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Abstract

Multiple change-point models are a popular class of time series models which allow the description of
temporal heterogeneity in data. We develop efficient Markov Chain Monte Carlo (MCMC) algorithms
to perform Bayesian inference in this context. Our so-called Particle MCMC (PMCMC) algorithms rely
on an efficient Sequential Monte Carlo (SMC) technique for change-point models, developed in [13],
to build high-dimensional proposals. The construction of the new algorithms differs significantly from
the PMCMC schemes proposed in [1]. We demonstrate the performance of our algorithms on various
examples.

1 Introduction

Time series data often exhibit temporal heterogeneity. In multiple change-point problems, the task is to
segment a sequence of observations y1, o, ..., yr by choosing a sequence of change-point locations 0 < 7 <
Ty < ... < T < T such that the observations are homogeneous within segments and heterogeneous across
segments. Statistical analysis of change—point problems has a long history; as of 1992 the literature on
this topic was “enormous” [5]. In the Bayesian approach to multiple change—point problems, a joint prior
distribution is placed over the number and locations of change-points [3], [4]. An observation model then
describes the distribution of the data, given the change-points. Generally, both the prior over the change-
points and the observation model depend on an unknown parameter 6. The values taken by this parameter
can dramatically influence the properties of the model and inferences drawn about change-point locations.
Therefore it is very important to treat this parameter as an unknown. In a Bayesian framework, this can be
achieved easily by placing a prior over 6.

However, performing Bayesian inference for multiple change-points and the parameter 6 is a challenging
problem. Even when @ is assumed known, exact computation of the posterior distribution of the change-points
is intractable for large data sets. This issue is typically tackled using MCMC techniques. Unfortunately,
MCMC algorithms which update change-point locations in a one-at-a-time manner [16], [19], or condition on
latent variables associated with each segment [7], can be slow mixing due to the strong correlations between
the change-point locations and latent variables. Alternatives, which sample all the change-points in one
block with the latent variables integrated out, have a cost per MCMC iteration which is of the order 72 [12],
i.e. quadratic in the length of the data record. For real-world data sets of several thousand observations,
this 72 method can be prohibitively expensive.

PMCMC algorithms, recently introduced in [1], are a class of MCMC algorithms which allow SMC
a.k.a. particle filtering techniques [9] to be used in building high-dimensional proposals within a MCMC
scheme. The SMC method proposed in [13] is an efficient algorithm for sampling change-points. However,



its structure differs very significantly from the SMC algorithms treated in [1]. The main contribution of this
paper is to show how this very algorithm can be used within MCMC schemes to obtain efficient samplers for
multiple-change point models. We derive two original PMCMC algorithms, whose cost per MCMC iteration
is of the order N T where NN is the number of particles in the SMC approximation and whose experimental
performance compares remarkably well to T2 algorithms for N < T.

The rest of this paper is structured as follows. Section 2 specifies the change-point model of interest.
Section 3 describes existing MCMC methods for change—point models. Section 4 describes the exact and
SMC sampling techniques of [13]. In section 5 we introduce the new PMCMC algorithms and a simulation
study is documented in section 6.

2 Multiple Change-point Model

The change-point model we consider is essentially the same as that treated in [13], except that the parameter
0, valued in some space O, is here assumed unknown and is assigned a suitable prior p(#). It is important to
note that the parameter 6 is global, in the sense that it is common to all segments defined by any change-
point configuration (specific examples are given in section 6). From now on by convention we fix 79 = 0,
Tr4+1 = T and for some generic sequence {z,} we adopt the notation z;.; := (2, Zit1, ..., 2j).

The sequence 7g, 71, T2, ... is increasing and is assumed Markov with homogeneous transition probabilities
given for j = 1,2,... by pe(7j|7j—1) = he(7; — 7j—1). We are concerned with the space of all change-
point configurations over {1,...,7 — 1} which we denote by the disjoint union 77 := Uf;ol 77, where
Tryx = {m.x € {1,...,T —1}* : 7y < ... < 7%}. The joint prior probability of exactly k change-points and
their locations is then given by

k
po(riw) = [1 = Ho(T — )] [ ] ho(5 — 75-1),

Jj=2

where Hy is the c.d.f. associated with hg, i.e. Hp(n) = >_"_, ho(i).

A collection of change-points 71.; defines k + 1 segments where for j = 1,2,...,k + 1, the ;" segment
consists of the observations y;,_,11.7,. Similarly to [3], [13], we assume that given the location of a change-
point and 6, the observations before that change-point are independent of those after. We also assume
that, for any pair of consecutive change-point locations 7;_; and 7; we are able to evaluate the likelihood
Po(Yr;_141:7;|Tj—1:5). As in [13], this likelihood arises from summing over a number of possible models for
the data in each segment and/or integrating out local latent variables associated with each segment under
conjugate priors.

We are interested in the joint posterior distribution

p(0, Ti.kly1.r) X Po(yr.7|T1:k)po(T1:6)P(6). (1)

As advocated in [7], [8], [13], for computational purposes it is fruitful to consider an alternative param-
eterization of the change-point model. For each n = 1,2,...,T, let X,, be the random variable valued in
E, :={0,...,n — 1} which is the location of the latest change-point prior to time n. It is straightforward
to verify that there is a one-to-one correspondence between paths x1.7 and change-point configurations 71..
The above prior on 71.; then corresponds to the sequence Xi.r being Markov with, for 0 <z, <z, < n,
transition probabilities f(x,|r,_1) := po(zn|Tn_1) equal to

1—Hy(n—xzp_1 —1)

1—Hy(n—2p_1 —2)

He(n —Tpn—-1— 1) - He(n — Tp—1 — 2)
1—Ho(n—zp_1—2)

0 otherwise,

if vy = w1,

ifx, =n-—1,

and initial distribution specified by the convention f{(0|0) = pg(z; = 0) = 1. For n > z,, the predictive
likelihood is denoted

gZ(xn) = pQ(yn|y1:n—17 xn)
In order to simplify presentation, throughout this paper we assume that for all 6, n, x,, and ,,_1, f% (x|, 1) >
0 and g% (x,) > 0. This assumption is satisfied for the majority of change-point models of practical interest
and relaxing it requires only cosmetic changes to the proposed algorithms.



The reparameterization described above can be exploited in order to approximate py(y;.7) and sample
from approximations of pg(71.x|y1.7) using a SMC algorithm. In section 5 we will see that these two tasks
are central to the construction of new MCMC algorithms targeting p(6, 71.x|y1.7). First, we review some
existing approaches to posterior sampling in multiple-change point models using standard MCMC methods.

3 MCMC for Multiple Change—point models

The design of MCMC algorithms for posterior sampling in change—point models has been a topic of interest
for some years. In [5], a Gibbs sampler was devised for a Bayesian change—point model in which the number
of change—points was fixed to 1. This Gibbs sampler was extended to models with multiple change—points
in [19]. The latter approach involves one-at-a-time sampling of the change-point locations and associated
latent variables from their respective full conditional distributions. It is well known that one-at-a-time
Gibbs samplers can suffer from slow mixing which arises from strong correlations in the target distribution.
Empirical evidence shows that similar algorithms which employ Metropolis-Hastings steps to sample one-
at-a-time in change-point models [16] suffer from similar problems [12].

For multiple change—point models, [7] presented a Gibbs sampling algorithm in which the entire change—
point configuration 7., is sampled from its full conditional distribution, given # and the latent variables
associated with each segment. This is an instance of blocking in a Gibbs sampler: a technique which
often improves mixing significantly [17]. One step further is to sample 715 from pg(7i.x|y1.7), i.e. with
the latent variables associated with each segment integrated out. This can improve mixing even further
and is achievable using the exact forward-backward recursions of [11], [12], [13]. However, these schemes
have a computational cost per MCMC iteration which grows quadratically in T, the length of the data
record. In modern applications, 7" may be of the order of thousands and so the cost of these methods
can be prohibitive. In the next section we review the exact forward-backward methods for sampling from
po(T1.6|y1.7), computing py(y1.7), and the corresponding SMC methods.

4 Forward Filtering and Backward Sampling
4.1 Exact Methods

References [11], [12] and [13] proposed methods for obtaining exact samples from pg(71.x|y1.7) and computing
po(y1.7). We focus on the algorithm of [13], which involves two steps. In the forward filtering pass, for
n = 1,...,T, each filtering distribution pg(z,|y1.n) is computed recursively and stored. The likelihood
po(y1.7) can be obtained from quantities computed in this filtering pass. In the backward sampling pass, a
sequence of change-point locations 7.5 is obtained by sampling back through the stored filtering distributions,
re-weighted appropriately. We refer to [13] for specific details.

In the change-point model of section 2, recall that the support of pg(xy,|y1.n) is E, = {0, ...,n — 1} which
obeys the recursion

By ={0}, Bny1=E,U{n}, n=1,2, .. 2)

from which it is clear that the support of the filtering distributions is increasing with time. It follows that the
cost of computing pg(y1.7) and the storage requirements of sampling from pg(71.x|y1.7) grow quadratically
in T. In many practical problems, T" may be of the order of thousands and so these exact methods can be
prohibitively expensive. In [11] and [12], it is suggested to reduce computational complexity by performing
a deterministic truncation of certain quantities which arise in the filtering recursion, but this introduces a
bias which is difficult to quantify.

4.2 SMC Method

Reference [13] also proposed an algorithm which employs SMC ideas in order to approximate the filtering
distributions. This allows the cost per filtering iteration to be upper-bounded uniformly in time and is
of order N. The storage requirements of obtaining a sample from the corresponding approximation of
po(T1.6|y1.7) and computing the corresponding approximation of pg(y1.7) then grow only linearly with 7.
SMC methods are a class of stochastic algorithms which allow approximation of a sequence of proba-
bility distributions [9]. Standard SMC methods yield a collection of N weighted samples, termed particles



{X*, W(X")}¥, which define a random probability distribution,

N N

S W(XYoxe, Y W(X) =1, (3)

=1 i=1

where in full generality, the weight W (-) is some possibly random function of the particle location X*.

The structure of the change-point model is significantly different from that of the state-space models
to which standard SMC algorithms are usually applied. For each n, |E,| is finite; in standard state-space
models, the filtering distribution is usually defined on some continuous space. The SMC algorithm of [13]
exploits the fact that |E,| is finite and avoids the random proposal/importance sampling step present in
standard SMC. Furthermore, it has the desirable property of avoiding particle duplication. This is a further
development of the ingenious optimal resampling particle filter introduced in [10]. We refer to [13] for a
detailed discussion of efficiency and applicability of this method relative to alternative SMC schemes for
sampling change-points; see for example [8].

In this paper, we take a non-standard approach to describing the SMC algorithm of [13] and the random
probability distributions it generates. For brevity, we treat the variant of [13] in which resampling is applied
at every iteration, but other variants can be considered in the same framework. Our system of notation is
central to the understanding of the new MCMC algorithms described in the next section. The first step in
this non—standard approach is to move away from the system of indexing displayed in (3) via the trivial

equality
N

S W(XNoxi =Y W(X)dx,

i=1 Xes

where S := {X!, X2 ..., XV} is the random support. In standard SMC algorithms, S is propagated from one
iteration to the next by resampling followed by random proposal of new support points. In the resampling
step, particles with large weights are duplicated and those with small weights are discarded, according to
some stochastic rule. The stochasticity of the proposal and resampling steps inevitably contributes to the
variance of (3) and associated estimators.

In the case of the change—point model outlined above, the state space |E,| is finite and so the random
proposal step can be avoided. Empirical studies, see for example [10], show that this leads to a dramatic
decrease in Monte Carlo error. In expressing the algorithm of [13], for each n, we consider p(x,|y1.n),
an approximation of the filtering distribution, as having random support S,, C E,, corresponding to the
non-zero members of a collection of random weights W2 := {W?(z,,)},, cm,. We write the approximation

Po(Tn|y1.n) in the form

€Sy T, €Sy

where now the members of each S,, are not obtained by a random proposal mechanism and are thus written
in lower case. We now describe how the random support S,, is propagated from one iteration to the next
in the algorithm of [13]. At each n we specify this via a collection of binary-valued random variables,
Sy := {Sn(zn)}z, cr,, which we refer to as survival indicator variables. The propagation of the random
support occurs according to

S1 =40}, Spt1={xn €Sy : Sn(x,) =1} U{n}, n=1,2,.. (5)

where the probability law of S,, is such that, for n < N, |S,,| = n, and for n > N, |S,,| = N + 1 with
probability (w.p.) 1 (c.f. the support of the exact filtering distributions which grows deterministically over
time (2)). Note that from (5), once a support point is lost, it is never subsequently recovered and the
weights associated with it need never be computed. Discarding support points in this manner implies that
the computational cost per SMC filtering iteration is bounded uniformly in time. Thus in the SMC forward
filtering algorithm below it is implicit that, for any n and z,,, once S, (z,) is set to zero, all subsequent
survival indicators and weights associated with this point are also set to zero. We return to this issue in
section 5.



SMC Forward Filtering
At timen =1
e Set @Y (0) = ¢{(0), W{(0) =1, S; = {0} and S;(0) =1
At timen =2,3,...,T
e lfn—1< N set C,,_1 = oo, otherwise set C),,_; to the unique solution of

> IAC WY (zn1) =N.

Tp-1€Sm -1

eSetZ,_ 1= {Zl'nfl €S, 1: Wg_l(xn,l) < 1/Cn,1}
e Maintain the L,,_1 =n—1—1|Z,,_1| support points in S,,_1 which have weights strictly superior to 1/C,,_;. If
|Z,,—1| > 0 resample N — L,,_; times from Z,,_; using the stratified resampling mechanism.
e For each x,,_; having survived the previous resampling steps, set S,,_1 (z,—1) = 1 and otherwise S;,—1 (25,—1) =
0.
e Set

-1 =gln-1) 3 0=z )W (2n ).

Tpn—1€Sn—1

oFor z,, 1 €S, _1, set W% (x,_1) = 0if S,,_1(x,_1) = 0 and otherwise

Wg 1(Tn—1)
1ANC,— 1W 1(l‘n 1)

E?L (Tn-1) = gfl(xn,l)fg(xn,ﬂxn,l)

eUpdate the support:
S, = {xn_l €S,_1: Sn—l(-rn—l) = 1} U {TL}

e For Ty € Sna We(-rn) X w Z We l’n -

T, €Sy

The SMC forward filtering scheme of [13] is presented above using our system of notation. A component
of the SMC forward filtering algorithm is the stratified resampling procedure [6]. This is also described
below. As noted in [13], in this context the stratified resampling procedure has the property of assigning
either 1 or 0 offspring to each particle, thus avoiding duplicates. An important point to note about the
forward SMC filtering algorithm is that if 7" < N, the resampling operation is never applied, in which case
the algorithm below performs exact filtering as described in section 4.1. The forward SMC filtering algorithm
yields an approximation of the filtering distributions {pg(xn|y1;n)}::1 of the form (4) and an estimate of the
likelihood pg(y1.7) given by

T
poyrr) =[] ( > wZ(xn)> : (6)

n=1 \z,€S,

Stratified Resampling
Input: Z,,_1 and the corresponding weights.
e Normalise the weights by setting for x,,_1 € Z,,_1

/Wr?—l(xn—l) S Wg—l(xn—l)a Z W 1(zn1) =

Tp—1€Ln—

and construct the corresponding c.d.f,

Q1 (zn1) = Z WS—1($/7L—1)~

{l;L 1€In 1] <lnfl}

n—1—=

e Sample Uy uniformly on [0,1/(N — L,,_1)], then set U, = Up_1 + forp=2,.,N— L, 1.

o
N — Lnfl
e Each particle in Z,,_; is assigned O,,, , € {0,1} offspring where

Os,_, = # {Up : Qrngl(xnfl - 1) <U, < C2271(3%—1)} .




Given the sequence of approximate filtering distributions {ﬁe(mn|y1;n)}::1, we can obtain an approximate
sample from pg(71.x|y1.7) using a backward sampling recursion [13]. Again, if T < N, the forward filtering

is exact and the below scheme then yields an exact sample from pg(71.x|y1.7).

SMC Backward Sampling
e Sample 71 from the distribution defined by {W/4(x7)} s es, and set k = 1.
e While 7, > 0, sample 7441 from the distribution proportional to f¢ ., (7i|7+1)W? (7441) on S, and set
k=Fk+1.
e Output the sampled sequence 1., with the indices reversed.

5 Particle MCMC

In this section we introduce the two new PMCMC algorithms. Each PMCMC algorithm is the analogue of
a standard MCMC algorithm which uses the exact forward filtering/backward sampling methods of section
4.1 to compute pp(y1.7) and sample exactly from pg(71.1|y1.7) at cost T? per MCMC iteration. In section
5.3 we establish the validity of new PMCMC algorithms: even though they employ SMC approximations of
the exact forward filtering and backward sampling schemes, they are valid MCMC algorithms for sampling

from p(6, T1.k|y1:7)-

5.1 Particle Marginal Metropolis Hastings

A standard marginal Metropolis-Hastings (MMH) algorithm samples from p(6, 71.x|y1.7) using the joint
proposal given by
q (07, 714)1 (0, m1:)) = q (071 0) po- (T1'x]y1:7) -

In this scenario the proposed 77, is “adapted” to the proposed §* and the resulting acceptance ratio is given

by

po (yr:r) p(0) q(0%10)
If T is large, it is too expensive to compute the likelihood terms appearing in this ratio and sample from
po+ (715 |y1:7). We propose the following particle MMH (PMMH) sampler.

PMMH Sampler

Initialisation, i = 0
e Set 0(0) arbitrarily.
e Run the SMC forward filtering and backward sampling algorithms with parameter 6(0), yielding an approximation
Po(0)(y1:7) and a change—point configuration 7.,(0).
For iteration i > 1
e Sample 6* ~ ¢ (6*]60(i — 1))
e Run the SMC forward filtering and backward sampling algorithms with parameter 6%, yielding an approximation
Do+ (y1.7) and a change—point configuration 7", .
e Set (0(i), 71:£(4), Po(iy(yr:7)) = (0%, 711, Po~ (y1:7)) with probability

Po- (y1.7) p(0%) q(0(i —1)[67)
Poii—1) (yrr) p(0(i —1)) q(6*]6(i — 1))’

1A

otherwise set (9(1’),ﬁ;k(i),;ﬁg(i)(ylzT)) = (9(2 — 1), lek(i — 1);ﬁ0(i—1)(y1:T))-




5.2 Particle Gibbs Sampler

It is possible to implement a block Gibbs algorithm which samples from p(0, 7y.x|y1.7) using draws from
po(T1k|ly1.r) and p(Olyr.7, T1.). If T is large, it is too expensive to sample exactly from pg(71.x|y1.7), so we
propose the following particle Gibbs (PG) sampler.

PG Sampler

Initialisation, 7 =0

e Set 0(0), X;.7 (0) arbitrarily.
For iteration 7 > 1

e With parameter 0(i — 1) and given 71.;.(¢ — 1), run the conditional SMC forward filtering algorithm and then
run the SMC backward sampling algorithm to obtain a change—point configuration 7.5 (7).
e Sample (i) ~ p(0|y1.7, T1.1(7)).

This PG algorithm relies on the conditional forward filtering algorithm which is now described.

Conditional SMC Forward Filtering
Input: change-point locations 71.;, and 6.
At timen =1
o Set w9 (0) = g?(0), WP(0) =1, S; = {0},5:(0) =1 and k = 0.
At timen=2,....,T
elf n—1< N set C),_1 = oo, otherwise set C,,_1 to the unique solution of

Z 1A Cn—1W3_1 (.77”_1) = N.

Tpn_1€Sn_1

olf 1 <n—1lsetk=r+1
eSetZ, 1= {In—l €S, 1: Wg_l(xn_l) < 1/Cn_1}
o If 7, ¢ Z,,_1, maintain the L,,_; =n —1—|Z,,_1]| support points in S, _; which have weights strictly superior
to 1/Cp—1(which includes 7,;), then if |Z,_1| > 0 resample N — L, _; times from Z,,_; using the stratified
resampling mechanism.
o If 7, € T,,_1, maintain the L,,_; =n—1—|Z,_1| support points in S,,_1 which have weights strictly superior
to 1/C,,—1 (which does not include 7,), then resample N — L,,_; times from Z,,_; using the conditional stratified
resampling mechanism.
e For each x,,_1 having survived the previous resampling steps, set S,,—1 (z,,—1) = 1 otherwise S,,_1 (z,,—1) = 0.
e Set

T n-1)=gn-1) 3 = aa )W (@),

Tn_1€Sn_1
For z, 1 €S, _1, set W% (i) = 0 if S,_1(2,_1) = 0 and otherwise

Wg—l(xn—l)
1A Cn_1Wg_1(zn—1) .

@Z (Tn-1) = gZ(mn—l)fg(xn—lmn—l)

eUpdate the support:
S, = {an_l €ES,_1: Sn_l(xn_1) = 1} @] {n}

e For z, €8S,,

WS(xn) x @Z (zn), Z Wg(xn) =1

Tn €Sy

A component of the conditional SMC forward filtering procedure is the following conditional stratified
resampling scheme.



Conditional Stratified Resampling

Input: Z,,_1, the corresponding weights and an index k.
e Normalise the weights by setting for x,_1 € Z,,_1
- Wl . (x
Wi () = ntn)
Zr;lilelﬂ, 1 Wn 1( 71)

and construct the corresponding c.d.f,

szl(xnfl) = Z WS 1 (Zhy)-

{z _€Tp 1w _<xpn_1}

n—1—

L(N = Ln_1)U*]
N — Ln—l

e Sample U* uniformly on [Q%_,(k—1),Q%_,(k)], set Uy = U* —

n—1

and U, = Up—1 +

forp=2,..,.N—1L, ;.
e Each particle is assigned O, _, € {0, 1} offspring where

Orn—l =# {UP : QZ—l(xn—l - 1) < Up < Q?L—l(xn—l)} .

5.3 Validity of the Algorithms

We first establish an expression for the distribution of the random variables Sy, So, ..., S7_1 generated through
the SMC forward filtering algorithm. By construction, we have

Sul (W1, = wp) ~ 7 (-|w}). (8)
This density is parameterized by N because for all n > N,
Z Sy (zn) =N, w.p. 1.
Tn€Sp

We will not need an explicit expression for the density (8), but from the definition of the optimal resampling
mechanism [10], we know that it has the following marginal property for all ,, € {0,1,...,n — 1}

T'N<Sn (xn) = 1‘“’2) =1A anfL (:L'n) ) (9)
which implies that
TN(Sn (xn) = 1|w,91 (rn) =0) =0,

so combined with Eq. (8) we see that for any n > 0 and x,, € {1,...,n — 1}, conditional on the event that,

WO, (z,) = 0, at any subsequent n, W(z,,) = 0 w.p. 1. Thus the corresponding subsequent survival

indicators and weights need never be simulated or stored. To summarize the law of the forward filtering
algorithm, we can write the distribution of Sy, Ss,...,St_; on Hz;ll [{0,1}"] as

Ug (s1,82, . s7-1) = [ 78 (snlWh). (10)
n=1

The weights W being just a deterministic function of Sy,...,S,,_1, it is not necessary to introduce them
as arguments of 1,0(97 .

The key to establishing the validity of the PMCMC algorithms is to define the following joint probability
density for 0, 1.5 and Sq,...,S7_1 on © X T x Hn 1 [{0 1}7],

N0, T1.k,81,82, s s7_1) = D0, Trk Y)Y (81,89, .. ST_1)
. T TT,, o Dlsn(r1) = 1]
= I, g1 Pa(sn(mi—1) = 1[wh)
[T Lsn(7e) = 1]

T T—1 ’
Hn:‘rkJrl rn(5n<7—k) = I‘Wfb)

(11)



By construction (11) admits p(6, 71.x|y1.7) as a marginal. We show in the following theorems that the
PMMH and PG algorithms are just standard MCMC updating schemes targeting (11). Furthermore, the
convergence to p(0, 7., |y1.7) of the distribution of the samples of 0, 7., they generate is inherited from the
corresponding standard MCMC schemes. Proofs are given in the appendix.

We first deal with the PMMH algorithm and consider the following assumption.

(A1) The standard MMH sampler of target density p (6, 71.k|y1.7) is irreducible and aperiodic (and hence
converges for almost all starting points).

We have the following result.
Theorem 1

1. For any N > 1, the PMMH algorithm is a Metropolis-Hastings sampler on the space © X T xH:;ll [{0,1}"]
with target density 7TN(9, T1:ksS1, 82, -, ST—1) and using the proposal

B (e wle (tE)
* * * 0* * 7Y+ =1 Tr\j—1
q(0 |9)-wé\i(sl7...7sT71)~wT (Tk)H{ZJ fe* | - 0" }
j=1 mGSTj T]*-H(Tj LL')U)T]* (LL')

(12)

2. If additionally (A1) holds, the PMMH sampler generates a sequence {6(i),m1.,(1)} whose marginal dis-
tributions LN ((0(i), T1.1(i)) € -) satisfies

1N ((0(3), T1:6(3)) € -) — p(|y1.1)||ew — O as i — oo.

We now turn to the PG sampler and consider the following assumption on the corresponding standard
Gibbs sampler.

(A2) The standard block Gibbs sampler which samples from py (71.x| y1.7) and p(0|m1.k, y1.7) is irreducible
and aperiodic (and hence converges for almost all starting points).

We have the following result.

Theorem 2

1. For any N > 2, the PG sampler defines a transition kernel on the space © x Tp X H:;ll [{0,1}"]
of invariant density WN(G,TLk,sl,SQ, .y87_1). One PG iteration is equivalent to sampling from the
sequence of conditional distributions ™ (s, ...,s7_1|0,71.), TV (71110, 81, ..., 87—1) and 7N (0]T1.1)-

2. If additionally (A2) holds, then the PG sampler generates a sequence {0(i),71.;(1)} whose marginal
distributions LN ((0(i), T1.x(7)) € -) satisfies

LN ((0(0), T14(3)) € -) = p(-|y17) ][40 — O as i — oo.

6 Simulation Study
6.1 Well-Log Data

We consider a piecewise constant model which was used in [12] to analyze well-log data. The prior distribution
hg is geometric with unknown success probability p, over which a flat Beta hyper-prior is placed. Given
change-points 7;_1.; the observations y,,_, 1., in the §*™ segment are i.i.d. N'(uj,0?), where p; is the mean

associated with segment j. Given 71 and hyper parameters n and «, the segment means, {/,L]}f;l are

ii.d. N(n,0%a?). Finally, uninformative, improper priors are placed over the hyper-parameters: p(n) o 1,
p(0) o< 1/0 and p(a) o< 1/a. The parameter vector is then § = [ p o a]T. We refer to [12] for the expression
of the likelihood of observations in one segment, given values of 1, a and o, with the corresponding value of
i; integrated out.

The data, originating from [18], are shown in figure 1 and consist of T" = 4050 measurements of the
nuclear magnetic response of underground rocks. As in [12], a small number of outlying observations were
manually removed from the data set. For comparison with PMCMC, we considered the block Gibbs sam-
pler which samples from pg(7i.x|y1.7) (using the exact method of [13]), p(o,p, {M]}fill |y1:7, 0, T1:1) and



p(n, alyr.r, 0, Tk, 0,0, {145 }f;l) In [12] it was shown that for the same data set and model, an algorithm of
this form significantly outperformed the MCMC scheme of [16].

The above block Gibbs sampler was compared with the PG algorithm obtained by substituting in place
of the draw from py(71.k|y1.7) a conditional SMC forward filtering/backward sampling step. Figure 2 shows
autocorrelation plots for each component of 8, for the block Gibbs and PG algorithm with N = 50. For this
data record T' = 4050, so the computational cost of the PG algorithm is an order of magnitude less than that
of the block Gibbs sampler. The auto-correlation plots indicate that the block Gibbs sampler is extremely
efficient for this model, with the autocorrelation dropping to zero well before lag 10. The performance
of the PG algorithm is almost identical to that of the block Gibbs. Using other values of N resulted in
auto-correlation curves which were too similar to be displayed clearly on the same axes. For N < 50 it was
found that there was a small difference in the corresponding approximations of the posterior marginal for
the parameter p as the PG scheme did not fully explore its support (not shown).

Figure 1 shows estimated marginal posterior probabilities of change-point occurrences, from the block
Gibbs and the PG algorithm with N = 50. These posterior probabilities are indistinguishable to the eye
and the results are very similar to those reported in [12] with any discrepancies likely to be attributable to
which outlying observations were removed ([12] does not state how this was performed).

Figure 2 also shows approximations of the marginal posterior distributions for each of the four parameters
obtained with the PG algorithm. Identical histograms were obtained from the block Gibbs output. The
modes of these posterior marginals coincide with the results reported in [12].
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Figure 1: Well-log example. Top: well-log data. Approximate marginal posterior probabilities of a change-
point at each time index obtained from PG sampler with N = 50 (middle) and the Block Gibbs sampler
(bottom).

6.2 Coal Mining Disasters

We consider a piece-wise constant Poisson intensity model for the classic Coal Mining Disaster data set of
[15]. This data set consists of the dates of 191 disasters between 1851 and 1962. The data were analysed
in [14] via a reversible-jump MCMC algorithm for a continuous time model and in [12] using the exact
sampling methods.

Following [12] we discretize time and form observations by counting the number of disasters each week.
This yields T" = 5844 observations. Given change-points 7;_1.; the observations y,,_, 11.,, in the 7t segment
are 1.i.d. Po();), where ); is the intensity associated with segment j. Given 7y.; the segment intensities,
{\ };tll are i.i.d. G(1,200/7). As opposed to choosing the prior distribution on inter—change—point times, in
[12] a Poisson prior was placed over the number of change—points. The intensity parameter of this Poisson
prior was treated as fixed and chosen to give a mean of 3 change—points over the duration of the observation
record. Given the number of change—points k, the the change—point locations were a-priori given by the
even order statistics of 2k + 1 uniform draws on {1,...,7 — 1}. We investigate a different approach via the
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Figure 2: Well-log example. The left pane shows auto-correlation plots. Solid: Block Gibbs. Dashed: PG
with N = 50. The right pane shows approximate posterior marginals obtained from the PG algorithm.
Identical histograms were obtained using the Block Gibbs sampler.

distribution on inter—change—point times, with parameters to be inferred from the data. In our model the
prior density hg is negative binomial with parameters r and p, over which gamma and beta hyper-priors
were placed, respectively. The parameters of the hyper-priors were chosen so as to provide some penalisation
of very short segments whilst still allowing flexibility: for the gamma hyper-prior on r the shape parameter
was 10 and the scale parameter 1; for the beta prior on p the parameters were (1,10). In this model the
parameter is 6 = [r p|*.

We compared the PMMH algorithm with a standard MMH algorithm employing exact computation of
po(y1.7) over 30,000 MCMC iterations. Random walk proposals were made over r and p with standard
deviations of 1 and 0.005, respectively. These values were chosen after a preliminary run and resulted in an
average acceptance probability of 0.48 for the MH algorithm.

Figure 3 shows approximations of the marginal and joint posterior distributions of the two parameters
from the output of the PMMH algorithm with N = 200. Identical histograms were obtained using the
standard MMH algorithm. The figure also shows auto—correlation plots for the two parameters. In these
plots, the solid line corresponds to the exact MMH algorithm. The dashed and dash—dot lines correspond
to the PMMH algorithm with N = 200 and N = 50, respectively. In terms of auto—correlation, there is very
little difference between the exact MMH and PMMH with N = 200. For the parameter r, the difference
between the dash-dot, dashed and solid lines is more noticeable, but still not very large. Figure 4 shows
the acceptance rate in the PMMH algorithm against V. Only as the number of particles falls below 200
does the acceptance rate fall significantly. For this data set, N =T = 5844, corresponds to the exact MMH
algorithm; with N an order of magnitude less than this value the performance of the PMMH algorithm is
very good.

Figure 4 also shows the approximate marginal posterior distributions over the number of change—points
and over the location of change—points, given that there are 2, obtained from the PMMH algorithm with
N = 200. Again, identical results were obtained with the MMH algorithm. There are some similarities and
interesting differences between these results and those obtained in [12] under the Poisson change-point prior
with fixed parameter. Firstly, the marginal over the number of change—points shown in figure 4 exhibits a
stronger mode at 2 than that obtained [12], but is otherwise similar. Secondly, the conditional posterior
for the change—point locations, given there are 2, exhibits two strong modes in the same locations as found
in [12]. However the results in figure 4, obtained using the PMMH algorithm with the negative binomial
inter-change-point prior, exhibit a third, weaker mode around time 4900. This third mode was not reported
in [12]. In [12] it was not reported what kernel bandwidth was used, so precise comparisons are difficult, for
even with a relatively large bandwidth, the third mode shown in 4 was evident. This shows how the choice
of prior can values of parameters can affect inferences drawn about change—point locations.
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Figure 3: Coal Mining disasters example. Left: Approximate posterior marginals using PMMH and auto—
correlation plots for the two parameters. In auto-correlation plots, solid: Exact MMH. dashed: PMMH with
N = 200, dash-dot: PMMH with N = 50.
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Figure 4: Coal Mining Disasters example. Left: Acceptance rate vs. N. Right top: Approximate posterior
over number of change-points from PMMH algorithm. Right bottom: kernel smoothed posterior marginal
for change—point locations conditional on 2 change—points.

7 Discussion

We have proposed PMCMC algorithms for multiple change-point models which rely on the efficient SMC
method proposed in [13] to approximate the filtering distributions and likelihood. These PMCMC algorithms
have a cost per MCMC iteration of the order N T', where N is the number of particles in the SMC algorithm,
compared to T2 for the “exact” MCMC algorithms relying on the exact filtering distributions and likelihood.
We have demonstrated experimentally that these PMCMC algorithms perform remarkably well compared
to the “exact” algorithms even for N an order of magnitude smaller than 7. This is an attractive feature
for performing Bayesian inference in multiple change—point models with long data records.

8 Appendix

Proof of Theorem 1.

1. By construction, the PMMH algorithm makes proposals from (12): the left-hand term is the proposal
distribution for the new parameter 8*; the middle term is the law of the SMC forward filtering algorithm
with this parameter; the right-hand term is the conditional probability of obtaining a sequence of
change-points from the SMC backward sampling algorithm. Furthermore (12) is a distribution over
the same space as (11).

From the definition of the SMC forward filtering algorithm, for two consecutive change-point locations
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7; > Tj—1 > 0, on the event H:f:nfﬂrl Sn(7j—1) = 1, we have the expansion of weight wfj (T5-1) given
in (14). By using analogous expansions of w.(7;), w? (0) on the corresponding events and by using
(13), (6) and (9) it follows that the acceptance probability given in the PMMH Sampler algorithm is
precisely that of an MH sampler targeting the extended target distribution (11) and proposing from

(12).

Proof of the second component of the theorem is a direct consequence of the arguments in Theorem 1
in [2] and (A1).

Proof of Theorem 2.

1.

For the first step stated in the theorem, it is straightforward to check that running the conditional
SMC forward filtering algorithm is equivalent to sampling from 7 (s, ...,s7_1]0, T1.%).

Now consider the second step. Recalling the definition of the extended target distribution (11),using
again on the event H:Lj:'rj—l“rl Sy (1j—1) = 1, the expansion (14), and using (13) and (9) we conclude
that

k /] 0

H 1 (Tl —)wd (75-1)

TrN(Tl:k|97S1,...,ST_1) :w%(rk) T jeﬂ Tj ]9 7
j=1 Zzes,j ij+1(7'j|$)wTj (z)

where the right-hand term is the conditional probability of sampling the change—point configuration
711 using the SMC backward sampling algorithm, given the outcome of the forward sampling.

For the third step it is direct that p(0|y1.7, T1.1) = ™ (0]71.1).

We focus on establishing irreducibility and aperiodicity of the transition probability of the PG algo-
rithm. We denote by Lg the law of the standard Gibbs sampler to which assumption (A2) applies
and EgG the law of the PG sampler using N particles.

Let Ax Bx C € B(©) x B(Tr) x B (HTTL:_ll [{o, 1}"]) be such that 7¥(0 € A, 7., € B,S1,...,S7_1 €

C) > 0. It follows from (11) that p((0,71.,) € A X Blyy.r) > 0 and then from irreducibility of the cor-
responding block Gibbs sampler (assumption (A2)) there exists a finite ¢ such that L& ((6(2), 71.1 (7)) €
Ax B)>0.

From the specification of the conditional SMC forward filtering scheme, for any § € ©, N > 2, given
any 71.; and for any time step, any particle which has positive weight immediately before resampling
has a positive probability of surviving that resampling step. It follows that for any n =1, ...,7 —1, any
point in the support of pg(x,|y1.,) has positive probability of being assigned a positive weight at time
n. It follows from the definitions of X;.r that any point in the support of pg(71.x|y1.,) has positive
probability of being selected in the backward sampling. Then the A x B from above is marginally an
accessible set of the PG sampler for the same i: i.e. LE,((0(i), X1.7(i)) € A x B) > 0. Furthermore,
as the conditional forward SMC filtering corresponds to drawing from mV (s1,...,s7_ 1|0, T1.1),

LB(O6G+1), 7.0 +1),81(i+1),...,87_1(i+1) €Ax BxC) >0

and irreducibility follows. Furthermore, aperiodicity of the PG sampler holds by contradiction: if the
PG sampler were periodic, then the Gibbs sampler would be too; this violates (A2).
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