures may be used (Minka 2005; Ranganath et al. 2016)
Optimizing Equation (4.1) requires calculating integrals and gradients which are not
always available; see (Paisley, Blei, and Jordan 2012; Ruiz, Titsias, and Blei 2016) for
methods to handle such situations. Even in cases where these gradients are available, it can
be time-consuming to derive them. (Kucukelbir et al. 2017) presents a system which uses
automatic differentiation (Baydin et al. 2018) to allow users to perform inference in a broad
class of differentiable models without needing to derive any gradients themselves.
Variational inference has been applied to many problem areas, including applications
involving “big data” and scalability (Armagan and Dunson 2011; Ko and Seeger 2012; Dai
et al. 2015) as well as streaming data (Broderick et al. 2013; Tank, Foti, and Fox 2015). It
has been applied to popular models such as neural networks (Jaakkola and Jordan 1996),

Markov Decision Processes (Cheng et al. 2013), and logistic regression (Jaakkola and Jordan
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1997; Jaakkola and Jordan 2000)—including a nonparametric multinomial version involving

Gaussian Processes (Chai 2012).

4.3.5 The Gumbel-max Trick

Consider the problem of sampling a random variable z € {1,...,m} with p(z =) = f(i)/z
for some unknown normalizing factor z. The “Gumbel-max trick” is as follows: let G;, 7 €
{1,...,m} be i.i.d. standard Gumbel random variables, meaning that they have density
e~ (Gite™ ) Then, let

z* = argmaxlog f (i) + Gi.

2

Proposition 4.1. p(z* = i) = p(x = 1)

Proof. First, note that the cumulative distribution function of G; is given by p(G; < g) =
JJ p(dG;) = e’ Then,

oo =)= [ T[0(G, < low 1) ~ oz £5) + GGy
J#i

— [ TLexw (~ exp (-~ log £) + 1og £5) = Gi)) (G
i
Letting G = G; — log f(i) and expanding its density, we get

— /exp (—G. + log f(i) — exp (=G + log f(4)))

x [ [ exp (= exp (log £(j)) exp (—G})) dG;
i

_ / exp (—G} +log f(i) — exp (—G} + log (1))

X exp (—exp (=G ;f(ﬂ) G,
= /eXp (—G§ +log f (i) — exp (=G} 4 log f(i)) — exp (—GY) ;f(ﬁ) dG;
=0 [ exp (—G; — (i) exp (~G) — exp (<G Y f(j)> ac

JFi
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]

Using this technique to sample from p(z) is no more efficient than computing z, but this
leads novel approximation algorithms (Papandreou and Yuille 2011; Jaakkola and Hazan
2012; Hazan, Maji, and Jaakkola 2013). These techniques have been generalized to continuous
spaces (Maddison, Tarlow, and Minka 2014), and distributions other than the Gumbel (Balog
et al. 2017). Additionally, theoretical connections between these techniques and Monte Carlo
techniques have been established (Maddison 2016); (Orabona et al. 2014) develops more

general theory.
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CHAPTER 5
BAYESIAN NONPARAMETRIC RELATIONAL LEARNING WITH THE

BROKEN TREE PROCESS!

Recently, an increase in the availability and importance of relational datasets—such as social
network data or protein interaction data—has lead to increased interest in modelling and
learning from such data. Such data are often modelled as exchangeable arrays, yielding a
particular representation due to Aldous and Hoover. We present a Bayesian nonparametric
model based on this representation, which uses a novel process to generate a partition of
the data. We present a Reversible Jump MCMC algorithm for inference in this model, and

demonstrate the effectiveness of this approach on real-world data.

5.1 Introduction

Relational data—which appear in many areas of science, ranging from social networks to
protein interaction networks—are observations of relationships between sets of objects. A
useful representation of such data is in the form of arrays of random variables?, e.g., R = (R;;),
where ¢ and j index objects x;. A basic challenge that arises in the study of relational data
is that of link prediction, where some entries of R are missing and the goal is to predict
these unobserved links based on the observed structure. That is, let R, denote the observed
part of R, and R_ the unobserved part. The goal is to calculate the posterior predictive
distribution p(R_|R,). In order to address such challenges, it is necessary to develop rich,

flexible models of relational data.

1©2016 IEEE. Reprinted with permission, from Justin Sahs, “Bayesian Nonparametric Relational Learning
with the Broken Tree Process”, IEEE Conference on Intelligence and Security Informatics, September 2016.

2We restrict our discussion to binary relations here, but higher-dimensional analogs of our methods are
possible.
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In this chapter, we propose a probabilistic model of relational arrays based on a novel
Bayesian nonparametric prior on partitions of the unit square. This prior allows our model
to find irregular co-clusters of the relation entries, leading to a flexible model that can find
rich latent structures in the data.

The rest of this chapter is organized as follows: in section 5.2, we review some techni-
cal background, and present a representation theorem due to Aldous (Aldous 1981) and
Hoover (Hoover 1979). In section 5.3, we review related work and present these works in
the light of the Aldous-Hoover theorem. In section 5.4, we introduce our novel model. In
section 5.5 we present inference in this model. In section 5.6, we present our experimental

results. Finally, in section 5.7, we conclude the chapter.

5.2 Background

A random array is a collection X of random variables (X;;); jen taking values in some set
X. Relational data such as graphs can be represented as arrays (in the case of unweighted
graphs, these arrays have binary values). An array is called jointly exchangeable when
(X)) i(XTF(Z»),W(]-)) for any permutation 7 of N; X is called separately exchangeable when

(Xi;) g(Xm(i)m(j)) for any pair (7, m3) of permutations of N.

Theorem 5.1 (Aldous, Hoover). Let X be a random array. Then, X is separately exchange-
able iff
d
(Xi5) =(F(U;, U, Uyj)),

where
- F 0,1 = X is a random function
- (Ui)ien and (Usj)ijen are collections of i.i.d. U0, 1] random variables.

We will use this representation to frame our discussion of our work and the works discussed

in the next section.
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5.3 Related Work

A popular approach to modelling relations is the Stochastic Blockmodel (Wang and Wong
1987), which assumes that the relationships between objects can be explained as class-class
interactions: the objects are assigned to classes (either observed classes or through clustering),
and each pair of classes is assigned a link probability. In the Aldous-Hoover representation,
each cluster gets a column (or row) in a grid. Each grid-block is then associated with a height.
Then, each object i is assigned a U;, which will fall in one of the columns/rows, corresponding
to a cluster assignment. F'(U;, U;, U;;) is a threshold function: if U;; is lower than the “height”
of the block containing (U;, U;), then there is a link between objects i and j.

The Infinite Relational Model (IRM) (Kemp et al. 2006) (and the closely related Infinite
Hidden Relational Model (IHRM) (Xu et al. 2006)) first applied the techniques of Bayesian
nonparametrics (Hjort et al. 2010; Ghosh and Ramamoorthi 2003) to the Stochastic Block-
model, using the Dirichlet Process (Antoniak 1974) to assign objects to an unknown number
of clusters. In (Ishiguro, Ueda, and Sawada 2012), Ishiguro et al. add “relevance” indicators
to the IRM allowing objects to be marked as irrelevant noise, and therefore have no affect
on the clustering or other parameters of the model. In the Aldous-Hoover representation,
there is a fixed L-shaped block that contains all of the “irrelevant” points. Similarly, in
(Ohama et al. 2013), Ohama et al. modify the IRM to allow particular pairs of objects to be
“irrelevant.” This corresponds to setting a random subset of the height-map to a particular
amount, such that the “irrelevant” subset is independent of the underlying grid structure,
and such that every point (U;, U;) has the same probability of being “irrelevant.”

Another vein of research has been to replace the IRM’s Dirichlet Process-based latent
clustering with the latent feature model of the Indian Buffet Process (Ghahramani, Griffiths,
and Sollich 2006). In (Miller, Griffiths, and Jordan 2009), the IBP assigns latent binary
features to each object and a Gaussian-distributed weight matrix and sigmoid function are

used to assign link probabilities. Additionally, the model provides the ability to include
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Algorithm 5.1: M P()\ ©)
input :0© =0; x Oy X -+ X O,, the space to be partitioned (e.g., a square),
A, the budget parameter
output: M, a partition of ©

1 begin

2 T 22164

3 E ~ Exp(r)

4 N+ A\-F

5 if ' <0 then

6 | return {6}

7 else

8 C U[O, ’7'] d d+1

9 d < d such thatZ]@i]<c<Z|@i]
=1 dz—l

10 (BOd<,Ogs) < split O4 at ¢ — Z |©;]

i=1

11 Define ©_. and O appropriately

12 me~ MP(N,0.)

13 ms ~ MP(N,0.)

14 return m. U m-

(observed) side-information when available. In (Mgrup, Schmidt, and Hansen 2011), the
weight matrix and sigmoid function are replaced with Beta-distributed link probabilities
combined through a noisy-or function. Like the IRM, these correspond to grid-based threshold
functions F. In (Palla and Knowles 2012), the IBP is used to assign latent features to each
object, and each feature is further clustered with the Dirichlet Process. Each cluster is
assigned a Gaussian-distributed weight, and link probabilities are recovered via a sigmoid
function, similar to (Miller, Griffiths, and Jordan 2009).

The Mondrian Process (Roy and Teh 2008) is a Bayesian nonparametric prior over
partitions of an n-dimensional unit hypercube®. The process is defined recursively, as shown

in Algorithm 5.1, wherein the hypercube is split in half by a random hyperplane, and the

3In general, the Mondrian Process is defined over any product space © = ©; x O x --- x ©,, where each
O; is a one-dimensional simply-connected space, so that one can randomly select a point in ©; to split the
space into two spaces, and repeat this on the new spaces. We use ©; = [0,1] for all 4, but other spaces—such
as trees—can be used.
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two halves are split in the next recursion, and so on, with a recursion depth controlled by a
“budget” parameter X\ and a cost variable F that is exponentially distributed with inverse
mean equal to the sum of the lengths of the sides of the hypercube being split, so that costs
(tend to) rise as the recursion depth increases. This leads to a more flexible partition of the
hypercube than the grids associated with the previous works. (Roy et al. 2006) presents
a similar model based on random binary trees. (Blundell and Teh 2013) presents a model
based on random rose trees.

Finally, in (Lloyd et al. 2012), Lloyd et al. present a model based on the Aldous-Hoover
representation, where the random function F(U;,U;,U;;) = H(U;;,©(U;,U;)), where O is
a random function drawn from a Gaussian Process (Rasmussen and Williams 2006), and
H(a,b) returns 1 if b > a and 0 otherwise (in the case of graph data).

See (Orbanz and Roy 2015) for a more thorough review of the theory and existing work

in modelling exchangeable relations.

5.4 The Broken Tree Process
5.4.1 Definition

A draw M ~ BTP(\, ) is as follows:

1. Draw

my ~ Poisson(\) my, ~ Poisson(\)
2. Draw

C; ~ U(0,1) for i € [1,m,]

¢, ~U(0,1) for i € [1,m,],

defining m, vertical and m,, horizontal lines on the unit square, with offsets given by

the corresponding (s, and thus a grid with (m, + 1)(m, + 1) blocks
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1 ] % -~

(a) The structure underlying M, with m, = (b) The partition of M
4,m, = 5; shows ( (as gray lines), T (as
arrows), and B (as red dashed arrows)

Figure 5.1: A draw M ~ BTP(\, «)

3. Let G be the graph whose nodes correspond to the blocks of this grid, with edges

between adjacent blocks. Let 7 be a uniform random spanning tree of G

4. Each node v (except the root) of T is independently added to the “break set” 8B with
probability a. Then, these “broken” nodes induce a forest by removing the edges from

their parents (i.e., each broken node becomes the root of a tree in this forest).

5. For each tree in the forest, we take the union of the grid-blocks associated with its

nodes; the collection of such unions defines a partition of the unit square

This process is depicted in Figure 5.1.

The density p(M|A, «) is given by

¢ k

my! m,!
o (1 _ a)(mx—&—l)(my—l-l)—k—l

7(G(my +1,my + 1))

pM|N, @) = AT AT e_/\<(m$ +1)(my, +1) — 1)

64



where k = |B| and 7(G(z,y)) is the number of possible spanning trees of the grid graph G,

given by (Kreweras 1978)

7(G(x, H ﬁ 4 sin?( 2(22—7:@)

=1

5.4.2 The BTP Relational Model

To complete our model of relational data, we draw a threshold ¢, for each partition s € M.
Then, our Aldous-Hoover F' is a threshold function: F(Us, Uj, Uy;) = 1 if Uy > s, where s;;

is the partition that contains the point (U;, U;). Equivalently, our model is

M ~ BTP(),q)

6
iid

¢s ~ Beta(a,b) for each partition s in M

“u [0, 1] for each object i

R;; i Bernoulli(¢s,;)
Finally, we assign hyperpriors to the parameters (A, «, a,b):
P(A) ox A2

4

p(a) = Beta(a; 1505

p(a, b) _ e—(a—i—b)

Here, we have placed an (improper) uninformative Jeffreys prior on A, and a (proper) Jeffreys

prior on «. The prior p(a,b) is equivalent to placing a uniform prior on the mean and a

e

vague exponential prior on the “sample size” a + b.

5.5 Inference

We are interested in computing

p(R_|R,) = / p(R_[0)p(I Ry )de
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where ¥ = (M, £, ¢, A\, a,a,b). Because this integral is intractable, we use the Reversible

Jump Markov Chain Monte Carlo techniques of Section 4.1.1.

5.5.1 Inference in the BTPRM

For our model, p(k, 0™ |z) = p(v)|R,), so we have

o) = B DO ) 000 1)
e P(RW) P(w) Jm(¢,¢’) a(@(k)’u(k))
N AN 7\ ~~ 7\ ~~ g
likiggcc))od 1;);(1)5 prrc;]‘;;(i)osal Jacobian

where ) contains all of the real-valued variables in ).
Our sampler uses a Gibbs sampling structure, cycling through each component of ¢ and

sampling (sometimes approximately) from p(¢;| Ry, ¥_;).

Sampling M To sample M from p(M|R,, A\, o, &), we use a RIMCMC sampler with six

moves:

1. Tree: Sample a new tree T that is consistent with the current partition by uniformly

sampling subtrees in each block. (This is its own inverse.)

2. Split: First select a dimension, then uniformly select an interval (i.e., a pair of adjacent
(), then add a new ( at uniform between them and increment the appropriate m, or

my. Sample a new tree on the expanded grid. (This is the inverse of Merge.)

3. Merge: First select a dimension, then uniformly select a ¢ and remove it. Decrement

mg or m, as appropriate. Sample a new tree on the reduced grid. (This is the inverse

of Split.)

4. Warp: First select a dimension, then uniformly pick a ¢, and move it to a uniform

location between its neighbors. The tree does not change. (This is its own inverse.)
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5. Fall: Choose a broken node or the root at random, then either replace it with one of its
children (with probability 1 — «) or add the child (and keep the parent). If the child is
already broken, adding it has no effect. If the root is chosen, it is neither added nor

removed from B. (This is the inverse of Rise.)

6. Rise: Choose a broken node at random, then either replace it with its parent (with
probability 1 — «) or add the parent (and keep the child). If the parent is already

broken or the root, adding it has no effect. (This is the inverse of Fall.)

To choose a move m, we first choose a category among { Tree}, {Split,, Merge,}, {Split,,
Merge,}, { Warp,, Warp,}, and {Full, Rise}. Let M be the number of valid categories; in
general, Ml = 5, but there are special cases: if m, = 0 or m, = 0 then there can be no
Tree move; if both are zero, there can be no Merge, Warp, Rise, or Fall moves. Thus, we
choose among the valid categories at uniform (with probability 1/M), then a move is chosen
uniformly from the chosen category.

After selecting a move type m, we generate the proposal M’, and then accept the proposal

with acceptance ratio ag,(M, M') = Lr(M, M')A(m), where Lr(M, M') is the likelihood

ratio,
[iere Bla+n'7,b+n')
HseMB(a_‘_n;_vb_{'ns_)

Lr(M, M) =

where s varies over the blocks of M, and n} (resp. n;) are the number of positive (resp.
negative) entries in s, i.e., the number of points (;,&;) € s such that R;; = 1 (resp. R;; = —1).

The A(m) are given by:

A(Tree) =1

(mg +2)(m, +1) =1k

((mg +1)(my, +1) — 1)@“ -¢7)
(ma(my +1) — DE

((mg +1)(my +1) — 1)

A(Split,) = (1—a)m™tt

my + 1

(=)

A(Merge,) = %Ozk,_k(l _ a)—(my+1)+k/_kkk_k/

A(Warp,) =1

67



B B¢ B AB¢B
w+ T / *
A(Fall) = |C(81)]  F-Lime s Dim, A0k B¢ B AR €B

kil e Ap cB
T B¢ B AR ¢B
k B¢ B AR B

A(Rise) = |O(89)| 71 { m=+Dimy+1—k
( ) ’ ( )‘ kiﬁ(mgc+1)(;nj;-1)—k_1 BT € B A B ¢ %

b BreB AB eB

k+1

where
- BT is the randomly selected broken node, and $* is the newly generated broken node;
- ¢ and (7 are the (s to the left and right of the added or removed (;
- 2% denotes the falling factorial x(z —1)--- (z —y + 1)

- A(Split,), A(Merge,), and A(Warp,) are the same as their x-counterpoint, with m,

and m,, exchanged.

Note that for the Tree move, Lr(M, M’) = 1 as the partitioning does not change. Thus,

Tree moves are always accepted.

Sampling ¢ Next, we sample ¢ from p({| M, Ry). We sample each & uniformly, then accept
with o (&, &) = Lr(£,&') (since the prior and proposal ratios are both one). The marginal
posterior p(&§;| Ry, M, &™) (where £ denotes all of £ except &;) is a piecewise-constant function,
as the probability of & only changes when some corresponding points §; move from one
partition to another. We can therefore sample from the constant segments, then sample at

uniform within that segment. Let y; denote the sampled segment. Then,

POl Re, ML E7) o< Pl [ Bla +nf (i), b+ 07 ()

Because each y; can only take on a relatively small number of values, we can sample from

this distribution directly.
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Sampling A\ Given the prior in Section 5.4.2, the posterior on A is given by

1
p(AM) = G(my +my + =, 2)

55
which we can sample exactly.
Sampling « Given the prior in Section 5.4.2, the posterior on « is given by
1 1
p(a| M) = Beta(k + 3 (my +1)(my, +1) — k+ 5)
which can also be exactly sampled.

Sampling (a,b) The prior for (a,b) yields the posterior

s B(a+nf,b+ng
pla ) o e [ e )

which is not directly sampleable, so we use a Metropolis-Hastings proposal

a' ~ N(a,o?)

b~ N(b’ 0‘2)
and accept the proposal with
Oé*((a,7 b)a (a’/a b/)) = ET((G; b)v ((lla b/))e(a+b)_(a/+b/)

(because the proposal distribution is symmetric, the proposal ratio is 1).

5.6 Experiments

We compare the performance of our model against the IRM (Kemp et al. 2006) on real-world

data. For each dataset, we ran 5-fold cross validation, running both the BTPRM and IRM

on the same folds, generating 10,000 samples per fold per method.

We use two datasets from the classic Countries collection (Wasserman and Faust 1994).

Both are relations on 24 countries regarding trade. The first reports the trade of food and

live animals, and the second reports the trade of minerals and fuel.
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mals Trade Data Trade Data

Figure 5.2: ROC curves with 95% credible intervals. = BTPRM; = IRM

The results of our experiments are shown in Figure 5.2, which shows Receiver Operating
Characteristics (ROC) curves for the BTPRM and IRM, with a 95% credible interval computed
by treating the True Positive rate as a Binomial random sample with a Jeffreys’ Beta(1/2,1/2)
prior for each False Positive rate. Thus, the central line is the posterior mean, and the upper
and lower bounds of the shaded region are the 97.5"" and 2.5 percentiles, respectively. We
can then compute the area under the curve (AUC) for each curve (using AUC of the upper
and lower curves as upper and lower bounds on a credible interval for the AUC). For the food
and live animal trade dataset, the IRM outperforms the BTPRM slightly: the IRM achieves
an AUC of 0.86 (credible interval (0.84,0.88)), compared to the BTPRM’s 0.78 (credible
interval (0.75,0.80)). For the mineral and fuel trade dataset, the two methods are essentially
indistinguishable: the IRM achieves and AUC of 0.84 (credible interval (0.81,0.86)), and the

BTPRM achieves and AUC of 0.83 (credible interval (0.80,0.85)).
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5.7 Conclusion

We have presented a novel Bayesian nonparametric approach, the BTPRM, to the problem
of relational modeling, and link prediction in particular. The BTPRM is based on a novel
distribution over partitions of the unit square and the Aldous-Hoover representation theorem.
The partitions used by the BTPRM are more flexible than previous work such as the
IRM (Kemp et al. 2006) or MPRM (Roy and Teh 2008), thus leading to a more flexible
model.

Experimental results show that the BTPRM performs comparably to the IRM, which has
the advantage of a large body of work leading to very efficient inference machinery. We expect
that future work to develop similarly sophisticated and specialized inference techniques for
the BTP would lead to improved performance relative to the IRM. For example, there may
be better RIMCMC moves than those used in this chapter, or it may be possible to use other
techniques such as variational inference.

We believe that the development of highly expressive nonparametric priors and associated
inference techniques will lead to a strong theoretical foundation for future techniques in
machine learning and artificial intelligence. Accordingly, future work should also include
developing extensions to and variations of the BTP. Additionally, applications to tasks other
than relational modelling should be investigated; for example, the Mondrian process (which
was also originally used for relational modeling) has recently been applied to classification

and regression tasks (Lakshminarayanan, Roy, and Teh 2014, 2016).
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CHAPTER 6
ONLINE CLASSIFICATION OF NONSTATIONARY STREAMING DATA

WITH DYNAMIC PITMAN-YOR DIFFUSION TREES!

In Artificial Intelligence and Machine Learning, there is a need for flexible, expressive models
of uncertainty. In the case of online classification, such models should be able to adapt to the
dynamics of the data-generating system, i.e., they should be nonstationary. We introduce
the Dynamic Pitman-Yor Diffusion Tree (DPYDT), a generalization of the Pitman-Yor
Diffusion Tree (PYDT) (Knowles and Ghahramani 2010) to nonstationary streaming data.
These Bayesian nonparametric priors model hierarchical structure in the data, providing
interpretable structural information about patterns in the data. Our model allows this
structure to evolve over time in response to changes in the data distribution. We give
a description of the generative process and derive closed form expressions for the joint
density of a sequence of trees, and the predictive density of successive trees. We also discuss
generalizations of the diffusion underlying the PYDT to discrete variables. Finally, we
describe a Sequential Monte Carlo algorithm for inference in our model, and discuss its

efficiency.

6.1 Introduction

In online classification, data points arrive sequentially, and the learning algorithm attempts
to predict the labels of arriving points. After the prediction, the label of the new data point
is provided, and the model is updated to reflect the new information. One framework for
online learning is the Bayesian probabilistic paradigm, in which the posterior distribution of

model parameters is continually updated as data points arrive.

1©2017 IEEE. Reprinted with permission, from Justin Sahs and Latifur Khan, “Online Classification of
Nonstationary Streaming Data with Dynamic Pitman-Yor Diffusion Trees”, IEEE International Conference
on Tools with Artificial Intelligence, November 2017.
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Tree structures in particular have great value in machine learning, as they can capture
complex dependencies between data points while remaining interpretable. One of the most
popular nonparametric methods is the Dirichlet Process Mixture Model (see Section 3.1),
which assumes a flat structure in which different mixture components (i.e., clusters) are
independent. The Dirichlet Diffusion Tree (Neal 2001) and its generalization the Pitman-Yor
Diffusion Tree (Knowles and Ghahramani 2010) instead incorporate hierarchical structure.

These models are applied in the setting of stationary, exchangeable distributions, where
it is assumed that all data is available at once, and the order of the data is irrelevant. We
describe a modification of the Pitman-Yor Diffusion Tree that extends it to the case where
the data are nonstationary, i.e., their distribution may change over time, as the underlying
system evolves.

The rest of this chapter is organized as follows: in Section 6.2, we review prior work
culminating in the PYDT and its properties. In Section 6.3, we present our dynamic process.
In Section 6.4, we present details of inference in our model. In Section 6.5, we present some
experimental evaluation. Finally, in Section 6.6, we give some example directions for future

work.

6.2 Background

We begin in the offline setting, where data is assumed to be available all-at-once, and the
distribution is assumed to be stationary and exchangeable; that is, the order of the data
does not change the joint distribution of the data. In this setting, the Dirichlet Process and
Pitman-Yor Process Mixture models of Sections 3.1 and 3.2 are popular, computationally
tractable choices.

A limitation of the DPMM and PYPMM is that each mixture component has independent
parameters. A more flexible alternative is to use a prior that produces dependence between

components through a hierarchical structure. The Dirichlet Diffusion Tree (Neal 2001) is a
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Figure 6.1: The Pitman-Yor Diffusion Tree. Top: divergence densities. Middle: tree structure.
Bottom: diffusion paths. (a) x; diffuses from ¢t = 0 to t = 1, and x5 diverges from the path
to xy at t;, drawn from the shown density. (b) If t5 < ¢;, x3 diverges. (c) If 5 > t1, 3 may
branch or follow an existing branch then diverge at t,.

prior that generalizes the Dirichlet process to hierarchical structures, and the Pitman-Yor
Diffusion Tree (Knowles and Ghahramani 2010) is likewise a tree-structured generalization of
the Pitman-Yor Process.

We can describe the data-generating distribution of the PYDT sequentially, as with
the Chinese Restaurant Process description of the Dirichlet Process. This is illustrated
in Figure 6.1. Consider particles undergoing random diffusion from the root at ¢ = 0 to leaves
at t = 1. The first particle starts at some origin, then follows Brownian motion? until ¢ = 1.

Then, the i*® particle initially follows the path of the previous particles. At each infinitesimal

2We generalize to other continuous-time Markov processes in Section 6.3.2
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time interval [¢,t + dt], the i*® particle will diverge from this path with probability

a(t)L(m, — B)dt
T(m® +1+a)

where a(t) is a parameter called the “divergence function,” I'(+) is the Gamma function, and
mg?l is the number of particles that have followed the path up to this divergence point before
the current particle. We assume that fol a(t)dt = oo, as this guarantees that each particle
will eventually diverge, so that the values at the leaves will be drawn from a nonatomic
distribution for any continuous feature. If particle ¢ reaches the point where previous particles
have diverged, it follows existing branch k& with probability

oy — 8

mz(lt_)1 +
or creates a new branch with probability

¢
a+ 5[(1'(—)1

m o

where KZ-(?l is the number of existing branches, and bgfl;) is the number of particles that have
followed branch k£ before. When a particle diverges or creates a new branch, it independently
diffuses until ¢ = 1; otherwise, it follows the path previous particles have taken.

Next, we turn to the density of divergence times, p(t):
p(go from s to t without diverging)

k—1
= klim Hp(go from s; = s+ (i — 1)(t — s)/k to t; = s + i(t — s)/k without diverging)
—00
i=0

(1= )

hvoo I'(m+1+ )
k-1
1 a(sir1)'(m — B)
=t JT (1= T o

5



. < a(sip1)'(m — 3
= exp (ljirgoglog (1 — (F(m)_|_<1 o )(sHl — Sz)))

log(1—ax)

—ax

i+1)'(m —
o [ S el m = 9
koo = T(m+1+a)

Using the fact that lim, g =1, i.e. log(1 — ax) ~y —az, we can substitute:

k—1

($i+1 - Sz)]

o[- [t 2=

I (m+1+a«)
= exp | (4(5) ~ A0 o
Thus,
B D(md, —B) | a®)r(m, - B)
p(t) = €xp <A<S)_A(t))r(m§t_)1+1+oz) F(mgt_)l—l-l—i-a) , (6'1>

where A(t) = fot a(t)dt, and s is the time of the last branch (or 0). (If the sampled ¢ is
beyond an existing branch point, then the particle follows or branches as above, and has a

new chance to diverge if it follows an existing path.)

6.3 The Dynamic Pitman-Yor Diffusion Tree

Turning to the online setting, we drop the assumption that the data distribution is stationary.
In the sequential picture of the PYDT, as each data point arrives, the underlying tree grows

by one leaf. This presents two problems: first, as m§?1 (the number of particles that have

traversed a path) grows, the factor F(mz(}t_)1 —5)/ F(mgt_)1 + 1+ «) in the divergence density
approaches zero, leading to later and later divergence times, so that new data points will be
more and more likely to be distributed like previous data points. Second, to make predictions
about the next data point, the entire tree must be known, leading to slower inference as time
goes on. To adapt the PYDT to the non-stationary setting, we allow subtrees to be removed

as new leaves are added. This means that the distribution tends to “forget” older leaves,

leading to both gradual and sudden changes in distribution.
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Figure 6.2: Deletion in the Dynamic Pitman-Yor Diffusion Tree. (a) As 15 is added to
the tree, it follows the bold path to x5 before diverging. At the intervening branches, some
subtrees are deleted (dashed lines). (b) The new tree. Diffusion values are not shown.

The deletion process (illustrated in Figure 6.2) is as follows: each time a particle reaches

(t.k)
-1

a branch point at ¢, each subtree T,”}" rooted at that point is removed with probability

p(TZ(.t_’l;)), where p(-) is a parameter and is bounded from above by 1. Let m§?1 and I?i(i)l
denote the counts and branching factors after this deletion, but before the new leaf is added,

so that m\” = ffLE?l + 1, and KZ@ = l?ft)l + 1 if the new data point creates a new branch at

t, and K i(t) =K ~(t)1 otherwise. Particle i’s probability of choosing an existing branch versus

11—

creating a new branch depends on these post-deletion numbers.

6.3.1 Probability Densities

Let Ty.; denote the sequence of trees T'; that generate the observations x; through z; as their
leaves. We cannot represent the (uncountably infinite) paths between nodes on these trees,
but our requirement that the diffusion be a Markov process allows us to just sample the
diffusion at the nodes. We are interested in deriving p(T;,|6), where 6 = («, 3, a(-), p(+), 1)
are the parameters of the model, with ¢ being the parameters of the diffusion (discussed
in Section 6.3.2).

To achieve a succinct, readable result, we require some additional notation:
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- In a slight abuse of notation, let ¢ identify a unique point on the tree, with the

understanding that the application a(t) applies a(-) only to the time component of t.
- Let & denote the diffusion value at t.

- Let T; be considered a collection of intervals [s, t], one for each segment of the tree.

Likewise, T'.; is the union of these collections.
- For each ¢, let ml(-t) be the list of mgi)l values for every particle 7 < ¢ that traverses ¢.
- Let m:(t) denote the mgt_)l for the 7 <+ that first diverged at .

- Let rgt) denote the list of subtrees F_IT§-t_’k1) for every branch k that is retained by particle

j <'i at the branch point ¢, and let t’ Et) denote the subtrees for deleted branches.

- Let bgt) denote the list of pairs (m, k), where m = ﬁzgt_)l and k = K J(t_)l for each particle

j <1 that creates a new branch at .

- Let fi(t) denote the list of pairs (m,b), where m = ffzg?l and b = b&ﬁ) for each particle

J < that follows an existing branch at ¢.

Using this notation, the joint distribution of a sequence of trees is given by

p(Tril0) = [[ 1 =p(T)) ] o(T)

[S,t}ETl i
I'(m — B)

X r[(ixp [(A(S) A@))m}

mem;
x [ @=p(T) I] A(T)

Ter!” Ter()

o + «

(m,k)ep'?) (m.b)ef?

X p(£t|§svwat - S)
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Additionally, the predictive distribution is given in terms of P;, which is the path from the
root to the last node before the new leaf in the new tree (as all changes to the tree take place

along this path):

p(Ti|Ti-1,0)
. 1— p(r]]_ji_l) T,_1 € rgo)
p(Tifl) Ti,1 c Y,EO)
r(mY, —
< TT e | (Afs)— At L =)
[SJ}E'PZ' F(ml—l+1+a)
(p(€t|€s7 §s+7 ¢7 t— S, S+_t)
r(m", —B) :
xa(t)m P; diverges at t
m, 4 «
x4 argi®
R Jr(’f;K:l P; branches at ¢
b(_th)l_ﬂ
R-%5 n P; follows k at t,
\ M ,Ta

where R = [[_.@ (1 —p(T)) [Ic.@ p(T) is the joint probability of all branch deletions and
retentions at ¢, and D = p(&1|&;, ¥, 1 — t) is the probability of diffusing from the final branch

or diverge to the leaf.

6.3.2 Diffusions

In the original formulation of the DDT and PYDT, the particle diffusion was defined to be
Brownian motion, so that &4 ~ N(&,0?dt). We are interested in performing inference on
data that may have discrete elements, and are in particular interested in predicting a discrete
clagsification label. For any diffusion, we assume that the diffusion is a continuous-time
Markov process, since we will need its value at arbitrary times, and we cannot simulate or
store the full path. Note that the diffusion need not remain stationary between data points:
it is acceptable for the diffusion distribution to update based on (sufficient statistics of) the

data.
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Figure 6.3: A sample from the DPYDT of length 2000 using Brownian diffusion. This sample
displays the nonstationary nature of the DPYDT; it can produce both sudden changes in
distribution (e.g., the sudden appearance of a tight cluster around sample 1,500) and smooth
changes (e.g., the gradual drifting near the end of the sample).

We will need two distributions for each diffusion: the diffusion itself p(&|&s,t — s), and the
bridging distribution p(&|&s, &u,t — s, u — t) for sampling a point & between existing points
£, and &,.

Continuous Variables

For continuous variables, we use Brownian motion:

ft‘gsvt — s N(gsa UZ(t - S))

If there are multiple continuous variables that may be correlated, they can share a multivariate
Brownian motion with covariance matrix 3.

The bridging distribution is given by

PGS, Gurt—5,u—1) = N (& 6+ 5 (606, 0?1

A 1-dimensional dataset sampled with Brownian diffusion is shown in Figure 6.3.

Discrete Variables

For discrete variables we use pure jump-type Markov processes (Kallenberg 1997); more

specifically, we use what Kallenberg calls pseudo-Poisson processes. Such a process is
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represented as the composition of a discrete-time Markov chain and a Poisson point process.
That is, at random times governed by the Poisson point process, the diffusion jumps according

to the kernel K (&;,&), i.e., & ~ K(&, ). Then, we have diffusion probabilities given by

o0

- A=)
PGt —s) = 3 eI KN (6 6.

n=0

For variables from a finite sample space X = {1,2,...,k}, we follow Kemp et al. 2004 and
use a uniform kernel, K (&,,&;) = 1/k. Then,

" )1k n>0
K6 &) = {Il(ft =¢;) otherwise,
and )
PGt —5) = - (k1(6 = &) = 1) e + 1),
and

((k1(6u=&)—1) e +1) (kL(&=&)—1) e ) +1)

p(€t|§s7£uat —SUuU—- t) = k ((kﬂ(fu — 53) — 1) @*/\(“*3) —+ 1)

6.3.3 Hyperpriors

Finally, we must define the hyperprior p(6). We recommend the following: first, we have the

parameters o and [, where 5 € (0,1), and a € (—25,00). A fairly vague prior for this is

1
%) Oz:é—Qﬁv

where Beta(-,-) is the Beta distribution, and G(-,-) is the Gamma distribution. Follow-

f ~ Beta(1,1) § ~ G(20,

ing (Knowles and Ghahramani 2010), we choose a(t) = & with ¢ ~ G(4,3). We then

choose
p(TY) = min{1, ttanh b((i — i*) — [TV},

)

with b ~ G(2, 5 ), where i* is the i corresponding to the newest leaf of Tz(t_’i , so that ¢ — ¢*

150
is the “age” of the newest leaf. Using this choice of p(-), we have increased probability of
deleting small trees, trees that diverge closer to the leaves, and trees that have not been
updated recently.

To complete the model, we define the hyperpriors for the diffusion parameter ¢). For the
Brownian diffusion (in one dimension), we have ¢ = 0%, % ~ G(2,1). For finite discrete

variables, we have ¥ = A\, A ~ G(2, %)

81



6.4 Inference

We are interested in performing classification; that is, each data point is of the form y; = (v;, [;),
where [; is a discrete label. We want to compute p(l;|vi, y1.i—1) = [ p(Li|T:)p(Tilvi, y1.—1)d T,
which—Dbecause of the high-dimensional, mixed discrete and continuous nature of T;_;—is
highly intractable. We will therefore resort to Monte Carlo estimates, which estimate the

integral by
(l ’Umylz 1 szl’T

where the Tgk) are i.i.d. samples from p(T;|v;, y1.;—1). Generating exact samples from this
distribution is also intractable, so we will rely on the Sequential Monte Carlo methods
from Section 4.2.

To complete the speciﬁcation of our inference algorithm, we must specify the proposal

distribution for a . Liu and West use

k S (k k -
g(yilz, ) = p(y| Bl ), 601, m)

but this expectation is not analytically available or even necessarily defined in general. Indeed,
in our model, the x; are not real numbers but trees, and thus do not have expectation values.

Therefore, we use

~(m.k) iid k k
) <~|a:§ 0%

gyilz ™, mi) Zp yil 2™ )
6.4.1 Inference in Our Model

Specializing to our model, we note that (z1.;,%1.;) = T1.4, where each y; is the value of newest
leaf in T;, and x; corresponds to the rest of the tree, including the leaf with value y;, but

excluding its value. In a slight abuse of notation, we will use T; in place of x;, with the
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Algorithm 6.1: SMC for our model

1617 X p()

2 Tgk) < The (deterministic) tree with one leaf at

3 wgk) o 1

4 foreach i > 1 do

/* sample a(k) */

m, nd

5 T( ¥ (|Tzk)1a‘9@ 1)
k) S(mk) - (k

6 | g T, 005 & S0l p(w T )

k) did
7 ag )szKlwz( )19(U2|T2 1»91(]1)5
/* Sample 6 and T, */
s | 0 ~ N, V)

o | T® ~g( 1T, 69 1)

/*Calculate new weights, classifier */
RO
0) P T 0 p(r T o)
10 Wi @®)_@lF >) . ( .
g(vi| T, 0, (T< i ,ef >, Z)
11 (l |U27y11 1><_Z] lwvzp(l |Tz ) z )

12 w(k) x wmp(l |'T, (k) 95’“ )

understanding that the newest leaf has a fixed value. Then, we have

p(yi| Ts,0) = p(§71€5-,0,1 — s7),

where &£ = y; is the value of the newest leaf, and (., s*) is the value and time of its parent
node, so that the probability of y; is just the diffusion probability from its attachment to the

tree. To adapt the algorithm to the task of classification, we note that

Pl T, 00) = p(tl T, 00 )p(oi TV, 0,

- (af*)) plaf™)
(and likewise for g(y;|T; " 7,0,

a{®
)), so we can compute @%kl) and g(yi\TE : )) using only v;,

yielding samples from p(T;|v;, y1.,1), as desired. We then update the weights by multiplying
by p(li\Tgk), 9“)) and renormalizing before propagating the particles. The whole inference

1

process is given in Algorithm 6.1, and depicted graphically in Figure 6.4.
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Figure 6.4: The inner loop of our Sequential Monte Carlo algorithm.? In the first and last
columns, the size of each element is proportional to its weight. The values of the components
of 6 are represented as bar graphs. Small arrowheads mark new leaves.

o®
For the proposal ¢(- |?11Z 1 ), ‘91( , i), we can simply choose p(- |T§ 1 ), QZ( ), given in Sec-

tion 6.3.1, which is easy to draw from and cancels out of the expression for @gﬁ), but lacks
dependence on y;. To sample from this proposal, we must generate divergence times t
according to the distribution in Equation (6.1). To do this, sample U ~ Uniforml0, 1], then

take
F'm+1+a)

=47 (4) - T

bg1—U0

with the appropriate m.

3Figure format heavily inspired by Figure 1 in (Dinh, Darling, and Matsen IV 2017)
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For Algorithm 6.1 to be applicable to streaming data, the amount of work per data

(m;k)

point should be approximately constant. Thus, sampling FJAPl and Tgk), and calculating

(k) ) plai) (k) ) plai) :
p(T;7| T, 7,0, ) and q(T;”| T, 7,6, 7, y;) should require a constant amount of work.

Each of these computations involve traversing Tgﬁ)l or Tgk), so a bound on the size of T}
would also bound the work-per-data-point.

In the worst case, |T;| = |T;_1| + 1. This happens either because the new leaf diverges
before any removal can happen, or because no branches were removed at branch points the new
leaf traversed. In the first case, we incur a multiplicative penalty of a(t)I'(m—3)/T'(m+1+a«),
where m is the total number of leaves in the tree. As the tree grows, m grows, and ¢ must

get smaller to remain before all other branch points. I'(m — 8)/I'(m + 1 + «) falls off rapidly

as shown in Figure 6.5:

I'(m — B)
'm+1+a)

1 2 3 4 5

3
m
Figure 6.5: I'(m — 8)/T(m+ 1+ a), with =1 and o = 1

So, as long as a(t) does not exponentially prefer early divergence, the probability of early
divergence falls rapidly as the tree grows. In the second case, every branch retained incurs a
multiplicative penalty of the form (1 — p(T)) < 1, and the number of branches encountered
increases as the tree grows. So long as p(T') is nonvanishing, this also rapidly penalizes tree
growth. Thus, with high probability, T; will quickly stop growing, and the work required at

each data point is bounded.
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Figure 6.6: The synthetic dataset
6.5 Experimental Evaluation

We experimentally validate our model and inference methods on a two-dimensional synthetic
dataset intended to showcase the nonstationarity of the DPYDT. The dataset is shown in
Figure 6.6. The dataset contains both gradual and sudden changes, including classes that
disappear and reappear at various times.

Figure 6.7 shows the negative log predictive probability (NLPP), —log p(l;|vi, y1.i-1)- A
value of 0 indicates that the model assigns probability 1 to the correct label. Figure 6.7 shows
that the NLPP is very close to 0 most of the time, with higher spikes mostly found at points
where the classes get close or overlap in at least one dimension (e.g., the higher spikes just
after ¢ = 800, where there is a lot of overlap in the first dimension, as shown in Figure 6.6),
or when a class (re)appears (e.g., at around i = 1700). Finally, Figure 6.8 provides evidence
supporting our argument that |T;| is bounded with high probability: after a steep climb in

the beginning, the average tree size does not deviate far from 100.
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Figure 6.8: The average tree size over time, & >, Hr§’“’\
6.6 Future Work

Some directions for future work include:

- Other diffusions. Examples: continuous value diffusions with fatter tails; diffusions over
structured spaces such as random-walk diffusions on graphs; diffusions over non-numeric

spaces
- Other divergence rate and deletion functions

- Alternative inference methods such as adapting the variational inference methods

from (Knowles, Van Gael, and Ghahramani 2011; Knowles 2012)
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CHAPTER 7
THE ANCHORED DPYDT FOR MODELING STREAMS WITH NOVEL

AND RECURRENT CLASSES

7.1 Introduction

As in the previous chapter, we are interested in the task of online classification. In many
cases, the set of possible classes may vary over time. Previously-unseen, or novel classes may
appear long after the start of the stream. Classes may disappear for long stretches, only to
reappear as a recurrent class.

These possibilities present a number of challenges. First, we must distinguish a class that
has not recently been seen (whether novel or recurrent) from the classes that are currently
“active” in the data. Second, we must determine whether the differing class is one that has
ever been seen before. Additionally, all of this takes place in a setting of nonstationary class
distributions, so that old data may be unreliable.

In this chapter, we seek to modify the DPYDT of the previous chapter to handle these new
challenges. To handle novel classes, we introduce the idea of time-nonstationary diffusions
and develop a diffusion based on the CRP. To handle recurrent classes, we first introduce
the idea of anchors: subtrees that are removed from the tree, but which leave behind a
pseudo-node that remembers the size and divergence point of the removed tree. We also
modify the CRP-based diffusion to allow recurrence.

The remainder of this chapter is organized as follows. In Section 7.2, we introduce
anchoring and derive a new density expression. In Section 7.3, we develop our new diffusions
that handle novel and recurrent values. In Section 7.4, we discuss the hyperpriors on the
various parameters of our model. In Section 7.5, we discuss inference in our model. In
Section 7.6, we prove that the size of the tree cannot grow without bound. In Section 7.7, we
present experimental evaluation of our model. Finally, in Section 7.8, we conclude our paper

and discuss future work.
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7.2 Anchoring the DPYDT

The problem of recurrent classes requires some form of longer-term memory mechanism.
When a class disappears, the leaves labeled with that class will eventually be deleted from
the tree. When that class later becomes recurrent, under the DPYDT, the new members of
that class will be completely independent of the now-deleted previous members. However, we
would like to remember where the previous clusters associated with the recurrent class were,
so that the new members may be similarly distributed.

To address this problem, we introduce the concept of anchoring: when traversing the
tree to add a new leaf, in addition to the existing deletion mechanism, we add the ability
to remove a subtree but retain its size and the location of its root. Subsequent traversals
have a small probability—controlled by the new parameter y—of turning towards an anchor
instead of turning towards an existing branch or creating a new one. Each anchor, denoted

/Agﬁ), where j varies only over the anchors attached at ¢t has a probability of being chosen

proportional to (i — l)\/AZ@PL where [ is the iteration when Aitfl) was created, i.e., (i —1) is
the age of the anchor. As with existing branches, there are two possibilities:

- Partial Resurrection: the new data point diverges before the anchor point is reached,

in which case the anchor remains, attached to the new divergence point; and

- Full Resurrection: the new data point does not diverge, in which case the anchor

becomes a regular internal node, except that the associated count m® remains higher.

These new mechanisms are illustrated in Figure 7.1.

7.2.1 Probability Densities

As in Section 6.3.1, we wish to derive an expression for p(T;|T;_1,6). To achieve a succinct,

readable result, we require some additional notation:
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(c) ()

Figure 7.1: Anchoring. (a) Before any anchoring. (b) The middle subtree is anchored,
retaining only its size and the location of its root. (¢) A new node diverges between choosing
the anchor and reaching it; this is called “partial resurrection.” (d) A new node reaches the
anchor; this is called “full resurrection.” Diffusion is not shown.

- In a slight abuse of notation, let ¢ identify a unique point on the tree, with the

understanding that the application a(t) applies a(-) only to the time component of ¢.

Let & denote the diffusion value at t.

Let P; denote the path from the root to the point ¢, represented as a collection of

intervals [s, t| whose endpoints are divergence or branch points.

m{®, —
- Let e, = exp | (A(s) — A(t)) G )) be the probability of not diverging in [s, t].

F(mg?l—&—l—&—a
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- Let

_ (t,k)
<1 p(Ts )) T,(t_’];) is not deleted
X (1 - T(Tgt) ,T?_”?)) or anchored

T T is anchored
xr(T, T )
\P(Tgt—’ﬁ ) Tgt_’li) is deleted
H < (A(t’?)> Agtfl) is not deleted
>< .
(t:) p(ALR)Y A" is deleted
A

be the joint probability of all deletion/anchoring decisions made at the branch point ¢.

- Let 2 =3_,(1 =1 (A?_?))|A§t_ﬁ)\ be the normalizing constant for (partial) resurrection

at t

- Let [so, to] denote the final interval traversed by the new leaf before it diverges or creates

a new branch

- Let D = p(&11&,, 1, 1 —to) be the probability of diffusion from the point where the new

leaf diverges or creates a new branch

Using this notation, the predictive distribution is given by:

b(tk) B
p(Ti|Tio1,0) = DRo | ] epaBi———— | €lotal

(t)
[s,]€Ps, 1 Fy+a
( (il A(so 9) A(_SOJ) N
K - 0)))‘ | A9 s fully resurrected
Zso( i 1+w+a>
A (i—UA)) ALY r(m") —p) (s0.3) : :
t d A% is partially resurrected
L] (mite) ) R iy TSP Y
K(tO)
% branch
m; ) +y+ta
r(mi')-p) ,
\ a(to) F(T—l‘rl—‘ra) dlverge

(7.1)
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7.3 Nonstationary Diffusions

In addition to the diffusions discussed in Section 6.3.2, we introduce here diffusions that are
adapted to handling novel and recurrent classes. First we note that the diffusion process need
not remain stationary between data points; i.e., the distribution used to generate one data
point could change over time, depending on arbitrary properties of the tree being modified.
In particular, we present diffusions that depend on the class counts of current leaves.

As in Section 6.3.2, we will use pseudo-Poisson processes as our diffusions over discrete

spaces. However, in place of the time-stationary kernel K (&, &), we will have a varying

kernel K;(&s,&).

Unbounded Discrete Variables: For variables from a discrete space without known bound
(in particular, for class labels), we introduce a diffusion based on the CRP, so that novel

classes may be discovered:

e <
Ki(gwft) = {ﬂ 5

T S= Mi+ 1

where n;, is the number of leaves in the tree with value k, and M, is the number of different
values at the leaves. This diffusion has a fundamental flaw, however: if every leaf with value k
is removed from the tree, then M; will decrease, reusing an existing value inappropriately. If

M, is simply changed to be the number of distinct values ever taken, we still assign probability

0 of ever assigning the value k to a leaf.

Unbounded Discrete Variables with Recurrence: To address this, we artificially inflate
the count associated with each £ so that even if ny = 0 there is positive probability of assigning

the value k to a leaf:

ni+¢ _ :
Ki(£,6) = z‘—1+kn+Mi< &=k < M
1\Ssy Gt o ft _ M@—i— 1’

i—1+n

where M; is the number of distinct values ever assigned.
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7.4 Hyperpriors

Lastly, we give a hyperprior for the parameter vector 6. First, we have the parameters

g€ (0,1) and o € (—20,00). We use the vague prior

f ~ Beta(1,1)

1

a=0—20,

where Beta(-,-) is the Beta distribution, and G(-,-) is the Gamma distribution. We choose

a(t) = oz with ¢ ~ G(4,3). Previous works (Knowles and Ghahramani 2010) and

the previous chapter used a(t) = 1%, but squaring the denominator favors slightly earlier
divergence tendencies, leading to more samples with multiple discrete clusters. As in the

previous chapter, we choose
p(T"Y) = min{1, ¢ tanh b((i — i*) — [T},

where b ~ G(2, &5), t* is the t at the root of Tgﬁl;), and ¢ — ¢* is the “staleness” of TEE?: the
number of iterations since the newest leaf was added (i* is the iteration where that leaf was
added). Choosing this p(-) gives higher probability of deleting smaller subtrees, subtrees

whose root is closer to the leaves, and subtrees that have not been updated recently. The use

of tanh gives p(+) a sigmoidal curve whose steepness is controlled by b. Next, we choose

TP

(1 —1t%) |
T(Tz('t—)h Tl(ili)) = min 1’ 1_(1t)
1+exp [—b/ ((z — ) — (T, + & — &

)]

which assigns higher probability to anchoring

- subtrees rooted closer to the root of the overall tree, as we want to anchor discrete

clusters and not individual leaves
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- subtrees that are medium-sized: larger trees should be retained longer, and smaller

trees should just be deleted
- subtrees that are more stale, as in p(-)

- subtrees whose root value, &/, is further from its parent node’s value, &, as this also

favors discrete clusters

Finally, we complete the model by specifying hyperpriors for the diffusion parameter .
For Brownian diffusion and finite discrete variables, we use the same hyperpriors as in the
previous chapter (see Section 6.3.3), and for unbounded discrete variables, 1 = (A, a) with

A~ G(2,%) again and a ~ G(2, 1) as well.

72 2

7.5 Inference

We use the same basic inference algorithm of Section 6.4, except we change the proposal
q(|TEiT )), 92@, v;). In designing such a proposal, we must balance the desire to closely match
the prior Equation (7.1) with the desire to depend on v;, as any deviation from the prior will
increase the computational complexity of the acceptance ratio, but independence from v; will
lead to higher variance in weights and thus a skewed estimator. Towards this end, we mostly

follow the prior Equation (7.1), except when choosing among branches or anchors to follow,

we use
p(tk)
|§*1_—1v-| branch k
t,k Vi
p<k) X ’y|A(SO’j)
k. anchor k
|§t’k_vi|
instead of

b"¥) — 3 branch k
p(k) Y (i—DIA*D|

Z‘SO

anchor &’
where £ is the feature vector of the next node along branch k. That is, we bias towards

choosing branches or anchors that are closer to v; while still prefering more popular routes.
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7.6 Bounding the Size of the Tree

To efficiently perform inference in this model, the amount of work per data point must be
approximately constant. To show this is the case, we bound the size of the tree |T;|: if the
tree does not grow unbounded, neither can the work-per-datapoint. Let ||T;||; denote the

number of leaves (not counting anchors) of T;, and note that |T;| < ||T;||2 — 1.
Theorem 7.1. |T;| does not grow without bound.

Proof. Let us represent T, as a collection of triples ([s,t],mgt), I?ft)). Then, if || Tyl >
|'T;||z, then no deletion or anchoring events have happened, a triple ([u, 1],1,0) is added,

and some subcollection of triples will change as follows:

- Any intervals that are only traversed or wherein a full resurrection event occurs will
have mgl = mgt) + 1.
- Any intervals wherein a diverge event or partial resurrection event occurs will be split

into smaller intervals: [s,t] — [s,u], [u,t] for some u € (s,t), with mgi)l = mgt) + 1.

- Any intervals wherein a branch event occurs will have l?l(fr)l = I?i(t) + 1.

Then, note that for fixed s < 1 and m®,

t—s—0

D(m® - §) |-

and for fixed s <t < 1,

L(m® - §) |-

lim exp [(A(S) —A(t)) T(m® + 1+ a)

m®) o0

so that the probability of diverging in any interval [s,t],¢ < 1 goes to 0. Then, as T, grows,

(®)

the growth of the ml(»t) leads to later divergences, and the growth of the K it leads to more

branches. In either case, the number of subtrees rooted along the path Py, to the newest leaf
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increases, adding more (1 — p(TEt_’i))) and (1 — T(Tgt_)l, ']l“z(t_’;))) terms to the distribution of
Tyt

In other words, as T; grows, the probability of not deleting any leaves gets smaller,
unless p(-) shrinks faster. However, the subtrees rooted along Py, can be new, small trees
corresponding to recent branch and diverge events or old, large trees that are frequently
traversed. Thus, there is no one kind of tree that predominates, so that p(-), as a function
only of the subtrees, cannot uniformly shrink. Similarly, 7(-, ) cannot uniformly shrink as T}

grows, so that the probability of deleting or anchoring grows as T; grows. In other words, as

T; grows, the probability of growing decreases, eventually leading to a maximum size. [

7.7 Experimental Evaluation

We experimentally test our proposed model on three datasets. The first—to compare against
the DPYDT without anchoring—is the same synthetic dataset from Chapter 6. The second
is synthetic dataset with 50 dimensions which exhibits novel and recurrent classes with sharp
boundaries that drift. The third is a real-world network intrusion dataset with 41 dimensions
from the KDD-Cup 1999 competition (Stolfo et al. 1999), obtained from the UCI Machine
Learning Repository (Dheeru and Karra Taniskidou 2017). Figure 7.2 shows the NLPP
results of all three datasets. We see from the histograms in particular that the large majority
of data points are predicted well (NLPP near 0, so predictive probability near 1). We can
convert these numbers to typical classifier accuracies by declaring a “correct classification”

when the model predicts the correct label with probability at least 0.5. Using this rule, we

get 92.5%, 66.1%, and 75.9% accuracy on the three respective datasets.

7.8 Conclusion and Future Work

We have presented a novel Bayesian nonparametric method for handling nonstationary data

with novel and recurrent classes, by adding an anchoring mechanism to the DPYDT and
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Figure 7.2: Experimental results: (a) The synthetic dataset from Chapter 6. (b) The new
synthetic dataset. (¢) The KDD-Cup 1999 dataset. Left: Negative Log Predictive Probability
over time. Right: Histograms of Negative Log Predictive Probability.
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considering diffusion distributions that vary over time. Experimental results demonstrate
that the proposed method handles these challenges well. Possible subjects for future work
include exploration of other divergence rate, deletion, and anchoring functions, as well as
improved inference methods. Additionally, other applications such as regression could be

explored.
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CHAPTER 8

CONCLUSION AND FUTURE WORK

In this dissertation, we explored the field of Bayesian nonparametrics. We presented novel
models for relational and streaming data, and developed inference algorithms for them.
Finally, we showed that these models perform well in experimental evaluation.

There is still a lot of room for future work. The development of rich, flexible nonparametric
priors should continue, as such techniques can form the foundation of powerful learning
systems. To support this endeavor, there is still much work to be done on both the theoretical
underpinnings of nonparametric methods and on powerful, efficient inference in such models.
These two directions will support eachother as theoretical results enable new inference
techniques and exploration of inference algorithms leads to the discovery of theoretical
properties.

Additionally, these powerful techniques should see broader application, especially as
the inference algorithms speed up. Again, such research will feed back insights and ideas,

improving the theoretical and practical sides as well.
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