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Abstract

We propose a new technique for the analysis of multivariate stochastic volatility
models, based on efficient draws of volatility from its conditional posterior distribu-
tion. It applies to models with several kinds of cross-sectional dependence. Full VAR
coefficient and covariance matrices give cross-sectional volatility dependence. Mean
factor structure allows conditional correlations, given states, to vary in time. The con-
ditional return distribution features Student’s ¢ marginals, with asset-specific degrees
of freedom, and copulas describing cross-sectional dependence. We draw volatility
as a block in the time dimension and one-at-a-time in the cross-section. Following
McCausland (2012), we use close approximations of the conditional posterior distribu-
tions of volatility blocks as Metropolis-Hastings proposal distributions. We illustrate
using daily return data for ten currencies. We report results for univariate stochastic
volatility models and two multivariate models.

1 Introduction

Multivariate volatility models are a powerful inferential tool. By featuring different kinds of
dynamic cross-sectional dependence among multiple asset returns, they can capture many
different stylized facts.

It is well known that asset return volatility varies over time, changing in response to
news and revised expectations of future performance. It tends to cluster, so that large price
changes tend to be followed by other large changes. Volatility is not independent across
markets and assets, and this cross-sectional dependence is time-varying. Cross-sectional
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correlations increase substantially in periods of high market volatility, especially in bear
markets. The distribution of returns is heavy tailed compared with the normal distribution,
even when one conditions on current market conditions. There is an asymmetric relation
between price and volatility changes known as the “leverage effect”: increases in volatility
are associated more with large decreases in price than with large increases.

Multivariate volatility models that can capture these stylized facts are in high demand
in finance given their many important applications, especially in modern portfolio man-
agement. Learning about the joint distribution of asset returns is a key element for the
construction, diversification, evaluation and hedging of portfolios. Accurate estimation of
the covariance matrix of multiple asset returns allows the investor to timely identify op-
portunities or risks associated with a particular portfolio. It is important to track changes
in correlations to assess the risk of a portfolio, especially during periods of market stress.
Financial crises usually have a strong impact on correlation. Markets tend to behave as one
during big crashes — as the risk of some assets increases, investors wish to sell other risky
investments. The result is more highly correlated returns. The pessimistic conclusion is
that diversification is least effective at reducing risk at the very times when risk is highest.
An awareness of this fact avoids false optimism.

As with univariate volatility models, there are two main types of multivariate volatility
models: observation-driven and parameter-driven. In observation-driven models, volatility
is a deterministic function of observed variables, which allows straightforward evaluation of
the likelihood function. This advantage has made the observation-driven GARCH model
and its extensions very popular for univariate problems.

In parameter-driven volatility models, known as stochastic volatility (SV) models,
volatility is a latent stochastic process. Jacquier, Polson, and Rossi (1994) and Geweke
(1994) give evidence suggesting that SV models are more realistic. They are also more
natural discrete time representations of the continuous time models upon which much of
modern finance theory is based. Unfortunately, computation of the likelihood function,
which amounts to integrating out latent states, is difficult. However, since the introduc-
tion of Bayesian Markov chain Monte Carlo (MCMC) methods by Jacquier, Polson, and
Rossi (1994) for univariate SV models, inference for these models has become much more
feasible. These methods require the evaluation of the joint density of returns, states and pa-
rameters, which is straightforward. In addition, simulation methods for Bayesian inference
make exact finite sample inference possible.

This paper focuses on multivariate stochastic volatility (MSV) models, which are parameter-
driven. For a literature review of multivariate GARCH type models, which are observation-
driven, see Bauwens, Laurent, and Rombouts (2006). We propose new MCMC methods for
Bayesian analysis of MSV models, based on efficient draws of volatility from its conditional
posterior distribution.

There are many different types of MSV models. In Section 2, we describe a MSV
model that encompasses several special cases of interest and compare it to other models.
Two difficulties arise when we extend volatility models to the multivariate case. First, the



conditional variance of returns given states must be positive definite at every point in time.
Second, there is a severe trade-off between parsimony and flexibility. As the number of
assets increases, the number of potential parameters increases quickly, leading to a danger
of overfitting. Reining in the number of parameters forces the modeler to make choices,
and much of the difference between MSV model specifications reflects a choice about how
to do this. This has implications on which stylized facts can be captured by the model.

We show that our estimation approach is quite flexible and we do not rely much on any
special structure for the MSV model considered. It applies to models with several kinds of
cross-sectional dependence. We can specify full first order VAR coefficient and covariance
matrices for the evolution of volatilities. We can include a mean factor structure, which
allows conditional return correlations, given asset and factor volatilities, to vary over time,
and for these correlations to covary with variances. We can also model cross-sectional con-
ditional return dependence given latent asset and factor volatilities using copulas. Copulas
allow one to represent a multivariate distribution in a very flexible way by decoupling the
choice of marginal distributions — which can be different from each other — from the
choice of the dependence structure. Copulas have been used in multivariate GARCH-type
models, but to our knowledge, this is the first study to introduce copulas in MSV models.

We introduce a new prior for correlation matrices, which we use in the context of
Gaussian copulas. It is based on a geometric interpretation of correlation coefficients.
The prior is a first step towards a model for time varying correlations where assets are
exchangeable, avoiding a problem with models based on the Cholesky decomposition —
their predictions are not invariant to the arbitrary choice of how to order assets.

We allow heavy-tailed returns. In our applications, we use Student’s t marginals, but
this is not an essential choice, and we don’t rely on data augmentation to obtain conditional
Gaussianity, unlike with many models using Student’s t distributions. In general, we allow
the marginal distribution to vary by asset, which in our applications translates to asset-
specific degrees of freedom parameters. We also depart from the usual assumption of
Gaussian factors and allow Student’s t factors.

Different MCMC methods have been proposed for inference in MSV models and some-
times they are quite model specific. The estimation technique proposed by Chib, Nardari,
and Shephard (2006) (CNS) is one of the most popular, especially when analyzing a large
number of asset returns. The CNS model includes factors in mean, heavy tailed errors for
returns, and jumps. Factor volatilities and the volatilities of the idiosyncratic components
of returns are conditionally independent given parameters. Factors are Gaussian.

An important feature of the CNS procedure is sampling the factor loading matrix
and the latent factors as a single block. This is more numerically efficient than using
separate blocks to draw factor loadings and factors. The procedure exploits the conditional
independence of volatilities to draw all volatilities and some associated parameters as a
single block, using the procedure proposed by Kim, Shephard, and Chib (1998) (KSC) for
univariate SV models.

The procedure in Kim, Shephard, and Chib (1998) is an example of the auxiliary



mixture approach to inference in state space models, whereby non-linear or non-Gaussian
state space models are first transformed into linear models and then the distribution of the
transformed error is approximated by a mixture of Gaussian distributions. The mixture can
be dealt with using data augmentation — adding mixture component indicators yields a
linear Gaussian model when one conditions on them. The transformation is model specific,
but many other models have yielded to this approach. Some relevant articles are Chib,
Nardari, and Shephard (2002) and Omori, Chib, Shephard, and Nakajima (2007) for other
univariate SV models; Stroud, Miiller, and Polson (2003) for Gaussian, but non-linear, state
space models with state dependant variances; Frithwirth-Schnatter and Wagner (2006) for
state space models with Poisson counts; and Frithwirth-Schnatter and Fruwirth (2007) for
logit and multinomial logit models.

The approximation of the transformed error distribution as a mixture can be corrected
by reweighting, as in Kim, Shephard, and Chib (1998) or by an additional Metropolis
accept-reject, as in Stroud, Miiller, and Polson (2003), Frithwirth-Schnatter and Wagner
(2006) and Frithwirth-Schnatter and Friwirth (2007).

CNS draw log volatilities, component indicators and some parameters based on the
approximate transformed model. These Metropolis-Hastings updates preserve an approx-
imate posterior distribution implied by the approximate model. All other updates of un-
known quantities preserve the exact posterior distribution. Thus the stationary distribu-
tion of a sweep through all the blocks is neither the exact nor the approximate posterior
distribution. We cannot expect the method to be simulation consistent.

McCausland (2012) proposed an alternative procedure to draw all latent states in uni-
variate state space models as a block, preserving their exact conditional posterior distri-
bution. This HESSIAN method is fast and numerically efficient and does not require data
augmentation. It can be used to draw joint blocks of states and parameters. It is based on
a non-Gaussian proposal distribution that captures some of the departure from Gaussianity
of the conditional posterior distribution of the states. The HESSIAN method uses routines
to compute derivatives of the log measurement density at a point, but is not otherwise
model specific.

While the HESSTAN method is only for univariate states, we can apply it to draw
volatilities as a single block in the time dimension but one-at-a-time in the cross-section
dimension. We will see that the conditional distribution of one state sequence, given
the others, parameters and data, can be seen as the conditional posterior distribution of
states in a univariate state space model. So, following McCausland (2012), we obtain very
close approximations to these conditional posterior distributions, which we use as proposal
distributions. We are also able to draw a single volatility sequence, together with some
of its associated parameters, as a single block. Because of strong dependence between
volatilities and these parameters, the result is higher numerical efficiency.

To apply the HESSTAN method in this way, we require only that the multivariate state
sequence be a Gaussian first-order vector autoregressive process and that the conditional
distribution of the observed vector depend only on the contemporaneous state vector. This



requirement is satisfied for a wide variety of state space models, including but not limited
to multivariate stochastic volatility models.

In Section 3, we describe in detail our methods for posterior simulation. In Section 4,
we validate the correctness of our proposed algorithm using a test of program correctness
similar to that proposed by Geweke (2004). In Section 5, we present an empirical appli-
cation using a data set of daily returns of foreign exchange rates and compare the results
of different specifications of the MSV model with the results for univariate SV models.
Finally, in Section 6, we conclude and outline some possible extensions.

2 The Model

This section describes the most general discrete-time MSV model considered in this paper,
and identifies some special cases of interest. We compare it to other specifications in the
literature. We also describe prior distributions used in our empirical applications. Table
1 describes all of the model’s variables. The notation is similar to that in Chib, Nardari,
and Shephard (2006).

There are p observed return sequences, g factors and m = p + ¢ latent log volatility
states. The conditional distribution of the factor vector f; = (fit,..., fgt) and the return
vector 1y = (T'1¢, ..., rpt) given the contemporaneous state vector oy is given by

ry = Bfi + th/2€1ty ft = Dtl/262t7

or alternatively

i |:7“t:| _ th/z BDt1/2 . (1)

Je 0 Dt1 /2 ’
where B is a p x ¢ factor loading matrix, V; = diag(exp(aiy),...,exp(au)) and Dy =
diag(exp(apt1,t), - - -, €xp(Qprq,e)) are matrices of idiosyncratic and factor volatilities, and

€ = (eth, 62Tt)T is an vector of innovations, specified below, in terms of parameters v and
R.
Given parameters &, A and 3, the state is a Gaussian first order vector autoregression,
given by
a1 ~ N(a,X), arri|ar ~ N((I — A)a+ Aay, X)), (2)

where the derived parameter g is chosen to make the state sequence stationary:
vec ¥g = (I,,2 — A® A) lvec .

See (Hamilton, 1994, p.265) for details on computing the marginal variance .



Symbol dimensions description

a mx1 mean of state a;

A m X m coefficient matrix for oy

by mXxXm variance of state innovation

B pXq factor loading matrix

v mx 1 vector of degrees of freedom parameters
R mXxXm Gaussian copula parameter

€t m x 1 period ¢ return/factor innovation
g mx1 period t state

Tt px1 period t return vector

ft qgx1 period t factor

Yt m x1 (rtTa ftT)T

Table 1: Table of symbols

We assume the conditional independence relationships implied by the following joint
density decomposition:

71—(65) A7 X, v,B,R, a, f: T) = 7T(0_47A7 2, v, B)W(R)
n—1
’ 7I-(a1|6[7 A7 E) H ﬂ-(at-l-l’atv Q, A7 2)

t=1
n

] = (fila)w(re B, R, fi, )] -

t=1

We specify the distribution of €, = (€14, ..., €nt) by providing marginal distributions,
which may differ, and a copula function describing dependence. See Patton (2009) for an
overview of the application of copulas in the modelling of financial time series and Kolev,
dos Anjos, and de M. Mendez (2006) for a survey and contributions to copula theory.

The marginal distribution of €;; is given by the cumulative distribution function (cdf)
F(€it|0;). Let m(ei|0;) be its density function. Sklar (1959) provides a theorem on the
relationship between marginal distributions, joint distributions and a copula function. It
states that if F'(ej,...,€y) is an m-dimensional cdf with marginals Fj(e1),..., Fin(em),
then there exists a unique copula function C' such that F' that can be written as:

Fer,....em) =C(Fi(€1),..., Fn(em)).

A copula function is a cdf on [0, 1] with marginal distributions that are uniform on [0, 1].
Conversely, if € = (e1,...,€y) is a random vector with cdf F' and continuous marginal cdfs
F;, i =1,...,m, then the copula of ¢, denoted C, is the cdf of (uq,...,uy), where u; is
the probability integral transform of ¢;: u; = Fj(¢;). The distribution of the w; is uniform
on [0,1]. Thus

Clug, .. um) = F(F (w), . Et (um)).



In this paper, we assume Student’s t marginals with asset-specific degrees of freedom. This
allows for fat tails. However, the Student-t cdf could be replaced by another one and most
of the derivations presented below would still hold. We choose a Gaussian copula with

variance matrix
_|Run O
=[5

where Rj1, and thus R, are correlation matrices. One could replace the Gaussian copula
with another, and the derivations below could be modified accordingly. However, there
would be a computational cost. We take advantage of the fact that the derivatives of a log
Gaussian density are non-zero only up to second order.

We denote the Gaussian copula with correlation matrix R as Cg:

Cr(ut, ..., um) = ®p(® Hur), ..., (up)).

Here ® denotes the standard univariate Gaussian cdf and ¢, its density. ®r and ¢ denote
the cdf and density of the m-variate Gaussian distribution with mean zero and covariance
R. Then the multivariate density of ¢ is the product of the Gaussian copula density and
the Student-t marginal density functions:

m

me(ed]) = cr(Felewl01), .., Fe(emlOm)) [ [ m(eil6s), (3)
i=1
where (m) ) )
o C yees U, o R e (1
crliin, i) = rR(U1, .- um) _ ¢R( 77(1161) ) (um))
Quy -+ Oup, [[L ¢(@7 1 (w))
Letting z; = @ '(u;),i=1,...,m and z = (21, ..., Zm), We can write
1

logcr(ut, ... um) = —§(log |R| 4+ log(27) + " (R™Y — 1)) (4)

We use the notation 7. here instead of the generic 7 to clarify that it is the density function
of €;. We can now write the conditional density of y; given oy, B, v and R as

Vv, P (r - Bfy)

w(yt o, B,v, R) = 7, N
(ye|ou ) ( D, 1/2ft

v, R) Hexp(—ait/2). (5)

=1

2.1 Alternative MSV models

As mentioned before, different MSV model specifications reflect, to a large extent, different
restrictions chosen by the modeller to balance flexibility and parsimony. In our model, we
can impose restrictions on the parameters governing the marginal distribution of volatility
in (2), the parameters governing the conditional distribution of returns and factors given



volatility, equation (1), or both. These choices have different implications for the stylized
facts that a MSV model can capture.

First let us consider restrictions on the marginal distribution of volatilities. At one
extreme, giving the most flexibility for volatility dynamics, we can specify A and ¥ in
equation (2) as full matrices. At another extreme, we can impose prior independence
among log volatilities by specifying diagonal matrices for A and X. This can be much
less computationally demanding, which makes it especially attractive when the number of
volatilities to estimate is large. Several intermediate possibilities are possible, including
the relatively parsimonious specification in Section 2.2, where A and X are not diagonal,
but have O(m) free elements.

We now consider cross-sectional dependence arising from the conditional distribution
of returns given parameters and volatilities, marginal of latent factors. For comparison
purposes, it will be helpful to write out the conditional variance of returns given returns
and factor volatilities:

1/2

Var[ry|oy) = V,;1/2R11V; +BD,B". (6)

In the case where we have no factors, ¢ = 0, then the second term disappears. The
conditional variance varies in time, but the conditional correlation Ry is constant. Mod-
els with constant correlations have been studied by Harvey, Ruiz, and Shephard (1994),
Danielsson (1998), Smith and Pitts (2006) and So, Li, and Lam. (1997). Other authors,
including Yu and Meyer (2006), Philipov and Glickman (2006), Gourieroux (2006), Gourier-
oux, Jasiak, and Sufana (2004), Carvalho and West (2006) and Asai and McAleer (2009),
consider models in which the return innovation correlation is time-varying, which is more
realistic. However, as the number of assets increases, the estimation of a separate time
varying correlation matrix becomes very challenging. Furthermore, when the dynamics of
correlation and volatility are modelled separately, it is difficult to capture the empirical
regularity that correlation and volatility covary.

Introducing latent factors in mean is another way to introduce time-varying correlations.
Factors in mean models exploit the idea that co-movements of asset returns are driven by
a small number of common underlying variables, called factors. The factors are typically
modelled as univariate SV processes. Usually, factor MSV models give Rj; as the identity
matrix, in which case Var(r¢|a;) = V; + BD;BT. The main attractions of mean factor
models is that they are parsimonious, they lead to time varying conditional correlations
and they have a natural link with the arbitrage pricing theory (APT), an influential theory
of asset pricing. APT holds that the expected return of a financial asset can be modelled
as a linear function of various factors. In addition, the mean factor structure allows the
conditional correlations and conditional variances to covary. This is an important feature
for portfolio analysis, especially when there are turbulent periods. See Longin and Solnik
(2001) and Ang and Chen (2002) for empirical studies showing the positive correlation
of the conditional variances and conditional correlations. Given all these characteristics,
factor MSV models have become very popular in the literature, and different versions have



been proposed. The basic model assumed normal returns, a constant factor loading matrix
and zero factor mean. See, for example, Jacquier, Polson, and Rossi (1995), Pitt and
Shephard (1999) and Aguilar and West (2000). Other studies proposed some extensions to
the basic structure such as jumps in the return equation and heavy-tailed returns (Chib,
Nardari, and Shephard (2006)), time varying factor loading matrices and regime-switching
factors (Lopes and Carvalho (2007)) or first-order autoregressive factors (Han (2006)).
See Chib, Omori, and Asai (2009) for a brief description and comparison of the different
types of MSV models mentioned. Allowing for heavy tails in the distributions of returns
is desirable because empirical evidence has shown that returns present higher conditional
kurtosis than a Gaussian distribution does.

If we compare these models to the one described at the beginning of this section, we
notice that the MSV model specification that we work with is fairly general and incor-
porates some other specifications as special cases. In its most general version, without
parameter restrictions, the model allows for cross-sectional volatility dependence. It allows
time-varying conditional correlations through the specification of a mean factor structure.
It also incorporates cross-sectional conditional return dependence through copulas. The
conditional variance matrix of returns in equation (6) is time-varying. The conditional
correlation matrix is also time varying, and covaries with the conditional variances.

We can impose some parameter restrictions and obtain some interesting special cases:

e Independent states in cross section: A and ¥ diagonal.
e Conditionally independent returns given factors and states: R diagonal.

e No factors: ¢ = 0. In this case, the conditional variance-covariance matrix of returns
is given by Var(ri|ay) = th/ 2R11V;1/ % which is still time-varying but the conditional
correlation matrix will be Ry which is constant.

2.2 Prior Distributions

2.2.1 Prior for a, A4, ¥, v, and B

We now describe a prior for a low dimensional specification of &, A, ¥, v, and B.
We parameterize A and 3 in the following parsimonious way:

% = (diag(c))? + [5§T 8] A = diag(\) + {(1/190)&; 8}

where o and A are m x 1 vectors, 3 and ¢ are p x 1 vectors and ¢, is the p x 1 vector of
ones.

We organize the parameters associated with each series i (a return for i =1,...,p or a
factor for i =p+1,...,m) as
 J (@, tanh ™1 (N;), tanh (A + &), log 04, Bi /oy, log vi, Bit, ..., Big) T, 1 <i <p,
‘ (tanh™(\;), log oy, log 1) T, p+1<i<m,



and organize the vector of all these parameters as 6 = (6, ,...,0,})".
We suppose that the 6; are a priori independent, multivariate normal, and that the

parameters have the prior means and variances given in Table 2. For each i = 1,...,m,
Parameter mean variance
a; -11.0 22 =4
tanh ™ (\;) 2.1 (0.25)2 = 0.0625
tanh™*(\; +6;) 2.3 (0.25)2 = 0.0625
log o 20  (05)2=0.25
Bi]os 0.0 (0.5)2 = 0.25
log v; 3.0 (0.5)2 = 0.25

Table 2: Parameter means and variances of prior distributions.

the correlation coefficient between o; and tanh™*()\;) is -0.8. All other correlations are zero.
The prior probability that the A matrix is such that « is not stationary is close enough to
zero that we have not seen an example in prior simulations.

2.2.2 Prior for R

We can interpret the correlations in the p x p correlation matrix R as the cosines of angles
between vectors in RY, where { > p. There are p vectors, one for each asset, and the (’2’)
angles between distinct vectors give the various correlations.

We reparameterize the information in R. The new parameter is an p X [ matrix V whose
rank is p and whose rows have unit Euclidean length. The rows of V' give p points on the
surface of the unit [-dimensional hypersphere centred at the origin. In putting a prior on
V, we induce a prior on R = VV . It is easy to see that VV'T is a p x p symmetric positive
definite matrix with unit diagonal elements. In other words, it is a full rank correlation
matrix. Conversely, for any full correlation matrix R and any [ > p, there is an p x [ real
matrix V with rows of unit length and rank p such that VV'T = R: take the Cholesky
decomposition R = LL" and let V = [L Op.i—p)-

We choose a prior such that the rows v; of V' are independent and identically distributed.
This ensures that the prior does not depend on how the assets are ordered. We could relax
this to exchangeable v; and retain this advantage. This kind of invariance is difficult to
achieve if one specifies a prior on the Cholesky decomposition of the correlation matrix. A
disadvantage of the V' parameterization is that the number of non-zero elements of V' is Ip,
while the number of non-zero elements of the Cholesky factor is p(p 4+ 1)/2. Another issue
is that V is not identified. However, since VV' T is identified, this is not a problem.

We will call the vector (1,0,...,0) in R' the north pole of the hypersphere. Let ¢; =
cos~1(Vj1), the angle between v; and the north pole. We specify a marginal density 7((;)
and let the conditional distribution v;|(; be uniform on the set of points on the surface of

10



the unit hyperphere at an angle of (; from the north pole. This set is the surface of an
(I — 1) dimensional hypersphere of radius sin ¢;.
This gives the following density for v; on the unit /[-dimensional hypersphere:
(1-1)/2

s =2
——sin"™ 7 ;.
F(l 21)

m(v;) = m((i)2

In our applications, we use (;/m ~ Be(4,4).

3 Posterior inference using MCMC

We use MCMC methods to simulate the posterior distribution, with density 7(a, A, ¥, v, B, R, a, f|r).
We use a multi-block Gibbs sampler. The result is an ergodic chain whose stationary dis-
tribution is the target distribution. The sequence of steps in a single sweep through the

blocks is

1. For ¢ = 1,...,m, update (0;, a;) as described in 3.1, preserving the conditional pos-
terior distribution 6;, o;|0_;, a—;, R, B_;, f,r, where a_; is the vector of all state se-
quences except the i’th and 6_; is the vector of all parameter values in 6 except those
in Qi.

2. Update (B, f) as described in 3.2, preserving the conditional distribution B, f|0, a, R, r.
3. Update f as described in 3.3, preserving the conditional distribution f|0, «, R, B, r.

4. Update R as described in 3.4, preserving the conditional distribution R|0, o, B, f,r.

In the following subsections, we describe each of these steps.

3.1 Draw of 0;, «o;

We draw (6;, ;) as a single Metropolis-Hastings block. Drawing a volatility sequence
together with its associated parameters in one block is more efficient than drawing them
separately because of their posterior dependence.

Our proposal of (6;, ;) consists of a random walk proposal of §; followed by a (condi-
tional) independence proposal of o given . This gives a joint proposal that we accept
or reject as a unit. The acceptance probability is given by

. 1 W(G;)ﬂ-(aﬂe;’ka977:7a*i)ﬂ-(yt|a;'kaa*’iae;k>97iaR) g(aﬂgjaef’iaaf’iaR)
min .
’ m(0i) (|0, a—i)m(ye|ev, 0, R) g(ailt,a—;, R) 7

where g(a;|07,0_;, R) is an independence (it does not depend on «;) conditional proposal
density for o given 0.

11



A key issue for independence proposals is the specification of the proposal density. To
obtain high numerical efficiency for the draw of a vector with thousands of observations,
we need an extremely close approximation. We will see that the conditional posterior
distribution of «; has the form of the target distributions approximated in McCausland
(2012). These approximations are very close, and we will exploit them here.

3.1.1 Draw of 07]0;,a" ,,w

i
We use a random walk Metropolis proposal for . The random walk (6 — 6;) is Gaussian
with mean zero and covariance matrix Z. We obtain = using an adaptive random walk
Metropolis algorithm, described in Vihola (2011), during a burn-in period — the random
walk proposal variance is adjusted after each draw to track a target acceptance probability.
We use the final value of = at the end of the burn-in period as the proposal covariance
matrix for all future draws. Thus our posterior simulator is a true Markov chain after the
burn-in period and so standard MCMC theory applies to the retained posterior sample.

3.1.2 Draw of o]0, w

We now discuss the draw of the conditional proposal o |6}, 0_;, «_;, R using the HESSIAN
method in McCausland (2012).

The HESSIAN method is for simulation smoothing in state space models with univariate
Gaussian states and observable vectors that are not necessarily Gaussian. It involves a
direct independence Metropolis-Hastings update of the entire sequence of states as a single
block. The proposal is a much closer approximation of the target distribution than is any
multivariate Gaussian approximation. The result is a Metropolis-Hastings update that is
not only tractable, but very numerically efficient. One can also update states jointly with
parameters by constructing joint proposal distributions, as we do here.

Drawing states as a block is much more efficient than one-at-a-time draws in the usual
case where the posterior autocorrelation of states is high. Adding parameters to the block
leads to even higher numerical efficiency when there is strong posterior dependence between
parameters and states. The HESSIAN method does not require data augmentation or
model transformations, unlike auxiliary mixture sampling methods, where the model is
transformed and augmented so that conditioning on auxiliary variables yields a linear
Gaussian state space model. The auxiliary mixture approach has been used for univariate
state space models by Omori, Chib, Shephard, and Nakajima (2007) and Kim, Shephard,
and Chib (1998) . Approximating distributions of the transformed model by mixtures of
Gaussian random variables results in slightly incorrect posterior draws. In some cases, this
is corrected using reweighting or an additional accept/reject step. We have seen that in
Chib, Nardari, and Shephard (2006), some blocks update the true posterior and some blocks
update the approximate (mixture approximation) posterior. The stationary distribution is
neither the approximate distribution nor the true distribution, and it is not clear to us how
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one could compensate for the error. Draws from the HESSTAN approximate distribution
are exact, in the sense that draws of o] are consistent with the evaluation of the proposal
density used to compute the Metropolis-Hastings acceptance probability.

The HESSTAN method uses an approximation g(a|y) of 7(a|y) for univariate models
in which a ~ N(Q71¢,Q), with Q tridiagonal and 7(y|a) = [[}-; 7(yt|ct). One needs to
specify Q, the precision, and ¢, the co-vector, and provide routines to compute the first five
derivatives of log m(y:|cy). The approximation g(a|y) is so close to 7(ay) that we can use
it as a proposal distribution to update the entire sequence o = (ay,...,ay,) as a block.

Here states are multivariate, but we can draw state sequences one at a time in the
cross-sectional dimension, using approximations of the conditional distribution of each
state sequence «; given the rest of the states (a—;), parameters and data. The conditional
density we need to approximate is

n
r(ailacs,y) x m(ailas) [ r(mlae).
t=1

In Appendix A, we show that ag|a_; ~ N((Q®)~1&® Q) where the co-vector &?)
is a n x 1 vector and the precision Q) is a tridiagonal n x n matrix, as required by the
HESSIAN method. We also describe there how to compute the elements of Q) and @ i
terms of the elements of ) and é.

We just need to compute five derivatives of log 7(y¢|cvit, a—;+) with respect to a;. We
do not need to write down the complete analytical expressions of these derivatives, we
just need to evaluate them at a point. To do this, we use automatic routines to combine
derivatives of primitive functions according to Faa di Bruno’s rule, which is a generalization
of the chain rule to higher derivatives. It allows us to take two vectors of derivative values
and call a function that returns a vector of derivatives of a composite function. Appendix
B describes the Faa di Bruno formula and how we use it to evaluate five derivatives of

log W(yt\am a—i,t)-

3.2 Draw of (B, f)

In this block, we update B and f simultaneously in a way that preserves the posterior distri-
bution of B and f given everything else but does not change the value of the matrix-vector
products Bf;. Adding this block improves the posterior mixing of the poorly identified
scale of the B matrix. At the same time, it is fairly cheap computationally, because the
Bf; do not change.

We first draw a random ¢ x ¢ matrix A. The diagonal elements are iid, with nA; ~
x%(n), and the non-diagonal elements are zero. With probability 1/2, we form proposals
B* = BA, ff = A"'f;, t = 1,...,n and with complementary probability, we form B* =
BA™Y ff = Afi, t=1,...,n. In the first case, we accept with probability

min (n— p)W(B*) [T m(ff]ev)
<1 A m(B) [T= m(fila,v) )

13




and in the second case, we accept with probability

min ("*P)W(B*) [ w(ff e, v)
(1,!A| BT e )

The factors |A|~(*~P) and [A|*~P) are products of the Jacobian matrices for the multiplica-
tive transformations of n vectors f; and p rows of B.

3.3 Draw of f

We draw each f; from its conditional posterior distribution using a random walk proposal.
Because the random walk involves only two function evaluations, it is quite cheap com-
putationally. We use a proposal variance matrix (2.38)2(BTV,"'B + D;!)~!. The matrix
(BTV;le +D, 1)_1 is a crude but cheap approximation of the conditional posterior vari-
ance of f;, obtained by setting v; = oo, ¢ = 1,...,m, and R = I. The scaling factor
(2.38)% comes from Gelman, Roberts, and Gilks (1996), and it is optimal when the target
distribution is univariate Gaussian.

3.4 Draw of R

We draw the rows of V' one-at-a-time. We use a random walk M-H proposal to update the
row vector v;. It is a random walk on the I-dimensional unit hypersphere: the direction of
the walk is uniform and the angle of the walk has some arbitrary distribution. Let d be
the direction vector, normalized so that it has unit length. To draw the proposal v;:

1. Draw the angle ¢; between the proposal v} and the current state. We use (;/m ~
Be(1,199).

2. Draw the direction d from the uniform distribution on the unit /-dimensional hyper-
1
sphere”.

3. Compute d |, the projection of d onto the hyperplane perpendicular to v;:

Uid
d =d— —-7=v;
lJoil |2
4. Compute:
d
vy =cos(;-v; +sing - L
ldL]|

'"We can draw from a uniform distribution on a unit hypersphere by drawing a spherically symmetric
normal random vector of the same dimension, and dividing it by its length.
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5. Accept with probability
B, R* ) G
min <1 7T(f,T|OZ,9, 7R 7f)7r(q1)<.- )

’ 7T(f,7"|0(,9,B,R,f)7T(Ci) CZ*
4 Getting it Right

Here we perform a computational experiment with artificial data to put the implementation
of our methods to the test. We use a simulation strategy similar to that proposed by Geweke
(2004) for testing the correctness of posterior simulators and detecting any analytical and
coding errors there may be. This procedure replaces the common exercise of generating
a single artificial data set using known values of the parameters, applying a simulation
method to these data and verifying that the “true value” falls in a region of high posterior
probability.

Like the approach of Geweke (2004), our approach is based on the simulation of the
joint distribution of parameters, states, factors and data. We use a single simulator, a
Gibbs sampler that alternates between updates of the posterior distribution, described in
the previous section, and draws of returns given parameters, states and factors, described
in Appendix C. If the simulator works correctly, then the marginal distribution of the
parameters must agree with the specified prior distributions. We can test a wide range of
implications of this condition.

This formal approach is a more stringent way to verify the correctness of posterior
simulators, as not all errors lead to obviously incorrect results. Reasonable but incorrect
results are worse than obvious errors, because they can mislead. The test applied here
can discriminate much more effectively between correct code and alternatives with minor
coding errors. Also, simulation results often provide clues to the source of any errors.

Here in detail is how we generate a sample from the joint distribution of &, A, X, B, v,
R, «, f and r. The first draw (07(1), AW x@® M) 1) R M) f(l),r(l)) comes directly
from the model. See Appendix C for a description of how to draw from = (r|a, A, %, B,v, R, a, f).
Then, we draw subsequent values by iterating the following Gibbs blocks:

1. For i =1,...,m, update 6;, ; as described in Section 3.1.
2. Fort =1,...,n, update f; as described in Section 3.3.
3. Update B and (f1,..., fn) as described in Section 3.2.
4. Update R as described in Section 3.4.
5. Update r as described in Appendix C.
We obtain a sample {Gz(j) 3]:1 of size J = 108 for i = 1,...,m. We construct, for i =

1,...,mand j=1,...,J the vectors

D = 17607~ ),
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where p; is the prior mean and L; is the lower Cholesky factor of the prior variance of
0;. 1If the HZQ ) are truly multivariate Gaussian with variance LiLZT, the elements of z(J)
are iid N(0,1). The vectors z("/) have length K; = 6 4+ ¢ for i = 1,...,p and length
K; =3fori=p+1,...,m. Since the 209, ¢ = 1,...,m, are independent, we have
STty 7 2~ X3 ((6 + @)p + 3q).

We construct the following sample frequencies for quantiles Q = 0.1,0.3,0.5,0.7,0.9,

return and factor indices ¢ = 1,...,m, and parameter indices k =1,..., K;
@ _1¢ (i-7)
7 1,7 -1
I =<3 1 (7 <07 (@).
j=1

as well as the sample frequencies

where I is the cdf of the x? distribution with (6 + ¢)p + 3¢ degrees of freedom.

Standard results for laws of large numbers and central limit theorems for ergodic chains
apply, so we should observe sample frequencies close to (). Table 3 shows the sample
frequencies I Z(kQ ) and their estimated numerical errors sgl?), obtained using the method of
batch means. We observe that for all cases, the sample frequencies are very similar to their
respectively @) values. This fails to cast doubt on the correctness of the implementation of

the proposed algorithm.

5 Empirical Results

In this section we apply our methods to historical exchange rate data. We describe the
data and report estimation results for various models.

5.1 Data

We analyze daily returns of 10 currencies relative to the US dollar: the Swiss Franc (CHF),
Euro (EUR), Australian Dollar (AUD), New Zealand Dollar (NZD), Mexican Peso (MXN),
Brazil Real (BRL), British Pound (GBP), Canadian Dollar (CAD), Japanese Yen (JPY)
and Singapore Dollar (SGD). The exchange rates are the noon spot rate obtained from the
Federal Reserve Bank of New York. The sample covers the period from January 5, 1999 to
December 31, 2008. We compute the log returns of the exchange rates and remove returns
for those days when one or more of the markets was closed, giving 2503 observations for
each return series.

Table 4 presents some descriptive statistics. All series present excess kurtosis, but the
magnitude varies from one currency to another, from around 2 for the Euro to about 27
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0.1004
0.0997
0.1000
0.0997
0.1001
0.1002
0.0993
0.1002
0.1008
0.0999
0.0999
0.1000
0.0999
0.1001
0.1001
0.0990
0.0999
0.1000
0.1000
0.1000
0.1000
0.0998

0.00068
0.00018
0.00015
0.00016
0.00016
0.00015
0.00052
0.00050
0.00089
0.00018
0.00016
0.00019
0.00016
0.00017
0.00043
0.00043
0.00009
0.00010
0.00009
0.00008
0.00010
0.00009

0.3003
0.2994
0.3000
0.2996
0.3002
0.3001
0.2993
0.3008
0.3005
0.3003
0.2996
0.3001
0.2996
0.3002
0.3001
0.2980
0.3000
0.3000
0.3000
0.2999
0.3001
0.2999

0.00084
0.00030
0.00025
0.00027
0.00027
0.00024
0.00098
0.00096
0.00100
0.00034
0.00032
0.00034
0.00033
0.00033
0.00085
0.00088
0.00015
0.00015
0.00016
0.00015
0.00013
0.00014

0.5001
0.4994
0.4998
0.4998
0.5001
0.5001
0.4998
0.5010
0.5007
0.5001
0.4995
0.5005
0.4999
0.5001
0.4997
0.4974
0.4999
0.4999
0.5000
0.4998
0.4999
0.5000

0.00077
0.00034
0.00026
0.00028
0.00027
0.00027
0.00110
0.00110
0.00098
0.00033
0.00037
0.00029
0.00038
0.00033
0.00106
0.00116
0.00016
0.00017
0.00018
0.00015
0.00015
0.00015

0.6997
0.6996
0.6997
0.6998
0.7000
0.7003
0.7000
0.7003
0.7004
0.7001
0.6999
0.7004
0.7002
0.7002
0.6997
0.6983
0.6999
0.7000
0.6999
0.6998
0.7000
0.7001

0.00063
0.00029
0.00024
0.00026
0.00027
0.00028
0.00090
0.00092
0.00078
0.00031
0.00033
0.00025
0.00029
0.00024
0.00084
0.00091
0.00013
0.00015
0.00016
0.00015
0.00013
0.00015

0.8997
0.8998
0.8996
0.8998
0.9001
0.9005
0.9002
0.9004
0.9002
0.9003
0.9000
0.9003
0.8999
0.9002
0.9001
0.8994
0.8999
0.9001
0.8999
0.8999
0.9001
0.9000

0.00036
0.00018
0.00017
0.00016
0.00018
0.00017
0.00043
0.00048
0.00041
0.00016
0.00020
0.00014
0.00017
0.00015
0.00045
0.00050
0.00009
0.00011
0.00009
0.00009
0.00009
0.00009

Table 3: “Getting it right” sample quantiles
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Mean Std. Dev. Skewness FExcess Kurtosis

CHF -2.56 10.81 -0.30 2.45
EUR 1.45 9.98 0.10 1.90
AUD 1.27 13.45 -0.88 16.66
NZD 0.83 13.40 -0.60 5.75
MXN 3.49 9.48 1.31 26.91
BRL 6.67 19.33 0.45 14.13

GBP -1.19 8.97 -0.29 5.04
CAD -2.22 8.80 -0.20 9.36
JPY -2.05 10.35 -0.36 2.70

SGD -1.44 4.75 -0.19 4.44

Table 4: Descriptive statistics of data: annualized mean, annualized standard deviation, skewness and excess kurtosis.
The sample period is from January 5, 1999 to December 31, 2008.

for the Mexican Peso. Sample volatility varies a lot across currencies, with the Brazilian
Real, and the Australian and New Zealand Dollars being the most volatile currencies.
Although the sample statistics differ substantially across currencies, we can also observe
some commonalities in Figure 1. This shows time plots of the 10 return series and we
notice that all returns exhibit their most volatile episodes at the end of the sample, which

corresponds to the financial crisis of 2008.

In Table 5 we show the sample correlation matrix for the entire period. Correlation coef-
ficients vary from -0.9 to 0.8. The strongest negative correlation is for the pair (EUR,CHF)

and the strongest positive correlation is for the pair (AUD,NZD).

the least correlated with the rest of currencies.

The MXN and BRL are

CHF EUR AUD NZD MXN BRL GBP CAD JPY SGD

CHF 1.000 -0.902 -0.372 -0.370 -0.052 0.010 -0.609 0.305 0.382 0.423
EUR -0.902 1.000 0.516 0.499 -0.067 -0.123 0.692 -0.409 -0.266 -0.466
AUD -0.372 0.516 1.000 0.822 -0.362 -0.319 0.500 -0.568 -0.018 -0.446
NZD -0.370 0.499 0.822 1.000 -0.267 -0.253 0.487 -0.485 -0.032 -0.429
MXN -0.052 -0.067 -0.362 -0.267 1.000 0.479 -0.152 0.296 -0.162 0.162
BRL 0.010 -0.123 -0.319 -0.253 0.479 1.000 -0.160 0.244 -0.087 0.213
GBP -0.609 0.692 0.500 0.487 -0.152 -0.160 1.000 -0.392 -0.162 -0.399
CAD 0.305 -0.409 -0.568 -0.485 0.296 0.244 -0.392 1.000 0.005 0.348
JPY 0382 -0.266 -0.018 -0.032 -0.162 -0.087 -0.162 0.005 1.000 0.362
SGD 0.423 -0.466 -0.446 -0.429 0.162 0.213 -0.399 0.348 0.362 1.000

Table 5: Sample daily correlation for the period from January 1999 to December 2008 (2503 observations)
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Figure 1: Time plots of daily returns series (in percentage). The sample period is from January 5, 1999 to December

31, 2008.
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5.2 Estimation Results

We estimate three models: a model with independent currencies, each governed by a
univariate SV model with Student’s ¢ innovations (SVt), a MSV model with no factors
(MSV-q0) and a MSV model with one factor (MSV-ql). We use comparable priors in
the three models and compare the posterior distribution of parameters, volatilities and
correlations across models.

Figures 2 and 3 show posterior densities of the parameters of the volatility equation
across currencies and models. These are computed in R using the default kernel density
estimation method?. The solid line corresponds to the univariate SVt model, the dashed
line to the MSV-q0 model and the dotted line to the MSV-q1 model. Tables 5 through 10
in Appendix D give posterior parameter means, standard deviations, numerical standard
errors (NSE) for the mean, and relative numerical efficiency (RNE) for the mean. The NSE
and RNE are are computed using the R library coda, using a time series method based on
an estimate of the spectral density at 0.

For the SVt model, the A and > matrices are diagonal, so that &;, A;; and o;; are the
parameters of the ¢’th univariate SV model, ¢ = 1,...,10. For the MSV-q0 and MSV-ql
models there are non-zero off-diagonal elements. In the SVt and MSV-q0 models, the ay;,
governed by the @&, A and ¥ matrices, are the only source of volatility, while in the MSV-q1
model they give the idiosyncratic volatility, the part of volatility not attributable to the
common factor.

We observe that the posterior density of a; and A;; for the MSV models is shifted left
compared with the univariate SVt models for all the currencies except MXN and BRL, for
which the three posterior densities of &; are very similar3. At the same time, the posterior
densities of o are shifted right, relative to the univariate models*. With respect to the
parameter v;, for half of the currencies the posterior distribution looks very similar, while
for the other half there are some differences, but without a clear pattern.

Passing from the univariate SVt models to the multivariate MSV-q0 model, we ob-
tain in most cases a lower mean, lower persistence and higher volatility of idiosyncratic
volatility. The MSV-q0 model allows returns to be conditionally correlated but still with
currency-specific degrees of freedom. We see that the posterior mean of the degrees of
freedom parameter varies from one currency to another in line with what we observed in
the descriptive statistics.

In the MSV-ql model, there is both idiosyncratic and factor volatility. Figure 4 show
a plot of the factor volatility and Table 11 presents the posterior parameter distribution
statistics of the factor volatility equation. In our model the B f; are identified but not B and

2The default algorithm disperses the mass of the empirical distribution function over a regular grid of at
least 512 points and then uses the fast Fourier transform to convolve this approximation with a discretized
version of the kernel and then uses linear approximation to evaluate the density at the specified points.

3 A;; denotes the AR(1) coefficient in the volatility equation (2).

4In the case of the MSV models, o; represents the square root of the diagonal elements of the variance
matrix ¥ correspondent to the volatility equation. It measures the volatility of volatility.
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Figure 2: Comparison of posterior parameter distributions. The solid line corresponds to the SVt model, the dashed
line to the MSV-q0 model and the dotted line to the MSV-ql model. Posterior densities are based on 45,000 draws,
after discarding 6,000. Densities are computed in R using the default kernel density estimation method.
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Figure 3: Comparison of posterior parameter distributions. The solid line correspond to the SVt model, the dashed
line to the MSV-q0 model and the dotted line to the MSV-ql model. Posterior densities are based on 45,000 draws,
after discarding 6,000. Densities are computed in R using the default kernel density estimation method.
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the f; separately. The posterior distribution of B is thus quite sensitive to the priors for B
and the parameters of the factors®. We set &1 = 0 to normalize the variance of the factor to
one. Other normalization strategies are possible. Note that there are only two parameters
to estimate for the factor volatility equation: Ajj 11, the persistence parameter, and vy; the
factor volatility’s degree of freedom. The posterior mean of Ajq 17 is 0.99, indicating that
the factor volatility is more persistent than the idiosyncratic volatilities. The posterior
mean of v11 is around 21, which suggest the conditional factor distribution is not much
more fat-tailed than a Gaussian distribution.

Factor volatility

20
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Figure 4: Time series plot of the posterior mean of the factor volatility of MSV-ql model.

We calculate the time varying decomposition of variance into factor and idiosyncratic
components and plot them in Figure 5. The solid line correspond to the factor component
and the dashed line to the idiosyncratic component. We see that the factor is capturing
most of the co-movement among the CHF, EUR and GBP currencies. The factor volatility
contribution for CHF and EUR currencies is more than 80 percent for most of the period
and for the GBP is slightly greater than 50 percent. For the rest of currencies, the id-
iosyncratic contribution is higher than the factor, specially for the case of BRL and MXN
currencies where the factor contribution is close to zero. This is consistent with the low

5Table 12 present the posterior parameter of the elements of the B matrix. The relative numerical
efficiency of these parameters are low but the efficiency is improved for the B f;:.

23



correlation between these two currencies and the rest. Thus, this suggest that the factor
can be identified as an “European” factor, as the CHF, EUR and GBP currencies are the
three European currencies in our sample and the factor seems to capture the shocks that
affect this region.

These results also explain why we see a big move to the left in the posterior distribution
of the a&; (mean idiosyncratic log volatility) for CHF, EUR and GBP. In Figure 6 we present
the time series plot of the annualized total volatility for the 10 currencies analyzed obtained
with MSV-q0 and MSV-ql. We see that estimates are similar across models except for the
three currencies with the higher factor contributions, where we notice that for the MSV-q1
model the idiosyncratic volatility has higher mean and is more persistent, compared with
the MSV-q0 model.

We now analyze estimates of correlations between currencies, across models. As we have
discussed in previous sections, the MSV-q0 model, with no factors, implies a time varying
variance matrix, but a time invariant correlation matrix; while the MSV model with factors
implies that both the variance and the correlation matrices of returns are time-varying.
Tables 14 and 15 in Appendix D.4 show the posterior mean of the Ry; matrix for MSV-
q0 and MSV-ql, respectively. In the case of MSV-q0, Ri; is the conditional correlation
matrix of the returns, Corr(r¢|ay). For the MSV-ql model, we show in Table 16 the
average across the time dimension of the posterior mean of the corresponding Corr(ry|oy)
matrix. If we compare these results with those of MSV-q0 and the sample correlation
matrix showed in Table 5 we can see that the estimate of the correlation matrix for the
MSV-ql model is closer to the corresponding sample correlation matrix. The estimated
conditional correlation matrix for the MSV-q0 model agrees with respect to sign but the
magnitudes of the correlation estimates are much smaller.

6 Conclusions

We have introduced a new approach for estimating multivariate stochastic volatility mod-
els. This approach uses a numerically efficient method to draw volatilities as a block in the
time dimension and one-at-a-time in the cross sectional dimension. The proposed algorithm
is flexible, allowing different specifications and types of dependence. We can model time-
varying conditional correlation matrices by incorporating factors in the return equation,
where the factors are independent SV processes with Student’s ¢ innovations. Further-
more, we can incorporate copulas to allow conditional return dependence given volatility,
allowing different Student’s ¢ marginals to capture return heterogeneity. We have tested
the correctness of our implementation of the proposed method using procedures similar to
those suggested by Geweke (1994).

We apply the proposed method to an exchange rate data set and compare posterior
distributions of parameters and volatility with those obtained with univariate SV models
with Student’s ¢ innovations. We estimate two multivariate models, one in which we do
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Figure 5: Time varying proportion of conditional variance of returns (Var(r¢|oy) = th/ZRuV;l/Q

plained by the idiosyncratic and factor components in MSV-ql model.

contribution and the dashed line corresponds to the idiosyncratic contribution.
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not include factors and another in which we introduce one factor. We find that for most
of the currencies, the multivariate approach with no factors gives a lower mean, lower
persistence and higher volatility of volatility than the univariate model. The factor in the
factor multivariate model seems to be a kind of “European” factor, as it is mainly capturing
co-movement of three European currencies. The factor volatility is more persistent than
the idiosyncratic volatilities. It would be interesting to introduce additional factors to see
if we can capture other co-movements.

Applying the HESSIAN method one-at-a-time in the cross section only requires that the
multivariate state sequence be a Gaussian first-order vector autoregressive process and that
the conditional distribution of the observed vector depend only on the contemporaneous
state vector. This requirement is satisfied for a wide variety of state space models, including
but not limited to multivariate stochastic volatility models.

Using the HESSTAN method overcomes two disadvantages of the auxiliary mixture
approach. First, it is less model specific — it does not require the researcher to find a
suitable transformation for the model at hand. Second, it is exact — we do not need
to correct for mixture approximation, using reweighting or additional Metropolis-Hastings
steps, or settle for simulators that are not simulation consistent.

We hope to extend this work to compute marginal likelihoods and to compare the
results from different specifications. Also, we hope to extend the model to incorporate
leverage effects.

A Computing Q¥ and &

We show here how to compute Q) and &9, the conditional precision and covector of
the conditionally Gaussian distribution o;|a_;. We start by defining 2 and ¢, the prior
precision and covector of . The precision ) is a nm x nm block band-diagonal matrix.
We will use the notation Qg, s,t = 1,...,n, to denote the m x m submatrix starting at
row (s —1)m + 1 and column (¢ — 1)m + 1. The non-zero submatrices are the diagonal
blocks €y and the off-diagonal blocks Qt7t+1 and Qt_u, given by

Qu = S '4ATSA, t=2,...,n—1, (7)
Qll = Eal + ATZ_lA,
an = E_la
Qt,tJrl = —ATE_I, tzl,...,n—l,
Qtfl,t = —E_IA, tzl,...,n—l.
The co-vector is a nm x 1 vector stacking n m x 1 subvectors ¢, given by:
G = X MI-Aa-ATs M I-Aa, t=2,...,n—1 (8)
a = Yyla-ATSTII - A)a,
& = XTNI - Aa.
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We now derive the n x n precision Q@ and n x 1 co-vector &9 of the conditional
distribution o;|a—;. We know that the conditional density 7(c;|a—;) is proportional to the
joint density (). Matching coefficients of the first- and second-order monomial terms of
log 7(av;|a—;) gives the non-zero elements

B Computing log 7(y:|as, v, B, R) and its derivatives with re-
spect to ay;

Using equations (3), (4), and (5), we can write log 7(y¢|cy, B, v, R) in the following way:

1 m 2
log w(y¢|ay, v, B,R) = — 5 {log |R| 4 log 27 + 2] (R — Iy + Z [ait + (v; + 1) log (1 + 6“)] }

; 7
=1
m
i+ 1 ; 1
—i—; [logF <Vl;_ ) —logT (%) - 2log(ui7r)} ,
where z; = (z14,...,Zm) and for i = 1,...,m,

T =0 uy), wi = Fe(eu|vi)),

eXp(—Oéit/Q)(’l"it - Zg‘zl Bl]f]t)7 L= 17'--,]),
€it = )
exp(—ait/2) fi—p,ts 1=p+1,...,m.

We can evaluate log m(y¢|ay, B, v, R) as a function of «y; bottom up, evaluating the €;; at
ait, then the uy at €, then the x;; at u; then log 7(y|ay, B,v, R) at € and xy.

We require five derivatives of log 7(y:|ow, B, v, R) with respect to a, evaluated at agy.
Because it is a multi-level compound function of the «;, computing these derivatives in
closed form would be extremely tedious and prone to error. Fortunately, we do not need
to. Instead, we compute any values we need, bottom up, using Faa di Bruno’s formula
(B.5 below) at each step to compute derivatives of a compound function by combining
derivatives of its component functions.

We proceed using the following steps.

1. Compute five derivatives of () = log We(e*a“/ 2n;1|0;) with respect to ay at agy,
as described in B.1.

2. Compute five derivatives of z ' (R~! — I)x with respect to x; at zy, as described in
B.2.
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3. Compute five derivatives of x;; with respect to u;; at u;, as described in B.3.
4. Compute five derivatives of u;; with respect to oy at oy, as described in B.4.

5. Use the Faa di Bruno formula, described in B.5, to compute five derivatives of x;
with respect to a;; at ay¢. Inputs are the derivatives of x;; with respect to u;; at step
3 and the derivatives of u;; with respect to a;; at step 4.

6. Use the Faa di Bruno formula to compute five derivatives of zT(R™! — Iz with
respect to ;s at ag. Inputs are the derivatives of " (R_1 — Ix with respect to x;
at step 2 and the derivatives of z;; with respect to «a;; at step 5.

7. Compute five derivatives of logm(y¢|ay, 0, B, R) with respect to aj; at ay; directly
using the derivatives at steps 1 and 6.

For convenience, we define

Mt

I
|
—
-
|
S
e
—

Timt
B.1 Derivatives of 1(«;) with respect to a;

For the special case of Student’s ¢ F,

Vi+1

1‘(7”1""1) e*aitnz 3
—Qit/20 o) — 2 1 it
me(e™ P |vi) NZaYEd) < Tt )

r(%ft) ]_ui+1

Y(aye) = log [ log(1 + s;1)

,/Viﬂ'r(%) 2
where s; = e‘“itnizt /v;. Noting that ds;;/0ca; = —s;j;, we compute
1o v+l sy " . __Vi“‘l Sit
dj (azt) - 9 1 + Sit7 lﬁ (azt) - ) (1 I Szzt)y
m oy Vit 1si(1— sit) @, _ vitlsa(l — 4sit + s%)
¢ (azt) - ) (1 + Sit)3 ) Q;Z) (azt) - 2 (1 + Sit)4
5 (o) = ¥ + 1 8;(1 — 11sy + 118% — s;?’t).
2 (1 + Sit)5

29



B.2 Derivatives of 2" (I — R~!)z with respect to x;

In this section we show how to compute partial derivatives of log ¢(uy, . . ., u,,) with respect
to the u;. We can write

log CR(Ul, ceey um) = log ¢R(¢)_1(U1), ) q)_l(um)) - Zlog ¢(q>—1(u7«))
=1
= JIH|+ 52T (- R,

where z = (z1,...,2,) = (P u1),..., 27 (un)).
The gradient and Hessian of log(cg) with respect to u are

0log c(u)

=(-R!
sl (1 - R,
0log c(u) _1
goe) _;_pL,
dzdx T R

All third order partial derivatives and higher are zero.

B.3 Derivatives of z;; with respect to u;

We now use the relationship ®(x;) = w; to compute derivatives of z; with respect to ;.

Differentiating with respect to u; gives gb(xl)giz =1, and thus

Oy _ 1
Qui  P(wi)
Taking further derivatives gives
82561' 22
Em = 2me"i x;,
(2
3.
88.%'@ _ (27r)3/263z12/2(2$12 + 1)’
Uj
9 2 22/ 3
S (2m) e i (6x; + Tx;),
(2
351'1'

5 = (2m)5/2e57 /12 (242 + 4622 + 7).
Uy
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B.4 Derivatives of F,(e=%#/%n;|0;)

We describe here how to compute five derivatives of Fe(e_a“/ 2n;¢|60;) with respect to au.
We write down the derivatives in terms of ¥ (a;;) = log We(e_o‘ifﬂmtwi):

OF. —it /2. 0: 1 )
6(6 nzt’ z) _ We(efait/thwi) <_2eait/2mt> — _%6*0-5ait+¢(ait)

Oag
Then ) /2
—Qt . . .
I Fele mield:) _ it 05000 0.5 4 o ()]
a3, 2
83FE —ait/2 it |0 i ) )
(6 = n t‘ ) _ _%6—0.504”-1-111(041::) [wﬂ(ait) + (_05 + w/(ait)2]
it

4 it /2,10, .
0 Fe( 80[4 Tht‘ez) — _%6—0.5%7:-0—#}(04%) [¢/,l(ait) +3(_0-5+¢)/(ait))'¢”(ait) + (_0-5+¢/(ait))3]
it

—it/20. 10, .
O°Fe(e - “nitl) _ _%ezp(ait) [¢(4)(Oéit) FA(=0.5 + 9 (i) )0 (o) + 31" (vt )2
it
+6(=0.5+ ' (ir)) 9" (aie) + (=0.5+ ' (r))*]

B.5 Faa di Bruno Formula

The Faa di Bruno Formula combines the derivatives of primitive functions to obtain the
derivatives of composite functions. We can use it to evaluate exact multiple derivatives
of compound functions at a point without needing to write out the derivatives of the
compound function in closed form.

For the composite function h = f o g, the Faa di Bruno formula gives

h/ — f/g/
h// f/ ”+f”( )
B = f/ ///+3f// / //+f///( /)3
h(4) _f/g(4)+4f// / /,/+3f//( //) —|—6fm( )2 ,/+f ( /)
h(5) f +5f// / +10f// " ///+15f///(g//) +10f”/ ///( ) +10f g (g’)3+f(5)(g’)5-
If fU) =0 for j > 2, the third and higher derivatives simplify to
B — f/ "oy 3f”g’g",
4) —fg4)+4f" / ///+3f//( //)
5) _ f/g(s) +5f” 1 (4) + 10f// // "
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C Sampling 7|a, 0, f, B, R
We draw r from 7 (r|a, 0, f, B, R) using the following steps:

1. Compute the Cholesky decomposition R = LL" of the correlation matrix R.

2. Foreacht=1,...,n:

(a) Draw z ~ N(0, ).
(b) Set g =Lz

(c) Compute the integral probability transform u; = ®(g;), i = 1, ..., m, where ® is
the standard univariate Gaussian cdf.

(d) Transform each of the u; to a Student’s ¢ with v; degree of freedom: t; = F~1(u;),
where F~! is the inverse cdf of a Student’s ¢ distribution with v; degrees of
freedom.

(e) Scale each of the ¢; random variables to form e;; = t; exp(0.50;).
(f) Form ry = Bf; + €.

D Tables of results

D.1 Posterior parameter’s for univariate SV-t models
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Parameters Mean Std NSE RNE

CHF

a; -10.195 0.189 1.900e-03 2.048e-01
A 0.993 0.003 0.000e+-00 4.056e-01
Tii 0.061 0.010 1.000e-04 5.362e-01
v, 12.530 3.062 2.110e-02 4.227e-01
o 0.491 0.139 7.0000e-04 7.0480e-01
EUR

a; -10.333 0.218 1.600e-03 3.843e-01
Ay 0.994 0.002 0.000e+00 5.048e-01
Tig 0.061 0.010 1.000e-04 4.387e-01
v, 18.507 6.252 3.760e-02 5.538e-01
T 0.540 0.143 6.0000e-04 1.0815e+00
AUD

g -10.089 0.190 1.400e-03 3.465e-01
A 0.988 0.004 0.000e4-00 3.944e-01
T 0.104 0.013 1.000e-04 3.839e-01
v 15.225 4.279 3.350e-02 3.261e-01
Oa 0.657 0.133 7.0000e-04 8.1990e-01
NZD

a -9.980 0.144 1.100e-03 3.473e-01
A 0.983 0.006 0.000e+-00 5.296e-01
Tii 0.104 0.018 1.000e-04 6.050e-01
v, 10.547 2.294 1.410e-02 5.258e-01
o 0.557 0.131 6.0000e-04 9.1270e-01
MXN

a; -10.880 0.142 1.000e-03 3.906e-01
A 0.971 0.008 0.000e+00 5.010e-01
Tii 0.188 0.023 1.000e-04 5.632e-01
v, 33.955 13.626 7.180e-02 7.197e-01
O 0.776 0.129 6.0000e-04 8.4840e-01

Table 6: Posterior statistics of parameters of univariate SV models with student-t errors. First column shows the
posterior mean, second column show posterior standard deviation, the third colum show the numerical standard
error of the mean based on an estimate of the spectral density at 0, and the last column gives the relative numerical
efficiency. o represents the unconditional standard deviation of a;. Estimations are based on 50,000 draws after

discarding 1,000.
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Parameters Mean Std NSE RNE

BRL

a; -9.711 0.194 1.200e-03 5.672e-01
A 0.973 0.006 0.000e+-00 6.677e-01
Tii 0.253 0.023 1.000e-04 7.442e-01
v, 37.990 15.446 1.012e-01 4.661e-01
o 1.073 0.148 8.0000e-04 7.2330e-01
GBP

a; -10.637 0.174 1.500e-03 2.615e-01
Ay 0.989 0.004 0.000e+00 4.604e-01
o 0.088 0.013 1.000e-04 5.834e-01
v 22.118 8.072 5.420e-02 4.429e-01
T 0.566 0.135 6.0000e-04 8.6320e-01
CAD

g -10.729 0.255 2.100e-03 3.050e-01
A 0.993 0.002 0.000e4-00 4.161e-01
T 0.078 0.010 1.000e-04 4.885e-01
v 28.675 11.221 6.720e-02 5.579e-01
Oa 0.662 0.150 6.0000e-04 1.1276e+00
JPY

a -10.369 0.148 1.100e-03 3.370e-01
A 0.986 0.005 0.000e+-00 2.992e-01
Tii 0.087 0.014 1.000e-04 3.502e-01
v, 11.220 2.528 1.580e-02 5.121e-01
o 0.504 0.116 6.0000e-04 7.1950e-01
SGD

a; -11.953 0.154 1.200e-03 3.081e-01
A 0.984 0.006 0.000e+00 3.795e-01
i 0.102 0.017 1.000e-04 4.366e-01
v 11.814 2.681 1.560e-02 5.915e-01
O 0.568 0.136 7.0000e-04 6.7830e-01

Table 7: Posterior statistics of parameters of univariate SV models with student-t errors. First column shows the
posterior mean, second column show posterior standard deviation, the third colum show the numerical standard
error of the mean based on an estimate of the spectral density at 0, and the last column gives the relative numerical
efficiency. o represents the unconditional standard deviation of a;. Estimations are based on 50,000 draws after

discarding 1,000.
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D.2 Posterior parameter’s for MSV-q0 model

Parameters Mean Std NSE RNE

CHF

o -10.594 0.095 7.1266e-03 4.4129e-03
A 0.97 0.008 2.3179e-04 2.8595e-02
Aqj 0.002 0.001 2.3891e-05 2.7707e-02
T 0.0746 0.016 3.6917e-04 4.4277e-02
v, 16.19 3.216 7.7741e-02 4.2774e-02
[ 0.324 0.060 1.3822e-03 4.7283e-02
EUR

o -10.764 0.112 7.1074e-03 6.2172e-03
A 0.98 0.004 1.0760e-04 4.2351e-02
Aqj 0.001 0.000 1.1393e-05 4.2358e-02
T 0.0722 0.014 2.9354e-04 5.4371e-02
v, 23.50 6.342 1.5043e-01 4.4441e-02
Ta 0.404 0.070 1.5928e-03 4.7762e-02
AUD

o -10.387 0.114 8.1451e-03 4.8991e-03
Ay 0.97 0.010 2.3804e-04  4.6442-02
Aij 0.003 0.001 2.6327e-05 4.8545e-02
(o2 7) 0.1294 0.024 4.3514e-04 7.3557e-02
v; 18.15 4.237 8.6456e-02 6.0037e-02
e 0.513 0.084 2.0306e-03 4.2290e-02
NZD

o -10.226 0.101 6.9267e-03 5.2884e-03
Agg 0.96 0.012 2.4565e-04 5.6291e-02
Aij 0.003 0.001 2.7232e-05 4.8866e-02
T 0.1268 0.026 6.1017e-04 4.7135e-02
v, 12.78 2.444 4.6843e-02 6.8060e-02
oo 0.472 0.082 1.8883e-03 4.6627e-02
MXN

a -10.911 0.127 8.3612e-03 5.7422e-03
A 0.95 0.011 2.3910e-04 5.0846e-02
Aij 0.004 0.001 2.6614e-05 5.4285e-02
(27 0.2353 0.041 1.0775e-03 3.6274e-02
v, 38.12 14.615 3.3147e-01 4.8600e-02
Oa 0.792 0.118 3.2518e-03 3.2956e-02

Table 8: Posterior statistics of parameters of log volatility equation in the MSV model with q=0. First column
shows the posterior mean, second column show posterior standard deviation, the third colum show the numerical
standard error of the mean based on an estimate of the spectral density at 0, and the fourth column gives the relative
numerical efficiency. o, represents the unconditional standard deviation of «;. Estimations are based on 45,000
draws after discarding 6,000.
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Parameters Mean Std NSE RNE

BRL

o -9.721 0.186 1.3186e-02 4.9542e-03
Ajq 0.97 0.006 1.4302e-04 4.5711e-02
Aij 0.002 0.001 1.6865e-05 6.1487e-02
T 0.2869 0.044 7.7500e-04 7.9142e-02
12 40.69 16.323 3.7063e-01 4.8490e-02
O 1.137 0.166 2.9253e-03 8.0389e-02
GBP

o -10.884 0.101 8.1928e-03 3.7836e-03
Ajq 0.96 0.011 3.3021e-04 2.7418e-02
Aij 0.003 0.001 3.4675e-05 2.8054e-02
T 0.1158 0.022 4.6367e-04 5.6518e-02
12 25.25 8.309 2.1649e-01 3.6826e-02
T 0.433 0.072 1.5308e-03 5.5078e-02
CAD

o -10.884 0.142 8.3868e-03 7.1511e-03
Aiq 0.99 0.004 7.2136e-05 5.9020e-02
Aij 0.001 0.000 8.9339e-06 5.2327e-02
T 0.0960 0.017 3.2542e-04 6.9751e-02
v; 31.07 11.796 2.4744e-01 5.6812e-02
T 0.578 0.094 1.9962e-03 5.5770e-02
JPY

o -10.456 0.106 7.2345e-03 5.3986e-03
Aiq 0.96 0.010 2.4814e-04 4.2152e-02
Aij 0.003 0.001 2.7392e-05 4.0232e-02
oit 0.1227  0.024 4.10546-04  8.7760e-02
v; 13.21 3.156 1.0109e-01 2.4375e-02
Ta 0.473 0.082 1.5759e-03 6.7970e-02
SGD

o -12.132 0.097 7.7733e-03 3.8583e-03
Aiq 0.94 0.018 4.3584e-04 4.4761e-02
Aij 0.006 0.002 4.8223e-05 4.1560e-02
T 0.1550 0.033 7.7144e-04 4.6245e-02
12 14.41 3.319 7.9066e-02 4.4053e-02
T 0.450 0.074 1.5790e-03 5.5276e-02

Table 9: Posterior statistics of parameters of log volatility equation in the MSV model with q=0. First column
shows the posterior mean, second column show posterior standard deviation, the third colum show the numerical
standard error of the mean based on an estimate of the spectral density at 0, and the fourth column gives the relative
numerical efficiency. o, represents the unconditional standard deviation of ;. Estimations are based on 45,000

draws after discarding 6,000.
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D.3 Posterior parameter’s for MSV-ql model

Parameters Mean Std NSE RNE

CHF

o -12.913 0.210 1.1413e-02 8.5047e-03
A 0.98 0.007 1.9454e-04 2.8507e-02
Aqj 0.001 0.001 2.1978e-05 2.5953e-02
T 0.211 0.043 1.4328e-03 2.2969e-02
v, 9.423 2.724 1.0473e-01 1.6920e-02
T 0.974 0.165 5.8899e-03 1.9739e-02
EUR

o -13.565 0.222 1.4209e-02 6.0833e-03
A 0.97 0.007 2.7650e-04 1.7289e-02
Aqj 0.001 0.001 3.3092e-05 1.3731e-02
T 0.218 0.048 1.7203e-03 1.9101e-02
v 15.823 7.375 3.2775e-01 1.2660e-02
Ta 0.977 0.163 6.6350e-03 1.5145e-02
AUD

o -10.751 0.116 8.6855e-03 4.4563e-03
Ajg 0.94 0.019 5.6233e-04 2.9813e-02
Aij 0.005 0.002 5.5356e-05 2.9620e-02
oii 0.161 0.034 8.8369e-04 3.6101e-02
v; 9.641 1.708 3.8678e-02 4.8760e-02
e 0.474 0.079 1.9784e-03 3.9497e-02
NZD

o -10.503 0.107 7.1830e-03 5.5007e-03
Agg 0.97 0.010 2.6698e-04 3.7050e-02
Aij 0.002 0.001 2.3473e-05 3.5510e-02
T 0.110 0.024 5.4657e-04 4.7496e-02
12 8.528 1.248 3.1835e-02 3.8428e-02
o 0.439 0.076 2.1354e-03 3.1525e-02
MXN

a; -10.902 0.136 8.8611e-03 5.8568e-03
A 0.96 0.010 2.8022e-04 3.2519e-02
Aij 0.003 0.001 2.6870e-05 3.8055e-02
(27 0.229 0.039 8.4206e-04 5.4197e-02
v, 37.830 14.900 4.0716e-01 3.3482e-02
oo 0.788 0.117 2.5907e-03 5.1014e-02

Table 10: Posterior statistics of parameters of log volatility equation in the MSV model with q=1. First column
shows the posterior mean, second column show posterior standard deviation, the third colum show the numerical
standard error of the mean based on an estimate of the spectral density at 0, and the fourth column gives the relative
numerical efficiency. o, represents the unconditional standard deviation of a; and Kurtosis is the unconditional
excess kurtosis. Estimations are based on 45,000 draws after discarding 6,000.
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Parameters Mean Std NSE RNE

BRL

o -9.715 0.190 1.2265e-02 6.0073e-03
Ajq 0.97 0.006 1.3283e-04 5.4991e-02
Aij 0.002 0.001 2.0593e-05 3.3084e-02
27 0.286 0.046 1.0295e-03 4.9610e-02
123 40.773 16.229 4.3679e-01 3.4516e-02
O 1.136 0.170 3.9321e-03 4.6466e-02
GBP

o -11.442 0.116 8.6300e-03 4.4953e-03
Ajq 0.95 0.016 4.2810e-04 3.3885e-02
Aij 0.004 0.001 4.1659e-05 3.1862e-02
(27 0.147 0.034 6.8056e-04 6.3592e-02
v; 13.247 4.334 1.4878e-01 2.1219e-02
oo 0.491 0.085 1.8577e-03 5.2150e-02
CAD

o -10.919 0.129 7.0184e-03 8.3930e-03
Ajq 0.98 0.005 1.2659e-04 3.1920e-02
Aij 0.001 0.000 1.1682e-05 3.2690e-02
T 0.101 0.019 4.3968e-04 4.5543e-02
123 29.651 11.388 2.8737e-01 3.9266e-02
T 0.540 0.087 1.8511e-03 5.5488e-02
JPY

o -10.584 0.131 8.0320e-03 6.7004e-03
Aiq 0.97 0.008 2.1608e-04 3.5409e-02
Aij 0.002 0.001 2.1152e-05 3.5898e-02
Oiq 0.141 0.027 6.0917e-04 4.9221e-02
12 11.341 2.611 6.5062e-02 4.0255e-02
T 0.588 0.097 2.3360e-03 4.2833e-02
SGD

o -12.297 0.109 7.8026e-03 4.9218e-03
Aiq 0.95 0.016 5.0045e-04 2.5373e-02
Aij 0.004 0.001 4.3480e-05 2.9719e-02
T 0.163 0.037 1.1153e-03 2.7135e-02
123 11.883 2.633 5.5718e-02 5.5822e-02
O 0.504 0.085 2.4041e-03 3.1497e-02

Table 11: Posterior statistics of parameters of log volatility equation in the MSV model with g=1. First column
shows the posterior mean, second column show posterior standard deviation, the third colum show the numerical
standard error of the mean based on an estimate of the spectral density at 0, and the fourth column gives the relative
numerical efficiency. o, represents the unconditional standard deviation of o; and Kurtosis is the unconditional

excess kurtosis. Estimations are based on 45,000 draws after discarding 6,000.

Mean Std NSE RNE
AR(1) 0.9903 0.003 6.2776e-05 4.453e-02
v 21.25 7.831 2.0041e-01 3.8173e-02

Table 12: Posterior statistics of parameters of the factor volatility for MSV model with q=1. For the factor volatility,

we set @ = 0,0 = 1.0. Estimations are based on 45,000 draws after discarding 6,000.

Mean Std NSE RNE
By -6.0683e-03 4.0507e-04 3.4856e-05 3.3765e-03
Bo 5.5567e-03 3.7097e-04 3.2516e-05 3.2540e-03
B3 3.8570e-03 2.6975e-04 2.2083e-05 3.7304e-03
By 3.8550e-03 2.7787e-04 2.1401e-05 4.2145e-03
Bs -8.6580e-05 8.8846e-05 2.0822e-06 4.5518e-02
Bg -7.0001e-04 1.4292e-04 6.0137e-06 1.4121e-02
Br 3.7751e-03 2.6207e-04 2.1915e-05 3.5753e-03
Bg -1.5098e-03 1.3428e-04 8.2632e-06 6.6019e-03
Bg -2.6726e-03 2.1028e-04 1.4747e-05 5.0834e-03
Bio -1.3541e-03 1.0205e-04 7.4755e-06 4.6590e-03

Table 13: Posterior statistics of loading factor matrix B for MSV model with q=1. First column shows the posterior
mean, second column show posterior standard deviation, the third colum show the numerical standard error of the
mean based on an estimate of the spectral density at 0, and the fourth column gives the relative numerical efficiency.
Estimations are based on 45,000 draws after discarding 6,000.

38



D.4 Correlation matrices

CHF EUR AUD NZD MXN BRL GBP CAD JPY SGD

CHF 1.000 -0.354 -0.148 -0.133 -0.035 -0.007 -0.245 0.092 0.163 0.151
EUR -0.354 1.000 0.186 0.169 -0.003 -0.037 0.262 -0.120 -0.130 -0.166
AUD -0.148 0.186 1.000 0.313 -0.080 -0.089 0.163 -0.186 -0.083 -0.161
NZD -0.133 0.169 0.313 1.000 -0.060 -0.070 0.156 -0.152 -0.057 -0.147
MXN -0.035 -0.003 -0.080 -0.060 1.000 0.204 -0.016 0.081 -0.042 0.049
BRL -0.007 -0.037 -0.089 -0.070 0.204 1.000 -0.038 0.076 -0.008 0.077
GBP -0.245 0.262 0.163 0.156 -0.016 -0.038 1.000 -0.095 -0.105 -0.131
CAD 0.092 -0.120 -0.186 -0.152 0.081 0.076 -0.095 1.000 0.036 0.103
JPY 0.163 -0.130 -0.083 -0.057 -0.042 -0.008 -0.105 0.036 1.000 0.197
SGD 0.151 -0.166 -0.161 -0.147 0.049 0.077 -0.131 0.103 0.197 1.000

Table 14: Posterior mean of correlation matrix

6,000.

R11 for MSV-q0.

Estimation is

based on 45,000 draws after discarding

CHF EUR AUD NZD MXN BRL GBP CAD JPY SGD
CHF 1.000 -0.055 0.134 0.126 -0.095 -0.101 0.034 -0.082 0.054 -0.056
EUR -0.055 1.000 -0.045 -0.047 0.008 -0.004 -0.027 0.025 0.075 0.055
AUD 0.134 -0.045 1.000 0.308 -0.101 -0.093 0.051 -0.160 -0.010 -0.100
NZD 0.126 -0.047 0.308 1.000 -0.074 -0.069 0.058 -0.118 0.013 -0.090
MXN -0.095 0.008 -0.101 -0.074 1.000 0.204 -0.032 0.091 -0.042 0.057
BRL -0.101 -0.004 -0.093 -0.069 0.204 1.000 -0.030 0.077 -0.016 0.078
GBP 0.034 -0.027 0.051 0.058 -0.032 -0.030 1.000 -0.020 -0.011 -0.021
CAD -0.082 0.025 -0.160 -0.118 0.091 0.077 -0.020 1.000 -0.010 0.063
JPY 0.054 0.075 -0.010 0.013 -0.042 -0.016 -0.011 -0.010 1.000 0.174
SGD -0.056 0.055 -0.100 -0.090 0.057 0.078 -0.021 0.063 0.174 1.000

Table 15: Posterior mean of correlation matrix

6,000.

R11 for MSV-ql.

Estimation is based on 45,000 draws after discarding

CHF EUR AUD NZD MXN BRL GBP CAD JPY SGD

CHF 1.000 -0.937 -0.593 -0.546 -0.005 0.071 -0.721 0.311 0.475 0.508
EUR -0.937 1.000 0.621 0.573 -0.019 -0.099 0.734 -0.330 -0.455 -0.518
AUD -0.593 0.621 1.000 0.575 -0.090 -0.137 0.517 -0.336 -0.322 -0.417
NZD -0.546 0.573 0.575 1.000 -0.072 -0.116 0.484 -0.294 -0.282 -0.385
MXN -0.005 -0.019 -0.090 -0.072 1.000 0.205 -0.037 0.092 -0.027 0.060
BRL 0.071 -0.099 -0.137 -0.116 0.205 1.000 -0.096 0.107 0.036 0.121
GBP -0.721 0.734 0.517 0.484 -0.037 -0.096 1.000 -0.273 -0.373 -0.423
CAD 0.311 -0.330 -0.336 -0.294 0.092 0.107 -0.273 1.000 0.157 0.236
JPY 0.475 -0.455 -0.322 -0.282 -0.027 0.036 -0.373 0.157 1.000 0.392
SGD 0.508 -0.518 -0.417 -0.385 0.060 0.121 -0.423 0.236 0.392 1.000

Table 16: Average of posterior mean of conditional correlation matrix Corr(r¢|at) for MSV-q1
on 45,000 draws after discarding 6, 000.
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