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ABSTRACT

Mixture transition distribution (MTD) time series models build high-order dependence through a weighted
combination of first-order transition densities for each one of a specified number of lags. We present a
framework to construct stationary MTD models that extend beyond linear, Gaussian dynamics. We study
conditions for first-order strict stationarity which allow for different constructions with either continuous
or discrete families for the first-order transition densities given a prespecified family for the marginal
density, and with general forms for the resulting conditional expectations. Inference and prediction are
developed under the Bayesian framework with particular emphasis on flexible, structured priors for the
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mixture weights. Model properties are investigated both analytically and through synthetic data examples.
Finally, Poisson and Lomax examples are illustrated through real data applications. Supplementary files for

this article are available online.

1. Introduction

Mixture transition distribution (MTD) models describe a time
series {X; : t € N}, where X; € S C R for all t, by specifying
the distribution of X; conditional on the past as follows:

L
Fxlx'™") =Y wi Fi(xlxe-), (1)

I=1

for t > L, based on initial values for (x1,...,x7)". In Equa-
tion (1), F(x; | x'~1) is the conditional cumulative distribution
function (cdf) of X; given that X'~! = x'~1, and Fj(x; | x,—))
is the conditional cdf of X; with respect to the Ith transition

component given that X; ; = x;_;, where X! = {X; : i <
t —1}and ! = {x; : i < t— 1}. The parameters w; >
0, = 1,...,L, assign weights to the transition components,

such that ZIL=1 w; = 1. On a finite state space this model
provides a parsimonious approximation of high-order Markov
chains (Raftery 1985; Raftery and Tavaré 1994; Berchtold 2001).
On a more general space, the model structure can represent
time series that depict non-Gaussian features such as burst,
outliers, and flat stretches (Le, Martin, and Raftery 1996), or
change-points (Raftery 1994). We refer to Berchtold and Raftery
(2002) for a review. An MTD model consists of L first-order
transition components. The mixture autoregressive model of
Wong and Li (2000) is a generalization that allows for each tran-
sition component to depend on a different number of lags; Lau
and So (2008) consider a Bayesian nonparametric prior for the
transition component of such models. There are several related
extensions that consider mixtures of autoregressive conditional
heteroscedastic terms, including Wong and Li (2001b), Berch-
told (2003), Zhu, Li, and Wang (2010), and Li et al. (2017). Other
extensions include multivariate model settings (Hassan and Lii

2006; Fong et al. 2007; Kalliovirta, Meitz, and Saikkonen 2016),
time-varying mixture weights (Wong and Li 2001a; Bartolucci
and Farcomeni 2010; Bolano and Berchtold 2016), nonlinear
transition dynamics (Heiner and Kottas 2021a), and order/lag
selection (Khalili, Chen, and Stephens 2017; Heiner and Kottas
2021b). Applications of these models appear in many fields
such as finance, and the environmental and medical sciences;
see, for example, MacDonald and Zucchini (1997); Lanne and
Saikkonen (2003); Escarela, Mena, and Castillo-Morales (2006);
Cervone et al. (2014).

Stationarity for MTD models, and their extensions, is gen-
erally difficult to attain due to the mixture model structure.
This limits the choices of parametric families for the transition
components for these models. Families considered in the liter-
ature include: Gaussian (Le, Martin, and Raftery 1996; Wong
and Li 2000; Kalliovirta, Meitz, and Saikkonen 2015); Student-
t (Wong, Chan, and Kam 2009; Meitz, Preve, and Saikkonen
2021); Laplace (Nguyen et al. 2016); Weibull (Luo and Qiu
2009); and Poisson (Zhu, Li, and Wang 2010). These models
are typically parameterized in ways that result in conditional
expectations that are linear functions of the lags. This particular
parameterization facilitates the study of stationarity, though
only in a weak sense, at the cost of reducing model flexibility.
Indeed, the conditional expectation of an MTD model has the
general form Zlel wi pi(xe—1), where wi(y) = [xdFi(x|y),
allowing for nonlinear dependence of the mean, conditional on
past observations.

The primary goal of this article is to develop conditions for
first-order strictly stationary MTD models, that is, stationary
models with an invariant marginal distribution. We show that a
sufficient condition is to assume the same marginal distribution
for all the components of the mixture. It turns out that this
marginal distribution is also the invariant marginal distribution
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of the time series. Under this condition, the first-order strict
stationarity is achieved with respect to any particular param-
eterization. We thus obtain a rich class of distribution spec-
ifications for the model, facilitating the study of component
distributions that have not been explored in the literature, and
enhancing the modeler’s ability to extend beyond high-order
linear dependence in the conditional expectation. Although the
focus of our methodology is on strictly stationary models, we
also study weak stationarity conditions for MTD models with
linear conditional expectation.

MTD models are usually built by specifying transition den-
sities fy,v, for each component I = 1,...,L. These corre-
spond to conditional densities for random variable U; given
random variable V. This specification raises a question of exis-
tence of a coherent bivariate density fy, v;,. Our second goal is
to provide a constructive approach to building MTD models
that satisfy our strict stationarity condition under a coherent
bivariate density fy, v,. We present two distinct approaches: the
bivariate distribution method, which is based on specifying the
bivariate distribution of the pair (U, V), = 1,...,L; and the
conditional distribution method, which consists of finding pairs
of compatible conditional distributions fy, v, and fv,y, for all
(U, V).

Our final goal is to develop a Bayesian framework for MTD
model inference and prediction. We assume that the order of
dependence is unknown, but is bounded above by a finite num-
ber L. We use an over-specified model with L chosen con-
servatively, under the expectation that only a few of the lags
contribute to the dynamics of the series. We consider two priors
for the mixture weights, one based on a truncated stick-breaking
process, and the other obtained by discretization of a cdf which
is assigned a nonparametric prior. While the former supports
stochastically decreasing weights, the latter favors important,
but not necessarily consecutive weights.

The rest of the article is organized as follows. In Section 2, we
review the issues related to establishing stationarity conditions
for MTD models. We then introduce the invariant condition
that yields the class of first-order strictly stationary MTD mod-
els, and connect it to weak stationarity. Section 3 illustrates
two methods to construct such models with many examples. In
Section 4, we outline the Bayesian approach for model estima-
tion and prediction, followed in Section 5 by an illustration of
the properties of two structured priors for mixture weights on
synthetic data, and applications of the models on two real data
sets of different nature. Finally, we conclude with a discussion
in Section 6. Proofs and details of Markov chain Monte Carlo
(MCMC) algorithms are provided in the appendix and the
supplementary material.

2. First-Order Strict Stationarity

Consider the conditional density specification of the model in
Equation (1)

L
fCala™ =" wifilxilxip. (2)
=1

Under our modeling framework, each transition component is
taken to correspond to the distribution for a random vector

(Ui, V), for I = 1, ..., L, where f; = fy,v, denotes the associated
conditional density.

Earlier work has studied necessary and sufficient conditions
for constant first and second moments (Le, Martin, and Raftery
1996). In general, such conditions are difficult to establish, espe-
cially for the second moment f S x? gr(x)dx;, where g1(x;) =
Zlel wi . sSitxe | xe—)gr—1(x¢—1)dx;— is the marginal density of
the process {X;}. This restricts the choices of parametric fami-
lies for the component transition densities. In particular, those
choices result in linear conditional expectations. Even when
conditions for time-independent first and second moments can
be obtained, the resulting constrained parameter spaces compli-
cate estimation.

The key result for our methodology is given in the following
proposition, the proof of which can be found in the Appendix.
The result provides the foundation for different constructions
of the first-order strictly stationary MTD models. Rather than
imposing restrictions on the parameter space, the proposition
formulates a substantially easier to implement condition on the
marginals of the bivariate distributions that define the transition
components.

Proposition 1. Consider a set of bivariate random vectors
(U5, V) taking values in S x S, § € R, with conditional
densities fu,v;, fv;ju; and marginal densities fy,, fy,, for [ =
1,...,L,and let w; > 0, for [ = 1,..,L, with Zlel wp = 1.
Consider a time series {X; : t € N}, where X; € S, generated
from

L
fela™) =Y wifuvdxn, t> L, (3)

I=1

and from
t—2 t—2
fOlx'™h = Z wi fuy vy (xelxe—1) + (1 - Z Wk)
I=1 k=1
S \vio (Xelx1), 2 <t <L

This time series is first-order strictly stationary with invariant
marginal density fx if it satisfies the invariant condition: X; ~
fx»>and fx(x) = fy,(x) = fv,(x), for all x € S, and for all L.

The two different expressions for the transition density allow
us to establish the stationarity condition for the entire time
series. The relevant form for inference is the one in Equation
(3), since we work with the likelihood conditional on the first L
time series observations. Proposition 1 applies regardless of X;
being a continuous, discrete or mixed random variable.

Regarding strict stationarity, the literature mostly focuses on
existence of a stationary distribution. Exceptions are Kalliovirta,
Meitz, and Saikkonen (2015) and Meitz, Preve, and Saikkonen
(2021), where a stationary marginal distribution for a mixture
autoregressive model is obtained, albeit again under constrained
parameter spaces, and Mena and Walker (2007) whose approach
is the one most closely related to our proposed methods.

Mena and Walker (2007) used the latent variable method
proposed in Pitt, Chatfield, and Walker (2002) to construct the
conditional density for each transition component of the MTD.
More specifically, fi(x; |x—) = [ hxz(xt| 2)hzix (2| xi—1)dz,



where hx|z(x | 2) o< hz;x(z| x)fx(x), and the integral is replaced
by a sum if Z is a discrete variable. Then, provided X; ~ fx,
the MTD model is first-order strictly stationary with invariant
density fx. Under this construction, the invariant density fx
can be viewed as the prior for likelihood hzx, which is built
through latent variable Z. In practice, this restricts the approach
to continuous time series, and the choices for the invariant
density to cases where fx is conjugate to hzx. Even for such
cases, the transition component will typically have a complex
form. In particular, the example explored in Mena and Walker
(2007) involves a gamma invariant distribution, with hzx cor-
responding to a Poisson distribution. In this case, fj(x; | x;—)
is a countable sum whose evaluation requires modified Bessel
functions of the first kind. Moreover, following Pitt, Chatfield,
and Walker (2002), Mena and Walker (2007) restricted attention
to choices of hz|x that yield linear conditional expectations for
the transition components, and thus also for the MTD models.

The key feature of our approach is that it builds from the
bivariate distributions, fu, v;, corresponding to the transition
components. In the next section, we discuss two approaches
to specifying those bivariate distributions, either directly or via
compatible conditionals, fy;v, and fy;jy;. In conjunction with
Proposition 1, we obtain a general framework to constructing
first-order strictly stationary MTD models that can be applied
to both discrete and continuous time series, while allowing for a
wide variety of invariant marginal distributions, as well as for
both linear and nonlinear lag dependence in the conditional
expectation.

In general, an explicit expression for the autocorrelation
function for general MTD models is difficult to derive. However,
a recursive equation can be obtained for a class of linear MTD
models. We say the MTD model is linear if E(Uj|V] = y) =
ar + byy for some a, by € R, | = 1,...,L. Consider a linear
MTD model that satisfies the invariant condition of Proposition
1, and assume that the first and second moments of the invariant
marginal distribution, denoted by © and n?, exist and are
finite. Then, for any L and h > L, we can derive

EXernXe) = Yoy wiae + Yp wibiEQpnaiXy).  (4)

Assuming that, for any h > 1, E(X;4+,X;) does not depend on
time t, let r(h) be the lag-h autocorrelation function. Then,

L
r(h =¢+y wbrth—0, h=1L, )
I=1

where ¢ = (Xp, wiain — (1 — Y wibpu®)/(n® — )
is zeroif and onlyif 4 = O ora; = (1 — by)w. When by =
p>» p € (0,1)and a; = (1 — p)u, for all I, Equation (5) reduces
tor(h) = p Zlel wir(h—1), h > L, which is the result in Mena
and Walker (2007).

In the case of distinct roots, the general solution to Equa-
tion (5) is

r(h) = Clz{l+...+(;Lzﬁ+¢((1 —z)...(0—z )7, (6)

where ¢j,...,c; are determined by the initial conditions
r(0),...,7(L — 1) and z, . . ., z1, are the roots of the associated
polynomial z& — w1 by zE=! — ... — wy b = 0. It follows that, as
h — oo, r(h) — Oifand onlyif: (1) ¢ = 0; (2) 21, ...,z all lie
inside the unit circle.
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The above discussion provides an approach to obtaining a
weakly stationary MTD model based on Equation (3), and is
summarized in the following proposition the proof of which is
included in the supplementary material.

Proposition 2. The time series defined in Equation (3) is weakly
stationary if: (i) the invariant condition of Proposition 1 is satis-
fied with a stationary marginal for which the first two moments
exist and are finite; (ii) the conditional expectation with respect
to fu, v, is E(U; | Vi = y) = a;+ by y, for some a;, by € R, and for
all ; (iii) Equation (4) is independent of time ¢, and the roots of
the equation 2L —wibiZE — ... — wibp = 0 all lie inside the
unit circle.

Proposition 2 illustrates the construction of a weakly station-
ary MTD model building from the invariant condition of Propo-
sition 1. We focus on the first-order strictly stationary MTD
models. Weak stationarity can be further studied if conditions
(2) and (3) of Proposition 2 are satisfied.

3. Construction of the First-Order Strictly Stationary
MTD Models

Here, we present two methods to develop first-order strictly
stationary MTD models. The bivariate distribution method
constructs the transition density given a specific marginal
distribution. This method may result in analytically intractable
transition densities. The second method, consisting of directly
specifying the transition component conditional densities,
has estimation advantages, although the analytical form of
the marginal density may not be readily available. Thus, the
selection among these methods depends on the modeling
objectives. In fact, there are special cases where both the
transition and marginal densities belong to the same family of
distributions.

3.1. Bivariate Distribution Method

Under this method, we seek bivariate distributions fy,v,
whose marginals fy, and fy, are equal to a given fx, for
I = 1,...,L. Consequently, the Ith transition component
density is fu,v,(u|v) = fu,v,(u,v)/fx(v). In contrast to the
approach in Mena and Walker (2007), which is practical
when the marginal density is a conjugate prior for some
likelihood, the bivariate distribution method is applicable
to essentially any discrete or continuous marginal invariant
density fx. In fact, for most parametric families, there is a rich
literature defining collections of bivariate distributions with
a desired marginal distribution, and allowing for a variety of
dependence structures. The following examples illustrate the
method.

Example 1: Gaussian and continuous mixtures of Gaussians MTD
models. Under marginal fx(x) = N(x| i, 0%), the Gaussian
MTD model can be constructed via the bivariate Gaussian
distribution for (Uj, V;), with mean (u, )" and covariance

matrix £ = o%( pll ), resulting in a Gaussian density for fu,v,.



4 (&) X.ZHENG, A.KOTTAS AND B. SANSO

In particular,

L
fCala'™) =" wiN (x| = p)p + prxr—i, 0> (1 = p})).
=1
(7)

Let (x| u,0,v) (1 +v N ((x—p)/o)? denote
the Student-t density, where u, o and v are respectively location,
scale and tail parameters. To construct as a natural extension
of the Gaussian MTD model a stationary Student-t MTD
model, consider the bivariate Student-t distribution, which
can be defined as a scale mixture of a bivariate Gaussian
with mean (u, ,u)T and covariance matrix gX, with X as
previously defined, mixing on g with respect to an inverse-
gamma, IG(v/2,v/2), distribution. Under marginal fx(x) =
t(x| u,o,v), the Student-t MTD model is given by

)—(v+1)/2

L
fCala™ =" witCal (1 — p)p + pixe—,
I=1

o1 —pHw+d)/w+1),v+1), (8)

where d; = (x;_; — )?/o 2. In both the Gaussian and Student-
t MTD examples, the transition component densities and the
invariant density belong to the same family of distributions.

The Student-t MTD model is an example for building MTD
models through bivariate distributions that admit a location-
scale mixture representation. Taking an exponential distribu-
tion for the scale g yields the bivariate Laplace distribution of
Eltoft, Kim, and Lee (2006), thus producing an MTD model with
an invariant Laplace marginal density. Scaling both the mean p
and the covariance X of the bivariate Gaussian distribution by a
unit rate exponential random variable yields the bivariate asym-
metric Laplace distribution of Kotz, Kozubowski, and Podgorski
(2012), and thus an MTD model with an asymmetric Laplace
distribution as the invariant marginal. We can further elaborate
on this approach using appropriate mixing distributions for
the Gaussian location and scale parameters to obtain skewed-
Gaussian and skewed-t distributions (Azzalini 2013) for the
bivariate component distributions, as well as for the invariant
marginal distribution.

Example 2: Poisson and Poisson mixture MTD models. To
model time series of counts taking countably infinite values,
we can construct an MTD model with a Poisson marginal
by considering the bivariate Poisson distribution of Holgate
(1964) for the transition components. This choice has been
discussed in Berchtold and Raftery (2002), without addressing
the stationarity condition. In particular, we consider the latent
variable representation of Holgate’s bivariate Poisson. Given
a Poisson marginal fx(x) = Pois(x|¢), we take (U, V)) =
(U, V) =(@Q + Z,W + Z), for all I, where Q, W and Z
are independent Poisson random variables with means A, A
and y, respectively. It follows that both U and V are Poisson
random variables with rate parameter ¢ = A + y. Using the
latent variable representation, the Ith component transition
density of the Poisson MTD model can be sampled through
Q¢ ~ Pois(qs |A) and Z; | Xy = x4~ ~ Bin(z |x—1, /),
with X; = Q; + Z; obtained as the realization from the /th
component conditional distribution of X; | X;—; = x;_;. Here,

Bin(x | n, p) denotes the binomial distribution with # trials and
probability of success p.

A common extension of the Poisson to account for counts
that have excess zeros is a mixture of Poisson and a distribution
that degenerates at zero. A random variable X is zero-inflated
Poisson distributed, denoted as ZIP(x | ¢, q), if its distribution
is a mixture of a point mass at zero and a Poisson distribution
with parameter ¢, with respective probabilities 0 < g < 1 and
(1 — ). Given an invariant marginal fx(x) = ZIP(x| ¢, q), we
use the bivariate zero-inflated Poisson distribution of Li et al.
(1999) for (U, V) = (U, V), for all [, given by a mixture of a
point mass at (0,0), two univariate Poisson distributions, and
a bivariate Poisson distribution; that is fy,v(4,v) = qo(0,0) +
0.5q1 (Pois(u | ¢),0) + 0.5q1(0, Pois(v| $)) + q2BP(u, v [ ¢, ¢),
where ij:o gi = 1, qo + 0.51 = g, and BP(:,-|¢, ) denotes
Holgate’s bivariate Poisson distribution. Although the corre-
sponding component density fy|v(ulv) = fuvuv)/fx)
is complex, this example provides possibilities for modeling
stationary zero-inflated count time series.

Exploiting the latent variable representation of Holgate’s
bivariate Poisson, we can obtain extensions of the Poisson MTD
model that allow for more flexible dependence structure and
for overdispersion. Following the earlier notation, replace the
means A and y of the latent Poisson random variables with
at and ay, and mix over o with respect to a Ga(x |k, 7)
distribution, where Ga(x | 4, b) denotes the gamma distribution
with mean a/b. Such mixing yields a bivariate negative binomial
distribution after « is marginalized out (Kocherlakota and
Kocherlakota 2006). The conditional distribution of U given
V= v admits a convolution representation. Let Z; and
Z, be conditionally independent, given V' = v, following a
Bin(z; |v,y/(A+y))andNB (z; |k +v,1 = AL/QRA+ y + 1))
distribution, respectively, where NB(x |7, p) denotes the neg-
ative binomial distribution with r number of successes and
probability of success p. Then, U = Z; + Z; is a realization from
the conditional distribution U | V' = v. Similar to the Poisson
case, we can use this convolution representation to define a
stationary MTD model with a negative binomial marginal
fx(x) =NB x|k n/(h+y +mn).

Example 3: Bernoulli and Binomial MTD models. Assume
again (U, V)) = (U, V), for all [, and consider the bivariate
Bernoulli distribution with probability mass function p(u, v) =

pUrphtmIF A=V 2py) A=) where py > 0,py > 0
and p; +2p, < 1. Then, marginally U and V are both Bernoulli
distributed with probability of success p; + p». The conditional
distribution of U given V = v is also Bernoulli (Dai et al. 2013)
with probability of success p(1,v)/ (p(1,v) + p(0, v)). Using this
bivariate Bernoulli distribution, we define a stationary Bernoulli
MTD model

L
fCala™ =" wiBer falp(L,x1)/ (p(L, x1-1) + p(0, x,-1))) »

=1
)

which has a stationary marginal distribution fx(x) = Ber(x|
p1+ p2).

Sequences of independent bivariate Bernoulli random
vectors can be used as building blocks for various bivarate



distributions. In particular, a family of bivariate binomial
distributions for (U, V) can be constructed by setting U =
St Uand V. = 37, V;, where (U, Vi),i = 1,...,n, are
independent from the bivariate Bernoulli distribution given
above (Kocherlakota and Kocherlakota 2006). The conditional
distribution of U given V' = v can be defined through the
convolution of two conditionally independent, given V' = v,
binomial random variables, one with parameters n — v and
p2/(1 — p1 — p2) and the other with parameters v and
p1/(p1 + p2). Again, this convolution representation can be
used to define a stationary binomial MTD model with marginal
fx(x) = Bin(x | n,p1 + p2).

Examples 2 and 3 illustrate MTD models for finite/infinite-
range discrete-valued time series with high-order dependence,
and with stationary marginal distributions belonging to a range
of families. These can be used, for example, for classification of
time series data, or for time-varying counts that exhibit features
such as overdispersion or excess of zero values when compared
to a traditional Poisson model. It is worth mentioning that some
of our examples induce nonlinear conditional expectations.
For example, the conditional expectation of the Bernoulli
MTD model is Y1 wip(L,x—/(p(Lxi—1) + p0,x;1).
Building MTD models like the ones we have proposed using
the existing methods in the MTD literature is a formidable
task.

3.2. Conditional Distribution Method

The strategy here is to use compatible conditional densities,
fuyv, and fv; u;, to specify the bivariate density of (Uj, V) for the
Ith transition component. Conditional densities fyjv and fy|u
are said to be compatible if there exists a bivariate density with
its conditionals given by fy|v and fy|u; see Arnold et al. (1999)
for general conditions under which candidate families of two
conditionals are compatible.

We begin with the assumption that fy,v, and fv;y, belong
to the same family. This assumption is reasonable, since the
invariant condition of Proposition 1 requires that all marginals
are the same. Once the family of distributions for the condi-
tionals is chosen, we ensure the conditionals are compatible,
as well as that both marginals of the corresponding bivariate
density are given by the target invariant density fy. In some
special cases, the marginal densities are in the same family as the
compatible conditionals. To demonstrate this method, we use a
pair of Lomax conditionals and a pair of gamma conditionals;
both cases are considered in Arnold et al. (1999) to identify
compatibility restrictions for their parameters.

Example 4: Lomax MTD models. The Lomax distribu-
tion is a shifted version of the Pareto Type I distribution
such that it is supported on R*. Denote by P(x|o,a) =

ac (1 +x0‘1)_(a+1) the Lomax density, where « > 0 is
the shape parameter, and ¢ > 0 the scale parameter. The
corresponding tail distribution function is Pr(X > x) = (1 +
xo~1)™®, implying a polynomial tail that supports modeling
for time series with high levels of skewness. We consider a
pair of compatible Lomax densities for (U, V) = (U, V), for
all [, such that fy|v(u|v) =P u| o+ r1v)/(A1 + X2v), @),
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and fyiu(vlu) = P(v| o+ A1)/ (A1 + Aou), ), with the
restriction that Ag,A1,A, > 0ifa = 1, A9 > 0,A1,Ap > 0if
0 <o < 1,and X9, A1 > 0,A2 > 0if @ > 1, to guarantee that
these are proper densities. Lomax MTD models specified using
the conditional distributions above have an invariant marginal
fx(x) o¢ (A1 + Aax) " 1(ho + Apx) "% Taking > land Ay = 0
leads to a special case where both the component transition
density and the marginal density are Lomax. This particular
Lomax MTD model is

L
fCala™) =" wi Pxilg + xp ), (10)

=1

where ¢ = A¢/Ai, and the invariant marginal is fx(x) =
P(x|¢,a —1).

Example 5: Gamma MTD models. We consider a pair of con-
ditional gamma densities for the random vector (U, V) =
(U, V), for all [, such that fyv(u|v) = Ga(u|mg, m; + myv),
and fyju(v|u) = Ga(v|mg, mi + myu), where mg, my, my >
0. This pair of conditionals is one of six choices discussed
in Arnold et al. (1999) in the context of conditional gamma
distributions that produce proper bivariate densities for (U, V).
The resulting transition density is

L
flala™") =" wi Galxilmo, my +max, ), (11)
=1

and the invariant marginal is fx(x) xMo—1

mpx) M0,

Examples 4 and 5 present two stationary MTD models
with, respectively, polynomial and exponential tail behaviors.
They provide alternatives to the existing MTD model literature
for positive-valued time series, where the only model that
has received attention is based on the Weibull distribution.
In addition, the general Lomax MTD model with A, # 0
and the gamma MTD model have nonlinear conditional
expectations.

exp(—mix)(m; +

4. Bayesian Implementation
4.1. Hierarchical Model Formulation

Here, we outline an approach to perform posterior inference
for the general MTD model, using a likelihood that is condi-
tional on the first L observations of the time series realization
{xt}i—;- We introduce a set of latent variables {Z;}}__; | with Z;
taking values in {1,..., L} such that p(z; | w) = ZIL=1 widi(z),
where w = (wi,...,wr)', and 8;(z;) = 1ifz = [ and
0 otherwise. Conditioning on the set of latent variables and
the first L observations, the hierarchical representation of the
model is

ind
xt|zt)0 ~ _th(-xt|xt—Zp02t)> t=1L + la R (N

id (12)
alw~ Y wisiz), t=L+1,...,n,

I=1

ind
w~ (), 0~ m(), 1=1,...,L,
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where 6; denotes the transition component parameters, and 6
collects all ;. Any MCMC algorithm for finite mixture models
is readily adoptable. If the transition density of the model is
sampled via a latent process, such as for Example 2 of Section
3, then an additional step to sample the latent variables needs to
be added in Equation (12).

A key component of the Bayesian model formulation is the
choice of the prior distribution for the mixture weights. As
a point of reference, we consider a uniform Dirichlet prior
that assumes equal contribution from each lag, denoted by
Dir(-|11/L), where 1y is a unit vector of length L. We discuss
next two priors that assume more structure.

The first prior is a truncated version of the stick-breaking
prior, which characterizes the weights for random discrete
distributions generated by the Dirichlet process (Sethuraman
1994). More specifically, the weights are constructed as follows:

wow = allA0 - ), 1 = 2., -1,

and w; = ]_[lL:_II(l — ¢1), where bid Beta(l, ), for
I = 1,...,L — 1. The resulting joint distribution for the
mixture weights is a special case of the generalized Dirichlet
distribution (Connor and Mosimann 1969). We denote the
truncated stick-breaking prior as SB(- | as). For = 1,...,L — 1,
E(w) = af(1 — o)1, where o = (1 + a,)~!. Hence, on
average, this prior implies geometrically decreasing weights,
with smaller o, values favoring stronger contributions from
recent lags. In certain applications, it may be natural to expect
some directionality in the relevance of the weights implied by
time, and this prior provides one option to incorporate into the
model such a property.

An alternative prior is obtained by assuming that the weights
are increments of a cdf G with support on [0, 1]; that is, w; =
G(I/L)y — G((I = 1)/L), for I = 1,...,L. We place a Dirich-
let process prior on G, denoted as DP(wg, Gg), where Gy =
Beta(ag, bp) and o9 > 0 is the precision parameter. From
the Dirichlet process definition (Ferguson 1973), given o and
Go, the vector of mixture weights follows a Dirichlet distribu-
tion with shape parameter vector og(ay, - . ., ar) ", where a; =
Go(l/L) — Go((I — 1)/L), for I = 1,...,L. We refer to this
prior as the cdf-based prior, and denote it as CDP(- | o, ag, bo).
Under this prior, we have that E(w) = (a1, ..., ar) . The non-
parametric prior for G supports general distributional shapes,
and thus allows for flexibility in the estimation of the mixture
weights. In particular, multimodal distributions G can pro-
duce sparse weight vectors, with some/several entries near zero.
Hence, this prior may be suitable for scenarios where there are
inactive lags between influential lags and the influential lags
are not necessarily the most recent lags. Heiner, Kottas, and
Munch (2019) proposed a different prior for sparse probabil-
ity vectors, which generally requires a larger number of prior
hyperparameters.

Overall, the properties of both structured priors support
flexible inference for the mixture weights, enabling our strategy
to specify a large value of L, assigning a priori small probabilities
to distant lags. The contribution of each lag will be induced by
the mixing, with important lags being assigned large weights a
posteriori.

wp =

4.2. Estimation, Model Checking and Prediction
The posterior distribution of the model parameters, based on
the conditional likelihood, is

L

pOw,0, {2}y 1Dy o 7, (w) [ [ 1(60)
=1

n L
1_[ {ﬁt (xt|xt—Zt’ 0Zt) Z WI(SI(Z[) >

t=L+1 I=1

(13)

where D, = {x}j_; |, and it can be explored using MCMC
posterior simulation.

Conditional on # and w, the posterior full conditional of
each Z; is a discrete distribution on {1, ..., L} with probabilities
proportional to wyf;(x; | x;—;, #7). Conditional on the latent vari-
ables and w, the sampling for each 6; depends on the particular
choice of the transition component distributions. Details for the
models implemented are given in the supplementary material.
The sampling for w, conditional on {z:};_; | and @, depends
onlyon M; = |{t : zz = I}|, for ] = 1,..,L, where |{-}|
is the cardinality of the set {-}. Both priors for the mixture
weights result in ready updates. The posterior full conditional
of w under the truncated stick-breaking prior can be sampled
through latent variables ¢;*, which are conditionally indepen-
dent Beta(1 + Mj, o5 + Z];=1+1 M,),forl=1,...,L —1,such
that wi = ¢, w = ¢ I—[l;ll(l —¢f),forl =2,...,L—1,
and w;, = le_ll(l — ¢). Under the cdf-based prior, the
posterior full conditional of w is Dirichlet with parameter vector
(ooay + My, ... apar + Mp) .

We assess the model’s validity using randomized quantile
residuals (Dunn and Smyth 1996; Escarela, Mena, and Castillo-
Morales 2006). Such residuals are calculated by inverting the
fitted conditional cdf for the time series. Posterior samples of
these quantile sets can then be compared with the standard
Gaussian distribution, providing a measure of goodness-of-
fit with uncertainty quantification. Specifically, the random-
ized quantile residual for continuous x; is defined as r; =
¢! (F (x¢ |x’_1)) where ®(-) is the cdf of the standard Gaus-
sian distribution. If x; is discrete, 7, = ® (1), where u; is
generated from a uniform distribution on the interval (a;, by)
with a; = F(x; — 1| x""1) and by = F(x; | x'~1). If F is correctly
specified, theresiduals 74, t = L+1, ..., n, willbe independently
and identically distributed as a standard Gaussian distribution.

Finally, we consider prediction for future observations. The
posterior predictive density of X,,41, corresponding to the first
out-of-sample observation, is obtained by marginalizing the
transition density with respect to the posterior distribution of
model parameters:

L
PCin1|Dy) = f f {szﬁ<xn+1|xn+1_l,oz)
=1

p(@,w|Dy,) d0dw. (14)

Exploiting the structure of the conditional distributions of the
MTD model, we can sample from the k-step-ahead posterior
predictive density using a straightforward extension of Equa-
tion (14). Note that the k-step-ahead posterior predictive uncer-



tainty incorporates both the uncertainty from the parameter
estimation, and the uncertainty from the predictions of the
previous (k — 1) out-of-sample observations.

5. Dataillustrations
5.1. Simulation Example

We generated 2000 observations from the Gaussian MTD
model specified in Equation (7) with u = 10,02 = 100,
under two scenarios for the mixture weights, one with
exponentially decreasing weights and the other one with an
uneven arrangement of the relevant lags. In Scenario 1, we took
p = (0.7,0.3,0.1,0.05,0.05) T and w; o exp(—i),i =1,...,5.
In Scenario 2, we took p = (0.4,0.1,0.7,0.1,0.5)" and w =
(0.2,0.05,0.45,0.05,0.25) T . We consider these two scenarios to
examine the effectiveness of structured priors for the mixture
weights.

We applied the Gaussian MTD model with three different
orders L = 5,15,25. In each case, we considered three priors
for the weights: the Dirichlet prior, the truncated stick-breaking
prior, and the cdf-based prior. The shape parameter of the
Dirichlet prior was 11/L for each L. The precision parameter
;s for the truncated stick-breaking prior was taken to be 1,2, 3,
corresponding to the three L values. For the cdf-based prior,
we chose g = 5 as the precision parameter, and used as base
distribution a beta with shape parameter a9 = 1, and by =
3,6,7, respectively, for the three orders considered. Thus, this
prior elicited a decreasing pattern similar to the truncated stick-
breaking prior. For all models, the mean p and the variance
o2 received conjugate priors N(u |0,100) and IG(c?]2,0.1),
respectively, and the component-specific correlation coefficient
p1 was assigned a uniform prior Unif(—1, 1) independently for
all 1.

We ran the Gibbs sampler for 165,000 iterations, discarding
the first 5000 samples as burn-in, and collected samples every
20 iterations. Focusing on inference results for the mixture
weights, when the order was correctly specified, that is, L = 5,
all three models provided good estimates. Figure 1 provides
a visual inspection on the posterior estimates for the mixture
weights when L = 15 (the weight patterns estimated from the
three models were similar when L = 25). In Scenario 1, all
models underestimated the weight for lag 2. Models with the
proposed priors produced accurate estimates for the rest of the
lags, while the model that used the Dirichlet prior systematically
overestimated the weight for the first lag, and underestimated
all other weights. In Scenario 2, all models underestimated the
weight for the first lag. For the other nonzero weights, the model
with the Dirichlet prior tended to underestimate the weights for
lags 2, 4 and overestimated the weight for lag 5, while the other
two models estimated the weights quite well. In both scenarios,
the proposed priors had a parsimonious behavior in that, given
the data, distant lags were assigned almost zero probability mass
with low posterior uncertainty. Overall, we note that, under
an over-specified order L, the proposed priors offer inferential
advantages when compared to the Dirichlet prior.

We conducted an additional simulation to demonstrate the
ability of the negative binomial MTD model to accommodate
over-dispersed count data, including comparison with the Pois-
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son MTD model. Details of this simulation example are pre-
sented in the supplementary material.

5.2. Chicago Crime Data

The first real data example involves the 1090 daily reported inci-
dents of domestic-related theft that have occurred in Chicago
from 2015 to 2017, extracted online from the Chicago Data
Portal (https://data.cityofchicago.org/). The data exhibits some
flat stretches, without evidence of overdispersion. The empirical
mean and variance are 6.05 and 6.39.

We applied the Poisson MTD model discussed in Example 2
of Section 3, with order L = 20, selected based on the autocorre-
lation and partial autocorrelation functions. We reparameterize
the model in terms of rate parameter A, and binomial probability
0 = y/¢ for Z;| X;_;. This allows updates for A and 6 with
posterior full conditionals available in closed form. The prior
for (,0) was taken to be Ga(A |2, 1)Beta(6 | 2,2), implying a
Ga(4, 1) prior for ¢. Two priors, SB(w | 2) and CDP(w |5, 1, 8),
were considered for the mixture weights. Both models were
fitted to the entire dataset. After fitting the model, we obtained
the one-step posterior predictive distribution at each time ¢ and
the corresponding posterior predictive intervals.

We obtained a thinned sample retaining every 10th iteration,
from a total of 85000 samples with the first 5000 as burn-in. The
posterior mean and 95% interval for ¢ are 6.04 (5.79,6.30) and
6.05 (5.82,6.29) for models with SB(w|2) and CDP(w | 5,1, 8)
priors. This indicates an average of around six incidents of
domestic-related theft per day. Multiple influential lags, with
gaps in between, are suggested by the results in Figures 2(b)
and 2(c). Both models agree on the pattern for the weights, as
well as on lags 1, 4, 6 being the most relevant ones. Compared to
the truncated stick-breaking prior, the cdf-based prior suggests
a weight pattern that decreases slightly faster, and it assigns
relatively larger weights to important lags, albeit with higher
uncertainty. Figure 2(a) shows that both models produce similar
one-step predictive intervals.

5.3. Tunkhannock Creek Precipitation Data

Our second example involves 22 years of rainfall data from
January 1982 to December 2003. The data consist of 1149 mean
areal precipitation amounts ranging from 0.01 to 128.87 mil-
limeters, aggregated to a weekly time scale from the daily data
for the Tunkhannock Creek near Tunkhannock, Pennsylvania.
The data were extracted through R package hddtools (Vitolo
2017).

We consider a multiplicative model y; = €, where py is
a seasonal factor and ¢; is generated by a Lomax MTD model
specified in Equation (10), with polynomial tails that can accom-
modate large precipitation events. More specifically, the model
is given by

Vi = WUt€s, Ut = exp(xtTﬂ), t=1,...,n,

L
el w0 ~ > wiPlerld + e ),
I=1

(15)

t=L+1,...,n,
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Figure 1. Simulation study. Inference results for the weights under Scenarios 1 (top) and 2 (bottom), based on the Gaussian MTD model (L = 15) with the Dirichlet (column
(a)), the truncated stick-breaking (column (b)), and the cdf-based (column (c)) priors. Dashed lines are true weights, dot-dashed lines are prior means, solid lines are posterior

means, and polygons are 95% posterior credible intervals.
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Figure 2. Chicago crime data analysis. In panel (a), the circles denote the data, and solid and dashed lines correspond to the model with the SB and CDP priors, respectively.
Panels (b) and (c): prior means (dashed line), posterior means (solid line) and 95% credible intervals (polygon) of the weights under the SB and CDP priors, respectively.
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Figure 4. Precipitation data analysis. Randomized quantile residual analysis for the fitted model with the SB(w | 1) prior. In panel (a), the circles and dashed lines correspond
to the posterior mean and 95% interval bands, respectively. In panel (b), the solid and dashed line are the standard Gaussian density and the kernel density estimate of the
posterior means of the residuals, respectively. Panel (c) is based on the posterior means of the residuals.

with x; (cos(wt), sin(wt), cos(2wt), sin(2wt), cos(3wt),
sin(Bwt)) ", and @ = 27/T where T = 52 is the period for
weekly data. On the basis of the autocorrelation and partial
autocorrelation functions, we chose model order L = 10. The
regression coefficients vector § = (Bi,..., Be) | was assigned
a flat prior. The shape parameter o was assigned a Ga(x | 6,1)
prior, and the scale parameter ¢ an IG(¢ | 3,20) prior. Note
that the invariant marginal of the process {¢;} is P(¢ | ¢, — 1)
and its tail distribution function is (1 + €/¢)~ @D A small
value of & indicates a heavy tail, while a large value of o ensures

the existence of finite high moments. Under the priors above,
E(a) = 6, implying the expectation that the first four moments
are finite with respect to both the component and marginal
distributions of the Lomax MTD for {¢;}. We fit the model with
SB(w| 1) and CDP(w |5, 1, 6.5) priors for the weights.

We ran the algorithm for 85,000 iterations and collected
samples every 10 iterations after the first 5000 was discarded.
The inference results were almost the same for the two mod-
els. Here we report the ones under the SB(w| 1) prior. The
posterior mean and 95% credible interval of the shape param-
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eter o are 14.80(10.30,20.91), indicating a moderately heavy
tail. The corresponding estimates for the scale parameter ¢
are 254.33 (166.36,370.04), indicating substantial dispersion.
Among the harmonic component coefficients, the first and the
fourth have 95% posterior credible intervals that indicate sta-
tistical significance; the estimates are —0.14 (—0.23, —0.05) for
B1, and —0.13 (—0.22, —0.03) for B4, implying the presence of
semiannual and annual seasonality in the data. Figures 3(a)
and 3(b) shows that both models suggest a decreasing weight
pattern, with the first three lags being the most influential. As
shown in Figure 3(c), the sample paths generated from the
models resemble the observed precipitation time series.

Randomized quantile residual analysis results were similar
for both models; in Figure 4, we present the ones under the
SB(w | 1) prior. The figure shows posterior mean and interval
estimates for the Gaussian quantile-quantile plot, and the his-
togram and autocorrelation function for the posterior means
of the residuals. The results suggest reasonably good model fit,
providing an illustration of the flexibility of the proposed MTD
model to capture non-Gaussian tails.

6. Discussion

We have developed a broad class of stationary MTD mod-
els focusing on attaining stationarity from the perspective of
a distributional formulation. The advantage of our proposed
approach over more traditional methods is that no constraints
on the parameter space are needed. This facilitates inference for
model parameters, as the need for constrained optimization or
sampling is avoided. We further proposed structured priors to
support flexible inference on the weights, which accommodate
nonstandard scenarios that a model with a Dirichlet prior may
fail to capture.

The proposed constructive framework brings several options
for alternative parametric families that were formidable to tackle
for the MTD model and its extensions, when stationarity is a
desirable property. A limitation of our approach is that, if the
stationary marginal distribution shares all the parameters with
the bivariate component distribution, the resulting transition
component lacks component-varying parameters. One solution
is to specify the bivariate distribution using a copula (Joe 2014),
which we regard as a special case of the bivariate distribu-
tion method. Given a prespecified marginal, the construction
boils down to the selection of a copula. The copula function,
which brings additional component parameters, allows speci-
tying dependence in the bivariate distribution, separately from
modeling the marginal distribution. On the other hand, some
properties of the resulting model, including the conditional
expectation, may be intractable, and the computational cost may
increase, especially in the discrete case.

The class of models proposed in this article can be easily
extended for nonstationary time series that exhibit trends and
seasonality, by incorporating corresponding factors into the
model, either multiplicatively or additively. This is illustrated in
our second real data example. A similar approach can be applied
to incorporate covariates. Therefore, this class of models is quite
general, and is useful as an alternative to the existing time series
models, especially when traditional models fail to capture non-
Gaussian features suggested by the data.
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Appendix
Proof of Proposition 1

Proof. Without loss of generality, we consider the case where X; has
a continuous distribution for all t. Moreover, for the argument that
follows to apply to any ¢t > 2, we express the transition density as
- t .
fxelxt by = ZIL=1 wfoZ|Vl(xt|xt,l), for t > 2, where t{; = min{t —
1,L}. Whent > L, w;" = wp, forl = 1,..,L, whereas for2 < t < L,
w;‘ = wp, forl = 1,..,t, — 1, and w}kL =1- Z;{L:_ll wy. With this
notational convention, we have Z;Lz Wi =1
Using the proposition assumptions,

gz(X2)=/Sf(lexl)fx(xl)dm =/:gfulwl(lexl)fvl(xl)dxl

= fu, (x2) = fx(x2)
and thus the result is valid for t+ = 2. To prove the proposition by
induction, assume the result holds true for generic t — 1, that is,
gy (xy) = fx(xy), for all xy € S, and for all ¥ < t — 1. Denote by
p(x1,...,x¢—1) and p(x¢—¢;,...,xt—1) the joint density for random
vector (X1,...,X¢—1) and (X¢—¢;,...,X¢—1), respectively. Then, the
marginal density for X; can be derived as follows:

8t(xt) =/Stflf(mx‘*l)p(xl,...,xt_ndxl...dxf_l

159
= ZWT/ Sugvi Geelxe—p pOee—tg5 - o Xe—1)
=1 St

dx,_tL e dxt_l
L
=) v /S Juylvy Ceelxe—p) ge—1(x—1) dxp—j
I=1

L
=) v /s Jugvy Geelxe—p) fvy (ee—p) dx—y
=1

= fx(xt),
where for the second-to-last equation we used g;_; = fx, for I =
1,..., tr, obtained from the induction argument, as well as the propo-
sition assumption, fy = fy;, for all L. Finally, the last equation is based
on the proposition assumption that fy, = fx, for all L O
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