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Abstract

We construct experimental economies, populated with human subjects, with different insti-

tutional features that have a structure and incentives similar to a Dynamic Stochastic General

Equilibrium model. An experimental economy with monopolistic competition and no menu costs

generates empirical patterns that are closer to the U.S. economy than simulations or the other

experimental environments. We observe greater welfare and output in a setting where goods are

perfect substitutes compared to treatments with monopolistic competition. Discretionary human

central bankers produce lower output and welfare compared to an automated instrumental rule.

Menu costs reduce inflation volatility.
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1. Introduction

New Keynesian dynamic stochastic general equilibrium (DSGE) models (see Clarida, Gali and

Gertler, 1999) are the principal paradigm currently employed for central bank policymaking. Central

banks evaluate different policy alternatives and study their effects on these DSGE economies. The

popularity of these models lies in the rich and plausible dynamics they are able to generate, and their

ability to allow policymakers to study the consequences of shocks, whether exogenous or policy-

induced. However, these models, irrespective of the level of sophistication, necessarily represent

simplifications of actual field economies. Because of this, policy effects are typically evaluated in

a number of different model economies, with different assumptions or more detailed or simplified

modeling of a specific part of the economy. This allows the robustness of the effects of exogenous or

policy changes to be studied. In this paper we propose another type of analysis to add to this arsenal,

laboratory experimental economies, where human subjects are placed in the role of consumers,

producers and central bankers in a simple dynamic stochastic general equilibrium environment.

In an experiment, the researcher can control the underlying structure of the economy, and create

incentives for agents to make profitable decisions, yet also allow agents to make whatever decisions

they wish, provided that they are feasible. This allows agents’ boundedly rational behavior and

expectations to influence outcomes. These experiments permit observation of outcomes in economies

with a known and controllable underlying parametric structure, but uncontrolled agent behavior.

These can be compared to similar economies in which behavior is assumed to be rational, in order

to isolate the effect of human bounded rationality on outcomes. We take this approach in this

study; we compare the outcomes from simulated economies, where decisions are optimal, with those

from a number of experimental treatments we design and implement. If there are no or only small

differences between simulation and experiment, it can be argued that the model economy is robust

to the addition of the type of bounded rationality that one can expect to observe from human

decision makers.

We construct four different types of experimental economy. All of the economies are dynamic

in the sense that there are direct intertemporal linkages between periods, stochastic in the sense

that they are subject to exogenous shocks, and general equilibrium in that they include interacting

input and output markets. While the experimental economies conform closely to the structure

of the nonlinear version of the New Keynesian DSGE model, important differences exist, which
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are necessary to make the model implementable in the laboratory. The differences are described in

Section 2. We consider which specification best conforms to several stylized facts documented in field

data. If one specification is better than the others, it would indicate that it is more appropriate than

the others for purposes of policy analysis, and thus a better candidate for further testing. If they

all reproduce stylized facts well, it indicates that there is freedom to vary the particular variables

we have changed without affecting the behavior of the economies.

Our experimental design varies two key frictions in the output market: (1) the presence of

monopolistic rather than perfect competition, and (2) the existence of menu costs. Inclusion of

wage or price stickiness in DSGE models typically generates short-term real effects of nominal shock

(see, e.g., Christiano et al., 1999, 2004, 2005, and Chari, Kehoe and Mcgrattan, 2000), and thus a

meaningful and potentially beneficial role for central bank policy. With an appropriate specification

of price frictions, important stylized empirical facts can be replicated (see e.g., Rotemberg and

Woodford, 1997; Clarida, Gali and Gertler, 1999; Christiano, Eichenbaum and Evans, 2005; Smets

and Wouters, 2007). A common method of introducing a price friction is to assume a menu cost

(Barro, 1972, Mankiw, 1985, Ball and Mankiw, 1995, Rotemberg, 1982), a cost that a firm must

pay to change its price. The monopolistic competition ensures that firms earn profits, and thus that

they have some discretion in the timing and magnitude of changes in the prices they set. These

assumptions allow the DSGE model to conform to empirical data, while maintaining the classical

assumptions of representative households and firms, who optimize and have rational expectations.

Three of our experimental treatments isolate these specific rigidities. Our Baseline treatment

differs from another treatment, Menu Cost, only in that in the latter, menu costs are present. Thus,

we can isolate the effect of menu costs on outcomes, while holding all else equal.1 The Baseline and

the Low Friction treatments differ from each other only in that the output market is monopolistically

competitive under Baseline and outputs are perfect substitutes under Low Friction. This allows us

to study the effect of monopolistic competition, holding all else equal. Our treatments allow us

to consider, within our setting, whether both frictions, monopolistic competition and menu costs,

are both necessary to replicate stylized facts or whether imperfect output substitution is sufficient.

The experiment also permits an additional potential source of friction and inefficiency, bounded

1We decided to implement a menu cost instead of the alternative of Calvo (1983) pricing, because the former has
garnered more empirical support.
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rationality. The possibility exists that behavioral factors alone may generate several stylized facts

that were previously linked to different frictions.

In the three treatments mentioned previously, the experimenter exogenously imposes the interest

rate policy in the economy. The policy follows an instrumental, inflation-targeting rule obeying the

Taylor principle. However, in a fourth treatment, Human Central Banker, experimental subjects

are placed in the role of central bankers. They are given incentives to target inflation but are free

to set the interest rate in each period. While the appropriately chosen Taylor rule is effective in

targeting inflation when economic agents are fully rational, it is unknown whether it would have the

same effect in our economy (see Pfajfar and Žakelj, 2018). We also consider whether human central

bankers are able to match or exceed the levels of GDP, welfare and employment, or to achieve more

stability in inflation, than a simple instrumental Taylor rule. As simple Taylor rules are not optimal,

a discretionary central banker has the potential to exceed the welfare in an economy with a Taylor

rule.2

In a companion paper, Noussair, Pfajfar and Zsiros (2015), we have studied the pricing behavior

of firms in this experiment. The analysis focused on how consistently pricing patterns conformed

to a number of empirical stylized facts. We observed that most price changes are positive, and

that there is substantial inertia in price setting. Inflation is correlated with average magnitude,

rather than the frequency, of price changes. Prices are affected negatively by the productivity shock

and positively by the output gap, and respond to changes in wages. All of these patterns are also

typically observed in various national economics. The main departure from most empirical studies

is that in the experiment, the hazard function for price changes is upward-sloping, meaning that

price changes are more likely, the longer that they have not changed. The current exercise, though

using data from the same laboratory economy as the companion paper, has a completely different,

macroeconomic, focus, and studies the effect of frictions on macroeconomic outcomes.3

In an experimental design, as in a theoretical model, assumptions are made on both the structure

of the economy and the behavior of agents, in order to make the research enterprise feasible. In

traditional DSGE modeling, assumptions are imposed on the behavior and expectations of agents,

2The experimental design employs many techniques developed and used in previous experiments that other authors
have conducted. However experiments with the full structure and incentives of the DSGE models have not been yet
implemented in the laboratory. See Duffy (2015) and Hommes (2011) for surveys of experimental macroeconomics.

3Some results with respect to the persistence of exogenous shocks in this experiment were also reported in Noussair,
Pfajfar and Zsiros (2014).

4



and indeed the economy is typically assumed to behave as a single unitary agent. The central banker

is assumed to optimally pursue a specific policy objective. In an experiment, if the analysis of the

behavior of policy makers is the main objective, the auxiliary hypotheses that are required are that

the decisions of agents in the experimental economy do not differ materially from those that would

be taken by participants in the field were they to be placed in the same economy.4 This assumption

is likely more reasonable for consumers and firms than for central bankers. However, the focus

of this specific paper is in creating a dynamic general equilibrium environment where behavioral

assumptions are relaxed compared to the DSGE model, rather than on the generalizability of policy

conclusions drawn from the behavior of the central bankers in our experiment to the field. Follow-up

work with a direct focus on the behavior of central bankers might benefit from the use of participants

with relevant experience and training in the role of central bankers.

2. Experimental Design

This section is organized as follows. Section 2.1 describes the version of the DSGE model

implemented in the laboratory, so that the differences between the model and the experiment can

be easily identified.5 Section 2.2 describes the differences between treatments and key aspects of

the operational procedures, respectively.

2.1. Implementation of the experiment

It is not possible to create an experimental environment that fully faithfully reproduces the

canonical NK DSGE model. The approach that we have taken is to create an environment with

a structure that is sufficiently similar that the model can be applied to make predictions. Several

changes to the model, and the imposition of assumptions on the timing of events, were required in

order to make the economy implementable in the laboratory. The most important differences from

the standard NK DSGE model relate to the existence of multiple agents, the explicit sequencing

of events within a period, the structure of the demand side of the economy and the creation of

monopolistic competition, the positive level of savings in the short run, and demand uncertainty

on the part of sellers. Most of the features we added are present in field economies as well. While

4In addition, as in all DSGE modeling, hypotheses would have to maintained that the structure of the economy
itself does not differ from the field in a manner that would change the policy conclusions.

5Appendix A presents the structure of the DSGE model that provides the basis for the experimental design.
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the intent of these features was to create a workable environment that could potentially be used for

policy analysis, we believe that several of the changes could represent important avenues for further

development of the theoretical DSGE model.

While the standard DSGE model has no explicit timing within a period, implementation in

the laboratory requires that some decisions, such as production, be taken before others, such as

consumption. The timing of activity is further discussed in Section 2.1.4. The experiment was

computerized and conducted with the Z-Tree platform (Fischbacher, 2007). We describe here the

Baseline treatment. In Section 2.2, we indicate the differences between the Baseline and the other

three treatments.

Each treatment was in effect for four of the sixteen sessions. There were six subjects participating

in each session, except for the Human Central Banker treatment, in which there were 9 participants.

Earnings averaged 43.99e(1 Euro = approximately $1.30 at the time of the experiment). No subject

participated in more than one session, and exactly one treatment was in effect in each session. All

sessions were conducted at Tilburg University and all participants were undergraduate students at

the university.

2.1.1. Agents in the economy

There were three consumers and three firms in the economy. Each consumer i had induced

valuations (Smith, 1982) and costs for goods and labor given by

uit(ci1t, ci2t, ci3t, (1− Lit)) = βt


3∑
j=1

(
Hijt

c1−θijt

1− θ

)
− α

L1+ε
it

1 + ε

 . (1)

In equation (1), cijt is the consumer i′s consumption of good j, and Lit is the labor supply of

consumer i at time t. There is a preference shock, Hij , that follows the AR(1) process:

Hijt = µij + τHijt−1 + εjt. (2)

ε1t, ε2t, and ε3t are independent white noise processes, and εjt ∼ N(0, ζ). Discounting was imple-

mented by reducing the induced value of consumption of each of the output goods, as well as the

utility cost of labor supply, by 1− β = 1% in each period.
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To create monopolistic competition, we added taste shocks with drifts that differed for each good

and consumer. Therefore, from the point of view of each consumer, there was partial substitutability

between goods, as would occur under monopolistic competition.

Consumers had a budget constraint given by:

3∑
j=1

cijtpjt +Bit = witLit + (1 + it−1)Bit−1 +
1

I
ΠN
t−1, (3)

where pjt is the price of good j at time t, wit is the wage of subject i at time t, Bit is the saving of

subject i at period t, and ΠN
t−1 is the total nominal profit of firms in period t− 1. ΠN

t−1 appears in

the budget constraint to capture the assumption in the DSGE model that the households own the

firms. At the end of each period, the total profits of firms were transferred to and divided equally

among the three consumers. Savings were constrained to be on average zero in the long-run. We

provide an initial endowment of savings to each agent and allow for positive levels of savings in the

short-run.

Rather than introducing a bond market, we instead have households save in the form of one-

period bonds with an automated commercial bank. The advantage of this simplification is that

yields on bonds can be fully automated, and we avoid the additional complexity of introducing

another market for the trading of bonds. While it is the case that households cannot borrow from

one another, problems arising from the failure to repay debts across periods and at the end of life are

avoided. Some “borrowing” to finance purchases arises from the fact that households are endowed

with cash at the beginning of their life. Although under the assumptions of homogeneous rational

expectations and dynamic optimization, there is no need for the ability to borrow, the existence of

the cash endowments and the resulting potential to borrow allows the freedom to deviate from this

assumption. It also provides some flexibility for households not to supply labor in the first period

and reduces the likelihood of oversupplying labor in the initial stages. In each period, each firm j

chose how much labor to employ, Ljt, and its product price, pjt. Firm j’s payoff in period t was

given by

ΠR
jt = (pjtyjt − wjtLjt)

P0

Pt
, (4)

where ΠR
jt denotes real profits, yjt is the quantity of good sold, wjt is the wage paid, and Ljt is the

labor employed by firm j in period t. Pt is the price level in period t, while P0 is the price level in
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the initial period, so that P0
Pt

converts nominal to real profits. Individuals in the role of firms were

given monetary incentives to maximize real profits.

The production technology available to firms was given by:

fjt(Ljt) = AtLjt, (5)

where At is a technology shock with the form

At = A+ νAt−1 + ςt. (6)

ςt is independent white noise, and ςt ∼ N(0, δ). At follows an AR(1) process.

2.1.2. The markets

Trade in both the labor and the output markets occurred in terms of an experimental currency,

called ECU. Perfect competition in the labor market was approximated with a continuous double

auction trading mechanism (Smith, 1962; Plott and Gray, 1990). We chose this trading process

because it has a strong tendency to generate competitive outcomes, even with a small number of

agents on each side of the market (Smith, 1982). The market was open for a prespecified time

interval. During this interval agents could submit offers to buy and sell units, the offers were public

information, and any trader could accept a quote submitted by any other trader.

The cost of supplying labor was private information held by consumers, while the current pro-

ductivity level was known only to producers. We depart from the standard NK DSGE model

framework in this regard, because it has been shown that convergence to competitive equilibrium

in double auctions occurs faster under private information (Smith, 1994).6

The three different output goods were imperfect substitutes, resulting from the Hijt taste shocks,

which differed by product and consumer. As a consequence, each firm had some monopoly power in

the market, and monopolistic competition was present. Trade in the market followed posted offer

6Using a double auction trading mechanism in the input market has the effect of limiting unwanted frictions. In
this study, we wanted to focus on frictions in the output market that are present in the standard DSGE model. These
stem from having a single posted price in a market period plus the possibility of menu costs. Additional frictions
in the labor market were not desirable for this study and we thus sought to employ a form of market organization
that would reach its market equilibrium reliably and respond quickly to the shocks in the economy, as well as to the
changes in the demand and supply for labor resulting from agents’ prior decisions. Frictions in the labor market would
be very interesting to study in follow-up work.
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rules. Producers set their prices simultaneously. Then, consumers were randomly chosen one at a

time to purchase the quantity of each product that they wished. Products were consumed in the

current period. Producers were required to offer all of the units that they produced, and unsold

inventories could not be carried over to the next period.

2.1.3. Monetary policy

The nominal interest rate was exogenously set according to a simplified version of the Taylor

rule. Specifically,

it = π∗ + κ(πt−1 − π∗) + %t, (7)

where %t is i.i.d. and the parameters were set to κ = 1.5 and π∗ = 3%. There was a zero lower

bound on interest rates.7

2.1.4. Activity within a period

The experimental economy consisted of a sequence of periods, each corresponding to a time

period t in the DSGE model. At the beginning of each period, producers observed their own

productivity shock for the period. The labor market then opened for 1 - 2 minutes. After the labor

market closed, production took place automatically, and all of the labor that producers purchased

in the current period was converted to output. While the labor market was open, consumers had

the history of the wages they received, the average wage in the economy, the quantity of labor they

sold, the inflation rate, the interest rate, and the output gap as available information displayed on

their screens. Producers had the history of the wages they paid, the wages in the economy, the

quantity of units of labor they hired, and the macroeconomic variables listed above available.

The product market opened immediately after the labor market closed, and producers posted

their prices simultaneously. Producers observed the actual labor they hired, the quantity of output

that the labor produced, the total and average cost of production, and the interest rate, before they

posted their prices. Producers could also see the history of own sales, expenditures on labor, profits,

prices posted, and the macroeconomic variables. Consumers observed the prices that producers

7We implemented a backward-looking Taylor rule as the central bank’s reaction function. If we had instead made
it contemporaneous, subjects would not have had a concurrent nominal interest rate to base their consumption-saving
decisions on, and this may have introduced more confusion. Furthermore, to decrease the likelihood of the zero lower
bound to be binding, we set the steady state interest rate relatively high (3%).
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posted and information regarding their current budget, the interest rate, their valuations of each

good, and the ratio between their marginal valuation and the posted price for each good.

After the consumers made their purchases, the period ended. Consumers then received infor-

mation about their current earnings and the budget they would have available for the next period.

Producers got information regarding their profits, production, and sales for the period.

2.1.5. The sessions

A session consisted of instruction and two sequences of periods. At the beginning of the session,

the instructions were read to subjects, which took roughly 45 minutes. Then the first sequence was

conducted. This first sequence consisted of 5 practice periods, and did not count toward the subjects’

final payment. The next sequence consisted of 50− 70 periods, and counted for the earnings of the

subjects. This sequence also constituted the data retained for analysis. The final period was drawn

randomly from a uniform distribution. Subjects were told that the sequence would end randomly

after period 50, but did not know the distribution of ending periods. Under the random ending rule

we implemented, a rational agent with the payoff function given in equation (1) in each period, has

the incentive to maximize the value of equation (13). Each session took between 3 3/4 and 4 3/4

hours.

To implement discounting, we chose to decrease the payoffs according to a discount factor of

.99 rather than to employ a random termination rule. We have chosen the ending rule that we

employed for several reasons. Given the complexity of the experiment and the large investment in

instruction and training at the beginning of the sessions, we wanted to guarantee that the economy

lasted for at least 50 periods. Furthermore, imposing a constant probability of termination as is

typical in experiments with an indefinite horizon raised the risk that the sessions would last longer

than would be feasible.

The payment to participants who were consumers was proportional to the sum of the values of

(1) they attained over all 50-70 periods. On subjects’ screens, the valuations for output and costs

of labor supply were expressed in terms of 100th’s of a euro cent. In contrast to most experimental

studies, the currency used for transactions, ECU, did not translate directly into the Euro earnings

that consumers received (a similar implementation was used by Lian and Plott (1998) to create

an economy with fiat money). Nonetheless, consumers did have an incentive to maximize currency
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holdings, because it was required to purchase output. Any ECU that consumers held as savings

earned interest at rate it between periods t and t+ 1.

At the end of the sequence, the savings that consumers held were converted from ECU to euros

(1 euro = 1.30 U.S. dollars at the time the experiment was conducted). To calculate the value of

the savings, we calculated how much a consumer would have earned if she made the best possible

savings, labor sale, and product purchase decisions possible, given the savings she had at the end

of the session, and assuming that the sequence would last forever. For the calculation, we assumed

prices of labor and output equal to the average prices observed over the course of the sequence.8

To induce the same incentives as in the theoretical model, participants in the role of producers

received a monetary payment proportional to the sum of the values of (4) they realized over all

periods. The ECU profit earned by the firm was removed from the firm’s balance of cash and added

to the currency balance of the consumers at the end of each period. However, these profits were

translated into real monetary payments to the human participant in the role of the firm.

2.1.6. Parameters

Table 1 contains a summary of parameter values used in the experiment. The parameters of

the model are taken from empirical estimates when possible, with each period t corresponding to

one three-month quarter in the field. Exactly the same parameters and shocks were in effect in

all treatments, except for the preference shock process in the Low Friction treatment (see online

Appendix B1).

β θ ε α τ ν A δ ζ π∗ µ

0.99 0.5 2 15 0.8 0.8 0.7 0.2 1 0.03

 95 62 37.8
38.2 93 64
33 59.6 97



Table 1: Parameters used in the experiment

At the beginning of period 1, each consumer received an endowment of 1500 ECU of cash and

10 units of labor. Producers did not receive an initial endowment of labor, but could borrow cash

8 Consumers’ payoffs for a sequence equaled the sum of the values of equation (6) realized over the life of the
economy, plus the payout on final savings. Producers’ profits were translated into monetary payments at a rate of
100 ECU to 1 Euro.
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at zero interest at the beginning of any period in order to purchase labor. This ensured that they

were not cash-constrained.

2.2. Treatments

The experiment included four treatments. The above description fully describes the Baseline

treatments. Each of the three other treatments, Human Central Banker, Menu Cost, and Low

Friction included one addition or modification from the Baseline treatment. Four sessions were

conducted under each treatment, and only one treatment was in effect in each session.

The Human Central Banker treatment was identical to the Baseline treatment, except that three

additional human participants had the role of central banker. These three subjects set the interest

rate for the current period. At the beginning of each period, each of the three central bankers

submitted a proposed nominal interest rate simultaneously. Their submissions were required to be

non-negative, and thus there was a zero lower bound on interest rates. The median choice among

the three bankers became the interest rate for the current period. Central bankers were incentivized

with the loss function:

Central Banker’s Payofflt = max
{
a− b(πt − π∗)2, 0

}
, (8)

The parameters were set equal to a = 100, b = 1 and π∗ = 3%. Thus, they had an incentive to

engage in inflation targeting, specifically to keep the inflation rate as close to 3% as possible. For

the central bankers, the conversion rate from payoffs to euro earnings was 1 to 100. If the inflation

rate was exactly 3% in a given period, then each central banker earned 100 · 1
100 = 1 euro in that

period. At the time they made their choice, central bankers screens displayed the history of interest

rates, inflation, and the output gap.

The Menu Cost treatment differed from Baseline in only one aspect. If a producer changed her

price in period t, she was required to pay a menu cost of

Mjt = ωpj,t−1yjt, (9)

with

ω = 0.025. (10)
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pjt is the price that producer j sets in period t, and yj,t−1 is the quantity producer j sold in

period t − 1. The menu cost was calibrated based on Nakamura and Steinsson (2008). The cost

was subtracted from the nominal profit of the producer in the period in which the price change

occurred.

Finally, the Low Friction treatment differed from the Baseline treatment, only in the consumers’

utility functions and preference shock process. In this treatment, consumer i’s in period t equaled

uit(ci1t, ci2t, ci3t, (1− Lit)) = βt

Ht

(∑3
j=1 cijt

)1−θ
1− θ

− α
L1+ε
it

1 + ε

 , (11)

with each consumer’s preference shock given by

Ht = µ+ τHt−1 + εt. (12)

µ is calibrated to µ = 120, and εt is independent white noise with εt ∼ N(0, ζ). Consumers regard

the three goods as perfect substitutes. As in the Baseline treatment, the institution on the product

market was a posted offer market with a separate market for each firm’s product.

3. Simulations, predictions, and hypotheses

We start by considering whether certain stylized facts from the field are reproduced in our simu-

lations and experimental economies, and which of our treatments is best able to do so. In particular,

we search for similarity in the correlation patterns between output and other macroeconomic vari-

ables, both contemporaneously and intertemporally. The values of these correlations for the U.S.

economy are reported in Table 3, where we use the same transformations and variable definitions

as in Stock and Watson (1999). We choose the data from 1983 to 2007 as our sample, as in this

time period the monetary policy is well-characterized by the type of instrumental rule that we use

for interest rate setting in our experiment (see, e.g., Clarida, Gali and Gertler, 2000, Castelnuovo

and Surico, 2010).9

9The conduct of U.S. monetary policy changed with the Volcker disinflation period. The policy rule that we use
in most treatments (except for the Human Central Banker treatment) correspond to the policy rule that can describe
well the behavior of interest rates for the post-Volcker era, but not for the pre-Volcker era (i.e., it satisfies the Taylor
principle). We also decided to stop before the zero lower bound period, as in that period the conventional monetary
policy was coupled with forward guidance and quantitative easing that are not part of our model.
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Variable Cross-correlation of output with Corr. with
rho t-3 t-2 t-1 t t+1 t+2 t+3 it

U.S. data
output gap (xt) 0.95∗∗∗ 0.63∗∗∗ 0.81∗∗∗ 0.95∗∗∗ 1 0.94∗∗∗ 0.77∗∗∗ 0.54∗∗∗ 0.26∗

total hours x empl.(Lt) 0.89∗∗∗ -0.25∗ -0.05 0.17 0.37∗∗∗ 0.52∗∗∗ 0.57∗∗∗ 0.53∗∗∗ 0.20∗

real wages(W rr
t ) 1.00∗∗∗ 0.28∗∗ 0.27∗∗ 0.25∗ 0.24∗ 0.23∗ 0.21∗ 0.19 -0.73∗∗∗

prices (GDP def)(Pt) 1.00∗∗∗ 0.29∗∗ 0.27∗∗ 0.23∗ 0.20∗ 0.16 0.13 0.10 -0.74∗∗∗

quarterly inflation(πt) 0.71∗∗∗ -0.00 0.09 0.16 0.21∗ 0.25∗ 0.26∗∗ 0.26∗∗ 0.47∗∗∗

Table 2: Cross-correlations for the U.S. economy: 1983-2007

Output is positively correlated with its own lagged and future values and intertemporally with

real wages. It is also positively correlated with contemporaneous and lagged prices and future em-

ployment and inflation. For employment, we use total number of hours multiplied with employment,

so that it best matches the experimentally generated data. Interest rates are positively correlated

with output gap, employment, and inflation, while negatively correlated with real wages and prices.

In Sections 3.1 and 4.2, we calculate the same correlations for our simulations and for the

experimental data from each treatment. We then compare the four treatments with regard to how

faithfully they reproduce the signs of the correlations in Table 3. Our indicator of consistency is

the percentage of correlations in each treatment that have the same sign as in the U.S. data. To be

precise, we classify them to three categories: insignificant, significantly positive, and significantly

negative (the threshold being 10% significance). We recognize that many alternative measures

could be constructed, that would take into account the magnitudes of the correlations, or that

would weight some correlations more than others. However, any of these criteria, like our measure,

is ultimately ad hoc.

3.1. Simulations

Simulations for all treatments, other than the Human Central Banker treatment, which is iden-

tical in underlying structure to the Baseline, are presented in Figures 1–2. The decisions made are

optimal, as they maximize the utility/profits of subjects participating in the economy given the

sequences of shocks, which are exactly the same in the simulations as in the experiment.10 As we

implement a different mechanism to generate monopolistic competition in this experimental econ-

omy compared to standard Dixit-Stiglitz preferences, we calibrate the average value of markup at

10We are cautious and not calling the expectations rational, as we do not elicit any expectations in this experiment.
We only observe real decisions that are evaluated with respect to the utility/profits that they lead to.
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20 percent in all simulations except Low Friction (where the average markup is set to 5 percent).11

In the actual laboratory experiment we leave market forces to determine the markup.12 We solve

these economies in terms of maximizing welfare of all participating subjects, where we weight utility

and profits according to our conversion rules. Product prices are numerically optimized given the

optimal decision rules for wages, amount of labor hired, and optimal consumption decisions of the

consumers given the sequence of shocks in the experiment. Regarding shocks, we assume perfect

foresight.

Figure 1. Real GDP in Simulations of Each Treatment
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Simulating the economy with a menu cost is more complicated, as menu costs inherently change

the forward-looking aspect of decisions. In this case, welfare is not maximized only for the current

period in each period of the experiment, but for the whole future stream of profits and utility, as

one has to take into account that the cost needs to be paid in every future period in which prices

are changed.

Figure 1 presents simulated real GDP for the three treatments. We can observe that the Low

Friction treatment has the highest real GDP, while the Menu Cost and Baseline treatments produce

11In posted offer markets for perfect substitutes, convergence toward Nash equilibrium prices tends to occur, and
collusion among sellers is rarely observed (Holt, 1995).

12The realized markup is studied in our companion paper, Noussair, Pfajfar and Zsiros (2015).
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Figure 2. Inflation in Simulations of Each Treatment
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very similar real GDP. This is the result of the cost of changing prices producing only a relatively

small dead-weight loss. As we mentioned earlier, it was part of our calibration that the welfare was

approximately the same in all treatments, as seen in Figure A.3 in Appendix. Inflation simulations

are presented in Figure 2. It is immediately evident that inflation is the most volatile in the Low

Friction treatment and the least volatile in the Menu Cost treatment, where there is a prolonged

time interval without any price change (between period 5 and 12). Only in the Menu Cost treatment

is inflation relatively stable near the inflation target of 3%. We now focus on the cross-correlation

tables with simulated data for the three treatments. The results are reported in Table 3. The

output gap is highly autocorrelated for all leads and lags. The autocorrelation coefficients are very

similar in all treatments. Total hours are also highly correlated with output gap intertemporally for

all treatments. Because total hours are invariant in the Low Friction treatment, we cannot report

these correlation coefficients. While prices are not correlated with the output gap at any leads or

lags in the Baseline treatment, in Menu Cost treatment prices are negatively correlated with the

output gap at all leads and lags. For the Low Friction treatment the correlation coefficients for

prices are positive for all leads. In all treatments, inflation is not correlated with the output gap at

any lead or lag. In the Low Friction treatment, savings are negatively correlated intertemporally
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with the output gap and in the Baseline treatment there is some evidence that positive correlation

exists contemporaneously and for lags. In the Menu Cost treatment, savings are not correlated

intertemporally with the output gap. Welfare is highly positively correlated with the output gap for

all leads and lags in all treatments. None of the variables are significantly correlated with the interest

rates contemporaneously for the Low Friction treatment, while for the Baseline treatment prices

and savings are negatively correlated with the interest rates and inflation is positively correlated

with the interest rates. In the Menu Cost treatment, prices and inflation are also negatively and

positively correlated with the interest rates, as in the Baseline treatment.

variable Cross-correlation of output with corr with
rho t-3 t-2 t-1 t t+1 t+2 t+3 it

Baseline
output gap (xt) 0.84∗∗∗ 0.48∗∗∗ 0.66∗∗∗ 0.84∗∗∗ 1 0.83∗∗∗ 0.65∗∗∗ 0.49∗∗∗ 0.06
total hours(Lt) 0.67∗∗∗ 0.42∗∗ 0.57∗∗∗ 0.71∗∗∗ 0.92∗∗∗ 0.74∗∗∗ 0.59∗∗∗ 0.48∗∗∗ 0.13
real wages (W rr

t ) 0.86∗∗∗ 0.45∗∗ 0.63∗∗∗ 0.84∗∗∗ 0.98∗∗∗ 0.84∗∗∗ 0.67∗∗∗ 0.52∗∗∗ 0.09
prices (Pt) 1.00∗∗∗ -0.08 -0.07 -0.13 -0.15 -0.18 -0.20 -0.23 -0.92∗∗∗

quarterly inflation(πt) 0.80∗∗∗ -0.16 -0.04 0.05 0.11 0.12 0.10 0.15 0.84∗∗∗

savings(Bt) 0.99∗∗∗ 0.35∗ 0.31∗ 0.28 0.28∗ 0.26 0.26 0.25 -0.85∗∗∗

welfare(ut) 0.84∗∗∗ 0.46∗∗∗ 0.64∗∗∗ 0.84∗∗∗ 0.98∗∗∗ 0.82∗∗∗ 0.63∗∗∗ 0.47∗∗∗ 0.07
Low friction
output gap (xt) 0.84∗∗∗ 0.48∗∗∗ 0.68∗∗∗ 0.84∗∗∗ 1 0.84∗∗∗ 0.67∗∗∗ 0.50∗∗∗ -0.23
total hours(Lt) - - - - - - - - -
real wages (W rr

t ) 0.86∗∗∗ 0.47∗∗∗ 0.66∗∗∗ 0.84∗∗∗ 0.96∗∗∗ 0.85∗∗∗ 0.66∗∗∗ 0.50∗∗∗ -0.15
prices (Pt) 0.92∗∗∗ -0.01 0.06 0.12 0.25 0.31∗ 0.41∗∗ 0.50∗∗∗ 0.06
quarterly inflation(πt) 0.12 -0.12 -0.12 -0.25 -0.20 -0.20 -0.17 -0.17 0.20
savings(Bt) 0.99∗∗∗ -0.38∗∗ -0.37∗∗ -0.39∗∗ -0.37∗∗ -0.36∗∗ -0.35∗ -0.39∗∗ -0.07
welfare(ut) 0.82∗∗∗ 0.46∗∗∗ 0.67∗∗∗ 0.83∗∗∗ 1.00∗∗∗ 0.83∗∗∗ 0.66∗∗∗ 0.49∗∗∗ -0.21
Menu Cost
output gap (xt) 0.82∗∗∗ 0.46∗∗∗ 0.63∗∗∗ 0.82∗∗∗ 1 0.82∗∗∗ 0.63∗∗∗ 0.48∗∗∗ 0.03
total hours(Lt) 0.67∗∗∗ 0.45∗∗ 0.56∗∗∗ 0.69∗∗∗ 0.91∗∗∗ 0.73∗∗∗ 0.56∗∗∗ 0.45∗∗∗ 0.07
real wages (W rr

t ) 0.86∗∗∗ 0.45∗∗ 0.63∗∗∗ 0.84∗∗∗ 0.98∗∗∗ 0.83∗∗∗ 0.66∗∗∗ 0.51∗∗∗ 0.03
prices (Pt) 1.00∗∗∗ -0.35∗ -0.37∗∗ -0.43∗∗ -0.45∗∗ -0.46∗∗∗ -0.47∗∗∗ -0.50∗∗∗ -0.36∗

quarterly inflation(πt) 0.55∗∗∗ 0.05 0.03 0.00 -0.02 0.06 0.04 -0.03 0.53∗∗∗

savings(Bt) 0.87∗∗∗ 0.04 0.06 0.05 0.12 0.14 0.14 0.17 -0.21
welfare(ut) 0.81∗∗∗ 0.42∗∗ 0.60∗∗∗ 0.82∗∗∗ 0.98∗∗∗ 0.79∗∗∗ 0.61∗∗∗ 0.46∗∗∗ 0.04

Table 3: Cross-correlations for the simulated treatments

We can now compare these cross-correlations using simulated data to the ones observed for the

U.S. data between 1983 and 2007. As mentioned before, we are comparing the number of correct

signs by classifying each cross correlation as insignificant, significantly positive, and significantly

negative. The ranking for the simulated data is as follows: Baseline (25 correct signs), Menu Cost

(22), and Low Friction (21). According to this metric, the simulations of the Baseline treatment

best replicated the cross-correlations of the U.S. data for the specified time frame.
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3.2. Hypotheses for the experiment

Next, we consider whether the treatments we have are able to modulate key variables that

must be calibrated in order to create a good working model for policy analysis. We advance three

hypotheses here about the behavior of welfare and output, which can be expected to be very highly

correlated with welfare, as well as inflation. The simulations described above serve as the source of

our hypotheses. Hypotheses that assert that the data from two treatments would not be different

are subject to two-sided statistical tests. Those that predict a difference between treatments of a

specific sign are evaluated with one-sided tests.

It was part of the experimental design to “calibrate” the preference shocks so that the welfare of

participants in the Low Friction treatment can be approximately the same as in the other treatments.

Thus, we hypothesize that welfare would be the same in all treatments.13 Because the Baseline and

Human Central Banker treatments produce the same simulations, (we assume for the simulations

that the central bankers use the Taylor rule of the same type as in the Baseline treatment) we

hypothesize that outcomes would be identical in these two treatments. Also, since Baseline and

Menu Cost generate very similar output in the simulations, we also hypothesize that these would

be the same in the experiment. All of our other hypotheses are one sided, based on the sign of the

differences between treatments in the simulations.

Our first hypothesis concerns welfare and output, and consists of three statements emerging

from the simulations regarding treatment differences in these variables.

Hypothesis 1: Welfare and output

(a) Output is greater in Low Friction than in the other treatments.

(b) Output is the same in the Menu Cost treatment, Baseline, and Human Central

Banker treatments.

(c) Welfare is equal in all treatments.

The next hypothesis we advance is with regard to inflation levels. Hypotheses 2a - 2c are

directional treatment differences predicted by the simulations.

Hypothesis 2: Inflation

(a) Inflation has lower variability in Menu Cost than in the other treatments.

13Note that Figure 4 plots the instantaneous welfare, and not the final welfare in the experiments that also includes
the conversion of savings to utility. The average saving values in these simulations are quite different. Notably, in the
Low Friction treatment, there are significantly higher values than in other treatments.
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(b) Inflation has the same variability in the Human Central Banker and Baseline

treatments.

(c) Inflation has greater variability in Low Friction than in the other treatments.

The third set of hypotheses is motivated by our objective of tailoring our experimental envi-

ronment to match the behavioral properties of the U.S. economy. The simulations for the Base-

line/Human Central Banker treatments exhibited the highest level of consistency with the U.S.

economy in terms of the correlations between macroeconomic variables, while the Low Friction

treatment had the lowest degree of consistency. We hypothesize that the same would be true for

relationships between the U.S. economy and the experimental data.

Hypothesis 3: Cross-correlations

(a) The Baseline and Human Central Banker treatments match the U.S. data best

in terms of matched signs.

(b) The fewest number of signs matching the U.S. data occur in the Low Friction

treatment.

In the next section we test these hypotheses with the experimental data.

4. Results

This section is organized in two parts. In Section 4.1, we evaluate Hypotheses 1 and 2, and study

welfare, output, and inflation patterns in our economies. In Section 4.2, we consider the correlations

between macroeconomic variables in our economies, evaluate Hypothesis 3, and compare the four

treatments with regard to how well they reproduce stylized facts from the field.

4.1. Output, welfare, and inflation

Figure 3 shows the real GDP of the economy in each treatment, averaged over the four sessions

comprising the treatment.14 All treatments have similar GDP at the beginning of the sessions,

until roughly period 10. The Baseline and the Human Central Banker treatments have comparable

GDP until period 30. After period 30, the Human Central Banker treatment stabilizes at under

600 ECU, which is the lowest among all treatments. On average, GDP is similar under the Menu

Cost and the Baseline treatments. This suggests that menu costs do not affect the real GDP of the

14Figures for individual sessions are available in appendix.
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economy. GDP is greatest in the Low Friction treatment, where it varies between 800 and 1000

ECU until period 36. Afterward, GDP drops and stabilizes at roughly 700 ECU.15 However, this

drop is solely a product of the shocks, which can be observed from the time path of the simulated

data in Figure 1. GDP is 23.3, 12.3, 23.6, and 47.6 percent lower than the simulated level for

the Baseline, Menu Cost, Low Friction, and Human Central Banker treatments, respectively. This

indicates the presence of suboptimal decisions in all treatments of the experiment. The efficiency

loss is considerably larger in the Human Central Banker than in the Baseline treatment, indicating

that the economy behaves more efficiently under a Taylor rule than when interest rate policy is

determined by our participants.

Figure 3. Real GDP in each treatment, averaged across sessions
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The welfare in the economy is shown in Figure 4 for the four treatments. Welfare is defined

as the sum of the utilities, as expressed in equation (1), of the three consumers in each period.

Welfare is on average greatest under the Low Friction treatment. It is similar in the other three

treatments, except for the last 20 periods, when Human Central Banker has the lowest welfare.

Average welfare has a similar time profile in the Baseline and Menu Cost treatments. The overall

pattern suggests that a frictionless economy is strictly preferable from a welfare point of view,

15There is no source of growth in the economy, so there is no reason for GDP to increase over time.
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Figure 4. Welfare in each treatment averaged across sessions
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and that our instrumental rule performs better than human central bankers. Compared to the

simulations, welfare is 21.4, 15.6, and 30.7 percent lower in the Baseline, Menu Cost, and Human

Central Banker treatments, respectively. Under Low Friction, realized welfare is 19.9% above the

simulated level, reflecting actual markups lower than the 5% assumed in the simulations.

Nonparametric tests—reported in Table 4—confirm the impressions conveyed in the figures. We

test Hypotheses 1(a)-(c) by comparing the GDP and welfare in different treatments using Wilcoxon

rank-sum tests. Consistent with Figure 3, median GDP is significantly higher in the Low Friction

treatment than in Baseline and Menu Cost (p < .03). It is also greater than in Human Central

Banker treatment (p < .06). This confirms Hypothesis 1(a). As can be seen in Table 4, we cannot

reject Hypothesis 1(b) that the GDP is the same in Baseline, Menu Cost, and Human Central

Banker treatments.

To evaluate Hypothesis 1(c), we compare median welfare across treatments in Table 4. The

results suggest that there are significant differences across treatments, rejecting Hypothesis 1(c). In

particular, the Low Friction treatment generates welfare that is higher than in other treatments.

The Human Central Banker treatment generates lower welfare than the Menu Cost treatment, while
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there are no significant differences between the Baseline and Menu Cost treatments and Baseline

and Human Central Bank treatments.

Test (P-Value) Real GDP Welfare Inflation Inflation Variance

Low Friction v. Baseline 0.03**,† 0.03** 1 0.18
Low Friction v. Menu-Cost 0.03**,† 0.03** 0.89 0.01**
Low Friction v. Human CB 0.06*,† 0.03** 1 0.02**
Baseline v. Menu-Cost 0.76† 0.20 0.69 0.04**
Human CB v. Menu-Cost 0.76† 0.06* 1 0.00***
Baseline v. Human CB 0.89 0.34 0.69 0.49

Table 4: Tests of equality between treatments. Note: We report p-value of the Mann-Whitney for
Real GDP, Welfare and Inflation, where † indicates one-sided test, otherwise two-sided test. For
Inflation we report p-value of the Levene test.

The average inflation rate is shown in Figure 5 and is similar in all four treatments, ranging

between−15% and +16%, except for three outlier periods. Nonparametric tests, reported in Table 4,

compare the levels of inflation between pairs of treatments. These tests fail to reject the hypothesis

that the level of inflation is the same between any pair of treatments. Comparing the variances

of inflation across treatments using a Levene (1960) test, however, indicates that the variance is

the lowest in the Menu Cost treatment. The only other comparison that generates a significant

difference is between the Low Friction and the Human Central Banker treatments, with the level

higher under Low Friction. Overall, the data support Hypotheses 2(a) and 2(b), and also partially

support Hypothesis 2(c). Low Friction exhibits significantly greater inflation volatility than two

of the three other treatments. Compared to the simulations, the average inflation levels are 5.49

and 4.10 percent higher in the Baseline and Low Friction treatments, while there are 1.40 and 3.80

percent lower in the experiment than in the simulation in Menu Cost and Human Central Banker,

respectively. The variability, as measured with the standard deviation of inflation, is higher in each

of the treatments than in the corresponding simulation, with the exception of the Low Friction

treatment.

Thus, from a welfare point of view, menu costs have an ambiguous effect. On one hand, they

reduce inflation variance, which has positive effect on welfare (see Woodford, 2003b). On the other

hand, the costs themselves are a deadweight loss to the economy, since they are deducted from

producer profits and thus from consumer cash holdings. In the experiment, the two effects on

welfare appear to roughly offset each other.
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Figure 5. Inflation in each treatments, averaged across sessions
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4.2. Correlations between macroeconomic variables

To get further insights into the behavior in various treatments, we evaluate the cross-correlations

between output gap and various variables (Section 4.2.1) and correlations between interest rates

and other variables (Section 4.2.2). We compare the experimental data with both the correlations

computed using simulated data and the U.S. data presented in Section 3 (Section 4.2.3).

4.2.1. Persistence of output gap and cross-correlation with other variables

In Tables 5 and 6, as is traditional in the RBC literature (see e.g., Cooley and Prescott, 1995),

we report the cross-correlations of output gap with other macroeconomic variables in the experi-

ment. The relationships illustrate the functioning of the monetary policy transmission mechanism.

Comparison of the magnitudes of the correlations in the first row of data for each treatment shows

that persistence of output gap is lowest in the Low Friction, and greatest in the Human Central

Banker, treatment. The other two treatments produce a similar degree of persistence in output gap.

In comparison to the correlations in the simulated data in Table 3, we observe slightly lower corre-

lations in experimentally generated data, particularly in Menu Cost and Low Friction treatments.
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Treatment/Variable Cross-correlation of output with corr with
rho t-3 t-2 t-1 t t+1 t+2 t+3 it

Baseline
output gap (xt) 0.69∗∗∗ 0.54∗∗∗ 0.59∗∗∗ 0.69∗∗∗ 1 0.68∗∗∗ 0.58∗∗∗ 0.53∗∗∗ 0.17∗

total hours(Lt) 0.45∗∗∗ 0.38∗∗∗ 0.36∗∗∗ 0.43∗∗∗ 0.65∗∗∗ 0.30∗∗∗ 0.25∗∗∗ 0.24∗∗∗ 0.08
real wages (W rr

t ) 0.99∗∗∗ 0.59∗∗∗ 0.54∗∗∗ 0.50∗∗∗ 0.46∗∗∗ 0.41∗∗∗ 0.35∗∗∗ 0.27∗∗∗ -0.16∗

prices (Pt) 0.98∗∗∗ 0.59∗∗∗ 0.55∗∗∗ 0.53∗∗∗ 0.48∗∗∗ 0.43∗∗∗ 0.36∗∗∗ 0.26∗∗∗ 0.00
quarterly inflation(πt) 0.50∗∗∗ 0.27∗∗∗ 0.14∗ 0.24∗∗∗ 0.27∗∗∗ 0.29∗∗∗ 0.39∗∗∗ 0.37∗∗∗ 0.48∗∗∗

savings(Bt) 0.99∗∗∗ 0.54∗∗∗ 0.54∗∗∗ 0.52∗∗∗ 0.49∗∗∗ 0.48∗∗∗ 0.46∗∗∗ 0.43∗∗∗ -0.21∗∗

markup 0.99∗∗∗ -0.41∗∗∗ -0.37∗∗∗ -0.32∗∗∗ -0.26∗∗∗ -0.26∗∗∗ -0.22∗∗ -0.18∗ 0.34∗∗∗

welfare(ut) 0.96∗∗∗ 0.22∗∗ 0.23∗∗∗ 0.22∗∗ 0.23∗∗ 0.20∗∗ 0.17∗ 0.19∗∗ -0.07
Human Central Banker
output gap (xt) 0.79∗∗∗ 0.66∗∗∗ 0.71∗∗∗ 0.79∗∗∗ 1 0.78∗∗∗ 0.70∗∗∗ 0.65∗∗∗ 0.10
total hours(Lt) 0.78∗∗∗ 0.61∗∗∗ 0.64∗∗∗ 0.66∗∗∗ 0.77∗∗∗ 0.58∗∗∗ 0.53∗∗∗ 0.49∗∗∗ 0.07
real wages (W rr

t ) 0.98∗∗∗ 0.57∗∗∗ 0.57∗∗∗ 0.57∗∗∗ 0.58∗∗∗ 0.57∗∗∗ 0.58∗∗∗ 0.58∗∗∗ 0.72∗∗∗

prices (Pt) 1.00∗∗∗ 0.35∗∗∗ 0.36∗∗∗ 0.36∗∗∗ 0.35∗∗∗ 0.36∗∗∗ 0.39∗∗∗ 0.69∗∗∗ 0.00
quarterly inflation(πt) 0.29∗∗∗ 0.12 0.16∗ 0.14∗ 0.07 0.08 0.05 0.01 0.01
savings(Bt) 1.00∗∗∗ 0.30∗∗∗ 0.29∗∗∗ 0.30∗∗∗ 0.29∗∗∗ 0.29∗∗∗ 0.30∗∗∗ 0.30∗∗∗ -0.00
markup 0.77∗∗∗ -0.33∗∗∗ -0.31∗∗∗ -0.27∗∗∗ -0.26∗∗∗ -0.24∗∗∗ -0.26∗∗∗ -0.25∗∗∗ 0.13
welfare(ut) 0.94∗∗∗ 0.44∗∗∗ 0.46∗∗∗ 0.46∗∗∗ 0.47∗∗∗ 0.43∗∗∗ 0.41∗∗∗ 0.39∗∗∗ 0.07

Table 5: Cross-correlations for the Baseline and Human Central Banker treatments

The same conclusions apply to a comparison with the U.S. data for 1983–2007, as the output gap

auto-correlations are higher in the field data than in the simulated data.

The output gap and labor employed (which can be thought of as total hours worked) are highly

correlated contemporaneously, as well as at all leads and lags. This can be observed in the second

row of the data for each treatment in Tables 5 and 6. The weakest cross-correlations occur in

the Low Friction treatment, where correlations are not significantly different from zero at some

leads. The employment correlation coefficients are similar to the high correlations that we observe

using simulated data and to those observed in the field, though the U.S. data has slightly lower

cross-correlations, especially at lags. Higher cross-correlations in simulations and experimentally

generated data are not unexpected, given that in our economies we do not have capital and labor

is the only source of production.

The strength of the correlation between price level and output gap differs across treatments. In

the Baseline and Human Central Banker treatments, there is significantly positive correlation, while

in the Menu Cost and Low Friction treatments we observe a highly significant negative relationship.

This is especially pronounced in the Menu Cost treatment, where cross-correlations reach values

between −0.5 and −0.6. In the simulations as well, we observe very different cross-correlations

between output gap and prices across treatments: insignificant in the Baseline (and Human Central
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Treatment/Variable Cross-correlation of output with corr with
rho t-3 t-2 t-1 t t+1 t+2 t+3 it

Menu Cost
output gap (xt) 0.60∗∗∗ 0.47∗∗∗ 0.54∗∗∗ 0.60∗∗∗ 1 0.59∗∗∗ 0.53∗∗∗ 0.46∗∗∗ -0.15∗

total hours(Lt) 0.60∗∗∗ 0.50∗∗∗ 0.50∗∗∗ 0.50∗∗∗ 0.74∗∗∗ 0.46∗∗∗ 0.48∗∗∗ 0.48∗∗∗ 0.01
real wages (W rr

t ) 0.52∗∗∗ -0.35∗∗∗ -0.39∗∗∗ -0.42∗∗∗ -0.31∗∗∗ -0.28∗∗∗ -0.29∗∗∗ -0.26∗∗∗ -0.14
prices (Pt) 0.99∗∗∗ -0.54∗∗∗ -0.55∗∗∗ -0.54∗∗∗ -0.53∗∗∗ -0.53∗∗∗ -0.49∗∗∗ -0.51∗∗∗ 0.03
quarterly inflation(πt) 0.29∗∗∗ 0.20∗∗ 0.11 0.12 0.04 -0.08 0.03 0.15∗ 0.22∗∗

savings(Bt) 0.98∗∗∗ 0.06 0.07 0.07 0.07 0.08 0.09 0.09 0.15∗

markup 0.90∗∗∗ -0.12 -0.10 -0.05 -0.10 -0.09 -0.12 -0.20∗∗ 0.10
welfare(ut) 0.86∗∗∗ 0.33∗∗∗ 0.38∗∗∗ 0.43∗∗∗ 0.46∗∗∗ 0.42∗∗∗ 0.34∗∗∗ 0.28∗∗∗ 0.08
Low friction
output gap (xt) 0.52∗∗∗ 0.35∗∗∗ 0.39∗∗∗ 0.52∗∗∗ 1 0.52∗∗∗ 0.41∗∗∗ 0.42∗∗∗ -0.11
total hours(Lt) 0.23∗∗ 0.22∗∗ 0.14∗ 0.16∗ 0.58∗∗∗ 0.03 0.02 0.10 -0.10
real wages (W rr

t ) 0.97∗∗∗ -0.12 -0.15∗ -0.18∗∗ -0.16∗ -0.23∗∗ -0.25∗∗∗ -0.27∗∗∗ 0.33∗∗∗

prices (Pt) 0.99∗∗∗ -0.16∗ -0.19∗∗ -0.24∗∗∗ -0.25∗∗∗ -0.29∗∗∗ -0.31∗∗∗ -0.33∗∗∗ 0.33∗∗∗

quarterly inflation(πt) -0.11 0.21∗∗ 0.11 0.11 0.20∗∗ -0.13 -0.03 0.02 -0.04
savings(Bt) 0.98∗∗∗ -0.10 -0.09 -0.12 -0.11 -0.10 -0.10 -0.10 -0.15∗

markup 0.96∗∗∗ 0.12 0.20∗∗ 0.26∗∗∗ 0.25∗∗∗ 0.23∗∗∗ 0.19∗∗ 0.15∗ 0.08
welfare(ut) 0.96∗∗∗ 0.32∗∗∗ 0.36∗∗∗ 0.43∗∗∗ 0.51∗∗∗ 0.47∗∗∗ 0.45∗∗∗ 0.47∗∗∗ -0.10

Table 6: Cross-correlations for the Menu Cost and Low Friction treatments.

Banker), significantly negative in the Menu Cost, and significantly positive for the leads in the Low

Friction treatment.

In the field, these correlations have changed significantly over time. The post-Volcker period is

characterized by weakly positive correlations that are significant contemporaneously and for the lags.

Weakly negative correlations were observed in the pre-Volcker era. Kydland and Prescott (1990)

argue that the negative contemporaneous relationship between output and prices suggests that

supply shocks have prevailing effects over demand shocks. This is also the case in our experiment.

Another factor that is intimately related to this correlation is price stickiness. As pointed out by

Ball and Mankiw (1994), even if the demand shock is prevalent, it is possible to observe negative

correlations if there are frictions in the price setting mechanism. This can explain the weaker

cross-correlations in Menu Cost, compared to the three other treatments.16

Real wages exhibit significantly positive cross-correlations with the output gap, slightly higher

than those found in field data, in the Baseline and Human Central Banker treatments. In the

simulated data, these cross-correlations were even higher, as can be seen in Table 3. In the Menu

Cost and Low Friction treatments of the experiment, wages are negatively correlated with output

gap. Savings are only correlated with output gap in the Baseline and Human Central Banker

16The Phillips curve is studied in detail in the Appendix A.2.
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treatments. As one might expect, savings are procyclical in these treatments. In all treatments,

as shown in the last row of the data for each treatment in Tables 5 and 6, the cross-correlations

with welfare are positive and highly significant (between 0.3− 0.5), although these correlations are

slightly smaller than those obtained using simulations.

4.2.2. Correlations between interest rate and other variables

The correlations between nominal interest rates and other variables illustrate the influences

on, and the effects of, monetary policy. There is some heterogeneity across treatments. Positive

correlations are observed between interest rate and output gap in the Baseline and Human Central

Banker treatments, although in the latter the correlation is not significant. In the remaining two

treatments, these correlations are negative. Positive correlation is observed in the U.S. data for 1983–

2007, but the relationship is not significant for the simulated treatments. The correlation between

interest rate and real wage is only significant (negatively) in the Baseline treatment, as in the U.S.

data, but positively significant in the Human Central Banker and Low Friction treatments. In the

U.S. data, the price level is negatively correlated with interest rates, while inflation is positively

correlated with interest rates. Similar results are obtained in the simulations of the Baseline and

Menu Cost treatments. However, in the experimental data, none of the treatments matches the

correlation for the price level, and only the Baseline and Menu Cost treatments match the correlation

for the inflation.

4.2.3. A comparison between treatments

To evaluate Hypotheses 3a and 3b, we compare the number of correlation signs in each treatment

that match the U.S. data, as we did for the simulated data in Section 3.1. Overall, comparing Table

2 with Tables 5 and 6, we observe that the correlations in the Baseline treatment have the same

sign as in the U.S. data in 33 of 45 instances. Under Human Central Banker, Menu Cost and Low

Friction, the values are 27, 20, and 15 out of 45 instances, respectively. If we instead consider how

many correlations have the same sign as in the U.S. data, but excluding the correlations for total

hours worked, so it can be easily compared with the correct signs of the simulated treatments, we

find that this is the case in 28 of 36 instances in the Baseline treatment, followed by 22 of 36 in

Human Central Banker and 20 of 36 in Menu Cost, and 13 of 36 under Low Friction. Measured by
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conformity with the sign of correlations observed in the field, the Baseline specification performs

best, and Low Friction worst. Thus, we find support for both Hypotheses 3(a) and 3(b).

Overall, the best matching treatment or simulation to the U.S. data is the experimentally gen-

erated data for the Baseline treatment. As the underlying economy is the same in both simulations

and experiments, the behavior of individuals is the key why the experimental data matches the

U.S. economy cross-correlations better than the simulations. As has been shown in the behavioral

macroeconomic literature, certain rules of thumb, heuristics, or more generally suboptimal behavior,

can introduce more persistence in macro models, and can importantly alter transmission processes of

various shocks. To illustrate that such behaviors are also present in our experiment, we would need

to study individual decisions, as we did in Noussair, Pfajfar and Zsiros (2015). There we showed

that also in treatments without menu costs, firms do not change prices in every period, which could

be a sign of inattention. Furthermore, if we compare the total employment in the simulated and

the experimental data—see Figure A.2 in Appendix—we can observe that the total employment

in all sessions systematically differs compared to the “optimal” simulations. That is perhaps most

evident in the Low Friction treatment where, except for one period in one session, all employment

decisions are below the simulated choices. This signals that there are some suboptimal decisions by

participants in this experiment.

5. Conclusion

In this study, we construct a laboratory DSGE economy populated with human decision makers.

The experiment allows us to create an economy with a structure similar to a standard New Key-

nesian DSGE economy, without making any assumptions about the behavior of agents. Different

treatments allow us to study which frictions are required to make the economy conform to empirical

stylized facts. The treatment choice affects output, welfare, and inflation volatility, indicating that

these variables can be fine-tuned with appropriate choice of model.

Comparison of our Baseline and Menu Cost treatments allows us to consider the effect of the

addition of menu costs on the economy, holding all else equal. We find that the levels of GDP and

welfare are not substantially different with or without menu costs. While menu costs do not affect

the level of inflation, they reduce its variability. The benefit from this lower variability appears to

offset the direct deadweight loss of the cost itself, and results in an insignificant net effect on welfare.
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Comparing the Baseline and Low Friction treatments allows us to analyze the differences between

settings corresponding to perfect substitutability of goods and to monopolistic competition. Low

Friction is characterized by greater output, employment, and welfare than Baseline. Monopolistic

competition creates welfare costs that are unanticipated in our simulations.

Our Human Central Bankers achieved lower levels of GDP and welfare than those attained under

a simple instrumental rule. This can be seen in a comparison of the Baseline and Human Central

Banker treatments. As illustrated in Figures 3 and 4, the decrease in welfare occurs late in the life

of the economies, when individuals are relatively experienced. This means that the low output and

welfare are not long-term consequences of initial decisions taken during a learning process. Rather,

they appear to reflect a slow policy response to price increases late in the sessions. Producers,

as they gain experience, attempt to increase the wedge between output and input prices. In the

Baseline treatment, the instrumental rule responds strongly to output price increases by raising

interest rates. This encourages consumers to save rather than consume, putting downward pressure

on prices. Producers respond to this by lowering prices. The Human Central Bankers react less

effectively to such price increases, and this is reflected in the greater persistence of policy shocks

and price inertia relative to Baseline.

Under the criterion we have chosen to compare the consistency of our treatments to empirical

stylized facts, how well they reproduce the correlations between output and other macroeconomic

variables in the U.S. economy, we are able to rank our treatments. The Baseline treatment performs

best, followed by Human Central Banker, and in turn Menu Cost and Low Friction. This suggests

that the level of price friction in the Baseline treatment is appropriate for modeling purposes.

Imposing a Taylor rule, rather than allowing central bankers to have discretion over interest rates,

creates greater consistency with the empirical relationships in the U.S. data during the period we

have considered. Moreover, our experimental implementation of the Baseline treatment performs

better than “optimal” simulations, portraying the importance of suboptimal behavior for replicating

certain correlations observed for the U.S. economy.

All of the results depend on whether we have been able to create a well-functioning economy,

from which meaningful data can be extracted. This means that the complexity of the economy is

not so great as to be beyond the capabilities of the participating human agents. The data provide

clear evidence that economies with this level of complexity are amenable to experimentation. None
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of our subjects lost money overall or consistently made poor decisions. The empirical patterns and

treatment differences lend themselves to intuitive ex-post explanations, though many of these would

not have been anticipated ex-ante. Thus, in our view, experiments, in conjunction with traditional

empirical methods, can increase our understanding of how a macroeconomy operates.

We view the use of experiments as complementary to other empirical methods used in macroeco-

nomics. Experimental methods allow researchers to create real, albeit synthetic, economies expressly

designed to answer specific research questions. The underlying structure of the economy is allowed

to interact with the boundedly rational decisions of human agents to produce macroeconomic ac-

tivity. However, many of the advantages of calibration exercises are preserved. Parameters such

as production and cost functions, the timing and variance of shocks, and the number of producers

and consumers, can be manipulated exogenously. Thus, the structure of the economy can conform

to the model under investigation, causality can be imposed to distinguish between competing ex-

planations for events or empirical patterns, and variables otherwise unobservable can be observed

and precisely measured. Replication of an experiment is possible with multiple groups of randomly

assigned subjects. This means that one can create many economies with the same underlying struc-

ture. This enables the use of statistical tests that require many independent observations, and allows

the variability of outcomes to be studied. Furthermore, because subjects from the same population

can be assigned to different experimental treatments, and the environment can be controlled, an

experiment can be designed so that one or more institutional or environmental elements can be

varied, ceteris paribus. In our opinion, experiments are especially well-suited to study some ques-

tions that are difficult or even impossible to assess using current tools. These include the effects of

announcements, pessimism/optimism, and confidence, that are present in the economy but difficult

to model within a rational expectations DSGE framework.

The economies described in this paper had up to nine agents in the economy (three producers,

three consumers, and three central bankers where applicable), as this is is a sufficient number of

agents to demonstrate the main features and potential use of an experiment. For purposes of policy

analysis, it might be desirable to enlarge the number of participants to better mimic the behavior

and decisions made in field economies and to reduce the impact of idiosyncratic behaviors.
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Appendix A. Appendix

Appendix A.1 contains a brief description of the standard DSGE model. Appendix A.2 pro-

vides some additional analysis of the Phillips curve in the experiment. Appendix A.3 has some

supplementary figures. The online appendix presents some supplementary tables containing de-

scriptive statistics, details of the aggregation and initialization in the experiment, and experimental

instructions.

A.1. The DSGE model

The dynamic stochastic general equilibrium (DSGE) model is widely employed in macroeco-

nomic research and policy analysis.17 The model, in its basic form, includes three types of agent:

households, firms, and a central bank. Households choose consumption and labor supply levels to

maximize the discounted present value of the utility of consumption and leisure over an infinite hori-

zon. Firms maximize profits in their choices of quantity of labor to employ and output to produce.

The central bank follows a Taylor-type rule when setting the interest rate.

Specifically, in each period t, the representative consumer works, consumes, and decides on a

saving level, in order to maximize the expected discounted value of her utility of consumption and

leisure u(Ct, (1− Lt)) over an infinite horizon. That is, the consumer chooses Ct and Lt to solve:

maxEt

∞∑
i=0

βi

{
C1−σ
t+i

1− σ
−
L1+η
t+i

1 + η

}
, (13)

where Ct is consumption and Lt is labor supplied at time t. β is the intertemporal discount factor.

The consumer faces a budget constraint in each period t given by:

PtCt +Bt = WtLt + (1 + it−1)Bt−1 + PtΠt, (14)

where Pt is the corresponding price index, Bt denotes savings, Wt is the market wage, and Πt is the

total profit of firms at t. Consumption in each period consists of the composite good

Ct =

(∫ 1

0
c
ϑ−1
ϑ

jt dj

) ϑ
ϑ−1

, ϑ > 1. (15)

17For a detailed discussion of the model, see the books by Walsh (2003) and Woodford (2003a).
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In equation (15), ϑ is the elasticity of substitution in consumption in the Dixit-Stiglitz aggregator,

and cjt is the firm’s level of production of the good that it produces.

The production technology available to firms is stochastic and is given by gjt(Njt) = ZtNjt, with

E(Zt) = 1. The firms choose Njt to minimize their expenditure to attain a given level of production:

min
Wt

Pt
Njt, (16)

subject to

cjt = ZtNjt,

where Njt is the labor hired by the firm j.18

The labor market is characterized by perfect competition, while there is monopolistic competition

(Dixit and Stiglitz, 1977) on the output market. The market power for producers in the output

market follows from the elasticity of substitution in consumption in the Dixit-Stiglitz aggregator,

represented by ϑ in equation (15).

The central bank sets the nominal interest rate in the economy (see, for example, Woodford,

2003a) using a simple backward-looking Taylor-type rule that reacts to deviations of inflation from

its target:

it = π∗ + κ(πt−1 − π∗) + %t, (17)

In equation (17), πt is actual inflation, π∗ is the inflation target, and κ governs how strongly the

interest rates react to deviations of inflation from its target.

A.2. A closer look at the Phillips Curve

Cross-correlations between inflation and output, shown in the fifth row of the data for each

treatment in Tables 5 and 6, are only (occasionally) significant for lags of inflation. The only

exception to this pattern is the Baseline treatment, which exhibits significant procyclical behavior

for all leads and lags, but most strongly at t+ 2 and t+ 3. In the U.S. data from 1983–2007 these

are significant contemporaneously and for the leads. The cross-correlations between markup and

18This optimization problem could be reformulated in terms of profit maximization, where the objective of the firm
is to maximize profit in each period.
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output show quite a different pattern. In the Baseline and Human Central Banker treatments, the

correlations are significantly negative, while in the Low Friction treatment they are significantly

positive. In the former treatments, producers exploit their market power. This leads to a reduction

in output. In Low Friction, however, this cannot occur due to fierce competition in the output

market. The markups were indeed greatest under Baseline and Human Central Banker (see tables

in the appendix). In the Menu Cost treatment, the correlations are negative and only significant at

t+ 3. The cross-correlations are greater for leads than for lags of inflation, at least for the Baseline

treatment. This is consistent with the fact that technology shocks are relatively more important for

business cycle fluctuations than demand shocks.

Inflation
Output Gap t-3 t-2 t-1 t t+1 t+2 t+3

Baseline 0.309∗∗∗ 0.323∗∗∗ 0.249∗∗∗ 0.268∗∗∗ 0.289∗∗∗ 0.192∗∗ 0.284∗∗∗

Human CB -0.001 0.050 0.082 0.058 0.174∗∗ 0.171∗ 0.117
Menu Cost 0.107 0.008 -0.073 0.041 0.145∗ 0.131∗ 0.215∗∗

Low Friction 0.074 0.019 -0.047 0.195∗∗ 0.176∗∗ 0.189∗∗ 0.213∗∗∗

∗p < 0.05,∗∗ p < 0.01,∗∗∗ p < 0.001

Table 7: Correlations between inflation and output gap in the experimental data: All treatments

To further study the relationship between inflation and output gap (see Yun, 1996) we consider

the correlations between inflation and leads and lags of the output gap. The results are given in

Table 7. The greatest degree of persistence is observed for the Baseline treatment, which produces

remarkably similar persistence patterns to those generated in the simulations, when 85% of firms

change their price each period. Indeed, this is the precise actual frequency with which prices are

changed under Baseline (see Noussair, Pfajfar and Zsiros, 2015). Some persistence is also observed in

the Low Friction treatment. In the remaining two treatments, we observe less persistence. Overall,

the observed persistence in our experiment is not as pronounced as is usually observed in major

developed economies (see, e.g., Yun, 1996 for the U.S.). Generally, the cross-correlations are greater

for leads than for lags of inflation. This is again consistent with the fact that technology shocks are

relatively more important for business cycle fluctuations than demand shocks.

A.3. Additional Figures
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Figure A.1. Real GDP and welfare in experiment: All treatments
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(a) Real GDP Baseline
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(b) Real GDP Human Central Banker
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(c) Real GDP Menu Cost
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(d) Real GDP Low Friction
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(e) Welfare Baseline
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(f) Welfare Human Central Banker
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(g) Welfare Menu Cost
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Figure A.2. Inflation and employment in experiment: All treatments

−
5
0

0
5
0

1
0
0

1
5
0

In
fl
a
ti
o
n
 %

0 10 20 30 40 50
period

Session 1 Session 2

Session 3 Session 4

(a) Inflation Baseline

−
5
0

0
5
0

1
0
0

In
fl
a
ti
o
n
 %

0 10 20 30 40 50
period

Session 1 Session 2

Session 3 Session 4

(b) Inflation Human Central Banker

−
2
0

0
2
0

4
0

6
0

In
fl
a
ti
o
n
 %

0 10 20 30 40 50
period

Session 1 Session 2

Session 3 Session 4

(c) Inflation Menu Cost

−
4
0

−
2
0

0
2
0

4
0

In
fl
a
ti
o
n
 %

0 10 20 30 40 50
period

Session 1 Session 2

Session 3 Session 4
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Figure A.3. Welfare in Simulations of Each Treatment
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