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Abstract

We compute welfare-maximizing Taylor rules in a dynamic general equilibrium
model of a small open economy. The model includes three types of nominal rigidities
(domestic goods prices, imported goods prices and wages) and eight different structural
shocks. We estimate its structural parameters using a maximum likelihood procedure
with Canadian and U.S. data, and use a second-order approximation of the model’s
equilibrium conditions to measure the welfare effects of different Taylor rules. Esti-
mating the model allows us to compare welfare levels with that attainable under the
Taylor rule estimated for our sample period. Welfare gains from moving to the optimal
Taylor rule are larger than those obtained in previous papers.
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1. Introduction

A large literature analyzes optimal monetary policy in the context of the New Open-Economy
Macroeconomics (NOEM ), a class of open-economy dynamic general equilibrium (DGE)
models with explicit microfoundations, nominal rigidities, and imperfect competition.! Gali
and Monacelli (1999) showed in a model with instantaneous pass-through of exchange rate
changes to domestic prices that optimal monetary policy is identical in open and closed
economies and involves stabilizing the overall price level, without regard to exchange rate
fluctuations. Corsetti and Pesenti (2001) showed that with slow pass-through this is no longer
the case: it is optimal for the central bank to minimize a CPI-weighted average of markups
charged in the domestic market by domestic and foreign producers. Much of this literature
uses highly stylized models with analytical solutions. Recently, more fully developed models
have appeared. Smets and Wouters (2002) showed that optimal monetary policy with sticky
domestic-goods prices and imported-goods prices involves minimizing a weighted average of
domestic and import price inflation.

In this paper, we analyze optimal monetary policy (within a class of simple monetary
rules) in a NOEM model of a small open economy with three types of nominal rigidities:
wages and both domestic and imported goods prices are set in advance by monopolistically
competitive agents. The model also incorporates eight different types of structural shocks.
We estimate the model’s structural parameters with Canadian and U.S. data using maxi-
mum likelihood via the Kalman filter. We then use the model to compute welfare-maximizing
Taylor rules for setting domestic short-term interest rates. For these computations, we use a
second-order approximation around the model’s deterministic steady state. This methodol-
ogy captures the effect of the Taylor rule coefficients on the stochastic means of consumption,
leisure, and real balances as well as on their variances. Recent studies such as Kim and Kim
(2003) have shown that solving models using first-order approximations can lead to mislead-
ing welfare comparisons.

Our main results can be summarized as follows. Our estimates for most of the model’s
parameters are precise. They are compatible with other small open economy models in
the NOEM literature, for example Bergin (2003) and Dib (2003). The optimal Taylor
rule involves responding more strongly to fluctuations in GDP than the Bank of Canada
has done historically, and less strongly to fluctuations in money supply growth. The gains
from optimal monetary policy are quite substantial: the gain in welfare is equivalent to a
permanent increase of 1.40% in the level of consumption compared to the level of welfare
under the historical (estimated) values of the Taylor rule coefficients. The optimal Taylor rule
places the economy very close to a region in parameter space that implies local indeterminacy.

!The NOEM literature, spawned by the pioneering work of Obstfeld and Rogoff (1995), has been successful
in explaining phenomena such as high real exchange rate volatility and the strong impact of monetary policy
shocks on real exchange rates. See Sarno (2001), Lane (2001), and Bowman and Doyle (2003) for recent
surveys.



Placing restrictions on the Taylor rule coefficients to move the economy further away from
the region of local indeterminacy results in a smaller welfare gain.

Our results differ from those in the existing literature in three main respects. First, our
estimate of the welfare gain from optimal monetary policy is larger than in other recent pa-
pers that analyze optimal monetary policy in small open economies (for example Kollmann,
2002 and Smets and Wouters, 2002).

Second, since we estimate the model’s structural parameters we can compare welfare
under the optimal Taylor rule to welfare under the historical (estimated) values of the Taylor
rule coefficients. Previous studies compared welfare under optimal Taylor rules with welfare
in the deterministic steady state. The deterministic steady state has the advantage of being
invariant to the monetary policy rule and to the variance-covariance matrix of shocks. On the
other hand, the deterministic steady state levels of consumption, leisure, and real balances
can be quite different from the average values around which these variables fluctuate, because
shocks can affect the stochastic means of the economy’s endogenous variables.? Measuring
welfare gains against the deterministic steady state means using a state in which the economy
rarely if ever finds itself as a benchmark.

Third, we show that most of the welfare gains from optimized monetary policy come from
its effects on the average levels of the arguments of the utility function rather than on their
second moments. This underscores the importance of using higher-order approximations to
solve the model. If the model is solved using a first-order approximation, measured welfare
gains by construction can come only from reducing the size of the fluctuations of variables
around their steady-state means. This explains why many previous studies found very small
potential benefits from optimal monetary policy.

The rest of the paper is organized as follows. In section 2, we present the model. In
section 3, we discuss the estimation strategy used to attribute values to the model’s struc-
tural parameters and the parameter estimates themselves. We discuss the calculation of
the optimal Taylor rule and present our results concerning the benefits of optimal monetary
policy in section 4. Section 5 offers some conclusions. Our data sources are summarized in
Appendix A. Appendix B summarizes the model’s equilibrium conditions.

2. The Model

The economy faces fixed prices on world markets for imported goods. However, its domestic
output is an imperfect substitute for foreign goods so that it faces a downward-sloping
demand curve for its output on world markets. It also faces an upward-sloping supply curve
for funds on international capital markets.

2This phenomenon is obscured when using a first-order approximation to solve the model. With a
first-order approximation, the model’s endogenous variables are on average equal to their deterministic
steady-state values.



Different labor types are associated with particular households that act as monopolistic
competitors in the labor market. Differentiated intermediate goods are produced by mo-
nopolistically competitive domestic firms using labor and a final composite good as inputs.
Differentiated intermediate goods are also imported by monopolistically competitive im-
porters. Domestic and imported intermediate goods are aggregated by competitive firms to
form a composite domestic and a composite imported good. Some of the composite domestic
good is exported. The remainder is combined with the composite imported good to form the
final good. As in McCallum and Nelson (1999, 2001), imports enter the production process
rather than being consumed directly.®> The final good is used for consumption, government
consumption, and as an input into the production of domestic intermediate goods.

There are therefore three sources of monopoly distortion and nominal rigidities. House-
holds set wages in advance, and both importers and producers of domestic intermediate
goods set prices in advance. Following Calvo (1983), price and wage setters maintain con-
stant prices and wages unless they receive a signal to revise them, which arrives at the
beginning of each period with a constant probability. This makes aggregation simple, allows
us easily to vary the average duration of the nominal rigidities, and allows us to estimate
the length of the nominal rigidities along with other structural parameters of the model.

2.1 Households

There is a continuum of different households on the unit interval, indexed by j. The ;%
household’s preferences are given by:

) = B0 ot (i), 240 ). ()

where 3 is the discount factor, Fy is the conditional expectations operator, Cy(j) is consump-
tion, M,(j) denotes nominal money balances held at the end of the period, P, is the price
level, and h;(j) denotes hours worked by the household. The single-period utility function
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where v and n are positive parameters. Total time available to the household in the period is
normalized to one. This functional form of the period utility function leads to a conventional
money demand equation in which the short-term nominal interest rate is the opportunity
cost of holding money, —v is the interest elasticity of money demand, and consumption
is the scale variable. The b; term is a shock to money demand. It follows the first-order

3Bergin (2003) and Kollmann (2002) develop models that are similar in this respect.



autoregressive process given by:

log(b) = (1 — pp) log(b) + pylog(bi—1) + €, (3)

with 0 < p, < 1 and where the serially uncorrelated shock, e, is normally distributed with
zero mean and standard deviation g,. The household’s budget constraint is given by:
Di(j) | eBi(j)
PCy(j) + My(j) + 5= + —L= =
t t(]) t(]) Rt K/tR:

(1= m)Wie(i)he(d, ) + Mia(5) + DYy (4) + e B;_1(j) + Tt + D, (4)

where W;(j) is the nominal wage rate set by the household. Labor income is taxed at an
average marginal tax rate, ;. By and D{ are foreign-currency and domestic-currency bonds
purchased in ¢, and e; is the nominal exchange rate. Domestic-currency bonds are used by the
government to finance its deficit. R; and R; denote, respectively, the gross nominal domestic
and foreign interest rates between t and ¢t + 1; k; is a risk premium that reflects departures
from uncovered interest parity. The household also receives nominal profits D, = D¢ + D"
from domestic producers and importers of intermediate goods, and 7T} is nominal lump-sum
transfers from the government. The risk premium depends on the ratio of net foreign assets

to domestic output:
1 ( ) “ jz: 1 (5)
ogl( K @Y |ex -
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where P2 is the GDP deflator or domestic output price index. The risk premium ensures
that the model has a unique steady state. If domestic and foreign interest rates are equal,
the time paths of domestic consumption and wealth follow random walks.*

The foreign nominal interest rate, Ry, evolves according to the following stochastic pro-
cess:

log(R;) = (1 = pr+)log(R") + pr- 10g(R;_y) + €re, (6)

with 0 < pr« < 1 and where the serially uncorrelated shock, g+, is normally distributed
with zero mean and standard deviation opg«.

Household j chooses Cy(j), Mi(j), D} (j), and B;(j) (and W,(j) if it is allowed to change
its wage) to maximize the expected discounted sum of its utility flows subject to three
relationships: the budget constraint, equation (4), intermediate firms’ demand for their
labor type, and a transversality condition on their holdings of assets. Aggregate labor is

given by:
1 B e
o= [ =) )
0

4For an early discussion of this problem, see Giavazzi and Wyplosz (1984). Our risk premium equation
is similar to the one used by Senhadji (1997). For alternative ways of ensuring that stationary paths exist
for consumption in small open-economy models, see Schmitt-Grohé and Uribe (2003).
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where o is the elasticity of substitution between different labor skills. This implies the
following conditional demand for labor of type j:

= (242) s,

where h; is aggregate employment. W, is an exact average wage index given by:

W, = (/01 Wt(j)l"dj>lid.

The household’s first-order conditions are:

(i)™ P,
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where A;(j) is the Lagrange multiplier associated with the time ¢ budget constraint. With
probability (1 — d,,) the household is allowed to set its wage. The first order condition is:

. EtZ?ZQ(ﬁdw)lln,héH(j)-
W,(5) = o t+1(7) 12
) <a—1)Etziiowdw)l(l—mnhtH(j)AtHo)/aﬁl 12

This first-order condition gives a New Keynesian Phillips curve for wage inflation (see section
(2.6)). The wage index evolves over time according to:

1

W, = [dw(Wt,l)l’“ v (- dw)(Wt)l’”] g (13)

where W, is the average wage of those workers who revise their wage at time ¢.



2.2 Goods production
2.2.1 Domestic intermediate goods

Firms have identical production functions given by:
Yi(i) = Xi(6)? (Ahe(9) 7%, ¢ €(0,1), (14)

where hy(-, 1) is the quantity of the aggregate labor mput employed by firm ¢ and X;(¢) is the
quantity of the final composite good used by firm i.> A, is an aggregate technology shock
that follows the stochastic process given by:

log(A) = (1 — pa)log(A) + palog(Ai-1) + e, (15)

where € 4; is a normally distributed, serially uncorrelated shock with zero mean and standard
deviation o 4. The firm chooses X;(7) and h;(+,7) to maximize its stock market value. When
allowed to do so (with probability (1—d,) each period), it also chooses the price of its output,

PA(i). Tt solves:
o (5) T

=0 t+l

max

, (16)
{X2(0)he (), PG}

where A; is the marginal utility of wealth for a representative household, and

D (6) = P (3) — Within(+,9) — P Xoa (),

where P, is the price of the final output good, Z;. The maximization is subject to the firm’s
production function and to the derived demand for the firm’s output (discussed in section

(2.2.3)) given by: ) »
mmw—(?ﬁ) an (17)

where P¢ is the exact price index of the composite domestic good. The elasticity of the
derived demand for the firm’s output is —f. The first-order conditions are:

W, Yi(@)

jgz&@u—@m@w (18)
o= G0 (19)

®We include X,(i) in the production of domestic intermediates for two reasons. First, without X,(i),
the response of the real wage to demand shocks is too highly countercyclical. Second, as shown in similar
models by McCallum and Nelson (1999, 2001), the presence of intermediates in the production function for
domestic goods affects the correlation between the nominal exchange rate and domestic inflation.
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where & (4) is the Lagrange multiplier associated with the production function constraint. It
measures the firm’s real marginal cost. The first-order condition with respect to the firm’s
price relates the price to the expected future price of final output and to expected future
real marginal costs. It can be used to derive a New Keynesian Phillips curve relationship for
the rate of change of domestic output prices (see section (2.6)).

2.2.2 Imported intermediate goods

The economy imports a continuum of foreign intermediate goods on the unit interval. There
is monopolistic competition in the market for imported intermediates, which are imperfect
substitutes for each other in the production of the composite imported good, ¥,”, produced
by a representative competitive firm. When allowed to do so (with probability (1 —d,,) each
period), the importer of good i sets the price, P/(i), to maximize its weighted expected
profits. It solves:

- At+z> Diy(4)
max E , 21
s By Z (At P, (21)

where: i
, S Pri)
m@) = (P"(i) — eri P — m. (22)
t+1 < t t+ t+l> Pt+l t+1

For convenience, we assume that the price in foreign currency of all imported intermediates
is P}, which is also equal to the foreign price level. The elasticity of the derived demand for
the imported good, 7, is —1J. The first-order condition is:

g\ BSaBdn) (%) Y Genn Pl Pl
H (Z) a (19_1> EtZl 0(561 ) (AM) t+l( )/ -1 .

This equation can be used to derive a New Keynesian Phillips curve relationship for the rate
of change of intermediate input prices (see section (2.6)).

(23)

2.2.3 Composite goods

The composite domestic good, Y;, is produced using a constant elasticity of substitution
(CES) technology with a continuum of domestic intermediate goods, Y;(i), as inputs:

[

Y = (/Oln(z'ﬁdz‘) o (24)
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It is produced by a representative competitive firm that solves:

1
maXPdY—/ PY3)Y,(i)di, 25
s P, — [ P0Yi() (25)
subject to the production function (24). The first-order conditions yield the derived demand
functions for the domestic intermediate goods given by (17). The exact price index for the

composite domestic good is:
1 =
Pl = ( / Ptd(i)l‘)di) : (26)
0

This price index corresponds to a producer price index (PPI) for the economy. The price
level obeys the following law of motion:

P = (4P 4 (1= d) (B 27)

where J-:’td is the price index derived by aggregating over all firms that change their price at
time ¢.

Composite domestic output, Y;, is divided between domestic use, Y4, and exports, Y;%.
Foreign demand for domestic exports is:°

PENTT
Wz%(iﬂ v, (28)

where Y;* is foreign output.” The elasticity of demand for domestic output is —s, and a, > 0
is a parameter determining the fraction of domestic exports in foreign spending. Domestic
exports form an insignificant fraction of foreign expenditures, and have a negligible weight
in the foreign price index.

The foreign variables P/ and Y," are both exogenous and, when stationarized, evolve
according to

log(FP/P_1) = (1 = pr=)log(7") + pr- l0g(F1 /Po) + xvt, (29)

and
log V" = (1 — py=) log(Y™) + py-log (Y™ ) + €y (30)

6This condition can be derived from a foreign importing firm that combines non-perfectly substitutable
imported goods.

"To ensure the existence of a balanced growth path for the economy, we assume that foreign output grows
at the same trend rate as domestic output.



where 7* is steady-state foreign inflation, and e+, and €,+; are zero-mean, serially uncorre-
lated shocks with standard errors o« and oy, respectively.

The composite imported good, Y;™, is produced using a CES technology with a continuum
of imported-intermediate goods, Y, (i), as inputs:

¥ < ( / 1<nm<z'>>“9?dz')ﬁ (31)

It is produced by a representative competitive firm. Its profit maximization gives the derived
demand function for intermediate imported good j given by:

v = (B0) "y 32)

The exact price index for the composite imported goods is given by:

pm— ( /0 1 Ptm(i)lﬁd¢> - (33)

The price index obeys the following law of motion:
1
P = [ (P (1= d) (P )7 (34)

where ptm is a price index derived by aggregating over all importers that change their price
in time ¢.

2.2.4 Final goods

The final good, Z;, is produced by a competitive firm that uses Y, and Y,™ as inputs subject
to the following CES technology:

1 v—1

1 Y 1 v
Z= oG (G 7 +an(y) 7|7 (35)

where ag > 0, o, > 0, v > 0, and a4 + «,,, = 1. The final good, Z;, is used for domestic
consumption, (Y, as inputs to produce domestic intermediate goods, X;, and government
purchases, G;. The final good is produced by a competitive firm that solves:

(hax PZ, = PYS = PV, (36)

subject to the production function (35). Profit maximization entails:

d Ptd -
Y =ay P Zy, (37)
t
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and L

Furthermore, the final-good price, P;, which corresponds to the consumer price index or CPI,
is given by:

1-v)

P, = [aa(PH + am(P) ] (39)

2.3 DMonetary authority

Following Taylor (1993), Dib (2003) and Ireland (2003) among others, the central bank
manages the short-term nominal interest rate, R;, in response to fluctuations in CPI inflation
(m¢ = P;/P,_1), money growth (u; = M;/M;_1), and output (Y;). Its interest rate reaction
function is given by:

log(R;/R) = or log(mi/m) + o, log(pe/ 1) + 0, l0g(Yy/Y) + €r, (40)

where 7, p and Y are the steady-state values of 7, p; and Y;, where R is the steady-state
value of the gross nominal interest rate, and where €g; is a zero-mean, serially uncorrelated
monetary policy shock with standard deviation ogr. The error term arises from the fact that
the central bank can control short term interest rates only indirectly by setting the Bank
rate. The error term thus reflects developments in money and financial markets that are not
explicitly captured by our model.

Money growth is included as an argument in the Taylor rule because of the inclusion of
money demand shocks in our model. They turn out to be important empirically and account
for a significant fraction of fluctuations in output and inflation. If the central bank reacted
only to inflation, money demand shocks could be exacerbated by the bank’s behavior since
a positive money demand shock would lead to a decrease in inflation, a reduction in short
term interest rates, and thereby to an endogenous increase in money demand. The inclusion
of CPI inflation rather than PPI inflation is motivated by the fact that the Bank of Canada
does in fact target CPI inflation; also, reacting to CPI inflation allows for an indirect channel
for reacting to exchange rate movements, since exchange rate fluctuations may be passed
through much more quickly to the CPI than to the PP1.8

2.4 The government

The government budget constraint is given by:

DQ
PG+ T, + Dy | = ;W;hy + M; — M, + Ft' (41)
t

8 Ambler, Dib and Rebei (2003) present evidence that this is indeed the case for Canada.
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The left side of (41) represents uses of government revenue: goods purchases, transfers, and
debt repayments. The right side includes tax revenues, money creation, and newly issued
debt. The government also faces a no-Ponzi constraint that implies that the present value
of government expenditures equals the present value of tax revenue plus the initial stock of
public debt, Dj.

Because households have infinite horizons, there is Ricardian equivalence in the following
sense: given the tax rate on labor income, a change in the mix between lump-sum taxes and
borrowing does not affect the economy’s equilibrium. We can simplify the budget constraint
without loss of generality to:

.Pth + E == TtWtht -+ Mt — Mt—l- (42)

This implies that Df is zero in each period. Government spending and the tax rate are
determined by:
log(Gt) = (1= pg)1log(G) + pylog(Gi-1) + £g, (43)
and
log(my) = (1 — p;)log(7) + prlog(Ti—1) + 7. (44)

Given these stochastic processes and that the nominal money stock is determined by money
demand once the nominal interest rate is set, lump-sum taxes are determined residually to
balance the government’s budget.

2.5 Equilibrium

There are two different stochastic trends in the model. The first is in the foreign price level,
and arises from the specification of the stochastic process for P in terms of rates of change in
equation (29). The second is in the price of domestic output and all other domestic nominal
variables, and arises from the fact that the monetary authority adjusts the domestic nominal
interest rate as a function of inflation rather than the price level, according to equation (40).

Solving the model involves using stationary transformations of variables with unit roots.
We use the following transformations: p; = P/P¢, m; = M,/P,, p"* = P"/P?, pe
Pi/PY, m = PfPry, ml = PY/PL,, w, = Wi/PY, mi = Pr/Pr,, b = Bf/F; and s, =
e P /P2. The complete system of equations in stationary variables that characterize the
model’s equilibrium is given in Appendix B.

2.6 New Keynesian Phillips curves

The price- and wage-setting equations cannot be used directly to simulate the model since
they involve infinite summations. By linearizing these equations around the steady-state
values of the variables, and assuming zero inflation in the steady state, we obtain three
New Keynesian Phillips curves relationships that determine the rates of inflation of locally

11



produced intermediate goods, imported intermediates, and the nominal-wage index. Defining
=P/ P™,, and m'=W;/W,_1, we get:

(1 — 5%)(1 — dp)

P
~m ~Am 1- ﬁdm 1-— dm A
T =P+ ( d)( )St; (46)

and

7%2” = ﬁﬁtujrl

+(1—ﬁdzl(1—dw)_[(lfh) ﬁt_[\ﬁ(é) ft_wt}, (47)

where hats over variables denote deviations from steady-state values. The New Keynesian
Phillips curve for domestic output inflation is the same as in Gali and Gertler (1999). It
relates inflation to expected future inflation and to the real marginal cost of output. The
equation for import price inflation is analogous, with real marginal cost captured by the real
exchange rate. The wage inflation equation is also analogous. The term in square brackets
measures the marginal rate of substitution (the real marginal cost to workers of their work
effort) minus the real wage. The household’s first-order condition for the nominal wage can
be interpreted as a markup over the average marginal cost of work effort over the life of the
wage contract.

3. Model Solution and Parameter Estimation

In order to estimate the model’s parameters we use a linear approximation around its steady
state, but for welfare analysis we use a second-order approximation using the Dynare program
(Juillard, 2002). The Blanchard and Kahn (1980) algorithm is used to solve the linearized
model. It leads to a state space representation with transition equations for the model’s
predetermined endogenous state variables and observation equations relating those states to
observable macroeconomic aggregates. The model’s forward-looking or jump state variables
are eliminated from the state transition equations by the Blanchard and Kahn solution
procedure. In the notation of Ireland (2004), we have:

sy = Asy_1 + Bey, (48)

The model is completed by the following set of observation equations relating the model’s
state variables to observable endogenous variables:

f, = C'sy. (49)

12



The column vector s;_; contains the predetermined endogenous state variables of the model:
! * * * m *
St—1 = [btfl P Atfl y thl y Tt—1 Rt—l ) 7rt—1 ) }/;,—1 y Wi—1, pt—l y Me—1, bt—l]

with all variables stationarized and measured in proportional deviations from their steady
state values. With eight structural shocks in the model, we include a vector of eight obser-
vation equations in order to avoid the stochastic singularity problem discussed by Ingram,
Kocherlakota and Savin (1994). This problem stems from the fact that, with more than
eight observation equations, there would be exact or deterministic relationships among cer-
tain combinations of the model’s endogenous variables. If these relationships did not hold
exactly in the data, estimation by the maximum likelihood procedure would break down.
We include the five state variables that are directly observable as well as consumption, CPI
inflation, and the domestic interest rate:

! * * *
f; :[Ct,WmRmGt,TmRtﬂTt,YtL

once again with all variables measured in proportional deviations from their steady state
values.

The Kalman filter is used to write down the model’s log-likelihood function given its
state space representation.” The same estimation method is used by Dib (2003) and Ireland
(2003). The parameters are then estimated by maximizing the log-likelihood function over
the sample period from 1981:3 to 2002:4.

3.1 Parameter estimates

Table 1 summarizes our parameter estimates. Not counting constants in the stochastic
processes for the model’s forcing variables, the model has 36 structural parameters. Of
these, we were unable to estimate six because they were poorly identified. These parameters
were assigned calibrated values, as outlined in the following paragraph.

The subjective discount rate, 3, is given a standard value, which implies an annual real
interest rate of 4 per cent in the steady state. The weight on leisure in the utility function,
n, is calibrated so that the representative household spends about one third of its total
time working in the steady state. The a, parameter is a normalization that ensures that
the current account is balanced in the long run. The demand elasticities, o, 6, and 1,
influence the stochastic properties of the model in a very indirect way. After linearization,
they no longer appear in the three New Keynesian Phillips curve equations. By influencing
the size of the markups over marginal cost, they do influence the steady-state levels of the
domestic production of intermediate goods, imported intermediate goods, and employment.
Because certain coefficients in the linearized model depend on the steady-state levels of

9See Hamilton (1994, ch.13) or Ireland (2004) for detailed descriptions.
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endogenous variables, the moments predicted by the model are related to these parameters.
Unfortunately, the influence is so weak that it is impossible to estimate them precisely. The
0 and ¢ parameters give the elasticity of substitution across different types of intermediate
goods in the production of the composite domestic good and the composite imported good.
Setting 8 = ¥ = 8 gives a steady-state markup of 14 per cent, which agrees well with estimates
in the empirical literature of between 10 per cent and 20 per cent (see, for example, Basu
1995). The o parameter gives the elasticity of substitution across different labor types in
the production of individual domestic intermediate goods. The value ¢ = 6 corresponds to
estimates from microdata in Griffin (1992).1°

Of the estimated parameters in Table 1, most have small standard errors and are highly
significant. In particular, the nominal rigidity parameters are highly significant. They are
of plausible magnitude and within the range of values in previous empirical studies and in
calibrated general-equilibrium models. The estimate of d, implies that the prices of domestic
intermediate goods remain fixed for, on average, 1.78 quarters. The other prices are revised
less often on average, but still well within the range of plausibility. Import prices remain
fixed for, slightly more than two quarters on average. Nominal wages remain fixed for 5.37
quarters on average.

The estimated values of the Taylor rule imply, since the sum of o, and g, is greater than
unity, that the long-run level of the inflation rate is determinate and the model is saddlepoint
stable, with a unique dynamic solution in response to shocks. The value of g, suggests that
the Bank of Canada intervened only weakly if at all during the sample period to fluctuations
in real output.!!

The stochastic processes for the model’s forcing variables highly persistent. Except for
pre = 0.2054 and p, = 0.4320, the estimated AR(1) parameters are greater than 0.64. The
standard deviations of the innovations to the processes vary widely in magnitude, ranging
from 0.0016 in the case of foreign interest rate shocks to 0.0718 in the case of money demand
shocks. The volatility of foreign shocks is smaller than that of domestic shocks, which
suggests the relative importance of domestic shocks for business cycle fluctuations in the
Canadian economy.

Figure 1 shows the fitted and (within sample) predicted values of several of the model’s
time series (with error terms in the observation equations set equal to zero). For the series
that are used to construct the model’s likelihood function, the fit is quite good. The model
does have difficulty tracking the nominal and real exchange rate series, even within sample.
This is not surprising, given the generally poor performance of structural exchange rate

107t also agrees with the value estimated in Ambler, Guay, and Phaneuf (2003) using aggregate time series
data. They succeeded in estimating the value of the equivalent parameter in their model by calibrating the
equivalent of the d,, parameter.

1We also allowed monetary policy to respond to real exchange rate fluctuations in some of our estimations.
The coefficient was very small in magnitude and insignificant. We did not allow for regime shifts when
estimating the Taylor rule coefficients.
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models and the fact the the real and nominal exchange rates were not included among the
observable variables used to construct the likelihood function.

4. Optimal Monetary Policy

Given the estimated and calibrated values of the model’s structural parameters, we optimized
over the three coefficients of the Taylor rule to find the values that maximize unconditional
welfare. The maximization problem can be written as follows:

max E {u(Cy,my, he)}. (50)

Om,0u,0y

The solution amounts to maximizing welfare in the steady state.!? It ignores any costs

involved in the transition between the initial stochastic steady state with the estimated
values of the Taylor rule coefficients and the new stochastic steady state with optimized
Taylor rule coefficients. We address this issue below.

It has been known for some time that for the purposes of welfare evaluation in DGFE
models, first-order approximations of their equilibrium conditions may not be adequate.'?
Kim and Kim (2003) provide a simple example of a model in which welfare appears higher
under autarky than under complete markets because of the inaccuracy of the linearization
method.'* To avoid this problem, we computed the welfare-maximizing Taylor rules, using
the Dynare program. Dynare calculates a second-order approximation of the model around
its deterministic steady state. We used the program to calculate the theoretical first and
second moments of the model’s endogenous variables, including period utility. Our main
results are presented in Table 2. The second column of the table reproduces the historical
(estimated) values of the Taylor rule coefficients from Table 1 in order to facilitate comparison
with their optimized values. The third column of the table shows the optimized Taylor rule
coefficients. The last column shows the Taylor rule coefficients for an inflation stabilization
scenario, in which the central bank pays attention only to inflation, and strongly resists
fluctuations in the inflation rate around its long-run average value.

We measured the welfare gain associated with a particular monetary policy by means of
the compensating variation. This measures the percentage change in consumption given the

12Tt has become standard practice in the literature to abstract from welfare gains and losses due to changes
in real money balances. Because we find empirically that money demand shocks explain a substantial fraction
of output fluctuations, we decided not to shut down the effects of money demand shocks on the model.

13Woodford (2001, chapter six) gives a series of conditions under which first-order approximations of the
policy functions in DGE models are adequate for evaluating social welfare. The conditions do not hold here:
the main condition that fails is that, because of the presence of distortions due to monopolistic competition,
the deterministic steady state of the model has an allocation of resources that is not Pareto optimal.

14See Kim, Kim, Schaumburg and Sims (2003) for a more general discussion.
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equilibrium with the historical values of the Taylor rule coefficients that would give house-
holds the same unconditional expected utility as in the indicated scenario. The compensating
variation is defined as follows:

E{U (Ct(l + C)?mh ht>} = E{u (C:7m:7 h:>}7 (51>

where variables without asterisks refer to variables under the historical values of the Taylor
rule coefficients, and variables with asterisks refer to variables under the proposed Taylor
rule coefficients. The compensating variations associated with the optimal Taylor rule and
with the anti-inflation scenario are presented in the last row of Table 2.

The results are striking. The compensating variation for the optimal Taylor rule is quite
large. Consumption in each period would have to increase by 1.40% in the model with the
historical values of the Taylor rule coefficients in order for agents to be as well off as with the
optimal coefficients. This is larger than the welfare gain calculated by Kollmann (2002). In
order to compare our welfare gain with Kollmann’s, it is important to note that he measures
his welfare gains with respect to the level of welfare in the deterministic steady state, in
which the variance of each shock is set equal to zero, rather than the stochastic steady
state with historical values of the Taylor rule coefficients as we do.' His compensating
variation is 0.39%. Note from Table 3 that in our model the deterministic steady state
gives a welfare improvement over the stochastic steady state with the historical Taylor rule
coefficients. The size of the compensating variation is 0.37%. The welfare gain in our
model compared to the deterministic steady state is therefore equal to 1.02% in terms of
compensating variation, just over two and one half times the increase in Kollmann’s model.
Even when the monetary policy has inflation stabilization as its exclusive focus, there is a
substantial welfare gain compared to the stochastic steady state with the historical values
of the Taylor rule coefficients: the compensating variation is equal to 0.73%.

Compared to the historical values of the Taylor rule coefficients, monetary policy with
the optimal Taylor rule responds more strongly to fluctuations in inflation and output, and
less strongly to fluctuations in the growth of nominal balances. Despite these differences, the
coefficients of the optimized Taylor rule are quite close to the corresponding historical values.
This suggests that the measured welfare gains may be quite sensitive to small variations in
the Taylor rule coefficients. This is confirmed by a detailed analysis of the shape of the
welfare function in the space of the Taylor rule coefficients. Figure 2 shows the shape of the
welfare function in the o,/p, plane, holding constant the value of g, at its optimal level of
zero. The level of period utility in the neighborhood of the optimum takes the form of a tall,
narrow peak. In addition, the peak is quite close to the region of parameter values in which
the model is locally indeterminate. Local indeterminacy occurs when the number of stable
roots of the linearized model is greater than the number of predetermined variables. In this

I5He calibrates rather than estimates his model. Therefore, he has no estimated historical values of the
Taylor rule coefficients with which to measure welfare.
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case, there are infinitely many dynamic paths that converge to the model’s deterministic
steady state, starting in the immediate neighborhood of that steady state, and sunspot
equilibria are a possibility. Roughly speaking, the model is locally indeterminate when

Or +0u — 0y < 1.0.

Schmitt-Grohe and Uribe (2004) restrict the policy rules that they consider in order to
yield a locally unique equilibrium within a radius of 0.15 around the optimized coefficients.
They note (p.20) that, “welfare computations near a bifurcation point may be inaccurate.”
Restricting the coefficients of the Taylor rule so that

Qﬂ"’Q,u_Qy 2 115

leads to the welfare contours illustrated in Figure 3. For small values of g, (less than two),
welfare is increasing in the value of g, but is less than the optimal level of welfare attainable
without imposing this additional restriction.

4.1 Level effect versus stabilization effect

Because the model is solved using a second-order approximation of its equilibrium conditions
around the deterministic steady-state levels of its variables, both the variances of shocks and
the monetary policy rule (which influences how the shocks are transmitted to the economy)
can affect the means of the endogenous variables of the economy. Table 3 shows the average
levels of various endogenous variables, and the standard deviations of the same variables,
for the deterministic steady state and for the same monetary policy scenarios as reported in
Table 2.

It is also possible to summarize the extent to which the gains in welfare are coming from
the effects of the change in policy on the levels of consumption, leisure and real balances
versus changes in the volatility of these variables. We can approximate the difference between
welfare under optimal policy and the estimated values of the Taylor rule coefficients as
follows:

E(u(z)) = E(u(z))

ok 1 ok ok 2 1 2 2
~ou(z) +uB (3) + B3 1 (3) = ul2) —uB (%) = SE(2) u=e (%),

where z; = (Cy, my, hy) is the vector of arguments of the utility function, z is the value of
these arguments in the deterministic steady state, and variables with hats measure deviations
from their levels in the deterministic steady state. This implies:

ok 2 1 Ak A Ak ~
E(u(z)))=FE(u(z)+u.E(Z — %)+ §E (2 —2) u.. (37 — 2).
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This allows us to decompose the gains in welfare from optimal monetary policy into a level
effect and a stabilization effect. We define the level effect as:

E{u(Cy(1+Cp),my, he)} = Bu(z) +u. E (2] — %) . (52)

We define the stabilization effect as follows:
1 S% 2 L% s
E{u(Cy(1+Cs),me, he)} = Eu(z) + §E (25— 2) u.. (B3] — 2). (53)

The results are shown in the last two rows of Table 3. The overall effect in all cases is such
that approximately:

(1+0)~(1+¢)(1+Cs). (54)

The most important result is that the welfare gain from optimizing the Taylor rule coefficients
comes from the level effect. In fact, period utility becomes more volatile with the optimal
Taylor rule coefficients than with their historical values. Hours worked are slightly more
volatile, consumption is slightly less volatile, and real balances are much more volatile under
the optimal Taylor rule. This implies that the welfare gain due to the stabilization effect
is actually negative. From the top three rows of Table 3, it is clear that the level effect
comes mainly from an increase in the level of real money balances. As discussed in the next
subsection, this suggests that neglecting the effects on welfare of the transition from the
initial steady state to the final steady state of the model may give misleading results.

4.2 Transition costs

By maximizing unconditional welfare, we are implicitly maximizing welfare in the stochastic
steady state. The welfare comparison ignores the possibility of losses in welfare on the
transition path from one steady state to another. The possibility is potentially acute for
open economies. Welfare in the new steady state with optimal policy may be higher because
a higher level of net foreign assets allows individuals to enjoy a higher level of consumption.
However, acquiring the additional foreign assets implies a lower level of consumption in
the short run. The short term loss may even swamp the long term gain if individuals are
sufficiently impatient and if this impatience is reflected in the social welfare function.

In our model, much of the increase in welfare comes from an increase in the level of real
money balances. Table 3 shows that average consumption increases slightly, average hours
worked increase slightly (which implies a small loss in welfare), and that there is a substantial
increase in real money balances. For a small open economy, the costs of acquiring these
additional real assets are of course different in nature from the costs of increasing the level of
net foreign assets. An increase in real balances can arise from a fall in the overall price level,
without a direct sacrifice of consumption in the short run. In order to analyze the impact of
the transition to the final steadys state on welfare, we conducted the following Monte Carlo
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experiment. For 1000 different draws of the model’s shocks from a multivariate normal
distribution and of the model’s structural parameters, we simulated the model’s response to
the shocks, with starting values for its predetermined state variables equal to their means in
the stochastic steady state with the historical values of the Taylor rule coefficients.

The results are shown in Figure 4. Period utility is measured on the vertical axis. The
blue dotted lines indicate the average level of period utility under the historical Taylor rule
and under the optimized Taylor rule. The solid line shows the average of period utility
across the 1000 different replications, with 90% confidence bands around this mean response
given by the dashed lines. The graph indicates clearly that there are no short term costs
associated with moving to the optimal monetary policy. Welfare increases even in the period
immediately after the implementation of the new monetary policy.

5. Conclusions

This paper has shown that it is feasible to construct a fully-developed NOEM model of a
small open economy such as Canada, to estimate almost all of its parameters using maximum
likelihood techniques, and to use the model to analyze optimal monetary policy by calculating
the values of the Taylor rule coefficients that maximize unconditional welfare. The time is
perhaps not far off when central banks themselves will integrate the use of such models into
the formulation of their monetary policy.

Our results show that it is possible to improve welfare substantially by getting the co-
efficients of a modified Taylor rule right. The welfare increase is equivalent to a permanent
1.40% increase in the level of consumption between the stochastic steady states with the es-
timated values of the Taylor rule coefficients and the optimal values. However, the optimal
Taylor rule coefficients put the model quite close to the region of local indeterminacy. If the
Taylor rule coefficients are restricted to place the economy further away from the region of
local indeterminacy, the welfare gains from optimal policy decrease substantially.

Much work remains to be done. We need to incorporate capital into the model so that
it can better reproduce the persistence of some of the main macroeconomic aggregates. We
need to do more work on the difference between policies that maximize conditional versus
unconditional welfare. We need to work on deriving the truly optimal feedback rule and to
evaluate the welfare loss from using a Taylor rule that is necessarily an approximation to
the fully optimal rule. We need to analyze the problem of time consistency. Finally, we need
to examine whether the result that welfare gains are extremely sensitive to the coefficients of
the optimal policy rule and to the structural parameters of the model is robust to different
types of models.
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Appendix A: Data and Data Sources

Our data set is available on request. The data are from Canada and the United States and
are quarterly from 1981Q3 to 2002Q4. The Canadian data are from Bank of Canada Banking
and Financial Statistics, a monthly publication by the Bank of Canada. Series numbers are
indicated in brackets and correspond to Cansim databank numbers.
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e Consumption, C}, is measured by real personal spending on non-durable goods and
services in 1997 dollars (non-durables [v1992047] + services [v1992119)]).

e The CPI inflation rate, m;, is measured by changes in the consumer price index, P,
[v18702611].

e The short-term nominal interest rate, Ry, is measured by the yield on Canadian three-
month treasury bills [v122531].

e Government spending, (G, is measured by government expenditures on goods and ser-
vices (total domestic demand [v1992068] — total personal expenditures [v1992115] —
construction [v1992053 4+ v1992055] — machinery and equipment investment [v1992056]).

e The labor tax rate, 74, is measured by the effective labor tax rate (calculated following
the methodology of Jones 2002; and Mendoza, Razin, and Tezar 1994).

e The series in per-capita terms are obtained by dividing each series by the Canadian
civilian population aged 15 and over (civilian labor force [v2062810] / labor force
participation [v2062816]).

The U.S. data are from the Federal Reserve Bank of St. Louis, with the series numbers
in brackets. The world series are approximated by some of the U.S. series.

e World output, Y;*, is real U.S. GDP per capita in 1996 dollars [GDPC96] divided by
the U.S. civilian non-institutional population [CNP160V].

e The world nominal interest rate, R}, is measured by the rate on U.S. three-month
Treasury Bills [TB3MS].

e The world inflation rate, 7}, is measured by changes in the U.S. GDP implicit price
deflator, P} [GDPDEF].
Appendix B: Equilibrium Conditions

The following system of equations defines the economy’s equilibrium:
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log(Ri/R) = or log(m:/m) + o0, log(pe/ 1) + 04 10g(Ye/Y) + €ry;

JR— mt_l .
T = Lt
my

log(A;) = (1 — pa)log(A) + palog(As—1) + ea;
log(b:) = (1 — pp) log(b) + pplog(bi—1) + €bs;
log(Gy) = (1 — pg)1og(G) + pylog(Gi—1) + €gu;
log(r) = (1 = pr)log(7) + prlog(7i-1) + €x1;
log(R) = (1 — ppr+)log(R") + pr+ log(R;_) + epe;
log(m}) = (1 — pr+) log(m™) + pr= log(m] 1) + Ennt;

log Y;* = (1 - py*) log(Y*) + Py log(y;t*—l) T+ Eye
Equation (B.20) gives the trade balance of the economy.
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Table 1: Parameter Estimates

Parameter Value Standard deviation t¢-stat p-value
Stochastic processes
Pa 0.8797 0.0258 34.10  0.00
Ob 0.6450 0.0453 14.24  0.00
Pg 0.7919 0.0663 11.94  0.00
Pr 0.4320 0.0961 4.50 0.00
D 0.8973 0.0200 44.87  0.00
Py 0.8280 0.0412 20.10  0.00
P 0.2054 0.0951 2.16 0.03
Oq 0.0204 0.0017 12.00  0.00
op 0.0718 0.0046 15.61 0.00
o 0.0072 0.0006 12.00  0.00
o 0.0251 0.0019 13.21 0.00
O 0.0016 0.0001 16.00  0.00
Ty 0.0066 0.0005 13.20  0.00
fo 0.0018 0.0002 9.00 0.00
oy 0.0109 0.0009 12.11 0.00
b 0.3532 0.0402 8.79 0.00
Nominal rigidity
.y 0.8257 0.0491 16.82  0.00
d, 0.4398 0.0479 9.18 0.00
dpm, 0.5508 0.0275 20.03  0.00
Interest rate rule
Or 1.0223 0.0863 11.85  0.00
Ou 0.6567 0.0745 8.81 0.00
Oy -0.0147 0.0498 -0.30 0.76
Foreign supply/demand
Uy 0.074 calibrated
© -0.0204 0.0311 -0.66 0.51
S 0.5962 0.0288 20.70  0.00
Production
v 0.5962 0.0288 20.70  0.00
Qy 0.6406 0.0616 10.40  0.00
0] 0.3788 0.0333 11.38  0.00
o 6.00 calibrated
0 8.00 calibrated
0 8.00 calibrated
Preferences
y 0.3561 0.0354 10.06  0.00
I} 0.99 calibrated
n 1.35 calibrated

T — v was constrained to equal ¢



Table 2: Optimized Taylor Rule Coefficients

Historical Base Case Inflation
Stabilization
O 1.0223 1.2000 30.0000

Oy 0.6567 0.0000 —
Oy -0.0147 0.2000 —
cvr — 1.3976 0.7322

*: compensating variation in percent
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Figure 1: Fitted and Actual Values
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Figure 2: Objective Function with ¢, = 0.0

29



Utiliy

ly

Util

Utiliy

-3.048

-3.05
-3.052
-3.054 -
-3.056 -
—-3.058 -

-3.06 -

—3.056 ~

—3.057 ~

—3.058

—-3.059

-3.06 1

—-3.061 -~
3

-3.056 -
-3.057 ~
-3.058
-3.059

-3.06 -

-3.061 -~
3

Figure 3: Objective Function with o, + 0, — 0, > 1.15
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Figure 4: Fitted and Actual Values
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