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Introduction



Many analyses of monetary policy presented in recent years have been based on the hypothesis that the private sector’s behavior can be approximated by aggregate supply and demand relations derived from so-called New Keynesian models.1 This is true both for analyses primarily aimed at describing how monetary policy has been conducted, and for analyses intended to provide policy recommendations. Descriptions of monetary policy in these analyses typically follow two different approaches. It is either assumed that the central bank sets the interest rate according to some simple rule, along the lines suggested by Taylor (1993), or the central bank is assumed to maximize an explicit objective function, e.g., following a “targeting rule” of the type proposed by Svensson (1999). Empirical estimates of Taylor rules typically suggest that central banks have very strong preferences for smoothing nominal interest rates (e.g., Clarida et al., 2000). Although arguments for why such a policy may be optimal have been presented (see, e.g., Cukierman, 1991; Goodfriend, 1991; Woodford, 1999), it has also been argued, in particular by Rudebusch (2002b), that there is little deliberate interest rate smoothing in practice and that the empirical Taylor rules are misspecified descriptions of monetary policy. The purpose of this paper is to examine whether a model where the central bank is assumed to solve a well-defined optimization problem and where private sector behavior has New-Keynesian features can be parameterized to match the broad characteristics of U.S. data. We use a New-Keynesian framework based on Rudebusch (2002a), and the assumptions about monetary policy imply that standard empirical Taylor rules are indeed misspecified. Nevertheless, our results indicate that a good approximation of central bank behavior can be obtained assuming a larger preference for interest rate smoothing relative to output stabilization than has typically been assumed in the literature. In this respect our results are however consistent with recent contributions by Giannoni and Woodford (2004) and Bernanke (2004). We first estimate key parameters in the model (parameters determining the central bank’s preferences, the degree of forward-looking behavior in the private sector and the variances of inflation and output shocks) to match the time-series properties of inflation, the output gap and the short-term interest rate in the U.S. from 1987Q4 to 1999Q4 (the period studied by Rudebusch, 2002b). We then carefully examine 1



Early references on how to derive such models from optimizing behavior include McCallum and Nelson (1999) and Rotemberg and Woodford (1997). Clarida et al. (1999) review this literature.
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how changes in these parameters affect the dynamic behavior of the economy. Our analysis shows how assumptions about private behavior and monetary policy interact to determine the time-series properties of the relevant data. For example, we show how the degree of forward-looking in price setting affects not only the persistence in inflation, but also the volatility of output and the interest rate. Likewise, the ability to explain the persistence of inflation depends not only on the degree to which price setters are forward-looking, but also on the objectives of the central bank. Our results make clear that to explain the behavior of the interest rate (and thus monetary policy) we need not only a large weight on interest rate smoothing, but also a fairly large degree of forward-looking behavior in the determination of output and a small degree of forward-looking in price setting. The rest of the paper is organized as follows. We begin by presenting some stylized facts for the U.S. economy in Section 2. Section 3 presents the model and the results from our estimation, while Section 4 compares our estimated parameters with alternative parameterizations. Section 5 goes through some robustness exercises. Section 6 summarizes our results and discusses the consequences for practical monetary policy analysis.
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Stylized facts for the U.S. economy



This section presents some stylized facts for the U.S. economy in terms of standard deviations and autocorrelations for inflation, the output gap, and the 3-month interest rate. These facts will serve as a benchmark with which we want to compare the implications of the theoretical model in Section 3. We use quarterly data for the period from 1987Q4 to 1999Q4. This sample excludes the disinflationary period of the early 1980s, and is characterized by a rather stable monetary policy regime. For our purposes it is also important that it matches the period used by Rudebusch (2002b) when analyzing U.S. monetary policy and concluding that there has been little deliberate interest rate smoothing. The inflation rate is the annualized quarterly change in the GDP deflator (seasonally adjusted), obtained from the Bureau of Economic Analysis. The output gap is the percent deviation of real GDP (measured in chained 1996 dollars, seasonally adjusted) from potential GDP, as calculated by the Congressional Budget Office (see Congressional Budget Office, 1995). The interest rate is the (annualized) average of daily rates on a 3-month T-bill. Data on interest rates and potential and actual GDP were obtained from the FRED database of the Federal Reserve Bank of St.
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Figure 1: Data series, 1987Q4–1999Q4 (a) Inflation
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Sources: Bureau of Economic Analysis (inflation); Federal Reserve Bank of St. Louis (output and interest rate).



Louis. The data series are shown in Figure 1. Table 1 shows the standard deviations and autocorrelations for each series, with standard errors in parentheses. We note that the output gap and the interest rate are both more volatile (in terms of standard deviations) and more persistent than the inflation rate. It is often observed that the large persistence in the interest rate (the instrument of monetary policy) cannot be explained by persistence in inflation and output alone. This is confirmed for our sample by Table 2, which shows the results from estimating a Taylor-type rule of the form it = (1 − ρi ) [γ0 + γπ π ¯t + γy yt ] + ρi it−1 + ζt ,



(1)



where it is the 3-month interest rate, π ¯t = 1/4 3j=0 πt−j is the four-quarter inflation rate and yt is the output gap. The estimates imply long-run response coefficients of inflation and the output gap of 1.62 and 0.96, respectively, but the short-run effects are dominated by the lagged interest rate, which has a coefficient of 0.71.2 P
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While these results are fairly standard in the literature (cf. Clarida et al., 2000), they are very sensitive to the choice of sample period. Excluding the first two years of data from the sample, the estimated coefficient of inflation falls to 0.69. The only coefficient that seems robust to the choice of sample period is that of the lagged interest rate, which is consistently estimated to be around 0.70.
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Table 1: Standard deviations and autocorrelations in U.S. data



Inflation Output gap Interest rate



Standard deviation 1.04 (0.10) 1.67 (0.15) 1.51 (0.18)



1 lag 0.65 (0.09) 0.91 (0.05) 0.94 (0.05)



Autocorrelations 2 lags 0.53 (0.12) 0.83 (0.09) 0.86 (0.10)



3 lags 0.54 (0.10) 0.75 (0.13) 0.74 (0.14)



Note: Quarterly U.S. data, 1987Q4–1999Q4. Standard errors in parentheses are based on GMM and the delta method, using a Newey and West (1987) estimator with one lag.



Table 2: Estimated Taylor rule



γ0 0.793 (0.557)



Coefficient γπ γy 1.615 0.959 (0.214) (0.105)



Statistics ρi 0.711 (0.060)



2



R 0.965



σζ 0.350



Note: Quarterly U.S. data, 1987Q4–1999Q4. Standard errors in parentheses are based on the delta method, using White’s (1980) heteroskedasticity consistent estimator.
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Model and estimation



Our main purpose is to examine whether the stylized facts in Table 1 can be explained by a simple New-Keynesian model framework augmented with an optimizing central bank. Since we want to compare our findings with Rudebusch’s arguments against interest rate smoothing, we use his empirical model (Rudebusch, 2002a) but extend it in two dimensions. First, we allow for varying degrees of forward-looking behavior in the determination of both inflation and output.3 Second, we assume that the central bank chooses a path for the short-term interest rate to minimize (under discretion) a standard objective function.4 Thus, the model is given by the 3



The main specification of Rudebusch (2002a) allows for forward-looking behavior in the determination of inflation, but not output. 4



Rotemberg and Woodford (1997), Ireland (2001), Christiano et al. (2001), and Smets and Wouters (2003), among others, estimate New-Keynesian models with better microfoundations for private behavior. In comparison to our model, they do not model central bank behavior as optimizing, but specify a Taylor-type rule for monetary policy. Also, Rotemberg and Woodford (1997) and Ireland (2001) introduce persistence only through serially correlated shocks.
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following three equations: πt = µπ Et−1 π ¯t+3 + (1 − µπ )



4 X



απj πt−j + αy yt−1 + εt ,



(2)



βyj yt−j − βr [it−1 − Et−1 π ¯t+3 ] + ηt ,



(3)



j=1



yt = µy Et−1 yt+1 + (1 − µy )



2 X j=1



min Var [¯ πt ] + λVar [yt ] + νVar [∆it ] . {it }



(4)



Equation (2) is an empirical version of a New-Keynesian Phillips curve (or aggregate supply equation), where inflation depends on expected and lagged inflation, the output gap of the previous period, and the “cost-push shock” εt .5 Equation (3) is an aggregate demand equation (or consumption Euler equation) that determines the output gap as a function of the expected and lagged output gap, the real shortterm interest rate of the previous period, and the demand shock ηt .6 Equation (4) is the objective function for monetary policy; the central bank acts to minimize the weighted unconditional variances of inflation, the output gap, and the change in the interest rate. The target level for inflation is normalized to zero, while that of output is given by the potential level, so the target for the output gap is also zero. Therefore, although we assume that the central bank acts under discretion, there is no inflation bias, but inflation is on average equal to the target.7 We want to focus on how specific aspects of the New-Keynesian framework and the central bank’s preferences are related to certain facts. In particular, we are interested in examining how the central bank’s preferences affect the volatility and persistence of inflation, output and the interest rate. The degree of forward-looking in private decisions is of course also crucial for these time-series features, as are the properties of the demand and supply shocks. Thus we estimate two parameters in the 5



This specification of the Phillips curve is similar to the recent model by Giannoni and Woodford (2004), e.g., regarding the dating of expectations which can be justified by assuming that pricing decisions are predetermined. Compared to Giannoni and Woodford, Rudebusch (2002a) neglects any direct influence on inflation from the real wage (a relation which Giannoni and Woodford however suggest is quantitatively small) and assumes a relatively strong effect on inflation from the output gap. 6



This aggregate demand equation also resembles a relation derived by Giannoni and Woodford (2004). It deserves to be noted that the degrees of forward-looking in the demand and supply relations have different causes. The backward-looking arguments in the supply relation is often derived from price and wage stickiness (Gal´ı and Gertler, 1999; Christiano et al., 2001), whereas the lagged output term in the demand relation is typically due to habit formation in consumption (Fuhrer, 2000). 7



We have also worked with a specification that includes a time-varying inflation target, which introduces a policy shock (as in Ellingsen and S¨oderstr¨om, 2004). That model gives very similar results; therefore we choose not to include the policy shock here.
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Table 3: Parameter values Inflation απ1 απ2 απ3 απ4 αy



Output gap 0.67 −0.14 0.40 0.07 0.13



βy1 βy2 βr



1.15 −0.27 0.09



Note: Parameters estimated by Rudebusch (2002a) on quarterly U.S. data, 1968Q3–1996Q4.



central bank’s objective function, λ and ν, one parameter each in the inflation and output equations, µπ and µy , and the two standard deviations of the shocks, σπ and σy . Of course, also the other parameters in the model—in particular αy and βr —may have an important impact on the volatility and persistence of the macroeconomy. However, estimates of these parameters seem quite robust to, for example, changes in sample period, different assumptions about the degree of forward-looking behavior, and the choice of econometric methodology. For these parameters we therefore simply use the estimates of Rudebusch (2002a), shown in Table 3.8 To estimate the parameter vector {λ, ν, µπ , µy , σπ , σy } we minimize the weighted squared distance between the moments implied by the model and the moments in the data, reported in Table 1.9 Let ξ be the vector of standard deviations and three autocorrelations implied by a given model parameterization, ξˆ the vector of standard deviations and autocorrelations from the data, and Vˆ a matrix with the standard errors of the estimated moments in the data (also reported in Table 1) on the diagonal. Then the vector of parameter estimates for {λ, ν, µπ , µy , σπ , σy } is found by minimizing the function 



0 ξ − ξˆ Vˆ −1 ξ − ξˆ .















(5)
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The parameter values in Table 3 were estimated by Rudebusch (2002a) using OLS on quarterly U.S. data for the period 1968Q3–1996Q4 (with survey data for inflation expectations). Stability tests typically cannot reject the hypothesis of no structural breaks in such estimated equations (Rudebusch and Svensson, 1999; Rudebusch, 2002a; Dennis, 2003); thus the estimates are likely to be approximately valid also for our shorter sample period. Rudebusch also estimates the value of µπ to 0.29, but restricts µy to zero. Similar estimates for the α and β parameters are obtained restricting also µπ to zero (Rudebusch and Svensson, 1999; Rudebusch, 2001), using FIML or SUR techniques (Dennis, 2003), or using other sample periods (Castelnuovo, 2002). 9



Appendix A shows how to use standard methods to calculate the optimal policy rule, the reduced form of the model, and the variance-covariance matrices of the state variables. Examples of other studies using minimum-distance estimation are Rotemberg and Woodford (1997), Christiano et al. (2001) and Amato and Laubach (2003).
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Table 4: Parameter estimates λ 0.000 (0.000)



ν 1.109 (0.500)



µπ 0.001 (0.066)



µy 0.556 (0.098)



σπ 0.683 (0.073)



σy 0.459 (0.231)



Note: The parameters are estimated by minimizing the squared deviation of the moments in the model from the moments in the data, weighted by the standard deviations of the moments in the data. Standard errors in parentheses are based on the delta method. The covariance matrix of the ˆ = J ΣJ ˜ 0 , where Σ ˜ is the covariance matrix of the moments parameter estimates is calculated as Σ in the data, and J is the matrix of partial derivatives (the Jacobian), evaluated numerically at the point estimates.



ˆ = J ΣJ ˜ 0 , where The covariance matrix of the parameter estimates is calculated as Σ ˜ is the covariance matrix of the moments in the data, and J is the matrix of Σ partial derivatives (the Jacobian), evaluated numerically at the point estimates. Using the inverse of the matrix Vˆ of standard errors to weight the squared deviation in equation (5), we put more emphasis on matching those moments that are more precisely estimated in the data. (However, as these standard errors are of similar magnitude for all moments, an unweighted estimation produces similar results.) The obtained parameter estimates are reported in Table 4, along with estimated standard errors (using the delta method). We begin by discussing the parameter estimates and how the estimated model fits the moments we want to match. In Section 4 we discuss in further detail how varying the estimated parameters from their point estimates affects the volatility and persistence in inflation, output and the interest rate. Our estimates in Table 4 imply, first, that in order to match the time-series behavior of U.S. data, the central bank objective function needs to be characterized by a very small (or zero) preference for output stabilization, but a very large preference for interest rate smoothing (ν = 1.109). Moreover, the estimated standard errors reveal that ν is significantly larger than λ.10 These parameter estimates may seem extreme by conventional standards. In applied work, authors often assume a larger preference for output stability than for 10



We estimate standard errors by perturbing the moments we want to match by a small amount, and then calculating the Jacobian locally around the estimated parameters. In each of these perturbations, λ is estimated to zero. Therefore its estimated standard error and its covariance with all other parameters are also zero. As the standard error of ν implies that it is significantly larger than zero, ν is also significantly larger than λ. Note that the delta method approach we apply to calculate the standard errors is valid only asymptotically, and is in our small sample just an approximation. In particular, the zero standard error of λ should probably be interpreted as indicating a small (non-zero) standard error.



7



interest rate smoothing (see, e.g., Rudebusch and Svensson, 1999, or Rudebusch, 2001). Instead, our estimation indicates that central bank behavior (at least that of the Federal Reserve) is dominated by a preference for interest rate smoothing rather than output stability. This result does, however, find some support in the empirical literature. Dennis (2003) estimates the preference parameters of the Federal Reserve using full information maximum likelihood (FIML) for the period 1979–2000, and obtains estimates of (λ, ν) = (0.23, 12.3).11 Favero and Rovelli (2003) use GMM for the period 1980–98 and obtain (λ, ν) = (0.00125, 0.0085). The differences between these results seem to be mainly due to Favero and Rovelli (2003) using a finite policy horizon (of four quarters), while Dennis (2003) uses an infinite horizon (as in our model). Nevertheless, both studies find a more important role for interest rate smoothing than for output stabilization, as in our estimation. It deserves to be emphasized that these empirical results are fully consistent with optimizing behavior from the central bank. Giannoni and Woodford (2004) argue, on theoretical grounds, that the relative weight on interest rate smoothing may very well be much larger than the weight on output stabilization. Regarding our second pair of parameters, the estimated degree of forward-looking behavior in price-setting is also essentially zero, while that in consumption/aggregate demand is fairly large; µy = 0.556. A formal hypothesis test reveals that µy is also significantly larger than µπ (with a t-statistic of 3.97). These results may be less controversial. It is often argued that the purely forward-looking specification of the New-Keynesian model (with µπ = µy = 1) is at odds with the data (Estrella and Fuhrer, 2002), and there is a large literature estimating versions of the NewKeynesian Phillips curve in equation (2). Gal´ı and Gertler (1999) argue that the backward-looking term is not quantitatively important, but many other analyses tend to favor primarily backward-looking specifications, and estimate µπ to be between 0.1 and 0.4, depending on sample period and estimation technique.12 Lind´e (2002) simultaneously estimates versions of equations (2) and (3) on quarterly U.S. data for 1960–97, and obtains µπ = 0.28 and µy = 0.43. Using the same model as we do, Rudebusch (2002a) estimates µπ to 0.29, while Fuhrer and Rudebusch (2004) estimate µy to either 0 or 0.4, using a similar model. Our estimate for µy is similar to that of Lind´e and the larger of Fuhrer and Rudebusch’s estimates. On 11 Matching the volatility of inflation, output, and the change in the interest rate, Dennis obtains (λ, ν) = (0.46, 0.74), but this parameterization implies a variance of the interest rate which is almost twice as large as in the data (Dennis, 2003, Appendix 2). 12



See, e.g., Fuhrer (1997), Roberts (2001), Rudd and Whelan (2001), or Lind´e (2002).
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Table 5: Standard deviations and autocorrelations in actual data and in the estimated model



Inflation



Data Model



Output gap



Data Model



Interest rate



Data Model



Standard deviation 1.04 (0.10) 1.02



Autocorrelations 1 lag 2 lags 3 lags 0.65 0.53 0.54 (0.09) (0.12) (0.10) 0.70 0.50 0.53



1.67 (0.15) 1.58



0.91 (0.05) 0.92



0.83 (0.09) 0.81



0.75 (0.13) 0.71



1.51 (0.18) 1.64



0.94 (0.05) 0.98



0.86 (0.10) 0.92



0.74 (0.14) 0.85



the other hand, our estimate for µπ is considerably smaller than those of both Lind´e and Rudebusch. Finally, our estimates of the standard deviation of inflation and output disturbances (σπ = 0.683, σy = 0.459) are smaller than those estimated by Rudebusch (2002a) (σπ = 1.012, σy = 0.833). The main reason for these discrepancies is probably that we simultaneously estimate the equations for inflation and output, as well as the behavior of the central bank, while Rudebusch estimates the inflation and output equations separately, and without specifying how monetary policy is determined. We have also used an alternative methodology to choose the parameter vector {λ, ν, µπ , µy , σπ , σy }, with a grid search over a broad range of parameters. This grid goes through all possible combinations of λ, ν ∈ {0, 0.1, 0.25, 0.5, 1, 2, 5}; µπ , µy ∈ {0.001, 0.1, 0.25, 0.5, 0.75, 0.9, 1}; and σπ , σy ∈ {0.1, 0.15, 0.25, 0.5, 0.75, 1, 1.25}, and we then select those configurations whose standard deviations and autocorrelations match most closely those in the data. This procedure selects parameter configurations that are all very similar to those in Table 4. (See the working paper version, S¨oderstr¨om et al., 2002, for details.) Table 5 shows the standard deviations and autocorrelations from our estimated model, along with the moments in the data. All these model moments are very close to those in the data, and the discrepancies are always smaller than one standard error. Regarding the standard deviations, the interest rate is slightly more volatile than in the data, while the output gap is slightly more stable. In terms of autocorre-
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Figure 2: Impulse responses in estimated model Interest rate shock
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Note: Impulse responses to unit-sized shocks to the interest rate, inflation and the output gap.



lations, the first-order autocorrelations for inflation and output are slightly larger in the data, while the second- and third-order autocorrelations are slightly smaller. As for the interest rate all autocorrelations are slightly larger in the estimated model than in the data. To illustrate the behavior of the estimated model, Figure 2 shows impulse responses to unit shocks to the three variables at t = 0. Although we have chosen not to match the cross-correlations in the data, these impulse responses look quite reasonable. After a one percentage point interest rate disturbance (in the first row), the interest rate is slowly moved back to neutral, and returns after six quarters.13 By construction (see equations (2)–(3)), there is no immediate response of inflation or output to the policy shock, but from t = 1 onwards, the output gap responds more quickly than inflation. The maximum effect on output (approximately −0.5%) comes after two quarters, while that on inflation (approximately −0.12%) comes later, after five to six quarters. This pattern is similar to that obtained from typical VAR models of the U.S. economy (see, e.g., Christiano et al., 1999). 13



The interest rate disturbance is not part of the model, since the interest rate is set optimally. Nevertheless, an artificial interest rate shock can be constructed by assuming that the interest rate is unexpectedly raised by one percentage point for one period, and that the system follows the reduced-form afterwards. See Appendix B for details.
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After shocks to inflation and output, monetary policy responds only gradually, since the central bank dislikes large swings in the interest rate (ν is large).14 After an inflation disturbance, the monetary policy response opens up a negative output gap, which is then closed very slowly (since there is no weight on output stabilization). After an output disturbance, the central bank must change the positive output gap into a negative gap in order to fight the inflationary impulse, and this is done fairly quickly (again because λ is zero). In both cases the quarterly inflation rate displays a rather volatile pattern, partly due to the fact that the central bank aims at stabilizing annual inflation. This analysis indicates that our estimated model provides a reasonable description of the U.S. economy.15 The next section provides some more intuition for these results by more carefully scrutinizing the estimated parameterization.
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Inspecting the mechanism: The key parameters



To some extent, the empirical literature gives support for our parameter estimates. However, this literature typically does not provide much intuition for the final choice of parameters. In contrast, since our approach aims at matching model moments with those in actual data, it is straightforward to examine the consequences of alternative parameterizations. Because we jointly estimate several parameters, we will also demonstrate how varying a parameter in one equation affects the volatility and persistence of other variables. In this section we depart from the estimated configuration in one parameter dimension at a time and calculate the resulting standard deviation and first-order autocorrelation of inflation, output and the interest rate.16 This exercise is intended to explain the estimation in detail, and also to reveal the extent to which the different parameters contribute to the overall fit of the model. The results are reported in Figures 3–5. In each figure, vertical lines represent the estimated parameter values, 14



Note that the central bank aims to stabilize annual inflation rather than quarterly inflation (which is shown in the figure), and annual inflation of course responds more slowly to the disturbance than does quarterly inflation. The central bank therefore responds more slowly than would have been the case with a target for quarterly inflation (cf. Ness´en, 2002). 15



Although in our model the Taylor rule (1) is a misspecified description of policy behavior, we also calculated the unconditional Taylor rule coefficients implied by our model, obtaining γπ = 2.687, γy = 0.350, ρi = 0.705. Thus, the inflation coefficient is larger and the output coefficient is smaller than in our estimated rule in Table 2, while the coefficient of the lagged interest rate is very close to that estimated on U.S. data. 16



Higher-order autocorrelations give the same qualitative picture as first-order autocorrelations.
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Figure 3: Varying the preference parameters from the estimated configuration (b) Autocorrelations when varying λ
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(d) Autocorrelations when varying ν



3 Inflation Output gap Interest rate



2.5



1



•• iy



0.8



2



•y •i •π



1.5 1



•π



0.6 0.4 0.2



Inflation Output gap Interest rate



0.5 0 0



0



0.5



1 ν



1.5



2



0



0.5



1 ν



1.5



2



Note: Unconditional standard deviations and first-order autocorrelations as the weight on output stabilization λ (upper panels) and interest rate smoothing ν (lower panels) vary from the estimated parameter configuration. Vertical lines represent estimated values, bullets represent moments in actual data.



and the three bullets represent the moments in the actual data. For the central bank’s preference parameters, we would a priori expect that increasing the weight of one variable in the objective function would make that variable more stable and less persistent, since the central bank will act more strongly to offset the effects of shocks on that particular variable. For the other variables, one would expect the opposite pattern. Figure 3a–b shows that this intuition holds when varying the weight on output stabilization, λ. As λ increases (keeping the other parameters fixed), output becomes more stable and less persistent, while inflation and (to some extent) the interest rate become more volatile and more persistent. For inflation and output, increasing λ makes the standard deviation and autocorrelations move away from the values in the data, leading to a worse fit of the model. Thus, Figure 3 indicates that larger values of λ than in our estimated configuration imply too high volatility and persistence of inflation and too low volatility and persistence of output compared with U.S. data. When it comes to the weight on interest rate smoothing, ν, Figure 3c–d reveal
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Figure 4: Varying the degree of forward-looking behavior from the estimated configuration (b) Autocorrelations when varying µ
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(d) Autocorrelations when varying µy
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Note: Unconditional standard deviations and first-order autocorrelations as the degree of forwardlooking behavior in inflation µπ (upper panels) and in output µy (lower panels) vary from the estimated parameter configuration. Vertical lines represent estimated values, bullets represent moments in actual data.



that our intuition needs to be somewhat refined. As ν is decreased from 1.1 towards zero, inflation becomes more stable and the interest rate more volatile, in accordance with the intuition. However, the volatility in output increases slightly, as the increase in interest rate volatility spills over to output. As ν falls, the standard deviation of output tends to approach the data and those of inflation and the interest rate move away from the data. The autocorrelation in all variables is not much affected by the decrease in ν, as long as ν > 0. As ν approaches zero, all variables become extremely volatile and all autocorrelations turn negative. These effects are largest for the interest rate, but as λ = 0, also the other variables are affected in a similar fashion. If we instead set λ > 0, only the interest rate becomes very volatile as ν approaches zero, while inflation and output are not much affected. Thus, we conclude that while small decreases in ν have little effect, a positive value for ν is crucial to avoid excessive volatility in the interest rate relative to the data. This is of course consistent with the estimated standard error for ν in Table 4.
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As for the importance of forward-looking behavior in the determination of inflation and output, we would a priori expect that more forward-looking in the determination of one variable would make that variable less persistent and less volatile. Figure 4a–b shows that increasing µπ quickly reduces the persistence in inflation, but also output and the interest rate become less persistent. At the same time the volatility in all variables falls, with a particularly large effect on the interest rate. For all variables this decrease in volatility and persistence tends to move the model moments away from those found in the data, with the exception of the persistence of the interest rate. As µπ approaches unity (a common case in the theoretical literature), the interest rate becomes very stable, and the autocorrelation of inflation approaches zero. While the previous literature has focused on the need for backwardlooking elements in inflation to match the persistence of inflation, our results show that a small degree of forward-looking is needed also to match the volatility and persistence of output and the volatility of the interest rate. Thus, larger values of µπ than in our estimation imply too low volatility of output and the interest rate and too low persistence of inflation and output. Figure 4c–d show that a larger degree of forward-looking in output makes the output gap less volatile and persistent, but here the effects are very small. As µy falls also inflation and the interest rate become more volatile, and the standard deviation of inflation and the interest rate move away from the values in the data. This effect is particularly strong for the volatility of the interest rate, which increases considerably as µy falls. Indeed, letting µy approach zero has no important effect on inflation or output, while it leads to a very volatile interest rate (with a standard deviation of 3.5% when µy = 0). As output (and consumption) becomes more inertial and less forward-looking, larger movements in the interest rate are needed to persuade consumers to adjust.17 Furthermore, decreasing µy also makes inflation more persistent, moving away from the data. We conclude that smaller values of µy lead to excessive volatility in the interest rate and inflation and excessive persistence in inflation relative to the data. Surprisingly, the behavior of output is not much affected by changes in µy . Finally, Figure 5 shows the effects of varying the standard deviation of inflation and output shocks. While increasing σπ leads to more volatility in all variables, increasing σy only affects the volatility in output. This reflects the fact that supply 17



This is consistent with Lansing and Trehan (2003), who show that a small degree of forwardlooking in output leads to aggressive policy behavior in a model similar to ours. Impulse response functions (available upon request) also confirm that with a smaller µy , the policy response to shocks becomes much more aggressive in order to stabilize inflation and output.
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Figure 5: Varying the standard deviation of shocks from the estimated configuration (b) Autocorrelations when varying σ



(a) Standard deviations when varying σπ
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Note: Unconditional standard deviations and first-order autocorrelations as the standard deviation of inflation shocks σπ (upper panels) and output shocks σy (lower panels) vary from the estimated parameter configuration. Vertical lines represent estimated values, bullets represent moments in actual data.



shocks pose a more serious trade-off to policymakers, who must contract output to decrease inflation. Demand shocks, on the other hand, are more easily mitigated. It is thus clear from Figure 5 that the estimated value of σπ serves to match the volatility in all variables whereas σy is chosen to match the volatility in output. While the main purpose of this section was to explain the parameters resulting from our estimation, the discussion has also highlighted some important aspects of this class of models. When the economy is given by a system of simultaneous equations, the largest effects of changing a given parameter in one equation may well be on the behavior of some other variable in the system. Our results make clear that to explain the behavior of the interest rate (and thus monetary policy) we need not only a large weight on interest rate smoothing, but also a fairly large degree of forward-looking behavior in the determination of output and a small degree of forward-looking in price-setting. The time-series properties of inflation can be explained only if our model includes a small degree of forward-looking behavior in price-setting (as noted elsewhere), but also a small weight on output stabilization
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Table 6: Parameter values, 1987–2001 Inflation απ1 απ2 απ3 απ4 αy



Output gap 0.282 −0.025 0.292 0.385 0.141



βy1 βy2 βr



1.229 −0.244 0.073



Note: Parameters estimated by Castelnuovo (2002) on quarterly U.S. data, 1987Q3–2001Q1. The parameters µπ and µy are restricted to zero.



and a large degree of forward-looking behavior in output. Finally, to match the behavior of the output gap we need a small weight on output stabilization and a small degree of forward-looking in price-setting, while the degree of forward-looking in output is less important.
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Robustness issues



Our estimation in the previous sections is conditioned on a number of choices regarding data, parameter values, model specification and matching criteria. This section discusses the extent to which these choices affect our estimation results. First, while estimating the model to match data from 1987 to 1999, we use some parameter estimates from the period 1968–1996. The latter period includes the period of high and variable inflation during the 1970s, so if the parameters estimated by Rudebusch (2002a) are not truly structural, they may not be representative for the more recent sample period. As an alternative, Table 6 shows parameter estimates obtained by Castelnuovo (2002) when estimating the purely backwardlooking version of the model (µπ = µy = 0) for the sample 1987Q3–2001Q1. The main difference from the values in Table 3 relates to the autoregressive parameters in the Phillips curve: in the more recent sample the weights on lagged inflation are shifted somewhat towards the longer lags than when including also the earlier period. Using these parameter values, we obtain very similar results to those reported in Table 4: now the estimates are λ = 0, ν = 2.9, µπ = 0.07, µy = 0.3, σπ = 0.68, and σy = 0.55. We thus obtain an even larger value for ν, a slightly larger value for µπ and a smaller value for µy . The choice of sample period therefore does not seem crucial for our results. Second, in addition to introducing more lags compared with theoretical versions
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of the New-Keynesian model, the Rudebusch (2002a) model also uses a slightly different dating of expectations. While this seemingly innocent specification is rather common in empirical modeling (see, e.g., Rotemberg and Woodford, 1997, Christiano et al., 2001, or Giannoni and Woodford, 2004), it has important consequences for the dynamics of the model (Dennis and S¨oderstr¨om, 2004). We therefore examine also the more standard dating of expectations using the specification π t = µπ E t π ¯t+3 + (1 − µπ )



4 X



απj πt−j + αy yt−1 + εt ,



(6)



βyj yt−j − βr [it−1 − Et−1 π ¯t+3 ] + ηt .



(7)



j=1



yt = µy Et yt+1 + (1 − µy )



2 X j=1



estimating this model again gives virtually identical results to those in Table 4: now we obtain λ = 0, ν = 0.9, µπ = 0, µy = 0.55, σπ = 0.70, and σy = 0.33. Consequently, the dating of expectations is not important for our main results. These robustness exercises suggest that our results are very robust: the preference for interest rate smoothing is always considerably larger than the weight on output stabilization, and output is always more forward-looking than inflation. One issue that could possibly affect our estimate of λ concerns the measurement of the output gap. It is rather standard in the literature to define the output gap as the deviation of real GDP from potential, calculated by the Congressional Budget Office. However, the CBO’s methodology to calculate potential output leads to a rather smooth series, and so may exaggerate the volatility of the output gap. The results in Section 4 suggest that estimating the model to match a less volatile output gap might imply a slightly larger λ and µπ and a smaller σπ . Nevertheless, as the standard deviation of the output gap is not the only moment that ties down the estimation (the small value of λ is also related to the volatility of inflation and the persistence in the output gap), our qualitative results are unlikely to be very sensitive to the choice of output gap measure.
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Concluding remarks



The purpose of this paper has been to examine whether a model where the central bank is assumed to solve a well defined optimization problem and where private sector behavior has New-Keynesian features can be calibrated to match the broad characteristics of U.S. data. This is an important issue, since calibrated models of this kind are frequently used to analyze monetary policy and as a basis for policy
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recommendations. Our analysis shows that it is indeed possible to match some important stylized facts using a model with New-Keynesian features, but empirically relevant parameterizations entail some controversial parameter values. First, frequently used calibrated models often assume that the central bank’s objective function is characterized by a low preference for interest rate smoothing. Our results show—like some earlier papers—that this makes it hard to match the low volatility of the interest rate in actual data. Second, a standard assumption is that it is appropriate to assume that the central bank has a relatively strong preference for output stabilization. We find that unless there is a small (virtually zero) preference for output stabilization, our NewKeynesian model can hardly match the low volatility and persistence in inflation, or the high volatility and persistence in the output gap. A third result from our estimation is that a large degree of backward-looking behavior in the Phillips curve is needed to match the high persistence in inflation. This is well known from earlier studies. But since these studies have often focused on the time series properties of inflation, it has not been noted that backward-looking behavior in inflation is important also for explaining the volatility and persistence of output and the interest rate. Finally, we find that an empirically relevant New-Keynesian model needs a fairly large degree of forward-looking behavior in the aggregate demand equation. Specifically, this is needed to match the low volatility in the interest rate: with a more persistent output gap, larger interest rate movements are needed to affect aggregate demand. Although our estimated parameter values differ from those typically used in the literature, they are by no means counter-intuitive. The tradition to work with models with a relatively strong preference for output stability and a weak preference for interest rate smoothing (a high λ in relation to ν) does not seem to be based on economic theory. Rather, it seems to be based on the simple observation that central banks do not pursue “strict” inflation targeting (so λ and ν are not both zero): inflation is too persistent and interest rates are too stable to be consistent with “strict” inflation targeting. Our results suggest that it is better to describe “flexible” monetary policy as reflecting a preference for interest rate smoothing rather than output stability. There are good reasons to believe that central banks have an interest rate smoothing objective in addition to their preferences for price stability. A preference for interest rate smoothing can be motivated by central bank concerns about stability on
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financial markets and the payment system in particular.18 Listening to central bank rhetoric also gives the impression that financial stability is a more important objective than output stability. During the disinflation that many developed countries have experienced since the early 1980s, central banks have been rather unwilling to admit that they care about output stability. Meanwhile, there have been many actions taken with the explicit intent to promote financial stability (see Estrella, 2001, for an overview). A recent speech by Bernanke (2004) summarizes the arguments for interest rate smoothing, both from a theoretical perspective and from a policymaker’s view. It should be stressed that much work remains before central banks’ responsibility for financial stability and payment system stability can be analyzed using formal models with both good micro-foundations and empirical support. A relatively large weight on interest rate smoothing in relation to output stability in a quadratic loss function is of course a very crude way to model central banks’ behavior. Furthermore, central banks do not seem to behave in the linear way assumed in our model and most other analyses of monetary policy. Rather, they seem to change interest rates in a step-wise fashion, and the most common policy decision is to leave the instrument rate unchanged. The rationale for such a policy remains to be discovered, but it does imply a high degree of interest rate smoothing. What we suggest is that, within the linear-quadratic framework commonly applied, policy should be described in terms of a high ν in relation to λ, not the other way around. We think that earlier exercises with calibrated models may have missed this point because they have paid too little attention to the time-series properties of nominal interest rates (in relation to, e.g., inflation). Our results suggest that policy recommendations and other conclusions based on New-Keynesian models with parameter values that have now become standard should be taken with a grain of salt. Before such exercises are discussed seriously, the consistency between the calibrated models and reality needs more careful examination. The recent literature has taken some steps in this direction, in the form of econometrically estimated New-Keynesian models of aggregate supply, aggregate demand and monetary policy (for instance, Ireland, 2001; Christiano et al., 2001; Smets and Wouters, 2003; and Lind´e, 2002). However, the results from such studies are not entirely consistent and more work along these lines is clearly needed.
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See, e.g., Cukierman (1991), Goodfriend (1991), or Giannoni and Woodford (2004). Lorenzoni (2001) presents a theoretical analysis of the dual objectives of price stability and payment system stability and their connection to interest rate smoothing.
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A



Model appendix



To solve the model we first write it on state-space form. Lead (2) and (3) one period: πt+1 =



µπ Et [πt+1 + πt+2 + πt+3 + πt+4 ] (A1) 4 + (1 − µπ ) [απ1 πt + απ2 πt−1 + απ3 πt−2 + απ4 πt−3 ] + αy yt + εt+1 ,



yt+1 = µy Et yt+2 + (1 − µy ) [βy1 yt + βy2 yt−1 ]   1 −βr it − Et (πt+1 + πt+2 + πt+3 + πt+4 ) + ηt+1 . 4



(A2)



Then solve for the forward-looking variables Et πt+4 and Et yt+2 and take expectations as of period t: µπ Et πt+4 = 4 µy Et yt+2



µπ µπ µπ Et πt+1 − Et πt+2 − Et πt+3 4 4 4 − (1 − µπ ) [απ1 πt + απ2 πt−1 + απ3 πt−2 + απ4 πt−3 ] − αy yt (A3) βr + Et πt+4 = Et yt+1 − (1 − µy ) [βy1 yt + βy2 yt−1 ] 4   1 (A4) +βr it − Et (πt+1 + πt+2 + πt+3 ) , 4 







1−



and reintroduce the disturbances via the (predetermined) variables πt+1 = Et πt+1 + εt+1 ,



(A5)



yt+1 = Et yt+1 + ηt+1 .



(A6)



Define an (n1 × 1) vector (n1 = 11) of predetermined state variables as19 x1t = {πt , πt−1 , πt−2 , πt−3 , yt , yt−1 , yt−2 , yt−3 , it−1 , it−2 , it−3 }0 ,



(A7)



an (n2 × 1) vector (n2 = 4) of forward-looking jump variables as x2t = {Et πt+1 , Et πt+2 , Et πt+3 , Et yt+1 }0 ,



(A8)



and an (n1 × 1) vector of shocks to the predetermined variables as o0



n



v1t = εt , 003×1 , ηt , 006×1 .



(A9)



We can then write the model in compact form as 















x1t+1  x1t  A0  = A1  + B1 it + vt+1 , Et x2t+1 x2t 19



(A10)



The additional lags of the output gap and the interest rate are not state variables, but are needed to calculate the unconditional autocorrelations below.



20



where 



vt+1







v1t+1  = , 0n2×1



(A11)



and where the matrices A0 , A1 and B1 contain the parameters of the model. The shock vector v1t has covariance matrix Σv1 , which is a diagonal matrix with diagonal n o σε2 , 003×1 , ση2 , 006×1 and zeros elsewhere. 20 To obtain the usual state-space form, premultiply (A10) by A−1 0 to get  















x1t+1  x1t  = A + Bit + vt+1 , Et x2t+1 x2t



(A12)



−1 21 where A = A−1 0 A1 and B = A0 B1 . To write the central bank’s objective function (4), it is convenient to define a vector of target variables as



zt = {¯ πt , yt , ∆it }0 ,



(A13)



which can be calculated by zt = Cx xt + Ci it .



(A14)



The central bank’s period loss function in (4) can then be written as Lt = π ¯t2 + λyt2 + ν (∆it )2 = zt0 Kzt ,



(A15)



where K is a matrix of preference parameters. Using (A14), the loss function can be expressed as Lt = zt0 Kzt 



=



h



x0t i0t



i















h i x C0  x  K Cx Ci  t  it Ci0



= x0t Cx0 KCx xt + x0t Cx0 KCi it + i0t Ci0 KCx xt + i0t Ci0 KCi it = x0t Qxt + x0t U it + i0t U 0 xt + i0t Rit ,



(A16)



where 







x1t  xt =  , x2t 20



(A17)



This means that A0 must be non-singular, i.e., µπ , µy 6= 0.



Note that A−1 0 vt+1 = vt+1 since A0 is block diagonal with an identity matrix as its upper left block and the lower block of vt+1 is zero. 21
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and where Q = Cx0 KCx ,



(A18)



U = Cx0 KCi ,



(A19)



R = Ci0 KCi .



(A20)



Thus the central bank’s control problem is given by the conventional Bellman equation J(xt ) = min {x0t Qxt + x0t U it + i0t U 0 xt + i0t Rit + δEt J(xt+1 )} , it



(A21)



subject to the transition equation (A12), and the optimal policy rule can be calculated using standard methods (see S¨oderlind, 1999, for an overview). The optimal policy under discretion is a rule for the interest rate as a linear function of the predetermined variables: it = F x1t ,



(A22)



resulting in the reduced form x1t+1 = M x1t + v1t+1 ,



(A23)



x2t = N x1t .



(A24)



See S¨oderlind (1999) for details. The target variables in zt then follow zt = Cx1t ,



(A25)



where C = Cx1 + Cx2 N + Ci F.



(A26)



The reduced form (A23) implies that the unconditional variance-covariance matrix of x1t satisfies Σx1 = M Σx1 M 0 + Σv1 ,



(A27)



and using the vec operator and solving for vec (Σx1 ), we get vec (Σx1 ) = (I − M ⊗ M )−1 vec (Σv1 ) .



(A28)



The covariance matrix of x2t is then given by Σx2 = N Σx1 N 0 ,



(A29)



and that of zt is Σz = CΣx1 C 0 .



(A30)
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B



Responses to an interest rate shock



In order to model a monetary policy shock, i.e., a one-time shock to the interest rate, suppose the central bank changes the interest rate at time t = 0 by dit , and from then on follows its optimal policy rule it = F x1t for all t > 0. How does the economy respond to such a shock? Note first that the predetermined variables in x1t do not respond to a change in it , so dx1t = 0. The forward-looking variables in x2t , on the other hand, respond immediately. But the response of x2t depends on the response of Et x2t+1 . Partition A and B conformably with x1t and x2t . Then the response of Et x2t+1 is, using (A24) and (A12), dEt x2t+1 = N dEt x1t+1 = N [A11 dx1t + A12 dx2t + B1 dit ] .



(B1)



From (A12) we also get dEt x2t+1 = A21 dx1t + A22 dx2t + B2 dit .



(B2)



Combining these expressions and using dx1t = 0 we get dx2t = [A22 − N A12 ]−1 [N B1 − B2 ] dit .



(B3)



The variables in x1t+1 then respond by dx1t+1 = A12 dx2t + B1 dit =



o



n



A12 [A22 − N A12 ]−1 [N B1 − B2 ] + B1 dit ,



and from then on the system follows (A23) and (A24).
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