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Abstract

Time series subject to parameter shifts of random magnitude and tim-
ing are commonly modeled with a change-point approach using Chib’s
(1998) algorithm to draw the break dates. We outline some advantages of
an alternative approach in which breaks come through mixture distribu-
tions in state innovations, and for which the sampler of Gerlach, Carter
and Kohn (2000) allows reliable and efficient inference. We show how this
approach can be used to (i) model shifts in variance that occur indepen-
dently of shifts in other parameters (ii) draw the break dates efficiently
in change-point and regime-switching models with either Markov or non-
Markov transition probabilities. We extend the proofs given in Carter
and Kohn (1994) and in Gerlach, Carter and Kohn (2000) to state-space
models with system matrices which are functions of lags of the dependent
variables, and we further improve the algorithms in Gerlach, Carter and
Kohn by introducing to the time series literature the concept of adaptive
Metropolis-Hastings sampling for discrete latent variable models. We de-
velop an easily implemented adative algorithm that promises to sizably
reduce computing time in a variety of problems including mixture inno-
vation, change-point, regime-switching, and outlier detection.
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1 Introduction

This paper is concerned with the problem of modeling and inference for processes
subject to random shifts in parameters at unknown dates. The literature on the
topic can be traced back at least to Quandt (1958) and Chernoff and Zack
(1964), but has expanded rapidly in recent years because of faster comput-
ers and the availability of powerful new statistical tools for the solution of the
considerable numerical problems involved. Additional incentives have been pro-
vided by Clements and Hendry (1999), who point to failures to detect (or to
properly adjust to) intercept shifts as a main source of forecast failure, and by
Stock and Watson (1996), who document the widespread nature of parameter
instability in linear models of U.S. macroeconomic and financial time series.

Traditionally, a majority of papers in this area take a frequentist approach.’
However, in recent years the number of Bayesian alternatives has increased
rapidly, as many authors came to recognize the theoretical and practical advan-
tages of a Bayesian approach for these types of problems. From a theoretical
perspective, it seems desirable for parameter and forecast distributions to reflect
uncertainty on the number and timing of break-points, rather than being condi-
tioned on modal values. From a practical stance, because the likelihood quickly
becomes intractable as the number of breaks increase?, frequentists are often
forced to resort to simulation methods similar to those employed by Bayesians,
therefore losing the advantage of simpler implementation enjoyed in other mod-
els.

The Bayesian approach coupled with modern simulation methods makes it
tractable to estimate models with multiple structural breaks. Latent variables
determine the location and nature of the breaks. Conditional on these latent
variables, it is possible to generate the model parameters, while conditional on
the parameters it is possible to generate the latent variables. Such generation
is repeated until an adequate sample is obtained from the posterior distribution
of interest. The most popular Bayesian approach in the econometric literature
on structural breaks follows Chib (1998), who models the breaking process as
a Markov chain with transition probabilities constrained so that regimes come
in a non-reversible sequence. (We refer to this as a ‘change-point’ approach.)
Pesaran, Pettenuzzo, and Timmermann (2004) extend the results in Chib (1998)
by adding a hierarchical level for all parameters. Koop and Potter (2004a,
2004b) make a significant advance by allowing for an unknown number of breaks.

IThe frequentist literature on testing for structural breaks is reviewed by Hansen (2001)
and Elliott and Miiller(2003).
2See the discussion in Elliott and Miiller (2003).



An alternative approach builds on the state-space representation, modeling
the breaking process through mixture distributions for the state innovations.
(We refer to this as a ‘mixture innovation’ approach.) Time-varying-parameter
models with normal innovations in state variables are well-known and easily esti-
mated special cases (see Cogley and Sargent (2001) and Primiceri (2005) for re-
cent Bayesian economic applications), but the general case of several component
distributions presents formidable computational problems. Several approxima-
tions have been proposed, including Harrison and Stevens (1976), Sims (1993)
and Engle and Smith (1999). Markov chain Monte Carlo techniques opened the
way for the exact solutions developed by McCulloch and Tsay (1993), Carter
and Kohn (1994), and Shephard (1994). However, these algorithms are at best
extremely inefficient in the case of relatively infrequent breaks. The reason is
that they draw the discrete latent variables conditional on the states, and in
models with structural breaks the correlation between these two blocks is very
high or even perfect. For models that can be written in conditionally Gaussian
state-space form, the sampling algorithm of Gerlach, Carter and Kohn (2000)
avoids this problem and permits fast and efficient estimation of mixture inno-
vation models.

Our paper makes five contributions to the Bayesian literature on structural
breaks. The first is to argue that mixture innovations in state variables are often
an intuitive and flexible way of modelling breaks, and that even complex mod-
els can be estimated efficiently with the method of Gerlach, Carter and Kohn
(2000). Mixture innovation models have a number of desirable features, includ-
ing a random number of in-sample breaks, the possibility of jointly modeling
small (and more frequent) and large (and less frequent) breaks, easy inclusion
of innovation and additive outliers, ease of prior elicitation, and the relative
convenience of allowing different parameters to change at different times.

The second contribution is to show how to perform efficient inference for
models with breaks in conditional variance, and how to allow breaks in the
parameters of the conditional mean and conditional variance to occur indepen-
dently.

Of course in some instances a change-point approach may still be preferred.
Koop and Potter (2004b) is then an interesting option because it allows for a
random number of breaks. However, it requires O(n?) operations to draw the
break dates with a geometric prior distribution for regime durations, and O(n?)
operations with a Poisson prior (their preferred choice). The third contribution
of our paper is to show how to draw the break-points in the model of Koop and
Potter (2004b) in just O(n) operations with either prior. More generally, we
show how to perform efficient Bayesian inference for state-space models with



latent variables having non-Markov transition probabilities.

The fourth contribution is to introduce to the time series literature the con-
cept of adaptive Metropolis-Hastings sampling for discrete latent variable mod-
els. We present a simple algorithm which further improves sampling efficiency
(over Gerlach et al., 2000) in a class of discrete latent variable models that
includes change-point, mixture innovation, regime switching, and outlier detec-
tion. The adaptive algorithm uses past draws of the discrete latent variables
to design a proposal distribution for a Metropolis-Hastings step, greatly reduc-
ing computing time spent (and mostly wasted) on observations for which the
presence or absence of a break is rather clear-cut. In two applications to U.S. in-
flation and real interest rate, this adaptive algorithm reduces computing times
(compared to Algorithm 1 in Gerlach et al. (2000), for a given Monte Carlo
standard error) by over 70% and 60% respectively.

The proofs in Carter and Kohn (1994) and in Gerlach, Carter and Kohn
(2000) do not include models in which the system matrices are functions of
lags of the dependent variables. However, as it turns out, both algorithms still
apply. The fifth contribution of this paper is to show that the proofs generalize
to this class of models. The proofs in Gerlach, Carter and Kohn (2000) are also
extended to the multivariate case.

The paper is organized as follows. Section 2 presents three Bayesian ap-
proaches to structural change, and discusses some advantages of mixture inno-
vation models. In particular, it argues that the method of Gerlach et al. (2000)
solves the computational problems that have so far constrained their use and
development. Section 3 suggests a method to model breaks in variances in con-
ditionally Gaussian form and to combine shifts in conditional mean and variance
parameters. Section 4 shows how the sampler of Gerlach et al. (2000) can be
adapted to draw the break dates in models with non-Markov breaking processes,
using the case of a Poisson prior for regime duration as an example. Section 5
outlines a new adaptive Metropolis-Hastings sampler which promises to further
increase sampling efficiency in a variety of discrete latent variable problems.
Section 6 evaluates the efficiency gains from the new adaptive sampler on mod-
els of U.S. inflation and real interest rate. Section 7 concludes the paper. An
appendix generalizes the proofs of Carter and Kohn (1994) and Gerlach, Carter
and Kohn (2000).

2 Bayesian approaches to structural change

This section reviews three approaches to modeling structural change: change-

point models, time-varying-parameter models, and mixture innovation models.



For our purposes, it is useful to cast all these models in a common framework,
writing them in state-space form, with system matrices depending on vectors of
discrete latent variables. The contributions of our article are for conditionally
Gaussian models. Conditionally Gaussian models can be written in linear and
Gaussian state-space form conditional on a vector of latent variables®

Yt = gt + hyze + yu (1)
= fi + Fixg_1 + Ty, (2)

where u; ~ nid(0,1), vy ~ nid(0,1)* and all system matrices at time ¢ are
known conditional on parameters, on lagged values of 3, on exogenous covari-
ates, and on a vector of discrete latent variables K;. Throughout the paper,
for any variable z;, we define 2!:'2 = (z,,...,2:,) and z = (21,...,2,). The
latent variables are typically assumed to be independent or Markov. Most time
series models take a conditionally Gaussian state-space form, and need not be
Gaussian after integrating out the latent variables. In fact, besides models for
structural change, the most common nonlinear models and several models for
fat-tailed errors are conditionally Gaussian (see Giordani, Kohn and van Dijk,
2005).

2.1 Change-point models with a known number of breaks

A conditionally linear change-point model with a known number of breaks is
defined as

Y = Bmzt + Ut (3)
B = B, om=o1, forTi>t>1

Bm = Buyr—1y Om=0p—1, for Ty >t > 7102

ﬁ'rn = BM?Um:UM7 fOI"I’LZtZTM_l,

where u; ~ nid(0,1), M-1 is the number of breaks and the unknown para-
meters are (81,..., By 01,y OM,T1y -y Tai—1). Chib (1998) obtains large ef-
ficiency gains over previous samplers by framing the change-point problem as

3A note on terminology is in order. Harvey (1989) uses the expression "conditionally
Gaussian" to denote state-space models without indicators, but with system matrices which
are functions of lags of the dependent variables. Shephard (1994), Carter and Kohn (1994)
and Gerlach, Carter and Kohn (2000) call a model conditionally Gaussian if p(y'™|K1™) is
Gaussian, which does not nest Harvey’s definition. The proofs given in the appendix of this
paper extend the results of Carter and Kohn (1994) and Gerlach, Carter and Kohn (2000), so
we can define a model to be conditionally Gaussian if p(y:|ytt~1, K1) is Gaussian.

41t is possible to allow E(uzvt) # 0.




a switching-regime problem with transition probabilities constrained so that
regimes come in a non-reversible sequence. This model can be written in the
state-space form (1) and (2) by setting K; = m, g = ﬁ/(Kt)zt, v, = o(Ky),
and modelling K; as a discrete Markov process with restrictions on the transi-
tion probability matrix. Chib adapts the sampler of Carter and Kohn (1994)
and draws K in O(nM) operations. He also shows how to compute the mar-
ginal likelihood so that the number of breaks can be treated as an unknown
quantity in a model selection or model averaging context. Chib’s method does
not require the measurement equation to be linear or Gaussian, but it does re-
quire the probability of y; to be readily available given parameters 6(K;), and
is therefore impractical for models with time-varying unobserved states such as
measurement errors or seasonal components.

2.2 Change-point models with an unknown number of breaks

Pesaran, Pettenuzzo and Timmermann (2004) generalize the model of Chib
(1998), but retain the assumption of a known number of breaks. Even though
they integrate over the number of breaks M-1 by computing the marginal likeli-
hood for M = 0,1, ..., M4z, Koop and Potter (2004a) point out that there are
several drawbacks to this strategy, besides the large computational costs. One
is the difficulty in nesting the case of rare, large breaks, and of frequent, smaller
breaks. A second problem is that the need to impose exactly M-1 in-sample
breaks typically implies a prior in which breaks near the end of the sample are
inordinately more likely than at earlier dates.

To avoid these shortcomings, Koop and Potter (2004b) develop a change-
point model with an unknown number of breaks. Letting the number of breaks
be random is not only valuable per se, but also delivers a prior in which all
observations have the same probability of being a break-point. Their key idea is
to model an unknown number of breaks indirectly, by assuming that there are
M regimes but that up to M-1 may occur out of sample. They set M = n and
are therefore able to nest a time-varying-parameter model and a model with few
breaks (given a sufficiently diffuse prior on regime duration).

Another innovation in Koop and Potter (2004b) is that regime duration has
a Poisson prior in place of the standard geometric prior. A geometric prior
for regime duration corresponds to the assumption of an independent breaking
process, i.e. p(K:|Ksz) = p(K;), where Ky = 1 if there is a break at time ¢
and K; = 0 otherwise. The geometric distribution implies that, for any 7 > 1,
durations of j are more likely than durations of j+ 1, a feature of the prior that



is relaxed in Koop and Potter (2004b).>

Koop and Potter (2004b) draw the break dates conditional on parameters
by adapting the algorithm of Chib (1998). Chib’s algorithm, originally designed
for a geometric prior on duration, requires O(nM) operations to draw all break
points. Koop and Potter set M = n, resulting in O(n?) operations. Transition
probabilities are constant for a geometric distribution, whereas they depend
on the distance from the last break for a Poisson. The choice of a Poisson prior
therefore requires averaging over durations in computing transition probabilities,
leading to O(n?) operations, which limits the use of what is otherwise a flexible
model. Section 4 shows how break points can be drawn in O(n) operations by
adapting the sampling algorithm of Gerlach et al. (2000) rather than that of
Chib (1998).

2.3 Time varying parameter models

Time-varying-parameter (TVP) models are written in the state-space form (1)
and (2) with constant system matrices. Parameter variation comes through nor-
mal innovations in the transition equations. These models have a long tradition
(West and Harrison (1997) is a classic Bayesian reference). Recent examples in
economics include Cogley and Sargent (2001) and Primiceri (2005). Inference
by Gibbs sampling is relatively straightforward, as a number of algorithms are
available to draw the states conditional on parameters (including Carter and
Kohn (1994), Fruhwirth-Schnatter (1994), de Jong and Shephard (1995) and
Durbin and Koopman, 2002). The limitation of TVP models is that they are
designed for smooth and frequent parameter variation and cannot effectively
cope with infrequent interventions. Both types of breaks can be captured by

mixture innovation models.

2.4 Mixture innovation models

Mixture innovation models are very general because they allow all system ma-
trices in (1) and (2) to depend on K. Parameter shifts are typically modeled
by letting Ft]?; (the covariance matrix of innovations to the states) depend on

5Koop and Potter (2004a) also show that prior regime duration remains approximately
geometric if K is Markov. The idea of departing from a geometric distribution is not un-
controversial, though. Gelman et al. (1995, page 52) find that the geometric distribution’s
"‘memoryless’ property makes it a natural model for survival or lifetime data". Moreover, we
note that the use of a Poisson prior may be questionable when breaks are thought to be (or
turn out to be) relatively rare. For example, suppose that breaks occur every twenty years on
average. On monthly data that corresponds to A = 240, which implies a standard deviation
of +/240 ~ 15.5, or a little over a year. The Poisson prior therefore restricts infrequent breaks
to recur with greater regularity than is probably prudent to assume.



K;. To illustrate, consider the simple example

T (4)
e = g+ Kopor,

where K; is an independent sequence of Bernoulli variables, with

K; = 1 with probability =
K; = 0 with probability 1 — =,

and w; and v; are both nid(0,1). This model can be written in terms of (1)
and (2) by setting gt =0, hy =1, v, =0y, fr =0, F; =1, Ty = 0,K;. At
each new observation, there is a probability @ of a break; if there is a break,
the change in the mean of the process is normally distributed with mean zero
and standard deviation o,. The number of in-sample breaks is random, with
prior distribution defined by 7 (possibly a random variable itself). Prior regime
duration is geometric, with mean (1—7)/m and standard deviation /(1 — 7)/7.%

This approach to structural change has a number of advantages over the
change-point approach:

1. It is an intuitively simple way of allowing for random number and size of
breaks, which facilitates prior elicitation.

2. Computational costs are linear in the number of values that K; can take.
This gives the modeler great flexibility. For example, we may wish to
capture the idea that the mean of a process is unchanged in some peri-
ods, while in others it incurs small but relatively frequent and large but
infrequent breaks. This can be achieved by setting

oo(Ki = K" =0, , probf(K; = K') = m; for i = 1,2,3,

with o0, = 0, and a prior for which o,, > 0, and 73 > 3. This is a gen-
eral and intuitive way of nesting TVP models and models with infrequent
breaks.”

3. It is just as easy to assume that parameters in different regimes (i) are
drawn from a common distribution, as in Chib (1998) and Pesaran et al.

6Notice that a geometric distribution with mean g has standard deviation close to pu,
whereas a Poisson distribution with mean p has standard deviation (/p. When p is relatively
large, the two priors have very different implications for the regularity of occurrences of breaks.

"Koop and Potter (2004b) also nest a TVP model and a model with few breaks, given a
sufficiently sparse prior on durations. However, mixture innovations are more general in that
they allow to combine (rather than choose from) these two options.



(2004) (ii) depend only on parameters in the previous regime, as in Koop
and Potter (2004b) and in most TVP and mixture innovation applications,
or (ili) are a mixture of (i) and (ii). Referring to equation (4), the first
case can be modelled as

py =mEs + py 1 (1 — Ki) + Kioyvr, (5)
where K is either 0 or 1. To nest both cases, write
py = mKyy + gy (1= Kip) + (K101 + K020 )04, (6)

where K; = (K14, Kat), K¢ = (0,0) for no break, and K; = (1,0) and
(0,1) for a break with p,|K; independent and a random walk respectively.

. It is a convenient framework to allow different parameters to change at dif-
ferent times. Change-point models invariably assume that all parameters
change at the same time (unless some are forced to be constant). With-
out this restriction, a change-point model would have MP? regimes to keep
track of, where M-1 is the maximum number of breaks in each parameter
and p is the number of parameters that are allowed to change, implying
at least O(nM?P) operations to draw the break dates. In contrast, if we let
K;; € {0,1} denote the absence or presence of a break in parameter ¢ at
time ¢, then Ky = (K4, ..., Kpt) can take 27 values, so K can be drawn in
O(n2P) operations regardless of the number of breaks (see Section 2.4.1).

. It is a convenient framework to allow shifts in variance and in conditional
mean parameters to occur independently (see Section 3).

. It is a convenient framework to model breaks and outliers jointly. This can
be important, as innovation and (especially) additive outliers may both
hide actual breaks and spuriously indicate non-existing breaks, particu-
larly in real-time forecasting.

. While sampling schemes for multiple change-point models draw the break
dates conditional on all parameters, in a mixture innovation approach most
parameters can be treated as states and integrated out, which increases
sampling efficiency. For example, referring to the model given by (3), we
would write

Yy = Bz o
Bt = ﬁtfl + Kto—vvta

treat B, as the state vector and integrate it out when drawing K, (see
Section 2.4.1).



Finally, it is worth noting that mixture innovations can be combined with
regime-switching and change-points (see Giordani et al. (2005) for an example),
and that transition and break probabilities can be related to exogenous variables
(see McCulloch and Tsay, 1993).

2.4.1 Sampling K in mixture innovation models

Mixture innovation models have been the subject of considerable study®, but
until the mid-90s exact solutions were available only for the simplest cases and at
great computational expense. Several approximations were proposed, including
Harrison and Stevens (1976), Sims (1993) and Engle and Smith (1999). Markov
chain Monte Carlo techniques opened the way for the exact solutions developed
by McCulloch and Tsay (1993), Carter and Kohn (1994), and Shephard (1994).
However, the algorithms proposed by Carter and Kohn (1994) and Shephard
(1994) draw the auxiliary variables K conditional on the states z. In the case
of structural breaks or additive outliers, K and x are highly correlated, mak-
ing these samplers very inefficient. Often, as in the model given in (4), the
correlation is perfect, and the samplers break down completely (see Gerlach et
al., 2000). McCulloch and Tsay (1993) reduce the severity of this problem by
drawing K; conditional on the error v; rather than on the state z;, but their
sampler remains rather inefficient (Gerlach et al., 2000). Gerlach et al. (2000)
develop an algorithm for conditionally Gaussian processes that draws K without
conditioning on z, and therefore retains a high degree of efficiency regardless of
the correlation between K and z.
The first contribution of Gerlach et al. (2000) is to draw K from

P(Kely, Koz, 0) o ply" "y, K, 0)p(K | Ksze, 0), (7)

where the states have been integrated out (rather than conditioned on) and 6
is the vector of parameters. For a given proposed value of Ky, p(K;|Ksz,0)
is evaluated from the transition probabilities, and p(y*"|y**~! K,0) can be
computed with the Kalman filter in conditionally Gaussian models. Evaluating
p(yt" |yt K, 0) through the Kalman filter is straightforward, but requires
O(n) operations, implying O(n?) operations to draw K. Gerlach et al. (2000)’s
second contribution is to provide an algorithm to evaluate p(y""|y**~!, K, ) in
one step and thus to draw K in O(n) operations. Since K takes a finite number
of values, it can be drawn by computing p(K;|y, Ksx¢,0) for all possible values
of K; and then normalizing. The computing time is then linear in both n and

8Harrison and Stevens (1976) call them multiprocess models. See also Kitagawa (1987).
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in the number of elements in the mixture (the number of values that K; can
take).

3 Breaks in conditional variance

A mixture innovation approach can also be used to model variance shifts, as first
shown by McCulloch and Tsay (1993). Their algorithm draws K conditional
on the states and is therefore inefficient. Drawing K without conditioning on
the states as in Gerlach et al. (2000) is preferable. However, because squared
residuals are not normal, it would seem that their algorithm is unsuitable for
variance shifts. This problem is overcome as follows. We begin by considering
shifts in variance in an otherwise white noise process, and then show how to
combine shifts in variance with shifts in other parameters.

Modeling shifts in variance. Let y; be a zero-mean, uncorrelated ran-
dom variable such that

Yt = O¢€e, (8)

where ¢; is standard normal. Then log(y?) = log(0?) + us, where u; is log(x?)
distributed. Following the stochastic volatility literature, we work with log(c?),
ensuring that o2 is always positive. It is then natural to model permanent shifts
i 2

in o} as

log(o?) = log(o?_,) + 0o(Ka)vs, )

where v; is a standard normal random variable. If K5, takes only one value the
model reduces to smoothly changing variances of the type used by Primiceri
(forthcoming). In Section 6 we set 0, (K2, =0) =0 and 0,(Koy =1) =0 >0
with a prior favouring infrequent shifts. More elements can be added to the
mixture, for example to allow for both smooth and sudden shifts in variance,
analogously to the case of shifts in conditional mean parameters.

We follow Carter and Kohn (1993 and 1997), Shephard (1994) and Kim et
al. (1998), who observe that the distribution of a log(x?) can be very accurately
approximated by a mixture of normals with few components. (Carter and Kohn
(1997) use five, Kim et al. (1998) seven.”) We can then write the model in
conditionally Gaussian state-space form

2z = g(Kui)+he + (K, (10)
Iy hi—1 + 0, (Ko )vy,

9Both papers report all parameters of the mixture. We use the parameters from Carter
and Kohn (1997).

11



where z; = log(y?), ht = log(c?), and 7, and v; are standard normal. The mean
and standard deviation of each component of the mixture approximating the
distribution of u; determine g(K ;) and (kK ) respectively, so these matrices
contain no unknown parameters. The prior probabilities m; of each component

are also known. Thus

1
plue) = miN(gi,77),
i
where N(g;,~?) is the normal density with mean g; and variance 2.

Shifts in conditional first and second moments. We use the following
sampling scheme to deal with shifts in both the conditional mean and conditional

variance parameters:

1. Initialize the sampler with a time series of conditional standard deviations

ol (for example 01 = 09 = ... = 0,).

2. Given o", the model is conditionally Gaussian. Draw interventions K,
as in Gerlach et al. (2000) or with the adaptive Metropolis-Hastings sam-
pler described in Section 5. Conditional on K,,, draw the states x with any
of the algorithms mentioned in Section 2.3. Conditional on y, K,, and z,
compute residuals ;. The definition of residuals is such that std(r;) = 0.

3. Model interventions in log(r?) as explained above in this section. Referring
to equation (10), draw K, = (Klln,K;”) Given K,, draw log (af) for
t =1,..,n with the same algorithms used to draw z in step (2).

4. Go to (2).

In going from (2) to (3), the most convenient assumption is that that shifts
in conditional variance (second block) are independent of shifts in conditional
mean parameters (first block). It is possible to have a prior relating probabilities
of interventions in the first and second block, but some care is required as an
overly tight prior may induce a nearly reducible chain. Innovation and additive
outliers are drawn in the first block and accounted for in computing the residuals
used in the second block (see Section 6 for an example), therefore reducing the
risk of isolated outliers being interpreted as variance shifts.

4 Non-Markov breaking processes

This sections shows how to adapt the algorithm of Gerlach et al. (2000) when K
is not Markov, and how this allows drawing the break dates in O(n) operations

12



in the change-point model of Koop and Potter (2004b) with a Poisson prior on
regime durations.

Although Gerlach et al. (2000) work with Markov interventions, their key
results do not require this assumption. In particular, the algorithm to draw
p(y?"|K) in one step does not rely on K; being Markov, as all operations are
conditioned on K, and it is therefore suitable for any breaking process as long as
it is possible to evaluate p(K;|K sz, 0) (or p(K|0) o< p(K¢|Kszt,,0)). The inde-
pendence and Markov assumptions are simply the most convenient to perform
this evaluation.

4.1 Poisson prior for regime duration

Following Koop and Potter (2004b), assume that regime duration follows a
Poisson distribution. The duration of regime m is defined as d,;, = 741 — T,
where 7,,41 and 7, are adjacent break dates. They then assume that d,, — 1
is Poisson distributed Po()\) with parameter A.!° We now show how to draw K
in mixture innovation models with a Poisson prior for durations, and then how
the same technique can be used to draw break dates in the change-point model
of Koop and Potter (2004b). In both cases, only O(n) operations are required
for conditionally Gaussian models.

4.1.1 Drawing K

Let K; =1 (K; = 0) stand for the presence (absence) of a break at time ¢. We
want to evaluate p(K;|K ¢ )—where the dependence on parameters 6 has been
dropped for convenience—when durations are Poisson distributed with known
parameter A. Assuming that there is at least one break both before and after ¢,
the probability of a break at t is given by

p(K: = 1|Kzt) = p(dit)p(dat),

where dy; and do; are regime durations, defined as the number of periods between
two adjacent breaks

diy = min(t—71; t>71, K, =1)
doy = min(Tg -t t< 7'2,‘[(72 = 1),

and the probability of no break at t is given by

p(Kt = 0|Ks;£t) = p(d:st),

10Koop and Potter (2004b) use a hierarchial prior to allow the mean duration A to depend
on m. For our purposes, we can assume a single A with no loss of generality.

13



where dg; is the number of periods between the last break before period ¢ and
the first break after period ¢

d3t = min(Tz —T1; T2 >t > T1, KTI = K-,—Q = 1)
Finally, p(d;t), where i = 1,2, 3, is evaluated as

exp(—)\))\d“_l

Pldie) o =]

The only slight complication arises when there is no in-sample break either
before or after t. A simple but unsatisfactory solution is to assume K, =
K,+1 = 1. To illustrate a better solution, keep the assumption Ky =1 (simply
for convenience of exposition). Initialize the algorithm with an arbitrary value
of n*, such as n* = n + 1, where

n* =min(t; T>n, K. =1).

Given n*, sequentially update Kj, ..., K, as described above. n* is then easily
updated from the prior conditional on n — 7;, where 7; is the last in-sample
break date.

4.1.2 Application to Koop and Potter (2004b)

Referring to equation (7), having shown how to evaluate p(K;|y, K¢, 6) with
a Poisson prior on duration, we can use Gerlach et al. (2000) to compute
p(yt"|K,0) in one step if the model is conditionally Gaussian.!® To illus-
trate, consider a simplified version of the benchmark model in Koop and Potter
(2004b):

Yo = /3;,,% + omut
B = By 1)
In(om) = In(lom_1)+n7
var(e) = 1, var(nf) = Qg, var(ny) = we,

where d,;, — 1 ~ Po()) and other priors can be omitted for our purposes. Koop
and Potter draw all parameters conditional on the regimes and then the regimes
conditional on the parameter sub-set 8 = (81, ..., B, 01, -y O, A). If we frame
the problem as one of drawing break dates rather than regimes, then, conditional

I Non-Gaussian change-point models include Chib (1998) and Koop and Potter (2004a).
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on 6 and on the break dates, the model can be written as (1)-(2) with all system
matrices known, by setting

gt = 6mzt7 ht = 07 ’Yt =0Om-

This completes the description of how to draw K in O(n) operations using the
sampler of Gerlach et al. (2000).

5 Adaptive Metropolis-Hastings sampling for dis-
crete latent variable models

5.1 Discussion

This section describes a new adaptive sampler that speeds up the drawing of
K. Since this is, to the best of our knowledge, the first application of adaptive
sampling for discrete latent variables in a time series context, the main ideas
are discussed in some detail. Because the discussion is in terms of drawing
K in a conditionally Gaussian model, the methods developed in this section
are applicable to mixture innovation models as well as regime switching and
multiple change-point models with unobserved states and to the change-point
model with unknown number of breaks of Koop and Potter (2004b). Moreover,
they are ideally suited to detect outliers in both time series and cross sectional
data.

The key idea of adaptive sampling is to use previous draws to form efficient
proposal distributions for the application of the Metropolis-Hastings method.
Precursors to full adaptive sampling limited this learning process to a subset of
the burn-in period. This guarantees that the chain is Markov, and hence that
the standard convergence properties of Metropolis-Hastings are unaffected by
the initial learning period. A fully adaptive sampler, however, does not limit
the learning to the burn-in period. Because the proposal distribution is no
longer constant, but rather depends on the history of the draws, the resulting
chain is not Markov, so the usual proof of ergodicity of the Metropolis-Hastings
algorithm no longer applies. Establishing the properties of an adaptive MH
sampler is a rather complex problem. Recent progress has been made by Gilks,
Roberts and Sahu (1998), Haario, Saksamn and Tamminen (2001), Atchadé and
Rosenthal (2003), and Nott and Kohn (forthcoming).

In particular, Nott and Kohn (forthcoming) establish conditions for the va-
lidity of an adaptive sampling scheme for discrete distributions. However, their
argument is also valid for a compact space and so can be applied by suitably
truncating the priors on the unknown parameters and states without affecting
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practical performance. Adaptation needs to be implemented with care to en-
sure ergodicity. Loosely speaking, the main requirements are that we use the
entire history of draws rather than a moving window and that we constrain
the proposal distribution so that no event in the sample space of K has zero
probability.

The traditional use of partially (limited to the burn-in) adaptive schemes is
to gain some knowledge of a non-standard distribution. Adaptive algorithms
can of course be used to increase sampling efficiency in this case. However,
the intuition of Nott and Kohn (forthcoming), which we extend to our time-
series framework, is that an adaptive Metropolis-Hastings algorithm can increase
sampling efficiency even when direct sampling from the distribution of interest
is possible. The key idea is to use information coming from the history of the
draws to cheaply draw from an approximation rather than expensively draw
from the exact distribution. The approximation is then used as the proposal
distribution in a Metropolis-Hastings step.

The general problem of detecting regimes and interventions in time series
models is ideally suited to incorporate these ideas, because (i) the distribu-
tion of (K:|Y, K,¢) is expensive to compute, particularly when the number of
interventions is random (ii) in most periods, most of the probability mass is
concentrated in a small sub-set of the sample space of K;. For example, during
the running of the chain, for many observations it soon becomes clear whether
a break in that period is likely or unlikely, or if the observation belongs to, say,
regime one or two. Sizable computational gains are therefore possible by incor-
porating this information into a proposal distribution for a Metropolis-Hastings
algorithm, rather than drawing K; from the exact but computationally expen-
sive distribution.

5.2 Sampling algorithm

We now present our adaptive Metropolis-Hastings (MH) sampling algorithm to
draw K efficiently. The algorithm is first stated and then discussed.

1. For m = 1,...,d, generate K™ (the m-th draw of K) using the algorithm
of Gerlach et al. (2000). After drawing each K™ update all the model
parameters.

2. For m =d+1,...,M (where M is the total number of iterations), carry
out (a)-(c) for t = 1,...,n, and then (d).

(a) Using past draws KW . K(m=2) compute the percentage of K; =
Kifori=1,...,J, where J is the number of values that K; can take.
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Call each percentage p; ;.

(b) Define aijy = max(min(pi,1—90),0), fori=1,...,J, where 6 > 0 (e.g.
0.01 or 0.02). Then normalize «;; so that Z,L.le aij; = 1. Draw P €
{1,...,J} from a multinomial density with parameters {1, ..., @y}
Given P, form KT .

(c) Let C be the current indicator of K, that is, K¢ = Kt(mfl). We
accept Kt(m) = KT with probability min(1,p), where

p= p(Kt = Kp|y7 Ks;ét) %
p(Kt = Kc|y7 Ks;ét) apt’

and p(K; = KP|y, Ks) can be computed efficiently using the method
of Gerlach et al. (2000), and (crucially) no computation is required
whenever K = K¢

(d) Update all model parameters.

We note that adaptation is carried out only on the latent variables K; and
not on the other parameters and variables in the model.

The learning mechanism outlined in step 2.a has two characteristics that
ensure ergodicity: (i) an expanding (rather than fixed) window of draws (ii) a
proposal distribution built with information up to m-2 only (K (m=1) ig available
but not used). The percentages mentioned in step 2.a may be updated at each
iteration or only infrequently (we update them every 50 iterations). In step 2.b,
a strictly positive constant ¢ ensures that we can draw with positive probability
even those interventions that have not been drawn before (thus ensuring that
the sampling scheme does not become reducible). Crucially, for a large propor-
tion of the observations the multinomial density (a4, ..., s¢) typically assigns
most of the probability mass to one or a few outcomes. For example, for most
observations the probability of an outlier is either close to zero or to one. The
probability of a break at t is rarely close to one, but is often very small. The
proposal distribution built in 2.b is used in 2.c in a Metropolis-Hastings step.

5.3 Assessing efficiency gains

The efficiency gains of our adaptive MH sampler are likely to be larger when
interventions are relatively rare (as for breaks) and/or relatively clear-cut (as
for outliers and, in some cases, regime-switching), since then the large majority
of proposals is of the type K¥ = K¢, and hence no calculation is required in
step 2.c. Computational gains are also likely to increase when J is large. To say
more, we need to specify a model, a data-set and a prior, as the efficiency of our
adaptive MH sampler can only be evaluated numerically.
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Since the number of objects of interest (including K) is high, we summarize
sample draws through the distributions of selected parameters and of the states
at ¢ = 1. Denoting by 0" the m-th draw of parameter i, we compare Algorithm
1 in Gerlach et al. (2000) with our adaptive MH sampler by (i) confirming that
they lead to the same posterior inference, summarized by 0; = (fo:l 07" /M
and 7;° = [Z%:I(ag” —0;)?]/M, and (ii) comparing their relative efficiency. Par
(ii) is done as follows: An estimate of the variance of 0; is

~2 R .
var(0;) = %[1 +22(1 - ﬁ)ﬁz(ﬂ)]:

where 5;(j) = éorr(67",67"~7) and the truncation point R is such that p;(j) ~ 0
for j > R. Assuming that M is sufficiently large, ;> is the same for both
samplers. The term in square parenthesis is the inefficiency factor (IF). An
independent sampler has unit inefficiency factor. We can couple the inefficiency
factor with the running time of the two sampling schemes to obtain a measure of
the relative efficiency of the adaptive scheme. The number of iterations needed
for the adaptive scheme to have the same var(8;) as the non-adaptive scheme is
given by the ratio of the inefficiency factors. We can then multiply this number
by the ratio of computing time (CT) to obtain a measure of the relative efficiency

of the adaptive Metropolis-Hastings sampler:

CT non-adaptive IF non-adaptive
CT adaptive IF adaptive

Relative efficiency =

6 Efficiency gains in models of U.S. real interest
rate and inflation

This section computes relative efficiencies in two applications to U.S. real inter-
est rate and inflation. The models are meant to illustrate the mixture innovation
approach to structural breaks and to evaluate the efficiency of the adaptive sam-
pler rather than to provide a thorough empirical analysis of the two series.

In both cases 20000 iterations are used, with a burn-in of 100.'> The first
100 iterations are always performed with Algorithm 1 in Gerlach et al. (2000).
After 100 iterations we either continue to use the same algorithm or switch to
the adaptive Metropolis-Hastings sampler, with § = 0.01.

12The burn-in may seem low, but in our experience convergence to the stationary distribu-
tion occurs very quickly in this type of model using Algorithm 1 in Gerlach et al. (2000).
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6.1 Mean shifts in the U.S. real interest rate

U.S. real interest rates have attracted considerable attention in the multiple
change-point literature because they seem to display several sharp shifts in
mean, at least in a univariate context (Bai and Perron, 1998). The data are
quarterly from 1952Q1 to 2004Q4'®. We consider an AR(1) model with fixed
autoregressive coefficient and fixed residual variance, time variation modeled
directly in the mean of the process rather than in the intercept, and additive
outliers

Y = Y+ oKy (11)
Yr = et Ui — pe1) F Oce
P = My F oIy

p(Kt) = p(Ki|Ksx),

where K; = (K, +, K, +). Additive outliers are modelled by letting K, ; € {0, g, }
and breaks in mean by letting K, ; € {0,9,,,9u, }, where (gu, g, gu,) are ran-
dom. In total, K; can take the four values (for given g,,gu,,9u,), shown in
Table 1.

The priors for (g2, gﬁl, gﬁ2) are inverse gamma

giz ~ IG(S“’I%),

where i € {v, uq, o}, n; = 5 and /S, /1, = 2.5, \/Sul/”ul =1, \/S/LQ/an =
3. These priors are not very tight, but they do not try to be diffuse either. As

shown in McCulloch (2000), being uninformative or nearly uninformative on the
size of breaks ends up placing most prior probability on extremely large breaks,
with the result that no break is ever found. Conversely, diffuse priors on the
frequency of breaks place considerable probability on very frequent breaks, and
therefore carry a large risk of over-fitting.

Letting 7; be the prior probability that K; = K*, the prior distribution for
(w1, 72,73, m4) is Dirichelet

p(71’1,7T2,7T3,7T4) ~ D(noﬁy{, ...,’Il()?TZ),

where ng can be interpreted as the number of prior observations (the tightness

13The nominal interest rate is the yield on three months government bonds, secondary
market. Inflation is CPI inflation for urban consumers, all items, seasonally adjusted. Both
series are from the database FRED II (http://research.stlouisfed.org/fred2), aggregated from
monthly data.
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of the prior), and (7%, ...,75) as their relative frequencies (the prior mean).'*

To emphasize the strength of the evidence of mean shifts, we impose a tight
prior of extremely infrequent breaks: ny = 1000, and the prior probabilities
of K,, = g,, and K, = g,o are both just 0.1%, implying an average regime
duration of 125 years. In spite of such tight priors, posterior distributions show
rather clear evidence of four mean shifts, corresponding closely with common
historical interpretations of the data: low real interest rates during the inflation
of the 70s, then a sudden increase with the Volcker deflation, and after a few
years a return to lower values. Once mean shifts are taken into account, the
real interest rate displays little persistence: Table 1 and Figure 1 show that the
posterior mean of the autoregressive coefficient p is only 0.35.

Table 3 shows that the relative efficiencies of the MH sampler for p,, p and o,
are 3.13, 3.64, and 3.47 respectively. That is, on average, the adaptive sampling
scheme reaches a given Monte Carlo standard error in about 29% of the time
required by Algorithm 1 in Gerlach et al. (2000). The adaptive scheme is a
bit less efficient per iteration, but the efficiency loss is compensated for by the

increase in speed.

6.2 Changing mean, dynamics and volatility in U.S. infla-
tion

Several studies (see, for example, Nelson and Piger, 2002) have suggested the
presence of structural breaks in the mean of U.S. inflation.'> Moreover, there
is some statistical evidence and some economic theory to support the non-
constancy of inflation persistence over long time periods (Akerlof et al. (2000),
Christiano and Fitzgerald, 2003). However, other researchers have found little
variation in either the intercept or autoregressive coefficients of AR models for
U.S. inflation, but strong evidence of changes in residual variance (for example,
Primiceri (forthcoming), and Koop and Potter, 2004b).

We model quarterly U.S. CPI'S inflation for the period 1951Q1-2004Q4 as
an AR(1) process with random breaks in intercept, autoregressive parameter,
and residual variance as:

M The posterior distribution of g&gﬁl,gﬁ’ given o is inverse gamma. See Giordani et al.
(2005) for details.

15This statement implictly assumes a linear reference model. Sargent (1999) is an example
of a non-linear model in which shifts in the mean and dynamics of inflation arise endogenously,
a reminder that the presence or absence of structural breaks can only be evaluated in relation
to a model.

16 Consumer Price Index for all urban consumers (all items), from the database Fred II,
series ID: CPTAUCSL, seasonally adjusted. CPI aggregated from monthly data (averages)

and inflation defined as 400( CCPIZIil —1).
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Yo = Ct+by1 + 0K er (12)

¢ = -1+ Kepuf
by = b1+ Kb,ﬂé’
log(o?) = log(o7 )+ Ky ivr
p(K) = p(Kpt, Ko) = p(Km)p(Kop) = p(Ke| Kozt),

where Ky, = (Ke, Ket, Kpy). The latent variable K., can take the values
(1,2.5), where 1 is a standard observation and 2.5 an innovation outlier; K., can
take the values (0,0.2,1) and K, can take the values (0,0.5). For ease of inter-
pretation, we assume that a break and an outlier cannot occur simultaneously,
but we do allow breaks in ¢; and b; to occur both separately and jointly. This
last feature seems new to the literature. As discussed in Section 2.4, extending
change-point models to relax the assumption that all parameters break at the
same time is straightforward in principle, but problematic in practice, whereas
in our case the increased computational burden is small. In total, the vector
K, . can take seven values (refer to Table 2). K, ; can take the values (0, 1.39);
oy = 04— for K,y = 0, while K,,; = 1.39 and v; = 1 (—1) imply o,/04—1 =~ 2
(0¢/01—1 ~ 0.5).

The prior probabilities of interventions are fixed and reflect the assumption
that breaks in any parameter are rare (the combined probability of a break in
¢t and/or by is 1%, so the prior mean interval between breaks is 25 years; the
probability of a break in variance is also 1%). Priors on all the other parameters
are conditionally conjugate but diffuse, and centered on OLS values.

The results are summarized in Figure 2. The rise in inflation in the late
sixties and seventies is captured by an increase in both coefficients, whereas
the falling inflation of the eighties leaves the constant nearly unaffected but
corresponds to a large and sudden decrease in persistence. Inflation persistence
is a positive function of the inflation level, as observed by Akerlof et al. (2000).
The conditional standard deviation shows marked changes during the sample,
which are also strongly correlated with the inflation level.!”

Table 3 shows that the relative efficiencies of the MH sampler for ¢, b1, and
o1 are 1.94, 2.82, and 2.94 respectively.

17This finding is hardly surprising. There is conclusive evidence that inflation is less fore-
castable at higher levels (see Giordani and Séderlind (2003) for a recent discussion).
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7 Conclusion

Koop and Potter (2004a and 2004b) convincingly illustrate the advantages of
allowing for a random number of breaks in change-point models. Our article
argues that a mixture innovation approach is often a more natural and general
way of achieving the same goal, and that fast and reliable estimation of con-
ditionally Gaussian mixture innovation models is possible using the algorithm
of Gerlach et al. (2000). The sampler of Chib (1998) is efficient when the
number of break-points is known, but can otherwise involve dramatically higher
computational costs.

Our article also introduces to the time series literature the concept of adap-
tive Metropolis-Hastings sampling for discrete latent variable problems. A sim-
ple adaptive scheme produces large efficiency gains (arising from reduced com-
puting times) in two empirical applications to models with outliers and shifts in
both conditional mean and conditional variance parameters. When considering
the generality and simplicity of the sampler and the small additional program-
ming costs required, these efficiency gains suggest that adaptive Metropolis-
Hastings for discrete latent variable models should prove a fruitful concept in
time series.
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A Carter and Kohn (1994) and Gerlach, Carter
and Kohn (2000) when system matrices de-
pend on lagged observations.

A.1 Gerlach, Carter and Kohn (2000).

We extend the proof in Gerlach, Carter and Kohn (2000), henceforth GCK, to
show that their algorithm to draw the indicators {Kj,..., K,} in O(n) oper-
ations can still be applied if the system matrices are functions of lags of the
dependent variable. We also write all formulas assuming that y; is a vector,
rather than a scalar as in GCK.

For any variable z;, let 25° = {2z,...,2:}, and z = {21,...,2,}. Consider
the state-space model

Y = gt + hyzy + Gouy (13)
= fi + Frxe1 + Ty (14)

where the system matrices g, h¢, Gy, fi, Fy, Ty are determined by y%*~!, K, and
by a vector of unknown parameters, and where K; is a random vector such that
P(K¢|Ks¢) is known up to some parameters. (To simplify notation, dependence
on parameters is omitted from all expressions.)!® Equations (13) and (14) imply
the following:

p(yt|y0’t717$1’t7K) :p(yt|y0’t717xt7Kt) (15)
p(zey® 2t K) = pa|y™t T e, Ky) (16)

The proof in GCK consists of four lemmas, which we now consider in turn, mod-

ifying each expression as required to allow the system matrices to also depend

0,t—1

on y , rather than on K; and parameters alone.

Lemma 1. Let 7,1 = var(ys1|og, K9, 4%, Then the following hold:

E(yra|y” ze, KV = gopr + By (fear + Frpaay) (17)
rey1 = hy Tl e + G Gy (18)

and
Bz |y""™ 2, K) = a1 + Avr2e + By (19)
var(ves1|yO 2, K) = CiaCy 4 (20)

I8GCK allow correlation between the errors of the transition and observation equations,
whereas (13)-(14) do not. The proof extends straightforwardly to the case of correlated errors.
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where

ary1 = (I = Bryahiyq) fror — Bevagen (21)

A1 = = Bijahi 1) Fipa (22)

Bty = Ft+1]-—‘2+1ht+17”t_+11 (23)

Cor1Ciiy = Lo (I = Ty yhepar i Do)y (24)

The expression on the right hand side of (24) can be factored as Cy41C; 41 Where
the matrix C;1 is either null or has full column rank. Then we can write

i1 = Q1 + A1 + Brpiyerr + Cer1 2041,

where 2441 ~ N(0,I), independent of z; and y;+; (conditional on K).
Proof.

P |yt 2, K) = /p(yt+1|$t+1>yo’taK)p(Z‘t+1|$t7yo’t,K)dxtJrl
= /p(yt+1|$t+1,yo’t7Kt+1)p($t+1|$t,y0’t,Kt+1)d$t+1-

Integration over z;y; gives (17)-(18) since both densities in the integral are
Gaussian. We also have

p($t+1 Iyo’t“, Ty, K) o8 P(yt+1 Iyo’t7 Tt41, Tt K)p($t+1 |y0’ta Ty, K)-

Simple algebra shows that this density is Gaussian in ;41 and depends only on
K1 with mean and variance given by (19) and (20). =

Lemma 2. Fort = 1,...,n — 1, the density p(y'*1"|z;, K,y*?) is inde-
pendent of K* and can be expressed as

1
p(y" Ty 2y, K) o exp{— (@i, — 2z1)},

where €; and p, are computed recursively starting from
Q’I’L = 07 /’Ln = 07
and moving backward

Q= AL (1 — U1 Crpt DL O Q1) A + FY i buar b Frga
(25)
e = Ap (I = Q1 Cria DY CL ) (e — Qega(ars + Beayir)) (26)

+ Fl thepar (gen — Gepr — By Fian)
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where
Dy = C£+1Qt+1ct+1 + 1.

Proof. The proof is by induction as in GCK. It is easy to check that the result
is true for t = n — 1. Suppose it is also true for ¢ = j 4+ 2. Then,

Py’ Ty, %K) = p(y? T, " K)p(yjan e, y™, K).

From (13) and (14)

|71/2

p(yjaalz, 9" K) o [ri exp(—0.5wy 177 Wit1),

where
Wep1 = Yer1 — Gerr — My (fear + Frpr)

and the first term on the right-hand-side is given by
p(yj+2,n |$ja Z/O’jH; K) = /p(yj+27n|xj+17 yO,jJrl’ K)p(l’j.{-l |xj7 yO,jJrl’ K)d$j+1 .

The first density in the integral depends only on K7+!" and the second density
depends only on K. Hence the rest of the proof follows GCK. =

Lemma 3. Letm; = E(x:y"!, K), V; = var(x|y®t, K) and Ry = var(y:|y*' 1, K).
The Kalman filter for the state-space model (13) and (14) is given by

Ry = W,F,V;_1F/hy + BT Dby + GG, (27)
my = (I — Juhy)(fy + Fomy—1) + LR (g — g¢) (28)
Vi, = FiV, 1 F/ + T\, — J;R; ' J} (29)
where
Jt = Ft‘/tlet/ht + Ftriht
The conditional density p(y|y%f~!, Kt) is given by
p(yely™ ™t K o [Re| T exp(—0.50, Ry Muy), (30)

where
ve =Y — g — hife — hiFymy_y.

We can write V; = T;T}, where the matrix 73 has full column rank (if V; # 0)
or is null (if V; = 0). Then, conditional on K,

xy = my + T,

where &, ~ N(0,1) and independent of y%.
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Proof. By assumption, p(z|y™' ", K) = p(2|y** =1, K1) and p(y[y*' 1, K) =
p(yely® 1, K*). Then,

p(mt‘yovt K) — p(yt|xt7y07t_1aKt)p(xt‘yo’t_l’Klvt)
) p(ytlyovt‘l,Klvt)

so that
p($t|y0’tv K) = p(xt|y0’t7 Kl’t)?

which is a normal distribution with mean m; and variance V; as given by (28)
and (29). In addition,

Pz |y™, K) = /P(xtﬂ\xtayo’t,Kt+1)P($t\y0’t,K1’t)dmt
so that p(z;41]y™", K) = p(yaly™', KM'F). Finally,

pyely™~ K) = /p(ytlwt,yo’t‘l,Kt)p(xtlyo’t‘vil’t)dxt
only depends on K and is computed as in Lemma 1. m

Lemma 4.

p(yt—&-l,n|y1,t’K) _ /p(yt+1’”|y0’t,quHl’”)p(fthl’t)dft

1
o |T{ QT 1/ eXp{—§(mQtht — 2ppmy — Gy (T{UT, + 1)1 ¢,)},
(31)

where

Proof. Using Lemmas 2 and 3,

—2log{p(y" 1" s,y ! KT )p(&, K1)} =
2 Qs — 2wy + E1€, =
(me + T Qu(my + To6,) — 24, (my + ToE,) + €16,

Equation (31) is obtained by completing the squares and integrating out &,. ®
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A.2 Carter and Kohn (1994) when system matrices and
transition probabilities depend on lagged obverva-
tions.

We extend the proof in in Carter and Kohn (1994) to show that their algorithms
to draw the states {z1,...,z,} conditional on the indicators {Kjy,..., K,} (and
viceversa) in one block can still be applied if latent values of the dependent
variables affect one or both of (i) the system matrices (ii) the probability dis-
tribution of the indicators. To draw the indicators in one block conditional on
the states we need to assume that K; is Markov conditional on 3%*~! that is
PG KV, y0t=1) = p(K | Ky, yOt ).

Consider the state-space model given in (13) and (14), where the system ma-
trices gy, hy, ft, Gy, Fy, Ty are determined by y%'~1, K; and a vector of unknown
parameters, and where K; is a random vector such that p(K;|y®t=1, K ) is
known up to some parameters.

Lemma 5: Generating the state vector. The following holds:

n

p(zly) = p(zaly, K) [ p(2ely® weia, Ko),

t=1
where all densities are Gaussian. We can then generate x,, from a Gaussian with

t+1,n
)

mean and variance given by the Kalman filter. To generate x; given x we

observe that z;|y%!, K1t and x,y|y®t, K+ are jointly normal

xt+1|y0’t, Kb+ ~ N fee1 + Frpimy Ft+1WF{+1 + Ft+1F;+1 FiaVy
$t|y0’t’ Kttt me ’ VtFt/Jrl Vi ’

(where m; and V; are defined in Lemma 3). Hence we can draw x; from
p(xe|@ipr, y®t, KM which is normal with known moments.

Proof. Assume that p(z1|yo, o, K1) is Gaussian. Then p(z;.q|y®tKb1HL) is
also Gaussian, since

p($t+1\y1’t» Kl’tH) = [ p(@iy1|ze, yl’t7 Kt+1)p(9€t|y1’ta Kl’t+1)dxt

p(Tey1|we, y't, Kt+1)P(3«"t|y1’ta Kl’t)dxt

—

because

plaey™t, K1) o p(Kyyr [ K yb)p(a |yt K1)
= p(K1| Ky, yl’t)P($t|y1’t7 Kl’t) x P($t|y1’ta Kl’t)-
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Moreover, since

1641 1,641 1t prlt+1
KT KT

p(ze1ly X p(Yrs1|Tig1, vy Kip)p(@ega |y

9

the Kalman filter equations for x; given in Lemma 3 hold. It is also easy to
show that
p(oey™”, a0 KV = plaglag g, y™f K.

Lemma 5 follows straightforwardly. m

Lemma 6: Generating the indicator variables. Assume that K; is

Markov conditional on 3%*t~1

p(Kt|yO’t717 :Cl’t717 Kl’til) = p(Kt‘Kt—lv yo’til)'

Then we have

n

p(Kly) = p(Knly, z) HP(Kt‘yl’t,KtH,mt)

t=1

Therefore we can generate K as in Carter and Kohn (1994), where the filtering
equations work on p(K¢|z¢, ybt) rather than on p(Ky|wy, yy).
Proof. Suppose that we have evaluated p(K;|y®!,z1). Then,

0,t+1 1,t+1)
)

P(Kiq1ly T 0<p(yt+1|$t+17y0’t,Kt+1)p($t+1|$t7yl’t,Kt+1)p(Kt+1|Z/0’tv$1’t)

P(Kipa ™2t = p(Kpaa | Kp, y®")p(Kely®t ).
K

We also have

p(Kt|Kt+l,n, xl,ny y(),n) = p(Kt|Kt+17 xl,t+17 y07t+1)

X pWegr |z, ¥, Kip1)p(@es o, v, Kip)p(Ky™t ot Kigr)
oc p(K|y*t ot Kipr).

Therefore we can generate K; from

P(Kt|Kt+1’nv ahn yO,n) x p(Kip1| Ky, yo’t)p(Kt|y0’tv »Tl’t)-
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Kl K2 K3 K4
K’U,t O g'u O O
K;L,t 0 0 Gul Gu2

prior prob | 0.978 0.020 | 0.001 | 0.001

post. prob | 0.975 0.019 | 0.002 | 0.004

E(ly) | std(-|y)

s 2.48 0.82
iy 1.19 | 053
9u2 3.57 1.52

P 0.35 | 0.08

Table 1: Values of K(t) and probabilities for model of the U.S. real
interest rate. Values of K(t) in columns. First row: value of Kv (additive
outlier). Second row: value of Km (break in mean). Third row: prior probability
of each value of K(t). Fourth row: posterior probability of each value of K(t).
Further rows: mean and std of model parameters.

KU [ K2 | K® | K¥ | K° | K® | K'
Kee | 1 | 25 1 1 1 1 1
Key | O 0 | 02 | 02 1 0 1
Kyt | 0O 0 0 0.2 0 0.2 | 02
prob | 0.97 | 0.02 | 0.002 | 0.002 | 0.002 | 0.002 | 0.002

Table 2: Values of Km(t) and probabilities for AR(1) model of U.S.
inflation. Values of K(t) in columns. First row: value of Ke (innovation
outlier). Second row: value of Kc (break in constant). Third row: value of
Kb (break in autoregressive parameter). Kv(t) can take values 0 and 1.39 with
prior probabilities 0.99 and 0.01, independent of Ke, Kc, Kb.

Inflation | IF IF ratio | RE Real rate | IF IF ratio | RE
c1 3.32 | 1.76 1.94 Uy 1.26 | 1.14 3.13
b1 2.14 | 1.21 2.82 p 1.68 | 0.98 3.64
o1 2.89 | 1.16 2.94 o 1.58 | 1.03 3.47

Table 3: Inefficiency factors. Inefficiency factors of the adaptive MH algo-
rithm, the ratio of the inefficiency factors of the adaptive MH algorithm over
the algorithm of Gerlach et al. (2000), and the relative efficiency for selected
parameters in two models of U.S. inflation and real interest rate.
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Figure 1: AR(1) model with mean shifts for the U.S. real interest rate. (a) real
interest rate and posterior mean of p, (b) posterior density of p (c) posterior
mean of Ky, ; (d) posterior distribution of ji19760; (e) posterior distribution of
1982201 (f) posterior distribution of figp0404-
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Figure 2: AR(1) model of U.S. inflation: (a) posterior mean of ¢; (b) posterior
mean of b; (c¢) inflation and posterior median of ¢;/(1 — b;) (d) posterior mean
of o, (e) posterior distribution of big7gg1 (f) posterior distribution of bagpaga-
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