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(zeneral Introduction

After the oil shocks of the 1970s, the role of oil prices in the appearance and development
of business fluctuations attracted the attention of the economic community. Hamilton
(1983) shows that nine out of ten recessions in the U.S were preceded by oil price shocks
and Hamilton (1996) also demonstrates the significant impact of oil prices on the U.S.
economy. These studies confirm that the oil price shock can be regarded as a global shock
that can trigger a business cycle phase in many countries at the same time. On the other
hand, Hooker (1996) challenges this opinion and shows that the severity of oil shocks
tends to decrease. In this paper, the author concludes that, unlike the oil shocks of the
1970s, the oil price dynamics of the 1980s did not have a significant impact on the oil
sector, and accordingly, the oil price itself has a low effect on key US macroeconomic
indicators. For European countries, Mork, Olsen, and Mysen (1994)) and Cunado and
Pérez de Gracia (2003)) conclude that the real effects of oil price changes have been reduced
since the mid-1980s. Using a structural model, Blanchard and Gali (2008)) confirm the
conclusion of Hooker (1996) and extend it to several developed countries (France, Great
Britain, Italy, USA). The authors show that the impact of oil on output and inflation
declined over time in these countries. However, the data for Germany and Japan show a
different pattern. The reasons for the apparent reduction in the importance of oil shock as
a source of business fluctuations are discussed by Baumeister and Peersman (2013)). They
note that since the 1980s, there has been a reduction in the elasticity of demand in the
oil market. Thus, the same price increase caused by the negative supply shock causes a
smaller drop in world production and therefore has less impact on macroindicators.

As this short review shows, the impact of the oil shock on the U.S. economy and other
developed countries, mainly oil importers, is frequently studied. However, the impact of

oil market shocks on emerging and oil-exporting countries is rarely analysed in academic
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literature.

An example of a study of the world natural resources price shocks effect on an exporting
economy is the paper by Charnavoki and Dolado (2014). Using Canadian data, the authors
show that to a large extent the resources price fluctuations are determined by global
demand shocks and specific resource supply shocks. The authors conclude that a positive
resources price shock has a positive effect on the current account regardless of the type of
shock.

At the same time, the presumptive influence of oil prices on an oil-exporting economy
may be significant and highly different than on an oil-importing economy. For example, in
economic literature and mass media it is generally agreed that economic activity in Russia
crucially depends on oil price dynamics. This perception is based on the fact that Russia
is one of the world’s largest oil producers, with oil and gas exports amounting to 60%
of all export revenues. However, quantitative estimates of oil price effects are extremely
scarce. The first chapter of this thesis fills this gap, estimating an oil price effect on the
Russian economy in a general equilibrium framework.

The goal of the chapter is twofold. The first is to elaborate a general-equilibrium
model - suitable for structural analysis and forecasting - with some specific features of
commodity-exporting countries. The second goal is to identify the main sources of volatility
of key macroeconomic variables in Russia and answer the question that we raised in the
title of the chapter: are commodity prices important as a factor of business cycles in an
export-oriented economy?

Like in many other DSGE models, such as Smets and Wouters (2003)), the DSGE model
presented in the thesis is estimated by Bayesian techniques. Although DSGE models can
generally be estimated by frequentist methods, the Bayesian approach has recently gained
popularity.

Bayesian estimation is a combination of maximum likelihood estimates (determined
by the structure of the model and the data) with some prior knowledge described with
prior distributions in order to construct a posterior distribution for the parameters of
interest. Certainly, the use of prior information may raise questions about the origin of the
prior knowledge and its credibility. However, from a practical point of view, using prior

distributions improves estimates of parameters. Pre-sample information is particularly
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necessary when one deals with emerging economies . When the sample size is limited,
the maximum likelihood function is often almost flat, and its combination with some
reasonable non-flat prior can help achieve identification (Fernandez-Villaverde (2010))). A
similar problem may emerge when a medium- or a large-size model is to be estimated even
for a developed economy as the necessary amount of data for such a model is not available.
It explains the popularity of the Bayesian approach in estimation and estimation of DSGE
model in large extent. Besides, the advances in Bayesian theory make an expanding set of
tools available for researchers to estimate and evaluate their models (Guerron and Nason
(2013))).

Our model yields plausible estimates, and the impulse response functions are in line
with empirical evidence. However, even a better test of a good model performance would
be its consistent forecasting accuracy. Besides, the particularities of an energy-based
economy may change a ranking of good forecasting models with respect to a developed and
non energy-based economy. It motivates the three next chapters devoted to forecasting
with structural as well as non-structural models.

Accurate forecasts are crucial for timely and correct macroeconomic policy due to
policy lags and statistical data-availability delays. Currently, a widely used tool for doing
macroeconomic forecasting is a vector autoregression (VAR) model and its modifications.
VAR models have become a workhorse in forecasting applications following a critique
aimed at Keynesian-type models with systems of equations (SOE) that were widely spread
previously for structural and non-structural analysis. Contrary to SOE models, a VAR
model is a dynamic plainly-specified model without any additional restrictions on the joint
dynamics of endogenous variables. Nevertheless, a correct representation of the actual time
series dynamics requires a sufficient amount of lags. Moreover, the correct representation
of the information set of a central bank requires many endogenous variables. However, an
increasing number of lags and endogenous variables in an unrestricted VAR model bear
the risk of the over-parametrization, non-efficient estimation, and high forecast errors. To
circumvent this problem it is possible to shrink the parameters by imposing some prior
distributions and to estimate a Bayesian VAR (BVAR), while for a small-size VAR, it is
usually sufficient to apply the OLS to each equation consecutively (frequentist VAR).

Although the use of BVARs has become very popular in research papers recently, the

12



reviews of this approach are scarce with some prominent exceptions (Karlsson (2012]),
Del Negro and Schorfheide (2011)), Canova (2007)) that are mathematically intensive and
hardly comprehensible for novices in Bayesian analysis. Moreover, most of the reviews are
not complemented by a guide to estimate a BVAR in econometric software. Finally, no
review provides the reader with a detailed algorithm of forecasting with BVAR though the
estimation of the BVAR in a reduced form is usually done for forecasting purposes.

The use of Bayesian techniques and their application for estimation and forecasting
with a reduced-form BVAR model is presented in the second chapter of the thesis. The
first part of the chapter is devoted to the classification of the prior distributions that are
frequently used in macroeconomic applications. We show how the parameters of posterior
distributions can be computed for these priors. In the second part of the chapter the point
and density forecasting with BVAR is described in detail. The chapter does not contain
any empirical application and is considered as purely methodological. To make the chapter
more useful for readers, it is complemented by a package in R with the same notations as
in this chapter.

The methods reviewed in the second chapter are applied in the third chapter where
we evaluate the forecast performance of Bayesian vector autoregressions (BVARs) on
Russian data. As indicated earlier, central banks monitor many time series to formulate
their policies. It leads to a generally agreed idea that a potentially good forecasting
model should be able to take into account a large sample of series not to lose relevant
information. To address the issue for an energy-based economy, we estimate BVARs
of different sizes and compare the accuracy of their out-of-sample forecasts with those
obtained with unrestricted vector autoregressions, random walk with drift, and a set of
univariate models. We have two goals. First, we compare the forecast accuracy of BVAR
models with the competing ones for 23 important macroeconomic indicators. Second, we
question if a high-dimensional model is always better than a low-dimensional one in terms
of forecast accuracy.

The second goal is motivated by a strand of research that generally confirms the
hypothesis that increasing the number of variables included in the BVAR model helps to
forecast more accurately (Beauchemin and Zaman (2011]), Bloor and Matheson (2010)),

Baribura, Giannone, and Reichlin (2010) etc). However, all indicated studies used data of
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a developed economy, so their conclusions cannot be taken for granted if applied to an
emerging energy-based economy.

Our analysis delivers two meaningful results. First, we show that many Russian
macroeconomic indicators can be forecast by BVARs more accurately than by competing
models. Second, contrary to several other studies, we do not confirm that the relative
forecast error monotonically decreases with increasing the cross-sectional dimension of the
sample. In half of those cases where a BVAR appears to be the most accurate model, a
small-dimensional BVAR outperforms its high-dimensional counterpart.

While the third chapter of the thesis considers non-structural models only, the forth
chapter compares non-structural forecasts - obtained with BVAR and VAR models - to
those made with a structural DSGE model presented in the first chapter of the dissertation.
As indicated above, modelling an economy in a DSGE framework has become a mainstream
tendency for researchers from academic community and central banks over the past 15
years due to substantial advances in estimation methods of this kind of models. An
essential advantage of the DSGE models is that they are microfounded and therefore not
prone to Lucas critique. However, the DSGE models remain a stylized description of the
reality. The question we address in the chapter is whether the structural DSGE models
can be so efficient in terms of forecast accuracy as nonstructural vector autoregressions
are. There is no general consensus about a relative forecast performance of DSGE models
with respect to non-structural VARs. For example, Smets and Wouters (2007) show that a
new Keynesian DSGE model with a sufficient amount of rigidities can forecast not worse
(and even better in some cases) than BVARs. In contrast, Edge and Giirkaynak (2011])
claim that forecasting accuracy of different models, including both BVAR and DSGE, is
low. Both papers were estimated on the US data. As far as oil-exporting economies are
concerned, changes in the price of o0il in the global market may be considered as a potential
source of business cycles in these countries and consequently may contain information
relevant for forecasting purposes of their macroeconomic indicators. A priori, it is not
known which model - structural or non-structural - gains at a higher level from taking into
account the oil price explicitly, that motivates the study presented in the forth chapter of
the dissertation. The empirical application is done using Russian data. On the basis of

mean-square forecast errors (MSFE), we conclude that the DSGE model is usually inferior
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to BVAR model in terms of forecasting accuracy but the difference is not too large. At
the same time, DSGE model allows the user to obtain a forecast with the minimal MSFE
for some variables and some forecast horizons considered.

The fifth chapter of the thesis extends the forth one in terms of the tool applied
and extends the first one in terms of the research question. This chapter constructs and
estimates a structural Bayesian VAR (SBVAR) model to study the effects of different
oil market shocks on Russian economy. The first chapter of the dissertation assumes
that the dynamics of the oil revenues is completely exogenous. It is justified while the
analysis is done in the general equilibrium framework but it seems reasonable to reject
this assumption in the context of the partial equilibrium analysis.

In the literature, the irrelevance of the exogeneity assumption of the price of oil for
large importing countries was suggested by Barsky and Kilian (2002) and Barsky and
Kilian (2004). They explain the need for a separate assessment of the supply of oil and
demand of oil shocks effects. If these shocks are analysed separately, the empirical studies
demonstrate that the role of supply shocks has declined over time (Edelstein and Kilian
(2007)), Herrera and Pesavento (2009))). A seminal paper by Kilian (2009)) identifies three
different types of shocks in the oil market and shows that the variations of the price of
oil affect the U.S. economy in different ways in dependence of the type of the shock that
resulted in the price variation. The Kilian’s paper sparked interest of the academics to
the oil markets shocks effects (Lippi and Nobili (2012), Baumeister and Peersman (2013),
Aastveit (2014)), Baumeister and Hamilton (2015c) Stock and Watson (2016)), and others)
but all of them with very few exceptions (Cavalcanti and Jalles (2013), Charnavoki and
Dolado (2014)) focused their attention of the oil market shocks effects on developed oil
importing countries. Cavalcanti and Jalles (2013) study the effects of oil market shocks on
the Brazilian economy (emerging oil importing country), Charnavoki and Dolado (2014)
study the effects of commodity market shocks on the Canadian economy (developed copper
exporting economy). However the the academic literature is still almost unaware about
the effects of the oil price shocks on an oil export oriented economy. The fifth chapter
fills the gap and quantifies the effects of different kinds of oil market shocks on several
macroeconomic indicators. From the methodological point of view, the chapter continues

a strand of research about appropriate identification schemes in SVAR models. We use a
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new method of imposing sign restrictions proposed by Baumeister and Hamilton (2015b).

Pioneer papers on oil market shocks effects exploited the recursive identification scheme
(for example, Kilian (2009) and Blanchard and Gali (2008)) but due to widely known
disadvantages of the triangular scheme, the sign restrictions gained the ground shortly after
in papers by Peersman and Van Robays (2009), Baumeister, Peersman, and Van Robays
(2010), Kilian and Murphy (2012)), and others. In its turn, a crucial critique of the latter
identification scheme presentted by Baumeister and Hamilton (2015b) is based on a idea
that in case of traditional sign restrictions some functions of estimated parameters of
a SVAR model within their identifying set - including the impulse response functions -
may be governed completely by an implicit prior imposed by a researcher and not by
the dataset. Baumeister and Hamilton (2015b) suggest that a researcher uses an explicit
prior distributions for coefficients that may have some economic meaning (e.g., elasticity
of supply and demand) and they show some empirical applications of this scheme in to
identify labour market shocks (Baumeister and Hamilton (2015b)), monetary policy shocks
(Baumeister and Hamilton (2015a)) and oil market shocks (Baumeister and Hamilton
(2015¢)). The model pesented in the fifth chapter of the thesis extends the analysis by
Baumeister and Hamilton (2015¢)) to study the effects of shocks identified with explicit
sign restrictions on key Russian macroeconomic indicators. To the best of the knowledge
of the author, no paper so far has shown how the shocks identified with explicit sign
restrictions may affect variables external to the oil market. Besides, the chapter is a rare
example of econometric analysis of oil market shocks effects on the Russian economy, and
the first one using the SBVAR model. The estimation shows mixed results about the
effects of oil market shocks on the real monetary incomes and CPI inflation but without
any reservations indicates that two of three oil demand shocks considered in the study
positively influence the industrial production index. The quantitative estimates of the
effects on the industrial production are surprisingly high and may be challenged again in

the future research.
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Chapter 1

Are Commodity Price Shocks

Important? A Bayesian Estimation of a

DSGE Model for Russial

1.1 Introduction

In the economic literature, there is a widespread belief that economic activity in Russia
crucially depends on oil price dynamics. This perception is based on the fact that Russia
is one of the world’s largest oil producers, with oil and gas exports amounting to $342 bln
in 2011, accounting for 18.5% of Russian GDP and one-half of federal budget revenues. In
this situation, it seems evident that oil price shocks could dominate Russian business cycles
and long-run dynamics of macroeconomic variables. However, quantitative estimates of
oil price effects are scarce. For example, Rautava (2002) analyzes the impact of oil prices
on the Russian economy using the VAR methodology and cointegration techniques and
discovers that, in the long run, a 10% increase in oil prices is associated with a 2.2% growth
in Russian GDP. Their sample covered the period from Q1 1995 to Q3 2001. Jin (2008)
uses a similar methodology and claims that in the 2000s, a permanent 10% increase in oil
prices was associated with a 5.16% growth in Russian GDP. In both papers, the authors

use quarterly data, so the time series seem to be too short for cointegration analysis to

1 co-authored with Alexey Minabutdinov, NRU HSE; published as Malakhovskaya and Minabutdinov
(2014)
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have good estimation properties. Moreover, neither of these papers raises questions about
the short-run impact of oil prices on macroeconomic variables and the role of oil prices as
a potential factor of the business cycle.

Since the 1990s, there has been a growing interest in Dynamic Stochastic General
Equilibrium (DSGE) models for macroeconomic analysis from both academia and central
banks. Contrary to VAR, DSGE models provide a theoretical explanation of different
interdependencies among variables in the economy. These models allow to determine
the factors of business cycles, forecast macroeconomic variables, identify the impact of
structural changes, etc. Sosunov and Zamulin (2007) analyze an optimal monetary policy
in an economy sick with Dutch disease in a general equilibrium framework. They calibrate
their model on Russian data, but they assume that the shock to the terms of trade is
the only source of uncertainty in the economy, and they do not consider the relative
importance of this kind of shock in real data. Semko (2013) estimates a modified version
of the model by Dib (2008]) using Russian data with a focus on optimal monetary policy.
He mentions that his results indicate that the impact of oil price shock on GDP is small,
as a rise in output in the oil production sector is associated with an output decline in
manufacturing and non-tradable sectors, but quantitative estimates of the impact are not
provided in the paper.

The purpose of our paper is twofold. The first goal is to elaborate a theoretical model
with a special focus on commodity-exporting countries that is suitable as a basis for
policy implications. The second goal is to determine the main sources of volatility of
key macroeconomic variables in Russia and answer the question that we raised in the
title of the paper: are commodity prices important as a factor of business cycles in an
export-oriented economy?

Our paper has some policy implications. The belief that economic activity in Russia
is mostly determined by oil price dynamics was an argument for the exchange rate
management policy. Recently the Central Bank of Russia announced a new course of
monetary policy based on an inflation targeting policy from 2015 onwards. It is crucial
to understand what role commodity exports play in business cycles in order to assess
the potential success of this policy switch. While the traditional Mundell-Fleming model

states that flexible exchange rates dominate fixed exchange rates if foreign real shocks
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prevail, this prescription is called into doubt when an adjustment requires a substantial
devaluation or revaluation of exchange rates (Cespedes, Chang, and Velasco (2004)). In
this case, an exchange rate peg may be desirable.

In this paper, we modify the Kollmann’s model (Kollmann (2001))) and assume external
habit formation, a cashless economy, and CRRA (constant rate of relative aversion)
preferences of households as in Smets and Wouters (2003) and Dam and Linaa (2005)).
The model contains a number of real and nominal frictions, like sticky prices and wages,
local currency pricing, and capital adjustment costs. It is known from previous research
that rigidities play a key role in the fitting and forecasting performance of DSGE models
(Christiano, Eichembaum, and Evans (2005), Smets and Wouters (2007)). Additionally,
we assume that the nominal interest rate is an instrument of monetary policy and increase
the number of structural shocks under consideration. We introduce ten structural shocks.
Nine of them are relatively standard, while the tenth is a commodity export shock. Next,
we estimate the model on Russian data using Bayesian methods. Our results show that,
while this shock contributes a lot to GDP variation, the most important factors of business
cycles in Russia are domestically based.

We proceed as follows: Section 2 presents the model. For the sake of convenience, we
present the full set of equations. In Section 3, we review our estimation techniques and

discuss our results. Section 4 concludes.

1.2 Model

In this section, we present the model that we estimate in the next section. We
assume two types of firms that produce intermediate and final goods. The final sector is
competitive, and intermediate sector is monopolistic competitive. Households can own
capital and rent it, as well as labor services to intermediate goods firms. They can optimize
both intertemporally and intratemporally. Prices and wages are rigid due to a mechanism
a la Calvo. A final good can be used for consumption and for investment. The final
good is aggregated from domestic and imported intermediate ones. Export and import
are possible only for intermediate products and are priced in local currency. Financial

markets are incomplete and households can own domestic and foreign bonds (or issue debt).
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The core of our model is that by Kollmann (QOOl)EI but we have made some important
modifications. First of all, we assume external habit formation, a cashless economy and
CRRA preferences. Secondly, we include revenues from oil exports which are assumed to
increase households’ wealth exogenously. Finally, we assume that monetary policy follows

an interest rate rule.

1.2.1 Production sector
Final goods production

We assume that the only final good is produced by combining intermediate domestic

and imported aggregates using Cobb—Douglas technology:

1 aq 1 ) Aim
Qr = <_ Qf) < im> , O0<ag<lam=1-aq (1.1)
ad

im
Q; denotes the final output index. Q¢ and Q™ are indices of aggregate domestic and

foreign intermediate goods production, respectively, and they are defined as Dixit—Stiglitz

1 L 14+ve ' 1 L 14vt
sz(/’ﬁoww@o ?”=</‘¢%ﬁww@) (12)
0 0

where ¢¢(j) and ¢™(j) are quantities of type j intermediate goods produced domestically

aggregates:

and abroad, respectively, and sold on domestic market, and v, is a random net mark-up
rate. In other words, in the intermediate goods market, there is a continuum (of unit
measure) of producers, and we use index j to indicate them. Each producer sells her own
variety (also indicated by j) in the monopolistic competitive market. The final sector is
perfectly competitive and does not incur any cost above the value of the intermediate
bundles.

A cost-minimization problem for the final producer can be written as:

1

1
xmﬁqmz/pMMwW+/¢WMTm@ (1.3)
0 0

subject to constraints (1.1]) and(1.2]) where p¢(j) and pd(j) represent prices of domestic and

imported type j intermediate products respectively, both expressed in domestic currency.

2Qur notations are close to those of Dam and Linaa (2005), whose model is also a modification of

Kollmann (2001).
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The demand functions for any variety (domestic or imported) of intermediate products
as well as for intermediate aggregates are derived as a solution of the cost-minimization

problem. They are given by:

1+vy _ 1+vg

d( . - im [ :
d dlP (4) vt im im [P (7) vt
q = Q ( ;_jtd ) 4y = &y ( tPt”” (1.4)
and
P, im P,
Qg = OédP—;Qt t = aim?iant (1-5)

letting P¢ and Pf™ be the price indices of intermediate domestic and foreign bundles sold
in the domestic market, respectively, and P, representing the final good price index. We
postulate that intermediate goods are packed in a bundle at no cost, and the value of a
bundle is equal to the value of its ingredients. The total revenue of the final producers
is equal to their total costs as they are competitors and operate on a zero-profit bound.

This means that:
PlQl = / P (5)ai(5)dj P = / P (g™ () dj (1.6)
0 0

So we get:

1 Ut 1 —Ut
r= ([ storta) p= ([t (1.7)
0 0
A zero-profit condition for the final good sector requires:
PIQ{ + PmQ™ = PQy (1.8)

Hence, the final good price index is determined by a weighted geometric mean of domestic

and imported aggregates price indices:

Py = ()™ (B (1.9)

Intermediate sector

An intermediate good j is produced from labor and capital with Cobb—Douglas
technology:
yi(J) = Ath(ijt(j)l_wa where 0 <3 <1 (1.10)
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where y;(j) is an output of an intermediate type j firm, A; is a technology parameter,
Ky(j) is capital stock that firm j holds (capital utilization is assumed to be equal to one),
and L;(7) is the amount of labor services utilized by firm j and represents a Dixit—Stiglitz

aggregate of different varieties of labor services provided by households:

L(j) = (/01 L (h, )T dh) o (1.11)

where [;(h, j) is the amount of labor services of household h employed by firm j. Here
we assume that there is a continuum (of unit mass) of households (indexed by h), their
labor services are differentiated, and the labor market is monopolistic competitive. So
each household is a monopolistic supplier of its labor and sets the wage on its own (we
describe the mechanism of wage-setting below). On the contrary, capital is homogenous.
The law of motion of the technology process is declared below. This, the total costs of

firm j are the following:

mezﬁmmﬁéwwmmm (1.12)

where RE is the rental rate of capital, and w;(h) is the wage of household h. The problem
of an intermediate firm consists in minimizing 7'Cy(j) s.t. (1.10]). The first-order conditions

imply that demand functions for aggregate labor and capital can be written as:

Lxﬁ::%“)<—f—-vw)w (113)

A \1-¢ RF
(j W\
Ki(j) = yf({j) (% : R_f) (1.14)
Additionally,
M\
1) = 1) () (115

As far as the total labor costs for intermediate firm j are concerned, they are equal to

labor expenses for all varieties:

muszuW%mmM, (1.16)

the aggregate wage index is

W, = (/Olwt(h)—idh> B (1.17)
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The marginal cost of firm j is equal to:
MCy(j) = AW,/ TRy (1= 4)" ™! (1.18)

Therefore, the marginal cost is the same for all firms in the market; it allows us to omit
an index of a firm in what follows. Moreover, the total cost is a linear function of output,
and the marginal cost is independent of output. This lets us consider problems of setting
domestic and export prices separately. We assume that intermediate goods are sold on

domestic and international markets:

ve(j) = ¢/ (j) + ¢ (5), (1.19)

where ¢f(j) and ¢f*(j) are quantities of intermediate good j sold on the domestic market
and exported, respectively. All the intermediate goods sold in the domestic market are
bought by the final producer. We postulate that intermediate firms can practice price

discrimination between domestic and foreign markets. In general, this means that:

Swi*(j) # i (j) (1.20)

where pf(j) and p$®(j) are price indices of intermediate good j sold in the domestic market
and exported, respectively, and S; is a nominal exchange rate (expressed as a domestic
currency price of foreign currency). The assumption about price discrimination and,
consequently, the violation of the law of one price is motivated by a great number of
theoretical and empirical papers (see, for example, Balassa (1964)), Taylor and Taylor
(2004)) which show that the absolute purchasing power parity (PPP) does not hold, at
least, in the short-run. In the new open economy macroeconomics literature there are
several microfounded approaches to model deviations from the PPP, and Ahmad, Lo, and
Mykhaylova (2011)) offer a very good review of themﬂ In this paper, we assume that
intermediate firms — both domestic and foreign — and households carry out staggered price
and wage setting, respectively, and the exporting and importing activity is characterized

by price-to-market behavior (Knetter (1993)). This means that the prices are set in the

3According to Ahmad et al. (2011), there are four approaches: presence of both tradables and non-
tradables (e.g., Corsetti, Dedola, and Leduc (2008)), home bias in consumption (e. g., Faia and Monacelli
(2008)), price rigidity (e.g., Bergin and Feenstra (2001)), and local currency pricing (Chari, Kehoe, and
E.McGrattan (2002)).
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local (buyer’s) currency. The staggered price and wage setting is implemented a la Calvo
(Calvo (1983)). The probability of a price-changing signal is equal to 1 — 6. Because
the number of firms is large, in accordance with the law of large numbers, we can define
the share of firms reoptimizing their prices each period as equal to 1 — 0y, as well. All
the firms are obliged to meet the demand for their products at the set price. Suppose a
firm gets a signal and is allowed to adjust its price. In this case, the price chosen by the

producer is one that maximizes an expected discounted flow of her future profits:

ﬁti(]) = arg max Fy Zed/\t t+THt+T (pt (])) (1-21)
(]) =0

where p¢ is a reset price; Ht - is the profit of intermediate firm j from selling its product in
the domestic market (superscript d) at time ¢ 4+ 7; A4, is a stochastic discount factor of
nominal income (pricing kernel). It is assumed to be equal to the intertemporal marginal
rate of substitution in consumption between periods ¢ and ¢ 4+ 7 and is given by:

Ul P
>\tt+T—6T Crt ' !

— 1.22
UCt Pt—l-T ( )

While solving its problem of profit maximization, the firm takes into account all the
expected profits until the next price-changing signal comes. As the number of periods to
be taken into account is not known in advance, the producer maximizes her discounted
profit over an infinite horizon, and each profit is multiplied by the probability that the
firm has not received a new price-changing signal before. The instantaneous profit of

intermediate producer j from selling her variety in the domestic market is defined as:

1+vy

08 — (50(7) — MCY) ¢?(j) = (1) — MC) (pf,g)) o )

Therefore, the problem facing the producer is to maximize 1)) subject to ((1.23)). The

first order conditions result in the following equation for the optimal price:

1+veqr 1+vy

EtZHdAt b o Pt(if) e QHTpt( ) X

X (PF(7) = (14 v ) MCy) = 0 (1.24)

24



1.2.2 Foreign Sector
Export

We assume that the structure of a foreign economy is the same as the structure of a

domestic one. Similar to the demand for domestic intermediate goods, the export demand

pem -n
= o (?) v/ (1.25)

where P7* is the price index of the intermediate domestic bundle exported abroad, Ptf

is assumed to be defined as:

is an aggregate price level in the foreign economy, and th is a quantity of final goods
produced in the foreign economy. Both prices are expressed in foreign currency. Similar to
the demand for a particular type of intermediate goods in the domestic economy, export

demand for a variety j (¢f*(j)) is given by:

1+vy

- (M) (1.26)

with the same elasticity of substitution that characterizes the domestic demand:

== (/ 1<qu<j>>l+%tdj) (127)

The fact that the value of the exported bundle is equal to the value of its components

1
PEQs — / (e () dj (1.28)

gives the following equation for the price of the aggregate exported:

o= ([oron ) w (1.29)

As in the case of the domestic market, the intermediate producer must receive a price-
changing signal to be able to reset her export price. The probability of this signal is
equal to 1 — 0., and the signal is completely independent of the one allowing for the
reoptimization of the domestic price. The reset price is the price that maximizes the
expected discounted profit from export activity:

p;* = argmax E Z 0T A 103 (057 (5)) (1.30)

pE*(d) =0
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where the instantaneous profit from export activity is given by the following equation:

14wy

™ = (S (j) — MCy) 5 (7) = (Spi™(j) — MCy) (p tpfi )> o (131
t

The first-order conditions for the optimal export reset price yield:

- T ex Hoiir ex 1 ey — Y1
Ey E Ocaeirr (D) e QFF, o (D) X
=0 7
X (St+-r]3$w — (1 + 'Ut+7—>MCt+T> =0 <132)
Import

The importing of intermediate products is implemented by foreign companiesﬁ Like
domestically produced intermediate goods, all imported varieties are imperfect substitutes.
The cost (in domestic currency) of importing firm j is S,P/, and its income is pi™(j). P/
stands for the average cost (in foreign currency) of producing any variety abroad. Domestic
prices of imported goods are also rigid due to the Calvo mechanism with price-changing
probability equal to 1 — 6;,,. If the foreign producer is allowed to reset her price in the
domestic market, she chooses the optimal level so that to maximize her expected discounted

future profits (in foreign currency):

P = arg max F,
P ()

o s L (0
ZeimAtf;t+T =+ S( " ))] (1.33)
t+7

7=0
where the instantaneous profit of importing firm j is given by:
1+vg

™ = (pi" () — SePl) 4 () = (pi" () — SeP/ <pim.(j)> U 1.34
t (t(]) tt)t(]) <t(]) tt) P t ( )

where foreign importers are assumed to be risk-neutral, so they discount their profits at

the international risk-free rate:

t+1—1

M= 11 (1+z‘j>l (1.35)

j=t

where zf is a foreign risk-free rate that is defined exogenously.

4Postulating this, we follow Dam and Linaa (2005). Kollmann (2001) implicitly assumes that domestic

firms are engaged both in importing and exporting activities.
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The first-order conditions for the problem facing the foreign importers result in the

following equation for the optimal import price:

Hvgr Hoepr 4

EtZﬁf Musrg o (P o QILBn () o '

t,t
o i St+7' Vttr

X (ﬁm(ﬁ -1+ Ut+r)st+TRg]:LT> =0 (1.36)

As cost functions are identical for any firm in the intermediate goods and foreign
sectors, all producers that have the opportunity to reoptimize their prices at time ¢, set
them at the same level (p%(j) = p¢, p¢*(j) = p¢® and pi™(j) = pi™ for all j). Therefore,

the price indices of domestic, export and import aggregates are given by the following

equations:
(PHY " =04 (PLy) "+ (1—04) (B)) (1.37)
(P75 = 0 (PE5) 77 + (1= 00) (555) (1.38)
(B™) " =0 (P7) " 4 (1= i) (D7) (1.39)

1.2.3 Households

The population is assumed to consist of a continuum of households of unity measure.
Any representative household maximizes its expected discounted utility over an infinite
horizon subject to its budget constraints. The utility function is increasing in consumption
and decreasing in labor efforts. Only final good can be consumed.

We follow many other papers (Erceg, Henderson, and Levin (2000]), Gali (2008)) in
assuming that labor services of different households are imperfect substitutes, as indicated
above. Every household holds monopoly power in the market over its variety of labor and
acts as a wage-setter. A wage-setting process is also rigid & Calvo with the probability of
a wage-changing signal equal to 1 — 6,,,.

Each period, a representative household makes its consumption and portfolio choices. A
household can own domestic and foreign bonds{’| as well as capital. If a household receives
a wage-changing signal, it also makes a decision about a new reset price. A household

faces only one kind of uncertainty — when it will be allowed to change its wage for the next

5We assume incomplete financial markets.
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time — and this shock is idiosyncratic. Therefore, different households can work different
amounts of time and have different incomes (Christiano et al. (2005)). But, as was shown
in Woodford (1996) and Erceg et al. (2000), we can consider households to be homogenous
with respect to the amount of consumption and wealth allocation among different types of
bonds and capital owing to state-contingent assets. It allows us to drop a household index
h for consumption in the utility function.

A household h maximizes its expected discounted utility (subject to the budget

constraint to be specified below):

Vo(h) = max Eq i B (Cy, 1,(h)) (1.40)

t=0
where Cy represents consumption, [;(h) is the labor services supplied by household A, and
B is a subjective discount factor. As indicated above, the household manages three kinds
of assets: domestic bonds, foreign bonds and capital stock. In addition to interest on
bonds and capital, a household receives labor income, dividends from non-competitive
intermediate firms, and revenues from commodity exports.

The capital accumulation equation can be written as:
Kt+1 = (1 — 5)Kt + It — X (Kt+1 — Kt) (141)

where I, is investment, and ¢ is the depreciation ratio. The last term in ([1.41)) stands for

the capital adjustment cost, and the function y is defined as follows:

d (K, — K,)*
X (Kigr, Ki) = ® Ky — 1) (1.42)
2 K,

We follow Smets and Wouters (2003) in defining the preferences, which are assumed to be
described by an additively separable instantaneous utility function with CRRA form:
~ 1—01
(C=vCa) " e

U (Ct, lt(h)) = € 11— o1 — €] 1 ¥ oy (143)

letting C,_1 be external habits in consumption (Abel (1990)) and letting v be a positive

parameter of force of habits. The budget constraint of household A in period ¢ is represented
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by the following equation:

Py(Cy + I(h)) + Dy(h) + S, D} (h) =
/1 wy(h)ly(h, 7)dj + Dy—1(h) (1 +d41) + Se D} 1 (h) (1 + z';f,l) +

REK, (h) +TI%(R) + TI¢(h) + S,O,(h) (1.44)

The commodity production is assumed to be constant and normalized to unity, so all the
fluctuations of commodity export revenues are due to changes of the commodity price
(denoted by Oy in this paper). Dy denotes foreign bonds (credit from the foreign sector
if Df is negative), i; is the nominal domestic interest rate, and i; is the nominal foreign
interest rate (including the risk premium). The financial markets are assumed to be
imperfect, and the imperfections create a deviation of nominal interest rate on foreign
bonds from the international risk-free rate 2,{ . This deviation can be interpreted as a risk
premium:

1+¢::p(1+@'{) (1.45)

Like Lindé, Nessen, and Soderstrom (2009) and Curdia and Finocchiaro (2005)), we
assume that this risk premium can be specified by a decreasing function of net foreign
assets of the economy. However, unlike the cited papers, we modify the function of risk
premium and normalize net foreign assets to the total export (including commodity export

income) in steady state:

D *

Pt = exp (—w (%) + ef) (1.46)
where € is a stochastic shock of the risk premium, w is a normalizing constant, and barred
variables here and below denote steady-state values of the corresponding variables without
bars. Therefore, if the amount of debt of domestic households increases, the interest rate
(with premium) increases as well. The technical reason for including the endogenous risk
premium is that it guarantees the existence of stationary equilibrium (Schmitt-Grohe and
Uribe (2003)).

During each period, a representative household maximizes its expected discounted

utility ((1.40) subject to the sequence of dynamic constraints: ((1.44) and (1.41).
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The first-order conditions for this problem yield the following equations:

UIC = Py

=
N
(0/¢)

I
Nej
—" N N~

(

BEu1 (1 +14) = iy (
BEitr15e41 (1 + i) = S (1.

(

5Etl~bt+1Rfi1 + 5Etpt+1ﬂt+1((1 —0— X/27t+1) = (1 + Xll,t)Pt

where ; is the Lagrange multiplier on the budget constraint. As indicated above, the
household decides on consumption, investment, and portfolio distribution every period,
but it chooses an optimal wage only on occasion when a wage-changing signal occurs.
To derive the optimal reset wage for the firm reoptimizing in period ¢, we reproduce the
relevant parts of the maximization problem written above. We take into account the
probability that a new wage-changing signal does not come until ¢ + s is 6. In periods of

wage resetting, the household maximizes the expected discounted utility:

o0

V. (h) = max Ey > (80,)7U (Crarpry lire(h)) (1.51)

7=0
subject to the sequence of labor demand and budget constraints:
14y
: ~fwe(h)\
lt+7\t<h7]) = Lt+7‘\t(j) <M;< ) ) (152)
t+7t

Pt+T|t(Ct+T|t + It+7’|t(h)) + Dt+7’|t(h) + St+7'|tD:+T|t(h) =

1
/ Wiprlt () ligre (P, 5)dj + Digr—1e(R) (1 + it+f—1|t> +
0 (1.53)

St+TItD:+T—1|t(h) (1 + i:+r—1|t) + RtI«(thtJrTIt(h) + Hf+7|t(h)+

ﬁﬂt(h) + St Opgre(h)

The first-order conditions for this problem result in the following equation for the reset

wage:

14y
0 Tt b l 140 (I+02)
ﬂ]/t(h)—l:'ycrz—l—l _ (1 + 'Y) Et 27—206 ewet—‘rTEt-‘rTLt-f—T?Wt-‘:T (154)

1y

Et Z:OZO BTQ;Mt+TLt+TWt+WT

where i, is the Lagrange multiplier associated with the budget constraint as given above.

As the function of optimal wage does not depend on h, all households that have the
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opportunity to reoptimize their wages at time ¢, set them at the same level (w;(h) = w;).
With the premise that, in each period, the ratio of households adjusting their wage is

equal to 1 — 0,,, the law of motion for aggregate wages can be derived as:

1

(W)™ = 600 (Wiiy) ™7 + (1= 6,) (@) 3 (1.55)

1.2.4 Central bank

Because the goal of this paper is to estimate a DSGE model for the Russian economy,
it is very important to use a monetary rule that actually describes the strategy of the
Bank of Russia. However, at the moment, there is no scientific consensus regarding the
monetary policy rule of the Bank of Russia. In the economic literature, the absence of a
common opinion is indicated by the existence of different points of view regarding the best
way to model the central bank’s activity. For example, Vdovichenko and Voronina (2006])
show that from 1999 to 2003, the Bank of Russia regulated the money supply, while the
use of monetary instruments was limited by interventions on exchange markets and the
sterilization of excess liquidity with deposit operations. The authors claim that, unlike
most central banks in developed countries, the discount rate in Russia plays a minor role.
Hence they opt for the money supply rule. On the contrary, Benedictow, Fjaertoft, and
Lofsnaes (2013) estimate an econometric model of the Russian economy based on data
from 1995 to 2008. They suppose that monetary policy follows a simple Taylor rule, and
the interest rate is set in response to unemployment and inflation changes. The authors
claim that this kind of rule fits the data well even though the assumptions in the basis of
the rule are hardly relevant to the Russian economy. In line with Benedictow et al. (2013),
Taro (2010) successfully estimate a non-linear interest rate rule on data from 1997 to 2007
under the assumption that the reaction of the central bank to an output gap and inflation
is asymmetric. Finally, Yudaeva, Ivanova, and Kamenskikh (2010) aim to determine a
monetary policy target for the Bank of Russia. They show that a forward-looking Taylor
rule, as well as a money supply rule, can adequately describe Russian data from 2003 to
2010. Their results demonstrate that the central bank sets its instrument in response to
the expected movements of inflation, output, and exchange rate, and uses interest rate

smoothing. The authors do not opt for either of these rules. However, the fact that there
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are econometric papers that show that an interest rate rule can describe monetary policy
in Russia allows us to use this kind of rule in our structural model. We therefore assume

that monetary policy follows a modified Taylor rule with interest rate smoothing:

_ T z2(1—21) Y ZB(I_ZI)
Lt = (144, (1 +i) ™ (ﬁ) (Vt) €r (1.56)

where m; denote inflation, and z1, 29, 23 are positive parameters with z; < 1.

1.2.5 Market clearing conditions and exogenous processes

During each period, an equilibrium in goods and financial markets must be maintained
and a balance-of-payment identity must hold. Domestically produced intermediate goods

are consumed within the economy or exported:
Y, = Qf +QfF (1.57)
The final good is divided among consumption and investment:

Qr=Ci+ I (1.58)

The balance-of-payment identity is derived from the household’s budget constraint (1.44)
and the equation of final good allocation ([1.57). The balance-of-payment identity takes

the form of:
1
St

This equation implies that the exchange rate is floating. We are aware of the fact that

PEQE 40y — = PmQi™ = Dy + (1+4,) Diy =0 (1.59)

this is not the case in Russia, but we think that complicating of the model may not make
the estimation more accurate. We assume that all exogenous processes, except mark-up

and monetary policy shocks, are given by AR(1) and the mark-up shock and monetary
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policy shocks are i.i.d processes:

log Ay = palog A;—1 + (1 — pa) log A + ¢ (1.60)

log O; = polog Oy—1 + (1 — p,)log O + &7 (1.61)

log Vi = pyrlog VL, + (1= pys)log V7 + &t (1.62)

logm! = prrlogml | 4 (1 — per)logn! + T (1.63)

log (if +1) = pirlog (1 +il_,) + (1 = pir) log (1 + /) + ¢ (1.64)
logel = pyloge) ; + (1 — py)loge + b (1.65)

logel = pilogel | + (1 —p)logé + &l (1.66)

logel = p.loge,  + (1 —p,)loge’ + ¢} (1.67)

logv, =logv + &} (1.68)

log e = &7 (1.69)

Finally, our measure of real GDP in the model is:
SiPFEQY + S;0p — PimQim

GDP, =
y = Q¢ + 2

(1.70)

1.3 Estimation

To find a solution for the model, we normalize all the nominal variables to national
or foreign price levels (see Appendix A) and log-linearize the non-linear system around
a non-stochastic steady state. We assume that in a steady state the current account is
equal to zero; we also assume that 7 = 1. These assumptions are sufficient to derive an
analytical solution for all the variables in a steady-state. We present the steady-state
derivation in Appendix B and the final log-linearized model in Appendix C. We solve the
model in Dynare and estimate it using Bayesian techniques. We think that calibration is
unsuitable in our case because of a lack of microeconomic and macroeconomic papers that

could have served as references for assigning values to hyperparameters.

1.3.1 Solution and data

As in many other DSGE papers, the estimation is done using Bayesian techniques. After

choosing the prior, we combine it with the sample information described by the likelihood
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function and we receive the posterior distribution, by employing Bayes theorem. For the
sake of simplicity, we characterize the posterior distribution by its mode, median, and
variance. The posterior distribution is estimated in two steps. First, the posterior mode
and approximate covariance matrix are calculated. The covariance matrix is computed
numerically as the inverted (negative) Hessian at the posterior mode. Thereafter, the
posterior distribution of model parameters is generated with a random-walk Metropolis—
Hastings algorithm.

There are ten shocks in the model: technology shock, commodity export revenues
shock, monetary policy shock, mark-up shock, preference shock, labor supply shock, foreign
interest rate shock, foreign prices shock, foreign output shock, and risk premium shock.
For our estimation, we use nine time series. This guarantees the absence of stochastic
singularity without resorting to measurement errors. Thus, we implicitly assume that all
the observed volatility is caused by structural shocks. The variables that we consider to
be observed for estimation are consumption, domestic inflation, domestic interest rate,
real wages, the real exchange rate, oil revenues, foreign inflation, foreign interest rate, and
foreign output.

The source for most of the data is the International Financial Statistics database.
Other sources will be indicated below. All the series are quarterly, starting in the third
quarter of 1999 and ending in the third quarter of 2011 E] We take into account the fact
that the series are quite short, but we intentionally avoided using the earlier data on
account of the severe financial crisis of 1998. By the third quarter of 1999, the impact of
the financial crisis of 1998 on the Russian economy was reduced substantially. This allows
us to consider our sample period (at least before 2008) as relatively homogenous both
in terms of policy and hitting shocks. We are aware of the fact that the Bank of Russia
changed its monetary policy after the financial crisis of 2008, but we do not restrict the
sample intentionally to the end of 2008 to avoid making our time series even shorter. To
convert nominal variables (consumption, output) to real terms, we use the GDP deflator.
The series were seasonally adjusted with Census X12.

As an observable series for consumption, we use nominal private final consumption

expenditures per capita. After seasonal adjustment, we take the logarithm of the series

6The paper was started in 2012 and accepted for publication in 2013.
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and detrend it linearly. The series of linearly detrended producer price inflation stands for
an observable series of domestic inflation (7¢). The interest rate is assumed to correspond
to the money market rate. The quarterly values were calculated by dividing the annual
(detrended) interest rate (in percentage points) by 400. The series for wages was taken from
the Rosstat database. The series is already seasonally adjusted, so we make no additional
adjustment; we just take the logarithm and detrend the series linearly. For the real exchange
rate series (&;)f7] we take the weighted average of EUR/RUR and USD/RUR exchange rate
series. The weights are 0.45 and 0.55, respectively. These are the same weights that the
Bank of Russia has used for calculating the currency basket (the operational benchmark
for the exchange rate policy) since February 2007 E] The series of real dollar and euro
exchange rates were calculated on the basis of consumer price indices. Finally, we take the
logarithm and detrend linearly the series of the exchange rate.

Next, we take per capita revenues from the export of crude oil, oil products, and
natural gas to stand for the observable variable of commodity export. The data source
on commodity exports is Balance of Payments statistics provided by the Bank of Russia.
The series is expressed in terms of the bi-currency basket; we take the logarithm of the
series and detrend it linearly.

All foreign variables are also expressed in terms of the bi-currency basket. The CPI
inflation series for both the U.S. and the euro area are combined to stand for the foreign
inflation variable in the model. We use money market rates for the euro area and the US
(federal funds rate) to calculate the series for the foreign interest rate. The annual series
(in percentage points) are divided by 400. To calculate the series of observable output for

the foreign economy, we use weighted per-capita GDP values. We seasonally adjust the

“Increase of the variable means real depreciation of the rouble.
8The policy of using the bi-currency basket as an operational target started in February 2005. Before

February 2005 the exchange rate vis-a-vis the US dollar was an operational target. During 2005-2007,
the shares of the dollar and the euro in the basket were revised five times, and the share of the euro
increased. In this paper, we intentionally ignore these revisions to avoid artificial jumps in the series
denominated in the foreign currency. Moreover, in estimation of DSGE, the common practice is to use
the effective exchange rate. According to our preliminary estimates, the average share of exports and
imports of the euro area and Switzerland among 15 major trading partners of Russia in 1999-2011 was

45.2% (our calculations based on IMF data).
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series, take logarithms, and detrend it linearly. In our calculations, we consider 2005 as a
base year, which does not affect the calculations, as for all series (except interest rates and

inflation), we take the logarithm of the series and detrend them.

1.3.2 Priors

When choosing the prior distributions, we follow the common practice in the literature.
We fix the same subset of parameters that is usually fixed in similar studies. In a Bayesian
sense, this means that we assign zero variance of prior distribution, so we set the discount
factor 5 at 0.99 and the depreciation rate at 0.025. We fix v (the capital elasticity of the
production function) at 0.33, which reflects the scientific consensus that the ratio of labor
to overall income is about two-thirds. As P., and P,,, are determined by the same shock
as P;, we assume that 6., and 0,,, are equal to 6., which is estimated. We tried to estimate
the ratio of domestic goods in consumption (cy), but the estimated value was too low and
the whole convergence deteriorated, so we fix ay at 0.74 according to calculations made in
our previous studies (Malakhovskaya (2013))). Following Dam and Linaa (2005), we also
fix the net wage mark-up and steady-state value of the net price mark-up process at 0.2.
Our system includes the value of the steady-state of oil revenues, which is not known. To

overcome the problem, we rewrite the system in terms of 6 = and calibrate o as the

0
Peagyer
mean value of the ratio of commodity exports (crude oil, oil products, and natural gas)
to non-commodity exports (all exports besides revenues from crude oil, oil products, and
natural gas) over the sample period.ﬂ

We estimate 28 parameters in total, which are the parameters of preference, production
function, and capital adjustment cost, as well as autocorrelation coefficients and standard
errors that determine structural shocks. While choosing the prior distributions, we follow
common rules: we assume beta distribution for all the parameters that can take only values
between 0 and 1, we assume gamma distribution for all preference parameters, normal
distribution for parameters of the monetary policy rule, and inverted gamma distribution

for standard errors of structural shocks. When choosing moments of prior distributions,

we follow Smets and Wouters (2003), Smets and Wouters (2007), Dam and Linaa (2005)

9For the chosen value 6, the ratio of commodity revenues to GDP in the model is equal to 14.7%. The

actual mean value over the sample is 17.6%.
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whenever it is possible. The fact that the moments of posterior distribution are different
from those in cited papers means that the estimates are primarily determined by data and
not by prior distributions. For other variables, the mean values of prior distributions were
chosen to be consistent with our econometric estimates.

We follow existing studies in assuming that #; and 0, have a beta distribution with a
mean set at 0.75 and a standard deviation at 0.1 (for example, Smets and Wouters (2003)).
This implies that prices and wages are reset about once a year.

We assume that the mean values of prior distributions for utility parameters (o7 and
09) are equal to 1 and 2, respectively, following Smets and Wouters (2003). We also assume
that the habit persistence parameter fluctuates around 0.6, with a standard deviation
equal to 0.1. We intentionally choose a smaller mean value than in Smets and Wouters
(2003) and Smets and Wouters (2007) to make the prior distribution more symmetric
because of a lack of any previous estimates of this parameter in the Russian data. Our
prior distribution for the capital adjustment cost parameter corresponds to that in Dam
and Linaa (2005), but contrary to Dam and Linaa (2005), we estimate the capital mobility
parameter, and we set the mean value of its prior distribution at 0.002 following Lane
and Milesi-Ferretti (2001)). The parameters of the monetary policy rule are assumed to be
normally distributed. The mean values of prior distributions generally correspond to a
simple Taylor rule and are the same as in Smets and Wouters (2007), for instance, but we
assume greater standard deviations than in existing papers because it allows us to admit
a wider range of possible parameters for the rule. To determine the mean values of prior
distributions for autocorrelation parameters for the commodity export revenues process
(po) and all exogenous processes describing the foreign economy (p,r, pir, pyr), We use
regressions on our data. For these four parameters, we choose small standard deviations
to make their distributions tight. As for all remaining autocorrelation coefficients, we
assume that they have a beta distribution with a mean value set at 0.5 and a standard
deviation set at 0.2, in accordance with Smets and Wouters (2007). All standard errors of
exogenous process are assumed to follow an inverted gamma distribution. We choose the
same mean value for all distributions except one. For o,s, we take a smaller value because

of the convergence problem.
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1.3.3 Estimation results

We summarize our assumptions about the prior distributions and present our estimation
results in Table 1.

First of all, we present means and standard deviations of prior distributions. Then
we show the mode and standard error of posterior distributions, which are estimated
by a numerical minimization method. The standard error is calculated on the basis of
Hessian estimated at the mode of distribution. Finally, we present the median and 80%
interval for each parameter. These values were estimated with the MCMC algorithm. The
Metropolis-Hastings algorithm was implemented with 400,000 iterations with two chains.
But the convergence was achieved earlier, which can be confirmed by Brooks and Gelman’s
procedure. [V

All the estimates are significantly different from zero. For all prior and posterior
distributions, see Appendix C. They confirm that the convergence is good. For all
autocorrelation coefficients for structural shocks except two (p, and pr,), the mode values
are higher than 0.7. This validates the hypothesis about the high persistence of structural
shocks.

In addition, our estimations of nominal rigidity parameters (6;) and (6,) do not
contradict economic logic (about 0.5 and 0.4, respectively). This means that prices and
wages are not very rigid, with contracts lasting about 5 months for wages and 8 months
for prices. It is noteworthy that our estimates differ from the estimates of nominal
rigidity parameters in other papers, where the level of nominal rigidity turned out to be
unreasonably high. For example, in the paper by Dam and Linaa (2005), which is very
close to ours with regard to the theoretical model, the estimate of the nominal rigidity
parameter is 0.94, which means that contracts are not reset for about four years. The
fact that our estimates of the nominal rigidity parameter are not too big allows us not
to resort to inflation indexation in the Calvo mechanism, as in Christiano et al. (2005).
Besides, in the paper by Dam and Linaa (2005), the authors received a very high value of
mark-up volatility. Our estimate of this parameter is completely reasonable.

All the remaining parameters also take reasonable values. For example, the habit

formation parameter is estimated to be 0.66. This value is higher than estimates in

10The univariate MCMC diagnostics can be sent by the authors upon request.
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Table 1. Prior and posterior distribution of parameters.

Parameter Prior distribution Posterior estimate  Posterior distribution
Type  Mean St. dev. Mode St. error  10% Median  90%
04 beta 0.75 0.1 0.507 0.084 0.424  0.546 0.687
O beta 0.75 0.1 0.398 0.065 0.359  0.442 0.523
o1 gamma 1 0.3 1.015 0.25 0.819  1.126 1.521
lop) gamma 2.0 0.6 1.74 0.513 1.275  1.884 2.68
) gamma 15 4 10.57 4.44 6.87 12.05 18.23
v beta 0.6 0.1 0.661 0.086 0.549  0.662 0.757
w normal  0.002  0.001 0.0033 8.6-10"* 0.0023 0.0034 0.0045
21 beta 0.8 0.1 0.861 0.029 0.823  0.862 0.894
29 normal 1.5 0.3 1.597 0.246 1.295  1.607 1.929
Z3 normal 0.12 0.075 0.103 0.051 0.047 0.11 0.187
Pyt beta 0.94 0.01 0.943 0.01 0.929  0.942 0.954
Prf beta 0.28 0.01 0.28 0.01 0.268 0.28 0.293
Pb beta 0.5 0.2 0.351 0.141 0.202  0.367 0.537
o1 beta 0.5 0.2 0.888 0.078 0.68 0.853 0.933
Pa beta 0.5 0.2 0.862 0.069 0.694  0.829 0.918
Po beta 0.75 0.05 0.787 0.043 0.728  0.785 0.837
Pif beta 0.98 0.01 0.972 0.013 0.95 0.969 0.983
Prp beta 0.5 0.2 0.741 0.065 0.623  0.719 0.799
Oca inv. gam. 0.05 Inf 0.032 0.011 0.025 0.04 0.085
Oif inv. gam. 0.02 Inf 0.002 3.8-107* 0.0024 0.0026 0.0029
Ot inv. gam. 0.05 Inf 0.007 6.8-10=* 0.006  0.007 0.008
Ty inv. gam. 0.05 Inf 0.009 8.4-10"* 0.008  0.009 0.01
Oeb inv. gam. 0.05 Inf 0.081 0.02 0.067 0.091 0.126
Oel inv. gam. 0.05 Inf 0.257 0.078 0.236  0.358 0.539
o inv. gam. 0.05 Inf 0.012 0.002 0.01 0.012 0.014
Oeo inv. gam. 0.05 Inf 0.13 0.013 0.117 0.132 0.15
Oer inv. gam. 0.05 Inf 0.017 0.004 0.015 0.019 0.025
Oew inv. gam. 0.05 Inf 0.016 0.04 0.013 0.01 0.03
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Smets and Wouters (2003) for the euro area (0.541) and in (Dam and Linaa (2005)) for
Denmark (0.433). This fact can be interpreted as a higher inertia of consumption in
Russia. The parameters of preferences (07 and 09) also took the plausible values of 1.01
and 1.73, respectively. This means that the labor supply elasticity is about 0.6 and the
intertemporal elasticity of substitution is unity. It is worth noting that our estimate of
labor supply elasticity is less than values usually used to calibrate macroeconomic models,
but it corresponds well to microeconometric estimates of this parameter (Peterman (2012)).

All parameter estimates of the monetary policy rule are also in line with economic logic.

1.3.4 Impulse response analysis and historical decomposition
Impulse response analysis

After estimating the model, we analyzed its properties with impulse response functions.

In Figure 1, we present the effects of a positive shock of commodity exports on the
dynamics of the main macroeconomic variables.

The increase in households’ income implies an increase in households’ consumption
and their demand in goods market. This is followed by an increase in labor demand,
investments, capital, wages, the rate of return on capital, GDP, and domestic output
(without oil). The rise in commodity export revenues results in a real appreciation of
the exchange rate, encouraging non-commodity imports and discouraging non-commodity
exports. In quantitative terms (in percentage points), a positive shock of commodity
export revenues has the strongest influence on GDP, real exchange rate, investments,
exports and imports. Domestic production changes positively, though only to a small

extent, but the effect persists.

Historical decomposition

In this section, we investigate what the driving forces of the main macroeconomic
variables in Russia are. The model can describe which shocks dominate the dynamics
of all observed variables. Figures 2—4 show the historical contribution of all shocks to
some variables of interest with columns of different patterns. In Figure 2, the historical

decomposition of the detrended logarithm of consumption over the sample period is

40



0.15
0.1
0.05

O - N W

Vi

15
10

10 20 30
x10° Y

10 20 30
%10 1

10 20 30
%102 mc

/
A

10 20 30
%10 Qd

10 20 30
<102 W

10 20 30

0.02
0.015
0.01
0.005

= M Wk

)}

gdp

[

N A O Co

20
%107

10
-3

20
%10

10 20

x103 Pi

10 20 30
«107 Qex

10 20 30
«1071d_new

f,/,A/””

10 20 30

41

-10
-15

-5
-10
-15

0.015
0.01
0.005

/

x10° Q

10 20 30
x10™ Eps

10 20 30
%10 L
o

10 20 30
<10 Pid

g

10

W

0

Vi

10
-3

20

w

0
%10

10

W

0

Figure 1.1: Oil price shock effect, impulse response functions with 90% HPDI.
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Figure 1.2: Historical decomposition of consumption

presented.

It is noteworthy that, despite the fact that the level of openness of the Russian economy
is rather high (primarily due to oil exports), the dynamics of consumption is explained,
first of all, by domestic shocks. The shock of preferences and technology shocks are the
most influential for consumption dynamics. As expected, the commodity export revenues
shock is relatively important. This shock contributed to a great extent to consumption
growth during the four years before the financial crisis of 2009/]

In Figure 3, we present the historical decomposition of the logarithm of the detrended
real exchange rate. The figure shows that the commodity shock contributes more strongly
to the RER error variance than to the consumption error variance. We pay attention
to the fact that during the four years before the crisis, the commodity export shock

contributed to real appreciation of the exchange rate. The figure also shows that the

HThe financial crisis hit Russia later than the US and Europe.
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Figure 1.3: Historical decomposition of real exchange rate

abrupt depreciation of the rouble in the first quarter of 2009 was caused by a sharp increase
in risk premium, followed, consequently, by a small negative effect of commodity export
shock. The monetary policy of the central bank probably helped to avoid even greater
depreciation than could have taken place.

In Figure 4, the historical decomposition of a simulated series of GDP can be found.
We simulate the series because we do not have it among our observable variables. Figure
4 shows that the commodity shock contributes much to GDP dynamics over the sample
period. It is noteworthy that the commodity export shock explains the output growth
before the financial crisis. The figure also shows that the output decrease in 2009 was
caused by the joint pressure of negative commodity export shock and restrictive monetary

policy (interest rate increase).
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Forecast error variance decomposition

Table 2 shows a variance decomposition of forecast error at various horizons: in the
short run (1 year), medium run (3 years), and long run (20 years). This allows us to come
to several conclusions. First of all, technological and labor supply innovations explain a
large part of all measures of output in the model, including GDP, output of final goods
(without oil), and output of intermediate goods and at all horizons. Supply shocks account
for 68% of the error variance of intermediate goods output in the short run and for more
than 80% in the medium and long run. The part of the error variance of the final goods
output explained by supply shocks is 43% in the short run and more than 60% in the
medium and long run. The part of GDP error variance determined by supply shocks varies
from 50% to 70% at various horizons. This result confirms the conclusions of a baseline
RBC model in which a business cycle is driven primarily by a technological shock. The

result is also in line with structural VAR models with long-run restrictions in which the

44



output is determined by a supply shock in the long run (Blanchard and Quah (1989)).

However, contrary to the identified VAR literature, the monetary policy shock is a
source of macroeconomic volatility at all horizons. In the short run, the monetary policy
shock accounts for 18.5% of the error variance of consumption, 38% of the error variance
of GDP, 18.7% of the real exchange rate error variance, and 38.5% of the error variance of
CPI inflation. In the long run, the importance of the monetary policy shock as a driving
factor of an economy decreases, yet still remains significant. For example, monetary policy
accounts for 17% of the GDP error variance at the 20-year horizon. The result is not a
surprise: monetary policy explains even a larger part of long-term output error variance in
the euro area (Smets and Wouters (2003)).

The preference shock is a primary driving force of consumption volatility in the short
run, as it explains 45% of the error variance at the one-year horizon. In the medium and
long run, consumption is driven mostly by supply shocks, like all measures of output.

The commodity export shock contributes much to GDP and import volatility at all
horizons. It accounts for 23.8% of the error variance of GDP in the short run and about
19% in the long run. The portion of import volatility explained by the commodity export
shock varies from 10.5% to 25.7%. It is noteworthy that the commodity export shock is
not an important source of volatility of non-commodity output. The real appreciation
induced by a positive commodity export shock increases imports and decreases exports. It
is the reason why the consumption growth following a positive commodity export shock
does not affect the intermediate goods output (the portion of error variance explained
by the commodity export shock is close to zero at all horizons). Thus, the model shows
symptoms of the Dutch disease in Russia at least before 2012.

The risk premium shock is the most important source of volatility of the real exchange
rate in the short-run, accounting for 31.5% of the error variance, and, along with supply
shocks, contributes significantly to the RER variance in the long run.

Contrary to existing literature, we do find that the mark-up shock explains a large
part of the error variance of inflation. Vice versa, the impact of the price mark-up shock
on all variables in the model, including prices, is not significant. It would be interesting
to verify if this result is robust in the the case of another monetary policy rule or model

setup. We leave this question for our future research.

45



Table 2. Forward error variance decomposition

Shock C Y GDP Q Qd Qex Qm ¢& Pi W
1 year

Preference 453 39 73 102 58 22 173 1.1 21 07
Labor supply 11 266 193 16.7 238 241 04 11.2 198 715
Commodity export 19 01 238 22 05 49 105 42 04 1.0
Technology 17.7 425 31.1 274 383 36.5 04 164 323 2038
Monetary policy 185 26.5 38.0 340 298 21 186 18.7 385 0.1
Price mark-up 0.2 0.3 0.4 03 02 02 04 02 14 038
Risk premium 2.7 0.1 1.1 5.0 0.7 177 315 370 39 3.3
Foreign output 0 0 0.1 0 0 21 02 02 0 0

Foreign interest rate 2.7 0.1 1.6 41 0.8 101 208 11.0 16 1.9
Foreign inflation 0 0 0 0 0 0.1 0 0.1 0 0

3 years

Preference 220 20 40 55 30 12 113 08 20 0.5
Labor supply 28.6 423 350 31.7 39.7 342 06 209 223 719
Commodity export 48 03 190 44 11 75 227 63 06 1.7
Technology 273 418 344 312 392 340 0.5 205 319 21.0
Monetary policy 10.5 13.0 200 179 149 14 11.7 134 36.5 0.1
Price mark-up 01 01 02 02 02 01 03 01 13 04
Risk premium 1.9 0.1 .1 31 05 99 227 268 38 1.9
Foreign output 0 0 0.1 0 0 1.7 05 03 0 0

Foreign interest rate 5.0 0.4 2.9 59 15 10.0 29.8 109 1.7 2.3
Foreign inflation 0 0 0 0 0 0.1 0 0.1 0 0

20 years

Preference 171 20 38 51 29 09 88 07 21 09
Labor supply 31.9 454 373 332 425 351 05 234 233 68.2
Commodity export 85 1.2 185 73 25 77 257 66 09 34
Technology 25.7 394 323 287 369 306 05 203 31.6 21.6
Monetary policy 79 109 166 147 124 14 84 115 353 0.2
Price mark-up 01 01 02 01 01 01 02 01 12 04
Risk premium 25 0.2 15 45).7 0.7 99 220 242 37 21
Foreign output 0.1 0.1 0.3 0.1 0 1.6 08 0.3 0 0.1
Foreign interest rate 6.3 0.8 3.8 72 20 127 332 127 18 3.1
Foreion inflation 0 0 0 0 0 0.1 0 0 0 0



Therefore, although Russia is an open economy, our results show that the fluctuations
of macroeconomic variables are determined primarily by domestic shocks. Domestically
based shocks account for 88% and 81% of the error variance of final goods output in the
short run and long run, respectively. The only measure of economic activity that shows a
considerable dependence on commodity dynamics is GDP because it explicitly accounts
for export revenues. This result has some implications for macroeconomic policy. In the
paper, we do not discuss an optimal monetary policy issue, but it does seem reasonable
for policy makers to switch to inflation targeting in the near future, as the Central Bank

of Russia promised to do by 2015.

1.4 Conclusion

In this paper, we constructed a DSGE model for an economy with commodity exports.
The parameters of the model were estimated using Bayesian techniques on Russian data.
Our principal goal was to identify the contribution of structural shocks to the business
cycle fluctuations in an economy with commodity exports. Our main interest was the
quantitative estimate of the impact of the commodity export shock on macroeconomic
volatility in Russia. However, the model is general and may be estimated or calibrated for
any export-oriented economy.

The paper is also an important step toward a general equilibrium model suitable for
policy analysis and for forecasting similar models that are currently in use by central
banks in many countries.

Our model yields plausible estimates, and the impulse response functions are in line
with empirical evidence. We made a historical decomposition of two observed time series
(consumption and real exchange rate) and one simulated time series to identify which
shocks were the most influential in any particular quarter. It is interesting to note that
the financial crisis of 2009 in Russia is captured by the model as a joint influence of risk
premium shock and commodity export shock, which seems reasonable.

Finally, we determine the contribution of structural shocks to forecast error variance of
endogenous variables in the short, medium, and long run.

Our results show that non-commodity output both for final and intermediate goods is
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determined by domestic demand (monetary policy) and supply shocks (shock of technology
and labor supply shock) at all horizons. The commodity export shock does not contribute
much to non-commodity output volatility, accounting for only 7.3% of the error variance of
final goods output at the 20-year horizon. The likely reason is that the positive commodity
shock results in real exchange rate appreciation, thereby decreasing exports and increasing
imports. The commodity revenues shock accounts for up to 7.73% of the error variance of
non-commodity exports and up to 25.71% of the error variance of imports in the long run.
So the model shows the symptoms of the Dutch disease in Russia at least before 2012.
However, commodity export revenues shock does contribute much to GDP, since GDP
explicitly accounts for all export revenues. The shock accounts for 24% of the error variance
of GDP in the short run and about 19% in the medium and long run. Consumption is
driven primarily by preference shock in short run and by supply shocks in medium and
long run. The most influential shocks for the real exchange rate are risk premium shock (at
all horizons), monetary policy shock (in the short run) and supply shocks (in the medium
and long run).

Our main conclusion is the following: in spite of a strong impact by commodity export
shock on GDP, the business cycle in Russia is mostly domestically based. Although we
do not explicitly consider an optimal monetary policy issue in the paper, the conclusion
implies that it is reasonable for policy makers to switch to inflation targeting as the Central
Bank of Russia is supposed to do by 2015.

We admit that our model may underestimate the impact of commodity exports on a
domestic economy for two reasons. First, we do not split public and private consumption,
so we do not account for an increase in government spending when the situation in the
oil market is favorable. This could be crucial in the case of a higher propensity to spend
in the public sector than in the private one. Second, the model is stationary and cannot
account for permanent shocks. In this paper, we leave aside these possible extensions for

computational reasons. Elaborating these issues is left for future research.
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The current account equilibrium imply that:
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We know that
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Steady-state of investment:
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.3 Log-linearized model
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.4 Priors and posteriors
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Chapter 2

BVAR Mappinﬂ

2.1 Introduction

Precise forecasts are extremely important for macroeconomic policy. Due to policy
lags, fiscal and monetary policy makers need to base their policy measures on forecasts
and not on the actual values, as decisions taken today affect the economy only after a
certain period of time. Therefore, an accurate forecast of macroeconomic indicators is a
crucial factor of a successful policy.

Currently, a main workhorse for macroeconomic time series forecasting is a vector
autoregression (VAR) model and its modifications. VAR models have become widely
spread in macroeconomic analysis due to a critique aimed at previously commonly used
traditional econometric models . For instance, Sims (1980)) blamed incredible restrictions
accepted ad hoc in the traditional frameworkE] and suggested that the researchers use a
VAR model as a simply formulated dynamic model based on Wold decomposition that did
not require any additional restrictions on the joint dynamics of included variables.

VAR models are widely used both for forecasting and structural analysis due to their
self-consistency and relative simplicity. However, to reflect correctly the dynamics of

actual time series, a VAR model requires many lags that may lead to over-parametrization,

lco-authored with Boris Demeshev, NRU HSE; published as Demeshev and Malakhovskaya (2016)
2We call ’traditional models’ the models in vein of the the Cowles comission approach. Their forecasting

performance dropped abrubtly in the beginning of 1970s, that is approximately at the same time as the
traditional Phillips curve "disappeared" (for futher detail see Favero (2001) and Malakhovskaya and
Pekarsky (2012]))
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inefficient estimation, and high forecast errors. Another important question concerning
a VAR model is how many variables to include. Using many variables is motivated by
the fact that currently central banks of developed countries monitor a large number of
indicators, and a small-dimensional VAR model cannot reflect all the information that
is available for central banks. Hence, using high-dimensional models may potentially
increase the forecasting accuracy. However, the increase of the number of variables in
the model exacerbates the problem of over-parametrization, non-efficient estimation and
high forecast errors. One of the solutions to this problem is shrinking the parameters to
certain values by imposing some prior information in the form of prior distributions on
parameters and errors covariance matrix, or in other words, using Bayesian VAR (BVAR)
instead of traditional (or frequentist) VAR. Another widely-known VAR-based solutions
to over-parametrization problem are DFM and FAVAR models (see Geweke, (1977 and
Bernanke, Boivin, and Eliasz, 2005| for pioneer papers and Stock and Watson, 2016 for a
review) that are left out of the scope of this chapter.

Researchers distinguish two key advantages of BVAR models comparing to the fre-
quentist ones. First, this class of models proposes a solution to a over-parametrization
problem and consequently permits including more variables into a model. At the same
time, prior beleifs decrease incertainty in distributions of model parameters and increase
the model’s forecasting performance. Second, the prior distributions that are currently
commonly used in applied research reflect the contemporaneous beleifs about long-run
dynamics of the variables. This long-run dynamics cannot be detected in short samples
that are usually available for research. Imposing prior distributions also increases the
forecasting accuracy of the model. Besides, contemporanous computers realize simulations
so rapidly that researchers are no more limited to make use of conjugate distributions
only (the distributions for which prior, likelyhood function and posterior appertain to the
same class) that allow for a closed-form solution. It definitly increases the attractiveness
of the Bayesian approach and fosters its expansion in macroeconomic analysis. (Karlsson
(2013)).

The most often noticed disadvantage of the Bayesian approach is subjectivity as a
model embodies the beliefs of its author. However, we think that this disadvantage is not

really essential. As a matter of fact, a change of a prior distribution affects the results of
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the estimationﬂ At the same time, a frequentist VAR (and any other econometric model as
well) is also a reflection of subjective beliefs of the researcher. A choice of a limited number
of variables in the model, distinguishing exogenous and endogenous variables, a choice of
a number of lags in the model [f] etc in any case reflect the researcher’s personal beliefs
about a proper model specification. Contrary to frequentist VAR models, the Bayesian
VARs determine the subjectivity explicitly with prior distributions. Unfortunately, despite
a widespread use of BVARs in research papers, the reviews of this approach are rare.
The reviews by Karlsson (2013), Del Negro and Schorfheide (2011) and Canova (2007)
are mathematically intensive and hardly comprehensible for economists without special
mathematical education. Moreover, the reviews do not contain a very detailed classification
of prior distributions and most of them do not contain a guide to realize the methods in
an econometric software. The exceptions are Koop and Korobilis (2010) and Blake and
Mumtaz (2012)), that are accompanied by MATLAB codesE] However, Koop and Korobilis
(2010) do not discuss a method of defining priors with dummy observations that has
become very popular recently, including sum-of-coefficients prior and initial observation
prior. Blake and Mumtaz (2012) use some non-conventional terminology, and their code
contains an example of BVAR estimation with Gibbs sampler only (even where it is not
needed). No review contains a detailed discussion of forecasting techniques with BVAR
though the forecasting is a principal reason of the estimation of a BVAR model in a
reduced form. This review contains a detailed classification of priors that are the most
popular in macroeconomic applied research as well as forecasting techniques description.
The paper is accompanied by a package in R that uses the same notations that the text
that can be freely used both for study and research. We do not discuss here structural
BVAR models (SBVAR), BVAR with time-varying parameters (TVP-BVAR), BVAR with
stochastic volatility, and the choice of variable for a BVAR model estimation (see Uhlig,
1997, Koop and Korobilis, 2010, and Del Negro and Schorfheide, 2011 for reviews of these

3The estimation results change as a posterior density is a combination of ta prior density and a

likelihood function. This question is thoroughly discussed in the next section.
4In practice to choose the number of lags in a frequentist VAR researchers use information criteria.

However, different information criteria regularly suggest different numbers of lags. If it happens, a choice

of a reliable criteria is a matter of a personal subjective decision.
5The codes in open access that we are aware of are described in Appendix 1.
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methods).

2.2 BVAR estimation

2.2.1 Bayesian VAR: a model framework

Let y;, be variables in a vector y; = (Y11, Yo, - - - » Yme)" Of dimension m E] A VAR model

in a reduced form is represented as:

Yy = q)const + (I)lyt—l + (I)2yt—2 + ...+ (I)pyt—p + €t, Er ~~ N(07 2) (21)
with ®.onse = (c1, - - ., ¢) being a constant vector of a dimension m, ®; being autoregression
matrices of a dimension m x m with [ = 1,...,p. A vector ¢; is a vector of errors of

a dimension m uncorrelated with regressors. Grouping the matrices into one combined
matrix = [®;... 0, $eypy)” and defining a new vector z; = [y;_, ...y;_, 1], gives a more

compact way to represent a VAR model:

Y = (I)/.Z't + &¢ (22)

Grouping the variables and shocks in the following way : Y = [y1,42,...,yr]), X =

[x1, 29, ..., 27|, E = [e1,€9,...,e7], gives a matrix form of the VAR model:
Y =Xd+F (2.3)

The same model can also be written in a vectorized forml[}

— —

V)= (XoI) + (E) = (2.4)
y=Uu®X)p+e (2.5)

with e ~ A(0,% ® Ir) and a vector ¢ = ® being of a dimension km x 1.
A key step of the Bayesian estimation is to find posterior distributions of the model
parameters p(®, ¥|Y') using a likelihood function p(Y|®,¥) and a given prior distribution,
p(®,X]Y") according to the Bayes rule:
p(®, )p(Y]D,5)
p(Y)

SFor readers’ convenience all notations are also given in Appendix 2.
"Equation 1) of the system follows from the identity : (ABC) =(C® A)(B)

p(®,5]Y) = (2.6)
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As p(Y') does not depend on ¢ u ¥, the following expression is valid:

p(®,X]Y) o p(®, X)p(Y]®, %) (2.7)

As g, ~ N(0,X), then the likelihood function is defined as ﬁ
1
p(Y|®,%) o 8712 etr {—5 [E7'(Y - X9)' (Y — X9)] } (2.8)
Another way to write the likelihood function is:

p(Y]®,%) o [2]~T72 etr {—% [E‘lE’E} } X otr {—% [2—1@ P)YX'X (D — @‘})} } ,
(2.9)
where E=Y — Xdu & = (X'X)'X'Y.
In two next sections we discuss the most commonly used prior and posterior distribu-

tions.

2.2.2 Model estimation with different priors
Minnesota prior

A Bayesian solution to the over-identification problem was proposed by Litterman
(1979), in the same paper Litterman shows that restrictions in the form of prior distributions
increase the accuracy of estimates and forecasts. A prior distribution called the «Minnesota
prior> was introduced by Litterman (1986) and (with some modifications) by Doan,
Litterman, and Sims (1984).

The prior distribution is assumed to be multivariate normal and depending on several
hyperparameters. The stochastic processes governing the parameters are assumed to be
independent, and therefore the covariance matrix of the parameter vector ¢ noted as = is
diagonal. The covariance matrix of the vector ¢; that we note as ¥ is also assumed to be

diagonal and constant. Therefore, the vector ¢ does not depend on X::

¢~ N(,E) (2.10)
The prior distribution density of ¢ can be written as:
B 1 1 P
p() —WGXP{—§(¢—@: (Cb—@}- (2.11)

8Here and below etr(-) = exp(tr(-)).
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Combining it with the likelihood function ([2.8)), we get that posterior distribution of
parameters is given by the following equation:

3y ~ N(9,5) (2.12)
with
E — [Efl + 2—1 ® (X,X)}_l
d=ZE""o+ (X" @ X )yl
If = has a structure of the Kronecker product: = = ¥ ® ), then the formula (2.12)) can
be simplified.

=E7T 4+ XX =[(Ee) T+ e (X'X)| T =

=X+ le(X' X)) =@+ X' X)) =200 (2.13)
The derivation permits to decrease the dimension of the matrices to be inverted.

As a result we get:

DY ~ N(P,2®0)

~

are equal to: 67,63,

(2.14)
In practice instead of the matrix ¥ its estimate 3 is used. The diagonal elements of )y
s

with 62 being an error variance estimate in the AR(p) model
fitted for the series i. Some researchers use AR(1) model to compute the error variance
estimate even the VAR model in hand has more lags.

The prior mean of the parameters can be written using a matrix ® = E(®) of dimension
¢ P

* T =p —const

| andgzé.

(@ﬂij =

(2.15)
0, in other cases
The Minnesota prior embodies the non-stationarity of macroeconomic time series
Currently, a common practice is to set §; = 1 for non-stationary series and ¢; < 1 for
stationary series.
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The Minnsota prior assumes that the prior covariance matrix of parameters = is

diagonal. The main diagonal of the matrix = is split into m blocks =, 2,,...,E,, of
dimension k£ x k. In its turn, each block =;,, 7 = 1,...,m can be split into diagonal
sub-blocks of dimension m X m: Z; ., [ = 1,...,p with a scalar Z, .,,,;; in the end of the

main diagonal:

=1 Oksr oo Okxe Opxk Zi lag=1 Omxm =+ Omxm Omx1

Okxe  Zo -+ Okxk Okxk Omxm Silag=2 " Omxm Omx1
== = =

kak kak e 5m71 kak Omxm Om><m e Ei,lag:p 0m><1

Orxt Orxke -+ Ogxk S 01xm 01xm cee 01xm =i const

The diagonal elements of =; noted Z; ,,_, are defined according to the formula:

Atigh . .
_ () oi=i s e
(Ei,lag:l)jj = 2 Ei,const = /\tight)‘constai’ (216)
)‘tight'Akrongi - # Z
lklagaj ) .]

As equation ([2.16]) shows, the prior variance of the parameters depends on several

hyperparameters set by the researcher. The hyperparameters express different features of

the prior distribution. [
Atight (the shrinkage parameter) reflects the overall tightness of the prior distribution.
If Atighe — 0, than the prior distribution coincides with the posterior distribution and
the data are not involved in the parameter estimation. In this case the prior is so tight as

if the researcher pretends to know the parameters for sure, so that:
D ~ N (®,0), B|Y ~ N (,0)

If Mignt — 00, than the posterior mean of the parameters converges to the OLS estimate.

In this case 27! = 0, and so

E=CeoXX) =Y X'X)"!

9The relation between hyperparameters defined in different papers can be found in Appendix 3.
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It leads to:

G=0+(EOXX)) (X)) y=>TaXX)"X) (V)=
= (X'X)7'X'Y - I') = (X'X)'X'Y) (2.17)

A cross-shrinkage parameter Ay, gives some additional tightness to lags of all variables
besides the dependent one in each equation. If A, < 1, than the own lags of the dependent
variable are assumed to forecast the value of the variable better than lags of other variables
in the system. Therefore, the coefficients on other variables’ lags are closer shrunk to zero.

If Apron = 1 the matrix Z has a Kronecker product structure and can be written as

follows:

=X

==

1]

with € being a matrix of dimension k£ x k, corresponding to a separate equation.
Equation (2.2.2]) means that the variances given in the matrix {2 are multiplied by coefficient

o?. The matrix ) can be written as:

gt Omxm -+ O O
Omsm Qages = Omxm O
0= (2.18)
Omsm O+ Qiagey Ot
01><'rn Ole e O1><7TL Qconst

The matrix €., has a dimension m x m, and its diagonal elements are defined

according to the formula:

Might \”
(Qlag:l)jj = < 9% ) Qconst = )‘?ight/\gonst (219)

Al )
[Masg;

The parameter A, reflects the a relative tightness of the prior of the constant, and
parameter )\, reflects the speed of decrease of the prior variance when the number of lags
increases.

As said above, if the Minnesota prior is applied, the Gibbs algorithm is not needed
to compute the posterior. A random sample from the posterior can be obtained using

Monte-Carlo simulations:
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¢ ~ N(4:5), (2.20)

where ¢l is a realization of the parameter vector at s — th step of the simulations.
If = has a Kronecker product structure: = = £ ® , than instead of the vector ¢!*! it is

possible to generate the matrix ®* numerically following a simpler algorithm:

1. Generate a matrix V of the dimension k x m using independent standard normal

random values

2. Compute the matrix ®* according to the formula:
®l = @ 4 chol(Q) - V - chol(ZFY, (2.21)

with chol(Q) and chol(X[¥) being the upper triangular matrices resulted from the

Cholesky decomposition of the matrices Q and XI¥, respectively.

We can name several advantages of the Minnesota prior. First, it is easily defined.
It has been successfully applied to tackle varied problems in economic research. As the
posterior distribution is normal, then any parameter function can be computed easily
using Monte-Carlo methods. An essential drawback of this prior is that it does not imply

any Bayesian procedure to estimate the covariance matrix .

Independent normal - inverse Wishart distribution

A generalization of the Minnesota prior is the independent normal - inverse Wishart
prior (iNIW prior). It relaxes the constant covariance matrix of parameters assumption
and can be written as: )

¢~ N($;E)
X~ IW(S;v) (2.22)

¢ and X are independent
\

The Minnesota prior represents a particular case of the iNIW prior for S = (v—m—1)-X
and v — oo. In case of NIW prior it can be shown (Karlsson (2013)) that conditional

posterior distributions can be written as:
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P18 Y ~ N(¢;E)
(2.23)
B¢, Y ~ IW(S;7)

with the posterior hyperparameters defined as:

6=E-(E"o+(XYE) =
—Z @+ (37 @ (X'X))D)

The hyperparameters of the iNIW prior distribution can be chosen in the same way
as for the Minnesota prior ((3.6) and (2.16)). If necessary a diffuse prior distribution for
coefficients at predetermined variables can by defined by setting the respective value in
the matrix 27! to zero.

If an arbitrary error covariance matrix is used, only conditional posterior distributions

for  u ¥ are known. The Gibbs algorithm is required to get realizations from the joint

posterior distribution.

The following steps produce a Markov chain that converges to the posterior distribution

Step 1. Generate an arbitrary initial matrix X%, for example, a unity matrix

Step 2. At step s generate ¢ and ¥ according to:
—[s—1], =[s—1] [s—1]

P~ N (7 E7T), where 5[871} and == are computed with X741 (2.24)

sl ~ IW(g[s};ﬁ), whereS" are computed with ¢l (2.25)

conjugate normal - inverse Wishart prior distribution

As it is said above, a drawback of the Minnesota prior is that the covariance matrix X
is not estimated using some Bayesian procedures. To overcome this drawback, a conjugate

prior can be used.
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Given the covariance matrix of errors, the likelihood function can be split into two parts.
One of them is proportional to normal distribution, and the another one is proportional to
the inverse Wishart distribution. Therefore, the conjugate prior for the model is also the
normal - inverse Wishart prior.

The conjugate normal - inverse Wishart prior distribution can be written as:

N~ IW(Sp) (2.26)

AT~ N(p,Z®Q)

Contrary to the Minnesota prior, the conjugate normal - inverted Wishart prior (3.5|)
is always written for the case, when the parameter covariance matrix has a Kronecker
structure, that is Ag.., is assumed to be equal to unity.

The hyperparameters of the mathematical expectation vector (¢) and covariance matrix

Q) of conditional prior distribution can be set as for the Minnesota prior for a particular
case of Agron, = 1 (see (3.6),(2.18)) and (3.8))). S is chosen such that the expectation of
Y coincide with a fixed covariance matrix ¥ for the Minnesota prior. As the mean and

variance are given ag '}

E(¢)=¢ Var(¢)=(z-m-1)"(S®Q), (2.27)

then the diagonal elements S are chosen in the following way:
(S)it = (v — m — 157 (2.28)
The choice of degrees of freedom of the inverse Wishart distribution v according to:
v > max{m +2,m+2h —T} (2.29)

garantees the existence of both the prior variance of parameters and the posterior variance
of forecasts at horizon h (see Kadiyala and Karlsson (1997)).
If the likelihood function (2.8) is taken into account, it is possible to show that the
posterior distribution belongs to the same class (for example, Zellner (1996))):
SIY ~IW(S,7)

(2.30)
P, Y ~N(®, 8 ® Q)

'0The RHS of .27 follows from: Var(¢) = Var(E(¢|%)) + E(Var(¢|%)) = Var(¢) + E(S ® Q) =
=EECeQ)=EX)eQ=r-m-1)"'1SQ
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with hyperparameters of the posterior distributions defined as:

+7T

\N|
I
|

o]
I

@+ X'X)"!

Wl ©l
Il

Q- Q'+ XY)
S

LEE+ XX+ Q0 -0 D

+EFE+(®-d)(Q+ (X'X)H) (2 - D), rae:

I
[t

d=(X'X)'XYuE=Y-X0d

There is a popular alternative method to compute the parameters of the posterior
distribution.
We set matrices S and Q! to zeros, consequently, the matrix (2 + (X'X)~!)~! is also
a zero matrix, and the matrix ® dissapears. To compensate the difference we add dummy
observations to the matrices X and Y:
X+ Y+

X* = Y=
X Y

When we add dummy observations, the matrices of scalar products X* X* and X*Y™*
are decomposed to a sum: X¥X* = XVXt + X'X, X¥Y* = XVYT + X'V. In a
particular case, if dummy observations are zero, they do not change the matrices X'X,
X'Y and Y'Y at all. Note, that the matrices X and Y are included in the hyperparameters
of the posterior distribution as parts of the matrices X’X, X'Y and Y'Y only, and so
the order of the dummy observations does not matter as well as how to add dummy
observations with respect to the matrices X and Y. The dummy observations may be
added in the beginning, in the end or even in the middle of the matrices X and Y.

We get new formulae for the posterior hyperparameters:
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v+ T

N|
I

ﬁ — (X*/X*>fl — (X+/X+ 4 X/X)fl
=0 - (XY =0 - (X"Y"+XY) = (XVX*) ' X"Y*
§ _ E*IE*
Ef=Y*— X0
The observations are added so that the hyperparameters of the posterior distributions

do not change. Therefore, it is necessary:

;

XHX+t =071
Xyt =07 (2.31)

YT =XTey(Y" - X"®) =9

\

The interdependence between the "new" formulae and the matrices determining the

prior and posterior distributions are shown in a Table 2.1

Interpretation Formula
®  regression coefficient estimates Y to Xt (XTXH)L(XTYT) =
S scalar of residuals of these regressions EVYE* where EY =Y T — Xt®
Q! scalar products of the regressors in X+ XX+
®  coefficient estimates of the regressions Y* to X*  (X*¥X*)™1. (X¥Y*) = ®
S scalar products of the residuals of the regressions E* E*, where E* = Y* — X*®
Q' scalar products of regressors in X* XY X*

Table 2.1: "Dummy observations and prior and posterior formulae’

These conditions are fulfilled if the dummy observations are added according to the

scheme [T}
"The similar formulae provided by Banbura et al. (2010), Berg and Henzel (2013) to define the

conjugate normal - inverse Wishart distributions are a particular case (3.12)) for Ajgg =1 1 Aconst — 00.
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[ diag(0101,0mom) |
0 ( ) >\tight mel
NIW m(p—1)xm NIW
Y = ) X = Omxmp 0m><1
diag(oy,...,0m) 0 )
0 Lxmp )‘tight)\const
Ixm
(2.32)

A clear advantage of defining the conjugate normal - inverse Wishart distribution is
that the prior is easily defined. Just several hyperparameters are enough to determine
the prior. On the other hand, the moments of prior distributions of the parameters in
different equations become interdependent. For example, all coefficients at the first lag of a
dependent variable have a priori the same variance. Though this assumption usually is not
very limiting but there are examples where the covariance matrix of the prior distribution
cannot be formed symmetrically for different equations. The following example is widely
known in the literature Kadiyala and Karlsson (1997)). Assume, a researcher wants to
estimate a model and taking the neutrality of money into account. This assumption may
be imposed with a prior where all coefficients at lags of money in the output equation
have zero mean and low variance. However, it means that the prior variance of respective
coefficients is also relatively low in other equations. This feature may be undesirable and,
to avoid it, the researcher may opt for the independent normal - inverse Wishart prior

distribution that we have already discussed above.

Modifications of the prior distribution

Doan et al. (1984) and Sims (1993) propose to take into account the characteristics of
the actual time series that are not totally embedded in the common prior. This feature
reflects the fact that many time series have unit roots and cointegration relations. The
modification permits to avoid an incredibly large fraction of in-sample variance explained
by exogenous variables. (Carriero, Clark, and Marcellino (2015)).

Sum-of-coefficients prior

A sum-of-coefficients prior was introduced by Doan et al. (1984). It expresses the
common belief about the non-stationarity of the time series. If the variables in a VAR

model have a unit root, then it is reasonable to impose a prior where a sum of all coefficients
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at lags of the dependent variable is equal to one. (Robertson and Tallman (1999) and
Blake and Mumtaz (2012)). In other words, an average of lag values of a variable is a
good forecast for future values of the variable.

This prior is imposed by adding dummy observations according to the following scheme.

1
Vo€ = W [diag(élm, . ,5mum)} (2.33)
1
X% = = [(hxp) ® diag(d1 a1, - -, Ombtan) Omxl] ; (2.34)

with (11,) being a row vector of ones of length p, y; being an i-th component of the
vector u, which consists of average starting values of all variables : W= % Y

Initial observation prior

The initial observation prior introduced by Sims (1993) reflects a prior belief that
the variables have a common stochastic trend. It is imposed with just an only dummy
observation so that all values of all variables are equal to the mean of starting values (for

each variable, respectively) up to a scale coefficient \;,:

1
YIO = )\_ |:(51,u17 s 75m,umi| <235>
1
X1 = (1) @ (o Grut) 1] (2:36)

This prior implies that an average value of each variable is a linear combination of all
other average values.

The hyperparameter )\;, is responsible for the tightness of this prior. When \;, — 0,
all the variables are assumed to be either stationary with the mean equal to the sample
average of starting values or nonstationary without drift and cointegrated.

As in case of Minnesota prior, the Gibbs algorithm is not needed, a random sample is

generated explicitly from the posterior distribution. An example algorithm is as follows: :

e At iteration s generate:
sk~ TW(S,7)
P ~ N(9; sl ® Q)

2Some athors take average of all observations in the sample: p = 1 ZtT:l y+ (Banbura et al. (2010)

and Carriero et al. (2015)). However, according to Sims and Zha (1998) the researcher is supposed to use

first p observations only to calculate the average values.
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In practice (as an option) instead of generating the vector ol it is possible to generate

the matrix ® in two steps:

1. Generate a matrix V' of dimension k x m from independent standard normal random

values.

2. Compute a matrix ®¥ according to the formula{™

®l = @ 4 chol(Q) - V - chol (XY

Therefore the raw observations are augmented with three blocks of dummy observations:
YNW and XVW ySC and X5¢ YO and X©. As besides YW and XNW two blocs

of observations are also added, the structure of © changes in comparison to (2.18) and

(3.8).

2.2.3 Jeffreys prior distributions

The Jeffreys prior defines the prior distribution of the error covariance matrix without

any hyperparametersbat all and it takes the form:

¥~ |n]mmHD/2 (2.37)
In research papers the independent normal - Jeffreys prior and the conjugate normal -

Jeffreys prior can be found.

Independent normal Jeffreys prior

¢~ N(¢;E)

{2~ 2] m+D)/2 (2.38)

¢ n X independent
\

13This formula is valid as the generation of the vector ® ~ N(®, ¥ ® Q): results from a Choleski
decomposition of the covariance matrix ¥ ® Q: & = 3+ chol(X ® Q) x v
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This distribution is a special case of the independent normal - inverse Wishart if

S=vY™.Tand v — 0. The density function of the inverse Wishart distribution takes

the form:
1 1
)= |§|V/2 | wtmt)/29-um/2 (p [ Z gyl
§®) = 1SS ctr (15
If S=v'".Tuy— 0, then simultaneously |S|” — 1 and etr (—%ﬁE_l) — 1. So:

p(X) = const - |B|7 (M2

The Jeffreys distribution is improper, that means that it is impossible to scale the
integral under the density function so that it is equal to unity. Nonetheless, the posteripr
is proper if the number of observations is rather big. (7" > m — 1) (Alvarez (2014))).

To get a sample from the posterior distribution the Gibbs algorithm can be used. The
formulae for the hyperparameters of the posterior distributions can be derived from the
general case by setting S =0, v = 0.

The Minnesota prior and the independent normal - Jeffreys distributions are opposite
special cases of the independent - inverse Wishart distribution. In case of the Minnesota
distribution, the matrix ¥ is assumed to be known and in case of the independent Jeffreys

distribution the matrix > has a diffuse noninformative distribution.

Conjugate normal Jeffreys prior and diffuse Jeffreys prior

OE ~ N (g X ® Q)
- (2.39)
3~ |2|—(m+1)/2

This distribution is a special case of the conjugate normal - inverse Wishart distribution
if S=1v'"" .1 uv— 0. The formulae for the posterior distributions can be obtained by
setting: v =10, S = 0.

A particular case for the two Jefferys priors is the diffuse Jefferys prior.

(
¢p~1
S~ B[ (mtD)/2 (2.40)

¢ 1 X HE3aBUCUMBI
\
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To impose this prior no hyperparameter is needed. In can be derived from the
independent normal - Jeffreys prior if p =0 and Z=a -1 n a — co.

To obtain a sample from the posterior distribution it is possible to use a direct Monte-
Carlo sampling without the Gibbs algorithm. The distribution can be derived from the
general case by setting S =0, v =0,Z7' =0, ¢ = 0. The formulae become substantially
simpler, in particular there is no need any more to invert a matrix of the km x km
dimension.

The diffuse Jefferys prior can also be obtained from the conjugate normal - Jeffreys prior
distribution when ¢ = 0 and 2 = a - I and a — oo. The formulae for the hyperparameters
of the posterior distribution can be obtained by setting ¢ = 0, Q'=0,vr=0 8=0.

The fact that Jefferys distributions depend on a very few hyperparameters can be
considered both as an advantage and as a drawback of Jeffreys distributions. On one hand,
the researcher has to think less about the choice of hyperparameters. On the other hand,

a small number of hyperparameters leads to the nonflexibility of these prior distributions.

2.2.4 Interdependence of prior distributions

All interdependencies between the prior distributions discussed so far in the paper are

shown in the graph.

. E=XR0Q .

Minnesota s Minnesota — ®
S=(v—m—1)%, y—)oo]\ Tﬁ:(y—m—l)E, V—00
iIN —IW cN —IW
S=v'/™I, y—>0l l§=yl/ ™, v—0

. ¢=0, Q=al, a—o00 ¢=0, Q=al, a—o0
IN—J ——— D — J < cN —J

Minnesota is the Minnesota prior
Minnesota — ® is the Minnesota prior with a Kronecker-type covariance matrix = = X ®
tN — IW is independent normal - inverse Wishart prior
cN — IW is conjugate normal - inverse Wishart prior
tN — J is independent normal - Jeffereys prior
cN — J is conjugate normal - Jeffereys prior

D — J is noninformative - Jeffereys prior
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The arrows go from more general distributions to special cases, the restrictions are given

above the arrows.

2.2.5 A data-driven choice of hyperparameters: large BVAR es-

timation
Optimal choice of the tightness hyperparameter

In some cases the prior hyperparameters are defined endogenously. Particularly, it
happens when a model of a large dimension (with many series) is estimated. It was
shown that large BVAR models can show better forecasting performance than small ones
(however it is not always the case). Though small-size BVAR have been widely used since
beginning of 1990s when there were introduced in the literature, the usage of large-sample
BVAR models was extremely limited till recently. An opinion shared by many researcher
stated that the Bayesian shrinkage itself is not enough for solving the over-parametrization
problem, and so it is necessary to impose some additional non-Bayesian restrictions anyway.

The papers by De Mol, Giannone, and Reichlin (2008) and Baribura et al. (2010),
played the key role in the evolution of the new approach. They showed that BVAR can be
estimated on large sample without additional non-Bayesian restrictions. However, large
samples require that the parameter A\ygp increases if the dimension of the dataset increases,
it means that the prior distribution is tighter for larger samples. In the literature two
algorithms to define the optimal Aygp: in this framework can be found.

A first algorithm was introduced by Banbura et al. (2010) and it implies that the
shrinkage is so tight to avoid the over-parametrization. It also assumes that a three-variable
VAR model does not contain too many parameters and does not require any additional
shrinkage. It means that the parameter A\;g,: can be chosen in such a way that a large
BVAR model has the same fit as a three-variable VAR. In other words, each model is
shrunk to the size of an unrestricted three-variable VAR.

Denote an actual value of a variable var at the moment T'+h as yyqr 741, and a forecast

of the variable var, made at the moment T for a horizon h using a model with m variables

A,m

varT-+h|T The algorithm of choosing A consists of

and the tightness parameter \ as: y

following steps:

79



Step 1.

Step 2.

Step 3.

Step 4.

Compute an in-sample one-period forecasts on a training sample and calculate the
mean squared forecast error (MSFE) for M variables in a set (M) that the researcher

is the most interested in.

To—1
MSFEN™ — i S i (2.41)
var,l — TO —p yvant-‘,—l\t Yvar,t+1 ) .
t=p

with Ty being the last observation in the training sample.

Compute one-period forecasts for the random-walk model with drift E for the same

variables (MSFEY,, ) and calculate a new indicator FIT*™ reflecting an average

relative MSFE: R
1 MSFEN™
Amo var,1l
FIT = 57 2 MSFEY (242)

vareM var,1

Estimate a three-variable VAR for the same M variables that are the most interesting

for the forecaster E and we compute MSFE and indicator FIT>;

1 MSFEXM
FIT®M — — —_uan 2.43
3 2 MSFEL., (243)

vareM
To find numerically the optimal value of A take the value that minimize the difference

between FITA™ and FIT*M.

N = argmin |[FITM — FIT>M]| (2.44)
A

Afrer the optimal X is chosen for each model,an out-of-sample forecast can be done on

a testing sample.

4MSFE for BVAR and VAR are normalized for MSFE, obtained with the RW model to take into account

the fact different unis of measurement for different series. We use a subscript 0 for forecasts obtained with

the RW model as the RW model is a particular case for the BVAR for A\=0and §; =1,i=1,... k.
5We use a subscript oo for forecasts obtained with an unrestricted VAR model as the unrestricted VAR

is a special case for the BVAR model if A — oco. In this case the posterior coincides with the likelihood

function.
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One-period forecast shrinkage

Another algorithm is proposed by Doan et al. (1984) and requires to choose the optimal

parameter Agn: so that to maximize the accuracy of the one-period out-of-sample forecast

on the training sample. The procedure amounts to the maximization of the marginal
density function:

A" = argmaxInp(Y)
A

(2.45)
The marginal density function can be obtained by integration of the model coefficients:

oY) = [ Y IoM(6)d0 (2.46)
If the prior is conjugate normal - inverse Wishart distribution, the marginal density can be

computed analytically (Zellner (1996); Bauwens, Lubrano, and Richard (2000); Carriero,
Kapetanios, and Marcellino (2012)):

p(Y) =

T 4 |(1+ XX

YUY - X0)[ 7T (247)

where ['y(+) is a N-dimensional gamma function. The choice of the number of lags is done

in a similar way by maximization of the marginal density on p (2.47):

p* =argmaxInp(Y)
P

(2.48)
Some aspects of coding

The Gibbs or Monte Carlo algorithms often require inverting positive-definite symmet-

rical matrices. Some of those matrices have a determinant close to zero that precludes the

matrix inverse on a computer. In this case a researcher can use a following method

1. Do a Cholesky decomposition for a given matrix A

A=UT,

where U is an upper triangular matrix
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2. Inverse matrix U. There are special algorithms to inverse upper triangular matrices.

3. Compute A~! following the formula:

Afl — UflUfl/

However even this method may imply technical difficulties if the matrix is numerically
degenerate. In this case it is possible to use a Moore-Penrose pseudo-inverse matrix.
If it is also known that the matrix A can be written as A = X’X, then it is possible to

compute an inverse matrix A~! without computing A:

1. To do a singular decomposition of the matrix X, X = UXV’

2. To compute an inverse matrix to A = X'X using a formula A~! = V=21’

2.3 BVAR forecasting

2.3.1 Posterior forecasting density

Bayesian VAR models in reduced form are usually estimated for forecasting purposes.
BVAR permit to do both point and density forecasts. If an evaluation of the quality of
the forecast is needed as well, then the model is estimated on a historical sample, and
the forecasts are done for those periods for which actual values are already available. A
model can be estimated either on a sliding (rolling) window or on an expanding window
(recursive regression). In the former case the estimation is done on the same number of
observations but the start and the end of the sample shift for an observation at each step.
The forecasts are done for a selected forecasting horizon on each step as well. The process
goes till all observations that permit to compare forecasts and actual data are used up.
In case of expanding window, the start of a sample is fixed and the length of the sample
increases by one observation at each step.

A key concept for making forecasts with a Bayesian model is posterior predictive density
function, which we denote as p(yri1.7+5|Yr) following Karlsson (2013). The notation

means that a forecast is done for all time periods starting at 7'+ 1 and ending as T+ H if the
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actual values till the moment 7" are available. Here the matrix yri1.7+8 = (Yra1 -+, yren)
shows future observations for this period and the matrix Yr = (y;...,yr) shows all
observations used for the model estimation. The posterior predictive density function can

be written as:

P(yT+1:T+H|YT) = /p(yT+1:T+H|YT7¢)P(¢|YT)d¢a (2-49)

where p(yri1.74u|YT, @) is the density function of future observations given parameters ¢
and data till the period 7', and p(¢|Yr) denote the posterior density function of parameters.

In general, an analytical expression for the predictive density is not available for a
forecasting horizon longer than 1 period. For longer horizons, the predictive density is
computed numerically according to the formula . To do it, the forecasting values of
the variables g7, at a horizon h = 1,..., H are computed using the conditional density
function p(yr1.74+1|Yr, @) for each realization of parameters from posterior distribution
p(6|Yr). In case of making a forecast for a forecasting horizon h, all the forecasted values
for an horizon h < h are assumed to be known. If the procedure is repeated many times,
the researcher obtains a sample from the posterior predictive distribution for each h.

In other words, for the BVAR model the posterior predictive density is computed
according the following scheme (Karlsson (2013), p. 800, 811):

1. Generate sets of parameters from the posterior distribution. For Minnesota prior,
conjugate normal - inverse Wishart prior and independent normal - inverse Wishart

prior the algorithms laid out on pages [68] [75] and [70] respectively, can be used.

2. At iteration s generate s[jf]ﬂ, . e[jf]JrH from &; ~ N(0, %)) (in case of Minnesota

prior X = ¥)) and compute recursively:

ggz»h - (I) + Z (I) ygth i + Z P S]yg’th i [;]Jrh (250)

It is necessary to ignore that different forecasts are computed for different values of pa-
rameters. For Minnesota prior and conjugate normal-inverse Wishart prior {yT ARTRR gjg‘flr -
are considered as a sample of independent draws from a joint predictive distribution.In

case of independent normal-inverse Wishart distribution [ is generated only if s is greater
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than a given B, as first B draws of posterior parameters are used for the chain convergence
(this is a burn-in period) and dropped from the entire sample. Therefore, the forecast
draws are also taken into account only for s > B: {?}E/ip . ,ggfLH}szH.

In case of conjugate normal - inverse Wishart prior, the process of parameter generation

can be accelerated. To do it the parameter matrix ® can be computed as:
® = @ + chol(Q) x V x chol(X), (2.51)

A one-step ahead forecast is a linear function of parameters and therefore the posterior
predictive density for h = 1 can be derived analytically. It takes the form of a matrix
t-distribution with parameters depending on the prior distribution used for the estimation.
In case of conjugate normal - inverse Wishart distribution (Carriero et al. (2015) p. 54)

the forecast has a multivariate ¢-distribution with parameters:

Ypa |t ~ MT <IE/T+1<I>, (m'THQxTH)fl .S, 17) (2.52)

A forecast for a horizon longer than one period requires a numerical procedure laid out
above.

Point forecasts are computed using a random sample from from posterior forecasting
distribution. A choice of a type of the point forecast (for example, a mode or a median of
the forecasting density) can be done using a loss function. From a formal point of view,
a researcher has a loss function L(a, yri1.71 1), that determines which value matrix a is
chosen as a point forecast. The value matrix is chosen so that the expected losses given

available data Y7 are minimized (Karlsson (2013), page. 795):

E[L(a, yrs1.0+m)|YT] = /L(avyT+1:T+H)p(yT+1:T+H|YT)dyT+1:T+H (2.53)

Given a loss function and the predictive density, the solution of the minimization
problem is a function of available data only a(Y7). For particular cases of a loss function

the solution takes a simple form. For example, for a quadratic loss function:

L(a, yT+1:T+H) = (a - yT+1:T+H)/(a - yT+1:T+H)

the solution takes a form of the conditional mean, a(Yr) = E(yri1.0+1|Y7r), and for the
loss function expressed as an absolute value, the solution is the median of the predictive

distribution.
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In applied papers on BVAR both point and density forecasts can be found. The BVAR
models are often compared with alternative forecasting models in terms of their forecasting

accuracy.

2.3.2 The evaluation of a point forecast accuracy: a univariate

case

To evaluate the accuracy of a point forecast, the mean squared forecasting error (MSFE)

and root mean squared forecasting error are widely used in applied papers.

1
MSFE%T’,I = Fh (y%nT_;,_mT - yvar,T—&-h\T)Qa (254)
T

RMSFE,},, =/MSFEM . (2.55)

with y . hIT being a forecast for the variable var, made at the moment T" for h steps
ahead with a model M. A number of these forecasts made at different 7" for the forecasting
horizon A is denoted by Nj,.

An alternative measure of the forecasting accuracy is the mean absolute forecast error:

1
MAFEM , = A > |yt renr = Yoarzenir] (2.56)
T

2.3.3 The evaluation of a point forecast accuracy: a multivariate

case

In a multivariate case, when a researcher has to evaluate the forecasting accuracy for
several variables using just one indicator, two statistics are in use, both suggested by
Adolfson, Lindé, and Villani (2007). There are a trace and a log-determinant of the matrix

of mean squared errors X 4(h) that is calculated as:

1 T+Np,—1
Ea(h) = N, Z 5~t+h\t5~:5+h‘t> (2.57)
t=T

with &nr = A%y, @ ergnp being a forecasting error at a horizon h and A is an

arbitrary positive definite matrix. The ranking of the forecasts does not depend on the
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choice of the matrix A if the log-determinant is used as the indicator and does depend if
the trace is used, as In |X4(h)| = In|3;(h)| — In|A|, and tr|S(h)] = tr|[A71E(R)].

For example, to choose a matrix A, Adolfson et al. (2007) take a diagonal matrix of
sample variances of forecasted variables. In this case the trace of the matrix is equal to
the weighted average of forecast mean squared errors for individual time series. However,
Adolfson et al. (2007) claim that point forecast ranking made with multivariate indicators
may be misleading. The reason is that the statistics are highly influenced by inaccurately
forecasted variable. Such variables usually contain a significant part of the last main
component but these variables are not necessary interesting for the researcher. (Adolfson

et al. (2007)).

2.3.4 The comparison of point forecast accuracy

In empirical application, a researcher usually has a choice of models to be used for
forecasting of one of several variables. Therefore, a question rises if the models have the
equal forecast accuracy. The most widely used test of equal forecast accuracy of two models
is Diebold-Mariano test (Diebold and Mariano (1995)). Let e;; and ey; be the vectors of
forecast errors obtained with two competing models: ey = y%r,ﬂph — Yoarts M = 1,2
and g(epr) is a loss function associated with the forecast errors m Then we can define
d; = g(ew) — glea),t = 1,...,n as loss differential and d;, = % > i, d; as sample mean of
loss differential and p = E(d;) as population mean of the loss differential. It is possible to

show that under Hy of equal forecast accuracy:

V(T)(d = ) = N(0,27 £4(0)), (2.58)

where f;(0) is the spectral density of the loss differential at frequency 0: f;(0) =

= ],zziooo va(k) where ~,4(k) is autocovariance of the loss function at lag k. In prac-

tice, a convenient estimator of 27 f;(0) is ZZiKVW 4a(k), where W = T's. Therefore the

Diebold-Mariano statistics takes the form:

d
DM = ——u (2.59)
T

6For example, it might be squared error loss g(e%;,) or absolute error loss |g(e3,,)].
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which has N(0,1) asymptotic distribution under zero hypothesis of equal forecast accuracy
of the two models in question. As the Diebold-Mariano test can be over-sized in small
samples especially for longer forecast horizons, Harvey, Leybourne, and Newbold (1997)
propose a small sample correction of the Diebold-Mariano statistics:

_ -1 _
HLN:\/n—I—l 2h+nth(h—1) ) (2.60)

n

The authors also show that comparing the statistics with critical values from the Student’s
t distribution with n — 1 degrees of freedom is more appropriate than with those from
normal distribution.

The extension of the Diebold-Mariano test that permits to compare the forecast
accuracy for several models was proposed by Mariano and Preve (2012). A zero hypothesis
states that all models in a available set - containing M models - have equal forecasting

accuracy:

E(dy) =0, (2.61)

where d; = (dyy, ..., dy-14) and djy = g(ejr — €j114),7 = 1,..., M — 1. Mariano and
Preve (2012) show that under weak condition nd’Q~'d is asymptotically distributed
as x%, , under Hy, where Q) is a consistent estimator of the asymptotic variance Q =
') +>7_,(I'(h) + I'(h)) and Gamma(h) is the autocovariance matrix of d; at lag
h. The finite sample correction proposed by Harvey et al. (1997) for DM statistics can
also be applied in case of multivariate Diebold-Mariano test. Whereas Diebold-Mariano’s
statistics tests for equal predictive accuracy, there are papers that propose tests for superior
predictive ability (for example, White (2000)), Hansen (2005)), Romano and Wolf (2005)).
Tests for equal predictive ability make a ground for more elaborate procedures such as
model confidence set procedure proposed by Hansen, Lunde, and Nason (2011) that is

applied in the third chapter of this dissertation and discussed there in details.

2.3.5 The evaluation of a density forecast accuracy
Posterior density function

A point forecast provides a probable future value of a variable but does not provide

any information about the uncertainty of the forecast. A density forecast clearly shows the
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uncertainty of forecast. A density forecast can be demonstrated with fan charts similar to
those that some central banks use to present their inflation forecast. Contrary to ordinary
confidence intervals, a density forecast is not symmetrical relative to the point forecast
in general. A principal difficulty for a density forecast evaluation is that the true density
is not observable, and only are actual values of forecast variables observable, just one
observation for a time period.

In the literature "the statistical consistency between the distributional forecasts and
the observations" is called calibration Gneiting, Balabdaoui, and Raftery (2007)). Gneiting
et al. (2007) and Mitchell and Wallis (2011) evaluate calibration accuracy in their papers.
A researcher can have different attitude toward possible discrepancies between the forecast
and an actual value. A widely used method to calibrate a loss function is called a probability
integral transform, or PIT.E] According to this method, the actual values are substituted
into the posterior cumulative distribution function(Diebold, Gunther, and Tay (1998|),
Gerdrup, Jore, Smith, and Thorsrud (2009), Gonzalez-Rivera and Sun (2015)).

Assume that a forecast at time 7 has the cumulative distribution function denoted by
F(:|Yr), and the actual value of a variable being forecast is denoted by y,. If the observed
values are actually a sample from this distribution, than the function values F(y,|Yr)
have a uniform distribution on [0, 1]. Forecast quality is evaluated with a histogram. If
an actual cumulative distribution is the same as assumed, the columns of the histogram
should have approximately the same height.

Contrary to the predictive density analysis, the PIT method is a frequentist one as it
compares the distribution of actual values with a potential one which they would have if
the data generation process corresponds to the model. Some formal tests based on PIT
can be found in Geweke and Amisano (2010).

We can underline two problems linked to PIT application. First, it is difficult to
verify that PIT have really uniform distribution. Even if a model in hand is a DGP for a
variable, the predictive density may not show it due the uncertainty of parameters. Second,
Gneiting et al. (2007) show using simulations that it is impossible to choose the true model

anambiguously among several models based on PIT. As an alternative Gneiting et al.

1"The name refers to the fact that that cumulative distribution function is comuted by taking the

integral of the density function.
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(2007) propose to maximize "the sharpness of the predictive density given the calibration".
The sharpness of calibration refers to the concentration of distributions around actual

realizations that can be evaluated with box plots or scoring rules.

Scoring rules

Scoring rules are functions according to which a forecast receives a certain number of
scoring points (scores) depending the actual value of the forecasted variable. A detailed
review of scoring rules is presented by Tsyplakov (2013). If a researcher compares several
forecasting models, then the model with maximal number of scores is considered as the
most accurate.

A scoring rule widely applied in academic literature. A rule most commonly used is log
predictive density scores suggested by Good (1952)) and described by Geweke and Amisano
(2010). Adolfson et al. (2007), Christoffel, Warne, and Coenen (2010) and Carriero et al.
(2015) show some recent example of the application of this rule.

The score is calculated as follows:

T+Np—1

Sh = Z In p(ys+n|Y?) (2.62)

t=T

The score for a one-step forecast can be expressed using the marginal likelihood function

(Adolfson et al. (2007), p. 324-325):

s1=W[pyrailYr) - pYrem [Yren 1) =
= In[p(yrs1, - yren [Y7)] = Inm(T + Ni) — Inm(T), (2.63)

with m(t) = p(y1, ..., u) = [ p(y1, - ., yt|d)p(¢)dd being the marginal likelihood function
of all data till the moment ¢, and p(¢) being a prior density. Under the integral, there are
only the prior density function p(¢) and the likelihood function p(yi, . .., y¢|¢) . Therefore,
when the marginal density is computed, the actual data is not used. It permits to interpret
the marginal likelihood as a measure of the accuracy of the out-of-sample forecast and not
as a measure of the in-sample fit.

A computation of s;, for the horizon A > 1 is more complicated as the density function

P(Yen|Y:) does not have an explicit analytic expression. One of the approaches consists
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in the density function estimation p(y:y5|Y:) based on realizations of the forecasts with a
kernel density estimator. In practical terms this method can be applied only if the number
of variables in the model is not large. In case of many variables Adolfson et al. (2007)
propose to assume that p(y;.,|Y;) is the multivariate normal density and to estimate a
mean vector and its covariance matrix on a forecast sample.

For example, Carriero et al. (2015) take the assumption of the normal distribution and

apply the following algorithm to calculate the score:
1. Generate a sample of forecasts for the variable var at a horizon h

2. Compute the estimate of the logarithm of forecast density according to the formula:

St (yf%) = log p(Ys4n|Ys,m) =

= —0.5 [In(2m) + (V%) + (yi5h — Gevne)*/ Vi) (2.64)

with p(y,1,|Y;, m) being a marginal prediction conditional density for v, p, ..., Yiin,

depending on observable data Y; = {yi,...,yr}, and the vector g’ it and matrix

var

bt denote the posterior mean and the variance of forecast distribution for the

variable var and forecasting horizon h.
3. Compute a score as a mean of the estimates for each forecasting horizon: s; (y5h):
1
=M var
Svar,h = Fh Z St (yt—}—h) ) (265)
with NV, being a number of forecasts for a horizon h.

To provide the statistical significance of the differences in average log scores a researcher
can use a t-test of equal means suggested by Amisano and Giacomini (2007) that can be
applied to the log score of each model in the available set of competing models relative to

the baseline forecast.

2.4 Conclusion

This paper surveys the techniques for estimation and forecasting with the reduced-

form BVAR models. We explain in detail different prior distributions widely used in
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macroeconomics applied papers and we make 'a map’ for them that contains a detailed
description of their interdependence. A separate section of the paper is devoted to the
algorithm of defining the conjugate normal - inverted Wishart distribution with dummy
observations. This method is widely used in applied papers but is not described in many
existing surveys of BVARs. In the section devoted to forecasting we consider both point

and density forecasts.
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Available code realizations

Source Software Min Conj N-IW Ind N-IW SoC 10O
Carriero Matlab - ? - + +
Blake Mumtaz Matlab - + + + +
Koop Korobilis Matlab + + + - -
Zha Matlab ? + +
Le Sage Matlab ?

Sims Matlab ? ? + +
Canova Matlab ?

BMR R + - + - -
MSBVAR R - + - +
bvarr R + + + + 4
Sims R ? ? 4+ +
Built-in function EViews + + - + +
Built-in function Dynare ? + ? + 4+

. Carriero: Dummy observations are used as for cNIW prior but at the same time
the Gibbs sampler is implemented, ® is fixed and ¥ is recomputed at each iteration
depending on the previous ®. If the matrix X’'X is badly scaled, then a pseudo
inverse matrix is used. There is a part of the code that generates VAR coefficients if
the eigenvalues are outside of the unit circle, and this chunk is not explained in the

code. http://cremfi.econ.qmul.ac.uk/efp/info.php

. Blake Mumtaz: The Independent NIW is also called Minnesota prior. A code for
conjugate NIW is written in the same way as Carriero did using Gibbs Sampling.
There is a slight difference in the code, as Blake and Mumtaz add two identical
rows for dummy when the prior variance for a constant is defined. http://www!

bankofengland.co.uk/education /Pages/ccbs/technical handbooks/techbook4.aspx

. Koop Korobilis: The code is not flexible. The code should be modified to make
forecasts for a horizon longer than one period. The baseline cNIW and iNIW pri-

ors do not contain hyperparameters and are defined with fixed matrices. https:
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http://www.bankofengland.co.uk/education/Pages/ccbs/technical_handbooks/techbook4.aspx
https://sites.google.com/site/dimitriskorobilis/matlab
http://cremfi.econ.qmul.ac.uk/efp/info.php
http://www.bankofengland.co.uk/education/Pages/ccbs/technical_handbooks/techbook4.aspx
https://sites.google.com/site/dimitriskorobilis/matlab

10.

11.

/ /sites.google.com /site/dimitriskorobilis /matlab

Zha: According to their paper, the restrictions are imposed on the structural form
of the VAR model. Therefore, some hyperparameters are interpreted in a differernt

way.

. Sims: The description is not detailed. It is necessary to read all the code to modify

something. http://sims.princeton.edu/yftp/VARtools/

. BMR: The simulations are realized in C++. The package is also suitable to estimate

DSGE and TVP-BVAR mddels. The package description is good. http://bayes

squarespace.com/bmr /

MSBVAR: The simulations are realized in Fortran and C+-+. The package is also
suitable to estimate Markov-switching BVARs. https://cran.r-project.org/web/
packages/ MSBVAR /

. bvarr: The code for ¢cNIW prior is flexible. If the matrix X’X is badly scaled, then

a pseudo-inverse matrix is used. The code for Minnesota and iNIW prior is the
translation of the code by Koop and Korobilis. This part of the code is less flexible.
https://github.com /bdemeshev /bvarr

. bvarsv: TVP, https://github.com/FK83/bvarsv

Eviews: The code ignores the fact that the coefficients are estimated by the Bayesian
methods, the forecasts are made exactly as in a frequentist model The coefficient Ao,
is equal 0,99 and cannot be changed. The prior means for all first lags coefficients

must be identical for all variables.

Dynare: The function is presented as & la Sims. The estimation is only possible in a

package but a user can change a prior for the covariance matrix. http://www.dynare|

org/
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https://cran.r-project.org/web/packages/MSBVAR/ 
https://sites.google.com/site/dimitriskorobilis/matlab
https://github.com/FK83/bvarsv
http://www.dynare.org/
https://cran.r-project.org/web/packages/MSBVAR/ 
https://github.com/bdemeshev/bvarr 
http://www.dynare.org/
 http://bayes.squarespace.com/bmr/

.2 Table of notations

Notation Dimension Description Formula
P scalar number of lags
m scalar number of endogenous variables
d scalar number of exogenous variables
k scalar number of parameters in one equa- k =mp +d

tion
T scalar number of observations
2t dx1 vector of exogenous variables (in-
cluding a constant)
Yt m x 1 vector of endogenous variables ye = P'ay + &
X kx1 vector of all regressors o= (Y1 Yy 2]
£t m X1 vector of random errors yp = D'ay + &4
Y T xm all endogenous variables Y =[y1,92,-.-,yr|
X T x k matrix of regressors X = [z1,29,..., 27/
E T xm  matrix of errors E =ler,e9,... 67|
y mI x 1  vectorization of Y Yy = (Y)
€ m1 x 1  vectorization of E €= (E)
Dy, ... m X m VAR coefficients Ye =Py 1+ ...+ Pronst + ¢
Dot m X d vector of all constants Y = Prys1+ ...+ Peonst + €4

d kxm matrix combination ®q, ... O =[D;...D, Dpopst)
10) km x 1  vector of matrices ® o= o
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® kxm  prior expected value ¢
¢ kmx1 vector from a matrix ® 9= P
® kxm  posterior expected value ®
¢ kmx1 vector from a matrix ® ¢ = 5
Z km x km prior covariance matrix o
Z km x km posterior covariance matrix ® E=E'+X X' X)!
v scalar prior number of degrees of freedom
v scalar ~ posterior number of degreees of 7 =T +v
freedom
Q k x k matrix of prior scaling coefficients ==X ®
of the covariance matrix ®
Q  kxk  Matrix of posterior scaling coef- Q= (Q '+ X' X)L Z=Y®Q
ficients of the covariance matrix
)
Y. mxm  Covariance matrix of errors Eege, =%
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.3 Correspondence of hyperparameters in different pa-

pers

DM18 CCM15 BGRI10, BH13 KK97

Nsight A\ A VT
Meron A =1 ¥ =1 N
Alag 1 1 0.5
Aconst Ao/ M 00 V[T
Aezo NA NA NA
Ase A3 T
Nio M\ NA

DM18 this paper, CCM15 Carriero et al., 2015, BGR10 Banbura et al., 2010, BH13
Berg and Henzel, 2013, KK97 Kadiyala and Karlsson, 1997
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Chapter 3

Forecasting Russian macroeconomic

indicators with BVAR/

3.1 Introduction

Accurate macroeconomic forecasts are extremely important for policy making. Central
banks and government bodies monitor a large set of macroeconomic indicators to determine
the policy (Beckner (1996)), Bernanke and Boivin (2003)). Therefore, a model used for
forecasting must be suitable for data-rich samples because large models might outperform
low-dimensional ones by taking into account more potentially relevant information. This
explains the recent resurgence in interest from academics, central bankers and private
sector experts for macroeconomic forecasting in a data-rich environment.

In this paper, we forecast Russian macroeconomic indicators with Bayesian vector
autoregressions (BVARs) of different sizes. Our goal is twofold. First, we compare the
forecast accuracy of BVAR with that of unrestricted vector autoregressions (VARs) and
random walk with drift models for 23 important macroeconomic indicators. Second, we
question whether a high-dimensional model always outperforms a low-dimensional one in
terms of forecasting accuracy.

For the last 30 years, VARs introduced by Sims (1980) have become a widely-used tool
for forecasting. However, unrestricted VARs bear the risk of over-parametrization even for

samples of moderate size. This risk stems from the fact that the number of parameters

lco-authored with Boris Demeshev, NRU HSE
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to be estimated increases nonlinearly with the number of equations. For this reason, in
economic applications unrestricted VARs usually contain only up to eight variables, and
this may potentially lead to the loss of some relevant information and undermine the
forecast accuracy.

To deal with a data-rich environment researchers modify VARs and impose restrictions
on the covariance structure. One strand of the literature focuses on dynamic factor models
(DFM, Forni, Hallin, Lippi, and Reichlin (2000) and Stock and Watson (2002))and Panel
VARs and Global VARs (PVARs, GVARs, Pesaran, Schuermann, and Weiner (2004) and
Dees and Giintner (2014)). DFM are based on the idea that a relatively small set of indices
extracted from a high-dimensional set of variables can summarize the information from
this set. These factors are treated as variables in a VAR model either separately or in
conjunction with several time series from the original information set in a factor-augmented
VAR (FAVAR) model. For data sets with a panel structure a suitable choice is a PVAR or
a GVAR with shrinkage done by exclusion, exogeneity or homogeneity restrictions.

Another method of shrinkage is the Bayesian one and we follow this approach. The
shrinkage is done by imposing restrictions on the parameters in the form of prior distri-
butions. While BVARs in a low-dimensional space were widely used for macroeconomic
analysis, their use for data-rich environments was limited until recently. The reason was a
general agreement that Bayesian shrinkage is insufficient to solve the over-parametrization
problem in high cross-sectional dimension samples.

However, in their influential paper, De Mol et al. (2008) show that Bayesian methods
can be successfully applied to a data-rich environment if the degree of shrinkage is set
relative to the cross-sectional dimension of the sample. Baiibura et al. (2010) confirm
and develop this assertion for BVARs applied to a large set of US time-series. Their
main result is that high-dimensional models have better forecasting performance than
small-dimensional models and even FAVARs. They also show that accurate forecasts can
be already obtained using a medium-sized BVAR (20 variables in their case).

Several authors have recently shown that, in terms of forecasting accuracy, medium and
large BVARs outperform their low-dimensional counterparts. For example, Beauchemin
and Zaman (2011) present a medium BVAR with a good forecasting performance applied
to the US data. Bloor and Matheson (2010) compare univariate autoregresions (ARs),
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unrestricted VARs and BVARs and show evidence that high-dimensional BVARs, in
general demonstrate better forecasting performance. Koop (2013) demonstrates that
high-dimensional BVARs outperform factor models in terms of forecasting performance.
Moreover, he argues that more complicated priors than those that are usually applied
may not lead to more precise forecasts. Alessandri and Mumtaz (2014) underline the
importance of financial factors for an accurate forecast of output and inflation, especially
«for predicting «tail> macroeconomic outcomes». Carriero et al. (2015) study some
characteristics of BVARs and find those providing the most accurate forecasts.

Our analysis delivers two important results. First, we show that most Russian macroe-
conomic indicators in our sample can be forecast by BVARs more accurately than by
competing models. However, contrary to other studies (for example, Bloor and Matheson
(2010), Baribura et al. (2010)) we do not confirm that relative forecast error monotonically
decreases with the dimension of the sample. In almost half of those cases where a BVAR
is the most accurate model, a small-dimensional BVAR, outperforms its high-dimensional
counterpart.

The paper is structured as follows. Section 2 presents our model and the prior
distribution we apply. In Section 3 we describe our sample and the data transformations

we use. Section 4 contains the results and their interpretation. Section 5 concludes.

3.2 Model

3.2.1 BVAR

Let y;; be Variablesﬂ stacked in a m x 1 vector y; = (Y1¢, Y21, - - - » Yme)' - The reduced

form VAR can be written as:

Yy = (I)const + (I)lytfl + (I)Qytf2 + ...+ (I)pytfp + €t, Er ~~ N(Ov E) (31)
where @, = (c1,...,¢n) is am x 1 vector of constants, ®; are autoregression m x m
- dimensional matrices where [ = 1,...,p. Vector ¢, is a m-dimensional vector of errors

with covariance matrix Ee;e; = 3, and is uncorrelated with regressors. By grouping

2For the convenience of the reader, all the notations are also shown in Appendix 1.
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parameter matrices into one matrix ® = [®;...P, D) and defining new vector

ry = [y --- Yi_, 1], the equation (3.1)) can be written in a more compact form:

= P'wy + &4 (3.2)

If the variables and shocks are grouped in the following way: Y = [y1,ve,...,yr|, X =

[x1, 29, ..., 27|, E = [e1,€9,...,er], the VAR can be written as:
Y =XO+E (3.3)

The Bayesian estimate combines a likelihood function L(Y|®, ) with a prior distribu-
tion p(®, ¥) and results in a posterior distribution of parameters p(®, X|Y):

p(®,3|Y) o p(@, D) L(Y]®, ) (3.4)

3.2.2 Conjugate normal — inverse Wishart prior

Our benchmark model for estimation and forecasting purposes is a BVAR with a

conjugate normal — inverse Wishart prior. The prior can be written as:

N~ IW(Sp) (3.5)

DX ~ N (2,20 Q)
The prior mean of the coefficient matrices is written with a & x m matrix = E(®),

where & = [®, ... @ @, | The matrices ®; are defined as follows:

0t =7l =1;
()i = (3.6)
0, otherwise

A matrix Q is assumed to be diagonal and it depends on several hyperparameters:

Q= diag{glagzla Y/

» 22lag=p> Qconst}

(3.7)

/\ 2
(Qlag:l)jj = <l)\laqa_ ) Qconst = Agonst (38)
V]

The hyperparameters have the following interpretation: A determines the overall

tightness of the prior and it is responsible for the relative weight of the prior with respect
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to the information incorporated in the data, )., controls the velocity of the decrease of
the prior variance with increasing the lag length, and A, governs the relative tightness
of the prior for the constant terms.

The scale matrix S is diagonal and its non-zero elements assure that the mean of X is

equal to the fixed covariance matrix of the standard Minnesota prior:

(8)is = (v —m —1)57 (3.9)

The scale parameter o7 is usually set to be equal to the variance estimate of residuals in a
univariate AR model. The choice of degrees of freedom of inverse Wishart distribution v
greater than or equal to than max{m + 2, m + 2h — T} guarantees the existence of the
prior variance of the regression parameters and the posterior variances of the forecasts at
horizon h (Kadiyala and Karlsson (1997)).

It is possible to show that the posterior distribution formed by combining this prior
distribution with a likelihood function is also normal — inverse Wishart (see, for example,
Zellner (1996)):

SIY ~IW(S,7)
(3.10)
PN, Y ~N(®, 8 ® Q)

with the following parameters:

There is a popular alternative approach to calculate hyperparameters of the posterior
distribution. We set S and Q7! to be zero matrices and to compensate the difference we

add supplementary observations into X and Y matrices according to:
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YNIW XNIW
Y* = X* = : (3.11)
Y X

where matrices YV and XV W are defined as follows [

i diag(élalv--w(smam) ]

D) diag(1,24109 .. pM1a9)@ding(01....om) |
0 \ mpx1
NIW _ m(p—1)xm NIW __
Y - X - Om><mp Om><1 (312)

diag(oq,...,0m) )

Aconst

lemp
01><m

This method permits the calculation ® as an OLS estimate of the regression of Y*
on X*: & = (X¥X*)7'X*Y* and S as a sum of the squared residuals for this regression:

S =(Y*—dX*)(Y* - DdX*).

3.2.3 Prior modifications

Doan et al. (1984) and Sims (1993) propose complementing this prior distribution with
additional information in form of two other priors. This modification reflects the belief
that time series may have unit roots and cointegration relations. These elements in the
prior allow avoiding an unreasonably large share of the variation in the data which is
accounted for by deterministic components (Sims (1993)).

A sum-of-coefficients prior was introduced by Doan et al. (1984). If all the time-series
in a sample have a unit root, this information can be taken into account with a prior where
a sum of all the lag parameters for each dependent variable is equal to one (Robertson and
Tallman (1999), Blake and Mumtaz (2012)). In other words, when the mean of the lagged
values of a variable is at a certain level, this level is a good forecast for future observations
of this dependent variable. We implement this prior by combining the dataset given in

[3.11] with artificial dummy-observations according to the following scheme:

3The similar formulae provided in Batibura et al. (2010), Berg and Henzel (2013) can be regarded as

special cases of (3.12) for A\jzq = 1 and Aeonst — 00.
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1
ySC¢ = I [diag(él,ul, . ,5m,um)} (3.13)
1
X5¢ = " [(hxp) @ diag(81fi1, - - -, O flon) omxl] : (3.14)

where (11y,) is a unitary [1 X p| vector, y; is i-th component of vector p, which contains
the average values of initial observations of all variables in the sampl: = % T
The dummy initial observation prior proposed by Sims (1993) expresses the belief that
the variables have a common stochastic trend. Only one observation is added so that the
values of all variables are equal to the average value of initial observations u; normalized

to a scale coefficient \;,. Therefore, this extra observation is defined as follows:

vl LT (3.15)

1
X1 = 5 (L) @ (Bt Bt 1] (3.16)

This prior distribution reflects the belief that the average value for a variable is a linear
combination of average values of all the other variables.

The hyperparameter \;, controls the tightness of this prior. When \;, — 0, the model
implies that either all variables are stationary with the mean equal to sample mean of the

initial observations or non-stationary without drift and cointegrated.

3.2.4 Choice of tightness hyperparameter: the algorithm of shrink-
age

As shown by De Mol et al. (2008) and confirmed in several other recent studies, a
sample with a larger cross-sectional dimension requires a lower A, so the prior must be
tighter for a larger sample than for a smaller one. In this paper, we use the approach
introduced by Baribura et al. (2010) to determine the optimal A for every model.

This algorithm is based on the idea that the shrinkage should be sufficiently tight to

avoid over-parametrization. Moreover, it is assumed that a three-variable unrestricted

4Some authors calculate j using the average values of all observations in a sample, so that p = % Zthl Yt
(Baribura et al. (2010) and Carriero et al. (2015)). However, following Sims and Zha (1998) we calculate y

using only initial p observations.
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VAR is parsimonious enough and does not require any additional shrinkage. This implies
that the hyperparameter A can be chosen so that the model has the same in-sample fit as a
three-variable VAR. In other words, a BVAR model of any dimension is shrunk to the size
of a small unrestricted VAR. A detailed description of the procedure is laid out below. We
denote the actual value of a variable var at moment 7"+ h by Yyer 11, and a forecast of

the variable var at moment T for a horizon A in a model with m variables and an overall

A,m

tightness parameter A by y° " . T

The algorithm for choosing A has the following steps.

1. We make in-sample one-period forecasts with BVAR on a training sample and
calculate the mean squared forecast error for the set of M variables of central

interestﬂ .
b

m 1 m 2
MSFEN™, = T 3 (yj&r7t+l‘t _ ymm) , (3.17)

where the BVAR coefficients are obtained using the training sample: t = p+1,...,Tj
and T} is the last observation of the training sample: Ty = p + 120.

2. In a similar way we calculate one-period forecasts according to the random walk

mode]ﬁ for the same variables (M SFEP

1 1 Am.
W«’l) and a new indicator FIT™™:

1 MSFEN™,
FITA" = — — 1
M 2 MSFE? (3.18)

vareM var,1

3. We estimate VARs for the same set of M variables of interestl’] and calculate MSFEs

and an indicator FIT>M:

. 1
FIT ’M:M >

vareM

MSFEXM
—”O'”’ (3.19)
MSFEvar,l

50ur benchmark set of variables of central interest (M) includes the industrial production index,
consumer price index and interbank interest rate so that M = 3. As a robustness check we excluded the

interest rate from this set and there was almost no change in the vector of the optimal .
6We normalize MSFE for the BVAR and VAR models by MSFE obtained with the random walk model

to take into account the different scales of the series. We use a superscript 0 for the random walk model

as random walk may be considered as a special case of BVAR if A\=0and §; =1,i=1,...,k.
"We denote all results from VAR by a superscript oo as unrestricted VAR is a special case of BVAR

with A — oo. In this case the posterior coincides with the likelihood function.
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4. The optimal lambda is the value minimizing the difference between FIT»™ and
FIT>M,
N = argmin |FIT>" — FITM| (3.20)
A

After the optimal X is chosen for every m, we keep it fixed and make out-of-sample forecasts

on the evaluation sample.

3.2.5 Out-of-sample forecasting

We estimate BVARs with the optimal A on «rolling window» containing 120 obser-
vations, starting from observation p + 1 and continuing until March 2015. The first p
observations are used as a pre-sample and the subsample [p + 1,p + 120] is a training
sample to determine the optimal A on a grid. We denote the last available observation as
T}, and the last observation of each evaluation subsample as 7. The number of forecasts is
equal to Ty — Ty — h + 1 where h is the forecasting horizon (h = 1,3,6,9,12). Therefore,
the number of one-period forecasts is greater than the number of three-period forecasts by
two, etcﬂ For every model m and forecasting horizon h we calculate the out-of-sample

MSFE for all m variables included in the model:
1 Ti—h

2
OMSFE’[?C’L:ZL]'L = T1 — To —_h T 1 Z (y2&7g7—+h|7— - yvar,ﬂ'—i-h) ) (321>

T=Top

Then we calculate the MSFE of out-of-sample forecasts obtained with random walk

with drift (OMSFE),, ;) and unrestricted VAR (OMSFE,."}):

var,h

Ti—h
co,m 1 co,m 2
OMSFE," = T —h i1 > (ym,7+h,7 - yvar,r+h) (3.22)
T=To
1 Ti—h
2
OMSFESM’,I = T —To—h+l Z (yl())ar,T+h|T - yvarf-f—h) ) (3.23)
T=To

To compare the forecast accuracy of different models we report the relative MSFE,
that is, the ratio of the MSFE of the model in question by the MSFE of a reference model

(random walk in our case):

8 An alternative method is to calculate an equal number of forecasts for each horizon h, starting from
To + 12. However this implies the loss of some information about the forecasts and we do not proceed

with this method here.
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OMSFE)™,
: (3.24)

MSFE,q = —~ vk
RMS OMSFEY,,,

3.3 Data and Estimations

Our dataset consists of 23 time series running from January 1996 to April 2015. Our
sample containing 232 observations is limited by data availability. The full list of the series
and their sources is displayed in Appendix 2. We seasonally adjust data which demonstrate
seasonal fluctuations with TRAMO/SEATS option in EViews and apply logarithms to the
series, with the exception of those already expressed in rates.

We estimate models of different cross-sectional dimension. The industrial production
index, CPI and interbank interest rate are forecast with three-variable, six-variable and
23-variable models. Monetary aggregate, the real effective exchange rate and the oil price
index are forecast with four-variable, six-variable and 23-variable models. All the other
series are forecast with four-variable, seven-variable and 23-variable models. For all models
with dimension less than eight we estimate both unrestricted VARs and BVARs. We
estimate only a BVAR on the sample with 23 variables. The three-variable VAR is the
simplest specification that can be justified by a textbook version of a New Keynesian model.
A model with six variables is specified in line with many monetary models used previously
for the structural analysis of different economies (Sims (1992), Kim and Roubini (2000),
Bjgrnland (2008), Scholl and Uhlig (2008))) and it contains the real effective exchange rate,
monetary aggregate M2, and the oil price index in addition to three variables included
in the smallest VAR. The oil price index is used as a variable in the model to reflect the
belief that oil price index is an important explanatory factor for the other variables in the
sample as Russia has a petroleum export-based economy. To forecast variables outside
of these core sets we estimate four-variable and seven-variable VARs containing three or
six-variable samples described above plus an additional variable of interest. We include all
available time series in our 23-variable model. In totally, after the optimal A is chosen, we
estimate 79 models. In a compact form the models used for forecasting are presented in

Table 3.1. For VARs and BVARs we take all possible lags from 1 to 12.
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Table 3.1: List of models and variable sets

VAR3/BVAR3 Y = {IP,CPI,R}

VAR4/BVAR4 Y ={IP,CPI,R,Z}

VARG6/BVAR6 Y ={IP,CPI,R,M2, REER,OPI}
VAR7/BVAR7 Y ={IP,CPI,R,M2, REER,OPI, W}
BVAR23 Y includes all 23 variables from the dataset

where [P is the industrial production index, C'PI is the consumer price index, R is the
nominal interbank rate, M2 is the monetary aggregate M2, REFER is the real effective
exchange rate, OP1I is the Brent oil price index. Z is any variable from the dataset besides
IP, CPI and R. W is any variable from the dataset besides IP, CPI, R, M2,REER,
and OPI.

3.4 Results

For every variable and every forecasting horizon we find a model with the lowest
RMSFE. We compare 60 specifications for each variable and each forecasting horizon as
we have 5 models (a VAR and a BVAR with 3 or 4 variables, a VAR and a BVAR with 6
or 7 variables, and a BVAR with 23 variables) and 12 lags for each of them. We visualize
our results with color tables (Figures 3.1-3.2 ). The two tables in these Figures differ by
the hyperparameter sets used for the BVAR priors. For models depicted in Figure 3.1 we
take 0; = 1 for nonstationary series and ¢; = 0.5 for stationary series while constructing
the prior. We use the KPSS test (Kwiatkowski, Phillips, Schmidt, and Shin (1992) to
split the series into two groups. The parameters o; are taken to be equal to the standard
deviations of the residuals in the univariate AR(p) model. This hyperparapeter set will
be referenced as set A in what follows. Figure 3.2 is related to BVARs with the prior
determined by the univariate AR(1) model. We take J; as equal to the OLS estimates of
the first lag parameter and o; as equal to the standard deviations of residuals in AR(1)
models. This set will be referenced as set B.

The color of a cell corresponds to the model that appears to outperform the others in
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Figure 3.1: RMSFE of the best forecasting accuracy models, parameter set A: o; are std

of AR(p) residuals, ¢; = 1 for nonstationary series, ; = 0.5 for stationary series

terms of forecasting accuracy for a given variable and a given forecasting horizon. Most
of cells are green (either light green or bright green) reflecting that a BVAR provides
the most accurate forecast for the corresponding variables and forecasting horizons. An
unrestricted VAR gives the most accurate forecast for variables and horizons indicated
by yellow and orange cells. The procedure for choosing A is such that the BVAR and the
unrestricted VAR necessarily coincide for the smallest sample (3 or 4 variables). This
explains why orange represents both of these models. Blue means that neither BVAR nor
VAR beat the random walk in terms of forecast accuracy.

The forecast accuracy is measured with RMSFE calculated according to (3.24]) and is
also shown in Figures 3.1-3.2. The numbers less than one indicate that the a VAR or a
BVAR model provides a better forecast than the random walk and the smaller the number
is, the more accurate the forecasts are relative to the random walk. We see that in most
cases we have at least one model that provides a forecast much better than the reference

model.

109



I == dom walk
[ vars/a-svar3ja
[ Jvaresz

[ evarssz

[ R

ind product

interb rate

agriculture

construction
employment

gas price
gov balance 0.6 0.79

import 0.74 0.63
labor request

lend rate

nominal ER
MNFA of CB

oil price 0.85 0.79 0.75
0.74 0.69 0.6 0.49
real income 0.93 0.84 0.73 0.75

real invest
real ER
retail
unemp rate
wage

Figure 3.2: RMSFE of the best forecasting accuracy models, parameter set B: o; are std
of AR(1) residuals, §; = 1 are first lag AR(1) estimates

Despite different prior parameter sets, the two tables are very similar both in terms of
the best forecasting models and the relative accuracy with respect to the random walk.

We interpret our results as follows. First, for many variables and forecasting horizons,
BVARs outperforms the random walk and unrestricted VARs. Out of the 115 forecasting
cases highlighted in the paper (23 variables times 5 forecasting horizons) BVARs appear
to be best in terms of forecast accuracy in 71 cases for the prior hyperparameter set A
and in 77 cases for the prior hyperparameter set B. There are variables in our sample
that are forecast more accurately by BVARs for all forecasting horizons we try (such as
employment, import and lending rate). For several variables BVARs are the best option for
the shortest horizons (for example, monetary aggregate M2 and the real effective exchange
rate). On the contrary, for the agricultural production index a BVAR model has the lowest
forecast error only for a one-year horizon.

Second, among all cases where BVARs show their forecasting accuracy, a high-

dimensional BVAR is the best option in about half of the cases (35 of 71 for set A
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and 39 of 77 for set B). In other cases it is beaten by a low-dimensional BVAR (6 or 7
variables).

Third, for some variables and some forecasting horizons neither unrestricted VARs
nor BVARs outperform the random walk. For example, in all specifications we consider
the nominal exchange rate cannot be forecast by either VARs or BVARs better than by
the random walk, and it is a long-held consensus in economics remounting to Meese and
Rogoff (1983). However, we question another wide-spread belief that the price of oil is a
random walk process. We show that the oil price index can be forecasted by BVARs much

better than by the random walk and the result is robust for different prior settings.

3.5 Robustness check: the MCS algorithm

The method of choosing the best model laid out in the previous section has an evident
drawback. We choose just an only one model for each variable and each forecasting horizon
- called «the first best» - with the lowest RMSE whereas the difference between «the
first best» and «the second best» (or even some nth best for n > 2) models might be
insignificantly low. To check this option we employ the model confidence set procedure
(MCS) proposed by Hansen et al. (2011). This procedure encompasses the series of tests
that results in a confidence set, that is a set of models for which the hypothesis of equal
predictive ability cannot be rejected at a certain confidence level. Let M be an initial set
of models of dimension m, and each model gives the certain loss (a function of a prediction

error) for each observation that we denote by . We use a quadratic loss function:

lf)aﬁt = (yf)aﬁt\t—h - yvar,t)2 L= 15 sy, (325)

where yf]am‘t_h is an h-step forecast of a variable var made for the period ¢t with a

7
var,

model %; yyqr+ is an observed value of the variable, and [}, , is a loss given for a variable

var for the period ¢t with a model i.

Loss differential, denoted by d;;;, is calculated for all pairs of models:

dij,t = li,t - lj,t7 Z7.] = 17 s, (326)
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The average IOSS Of a model 1 Wlth respect to a particular model j is calculated as:
ii ij 1 yeea, M, 1 .
7 T - 7t .7

The average loss of a model ¢ with respect to all other competitor models is calculated

also for all ¢:

1
m—1 +
JEM

Two intermediate statistics, ¢; and ¢;; are calculated in the following way:
d; d;j

ti = ti' = s 2
J S@(dij) <3 9)

where se is the standard error estimate calculated with a block-bootstrap procedure. The
statistics t; is interpreted as an indicator of the average inferiority of a model with respect
to all the other models in question. The statistic ¢;; is interpreted as an indicator of the
inferiority of a model with respect to a specific model j.

As discussed in Hansen et al. (2011), the statistics used for testing the hypothesis of

the equal predictive ability are calculated as:
TR = maxi,j€M|tij| Tmax = maa:ieMti (330)

The statistic Tk is an indicator of the difference between the losses of the most and the
least accurate models, and T,,,, is an indicator of the difference between the loss of the
least accurate model and the loss of other competing models on average. Both statistics
have non-standard distributions. As it was said before, the MCS procedure goes as follows.
First of all, a hypothesis about equal forecasting accuracy of all models in the set is tested.
If the hypothesis is rejected than the worst model is eliminated from the set and the
hypothesis is tested again for a smaller set. As a result, implementing the MCS procedure
delivers a set of superior models with equal (insignificantly different) predictive accuracy.

Figure 3.3 represents the confidence sets for five principal variables and five forecast
horizons. We demonstrate the number of specifications that are included in the confidence

set if we rely on T},42 statisticsﬂ For every VAR or BVAR model the maximum number

9The results for all 23 variables as well as the results obtained when using T statistics are available

upon request.
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of specifications that might be included in the set is equal to 12 as we estimate models
with all possible lags up to 12. Forecasts made with BVAR3/4 models necessarily coincide
by construction with those made with VAR3/4 so we do not display the same columns
twice. The figure shows that the BVAR columns are regularly higher than the VAR
columns. It means that the confidence set encompasses BVAR models more often than
VAR models. This confirms our previous claim that on a general basis the BVARs
demonstrate better forecasting performance than VARs, though there are usually at least
several VAR specifications whose forecasting performance is not significantly inferior to
that of BVARs. However, it is necessary to mention that in most cases the RW is included
in the confidence set as well. Therefore, even if a BVAR specification gives a more accurate
forecast in terms of RMSFE, the difference in accuracy of this specification with the simple
RW is not significantly different. Among five principal variables shown in the Figure3.3
the only exception is the price index. For this variable the RW model is not included
in the confidence set. This variable is also an exception in another aspect: the VAR3/4
model with all possible lags under consideration is included in the confidence set for all
forecasting horizons. For interbank interest rate, even the WN model is included in the

confidence set at longer forecasting horizons.
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3.6 Robustness check 2: Alternative benchmark mod-
els

In the previous discussion we compared the forecast accuracy of competing models
with random walk. However, the random walk forecast might be less accurate than a
forecast obtained with another simple model. To challenge this issue, we estimated two
univariate models - ARIMA and ETS - on all 23 variables in the sample. The parameters
of ARIMA were chosen with an automatic algorithm suggested in forecast package in
R (Hyndman (2019)). First, the automatic algorithm finds the order of integration of
the series and takes differences to make the series stationary. Then the model is selected
among a set ARMA models (ARMA(0,0), ARMA(1,0), ARMA(0,1), ARMA(2,2)) Finally,
the autoregression and moving average orders are increased and decreased by unity and a
constant is added and removed. The iterations stop as soon as the change of the model
specification does not permit to diminish the corrected Akaike criterion. The results of the
estimation are presented in Figure 3.4. For comparison purposes, we took hyperparameter
set A for BVAR models as in Figure 3.1.

The Figure 3.4 shows that for some variables and some forecasting horizons the
univariate models indeed outperform both random walk and multivariate VAR and BVAR
models. However, it does not change the general conclusion that BVAR perform better

than other models in terms of the forecast accuracy.

3.7 Conclusion

This paper evaluates the forecasting performance of BVARs on Russian data. We
estimate BVARSs of different sizes and compare the accuracy of their out-of-sample forecasts
with those obtained with unrestricted VARs, ARIMA, ETS, and random walk. Our sample
consists of 23 variables and we forecast at 5 different horizons up to 12 months. We
show that for the majority of the variables BVARs outperform the competing models
in terms of forecasting accuracy. However, we cannot confirm the conclusion drawn in
some other studies (for example, Bloor and Matheson (2010), Baiibura et al. (2010)),

where Bayesian methods were applied to data from developed countries, claiming that
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Figure 3.4: RMSFE of the best forecasting accuracy models, parameter set A: o; are std

of AR(p) residuals, 6; = 1 for nonstationary series, ; = 0.5 for stationary series

high-dimensional BVARs forecast better than low-dimensional models. Our results imply
that a 23-variable BVAR performs most accurately in only about a half of the cases where
a BVAR is considered as a better forecasting tool with respect to its competitors. For the
rest of those cases a BVAR with a relatively small size (6 or 7 variables in our case) can
outperform a 23-variable BVAR in terms of forecasting accuracy.

Our robustness check results are mixed. On one hand, the BVAR specifications are
included in the superior set more often than the VAR specifications. On the other hand,
for most of the variables and forecasting horizons the forecasting performance of the RW

model is not significantly inferior to that of BVARs according to the MCS procedure.
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Name of serie Type of series Base period (if any)  Source
Industrial production index base index 2010 IF'S
Consumer price index base index 2010 IF'S
Employment in manufacturing index base index 2010 IF'S
Interbank interest rate perc. per ann. IFS
Lending interest rate perc. per ann. IFS
Real income index base index 01:1992 F'SSS
Unemployment rate percent IFS
Crude oil (Brent) price index base index 2010 IF'S
Producer price index chain index IF'S
New houses commissioning thous. of sq. met. FSSS
Real fixed investment index base index 01:1994 UAESD
Real wage rates index base index 01:1993 F'SSS
Monetary aggregate M2 bln. rub. CBR
Real effective exchange rate base index 2010 IF'S
Natural gas price USS$ for bin BTU 2010 IFS
International reserves excluding gold Bln US$ IF'S
Nominal exchange rate rub. per USS. IFS
Declared need in workers thous. of people UAESD
Real agricultural production index base index 01:1993 UAESD
Real retail output index base index 01:1994 UAESD
Total government budgetary balance bln. rub. UAESD
Export of goods min US$ IFS
Import of goods min US$ IFS

IFS - International Financial Statistics of IMF http://www.imf.org/en/Data

F'SSS - Federal State Statistical Servicehttp: //www.gks.ru/

CBR - Central Bank of Russia http://cbr.ru/
UAESD - United Archive of Economic and Sociological Data http://sophist.hse.ru/rstat/
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Chapter 4

DSGE-based forecasting: what should

our perspective be?ﬂ

4.1 Introduction

In modern macroeconomics, modelling an economy in a dynamic stochastic general
equilibrium (DSGE) framework attracts special attention. Significant progress in the
specification and estimation of the DSGE models over the past 20 years has led to significant
interest in them from the academic community and from central banks. The DSGE models
can be used to determine the sources of business cycles, to forecast macroeconomic
indicators, to analyse the effects of different policies and structural changes in the economy,
etc. Besides, DSGE models are microfounded and consequently not susceptible to Lucas
critique. On the other hand, being a stylized description of reality, the DSGE models
obviously cannot reflect all the existing relationships between macroeconomic variables.
But is this weakness essential for their forecasting performance? This paper compares the
accuracy of forecasts made using a DSGE model and vector autoregressions (frequentest
and Bayesian) on Russian quarterly data. On the basis of mean-square forecast errors
(MSFE) I conclude that the DSGE model is usually inferior to BVAR model in terms
of forecasting accuracy but the difference is not too large. At the same time, DSGE
model allows the user to obtain a forecast with the minimal MSFE for some variables

and some forecast horizons considered. Almost just after they were introduced in the

!published as Malakhovskaya (2016)
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early 1980s, vector autoregressions became one of the main tools for forecasting and
structural analysis and remain so until now, while the advantages of empirical analysis
of transmission mechanisms and forecasting using DSGE models became apparent only
relatively recently. In particular, it has been shown by Christiano et al. (2005) that an
optimization model with nominal and real rigidity can well mimic the effects of monetary
shock. Smets and Wouters (2007) show that the new Keynesian DSGE models can fit the
dynamics of macroeconomic variables and forecast not worse (and even better in some
cases) than BVARs. It is worth noting that New Area-Wide Model (Christoffel, Coenen,
and Warne (2008)), a model that is currently actively used by the European Central Bank
for forecasting and economic policy analysis is based on the papers by Smets and Wouters
(Smets and Wouters (2003), Smets and Wouters (2007)). However, a good forecasting
performance of DSGE models is not confirmed in all samples. For example, Edge and
Giirkaynak (2011), conclude that the forecasting accuracy of several tools, including BVAR
and DSGE, is low. Currently, there are several different published DSGE models designed
to fit the dynamics of Russian macroeconomic indicators and estimated on Russian data
(Malakhovskaya and Minabutdinov (2014), Polbin (2014)), Shulgin (2014)), Ivashchenko
(2013)). Each model has its own advantages, but none of the papers, except Ivashchenko
(2013), compare the quality of out-of-sample forecasts with non-structural models, which
could be a good criterion of the successfulness of the model in question. Ivashchenko (2013)
reports that the out-of-sample forecast based on DSGE model is more accurate that one
based on competing models (frequentest AR and VAR models) for almost all the variables
he considers. However, the author does not compare the quality of the DSGE model with
a BVAR model that is a modern leading tool for macroeconomic forecasting. Moreover,
this paper does not present the forecast errors separately for each forecasting horizon.
A working paper of the Bank of Russia (Kreptsev D.A. (2016))) compares the quality of
DSGE and BVAR forecasts, and analyses different specifications of their DSGE-model for
two exchange rate regimes. The authors conclude that their DSGE with fixed exchange
rate provides a more accurate forecast for three out of four variables considered, while the
forecasting performance on the model with floating exchange rate is approximately the
same as that of BVAR. This chapter uses the DSGE model presented in Malakhovskaya

and Minabutdinov (2014) (chapter 1). For the reader’s convenience, the interrelationships
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between sectors and markets in this model are described here, while a more detailed
description of optimization problems can be found in the original paper. The model is an
extended version of the models proposed by Kollmann (2001) and Dam and Linaa (2005)).
A key feature of the extended version is the explicit modelling of revenues from energy
exports, which reflects the export orientation of the Russian economy. Indeed, Russia
is one of the largest world oil producers. Consequently, changes in the price of energy
resources in the world market may be an important source of business fluctuations, and
the oil market time series may contain significant information for forecasts of the Russian
macroeconomic indicators. The Bayesian VAR model, which is used in the paper as a
competing model for the DSGE in terms of forecasting accuracy, is estimated as by (Smets
and Wouters (2007)).

The next section presents the main blocs of the DSGE model. Section 3 describes the
estimation techniques. Section 4 presents the competing non-structural models. Section
5 reports the results of out-of-sample forecasting using DSGE, VAR and BVAR models.

The Section 6 concludes and sketches some possible directions for future research.

4.2 DSGE model description

This section presents a theoretical model based on the paper by (Kollmann (2001)),
some differences from Kollmann’s model follow (Dam and Linaa (2005)) that in general
also follow Kollmann (2001).

The benchmark model describes the connections among four economic agents: house-
holds, firms, the central bank and the foreign sector. As written above, an important
feature of the model analyzed in the paper is explicit modeling of oil flows. Revenues from
oil exports are assumed to be exogenous and go directly to the households as windfalls as

in the paper by (Batte, Bénassy-Quéré, Carton, and Dufrénot (2009)).

4.2.1 Households

The population in the model is assumed to consist of many households. A representative
household maximizes the expected present value of utility over an infinite horizon with

an infinite set of budget constraints. Preferences are defined on the consumption and
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Figure 4.1: The scheme of the economy

labour services space. Following many papers, for example Erceg et al. (2000) Gali (2008),
it is assumed that labour services are differentiated and each household is a imperfectly
competitive supplier in the labour market and provides labour services to each of the firms
operating in the intermediate good market (arrow a on Figure 1). Households can set the
wages. It is assumed that household wage setting, as well as firm pricing, goes following
the Calvo mechanism (Calvo (1983)) with some probability of receiving a wage change
signal. A household meets the demand for its labour at a fixed wage, regardless of whether
it has the right to change the wage in the period or not.

Households can have three types of assets which are domestic and foreign bonds and
capital stock. A household receives an income from its assets, labour incomeE] (arrow a)
and dividends from imperfectly competitive firms producing intermediate products (arrow
b), as well as income from energy exports (arrow c¢). The household distributes the income

between consumption (arrow d), new investments in financial assets (arrow e,f) and capital

2A bidirectional arrow means that there are financial and/or real flows from one agent to another and
vice versa. In this case, for example, a bidirectional arrow shows that labour services are provided by

households to firms and the households receive wages in return

122



(arrow g). The imperfections in the financial market are assumed to create deviations in the
interest rate on foreign bonds (the negative value of foreign bonds is the debt of households
to the foreign sector), which can be interpreted as a risk premium. Thus, if the debts of
households due to the foreign sector increase, the interest rate for households increases as
well. Technically, an endogenous risk premium garantees a stationary equilibrium in the
model (Schmitt-Grohe and Uribe (2003)). Each period of time the household solves the
problem of intratemporal choice between work and leisure, while the household chooses a

new wage only if it receives an information signal.

4.2.2 Productive sector

Modelling the manufacturing sector generally follows the papers by (Kollmann (2001)
and Curdia and Finocchiaro (2005). Intermediate goods in the model are traded, while the
only final good produced by aggregating intermediate domestic and imported goods is not
traded. Intermediate goods of different firms are assumed to be imperfect substitutes for
each other. In Fig. 1, the production sector is encircled with a dotted line for the reader’s

convenience.

Intermediate goods production

An intermediate good of a representative firm is produced with capital and labour
services. The intermediate firm uses differentiated labour services from all households,
while the capital is assumed to be homogeneous. Accordingly, wages may be different for
different households. Relatively higher wages of a certain household in comparison with
other households lead to lower demand for its labor services from intermediate firms. It is
assumed that goods of intermediate firms can be sold in the domestic market (arrow h)
or exported (arrow i). Intermediate goods sold in the domestic market are supplied to
firms producing final goods. Intermediate producers are able to discriminate in terms of
price, i.e. the price of an intermediate good of a firm within a country does not necessarily
equal the price of the exported good of the same firm, adjusted for the exchange rate.
The assumption of possible price discrimination (in this case discrimination is the result

of behaviour described as pricing-to-market (Knetter (1993) )] is based on the extensive

3And as a consequence, there is a violation of the law of one price and purchasing power parity.
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literature, both theoretical and empirical (see, for example, (Balassa (1964), Taylor and
Taylor (2004)), showing that the absolute PPP does not hold, at least in the short run.
This model assumes that the prices of both imported and exported goods are sticky, and
that they are set in the currency of a purchaser. In other words, not only intermediate
producers (and exporters) are imperfectly competitive and can set the price of their
products, but also importers are. As in the case of households, pricing is 'a la Calvo and a
firm can only change its price in a period with a certain probability. By setting a new

price, the firm maximizes the expected discounted profit on an infinite horizon.

Final good production

Unlike the market for intermediate products, which is assumed to be imperfectly
competitive, the market for final products is assumed to be perfectly competitive. Tech-
nically speaking, the imperfect competition in one of the two goods markets (final or
intermediate) is enough to have the non-neutrality of monetary policy in the model in
the short run. Since the sector of final goods is absolutely competitive, the number of
firms in this sector does not make a difference. One could even assume that there is just
one firm in this market which functions as a perfect competitor and receives zero profit.
An absolutely competitive firm produces the final good using the intermediate domestic
(arrow h) and imported goods (arrow j) without additional costs. The final good can be

used for household consumption (arrow d) or as capital (arrow k).

4.2.3 Foreign sector
Export and import

The model assumes that exports are carried out by domestic intermediate firms, and
the goods are used in the foreign productive sector (arrow i), with the sane economic
structure as in the domestic economy. Intermediate foreign products are imported from
abroad by foreign firms, with each firm importing its own type of product. Imported
goods are produced by the foreign manufacturing sector (arrow 1). As well as domestic
intermediate goods, any imported product is assumed to be an imperfect substitute for

others. Imported intermediate products are absorbed by the final goods sector (arrow j)
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and used in the final good production process. As in the domestic market, in order to be
able to change the price of its products, an exporting or importing firm must receive a
random price signal, which comes with a certain probability. When choosing a new price,

the firm maximizes the expected discounted profit on an infinite horizon.

4.2.4 Central Bank

In the model, the central bank implements the monetary policy, setting the nominal
interest rate. The yield of domestic bonds is equal to the nominal interest rate set by the
central bank. The central bank is assumed to follow a Taylor rule, taking into account the
current inflation and output. Different money policy rules embedded in the DSGE model
may influence its forecasting performance. Since the purpose of the model is forecasting,
it is preferable to use the rule reflecting the actual strategy of the central bank. At the
moment of the writing (2016), the Bank of Russia is implementing an inflation targeting
policy, which implies a particular set of rules suitable for describing its current strategy.
However, the model is estimated on the data for more than 10 years, and there is no
consensus about a relevant rule of the Bank of Russia for this time period in the academic
literature.

In different volumes of the Bulletin of the Bank of Russia issued over the years one
can read that the main task of the Central Bank is to reduce inflation (the exact targets
vary slightly from year to year), while ensuring the stability of the national currency. In
addition, every year the Bank of Russia expressed its intention to implement the inflation
targeting [] In particular, in 2011 the Bank of Russia announced its intention to "use
the short-term interest rate of the interbank credit market as the operational benchmark
of the interest rate policy" (Bulletin of the Bank of Russia, 2011, p. 4). At that time,
it is argued that the "value of the bi-currency basket" remained the operational target
(Ibid., p. 8). Besides, the Central Bank of Russia published the expected money supply
growth, computing it depending on the inflation target, however, assuming that in the

future "the money supply growth will be due to the increase of the net domestic assets |[...|

4At the end of 2012, it was announced that Russia would make the final transition to inflation targeting
in 2015, but the intention to make this transition in the near future can already be found in the Bulletin

of the Bank of Russia issued in 2008.

125



while the net international reserves will remain stable" (Ibid., p. 21). Thus, the Central
Bank of Russia simultaneously pursued several goals and it is not clear which of them was
the highest priority at any particular moment. At the same time, the central bank had a
wide range of tools to attain its goals. So, it seems difficult to formulate a single policy
rule that may well describe the monetary policy in Russia in the 2000s. The economic
literature reflects the lack of consensus about the stance of monetary policy in Russia. For
example, Vdovichenko and Voronina (2006) suggest that the monetary policy in 1999-2003
is better modelled with a money supply rule. On the contrary, Benedictow et al. (2013)
estimate a model of the Russian economy using the data for 1995-2008 and conclude
that the monetary policy follows a simple Taylor rule with an interest rate responding to
changes in unemployment and inflation. The authors make a caveat that the assumptions
underlying this rule are hardly applicable to the Russian economy but the model with a
Taylor rule fits data well. Similarly, Taro (2010) assesses a non-linear interest rate rule
for Russia using data from January 1997 to January 2007 making an assumption that
the central bank preferences with regard to the output gap and inflation is asymmetrical.
Finally, (Yudaeva et al. (2010)) show that a forward-looking interest rate rule, similar to
the Taylor rule, may fit well the Russian data. They also replace the interest rule by a
monetary aggregate in a monetary rule addressing an idea that the effect of the interest
rate change on the economy is insignificant due to the weak development of financial
markets. They do not draw a conclusion in favor of any of these rules. However, evidently
there are papers showing that the monetary policy stance in Russia can be represented
with an interest rate Taylor rule. Following these papers I model the monetary policy in
the same vein. In the model, the central bank directly manages the return on domestic

financial assets, its activity is indicated by arrow m in Fig. 1.

4.3 DSGE model estimation

The DSGE model outlined in the previous section is estimated using Bayesian methods.
Bayesian estimation is a combination of maximum likelihood (determined by the model
structure and the data) with a prior distribution to obtain a posterior distribution of

the parameters of interest. The use of some prior information can raise questions about
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the sources of that information and their reliability. However, from a practical point of
view, the use of a prior distribution generally improves the estimates. Moreover, the
combination of a likelihood with a prior distributions is particularly perspective when a
model is estimated on data from an emerging market economiy where the avalaible data
series are usually short. When the sample size is small, the likelihood function can be
almost flat, and combining it with a reasonable good distribution can help identify the
model (Fernandez-Villaverde (2010). To estimate the model in the paper I try to choose
the prior distribution that is not too narrow to avoid obtaining the posterior distribution
just with the prior knowledge. The model is estimated using nine time series. The observed
variables are consumption, domestic inflation, energy export revenues, domestic interest
rates, real exchange rates, real wages, foreign interest rates, foreign output and foreign
inflation. Most of the data is taken from the International Monetary Fund database. All
series are quarterly, rolling from Q1 1999 to Q1 2016. I admit that the series are rather
short, but earlier data are not used because of the 1998 crisis. At the same time, it is
known that since 2008 the central bank has changed its policy, but the sample is not
limited by the end of 2008 in order to avoid estimating the model with an even shorter
series. The GDP deflator is used for deflation. The series that demonstrate seasonality
are seasonally adjusted. Estimation and forecasting for all models is performed using only
data that could have been available in case of real-time forecasting. For example, data up
to the second quarter of 2013 are used to build a one-quarter forecast for the third quarter
of 2013. The DSGE model is a stationary log-linearized model and requires preliminary
data detrending ] Although the VAR and BVAR models can be estimated on the raw
initial data, they are estimated using detrended data for comparability of results. The
trend is also calculated recursively. Nominal household consumption expenditure is used
as a series of consumption. After deflation, I seasonally adjust the series and calculate
the per capita consumption ﬂ The quarterly growth rate of producer prices is taken

as a series of domestic inflation. The money market rate (interbank rate) is taken as a

5The pre-filtering procedure before the DSGE assessment is standard practice (see, for example, Smets
and Wouters (2003), Lubik and Schorfheide (2007), Dib (2011)), Justiniano and Preston (2010)). The

alternative is to include the trend in the model.
5The population was taken from the Russian statistical database (Rosstat). The annual data is

interpolated to a quarterly series using a spline function.
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domestic interest rate. The source of data for real wages is the Rosstat database. The
real value of the bi-currency basket against the rouble (weights are 0.55 for the US dollar
and 0.45 for euro) is taken as an observable equivalent of the real exchange rate. This
basket was used by the Bank of Russia as an operational target of the exchange rate policy
from February 2007 to November 2014. |Z| The real exchange rate of the US dollar and
euro is calculated using consumer price indices. As a variable of oil prices, I take the
revenues from the export of crude oil, petroleum products and natural gas. This is due
to the fact that the model assumes a constant oil output and all changes in household
income are due to changes in its price. Besides, the model assumes only one source of
raw material exports. The use of all commodity export revenues instead of the price of
oil also permits to take the natural gas into account. The data source about the export
revenues is the balance of payments statistics provided by the Bank of Russia. The series
are recalculated to be expressed in artificial currency, with weights of dollar and euro be
equal to 0.55 and 0.45, respectively. Finally, per capita export revenues are calculated.
All variables of the external sector are calculated as weighted average of the corresponding
variables for the USA and Eurozone with weights equal to 0.55 and 0.45, respectively.
The foreign inflation is calculated using consumer price indices. The foreign interest rate
is calculated using money market rates. The foreign output is calculated using data on
real GDPs. I take logarithms of the series of consumption, real wages, real exchange rate,
revenues from oil exports and foreign output, and then the series are linearly de-trended.
The interest rates were divided by 400 to make them quarterly. Finally, the series of

interest rates and inflations are re-centered, giving them a zero mean ﬂ Prior parameter

“The use of the bi-currency basket as an operational target started in February 2005, prior to which
the US dollar had played that role. During two years, the shares of the dollar and the euro have been
revised five times, each time to increase the share of the euro. The change of shares in the model is
not taken into account intentionally in order not to create artificial spikes in the value of foreign sector
variables. Moreover, the DSGE models are often estimated using an effective exchange rate. According to
preliminary estimates, the average share of exports and imports from the Eurozone and Switzerland among
Russia’s 15 major trade partners was 45.2% between 1999 and 2011. (author’s calculations according to
the IMF data). So if an effective exchange rate were used for the estimation the weights of the euro and

the US dollar would have been fixed at the same levels.
8The trend definition for the main variables reflects the neoclassical growth theory, according to

which the variables such as consumption and wages per employee should have a constant growth rate,
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distributions are chosen in a standard way. Several parameters are fixed (i.e. the prior
distributions with a zero variance are chosen) following other similar papers. Most of the
model parameters, including preference parameters, parameters of the production function,
capital adjustment cost parameter, as well as autocorrelation coefficients and standard
errors of structural shocks, are estimated. When choosing a prior distribution, a general
rule applies: all parameters that can take values between zero and one have beta prior
distribution, all preference parameters have prior gamma prior distribution, parameters of
monetary rule have normal prior distribution and all standard errors of structural shocks
have prior inverse gamma distribution. The convergence of parameters is achieved at each

sample size, which is confirmed by the results of the special tests.

4.4 VAR and BVAR models

The competing models are reduced-form VAR and BVAR models estimated on the
same data. The section discusses their specification.
Let the variables be combined into a m-dimensional vector. A reduced-form vector

autoregression (VAR) model is written as:

Y = (I)O + (I)lyt—l 4+ 4+ (Ppyt—p + Et Et ~ N(07 E) (41)

where ® is a vector of constants of dimension m, ®; are autoregressive lag matrices
of dimension m x m . Vector ¢; is a vector of errors of dimension m uncorrelated with
explanatory variables.

A frequentist VAR can be estimated by OLS applied consequently to each equation. The
Bayesian VAR means that the model is estimated using Bayesian methods. A frequentist
VAR is a special case of Bayesian, for simplification I will refer them in what follows as
two different models. To be able to compare the forecasts from three models in hand,
VAR and BVAR are estimated using the same 9 variables, which serve as observables for

the DSGE estimation.

while inflation and interest rates should remain constant on the balanced growth path. From a technical
point of view, the use of a deterministic trend avoids unreliable assumptions about the trend dynamics

out-of-sample
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The prior distribution for the baseline BVAR model is chosen following Smets and
Wouters (2007), which also follows Sims and Zha (1998) and Sims (2003)). The prior
distribution is defined using three blocks of dummy observations (for an overview of the
BVAR method and a method of defining a conjugate normal - inverse Wishart (¢cNIW) prior
distribution with dummy observations see chapter 2). Technically, I combine three different
prior distributions: ¢cNIW prior, sum of coefficients prior and initial observation prior.
Such a combination of prior distributions have shown a good forecasting performance on
different samples (for the United States, see, for example, Robertson and Tallman (1999),
Baribura et al. (2010), Carriero et al. (2015), for Russia, see chapter 4). Hyperparameters
of the prior distribution were chosen following Smets and Wouters (2007), but contrary to
that paper I did not perform a prior distribution correction with a training sample due to

the short length of available time series.

4.5 Forecasting

Forecasting with all three models is done on an expanding sample. The shortest training
sample consists of 50 observations and ends in the second quarter of 2011. Correspondingly,
this period is the earliest one used for forecasting. The second training sample consists of
51 quarters, and the forecast is made in the third quarter of 2011, etc. The out-of-sample
forecasting horizon is from one to eight quarters. This method of estimation and forecasting
allows to obtain 19 estimation samples and to make 19 one-period-ahead forecasts, 18
two-period-ahead forecasts, etc. For each model and for each variable the mean square

error of the forecast (MSFE) is calculated according to the formula:

1
MSFE%TJL = Fh (y%njurhu“ - yvar,T+h)27 (42>
T

where y%r,T LT IS A forecast for the variable var, made with a model M at the moment
T for h steps ahead. ¥yyqrr4n is an actual value of the variable for the moment 7' + h.
A number of the forecasts made at different T" for the forecasting horizon h is denoted
by Nj. In this case, T goes from 50 to 68, h goes from 1 to 8, var is one of the nine

observed variables described in the previous section, M is one of the three models in hand

M = {VAR,BVAR, DSGE} and N; can take values from 12 to 19, depending on the

130



forecasting horizon. Obviously, the smaller the MSFE, the more accurate the forecast
is. MSFE values for all three models considered and all forecasting horizons are shown
in Table 1] To save space, only variables directly related to the Russian economy are
presented. The variables of the foreign sector are weighted averages of the corresponding
variables of the Eurozone and the USA, and their forecasting is of little interest for this
chapter. In the table below, the values corresponding to the model with the best forecasting
performance among three models in hand are given in bold. In a baseline model the order
of VAR and BVAR is equal to two that follows Smets and Wouters (2007). To check
the robustness of the results, the number of lags for the VAR and BVAR models is also
selected by maximizing the data density function (marginal likelihood). Its maximum
value is achieved at 1 lag in the case of VAR (for 18 data sets from 19) and 7 lags in
the case of BVAR[ (for 16 data sets from 19). VAR(1) and BVAR(7) models permit to
forecast some variables on some horizons more accurately than VAR(2) and BVAR(2),
respectively. As a result, the DSGE model has given the most accurate forecast of the
domestic inflation on a 12-month horizon but it did not change the model ranking on short
horizons, so to save space, the table presents the results for the baseline case only. Table 1
shows that for most of the variables and forecast horizons, the model with the smallest
forecast error is BVAR, which confirms the practice of making forecasts using this model
in the academic literature.

For some variables and some forecasting horizons, the DSGE model is more accurate
than the BVAR model. At the same time, some interesting features can be identified. For
example, it is preferable to do a very short-term forecast of the interest rate using the
BVAR model while for longer horizons the DSGE model performs better. An opposite
"rule-of-thumb" applies to the domestic inflation. The frequentist VAR does not give the
most accurate forecasts for any variable and any forecasting horizon, which partly explains

a current tendency of abandoning the frequentist VAR models in favor of Bayesian models

9Table 1 shows the MSFE for the detrended data. Since the detrending here is a monotonous
transformation, the ranking of the models stays the same if MSFE is calculated on the initial data with
trend. The DSGE forecast is an average point forecast that takes into account the uncertainty of both

shocks and model parameters.
10Marginal likelihood values were compared for models with the number of lags up to four for VAR and

up to ten for BVAR.
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Variable Model 1q. 2q. 3q 4q 5q 6q 7q 8q
real DSGE 0.118 0.187 0.248 0.298 0.355 0.400 0.435 0.467
exchange VAR 0.123 0.186 0.253 0.343 0.312 0.378 0.432 0.473
rate BVAR 0.102 0.142 0.182 0.212 0.271 0.338 0.379 0.420
internal DSGE 0.024 0.035 0.038 0.041 0.040 0.040 0.039 0.037
inflation VAR 0.032 0.039 0.043 0.049 0.047 0.035 0.034 0.033

BVAR 0.026 0.039 0.046 0.057 0.036 0.028 0.021 0.025
interest DSGE 0.006 0.009 0.010 0.011 0.011 0.011 0.012 0.013
rate VAR 0.008 0.012 0.014 0.017 0.015 0.016 0.015 0.015

BVAR 0.005 0.008 0.011 0.013 0.014 0.016 0.017 0.018
oil DSGE 0.195 0.322 0.450 0.554 0.649 0.722 0.792 0.855
revenues VAR 0.138 0.265 0.436 0.553 0.653 0.816 0.924 0.996

BVAR 0.136 0.218 0.352 0.441 0.597 0.708 0.801 0.879
real DSGE 0.044 0.094 0.144 0.191 0.234 0.269 0.303 0.333
wages VAR 0.031 0.064 0.104 0.162 0.160 0.202 0.244 0.274

BVAR 0.025 0.043 0.065 0.095 0.122 0.152 0.178 0.201
consumer DSGE 0.024 0.050 0.073 0.096 0.117 0.131 0.143 0.154
spendings VAR 0.021 0.033 0.042 0.061 0.070 0.091 0.109 0.122

BVAR 0.015 0.023 0.031 0.045 0.056 0.069 0.080 0.092

Table 4.1: RMSFE for DSGE, VAR and BVAR models
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Figure 4.2: Actual consumer spendings and forecasts using three models (raw untransformed

data)

for both forecasting and structural analysis.

Then I analyze the dynamics of forecasts for the consumer spendings variable for which
the DSGE model gives the least accurate forecast for all forecasting horizons. Fig 2. shows
the actual dynamics of this variable and its one-quarter ahead forecasts made with all three
models under consideration. To obtain the series presented in Fig. 2, the forecasts were
made on the detrended data, and then the trends were restored. The unit of measurement
is real rouble, the base period is 2010. The forecasts for all three models capture the
general trend well, but all three model fail to predict the short-term fluctuations (one
to three quarters), and react to them with a delay. A peculiar feature of the forecast
made with the DSGE model is that all forecast values are above of the actual values
(which partially explains the low quality of forecasts on this model). This result may seem
counter-intuitive but it is due to the fact that recursive detrending is used for estimation
and forecasting. It is worth noting that the mean forecast error increases significantly with

the forecasting horizon for almost all variables and models. For the eight-quarter ahead
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Figure 4.3: Actual consumer spendings and deciles of forecasts of this variable by DSGE

model (data are presented in deviation from the log-linear trend).

forecast the MSFE is 4-6 times bigger than for one-quarter ahead forecast. It means that
the accuracy of all forecasts for the horizon for more than one year is very low. Fig. 3
shows the dynamics of the detrended series of consumer spending (the trend is calculated
on the sample from Q1 1999 to Q3 2012) and forecasts made with the DSGE model with
data up to Q3 201@ for all horizons from one quarter ahead to eight quarters ahead.
Alternative forecasts correspond to nine deciles of forecast density, i.e. 10% of the lowest
forecasts are below the first decile line, 20% of the lowest forecasts are below the second
decile line, etc. The distribution of forecasts shows that as a general rule the DSGE model
predicts a return to the stationary state (that is equal to zero in this case). This is not
surprising, as the DSGE model is a business cycle model and it implies implicitly the end
of the recession and return to the natural level.

However, actually the recession did not end, and even deepened. It explains why the
average and median forecasts regularly exceed the actual value. At the same time, it is
impossible to make forecasts for the model on Russian data without a permanent recession

in the testing sample. The available data begin in the Q1 1999, and it does not make sense

" The period is chosen randomly
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Model 1q. 2q. 3q 4q 5q 6q 7q 8q
DSGE (second decile) 0.014 0.025 0.042 0.060 0.077 0.090 0.101 0.111
DSGE (mean forecast) 0.024 0.050 0.073 0.096 0.117 0.131 0.143 0.154
BVAR 0.015 0.023 0.031 0.045 0.056 0.069 0.080 0.092

Table 4.2: RMSFE for consumer spendings using DSGE and BVAR models

to estimate the model using less than 40 observations, so the earliest possible forecast
starts in the Q1 2009, which is in the acute phase of the financial crisis. For examole, the
Fig. 3. presents the third quarter of 2009 as a threshold between the periods of positive
and negative deviations of consumer spending from the trend, but the same period shows
a recession if the data is detrended with the trend calculated on a shorter sample. If the
forecast is done using detrended data up to Q3 2009 the result is similar to one described
above: the mean point forecast implies a gradual exit from the recession, while actually the
recession deepened. It is worth noting that the consumer spending forecast corresponding
to the second decile of the DSGE model gives a much lower MSFE compared to the mean
forecast. The forecast performance of the DSGE model (for 1 or 2 quarters ahead) is
approximately the same as the forecast performance of the BVAR model (see Table 2).
So, a relatively inaccurate forecast with the DSGE model can be hardly regarded as a
methodological shortcoming of the DSGE model itself. It is rather a certain kind of a bad
luck: most of the training sample contains a period of stable growth, whereas in 2009 the
data show a flatter trend, and in 2014 consumer spending start to decrease in real terms
in the sample in hand. At the same time, it is impossible to test the model’s forecasting
performance on a more homogeneous sample due to the lack of long time series of Russian

data.

4.6 Conclusion

Microfounded DSGE models have become an important part of the modern macroeco-
nomics. They are in an active use both by the academic community and central banks
of developed countries and to serve to address a question of an impact of various shocks

or policy measures on the economy, as well as to make forecasts. This paper analyzes a
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relative accuracy of the DSGE forecasts compared to ones made with the reduced form
VARS (frequentist and Bayesian). The DSGE model used in the chapter accounts the
revenues from commodity export explicitly. For estimation of the BVAR model T use
a modification of the conjugate normal - inverse Wishart distribution which a regular
practice in the literature. Based on the mean-square forecast errors, I conclude that the
accuracy of forecasts made with the DSGE model is generally lower than that of forecasts
made with the BVAR model. However, the DSGE model provides the most accurate
forecast for some variables and some forecasting horizons among three models in hand. At
the same time, there are data-related reasons why DSGE fails to accurately forecast some
variables in the sample, such as consumer spendings. As a possible line for further research,
it seems perspective to make a DSGE with an explicit modelling of a trend. It would
make possible to do the forecasts on the raw initial data without a necessary preliminary

transformation, which might improve the forecasting accuracy of the DSGE model.
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Chapter 5

Oi1l market shocks effects on Russian

macroeconomic indicators: quantitative

estimates with sign-identified SBVAR
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5.1 Introduction

The influence of world oil market events on the Russian economy is regularly discussed
in media and in popular economic literature. The evident reason of the interest is the
large share of Russian exports that is attributable to crude oil and oil products. An oil
price drop decreases the trade and the budget balance. Therefore, it may be surprising
that quantitative estimates of oil price effects on macroeconomic indicators in Russia are
extremely scarce. This paper fills that gap and aims at quantifying the effects of different
oil market shocks on three key macroeconomic indicators in Russia. To reach the goal,
in this paper I construct and estimate a structural Bayesian VAR model (SBVAR) and
identify it with sign restrictions. The results are based on impulse response functions
(IRF) analysis and forward error variance decomposition.

The shocks identification in the paper is realized as proposed by Baumeister and
Hamilton (2015b). Baumeister and Hamilton (2015¢) show how the oil shocks identified
following the same algorithm affect oil market variables. However, no previous papers have
shown how the shocks identified in the same way affect external variables with respect to
the oil market. As empirical research, this paper is of one the rare examples of econometric
analysis of oil market shocks on the Russian economy, and the first one that uses the
SBVAR model.

The impulse response functions analysis show mixed results for the real monetary
incomes and CPI inflation but they demonstrate that two of three oil demand shocks
analyzed in the chapter positively affect the industrial production index.

The mean estimate of the forward error variance explained by oil market shocks at
one-year horizon is between 14 and 30% for real monetary incomes and between 15%
and 25% for inflation depending on the prior distribution. The fraction of the forward
error variance of industrial production explained by oil shocks at a one-year horizon is
between 35% and 45%. These values seem to be surprisingly high even for an oil-dependent

economy like Russia’s and need to be examined using a sensitivity analysis.

138



5.2 Literature review

This paper continues two strands of macroeconomic literature. On one hand, the
paper complements the existing research on the impact of oil market shocks (more broadly,
the impact of changes in natural resources prices) on the macroeconomic performance of
different countries. At the same time, the existing papers usually analyse the impact of
shocks on the developed economies (primarily, the United States), which are mainly oil
importers. There are very few studies devoted to the impact of oil shocks on exporting
countries. On the other hand, the paper uses a new method of imposing sign restrictions
proposed by Baumeister and Hamilton (2015b) and continues the discussion about the

relevant identification restrictions.

5.2.1 Influence of oil shocks.

One of the first key works on the impact of oil prices on key macroeconomic indicators
is the book by Bruno and Sachs (1985), which analyses in detail the impact of oil shocks
on a group of developed countries. Hamilton (1983) shows that nine out of ten recessions
in the U.S were preceded by oil price shocks and Hamilton (1996) also demonstrates a
significant impact of oil prices on the U.S. economy. These studies confirm that the oil
price shock can be regarded as a global one that can trigger a new phase of a business
cycle in many countries in the same time. On the other hand, Hooker (1996) challenges
this opinion and shows that the severity of oil shocks tends to decrease. In this paper, the
author concludes that, unlike the oil shocks of the 1970s, the oil price dynamics of the
1980s did not have a significant impact on the oil sector and, accordingly, the oil price
itself has a low effect on the key US macroeconomic indicators. For European countries,
Mork et al. (1994) and Cunado and Pérez de Gracia (2003) conclude that the real effects
of oil price changes have been reduced since the mid-1980s. However, the assumption
about complete exogeneity of the price of oil seems to be irrelevant, especially for large
importing countries. Barsky and Kilian (2002) and Barsky and Kilian (2004) suggest a
structural explanation of the correlations found in previous papers. They show that the
fluctuations in oil prices are not exclusively related to the oil producing countries of the

Middle East. On the contrary, their analysis shows that the decisions of OPEC countries
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are a reaction to the global macroeconomic processes that determine the demand for oil.
Thus, these papers explain the need for a separate analysis of the impact of supply of oil
and demand of oil shocks. In case of separate analysis of those shocks, the data clearly
show that the role of supply shocks has diminished over time (Edelstein and Kilian (2007),
Herrera and Pesavento (2009)).

Using a structural model, Blanchard and Gali (2008) confirm the conclusion of Hooker
(1996) and extend it to several developed countries (France, Great Britain, Italy, USA).
The authors show that the impact of oil on output and inflation declined over time in
these countries. However, the data for Germany and Japan show a different pattern. The
reasons for the apparent reduction in the importance of oil shock as a source of business
fluctuations are discussed in Baumeister and Peersman (2013). They note that since the
1980s there has been a reduction in the elasticity of demand in the oil market. Thus, the
same price increase caused by the negative supply shock causes a smaller drop in world
production and therefore has less impact on macroindicators. However, the impact of
changes in global oil production on GDP growth remained the same. According to their
estimates, the ratio of the forward error variance of inflation explained by the oil supply
shock varies from 15 to 20%. Kilian (2009) is the first to model the oil market itself in place
of using some general oil price shock. The paper identifies three types of shocks potentially
affecting the oil price and production (global demand shock, demand shock in the oil
market (demand for precautionary reasons) and a supply shock. The paper shows that
price changes have different effects on the U.S. economy depending on the type of shock
that causes the change. In particular, a price increase caused by a positive global demand
shock has less negative consequences than a negative supply shock. The publication of
Kilian (2009) resulted in a surge of research in this area and, thus a large number of papers
analysing different aspects of the oil market appeared. Most of these papers like Kilian
(2009), identify several oil market shocks separately. This separation certainly makes sense
as the estimated impact of the different shocks happens to be different (Lippi and Nobili
(2012),Aastveit (2014)). For example, Stock and Watson (2016) show that a supply shock
explains a small proportion of output forecast errors, while demand shock explains a large
proportion of oil price forecast errors. As this review shows, the impact of the oil shock

on the U.S. economy and other developed countries, mainly oil importers, is frequently
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studied, while the impact of oil market shocks on emerging and oil-exporting countries is
much rarely analysed in academic literature.

The impact of oil price shocks on an emerging market economy (an oil importer,
though) is studied by Cavalcanti and Jalles (2013). Their results show that the impact
of oil shocks on GDP growth in Brazil is not significant, and the oil shocks explain only
a small part of inflation volatility. The authors explain the results by a decrease in the
share of oil imports from 80% in 1980 to less than 5% in 2007 as a result of a program of
replacement gasoline with ethanol produced from sugar cane.

The idea of asymmetric impact of oil market shocks on exporting and importing
countries is studied by Mork et al. (1994). Their sample consists of six countries including
two net exporters for most of the time (Norway and the UK). The authors study the
asymmetric impact of positive and negative oil price shocks. Of the 6 countries in their
sample, only Norway and the UK were net exporters for most of the sample. For most
of the countries, the data show the negative impact of the oil price shock on economic
activity, with one exception, and that is Norway.

At the same time, the strength of the effect of the shock varies from country to country:
in the USA the effect of the oil shocks was stronger than in France, Germany and Japan,
although the USA were less dependent on imported oil during the estimation period. At
the same time, the UK responded to the oil shocks as a net importer, not as a net exporter.
In Norway an oil shock has a positive impact on the output. The possible cause is a high
share of oil exports.

A rare example of a study of the world naturual resources price shocks effect on an
exporting economy is presented by Charnavoki and Dolado (2014). The authors use the
Canadian economy as an example. The authors show that in a large extent the resources
price fluctuations are determined by global demand shocks and specific resource supply
shocks. The authors conclude that a positive resources price shock has a positive effect on
the current account regardless of the type of shock. The Dutch disease can only be caused

by a negative supply shock.
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5.2.2 VAR identification schemes

The first structural vector autoregressive models used for oil shock analysis (for example,
Kilian (2009) and Blanchard and Gali (2008)) imply recursive identification. As it is well
known, the recursive scheme has a number of serious drawbacks (see Amir Ahmadi and
Uhlig (2015)) for a detailed overview). In particular, the model is obviously not properly
specified if the variable assumed to be «most exogenous» in reality reacts to changes in
other variables included in the model within one period.

For example, a recursive scheme may misrepresent the structure of the economy if the
price of oil is not exogenous to other variables. The endogeneity of oil prices has been
confirmed in a large number of studies. For example, He, Wang, and Lai (2010) show
that oil futures prices are cointegrated with the U.S. economic activity index and the U.S.
trade index, with the Granger causality from the economic activity to the oil price.

The papers that introduce identifying supply shocks in the oil market with sign
restrictions are Peersman and Van Robays (2009) and Baumeister et al. (2010), where the
authors analyse the impact of shocks on the economic performance of different countries
using a partly identified model.

Their implicit criticism of the recursive scheme fostered Kilian and Murphy (2012) to
re-estimate the model proposed by Kilian (2009), but with sign restrictions, the conclusions
of this work remain unchanged. After the papers by Peersman and Van Robays (2009) and
Baumeister et al. (2010) using of sign restrictions for oil market shock analysis has become
very popular. For example, Baumeister and Peersman (2013) combine sign identification
with time varying parameters, as in Primiceri (2005). Similarly, sign restrictions are used
by, for example, Melolinna (2012)), but in that paper the restrictions are applied in a
non-standard way and using a penalty function.

The most serious criticism of traditional sign restrictions, is laid by Baumeister and
Hamilton (2015b). They show that in the case of usual sign restrictions, a posterior
distribution of simultaneous coefficients is determined by a prior distribution and the
covariance matrix of residuals. This means that the impulse response function within the
identifying set of parameters are determined by an implicitly specified prior distribution
and does not depend on the likelihood function. The authors introduce an explicit prior

distributions for coefficients with economic interpretation (e.g., elasticity of supply and
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demand). They apply their algorithm to identify labour market shocks (Baumeister and
Hamilton (2015b)), monetary policy (Baumeister and Hamilton (2015a)) and the oil market
(Baumeister and Hamilton (2015c)). The model pesented in this chapter is an extension of
the model Baumeister and Hamilton (2015¢)in order to analyse the impact of oil market

shocks on Russian macroeconomic indicators.

5.3 Model

The results of this paper are based on the estimated SBVAR.

The vector of endogenous variables consists of two parts: the variables describing the
world oil market and one variable being a Russian economy indicator. The first block of
the variables identifies the oil shocks. I then measure how these identified shocks affect a
Russian indicator of economic activity included in the model.

For the shocks identification, the model by Baumeister and Hamilton (2015c¢) is used.
The model by Baumeister and Hamilton (2015¢) is extended here to estimate the role of
the oil market shocks as sources of business cycles. Most of notations here are the same
as in Baumeister and Hamilton (2015¢). A feature of that model (in contrast to Kilian
(2009), Kilian and Murphy (2012), Peersman and Van Robays (2009)) is including stocks
in the vector of endogenous variables. It permits to obtain more reasonable estimates of
demand and supply elasticities in the oil market. At the same time, using a variable that
can be estimated with a measurement error only makes the estimation more tricky and
requires some changes of the estimation algorithm with respect to the baseline model.

The oil stocks change if the quantities supplied and demanded are not equal:

QF - QF = AL, (5.1)

where QP is a quantity demanded of oil in period ¢, Q7 is a quantity of oil produced
in period ¢, and A is growth of world oil stocks. The star as the upper index means
that the variable is observed with a measurement error. Let ¢ = 1001n(Q;/Q;-1) be an
observed monthly growth rate of oil production. Then monthly growth rate of the oil
demand is written as ¢ — Az}, where Aij = 100AL/Qi—1.

The model used for estimation is written as:
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Gt = OQgppt + bllxtfl + uj, (5.2)

Z = Quppr + bymy—y + uj, (5.3)

Gt = Bzt + Bapbe + X Aig + bym g+ uj, — X ey (5.4)
Aip = 1q; + Yozt + apr + by 1 + xuy, + e (5.5)
Ve = Y1Ge + V22 + 3P + Vi Aty + b;xtfl + uz,, (5.6)

where ¢, is the world monthly oil production rate, z; is the world economic activity index,
py is the monthly oil price growth rate, A, is the measure of world stocks growth rate, v, is
one of the main indicators of the Russian economy, the effect of oil market shocks on vy is
measured, x; 1 represents all lags of endogenous variables: (,_; = (¥, _1,Yi 9y, Ys_ms 1))
and y¢ = (@, 2t, pt, Aig, vy)', ui, is the oil supply shock, uj,- economic activity shock, u3, is
the oil market specific demand shock, u}, is the stocks demand shock that is often titled as
speculative demand shock, uf, is a internal economy non-oil market shock. Equation
is the oil supply curve. Equation describes the economic activity factors. Equation
represents the inverse demand function, equation describes the stocks dynamics
and equation describes the dynamics of the Russian times series. In the paper, three
different Russian variables are used. They are real monetary income, industrial production,
and CPI inflation.

Two last equations in the system above are written under assumption that only a part

of the world oil shocks is measured:

Ait = XAZ;( + €t, (57)

where y < 1 is a parameter that represents the measurable part of world oil stocks.

5.4 Estimation

The system written above may be written in the matrix form as:

Ay, = By + 1y, (5.8)

Yr = (e, 2, e, Nig, vp)’ (5.9)
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where the dimensions of the matrix A are (5 x 5), and the matrix can be written as:

1 0 —Qgp 0 0
0 1 —Qzp 0 0
A=|1 =B —Bgp —x"' 0 (5.10)
—t1 —y =3 1 0
It T e B C I
and the shocks vector is as follows:
Uy
Uy
= |uh, — x e (5.11)
XUy + e
i Ugy — V4 |

Due to the measurement error taken into account explicitly, the covariance matrix D* =

cov(u;, uje) is not diagonal:

(&, 0 0 0 0o |
0 ds, 0 0 0
D'=10 0 dy+x’ol —x'oo qx'ol (5.12)
0 0 —x7lo? diyxPt+ol  —mol
0 0 uxTlol —yoe  dis ol

To rewrite the model in its usual form with a diagonal covariance matrix of structural

shocks, it is possible to multiply both sides of the equation (/5.8]) by an auxiliary matrix I’

given as:
(100 0 0]
01000
'=10 010 0 (5.13)
00 p 10
_0 0 ¢ 7 1,_
where p = —gi;;‘, T= D%?;%:_Dé%?k, o= _D%ESD&T and Dj; defines an element in the row

i and column j of the matrix D*. Defining A = 'A, B = I'B and u, = I'ii; permits to
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rewrite model (5.8) in the usual SVAR form:
Ayt = th,1 + Uy, Ug ~ ZZdN(O, D) (514)

with a diagonal matrix D = I'DI".

The paper is estimated following the explicit sign restrictions algorithm proposed by
Baumeister and Hamilton (2015b). It means that the restrictions are imposed on the
parameters of contemporaneous interdependence (matrix A in (5.14)). Some of those
parameters, as explained above, have clear economic meaning (as price elasticity of oil
demand, for example), and must be either positive or negative. This feature is exploited
in the estimation algorithm and priors in the form of the truncated Student distributions
are imposed.

Contrary to Baumeister and Hamilton (2015¢), in this paper the priors are imposed
directly on the parameters of matrix A and not A. This is regarded as the only possible
solution that makes using posteriors derived by Baumeister and Hamilton (2015b) still
possible E] For all three datasets, the model is estimated with the RW-MCMC routine

using 2 - 10° iterations, half of which is burned-in.

5.5 Empirical results

For all three datasets, impulse response functions, historical decompositions, and
forecast error decompositions (FEVD) are calculated. All impulse response functions and
historical decomposition of the oil price dynamics are given in the Appendix. The FEVD
is presented here.

The Tables 1-3 contain the FEVD at the 12-month horizon. Table 1 shows the
decomposition for the set with real money incomes added as an additional Russian variable,
Table 2 shows the decomposition for the set with industrial production, and Table 3 shows

the decomposition for the set including the CPI inflation.

IThe problem is due to the measurement error in the stocks variable. It requires pre-multiplying the
system by the auxiliary matrix. If prior distributions on the parameters of A are imposed, the prior and
posterior distributions refer to different matrices. This clearly contradicts the algorithm proposed by

Baumeister and Hamilton (2015b).
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1] 2l 3] 4] [5]

Oil supply shock 60 4 38 5 4
Economic activity shock 7 83 12 5 3
Consumption demand shock 12 4 21 60 3
Inventory demand 19 ) 24 28 4
Internal shock 2 4 ) 2 86

Table 5.1: FEVD for a dataset with real monetary incomes in Russia, 1] - Oil production;
[2] - World industrial production; [3] - Oil price; [4] - Stocks ; [5] - Real monetary incomes

1] 2| 3] 4] [5]
Oil supply shock 60 5 39 5 7
Economic activity shock 8 84 14 ) 16
Consumption demand shock 12 5 22 60 6
Inventory demand 17 4 23 27 5
Internal shock 3 2 2 2 66

Table 5.2: FEVD for a dataset with Russian industrial production index, [1] - [4] as above;

[5] - Industrial production
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1] 2l 3] 4] [5]

Oil supply shock 58 4 41 5 3
Economic activity shock 8 85 13 5 4
Consumption demand shock 12 4 20 62 5)
Inventory demand 20 4 24 25 4
Internal shock 2 2 2 2 85

Table 5.3: FEVD for a dataset with Russian CPI inflation, 1] - [4] - as above; [5] - CPI

inflation

Visual analysis of impulse response functions does not give any precise answer about
the external shocks effects on real monetary incomes and inflation, as these effects vary
from negative to positive on different iterations of the algorithm. However, the economic
activity shock and consumption demand shock positively affect the industrial production
index (the former shock affects the IP index immediately). According to the median point
FEVD estimates, external shocks account for 14% of the mean squared error associated
with the 12-month forecast of real incomes and 15 % of inflation with all four shocks
explaining approximately the same fraction of the forecast error variance. The estimates
show that external shocks account for a surprisingly large share of the MSE associated
with a one year forecast of industrial production (about 34). However, the latter result
might be upward biased due to the way how the world economic activity index is calculated
and needs to be checked with a sensitivity analysis (that will be added shortly). Though
the aim of the paper is to determine the role of oil price shocks for the dynamics of some
Russian economy macroindicators,as a by-product it is also possible to draw conclusions
about the oil price as well.

The FEVD analysis of oil price shows that the oil supply shock affects the price more
strongly than other kinds of shocks, though all demand shocks taken together explain the
greater part of the MSE than the supply shock does (60% against 40%) at one-year horizon.
The historical decomposition graphs demonstrate that the drop of oil price in 2008 is
attributed to all four shocks (at the very beginning of that drop, the inventory demand
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shock was crucial). This conclusion is in line with that of Baumeister and Hamilton
(2015¢), even though it was drawn on a much longer and less recent sample in their paper.
However, unlike Baumeister and Hamilton (2015c¢), the historical decomposition shows
that the economic activity shock did not play a significant role in the oil price decrease in

2014.

5.6 Prior modifications

5.6.1 Modification 1. No effect of the internal shocks on oil mar-

ket variables

The baseline model laid above implicitly assumes that the covariance matrix cov(B|A)
is diagonal and its main diagonal consists of five equivalent blocs. It means that the prior
variance of a parameter at a lag value of a variable depends on the number of the lag
and the variable itself but not on the equation that contains the variable. For example,
the prior variance of a parameter at p;_s is the same in all equations. In many cases this
assumption can be considered as plausible if a researcher does not have any special prior
information that allows her to believe in different shrinkage in different equations. In this
particular model a researcher probably has a such kind of information. Russia is a small
open economy and its internal shocks can hardly affect oil market variables even with a
lag. It seems plausible that a matrix of prior variances for lag coefficients can be written

as follows:

Urip Vi2p Vi3p Vidp
V2,1p V22p V23p V24p

‘/;]’p = U3717p v3727p /U3’37p ,03747p

o o o O

U41p V42p Va3p Uddp

Usip Us2p Us3p Usdap Ussp
where v; ;,, is a prior variance of an element b; ; in a lag matrix at a lag p (B,).
Taken into account that all parameters b; 5 , have zero prior mean, the modification of
the prior covariance matrix implies that any effect of the Russian indicator on oil markets

variables is ruled out at any lag. Technically it means that a conjugate Normal - inverted
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Wishart distribution for B|A and D|A, B is replaced with independent Normal - inverted
Wishart distribution.

Tables 4 - 6 contain the FEVD at a 12-month horizon for this prior distribution. They
show the decomposition with the real money income, industrial production and the CPI
inflation, respectively, included in the variable set. Zero values in the last rows of all
tables is a consequence of the modification of the prior distribution. In all three cases the
median ratio of forecast error variance explained by the oil market shocks taken together
increases considerably in comparison with the baseline model. According to the median
point FEVD, oil market shocks account for 30% of the mean squared error associated with
a 12-month forecast of the real money incomes, 45% of industrial production and 25% of
inflation.

The impulse response functions show that internal shock does not influence the variables
of the identification block (the assumption embedded in the prior) but the effects of oil
market shocks on the Russian indicators are close to those revealed in the baseline model.
However, we can conclude that the most of the 95% of the IRF show that a negative supply
shock and positive demand shock exert a positive effect on Russian real money incomes,
at the same time positive inventory demand exerts a negative effect on real monetary
incomes. The consumption demand shock and economic activity shock positively affect
the industrial production. The negative supply shock probably increases the industrial
production but the influence, if there is any, lasts a short period of time. The effects of
oil market shocks on CPI inflation in Russia are uncertain as they vary from negative to

positive on different iterations of the algorithm.
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1] 2l 3] 4] [5]

Oil supply shock 64 4 37 ) 8
Economic activity shock 8 87 14 5 4
Consumption demand shock 11 4 23 62 8
Inventory demand 17 4 26 28 11
Internal shock 0 0 0 0 70

Table 5.4: FEVD for a dataset with real monetary incomes in Russia, prior modification 1,
[1] - Oil production; [2] - World industrial production; [3| - Oil price; [4] - Stocks ; [5] -

Real monetary incomes

5.6.2 Modification 2. Softer prior in oil production and economic
activity equations

A second prior modification replaces two exclusion restrictions in the contemporaneous
structural parameter matrix A with softer restrictions determined in the form of Student
distributions with zero means. This identification scheme implies the contemporaneous
interdependence between the economic activity and oil production variables in two first
equations of the system.

Therefore, the A-matrix is now written as:

[ 1 Olgy Qgp 0 O-

Qyg 1 Qyp 0 0
A=|1 8. —Bop —x" 0 (5.15)

-1 =Yy -3 1 0

e 3 -4

The main objective of this prior modification is to let data to speak for themselves
without imposing restrictions that may not be supported by the data. However, I do not
assume the possibility of non-zero parameters at stocks variable in the first two equations
for technical reasons. As world stocks are determined with a measurement error, an

assumption that the stock variable is included in the first two equations deprives D* matrix
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1] 2l 3] 4] [5]

Oil supply shock 68 4 33 5 8
Economic activity shock 8 86 14 5 19
Consumption demand shock 11 ) 27 60 9
Inventory demand 13 4 26 30 9
Internal shock 0 0 0 0 55

Table 5.5: FEVD for a dataset with Russian industrial production index, prior modification

1, [1] - [4] as above; [5] - Industrial production

1] 2| 3] 4] [5]
Oil supply shock 60 5 41 5 )
Economic activity shock 8 87 14 ) 5
Consumption demand shock 12 4 21 63 8
Inventory demand 20 4 24 27 8
Internal shock 0 0 0 0 1)

Table 5.6: FEVD for a dataset with Russian CPI inflation, prior modification 1, [1] - [4] -
as above; [5] - CPI inflation
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of all zero elements. Matrix I' becomes lower triangular and contains 10 parameters. The
solution is cumbersome.

Tables 7 - 9 show the FEVD at the 12-month horizon for this alternative prior
modification. The tables contain the decomposition with the real money income, industrial
production and the CPI inflation, respectively, included in the variable set.

The impulse response functions are similar to those of the baseline model.
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1] 2l 3] 4] [5]

Oil supply shock 41 12 51 6 5
Economic activity shock 19 75 19 6 8
Consumption demand shock 15 7 14 64 3
Inventory demand 25 7 17 24 3
Internal shock 0 0 0 0 80

Table 5.7: FEVD for a dataset with real monetary incomes in Russia, prior modifications
1 and 2, [1] - Oil production; [2] - World industrial production; [3] - Oil price; [4] - Stocks ;

[5] - Real monetary incomes

5.7 Conclusion

In the paper, I construct an SBVAR model to identify the contribution of oil market
structural shocks into some Russian macroeconomic indicators dynamics. The main
interest of this paper is the quantitative estimate of the impact of oil market shocks on
macroeconomic volatility in Russia. The core of the model used in the paper is the model
by Baumeister and Hamilton (2015¢) extended by one equation describing the dynamics
of a macroeconomic indicator in question. The model is general and can be applied to any
economy.

The identified shocks give economically plausible results about their effects on the oil
market and global activity, though the sign of some of these effects is predetermined by
the sign restrictions embedded in the priors.

The main research question of the paper is answered differently for different indicators.
The mean estimate of the forward error variance explained by oil market shocks at a
one-year horizon is between 14% and 30% depending on the prior for real monetary incomes
and between 15% and 25% for inflation. Conversely, the fraction of the forward error
variance of industrial production explained by oil shocks at one year horizon is between
35% and 45% depending on the prior. These values seem to be surprisingly high, even

for an oil-dependent economy like Russia’s, and need to be examined using a sensitivity
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1] 2l 3] 4] [5]

Oil supply shock 29 57 13 5 20
Economic activity shock 24 28 65 7 16
Consumption demand shock 16 7 10 66 5)
Inventory demand 31 8 12 22 6
Internal shock 0 0 0 0 53

Table 5.8: FEVD for a dataset with Russian industrial production index, prior modification

1 and 2, [1] - [4] as above; [5] - Industrial production

1] 2| 3] 4] [5]
Oil supply shock 18 9 76 6 6
Economic activity shock 13 82 12 6 6
Consumption demand shock 21 4 7 70 6
Inventory demand 49 5 6 17 4
Internal shock 0 0 0 0 78

Table 5.9: FEVD for a dataset with Russian CPI inflation, prior modification 1 and 2, [1]
- |4] - as above; [5] - CPI inflation
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analysis.

The empirical results of the estimation allow drawing a conclusion about the oil price
dynamics as well. The estimation results show that the oil supply shock affects the price
dynamics more strongly than any of the demand shocks. However, all three demand shocks
in total drive the oil price dynamics more strongly than the supply shock. As in the paper
by Baumeister and Hamilton (2015c¢), I show here that the oil price drop in 2008 was
triggered by all four shocks considered. At the very beginning of that drop, the inventory
demand shock played the most significant role. Contrary to their results, the historical
variance decomposition of the shocks in this paper shows that the economic activity shock

was not a significant driver of the oil price decrease in 2014.
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Figure 2: Tmpulse response functions for real money incomes hit by oil market shocks (the

same as shown in last row of Figure 1
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Figure 3: Impulse response functions for industrial production index
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Figure 7: Impulse response functions for real money incomes hit by oil market shocks (the

same as shown in last row of Figure 6), prior modification 1
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Figure 8: Impulse response functions for industrial production index, prior modification 1
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(GGeneral Conclusion

This thesis addressed several research questions related to forecasting and structural
modelling of an energy-based economy.

Chapter 1 presented a DSGE model with an economy with windfall revenues from
commodity exports. The model parameters were estimated using Russian data but the
model is not specific and can be calibrated or estimated for any other commodity-based
economy. The goal of the study was twofold. First, we aimed at constructing a model in a
general equilibrium framework that reflects some specific features of commodity-exporting
countries. Second, a goal was to determine the main shocks responsible for volatility of
key macroeconomic variables in Russia and to estimate to what extent the oil price shocks
govern the Russian business cycle.

The model yielded plausible estimates, with impulse response functions being in line
with economic logic. Historical decomposition showed that the financial crisis of 2009 in
Russia was primarily caused by risk premium shock and commodity export shock, which
seems reasonable. Forward error variance decomposition showed that non-commodity
output both for final and intermediate goods was governed by domestic shocks, while
commodity export shock does contribute much to GDP, since GDP explicitly accounts for
all export revenues. We conclude that on the span considered in the chapter, the business
cycle in Russia is mostly domestically based with a substantial effect of commodity export
shock on the GDP dynamics.

Chapter 2 reviewed the algorithms of estimation and forecasting using the reduced-form
BVAR models. The chapter presented the array of prior distributions that could be found
in applied research and described comprehensively their interdependence. A separate
section of this chapter was devoted to the technique of defining the conjugate normal -

inverted Wishart distribution with dummy observations. This method is widely used in
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economic applications but had not been well presented in the reviews of BVAR approach so
far. A last part of the chapter discussed how to proceed with point or density forecasting
after an estimation of a reduced-form BVAR was completed.

Chapter 3 compared the forecasting accuracy of reduced-form BVAR models of different
sizes with the accuracy of frequentist VAR models and an array of univariate models.
The forecasting exercise was done for a sample of 23 monthly Russian macroeconomic
indicators, and five forecasting horizons that varied from 1 to 12 months. We concluded
that for most of the variables and forecasting horizons BVAR models outperform the
competitors. We could not confirm the results of some other studies where similar tools
were applied to data from developed countries, that higher dimensional models permit to
obtain more accurate forecasts. The Russian data showed that a 23-variable BVAR was
the most accurate model in only a half cases where a BVAR model performed better than
its simpler competitors. For the rest of those cases, a 23-variable BVAR was outperformed
by a smaller BVAR model. A robustness check analysis fulfilled with MCS procedure
confirmed that the BVAR models were included in the confidence set more often than
VARs, but for majority of variables and forecasting horizons the random walk model was
not inferior with respect to the BVAR.

Chapter 4 compared the forecasting accuracy of the DSGE model with that of non-
structural VAR and BVAR models. The models were applied to Russian data, and the
DSGE model accounted for the oil-export revenues explicitly. The DSGE model was
the same as constructed in the first chapter of the thesis. In the the BVAR model, the
parameters were shrunk with conjugate normal - inverse Wishart prior with modifications
(the prior discussed in the second chapter and applied to forecasting of monthly time series
in the third chapter of the thesis). Therefore, the forth chapter extended all previous
chapters of this dissertation. A characteristic feature the estimation and forecasting
procedure is the iterative trend used for all three models to mimic a real-time forecasting
exercise. In chapter 4, we conclude that the DSGE models were generally outperformed by
the BVAR model. However, the DSGE-forecasts are the most accurate for some variables
and some forecasting horizons. We also provide a data-related explanation of the relative
failure to forecast some variables in the sample.

Chapter 5 constructs an SBVAR model to quantify the contribution of oil market
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shocks on macroeconomic volatility. For shocks identification, explicit sign restrictions were
used, with prior distributions imposed directly on the matrix of simultaneous dependencies.
The model was estimated on Russian data but being general, it can be applied to any
economy.

The effects of the identified shocks on oil market market and global activity are in line
with economic logic, though the sign of some of them is a simple reflection of restrictions
implied by the priors.

The results of the estimation are mixed about the impact of oil price shocks on the
real monetary incomes and CPI inflation. However they indicate a strong influence of two
demand shocks on the industrial production index. The quantitative estimates measured
with forward error variance decomposition are surprisingly high, even for an oil-dependent

economy like Russia’s, and may be questioned again in future research.
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Résumé : Il y a un consensus que la sévérité des
chocs sur les marchés pétroliers tend a diminuer,
ainsi que la dépendance des économies développées
vis-a-vis de ces chocs. Les pays développés sont
généralement les importateurs d’énergie et I'effet des
chocs pétroliers sur les pays exportateurs de pétrole
peut étre différent, surtout s’il s’agit des pays dont
la grande partie de I'exportation est le pétrole ou les
produits pétroliers. En outre, I'orientation sur I'expor-
tation des matieres premiéres peut modifier la per-
formance relative des modeles économétriques qui
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PIB des chocs pétroliers, les cycles économiques en
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Abstract : It is generally agreed that the severity of
oil markets shocks tends to decrease as does depen-
dence of developed economies on those shocks. De-
veloped countries are generally energy importers, and
the effect of oil market shocks on oil-exporting coun-
tries may be different, especially if energy represents
a large percentage of the country’s exports. In addi-
tion, the focus on commodity exports may change the
relative forecasting performance of econometric mo-
dels that are generally used for forecasting. This the-
sis studies and develops models for structural ana-
lysis and short-term forecasting of an oil-exporting
economy using Russian data for all empirical appli-
cations. The first chapter is devoted to a construc-
tion of a DSGE model for a country with commodity

exports. The DSGE model is estimated by Bayesian
methods We find that despite a strong impact of com-
modity export shocks on GDP, the business cycles in
Russia are mostly domestically based. The second
chapter discusses how the Bayesian methods may
be applied for forecasting with a BVAR model. The
third chapter applies these techniques and compares
the performance of a group of non-structural models
— univariate and multivariate — for forecasting a set
of Russian macroeconomic indicators. In the fourth
chapter, the forecasting focuses on multivariate struc-
tural (DSGE) and non-structural BVAR models. The
fifth chapter quantifies the effect of different types of
oil market shocks on several Russian macroeconomic
variables.
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