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Abstract

Recent research on learning by doing has provided the limit properties of beliefs and actions for
a class of learning problems, in which experimentation is an important aspect of optimal decision making.
However, under these conditions the optimal policy cannot be derived analytically, because Bayesian
learning about unknown parameters introduces a nonlinearity in the dynamic optimization problem. This
paper utilizes numerical methods to characterize the optimal policy function for a learning by doing
problem that is general enough for practical economic applications. The optimal policy is found to
incorporate a substantial degree of experimentation under a wide range of initial beliefs about the unknown
parameters. Dynamic simulations indicate that optimal experimentation dramatically improves the speed
of learning and the stream of future payoffs. Furthermore, these simulations reveal that a policy, which
separates control and estimation and does not incorporate experimentation, frequently induces a long-
lasting bias in the control and target variables. While these sequences tend to converge steadily under the
optimal policy, they frequently exhibit non-stationary behavior when estimation and control are treated
separately.
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1. Introduction

Economic agents rarely have complete knowledge of all the parameters that affect the
payoffs that they receive, yet often they are able to learn more about these parameters from
observing the outcomes of their actions. In many economic environments the agents’ actions not
only influence current payoffs but also provide information, which can be used to improve future
payoffs! Thus, agent’s are faced with a tradeoff between current control and experimentation,
that is, between actions that maximize expected current payoffs based on current beliefs and
actions that yield lower current payoffs but superior information content.

Recent theoretical research has investigated the limit properties of beliefs and actions for
a general class of learning and control problems with unknown pararheters. This paper fills a
gap between theory and economic application by characterizing the optimal policy and value
function for such a learning problem. Based on these functions one can answer a number of
questions that arise in economic applications of learning by doing. The paper focuses on the
following three questions:

() How important is experimentation?

(i) How likely is it that the agent learns the truth— with or without experimentation?

(i) What are the observable implications of alternative learning strategies?
| compute the value function and the optimal policy for the problem of controlling a linear
stochastic regression process with two unknown parameters. In this case, the right-hand side
variable is the agent's decision variable. It has an indirect effect on the agent’'s payoffs through
the dependent variable and potentially also a direct effect. Beliefs about the unknown parameters
are continuously updated according to Bayes rule. A myopic decision rule, which treats
estimation and control of the stochastic process separately and disregards the potential rewards
from experimentation, can easily be derived analytically. However, computing the optimal policy

is not a simple task, because the learning dynamics render the optimization problem nonlinear

! Economic examples of such decision problems are the monopolist's profit maximization with unknown demand,
[e.g. McLennan (1984), Kiefer (1989), Trefler (1993), Balvers and Cosimano (1990) and Rustichini and Wolinsky
(1995)], and optimal monetary policy in transitions, [e.g. Bertocci and Spagat (1993) and Balvers and Cosimano
(1994)]. Other possible applications include economic growth and technology choice and optimal investment with
unknown parameters in the production function.

2 See Easley and Kiefer (1988), Kiefer and Nyarko (1989), Nyarko (1991) and Aghion et al. (1991).
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and typically preclude analytical solution. This paper instead uses numerical dynamic
programming methods. Difficulties in numerical computation arise, because modeling the
dynamic behavior of beliefs tend to require a large number of state variables and because the
dynamic optimization problem is characterized by multiple optima.

For illustrative purposes | focus first on a learning problem with discrete parameter space,
in which the decision maker is faced with only two possible sets of parameter ¥alues. This
specification is not very useful for economic applications but serves as a good illustrative
example, because the learning dynamics can be described using a single state variable. This state
variable is the probability that one of the set of parameter values is the true one. Then, | turn to
the more relevant problem of controlling a linear regression where from the agent's perspective
the unknown parameters may take any real value. This specification models the agent's beliefs
as a bivariate normal distribution, which raises the number of state variables to five: the two
means, the variances and the covariance.

The numerical approach as well as the focus on the simple regression framework render
this paper very similar in spirit to early work by Prescott (1972). Prescott computed optimal
learning policies as a function of beliefs for the case of a simple regression with unknown slope.
He found little difference between myopic and optimal policies except under very high parameter
uncertainty. This result is reversed here. | detect sizeable differences between optimal and
myopic policies under a non-negligible range of initial beliefs, or in other words, a sizeable
extent of optimal experimentation, when there are two unknown pararheters.

A further contribution of this paper is to study the link between the shape of the optimal
policy and the limit beliefs investigated in the literature on Bayesian learning. Easley and Kiefer
(1988) and Kiefer and Nyarko (1989) showed that there exist multiple incorrect beliefs, which
if reinforced by uninformative actions represent possible limit beliefs. | find that the optimal
policy typically exhibits a discontinuity at such beliefs and therefore avoids uninformative actions

that would render incorrect beliefs self-reinforcing. Dynamic simulations for given initial beliefs

3 This problem is a variant of the two-armed bandit problems studied by McLennan (1984), Kiefer (1989) and EI-
Gamal and Sundaram (1993).

4 Even though | only consider one additional unknown parameter, the problem is considerably more complicated,
because the number of state variables is five instead of one and because there exist multiple limit beliefs and policies.



show that optimal experimentation substantially improves the speed of learning. Myopic behavior,
however, frequently leads to a bias in beliefs and actions, which may persist for quite some time.
These apparent nonstationarities are potentially of great importance for time series analysis of
economic observables that are generated by agents who are learning about their economic
environment.

The remainder of the paper is organized as follows. The next section discusses the
relationship to other research on learning and control. Section 3 presents the learning problem,
reviews relevant convergence results. Section 4 specifies the two cases with discrete and
continuous parameter space and section 5 reports results on the value and extent of optimal
experimentation. Section 6 provides dynamic simulations of the learning process under alternative

policies and section 7 concludes.

2. A brief review of related approaches to learning and control

The tradeoff between current control and experimentation has been the focus of a
theoretical literature on optimal Bayesian learning as well as an engineering-related literature on
dual control. While the Bayesian learning literature has mostly focussed on the question whether
the decision maker will learn the truth in the long tun, the dual control literature has been
concerned with computing numerical approximations of payoffs under decision rules that involve
active experimentation or probifig. This paper bridges a gap between the two literatures by
characterizing optimal policy and value functions in a Bayesian learning framework and relating
the extent of experimentation to the question of incomplete learning.

The numerical dynamic programming approach in this paper differs in several important

ways from the approach taken in the dual control literature, which is discussed in detail in

> See for example Taylor (1974), Lai and Wei (1982), Easley and Kiefer (1988), Kiefer and Nyarko (1989),
Nyarko (1991) and Aghion et al. (1991). Exceptions are Prescott (1972), Kiefer (1989) and El-Gamal and Sundaram
(1993), who focus on computing optimal policies in a Bayesian learning framework.

¢ See for example Tse and Bar-Shalom (1973), Norman (1976), Norman, Norman and Palash (1979), Kendrick
(1978), (1981) and (1982), Bar-Shalom (1981), Mizrach (1991), Tucci (1997), Amman and Kendrick (1994), (1995)
and (1997). While the Bayesian learning literature has focused on controlled regression processes, the dual control
literature has dealt exclusively with models which include dynamics in state variables other than beliefs. In this line
of research active learning dual control has been found superior to passive learning in at least two different models
with one control variable, either one or two state variables and either one, two or eight parameters. However, no clear
superiority was found in a model with two control variables.
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Kendrick (1981). First, both approaches are based on the Bellman equation associated with the
dynamic learning problem, but while the dual control algorithm is formulated in a finite horizon
framework without discounting, the algorithm in this paper is formulated in an infinite horizon
framework with discounting. An advantage of the latter framework is that the policy and value
functions are stationary. Furthermore, the algorithm is a contraction mapping and converges to
the true value and policy functions. Second, the dual control algorithm approximates the optimal
decision and associated payoffs by Monte Carlo simulation, while the algorithm in this paper
computes expectations of future payoffs by direct numerical integration. Third, the key difficulty
in computing the expected payoff for a specific value of the control variable based on the
Bellman equation is that it requires an approximation of the continuation value given the state
(the beliefs) in the next period. Given an approximation of the continuation value the optimal
control can be found by a gradient procedure or a grid search. In the dual control literature this
continuation value is typically referred to as the cost-to-go. It is approximated by a second-order
Taylor expansion of the objective and updating equations about a nominal path. The algorithm
in this paper instead employs an approximation of the continuation value that is based on a grid
over the state space. This grid-based approximation of the value function is improved in
successive iterations. By utilizing an approximation over a large range of beliefs (i.e. over a large
segment of the state space) this approach may be more effective in revealing special properties
of the value and policy functions such as the non-differentiabilities and discontinuities identified
in this paper.

The main drawback of the dynamic programming algorithm used here, is that it quickly
falls victim to the “curse of dimensionality” as it is applied to models with more unknown
parameters, where more state variables are needed to describe beliefs. The simulation-based dual

control algorithm is less affected by this problem and can be applied to larger fodels. Thus, the

"It should be noted that Kendrick (1978), and Norman et al. (1979) detected nonconvexities in the cost-to-go,
which were studied in more detail by Mizrach (1991), Amman and Kendrick (1995) and Tucci (1996) and also by
Balvers and Cosimano (1993) in a different framework. These nonconvexities imply the existence of multiple local
optima that are consistent with my finding of non-differentiabilities in the value function and discontinuities in the
optimal policy.

8 Since the computational costs associated with a single Monte Carlo run for a given initial belief using a Taylor
expansion of the cost-to-go do not increase geometrically with the number of state variables, it is feasible to conduct
simulations of the dual control algorithm for models with more than two unknown parameters. However, to match
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two approaches are complementary.

3. The decision problem
This paper considers the problem of a single decision maker, who attempts to control a

linear stochastic process with two unknown paraméters:

(1)

y, = th te
First, the agent chooses a value for the conmirgiven his beliefs about and 3, which are
based on information jor to timet. Then, a white noise shoekoccurs and a new realization

y, can be observed. The shoekis assumed to be normally distributed with mean zero and
known variances? Before choosing next period's contrql, the agent updates his beliefs
using the new information(y). These beliefs are modeled as abpfulity distributionp(a,RP,),
where 8, is a vector of state variables describing the distribufion. A posterior distribution is

obtained using Bayes rule, (2)

p(y| o.B,x,8)p(a,pl8)
p(y| x,8)

p(e,pl8 ) =

which implies a set of nonlinear updating equations for the state variables denoted by
3)
6, =B@®,.x.y)

t

These updating equations represent the learning channel, through which the current, action
affects next period's beliefs and thus indirectly future realizatiomsaofly. Both, the control
x and the signay, may affect the agent’s payoffs as defined by the objective fundiipx).

In this paper | consider a quadratic objective function

the results in this paper, it would be necessary to conduct runs for all initial beliefs that constitute grid points in the
grid-based approximation. Since there are about®2x10 such grid points, | would expect that computational costs using
dual control methods would also be substantial, but a more direct comparison would be of interest.

® This framework can be extended to include lagged dependent variables which would introduce additional
dynamics. | plan to consider this case in future research. The advantage of the simple regression is that all the
dynamics are due to learning and only state variables describing the agent’s beliefs need to be considered.

19 This assumption is convenient, because it implies that posterior beliefs in the specifications studied hereafter
are normal distributions.

™ For example, in the case of bivariate normal beliefs this vector contains the means, variances and covariance.
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(4)

Up,x) = -~y - wx’

with a desired target levgl and a weightvo=0. For »=0 this coincides with the input-target

model that is often used in studies of learning by doing [e.g. Jovanovich and Nyarko (1996) and
Foster and Rosenzweig (1995)]. However, the numerical algorithm developed in this paper
admits other functional forms and could be adapted to specific economic applications. Taking

expectations with respect 10,3 ande one obtains expected one-period rewax.0),

©)
R(x8) = [ [, Ulo+Px+ex)p(a,B|0)g(e)dudpde

whereq(e) stands for the normal density function of the shocks. A decision maker who treats
control and estimtion separately, will chooseto maximizeR(x,0) based on current parameter
estimates. After observing he will proceed by updating the parameter estimates and selecting
next period's control. This behavior is myopic since it disregards the effect of current actions on
future beliefs.

A stationary policy or feedback rule is defined as a fundti(@), which selects an action
X based on the current stdle Given a specification of the agent's beliefs, the myopic policy
H™), which maximized(x,0), can be derivednalytically. This is not the case for the optimal

policy H°P(8), which maximizes the discounted sum of expected current and future rewards

(6)
J
Max E ,zo: 5 R(xHj,GHj) | 6,H
[x. 1
st. (1), 3)

where 6 denotes the discount factor. The expectation is with respect to future béliefs (
j=1,2,...) and is conditional on the initial prior beltgfas well as the policid(0). If « and
were known, this optimization problem would reduce to a static problem and the myopic policy

would be optimal. However witlx and 3 unknown, beliefs change over time and form an
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explicit link between present and future periods. Estimation and control cannot be separated
because future belief§( , j=1,2,...) depend on the entire sequence of actions up to that point
(Xi-1J=1,2,...) and thus on the functid#(0). The effect of policy on future beliefs and the
expectations operator is also apparent from the Bellman equation associated with this dynamic

programming problem: (7)

Max

V@) - R(x,0) + 5[RfR2 V(B(O,x,a+Bx+e)) pla,P|0)q(e)dodp de

X

V(0) denotes the value function and the two terms on the rightdidadcharacterize the tradeoff
between current control and estimation. The first term is current expected reward, while the
second term is the expected continuation value in the next period, which reflects the expected
improvement in future payoffs due to better information about the unknown parameters. Next
period’s beliefs have been substituted out of next period's value function using the Bayes operator
B(.). They depend on the realization of the dependent varigble+(3x+e whose conditional
distribution is a function ok, the beliefsp(.) and the distribution of the error temy).

As shown by Easley and Kiefer (1988) and Kiefer and Nyarko (1989) a stationary optimal
policy exists and the value function is continuous and satisfies the Bellman edéation.  Policy
and value functions can be obtained using an iterative algorithm based on the Bellman equation
starting with an initial guess aboM{(.). However, the integration in (7) can usually not be
carried out analytically, becaus¥.) is a nonlinear function of andx. Thus, there are many
examples, including the cases considered in this paper, for which no analytic solutions have been
found even though the unknown stochastic process is linear and the payoff function is quadratic.
The feasibility of numerical approximation depends on the specification of the agent's beliefs.

It remains to discuss the asymptotic properties of beliefs and actions, which have been
the main focus of Easley and Kiefer (1988) and Kiefer and Nyarko (1989) (KN hereafter).
Standard convergence results are not applicable, because along any sample path for which

parameter estimates converge, the sequence of actions also converges. If actions converge too

2 One can use standard dynamic programming methods and show that Blackwell's sufficiency condition -
monotonicity and discounting - are satisfied. Thus, (7) has a fixed point in the space of continuous functions, which
is the value functiorv(0).



rapidly they may not generate enough information for identifying the unknown parameters and
the limit distribution representing the agent's limit belief need not be centered on the true
parameter values. KN show that the process of posterior beliefs converges to a limi belief
for any multiple linear regression process under minimal distributional assumptions. However,
this convergence result does not pin down the limit belief itself. There may exist multiple limit
beliefs that are outcomes of optimal policy but do not coincide with the true parameter values.
Incorrect beliefs may be self-reinforcing, because learning is costly and actions that would be
sub-optimal under the truth, may be optimal under these subjective incorrect beliefs.

For the case of a simple regression with known error distribution, KN show that all limit
belief and policy pairsf, x), whether incorrect or not, share three properhesef invariance
one-period optimizatiomndmean predictionwhich can be used to describe the set of possible
limit beliefs. (8)

Belief Invariance: 0 = B(é,f,oc+B)?+e)

One-Period Optimization: R(J?,é) = Max E [U(a +Bx+e,x)]| )
x

Mean Prediction: E[a| 0] + E[B|0]X = o + B ¥

First, belief invariancesimply follows from the convergence result. For a belief to be a limit
belief it needs to self-reinforcing, that is, given the limit actigrupdating according to Bayes
rule should again generate the limit belfef Thus, limit belief and policy pairs define fixed
points of the updating equatiol.). Secondwith invariant beliefs the dynamic optimization
problem reduces to the static problem of maximizing expected one-period reward. ofiéwus,
period optimizationrefers to the fact that the limit action maximizes expected one-period

reward conditional on the limit belied. Third, if the control variable is held constant yat

13 The distributional assumptions made here are useful in computing the optimal policy. KN prove convergence
of the posteriors by means of the martingale convergence theorem without restricting beliefs to any conjugate
families. The process of posterior beliefs is a martingale, which implies that the agent does not expect his beliefs
to change in any predictable manner. It is straightforward to show that this property applies to the prpbability
the illustrative example as well as to the means in the bivariate normal specification.
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forever, the agent will at a minimum learn the associated mean value of the dependent variable

y in the limit, which constitutes thmean prediction propertgf limit beliefs.

4. Two specifications of the agent's beliefs and the associated limit properties

Hereafter, each result will first be discussed for the illustrative example with discrete
parameter space, which avoids the complexity that would arise from multiple state variables and
multiple limit beliefs, and then for the more general specification with continuous parameter

space.

4.1 lllustrative example with discrete parameter space

There are two possible sets of parameter valag$3,) and ¢ ,[3,). Consequently the
vector 0, which characterizes the agent's belief has a single element—the probalihidy
(«,B)=(x,,3,). Table 1 specifies the updating equations, expected current reward, the myopic
policy and the associated Bellman equation.

TABLE 1 ABOUT HERE
The objective is defined by the quadratic payoff function as in equation (4ywihandw=0
and the variance of shocks® is set equal to one. The optimal policy under certainty is
independent op and is equal to,=-u,(R,)* orx=-ua {R.)*, whichever are the true parameter
values. If @ ,,[3,) are the true values, the correct beligi=4, otherwise it ip=0. The myopic
policy is simply a weighted average of the optimal actions under certajraydx,, with the
weight depending on the belipf Learning the true parameter values implies that the belief
converges either to one or to zero, while the policy converges eitikgotdo X,

The three properties of limit belief and policy pairs discussed in section 2, belief
invariance, one-period optimization and mean prediction, can be used to show that there exists
at most one incorrect limit belief. First, belief invariance implies that limit belief and action pairs
are fixed points of the updating equation. By definitiprQ,x=x,) and (=1,x=x,) are such fixed
points, because the truth is a possible limit belief. Furtherraogep associated with an action
s.t. (9)
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constitutes such a fixed point. This belief and action pair also exhibits the mean prediction
property. Finally, it follows from one-period optimization that (20)
paB +(1-pap,

X = — 5 5 where 0<p<1
pB +(1-p)B;

The solution to the two-equation system (9) and (10)pfatefines the only possible incorrect
limit belief: (11)

Note thatp is a well-defined probabilityp[0,1], only if the slope parameters B and R are of
opposite sign.
FIGURE 1 ABOUT HERE

Figure 1 provides some further intuition. The two curves are based on parameter values
of («,=4,3 =-1) and ¢ =-1,(3,=1) which irply thatx,=4 andx,=1. From (10) and (11) it follows
that the incorrect limit belief and action pair 18=0.5,x=2.5). Sincex=2.5 corresponds to the
intersection of the two curves, this value does not provide any information that would allow the
decision maker to distinguish between the two curves. Such an uninformative action would of
course reinforce any belief held by the decision maker. For this action to be a limit action, it
needs to maximize expected one-period reward given some belief. As is apparent from (10) any
one-period optimal action is associated with a value loétween 0 and 1 and lies on the interval
[x,=1, X;=4]. Thus, as long as the intersection point lies on this interval, there exists one incorrect
limit belief and action pair. Note that if the two curves had slopes of the same sign, the
intersection point would fall outside of the interval. In this case, the uninformative action would

not be one-period optimal and the only possible limit belief would be the truth.

4.2. General specification with continuous parameter space

A specification with continuous parameter space promises to be more useful for studying
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the implications of learning by doing in economic models, because implicit is the more realistic

assumption that from the agent’s perspective the unknown parameters may take any real value.

For this purpose | specify the agent’s beliefs as a bivariate normal distribution: (12)
va vab
p(a,B|6) = N(at,bt,zt) where X - o
ab b

The state vectort, contains five variables, the mears,lf), the variancesv(,v,) and the
covariancev,,,. X denotes the variana®variance matrix. Table 2 shows the nonlinear updating
equations;’ the expected current reward for a quadratic objective, the myopic policy and the
Bellman equation under bivariate normal beliefs.
TABLE 2 ABOUT HERE
Using the three properties of limit beliefs, belief invariance, mean prediction and one-
period optimization, one can show that there exist multiple limit beliefs—all but one incorrect.
The correct limit belief is §=«,b=8,v,=v,=v_,=0) and implies the following choice of the
control:
(13)
Lo (ey)B
B +w
The set of possible limitediefs and policiesd,b, v, v, vV, X) is characterized by the system of
four equations and three inequality conditions in table 3.
TABLE 3 ABOUT HERE
This system of equations and inequalities has multiple solutions. Further manipulation leads to
a more concise description of the set of incorrect limit beliefs. It follows from belief invariance
that incorrect limit beliefs are characterized by uncertainty and perfect correlation (a correlation

coefficient p of unity) and that the limit action equals the negative ratiovgf and v,

14 A derivation of the updating equations using Bayes rule can be found in Zellner (1971). In the case considered
here the updating equations correspond exactly to recursive least squares or the Kalman filter. The updating is
conditional on the known variance of shocks. This assumption is standard and ensures that the posterior belief is a
normal distribution and the optimal policy can be computed. The updating equations here are written for a variance
of shocks equal to one.
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Furthermore, one-period optimization implies a relationship between this ratio and the means of
the limit distribution: (14)

—2
v

Perfect Correlation: i =1=p

vy
a b

Uncertainty: 17“,17}] >0

Limit Actions: x = -

It is important to note that this information is available to the decision maker. Even though he

does not know the true parameter values, he can desee @& candidate incorrect limit beliefs

based on (14). Using the mean prediction property and our knowledge of the true parameter

values, we can also derive the means associated with the limit distribution. These means equal
(15)

ab
— wT

v

b

if the preference pameeterw is greater than zero. Thus, for any non-zero value paind any
posiive value of v, one can use (14) and (15) to find values af b, v, and x which together
constitute a limit belief and action pair. Furthermore, it is now straightforward to provide
examples of such incorrect limit belief and action pairs. One simply chooses values for the
covariance and variance such that the negative ratio is different from the correct action given by
(13), and then computes the associated limit means(ftéjn Such an example would ba=(-
Brow(a-y-B)*, b =w(a-y-B)*, v, =V=1,va=-1, x=1).

Finally, if the prefeence parameten is equal to zero, it follows from the third equation

in (14) that the mean of the slope paramétewill either be equal tod-y’) v, v, or equal to
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zero in the limit. In the first case the associdiet action is X = -(a-y’)b™. It follows from the
mean prediction property that= -(x:-y)B™, which is the optimal actionnder certainty. In other
words, this limit belief, even if it is incorrect, will induce the correct action. Thus, one can

conclude that ifw=0, then all incorrect limit belief and action pairs will imhy0.

5. Determining the value and extent of optimal experimentation

This section addresses the questions raised in the introduction concerning the value and
optimal extent of experimentation based on numerical approximations of the optimal policy and
value functions. These approximations are obtained using an algorithm that is based on the
Bellman equation. | describe the algorithm, its numerical implementation, the precision of the

approximations and the computational costs in detail in the appendix.

5.1 lllustrative example with discrete parameter space

Figure 2 compares the optimal policy and value functions to the myopic policy and the
resulting one-period and multi-period expected reward for the problem with discrete parameter
space. The two sets of parametalues are ¢ ,,13,)=(4,-1) and ¢ ,3,)=(-1,1) as in figure 1. The
values of the prefence parameters ade0.75,y' =0 andw=0 and the variance of the normally
distributed zero-mean shocks is set to one.

FIGURE 2 ABOUT HERE

The upper panel compares the value functiqu) (dotted line with each dot representing a grid
point) to the expected one-period rewdH™(p),p) (solid line) and the expected (infinite
horizon) multi-period reward (dashed line) under the myopic policy. Both, the value function and
the multi-period reward from the myopic policy are put in per-period terms by multiplying with
(1-0). The difference between them represents the expected gain from optimal experimentation,
which lies between 0 and 35 percent of the multi-period reward under myopic behavior depending
on the initial belief. The gain is largest for a beliefpgD.5. For this belief the expected multi-
period reward from the myopic policy in per-period terms is equal to the one-period reward. In
other words, under this belief the payoffs obtained from the myopic policy are expected to remain
unchanged for all future periods. Another interesting point to notice i8/¢ppexhibits a non-

differentiability atp=0.5, while R(p) is smooth and differentiable. As shown in the preceding
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section,p=0.5 is the single incorrect limit belief and2.5 is the one-period optimal uninformative
action, which renders this belief self-reinforcing.

The lower panel shows that the optimal polid§f(p) exhibits a discontinuity gt=0.5,
while the myopic policyH™{p) is continuous and differentiable and coincides with the
uninformative actiorx=2.5 for a belief op=0.5. The discontinuity of the optimal policy has an
intuitive explanation. By avoiding uninformative actions that would reinforce an incorrect belief
such ax=2.5 andp=0.5 the optimal policy guarantees that the agent will eventually learn the true
parameter values. The myopic policy instead would repe@i5 self-reinforcing and allow beliefs
to converge to it in the limit. The optimal extent of experimentation as measured by the
difference between the myopic and optimal policy is larger, the closer the current belief is to the
candidate incorrect limit belief. Numerical approximations for different values of the discount
factor & show that the discontinuity arises even with values as low as 0.25 and that the optimal
degree of experimentation increases with the discount factor. The more the decision maker cares
about future performance, the more he will experiment. As a consequence his decisions exhibit
a tendency towards the extreme actionss4 or x,=1, depending on which of these actions

maximizes one-period reward for the most likely point in the parameter space.

5.2. General case with continuous parameter space

Based on the above result, one might expect that the gains from experimentation are even
larger in the case with bivariate normal beliefs, simply because there exist multiple beliefs that
motivate uninformative actions under myopic behavior and consequently represent possible limit
belief and policy pairs. Furthermore, one might expect that the value and policy functions
respectively exhibit non-differentiabilities and discontinuities at such beliefs. These conjectures
are confirmed by the numerical analysis.

Figure 3 compares the value function (dotted line with each dot representing a grid point)
to the expected one-period (solid line) and multi-period reward (dashed line) under the myopic
policy in per-period terms.

FIGURE 3 ABOUT HERE
Since these are five-dimensional functions, the nine panels in figure 3 only show slices along one

dimension of the state, the expected value of the slope pardméberalternative values of the
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other state variables. All panels are associated with an expected value of the iateftcapd

an associated variancg=1. Each row of panels is associated with a different value of the
variance of the slope. In the top rey#2.2, in the middle row,=1 and in the bottom row;:=0.5.

Each column is assated with a different value of the correlation coefficiprt(v,)(v Vv, In

the kft column,p=-1, in the middle colummp=-0.5 and in the right colump=0. The value of

the covariance is different in each panel and can be derived from the correlation coefficient.
Finally, the values of the preference parameters are 8g&irv5,y'=0 andw=0 and the variance

of the normally distributed zero-mean shocks is set to one.

The expected gain from optimal experimentation corresponds to the difference between
the value function and the expected multi-period reward from the myopic policy. It varies
between 0 and 52 percent, depending on the agent’s beliefs about the unknown parameters, and
is typically largest for a belief df=0. Furthermore, &=0 expected multi-period reward from
the myopic policy in per-period terms equals expected one-period reward, which means that future
payoffs from the myopic policy are expected to remain unchangelb=®the value function
typically exhibits a kink or non-differentiability. Finally, a comparison between the different rows
of panels reveals that the range of beliefs about the dipp®r which the gain from
experimentation is large, increases with the variance of the glope

Figure 4 shows the myopic and optimal policies corresponding to the value and reward
functions in figure 3. In all cases, the optimal policy implies a greater or equal value of the
control variable than the myopic policy. The extent of experimentation is largest in the
neighborhood ofb=0 and the optimal policy typically exhibits a discontinuity at this point.
Furthermore, a comparison of the three rows of panels confirms that the range of beliefs about
the slope, for which the extent of experimentation is quantitatively significant, also increases with
uncertainty about the slope.

FIGURE 4 ABOUT HERE

The non-differentiability of the value function and the discontinuity of the optimal policy
at beliefs withb=0 arises because the myopic action under these beliefs does not provide valuable
information. First, in the case of the beliefs underlying the three panels in the left column of
figures 3 and 4, one can use (14) to show that the psihtepresents a candidate incorrect limit

belief, i.e. a belief that is self-reinforcing under myopic behavior. The correlation coefficient is
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equal to -1, while the myopic policy equals the ratiovgfandv, and is uninformative. The
discontinuity of the optimal policy at this point implies that the optimal action is informative and
avoids reinforcing the incorrect belief. Such a discontinuity also arises in the panels of the middle
and right-hand side columns, even though the correlation coefficient is greater thanb=0and
consequently not a candidate limit belief. However, using the conditions in table 3 one can show
that forb=0 both, the myopic policy and the resulting payoffs are expected to remain invariant
under the myopic action. At=0 the myopic action equals the ratiowgf andv, which in turn
implies thatb, v, andv, and thus the myopic action itself are invariant. While the myopic action
may provide information regardirandv, this information is not expected to improve future
payoffs. Thus, the discontinuities in the optimal policy arise at beliefs, under which the myopic
policy is either completely uninformative or does not provide any valuable information.

Figures 3 and 4 illustrate a more general numerical result concerning convergence under
optimal behavior. As shown in section 3 there are many candidate limit belief and action pairs,
which satisfy the two equations and inequality conditions summarized by (14). | find that all
grid-points of the value and policy function approximations, which represent such a candidate
incorrect limit belief, are associated with a discontinuity in the optimal policy. This is as close
as one can get to a proof of complete learning under the optimal policy by means of numerical
methods. Furthermore, | found this result to be robust to alternative assumptions concerning the
variance of shocks and tipeeferences parameters. For example, | have tried discount factors
between 0.25 and 0.95 and values of the weightoetween 0 and 1, and have found

discontinuities in the optimal policy in all cases.

6. Learning by doing and the time series behavior of economic observables

Typically we cannot observe the beliefs of economic agents. Thus, from an empirical
perspective it is of interest to investigate whether alternative assumptions concerning the learning
behavior of economic agents would result in observable differences in economic time series data
that are affected by the actions of these agents. One can shed some light on this question by
means of dynamic simulations of the myopic and optimal policies discussed in the preceding

section.
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6.1 lllustrative example with discrete parameter space

Figure 5 shows the outcomes of four different dynamic simulations for the case with
discreteparameters. The true parameter values in these simulations a#e ,=-1). Thus, the
correct limit belief and action pair ip€1,x=4). In all four simulations, the initial prior belief
is the same and implies that the decision maker assigns only a 10 percent probability to the true
parameter values, i.p~=0.1. Differences arise because | consider two different draws of shocks
and simulate the agent’s learning process for each draw under myopic and optimal behavior.

FIGURE 5 ABOUT HERE

As can be seen from the panels in figure 5, which show the simulation paths for beliefs
p, actionsx and observationy, the optimal policy (dotted line) always results in complete
learning. Given the discontinuity of the optimal policy at the candidate incorrect limit belief
p=0.5, which was discussed in the preceding section, this should come at no surprise.
Convergence to the truth occurs very rapidly, essentially within two periods for both sets of
shocks. As a consequence, the control variable x converges to the optimal value under certainty
and the dependent variable converges to a normal distribution with the mean equal to the target
value of zero and the variance equal to the variance of shocks.

Myopic behavior (dashed line) may result in convergence to the incorrect limit belief and
action pair, p=0.5, x=2.5), as in the case of the first draw of shocks. The second simulation
shows that for another sequence of shocks myopic behavior may result in convergence to the
correct belief for the same initial conditions. However, convergence under the myopic policy is
still slower than under the optimal policy. Myopic behavior leads to a bias in the dependent
variable relative to the target valyg which may be temporary or permanent and is due to
mistaken beliefs about the underlying parameters. The next step is to explore whether such a bias
may also occur in a more realistic learning problem, and if so, how frequently it arises and how

persistent it may be.

6.2. General case with continuous parameter space
Figure 6 compares two dynamic simulations for the specification with continuous
parameter space, one based on myopic and the other on optimal behavior. In both cases, the

decision maker has the same prior beli&f,l,,v,,,Vy0:Van0)=(3,-2,5,4,-2), and is confronted with
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the same sequence of unexpected shocks.

FIGURE 6 ABOUT HERE
As can be seen from the two panels in the top row, myopic behavior generates a sizeable and
quite persistent bias in the control and target variable. The source of this bias are incorrect beliefs
about the unknown parametexsand 3. The agent's point estimates of approximately (2.4,0)
differ substantially from the true underlying values of (4,-1). As a consequence, the agent keeps
x close to 1.4, while the appropriate decision given the true parameter values would be to set
equal to 4. The result is an upward bias in the dependent variabkgbout 2.6. For more than
30 periods, the agent's myopic decisions induce almost no changes in beliefs and the degree of
uncertainty remains fairly constant. This is due to the domain of attraction created by an incorrect
belief such asgb,v,v,,Vv,)=(2.5833, 0, 1.204, 0.6, 0.85), which is self-reinforcing under the
myopic decisionx=1.4166. While decisions and beliefs do not completely converge to this
possible limit belief and action pair, they stay close to it for some time. Then some shocks occur,
which induce the agent to take more informative decisions that reduce uncertainty and lead to new
point estimates of the unknown parameters. As a result, the control and the dependent variables
eventually converge to a steady state that coincides with the optimal outcome under certainty.

No such bias arises under optimal behavior. After some initial experimentation the agent's
actions rapidly converge ta=4, and the dependent variable, on average, equals the agent's target
of zero. The cost of these experiments in terms of increased variability of the dependent variable
during the first few periods seems relatively small. At first, parameter uncertainty declines rapidly
and the point estimates move quickly towards the true value. However, once decisions are close
to what would be optimal under the true parameter values, beliefs only continue to converge very
slowly towards the truth.

These simulations indicate some implications of learning, which would allow a researcher
who observes the actions of economic agents but not their beliefs, to draw some inferences
concerning the agents' learning processes. For example, a rapid decline in the variability of the
dependent variable would tend to be associated with optimal experimentation, while apparent non-
stationarities and shifts in the data would tend to be associated with myopic behavior. However,
the simulation results shown in figure 6 could be idiosyncratic to the specific sequence of shocks,

and a larger set of simulations is needed to assess how frequently these features would appear in
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the data?

In the following | report results from several such simulation exercises, each based on
1000 draws of shocks of 100 periods length and the same initial ba}ibfV( oV oV an0=
(3,-2,5,4,-2). These exercises include simulations based on alternative values for the agent's
discount facto® and the weighto in the loss function. The results are summarized using three
types of measuresi) the percentage of simulations which exhibit a control bias larger than one
in absolute value after the 20th (40th) period, where the control bias is defined asuidx
is the optimal action when theue parameter values are known, k&4, if ®=0 and ¢ ,R)=(4,-
1); (ii) the average control and target bias of this subset of simulations during the first 20 (40)
periods, (16)

T T

N N
control bias: E Z (xti —x*) target bias: Z E (y”_ —y*)

i=1 =1 ’ i=1 =1 >

whereT equals 20 (40) and is the number of simulations selected; &nyl the average control
and target bias for all 1000 simulations.
TABLE 4 ABOUT HERE

As shown in the first row of table 4, under myopic behavior more than 10% of the sample
paths still exhibit a sizeable bias after 20 periods. The average control and target biases are -2.5
and 2.5 respectively as shown in the second and third row. Thus, conditional on the emergence
of a bias, the size of the bias in the simulation reported in figure 6 is quite representative. Even
when averaging over all simulations, myopic decisions still result in a sizeable bias. Under optimal

learning, however, it is less likely that a bias due to incorrect beliefs about the underlying

15 This simulation approach goes back to Taylor (1976) and Anderson and Taylor (1976), who compare the
performance of one-period optimal rules and least squares certainty equivalence rules. The latter are obtained by
treating the unknown parameters as known and equal to their least squares estimate$"JHaul, if the
preference parameteys andw are set to zero. They find that the certainty-equivalent policy is consistent, i.e. that
it converges to the decision that is appropriate under the true parameter values. Parameter estimates however
converge extremely slowly. The conditions on limit belief and action pairs presented in table 3, can be used to
confirm these results. The drawback of certainty-equivalent decision rules is that they lead to much more variability
initially than either the myopic or the optimal policy considered in this paper and are always suboptimal under
parameter uncertainty.
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parameter arises, and if it does, it tends to be of smaller sizéi=0095 less than 1% of the
simulations exhibit a bias after 20 periods and the average bias is reduced by more than half. A
comparison of alternative values for the discount factor shows that the higher the discount factor,
the more willing the agent will be to experiment, and thus reduce the likelihood and size of any
bias which would arise under slow learning.

TABLE 5 ABOUT HERE

Table 5 reports the same measures as described above for payoff functions with different
weights w=(0.1,0.3,0.5) in the objective function. The percentage of simulations which exhibit
a persistent bias under myopic behavior increases dramatieatlyy=0.5 a bias arises in one out
of two simulations. Part of the reason for this increased likelihood of a bias due to mis-specified
beliefs, is that positive values af are associated with an expked range of incorrect limit belief
and policy pairs, also including beliefs withnot equal to zero, as shown in section 4. The
absolute size of the control and target biases in the second and third row of table 5 decreases as
the weightw increases, because higher valuesoaimply a lower average value of the control
variable and a higher average value of the target variable. This needs to be taken into account
when interpreting the results for the average biases over all simulations in the fourth and fifth row
of table 5. Although the percentage of biased simulations has increased, which tends to raise the
average bias, the changes in the long-run averages of the control and target variable have an
offsetting effect on the absolute value of the average control and target bias. Finally, a comparison
of the third and seventh column shows that optimal learning results in much faster convergence
to the truth and tends to reduce the control and target bias (wh€¥&@ andd=0.75).

Clearly the results presented in tables 4 and 5 depend on the prior beliefs of the agent, the
true underlying coefficient values and the variance of the shocks. | have conducted similar
simulation exercises for alternative values of these parameters and have found that the generated
data exhibits the same qualitative properties for a large range of reasonable parameter values.
Reporting these results goes beyond the purpose of this paper. More importantly however, in
practical applications of learning by doing it may be possible to obtain values for some of these

input parameters directly from the data, while making the others the subject of sensitivity studies.
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7. Conclusions

This paper provides a quantitative assessment of the value and extent of optimal
experimentation in controlling a simple regression with two unknown parameters. Active
experimentation is found to be optimal for a non-negligible range of prior beliefs and substantially
improves expected future payoffs. | use an example with two possible parameter values to
illustrate that there are discontinuities in the optimal policy for certain incorrect beliefs, because
these beliefs would be self-reinforcing under myopic behavior. Perhaps not surprisingly, the extent
of experimentation is largest in the neighborhood of these candidate incorrect limit beliefs. The
same is true for a more general learning problem with continuous parameter space where the
decision maker’s beliefs are modeled as a bivariate normal distribution. This specification should
be quite useful for economic applications, because from the agent's perspective the unknown
parameters can take any real value.

Dynamic simulations reveal that myopic behavior neglecting the potential payoffs from
experimentation frequently results in a bias in actions and outcomes. This bias arises because the
decision maker holds on to mistaken beliefs about the unknown parameters and chooses actions
that in turn reinforce these beliefs. Whenever the agent learns the truth after a period of mistaken
beliefs, the change in behavior results in a shift in control and target variables. This generates
nonstationarities in economic data that constitute observable implications of learning. Optimal
experimentation instead leads to fairly rapid learning and steady convergence of observable
outcomes towards equilibrium values along with a decline in variability.

The numerical approach in this paper can be used to study the link between learning by
doing and experimentation in a variety of economic models. Interesting examples would be the
impact of learning by doing on technology choice [see Jovanovich and Nyarko (1995) and (1996)]
or the relative benefits of learning by doing and learning from others [see Foster and Rosenzweig
(1995) with respect to agricultural production]. Another relevant example is optimal monetary
policy under uncertainty about the relationship between policy instruments and targets. As shown
in Wieland (1995) and (1996) learning has normative and positive implications for policy making

after historical episodes of structural change.
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Appendix

The numerical dynamic programming algorithm

The algorithm for computing the value function and optimal policy relies on successive
application of the functional operatdrwhich is based on the Bellman equation and defines a
contraction mapping: (A.1)

Tw = Max (R(x,e) + 5[W(B(6,x,oc+ﬁx+e))p(a,ﬁ |0)p(e)dadp de
x

R(.) denotes expected current reward as a function of the current aciwh the current state
(belief) 0 and is defined in table 1 andr@spectively for each specification of beliefg.) refers
to a continuous bounded fttion that is defined on the relevant state sgd@nd constitutes an
approximation of the valuiunctionV. 6 denotes the discount factor and the integral represents
the expected value in the next period, where next period’s beliefs have been substituted out using
the relevant updating equatioB€) from tables 1 and 2p(«,RP) is the normal density function
implied by the agent's beliefs about the unknown parametensd 3. Finallyp(e) denotes the
normal density function of thE(0,1) error term.

We work with the space aontinuous bounded functions mapping the state spaoto
the real line. This is a complete metric space in the sup metric (A.2)

dw’w") = sup |w’(8) -w'(0)]
e

wherew® andw' are continuous bounded functions. The operatoraps a continuous bounded
function w into a continuous bounded functidw. As shown by Kiefer and Nyarko (1989)
Blackwell's sufficiency conditions, monotonicity and discounting, are satisfied Tail a

contraction mapping such that (A.3)

d(Twl,Two) < 6d(w1,w°)

ThusT has a unique fixed point, the value functdnwhich can be calculated by value iteration,
meaning successive application ©f T"w converges td/ uniformly as n- o. A convenient
starting valuen? is the single period reward functi®y.).

The algorithm is implemented as follows: first, calculate starting valdder a grid of
points in the state spaéeand save them in a table; secoralcglatew" by applying the operator
T tow® and update said table. This step involves a maximization with respect to the xdaitrol
each grid point in the state space. This maximization in turn requires repeated evaluation of the
following integral: (A.4)

[w (B(x,0,0+Bx+€)) p(a, B |0) p(e)dudp de

The updating equatior® and the two normal density functions are known. The valueg of
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at the grid points can be read from the table and the values in between grid points can be
approximated by multilinear interpolatidh. The advantage of linear interpolation is that it
preserves the shape of the function, positivity and monotonicity. Thus, even though the algorithm
only remembers a discrete approximatiompf when computing values of,, linear interpolation
guarantees that Blackwell’'s sufficiency conditions are satisfied and the algorithm remains a
contraction mapping. Based on the updating equations, the density functions and the ttadle
above integral can be evaluated using Gaussian quadrature. The maximization step however, is
nontrivial because there exist multiple local maxima. In fact, these multiple optima are what is
behind the finding of non-differentiabilities in the value function and discontinuities in the optimal
policy. To ensure that the global maximum is found, | first conduct a rough grid search, save the
maximum, and then conduct a golden section search to compute the maximum more precisely.
This two-step procedure is slow but secure. For each grid po#ttiis maximum is used to
update the table approximating the value function, w (.). The associated set of controls provides
an approximation to the optimal policgzh'(.). This procedure is repeated to obtaih w and so

on until the difference between two successive approximations is sufficiently small. A more
detailed discussion of numerical dynamic programming, as well as the optimization and quadrature
techniques utilized here can be found in Judd (1998).

Precision and computation costs
Since the algorithm is a contraction mapping, it is straightforward to construct a bound on
the appoximation error. Ifw™! = Tw", thend(w™ w" < & d(w"w™) and after iterating times
dw™™ i w™) < 8 d(w"w™). This implies thefollowing upper bound on the approximation error:
(A.5)

n n+l+i n+i 6 n n-
dV,w") < Ed(w ! W) < md(w W !

)

This bound only depends on the discount factor and the maximal distance between the
approximations obtained in the last two iterations. After every iteration, the algorithm checks all
the grid points for the maximum of[0)-w"*(8)| and computes the bound on the approximation
error. The value iterations are stopped once the discounted relative difference between two
successive approximations is within 0.5%. This error bound neglects that the numerical
maximization and integration procedures as well as the linear interpolatiwrbefween grid

points are possible sources of approximation error. For this reason | have conducted a detailed
sensitivity study for the bivariate normal specification with continuous parameter space. First, the
final accuracy of the optimization routine is 0.01 percent rendering this step a negligible source
of approximation error. Second, | have computed approximations using 10-, 15-, 20-, 30- and 100-
point Gaussian quadrature, and find that increasing the number of points beyond 30 has negligible
effects. Third, | have obtained approximations using successively greater numbers of grid points
in each dimension. The density of the grid is most important in areas of high curvature such as

1% Since we can usR or another known function as starting paiit the values in between grid points could be
calculated exactly in the first iteration. However, in subsequent iterations, the functional fofm of w is not known
and values in between grid points are obtained by interpolation.
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along the slopd. The grid in this dimension is represented by the dots in figures 3 and 4.
Comparing two value function approximations with 27 and 53 grid pointb, fofind that the
average percentage difference at the grid points is 0.33 percent, while the maximum percentage
difference is 5.5 percent. The maximum difference in percentage terms is very small in absolute
terms, since it occurs when the absolute value of the value function is very small. The average
absolute difference is 0.014 and the maximum absolute difference is 0.4. These differences are
small enough to be undetectable in the figures.

A drawback of the algorithm is that computational effort increases geometrically with the
number of state variables. For example, if one uses N grid points for each dimension, the
integration and optimization procedures described above have to be carried for each grid point i.e.
N°> times to complete one value iteration. The search for the optimum is especially time
consuming, because of the existence of multiple local optima. An additional factor in terms of
computational effort is that the number of value iterations required to achieve convergence within
a set maximal error bound increases rapidly with the discount factor.

| have taken two different steps to reduce computation time. The first step was to introduce
policy iterations, which reduces the number of value iterations required for convergence within
a set maximal error bound. A policy iteration implies the application of the following operator:

(A.6)

P

T w = R(h(6),0) +5fW(B(G,x,a+Bh(9)+€))p(a,BIG)P(G)dadBdG

Here h(0) refers to the approximation of the policy function obtained from the preceding value
iteration. Thus, following every value iteration, the operdfdris repeatedly applied to the
approximation of the value functiom (for a givenh(.)) until it converges within a given bound.
Such policy iterations can be carried out fairly quickly because they do not involve an
optimization step. As a result, the number of value iterations as well as overall computing time
is reduced. This is particularly useful, when considering high values of the discount factor.
Secondly, for simple payoff functiorssich as the quadratic function with weightequal
to zero, only four of the five state variables need to be considered and the optimization step has
to be carried out only N times per value iteration (the proof is given below). The approximations
shown in figures 3 and 4 are based on a four-dimensional grid with 18, 53, 32 and 63 grid points
respectively and use 30-point Gaussian quadrature. The grid points were chosen so that the
distance between them is smaller in areas of high curvature. For this case, convergence as defined
by a 0.5% maximal error was achieved after almost 2 days on a SPARC 20 work station.
However, if the weight in the payoff function is positive, such as in column 4 of table 5
(0=0.75w=0.3) a five-dimensional grid is needed. By using a slightly less dense grid and 15-
point quadrature, a good approximation can be obtained within a week on the same computer.

A transformation that reduces the number of relevant state variables
One can ignore one state variable when dealing with the simple payoff function (A.7)

U) = -(y-y*)*
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In this case the value functidhcorresponds to the supremum of
(A.8)

oo . ] . s =
E ]Z; 3 (yw, y ) |abXE where Y, oc+ij+ej

Proposition: The value functiorV(a,b,X) has the following property (for any/ @k (A.9)

V(a kb v ,kzv kv ) =Wa,b,v ,v ,v )
t t’ at bt ab,t t” t  at’ bt abgt

Proof: Consider the transformed problem
y, = o+ kak’t+et where Bk=k[3 xk’t=xt/k

If the prior on ¢,B) isN(a, b\, M V), then the prior orf, is N(a, kb, v, K> Vi KV, ).
Since these two problems are equivalent, the proposition follows.

By settingk = v,;/”* and replacing it in the above equation one obtains: (A.10)
V(a,bv_llz,v ,1,v v_llz) =V@a,b,v ,v ,v_ )
t” t bt a,t abt bt t” t" at’ bt abgt

Thus it is sufficient to approximate the value function for a grid of four state variables.
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Table 1. Specification of the Illustrative Example

Updating Equation
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where f(.) is the predictive distribution of y

2 2
120 - B x) -1720) - B x) )

folxp) = <2n>‘”2( p,e Yrp)e




Table 2 Specification of the Learning Problem with Continuous Parameter Space

Updating Equations

a
) ={2_1+XX}_1 (
t tt b

t+1

1

/ a| ¢
=X (Xy+X where X =
. t+1| et t bt t ]
t+

Expected One-Period Reward
R(x,ab,2) = -[1+(@a-y")’ v+ xz(vb +birw) + 2x(v_+ab)]

Myopic Policy
v, +@ay)b
x™ = H”@hZ) = ~———
2
v, +h"+w

Bellman Equation
V(a,b,X) = Max| R(x,a,b,2) + 5[ V(B(a,b,Z,x,0.+Bx+€))q€)p(a,B| a,b,Z)dadp de
x




Table 3. The Set of Possible Limit Beliefs and Limit Actions

Belief Invariance vV o+ bJ? =0 = a,v invariant
a a a
v +vx=0 = b,v,v invariant
ab b b" ab
@, @-yHb)
One -Period Optimization X =- =
@+ b+ @)
Semi-Positive -Definiteness of X v Vb - 172b >0

a a

Non-Negativity of Variances 17“,171, >0

Mean Prediction @ +Bx=a+b




Table 4. Learning Biases under Myopic Behavior versus Optimal Learning

Myopic Behavior Optimal Learning
(0=0.25) (0=0.75) (6=0.95)
T=20 T=40 T=20 T=40 T=20 T=40 T=20 T=40

% of Paths
s.t. Bias>1 afl 11% 2.3% 6.9% 3.5% 1.1% 0.3% 0.8% 0.4%
Biased Paths:

Control Bias -2.55 -2.46 -2.16 -2.16 -1.39 -1.51 -0.83 -0.81
Target Bias 2.49 241 1.96 2.03 1.02 1.3 0.52 0.69
All Paths:

Control Bias -1.14 -064 -094 -055 -056 -0.33 -046 -0.26
Target Bias 1.11 0.63 0.91 0.53 0.52 0.31 0.43 0.24

Note: These results are based on an objective function with the weightal to zero.



Table 5.

Learning Biases when Instrument Variation is Costly

Myopic Behavior

Optimal Learning

(0=0.1)
T=20 T=40

(©=0.35=0.75)
T=20

% of Paths;
Bias>1 atT

Biased Paths:

Control Bias
Target Bias
All Paths:

Control Bias

Target Bias

18%

-2.23
2.15

-1.17
1.13

3.2%

-1.29
1.17

-0.57
0.54

T=40



Figure 1 lllustrative Example with Discrete Parameter Space

J(@1,B ) (a2,p2)

2
y
1
y*
-1 1 2 _ 3 4 5 6
X2 X X1 X
_1 -
-2 4

Note: X = 2.5 is an uninformative action which on average, would induce the same value y = 1.5 under
either of the two possible sets of parameter values, ( a4, B ) =(4,1) or (a5 B ) =(-1,1).
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Figure 2 lllustrative Example - Value and Policy Functions

Payoffs
Payoffs
in Per-Period Terms
—— One-Period Reward from Myopic Policy
- —--  Multi-Period Reward from Myopic Policy
B Value Function 7
] ] ] ] ] ] ] ] ] ] ]
0.0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1.0
Belief p
Policies
Policy x
——  Myopic Policy
B ~eeeee  Optimal Policy |
] ] ] ] ] ] ] ] ] ] ]
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Belief p

Note: The two possible sets of parameter values are (01,81) = (4-1)and (02,82) = (-1,1). The
discount factor 9 is set equal to 0.75, the target value y* equals 0, and the preference parameter
w is set equal to 0.
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