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can often be framed as a model comparison—e.g., comparing a vector autoregres-
sion (VAR) in which the coefficients in one equation are constant versus one that
has time-varying parameters. We develop Bayesian model comparison methods to
compare a class of time-varying parameter VARs we call hybrid TVP-VARs—VARs
with time-varying parameters in some equations but constant coefficients in others.
Using US data, we find evidence that the VAR coefficients in some, but not all,
equations are time varying. Our finding highlights the empirical relevance of these
hybrid TVP-VARs.
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1 Introduction

Time-varying parameter vector autoregressions (TVP-VARs) developed by Cogley and
Sargent (2001, 2005) and Primiceri (2005) have become workhorse models for analyzing
the evolving inter-relationships between multiple macroeconomic variables. Models with
time-varying parameters and stochastic volatility are also found to forecast better than
homoskedastic, constant-coefficient models, as demonstrated in many recent papers.t
However, there is an emerging literature that has expressed concerns about the potential
over-parameterization of these TVP-VARs,? and it remains unclear if all forms of time

variation are needed.

In Chan and Eisenstat (2018) we take a first step in addressing this model specification
issue by developing model comparison techniques for these TVP-VARs. Using a US
dataset, we find overwhelming evidence in favor of the model of Primiceri (2005) compared
to a conventional constant-coefficient VAR. But most of the gains appear to have come
from allowing for stochastic volatility rather than time variation in the VAR coefficients.
However, our earlier work does not provide a more nuanced understanding of the role
of time-varying coefficients. For instance, empirical researchers are often only interested
in assessing the stability of one or a few equations in a VAR system. For example,
Karlsson and Osterholm (2018) address the question of whether the US Phillips curve
is stable, which amounts to testing if the inflation equation in a VAR has time-varying

coefficients—and the hypothesis is silent about the coefficients in other equations.

In view of this, we consider a class of models we call hybrid TVP-VARs—i.e., VARs that
allow some equations to have time-varying parameters while coefficients in other equations
remain constant. In terms of methodological contribution, we develop an improved ver-
sion of the importance sampling estimator for marginal likelihood in Chan and Eisenstat
(2018). The key improvement is dimension reduction: instead of a very high-dimensional
importance sampling estimator for the joint VAR system, we use an equivalent, recursive
representation to obtain a sequence of lower-dimensional importance sampling estimators,
the product of which gives the same marginal likelihood of the model. By vastly reducing
the dimension of the importance sampling, the improved version can substantially reduce

the computational time and allow us to potentially scale up to larger systems.

'Recent examples include Clark (2011), D’Agostino, Gambetti, and Giannone (2013), Koop and
Korobilis (2013), Clark and Ravazzolo (2014) and Cross and Poon (2016).

2See, e.g., Chan, Koop, Leon-Gonzalez, and Strachan (2012), Nakajima and West (2013) and Bel-
monte, Koop, and Korobilis (2014).



On the empirical side, we confirm our earlier finding that the data favor a constant-
coefficient VAR with stochastic volatility relative to the more flexible model of Primiceri
(2005) that allows for time-varying coefficients. However, we find strong evidence that
the VAR coefficients in some, but not all, equations are time varying, highlighting the
empirical relevance of the hybrid TVP-VARs.

2 Hybrid TVP-VARs with Stochastic Volatility

We outline in this section the class of time-varying parameter models we wish to compare.
Lety: = (Y1, - - -, Ynst) be an nx 1 vector of endogenous variables at time ¢. First consider
the following standard TVP-VAR with stochastic volatility:

Ayy:=bi+Biyr 1+ -+ By, + e, &~ N(0,%,), (1)

where b, is an n x 1 vector of time-varying intercepts, Bi,,...,B,; are n x n VAR
coefficient matrices, A; is an n X n lower triangular matrix with ones on the diagonal
and X; = diag(exp(hi4),...,exp(hnt)). The law of motion of each of the log-volatilities

hy = (hiy, ..., hny) is specified as an independent random walk:
hiv = hig—1+ Gy, Gie ~ N(0, Uzh)u (2)

where the initial conditions h; o are treated as parameters to be estimated.

The system in (1) is written in the structural form and the covariance matrix 3, by con-
struction is diagonal. Hence, we can estimate this recursive system equation by equation.
A similar representation is used in Carriero, Clark, and Marcellino (2016) to estimate
a large VAR with a standard stochastic volatility specification. To estimate the model
equation by equation, we first introduce some notations. Let b;; denote the i-th element
of b; and B, j; the i-th row of Bj,. Then, B;;, = (bis,Bi1y,...,Bip:)" is the intercept
and VAR coeflicients for the i-th equation. Further, let c;; denote the free elements in
the i-th row of the impact matrix Ay, ie., a;; = (Airy, ..., Aig—1)). Then, the i-th

equation of the system in (1) can be rewritten as:

Yit = Wi 1O ¢ + Xt;@@t +eit, €ix ~N(0,e"),



where Wiy = (—y1e, ., —¥ic1e) and X, = (Ly, 4, - ,y;_,).>

Letting x; ¢ = (W;4,X;), we can further simplify the i-th equation as:
Yig = Xi0iy + i, €ix ~ N(O, ehi’t)a (3)

where 0;; = (aj,,B;,)" is of dimension kg, = (i — 1) + (np + 1) = np + 4. Finally, the

coefficients evolve as a random walk:
0:r =0 1+M, My~ N(0,%y,), (4)

where the initial conditions 0, are treated as unknown parameters.

The standard TVP-VAR specifies each equation to be time varying as in (3). In contrast,
a hybrid TVP-VAR allows some equations to have time-varying coefficients while others
have time-invariant coefficients.* More specifically, each hybrid TVP-VAR of n variables
is defined by a vector of binary variables M = (M, ..., M,) € {0,1}". For i =1,... n,
if M; = 1, then the i-th equation of the system is specified by (3)—(4); otherwise the i-th

equation has constant coefficients

h;
Vit = XigY; + ity Eir ~ N(0,,€"t).

3 Importance Sampling for Marginal Likelihood

This section presents an improved version of the importance sampling estimator for
marginal likelihood proposed in Chan and Eisenstat (2018). The key improvement is
dimension reduction: instead of a very high-dimensional importance sampling estimator
for the joint system (1), we use the equivalent representation in (3) to develop a sequence
of lower-dimensional importance sampling estimators that gives the same marginal like-
lihood estimator. By reducing the dimension of the importance sampling, the improved
approach version can substantially reduce the computational time and allow us to poten-

tially scale up to larger systems.

3Note that y; ; depends not only on lagged values of all variables, but it also depends on contem-
poraneous variables y; +,...,y;—1+ However, the system is recursive and the density function remains
the same form when we perform the change of variables from €; to y,—in fact, it can be shown that
determinant of the Jacobian is one.

4In all models we include stochastic volatility as it is found to be empirically important; see, e.g.,
Clark (2011) and Chan and Eisenstat (2018).



Below we outline the new importance sampling estimator. To fix ideas, we focus on the
TVP-VAR case; hybrid TVP-VARs can be handled similarly. For notational convenience,
stack y; = (vi1, .-, vir), 0; = (9;71, o ,0;7T)’ and h; = (h;1, ..., hir) overt=1,...,T,
and define y = {y;}~,, 8 = {6,}"_, and h = {h;},. Moreover, the time-invariant
parameters of the model are Xy = {3g,}7,, X = {07, }iL1, 60 = (01,...,0,,) and

hg = (h10,-..,hno). Then, the marginal likelihood of the model is defined as the integral

p(Y) = /p<Y|297Eha007h0)p(297Ehae()?h())d(z@aEh7907h0)7

where p(Xy, 3, 0, hy) is the prior density and

P(y ’ 297 Eh? 007 hO) = /p(y ‘ 07 ha 297 Ehv 007 hO)p(aa h ’ 297 Eha 007 hO)d(0> h)

is the integrated likelihood, i.e., the marginal density of the data unconditional of the
latent states @ and h. The major challenge is to evaluate this integrated likelihood as the
integration is very high dimensional. Chan and Eisenstat (2018) propose an importance
sampling estimator for that purpose. Here we improve upon the earlier algorithm by

dividing this high dimensional integration into n lower dimensional integrations.

To that end, first note that the conditional likelihood given the latent states @ and h can

be decomposed as
p(y ’ 07 h7 297 Eh7 007 hO) = p(y ‘ 07 h) = HP<Yz | 0i7 h1>7
i=1

where p(y; | 6;,h;) is the product of 7" univariate Gaussian densities implied by (3). Fur-
thermore, recall that h;; and 6, evolve according to independent random walks given in

(2) and (4), respectively. Therefore, their joint density can be decomposed as:

n

p(6,h| 2y, 5y, 00, h0) = [ [ p(6: | Zo,,0,0)p(hi | 07, hi).

i=1

Consequently, the integrated likelihood can be written as
p<y ’ 297 Eha 007 hO) = H /p(}’z | 0i7 hl)p(oz ’ 292'7 OZ,O)p(hZ | Uz’%hv hi,O)d(eia hl)
i=1

=11/ #th Za. Bua)pt | o7 i) (5)
=1



Both terms in the integrand in (5) have an analytical expression. The first term is the
density of the data marginal of ;, and the second term is the prior density of h; implied
by (2); their closed-formed expressions are given in Appendix A. Next, we adapt the
approach in Chan and Eisenstat (2018) to estimate the integrated likelihood using (5).

More specifically, each of the n integrations in (5) can be estimated by importance sam-

pling. In this case, the ideal zero-variance importance sampling density is given by
p(hy | yi, 3o, Uim 0;,0, hz’,O) oc p(yi | hi, 3, Oi,o)p(hi | Uzh, hi,D)-

However, this density cannot be used directly as the importance sampling density because
its normalization constant is unknown. To proceed, we approximate this ideal zero-
variance importance sampling density using a Gaussian approximation. In particular,
its mean vector is set to be the mode of p(h;|y;, Egi,a'zh,eivo,hi,g) and its precision
matrix—i.e., the inverse of the covariance matrix—is set to be the negative Hessian of
log p(h; | yi,Egi,afyh,Oi,O,hijo) evaluated at the mode. Independent samples from this
Gaussian importance sampling density can be obtained efficiently using the algorithm in
Chan and Jeliazkov (2009). Finally, the integrated likelihood is simply the product of

the estimates of these n integrals.

Once we can evaluate the integrated likelihood, we use the cross-entropy method of Chan
and Eisenstat (2015) to further integrate out the time-invariant parameters ¥y, 3, 8y and
hy. The cross-entropy method is an adaptive importance sampling algorithm that uses
the posterior draws of the time-invariant parameters to construct the optimal importance
sampling density. This step is relatively easier as the dimension of the time-invariant
parameters is much lower. We refer the readers to Chan and Eisenstat (2015) for a more

detailed discussion.

4 Application: Are VAR Coefficients Time Varying?

In this empirical application we compare a number of hybrid TVP-VARs with different
combinations of time-varying parameters and constant coefficients. We use a dataset
that consists of US quarterly observations on the GDP deflator, real GDP, and short-
term interest rate from 1954Q3 to 2017Q4, sourced from the Federal Reserve Bank of
St. Louis economic database. The GDP deflator and real GDP are transformed to

annualized growth rates. The short-term interest rate is the effective Federal Funds rate



and is not transformed. Following standard practice, we set the lag length to be p = 2.
We compute the log marginal likelihoods of the hybrid TVP-VARs using the importance
sampling algorithm described in Section 3. Each log marginal likelihood estimate is based
on 20000 evaluations of the integrated likelihood. The importance sampling density for
the time-invariant parameters is constructed using the cross-entropy method with 20000

posterior draws after a burn-in period of 5000.

Before presenting the marginal likelihood estimates, we compare the speed of the new
algorithm with that of the original one in Chan and Eisenstat (2018) for computing the
marginal likelihoods of three models: TVP-VARs with and without stochastic volatility
(respectively TVP-SV and TVP) and a constant-coefficient VAR with stochastic volatility
(VAR-SV). The algorithms are implemented using MATLAB on a standard desktop with
an Intel Core i5-4590S @3.0 GHz processor and 8 GB of RAM. The computation times
are reported in Table 1. As shown in the table, the improved algorithm can reduce the

computation times by about 35%-65%.

Table 1: Computation times of marginal likelihoods of TVP-SV, TVP and VAR-SV (in

minutes).

TVP-SV. TVP VAR-SV
Chan and Eisenstat (2018) 568 5.9 14
new approach 206 2.9 0.9

There are three variables in the VAR and in each equation the coefficients can either be
constant or time varying. Hence, there are in total eight hybrid TVP-VARs, including
the full-fledged TVP-VAR of Primiceri (2005). The marginal likelihood estimates are
reported in Table 2. Consistent with the model comparison results in Chan and Eisenstat
(2018), the model with constant VAR coefficients and stochastic volatility is slightly
preferred by the data relative to the more flexible TVP-VAR of Primiceri (2005). Since
the marginal likelihood has a built-in penalty for model complexity, a more flexible model
will have a higher marginal likelihood value only if the increase in model fit is substantial
relative to the increase in model complexity. Here we have an example where a more

flexible model has a lower marginal likelihood value.

In addition, we find evidence that some of the VAR coefficients are time varying. In
particular, the best model is the one that specifies constant coefficients in the interest
rate equation while allowing time variation in both the GDP deflator and real GDP

equations. The Bayes factor in favor of this model relative to the constant coefficient



VAR with stochastic volatility is 9.8 x 10°, showing overwhelming evidence in favor of
the former. Moreover, models with time-varying parameters in the interest rate equation
have consistently lower marginal likelihood values compared to their counterparts with

® This finding might be surprising given

constant coefficients in interest rate equation.
that several authors have found that the late 1970s and early 1980s were characterized
by a clear change in the monetary policy regime (Clarida, Gal/’i, and Gertler, 2000;
Lubik and Schorfheide, 2004; Benati and Surico, 2009; Castelnuovo and Surico, 2010;
Castelnuovo and Fanelli, 2015). One possible reason could be that a one-time change
in the monetary policy regime over a long sample period is not well approximated by
drifting parameters. To investigate this possibility, we redid the model comparison using
a shortened sample from 1970Q1 to 1999Q4. With this shorter sample, we find evidence
that the coefficients in the interest rate equation are time varying (detailed results are

reported in Appendix B).

Table 2: Log marginal likelihood estimates of the hybrid TVP-VARs and the correspond-
ing numerical standard errors.

GDP deflator eq. real GDP eq. interest rate eq. log ML  NSE
constant constant constant —1227.1 0.21
constant constant time varying —1243.7 0.32
constant time varying constant —12189 0.11
constant time varying time varying —12359 0.10
time varying constant constant —1219.2 0.15
time varying constant time varying —1236.2 0.18
time varying time varying constant —1211.0 0.08
time varying time varying time varying —1228.0 0.13

Overall, our model comparison exercise suggests that if we only compare the constant
coefficient VAR with the TVP-VAR, we might conclude that the VAR coefficients have
not changed over the sample period. This conclusion, however, overlooks the possibility
that only a subset of the VAR coefficients have changed over time. Our results therefore
highlight the empirical relevance of the hybrid TVP-VARs.

50ur sample covers the periods when the Fed Funds rate effectively hit the zero lower bound. For
robustness check, we redid the model comparison exercise by replacing the Fed Funds rate with the
shadow rate constructed by Wu and Xia (2016). The results are similar and are reported in Appendix
B. In particular, the data favor models where the interest rate equation has constant coefficients. We
thank an anonymous referee for this suggestion.



5 Concluding Remarks and Future Research

With the aim of expanding the toolkit of empirical researchers, we considered a class
of TVP-VARs in which the VAR coefficients are time varying in some equations but
constant in others. We then adapted the importance sampling estimator for marginal
likelihood in Chan and Eisenstat (2018) to this class of hybrid TVP-VARs. Using a US
dataset, we confirmed our earlier finding that the data prefer a constant-coefficient VAR
with stochastic volatility compared to the full-fledged TVP-VAR of Primiceri (2005).
However, we found evidence that only some VAR coefficients are time varying, while

others are constant.

In future work, it would be interesting to extend the methods to compare large TVP-
VARs. In particular, it would be helpful to compare different shrinkage priors and dif-
ferent ways to model stochastic volatility in high-dimensional settings. Such a model

comparison exercise would provide useful guidelines for empirical researchers.



Appendix A: Computational Details

In this appendix we provide the technical details for evaluating the integrated likelihood
of the TVP-VAR with stochastic volatility. Using the decomposition in (5), it suffices to

consider the evaluation of
/ ply: |0, S, 0,0)p(hy | 0%, hig)dh, (6)

Below we give explicit expressions for the two terms in the integral and the exposition
follows closely Chan and Eisenstat (2018). Define p, = 17 ® 8,9, Sy, = diag(h;) and
So, = Ir ® 3y, where 17 is a T' x 1 column of ones. Furthermore, let Hy, denote the first

difference matrix of dimension ky,, i.e.,

L, 0 . 0

H9i = _Ikei Ikei
: - .0
0 R _Ik% Ikai

Then, using a similar derivation in Chan and Grant (2016), one can obtain the first term

in the integral (in log) as follows:

T 1 T 1
log p(yi | hi, X, 0i0) = — 5 log(2m) — 5 17h; — — log |3y, — - log [Ky,
2 2 2 2 (1)
1 P
) (ygs;})ﬁ + MQiHéisg_ilHeiﬂei - OiKeiez') )
where
Ko, = H) S;'Hy, + XIS)'X,, 0, =K' (H),S; ' Hy,py, + XISy . (8)

The second term in the integral in (6) is in fact a Gaussian density:

T 1
logp(hi ’ U?,m hi,o) = Y log(27mih) T 952 (hi - F"h)/H;th(hi - Mh,-)a
ih

where p;,. = 11 ® h;o and Hy, is the first difference matrix of dimension 7.

Given the analytical expressions of the integrant in (6), we next integrate out h; using
importance sampling. To obtain a good importance sampling density, we use the EM

algorithm to find the maximum of the marginal density p(h; |y;, 3., UZ s 0i0, hio), which

10



is the ideal zero-variance importance sampling density (but it cannot be used directly

because its normalization constant is unknown).

To implement the E-step, we compute the following conditional expectation
Q(hz | hl) = Eezmz [logp(hz | Yy, 291‘7 UZ‘Z,}U 0i,07 hi,O)} 3

where the expectation is taken with respect to p(6;|y;, ﬁi, 3,,00,;) for an arbitrary vec-

tor EZ Moreover, this conditional distribution is Gaussian:
(0;]yi, h;, 3, 00;) ~ N(6;, Kg_il)7

where 51 and Kp, are given in (8). We emphasize that both the mean vector é\z and
precision matrix Ky, are functions of fl, and they are computed using fl, It can be shown

that Q(h|h) has the following explicit expression:

~ 1 1
Q(h[h) = — o (hy — i, ) H Hy (b — ) — 517k

Tih
1 ~ N
—5fr (diag(e_hi) (XiKg_iIX; + (yi — Xi0:)(y: — Xﬂi)')) +e, (9)
where tr(+) is the trace operator and ¢; is a constant not dependent on h,;.

In the M-step, we maximize the function Q(h; | h;) with respect to h;. This is done using

the Newton-Raphson method with gradient

1 1 RN
go = ——HHy(h —p,) — 5 (1T —e M E Zi) 5
Tin 2
and Hessian . )
Ho = _UTH;H,L -3 diag (e ™ © %) , (10)
ih
where © denotes the entry-wise product, z; = (s7, +&;1,...,5;p + E;p), 5;, is the t-th

diagonal element of X; K, X! and &, is the t-th element of y; — X,0;. Since both go and
H can be computed efficiently using sparse and band matrix algorithms and the Hessian

H, is negative definite for all h;, the convergence of the Newton-Raphson method is fast.

After obtaining the mode /ﬁl of the ideal importance sampling density, we next compute

the Hessian of the log density evaluated at fll For that purpose we use the identity

logp(hl | Yh 291‘7 O-i2,h7 0i,07 hi,O) = Q(hl | hz) + H(hz | h2)7 (11>

11



where H(h; | h;) = —Eg, |n, [log(0; | yi, hi, 3, 00,;)]. Hence, the Hessian of the log marginal
density evaluated at ﬁz is simply the sum of the Hessians of @ and ‘H with h; = /ﬁl The
former comes out as a by-product of the EM algorithm; an analytical expression is given

in (10). The latter has the following explicit expression:
1 /
Hy = —§Z © (Ir — Zy),

where Z; = diag(e*hi)XiK(;ing. Finally, let Hg denote the Hessian of Q(h | h) evaluated
at h; = ﬁz Then, the negative Hessian of the log marginal density of h; evaluated at
h; = h; is simply K;, = —(Hg + Hy), which is used as the precision matrix of the

Gaussian approximation.

12



Appendix B: Additional Results

In this appendix we report additional model comparison results. Table 3 presents the log
marginal likelihood estimates of hybrid TVP-VARs using a dataset in which we replace
the Fed Funds rate with the shadow rate constructed by Wu and Xia (2016).

Table 3: Log marginal likelihood estimates of the hybrid TVP-VARs and the correspond-
ing numerical standard errors; replacing Fed Funds Rate with the shadow rate in Wu and
Xia (2016).

GDP deflator eq. real GDP eq. interest rate eq. log ML NSE
constant constant constant —1258.5 0.91
constant constant time varying —1271.7  0.39
constant time varying constant —1250.3 0.54
constant time varying time varying —1266.1  0.40
time varying constant constant —1249.6  0.70
time varying constant time varying —1264.6 0.47
time varying time varying constant —1244.4 0.59
time varying time varying time varying —1259.0 0.47

Table 4 reports the log marginal likelihood estimates of hybrid TVP-VARs using the
original dataset (with Fed Funds rate) but the sample period is shortened to 1970Q1-
1999Q4.

Table 4: Log marginal likelihood estimates of the hybrid TVP-VARs and the correspond-
ing numerical standard errors; Fed Funds Rate; sample period 1970Q1-1999Q4.

GDP deflator eq. real GDP eq. interest rate eq. log MLL NSE
constant constant constant —688.6 0.24
constant constant time varying —686.3 0.24
constant time varying constant —680.0 0.17
constant time varying time varying —678.0 0.15
time varying constant constant —683.7  0.25
time varying constant time varying —681.2 0.33
time varying time varying constant —675.5 0.13
time varying time varying time varying —673.5 0.06
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