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Non-technical Summary

This paper describes extensions to the structure of the SAMBA modeﬂ These additional
developments include a reformulation of the labor-market block that allows for involuntary un-
employment, the direct introduction of imported goods in the final consumption bundle, and a
new specification for the rest-of-the-world block based on vector autoregressions (VAR). In this
foreign block specification, shocks are identified by sign-restrictions and have a precise economic
interpretation. These changes demand the inclusion of new observable variables and the use
of a new method for estimation, which can cope with the increased number of parameters and
equations. In this context, we estimate the model by Sequential Monte Carlo (SMC) Methods,
leading to posterior distributions that are more stable to small perturbations of the specification
of prior distributions.

The paper focuses on the dynamic properties of the model and evaluates its ability to generate
moments that are close to the ones coming from the data. In addition, the paper documents
the responses of important macroeconomic variables to a monetary policy shock, to a shock to
the uncovered interest parity equation, and, finally, to the identified foreign shocks in the VAR
specification. We compare the macro-variable responses with the ones reported in similar papers
in the literature, providing economic intuition for our results. The final exercise is a historical
decomposition of economic time series and concerns how the model interprets the evolution of
macroeconomic variables as a combination of its structural shocks.

Summing up, the dynamic properties of the model seem reasonable and consistent economic
narratives support the behavior of the impulse response functions and the results from the histor-
ical decompositions. Therefore, the model displays the essential preconditions to be employed in
policy analysis and forecasting exercises, with the additional benefit of having structural features

designed to analyze unemployment fluctuations in small-open economies.

I This model belongs to the class of Dynamic Stochastic General Equilibrium (DSGE) models and was developed
by staff members at the Research Department of the Banco Central do Brasil. Indeed, SAMBA is an acronym
for “Stochastic Analytical Model with a Bayesian Approach” and refers to the famous Brazilian music genre.



Sumario Nao Técnico

O artigo descreve extensoes feitas a estrutura do modelo SAMBAH Essas mudangas incluem
a reformulacao do bloco que descreve o mercado de trabalho, permitindo o surgimento de desem-
prego involuntéario, a introducao de bens importados na cesta de consumo final como também na
fungao de producao como insumo intermediario, além de uma nova especificagao para o bloco do
setor externo, baseado em vetores autorregressivos (VAR). Nessa nova especificagdo, os choques
sao identificados a partir de restrigoes de sinais para as respostas ao impulso. Essa metodologia
permite atribuir a esses choques uma interpretacdo econémica precisa. Por conta dessas mu-
dancas, é preciso considerar novas varidveis observadas e um novo algoritmo no procedimento
de estimagao. Nesse contexto, empregamos o método de Monte Carlo Sequencial, pois este al-
goritmo consegue ter bons resultados para um nimero crescente de pardmetros e equacoes no
novo modelo. Com efeito, as distribuicoes a posteriori sao mais estéveis a qualquer perturbacao
inicial que altere as distribuigoes a priori.

O foco do artigo é o estudo das propriedades dinamicas do modelo, avaliando a sua ca-
pacidade em reproduzir os momentos diretamente computados a partir dos dados. Adicional-
mente, documenta-se o comportamento das funcoes de resposta ao impulso associadas as variaveis
macroeconomicas relativamente aos seguintes choques: um choque de politica monetéria, um
choque a equagao que descreve a paridade de juros e, por fim, aos choques externos identificados
na estimagdo do VAR que caracteriza o setor externo. Um ultimo exercicio apresenta a decom-
posicao histérica das varidveis macroecondmicas, ou seja, descreve como o modelo interpreta a
trajetoria dessas varidveis como combinagao de seus choques estruturais.

Em resumo, os resultados sugerem que as propriedades dinamicas do modelo sao razodveis.
O comportamento das respostas ao impulso e o exercicio de decomposic¢ao histérica podem ser
racionalizados por narrativas econémicas coerentes. Desse modo, o modelo apresenta os requisitos
bésicos que o habilitam a ser empregado para responder questoes de politica econémica e em
exercicios de previsao de varidveis macroeconomicas, com o beneficio adicional de possuir novas
estruturas que permitem uma andlise mais fundamentada das flutuacées no desemprego em

pequenas economias abertas.

20 modelo pertence & familia dos modelos dinamicos e estocasticos de equilibrio geral e foi desenvolvido por
pesquisadores do Departamento de Estudos e Pesquisas do Banco Central do Brasil. O acréonimo SAMBA se
refere, em inglés, ao termo “Stochastic Analytical Model with a Bayesian Approach”; além de ser uma alusdo a
um importante género musical brasileiro.
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Abstract

This paper documents the recent changes in the structure and estimation procedures of
the SAMBA model, providing a complete description of the decision problems that each
economic agent faces, the first order conditions that solve those problems, and the new
techniques employed to estimate the model. This updated version of the model incorporates
new features, such as involuntary unemployment, imported goods in the consumption bun-
dle and a new identified vector auto-regressive process for the rest of the world. Reflecting
these changes, the set of observables was expanded to include, for instance, participation
rates in the labor market and an exogenous measure of output gap. In face of increased
complexity and the large number of observables, the model was estimated using Sequential

Monte Carlo (SMC) methods, allowing for a smaller sensitivity to the choice of priors.
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1 Introduction

In recent years, many central banks have put continuing effort on developing and improving
applied dynamic stochastic general equilibrium (DSGE) models as a tool for policy analysis
and medium-term forecasting. For instance, in the European Central Bank, as in Coenen et al.
(2018)[20], and in the Central Bank of Canada, as in Corrigan et al. (2021)[22], updated versions
of their main DSGE models aiming at expanding the range of the economic issues analyzed and
improving the models’ ability to explain macroeconomic data. Banco Central do Brasil (BCB)
has developed a DSGE model for the Brazilian economy: the SAMBA modeﬂ This model,
first documented in Castro et al. (2011, 2015)[I7][18], is an open-economy DSGE model with
a large set of nominal and real rigidities, such as wage and price stickiness, habit persistence
in consumption, rule-of-thumb households and capital adjustment costs. The estimation used
Bayesian techniques based on the Metropolis-Hastings (MH) algorithm, and the sample covered
the period in which inflation targeting was adopted.

This paper outlines the description and main results of the SAMBA model, extended to
address three notable features. First, to highlight the dynamics of exogenous shocks on labor
market, the new specification incorporates unemployment following Gali, Smets and Wouters
(2011)[28]. Their model reinterprets the staggered wage setting formulation in Erceg, Henderson
and Levin (2000)[27], allowing for the emergence of involuntary unemployment while addressing
the absence of economic microfoundations for unemployment in models with a conventional
household specification. Second, in contrast to the original version in which only firms use
imports as intermediate goods in production, households can also directly buy imported goods
to compose their aggregate consumption bundle. The new structure allows for an effect of
real exchange rate not only on the supply, but also on the demand of goods. Finally, the
model replaces the exogenous univariate autoregressive processes characterizing the rest of the
world with a structural vector autoregressive (VAR) model with sign-restricted identified shocks.
The structural VAR allows for an amplification of the effects of foreign shocks in the domestic
economy, alleviating the problems of small-open economy models documented in Justiniano and
Preston (2010)[31].

The extended version of the model structure also affected the selection of observed variables
and the estimation of the model. With respect to observed variables, the new description of the
labor market allows for the inclusion of information about labor supply, measured by participation
rates, while the structural VAR for the rest of the world allows for a stylized role for commodity
prices to affect the domestic economy. The unbalanced growth observed in the Brazilian economy
after 2014 also suggested the use of an exogenous measure of the output gap as an additional
observed variable. This paper provides details on how the output gap is estimated, combining a
structure like the traditional HP filter with the exogenous process of the DSGE model describing

the evolution of non-stationary productivity.

1SAMBA is an acronym for “Stochastic Analytical Model with a Bayesian Approach” and refers to the famous
Brazilian music genre.



With respect to estimation, the increased complexity of the model and the number of parame-
ters to estimate, combined with the inclusion of more observed variables, required a new strategy
to explore the posterior distribution of parameters. The conventional MH algorithm proved very
sensitive to the choice of priors, while, at the same time, not properly handling discontinuities
and multiple modes found in the posterior distribution. The paper will provide an example based
on the distribution of parameters characterizing the cost of investment, and how it affects the
inference about the effects of monetary policy shocks on investment. The model is estimated
using Sequential Monte Carlo (SMC) methods, described in details in Cai et al. (2021)[I4]. The
use of bridge distributions, starting from a set of independent prior distributions for structural
parameters, but now augmented with the so-called “system priors”, to make inference about the
posterior distribution brought stability across small changes in the prior distribution and allowed
for a more complete assessment of the uncertainty with respect to important moments generated
by the model.

The paper is organized as follows: the next section reviews the main structure of the model,
with the primitive problems solved by households and firms, the characterization of monetary
and fiscal policy, and the evolution of macroeconomic variables for the rest of the world; section
presents the changes in the estimation procedure, highlighting the main properties of the SMC
methodology; and section [] discusses some properties of the estimated model. Appendixes at
the end summarize equations and present the computation of the steady state, data treatment,

additional results and computational details.

2 The model

This section outlines the structure of the model that introduces unemployment and imported
consumption goods into a standard small-open economy medium-scale DSGE framework for
emerging economies. Because this extension of the original version of SAMBA retains most of
its basic equations, the building blocks already reported in Castro et al. (2011, 2015)[17][18] are
less discussed. Specifically, we focus on the mechanism that gives rise to unemployment and the
intra-temporal choice between domestic and imported consumption, as well as on describing the
new structural VAR process for the rest of the world.

The model comprises the following blocks: households, firms, monetary and fiscal policies, and
a parsimonious description of the rest of the world. As in the original SAMBA, each component
of aggregate demand corresponds to a specific sector in the economy. Monetary and fiscal policies
are described as linear rules connecting a given policy instrument to the variables it responds
to. Finally, the rest of the world corresponds to an identified structural VAR model, combining

important foreign variables.



2.1 Households

There are two types of households in the economy: optimizing households (indexed by O) and
“rule-of-thumb” households (indexed by RT, corresponding to wgrr percentage of the popula-
tion). A representative household of type O is a forward-looking agent that chooses optimal
paths for consumption, savings, and investment. To smooth consumption over time, this agent
uses three different assets as savings instruments: physical capital, non-contingent one-period
government bonds and non-contingent one-period international bonds. By contrast, a represen-
tative household of type RT cannot access credit, capital and asset markets and does not earn
dividends. This agent only spends the total amount of labor income on consumption goods.
Both types of households supply differentiated labor services. For optimizing households,
monopoly unions set wages optimally according to a standard Calvo contract, while we assume

RT households accept to receive the average wage of the type O households.

2.1.1 Optimizing Households

A representative optimizing household chooses consumption, physical capital, and financial assets
to maximize the expected discounted flow of utility. The decision problem of a type O household

is given by:
)
Comn B ey B ;Btu(c’?, NP ()
The optimization problem is subject to the following flow budget constraint:
By n StBiy 4
SPR,  RiSP" ~
(1 — MW ()N (i) + Ry " Ky + By + S, By + Dy — T} — TP 4 =

PECP + PII +

where Ej is the expectation operator as of time zero, u(.) is the instantaneous utility function,
B € (0,1) is the time discount factor, C is the consumption level, PC is the price of consumption
goods (used as a numéraire in the model), I; is investment, P/ is the price of investment goods, B;
denotes government bonds, R; is the domestic gross interest rate, S; is the exchange rate (defined
as units of domestic currency per units of foreign currency), By represents foreign-currency bonds
issued abroad, R; is the foreign interest rate, Wto’"(i) is the household-specific nominal wage
rate for the type of labor i, NP (i) is differentiated labor, 7/¥ is the tax rate on labor income,
RtK " is the gross nominal rental rate of capital, K; is physical capital, D} denotes nominal

. . L
dividends received from the firms, 7, """

is lump-sum nominal net taxes, T,”"" is a lump-sum
transfer to firms and =} are nominal state-contingent securities. As a timing convention, B; and
B} represent bonds issued in ¢ — 1 and maturing in ¢, and K; are capital holdings from ¢ — 1.
Thus, variables Biy1, By, and Ky are decided in ¢.

The model contains two different measures of risk premium, associated, respectively, with



domestic and foreign issued bonds: SP and SP”. While SP is an exogenous AR(1) process, SE~

depends on aggregate variables describing both domestic and external fundamentals:

SE =57 |exp (=¢h (Bija = B) + 900 (7 = V) + 2] (1)

where S is the country risk premium in steady state, ¢ and @y, are positive parameters, B;‘_':l
is net foreign assets-to-exports ratioE[, Vi* represents foreign investor’s attitude towards risk, and
ZB " is a shock associated with movements in the country risk related to exogenous factors. The
variables B*"and V' correspond to steady state values for B;‘jl and V;*. Bt*il is the ratio between
the nominal foreign debt in local currency and the nominal exportsﬂ The net foreign assets as a
proportion to exports, a new feature introduced in this updated version of the SAMBA model,
is not common in DSGE models, but it is frequently considered in studies of debt sustainability.
See, for instance, Reinhart et al. (2003)[37] and Kraay and Nehru (2006)[32]. In the context of
the model, the country risk premium based on the net foreign assets as a proportion to exports,
combined with the structural VAR characterizing the rest of the world, resulted in impulse
response functions more consistent with the theory.

From Gali, Smets and Wouters (2011)[28], the optimizing representative household has a
continuum of members indexed by (4, j) € [0, 1] %[0, 1]. Index ¢ represents the type of labor service
in which a given member of the household specializes, while the second index, j, characterizes
the disutility from work for a particular member. Parameter 7 controls the intensity of this
disutility. The time discount factor, the coefficient of relative risk aversion and the external
habit persistence parameter are 3, o and k, respectively. Also, there is full risk-sharing among
members of the representative optimizing household, implying that C(i,j) = C°. Define the

expected discounted flow of utility for the optimizing household:

L =0 1,
(CP(i,5) — KCy_y)*

1—0

o0
Eyy p'zf

t=0

— Z8714(3, ) ZE o wgn (2)

In equation (2)), the indicator function 14(7, j) equals one if the individual (i, ) is employed
at time ¢, zero otherwise. There is a labor supply shock ZF, a general preference shock Z& and
it is assumed that preferences over leisure fluctuate with the permanent technology shock Z;, in
order to keep the model consistent with balanced growth path.

Combined with the scale factor v, 7 is an endogenous preference shifter, depending on
aggregate consumption 6? for optimizing households and Cf, which one can interpret as a
smooth trend for 6?. This trend is designed to limit the size of the short-run wealth effect on

labor supply according to the size of parameter v. Weakening the wealth effect is important to

2The presence of Bz‘il characterizes the “debt-elastic interest rate” described in Schmitt-Grohé and Uribe
(2003)[39]. This specification is necessary to induce stationarity in small-open economy models.

3Deﬁning B;‘j_l = (St Bt*+1) / (PtYYt) as the net foreign assets-to-GDP ratio, in mathematical notation Bt*il =

(B;‘_LQXYO / (Qt Qf( Xt), where Q¢ is the real exchange rate, Qf and Qf( are the relative prices of GDP deflator
and exports with respect to the CPI, and Y; and X; are real GDP and exports.



ensure that employment and the labor force fluctuate procyclically as shocks disturb the economy.
The limit on the size of the wealth effect on labor supply approximates the behavior of the utility
function to a model with GHH preferencesEl7 with the advantage of allowing for a balanced growth
path due to the presence of separable utility in consumption and labor. Variables ¢f and Cf

evolve according to equations:

CS
0 =——=5 (3)
(Cy —rCy_1)7

cf = (c8,) 7 [@ - wly]

The mechanics of labor supply for the representative optimizing household goes as follows.
Monopoly unions of each type of labor service i determine W."" () to satisfy labor demand NP (i).
There are members of the household specialized on type ¢ labor, but they are heterogeneous in
terms of disutilities, j, associated with providing that type of labor. The household follows a
protocol that lines up workers of type 4, in increasing order according to their disutilities j, to
supply the employment level NP (7). The resulting employment level associated with workers
of type i can be interpreted as labor at the extensive margin. According to this narrative, the
aggregated version of equation , associated to a representative household, can be represented
by:

—O0

0 CO —kC )170 1 NO(,L')1+17
E tZC ( t t—1 o ZlfazL S / t di
0 ;5 t T t PPy ) T g

The last expression inside brackets is a consequence of the aggregation of disutility related to
N2 (4) O
0 ) 14+n
NEe@H o
Hpdi =

workers selected to satisfy employment level for type i service, NO (i), 3dj =

Then, the disutility is aggregated for a household across every type ¢ service fol
o &y s

A member of the optimizing household specialized on type i has an incentive to provide labor
if the benefit of receiving the real wage for that work, which is U.(CP)(1 — 7N)YWS " (i) PC,
where W™ (i)/PE is the real wage for work of type i and U.(CP) is the marginal utility of
consumption, compensates her disutility from work. Therefore, the following condition holds for
a member with disutility index j willing to provide labor:

O,n

7 . .
A A L U Ly
t

For the marginal supplier of type i labor, denoted by LY (i), the participation condition is:

4See Greenwood et al. (1988)[29]. GHH preferences are often used in models characterizing small open
economies, like Schmitt-Grohé and Uribe (2003)[39], as they stress the interaction between capital accumulation
and foreign bonds in the household’s savings decision.

10
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Use equation 1) and the equilibrium condition C} = C; to obtain:

WO,n .
-~ g gvorigr
t
After transforming variables to render the model stationary and aggregating across labor

type 4, the final expression becomes:
- Om ~
(1 =)W = ZEFpCP (LY)" (4)

2.1.2 Rule-of-Thumb Households and Labor Supply Aggregation

The RT representative household has the same preferences as a representative optimizing house-
hold and also has a continuum of members indexed by a pair (¢,7) € [0,1] x [0, 1], representing
the type of labor and the disutility from work for a particular member, respectively. Again,
there is full risk-sharing among members of the representative rule-of-thumb household, thus
CHI(i,j) = C{*T.

This paper follows the original structure of the model in Castro et al. (2011, 2015)[17][L8]
and Medina and Soto (2007)[34], assuming that RT households follow the average wage set for
optimizing households. Hence, for each labor type ¢ in the representative RT household, we
have W/ (i) = Wto’". Moreover, we postulate that the endogenous preference shifter follows

S
ofS = 07‘}” By assumption, C; depends only on aggregate consumption for optimizing

N (éfT*’iétfl)a
households. Since the marginal supplier of type i compares the utility gains associated with the
average real wage of the representative optimizing household with the disutility from work, in
equilibrium, all labor types have the marginal supplier with the same index j = LF7. These

considerations lead to the equation below, after render the model stationary:

1 - YW = ZFpCF (LET) (5)

Comparing equations and (), we have LY = L. Thus, one of the consequences of
these simplifying assumptions under the context of a Gali, Smets and Wouters (2011)[28] labor
market is that RT households are strict followers of optimizer households, including labor supply
decisions. On the other hand, in labor market negotiations, optimizer households do take into
account the changes in labor supply originated from the marginal RT household. As a result,

the expression for the consumption of a representative RT household is given by:

O,n
N) Wt

CRT = (1 -1/ po NET
t

For each type of household, in equilibrium, we have the following aggregation:

11
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) = / L 045 =P

wrr 1 = WRT
WRT
—RT 1
C, = / —Cfds = Cf"
0 WRT

Moreover, aggregate consumption C; follows the equation:
Cy = (1 — wRT)CtO + wRTCtRT (6)

Concerning aggregate labor supply, a household-specific employment agency uses a Dixit-
Stiglitz function to aggregate differentiated labor services provided by a specific household type
defined by the ability to access asset markets. In effect, assume there is a continuum of uniformly
distributed employment agencies. This setting results in the following demands for labor type 4
for each household, mapping N to each optimizing household in the interval [wrr, 1] and NFT
for all RT agents in the interval [0, wgyr]:

w
Omny. €
NO(i) - (WWo”) NO, vie o1 g
t
‘ WRT,n i —€ .
NET(3) = <W> NET, viel0,1] (8)
t

Indeed, each optimizing household in the interval [cwgrr, 1] has its own employment agency,
which produces NP. Analogously, each rule-of-thumb household in the interval [0, @gr] also has
its specific employment agency that generates as output NFT. These agencies, in the interval
[0,1], then supply NP and NFT to a third employment agency in a competitive market to
produce an aggregate labor Ny according to the following technology:

WRT | 1 1
N, = Min { / L nprgs, / Ntods}
0 WRT wpr | — @WRT

where the index s refers to a given household-specific agency in the unit interval.

Since optimizing households are identical, their agencies produce the same amount of labor.
This reasoning also applies to rule-of-thumb households. The first integral emerges because
each employment agency for optimizing household is uniformly distributed and produces the
same amount of labor N. For the same reason, the second integral is associated with specific
agencies producing the amount of labor NZT from rule-of-thumb households. Each integral can
be interpreted as the mean labor for a given type of household defined by the ability to access
asset markets.

Because agencies within the two classes of households produce the same amount of labor,

these means collapse to these two values. The Leontief technology indicates that the types of

12



labor are complementary in fixed proportions to produce the aggregate labor used as input in
the first stage of production. The specification of a third employment agency is a necessary
step because, in contrast to the original version of the model that assumes a single employment
agency that acts on behalf of all households, we consider a continuum of employment agencies
for optimizers and another continuum set for the rule-of-thumb households.
The optimal input choice implies N; = NY = N/, Unemployment is defined as:
Ly — Ny
Uf ==—— 9
As the technology exhibits constant returns to scale, the aggregate wage compatible with
strictly positive aggregate labor supply leads to zero profits for the employment agency. Hence:
WRT 1

W = WtRT,nds + WtO,ndS _ wRTWtRT,n + (1 . wRT)WtO’n

0 WRT

According to the wage-setting rule for RT households, WtRT’" = Wto’". As a consequence,
W = RTn __ Oo,n
t = Wy =Wy

2.1.3 Nominal Wage Setting for Optimizing Households

Monopoly unions representing optimizing households can sign forward-looking wage contracts
with the household-specific agency for those who can access asset markets. A representative
optimizing household faces a Calvo lottery for wages. In each period and with probability 1— 6y,
on behalf of a given optimizing household, the monopoly union may renegotiate its nominal wage
contract with the employment agency, in which case the optimal wage chosen is Wto’"’*. With
probability Oy, the household’s union cannot optimally change its nominal wage, but update

the wage contract according to the indexation rule:
Omny- w .
W (1) = T W1 (4)

where T}V is a weighted geometric average of wage inflation, CPI inflation, and labor productivity

growth:

w W o\ww zco\4 r4C = 1
Tt = (Ht—l) ((Zt—l) Ht—l) (ZZ)
t

where wyy € [0,1] is an indexation parameter, II}V = W/ /W | is the gross nominal wage
inflation, Z7 = Z;/Z;_; is the stochastic and time-varying gross growth rate of permanent
technology shocks, and ZZ¢ is the cyclical component of Z7, as described in section In this
expression for TV, we have I1}¢ = HFT{ I LTI 5.

Because Wto’" = W, we write the indexation rule and wage inflation for a representative

optimizing household as functions of the aggregate wage W,*. Notation is simplified by writing

13



W (i) = Wp(i) and Wto’n’* = th’*. Finally, setting N® = N; reflects the optimal choice of
inputs for the aggregate employment agency.

On behalf of a representative optimizing household that provides labor services of type i, the
monopoly union can optimally choose its wage, gauging changes in the disutility of labor relative

to changes in the real labor income. The optimal wage-setting problem is the following:

max F f:(e BY S —ZE 21 Zh 07 qp/l N 1y o I SLHOININTY
W (i) th:o w t+hZtt+h Zi+jPi+h o 1+7 t+h t Ptﬁh t+h

subject to: NP(i) = th[’,l,ﬁ“
t

In the problem, A;i, stands for the Lagrange multiplier from the consumer’s problem of a

w
—€
) N, given the simplified notation for wages in equation (/7).

representative optimizing household.

Since each union solves the same wage-setting problem for a specific type of labor service i
provided by an optimizing household, there is a Wt"’* unique for all optimizing households in
the interval [wgrr, 1]. Moreover, Wt”’* is the same across types of labor services i, because the
first-order condition for the wage-setting problem associated with the variety ¢ is such that the
optimal wage depends only on aggregate variables.

In short, given W}, th’*, the indexation rule and the wage index derived from the Dixit-
Stiglitz aggregator of labor, the first-order condition regarding the optimal wage choice leads to

a traditional wage Phillips curve describing the dynamic evolution of wage inflation IT}V.

2.1.4 Demand for Imported Goods and Consumer Price Index

In a departure from the original version of the model, households are allowed to buy imported
goods directly from the rest of the world. In the previous version of the model, imported goods
only mattered for price setting as an input to produce the final good. A consequence of this
assumption is the crucial role of real exchange rate level in explaining domestic inflation, as the
level of the real exchange rate sets the level of marginal costs in the Phillips curve. With the
possibility of replacing domestically produced with imported goods, changes in real exchange
rates also plays a role in domestic inflation for consumption goods.

Formally, total consumption C}, i = {O, RT}, combines domestic consumption (C’tD 1) with
imported consumption (C'tM ") according to a CES (constant elasticity of substitution) aggregator,
with parameters oo and ve, the elasticity of substitution, describing how households bundle

domestic and imported consumption:

vo
ve-1lve—1

. 1 i vo—1 1 i
Ci = |(oc)™e (CP') 7 + (1= oc)™e (Ci) 7e

Prices for these goods are PtCD and PM | respectively. Given C!, the choice of CP* and

CM* results from the minimization of total expenditure PtCD cPiy PMCM subject to the
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CES aggregator constraint. Hence, the first order conditions are:

D.i cP\ 7Y i
el =oc (Q77) T

CM = (1—00) (QM) " CF

where Q¢ Y= PtCD /PE and QM = PM /PE are relative prices. Variable PC defines the consumer
price index (CPI), given by the following expression:

1

Ptc = [OC(PtCD)l_Uc + (1 — OC’)(PtM)l_vC} T
Using the relative prices defined above, the CPI inflation rate (IIY) is:

J
T—vo

I = Joo (™ QE5)! " + (1 - 00) (I QL) ¢ | (10)

where I1¢ = PC/PL,, H?D = PtCD / Ptcj and IIM = PM/PM, . Notice that the change in
real exchange rates is important in setting the inflation of imported goods measured in domestic
currency. The presence of nominal rigidities in price-setting of imported goods avoids an imme-
diate complete pass-through from changes in real exchange rate to CPI inflation, as it will be
discussed in section 2.2.21

2.2 Firms

The production of sectoral goods comprises three stages. The first stage involves a domestic
input producer and importers. The domestic producer blends capital and labor services in its
production process. Importers purchase differentiated raw materials from the rest of the world to
sell to an import-specific assembler. Next, this assembler bundles the differentiated commodities
into a homogeneous imported good. The output of the assembler and the domestic input producer
is used as intermediate inputs in the next stage.

In the second stage, a continuum of intermediate good producers converts imported and
domestic inputs into sectoral differentiated goods. These intermediate good producers require
the use of financial services since they finance a fraction of their imported raw material with
working capital borrowed abroad.

Finally, in the third stage, sectoral assemblers transform the differentiated goods into four
sectoral homogeneous goods. The first three sectoral goods are non-tradable goods aimed at the
domestic market, corresponding to private consumption, government consumption and invest-

ment. The last good is a tradable commodity that is exported to the rest of the world.
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2.2.1 First Stage: Domestic Input Producers

A representative domestic producer supplies an input, Y,”, to sectoral intermediate good pro-
ducers. This firm operates a constant returns-to-scale technology, based in a CES technology,

blending capital and labor services in its production process in a perfectly competitive market:

€D
ep—1 ep—11ep-1

VP =2ZPlaK,* +(1—-a)(Z (N;—N)) » , ep >0 (11)

where K is physical capital, N; is the total labor input, N is overhead labor, which we assume
constant over time. Parameters o and €p, the elasticity of substitution, describe this technology.
In the context of a Cobb-Douglas production function, Castro et al. (2011)[I7] show the presence
of overhead labor reduces the coefficient relating labor demand and production of the domestic
input. Overhead labor generates a convexity in the production function similar, when the model
is linearized, to the assumption of a fixed cost in production, as described in Rotemberg and
Woodford (1999)[38].

There are two technology shocks in the production function. Variable ZP is a domestic
transitory technology shock, and Z; is a labor-augmenting stochastic trend, representing per-
manent shifts in technology. The temporary technology shock evolves according to a first-order

autoregressive process:
log (2P) = p log (22.) + <P (12

The evolution of the stochastic trend follows two components, trying to accommodate the dif-
ferent degrees of wealth effects generated when changes in the level of labor productivity can be
at least partially anticipated. Similar decompositions of labor productivity are adopted in the
recent version of the DSGE model of the Federal Reserve of New York and the NAWN IT model
of the European Central Bankﬂ To be clear, both components alter the labor productivity level,

but the evolution of the growth rate of productivity is different in each of the two cases:

Z,
log (Zt> =log(Z?) =log ZZ + log(ZtZC) + log(Z#™) (13)
t—1
ZZC ZZ_C
log (th> = pzlog ( thl) + Z¢ (14)
log(Z7") = /™ (15)

In the equations above, ZZ is the steady state for the long-run growth rate of technology,
measured in gross terms, ZZ € is the partially anticipated, or cyclical, component of the stochastic
trend, and Z#7 is the unanticipated, or transitory, movement of the stochastic trend.

The domestic input producer takes input prices as given and chooses capital and labor services

5See the FRBNY DSGE Model Documentation, version 1002 (December, 2021)[1] and Coenen et al. (2018)[20].
The model in Coenen et al. (2018)[20] follows closely the solution in Edge, Laubach and Williams (2007)[26],
assuming that agents follow a Kalman Filter process of learning about the evolution of productivity in the model.
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to minimize total input costs, subject to the technology constraint :

RE™K,  + WPN, — TP

min

ep—1 - ep—1 €;D,1
Ko Ne | +PPYP —ZP {aKt? +(1—a)(Z (N,—N)) P ]

where TtD’" is a lump-sum transfer from optimizing households which is equal to the overhead
labor cost. The transfer ensures a well-defined solution to the optimization problem above.
PP is the Lagrange multiplier associated with the technology constraint, which is equal to the
nominal marginal cost of changing the use of the domestic inputs. Cost minimization yields
the demands for capital and labor. Substituting equations defining factors demands into the
technology constraint results in an expression for the marginal cost as function of factor

prices for capital and labor.

2.2.2 First Stage: Importers

Consistent with the evidence on deviations of the Law of One Price, the model has nominal
rigidities expressed in terms of local currency pricing of imported and exported goods. The
inclusion of local currency pricing helps matching relevant moments of real exchange rates and
foreign prices. In fact, the literature has shown nominal rigidities are responsible for a significant
share of exchange rate fluctuations. In Adolfson et al. (2007)[], foreign shocks, including
those in export and import markups, explain almost all exchange rate fluctuations in Europe.
Furthermore, the model with correlated import and export markup shocks has a significantly
better match with unconditional second moments of the real exchange rate, compared with a
version of the model with iid shocks. In this subsection, the problem of importing firms is
detailed, with the problem of exporting firms presented later.

A continuum of importing firms indexed by j € [0,1] choose first the amount of imported
varieties they need to produce a homogeneous good sold in a monopolistically competitive market
to imports assembler in the second stage. Importing firms set their prices according to a Calvo
scheme. The homogeneous good produced by the assembler is used as an input to produce sectoral
differentiated goods. The assembler converts the differentiated inputs into a homogenous good,

bundling the differentiated varieties according to a Dixit-Stiglitz aggregator:

€

1 a1 ear—1
Mt = </ (ijt) M dj) , ENM > 1 (16)
0

where M; is the homogenous imported good, M. is the imported variety j, and eps is the
elasticity of substitution across varieties. P;}/t[ is the local-currency price charged by importing
firm j and PM is the local-currency aggregate import price. The choice problem of the import

goods assembler, subject to equation , yields the following demand for the jth imported
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commodity and the following import price index:

pM M
J,t
M = i M; (17)
P}

1 1—e ) 1—1eM
PN:(/O (PY) Mdj> (18)

Importing firms are price makers in domestic markets and operate under price rigidity ac-

cording to the Calvo scheme. Define the sectoral inflation IM = PM /PM,. In each period, an
importing firm j faces a constant probability 1 — 6, of choosing its prices according to current
market conditions. On the other hand, with probability 6,,, it updates the price according to

past sectoral inflation:

PM =xMPM_ (19)
Téw :HtAil (20)

Define PM" as the foreign-currency price of imported varieties. The value of profits accrued
to firm j is given by:
P M, — (StPtM*) M

At period t, importing firms allowed to optimally set prices maximize the real value of the
expected discounted flow of their profits along the paths over which their own price is not
adjusted optimally. From the definition of the value of profits and the demand constraint ,

the firm solves:

ST P TP
max [y Z (OmB)" At iy # P, - # SepiP | My
P =0 t+i t+i

Since all firms able to change their prices face the same costs, they choose the same optimal

*
price. The first-order condition implies the following expression for optimal price PM :

= i ) .
Ey Y (0mB) Atir ( pt}xf ) St PMG My

PM* &M =0 (21)
t - e — 1 0 i ™ N\ 1—em o
Et Z (eMﬂ) At,t«‘ri ( Pt&+l) Pt-}-thJr’i
1=0 t4i

According to this expression, the firm sets its optimal price as the ratio of their expected
discounted sum of marginal cost to their expected discounted sum of marginal revenues. In the
absence of nominal rigidity, the optimal price is the usual markup over the marginal cost, with

the markup being €y /(epsr — 1). From expression , the following equation characterizes the
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imported good price index:

pM =

e x\ 1mem | Tmem
O (TintAill)l + (1 —6n) (PtM ) ] (22)

. . . . . *
One can write the expression above in terms of relative prices QM = PM/PF and QM =
*
PM" /PE, where PF is the consumer price index (CPI) defined in the household problem.

1
M * =ar
@ = o (1St ) e g - ou) (@) 23)
t
Lastly, the gross inflation rate of imported goods can also be expressed in terms of relative
prices:
PM M
= T = g (24)

- PM QM
Conditions — lead to the formulation of a New Keynesian Phillips curve describing

the evolution of M.

2.2.3 Second Stage: Sectoral Intermediate Producers

In the second stage, four sectors in the economy are specified, based on the components of the
domestic demand of goods: domestic private consumption (CP), government consumption (G),
investment (I) and exports (X). Each sector is characterized by a particular price-setting behav-
ior, based on variations of the Calvo setup. In each sector, there is a continuum of intermediate
good producers indexed by j € [0,1]. Each intermediate good producer operates a constant
returns-to-scale technology that converts imported and domestic inputs into sectoral differenti-
ated goods. Moreover, intermediate good producers require the use of financial services since
they must finance a fraction of their imported input with working capital borrowed abroad.
Intermediate good producers combine the domestic input with imported goods according
to a CES production function to manufacture differentiated intermediate goods that sectoral

assemblers use in the third stage:

= =1 a M a
Vi =\ (@n)™ (Yi£) 7 + (1 —oop) [(1 ~TH (Mﬁt )) Mﬁ] (25)
t—1

where H = {CP G,I,X}, Mft is the imported good, I'¥(.) is an adjustment associated with
the imported input as a function of the sectoral level of imports, Mj{{t /M|, wg € [0,1] is
the weight of the domestic input in the production, and ef > 0 is the elasticity of substitution

between the two inputs. The following functional form for the adjustment cost satisfies in the
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steady state F%I't =T¥ =0:

2
M MJ{It 199{4 M 719}\/1 M]g
Ty " | = (ZH,t) # g =1
MH 2 ME

where ¥}/ > 0 and Z%t is an import demand shock.

Each sectoral intermediate good producer takes as given input prices and decides the combi-

nation of inputs that minimizes its total cost:
min {PPYR,, + P 14y (RiSE" - 1) | M}, vieH

subject to the technology constraint . Parameter ¢ defines the fraction of the imported good
that must be financed abroad, by signing intra-period loans contracts at the net interest rate
RSP " — 1. The working capital constraint captures some of the observed trade credit frictions
in small-open economies.

Define M Cth" as the Lagrange multiplier (in nominal terms) related to the technology con-
straint and let P}i‘,{t = [1 + i (R;ka* — 1)] PM be the effective import cost in sector H and
I‘?{” (M]Ht/MtIil) =T (M]Ht/Mﬁl) Mﬁ Given that all firms face the same technology, same
input prices and have adjustment costs that do not depend on history — thus, in equilibrium
Mﬁ J/MH | is the same across firms — and same real marginal cost, the first-order conditions

describing the optimal choices of inputs Yﬂ and M ]{{t result in the following two conditions:

Y., =y (PtD> o vH (26)
2Jst MCtH Jit
_ pM o
i (f—l?j‘j{) M H}\tﬂ Hn Vi 27
i) \ (1-T¥, - i) mc,

After substituting the optimal input-output ratio into the technology constraint, the following

equation describes the nominal marginal cost in sector H:

1
l—egmy T—epy
PM

176H
McH" = | wy (PP +(1-wp)| ——————~
| e T
which is a weighted average of the cost of the domestic and imported inputs. For the purpose
of the estimated model, we assume the production of government goods does not use imported
inputs, i.e., wg = 1. Hence, government consumption is a non-tradable good whose real marginal
cost of production is equal to P, that is, MC’tG’" = PP.
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2.2.4 Second Stage: Domestic Consumption Sector

Two types of intermediate producers compose the domestic consumption good sector. Firms
use the same technology, face the same cost minimization problem and take into account similar
downward-sloping demand curves for their products. However, they differ regarding their pricing
strategies: the set of administered prices identifies firms that are less sensitive to demand and
supply conditions or prices that are in some way regulated by public agencies. A firm indexed by
j € [0, 4] is not free to choose its own price and must follow an exogenous pricing rule, specified
by the government. The letter A denotes the set of firms that have their prices monitored or
administered by the government, while the letter F' denotes the set of freely-set price firms, where
AUF =CP.

In this respect, a fraction 1 — w4 of firms in the domestic consumption good sector choose
their prices according to the Calvo setup: whenever possible, these firms set their prices freely,
responding to current market conditions. In each period, a firm j € F faces a constant probability

Or of adjusting its price according to the indexation rule:

P ="{Pf, |, VjeF (29)
T =T (30)

The expression for TI includes the overall CPI inflation (TI¢) with a lag, instead of the
freely-set price inflation. In this way, as usual in private contracts, the firms that update prices
take into account overall inflation in the economy. On the other hand, if the firm is allowed to

choose its prices optimally, it solves the following price optimization problem:

P c
it i

(o9}
i F F cP, F ;
max [ Z (0rB) Attt (Tt,t+in,t - MG, n) Yiigin VIEF
=0

subject to the demand faced by the firm, given by:

pert

—eP

YF . pF\ @

F tt4it gt cP .

Yj,t+i =\ —%5Hcpo Y1, ,Vi>0
t+i

D
The variable M C’Sri " denotes the nominal marginal cost incurred in the production of the

domestic consumption good is similar to . After substituting the demand constraint into the

objective function, the optimal freely-set price P is determined by the pricing condition:

P
00 ) F —€cD
i Tyiti CcP vy, P
. P Ey 2(91?@ At it ( ng” MG
PF — C 1= t+1

t

£, —1 00 s YF I=ecp D~ 0D
Ey > (0rB) Aty ( Pt’ctﬁl) P YT

oD
i=0 t4i
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We define the freely-set price index as follows:

1
1 D P 1—eP
pF = ( / pPe 1_Ech'> cb
t 1— wa jeF( 7,t ) 1
17511’

1—€P
1—€P * cb cb
- (0F (rFPE) s -0 (P ) (32)

*
One can write the expression above in terms of relative prices QF = PF/PF and Qf =
P /PE, where P is the consumer price index (CPI) defined in the household problem:

Qf = {QF <TF Qt_l) 1-¢lp +(1-6p) <Qf ) 160D] (33)

e
Also, by definition, the gross free price inflation rate is:

P I

F _ P _ Q4
t =7 pF T NOHF
Py Qt—l

¢ (34)

Conditions — lead to the formulation of a New Keynesian Phillips curve describing
the evolution of I1f".

We now discuss the set of administered prices in domestic consumption-good producers. A
firm indexed by j € [0,w4] is not free to choose its own price and must follow an exogenous
pricing rule. Let ij‘t be the price of firm j € A. In each period ¢, a fraction 64 of firms are
randomly selected from the set A and are allowed to set their prices following the rule Y, which
is a function of overall CPI inflation, real exchange rate, commodity-price inflation and a price-
specific shock Z. The remaining fraction 1 — 64 of firms update their prices by choosing PtA*,
according to a conventional Calvo scheme:

A_ Tf‘ij‘tfl, with probability 64
»t PA", with probability 1 — 0,4

The novelty in the formulation is that, for estimation purposes, parameter 4 assumes a value
arbitrarily close to one. Thus, almost all firms set prices based on a rule capturing changes in
domestic factors through CPI inflation as well as through movements in the real exchange rate
and commodity price inflation. Define P;”* as commodity price index and II;*" = P*" /P

as commodity price inflation. The functional form defining indexation factor Y{ is given by:

A ach s [ Q¢ v Q1 co,*>v’24 A
Tt - {(Ht—l) (Qt—l) <Qt—1Ht }Zt (35)

In the expression above, II}¢ = IFTIC | TIY ,TT¢ . Parameters v} and v% are positive weights

and Q; denotes the real exchange rate. The term Z; is a stochastic exogenous process capturing
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shifts in these prices that are not explicitly modeled.

The overall administered price index is defined as follows:

1
PtA — (1/ (P]%D)l_engj) 1=,
WA Jjea 7

We rewrite the index as:

1

* 1-eP
Pt = (04 (xipA) oo (1= (P17 ) 1m0 ) T (36)

The relative price Q! = PA/PF is:

QA_ _.P * _CP 175113
of = (aA (T? r}tcl oo 4 (1-0,4) (QA ) 1=ccr ) " (37)
The following identity describes the law of motion for the administered price index:
A
m = 9 e (38)
Qi

Even with the arbitrary indexation rule, it is still valid that all administered price firms will
still converge their price changes to the steady-state inflation, II* = II". Domestic consumption

price index is expressed as a weighted average of freely-set and administered price indices:

1—e

1 ﬁ 1P
P = ( / <PJ%D)“5de>1 7 = ( [ weryog | (PJ%DWEde) o
0 JjEA jeF

Combining the definition of P/ and P/, an expression for domestic consumption price index

follows:

cP a1-€efp 1—€efp 1_€1PD
PF = lwa (PP) "+ (1 —wa)(P) @ © (39)

Finally, the following equation describes the relative domestic consumption price Q¢ P = PtCD /PE:

1—eP

oP A\1-¢fp m1-eip cb
QY = |wa (Qt ) + (1 —wa) (Qt ) (40)
Inflation rate for domestic consumption is:

CD
cP _ Qy C
Iy = D IT;
t—1
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2.2.5 Second Stage: Government Consumption and Investment Sectors

Each sector intermediate good producer in the government consumption and investment sectors
faces a downward-sloping demand curve for its good and set prices following a conventional
Calvo scheme. In each period ¢, with probability 1 — 0y, each intermediate good firm j € H,
for H = {G, I}, sets its price optimally. Define sectoral inflation as 1Y = PH/PH,. With

probability 8y intermediate good firm j follows the indexation rule:

pli="Pl |, jeH={GI} (41)
Tf = Hth (42)

Unlike the previous version of the model in Castro et al. (2011, 2015)[17][18], the indexation
mechanism of these prices, and also for freely-set prices, is strictly conventional in the Calvo
scheme, without the current value of the inflation target playing a role in inflation indexation.
Estimation of the model with the inflation target as an explicit piece of the indexation mechanism
generated very similar results compared with the model with conventional Calvo scheme of
pricing. Thus, the option for a model with a smaller number of parameters to be estimated

was preferred. Intermediate good producer setting prices maximizes expected discounted profits’

flow: -
max B, D (0uB) A (Tftﬂpﬁ - MCHZL) Vi, VieH={GI}
gt =0

subject to the respective demand constraint:

PH

TH ., PEN
i =2t v, VieH={G.I}
t+1

The first-order condition with respect to P, considering that marginal cost follows equation

J,t?

*
, and that Pj{{t = PH for H = {G, I}, is:

X [ T{{t#»i _Eﬁ H,TL H
R P Ey ZO (0rB)" At tyi P, MC YL
pPH” — > = =0 , o (43)
1B 0n®) M ()P
The sectoral price index PH in sector H = {G, I}:
1P " 1—5Z 1—eh
Pl = <9H (r/PH)) T 4+ (1—0n) (PtH ) ) (44)

The price index above leads to an expression for the relative prices Q = PH/ PE that
* *
depends on QF = PH /PF, where PC is the consumer price index (CPI) defined in the
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household problem.

H _ g @\ 1 er HY \ 1-¢F 1’155
QY =(0u (7T, e 4 (1—0n) (Qy " (45)
¢

Lastly, we define the gross inflation rate as:

H H

H __ Pt _ Qt
t 7 pH = HH
Ptfl Qtfl

Iy (46)

Summing up, prices that are adjusted without considering current market conditions and
firm forward-looking behavior are set according to , whereas optimal sectoral prices follow
equation . Lastly, expression determines the sectoral price index. These equations,
combined with the definition of sectoral gross inflation rate in equations and , considered
jointly define New Keynesian Phillips curves for sectors G and ]ﬂ

2.2.6 Second Stage: Export Sector

The price setting in the export good sector follows the Calvo framework, with exporting firms
setting their prices in foreign currency. Let Pjﬁ be the foreign-currency price of the variety sold
by the jth intermediate producer of sector X. In each period ¢, with probability 1 — 6x, each
intermediate good firm j € X sets its price optimally, and with probability 6x it adjusts the
price according to an indexation rule that combines past sectoral inflation in foreign currency

and commodity-price inﬂatiorﬂ with indexation parameter wx € [0, 1]:

PX =_PY (47)
T = ()™ (g ) e (48)

Compared to the model in Castro et al. (2011, 2015)[I7][I8], the inclusion of commodity-price
inflation on the indexation mechanism for export prices is another simple change to allow for the
effect of such prices in the economy.

The producer of the intermediate export good who sets its price optimally maximizes the real

value of the expected discounted flow of profits in local currency as follows:

HFI)E)%(X Et Z (0)(6)1 At,tJri (Tt{(tJriStJrin{i — MCﬁ?) ij‘,};rz

it i=0

6 Appendix [A| shows the recursive formulation of the Phillips curve for sectors G' and I used in the model.
7Commodity-price inflation is expressed here as a gap with respect to its mean. Thus, the indexation mecha-
nism must be normalized by foreign inflation, as described in equation (47]).
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subject to the demand constraint:
TX pX\ "%
YX _ t,t+i~ j,t YX
gri =\ T px t+i
t+i
The first-order condition with respect to Pj)f;, considering the nominal marginal cost defined

*
in and that, in equilibrium, P, = PX | is given by:

Jt

P
) 4 Tt),{t+i T X,ny X
P Ey Y (0xB) At evi P MCTY,

x* _  €x i=0
Pt o €§ -1 o] i TX, . 1—ek X ux (49)
Et ;) (GX/B) At,t-{-i ( Pt{(:j) St‘f‘lPtJriY;Jri
The law of motion for the export price index P is:
1_€P * 1—6; 1755
PX =10x (YFPY)) ™ +(1-0x) (th > (50)

* *
An expression that relates the relative prices Q¥ = PX /P and QF = P /P obtains
from the export price index above. The variable PC is the consumer price index (CPI) defined

in the household problem.

X _ Xth—l 1—eb X* 1—eP ﬁ
Qt = <0X <T ) X + (]. 79)() (Qt > X) (51)

t C
IT;

Finally, the expression for the gross inflation rate of the export good sector is given by:

PX QX
I} = S = 117 52
CTERL Tan )

Equations — describe a New Keynesian Phillips curve governing the dynamics of Htxﬂ

2.2.7 Third Stage:

Firms operating in the third stage of production transform sectoral intermediate varieties into a
sectoral homogenous good in a perfectly competitive market. Aggregation is based in a Dixit-

Stiglitz function:
P

€

P

1 e —1 55%1
P .
v = ( /0 (Y1) % dJ) (53)

8 Appendix [A] shows the recursive formulation of the Phillips curve for export prices used in the model.
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where H = {CP I,G, X} denotes the four corresponding sectors (private consumption, invest-
ment, government consumption, and exports), Y, is the sectoral final output and Yf{ is the
input associated with intermediate firm j. The variable €£; > 1 is the elasticity of substitution
between the differentiated intermediate varieties.

In each sector H, sectoral goods assemblers choose the optimal quantities of each variety by

solving the following problem:

1
m%x{PtHYtH 7/ PﬁYﬁdj}, VH,Vj € H
v , At
J,t

subject to 1) P! denotes the aggregate price of home good H, and Pft stands for the price
of a specific intermediate variety j. In particular, for H = X, PH and Pﬂ are expressed in
foreign currency because it is assumed the presence of pricing to market. After substituting the
Dixit-Stiglitz aggregator into the objective function, the first-order condition with respect to Yﬁ

engenders the following demand for the jth variety:

PHN\ T
vii=\pm YA, VHYjeH (54)
t

The zero-profit condition for sectoral good assembler yields the sectoral price index:

! 1—eh ﬁ
PH = ( / (PR dj) \VH (55)
0

2.3 Monetary and Fiscal Policies

Monetary policy follows a simple Taylor rule in which monetary authority sets nominal interest
rates based on expected inflation and the growth rate of output. It also considers interest rate
inertia and a time-varying target, based on changes of the inflation target and the expected value
of the cyclical component of non-stationary productivityﬂ Monetary policy shocks, described
by ZE follow an MA(1) process, in order to capture the short-run dynamics in monetary policy

decision process. The Taylor rule and the evolution of the inflation target are given by:

1=77)
C Y 7 Yy (
—C ELI1 Y Z R
R, = R]" |II, R ( —H v 57 e’ (56)
BT t—1%5s
—C —Cc\ 1= Pac /=C \PmC o , 1,2 10,6 10,10
I = (Hss> (Ht—1> +exp(e ™ +e 5+ €+ €. 10) (57)
nat 1 ZC\9
R} = — (EtZH_l) (58)
B
9Note that the steady state of nominal interest rates, derived from the consumption Euler equation, is given
c
by Res = Hgs zZ.
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The structure of the equation describing the inflation target has a few distinctive features.
First, we assume the inflation target follows a very persistent process that evolves according to
the parameter pmc arbitrarily close to one. Second, there is a set of exogenous and independent
shocks describing anticipated changes in the inflation target over two, six and ten quarters. The
timing of the anticipated shocks is consistent with the Brazilian experience, matching the timing
of new target implementations over time.

Compared to the previous version of the model in Castro et al. (2011, 2015)[I7][18], fiscal
policy is more detailed, now characterized by two rules describing labor taxes and the primary
surplus target, completed with an exogenous process for lump sum taxation. One of the taxes
is distortionary, affecting labor income, as described in section [2.1} Government chooses the
primary surplus target based on past primary results and the expected debt level with respect
to its magnitude in the steady state of the model. The rule, thus, generates a smooth transition
of the current values of the primary result to the one required to stabilize debt. In Castro et al.
(2011, 2015)[I7][18], the target for the primary result is set as a function of the contemporaneous
level of government debt, which generates significant volatility in a model with distortionary
taxation. Labor taxes are set based on the deviation between the current and the target level of

the primary result.
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MY = 0.25(SY + SV, + 5!y + SVy) (64)

In the equations above, BY is the debt-to-GDP ratio, S} and gf are the primary surplus and
its target (both as a proportion of GDP), G is exogenous government spending, 7V are labor

L . . )
T, is nominal lump sum taxation.

taxes, as mentioned in the section on households, and
Equation also defines an overall tax rate over nominal GDP and equation describes
the evolution of TtLump . Finally, the last equation specifies a smoothed version for the primary

surplus (S7).
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2.4 Demand for Brazilian Exports and Rest of the World

Export goods X; from Brazil are homogeneous goods before they leave the dock. Nevertheless,
they become differentiated commodities in international markets. Analogously to the domestic
economy, the rest of the world (ROW) uses the Brazilian exported good as a productive input.
The exports assembler ships the Brazilian good abroad at the price P/X ", in foreign currency.
Next, foreign producers combine the Brazilian good with the goods produced elsewhere, which
we label ;P ", In parallel with the domestic economy, the foreign output is a composite between

\ 7 “and imported inputs from Brazil. The following expression summarizes this technology:

*

o1 o1\ eI
v = (@@ (-] T e am () )

where M, = X; holds, with €* > 0 being the elasticity of substitution between Brazilian exports
and the goods produced elsewhere. The parameter w* is the share of Brazilian exports in the
ROW output bundle and TM " is an import adjustment cost with 9™~ > 0:

LM N XY ?
= () T A —1> 65
t 2 < t Xt—l/}/;*,l ( )

The foreign good producer chooses the optimal combination of the Brazilian input and the

inputs from elsewhere, so as to minimize its total cost:

min {PtD*YtD* + PtXXt}
X4, Y,P”

subject to the production function for Y,*. Denoting P;* as the Lagrange multiplier related to the
technology constraint, I'M " as the derivative of the adjustment cost function, and Q¥ = PX /P,
as the relative price of Brazilian exports in foreign currency, the first-order condition with respect

to X; results in the following expression for the world demand for Brazilian exports:

W* Qt ) - *
X = - : Y, 66

One of the main changes of this version of the model is related to the world’s economy

and the evolution of imported prices in foreign currency. Instead of using AR(1) shocks to
characterize these variables, the world’s economy is described by a vector autoregressive (VAR)
model including five variables: GDP, interest rates, inflation, risk aversion and commodity prices.
An additional auxiliary equation links changes in import prices, denominated in foreign currency,
with changes in commodity prices. The VAR, combined with the auxiliary equation for import
prices, allows for not only an improvement in terms of policy analysis, but also provides a simple

approach to include commodity prices in the model without a complete structural description
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of a commodity sector in the economy. The estimation of the VAR is made apart from the
structural model for Brazil, using a Gibbs-sampler with sign restrictions and two lags. From
a theoretical perspective, estimating the VAR apart from the rest of the structural model is
possible because of the small-open economy hypothesis for Brazil, postulating that shocks in the
domestic economy do not influence the rest of the WOﬂ(ﬂ. From a practical perspective, the
procedure also significantly reduces the complexity of the SMC procedure due to the smaller
number of parameters.

Define Z; = [Y;*; R}; I15; V¥ PE%*] as the vector stacking foreign variables, A; as the matrix
of coeflicients for lag ¢ and €; as the vector of structural shocks with covariance matrix B. The

VAR is presented in the following form:
Zr = A Zf  + () FAZE L+ €, € ~N(0,B) (67)

Sign restrictions identify four structural foreign shocks in the VAR: demand, supply, financial

and monetary policy. The sign restrictions imposed are summarized in table

Table 1: Sign Restrictions for VAR Identification

Interest Rates GDP Inflation Risk Commodities

Monetary Policy + -

Supply Shock - + -

Demand Shock + + +
Financial Shock - +

As mentioned before, a new equation provides a link between the relative import prices in
foreign currency and commodity prices. The equation augments the AR(1) process used in Castro
et al. (2011, 2015)[I7][I8] with a lag of the commodity price index as an additional term. Thus,
commodity prices have an indirect effect to the domestic economy, through the transmission of
changes in these prices to the variables of the rest of the world. It also has a direct link from

commodity prices to the domestic economy. The equation is defined as:
log(Q"™/QAL) = paurlog (@115 /QAL) + clog(PE%3 /P™) + €™ (68)

2.5 Market Clearing Conditions and GDP

Starting at the first stage of production, firms operate under flexible prices. Thus, the total
domestic input supplied by the domestic producer to sector H = {CP,I,G, X} matches the
total input demand by all firms j operating in sector H. Also, the supply of the imported input
in sector H = {CP, I, X} equals the total demand for imports by all firms j operating in sector

H. Aggregating across all sectors, the market clearing condition for domestic and imported

10See, for instance, Canova (2005)[I5] with a discussion and an application of such procedure for VAR models.
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inputs is:
VP =Y  + YR+ YR + Y, (69)

M, = ME” + M} + M¥ + M (70)

Total sectoral inputs result from the aggregation of equations and :

pp \ "
Yfﬁt = WH < CHn> }/tH (71)
M e
e = i i (™)
1-T%, (1 —TY, - r%}) M

The aggregation of differentiated goods in the context of a Calvo pricing mechanism and a
Dixit-Stiglitz technology generates a distortion associated with the price dispersion across goods’
varieties. However, in the context of linearization of the equilibrium conditions, the distortion
resulting from price dispersion disappears from the model. Formally, aggregating across all firms
j in each sector H = CP,I,G, X yields:

1 1 P% —<k
:/ Yj{{dj:yﬁ/ P% dj = YHoH
0 0 t

P
The integral vl = fol (Pf1/PH) ' dj represents the price dispersion effect. In a linear

approximation around the steady state, vf = 1. Also, the following equalities hold:
—OtD7 t_Ity —GtandY —Xt

The Calvo mechanism also generates a distortion in labor supply, as a consequence of wage
dispersion across labor types. However, again, in a first-order approximation around the steady
state of the model, labor supply from households will be the same as the labor effectively provided
by the aggregate employment agency. Market clearing in labor markets, combined with the
adopted hypothesis about wage-setting for rule-of-thumb consumers, results in the following

equation:

N, = / / NET (i)dids + / / NP (i)dids
E€RT cO
RT, - WO —e¥
W n n
NRT/ / ( o > dids + N / ( o > dids
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w
Again, after defining v¥ = fol (%) h di, the wage dispersion effect is given by: v}V =
wpr + (1 — wrr)v?, which equals onte if the equilibrium conditions of the model are linearized
around the steady state.
With respect to households, equation @ describes aggregate consumption. Because each
household member has full consumption insurance, asset accumulation is a household decision,

not an individual one. Therefore:
Joco Lsids = I; [ .o Ksvds = Ky [, Bstds = By and [, BS ds = By

where I;, K;, By and B} are the corresponding economy-wide counterparts.

2.5.1 GDP Definition and Law of Motion for Net Foreign Assets

It is important to discuss the definition of nominal and real GDP for market clearing and ag-
gregation purposes. In conventional models with a single sector, real GDP is defined during
aggregation, clearing markets with the equations defining supply and demand of goods. In the
model described above, where every component of aggregate demand is defined as a unique sec-
tor, with a unique price-setting behavior, it is not possible to pin down real GDP. Denote real
GDP as Y; and GDP deflator as PY. Using the nominal value-added concept, nominal GDP
PY'Y, satisfies the following National Accounts identity:

PYY; = PCC, + PII, + PGy + S, PX X, — S, PM MM (73)

The last expression v} defined the price dispersion in imports, and, as it was the case with
other sectors of the economy adopting the Calvo pricing mechanism, a linear approximation
around the steady state of the equilibrium conditions results in v} = 1.

Because the model contains only sectoral outputs, there is no equilibrium conditions to pin
down real GDP: it is only possible to characterize nominal GDP. Thus, it is necessary to introduce
an additional equation to determine this variable. Define the Laspeyres quantity index as follows,

with the subscript ss identifying steady state variables:

PSCy+ PLI + PSGy + Sgs PE Xy — Sy PM MM

Y =
‘ PSC:;CSS + PSISIss + PSC;GSS + Sssps)ngs - SSSP‘éZ\g*MSSUé\g

(74)

In the numerator of the expression above, weights on quantities are the base-year prices,
considered equal to steady state prices. The denominator displays the nominal value added in
steady state. After normalizing real GDP in steady state, Y;s = 1, the denominator of the
Laspeyres index is PYY,, = PY. Using PY, in the denominator of the quantity index, and the
fact that vM = 1, divide the numerator and the denominator of equation by PSC; to obtain:

QLY, = Ci + QLI + QS.G: + QusQE Xy — Qus QM My} (75)

32



where Qs = S, P, /PS is the real exchange rate in the steady state, QY, = PY /PS, QI =

s s
PL/PS, QS = PS/PS, QX = PX/Px, QM* = PM"/P* and P?, denotes the steady-state
value for the general price index in the rest of the world.

Under the strategy described above, real GDP is determined in equation and the model
pin down GDP deflator according to equation . An alternative strategy, used in the original
version of the model, is to define a geometric mean price index for P} and use the expression
to determine real GDP. Both strategies are equivalent in a linear approximation around the
steady state.

Finally, equation describing the evolution of net foreign assets is obtained by combining the
budget constraints of all households in the economy with the previous aggregations results, as

well as the government budget constraint. The final equation for net foreign assets is given by:

B, _(YH Q; TI¢

= BiY + NX} — LY
RiSF H%Qt-lﬂf*> I

where B;Y, = S;B}, /P Y;, NX/ is the net exports-to-GDP ratio and L;¥ is the total payments
of interests on external borrowing due to working capital restrictions, measured as a proportion
of nominal GDP. Expressions for NX} and L;? are:

SiPXX,  S,PM M,

NXY = -
t PtY-Y)-f PtY-Y)-f vt

. . PMMH
L= un (RSP - 1) oy
H t

2.6 Shocks

This section presents a brief discussion on the functional form of the structural shocks in the
model. The model has four technology shocks: transitory productivity (ZP, presented in equa-
tion ), cyclical component of permanent technology growth rate (ZZ¢, equation )7 tempo-
rary component of permanent technology growth rate (ZZT, equation ), and an investment-
specific one (Z]). The investment-specific shock affects the functional form describing the adjust-
ment cost of investment growth. These shocks follow an AR(1) process, except for the temporary
component of permanent technology growth rate, which is a white noise. The evolution of non-
stationary productivity is discussed in detail in subsection [3.2}

Households are directly affected by five shocks. The intertemporal Euler equation for domes-
tic consumption, in equilibrium for optimizing households, shows a preference shock (Z¢) and
domestic risk premium shock (S2). The UIP (uncovered interest rate parity) condition, derived
from the first order condition of foreign bonds has a country risk premium shock (ZF") and an
ad hoc disturbance (ZtQ ). Finally, the labor-leisure choice described by the intratemporal Euler
condition is affected by a labor supply shock (Z[). Again, these shocks follow an AR(1) process.

The model also includes ad hoc cost-push shocks associated with New Keynesian Phillips
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curves. We do not impose time-varying elasticities of substitution for Dixit-Stiglitz aggregators
as the source of markup shocks in order to preserve the recursive formulation derived from the
non-linear equations describing the first-order conditions with respect to wages and priceﬂ
Following Smets and Wouters (2007)[40], cost-push shocks are characterized by an ARMA(1,1)
process, in order to accommodate both short- and long-lived movements in prices. Moreover, the
sign of the MA(1) component is negative, characterizing the exogenous high-frequency move-
ments of the price level as partially mean reverting. The model contains shocks to the wage
Phillips curve (Z}") and the same cost-push shocks (Z/) for the Phillips curves in sectors G, I
and for the equation describing inflation dynamics associated with firms that choose prices freely
in sector C’ Also concerning sector CP, there are specific shocks driving the pricing rule
followed by firms with administered prices (Z{!). Lastly, distinct shocks (Z/ ™), different from
ZtP , drive the Phillips curve for export sector.

The policy block comprises fiscal and monetary rules. Regarding fiscal policy, government
consumption (G;) and lump sum taxes are characterized as an AR(1) process and specify two
white noise disturbances associated with fiscal rules for two variables: targets for government
surpluses and labor tax rates. Monetary policy follows a Taylor rule with a monetary policy
shock (ZF) described by a MA(1) process. In addition, we model the inflation target (ﬁtc) as a
random walk with one unanticipated disturbance and three uncorrelated news shocks associated
with the horizons of two, six and ten quarters.

Concerning the dynamics between the domestic and the foreign economy, the VAR relating the
rest of the world observed variables and the equation characterizing the dynamics of import price
goods measured in foreign currency, described in section[2.4] associate six observed variables with
six exogenous shocks. Shocks in these equations are white noise. There are also shocks affecting
the Brazilian demand for imported goodﬂ (Z%t, for H={CP?,G,I,X}), and the demand from
the rest of the world for Brazilian exports (ZM"). These shocks follow an AR(1) specification.

2.7 Transformations to induce stationarity

The model has two stochastic trends, a nominal one whose stochastic growth rate is ﬁtc and a
real one whose stochastic growth rate is ZZ. Along the balanced growth path, all real variables,
except for labor, grow at the same rate ZZ, whereas levels of all nominal variables, except for
nominal wages, grow at the same rate ﬁtc. Nominal wages incorporate the two stochastic trends.

Regarding notation, we denote all detrended variables dv with a tilde (Zi;) In order to write
down the model in its stationary form, all real variables are divided by the level of technology
Z;. Analogously, all variables describing nominal price levels become stationary by dividing their
corresponding levels by the price PC. To cast wages in their stationary form, we divide them
by both Z; and PC. The same approach is used for T;"“™”" Finally, we detrend the smooth

HWriting the non-linear system allows for the use of non-linear solution methods to compute the equilibrium
conditions, which is essential to carry out welfare evaluations with the model.

12Subsection also discusses a few motives for this simplification considering the estimation process.

13Subsection discusses a simplification imposed in the structure of these shocks for estimation purposes.
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trend for consumption (C) as follows: C7 = % Some variables, including labor, ratios to
t

GDP and financial variables such as interest rates and foreign investor’s risk aversion are already

stationary. Finally, a variable with the subscript ss represents its steady-state value.

3 Estimation

3.1 Data

Compared to the model described in Castro et al. (2011, 2015)[I7][I8], there are both changes
in the number of variables observed and also in the treatment of these series in this version of
the modeﬂ Most of the changes in data treatment, as it will be later discussed, are related to
the extended sample size used for estimation. With respect to the number of variables observed,
there is a trend in the literature, especially in models designed for policy analysis, of including
data that is considered relevant to characterize new features added to old models, or to better
characterize the dynamics of the economy. As examples, Corrigan et al. (2021)[22] expanded the
number of observed variables in ToTEM III to 50, as the model now incorporates information
on exports of commodity goods and a detailed housing market. Following the same line, the
evolution of the original model described for Sweden in Adolfson et al. (2013)[3], “Ramses
II”, includes three additional observed variables: unemployment, interest rate spreads and the
interest rates to non-financial corporationd’} In Coenen et al. (2018)[20], the new model for the
Euro Area includes 6 additional variables to characterize the new financial frictions incorporated
in the model. It also includes information on long-term GDP growth and inflation expectations.

The model includes 30 observed variables, incorporating information on prices, economic
activity, labor market, fiscal and monetary policy, and the foreign sector. Sample starts in 2001Q4
and finishes in 2019Q4, for a total of 73 observations in the time dimension. However, the first
eight observations are used to initialize the Kalman filter. This is particularly important for the
current version of SAMBA | where the non-stationary inflation target and the unit root generated
from the functional form of monitored prices play a significant role. Information before 2001Q4
was not available for all observed variables, and information after 2019Q4 includes the Covid-19
pandemic period, where inference based on the linear-Gaussian framework of the Kalman filter
is inappropriate. Note that the time span includes almost the whole period under an inflation
targeting regime, thus avoiding significant breaks in the functional forms characterizing monetary
policy.

Data on domestic prices remain the same as in Castro et al. (2011, 2015)[17][18], with CPI
inflation, freely-set price inflation, and administered price inflation all detrended by the steady

state inflation — annual inflation of 4.5%, consistent with the most frequent value of the inflation

4 Table @ in the appendix summarizes data treatment for each time series used for estimation.

15 A new model for policy analysis in Sweden, “MAJA”, described in Corbo and Strid (2020)[21], incorporates
a larger number of observed variables describing the international economy, but reduces the number of observed
domestic variables, as the new model includes a detailed structural block describing the foreign economy, but
simplifies the financial sector described in “Ramses I1”.
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target in the sample. Data on inflation expectations, from the survey conducted by the Banco
Central do Brasil, is included to provide model discipline in terms of short-term responses of
prices to exogenous shocks. With respect to National Accounts data, the demographic transition
observed in Brazil justifies the use of information measured in per capita terms. Combined with
the information on GDP growth, a measure of the Brazilian output gap is informed to the model.
Details on the computation of the output gap are provided in subsection |3.2

With respect to labor market, the growth rate of occupied population used in Castro et
al. (2011, 2015)[I7][I8] is replaced by the unemployment rate, detrended by the sample mean.
Information on the participation rate is also included. Due to significant methodological changes
in the employment survey for data starting in 2012, time series on unemployment, participation
rate, and the growth rate of wages were simulated for the period between 1999 and 2011 using
mixed-frequency VAR models based on the procedure in Alves and Fasolo (2015)[5]. Simulations
combine information from other surveys and the General Registry of Employed and Unemployed
Persons (CAGED, in Portuguese), of the Ministry of Labor and Social Security (MTP)E

For the structural VAR describing the rest of the world, the Fed Funds rate and the CPI still
measure world’s interest rates and inflation, respectively. Output gap is the cyclical component of
weighted real GDP measure of the main trade partners detrended by the one-sided HP filter. The
last two elements of the VAR, risk aversion and commodity prices, are measured as the principal
component of a set of normalized variables related to each element. For risk aversion, variables
include the VIX (S&P 500, CBOE), MOVE (Treasuries, Merrill Lynch), VXY (currencies, JP
Morgan) and the spread between the Moody’s corporate yields for BAA bonds and US Treasury
10-year yield. For the commodity prices, variables include Banco Central do Brasil’s Commodity
Index (IC-BR), Brent oil prices, and CRB and CRY Indexes.

Concerning other external variables, the relative price of imports is still measured as the
gap between index of imported good and foreign inflation. However, the observed variable now
is the demeaned growth rate of the relative price of imports. The larger sample now includes
the reversion of the commodity boom observed in the early 2000’s, allowing for the growth rate
of the relative price to be representative of the evolution of such variablﬂ Also, in terms of
country risk premium, the credit default swap (CDS) for Brazilian debt of 5 years replaces the
JP Morgan’s Emerging Market Bond Index (EMBI) Brazil.

With respect to monetary policy, nominal interest rates are demeaned from an exogenous
target of 8.5%. Combined with the inflation steady state of 4.5% and an international real interest
rate of 1% (nominal rates of 3% and inflation of 2%), these assumptions imply a country risk
premium of 300 basis points. Data also includes the announced changes in the inflation target,
consistent with the historical Brazilian experience and the description of shocks in equation .

Combining all the details described above, there is a total of 30 observed variables informed

6Data from CAGED can not be used as a standard indicator for labor market conditions, as it only considers
information from the formal labor market.

7In Castro et al. (2011, 2015)[I7][18], the relative price of imports is detrended using a linear trend. The
sample covers the period between 1999Q3 and 2010Q2.
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to the model. In order to improve the model’s fit to the data and reduce the estimated volatility

of structural shocks, measurement errors were included in equations describing a few observed

variables. Specifically, the output gap and the growth rates of nominal wages and GDP compo-

nents have measurement errors characterized by an MA(1) process. The volatility of the MA(1)

process is estimated in the model under specific restrictions discussed in section Define X; as

a generic observed variable of the model where measurement errors are included, x; as the model
me,x

(endogenous) representation of such observed variable, and e, as the measurement error in

period t for the observed variable. Equations characterizing X; have the following form:

X =x + Um&m(ezne’x + Nme,weyiefw)/((l + N%ze,z)O's) (76)
with the following parameters: o, is the volatility of the observed variable; 7, is a cap for the

maximum value of the volatility of the measurement error; and fime . is a parameter defining the

MA(1) process.

3.2 Estimating the output gap

Inference with respect to the output gap, used as an observable in the model, is made outside
the estimation procedure. There are a few reasons to adopt this approach. First, as described
in figure [1}, it is hard to consider the existence of a clear balanced growth path in the Brazilian
economy, as imports and exports per capita seem to grow at a faster pace compared to aggregate
GDP per capita and its domestic componentﬂ The increase in the degree of openness, espe-
cially considering the short samples available for Emerging Economies, and the consequences for
macroeconomic modeling are discussed in Brazdik et al. (2020)[13] in the context of a review of

the main structural model of the Czech Republic National Bank.

Figure 1: Log per capita GDP and components — Index 2001Q3 = 100
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180ther approaches try to make inference about joint trend in data. For Brazil, Costa (2016)[23] provides an
unified framework using Brazilian data, but does not include exports and imports in his model.
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A second reason to use the output gap as an observable in the model is the lack of data on
productivity for the Brazilian economy available in real time. It has become common practice,
especially among models designed for policy analysis, to incorporate information about the pro-
ductivity growth, either by a direct or proxy measurements of this variablﬂ The approach for
estimation here is closer to the model used by the Bank of Canada, described in Corrigan et al.
(2021)[22]. Specifically for the model described here, the central role played by non-stationary
productivity shocks forced the inclusion of an indirect measurement in order to discipline the
dynamics of the economy, especially during crisis periodﬂ Historical decompositions in versions
of the model that did not include the output gap usually consider extreme events, as the 2008
Global Financial Crisis, as a permanent change in productivity, resulting in an implied output
gap close to zero during that period.

One final reason to use the output gap as an observable is the ability to compare the inputs
of the model with other available estimates of the output gap calculated by other filters or
produced by the Banco Central do Brasil staff. The procedure also does not preclude, as a policy
exercise, to inform the model with these other estimates, thus generating alternative paths for
productivity growth in Brazil.

The estimation of the output gap is based on the procedure described in Andrle (2013)[6] as
a modified HP filter, where it is assumed that the growth rate of the trend has a steady state.
The modified equations describing the filter are specified in state-space form to perform Bayesian
evaluation of the posterior distribution of parameters. The hypothesis of a steady state for the
growth rate of the trend makes the evolution of potential output coincide with the one described
in equations —. Define Y;°*¢ as the demeaned log-level of real GDP per capita. The filter

is characterized by the following set of equations:

Ve =y, + log(Zy)

Yt = Q1Yg—1 + (042 - 041) Yi—2 + Uye?

Z,
log (Zt t1> =log(Z%) =log ZZ +1og(ZZ°) + log(ZZT)
Zze ZZ2<q 0.5
log( ZtZ ) = pzlog( thl> + (1 —p2Z) chstzc
SSs SS
0.5
log(ZtZT) = (1 — pZZ) O'ZTé‘tZT

&/ ~N(0,1), €ZT ~N(0,1), 29~ N(0,1)

Note that the model normalizes the standard deviation of shocks in productivity by the

19See the documentation of the latest version of the FED-NY DSGE model[l], which incorporates total factor
productivity for the US economy as an observable for the model. The estimation in Coenen et al. (2018)[20]
includes long term growth expectations for the Euro Area as a proxy for productivity growth.

20We describe the inclusion of the output gap as an indirect measurement of productivity because the combi-
nation of GDP per capita growth and the output gap as observed variables in the model provides an inference
about the growth rate of per capita non-stationary productivity, adjusted by measurement errors included in the
output gap equation described in .
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autoregressive parameter of the cyclical component of productivity. Also, the combination of
parameters in the cyclical component of output, y;, combined with a proper choice of prior
distribution, ensures that this term is stationary. In order to estimate the model, it is necessary
to specify prior distributions for oy, as, pz, the standard deviation oz7, and the ratio of the
standard deviations o z¢/oz7 and (o z1 —i—azc)/ay. The use of priors on the ratio of the volatility
of shocks simulates a similar role played in the HP filter by the parameter characterizing the
signal-to-noise ratio of the trend. It is also important to take a stance on the steady state growth
of potential output, characterized by log Z SZS
capita growth after 2014. It is assumed here that the decrease in GDP growth after 2014 is the
result of a very persistent change in productivity growth, with a slow convergence towards the
long run growth average (log ZZ) observed between the end of 2001 and 2013Q4. Table 4| shows
the definition of the priors and the posterior evaluated with the last half of 200,000 draws using

, given the significant decrease in average GDP per

the Metropolis-Hastings algorithm.

Table 2: Estimated Parameters

Param. Prior Prior Prior Posterior Posterior 90% HPD  90% HPD
Distribution = Mean StD Mean StD Inf. Limit  Sup. Limit
[e%1 Beta 0.8 0.1 0.836 0.085 0.708 0.967
g Beta 0.5 0.2 0.841 0.103 0.693 0.981
Pz Beta 0.9 0.01 0.931 0.009 0.917 0.945
a?T Inv.Gamma 5 inf 0.495 0.043 0.421 0.560
ozc/ozT Gamma 20 1 16.903 0.914 15.337 18.320
(ozT +0z0)/0y Gamma 10 1 4.308 0.602 3.305 5.286

Figure [2| shows the evolution of potential output with confidence sets based on moments of
the posterior distribution and the estimated output gap. Notice that the confidence sets around

the potential output and the output gap are quite small.

Figure 2: Log per capita output trend and gap — Median and confidence sets (68% and 95%)
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Additional exercises based on recursive estimation of the output gap, available upon request,
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shows that the volatility of the output gap at the end of the sample used for estimation is
significantly smaller than the one observed when using the HP filter. This is a very important

property of the estimated output gap considering the use of the model for forecasting exercises.

3.3 Additional restrictions for the estimated model

The model, as described in subsection is characterized by firms in different sectors manufac-
turing goods in order to satisfy specific demand for goods. A complete characterization of these
sectors would require the existence of data, both in cross-section and in time series dimensions, to
pin down all the sector-specific parameters. The lack of sector-specific data resulted in parameter
identification problems during the model estimation. In order to minimize these problems, a few
simplifications were made imposing additional restrictions on parameters of the model.

First, the lack of information on the share of imports to produce specific goods resulted in a
simplification of the demand for imports in firms in the second stage of production. It is assumed
that the functional form characterizing the aggregation of domestic and imported goods is the
same across sectors. Consequently, the proportion of domestic goods, the elasticity of substitution
across imported and domestic goods, and the function characterizing the adjustment cost related

to imports, are all the same across sectors:
M M M
W) = Web = WX, €] = €cb = €X, 19] :19CD:19X

Also, with respect to the demand of imported goods, the sectoral adjustment costs for imports

is completed with a single common shock ZM | resulting in the following restrictions:
Z%: = ZgD,t = é\(lt = ZtM

The lack of references with respect to working capital constraints faced by firms in Brazil op-
erating in international markets, combined with parameter identification problems in estimation,

suggests another simplification of the model, setting the constraint the same across all sectors:
L = lgp = Lx

With respect to price-setting, in order to ensure convergence, the elasticity of substitution
across differentiated goods for sectors supplying goods for domestic economy is the same. This
simplification results in the same markup over prices in steady state across sectors. For the sake
of convenience, assume prices for firms trading goods with the rest of the world also face the
same markup over prices:

egD =F =L = =M
Also related to the price setting process, it is assumed that price-setting in sectors supplying

goods for domestic economy faces the same exogenous markup shifts. This assumption avoids an
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excessive number of ad-hoc cost-push shocks affecting the model, especially considering that only
one of the sectoral prices is observed during estimation. Therefore, Z[ is the same for sectors
CP, I and G.

3.4 Priors, posteriors and SMC estimation

The model uses SMC methods to infer about the posterior distribution of the parameters. The
estimation is based on Cai et al. (2021)[I4]. The use of the MH algorithm proved difficult given
the size of the model, both in terms of the number of state variables and the number of observed
variables. The posterior distribution showed significant irregularities, leading to very sensitive
results after small changes in the priors under the MH algorithm. The ability of the SMC method
proposed in Cai et al. (2021)[I4] to slowly incorporate information from the dataset, resulting
in a more complete evaluation of the posterior distribution of parameters, helped in stabilizing
the results, even in the presence of a very irregular posterior distribution.

The main idea of the method described in Cai et al. (2021)[14] is to slowly incorporate infor-
mation to the estimation, starting from a known distribution, using bridge distributions to reach
a complete characterization of the objective function — here, the posterior distribution of param-
eters. The estimation starts with 30,000 independent draws from the prior distribution, adding
more weight to the likelihood as the independent draws move towards the relevant regions of the
tempered posterior distribution. The independent draws move on the tempered likelihood based
on MH draws, but the move does not depend on the computation of modes of the distribution.
Once the weight of the likelihood equals the prior weight, the resulting draws characterize the
posterior distribution. Note that, since each draw is independent of each other, a significant
degree of parallelization of the algorithm can be achieveﬂ

In order to discuss the prior distributions used in estimation, it is useful to split the set of
parameters in the model in four groups: calibrated parameters and ratios — not estimated in
the model; steady state parameters, related to average moments on data that parameters should
match; endogenous parameters, related to the dynamics of the model; and exogenous parameters,
associated with the volatility and persistence of exogenous shocks. This classification and the
procedure for estimation is closely related to Del Negro and Schorfheide (2008)[25]. The prior
distributions are completed by a set of the so-called “system priors”, discussed in Andrle and
Benes (2013)[7] and Andrle and Plasil (2018)[g].

Calibrated parameters not estimated in the model include the inflation target, the long run
nominal interest rate and productivity growth. It also includes long run shares of GDP compo-
nents and the average unemployment and participation rates in sample. The inclusion of labor
taxes in the model demands an additional restriction, calibrating the share of labor taxes rev-
enues on total taxation. This number is available in Azevedo and Fasolo (2015)[10]. Also, the

share of monitored prices on the CPI, weight 4, is not the same as parameter w 4, which is the

21For this paper, likelihood computation of the draws was performed with significant gains on a GPU, while
the model solution was distributed across the different CPU cores available.

41



share of monitored firms on the domestic production of the consumption good. Parameter w4
is computed given the share of monitored prices on the CPI, weight 4, and the share of domestic
input in production, wy. The share of firms in sector A not allowed to optimize prices, 64, is
set during estimation to a value arbitrarily close to 1, as the calibrated value creates a unit root

in the structural model. Table |3| summarizes the calibrated parameters.

Table 3: Calibrated Parameters and Steady State Values

Parameter Value Description Parameter  Value Description
ﬁgs 1.0450-25 Inflation UL 0.095 Unemployment
Rss 1.0850-25 Interest rates Lss 0.62 Participation rate
113, 1.0200-25 Foreign inflation N 0.3 Overhead labor
R 1.0300-25 Foreign interest rate WRT 0.2 Share of RT households
ZSZS 1.0200-25 Productivity growth el 11 EoS across goods
o 1.0001 Intertemporal substitution weight 4 0.27 Share monitored prices on CPI
ST 0.183 Investment/GDP gzs 0.016 Primary Result/GDP
sG 0.171 Government spending/GDP O'(EE’O) 0.0005 Vol. Inflation Target, ¢
SMm 0.107 Imports/GDP 0'(6?_’22) 0.0524 Vol. Inflation Target, t — 2
. 0.50 Working capital constraint o(eS, 0.0240 Vol. Inflation Target, t — 6
wy 0.883 Share of domestic input 0'(6?_’11%) 0.0114 Vol. Inflation Target, t — 10
Nan
% 0.335 Share of labor taxes

A few extra parameters are calibrated in the model, related to inflation target process and
the calibration of measurement errors in some observed variables equations. First, given that
the inflation target is completely exogenous to the rest of the model, the volatility of the the
shocks describing the anticipated announcement of the inflation target is estimated apart from
the DSGE model. This procedure allows us to estimate the volatility of the shocks assuming the
non-stationary structure of the inflation target (pgc = 1), which is not possible during the SMC
procedure as the second moments of the distribution of endogenous variables are necessary to
implement the “system priors”.

With respect to measurement errors in observed variables, presented in equation , it is
assumed the output gap, nominal wages, and the GDP components are measured with errors
following an MA(1) process. The volatility of the measurement error for the output gap, nominal
wages, and domestic components of GDP (consumption, investment, and government spending)
is estimated with a restriction that its maximum value (7, in equation (76)) is equal to 50% of
the volatility of the observed variable. Measurement errors for imports and exports are estimated
with the restriction that its maximum value is equal to the volatility of the observed variable.

Steady state parameters are parameters of the structural model closely associated with rele-
vant moments of the economy in steady state. The usual strategy is to use long run averages to
compute statistics like the labor share in the production function, the government debt-to-output
ratio or the foreign debt-to-output ratio — the “great ratios” of the economy. The procedure here
is to impose a distribution around these moments, with flat priors on the structural parameters,

allowing for the structural parameters to match these moments. In the case of the estimation of
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SAMBA, a prior is imposed for the labor share of the economy and the nominal trade balance-
to-output ratio. For the first prior, note that the production function in equation is now
characterized by a CES aggregator, instead of the special case of the Cobb-Douglas function used
in Castro et al. (2011, 2015)[I7][I8]. Combined with a loose prior for the elasticity of substitution
between labor and capital, the prior on the labor share helps to pin down the value of parameter
a during estimation. For the second prior, the nominal trade balance-to-output ratio helps to
pin down the foreign debt-to-output ratio in steady state, which is a critical component of the
equation describing the risk premium in foreign bonds, presented in equation .

Priors for endogenous parameters are fairly standard in the literature. Among the significant
differences, parameters characterizing adjustment costs in investment, Brazilian exports, and
Brazilian imports (97 , 9™ and 9™") have a higher prior mean, mostly due to the significant
gaps generated after detrending data in this observed variables. However, the estimation allows
for significant fluctuation of these parameters, as the prior standard deviation is quite large.
Prior for the inverse of the Frisch elasticity of labor supply, 7, is based on the survey of micro
results in Chetty (2012)[I9] Also, the parameter describing the effects of net foreign assets as
a proportion to exports on the country risk premium has a very low mean, in order to avoid
excessive fluctuations of the country risk premium due to shocks affecting the domestic economy.

Priors for exogenous parameters follow closely the procedure in Del Negro and Schorfheide
(2008)[25], with the use of a matrix characterizing volatility and first-order correlation of a subset
of observed variables. Priors for the volatility of exogenous shocks are not informative, while the
priors for autoregressive (AR) and moving average (MA) processes for shocks are constrained
in a tight interval’?} The matrix with information on volatility and first-order correlation of
observed variables provides targets for the volatility of shocks. At the same time, the matrix
creates a tension for the estimation of the persistence of exogenous processes: on the one hand,
the tight priors for AR and MA parameters restricts the persistence of shocks; on the other
hand, the matrix provides information about observed variables with potentially high autocorre-
lation. It is up to the information provided in the data to choose a highly persistent exogenous
shock or to fit the model with an endogenous dynamics that generates the correlation in data
while keeping the exogenous process with low autocorrelation. The matrix contains information
on interest rates, real exchange rates, participation and unemployment rates, consumption, in-
vestment and government consumption growth, inflation of freely-set and monitored prices and
inflation expectations.

Finally, the “system priors” used in estimation draw on the impulse response functions (IRF's)

of a monetary policy shock from other models of Banco Central do Brasil. Specifically, IRFs of

22The exceptions for this procedure are the volatility of the measurement errors for CPI and GDP aggregation,
the process for the non-stationary productivity, and the volatility of imports’ adjustment shocks. On the non-
stationary productivity, the prior for the AR process for the shock has a higher mean and standard deviation,
while the volatility of the cyclical and temporary components are tied in a single prior, specifying a prior for the
volatility of the cyclical component and the ratio between the cyclical and temporary volatility. The volatility
of imports’ adjustment shocks was constrained in order to avoid an exaggerated role of this shock in historical
decompositions.
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monetary policy shocks of the semi-structural models used for forecasting purposes and published
in the Inflation Repor@ are used as a benchmark to set priors for the impact of monetary policy
shocks on inflation in different periods. The priors impose independent Gaussian distributions
for three periods of the IRFs: the immediate impact of a monetary policy shock on inflation and
the impact of a monetary policy shock on inflation after one and five years. While the first two
priors are relatively loose, providing only a benchmark for the path of monetary policy shocks,
the prior for the impact of monetary policy after five years is very tight, consistent with the
idea of policy neutrality in the long run. This configuration for “system priors” is less restrictive
than the proposal from Lombardi and Nicoletti (2012)[33], who summarize the IRF in a single
quadratic function and impose a single prior on the whole profile of the IRF. Here, each of the
three periods selected is associated with a single, independent prior. The set of “system priors”
here is also related to the use in Coenen et al. (2018)[20] for the ECB NAWN II model. The
authors impose a prior on the combination of parameters representing the slope of the Phillips
curve, in order to avoid very small responses from prices after a monetary policy shock. Here,
the prior is imposed directly on the IRF, allowing for a larger set of parameters to be influenced
to match these moments.

Table {4 presents the main results of estimation, in terms of the prior and posterior distribu-
tions of parameters. Figures [[3] and [I4] in Appendix [D] show the histogram of the distribution
for each parameter and the density of the marginal prior distribution used for estimatior@ The
rest of this section details a few results highlighted by the choice of priors and the estimation
method.

Table 4: Estimated Parameters — Priors and Posterior Moments

Param. Description Prior Posterior Posterior 90% HPD 90% HPD
Distribution Mean StD Inf.Limit Sup.Limit
Endogenous parameters
€D EoS between capital and labor G