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1 INTRODUCTION

The idea of including the term spread in the monetary policy rule
is not new. McCallum (1994) suggests a policy rule characterized by
interest rate smoothing and the assumption that the Fed tends to
tighten monetary policy when the term spread is large. As pointed
out by Laurent (1988), the term spread is an indicator of monetary
policy looseness, so a high value of the term spread calls for corrective
actions. Moreover, the term spread may be considered an important
ingredient of the policy rule because it contains information about
current economic aggregates, such as output gap and inflation, which
may not be directly observable at the time of implementing monetary
policy.3 Furthermore, the role of the term spread can be the result
of central bank’s attempt to monitor the transmission channel of
monetary policy by trying to affect the slope of the yield curve. A
look at the speeches by former Fed Chairman Greenspan reveals that
central banks do not seem to be able to affect the slope of the yield
curve, and are frustrated by this.
The aim of this paper is twofold. First, we study the effect of in-

troducing an explicit term structure channel into the New Keynesian
Monetary (NKM) model on the estimated parameter values of the
model, with a special focus on the interest rate smoothing parame-
ter using data for the Eurozone. By considering term structure in an
otherwise standard NKM model we introduce two features. On the
one hand, we introduce persistent effects through the IS equation,
which are different for instance from those introduced by habit for-
mation à la Furher (2000). On the other hand, we consider the term
spread as an additional determinant in the structural estimation of
the monetary policy rule and then tackle the question of whether the
Fed responds only to the information content of the spread about
future inflation and real activity or responds independently to the
spread. The second goal of the paper is to study the ability of the
estimated NKM model augmented with the term structure to re-
produce three stylized facts: the weak comovement between output

3 There is also empirical evidence found by many researchers (see, for instance, Es-
trella and Mishkin, 1997) that points out that the term spread contains useful infor-
mation concerning market expectations of both future real economic activity and
inflation.



and inflation, the strong comovement between interest rates and the
highly persistent dynamics exhibited by interest rate data in the
Eurozone.4

With reference to our first goal, many empirical studies (see, for
instance, Clarida, Galí and Gertler, 2000) have found that lagged
interest rate is a key component in estimated monetary policy rules.
Two alternative interpretations have been proposed in the relevant
literature. On the one hand there are several arguments suggesting
that the significant role of lagged interest rate may reflect the ex-
istence of an optimal policy inertia. These arguments range from
the traditional concern of central banks for the stability of financial
markets (see Goodfriend, 1991) to the more psychological one posed
by Lowe and Ellis (1997), who argue that policymakers are likely to
be embarrassed by reversals in the direction of interest-rate changes.
On the other hand, Rudebusch (2002) argues that the significance
of the lagged rate in estimated rules is due to the existence of rel-
evant omitted variables. The reason is that it is hard to reconcile
the lack of evidence on the predictive power of the term structure
for future values of the short-term interest rate with the existence of
policy inertia. Moreover, the presence of omitted variables results in
persistent monetary shocks in estimated rules.
Some empirical studies, such as English, Nelson, and Sack (2003)

and Gerlach-Kristen (2004), have recently estimated standard Tay-
lor rules that allow for policy inertia and persistent policy shocks to
reflect the possibility of unobservable variables problem mentioned
above by using U.S. data and reduced-form econometric approaches.
The empirical results in the two papers show that both policy iner-
tia and persistent shocks enter the estimated policy rule. Moreover,
Gerlach-Kristen (2004) finds that the term spread between a 10-year
Treasury rate and a risky bond rate is also a significant determinant
of U.S. policy rules and its inclusion does not preclude policy inertia
and persistent shocks from both featuring in the policy rule.
Our paper is also related to Ravenna and Seppälä (2007), Hör-

dahl, Tristani and Vestin (2006), Dewatcher and Lyrio (2006), Rude-
busch and Wu (2004) and Bekaert, Cho and Moreno (2005) in link-

4 See María-Dolores and Vázquez (2007) for an analysis of the comovement between
output and inflation for the U.S. and for references of a long-standing debate on the
relationship between output and prices.



ing NKM model dynamics with term structure.5 However, it differs
from them in its focus. For instance, Ravenna and Seppälä (2007)
simulate an NKM model with term structure using a third-order ap-
proximation to analyze the non-linear features of the yield curve.
We analyze whether term structure helps to characterize the Eu-
rozone monetary policy rule whereas the main focus in Hördahl et
al. (2006) and Bekaert et al. (2005) is to study how term structure
is determined by macroeconomic factors in Germany and the U.S.,
respectively. We further follow María-Dolores and Vázquez (2005,
2006) by considering (i) a structural econometric approach based on
the indirect inference principle and (ii) three alternative specifica-
tions for the policy rule called the standard, forward-looking and
backward-looking rules. In a standard three-variable NKM model,
María-Dolores and Vázquez (2006) show that the estimates of some
structural parameters are highly sensitive to the specification of the
policy rule assumed. On the one hand, this result is quite discom-
forting since estimates of structural parameters should be robust to
alternative specifications of monetary policy. But on the other hand
it is entirely expected since the properties of a model are very dif-
ferent depending on whether the monetary authority responds to
lagged, current or expectations of future inflation and output.
We follow a classical approach based on the indirect inference

principle suggested by Gouriéroux, Monfort and Renault (1993),
Smith (1993) and Gallant and Tauchen (1996) to estimate the NKM
model under alternative specifications of monetary policy. In partic-
ular, we follow Smith (1993) by using an unrestricted VAR as the
auxiliary model. More precisely, the distance function is built upon
the coefficients estimated from a four-variable VAR that considers
Eurozone quarterly data of output growth, inflation, the 3-month
Euribor rate and the 1-year Treasury rate. In this context, we believe
it is useful to consider an unrestricted VAR (which imposes mild re-
strictions) as the auxiliary model, letting the data speak more freely
than other estimation approaches such as maximum-likelihood.
The empirical results in this paper show that (i) the term spread

only plays a (minor) role under the backward-looking rule; (ii) pol-

5 There is also a related literature (for instance, Ang and Piazzesi, 2003; and Diebold,
Rudebusch and Aruoba, 2006) that links macro variables to the yield curve using
little or no macroeconomic structure.



icy inertia and persistent policy shocks are still significant factors
under the different rules even when the term spread is included in
the policy rule; and (iii) the model under a backward-looking rule is
close to replicating the observed weak comovement between output
and inflation at short-term forecast horizons and the strong, positive
comovement between interest rates at medium and long-term fore-
cast horizons. The second result is in line with the evidence found
for U.S. data by English et al. (2003) and Gerlach-Kristen (2004) us-
ing a reduced-form estimation approach, and by María-Dolores and
Vázquez (2005) using a structural econometric approach. Moreover,
as in Rudebusch and Wu (2004) and María-Dolores and Vázquez
(2005) for the U.S., our empirical results suggest that policy inertia
in the Eurozone decreases once persistent policy shocks are consid-
ered.
The rest of the paper is organized as follows. Section 2 intro-

duces the log-linearized approximation of a standard version of the
NKMmodel augmented with term structure. Section 3 describes the
structural estimation method used in this paper, motivates its use
and discusses how it relates to other estimation methods, such as
the Bayesian estimation strategies followed in the recent literature.
Section 4 presents and discusses the estimation results. Section 5
provides diagnostic tests, impulse response and comovement analy-
ses to identify features of the data that the NKM model augmented
with term structure does (not) account for. Section 6 concludes.

2 AN AUGMENTED NEW KEYNESIAN
MONETARY MODEL

The model analyzed in this paper is a now-standard version of the
NKM model augmented with term structure, which is given by the
following set of equations:

xt = Etxt+j−τ(i{j}t −Etπt+j)−
∙

1 + η

(1/τ) + η

¸
(1−ρjχ)χt+ξ

{j}

t , for j = 1, ..., n

(1)
πt = βEtπt+1 + κxt + zt, (2)

it = ρit−1 + (1− ρ)[ψ1πt + ψ2xt + ψ3(i
{j}
t−1 − i

{k}
t−1)] + vt. (3)



where x denotes the output gap (that is, the log-deviation of out-
put with respect to the level of output under flexible prices) and
π and i{j} denote the deviations from the steady states of inflation
and nominal interest rate associated with a j-period maturity bond,
respectively. Et denotes the conditional expectation based on the
agents’ information set at time t. χ, ξ{j}, z and v denote aggregate
productivity, risk premia, inflation and monetary policy shocks, re-
spectively.6 Each of these shocks is further assumed to follow a first-
order autoregressive process. �χt, �

{j}
ξt , �zt and �vt denote i.i.d. random

innovations associated with these shocks, respectively. We introduce
two types of shock into the model which affect the IS-equation. On
the one hand we have a productivity shock, χt, that affects all IS
equations, with the impact effect being determined by the persis-
tence of the shock. On the other hand, we introduce a risk premium
shock, ξ

{j}

t , into the term structure, which is well justified empirically
and has different impacts depending on the horizon considered.
The set of equations (1) comprises the log-linearized first-order

conditions obtained from the representative agent optimization plan
(see Appendix 1). The parameter τ represents the intertemporal
elasticity of substitution of consumption obtained when assuming
a standard constant relative risk aversion utility function.7 Combin-
ing two IS equations, say j and l, one gets a highly persistent IS
where expected realizations of output gap at different forecast hori-
zons are linked to the ex-ante real interest rate associated with the
alternative maturity bonds in the economy:

Etxt+j = Etxt+l−τ [(i{l}t −Etπt+l)−(i{j}t −Etπt+j)]+

∙
1 + η

(1/τ) + η

¸
(ρlχ−ρjχ)χt+ξ

{l}
t −ξ

{j}
t ,

6 As discussed by Ireland (2004), there is a long-standing tradition of introducing ad-
ditional disturbances into dynamic stochastic general equilibrium models until the
number of shocks equals the number of data series used in estimation. The reason
is that models of this type are quite stylized and introduce fewer shocks than ob-
servable variables, which implies that models are stochastically singular. That is,
the model implies that certain combinations of endogenous variables are determin-
istic. If these combinations do not hold in the data, any approach that attempts to
estimate the complete model will fail. Moreover, additional shocks can be included
in the IS equations such as leisure preference shocks and aggregate demand shocks.
We decided not to include additional shocks in order to avoid problems identifying
the parameters characterizing shock processes.

7 Appendix 1 shows a derivation of two representative IS curves used below.



for j = 1, ..., n, and j 6= l. Without loss of generality we can assume
that l > j. This equation can be further manipulated to obtain the
following intertemporal IS-equation:

i
{l}
t −i

{j}
t =

1

τ
Et(xt+l−xt+j)+Et(πt+l−πt+j)+

∙
1 + η

1 + τη

¸
ρjχ(ρ

l−j
χ −1)χt+

1

τ
(ξ
{l}
t −ξ

{j}
t ).

(4)
Equation (4) then shows that term spreads are endogenously linked
to economic aggregates and that term spreads, expected output gap
changes and inflation paths are linked to IS-shocks. Therefore, esti-
mating single-equation policy rules by ordinary least squares is not
appropriate because regressors are endogenous. Moreover, when IS-
shocks and policy shocks are highly persistent (as widely reported in
the relevant literature) it is difficult to find appropriate instrumental
variables to control for regressor endogeneity. These features further
motivate the use of a structural estimation approach.
Equation (2) is the new Phillips curve that is obtained in a sticky

price à la Calvo (1983) model where monopolistically competitive
firms produce (a continuum of) differentiated goods and each firm
faces a downward sloping demand curve for its produced good. The
parameter β ∈ (0, 1) is the agent discount factor and κ measures
the slope of the New Phillips curve and is related to other structural
parameter as follows

κ =
[(1/τ) + η](1− ω)(1− ωβ)

ω
.

In particular, κ is a decreasing function of ω. The parameter ω is
a measure of the degree of nominal rigidity; a larger ω implies that
fewer firms adjust prices each period and that the expected time
between price changes is longer.8

Equation (3) is a standard Taylor-type monetary rule where the
nominal interest rate exhibits inertial behavior, captured by para-
meter ρ, for which there are several motivating arguments in the rel-
evant literature, such as those mentioned in the Introduction. More-
over, the monetary policy rule (3) assumes that the nominal interest
rate responds on the one hand to current output gap and inflation,
8 See, for instance, Galí (2003) and Walsh (2003, chapter 5.4) for detailed analytical
derivations of the New Phillips curve.



and on the other hand to lagged term spreads, i{j}t−1 − i
{k}
t−1 for j > k.

The inclusion of the term spread in the policy rule is well motivated
in the literature (Laurent, 1988; McCallum, 1994): the term spread
is an indicator of monetary policy looseness, so a high value of the
term spread calls for corrective actions. Related to this argument for
including the term spread in the policy rule is the central bank’s aim
of monitoring the transmission channel of monetary policy itself by
trying to affect the slope of the yield curve. Moreover, from an econo-
metric perspective, if one accepts Rudebusch’s (2002) argument that
the significance of the lagged interest rate in estimated policy rules
is due to the existence of relevant omitted variables, one may wonder
whether the term spread is one of these omitted variables. If this is
the case, one may expect the policy inertia parameter estimate to
decrease with the inclusion of the term spread.
Alternatively, we also consider a forward-looking Taylor rule

it = ρit−1+(1− ρ)[ψ1Etπt+1+ψ2Etxt+1+ψ3(i
{j}
t−1− i

{k}
t−1)] + vt, (5)

and a backward-looking Taylor rule

it = ρit−1 + (1− ρ)[ψ1πt−1 + ψ2xt−1 + ψ3(i
{j}
t−1 − i

{k}
t−1)] + vt. (6)

By considering alternative policy rule specifications, the term
spread in the estimated policy rule and a structural estimation pro-
cedure, we expect to shed light on two relevant questions: (i) does
Eurozone monetary policy respond only to the information content of
the spread about future inflation and real economic activity, or does
it respond independently to the spread?; (ii) are the deep structural
parameter estimates stable across alternative policy rule specifica-
tions? The first question is important because it allow us to assess
not only whether the European Central Bank (ECB) responds to the
term spread, but also to analyze the motive for this response. That
is, whether it responds to reduce misalignments in interest rates or
because term spread anticipates future movements in output gap and
inflation. The second question is also important because the analysis
might help to shed light on misspecification issues associated with
the NKM model.
Since the structural econometric approach implemented is com-

putationally quite demanding, we consider an economy with only two



bonds: a 4-period bond as the long-term bond and a 1-period bond
as the short-term bond.9 The system of equations (1)-(3) for j = 1, 4
(together with eight extra identities involving forecast errors) can be
written in matrix form as follows10

Γ0Yt = Γ1Yt−1 + Ψ�t +Πηt, (7)

where

Yt = (xt, πt, it, i
{4}
t , Etxt+1, Etxt+2, Etxt+3, Etxt+4,

Etπt+1, Etπt+2, Etπt+3, Etπt+4, χt, zt, ξ
{4}

t , vt)
0,

�t = (�χt, �zt, �
{4}
ξt , �vt)

0,

ηt = (xt −Et−1[xt], Et[xt+1]−Et−1[xt+1], Et[xt+2]− Et−1[xt+2],

Et[xt+3]− Et−1[xt+3], πt − Et−1[πt], Et[πt+1]− Et−1[πt+1],

Et[πt+2]− Et−1[πt+2], Et[πt+3]−Et−1[πt+3])
0,

Equation (7) represents a linear rational expectations (LRE) sys-
tem. It is well known that LRE systems deliver multiple stable equi-
librium solutions for certain parameter values. Lubik and Schorfheide
(2003) characterize the complete set of LRE models with indetermi-
nacies and provide a numerical method for computing them that
builds on Sims’ (2002) approach.11 In this paper, we deal only with
sets of parameter values that imply determinacy (uniqueness) of the
rational expectations equilibrium.
The model’s solution yields the output gap, xt. This measure is

not observable. In order to estimate the model, we have to transform
the output gap into a measure that has an observable counterpart.
This is a quite straightforward exercise since the log-deviation of
output from its steady state can be defined as the output gap plus
9 We also tried to consider the 10-year Treasury rate instead of the 1-year rate to facil-
itate comparison with the results of Gerlach-Kristen (2004). However, the GAUSS
programs that we used to solve the NKM model augmented with term structure
broke down because matrices Γ0, Γ1, Π and Ψ defined in Appendix 2 were too
large. For instance, Γ0 and Γ1 are 88× 88 matrices.

10 For the sake of simplicity we further assume that the 1-period bond and the policy
interest rate are the same.

11 The GAUSS code for computing equilibria of LRE models can be found on Frank
Schorfheide’s website.



the (log of the) flexible-price equilibrium level of output, yft , and the
latter can be expressed as a linear function of the productivity shock:

yft =
1 + η

(1/τ) + η
χt.

The log-deviation of output from its steady state is also unobserv-
able. However, the rate of growth of output is observable and its
model counterpart is obtained from the first-difference of the log-
deviation of output from its steady state.
Similarly, the solution of the model yields the deviations of infla-

tion and the two interest rates from their respective steady states. In
order to obtain the levels of inflation and nominal interest rates, we
first calibrate the steady-state value of inflation as the sample mean
of the inflation rate. Second, using the calibrated value of steady-
state inflation and the definitions of the steady-state values of real
interest rates associated with bonds at different maturities, we can
easily compute the steady-state values of the nominal interest rates
of bonds at alternative maturities. Finally, the level of each nomi-
nal rate is obtained by adding the deviation (from its steady-state
value) of the nominal rate to its steady-state value computed in the
previous step.

3 ESTIMATION PROCEDURE

In order to estimate the structural and policy parameters of the
NKM model with term structure, we follow the indirect inference
principle proposed by Smith (1993) that considers a VAR represen-
tation as the auxiliary model. More precisely, we first estimate a
four-variable VAR with three lags in order to summarize the joint
dynamics exhibited by Eurozone quarterly data of output growth,
inflation, 3-month Euribor rate and the 1-year Treasury rate. The
lag length considered is fairly reasonable when using quarterly data.
Second, we apply the simulated moments estimator (SME) suggested
by Lee and Ingram (1991) and Duffie and Singleton (1993) to esti-
mate the underlying structural and policy parameters of the NKM
model.12

12 In this vein, Rotemberg and Woodford (1997), Amato and Laubach (2003), Chris-
tiano, Eichenbaum and Evans (2005), and Boivin and Giannoni (2006) use a min-



At this point, the reader might be wondering: (i) why we do
not estimate the NKM model by ML directly; (ii) why we use an
unrestricted VAR as the auxiliary model when implementing the
indirect inference approach instead of matching structural impulse
response functions as in Rotemberg and Woodford (1997); and (iii)
what we learn from the estimation of the NKM model based on the
indirect inference principle. With reference to the first question, it
must be stressed that the NKM model is a highly stylized model of
a complex world. Therefore, ML estimation of the NKM model will
impose strong restrictions which are not satisfied by the data and
inferences will be misleading. In the words of Cochrane (2001, p. 293)
“[ML] does the ‘right’ efficient thing if the model is true. It does
not necessarily do the ‘reasonable’ thing for ‘approximate’ models.”
We believe that one of the main virtues of the indirect inference
approach is that the econometrician has in principle the possibility
of choosing an auxiliary model that imposes looser restrictions than
those imposed by ML. However, Ruge-Murcia (2007) has shown for
a real business cycle model that in practice the method of ML yields
more efficient parameter estimates than GMM and SME.
As regards the second question, the alternative versions of the

NKMmodel could be approximated by a VAR.13 We consider an un-
restricted VAR instead of matching the structural impulse responses
because a reduced form VAR does not require the arbitrary identifi-
cation of structural shocks. Moreover, applications of the minimum
distance estimator based on the impulse response functions use a
diagonal weighting matrix that includes the inverse of each impulse
response’s variance on the main diagonal. This weighting matrix de-
livers consistent estimates of the structural parameters, but it is not
asymptotically efficient since it does not take into account the whole
covariance matrix structure associated with the set of moments. Fur-
thermore, some researchers include additional variables in order to

imum distance estimator based on the impulse-response functions instead of VAR
coefficients. See Gutiérrez and Vázquez (2004), María-Dolores and Vázquez (2005,
2006) for other recent applications of this estimation strategy based on VAR coeffi-
cients.

13 Nevertheless, we must recognize that some problems may arise if the DSGE model
cannot be approximated with a VAR with a small number of lags (see Chari, Kehoe
and McGrattan, 2005) or if the VAR representation of the model is not invertible
(see Fernández-Villaverde, Rubio-Ramírez, Sargent and Watson, 2007).



derive ‘sensible’ impulse responses. For instance, to solve the so
called price puzzle a commodity price index is included in the im-
pulse response analysis even though the NKM model is silent about
how the commodity price index is determined.
As for the third question, the estimation approach based on the

indirect inference principle may help to identify which structural
parameter estimates are forced outside the reasonable support (for
instance, the prior distribution support used by Bayesian estimator
applications) to achieve a better fit of the NKM model.
By following a classical approach, we obviously depart from pa-

pers that use a Bayesian approach. The Bayesian estimation ap-
proach operates in a different metric and under a different philosophy
than frequentist estimators such as indirect inference. Fernández-
Villaverde and Rubio-Ramírez (2004) claim that when Bayesianmeth-
ods are used to estimate DSGE models, parameter estimates and
model comparison are consistent even when models are misspecified.
An important advantage of the Bayesian approach is the treatment
of model uncertainty. Brock, Durlauf and West (2003) attempt to
place theoretical and empirical evaluation exercises in a framework
that properly accounts for different types of uncertainty and con-
clude that accounting for model uncertainty can be done using stan-
dard Bayesian methods making it useful for policy analysis. There
are also papers that rely on the same VAR approximation as we do,
but use a flexible Bayesian framework. Del Negro and Schorfheide
(2004) and Del Negro, Schorfheide, Smets and Wouters (2006) de-
rive priors from New Keynesian DSGE models for VARs and show
that imposing restrictions from the DSGE model non-dogmatically
on the VAR produces better results in terms of both forecastability
and policymaking. The Bayesian approach suggested by Del Negro
and Schorfheide (2004) and the indirect inference approach are two
alternative ways (both with their pro and cons) to deal with poten-
tial model misspecification. In this perspective, the indirect inference
approach carried out in this paper can be viewed as a way of dealing
with model misspecification within a classical rather than a Bayesian
framework.
The indirect inference estimation approach makes use of a set of

statistics computed from the data set used and from a number of dif-
ferent simulated data sets generated by the model being estimated,



Fig. 1. Time Series Plot

i.e. the statistics used to carry out the SME are the coefficients of
the four-variable VAR with three lags, which is considered as the
auxiliary model in this paper. See Appendix 3 for details.

4 EMPIRICAL EVIDENCE

4.1 The data

We consider Eurozone quarterly data for the output growth (i.e. the
first-differences of the log of the GDP time series), the inflation rate
obtained for the implicit GDP deflator, the 3-month Euribor rate
and the 1-year Treasury rate for the period 1984:1-2003:4. When we
analyze monetary policy in the Eurozone two issues emerge. First,
we cannot go back too far in time because it is then hard to justify
a common policy rule in the Eurozone. Second, we have to rely on
a market interest rate, such as the Euribor, since the length of the
interest rate time series set by the ECB is too short. Figure 1 displays
the time series plots for the Eurozone.



4.2 Estimation results

Tables 1-3 show the estimation results under the standard, forward-
looking and backward-looking Taylor rules, respectively. The second
column shows the estimates for the model without restrictions. The
third column in Tables 1 and 2 shows the estimates imposing the
restriction that the term spread does not enter in the policy rule
(ψ3 = 0). However, Table 3 does not show this case because the
estimation algorithm did not reach convergence under the backward-
looking rule when imposing ψ3 = 0. The last column in Tables 1-
3 displays the estimates obtained when persistent monetary policy
shocks are not considered (ρv = 0).
Tables 1-3 show that the coefficient associated with the term

spread (ψ3) is significant under a backward-looking Taylor rule but
not under a standard or a forward-looking rule. Moreover, the size of
ψ3 is small. This empirical evidence suggests that monetary author-
ities in the Eurozone respond slightly to the information content of
the lagged term spread about current inflation and output gap, but
do not seem to respond independently to the spread. So we could
consider that the lagged spread is a minor determinant of the esti-
mated policy rule for the Eurozone, though it contains information
about current economic aggregates, such as output gap and inflation,
which may not be directly observable at the time of implementing
monetary policy.14 ,15

The values of the goodness-of-fit statistic, (1+1/m)TJT , which is
distributed as a χ2(p−k),16 confirms the hypothesis stated above that
the NKMmodel augmented with term structure under any specifica-
tion considered is still too stylized to be supported by actual data.17

14 Since financial variables, such as the term spread, are observable in real time, we
have also considered the case where the current spread enters into the policy rule
in the empirical analysis. However, the empirical results are not improved by using
the current spread and they are not shown here to save space.

15 Gerlach-Kristen (2004) considers the 10-year maturity rate, which may contain ad-
ditional information not included in the 1-year rate for characterizing ECB rate
movements.

16 For the NKM model without imposing any restriction the goodness-of-fit statistic
is distributed as a χ2(47) since the number of VAR coefficients is p = 62 and the
number of parameters being estimated is k = 15.

17 Smets and Wouters (2003), and Rabanal and Rubio-Ramírez (2005) estimate ver-
sions of the NKM model with sticky prices and wages for the Eurozone using
Bayesian techniques.



The best fit is obtained under a standard Taylor rule that includes
the lagged term spread, without considering any restriction (Table
1, second column) although it is only slightly better than the fit de-
rived under a forward-looking Taylor rule. However, the parameter
estimates under the standard rule imply two unreasonable features
(the estimates under the forward-looking rule can be directly dis-
miss because they show large standard errors). First, the estimate of
the intertemporal elasticity of substitution parameter, τ , is very low.
Second, as shown in the next section, they result in a weak comove-
ment between the short- and long-term rates that is at odds with
the strong, positive comovement between the 3-month Euribor rate
and the 1-year Treasury rate observed in actual Eurozone data. In-
terestingly, the features exhibited by the model under the backward-
looking rule look more appealing. In particular, the estimated value
for τ implies a reasonable relative risk aversion coefficient of 2.63.
Moreover, the estimated value for ω implies that around 44% of firms
are unable to adjust their prices in a particular period. Furthermore,
the estimation algorithm leads the estimated coefficients of inflation
and output in the policy rule to the lowest values that are consistent
with the Taylor principle (and then the uniqueness property of the
rational expectation equilibrium). For this reason, we have set those
policy rule parameters to their respective lower bound values prior
to final estimation.
The empirical results also show that ρ and ρv are significant under

any policy rule specification at any standard confidence level, show-
ing that policy inertia and persistent policy shocks are both robust
features of the estimated policy rule for the Eurozone. This empirical
result is in line with the estimation results found in recent literature
using U.S. data. English et al. (2003) and Gerlach-Kristen (2004)
find evidence of policy inertia considering a reduced-form estimation
approach, whereas María-Dolores and Vázquez (2005) provide fur-
ther evidence by implementing the structural estimation approach
carried out in this paper.
Finally, the evidence of monetary policy inertia is similar to the

empirical results found by Rudebusch and Wu (2004) and María-
Dolores and Vázquez (2005) for the U.S., since the importance of
policy inertia decreases once persistent policy shocks are considered.



Table 1: NKM model with term structure and standard Taylor rule

n = 1 ψ3 = 0 ρv = 0
m = 500
JT (θ) 2.9354 2.9356 5.7997
τ 0.0337 0.0344 0.1029

(0.0240) (0.0159) (0.0450)
β 0.9986 0.9986 0.9983

(0.0007) (0.0007)
ω 0.8569 0.8587 0.2107

(0.0224) (0.0175) (0.0319)
ρ 0.2766 0.2798 0.3545

(0.0546) (0.0532) (0.0521)
ψ1 1.2240 1.2131 1.2139

(0.2991) (0.2513) (0.0359)
ψ2 0.0946 0.0898 0.0000

(0.1528) (0.1377) (0.0061)
ψ3 0.0083 − 0.0002

(0.0356) − (0.0075)
ρχ 0.9443 0.9442 0.9014

(0.0487) (0.0411) (0.0348)

ρ
{4}
ξ 0.9445 0.9442 0.9999

(0.0250) (0.0268) (0.0028)
ρz 0.9990 0.9990 0.9889

(0.0010) (0.0007) (0.0033)
ρv 0.8948 0.8938 −

(0.0272) (0.0206) −
σχ 0.0005 0.0005 0.0003

(0.0002) (0.0002) (0.0001)

σ
{4}
ξ 3.2e− 06 3.2e− 06 1.6e− 06

(1.8e− 06) (1.8e− 06) (5.0e− 07)
σz 0.0012 0.0012 0.0425

(0.0008) (0.0006) (0.0126)
σv 0.0003 0.0003 0.0018

(0.0001) (0.0001) (0.0002)
Note: Standard errors in parentheses.



Table 2: NKM model with term structure and forward-looking Taylor rule

n = 1 ψ3 = 0 ρv = 0
m = 500
JT (θ) 2.9481 2.9515 3.2725
τ 0.0234 0.0250 0.0135

(0.0208) (0.0192) (0.0021)
β 0.9986 0.9986 0.9983

(0.0007) (0.0007) −
ω 0.8459 0.8610 0.8920

(0.0391) (0.0221) (0.0283)
ρ 0.2395 0.2685 0.5166

(0.0549) (0.0536) (0.0318)
ψ1 1.9978 1.8030 1.001

(2.3844) (0.7866) −
ψ2 0.4696 0.4061 0.0000

(1.2070) (0.4547) (0.0022)
ψ3 0.0610 − 0.0021

(0.0549) − (0.0014)
ρχ 0.9498 0.9469 0.9766

(0.0296) (0.0402) (0.0042)

ρ
{4}
ξ 0.9477 0.9458 0.8327

(0.0147) (0.0238) (0.0345)
ρz 0.9990 0.9990 0.9999

(0.0010) (0.0008) (4.1e− 05)
ρv 0.9044 0.9046 −

(0.0242) (0.0160) −
σχ 0.0005 0.0006 0.0003

(0.0003) (0.0002) (0.0001)

σ
{4}
ξ 2.3e− 06 2.4e− 06 4.1e− 06

(1.9e− 06) (1.8e− 06) (1.2e− 06)
σz 0.0021 0.0015 0.0001

(0.0012) (0.0010) (6.7e− 05)
σv 0.0005 0.0004 3.0e− 06

(0.0010) (0.0003) (1.1e− 06)

Note: Standard errors in parentheses.



Table 3: NKM model with term structure and backward-looking Taylor rule

n = 1 ρv = 0
m = 500
JT (θ) 3.6024 5.4346
τ 0.3796 0.4560

(0.0111) (0.0254)
β 0.9978 0.9983

(0.0005) −
ω 0.4382 0.4683

(0.0197) (0.0270)
ρ 0.7259 0.9252

(0.0225) (0.0072)
ψ1 1.001 1.001

− −
ψ2 0.0 0.0000

− (0.0007)
ψ3 6.0e− 04 0.9478

(2.8e− 04) (0.1231)
ρχ 0.9375 0.8414

(0.0281) (0.0222)

ρ
{4}
ξ 0.9917 0.9602

(0.0117) (0.0228)
ρz 0.9944 0.9900

(0.0027) (0.0083)
ρv 0.8860 −

(0.0138) −
σχ 4.9e− 05 2.1e− 05

(1.4e− 05) (5.0e− 06)
σ
{4}
ξ 5.9e− 05 7.0e− 06

(1.6e− 05) (2.0e− 06)
σz 0.0030 0.0011

(0.0007) (0.0003)
σv 6.7e− 06 0.0001

(1.9e− 06) (2.1e− 05)
Note: Standard errors in parentheses.



5 Model performance

In this section, we consider diagnostic tests, impulse response analy-
sis and comovement analysis to identify features of the data that the
NKM model augmented with term structure does (not) account for.

5.1 Diagnostic tests

Since the VAR residuals are orthogonal to the VAR dependent vari-
ables, the goodness-of-fit statistic can be decomposed into two terms:
JT (θ) = J1T (θ)+J

2
T (θ), where J

1
T (θ) measures the distance associated

with the systematic part of the VAR and J2T (θ)measures the distance
associated with the residual features of the VAR. The estimation re-
sults obtained from the NKM model augmented with term structure
under the backward-looking Taylor rule result in J1T (θ) = 2.277 and
J2T (θ) = 1.325. Therefore, the model has more trouble in account-
ing for the non-systematic part of the VAR than for the systematic
part.18

The components of the vector [HT (θ0)−HN(θ)] contain informa-
tion on how well the NKM model augmented with term structure
accounts for the estimates of the VAR (auxiliary) model. Larger com-
ponents point to the estimates of the auxiliary model that the NKM
model augmented with term structure has trouble accounting for.
As suggested by Gallant, Hsieh and Tauchen (1997), the following
quasi-t-ratio statistics can identify sources of model failure:r
1 +

1

n

√
T
h¡
diag(W−1

T )
¢1/2
i

i−1
[HT (θ0)−HN(θ)]i for i = 1, ..., p,

(8)
where WT is a consistent estimate of W ,

¡
diag(W−1

T )
¢
i
denotes the

i-th element of the diagonal of matrix W−1
T and [HT (θ0) −HN(θ)]i

is the i-th element of [HT (θ0) − HN(θ)]. In particular, a large i-th
diagnostic statistic points to the fact that the NKM model does a
poor job of fitting the i-th coefficient of the VAR model.

18 Notice that J1T (θ) is computed based on 52 coefficients whereas J
2
T (θ) is based on

10. Our conclusion is then based on the fact that the ratio 52/10 is three times
larger than J1T (θ)/J

2
T (θ) = 1.72.



Table 4 shows the VAR estimates and the corresponding standard
errors, respectively. We also offer the corresponding quasi-t-ratio di-
agnostic statistic (8) for the NKM under the backward-looking rule.
Looking at Table 4, we observe that the model has trouble in ac-
counting for interest rate persistence since for each equation associ-
ated with interest rates some dependent variable lags are significant
and the associated diagnostic statistic is large. However, the model
is capable of capturing the significant coefficients associated with the
output growth and inflation equations of the VAR.



Table 4. VAR estimates and diagnostic tests

Variable Estimate Standard Diag. stat. Estimate Standard Diag.stat.
error for (6) error for (6)

Output growth equat. Euribor rate equat.
const. 0.1079 0.5384 2.3839 −0.0774 0.2939 −1.0293
∆yt−1 0.1173 0.1238 −0.0746 −0.0069 0.0675 0.0422
∆yt−2 −0.0587 0.1284 −0.2302 −0.0498 0.0700 −1.5718
∆yt−3 0.0676 0.1396 0.3953 0.0391 0.0762 1.2476
πt−1 0.0772 0.2233 0.1630 −0.0787 0.1218 −6.5087
πt−2 0.0823 0.2314 1.6781 −0.0135 0.1263 3.2559
πt−3 −0.3784∗ 0.2040 −0.5344 0.1152 0.1113 2.8094
it−1 −0.0305 0.8471 0.5638 0.8847∗ 0.4623 −2.6746
it−2 −0.2843 1.1341 −2.4860 −0.0443 0.6190 1.4520
it−3 0.1234 0.6628 2.0089 −0.0542 0.3617 −0.1216
i
{4}
t−1 0.1002 0.6882 −1.5407 0.5301 0.3756 3.2302

i
{4}
t−2 0.6615 0.9002 2.4684 −0.2399 0.4913 −1.1143
i
{4}
t−3 −0.1109 0.6367 −0.5841 −0.064 0.3475 −0.3511

Inflation equat. 1-year rate equat.
const. −0.0955∗∗∗ 0.0333 −3.3713 0.1327 0.1806 0.2155
∆yt−1 −0.1371∗∗∗ 0.0345 −0.8018 −0.00175 0.0415 0.3250
∆yt−2 0.1722∗∗∗ 0.0375 1.0660 −0.0106 0.0430 0.0663
∆yt−3 0.1259∗∗ 0.0600 1.5313 0.0671 0.0468 1.8535
πt−1 0.2770∗∗∗ 0.0622 0.9989 0.0086 0.0749 −5.3511
πt−2 0.1828∗∗∗ 0.0548 −0.3912 −0.0032 0.0776 2.2699
πt−3 0.081 0.2278 0.6829 0.0931 0.0684 2.4120
it−1 −0.0007 0.3049 −1.7277 −0.2037 0.2841 −1.8459
it−2 −0.0246 0.1782 1.9034 0.4151 0.3804 1.4769
it−3 −0.1127 0.1850 −0.6840 −0.1429 0.2223 −0.2859
i
{4}
t−1 0.3231 0.2421 2.6708 1.4598∗∗∗ 0.2308 2.5975

i
{4}
t−2 0.0381 0.1712 −2.5684 −0.5381∗ 0.3019 −1.5873
i
{4}
t−3 −0.0418 0.1448 0.3371 −0.0943 0.2136 −0.3945

Note: ***,**,* denote that the corresponding coefficient is statistically significant

at the 1%, 5% and 10% levels, respectively. ∆yt denotes output growth.



Fig. 2. Impulse-responses to a productivity shock

5.2 Impulse response analysis

Figures 2-5 show the impulse-responses of the endogenous variables
of the model under the backward-looking rule to a productivity
shock, an inflation shock, a monetary policy shock, and a risk pre-
mium shock, respectively. In these figures the solid line represents
the impulse response implied by the model whereas the dashed lines
are 95% confidence bands. The size of the shock is determined by its
estimated standard deviation.

Figure 2 shows that a positive productivity shock reduces the out-
put gap (i.e. the flexible-price equilibrium level of output increases
more than the actual one) in the short-run, but the output gap
rapidly recovers. This expansive shock also has a negative effect on
inflation and interest rates. Figure 3 shows that a positive inflation
shock increases inflation and interest rates whereas the output gap
decreases. There is a long transition to the steady state after the
shock since inflation shock is highly persistent. Figure 4 shows the
responses to a positive monetary policy shock. The policy shock in-
creases short- and long-term interest rates whereas output gap and



Fig. 3. Impulse-responses to an inflation shock

inflation decrease. The fall in inflation and output gap after one
quarter results in a fall of interest rates. After these initial effects,
output gap recovers quickly whereas inflation and interest rate need
more than thirty quarters to reach the steady state. Finally, Figure
5 shows that a positive risk premium shock increases the long-term
interest rate while slightly reducing the output gap, inflation and the
short-term interest rate.

5.3 Comovement analysis

For a long time economists widely accepted that output and inflation
displayed a positive correlation at least in the short-run. So, for a
large group of economists, the positive short-run correlation between
output and inflation (the so-called Phillips curve phenomenon) is
still considered a necessary building block of business cycle theory
(for instance, Mankiw, 2001). There is a long standing debate on the



Fig. 4. Impulse-responses to a monetary policy shock

Fig. 5. Impulse-responses to a risk premium shock



relationship between economic activity and prices (inflation) and this
view is now rather controversial in the relevant literature.19

Den Haan (2000) argues that the focus on only unconditional
correlation alone is an important source of disagreement in the liter-
ature. Den Haan proposes using correlations of VAR forecast errors
at different horizons to analyze the comovement between pairs of
variables. As discussed by Den Haan (2000), this methodology has
two main advantages. First, variables need not be stationary for their
comovement to be analyzed, so prior filtering is not required. Sec-
ond, it avoids the type of ad-hoc assumptions needed to compute
impulse response functions. Since the comovement between a pair
of variables is an equilibrium outcome (that is, an outcome result-
ing from the interaction between supply and demand shocks that is
observed in the data with no need for any identifying assumption)
comovement dynamics are good ‘stylized’ facts for analyzing model
performance.
In this subsection, we apply the methodology suggested by Den

Haan to study the comovement between (i) output and inflation,
and (ii) the 3-month Euribor rate and the 1-year rate. The goal is to
analyze the ability of the NKM model augmented with term struc-
ture to replicate the type of comovement between pairs of variables
observed in Eurozone data.

Figures 6-7 show the comovement between pairs of variables for
the standard and the backward-looking rules analyzed. In each fig-
ure the solid line represents the estimated correlations at different
forecast horizons using Eurozone data, the lines with long dashes are
95% confidence bands computed using bootstrap methods, the line
with short dashes and squares displays the correlation coefficients
implied by the NKM model under the backward-looking rule and
the line with short dashes, dots and diamonds shows the correlation
coefficients implied by the NKMmodel under the standard rule. Fig-
ure 6 shows the presence of a weak comovement between output and

19 For instance, Kydland and Prescott (1990) argue that “any theory in which pro-
cyclical prices figure crucially in accounting for postwar business cycle fluctuations
is doomed to failure.” Moreover, Cooley and Ohanian (1991) find evidence that the
correlation between output and prices in the U.S. is negative in the postwar period.



Fig. 6. Comovement between output and inflation under the standard and backward-
looking Taylor rules

Fig. 7. Comovement between short- and long-term rates under the standard and
backward-looking rules



inflation in the Eurozone.20 The model under the backward-looking
rule is able to characterize the weak comovement between output
and inflation at short-term forecast horizons (up to nine quarters).
However, the model under any policy rule has trouble in replicat-
ing the comovement observed at medium- and long-term forecast
horizons.
Figure 7 shows a positive, strong comovement between the 3-

month Euribor rate and the 1-year rate in the Eurozone at all fore-
cast horizons studied. The NKMmodel augmented with term-structure
under the standard rule is not able to reproduce this observed co-
movement at any forecast horizons. However, the NKMmodel under
the backward-looking rule does a good job in replicating the observed
comovement, except for the short-term forecast horizons. To sum up,
we can conclude that the backward-looking rule does a much bet-
ter job than the standard Taylor rule in replicating the actual weak
comovement between output and inflation as well as the strong, pos-
itive comovement between interest rates in the Eurozone.

6 CONCLUSIONS

This paper follows a structural econometric approach based on the
indirect inference principle to analyze the relative importance of pol-
icy inertia, term spread and persistent monetary policy shocks in
the characterization of the estimated monetary policy rule for the
Eurozone. The framework considered is an NKM model augmented
with term structure where the monetary policy rule is one of the
building blocks. In order to study the robustness of the empirical
results, three alternative specifications for the policy rule are con-
sidered, called the standard rule, the forward-looking rule and the
backward-looking rule.
The paper also investigates the ability of the NKM model aug-

mented with term structure to reproduce three features observed
in Eurozone data: the weak comovement between economic activity
and inflation, the strong comovement between interest rates, and the
highly persistent dynamics exhibited by interest rates.
20 Recently, María-Dolores and Vázquez (2007) have shown the presence of a weak
comovement between economic activity and inflation in the U.S.



The empirical results show that policy inertia and persistent pol-
icy shocks are still significant factors under the different rules consid-
ered. The empirical evidence also suggests that the short-term rate
responds little to the information content of the spread about infla-
tion and real activity, but does not seem to respond independently
to the spread.
Finally, we show that the type of policy rule assumed in the NKM

model augmented with term spread does indeed play a crucial role
in characterizing the observed weak comovement exhibited by out-
put and inflation as well as the strong, positive comovement between
the Euribor rate and the 1-year rate in actual Eurozone data. How-
ever, diagnostic tests also show that the model fails to reproduce the
highly persistent dynamics characterizing Eurozone interest rates.
These empirical results should be interpreted with caution for at

least two reasons. First, like any other stochastic dynamic general
equilibrium model, any version of the NKM model is likely to be
misspecified in several dimensions. Second, the use of final revised
data of output and inflation together with term spread data that is
observable in real time might be a source of bias when analyzing the
role of the term spread in the estimated monetary policy rule. These
issues are left for future research. In spite of these problems, the
estimation of an NKM augmented with term structure looks like the
most reasonable starting point for empirically analyzing how term
structure may influence monetary policy in the Eurozone.
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APPENDIX 1

This appendix derives the set of IS equations (1). Consider that the
representative consumer solves the problem of maximizing

E0

∞X
t=0

βtU(Ct, Nt)

subject to the condition that

Ct +
nX

j=1

B
{j}
t ≤ Yt +

nX
j=1

B
{j}
t−jR

{j}
t−j,

where C, N , Y , B{j}, R{j} denote consumption, labor, income, stock
of j-period bonds and gross real return of j-period bonds, respec-
tively. Under fairly general conditions this problem has a solution
with a finite value of the objective function. The first-order neces-
sary conditions are given by

UC = λt,

βjEt(λt+jR
{j}
t ) = λt, for j = 1, ..., n

where {λt} is a sequence of Lagrange multipliers. Substituting the
first equation into each of the j-conditions gives the familiar consumption-
based asset pricing equations

Et

∙
βj

UC(Ct+j, Nt+j)

UC(Ct, Nt)
R
{j}
t

¸
= 1, for j = 1, ..., n

Following Walsh (2003 chapter 5.4), by (i) assuming that the utility
function is of the form

U(Ct, Nt) =
C
1−1/τ
t

1− 1/τ − Ψ
N1+η

t

1 + η
;

(ii) taking a log-linear approximation for j = 1 and j = 4; (iii)
assuming that output is a linear function solely of labor input and
an aggregate productivity shock, eχt; (iv) substituting for the market
clearing condition Yt = Ct for all t; and (v) using the definition of



output gap (i.e. the gap between actual output and flexible-price
equilibrium level of output); we then obtain

xt = Etxt+4 − τ(i
{4}
t −Etπt+4)−

∙
1 + η

(1/τ) + η

¸
(1− ρ4χ)χt,

xt = Etxt+1 − τ(it −Etπt+1)−
∙

1 + η

(1/τ) + η

¸
(1− ρχ)χt,

where ρχ is the autoregressive coefficient of the productivity shock.
Finally, we introduce a risk premium shock into the term structure,
ξ
{4}
t , where the notation clearly establishes that impact of this shock
differs depending on bond maturity

xt = Etxt+4 − τ(i
{4}
t − Etπt+4)−

∙
1 + η

(1/τ) + η

¸
(1− ρ4χ)χt + ξ

{4}
t .

APPENDIX 2

This appendix shows the matrices involved in Equation (7).

Γ0 =

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

1 0 τ 0 −1 0 0 0 −τ 0 0 0 Γ 1,130 0 0 0

1 0 0 τ 0 0 0−1 0 0 0−τ Γ 2,130 0 −1 0
−κ 1 0 0 0 0 0 0 −β 0 0 0 0 −1 0 0

Γ 4,10 Γ 4,20 1 0 0 0 0 0 0 0 0 0 0 0 0 −1
0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1
1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0
0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

,



Γ1 =

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 Γ 4,31 Γ 4,41 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 ρχ 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 ρz 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 ρ
{4}
ξ 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 ρv
0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

,

Π =

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
1 0 0 0 0 0 0 0
0 1 0 0 0 0 0 0
0 0 1 0 0 0 0 0
0 0 0 1 0 0 0 0
0 0 0 0 1 0 0 0
0 0 0 0 0 1 0 0
0 0 0 0 0 0 1 0
0 0 0 0 0 0 0 1

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

,



Ψ =

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 1 0 0
0 0 1 0
0 0 0 1
1 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

,

Γ 1,130 =

∙
1 + η

(1/τ) + η

¸
(1− ρχ),

Γ 2,130 =

∙
1 + η

(1/τ) + η

¸
(1− ρ4χ),

Γ 4,10 = −(1− ρ)ψ2,

Γ 4,20 = −(1− ρ)ψ1,

Γ 4,31 = ρ− (1− ρ)ψ3,

Γ 4,41 = (1− ρ)ψ3.

APPENDIX 3

This appendix describes the estimation procedure. This procedure
starts by constructing a p×1 vector with the coefficients of the VAR
representation obtained from actual data, denoted by HT (θ0), where
p in this application is 62,21 T denotes the length of the time se-
ries data, and θ is a k × 1 vector whose components are the model
21 We have 52 coefficients from a three-lag, four-variable system and 10 extra coef-
ficients from the non-redundant elements of the variance-covariance matrix of the
VAR residuals.



parameters. The true parameter values are denoted by θ0. In the
NKM model with term structure, the structural and policy parame-
ters are θ = (τ , β, ω, ρ, ψ1, ψ2, ψ3, ρχ, ρ

{4}
ξ , ρz, ρv, σχ, σ

{4}
ξ , σz, σv) and

then k = 15.22

As pointed out by Lee and Ingram (1991), the randomness in the
estimator is derived from two sources: the randomness in the actual
data and the simulation. The importance of the randomness in the
simulation to the covariance matrix of the estimator is decreased by
simulating the model a large number of times. For each simulation
a p × 1 vector of VAR coefficients, denoted by HN,i(θ), is obtained
from the simulated time series of output growth, inflation and the
two interest rates generated from the NKM model, where N = nT
is the length of the simulated data. Averaging the m realizations of
the simulated coefficients, i.e., HN(θ) =

1
m

Pm
i=1HNi(θ), we obtain a

measure of the expected value of these coefficients, E(HNi(θ)). The
choice of values for n and m deserves some attention. Gouriéroux,
Renault and Touzi (2000) suggest that is important for the sample
size of synthetic data to be identical to T (that is, n = 1) to get
an identical size of finite sample bias in estimators of the auxiliary
parameters computed from actual and synthetic data. We make n =
1 and m = 500 in this application. To generate simulated values of
the output growth, inflation and interest rate time series we need the
starting values of these variables. For the SME to be consistent, the
initial values must have been drawn from a stationary distribution.
In practice, to avoid the influence of the starting values we generate
a realization from the stochastic processes of the four variables of
length 200+T , discard the first 200 simulated observations, and use
only the remaining T observations to carry out the estimation. After
two hundred observations have been simulated, the influence of the
initial conditions must have disappeared.
The SME of θ0 is obtained from the minimization of a distance

function of VAR coefficients from actual and synthetic data. For-
mally,

min
θ

JT = [HT (θ0)−HN(θ)]
0W [HT (θ0)−HN(θ)],

22 Prior to estimation, the parameter η weighting leisure in the utility function is set
to 3.



where W−1 is the covariance matrix of HT (θ0).
Denoting the solution of the minimization problem by θ̂, Lee and

Ingram (1991) and Duffie and Singleton (1993) prove the following
results: √

T (θ̂ − θ0)→ N
∙
0,

µ
1 +

1

m

¶
(B0WB)−1

¸
,µ

1 +
1

m

¶
TJT → χ2(p− k),

where B is a full rank matrix given by B = E(∂HNi(θ)
∂θ

).
The objective function JT is minimized using the optimization

package OPTMUM programmed in GAUSS language. We apply the
Broyden-Fletcher-Glodfard-Shanno algorithm. To compute the co-
variance matrix we need to obtain B. Computation of B requires
two steps: first, obtaining the numerical first derivatives of the coef-
ficients of the VAR representation with respect to the estimates of
the structural parameters θ for each of the m simulations; second,
averaging the m-numerical first derivatives to get B.
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