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Uncertainty, Attention Allocation and
Monetary Policy Asymmetry

We provide a theoretical framework, with empirical evidence, where
monetary policy effects become stronger during periods of heightened
uncertainty in productivity. Higher aggregate and idiosyncratic productivity
volatility induce firms, which are constrained by information capacity, to
allocate more attention to productivities and less to the monetary policy shock.
This makes firms under-react to monetary policy actions, which increases real
effects of monetary policy shocks. A threshold vector autoregression, which
incorporates instrumental variables to identify the monetary policy shock, finds
that monetary policy shocks have stronger impacts on output when uncertainty,
as measured by VIX, is high.

Keywords: Monetary policy asymmetry, Uncertainty, Information choice
JEL Classification Numbers: E31, E52, D8
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Ⅰ. Introduction
In the last decade, the US economy has experienced a severe recession
with a high level of uncertainty. In response, the Federal Reserve has
implemented

various

expansionary

monetary

policies,

including

unconventional ones. However, it is questionable whether monetary policy
has been effective in supporting a recovery from the unprecedented
recession triggered by a huge financial crisis accompanied by heightened
uncertainty. In this research, we investigate the efficacy of monetary policy
during this period by asking whether monetary policy becomes less
effective during periods with heightened uncertainty.
The answer to this question is related to a larger literature on the
asymmetric effects of monetary policy. There has been much empirical
research on the existence of asymmetric effects in monetary policy along
business cycles. However, there have been mixed results regarding whether
monetary policy is more (or less) effective during recessions. Mixed results
suggest that there may be a determinant that can lead to a rise in monetary
policy asymmetry and is mildly correlated to the business cycle. Our result
conjectures a possible explanation as to why two opposite results coexist in
the literature. As the changes in uncertainty are correlated with business
cycles, mixed results can be observed in the monetary policy asymmetry
literature if the variation in uncertainty is not considered adequately.
In this paper, we provide an empirical finding that monetary policy
shocks exert stronger real effects when economy-wide uncertainty is higher.
Then, we propose a theoretical framework that can support this empirical
finding based on endogenous information choice behavior.
We investigate a novel channel that can explain monetary policy effect
asymmetry. Although explanations differ in details, monetary policy asymmetry
can be summarized as environments that can generate non-linear or
state-dependent Phillips curves. In contrast to previous research, we document
that imperfect information and changes in the magnitudes of perceived
fundamental shocks can be a source of monetary policy effect asymmetry
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based on rational inattention theory.
A large body of literature documents different responses of macro
variables to exogenous

shocks

when economic

agents

face imperfect

information (Lucas, 1972; Sims, 2003; Woodford, 2003; Mankiw and Reis,
2002;

Mackowiak and Wiederholt, 2009). Specifically, the impacts of

information flows on monetary policy effects were widely explored after a
seminal paper by Lucas (1972). Rational inattention provides a micro
foundation for endogenous and persistent imperfect information structures.1)
In this paper, change in firms' optimal information choice generates
monetary policy effect asymmetry. Due to imperfect information, firms cannot
directly observe aggregate and idiosyncratic productivity, monetary policy
shocks, and aggregate variables, so they need to allocate their limited
cognitive resources to process information about productivity and monetary
policy shocks. Although there is no physical rigidity when firms set the prices
of their own variety of goods, prices set by firms will show sluggish
adjustments due to imperfect information. When faced with an increase in
uncertainty

about

their

productivities,

firms

that

are

constrained

by

information flow capacity shift attention away from monetary policy to focus
on acquiring accurate information about productivities to minimize profit loss
due to suboptimal prices. When firms are less attentive to monetary policy
shocks, they become less responsive to monetary policy shocks. Hence, their
prices under-react to the monetary policy shock. Meanwhile, the monetary
policy shock increases real money holdings of households to a greater degree.
These reactions push the aggregate demand further upward, and eventually,
the monetary policy shock stimulates real activity to a higher degree.
This can be considered as the mechanism that endogenously creates a
Lucas island of each firm, by increasing the degree of information asymmetry
between firms and the central bank. When firms face heightened uncertainty
about their productivity, it becomes much harder to evaluate whether changes
in demand come from the relative price advantage.2) Therefore, firms allocate
1) There has been empirical evidence that economic agents are actually inattentive to publicly available
information and show incentive-based behavioral patterns predicted by rational inattention theory. See
Kumar et al. (2015) and Andrade and Le Bihan (2013) for details.
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more attention to their productivity to resolve this problem. At the same
time, this leads to a decrease in attention to the monetary policy shock due
to the information flow constraint. In turn, firms find that it becomes more
difficult to evaluate whether changes in demand come from the money
supply. This can be interpreted as an increase in the degree of information
friction in each Lucas island. As a result, monetary policy effects on the
output become stronger when the economy faces heightened uncertainty.

1. Related Literature and Contribution
This paper is related to three strands of literature. Primarily, this
research is closely linked to the literature that documents the asymmetry
of monetary policy effects. The empirical research in this literature has
provided somewhat mixed results on the existence and nature of the
asymmetry. Some researchers have reported that the monetary policy effect
becomes stronger during downturns (Lo and Piger, 2005; Weise, 1999;
Garcia and Schaller, 2002; Kaufmann, 2002; Höppner et al., 2008;
Peersman and Smets, 2002; Santoro et al., 2014), whereas others have
found the opposite results (Tenreyro and Thwaites, 2016; Thoma, 1994;
Aastveit et al., 2017).3) This paper proposes one possible explanation for
the co-existence of these contradictory results. Because every recession is
unique in that they all have different volatilities of underlying shocks,
attention allocations to shocks can vary. This variance can result in
different dynamics of endogenous variables to the same shock because the
composition of volatilities of underlying exogenous disturbances affects the
attention allocation of agents.

2) Even if only the dispersion of aggregate productivity changes, firms still face increased uncertainty on
relative price advantage. This occurs because an increase in uncertainty about aggregate productivity feeds
into uncertainty about idiosyncratic productivity since firms would face difficulty in perfectly
distinguishing aggregate and idiosyncratic productivity.
3) Aastveit et al. (2017) examined the asymmetry that is closer in spirit to ours. They showed that US
monetary policy shocks affect economic activity more when uncertainty is low. Our empirical
methodology differs from theirs, as they identified the monetary policy shock by imposing an ordinary
recursive restriction or a sign restriction whereas, we use external instruments.
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On the theoretical perspective, Vavra (2014) predicted the opposite of
this paper. Vavra (2014) found that the dispersion of price changes is
countercyclical and the frequency of price adjustment co-moves with the
dispersion

of

price

changes.

Combining

these

findings,

the

study

concluded that monetary policy becomes less effective during recessions, as
the nominal demand shock is absorbed by more frequent changes in price
level.4) Bachmann et al. (2013) also found that firms change their prices
more frequently when firm-level volatility increases based on German
micro data. The researchers also documented that a standard New
Keynesian

model

predicts

that

monetary

policy

is

less

effective

as

uncertainty increases. However, the authors also showed that this change is
quantitatively small. In this paper, we show that the attention reallocation
channel is quantitatively more important than price adjustment frequency
changes in creating monetary policy effect asymmetry.
This research contributes to the rational inattention literature by
analyzing the effects of economic uncertainty on monetary policy with
inattentive agents.5) There is minimal extant research that documents the
relation between attention allocation and volatility. In finance, Peng et al.
(2007) empirically showed that the co-movement of asset prices increases
with the arrival of market-wide macroeconomic shocks, as investors are
more attentive to the resulting aggregate conditions. Zhang (2017) was
closer to our research. By implementing a Markov switching factor
augmented vector autoregression model (MS-FAVAR), it showed that a
significant positive correlation between volatility and firms' responsiveness
to shocks exists. Paciello (2012) explained why prices reacted weaker to
4) Klepacz (2016) also analyzes the price setting behavior using a Ss framework but finds that an increase in
the aggregate uncertainty decreases the effectiveness of the monetary policy by small amount; the response
of the output to the nominal shock decreases less than 1 percent. The result lends support for that of
Bachmann et al. (2013).
5) Note that this paper does not apply the rational inattention theory when constructing and solving the model
directly. Instead, we provide a model with an information choice problem inspired by the rational inattention
theory. Precisely, the optimal signal is about the optimal action (in this case, the optimal price setting), not
about the exogenous shocks in the rational inattention theory. In this research, we assume that the types and
forms of signals are given and model the information choice problem based on this assumption. See
Mackowiak et al. (2016) for descriptions of optimal signals considered in the rational inattention theory.
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the monetary policy shock after the Volcker period based on rational
inattention theory with a similar framework.6)
Lastly, this research is also related to the literature on the propagation
of uncertainty shocks. The role of the uncertainty shock as a potential
driver of business cycles has been widely documented since the seminal
work by Bloom (2009). Instead, we suggest a new role for the uncertainty
shock;

specifically

responsiveness
information.7)

to

that

it

shocks

Under

an

can

result

when
imperfect

in

economic

an

asymmetry
agents

information

face

of

macro

imperfect

environment,

second

moment shocks are able to exert an additional propagation channel by
affecting the learning mechanism's effectiveness. For instance, when agents
use a Kalman filter to obtain the true state in a noisy information
environment, the Kalman gain, or equivalently the informational rigidity,
can be changed as variances of exogenous shocks shift.
This paper is organized as follows. The empirical finding that the
monetary policy effect becomes stronger when uncertainty is higher is
presented

in

Section

2.

The

micro-foundations

of

the

model

are

introduced in Section 3. Section 4 contains results based on the white
noise case. Section 5 describes the full model with persistent shocks and
provides quantitative results. Section 6 discusses robustness of results under
different environments. Finally, Section 7 concludes.

Ⅱ. Empirical findings
In this section, we provide a novel empirical finding that monetary
policy is more powerful in boosting real activities when economy-wide
uncertainty is high. We add to the existing literature by investigating the
6) Branch et al. (2009) also explained the Great Moderation with an endogenous information acquisition model
by introducing an information updating rate choice problem in a model suggested in Ball et al. (2005).
7) Berger et al. (2017) distinguished the uncertainty shocks and the realized volatility and found that
uncertainty shocks that are defined as second moment news shocks do not affect the macroeconomic
outcomes. Intuitively, this distinction will not affect the result obtained in this research, as the realized
volatility can lead to increases in uncertainty about fundamentals as well.
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influence of uncertainty on cyclical asymmetries in monetary policy effects.
Our empirical methodology is a monthly threshold vector autoregression
(TVAR)

with

threshold

variables

regarding

economic

uncertainty.

In

addition, we use external instruments to identify monetary policy shocks
following Gertler and Karadi (2015).8)

1. Econometric model
The structural form of the TVAR that we are considering is given as
                          






 



             








              

where   ,   and  are macro variables used in VAR, the threshold
variable and structural shocks. We also allow possible delay, captured by
parameter  , in the threshold variable affecting the timing of switching.
For the VAR lag,    is chosen. The reduced form can be obtained by
pre-multiplying    matrix in each case.







 




 




   

    if         




   

    if         

 

 

where        and           . Note that TVAR is piecewise
linear within each regime. The variance-covariance matrix of the reduced
form shocks is given as
8) The usual triangular assumption is not plausible in this model because this model contains a financial
variable and it is difficult to impose a contemporaneous restriction. As the theoretical model involves
changes in volatilities of exogenous variables, one may question whether the identification strategy from
Brunnermeier et al. (2016) is available. That model is impossible to implement in this paper, however,
because their strategy utilizes heteroskedasticity to identify the homogeneous contemporaneous matrix that
results in the same endogenous dynamics across different volatility regimes.
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    ′      ′   

(1)

Let   ∈   be the policy indicator variable with the associated policy
shock  . Following Gertler and Karadi (2015), we allow a possible
distinction between the policy instrument (e.g., Federal Funds rate) and
the policy indicator to capture shocks to forward guidance in the measure
of policy innovation when a government bond rate with a longer maturity
is used as a policy indicator.
Let   denote the column in matrix   associated with impact on the
reduced form residual   of the policy shock  . Therefore, we need to
estimate the following regression for each 

to obtain the impulse

responses to the monetary policy shock.







 




 




   


     if         




   


     if         





Because computing the impulse responses to other shocks is beyond
the scope of this paper, we can avoid identifying all the coefficients of
.

Then, we specify how external instruments are incorporated in this
empirical study. After estimating the arranged reduced form TVAR models
given the threshold, we introduce external instruments for the monetary
policy shock to identify   matrices. Let   be instrumental variables and 
be a structural shock other than the monetary policy shock. To obtain the
estimate of   , we apply the two stage least squares (2SLS) method for each
arranged regression  . First, compute estimates of reduced form residuals  
by OLS regressions of each arranged reduced form VAR. Then, let  
be

the residual from the equation for the policy indicator and  
be the

residuals from the remaining equations. In addition, let   and   be the
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responses of  
 and   to a unit increase in the policy shock  . Then, it

is possible to obtain an estimate of the ratio    from the 2SLS

regressions of  
 on   , using the instrumental variables   .

  

 
 

  

 

(2)



where  
is the fitted variable from the first stage regressing  
on the


instrument   . Lastly, an estimate for   can be derived from the reduced
form variance-covariance matrix using Equation (1) and (2). Then, we can
automatically obtain   . Given estimates of   and   , we can derive the
impulse responses to the monetary policy shock.
Following Gertler and Karadi (2015), the set of potential external
instruments consists of surprises in Federal Funds rate futures on FOMC
dates. To make sure that the surprises in futures rates entail only news
about the FOMC decision, these shocks are constructed within a thirty
minute window of the FOMC announcement.

2. Data
We borrow instrumental variables data from Gertler and Karadi (2015).
The sample period covers from 1979:07 to 2012:06. The main VAR variables
include log industrial production, log PCE price index excluding food and
energy prices, excess bond premium from Gilchrist and Zakrajsek (2012), log
World Bank energy commodity price index and the policy indicator. In this
paper, we consider two potential policy indicators; the Federal Funds rate
(FF) and one-year government bond yield (GS1). The potential instrument
set consists of the surprises in the current month's Federal Funds futures
(FF1) and the three month ahead Federal Funds futures (FF4). Because
instruments are available after 1991:01, which is shorter than the sample
period for VAR variables, we use the instrument and reduced form residuals
from the corresponding period to identify the vector   . The choice of the

9

BOK Working Paper No. 2019-5

instrumental variable originates from Gertler and Karadi (2015). Specifically,
policy indicators, the Federal Funds rate and one-year government bond
yield are instrumented by FF1 and FF4, respectively.
Next, the potential set of uncertainty indicators that will be used as the
threshold indicator includes the monthly average VIX and the lagged VIX.
The lagged variables are included to incorporate possible delayed effect
(   )

in

TVAR

model.

We

choose

VIX

as

the

proxy

for

the

economy-wide uncertainty for comparability to existing literature on the
impacts of uncertainty. In addition, Bloom (2009) documents that VIX
closely co-moves along other measures of economy-wide uncertainty such
as the cross-sectional dispersion of idiosyncratic productivity among firms.
However, VIX is an incomplete measure of the economy-wide uncertainty
and it might be still questionable whether VIX captures changes in
uncertainty well. For instance, an increase in VIX may be contaminated by
recessionary effect as VIX and the business cycle co-move. In this case,
responses during high uncertainty periods may partially capture recessionary
effects. To check the robustness, we isolated changes in uncertainty by
projecting VIX onto the industrial production gap and used the orthogonal
part as the threshold variable in the baseline specification. Figure 16 and
Figure 17 in Appendix contain the results of this regression.
In addition, we also use an alternative measure of macroeconomic
uncertainty proposed by Jurado et al. (2015) and extended by Ludvigson et
al. (2018) for the robustness. This measures common prediction uncertainty
from 132 macro variables in different horizons (e.g.,    ,    , and
   ). This uncertainty series behaves differently from popular uncertainty

proxies: Significant hikes in uncertainty appear more infrequently but they
are larger, more correlated with macro activities, and are more persistent.
See Jurado et al. (2015) for detailed construction of the measure.
Lastly, as VIX is available from 1990, we need to extend VIX further
beyond 1990. Following Bloom (2009), we combined VIX computed by the
Chicago Board Options Exchange (CBOE) and monthly average volatility of
daily S&P 500 return. Before 1990, we calculated monthly return volatility
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as the monthly standard deviation of the daily S&P 500 normalized to the
same mean and variance as the VIX index between 1990 and 2003. The
correlation between two volatility measures during the overlapping period
is 0.86. The daily S&P 500 return series are taken from Bloom (2009).

3. Results
The estimated results show that the log-likelihood of the TVAR model
is maximized when the lagged VIX is used as the uncertainty indicator.
Therefore, we provide impulse responses to the monetary policy shock
associated with the lagged VIX as the baseline result.
Figure 1 presents the impulse responses of log industrial production
and log PCE price index to the monetary policy shock with the lagged
VIX uncertainty indicator, the Federal Funds rate policy indicator and the
current month's Federal Funds futures instrument. The top panel is the
impulse response from the pooled simple VAR. This finding clearly shows
that a monetary policy contraction decreases the output significantly. The
monetary policy shock has a statistically significant effect on output after
12 months and remains significant for more than 36 months. The middle
panel shows the impulse response within a high uncertainty regime, which
corresponds to periods with the uncertainty indicator greater than the
threshold. In this case, the effect of monetary policy shock on output
becomes statistically significant in 3 months and reaches the trough in 16
months. In addition, the magnitude of response is much more amplified
when the uncertainty indicator is higher. The trough is approximately 1.5
times deeper than the top panel. The bottom panel depicts impulse
response within a low uncertainty regime. Overall, this finding is not
statistically significant, and the estimated magnitude of response is small.
Hence, this suggests that the monetary policy is more effective in
stimulating real activity during high uncertainty periods. However, it is
noteworthy that there is no notable difference between the responses of
price level in high and low uncertainty regimes.
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Figure 1. Impulse responses to the monetary policy shock

Note: 1) Uncertainty indicator: VIX(-1), Policy indicator: FF, Instrument: FF1
2) The top panel depicts the impulse responses from the simple VAR without regime shifting. The
middle and bottom panels represent the impulse responses within high and low uncertainty
regime. The dashed lines show bootstrap 90 percent confidence intervals.

Figure 2 shows the impulse responses when the one-year government
bond

yield

is

used

as

the

monetary

policy

indicator

and

the

three-month-ahead Federal Funds futures as the instrument. As the sample
contains a period in which the zero lower bound was binding, this is a
preferred specification following Gertler and Karadi (2015). Under this
specification, impulse responses are quite different from in the previous
specification. First, the response of output is more pronounced when
uncertainty is higher. Industrial production reacts significantly to the
monetary policy shock only when VIX is greater than the threshold and
the trough is about 4 times deeper compared to the pooled VAR.
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Therefore, we can conclude that the real effects of monetary policy are
robustly greater when uncertainty is higher regardless of the choice of the
policy indicator variable.

Figure 2. Impulse responses to the monetary policy shock

Note: 1) Uncertainty indicator: VIX(-1), Policy indicator: GS1, Instrument: FF4
2) The top panel depicts the impulse responses from the simple VAR without regime shifting. The
middle and bottom panels represent the impulse responses within high and low uncertainty
regime. The dashed lines show bootstrap 90 percent confidence intervals.

Second, the impulse responses of price show distinctive evolutions across
different regimes. The significance of the price responses are switched
compared to the previous case that the Federal funds rate is used as the
policy indicator. The price response is statistically significant under a low
uncertainty regime and is also quantitatively larger compared to the response
under high uncertainty. Because the one-year government bond yield is,
however, preferred indicator due to the existence of ZLB and unconventional
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monetary policy, this result is more meaningful in the current study. Based
on this specification, this result provides one possible explanation why
inflation

in

the

US

has

remained

stable

after

large-scale

monetary

interventions after the Great Recession: when economy-wide uncertainty
increases, the response of price to the monetary policy shock becomes muted.

Figure 3. Impulse responses to the monetary policy shock

Note: 1) Uncertainty indicator: JLN(1), Policy indicator: GS1, Instrument: FF4
2) The top panel depicts the impulse responses from the simple VAR without regime shifting. The
middle and bottom panels represent the impulse responses within high and low uncertainty
regime. The dashed lines show bootstrap 90 percent confidence intervals.

The main results still survive when we introduce an alternative
macroeconomic uncertainty measure proposed by Jurado et al. (2015). VIX
is

substituted

with

various

measures

of

macroeconomic

uncertainty

computed by Jurado, Ludvigson and Ng (henceforth, JLN) in the previous
empirical framework.
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Figure 3 shows impulse responses when JLN(1) series is used as the
uncertainty indicator. In this case, the main result is more pronounced: the
impulse response of industrial production to the monetary policy shock is
stronger under high uncertainty periods while that reacts insignificantly
when uncertainty is lower than the threshold. These results still hold when
we introduce macro uncertainty measures with different horizons (JLN(3)
and JLN(12)). The impulse responses with the other macro uncertainty
measures with alternative horizons can be found in Appendix E.

Ⅲ. Model
In this section, we introduce a version of dynamic stochastic general
equilibrium model that can account for the empirical result derived in the
previous section. The model period is one quarter, and the model consists
of

three

types

of

agents:

representative

household,

monopolistically

competitive firms, and government. Prices are fully flexible but money
non-neutrality can arise due to imperfect information. In this research, we
assume that only firms face the information flow constraint for two
reasons. First, price setting behavior is a crucial determinant of the real
effect of monetary policy. As this paper examines the effect of monetary
policy in confronting different levels of economy-wide uncertainty, we focus
on the changes in firms' price setting behavior under the information flow
constraint. Second, this assumption can reduce complexity of the model,
while

the

qualitative

results

remain

largely

unchanged.

Specifically,

Mackowiak and Wiederholt (2015) showed that the qualitative results are
similar under inattentive firm case and inattentive household and firm
case. This strategy was also pursued by Paciello (2012).9)
We also assume that agents in this model are fully aware of the current
level of uncertainty, e.g., variances of shocks for tractability. If agents are
9) For the inattentive households case, the discrepancy between information sets held by households and firms
continues to exist because they have different incentives for choosing their information sets. Therefore, the
assumption of complete information households can be considered a case in which this discrepancy is large.
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not aware of the volatilities of shocks, this may generate some interesting
transition behavior. We leave the role of anticipations regarding the level
of uncertainty as future research.

1. Firms
Firms ∈    are subject to the following technology:




      
  ,   ,  and   denote the output of firm  , labor demanded by

firm  , aggregate productivity and idiosyncratic productivity of firm  .  is
the labor share. We assume that idiosyncratic productivity is independent
across firms. In this paper, we assume that dispersions of aggregate and
idiosyncratic productivity get larger when economy-wide uncertainty is
higher, following Bloom (2009).
Firms are subject to imperfect information. That is, they cannot directly
observe aggregate and idiosyncratic productivity, monetary policy shock,
and aggregate variables. There is no physical rigidity when firms set prices
of their own variety of goods. However, prices set by firms will show
sluggish adjustments due to imperfect information, as will be shown later.
Firms

have

imperfect

information

about

the

realizations

of

the

unobserved exogenous processes  ,    and  , which are aggregate
productivity,

idiosyncratic

productivity

and

monetary

policy

shock,

respectively, as they face the information flow constraint. We assume that
these exogenous processes are independent to each other as generally
assumed in the business cycles literature. Firm  receives three signals
about exogenous processes at each period as below:
                     

where  and  are noises about aggregate productivity and monetary
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policy shock. Therefore, firms know the total productivity, which is a
combination of aggregate and idiosyncratic productivity as delivered in the
signal    , but they do not know the individual contribution of each
shock. They also receive signals   and   about aggregate productivity
and monetary policy, respectively. Put differently, firms acquire information
about aggregate productivity from two sources,    and   . In    , the
idiosyncratic productivity acts as noise.
Firms' information set consists of the history of current and past signals
about combined productivity, aggregate productivity shock and monetary
policy shock.
                            ⋯ 

(3)

Based on information theory, we can write the information flow
constraint as:
                       ≤ 

(4)

where   is the signal about the process ∈   at time  ,     is
entropy, which is a measure of uncertainty, of random variable  given
signal  , and  is the information capacity. Equation (4) states that the
amount of reduction in uncertainty regarding aggregate productivity and
monetary policy shock by additional signals at each period is bounded
above by the information capacity  .
As firms allocate more attention to signal   or   , they can process
more information about aggregate productivity or monetary policy, and
independent noise,  or   , becomes less volatile. Hence, signal   or
  becomes more accurate for aggregate productivity or monetary policy

shock. Note that entropy changes regarding idiosyncratic productivity are
not subject to the constraint because they are determined by entropy
change in aggregate productivity; the sum of aggregate and idiosyncratic
productivity is perfectly observed by firms as a signal.10)
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In addition, we assume that the exogenous processes are normally
distributed. In this paper, we only consider AR(1) or white noise
exogenous processes. Under this condition, we can rewrite the information
flow constraint as
      
     




≤
 
 





    
   



where   and     are the conditional variance of  given signals  
up to time  and    for a process ∈  . Since      and

     are independent, we can treat paying attention to aggregate or
idiosyncratic productivity and monetary policy shock as separate activities
and consider each activity separately. Let  and  denote the information
capacities devoted to aggregate productivity and monetary policy shock.
Then, the information flow constraint can be also expressed as
     
     



  ,    ≤ 


,

 

 






   
   

 

(5)

Firms need to choose the information set in which the loss due to
imperfect information is minimized. As the form of the signal is known,
the problem of choosing the information set boils down to choosing the
variances of noises, or equivalently the attention allocated to each
exogenous process. As the information flow constraint gets looser and
information capacity increases, firms can obtain more accurate signals
about these processes.
Given attention allocation, firms process information using a Kalman
filter given below:
                

10) See Appendix A for a short introduction of relevant Information theory.

(6)
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where   is firm  's perception on the state vector        ′ given
information up to time  ,           ′ is the signal vector and 
is the Kalman gain. The matrix  is given by             .
The Kalman gain matrix can be computed as
         ′        

Note

that

the

third

row

is

independent

to

the

other

rows:

            and      are independent so that firms cannot infer
aggregate productivity from the signal about monetary policy shock and
vice versa. Therefore, it is possible to separate the Kalman filter into two
Kalman filters.
The real profit of the firm  is given by
 



  







   

where   and   are the real wage of the labor type  set by the
household and labor type  demanded by the firm  .11) The labor
demand schedule can be derived from the firm's optimality condition.


 


   


Assuming   









 







 



 

, the above relation also implies that


   




 



by summing over .
11) We assume that the representative household supplies differentiated labor to grant market power in the
labor market. This assumption simplifies the analysis as firms take wages as given.
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Since there are no physical price rigidity or capital accumulation, firms'
price setting problem is a static problem. However, firms' entire profit
maximization problem including the information set choice problem is a
dynamic problem. The price setting problem, which will be embedded in
the information set choice problem will be considered here and the
information set choice problem will be visited shortly.12) We use a second
order Taylor approximation of the real profit function as below:13)

  ≈   

  

 
 

















       





          

 

  
            



 









 



         





 
   
 

      terms independent of 

 


    








         










(7)

Here, we use the facts that     and    for all  and  at the
steady state.
We can obtain the profit maximizing price of firm  , ⋄
 , by taking
derivative of Equation (7) with respect to  as below:
 ⋄
                     

where

              ,

      

and

         .

(8)

              ,

We

use

the

fact

that

the

household sets the same wage for all variety of labor on the equilibrium
so that      holds. Rearranging and putting the intra-temporal Euler
equation into Equation (8), the profit maximizing price can be written as
12) As we are focusing on the asymmetric monetary policy effect which has a short horizon, we abstract from
non-flexible inputs such as physical capital.
13) The derivation of the real profit function can be found in Appendix C.
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⋄
             







(9)

By integrating Equation (9) over  , we can determine the aggregate
price level as
    

⋄
          







(10)

Since firms face the information flow constraint, they do not know the
exact value of the profit maximizing price. Instead, firms set their prices
that are equal to the expectation of the profit maximizing price,
conditional on their information set  . That is, the price set by firm  at
time  ,  , is given by
   ⋄
   

The loss in profit due to a suboptimal price can be approximated from the
second order approximation to the profit function, Equation (7), as follows:
 ⋄

 
P r ⋄
   P r           


(11)

Firms choose their current and future stream of attention allocations to
minimize the expected sum of discounted loss due to suboptimal price.
Specifically, firms solve the following problem:14)
∞

min      ⋯ 





 







    
    ⋄
  


(12)

subject to  ∈  for all 
14) In contrast to the price setting problem, the attention allocation problem is a dynamic problem because the
choice of attention allocation at the current period affects the attention allocations in future periods.

21

BOK Working Paper No. 2019-5

where   is the set of all information sets satisfy the information flow
constraint.

2. Representative household
The representative household derives utility from the consumption and
supplies

differentiated

labor

variety.

The

representative

household

maximizes her lifetime utility.
 
  
 
∞



where  ,  ,  , 
inter-temporal





and  

elasticity

   

of





denote the discount factor, inverse of

substitution,

disutility

of

labor,

aggregate

consumption and aggregate labor supply, respectively. The representative
household buys differentiated goods  from the firms ∈    and
consumes them by forming the aggregate good from the following
technology:

 












   



The representative household supplies differentiated labor indexed by
∈    :

 








 

 


  



 and  control the elasticity of substitution of differentiated consumption

and labor. Since the representative household has market power in the
labor market, she can set the wages for each variety of differentiated labor
and supply any quantity of differentiated labor at the wage set by her.15)
The representative household faces the following budget constraint and
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cash holding constraint.
                        
     
  ,   ,  ,   ,   and   denote money holdings, nominal bond

holdings, interest rate, aggregate price level, aggregate real wage, and profits
transferred from monopolistically competitive firms, respectively. We introduce
the cash holding constraint because the explicit mapping from the money
supply to the nominal interest rate can be obtained from this constraint.
The optimal demand of good  is given by
 
   




 



where   is the price of good  .
By log-linearizing the first order conditions and the cash holding
constraint and imposing the aggregate resource constraint      , we can
obtain following equilibrium relations:

                   

   
     

3. Monetary Policy
The government sets the money supply according to the following rule:
ln     ln     ln    ln  

15) This linear disutility of labor implies infinite Frisch elasticity. This is assumed for simplicity as this
parameter plays no rule in the qualitative result of the paper.
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  represents the monetary policy shock. We implement the money

supply rule for certain reasons. First, the implementation allows for a clear
analytic solution of the model for the white noise case by combining with
the cash holding constraint. Second, a version of nominal interest rate
rule can be approximated by the money supply rule. Specifically, the
nominal interest rate can be obtained by combining the inter-temporal
Euler equation with the money supply rule:
                                 

Lastly, this monetary policy rule is comparable to the rules considered
in Mackowiak and Wiederholt (2009) and Woodford (2003) when we
impose      .

4. Equilibrium
The model is solved through a log-linearization of the first order
conditions around the non-stochastic steady state. Solving this model
requires solving for a fixed point, as the information choice problem
depends on the model dynamics and vice versa. We consider two cases in
subsequent sections. First, we restrict our attention to a white noise shock
case in Section 4. In this case, the solution does not depend on the
history of exogenous processes. Moreover, the optimal information set
choice problem becomes a static problem because the current choice does
not affect the future information firms possess. Therefore, it is possible to
obtain the exact solution in this case. In Section 5, we allow persistent
exogenous shocks. To obtain the numerical approximated solution of the
model, we truncate the lag length of the exogenous shocks that appear on
the solution following Mackowiak and Wiederholt (2009) and other
research in this literature. Now, we define a competitive equilibrium as
follows.
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Definition (Competitive equilibrium). A competitive equilibrium consists of

policy functions  ,  ,  ,   ,  ,  ,  which depend on the aggregate

states  and  and   ,  , ⋄
 ,   which depend on the aggregate states,

  and the realizations of idiosyncratic signals and  and  such that:

1.            solves the household maximization problem
2.    solves firms' optimal signal problem

3. ⋄
 maximizes a firm's profit and   is the conditional expectation of

this price


4.  

   , 









  

  






and  

  




hold

Ⅳ. Analytic result: White noise case
In subsequent sections, we assess the impact of the change in
uncertainty that increases the variances of productivities to the monetary
policy effect. We begin with the case that exogenous processes are white
noise, since it allows analytic results of the model and helps reveal the
mechanism underneath the results.
Exogenous processes are defined as
 ∼        ∼         ∼     

We assume that variances of aggregate and idiosyncratic productivity
shock can take one of two possible values which represent low and high
uncertainty about productivities as below
 ∈         ∈        

where       and        .
Signals about each exogenous process can be expressed as
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(13)

where  s are noises included in the signals and they are independent
across firms. Noises are distributed as
 ∼         ∼       

The information flow constraint can be rewritten as
  

  






          ≤ 
  
     





  

  


 

(14)

We solve the model using guess and verify. We guess the solution of
price and output as:

                   

where   s are coefficients to be determined.16) Putting the guesses into
the profit maximizing price given in Equation (9), we can express the
optimal price as a function of the exogenous processes as:
⋄
             
   



    

(15)


where            ,          and     .





1. Perfect information case
For comparison, we solve the model under the perfect information
case. In this case, firms are not constrained by information channel
capacity such that they can set the profit maximizing price. The result is
summarized in the following proposition. The derivation of the solution
16) They do not depend on idiosyncratic productivity as it is integrated out in the aggregate level.
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can be found in Appendix C.3.
Proposition 1 (Neutrality of money). Under the perfect information

assumption,     holds. Thus, money is neutral and does not have a
real effect.
Proof. We can obtain the solution by determining coefficients   ,   ,  
and   .
   

   
              



  
    

  
    

                  



 


 

 









Solving the system of equations, we can derive the solution as
  


              
        
  
    

Therefore, changes in the money supply shock do not affect the
aggregate level of output and money neutrality holds. □
If we calibrate    and    , the price level moves in the same
direction with changes in the money supply shock, as expected by
empirical evidence. This is not a restrictive condition as these parameters
should be negative when the central bank tries to achieve price stability
and to close the output gap. If this condition is satisfied,   is less than
zero and an increase in the aggregate productivity reduces the price level.
Lastly,   is greater than zero; therefore, the level of output rises as the
aggregate productivity hikes.
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2. Imperfect information case
Now we proceed to the imperfect information case, in which firms face
the

information

flow

constraint.

Under

the

white

noise

exogenous

processes assumption, the Kalman filter in Equation (6) becomes
    

where the Kalman gain is given by

 
  
 

        
       

      
    



     
 
 

  

   



 

Note that    and    are decreasing functions of  and  . We can
derive the Kalman gain matrix analytically as below:


   
  


                            
        
   




              
              








   







   

Firm  sets its price as the conditional expectation of the profit
maximizing price:

   ⋄
                                       (16)

Combining Equation (11), (15) and (16), we can express the profit loss
due to the suboptimal price setting in terms of coefficients, variances and
attention allocation:17)
17) See Appendix B.1 for its derivation.
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   ⋄
        

           


                      



 









   
                     




Under the white noise assumption, the attention choice at the current
period does not affect the future information structure and firms' behavior.
Hence, it is sufficient to consider the loss due to suboptimal price at the
current period. At the beginning of each period  , firms choose the optimal
information set. However, as the forms of the signals are known and fixed a
priori, choosing the optimal information set is reduced to choosing the
variances of noises related to exogenous shocks. In this paper, we focus on
the interior solution when we solve the optimal attention allocation, since
corner solutions are unlikely to exist in reality as they imply that economic
agents are not responsive to at least one of the exogenous shocks.
Lemma (Optimal attention allocation). Firms' attention allocation that

minimizes the profit loss due to the suboptimal price is given as
 


      

 

Proof. See Appendix B.1. □




   
  




 



  



(17)

The solution of the model and its derivation are described in Appendix C.4.
We begin the analyses by considering extreme values for attention
allocations to obtain clear intuition. If we increase the information capacity
to

infinity,

the

solution

should

be

the

same as

with

the

perfect

information case. In this case, money neutrality should be restored.
Proposition 2. As the information capacity approaches infinity, the solution
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converges to that of the perfect information counterpart, and money is neutral.
Proof. See Appendix B.2. □

Moreover, the solution does not depend on volatilities of shocks in this
case. Hence, we can infer that the effects of uncertainty on the model
dynamics will diminish as information capacity increases.
The changes in the responsiveness to monetary policy shock due to
shifts in uncertainty or volatility can be analyzed by taking derivatives of
  with respect to   or   . The price responsiveness to each shock,   ,

also varies as volatilities change, but we treat them as fixed in the
following comparative statics analysis. This treatment ignores the indirect
effect of volatility change but qualitative results are not affected by this.
Proposition 3. As uncertainty, measured by variances of productivities,
  or   , increases,   increases. That is, the responsiveness of the

output to money supply shock grows stronger, and monetary policy
becomes more effective to boost the real activity.
Proof. See Appendix B.3. □

Proposition 3 shows that the real effect of the monetary policy shock
gets stronger when economy-wide uncertainty hikes. As variances of
productivities increase, firms reallocate their attention from monetary
policy

to

productivities.

In

turn,

they

cannot

adjust

their

prices

appropriately, and they under-react to changes in money supply. This
leads to greater purchasing power and increases consumption.

2.1. Numerical results
We provide a numerical result based on the model derived above. The
model parameters are given in Section 5. We solve the model numerically as
shown in Appendix D.1.
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Figure 4. Responsiveness of the output and attention allocation

Note: Attention allocations and the output gap response to the monetary policy shock over the range of
standard deviation of the aggregate productivity

First, we show the relationship between the standard deviation of
aggregate productivity and the attention allocated to the monetary policy
shock. Then, the mapping between the standard deviation of aggregate
productivity and the response coefficient of the output gap to the
monetary policy shock  

is analyzed. Figure 4 presents the result

graphically. As shown in Proposition 3, when the standard deviation of
aggregate

productivity

increases,

attention

allocated

to

aggregate

productivity increases, while that to monetary policy shock decreases. Facing
more volatile aggregate productivity, firms need to allocate more attention
to aggregate productivity to process the related information. Otherwise,
firms will suffer higher profit loss due to larger noise about aggregate
productivity. At the same time, firms should reduce attention allocated to
the monetary policy shock due to the information capacity constraint.
Because firms cannot notice the exogenous change in the money supply in
timely manner due to a decrease in attention allocated to monetary policy,
the real effect of the monetary policy shock increases as the standard
deviation of aggregate productivity shock increases.
The same argument holds for an increase in the standard deviation of
idiosyncratic productivity as is shown in Figure 5. As the standard deviation
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of idiosyncratic shock increases, the attention allocated to the monetary
policy shock decreases, and the responsiveness of the output gap to the
monetary policy shock increases. When the variance of idiosyncratic
productivity increases, firms become less certain about the aggregate
productivity because the idiosyncratic productivity acts as a noise about the
aggregate productivity. Therefore, firms reallocate their attention to the
aggregate productivity.

Figure 5. Responsiveness of output and attention allocation

Note: Attention allocations and the output gap response to the monetary policy shock over the range of
standard deviation of the idiosyncratic productivity

Next, we compare the model dynamics, attention allocation, and policy
implications under low and high uncertainty environments. In the high
uncertainty case, it is assumed that standard deviations of the aggregate and
idiosyncratic productivity become 1.91 and 3.33 times greater than those at
the low uncertainty case, following Bloom et al. (2012) as shown in Table 1.

Table 1. Standard deviations
Variable

Low uncertainty

High uncertainty



0.58

1.1078



1.06

1.0600



3.90

12.9870
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Figure 6 depicts how attention is allocated to each shock under low and
high

uncertainty

environment

for

different

information

capacity.

As

expected, attention allocated to the aggregate productivity shock increases
while that to the monetary policy shock decreases when economy-wide
uncertainty is heightened regardless of the information capacity.

Figure 6. Attention allocations

Next,

we

show

how

responses

of

price

and

output

change

as

economy-wide uncertainty moves from the low level to the high level across
different levels of total capacity. Figure 7 shows impulse responses of the
price and output to one percent monetary policy shock. In general, the
price level becomes less responsive to the monetary policy shock while, the
output is more responsive as economy-wide uncertainty hikes. As firms pay
less attention to the monetary policy shock while facing higher uncertainty,
the real effect of the monetary policy shock gets stronger because firms
under-adjust their prices to changes in money supply. In addition, the
discrepancies get smaller as the total capacity increases, as expected in
Proposition 2. When firms have enough information capacity, they can
adjust their prices one-to-one to the change in money supply, and money
is neutral, regardless of the level of uncertainty.
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Ⅴ. Persistent Model
In this section, we extend the model to consider persistent exogenous
shocks. We solve the fixed point problem for two cases; low and high
uncertainty economies.18)

Figure 7. Impulse response to the monetary policy shock

In this section, the exogenous processes are assumed to follow AR(1)
processes:
                        

where disturbances are normally distributed as below:
 ∼         ∼         ∼      

18) We also examined a transitory uncertainty shock with which the variances of productivities increase and
monotonically return to the low uncertainty levels afterwards under further simplifying and approximating
assumptions. We do not include this result in the paper as the current framework is suffice to the purpose
of the paper. The results are quite similar and impulse responses lie in between those of two impulse
responses obtained in the two different regimes covered in the paper. See Appendix H for a brief sketch of
the model and methodology.
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idiosyncratic
dispersion

and

productivity
of

the

is


   ∈  
      .

independent

idiosyncratic

The

disturbance

across

productivity

firms;

faced

by
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on

the

however,

the

each

firm

is

synchronized and thus, identical.

Table 2. Parameter calibration
Preference and technology parameters
Parameter
Value
Reference
Paciello

2/3
(2012)
Standard

2
range
Own

-4.87
estimation

1
Match IR
Exogenous processes parameters
Parameter
Value
Reference
Bloom et al.

0.95
(2012)
Own

0.91
estimation
Bloom et al.

0.95
(2012)

Parameter

Value



0.99



11



-0.25

Parameter

Value



 

0.58

 

1.06

 

3.90

Reference
Standard
range
Paciello
(2012)
Own
estimation

Reference
Bloom et al.
(2012)
Own
estimation
Bloom et al.
(2012)

The parameters are calibrated as in Table 2. The labor share  and
elasticity of substitution between differentiated goods  are borrowed from
Paciello (2012), which builds the similar underlying model. There values
are also in comfortable ranges in Macroeconomic literature. The value of 
is also common in the literature. The inverse of intertemporal elasticity is
assumed to be 2. The value varies from 1 to 5 in the literature. In this
paper, we choose 2 to guarantee that the infinite sums of higher-order
expectations are well-defined.
The money supply rule that endogenously reacts to the output and the
price is not common in the literature. For this reason, we estimated the
money supply rule using M1, the output gap, and the de-trended GDP
deflator index from 1982Q3 to 2007Q4. Due to a possible endogeneity
problem, we implemented a 2SLS estimation, and the result is given
below.19)
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(-1.86) (-6.85)

t-values are given in parentheses. This rule shows that M1 decreases as the
price level increases above the trend and the output gap increases. We
import the estimated coefficients into the model.
The information capacity  is chosen based on two criteria. First, a
calibrated  should result in the impulse responses that are in accordance
with the empirical analyses. Specifically,  should be sufficiently large such
that the attention allocation to each shock should be strictly greater than
zero under low uncertainty environment. Hence,  should be greater than
0.5,

approximately.

Second,

this

parameter

controls

the

degree

of

information rigidity. Hence, we can discipline this from data that hints to
the degree of information rigidity. Coibion and Gorodnichenko (2012)
report that it takes approximately three quarters to reduce the forecast
error by a half. Figure 10 shows that the distance between prices under
full information and    case decreases by a half in three quarters after
the monetary policy shock hits the economy. Based on these observations,
we choose    as our baseline calibration. However, we will also present
results with different values of  for robustness.
The parameters that govern the evolutions of exogenous processes are
largely obtained from Bloom et al. (2012), except those of the monetary
policy shock.  and   are estimated from the residuals obtained from the
above regression. Dispersions of aggregate and idiosyncratic productivities
under the low uncertainty environment are included in Table 2. Their
dispersions under the high uncertainty are assumed to be 1.91 and 3.33
times greater following Bloom et al. (2012).

19) We obtained the similar result using OLS to estimate this equation.
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Figure 8. Attention allocation

Note: The left and right panels are attention allocated to the aggregate productivity and
monetary policy shock respectively. The horizontal axis is the total capacity. The blue bars
are attention allocations under low uncertainty, whereas yellow bars are under high
uncertainty.

1. Solution method
Under an imperfect information environment, optimal individual choices
are determined by expected aggregate variables, such as aggregate price
level and/or output level, based on that individual's information set.
Because aggregate dynamics are determined by the other agents, who
utilize different information sets, it is necessary to address higher-order
expectations to solve the model. We apply the solution method provided
by Woodford (2003).20) We compute the equilibrium under low and high
uncertainty environment separately and compare the result obtained in two
cases in the subsequent subsections. See Appendix D.2 for details about
solving the model with persistent shocks.

2. Results
Figure 8 depicts how attention allocations change as the information
capacity and uncertainty vary. We find observations as follows.
Observation 1. Firms allocate less attention to the monetary policy shock
20) This method is also used by Paciello (2012).
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regardless of the total capacity. However, the proportion of attention
allocated to the monetary policy increases as the total capacity increases.
The unconditional variance of the monetary policy shock is only slightly
greater than that of the aggregate productivity; the variance of  is much
greater than that of  , but the persistence is higher for the aggregate
productivity. In addition, acquiring more precise information about the
aggregate productivity helps process information about the idiosyncratic
productivity. As the idiosyncratic productivity is much more volatile and
affects firms' price decision quite a bit, it is optimal to allocate more
attention

to

the

aggregate

productivity.

However,

the

proportion

of

attention allocated to the monetary policy shock grows as the total
information capacity increases. As the attention allocated to one activity
increases, the marginal gain from additional information diminishes. That
is, additional information has different gain conditional on the current
information amount. Increasing information is more valuable when the
current information is scarce. In this regard, firms allocate more attention
to productivities when the total capacity is small. However, as the total
capacity increases, allocating more attention to productivities becomes less
beneficial and firms begin to allocate more attention to the monetary
policy shock.
Observation 2. Firms reallocate their attention from the monetary policy

shock to the aggregate productivity when uncertainty becomes higher.
When

economy-wide

uncertainty

increases,

firms

face

heightened

uncertainty about their productivities. To minimize the profit loss due to the
suboptimal price, firms reallocate their attention from monetary policy to
productivities to balance the conditional variances of exogenous processes.
Observation 3. Firms under-react to the aggregate productivity shock

when the information capacity constraint binds.
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Figure 9. Impulse responses to the one standard deviation negative
aggregate productivity shock

Note: Blue lines: Low uncertainty, Red lines: High uncertainty; Dashed:   , Straight:   ,
Dotted:   

Figure 9 presents how impulse responses to the one standard deviation
negative aggregate shock change over different amounts of total information
capacity and uncertainty. Firms adjust their price immediately when they
have sufficient amount of information. Specifically, when    , firms
slightly under-react to the shock at the initial period but can process all
uncertainty regarding the shock in one period. As we decrease the total
capacity, firms' initial reactions decrease, and it takes longer to dissipate
information. Firms under-react to current shocks because the current signals
are

contaminated

by

noises,

and

firms

need

more

information

to

discriminate the shocks from noises. As time passes, firms receive more
signals and information about the past shocks gets more accurate. In this
regard, the reactions become closer to those in the perfect information case.
Impulse responses show that firms under-react to the current aggregate
productivity shock when the information capacity constraint is binding.
Firms delay their reactions due to imperfect information until information
is processed. Therefore, the price and the output gap show hump-shaped
behavior,

which

becomes

clearer

as

the

total

capacity



decreases.

Endogenous variables achieve their full effects with a delay when the
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information capacity binds. Specifically, when    , the maximum effect of
the output gap arrives in three quarters.
When economy-wide uncertainty increases, responses of the price and
output to the aggregate productivity shock changes. Precisely, the price and
the output gap are more responsive to the aggregate productivity shock
under

the

high

uncertainty

environment.

However,

the

discrepancies

between impulse responses under low and high uncertainty are very small
when firms have sufficiently large amounts of information capacity. This
result suggests that information choice may be a possible contribution to
well-known business cycle asymmetry regarding steepness and deepness.
Sichel (1993) defines “steepness” as referring contractions are steeper than
expansions. Similarly, “deepness” refers an asymmetry that troughs are
deeper than peaks are tall. When economy-wide uncertainty hikes, firms
respond more strongly to the aggregate shock. Hence, the output gap
drops more in faster speeds after being hit by the same magnitude of
shock, as is evident in Figure 9. Because uncertainty tends to increase
during recessions, this mechanism is capable of explaining business cycle
asymmetry regarding steepness and deepness.
Observation 4. The information capacity constraint can produce the real

effect of the monetary policy shock. Specifically,
strengthens as the total information capacity decreases.

the

real

effect

Figure 10 shows impulse responses to the one standard deviation
positive monetary policy shock for a different amount of total information
capacity and uncertainty. As is predicted by the white noise model, The
response of the output to the monetary policy shock gets smaller as firms
have larger information capacity. When firms can process sufficiently large
amount of information, they are aware of the monetary policy shock and
adjust their price by almost one-to-one to the money supply change.
Therefore, an increase in the quantity of money is absorbed by an increase
in price, and the consumption level is not affected much. On the other
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hand, the monetary policy shock affects the output stronger when the
firms' information capacity becomes smaller.21) Firms are reluctant to react
to an increase in the quantity of money and therefore maintain the price
level. Thus, households can purchase more by the amount equivalent to an
increase in the quantity of money. This finding implies that the real effect
of monetary policy shock becomes greater as the information capacity
decreases as predicted in the white noise model. It is noteworthy that the
real effect of the monetary policy shock is generated by imperfect
information. This result is reminiscent of Lucas (1972) and Mankiw and
Reis (2002, 2007), as money non-neutrality is derived by stickiness in
information. The rational inattention theory can provide a theoretical basis
for the existence of endogenously determined information stickiness.

Figure 10. Impulse responses to the one standard deviation positive
monetary policy shock

Note: Blue lines: Low uncertainty, Red lines: High uncertainty; Dashed:   , Straight:   ,
Dotted:   

21) The monetary policy shock generates hump-shaped reactions of the price, but not for the output and money
supply. That is because, the money supply is determined by both endogenous reaction and exogenous
shock. The endogenous reaction still shows a humped shape reaction, but it is augmented by the
exponentially decreasing exogenous section. The output is closely related to the money supply and shows
a similar response.
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Observation 5. The real effect of the monetary policy shock becomes

larger when economy-wide uncertainty hikes.
Impulse responses to the monetary policy shock also differ considerably
when uncertainty about productivities changes, because attention allocated
to the monetary policy shock shows a sizeable drop, regardless of the total
capacity. When economy-wide uncertainty becomes larger, firms take their
attention away from the monetary policy shock. Hence, the price response
becomes muted. In this regard, households can increase their consumption
more compared to the low uncertainty case, as an increase in their money
holdings is less neutralized by smaller price changes. Specifically, the
output increases 0.2, 0.25, and 0.05 percentage points more (or 30, 50
and 100 percent more), approximately, when economy-wide uncertainty gets
higher for    ,    and    , respectively. Moreover, the monetary
policy shock has a prolonged effect when the productivities are more
uncertain. In sum, the real effect of the monetary policy shock is greater
and persistent when uncertainty is higher.
In addition, impulse responses of price to the monetary policy shock
become smaller as uncertainty increases. This result is in line with our
empirical result shown in Figure 2. As uncertainty hikes, firms pay less
attention to the monetary policy shocks and their price responses become
smaller further to these shocks. This provides one possible explanation why
inflation remained stable after expansionary monetary policies in the US
during the last decade.

Ⅵ. Discussion
In this section, we discuss the robustness of the results under different
environments. In the first subsection, we compare our results with that of
Vavra (2014) and Bachmann et al. (2013), which document apparently
contradictory results to this paper. We document that this paper actually
complements these studies; they focused on the cyclical property of the
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price change frequency, but the benchmark model in this paper assumes a
flexible price. However, this model can continue to match the other
dimensions of individual price micro data. It is also shown that introducing
procyclical price stickiness generates the opposite effect, and monetary
policy becomes less effective, as previous research asserted. However, the
attention

reallocation

channel

is

quantitatively

more

important

and

dominates the price stickiness channel. Next, we explain the relationship
between monetary policy uncertainty and the impact of monetary policy
shock. In the theoretical model, we assume that the variance of monetary
policy shock is fixed. This assumption might be questionable as monetary
policy uncertainty usually hikes during times of heightened uncertainty. We
discuss this issue in the subsequent subsection.22)

1. Price adjustment frequency
We begin by showing that the statistics of individual price changes
generated from our model are in line with the empirical findings in Vavra
(2014). Next, the result in Vavra (2014) that monetary policy is less
effective in stimulating the output originates from more frequent price
adjustments during high uncertainty periods. Hence, we introduce an ad
hoc price stickiness to match the changes in price adjustment frequency
observed in the data, and show that only focusing on the price adjustment
frequency may be misleading.
First, we simulate the model to obtain the set of individual price
changes. As a benchmark, we simulate the persistent model discussed in
Section 5. The benchmark model is simulated for 1,000 firms and 500
periods. The parameters are calibrated as in Table 2. To this end, we
generate the uncertainty regime series based on the calibration of Bloom
et al. (2012). Then, the model is simulated under low and high
uncertainty environments separately for the numbers of periods obtained
22) We also discuss outcomes when firms can choose the total capacity in appendix. When economic fundamentals
become more uncertain, firms may choose to increase their information capacity, and this behavior may alter the
results. To summarize, we explain that this will not affect the qualitative results in general.
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from the uncertainty regime series generated above.

The aggregate

productivity shock is generated to match the target correlation coefficient
of -0.458 between the uncertainty regime and the output series.
An example of simulated aggregate and idiosyncratic price (Firm 1) is
given in Figure 11. As Mackowiak and Wiederholt (2009) documented, the
individual price changes are more volatile than the aggregate price
changes. Moreover, the actual aggregate price level is more sluggish than
the optimal aggregate price. Specifically, the standard deviation of the
optimal aggregate price level is approximately 17 percent greater than that
of the actual aggregate price level. However, the difference between two
series is small. That is, economy-wide profit loss due to the information
flow constraint is not substantial. This result is also in line with
Mackowiak and Wiederholt (2009).

Figure 11. Simulated aggregate and individual prices

Figure 12 depicts the distributions of the price changes. As Vavra (2014)
documented, the mode of the distribution moves to the left when
recessions arrive. The distribution is positively and negatively skewed
during recessions and expansions respectively. In addition, the standard
deviation of price changes in recessions is 52 percent greater than that in
expansions. Despite the simple construction of the model, the simulated
price changes can match data well in these dimensions. Vavra (2014)
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that

the

correlation coefficient

between the

cross
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sectional

standard deviation of the standardized price changes and the industrial
production is -0.33, while this model provides the correlation of -0.45,
which is similar to the data. Hence, we can conclude that this model can
explain the changes in price change dispersion observed in the data.

Figure 12. Distribution of individual price changes

Note: The left and right panel show the distributions of the price changes during recessions and
expansions.

Next, we introduce an ad hoc price stickiness in our model to show
how the changes in price adjustment frequency affect the real effect of the
monetary policy shock. Specifically, we explicitly impose following price
change rule:
         

where  controls the price stickiness. In the baseline model, there is no
price stickiness (    ) and the price is always equal to the conditional
expectation of profit maximizing price (    ). Although we do not
introduce a micro foundation for this price stickiness, we impose this
restriction to gauge the effect of changes in the price adjustment
frequency.
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Figure 13 depicts how introducing price stickiness changes the model
dynamics. This shows impulse responses of the price and output to the
monetary policy shock. Overall, introducing price stickiness delays the price
changes and dampens the magnitude of the price changes as shown in
the left panel.

Figure 13. Changes in the price adjustment frequency

Note: These panels show impulse responses to the one standard deviation positive monetary
policy shock. The left panel contrasts the impulse responses from the baseline flexible
price model (blue) with the sticky price adjustment model (red,   ). The middle
and right panels present impulse responses of the price and output by imposing price
adjustment frequency changes observed in data. Specifically,  is assumed to be 0.684
and 0.677 for low and high uncertainty cases.

As predicted by previous research, price stickiness amplifies the real
effect of the monetary policy. In the middle and right panels, we impose
the realistic frequency parameter  across different levels of uncertainty
and

analyze

the

quantitative

significance

of

the

frequency

changes.

Specifically, we assume that  equals 0.684 and 0.677 during low and high
uncertainty periods, respectively. These values originate from German micro
data documented in Bachmann et al. (2013). In both cases, introducing
price stickiness amplifies the real effect of the monetary policy. The price
adjustment

frequency

increases

during

high

uncertainty

periods,

but
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monetary policy still remains more effective during these periods. That is,
this result shows that changes in attention allocation are quantitatively
more important than the changes in price adjustment frequency. This result
is robust under different parameterizations of key parameters such as 
and  . Specifically, this result continues to hold even when the information
capacity is very close to the perfect information case (    in the figure),
although the difference is very small. Even if we assume an extremely high
 in the low uncertainty environment, say 0.9, the result does not change,

and the monetary policy is still more effective to boost the output during
high uncertainty periods.
This finding reconciles the result from this paper and those from Vavra
(2014) and Bachmann et al. (2013). First, we find that more frequent price
changes can mitigate the real effect of the monetary policy as argued in
Vavra (2014). However, the focus of our exposition is orthogonal to the
mechanism explained in that paper. In this paper, we introduce a different
channel that connects changes in volatilities and the real effect of the
monetary policy. Second, it is shown that changes in price adjustment
frequency

affect

the

effectiveness

of

the

monetary

policy

but

the

quantitative significance of that channel is questionable. This finding is also
in accordance with the result provided in Bachmann et al. (2013).

2. Monetary policy uncertainty
The main result is derived by assuming that the variance of monetary
policy shock is fixed regardless of shifts in dispersions of aggregate and
idiosyncratic productivity. If the variance of monetary policy shock increases
more than that of aggregate or idiosyncratic productivity, the opposite
result may appear. This point is worth noticing based on recent experience
during the Great Recession. In this period, economy-wide uncertainty
increased greatly. At the same time, there was huge uncertainty regarding
monetary policy; the Federal Funds rate, which is the primary policy
instrument of the Federal Reserve hit the zero lower bound and various
unconventional policies were executed such as quantitative easing and
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forward guidance. Therefore, it is legitimate to ask whether the impact of
monetary policy shock is still greater in these periods.
In this subsection, we argue that the response of output to the
monetary policy shock is still greater even when uncertainty in monetary
policy is higher. This is based on two observations: First, variables
regarding monetary policy are quite stable. For instance, the volatility of
the money supply shock derived in Section 5 does not show clear shifts in
its regime. That is, the volatility of the money supply shock seems to be
constant, which supports the model specification.
Second,
uncertainty

it

is

and

necessary
monetary

to

distinguish

between

monetary

policy

policy

shock

uncertainty.

Monetary

policy

instruments definitely become more volatile as economy-wide uncertainty
hikes, due to the central bank's endogenous responses to macroeconomic
developments. Consider the simple model analyzed in Section 4. The
variance of money supply can be expressed as below:
                                      

When the standard deviation of aggregate productivity shock increases
by 1.91 times, that of money supply becomes almost 3 times bigger under
the baseline calibration. Therefore, we can confirm that monetary policy
becomes more uncertain even if the standard deviation of monetary policy
shock is fixed when economy-wide uncertainty increases.
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Figure 14. Monetary policy uncertainty and VIX

Note: Monetary policy uncertainty (left) and VIX (right)

Figure 14 presents monetary policy uncertainty measured by Baker et al.
(2016) and monthly VIX, which is used as a proxy for uncertainty
regarding aggregate productivity. In general, the two series co-move, and
the magnitudes of changes are similar after adjusting for difference in
scale. This result supports the view that uncertainty in monetary policy can
be attributed to uncertainty in fundamentals rather than uncertainty in
policy shock, which measures deviation of monetary policy from policy rule.

3. Attention allocated to monetary policy
Finally, we provide evidence that economic agents actually paid relatively
less attention to monetary policy facing heightened uncertainty during the
Great Recession. It is difficult to measure how information capacity or
attention is allocated. In this reason, we compute a proxy of relative
attention allocated to monetary policy based on the number of searches on
Internet. Specifically, we retrieve the search frequencies of ‘Federal Reserve’
and ‘Economy’ from Google during 2004M1-2018M9 period. A proxy for
relative attention allocated to monetary policy is computed by taking ratio
of the frequency of ‘Federal Reserve’ to that of ‘Economy.’
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Figure 15. Google search trend

Note: Attention allocated to monetary policy: A proxy from Google Trend

Figure 15 shows time series of relative frequencies of Google search
provided by Google trend. It shows that the absolute frequency of
searching ‘Federal Reserve’ had been elevated during 2008. However,
searching ‘Economy’ had been increased more compared to ‘Federal
Reserve’ so the relative frequency of searching ‘Federal Reserve’ had been
declined. Moreover, the average relative frequency remains lower level after
the Great Recession compared to the periods before that. This result
supports

the

transmission mechanism considered in this paper

that

economic agents pay relatively less attention to monetary policy during the
periods of heightened uncertainty.

Ⅶ. Conclusion
In this paper, we provide a theoretical framework and empirical
evidence that monetary policy is more effective to stimulate the real activity
during high uncertainty periods. Firstly, we build a TVAR that incorporates
external instrumental variables to identify the monetary policy shock. The
monetary policy has a stronger and more prolonged effect when the
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uncertainty measure, lagged VIX or VIX growth, is greater than the
threshold. Then, we propose a theoretical framework that can explain this
empirical finding based on the rational inattention theory.
In this model, firms are constrained by the information flow capacity.
They cannot observe the exogenous disturbances with perfect accuracy and
need

to

allocate

their

information

capacity

to

different

kinds

of

disturbances. In this circumstance, firms reallocate their attention more to
productivities when economy-wide uncertainty is higher. Hence, it becomes
more difficult to disseminate the monetary policy shock, and the monetary
policy can affect the real activity more strongly. Intuitively, this mechanism
can be interpreted as endogenously creating the Lucas (1972) island and
changing the speed of resolving the information friction.
In future research, some extensions may be considered. Aligning the
information set of households to that of firms is the first possibility.
Having different information sets is prevalent in the literature and the
assumption in this paper is an extreme example of this. Imposing a more
reasonable information set will be able to provide more reliable quantitative
results. Second, incorporating the central bank signal channel will be an
important topic. The signaling effect of the monetary policy gets more
attention in the literature.

If the central bank's

signals can affect

uncertainty related to the course of monetary policy, this may also affect
the attention allocation of private agents and change the effectiveness of
the monetary policy.
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Appendix
A. Brief review on Information theory and Information flow constraint
In this appendix, we briefly review relevant materials derived in the
information

theory

literature.

This

setup

has

been

widely

used

in

Economics after Sims (2003). Detailed description of the theory can be
found in Cover and Thomas (2012).
In this paper, we quantify information as reduction in uncertainty which
is measured by entropy following previous research on the rational
inattention. The entropy of a discrete random variable  can be expressed
by
   

 log p




 i

where  is a probability of a realization  . For instance, let  be the
outcome of tossing a fair coin. Then, the entropy of 

is simply





            . The entropy of a random variable







which

follows a normal distribution with standard deviation  is


        


The entropy of a random vector


    ⋯    

that follows a

multivariate normal distribution with covariance matrix  is given by


 
       det


The amount of information is quantified in ‘bit’ unit. One bit contains
a one-digit number that can take the value of 0 or 1. Therefore, an
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information channel with one bit of channel capacity can transmit 0 or 1
in a given time interval. In the previous fair coin experiment, an
information channel with one-bit capacity can totally resolve the uncertainty
arises in the experiment. By transmitting 0 and 1 for head and tail, one
can send information about the realized outcome and resolve uncertainty.
In sum, uncertainty with entropy one can be resolved with one bit of
information.
Similarly, conditional uncertainty is measured by conditional entropy. For
example, the conditional entropy of 
 given 
 can be expressed as


 
 
       det  


where

  


    ⋯    

is

the
and

conditional

covariance


    ⋯    

of




a

multivariate

follow

given




and

normal

distribution.
Under aforementioned setup, the amount of information that signal

    ⋯     contains about 
    ⋯     can be defined as

 
 
   
   
 


(18)

Based on the information theory outlined above, we define the
information flow constraint as below.
Definition (Information flow). Let   be the vector tracked by agents and
  be the signal vector tracking   .   is defined as            ⋯     .

Then, the information flow constraint is
             ≤ 

where  is the information capacity.
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In words, the information flow constraint restricts the amount of
information that agents can obtain from the additional signal at any given
time.
In some of previous research on the rational inattention, information
flow

between

two

stochastic

processes

is

quantified

as

the

average

per-period amount of information that one process contains about another
in asymptotic sense as following.23)


    ⋯       ⋯     ≤ 
lim 


(19)

→ ∞

Since

these

research

assumed

stationary

processes,

this

limit

is

well-defined and asymptotic conditional variance is a constant. Therefore,
above two characterizations are identical(Mackowiak et al., 2016).

B. Proofs
B.1 Proof of Lemma


 
    ⋄
                                    


                      

                    

       

  

                          


                      

   

  

    

 

 

                        

                                       

23) See Sims (2003) and Mackowiak and Wiederholt (2009), for instance.
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The first line comes from Equation (15) and (16). The second line can
be derived by using the definition of signals (Equation (13)) and
rearranging the first line. The fourth line can be obtained by evaluating
the square and taking expectation. Here, there is no covariance term in
this as exogenous shocks and noises are all independent to each other.
The second and fifth line use following relations which are rearranged
forms from Equation (14).
 
 
 




  






 
 

Firms minimize the profit loss given the information flow constraint
   ≤ 

Since

the

information

flow

constraint

(21)

should

be

binding

at

the

equilibrium, we can replace  in Equation (20) with    . Taking the
derivatives of Equation (20) with respect to  , we can derive the first
order condition:
  


   






 
 


 
       

(22)
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When we derive the first order condition, we use following derivatives of
elements in the Kalman gain.


     log
 





      


 
         log




      
 
 
 



 
 
 




By rearranging Equation (22), we can prove the Lemma.

B.2 Proof of Proposition 2
First, we show that  and  approach infinite as the total capacity
approaches infinite. If price elasticities to shocks,   ,   and   are
bounded,  approaches infinite as is obvious from the Lemma.  can be
expressed as below:




         log    log 


 


   
     










  

   





      


 


   
    










  

Hence,  also approaches infinite as long as   ,   and   are bounded.
Next, we take limits to the solution given in Equation (25). Note that



 .
lim     and lim     hold as lim    lim 

 →∞
 →∞
 →∞
 →∞
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 lim   
lim    
          → ∞ 
  
 →∞





 lim   
lim    

   → ∞ 


 →∞




Hence,   ,   ,   and   are bounded so we can prove that   ,  
and   are bounded as are asserted above. This proves the proposition.

B.3 Proof of Proposition 3
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Note that the numerator in the second term is positive as long as  is
positive.
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where   
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This proves the proposition. Therefore, the responsiveness of the output
gap to the monetary policy shock increases as variability of aggregate or
idiosyncratic shock increases.
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C. Detailed derivations
C.1 Firm’s profit function
Firm  's real profit function is given by

     







   



 

 
 

   


 

           



         










 
  














   

      




            


    

 









    




 
  







    



 
 


 





           

         





 

    

   

 






     








 




    

   


    

The second, third and fifth line follow from the demand schedule of
differentiated good and labor and the fourth line originates from the
production function. Lastly, the sixth line is expressed in terms of
log-deviations from the steady state where letters without subscript  denote
the steady state values, and lower case letters represent log-deviations from
the steady state.

C.2 Profit loss due to a suboptimal price


P r ⋄
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C.3 Solving the perfect info white noise model
Integrating Equation (15) over  , we can obtain the aggregate price level as
   

   
  ⋄
                  






 



Combining the cash holding constraint and the money supply rule, the
aggregate output level can be expressed as
⋄
⋄
⋄
⋄
  ⋄
                  

Solving for  , we can express the aggregate output as the function of
exogenous processes as
  

  
    ⋄
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C.4 Solving the rational inattention white noise model
Integrating equation (16) over  , the aggregate price level can be derived as
                           

  



due to the independent idiosyncratic productivity and signal assumptions
and definitions of   s given in Equation (15). Therefore, we can impose
the following on the coefficients that need to be determined.
    


                        








    
  

           






(23)

Combining the cash holding constraint and the money supply rule, the
aggregate output level is given by
                  

Solving for  , we can derive the aggregate output as the function of
exogenous processes and attention allocation as
  
  


                   
  
  
  
  

Therefore, we can obtain the following relations to determine the
coefficients.
  
  

             
  
  
  

(24)
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Combining Equation (23)

and (24),
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we can fully determine the

coefficients.
 
           









       

 

   






  
        

      
   
 
     
        
   

(25)

    
           









       

   
 

   






  
   

           
   
  
    
   
        

When we impose    and    , as in the previous subsection, all
coefficients but   , which is negative, are positive.

D. Numerical method
D.1 White noise model
To solve the model, we need to find a fixed point of  and  which
minimizes following
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and            ,          and     .












D.2 Persistent model
In this paper, we follow

Woodford (2003); we represent the model as a

function of exogenous variables and their iterated average expectations.
Firms' optimal price is determined by

                   

  



where    and   is mathematical expectation of firm  based on her



information set at  . Integrating the individual prices over  results in following:

        


(26)
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and it represents the average expectation on the

   

variable  over all  . By combining the money supply rule and cash
holding constraint and rearranging, the output gap can be expressed as
  

       
  
  

(27)

Similarly, the output gap can be expressed as a function of the average
expectations:
  

       


 
 

(28)

Substituting Equation (28) into Equation (26), we can obtain the
following:
  


            
  
  


(29)

Introducing the notation

   
 
for each  ≥ 
 ≡  

 
 ≡ 

for higher-order average expectations and iterating Equation (29), we can
obtain24)
∞

  
  
   
     
  



 



 ∞
  


   
  
   
  

  
24) The absolute value of     should be less than one.
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Next, we cast the model into a Kalman filter. Let   and   be the
state vector and observable vector as below:25)
               
  
  
              

  

   

     
        
        

  



 as below:
We introduce the extended state vector 



 






  
   
  


∞

 
∞

  
   
  



  


 








 







Then, the transition and measurement equation can be expressed as
  

      


(30)

    
   

(31)

where     ′ ,        ′ and                 .
The price level  can be determined by



 


 

 and the
  


    

output gap can be obtain by Equation (27) when the price level is
provided. Therefore, the model dynamics can be solved when matrices 
 ,  and  can be partitioned as follow:
and  are determined. 


25) At this stage, we don't need to consider the signals about idiosyncratic productivity, because it does not
affect the aggregate dynamics.
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  ×   ×  
  

     ×  
      
  ×    × 
  ×  
  

where
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We need to determine matrices  ,  and  to solve the model. From
the above transition and measurement equation, we can formulate a
Kalman filter as below:

      
    
     
   


(32)


 



(33)

   

     

where  is the Kalman gain matrix. Combining Equation (30), (31), (32)
and (33) and integrating over  , 
  can be expressed as

    
   
    
      
  
 
         
         
      

(34)

  
         
        

  can be turned into   by the relationship below:


   





 
 

  
   
  





  
   
   









(35)

Combining Equation (34) and (35), we can obtain the transition
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equation of  .
   
          
        
                    
        
  
                                    
  





  
              
  





  
                          
  









(36)

  
             
  





  
                            
  









       

where

    



  
           
  













  
      
   







The last equality of Equation (36) comes from lagging and rearranging
Equation (35). Matching Equation (30) and (36), we can determine the
matrices  ,  and  as below.



  
  



                       

(37)

Therefore, we can fully solve the model when the Kalman gain matrix
 is determined.

The Kalman gain matrix can be obtained as below
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  ′  
       
     


where     is a conditional variance of  based on information up to
 . Conditional variances are given by
  ′   
     
         
     


             
   ′       
       

   
     


1. Given  and  , determine       .
From Equation (5), we can show that26)
     
    

        




 
                    

(38)





   
  


              
                 

Therefore, we can obtain the following from Equation (38).



 

            

     

(39)

Next, conditional variances of exogenous processes can be computed as
below
                      

(40)

           

          

  

             

  

26) We only describe deriving      . The variance of noise about  can be computed in the same way.
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⋯

Combining above equations, we can obtain
              

  

    

     

⋯

(41)

Under a stationary history, Equation (41) can be simplified as

           

  

 

  

  
⋯  
  
  

(42)

Combining Equation (39) and (42), we can derive the conditional
variance under a stationary environment:
  

            
 
   


    



 .
2. Given  and  , calculate      

  can be obtained by solving the following Riccati equation
     


by iteration:
      ′  ′            ′        ′

where  is      
   that solves Riccati equation. From      
   , we
  and the Kalman gain matrix  .
can obtain        ,    


3. Given conditional variances and the Kalman gain  , update  and 
by Equation (37).
4. Repeat step 2 through 3 until  and  converge.
5. Compute impulse response functions of ⋄
and  to one standard
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deviation shock to fundamental processes and their noises.
6. Choose  and  that minimize the sum of all squared distance

between impulse responses of ⋄
 and   .

7. Return to step 1 and iterate until the procedure converges.

E. Additional empirical results
Figure 16. Impulse responses to the monetary policy shock

Note: Uncertainty indicator VIX(-1), policy indicator FF, instrument FF1
The top panel depicts the impulse responses from the simple VAR without regime shifting. The
middle and bottom panels represent the impulse responses within high and low uncertainty
regime. The dashed lines show bootstrap 90 percent confidence intervals.

73

BOK Working Paper No. 2019-5

Figure 17. Impulse responses to the monetary policy shock

Note: Uncertainty indicator VIX(-1), policy indicator GS1, instrument FF4
The top panel depicts the impulse responses from the simple VAR without regime shifting. The
middle and bottom panels represent the impulse responses within high and low uncertainty
regime. The dashed lines show bootstrap 90 percent confidence intervals.
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Figure 18. Impulse responses to the monetary policy shock

Note: Uncertainty indicator JLN(3), policy indicator GS1, instrument FF4
The top panel depicts the impulse responses from the simple VAR without regime shifting. The
middle and bottom panels represent the impulse responses within high and low uncertainty
regime. The dashed lines show bootstrap 90 percent confidence intervals.
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Figure 19. Impulse responses to the monetary policy shock

Note: Uncertainty indicator JLN(12), policy indicator GS1, instrument FF4
The top panel depicts the impulse responses from the simple VAR without regime shifting. The
middle and bottom panels represent the impulse responses within high and low uncertainty
regime. The dashed lines show bootstrap 90 percent confidence intervals.
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F. Policy implications
In Section 4, we have explained that changes in uncertainty can shift
reactions of private agents when they are constrained by information
capacity. Because aggregate variables behave differently, stabilization effects
of the monetary policy may be also affected by changes in uncertainty. If
so, the optimal reaction of monetary policy may be changed and should be
state-dependent. We therefore analyze how the central bank should react to
the macroeconomic development when economy-wide uncertainty varies
based on the simple model studied in Section 4.
First, we introduce a simple objective function of the central bank. It
tries to minimize the objective function as expressed below:
Welfare loss           

We assume that the welfare loss is an weighted sum of variances of
price and output.  controls relative importance of the variation in the
output. We simply assume that    . Using the solution of the model, the
welfare loss can be expressed as
                                         

In addition, changes in monetary policy reaction may affect firms'
attention allocation and the profit loss due to the suboptimal price.
Therefore, it may be also taken into account to determine better policy
reaction.
We calculate the welfare loss and the profit loss over the     grid.
The results are provided as contours in Figure 20. The left panel shows
the welfare loss over the grid. In general, the welfare loss increases as the
policy reaction coordinate moves from east to west and south to north. On
the other hand, the profit loss increases as the coordinate moves in the
north-east direction. Surprisingly, both welfare loss and profit loss are
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reasonably small under the baseline calibration when uncertainty is low.
Therefore, this result gives evidence that the current monetary policy
functions well under a low uncertainty environment for both criteria.

Figure 20. Policy reaction, welfare loss and profit loss

Next, we also compute the welfare loss and the profit loss under a high
uncertainty environment. When economy-wide uncertainty hikes, overall
welfare loss and profit loss increase. To obtain a similar welfare loss, the
central bank should be more responsive to the price and less to the output,
and the policy coordinate should move in the south-east direction. On the
other hand, higher profit loss areas expand outward and moving the policy
coordinate to the east direction may be costly in terms of the profit loss.
These results suggest two points. First, the central bank should actively
operate a state-dependent policy rule to stabilize the economy. Second, the
central bank can face a trade-off between the welfare loss and profit loss if
it heads east on the policy coordinate. Therefore, it can be misleading if
the central bank only cares about the welfare loss. Specifically, if the central
bank cares about both criteria, then it needs to adjust its policy reaction
carefully and should not be too dovish on the price changes.
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Figure 21. Policy reaction and the effects of the monetary policy shock

Finally, we show how responses of price and output to the monetary
policy shock change as the policy reaction changes. The left and right
panels in Figure 21 contain impulse responses of price and output to the
monetary policy shock, respectively. The contours look similar to that of
welfare loss. The reaction of price becomes larger as the policy coordinate
moves in the south-east direction, whereas the reaction of output becomes
smaller as the policy coordinate moves in the same south-east direction.
When uncertainty gets higher, the contours shift in the north-west
direction. If the central bank maintains its policy reaction function, the
impulse response of the price to the monetary policy shock shrinks, while
that of the output increases as discussed in the previous subsection. If the
central bank chooses to shift its policy reaction and moves its policy
coordinate in the north-west direction, it can restore similar impulse
responses obtained under low uncertainty.
In

sum,

the

central

bank

encounters

another

trade-off

between

macroeconomic stabilization and stronger control of real activity. When the
central bank shifts its policy reaction to the south-east on the policy
coordinate, this limits the central bank's ability to boost the real activity
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but can achieve greater stability. Because these two options affect different
time horizons, the central bank can actively choose what it will focus on.27)
The welfare loss function measures long-term macroeconomic stability,
whereas the impact responses to the monetary policy are effective for only
one period. Therefore, these results suggests that the central bank may
shift its policy reaction when the uncertainty change is permanent or
long-lasting. If the change is temporary and lasts for shorter periods, the
central bank may maintain the policy reaction function and choose money
supply shocks to fine-tune the economy.

G. Endogenous capacity choice
When economy-wide uncertainty hikes, agents may choose to increase
their information capacity to process more information by paying more
costs. In this subsection, we argue that the qualitative result will remain
unchanged in general. If firms were to choose an optimal information
capacity, their objective would be to minimize the loss function subject to
the information flow constraint, as follow.
∞

min    



 

⋄
     

          


Here,  ⋄
         is the discounted profit loss due to suboptimal

price at each period and      is the cost function of information
channel. The cost function in the baseline model can be expressed as below:

    




∞

   ≤ 
    

27) This argument is subject to the Lucas critique; if private agents expect that the central bank can actively
shift its policy reaction, this will affect the equilibrium outcome. However, the qualitative results may not
be altered by this expectational effect especially when the shift occurs very rarely.
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However, if the cost is a smooth function, firms may choose to increase
the total capacity when economy-wide uncertainty hikes.
Under this environment, changes in the impact of monetary policy
shock depend on the form of the cost function. When the cost function is
linear

in



and



(e.g.

    

for a constant g), shifts in

economy-wide uncertainty may not result in the same qualitative result.
Firms choose  and  to equate the marginal gain (a reduction in profit
loss due to imperfect information about a monetary policy shock) and
marginal cost of additional capacity. When the cost function is linear in  ,
marginal cost and gain regarding  will not be affected by changes in
dispersions of aggregate and idiosyncratic productivity. In this case, the
optimal choice of  will not change and the responsiveness of output to
monetary policy shock will not be affected.
However, the cost function is generally assumed to be convex (e.g.
    ). In such cases, attention allocated to monetary policy shock is

always decreasing in economy-wide uncertainty, and the main result still
remains unchanged qualitatively. The marginal gain of additional attention
to aggregate productivity becomes higher, and firms increase  . Then, the
marginal cost of additional attention to monetary policy becomes higher,
and firms decrease  to balance the marginal cost and gain regarding  .
Therefore, attention allocation to monetary policy shock should be strictly
decreased as economy-wide uncertainty increases.

H. Transitory uncertainty shock
In this appendix, we briefly explain how we extend the model to
consider transitory uncertainty shocks. The model is solved while assuming
that there has been no uncertainty shock in the recent periods so the
macro outcomes, such as the price and output remain at the low
uncertainty steady state. Then, we inject an uncertainty shock to this model
and compare the model dynamics with and without uncertainty shock.
Next, we describe the nature of the uncertainty shock. Specifically, we
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assume that the variances of aggregate and idiosyncratic productivity follow
AR(1) processes as below:28)

                      

                        




where    and    denote the steady state variances of the aggregate and
idiosyncratic productivities.
We first solve the model under a ‘stationary’ case in that there has been
no uncertainty shock in the recent periods; therefore, the variances remain
fixed. Then, we inject an uncertainty shock to this model under a
stationary history and analyze the transition of endogenous variables. We
compute the solution when an uncertainty shock hits the economy at time
 assuming that the economy has a stationary history until time    .29)

We compute the impulse response functions to exogenous fundamental
shocks in addition to an arrival of the uncertainty shock. As in the main
text, we assume that the standard deviations of aggregate and idiosyncratic
productivity become 1.91 and 3.33 times larger, respectively, than the
stationary periods when an uncertainty shock hits the economy.
Specifically, we solve the model and compute impulse responses by
following the steps described below:
1. Compute the streams of unconditional variances of exogenous shocks,
from  to    , by feeding   and    to Equation (44) for  large




enough. These variances converge to their unconditional means   and  
eventually.

2. We need to guess the sequences of  and  from  to    based
on information up to time  , because future allocations determine  and
28) We assume that two processes have the same autoregressive coefficient.
29) Numerically, it is sufficient to assume that the uncertainty shock has not been there for more than,
approximately, 20 quarters under the baseline calibration.
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 in the future periods. Instead of guessing entire sequences, we assume

that the attention allocations return to their stationary levels in constant
rates after two quarters and guess the allocation at  and    and the
rate of change as shown below.
guess  then  determined
compute                     for  ≥ 
    ≥  determined from     ≥ 

Under this simplifying assumption, we only need to find optimizers for
 and   .

3. Compute the sequences of conditional variances of exogenous processes
from  to    .
From Equation (41), we can compute the sequences of conditional
variances based on the sequences of unconditional variances of exogenous
processes and attention allocations as below.
                   

    

                   
                     

for

 ≥ 

and

   ,

   ,

         

    

   

         

(45)

          

        ,

        ,

and

         are their stationary values.

4. Compute the sequences of variances of noises by applying Equation (42)
and (43).
5. Repeat step 2 though 4 from the stationary case above period by
period, from  to    and obtain the sequences of   and   . Then
compute impulse responses of the extended state variable 
 to aggregate
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productivity and monetary policy shock originated at  .
  


 

 


(46)
 ≥

      

6. Compute impulse response functions of ⋄
and  to one standard

deviation shock to fundamental processes and their noises based on step 5.
7. Repeat step 5 through 6 starting from    for ∈    ⋯  .
8. Choose  , and  that minimize the discounted sum of all squared

distance between impulse responses of ⋄
 and   .

9. Return to step 1 and iterate until the procedure converges.
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