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Abstract

We propose a new methodology for structural estimation of dynamic discrete choice
models. We combine the Dynamic Programming (DP) solution algorithm with the
Bayesian Markov Chain Monte Carlo algorithm into a single algorithm that solves the
DP problem and estimates the parameters simultaneously. As a result, the computa-
tional burden of estimating a dynamic model becomes comparable to that of a static
model. Another feature of our algorithm is that even though per solution-estimation
iteration, the number of grid points on the state variable is small, the number of ef-
fective grid points increases with the number of estimation iterations. This is how we
overcome the "Curse of Dimensionality". We simulate and estimate several versions
of a simple model of entry and exit to illustrate our methodology. We also prove that
under standard conditions, the parameters converge in probability to the true posterior
distribution, regardless of the starting values.
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1 Introduction

Structural estimation of Dynamic Discrete Choice (DDC) models has become increasingly
popular in empirical economics. Examples include Keane and Wolpin (1997) in labor eco-
nomics, Erdem and Keane (1995) in marketing and Rust (1987) in empirical industrial
organization. Structural estimation is appealing for at least two reasons. First, it captures
the dynamic forward-looking behavior of individuals, which is very important in understand-
ing agents’ behavior in various settings. For example, in labor market, individuals carefully
consider future prospects when they switch occupations. Secondly, since the estimation is
based on explicit solution of a structural model, it avoids the Lucas Critique. Hence, after
the estimation, policy experiments can be relatively straightforwardly conducted by simply
changing the estimated value of “policy” parameters and simulating the model to assess the
change. However, one major obstacle in adopting the structural estimation method has been
its computational burden. This is mainly due to the following two reasons.

First, in dynamic structural estimation, the likelihood or the moment conditions are
based on the explicit solution of the dynamic model. In order to solve a dynamic model, we
need to compute the Bellman equation repeatedly until the calculated expected value func-
tion converges. Second, in solving the Dynamic Programming (DP) Problem, the Bellman
equation has to be solved at each possible point in the state space. The possible number of
points in the state space increases exponentially with the increase in the dimensionality of
the state space. This is commonly referred to as the “Curse of Dimensionality”, and makes
the estimation of the dynamic model infeasible even in a relatively simple setting.

In this paper, we propose an estimator that helps overcome the two computational dif-
ficulties of structural estimation. Our estimator is based on the Bayesian Markov Chain
Monte Carlo (MCMC) estimation algorithm, where we simulate the posterior distribution
by repeatedly drawing parameters from a Markov Chain until convergence. In contrast to the
conventional MCMC estimation approach, we combine the Bellman equation step and the
MCMC algorithm step into a single hybrid solution-estimation step, which we iterate until
convergence. The key innovation in our algorithm is that for a given state space point, we
need to solve the Bellman equation only once between each estimation step. Since evaluating

a Bellman equation once is as computationally demanding as computing a static model, the



computational burden of estimating a DP model is in order of magnitude comparable to that
of estimating a static model.

Furthermore, since we move the parameters according to the MCMC algorithm after each
Bellman step, we are “estimating” the model and solving for the DP problem at the same
time. This is in contrast to conventional estimation methods that “estimate” the model only
after solving the DP problem. In that sense, our estimation method is related to the algo-
rithm advocated by Aguirreagabiria and Mira (2001), where they propose either to iterate
the Bellman equation only a limited number of times before constructing the likelihood, or
to solve the DP problem “roughly” at the initial stage of the Maximum Likelihood routine
and increase the precision of the DP solution with the iteration of the Maximum Likelihood
routine. The first estimation strategy, which is not based on the full solution of the model,
cannot handle unobserved heterogeneity. This is because this estimation method essentially
recovers the value function from the observed choices of people at each point of the state
space. But if there are unobserved heterogeneities, the state space points are unobservable
in the data. In the second strategy, they still compute the solution of the DP problem,
whether exact or inexact, during each estimation step. Hence, the computational burden of
solving for the DP problem at each estimation step, although diminished, still remains. In
our algorithm, we only need to solve the Bellman equation once between each estimation
step.!

Specifically, we start with an initial guess of the expected value function (emax function).
We then evaluate the Bellman equation for each state space point, if the number of state
space points is finite, or for a subset of the state space grid points if the state space is
continuous. We then use Bayesian MCMC to update the parameter vector. We update the
emax function for a state space point by averaging with those past iterations in which the
parameter vector is “close” to the current parameter vector and the state variables are either

exactly the same as the current state variables (if the state space is finite) or close to the

'In contrast to Ackerberg (2004), where the entire DP problem needs to be solved for each parameter
simulation, in our algorithm, the Bellman equation needs to be computed only once for each parameter value.
Furthermore, there is an additional computational gain because MCMC algorithm guarantees that except
for the initial burn-in simulations, most of the parameter draws are from a distribution close to the true
posterior distribution. In Ackerberg’s case, the initial parameter simulation and therefore the DP solution
would be inefficient because at the initial stage, true parameter distribution is not known.



current state variables (if the state space is continuous). This method of updating the emax
function is similar to Pakes and McGuire (2001) except in the important respect that we
also include the parameter vector in determining the set of iterations over which averaging
occurs.

Our algorithm also addresses the problem of ‘the Curse of Dimensionality’. In most
DP solution exercises involving a continuous state variable, the state space grid points,
once determined, are fixed over the entire algorithm, as in Rust (1997). In our Bayesian DP
algorithm, the state space grid points do not have to be the same for each solution-estimation
iteration. In fact, by varying the state space grid points at each solution-estimation iteration,
our algorithm allows for an arbitrarily large number of state space grid points by increasing
the number of iterations. This is how our estimation method overcomes the “Curse of
Dimensionality”.

The main reason behind the computational advantage of our estimation algorithm is the
use of information obtained from past iterations. In the conventional solution-estimation
algorithm, at iteration ¢, most of the information gained in all past estimation iterations
remains unused, except for the iteration ¢ — 1 likelihood and its Jacobian and Hessian in
Classical ML estimation, and MCMC transition function in Bayesian MCMC estimation.
In contrast, we extensively use the vast amount of computational results obtained in past
iterations, especially those that are helpful in solving the DP problem.

We demonstrate the performance of our algorithm by estimating a dynamic model of
firm entry and exit choice with observed and unobserved heterogeneities. The unobserved
random effects coefficients are assumed to have a continuous distribution function, and the
observed characterisitcs are assumed to be continuous as well. It is well known that for a
conventional Dynamic Programming Simulated Maximum Likelihood estimation strategy,
this setup imposes an almost prohibitive computational burden. The computational burden
is due to the fact that during each estimation step, the DP problem has to be solved for
each firm hundreds of times. Because of the observed heterogeneity, each firm has a different
parameter value, and furthermore, because the random effects term has to be integrated
out numerically via Monte-Carlo integration, for each firm, one has to simulate the random

effects parameter hundreds of times, and for each simulation, solve for the DP problem. This



is why most practitioners of structural estimation follow Heckman and Singer (1984) and
assume discrete distributions for random effects and only allow for discrete types as observed
characteristics.

We show that using our algorithm, the above estimation exercise becomes one that is
computationally quite similar in difficulty to the Bayesian estimation of a static discrete
choice model with random effects (see McCullogh and Rossi (1994) for details), and thus is
feasible. Indeed, the computing time for our estimation exercise (with 100 firms and 100 time
periods) is about 13 hours, similar to the time required to estimate a reasonably complicated
static random effects model. In contrast, even a single iteration of the conventional simulated
maximum likelihood estimation routine of the same model took 6 hours and 20 minutes.

In addition to the experiments, we formally prove that under very mild conditions, the dis-
tribution of parameter estimates simulated from our solution-estimation algorithm converges
to the true posterior distribution in probability as we increase the number of iterations. The
proof relies on coupling theory (see Rosenthal (1995)) in addition to the standard asymptotic
techniques such as the Law of Large Numbers.

Our algorithm shows that the Bayesian methods of estimation, suitably modified, can
be used effectively to conduct full solution based estimation of structural dynamic discrete
choice models. Thus far, application of Bayesian methods to estimate such models has
been particularly difficult. The main reason is that the solution of the DP problem, i.e.
the repeated calculation of the Bellman equation is computationally so demanding that the
MCMC, which typically involves far more iterations than the standard Maximum Likelihood
routine, becomes infeasible. One of the few examples of Bayesian estimation is Lancaster
(1997). He successfully estimates the equilibrium search model where the Bellman equation
can be transformed into an equation where all the information on optimal choice of the
individual can be summarized in the reservation wage, and hence, there is no need for
solving the value function. Another example is Geweke and Keane (1995) who estimate the
DDC model without solving the DP problem. In contrast, our paper accomplishes Bayesian
estimation based on full solution of the DP problem by simultaneously solving for the DP
problem and iterating on the MCMC algorithm. The difference turns out to be important

because the estimation algorithms that are not based on the full solution of the model can



only accomodate limited specification of unobserved heterogeneities.

Our estimation method not only makes Bayesian application to DDC models compu-
tationally feasible, but possibly even superior to the existing (non-Bayesian) methods, by
reducing the computational burden of estimating a dynamic model to that of estimating a
static one. Furthermore, the usually cited advantages of Bayesian estimation over classical
estimation methods apply here as well. That is, first, the conditions for the convergence of
the MCMC algorithm are in general weaker than the conditions for the global maximum of
the Maximum Likelihood (ML) estimator, as we show in this paper. Second, in MCMC,
standard errors can be derived straightforwardly as a byproduct of the estimation routine,
whereas in ML estimation, standard errors have to be computed usually either by invert-
ing the numerically calculated Information Matrix, which is valid only in a large sample
world, or by repeatedly bootstrapping and reestimating the model, which is computationally
demanding.

The organization of the paper is as follows. In Section 2, we present a general version
of the DDC model and discuss conventional estimation methods as well as our Bayesian DP
algorithm. In Section 3, we prove convergence of our algorithm under some mild conditions.
In Section 4, we present a simple model of entry and exit. In Section 5, we present the
simulation and estimation results of several experiments applied to the model of entry and
exit. Finally, in Section 6, we conclude and briefly discuss future direction of this research.

The Appendix contains all proofs.

2 The Framework

Let 6 be the J dimensional parameter vector. Let S be the set of state space points and let
s be an element of S. We assume that S is finite. Let A be the set of all possible actions
and let a be an element of A. We assume A to be finite to study discrete choice models.

The value of choice a at parameter ¢ and state vector s is,
V(s,a,€4,0) =U(s,a,€4,0) + BE [V (S, €,0)] (1)

where ¢’ is the next period’s state variable, U is the current return function. € is a vector

whose a th element ¢, is a random shock to current returns to choice a. Finally, 5 is



the discount factor. We assume that e follows a multivariate distribution F. (¢|@), which is
independent over time. The expectation is taken with respect to the next period’s shock €.
We assume that the next period’s state variable s’ is a deterministic function of the current
state variable s, current action a, and parameter 6 2. That is,
s'=4'(s,a,0).
The value function is defined to be as follows.
V(s,€,0) = maxV(s,a, €., 0)
acA

We assume that the dataset for estimation includes variables which correspond to state
vector s and choice a in our model but the choice shock ¢ is not observed. That is, the
observed data is Yy r = {s¢_, af FﬁT}N’T 3, where N is the number of firms and T is the

2,77 7,T) i=1,7=1 ’

number of time periods. Furthermore,

al_ = argmaxV(s} , a,eq,0)
) aeA ’
d _ d d e (d d
F;,T - U(Siﬂ" @7 Eaz770) if (Siﬂ" ai,T) cevw

0 otherwise.

The current period return is observable in the data only when the pair of state and choice
variables belongs to the set W. In the entry/exit problem of firms that we discuss later,
profit of a firm is only observed when the incumbent firm stays in. In this case, V¥ is a set
whose state variable is being an incumbent (and the capital stock) and the choice variable
is staying in.

Let 7() be the prior distribution of §. Furthermore, let L(Yy r|0) be the likelihood of the
model, given the parameter 6 and the value function V'(.,.,#), which is the solution of the

DP problem. Then, we have the following posterior distribution function of 6.
PO|Ynr) o< w(0)L(Yn1|0). (2)

N.T . .. . . .
Let € = {¢;,},=,,_,.- Because € is unobserved to the econometrician, the likelihood is an

integral over it. That is, if we define L(Yn r|€,0) to be the likelihood conditional on (e, 6),

2This is a simplifying assumption for now. Later in the paper, we study random dynamics as well.
3We denote any variables with d superscript to be the data.
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then,
LYy 1]0) = / L(Yy rle, 0)dF.(e]6).

The value function enters in the likelihood through choice probability, which is a component
of the likelihood. That is,

_ = arg max V(s¢

acA im0 @ €ajirs 0)

0,7 i,

P [a = af,T|s“l 74 9} =Pr Faw - al

Below we briefly describe the conventional estimation approaches and then, the Bayesian

dynamic programming algorithm we propose.

2.1 The Maximum Likelihood Estimation

The conventional ML estimation procedure of the dynamic programming problem consists
of two main steps. First is the solution of the dynamic programming problem and the
subsequent construction of the likelihood, which is called “the inner loop” and second is the

estimation of the parameter vector, which is called “the outer loop”.

1. Dynamic Programming Step: Given parameter vector ¢, we solve the Bellman

equation, given by equation 1. This typically involves several steps.

(a) First, the random choice shock, € is drawn a fixed number of times, say, M, gen-
erating €™, m =1, ..., M. At iteration 0, set initial guess of the value function to
be, for example, zero. That is, V(0 (s, €™ 0) = 0 for every s € S, e(™. We also let
the expected value function (Emax function) to be zero, i.e., Fu [V(O)(s, €, 0)} =0

for every s € S.

(b) Assume we are at iteration ¢ of the DP algorithm. Given s € S and €™, the
value of every choice a € A is calculated. For the Emax function, we use the
approximated expected value function E. [V(t’l)(s’ L€, 9)} computed at the pre-
vious iteration ¢ — 1 for every s’ € S. Hence, the iteration ¢ value of choice a
is,

V(s a,e™ 0) = Ul(s,a,e™,0) + BE. [V(t_l)(s’, ¢.,0)].



Then, we compute the value function,

VO (s,e™ 0) = max VY (s,a,e™, 0). (3)

acA
The above calculation is done for every s € S and €™, m = 1,..., M.

c. The approximation for the expected value function is computed by taking the

average of value functions over simulated choice shocks as follows.

M
~ 1
E. [V(t)(s', €, 9)} = i 2 V(t)(s', e 0) (4)
Steps b) and c) have to be done repeatedly for every state space point s € S.
Furthermore, all three steps have to be repeated until the value function converges.

That is, for a small § > 0,
‘V(t)(s, €™ g) — VD (s, ) )| <o
forallse Sand m=1,.., M.

2. Likelihood Construction

The important increment of the likelihood is the choice probability P [a = agT |s¢ .V, 0} .

1,79

For example, suppose that the per period return function is specified as follows.

Uls,a,e™ ) = [7(3, a,0) + em,

a

where U (s,a,0) is the deterministic component of the per period return function. Also,

denote,
VO (s,0,0) = U(s,a,0) + BE« [VOI(s €, 0)]

to be the deterministic component of the value of choosing action a. Then,
1,T)

P [agln"‘szd,‘r?‘/ﬂe] =P |:‘5a o eagT < i;(t)<87ad 9) - ﬁ(t)(suav 9): a 7& a?,7-|8?,7-7 ‘/79]

which becomes a multinomial probit specification when the error term ¢ is assumed to

follow a joint normal distribution.



3. Maximization routine

Supppose we have K parameters to estimate. In a typical Maximum Likelihood estima-
tion routine, where one uses Newton hill climbing algorithm, at iteration ¢, likelihhood
is derived under the original parameter vector 0™ and under the perturbed parameter
vector 0®) + Ab;, j =1,..., K. The perturbed likelihood is used together with the orig-
inal likelihood to derive the new direction of the hill climbing algorithm. This is done
to derive the parameters for the iteration ¢ + 1, #%*Y. That is, during a single ML es-
timation routine, the DP problem needs to be solved in full K + 1 times. Furthermore,
often the ML estimation routine has to be repeated many times until convergence is
achieved. During a single iteration of the maximization routine, the inner loop algo-
rithm needs to be executed at least as many times as the number of parameters plus
one. Since the estimation requires many iterations of the maximization routine, the

entire algorithm is usually computationally extremely burdensome.

2.2 The conventional Bayesian MCMC estimation

A major computational issue in Bayesian estimation method is that the posterior distribu-
tion, given by equation 2, is a high-dimensional and complex function of the parameters. In-
stead of directly simulating the posterior, we adopt the Markov Chain Monte Carlo (MCMC)
strategy and construct a transition density from current parameter 6 to the next iteration
parameter ¢, f (0,0"), which satisfies, among other more technical conditions, the following
equality.

POYa) = [ 10.0)PO1Yxr) 0

t
We simulate from the transition density the sequence of parameters {0(5)} , which is

known to converge to the correct posterior. !

Gibbs Sampling is a popular way of implementing the MCMC strategy discussed above,
due to its simplicity. Gibbs sampling algorithm decomposes the transition density f (6,6")
into small blocks, where simulation from each block is straightforward. During each MCMC
iteration, we also fill in the missing € following the Data Augmentation strategy (See Tanner

and Wong (1987) for more details of Data Augmentation).
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The conventional Bayesian estimation method applied to the DDC model proceeds in the
following three main steps.

Dynamic Programming Step: Given parameter vector 0® the Bellman equation,
given by equation 1, is iterated until convergence. This solution algorithm for the DP Step
is similar to the Maximum Likelihood algorithm discussed above.

Data Augmentation Step: Since data is generated by a discrete choice model, the
qd  pd \NT

iroai, g " and does not include the latent shock € =

observed data is Yy = {3

{e;, T}Z 1-—1- In order to ‘integrate out’ the latent shock, we simulate € for the next iteration

d t+1)

t+ 1. Since the optimal choice is given as af . in the data, we need to simulate €l subject

d

s ad_ is the optimal choice. That is,

to the constraint that for every sample 7, 7, given ¢

d
a’_ = argmaxV
i = argmas (s7

A(t+1) Q(t))

aZT7

a,

ZT’

A(Jr)

where € is the data augmented shock for sample i, 7.

Glbbs Sampling Step: Draw the new parameters 8¢ as follows: Suppose the first

J —1 parameters have been updated (0, = 0 Hl 01 =10 Hl)) but the remaining J —j+1
parameters have not (6; = Hj oy = o g ) T hen, update j th parameter as follows. Let
—i) _ [ plt+1 t+1) p(t t
gt—i) = <9§ )L 6D g ...,05)) .
Then,
gy p (9§t+1>|9<t,—j>) ,
where

J

[0 0 L(Yp e 94D 6,)dp,

(t+1) (t+1) — (t+1)
((,m)'@(t,fj)) :n(9< DTV L(Yr[eHD, 009, 6 ) 5

and €'Y is the data augmented shock. Let f <9 9 9" be the transition function of a

Markov chain from 8% to 8%*Y at iteration ¢. Then, given #), the transition density for
the MCMC is as follows.

f< (t) t—|—1> Hp< (t+1) |9t ;)> (6)

Although MCMC technique overcomes the computational burden of high dimensionality

of parameters, that of solving the DP problem still remains. Since the likelihood is a function
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of the value function, during the estimation algorithm, the DP problem needs to be solved
and value function derived at each iteration of the MCMC algorithm. This is a similar
problem as discussed in the application of the Maximum Likelihood method.

We now present our algorithm for estimating the parameter vector . We call it the
Bayesian Dynamic Programming Algorithm. The key innovation of our algorithm is that
we solve the dynamic programming problem and estimate the parameters simultaneously,

rather than sequentially.

2.3 The Bayesian Dynamic Programming Estimation

Our method is similar to the conventional Bayesian algorithm in that we construct a tran-
t

sition density f® (0,6), from which we simulate the sequence of parameters {0(3) }571 such
that it converges to the correct posterior. We use Gibbs Sampling strategy described above.
We also fill in the missing € following the Data Augmentation strategy. The main differ-
ence between the Bayesian DP algorithm and the conventional algorithm is that during each
MCMC step, we do not solve the DP problem in full. In fact, during each MCMC step,
we iterate the DP algorithm only once. As a result of this, because the transition density
at iteration ¢ depends on the value function approximation derived at iteration ¢, V® in
our algorithm, the transition density f® (6,6') changes with each iteration. Therefore, the

invariant distribution for the transition density f® (6,6') is,
PO@GYyr) = 7(0) LY Yur|0) = 7(0)L(Yn1|0, VD).
That is, the transition density at iteration ¢ satisfies the following equation.
POO|Yyr) = / FO90,0) PY (O Yyr)dd

We later prove that the transition density at iteration ¢ converges to the true transition

density in probability as ¢ — oco. That is,
F90.0) — (0.9

for any 0, 0" € ©. Furthermore, we prove that the parameter simulations based on the MCMC

algorithm using the above sequence of transition densities converges in probability to the
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parameter simulation generated by the MCMC using the true transition density f(.,.). In
other words, the sequence of simulated parameters of the Bayesian DP algorithm converges
to the true posterior distribution.

A key issue in solving the DP problem is the way the expected value function (or the Emax
function) is approximated. In conventional methods, this approximation is given by equation
4. In contrast, we approximate the emax function by averaging over a subset of past itera-
tions. Let Q) = {6(8), 6 () }: ) be the history of shocks, parameters and value functions

up to the current iteration ¢!. Let V® (s, a, e((f), 108 Q1) be the value of choice a and let

VO (s,e®, 0, QU1 be the value function derived at iteration ¢ of our solution/estimation

A ()
algorithm. Then, the value function and the approximation E,, [V(s,€,0)/Q¢Y] for the

expected value function E. [V (s',€,0)] at iteration t are defined recursively as follows.

t ~ 0 _ gt
2\7}(,) [V(s’, e',9)|Q(t*1)} = X:V(t*”)(g’7 =) gt=m) | Qt=n=1)) K (0 —607) 7
ZkN:(tl) Kh(‘g(t) _ g(tfk))

(7)

€
n=1

and,

(t—n)

V) (5,0, 90 QU= — (s, a, el 90) -l—ﬁ%

El

V(s e 0t-jaen]

V(t—n)(s’ E(t—n)’ H(tfn) | Q(t—n—l)) _ M(ll'aeAV(t_n) (S, a, Egt—n)’ e(tfn) | Q(t—n—l))
where K () is a kernel with bandwidth 4 > 0. That is,

1 z
K = —K(+).
\(2) = 5K (5)
K is a nonnegative, continuous, bounded real function which is symmetric around zero and

integrates to one. i.e. [ K(z)dz = 1. Furthermore, we assume that [ zK(z)du < oc.
The approximated expected value function given by equation 5 is the weighted average
of value functions of N(¢) most recent iterations. The sample size of the average, N(t),
increases with ¢. Futhermore, we let ¢ — N(t) — oo as t — 0o. The weights are high for
the value functions at iterations with parameters close to the current parameter vector o,

This is similar to the idea of Pakes and McGuire (2002), where the expected value function

4The simulated shocks €®) are those used for calculating the value function, not those used for data
augmentation.
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is the average of the past N iterations. In their algorithm, averages are taken only over the
value functions that have the same state variable as the current state variable s. In our case,
averages are taken over the value functions that have the same state variable as the current
state variable s as well as parameters that are close to the current parameter 6™ . From now
on, to simplify the notation, we omit Q0 from the value functions and the expected value
function.

We now describe the complete Bayesian Dynamic Programming algorithm at iteration ¢.
Suppose that {e(l)};l, {H(Z)}:l are given and for all discrete s € S, {V(l)(s, €W, 0(1))}t is

=1
also given. Then, we update the value function and the parameters as follows.

A (8)
1. Bellman Equation Step: For all s € S, derive £, [V(S’ € Q(t))} defined above in

equation 7. Also, simulate the value function by drawing ¢® to derive,

A ()

V(s a,e?) 00) = U(s,a,e? 09) + BE,, [ (s',e',ﬁ(t))] :

a9 ’CL’

V®O(s,e® 00) = max VI (s, a,e,00).

Y J
acA a

2. Data Augmentation Step: We simulate e**?) subject to the constraint that for

every sample (7, 7), given sz, a; . is the optimal choice. That is,
a? = arg max V(t ( zra 7/\fzf::)7 g(t))

a€A

is the data augmented shock for sample (i,7). This step is the same as

t+1
where Efj)

that of the conventional Bayesian estimation.

3. Gibbs Sampling Step: This step again is very similar to that of the conventional
Bayesian estimation. Therefore, we adopt the notation used there. Draw the new

9 (t+1)

parameters as follows:

Suppose the first j — 1 parameters have been updated (6, = 9 (t+1) 0j1 = 10; t+1) )
but the remaining J — j 4 1 parameters are not (0; = Qgt), w0y = Qf] ) Then, update

j th parameter as follows.

(t+1) t) (1)) g(t.—5)
o Np()<gj 16¢ J>7

J
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where,
(06, 9§t+1)) L(Yy [0, o), 9§t+1>7 v®)

f W(e(tﬁj ) QJ)L(YN,T’E(tJrl)? Q(tﬁj% 9j7 V(t))dej 7

p® <9§t+1> |9(t,,j)) -

(1) is the data augmented shock. Then, given #), the transition density for the

MCMC is derived as follows.

J
7@ (9(1&)7 9<t+1>> =I»" <9§t+1),9<t,fj>>
j=1

and €

We repeat Steps 1 to 3 until the sequence of the parameter simulations converges to a
stationary distribution. In our algorithm, in addition to the Dynamic Programming and
Bayesian methods, nonparametric kernel techniques are also used to approximate the value
function. Notice that the convergence of kernel based approximation is not based on the
large sample size of the data, but based on the number of Bayesian DP iterations.

Note that that the Bellman equation step (Step 1) is only done once during a single
estimation iteration. Hence, the Bayesian DP algorithm avoids the computational burden of
solving for the DP problem during each estimation step, which involves repeated evaluation

of the Bellman equation.

3 Theoretical Results

Next we show that under some mild assumptions, our algorithm generates a sequence of

2) ... which converges in probability to the correct posterior distribution.

parameters §1) 6

Assumption 1: Parameter space © C R’ is compact, i.e. closed and bounded in the
Euclidean space R”.

This is a standard assumption used in proving the convergence of MCMC algorithm. See,
for example, McCullogh and Rossi (1994). It is often not necessary but simplifies the proofs.

Assumption 2: For any s € S, a € A, and ¢, § € O, |U(s,a,€,,0)] < My for some
My > 0. Also, U(s,a,.,.) is a continuously differentiable function of € and 6.

Assumption 3:  is known and [ < 1.

Assumption 4: For any s € S, e and § € ©, V(O(s,¢,0) < M; for some M; > 0.

Furthermore, V(s, .,.) is a continuously differentiable function of € and 6.
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A (8)
Assumptions 2 and 3, and 4 jointly make V) (s, ¢,0) and hence E_, [V (s',¢,0)],t =1, ...

uniformly bounded, measurable and continuously differentiable function of 6.

Assumption 5: 7(f) is positive and bounded for any § € ©. Similarly, for any given e,
0 € © and V uniformly bounded, L(Yr|e,0,V) > 0 and bounded.

Assumption 6: The support of € is compact.

Assumption 7: The bandwidth A is a function of N and as N — oo, h(N) — 0 and
Nh(N)* — oo.

Assumption 8: For any § € ©,a € A, s € S, V uniformly bounded,

Pla=ls,V,0] = Pr |€:d = argmax V(s, a,€,,0)| > 0.
ac

Assumption 9: N(t) is nondecreasing in ¢, increases at most by one for a unit increase
in t, and N(t) — co. Furthermore, t — N(t) — oo. Define the sequence t(I), N (1) as follows.
For some ¢ > 0, define ¢(1) = ¢, and N(1) = N(). Let t(2) be such that t(2)— N (£(2)) = ¢(1).
Such #(2) exists from the assumption on N(t). Also, let N(2) = N(#(2)). Similarly, for any
1> 2, let t(I+ 1) be such that t(I+ 1) — N(t(I + 1)) = (), and let N(I + 1) = N(t(I + 1)).
Assume that there exists a finite constant A > 0 such that N(I 4 1) < AN(1).

An example of a sequence that satisfies Assumption 9 is:

{l) = W;l),fv’(z) y

and,
N(t)=1lfort(l) <t <t(l+1).

Now, we state the theoretical results of the paper.
Theorem 1 Suppose Assumptions 1 to 9 are satisfied for V®, 7, L, € and 6. Then,

the sequence of approximated value functions V®)(s, ¢, ) converges in probability uniformly
A (@)

over s, € and 0 to V(s,¢€,0) ast — oo. Also, E,, [V (s',€,0)] converges to E. [V (s',€,0)] in
probability uniformly over s’ € S and 0 € ©.

Proof: See the Appendix.

Corollary 1: Suppose Assumptions 1 to 9 are satisfied. Then Theorem 1 implies that
f®(6,0") converges to f (0,6') in probability uniformly.
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Proof: Recall Equations 5 and 6. Since V® — V in probability uniformly, by compact-
ness of © and support of ¢, the result follows.

Theorem 2: Suppose Assumptions 1 to 6 are satisfied for V®, ¢t = 1,..., m, L, € and
0. Suppose 0% ¢ = 1, ... is a Markov chain with the transition density function f® which
converges to f in probability uniformly as t — co. Then, o converges to g(t) in probability,
where g(t) is a Markov chain with transition density function f.

Proof: See the Appendix.

Corollary 2: The Markov chain with transition function f converges to the true poste-
rior.

Proof of Corollary 2: We need to show that f satisfies the minorization condition:
there exists a density function g(6), such that g(6) > 0 for any # € © and such that ,
f(0,.) > e0g(.) (See Rosenthal (1995), or Tierney (1994) for more details). This is very
similar to the proof of Lemma 1, which is in the Appendix, and hence is omitted.

By Corollary 2, we can conclude that the distribution of the sequence of parameters
0® generated by the Bayesian DP algorithm converges in probability to the true posterior
distribution.

To understand the basic logic of the proofs, suppose that the parameter 0" stays fixed

at a value §* for all iterations ¢. Then, equation (5) reduces to,

(t)
B V(s ¢, 0] = ﬁ ; Pl (5 b= g,
Then, our algorithm boils down to a simple version of the machine learning algorithm dis-
cussed in Pakes and McGuire (2001) and Bertsekas and Tsitsiklis (1996). They approximate
the expected value function by taking the average over all past value function iterations
whose state space point is the same as the state space point s/. Bertsekas and Tsitsiklis
(1996) discuss the convergence issues and show that under some assumptions the sequence
of the value functions from the machine learning algorithm converges to the true value func-
tion almost surely. The difficulty of proofs lies in extending the logic of the convergence of
the machine learning algorithm to the framework of estimation, that is, the case where the

parameter vector moves around as well.
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3.1 Continuous State Space

So far, we assumed a finite state space with states evolving deterministically. However,
the Bayesian DP algorithm can be applied in a straightforward manner to other settings of
dynamic discrete choice models, with minor modifications. One example is the Random grid
approximation of Rust (1997). There, given continuous state space vector s, action a and
parameter 0, the transition function from state vector s to the next period state vector s/ is
defined to be f(s'|a, s,0). Then, to estimate the model, the Dynamic Programming part of
our algorithm can be modified as follows.

At iteration ¢, the value of choice a at parameter 6, state vector s, shock ¢ is defined to

be as,
AN
VO (s,a,¢eq,0) = U(s,a,€4,0) + BEgo [V(s,€,0)],

A
where s’ is the next period state varible. Ey [V (s, €, 0)] is defined to be the approximation
for the expected value function. The value function is defined to be as follows.

v (s,€,0) = max P (s,a,¢€q,0)

acA

Conventionally, randomly generated state vector grid points are fixed throughout the so-
lution/estimation algorithm. If we follow this procedure, and let s,,, m = 1,..., M be the
random grids that are generated before the start of the solution/estimation algorithm, then,
given parameter 6, the expected value function approximation at iteration ¢ of the DP solu-

tion algorithm using Rust random grids method would be,

M
S EVO(s,,6,0) f;(s’”m’ s9)
m=1 Zl:l f (Sl|a7 S, 9)

Hence, if we were to apply Rust method in our solution-estimation algorithm, the Emax
N
function (i.e., the expected value function) Ey . [V (s',€,0)] could be approximated as fol-

lows:

AN
Es/,e’ [V(Sl, 6/, 9)]

— S (t—n) (t—n) p(t—n) Ku (0 — e(tfn)) f (smla, s,0)
= Z VT (s, €7 00T R0 o i .
m=1 | n=1 j=1 Kn(0—0 ) > =1 [ (sila,s,0)
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Notice that in this definition of Emax approximation, the number of grid points remains fixed
in each iteration. In contrast, in our Bayesian DP algorithm, random grids can be changed at
each solution /estimation iteration. Let s*) be the random grid point generated at iteration
t. Here, s, 7 = 1,2, ... are drawn independently from a distribution. Furthermore, let
K (.) be the kernel function with bandwidth h. Then, the expected value function can be

approximated as follows.

A

By [V(s',,0)]
N(t) K Q—Q(t—n) ( (t—n) , 70(75_”))
= Z V(tin)(s(tfn% G(t*n)7 e(t—n)) h( )f S |CL S
i SO K (0 — 04 f <S(t*k)|a, s, 9‘“’“)

Notice that unlike Rust (1997), we do not need to fix the random grid points of the state
vector throughout the entire estimation exercise. In fact, we could draw a different state
vector for each solution/estimation iteration.

In Rust (1997), if the total number of random grids is M, then the number of com-
putations required for each Dynamic Programming iteration is M. Hence, at iteration T,
the number of Dynamic Programming computations that is required is M7. If a single DP
solution step requires 7 DP iterations, and each Newton ML step requires K DP solution
steps, then, to iterate Newton ML algorithm once, we need to compute a single DP step
M7K times.

In contrast, in our Bayesian DP algorithm, at iteration ¢ we only draw one state vector
st (so that M = 1) and only compute the Bellman equation on that state vector. Further,
we solve the DP problem only once (so that 7 = 1 and K = 1). Still, at iteration ¢, the
number of random grid points is N (¢), which can be made arbitrarily large when we increase
the number of iterations. In other words, in contrast to the Rust method, the accuracy
of the Dynamic Programming computation in our algorithm automatically increases with
iterations.

Another issue that arises in application of the Rust random grid method is that Rust
(1997) assumes that the transition density function f(s'|a, s, #) is not degenerate. That is, we
cannot use the random grid algorithm if the transition from s to s/, given a, 6 is deterministic.

Similarly, it is well known that the random grid algorithm becomes inaccurate if the transition
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density has a small variance. In these cases, several versions of polynomial based expected
value function (emax function) approximation have been used. Keane and Wolpin (1994)
approximate the emax function using polynomials of deterministic part of the value functions
for each choice and state variable. Imai and Keane (2004) use Chebychev polynomials of
state variables. It is known that in some cases, global approximation using polynomials
can be numerically unstable and exhibit “wiggling”. Here, we propose a kernel based local
interpolation approach to Emax function approximation. The main problem behind the local
approximation has been the computational burden of having a large number of grid points.
As pointed our earlier, in our solution/estimation algorithm, we can make the number of
grid points arbitrarily large by increasing the total number of iterations, even though the
number of grid points per iteration is one.

The next period state variable, s’ is assumed to be a deterministic function of s, a, and
0. That is,

s =4'(s,a,0).
Let K, (.) be the kernel function with bandwidth h, for the state variable and Kj,(.) for
N
the parameter vector . Then, Ey » [V (5, €, 0)] is defined to be as follows.

AN

Eoa V(s €,0)]

N _ (t-n _ pt-n)

Zv(tfn)<8(tfn) ((t=n) e(tfn)) K, (3/ s )) K, (0 —0 ) '
) ) N(t) Khs (8/ o S(tfk)) th (9 . e(tfk))

n=1 k=1

4 Examples

We estimate a simple dynamic discrete choice model of entry and exit, with firms in com-
petitive environment.> The firm is either an incumbent (I) or a potential entrant (O). If

the incumbent firm chooses to stay, its per period return is,

Rrin(Ky €,0) = aKy + ey,

®For an estimation exercise based on the model, see Roberts and Tybout (1997).
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where K is the capital of the firm, ¢, = (e, €2;) is a vector of random shocks, and 6 is the

vector of parameter values. If it chooses to exit, its per period return is,
Rrour(Ky, €,0) = 0, + €,

where ¢, is the exit value to the firm. Similarly, if the potential entrant chooses to enter, its
per period return is,

Ron(Ki, €,0) = —0p + €,
and if it decides to stay out, its per period return is,

RO,OUT(Kta €, 9) = €2¢.

We assume the random component of the current period returns to be distributed i.i.d normal
as follows.
€ N(0,0’l), [l = 1,2

The level of capital K; evolves as follows. If the incumbent firm stays in, then,
In K1 =01 + boIn Ky + w1,

where,

ur ~ N(0,04,),
and if the potential entrant enters,
In K1 = be + gy

Now, consider a firm who is an incumbent at the beginning of period ¢. Let Vi (K3, €, 0)
be the value function of the incumbent with capital stock Ky, and Vo (K, €, 6) be the value
function of the outsider, who has capital stock 0. The Bellman equation for the optimal

choice of the incumbent is:
VI(Kt, €t, ‘9) = MCLCU{VI,IN(Kt, €t, 9)7 VI,OUT(Kt, €t, 9)}

where,

VI,IN<Kta €t, 9) = RI,IN(Kt> €1t 9) + 5Et+1VI(Kt+1(Kt,Ut+1, 9), €t+1, 9)
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is the value of staying in during period t. Similarly,

VI,OUT<Kta €t, 9) = RI,OUT(Kt, €2t, 9) + 5Et+1Vo(0, €t+1, 9)

is the value of exiting during period ¢ . The Bellman equation for the optimal choice of the

outsider is:
VO<07 €t, 9) - Maz{VO,IN<Oa €t, 9)7 VO,OUT<07 €t, 9)}

where,

Vo,in(0,€,0) = Ro in (0, €14,0) + BE 1 Vi(K41(0,ut41,0), €441, 0),

is the value of entering during period ¢ and,

Vo,our(0,€,0) = Ro,our(0, €2, 0) + BE1Vo(0, €441, 0),

is the value of staying out during period ¢. Notice that the capital stock of an outsider is
always 0.

The parameter vector 6 of the model is (0,0, «, 3,01, 02,04, b1, ba, b.). The state vari-
ables are the capital stock K, the parameter vector ¢ and the status of the firm, I € {I, O},
that is, whether the firm is an incumbent or a potential entrant. Notice that capital stock is
a continuous state variable with random transition, in contrast to the theoretical framework
where the state space was assumed to be finite and the transition function deterministic.

We assume that for each firm, we only observe the capital stock, profit of the firm that

stays in and the entry/exit status over T periods. That is, we know,
d _d pdt=1T
{Ki,t7 Tt Pi,t}z‘:l,N

where,

d _ d
Tt = osz + €14,

if the firm stays in.

We assume the prior of the exit value and entry cost to be normally distributed as follows.
633 ~ N(ém) A;1)7
0p ~ N(dp, Ag'),
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where §,, 0 are the prior means and A,, Ag are the prior precisions (inverse of variance)
of the exit value and the entry cost, respectively. Let ¢ = (J,,05) and As = (A, Ag) .

For parameters «, by, by and b., we assume the priors to be uninformative. This implies
that the prior precision of each of these parameters, say A,, Ay, b = (b1, ba, b.), is assumed
to be zero. Let o and b be the prior means of these parameters.

We also assume independent Chi squares prior for the precision of the shocks €; and wu.
That is,

5%he T X2 (ve),

2

where s, “ is a parameter and v, is the degree of freedom. Similarly,

ﬁ2hu - X2(Vu).

Finally,
2h ~ 2
Sy hy T X (vy).
where n = ¢; — €.

Below, we explain the estimation steps in detail.

Bellman Equation Step

In this step, we derive the value function, i.e., VF(S)(K L€l 9(3)) for iteration s.

1) Suppose we have already calculated the approximation for the expected value function,
where the expectation is over the choice shock €, that is, E& VR (K (K, u®),6®), ¢, 8%)),
To further integrate the value function over the capital shock u, we can either use the
random grid integration method of Rust (1997) which uses a fixed grid or let the grid
size increase over the iterations. Here, we use the Rust method although we conduct
experiments for both cases. That is, given that we have drawn M 1i.i.d. capital stock
grids K,,, m = 1,.., M from a given distribution, we take the weighted average as

follows,

(s (s) f(Km|K7 9(8))
P B [ 00 SV P K, 09)

M:

EO [Vo(K'(K, 1, 09), e, 0 ]



where f(K,,|K,0®)) is the capital transition function from K to K,,. In this example,
the random grids remain fixed throughout the estimation. Note that if the firm exits

or stays out, K’ = 0 with probability 1. Hence, the expected value function becomes
EY [vo(o, ¢, 9<s>)] .

2) Draw ¢(®) = (¢{”, e{).

3) Given €®) and E(S)VF(K €, 9(5)), solve the Bellman equation, that is, solve the decision
of the incumbent (whether to stay or exit) or of the entrant (whether to enter or stay

out) and derive the value function corresponding to the optimal decisions:

VF(S)(K, ) 9(8)) = Max{Rrn(K, 6g8)7 9(8)) + BE\(S) [V[(K’(K, u, 9(8)), 3 9(5))} ’

RF7OUT(K? 658)’ 0(8)> + BE(S) [VO(K,(K; u) 0(5))7 67 0(8)>:| }

Gibbs Sampling and Data Augmentation Step

s+1

Here, we describe how the new parameter vector ™Y is drawn. Let the deterministic

values for the incumbent be defined as follows:
VoK, 090) = 09K + 5B [Vi(K', .00

and,
VLOUT(K’ 9(8)) = 65‘8) + 6E(S) |:VO(07 67 9(8)):| .

Similarly, for the potential entrant, we define,
Vorn(0,0%)) = =) + BE® [Vi(K',¢,0)] .

and,
Voour(0,09) = BE? [vo(o, €, 9<S>)} .

Then, at iteration s, we go through the following two steps.
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1) Data Augmentation Step on Entry and Exit choice: Define current revenue

difference net of o K¢, by

7“;?” = RF,OUT(K‘Cfta €2.i.t5 ‘9(8)) - RF,IN(K-Cft, €1,i,t) 9(3)) + Q(S)th

= OWI(T = 0) +8WIT, = 1) — €15 + €94
The empirical economist does not observe rfjl directly because he can only obtain
data on status of the firm, that is, whether it is an incumbent or not, and through it,
the entry-exit choices and profits, not the current revenues themselves. Nonetheless,
the empirical economist can indirectly recover Tf;“l by simulating and augmenting the
shock 1, , = €1+ — €2,+. But the simulation of 7, , has to be consistent with the actual
choices that the firm makes. That is, if, in the data, the firm ¢ at period ¢ either stays

in or enters, that is, Fg{m = [, then draw ﬁiyt = €1, — €24, such that,
~ 1 I 7
Y > Veour (K2, 09) = Ve (K2, 00).

If, in the data, the firm ¢ either stays out or exits, that is, th = O, then draw 7, , such
that
ﬁﬁ“) < VF,OUT(Kfft, 1) — VF,IN(K‘Cfta 0)).

)

~ . . . 41 .
Once the shock 7), , is generated, the econometrician can proceed to recover rl(st ) using

the following linear relationship.

xT

P = 01T = 0) + 00 I(Thy = 1) =T
Data Augmentation Step on Profit: If the firm stays out or exits, then its potential
profit is not observable. In that case, we simulate the profit as follows:

(s+1) s d ~
Tiy = al )Ki,t T €1t

We draw € ;; conditional on 7, , as follows:
A(5+1) (S)A + U’i,t;

€16 — V1 Mg
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where,

) 0(s>20<>
%_<> 52
+ 0,
and,
Jgs)
v = .
R ok

Draw the new parameter vector 6+ from the posterior distribution.

We denote the stacked matrix I with row 7'(i — 1) + ¢ defined as follows:
Lrovye = [I5,(IN), I1,(OUT)],

where I{ft(I N) =1 if the firm either enters or decides to stay in, and 0 otherwise, and
I,(OUT) = 1if the firm either exits or stays out and 0 otherwise. Similarly, we denote

r(+D) g+ o be the stacked vector of Ti(;Jr and T, SH).

!/
We draw 66T = [5;5“), 523“)] conditional on (r(*+1), hy(f)) as follows.

SED| (D pl)) ~ N3, Ay ),

n

where,

As = As + P11

and,

o= (Z(s) (A55 + h s+1))
We draw the posterior distribution of h, from the following x? distribution. That is,

877 + Z s+1 (s+1)’ 5(s+1)) ~ XQ(NT +Z),

where 7),, is the “residual”, that is,

T = =3 4+ VI (OUT) + 6 DTN,
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The above Gibbs sampling data augmentation steps are an application of McCulloch
and Rossi (1994).

Next, we draw a**)) conditional on (7w, h{?). Denote k; = In(K;), and k to be

the stacked vector of log capital. That is,
k = [k11, k12, s K11y ooy K1, K2y oo K]
Also, let ky be the stacked vector without the intial period capital, i.e.
ko = [k12, k13, ooy K17y ooy ENg2s N3y ooy K],
and k_;be the lagged log capital. That is,
k1 = [k, k1, ooy kir—1, oo kN1, kg2, oo kngr—1].

e Then, draw o**Y from the following normal distribution.

a7 BE)) ~ N(@, A,

s 1eq

where,
A, = Ay + WKk,

and,
= (Aa) " (Ao + hPK 7).

We draw the posterior distribution of h,, from the following y? distribution. That is,

561 + Z & Zt h(s+1 (s+1)7 a(s+1)) ~ X2<NdT +Z),

where € ;,; is the “residual”, that is,

Elzt — 7T( +1) (s+1)ki7t-

(8+1))2 or h£§+1) — (O_(S+1))_2

Furthermore, (o, ¢ can be recovered as follows:

( (s—l—l)) (h7(78+1))_1 _ (h(s+1))—1

62 €1
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Next, we draw b+ = B0 5™ conditional on (k, k() as follows.

—1

b(s+l)|(k’ hq(f)) ~ N(Zv Ab )’

where,
Zb = A, + hl(f)kl,lk_h

and,

=4, (Ab+hPK ko).
We draw the posterior distribution of A, from the following x? distribution. That is,

7+ 3@ AT~ (NS ),
2.t

where w;,; is the “residual”, that is,
e = k&, — 0 b5 g,
Expected Value Function Iteration Step

Next, we update the expected value function for iteration s + 1.
First, we derive B V(K e, 0011).

M
Zl Maxz{s—N(s),1} |:]\14 Z_l Vr(l< , m),cg(l)) K (9(8+1) —6(1))
Zl Max{s—N(s }Kh(e (s+1) e(l))

where K () is the kernel function. We adopt the following Gaussian kernel:

)

EEHD [(K, €, 05Y)] =

@
169 -0

(s) _ p) —-L/2 A
Ky (6 0'") = (2m) jl_[lh exp[— 2( n )°].

The expected value function is updated by taking the average over those past N(s) iterations
where the parameter vector % was close to 8¢+,

Then, if the firm enters or stays in, the expected value function is as follows.
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E(s+1) [‘/[(K/(K, u, 8(8—&-1))7 €, 9(s+1))i|

I
)

[
Mi g

) VA (B, 050), 6,004 |

= (s+1)
B0 (Vi1 e, 000)| Pl O
1 2o | K 07°77)

As discussed before, in principle, only one simulation of € is needed during each solu-

3
I

tion/estimation iteration. But that requires the number of past iterations for averaging,
i.e. N(s) to be large, which adds to computational burden. Instead, in our example, we
draw € ten times and take an average. Hence, when we derive the expected value function,

instead of averaging past value functions, we average over past average value functions, i.e.,
Z Vi (Ko, ed) gu )), where M = 10. This obviously increases the accuracy per iteration,

and reduces the need to have a large N(s). That is partly why in the examples below, to
have N (s) increase up to 2000 turned out to be sufficient for good estimation performance.
Notice that if the firm stays out or exits, then its future capital stock is zero. Therefore, no
averaging over capital grid points is required to derive the expected value function, i.e., the
emax function is simply E&HY [VO(O, €, 6’(5“))].

After the Bellman equation step, data augmentation step and the expected value function

0+ and the expected value function

iteration step, we now have the parameter vector
ECTOV (K, e,0) for s+ 1 th iteration. We repeat these steps to derive iteration s + 2 in
the same way as described above for s 4 1 th iteration.

In the next section, we present the results of several Monte Carlo studies we conducted
using our Bayesian DP method. The first experiment is the basic model using the Rust
random grid method. The second experiment incorporates observed and unobserved het-
erogeneity. The third experiment uses the basic model but lets the capital stock grid size

increase over iterations and finally, we conduct an experiment in which capital stock evolves

deterministically.
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5 Simulation and Estimation

Denote the true values of § by 6*. Thus 0* = (6%, 0,07, 0%, 0, a*, b7, b3, b5, 3%). We set the
following parameters for the above model. 03, = 0.4, 0, = 0.4, 0¥ = 0.4, 0} = 0.4, 0} = 0.4,
a*=02,b =02,05=0.2,b =—-1.0, B =0.9.

WEe first solve the DP problem numerically using conventional numerical methods. Next,
we generate artificial data based on this DP solution. All estimation exercises are done on
a Sun Blade 2000 workstation. Below, we briefly explain how we solved the DP problem to
generate the data for the basic model. For the other three experiments, the data generation
step is basically similar involving only minor variations. Notice that for data generation, we
only need to solve the DP problem once, that is, for a fixed set of parameters. Hence, we
took time and made sure that the DP solution is accurate.

We first set the M capital grid points to be equally spaced between 0 and K, which we
set to be 10.0. Assume that we already know the expected value function of the s iteration

for all capital grid points.
EEVI§<Km> €, 9*)7 I'e {[7 O}, m = 1, 2, ey M.

Here, K,, (m =1,..., M) are grid points.
The following steps are taken to generate the expected value function for the (s + l)th

iteration.

Step 1 Given capital stock K, derive,
EOVH(K' (K, u,60%) ZE(S)VF s €5 07) f (K| KK, 07).

Here f(K,,|K,0) is the transition probability from K to K,,.

Step 2 Draw the random shocks ¢;. Then, for a given capital stock K, calculate

VF(SH)(Ka 6179*) = MGI{RF,IN(K 61179*)+5E(S)V}(K, 679*);
Rrovr(K, e, 0%) + BEWV5(0,¢,0%)}
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Step 3 Repeat Step 2, L times and take an average to derive the approximated expected

value function, given K, for the next iteration.

L
1
ESOVR(K e.0") = - S V(K . 07).

=1

The above steps are taken for all possible capital grid points, K = K, .., Kj;. In our
simulation exercise, we set the simulation size L to be 1000. The total number of

capital grid points is set to be M = 100.

Step 4 Repeat Step 1 to Step 3 until the Emax function converges. That is, for a small ¢
(in our case, 6 = 0.00001),

Mamm:l,..,M{EE(s+1)VF(Kma €, 0*)7 Ee(S)VF(KTm €, 6*)} < 5

We simulate artificial data of capital stock, profit and entry/exit choice sequences using
the expected value functions derived above. We then estimate the model using the simulated
data with our Bayesian DP routine. We do not estimate the discount factor 5. Instead, we
set it at the true value 5* = 0.9.

5.1 Experiment 1: Basic Model

We first describe the prior distributions of parameters. The priors are set to be reasonably

diffuse in order to keep the influence on the outcome of the estimation exercise to a minimum.
00~ N(, A1), 0, = 04,4, =011,
6p ~ Ny AZY), 6p=04,A4,=0.1
&%61 “Xi(ve), (£2)’1/2 =04, v, =1
5,2 TR, (5,27 = ViR, v, = 1
suhu ~ X (), (ﬁQ)_l/2 =04, v, =1.

The priors for «, by, by and b, are set to be noninformative.
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We set the initial guesses of the parameters to be the true parameter values given by 0%,
and the initial guess of the expected value function to be 0. We used the same 100 grid points
in each iteration as used in generating the data. The Gibbs sampling was conducted 10, 000
times. The Gibbs sampler for the simulation with sample size 10,000 (N = 1,7 = 10,000) is
shown in figures 1 to 9. In estimation experiments with this sample size as well as others, the
Gibbs sampler converged around 4, 000 iterations. The posterior mean and standard errors
from the (5,001)" iteration up to (10,000)" iteration are shown in Table 1. The posterior
mean of ¢, and dg are estimated to be somewhat away from the true values if the sample
size is 2000, but they are estimated to be reasonably close to the true values for the sample
size 5,000 and 10,000. Overall, we can see that as the sample size increases, the estimated
values become closer to the truth, even though there are some exceptions, such as o5, the
standard error of the revenue shock of being out.

Figures 1 and 2 show the Gibbs sampler output of parameters d, and dg. Even though
the initial guess is set to be the true value, at the start of the Gibbs sampling algorithm,
both parameters immediately jump to values very close to zero. Notice that these values are
the estimates we should expect to get when we estimate the data generated by a dynamic
model using a static model. Because the expected value functions are set to zero initially,
the future benefit of being in or out is zero. Hence, if either exit value or entry cost were
big in value, then either entry or exit choice would dominate most of the time, and thus
the model would not predict both choices to be observed in the data. Notice that with
iterations, the estimates of the parameters directly affecting entry and exit choices, such as
d, and ép converge to the true value (see Figures 1 and 2). This is because as we iterate
our Bayesian DP algorithm, the expected value functions become closer to the true value
functions. Because the future values of entry and exit choices converge to the truth, so do
the parameters representing the current benefits and costs of the entry and exit choices, i.e.,
0, and 0. This illustrates that our algorithm solves the Dynamic Programming problem
and estimates the parameters simulataneously, and not subsequently.

Figure 3 plots the Gibbs sampler output of s, the standard error of the revenue shock
of being out. We can see that the parameter estimate frequently wanders off from the truth.

Here prior information on oy would greatly help to pin down the posterior. The Gibbs
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sampler of parameter b; is reported in Figure 4. There, we see that it stays closely around
the true value from the start. We have also conducted experiments where we set the initial
values of the parameters to half the true values and ran the Gibbs sampler. The posterior
mean and standard error of the parameters are shown in column 7 of Table 1. As we can
see, the results turn out to be hardly different from the original ones. These results confirm
the theorems on convergence in section 1 that the estimation algorithm is not sensitive to

the initial values.

Table 1: Posterior Means and Standard Errors (standard errors are in parenthesis)

6Qther parameters also stay close around their true values from the start. To see those figures, please

refer to the the following website: http://alcor.concordia.ca/~ simai
"This column corresponds to different starting values.
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parameter | estimate estimate estimate true value
Oy 0.7415 (0.0291) 0.3868 (0.0203) 0.3983 (0.0097) 0.4
0p 0.6946 (0.0206) 0.4262 (0.0127) 0.4133 (0.0084) 0.4
Q@ 0.2109 (0.0165) 0.1959 (0.0119) 0.1868 (0.0100) 0.2
o1 0.4046 (0.0153) 0.4140 (0.0135) 0.4221 (0.0115) 0.4
09 0.3217 (0.1123) 0.3552 (0.0905) 0.2931 (0.0706) 0.4
b1 0.0980 (0.0216) 0.1081 (0.0127) 0.1010 (0.0090) 0.1
bo 0.1050 (0.0420) 0.0965 (0.0244) 0.0977 (0.0168) 0.1
be —0.9620 (0.0128) | —0.9857 (0.0087) | —0.9938 (0.0061) —1.0
Oy 0.3891 (0.0052) 0.4047 (0.0033) 0.4033 (0.0022) 0.4
sample size | 2,000 5,000 10, 000
CPU time | 17 min. 20 sec. 40 min.34 sec. 1 hr. 18 min. 19 sec.

parameter | estimate’ true value

Oy 0.4032 (0.0097) 0.4

op 0.4182 (0.0083) 0.4

o} 0.1868 (0.0100) 0.2

o1 0.4221 (0.0115) 0.4

09 0.2932 (0.0707) 0.4

b1 0.1010 (0.0090) 0.1

by 0.0977 (0.0168) 0.1

be —0.9938 (0.0061) —-1.0

Oy 0.4033 (0.0022) 0.4

sample size | 10,000

CPU time | 1 hr. 16 min. 51 sec.




5.2 Experiment 2: Random Effects

We now report estimation results of a model that includes observed and unobserved hetero-
geneities. We assume that the profit coefficient for each firm i, «; is distributed normally

with mean p = 2.0 and standard error o, = 0.04. The transition equation for capital is,
In K1 = b1 X + by In Kt + 41,

where X¢ is a firm characteristics observable to the econometrician. In our simulation
sample, we simulate X¢ from N(1.0,0.04). Notice that if we use the conventional simulated
ML method to estimate the model, for each firm ¢ we need to draw «; many times, say
M, times, and for each draw, we need to solve the dynamic programming problem with the
constant coefficient for capital transition equation being b; XZ. If the number of firms in
the data is V4, then for a single simulated likelihood evaluation, we need to solve the DP
problem Ny M, times. This process is computationally so demanding that most researchers
use only a finite number of types, typically less than 10, as an approximation of the observed
heterogeneity and the random effect. The only exceptions are economists who have access
to supercomputers or large PC clusters. Since in our Bayesian DP estimation exercise, the
computational burden of estimating the dynamic model is roughly equivalent to that of a
static model, we can easily accomodate random effects estimation as is shown below.

We set the prior for «; as follows.
ai|u> 7—2 ~ N(M772)7

o~ N hat),
52772~ X3 (vr).

Then, if we let o’ = (v, ...,ay) and ey the N by 1 vector of 1's, then, given 72, the prior

distribution of o is assumed to be as follows.
a ~ N (eNH> Iy + h;leNe;V> .

The rest of the parameters have the same priors as those of the basic model. Let 9(_8(1 be
defined as parameters not including «;. Below, we briefly describe the differences between

the earlier estimation routine and the one that involves random effects.
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Data Augmentation Step on Entry and Exit choice: For data augmentation, we

need to generate,

’l"z(j‘,+1) = RF,OUT(K'Cfu €2,it5 6') oz(s)) - RF,IN(K‘th €1t 0") Oé(s)) + az(S)Kint'

7 - ) - g

To draw 7, , = €1, — €21 We follow the same data augmentation steps as in the basic case
except for the fact that to evaluate the entry and exit values, we use different «; for each
firm 7.

Data Augmentation Step on Profit: If the firm stays out or exits, then its potential

profit is not observable. In that case, we simulate the profit:
Wi,t = agS)Kt + €l,i,t-

The only difference from the estimation of the basic model is that the capital coefficient «;
is different for each firm i. We skip discussing the rest of the step because it is the same as
before.

s+1

Draw the new parameter vector 6V from the posterior distribution: The

only difference in the estimation procedure is for drawing the posterior of «;. Let w’ =

(77'11,71'12, ey 1T +oos TN, ....,WNdT) and,
K — 0 K
0 0 Ky

s+1)

where K; = [K;1, Kja, ..., K;7] . The posterior draw of @ for iteration s, a**), can be done

from the following distribution.
alsth)| (ﬂ.(s)7K) ~ N (a, ﬁj) ,

where,
— ~1

. — (058))_2IC'IC+ <7_2_,N i hgleNe'N) ’
- ;\ 1
o= Ha1 {(7'2]]\/ + h;leNeN) enp + (ags))2lC'7r] :

Initial Conditions Problem
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As pointed out by Heckman (1981) and others, the missing initial state vector (that
is, the status of the firm and initial capital) is likely to be correlated with the unobserved
heterogeneity «;, which would result in bias of the parameter estimates. To deal with this
problem, for each firm ¢, given parameters («9(_‘2, «;), we simulate the model for 20 initial
periods to derive the initial capital and the status of the firm.

One-Step Bellman Equation and Expected Value Function Iteration Step

In contrast to the solution/estimation of the basic model, we solve the one step Bellman
(s+1)

;) is derived as

equation for each firm ¢ separately. For given K, EE(SH)VF(K €, 0&8:{ 2 ,

follows.

ECTDVL(E, e, 08D oY)

)

M
j j i s+1 j s+1 j
S el NG} | l; VIO(K, e, ew)} Kn(0%) — 09 K (o™ — o)

s s+1 j s+1 j
Zj:Max{s—N(s),l} Kh(e(—: )~ 0(3())4)[(}1(0[1( - Oéz(J))

The remaining step to derive the expected value function E¢+1) [Vp (K'(K,u, 061, e o611
is the same as in Experiment 1.

We set N(s) to go up to 1000 iterations. The one-step Bellman equation is the part
where we have an increase in computational burden. But it turns out that the additional
burden is far lighter than that of computing the DP problem again for each firm 4, and for
each simulation draw of «; as would be done in the Simulated ML estimation strategy.

We set the sample size to be 100 firms for 100 periods, and the Gibbs sampling was
conducted 10, 000 times. The Gibbs sampling routine converged after 4, 000 iterations. Table
2 describes the posterior mean and standard errors from the 5,001 th iteration up to 10,000

th iteration.

Table 2: Posterior Means and Standard Errors (standard errors are in parenthesis)
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parameter | estimate true value
Oz 0.3704 (0.0253) 0.4
g 0.3833 (0.0157) 0.4
u 0.2089 (0.0112) 0.2
T 0.03763 (0.00364) 0.04
01 0.4031 (0.0117) 0.4
o9 0.4019 (0.0811) 0.4
by 0.1007 (0.0136) 0.1
bo 0.1009 (0.0266) 0.1
be —0.9661 (0.0102) —1.0
oy 0.4064 (0.0036) 0.4
sample size | 100 x 100

CPU time | 13 hrs 26 min 29 sec

Notice that most of the parameters are close to the true values. The computation time
is about 13 hours, which roughly corresponds to that required for Bayesian estimation of a
reasonably complicated static random effects model.

We also conducted an estimation exercise using the conventional simulated ML routine.
For each firm, we simulated «; a hundred times (i.e. M, = 100). We solved the DP problem
using Monte-Carlo integration to integrate over the choice shock €. We set the simulation
size for € to be 100. We set the number of capital grid points My to be 100. A single
likelihood calculation took about 35 minues to compute. Since we took numerical derivatives,
in addition to the likelihood evaluation under the original parameter ¢, we calculated the
likelihood for the 10 parameter perturbations 6 + A#;, i = 1,...,10. Therefore, a single step
of the Newton-Raphson method took 11 likelihood calculations. After computing the search
direction, we calculated the likelihood twice to derive the step size. The entire computation
took us 6 hours and 20 minutes. In this time, Bayesian DP routine would have completed
6,063 iterations. That is, by the time the conventional ML routine finished its first iteration,
the Bayesian DP routine would have already converged.

Another estimation strategy for the simulated ML could be to expand the state variables
of the DP problem to include both X and «. Then, we have to assign grid points for the three-
dimensional state space points (K, X, ). If we assign 100 grid points per dimension, then we
end up having 10,000 times more grid points than before. Hence, the overall computational

burden would be quite similar to the orginal simulated ML estimation strategy.
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5.3 Experiment 3: Infinite Random Grids

In Experiment 1, we used the same capital grid points at every iteration. As discussed
earlier, instead of fixing the grid points throughout the DP solution/estimation algorithm,
we can draw different random grid points for each solution /estimation iteration. Hence, even
though per iteration, we only draw a small number of state vector grid points K ft), vy K ](\?K
(in this example, Mg = 10)%, the number of random grid points can be made arbitrarily
large when we increase the number of iterations.

The formula for the expected value function for the firm who stays in or enters is as

follows.
A (t4+1)
E [VI(K' (K, ", 0(t+1)) e, 9(t+1))]
= Zv};")ucss"%e“”%e(t“)]
n=1 m=1 € j=1
£ (B8N0, 1,007 ) Ky (0 — 9=)
X

S0 S (Kéli‘%, K, 9“-’0) K (6 — pt=h))
m=1

The formula for the expected value function for either the firm who stays out or the firm
who exits is similar to that of example 1, because there is no uncertainty about the future
capital stock.

A (t41)

E,

€

|:VO(O7 €, 9(t+1))]

N(t) M. (t) (t—n)

S| SV 0, gy | Ll 0T
Me 3= Soal) Ka(69 —6¢H)

n=1

We increase the total number of grid points up to 20,000 by letting N(s) increase up to
2,000. Table 3 shows the estimation results. We can see that the estimates parameters are

close to the true ones. The entire exercise took about 10 hours.

Table 3: Posterior Means and Standard Errors

81n principle, only one random capital grid per iteration is needed. But again, that requires the number
of past iterations for averaging, N(s) to be large.
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(Standard errors are in parenthesis)

parameter | estimate true value
Oy 0.3817 (0.0146) 0.4
op 0.3923 (0.0117) 0.4
o 0.1998 (0.0108) 0.2
o1 0.4069 (0.0123) 0.4
02 0.3697 (0.0782) 0.4
by 0.1001 (0.0091) 0.1
by 0.1028 (0.0174) 0.1
be —0.9836 (0.0061) —1.0
Ou 0.4018 (0.0022) 0.4
sample size | 10,000

CPU time | 9 hrs52 min 42 sec

5.4 Experiment 4: Continuous State Space with Deterministic
Transition

The framework is similar to the basic model in Experiment 1 except for the capital transition
of the incumbent, which now is deterministic. Assume that if the incumbent decides to stay
in, the next period capital is,

Ki = K.

If the firm decides to either exit or stay out, then the next period capital is 0, and if it enters,

then the next period capital is,
In (K1) = b1 + uga,

where,
U1 ~ N (0,0,).

Since the state space is continuous, we use K ft), vy K ](\Z)K as grid points. As in the previous

experiment, we set My = 10 but let the grid points grow over iterations. Now, the formula
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for the expected value function for the incumbent who stays in is as follows.

EVi(K,¢,0)]

N(t) Mg M.

1 _n —n -
= 33 [ v )
n=1m € j=1

K, (K _ Kfé"“) K, (6 — 00

My ,
Zg:(ti) 21 Ky (K — Kfffk)> Ky, (0 — g(tfkr))

where K}, is the kernel for the capital stock with bandwidth hgx. The expected value
function for the entrant is different because unlike the incumbent who stays in, the entrant

faces uncertain future capital. Thus, the entrant’s expected value function is,

Erro Vi(K' (u) ¢, 0)]

t) MK 1 Me
= 33| o )|
n=1m=1 € j=1

f (Kﬁi—n)w(t—n)) Kh(e _ Q(t—n))
1SS (R R0 — 00

X

The formula for the expected value function for either the firm who stays out or the firm

who exits is the same as in the infinite random grids case:

o>

€ [VO(O € 9)]

V t n _n g(t—n)) Kh(e — H(t—n))
Z : NO F, (0 — 9t
Zk:l h( )

We let the number of grid points increase up to 20, 000 over the iterations.

M

Table 4 shows the estimation results. We can see that the estimates parameters are
reasonably close to the truth, except for the standard error of the revenue shock o5. The
entire exercise took about 6 hours 30 minutes.

Table 4: Posterior Means and Standard Errors
(Standard errors are in parenthesis)
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parameter | estimate true value
Og 0.4294 (0.0159) 0.4

op 0.4890 (0.0178) 0.4

o 0.1313 (0.0026) 0.1

o1 0.3776 (0.0033) 0.4

02 0.7214 (0.0381) 0.4

by 0.2178 (0.0054) 0.2

Oy 0.3911 (0.0039) 0.4
sample size | 10,000

CPU time | 6 hrs 28 min 30 sec

6 Conclusion

In conventional estimation methods of Dynamic Discrete Choice models, such as GMM,
Maximum Likelihood or Markov Chain Monte Carlo, at each iteration step, given a new set
of parameter values, the researcher first solves the Bellman equation to derive the expected
value function, and then uses it to construct the likelihood or moments. That is, during
the DP iteration, the researcher fixes the parameter values and does not “estimate”. We
propose a Bayesian estimation algorithm where the DP problem is solved and parameters
estimated at the same time. In other words, we move parameters during the DP solution.
This dramatically increases the speed of estimation. We have demonstrated the effectiveness
of our approach by estimating a simple dynamic model of discrete entry-exit choice. Even
though we are estimating a dynamic model, the required computational time is in line with
the time required for Bayesian estimation of static models. The reason for the speed is
clear. The computational burden of estimating dynamic models has been high because the
researcher has to repeatedly evaluate the Bellman equation during a single estimation routine,
keeping the parameter values fixed. We move parameters, i.e. ‘estimate’ the model after each
Bellman equation evaluation. Since a single Bellman equation evaluation is computationally
no different from computing a static model, the speed of our estimation exercise, too, is no
different from that of a static model.

Another computational obstacle in the estimation of a Dynamic Discrete Choice model
is the Curse of Dimensionality. That is, the computational burden increases exponentially

with the increase in the dimension of the state space. In our algorithm, even though at each
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iteration, the number of state space points on which we calculate the expected value function
is small, the total number of ‘effective’ state space points over the entire solution/estimation
iteration grows with the number of Bayesian DP iterations. This number can be made
arbitrarily large without much additional computational cost. And it is the total number of
‘effective’ state space points that determines accuracy. Hence, our algorithm moves one step
further in overcoming the Curse of Dimensionality. This also explains why our nonparametric
approximation of the expected value function works well under the assumption of continuous
state space with deterministic transition function of the state variable. In this case, as
is discussed in the main body of the paper, Rust (1997) random grid method may face
computational difficulties..

It is worth mentioning that since we are locally approximating the expected value func-
tion nonparametrically, as we increase the number of parameters, we may face the “Curse
of Dimensionality” in terms of the number of parameters to be estimated. So far, in our
examples, this issue does not seem to have made a difference. The reason is that most
dynamic models specify per period return function and transition functions to be smooth
and well-behaved. Hence, we know in advance that the value functions we need to approx-
imate are smooth, hence well suited for nonparametric approximation. Furthermore, the
simulation exercises in the above examples show that with a reasonably large sample size,
the MCMC simulations are tightly centered around the posterior mean. Hence, the actual
multidimensional area where we need to apply nonparametric approximation is small. But
in empirical exercises that involve many more parameters, one probably needs to adopt an
iterative MCMC strategy where only up to 4 or 5 parameters are moved at once, which is

also commonly done in conventional ML estimation.
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Appendix
Proof of Theorem 1
We need to show that for any s € S, €, 0 € ©,

V® (s,¢,0) Ly (s,€,0) uniformly, as t — oo

But since,
V®(s,e,0) =max VW (s,a,¢,0), V(s,e0) =maxV(s,a,e,b),

acA a€A

it suffices to show that for any s € S, a € A, ¢, 0 € O,
VO (s,a,¢€,0) Ly (s,a,€,0) ast — oo.

Define
Kh(e o))

Zk Khw Ht k)

Then, the difference between the true value function of action a and that obtained by the

Wy (0, 007™)

Bayesian Dynamic Programming iteration can be decomposed into 3 parts as follows.

V(s,a,e,60) — VY (s,a,¢, 0)

N(t)
= /V(S', ¢ H)dFE/(E,, 9) _ Z V(t—n)(sl7 E(t_”), Q(t_n))WN(t),h(e, Q(t—n))

n=1

=3 /V(s €, 0)dE.( sz e )Wy n(0,007™)

"’ﬁ Z [V(SI’ e(t—n), 9) . V(S’, E(t—n)7 g(t—n))] WN(t),h(e, Q(t—n))

N(t)
Z [V s 6 (t—n) 7 t n)) . V—(tfn)(sl7 E(tfn)J(g(tfn))] WN(t),h(‘gae(tin))

= A+ Ay + A
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The kernel smoothing part is difficult to handle because the underlying distribution
of ) has a conditional density function f© (9=, 0()) (conditional on §©~V), which is a
complicated nonlinear function of all the past value functions and the parameters. Therefore,
instead of deriving the asymptotic value of N(t Zk 1 'K (0 — 0% %)) as is done in standard
nonparametric kernel asymptotics, we derive and use its asymptotic lower bound and upper
bound. Lemma 1 below is used for the derivation of the asymptotic lower bound. Lemma
2 is used for the derivation of the asymptotic upper bound. Using the results of Lemma 1
and 2, in Lemma 3 we prove that A; — 0 and in Lemma 4 A, — 0.

Lemma 1:There exists a density function g(é), such that g(#) > 0 for any § € © and for
any t and 0, there exists o such that 0 < g < 1 and f® (0,.) > eog (.).

Proof:

Recall that
m(0_;,05) L(Yr[€ 05,05, VD)

O (910..) =
PEI0) = T, o) LT, 0.8, VO,

By assumptions 1 (Compactness of parameter space), 5 (Strict Positivity and Boundedness

of m and L), and 6 (Compactness of support of €), and because utility function is uniformly

bounded, there exist 7,,7,, My, My > 0, such that for any 6, €, V satisfying the assumptions,
n, < w(0)L(Yr|e, 0,V) < My, and

n2</ (0_,.0,) L(Yr[€,0_,.0, V)b, < M.

Therefore, for any 6,
Aiglf p¥ (0510—;)
€,0_;

exists, is strictly positive and uniformly bounded below by 7, /M,. Let
h(0;) = inf p” (6710-5).

Notice that h(.) is Lebesgue integrable. Now, define,

EHfh}L((QJ) éj gOZH/h(éj>déj.

Jj=1
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By construction, g(6) is positive and bounded and [ g (6) df = 1. Hence, g(f) is a density
function. Also, by construction, ¢y is a positive constant.

Furthermore,

<
<

eog (0) =1 (¢ H (0516-;) = 9 (¢',6).
J=1 J=1

Finally, since both g() and £ (,.) are densities and integrate to 1, 0 < g¢ < 1.

Lemma 1 implies that the transition density of the parameter process has an important
property: regardless of the current parameter values or the number of iterations, every
parameter value is visited with a strictly positive probability.

Lemma 2: There exists a density function g(), 1 > 1 such that g(¢) > 0 and for any ¢,
for any 0 € ©, 19 (.) > f1(9,.).

Proof: Using similar logic as in Lemma 1, one can show that for any 9;-,

sup p (05]0-)

€0_;

exists and is bounded. Let

ﬁ(@;) sup p¢ (9'\9 i)

€0_;

Now, let,
R €:J SN
g(e)zgf% <é]) dé], 1 H/h<9]) d@g

Then, g (0) and ¢, satisfy the conditions of the Lemma.

Lemma 2 implies that the transition density is bounded above, the bound being inde-
pendent of the current parameter value or the number of iterations.
Lemma 3: A, —" 0, as t — oo.
Proof: Recall that,
Ay

t)
—_— = V S,,EI,H dFEI 6,’0 — V S E ) Q W Q,Q(t—n) )
: / (4 R 0) = SV JWon(6,00™)
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Rewrite it as,

A s VO (f V(S O)AEL(E,0) — V(S €7, 6)) Ki(9 — )

p N ot K (0 = 647)

We show that the numerator goes to zero in probabilty and the denominator is bounded
below by a positive number with probability arbitrarily close to one as t — oc.
Let

1

XN(n = W [/ V(s €, 0)dF.(e,0)— V(s et=m) 0)| Kn(0 — H(t—n))’

where n = 1,..., N(t). Then, because €"™’s are i.i.d. and """ F. (¢, 0),

E [XN(t)n] =0, F [XN(t)nXN(t)m] =0 for n # m.

Hence,
N(t) N(t)
Var Z XN(t)n = Z Var [XN(t)n}
n=1 n=1

[sup|K|]2 su s € (€ . s 6(t—n) ’
< s g [ Ve oo -vit.ao)

Because N(t)h(N(t))*) — oo as t — oo and V (s, ¢, 0) is assumed to be uniformly bounded,
the RHS of the inequality converges to zero. That is, for any v > 0, § > 0, there is ¢, such
that for any ¢ > ¢, i.e., N(t) > N(t,),

52N[?;I;L’(§’(]t))2J SJ,IE’ E, {/ V(s €,0)dFu(e,0) - V(s 670)} =7

Hence, from Chebychev Inequality, for any 6 € ©,

N(t)
Pro|> Xywn—0] =65 <~ (A1)

n=1

This shows that the numerator in % goes to zero in probability uniformly over 6 € ©.
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We next show that the denominator is bounded below with probability arbitrarily close

to one as t goes to infinity. Let

R = ¢ / <6(t_n)> : (A2)
Flt=n) (9(15*”*1)’ g(t*n))

Then, from Lemma 1, 0 < R¢ < 1 and 0 < gy < 1. Also, define a random variable Y (¢~

as follows.

_ pt=n)/ £(t—n) : 15 (t—n)
ylt-n) _ { K, <9 0 (f )) with probability R (A3)

0 with probability 1 — R*~™)

where 0~ (f(=") means that #*~™ has density f¢—™ (0(’57"*1),0(“")> conditional on

01="=Y Then, Y is a mixture of 0 and K, (9 e (g)), with the mixing probability
being 1 — ¢¢ and ¢p. That is,

yit-n) _ K, (9 — gt (g)) with probability &y (A4)
0 with probability 1 — gq

Further, from the construction of Y
Y(tfn) < K, (9 . e(tfn) (f(tfn))> )

Now, because 8¢~ (g), n = 1,..., N(t) are i.i.d., from equation A4, following Bierens (1994),

section 10.1, we derive,

B[] = F K (0 -0 (9))] =< / %K (—9 - i(t_n)> g (0= dot=

= ao/g(ﬁ—hz)K(z)dzeeog(G) as h — 0
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and

LN
N Var | —=) vy
N(t) ;
= Var [yt
N(t) " |: }

2

— hJE [Y(tfn)ﬂ . hJE [Y(tfn)]

2
co . [0—0""(g) o2
= E|5K (T =)

1 (0-0"" ()]
e ()

_ 50/g(€—hz)K(z)2dz—hJ [50/g(9—hz)K(z)dzr

£0 sup/g (0 — hz) K (2)*dz — eosup g () / K (2)%dz
0€6 0€©

IN

N(t)

as h — 0. Since N(t)h’! — oo, Var ﬁ S YE | — 0 ast — oo. Then, by Chebyshev’s
n=1

inequality,
N(t

)
vy L cog(0).

n=1

1

N(t)
Therefore, for any 7, > 0, 1, > 0, there exists # > 0, N = N(f) such that for any t > 7, i.e,
N(t) > N,

1 N(t)
_— (t—n) _ _
Pr N ;Y gog ()| <y | > 1=,

That is,

N(t)
1
- § (t—n) > 1 —
Now, choose 7, < %80 infgee g (0). Then,

N(#)
1

i (t=n) 5 —o 3 _

Pr N(t)g Y >2€0912(£g(9) >1—n,. (A5)

n=1
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Since Z

N

3 < t’”)(f(t*”))) > > Y we conclude that for any 1, > 0, there
n=1

exists 1, > 0 N = N(%,) such that for any t > %,, i.e, N(t) > N,

ZKh (9 gl (ft- )) > ;golnfg(e)] >1—1n,. (A6)

for any 0 € ©. From Al and A6, we can see that for = max{t,,%,} >0, N = N(f), the
following holds: for any ¢ > %, i.e, N(t) > N

N(t)
O n; ([ V(s €,0)dF.(,0) — V(s e, 0)] Ky(6 — 08 5

Pr
N(t) - lgo infg @g(e)
1 (t—n) 2 €
® n=1 Kh (0 0 )
N(t
o R L e
1
1 G 1
(t—n) o
N~@ Z 1 (0-07) > 520 jnt 9 0
N(t)
S { [Nl(_t V<s’, ¢ 0)dFu(¢,0) = V(s e, Hﬂ (0 — 6°) > 5]
1
(t—n) <
U{ 7 29 (1-#) < o pgo0 }
N(t)
= { { [V iFae.0) Vs, 0)} (0 0 ) > 5]
n=1
N(t)
1 1
- _ pt—n) = .
- {N@ > Kaf0-0) = 260;259”)]
n=1
> l=y—mn

uniformly over ©. Since 6/ [%60 infgpco g (6’)] can be made arbitrarily small by choosing &

small enough, we have shown that
A Lo as N(t) — oo
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uniformly over ©.
Lemma 4: A, —F 0 ast — oo.
Proof

Ay
s

IN

Z)V $,e70,0) = v (€7, 00) | Wiy (0,00°)

- Z)V e, 0) = v (€7, 007 | Wiy (0,04°)

<))

N
+ Z )V (S/, E(tfn)’ 9) -V <S/7 6(tfn)7 Q(t—n)> ‘ WN(t),h <‘9’ 9(t—n)>
n=1

(-0

1(|o-0v"]>0)
where ‘9 gt = = max,ey |0; — 0 =) and § > 0 is arbitrarily set.

Step 1 of Lemma 4: We show that H, 2o uniformly over ©.

Note that
N(t)

H, < QVZ W), (97 9(’5*")) I (‘9 _ glt=n)

n=1

> 5) (A8)

where V = sup, 4|V (s,¢,0)|. Then,

NG
o O K0 — 0T (‘9 — gt

_ N
RHS of (A8) = 2V — =1
o St Kn(0 —009)

We first show that the numerator goes to 0 in probability as h goes to 0.
Note that K,y (0 — 00" (‘9 gt
for any n > 0,

>5>'

(A9)

> (5> > 0. Hence, from Chebychev Inequality,

51



>®>4

> 5)] . (A10)

|
1 _ =g (| pt-m
Pr N(t);z(h(e 9 )1(‘9 9

1 1 N0
< _E - K _ (t—n) [ _ (t—n)
< N(t); W(0 — 04=) (‘0 0

From Lemma 2, there exists ; > 0 such that for any s, 0™V, 0 € ©

e13(0) > f© (9“*”,9) .

Hence,
(t)
E ﬁ ; Kn(0 — 0 (=) (‘9 By COITCONEN 5)]
LN
< af |55 ;Kh(e — 9 ()1 (‘e _gt=m) @)‘ > 5) .

Since 0~ (§), n = 1,2.., N(t), are i.i.d., we have,

E ﬁ Nf K(6 — 04 (FE=m))T (‘9 — g (pm)| 5)]
< a0 D (000 )

1 (6-0)\_/ ~
= —K|——]g(0)do All
. /|95|>5 h’ ( h ) g < > ( )
Now, by change of variables,

1 (0-0\ /= ~
—K|——]gl(0)d) = K(z)g(0—hz)dz
/|05]>6 h’ ( h > < ) |2|>2 (2)g( )

< supg (0) K (2)dz (A12)

0O |2|>2
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Because [ K (z)dz = 1, f|z‘>é K (z)dz — 0 as h — 0. Furthermore, ¢() is bounded by
h
construction. Hence, The RH.S of A12 converges to zero as h goes to zero. Therefore, RH S

of A11 converges to zero as h converges to zero uniformly over ©, and thus,

|
1 _ =g (lg — pt-m
Pr N(t);f(h(e 9 )I()e 9

>5)2n 0 (A13)

as h — 0 uniformly over ©. Note that n can be made arbitrarily small.

From (A6), we know that the denominator in A9 is bounded below uniformly over § € ©
by %80 infyco g (#) with probability arbitrarily close to 1 as ¢t goes to infinity. Thus, using
similar steps as in Lemma 3, the result follows. That is, Hy L 0ast — oo uniformly over
O.

Step 2 of Lemma 4: Show that H; Loast— oo, uniformly over ©.

Define L = supjc jscseoco ’avgée,o) ‘ Then, from the Intermediate Value Theorem,

<)

N(t)
Cel=m gy elt=m)_glt=n) ‘ G0 ‘ _ glt=m)
;)V(s’e(t ).6) V(S'e(t ) gt )WN(t),h<(99t >1<9 G

<)

N(t)
(t-n)) _
<o) < Lénz;leW (0.047) = 15

IN

N(t)
YL ‘9 _ glt=m)
n=1

N(t)
NG ‘ _ plt—n)
< Lanz;lwmt),h(ee Ji(lo-o

Wi n (9, 9(t7")> T (‘9 _ptt—n)

which can be made arbitrarily small by choosing small enough ¢ > 0.
From Step 1 of Lemma 4, we already know that given arbitrary 6 > 0, H, Loast— oo
uniformly over ©. Hence it follows that A, Loast — oo uniformly over ©.

Now, we return to the proof of Theorem 1. That is, we need to show that
V(s,a,e,0) — VY (s,a,€6) 50 ast— oo

Define A® to be as follows:
A(t)(Q) =A,+ A,

From Lemma 3 and Lemma 4, we know that,

AD(9) L£0,as t — oo,
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uniformly over ©. Therefore,
AD (D) L0ast— oo

Now,
V(s,a,6,0) — VY (s5,a,¢,0) = AD(9)
N(t)
+6 > [V(s’, et 9=y — (gl eltmm) gUmmy | W) 1 (0,047™) (A14)
n=1

Notice that if V (s,¢,0) > V® (s,¢,0), then

V(s,6,0) = VW (s,€,0) = MazacaV (s,a,€6,0) — Mazaea VY (s,a,€,6)
< Maxgea [V (s,a,6,0) = VO (s,a,¢, 9)} < Maxgea |V (s,a,6,0) = VO (s,a,¢, 0)‘

0

IN

Similarly, if V (s,€,60) < V® (s,¢,6), then

V® (s5,6,0) =V (s,6,0) = Maz,e sV (s,a,€,0) — Maz,caV (s, a,€,6)
< Maxgea [V(t) (s,a,€6,0) =V (s,a,¢, 9)} < Maxgea |V (s,a,6,0) = VO (s,a,¢, 0)‘

0

IN

Hence, taking supremum over s/ on the right hand side of Al4and then taking absolute

values on both sides, we obtain:

N(t)
—f-ﬁ Z sup )V(/S\, E(t—n)’ Q(t—n)) _ V(t—n) (/S\, E(t—n)’ e(t—n))

n—1 S€S

W a(0,007)|(A14)

Now, ‘V (5,6,0) — V) (s5,¢, 0)‘ appears on the LHS and

‘V(S’\, lt=m) glt=m)y _ yt=n) (3 (t=n) 9(t=n))| appears on the RHS of equation A14/. Using
this, we can recursively substitute away

‘V(?, elt=n), g(t—n)) — /(=) (5, elt=n) g(t—n))

Lemma 5: For 7 < ¢, let

. This logic is used in the following Lemma.

W (t,t,7) =W (t,7) = Wy (0D, 00).
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Now, for NV > 1 and for m such that 0 < m < N + 1, define
\I/m(t+ﬂ,t,T) = {Jm: (tm,tmfl,...,tl,to)Itm:t+ﬁ>tm,1 > ... >th >t Zt,tOZT}

and,
N+1

Wit+Nt=> 0 Y H (tks th1)

m=1 | Uy (t+N,t,7) k=1

Then, for any N > 1, ¢ > 0,

[V (s,€,0) — VI (5 ¢,0)|
< sup }AHN ()]

s'eS
N—-1
YW+ N b+ N =t + N = = 1)sup | AC-m) (st
m=0 s'eS
N(t)
+ sup |V(5, e, 007) — VE(E, ) 90 Wit 4+ Nt t —n).  (AL5)
n—1 se8
Furthermore,
N()
> W(t+N,t,t—n)<p (A16)
n=1

Proof of Lemma 5.
First, we show that inequality A15 and A16 hold for N = 1. For iteration t + 1, we get

)V (s, 67(9(1‘,+1)> _ D) (s e, gD )‘

< sup|A®D (Q(tﬂ))‘
- ses
N(t+1)
+ Z sup V(s 6(t+1 n) 9(t+1 n ) _v(t+1fn)(s/7€(t+lfn)7g(t—l-l—n))
s'eS
W(t+1,t4+1—n)
< sup |AUHD (9(t+1))‘ +sup |V (s, €®, 00) — VO (s €D 90) W (£ +1,1)
s'eS s'eS
N(t+1)—1
+ Z Sup’V(s =) git=n)y _ =) (g (=) gU=m) W (t 4 1.t — n)

s'es
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Now, we substitute away ‘V(s’, € 90 — VO (s D), G(t))‘ by using A14’) and the fact that
N()> N(t+1) -1,

’V (s, €, H(t“)) — (s, €, H(t“))‘

< sup [V + sup | AO D) | Wt +1,1)
s'eS s'es
N(®)
+ Z sup ‘V(é\, E(t—n)7 Q(tfn)) . V(t—n) (:9\7 E(t—n), e(tfn)>
n—1 S€S

(W(t+1,0W(tt—n)+W(t+1,t—n)}

= sup|AUHY (9(”1))‘ +sup [A® (9(t)> ‘ W(t+1,t+1,t)
s'eS s'eS
N(t)
+) sup ‘V(S\, =) glt=n)y _yt=n) (g (=) gE=n) W (£ +1,¢,¢ —n)
1 S€S

Hence, Inequality A15 holds for N = 1.

N@) __ N(t)
Furthermore, because 3. W (t,t —n)/B =3 Wywn(0®,00) =1,
n=1 n=1
N () N N NG
S Wt+Ltt—n)=Y Wt+Lt)W(tt—n)+> W(t+1,t-n)
n=1 n=1 n=1
N(t) N(t)
= WEt+1,6)) W(tt—n)+> W(t+1,t-n)
n=1 n=1
N(t) N(t)+1
= BW(t+16)+> W(t+1t-n)< > W(t+1,t+1-n)
n=1 n=1

Since W(t+1,t+1—n) =0 for any n > N(t + 1),

N(t)+1 N(t+1)
D W+1Lt+1-n) = Y W(t+1Lt+1-n)
n=1 n=1
N(t+1)

= p Z Wy (00D, 00Ty = 8
n=1
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Thus,
N(t)

STW(t+1,tt—n) < (A17)

n=1
Hence, inequality A16 holds for N = 1.
Next, suppose that inequality A15 holds for N = M. Then, using ¢t + 1 instead of ¢ in

inequality A15, we get

}V (s,€,0) — VM (5 ¢ 9)’

S sup ‘A(H-l-i-M) (9)|
s'eS
M-1 e
+Y W (t+1+Mt+1+M—m,t+M—m)sup AN (9<t+M—m>))
m=0 s'es
+sup |V (5,eD,00) — VO35 €D 0O) W(t+ 1+ M,t+1,¢)
ses
N(t+1)
+ Z sup |V(5, etH1-m) gtim)y _ y(t+1-n) (g ((tH1-n) glt+1-n))
n—o S€S8

—~

W(t+1+Mt+1,t+1—n).

Now, using A14/ to substitute away sup;.g )V(é\, e® 91y — V(3 0, Q(t))‘, we get

|V (s,¢,0) — VM) (5 ¢, 0)|

t+M+1) (9) }

IN

sup |A(

s'eS

A(tJerm) (9(t+Mfm)) ‘

M
+ZW(t+M+1,t+M+1—m,t+M—m)sup

m=0 s'eS
N
+ Z sup V(/S\, E(t—n)’ g(tfn)) _ V(t—n) (/S\, E(t—n)’ e(tfn))
n—1 S€S
[W(t—l—M-l- 1.t + 1,t)W(t,t —n) —|—W(t+M_|_ 1,6+ 1t _n)] (A18)
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Now, we claim that, for any M > 1,

Wt+Mt+1,)W(t,t—n)+W(t+Mt+1,t—n)

= W(t+ M,t,t—n) (A19)

Proof of the Claim:
Let

\I/m71(t+M,t,T)
= {Jm = (tm,tmfl,...,tl,to) St =t+ M >t,1>....>ta>t+ 1,t1 =11y = 7'}.

Notice that

U, (t+M,t+1,7)
= {Jm: (tm,tm_l,...,tl,to)Itm:t+M>tm_1 > .. >1t> 1 Zt—f-l,tO:T}.

Then,
\I/m(t—F M,t,T) = \I!m71(t—|— M,tﬂ') U \I’m(t—l— M, t+ 177.)
and
Ui (t+ M, )N, (t+Mt+1,7)=02.
Also,
Uypt+Mt+1,7)=92
Therefore,
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W(t+ M,t,7)

M+1
Z HW thy tro1)
m=1 m(t+M,t,7) k=1
M+1 m M+1 m
Z Z HW thytr—1) +Z Z HW teytr1)
m=1 | U, 1(t+M,t,7) k=1 m=1 m (M t+1,7) k=1
M+1 m—lﬂv ﬂv m
> T W ke tas) W(t,7)+z > T W e tes)
m=2 | U, _1(t+M,t+1,t) k=1 m=1 | W, (t+M,t+1,7) k=1
M m ﬁv M mo
Z Z HW by tr—1) W<t77)+z Z HW(tk,tk—l)
1\ U (t+Mt41,t) k=1 m=1 | ¥, (t+M,t+1,7) k=1

=) 7

(t—I—M,t—l—l,t)W(t,T)—i—W(t—I—M,t—i—l,r)

Hence, the claim holds. Substituting this into equation A17 yields the first part of the lemma

by induction.
Next, suppose that A16 holds for NV = M. That is,

Then,

N(t)
> W(t+ Mt t—n)<p.

n=1

N ()

> W(t+M+1,t,t—n)

n=1

N(t) N(t)
= > WE+M+1Lt+ L) W(tt—n)+ > W(t+M+1t+1,t—n)
n=1 n=1

N ()

W'+ Mt t)+ > Wt + Mt t —n)

n=1

IN

N(t)
— ZW(t’ + Mt —n)<p

n=1
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where ¢’ =t + 1. Hence, induction holds and for any N > 0,

N()
STW(t+Ntt—n)<p

n=1
Therefore, from induction, Lemma 5 holds.
Now, for any m = 1,...N(1), if we substitute (1) —m for t+ N, t(I—1) for ¢, then equation
A15 becomes

)V (37 th-m) g(t(l)—m)) _ yt-m) (S, ((t-m) Q(t(l)fm)))

< sup |AtO—m) (Q(t(l)*m)ﬂ
s'eS
N()—m—1
+ W (t(l) = m,t(l) —m —i,t(l) —m —i—1)sup |A(t(l)_m_i—1)|
1=0 s'esS

+ Z sup ‘V(@ tU=D=m) gtl=1)=n)y _ 1/ (t(=1)=n) (g ((HI=1)=n) g(Hi=1)=n)
58

W(t(l) —m, t(l — 1), t(1 —1) — n)

Now, we take weighted sum of ‘V <s, €, Q(t(l)fm)) — y)-m) <s, €, Q(t(l)fm)) ), m=1,..N(l),
where the weights are defined to be W# (¢(1),t(l) — m). These weights satisfy W# (¢(I), ;) >
0 for ¢; such that t(I — 1) < ¢, < t(I) and

o wEE),n) =1 (A20)

t(I—1)<t;<t(l)
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Then,

VAN
HM 3
—N—

)]

[wr}

o}

m—1 \S'€S
N()—m—1
+ W (t(l) —m,t(l) —m —i,t(l) —m —i—1)
1=0
sup}A (D=m—i— U}}W# t(l),t(l) —m)
s ES

+Z Z Sup‘V 5, t=0=m) g(ti=)=n)) _ /(t-1)=n) (5 (0-D-n) H(ei-D-n))

mlnlses

W (1) — m, t(1 — 1),t(1 — 1) — n)W# (£(1), £(1) — m) (A21)

Now, let,
1,1) = Z sup |[AMD=| W# (¢(1),¢(1) — m)

N()
(1) = W# (t(1),t(1) — m)
m=1
N()—m—1
x (W (60) = m, 6(0) = m = (1) = m = j = 1) sup [ O30 |}
=0
and,
A(LT) = By(1,1) + By(1,1).
Lemma 6

A(l,D) L0 as | - .
Proof: We first show that By (l,1) = 0. Recall that

N(t)

AD) =3 /V(s ¢, 0)dF.( sz e )Wy n(0,007™)
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S VIS e,0) = VIS 0,007 | Wiy 1(0,0¢7)

Because [V (s, €,0)dF.(¢,0), and V (s, =™ 0) are uniformly bounded and the parameter
space is compact, A®) is uniformly bounded. Hence, there exists A > 0 such that A® < A
for any t. Because A® o uniformly, for any 7, > 0, n, > 0, there exists 7" such that for
any t > T,

Pr { sup ‘A(t)(9)| < 7711 >1—1y
5'€S5,0€0

Therefore,

E[ sup }A(t)(e)‘] < anrl sup ‘A(t)(9)| <n11 —l—ZPr[ sup ‘A(t)(9)| >

s'€5,0€0 s'€S,0€0 s'€S,0€0
<y (1 —1my) + Any (A22)
Hence,
N(1)
E[Bi(1,1)] Zsup | ACO=m) | W (1(1), (1) — m)

IN

SOWHE (t(1), #(1) —m) [y (L = 1) + An)]
= [m (1 —ny) + Any]

Now, from Chebychev’s Inequality,

N()
— Y WHHD ) —m)  sup AU >
l) m=1 5”0(t(l)—7n)€@

[771 (1— 7762) + 7722] (A23)

For any given o, the RHS can be made arbitrarily small by choosing n,and n,. Thus,
P
Bi(l,1) = 0 as t — 0.

We now show that Bs(l,1) L 0 as t — co. Recall that By(1,1) = > W# (t(1),t(1) — m)
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x S NO-m-1 {W(t(l) —m, (1) — m — j,t(l) — m — j — 1) sup | ACO m—j—l)\}
For any ¢’ >t > 0, let,
K (') =K, (e(t') - 9(”>

For t; > ty > t, define W* (11, 1o, 1, j) recursively to be as follows.

W* (t17t27t7 1) = W(t17t>

t1—t2

W* (t17t27t7 2) = Z /W<t1atl _j)W* (tl _j7t27t71)

t1—t2 (k*?)
W= (ti,ta,t, k) = Z Wi(ti, tr = J)W* (tr — ji ta, 6,k — 1)
=1

Similarly,
K*(ty,t9,1,1) = ! K(t1,1)
1,02, 04, = N(tl) 1,
t1—to 1 _
K* (t17t27t72) = —K(tlatl_])K* (tl_j7t27t’]')
; N(t1)
tl—tz—(k—Q) 1 B
K*<t17t27t>k) = —K<t17t1_j)K*(tl_j7t27t7k_1)
jz:; N(ty)
Then,
N()+1
m=1 m((),t(1-1),7
N()+1
k=1
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Hence,

{W (t(1),t(l) =m —i,t(l) —=m — i — 1) sup |A(t(l)_m_i_1)|}
=0 s'eS
N(l)—m—1 (m+i+1
= Z W=(t(l),t(l) —m —i,t(l) —m —i—1,k) sup |A(t“)_m_i_1)|}
=0 k=1 s'eS
N() N()—m—1
= “(t(1),t(1) —m —i,t(l) —m — i — 1, k) sup | ACO—m==1)
- w (t( ),t() L, () ¢ Sup‘ ‘
k=1 | i=max{0,k—m—1} s'es
Also, notice that,
W*(t(),t(l) —i,t(l) —i—1,k)
k
= > W -1
W (t(1),t (1) —i,t (1) —i—1) j=1
_ 3 ﬁﬁ K (t;,t; — 1)
. N(tj)
W (t(1),t (1) —i,t (1) —i—1) j=1 K (t;,t; — 1)
=1
[ N(t) —k k
< pF inf ZKtt—z Z H[}(tj’t, )
i D=0 W (t(1),t (1) —i,t (1) —i—1) j=1
—k
N(t) p o~
. K
= p" inf ZK (t,t —1) Z H
N< st g W (41t (1) —i,t (1) —i—1) j=1 N
- N(t) 7k
1
k . . .
= f K (t,t—i)|  K*t),t() —i,t()—i—1,k
T M S K =0 K G0 =it =i =18

Hence, we get
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IN

IA

IN

IN

N( N()—m—1
{ZZW# m) S W) t0) —m— i t(l) —m—i— 1,k)

k=1 m=1 t=max{0,k—m—1}

‘ 5 — 5[\?(l)+2
sup ‘A () m—z—l)‘ > - :
s'esS -

N(1) N()—m—1
{U {ZW# m) ST W), 1) —m— it (1) —m — i — 1,k)

k=1 t=max{0.k—m—1}

Sup|At(l —m—i— 1|>6k}:|
s'eS

i=max{0,k—m—1}

N(I) ( N()—m—1
> Pr {Z W#(t(1), (1) — m) > W (1), t(1) —m — i, t(l) —m —i — 1,k)

Sup‘At(l —m—i— 1‘>6k]
s'esS

N(l)—m—1

N(1)
ZPI{ [Z W (1), (1) — m) > K*(t(),t(1) —m — i, t(l) —m —i—1,k)

t=max{0,k—m—1}

k
sup‘At(l m_i—l)‘ > l 0 501nfg(9)} ]

s'eS 4Aﬁ
1 W 1

U t(l—ll)rggt(l) —N(l) ; K(t,t —1) 4A€0 inf g (0)
N(l) N(l) N(l)—m—1
D Pr Y WHEED), H(1) —m) > K*(t(1),t(l) —m —i,t(l) —m —i — 1,k)
k=1 m=1 t=max{0,k—m—1}

0 ) J ’

(t(l)—m—i—1 >
o LM%W”H

. r .

+Pr |:(l 11)2£<t ZK —i ] < 145 11;fg («9)]
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Claim 1: The following equation holds.

N()
E {ZK*(t(l),t(l) —m—it(l)—m—i— l,k)}

k
< & {sw el @ 001} = (A25)
Proof: First, by definition of K*, note that,
N()
E {ZK*(t(l),t(l) —m—it(l) —m—i— 1,k;)}
N()
= —m—i <1 <o <...<jfpo1 <jr=t())
= (Jiv1) _ pli }
E [n [Kh (e (5)~(5)] (A26)
Because #'(g) and 6(g) are assumed to be independent,
Ey o [Kn (0'(9) —0(9))] = Eo [Eo {K5 (0'(9) — 0(9))}]
< By |supEy{ K, (0 —0(7
< By |sup o{ h( (9))}]
= sup By | Ky (60— 07 A27
sup 9[ h( (9))] (A27)

Now, for k > 1, let (jo, j1, .-, ji) satisfy t({) —m—i—1 = jo < j1 < Jo < ... < Jx—1 < Jr = t(1).

Notice that from Lemma 2, for any [,

e (Q(t NUOs >> FEO-D (g(t(l)—l))g(t(l)—m)mf<2> <g(2)73(1))

= ﬁ {f(jz)(e(jz)ﬂ(jzl)) [ H f(t) (9(15),9(151))] }

=k j1—1<t<ty

FUo) (gio) glio=1)) flio=D) (glio=D) glio=2)y _ £(2) <9<2), 9<1)>
{51g L IT ¢ (0<t - )]}glg( gUo)) flio=1) (glio—D) glio=2)) _ r(2) <9<2>,9<1>)
=k 1 —1<t<ty
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Because K, () > 0,

E [Kh(g(t(l)) _ g(t(l)—m))} _ B [Kh (9(t(l))(ft(l)) B g(t(l)—m)(f(t(l),m)>>i|

< B |K (G - 0O @)

By A27,
B |1 [0 (00 - 0(n)]] < 7 [T [ (0@ - @)
< &ME ﬁ;[: sup (K (0" — 67 (5))]} = it {OSEEE (K (07— 9(@7))]}k (A28)

Furthermore, for any i, m such that 0 < m—+i < N(l) and for any k > 1 such that & < m+1,

! Yot —m—i < i< .. < e <H(1))

B 1 [m + ]!
B N(1)k-1 ((k —Dlim+i— (k- 1))!)

mei/v0]
= TE S

(A29)
Substituting A28 and A29 into A26, A25 follows and hence Claim 1 is proved.

Now, by Zyﬁn(:l)l W#(t(1),t(1) — m) = 1, the law of iterated expectations and the results
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obtained in A22 and A25,

N() N(l)—m—1
Zw# m) > K*(t(1),t(1) —m — i, t(l) —m —i — 1,k)
i=max{0,k—m—1}

sup ‘A (1) m—i—l)“|
s'eS

N(
= E{ZW# m)

N()—m—1
E [ Z K*(t(1),t(l) —m — i, t(l) —m — i — 1, k)| QtO-m=i- 1] sup‘A(t mil)}

i=max{0,k—m—1} s'€s

1
g

] [771 (1—ny) + 7722]

IN

> WA 1) = m) |4 s B 18 (0~ 0@

0'ce

= [ kil os/légE (K (0 — 9(@)]k (k _1 1)!

Chebychev Inequality implies,

1 [771 (1 —ny) + nzm

N()—m—1

0]
r [Z W#(t(1),t(l) —m) > K*t(),t() —m — i, t(1) —m —i—1,k)

t=max{0,k—m—1}

k
SupyA@l)ﬂLZ]r}> {4jﬁgonﬁg(eﬂ ]

s'eS
[771 (1—my) + 772Z] 5 SuPe’g@ E [Kh (91 - 9(5))]k (k+1)u

3
[414650 infy g (6 ]

(A30)

Claim 2: For any t(I — 1) < ¢ < (1), cither [t(l 1) = N —1)/2,4( — 1)] C [t — N1
or
[t(l 1), 41 —1)+ N(I - 1)/2] C [t — N(t),1] or both.

Proof: First, we show that for ¢ satistying ¢(I — 1) <t < t(l — 1)+ N(l —1)/2,

[t(z 1) = N —-1)/2.t(1—1)] Ct— N(t),1] (A31)
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Because N() is a nondecreasing function, N(t) > N(I — 1). Hence,
t—t(l—1)<N(1-1)/2=N(1-1)—=N({—-1)/2< N(t) = Nl —1)/2

Thus,

t—N(@t)<t(l—-1)—N(-1)/2
Since t(l — 1) < t, A31 holds.
Next, we show that for ¢ satisfying t(1 — 1) + N(I — 1)/2 < ¢ < t(l),
tl—1),t(1—=1)+ NI —1)/2| C[t—N(@),1]. (A32)
From the definition of N(),
t() = N(l) =t(l—1)
Furthermore, because N(s) is increasing at most by one with unit increase in s, s — N(s) is

nondecreasing in s. Hence,
t—N@) <t(l)—N(1)=t(—1).

Furthermore, ¢ > ¢(I — 1) + N(I — 1)/2. Therefore, A32 holds. Hence, Claim 2 is proved.
Now, from A6, we know that for any n; > 0, there exists L such that for any [ > L,
ty =t(l—1) and for to = t(I — 1) + N(I — 1)/2,

1 N2 . 1
Pr | = > Ku(0— oti— )(f(ti—k))> < 550 gin(gg(g) <ns, i=1,2
—1 €

N()/2 §

Therefore,

Pr ! N(zl);/QK(0—9<t1—k>(f<t1—k>))<le inf g (0) » |
N()/2 =1 " =500

1 N()/2 (tak) ( £(t2—E) 1 ‘
N(l)/2 k; Ku(0 -0 (f ) < 580 91259(9)

1 NO/2 1
< Pr|—= S Kh(e—e(tl‘k)(f(“‘k)))ggso inf g (6)
€

N()/2 =1
+Pr | — N%ﬂf(h(e—9<t2*k>(f<f2—k>))<150 inf g(e)]
N()/2 k= T2 oeo
< 24
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Therefore,

r L gk (ft=h) 15 n
P HNW S K0 - 0P ))>2006£9(9)}ﬂ

! NWK 6 — 0P () > Lo ine g (0 1-2
N2 kZ:)l n(0 — (f ))>§€00}£®9() > 1 —2n;

Hence, for any ¢ such that t(I — 1) <t < (1),

2

®) (l _ 1)/2 1 N(i-1)/2
(t—k) [ p(t—Fk) (s—k) k)
3 K6 =800 2 T S (0 - 07 )
(A33)

where either s = t; = t(I—1) or s = t, = t(I — 1) + N(I — 1)/2 or both. Furthermore, notice

that z_(1))/2 > ﬁ. Therefore,

N(l)

N(t) .
] (t—n) n) > L
Pr i ) N(l) 2, Knl0 - () = e ;gcgg(@)]
> 1—2n,
Thus,
LMY )
' t(l—ll)gtgt(z) N(Z); (t,t—n)| < Acom g(0)| < 2n; (A34)

By A30 and A34,

RHS of A24
NOT Ty (1 = 1g) + 1o A] € supgrce B [Kn (0 = 0(9)]" s

D

k=1 [4A5€0 infy g (9)] k

IN

+ 213

(k—1)

= [771(1—772 +772 /\AZ [ —1)

+ 2n3

where,
4ABe: supyee Lo [Kn (0 — 0(g))]
deoinfy g ()

A= >0
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Notice that e 2~ is the formula for the distribution function of the Poisson distribution.

T
Hence,

N()+1 (k—1) 00 (k—1)

)\ A
—/\ -\
e § e =1
Y e e
Together, we have shown that,
LHS of A24
< & [771 (1—my) + 772Z] Aexp (A) + 213 (A35)

Now,
Ey {K(0.6(9))} — 9() as h — 0.

Hence, for any B > supgeg g(f), there exists H > 0 such that for any positive h < H,

Eyg {Kn(¢',0(9))} < B
Furthermore, for h satisfying H < h < h(N(1)), Ep {Kx(#,0(g))} is bounded. Therefore,

supremum of this expectation over ¢ is uniformly bounded. Therefore, \ also is uniformly
bounded. Hence, RHS of A35 can be made arbitrarily small by choosing 7,, 7, and 715 small
enough.

Thus, Lemma 6 is proved. That is, we have shown that
A(l,l) - 0asl — o0
Let
=L +1)
= {(titin, o tyg) s () <tyar <ty +1), .t <t —1) <t < t()}.
Now, define, W(t(l),t(ll),tll) as follows: For [; =1,
WD), 1), ) = W# (1), 1)

Forl; = [ —1,

W (t(1),£(1 — 1), t1y)
N()

= > WHE ), 1(1) = m) W(t(l) = m, t(l — 1), t1-1).

m=1
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For [} <1 -2,

—
Wt (1), t(l), )
-1
= Z #(t(l),tl){ H W(tj+lat(j)vtj)}W(tl1+1at(l1);tll)
(tl7tt—17"'7tl1+1) E(l l1+1) j=li+1
Hence, A21 can be written as follows.
N(1) .
S ‘v( ()=, g(et=m)) )= (5, (=) e )‘W(t(l),t(l),t(l) —m)
m=1
N(1) .
< WD, 1) — m) sup | 4O (g
m—1 s'eS
N()
H
m=1
N()—m-1
> W) = m, (1) —m — i, t(1) = m— i — 1) sup |ACOTm=D)
=0 s'eS
N(-1)
+ Z sup |V (3, (tl=1)—m )7‘9(t(l71) ) yti=1)-m )( € ti=1)-m )79(t(l71)7m))‘
m— ses
n 1
W (t(l),t(l —1),t(l —1) —m) (A36)
Now, let
A(l, ll) = Bl(l, ll) —+ BQ(Z, ll)
where,
N(l) -
Bul,h) = S W (1), t(0y), t(1y) — m) sup | A€0D-m)|
=1 s'eS
and
N(l1) _ N(l1)—m—1
By(ll) = S W (1), (1), t(12) — m)
m=1 7=0
W (t(l) —m,t(lh) —m —j,t(ly) —m—j—1) SUE ‘A(t (h)=m=j= 1)‘}
s'e
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Then,

IA
S

N(ll 1)

X Z ‘ ( (t1—1)—m >,9<t<zl—1>—m>>_V<t<z1f1)fm> (37€<t(zl—1>—m)79<t<z1—1>—m>>)

W'( t(1), ¢l — 1), t(ly — 1) —m)

Lemma 7

Given [ >[4
A(l, 1) L0 as | > .

Proof: By definition of W/,

(L) —m)
S WHE(D),4) 3 W (t,¢(1— 1), t_1)
tl-1)sti<t(l) t(1—2)<t;_1<t(I—1)
W (tryz, t(ly + 1), ty0) W (t01, 10, (1)
t(ll)<tll+1<t(l1+1)
By Lemma 5,
N(ly)

W (tn11, (1), t(ly) —m) < B

m=1

and similarly, for any & > [y,

Z W (1, t(k), 1) < B

t(k L <t(k)

Applying these inequalities to A38 yields,

2

(11
), (1) —m) < g1

m=1
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(A38)
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By A22 and A39 (and using iterated expectations as earlier),

N(ll)

E[Bi(L1)] = Z ), t(ly) —m) sup A=)

m—1 s'eS
< B0 [ (1 =) +m4]
Hence, from Chebychev Inequality

gih [771 (1—m,) + UQZ}

Pr [Bl(lall) Z 5] S 5

Since, 1,, 15 can be made arbitrarily small by choosing [ to be large enough, for any arbitarily

positive 6, RHS can be made arbitarrily small by increasing [, while keeping [ — [; constant,

Bi(l,1) 50

as [ — oo.
Next, we prove convergence of Bs(l,l1). We again use A22, A25, and A39 and the law of

iterated expectations, to derive,

N(z1

), t(l1) —m)

m=1
N(ll)—m—l

Z K*<t(l1) - mat(ll) —m —j,t<l1) m—7—1, k sup }A(t (I1)—m—j—1)

j=max{0,k—m—1} s'es

< 5(1711) [ (1—1,) +172A] k41 {SflégE (K, (9/ _ 0(@)]} ﬁ
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Hence, from Chebyshev’s inequality, we get,

N(l1)

Pr | " W (t(1), t(1), t(L) — m)

m=1
N(l1)—m—1

Z K*<t(ll) —m, t(ll) —m— j? t(h) —m— ] - 17 k) sup }A(t(ll)imijil)

/
j=max{0,k—m—1} s'es

5 k
> [W&) 1%fg (9)1 ]
B [y (1= o) + noA] € supgree E [K (0 — 00))" 7m;

[4Al+51*11 goinfg g (9)] *

Furthermore, let #1(I) = (I — 1) and #5(1) = ¢(I — 1) + N(I — 1) /2. Then, arguments similar

to ones used in deriving equation A33 can be used to derive the inequality below.

N(t)
inf —_— K — 1
w-ns=) | N(1) ; =0
(K@ 1 (o N (0 b Hn
>  min _ _—  min K (6 — gt()=F) f(tl(l) k) ’ K, (6 — gt2(0—F) f(tz(l) k)
= lllgm{ N() N@O)/2 {k; w ( ) ol ( )
1 1 min N(li:)/gK (0 — g(tl(l*)*k)(f(tl(l*)*k))) NUZ*:)/QK (0 — g(tz(l*)*k)(f(tz(l*)*k?)))
2AFT (14 /2 = =T
where,
x . 1 1
[* = arg min -
Iy —1<I<l { 2AHI-LN() /2

N(i)/2 ~ N()/2 ~ ~
min { Z Kh(9 _ g(tl(l)*k)(f(tl(l)*k))% Z Kh(9 _ 9(t2(l)k)(f(tz(l)k)))}}
k=1

k=1

Hence, using A24,
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. ' 5 — 5N(l)+l
Z W (t(l) = m, t(l) —m — j, t(l) —m — j — 1) sup | AL =m=7D] > 15
s'eS -

IN
J
)

=l
=
=
=
|
g

Z W= (t(ly) — m,t(ly) —m — j,t(ly) —m —j — 1,k)sup ‘A(t(ll)’m’jfl)‘ > 6"

!
j=max{0,k—m—1} s'€s

IA
.
~

=l
g
=
=
|
2

> BE(t(l) = m,t(h) —m = j,t(h) —m — j = 1,k)sup AU

/
j=max{0,k—m—1} s'eS

5 k
> lmcfolgfg(‘g)} ]

1

inf —— min Nzl):/Q Ky (0 — ¢9(151(Flv)*/’€)(f(tl(l)fk)))7 S Ku(0— g(tz(l)*k)(f(tz(f)*k)))
n-1<i<t N(I)

1 .
< Wgo llél)f g (9):|

+ Pr

N(l1)

_ AR
< fhe [771 (1—my) + 77214] e Z [G_A (k— 1),] +2(1+1—1)ns
k=1 )

where,
_ ABAHIhgy supyco £ [Ki (0 - 0(g))]
deoinfy g (0)

which can be made arbitrarily close to zero by increasing [ while keeping Al = [ —1[; constant.

A >0

Therefore,
By(l,1— Al 50
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Hence, Lemma 7 holds.

Now, let,

AV (m,n) = sup |V (s, M=) gltm=n)y _ 1/tm)=n)(g (Hm)=n) g(tm)=n)y

seSs

AV (m) = [AV(m, 1),...,AV(m, N(m))}

N(I+1—k)

W (

o~

k) = [W(t(l),t(z F1— k)t +1— k) — m)]

m=1

Then, by A39, W (1,k)' + < B*7! and from A36, we obtain the following.
AVIOW(I,1) < A1) +AV(I—1)W(I,2)
k
A

< SZ

(LI—)+ AV (I —k)W(LE+1).

k—1
Given k, the first term on the RHS, > A (I,] — i) converge to 0 in probability as [ — oo, by
i=0
Lemma 7 and since AV (I +1 — k) is bounded and W (1, k)"t < 87!, the second term can
be made arbitrarily small by chosing a large enough k. Therefore, AV (1)’ W (I, 1) converges
to zero in probability as [ — oo.

Lemma 8:

‘V(s, e 91y — v (s, ® g0) Loast — oo

Suppose not. Then, there exists a positive d,  and a sequence {t;} such that
Pr (‘V(s, etr) gUr)y — /() (g etr), Q(t"'))‘ > 5) > ). (A40)
Set the weights W# be as follows: If there is t;, such that ¢(I — 1) < ¢; < t(I), then, let
) = t(l—ll)lgtl:.<t(l) {t}-

Otherwise, let
() =t(l—1).
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Let
W# (1), ) = I(t, = t*(1))

Then, because AV (1) W (I, 1) L 0asl — oo,
V(s, ") gy _ (s ) g )| B0 a5 1 - oo

which contradicts A40. Hence, Lemma 8 holds, and thus we have proved Theorem 1.
Proof of Theorem 2
We are given a Markov chain with transition function f® (.,.) which converges to f (., .)
in probability uniformly as t — co. As in Lemma 1, we can construct a density ¢g(.) and a

constant € > 0 such that for any 0 € O,

~
=
—~
<
N
Y
™
)
—
N—

Define v as follows.

Then,

-
=
o
>
S~—
AV
<
=
s
~—~
>
SN—

f6,) > v9f@,)

Now, construct the following coupling scheme. Let X be a random variable that follows
the transition probability f®(x,.) given X*9 = 2, and Y® be a Markov process that
follows the transition probability f(y,.), given Y1 = ¢, Suppose X® # Y®. With
probability € > 0, let

X(t+1) _ Y(t+1) _ Z(H_l)Ng(.)

and with probability 1 — ¢,

-1

T [f(t) (X(t), ) _ 59(‘)}

78



YO [ (Y0, ) — ()

Suppose X =Y " = 7 With probability v®,
X(t+1) — Y(t+1)~f(Z(t), )

and with probaiblity 1 — v®,

1

e [ (19, = 00529,

Y(t+1)~
As fO(z,)) EiN f(z,.) uniformly over the compact parameter set ©, v® converges to 1 in
probability. Let w® =1 —v®. Then, w® 5 0 as t — co. Let $® € {1,2} be the state
at iteration ¢, where state 1 is assumed to be the state in which X® = Y® and state 2

the state in which X® # Y®_ Then, S® follows the Markov process with the following

— p® (t)
P:[l W W }
€ 1—¢

transition matrix.

Denote the unconditional probability of state 1 at time t as 7). Then,

1—w®  w® ]

[, 1 7] = [0, 1 — 7] l e

Hence,

ot = 7® (1 —w® — 5) +e€
(1 —e)4e—w?
a1 =)™ 1 - (1 —e)™ = [wD + (1) w4+ .+ (1 =) wl™™)]

v

v

We now prove that 7® 2 1.
Define W, to be

Wim =w® + (1 =) w4 . 4+ (1 —g)"wt™
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Because w® 5 0, for any 6; > 0, d5 > 0, there exists N > 0 such that for any t > N,
Pr Hw(t) — O‘ < 51} >1— 0,

Now, given any d; > 0, 95 > 0, let m be such that

max {(1 —¢)" ,€m+1} < %
Also, let 07 satisfy d; < 5(m+1
t
PI'{'VVtm -0 < %} > Pr{ ﬂ |w(j) —0} < 51}
j=t—m
’ t
= l—Pr{ U {w(j)—0| 251}
j=t—m
t
> 1— ) Pr{jw?—0[>6}>1-5 (A47)
j=t—m

Now, let N be defined as N = max { N, m}. Then, for each k > N,
Pr H7T(t+1) — 1| < 31] 2 Pr H’]T(t_m) (1 — €)m — (1 — E)m+1 + th‘ < 51}

20
> Pr Uﬂ(tm) (1—g)"=(1—-e)""| < —1 A Wim| <

~ Pr [|th| < %} (A48)

Last equality holds because 0 < 7(*=™) < 1 and thus,

)
‘W(t_m) (1—e)™—(1- 5)m+1‘ < ‘(1 —e)" —(1- e)mﬂ‘ <|1-¢e)" < 31
From (A47) and (A48), we conclude that
Pr H?T(H_l) — ]_‘ < 51] >1-— SQ

Therefore, 7, converges to 1 in probability.

Therefore, for any 6 > 0, there exists M such that for any t > M,
Pr(X®=y®] >1-35
Since Y ®follows a stationary distribution, X® converges to a stationary process in proba-

bility.
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Figure 1: Gibbs Sampler Output of Exit Value (True Value:0.4)
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Figure 2: Gibbs Sampler Output of Entry Cost (True Value:0.4)
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Figure 3: Gibbs Sampler Output of the Entry and Exit Shock Standard
Error (True Value: 0.4)
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Figure 4: Gibbs Sampler Output of the Capital Stock Transition
Parameter b1 (True Value: 0.1)
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