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1 Introduction

Good policy design requires a good understanding of private sector behavior. Such
an understanding is important not only in order to identify market deficiencies and
hence policy objectives, but also when trying to meet objectives in the best possible
way. Recently, the New-Keynesian model as laid out by Rotemberg and Woodford
(1997), Goodfriend and King (1997), Clarida et al. (1999) and others has established
itself as the mainstream model for monetary policy analysis. This model captures
the sluggish adjustment of prices and the intertemporal consumption decision in a
model framework with optimizing households and firms. With only a limited number
of equations, the model is having a strong influence and has provided policymakers
with several guiding policy principles in responding to the different disturbances in
the economy (see, e.g., Clarida et al., 1999, and King, 2000). More recently, the
New-Keynesian framework has been extended to open economies (see, e.g., Gali and
Monacelli, 2004, or Clarida et al., 2002).

Although the New-Keynesian model has many attractive theoretical properties,
it has been criticized by many researchers, most notably for not fitting the data well.!
One response to such criticism is to design more complex models that are better able
to capture the behavior of macroeconomic variables, following, e.g., Christiano et al.
(2005). Such models gain in realism but lose in tractability. An alternative route is to
acknowledge that the simple model is a potentially misspecified description of reality,
and to design policy to take this possibility of misspecification into account. In this
paper we follow the second route and allow for the possibility that the model may
not be the correct representation of private sector behavior. Rather, we will assume
that the true model of private sector behavior lies in some neighborhood around
the reference model, and we analyze how monetary policy should be designed in
order to work reasonably well for all models inside this neighborhood. This problem
has recently been addressed by Hansen and Sargent (2004) using “robust control”
techniques. Assuming that the policymaker is unable to formulate a probability
distribution over plausible models, the robust policymaker designs policy for the
worst possible outcome within a pre-specified set of models.?

We apply robust control techniques developed by Hansen and Sargent (2004) and

1See, e.g., Ball (1994), Mankiw (2001), or Estrella and Fuhrer (2002).

2Note that the robust policy is designed for one of the least likely outcomes of the model, but
only within a prespecified set of models. In typical applications, this set of models is chosen so that
the policymaker cannot statistically reject any of the models inside the set. In our analysis, we
focus on marginal amounts of robustness, so monetary policy is robust against very small degrees
of misspecification.



Giordani and Soderlind (2004) to a simple New Keynesian open-economy model
developed by Gali and Monacelli (2004) and Clarida et al. (2002). The simple
model structure allows us to find closed-form solutions for the optimal robust policy
and the equilibrium behavior of the economy. We also generalize the standard
robust control framework by allowing the policymaker’s preference for robustness
to differ across equations, reflecting the confidence the policymaker has in each
relationship. For instance, the policymaker may be quite confident about one of the
equations (e.g., the Phillips curve) and believe that robustness to deviations from
this equation is not important, but at the same time be very uncertain about some
other equation (e.g., the exchange rate relationship). This approach allows us to
consider each equation in turn and ask what is the appropriate response of robust
policy to misspecification in this particular equation. Thus we will consider several
different types of misspecification within the model: misspecification in firms’ price-
setting, misspecification in consumer behavior, and misspecification in the model
determining the exchange rate.?

The ability to focus on specification errors in particular equations seems impor-
tant. Policymakers are more confident in some relationships than in others, and so
regard some types of specification errors to be more important than others. In open
economies, monetary policymakers are particularly uncertain about the effects of the
exchange rate on the economy and the effects of monetary policy on the exchange
rate. Using our approach, we are able to analyze the proper response of monetary
policy to such specification errors, while keeping other sources of misspecification
fixed.

One important part of the analysis will focus on the effects of model misspecifica-
tion and the central bank’s preference for robustness on monetary policy. Thus far,
there is no consensus about whether increased uncertainty should lead to more ag-
gressive or more cautious policy behavior. Following the seminal analysis of Brainard
(1967), it is well-accepted that increased uncertainty about the effects of policy
should lead to more cautious policy behavior, at least within a Bayesian framework.
However, Craine (1979) and Soderstrom (2002) show that this result does not gen-
eralize to all parameters in the model: increased uncertainty about the persistence

of inflation should instead make policy more aggressive.

3Leitemo and Soderstrém (2005) study the effects of exchange rate model misspecification on
the performance of optimized simple monetary policy rules. In their framework, the central bank
is uncertain about the exchange rate model, but private agents have perfect information about the
exact specification of the model. In the present paper both the central bank and private agents
have doubts about the true model.



Within the robust control literature, increased uncertainty tends to lead to more
aggressive policy behavior (see, e.g., Hansen and Sargent, 2001, 2004, Giannoni,
2002, and Giordani and Soderlind, 2004), but these studies typically use numerical
methods to solve for the optimal robust policy in a closed economy. In a companion
paper, Leitemo and Soderstrom (2004), we use our analytical approach to show that
the aggressiveness result seems to be an inherent feature of robust policy in a closed
economy. In the present paper, however, we will show that this result does not carry
over to the open economy: depending on the source of misspecification and the type
of disturbance hitting the economy, optimal robust policy in an open economy can
be either more aggressive or more cautious than the non-robust policy.

A second set of results concern the effects on the macroeconomy of the central
bank’s fear of model misspecification. As the central bank designs policy to do well
in the worst-case scenario, this will have important consequences for the economy
in other more likely outcomes. We show that the price of being robust to misspec-
ification in the Phillips curve or the exchange rate equations comes in the form of
inefficiently high output variability, whereas robustness against misspecification in
the output equation comes at the cost of higher inflation variability.

Our paper is organized as follows. In Section 2 we present the New Keynesian
open-economy model and review some terminology. In Section 3 we derive the
stochastic equilibrium under a robust policymaker, both in the “worst-case” model
when misspecification is present and in the “approximating” model, which is the
most likely outcome. Section 4 is devoted to analyzing the effects of an increased
preference for robustness, while Section 5 presents a numerical example. Section 6

summarizes and concludes.

2 A simple New-Keynesian open-economy model

We use a very simple model of a small open economy developed by Gali and Mona-
celli (2004) and Clarida et al. (2002), but deviate from these authors by introducing a
time-varying premium on foreign bond holdings. This enables us to analyze misspec-
ification concerning the model determining the exchange rate, which is an important
goal of the paper. The model is a generalization of the canonical New-Keynesian
model for a closed economy developed by Rotemberg and Woodford (1997), Good-
friend and King (1997) and others, and carefully examined by Clarida et al. (1999).

The world is assumed to consist of two countries: a small open home country and

a large, approximately closed, foreign country. The two countries share preferences



and technology and produce traded consumption goods. In the home country, firms
produce domestic goods using labor as the only input, and households consume
domestic and imported goods.

Define by m; the rate of inflation in the domestic goods sector; by x; the output
gap in the domestic economy, i.e., the log deviation of domestic output from its
flexible-price level; and by e; the real exchange rate, defined in terms of the domestic

price level as

e = Sy +P{ — Pt (1)

where s; is the nominal exchange rate, pf is the price level in the foreign economy;,
and p; is the price level of domestically produced goods.*
The domestic inflation rate, the output gap and the real exchange rate are in-

terrelated according to the following three equations:

T = PEimi + ke + aep + Xger, (2)
1. .

. = By — g [Zt - Etﬂ't+1] - [Etet+1 - et] + Zx&g; (3)

e = Et6t+1 — [Zt — Etﬂ—t—l-l] + Ee&ff. (4)

Equation (2) is a New-Keynesian Phillips curve for the open economy, where the
rate of domestic inflation depends on expected future inflation and current marginal
cost, which is affected by the output gap and the exchange rate. The real exchange
rate affects marginal cost through households’ labor supply decision: households
value their wage relative to the consumer price index (which includes prices of im-
ported goods), so the equilibrium wage depends on the real exchange rate. The
inflation shock, €], is due to productivity disturbances which affect the flexible-

price level of the real exchange rate.

4Formally, e; defined as in equation (1) is the terms of trade, the difference between the price on
imported goods (the foreign price level denominated in domestic currency) and domestic goods. A
more traditional way of defining the real exchange rate would be in terms of the domestic consumer
price index:

qt = St JFP{ - D5,

where p§ = (1 —w)p; + w(p{ + s¢), and where w is the share of imports in domestic consumption.
However, since the equation determining e; is derived from the uncovered interest rate parity con-
dition determining the nominal exchange rate, we will nevertheless refer to it as the real exchange
rate. Our definition is not crucial to our results: the traditional real exchange rate g; is related to
our real exchange rate e; by

qt = (1 - w)etv

so changes in e; are proportionally reflected in changes in ¢;.



Equation (3) is an expectational IS curve, expressed in terms of the output gap,
that relates the output gap to the expected future output gap, the real interest rate
(as households substitute consumption over time), and the real exchange rate (as
consumption is partly satisfied through imported goods). The demand shock &7
reflects productivity disturbances which affect the flexible-price level of output, or,
equivalently, changes in the natural real interest rate.

Finally, equation (4) is a real interest parity condition, where the expected rate
of real depreciation is related to the real interest rate differential (also in terms
of domestic inflation) between the domestic and foreign economies. All foreign
variables are assumed to be exogenous, and therefore set to zero. The exchange rate
disturbance, €7, reflects the fact that domestic households pay a premium on foreign
bond holdings.

All shocks €] are assumed to be white noise with zero mean and unit variance.
This allows us to find a closed-form solution for the robust control problem.

Appendix A shows how to derive this model from the optimizing behavior of
a representative agent in a small open economy, giving a structural interpretation
to all parameters in the model, following Gali and Monacelli (2004), Clarida et al.
(2002) and Walsh (2003, Ch. 6.5).> The parameter 3 is the discount factor of
domestic households and firms, while the parameters x, a o, and v depend on

“deep” parameters according to

(1—0)(1—p50)(6 +n)

5= ; , (5)
L w(1—9)0f1—59)7 )
o= 2 (7)
v = (z—w)wa—“’(l;“), (8)

where 6 is the probability that a firm is not able to change its price in a given
period in the sticky-price model of Calvo (1983); ¢ is the elasticity of intertemporal
substitution; 7 is the elasticity of the representative household’s labor supply; w
is the share of imports in domestic consumption, i.e., the degree of openness; and

0 is the elasticity of substitution across domestic and foreign goods. Clearly, the

>Gali and Monacelli (2004) and Clarida et al. (2002) eliminate the exchange rate from the
model using the UIP condition (4) with £f = 0, thus reaching a formulation of the open-economy
model that is isomorphic to the closed-economy model. We are particularly interested in model
misspecification concerning the UIP condition, and therefore include the time-varying premium &¥.
As a consequence, we cannot eliminate the exchange rate from the system.



parameters k, a, 0 and [ are always positive, and also vy will be positive for typical
parameterizations, as (2 —w)w > (1 —w)w and § is typically not much smaller than

oL

3 Robust monetary policy

3.1 Introducing model misspecification

We close the model by assuming that the short-term interest rate ; is set by a central
bank to minimize a standard objective function which is quadratic in deviations of

inflation and the output gap from their zero target levels:

min Eg i Ik {7‘(152 + )\xﬂ ) 9)

L —

where ) is the central bank’s weight on output stabilization relative to inflation sta-
bilization.® However, the central bank worries about model misspecification: while
the model (2)—(4) is seen as the most likely model, the central bank acknowledges
that this benchmark model may be misspecified. Therefore, the central bank wants
to design policy to be robust against reasonable deviations from the benchmark
model. To formalize these fears of model misspecification, we follow Hansen and
Sargent (2004) and introduce in each equation a second type of disturbance, de-
noted v/, which is controlled by a fictitious “evil agent”, who represents the central
bank’s worst fears concerning misspecification. Thus, the misspecified model is given
by

e = PEim + kxe+ ae + Xp o] + €7, (10)
1 - xT xT

e = By — = [Zt — Et7t+1] - [Et€t+1 — €t] + 2, [Ut + 6t] ) (11)

€t = Et€t+1 — [Zt — Etﬂ-t-f—l] + Ze [Uf + Eﬂ . (12)

The specification errors v! will be allowed to feed back from the state variables,
so although the errors enter the model as additive shocks, they may well disturb

the model in the same way as multiplicative parameter uncertainty (see Hansen

6This objective function is often used to characterize monetary policy with an inflation target,
a strategy that is very common in small open economies (see, e.g., Svensson, 2000). As shown
by Gali and Monacelli (2004), when & = n = 1 this objective function represents a second-order
approximation of the utility loss for the representative consumer resulting from deviations from
the optimal strict inflation-targeting policy (in the model without a foreign exchange premium).
Note also that although the central bank is aware that the model may be misspecified, it does
not take into account that model misspecification may affect its objectives, but takes the objective
function (9) as given.



and Sargent, 2004).” The central bank then designs policy for the worst possible

outcome of the model, where the evil agent chooses the amount of misspecification

v{ optimally, given some constraints (to be specified below). This model will be

referred to as the worst-case model, and is the outcome that the central bank fears
the most, against which it wants policy to be robust. The most likely outcome of
the model, on the other hand, is one where the central bank sets policy and agents
form expectations to reflect misspecification in the worst-case model, but there is
no such misspecification in practice (so all vl are zero). We will refer to this model
as the approrimating model.

The amount of misspecification, measured by v/, is scaled by the parameter
¥;, which determines the volatility of the shock in equation j. Intuitively, the
specification error is disguised by the disturbance term £/, so if the disturbance has
no variance, the specification error would be detected immediately. The larger is the
variance of the disturbance, the larger can the specification error be without being
detected.

3.2 Setting up the control problem

To design the robust policy, the central bank takes into account a certain degree
of model misspecification by minimizing its objective function in the worst possible
model within a given set of plausible models. Depending on its preference for robust-
ness, the central bank allocates a budget 7; to the evil agent, which is used to create
misspecification in equation j. In contrast to Hansen and Sargent (2004) and Gior-
dani and Séderlind (2004), we will distinguish between different sources of model
misspecification, by allowing the evil agent to have different budget constraints for

the different controls. Thus the budget constraints are

EoS AW < (13)
t=0

Eo> B0 < e (14)
t=0

B> A0 < o (15)
t=0

In a standard non-robust control problem we would have n; = 0 for all j, while the

standard robust control problem would have a common constraint on misspecifica-

"Onatski and Williams (2003) point out that the Hansen-Sargent approach to robustness does
not capture all types of parameter uncertainty, and that the “robust” rules may be fragile to certain
sources of uncertainty that are not captured by the robust control approach.



tion in all equations: Eo 325 ' [(vF)? + (vf)? + (vf)?] < 5. Here, in addition to
analyzing the general effects of misspecification, letting all 7; be positive, we can
also analyze specification errors in one equation at a time by setting one n; > 0 and
the other two to zero.

Following Hansen and Sargent (2004) the robust monetary policy is obtained by

solving the minmax problem

min max E BT+ At 16
fi} o7} Ot; i + ] (16)
subject to the misspecified model (10)—(12) and the evil agent’s budget constraints
(13)—(15). The central bank thus sets the interest rate to minimize the value of its
intertemporal loss function, while the evil agent sets its controls to maximize the
central bank’s loss, given the constraints on misspecification. The Lagrangian for

this problem is given by

B>t | at Aat 0, 0 = 0, — 0, 00
=0
—py {ﬂ't — BE s — Koy — aey — Xpv) — Ewsﬂ
— iy [9516 — Ey1 + 07" (ip — Eymyga) (17)
+v (Eeri1 — €r) — X8 — Zméﬂ

— 1 [et — Eierp1 + i — By — Xevf — Eegﬂ }7

where the p variables are Lagrange multipliers on the constraints (10)-(12) and
the 0; parameters determine the set of models available to the evil agent against
which the policymaker wants to be robust. These parameters are related to the evil
agent’s budget n;: as n; approaches zero, 0; approaches infinity, and the degree of
misspecification approaches zero.

Throughout, we will focus on marginal amounts of model misspecification. For
sufficiently large amounts of misspecification, the evil agent will be able to overturn
any relationship in the model, so the approximating model (2)—(4) is not a good
description of reality. We therefore want to consider reasonable degrees of model
misspecification that cannot be easily identified by the policymaker.® More specif-

ically, we will analyze the effects of small increases in the preference for robustness

8In numerical approaches to robust control, the amount of misspecification can be chosen such
that the policymaker cannot distinguish between the approximating model and the worst-case
model at reasonable statistical significance levels. See Hansen and Sargent (2004) and Giordani
and Séderlind (2004).



starting from the non-robust policy, i.e., small decreases in each ¢, starting from

Qj:oo.

3.3 Optimality conditions

We assume that neither the central bank nor the evil agent has access to any commit-
ment mechanism. Consequently, we take expectations as given in the optimization
and look for a discretionary equilibrium. From the first-order conditions we can
derive the following optimality conditions relating inflation, output and the degree

of misspecification to each other:

K «
Ty = — l/\ + (’7—{—0'_1))\‘| U — —A’ﬂ't, (18)
Y
/Uzr = Eﬂ't, (19)
x 21‘
o= g Az + k], (20)
‘ LV (21)
vy = — Ty + KT
t 0'0@ t t]»
where
K «
A= —+————. 22
RN (22)
Combining these equations we obtain
Yy
vy = aﬂm (23)
aX
T z 24
Ut (v + 071)9:07% (24)
ac 1Y
€ = — " 7. 25
Uy (v + a—l)ﬁeﬂt (25)

This immediately gives us our first set of results.

Proposition 1 (Optimal output—inflation trade-off)
The optimal output—inflation trade-off is not affected by the central bank’s preference

for robustness.

Proof See equation (18): the trade-off measured by the coefficient A is independent
of all 6] a

Thus, the presence of model misspecification will not alter the central bank’s

optimal “targeting rule” in equation (18). However, as there is some misspecification



in each equation, the optimal (reduced form) interest rate rule for the central bank
9

will be affected by model misspecification.
Proposition 2 (Misspecification and shocks)
Given the preference for robustness, the degree of misspecification in an equation

depends positively on the variance of the shock associated with the equation.
Proof See equations (23)-(25): given 6;, each v; is increasing in ;. O

Intuitively, the larger is the variance of a given shock, the more difficult it is for
the central bank to identify misspecification in that particular equation. Therefore

the central bank wants to guard against such specification errors.

Proposition 3 (Misspecification and inflation)
The degree of misspecification in all equations is larger when inflation is further

away from steady state.

Proof See equations (23)—(25): all v; increase (in absolute value) in 7;. O

The central bank fears all shocks that have inflationary effects as these force
the central bank to reduce the output gap further to achieve the desired trade-off
between inflation and the output gap. The evil agent adds to such shocks through
misspecification in all equations. In the worst-case model, misspecification in the
Phillips curve will increase inflation further when inflation is already high. Misspeci-
fication in the output equation forces output down when inflation is high, increasing
the cost of counteracting an already high inflation rate. The final misspecification,
in the exchange rate equation, induces an exchange rate depreciation when inflation
is high, leading to higher inflation and larger costs of achieving the desired trade-off
between inflation and output.

From equations (23)—(25) we see that the Phillips curve is subject to misspecifi-

cation in most parameterizations of the model. As long as >, > 0 and the budget

9Walsh (2004) obtains a similar result, showing that the “implicit instrument rule” (similar to
the targeting rule) is not affected by central bank robustness against misspecification in a New-
Keynesian model of a closed economy. However, in our model this result is to a large extent due
to the timing in the game between the central bank and the evil agent. Here we assume that
the central bank and the evil agent each acts optimally given the other player’s actions, leading
to a Nash equilibrium. If we instead assume that the central bank acts as a Stackelberg leader
and takes into account the misspecification of the evil agent when setting the interest rate, the
optimal targeting rule will depend on the preference for robustness. Leitemo and Séderstrom
(2004) analyze the effects of robustness under different timing assumptions in a closed-economy
version of the model.

10



is non-zero (f, < 00), the evil agent will allocate misspecification to this equation.
Indeed, as discussed in detail in Leitemo and Soderstrom (2004), in the closed-
economy version of the model (when o« = v = 0), the central bank will only fear
misspecification in the inflation equation: in the closed economy, the policymaker is
able to counteract any specification errors in the output equation by an appropriate
adjustment of the interest rate. As interest rate movements do not influence central
bank loss independently, the central bank does not fear such specification errors. In
the open economy, however, the central bank cannot directly offset output shocks
by changing the interest rate, as this would affect the exchange rate and therefore
inflation (see Walsh, 1999). Thus, the existence of an exchange rate channel makes
the output equation more prone to misspecification, and the policymaker will fear
that output is low when inflation is high. This would make the central bank lower
the interest rate, leading to an exchange rate depreciation that increases inflation
even further.

The stronger is the effect of the interest rate on output (the smaller is o), the
more prone is the exchange rate equation to misspecification. When inflation is
positive, the central bank fears that a real exchange rate depreciation will further
increase inflation. In order to curb the effects on inflation, the interest rate would
need to be increased, which would reduce output. This is particularly costly for the
policymaker if the interest rate has a strong effect on output.

These effects of robustness against output and exchange rate misspecification
are stronger when the exchange rate has a strong effect on inflation (so « is large).
The central bank therefore fears such specification errors more when « is large. On
the other hand, if the exchange rate has a sufficiently strong impact on output (so
~v is large), the central bank will worry less about misspecification of the output or
exchange rate equations. The reason is that the exchange rate depreciation (caused
by higher inflation) would offset some of the negative impact of higher interest rates
on output. As « approaches infinity, only misspecification in the inflation equation

has consequences for central bank loss.

3.4 Solving the model

As there is no persistence in the model, the only state variables are the three shocks,
e7,ef and €f, and all expectations are zero. This allows us to find a closed-form
solution for the robust control problem. We will thus look for a solution for the
endogenous variables 7, x4, e;, the central bank’s control i;, and the evil agent’s

controls v, vy, vy in terms of the three shocks. The solution of the worst-case model

11



will be of the form

e Ar Ay Qe H
. | = by by be ey | (26)
€y Cr Cp Co €f

the worst possible degree of misspecification will be given by

vy r Gy Qe ey
| = be by be || e |, (27)
vy Cr Cp Co o

and the policy rule will be
iy = drey + duef + degy. (28)

Finally, the approximating model, where policy is conducted according to (28), but

there is no misspecification (so all vl are zero), will be given by

e Ux Gy G eT
x| = by by be || ¥ |. (29)
e Cr Co Co &

To find these solutions, we begin by looking for the worst-case solution for
T, Ty, € in (26) and the worst possible degree of misspecification in (27). Noting
that equations (18) and (23)—(25) imply that

bj = —Aaj, (30)

. X

a; = r a;, (31)

A al

by = —— 7 . 2

J (Ii—{—a‘l)@xaﬁ (3 )
ac™ 1y,

Ci = —————————q; 33

C] (K;_i_o_fl)eea]’ ( )

we need only to solve for the coefficients a;, ¢;,d;. Second, we will find the optimal
policy rule (28). Third, we will find the solution for the approximating model (29)
by using the optimal policy rule in the original model given by (2)—(4).

Note that we allow the evil agent only to respond to the same variables as
the policymaker. This differs from the setup of Hansen and Sargent (2004) and

Giordani and Séderlind (2004), where the evil agent is allowed to respond also to

12



lagged state variables, thus introducing persistence in the shocks.!? In our setup,
the evil agent is not allowed to introduce serial correlation in the shocks, as there
is no such persistence from the outset. This assumption is mainly for tractability,
but is also consistent with the assumption in both approaches that the evil agent
is not allowed to introduce additional state variables to increase the degree of serial

correlation in the endogenous variables.

3.4.1 The worst-case model

First, to find an expression for the interest rate, we solve the output equation (11)
for the interest rate i; and substitute for z; and v using the optimal trade-off in (18)

and the worst possible output misspecification in (24). This yields

’it = (]_ — O'A) Et7Tt+1 + O'B’ﬂ't - O"}/EtAeH_l + UEng, (34)
where
22
B=A- % - (35)
(v +o71)b,

where we evaluate the sign of all coefficients when the preference for robustness is
small, so 6, is close to infinity. Although equation (34) describes central bank be-
havior, it is not a true reaction function due to the presence of non-predetermined
variables (m;, e; and their expectations) on the right-hand side. Instead, it is an
optimal implicit instrument rule, using the terminology of Giannoni and Woodford
(2003), although obtained under discretion rather than under commitment from a
timeless perspective. In the closed-economy case, this rule is independent of the pref-
erence for robustness, as in Walsh (2004): when a = 0, no 6, enters equation (34).
However, in the open economy this is no longer true, as the central bank also fears
misspecification in the output equation.

To derive the true policy reaction function in (28) we must first solve for the
forward-looking variables m; and e; as functions of the underlying shocks. Using the

policy trade-off from (18) and the evil agent’s control v] from (23) in the Phillips

10This is because Hansen and Sargent (2004) and Giordani and Soderlind (2004) write the
model on its state-space form where the shocks are predetermined variables and are written as
autoregressive processes without any persistence. The set of state variables then includes also
lagged values of the shocks, and the evil agent is allowed to respond to all state variables.
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curve (10), we obtain
22
Ty = ﬁEtﬂt—H — IiA’YTt + aep + Hiw’ﬂ't + 2W€Zr, (36)

T

and collecting terms we get

Cﬂ't = ﬁEt’YTt+1 + ae; + Ewg?—, (37)
where
22
C = 1+rA-T>0. (38)

Likewise, using the interest rate from (34) and the expression for v§ from (25) in
the UIP condition (12) yields

(1 + O'”Y)@t = (]. + U’Y)Et€t+1 + O'AEtWt+1 — D7Tt — azmesf + 2655, (39)
where
ao Y2
D = UB — m > 0. (40)

Note that B is decreasing in the central bank’s preference for robustness against
output misspecification (increasing in 6,), C' is decreasing in the preference for in-
flation robustness, and D is decreasing in the preference for robustness against both
output and exchange rate misspecification.

The reduced form for inflation and the exchange rate is of the form

Ty = QrEf + AzE) + QeE}, (41)

e = Cref + CpEy + Cegy, (42)

and it is easily shown (see Appendix B) that the reduced-form coefficients are

4 = Wg)g”m, (43)
4, = —UO]‘EZQ” <0, (44)
a5, = a§e>o, (45)
Cr = —D§ﬂ<0, (46)
e = T <o (47)
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Ce = > 0, (48)

where
E = (14+0y)C+aD >0, (49)

which is decreasing in the preference for robustness against all three types of speci-
fication errors.

Thus, for small degrees of robustness, inflation in the worst-case model is pos-
itively related to the inflation and exchange rate disturbances (ar,a. > 0), but
negatively related to the output disturbance (a, < 0). For the output gap, the
coefficients are of the opposite sign (see equation (18)), so output is negatively re-
lated to the inflation and exchange rate disturbances, but positively related to the
output disturbance. The exchange rate is positively related to the exchange rate
disturbance (c. > 0), but negatively related to the inflation and output disturbances
(Cryce <0).

Equations (23)—(25) then imply that the central bank’s worst possible fears con-

cerning misspecification are given by

VU = QnE] + GpEf + el (50)
U8 = beeT + bye? + beet, (51)
Vi = CrEy + CaEy + Cecl, (52)
where
. Yin
aj = p=d (53)
- aX
hy = —— 7T . 54
J (K+U_1)9maj7 ( )
ac 1Y
b = 0 g 55
Cj (/{+0‘1)96a] (55)

Misspecification in the inflation and exchange rate equations is positively related to
inflation and exchange rate disturbances (ar, e, ¢x, ¢ > 0), but negatively related
to the output disturbance (a,, ¢, < 0), while misspecification in the output equation
is negatively related to inflation and exchange rate disturbances (IA)W, b, < 0), but

positively related to the output disturbance (b, > 0).

15



3.4.2 The policy rule

Using the solution for inflation and the exchange rate in the interest rate equa-

tion (34), the reduced-form solution for the interest rate is

iy = oBm 4 oye + oXEf

= dpe} + dyef + degy, (56)
where
d, = o[Bay+vc:] >0, (57)
d, = o[Baz+yc, + 3] >0, (58)
d. = o[Ba.+vc] > 0. (59)

Thus, for small amounts of misspecification, monetary policy responds positively to
each disturbance: positive realizations of the inflation, output or exchange rate dis-
turbances all make the central bank raise the interest rate. (Again, see Appendix B
for details.)

The result that monetary policy is tightened after positive inflation or output
disturbances is well-known from the closed-economy version of the model, see, e.g.,
Clarida et al. (1999). Here in the open-economy model, policy is tightened also
after a positive exchange rate disturbance: An exchange rate depreciation tends
to increase domestic inflation, so by tightening policy, the central bank induces an
immediate appreciation and an expected depreciation of the exchange rate, which

reduces both inflation and output.

3.4.3 The approximating model

The solution for the worst-case model derived so far is the reduced form under
the worst possible case of misspecification, so the evil agent uses its controls as
efficiently as possible, and the policy rule and private agents’ expectations reflect this
misspecification. However, this is also a very unlikely model. In contrast, the most
likely model, or using Hansen and Sargent’s (2004) terminology, the “approximating
model”, is when the policy rule and agents’ expectations reflect the central bank’s
preference for robustness, but the actual misspecification is zero.

As in the worst-case model, expectations are zero. Thus we find the approxi-

mating model by using the optimal robust interest rate rule from equation (56) in
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the original model (2)-(4)."* This yields

Ty = KX+ e + Xrey, (60)
Ty = —U_lit + YE+ + Zmé‘tr, (61)
e = —’it + Zeﬁf, (62)

and the solution is

T = QpE; + Gz€f + Aegy, (63)

Ty = bl + byet + bt (64)

et = CpE; + Ci8f + CeEy, (65)
where

66
67
a. = (a+ky)E. — [oz + k(v + 0'_1)} d. > 0, 68
b, = —(v+0o Hd, <0, 69

G = Y= |atr(y+o")]ds >0, (66)
(67)
(68)
(69)
by = S, — (y+o Hd, >0, (70)
(71)
(72)
(73)
(74)

Gy = KXy — [a + k(v + 071)} d, <0,

be = V8. — (y+o0 Hd. <0, 71
72
73
74

Cr = —dp <0,
C, = —d <0,
Ce = 2e—de>0.

Again see Appendix B for details.

In this most likely outcome of the model, a positive realization of the inflation
shock makes the central bank tighten policy to counteract the inflationary impulse
(dr > 0). This reduces the output gap (b, < 0) and makes the real exchange rate
appreciate (¢; < 0) while the net effect on inflation is positive (a, > 0). After a
positive output shock, the central bank also tightens policy (d, > 0), leading to a
real appreciation. In a closed economy, the central bank could offset all effects of the
output shock on output and inflation, but in an open economy the real exchange

rate appreciation reduces inflation, so the central bank will not offset the shock

1 As policy is implemented using the instrument rule (56), which is optimal only for the mis-
specified model, we can no longer use the optimal output—inflation trade-off (18) to determine the
output gap.
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completely (see Walsh, 1999). Thus, output is positively related to the output
shock (b, > 0), while inflation and the exchange rate are negatively related to the
output shock (a,, ¢, < 0). Finally, a positive exchange rate shock tends to increase
inflation, so again the central bank tightens policy to offset these effects (d. > 0).
This reduces the output gap (b, < 0), but the net effects on inflation and the
exchange rate are still positive (a., ¢, > 0).

As we focus on small preferences for robustness (so all §; are close to infinity), the
qualitative results are the same in the worst-case and the approximating models, as
well as in the non-robust version of the model. However, the effects of an increased
preference for robustness may well differ between the worst-case and approximating
models, also when 6, is very large. We now turn to analyzing how such an increase

in robustness affects the behavior of policy and the economy.

4 The effects of robustness

The main focus of our analysis concerns the effects of the central bank’s fears of

model misspecification on optimal monetary policy and the resulting behavior of

the economy. We will thus analyze the effects on the model solution of an increase

in the preference for robustness, i.e., a decrease in each ;. For instance, for the
coefficient of inflation on the inflation shock, we will evaluate the derivative

_a‘aﬂ‘

a20; ’

j = 7T7 m? 67 (75)

i.e., the marginal effects on the absolute value of the coefficient a, of a decrease in
each 0;.

First, we will see whether inflation, output and the exchange rate in the worst-
case model are more or less sensitive to shocks under model misspecification. Second,
we will analyze the consequences for the optimal policy behavior, and see whether
monetary policy is more or less aggressive under model misspecification. Finally, we
will demonstrate how an increased preference for robustness affects the macroecon-
omy in the approximating model. Some short proofs are presented here, while more

extensive proofs are relegated to Appendix C.

4.1 The worst-case model of inflation and output

We begin by analyzing the effects of increased model misspecification (i.e., an in-

creased preference for robustness) on the worst-case model of inflation and output.
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Proposition 4 (Worst-case inflation and output)
In the worst-case model, an increased preference for robustness against misspecifi-

cation 1n any equation increases the response of inflation and output to all shocks.

Proof See Appendix C.1.

Intuitively, with an increased preference for robustness, the central bank fears
that inflation and output are more sensitive to shocks, and therefore more volatile.
As we do not allow for shock persistence, the central bank fears only that shocks
have a larger impact on inflation and output, not that they are more persistent (as
in Giordani and Soderlind, 2004).

4.2 The exchange rate and monetary policy

The effects of model misspecification on the exchange rate in the worst-case model
are intimately related to the effects on monetary policy. We therefore discuss these
in parallel.

First, as misspecification in the Phillips curve increases, the central bank will
fear that inflation is more responsive to shocks. Therefore, after a positive shock
to inflation, the central bank will tighten policy more, leading to a larger exchange
rate appreciation in the worst-case model. After a positive exchange rate shock,
the central bank again fears that the effects on inflation will be larger, and tightens
policy more, leading to a smaller depreciation of the exchange rate. After a positive
demand shock, the central bank fears that its policy response will lead to a larger
fall in inflation. Therefore, the central bank tightens policy less than if there were
no inflation misspecification, leading to a smaller exchange rate appreciation in the
worst-case model.

If the central bank is more uncertain about the determination of output, it fears
that shocks have a larger effect on the output gap. A positive inflation shock then
leads it to tighten policy less, implying a smaller exchange rate appreciation. After
a positive output shock the central bank fears that output will increase further, so
the interest rate is increased more, and the exchange rate depreciates by more than
when there is no output misspecification. A positive exchange rate shock leads the
central bank to tighten policy to reduce the output gap and inflation and offset the
exchange rate depreciation. If output is more uncertain, however, the central bank

will tighten policy less, leading to a larger depreciation in the worst-case model.
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Finally, if the central bank worries about misspecification in the exchange rate
equation, it fears that the exchange rate is very sensitive to shocks. Therefore,
after a positive inflation or exchange rate shock, it will tighten policy more. In the
worst-case model, this leads to a smaller exchange rate appreciation after an inflation
shock and a larger depreciation after an exchange rate shock. After a positive output
shock, on the other hand, the central bank will not tighten policy as much to avoid
large effects on the exchange rate. In the worst-case model, the net effect is a larger
exchange rate appreciation.

These results can be summarized as follows.

Proposition 5 (Worst-case exchange rate under inflation misspecification)
In the worst-case model, a larger preference for robustness against inflation misspec-
ification makes the exchange rate more sensitive to inflation shocks, but less sensitive

to output and exchange rate shocks.

Proof See Appendix C.2.

Proposition 6 (Worst-case exchange rate under output/exchange rate mis-
specification)

In the worst-case model, a larger preference for robustness against output or ex-
change rate misspecification makes the exchange rate more sensitive to output and

exchange rate shocks, but less sensitive to inflation shocks.

Proof See Appendix C.2.

Proposition 7 (Monetary policy under inflation/exchange rate misspeci-
fication)

A larger preference for robustness against inflation or exchange rate misspecifica-
tion makes monetary policy respond more aggressively to inflation and exchange

rate shocks, but less aggressively to output shocks.

Proof See Appendix C.3.

Proposition 8 (Monetary policy under output misspecification)
A larger preference for robustness against output misspecification makes monetary
policy respond more aggressively to output shocks, but less aggressively to inflation

and exchange rate shocks.
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Proof See Appendix C.3.

In general, we see that there is an ambiguous effect of increased misspecifica-
tion (an increased preference for robustness) on the optimal monetary policy rule.
Depending on the type of shock or the source of misspecification, an increased pref-

erence for robustness can make policy more or less aggressive in response to shocks.

4.3 The approximating model

Finally, we analyze the effects on the most likely development of the macroeconomy
when there is an increase in the central bank’s preference for robustness. As there is
no misspecification in the approximating model, the effects of increased robustness

come exclusively from the robust policy.

Proposition 9 (Approximating inflation and output)

In the approzimating model, an increased preference for robustness against inflation
or exchange rate misspecification makes inflation less sensitive and output more
sensitive to all shocks, but increased robustness against output misspecification has

the opposite effect.

Proof The inflation coefficients on the inflation and exchange rate shocks are both
positive, so increased robustness has opposite effects on these coefficients relative
to the coefficients in the policy rule, see equations (66) and (68). The inflation
coefficient on the output shock is negative, so the effects on this coefficient are of
the same sign as on the coefficient in the policy rule, see equation (67). The effects
on the output coefficients will always be of the opposite sign relative to the inflation

coefficients, see equations (69)—(71) O

Proposition 10 (Approximating exchange rate)

In the approximating model, increased robustness against inflation or exchange rate
misspecification makes the exchange rate more sensitive to inflation shocks, but less
sensitive to output and exchange rate shocks. Increased robustness against output

misspecification has the opposite effect.

Proof The effects on the exchange rate coefficients on the inflation and output
shocks will be of the same sign as on the inflation and output coefficients in the policy
rule, see equations (72) and (73). The effects on the coefficients on the exchange
rate shock will be of the opposite sign relative to the exchange rate coefficient in the

policy rule, see equation (74). O
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Thus, if the central bank fears misspecification in the inflation and exchange
rate equations, it will respond more aggressively to inflation and exchange rate
shocks, but less to output shocks. This makes inflation respond less and output
more to all shocks. Essentially, the central bank acts as if it attached a larger weight
to stabilizing inflation relative to output. The exchange rate, on the other hand,
responds more to inflation shocks, but less to output and exchange rate shocks.

If instead the central bank fears misspecification in the output equation, the
effects go in the opposite direction. The central bank responds more aggressively to
output shocks, but less to inflation and exchange rate shocks, which makes inflation
respond more and output less to all shocks, while the exchange rate responds less

to inflation shocks but more to output and exchange rate shocks.

4.4 Summary

Table 1 summarizes the effects of increased robustness on the reduced-form coef-
ficients. The third column shows the sign of each coefficient, and the next three
columns show the effects of an increase the preference for robustness (so a decrease
in the #’s) on the absolute values of the reduced-form coefficients. Thus, a positive
sign implies that the variable in question is more sensitive to that particular shock
when robustness increases, and vice versa.

We see that robustness against exchange rate misspecification has qualitatively
very similar effects as robustness against inflation misspecification. The only ex-
ception regards the effects on the exchange rate in the worst-case model. On the
other hand, robustness against output misspecification always has the opposite ef-
fects on policy and the approximating model relative to inflation and exchange rate
misspecification.

From Table 1 it is again clear that the effects of robustness on monetary policy
are ambiguous: A robust policymaker may respond more or less aggressively to
shocks than a non-robust policymaker, depending on both the shock and the source

of misspecification.

5 A numerical example

To obtain a feeling for the quantitative effects of an increased preference for robust-
ness, this section presents a simple numerical example. Of course, as the model
is highly stylized, all quantitative results need to be interpreted with care. Never-

theless, this example will illustrate the relative importance of the different types of
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Table 1: Effects of increased robustness on reduced-form coefficients

Equation Coefficient on Sign Source of misspecification
Inflation Output Exchange rate

() (62) (6e)

Worst-case model

Inflation () Inflation (ar) + + + +
Output (az) - + + +
Exchange rate (a.) + + + +
Output () Inflation (b,) - + + +
Output (b;) + + + +
Exchange rate (be) - + + +

Exchange rate (e;) Inflation (c,) - + - _
Output (cy) - — + +
Exchange rate (ce) + - + +
Policy rule
Interest rate (i) Inflation (dr) + + - +
Output (d,) + - + _
Exchange rate (de) + + — +
Approzimating model
Inflation () Inflation (@) + — + _
Output (a,) - - + -
Exchange rate (Ge) + - + —
Output (x¢) Inflation _(57,) — + — +
Output (bz) _ + + — +
Exchange rate (b.) - + - +
Exchange rate (e;) Inflation (&) - + — +
Output (¢;) — — + _
Exchange rate (c) + — + _

For each coefficient in the reduced-form model, Column 3 shows the sign of the coefficient, and
Columns 4-6 show the effects of an increased central bank preference for robustness on the absolute
value of the coefficient. Thus, +/— implies that incresed robustness makes the variable in question
more/less sensitive to that particular shock.
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misspecification on the model coefficients.

To parameterize the model, we take values for the structural parameters from
Gali and Monacelli (2004): 6 =0 =1,n=3,60=0.75, 8 = 0.99, and w = 0.4. This
implies that the coefficients in the model (2)—(4) are given by x = 0.343, o = 0.0343,
o = 1.667, and v = 0.4. Finally, we set the relative weight on output stabilization
in the central bank’s loss function to A = 0.25, and the shock variances X; are all
set to unity.?

We then investigate how an increased preference for robustness against one source
of misspecification (i.e., a decrease in each 6, keeping the other 0’s fixed at a large
value) affects the parameters in the central bank’s worst-case model, the policy
rule and the approximating model. The results are reported in Figures 1-7. It is
immediately clear that an increased preference for robustness (moving from right to
left in each panel) has different quantitative effects on the coefficients in the worst-
case and approximating models as well as in the policy rule. In general, there are
large effects of all sorts of misspecification fears on the coefficient on inflation shocks
in all equations, both in the worst-case model, the approximating model and in the
policy rule, while the effects are substantially smaller for most other coefficients.
This reflects the fact that inflation shocks pose the most difficult trade-off for the
central bank, as there are no direct effects of monetary policy on inflation, only
through the output gap and the exchange rate.

We also note that for very small values of 6, and 6., some coefficients reverse sign.
For instance, when 6, falls below 0.03 the central bank fears that inflation shocks
have a positive impact on the exchange rate (see Figure 3b), leading it to reduce the
interest rate after positive inflation shocks (Figure 4b). In practical applications,
such cases could possibly be excluded using “detection probabilities” to determine
the relevant preference for robustness. However, as the present model is much too

stylized to bring to the data, such applications are beyond the scope of this paper.

6 Concluding remarks

Using a simple model of a small open economy we have analyzed how optimal

monetary policy and the behavior of the economy are affected by the central bank’s

12In the objective function derived as a second-order approximation to utility, Gali and Monacelli
(2004) show that A = (1 — 6)(1 — 80)(1 + n)/(eh), where € is the elasticity of substitution across
the differentiated domestic goods. Using their value of € = 6, this implies that A = 0.0572. We use
a slightly larger (and possibly more realistic) value for A. However, the qualitative results are not
sensitive to the value of \.
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desire to be robust against model misspecification. Our simple model enables us to
solve analytically for the optimal robust policy, as well as the central bank’s worst-
case model and the most likely approximating model. Our framework also allows us
to analyze cases when the policymaker is more confident about some equations in
the model than others. It thus restricts the evil agent to introduce misspecification
where it will hurt the most, but forces it to consider misspecification in equations
that are perceived to be particularly prone to specification errors.

Our analysis shows that an increase in the central bank’s preference for robust-
ness has ambiguous effects on the optimal policy behavior, depending not only on
the shock to which the central bank responds, but also on what part of the model
the central bank perceives as most uncertain. Although our model is highly stylized,
we believe this ambiguity to carry over also to more elaborate models. In numerical
applications the effects of increased misspecification will therefore depend crucially
on the calibration of the parameters that determine the central bank’s relative faith
in the different model equations.

In a companion paper (Leitemo and Séderstrom, 2004) we focus on the optimal
robust policy in the closed-economy version of our model. There, the results are
unambiguous: the robust policy always responds more aggressively to shocks than
the non-robust policy, confirming the results of previous research. As a consequence,
inflation is less volatile and output is more volatile under the robust policy. The
present paper shows that the effects of robustness in the open economy are more
complex. This is because the open economy presents more complicated trade-offs
for the central bank, at least when we allow for shocks to the exchange rate.

Key parameters in our approach are the different preferences for robustness re-
lating to the different equations in the model. We envision that future research can
use Bayesian techniques in distributing the budgets of misspecification among the
model equations based on the probability that each equation is a good represen-
tation of true economies. This would be a step towards integrating Bayesian and

Knightian uncertainty into a single unifying analysis of model uncertainty.
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A Model appendix

This Appendix briefly derives our open-economy model from microfoundations. For
more details, see Gali and Monacelli (2004), Clarida et al. (2002), or Walsh (2003,
Ch. 6.5), who provides a textbook treatment. We deviate from these authors
by introducing a time-varying premium on foreign exchange, in order to analyze

uncertainty about exchange rate determination.

A.1 Domestic households

Households in the home country consume a CES composite of domestic goods (C¢)
and imported foreign goods (C}"), defined as
5/(6—1
Gy = [(1 = )3(Cy6-1 4 5 crya-nra] 1O (A1)
where w is the share of foreign goods in consumption and ¢§ is the elasticity of
substitution across domestic and foreign goods. Households obtain utility from

consumption and disutility from supplying labor (N;) according to

Ol—& N1+77
U(Ct, Nt) - ti ¢

= — A2
1—-6 1+7 (42)

where ¢ is the elasticity of intertemporal substitution and 7 is the elasticity of labor
supply.

The household chooses paths of consumption, labor supply, and holdings of one-
period domestic bonds, which pay the nominal interest rate ¢; and foreign bonds,
which pay the risk-adjusted interest rate exp(¢;)i!, where ¢; is a time-varying pre-
mium on foreign bond holdings. Intertemporal optimization then gives the log-

linearized consumption Euler condition

i .
C = Etct+l — g [Zt — E{]Tt+11| s (A3)

where (3 is the household’s discount factor and 7y is the consumer price inflation

rate, defined as 7y = pf — pf_,, where the CPI is given by
p; = (L —w)p +wpy’ (Ad)

where p; and p;* are the price levels for domestic and imported goods.
Optimal allocation across domestic and foreign bond holdings gives the uncovered

interest parity (UIP) condition

i =i + EiAsipq + ¢y, (A5)
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where s; is the nominal exchange rate, and ¢, is the premium on foreign exchange.

The optimal labor-leisure choice implies that
g + G = wy — pf. (A6)

where w; is the nominal wage. Finally, relative demand for domestic and imported

goods satisfies

¢ =t =—=0[p.—p"]. (A7)

We define the real exchange rate in terms of the domestic price level as
er = s+ pl — e, (A8)

which, assuming that the law of one price holds, is equal to the terms of trade

pf* — pr. Then we can express the UIP condition (A5) in real terms as
iy — Eymi = z{ — Etwfﬂ + E;Aeiq + ¢ (A9)
We can then also write the CPI in (A4) as
Pt = D+ wey, (A10)
the CPI inflation rate as
T = T + wley, (A11)
and the labor supply condition in (A6) as
Ny + 0c = wy — pp — wey. (A12)
Log-linearizing the consumption index (Al), we get
e = (1 —w)e +we™, (A13)
and combining with (A7) and (A8) to eliminate ¢}* gives

¢ = ¢l —wde,. (A14)
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A.2 Domestic firms

Domestic firms act under monopolistic competition and produce a differentiated

good using only labor inputs according to the production function
Y; = exp(a;) Ny, (A15)

where a; is a productivity disturbance.

Firms face a constant elasticity demand curve for its output, and also face sticky
prices, following Calvo (1983), so in each period there is a fixed probability 1 — 6
that the firm will be able to change its price. When prices can be adjusted, firms
maximize the expected discounted value of profits. This implies that inflation in the

domestic sector follows the New-Keynesian Phillips curve

T = BB + Ry, (A16)
where & = (1 — 0)(1 — $0)/0 and v, is real marginal cost, given by

Vg = Wy — Pt — Qi (A17)

and where w; — p; is the real product wage, which is deflated by the domestic price

level.

A.3 The foreign country
Foreign demand for domestic goods is given by

ol =yl + ey, (A18)
where y,{c is foreign income (or output), which satisfies the Euler condition

1.
y{ = Ety{-i—l - g [Z{ - Etﬂtf-i—l} . (A19)

A.4 Equilibrium

Equilibrium requires that production equal consumption, so the production of do-

mestic goods satisfies

y = (1—w)e+wd

= (1—w)e + (2 — w)wde; +wyf, (A20)

using (A14) and (A18), and combining with the consumption Euler equation (A3)

we obtain

l-wr. .
Y = Eypiq — p {zt — Eth] — (2 —w)wdE;Aepyq — wEtAny. (A21)
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Denoting by z the flexible-price level of the variable z, the flexible-price equilib-

rium is characterized by the goods market equilibrium condition

Yr = G, (A22)
the labor market equilibrium condition

a; = (0 +n)ys — nay + wey, (A23)

where we have combined equations (A12), (A17), the log-linearized production func-
tion y; = a;+ny, and (A22). Assuming that the foreign exchange premium is zero in
the flexible-price equilibrium, the real UIP condition (A9), the Euler equation (A21),
and the foreign Euler equation (A19) imply that the real interest rate satisfies

'L.t - Et7Tt+1 = Z{ - Et’]thJrl + EtAét—‘rl (A24)

G _ (2 — w)wdo wooT.
= 1= wEtAym - ﬁEtAetH 1w {Z{ - Etﬂfﬂ} :

Assuming that all disturbances are white noise, all expectations of future vari-

ables are zero, so (A24) gives
e =V {th - yﬂ ; (A25)

where

A

g

v
l—w+(2—w)wds’

(A26)

and the labor-market equilibrium condition (A23) then implies that

1

Yt
A.5 The final steps

Combining the expression for marginal cost in (A17), the labor supply condition (A12),

and using ¢; = y; = a; + ny; we can express real marginal cost as

v = mng+0c +wep — ay

= (6 +n)y —na +we, — ay, (A28)
and in the flexible-price equilibrium, the marginal product of labor satisfies

a; = (6 +n)ys — nay + wéy, (A29)
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SO

v =(6+n)x+wler — &), (A30)
where x; is the output gap, defined as

Ty =Y — Yus (A31)

and where the flexible-price level of the real exchange rate is, combining (A25)
and (A27)

e =

P w\I/at vl (A32)

This implies that we can write the Phillips curve (A16) as
Ty = ﬁEt’ﬂ't_A,_l + /%((3' + 77)3715 + /%wet — /%wét, (A33)

and the Euler equation (A21) can be written as

1—w

Ty = Etl't+1 — |:Zt — Et7T23+1:| — (2 — W)W5EtA€t+1

+ EAy 1 — WEtAytfH

1—w ..

5 [iy — Eymyia] — [(2 —w)wd — M

g

= Et$t+1 -

E/Aeiq

+ EAf — WEtAythrl' (A34)

Finally, setting all foreign variables to zero, equations (A33), (A34) and (A9)

give a complete description of the small open economy:

Ty = ﬁEﬂrH_l + KXy + aep + Eﬂ-é“g, (A35)
1
Ty = Etxt—‘rl — ; [Zt — Etﬂ-t—i—l] - [Etet+1 — Gt] + foff, (A36)
€t = Etet+1 — [Zt — Et7rt+1] + 2655, (A37)
where
5 1—-0)(1—p6
R )l . )( 6)7 (A3R)
o = Y1056 (A39)
0
o
_ A4
7 1—w’ (A40)
w(l—w)

el S0 (A41)
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£

_A=6)0 -0+ ¥

(6 41+ wW)os,
1

By — T
5, t [yt+1 Z/t]
1+n

(6+n+wP)E,
1
i¢t-

[Etat—H - at] )
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B The reduced form

First, it is useful to define

1 Ej

ol
J (7+a‘1)9j

>0, (B1)

for j =, x, e, and we note that limg, @]-_1 = 0.

B.1 The worst-case model

To find the reduced from for inflation and the exchange rate in the worst-case model,

first write equations (37) and (39) as

Ty = CLlEtﬂ'tJrl “+ agey + Ggé';r, (BQ)
er = Eieppn +aEimg + com + csef + cuel, (B3)
where
m=2 (B4)
a
a = & (B5)
>
_ Zn B6
A
= d ; (B7)
140y
D
_ BS
< 1+0y’ (B8)
Yip
G = ——T (B9)
1+ o0y
C4 = Ee s (BlO)
1+ oy

and we seek a solution of the form

Ty = QnEf + Q€7 + A&y, (B11)

et = Cn&f + i€} + CeEf, (B12)

where the a;, ¢; coefficients remain to be determined.
Setting expectations to zero and combining (B2)-(B3) with (B11)-(B12) we

obtain

ArE] + apef + ace; = ag[cre] + e} + cegf] + aze], (B13)
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Cr€] + Coef +CeEf = Colare] + azef + ace]] + cagf + cagy. (B14)

Thus, the coefficients satisfy

Ux = aoCr + as, (B15)
Ay = QoCy, (B16)
e = A9C,, (B17)
Cr = C2lr, (B18)
Cx = Caag+ C3, (B19)
Ce = Cole+ Cy4, (B20)
and the solution of this system is
Ar = 2CG; + a3
— L’ (B21)
1— a9C2o
as3Coy
r = T B22
¢ 1-— a9Co ( )
Cp = C909Cy + C3
C3
= = B23
e (B23)
asC3
r = T, B24
“ 1— a9Co ( )
Ce = C9Q9C, + Cy4
Cy
= — B25
— (B25)
a92Cy
. = —. B26
“ 1-— a9Co ( )
The reduced-form coefficients are then given by
as (1 + 0-7>27r
T - > O, B27
“4 1 —ascy E ( )
asC3 oY,
. = S <0, B28
“ 1— a92Co FE ( )
AoCy i,
e = = > 0, B29
¢ 1 —ases  E (B29)
asCo Dzﬂ-
N = — < 07 B30
¢ 1— a92Co E ( )
C3 O'CZ:L«
. = - _ <0, B31
¢ 1 —ascy E ( )
Cy C’Ee
e — - > 0, B32
¢ 1-— a92Co E ( )
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where

E = (1-a)(l+0y)C
= (1+o0y)C+aD>0. (B33)
Note that we evaluate the signs of all coefficients for an infinitesimal preference for

robustness, so ¢; — 0.
We also note that

o,

e —— 7 ) B34
! I+ omZ, (B34)
a. = Oéizea (B35)
e - (1—1—0”}/)27‘- T
D
T — T B36
¢ 1+07a (B36)
c ga
ocC¥,
= 77T ., B37
1+ o=, (B37)
Co = ga
€ - a{ [
cy
= — "¢ q. B
(1+a’y)§]ﬂa (B38)

B.2 The policy rule
Using the interest rate equation (34), the reduced form for the interest rate is
iy = oBm+ oye + o¥,g],

= 0B laze] + aze] + acgi] + 07y [cr] + CuEf + cetf] + 02, ET,

= drep + dyef + degy, (B39)
where

d, = o[Bay+ v¢,]

= O[B— VD ]a,,
1+ oy

= [O’B + a’yZe@gl} Eg > 0, (B40)

d, = ol[Ba;+ vy, +%,]
= o [Zx — (aB +~C)

O'Ez}
E
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Yy
= U[E—OéO'B—O”}/C]E>O,
d. = o[Bae+ ¢

where we note that

E—aoB —oyC
= (14+0y)C+aD —aoB —oyC
= C+a(D—-0B)
= C—0'?2.0.! >0,

using (40) and (49).

B.3 The approximating model

(B41)

(B42)

(B43)

To find the solution for the approximating model, use the policy rule (B39)-(B42)

in the equations for inflation, output and the exchange rate, setting all expectations

to zero:

iy = dpe; +dyef +dess,

T = KT+ oe + Xrey,
Ty = —0 i+ e + XuEy,
e = —ip+ 2egy.

The solution is

Ty = GnE; + Q€7 + QeEy,

xy = bref + byey + beey,

et = CrEj + CuE] + Cey,
where

Cr = —dr <0,

¢, = —d, <0,

Ee - Ze - de
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oY
E

e
[E — acB — ovC]| = > 0,

Ye = laB +(C]

Ver — 0 M,

~(y+07") [0B + 5.0, "] if

Yo+ 798 — o 'd,

Ex—U(’}/—i—U*l) [E —aocB — o7y(] 5l

1)[0—0

{(1 +0y)C+aD —o(y+o~

[aD + (v + 071)042266;1} %

’yée - g_lde
Ve — (v + 07V [aB + 7] 2

<0,

2o

> 0,

{7E —o(y+o Y aB+ 'yC’]}

{’7 [C’ — 0'_1@22696_ } [aB + 70]}

D)

E

e
E

de
E

—[aB +y07"a2n,07"] = <0,

E
Eﬂ' + ’%bﬂ' + aéﬂ—

Yr— [a + k(v + a’l)} {O’B + ayze@gl}

{E~[o+nly+07)] [0B +ay5.6;"]

{(1 +07)C +a|oB -0 'aX,
NV TH

— |+ sy +o7)] OwEe@;l}

@;1}

Vi
E

bl
E

j

Y
E

a?5,0,']} =2

{(1 +07) [1 +rA - Eﬂ —k(y+0 o [A-a%,0,"]

O

10‘22696 1 [
.

{(1"‘07)[1 ?]—i— k(y+o0 Haokt,0, —

— [Oz + k(v + 0’1)} oryEe@el}
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Y
k(y+oh) ]cwEe@e—l}

E

'a?y, 0!

(B53)

(B54)

(B55)
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K,BI + ac,

{/@'E - {Oz + k(v + 0_1)} [E —aocB — a'yC]} Za

E

{/1 (14+07)C +aD] — [oc—i-/i(v—l—a_l)}a{C 'a?y.0; ”i}
{ (kD — oC] + [oz + k(v + 0_1)} a2266;1} %
{oz [ UA —ao¥,0;" 0_104266)6_1) -0 (1 + kA — ?)]
+ {oz +K(y+o0~ )} OéQEe@e_l}%

22
{ [ aokY,0,' — o takX, 0! 0—1—09”]
+ [oz +r(y+o 1)} aQZe@e_l}% <0, (B58)

ﬂge + ace

(a+ KY)Z. — [oz +r(y+ 0*1)} [aB + VC] E

{(a + k) [F — acB — 07C| — k [aB —1—76’]} —

(a+ K7) [C’ — o ta?x.0! } — k[aB + VC]} Z—

{ 7
{O&[C—KJB] (a+ ky)o ta?s,0; }E
E
%2 _ ) 5,
a l—l—/iA—e——/ﬁA—omZm@x — (a+ry)o ta?E 00! ol

2
a ll — T —ak¥,0, 1 (a+ ky)o ta?S.0; } ZE > 0. (B59)
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C The effects of increased robustness

This Appendix provides some proofs of the propositions in Section 4.
Note first that

gf - agé?’l”’ (C2)
% - §§f>0, (C3)
S@i _ gzzo, (C4)
géi — 0, (C5)
25 B W”’ (C6)
gz - "_10‘02;651 0, (C7)
geb; _ <1+gj>22 0, 8)
geE - %iff@ml”a (C9)
gi - 0‘20_15‘3@@_1 > 0. (C10)

C.1 Proof of Proposition 4

The reduced-form coefficients for inflation in the worst-case model are given by

(14 0v)%, oaY, aXle
_ g g = X 11
fim E " E T B (C11)
and the output coefficients are given by b; = —Aa; for all j. Thus, all coefficients

depend negatively (in absolute value) on F, and the effects of increased robustness
(a decrease in any #;) on the absolute value of all coeflicients have the opposite
sign relative to the effects on the coefficient E, which are all negative (see above).
Therefore, the inflation and output coefficients all increase in absolute value when

misspecification in any equation increases (any 6; falls). O
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C.2 Proofs of Propositions 5 and 6

Note that the exchange rate coefficients can be written as

D
_ 12
Cr o <0 (C12)
Co = gax <0, (C13)
o
Ce = gae>0. (C14)
a

Proof of Proposition 5

The effects of increased robustness against inflation misspecification on the inflation

and output coefficients in the exchange rate equation are given by

Ol 1 ; oD +D8aﬂ
00, —  l+oy| "00, o
(1+o0v)D3%3
ol _ 1, 00, o
20, ol “00, 00,
1 foa¥, X2 Caa(l +07)X2%,
- al| E 62 E202
o32Y,
caDY:2Y,
The coefficient on the exchange rate is given by
)
e — —— ) 1
c szc (C17)

so all derivatives have the opposite sign to those of ¢,. O

Proof of Proposition 6

The effects of increased robustness against output and exchange rate misspecification

on the inflation and output coefficients in the exchange rate equation are given by

0| cx| 1 oD Oay,
T, T T 1toy [“”%*Daex]
B 1 [(1 +07)E, 0aX, 0.} DUQOzQE,,Ei
1+ovy E 0. E?0?
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o?a¥, X2

0202, 52

= —(1+07y)C

_ Oleal 1
00, 14 o7

1+a’y[

= —[F—aD]

E6?

oD

Ar 77 +

o?ax, Y2
(14 o) E262
o?aX¥, X2
(1+07)E262

£262

00, 00,

(1+oy)S 0 'ax.0, "

Daaﬂ]

<0

a?y, 22

E
a¥, Y2

a?y, 32

Oc

= —|[E—aD]

= —(14o07)C

Ol 1
00, o

ol _ 1
00, o

and again all derivatives of ¢, have the opposite sign to those of ¢,. O

.
£ 00,
o3a?CY3
(1+07)E202

oC

axa—ee
ca?Cy, 32

(14 o7y)E26?

+C

+C

WL
aX, X2
(14 07)E%0?
aX,¥?
(14 o7y)E26?

Oa,
00,

> 0,

Oay
00,

> 0,

C.3 Proofs of Propositions 7 and 8

Recall that the policy rule coefficients are given by

d: = |0B+a5.0,"| Zn 0,

E

Y
d, = a[E—ozaB—a”yC’]fx>0,

d. = [aB+~C]
and that

E—aoB —oyC

IR
E

> 0,
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E262

<0,

|

£26?

|

(C18)

(C19)

(C20)

(C21)

(C22)
(C23)

(C24)



= C+a(D—-o0B)
= C—0'a?*s.0.!>0. (C25)

Proof of Proposition 7

The effects on the policy rule coefficients of increased robustness against inflation

and exchange rate misspecification are given by

Old| 13, 0F
o = 0B + 72,0, ] Fag >0 (C26)
Old.| 1 2:0FE  3,ayX.0;!
— 20, = {JB+0472666 } ﬁaiee—f—fT > 0, (C27)
COlds| o*y%, 0C B o?(aB+~C) %, OF
. —  E 06, E? 90+
_ 05 (L+07y)0® (aB +10) 8,57
- B2 E202
0?2y, 2
= — A+ (@B +1C) —vE] — 5
0?3, %2
= —[aB+~C —~(FE —ocaB — ovyC)] g < 0, (C28)
dld,| o?(aB +~C) %, 0F
_ - _ 2
26, o2 o6, =" (C29)
d|d.| oyX, 0C oY, OF
_ - i B o=
90, £ oo, BT 5 g,
oy DL Y, (1+o07)oXl%,
=~ g B0 g
o32Y,
= [(1+07y)(aB+~C) —~E] e 0, (C30)
9|d,| 0%, OE
_ = B . O 1
o6, — (BTO) Fgg >0 (C31)

Proof of Proposition 8

The effects on the policy rule coefficients of increased robustness against output

misspecification are given by

3|d,| oY OB IRDIN))
- = — B ) i
90, £ 00, 0B+ a3 a0,
acY,Y,0! 1 0?0, %,0. !
- _E—Qm—i_ |:O'B+OK’}/2696 :| EQ—Qx
) 1 aoS, 5,0t
= —[E-aocB-a*5.0,] — g <0 (C32)

41



_0ld,|
00,

_ Olde|
00,

ac?y, 0B  o*(aB+~C)%, OF

E 00, 2 a0,

a’0?%20,' oo’ (aB +10) X160,
E0, E?0,
2 222@*1

[E — o (aB +~0)] O“’T >0, (C33)

acYx, OB oYX, OF
5 o, T BT g

a?0¥, .01 a?0?3, 3.0 !
~—gg,  T@BHO) g

25%,5,.0-"

—[E—o(aB+~0)] MT <0. O (C34)
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Figure 1: Effects of an increased preference for robustness on the coefficients in the
worst-case model for inflation

(a) Inflation misspecification (b) Output misspecification
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Figure 2: Effects of an increased preference for robustness on the coefficients in the

worst-case model for output
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Figure 3: Effects of an increased preference for robustness on the coefficients in the

worst-case model for the exchange rate
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Figure 4: Effects of an increased preference for robustness on the coefficients in the
policy rule

(a) Inflation misspecification (b) Output misspecification
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Figure 5: Effects of an increased preference for robustness on the coefficients in the
approximating model for inflation
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Figure 6: Effects of an increased preference for robustness on the coefficients in the
approximating model for output

(a) Inflation misspecification (b) Output misspecification
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Figure 7: Effects of an increased preference for robustness on the coefficients in the
approximating model for the exchange rate
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