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Abstract

This paper studies a general equilibrium model that is consistent with recent
empirical evidence showing that the U.S. price level and inflation are much more
responsive to aggregate technology shocks than to monetary policy shocks.
Specifically, we show that the fact that aggregate technology shocks are more
volatile than monetary policy shocks induces firms to pay more attention to
the former than to the latter. However, most important, this work adds to the
literature by analytically showing how monetary policy feedback rules affect the
incentives faced by firms in allocating attention. A policy rule responding more
actively to inflation fluctuations induces firms to pay relatively more attention
to more volatile shocks, helping to rationalize the observed behavior of prices

in response to technology and monetary policy shocks.
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1 Introduction

Empirical work on nominal price adjustment has shown that the U.S. aggregate price
level and inflation are much more responsive to aggregate technology shocks, such
as innovation in total factor productivity, than to monetary policy shocks, such as
unexpected innovations in the Federal Funds rate.! Moreover, the difference between
inflation adjustment speed to the two shocks is more evident in the sub-sample co-
inciding with Volcker and Greenspan at the helm of the Federal Reserve.? Standard
models of sticky prices have a hard time explaining the different behavior of the price
level and inflation in response to these two aggregate shocks.® Indeed, one of the
central issues in modern macroeconomics is understanding how firms set their prices
in response to different aggregate shocks. This is an important task for monetary
policy analysis and implementation. Understanding the transmission of technology
and monetary policy shocks is particularly relevant as these shocks account together
for a large fraction of business cycle fluctuations.*

We study a model that is consistent with the empirical evidence that prices re-
spond much more quickly to aggregate technology shocks than to monetary policy
shocks. We show that this response pattern arises naturally in a framework based on
imperfect information with an endogenous choice of information structure similar to
Sims (2003). In this model, firms will optimally choose to allocate more attention to
those particular shocks that, in expectations, most reduce profits when prices are not
adjusted properly. The more attention firms pay to a type of shock, the faster they
respond to it.

This is a result that has been emphasized in the seminal paper by Mackowiak and

'See Altig, Christiano, Eichenbaum and Linde (2011).
2See Paciello (2011).

3See Dupor, Han and Tsai (2009).

4See, for intance, Smets and Wouters (2007).



Wiederholt (2009), where these authors have shown that firms pay more attention to
sector specific shocks than to aggregate nominal shocks roughly because the former
are much more volatile than the latter. So, at first sight, this result would directly
translate to a framework with aggregate technology and monetary policy shocks:
since in the U.S. aggregate technology shocks are more volatile than monetary policy
shocks, everything else being equal, firms allocate more attention to the former than
to latter, inducing faster price responses to technology shocks.’

However, most important, we show that this is not the whole story. In a standard
general equilibrium model, for given shock volatilities, the coefficients of the monetary
policy rule may amplify or reduce differences in attention allocation across different
types of shocks. This paper adds to the literature on two dimensions. First, the
paper provides an analytical characterization of the solution to the general equilib-
rium model. This analytical solution allows to capture fully the interaction between
monetary policy, real rigidities and complementarity in attention allocation. Second,
most important, the paper shows that allowing for a feedback rule in monetary policy
improves substantially the ability of the rational inattention model to match the rel-
atively fast response of inflation to aggregate productivity shocks, and the relatively
slow response to monetary policy shocks. In particular, we show that, when the sys-
tematic component of monetary policy responds more to inflation fluctuations, com-
plementarity in attention allocation increases. This higher complementarity induce
firms to pay more attention to the same variables that other firms pay more atten-
tion to, amplifying the difference in price responsiveness to technology and monetary
policy shocks. We show that a high degree of monetary policy feedback to inflation

helps to reconcile the rational inattention model with the empirical evidence about

’Figure 1 plots the growth rate in total factor productivity and the change in the Federal Funds
rate from 1960 to 2007. Other authors have estimated the volatility of technology and monetary
policy shocks within DSGE models. See, for instance, Smets and Wouters (2007).



the response of inflation to aggregate technology and monetary policy shocks.

Moreover, this novel mechanism of transmission introduces an asymmetry in the
way changes in the systematic response of monetary policy to inflation influence price
responsiveness to different shocks. When, for instance, policy responds more against
inflation, the new equilibrium is characterized by a larger fraction of attention paid
to the most volatile shocks, and a smaller fraction paid to the least volatile ones. As
a consequence of the change in policy, everything else being equal, this channel of
transmission causes price variability to reduce relatively less conditional on the most
volatile shocks, and more conditional on the least volatile ones.

The results of this paper are obtained within a standard general equilibrium frame-
work with a representative household, monopolistically competitive firms and a cen-
tral bank that controls money supply so that the equilibrium dynamics of the nominal
interest resemble the ones of a Taylor-type policy rule. In this model, prices respond
more to the realizations of shocks about which firms are better informed. Technology
shocks are aggregate innovations to labor productivity, while monetary policy shocks
are shocks to money supply. The only friction introduced in this framework is that
firms might not be well informed about the realizations of the shocks when changing
their prices. The information structure of the economy is modeled along the lines of
Mackowiak and Wiederholt (2009). There is a limit on the total attention each firm
can pay to the different shocks. This limit introduces a trade-off in the allocation of
attention.

This paper relates to the large literature studying price setting decisions under
incomplete information. Incomplete information theories have been popular in ac-
counting for the sluggish price adjustment in response to monetary policy shocks.
Behind these theories there is the assumption that firms only pay attention to a

relatively small number of economic indicators. With imprecise information about



aggregate conditions, prices respond with delay to changes in nominal spending. This
simple idea was first proposed by Phelps (1970) and formalized by Lucas (1972). More
recently Woodford (2002), Mankiw and Reis (2006), and Sims (2003), have renewed
attention to imperfect information and limited information processing as sources of
inertial prices.

Sims (2003) and Mackowiak and Wiederholt (2009) study the endogenous opti-
mal choice of the information structure. In particular, Mackowiak and Wiederholt
(2009) focus on the differential responses of prices to aggregate nominal shocks versus
idiosyncratic shocks in a framework with limited information-processing capabilities,
and with an exogenous process for nominal spending. In a recent and parallel work
Mackowiak and Wiederholt (2010) have extended their previous analysis to study
business cycle dynamics under rational inattention in a DSGE model. Differently
from this paper, Ma¢kowiak and Wiederholt (2010) consider an economy where both
households and firms are imperfectly informed. This paper focuses instead on a sim-
pler model where only firms are imperfectly informed so to study more in detail the
interaction between monetary policy and allocation of attention in the price setting
decision. This approach allows for a closed form solution to the model, which fully
characterizes the channel of transmission from policy to the attention allocation de-
cision.

Finally, within the imperfect information literature, Hellwig and Veldkamp (2009)
have recently emphasized the interaction of strategic complementarity in price setting
with endogenous information acquisition by firms. Relative to these authors, this
paper further shows how the interaction of strategic complementarity in price setting
and endogenous information acquisition depends on monetary policy activism.

The paper is organized as follows. Section 2 introduces the model. Section 3

describes the solution of the model in the case of i.i.d. shocks. Section 4 discusses the



solution to persistent innovations and implications for inflation responses. Section 5
considers the case of a nominal interest rate rule. Section 6 considers the case of a

cashless economy. Section 6 concludes.

2 The model

Apart from the information structure, this paper studies a standard general equi-
librium model of incomplete nominal adjustment with monopolistic firms along the
lines of Blanchard and Kiyotaki (1987). The information structure of firms is modeled
along the lines of Mackowiak and Wiederholt (2009). Time is discrete and infinite.
Most of the analysis will focus on a model with #id productivity and monetary policy
shocks, allowing for an analytical characterization of the equilibrium. In Section 4 we
will consider the case of persistent shocks.

Household: The representative household’s preferences over sequences of the

final good consumption C; and labor supply L, are given by

00 Cl—o' Ll—i—w
— t t t
Uo=Eo) (1_0—1+¢ , (1)

where 3 € (0, 1) is the discount factor, and 1) > 0 is the inverse of the Frisch elasticity.

The final consumption good is obtained through a Dixit-Stiglitz aggregator over the

C, = [ /0 1 (i)™ dz} & : 2)

where 6 > 1 determines the elasticity of substitution across varieties. The household’s

different varieties ¢,

objective is to maximize (1) with respect to {Cy, Ly, ¢iy, Biy1, M1} o, subject to its



sequence of flow budget constraints, for 7 = 0,1, ...

My + By = Ry_1By 1 + WLy + Dy + (My—y — P_1Cy_q) (3)

where P, is the price of the final consumption good, W; the nominal wage rate, and
D, the aggregate profits of the corporate sector rebated to the household. The rep-
resentative household can transform pre-consumption wealth in period ¢ into money
balances, M;, and bond holdings, B;, paying an interest rate R; in period ¢ + 1. The
purpose of holding money is to purchase goods. We assume that the representative

household faces the following cash-in-advance constraint

P,C, < M,. (4)

The representative household also faces a no-Ponzi-scheme condition. We assume for
simplicity that R; > 1 for all ¢, so that (4) is always binding.

We introduce the cash-in-advance constraint because it allows to obtain a map-
ping from the monetary policy instrument, i.e. the control of money supply, to the
monetary policy target, i.e. the nominal interest rare. The advantage of explicitly
deriving this mapping is that of avoiding multiplicity of equilibria. In Section 5 we
show that our results can be extended to a cashless economy a la Woodford (2003).
The formulation of the cash-in-advance constraint given above implies that there are
no monetary transaction frictions because wage income can be transformed imme-
diately into cash and cash can be spent immediately on goods. This specification
of the cash-in-advance constraint is equivalent to the specification in Atkeson, Chari

and Kehoe (2010).® We decided to adopt this formulation in the benchmark economy

6 Atkeson, Chari and Kehoe (2010) show how this formulation is equivalent to an alternative
formulation where cash has to be held for one period before it can be spent on consumption goods



for two reasons. First, this formulation of the cash-in-advance constraint allows for

a more efficient and transparent solution of the model.” Second, this specification of

our economy is observationally equivalent to the one adopted by Melosi (2011), so

that we can use his empirical estimates to evaluate the predictions of our model.
The optimal demand of variety ¢ is given by

-0
Ciy = C(pz‘,t) = (%) Cs. (5)

where p;; is the price of variety 7. The first order conditions for labor supply, money

and nominal bond demands imply

Wi

Ftt - CtLZZZJJ (6)
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M, = PC, (8)

Monetary Policy: The monetary authority controls money supply M;, according
to the following rule

lth:¢plnPt+¢xlnXt+ant, (9)

where X; = &t is the ratio of aggregate consumption to efficient consumption C; .8
C gereg t
t

The variable @), is an exogenous disturbance to money supply and is given by

In@Q; = pg + pyIn Q-1+ €44, (10)

and the government subsidizes labor with a subsidy rate equal to the risk-free nominal interest rate.
"This assumption avoids forward-looking variables in the problem of firms, so that the Kalman
filter can be used to solve the signal extraction problem as shown by Woodford (2002).
8In this model output coincides with consumption. Efficient consumption corressponds to the
level of consumption in the model with flexible prices and perfect information, C} = AT A,



where €, is an d and normally distributed monetary policy disturbance, €,; -
N (O, 0(21) ,and p, € [0,1]. The money supply rule in (9)-(10) is the sum of a systematic
component, ¢, In P; + ¢, In X;, that adjusts money supply in response to fluctuations
in inflation and output-gap, and an exogenous stochastic process, In ();, capturing
exogenous dynamics in money supply. The money supply rule in (9)-(10) is appealing
for two reasons. First, the intertemporal Euler condition in (7) and the rule for money
supply in (9)-(10) imply that the path for the nominal interest rate is, to a first order

approximation, given by

R, ITy 14 Xit1
In =~ ¢, {ln o + ¢, F; |In X, | (11)
where R is the nominal interest rate in the non-stochastic steady state, II,;; = Pgl.

The expression for the nominal interest rate in (11) is appealing as it resembles policies
of the type suggested by Taylor rules, where the nominal interest rate responds to
expected inflation and output fluctuations.” Second, if ¢, = ¢, = 0, i.e. there is no
feedback, the money rule in (9)-(10) is comparable to the rules studied by Woodford
(2002), Mackowiak and Wiederholt (2009) and Melosi (2011). This facilitates the
comparison of results of this paper to those benchmark.

In Section 5, we will solve the model in the case of a cashless economy where
monetary policy is specified directly in terms of the nominal interest rate.

Firms: Each variety ¢ is produced by a single monopolistic firm using labor as

the only input into production, according to

Yir = Al (12)

90n the empirical side, a number of authors have emphasized that policy rules like (11) provide
reasonable good descriptions of the way major central banks behave, at least in recent years. See,
e.g., Orphanides (2003).



where A; is an aggregate exogenous process evolving according to
In At = g T Pq In Atfl + Eats (13)

where ¢, are normally distributed technology innovations to aggregate labor pro-
ductivity, €, «~ N (0,62), and p, € [0,1]. The parameter a € [0,1] determines the

returns to scale in production.'® Firm i’s nominal profits are given by
Tit = DitYir — Wilit. (14)
Given (5), (12) and (14), profit-maximization implies

g (17,) = aglog (50 ) +log(R) + € os(CO — A), (1)

where p;, denotes the desired price, and { = as ) is the degree of real rigidity.

a+0(1—
Information structure: We now specify the assumptions about the information

structure. he information set of the price setter in firm ¢ in period t is
Qi = Qi1 U {560, 8i15- -5 S} (16)

where (2; _; is the initial information set of the price setter in firm 7 and s, ; is the signal
that he or she receives in period ¢. The latter is a two-dimensional vector consisting of
a noisy signal concerning aggregate technology and a noisy signal concerning money
supply:

Saig = I (Ay) +1;4

Sgit = I (@) + Cit

Sit = (17)

)

10This may correspond for instance to the presence of a firm-specific factor that is costly to adjust
at short horizons.



We assume that the noise in the signal is due to limited attention by the decision-

maker.!!

The noise in the signal has the following properties: (i) the processes
{ni,t}zo and {Civt}zo are independent of the processes {4;};~, and {Q;},~,, (ii) the
processes {ni,t}zo and {C i,t}zo are independent across firms and independent of each
other, and (iii) », , and (; , follow Gaussian white noise processes with variances 072] and
ag. The assumption that the noise in the signal is idiosyncratic accords well with the
idea that the source of noise is limited attention by individual decision-makers rather
than lack of publicly available information. The assumption that decision-makers in
firms receive independent signals concerning aggregate technology and money supply
is for tractability. This assumption is a simplification of reality that has the impor-
tant advantage of introducing an endogenous information choice into an otherwise
standard general equilibrium framework, while keeping the model tractable enough
to allow for a closed form solution. This solution provides valuable information on the
interaction between the different components of the model. Moreover, this structure
is easily comparable to most of the new-Keynesian literature, where frictions in price
setting received large attention.

Firms decide how to allocate their attention in period zero, before making the price
setting decisions, by maximizing the discounted sum of profits from future activity,
FE Zfi 0 Qo,tm,t.u In order to have an analytical solution to the attention allocation
problem, this paper considers a second order Taylor expansion of the discounted
sum of future profits around the non-stochastic steady state, in deviation from the

discounted value of profits under the full-information profit-maximizing behavior.

' Think of the noise in the signal as the noise in the answers you get when you ask a sample of
economists what the official CPI inflation rate for the United States was last year.

12In the static equilibrium of this model this assumption is irrelevant as the attention allocation
choice is time-consistent.

10



The attention allocation problem of firm i reads'®

{CIrHaX} —A Z B'E [(IOg (pit) — log (p;:t))Q} ) (18)
m Te t=0

subject the optimal price setting behavior conditional on the information available at

each period,

log (pit) = E [log (pzt) | Qi,t} , (19)

and to to the information flow constraint

1 0-124|t71 1 O-ZQ\tfl
k=—logy | —— | + =log, | —— |, (20)
2 < ai‘t 2 Uggu

where €;; = Q11 U {Sqis, Sgit} 1s the information set available to 1, ‘7124\15 and 0124“71
denote the conditional variance of A; given information of the price setter of firm ¢ in
period t and ¢ — 1 respectively, and O’ZQ‘t and JQQ‘FI denote the conditional variance
of @); given information of the price setter of firm 7 in period ¢ and ¢ — 1 respectively.
The constraint (20) measures the mutual information between the signal process {s;; }
and the structural shocks {A;, Q;}.!* The more information about the structural
shocks into signals, the larger the measure of mutual information. The parameter s
indexes firm’s total attention, measuring the per-period information flow about the

two shocks. In practice, if k is finite, the information flow constraint prevents decision

1
[e% «

3The parameter A is given by A = L1tV 2 (1 +4.5 (2 - 1)) > 0 where L is the level

of consumption in the non-stochastic steady state. See Maéckowiak and Wiederholt (2009) for a
derivation. and a discussion of the reliability of the approximation.
4 Formally, the mutual information is given by

K=h(Ay, Q¢ Q1) — h (A, Qe|Qis),

where h(A, Q¢€;,—1) denotes the conditional entropy of A; and Q; given Q; ;1 and h (A, Q¢|Qi1)
denotes the conditional entropy of A; and Q; given ;. Given that {A¢, sq4i} and {Qy, sqit} are
independent and normally distributed the mutual information can be written as in (20).

11



makers from choosing p;; = pj, in each period and state of the world. The units of
measure of k relates to the capacity of a channel of transmitting information, and are
given by bits. For instance, one bit is the channel capacity needed to communicate
the realization of a fair coin flip.!® The signal structure (17), together with constraint
(20), implies a trade-off in the attention allocation across the two types of shocks: if
a firm pays more attention to one type of shock (i.e. chooses the corresponding signal
process to be relatively more informative), it necessarily has to pay less attention to

the other type of shock.

2.1 The equilibrium

The model is solved through a log-linearization of the first order conditions character-
izing the equilibrium of the economy in a neighborhood of the non-stochastic steady
state. The economy as two aggregate states, A; and ();. Solving for the equilibrium
of this economy requires solving for a fixed point. In fact, the attention allocation
problem in (18) — (19) depends on the stochastic process for the profit-maximizing
price, pj;, which in turn depends on the stochastic process for the price level, b,
The latter is an average over all intermediate good prices and therefore depends it-
self on the solution to the attention allocation problem of firms. In what follows
X, = log X; —log X denotes the value of X; in log-deviations from the non-stochastic

steady state.

Definition 1 A stationary equilibrium is a set of functions, Cy (), L (-), P (-),
Wi (-), My, By, Ri(:), of the two aggregate states, A; and Qy, a set of functions,
Pie () pie ()5 cie(4), Lig (+), of the two aggregate states, A; and Qy, as well as of the

realizations of firm specific signals, and two scalars, o, and o, such that:

15See Cover and Thomas (1991) for more details.

12



(i) {C, (), Ly (-), My, B} mazimizes (1)lsubject to (2) — (4)
(ii) P, (-) satisfies P = [ J; (i)'~ di| "

(iii) o, and o, mazimize (18) subject to (19) — (20);

(iv) pi; () satisfies (15), and p;; (-) satisfies (19)

(v) civ () = yia (-) and Ly (-) = [ L (-) dis

(vi) all other markets clear.

3 The case of i.i.d. aggregate shocks

In this section we obtain an analytical solution to the model in a special case where

Ay and @y are 7id over time, i.e. InQy = p, + €44 and In Ay = 1, + €44

Proposition 1 Let p, = p, = 0. Let 0 = 0,/0, and ¢ = (1 —¢,) / (1 — ¢,). There
exists a stationary equilibrium in which the equilibrium dynamics of economic vari-
ables in period t are given by a set of linear functions of e, and 4. In this equilib-

rium, the price level and consumption are given by

A §
P, = 1_—% (%ﬁq,t - %fa,t) ) (21)
¢, = M,- P, (22)

where vy, and vy, are coefficients given by

(% 0) if o>
(Vai ) =4 (T(0); T (2)) if i<

Q
IA
QI
~~
[\)
=

=
2
S';
Q
AN
Qi
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while 7, &, and the function I'(-) are given by

~ 1 — 272n
T i aea-2 2
T (:L') _ 9255 + 2;% (1_; ng) - 272’{&, (25)
(0€)" =272 (1 - ¢¢)

G = Maz{l; 2°¢¢+27"(1—¢)}. (26)

Proof. See Appendix A. =

The equilibrium responses of prices to the two shocks depend on relative volatility,
o, on the degree of real rigidity, £, on the average quantity of information processed
per period, k, and on ¢. The parameter ¢ has an important economic meaning, as it
indexes relative monetary policy aggressiveness on expected inflation and output-gap.

The function I' (+) determines the equilibrium price level responsiveness to a given
shock as a function of relative volatility of that shock. The function I' (+) is increasing
in its argument for values of ¢ € (1/5, 7). The latter follows from noticing that
the denominator of (25) is strictly positive at an interior solution of the attention
allocation problem.!® Therefore, the equilibrium price level is more responsive to
relatively more volatile shocks.

Moreover, the slope of I' (-) with respect to its argument depends on ¢& and & :
the smaller ¢£ or k, the larger the impact of a change in relative volatility, o, on price
level responsiveness to the two shocks. The next proposition describes the relationship

between equilibrium price responsiveness and structural parameters.

Proposition 2 At an interior solution of the attention allocation problem in (18) —

(20),

6From (26) an interior solution requires 2%¢¢ + 27" (1 — ¢¢) > 1, which then implies that the
denominator in (25) is positive.

14



1. Relative price responsiveness, v = z—“, 15 strictly increasing in the relative stan-
q

dard deviation of technology shocks, o, i.e. I (-) > 0.

2. Ifo > 1 (0 < 1), relative price responsiveness to technology shocks, v, is strictly
decreasing (increasing) in the degree of real rigidity, &, in the degree of relative
monetary policy aggressiveness, ¢, and in the upper bound on information flow,

K.

3. If o = 1, relative price responsiveness is equal to v = 1, for all values of ¢p& and

K.

Proof. The results follow immediately from the definition of I" (-) and & in (23) —
(26). m

The higher the volatility of technology shocks relatively to monetary policy shocks,
the higher price responsiveness to technology shocks relative to policy shocks. The
lower @& or k, the higher the difference in price responsiveness to the two shocks.
When ¢¢ is low enough, the model implies a corner solution where prices only re-
spond to the most volatile shock. Finally notice that the level of the volatility of the
two shocks does not matter for the allocation of attention, as long as their ratio is

constant.!'”

3.1 Equilibrium attention allocation and monetary policy rule

Solving the attention allocation problem implies choosing the precision of signals (17)
so to maximize (18) subject to (20) — (19) . This problem depends on the equilibrium

dynamics of the desired price. These dynamics are obtained by substituting (22) into

170One could also think of a model where  is endogenous. In that case it is possible that the
allocation of attention responds to the level of volatility of the economy when s responds to changes
in the level of volatility.
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(15),

Ak > § _
pi=1—E&) P+ 110, (gt — €art) (27)

where the equilibrium dynamics of P; are given by (21) — (26). The coefficient £¢ can
be interpreted as the degree of strategic complementarity in price setting: the smaller
&¢, the larger the feedback from the price level to desired prices.

In equilibrium, the optimal attention allocation is such that signal precision to

each type of shock is given by

(1—27%;0) if o >0
o % .
(0-2+O-2*;O-2+0-2*) - <1_2w_0'7 1_2_’%‘)0’) Zfégo-ga- (28)
a n q S
(0; 1 —27%F) if o<1

where w represents desired price responsiveness to technology shocks relative to mon-

etary policy shocks,
(1—6) 7, +1
= : 29
T, 1 29)

firms allocate relatively more attention to technology shocks than to monetary policy
shocks either because technology shocks are more volatile, i.e. o > 1, or because
they have a larger impact on the desired price than monetary policy shocks, i.e.
w > 1.'® However, while shock volatilities are exogenous to the model, desired price
responsiveness is not. In particular, by substituting (23) into (29) it is possible to

derive w as a function only of the structural parameters of the model,

g 127 (1 g¢)
o€ — 02 (1— 68)’

w

(30)

It follows from (28) and (30) that shock volatilities affect the attention allocation

I8More details on the solution to the attention problem are available in Appendix A.
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through two channels. First, as discussed above, for given desired price responsiveness
to shocks, more attention is paid to more volatile shocks. Second, shock volatilities
influence the attention allocation problem through relative desired responsiveness,
w: since more volatile shocks receive relatively more attention by all firms, they
also have a higher associated price level responsiveness; the feedback effect from price
level responsiveness to the desired price responsiveness affects the attention allocation
decision.

Whether this feedback reinforces or reduces the impact of differences in volatili-
ties of shocks on the attention allocation decision depends on the value of ¢¢. It is
at this stage that parameters of the interest rate feedback rule affect the attention
allocation decision. If ¢¢ < 1, firm ¢ pays more attention a type of shock whenever
its competitors are more responsive to that type of shock, i.e. there are positive
complementarity in attention allocation. In this case, the feedback effect reinforces
the impact of different volatilities on attention allocation; in contrast, if ¢¢ > 1 the
opposite is true and there are negative complementarity in attention allocation and
the feedback effect reduces the impact of different volatilities.

Intuitively, an increase in ¢,, and therefore a lower ¢, reduces the fluctuations in
output-gap to all shocks. For given price level responsiveness, the smaller respon-
siveness of the output-gap to shocks induces the price level to be relatively more
important for desired price dynamics. Hence, complementarities are higher.

While studying optimal policy is beyond the scope of this paper, the paper yields
novel predictions on the impact of a change in the coefficients of the policy rule on the
economy when compared to more standard models of sticky prices. When monetary
authority changes the coefficients of the Taylor rule, it affects the economy through
two channels. The first channel is a standard one, taking place also in models of

nominal rigidities: for given information structure, a nominal interest rate respond-

17



ing more (less) to expected inflation accommodates technology shocks and offsets
monetary policy shocks more (less); this reduces (increases) output-gap fluctuations,
causing a smaller (larger) variability of prices to both types of shocks. The second
channel is novel: by affecting the degree of complementarity in attention allocation,
a more (less) active policy induces firms to pay more (less) attention to the most

volatile shocks and less (more) to the least volatile ones.

4 The case of persistent innovations

In this section we solve for the impulse responses of inflation and output to permanent
innovations in money supply and productivity, as of (10) and (13) respectively. In
particular, we assume that both innovations in money supply and productivity follow
a random walk, i.e. p, = p, = 1. We show that the feedback component of the
monetary policy rule is important to reconcile prediction from the rational inattention
model of this paper with empirical evidence about the impulse responses of inflation
to productivity and monetary policy shocks.

Differently from the case of i.i.d. shocks, the model with persistent innovations
cannot be solved analytically. However, for given allocation of attention, i.e. for
given specification of the signal process in (17), the model dynamics in log-deviations
from the non-stochastic steady state can be obtained by following the procedure in
Woodford (2002): by applying the Kalman filter, one can then compute an exact linear
rational expectations equilibrium of the log-linearized model by solving a Riccati
equation. This is true despite in this paper, differently from Woodford (2002), the
monetary policy rule can depend on endogenous variables as specified in (9). We
solve the model in two steps. In the first step, for given guess of o, and o, we solve

for the equilibrium dynamics of the economy as just described. In the second step,
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we solve for the optimal attention allocation, i.e. for the optimal o, and o, given
the equilibrium dynamics derived in step 1. Then We update the guess for o, and
o¢, and go to step 1 until convergence.

The time unit is the quarter. We drew on the business cycle literature for the
values of the preference parameter, 6, of output elasticity to labor, «, and discount
factor, 3. These parameters are the same used by Melosi (2011) in his estimation of the
model. In particular, similar to Woodford (2003), the demand elasticity parameter ¢
is set equal to = 11, while the parameter « is set equal to 2/3, to match the average
labor share of output in the U.S. The parameter v is set to ¢ = 1, so to imply the
Frisch labor elasticity equal to 1/2. This implies a degree of real rigidity ¢ = 2/3. The
discount factor 3 is set to § = 0.993, so to have an annual nominal interest rate in
steady state equal to 3 percent. We choose the standard deviation of innovations in
money growth, i.e. o,, to match the standard deviation of the quarterly inflation in
U.S. nominal GDP from 1980 to 2008, i.e. 0.6%. For simplicity we set the response of
money growth to output-gap to zero, i.e. ¢, = 0. This normalization is irrelevant for
the results of this section: what matters for the allocation of attention, and therefore
the speed of inflation adjustment, is the ratio ¢ = (1 — (bp) /(1 —¢,).

As the analytical solution in the i.i.d. case showed, the remaining three parameters,
04/0g, & = (1—9,) /(1 —¢,) and  are particularly important in determining the
equilibrium allocation of attention to productivity and monetary policy shocks, and
therefore the speed of impulse responses of inflation and output to these two shocks.
We proceed as follows. We choose a grid of values for the monetary policy feedback
parameter, ¢ € {0.01,0.5,1} . A stationary solution of the model requires ¢ > 0. For
each value of ¢, we choose ¢ and k to match the speed of inflation adjustment to
a technology and monetary policy shocks estimated by Paciello (2011) on U.S. data

from 1980 to 2006. In particular, inflation persistence to shock 7, 4 quarters after the
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TABLE 1

¢ 0.0l 050 1.00
o 12 17 138
k 32 037 0.22
ko kg 1.85 2.36 2.66

Table 1: k, is allocation of attention to productivity shock; &, is allocation of attention
to monetary policy shock. ¢ = (1—0,) /(1 — ¢,); 0 = 0a/0y,

shock, is measured as

r=1-= (31)

where 7“r’8 is the response of the inflation rate to shock i € {a, ¢}, evaluated s quarters
after the shock. According to this measure, inflation is weakly persistent when the
effects of shocks decay quickly, and it is strongly persistent when they decay slowly.
When the effects of shock i die quickly, r is close to zero for shorter horizons. But
when the effects of shock i decay slowly, r* remains far from zero for longer horizon.
According to Paciello (2011), inflation response to a productivity shock accomplishes
64% of its adjustment within the first year, i.e. r* = 0.34, while it accomplishes only
37% of its adjustment to a monetary policy shock within the first year, i.e. 77 = 0.63.
Therefore, for each value of ¢, we choose ¢ and s to match r* = 0.34 and r¢ = 0.63.
Table 1 reports the values of ¢ and k associated to each value of ¢ obtained from
the procedure just described, as well as the implied allocation of attention between
productivity and monetary policy shocks. Figure 2 plots inflation responses to a
productivity and to a monetary policy shock predicted by the model in the case of
¢ = 0.01. Two main results emerge from this exercise.

First, at ¢ = 1, i.e. in absence of monetary policy feedback, the model needs
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the volatility of the productivity shock to be 80% larger than the volatility of the
monetary policy innovation to match the empirical functions. This result is at odd
with empirical evidence from U.S. data. For instance, the volatility of the growth
rate in TFP estimated by Fernald (2007) is only about 30% larger than the volatility
in the growth rate of nominal GDP. This is a result emphasized by Melosi (2011)
who estimates the same model with ¢ = 1 and argues that, given the relatively
low empirical estimate of o, the rational inattention model cannot generate enough
asymmetry in the allocation of attention between the aggregate productivity and
monetary policy shock to match the empirical functions. However, Table 1 shows
that as the feedback in the monetary policy rule increases, i.e. ¢ goes towards zero,
the ratio of volatilities between the two aggregate shocks, o, needed to account for
the empirical impulse responses decreases. In fact, at ¢ = 0.01, we need the volatility
of the aggregate productivity shock to be just 20% larger than the volatility of the
monetary policy shock, i.e. o = 1.2. This result helps to reconcile the model with
the empirical evidence. In fact, direct estimates of on U.S. data suggest values of o
smaller than 1.3.1°

Second, the estimated value of k decreases with ¢. This result is intuitive as the
larger complementarity in price setting induced by the smaller value of ¢, substi-
tutes for the precision of the signals in generating inertia in inflation responses to
productivity and monetary policy shock. A relatively higher value of x is appealing
as it implies that firms face, everything else being equal, smaller losses from being
inattentive to the aggregate productivity and monetary policy shocks. In fact, the

overall loss from inattention decreases from 8% of steady state profits in the case of

YThis value of o is within the 95% confidence interval estimated by Melosi (2011). It is also
consistent with the ratio between the volatility of the quarterly U.S. TFP growth rate estimated by
Fernald (2007) and the volatility of the growth rate of nominal GDP in the U.S. from 1980 to 2006.
The latter implies a value of o = 1.3.
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¢ =1, to 0.8% of steady state profits in the case of ¢ = 0.01.2

Finally, this paper does not attempt to estimate directly the value of ¢, but rather
aims to show that the feedback component of monetary policy may help reconciling
the rational inattention model with the empirical evidence. Given the empirical ev-
idence on the volatility of innovations in productivity and monetary policy shocks,
and given the estimated inertia in inflation responses to productivity and monetary
policy shocks the model of this paper implies a relatively low value of ¢, in the order
of ¢ = 0.01. The latter means that the feedback component of monetary policy is

2L More generally,

an important determinant of the variability in the money supply.
a low value of ¢ implies higher strategic complementarity in price setting. In fact,
notice that the degree of complementarity in price setting in our model is given by
the product £¢. As argued by Woodford (2003), the New-Keynesian model needs
relatively low degree of complementarity, i.e. low £ and/or ¢, to explain inflation in-
ertia to nominal shocks. We find that the rational inattention model also need higher
strategic complementarity in price setting to explain the relatively fast response of
inflation to technology shocks and the relatively slow response to monetary policy
shocks. In absence of feedback in monetary policy, i.e. » = 1, the value of £ obtained
from standard calibration, does not imply enough strategic complementarity in price
setting to obtain this result. Allowing for a feedback component in the monetary pol-
icy rule can help bridging the gap and, therefore, help the model generating inflation
responses to productivity and monetary policy shocks that are closer to the empirical
estimates. However, notice that other sources of strategic complementarity in price
setting and/or the presence of firm specific productivity shocks, may reduce the need

of feedback in monetary policy to explain inflation responses to monetary policy and

20Losses are expressed relatively to profits evaluated at the profit-maximizing price under perfect
information.
21See Clarida, Gali and Gertler (1999) for a review.
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productivity shocks.?? In this sense, we should interpret the value of ¢ = 0.01 as a
lower bound on the extent of feedback in monetary policy needed to match inflation

responses.

5 Extension: a nominal interest rate rule

In this section we assume that monetary policy is not specified in terms of a money
supply rule, but rather an interest rate rule. In particular, equations (9)-(11) are

replaced by the following equation

Ry (R P EHt+1 or Y %y
R \R C I v

where €,; « N (0,02) and i.i.d., and money supply M, is adjusted residually to satisfy

17p7‘

et (32)

demand determined by nominal spending through (4). The rest of the economy is
unchanged from previous sections. It is not possible to solve the model analytically
so I use numerical methods.?

Given the importance of monetary policy and shocks volatilities in determining
allocation of attention and shaping price responses in my model, we consider two
different set of parameters governing the monetary policy rule in (32) and the pro-
ductivity process in (13) .>* Monetary policy parameters are set equal to estimates of
(32) obtained by Clarida et al. (1999) on U.S. data, for the pre-Volcker and Volcker-

Greenspan periods. The volatility and persistence parameters of the productivity

22In Mackowiak and Wiederholt (2011) higher strategic complementarity in price setting may
arise from households being imperfectly informed. See instead Melosi (2011) for a setup where firm
specific productivity shocks imply higher attention allocation to aggregate productivity shocks.

23See Appendix B for more detalis.

24In fact, several studies (e.g. Clarida et al. (1999)) suggest that U.S. monetary policy has changed
substantially since the election of Volcker at the helm of the Federal Reserve. In addition, Justiniano
and Primiceri (2008) among others have shown that volatility of productivity and monetary policy
shocks have declined substantially since the mid-80’s.
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TABLE 2

¢7r ¢y pr Or pa Oq
Pre-Volcker 0.8 0.27 0.68 0.004 0.61 0.008
Volcker-Greenspan 2.15 0.93 0.79 0.002 0.72 0.005

Table 2: k, is allocation of attention to productivity shock; k&, is allocation of attention
to monetary policy shock. ¢ = (1—0,) /(1 — ¢,); 0 = 04/0y,

process are set equal to estimates obtained from fitting (13) to the detrended log-
arithm of U.S. total factor productivity estimated by Fernald (2007) over the two
subsamples.?

These parameters are displayed in Table 2: policy coefficients on inflation and
output-gap more than double in the Volcker-Greenspan period, while shock volatilities
reduce approximately by a half, although the ratio ¢ is approximately equal to two
in both periods. We set k = 3.5 so that the cost of processing information is similar
to the value estimated by Zbaracki et al. (2004), i.e. 4.4% of steady state profits.?®
Notice that this parametrization of k is conservative if compared to existing studies
such as Ma¢kowiak and Wiederholt (2009), where firms devote less than one unit of
k to track aggregate shocks. Remaining parameters are chosen as in the previous
section.

Figure 3 plots the impulse responses of inflation and output to one standard
deviation technology and monetary policy shocks under both the pre-Volcker and
the Volcker-Greenspan parametrizations. The model predicts that inflation responds
more and faster to technology shocks in the Volcker-Greenspan period than in the pre-

Volcker period. In contrast, the model predicts that inflation responds relatively more

2 Fernald (2007) estimates TFP in the U.S. with a Solow residual approach, adjusting for labor
hoarding and capital utilization.

26We measure the cost of processing information in my model as the product of x and the La-
grangian multiplier associated to the constraint on information flow. The latter can be interpreted
as the shadow price of k.
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to monetary policy shocks in the pre-Volcker period than in the Volcker-Greenspan
period. These predictions are consistent, at least qualitatively, with empirical findings
in Paciello (2011). In addition, the model predicts that the impact of a technology
shock on output is higher in the Volcker-Greenspan period than in the pre-Volcker
period, while monetary policy shocks have larger real effects in the pre-Volcker period
than in the Volcker-Greenspan period. In fact, the endogenous fraction of x allocated
to technology shocks across the two subsamples goes from about 53 percent in the
pre-Volcker period to 89 percent in the Volcker-Greenspan period, implying a rela-
tively higher (lower) degree of price rigidity to technology (monetary policy) shocks in
the pre-Volcker period than in Volcker-Greenspan period. This explains the different
impact of the policy change on inflation or output responses conditional on the two
shocks. But what is the main cause of the shift in allocation of attention towards
technology shocks? We know from the results of the previous section that the alloca-
tion of attention is determined by the relative volatility of the two shocks and by the
coefficients of the monetary policy rule. The relative volatility of the two shocks has
not changed much across the two subsamples, going from o+ = 2 in the pre-Volcker
period to ‘;—j = 2.5 in the Volcker-Greenspan period. In fact, it turns out that the
main cause of the shift in allocation of attention towards technology shocks is the
change in monetary policy.?” The latter has induced an increase in complementarity
in allocation of attention across firms, amplifying the incentives to allocate relatively
more attention to technology shocks, for given volatilities of shocks.

These predictions are consistent with empirical evidence by Gali, Lopez-Salido

and Valles (2003) and Boivin and Giannoni (2006). However, differently from the

27T have solved the model in the counterfactual case where all parameters are identical across the
two sub-samples, while policy changes. I have found that results in terms of allocation of attention
and impulse responses in the two subsamples are very similar.
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case of the previous section, the version of the model with the nominal interest rate
rule cannot generate enough persistence in inflation response to both types of shocks.
In fact, the basic framework of this paper allows for a closed form solution, but is too
simple to fully account for business cycle dynamics. For instance, the model does not
allow for physical capital accumulation, or for habit persistence in consumption, which
typically increase inflation persistence in response to aggregate shocks. Extending
the basic framework to incorporate these features is an important step to evaluate
the ability of these models to account for business cycle dynamics. Mackowiak and

Wiederholt (2010) is an important contribution in this direction.

6 Concluding remarks

This paper has analytically derived the channel through which the feedback com-
ponent of a monetary policy rule affect the attention allocation decision by firms.
According to this channel, a monetary policy rule responding relatively more aggres-
sively to inflation increases relative differences in price responsiveness to technology
and monetary policy shocks by inducing firms to allocate more attention to the most
volatile shock.

This paper shows that a simple model of price setting under rational inattention
and attention allocation naturally generates inflation to adjust faster to aggregate
technology shocks than to monetary policy shocks. Similarly to more standard Calvo-
style models of price rigidities, inertia in inflation response arises from frictions in price
setting. The less informed firms are on aggregate shocks, the larger inertia in inflation
responses. However, differently from the Calvo model of price rigidity where firms
adjust prices to all shocks at the same time, with endogenous attention decision the

extent of the imperfect information friction may vary conditional on different types of
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aggregate shocks. In the model of this paper, firms have incentives to allocate more
attention to technology shocks than to monetary policy shocks because the former
are more volatile than the latter. However, most importantly, this paper shows that a
combination of relatively high real rigidity and aggressive monetary policy is needed
to magnify the impact of different volatilities on relative price responsiveness. In
particular, a monetary policy rule responding to inflation and output amplifies the
effects of exogenous shock volatility differential on the attention allocation decision

and, therefore, on price responsiveness differential to the two shocks.
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A Appendix: Proof of Proposition 1

I use the method of undetermined coefficients to show that (21) — (26) is an equilib-
rium.
(Step 1): Derivation of desired responses conditional on each shock

By substituting (22) into (15), it follows that

5 : §
(1= ) Bt — (e — cay) 33
piy=1—9¢&) B+ 1+ o, (eqt — €ayt) (33)
where ¢ = i:zp In addition, by substituting (21) into (33), pj, can be expressed as

the sum of two independent components, each depending on one of the two types of

shocks, pf, = ph;, + Dy, Where py,; , and py, , are defined as

. §
Paig = —w(Va) 1= g cat (34)
I g
pqi,t = w (Vq) 1 — ¢ Eqpt) (35)
and where w (-) is a linear function of v, and ~,,
wx)=01-¢&z+1. (36)

(Step 2): Solving the attention allocation problem

Given (34) — (36), it is possible to solve the attention allocation problem in (18)
— (19) as a function of , and ~,. By substituting (34) — (36) into (19), and using the
independence assumption, s,;; L 54+, it is possible to express p;+ as Piy = Dait + Dyi.ts
where foiy = E [Pl | st;] and iy = E [l | st;] - Notice that in the equilibrium

of the model in Section 2 conditional expectations coincide with unconditional ones.
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Therefore (18) can be expressed as

1
LY [(pqi,t _ p;i,t)Q] .

_/\iﬁtE [(log (pit) — log (pft)) ] = —ﬁAE [(ﬁm;,t — ﬁ;i,t)2i| 1 3
t=0

From (17) and (34) — (36) it follows that

o? £
i =~y it 37
Dait 0_(21_’_0_727(‘0(7(1) 1_¢IS )t ( )
2
g
~ _ q
Dgit = 2+ o2 (vq) ] ¢x8qi,t- (38)

By substituting the results above into the objective function, the attention allocation

problem reads

B TR g WO T g e o
subject to the information flow constraint
%log2 (1 + Z—%) + %log2 <1 + Z—g) = K.
The the first-order conditions to this problem imply
(1 —272% 0) if wo > 2%
(40)

: 1—2*%;0) if 277 <wo < 2%

o
F)=) -2
(0; 1 —27%) if wo <277

where w = ¢ and 0 = %
T q
(Step 3): Solving for undetermined coefficients v, and 7,

From the absence of ex-ante heterogeneity across firms, it follows that all firms
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2%

make the same attention allocation decision: ¢2* = v2*and o?* = v2* for all 7. Using

(21), (17) and (37) — (38)it follows

12 52
€ = — _w Eqt F Ugis|di = —2—w €
e = [ (0 e vl = T ()
1 42 2
_ q . q
Yot = /0 —0(21 n U?*w (fyq) [Eqt + Ugis] di = —02 - U?*w (’yq) Eqts

where the second equality follows from the assumption that errors in information
processing are independent across firms, fol n;.di =0, fol Gi+di = 0. By substituting
(40) in the equations above it follows that at an interior solution of the attention

problem:

Yo = W) —2"w(y,) =) =T1(0),

B = (vq)—z“wma):r(l),

o

SHE

where the second equality follows from using (36) and function I' (+) is given by
B 272/{ + ggb (1 o 272,%) o /{%

9-
I'(z) 2 on 2
(£9)" =27 (1 =&9)

At the corner solution the shock j = a, q that receives all the attention as an associated

o 1_272;&
Vi T Tamep a2

L while v_; = 0.
(Step 4): Derivation of &
An interior solution to the attention allocation problem requires that 0 <

2
Ugi—‘;?]* <1—-2%and 0 < agi—frz* < 1 —272% The latter requires: 27* < wo < 2.

These two conditions are contemporaneously satisfied when

max {1;2°¢¢ + 27" (1 — ¢€) } .

<o <L 0o,and 7 =

Qi+~
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Figure 1: Growth rate in quarterly growth rate in U.S. TFP (annual basis) estimated
by Fernald (2007) and change in the quarterly average of the FedFunds rate (annual
basis).
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Figure 2: Inflation responses to a positive aggregate technology shock (top panel)
and to a negative shock to money supply (bottom panel). Impulse responses are
normalized so that the response of inflation on impact is equal to —1.
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Figure 3: Inflation and output impulse responses to one standard deviation technol-
ogy and monetary policy shocks, under the different parameterizations of the model
described in Table 2. Responses are intended in % deviations from steady state.
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