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1 Introduction

As stipulated in the Maastricht Treaty (Art. 105), the primary objective of the European

Central Bank (ECB) is formulating and implementing monetary policy that guarantees

price stability within the European Monetary Union. To this end, although it may use a

battery of economic indicators, including country-specific ones, decisions are taken on the

basis of aggregate developements, leaving national idiosyncrasies to the care of national

governments.

However, heterogeneity occurs across several dimensions. There have been many recent

studies focusing on differences between euro-area countries. And while a few studies find

evidence to the contrary, there appears to be a general consensus that business cycles have

converged to some extent over the past couple of decades (see the contributions in Angeloni

et al., 2003). Naturally, divergences do remain, that reflect a number of factors. Some di-

vergence is due to the on-course process of convergence, as countries catch up to euro-area

average, the well-known Balassa-Samuelson effect. This effect explains how productiv-

ity growth during a catch-up process may result in higher inflation without undermining

competitiveness. Country-specific policies, including fiscal policy and regulation, also re-

sult in divergences. Finally, countries have different industrial or sectorial concentrations.

Differences in the economic performance of various sectors will therefore be reflected in

cross-country divergences. As the internal market continues to deepen, there may be fewer

regulatory differences between countries and the Stability and Growth Pact constrains na-

tional fiscal policy. It seems likely that cross-country divergences will increasingly reflect

exposures that countries have to various sectors.

Although heterogeneity appears as an empirical fact across several dimensions, what

does that mean for monetary policy and should the ECB be concerned about heterogeneity?

It may be argued that, since objectives are defined in terms of aggregate variables, an area-

wide model (AWM) would be sufficient for capturing most characteristics of the euro-area

economy. Until now, several studies consider the role devoted to national information in

the decision process of the Eurosystem.1 More particularly, these studies generally assess

the usefulness of country-specific information in the conduct of monetary policy within a

monetary union. They follow the standard approach to policy evaluation recently revived by

a growing literature on monetary policy rules (see the contributions in Taylor, 1999): The

optimal policy rule is determined so as to minimize the expected value of an intertemporal

loss function, under the constraint provided by a simplified multi-country model (MCM) of

the euro area. Assuming that the monetary authority is exclusively interested in area-wide

objectives, the performance of two classes of simple optimal reaction functions, based on an

MCM and an AWM respectively, have been compared. Comparisons between the minimized

1The literature includes Aksoy et al. (1999), De Grauwe (2000), De Grauwe and Piskorki (2001), Angelini

et al. (2002), and Monteforte and Siviero (2003), among others.
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expected loss under the two alternative policy rules (interpreting the difference as the cost

of neglecting country-specific information) generally conclude that the loss associated with

the neglect of country-specific information might be large. A severe limitation of these

results is that the underlying macroeconomic models are not designed in an optimization-

based framework.2 Consequently, the optimal monetary policy deduced from such models is

subject to the Lucas critique, since it is based on reduced-form, not structural parameters.

The objective of the paper is to generalize the preceding results in investigating how

heterogeneity of agents across euro-area countries is likely to affect the optimal monetary

policy into an optimizing-based framework. We are particularly interested in measuring the

cost of using an AWM in terms of utility-based welfare and ad-hoc loss functions. The

basic idea is that the MCM is more likely to capture heterogeneity across countries and

thus to describe more accurately the way monetary policy affects the economy. In such a

case, a welfare-maximizing central bank may be able to implement a more efficient monetary

policy, even if the policy rule is assumed to be based on aggregate variables only. An obvious

shortcoming of the MCM is that the estimation of the joint dynamics of the various national

economies is much more demanding, since it requires modeling international transmission

mechanisms. In addition, the MCM is likely to induce a large amount of country-specific

uncertainty, while an AWM may average these errors. Conversely, the estimation of an

AWM is likely to induce an aggregation bias, if structural parameters in effect differ across

countries. Such a bias has already been highlighted in the context of the Phillips curve

(Demertzis and Hugues Hallett, 1998).

Our approach then comprises several challenges both on theoretical and empirical

grounds. From a theoretical point of view, we derive a simple but complete MCM which

resorts to the “New Open Economy Macroeconomics” literature (initiated by Obstfeld and

Rogoff, 1999). By incorporating significant frictions in the form of nominal rigidities, these

Dynamic Stochastic General Equilibrium (DSGE) models provide a sufficiently rich dynam-

ics to offer a good representation of actual data. However, in our open-economy context,

additional mechanisms must be introduced: (i) cross-country differences in the structural

parameters are allowed, since we are primarily interested in the effect of such heterogeneity

on the design of the optimal monetary policy, (ii) perfect risk sharing and a home bias

in preferences are incorporated in the model to deal with exchange-rate indeterminacy,

and (iii) cross-country correlation between shocks is introduce to capture co-movement in

the joint dynamics of national conditions. From an empirical point of view, pure Full

Information Maximum Likelihood (FIML) estimation turned out to be very sensitive to

2 It should be noticed that, since the focus in on heterogeneity across countries, calibration of model

parameters in a forward-looking context is not likely to be an appropriate technique. Moreover, estimating

such MCMs has been found to be a rather difficult task. An exception is the paper by Benigno and López-

Salido (2001). These authors show that hybrid Phillips curves display different features across European

countries. In particular, German firms are found to behave in a more forward-looking fashion than firms in

other countries.
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the specification of medium-scale macroeconomic models and in many cases did not even

converge. Consequently, we resort to Bayesian econometrics, which introduces priors on

unknown parameters in an FIML framework. This avenue has been followed for instance by

Schorfheide (2003), Smets and Wouters (2003, SW thereafter) and Onatski and Williams

(2004, OW thereafter).3 Although our parameter estimates are in many respects similar to

those reported by SW, some of them can be more specifically related to the work of OW.

Following the strategy described above, we first estimate two types of model, mimicking

the way the ECB forecasts macroeconomic developments within the Eurosystem. On one

hand, we model the dynamics of area-wide macroeconomic data using a closed-economy

set-up. Thus AWM includes a hybrid IS curve, a hybrid Phillips curve, and a Taylor-type

interest rate rule. On the other hand, in an open-economy framework, we model the joint

dynamics of the data for the major countries in the euro area (Germany, France and Italy).

Our empirical evidence suggests that there exists some significant heterogeneity within

the euro area, even among core countries. We also notice some large differences between

parameter estimates obtained at the euro-area level and at country level, suggesting an

aggregation bias.

Then, we investigate how cross-country heterogeneity is likely to affect the design of

optimal monetary policy within the euro area. We consider two alternative modeling ap-

proaches. In both of them, the central bank is assumed to define its preferences and its loss

function at the area-wide level. In addition, the reaction function is, as claimed by monetary

authorities, designed in terms of aggregated variables. Yet, in the first approach, the model

used for computing the loss function is an AWM, estimated using aggregated data, while in

the second approach an MCM is used.4 Our comparison of the two approaches is based on

two experiments. In the first experiment, we directly evaluate the optimal monetary policy

which maximizes the aggregate welfare, both under the AWM and the MCM. We obtain

that the welfare associated to the AWM is 44 percent lower than the welfare associated to

the MCM. In the second experiment, we consider several alternative ad-hoc loss functions,

in which we vary the relative weights of inflation, output-gap and interest-rate variances.

The main interest of this approach is that it allows to incorporate some concern about

interest-rate stabilization. We obtain that the cost of using an AWM instead of a MCM

may be very large in terms of the aggregate utility when the loss function does not include

any concern about output-gap stabilization. In contrast, the cost decreases to a minimum

of 6 percent when both output-gap stabilization and interest-rate smoothing are included

in the loss function.
3The latter authors provide an interesting investigation of some shortcomings of the standard Bayesian

approach in the context of DSGE models. In particular, they put forward that parameter estimates are

very sensitive to the way priors are introduced. In the estimation of the model, we took advantage of some

of their results.
4Our paper therefore builds on the paper by Siviero and Monteforte (2002), although these authors focus

on a purely backward-looking macroeconomic model.
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The remainder of the paper is organized as follows. In section 2, we describe our

theoretical model. In section 3, we present the data and the estimation results. Section 4

is devoted to the optimal monetary policy experiments. Section 5 summarizes our main

findings and suggests topics for further investigation.

2 Structure of the multi-country model

The euro area is modelled as the aggregate of several economies. For each country, we for-

mulate an open-economy sticky-price model, which is inspired by recent theoretical models

derived from the “New Open Economy Macroeconomics” literature, and which has a suf-

ficiently rich dynamics to fit actual data fairly well.5 The model is enriched in several

dimensions, in order to offer a comprehensive framework that encompasses and generalizes

other previous contributions. Most elements of this model are individually already present

in the closed or open economy macroeconomic literature, but they have not been brought

together in a single framework as is done here. In terms of dynamics, key modifications are

the explicit incorporation of habit formation in the households’ preferences and partial in-

dexation in a price-setting framework à la Calvo (1983). These assumptions provide us with

microfounded “hybrid” versions of the IS and Phillips curves. Second, contrary to most

recent studies on DSGE models, we do not assume that preferences and technologies are the

same across countries, since we are interested in measuring the effect of heterogeneity on

the optimal monetary policy of the area. In addition, shocks are not assumed to be perfectly

correlated or of the same amplitude, and, in contrast, we allow domestic and foreign shocks

to be correlated. Third, to cope with the non-stationarity in the exchange-rate dynamics,

we resort to the perfect risk sharing assumption. Although, this assumption is admittedly

heroic in empirical work, it avoids assuming non-rational expectations of exchange rate

that has been shown to be an alternative way of dealing with non-stationarity.6 Finally,

households are assumed to have a taste bias towards home-produced goods. Since prefer-

ences differ across countries, the price of consumption bundles will differ when expressed

in a common currency. The real exchange rate thus deviates from purchasing power parity

(PPP).7 This assumption is crucial, because it allows the perfect risk sharing equation to

determine uniquely the dynamics of the terms of trade.

In order to lighten the notations, we assume that there are two countries in the euro

5See, among others, Obstfeld and Rogoff (2000), Corsetti and Pesenti (2000), Devereux and En-

gel (2000), Monacelli (2001), Clarida et al. (2002), Smets and Wouters (2002), Sutherland (2002),

Benigno and Benigno (2003), Benigno (2004), Galí and Monacelli (2004). For additional references

on the new open-economy macroeconomics literature, see Brian Doyle’s Web site on the topic at

http://www.geocities.com/brian_m_doyle/open.html.
6See, e.g., Lubik and Schorfheide (2003) or Lindé et al. (2003).
7An earlier contribution that introduced home bias in goods preferences is due to Warnock (2000).

Sutherland (2002) and Benigno and Thoenissen (2003) also resort to this assumption.

5



area, denoted H(ome) and F(oreign).8 Since commercial links are much stronger between

countries within the area than with countries outside the area, we neglect trade with the

rest of the world. The population of the euro area is a continuum of agents on the interval

[0, 1] . The population of country H belongs to [0, n), while the foreign population belongs

to [n, 1]. Therefore, n is the relative measure of the home country size into the area. An

agent in the home country is indexed h (with h ∈ [0, n)) while a foreign agent is indexed f
(with f ∈ [n, 1]). Variables in the home country are denoted Xt while foreign variables are

denoted X∗
t . The home economy produces a continuum of differentiated goods indexed on

the interval [0, n). Foreign goods (or, equivalently, goods produced in the rest of the zone)

are indexed on the interval [n, 1]. All goods are tradeable.

2.1 Households

The home economy is populated by infinitively-living households, consuming Dixit-Stiglitz

aggregates of domestic and imported goods. A home household h owns a firm producing

goods h and receives dividends from it. We assume that households in a given country have

the same preferences and endowments. Although there may be idiosyncratic shocks among

households, we assume domestically complete asset market, so that there is no heterogeneity

among agents in a given country. Consequently, all households in the same country behave

in the same manner and then we consider the optimization problem of a representative

household. The representative household in country H maximizes the following expected

sequence of present and future utility flows that depends positively on consumption (Ct)

and negatively on labor (hours worked, Lt):9

Ut = Et
∞X
k=0

βkεp,t+k

·
1

1− σ
(Ct+k − γHt+k)

1−σ − 1

1 + ϕ
(Lt+k)

1+ϕ

¸
(1)

where Et denotes the expectation operator conditional on the information set at time t, β
is the intertemporal discount factor, with 0 < β < 1, σ is the inverse of the intertemporal

elasticity of substitution of consumption, and ϕ is the inverse of the elasticity of labor

disutility with respect to hours worked. εp,t denotes a country-specific preference shock

that affects the inter-temporal substitution of all households in the same manner in the

home economy.10 Preferences display external habit formation as in Abel (1990). The

habit stock is supposed to equal the level of aggregate consumption in the previous period

(Ht = Ct−1), and γ represents the habit persistence parameter, measuring the effect of

past consumption on current utility (0 ≤ γ < 1). A high degree of habit persistence will

tend to reduce the impact of the real interest rate on consumption for a given elasticity of

8The extension to N countries is straightforward.
9We abstract from money in this model since the central bank adjusts money supply to satisfy money

demand with a simple feedback rule.
10We assume that εp,t follows an AR(1) process: εp,t =

¡
1− ρp

¢
ε̄p + ρpεp,t−1 + ηp,t.
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substitution. Many authors (Fuhrer, 2000, Sahuc, 2002, or SW) have shown that including

habit formation in a macroeconomic model allows a better fit and captures the “hump-

shaped” gradual responses of spending.

The aggregated consumption index for home households and the corresponding con-

sumption index for foreign households are defined by11

Ct =
(CH,t)

ω (CF,t)
1−ω

ωω (1− ω)1−ω
and C∗t =

³
C∗H,t

´ω∗ ³
C∗F,t

´1−ω∗
(ω∗)ω

∗
(1− ω∗)1−ω

∗

where ω and ω∗ denote the share of home goods in the consumption of home and foreign
households respectively. CH,t (resp. CF,t) is the sub-index of consumption of imperfectly

substitutable, home (resp. foreign) goods, which is in turn given by the following CES

aggregators:

CH,t =

"µ
1

n

¶1/θ Z n

0
Ct (h)

θ−1
θ dh

# θ

θ−1
and CF,t =

"µ
1

1− n

¶1/θ Z 1

n
Ct (f)

θ−1
θ df

# θ
θ−1

where Ct (h) (resp. Ct (f)) is consumption of the generic good h (resp. f) produced

in country H (resp. F). Parameter θ denotes the elasticity of substitution across goods

produced within a given country.

In this context, the corresponding consumption price indexes (CPI) are given by:

Pt = (PH,t)
ω (PF,t)

1−ω and P ∗t =
¡
P ∗H,t

¢ω∗ ¡
P ∗F,t

¢1−ω∗
where PH,t (resp. PF,t) is the price sub-index for home- (resp. foreign-) produced goods

expressed in the home currency, defined as

PH,t =

·
1

n

Z n

0
PH,t (h)

1−θ dh
¸ 1

1−θ
and PF,t =

·
1

1− n

Z 1

n
PF,t (f)

1−θ df
¸ 1
1−θ

,

where PH,t (h) (resp. PF,t (f)) is the price in units of country H of a generic good h (resp.

f) produced in country H (resp. F).

We also assume that prices are set in the producer currency and that the law of one

price holds. We then have PH,t (h) = P ∗H,t (h)St and PF,t (f) = P ∗F,t (f)St, where St is

the nominal exchange rate expressed as units of domestic currency needed for one unit of

foreign currency.12 Since we assume the same elasticity of substitution among goods in a

given country, we also have PH,t = P ∗H,tSt, and PF,t = P ∗F,tSt. Yet, from the definition of

the CPI, we obtain that

Pt = P ∗t St
µ
PH,t

PF,t

¶ω−ω∗
.

11As shown by Corsetti and Pesenti (2000), the Cobb-Douglas consumption index is a necessary condition

for the trade to be invariably balanced.
12Although it has been investigated in a number of recent papers, we do not consider here the presence

of imperfect exchange rate pass-through. A reason is that it is not likely to be an important feature across

countries within the euro area. In addition, this feature is obviously irrelevant from the ECB point of view.

7



Therefore, if we assume that there exists a home bias in preferences (ω 6= ω∗), purchasing
power parity does not necessarily hold, i.e. Pt 6= P ∗t St. We expect ω > ω∗, so that home
households put a higher weight on home goods than foreign households.

The asset market structure in the model is relatively standard in the literature, following

the work of Chari et al. (2000). There are complete markets in this economy both at

domestic and international levels. We represent the asset structure by having complete

contingent one-period nominal bonds, Bt, denominated in the domestic currency and the

foreign currency. Nominal contingent claims can be internationally traded.

Formally, the home representative households’ budget constraint is given by:

PtCt +
Bt+1

1 + it
=WtLt +Bt +Πt − TRt (2)

where Wt is the nominal wage income, TRt are lump sum government transfers, Πt is the

dividend received from home firms, and it is the home nominal interest rate.

The maximization problem of the home household consists in maximizing equation (1)

subject to constraint (2), yielding the optimal profile of consumption, holdings of state

contingent claims and labor supply. The first-order conditions imply:13

UC (Ct) = εp,t (Ct − γHt)
−σ , (3)

(1 + it)
−1 = βEt

·
UC (Ct+1)

UC (Ct)

Pt
Pt+1

¸
, (4)

UL (Lt) = UC (Ct)
Wt

Pt
, (5)

where UX denotes the derivative of utility U with respect to the variable X. Equation

(3) defines the marginal utility of consumption. Equation (4) is the usual Euler equation.

Equation (5) is the efficiency condition for the consumption-leisure arbitrage, implying

that the marginal rate of substitution between consumption and labor is equated to the

real wage.

2.2 Real exchange rate dynamics

Along with domestically complete markets, we also assume that financial markets are com-

plete internationally: domestic and foreign households are allowed to trade in the contingent

one-period nominal bond denominated in the home currency. This implies the following

perfect risk-sharing condition:

Qt = κ
U∗C∗ (C∗t )
UC (Ct)

(6)

13We abstract here from the optimal intra-temporal allocations between domestic and foreign goods.
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where the real exchange rate, defined as Qt ≡ StP
∗
t /Pt, is proportional to the ratio of

the marginal utility of consumption between the two countries.14 The assumption of in-

ternational market completeness insures that, in our model, the real exchange rate and

consumption are stationary variables (see Benigno, 2004).

Since the real exchange rate deviates from PPP because of home bias in preferences,

we also have

Qt =

µ
StP

∗
H,t

PH,t

¶ω∗ µStP ∗F,t
PF,t

¶1−ω∗ µ
PF,t
PH,t

¶ω−ω∗
= (Tt)ω−ω

∗
(7)

where Tt is the home terms of trade, i.e. the relative price between home and foreign
bundles of goods as perceived by the home resident, defined as15

Tt =
PF,t
PH,t

=
StP

∗
F,t

PH,t
. (8)

This definition implies, using equations (3), (6), and (7):

(Tt)ω−ω
∗
= κ

(Ct − γCt−1)σ¡
C∗t − γ∗C∗t−1

¢σ∗ ¡ε∗p,t − εp,t
¢
. (9)

Equation (9) provides a rather elegant way to escape the exchange rate non-stationarity and

model indeterminacy issues. It relates the terms of trade to current and past consumptions

as well as to preference shocks. Note that, when there is no home bias in preferences

(ω = ω∗), the perfect risk sharing assumption does not allow to determine the terms of

trade.

Combining Euler equation (4) with the perfect risk sharing equation (6), we obtain the

following dynamics for the real exchange rate and the terms of trade:

Et
·
Qt+1

Qt

¸
= Et

"
U∗C
¡
C∗t+1

¢
/UC (Ct+1)

U∗C (C∗t ) /UC (Ct)

#
= Et

·
P ∗t+1/P ∗t
1 + i∗t

.
1 + it
Pt+1/Pt

¸
(10)

Et
·
Tt+1
Tt

¸
= Et

·
P ∗F,t+1/P

∗
F,t

1 + i∗t
.

1 + it
PH,t+1/PH,t

¸
. (11)

These equations correspond to the Uncovered Interest rate Parity (UIP) condition, which

states that the expected change in the exchange rate is exactly compensated by the real

interest rate differential. It is worth emphasizing that the UIP condition is not an additional

implication in the model, but rather it is a redundant relation.

2.3 Firms

There is a continuum of monopolistically competitive firms indexed by h on the interval

[0, n) for the home country and by f on the interval [n, 1] for the foreign country. They
14κ =

£
S0P

∗
F,0UC (C0)

¤
/ [PH,0U∗C∗ (C∗0 )] is a constant that depicts initial condition.

15The foreign terms of trade are simply given by T ∗t = P ∗H,t/P
∗
F,t = 1/Tt, because the law of one price

holds.
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produce differentiated goods which are bundled into homogeneous home and foreign goods

by a constant returns to scale of the Dixit-Stiglitz form:

Yt =

"µ
1

n

¶1/θ Z n

0
Yt (h)

θ−1
θ dh

# θ
θ−1

and Y ∗t =

"µ
1

1− n

¶1/θ Z 1

n
Yt (f)

θ−1
θ df

# θ
θ−1

.

Each firm is infinitely living and produces a differentiated good, using labor as primary

input and a country-specific technology shock.16 So, the production technology of the

representative home firm h is given by

Yt (h) = AtLt (h) . (12)

Output is normalized by population size, so that it is expressed in per capita terms. We

thus deduce that total home labor demand is given by

Lt =

Z n

0
Lt (h) dh =

YtVt
At

(13)

where Vt =
R n
0

Yt(h)
Yt
dh represents the dispersion of production across firms in the home

economy.

Since input markets are perfectly competitive and the aggregate nature of shocks, the

standard static first-order conditions for cost minimization imply that all domestic firms

have identical real marginal cost, MCt, given by,

MCt =
1

(1 + ϑ)

Wt

PH,tAt
(14)

where 0 ≤ ϑ < 1 is a subsidy for output that offsets the effect of imperfect competition in

goods markets on the steady-state level of output.

Firms price setting decision is modelled through a modified version of the Calvo’s (1983)

staggering mechanism. Indeed, we allow for the possibility that firms that do not optimally

set their prices may nonetheless adjust it to keep up with the previous period increase in

the general price level (see Sbordone, 2003, SW, and Sahuc, 2004, for details concerning

this assumption). In each period, a firm faces a constant probability, 1− α, of being able

to re-optimize its price and chooses the new price P̃H,t (h) that maximizes the expected

discounted sum of profits

Et
∞X
k=0

(αβ)kΥt,t+k

"
P̃H,t (h)

ΨH
t,t+k

Pt+k
−MCt+k

#
Yt+k (h) (15)

subject to the sequence of demand equations:

Yt+k (h) =

Ã
P̃H,t (h)Ψ

H
t,t+k

PH,t+k

!−θ
Yt+k (16)

16We assume that the technology shock At follows an AR(1) process: At = (1− ρa) Ā+ ρaAt−1 + ηa,t.
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where Υt,t+k = βkUC (Ct+k) /UC (Ct) is the discount factor between time t and t+ k, and

ΨH
t,t+k =

( Qk−1
ν=0 (π̄H)

1−ξ (πH,t+v)
ξ k > 0

1 k = 0.
(17)

where π̄H is the domestic trend inflation and the coefficient ξ ∈ [0, 1] indicates the degree
of indexation to past prices, during the periods in which firm is not allowed to re-optimize.

ΨH
t,t+k is a correcting term that accounts for the fact that, if the firm h does not re-optimize

its price, it updates it according to the rule:

PH,t (h) = (π̄H)
1−ξ (πH,t−1)ξ PH,t−1 (h) . (18)

Consequently, the first-order condition associated to the profit maximization implies

that firms set their price equal to the discounted stream of expected future real marginal

cost:

Et
∞X
k=0

αkt,t+kΥt,t+kYt+k (h)

"
(π̄H)

(1−ξ)k
µ
PH,t+k−1
PH,t−1

¶ξ P̃H,t (h)

Pt+k
− θ

θ − 1MCt+k

#
= 0. (19)

If flexible prices is assumed (α = 0), this expression gives the optimal price P̃H,t (h) =

[θ/ (θ − 1)]MCt, so that θ/ (θ − 1) ≡ µ is the optimal markup in a flexible-price economy.

As there are no firm-specific shocks in this economy, all firms that are allowed to re-optimize

their price at date t select the same price P̃H,t (h) = P̃H,t, ∀h.
Staggered price setting under partial indexation implies the following expression for the

evolution of the domestic price index:

PH,t =

·
α
³
(π̄H)

1−ξ (πH,t−1)ξ PH,t−1
´1−θ

+ (1− α)
³
P̃H,t

´1−θ¸ 1
1−θ

. (20)

The price setting problem solved by firms in the foreign country is similar and leads

to an optimal rule analogous to equation (19). Yet, we allow foreign structural parameters

(α∗, ξ∗) to differ from those in the home country (α, ξ) and country-specific shocks (At

and A∗t ) differ although they may be imperfectly correlated. In contrast, as previously, we
assume that the aggregation parameter θ is the same one in both countries.

2.4 Market clearing conditions

Goods market clearing in the home and foreign countries implies:

Yt (h) = ωCt (h) + ω∗C∗t (h)

=
1

n

µ
PH,t (h)

PH,t

¶−θ ³
nωT 1−ωt Ct + (1− n)ω∗T 1−ω∗t C∗t

´
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and

Y ∗t (f) = (1− ω)Ct (f) + (1− ω∗)C∗t (f)

=
1

1− n

µ
PF,t (f)

PF,t

¶−θ ³
n (1− ω)T ω

t Ct + (1− n) (1− ω∗)T ω∗
t C∗t

´
so that aggregate outputs in home and foreign goods are:

Yt = ω (Tt)1−ω Ct +
1− n

n
ω∗T 1−ω∗t C∗t (21)

and

Y ∗t = (1− ω) (Tt)−ω
n

1− n
Ct + (1− ω∗) (Tt)−ω

∗
C∗t . (22)

2.5 Log-linear equilibrium

In order to get the model in a tractable form for conducting estimation and policy simula-

tion, we approximate the model using a first-order Taylor development around the steady

state. The resulting system, expressed in terms of percentage deviations around the steady

state is represented in Appendix A.17

Before looking at the link between heterogeneity and optimal monetary policy, our first

objective is to estimate the model. We close the model by specifying an interest rate rule in

each country. We specify feedback rules such that nominal interest rate adjust to deviations

of inflation to its steady-state value and to deviations of domestic aggregate output to its

flexible-price equilibrium (or natural) value.18 In addition, we allow for partial adjustment

to capture the interest rate smoothing that is found in actual data. The log-linearized home

feedback rule is then given by:

ı̂t = ψiı̂t−1 + (1− ψi)
£
ψππ̂H,t + ψy (ŷt − ŷnt )

¤
+ ε̂i,t (23)

where ε̂i,t is the monetary policy shock, and ψi ∈ (0, 1), ψπ > 1 and ψy > 0.
19

At this level, we did not pay particular attention to the specification of the monetary

policy reaction function. In particular, we did not try to determine the optimal timing for

inflation and output in equation (23). We did not consider incorporating the exchange rate

or the terms of trade in the policy rule. The reason is that we do not want to assume that

the historical policy rule has been necessarily optimal, so that parameters of the reaction

function cannot be viewed as structural ones. Consequently, we focus for the moment on

a widely-accepted specification, in order to estimate structural parameters reflecting the

17 x̂t denotes the log-deviation from the steady-state value x̄, i.e. x̂t = log (xt/x̄) .
18See Appendix B for the derivation of the flexible-price equilibrium.
19We assume that ε̂i,t follows an AR(1) process: ε̂i,t = ρiε̂i,t−1 + ηi,t. We also estimated a specification

with a time-varying inflation objective and an i.i.d. monetary policy shock, along the lines of SW. As in

OW, however, we obtained that the variance of the monetary policy shock is essentially null. Consequently,

we kept specification (23) that does not include a shock with a zero variance.
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behavior of private agents. The determination of the optimal monetary policy consistent

with our structural model is performed in Section 4.

In the case of more than two countries, the broad structure of the model remains essen-

tially unaltered. The major change is that, in aN -country model, international transmission

mechanisms pass through (N − 1) terms of trade. Consequently, since the Phillips curve
depends on the terms of trade through movements in real marginal cost, inflation dynamics

is affected by demand conditions in all countries. Moreover, domestic consumption is af-

fected by the average of real interest rates prevailing in all countries of the area. A complete

description of adjustments that are necessary for the extension to more than two countries

is provided in a separate technical appendix (available upon request).

3 Estimation

We now concentrate on two forecasting models that will be used to compute the optimal

monetary policy rule. The first one is an area-wide model (AWM) that implicitly assumes

that the heterogeneity of behaviors across countries can be neglected in the design of mon-

etary policy. For this purpose, we resort to the closed-economy version of the model above,

estimated over aggregated data of the euro area. The second model is a multi-country

model (MCM), that incorporates information on individual countries, allowing model pa-

rameters to differ from one country to another. We estimate this model for all countries

simultaneously.

3.1 Econometric approach

For estimating the DSGE model described above, we adopt the strategy proposed, among

others, by Fernandez-Villaverde and Rubio-Ramirez (2003), Schorfheide (2003), and SW,

using Bayesian econometrics.20 Most alternative approaches are precluded in our context.

On one hand, calibration is not a promising avenue, because we focus on the effect of het-

erogeneity between countries within the euro area. The choice of distinct parameters for the

various countries would be largely arbitrary, since the economic differences between these

countries are not always clearly established. On the other hand, the full-information maxi-

mum likelihood technique would allow to describe all characteristics of the data generating

process. However, it has proved to be rather tricky to implement in medium- or large-scale

models. In particular, FIML estimation may have difficulties to converge in cases where the

log-likelihood is very sensitive to key structural parameters. For these reasons, we resort to

the Bayesian technique that incorporates some prior information on structural parameters.

This approach makes the estimation procedure more stable.

20Procedures to compute Bayesian econometrics are available in GAUSS software (see Schorfheide, 2003)

and MATLAB software (the pre-processor DYNARE — developed by M. Juillard — includes now a module

for estimation. See http://www.cepremap.cnrs.fr/dynare/).
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3.1.1 Data

The AWM is estimated for the euro area, while the MCM is estimated for three major

European countries (Germany, France, and Italy). The sample period runs from 1970:1

to 1999:4 at a quarterly frequency. The data are drawn from OECD Business Sector Data

Base for individual countries.21 As regards the euro area, we used two kinds of data. The

first data set corresponds to the weighted average of series pertaining to the three countries

under study, which account for 68% of the area-wide GDP. Aggregation is performed in

the same way as in Fagan et al. (2001). The second data set is the updated Area-Wide

Model database from Fagan et al. (2001). We primarily focus on the first data set in the

estimation of the AWM, because this data is consistent with that used for the MCM.

The estimation of the model is based on three key macroeconomic variables for each

country: real consumption, the inflation rate, and the nominal short-term interest rate.

Consumption is simply defined as real consumption expenditures, linearly detrended.22 We

measure inflation as the annualized quarterly percent change in the implicit GDP deflator.

The interest rate is the three-month money-market rate. Figure 1 displays the historical

path of the various series under consideration for each country or area. First, we notice

that the two data sets for the euro area look very similar. Second, we observe a downward

trend in inflation and interest rate, which mainly corresponds to the convergence process of

economic conditions within the euro area. The structural model presented above is clearly

not designed to capture such an empirical feature. Therefore, inflation and the nominal

interest rate are detrended by the same quadratic trend in inflation. It should be noticed

that neither the terms of trade nor the real marginal cost are necessary for the estimation

of model, since they are function of the other macroeconomic variables.

3.1.2 The prior distribution

In this section, we describe how we selected the prior distribution for unknown parameters.

We denote by Γ (Θ) the prior distribution of the vector of parameters Θ. For each country,

the structural parameters are (γ, σ, ϕ, β, θ, α, ξ, ψi, ψπ, ψy, ρp, ρa, ρi, σ
2
p, σ

2
a, σ

2
i ). In

most cases, priors have been chosen to be very close to those adopted by SW, but we also

incorporate some information drawn from OW. Priors are reported in the first column of

Table 1. The habit persistence parameter, γ, the fraction of firms that are not allowed to

re-optimize their price, α, and the degree of price indexation, ξ, are assumed to follow a beta

distribution, with a mean of 0.7 and a standard error of 0.1. The mean value of 0.7 is close

to values found in other studies in the literature. The inverse of the inter-temporal elasticity

21Note that, in the case of Germany, we corrected for the mechanical impact of re-unification on GDP

and GDP deflator data using data for West Germany for the year 1991.
22We also examined a detrended consumption computed using the regression on a quadratic time trend

or a Hodrick-Prescott filter, and we obtained very similar results.
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of substitution of consumption, σ, and the inverse of the elasticity of labor disutility, ϕ,

are assumed to follow a normal distribution, because they may theoretically take rather

large values. They have a mean of 2 with a standard error of 0.25. This choice is based

on evidence provided by OW who stress that these parameters are in fact larger than

those reported by SW. Parameters pertaining to the monetary policy reaction function are

standard: the long-term parameter on inflation ψπ is 1.5 and the long-term parameter in

output gap ψy is 0.5, with a standard error of 0.1. This prior corresponds typically to the

plain vanilla Taylor rule. The smoothing parameter ψi and persistence parameters (ρp, ρa,

and ρi) are assumed to follow a beta distribution, with a mean of 0.7 and a standard error

of 0.1. We opt for a prior uniform distribution between [0, 2] for all standard deviations of

the stochastic shocks, σp, σa, and σi. While the shocks in a given country are assumed to

be uncorrelated, we allow a non-zero correlation between a given shock in two countries.

We thus denote δp, δa, and δi the correlations between domestic and foreign preference

shocks, technology shocks, and monetary policy shocks, respectively. Correlations across

countries have a normal distribution with a mean of 0.2 and a standard error of 0.1. We

use the same priors for all countries and the euro area in turn.

Finally, we imposed dogmatic priors over the discount factor β and the elasticity of

substitution across goods produced in a given country, θ. The values we use (β = 0.99 and

θ = 10) are quite conventional in the literature. The relative weights (ω and ω∗) as well as
consumption/output ratios (s and s∗) are set to the empirical sample values.

3.1.3 The likelihood and the posterior distribution

The log-linearized model is cast in a state-space representation in order to form the likeli-

hood function of the data by applying the Kalman filter,

ŝt = A (Θ) ŝt−1 +B (Θ) ηt (24)

x̂t = C (Θ) ŝt (25)

where x̂t contains observable variables (consumption, inflation and interest rate of each

country), while the vector ŝt has unobservable elements such that conditional expectations,

natural variables or shock processes, and ηt is a vector of i.i.d. variables with zero mean

and covariance matrix Σ (Θ).

We obtain the state transition equation (24) using the algorithm, developed by Ander-

son and Moore (1985), which provides the saddlepath solutions for rational expectations

models. The algorithm determines whether the model has a unique solution, an infinity of

solutions or no solution at all, and produces a matrix codifying the linear constraints that

guarantee asymptotic convergence. The uniqueness of solutions to the system requires that

the transition matrix characterizing the linear system has an appropriate number of explo-

sive and stable eigenvalues (Blanchard and Khan conditions). We denote by L
¡
XT |Θ

¢
the

likelihood function associated to the observable variables {x̂t}Tt=1.
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For each structural modelm ∈M and each set of parameters, Θ, we obtain an expression

proportional to the posterior distribution of the parameters by combining the likelihood

function and the prior distribution of Θ,

Γ
¡
Θ|XT ,m

¢
∝ L

¡
XT |Θ,m

¢
Γ (Θ|m) . (26)

As in Schorfheide (2003) and SW, we adopt a Monte-Carlo Markov Chain (MCMC)

sampling approach to compute the posterior distribution function. More specifically, we

rely to the Metropolis-Hastings (MH) algorithm to obtain a random draw of size 100 000

from the posterior distributions of the parameters.23 The mode and the Hessian of the

posterior distribution evaluated at the mode are used to initialize the MH algorithm.

3.2 Empirical results

3.2.1 Results for the AWM

Table 1 provides two sets of information regarding parameter estimates. The first set reports

the posterior mode of parameters, that is obtained directly by maximizing the log of the

posterior distribution with respect to parameters.24 The second set contains the 5, 50,

and 95 percentiles of the posterior distribution of parameters. Figure 2 summarizes this

information visually by plotting the prior and posterior distributions.

Most of our structural parameters can be compared, to some extent, to their counterpart

in SW’s model. Differences between the two sets of estimates can be attributed to three

sources: (1) our specification of the AWM is much simpler than the one estimated by

SW; (2) the priors differ for some parameters; (3) our AWM is obtained for the aggregate

variables of the three countries under study, while SW use the data for the whole euro area.

A first important difference between the two sets of parameter estimates lies in the serial

correlation of shocks. Although our estimated correlations are all significantly positive, they

are significantly lower than those reported by SW. Indeed, our median estimates range

between 0.4 and 0.65, while they range between 0.81 and 0.87 for SW. This result suggests

that our structural model is able to reproduce most persistence in the data without resorting

too heavily to the serial correlation of shocks.

As regard the behavior of households, our estimate of the consumption elasticity of

substitution (1/σ) is equal to 0.48, while the labor disutility (1/ϕ) is equal to 0.5. The

habit persistence parameter γ is rather large to 0.9, indicating that the reference for current

consumption is about 90% of past aggregate consumption. These estimates are again

somewhat different from the estimates reported in SW. In particular, their estimate of

the habit persistence parameter is found to be 0.6 and the estimate of the consumption

elasticity of substitution is as high as 0.73. We found that using their parameter estimates in

23The first 50 000 observations are discarded to eliminate any dependence on the initial values.
24Reported standard errors are computed using the Hessian of the log likelihood function.
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our set-up would significantly deteriorate the ability of the model to fit the auto-covariance

of actual consumption.

Focusing on the behavior of firms, we obtain basically the same estimates as SW and

OW. The parameter of price indexation is ξ = 0.44, while the probability that firms are not

allowed to re-optimize their price is α = 0.79. The degree of price stickiness is rather large,

since the average duration of price contracts is about 5 quarters. This figure is somewhat

larger than microeconomic evidence, but it is in the range of previous macroeconomic

estimates.

Finally, our estimate of the monetary policy rule is only indicative of how short-term

interest rates reacted to macroeconomic developments over the sample period. In the ab-

sence of a common central bank over the sample, this estimate cannot be taken as reflecting

plausibly the behavior of monetary authorities. Our parameter estimates are broadly in

line with the standard Taylor rule, with a long-run response to inflation of ψπ = 1.49 and

a reaction to output gap of ψπ = 0.15.

3.2.2 Results for the MCM

We now wish to briefly comment our estimate of the MCM. The joint dynamics of the whole

system is estimated simultaneously for Germany, France, and Italy. This is a somewhat

time-consuming task, since it involves 9 observable series and 51 unknown parameters.

Table 2 reports priors and parameter estimates of the MCMmodel and Figure 3 summa-

rizes this information visually by plotting the prior and posterior distributions. We mainly

focus our comments on the differences across countries and with the already-discussed

AWM estimation. A first important result we would like to emphasize is that there is some

heterogeneity of structural parameters across countries. Although we select the same priors

for all countries (as well as for the euro area), we obtain significant differences for the habit

persistence parameter γ. This parameter is estimated to be low in Germany (0.5), medium

in France (0.64), and large in Italy (0.82). We strongly reject the null hypothesis that the

three parameters are equal across countries. As regards other structural parameters, differ-

ences do not appear economically significant. The only exception is the price indexation

parameter ξ which is equal to 0.41 in Italy versus 0.26 in Germany, although such difference

does not turn out to be statistically significant.

Reaction-function parameters display rather similar patterns across countries. The long-

run reaction of short-term interest rate to inflation and output gap are about 1.5 and 0.5

respectively in the three countries. The serial correlation parameters pertaining to the

various shocks are all estimated within the same range: 0.75 for the preference shock, 0.8

for the technology shock and 0.5 for the monetary policy shock. Finally, most cross-country

correlations between shocks are significantly positive. This result is of importance, because

it points to a significant source of transmission across the members of the area.
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The second interesting result lies in the differences in the parameter estimates between

countries and the euro area as a whole. The important point is that the area-wide estima-

tion of parameters describing the behavior of households seems to suffer from an aggregation

bias. Indeed, estimates of parameters γ and σ for the AWM are systematically and signifi-

cantly larger than the estimates for the MCM. Similarly, the price indexation parameter ξ

is significantly larger for the AWM. Such aggregation biases have already been pointed out

as a possible undesirable outcome of estimating an AWM.

We also estimated a MCM in which structural parameters (pertaining to the behav-

ior of private agents) are assumed to be constant across countries. This model allows to

test formally the idea that private agents behave in a similar manner in the three coun-

tries. This model is obviously much less constrained than the AWM, since the monetary

policy rule, serial correlation parameters and shock variances are allowed to differ from

one country to the other. Structural parameters are found to be rather close to the AWM

for the utility function parameters (γ = 0.87, σ = 2.23 and ϕ = 2.13), but parameters

corresponding to the behavior of firms differ significantly (ξ = 0.14 and α = 0.93). This

result suggests that the assumption (implicit in the AWM) that the shocks have the same

dynamics across countries is likely to be overly strong to fit the data. In addition, the LR

test statistics, which is distributed as a χ2 (10), is equal to 149.33. The hypothesis that

structural parameters are equal across countries is then strongly rejected.

3.3 Assessing the performances of the estimated models

There are several ways to assess the empirical performances of an estimated DSGE model.

Most evaluations rely on the comparison with an a-theoretical VAR model.25 Such a

reference to a VAR model is rather natural, because the reduced form of log-linearized

DSGE models can be viewed as a constrained VAR model. Thus, the test is based on

whether the constraints imposed by the DSGE model to the VAR model are rejected by

the data.

3.3.1 Posterior odds

A first way to assess empirical performances, developed by Geweke (1999) consists in com-

paring the posterior distributions of the DSGE and VAR models. Having specified the

likelihood function and the prior distribution, the marginal likelihood of each model m is

L
¡
XT |m

¢
=

Z
Θ
L
¡
XT |Θ,m

¢
Γ (Θ|m) dΘ. (27)

This expression involves averaging the conditional likelihoods across the parameter space,

using the prior distribution as weight. Multiple integration is required to obtain the
25See, e.g., Geweke (1999), Batini et al. (2003), Fernandez-Villaverde and Rubio-Ramirez (2003),

Schorfheide (2003), or SW.
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marginal likelihood, making exact computation infeasible. However, using the random

draw from the posterior distribution of each model, it is possible to evaluate the marginal

likelihood (27). Then, as shown by Geweke (1999), once the marginal likelihood implied by

model m by L̂
¡
XT |m

¢
is estimated, we can compute the Bayes factor between two distinct

models m and n as

B̂m,n

¡
XT

¢
=
L̂
¡
XT |m

¢
L̂ (XT |n)

.

Finally, we obtain the posterior odds, which incorporates information on priors:

dPOm,n =
p (m)

p (n)
B̂m,n

¡
XT

¢
where the ratio p (m) /p (n) is the prior odds.

Such an empirical assessment has been performed on the AWM.26 Table 3 reports for

the DSGE model and the VAR models with one to 3 lags, the prior probabilities p (m), the

Bayes factor B̂m,n and the posterior odds dPOm,n. The reference model (n) is the DSGE

model. Since the marginal likelihood cannot be computed analytically due to the complexity

of the model, it is approximated using an important sample simulation method (see Geweke,

1999). We notice that the optimal VAR model is the VAR(2) model, since the posterior

odds is equal to 85% for this model. In addition, the posterior odds of the DSGE is

very low relative to any VAR model. This result indicates that the data do not support

the constraints imposed by the DSGE on the parameters of the VAR model. It should

be emphasized, however, that the DSGE model is not designed to capture all statistical

characteristics in the data. In particular, it may be argued that the joint dynamics of shocks

in the DSGE is overly constrained, since most cross-correlations are imposed to be zero.

In addition, the DSGE imposes several constraints on the contemporaneous relationships

between variables, in particular across countries: For instance, international transmission

mechanisms do not involve any additional parameter as compared to a close economy set-

up. From this point of view, a more relevant way to assess the performances of the DSGE

is whether the model is able to replicate the cross-covariances estimated on actual data.

3.3.2 Comparison of cross-covariances

We now compare the DSGE-based Auto-Correlation Functions (ACF) with those obtained

from a VAR model. For this purpose, we follow the approach used in a similar context

by Schorfheide (2000), and proceed as follows: on one hand, we compute the empirical

cross-covariances by estimating a VAR(2) model on the actual data. On the other hand,

we simulate a large number of random samples using the DSGE model. Then, we estimate

26Unfortunately, such a comparison is made very tricky for the MCM due to the large number of unknown

parameters in the corresponding VAR model. It precludes identifying the optimal number of lags in the

multicountry VAR model.
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a VAR(2) model on the simulated data and deduce the model-based cross-covariances for

the VAR model. The comparison of the two sets of cross-covariances is displayed in Figure

4 for the AWM and in Figure 5 for the MCM. The full line represent the median and the

dotted lines represent the 5% and 95% intervals for the covariance sample of the DSGE

models. The dashed line gives the empirical cross-covariances based on the VAR(2) model

estimated on the actual data.

An important point is that model-based error bands are in general rather large, so that

most cross-covariances are in fact insignificantly different from 0. This suggests that there

is a large amount of uncertainty in model-based as well as in empirical cross-covariances.

In addition, in most cases, empirical cross-covariances are well within the error bands,

suggesting that the DSGE model is able to reproduce most dynamics of the data. In fact,

the model only fails to reproduce the cross-covariances between output and interest rate.

Other empirical covariances are rather well reproduced by the model.

4 Optimal monetary policy

In this section, we turn to the characterization of the optimal policy in the context of the

euro area. An advantage of having developed a structural model based on optimizing be-

haviors is that it provides a natural objective for monetary policy, namely the maximization

of the expected utility of the representative household. Following the method of Woodford

(2003, chap. 6), we compute the second-order Taylor series approximation to this objective

as a quadratic function of variables and shocks. Indeed, various aspects of our model, such

as inflation inertia and external habit formation, require that we derive the appropriate

welfare-theoretic stabilization objective.27

Several important issues arise when considering the evaluation of welfare in the context

of an open economy with habit formation. First in a closed economy, as discussed in Rotem-

berg and Woodford (1998), under the assumption of a constant subsidy for output ϑ that

neutralizes the distortion associated with firm’s market power, it can be shown that the op-

timal monetary policy is the one that replicates the flexible-price equilibrium allocation.28

In an open economy, as noted by Corsetti and Pesenti (2001) and Galí and Monacelli (2004),

a second source of distortion comes from the fact that the transmission of monetary policy

affects demand not only through the relative cost of borrowing, but also through its effect

on the terms of trade. This possibility is a consequence of the imperfect substitutability

between home and foreign goods, combined with sticky prices. As in Benigno and Benigno

27Other extensions to preferences that are non-separable in consumption and to the open economy frame-

work have been proposed by Corsetti and Pesenti (2000), Clarida et al. (2002), Batini et al. (2003), Benigno

and Benigno (2003), Amato and Laubach (2004) and Tchakarov (2004) among others.
28The intuition is straightforward: with the subsidy in place, there is only one distortion left in the

economy, namely sticky price. By stabilizing markups at their frictionless level, nominal rigidities cease to

be binding, since firms do not feel any desire to adjust prices.
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(2003), we assume the presence of a subsidy for output that exactly offsets the combined

effects of market power and the terms-of-trade distortions in the steady state. Monopolistic

distortions should be set at a positive value, because the deflationary bias associated with

terms of trade coexists with the inflationary bias associated with market power.29

Second, in an open economy framework, most previous studies investigated the way

the optimal monetary policy may be designed, for a given type of monetary arrangement

between central banks. Typical extreme cases are non-cooperation and full cooperation

(see, e.g., Clarida et al., 2002, Benigno, 1999, Tchakarov, 2004). Our evaluation of the

optimal monetary policy obviously presumes full cooperation, since only one central bank

is involved. More specifically, our focus is not on whether coordination may improve the

global welfare, but rather on whether the fully cooperative monetary policy should be based

on an aggregated model or on a multi-country model.

In addition to the utility-based welfare criterion, we also investigate the implications

of heterogeneity in the context of ad-hoc loss functions. A reason for considering such

ad-hoc functions is that the utility-based welfare does not take account of any interest-

rate smoothing. Since smoothing has been found to be an important empirical feature

of monetary policy, we investigate how it may affect the role plaid by heterogeneity on

monetary policy.

4.1 The welfare objective

4.1.1 General strategy

Since our aim is to compare the welfare consequences of adopting an AWM or a MCM, we

proceed as follows, considering the two following approaches in turn:

- in the aggregated approach, the central bank forecasts only aggregated variables (us-

ing the AWM) and adopts a reaction function designed in terms of aggregated variables

only. The optimal monetary policy rule (FAWM ) is obtained by maximizing the aggregated

welfare (WAWM
0 ), assuming homogeneity of behaviors across countries.

- in the multicountry approach, the central bank uses the MCM to forecast national

variables. The reaction function is still assumed to be defined in terms of aggregated

variables, since the central bank is not allowed to design the policy rule on the basis of

country-specific outlook.30 Then, the (unconstrained) optimal monetary rule (Funconst
MCM )

is obtained by maximizing the weighted average of national welfares (WMCM
0 ), allowing

heterogeneity of behaviors across countries.

29 In contrast, Tchakarov (2004) considers that eliminating such distortions requires too restrictive as-

sumptions, and prefers to pursue the welfare analysis without assuming that the steady state is arbitrarily

close to the first best.
30 It is not clear however how it can be enforced in practice. Since decisions result from a bargaining

between Governors Council members, it cannot be precluded that some decisions are taken following national

developments.
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However, the two welfares cannot be directly compared, since they are evaluated under

two different sets of assumptions. For the two welfares to be comparable, we acknowledge

that the “true” welfare of the area is the weighted average of national welfares (this ex-

pression collapses to the aggregated welfare under homogeneity of behaviors only). We

thus evaluate the welfare associated with the AWM policy rule (FAWM ) but using the

MCM. This yields the cost of using an aggregated approach when behaviors are in fact

heterogeneous across countries (Waggr
0 ).

Two additional issues have to be preliminary addressed. First, the two optimal rules

must satisfy the principle that they involve only aggregate developments. Therefore, the

rule obtained under the aggregated approach is by construction the optimal rule. In con-

trast, the rule obtained under the multicountry approach is not necessarily optimal under

the MCM. Indeed, the fully optimal rule does not imply any constraint on parameters,

while the rule we look for imposes that only aggregated variables appear in the rule. An

important consequence is that the optimal rule under the MCM cannot be computed using

the standard approach, which consists in solving the Bellman equation (see, for instance,

Söderlind, 1999). Rather, the (constrained) optimal solution
¡
F const
MCM

¢
is obtained by nu-

merically maximizing the welfare for a policy rule which includes only aggregated variables¡
Wconst
0

¢
.

Second, by construction, the optimal rule under the multicountry approach induces a

higher welfare than the optimal rule under the aggregated approach. The reason is that

the parameters F unconst
MCM are obtained by maximizing the welfare under the correct model.

Assessing whether the central bank should be concerned about heterogeneity therefore

requires that the decrease in welfare in using the AWM be economically as well as statis-

tically significant. For this purpose, we evaluate the distribution of the ratio of welfares

R = Waggr
0 /Wconst

0 using the distribution of parameters obtained from the Metropolis-

Hastings simulations. For each set of parameters, corresponding to a given economy, we

evaluate the optimal policy rule and the corresponding welfare. We perform such an exercise

for a large number of parameter sets for both the AWM and the MCM.

4.1.2 Specification

A micro-founded model delivers a natural measure of welfare based on household’s utility.

It is defined as the conditional expectation of the current and discounted future values of

an approximation of the household’s utility function. In Appendix C, we derive the welfare

for the two-country model. In the closed-economy version, the aggregated welfare at date
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0 is given by

WAWM
0 = −UCC̄E0

∞X
t=0

βt
½
1

2
(ĉt −Ψc)

2 +
1

2
(ŷt −Ψy)

2 +
(1 + ϕ) (1−A1 −A2)

2
y2t

+
(2βγ − 3) (1− γ) + σ

¡
1 + βγ2

¢
− σγ (1 + β)

2 (1− γ)
ĉ2t

+
σγ

2 (1− γ)
(ĉt − ĉt−1)2 −

γ

2
(ĉt−1 − ε̂p,t)

2 +
(1 + ϕ)A1

2
(ŷt − ĉnt )

2

+
(1 + ϕ)A2

2

¡
ŷt − ĉnt−1

¢2
+
1

2
(ĉt − ε̂p,t)

2 − 1
2
(ŷt − ε̂p,t)

2

+
θα

2 (1− α) (1− βα)
(π̂t − ξπ̂t−1)2

¾
+ t.i.p.+O

³
kζk3

´
(28)

where all variables denote area-wide variables and parameters are those pertaining to the

AWM. ĉnt denotes the log-deviation of aggregated consumption to its natural value and

t.i.p. regroups terms independant of the actual policy.

The aggregated welfare in the multi-country approach (taking account of the hetero-

geneity of agents across countries) is defined as the weighted average of the national welfare

functions:31

WMCM
0 = nW0 + (1− n)W∗

0 (29)

where W0 and W∗
0 are detailed in Appendix C.

Expressions (28) and (29) combine features that come from the introduction of inertial

inflation and external habit formation. Interestingly, our estimated models imply that it is

optimal for the central bank to put a much larger weight (about 100 times more) on the

stabilization of goods price inflation than on the stabilization of the other variables.

4.1.3 Results

Optimal response of monetary policy to shocks in a DSGE model depends on whether it

is conducted under commitment or under discretion. Appendix D details the methods of

optimization associated to the choice of monetary policy. Figures 6 and 7 show impulse

responses of the three aggregated endogenous variables to the preference and technology

shocks, for the AWM and the MCM respectively. We consider one-standard-deviation

shocks. In the two models, responses are as expected: variables are affected in the same

direction in response to a shock, with rather similar dynamics. Indeed, except for the

magnitude (coming from the differences in standard deviations of shocks between the AWM

and the MCM), the effects are very close from one model to the other. The improvement in

31Recall that we present here the two-country case. In the N-country case, the total welfare is given by

WMCM
0 =

PN
j=1 njW

j
0 , where nj is the weight of the country j in the area. Note that nj may also represent

the bargaining power of country j within the Governors Council, rather than simply the relative economic

size of the country.

23



total factor productivity implies quite mechanically a quick positive increase in output and

so in consumption that keeps building up gradually. Since output rises by less than natural

output, the resulting negative output gap puts downward pressure on prices, which allows

monetary authorities to reduce interest rate. Hence, monetary policy is accommodating,

and prices do not change much (the response of inflation is negative and exhibits persistence,

particularly in the discretion case). Following a positive preference shock, consumption

rises. Consequently, overall demand increase puts upward pressure on real factor prices, real

marginal cost, and inflation. Monetary authorities thus increase interest rate to reduce in

turn inflation. It is worth emphasizing that monetary policy reacts to exogenous shocks very

strongly so that the responses of consumption and inflation are very weak (in magnitude).

The reason for this result is that the maximization of welfare does not involve any interest-

rate smoothing.32

Due to the way the optimal policy rule is evaluated in the commitment case, it is

technical very demanding to solve the problem in the multicountry approach when the

policy rule is constrained to involve only aggregated variables. We thus concentrate on the

discretion case in the comparison of the AWM and the MCM in terms of welfare. Table

4 (Panel A) reports the results for the mode of the posterior distribution of estimated

parameters. The first line gives the welfare under the AWM, the MCM and the constrained

MCM (in which the optimal rule depends on aggregated variables only). The constrained

MCM clearly outperforms the AWM since the welfare of the latter is 44 percent lower than

the welfare of the former. However, while the size of the welfare gain that is the stake

is rather large, it remains to be established whether it is significantly so. To tackle this

issue and knowing that the ratio R is non normally distributed, we compute the confidence

interval at 95% to examine if the bound 1 is far away from the lower limit.33 Table 5 (Panel

A) shows that 95% of the distribution are between 1.020 and 2.735 with a median equals

to 1.407. This confirms the systematic gain obtained in using the MCM rather the AWM.

4.2 Ad-hoc loss functions

Most recent optimal policy evaluations of monetary rules in large-scale DSGE models have

been performed using ad-hoc loss criteria. The approach based on ad-hoc loss functions has

two main advantages over the more natural welfare appraoch. First, it does not entail the

heavy derivation of the welfare as a function of variances and second it allows to incorporate

some concern about interest-rate stabilization. Loss functions are in general constructed by

32This case is similar the case of an ad-hoc loss function without interest-rate smoothing, which we will

discuss later on.
33To build the confidence interval, we randomly selected 2 000 parameter samples from the last 50 000

draws of the MCMC algorithm. We then compared an AWM and an MCM both randomly taken in the

remainder of the distribution. For a given loss function, this comparison roughly takes 6 hours on a PC-

Pentium 4 1.7 Mhz.
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taking a weighted average of the variances of inflation, output gap and the change in

nominal interest rate (an interest-rate smoothing objective).

4.2.1 Specification

In the case of the AWM, the inter-temporal loss function is given by:

ΛAWM
0 = E0

∞X
t=0

βt
h
π2t + Λy (yt − ynt )

2 + Λi (it − it−1)2
i
, (30)

and in the case of the MCM

ΛMCM
0 = E0

∞X
t=0

βt
h¡
nπH,t + (1− n)π∗F,t

¢2
+Λy (n (yt − ynt ) + (1− n) (y∗t − y∗nt ))

2 + Λi (it − it−1)2
i
, (31)

where Λy and Λi are positive weights. We consider a wide range of values for the relative

weights on output-gap stabilization and interest-rate smoothing. We will refer to different

loss functions by their pair of weights, denoting Λ = (Λy,Λi).

4.2.2 Results

As in the welfare case, we compare the impulse responses of the endogenous variables to

the exogenous shocks under the optimal and the estimated policy rules, for the AWM and

under the optimal policy rules for the MCM (since no estimated rule is available in this

case). Figures 8 to 13 display the responses pertaining to three specifications of the loss

function: with Λ1 = (1, 1), the policymaker puts equal weights on inflation, output-gap

and interest-rate stabilizations; with Λ2 = (0.5, 0.25), the policymaker has a little incentive

to stabilize the output gap and the interest rate; and with Λ3 = (0.5, 0), the policymaker

has no interest-rate smoothing objective. We see that all estimated impulse responses are

similar to the optimal ones in the AWM for Λ1 and Λ2. Moreover, the responses for the

optimal policies are qualitatively similar for the AWM and the MCM. However, when there

is no interest-rate smoothing, Λ3 (Figures 10 and 13), we obtain responses that are similar

to the welfare case: the responses of consumption and inflation are very flat and the optimal

policies are very aggressive. This result is not surprising: since there is no concern about

instrument stability, the policymaker vigorously modifies its instrument to immediately

stabilize the economy after a shock.

For a wide range of weights, we then compute the optimal losses for the AWM and the

MCM. We focus on a grid over the weights Λ ∈ [0, 1]× [0, 1]. We start the grid from small

positive values instead to insure against problems that might be caused by the “singularity”

of the loss function around zero weights. The optimal losses are shown in Figures 14 and

15 for the AWM and the MCM respectively. As expected, increasing the weights on the
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output-gap and interest-rate stabilization raises the value of the loss. Interestingly, we

observe that increasing the concern about output-gap stabilization implies a large rise in

the optimal loss. In contrast, an increase in the interest-rate smoothing objective does not

affect the optimal loss too heavily.

Table 4 (Panel B) reports the optimal loss for the mode of the posterior distribution, for

several pairs of weights and Figure 16 displays the ratio of the loss under the AWM to the

loss under the constrained MCM. At this level, it is clear that the cost of using the AWM

is noticeable. The ratio of losses is the highest when there is no output-gap stabilization

objective and when there is an important concern about interest-rate smoothing. Moreover,

our results suggest that the smallest loss is obtained with a loss function that puts a low

weight on output-gap stabilization and interest rate smoothing objectives, Λ = (0.4, 0.5).

In such a case, the loss under the AWM is about 13% higher than the loss under the MCM.

Finally, Table 5 (Panel B) reports the 95% confidence interval of the ratio of losses for

the three specifications of the loss function and confirms again the gain to use an MCM

rather an AWM. For instance, for the pair Λ = (1, 1), only 2.5% of the simulated parameter

sets induce a ratio of losses AWM/MCM that is lower than 1.124. We can notice that our

results are along the line of those provided by Angelini et al. (2002) and Siviero and

Monteforte (2003) on simpler macroeconomic models. Indeed, they also find that the gain

associated with a MCM amounts to at least 20% (and up to 50% in many cases) of the loss

associated to the AWM.

5 Conclusion

In this paper, we question whether the ECB should be concerned about heterogeneity. To

address this issue, we develop a multi-country DSGE model, which can be used to estimate

the dynamics of national economies within the euro area. This model incorporates frictions

required to reproduce the persistence of the actual data, including the presence of sticky-

price setting and external habit formation in consumption. But the main characteristic

of the model is the introduction of heterogenous behaviors across countries that allows to

investigate the cost of using an AWM instead of a MCM.

Using Bayesian techniques, we estimate the AWM and MCM and provide evidence that

the structural parameters in Germany, France, and Italy display statistically significant

differences. Therefore, in terms of ability to fit the data, the MCM should be preferred

to the AWM. Since our model is suitable for the analysis of optimal monetary policy, we

then compare the two models on the basis of their ability to maximize the welfare of the

representative household.

Our results support the conclusion that heterogeneity of behaviors within the euro area

is not only statistically detectable but, perhaps more importantly, economically relevant.

Specifically, since the ECB policy rule is assumed to depend on aggregate developments
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only, both models can be used to determine the optimal policy rule. The welfare associated

to the two optimal rules are then compared allowing heterogeneity of behaviors. We obtain

that the welfare associated to the AWM is 44 percent lower than the welfare associated to

the MCM. In addition to the utility-based welfare criterion, we also investigate the impli-

cations of heterogeneity in the context of ad-hoc loss functions, that allow to incorporate

some concern about interest-rate stabilization. We obtain that, for all loss functions with

a concern about output-gap stabilization and interest-rate smoothing, the loss associated

to the AWM is always economically higher than the loss associated to the MCM.

However, it may be argued that the difference between the AWM and the MCM in terms

of welfare is rather limited, as compared to the cost of designing, estimating and using a

MCM. It is worth emphasizing that our evaluation is based on the three largest countries of

the area, that may be viewed as very similar economies. It is likely that including additional

economies would widen the discrepancies between the two models.
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Appendix A: The log-linearized dynamic equilibrium

• Home IS curve

ĉt =
γ

1 + γ
ĉt−1 +

1

1 + γ
Etĉt+1 −

(1− γ)

(1 + γ)σ
(̂ıt − Etπ̂H,t+1) (32)

+
(1− γ) (1− ω)

(1 + γ)σ
Et∆τ̂ t+1 +

(1− ρc) (1− γ)

(1 + γ)σ
ε̂p,t

• Home Phillips curve

π̂H,t =
ξ

1 + βξ
π̂H,t−1 +

β

1 + βξ
Etπ̂H,t+1 +

(1− βα) (1− α)

(1 + βξ)α
cmct (33)

• Home marginal cost

cmct =

µ
σ

1− γ
+ ϕωs

¶
ĉt −

γσ

1− γ
ĉt−1 + ϕ (1− ωs) ĉ∗t − (1 + ϕ) ât

+ [(1− ω) (1 + ϕωs) + ϕ (1− ω∗) (1− ωs)] τ̂ t (34)

• Home aggregated output

ŷt = [(1− ω)ωs+ (1− ω∗) (1− ωs)] τ̂ t + ωsĉt + (1− ωs) ĉ∗t (35)

• Home preference shock
ε̂p,t = ρpε̂p,t−1 + ηp,t (36)

• Home technology shock
ât = ρaât−1 + ηa,t (37)

• Foreign IS curve

ĉ∗t =
γ∗

1 + γ∗
ĉ∗t−1 +

1

1 + γ∗
Etĉ∗t+1 −

(1− γ∗)
(1 + γ∗)σ∗

¡
ı̂∗t − Etπ̂∗F,t+1

¢
(38)

−(1− γ∗)ω∗

(1 + γ∗)σ∗
Et∆τ̂ t+1 +

(1− ρc) (1− γ∗)
(1 + γ∗)σ∗

ε̂∗p,t

• Foreign Phillips curve

π̂∗F,t =
ξ∗

1 + βξ∗
π̂∗F,t−1 +

β

1 + βξ∗
Etπ̂∗F,t+1 +

(1− βα∗) (1− α∗)
(1 + βξ∗)α∗

cmc∗t (39)

• Foreign marginal cost

cmc∗t =
µ

σ∗

1− γ∗
+ ϕ∗ (1− ω∗) s∗

¶
ĉ∗t −

γ∗σ∗

1− γ∗
ĉ∗t−1 + ϕ∗ [1− (1− ω∗) s∗] ĉt

− (1 + ϕ∗) â∗t − [ω [1 + ϕ∗ (1− (1− ω∗) s∗)] + ω∗ϕ∗ (1− ω∗) s∗] τ̂ t (40)
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• Foreign aggregated output

ŷ∗t = [1− (1− ω∗) s∗] ĉt+(1− ω∗) s∗ĉ∗t−(ω [1− (1− ω∗) s∗] + ω∗ (1− ω∗) s∗) τ̂ t (41)

• Foreign preference shock
ε̂∗p,t = ρ∗pε̂

∗
p,t−1 + η∗p,t (42)

• Foreign technology shock
â∗t = ρ∗aâ

∗
t−1 + η∗a,t (43)

• Terms of trade

τ̂ t =
1

ω − ω∗

·
σ

1− γ
ĉt −

γσ

1− γ
ĉt−1 −

σ∗

1− γ∗
ĉ∗t +

γ∗σ∗

1− γ∗
ĉ∗t−1 + ε̂∗p,t − ε̂p,t

¸
. (44)

Notice that s = C̄/Ȳ and s∗ = C̄∗/Ȳ ∗.

Appendix B: The log-linearized flexible-price equilibrium

The so-called natural output is obtained as the level of output that would prevail under

flexible price in the absence of cost-push shocks. In this case, the optimal pricing decision

for the firm h, i.e., the price that would maximize profits at each period is given by

PH,t (h) =
µ

(1 + ϑ)

Wt

At
,

where µ = θ/ (θ − 1) is the optimal mark-up, and 0 ≤ ϑ < 1 is a subsidy for output that

offsets the effect on imperfect competition in goods markets on the steady-state level of

output. Using the demand for good h, Yt (h) =
µ
PH,t (h)

PH,t

¶−θ
Yt, we note that the relative

supply of good h must in turn satisfyµ
Yt (h)

Yt

¶−1/θ
=

µ

(1 + ϑ)

Wt

PH,t

1

At

Note also that, in steady state,

UL̄
¡
L̄
¢

UC̄
¡
C̄
¢ = (1 + ϑ)

µ
= 1− Φy

where Φy is a measure of inefficiency in the economy at steady state as compared to the

economy at the flexible-price equilibrium.

Because all wages are the same in the case of flexible wages, we have Wt (h) =Wt and

Lt (h) = Lt for all h. This implies that all sellers supply a quantity Y n
t satisfying

1− Φy =
UL (Ln

t )

UC (Cn
t )

Pt
PH,t

1

At
=

(Ln
t )

ϕ

(Cn
t − γCn

t )
−σ
(T n

t )
1−ω

At
=

(Y n
t /At)

ϕ¡
Cn
t − γCn

t−1
¢−σ (T n

t )
1−ω

At
.
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Log-linearizing this expression yields,

ŷnt = −
σ

(1− γ)ϕ
ĉnt +

σγ

(1− γ)ϕ
ĉnt−1 −

(1− ω)

ϕ
τ̂nt +

(1 + ϕ)

ϕ
ât

In using the terms of trade expression

τ̂nt =
1

ω − ω∗

·
σ

1− γ
ĉnt −

γσ

1− γ
ĉnt−1 −

σ∗

1− γ∗
ĉ∗nt +

γ∗σ∗

1− γ∗
ĉ∗nt−1 + ε̂∗p,t − ε̂p,t

¸
,

with the definition of the aggregated output

ŷnt = ωsĉnt + (1− ωs) ĉn∗t + [(1− ω)ωs+ (1− ω∗) (1− ωs)] τ̂nt ,

we obtainµ
σ

1− γ
+ ϕωs+

σΨ

(1− γ)

¶
ĉnt =

γσ

1− γ
(1 +Ψ) ĉnt−1 −

µ
ϕ (1− ωs)− σ∗Ψ

(1− γ∗)

¶
ĉ∗nt

− γ∗σ∗Ψ
(1− γ∗)

ĉ∗nt−1 −Ψ
¡
ε̂∗p,t − ε̂p,t

¢
+ (1 + ϕ) ât (45)

and

ŷnt =

µ
ωs+

σΨ

(1− γ)

¶
ĉnt −

µ
γσΨ

(1− γ)

¶
ĉnt−1 +

µ
1− ωs− σ∗Ψ

(1− γ∗)

¶
ĉ∗nt

+

µ
γ∗σ∗Ψ
(1− γ∗)

¶
ĉ∗nt−1 +Ψ

¡
ε̂∗p,t − ε̂p,t

¢
(46)

where Ψ = [(1− ω) (1 + ϕωs) + ϕ (1− ω∗) (1− ωs)] / (ω − ω∗).
The same calculations for the foreign country yield,µ

σ∗

1− γ∗
+ ϕ∗ (1− ω∗) s∗ +

σ∗Ψ∗

(1− γ∗)

¶
ĉ∗nt =

γ∗σ∗

1− γ∗
(1 +Ψ∗) ĉ∗nt−1

−
µ
ϕ∗ [1− (1− ω∗) s∗]− σΨ∗

(1− γ)

¶
ĉnt −

γσΨ∗

(1− γ)
ĉnt−1 +Ψ

∗ ¡ε̂∗p,t − ε̂p,t
¢
+ (1 + ϕ∗) â∗t(47)

and

ŷ∗nt =

·
1− (1− ω∗) s∗ − σΨ∗

(1− γ)

¸
ĉnt +

γσΨ∗

(1− γ)
ĉnt−1

+

µ
(1− ω∗) s∗ +

σ∗Ψ∗

(1− γ∗)

¶
ĉ∗nt −

γ∗σ∗Ψ∗

(1− γ∗)
ĉ∗nt−1 −Ψ∗

¡
ε̂∗p,t − ε̂p,t

¢
(48)

where Ψ∗ = [ω [1 + ϕ∗ (1− (1− ω∗) s∗)] + ω∗ϕ∗ (1− ω∗) s∗] / (ω − ω∗).

30



Appendix C: Approximation of the welfare criterion

The second-order approximation of the home representative household’s welfare is de-

rived in this section, using methods discussed in more detail in Woodford (2003). The

average utility flow of the representative household is given by

W = U (Ct,Ht, εp,t)−
1

n

Z n

0
V (Lt (h) , εp,t) dh (49)

where

U (Ct,Ht, εp,t) =
εp,t
1− σ

(Ct − γHt)
1−σ and V (Lt (h) , εp,t) =

εp,t
1 + ϕ

(Lt (h))
1+ϕ .

C.1 Taylor expansion of the utility function

The second-order Taylor expansion of U (Ct,Ht, εp,t) yields

U (Ct,Ht, εp,t) ≈ Ū+UCC̃t +UHH̃t +Uεp ε̃p,t +
1

2
UCCC̃

2
t

+
1

2
UHHH̃2t +

1

2
Uεpεp (ε̃p,t)

2 +UCHC̃tH̃t

+UCεpC̃tε̃p,t +UHεpH̃tε̃p,t +O
³
kζk3

´
(50)

where O
³
kζk3

´
denotes the order of residual and kζk is a bound on the amplitude of

exogenous disturbances.

Applying a second-order Taylor expansion (Xt−X̄
X̄

= X̃t

X̄
≈ x̂t +

1
2 x̂
2
t +O

³
kζk3

´
, where

x̂t = lnXt − ln X̄), we obtain

U (Ct,Ht, εp,t) ≈ Ū+UCC̄

µ
ĉt +

1

2
ĉ2t

¶
+UHH̄

µ
ĥt +

1

2
ĥ2t

¶
+Uεp ε̄p

µ
ε̂p,t +

1

2
ε̂2p,t

¶
+
1

2
UCCC̄

2ĉ2t +
1

2
UHHH̄2ĥ2t +

1

2
Uεpεp ε̄

2
pε̂
2
p,t +UCHC̄H̄

³
ĉtĥt

´
+UCεpC̄ε̄p (ĉtε̂p,t) + UHεpH̄ε̄p

³
ĥtε̂p,t

´
+O

³
kζk3

´
(51)

with

UC = ε̄p
¡
C̄ − γH̄

¢−σ
,

UCC = −σε̄p
¡
C̄ − γH̄

¢−σ−1
= −σ
(C̄−γH̄)UC ,

UH = −γε̄p
¡
C̄ − γH̄

¢−σ
= −γUC ,

UHH = −γ2σε̄p
¡
C̄ − γH̄

¢−σ−1
= −γ2σ
(C̄−γH̄)UC ,

UCH = σγε̄p
¡
C̄ − γH̄

¢−σ−1
= σγ

(C̄−γH̄)UC ,

Uεp =
1
1−σ

¡
C̄ − γH̄

¢1−σ
=
(C̄−γH̄)
(1−σ)ε̄p UC ,

Uεpεp = 0,
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UCεp =
¡
C̄ − γH̄

¢−σ
= UC

ε̄p
,

UHεp = −γ
¡
C̄ − γH̄

¢−σ
= −γ

ε̄p
UC .

Replacing Ht by Ct−1, the utility of consumption simplifies to

U (Ct, Ct−1, εp,t) ≈ UCC̄

½
(ĉt − γĉt−1) +

1

2

¡
ĉ2t − γĉ2t−1

¢
− σ

2 (1− γ)
(ĉt − γĉt−1)2

+ĉtε̂p,t − γĉt−1ε̂p,t
o
+ t.i.p.+O

³
kζk3

´
(52)

where “t.i.p.” denotes terms independent of the actual policy such as constant terms in-

volving only exogenous variables.

C.2 Taylor expansion of the disutility of work

The second-order Taylor expansion for V (Lt (h) , εp,t) is

V (Lt (h) , εp,t) ≈ V̄+VLL̄

µ
l̂t (h) +

1

2
l̂2t (h)

¶
+Vεp ε̄p

µ
ε̂p,t +

1

2
(ε̂p,t)

2

¶
+
1

2
VLLL̄

2l̂2t (h) +
1

2
Vεpεp ε̄

2
pε̂
2
p,t +VLεpL̄ε̄p

³
l̂t (h) ε̂p,t

´
+O

³
kζk3

´
(53)

with

VL = ε̄pL̄
ϕ,

Vεp =
1

1+ϕ

¡
L̄
¢1+ϕ

= L̄
(1+ϕ)ε̄p

VL,

VLL = ϕε̄pL̄
ϕ−1 = ϕ

L̄
VL,

Vεpεp = 0,

VLεp = L̄ϕ = VL
ε̄p
.

The disutility of work becomes

V (Lt (h) , εp,t) ≈ VLL̄

½
l̂t (h) +

1 + ϕ

2
l̂2t (h) + l̂t (h) ε̂p,t

¾
+ t.i.p.+O

³
kζk3

´
. (54)

C.3 Individual labor to composite labor

Now define the composite labor index:

Lt =

Z n

0
Lt (h) dh =

Z n

0

Yt (h)

At
dh =

Yt
At

Z n

0

Ã
P̃t (h)

Pt

!−θ
dh.

Taking a second-order Taylor expansion of the logarithm of this equation yields:

l̂t = ŷt − ât + ût (55)
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with ût = ln
R n
0

³
P̃t(h)
Pt

´−θ
dh is of second order.

In addition, as shown by Woodford (2003, chap. 6), on has

ût =
θα

2 (1− α) (1− βα)
(π̂H,t − ξπ̂H,t−1)2 +O

³
kζk3

´
. (56)

C.4 Welfare expressions

We first integrate equation (54) over h and replace
R n
0 Lt (h) dh and ût by their respective

expressions. We then take the present discounted sum of equations (52) and (54) and

subtract the second expression to the first one to obtain

∞X
t=0

βtWt = UCC̄
∞X
t=0

βt
½
(ĉt − γct−1) +

1

2

¡
ĉ2t − γĉ2t−1

¢
− σ

2 (1− γ)
(ĉt − γĉt−1)2

+ĉtε̂p,t − γct−1ε̂p,t − (1 + Φy) ŷt −
1 + ϕ

2
(ŷt − ât)

2 − ŷtε̂p,t

−θα (π̂H,t − ξπ̂H,t−1)2

2 (1− α) (1− βα)

)
+ t.i.p.+O

³
kζk3

´
. (57)

Recall that VLL̄ = UCC̄ (1− Φy) and that Φy is of order O (kζk). Given that
∞X
t=0

βtxt−1 = x−1 + β
∞X
t=0

βtxt = β
∞X
t=0

βtxt + t.i.p.

and in using the fact that

(1 + ϕ) ât = A1ĉ
n
t +A2ĉ

n
t−1 +A3ĉ

∗n
t +A4ĉ

∗n
t−1 +A5ε̂p,t +A6ε̂

∗
p,t

where parameters Aj (j = 1, ..., 6) find their counterparts in the equation (45), it yields

W0 = E0
∞X
t=0

βtWt = −UCC̄E0
∞X
t=0

βt {− (1− βγ) ĉt + (1 +Φy) ŷt

−
(1− βγ) (1− γ)− σ

¡
1 + βγ2

¢
2 (1− γ)

ĉ2t +
1 + ϕ

2
ŷ2t −

σγ

(1− γ)
ĉtĉt−1

+γĉt−1ε̂p,t − ŷt
¡
A1ĉ

n
t +A2ĉ

n
t−1 +A3ĉ

∗n
t +A4ĉ

∗n
t−1 +A5ε̂p,t +A6ε̂

∗
p,t

¢
−ĉtε̂p,t + ytε̂p,t +

θα (π̂H,t − ξπ̂H,t−1)2

2 (1− α) (1− βα)

)
+ t.i.p.+O

³
kζk3

´
. (58)

Finally, replacing the cross-product x1,tx2,t by
³
x21,t + x22,t − (x1,t − x2,t)

2
´
/2, we can
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rewrite the home welfare criterion as

W0 = −UCC̄E0
∞X
t=0

βt
½
1

2
(ĉt −Ψc)

2 +
1

2
(ŷt −Ψy)

2

+
(2βγ − 3) (1− γ) + σ

¡
1 + βγ2

¢
− σγ (1 + β)

2 (1− γ)
ĉ2t

+
1 + ϕ−A1 −A2 −A3 −A4 −A5 −A6

2
ŷ2t

+
σγ

2 (1− γ)
(ĉt − ĉt−1)2 −

γ

2
(ĉt−1 − ε̂p,t)

2 +
1

2
(ĉt − ε̂p,t)

2

+
A1
2
(ŷt − ĉnt )

2 +
A2
2

¡
ŷt − ĉnt−1

¢2
+

A1
2
(ŷt − ĉ∗nt )

2

+
A4
2

¡
ŷt − ĉ∗nt−1

¢2 − 1−A5
2

(ŷt − ε̂p,t)
2 +

A6
2

¡
ŷt − ε̂∗p,t

¢2
+
θα (π̂H,t − ξπ̂H,t−1)2

2 (1− α) (1− βα)

)
+ t.i.p.+O

³
kζk3

´
where Ψc = (1− βγ) and Ψy = − (1 + Φy).

Same calculations for the welfare of the foreign representative household yield:

W∗
0 = −UC∗C̄

∗E0
∞X
t=0

βt
½
1

2
(ĉ∗t −Ψ∗c)2 +

1

2

¡
ŷ∗t −Ψ∗y

¢2
+
(2βγ∗ − 3) (1− γ∗) + σ∗

¡
1 + βγ∗2

¢
− σ∗γ∗ (1 + β)

2 (1− γ∗)
ĉ∗2t

+
1 + ϕ∗ −A∗1 −A∗2 −A∗3 −A∗4 −A∗5 −A∗6

2
ŷ∗2t

+
σ∗γ∗

2 (1− γ∗)
¡
ĉ∗t − ĉ∗t−1

¢2 − γ∗

2

¡
ĉ∗t−1 − ε̂∗p,t

¢2
+
1

2

¡
ĉ∗t − ε̂∗p,t

¢2
+
A∗1
2
(ŷ∗t − ĉnt )

2 +
A∗2
2

¡
ŷ∗t − ĉnt−1

¢2
+

A∗3
2
(ŷ∗t − ĉnt )

2

+
A∗4
2

¡
ŷ∗t − ĉnt−1

¢2
+

A∗5
2
(ŷ∗t − ε̂p,t)

2 − 1−A∗6
2

¡
ŷ∗t − ε̂∗p,t

¢2
+
θα∗

¡
π̂∗F,t − ξπ̂∗F,t−1

¢2
2 (1− α∗) (1− βα∗)

¡
π̂∗F,t − ξπ̂∗F,t−1

¢2)
+ t.i.p.+O

³
kζk3

´
where Ψ∗c = (1− βγ∗) and Ψ∗y = −

¡
1 +Φ∗y

¢
.
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Appendix D: Optimal equilibrium

The system detailed in Appendix A may be cast on the following form"
x̂1,t+1

Etx̂2,t+1

#
= A

"
x̂1,t

x̂2,t

#
+Bı̂t +

"
Cηt+1
0n2×1

#
(59)

where x̂1,t is an (s1 × 1) vector of predetermined variables, x̂2,t is an (s2 × 1) vector of non
predetermined variables, and ηt+1 an (s1 × 1) vector of innovations to x̂1,t. For notational
convenience, define the (s× 1) vector x̂t = (x̂1,t, x̂2,t)0, where s = s1 + s2. The matrices A

and B, and the properties of the shocks ηt+1 are assumed to be constant functions of some

structural model parameters.

To compute the optimal equilibrium, we rewrite the loss in a more general form:

Lt = x̂0tQx̂t + 2x̂
0
tUı̂t + ı̂0tRı̂t. (60)

Hence the optimal equilibrium loss can be reformulated as a quadratic function. Formally,

the loss function can always be expressed as:

E0
∞X
t=0

βtLt = Z 00V Z0 +
β

1− β
tr
¡
C 0V C

¢
where the vector Zt regroups variables that depend on the choice of the policy (commitment

or discretion).

D.1 Optimal policy under commitment

In the commitment case, the central bank is assumed to be able to commit to a constant

policy rule. Then we formulate the Lagrangian associated with the loss (60) and the model

(59):

E0
∞X
t=0

βt
©
x̂0tQx̂t + 2x̂

0
tUı̂t + ı̂0tRı̂t + 2λt+1 (Ax̂t +Bı̂t + t̂+1 − x̂t+1)

ª
(61)

where t̂+1 =
¡
Cηt+1, x̂2,t+1 − Etx̂2,t+1

¢
.

Taking the first-order conditions and solving the resulting system, we find that"
x̂1,t+1

λ2,t+1

#
= M

"
x̂1,t

λ2,t

#
+ Cηt+1 (62) x̂2,t

ı̂t

λ1,t

 = N

"
x̂1,t

λ2,t

#
(63)

where x̂1,0, M and N are matrices of constant coefficients and λ1,t and λ2,t are the sub-

vectors of the vector of Lagrange multipliers corresponding to the first n1 and last n2

equations of the system (59).
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An algorithm for computing M and N is given in Söderlind (1999). These equations

characterize the optimal equilibrium dynamics of the economy under a yet-to-be-specified

optimal policy rule:

ı̂t = −F
"
x̂1,t

λ2,t

#
= −FZt

so that we can compute the optimal loss without actually specifying the form of the optimal

policy rule. In addition, the matrix V is the fixed point in the iteration on:

Vs = P 0
"

Q U

U R

#
P + βM 0Vs+1M, where P =

"
In1 0n1×n2

Nn2×n

#"
In

−F

#
.

D.2 Optimal policy under discretion

In the discretionary case, the central bank re-optimizes every period by taking the

process by which private agents form their expectations as given. Since the model is

linear-quadratic, the solution in t + 1 gives a value function which is quadratic in the

state variables, x̂01,t+1Vt+1x̂1,t+1 + vt+1, and a linear relation between the forward-looking

variables and the state variables, x̂2,t+1 = Nt+1x̂1,t+1. Private agents form expectations

about x̂2,t+1 accordingly. The value function of the central bank in t will then satisfy the

Bellman equation:

x̂01,tVtx̂1,t + vt = min
{it}

©
x̂0tQx̂t + 2x̂

0
tUı̂t + ı̂0tRı̂t + β

¡
x̂01,t+1Vt+1x̂1,t+1 + vt+1

¢ª
s.t. Etx̂2,t+1 = Nt+1x̂1,t+1, equation (59), and x̂1,t given.

Taking the first-order conditions and solving the resulting system we find, assuming

that the solution exists and is unique, that:

x̂1,t+1 = Mx̂1,t + Cηt+1, (64)"
x̂2,t

it

#
=

"
N

−F

#
x̂1,t. (65)

Equation (65) shows that in equilibrium the non-predetermined variables x̂2,t can be

expressed as functions of the predetermined variables x̂1,t. The matrix V is the fixed point

in the iteration on:

Vs = P 0
"

Q U

U R

#
P + βM 0Vs+1M, where P =

 In1
N

−F

 .
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Table 1. Parameter estimates for the AWM

Smets-Wouters Onatski-Williams

Type Mean Std.error Mode Std dev. 5% Median 95% Median Median

Consumption habit γ Beta 0.700 0.100 0.911 0.035 0.840 0.892 0.955 0.595 0.400*

Consumption elast. of subst. σ Normal 2.000 0.250 2.056 0.248 1.714 2.118 2.531 1.371 2.178

Labour desutility ϕ Normal 2.000 0.250 1.993 0.246 1.565 1.984 2.372 2.491 3.000*

Price indexation ξ Beta 0.700 0.100 0.351 0.103 0.273 0.440 0.608 0.472 0.323

Calvo probability α Beta 0.700 0.100 0.849 0.030 0.728 0.785 0.824 0.905 0.930*

RF lagged interest rate ψ i Beta 0.700 0.100 0.878 0.026 0.823 0.866 0.907 0.958 0.962

RF inflation ψ π Normal 1.500 0.100 1.446 0.100 1.329 1.490 1.656 1.688 1.684

RF output gap ψ y Normal 0.500 0.100 0.000 0.106 0.000 0.154 0.310 0.095 0.099

Corr. preference shock ρ p Beta 0.700 0.100 0.363 0.098 0.263 0.421 0.581 0.842 0.876

Corr. productivity shock ρ a Beta 0.700 0.100 0.531 0.085 0.508 0.650 0.791 0.815 0.957

Corr. interest rate ρ i Beta 0.700 0.100 0.478 0.085 0.471 0.605 0.748 0.865 0.582

Vol. preference shock σ p Uniform 0.000 2.000 0.138 0.048 0.079 0.142 0.216 0.336 0.240

Vol. productivity shock σ a Uniform 0.000 2.000 0.285 0.025 0.092 0.128 0.175 0.598 0.343

Vol. interest rate (x100) σ i Uniform 0.000 2.000 0.190 0.020 0.180 0.210 0.240 0.081 1.000*

Posterior distributionPrior distribution Estimated ML



Table 2. Parameter estimates for the MCM

Type Mean Std.error Mode Std dev. 0.050 Median 0.950
Germany
Consumption habit γ Beta 0.700 0.100 0.696 0.065 0.378 0.500 0.591
Consumption elast. of subst. σ Normal 2.000 0.250 1.809 0.207 1.558 1.894 2.242
Labour desutility ϕ Normal 2.000 0.250 1.991 0.236 1.636 1.984 2.388

Price indexation ξ Beta 0.700 0.100 0.281 0.071 0.129 0.259 0.359
Calvo probability α Beta 0.700 0.100 0.913 0.012 0.829 0.847 0.867

RF lagged interest rate ψ i Beta 0.700 0.100 0.828 0.023 0.837 0.867 0.903
RF inflation ψ π Normal 1.500 0.100 1.494 0.093 1.363 1.526 1.663
RF output gap ψ y Normal 0.500 0.100 0.000 0.095 0.391 0.519 0.675

Corr. preference shock ρ p Beta 0.700 0.100 0.573 0.062 0.665 0.758 0.849
Corr. productivity shock ρ a Beta 0.700 0.100 0.509 0.046 0.758 0.833 0.905
Corr. interest rate ρ i Beta 0.700 0.100 0.492 0.085 0.365 0.518 0.628

Vol. preference shock σ p Uniform 0.000 2.000 0.062 0.006 0.034 0.043 0.052
Vol. productivity shock σ a Uniform 0.000 2.000 0.094 0.004 0.028 0.035 0.042
Vol. interest rate (x100) σ i Uniform 0.000 2.000 0.220 0.020 0.230 0.260 0.290
France
Consumption habit γ Beta 0.700 0.100 0.745 0.078 0.529 0.636 0.765
Consumption elast. of subst. σ Normal 2.000 0.250 2.004 0.200 1.659 2.016 2.326
Labour desutility ϕ Normal 2.000 0.250 2.104 0.254 1.694 2.063 2.547

Price indexation ξ Beta 0.700 0.100 0.290 0.069 0.180 0.280 0.406
Calvo probability α Beta 0.700 0.100 0.865 0.018 0.806 0.832 0.863

RF lagged interest rate ψ i Beta 0.700 0.100 0.844 0.034 0.738 0.804 0.853
RF inflation ψ π Normal 1.500 0.100 1.512 0.087 1.363 1.508 1.644
RF output gap ψ y Normal 0.500 0.100 0.312 0.083 0.357 0.489 0.623

Corr. preference shock ρ p Beta 0.700 0.100 0.496 0.087 0.446 0.598 0.722
Corr. productivity shock ρ a Beta 0.700 0.100 0.630 0.078 0.629 0.751 0.874
Corr. interest rate ρ i Beta 0.700 0.100 0.459 0.079 0.359 0.489 0.617

Prior distribution Estimated ML Posterior distribution



Vol. preference shock σ p Uniform 0.000 2.000 0.078 0.011 0.043 0.059 0.076
Vol. productivity shock σ a Uniform 0.000 2.000 0.055 0.007 0.026 0.037 0.047
Vol. interest rate (x100) σ i Uniform 0.000 2.000 0.410 0.040 0.360 0.430 0.490
Italy
Consumption habit γ Beta 0.700 0.100 0.835 0.032 0.770 0.816 0.868
Consumption elast. of subst. σ Normal 2.000 0.250 1.997 0.221 1.676 2.016 2.392
Labour desutility ϕ Normal 2.000 0.250 2.029 0.234 1.496 1.903 2.260

Price indexation ξ Beta 0.700 0.100 0.366 0.081 0.282 0.413 0.530
Calvo probability α Beta 0.700 0.100 0.842 0.018 0.799 0.824 0.857

RF lagged interest rate ψ i Beta 0.700 0.100 0.922 0.013 0.888 0.909 0.931
RF inflation ψ π Normal 1.500 0.100 1.489 0.091 1.366 1.517 1.662
RF output gap ψ y Normal 0.500 0.100 0.426 0.089 0.292 0.439 0.586

Corr. preference shock ρ p Beta 0.700 0.100 0.796 0.042 0.717 0.797 0.855
Corr. productivity shock ρ a Beta 0.700 0.100 0.863 0.042 0.793 0.854 0.917
Corr. interest rate ρ i Beta 0.700 0.100 0.441 0.064 0.355 0.460 0.561

Vol. preference shock σ p Uniform 0.000 2.000 0.068 0.010 0.050 0.065 0.082
Vol. productivity shock σ a Uniform 0.000 2.000 0.044 0.009 0.030 0.044 0.058
Vol. interest rate (x100) σ i Uniform 0.000 2.000 0.220 0.020 0.190 0.230 0.270
Correlations across countries
Corr. preference shock - 1/2 δ p 12 Normal 0.200 0.100 0.291 0.076 0.146 0.278 0.387
Corr. preference shock - 1/3 δ p 13 Normal 0.200 0.100 0.134 0.071 0.067 0.166 0.302
Corr. preference shock - 2/3 δ p 23 Normal 0.200 0.100 0.251 0.066 0.130 0.239 0.343

Corr. productivity shock - 1/2 δ a 12 Normal 0.200 0.100 0.193 0.065 0.069 0.171 0.284
Corr. productivity shock - 1/3 δ a 13 Normal 0.200 0.100 0.000 0.038 0.000 0.045 0.095
Corr. productivity shock - 2/3 δ a 23 Normal 0.200 0.100 0.137 0.063 0.017 0.125 0.220

Corr. interest rate - 1/2 δ i 12 Normal 0.200 0.100 0.244 0.061 0.127 0.206 0.310
Corr. interest rate - 1/3 δ i 13 Normal 0.200 0.100 0.111 0.068 0.016 0.140 0.237
Corr. interest rate - 2/3 δ i 23 Normal 0.200 0.100 0.262 0.076 0.104 0.224 0.342



Table 3: Prior and posterior model probabilities for the AWM

DSGE VAR(1) VAR(2) VAR(3)

Prior probability 0.25 0.25 0.25 0.25

Marginal distribution 1453.799 1484.149 1496.439 1494.664

Bayes factor relative to the DSGE 1 1.5E+13 3.3E+18 5.6E+17

Posterior odds 2.6E-19 3.9E-06 0.855 0.145



Table 4: Values of loss functions

AWM Unconstrained
MCM

Constrained 
MCM

Ratio AWM / 
Constrained 

 output gap interest rate MCM

− − -21.864 -13.410 -15.192 1.439

0.000 0.100 3.530 1.551 1.654 2.135
0.000 0.500 4.500 1.659 1.729 2.602
0.000 0.900 5.546 1.730 1.774 3.126

0.200 0.100 5.254 4.261 4.373 1.201
0.200 0.500 5.701 4.636 4.715 1.209
0.200 0.900 6.611 4.828 4.888 1.352

0.400 0.100 6.705 5.120 5.277 1.271
0.400 0.500 6.842 5.855 6.046 1.132
0.400 0.900 7.595 5.863 5.967 1.273

0.600 0.100 7.519 5.807 5.968 1.260
0.600 0.500 7.511 6.200 6.414 1.171
0.600 0.900 8.193 6.508 6.698 1.223

0.800 0.100 8.063 6.041 6.259 1.288
0.800 0.500 8.122 6.644 6.952 1.168
0.800 0.900 8.844 7.015 7.298 1.212

1.000 0.100 8.584 6.230 6.506 1.319
1.000 0.500 8.680 7.017 7.421 1.170
1.000 0.900 9.218 7.447 7.826 1.178

Panel A: Welfare

Panel B: Ad-hoc loss

Weight on…



Table 5: 95% confidence interval for a few ratios of losses

 output gap interest rate Lower limit Median Upper limit

− − 1.020 1.407 2.735

1.000 1.000 1.124 1.270 1.733

0.500 0.250 1.022 1.192 1.457

0.500 0.000 1.073 1.214 1.788

Weight on…

Panel B: Ad-hoc  loss

Panel A: Welfare

Ratio AWM / 
Constrained MCM













Figure 6. Impulse responses of the AWM for the utility-based loss function

Figure 7. Impulse responses of the MCM for the utility-based loss function



Figure 8. Impulse responses of the AWM under the estimated policy rule
and the optimal policies for the ad-hoc loss function with Λ = (1, 1)

Figure 9. Impulse responses of the AWM under the estimated policy rule
and the optimal policies for the ad-hoc loss function with Λ = (0.5, 0.25)



Figure 10. Impulse responses of the AWM under the estimated policy rule
and the optimal policy for the ad-hoc loss function with Λ = (0.5, 0)

Figure 11. Impulse responses of the MCM for the ad-hoc loss function
with Λ = (1, 1)



Figure 12. Impulse responses of the MCM for the ad-hoc loss function
with Λ = (0.5, 0.25)

Figure 13. Impulse responses of the MCM for the ad-hoc loss function
with Λ = (0.5, 0)



Figure 14. Optimal loss for the AWM

Figure 15. Optimal loss for the MCM



Figure 16. Ratio of the loss under the AWM
to the loss under the MCM
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