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Abstract
This paper explores the effects of expansionary monetary policy in a laboratory
New Keynesian dynamic stochastic general equilibrium environment. Individual subject and market behavior are studied under semi-automated and entirely subject-driven
economies. Policy occurs through a decrease in the nominal interest rate on borrowing
and saving. Stationary repetition is introduced to facilitate learning. While experimental findings for the median session coincide with theoretical predictions, significant
heterogeneity in behavior leads to a dispersion of outcomes. Output responses most
consistently match theoretical predictions in the human firm (automated household)
treatment. Individual household behavior significantly differs from predicted values.
Households’ persistent oversupply of labor and under-consumption is attributed to debt
aversion. Nearly half of households respond to decreases in the real interest rate and
increases in the real wage by contracting their demand and labor supply. Subjects form
expectations adaptively, relying heavily on past variables and forecasts in forming twosteps-ahead forecasts, but despite numerous repetitions, exhibit significant difficulty
forming expectations on impact of the shock.
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Introduction and Motivation

Laboratory experiments are a new and important alternative test bed for studying macroeconomic dynamics. Like the dynamic stochastic general equilibrium framework, the lab
provides an environment to study the effects of policy on individual behavior and expectations within controlled and micro-founded economies. Especially appealing is the allowance
for heterogeneous preferences and behavior to emerge and affect market dynamics, a key
step in moving beyond the rational representative agent analysis. While heterogeneous-agent
macroeconomic models are growing in popularity, they have been arguably simple and ad-hoc
in their modeling assumptions. Laboratory findings provide the necessary microfoundational
insight for modeling behavior. Consistent behavioral deviations from theoretical predictions
provide reason and direction to modify existing theory.
This paper demonstrates how general equilibrium experiments can be used to test the
validity of the theoretical predictions of a canonical dynamic stochastic general equilibrium
(DSGE) model. We introduce stationary repetition to facilitate learning and study how subjects converge to a steady state. We then analyze subjects’ responses to a positive monetary
policy shock modeled as an exogenous fall in the nominal interest rate. New Keynesian dynamic stochastic general equilibrium models are extensively used to study the economy-wide
effects of innovations and provide central bankers with policy guidance. If a set of models
is to take such prominence in policy makers’ toolboxes, it is imperative that the models’
predicted mechanisms and behavior are well tested and understood.
Our experimental findings suggest that market reactions to monetary policy depend on
the composition of households in each economy. Though identically induced to be highly responsive to changes in real interest and wage rates, the median subject exhibits significantly
inelastic behavior. There is considerable heterogeneity in subjects’ revealed elasticity of
intertemporal substitution and elasticity of labor supply with respect to the real wage. Nominal wage and price expectations are elicited to generate implied output gap and inflation
expectations. Preshock expectations become increasingly rational after numerous stationary
repetitions. However, on impact of the shock, subjects under forecast the output gap and
their expectations do not appear to improve with stationary repetition. Though median
expectations are nearly rational post-shock, there is significant inaccuracy in expectations
at the individual level. The reduced variance and greater accuracy in inflation forecasts is
attributed to the imposed nominal rigidities.
Experimental macroeconomics is an emerging literature studying intertemporal dynamics, expectations and coordination problems in partial and general equilibrium economies.
Theories of Ricardian equivalence, time consistency, and fiscal and monetary policies have
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been analyzed in the lab. Duffy (2008) provides a vast review of the literature that encompasses labor, monetary, closed and open economy macroeconomics. Related work has shown
the power of experimental macroeconomics to provide insights into how people respond to
macroeconomic policies, for example, how subjects form expectations when a central bank
changes from inflation targeting to price-level targeting (Amano et al. 2011).
This paper is among the first to explore the role of discretionary expansionary monetary
policy in a production economy following the DSGE methodology. Production-focused GE
experiments, such as those conducted by Bosch-Domenesch and Silvestre (1997), Lian and
Plott (1998), Noussair et al. (2007), and Noussair et al. (2011), have demonstrated the ability
of such laboratory environments to converge in the direction of their equilibrium predictions.
These environments typically involve different types of agents (primarily consumer-workers
and firms, but sometimes governments) and multiple markets (goods and labor) in both
closed and open economy settings. Simultaneous, cash-in-advance markets are implemented
using computerized double auctions and induced values and costs. Paid subjects interact over
multiple trading days with the objective to maximize their utility or profit. The experiments
conducted by Lian and Plott (1998) and Noussair et al. (2011) do not find significant effects
associated with expansionary monetary policy. Bosch-Domenesch and Silvestre modify the
credit levels and find that this results in real effects when credit constraints are binding, but
only leads to inflation when credit is already abundantly available.
In a standard DSGE simulation, changes in policy variables or parameters occur within
a single treatment, capturing the individual reaction to changes in policy or economic disturbances after the economy has reached a steady state. Existing laboratory experiments
have yet to explore such behavioral reactions; rather, changes in experimental variables have
typically occurred between treatments.1 To deal with this gap between theory and experimentation, we modify the way in which the GE experiments are conducted. By allowing
subjects to reach a steady state before shocking the economy, the impact of the shock on the
time paths of relevant economic variables can be measured in a way that is comparable to
the macroeconomic techniques currently used.
Much of the anecdotal criticism of the experimental GE literature pertains to identification. In complex interdependent systems it is difficult to identify causal factors. Effective
experimental design involves being able to clearly identify cause and effect. In the existing studies, it is not obvious where suboptimal behavior is coming from. For example, a
firm underproducing may be the result of workers underbuying or may simply be due to
risk aversion on the part of the firm. It is for this reason that many experimentalists veer
1
In Bosch-Domensch and Silvestre (1997), credit levels change between rounds. In series 1 and 2 of Lian
and Plott (1998), the constant money supply level changed between sessions. In series 3, money supply
growth begain the first period and not from a point of equilibrium.
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away from general equilibrium environments, and for the most part, have abandoned study
in this area. To circumvent this issue, we first focus on individual types of agents first and
then study both households and firms interacting together in an economy. In one treatment,
human consumers interact with rational automated firms. In a second treatment, human
firms interact with rational automated consumers. Finally in a third treatment, human consumers and firms interact together. The results are compared with our fourth “treatment”,
the theoretical benchmark.
We design a workhorse experimental methodology that can easily be implemented in most
laboratories. The computerized experiment is programmed in zTree (Fischbacher (2007)), a
free and widely used experimental software. Markets are run using posted price environments
- a market mechanism well known to experimental economists. The experiments discussed in
this paper can easily be replicated and extended to consider a variety of environments and
shocks.
Innovations that we introduce to the experimental design relative to the existing experimental literature are discussed in Section 2. The theoretical environment and experimental
implementation are described in Sections 3 and 4. Results are presented in Section 5 and a
discussion in Section 6 concludes.

2

Methodological Contribution to the Experimental General Equilibrium Literature

The design deviates from the existing experimental general equilibrium literature in four
ways. First, it incorporates posted price (PP) markets rather than continuous double auctions
(CDA) as a mechanism to trade output. The conventional method in production economy
experiments is to use the continuous double auction to represent a highly competitive market
(Smith, 1962). These experiments have been unable to generate real effects from exogenous
increases in the money supply. The New Keynesian macroeconomic literature has identified
price and/or wage rigidities as an essential element in generating real effects from monetary
policy. The stickiness allows agents in the economy enough time to adjust their demand and
supply functions before nominal values have an opportunity to respond. In a CDA, prices
adjust extremely rapidly for at least two reasons. Firms see increased money balances as a
signal of households’ ability to pay more and households’ willingness to pay for each unit
is non-decreasing in money balances. Without a sufficient nominal friction, prices increase
without any change in output. PP markets combined with Calvo pricing result in sufficient
nominal rigidity to match the theoretical assumptions of the benchmark New Keynesian
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model. Noussair et al. (2011) also use a PP market to generate persistence in output prices
but do not study its effects in the context of a monetary policy shock.
Second, nominal wages are determined differently. Rather than interacting in a labor
market where the market clearing wage is determined through trades in a double auction, all
subjects are presented with a nominal wage determined through New Keynesian equilibrium
conditions, the current nominal interest rate and expectations on the output gap and inflation.
The decision to use this method is three-fold. There is a desire to have as many elements
of the experimental design “pinned down” so that we can identify what causes changes in
the nominal wage. Methodologically, it reduces the amount of time necessary for markets
to converge. A typical GE experiments with multiple markets operated by CDAs lasts 4-5
hours with instructions and can become very expensive. Elimination of the CDA for the labor
market effectively shortens each period by 1.5-2 minutes. This amounts to over 2 hours over
90 periods! Finally, this approach is closer to the theoretical benchmark that assumes labor
markets are competitive in that agents take nominal wages as given. Section 4 discusses the
wage determination and importance of stationary repetition in greater detail.
We also modify the monetary instrument. Nearly all laboratory experiments studying
expansionary monetary policy do so through the injection of money balances into bank
accounts on either one or both sides of a market. This combined with CDA markets results in
rapid inflation. Instead, a monetary shock in the proposed economy occurs through a decrease
in the nominal interest rate on saving and borrowing. Noussair et al. (2011) construct a GE
experimental economy in which interest rates adjust according to a Taylor rule due to changes
in the inflation rate. They find no evidence of real effects from changes in the interest rate,
mostly because real wages fail to respond despite the presence of nominal rigidities. By the
New Keynesian paradigm, a decrease in the nominal interest rate theoretically implies - all
else equal - an increase in the output gap and inflation, and necessarily an increase in the
real wage rate.
A key assumption in New Keynesian models is that firms operate in a monopolistically
competitive environment, which is typically introduced through household preferences for
variety. We retain monopolistic competition but eliminate the actual task of having the
household purchase different varieties directly. Determining the optimal combination of each
variety is difficult when prices for different varieties are changing. This would serve only as
an additional complication without telling us much about reactions to nominal interest rates.
Instead, consumers automatically consume their desired bundle as a feature of our design.
Finally, we ask subjects to form wage and price forecasts at the beginning of each period
for the current and following period. These forecasts are used to calculate implied output gap
and inflation expectations necessary to generate the nominal wage. Other laboratory exper5

iments, including Pfajfar and Žakelj (2011) and Assenza, Heemeijer, Hommes and Massaro
(2011), and have studied expectations, but only in “partial-general equilibrium” frameworks.
We are the first to analyze expectations formations in a general equilibrium environment
where subjects interact in multiple markets.

3

Theoretical Environment

The theoretical framework follows the benchmark New Keynesian model described in Walsh
(2003) and based off of earlier models including Clarida, Gali, and Gertler (2000). The
economy consists of households, firms, and a monetary authority. The objective of households
is to maximize their expected present discounted value of utility from consumption and
leisure. Each period they decide how much to work and consume. The objective of firms is
to maximize their real profits by producing and selling a particular variety of output. Firms
are monopolistically competitive and set prices à la Calvo (1983). Firms face a constant
probability of being able to update their price each period, allowing for a dispersion of
prices outside of a steady state. Pricing decisions of all firms affect consumer demand for
each variety and, subsequently, firms’ demand for its sole input, labor. Labor markets are
competitive in that all agents take nominal wages as given. Borrowing and saving is done
through one-period bonds that pay a nominal rate of return. The central bank sets the
nominal interest rate on lending and borrowing each period. It follows a Taylor rule that
targets inflation. The only stochastic economic disturbance that occurs in this economy is
an expansionary monetary shock conducted through the nominal interest rate. The shock is
persistent and follows an AR(1) process. Agents are assumed to form rational expectations.
The equilibrium of the economy can be described by a system of four log-linearized equations:
1
(it − Et πt+1 − ρ)
σ
= βEt πt+1 + κxt

xt = Et xt+1 −
πt

(1)
(2)

it = ρ + δπt−1 + vt

(3)

vt = ρv vt−1 + 't

(4)

The derivations of this system are discussed in the next sections. The output gap xt is defined
as deviations of output from its flexible price level. The inflation rate is given by πt while it
is the nominal interest rate and depends on ρ, the long run nominal interest rate and past
inflation. Finally, vt is an AR(1) process with persistence ρv governing the nominal interest
rate and 't is a stochastic shock.
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Equation (1) is the expectational investment-saving (IS) curve and models the demand
side of the economy. It says that the output gap will increase if there are expectations that
it will increase in the future, if nominal interest rates fall today, and if inflation is expected
to increase in the future. Equation (2) is the New Keynesian Phillips Curve that describes
the evolution of the aggregate price level. Inflation will increase if inflation is expected to
increase in the future and if the output gap increases today. Equation (3) is the central
bank’s nominal interest rate setting equation that follows a Taylor rule. The central bank
aggressively targets lagged inflation. The nominal interest rate may also be affected by
random economic disturbances described by Equation (4). A shock to the nominal interest
rate is autoregressive and takes many periods to dissipate.
An unanticipated expansionary monetary policy shock occurs through a stochastic decrease in 't . This causes vt , and thus it , to fall by the same amounts on impact. A decrease
in the nominal interest affects the households directly. On impact, households prefer to increase their consumption. This is because lower nominal interest rates imply lower borrowing
costs and return on saving. For both reasons, households are better off consuming more today
than tomorrow. An increase in overall consumption requires more output production and
more labor participation. Real wages must adjust upward to entice workers to supply more
labor. In a sticky-price world, this requires that firms’ markups decrease.

4

Experimental Implementation

The experiment consists of two types of agents: households and firms. There are F = 4
monopolistically competitive firms and H = 4 households interacting in each economy. The
experiment consists of three separate treatments across sessions:
1. Human Firms (HF): Four subjects play the role of firms and interact with four
automated consumers
2. Human Households (HH): Four subjects play the role of households and interact
with four automated firms
3. Human Firms and Households (HFH): Four subjects play the role of firms while
another four subjects play the role of consumers
Automated agents make decisions according to the first order conditions defined in the canonical model and are elaborated on in the following subsections. First order conditions that
involve expectations of future variables use the median elicited expectations of the human
subjects.
7

In a given session, subjects play the same role over five repetitions of the same environment
with the same group of subjects. Each repetition has an expected length of 21 periods and
resets the economy back to the initial steady state. An expansionary monetary shock occurs
midway through the repetition.

4.1

Induced Preferences

The experimental implementation involves transitioning from a representative agent framework to an environment where multiple agents of different types interact. We must first
induce agents with preferences. According to induced value theory (Smith, 1976), an experimenter can control subjects’ preferences if three conditions are met. First, subjects’
induced preferences must be strictly monotonic in monetary payments. Second, changes in
the subjects’ earnings must be salient in that they are a result of specific actions taken by
agents or Nature that is consistent with the environment being induced. Third, changes in
subjects’ utility must depend pre-dominantly on the reward scheme and not on other factors.
Monotonicity is ensured by paying subjects based on the objective function they maximize.
Saliency is encouraged as subjects are reminded that the actions of themselves and others
in the experiment will affect their earnings. We also ensure dominance is maintained by not
displaying the payoffs of others and by keeping subjects actively participating to prevent
boredom.
Households
Each household is induced with identical preferences to maximize their expected present
discounted value of utility:
" 1−σ
#
T
!
Nt1+η
t Ct
Et
β
−
1
−
σ
1+η
t=0

where Ct is their consumption of a composite good consisting of differentiated products
produced by monopolistically competitive firms, Nt is the amount of hours a household
works and 1/η is the Frisch elasticity of labor supply. Subjects face an indefinite horizon T
rather than an infinite horizon.2 The composite good is made up of numerous varieties:
1

Ct = 4 1−θ
2

$

4
!
i=1

θ−1
θ

Cit

θ
% θ−1

The infeasibility of implementing an infinite horizon is discussed in Section 4.6. An indefinite horizon
allows for comparable discounting and avoids the issue of backward inductions.
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where Cit is the household’s consumption of variety i and θ is a preference parameter describing the household’s love for variety.
Households are asked each period their maximum willingness to work (NtS ) and their
maximum level of consumption (CtD ). They make their decisions according to their utility
function and a nominal budget constraint:
Pt Ct + Bt = Wt Nt + (1 + it−1 )Bt−1 + Πt
The left hand side of the budget constraint describes the household’s nominal expenditures
(Pt Ct ) and current saving (Bt ). The right hand side describes the household’s current flow
of income, made up of wage income (Wt Nt ), last period interest on saving ((1 + it−1 )Bt−1 ), ,
and dividend payments from the firm (Πt ).
Household subjects receive payments based solely on their accumulation of the composite
commodity good and their labor decisions over their experimental lifetime. They do not
receive payments based on their lab money holdings. The first order conditions of the optimizing household yield an Euler equation describing the intertemporal tradeoff between
current and future consumption
−σ
Ct−σ = β(1 + it )Et Ct+1

Pt
Pt+1

and an equation of the intratemporal tradeoff between consumption and leisure
Ntη Ctσ =

Wt
Pt

Firms
Firms are induced to maximize real profits:
Πt =

Pti Yti − Wt Nti
Pt

where Pti Yti are revenues earned by firm i, Wt Nti is its wage bill, and Pt is the aggregate price
level in the economy. Each firm possesses identical, constant returns to scale technology
described by
Yti = ZNti
where Z is a productivity parameter that remains constant throughout the experiment.
Firms must decide what price to set for their output. Each period, the probability that
a firm can update its price is 1 − ω = 0.25. It must factor in expected nominal wages and
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demand over its expected lifetime when making its decision.3
The prices set by all firms will determine the level of demand for each variety:
1
Yit = Pit−θ Ptθ Ct
I
1
θ−1

&'

I
i=1

&

1−θ

1
(( 1−θ

(Pit )
and I is the
where Pt is the aggregate price level defined as Pt = I
number of firms in the economy. A challenge that arises here is how to induce a small number
of subjects to behave as monopolistically competitive firms, ie. to take the aggregate price
level as given and ignore the impact its price has on others when setting its own price. Our
approach is to present a firm about to update its price with a calculator that takes as inputs
their own price and the aggregate price level, and outputs a level of demand and profits.
Using this approach, we are leaving it up to the individual firms to realize that their own
price does in fact impact the aggregate price index.4 When it comes to calculating actual
demand, the updating firm’s price will be included in the aggregate price level calculation.
Firms are expected to supply to all households who demand their output, and will thus
demand the required amount of labor taking nominal wages as given. The sum of nominal
firm profits is split equally among all households in the form of a dividend payment at the
end of each period. Accumulated real profits are recorded and paid out to firms at the end
of the experiment.
3

Calvo pricing has its experimental shortcomings. While on average a firm will update its price every
4 periods, it may also never update its price. This can make subject learning highly limited and data
analysis difficult. An alternative approach is to use staggered pricing contracts a la Taylor (1980), in which
firms update exactly every m periods, potentially in revolving order. While experimentally appealing, the
theoretical outcome implies inflationary dynamics that are inconsistent with empirical data for reasonable
parameter values.
4
Davis and Korenok (2011) implement monopolistic competition through a linear demand curve that is
increasing in the average price of firms. To deal with this issue, they increase their number of firms to 6
where this should decrease the impact of a single firm’s price on the average price.
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4.2

Markets

Firms and households interact simultaneously in input and output markets. Households submit their labor supply and output demand at the same time as firms make pricing decisions.
In the case of automated firms, the pricing decision of the updating firm is known a priori.
This differs from Noussair et al. (2011) where the labor market precedes the output markets.
Labor Market
Households trade their labor hours to firms in exchange for money wages, specified at the start
of the market. Firms’ demand for labor is determined by the demand for their output, and
thus by the prices set by all firms in the economy and the consumption levels of households.
The nominal wage process is discussed below. Households have a maximum 10 hours in
which they may work, and may work fractions of an hour. Households lose an exponentially
increasing number of points as they work additional hours.
Output Market
Each firm produces a different color variety of a good (Red, Blue, Green, and Orange).
One firm is randomly selected to reset its price each period. An aggregate price index is
calculated; this will be the price that households pay for each unit of the composite good.
Firms are required to fully supply household demand given its own price and the aggregate
price level. Households must then decide how many units of the composite good they would
like to purchase while making their labor decisions. They may borrow up to 150% of their
expected wealth in the form of a one-period bond. That bond must be repaid, with interest,
in the next period through a deduction in wage income. Alternatively, a household may
choose to not consume their entire budget. In that case, their unspent income is saved and
earns interest. Their desired consumption levels along with the firms’ prices determines the
demand for each firm’s variety.
Note that households do not directly purchase individual varieties. This differs from
Noussair et al. (2011) where households purchased units from three different firms. While
both are equally valid approaches to modeling and implementing monopolistic competition
in the New Keynesian world, it is experimentally and cognitively simpler for households to
purchase a single good. Our interest is not whether households can consume an optimal combination of varieties, but rather how they trade off consumption inter- and intra-temporally.
We eliminate the potential confound by imposing that households consume optimal combinations.
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Procedures
1. Given a wage, one firm has the opportunity to update its price. An aggregate price
index is then generated.
2. Households have the opportunity to select how much they would like to work and
consume. The demand for each variety is calculated.
3. Total labor demand by firm i given total variety demand by each of the h households
is given by:
'4
i
D
h=1 Yht
Nit =
Z
Total labor demand is the sum of demands across all four firms:
ND =

4
!

NitD

i=1

while total labor supply is given by the sum of supplies across all four households:
(a) If NtD = NtS , labor is distributed across firms according to need. Each household
works and consumes the amount they submitted.
(b) If NtD < NtS , there is excess labor supply. Firms will hire up to their desired demand. Each household will consume the amount that they requested, and receive
CD
a rationed amount of labor hours. Households that submitted NhS ≤ Zh , ie. are
not contributing to the relative excess labor supply, will work their desired number
D
of hours. Otherwise, a household is allocated N S = CZ . If there is any remaining
labor hours available (due to some households under-working), those hours will be
distributed among the over-working households according to relative demand.
(c) If NtD > NtS , there is excess labor demand. All households will work the maximum amount they desired. Labor will be split across firms according to relative
CD
demand. Households that submitted NhS ≥ Zh , ie. are not contributing to the
relative excess consumption demand, will consume their desired number of units.
Otherwise, a household is allocated C D = ZN S . Remaining units of output are
distributed among the over-consuming households according to relative demand.
Nominal Wages and Expectations
A key feature of this experiment is that nominal wages are not determined through negotiations or market interactions. Rather, subjects are presented with the nominal wage and
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asked to make labor supply or pricing decisions. This is consistent with the notion that
agents take the nominal wage as given. This has the desirable feature that inventories and
the risks of advance production are absent. Output is “made-to-order”, and consistent with
the New Keynesian framework all output produced is consumed. It also allows us to reduce
the amount of time required to complete a period. Eliminating the 1.5 minutes needed for
the labor market to clear saves us over 2 hours. Given that the nominal wage is not our focus
of interest, it is reasonable to let it be automated.
Our approach is to use a reformulated expectational IS equation to generate a nominal
wage. In short, we note that the output gap can be rewritten as a function of deviations of
the real marginal cost, φ̂t , from its flexible price level5 :
1
φ̂t
η+σ
*
1 )
Ŵt − P̂t
=
η+σ

xt =

The expectational IS curve is given by
xt = Et xt+1 −

1
(it − Et πt+1 − ρ)
σ

Substituting in for xt , Et xt+1 and noting that πt = P̂t − P̂t−1 , we can express the log wage
deviations from the steady state as a function of known variables
Ŵt = Et Ŵt+1 +

* η+σ
η )
Et P̂t+1 − P̂t −
(it − ρ)
σ
σ

The nominal wage, in levels, is given by

)

Wt = W 1 + Ŵt

*

where W is the steady state nominal wage.
The nominal wage can be determined through agents expectations about nominal wages
and prices. This is obtained by asking all subjects to make forecasts about period t and t + 1
nominal wages and prices at the beginning of period t. The median forecasts, which are less
easily manipulated by subjects than the mean, and the current nominal interest rate are used
in the calculation of the nominal wage. To further avoid manipulation, the human firm that
5

Ẑt is dropped from the real marginal cost formulation as productivity measures are fixed at their steady
state level for the duration of the experiment. The symbol ˆ denotes log deviations from the steady state
flexible price level.
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has an opportunity to reset its price is excluded from the calculation.6
It is important that subjects take the task of forecasting seriously. Each subject is paid a
small bonus for relatively accurate forecasts, that is, forecasts that are within 0.01 lab dollars
of the correct answer. The bonus is small relative to payments for making labor, consumption,
and pricing decisions to ensure that dominance is not compromised. The scoring rule has the
virtue of simplicity and, assuming negligible marginal effort costs to improving the forecast,
is incentive compatible.

4.3

Central Bank and Shock Process

An automated central bank operates in the background. It follows a Taylor rule which sets
nominal interest rates to target deviations of last period’s inflation from its target π ∗ = 0:
it = ρ + δπt−1 + vt
and
vt = ρv vt−1 + 't
is the monetary shock that follows an AR(1) process.
In theory, the central bank can affect the real interest rate, and subsequently output,
through manipulation of its nominal interest rate. The experiment presented here tests
whether discretionary monetary policy in the form of an exogeneous and unanticipated decrease in the nominal interest rate leads households to increase their consumption on impact
relative to future consumption. After subjects have been given time to equilibrate (approximately 12 periods in the first session, and fewer throughout), the policy shock ' = −0.025
occurs, lowering the nominal interest from 5% to 2.5%.
Impulse responses resulting from the shock are assumed to start from a steady state. To
replicate this feature of the model, we have subjects play under a stable (i.e. disturbance-free)
environment repeatedly for approximately 15 periods.7 This approach of stabilization has also
been employed by Fehr and Tyran (2001), Davis and Korenok (2010), and Petersen and Winn
(2011) to explore the effects of money supply shocks on price adjustment in partial equilibrium
frameworks. This feature is absent in the experimental general equilibrium literature, where
6

Agents in the New Keynesian world are assumed to form rational expectations about the output gap
and inflation. These are in percentage terms, a concept that can be cognitively challenging for many people.
Forecasting nominal wages and prices provides an equivalent expectation in percent deviation forms and is a
simpler task for the subject.
7
We experimented with other stabilization lengths, including as long as 55 periods before shocking the
economy. There is not much improved convergence beyond 15 periods. Subjects became very restless during
the 55 period stabilization and dominance was potentially compromised.
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shocks occur either between treatments (Lian and Plott, 1998) or continuously within a
treatment without any opportunity for stabilization (Bosch-Domenech and Silvestre, 1997;
Noussair et al., 2011).

4.4

Stationary Repetition

An important experimental design issue is learnability. It takes time for subjects to familiarize themselves with an environment and to understand the consequences of their decisions.
Stationary repetition is a critically necessary requirement for testing theory. Under stationary repetition subjects are presented with the same laboratory task multiple times. This
allows them to adapt to the relatively unfamiliar task. It is the outcomes observed after
behavior settles down that are compared to theoretical predictions. If a subject fails to behave as theory would predict in their first encounter with the software, it is unjust to claim
the theory faulty. If, however, the subject repeatedly behaves contrary to the theoretical
predictions of the model, presumably having learned from their past actions, we may then
have reason to question the theory. Stationary repetition is not easily implemented in the
existing production GE experiments where a single treatment lasts for 4-5 hours. Inviting
subjects back for further sessions can be challenging for such lengthy experiments. Each
period cannot be thought of as a stationary repetition as previous decisions affect current
cash balances and economic variables. We get around this issue by implementing automation
of the market wage and, in some treatments, agents in the economy. Automation not only
reduces the length of each period but also increases the speed of convergence to the steady
state due to equilibrium play by one side of the market.
Subjects interact in five stationary repetitions with the same groups. Each economy lasts
for a random number of periods, with the shock occurring in the middle of the sequence.
Table (4) in the Appendix provides detailed repetition lengths and periods of shocks. Subjects start “fresh” in each repetition in that earnings are reset to zero. Stationary repetition
typically involves running subjects through identical processes multiple times. In this experiment, however, subjects are subjected to an unanticipated stochastic shock. To maintain the
unexpectedness of the shock, but to not deviate far from the notion of stationary repetition,
we slightly vary the period of the shock. The size and the direction of the shock remained
constant across repetitions.

4.5

Automation

Making sense of agents behavior by studying aggregate data can be complicated. It is often
unclear from which side of the market suboptimal behavior is coming from. To better under15

stand where the theory may not be lining up with the experimental findings, we devise two
treatments where a single side of the economy’s decisions are rationally automated. We then
observe the choices of human subjects playing either the role of firms in the HF treatment or
the role of households in the HH treatment. The automated agents follow the rational expectations behavior outlined by the model. Under both treatments, the nominal wage process
is determined solely by the expectations formed by human subjects. Below is a discussion of
the different types of automation.
Human Firm Treatment
In the HF treatment, human firms interact with automated households. This environment
allows us to detect suboptimal pricing behavior in the presence of optimally behaving households.
Firms submit their daily forecasts at the beginning of each period. Only the forecasts
made by the non-price setters are used in the median forecast calculations. A nominal wage
is determined and firms are informed of the current wage rate and the anticipated demand
of households. Using the first order conditions from their optimization problem and noting
that Et Ct+1 = Et Yt+1 = Et xt+1 , each household will consume such that
1
Ĉt = Et Ĉt+1 − (it − Et πt+1 − ρ)
σ
* 1
1 )
=
Et Ŵt+1 − Et P̂t+1 − (it − Et πt+1 − ρ)
η+σ
σ

(5)
(6)

)
*
In levels, we have that Ct = C 1 + Ĉt . Given this level of consumption, each household’s
labor supply decision will be given by
NtS

"
# η1
−σ Wt
= Ct
Pt

(7)

Any income that is unspent on output is saved and earns a nominal rate of return.
The updating firm is able to reset its price after learning the nominal wage and aggregate
level of consumption. Demand for each variety is determined and profits are calculated.
Human Household Treatment
In the HH treatment, human households interact with automated firms. Here we are able to
observe how subjects playing the role of households trade off current and future consumption,
as well as trade off consumption for leisure.
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Each period begins with households submitting their daily forecasts. A nominal wage
and aggregate price level are determined. The automated firms that can update their prices
do so optimally given the economy-wide expectations. All firms start off at the steady state
price level. Conveniently, we do not need to obtain the optimal price of the updating firm
to calculate the price index. Rather, we can make use of the New Keynesian Phillips Curve,
substitute in the New Keynesian IS curve and simplify to obtain
πt = βEt πt+1 + κ

+

* 1)
)
*
*,
1 )
Et Ŵt+1 − Et P̂t+1 −
it − Et P̂t+1 − P̂t − ρ
η+σ
σ

The price of the composite good is then given by
Pt = Pt−1 (1 + πt )

4.6

(8)

Calibrations

Table (4) in the appendix outlines the parameter set used throughout the experiment. Calibrations are constant across treatments and are selected to ensure a sufficiently large predicted
behavioral effect of the shock. In most cases, we are able to use empirically consistent parameters. To implement exponential discounting of future payoffs and the stationarity associated
with an infinite horizon, we follow the advice of Duffy (2008) and have a constant probability
β of continuation onto a next period. If a sequence does not continue onto a next period, a
new sequence is begun. Because we cannot feasibly keep subjects for very long stretches of
time, we do not use the standard β = 0.99 , but reduce it slightly to β = 0.9523, implying
an expected duration of 21 rounds from the start of each pre-drawn sequence.

4.7

Experimental Predictions

The economy-wide resource constraint and the production function imply that C = Y = ZN .
Substituting this constraint into the household’s intratemporal first order condition yields a
steady state level of individual labor
"

W −σ
N=
Z
P

1
# η+σ

which is calibrated to N = 3.38. This results in a steady state level of individual consumption
of C = 33.8. Changes in the nominal interest rate that affect the real interest rate should
induce households to adjust their intertemporal tradeoff of consumption. Decreases in the
nominal interest rate are expected to lead to a positive increase in current consumption and
17

labor supply. Assuming households form rational expectations about future variables, a 2.5%
decrease in the nominal interest rate induces consumers to increase their labor supply and
consumption by 7.74% to N = 3.63 and C = 36.3.
Monopolistically competitive firms are expected to maintain a markup of 15% in the
steady state. When the shock occurs, the theoretical predictions of the model suggest that
the markup should fall. Inflation should equal 1.1% resulting in a small change in the nominal
price from 1.15 to 1.1626.

4.8

Experimental Procedures

The experiments took place at the University of California Santa Cruz LEEPS lab. A total of
six sessions were conducted for each of the three treatments. Sessions lasted for approximately
2-2.5 hours and involved undergraduate students from a variety of disciplines at the university.
Sessions began with instructions, a quiz, and three rounds of practice with the software. All
this was done to familiarize subjects with the experimental environment and their payoff
structure. Subjects were informed that the nominal interest rate could adjust every period,
but that in the long run, the experimental central bank would aim to keep the rate at 5%.
They were also informed that wages and prices will be affected by the nominal interest rate,
and to pay attention to the nominal interest rate when setting forecasts. A set of instructions
is provided in the appendix. After three repetitions, subjects’ points were converted according
to a provided exchange rate and paid to subjects in cash. Average earnings were $28.45,
including a $5 showup fee and prediction bonuses.

5
5.1

Results
Real Effects of Monetary Policy

In this subsection, we explore whether a nominal interest rate-induced wage increase leads
to a change in the labor supply.
Finding 1: A decrease in the nominal interest rate consistently leads to a significant increase in the labor supply and desired consumption in the presence of automated households.
When human households are introduced in the HH and HFH treatments, there is significantly
greater output variability than predicted but often occurs in the opposite direction. Inflation
seldom adjusts as significantly as predicted.
A vector autoregression (VAR) analysis on each treatment is conducted to detect whether
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changes in the nominal interest rate have an effect on the level of output. None of the variables require detrending. A Dickey-Fuller unit root test is applied, rejecting the presence of a
unit root in all cases at p < 0.001. The number of lags to be chosen in the HF, HH, and HFH
treatments is 1 based on the optimal information criteria test. For a thorough treatment of
vector autoregression methods, see Stock and Watson (2001).
More specifically, we are interested in studying the impulse responses of the nominal
interest rate, inflation, and the output gap to a 2.5% exogeneous decrease in the nominal
interest rate while holding the errors associated with inflation and the output gap constant.
This can be achieved by imposing that the errors of all three variables are uncorrelated across
equations. We estimate a recursive VAR ordered as (i) nominal interest rates, (ii) output, (iii)
inflation. The interest rate is the dependent variable and is regressed on lagged values of all
three variables. In the second equation, output is the dependent variable and the regressors
are lagged values of all three variables plus the value of the current interest rate. Finally, the
third equation describes inflation as a function of the lagged values of all three variables plus
the current values of the nominal interest rate and the level of output. The recursive VAR
essentially constructs the error terms Thus, the exactly identified system appears as follows:

it = α10 + α11 it−1 + α12 xt−1 + α13 πt−1 + 'it

(9)

xt = α20 + α21 it−1 + α22 xt−1 + α23 πt−1 + α24 it + 'xt

(10)

πt = α30 + α31 it−1 + α32 xt−1 + α33 πt−1 + α34 it + α35 xt + 'πt

(11)

The recursive VAR structure imposes that the error terms in each regression are uncorrelated with the error term in the preceding equation. The ordering is easily justified in this
experimental environment. The interest-rate rule has been set to be completely backward
looking. Output depends on workers’ labor supply decisions. When making their decision,
they know the current nominal interest rate, wage rate and past prices. Contemporaneous
values of inflation do not play a direct role in their labor decisions. Finally, firms update their
price with an estimate of current household demand and knowledge of the current nominal
interest rate. We assume the covariances between the variables are unrelated and estimate
only their own variance.
The VARs are estimated in all instances with the full sample of repetition-5 data using
two methods. First we consider a data set of 84 periods, consisting of each of the 21period repetition-5 data from the six sessions of each treatment. We also estimate VARs
for individual sessions to highlight any heterogeneity and outliers that may be present. The
policy shock and the resulting responses are normalized to be expansionary. Impulse response
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functions are presented in Figure (1). The top panel presents average orthogonalized impulse
responses (solid line) from the aggregate data, upper and lower bounds (ub and lb) associated
with a 95% confidence interval (dashed lines), and the theoretical benchmark predictions.
The bottom panel presents impulse responses from individual sessions. On impact, a 2.5%
decrease in the nominal interest rate generates predicted inflation of 1.1% and a predicted
output gap of 7.74%. The effects of the shock last for four to five periods.
The realized nominal interest rate has a tendency to overshoot its predicted value after
the first or second post shock period. This is due to the fact that inflation tends to adjust
slower than predicted. In many instances it peaks a period after the shock occurs rather than
on impact (eg. S1 and S3 in HF, S1 and S2 in HH, and S3 in HFH). By that point though,
the shock to the nominal interest rate has begun to dissipate. The backward looking nominal
interest rate increases when previous period inflation increases. With large inflation and a
significantly lower residual shock, the nominal interest rate rises above its steady state value.
Human Firms
In response to an expansionary monetary shock, human firms raise their prices on average
by 0.5%, less than half of the predicted adjustment. This increase in average prices is largely
driven by behavior in S5, where inflation increased by 2.2%. Most sessions under price, and
in S3, firms appear to respond to decreases in the nominal interest rate by decreasing prices
on impact. This was followed by significant inflation) Interestingly, S2 appears to maintain
steady positive inflation.
The output gap is positive and on average 2.5%, indicating that automated households
increased their desired consumption and labor supply in response to an increase in the real
wage. The impact on output is significantly dampened for most of the sessions because
subjects did not form sufficiently large output gap expectations.
Human Households
In the human household treatment inflation rises on impact in response to the nominal interest
rate shock. At the individual session level, the automated firms respond by increasing prices
to generate inflation but the degree of inflation varies significantly from just below 0.1% to
1.6% and is dependent on the inflationary and output gap expectations formed by human
households in the economy. The output gap increases an average 10.5% on impact while
inflation increases by 0.7%. The shock leads to a significant adjustment in the output gap for
all sessions, but in one-third of the cases the shock results in an initial contraction followed
by an expansion of smaller magnitude.
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Figure 1: Orthogonalized impulse responses to a nominal interest rate shock
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Human Firms and Households
In the combined human firm and household treatment, the impact of the shock generates an
average increase in inflation of 0.4%, with a treatment minimum of -0.2% and maximum of
1.5%. The reaction of consumers is mixed. On average, the output gap decreases by 5.6%.
As in the HH treatment, there is significant variance in this estimate. Output falls by 36% in
S1 but increases by 8.5% in S4. These impulse responses are all significantly different from
zero on impact of the shock.

5.2

Subject Behavior

This subsection explores subjects’ behavior by role. How are human firms setting prices?
Do they set optimal markups and do they react to the change in interest rates? Do human
households work the optimal number of hours, and do they respond to the interest rateinduced nominal wage rate change?
Finding 2: While converging to the optimal price pre-shock after numerous repetitions,
firms in both the HF and HFH consistently and significantly over-markup their output postshock. Price deviations by updating firms are significantly greater in the HFH treatment.
The top panel of Figure 2 displays the time series of price index deviations and the bottom
panel shows the updater’s price deviations in the HF and HFH treatments, averaged over
the four sessions in each treatment. The start of a new repetition is denoted by a change
in background color. Grey vertical lines indicate the period in which the nominal interest
rate shock occurred. The solid black and dashed red indicate deviations in the HF and
HFH treatments, respectively. Deviations of the price index are calculated as the difference
between the realized price index and the price implied by the New Keynesian Phillips Curve
given by equation (8), where we interpret each quarter to correspond to one period.
Table (1) presents mean price deviations and standard errors in Repetition 5. The deviations are converging toward zero for both the HF and HFH treatments in the preshock
phase. In the final repetition, the mean price deviation in both treatments is negligible at
the 95% level (0.002 ± 0.002 for HF, 0.004 ± 0.003 for HFH). Given that the software rounds
the aggregate price to two decimal places, we cannot conclude that this is a significant difference. The treatments begin to differ once the shock occurs. On impact, the mean deviation
from the shock in the HF is 0.01 ± 0.012, and a Wilcoxon sign-rank test fails to reject the
null hypothesis that the mean deviation is zero (p < 0.05). The deviation is positive and
significant in the HFH. Post-shock, the mean price deviation in the HFH treatment is 1.5
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Figure 2: Average price index and updater price deviations in human firm treatments(HF
and HFH)
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times larger than in the HF, and this difference is significant.
A similar pattern arises in the updater’s price deviation series. The treatments are not
significantly different from each other in the pre-shock and shock periods of repetition 5.
Once the shock hits, the updater’s price deviation is significantly greater in the HFH treatment. Updating firms set prices that are on average 5.5 cents and 9.5 cents greater than
predicted in the HF and HFH treatments, respectively.
Finding 3: By the final repetition, consumers in both HH and HFH are still prone to underconsuming and overworking. The deviations from optimality are more pronounced in the
HH treatment.
Table 1: Mean price deviations in repetition 5
Preshock
Shock
Postshock
Price Index
HF
0.002 ± 0.001 0.01 ± 0.006 0.019 ± 0.004
HFH
0.004 ± 0.001 0.018 ± 0.009 0.030 ± 0.004
Updater’s Price
HF
0.011 ± 0.004 0.022 ± 0.020 0.055 ± 0.012
HFH
0.016 ± 0.005 0.058 ± 0.031 0.095 ± 0.009
Observations
66
6
54
Values following ± symbols are standard errors.
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Figure 3: Average individual consumption and labor deviations in human household treatments (HH and HFH)
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Figure 3 displays the time series of average individual consumption and labor supply deviations from their predicted values across sessions in the HH and HFH treatments. Varying
shaded phases indicate a new repetition. The dashed red and solid black lines represent deviations in the HF and HFH treatments, respectively. Vertical grey lines indicate the period
when the exogenous interest rate shock occurred. The individual optimal supply is given by
equation (7). The general downward trend in consumption deviations in the HH and HFH
treatment is indicative of learning. The excess labor supply in both treatments does not
appear to decrease much over time.
Mean subject-level deviations from optimal behavior are presented in Table (2). HH
households’ demand for output converged to the optimal level from above over the course
of the sessions. Preshock in repetition 5, mean demand is insignificantly different from its
predicted level. While demand increases on impact following the exogenous decrease in
the nominal interest rate, postshock demand falls significantly below its predicted value.
In contrast, HH households significantly overwork for the entire experiment. In the final
repetition, households overwork an average of 1.04 hours pre-shock and 1.33 hours postshock.
Demand deviations in the HFH treatment significantly exceed demand deviations in the
HH treatment for the majority of the session. Only in the post-shock phase of the final
repetition are HH demand deviations greater (and this is not significant at the 5% level).
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Rep5
Treatment
HFH
HH

HFH households also consistently overwork throughout the session, but by significantly less
than those in the HH treatment. Households only work an extra 0.52 hours preshock and
0.68 hours postshock.
Given a subject’s desired consumption level, does he or she supply the appropriate amount
of labor? The results in the final repetition suggest no. Compared to the first order conditions specified for the household, subjects significantly over (under) work in the HH (
HFH) preshock phase. While the trend continues post-shock, the results are not statistically
significant.
Indebted subjects behave differently than those who enter a period with positive bank
balances. Figure (4) displays the empirical cumulative distribution functions of repetition 5
consumption and labor supply decisions across treatments. The horizontal line indicates the
behavior of the median subject. The solid and dashed lines indicate decisions for negative and
positive bank account subjects, respectively. 56% of observations come from households with
positive bank balances. Households with negative bank balances consume relatively less and
work relatively more. Households with positive bank balances supply an average 3.88 hours
and demand 36.02 units, creating an excess labor supply of 7%. Households with negative
bank balances supply an average 4.49 hours and demand 34.84 units, with an excess labor
supply of 22%. Table (5) presents random effects panel regressions evaluating the effect of
Table 2: Mean household deviations in repetition
Preshock
Shock
Desired Consumption
HH
−0.074 ± 0.994
2.679 ± 3.279
HFH
−5.318 ± 1.062 −9.3325 ± 2.297
Labor Supply
HH
1.043 ± 0.144
1.129 ± 0.445
HFH
0.523 ± 0.150
0.784 ± 0.966
Hypothetical Labor Supply
HH
0.741 ± 0.269
1.358 ± 0.240
HFH
−0.858 ± 0.341 −1.330 ± 1.125
Observations
264
24

5
Postshock
−3.238 ± 1.208
−0.962 ± 1.853
1.329 ± 0.167
0.680 ± 0.203
0.328 ± 0.292
−0.069 ± 0.517
216

Values following ± symbols are robust standard errors, clustered at the session level.
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being indebted on output demand and labor supply.8 Indebtedness is significantly associated
with lower demand and increased labor supply.
We also consider the effect the size of bank balances have on demand and labor supply
by indebtedness. Table (6) presents the random effect panel regression results. For every
extra lab dollar an indebted subject owes, he works an additional 0.044 hours (p < 0.001).
Higher debt is not associated with a stastistically significant change in demand. Subjects with
positive bank balances do not adjust their demand and labor supply decisions significantly
with increased balances.
We attribute this overall excess labor supply to debt aversion. In most sessions, at least
one student asked the experimenter how to get themselves out of debt as the experiment
progressed. Many subjects expressed frustration after the experiment that they had difficulty getting out of debt. Moreover, in follow up discussions with subjects with large bank
balances, we were told that debt was “bad”. One subject commented that “I would never
want to be in debt! I always tried to accumulate money.” This is intriguing as subjects were
not induced with a demand for money balances. Because of this aversion to debt, the overall
welfare in the economy was lower.
Finding 4: There is significant variability in household reactions to the nominal interest
rate shock in the final repetition. While the largest share of subjects increase both consumption and leisure, many subjects exhibit no response or adjust in ways that are inconsistent
with predicted behavior.
Behavior among households in HH and HFH are similar. Using a Wilcoxon rank-sum test,
the null hypothesis that average desired consumption decisions by HH and HFH households
are identical cannot be rejected (p=0.4232). We obtain the same result for average labor
supply decisions Table (3) presents the percentage of subjects adjusting their consumption
and labor behavior in one of nine combinations post-shock. Data is pooled across HH and
HFH households for repetition 5. The average percentage change in desired consumption and
labor supply are provided in brackets below. Table (7) in the appendix provides a breakdown
of behavior for each treatment.
Table (3) classifies households into four different categories: “Positive”, “Inelastic”, “Neg8

The estimating equations are given by Cit = α + β1 Indebtedit + β2 Et Ct+1 + β3 rt + µi + #it and Nt =
α + β1 Indebtedit + β2 RWt + β3 Cit + µi + #it . The panel data is estimated using random effects regressions,
where we assume that there are time-constant attributes of unique individuals that are the result of random
variation and uncorrelated with the individual regressors. where we allow each individual to have a different
β1 . Assuming the distribution of µi s is normal, we can find the most likely µi for each individual given
their behavior. This approach is commonly used in analyzing experimental data to characterize individual
heterogeneity and avoid aggregation bias, (e.g. Wilcox 2006).
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Consumption

Table 3: Distribution of pooled household behavior during the shock in Repetition 5
Labor Supply
+
0
+
0.36
0.08
0.13
(0.47, 0.40) (0.62, 0) (0.45, -0.21)
0
0.25
(0, 0)
0.02
0.06
0.10
(-0.05, 0.03) (-0.27, 0) (-0.21, -0.35)
Values in brackets refer to the percentage change in
consumption and labor on impact of shock.

ative”, and “Mixed”. Positive households increase both consumption and labor in response
to the shock. They make up the largest shares of HH and HFH subjects. 36% of households increased both their consumption and labor supply as predicted by our theoretical
benchmark. An additional 25% of subjects can be classified as inelastic. These individuals
make no changes to their consumption and labor decisions on impact of the shock. 10% of
the subjects respond negatively to the nominal interest rate shock by decreasing both their
desired consumption and labor supply. Finally, the mixed subjects, collectively making up
29% react by not adjusting consumption and labor in the same direction.
Subjects that do adjust their consumption and labor decisions overreact when the shock
occurs. The size of adjustment should be 7.74% to both consumption and labor, yet average
adjustments are more than double that in the majority of the outcomes. Subjects who
increase their consumption and labor do so by an average 47% and 40%, respectively. This
can provide some insight into our VAR responses in Figure 1. In the HH treatment, S1-S3’s
output gap was more than twice the theoretical benchmark on impact of the shock. For
example, in S3 the 32% output gap is attributed to three of four subjects responding to
the shock by increasing both consumption and labor by (150%, 25%), (13%, 13%), (50%,
50%), (0%, 0%), respectively. With plenty of extra consumption demand being met with
an increase in the labor supply, output can actually increase. Similarly, the 36% decrease
in the output gap in S1 of HFH is due three of four subjects responding by decreasing both
consumption and labor ((-1%,-1%), (-40%, -55%), (-23%, -50%), (0%,0%)). Because of the
significantly larger decrease in labor supply, output produced fell more than output demand
and resulted in excess demand. Not all orders filled were satisfied.
Another interesting case is S5 in HFH that experienced a moderate 5.6% drop in the output gap on impact of the shock. While all subjects significantly increased their consumption
demand, three-fourths of them also decreased their labor supply ((33%, 12%), (71%, -40%),
(133%, -29%), (50%, -40%)). The demanded output could not be produced with insufficient
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labor and the economy dipped in response to the expansionary shock. The composition of
households in each economy is key in anticipating economic dynamics; those with a relatively
larger share of positive households will see large increases.
Finding 5: In the HH treatment, increases in the real and nominal interest rates lead to
quantitatively large and significant decreases in demand. Households react more to changes
in the nominal interest rate than expected inflation. The effect of monetary policy is unclear
in the HFH treatment where only expectations of higher future consumption lead to small but
significant increases in demand.
Movement in the nominal interest rate theoretically induces households to adjust their
tradeoff of current for future consumption. This behavior is governed by the elasticity of
intertemporal substitution, σ1 . While we have induced subjects with identical, highly elastic
preferences, subjects may bring their own intertemporal preferences into the lab. We can
estimate the average and individual household preference parameter using the theoretical
first order conditions from the household’s problem:

Ct−σ = Pt λt
Ntη = Wt λt
λt = β(1 + it )Et λt+1
Taking natural logs of this system yields
1
1
lnCt = − lnPt − lnλt
σ
σ
1
1
lnNt =
lnWt + lnλt
η
η
lnλt = lnβ(1 + it ) + lnEt λt+1

Rewriting the Euler equation in log form as:
1
1
lnCt = − lnβ(1 + it ) + (lnPt+1 − lnPt ) + lnECt+1
σ
σ
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(12)
(13)
(14)

Defining ∆xt+1 = xt+1 − xt , we have that
∆lnCt+1 = lnCt+1 − lnCt

≈ ∆lnEt+1 Ct+2 −

1
(∆lnrt+1 )
σ

where lnrt = lnit − lnEt πt+1 is the Fisher equation and defines the real interest rate in logs.
We estimate the following model under random effects with our panel data for both the full
sample and final repetition:9
∆lnCit+1 = α + β1 ∆lnEt+1 Ci,t+2 + β2 ∆lnrt+1 + µi + 'it

(15)

where β2 is the estimated real interest rate elasticity of demand. We expect β1 > 0 and
β2 < 0, and if subjects behave according to their inducements, β2 = −2.
We also consider a modified estimating equation
∆lnCit+1 = α + β1 ∆lnEt+1 Ci,t+2 + β2 ∆lnit+1 + β3 ∆lnEt+1 πi,t+2 + µi + 'it

(16)

that evaluates the responsiveness of demand to changes in the nominal interest rate. A
subject exhibiting “interest rate illusion” would respond to changes in the nominal interest
rate without considering its purchasing power, ie. β2 would be significantly different from
zero and β3 would be close to zero.
Table (8) presents the regression results from the HH and HFH treatment. Specifications
(1), (2), (5) and (6) consider real interest rate elasticities of demand while specifications (2),
(3), (7) and (8) consider nominal interest rate elasticities of demand. Robust standard errors
are reported. First, the nominal and real interest rates variables have the correct sign in most
of our specifications. The exception is in the HFH repetition 5 results, where increases in the
nominal and real interest rates lead to increases in consumption. This is not a statistically
significant result.
An increase of the real interest has a significant and negative effect on current consumption
in the final repetition of the HH sessions. Overall consumption tends to over-react; a 1%
increase in the real interest rate (eg. from 2% to 3%) results in a 5% increase in output. While
subjects react significantly to nominal interest rate changes, they are not as quantitatively
or significantly responsive to changes in expected inflation. A 95% confidence interval of β̂3
includes 0. The effect of an increase in the real interest rate in the final repetition of the HFH
treatment is unclear. A 1% increase in the real rate leads households to increase consumption
9

A Hausman test of the null hypothesis that the coefficients estimated by the efficient random effects
estimator are the same as the one estimated by the consistent fixed effects estimator cannot be rejected
(p > 0.99 in all cases). We only report the random effects results.
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by 1.5%, though this result is not statistically significant. Interestingly, in specifications (6)
and (8) where only the final repetition is considered, expected future consumption has a
small but significant effect. In all other cases, future consumption is statistically irrelevant
for for current consumption.
Elasticities of intertemporal substitution are estimated for each household in each repetition and plotted as an empirical cumulative distribution functions in Figure (5). The heavier
and darker lines denote later repetitions. The vertical grey line indicates the induced elasticity of intertemporal substitution, σ1 = 2. The horizontal grey line at 0.5 denotes the elasticity
of the median subject. Plotted are the −β2 from each individual subject’s regression equation
(15). The distribution of elasticities appears to be converging toward the induced value after
numerous repetitions.
The median subject in the final repetition has an estimated elasticity of σ1̂ = 0.87, implying that a decrease in the real interest rate of 1% increases output by 0.87%. More than
35% of repetition 5 households respond to a decrease in the interest rate by contracting their
current consumption, counter to what- the
- theory predicts. Approximately 60% of subjects
- 1̂ over-react in either direction, where - σ - > 2. This coincides with the dramatic changes in
the output gap displayed in Figure 1.
Finding 6: There is significant variance in labor supply responses to changes in real and
nominal wages. The average household responds to increases in the real wage by decreasing
their labor supply, though this is neither quantitatively large or statistically significant.
While experimental subjects are induced with certain behavioral parameters and are incentivized to optimize their problems under specific behavioral assumptions, it is not uncommon
for them to deviate from the imposed inducements. Significant and persistent deviations from
inducements provide reason to question the experimental model’s calibration.
The Frisch elasticity of labor supply is estimated for consumers in the HH and HFH
treatments following Altonji (1986). Taking logs of the intratemporal consumption-leisure
tradeoff, we have
1
1
lnW + (−σlnC − lnP )
η
η
1
σ
=
(lnWt − lnPt ) − lnCt
η
η

lnNt =
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Taking log differences and carrying forward yields
∆lnNt+1 =

1
η
(∆lnRWt+1 ) − (∆lnCt+1 )
η
σ

where lnRWt = lnWt − lnPt is the real wage in logs.
We again use random effects models to estimate the effect of changes in the real wage on
individual labor supply:
∆lnNi,t+1 = α + γ∆lnRWt+1 + φ∆lnCi,t+1 + µi + 'i,t+1

(17)

where α is a constant, φ = − ση and 'it is a normally distributed error. γ = η1 is the Frisch
elasticity of labor supply and is the parameter of interest. We also consider the possibility
for money illusion, whereby subjects focus on nominal wages rather than real wages when
making labor decisions:
∆lnNi,t+1 = α + γ1 ∆lnWt+1 + γ2 ∆lnPt+1 + φ∆lnCi,t+1 + µi + 'i,t+1

(18)

A positive and significant coefficient for γ1 while γ2 is insignificant suggests that subjects
fail to consider the real value of their income. In the experiments, households are induced
to behave such that γ = 3.03 and φ = −1.515. Tables (9) presents aggregate elasticities for
the HH and HFH treatments. Specifications (1), (2), (5), and (6) are based on regression
equation (17). Specifications (3), (4), (7) and (8) are based on regression equation (18).
We consider both the full sample and repetition 5. Robust standard errors are clustered by
session.
Increases in output demand are associated with small but significant increases in labor
supply in the HH treatment. A 10% increase in demand coincides with a 1.4% increase
in output. This is an order of magnitude smaller than predicted. This is consistent with
our earlier findings that labor supply tends to adjust less than 1-for-1 with consumption on
impact of the shock. While we find that output demand and labor demand are positively
correlated in both HH and HFH, the relationship is only statistically significant in the former
treatment.
There is significant variability in households’ reactions to changes in the real wage, nominal wage, and price index. We obtain negative estimates for γ and γ1 and relatively large
standard errors, making it difficult to make inference on the direction of behavior at the 95%
confidence level. For many subjects, however, increases in the real and nominal wage lead to
decreases in their labor supply. There is no evidence of sustained money illusion.
Such low average elasticities of labor supply to changes in the real wage do not line up
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with our findings that aggregate output was highly responsive to changes in the nominal
interest rate. We instead estimate labor supply elasticities at the individual level using the
full sample of data for each repetition. The empirical cumulative distribution function of
pooled observed Frisch elasticities are given in Figure (6). The vertical grey line indicates
the induced Frisch elasticity of η1 = 3.03. Pairwise Mann-Whitney test fail to reject the null
hypothesis that the HH and HFH distributions are identical in the final repetition (p = 0.521),
so we report the pooled distribution. The horizontal grey line at 0.5 denotes the elasticity
of the median subject. With stationary repetition, the distribution of elasticities appears to
be converging in toward zero, and by the final repetition, the median subject is completely
unresponsive to changes in the real wage ( η1̂ ≈ 0). 23% of subjects are highly elastic to real
- - wage changes, with - η1̂ - > 3.03.

5.3

Expectations

Finding 7: Expectations formed on impact of the shock and in the postshock phase are biased downward. Post-shock, subjects exhibit considerable difficulty forming expectations on
the output gap, though they appear to be improving over time. Previous wages are an important factor in wage forecasts, but past prices do not significantly affect expectations. Subjects
simplify the forecasting task by relying on their expectation for current wages and prices to
form their future expectations.
Rational expectations play an important role in the standard New Keynesian model. If
agents do not exhibit rational expectations, dynamic paths of key economic variables such
as output and inflation will differ from theoretical predictions. To test whether subjects’
bias their expectations away from the realized value in the final experiment, we consider the
following models:
Et xt+1 − xt+1 = αx
Et πt+1 − πt+1 = απ
where απ and αx are constants that equal zero under rationality. Estimated αx and απ
for each treatment and phase are presented in Table (10). The output gap estimates are
mostly significant at the 5% level. Pre-shock, biases in the output gap are negligible with the
exception of the HFH treatment where there is a significant upward bias. On impact of the
shock and the periods thereafter, subjects in the HFH continue to expect overly high output
gaps. In the HF and HH treatments, subjects under forecast the output gap when the shock
occurs. Following the shock, HF expectations are slightly biased upward.
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The majority of the inflation expectation bias estimates are not statistically significant at
the 5% level. Quantitatively, by the final repetition, subjects are forming unbiased inflation
expectations. This is not particularly surprising; the price index did not fluctuate nearly as
much as the output gap and forecasts were more easily made.
Empirical CDFs in Figures (7) and (8) describe the distribution of the observed deviations
in output gap and inflation expectations from the realized value and Table (10) presents the
percentage of subjects with accurate expectations in each phase of repetition 5. We define
accurate to being within less than 0.01 absolute units from the realized value. The vast
majority of subjects form accurate expectations in the preshock phase. When the shock
occurs, subjects in the HF and HH treatments have significant difficulty forecasting the next
period’s output gap and inflation. Their accuracy improves in the post-shock phase, though
significantly more for inflation forecasts.
To test whether subjects are forming expectations adaptively post-shock, we run the
following random effects model
Et Yit = α + β1 Yt−1 + β2 T ype + β3 T ype × Yt−1 + µi + 'it
where Et Yit is either Et Wt or Et Pt , Yt−1 is either realized wages Wt−1 or prices Pt−1 from
the previous period, T ype is a dummy variable that takes the value of 1 if a subject plays
the role of a firm and 0 otherwise, and µi is assumed to be distributed normally with zero
mean and constant variance. If subjects consistently formed backward looking expectations,
we would expect to find β1 = 1 and α = β2 = β3 = 0. The regression is run on period 13-21
data after the shock occurs in t = 12. Results are presented in Table (11).
We find that subjects do form expectations adaptively and previous nominal wages are
an important determinant of current wage expectations. The estimate on last period wages
is β1W = 0.671 (p < 0.001) with a 95% confidence interval of ±0.324. Note that 1 is just
barely inside this interval and we cannot reject the null hypothesis that β1W = 1. The
estimate on the constant α = 3.496 is large and statistically significant at the 5% level.
Last period prices do not have a significant effect on expectations. The estimate on last
period’s price level is β1P = −0.815 (p = 0.475) and does not include 1 in its 95% confidence
interval. The coefficients α, β2 , and β3 are all statistically insignificant and include zero in
their 95% confidence interval. Overall, wage and price expectations appear to be identical
across households and firms in the post-shock phase. Our findings suggest that subjects form
adaptive expectations on wages but not on prices.
Expectations on wages and prices for the current period significantly determine expecta-
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tions for the following period. We run an alternative random effects model:
Et Yit+1 = α + β1 Et Yt + β2 T ype + β3 T ype × Et Yt + µi + 'it
where the dependent variable is either Et Wt+1 or Et Pt+1 and the regressor Et Yt is the expectations Et Wt or Et Pt . The estimates from this regression find β1W = β1P = 0.998 (p < 0.001).
We cannot reject the null hypothesis that β1W = β1P = 1. All other coefficients are small
and statistically insignificant. Due to insufficient observations, we cannot run the model on
our period 12 data. We do find that the expected percentage change in nominal wages and
prices on impact is 0.001% for both. Moreover, 63% of expected wage inflations and 81%
of expected price inflation predictions are equal to zero on impact of the shock, and 58% of
subjects expect no change in the output gap when the nominal interest rate changes.

6

Discussion

The findings from this experiment suggest that the New Keynesian framework predicts many
aspects of behavior in an experimental economy reasonable well. Output does increase in the
majority of our sessions and prices move in the correct direction and the median subject’s
expectations are not significantly biased in most instances. In sessions where the output
decreases on impact of the expansionary shock, the economies generally rebound later to
experience a positive output gap. The median experiences of subjects well matches the
predictions of the model. Moreover, there is considerable stability in this environment under
a simple Taylor rule after considerable learning. In only one final repetition session did the
economy not converge back to its original steady state. This makes us confident that the lab
can serve as a promising tool to study further general equilibrium environments.
At the same time, considerable subject level heterogeneity leads to vastly different responses in each session. An important finding of this experiment is that households’ revealed
preferences differ substantially despite our inducements of identical preferences. The majority of subjects do not respond to expansionary policy with significant increases in labor
supply and output demand. Those that do respond, however, do so far more than predicted,
and this results in large changes in the output gap. Many subjects respond to increases in
the real wage by cutting back consumption and labor. In many instances, heterogeneity in
behavior leads to clashes. Subjects who want to consume substantially larger amounts are
often limited by the lack of labor supply and output in the economy. In other instances,
subjects that wish to work more were often left underemployed due to a lack of consumer
demand in the market.
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Subjects exhibit a high degree of rationality in the preshock phases after numerous repetitions. This is not particularly surprising, since they had familiarized themselves with the
steady state values. Subjects still have considerable difficulty forming accurate forecasts on
impact of the shock, and thereafter when forecasting the output gap. This challenge in forecasting is consistent with much experimental and empirical work suggesting that individuals
do not generally form rational expectations. Heuristics such as assuming zero wage and price
adjustment were used to simplify their one-period ahead forecasts post-shock. While subjects
are capable of forming rational expectations, they do not adapt quickly post-shock.
It is imperative that research in general equilibrium laboratory experiments continues to
develop. Understanding adaptive agent behavior as it relates to the macroeconomy is critical
in moving beyond the equilibrium analysis that is the focus of our benchmark models. As
this experiment demonstrates, learning plays an important role in macroeconomic dynamics.
Even with multiple repetitions subjects had considerable difficulty forming rational expectations and optimal consumption-leisure decisions. In developing this tool further, we must
acknowledge the need for greater stationary repetition and a resetting of the environment to
facilitate an effective test of theory. Given that the observed dynamics are driven primarily by heterogeneous households, our recommendation for future extensions is to automate
behavior of the firm and focus on consumer behavior within a general equilibrium environment. We also suggest introducing alternative labor markets that allow for negotiation of the
nominal wage, as this has the potential for considerably different outcomes. Current work
includes incorporating an asset market where the opportunity for asset price bubbles exists.
Such an environment allows for testing of different policy schemes to deflate bubbles. We
are also extending this interface to study central bank policies aimed at influencing agents’
expectations as a means of reversing dynamics toward the zero lower bound. These are two
aspects of policy that lend themselves to laboratory experimentation.
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Figures and Tables
Table 4: Calibrations
Parameter
Parameter Description
Value
Z
Productivity level
10
1−ω
Fraction of firms updating
0.25
ρv
Persistence of shock
0.5
δ
Inflation targeting of CB
1.005
'
Shock
-0.025
κ
Slope of NKPC
0.07904
θ
Measure of substituability
7.666
β
Rate of discounting
0.9523
χ
Disutility coefficient
1
1/σ
Elasticity of intertemporal substitution
2
1/η
Frisch labor supply elasticity
3.03
ρ
Steady state nominal rate of return
0.05
µ∗
Steady state markup (θ/(1 − θ))
1.15
C∗
Steady state consumption
33.8
∗
N
Steady state labor supply
3.38
W∗
Steady state nominal wage
10
∗
P
Steady state price
1.15
FirmsN
Number of firms
4
HouseholdN
Number of households
4
Sessions
Number of sessions per treatment
6
Repetition
No. Periods
Period of Shock
1
22
12
2
13
8
3
15
11
4
10
5
5
21
12
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Figure 4: Empirical CDFs of observed output demand and labor supply decisions - pooled
across HH and HFH in repetition 5
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Table 5: Aggregate Demand and Labor Supply - Random Effects Models
Output Demand
Labor Supply
(1)
(2)
(3)
(4)
∗
∗∗
∗∗∗
indebted
-3.283
-4.086
0.578
0.385∗∗
(1.282)
(1.274)
(0.125)
(0.148)
Et Ct+1
0.014
-0.030
(0.096)
(0.028)
rt
-24.613∗
-61.783
(12.431) (62.544)
RWt
0.078
0.382
(0.239)
(0.252)
∗∗∗
Ct
0.033
0.020
(0.006)
(0.014)
α
36.247∗∗∗ 35.695∗∗∗
2.092
-0.049
(2.456)
(1.239)
(1.983)
(1.784)
Sample
Full
Rep 5
Full
Rep 5
Observations
3582
979
3887
1007
indebted is a dummy variable that takes the value of 1 if a subject
enters the period with debt and 0 otherwise.
Robust standard errors in parentheses, clustering at the session level.
∗
p < 0.05, ∗∗ p < 0.01, ∗∗∗ p < 0.001
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Robust standard errors in parentheses, clustering at the session level
∗
p < 0.05, ∗∗ p < 0.01, ∗∗∗ p < 0.001

41.547∗∗∗
(3.073)
Rep 5
419

3.328
(1.784)
Rep 5
520

2.914
(1.809)
Full
1692

3.674∗∗
(1.313)
Full
1953

34.505∗∗∗
(3.234)
Full
1545

34.691∗∗∗
(3.226)
Sample
Full
Observations
1810

34.279∗∗∗
(1.171)
Rep 5
511

0.010
(0.019)

0.049∗∗∗
(0.012)
0.038∗∗∗
(0.005)

Ct

α

0.060
(0.232)

-39.356
(73.597)
-0.141
(0.192)

-3.535
(11.692)

-0.322∗∗∗
(0.082)

-0.128
(0.140)

-75.512
(64.840)

-33.402∗
(15.468)

rt

-0.041
(0.104)

RWt

-0.034∗
(0.017)

0.010
(0.116)

Et Ct+1

1.012
(4.317)
Rep 5
438

-0.004
(0.016)

0.357
(0.534)

Table 6: Effect of Entering Bank Balance on Demand and Labor Supply - Random Effects
Output Demand
Labor Supply
Bank ≥ 0
Bank<0
Bank ≥ 0
Bank<0
(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
∗
∗∗∗
∗∗∗
Bankt
0.136
0.167
-0.107
-0.065
-0.005
0.009
-0.076
-0.044∗∗∗
(0.060)
(0.102)
(0.026)
(0.087)
(0.003) (0.007)
(0.007)
(0.005)

Consumption

Table 7: Distribution of HH and HFH behavior during the shock in Repetition 5
Labor Supply
+
0
+
0.46
0.08
0.08
HH
(0.59, 0.49) (1.14, 0) (0.05, -0.05)
0
0.21
(0, 0)
0.08
0.08
(-0.10, 0) (-0.17, -0.30)
+
0.25
0.08
0.17
HFH
(0.26, 0.22) (0.10, 0) (0.66, -0.29)
0
0.29
(0, 0)
0.04
0.04
0.13
(-0.05, 0.03) (-0.64, 0) (-0.24, -0.38)
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47
Full
1571

Rep 5
449

Full
1571

Rep 5
449

Full
1561

Robust standard errors in parentheses, clustering at the session level
∗
p < 0.05, ∗∗ p < 0.01, ∗∗∗ p < 0.001

Sample
Observations

α

∆lnEt+1 πt+2

∆lnit+1

∆lnrt+1

∆lnEt+1 Ct+2

∆lnCt+1

Rep 5
451

Full
1561

Rep 5
451

Table 8: Aggregate Demand Elasticities - Random Effects
HH
HFH
(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
∗∗∗
-0.046
-0.124
-0.069
-0.137
-0.051 0.214
-0.063 0.218∗∗∗
(0.138) (0.865) (0.135) (0.866) (0.109) (0.023) (0.099) (0.026)
-0.173 -5.232∗∗∗
-0.784∗
1.507
(0.408) (1.395)
(0.361) (2.108)
∗∗
-0.523 -7.275
-2.114
1.936
(0.748) (2.685)
(1.516) (2.558)
0.044
2.350
0.331
-0.375
(0.339) (3.257)
(0.209) (0.539)
-0.004
-0.009
-0.004
-0.009
-0.002
-0.003
-0.001
-0.003
(0.007) (0.010) (0.007) (0.010) (0.007) (0.007) (0.007) (0.007)

Figure 5: Empirical CDFs of observed intertemporal elasticities of substitution (HH and HFH
pooled)

1.0

0.8

Repetition

0.6

Rep1

CDF

Rep2
Rep3
Rep4

0.4

Rep5

0.2

-10

-8

-6

-4

-2

0

2

Elasticity of Intertemporal Substitution

48

4

6

8

10

49
Full
1561

Robust standard errors in parentheses, clustering at the session level
∗
p < 0.05, ∗∗ p < 0.01, ∗∗∗ p < 0.001

Full
1571

Rep 5
451

Full
1561

Rep 5
449

Rep 5
449

Sample
Observations

Full
1571

Elasticities - Random Effects Models
HFH
(4)
(5)
(6)
(7)
0.109
0.157
0.133
0.157
(0.106) (0.088) (0.078) (0.088)
-0.654
-0.739
(0.854) (1.153)
0.617
-0.617
(0.522)
(0.871)
2.798
1.274∗
(1.541)
(0.607)
∗∗∗
-0.001
0.009 0.013
0.007
(0.003) (0.005) (0.004) (0.007)

Table 9: Aggregate Labor Supply
∆lnNt+1
HH
(1)
(2)
(3)
∗∗
∆lnCt+1
0.141
0.110 0.141∗∗
(0.054) (0.107) (0.054)
∆lnRWt+1
-0.130
0.938
(0.522) (0.530)
∆lnWt+1
-0.123
(0.521)
∆lnPt+1
0.697∗
(0.306)
α
0.002
0.003
0.001
(0.004) (0.003) (0.004)

Rep 5
451

-0.672
(1.153)
-1.472
(1.582)
0.017∗∗∗
(0.005)

(8)
0.133
(0.079)

Figure 6: Empirical CDFs of observed Frisch elasticities (HH and HFH pooled)
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Table 10: Estimated expectation bias in repetition 5
Preshock
Shock
Postshock
Estimated expectation bias
Output Gap
HF
−0.003 ± 0.002 −0.070 ± 0.008 0.012 ± 0.004
HH
−0.006 ± 0.002 −0.023 ± 0.006 0.006 ± 0.003
HFH
0.021 ± 0.010
0.040 ± 0.075
0.042 ± 0.018
Inflation
HF
0±0
−0.009 ± 0.002 −0.001 ± 0.001
HH
0±0
−0.005 ± 0.003
0 ± 0.001
HFH
0±0
0.001 ± 0.001
0±0
Share of subjects with accurate expectations
Output Gap
HF
0.90
0.00
0.14
HH
0.90
0.06
0.42
HFH
0.71
0.07
0.37
Inflation
HF
0.96
0.06
0.85
HH
0.98
0.08
0.86
HFH
0.95
1.00
0.92
Observations
HF
195
16
110
HH
200
15
107
HFH
425
38
285
Note that the median expectations used to calculate realized inflation
and output gap are dropped from the estimation.
Values following ± symbols are standard errors.
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Figure 7: Empirical CDFs of observed inflation expectation deviations in each phase
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Figure 8: Empirical CDFs of observed output gap expectation deviations in each phase
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Table 11: Estimated adaptive expectations in post-shock phase of repetition 5
Regressor
EW
EP
EW1
EP1
∗∗∗
lwage
0.671
(0.165)
type

-0.280
(1.930)

lwagetype

0.0145
(0.191)

-1.821
(1.334)

lprice

-0.815
(1.142)

lpricetype

1.565
(1.146)

-0.0984
(0.209)

EW

0.998∗∗∗
(0.00274)

wagetype

0.00982
(0.0203)

0.00658
(0.0231)

EP

0.998∗∗∗
(0.00209)

pricetype

-0.00494
(0.0198)

α
Observations
Wald χ2
R2

3.496∗
(1.655)
556
70.21
0.2409

2.118
0.00268
(1.330) (0.0291)
556
556
68.82 135356.77
0.100
0.9959

0.00218
(0.00208)
556
318088.54
0.9973

Robust standard errors in parentheses, clustering at the session level
∗
p < 0.05, ∗∗ p < 0.01, ∗∗∗ p < 0.001
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