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1 Introduction

The concept of dynamic decision making is fundamental to much of modern
economics. An understanding of the relationship between current decisions and
future outcomes is crucial for the analysis of economic growth, the role of saving
and investment, the properties of asset markets, and other important topics. Many
macroeconomic models focus on the outcomes of optimal behavior of agents and
therefore assume that agents are able to solve dynamic decision problems which
may be very complex. Economists have devoted much attention to mathematical
techniques for solving such problems and the research has yielded many im-
portant insights into the nature of economic activity. The rapid development of
optimization techniques to solve theoretical models has outpaced the empirical
study of the actual decisions made by human agents in the setting of the models.

In this paper we use an experimental approach to study the decisions of human
subjects who are given a monetary incentive to solve a particular representative-
agent dynamic model widely studied in macroeconomics. In a representative-
agent dynamic model, economic actions are modeled as being consistent with
the choices of a single decision maker, who maximizes the discounted utility
of consumption over the appropriate time horizon. The particular problem we
consider was first studied by Ramsey (1928). In the model, there is a single agent
in a one-sector, closed economy with concave production and utility functions.
The agent maximizes utility over an infinite horizon, starting with an initial level
of savings in the form of physical capital. Capital is used to produce output,
which is either consumed or invested in augmenting the capital stock used in
future production. If the agent follows the optimal decision path, the economy’s
capital stock converges asymptotically to an optimal steady-state level.

The model, which is described in detail in Section 2, is a prototypical infinite
horizon model with consumption and investment, discounting, and a produc-
tion function exhibiting decreasing returns to capital input, and is at the core of
modern macroeconomics and related fields. For example, most of equilibrium
business cycle research, including both real business cycle modeling (Kydland
and Prescott, 1982) and equilibrium models with increasing returns or other fric-
tions (Benhabib and Farmer, 1996), is based on more complex variations of the
framework we study. Variations on this model are widely used in such diverse
fields as monetary economics (Cooley and Hansen, 1989), growth theory (Cass,
1965; Koopmans, 1965), and international economics (Backus, Kehoe, and Kyd-
land, 1992). Related models are also used in the valuation of risky assets (Lucas,
1978). However, despite the central importance of dynamic optimization prob-
lems with consumption and investment decisions to both theoretical and applied
research, there have been only a few laboratory studies of dynamic decision-
making and even fewer with direct relevance to macroeconomics, even if the
latter is broadly defined.

We present the data from an experiment that reproduces the structure of the
theoretical model, and uses a cash payment structure to create the incentives that
exist in the model. We design the experiment to conform as closely to the model
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as possible, taking a literal interpretation of the decision problem. We present
our subjects with an individual choice problem, in which each agent has the role
of a social planner in a one-agent economy. The decision situation is chosen to
be computationally demanding, in order that the optimal policy not be obvious

from introspection.

The experiment is not designed to assess whether the Ramsey growth model
is a good description of how economies outside the laboratory grow. The design
of the experiment removes, as the model removes, complications resulting from
the existence of multiple agents, such as inefficiencies resulting from strategic
behavior or externalities, which are features of naturally-occurring economies.
The experiment does not address the question of whether economies behave as
if such complications are important, nor the question of which institutions might
cause the economy to behave like a representative-agent model. The experimen-
tal design also does not consider the political processes by which a social planner
might be chosen. Rather, we consider whether individual human agents, when
faced with the exact decision situation embodied in the social planner’s problem,
make decisions in accordance with the model’'s qualitative as well as quantitative
predictions. We vary the parameters to evaluate the comparative dynamic predic-
tions of the model, and to identify whether particular parameter configurations
are more likely to lead to suboptimal decisions than others.

The experimental design is organized intdbasic designwhich has two
factors and two levels of each factor, and two extensions of the basic design. In
the basic design, there are two levels of initial endowment of capital stock, one
higher than the optimal steady state level of capital and one lower. Along the
optimal decision path convergence to the optimal steady state is from above in
the high endowment treatment and from below in the low endowment treatment.
Two different production functions are used. Varying the production function
changes the speed of convergence of the capital stock to the optimal steady-state
level along the optimal trajectory.

In addition, we add two treatments to the basic design to address two im-
portant methodological issues. The first issue, which arises in studies like this
one, is how to implement an infinite horizon model in the laboratory. We take
two different approaches. In the basic desigh we impose an exogenous constant
probability of terminating the economy at each titpavhich, under appropriate
assumptions, is equivalent, from the point of view of the agent, to an infinite
horizon with discounting. In the other approach, we terminate the economy at a
fixed time T, which is known to the subjects in advance, discount the payoffs
from time 1 until timeT, and award the subjects the discounted value of the capi-
tal stock remaining after tim& assuming they made optimal decisions from that
point on. The optimal decision is exactly the same for the two implementations
of the infinite horizon. We compare the two methods for one of the treatment
cells of the basic design.

A second methodological issue which sometimes arises in experimental re-
search is concern about the use of only one subject pool. The data from the basic
design was generated by undergraduate students at Purdue University, in Indiana,
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located in the United States. As a check on the robustness of our results, for two
of the treatment cells, we replicate our experiment using undergraduate students
from Waseda University, located in Tokyo, Japan. A finding of no subject-pool
effect would strengthen our results in light of the considerable cultural difference
between the two groups and popular views about differing intertemporal choice
behavior between inhabitants of the two countries.

Although the theoretical framework we implement in our laboratory setting
is relatively simple from the standpoint of modern empirical and theoretical
research, the decision problems are much more complex than those sometimes
associated with laboratory research in economics. Optimal decisions require solv-
ing a key first-order condition that equates marginal utilities of consumption at
different dates. This is a standard and noncontroversial result in economics, but
it does require difficult computations on the part of decision-makers, such as
those in our experiment. Because optimal solutions are relatively complex, we
would not be inclined to reject the theory’s general applicability if laboratory
subjects are unable to precisely replicate theoretical predictions. Instead, we look
for broad qualitative coherence or incoherence between the model's key static
and dynamic predictions, and those outcomes observed in the laboratory.

There is considerable evidence from other research in behavioral economics
that suggests that dynamic optimization problems are difficult for subjects. For
example, Hey (1988) studied a dynamic optimization problem in which subjects
chose consumption and savings over a time horizon of random length. He ob-
served consumption behavior that differed from optimal behavior, but also found
that the comparative statics of consumption decisions were identical to those un-
der optimal decision making. Fehr and Zych (1996) studied a dynamic decision
problem in which subjects were given incentives to intertemporally optimize the
consumption of a fictitious addictive good. Consumption at any point in time
lowered the marginal utility of consumption in future rounds, in a similar man-
ner to the building up of a tolerance to an addictive substance. They found a
tendency toward excess consumption. Noussair and Olson (1997) studied de-
cisions over a ten-round horizon in a setting in which at most twelve discrete
choices were available in each round. They found that decisions were generally
suboptimal at first, but improving with repetition, with some tendency toward
overdepletion of capital stock near the end of the time horizon. Cox and Oaxaca
(1992) studied behavior in search experiments and observed early termination
of search compared to the optimal decision of a risk-neutral agent, but consis-
tent with the presence of risk aversion on the part of subfe@ar experiment
was not designed to provide a direct comparison with any previous experimental
studies. Rather, we chose our particular design to enable a direct comparison
between our data and the Ramsey growth model. The previous experiments in
dynamic decision-making do suggest that substantial departures from optimal de-

1 An interesting literature has been concerned with the study of dynamic decision making with
a focus on how agents discount the future. See for example Albrecht and Weber (1997), Benzion,
Rapoport, and Yagil (1989), Gigliotti and Sopher (1997), Loewenstein (1987, 1988) and Thaler (1981).
These studies tend to find strong departures from standard theoretical models of intertemporal choice.
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cision making might be observed in our experiment, but because of differences
in experimental designs, do not suggest what might be the specific nature of such
departures.

The data from our experiments show that in some treatments, overconsump-
tion relative to the optimum consistently occurs, and in the other treatments there
is some tendency toward underconsumption. Whether or not subjects over- or
underconsume depends on the production technology. Moreover, the direction of
deviations in consumption and capital stock from the optimum is not affected
by the ending rule nor by the subject pool employed. We also find a tendency
under all treatments toward sudden episodes of great overconsumption and de-
pletion of capital stock, a phenomenon to which we refer bige rather than
the pattern of consumption and investment smoothing over time suggested by
the theoretical model. The incidence of binges declines as subjects acquire more
experience with the decision situation.

The next section describes the theoretical model we are testing, Section 3
describes the procedures of the experiment, Section 4 lists the hypotheses tested,
and Sections 5 and 6 present the results of the study and our final thoughts.

2 Description of theoretical model

2.1 Model

In the theoretical model corresponding to our experiment, each agent is assumed
to maximize the present discounted value of current and future utility given in

equation (1), subject to a sequence of resource constraints as in equation (2) and
a given strictly positive initial capital stockp.

max> (1 +4) u(c) ®
t=0
Ctken ST)+ (L0, V=0, @

Depreciation of the capital stock occurs at the ate (0, 1]. Utility and produc-
tion functionsu andf are strictly increasing, concave, and differentiable. The
subjective rate of time preferenpds positive. These assumptions guarantee that
(2) will hold with equality in every round.

Necessary and sufficient conditions for optimal choices of consumptions and
capital stocks include the Euler equation in (3), the transversality condition in
(4), and (5), which is equivalent to (2) under the assumption of non-satiation.

u'(ce) = (L+p) 1 [1— 6 +F/ (k)] U'(Crs), vt >0 3)
t[['go(l +p) "W (C)ki+1 =0 4)

kesr = F (k) + (1 — Ok — ¢, vt > 0. (5)
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Equations (3)—(5) constitute a well-known nonlinear planar dynamical system
in capital stock and consumptidnThe steady-state solution is a time-invariant
one wherec; = ¢ andki+1 =k, Vvt > 0, satisfying

c=1f(k)— 6k (6)
f'(k)=p+o. (7)

The properties of the utility function (other than non-satiation) have no bear-
ing on the single positive steady state. Assumptiond @uarantee that there
is exactly one steady state with strictly positive capital and consumptitre
functionsG(k;) andH (k) in (8) and (9) are the phaselines for capital and con-
sumption.

ka1 > ke <= ¢ < f(k) — 6k = G(k) (8)
Ct > € == ¢ > f(k) — ok + (k — k) = H (k). (9)

The steady statek(C) occurs at the intersection of these two phaselines.
Away from the positive steady state this model exhibits a familiar saddle-point
property: for any given initial capital stock there is a unique optimal sequence of
consumption and savings decisions from the initial period onward. That is, there
is a unique solution satisfying expressions (1) and (2), or alternatively, (3)-(5).
The solution has the property that the levels of capital stock and consumption
converge to the optimal steady state. Some properties of optimal solutions are
summarized in Section 2.2 below.

Although it is well-known that optimal solutions to models of this type are
unique, it is difficult to compute analytic solutions, except in special cases. We use
a shooting algorithm to compute optimal sequences of capital and consumption
to 6 significant digits. Figures 1 and 2 in Section 3 display optimal sequences of
capital stock and consumption for the four different specifications of the model
in our experiment.

2.2 Dynamical properties

The solution to (3)-(5) has four well-known dynamical properties:

1. For any given initial capital stocky > 0, optimal sequences of consump-
tion and capital are unique. _

2. Convergence to the steady state is strictly monotonic whéther k or
ko < k. If kg =k, then €, k) = (c, k) every round beginning with round O.

3. Changes in the capital stock (net investment) are larger the fugthisr
from the steady state.

2 See for example Azariadis (1993, chapters 7 and 14).

3 There is another steady state at the origin; however, that solution represents a permanent absence
of activity.

4 The algorithm is similar to one used by King and Rebelo (198%USScode is available on
request.
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4. The speed of convergence to the steady state and other dynamical properties
are determined by the parameters, including, and p. Changes inp have no
effect on convergence in proportional terngsmatters mostly by shifting the
scale of capital and consumption but is otherwise unimportant.

3 The experiment
3.1 The basic design

The parameters for the basic design are given in Table 1. The design is a two-
by-two design with two levels of initial capital stock, 3 and 50, and two different
production functions, given in (10) and (11).

fF(k) = 2523 % k2 (10)

fS(k) = 0.884x k,° (11)

The parameters are chosen so that all treatments have the same optimal steady
state capital stocks = 14. Convergence tk is from above wherk, = 50 and

from below wherkg = 3. We refer to thdg = 3 andkg = 50 treatments as tHeow
andHigh treatments respectiveli andk- denote the capital stock holdings in
roundt under High endowment and Low endowment respectively. Convergence
is predicted to be faster when= .2 than whem = .9. Therefore, we refer to the

a = .2 and thex = .9 treatments as thiéastand theSlowtreatments respectively.

ki, kS, fF (k) andfS(k,) will refer to the capital stock holdings in round t and

the production functions under Fast and Slow convergence. The depreciation rate
was set to) = .5 and the discount rate o= 1/9 in all treatments. The utility
function used in all treatment cells is:

U(c) = 100% In(1 +¢) (12)

The optimal sequences of capital stock holdings and consumption for the four
treatment cells are shown in Figures 1 and 2.

Table 1. Parameters for the basic design

Steady state

Treatment kg @ 1o} 1) p k c

Fast/Low 3 02 2523 05 19 14 3578
Slow/Low 3 09 088 05 1/9 14 2.51
Fast/High 50 02 2523 05 19 14 3578
Slow/High 50 0.9 088 05 1/9 14 2.51
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Figure 1. Predicted capital stock holdings over time

3.2 Implementation

The data were gathered in seven sessions. One of the sessions was conducted at
Waseda University, Tokyo, Japan, and the rest of the sessions were conducted at
Purdue University, Indiana, USA. As soon as subjects arrived for their session,
they went through the instructions, which were computerized. The instructions
are available from the authors upon request. After he completed the instructions,
each subject solved one of the decision problems described above 23 times.
We will refer to each of the attempts to solve the problem g®f@od so that
the experiment consisted of 23 periods, where each period corresponded to an
“infinite” horizon. Each subject solved the same decision problem repeatedly for
the entire session in which she participated.

In each of the treatments of the basic design, Ramdom Ending Ruleas
in effect. Under the Random Ending Rule, each period consisted of an uncertain
number of rounds,and the probability of the period terminating in the current
round was 10 percent in every round. Each round corresponded to & fime
equations (10)-(12). The 10 percent probability of each round being the final
round in a period induced a rate of time preference 1/9. The round at
which a period would end was drawn randomly in advance from the appropriate
distribution. The same random draws of period lengths were used for every
subject to facilitate comparisons of data from different subjects and treatments.
For example, period 18 for each subject in any of R@ndom Ending Rule
treatments consisted of an identical number of rounds.

5 The use of the termsundsand periodsin this manner may seem somewhat unusual to some
readers. However, it seems more natural to us to think of each “infinite horizon” in the experiment
as the relevant unit of time, and therefore we call each of these units a period.
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Figure 2. Predicted consumption levels over time

Since the model under investigation has a representative agent, the decision
situation was presented as an individual choice problem. Each agent was her own
economy, and could observe the decisions of any of the other participants at any
time. The experiment was completely computerized except that subjects were
provided with two sheets of paper: Rroduction Scheduland aToken Value
Sheet The Production Schedule described the production function and the Token
Value Sheet described the utility function.

There are three variables described in the Production Schedule. The first
variable is the current level of capital stokk labeled adUnits of A Used in
Production If the agent used all of his capital for production at timethis
providedf (k;) +.5k; to divide between consumption for the current roun@nd
capital for the next round;.;. The term.5k; is the undepreciated capital stock in
roundt + 1. The amount (k;) +.5k; is indicated byTotal A + X Producedon the
Production Schedule. If the subject consumed the maximum amount possible,
his remaining capital stock would equék;, the amount that results by allowing
the capital stock irk; to depreciate and making zero gross investment in the
round. This amount.fk;) is given in the column entitledinimum A If the
subject consumed zero in roundhis capital stock in rountd+ 1 would bek;+;
= f (k) + .5k.

In each round each subject chose a level of capital stégk € [.5k;, f (k) +
.Bk;]. Before committing himself to a specific choice, a subject could type in any
value for ki+; and the computer calculated the implied valuecpf(given by
(2) when (2) holds with equality) as well agc;). The consumption good was
consumed immediately and could not be stored for future rounds. Of course,
however, undepreciated capital stock did carry over to future rounds. The entire
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past history of the individual'sown choices was accessible on the computer
screen at all times to help in making decisions.

Subjects were awardealc;) tokens in each round, based on how much
they produced, according to (12)(c;) was expressed in terms of tokens earned
for producing units ofc; in a round and was indicated to each subject on his
Token Value SheeThe same utility function was used each round. In each round
the tokens received were added to the total earned. The tokens earned could be
converted to US dollars or Japanese yen at the end of the experimental sessions
at a rate known in advance to subjects. Thus, maximizing cash earnings in a
period of the experiment was equivalent to maximizing (1) and subjects’ cash
earnings in a period were proportional to the value of (1) attained. The first three
periods did not count toward subjects’ earnings. The next twenty periods did
count toward final earnings. There were no participation fees or other non-salient
rewards given in the experiment.

Subjects were required to spend at least 75 minutes on the instructions and
making decisions in the 23 periods. They were informed that they would not be
able to receive their actual cash payments until the 75 minutes had elapsed. They
were not allowed to engage in any activity other than the experiment during the
75 minutes. These requirements were intended to reduce the incentive to make
decisions as quickly as possible. 60 out of 65 subjects finished the experiment
within five minutes after the 75 minute minimum. Earnings varied between $9
to $20 in the American sessions and between 900 and 1800 Yen (1 $US = 125
Yen) in the Japanese session.

3.3 Random versus fixed ending

In the basic design, the infinite time horizon was implemented by using a proba-
bilistic ending rule, which we call thRandom Endingule. The use of a proba-
bilistic ending rule to represent an infinite-horizon model yields the same optimal
solution as the deterministic infinite horizon model only under the assumption of
risk neutrality in the final monetary payoff on the part of subjects. To see this, let
m‘ equal the money subjectearns in period and E(rr{) the expected earnings

of subjecti in periodj.

EmM) =) pu(e) (13)

t=0

wherep; is the probability that the period continues until at least rotnid p;

is chosen so that 1

1+p

pe= () (14)
then equation (13) is the same as the maximand in equation (1). The qmrrect

can be induced by specifying a probabiliﬁ; of the period ending after the

current round. Let, (Ejzflmj) be the subject’s utility for the final monetary

payoff in the experimental session, which has 20 periods with monetary payoffs.



An experimental study of decisions in dynamic optimization problems 399

If the agent is risk neutral in the final monetary payoff, then choosintp
maximize the expected value of (13), a problem with exogenous uncertainty,
is equivalent to (1), a problem with no uncertainty. However, if the agent is
risk-averse, the two problems are no longer equivalent. Risk aversion affects the
optimal solution in maximizing (13), in which uncertainty is present, but does
not affect the maximization of (1) in which there is no uncertainty. Under the
Random Ending rule, risk aversion would lead the agent to consume a greater
fraction of her resources than under risk-neutrality, in order to smooth out payoffs
for differing realizations of period length, even if it involves a lower expected
monetary payment for the period.

Thus, if a lower than predicted level of investment were observed in the
basic design, one possible explanation would be the presence of risk aversion.
We therefore added thEixed Ending Ruletreatment in which there was no
uncertainty about the final round of the period. Under the Fixed Ending Rule,
each period consisted of ten rounds. In addition to receiving tokens based on their
consumption in each round, subjects earned tokens based on the level of capital
stock they held after round F0In order to make the optimal solution exactly
the same as in the Random Ending treatment, the number of tokens awarded for
terminal capital stock was the (discounted) quantity of tokens which they would
receive if they were to make the optimal decisions beginning in round 11 over
an infinite horizon.

Because the period had zero probability of ending before round 10 under
the Fixed Ending Rule, and in order to make the decision problem identical
under the two ending rules, the payoffs from consumption in rounds 1-10 were
discounted by 10 percent from round to round. Instead of an identical token value
sheet in each round, as in the Random Ending treatments, subjects received ten
different sheets, one for each round, which reflected the discounting that occurred
round by round. There was also a Token Value Sheet for A, which indicated the
final buyout values of capital stock after round 10. Any given subject used the
same eleven sheets in every period. The Fixed Ending Rule was only used for
the Slow/Low parameters. This choice was made because initial experimentation
with the Random Ending Rule indicated an underinvestment in capital stock
under Slow/Low, and we conjectured that risk aversion in the final monetary
payoff might have been the cause.

3.4 Cross-cultural differences

We had an opportunity to test the robustness of our results with a second subject
pool, undergraduates at Waseda University in Tokyo, Japan. The use of Japanese
subjects is of particular interest in light of the different patterns of saving and

6 Though the infinite horizon in the theoretical model in Section 2 is stated as beginning in round
zero, in the experimental sessions the initial round was presented to subjects as round 1, because we
thought the label of round 0 might suggest to subjects that the round was a practice round that did
not count toward their earnings. In Sections 3-6 we refer to the initial round in a period as round 1,
as we did in the experiment.
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consumption between residents of Japan and of the United States. In the session
run at Waseda, the .9 (Slow) production function was used. Of the eleven subjects
from Waseda, six had an initial endowment of 3 (Low) and five had an initial
endowment of 50 (High).

3.5 Data available

Table 2 below summarizes the available data, by initial endowment, production
function, ending rule and location.

Table 2. Summary of data gathered

Treatment Num.subj. Endowment Prod.func. Ending rule Location
Slow/Low 11 3 .884° Random Purdue
Slow/High 10 50 .884° Random Purdue
Fast/Low 10 3 283k, ? Random Purdue
Fast/High 11 50 2232 Random Purdue
Slow/Low/Fixed 12 3 .884;° Fixed Purdue
Slow/Low/Japan 6 3 .884° Random Waseda
Slow/High/Japan 5 3 .884;° Random Waseda

The basic design consisted of the four treatment cells, Slow/Low, Slow/High,
Fast/Low and Fast/High. All of the data in the basic design used the Purdue
subject pool and the Random Ending Rule. The basic design therefore allows for
comparisons between the two levels of initial endowment and the two production
functions.

4 Hypotheses

The eight hypotheses listed in this section are, with the exception of Hypothesis 8,
implications of the theoretical model outlined in Section 2. The optimal sequences
of capital and consumption in all four cells of the basic design are given in
Figures 1 and 2. Since the steady state capital stockare equal in the 4
cases, comparisons of speed of convergence are straightforward. Increases in the
production parametet: slow convergence to the steady state both in absolute
value and in proportional terms. Convergence to the steady state is monotonic,
and at a decreasing rate in absolute value. Capital and consumption are either
both greater or both less than their steady state vdlues.

The first hypothesis is derived directly from the data used to generate Figures
1 and 2. We do not expect the exact point predictions of the theoretical model

7 The model has other comparative statics and dynamics predictions, which are not directly exam-
ined in the experiments reported here. In particular, increases in discoupfingd depreciationd)
produce faster convergence, and changeg hmve no bearing on speed of convergence in propor-
tional terms. King and Rebelo (1993) demonstrate that changes in substitution rates, between factor
inputs, and between consumptions at different dates, can affect transition paths.
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to be observed, because we recognize that the required calculations are very
demanding for subjects. However, we do hypothesize that there is no systematic
tendency for capital stocks to be higher or lower than those along the optimal
trajectory.

Hypothesis 1 Median capital stock holdings are no different from the capital
stock holdings along the optimal trajectory.

Hypothesis 1 postulates that there is no general bias toward over- or under-
consumption. The second hypothesis concerns a more general implication of the
theoretical model, which makes clear predictions about increases and decreases
over time in capital stock levels. We state Hypothesis 2 in both a strong and in a
weak version. The strong version, which is a restatement of Property 2 of Section
2.2, says that when initial endowment is Low (High), subjects should increase
(decrease) capital stock holdings monotonically over the course of a period, but
not overshoot the optimal steady state level of capital stock. The weak version
of the hypothesis takes into account the difficulty of determining the optimal
steady state level of capital stock and therefore merely requires monotonicity of
the capital stock holdings.

Hypothesis 2 Strong Versionk > k&, > kb, vt andk < kf; < k', vt. Capital
Stock Holdings are Moving Monotonically Over Time Toward the Optimal Steady
State Level.

Weak Version: k; > kb, vt and K, < k', vt Capital Stock Holdings are Moving
Monotonically Over Time but Possibly Overshoot the Optimal Steady State Level.

While Hypothesis 2 is concerned with the direction of convergence, Hypoth-
esis 3 deals with the speed of convergence, and is also stated in a strong as well
as a weak version.

Hypothesis 3 Strong Version: For all t/kT — k| < |kS — k| and the strong ver-
sion of Hypothesis 2 holds. The Speed of Convergence to the Optimum is Greater
in the Fast Treatments than in the Slow Treatments.

Weak Version: For all tjkT —k| < |k —k|. Capital Stock Holdings are Closer to
the Optimal Steady State Level in the Fast Treatments than in the Slow Treatments.

Both versions of Hypothesis 3 are versions of Property 4 of Section 2.2, and
both the strong and the weak version can be evaluated in the High and Low
endowment data separately. The strong version requires that convergence of the
capital stock toward the optimal steady state level take place and that convergence
take place more quickly in Fast treatments than in Slow treatments, for a given
initial endowment. The weaker version merely states that, controlling, ftire
capital stock in the Fast convergence treatments is closer to the optimal steady
state level than in the Slow convergence treatments.

Hypotheses 4-6 are statements about differences between decisions and earn-
ings in different treatments, and all are implications of the theoretical model,
which predicts a failure to reject all three null hypotheses.
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Hypothesis 4 There are no differences in the earnings realized, relative to the
maximum possible earnings, between the four treatment cells of the basic design.

Hypothesis 5 There are no differences in decisions and earnings realized, rela-
tive to the maximum possible earnings, between the American and the Japanese
subjects.

Hypothesis 6 There are no differences in decisions between the Fixed Ending
Rule and the Random Ending Rule treatments.

Hypothesis 4 asserts that subjects can solve all of the problems in the basic
design equally well. The theoretical model predicts that decisions follow the
optimal path in all treatments and therefore that there would be no difference
in earnings across treatments relative to the optimum. All of the subjects in the
basic design are drawn from the same subject pool and use the same ending rule
so that any differences in earnings would be due to some aspect of the actual
parameters of the decision problems which might create a tendency to make more
costly errors in decision making in some of the treatments relative to others.

Hypotheses 5 and 6 are methodological diagnostics which, if supported, could
strengthen the results obtained from the data for the basic design. Hypothesis
5 asserts that the decisions of subjects do not differ between the two subject
pools. Both groups of subjects were undergraduates at large universities, with
no previous experience in economic experiments. If subjects at both universities
generate similar patterns in the data, we would interpret this as support for our
main results, especially considering the cultural differences between the two
groups.

Hypothesis 6 postulates that subjects’ risk aversion in the final monetary
payoff is not strong enough to induce significantly different behavior under the
two different ending rules. The hypothesis also rules out other causes of any
differences in decisions under the two ending rules, and supporting the hypothesis
would indicate that decisions do not depend on the manner in which we induced
the payoff structure of the infinite horizénHypothesis 7 considers behavior in
the final round under the Fixed Ending Rule, the only situation in the study when
the period ends with probability one immediately after the current decision.

Hypothesis 7 Strong version: Optimal decisions, conditional on current capital
stock holdings, are made in round 10 under the Fixed Ending Rule.
Weak versionjkyg — k| < |ki1 — K]|.

This is a special decision situation because there is no uncertainty and there
are no dynamic considerations, because the period ends with certainty after the
current round. The strong version states that subjects take the optimal decision,
given the capital stock in round 10. The weak version is that the capital stock
is moving in the correct direction in round 11 relative to round 10, that is, that

8 The hypothesis covers only decisions and not earnings because comparisons of earnings between
the two ending rules are difficult. Under the Fixed Ending Rule, the terminal value of capital stock
awarded to subjects assumes that optimal decisions would be made after round 10.



An experimental study of decisions in dynamic optimization problems 403

the net investment chosen in round 10 moves capital stock in the direction of
the optimal steady state. Hypothesis 8, unlike the previous seven hypotheses, is
not an implication of the theoretical model, but rather is suggested by previous
experimental studies.

Hypothesis 8 The earnings of subjects relative to the optimum are greater in the
later periods of a session than in the earlier periods.

Hypothesis 8 is a well-documented pattern in experimental economics. In
many experiments, the performance of subjects, as measured by their cash earn-
ings, tends to improve as they repeat the decision situation. Because of this effect,
much of the analysis that follows in this paper focuses on behavior in the later
periods of the sessions.

5 Results
5.1 Overview of patterns in the data
5.1.1 Capital stock holdings

Figures 3—9 show the level of capital stock holdings in period 19 for each of
the seven treatments. Period 19 was chosen for display for two reasons. The first
reason is that it took place relatively late in the session so that decisions reflect
18 periods of practice with the decision problem. The second reason is because
of its relative length, 15 rounds under the Random Ending Rule.

Figure 3 shows the data for the Slow/Low treatment for period 19. The final
level of capital stock was less than the optimal level for all but one of the
subjects. In period 19, no subject monotonically increases his capital stock as
predicted by the model, but five of the eleven subjects monotonically decrease
it. In Figure 3, several occurrences of a phenomenon we will refer to here as
a “binge”, can be observed. We say that a subgegesduring a period if he
consumes the maximum feasible amount, that is, he lgets= .5k, in some
round of the period. In period 19 of Slow/Low, at least one binge occurs on the
part of five of the eleven subjects.

Figure 4 shows the data from period 19 of the Slow/High treatment. As theory
predicts, many subjects tended to monotonically reduce their level of capital stock
over the course of the period. However, the reduction in capital stock is usually
at greater than the optimal rate. At the end of period 19, eight of the ten subjects
have less than the predicted capital stock holding. Six out of ten subjects binge
at least once in period 19. It is apparent from the figures that there is a tendency
to underinvest in the Slow/High treatment, as there is in Slow/Low.

Figure 5 displays data from Fast/Low. In period 19, seven out of ten subjects
binge at least once. Unlike in the Slow/Low and Slow/High treatments, however,
the bingeing in Fast/Low is often preceded by a large investment in capital. Seven
of the ten subjects possess a quantity of capital stock greater than the optimal
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Figure 3. Capital stock holdings in the slow/low treatment: period 19: all subjects
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Figure 4. Capital stock holdings in the slow/high treatment: period 19: all subjects
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level at the end of the period. Figure 6 corresponds to treatment Fast/High. The
capital stock of six of the eleven subjects exceeds the level along the optimal
trajectory in period 19.

120

Capital Stock

Round

Figure 5. Capital stock holdings in the fast/low treatment: period 19: all subjects

80

Capital Stock

Round
Figure 6. Capital stock holdings in the fast/high treatment: period 19: all subjects
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Figure 7 shows the data from the Slow/Low/Fixed treatment. There is wide-
spread monotonicity, though usually in the opposite direction as predicted. One
subject is monotonically increasing, while five are monotonically decreasing, and
six are not monotonic. The incidence of bingeing is lower under the Fixed Ending
Rule than under the Random Ending Rule.

12

Capital Stock
(]

z .

1 2 3 4 5 6 7 8 9 10 1
Round

Figure 7. Capital stock holdings in the slow/low/fixed treatment: period 19: all subjects

The data from Slow/Low/Waseda are displayed in Figure 8. All 6 subjects
have a capital stock below the optimal level in round 15 of period 19. The
Slow/High/Waseda data are in Figure 9. All subjects monotonically decrease,
and with the exception of one subject, all decrease capital stock faster than is
optimal.

5.1.2 Consumption patterns

Figure 10 illustrates the consumption patterns of all subjects in period 19 of the
Slow/Low treatment. In the early rounds of the period there is overconsumption.
In round 1, ten of the eleven subjects consume more than the optimal quantity.
By the end of the period, ten of eleven subjects are consuming less than along the
optimal trajectory, a consequence of their earlier overconsumption and depletion
of capital stock. Consumption binges can be seen as “spikes” on the graph. A
similar pattern occurs in period 19 of Slow/High (not shown here). Nine of ten
subjects in Slow/High have too little capital stock by round 15. As in Slow/Low,
consumption by round is not nearly as smooth and regular as the theoretical
prediction. Instead, frequent bingeing is observed.
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Figure 8. Capital stock holdings in the slow/low/waseda treatment: period 19: all subjects
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Figure 9. Capital stock holdings in the slow/high/waseda treatment: period 19: all subjects
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Figure 10. Consumption in the slow/low treatment: period 19: all subjects

In Figure 11, which graphs the data from the Fast/High treatment, under-
consumption is usually observed in the early periods, but consumption is on
average close to the theoretical prediction in later rounds, though some subjects
exhibit an oscillating pattern of consumption behavior. The consumption pat-
terns in Fast/Low have similar properties. In the two Fast treatments, unlike in
the Slow treatments, some of the subjects (3 subjects in Fast/Low, and 4 sub-
jects in Fast/High) consume nearly constant amounts which are very close to the
optimal steady state level. Most of the subjects who oscillate between high and
low consumption have an average consumption close to the optimal level.

In period 19 of the Slow/Low/Fixed treatment, as in the Slow/Low and
Slow/High treatments, most of the subjects (10 out of 12) consume more than
the optimal amount in the early rounds and, because they excessively deplete
their capital stock, 9 of 12 consume less than the optimum in the late rounds.
In the Slow/Low/Waseda treatment, the data also indicate overconsumption in
early rounds followed by underconsumption in later rounds, due to insufficient
remaining capital stock. In Slow/High/Waseda, the data show that the consump-
tion of four of the five subjects closely tracked the optimal trajectory in the later
rounds, while one subject binged in every round. In round 1, four of the five
subjects consumed more than the optimal amount.

5.1.3 General patterns in the data

An overall picture emerges from the figures in sections 5.1.1 and 5.1.2. Under
the Fast production function, there is great variation across individuals, but by
period 19, a majority hold more capital stock than along the optimal path. Average
consumption is close to the optimal steady state level, though with considerable
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Figure 11. Consumption in the fast/high treatment: period 19: all subjects

variation round by round. Under the Slow production function, however, there
is a strong general tendency to underinvest, regardless of initial endowment,
subject pool, or ending rule. Under the Slow production function, consumption
is greater than the optimum in the early rounds of a period, but since capital
stock is depleted during the course of the period, the consumption in late rounds
is lower than along the optimal trajectory. In all of the treatments, there is a
tendency to binge and it is often the case that the same subject binges more than
once per period. The next subsection details the results of statistical tests of the
hypotheses listed in Section 4.

5.2 Tests of hypotheses

In this section we discuss the degree to which the data support the hypotheses
listed in Section 4. Results 1-8 address Hypotheses 1-8, in order. The first result
considers deviations of capital stock from the theoretical prediction, confirming
the observations of Section 5.1.

Result 1: Whether overinvestment or underinvestment relative to the optimum
occurs, depends on the production technology. Under Slow, there is underinvest-
ment and under Fast, there is a tendency toward overinvestment.

Support for Result 1: Figure 12 compares the end-of-period capital stock hold-
ings to the predicted level for all seven treatments, in the last five periods, for all
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subjects’ In Slow/Low, Slow/High and Slow/Low/Waseda, two-thirds or more
of end-of-period capital stock holdings are less than 75% of the optimal level. We
can reject the hypothesis that the capital stock holdings are equally likely to be
greater than or less than the predicted value aptke.05 level of significance for
Slow/Low, Slow/High, Slow/Low/Fixed, and Slow/Low/Waseda. In both of the
Fast treatment cells the majority of end-of-period capital stock levels are greater
than 125% of the optimal level. For Fast/High we can reject the hypothesis that
the holdings are equally likely to be higher or lower than the optimal value at
thep < .05 levell® O

Number of observations

Slow / Low

Slow / High
m(0,05k*)
mos5k, Fast/Low
0.75k*) | €
)
o[o75k*, | g .
1.25k*) § Fast / High
B[1.25k", |E
2k*) JEi
2k, Slow / Low / Fixed
inf.)
Slow / Low / Waseda

Slow / High / Waseda

Figure 12. Ending capital stocks relative to optimurk*(

The next result documents the widespread nature of the monotonicity of
capital stock in the data. The result also shows, however, that the monotonic-
ity is not always consistent with the theoretical prediction. Under Slow/High and
Slow/High/Waseda, the monotonic sequences are often observed to overshoot the
optimal steady state level of capital stock and, in the Slow/Low, Slow/Low/Fixed
and Slow/Low Waseda treatments, to usually move in the opposite direction as
predicted.

Result 2: Most observed sequences of capital stock are monotonic, as predicted.
However, under Slow/High, capital stock is depleted too quickly, and under

9 We use the last five periods in evaluating Hypotheses 1-3, because decisions taken during these
periods can be based on experience with previous periods of different lengths, which allows subjects
to understand the rule for ending each period. The lengths of the last five periods were 15, 4, 2, 8,
and 7 rounds. In Figure 12 there are five observations for each subject, one for each of the last five
periods.

10 Consider the variablg wherex = 1 if the end of period capital stock is greater than along the
optimal trajectory ana; = O if it is less than along the optimal trajectory. We evaluate the hypothesis
thatx; is drawn from a distribution withP(x; = 1) =P(x; = 0) =.5.
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Slow/Low, capital stock is usually monotonically decreasing, contrary to the the-
oretical prediction of monotonic increase.

Support for Result 2: Table 3 lists the number of instances of monotonically
increasing capital stock, monotonically decreasing capital stock, and bingeing,
for each treatment cell. Each observation represents one entire period and for
an observation to be classified as a monotonic increase (decrease) the subject
must increase (decrease) capital stock holdings in every round of the period.
The table contains all of the data from the first and the last five periods for
all subjects. The data from the first five periods that counted toward subjects’
earnings (periods 4-8) are in parentheses. The number before the comma is
the number of observations of weak monotonicity.{ > or < k;, vt) and the
numbers after the commas is the number of observations of strict monotonicity
(kg1 > O < k¢, V).

Table 3. Instances of monotone increase, monotone decrease, and bingeing behavior: last five periods
(first five periods in parentheses): all treatments

Treatment Total obs.  Mon. inc. Mon. dec. Binge  Theo. pred.
Slow/Low 55 11,9(1,0)  40,20(40,20) 12(39) Mon. Inc.
Slow/High 50 0,0(0,0) 31,11(40,20) 19(33)  Mon. Dec.
Fast/Low 50 11,8(9,7) 5,2(0,0) 19(31) Mon. Inc.
Fast/High 55 1,1(0,0) 33,22(33,19) 34(40) Mon. Dec.
Slow/Low/Fixed 60 13,13(4,2) 24,20(32,29) 10(15) Mon. Inc.
Slow/Low/Waseda 30 8,3(0,0) 13,8(18,12) 5(13) Mon. Inc.
Slow/High/Waseda 25 0,0(0,0) 25,25(23,18)  3(10) Mon. Dec.

Note: An observation may be classified as both a monotonic decrease and as a binge.

Under all of the High Endowment treatments the large majority of subjects, in
both subject pools and for both production functions, are monotonically reducing
their capital stock in each round in the last five periods, as predicted. However,
as can be seen in Figures 4, 6 and 9, this reduction in capital stock frequently
goes beyond the optimal level of 14, especially for the Slow production function.
In the late periods of the Slow/Low treatments, 73 percent of the Purdue subjects
and 43 percent of the Waseda subjects are monotonically decreasing their capital
stock holdings, which is counter to the theoretical prediction, whereas only 20
percent of the Purdue subjects and 27 of the Waseda subjects are monotonically
increasing, as predicted. Under the Fixed Ending Rule and Low Endowment, 40
percent are monotonically decreasing and 22 percent are monotonically increas-
ing. Thus, under the Slow production function and Low Endowment, regardless
of subject pool and ending rulepout twice as many subjects are monotonic in
the wrong direction as in the correct directiobinder Fast/Low only 32 percent
of the subjects choose a monotonic sequence of capital stock holdings, a far
lower percentage than in any other treatment cell, though most sequences are
in the predicted direction. Thus, the strong version of Hypothesis 2 is not sup-
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ported, neither under High nor under Low Endowment, and the weak version of
Hypothesis 2 is supported for High Endowment orily.

Table 3 also gives a comparison of the number of binges in the last five
periods with the number of binges in the first five periods that counted toward
subjects’ earnings. The incidence of binges is lower in the last five periods in
all of treatments, suggesting that some of the binges may be due to subjects
sampling extreme strategies in the early periods to study their implications. The
next result evaluates Hypothesis 3, which concerns the speed of convergence.

Result 3: The theoretical predictions regarding differences in speed of conver-
gence between treatments are not supported.

Support for Result 3: The proposition is evaluated for the last five periods of
data from the basic design. The strong version of Hypothesis 3 is not supported
because the strong version of Hypothesis 2 is not supported. As for the weak
version of Hypothesis 3, in each of the last five periods, the average end-of-
period deviation from 14 is greater under Fast/Low than under Slow/Low, the
opposite of the theoretical predictidh. The average end-of-period deviation is
greater under Fast/High than under Slow/High in two of the five periads.

The next result focuses on the costliness of the departures from the optimal
trajectory documented in Results 1-3, by comparing observed earnings to earnings
along the optimal decision path. We use a measure ceffeziency a widely used
measure of welfare in experimental economics, to compare earnings in different
treatments. _

Define theefficiencyof subjecti’s decision in period, E/, as:

Eij = (Earnings obtained by subject)/(Earnings along optimal path)

where earnings refer to monetary payments, which are proportional to the re-
alized value of the maximand in (1). Thus, efficiency represents the percentage
of the payoff actually realized by the subject compared to the payoff he would
have received by following the optimal poliéy.As suggested by the earlier
results, we can identify differences in earnings in the different treatments. The
differences are described in the statement of Result 4.

11 For each of the last five periods we calculate the average (across subjects) deviation in capital
stock from the optimal level after the last round for each treatment (five different averages for each
treatment, one for each of the last five periods) We then perform a pairwise comparison of the
averages between Slow/Low and Fast/Low as well as between Slow/High and Fast/High.

12 Note that when the Random Ending Rule is in effect, the earnings resulting from decisions along
the optimal path are optimal in expectation given the distribution of period lengths, but are likely
to be suboptimal for the actual realization of period lengths (an agent could improve earnings by
consuming as much as possible immediately before the period ends). Therefore it is possible for
efficiency to take on values greater than one. Of course, under the Random Ending Rule, the subject
is unaware of when the period will end at the time he makes his decisions.
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Result 4: Observed efficiency of decisions differs between treatments of the ba-
sic design. Efficiency is greater under the Fast than under the Slow production
function. Efficiency is greater when the initial endowment is High than when it
is Low.

Support for Result 4: Table 4 shows the results of the estimation of the following
regression equation:

Ei = 01 + BoHigh + gsFast + g4Fast/Hi gh + gsFixed + GgWaseda  (15)

Each unit of observation in the data described in Table 4 is the overall efficiency
attained by one subject for the entire session so that there were a total of 65
observations. The coefficiepi indicates the average efficiency for the Slow/Low
treatment, in whichgds,, ..., Gs all equal 0, which is 71.3 percent. The variable
High takes on a value of 1 for the High Endowment treatment and O for Low
Endowment. The variablEasttakes on a value of 1 for the Fast treatment and

0 for the Slow treatment. The variabfast/Highis an interaction term between
Fast and High. The variabl€ixed equals 1 if the Fixed Ending Rule is in
effect and 0 otherwiséNasedaequals 1 if the data are generated by a Waseda
University subject and 0 otherwise. The effect of the High endowment and Fast
production function are both positive and significant at the 5 percent level, and
the interaction term between High and Fast is not significantly different from
zero. The actual average efficiencies in each treatment can be found in the last
column of Table 5High increases the level of efficiency of payoffs by about 8
percent of the maximum possible earnings level dvew, and Fast increases
efficiency by about 18 percent of the maximum possible earnings level over
Slow O

Table 4. Estimated treatment effects: all periods

Treatment
Slow/Low  High Fast Fast/High Fixed Waseda
Effect 713 .083 .182 -.038 .095 .091
(.031) (.040) (.047) (.063) (.046) (.042)

The data in Table 4 allow us to address Hypothesis 5 and to state Result 5.

Result 5: There is a significant subject pool difference. The Waseda subjects
receive higher earnings than the Purdue subjects.

Support for Result 5: The earnings result is seen from the data in Table 4.
The coefficient for Waseda is positive and significant at the 5 percent level. The
difference in the earnings of the two subject pools was about 9 percent of the
optimal level of earningd]

The Waseda subjects appear on average to be more sophisticated decision
makers than the Purdue subjects. However, they are subject to the same types



414 C. Noussair and K. Matheny

of bias. Under both the Slow/Low and the Slow/High parameters, both groups
underinvest and overconsume, as can be seen in the figures in Section 5.1.

Result 6: Holdings of capital stock in the Slow/Low treatment are not different
under the Fixed Ending rule than under the Random Ending Rule.

Support for Result 6;: Comparing capital stock holdings after round 10 of the
Slow/Low and Slow/Low/Fixed treatments in period 19 (the only period in the
last five that lasted at least ten rounds under the random ending rule) using
a rank-sum test, we find no significant difference at the five percent level of
significance. The capital stock is lower than the optimal level under the Fixed
Ending Rule, as it is under the Random Ending Rile.

Result 6 is important because it indicates that the tendency to overconsume
in the Slow/Low treatment is not a consequence of the Random Ending Rule.
Result 7 considers the easiest decision situation in round 10 under the Fixed
Ending Rule, for which there are no dynamic considerations.

Result 7: Decisions are not optimal in round 10 in the Fixed Ending Rule treat-
ment. Capital stock holdings are moving toward the optimal steady state from
rounds 10 to 11 in only 1/3 of the observations.

Support for Result 7: Overall, capital stock is moving in the correct direction
over time in 80 of 240 observations. In period 23, the final period, when subjects
have the most experience, capital stock moves in the correct direction for 5 of
the 12 subjectd.]

In S/L/F, as in S/L and S/L/W, the capital stock tends not to move in the cor-
rect direction over time. However, consider the variabte (ky1 — ki) * (Ko — Ko).
A value of z > 0 means that capital stock is moving in the same direction from
round 10 to 11 as it did from round 9 to 10. In the data from the last five periods
under the Fixed Ending Rule, > 0 in 49 out of 60 observations, while=0
andz < 0 for 10 and 1 observations respectively. This indicates that capital stock
movements between round 10 and 11 are usually part of a strategy of reducing
or increasing capital stock over two or more rounds. The next result considers
changes in earnings over the course of the session.

Result 8: Earnings relative to the optimum are improving over the course of
the sessions in two of the seven treatments. In the other five treatments earnings
relative to the optimum are stable over the course of the sessions. Bingeing de-
creases over time in all of the treatments.

Support for Result 8: Consider the following regression equation:
Eij = (Bo + 1Period + 3,Rounds (16)

Where Eij = observed efficiency, Period = period number (the first period that
counts toward earnings is coded as period 1 in the estimation, though it was
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actually the fourth period in the experiment, because it was preceded by three
practice periods), and Rounds = number of rounds in the period. The equation
is estimated for each treatment separately. The results are given in Table 5.

Table 5. Observed efficiency as a function of period number and length and overall average

Treatment Constant Periods Rounds Overall avg.

SIL 7 ~004  —.058 713
(122)  (006)  (.005)

SIH 017 004  —.011 796
(062)  (.003)  (.002)

FIL 769° 003 007" 895
(049)  (002)  (.001)

FH 916 003 0 940
(018)  (.001)  (.001) .

SILIF 73 007 - 808
(046)  (.001)

SILIW 169 002  —.056" 805
(137)  (.009)  (.006)

SIAIW 103* 002  —.01T 885

(056)  (.003)  (.002)

Note: An asterisk indicates significance at less than the 5 percent level.

The results are mixed. The effect of the variable Period is significantly posi-
tive for Fast/High and Slow/Low/Fixed but insignificant for the other treatments.
The fact that there is less bingeing in the late periods than in the early periods
is described in the discussion of Table[3.

Table 5 also shows the effect of the number of rounds on earnings relative to
the optimum. The coefficient abundsis negative for all four of the Slow treat-
ments, Slow/Low, Slow/High, Slow/Low/Waseda, and Slow/High/Waseda. The
intercept is greater than 1 for the Slow/Low and Slow/Low/Waseda treatrhents.
This is further evidence of overconsumption in Slow/Low, which raises earnings
in short periods and lowers earnings in longer periods. When the period ended
after a small number of rounds, earnings were on average higher than the the-
oretical prediction. In Fast/Low, in which there was overinvestment, efficiency
was greater in longer periods.

5.3 Individual decision rules

As shown in Figures 3-11, there was considerable variation in the decision rules
among subjects. In this subsection we list the specific decision rules which par-
ticular individual subjects used during each of the final five periods. Use of

the same rule for the final five periods indicates that the subject has settled on

13 Though payoffs are greater than along the optimal trajectory in Slow/Low for periods consisting
of relatively few rounds, they are less than along the optimal trajectory during longer periods. The
average earnings calculations in Table 5 reflect the fact that longer periods have greater weight in
final earnings.
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that particular rule. In the Slow/Low treatment, two of the subjects followed a
strategy ofconstant depletiomf capital stock. These subjects set; = k — a,
wherea = .2 for one subject and = .1 for the other, in each round, throughout
the final five periods. One subject followed artremeinvestment rule, setting
ki+1 € {.5k, f (k) + .5(k;)}, that is either the minimum or the maximum feasible
amount of investment, during every round of the last five periods. Two subjects
followed anear-exponential depletiamle. They monotonically decreased capital
stock in a manner such thiat; = k; — a(k;), wherea(k;) is a weakly monotonic
increasing function ok;.

At the individual level in Slow/High, there were also a few consistent patterns
over the last 5 periods. One subject choseoastant capital stock or binge
strategy. He seki.1 € {ki, .5k} either keeping his capital stock constant or
bingeing in each round. Another subject usedoasumption targetingtrategy
by always choosing; € {1,10}. One subject used a near-exponential depletion
rule.

Some of the individual behaviors observed in the last five periods of Fast/Low
were the following. Two subjects usednaultiple buildup and bingestrategy,
bingeing at regular intervals and increasing capital stock in every period in which
they were not bingeing. One participant usecbastant capital stockule for the
last three periods, always settikg; = 3. Three subjects built up capital early in
the periods and then monotonically decreased (one subject weakly monotonically
decreased) capital stock in every round after round three. One subject appeared
to be targetind+1 = ¢;.

Several behaviors are observed by individuals over the final five periods in
Fast/High. One subject used the multiple buildup and binge strategy. Another
subject followed the extreme rule. Two subjects used near-exponential depletion.
Two subjects reduced capital stock over the first few rounds, and held a constant
capital stock (of 11 units for one subject, of 18 units for the other) for the
remainder of the period. One subject, during the last four periods, followed a
strategy of repeatedly alternating bingeing for two rounds and building up capital
stock for two rounds.

During the last five periods of Slow/Low/Fixed, one subject monotonically in-

creased capital stock by an amount which was increasing in each round. Another
subject used the constant capital stock rule during the last period and another
subject approximated the constant capital stock rule by sditing: (2.85, 3.15).
Two subjects monotonically increased capital stock over the course of the period
and then invested the maximum feasible amount in round 10. On the other hand,
one subject increased capital stock through round 9 and then binged in round 10.
One subject slowly increased capital stock to about 6 units in round 6 and then
slowly reduced it to 4 by round 10.

During each of the last five periods of Slow/Low/Waseda, one subject mono-
tonically increased capital stock to a level of either 6 or 8 units, and then held a
constant level ok. One subject approximated the constant capital stock rule for
the last five periods and another subject approximated it for the last three peri-
ods. One subject binged in every round of every period. In Slow/High/Waseda,
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all five subjects decreased capital stock monotonically in each of the last five
periods. One subject followed the constant depletion rule, lowering capital stock
by 1 in each round.

Thus, inspection of the individual level decision rules used by subjects reveals
wide heterogeneity, even after considerable experience with the decision problem.
This heterogeneity is related to the fact that the problems are very difficult ones,
so that subjects do not converge to common, near-optimal choices, as might be
the case with an easier decision situation. The fact that subjects could not observe
decisions or outcomes of decisions other than their own also limited the sources
of information that they could use, to the outcomes of their own past decisions.

6 Discussion

The question of whether agents underinvest or overinvest relative to the optimum
is a question without a straightforward yes or no answer. Rather, the answer
depends on the parameters of the particular economy of interest. Among the
economies studied here, we are able to identify economies in which underinvest-
ment consistently occurs as well as economies in which there is overinvestment
on average, and whether or not underinvestment or overinvestment takes place
depends on the production technology available in the economy. The Fast pro-
duction function leads to moderate overinvestment while the Slow production
function leads to costly underinvestment.

Sudden episodes called binges, in which a subject consumes as much as pos-
sible in a given round, were widely observed in all of the treatments. Smoothing
out consumption over time seems to be a difficult concept for subjects. The
bingeing does not appear to be a manifestation of confusion or random behavior,
but rather it seems that many subjects have determined that their best strategy is
to suddenly consume as much as possible (often after building up capital stock)
in the apparent belief that the optimal decision is to concentrate consumption in
one or a few rounds rather than smoothing it out over all rounds. The incidence
of bingeing does decline with experience, indicating that some subjects come to
realize that concentrating consumption is suboptimal.

At first glance, a plausible explanation for binges under the Random Ending
Rule is that subjects consume as much as possible in anticipation of the end of
a period (rather like an investor attempting to “time the market” when making
changes to one’s stock portfolio). A correctly timed binge can raise ex-post earn-
ings. In fact, the incidence of binges is about 17% lower under the Fixed Ending
Rule than under the Random Ending Rule. However, 83% of the binges cannot
be accounted for by the ending rule. More generally, behavior did not differ sub-
stantially between Slow/Low and Slow/Low/Fixed. There was overconsumption
in both treatments. Thus, we have no evidence that the two ways of representing
the infinite horizon generated behavior substantively different from each other.
Of course, we do not know (and we may never know) whether behavior in an
actual infinite horizon would be different from under our ending rules.
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Decisions are better under the Fast than under the Slow production func-
tion, in the sense that they lead to higher values of the objective function, as a
percentage of the maximum feasible value. Under the Fast production function,
the marginal product of capital is more elastic, which means that if the capital
stock is below the optimal level, it can be quickly increased at low opportunity
cost, and as it increases beyond the optimal level, the marginal product decreases
rapidly, making further positive net investment more and more costly as capital
stock increases. These properties tend to keep consumption at close to the op-
timal level. The adverse impact of bingeing is more severe in the Slow than in
the Fast treatments, because it is more costly to rebuild capital stock under Slow
than under Fast.

Decisions are better under High Endowment than under Low Endowment.
Under High Endowment, in which it is optimal to reduce capital stock holdings
over time, binges tend not to be as costly as they are under Low Endowment. The
most difficult decision problem was Slow/Low, in which instead of monotoni-
cally increasing capital stock holdings over time, as predicted, subjects tended
to monotonicallydecreasethem. This behavior is not due to risk aversion, nor
to an incorrect assessment of the probability of the period ending, since it also
occurs under the Fixed Ending Rule.

Our results are strengthened by the use of two subject pools, Japanese as
well as American subjects, and the observation of similar data in the two groups.
Though the Japanese subjects received higher earnings than the American sub-
jects, they exhibited the same type of departures from the theoretical prediction.
Under the Slow production function, underinvestment is observed by the mem-
bers of both subject pools. Binges are also observed among the Japanese subjects
though they are less common than among the American subjects.

In our view, the data have individual-level as well as aggregate-level impli-
cations. At the individual level, the data indicate that biases exist in the way that
agents make sequences of interdependent decisions. That such biases exist is also
corroborated by previous experimental studies. In our design, the biases induce
an individual to either over- or under-invest relative to the optimum, depending
on the particular technology whereby investment is translated into future con-
sumption in the economy. At the aggregate level, the results underscore the need
for markets, institutions, and political processes to overcome the biases that exist
at the individual level, and to minimize the impact that violations from optimal
intertemporal choice have on the economy.

The results obtained here suggest to us three further lines of research. The first
line of research is to focus on the manner of presentation of the data and decision-
support systems that might improve individual decision making for this type of
dynamic optimization problem. The second is to study the manner in which
markets or other allocation mechanisms might be employed to lead an economy
to evolve along the optimal trajectory. The third is to study political processes
for choosing the decision makers, and whether certain types of processes lead to
better decisions. Each of these topics is conducive to laboratory research.
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