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Abstract

Discretionary conduct of monetary stabilization policy can increase
real and nominal aggregate volatility by arbitrary amounts when firms
pay limited attention to aggregate shocks. A conservative central banker
with stronger preference for price stability eliminates the commitment
problem, thereby reduces output and price volatility and gives rise to
a policy-induced ‘Great Moderation’. Increased focus on price stability
facilitates firms’ information processing and aligns their expectations bet-
ter with policy decisions. This ‘coordination effect’ reduces aggregate real
and nominal volatility. Consistent with empirical evidence, the moder-
ation manifests itself through reduced residual variance in vector autor
regressions (VARSs) involving macroeconomic variables.

Keywords: great moderation, optimal monetary policy, information
processing frictions, output and price volatility.

JEL-Class.No.: E31, E52, D82

*An earlier version of this paper was titled ‘Monetary Policy and the Great Moderation’.
Thanks go to Marco del Negro, Angelo Melino and Alex Wolman for valuable comments and
suggestions and to Jordi Gali and Marc Giannoni for their discussion at the 2008 Gerzensee
conference. Email: adam (at) uni-mannheim.de.



1 Introduction

The aim of this paper is to present a simple monetary policy model in which
increased emphasis on price stability by a discretionary central bank can give rise
to arbitrarily large reductions in the variance of aggregate output and inflation.
Conversely, the model suggests that overly ambitious attempts to stabilize the
real economy via discretionary monetary policy actions can result in very large
increases in the volatility of real and nominal variables.

With regard to the first point, the model thus suggests the existence of a
causal link between two major macroeconomic events that are widely believed
to have taken place around 1980 in a number of developed economies: (1)
following the inflation experience of the 1970’s many central banks seem to have
increasingly focused on insuring price stability.! In the U.S. this policy shift is
typically associated with the appointment of Paul Volcker as chairman of the
Federal Reserve and the subsequently implemented disinflation program; (2) the
volatility of aggregate output and inflation has fallen significantly around the
beginning of the 1980’s, a fact generally referred to as the ‘Great Moderation’
and first documented in McConnell and Quiros (2000) and Blanchard and Simon
(2001).

Conversely and with regard to the second point, the model suggests that the
recently observed increase in aggregate real and nominal volatility may possibly
be attributed to a renewed shift in the objectives of monetary policy towards
greater stabilization of the real economy. Clearly, it is still too early to say
whether such a shift has actually occurred and whether the recent volatility
increase is more than a temporary phenomenon. The paper, therefore, focuses
on the aggregate attenuation resulting from greater emphasis on price stability,
although the proposed mechanism works also in the reverse direction.

The monetary model presented is a standard rational expectations model
with maximizing firms and consumers. The key new feature of the model is
that firms are assumed to face constraints on the amount of information they
can process about aggregate shocks and about policy decisions. This follows
recent work by Sims (2003) which stresses the scarcity of information in decision
making, based on the observation that processing and incorporating information
into decisions is not a costless process.? This paper emphasizes the information
processing problems of price setting firms, as these appear of particular relevance
for questions related to the conduct of monetary policy.?

The presence of information processing frictions implies that the quality of
firms’ information about their profit maximizing price is endogenous and de-
pends, amongst other things, on the conduct of monetary policy. Specifically,
monetary policies that give rise to large volatility of firms’ profit maximizing
price also make it harder for firms to track the precise value of their truly op-
timal price and thereby give rise to larger information processing errors. These

!Prominent proponents of this view include Clarida, Gali, and Gertler (2000), Cogley and
Sargent (2001), and Orphanides and Williams (2005).

2See Moscarini (2004), Reis (20064, 2006b), or Adam (2007) for applications.

3Mackowiak and Wiederholt (2008) have shown such frictions to be important for explain-
ing observed pricing behavior by firms.



processing errors increase the variability of firms’ information sets and lead to a
misalignment between the private sector decisions and the actual policy stance.
Since these misalignments are unpredictable for policymakers, they end up am-
plifying the nominal and real volatility in the economy.

In the present setting discretionary maximization of social welfare by the
monetary authority is shown to generate excessively volatile monetary policy
decisions compared to the fully optimal policy with commitment. Volatility of
monetary policy induces volatility of profit maximizing prices and this leads -
via the channels just described - to excessive real and nominal volatility in the
aggregate economy. The commitment problem emerges because discretionary
policy fails to incorporate the amount of information noise it generates: the
variance of the information processing noise is a function of the average volatility
of policy decisions in response to shocks, while the discretionary policy problem
consists of determining the strength of the policy reaction to a specific shock
realization; since the latter contributes little (nothing with continuous shock
distributions) to the overall variance of policy, it is rational to ignore it under
discretionary maximization.

The commitment problem is thereby more pronounced in economies in which
firms can process information rather well because achieving any desired real ef-
fect then requires a larger amount of variation in the policy instrument.? There-
fore, if over time firms become better at processing information, say due to tech-
nological progress in information and communications technologies, the response
of discretionary monetary policy is to increase the variability of the policy in-
strument. This gives rise to increased aggregate variability and larger processing
errors, which more than compensates the reduction in processing errors resulting
from increased capacity to process information. This in turn suggests that the
increased volatility of the 1970’s in the U.S. when compared to the 1960’s may
be partly the result of an increasingly severe monetary commitment problem.

The paper shows that appointing a ‘conservative central banker’ & la Rogoff
(1985), who place greater emphasis on price stability, reduces the volatility of
policy decisions and allows - for an appropriate weight on price stability - to
replicate optimal commitment policy via discretionary maximization.® With
a conservative central banker the monetary policy response to shocks is less
activist, which reduces the variance of firms’ optimal price and thereby their
processing errors. The resulting increased coordination between policy decisions
and firms’ pricing decisions is shown to unambiguously lower aggregate price and
output volatility, independently of the model parameterization. This mechanism
will be referred to as the ‘coordination effect’.

The paper also analyzes the model-implied vector autoregressive (VAR) dy-
namics for output, prices and the monetary policy instrument. Interestingly, a
marginal improvement in monetary policy (less activist policy) can result in no
change of the auto-regressive coefficients - including those coefficients describ-
ing the VAR’s ‘policy equation’ - but manifest itself via reduced variance of the

4In this paper the real effects of monetary policy are exclusively due to information process-
ing constraints (information asymmetries).
5Vestin (2006) derives similary results within a sticky price economy.



VAR residuals. This suggests that it is well possible that some of the findings
of the empirical VAR literature, e.g., Canova and Gambetti (2008), Primiceri
(2005), or Sims and Zha (2006), are consistent with the notion that the Great
Moderation is partly the result of improvements in monetary policy.

Even more strikingly, estimating VARs on model generated data from a mon-
etary regime with and a monetary regime without a conservative central bank,
and exchanging the (correctly identified) monetary reaction functions across the
estimated VARs, results in unchanged behavior for the then resulting output
and price process. This is the case, although in the model the volatility differ-
ences are exclusively due to a change in the conduct of monetary policy. This
finding is of interest because empirical findings of this kind have occasionally
been interpreted as suggesting that monetary policy is an unlikely explanation
for the observed ‘Great Moderation’.

More generally, the model suggests that the variability of private sector
information sets (information processing errors) can be an important source
of ‘fundamental’ shocks entering the residuals of empirical VARs and that the
volatility of these information sets may be crucially influenced by the conduct
of policy. This is consistent with the empirical findings in Gali and Gambetti
(2008) who report that in the U.S. the observed volatility reduction is largely
due to a substantial fall in the volatility of non-technology shocks.

Obviously, the model (trivially) predicts that lower price and output volatil-
ity can occur without any changes in monetary policy, e.g., following a reduc-
tion in the variance of standard shocks (shocks that are not processing errors).
Therefore, the model is equally consistent with the notion that the findings of
the empirical VAR literature are simply the result of reduced shock variance.

The paper is structured as follows. It starts in section 2 with a brief overview
over the related literature. Section 3 then presents a simple static version of the
model with imperfectly informed firms and derives a linear-quadratic approxi-
mation to the monetary policy problem. After introducing firms’ information
processing constraints in section 4, section 5 derives the monetary policy impli-
cations. In particular, it is shown how the presence of information processing
constraints causes discretionary monetary policy to generate excessive aggregate
volatility and how increased focus on price stability reduces volatility. Section
7 extends the static model to an infinite horizon economy. It derives and dis-
cusses the model-implied VAR dynamics for output, prices, and the monetary
policy instrument and compares it to stylized facts documented in the empirical
literature. A conclusion briefly summarizes. All proofs are contained in the web
appendix to this article.

2 Related Literature

A number of mechanisms have been suggested in the literature through which
improvements in the conduct of monetary policy may cause reduced output and
price volatility, see Stock and Watson (2003) for an excellent survey.



Orphanides and Williams (2006, 2005) show that the usual trade-off between
output and price volatility can disappear in a setting in which the private sector
is perpetually learning about the dynamics of the economy by extrapolating
from past economic behavior. More stable prices then reduce the volatility of
the private sector’s price expectations and thereby the overall volatility in the
economy. Along a similar line, Branch et al. (2007) provide an explanation
of the Great Moderation using a model in which the private sector can choose
the level of attention and show how the model can give rise to high and low
attention equilibria with high and low aggregate volatility, respectively.

Within the realm of rational expectations models, Clarida, Gali, and Gertler
(2000) interpreted the 1970’s as a period in which the monetary policy rule
may have allowed for sunspot fluctuations, while from the start of the 1980’s
policy behavior created a determinate equilibrium. Surico and Benati (2007)
explore the implications of this idea for the Great Moderation. Even without
sunspot multiplicities, standard rational expectations models suggest that im-
provements in the conduct of monetary policy can give rise to reduced real and
nominal variance. Clarida, Gali, and Gertler (2000), for instance, argue that a
stronger monetary policy response to inflation fluctuations can reduce volatil-
ity. Boivin and Giannoni (2006) present an extended New Keynesian model in
which a stronger monetary policy response to inflation reduces the variability of
inflation and output following demand shocks. They conclude that a change in
systematic policy together with a change in the mix of shocks may explain the
observed great moderation in the US. The analysis in Stock and Watson (2003)
suggests, however, that when using more elaborate sticky price models such as
the Smets-Wouters (2007) model, New Keynesian models may have difficulties
in attributing the reduced volatility of real output in the U.S. to the observable
changes in the conduct of monetary policy.

The present model differs from the existing literature by assuming fully ra-
tional agents, by giving rise to a (locally) unique equilibrium prediction for all
policy parameterizations, and by being able to generate arbitrarily large real
and nominal volatility reductions following increased emphasis on price stabil-
ity by discretionary monetary policy. It is worth emphasizing that the ability
of the present model to generate the historically observed reduction of aggre-
gate real and nominal volatility depends critically on the value one assigns to
firms’ processing capacity. Specifically, arbitrarily large volatility effects can be
generated by assuming firms to be sufficiently efficient in processing informa-
tion. At present, however, little can be said about what constitute reasonable
calibrations for firms’ processing capabilities. The quantification of the policy
effects is therefore a subject that is left for future research.

3 The Basic Model

This section introduces a stylized monetary policy model and derives a linear-
quadratic approximation to the optimal monetary policy problem. To simplify
the exposition, it considers a static model and assume firms’ information to
be exogenous. Endogenous information sets will be introduced in section 4
when studying firms that optimally process information subject to processing
constraints. Section 7 extends the setup to a fully dynamic model.



Importantly, the model below features two kinds of economic shocks, namely
a shock that leads to socially desirable variation in private sector behavior, as
well as a shock that induces the private sector to react in a socially undesirable
way. This distinction will be important because the second kind of shock gives
rise to a conflict between the private sector and the policymaker, while the first
shock does not. Arguably, the precise source for the two kinds of shocks is not
relevant for the results that follow.

Households The household sector is described by a representative con-
sumer choosing aggregate consumption Y and labor supply L to maximize

Uy)—vV(L) (1)
s.t.
0=WL+1I1-T—-PY

where W denotes a competitive wage rate, II monopoly profits from firms, T
lump sum taxes, and P the price index of the aggregate consumption good. The
parameter v > 0 is a stochastic labor supply shifter with F[v] = 1 and induces
variations in the efficient labor supply and the level of output. Households are
fully informed about all relevant aspects in the economy.® Furthermore, U’ > 0,
U’ <0, limy ., U (Y)=0,V">0, V" >0and V'(0) < U'(0).

Firms The supply side of the economy is characterized by a continuum
of monopolistically competitive firms 4 € [0, 1] that can freely adjust prices but
possess imperfect information about the aggregate shocks hitting the economy.
Firm i produces an intermediate good Y? with labor input L? according to a
linear production function of the form

Yi=1L'

Intermediate goods enter into aggregate output Y according to a Dixit-Stiglitz
aggregator

Y = /(Y")%di (2)
0,1]

where the demand elasticity # > 1 is stochastic with mean E[f] = . Variations
in 6 will induce socially undesirable variations in the price mark-up charged by
the monopolistically competitive firms,” and will give rise to a conflict between
firms and monetary policy.

Let Y¥(P?/P) denote household’s utility-maximizing demand for product Y
induced by (2) when firm i charges price P’ and the price for the aggregate good
is P. The profit maximization problem of firm ¢ is then given by

max E [U'(Y) (14 7)P'Y*(P'/P) — WY*(P'/P)) |1] (3)

pi

6Households, however, would only need to know the wage rate, the prices charged by firms,
and their income.

"Mark-up variations are inefficient because an output subsidy for firms is assumed to
eliminate the average mark-up charged by these firms, see below.



where 7 denotes an output subsidy that eliminates the average mark-up charged
by monopolistically competitive firms and I the firm’s information set, which
contains information about the labor supply shock v, the demand shock 6, and
monetary policy decisions. For simplicity it is assumed in equation (3) that all
firms possess the same information set I. It is shown in section 6.3 that this
assumption is not essential for the results that follow. All that is required is that
firms share some common (noisy) piece of information about fundamentals.

Monetary Policy The monetary policymaker is supposed to choose nomi-
nal demand and maximize the utility of the representative agent (1). To simplify
the analysis, a linear-quadratic approximation to the optimal policy problem is
studied, i.e., a quadratic approximation to social welfare and a linear approxi-
mation to the implementability conditions characterizing optimal private sector
behavior.

Appendix A.1 shows that when the output subsidy 7 eliminates the average
price mark-up charged by firms a quadratic approximation of the representative
agent’s utility function (1) is given by

—(y = yn)? (4)
where (y — y,,) denotes the output gap. In particular, y is the average output
across firms, i.e., y = [y(j)dj, and y,, the efficient output level.® The latter
depends on the labor supply shock v only and is assumed normal, i.e., y, ~
N(0, 05). The remaining part of the paper refers to y,, as a natural rate shock.

Appendix A.1 also derives the linear approximation to firms’ optimal price
setting behavior implied by problem (3):

p(i) = Elw + e|1] ()

The previous equation describes the profit maximizing behavior of firm ¢ con-
ditional on available information I.° The profit maximizing price p(i) can be
expressed as a mark-up e over the nominal wage w. The optimal mark-up is
given by

e~ —(0-0).

Firms wish to charge a higher mark-up (¢ > 0) whenever the price elasticity
of demand 6 falls below its mean f. A positive value of ¢ thus reflects the
fact that product demand has become less price-sensitive. We refer to ¢ as a
mark-up shock.'® It is assumed independent of the natural rate shock ,, and
e ~ N(0,02%). The nominal wage w can be expressed as

w=p+EY—yn)

It depends on output y, which captures total labor demand, on the natural
rate shock ¥,,, capturing shifts in labor supply, and on the price level p, which is

8Lower case letters indicate that variables are expressed as percentage deviations from
steady state values.

9Tt also incorporates the implementability conditions implied by the optimal labor-leisure
choice of households, see appendix A.1 for details.

10This follows Woodford (2003). Galf et al. (1999) refer to it as a ‘cost-push shock’.



influenced by monetary policy decisions. The parameter ¢ > 0 thereby indicates
the sensitivity of firms’ prices to the output gap and is given by

_ U'Y)Y | V'Y)Y
- U(Y) V/(Y)

where Y denotes the steady state output level. Summarizing the previous results
we have

p(i) = E[p+ &y —yn) +ell] (6)
Equation (6) is essentially a Lucas supply curve with the added feature that the
information set I will be endogenous to the model.

The central bank controls nominal spending ¢, which is defined as

qa=y+p (7)

Combining this with equation (6), one obtains that in a symmetric price setting
equilibrium

p=E]p*|] (8)
where p* denotes the optimal price under perfect information
. 1
Pr=a-ynt e (9)

The price p* depends on the fundamental shocks and on monetary policy. As one
would expect the optimal price increases (decreases) one-for-one with nominal
demand (the efficient output level) and increases in response to mark-up shocks.
The response to mark-up shocks is more pronounced the smaller is £. Low values
of £ indicate that marginal costs react only little to output. Therefore, to obtain
the desired increase in mark-ups following a positive shock to e, a larger real
contraction is required, i.e., a larger increase in nominal price ceteris paribus.

Timing of Events and Information Sets Figure 1 illustrates the se-
quence of events taking place in the economy. First, the stochastic disturbances
(yn,€) realize. In the baseline case the central bank can observe these dis-
turbances perfectly (although this assumption is relaxed later on) and then
determines the desired level of nominal demand. Thereafter, firms process in-
formation about the shock realizations and the central bank’s policy choice, as
is explained in the next section, and simultaneously determine product prices.
Then, consumers observe the prices posted by firms and demand products while
firms simultaneously hire the labor necessary to satisfy product demand at the
posted price. Finally, production and consumption take place.

As should be clear from figure 1, firms do not perfectly observe their nominal
marginal costs at the time they set their prices. This is so because the labor
market clears only after product prices have been determined. Since nominal
wages and the optimal mark-up over nominal wages depend on the exogenous
disturbances and on the monetary policy decisions, firms have an incentive to
process information about these variables before determining their prices.



1. Mark-up and 2. Central bank 3.Firms process 4, Consumers 5. Production

natural rate sets nominal information and demand products and consumption
|— shocksrealize  |— demand I setprices = and firmshire H takeplace —
labor

Figure 1: Sequence of events

Monetary Policy: Discretion versus Commitment Summarizing the
results derived above, the monetary policy problem consists of choosing ¢ so as to
maximize (4) subject to (7)-(9). A discretionary policymaker thereby determines
policy only after the mark-up and natural rate shocks have realized, i.e., at the
time of implementation (stage two in figure 1). A policymaker who could commit
would determine a fully state contingent policy ¢(e, y,,) before shocks realize and
simply implement the predetermined policy choices once economic disturbances
have materialized. As will be shown, this makes a crucial difference for the
policy outcome.

4 Optimal Information Processing

This section consider firms that in addition to choosing prices also determine
what information to process. Firms choose prices and information structures to
maximize their profits but face a constraint on the total amount of information
that can be processed each period, as in Sims (2003). The section first derives
results formally and then offers a more intuitive interpretation of the findings.
The aim of this section is to show how - in a setting with information processing
constraints - monetary policy gives rise to a ‘coordination effect’.

A quadratic approximation of the firm’s profit is given by
B |- 1] (10)

The firm chooses p and I so as to maximize (10) subject to an information
processing constraint
H(p") - H(p'|I) < K (11)

where H(p*) denotes the entropy about p* before processing information and
H (p*|I) the entropy after information processing.!! Intuitively, entropy is a
measure of the uncertainty about a random variable. Stated in these terms,
the processing constraint (11) provides a bound K € [0, 00] on the maximum
uncertainty reduction about p* that can be achieved by processing information.
The bound K is thereby measured in ‘bits’; i.e., number of zeros and ones, per
unit of time. For K = 0 no uncertainty reduction is possible, i.e., firms cannot
process information at all, while for K — oo firms process information perfectly.

'The entropy H(X) of a continous random variable X is defined as H(X) =
— [ 2log(z)p(z)dx where p(z) is the probability density function of X and where the conven-
tion is to take 2 log(x)p(x) = 0 when p(z) = 0.



For a given information structure I, the optimal price choice is p = E [p*|I]
so that the expected loss associated with information structure I is equal to
Var(p*|I). Choosing an optimal information structure thus amounts to mini-
mizing Var(p*|I) subject to the constraint that the conditional entropy H (p*|I)
cannot fall below the threshold defined by the processing constraint (11). Shan-
non (1948) shows that Gaussian variables minimize the conditional variance for
a given entropy level.!? Tt is therefore optimal to choose p*|I to be Gaussian
so as to achieve an infimum value for Var(p*|I). Since p* is Gaussian (due
to the assumption of Gaussian fundamental shocks), the posterior p*|I is also
Gaussian, provided the information I available to firms takes the form a signal
s with representation

s=p"+n, (12)

where n ~ N (0,03,) denotes the firm’s information processing noise, which is
independent of all other random variables in the model. The variance of the
processing noise 7 is thereby given by!'?

1
0727 = mVar(p*). (13)
This is the infimum variance such that the information structure I = {s} still
satisfies the constraint (11). In particular, choosing a lower variance would imply
that firms process more than K bits of information. As one would expect, the
processing noise falls and the information structure becomes more informative,
if firms’ processing capacity K increases.

Given the optimal information structure, the firm’s optimal price is then

p=Elp*|]
= E[p"[s]
=k-s, (14)

where the Kalman gain k € [0, 1] is

__Var() ek
k_VaT(p*)+0%_(1 272K, (15)

The Kalman gain k is a useful summary statistic indicating how well agents
can process information about their environment. For k& = 0 firms receive no
information since 072/ = 0o. Conversely, for £ = 1 firms observe perfectly since
0,2] = 0. At intermediate values of k the variance of the observation noise 7 is
positive and decreases with k.

Coordination Effect The expression for the variance of the processing
noise in equation (13) shows that a more variable full information price p*
causes firms’ to make larger processing errors. Intuitively, this occurs because

12Shannon solves the dual problem of maximizing entropy for a given variance.
13 This follows from equation (11), the fact that the entropy of a Gaussian random variable
is equal to one half its log variance plus a constant, and the updating formula for the variance

of normal variables, i.e., Var(p*|s) = Var(p*) — Var(p*)?/(Var(p*) + 072,).

10



information about a more variable environment is harder to track for any given
capacity to process information. Since the noisy signal s enters with proportion-
ality factor k into firms’ prices, see equation (13), a more variable full informa-
tion price causes firms’ optimal price choice p to increasingly deviate from the
full information price. This is formally summarized in the subsequent result:

Lemma 1 A more variable optimal price p* increases firms’ pricing errors:
Var(p—p*) = (1 —k)Var(p")

Clearly, the variability of the full information price p* depends on the con-
duct of monetary policy, see equation (9). Therefore, if monetary policy causes
the full information price p* to be very volatile, firms’ will make larger process-
ing errors, implying that firms’ price choices will be less predictable for the
monetary policymaker.! The endogeneity of the information structure thus
suggests that monetary policy influences the economy along a new margin: by
making p* less variable, policy causes the private sectors’ price choices to become
more predictable, i.e., better coordinated around p*. I call this attenuation the
‘coordination effect’.

Importantly, the coordination effect not only reduces unpredictable move-
ments in prices, but also unpredictable movements in the output gap. From the
definition y = ¢ — p and the results about firms’ optimal price and information
choice derived above one obtains

Y—Yn = (1—k)q—(1—k)yn—§6 —kn (16)

Smaller information processing errors 7 thus also reduce the variance of unpre-
dictable output gap movements. Whether this also implies a reduced overall
volatility of the output gap depends on how the considered policy shift affects
the volatility of the terms in the square bracket in equation (16). This issue is
investigated in the next section.

5 Policy Implications of Processing Limitations

This section shows how the presence of the ‘coordination effect’ discussed in the
previous section influences monetary policy decisions and economic outcomes.

Under discretionary policymaking it turns out optimal to simply ignore the
coordination effect, implying that firms’ profit-maximizing prices are rather
volatile and their processing errors correspondingly large. This is shown to
result in suboptimally high real and nominal volatility, when compared to the
outcome under commitment. The volatility effects of discretionary policy are
thereby particularly pronounced when firms a very efficient at processing in-
formation. It is then shown how the appointment of a ‘conservative central
banker’, as in Rogoff (1985) can result in a large drop in real and nominal
aggregate volatility.!?

14 The processing error n is unpredictable for policymakers as it realizes after monetary
policy has been set, see section 3.

15 A ‘conservative central banker’ is a policymaker who places more weight on achieving
price stability than suggested by the social welfare criterion.

11



Throughout this section it is assumed that policymakers observe fundamen-
tal shocks without noise (have perfect capacity to process information) and that
firms’ processing capacity is exogenously given, i.e., independent of the way pol-
icy is conducted. Both assumptions will be relaxed in section 6 where it is shown
that the main results carry over to these more general settings.

5.1 Discretionary Policy Activism

This section considers the volatility implications arising from discretionary pol-
icymaking. Summarizing results derived in sections 3 and 4, the discretionary
policy problem can be expressed as

HlélX 7E[(y7yn)2|57yn} (17)
s.t.:
k
Yy—yn= (1-k)g —(L—kyn— e— kn (18)
~——— 13 ~—
standard effect coordination effect

with equation (18) describing the behavior of the output gap as a function of
the policy choice, the fundamental shocks, and the realization of the processing
error. Monetary policy affects the output gap in equation (18) trough ‘standard
effects’ and via the ‘coordination effect’.

The ‘standard effect’ of monetary policy is that arising in traditional imper-
fect information models, e.g., Lucas (1972, 1973). It predicts that an increase
in nominal demand by one unit moves output (and the output gap) by (1 — k)
units because the presence of processing constraints implies that firms do not
fully perceive movements in nominal demand. These standard effects of policy
can be used to amplify or dampen the effects of natural rate and mark-up shocks
entering on the r.h.s. of equation (18). Note that they cannot be used to elim-
inate the effects of the processing error 7, which only realizes after monetary
policy has been determined.

Monetary policy also influences the behavior of the output gap through the
‘coordination effect’. From the previous sections it follows that the variance of
the coordination error is

1—-k .
0727 = TVar(p ) (19)
where the full information optimal price is given by
. 1
Pr=a—ynt e (20)

Importantly, the discretionary policy reaction to economic disturbances is de-
termined at the time of implementation, i.e., only after the shocks (e, y,) have
realized. Therefore, a discretionary policymaker can safely ignore the coordi-
nation effects of its current policy decision, i.e., can treat the variance of the
processing error 072] in the policy problem (17) as given. This is rational because
the policy reaction to a particular shock realization contributes little (nil with
continuous shock distribution) to the ex-ante variability of the full information
price p* and thus to the coordination error.

The following proposition shows that ignoring the coordination effect can

have stark implications:'6

16 This results follows directly from the first order conditions of problem (17).

12



Proposition 2 In a rational expectations equilibrium with optimal information
processing by firms, optimal discretionary policy is

ko1
q= mgf + Yn (21)

The implied variance of the full information price is

1 1
p* = - 22
G-me 22
and the variances of the output gap and the price level are
T L (23
! (1—k)g? *
k
Ep?] = ————0?
Pl Tre

The proposition shows that aggregate nominal and real volatility increases
without bound as firms become better and better at processing information,
i.e., as k approaches 1. This occurs although improved information processing
capabilities by firms reduces - ceteris paribus - their processing errors.

To understand this finding consider the case of a positive mark-up shock.
This shock causes firms’ desired mark-up to increase and results in a socially in-
efficient price increase. To avoid the corresponding drop in output, discretionary
policy finds it optimal to nominally accommodate the shock. When firms are
very efficient in processing information, the required amount of monetary ac-
commodation has to be very large and this strongly increases the variability of
firms’ optimal price p*: nominal accommodation generates an additional incen-
tive for firms to increase their prices in response to positive mark-up shocks.
More efficient information processing by firms therefore generates - through the
induced monetary policy reactions - a very variable optimal price p* and cor-
respondingly large processing errors. These lead to higher nominal and real
volatility which increases without bound as k — 1.

Conversely, if firms are not very efficient in processing information (k close to
zero) they fail to perceive the mark-up fluctuations, so that these shocks do not
lead to socially inefficient price increases. There is then no need to nominally
accommodate.

Finally, note that by nominally accommodating the natural rate shocks,
monetary policy stabilizes at the same time the full information price p*, see
equation (20), and the output gap through the standard effects of monetary
policy, see equation (18). Natural rate shocks move the efficient output level but
do not give rise to a conflict between social and private incentives. Therefore,
ignoring the coordination effect under discretionary policymaking entails no
efficiency loss in the policy reaction to these shocks.

It is instructive to compare the discretionary policy outcome to fully optimal
policy under commitment. With commitment the policymaker would determine
fully contingent policies before shocks realize and take into account the ‘coordi-
nation effect’; i.e., the fact that the policy reaction to a specific shocks realization
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has implications for firms’ uncertainty in response to all other conceivable shock
realizations. The commitment problem is given by

tmax —B{(y — a)’)
s.t.: equations (18),(19) and (20)
and the first order conditions of this problem imply the following result:

Proposition 3 In a rational expectations equilibrium with optimal information
processing by firms, optimal monetary policy under commitment is to set

q=1Yn (24)

The implied variability of the output gap and prices are

Elly - ya)] = ga (25)
2 _ ﬁaz
Blp?] = 50

The previous proposition shows that with fully optimal policy, aggregate
variability increases only linearly with the processing index k.!7 In particular,
with commitment it turns out optimal not to nominally accommodate mark-up
shocks. This is optimal so as to avoid the information processing errors induced
by nominal accommodation.

From propositions 2 and 3 it is clear that discretionary policy approaches
the commitment solution as & — 0. For low levels of firms’ processing ca-
pacity, lack of monetary commitment would thus not entail large utility costs
due to increased aggregate volatility. However, if the economy is character-
ized by an increase in firms’ processing capacity over time, a scenario that is
not implausible given the vast advancements in information and communica-
tion technologies over time, a possible monetary commitment problem would
become increasingly apparent. The increase in aggregate volatility in the 1970’s
experienced in a number of developed countries might thus partly be attributed
to a monetary commitment problem which became increasingly apparent be-
cause firms became better and better at processing aggregate information. One
possible interpretation of the monetary policy regime shift in the U.S. and a
number of other countries in late 1970’s and the beginning of the 1980’s is thus
that changes in the economic environment forced policymakers to actively look
for a solution that would avoid the increasingly suboptimal economic outcomes
induced by discretionary monetary policymaking. This issue is discussed in the
next section.

17The slightly non-intuitive implication that output gap variability increases, i.e., welfare
decreases, when firms can process information better (larger values of k) emerges because
increased processing capacity has two opposing effects: on the one hand, it reduces the size
of processing errors, which enhances welfare; on the other hand, it allows firms to observe
aggregate mark-up shocks better, which decreases welfare. The latter effect dominates and
causes output and price variability to linearly increase with firms’ ability to process information

(k).
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5.2 Increased Focus on Price Stability

Following the experience of the 1970’s, monetary policy in the U.S. and in a
number of OECD countries started to refocus on the goal of achieving price sta-
bility. In the U.S. this policy shift is invariably associated with the appointment
of Paul Volcker as chairman of the Federal Reserve Bank. The question asked in
this section is whether in the proposed model such a shift in the monetary policy
orientation may also give rise to a subsequent ‘Great Moderation’ in aggregate
and nominal volatilities.

In the model, the actual price level p and the full information price p* are
linked via firms’ information processing constraint. This indeed suggests that
a discretionary policymaker which seeks to stabilize the price level will also
implicitly stabilize p*, thereby partly endogenize the ‘coordination effect’ of
policy, and ultimately cause aggregate real and nominal volatility to fall.

To study this issue, consider a discretionary but ‘conservative’ central banker,
as in Rogoff (1985), who is maximizing

max —E [(y - %)2 + wp2|5a yn] (26)
s.t.
1
p—k<q—yn+§6+n> (27)
k
Y—Yn = (I*k)q*(lfk)ynfgsfkn
0,2] given

where w > 0 is the weight attached to price stability in the objective function,
i.e., a parameter capturing the degree of ‘monetary conservatism’. Since the
policymaker continues to act under discretion, the variance of the processing
error continues to be considered independent of policy decisions. The lemma
below summarizes the main results.

Lemma 4 Consider discretionary monetary policy with weight w > 0 on stabi-
lizing prices. The variance of the output gap and prices is decreasing in w for
0w« 1;161‘ For w = 1;16" discretionary monetary policy is identical to the

policy under commitment.

Independently of the precise model parameterization, increased focus on
price stability by a discretionary central bank reduces aggregate price and output
gap volatility. Moreover, for a sufficiently high weight on the price stability goal,
discretionary and conservative monetary policy replicates the optimal policy
under commitment. The latter shows that the appointment of a conservative
central banker can result in a large reduction of aggregate nominal and real
volatility, i.e., give rise to a policy-induced ‘Great Moderation’ effect. It follows
from propositions 2 and 3 that the volatility reduction associated with such a
shift is particularly pronounced if firms can process information very well and
becomes arbitrarily large as firms’ processing capacity k£ — 1. The present model
is thus able to attribute arbitrary large changes in real and nominal volatility
to changes in the conduct of monetary policy.
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6 Robustness

This section shows that the previous findings are robust with respect to a number
of important extensions. It relaxes the assumption that the central bank can
process information about shocks perfectly, studies the effects of endogenizing
firms’ choice of processing capacity, and the effects of introducing idiosyncratic
elements in firms’ processing errors.

6.1 Central Bank Processing Limitations

This section considers a central bank facing information processing limitations
of the same kind as previously introduced for firms. In particular, the cen-
tral bank’s choice for nominal demand ¢ is now assumed to be subject to an
information flow constraint

H(q") — H(q"|q) < K°P

where K¢B > 0 denotes the central bank’s capacity to process information
(expressed in bits per unit of time) and

q" = agy + byn (28)

the optimal decision under perfect central bank information. The coefficients a
and b remain to be determined. As with firms, the central bank’s optimal choice
of information structure is a signal of the form

sCB — ¢* 4 OB

where n¢B ~ N (0, 072]70 g) is a processing error limiting the information about
q* contained in s®Z. The processing noise n® is independent of all other

random variables and has (infimum) variance

) 1— kB .
OnoB = anr(q ) (29)

where kCB =1 — 272K°" ¢ [0,1] denotes the central bank’s processing index.
To describe central bank behavior linear policies of the form

— E [4*|sCB] = ,CB4CB 30
q q"| (30)

will be considered. Since policy can freely choose the reaction coefficients a and
b in equation (28), choosing the reaction coefficient with respect to the signal
s¢B in equation (30) is without loss of generality.'®

Firms’ behavior remains described by the equations derived in section 5,
which allows to express the central bank’s maximization problem under com-

18The optimality of a linear reaction function follows from the linear quadratic nature of
the policy problem, see problem (31) below.
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mitment as

max —F(y — yn)’] (31)
s.t.:
k
y—yn=(1—k)q—(1—k)yn—ge—kn
1—k

2
o, = TVGT( p¥)

* +1€

P =4—Yn -

e
q = kP (ac + by, + ")

) 1— kCB
OpcB = TVar(ae + byy)

Substituting the constraints into the objective function and taking first order
conditions delivers that optimal policy is given by

a=0
b=1

This together with equation (28) shows that optimal policy displays certainty
equivalence. The implied Volatility of the output gap and the price level are

CB\ 2
2 CBy 2
E[p*] = 5—205 + k(1 —k"7)o,
Unlike in the case with perfect central bank information, variations in potential
output y, now have an effect on the output gap to the extent these variations
are neither observed by the central bank nor the private sector. Moreover,
variations in the output gap perceived by firms but not by the central bank now
lead to movements in the price level, as firms try to respond to variations in the
natural rate of output that the central bank fails to nominally accommodate
due to processing limitations.

With discretionary policy, the policy problem is identical to (31), except
that the policymaker treats 0'% as independent of policy decisions. Discretionary
optimal policy is to set

and displays again certainty equivalence. The implied variance of the output
gap and inflation are

(1-k(1-k9P)) &

Bly =) = " @Ot + (L= WA= K)o},
o (kCB + (1 _ kCB)( _ k)Q) k OB
E [p ] - (l—k‘)2 52 Oc +k( —k ) Ty,
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The volatility increase due to discretionary policy is thus again particularly
pronounced when firms can process information almost perfectly.

6.2 Endogenizing Firms’ Capacity Choice

This section shows that with discretionary policy increased focus on price stabil-
ity continues to imply lower price and output gap volatility, even if firms choose
their information processing capacity optimally.

To model firms’ choice of processing capacity, a game with the following
sequence of events is considered. First, monetary policy is assigned the weight
w > 0 on price stabilization in its objective function (26). Second, firms simul-
taneously choose their processing index k; (i € [0, 1]) taking as given the choice
of other firms. The costs of acquiring capacity k; are thereby described by a cost
function c(k;) with strictly positive first and second derivatives.'? Third shocks
realize, thereafter the policymaker (discretionarily) determines and implements
monetary policy. Fourth, firms process information about shocks and policy
decisions and set their prices. Finally production and consumption takes place.

The effects of increased emphasis on price stabilization by the central bank
(larger w) for aggregate volatility are summarized in the following proposition:

Proposition 5 Suppose firms’ capacity choice problem has an interior solution
and for each policy weight w there exists a unique symmetric Nash equilibrium
k*(w) for firms’ capacity choice. A marginal increase in w then results in a new
symmetric Nash equilibrium with lower output gap and lower price volatility, for
all w sufficiently small.

As is the case with exogenous processing capacity, increased focus on price
stabilization initially lowers aggregate nominal and real volatility. The assump-
tions stated at the beginning of the proposition thereby simply insure that mean-
ingful comparative statics are associated with a change in the policy weight w.
The proof is provided in Appendix A.2. The crucial step in the proof consists
of showing that firms’ equilibrium choice for processing capacity is decreasing
in the policy weight w, i.e., that firms choose to observe mark-up shocks less
precisely, if the policymaker focuses more on price stability. Reduced process-
ing capacity dampens firms’ price response to (their imperfect signal about)
mark-up shocks and this contributes further to reducing price and output gap
volatility. The reduction in aggregate volatility is thus even larger once one
allows firms to optimally choose their information processing capacity.

6.3 Idiosyncratic Processing Errors

This section relaxes the common knowledge assumption, i.e., the assumption
that the information processing errors in equation (12) are identical across firms.
While it appears reasonable to assume that there is some common component
in firms’ processing errors, e.g., because firms all read the same (noisy) news-
paper reports, it is equally reasonable to postulate the presence of idiosyncratic

L9Tf each bit of processing capacity can be acquired at a constant marginal cost, then the
cost function expressed in terms of the processing index k satisfies these properties.
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processing errors. This section shows that the previous analysis readily extends
to a setting with such idiosyncratic information sets.

Suppose that equation (12) is replaced by
Si _ p* + nc 4 ni

where 7° denotes a processing error common to all firms, while 7’ is firm 4’s
idiosyncratic processing error that is assumed independent of ¢ and p*. Let a
share a € [0,1] of the total noise be common to all firms with the remaining
share being idiosyncratic, i.e.,

2

n

=(1- a)o%

ag

o

2 _
n-—OéO'

a,

S

2
n
where the total observation noise 02 is given by (13). For a = 1 one recovers
the common knowledge setup studied thus far in the paper, while for « = 0 one
obtains a setting with purely idiosyncratic noise. The latter has been studied
in Adam (2007) where it is shown that a firm’s optimal price in the presence of
idiosyncratic information noise is given by?°

S a-om () |] (32)

m=0

p(i) =&E

with p*(™ denoting the so-called m-th order expectation of the optimal price
p*, which can be defined recursively as

p*(O) — p*

prm) = / E [p*(m*1)|si] di
i€[0,1]

As shown in appendix A.3 the higher-order expectations are given by
E' [p*(m)} =kk(l—a)+a)"s

so that equation (32) implies the aggregate price level to be given by

p= / p(i)di

i€[0,1]

¢k T,
SISOk —a) o) (q‘y”f””) (33)

For o = 1 this expression simplifies to the price level expression derived for the
common knowledge setting studied thus far, see for example equation (27). For
a > 0 it differs from the common knowledge expression only by a proportionality
factor and the fact that n° instead of 7 enters as the noise term. Since the
variance of 7° is proportional to the variance of 7, the qualitative behavior

20This follows from equation (24) in Adam (2007), which is valid independently of the
assumed information structure.
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of the aggregate price level does not change when introducing idiosyncratic
processing errors. In particular, overly activist discretionary policy will still
lead to excessive (real and nominal) aggregate volatility, with the volatility
increasing without bound as k — 1.

What would happen if firms could choose whether to observe a common
noisy signal or a signal with idiosyncratic noise, i.e., decide about their preferred
value for a € [0, 1]7 The outcome then depends on the value of the parameter
& For £ < 1 firms’ prices are strategic complements, i.e., an individual firm
wishes to charge a higher (lower) price if other firms charge higher (lower)
prices.?! Strategic complementarity in price setting is sometimes referred to as
'real rigidities’, see Ball and Romer (1990), and is the standard assumption in
the monetary policy literature. The coordination motive then implies that each
firm has an incentive to acquire the same information as other firms resulting in
a = 1, which is the common knowledge setting analyzed in the baseline setup.

7 Infinite Horizon Economy

This section extends the static model to an infinite horizon economy with per-
sistent shocks, showing how the previous findings naturally extend to a fully
intertemporal setup. It demonstrates that changes in the conduct of monetary
policy induce changes in the model-implied time series that are consistent with
a number of stylized facts on the Great Moderation documented in the empir-
ical literature. This literature appears to largely agree on the following set of
findings:

Finding 1: Aggregate real and nominal volatility pre 1984 was significantly
higher than thereafter. This is the case for the United States but also for a num-
ber of other industrialized economies (McConnell and Quiros (2000), Blanchard
and Simon (2001)).

Finding 2: VAR evidence for the pre and post 1984 periods indicates that
the different levels of volatility are mainly the result of larger VAR residuals and
only to a lesser extent the result of a change in the autoregressive coefficients of
the VAR (Sims and Zha (2006), Primiceri (2005)).

Finding 3: When exporting the monetary policy equation of a VAR esti-
mated from the post 1984 period to the pre 1984 period (or vice versa) while
keeping unchanged the remaining equations of the estimated VAR as well as the
VAR shocks, then this leads to virtually unchanged economic outcomes (Canova
and Gambetti (2008), Sims and Zha (2006), Primiceri (2005)).

Finding 4: It appears that only a negligible share of the variance reduction
following 1984 is due to reduced variance of monetary policy shocks (Sims and
Zha (2006)).

It should be noted that there is some disagreement in the literature about
‘Finding 2’. Cogley and Sargent (2005), for example, argue that changes in the
autoregressive coefficients are also relevant but that these are statistically harder
to detect. Also, Boivin and Giannoni (2006) argue that the impulse response
to monetary policy shocks has changed, which equally points to changes in

218ee Adam (2007) for details.
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the autoregressive coefficients of the reduced form dynamics. Despite these
alternative findings, I proceed by treating ‘Finding 2’ as a well-established fact,
simply because these findings are sometimes informally interpreted as ruling
out the possibility that the observed volatility changes are due to changes in the
systematic conduct of monetary policy. The focus is thus on empirical findings
that - at first sight - appear to be most biased against a monetary policy based
explanation of the ‘Great Moderation’.

The next section introduces the dynamic model and derives optimal policy
with and without a conservative objective function. Section 7.2 demonstrates
that all four findings listed above can be generated by installing a conservative
central banker.

7.1 Dynamic Model

This section describes the infinite horizon economy and determines the optimal
monetary policy. As in most of the earlier setup, it abstracts from information
processing errors by the monetary authority, so that monetary policy itself is
not a source of randomness in the economy. This implies that monetary policy
shocks are absent form the outset, so that the model is consistent with Finding
4 mentioned in the previous section.

Infinite Horizon Economy Consider an infinite horizon economy with-
out capital in which the firm side is identical to the one described in section 3.
The representative consumer now maximizes

Eo | Y8 (U(V:) — V(L) + xeD(My / Py)) (34)

s.t.
PY,+ B+ M, =W Ly +11; = Ty + Ry_1By—1 + My

where M; denotes nominal money balances, B; nominal bonds, R; the nominal
interest rate, and y; a money demand shock with E[x:] = x. Previously
used variables retain their definition from section 3. To simplify the analysis,
a ‘cashless’ limit economy (x — 0) will be considered. This allows to abstract
from the utility implications of monetary policy actions that operate through
level of real cash balances.

The government flow budget constraints is

Bi+My=My_ 1 +B_ 1Ry — Ty + 7Y

The government chooses an efficient output subsidy 7 to eliminate the steady
state distortions from monopolistic competition. In addition, it chooses a se-
quence of conditional debt and lump sum tax plans (B, T;), which are assumed
to give rise to a bounded path for the real value of outstanding government
claims. The latter implies that Ricardian equivalence holds so that the fiscal
choices for (By, T;) do not affect the equilibrium outcome. One can thus abstract
from fiscal policy when analyzing the conduct of monetary policy.
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LQ-Approximation of the Monetary Policy Problem I now derive
a linear-quadratic approximation to the monetary policy problem for the dy-
namic economy. As in the static model, monetary policy maximizes social wel-
fare, where the policy choices are subject to a number of implementability con-
straints. The constraints consist of firms’ price setting equation and the laws
governing firms’ beliefs under optimal information processing. As before, the
monetary policy ‘instrument’ is assumed to be nominal demand rather than the
nominal interest rate or some monetary aggregate. This is motivated by analyt-
ical convenience and to increase comparability with the findings from the static
model. The equilibrium outcomes remain unaffected by this assumption.??

A quadratic approximation of the utility of the representative household (34)

is given by
o0

—Eo[Y By — yn)’]

t=0

where y,,; denotes again the efficient output level.?3 For simplicity, consider
the limiting case 8 — 1, which allows to express household utility and thus the
monetary policy objective as

—E [(y¢ — ynpt)?] (35)

where E[-] denotes the unconditional expectations operator.

For a given information set, the linear approximation to profit maximizing
price setting behavior by firms continues to be described by equations (8) and
(9), ie.

1
pe=FE|q —yn:+ g€t|ft (36)
where I; denotes firms’ information set at time ¢. The stochastic disturbances
xy = (g4, ymt)' thereby evolve according to**
Ty = pTy_1 + vy (37)
where p € (—1,1) and v; ~ N (0,%,) with

o2 0
EU_( 01 032 ’

At the time when monetary policy is implemented, the economy is charac-
terized by the state variables z; and z;;_; where the latter denote firms’ ¢ — 1
expectations of x;, see the timeline in figure 1.

In general, optimal policy should condition its choices on z; as well as on
Tyy—1. Yet, nominal demand variations that depend on private sector beliefs

22This is so because the paper effectively considers Ramsey allocation problems with and
without commitment and does not address issues of equilibrium implementation. As can be
easily shown, the equilibrium path for prices, output gap and nominal demand derived below
imply a corresponding path for the nominal interest rate and money demand. The choice of
policy instrument can matter, however, for implementing a desirable allocation as the unique
equilibrium outcome. This issue is beyond the scope of this paper.

238ee equation (56) in appendix A.1 for the definition of yy,.

24 At the cost of additional notational complexity one could easily allow for shocks with
different persistence.
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are fully perceived by firms, therefore do not generate real effects and can be
safely ignored.?® This allows considering policy of the form

gq=a-e+b-yns (38)

as in the static setup. Given policy of this form, firms’ optimal signal (12) can
be written as
St = Hll‘t + N (39)

where )
H =(=+ab-1)
£
The state equations (37) and the observation equation (39) together define firms’
Kalman filtering problem. Letting x;; denote agents’ time ¢ estimate of x;, ap-
pendix A.5 shows that the Kalman filter updating equations imply the following
evolution of firms’ beliefs under optimal information processing:

Hll't‘t = (1 — k)H/fEt‘t,l + kSt
= p(]_ — k)H/xt_l‘t_l + ]{)St (40)

This filtering problem has two non-standard features. First, the observation
equation H depends on the policy parameters a and b. This is due to firms
being able to choose which variables to observe through the information chan-
nel. Firms’ choice thereby depends on the policy pursued by the central bank.
Second, the variance of the observation noise 7; in equation (39) is endogenous
since the information flow generated by the signal s; is constrained by firms’
information processing capacity.?%

Defining the state of the economy as =; = (xg, H' xt‘t) and using the previous
results, one can write the evolution of the state as

Et = A . Et,:[ + BUJt (41)
where the state innovation vector
wé = (U1t7v2t777t)/ (42)

consists of the innovations to fundamentals (price mark-up, natural output level)
and of innovations to firms information sets (1) that are the result of processing
errors.?” The latter will be crucial for interpreting the findings that follow.
Explicit expressions for the matrices A and B are given in appendix A.4.
The equilibrium price, the output gap, and monetary policy are functions of
the state vector
bt
Yt —Ynt | =C-E¢ (43)
qt

where the explicit expression for C' can be found in appendix A.4.

25This would be different in a setting with idiosyncratic information processing errors.

261n particular, VAR(n) = %H’Pt‘t_lH where Pyj;_1 denotes agents’ uncertainty about
¢ prior to observing s¢.

27TFor the moment, I abstract from the money demand shocks x: in the state vector, as
these do not affect the equilibrium dynamics of the variables under consideration.
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The linear quadratic policy problem now consists of choosing the policy re-
action coefficients (a,b) so as to maximize objective (35) subject to equations
(41) and (43), which summarize optimal price setting behavior and optimal in-
formation processing by firms. Under commitment, the policymaker thereby
recognizes that the variance of the observation error n; entering the state inno-
vation vector wy in equation (41) is a function of its policy. Under discretionary
policy, the policymaker treats the variance of observation errors as given, as was
the case in the static model.

Optimal Policy and Monetary Conservatism The following propo-
sition shows that the results from the static model carry over in a natural
way to the infinite horizon setting. In particular, discretionary monetary policy
suboptimally accommodates mark-up shocks with the degree of accommodation
increasing in firms’ processing capacity and becoming unbounded in the limit as
firms process information perfectly. Moreover, a conservative and discretionary
central bank will accommodate less and implement the commitment solution
for an appropriate degree of conservatism.

Proposition 6 Optimal discretionary policy is given by

k
Cea-ma_pan "

b=1

while under commitment it is optimal to choose

a=20
b=1

A conservative and discretionary monetary policymaker mazimizing

—E [(yt — yns)? +wpi]

with w > 0 will choose a(w) and b =1 with da(w)/0w < 0 and lim,,_,, a(w) =
1

£
The proof is given in appendix A.5.

7.2 Model Implied VAR Dynamics

This section shows that the dynamics of prices, output gap, and monetary
policy follow a first-order vector-autoregression (VAR). Moreover, following the
installment of a conservative central banker, the changes in the VAR dynamics
are shown to reproduce Findings 1-3 mentioned at the beginning of section 7.2%

Throughout this section, monetary policy in the VAR is identified with nom-
inal demand to stay consistent with the previous analysis. Section 7.3 shows
that the main conclusions extend to a VAR involving interest rates instead of

28 As discussed at the beginning of section 7.1, Finding 4 is also replicated because the model
abstracts from monetary policy shocks.
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nominal demand and to an augmented VAR involving also a monetary aggre-
gate.

The following proposition summarizes the model implications for the dy-
namics of prices, output gap and monetary policy:

Proposition 7 Suppose a # 0 and let z, = (P, Yt — Yn,t q:)'. Then

zt =Dz1 +w (44)
with
(bk+a&)p (b+a&)kp (1=b)kp
Ea Ea Ea
D= | _bkt _(k—attake)p -Dkp
fa Ea Ea
0 0 p
and
U = C’Bwt

with wy € R? denoting the vector of fundamental shocks defined in (42).

Proof. If a # 0, one can invert the matrix C' in equation (43) and use it to
substitute Z; and Z;_1 in (41), which delivers the stated result. m

Importantly, the variables z; entering the VAR in equation (44) fully reveal
the state vector =y, provided a # 0. This implies that the subsequent results can-
not be overturned by adding additional information (observables) to the VAR:
observing the variables in z; is already the best situation an econometrician can
hope for.

The expression for the autoregressive matrix D in proposition 7 shows that
a change in the monetary policy reaction coefficients (a,b) does not affect the
last row of this matrix. Therefore, monetary policy affects only the impact
matrix C'B pre-multiplying the structural economic shocks and the rows in
the autoregressive matrix D governing the evolution of prices and output-gaps.
Furthermore, if b = 1 as is the case with discretionary policy (with or without
conservatism) as well as with optimal commitment policy, the reduced form dy-
namics for prices and output gap in the VAR do not depend on lagged nominal
demand! This is so because lagged nominal demand depends on lagged natural
rate shocks, while the output gap and the price level do not.?’ This in turn im-
plies that if a researcher estimates VARs from two policy regimes with different
degrees of nominal accommodation of mark-up shocks and exchanges the iden-
tified monetary policy reaction function in the VAR across the two regimes to
run counter-factual policy simulations (while leaving untouched the structural
shocks hitting each regime), the researcher will find that such a change makes
no difference for the dynamics of prices and output gap. This is the case, even
though all actual changes in the model are triggered by a change in monetary
policy. This shows that the model is consistent with Finding 3 mentioned in the
previous section.

29 At this point it is crucial that there exists a shock that does not generate a trade-off
between output gap and price stabilization.
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Let us now turn consideration to the empirical evidence mentioned in Find-
ings 1 and 2 above. The following preliminary result establishes that the variance
of all model implied VAR residuals falls after installing a conservative central
bank. The proof is in appendix A.6.

Lemma 8 Suppose a > 0 and b = 1. The variance of all VAR residuals is
strictly increasing in a.

The next lemma establishes that the appointment of a conservative central
banker gives rise to Finding 1. The fact that variance of prices, output gap and
the monetary policy instrument fall does not directly follow from the previous
lemma because changes in a can also affect the autoregressive matrix D in
equation (44), with some of the autoregressive coefficients possibly strongly
increasing as a falls to levels close to zero.

Lemma 9 Suppose a > 0 and b = 1. The unconditional variance of prices,
output gap, and monetary policy are strictly increasing in a.

The proof can be found in appendix A.7. As in the static model, the vari-
ance reduction is due to the ‘coordination effect’. The next result shows that
arbitrarily large variance reductions can result from installing a conservative
central bank:

Lemma 10 Consider a regime shift from discretionary optimal policy towards
fully optimal policy, see proposition 6. This generates an arbitrarily large (rel-
ative and absolute) reduction in the volatility of prices and the output gap, pro-
vided firms can process information sufficiently well (k sufficiently close to 1).

The proof is given in appendix A.8. As in the static case, the volatility
reduction can be arbitrarily large because the volatility generated by discre-
tionary policy increases without bound as firms start to process information
almost perfectly (k — 1).

Finally, the subsequent lemma shows that, consistent with Finding 2 men-
tioned at the beginning of section 7, the model is consistent with the notion that
monetary conservatism operates mainly through the VAR residuals and only to
a lesser extend through changes in the VAR’s autoregressive coefficients, pro-
vided firms are sufficiently good at processing information. The proof is found
in A.9.

Lemma 11 FEwvaluating the following derivatives at the discretionary policy so-
lution from proposition 6 delivers

. 0D
%LHII 0 0323 (45)
. Odiag(VAR(u)) _ 2072
> L.
]11_>ml 9a = 1321 (46)

This establishes that following the installation of a conservative central
banker, the model can reproduce Findings 1-4 listed at the beginning of sec-
tion 7.
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7.3 VAR with Interest Rates and Monetary Aggregates

The previous section identified monetary policy in the VAR using nominal de-
mand. Clearly, this is at odds with much of the empirical literature that -
following the monetary policy practice of recent decades - tends to use nominal
interest rates instead. This section shows how the previous extend to a set-
ting where nominal interest rates are used as monetary policy instrument in the
VAR. In addition, it illustrates that all previous results remain unaffected when
augmenting the VAR with a monetary aggregate.

Linearizing the consumption Euler equation implied by the first order con-
ditions of (34) delivers

' U”?
"o <U’> (Eeyer —ye) + Eipipr — pr
u'y
= (Eyqr+1 — q1) — <U/ + 1) (Evyesr — yt) (47)
Assuming log utility in consumption, the short-term interest rate consistent
with the path for nominal demand implied by equation (44) is given by

i = (p—1)g

With log consumption utility all previous results, therefore, fully extend to a
VAR including short-term nominal interest rates instead of nominal demand. If
consumption utility deviates from the log case, then current and expected future
output affect nominal interest rates, see equation (47). Since the evolution
of output depends on the policy coefficients a and b, see equation (44), the
autoregressive coefficients of the VAR for the interest rate equation will generally
not be independent of policy anymore. This may potentially cause a policy shift
to show up in the autoregressive coefficients. This could cause the model to be at
odds with Finding 3 mentioned in section 7. To what extend the AR coefficients
of the interest rate equation do indeed change depends on the degree to which
consumption utility deviates from log utility. It also appears that the empirical
literature is not at odds with the notion that these coefficients have indeed
changed somewhat, although not by a statistically significant amount.

Finally, consider the effects of including monetary aggregates into the VAR.
The first order conditions of problem (34) deliver a money demand equation of
the form L (R -1

pj = LE Dy
xt R
Linearizing this equation and using (47) to substitute nominal interest rates,
delivers a linearized money demand equation of the form

my = QG + a1py + oy (48)

where m; denotes nominal balances®’, & = (x; — x)/x money demand shocks,
and «; linearization coefficients (¢ = 0,1,2). One can can easily augment the

30 Expressed in percent deviation form its deterministic level.
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VAR in equation (44) with the evolution of monetary aggregates implied by
equation (48). Since the dynamics of output gap, prices, and policy instrument

remain unaffected, all previously derived results carry over to such an augmented
VAR.

8 Conclusions

Taking into account the endogeneity of decision makers’ information structures
appears to have important implications for the conduct of monetary policy
and stabilization policy more generally. Stabilization policies become counter-
productive if the achievement of the stabilization goals causes optimal private
sector decisions to become very volatile. Volatility of private sector decisions
considerably complicates the information processing problems faced by private
agents, so that their decisions become contaminated by large and unpredictable
noise components which may end up increasing aggregate volatility. In empiri-
cal applications these processing errors would show up as a fundamental source
of randomness, although their variance ultimately depends on the conduct of
stabilization policy.
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A Web Appendix (not for publication)

A.1 Price setting equation and welfare objective

In a first step the linearized price setting equation (6) is derived. The product
demand functions associated with the Dixit-Stiglitz aggregator (2) are

Yi(P') = (P/P) "y (49)

pP= </ (Pi)° dj)lle (50)

Using (49) the first order condition of the firms’ profit maximization problem
(3) delivers

where

. 1 0
PP=FE|——WI|I 51
[ "
In a symmetric equilibrium P! = P. Equation (49) then implies Y7 = Y and
the household’s first order condition can be written as

WV (Y)

V=T

P (52)

Combining (51) and (52) delivers

- 1 6 vV'(Y)
P'=F P|I 53
1+760—-1U(Y) | (53)
In the symmetric deterministic steady state PP =P =P, Y =Y =Y, 0 =46,
and v = 1 where Y solves

16 V(Y
= (f) =1 (54)
1+76-1U'(Y)

and P is any value chosen by the central bank. Steady state output Y is first
best for

1

T==—

0—1
which implies - B

V(Y)=U(Y) (55)
For a given the labor supply shock v, the first best output level Y,, solves

vV'(Yn) 1

Uy,

Linearizing this equation around the steady state delivers

v—1=

VO -V U)o (n— Y)
(U'(V)) Y
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Linearizing (53) around the deterministic steady state and using (56) delivers
(6) where:

The second step derives the welfare approximation (4). Consider a symmet-
ric equilibrium where P! = P and Y? = Y. A second order approximation of
the utility 2 of the representative agent around the steady state level  is then
given by

Q-Q=UT)Y-T)-V'T)Y -T)
£ UMDY - T - VIR - T
VT -V~ 1) +0@) + Lip (57)

where t.i.p. denotes (first and higher order) terms that are independent of pol-

icy and O(2) summarizes endogenous terms of order larger than two. Using

equations (55) and (56) and adding 3 [U”(Y) - V"(Y)] (Y" — 7)2, which is a

term independent of policy, the welfare approximation (57) can be written as

2

0-a=Lpm vy (‘ -
2 Y Y

+0(2) + ti.p (58)

Y -Y) WW_Y»

which is of the form postulated in (4).

A.2 Proof of proposition 5

Firm ¢ chooses its capacity index k; so as to

max ki, k—i,w) — c(ki)

where II(k;, k_;,w) denotes the firm’s expected profits from selling goods and
c(k;) the costs of acquiring processing capacity. The firm takes as given the
policy weight w placed on price stabilization as well as the capacity choice k_;
of other firms. Under the maintained assumptions, the firm’s optimal capacity
choice k} solves

Hkq(k;kv k—ivw) — Ck; (kl) =0 (59)

and there is a unique symmetric Nash equilibrium k£* solving

sz(k*a k* w) — Ck; (k*)=0 (60)
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The price and output gap variances implied by an (arbitrary) capacity choice k
and a policy weight w are

1—k)*k
Var(p) = ( ) 5 J?
((1 — k)% + ka) €2
3k2 =3k — B3+ KW +1) k
Var(y_yn):( )* 2

2 20e
(A=r?wrz) ¢
The marginal effects of w on the Nash equilibrium are thus

dVar(p) _ oVar(p) n OVar(p) Ok*

dw Ow ok Ow
dVar(y —yn)  OVar(y—yn) = OVar(y —y,) Ok*
dw o Oow ok Oow

As is easily verified 0Var(p)/0w < 0, OVar(y — yyn)/0w < 0, OVar(p)/0k > 0,
and OVar(y—yn)/0k > 0 for w sufficiently small. One thus has dVar(p)/dw < 0
and dVar(y—y,)/dw < 0, provided %% < 0. From the implicit function theorem
and (60)

ok* O (I, (k*, k*,w) — cp, (k*)) /0w
dw (M, (k*, k*,w) — e, (k*)) / Ok,
B Iy, (K%, k*, w)
o Hkiki(k*7k*,w) — Ck,k;

We know ¢y, ,; > 0 and below we show that Iy, i, (k*, k*,w) = 0 and Iy, (k*, k*,w) <
0. This together establishes %% < 0. The sign of the derivatives Ilg,, and Ilg,,,
can be determined using the second order approximation to firms’ profits (10):

B -5 | =) 1] = -5 (s =)
=~ [(kip" + ki — p*)’]
- (- ki)2E {(p*)ﬂ _ (k1)2 E {(Ui)Q]

Optimal discretionary policy for given w and k is

and implies

and
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The quadratic approximation of firms’ profits is thus

E|-EB | -p)’Is']| = ((jk_ ;)12{2;:))2 5 ”

and implies
Hkiki(k*7k*7w) =0
1— 92 (k)2
My, (k" k" w) = =2 (1 k)" (k) 02 <0
(=8 + () ) g2

which establishes the claim.l

A.3 Higher-Order Expectations
We know that

1 -k .
0% = Var(p*)
. 1
var(s') = EVar(p*)
cov(p*, 5°) = var(p")
a(l —k)

; k
coo(p” +11°,5') = T Var(p)

Using the updating formulae for the conditional mean of jointly normally dis-
tributed random variables one gets

E [p*|s'] = ks’

and

p*(l) — / E [p*|s7] —k (p* + ,'7(:)

1€[0,1]

Furthermore,

E[p®ls| = kB (0" + 1) |5

var(st)
=k(k(l—a)+a)s’
so that
p*? =k (k(1—a)+a) (0" +1°)

and

B p@s'] =k (k(1 - ) +0) B [(0" +7°) |5
=k(k(1—a)+a)s
Repeatedly integrating over i and taking the expectations E [-|s*] delivers:

E {p*(m)|si} =k(k(l—a)+a)"s
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A.4 Details on the State Dynamics

The matrices in equation (41) are defined as follows:

P 0 0
A= 0 p 0
ko (a+t) kpb—1) p1—k)
1 0 0
B 0 10
k(a+l) kO-1) &

The matrix in equation (43) is given by

0 0 1
C=|a (b-1) -1
a b 0

A.5 Optimal Policy in the Dynamic Economy
I start by deriving the commitment solution. Using (43) the policy objective
can be expressed as
2
_E[(y—ynr)?Y] = —E [(ast + (b= V)ys — H'zypy) }
=—[a®02 + (b—1)%0, + E [(H'z1)?]
—2a - cov(ey, H'wypy) — 2(b— 1) - cov(yn,i, H'wypy)] (61)
I first derive an explicit expression for H'zy; that allows to compute the vari-

ance and the covariance terms appearing in (61). The Kalman filter updating
equations are

'rt|t = xt|t—1 + Pt|t—1H(H/Pt|t—1H + 0'72])71(31} - H'zt|t_1) (62)
Py, = Pyy—1 — Pyy_1H(H'Pyy_1H + a%)_lH’Pﬂt,l (63)
where ), is the posterior mean of x; and z;,_; the prior mean. Likewise, Py

denotes the posterior covariance matrix of x; and Py;_; the prior covariance
matrix. Equation (13) implies that the variance of the channel noise is given by

1-k
0'2 = TH/Ptltle (64)

From equations (63) and (64)

H/Pth‘,H = (1 - k)H/Pﬂt—lH
=1 —k)H (p*Pi_qpp—1 +Z0) H (65)

Equation (65) implies that in steady state

1—-k

P=1=a=n2

Xy (66)
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Using equations (41) and (64) equation (62) implies

H/xt\t = (1 — k)HIIEt‘t_l —+ kSt
=p(1-— k)H’xt,l‘t,1 + kst

and since |p(1 — k)| < 1

Hl$t|t = i (1 - k)ﬂ)j k(H/xtfj +1i—j)
7=0
Equation (67) implies that
cov(es, H'wyy) = 1_(1]{;_]{);)2 (a + é) o?
cov(Yn,¢, H'wypy) = 1—(1k—k)p2 (b—1)0;
Equation (67) also implies that
. 2
var(H'zy,) = k* | E Z (1 —k)p) H'z,_, + [
Jj=0

Some tedious but straightforward calculations show that

2
ad ; 1
B[S (=kpy oy | | = (
;0 7 (1 —((1— k:)p)2) (1= (1—=k)p?)
Furthermore, from equation (64)
1 1 1—-k
202 = p) H'PyH
1= ((1—=k)p) 1—((1=k)p)~ &
1 1-k&

L—((1=k)p)* K

= Hl(/)ZPtfl\tfl +¥,)H

(71)

Using the steady state expression (66) the steady state version of equation (71)

1S

1 ) 1 1 1—k

(1—Rp)P 1= (=R &
(1—p?) 1 1—k

1-((1-k)p* " 1-
1—((1—k)p)’ 1= —Fk)p* k

Combining equations (70), (71), and (72) and simplifying delivers

k
sH'Var(z,)H

E [(H/$t|t)2] = m
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H'Var(z,)H
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Substituting (68), (69), and (73) into (61) delivers

—-E [(y - yn,t)ﬂ = —qa? U _ (b _ 1)20

e () o)
)

+ 2a S

+2m —1)%02 (74)

The first order conditions for maximizing (74) with respect to a and b deliver
result in the proposition for the commitment case.

Under discretion, the policymaker takes the observation noise 072, in equation

(70) as exogenous. Under discretion the policy objective (74) thus has to be
modified to:3!

—EK [(yfyn,t)ﬂ = 701 o; *(bf 1 2 2

,( < )1> <<a+2>2a§+(b1)20§>

— k2 l12021
L=((1=k)p)" "

w0 ) o

k 2

2
Y (75)
The first order conditions with respect to a and b deliver the result stated in
the proposition for the case without commitment.

Next, consider conservative discretionary monetary policy, which maximizes

—E [(yt — ynt)® + wpi]
Since p; = H'xy);, equation (73) shows that

k
Ey[p] = -1k H'Var(z)H

_ 1_(1’6_]% <<+ ;)a + (b 1)20§n>

so that the term added via monetary conservativeness to the objective function
‘tilts’ the optimal choice for b towards 1, which was the optimal choice before
considering a conservative objective, and the optimal choice for a towards —%.
This proves the claim.

31Note that the covariance terms (68) and (69) remain unaffected by treating 072] as exoge-
nous.
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A.6 Proof of lemma 8
From proposition 7 we have u; = CBw;. For b =1 we get (see appendix A.4):

(a + %) k 0 k
= k
CB (1-k) (a - (1_k)%) 0 —k
a 1 0
From equation (64) follows that the variance of the observation noise is
1k 1 1 g
2 2
= - 76
T TR I- (k) <f+“> 7 (76)

Therefore, letting u,’ = (u},u?,u})’, the variances of the VAR residuals are

Var(ul) = (k2 + k(1 - k)l—(ll—k)p?) (a + é)Q %

Var(u}) = ((1 —k)? (a ~ f k)§>2 +(1-k) 1—(1%1«),02 <2 +a>2) o0,

Var(u}) = a®ol + 02,

1
From the previous expressions it is obvious that 6‘/%2(“‘) > 0,
M > 0, provided a > 0.

AVar(u})

Jda

and straightforward to establish

A.7 Proof of lemma 9

Given the policy rule (38), the result is immediate for the variance of the policy
instrument. From proposition 7 we have

2zt = Dzy_1 + CBuwy

Taking variances on both sides and applying the columnwise vectorization op-
erator vec(-) one gets

vec (var(z)) = (Iozo — D ® D) 'vec(CBYC'B)

where ¥ = var(w;) and gz is a 9-dimensional identity matrix. Deriving the
explicit expressions for vec (var(z:)) and computing the derivatives shows that

p>0ad ” —n > (), provided a > 0.

A.8 Proof of lemma 10

From the proof of lemma 9 in appendix A.7 one obtains explicit expression for
the variance of prices and output gap. Evaluating these at discretionary and at
fully optimal policy shows that

Opa _ (L=p(l—k)* (A +p(1 k)" 1

The (1= p2(1 = k))* (1—k)*
o _ (1+ p* —2p% + 3kp* — 3kp* — 2k%p? + 3k%p* — k3p?) 1
Ty —ymsc (1— p2(1— k) 1—k)
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where 012) 4 and 0’% . denote the variance of prices under discretionary and com-
. .

mitment policy, respectively, and o7, , and o;_, . the corresponding vari-
ances of the output gap. As is easily seen from the previous equations, the

variance ratios become unbounded as k — 1.

A.9 Proof of lemma 11

Evaluating %—3 at the discretionary monetary policy solution delivers

8D —%gp(—kﬂf —%5p(—k+1%2 0
20 = | #ée(k+DT g (-k+1)7 0
0 0 0

and shows that for k& ~ 1 one obtains (45). Moreover, taking the derivative of
diag(Var(ut)) = diag(Var(CBwy))

with respect to a delivers

9 (k:sz—k:pZ-i-l)(a&-i-l)Uf L
i (kp®—p?+1)¢
M = 2(a§p2—kp2—a§—2ak£p2+k2p2+ak2§p2) (k . 1) 02
da (kp>—p>+1)¢ 1
2

207a

Evaluating at the discretionary monetary policy solution and taking the limit
k — oo delivers (46).
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