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Abstract

Non-Gaussian state-space models arise in several applications, and within this framework the binary time series setting
provides a relevant example. However, unlike for Gaussian state-space models — where filtering, predictive and smoothing
distributions are available in closed form — binary state-space models require approximations or sequential Monte Carlo
strategies for inference and prediction. This is due to the apparent absence of conjugacy between the Gaussian states and
the likelihood induced by the observation equation for the binary data. In this article we prove that the filtering, predictive
and smoothing distributions in dynamic probit models with Gaussian state variables are, in fact, available and belong to a
class of unified skew-normals (SUN) whose parameters can be updated recursively in time via analytical expressions. Also the
key functionals of these distributions are, in principle, available, but their calculation requires the evaluation of multivariate
Gaussian cumulative distribution functions. Leveraging SUN properties, we address this issue via novel Monte Carlo methods
based on independent samples from the smoothing distribution, that can easily be adapted to the filtering and predictive case,
thus improving state-of-the-art approximate and sequential Monte Carlo inference in small-to-moderate dimensional studies.
Novel sequential Monte Carlo procedures that exploit the SUN properties are also developed to deal with online inference in
high dimensions. Performance gains over competitors are outlined in a financial application.
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1 Introduction to provide closed-form expressions for the filtering, predic-
tive and smoothing distributions in the general multivariate
Despite the availability of several alternative approaches for ~ dynamic probit model
dynamic inference and prediction of binary time series (Mac-
Donald and Zucchini 1997), state-space models are a source
of constant interest due to their flexibility in accommodat-
ing a variety of representations and dependence structures

via an interpretable formulation (West and Harrison 2006;

p(y: 1 0,) =D, (BF,0,;B,V,B;), (1
0, =G0,_1+e, & ~N,0O,W)), r=1...,n, ()

Petris et al. 2009; Durbin and Koopman 2012). Let y, =
1ty -+ Yyme)T € {0; 1} be a vector of binary event data
observed at time ¢, and denote with ; = (01, ...,0,)T €
R? the corresponding vector of state variables. Adapting the
notation in, e.g., Petris et al. (2009) to our setting, we aim
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with 89 ~ N, (ag, Po), and dependence structure as defined
by the directed acyclic graph displayed in Fig. 1. In (1),
®,,(B;F,0,; B, V,B,) is the cumulative distribution func-
tion of a N,,(0, B,V;B,) evaluated at B,F,0,, with B, =
diag(2y1; —1, ..., 2y, — 1) denoting the m x m sign matrix
associated with y;, which defines the multivariate probit like-
lihood in (1).

Model (1)—(2) generalizes univariate dynamic probit mod-
els to multivariate settings, as we will clarify in Eqgs. (3)-(5).
The quantities ¥y, V,, G;, W;, ap and Py denote, instead,
known matrices controlling the location, scale and depen-
dence structure in the state-space model (1)—(2). Estimation
and inference for these matrices is, itself, a relevant prob-
lem which can be addressed both from a frequentist and a
Bayesian perspective. Yet our focus is on providing exact

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11222-021-10022-w&domain=pdf
http://orcid.org/0000-0002-9734-0583
http://orcid.org/0000-0003-4619-9302
http://orcid.org/0000-0002-8595-6719

47 Page 2 of 20

Statistics and Computing (2021) 31:47

Fig.1 Graphical representation .
of model (1)—(2). The dashed e

€2 €¢ En—1 En

circles, solid circles and grey . o N o
squares denote Gaussian errors, 1 l 1 l 1
Gaussian states and observed
binary data, respectively

yi y2 Yt s Yn—1 Yn
Fig.2 Graphical representation . } . .
of model (3)-(5). Dashed N ... Doe G .. DEn—1 i i En
circles, solid circles, white s E ~ o ~
squares and grey squares denote l l 1 l l
Gaussian errors, Gaussian
states, latent Gaussian data and
observed binary data, . A
respectively

Z1 Z2 Zt o Zn—1 Zn

il Y2 Yt s Yn-—1 Yn

results for inference on state variables and prediction of future
binary events under (1)—(2). Hence, consistent with the clas-
sical Kalman filter (Kalman 1960), we rely on known system
matrices F;, V;, G;, W, ag and Pj. Nonetheless, results on
marginal likelihoods, which can be used in parameter esti-
mation, are provided in Sect. 3.2.

Model (1)—(2) provides a general representation encom-
passing a variety of formulations. For example, setting V, =
L,, in (1) for each ¢ yields a set of standard dynamic probit
regressions, which include the classical univariate dynamic
probit model when m = 1. These representations have
appeared in several applications, especially within the econo-
metrics literature, due to a direct connection between (1)—(2)
and dynamic discrete choice models (Keane and Wolpin
2009). This is due to the fact that representation (1)—(2) can be
alternatively obtained via the dichotomization of an underly-
ing state-space model for the m-variate Gaussian time series
Zr = (21t - -5 )T € R™t =1, ..., n,whichis regarded,
in econometric applications, as a set of time-varying utilities.
Indeed, adapting classical results from static probit regres-
sion (Albert and Chib 1993; Chib and Greenberg 1998),
model (1)—(2) is equivalent to

Yi =ity oo Yme)T = 1(z; > 0)

3
=[1(zir > 0), ..., L(zm > O)]T, @

t=1,...,n,

@ Springer

with z1, ..., z, evolving in time according to the Gaussian
state-space model

P 10;) = ¢z, —Fi015 V), 4
0, =G0,_1+e, & ~N,0O,W)), r=1...,n, ©)

having 09 ~ Nj(ag, Pp) and a dependence structure as
defined by the directed acyclic graph displayed in Fig. 2.
In (4), ¢ (z; — F;0,; V) denotes the density function of
the Gaussian N,, (F,0;, V;) evaluated at z; € R™. To clar-
ify the connection between (1)—(2) and (3)—(5), note that if
Z; denotes a generic Gaussian random variable with den-
sity (4), then it holds p(y; | 0;) = pr(B;z; > 0) =
pr[—B;(z,—F,0,) < B,F.0;] = &,,(B,F.:0,;B,V;B,), given
that —B,(z, — F;0;) ~ N,,,(0,B,V;B,) under (4).

As is clear from model (4)—(5), if z1; = (2],...,2])T
were observed, then dynamic inference on the states 6,
for t = 1,...,n, would be possible via direct applica-
tion of the Kalman filter (Kalman 1960). Indeed, exploiting
Gaussian-Gaussian conjugacy and the conditional indepen-
dence properties that are represented in Fig. 2, the filtering
p@; | z1;) and predictive p(@, | z;,—1) densities are
also Gaussian and have parameters which can be computed
recursively via simple expressions relying on the previous
updates. Moreover, the smoothing density p(01., | z1.,) and
its marginals p(@; | zi.;), t < n, can also be obtained in
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closed form leveraging Gaussian-Gaussian conjugacy. How-
ever, in (3)—~(5) only a dichotomized version y; of z; is
available. Therefore, the filtering, predictive and smooth-
ing densities of interest are p(8; | yi14), p(@; | Yi:1—1)
and p(01., | y1.n), respectively. Recalling model (1)-(2) and
Bayes’ rule, the calculation of these quantities proceeds by
updating the Gaussian distribution for the states in (2) with
the probitlikelihood in (1), thereby providing conditional dis-
tributions which do not have an obvious closed form (Albert
and Chib 1993; Chib and Greenberg 1998).

When the focus is on online inference for filtering and
prediction, one solution to the above issues is to rely on
approximations of model (1)—(2) which allow the imple-
mentation of standard Kalman filter updates, thus leading
to approximate dynamic inference on the states via extended
(Uhlmann 1992) or unscented (Julier and Uhlmann 1997)
Kalman filters, among others. However, these approxima-
tions may lead to unreliable inference in various settings
(Andrieu and Doucet 2002). Markov chain Monte Carlo
(MCMC) strategies (e.g., Carlin et al. 1992; Shephard 1994;
Soyer and Sung 2013) address this problem but, unlike the
Kalman filter, these methods are only suitable for batch learn-
ing of smoothing distributions, and tend to face mixing or
scalability issues in binary settings (Johndrow et al. 2019).

Sequential Monte Carlo methods (e.g., Doucet et al. 2001)
partially solve MCMC issues, and are specifically developed
for online inference via particle-based representations of the
states’ conditional distributions, which are then propagated
in time for dynamic filtering and prediction (Gordon et al.
1993; Kitagawa 1996; Liu and Chen 1998; Pitt and Shephard
1999; Doucet et al. 2000; Andrieu and Doucet 2002). These
strategies provide state-of-the-art solutions in non-Gaussian
state-space models, and can be also adapted to perform
batch learning of the smoothing distribution; see Doucet and
Johansen (2009) for a discussion on particles’ degeneracy
issues that may arise in such a setting. Nonetheless, sequen-
tial Monte Carlo is clearly still sub-optimal compared to the
case in which p(0; | y1.1), p(0; | y1.1—1) and p(01: | Y1:)
are available in closed form and belong to a tractable class
of known densities whose parameters can be sequentially
updated via analytical expressions.

In Sect. 3, we prove that, for the dynamic multivariate pro-
bit model in (1)—(2), the quantities p(0; | ¥1.1), p(0; | Y1:1—1)
and p(01., | y1.n) are unified skew-normal (SUN) densities
(Arellano-Valle and Azzalini 2006) having tractable expres-
sions for the recursive computation of the corresponding
parameters. To the best of our knowledge, such a result pro-
vides the first closed-form filter and smoother for binary
time series, and facilitates improvements both in online and
batch inference. As we will highlight in Sect. 2, the SUN
distribution has several closure properties (Arellano-Valle
and Azzalini 2006; Azzalini and Capitanio 2014) in addition
to explicit formulas — involving the cumulative distribu-

tion function of multivariate Gaussians — for the moments
(Azzalini and Bacchieri 2010; Gupta et al. 2013) and the
normalizing constant (Arellano-Valle and Azzalini 2006). In
Sect. 3, we exploit these properties to derive closed-form
expressions for functionals of p(0; | yi4), p(@; | Y1:1—1)
and p(@1., | Y1:n), including, in particular, the observations’
predictive density p(y; | ¥1:+—1) and the marginal likelihood
p(Y1:n)- In Sect. 4.1, we also derive an exact Monte Carlo
scheme to compute generic functionals of the smoothing dis-
tribution. This routine relies on a generative representation
of the SUN via linear combinations of multivariate Gaussians
and truncated normals (Arellano-Valle and Azzalini 2006),
and can be also applied effectively to evaluate the function-
als of filtering and predictive densities in small-to-moderate
dimensions where m is of the order of few hundreds, a com-
mon situation in routine applications.

As clarified in Sect. 4.2, the above strategies face compu-
tational bottlenecks in higher dimensions (Botev 2017), due
to challenges in computing cumulative distribution functions
of multivariate Gaussians, and in sampling from multivari-
ate truncated normals. In these contexts, we develop new
sequential Monte Carlo methods that exploit SUN properties.
In particular, we first prove in Sect. 4.2.1 that an optimal
particle filter, in the sense of Doucet et al. (2000), can be
derived analytically, thus covering a gap in the literature.
This strategy is further improved in Sect. 4.2.2 via a class
of partially collapsed sequential Monte Carlo methods that
recursively update via lookahead strategies (Lin et al. 2013)
the multivariate truncated normal component in the SUN gen-
erative additive representation, while keeping the Gaussian
part exact. As outlined in an illustrative financial application
in Sect. 5, this class improves approximation accuracy rela-
tive to competing methods, and includes, as a special case, the
Rao-Blackwellized particle filter proposed by Andrieu and
Doucet (2002). Concluding remarks can be found in Sect. 6.

2 The unified skew-normal distribution

Before deriving filtering, predictive and smoothing distri-
butions under model (1)—(2), let us first briefly review the
SUN family. Arellano-Valle and Azzalini (2006) proposed
this broad class to unify different extensions (e.g., Arnold
and Beaver 2000; Arnold et al. 2002; Gupta et al. 2004;
Gonzdlez-Farfas et al. 2004) of the original multivariate
skew-normal (Azzalini and Dalla Valle 1996), whose density
is obtained as the product between a multivariate Gaussian
density and the cumulative distribution function of a standard
normal evaluated at a value which depends on a skewness-
inducing vector of parameters. Motivated by the success of
this formulation and of its generalizations (Azzalini and Cap-
itanio 1999), Arellano-Valle and Azzalini (2006) developed a
unifying representation, namely the SUN distribution. A ran-

@ Springer



47 Page 4 of 20

Statistics and Computing (2021) 31:47

dom vector @ € R? has unified skew-normal distribution,
0 ~ suN, (&, 2, A, y, I'), if its density function p(f) can
be expressed as

Ouly + ATR 0 (0 — £):T—ATR2 ' A
0—& R ,
0 =8 @ Pi(y: 1)

6)

where the covariance matrix §2 within the Gaussian den-
sity ¢4 (0 — &; £2) can be decomposed as 2 = 02w, that
is by re-scaling the ¢ x g correlation matrix £ via the
positive diagonal scale matrix @ = (22 © I,)!/2, with ©
denoting the element-wise Hadamard product. In (6), the
skewness-inducing mechanism is driven by the cumulative
distribution function of the N, (0, — AT2 ~!A) com-
puted at y + AT w10 —&), whereas @, (y; I') denotes
the normalizing constant obtained by evaluating the cumula-
tive distribution function of a N, (0, I') at y. Arellano-Valle
and Azzalini (2006) added a further identifiability condi-
tion which restricts the matrix £2*, with blocks SZE‘“] =T,
‘Q)[k22] = 2 and SZ’[EI] = SZETZ] = A, to be a full-rank corre-
lation matrix. Note that in (6) the quantities g and & define the
dimensions of the Gaussian density and cumulative distribu-
tion function, respectively. As clarified by our closed-form
SUN results in Sect. 3, g defines the dimension of the states’
vector, and coincides with p in the SUN filtering and predic-
tive distributions, while itis equal to pn in the SUN smoothing
distribution. On the other hand, 4 increases linearly with time
in all the distributions of interest.

To clarify the role of the parameters in (6), we first dis-
cuss a stochastic representation of the SUN. Let z € R”
and @ € RY characterize two random vectors jointly dis-
tributed as the Nj4, (0, £2%), then (§ + wb | Z+y >
0) ~ SUN, (&, 82, A, y, I') (Arellano-Valle and Azzalini
2006). Hence, & and @ control location and scale, respec-
tively, while I, 2 and A define the dependence within
7 e Rh, 6 € RY and between these two vectors, respec-
tively. Finally, y controls the truncation in the partially
observed Gaussian vector Z € R". The above result pro-
vides also relevant insights on our closed-form filter for the
dynamic probit model (1)—(2), which will be further clar-
ified in Sect. 3. Indeed, according to (3)—(5), the filtering,
predictive and smoothing densities induced by model (1)-
(2) can be also defined as p(0; | y11) = pl0; | 1(z1.; > 0)],
pO; 1 y1i—1) = plo; | 1(z11—1 > 0)] and p(01., | y1:0) =
pll1n | L(z1:n > 0)], respectively, with (z;, #;) from the
Gaussian state-space model (4)—(5) for t = 1, ..., n, thus
highlighting the direct connection between these densities
and the stochastic representation of the SUN.

An additional generative additive representation of the
SUN relies on linear combinations of Gaussian and trun-
cated normal random variables, thereby facilitating sampling

@ Springer

from the SUN. In particular, recalling Azzalini and Capitanio
(2014, Sect. 7.1.2) and Arellano-Valle and Azzalini (2006),
if@ ~ SuN, (&, 2, A,y,I'), then

0Lt wU+Ar-'Up, Uy LU, )

with Up ~ N, (0,22 — AT "' AT) and U; from a N;,(0,T)
truncated below —yp. As clarified in Sect. 4, this result
can facilitate efficient Monte Carlo inference on complex
functionals of SUN filtering, predictive and smoothing dis-
tributions under model (1)—(2), leveraging independent and
identically distributed samples from such variables. Indeed,
although key moments can be explicitly derived via the differ-
entiation of the SUN moment generating function (Gupta et al.
2013; Arellano-Valle and Azzalini 2006), such a strategy
requires tedious calculations when the focus is on com-
plex functionals. Moreover, recalling Azzalini and Bacchieri
(2010) and Gupta et al. (2013), the first and second order
moments further require the evaluation of A-variate Gaus-
sian cumulative distribution functions @ (-), thus affecting
computational tractability in large h settings (e.g., Botev
2017). In these situations, Monte Carlo integration provides
an effective solution, especially when independent samples
can be generated efficiently. Therefore, we mostly focus
on improved Monte Carlo inference under model (1)-(2)
exploiting the SUN properties, and refer to Azzalini and
Bacchieri (2010) and Gupta et al. (2013) for a closed-form
expression of the expectation, variance and cumulative dis-
tribution function of SUN variables.

Before concluding this general overview, we emphasize
that SUN variables are also closed under marginalization, lin-
ear combinations and conditioning (Azzalini and Capitanio
2014). These properties facilitate the derivation of the SUN
filtering, predictive and smoothing distributions under model

(H-2).

3 Filtering, prediction and smoothing

In Sects. 3.1 and 3.2, we prove that all the distributions
of direct interest admit a closed-form SUN representation.
Specifically, in Sect. 3.1 we show that closed-form filters —
meant here as exact updating schemes for predictive and fil-
tering distributions based on simple recursive expressions for
the associated parameters — can be obtained under model
(1)—(2). Similarly, in Sect. 3.2 we derive the form of the SUN
smoothing distribution and present important consequences.
The associated computational methods are then discussed in
Sect. 4.
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3.1 Filtering and predictive distributions

To obtain the exact form of the filtering and predictive dis-
tributions under (1)—(2), let us start from p(@1 | y;). This
first quantity characterizes the initial step of the filter recur-
sion, and its derivation within Lemma 1 provides the key
intuitions to obtain the state predictive p(@; | yi.,—1) and
filtering p(@; | y1./) densities, for any + > 2. Lemma 1 states
that p(@ | y1) is a SUN density. In the following, consistent
with the notation of Sect. 2, whenever §2 is a g x g covari-
ance matrix, the associated matrices @ and 2 are defined
asw = (£0 Iq)l/2 and 2 = 0 'Qe7!, respectively.
All the proofs can be found in Appendix A, and leverage
conjugacy properties of the SUN in probit models. The first
result on this property has been derived by Durante (2019) for
static univariate Bayesian probit regression. Here, we take
a substantially different perspective by focusing on online
inference in both multivariate and time-varying probit mod-
els that require novel and non-straightforward extensions.
As seen in Soyer and Sung (2013) and Chib and Greenberg
(1998), the increased complexity of this endeavor typically
motivates a separate treatment relative to the static univariate
case.

Lemma 1 Under the dynamic probit model in (1)-(2), the
first-step filtering distribution is

@1 1y1) ~ SUNp m (1, a1 A, vagrs T, (3)
with parameters defined by the recursive equations

£ =Giag, 211 =GPoG] + Wy,
Ay = 5_?1|1w1|1F1TBle1, Yin= Sl_lBlF1§1|1,
ry= Slel(F191|1Ff +V1)Blsf1,

where s; = [(F1211F] + V1) © L,1'/%

Hence p(@; | y1) is a SUN density with parameters that can
be obtained via tractable arithmetic expressions applied to
the quantities defining model (1)—(2). Exploiting the results
in Lemma 1, the general filter updates for the multivariate
dynamic probit model can be obtained by induction for t > 2
and are presented in Theorem 1.

Theorem 1 Letting (6:—11y1:1—1) ~ SUNp m—1)(&_1—1>
L 1p—1, Ar—1—1, Yi—iji—1> I';_1,—1) be the filtering dis-
tribution at time t — 1 under model (1)—(2). Then, the
one-step-ahead state predictive distribution at t is

@ | yre—1) )
~ SUNp m(e—1) Err—1> Reji—1, Arje—1, Y e—1> Leje—1)s

with parameters defined by the recursive equations

Et|;_1 = GtEt—Ht—la SZ,|,,1 = G;SZ,,”I,]G;’ + W,

—1

A1 = @1

Giwi—1j1—1Ai—1]1—1,

Yiie1 =Yi—1ji—t>  Tee—1=Tr—1e-1.

Moreover, the filtering distribution at time t is

O 1y1:) ~ SUNp,mz(§;|p L, Ans, Vi r,,, (10)

with parameters defined by the recursive equations

§t|t = gt\t—la Qt|t = Qt\t—l,

At|t = [At\t—ls S_ZIIZthF;rBtS;l]s
-1

}’t|t = [y;r“_]v §;r|tF;rBtst ]Ta

and Ty is a full-rank correlation matrix having blocks
rt\t[ll] = Ft\t—l: Ftlt[22] = st_lBl(F,.Q”,F;r—}—V,)B,st_l
and T 1) = FzT|z[12] = s, 'B/F,0,;Arj_1, where s; is
defined as s; = [(F; 2,,F] +V;) ©L,]'/%.

As shown in Theorem 1, online prediction and filtering
in the multivariate dynamic probit model (1)—(2) proceeds
by iterating between Egs. (9) and (10) as new observations
stream in with time 7. Both steps are based on closed-form
distributions and rely on analytical expressions for recursive
updating of the corresponding parameters as a function of
the previous ones, thus providing an analog of the classical
Kalman filter.

We also provide a closed-form expression for the pre-
dictive density of the multivariate binary response data y;.
Indeed, the prediction of y; € {0; 1}"* given the data y;.,—1,
is a primary goal in applications of dynamic probit mod-
els. In our setting, this task requires the derivation of the
predictive density p(y; | y1.,—1) which coincides, under (1)—
(2), with f®m(BIFt0t; B;V/:B)p®; | y14—1)d0;, where
p(0; | y1:1—1) is the state predictive density from (9). Corol-
lary 1 shows that p(y; | y1.,—1) has an explicit form.

Corollary 1 Under model (1)—(2), the observation predictive
density p(y; | yi.1—1) is

(pmt()’m; Iye)
(pm(t—l)(yt|z_1; Ft|t—l)’

Py I Yiu—1) = (11)

Joreverytimet, with parameters y ;, I'tjt, ¥,y and T'jr—1,
defined as in Theorem 1.

Hence, the evaluation of probabilities of future events is
possible via explicit calculations after marginalizing out ana-
lytically the states with respect to their predictive density. As
is clear from (11), this requires the calculation of Gaussian
cumulative distribution functions whose dimension increases

@ Springer
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with ¢ and m. Efficient evaluation of such integrals is possi-
ble for small-to-moderate ¢ and m via recent methods (Botev
2017), but this solution is impractical for large ¢ and m, as
seen in Table 1. In Sect. 4, we develop novel Monte Carlo
strategies to address this issue and enhance scalability. This is
done by exploiting Theorem 1 to improve current solutions.

3.2 Smoothing distribution

We now consider smoothing distributions. In this case, the
focus is on the distribution of the entire states’ sequence 1.,
or a subset of it, given all data y;.,. Theorem 2 shows that
also the smoothing density p(01., | y1.,) belongs to the SUN
family. Direct consequences of this result, involving marginal
smoothing and marginal likelihoods are reported in Corollar-
ies 2 and 3.

Before stating the result, let us first introduce the two
block-diagonal matrices, D and A, with dimensions (mn) x
(pn) and (mn) x (mn) respectively, and diagonal blocks
D[”] = BSFS € R™*P and A[”] = BSVSBS € Rmxm,
for every time point s = 1,...,n. Moreover, let £ and 2
denote the mean and covariance matrix of the multivariate
Gaussian distribution for 6., induced by the state equations.
Under (2), € is a pn x 1 column vector obtained by stacking
the p-dimensional blocks &) = E(f;) = Gjap € R? for
every s = 1,...,n, with G| = Gy - - - Gy. Similarly, letting
G] = G;---Gy, also the (pn) x (pn) covariance matrix
£2 has a block structure with (p x p)-dimensional blocks
(551 = var(f;) = GiPoGsT—i—Zf » GIW,_ 1GS +W, for
s=1,...,n,and £y, ISZUY =cov(by,0;) = G] _Lun,
fors > [.

I+1

Theorem 2 Under model (1)—(2), the joint smoothing distri-
bution is

O1:n 1 y1:0) (12)
~ SUan,mn(El:npw -Ql:n\nv Al:l’lll’l1 YLnno Fl:n\n)a

with parameters defined as

=§, Ql:nln =9, Al:n|n = QwDTS_l,
sT'DE, [y =s'(DRDT + A)s™!,

gl:n\n

Yinn =
where s = [(DRDT 4+ A) © L, ]'/2.

Since the SUN is closed under marginalization and linear
combinations, it follows from Theorem 2 that the smoothing
distribution for any combination of states is still a SUN. In
particular, direct application of the results in Azzalini and
Capitanio (2014, Sect. 7.1.2) yields the marginal smoothing
distribution for any state @, reported in Corollary 2.

@ Springer

Corollary 2 Under the model in (1)—(2), the marginal smooth-
ing distribution at any time t < n is

(ot | y1:n) ~ SUNp,ml’l(Sﬂna ﬂtlna At\n» }’[‘nv Ftln)a (13)
with parameters defined as

§t\n = E[z]’
Yiin = Yinn

2in = L),
Ft\n = Fl:n\n’

Ain = Avappgs

where Ai.nur defines the t-th block of p rows in Ay,.
When t = n, (13) gives the filtering distribution at n.

Another important consequence of Theorem 2 is the
availability of a closed-form expression for the marginal like-
lihood p(y1.,), which is provided in Corollary 3.

Corollary 3 Under model (1)—(2), the marginal likelihood

is p(Yy1:n) = ®mn(71:n|n§ Fl:n\n)a with Y 1nn and Fl:nln
defined as in Theorem 2.

This closed-form result is useful in several contexts,
including estimation of unknown system parameters via
marginal likelihood maximization, and full Bayesian infer-
ence through MCMC or variational inference methods.

4 Inference via Monte Carlo methods

As discussed in Sects. 2 and 3, inference without sampling
from (9), (10) or (12) is, theoretically, possible. Indeed, since
the SUN densities of the filtering, predictive and smooth-
ing distributions can be obtained from Theorems 1-2, the
main functionals of interest can be computed via closed-form
expressions (Arellano-Valle and Azzalini 2006; Azzalini and
Bacchieri 2010; Gupta et al. 2013; Azzalini and Capitanio
2014) or by relying on numerical integration. However, these
strategies require evaluations of multivariate Gaussian cumu-
lative distribution functions, which tend to be impractical as
t grows or when the focus is on complex functionals.

In these situations, Monte Carlo integration provides
an accurate procedure to evaluate the generic functionals
Elg(@;) | yi:]. E[g(0;) | y1:1—1] and E[g(01:,) | ¥y1:a] for
the filtering, predictive and smoothing distribution via

R R
1 1
(r) (r) (r)
7280, 72 8@ Z @)
r=1 r=1

with 05‘?, 05‘? | and 01 i sampled from p(0, | y1.1), p(0; |
Vi:—1) and p(@1., | ¥1:n), respectively. For example, if the
evaluation of (11) is demanding, the observations predlctlve
density can be easily computed as Zr 1 P (B; F,0

V.B,)/R.

-1 B
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Algorithm 1: Independent and identically distributed sampling from p(01., | y1:1)

[1] Sample U(()I;:n‘n, e U(()RI):n|n independently from a N, (0, fllzn‘n — Al:n\"rl_:rlan}r:nm)-

[2] Sample U{'},, . ... UX,  independently from a TNy (0. T pnjn: Ay,.,,).
1 R . —
[3] Compuw 0§:r)l|n’ Tt o(l:n)ln via a(lr:r)l\n = gl:nln + wli”\”(U(()r)lzn\n + Al:”‘”r I U(r)

),forr=1,...,R.

1inln ™1 Lin|n

To be implemented, the above approach requires an effi-
cient strategy to sample from (9), (10) and (12). Exploiting
the SUN properties and recent results in Botev (2017), an
algorithm to draw independent and identically distributed
samples from the exact SUN distributions in (9), (10) and
(12) is developed within Sect. 4.1. As illustrated in Sect. 5,
such a technique is more accurate than state-of-the-art meth-
ods and can be efficiently implemented in small-to-moderate
dimensional time series. In Sect. 4.2 we develop, instead,
novel sequential Monte Carlo schemes that allow scalable
online learning in high dimensional settings and have opti-
mality properties (Doucet et al. 2000) which shed new light
also on existing strategies (e.g, Andrieu and Doucet 2002).

4.1 Independent identically distributed sampling

As discussed in Sect. 1, MCMC and sequential Monte Carlo
methods to sample from p(6; | yi), p(@; | yi+—1) and
p@1., | yi.n) are available. However, the commonly rec-
ommended practice, if feasible, is to rely on independent
and identically distributed (i.i.d.) samples. Here, we derive a
Monte Carlo algorithm to address this goal with a main focus
on the smoothing distribution, and discuss direct modifica-
tions to allow sampling also in the filtering and predictive
case. Indeed, Monte Carlo inference is particularly suitable
for batch settings, although, as discussed later, the proposed
routine is practically useful also when the focus is on filtering
and predictive distributions, since i.i.d. samples are simulated
rapidly, for each ¢, in small-to-moderate dimensions.
Exploiting the closed-form expression of the smoothing
distribution in Theorem 2, and the additive representation (7)
of the SUN, i.i.d. samples for 6., from the smoothing distri-
bution (12) can be obtained via a linear combination between
independent samples from (pn)-variate Gaussians and (mn)-
variate truncated normals. Algorithm 1 provides the detailed
pseudo-code for this novel strategy, whose outputs are i.i.d.
samples from the joint smoothing density p(@1., | Yi:n).
Here, the most computationally intensive step is the sampling
from TN, (0, T 1005 Ay Ll ), which denotes the multivariate
Gaussian distribution Ny, (0, I'1.|,) truncated to the region
Ay, ={w € R™ tay 4y, > 0} In fact, although
efficient Hamiltonian Monte Carlo solutions are available
(Pakman and Paninski 2014), these strategies do not pro-
vide independent samples. More recently, an accept-reject
method based on minimax tilting has been proposed by Botev

(2017) to improve the acceptance rate of classical rejection
sampling, while avoiding mixing issues of MCMC. This rou-
tine is available in the R library TruncatedNormal and
allows efficient sampling from multivariate truncated nor-
mals with a dimension of few hundreds, thereby providing
effective Monte Carlo inference via Algorithm 1 in small-to-
moderate dimensional time series where mn is of the order
of few hundreds.

Clearly, the availability of an i.i.d. sampling scheme from
the smoothing distribution overcomes the need of MCMC
methods and particle smoothers. The first set of strategies
usually faces mixing or time-inefficiency issues, especially in
imbalanced binary settings (Johndrow et al. 2019), whereas
the second class of routines tends to be computationally
intensive and subject to particles degeneracy (Doucet and
Johansen 2009).

When the interest is on Monte Carlo inference for the
marginal smoothing density p(8, | yi.,) at a specific time
t, Algorithm 1 requires minor adaptations relying again on
the additive representation of the SUN in (13), under similar
arguments considered for the joint smoothing setting. This
latter routine can be also used to sample from the filtering
distribution in (10) by applying such a scheme with n = ¢
to obtain i.i.d. samples for 8;; from p(@, | y1./). Leveraging
realizations from the filtering distribution at time ¢ — 1, i.i.d.
samples for 6, from the predictive density p(6; | y1./—1),
can be simply obtained via the direct application of (2) which
provides samples for 6;;,_; from N, (G,0,_1),—1, W;). Asa
result, efficient Monte Carlo inference in small-to-moderate
dimensional dynamic probit models is possible also for fil-
tering and predictive distributions.

4.2 Sequential Monte Carlo sampling

When the dimension of the dynamic probit model (1)—(2)
grows, sampling from multivariate truncated Gaussians in
Algorithm 1 might yield computational bottlenecks (Botev
2017). This is particularly likely to occur in series monitored
on a fine time grid. Indeed, in several applications, the num-
ber of time series m is typically small, whereas the length of
the time window can be large. To address this issue and allow
scalable online filtering and prediction also in large ¢ settings,
we first derive in Sect. 4.2.1 a particle filter which exploits
the SUN results to obtain optimality properties, in the sense of
Doucet et al. (2000). Despite covering a gap in the literature
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on dynamic probit models, as clarified in Sects. 4.2.1 and
4.2.2, such a strategy is amenable to further improvements
since it induces unnecessary autocorrelation in the Gaussian
part of the SUN generative representation. Motivated by this
consideration and by the additive structure of the SUN filtering
distribution, we further develop in Sect. 4.2.2 a partially col-
lapsed sequential Monte Carlo procedure which recursively
samples via lookahead methods (Lin et al. 2013) only the
multivariate truncated normal term in the SUN additive rep-
resentation, while keeping the Gaussian component exact.
As outlined in Sect. 4.2.2, such a broad class of partially col-
lapsed lookahead particle filters comprises, as a special case,
the Rao-Blackwellized particle filter developed by Andrieu
and Doucet (2002). This provides novel theoretical support
to the notable performance of such a strategy, which was
originally motivated, in the context of dynamic probit mod-
els, also by the lack of a closed-form optimal particle filter
for the states.

4.2.1 “Optimal” particle filter

The first proposed strategy belongs to the class of sequential
importance sampling-resampling (SISR) algorithms which
provide default strategies in particle filtering (e.g., Doucet
et al. 2000, 2001; Durbin and Koopman 2012). For each
time ¢, these routines sample R trajectories for 61.;; from
p0@1 | ¥1:+), known as particles, conditioned on those pro-
duced at t — 1, by iterating, in time, between the two steps
summarized below.

1. Sampling. Let 05}2_1“_1, e 05?_”1_1 be the tra-

jectories of the particles at time ¢ — 1, and denote with

w(@;|01.4—1,Yy1:) the proposal. Then, forr =1,..., R

[1.a] Sample éi‘r[) from 7 (0, | 0§ft)_1|t_1, y1.+) and set

7() (r) A(OT
01:t|t = (olr:tIHt—l’at\t )T

[1.b] Set w” = w; @),), with
(), ()
o P10 )p@,]) 167, )
wt(01;1|t) (08 —(r) (r) 5
(0, |01:z—1|z—1’y]3’)

and normalize the weights, so that their sum is 1.

2. Resampling. Forr = 1, ..., R, sample updated parti-

cles’ trajectories 0?2“, R 05{2, from Zle w,(r)(Sé(r) .
) : 1:t]t

From these particles, functionals of the filtering density

p(0; | y1.1) can be computed using the terminal values 6,
of each particles’ trajectory for 61.;;. Note that in point [1.a]

@ Springer

we have presented the general formulation of SISR, where
the importance density (0, | #1.,—1, y1:;) can, in principle,
depend on the whole trajectory 0., (Durbin and Koopman
2012, Sect. 12.3).

As is clear from the above routine, the performance of
SISR depends on the choice of w(6; | @1.,_1,Yy1.). Such
a density should allow tractable sampling along with effi-
cient evaluation of the importance weights, and should be
also carefully specified to propose effective candidate sam-
ples. Recalling Doucet et al. (2000), the optimal proposal
is (0 | 014—1,¥1) = p@O; | 0:-1,y), with impor-
tance weights w, o« p(y; | 6;—1). Indeed, conditioned on
01.:—1)s—1 and y1;, this choice minimizes the variance of
the weights, thus limiting degeneracy issues and improving
mixing. Unfortunately, in several dynamic models, tractable
sampling from p(0; | 6,_1,y;) and the direct evaluation of
p(y; | 0;,—1) is not possible (Doucet et al. 2000). As outlined
in Corollary 4, this is not the case for dynamic probit models.
In particular, by leveraging the proof of Theorem 1 and the
closure properties of the SUN, sampling from p(@; | 6,—1,y;)
is straightforward and p(y; | #;—1) has a simple form.

Corollary 4 For every timet = 1, ..., n, the optimal impor-
tance distribution under model (1)—(2) is

@:10:-1,y1) (14)
~ SUNp,m(Em,;_p R1,1-1, Asjri—1, Vijri—1s Lyii-1),

whereas the importance weights are

P 10:—1) = PV yjr,1—15 Tejre—1), (15)

with parameters defined by the recursive equations

£z|r,171 = Glof—lv 9t|t.t—1 = le
O TR !
Atlt,t—l = Qt|t,t—10)t|t,t—1F, Btc; ,

Viri—t = ¢ BiFi& 1,

Ly—1 = Ct_lBt (Ftﬂt\t,t—lF;T+Vt) BtC,_I’
T 1/2

where ¢, = [(F;2,—1F] + V) O L,] "

As clarified in Corollary 4, the weights p(y; | 6,—1) for
the generated trajectories are available analytically in (15)
and do not depend on the sampled values of the particle at
time ¢. This allows the implementation of the more efficient
auxiliary particle filter (AUF) (Pitt and Shephard 1999) by
simply reversing the order of the sampling and resampling
steps, thereby obtaining a performance gain (Andrieu and
Doucet 2002). Algorithm 2 illustrates the pseudo-code of the
proposed “optimal” auxiliary filter, which exploits the addi-
tive representation of the SUN and Corollary 4. Note that,
unlike for Algorithm 1, such a sequential sampling strat-
egy requires to sample at each step from a truncated normal
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Algorithm 2: “Optimal” particle filter to sample from p(0; | yi.1), fort =1, ..., n [AUF version]

for ¢ from I to n do
[1] Compute the weights w,(")

for r from I to R do

[3] Set £

t|t,t—1
[3.1] Sample U,

[3.2] Sample U

1 ¢t

[3.3] Compute 6

t|t

from a N, (0, 2,111 — A1 Ty,

from a TN, (0, Iy 1—1; Ay(,) ).
tlt,t—1

— s(")

tlt,r—

[2] Resample updated particles 6_’;17)”,7,, cey éff)”,f, from Zle w,(r)ée(r) .
t—1t—

= G,@fr,)”,f] and yi‘r[),lfl = c,*lB,F,gj"}H. Then, simulate 8

AT

tlt, =17 |t 1—1

=py: |01 = 9,(r_)1“_1) forr =1,..., R, by applying equation (15).

1

e from (14), as follows:

).

(r)

(r) -1
| T @1 (Uortn + Af\t,tflrtn,t—lUl tlt)'

whose dimension does not depend on ¢, thus facilitating scal-
able sequential inference in large ¢ studies. Samples from the
predictive distribution can be obtained from those of the fil-
tering as discussed in Sect. 4.1.

Despite having optimality properties, a close inspection
of Algorithm 2 shows that the states’ particles at t — 1 affect
both the Gaussian component, via & tet—1s and the truncated
normal term, via y,, ,_;, in the SUN additive representation
of (0; | y1.1). Although the autocorrelation in the multivariate
truncated normal samples is justified by the computational
intractability of this variable in high dimensions, inducing
serial dependence also in the Gaussian terms seems unnec-
essary, as these quantities are tractable and their dimension
does not depend on ¢; see Theorem 1. This suggests that a
strategy which sequentially updates only the truncated nor-
mal term, while maintaining the Gaussian part exact, could
further improve the performance of Algorithm 2. This new
particle filter is derived in Sect. 4.2.2, inheriting also looka-
head ideas (Lin et al. 2013).

4.2.2 Partially collapsed lookahead particle filter

As anticipated within Sect. 4.2, the most computationally
intensive step to draw i.i.d. samples from the filtering dis-
tribution is sampling from the multivariate truncated normal
Ut 10 ~ ™Nme (0, T i Aykm) in Algorithm 1. Here, we
present a class of procedures to sequentially generate these
samples, which are then combined with realizations from
the exact Gaussian component in the SUN additive represen-
tation, thus producing samples from the filtering distribution.
With this goal in mind, define the region Ay, = {z €
R7ME—s+D - Qy, —1) Oz > 0) forevery s = 1,...,1,
and let V1.; be the (mt) x (mt) block-diagonal matrix hav-
ing blocks V4 = Vi, fors = 1, ..., t. Moreover, denote
with By.; and F§.; two block-diagonal matrices of dimension
[mE—s+1D)]x[m(@E—s+1)]and [m(t—s+1)]x[p(t—s+1)],
respectively, and diagonal blocks By = Bs4/—1 and
Fs. i) = Fsqy—1 forl =1,...,t — s + 1. Exploiting this
notation and adapting results in Sect. 3.2 to the case n = ¢,

it follows from standard properties of multivariate truncated
normals (Horrace 2005) that

Ui 1) 4 Vi T s;tl‘tBl:tzltﬂlv (16)
with 21, ~ TNy (F1:0€ 1., F1: 210 F]., 4+ Vi Ay,,) and
Ster = [(DR1.;DT + A) © L,/1'/2, where D and A are
defined as in Sect. 3.2, setting n = t. Note that the multivari-
ate truncated normal distribution for z;.;|; actually coincides
with the conditional distribution of z;., given y;., under
model (3)—(5). Indeed, by marginalizing out 8., in p(z;; |
01:) = [To=) b (2 —Fsbs: Vi) = bs (211 —F 1,015 Vi)
with respect to its multivariate normal distribution derived
in the proof of Theorem 2, we have p(z1.;) = ¢mr (21 —
Flztgmt; Fl:,SllszL +V1.;) and, as a direct consequence,
we obtain

P21 | Y1) X p(Z1:) p(Y1t | Z120),
x p(z1.)1[2y1: — 1) © 214 > 0],

which is the kernel of the TN, (F1:& .., F1;,521;I|,F.1r:l +
Vi Ay, ) density.

The above analytical derivations clarify that in order to
sample recursively from Uj 14, it is sufficient to apply
Eq. (16) to sequential realizations of zj.; from the joint
conditional density p(zi; | yi.), induced by model (3)-
(5), after collapsing out #.,. While basic SISR algorithms
for p(z1; | y1.+), combined with the exact sampling from
the Gaussian component Up ;;, are expected to yield an
improved performance relative to the particle filter devel-
oped in Sect. 4.2.1, here we adapt an even broader class of
lookahead particle filters (Lin et al. 2013) — which includes
the basic SISR as a special case. To introduce the general
lookahead idea note that p(zi; | yi14) = p@Zi—k+1+ |
Z1:—k,Y1:1)P(Z1:4—k | Y1:1), Where k is a pre-specified delay
offset. Moreover, as a direct consequence of the dependence
structure displayed in Fig. 2, we also have that p(z;_x+1:; |
Z1—k> Y1) = PZi—k+1:t | Z1—ks Ye—k+1:) TOr any generic
k. Hence, to sequentially generate realizations of z;;|; from
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p(Zi: | Y1), we can first sample zy;;—g|; from p(z1:—k |
Y1::) by extending, via SISR, the trajectory zi.,_x_1;—1 With
optimal proposal p(z;—x | Z1:r—k—1 = Z1:—k—1]i—1 Yi—kit)»
and then draw the last k terms in zy;; from p(z; g1 |
Zi:—k = Z1:—k|t> Yi—k+1:)- Note that when k = O this final
operation is not necessary, and the particles’ updating in the
first step reduces to basic SISR. Values of k in {1;...;n — 1}
induce, instead, a lookahead structure in which at the cur-
rent time ¢ the optimal proposal for the delayed particles
leverages information of response data y;_j.; that are not
only contemporaneous to z;—i, i.e., y;—, but also future,
namely y;_x+1,...,Y:. In this way, the samples from the
sub-trajectory z.;_x|; of Zj,|, at time ¢ are more compati-
ble with the sampling density p(z;; | yi.;) of interest and
hence, when completed with the last k terms drawn from
P(Zi—k+1:1 | Z1:—k = Z1—kt» Yi—k+1:), Produce a sequen-
tial sampling scheme from p(z;; | yi;) with improved
mixing and reduced degeneracy issues relative to basic SISR.
Although the magnitude of such gains clearly grows with &,
asillustrated in Sect. 5, setting k = 1 already provides empir-
ical evidence of improved performance relative to basic SISR,
without major computational costs.

To implement the aforementioned strategy it is first neces-
sary to ensure that the lookahead proposal belongs to a class
of random variables which allow efficient sampling, while
having a tractable closed-form expression for the associated
importance weights. Proposition 1 shows that this is the case
under model (3)—(5).

Proposition 1 Under the augmented model in (3)—(5), the
lookahead proposal mentioned above has the form

P&k | 21— k15 Yi—kit)
an
= /p(zt—k:t | Zir—k—1s Yr—k:)dZi—p41:1,

where p(Z;—x:y | Z1:4—k—1,Yi—k:t) IS the density of the trun-

catednormal TN, (k4-1) (Cr—k:t [ —k— 1, St ket [i—k— 13 By, ., ) With
parameters Tr_jir—k—1 = BE(Z ks | Zyy—g—1) and

St ktlr—k—1 = var(Z—ky | Ziy—k—1). The importance

weights w; = w(Z1.+—k) are, instead, proportional to

PYVi—kt | Z1p—k—1)
PYi—kr—1 | Z1:0—k—1)

P+ (s X))
Dk (ys 21)

) (18)

where the mean vectors are p, = B;_jXi_jy—k—1 and
i, = Bi_k:t—1Xi—k:1—1)1—k—1, Whereas the covariance matri-
ces are defined as X1 = B _j.tSi—k:t)1—k—1Bi—k:y and X =
B kr—1St—ki—1)0—k—1Br—kir—1-

To complete the procedure for sampling from p(zy; |
Y1) we further require p(Z—ky1:4 | Z1:—k, Yi—k+1:)- AS

clarified in Proposition 2, also such a quantity is the density
of a multivariate truncated normal.

@ Springer

Proposition 2 Under model (3)—(5), it holds
(Zt—kt1:0 | Z1o—ks Ye—k+1:0) (19)
~ TNk (Cr — k41|t —k » St—k+1:t|t—k§ Ay[7k+1;[)7

with parameters T 1.~k = E(Z k414 | Z1y—1) and
St—k+l:t|t—k = var(Z;—i41:1 | Z1:1—k)-

Note that the expression of the importance weights in Eq.
(18) does not depend on z;_, and, hence, also in this case the
resampling step can be performed before sampling from (17),
thus leading to an AUF routine. Besides improving efficiency,
such a strategy allows to combine the particle generation in
(17) and the completion of the last k terms of z1.,, in (19)
within a single sampling step from the joint [m (k+1)]-variate
truncated normal distribution for (z;—k:; | Z1:1—k—1, Yr—k:t)
reported in Proposition 1. The first m-dimensional compo-
nent of this vector yields the new delayed particle for z;_;
from (17), whereas the whole sub-trajectory provides the
desired sample from p(z;—x;; | Z1:r—k—1,Yr—k:+) Which is
joined to the previously resampled particles for zy.;—x—1}; to
form a realization of z;;|; from p(zi. | y1.¢). Once this sam-
ple is available, one can obtain a draw of 8;|; from the filtering
density p(0; | y1.,) of interest by exploiting the additive rep-
resentation of the SUN and the analogy between U .|, and
Z1,|; in (16). In practice, as clarified in Algorithm 3, the
updating of Uy 14; via lookahead recursion on z;.|; and the
exact sampling from the Gaussian component of the SUN fil-
tering distribution for @, can be effectively combined in a
single online routine based on Kalman filter steps.

To clarify Algorithm 3, note that p(0; | z;./) is the filter-
ing density of the Gaussian dynamic linear model defined in
(4)—(5), for which the Kalman filter can be directly imple-
mented, once the trajectory z.|; has been generated from
p(z1; | y1.+) via the lookahead filter. Let a;_x_1;—x—1 =
E@:—k—1 | 21:0—k—1), Pr—g—11—k—1 = var(@—g—1121:1—k—1)
and a; g —k—1=EO—k|21:1—k—1), Pr—gjs—k—1 = var(@;— |
71..—k—1) be the mean vector and covariance matrices for
the Gaussian filtering and predictive distributions produced
by the standard Kalman filter recursions at time r — k — 1
under model (4)—(5). Besides being necessary to draw values
from the states’ filtering and predictive distributions, con-
ditioned on the trajectories of zy.;; sampled from p(z;; |
Y1), such quantities are also sufficient to update online
the lookahead parameters r;_k.;;—k—1 and S;_j.;;—k—1 that
are required to compute the importance weights in Proposi-
tion 1, and to sample from the [m(k + 1)]-variate truncated
normal density p(z;—k:r | Z1:4—k—1, Yi—k:t) under the aux-
iliary filter. In particular, the formulation of the dynamic
model in (4)—(5) implies that r;_;—k—1 = E(Z_ps |
2y j—1) = EW®; f40; ks | Z1:-k—1), and, therefore,
T;—k:tji—k—1 can be expressed as a function of a;,_gj;—k—1
via the direct application of the law of the iterated expecta-
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Algorithm 3: Lookahead particle filter to draw from p(0; | yi.1), fort =1, ..., n [AUF version with KF steps]
Set k, and initialize a(()"'()) =agforr =1,..., R and Pop = Py.

for ¢ from 1 to k do

L [1] Sample o) .., 6™ from Algorithm 1 [this can be done efficiently in an exact manner since k is usually small].

|t Vet

for ¢ from k + 1 ton do

[3] Implement the resampling step under the AUF version.

for r from I to R do

(r)
tt -

[4] Update the delayed particle z,(i)kll and sample 6

[4.3] Compute afm

|t
t — k + 1 to ¢ with observations z;_;41.; = 7z

t—k+1:t|t
L [4.4] Sample 8" from the N, (@’ priy,

L t|t tlr > Tt

(D =) 5(R) =(R) R (r)
[3:2] Sample @, 7y, g 15 x5+ @ g B g g) from D5 w8 0

[2] Define the vectors and matrices that are required to perform steps [3] and [4].
[2.1] Set Pz—k\z—k—l = Gl,kP,,k,mfkflG;rfk + W;_x [KF] and compute S:—k:t\z—k—l as in Sect. 4.2.2.
[2.2] Set Py—gj—k = Pr—pjr—k—1 — Pz7k|z7k71F;r,kSt_,lk‘t,k,]thkprfk\rfk—l [KF] .
[23]Forr=1,..., R, set at(:)kh—k—l = Gt—katr—k—m—k—l [KF] and compute rt(r_)k:m_k_1 as in Sect. 4.2.2.

[3.1] Forr =1, ..., R, calculate the importance weight w,(r) via (18).

(r) .
—klt—k—1 T ket —k—1)

[4.1] Sample (2], 2T, |7 from a TNty 1) Fr—terlt—k—1+ St—ketli—k—15 Ay, y,)-
(r) _ s T -1 (r) =(r)
[4.2]Seta, ), =a,_ oy + Pkt K S g @y — T ——y) [KFL

and P;(tr) by performing k recursions of the KF updates applied to (4)—(5) from
and starting moments atr—k\t—k and Py ;.

tions by stacking the m-dimensional vectors F;_ra; _xs—x—1,
Fri1Groikr1akj—k—1, .., BG4 gi—x—1, with
G defined as in Sect. 3.2.

A similar reasoning can be applied to write the covariance
matrix S;_j.sjr—k—1 = var(z_k; | Z14—k—1) as a function
of P;_kji—k—1. In particular letting /- = [ — 1, the m x
m diagonal blocks of S;_.;;—k—1 can obtained sequentially
after noticing that

St—ketli—k—1p1) = Var(Z—k+i_ | Z1:0—k—1)
=F i P k1 ¥y +Viokr,

for each index [ = 1, ...,k + 1, where the states’ covari-
ance matrix P;_jq; |—x—1 at time + — k + [_ can be
expressed as a function of P;_x;—x—1 via the recursive equa-
tions Py jy1 k-1 = Grogyt Progyr_—1041G1 oy, +
W k41, for every | = 2,...,k + 1. Moreover, letting
I =1—-1and s = s — 1, also the off-diagonal blocks
can be obtained in a related manner, after noticing that the
generic block of S;_./|s—x—1 is defined as

St—ktlt—k—1[s1]
_ QT
- St—k:z\t—k—l[ls]
= coV(F/—jqs_Or—prs_ Fropqi 01—pq1_ | Z1:1—k—1)

t—k+s_ T
=Fi ks G,y Prokrip—k—1¥F,_j s

forevery s = 2,....,k+1land! = 1,...,5s — 1, where
the matrix P;_;;_|;—x—1 can be expressed as a function of
P;_jj—x—1 via the recursive equations reported above.

According to these results, the partially collapsed looka-
head particle filter for sampling recursively from p(0; | yi.;)
simply requires to store and update, for each particle tra-
jectory, the sufficient statistics a;,_xj;—k—1 and P;_gj;—k—1
via Kalman filter recursions applied to the model (4)—(5),
with every z; replaced by the particles generated under the
lookahead routine. As previously discussed, also this updat-
ing requires only the moments a;_;—x—1 and P;_g);—x_1
computed recursively as a function of the delayed particles’
trajectories. This yields to a computational complexity per
iteration that is constant with time, as it does not require to
compute quantities whose dimension grows with ¢. In addi-
tion, as discussed in Remark 1, such a dual interpretation
combined with our SUN closed-form results, provides novel
theoretical support to the Rao—Blackwellized particle filter
introduced by Andrieu and Doucet (2002).

Remark 1 The Rao—Blackwellized particle filter by Andrieu
and Doucet (2002) for p(6; | yi.;) can be directly obtained
as a special case of Algorithm 3, setting k = 0.

Consistent with Remark 1, the Rao—Blackwellized idea
(Andrieu and Doucet 2002) actually coincides with a par-
tially collapsed filter which only updates, without lookahead
strategies, the truncated normal component in the SUN addi-
tive representation of the states’ filtering distribution, while
maintaining the Gaussian term exact. Hence, although this
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method was originally motivated, in the context of dynamic
probit models, also by the apparent lack of an “optimal”
closed-form SISR for the states’ filtering distribution, our
results actually show that such a strategy is expected to yield
improved performance relative to the “optimal” particle filter
for sampling directly from p(6; | yi.). In fact, unlike this
filter, which is actually available according to Sect. 4.2.1, the
Rao-Blackwellized idea avoids the unnecessary autocorre-
lation in the Gaussian component of the SUN representation,
and relies on an optimal particle filter for the multivariate
truncated normal part. In addition, Remark 1 and the deriva-
tion of the whole class of partially collapsed lookahead filters
suggest that setting k > 0 is expected to yield further gains
relative to the Rao—Blackwellized particle filter; see Sect. 5
for quantitative evidence supporting these results.

5 lllustration on financial time series

According to Sects. 1-4, our core contribution in this arti-
cle is not on developing innovative dynamic models for
binary data with improved ability in recovering some ground-
truth generative process, but on providing novel closed-form
expressions for the filtering, predictive and smoothing dis-
tributions under a broad class of routine-use dynamic probit
models, along with new Monte Carlo and sequential Monte
Carlo strategies for accurate learning of such distributions
and the associated functionals in practical applications.
Consistent with the above discussion, we illustrate the
practical utility of the closed-form results for the filtering,
predictive and smoothing distributions derived in Sect. 3
directly on a realistic real-world dataset, and assess the per-
formance gains of the Monte Carlo strategies developed in
Sect. 4. The focus will be on the accuracy in recovering the
whole exact SUN distributions of interest, and not just pre-
selected functionals. In fact, accurate learning of the entire
exact distribution is more challenging and implies, as a direct
consequence, accuracy in approximating the associated exact
functionals. These assessments are illustrated with a focus on
a realistic financial application considering a dynamic pro-
bit regression for the daily opening directions of the French
CAC40 stock market index from January 4th, 2018 to March
29th, 2019. In this study, the variable y; is defined on a binary
scale, with y; = 1 if the opening value of the CAC40 on day ¢
is greater than the corresponding closing value in the previous
day, and y; = 0 otherwise. Financial applications of this type
have been a source of particular interest in past and recent
years (e.g., Kim and Han 2000; Kara et al. 2011; Atkins et al.
2018), with common approaches combining a wide variety of
technical indicators and news information to forecast stock
markets directions via complex machine learning methods.
Here, we show how a similar predictive performance can
be obtained via a simple and interpretable dynamic probit
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regression for y;, which combines past information on the
opening directions of CAC40 with those of the NIKKEI225,
regarded as binary covariates x; with dynamic coefficients.
Since the Japanese market opens before the French one, x;
is available prior to y; and, hence, provides a valid predictor
for each day .

Recalling the above discussion and leveraging the default
model specifications in these settings (e.g., Soyer and Sung
2013), we rely on a dynamic probit regression for y, with
two independent random walk processes for the coefficients
0 = (011, 02)7. Letting F; = (1, x;) and pr(y, = 1| 0;) =
D (017 + 62 x¢; 1), such a model can be expressed as in Egs.
(1)-(2) via

p(yi 10 =@[2y, — DF,0,; 1],

iid. 20)
0, =0,_1+e, & ~ NryOW), t=1,...n,
where 6 ~ N> (ag, Pp), whereas W is a time-invariant diag-
onal matrix. In (20), the element 0y, of §, measures the trend
in the directions of the CAC40 when the NIKKEI225 has a neg-
ative opening on day ¢, whereas 6, characterizes the shift in
such a trend if the opening of the NIKKEI225 index is pos-
itive, thereby providing an interpretable probit model with
dynamic coefficients.

To evaluate performance in smoothing, filtering and pre-
diction, we split the time window in two parts. Observations
from January 4th, 2018 to May 31st, 2018 are used as batch
data to study the smoothing distribution and to compare
the particle filters developed in Sect. 4.2 with other rele-
vant competitors. In the subsequent time window, spanning
from June 1st, 2018 to March 29th, 2019, the focus is instead
on illustrating performance in online filtering and predic-
tion for streaming data via the lookahead routine derived
in Sect. 4.2.2 — which yields the highest approximation
accuracy among the online filters evaluated in the first time
window.

Figure 3 displays the pointwise median and interquartile
range for the smoothing distribution of both 6, and 8y,
t = 1,...,97, based on R = 10° samples from Algo-
rithm 1. To implement this routine, we set ag = (0, 0)T and
Py = diag(3, 3) following the guidelines in Gelman et al.
(2008) and Chopin and Ridgway (2017) for probit regression.
The errors’ variances in the diagonal matrix W are instead
set equal to 0.01 as suggested by a graphical search of the
maximum for the marginal likelihood computed under differ-
ent combinations of (W11, W»2) via the analytical formula
in Corollary 3.

As shown in Fig. 3, the dynamic states 6, and 0,; tend to
concentrate around negative and positive values, respectively,
for the entire smoothing window, thus highlighting a general
concordance between CAC40 and NIKKEI225 opening pat-
terns. However, the strength of this association varies in time,
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Fig. 3 Pointwise median and interquartile range for the smoothing distributions of 61, and 6; in model (20), for the time window from January
4th, 2018 to May 31st, 2018. The quartiles are computed from 10 samples produced by Algorithm 1

Table 1 For the states 61, and 6,, averaged accuracy in approximating
the exact SUN filtering distribution at# = 1, ..., 97, and computational
cost for obtaining a sample of dimension R from such a filtering dis-
tribution at time 7. For each scheme, the accuracy is measured via the
Wasserstein distance between the empirical filtering distribution com-
puted from 103, 10* and 10° particles, respectively, and the one obtained
via direct evaluation of the associated exact SUN density from (10) on
two grids of 2000 equally spaced values for 0y, and 0,;. For each ¢,

we first compute the median Wasserstein distance from 100 replicated
experiments, and then average such quantities across time. Numbers
in square brackets denote the ranking in each column. The costs are
derived for the case in which the importance weights are evaluated via
Monte Carlo based on M samples. For the EKF, we provide the cost of
the KF recursions, when the probit likelihood is evaluated via M Monte
Carlo samples

ACCURACY
01, [R = 10°] 02 [R = 10°] 01, [R = 104 02 [R =101 01, [R = 10°] 02 [R = 10°]
LLD. 0.01917 [1] 0.02362 [1] 0.00606 [1] 0.00748 [1] 0.00199 [1] 0.00245 [1]
LA-1 0.02558 [2] 0.03588 [2] 0.00838 [2] 0.01133 [2] 0.00273 [2] 0.00379 [2]
RAO-B 0.02700 [3] 0.03700 [3] 0.00885 [3] 0.01201 [3] 0.00278 [3] 0.00383 [3]
OPT 0.06642 [5] 0.09063 [4] 0.02196 [4] 0.03077 [4] 0.00687 [4] 0.00958 [4]
BOOT 0.07237 [6] 0.10021 [5] 0.02325 [5] 0.03225 [5] 0.00728 [5] 0.00992 [5]
EKF 0.06108 [4] 0.10036 [6] 0.05853 [6] 0.09824 [6] 0.05829 [6] 0.09802 [6]
COMPUTATIONAL COST
LLD. Oup3 + 3m3 + R[p? + *m>C(m1)])
LA-1 Ot (p® +m®) + tR[p* + pm + m>CQ2m)] + tM[m> + Rm])
RAO-B O@t(p? +m3) + tR[p? + pm +m?C(m)] + t M[m?* + Rm])
OPT Ot (p® +m®) + tR[p* + pm + m*>C(m)] + tM[m?* + Rm])
BOOT Ot(p® +m3) + tR(p> + pm) + tM[m?* + Rm])
EKF oO@[p? +m? + Mm?))

supporting our proposed dynamic probit over static specifi-
cations. For example, it is possible to observe a decay in 0y,
and 6; on April-May, 2018 which reduces the association
among CAC40 and NIKKEI225, while inducing a general neg-
ative trend for the opening directions of the French market.
This could be due to the overall instability in the Eurozone on
April-May, 2018 caused by the uncertainty after the Italian
and British elections during those months.

To clarify the computational improvements of the methods
developedin Sects. 4.1 and 4.2, we also compare, in Fig. 4 and
in Table 1, their performance against the competing strate-
gies mentioned in Sect. 1. Here, the focus is on the accuracy

and computational cost in approximating the exact filter-
ing distribution at time ¢t = 1, ..., 97, thereby allowing the
implementation of the filters discussed in Sect. 1. The com-
peting methods include the extended Kalman filter (Uhlmann
1992) (EKF), the bootstrap particle filter (Gordon et al.
1993) (BOOT), and the Rao—Blackwellized (RAO-B) sequen-
tial Monte Carlo strategy by Andrieu and Doucet (2002),
which has been discussed in Sect. 4.2.2 and exploits the hier-
archical representation (3)—(5) of model (1)—(2). Although
being a popular solution in routine implementations, the
extended Kalman filter relies on a quadratic approximation
of the probit log-likelihood which leads to Gaussian filtering
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Fig.4 For the states 0, and 0,;, barplots representing the relative fre-
quencies of global rankings for the six sampling schemes, in terms of
accuracy in approximating the exact SUN filtering distributions over
the time window analyzed. For each scheme and time t = 1,...,97,
the accuracy is measured via the median Wasserstein distance (over
100 replicated experiments) between the empirical filtering distribution
computed from 103, 10* and 107 particles, respectively, and the one

distributions, thereby affecting the quality of online learning
when imbalances in the data induce skewness. The bootstrap
particle filter (Gordon et al. 1993) provides, instead, a gen-
eral SISR that relies on the importance density p(6; | 0,_1),
thus failing to account effectively for information in y;, when
proposing particles. Rao—Blackwellized sequential Monte
Carlo (Andrieu and Doucet 2002) aims at providing an
alternative particle filter, which also addresses the apparent
unavailability of an analytic form for the “optimal” particle
filter (Doucet et al. 2000). The authors overcome this issue
by proposing a sequential Monte Carlo strategy for the Rao—
Blackwellized density p(z1.; | y1./) of the partially observed
Gaussian responses zp.; in model (3)—(5) and compute, for
each trajectory zi.|;, relevant moments of (8; | z1.,) via
classical Kalman filter updates — applied to model (4)—(5)
— which are then averaged across the particles to obtain
Monte Carlo estimates for the moments of (6, | yi). As
specified in Remark 1, this solution, when adapted to draw
samples from p(0, | y1.), is a special case of the sequential
strategy in Sect. 4.2.2, with no lookahead, i.e., k = 0.
Although the above methods yield state-of-the-art solu-
tions, the proposed strategies are motivated by the apparent
absence of a closed-form filter for (1)—(2), that is, in fact,
available according to our findings in Sect. 3. Consistent
with this argument, we evaluate the accuracy of EFK, BOOT
and RAO-B in approximating the exact filtering distribution
obtained, foreachr = 1, ..., 97, via direct evaluation of the
density from (10). These performances are also compared
with those of the new methods proposed in Sect. 4. These
include the filtering version of the i.i.d. sampler (L.1.D.) in
Sect. 4.1, along with the “optimal” particle filter (OPT) pre-
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obtained by direct evaluation of the associated exact density from (10)
on two grids of 2000 equally spaced values for 61, and 6,. This allows to
compute, forevery r = 1, ..., 97, the ranking of each sampling scheme
in terms of accuracy in approximating the exact filtering density at time
t, and to derive the associated barplot summarizing the distribution of
the rankings over the whole window

sented in Sect. 4.2.1, and the lookahead sequential Monte
Carlo routine derived in Sect. 4.2.2, setting k = 1 (LA-1).

For the two dynamic state variables 6y, and 0y, the
accuracy of each sampling scheme is measured via the
Wasserstein distance (e.g., Villani 2008) between the empir-
ical filtering distribution computed, for every time t =
1,...,97, from R = 10°, R = 10* and R = 10° parti-
cles produced by that specific scheme and the one obtained
via the direct evaluation of the associated exact density from
(10) on two grids of 2000 equally spaced values for 6;; and
0y, . For the sake of clarity, with a little abuse of terminology,
the term particle refers both to the samples of the sequential
Monte Carlo methods and to those obtained under i.i.d. sam-
pling from the SUN. The Wasserstein distance is computed via
the R function wassersteinld. Note also that, although
EKF and RAO-B focus, mostly, on moments of (6; | yi:),
such strategies can be adapted to sample from an approxi-
mation of the filtering distribution. Figure 4 displays, for the
two states and for varying number of particles, the frequen-
cies of the global rankings of the different schemes, out of
the 97 time instants. Such rankings are computed accord-
ing to the median Wasserstein distance obtained, for each
t=1,...,97, from 100 replicated experiments. The overall
averages across time of these median Wasserstein distances
are reported in Table 1, along with computational costs for
obtaining R samples from the filtering at time ¢ under each
scheme; see Appendix B for detailed derivations of these
costs.

Figure 4 and Table 1 confirm that the 1.L.D. sampler in
Sect. 4.1 over-performs the competitors in accuracy, since
the averaged median Wasserstein distances from the exact fil-
tering distribution are lower than those of the other schemes



Statistics and Computing (2021) 31:47

Page 150f20 47

0.50 o

0.25 o

LR T P L

Buuey4

R T TITAL A Py i

anpIpald

100 150

200

250 300

Fig.5 Median and interquartile range of the filtering and predictive distributions for @ (8;; + x;65;; 1) computed from 107 particles produced by the
lookahead particle filter in Algorithm 3 for the second time window. Black and grey segments denote days in which x; = 1 and x; = 0, respectively

under all settings, and the ranking of the L.I.D. is 1 in almost
all the 97 times. This improved performance comes, how-
ever, with a higher computational complexity, especially in
the sampling from (mt)-variate truncated normals in the SUN
additive representation, which yields a cost depending on
C(mt), i.e., the average number of proposed draws required
to accept one sample. While the improved accuracy of 1.LD.
justifies such a cost in small-to-moderate dimensions, as ¢
increases the I.I.D. becomes progressively impractical, thus
motivating scalable particle filters with linear cost in ¢, such
as BOOT, RAO-B, OPT and LA-1. In our basic R implementa-
tion, we found that the proposed I.I.D. sampler has reasonable
runtimes (of a couple of minutes) also for larger series with
mt ~ 300. However, in much higher dimensions the particle
filters become orders of magnitude faster and still practically
effective.

As expected, the OPT filter in Sect. 4.2.1 tends to improve
the performance of BOOT, since this strategy is optimal within
the class where BOOT is defined. However, as discussed in
Sects. 4.2.1 and 4.2.2, both methods induce unnecessary
autocorrelation in the Gaussian part of the SUN filtering distri-
bution, thus yielding suboptimal solutions relative to particle
filters that perform sequential Monte Carlo only on the mul-
tivariate truncated normal component. The accuracy gains of
RAO-B and LA-1 relative to BOOT and OPT in Fig. 4 and Table 1
provide empirical evidence in support of this argument, while
displaying additional improvements of the lookahead strat-
egy derived in Sect. 4.2.2 over RAO-B, even when k is set
just to 1, i.e., LA-1. As shown in Table 1, the complexities
of LA-1 and RAO-B are of the same order, except for sam-
pling from bivariate truncated normals under LA-1 instead of
univariate ones as in RAO-B. This holds for any fixed k, with
the additional sampling cost being C (m[k + 1]). However,
consistent with the results in Fig. 4 and Table 1 it suffices to
set k quite small to already obtain some accuracy gains, thus
making such increments in computational cost affordable in

practice. The EKF is, overall, the less accurate solution since,
unlike the other methods, it relies on a Gaussian approxima-
tion of the SUN filtering distribution. This is only beneficial
relative to BOOT and OPT when the number of particles is
small, due to the reduced mixing of such strategies induced
by the autocorrelation in the Gaussian component of the SUN
additive representation. All these results remained consistent
also when comparing other quantiles of the Wasserstein dis-
tance across experiments and when studying the accuracy in
approximating pre-selected functionals of interest.

Motivated by the accurate performance of the novel looka-
head strategy in Sect. 4.2.2, we apply LA-1 to provide scalable
online filtering and prediction for model (20) from June 1st,
2018 to March 29th, 2019. Following the idea of sequential
inference, the particles are initialized exploiting the marginal
smoothing distribution of May 31, 2018 from the batch anal-
ysis. Figure 5 outlines median and interquartile range for
the filtering and predictive distribution of the probability that
CAC40 has a positive opening in each day of the window con-
sidered for online inference. These two distributions can be
easily obtained by applying the function @ (61; + x;62;; 1)
to the particles of the states filtering and predictive distribu-
tion. In line with Fig. 3, a positive opening of the NIKKEI225
provides, in general, a high estimate for the probability that
y; = 1, whereas a negative opening tends to favor the event
y; = 0. However, the strength of this result evolves over
time with some periods showing less evident shifts in the
probabilities process when x; changes from 1 to 0. One-step-
ahead prediction, leveraging the samples of the predictive
distribution for the probability process, led to a correct classi-
fication rate of 66.34% which is comparable to those obtained
under more complex procedures combining a wide variety of
inputs to predict stock markets directions via state-of-the-art
machine learning methods (e.g., Kim and Han 2000; Kara
et al. 2011; Atkins et al. 2018).
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6 Discussion

This article shows that filtering, predictive and smoothing
densities in multivariate dynamic probit models have a SUN
kernel and the associated parameters can be computed via
tractable expressions. As discussed in Sects. 3—5, this result
provides advances in online inference and facilitates the
implementation of tractable methods to draw i.i.d. samples
from the exact filtering, predictive and smoothing distribu-
tions, thereby allowing improved Monte Carlo inference in
small-to-moderate settings. Filtering in higher dimensions
can be, instead, implemented via scalable sequential Monte
Carlo which exploits SUN properties to provide novel particle
filters.

Such advances motivate future research. For example, a
relevant direction is to extend the results in Sect. 3 to dynamic
tobit, binomial and multinomial probit models, for which
closed-form filters are unavailable. In the multinomial set-
ting a viable solution is to exploit the results in Fasano and
Durante (2021) for the static case. Joint filtering and predic-
tion of continuous and binary time series is also of interest (
Liu et al. 2009). A natural state-space model for these data
can be obtained by allowing only the sub-vector of Gaus-
sian variables associated with the binary data to be partially
observed in (3)—(5). However, also in this case, closed-form
filters are unavailable. By combining our results in Sect. 3
with classical Kalman filter, this gap may now be covered.

As mentioned in Sects. 1 and 3.2, estimation of possible
unknown parameters characterizing the state-space model in
(1)—(2) is another relevant problem, that can be addressed
by maximizing the marginal likelihood derived in Sect. 3.2.
This quantity can be explicitly evaluated as in Corollary 3
for any small-to-moderate n. A more scalable option in
large n settings is to rely on Egs. (62) and (66) in Doucet
et al. (2000) which allow to evaluate the marginal likeli-
hood leveraging samples from particle filters. In this respect,
the improved lookahead filter developed in Sect. 4.2.2 is
expected to yield accuracy gains also in parameter estimation,
when used as a scalable strategy to evaluate marginal likeli-
hoods. This routine can be also adapted to sample from the
joint smoothing distribution via a backward recursion. How-
ever, unlike the i.i.d. sampler in Algorithm 1, this approach
yields an additional computational cost which is quadratic
in the total number of particles R (e.g., Doucet et al. 2000).
Since R is much higher than n in most applications, the i.i.d.
sampler developed in Algorithm 1 is preferable over parti-
cle smoothers in routine studies having small-to-moderate
dimension, since it also yields improved accuracy by avoid-
ing sequential Monte Carlo. Finally, additional quantitative
studies beyond those in Sect. 5 can be useful for obtaining
further insights on the performance of our proposed algo-
rithms relative to state-of-the-art strategies, including recent
ensemble sampling (Deligiannidis et al. 2020).
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Appendix A: Proofs of the main results

Proof of Lemma 1 To prove Lemma 1, note that, by applying
the Bayes’ rule, we obtain

p@1|y1) o< p(@1)p(y1 | 01),

where p(01) = ¢,(01 — Giag; GI1PoG] + W) and p(y; |
0)) = &,(BiF0; BV B). The expression for p(f)
can be easily obtained by noting that §; = G0y + &
in (2), with 89 ~ N, (ap,Pp) and &1 ~ N,(0, Wy). The
form for the probability mass function of (y; | 6;) is
instead a direct consequence of Eq. (1). Hence, combining
these expressions and recalling (6), it is clear that p(6; |
y1) is proportional to the density of a SUN with suitably—
specified parameters, such that the kernel of (6) coincides
with ¢, (01 — Giao; G1PoG] + W )&, (B1F10; B,V B)).
In particular, letting

11 = Giao. 211 = GIPoG] + W,

Ay = fZ1|1w1|1F1TBlsl_1, Y ZSTIBlFlgm’
Iy =s;'Bi(F2F] +V)Bys; !,

we have that
_71 71
Yin T AR @01 — &)
=57 'BiF1&); +s7'BiF (01 — &) =s] 'B|F 0,

- —1
Fl\l_AlTu-QmAlll
=, '[Bi(F121;F]+V)B; — B (F1 2, F)B]s|"
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= SI]Bllels;l.

with sfl as in Lemma 1. Note that this term is introduced
to make I'(j; a correlation matrix, as required in the SUN
parametrization (Arellano-Valle and Azzalini 2006). Recall-
ing Durante (2019), and substituting these quantities in the
kernel of the SUN density (6), we have

¢»(01 — Giag; G1PoG] + W1)
- @y (57 'B1F101; s, ' BV Bys; )
= ¢, (01—Giag; GIPoG[+W1)®,,(B;F6;; B, VB))
=p@1)pyi161) < p@:|y1),

thus proving Lemma 1. To prove that QTU is a correlation
matrix, replace the indentity I, with B1 VB in the proof of
Theorem 1 by Durante (2019). O

Proof of Theorem 1 Recalling Eq. (2), the proof for p(6; |
Y1—1) in (9) requires studying the variable G,0;_; + &;,
given yi.,_1, where

@111 Y1:e—1) ~ SUNp me—1)(E/—1j—15 L1—1)—1,

Ar1pi-1, Yi—1)—1> I 1-1),

and &, ~ N,(0,W,), with &, L yj,_1. To address this
goal, first note that, by the closure properties of the SUN
under linear transformations (Azzalini and Capitanio 2014,
Sect. 7.1.2), we have that (G;6;_1 | y1:;—1) is still a SUN with
parameters G;&, 1,1, G2 -1-1G/ . [(G;2;-1,-1G))©

Ip]’%G,wt,“,,lAt,”,,l, Yi—1j—1and I'1—y,—1. Hence, to
conclude the proof of Eq. (9), we only need to obtain the
distribution of the sum among this variable and the noise
&, ~ N, (0, W;). This can be accomplished by considering
the moment generating function of such a sum — as done by
Azzalini and Capitanio (2014, Sect. 7.1.2) to prove closure
under convolution. Indeed, it is straightforward to note that
the product of the moment generating functions for &; and
(G0;:—1 | y1:+—1) leads to the moment generating function

of a SUN having parameters &, = G;&,_j;_1, /-1 =
—1

Gtﬂ,,”,,]G;r + Wi, Ay = w,‘,_thwzflnflA171|r71,

Yiji—1 = Yi—1ji—1 and I'yp—y = Ii—q—1. To prove (10)

note that

pO; | y11) x @, (B, F,0,;B,V,B)p(®; | y1.1—1)

coincides with the posterior density in the probit model hav-
ing likelihood @, (B,F;0;; B,V;B,), and SUN prior p(8; |
¥1:—1) from (9). Hence, (10) can be derived from Corol-
lary 4 in Durante (2019), replacing matrix I, in the classical
probit likelihood with B;V;B;. O

Proof of Corollary 1 To prove Corollary 1, re-write [ @, (B;
F.0::B,V:B;)p#; | y1.:—1)db; as

f D,,(B;F:0:;B;V:B)K(@O; | y1.—1)db;
Pin(t—1) P sji—15 Trji—1)

’

with K(@ly1.1—1) = P(at|YI:t—1)¢m(t—1)()’t\z_1;Ft|t—1)
denoting the kernel of the predictive density from (9).
Consistent with this result, Corollary 1 follows by not-
ing that &@,,(B,F,0;; B, V;B,)K(0; | yi.,—1) is the kernel
of the filtering density from (10), whose normalizing con-
stant [ @,,(B,F,0,; B, V,B)K (0, | yi.,—1)d0; is equal to
Pt (V1115 Tepe)- ]

Proof of Theorem 2 First notice that p(@1.,, | Y1)
P01:2) p(¥1:n | 01:). Therefore, p(01., | y1:2) can be seen
as the posterior density in the Bayesian model with likeli-
hood p(yi:n | 01:,) and prior p(6;.,) for the vector 6., =
@7, ...,00)T. Aspointed outin Sect. 3.2, it follows from (2)
that 1., ~ N, (&, £2), with § and 2 defined in Sect. 3.2.
The form of p(y1., | €1.,) can be obtained from (1), by
noticing thatyy, ..., y, are conditionally independent given
01.,, thus providing the joint likelihood p(yi.,, | 01.,) =
[Ti—; ®m(BFi0,; B;V,By). This quantity can be re-written
as @,,,(DO.,; A) with D and A as in Sect. 3.2. Combining
these results and recalling the proof of Lemma 1, if fol-
lows that p(01., | y1.1) ¢pn(01:n — & 2)D,, (D01, A),
which coincides with the kernel of the SUN in Theorem 2. O

Proof of Corollary 3 The expression for the marginal like-
lihood follows by noting that p(y;.,) is the normalizing
constant for the smoothing density. Indeed, p(yi.,) =
f p¥1:1101:n) p(01.,)d01.,. Hence, the integrand coincides
with the kernel of the smoothing density, so that the whole
integral is equal to Pn (Y 10005 T 1:nn)- O

Proof of Corollary 4 The proof of Corollary 4 is similar to
that of Lemma 1. Indeed, the proposal p(@; | @,_1,y;) is
proportional to the product between the likelihood p(y; |
0:) = &, (B/F.0;;B,V,;B,) and the prior p(0; | 6;—1) =
¢p(0; — G:0;_1; W;). To derive the importance weights in
(15), it suffices to notice that the marginal likelihood p(y; |
0;_1) coincides with the normalizing constant of the SUN in
(14). O

Proof of Proposition 1 To derive the form of the proposal,
first notice that p(Z—k:r | Zi:—k—1, Yi—kit) X P(Zr—k: |
Zi:4—k—1)P(Ye—k+ | Z1). Recalling model (3)~(5) and
Sect. 4.2.2, we have that (2, | Z1:7—xk—1) ~ Npgsn
Tkt —k—1, St—rerjr—k—1) and p(yr—k|21:) = 1(Z—x €
Ay, ). Hence, p(Z; ks | Z1x—k—1)Pp(Yr—kx | Z1) is the
kernel of the [m(k + 1)]-variate truncated normal in Propo-
sition 1. The form of the weights in (18) follows from
their general expression (e.g., Andrieu and Doucet 2002,
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Sect. 2.2.1), combined with the sequential formulation of
the model. Note also that, when written as a function of z;
from the proposal, p(ys | z;) = 1, foranys =1,...,t — k.
Therefore, with the convention that p(z; | zg) = p(z1), the
weights are proportional to

D@i—k | Y1)

P@rp—k—1 | Y1) P @Ze—k | Z1:t—k—1, Yi—k:t)

P | Z1e—) p(Z1:—1k)/ P(Z1:—k—1)
P11 | Zie—k—1) P(Ze—k | Z1t—k—1, Yi—k:t)

PV | Z1t—k) P(Ze—k | Z1:p—k—1)
P11 | Zle—k—1) P Zi—k | Zt—k—1, Yi—k:t)
Pt | Z1—k) p(Ye—ket | Z1:—k—1)

P11 | Zit—k—D) P (Ye—kt | Z1:—k)
Pk | Zra—k=1) Pkt | Zii—k—1)
POYL—1 | Zii—k—1)  PYVi—ket—1 | Z14—k—1)’

where the last equalities follow from the fact that p(yy.; |
Z1:4—k) = PVi—kt | Z1:1—k). To obtain the final form of
Eq. (18) if suffices to notice that p(y;—x: | Z14—k—1) =
prBr—k:iz > 0) = Dpy1) (s Xr), where 2Ny 1)
(Cr— ket —k—1,St—ker|r—k—1)> With Tr_per—k—1, St—kerjr—k—1,
and B;_; defined as in Sect. 4.2.2. A similar argument holds
for the denominator of (18). O

Appendix B: Derivation of the computational
costs

In this section we derive the computational costs of the algo-
rithms discussed in Sects. 4 and 5. Let us first consider
Algorithm 1 with an initial focus on the smoothing distri-
bution. For this routine, the matrix computations to obtain
the parameters of interest require O(n3[p> + m>]) opera-
tions. Regarding the sampling cost to obtain R draws, step
[1] requires O(p>n® + Rp’n?) operations since we have
to first compute the Cholesky decomposition of fll;n‘n —
Atnin I"l_:rll‘n AIT:n‘n in O(p3n3), and then multiply each inde-
pendent sample for the resulting lower triangular matrix, at
O(sznz) total cost. Step [2] requires, instead, to obtain
a minimax exponentially-tilted estimate at O(m>n>) cost
(Botev 2017) and then to perform On?m2C(mn)) opera-
tions for each independent sample, where C(d) denotes the
average number of proposed draws required per accepted
sample in Botev (2017), when the dimension of the trun-
cated normal is d. Hence, the overall cost of Algorithm 1 is
O3 (p? +m3) + Rn?[p? + m>C (mn))). If the interest is in
the filtering distribution, which coincides with the marginal
smoothing at n = ¢, it is sufficient to sample Uy |, instead
of U 1.1». Hence, the overall cost for R samples reduces to
O@p? + 3m> + R[p* + t*m>C(m1))).

@ Springer

We now consider the computational costs of the par-
ticle filters considered in Sect. 4 and 5. For each ¢, the
cost is due to the computation of parameters, sampling
and evaluation of the importance weights. Starting with the
“optimal” particle filter in Sect. 4.2.1, the matrix opera-
tions for computing the quantities in steps [3.1]-[3.3] of
Algorithm 2 have an overall cost for the R samples of
O@m>+ pm?*+ p*m+ Rpm + Rp?). The sampling costs are,
instead, O(p> + Rp?) and O(m3 4+ Rm>C (m)) for the Gaus-
sian and truncated normal terms, respectively. To conclude
the derivation of the computational costs, it is necessary to
derive those associated with the evaluation of the importance
weights. For all the particle filters analyzed, such weights
are obtained by evaluating in R different points the cumula-
tive distribution function of a zero mean multivariate normal
with fixed covariance matrix. To facilitate comparison, we
assume that this evaluation relies on a Monte Carlo esti-
mate based on M samples in all the particle filters. For the
“optimal” particle filter, this step requires O(m> + Mm?)
operations to obtain the samples, plus O(M Rm) for com-
puting the Monte Carlo estimate. Combining these results,
the overall cost for the “optimal” particle filter at time ¢ is
O (P> +m>) +1R[p?> + pm +m>C(m)|+1tM[m?* + Rm)).

Let us now derive the cost for the Rao—Blackwellized
algorithm by Andrieu and Doucet (2002). In this context,
adapting the notation of the original paper to the one of
Sect. 4.2.2, it can be noticed that one KF step requires
O(p* 4 Rp?*+ Rpm +m?) operations for the computation of
Pt|,,1 > Af|r—1 St\;,1 > Ttle—1» P,|; and ¢, at any 7. As for the
sampling part, it first requires R draws from an m-variate
truncated normal. Exploiting the same arguments consid-
ered for the previous algorithms, this step has an O(m> +
Rm?*C (m)) cost. The sampling from the final Gaussian fil-
tering distribution p(0, | z1; = ziy)) of direct interest
requires instead O(p> 4+ Rp?) operations. Leveraging again
the derivations for the previous algorithms, the computation
of the importance weights has cost O(m> + Mm? + RMm).
Therefore, the overall cost of the sequential filtering proce-
dure at time 7 is O(t(p> +m3) +tR[p> + pm +m>C (m)] +
tM[m? 4+ Rm)).

The above derivations for the Rao—Blackwellized algo-
rithm directly extend to the partially collapsed lookahead
particle filter shown in Algorithm 3. In fact, while at each
t the Rao—Blackwellized solution requires one KF recursion
combined with sampling from m-variate truncated normals
and evaluation of cumulative distribution functions of m-
variate Gaussians, the lookahead routine relies on samples
from [m(k+1)]-variate truncated normals along with k+1
KF steps, and computation of cumulative distribution func-
tions for [m (k+1)]-dimensional Gaussians. Hence, adapting
the cost of the Rao—Blackwellized algorithm to this broader
setting, we have that the overall cost of Algorithm 3 at time ¢
is Ot (kg p>+k3m™)+1 Rlky p*+ki pm+k2m?C (ksm)]+



Statistics and Computing (2021) 31:47

Page 190f20 47

tM[kim? + Rkym]), where ky = k + 1. Note that, in
practice, k is fixed equal to a pre-specified small constant
and, therefore, the actual implementation cost reduces to
Ot (p3+m3)+tR[ p*+ pm+m?C (kym)]+t M[m>*+Rm]),
where k4 only enters in C (k+m).

The bootstrap particle filter leverages the proposal p(6; |
0:_1), with importance weights given by the likelihood in
Eq. (1). Hence, exploiting similar arguments considered for
the previous routines yields a cost O(t(p> +m?>) +tR(p* +
pm) + tM[m? 4+ Rm)).

Finally, note that the cost of the extended Kalman filter
(Uhlmann 1992) is lower than the one of the particle filters
since no sampling is involved, except for the Monte Carlo
evaluation of the multivariate probit likelihood. In particular,
at each ¢, one has to invert a p X p and an m X m matrix,
plus computing the likelihood, which yields a total cost at ¢
of Ot[p> +m> + Mm?)).
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