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Abstract

Monetary policy strategies that target the price level have been advocated as a more ef-
fective way to provide economic stimulus in a deep recession when conventional monetary
policy is limited by the zero lower bound on nominal interest rates. Yet, the effectiveness of
these strategies depends on a central bank’s ability to steer agents’ expectations about the
future path of the policy rate. We develop a flexible method of learning about the central
bank’s policy rule from observed interest rates that takes into account the limited informa-
tional content at the zero lower bound. When agents learn, switching from an inflation tar-
geting to a price-level targeting strategy at the onset of a recession does not yield the desired
stabilization benefits. These benefits only materialize after the policy rule has been in place
for a sufficiently long time. Temporary price-level targeting strategies are likely to be much

less effective than their permanent counterparts.
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1 Introduction

A number of ongoing structural developments have tested the ability of central banks
around the globe to achieve their goals. The neutral real interest rate has likely fallen,
implying less leeway to lower interest rates in the event of a recession because of the zero
lower bound (ZLB). This development poses a challenge for the predominant monetary
policy approach of flexible inflation targeting to manage future recessions and has led
some central banks, including the Federal Reserve, to review their existing monetary
policy frameworks.! Academics and policymakers have explored “makeup strategies”
that aim to offset, atleast in part, past misses of inflation from its long-run target, in con-
trast to flexible inflation targeting where the history of past deviations of inflation from
this target is irrelevant. Makeup strategies are thought to have large stabilization bene-
fits that stem from their effect on expectations: A commitment to make up for inflation
shortfalls through lower interest rates in the future raises near-term inflation expecta-
tions and lowers real interest rates which then stimulate the economy even when the
short-term nominal interest rate is constrained by the ZLB. A particular type of makeup
strategies that has received most of the attention is price-level targeting.?

When assessing the effects of price-level targeting, it is commonly assumed that pri-
vate sector agents know the strategy pursued by the central bank and fully believe pol-
icymakers’ commitment to this strategy. While these assumptions may be reasonable
when the monetary policy strategy has been stable over time, they are questionable
when the central bank changes to a strategy without historical precedent and the public
has no experience with the new strategy. A switch to price-level targeting or a simi-
lar makeup strategy would constitute a radical departure from current practice and the

public would require time to learn and to trust this new approach to monetary policy.

!Compare the Minutes of the Federal Open Market Committee, September 17-18, 2019 available at
www.federalreserve.gov/monetarypolicy/files/fomcminutes20190918. pdf.

2Eggertsson and Woodford (2004) show that price-level targeting is the optimal commitment policy
in the textbook New Keynesian model subject to the ZLB. Reifschneider and Williams (2000), Hebden
and Lopez-Salido (2018), Bernanke et al. (2019), and Mertens and Williams (2019) discuss the stabiliza-
tion properties of various strategies that seek to stabilize the price level in quantitative models. See also
Svensson (2019) for a recent review. For a discussion of other benefits of price-level targeting, see Svens-
son (1999), Vestin (2006); Ambler (2009) and Hatcher and Minford (2016) offer extensive surveys.


www.federalreserve.gov/monetarypolicy/files/fomcminutes20190918.pdf

After all, even in the comparatively benign case of the shift in monetary policy strategy
by Federal Reserve Chairmen Volcker and Greenspan towards a low inflation target, it
took considerable time for the public to understand the new strategy, as argued in Erceg
and Levin (2003). Since the effectiveness of price-level targeting and other makeup
strategies hinges crucially on expectations, we think that a complete evaluation of the
merits of these strategies must consider deviations from the full information, rational
expectations paradigm, taking into account the public’s uncertainty about the central
bank’s strategy.

There exists an active emerging literature on the effect of agents’ cognitive limita-
tions on the effectiveness of monetary policy, including Gabaix (2016), Farhi and Wern-
ing (2017), Woodford (2018), and Angeletos and Lian (2018). These studies have focused
on mitigating the so-called “forward guidance puzzle” by which the effect of announce-
ments of future monetary policy on inflation and output today increase with the horizon
at which the changes are expected to occur.> However, these cognitive frictions impair
the effectiveness of price-level targeting strategies as well, since these frictions generally
limit the effect of future monetary policy actions on expectations. Eusepi and Preston
(2018) study the effectiveness of price-level targeting strategies under adaptive learn-
ing and find that it retains its stabilization properties.? All of these studies, however,
consider cases in which a policy strategy is in place indefinitely, and misperceptions
caused by agents’ cognitive limitations also persist indefinitely. The literature therefore
falls short on the question of how expectations can affect the fransition between policy
strategies.

In this paper, we develop a method of learning about the central bank’s policy strat-
egy that can be applied to models with a ZLB constraint. Agents hold subjective be-
liefs about the parameters in the central bank’s rule for the short-term nominal interest
rate—the policy rate—and they update these beliefs solely from observations of the pol-

icy rate and the inputs to the policy rule such as inflation and the output gap. Contrary

3Del Negro et al. (2012) coined the term “forward guidance puzzle” in work showing that standard
medium-scale DSGE models grossly overestimate the impact of forward guidance on the macroeconomy.

“Mele et al. (2018) argue that price-level targeting need not be optimal when a rational central bank
interacts strategically with a learning private sector.



to the learning environments featured in Evans and Honkapohja (2001) and Eusepi and
Preston (2018), the entire structure of the economy is common knowledge and agents
make rational forecasts conditional on their perceived policy rule. If the true policy rule
stays in place over a sufficiently long time horizon, then the learning equilibrium con-
verges to the full information, rational expectations equilibrium. However, when the
central bank switches to a new strategy, it takes time for agents to learn this new strat-
egy. During this transition, misperception of the policy strategy by the private sector can
have unintended consequences for economic outcomes. The convergence of beliefs
can be hampered in particular when the economy is at the ZLB, because the observed
policy rate carries little information about the true rule parameters in this case.

To assess the implications of our learning framework for monetary policy, we con-
sider the textbook New Keynesian model. The central bank sets the policy rate i; ac-
cording to a simple rule that can react to an inflation gap and/or a price-level gap. We
focus on a switch from a (flexible) inflation targeting to a (flexible) price-level targeting
strategy. Our analysis suggests that under learning the switch to price-level targeting
falls short of delivering the stabilization benefits that are found under full information
in a demand-driven recession with a binding ZLB.

When the central bank switches to price-level targeting at the onset of a demand-
driven recession, the switch mitigates the loss in output and the shortfall in inflation
under rational expectations and full information. By contrast, when agents are learn-
ing, output and inflation initially fall just as much as under the inflation targeting strat-
egy despite the switch. Because agents do not immediately understand the switch in
the policy rule, they initially attribute the differences in the policy rate resulting under
the price-level targeting strategy to a series of discretionary policy shocks rather than
the switch in strategy. Agents therefore fail to anticipate the more accommodative pol-
icy associated with the price-level targeting strategy. The learning problem is further
complicated by the fact that the policy rate quickly reaches the ZLB. At the ZLB the
interest rate prescribed by the policy rule is censored as the actual policy rate cannot
fall below zero and the private sector agents receive little information about the true

rule parameters. As a result, under learning, the central bank is left with a much larger



negative price-level gap than under full information, and thus has to allow for substan-
tial overshooting of inflation after the recession to deliver on its promise of price level
stabilization. The costs of this overshooting are incurred without having accrued any
stabilization benefits in the midst of the recession.

In order for the stabilization benefits of price-level targeting to materialize, price-
level targeting should be introduced in relatively calm times—that is, when inflation
is not persistently undershooting its long-run target and the federal funds rate is not
constrained by the ZLB—to give agents the opportunity to learn the new policy strat-
egy. When put in place for a sufficiently long time, systematic price-level targeting then
becomes superior to inflation targeting, just as under full information.

We also show that a price-level targeting strategy that is permanently in operation is
preferable to a temporary price-level targeting strategy of the type suggested by Evans
(2012) and Bernanke et al. (2019). Under temporary price-level targeting, monetary pol-
icy falls into two regimes: The central bank targets the price level when the ZLB binds
but switches back to targeting inflation once the price-level gap accumulated during the
Z1B episode has been closed. Consequently, the price-level targeting regime is active
precisely when it is difficult for agents to infer changes in monetary policy. Agents are
unlikely to anticipate that monetary policy will be more accommodative in this regime,
a failure that renders the strategy ineffective. This result echoes the concern voiced by
Svensson (2019) that the effectiveness of makeup strategies “probably requires that eco-
nomic agents need to see the policy practiced and its principles obeyed for some time,
in order to believe that it will be maintained and be successful in the future.”

Our behavioral learning framework builds on Tetlow and von zur Muehlen (2001)
and Cogley et al. (2015). We extend their approach to take into account the limited
informational content of interest rate observations at the ZLB by explicitly modeling
the associated non-linearity in the observation equation of agents’ Bayesian state-space
system. In related work, Gust et al. (2018) assume that agents are only uncertain about
the value of the intercept term in the policy rule where the intercept term can take on
values from a small, finite, and publicly known set. All other rule parameters are known

and fixed at all times. Price-level targeting strategies are not considered in their work.



Limited information and learning also play a role in the literature on imperfect cred-
ibility, which is often modeled as agents not observing parts of the central bank’s pol-
icy strategy. For example, Erceg and Levin (2003) and Schorfheide (2005) interpret the
shifts in monetary policy in the 1980s and 1990s through the lens of learning and lim-
ited credibility. Bodenstein et al. (2012) show that, under imperfect credibility, private
sector agents may doubt that the central bank will honor its announcement to keep in-
terest rates low for longer. As a result, the interest rate path expected by the private sec-
tor lies above the path announced by the central bank. In our paper, the private sector
projects future monetary policy to be tighter than intended by the central bank under
price-level targeting, leading to outcomes that resemble those under a lack of credibil-
ity. Finally, Kryvtsov et al. (2008) model the switch from an inflation targeting strategy to
a price-level targeting strategy under imperfect credibility. They model credibility to be
independent of the observed interest rate path and they do not impose a ZLB constraint.

The remainder of this paper is structured as follows. Section 2 describes our gener-
alized model of learning, while Section 3 contains our application to the introduction
of price-level targeting. In Section 4 we discuss the best timing for a central bank to
switch from inflation targeting to price-level targeting. Section 5 analyzes a temporary

price-level targeting strategy. Section 6 concludes.

2 A Model of Learning the Monetary Policy Strategy

For the purpose of our analysis, a monetary policy strategy is fully described by a simple
policy rule that describes how the central bank maps inflation, the output gap, and pos-
sibly other variables into a value of the short-term nominal interest rate, the policy rate.
We assume that the private sector agents do not know with certainty the policy rule of
the central bank, and we therefore distinguish between the actual policy rule followed
by the central bank and the perceived policy rule that agents use to form expectations.
Agents infer the parameters of the perceived policy rule solely from observations of eco-

nomic data as described in the following.



2.1 The Economy

We conduct the analysis in a discrete-time model that is linear except for the ZLB. Ex-
cluding the description of monetary policy, the equilibrium conditions are summarized

by a linear forward-looking system of equations of the form:
0 = R, [2p01] + Fiog + Fowy oy + Fiig + Fuug (1)

All variables are expressed in deviations from the deterministic steady state of the model.
The endogenous variables z; enter with their current, past, and expected future val-
ues into the model. Exogenous disturbances enter through the random vector u;. The
shocks are iid and have mean zero. Finally, the policy instrument i, is determined by the

central bank as described below.

2.2 The Central Bank

The actual policy rule for the policy rate (in deviations from its deterministic steady

state) i, is of the form:
ip = max{i,4; }, iy =V (B) xr + e (2)

where i} is the notional interest rate and : is the lower bound on the policy rate. The
notional rate is set according to a linear rule with parameters V¥ (5;) that are a function
of a small set of parameters /5;. These parameters can vary over time to accommodate
changes in the central bank’s systematic response to economic outcomes. The policy
rate is also affected by a white noise process ¢,. This shock represents one-time discre-

tionary adjustments to the policy rate.’

St is straightforward to extend our framework to include persistent monetary policy shocks to model
time-varying changes in the intercept term of the rule as in Gust et al. (2018)



2.3 Full information rational expectations equilibrium

In the full information rational expectations equilibrium, private sector agents observe
the sequences of past and current realizations of the endogenous variables z;, the ex-
ogenous disturbances u, and the policy rate i;. Agents also know the linear economic
model given in equation (1). We assume that the central bank commits to the values
of the parameters in the policy rule 5, in equation (2). Private sector agents know these
parameters and the form of the policy rule and hence have a complete understanding of
the monetary policy strategy. Agents also observe the current value of the policy shock
e;. At every point in time, the private sector agents know the correct policy rate path that
the central bank intends to implement contingent on the state of the economy. We solve
for the full information rational expectations equilibrium with an occasionally binding

ZLB constraint using the algorithm of Holden (2016).

2.4 Learning Equilibrium

Under learning, private sector agents also observe the sequences of past and current re-
alizations of the endogenous variables z;, the exogenous disturbances u, and the policy
rate ;. They also know the linear economic model given in equation (1). While agents
know the general form of the actual policy rule in equation (2), they do not observe the
values of the parameters /5;,. Neither do they observe the realizations of the monetary
policy shock ¢,. Instead, agents believe that the transitory shock and changes to the
parameters at time ¢ are normally distributed white noise with:
€t g% 0

~N 10, : 3)
B — Bi-1 0 X

The variances ¢ > 0 and X5 > 0 are subjective and are an exogenous input to the

learning process. The assumption that policy parameters change over time is common
in empirical work. Notably, Boivin (2006) assumes that policy rule parameters follow
random walks to assess how the conduct of U.S. monetary policy has changed over time.

His estimates suggest that the rule parameters evolve gradually and feature wide error
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bands. Strictly speaking, these beliefs render agents boundedly rational in our model
since the true rule parameters are constant except for a one-time discrete jump. We
view this setup as a simplified representation of an environment with fundamental un-
certainty about the actual policy rule.

Our formulation of the learning equilibrium follows Cogley et al. (2015) with the im-
portant difference that we include the informational constraints arising from the ZLB.
Private sector agents enter period ¢ with beliefs about the policy rule parameters inher-
ited from ¢ — 1. In formulating decisions plans, agents treat the mean parameter esti-
mates as if known with certainty. Then period ¢ shocks are realized. Agents observe the
realizations of the private-sector shocks and the central bank’s policy action and infer a
perceived policy shock é;. Outcomes are determined in accordance with the beginning-
of-period plans. Finally, agents update their estimates of the rule parameters.

In providing a detailed description of the learning framework, we start by defining
the mean of the posterior distribution of 5, _; at the end of period ¢ — 1 with Bt_l. Fol-
lowing Kreps (1998), agents plan under anticipated utility and view the rule parameters
as fixed at 3,_,.% These plans also depend on the agents’ perceived value ¢, of the actual
policy shock. Agents solve for state-contingent paths starting in period ¢ denoted by
{xg), 5 > t} that satisfy the system of equations (1) and the policy rule (2) with 5, = Bt_l

for all s > t. Merging the two conditions, the solution needs to satisfy

0= RE, [a:ﬁl] + Fz® + Fpz®, + Fymax (g, U (BH) z® + eg”) Y Fu, (@)

for all s > ¢ with the initial condition $§?1 = ;1. In solving this problem, agents take

the perceived policy shock sequence e as distributed iid A (0,02%) with e§t> = é;. Thus,
the solution = represents the agents’ expectations about the future evolution of the

economy at time ¢. Again, we rely on the computationally efficient algorithm of Holden

SAnticipated utility refers to the widely used assumption in the learning literature that agents derive
their decisions and expectations about future developments under the assumption that their current per-
ception of the economic environment, in our case the policy rule parameters, persists indefinitely. This
simplifying assumption ignores that, at the same time, the public treats the parameters in the policy rule
as random variables in the learning problem. See (Cogley and Sargent, 2008) on interpreting anticipated
utility as an approximation to Bayesian optimal learning.



(2016) in this step.
The perceived value of the policy shock for the current period é; reflects the observed

value of the policy rate:

it — \D(Bt_l)xt lflt > Z
ét =K €¢ | it = max (l, L (Bt—l) Ty + 6t> 7.Tt:| = ¢<m> (5)

Tet

T (F ) ifi, =i

Tet

where ¢ and @ are the standard normal density and cumulative distribution functions,
respectively. If the observed policy rate is above the ZLB, ¢, equals the difference be-
tween the observed policy rate i; (derived from the actual policy rule with parameters
5;) and the policy rate projected by the private sector (derived from the perceived policy
rule with parameters ,_,). If the observed policy rate is at the ZLB, ¢, equals the con-
ditional expectation of the policy shock ¢, when the notional rate :; is below the lower
bound i, i.e., the mean of a truncated normal distribution.

To obtain for the equilibrium in period ¢, we solve simultaneously for z, = z\”, i,,
and ¢é; using equations (4), (5), and the actual policy rule in (2). The appendix provides
details on the solution algorithm.

Having observed the equilibrium outcomes x;, agents update their beliefs about the

rule parameters 3, by solving the following Bayesian filtering problem:

iy = max {i,1; } (6)
iy =V (B)ar +er, e~ N (07 Ugt) (7)
B = Pt + €a, ~ N (0,25) . (8)

Using the posterior distribution of beliefs about g;_; as the prior distribution in this
filtering problem, agents derive a new posterior distribution of beliefs about 3; given
the observations of i, and z;. As in Cogley et al. (2015), agents treat z; as exogenous
and thus as independent of the shocks e; and es;.. By ignoring the correlation between
the policy shocks and the economic outcomes, agents do not make use of all the avail-

able information. However, form an analytical perspective, this exogeneity assump-
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tion greatly simplifies the agents’ filtering problem because the problem reduces to a
Bayesian regression with truncation in this case. In addition, we make two computa-
tional approximations to the filtering problem: First, we replace the posterior distribu-
tion by its Laplace approximation, i.e. we approximate the posterior distribution of 5,
with a normal distribution. Second, we approximate the potentially non-linear map-
ping ® (3;) with a first-order Taylor expansion as in extended Kalman filtering, but keep
the non-linearity arising from the ZLB. Again, we refer to the appendix for details on the
solution algorithm.

Several of the stated behavioral assumptions imply that the private sector agents
are boundedly rational in our model. First, agents behave as anticipated utility mod-
elers and treat the current estimates of the rule parameters Bt_l as if known with cer-
tainty when deriving their economic decisions and when computing the perceived pol-
icy shock ¢;. Second, agents update the estimates of the rule parameters through a filter-
ing problem that, although Bayesian, ignores the endogeneity of the policy shocks e; to
the model outcomes z,. Third, agents take a perceived law of motion for policy innova-
tions in equation (3) as given (in particular the variances o.; and X3,), even though this
law of motion may not coincide with the central bank’s actual formulation of monetary

policy.

3 Learning a Price-Level Targeting Strategy

We apply this learning framework to a situation in which the central bank switches from
an inflation targeting strategy to a price-level targeting strategy. A price-level targeting
strategy actively seeks to offset passed misses of inflation from the central bank’s infla-
tion goal. As laid out in the introduction, price-level targeting is considered to be bet-
ter suited than inflation targeting to stabilize the macroeconomy, particularly when the
policy rate is at the ZLB. Most of the subsequent analysis also applies for other makeup
strategies such as average inflation targeting or shadow rate rules.’

While our learning framework can be embedded into any linear model of the form

“For a summary of makeup strategies see, Bernanke et al. (2019) and Hebden and Lépez-Salido (2018).
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in equation (1), we adopt the textbook New Keynesian model to characterize the under-
lying economic environment in our illustration of the impact of learning on the effec-
tiveness of price-level targeting. This choice of model seems well suited given that most
theoretical arguments about the benefits of price-level targeting are formulated within

this model.

3.1 Economic Model

The textbook New Keynesian model features two equations:

m = kyp™" + PE; [m] + v ®
a a 1 )
y" = E[yll] - G- Eemen — g0). (10

All variables are expressed in deviation from their non-stochastic steady state values.
The New Keynesian Phillips Curve in (9) links inflation (measured relative to its long-run
target 7*) , to its expected value and the output gap y{*”. The output gap is defined as
the difference between actual output and the natural level of output, v/ = v, — y;.
vy is an inefficient cost-push shock. The Aggregate Demand Curve in (10) provides the
connection between the output gap, inflation, the policy rate i; and the natural rate of
interest g;. E, denotes the subjective expectations of the private sector conditional on
its information set I,.

We set the discount factor 5 equal to 0.9956 to imply a steady state real interest rate
of 1.75 percent, and set the intertemporal elasticity of substitution ¢ equal to 1. The
slope of the Phillips Curve « is fixed at 0.1. The demand and supply shocks ¢; and v,
follow first-order autoregressive processes with autocorrelations p, = p, = 0.9. The
standard deviations of the innovations are o, = 0.3 and o,, = 0.03, respectively, in order
to match the volatility of inflation and the output gap in quarterly U.S. data from 1984Q1
to 2007Q4.

To highlight the importance of the private sector’s expectations about monetary pol-
icy for the evolution of the economy—the expectations channel of monetary policy—we

iterate equations (9) and (10) forward. The Aggregate Demand Curve can thus be writ-

12



ten as

o0 o0

. 1 , 1
yi = _EEt Z [itrs — Tyssr] — ;Et Z [9t+] (11)
J=s Jj=s
which reveals the dependence of the output gap on the expected path for the real inter-
est rate. Similarly, the Phillips Curve implies that inflation equals the discounted sum of

current and future expected output gaps
T =K Z BB [yiye] + B Z B [vers] - (12)
s=0 s=0

As aresult, inflation also depends on the expected path of the real interest rate. Thus, the
ability of the central bank to steer inflation and the output gap into any desired direc-
tion depends importantly on the ability of the central bank to steer the private sector’s
expectations about current and future interest rates.

If the monetary policy strategy—the state-contingent path of the policy rate i,—is
known to the private sector, then the central bank can successfully steer the economy
in the desired direction. However, if the monetary policy strategy is not known with
certainty or, alternatively, not perceived as credible by the private sector, perceived and
actual monetary policies may differ importantly from each other. As a result, the real-
ized economic outcomes may end up differing substantially from those intended by the

central bank.

3.2 Monetary Policy Strategies

We assume that, at every point in time, the strategy of the central bank is fully described

by the interest rate rule

P
it = piis1 + (1= p;) <(1 + Gre) T + ¢ptT + QbyT) e (13)

iy = max {iy,i} (14)

13



which is consistent with the steady state form given in equation (2). The lower bound :
on the policy rate is expressed relative to the steady state and equals i = —% where the
steady state inflation rate 7* equals the central bank’s inflation target.

The central bank arrives at a value for the notional interest rate i; from the current
values of inflation, the output gap, and, possibly, the lagged realized value of the policy
rate. Under price-level targeting, the central bank also responds to a price-level gap. The
price-level gap p/* records the cumulative departure of inflation from its target value
from a fixed date in the past to the present period ¢ and evolves according to p/” =
p)™t + . Given the ZLB constraint, the actual policy rate i; equals the notional rate ¢} if
the latter is above 7, and equal to ;i otherwise.

The subsequent analysis assumes that before some period 7, the central bank fol-
lows an inflation targeting strategy. More precisely, we characterize inflation targeting
by the inertial version of the Taylor (1999) rule which has been featured in public docu-
ments of the Federal Reserve such as the Monetary Policy Report to Congress and Bray-
ton et al. (2014) and accounts for the empirical observation that central banks adjust
rates sluggishly in response to economic conditions, see English et al. (2003).

The parameters in the inertial Taylor rule assume the values p; = 0.85, ¢, = 1, ¢, =
0.5 and ¢, = 0. The inflation target 7* is set to two percent. The central bank always
adheres to the prescriptions from the rule, and in particular the true monetary policy
shock is always zero. However, as stated above, the private sector does not necessarily
understand this feature of policymaking and, at times, will perceive the monetary policy
shock to differ from zero.

Given these assumptions, we consider a switch in monetary policy in period 7, to a
price-level targeting rule with ¢, = 1 and ¢, = 0. We set the reference date for the price-

level gap to be period 7y — 1 so that upon switching the policy strategy the price-level

8Because of interest rate inertia, the inertial Taylor rule allows for some history dependence when the
economy is not at the ZLB. Repeated substitutions of the lagged policy rate term in the rule imply that the
current value of the notional rate responds to averages of current and past inflation and current and past
output gaps with lower weights on observations further in the past. However, while the economy is at the
ZLB, this history dependence comes to a partial halt as the actual policy rate no longer records fully the
deviations of inflation and the output gap from their long-run target values. Nevertheless, for the same
values of inflation and the output gap, the inertial Taylor rule prescribes a shallower rate path than its
non-inertial counterpart with p; = 0.

14



gap is closed, i.e., pJ’¥, = 0. Without loss in generality, we assume the parameters on
the lagged policy rate p; and the output gap ¢, to remain unchanged and that the private

sector understands this to be the case.

3.3 Beliefs

While private sector agents do not understand how the parameters ¢, and ¢, have changed
in period 7y, agents can infer the new parameter values from the data by solving the
Bayesian regression problem described above. This problem depends on the subjective
beliefs about the rule parameters. Initially, agents know the parameters of the iner-
tial Taylor rule with certainty, as would be the case if that rule had been in place for a
sufficiently long period for the beliefs to have converged to the true values. To update
their estimates of the rule parameters ¢, and ¢, after the switch to price-level targeting,

agents apply the filtering problem in equations (6)-(8) with

B = O , @ (B) we = pite—1 + (1 — pi) <(1 + Q) T+ %pz"“p + @yf“p)
o 4 4
given the rule described in equation (13). Since the parameters on the lagged value
of the policy rate p; and the output gap ¢, remain unchanged throughout the analysis,
we assume for simplicity that private sector agents do not consider the possibility of
changes in these parameters either. In addition, agents set the initial price-level gap to
zZero.

Over time, the parameter beliefs converge to the true parameter values. The speed of
convergence depends on the subjective prior uncertainty about the rule parameters X3,
and the subjective variance of policy shocks o2. The ratio ¥4,/ can be understood as
a signal-to-noise ratio in the Bayesian regression problem. If the entry in ¥4, associated
with a specific parameter is larger, then a given-size forecast error in the policy rate
carries more information about this specific parameter and the resulting update in this
parameter will be larger.

We think it is unclear how to judge empirically how agents would adjust their expec-
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tations in the wake of the adoption of price-level targeting that is without precedent in
recent history.” In our benchmark specification, we choose ¢ and X4, such that beliefs
converge about half-way to the truth in 20 quarters after the strategy switch. In detail,

we set

S [ 04 —011

02, =0.01, ==

Tet —-0.11 0.05

implying to a perceived standard deviation of the policy shocks of 10 basis points and
perceived standard deviations of the innovations in the parameter ¢, and ¢, of 0.06 and
0.02, respectively, and a perceived correlation between innovations to ¢, and ¢, of -0.25.
In other words, agents think that the central bank will tend to pursue either inflation
targeting or price-level targeting, but they do not think that they are mutually exclusive.

We also consider a “slower learning” case implying less willingness of the agents to
adjust their views about monetary policy. In this case, we reduce the parameter innova-
tion matrix X4, by a factor of ten which yields much slower convergence of the parame-

ters to the truth.

3.4 Learningin Normal Times

We illustrate the learning mechanism using stochastic simulations. Each simulation
is initialized by a draw from the ergodic distribution of the variables generated under
the inflation targeting rule (with parameters ¢, = 0.5 and ¢, = 0. Given these initial
conditions, policymakers switch to the new rule in period 7y = 0 with parameters ¢, = 0
and ¢, = 1.

Figure 1 plots how the private sector’s parameter beliefs evolve under full informa-
tion and under learning, respectively. Under full information (red lines), private sector
beliefs immediately adjust to their new true values.

By contrast, in our benchmark learning case (yellow lines), the parameter beliefs ad-

90ne could follow the approach in Boivin (2006) and estimate a policy rule with time-varying param-
eters from historical data and use the resulting estimates to discipline the belief process in our learning
model. However, such an analysis is unlikely to yield much information on the past evolution of the pa-
rameter on the price-level gap ¢, since no central bank has pursued a price-level target, and even less on
its future evolution.
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Figure 1: Beliefs of rule parameters in normal times.
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just slowly, but converge over time. The paths of the parameter beliefs along a particu-
lar simulation depend on the realizations of the underlying economic shocks. The solid
lines in Figure 1 show the median beliefs over the rule parameters. Across simulations,
these beliefs can vary considerably as evidenced by the shaded area representing the
10th and 90th percentiles of the distribution of beliefs. Initially, the beliefs move strongly
into the right direction because, as we discuss further below, there is more variation in
observed outcomes to learn from just after the rule has switched. The speed of learn-
ing depends importantly on the subjective uncertainty that agents place on changes in
the rule parameters. In our benchmark case, the median belief has almost converged
to the true parameters after 15 years. Beliefs about the parameter on inflation converge
somewhat faster than those on the price-level gap parameter. Under the “slower learn-
ing” specification (purple lines), agents apportion the differences between the observed
policy rate and the rate prescribed under the perceived rule more to the discretionary
policy shock ¢, than to the changes in the rule parameters ;. Hence, the updating steps
in the parameters are smaller.

Figure 2 plots the joint distribution of beliefs about the parameters ¢, and ¢, in our
benchmark learning case at three points in time. As agents update their beliefs, a larger

estimate of the parameter on the price-level gap term ¢, is associated with a lower esti-
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Figure 2: Joint distribution of rule parameter beliefs in normal times.
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mate of the parameter on the inflation term ¢.,.

The stabilization benefits of switching to price-level targeting are illustrated in Fig-
ure 3. We show the volatilities of inflation and the output gap as measured by the in-
terquartile range of realizations across simulations. By excluding the tails of the distri-
bution the figure captures volatilities in “normal times.”

Under full information, price-level targeting reduces inflation volatility immediately
by half relative to inflation targeting, while the interquartile range for the output gap
drops by a small amount. This feature highlights the stabilizing properties of price-
level targeting in forward-looking models: When inflation is low, price-level targeting
calls for bringing about higher future inflation to stabilize the price level. Provided that
the policy is understood and credible, inflation expectations rise, through the forward-
looking Phillips curve (9), the initial shortfall in inflation is mitigated.

By contrast, under learning the volatility of inflation falls slowly, while output gap
volatility even rises initially after the switch. The central bank’s ability to stabilize the
economy through the expectations channel of monetary policy deteriorates initially for

two reasons. First, because agents perceive the policy rule to be different from the ac-
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Figure 3: Inflation and output gap volatility in normal times.
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tual one, agents expect a lower or higher interest rate path in a given simulation than
policymakers intend to pursue under the actual policy rule. Mechanically, such misper-
ception has similar effects on the economy as a monetary policy shock. Second, belief
updating is itself a source of volatility. Because agents’ beliefs about the policy rule pa-
rameters change so do their implied expectations about the future interest rate path.
Over time, however, as beliefs have moved close enough to the true parameter values,
the volatilities fall below their pre-switch levels and approach the levels under full infor-
mation.

The better agents understand the switch of the central bank to price-level targeting,
the smaller will be the variation in inflation and the output gap across simulations. Con-
sequently, once agents have made sufficient learning progress towards the true param-
eter values, the data provides less identifying variation, and parameter learning slows
down. This nexus between the agents’ beliefs and the variability of economic variables
explains the slowdown in the pace of learning in the later part of the simulations shown

in Figure 1.
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3.5 Learning During a Deep Recession

Proponents of price-level targeting (or other makeup) strategies have emphasized the
stabilizing features of this strategy in particular when the policy rate is at the ZLB, al-
though, as illustrated above, the benefits may apply more broadly.'? If, in a deep demand-
driven recession, the policy rate reaches the ZLB, a price-level targeting central bank
provides automatically additional monetary accommodation. In order to make up for
the shortfall of inflation from its long-run target, the central bank will need to keep the
interest rate path sufficiently low to induce future catch-up inflation. In many models,
the anticipation of higher future inflation and low future nominal interest rates lowers
the expected path for real interest rates which in turn can stimulate the economy up
front without any contemporaneous interest rate adjustment (because of the ZLB).!!

For price-level targeting strategies to stabilize the economy through this expecta-
tions channel, private sector agents must understand the policy strategy and consider it
credible. Under learning, the central bank may not achieve the desired outcomes from
adopting the price-level targeting strategy because the central bank cannot reveal its
commitment to the new strategy through the observed policy rate as long as the policy
rate is at the ZLB. Agents receive little information about the new policy rule while at the
Z1B and they fail to anticipate that the central bank will keep the policy rate path low in
the future. As a result, the switch in policy strategy does not provide further monetary
stimulus. If, nevertheless, the central bank remains committed to its new strategy, it
will subsequently have to allow for higher inflation to undo the accumulated price-level
gap.

We illustrate these challenges to price-level targeting by considering a switch from
inflation targeting to price-level targeting in a demand-driven recession during which
the ZLB binds. Specifically, we choose a combination of demand shocks g; and supply

shocks u, that, under inflation targeting, induce inflation to fall by roughly 1.5 percent-

19Compare also to Svensson (1999) and Vestin (2006).

'Under full information, pairing inflation targeting with forward guidance on the path of the policy
rate could yield similar effects as permanent price-level targeting. However, under credible permanent
price-level targeting future policy accommodation is automatic at the ZLB; absent an explicit rule for
forward guidance the adhoc nature of this approach may delay the communication of future policy ac-
commodation. See also the discussion in Section 5 on temporary price-level targeting.
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age points and the output gap to fall by roughly 5 percentage points, magnitudes of
declines that are comparable to those during the Great Recession. The innovations to
the shocks start in period ¢ = 0 and end in period ¢ = 11; afterwards ¢; and u; converge
back to zero at speeds dictated by the auto-regressive parameters p, and p,,.

Figure 4 shows the median outcomes across simulations conditional on this se-
quence of shocks (i.e., shocks are sampled randomly except for periods ¢t = 0,...,11).
The blue lines (labeled “no switch”) depict the outcomes in the recession scenario when
the central bank follows the inflation-targeting rule throughout the entire simulation.
The presence of the effective lower bound exacerbates the effects of the recessionary
shocks and leads to a large drop in inflation and the output gap. Notably, under the in-
flation targeting strategy the central bank does not makeup for any deviations of infla-
tion from its long-run target during the ZLB episode; there is no inflation overshooting.

When the central bank adopts a price-level targeting rule at the onset of the reces-
sion (1, = 0), this new strategy is very effective in mitigating the adverse effects of the
recession under full information (red lines): Inflation only drops half as much as under
inflation targeting and the fall in the output gap is reduced. Later in the simulation, in-
flation overshoots its target, as the price-level targeting rule keeps policy rates low for
longer to close the price-level gap. In fact, it is precisely the expectation of this more
accommodative policy stance and the accompanying inflation overshoot that, through
the expectational channels of the New Keynesian Phillips Curve (9) and the Aggregate
Demand Curve (10), prevents inflation from falling during the recession.

By contrast, under learning (yellow lines in Figure 4), agents fail to anticipate the full
extent of future policy accommodation under price-level targeting. As a result, inflation
expectations are lower than under full information, the drop in the real interest rate is
restrained, and little buffer is provided against the declines in inflation and the output
gap. The large and persistent drop in inflation accumulates to a sizable price-level gap
over time and, consequently, the central bank must keep the policy rate lower for longer
than under full information to close this gap. A sizable overshoot of inflation results
from the attempts to close the gap later in the simulation.

Figure 5 shows the evolution of the private sector beliefs that correspond to these
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Figure 4: Outcomes during a deep recession.
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4 (1/5 +ir — Etwile), “Nominal Interest Rate” is 2-+4 (1/5 + i;), “Notional Interest Rate” is 2+4 (1/8 + i}),
“Price Level Gap” is p“?.
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Figure 5: Beliefs during a deep recession.
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T0 = 0.

simulations. Compared to the evolution of beliefs in normal times (shown in Figure 1),
the median parameter beliefs hardly move towards the true rule parameters in the first
14 quarters after the shock as learning is particularly hampered by the presence of the
ZLB. To elaborate on this finding, Figures 4 and 5 include the outcomes and beliefs when
agents observe the notional rate i} instead of the policy rate i; (green lines). As the no-
tional interest rate is not censored and can assume negative values, agents receive more
information about the true rule parameters while the actual policy rate is at the ZLB. As
a result, beliefs adjust earlier than in the case that agents observe the actual policy rate
only. This earlier adjustment of beliefs is sufficient to noticeably stabilize inflation. In
other words, the loss of stabilization benefits under learning is greatly amplified by the
limited informational content of the actual policy rates when the ZLB is binding.
Overall, these simulations highlight that the effectiveness of flexible price-level tar-
geting depends importantly on the formation of expectations. When agents do not un-
derstand the future effects of current policy changes, the commitment to stabilize the
price level requires a prolonged period of policy accommodation and high inflation later
on without the benefits of closer-to-target inflation and output during the recession.
The simulations provide an example of a commitment-based policy that is designed to

achieve sizable stabilization benefits by steering expectations, yet may turn out to be
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undesirable if expectations fail to respond as intended.

4 When to Adopt New Policy Strategies?

If a central bank intends to switch from an inflation to a price-level targeting strategy,
we advise to do so as early as possible, but not around an episode in which the ZLB
becomes or is already binding. To substantiate this recommendation, we vary the tim-
ing of the adoption of price-level targeting—before, during, or after the onset of the
recession—while keeping fixed the recession scenario introduced above and rank the
resulting economic outcomes according to the central bank’s loss function. Neither the
central bank nor private sector agents are assumed to have any advance information
about the recession prior to its realization.
We specify the loss function of the central bank to be:

T
Lo= 870w+ (1)) . (15)
s=T)
This loss function places equal weights on squared deviations of the inflation rate from
its long-run target and of output from its natural level. Period losses are discounted by
the factor 5. We measure the discounted loss that occurs between periods 7, and 77,
where we set T, = —20. The sequence of recession shocks starts in period 0.

Figure 6 plots the value of the loss function under full information and under learn-
ing as a function of the timing of adopting price-level targeting ¢,. The loss under in-
flation targeting is normalized to 1. The left panel reports losses that accrue into the
infinite future (7} = oo) and the right panel considers the losses that accumulate just
around the recession scenario (7 = 20).

Given the parameterization of the policy rules and the loss function, price-level tar-
geting is always preferred to inflation targeting under full information. The benefits of
price-level targeting are larger the further in advance of the recession the central bank
adopts its new strategy. These benefits are diminished when price-level targeting is

adopted after the economy has already fallen into recession.
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Figure 6: Expected losses and the timing of introducing price-level targeting.
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Under learning, the same considerations apply, but with the additional challenge
that private sector agents do not lower their expectations about future nominal and real
interest rates as quickly as under full information. The switch to price-level targeting
still reduces the expected loss relative to inflation targeting over the long term regardless
of the time of adoption. However, in the near term—spanning periods 7, = —20 to
T, = 20 shown in the right panel of Figure 6—we find that late adoption of the price-level
targeting strategy has no advantage over inflation targeting. Hence, in the case of late
adoption the advantage of price-level targeting over the long term simply reflects the
optimality of price-level targeting at and away from the ZLB given the central bank’s loss
function. In line with our earlier discussion, during the recession, policy is perceived to
be less aggressive in stabilizing prices than it actually is under the new rule and inflation
is more volatile. The slower beliefs adjust, the more do the potential benefits of price-

level targeting evaporate.
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Figure 7: Beliefs and outcomes with earlier adoption of price-level targeting.

(a) Outcomes.
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definitions as in Figure 4.
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Table 1: Stabilization gains.

(1) ) 3) (4) 5) (6)
Z1LB Mean y9? Mean7w s.d.y9? s.d.w | Loss
binding

To = —00 3.19% -0.23 2.00 1.23 0.99 | 0.151

To = —16 4.49% -0.24 1.99 1.41 1.37 | 0.236

L% T0=20 5.76% -0.27 1.96 1.72 1.96 | 0.449

To = 5.86% -0.30 1.90 1.73 1.95 | 0.452

Ty = 00 10.05% -0.61 1.50 2.59 3.48 | 1.000

To = —00 13.10% -1.23 1.94 1.04 0.83 | 0.169

T0o = —16 19.66% -1.35 1.83 191 2.53 | 0.440

£%, T0=0 25.29% -1.75 1.27 291  4.03 | 1.013

To =8 25.10% -1.91 0.99 2.90 3.91 | 0.970

To = 00 23.16% -2.05 0.79 2.90 3.93 | 1.000
Note: Results based on 1,000 simulations for each rule switch period 7, shown. Recession periods are
t =0,...,8. ZLB periods are the fraction of periods across simulations and across time during which
the ZLB is binding. 7y = —oo refers to the full information case in which price-level targeting is in place

from the start of each simulation, while 7, = oo refers to the case in which inflation targeting is in place
indefinitely. Simulations are based on the benchmark parameterization of subjective belief uncertainty.
Loss function values are normalized to one for the case 7y = oc.

Price-level targeting is more beneficial under learning if adopted well in advance
of the recession. When price-level targeting has been in place sufficiently long, private
sector agents have had the opportunity to learn the new policy strategy before the re-
cession begins, so that the stabilizing benefits of this strategy come to fruition. Figure
7 shows the evolution of beliefs and outcomes with learning for the case in which the
central bank switches in 7y = —16. In this case, beliefs have partially adjusted towards
the new rule parameters by the onset of the recession. Even with this partial under-
standing of the policy rule, policymakers already achieve similar outcomes of inflation
and output as under full information.

Table 1 reinforces our message about the timing of adoption by showing additional
statistics for the benchmark learning case. Early adoption of price-level targeting (1, =
—16) yields similar outcomes (means and standard deviations) of inflation and the out-
put gap and losses as the full information case (1 = —o0), in particular when we con-
sider the long horizon. By contrast, adopting price-level targeting at the onset of a re-

cession (7y = 0) results in greater volatility of inflation and the output gap.
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Overall, our results suggest that a central bank planning to switch to a price-level
targeting strategy should do so as early as possible, unless it attaches a high probability
to a deep recession in the near future. In that case, it can be beneficial to postpone
announcing price-level targeting until after the recession is over to avoid being stuck
with a commitment to make up a large price-level gap but little additional stabilization

of the economy during the recession.

5 Temporary Price-Level Targeting

So far, we have focused on the adoption of a permanent price-level targeting strategy,
under which the central bank seeks to close the price-level gap regardless of the gap
sign and the economic conditions. We now turn to the more state-contingent variant
of temporary price-level targeting (TPLT). Under TPLT the central bank only seeks to
close the negative price-level gap that stems from a ZLB episode; once this negative gap
has been eliminated, the strategy switches back to inflation targeting. Evans (2012) and
Bernanke (2017) argue that TPLT can provide the full stabilization benefits of perma-
nent price-level targeting during steep declines of aggregate demand while, at the same
time, can help avoiding the potential difficulties associated with communicating to the
public that tighter monetary policy is needed to reduce a positive price-level gap. Both
these studies assume that the private sector has full information and that the strategy is
perfectly credible.

However, the validity of these assumptions seems to be even more questionable in
the case of a TPLT than a permanent price-level targeting strategy. Svensson (2019) ar-
ticulates these concerns by stating that, if price-level targeting strategies “are only ap-
plied occasionally and temporarily, economic agents will not be very used to them, and
considerable explanation and communication may be necessary. But this may still not
be sufficient for the temporary price-level target to be credible, in which case the favor-
able effect of raised inflation expectations may not occur. Credibility normally needs to
be earned, meaning that economic agents need to see the policy put into practice and

its principles obeyed, in order to believe that it will be maintained and be successful
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in the future.” Our learning framework directly speaks to Svensson’s concern, as agents
understand and believe a price-level targeting strategy only once the strategy can be
inferred from the observations of the policy rate.

A TPLT strategy differs from a permanent price-level targeting strategy along two di-
mensions: the definition of the makeup measure and the state-contingent rule param-
eters. In our formulation of TPLT, the makeup measure accumulates past deviations of

inflation from its target since a state-contingent reference period 7 (¢):

t
2= 3 . (16)

s:To(t)

The reference period evolves according to:

t ifit_l = Zand maXr, (t—1)<s<t—1 Zs >0
7o (1) = : (17)

70 (t — 1) ifit,1 > 1 0r MaXr(t—1)<s<t—1 Bs < 0

Intuitively, the reference period is the last time that the policy rate reached the ZLB. The
reference period, and therefore the makeup measure z;, are reset when the policy rate is
at the ZLB and the makeup measure has ever turned positive since the previous refer-
ence period. By contrast, under permanent price-level targeting the makeup measure
is given by the accumulated (positive or negative) price-level gap since a fixed reference
period.

We now turn to the weight that the central bank assigns to the makeup measure in

its interest rate rule. The policy rule continues to be of the form in equation (13):
o Z Yl
iy = piti—1 + (1 — pi) | (1 + ¢nt) 7Tt+¢ztz+¢yT + e (18)

The parameters ¢,; on inflation and ¢.; on the makeup measure are state-contingent

to split the TPLT strategy de facto into an inflation targeting regime and a price-level
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targeting regime:

(¢ ¢ ) (17 0) if’it_l =3 0Or maXqr(t)<s<t—1 Zs <0 (19)
wty Pzt) = .
(0,0.5) otherwise

The central bank assigns positive weight to the makeup measure only in the price-level
targeting regime which gets triggered when the policy rate first reaches the ZLB. The
regime stays in place until the makeup measure has been made up for. After that, the
central bank switches back to the inflation targeting regime.

In line with our previous formulation of beliefs under learning, we assume that
agents perfectly observe the makeup measure z;, but do not observe the parameters
¢.: and ¢,;. The beliefs about the evolution of these parameters are parameterized in
the same way as in Section 3.3. In particular, agents think of ¢.; and ¢, as time-varying,
but they do not have the knowledge that the parameters follow two discrete regimes.

As for the permanent price-level targeting strategy, we consider the severe demand-
driven recession scenario for a TPLT strategy to contrast the performance of the econ-
omy under learning with its performance under full information (agents observe the
true rule parameters and understand their dependence on the economic conditions).
The outcomes and beliefs under learning and full information are shown in Figure 8.

Over the course of the recession, the economic outcomes under TPLT are virtually
the same as under the permanent price-level targeting strategy. Initially, the anticipated
stabilization benefits of the strategy do not materialize because agents require time to
learn the new strategy, in particular while the policy rate is constrained by the ZLB. Con-
sequently agents fail to anticipate the more accommodative path of monetary policy in
the future. The cumulative shortfall in inflation is larger under learning and, as a re-
sult thereof, the central bank stays in the price-level targeting regime much longer than
under full information.

Once the economy has recovered sufficiently, the central bank returns to its infla-
tion targeting regime and the rule parameters switch yet again as shown in the bottom

panels of Figure 8. Under learning this change in parameters initiates a new adjust-
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Figure 8: Beliefs and outcomes with temporary price-level targeting.

(a) Outcomes.
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Note: Solid lines show median outcomes and beliefs across 1,000 simulations. The dash-dotted line in
the lower panel additionally plots the median actual rule parameters ¢,; and ¢.; under learning. The
simulations are initialized at the ergodic distribution of outcomes obtained under the inertial Taylor rule,
and in period ¢ = 0 the central bank starts following the TPLT strategy (see text). The starting values for

the rule inputs are z; = 0 and 7( (0) = —1. Variable definitions as in Figure 4, except for “TPLT shortfall”

defined as min {z, 0}.
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ment process for the agents. Over the course of the price-level targeting regime, agents’
beliefs partially adjusted to the true parameters under the price-level targeting regime.
But upon the central bank’s return to the inflation targeting regime of the TPLT strat-
egy, agents will reverse their beliefs and move their parameter estimates to be yet again
closer to the parameters of the inflation targeting regime. The beliefs and the direction
in which the parameter estimates move over time will again be reversed on the next oc-
casion the central bank is in the price-level targeting regime during a ZLB episode. In
our learning formulation, agents will never understand the state-contingent nature of
the TPLT strategy. As a result, and in contrast to permanent price-level targeting, agents
will never be in the position to correctly anticipate the central bank’s policy actions. In
particular at the ZLB, the TPLT strategy will never be as effective in stabilizing the econ-
omy as the permanent price-level targeting strategy (which agents will come to fully
understand over time).

The ineffectiveness of TPLT is in part the result of our assumptions about the be-
liefs that agents can entertain. In particular, agents cannot entertain the idea of regime
switches in the policy rules embedded in the TPLT strategy. Yet, even if we allowed
agents to consider the possibility of switches between two regimes, it would still be dif-
ficult for agents to learn the TPLT strategy. The simple reason is that agents cannot infer
anything about the regime the economy is currently not in. Before a ZLB episode occurs,
agents have no opportunity to learn about the central bank’s likely behavior during that
episode; at the ZLB, there is virtually no information that allows to discriminate between
different rules; and the period of the recovery during which the central bank still follows
price-level targeting is short. Depending on the speed of learning, it would presum-
ably take several zero-lower bound episodes before agents would fully understand the
contingent behavior of the central bank. Moreover, agents would also have to learn the
conditions that trigger the switch from one regime to the other, further complicating the

inference problem relative to a permanent price-level targeting strategy.
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6 Conclusion

We have developed a method of learning about the central bank’s policy strategy from
observed policy rates that explicitly takes into account the limited informational con-
tent of observed policy rates at the ZLB. We have applied this method to a simple New-
Keynesian model in which the central bank can pursue either an inflation targeting or
price-level targeting strategy.

When the central bank switches to price-level targeting at the onset of a deep reces-
sion, this switch mitigates the loss in output and the shortfall in inflation under rational
expectations and full information, as is well known. But when agents are learning, the
benefits of price-level targeting do not materialize because agents do not understand
the new policy regime immediately. The learning problem is further complicated by the
fact that the policy rate quickly hits the ZLB, at which point agents receive little infor-
mation about the true parameters of the policy rule. As a result, under learning, the
central bank is left with a much larger negative price-level gap than under full informa-
tion, and thus has to allow for substantial overshooting of inflation after the recession
without having accrued any stabilization benefits in the midst of the recession. In or-
der for these benefits to materialize, price-level targeting should be introduced in calm
times to give agents the opportunity to learn this new policy strategy rather than being
deployed as a policy tool in a deep recession. Temporary price-level targeting strategies

are likely to be much less effective than their permanent counterparts.
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A Details on the solution algorithm

This appendix describes the numerical algorithm used to compute the learning equilib-

rium in Section (2).
1. Start with a prior for §;_; that is normally distributed as (Bt_l, B_1> .

2. We compute z; as a function of é;, u;, x;_; and Bt—l: x=f (xt_l, Uy, €4, Bt_1> . In par-
ticular, we augment equation (1) with anticipated shocks to the policy rule equa-
tion. Following Holden (2016), we use a mixed-integer linear programming solver
to determine the sequence of anticipated shocks such that the max operator in

equation (2)will hold period-by-period as projected under perfect foresight.

3. Find (x4, i, &) as the solution to the system of equations:

Z't \I/(Bt 1)5(},5 lf'Lt >Z

6 = wft nzt) (A.1)
_Uet (1 W(ﬁj 1 It) lfzt :Z

v = f <$t717 Uy, émﬁt—l) (A.2)

14 = max {L \I/(Bt—l)xt + €t} . (A.3)

4. Obtain a posterior for 3, through the filtering problem (6)—(8). Even though we take
x; as exogenous, the non-linearity stemming from the ZLB and from the potential
non-linearity of ¥ (-) make this a non-linear filtering problem. To avoid having
to use a numerically expensive particle filter, we make some numerical approxi-
mations. First, we approximate the non-linearity from V¥ (-) by taking a first-order

Taylor expansion of the notional rate around f;_;:

iy = max {i,1; } (A.4)
~ ‘I’(Bt 1)t + Bt Bl (Bt 1)y + €, € ~ N( ; et) (A.5)
5t = 5&1 + €st, ﬁt—l ~N (6t717 Pt71> , €t ™ N(O, Eﬂt) (A.6)
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Note that, in our application to price-level targeting in the paper, V (-) is already
linear, so the above is an equality rather than an approximation.
We will work with the systematic part of the notional rate, which we denote bys;, =

iy — e;. The prior of s, given z, is normally distributed:

E [St | It] =my = W(Bt—l)mt (A.7)

\Y% [St ‘ l’t] = St = Ht/ (Pt,1 + th) Ht (A.8)
oV A

where Ht = %(ﬁt,l)xt. (A9)

To get to the posterior of 3, after observing i;, we have to distinguish whether the

ZLB is binding or not.

(a) Ifi, > i, thefiltering problem (A.4)—(A.6) reduces to the extended Kalman filter
(EKF) and the posterior is normally distributed as N (Bt, Pt>. The filtering

equations are standard:

(Po1 + Xpt) Hy

K, = A.10

! St + O'gt ( )
Bt = Bt—l + Ky (4 — my) (A.11)
P=P 1+ 35— K (Si + 02) K. (A.12)

If U is linear, then the EKF is just the standard Kalman filter and we have found

an exact solution to the posterior.

(b) Ifi; =i, we compute the mean and the variance of the posterior of s; given z;

and the observation that s; + ¢; < i. For an arbitrary integrable function g, we
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have that the posterior mean of ¢ (s;) is given by:

P(St <i1—e | $t)
Elg(s) E[L{s, <i—e}|sp,a]|x
P(St <i—e | ZUt)

P(et <i1— s | Stuxt>
=K -
{9(39 Pt <ilz)
g ) 1
- g (s <t e 25t (s. (A.13)
oo o <§t_+7:§ > 27 S,

We compute these expressions using Gaussian quadrature for ¢ (s) = s and
g (s) = s to obtain the posterior mean and variance of s;, which we denote by
m, and S;. We now approximate the posterior distribution of s; as A/ (mt, gt) .
With this approximation, the posterior for g; given z; and i; = i is normally

distributed as (Bt, Pt> , with the updating formula:

(Pioy + Xpt) Hy

Ky = A.14

t S, ( )
Bt = Bt—l + K (my — my) (A.15)
P=P+%y K (St - St) K. (A.16)
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