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Abstract

We propose a new estimator for dynamic programming discrete choice models. Our esti-
mation method combines the Dynamic Programming algorithm with a Bayesian Markov Chain
Monte Carlo algorithm into one single Markov Chain algorithm that solves the dynamic pro-
gramming problem and estimates the parameters at the same time.

Our key innovation is that during each solution-estimation iteration both the parameters
and the expected value function are updated only once. This is in contrast to the conventional
estimation methods where at each estimation iteration the dynamic programming problem needs
to be fully solved. A single dynamic programming solution requires repeated updates of the
expected value functions. As a result, in our algorithm the computational burden of estimating
a dynamic model is of similar order of magnitude as that of a static model.

Another feature of our algorithm is that even though per estimation iteration, we keep the
number of grid points on the state variable small, we can make the number of effective grid
points as large as we want by simply increasing the number of estimation iterations. This is
how our algorithm overcomes the “Curse of Dimensionality”.

We prove that under mild conditions similar to those imposed in standard Bayesian litera-
ture, the parameters in our algorithm converge in probability to the true posterior distribution,
regardless of the starting values. We show how our method can be applied to models with
standard random effects where observed and unobserved heterogeneities are continuous. This is
in contrast to most dynamic structural estimation models where only a small number of discrete
types are allowed as heterogeneities.
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Economics, Concordia University, 1455 de Maisonneuve Blvd. West, Montreal, QC. H3G 1M8, Canada, e-mail:
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1 Introduction

Structural estimation of Dynamic Discrete Choice (DDC) models has become increasingly popular
in both empirical economics and marketing. Examples include Keane and Wolpin (1997), Erdem
and Keane (1995). Recently, it has also been applied in analyzing criminal behavior, as in Imai and
Krishna (2001). Structural estimation is appealing for at least two reasons. First, it captures the
dynamic forward-looking behavior of individuals, which is very important in understanding agents’
behaviors 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. There are mainly two reasons
why this estimation method is computationally demanding. First, in structural estimation, the
likelihood or the moment conditions we construct 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 function (Emax function) converges. That is, given a parameter
value, in order to evaluate the likelihood or the moment condition once, Bellman equation has to be
computed many times until convergence. Secondly, in solving the Dynamic Programming 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 even in relatively simple setting infeasible.

In this paper, we propose an estimator that helps overcome the two computational difficulties
of structural estimation. We adopt 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, we need to solve the Bellman equation only once between each estimation step.
Since evaluating a single Bellman equation 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 algorithm advocated by Aguirreagabiria and Mira (2001), where they propose either to iterate
the Bellman equations only limited number of times before constructing the likelihood, or to solve
the DP problems “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. In the second strategy, they still compute the solution of the DP problem, whether



exact or inexact, during each estimation step. In our algorithm, we only need to solve the Bellman
equation once between each estimation step.

Specifically, we start with some initial guess of the emax function. We then evaluate the Bellman
equation for each state space point, or for a subset of state space grid points. That is, we solve
the optimal policies and calculate the value function. 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 (in the case with finite
state space points) or close to the current state variables (when 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 Dynamic
Programming 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 the way how our estimation method overcomes the “Curse of Dimensionality”.

The main difference between our estimation algorithm to the conventional structural estima-
tion algorithms is in 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 remain unused, except for the likelihood and its Jacobian and Hessian in Classical case,
and MCMC transition function in Bayesian case. In contrast, we extensively use the vast amounts
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 Programming model
of firm entry and exit choice with observed and unobserved heterogeneity. The unobserved random
effects coefficients are assumed to have a continuous distribution function, and the observed char-
acterisitcs are assumed to be continuous as well. It is well known that for a conventional Dynamic
Programming Maximum Likelihood estimation strategy, this setup imposes almost prohibitive com-
putational burden because during each estimation step, the Dynamic Programming model has to be
solved for each random effects parameter value and each value of observed firm characteristic. This
is why most practitioners of structural estimation assume discrete distributions for random effects
following Heckman and Singer (1984) and allow for only discrete types as observed characteristics.
We show that using our algorithm, the estimation exercise becomes one that is computationally
quite similar in difficulty to a Bayesian estimation of 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 10 hours, similar to
the time required to estimate a reasonably complicated static random effects model. In contrast,
the conventional simulated maximum likelihood routine took 6 hours and 20 minutes just for a
single iteration.



In addition to the experiments that show convergence of our algorithm to the correct parameter
values, we provide a formal proof that under very mild conditions, the distribution of parameter
estimates simulated from our solution-estimation algorithm converges to the true posterior distri-
bution 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 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. 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 the unobserved heterogeneities. As discussed
earlier, we do so by simultaneously solving for the Dynamic Programming problem and iterating
on the MCMC algorithm.

Our estimation method not only makes Bayesian application to DDC models computationally
feasible, but even possibly superior to some conventional (non-Bayesian) methods, by reducing the
computational burden of estimating a dynamic model to that of estimating a static one. Further-
more, the usually cited advantages of Bayesian estimation over the 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 straight-
forwardly as a byproduct of the estimation routine, whereas in ML estimation, standard errors
have to be computed usually in the following two ways. One is by inverting the numerically calcu-
lated Information Matrix, which is valid only in a large sample world. The other is 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. In Section 3, we explain our Bayesian DP
algorithm and prove convergence. In Section 4, we present estimation results of several experiments
applied to the model of entry and exit. Finally, in Section 5, 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.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,€,0) = {U(s,a,ea,e) + BE. [V(s',e’,ﬁ)]} (1)

where s’ is the next period’s state variable, U is the current return function. Let € be a vector
those a th element ¢, is a random shock to current returns to choice a. We assume that e follows
a multivariate distribution F¢ (e, #), which is independent over time. § is the discount factor. The
expectation is taken with respect to the next period’s shock ¢/. We assume that the next period
state variable s is a deterministic function of current period state variable s, current period action
a, and parameter §'. That is,

s’ =5'(s,a,0).

The value function is defined to be as follows.

V(s,€e,0) = maxV(s,a,¢,0)

acA
We assume that the dataset for estimation includes variables which corresponds to state vector s
and choice a in our model but the choice shock € is not observed. That is, the observed data is
Yr = {sﬁ,aﬁ,Fd}le 2 where

d

ar = argmax V(sd,a,¢,0)

ac

Fd = U(sﬁ,ai,eag,ﬂ) if (si,ai) ev
0 otherwise

the current period return is observable in the data only when the pair of state and choice variables
belongs to the set . 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 that case, ¥ is a set whose state variable
is being an incumbent and the choice variable is staying in. Let () be the prior distribution of
0. Furthermore, let L(Y7|0) be the likelihood of the model, given the parameter § and the value
function V(), which is the solution of the Dynamic Programming problem. Then, we have the
following posterior distribution function of 6.

P(0Yr) = m(0)L(Yr|0) (2.)

Because € is unobserved to the econometrician, the likelihood is an integral over € = {eT}Zzl.
That is, if we define L(Yr|€,0) to be the likelihood conditional on (€,0) and F'(e|f) to be the
distribution function of €, then

!This is a simplifying assumption for now. Later in the paper, we study random dynamics as well.
?We denote any variables with d superscript to be the data.



L(Vz]0) = / L(Yrle, 6)dF(e]9)

The value function enters into the choice probability as follows.

Pla=ad|st,V, 0} =Pr [’6} cal = arg majcV(sg,a,a, 0)
ac

Choice probability is a component of the likelihood increment of the sample i. Below we describe
the various estimation approaches that are possible, including the Bayesian dynamic programming
algorithm we propose.

2.1 The Maximum Likelihood Estimation

The conventional estimation procedure of the dynamic programming problem consists of two main
steps. First is the solution of the dynamic programming problem and the 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 6, we solve the Bellman equation,
given by equation (1). This typically involves several additional steps.

(a)

First, the random choice shock, € is drawn a fixed number of times, say, M, generating
€™ m = 1,...,M. At iteration 0, set initial guess of the value function to be, for
example, zero. That is, V(9 (s, e(™), H)Afor every s € S, (™). We also let the expected
value function (Emax function) to be Ey [V(O)(s, ¢,0)] =0 for every s € S.

Assume we are at iteration ¢ of the DP algorithm. Given s € S and €™, the value of
every choice a € A is calculated. For the future expected value function (Emax function),
we use the approximated expected value function Egr [V(tfl)(s’ L€, 9)] computed at the
previous iteration ¢t — 1 for every s’ € S. Hence,

V(t)(s, a,e™, 0) = {U(s, a, e((zm), 0) + BE, [V(t_l)(s', €, 0)} } )
This yields the value function,

VO (s, 6™ ) = max V¥ (s, a,e™ ., 0). (3)

acA

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

The approximation for the expected value function is computed by taking the average
of value functions over simulated choice shocks as follows.

~

1 M
E. [V(t)(s',el,ﬂ)} = i 21 V(t)(s/,e(m),ﬂ) (4)
m=



Steps b) and c) have to be done repeatedly for every state space point s € S. Further-
more, all three steps have to be repeated until the value function converges. That is, for
a small § > 0,

V®(s,e™ 9) — VI (s, M )] < §
forallse Sand m=1,.., M.

2. Likelihood Construction

Computationally, the most demanding part of the likelihood construction is the derivation
of the choice probability P [a = ag|s§l, V, 9]. For example, suppose that the per period return

function is specified as follows.

U(s,a, egm>,0) = ff(s,a,G) + e((lm)

where U (s,a,0) is the deterministic component of the per period utility. Also, denote,
VO(s.,0) = {U(s,a,6) + BE. V(s €,0)] }
to be the deterministic component of the value of choosing action a. Then,

P [af|s§l, V, 9} =P [ea — €4 > ﬁ(t)(s, a,d) — g(t)(s, ad,0);a # ad|st,V, 9}
which becomes a multinomial probit specification when the error term € is assumed to follow
a joint normal distribution.

3. Maximization routine

Now, supppose we have K parameters to estimate. In a typical Maximum Likelihood esti-
mation routine, where one uses Newton hill climbing algorithm, likelihhood is derived under
the original parameter vector 6®) and under the perturbed parameter vector 00 + Ab;,
j=1,..., K. The perturbed likelihood is used together with the original likelihood to derive
the new direction of the hill climbing algorithm. This is done to derive the parameters for
the iteration ¢ + 1, 6+1 . That is, during a single ML estimation 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 algorithn needs to be exe-
cuted 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 ex-
tremely burdensome. As can be seen from the above discussion, the main difficulty lies in the fact
that the inner loop has to be embedded within the outer loop. The computational burden would
be greatly reduced if one can take the inner loop out of the outer loop so that the two loops can
be computed simultaneously.



2.2 The conventional Bayesian MCMC estimation

A major computational issue in Bayesian estimation method is that the posterior distribution,
given by equation (2), is a high-dimensional and complex function of the parameters. Instead 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 (9, o' ),
which satisfies, among other more technical conditions, the following equality.

P(O|Yr) = [ £(0,0") P (¢'|Yr) o’

¢
We simulate from the transition density the sequence of parameters {G(T)} E which is known to
T=

converge to the correct posterior.

Gibbs Sampling is a popular example of the above MCMC strategy that is simple to implement.
Gibbs sampling strategy decomposes the transition density f (9, o' ) into small blocks, where simu-
lation 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).

The conventional Bayesian estimation method proceeds in the following three main steps.

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

Data Augmentatlon Step: Since data is generated by a discrete choice model, the observed
data is Y7 = {s%,a Fd} 1» Which does not include the latent shock € = {67}321. In order to
"integrate out’ the latent shock7 we simulate €. Since the optimal choice is given as azd in the data,
we need to simulate € subject to the constraint that for every sample ¢, given 8?, af is the optimal
choice. That is,

7 A7y

ag = arg max V(s?, a, €, H(t))
acA

where €; is the data augmented shock for sample 3.
Gibbs Sampling Step: Draw the new parameters 91+ as follows:
Suppose the first j — 1 parameters have been updated (61 = Qgtﬂ) L0 = Q(tﬂ)) but the
(t)

remaining J — j 4 1 parameters are not (6; = 9]- ,
follows. Let

L05= 09)). Then, update j th parameter as

o= = (00D, 00, 00,0

Then,
9§t+1)~p(t) (6§t+1)‘9(t,7j)> 7

where




and € is the data augmented shock. Let f (G(t),ﬂ(t+1)) be the transition function of a Markov
chain from 0% to #1+D) at iteration ¢. T hen, given G(t), the transition density for the MCMC is as

follows. y
t+1 —j
F(00) < Fo )

Although MCMC techniques overcome the computational problem of high dimensionality of
parameters, the second problem remains. Since the likelihood is a function of the value function,
during the estimation algorithm, the Dynamic Programming 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 8. We call it the Bayesian Dy-
namic Programming Algorithm. The key innovation of our algorithm is that we solve the dynamic
programming problem and estimate the parameters at the same time, rather than sequentially.

2.3 The Bayesian Dynamic Programming Estimation

Our method is similar to the conventional Bayesian algorithm in that we construct a transition
density f(t) (9,9'), from which we simulate the sequence of parameters {G(T)}t such that it
converges to the correct posterior. We use Gibbs Sampling strategy and decompoTs_elthe transition
density f®) (9, o' ) into small blocks, where simulation from each block is straightforward. We also
fill in the missing €(*) following the Data Augmentation strategy. The main difference 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 Dynamic
Programming algorithm only once. As a result of this, in our algorithm, the transition density
£ (9, o' ) changes with each iteration since the value function changes between iterations. Thus, the
invariant distribution of the transition density f® ((9, 9') in our algorithm varies with each iteration,
and the invariant transition density at iteration ¢ depends on the value function approximations
derived at iteration ¢, V(). The invariant distribution for iteration ¢ is

PY(0]Yr) = m(0)LY (Yr|0) = =(0)L(Y7|0, V).
That is, the transition density at iteration ¢ satisfies the following equation.

PO@GYr) = [ fD (0,0) PY (0/|Yr) do’

We later prove that the transition density converges to the true dencity in probability as t — oc.
That is,

FO(0.0) — £ (6.6
for any 6,6 € ©. Furthermore, we prove that the parameter simulations based on the MCMC using

the above sequence of transition densities converges in probability to the parameter simulation
generated by the MCMC using the true transition density f (.,.).



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 iterations. Let

t—1
o = {6(7),9(T),V(7)} be the history of shocks and parameters upto the previous iteration

7=1
t—1. Let VO(s,a,e®,0® Q1) be the value of choice a and let VO (s, e® 01 QO be the value
function derived at iteration ¢ of our solution/estimation algorithm. Then, the value function and
A®)
the approximation B, [V (s',¢€, 0)]9(0] for the expected value function E. [V (s, €, 6)] at iteration
t are defined recursively as follows.

A ) N(t)
E. [V(s ¢.0) |Q(t} th n) (s, ) glt=m) | Q=)

€

Ku(0®) — g(t—n))
Zk t)K ( Q(Hc))

(5)
and

A (t=n)
V(t_n)(s,a, e(t_”),e(t_”),Q(t_”)) = {U(s a, e(t RN ”)) +ﬁE / V(s',e',e(t_”))\Q(t_”)]}

V) (5 =) gt=n) | Q1)) = Maz,eq {W—“)(s, a, =) gt=n) | Q<t—n>)}
where K} () is a kernel with bandwidth A > 0. That is,

1 u
Kp(u) = - K(7)

where K is a nonnegative continuous, bounded and symmetric real function which integrates to
ne. ie. [K(u)du = 1. Furthermore, we assume that [uK(u)du < co. The approximated
expected value function is the weighted average of value functions of N(t) past iterations. The
sample size of the average, N(t), increases with t. Futhermore, we let ¢ — N(t) — oo as t — oo as
well. The weights are high for the value functions at iterations with parameters close to the current
parameter vector 6. This is similar to the idea of Pakes and McGuire (2002), where the expected
value function is the average of the past N iterations as well. 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.
We now describe the complete Bayesian Dynamic Programming algorithm at iteration t. Sup-
pose that {E(T)}tr:p {9(7)}t ) are given and for all discrete s € S, {V(T)(s, e, 9(7))}t is also

=

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

A1)
1. Bellman Equation Step: For all s € S, derive E [V(s ¢, 00t } defined above. Also,

simulate the value function by drawing €(*) to derive

10



(t)

V(t)(s,a,e(t),ﬂ(t)) = {U(s,a, egt),ﬂ(t)) + ﬁﬁ’ez V(t_l)(sl, e',G(t))|Q(t)] }

V®(s,e® 00) = max VO (s,a,,00)

acA

2. Data Augmentation Step: We simulate € subject to the constraint that for every sample

1, given sg, ag is the optimal choice. That is,

d_
P =

® (s g 90
argr;leaj(]/ (s§,a,€,0")

a

where €; is the data augmented shock for sample i. This step is the same as 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 parameters 9(t+1) ag
follows:

Suppose the first j — 1 parameters have been updated (67 = 9&”1), wnlbi1 = Hg-tjll)) but the
Q)

remaining J — j 4+ 1 parameters are not (6; = 9]- 0y = 99)). Then, update j th parameter as

follows.

J

9§t+1)~p(t) <0(t+1)|9(t,fj)> ’
where

w(009), D) L(vpfe, 009, gD, v (0)

[ (0= 0, L(Yr[e, 049 0;, V(®)dg;

p(t) (0§t+1)’0(t7_])> =
and € is the data augmented shock. Then, given H(t), the transition density for the MCMC is as

follows. y
f(t) g(t)7,9(t+1) — p(t) o\t D) gt —3)
( ) = o (6o )

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

It can be seen from the above description of the steps, that the Bellman equation step (Step 1) is
only done once during a single estimation algorithm. 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.

11



2.4

Theoretical Results

Next we show that under some mild assumptions, our algorithm generates a sequence of parameters
9(1), 9(2), ... which converges in probability to the correct posterior distribution.

1.

Assumption 1: Parameter space © € 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.

2.

3.
4.

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

Assumption 3: We assume that 3 is known and 8 < 1

Assumption 4: For any s € S, € and § € ©, VO (s,¢,0) < My for some M > 0.

A
Assumptions 2 and 3, and 4 jointly make V (s, e(®), Q(t)), and hence E [V(s', €, G(t))\Q(t)], t=

1, ... uniformly bounded, and continuously differentiable.

d.

Assumption 5: Given V being uniformly bounded, 7, L satisfy the following: () is positive
and bounded for any § € © and for any given €, L(Yr|€,0,V) > 0 and bounded for any 6 € O.

. Assumption 6: The support of € is compact.

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

. Assumption 8: For any § € ©, a¢, s¢, i =1,....1,V,

7

P [a =ad|sd, vV, 0} =Pr [EZ- caf = argmaj(V(sf,a,a,H) >0
ac

Assumption 9: Define the sequence t(l), N(l) as follows. For some t > 0, define t(1) = ¢,
and N (1) = N(t). Let t(2) be such that ¢(2) — N(¢(2)) = ¢t(1) + 1. Such ¢(2) exists from the

assumption that N(¢) is nondecreasing in ¢ and t — N(t) — oo. Also, let N(2) = N(¢(2)).
Similarly, for any I > 2, let t(I 4+ 1) be such that t(I + 1) — N(t(l + 1)) = t(I) + 1, and
let N(I4+1) = N(t(l +1)). Assume that there exists a finite constant A > 0 such that

N@+1) < AN(D).

Now, we state the main theorem of the paper.

Theorem 1

Suppose assumptions 1 to 9 are satisfied for V®, 7, L, € and 6. Then, the sequence of approx-
imated value function V) (s, €, §) converges in probability to V (s, €, 6) as t — oo and h — 0. Also,

A
Eo [VED (S ¢ 00D | converges to Eu [V (s, ¢, 0)] in probability uniformly.
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Proof of Theorem 1 is discussed in the Appendix.

Notice that p
® (9® gt+D) = 1T p® (V) |gt—9)
£ (60,0040 = L (016 )

. ™
p® <9§t+1)|9(tﬁj)) —

Let

m(0¢9), 0 L(vp[e, 0, 61 V)
)

1
[ (09 0;)L(Yr[e, 049 0,,V)db,

p(t) <9(t+1) |9(t,—j)> =

J

Then, because V) — V in probability uniformly, and because of the compactness of © and
support of €, Theorem 1 implies that f®) (0, 9’) converges to f (9, 9') in probability uniformly.

Theorem 2

Suppose assumptions 1 to 9 are satisfied for V¥, 7, L, € and 6. Suppose H(t),t =1,...is a
Markov chain with the transition density function f) which converges to f in probability uniformly
as t — oo and h — 0. Then, % converges to g(t) in probability, where g(t) is a Markov chain with
transition density function being f.

Proof of theorem 2 is shown in Appendix 1. Despite the lengthy formal proofs, the basic logic is
more straightforward. First, suppose the parameter o) stays fixed at a value 6* for all iterations.
Then, equation (5) becomes as follows.

N(t)
~ 1
E , !/ * Q(t) — § (t—n) / (t—?’l) *
€ V(S7€76)| ] N(t)nzlv (556 70)

Then our algorithm boils down to a simple version of the machine learning algorithm discussed
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 function almost surely, hence in probability. Now,
instead of 6*) being constant at 6%, assume that for any t = 1,2, ... , o) stays within a small
open ball around #*. Then, after some iterations, the value functions derived from the Dynamic
programming algorithm will move closely around the true value function for the parameter 6" most
of the time, because of continuity of value function. Now, let us reconsider the original Bayesian
Dynamic Programming algorithm. Because of the assumptions, for any parameter vector 8 € O,
the Bayesian MCMC algorithm will produce a sequence of parameters which contains a subsequence
0(70) that stays within a small open ball around 0. Because of the compactness, every open cover of
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O has a subcover, hence after some iterations, the solution of the Dynamic Programming problem
will move closely around the true value function uniformly over ©, most of the time.

Our simultaneous solution and estimation algorithm also can be applied to other settings of
dynamic discrete choice models, with some minor modifications. One example is Rust (1997)
Random grid approximation. There, given continuous state space vector s, and action a and
parameter @, the transition function from state vector s to next period state vector s/ is defined to
be fs(s'|a, s,0). Then, the Dynamic Programming part of our algorithm is defined as below.

At iteration t, The value of choice a at parameter 0, state vector s, shock ¢ is define to be as

A
V(t)(s,a, €0, Q(t)) = {U(s, a,€q,0) + BEg o V(s 6',9)|Q(t)] }

where s’ is the next period state varible, which is assumed to follow the transition function

A
fs(s'|a,s,0). Eg e [V(s’, €, 9)|Q(t)] is defined to be the approximation for the expected value func-
tion. Furthermore, the value function is defined to be as follows.

v® (s,€,0, Q(t)) = max V) (s,a,é€q,0, Q(t))

acA
t—1
Let 0~™ be the parameter vector, (™) be the shock at iteration t—n, and let Q) = {6(7), 9(7)} n

A
Furthermore, let Kj(.) be the kernel function with bandwidth k. Then, Ey o [V (s, ¢ ,9)]9“)] is
defined to be as follows.

A
Es’,e' [V(Slv 6,7 9)|Q(t)

£ (S<t—n)|a7 s, 9<tfn>> K00 — glt=m)y
o £ (50 Pla, 5,007 K (0 — )

N(t)
Syt (s (=) glt=n) gle=n))
n=1

s(T), 7 =1,2,... are drawn randomly from an i.i.d. distribution. 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 different state vector for each solution/estimation iteration. Hence,
even though we only draw one state vector s(Mat each iteration, the number of random grid points is
N(t), which can be made arbitrarily large when we increase the number of iterations. In Rust (1997),
if the grid size is IV, then the number of computations required for each Dynamic Programming
iteration is N. Hence, at iteration 7, the number of Dynamic Programming computations that
is required is N7. In our case as long as 7 > N(¢), the total number of Dynamic Programming
computation required is 7, which does not depend on the grid size. In other words, the accuracy
of the Dynamic Programming computation automatically increases with the iteration.

Rust (1997) assumes that the transition density function fs(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 those 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 the state variables. 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.
At iteration ¢, The value of choice a at parameter 0, state vector s, shock € is define to be as

A
V(s a,¢e,0,00) = {U(s, a,6,0,Q00) + BE o [V(s', ¢, e)yQ@)} }

where s’ is the next period state varible, which is assumed to be a deterministic function of s, a,
and 6. That is,
s’ =5(s,a,0)

A
Eo [V(s’ L€, 9)|Q(t)] is defined to be the approximation for the expected value function. Further-
more, the value function is defined to be as follows.

v® (s,¢€,0, Q(t)) = max y® (s,a,€,0, Q(t)).
ac

Furthermore, let Kj(.) be the kernel function with bandwidth h. Let Then, it is defined to be as
follows.

>

o V(s e 00

(t) I G(t—n () _ pt—n)
_ Pl (5t=m)_ (t=m) plt=m) oy(t=m)y Ky (s = sU7)) K (0 — 9—™)

i SN0 K (57— s0-R)) K, (00 — p(t=P))

2

3
Il

3 Examples

We estimate a simple dynamic discrete choice model of entry and exit, with firms in competitive
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,

RN (K, €,0) = oKy + eqy,

where K is the capital of the firm, ¢, = (€14, €9¢) is a vector of random shocks, and 6 is the vector
of parameter values. If it chooses to exit, its per period return is,

3For an estimation exercise based on the model, see Roberts and Tybout (1997).
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R;our(Ki, €,0) = 05 + €2

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

Ro,n(Ki, €,0) = —0p + e

and if it decides to stay out, its per period return is,

Ro,our (K, €,0) = €.

We assume the random component of the current period returns to be distributed i.i.d normal
as follows.

€t B N(0,0’l)

The level of capital K; evolves as follows.

In Ky11 = b1 + baIn Ky + w1,

where

Ut - N(0,0’u),

if the incumbent firm decides to stay in, and

In Kyy1 = be + ugya,

if the potential entrant decides to enter.

Now, consider a firm who is an incumbent at the beginning of period t. Let Vi(Kj%, €, 0) be the
value function of the incumbent with capital stock K, 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, e,0) = Max{Vr N (K¢, €, 0), Viour (K, e,0)}.

where,

Viin (K, €, 0) = Rrn(Ky, €14,0) + BE 1 Vi( K1 (K, Uig1), €441, 6)

is the value of staying in during period t. Similarly,

Viour(Ki, €,0) = Rrour (K, €11, 0) + BE1Vo(0, €41,0)

is the value of exiting during period ¢ . The Bellman equation for the optimal choice of the outsider
is:
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Vo(0,€:,0) = Maz{Vo, n(0,€,0), Vo.our(0, e, 0)}.

where,

VO,IN(Oa €t, 0) = RO,IN(Ov €1t, 0) + /BEH»l‘/I(Kt(Oa ut+1)7 €t4+1, 0)7

is the value of entering during period ¢t and

Vo,our(0,€:,0) = Ro.our(0, €1¢,0) + BE11Vo(0, €141, 0)

is the value of staying out during period ¢t. Notice that the capital stock of an outsider is always 0.
The parameter vector 6 of the model is (8,05, a, 8,01, 02,04, b1, ba.be). The state variables are
the capital stock K, the parameter vector 6 and the status of the firm, igt € {IN,OUT}, that is,
whether the firm is an incumbent or a potential entrant.
We assume that for each firm, we only observe the capital stock, profit and the entry/exit status
over T periods. That is, we know

d _d dt=1T
{Kz"ta Tt %’,t}i:LNd

where,

wgt = ath + €1¢,
if the firm stays in and 0 otherwise.

We assume the prior of the exit value and entry cost to be normally distributed as follows.

0o " N(8y, A1)

op = N(éivAg‘l)

where §,, §; are the prior means and A,, Ag are the prior precision (inverse of variance) of the exit
value and the entry cost, respectively.

For parameters «, by, by and b., we assume the priors to be uninformative.

We also assume independent Chi squares prior for the precision of the shocks €1 and w which is
the inverse of their variance, i.e. hep = (af)_l, for €;. That is,

3_12h61 B X2(V€1)7

2

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

s_u2hu - Xg(uu).

Furthermore, .

where 11 = €1 — €3.
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Below, we explain the estimation steps in detail.
Bellman Equation Step
In this step, we derive the value function for the next iteration, i.e., VF(SH)(K, ), 9(5), Q(S)).

1) Suppose we already have calculated the approximation for the expected value function, where
the expectation is over the choice shock e, that is, B )VF(K’(K u®), e, 0|Q6)). To further
integrate the value function over the capital shock u, we use the random grid integration
method of Rust (1997). That is, given we have drawn M ii.d. capital stock grids K,
m =1,.., M from a given distribution, we take the weighted average as follows,

BO [Ve(K' (K. ). €60/ = Z B [V (K e,60)1200)] 18, K. 00)
where f(K,|K, o(s ) is the capital transition function from K to K,,. In this example, the
random grids remain fixed throughout the estimation.

2) Draw ®) = (egs), (s )).

3) Given €®) and E(S)VF(K, €, 0(5)|Q(8)), solve for 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:

VIR, €9 09 ) = Maz{Rp n(K, e, 09) + BEE) [VI(K'(K,u),e,e@)m(s)},

Br.our(K,é&7,01)) + BEC) [Vo(K'(K, u),,6¢))|0¢)] }

Gibbs Sampling and Data Augmentation Step

(s+1)

Here, we describe how the new parameter vector 6 is drawn.Let the deterministic values

for the incumbent be defined as follows:

Vi (K, 60),00) = K + BEO) [Vi(K, e, 0¢)) 20|

and

Vr5ovr(K,0%,06)) =6l + BE®) {VO(O, €, H(S))|Q(S)} .

Similarly, for the potential entrant, we define

Vo.un(K,009,900) = 6 + BB [Vi(Ko,e,00)[20")]

and

Vo.our(K,09,98)) = BESVo (Vo(0, €, 00))|Q).

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 asKidt by

Tz(,stﬂ) = Rrour(K&, €20, 0)) — R v (K8, e140,0)) + oK, = g(K €10 — €20, 01).

The empirical economist does not observe the above statistics directly because he can only
obtain data on entry and exit decisions igt and profits, not the current revenues themselves.
Nonetheless, the empirical economist can indirectly recover rfjl by simulating and augment-
ing the shock Mt = €1,it— €2t But the simulation of Mit 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, i;{t = IN, then draw Mit = €10t — €2,it such that

ﬁﬁi“) > Vrour (K, 09, 99) — Vi jy (K, 009, 00).

If, in the data, the firm ¢ either stays out or exits, that is, igt = OUT, then draw n,; such
that

75T < Ve our (K8, 00),99) - Vi v (K, 00),00)).

Once the shock 7, ; is generated, he can proceed to recover the entry cost and exit value

parameters by conducting Bayesian regression of rgstﬂ) on entry and exit decisions, using the

following linear relationship.
) = § (T = 0) + 69I(Tiy = 1)+,
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:

ait) = a(S)Kicft + €1t

it T

We draw €y ;; conditional on 7, ; as follows:

+1 N
%\(lszt )= 7§S)m’,t + Vi,

where
Vit ~N(07 O%)a

A PSS w s v i
v 1 Ugs)2+ags)2 Ugs)2+0_gs)2
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and

Cov(er, ) ol?)?
1= = :
0727 058)2 + 025)2

Once the profit for firms who exited or stayed out is recovered, we can recover productivity
parameters via a simple Bayesian regression.

(s+1)

2) Draw the new parameter vector 6 from the posterior distribution.

We denote the stacked matrix I with (7" — 1) 4 ¢ th row as follows:

Lir—1)4¢ = [Ifft(IN), Ifft(OUT)]-

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

w25+ t6 be the stacked vector of fw(t Y and (SH).

/
We draw 66+ = [5?“),5%“) conditional on (w1, hg,s)) as follows.
D (WD Rle)) = N (3, Ay),

where,

As = (As + ROTT) !

and

§ = Ay (A58 + BOT WD),

We draw the posterior distribution of h,, from the following x? distribution. That is,
577 + Z 77” s+1 s+1) 5(s+1))~x2(NT + Z)’
where 7, , is the “residual”, that is,

i =iy = 6 VI OUT) - 0TI (IN).

The above Gibbs sampling data augmentation steps are an application of McCulloch and
Rossi (1994).

Next, we draw a(*t1) conditional on (mw(+1), h,(ls)). Denote
kt = lﬂ(Kt), k—l = [k117 k127 ceey le—17 ceey kNdb kNd27 (X3 kNdT—l]
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and
k= [k‘lg, ]{213, ceny k’lT, ceny k‘NdQ, k:ng, ceey kNdT]-

Then, draw o5t from the following normal distribution.

oDl ) = N(@, 4a),
where,

Ay = (Aq + KKK

and

a =27, (Aaa+ hOK D),

o

We draw the posterior distribution of h., from the following x? distribution. That is,
561 + Z €1t eerl (s+1)7 a(s+1))~X2(NdT + Z),

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

— (s+1) s+1
€lit = ﬂ-z‘,t — Oz( )km.

Furthermore, (O‘£2+ )) or th) =

(o5tH)2

can be recovered as follows:

(U£j+1))2 — (h7(78+1))_1 _ (h(s+1))—1

€1

Next, we draw b(5t1) = [bg‘sﬂ), bésﬂ)]’ conditional on (k, hés)) as follows.

b(erl)‘( s+1 h(s)) ~ N(E,Zb),

where,
Ay = (Ap+ 2K k)
and

b=, (Ah+ BIK k).

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

[30° + Z ATV @E, ) A (NG T + ),
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where w; ¢ is the “residual”, that is,

T A S S T

Expected Value Function Iteration Step

Next, we update the expected value function for iteration s+1, that is, we derive E€(8+1) V(K e, 0(5)).

This is an important step in the alogorithm and is closely related to the algorithm of Pakes and
McGuire (2001).

Zj:Max{s—N(S) 1} |:% Z Vi (K, 6%)700)79(])) Kh(G(J) - 0(S+1))
' m=1
Z;:Mam{s—N(s),l} Kh(g(]) - 0(S+1))

where I() is the indicator function, and K () is the kernel function. We adopt the following Gaussian
kernel:

)

E(s+1) [VF(K; €, 9(s+1))|Q(s+1)

G) _ als) —L/2 Z 1 Qz(j) - QZ(S) 2
Kp(0Y) —6) = (2m) ll_[lexp[—§(h—l) J-
The expected value function is updated by taking the average over those past N (s) iterations where
the parameter vector 0\9) was close to 0CT1. The similarity with PM is that the expected value
functions are approximated by averaging over past values of the algorithm, that is, they are never
explicitly calculated. Also, the optimization problem is solved only once between iterations. The
main difference is that past values are weighted according to the distance between their parameter
vectors and the current parameter vector: the shorter is the distance, the higher is the weight.

As discussed before, in principle, only one simulation of € is needed during each solution/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 e 20 times and take an average.
Hence, when we derive the expected value function, instead of averaging past value functions, we

M N
average over past average value function ﬁ S V(K. e%), 9(3)), where M = 20. This obviously
m=1

increases the accuracy per iteration, and reduces the need to have a large N(s). That is partly
why in the below examples, to have N (s) increase up to 2000 turned out to be sufficient for a good
estimation performance.

After the above Bellman equation step, data augmentation step and the expected value func-
tion iteration step, we now have the parameter vector 0t and the expected value function
E(SH)V(K, €, H(SH), Q(SH)) 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.
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4 Simulation and Estimation Exercise.

Denote the true values of § by 6*. Thus 6* = (d%, 63, 07, 0%, 07, o, b, b3, b5, B*).We set the following
parameters for the above model.

0p =04, 0, =04, 07 =04, 0 =04, 0}, = 04, a* = 0.2, b] = 0.2, b5 = 0.2, b7 = —1.0,
B* =0.9.

We first solve the DP problem numerically using conventional numerical methods. Next, we
generate artificial data based on the above DP solution. Then, using the simulated data, we try to
estimate the parameter values using the Bayesian DP estimation method. Below, we briefly explain
how we solved for the DP problem to generate the data. Notice that for data generation, we only
need to solve for 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.

Assume that we already know the expected value function of the s th iteration for all capital
grid points.

EV(Kp,e,0%), m=1,2,.., M.

Then, following steps are taken to generate the expected value function for s + 1 th iteration.

Step 1 Given capital stock K, derive
ECV(K' (K, u) Z BV (K, €9, 0%) f(Kom| K, 07)

for I € {I,0}. Here, K,,, (m = 1,..., M) are grid points and f(K,,|K,#®) is the transition
probability from K to K,,

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

VF(K>6170*) = Max{RF,IN(Kvelbe*)+/8E(8)‘/I(K,7€79*)7
RF,OUT(K7 €21, 0*) + BE(S)VO(O> €, 0*)}

Step 3 Repeat Step 2 L times and take an average to derive the expected value function for the
next iteration.

L
ESTVL(K, €, 0%) Z (K, e, 0

The above steps are taken for all possible capital grid points, K = Ki,.., Kps. 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.
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Step 4 Repeat Step 1 to Step 3 until the Emax function converges. That is, for a small § (in our
case, 0 = 0.00001),
Mazm=1, p{ECTIVE (K, €,6%), EOVE (Ko, e, 0%)} < 6.

We simulate artificial data of capital stock, profit and entry/exit chocie sequences { K 31‘» Wﬁt, zft}fiﬁd

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 8* = 0.9.

4.1 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.

6r " N(8,, AN, 6, =04, A, = 1.0,

o5 "~ N(0g, Ag'), 65 =04, Ap =10
a” N, AJY),a=024,=1.0
sa2he, " X (va), (56°) 7 =04, ve, = 400.

snzhn (v

n

), (s,2)7" =0.32, v, = 400.

su2hu T X2 (Vu), 84° = 1.0, v, = 400.

The priors for by, by and b, are set to be noninformative.

We set the initial guess of the expected value function to be 0. We set the initial guesses of
the parameters to be the true parameter values given by #*. The Gibbs sampling was conducted
10,000 times. The Gibbs sampler for the simulation with sample size 10,000 is shown in figures 1
to 9. In estimation experiments with other sample sizes, the Gibbs sampler converged from around
3,000 iterations as well. The posterior mean and standard errors from the 5,001 th iteration up
to 10,000 th iteration are shown in Table 1. The posterior mean of §, and §p are estimated to
be some what 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 becomes closer to the truth, even though there
are some exceptions.

Figures 1 and 2 show the Gibbs sampler output of parameters §, and d g. 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
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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 §, and dg 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. 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., §, and
d0p. 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 the capital coefficient in the profit equation, a. We
can see that there, the value of the first Gibbs sampler jumps from the true value, 0.2 to 0.2367.
The upward bias is due to the sample selection bias. However, immediately after a couple of
iterations, the Gibbs sampler estimates the true value quite accurately. That is, the algorithm can
immediately correct for the sample selection bias even though it has not fully solved the Dynamic
programming problem. The Gibbs sampler of the other parameters are reported in Figures 4 to
9. There, we see that all the parameters stay closely around the true value from the start. In a
separate experiement, we also have conducted experiments where we set the initial values of the
parameters to half the true values and run the Gibbs sampler. As we can see from Table 1, the
results turns out to be hardly different from the original ones. In sum, our Bayesian DP algorithm
initially estimates the static version of the dynamic model. As we iterate the algorithm, expected
value functions become closer to the truth and hence the estimates converge to the true posteriors.
These results confirms the theorems on convergence in section 1 that the estimation algorithm is
not sensitive to the initial values.
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Table 1: Posterior Means and Standard Errors
(standard errors are in parenthesis)

parameter | estimate estimate estimate true value
O 0.4287 (0.0175) 0.3696 (0.0110) 0.3993 (0.0091) 0.4
o) 0.4792 (0.0182) 0.4074 (0.0116) 0.4182 (0.0085) 0.4
a 0.1992 (0.0070) 0.1964 (0.0048) 0.1951 (0.0043) 0.2
o1 0.4033 (0.0056) 0.4056 (0.0042) 0.4058 (0.0041) 0.4
03 0.3940 (0.0198) 0.3858 (0.0188) 0.3867 (0.0228) 0.4
b1 0.0971 (0.0201) 0.1011 (0.0131) 0.1011 (0.0093) 0.1
b 0.0882 (0.0370) 0.0978 (0.0239) 0.0966 (0.0173) 0.1
be —0.9932 (0.0141) | —0.9799 (0.0086) | —0.9920 (0.0062) —-1.0
Ou 0.4102 (0.0045) 0.4031 (0.0030) 0.4022 (0.0021) 0.4
sample size | 2,000 5,000 10,000

CPU time* | 18 min.10 sec. 41 min.12 sec. 1 hr. 18 min. 59 sec.

where Xid 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 a; many times, say M, times, and for each

parameter estimate® true value
Oz 0.3774 (0.0087) 0.4
0p 0.3967 (0.0090) 0.4
Q@ 0.1956 (0.0027) 0.2
o1 0.4053 (0.0035) 0.4
o2 0.3895 (0.0191) 0.4
b1 0.1010 (0.0103) 0.1
ba 0.0961 (0.0062) 0.1
be —0.9923 (0.0595) —-1.0
Oy 0.4022 (0.0022) 0.4
sample size | 10,000

CPU time® | 1 hr. 19 min. 5 sec.

4.2 Experiment 2: Random Effects

I Kipp1 = bi X{ +baIn K¢ + i1,

4The estimation exercise was done on a Sun Blade 2000 workstation.
This is the results for the different starting values.
SThe estimation exercise was done on a Sun Blade 2000 workstation.
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We now report estimation results of a model that includes observed and unobserved heterogeneity.
We assume that the profit coefficient for each firm ¢, ;is distributed normally with mean p = 2.0
and standard error o, = 0.04. Furthermore, we include observed characteristics in our model as
well. That is, the transition equation for capital now is




draw solve the dynamic programming problem with the constant coefficient for capital transition
equation being leid. If the number of firms in the data is Ny, then for a single simulated likelihood
evaluation, we need to solve the DP problem NyM, times. This process is computationally so
demanding that most researchers so far have only used finite number of types, typically less than
10, as an approximation of the random effect. 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 will be shown below.
We set the prior for o; as follows.

0éz|ﬂ B N(:U’77—2)
p ™ N(p byt
52272 T X (vr)
Then, if we denote &’ = (a1, ...,an), ® = (711, T12, oo, TIT, oy TN 15 ooy TN,T) aDd
K, 0 - 0
K= 9 K
: . .0
0 --- 0 Ky

where K; = [Kj1, Kj, ..., Kjr]. Also, ey is a N by 1 vector of ones.
Then, the prior can be expressed as follows.

a N (GNH, 1IN + h;leNelN>

Let 9(,8()1 be defined as parameters not including «;. Below, we briefly describe the differences
between the earlier estimation routine and that which involves random effects.

Data Augmentation Step on Entry and Exit choice: For data augmentation, we need to
generate

?”Z(?rl) = RF,OUT(Kfft, €2, 9(29,)17 al('s))_RF,IN(K‘Cft; e1,60%)

K3 -

az(s))‘*‘%(s)th = Q(K‘Cfp €1,i,t—€2,i 15 6 Oé(s))-

7 —a g

e To draw Mit = €1,it — €2,it We follow the below data augmentation steps.

Mt > VF,OUT(KZd,t, ‘9(8) a(s)) — VP,IN(th, 9(8) a(s)).

—a’ g —a’

If, in the data, the firm ¢ either stays out or exits, that is, igt = OUT, then draw n,; such
that
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iy < Vrovr(K4,00),al) = Vign (K8,0%), o).
As we discussed earlier, once the shock 7, ;, is generated, he can proceed to recover the entry

cost and exit value parameters by conducting Bayesian regression of rgstﬂ)

decisions, using the following linear relationship.

on entry and exit

rl(:?_l) = (SEI(FM = O) + 6mI(Fi,t = I) + ni,t'

In contrast to the earlier case, to evaluate the entry and exit values, we use different «; for
each firm 1.

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:

(s)
Tig = o Ky + €14

The only difference from the standard case is that the capital coefficient «; is different for
each firm 7. We skip discussing the rest of the step because it is the same as before.

Draw the new parameter vector 9t from the posterior distribution The only
difference in the estimation procedure is for drawing the posterior of «;. The posterior draw
of a for iteration s, a®*t1), can be done from the following distribution.

o] (20, k)~ N (@ T,
with

_ ;1
H, = (ags))_QlC'lC + (T2IN + h;16N6N>

—_ ! -1 S)\ —
a=1H, |:(’T2IN + h;leNeN> ena + (ag N ZIC/TI']

One-Step Bellman Equation and Expected Value Function Iteration Step

The only difference between the earlier case is that we solve the one step Bellman equation
for each firm i separately. The expected value function. EE(SH)V(K , €, Q(fi 1), ozl(sﬂ)) is derived as

follows.
E6(8+1)VF(K, ¢, 9&3;‘1)7 a§5+1))

s M j i i j s+1 j s+1
Zj:Ma:c{s—N(s),l} ﬁ l; (K, 6l(])7 9(‘7)7 Q(])) Kh(Q(J) 9(_;r ))Kh(aZ(J) _ az( + ))

_a_

- - X _ B _s haA4 _a.s )
; Max{s N(s),l}K 90()1 9( 21) K z(j) £+1)
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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 those of computing the DP problem again for each firm ¢, for each simulation draw of «; as
would be done in 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)

parameter estimate true value
O 0.3967 (0.0140) 0.4
0p 0.4058 (0.0131) 0.4
a 0.2086 (0.0053) 0.2
T 0.0396 (0.0013) 0.04
o1 0.4027 (0.0053) 0.4
02 0.3964 (0.0279) 0.4
b1 0.1006 (0.0137) 0.1
ba 0.1020 (0.0264) 0.1
be —0.9661 (0.0103) —-1.0
Oy 0.4059 (0.0034) 0.4
sample size | 100 x 100

CPU time” | 10 hrs 47 min 26 sec

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

We also conducted some estimation exercise using the conventional simulated ML routine. For
each firm, we simulated «; 100 times (i.e. M, = 100). When we solve for the DP problem, we
use Monte-Carlo integration to integrate over the choice shock €. We set the simulation size for e
to be 100. A single likelihood calculation took about 35 minues to compute. A single step of the
Newton-Raphson method took 11 likelihood calculations. Since we took numerical derivatives, in
addition to the likelihood evaluation under the original parameter 0, we calculated the likelihood
for the 9 parameter perturbations # + Af;, i = 1,...,9. After computing the search direction, we
further calculate the likelihood twice to derive the step size. The above computation took us in
total 6 hours and 20 minues. By that time, Bayesian DP routine would have completed its 6, 744
iterations. That is, by the time the conventional ML routine finished its first iteration, the Bayesian
DP routine would have already converged long ago.

Another estimation strategy for the simulated ML could be to expand the state variables of the
DP problem to include both X and a. Then, we have to assign grid points for the 3 dimensional

"The estimation exercise was done on a Sun Blade 2000 workstation.
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state space points (K, X,a). 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.

4.3 Experiment 3: Infinite Random Grids

As discussed above, instead of fixing the capital grid points throughout the DP solution/estimation
algorithm, we we draw different state vector for each solution/estimation iteration. Hence, even
though we only draw finite state vector grid points Kft), ...,K](\?K (in this example, Mk = 10),
the number of random grid points can be made arbitrarily large when we increase the number of
iterations. That is, the formula for the expected value function for the firm who stays in or enters

is as follows.

N
Ex o [VIN(K’ (K,u), e, 0(f+1))|9(t“>}

ZZ

1m1

IK (Kni‘")m K, 9<t*n>> Ky (0 — glt=n)y

m

VI(]tV n)( K(t—n), =) p(t—n) Q(t—n))]

Z fx ( | K, ot k)) Kh(g(t) —Q(t_k))

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

E. [VOUT(O, e, 0D QD)
N(t)
n=1
We increase the total number of grid points up to 2000.

Table 3 shows the estimation results. We can see that the estimates parameters are close to the
true ones. The entire exercise took about 8 hours.

1 M,

Z V3 (0, gtt=) Q<tn))] Ky(60) — glt=m)y
)5 y ,
2

o) Ka (0 — 001

Table 3: Posterior Means and Standard Errors

(standard errors are in parenthesis)
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parameter | estimate true value
Og 0.4246 (0.0121) 0.4
D) 0.4341 (0.0133) 0.4
a 0.2036 (0.0031) 0.2
o1 0.4011 (0.0046) 0.4
02 0.3946 (0.0198) 0.4
b1 0.1001 (0.0165) 0.1
ba 0.1033 (0.0097) 0.1
be —0.9844 (0.0097) —-1.0
Oy 0.4018 (0.0039) 0.4
sample size | 10,000

CPU time® | 7 hrs39 min 31 sec

4.4 Experiment 4: Continuous State Space with Deterministic Transition

As discussed above, instead of fixing the capital grid points throughout the DP solution/estimation
algorithm, we draw different state vector for each solution/estimation iteration. Hence, even though
we only draw finite state vector grid points K ft), - K](\Z)K (in this example, M = 10), the number
of random grid points can be made arbitrarily large when we increase the number of iterations.

Assume that if the incumbent decides to stay in, the next period capital is
K1 = Ky

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 (Kt41) = by + ug41

where

ut+1~N (0, Uu)

That is, the formula for the expected value function for the incument who stays in is as follows.

P (K - K,Si‘”)) K, (00 — g(t=))

My B
Tl X K (K = K5T9) Ky (00 = 0¢0)

8The estimation exercise was done on a Sun Blade 2000 workstation.
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where K}, is the kernel for the capital stock with bandwidth hg. The expected value function for
the entrant is:

A
B e [VIN(K’ () ¢, 9<t+1>)|9<t+1>}
N(t) 5,
= Y Zl Z Vi (S ),ey—")ﬁ(t”),ﬂ(t”))l
n=1"™M=
.ﬁz(lfQ*”HGU‘m)<K%(9“)—-9“‘"5
X

Zf ( (t— kwt k>Kh(9() e(tsz))

The formula for the expected value function for either the firm who stays out or the firm who
exits is similar as before:

A
Ee [VOUT(O €, e(t-‘rl )‘Q (t+1)

We increase the total number of grid points up to 2000.

Table 4 shows the estimation results. We can see that the estimates parameters are close to the
truth. The entire exercise took about 5 hours.

Table 4: Posterior Means and Standard Errors

1M

» K (00 — gt
ZVOUT)(0,€§‘t )79“_")79“_”))12 (6 )

MO F, (00 — 9=y

(standard errors are in parenthesis)

parameter | estimate true value
0z 0.3531 (0.0117) 0.4

op 0.3688 (0.0126) 0.4

a 0.0979 (0.0041) 0.1

o1 0.4006 (0.0142) 0.4

) 0.4011 (0.0290) 0.4

b1 0.2180 (0.0222) 0.2

Oy 0.4005 (0.0142) 0.4
sample size | 10,000

CPU time” | 5 hrs 6 min 23 sec

9The estimation exercise was done on a Sun Blade 2000 workstation.
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5 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 the 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, where he keeps 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 in-
crease in the dimension of the state space. In our algorithm, even though at each iteration, the
number of state space points we calculate the Expected value function on is small, the total number
of "effective" state space points we evaluate over the entire solution/estimation iteration, which is
N(t) in our case, grows with the number of Bayesian DP iterations. The number of the Bayesian
DP iterations 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". That is why our nonparmetric
approximation of the expected value function works well under the assumption of continuous state
space even though the transition function of the state variable is not stochastic. In that case, it is
well known that Rust (1997) random grid method faces computational difficulties.

But it is worth mentioning that our algorithm does not come without any cost. Since we are
locally approximating the expected value function 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. But on this issue, so far we remain fairly optimistic. The reason is because 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 function we need to approximate 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.
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6.0.1 Appendix

Appendix 1: Proof of Theorem 1.
What we need to show is that for any s € S, ¢, § € O,

v® <s, €0, Q(t)> Ly (s,€,0) ast — o0

But since
V(t)(s, €,0) = maXV(t)(s, a,e,0, Q(t)), V(s,e,0) = maxV(s,a,¢,0),

acA acA

it suffices to show that for any s € S, a € A, ¢, 0 € O,

y® (S, a, e, 0,, Q(t)> Zy (s,a,€,0) as t — oo.
Define
Kp(0— 00t
w K (0 — 0Py

Then, the difference between the true value function of action a and that obtained by the Bayesian
Dynamic Programming iteration can be decomposed into 3 parts as follows.

Wy n (0,00, Q1)

V(s,a,¢€,0) — y® <5, a, €0, Q(t))
N(t)
=8 / V(s €,0)dFu(,0) = > V(s ) 60m Wiy ,(0,007, Q1)

n=1
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A n=1
[N ()
8| D [V, 0) = V(s e, 00 | Wi 50,007, 00)
n=1
N(t)
43 [V(Slye(tfn)ye(tfn)) _ V(tfn)<8l76(tfn)79(tfn))i| W0 (6,007, 00)
n=1

=A1 + Ay + Ag

Notice that the kernel smoothing part is difficult to handle because the underlying distribution
of 0*) has a conditional density function f&) (0~ 6)) (conditional on #*~1), which is a com-
plicated nonlinear function of all the past value functions and the parameters. Therefore, instead
of deriving the asymptotic value of ﬁ chv:(tl) Kp(0— H(t_k)), as is done in standard nonparametric
kernel asymptotics, we derive and use its asymptotic lower bound. Lemma 1 below is used for the
derivation of the asymptotic lower bound. The lemma shows that the transition density of the
parameter process has an important property: regardless of the current location of the parameter
or the number of steps, every parameter value is visited with a positive probability.

Lemma 1 : There exists a density function g(0), g(6) > 0 for any 6 € © and ey such that
0 < eo < 1 such that for any t, f® (6,.) > cog(.).

Proof. Recall that

(0@, 0\ L(vp[e, 04D, 0 v )
J w0, 0,)L(Yr[e, 69, 6;,V(©))db;

p (05 0¢) =

By assumptions 1 (Compactness of parameter space), 5 (Strict Positivity and Boundedness of 7
and L), and 6 (Compactness of support of €), there exist 1y, 1y, M1, Ma > 0, such that,

n, < m(0)L(Yr|e,0,V) < My, and

ny < [ (0 0,)L(Yr|e, 007D 0, V)do; < Ms.

Therefore, for any 6,

®) (gt+1|gt:—=a)
€g;l(glfJ)p <9] |9 )

exists and is positive. Let

o= gt 10
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Now, define
_ & h(8) _ 4 N 0.

Notice that g(0) is positive and bounded and [ g (€) df = 1 by construction. Hence g(f) is a density
function. By construction, g is a positive constant. Furthermore,
J J .
209 (0) = 11 h(0;) < ITp® (0;10¢7) = £® (9=0,9).
j=1

j=1
Finally, since both g() and £ <9(t_1), > are densities and integrate to 1, g9 < 1. m

Lemma 2 There exists a density function g(),g(0) > 0 for any 0 € © and €1 > 0 such that for
any t, e1g (1) > f0(0,.).

Proof. Using similar logic as in Lemma 1, one can show that for any 6,

sup p (9?“1 ]9(t’*j)>
€,0(t:=9)

exists and is bounded. Let B ‘
h(6;) = sup p® ((9;-“\9("/’*]))

€09
Now, let N
~ J h(6;) J o~
g(0) = — . g = h(6;)do;.
( ) jl;ll fh(QJ) d9]‘ ! jl;Ilf ( ]) ’

Then, g (f) and e; satisfy the conditions of the Lemma. m

Lemma 3 A1£>0 ast — 00

Proof. Recall that,

N(t)
% = / V(s € 0)dFu(€,0) = > V(s ™™ 0) Wy 40,007, Q1)
n=1

Rewrite it as,

PR c D < / V(s',€,0)dFu(e,0) — V(s et=m), 9)) Ku(6 - 6=)
1

N _
b g Ly (0 — 01H)

We show that the numerator goes to zero as ¢ — oo and the denominator is bounded below by
a positive number.
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Let

1 » -
XN(n = N [/V(s’,e’,&)dﬂ,(e’,e) — V(s et )| K, (0 — 0,

where n = 1,..., N(t). Then, because ¢*=™)’s are i.i.d.,
E [XN(t)n] =0, F [XN(t)nXN(t)m] =0 for n # m.

Also, using the standard definition of the kernel function, we obtain,

{XN ‘/ S 6 9 dF ( 0) _ V(,S,?e(t_n)’e)‘ [:;Z%—‘({t()’)]
Now, let |
CN(t)n = W’

where h(N(t)) is assumed to satisfy N(t)h (N(t))> — oo as N(t) — co. Then,

sup |K]|

s, e, 0)dF.(,0) — V(s et 9)
2| <]

N(t

Because V (s, €=, ) is Ly-bounded and sup | K| is bounded, CN (t))” is also uniformly Lo-bounded,
and thus, uniformly integrable. Furthermore,

li Nz(t) Cc? li ! 0
1m = 1m _—m
N =0 =y NI N(ty—oo N()h (N(2))?

Therefore, the assumptions for the Corollary 19.10 of Davidson (1994) are satisfied. Hence,

N() .
> Xnwn =0
n=1

Therefore,
N() 1 N » P
Z N(t)n (t) nzl |:/ ‘/v(sl7 5/’ e)dFEI(G/’ 9) - VV(S/7 e(t )7 9):| Kh(9 — G(t )) =0 (Al)

as N(t) — oo. This shows that the numerator in % goes to zero. We next show that the
denominator is bounded below by using an argument similar to coupling theory (see Rosenthal,
1995) and the law of large numbers.

Let

g p(t—n)
RO = Flt=n) <9(t n— 1)>9(t n)>. (A2)
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Then, from Lemma 1, 0 < R~ <1, 0 < gy < 1 holds. Also, define a random variable Y= ag
follows.

yt=n — K, <9 _ Q(t—“)(f(t—”))> with probability R(t=7)
yt-n _— with probability 1 — Rt~ (A3)

where H(t*")(f(t_”)) means that #¢~™ has density f¢=") (9(t7n71)7 G(t*")> conditional on ¢—"—1.

Then, Y# ™) is a mixture of 0 and K, <9 —gtt=m) (g)), with the mixing probability being 1 — &g
and eg. That is,

Yyt = K, (9 —gtt=n) (g)> with probability eg
ylt=n — o with probability 1 — eg (A4)
Furthermore, from the construction of Y #=7),

Yt < i, (9 _glt=n) f(tfn))>

Now, because 0~ (g), n = 1,..., N(t) are i.i.d., the standard results on Kernel smoothing holds (
see Haerdle (1989)) and
1 NO P
- y (t—n) 0).
g St

Hence, the Law of Large Numbers holds. Therefore, for any n; > 0, 7, > 0, there exists N > 0
such that for any N(t) > N, t > N(t)

1 NO®

ST YE _eg(6)

Pr||—=
N(t) n=1

< 771] > 1=
That is, for any 7, > 0, 7y > 0, there exists N > 0 such that for any N(t) > N, t > N(t),
pr | L ¥yt )| >1 A5
r anl +m1 >e0g(0)] >1—m, (A5)

Choose 7; < 2€9g(0).Then,

N(t) 1
S YE S —gog(0)| > 1— 1,

N(t) =1 2

N
Because Z Kj, (9 gt ( fE=my) > Y (=) we conclude that for any 7, > 0, there exists N

n=1 n=1

such that for any N(¢) > N, t > N(t)
1 N 1

P Ky (60— 0 (f0)) > —gog(0) | > 1 — ny. A
r[mnzl i ( () > 209(0)| > 1, (A6)
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From Al and A6, we can see that for any ; > 0, 7y > 0, there exists N such that for any N(¢) > N,
t > N(t),

N(t)
NG o [ / V(s €,0)dF.(e,0) — V(s et 9)] Kp(0 — 04

P n=l <M1y,
' 1 N9 (t=n)( £(t—n) %609(9) "
NG 2 Kp (9 =0 (f ))
Since EZ; @ can be made arbitrarily small by choosing ©; > 0 small enough, we have shown that
2

A4, 50 as N(t) — oo
|

Lemma 4
A 5o as N(t) — oo

Proof.

2

< SV (e, 0) = v (ol 60 | Wiy (6,60, 200)

n=1

5
B

2

< S|V (e, 0) < v (ot 60 | Wiy (6,607, 20)
n=1
I ((9 —gt=m)

e

n=1
I ((9 WYICOIES 5)
= H,+ Hy (A7)

where § > 0 is arbitrarily set.

Step 1 of Lemma 4: Show that Hs Zo.

Note that
N(t)

Hy <2K > Wi ),h (97 e(t*n)7 Q(U) I (‘9 _ pt—n)
n=1

> 5) (AS)

where K = sup; .o |V (s,€,0)|. Then,

1 N(t) t—n t—n

>5).

(A9)
iy T Ka(0 — 00"
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Note that Ky (0 — 001 (|6 — 0=

> 5) > 0. Hence, from Chebychev Inequality, for any

n >0,
t)z( (6 — 0= 1 (‘9—9“—") >6)2n
< 1 ﬁzﬁ w0~ 601 (|6 — gt >5>] (A10)

From Lemma 2, there exists €1 > 0 such that for any s, 9(871), 0eO

e1g(0) > f© (0<S—1>,9> .
Hence,
N()

S K6 — 0 (fE-my) <’9—9(t*”)(f(t*”))

n=

> 5)] (1)

Ng Kn(0— 00 (5 (’9 ot ">(§)‘>5)].

1
N{)

€1E

)
1
N(#)

0

Since §¢—") (g), n=1,2..,N(t), are i.i.d., we have,

E ﬁgjf{h(e—eu‘”)(ﬂt‘”)))f()Q—Q(t_")(f(t_n)) >5)]
- h(z\?a))K(e 9<thn> (\0 p(t-n) j‘>5)]

— /\9—5I>5 %K (9—;5> g (5) do (A11)

Now, by change of variables,

/|95|>5 %K (#) g (5) do = aj>2 K (a)g (0 —ah)da

< Zggg(é)/ K (a)da (A12)

Because [ K (a)da =1 and [ aK (a)da is bounded by assumption, f|a|>g K (a)da — 0 as h — 0.
h
Therefore, RHS of A12 — 0 as h — 0 and thus,

Pr

30 (o] 5) 0]
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as h(N(t)) — 0.
Now, consider the denominator of (A9). Using (A6) from Lemma 3, for t > T,

N(t)
S K0 — 01 ()9 COIEN 5)
n=1 2K77
Pr |2K — <<
S oW KL(0 - 91R) 3c09 (0)
1 NO 1
> Pr{ 0] Ku(0 — 00 (f7m))) > €09 (0)
n=1
1 N(¢) (1— (1—
N mmm(e 0" (‘9 0 >5 <}

Y

N(t)

1 N(¢)
—Pr |+ z Kp(0 — 00 (fE=m)) < 809
> K0~ pt—n) (’9 pt—n) >

t) »
[No >9) ]

> 1oy ?E [Ku(0 =6 (g))1 (‘0 _gtt=n) (g)) >6)].

—Pr

Notice that g(6) > 0. Hence, 2;;0—% can be made arbitrarily small by choosing n > 0 small enough.
2

Givenn >0, L E [Kh(e — 0= (g)I (‘9 — =) (g)‘ > 5)} can also be made arbitrarily small by
choosing h to be small enough.

Thus, we have shown that Hs 20 as t — 00, h — 0.

Step 2 of Lemma 4: Show that H; Zo.

‘ v ( 876,6

Define L = sup,cg . pco ‘ Then, from the Intermediate Value Theorem,

:g:tl) \% (s’, e(tfn)y 9) -V (5’7 6(tfn)7 g(tfn)> ’ Wxin (97 g(tw)7 Q(t)> 7 (’9 _gtm)| < 5)
< ’9 g(t—n) Wy n <9 gt—n) Qﬂ) <‘9 ot—n) <5>
< L Nz(f) W)k (9, ot QW) I (‘6 — gt

< 5) <L§ z_jl Win (9, gt=n) Q(t)> — L6

n=1

which can be made arbitrarily small by choosing small enough ¢ > 0.
Together, we showed that As L oash—0m

Now, we return to the proof of Theorem 1. That is, we show that

V(s,a,¢€0) — y® (s, a,¢€,0, Q(t)> 20 ast— oo
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Define A® to be as follows:
AD(9) = A, + A,

From Lemma 3 and Lemma 4, we conclude that

v (87 a, €, 9) - V(t) (S, a,ce€, 9, Q(t)> = A(t)(g)

N(t)
8| D7 V(s i, gl — v (g e gt 90 Wiy (60,007, 0) | (A15)

n=1

where
AD(g) = Ay + A, Do,

Because this holds for any 6 € © and © is compact, convergence is uniform. Because A(*) <9(t)> <
SUPgeco AN(8),

AB 0y £ g

Taking supremum over a and then taking absolute values on both sides of equality A15, we obtain:

‘v (s,6,0) — vV (5, €0, Q<t>) ‘
N(#)
< Jsup A® ()] + 8 | D7 |V(s', e, 007) — VI 0, 60, 00) Wi (0,607, Ay
n=1

Lemma:
For t' > t, let

W (t',1) = BWy(n #(00), 60, 00)
Furthermore, let 7 < ¢ and let
U, (t—l—ﬂ,t,T) = {Jm = (tm,tm_l,...,tl,to) it =t+ N >tp_1 > ....>t >t >t :T}

for I,m, N > 1. Define

=3

1

N+1
Wt+N.tr)=> ¢ > W (e, tr-1)
m=l \ ¥, (t+N,t,7)
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Then, for any NV,
‘V (s,€,0) — y () <s, €0, Q(Hﬂ)) ‘

< lsup At <9(t+ﬁ)>'
 ac4
N-1
+ S W+ N,t+N—mt+N—m-—11)sup|ACHEm=D) (9<t+N m— 1>)(
m=0 acA
N(t) -
+ Z sup |V (3, E(t—n)’ e(t—n)) _yt-n) (3, e(t—n)7 g(t—n)’ Q(t))’ W(t+ N,t,t—mn,1).(A16)
n—1 S€S
Furthermore,
N(t)
> W(t+N,t,t )< B
n=1
Proof of Lemma.
For iteration t 4+ 1, we get
)V (s,e, 0(t+1)> _ D) (8’6,9(t+1)79(t+1)>‘
< ’SupA(t-&-l) <9(t+1)>‘
N(t41)
4 Z ‘V(S/,e(t—&-l—n)?e(t—&—l—n)) _ V(t—&—l—n)(sl’E(t—f—l—n)’0(t+1—n)’Q(t+1—n))
n=1
W(t+1,t+1—n)
< }supA(tH) <9(t+1)>‘ }V s e® g0y — (g (B gt) Q(t))} W(t+1,t)

N(t+1)—

+ Z ( s et=m) gl=m)y _ yt=n)(gf (t=m) g(t=n) QU= /(¢ 41t — n)

Now, we substitute away ‘V(s’, HONIO)N S OIPRFEON O} Q(t))‘ by using A157) and the fact that
N@) > N(E+1) -1,

)V <S’6’ 9(t+1)> _yt+) (8’679(t+1)79(t+1)>‘

< ’sup A(Hl)(ﬂ(”l))’ + sup A(t)(ﬁ(t))‘ W(t +1,1t)

acA
N(t)
—+ Z sup V(é\, e(tfn)7 e(tfn)) _ V(tfn) (é\’ E(tin), 9(75*77‘)7 Q(tfn))
n=1 seS

W(t+1,)W(t,t—n)+W(t+1,t—n)}
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Notice that

m=1 =

— 2 m
W(t+Ltt—n) = Y H W (tg, tk—1)
W (t—n,t,t+1) F

= W+ 1,t—n)+W(t+1,0)W(tt—n)
Hence,
’V (87 e, 9(t+1)) _ ) <8’ e, 0+ Q(t+1)>‘

< ’sup AW (9(t+1)> ’ + sup [A® (H(t)> ‘ W(t +1,t+1,t,1)

acA
N(t) —
+ 3 sup | V(5,7 gty — y (g o) glt=n) QU=my T (£ 4 1,¢,t —n, 1)
n=1 5€8S
and, inequality A16 holds for N =1
N(@) __ N()
Furthermore, because Y W(t,t —n)/f= > WN(t)’h(H(t), ot—m) )y =1

n=1 n=1

O
SYW(t+1,t,t —n,1)

3
—

=2

t N N() __
= S WEt+1L,OWtt—n)+ S W(t+1,t—n)
n=1

— N@) __ N@) __
= W(Et+1,t) > W(t,t—n)+ > W(t+1,t—n)
n=1 n=1

__ N(t) __
= OW(Et+1,t)+ > W(t+1,t—n)
n=1

N@)+1__
< S Wt+1,t+1-n)

n=1

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

N@®)+1 __ N(+1) __
o Wit+1lt+1—-n) = > W(Et+1,t+1—n)
n=1 n=1
N(t+1)
— B Z WN(t—}—l),h(e(H—l)a g(t-‘rl—n)’ Q(i-}-l)) _ ,6

n=1

Thus,
N(t) __
S W(t+1,t,t—n,1) < B. (A17)

n=1
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Next, suppose that inequality A16 holds for N= M. Then, using t 4+ 1 instead of ¢ in inequality
A16 yields,

’V (5,6’ 0(t+1+M)> _ pt+1+M) (s,e,ﬁ(t“*M),Q(HHM))’

< ’sup A(HM+1) <9(t+M+l)>’

M—1
+ Y WE+M+1,t+M+1—mt+M—m, 1)Sup)A(t+Mfm) (0(t+M7m)>‘
m=0 aEA
N(t)
+ Z sup ‘V(g} e(t—n)’ g(t—n)) _yt=n) 3, E(t_n), Q(t_”)7 Q(t—n))’
n—1 €S
[W(HMJF Lt+ 1,6, DW(tt—n)+WE+M+1,¢+ 1715_”71)} (A18)

Now, we claim that,

Wt+Mt+ 1Lt )W(tt—n)+W(E+Mt+1,t—n,1)

= W(t+Mtt—n,1) (A19)

Proof of the Claim:
Let ‘Ifm’l(t—f—M,t,T) = {J = (tm,tm_l,...,tl,to) i =t+ M >t 1> ....>t>t+1,t=1t1,tg = T},
\I/m,g(t—i-M,t,T) = {Jm = (tm,tmfl, ...,tl,to) i =t+ M >ty 1> ... .>ta >t >t+ 1,1 = 7‘}.
Then,
U (t+ M, t,7) =W 1(t+ M, t,7) Uy, o(t + M, t,7)

and
‘I/mJ(t—i-M,t,T) ﬂ\I/mg(t—i-M,t,T) =g

Notice that
Wt (t+ M, t,7) = Uy (6,6,7) U Wy (E4 M, t+1,1)

for m > 1 and
\If171(7f—|—M,t,T):{J1:(tl,to):tozT,tItlzt—i—M}:@

and
Vot + M, t,7) =V (t+ M, t+1,7)

if m < M and because,

U (t+ Mt +1,7)
= {Jn=(tmstm-1,--t1,t0) i tpys1 =t + M >tp1> ... >ta>t1 >t+ 1, tg =7} = &,

\IIM+1,2(t + Mat77—) =9

46



Hence,

W(t+M,t,7,1)

M+1
= > H W (g, tr1)
m=1 \Ifm(T,t,H—M)
M+1 m M+1 o
= > H W (tk,tr1) p + Z > T Wtk te)
m=1 wml )=t Uy (7t 64+ M) F=1
M+1 m—1__ . M m
= [T W (trotos) p W(tT)+ > > ITW (e, tr1)
m=1 | Wy (tt+1,t4M) F=1 m=1 | W, (r,t+1,t401) k=1
M . M mo__
= Y H W (b tios) p W (L) + [T W (te, tr1)
m=1 | W, (t,t+ 1,t+M) m=1 | W, (7,t+1,t+M) k=1
By definition,
M

m —
> > [T W (tr,tr1) p = W(t+M,t+1,t1)

m=1 | U, (t,t+1,t+M) k=1

and
M m o .
> > [T W (tr,te1) p = W(t+ Mt +1,7,1)
m=1 \ W, (7,t+1,t+M) k=1

Therefore,

Wt+Mt,r,1)=W(t+Mt+1,t, )W)+ WEt+Mt+1,7,1)
and the claim holds. Similar results hold when we substitute M + 1 for M, i.e.
Wt+M+1,t,7,0)=WEt+M+1,t+ 11— DWET) +WE+M+1,t+1,7,0)

Substituting this into equation A18 yields the first part of the lemma. For the second part, note
that, for [ = 1, and for any M > 0,

N(t) __
SSW(t+Mt,t—n,1)<p

n=1

Suppose for some [ > 0,
N{t) __
Z W(t—i-M,t,t—TL,l) < /Bl

n=1

holds for any M > 0. Then, for I’ = + 1, by definition of /W,
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N@) __ N@t) M-1

S W+ Mt t—ni+1) = 5 5 W(E+Mt+m)W(t+m,tt—n,l)
n=1 n=1 m=I[-1
M-1 __ N(@) _
= > W@+ Mt+m)d> W(t+m,tt—n,l)
m=[—1 n=1

M—-1
< Z W(t—l—Mt—i—m)ﬁl

< Bl“

Therefore, from induction, the Lemma holds.

Now, define the sequence £(1), N(l) as follows. For some ¢ > 0, define t(1) = ¢, and N(1) = N(¢).
Let t(2) be such that ¢(2) — N(¢(2)) = ¢t(1) + 1. Such ¢(2) exists because from assumption, N (¢)
is nondecreasing in t and t — N(t) — oco. Also, let N(2) = N(t(2)). Similarly, for any [ > 2, let
t(l+1) be such that t(I+1) — N(¢(l+1)) =t(l)+ 1, and let N({+ 1) = N(¢(l +1)). Furthermore,
assume that there exists a finite constant A > 0 such that N(I 4+ 1) < AN(l). Then,

N(l 1)
(+ ‘V (S ((t0)+m) H(t(l)—i-m)) _ yt)+m) <s’E(t(l)—I—m)?e(t(Z)—i—m)’Q(t(l)+m)> ‘ W (#(1 + 1), ¢(1) +m)
m=1
N(+1)
< % {fupatom (9<<>+m>>'

+ z ‘W (1) +m,t() +m —i,t(1) +m —i—1,1)sup A(t(’)”"*i*l)‘ WV (t(1 4 1), (1) + m)
=0 acA
N(I+1) N(I)

+ 3 S sup |V(E, =) gtl—n)y _yt)—n) (g (th)-n) gtl)=n) ED-n))

m=1 n=13seS

W) +m, t(0),t(1) — n, YW (¢(L + 1), (1) + m) (A20)
Now, from the definition of W(t(l +1),t(),t(l) —n,l), (the use of 1 in two ways!)

- N(+1) __ -
Wt +1),t(),t() —n, i +1) = S W (@t +1),t(1) +m) W () +m,t(l), (1) —n,1)

m=Il—1

In the sum, m starts from [ — 1, not 1.
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Hence,

N(l41) .
RHS of 420 < 5 [sup ACOFm) (@CO+m)y W7 (41 4 1), ¢(1) 4+ m)
m=1 |a€A
(+1) __
+z {W(t(l+1),t(l)+z’,t(l)+z—1 2) sup’A(t +i-1) (9(““ 1))’}
) acA
N(l
+ z(:) sup |V (3, ctD)— n)7,9(t(l)—n)) _ V(t(”‘”)(@ e(t(l)—n)’e(t(l)—n)’Q(t(l)—n))
n=1seS
Wt +1),¢(1), (1) — n,2) (A21)
Now, let
N(I+1) N
Al = sup AU0Fm) (G‘t(l”m))' W (1 +1),t(1 + 1) —m)
m=1 |a€A

N(+1) (__ |
+ > {W(t(l+1),t(l)+z’,t(l)+2_1 2) Sup’A(t D+i-1) <9(t(l)+z—1)>’}
=1

acA

Recall that

N(t)

AW =g /V(s ¢, 0)dF.( Zv s, =M 0Y Wiy 4 (6,007 Q(t))]

N(t)
+8 [Z [V (s, e20,0) = V(00| W6, 607, 9“)>]

Because /V(SI’G/,H)CZFEI(GI’H), and V(s',e*=™) 0) are bounded and the parameter space is

compact, A®) is uniformly bounded. Hence, assume that there exists A > 0 such that A® <4 for
any t. Because A(*) £ 0 for any 1y > 0, 75 > 0, there exists T such that for any ¢ > T,

Pr [sup Al ’<771} >1—14
acA
Therefore,
E [sup A(t)” <mn Pr [sup A(t)‘ < 771} + APr [sup A(t)‘ > 771} < (L—my) +An,  (A22)
acA acA acA

Next, we show that
A(l) L0 as 1 — oo
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Proof: Let

A(l) = B1+ By
where
N(l+1) N
Bi= 3 |sup AtO+m) (9@(1)“”)) ‘ W (t(1+ 1), £(1) + m)
m=1 |a€A
and
N(+1) __ . ‘
Bo= S W (t(I+1),t(1) + i, ¢(1) + i — 1,2) sup |ACD+=D (9““”%”))
=1 a€cA
Claim 1:

B Z0

Proof: For any t' >t > 0, denote
K (¢,6) = K (60 - 0)

First, we focus on the numerator part divided by N (I+1). That is, consider,

1 N(Sl)k(t(l 1), (1) + m) [sup ACO+ )(9(t(l)+ )>‘
N7 L1 + ) +m) [su m m
N({l+1) m=1 S
Notice that,
1 N(I+1) _
T K (t(1 + 1), (1) + m) |sup ACD+m) (gtD+m) ‘
N i KL m) ( )
1 N(I+1) _
N(l+1) m=1 a€A,0c0

Now, for any 0 < m < N(I+ 1), since ACD+™) (9 only depends on QD7)

E {f((t(z F1,60) +m) sup (A<t<l>+m> (9)(}

_ E {K(Q(t(Hl))?g(t(l)-ﬁ-m))EQ(t(le)

sup ‘A(t(le) (9)’] } (A23)
a€A,0€0

From A22, Equq)tm) [SUPueagco }A(t(le) (0)|] < [m (1 —ny) +nyA]. Hence,
RHS of A23 < E {K(G(t(l“)), O™ [ (1 = ny) + nﬂ]}

Therefore,
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1 (I+1) _
{m mz:l K(t(1+1),t(1) +m)

sup AU+ (gl ‘}

acA

(1+1) _ _
< E {m mzl K+ 1),t(1) +m) [n1 (1 =) +772A]}
_ 1 N(1+1)
< [771 (1 —m9) + 172A] E {m 21 Kh(e(t(lﬂ)) g(t(l)+m))} (A24)

Notice that from Lemma 2, for any 0 < m < N(l +1),
f (e(t(lJrl))’ H(t(m)a)) f <9(t(l+1)71)7e(t(l+1)f2)> f (e(t(l)+m+1)79(t(l)+m)> f (e(t(l)+m)7 0(t(l)+mfl)> f (9(2;
< gty (Q(t(lﬂ)—l)’ Q(t(l+1)—2)) f <9(t(l>+m+1>’ 9<t(1)+m>> g(etO+m)y ¢ <9<2>’ 9<1>>

Hence,
E[Kh(e(t““)) _9(t<m+m>)} _ E[Kh <9(t(z+1>>(f)_9<t<z>+m>(f))}

€3 Eytuai+1) gte(ty+m) [Kh (9“(”1))(9) — gUt+m) (9))}

< & sup Epu(y+m) [Kh <9 — gt+m) (9))}

IN

and

1 V) p(t(+1)) (t()+m)
RHS of A24 < 1-— + Al ——— E -0 m
[771 ( N2) + 72 Ni+1) mZ1 { n(0 )}

N(i+1)

1
< 1—1ny) +1,A] €& —— sup E { K (0, 0t O+m)
(1 =m)+ A ds 5 e { K (9)}

= [ (1 =) +mA] sup B {Kn(0',0(9))} (A25)
e
Now, for any § > 0,
[N@{+1)
S W+ 1), ¢(1) + m) sup A<t<l>+m>‘ <
L m=1 acA
o1 N 5
o [ — Kt +1),t(0) +m)sup |[AOT™| < = |~
| N(+1) mzl (t )40 )aeg ‘ 3e0infg g (0)
- 1 N(Sl) K (610D — gUD—R) (pD)—R)y) > 150 inf g (6)
I IN(+1) =1 T2

51



Hence,

[N@+1)
S WL+ 1), £(1) + m) sup A<t<l>+m>‘ > 6
m=1 acA
I 1 N@+1) _ (D) 5
c |— Kt +1),t(1) + m)sup |[ACO+m) | 5~ | n
T KO0 msp A S
_; N(lirl) Kh<9t(l+l) _ H(t(lJrl)fk) (f(t(l+1)fk))) < 180 infg (9)
I N(I+1) i=1 270
and
N@+1) __
> W (t(l + 1), (1) + m) sup | ACC +m)>5
acA
1 N(+1) _ 5
< Pr|=—— K(t t(1) + m) sup |ACD+m) — | U
N(l+1) mzl (1), 1(0) aeg’ ‘ 3e0infg g (0)
1 N(1+1) 1
_ K gt(l-‘rl) 0( (I4+1)— (t(I+1)—k) < Zgpinfa (0
Ty o ol o(s )) < 5e0intg (0)
1 N(I+1) _ 5
< Pr|l—r— K@+ 1),t(0) +m)sup |[AtOTm)| > =
N({l+1) m=1 (H 0 )aeg ‘ 3€0infy g ()
+Pr _77_1___fNU+J)}{ﬁ(9tU+1)__96044)7k)(f60+4)7k5) < lgoinfg(g) (A26)
N(I+1) k=1 20

Now, from Chebychev’s Inequality and A25,

1 l+1 5
r|—=—— K(t [+ 1),t(l) +m)su AD+m) > —
NC+1) mzl (1), £(0) +m) sup | Teoinfo g (6)
[ (1 = np) + 1, A] e supgco £ {Kn(0'.6(9)) } (A27)
- 5/[ €0 1nfgg(9)]
Furthermore,
(l+1 (l+l)
Z Kh(et(l-i-l) Q(t(l-‘rl) )) < inf Z Kh(9 0(t(l+1) k) (f(t(l-i-l)—k)))
k=1 0€0 =1
and from A6, we know that for any 73 > 0, there exists L such that for any [ > L,
Pr %N(SUK P+ — gtiF)=k)y . g(0)] <ns (A28)
N(l+1) g=1 20
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Now, given arbitrarily small n > 0, choose 711, 175, 13 such that

[771 (1 —mq) + 772Z] elsupyco B {Kh(9/> 9(9))}
5/ [%80 infg g (9)]
Let L; such that Ly > L, t(Ly) > T. Then, from A26 to A29.for any [ > Ly,

+1n3 <7 (A29)

N@+1) __
Pr| > W((l+1),t(l)+m) sug A(t(l)””)‘ > 5] <n
m=1 ae
Hence, Claim 1 holds.
Claim 2:
By = N%l)ﬁ/\ (t(l+1),t(l)+4,t() +i—1,2) sug A(t(l)+i_1)‘ £
i=1 a€c
Define W* (¢(l + 1) — m, t(l), t, k) recursively to be as follows.
W* (1) +m, t(1),6,1) = W) +m,t)
W* (t(1) +m, t(1),t,2) = mf/wv/(t(l) +m, t(1) + §)W* (1) + 4, (1), £, 1)
j=1
W)+ mat D), k) = 5 W) + mot(l) + )W (40 + 4, 10,8,k — 1)
j=ko1
Similarly,
: O umam
K* (t(l) + m,t(l),t,1) = N(Z)K(t(l) +m,t)
K* (t(l) + m,t(1),t,2) = mil ;I?(t(l) +m, t(l) + J)K* (t(1) + 4, t(1),t,1)
i=1 N(I)
K* () + m,t(l),t, k) = 5 ;I?(t(l) +m,t(l) + J)K* (t(1) + 4, t(l), t, k — 1)
j=k—1 N(l)

Now, for given [,

N(I+1) m
W(t(l+ 1)7t(l)77—7[1) = Z Z H W(tkatk—l)
m=l1 | U (t(1+1) t,7) P!

N(@i+1)
= > W +1),t), 7, k) (A30)
k=l
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Hence,

N(+1) (__ .
{W (t(l+1),¢(0) +4,t(1) +i—1,01) sup A(t(l)ﬂ—l)‘}
=1 acA
N(+1) (N(1+1) ‘
= STOWHE( 4 1),t(1) 44, t(1) +i — 1, k) sup A<t<l>+zfl>’
=1 k=l acA
N(+1) (N(+1) ‘
= 3 % > Wt +1),t(1) +4,t(1) +i— 1,k) sup A(tmﬂfl)‘
k=l i=1 acA
For any j > 0, and for any j > k > 1,
1 . . . L 7! )
e — I(t(l)+7 < <o < =t()+i+j)=—= ( : A31
N+ 1)k jl,.%kﬂ ( ( ) . G ( ) 7) N(l+ 1)k: k!(] —k)! )
~ k
N+
S TTw twW @
By induction, we can derive the following two equations.
N(I+1)
B K*(t(1 4 1), t(1) +i,t(1) +i — 1, k)
i=1
< AR sup BIBK (0 0(9)))* (A32)
0cO k!
Also,
N(l+1)
ES X KT+ 1))+, 4(1) +i — 1, k)0
i=1
< AR sup B[ (0 - 0(0)))* 1 (A33)
0cO k!

As in Claim 1, we can show that, for k =1,

N(I+1)
E{ > K*(t(l+1),t(l)+i,t(l)+z’—1,1)}
i=1

Ni+1) 1 NGy ,
E{ N0 RO D ; K(t(l+1),t(l)+z—1)}

AELE [BK, (0'(9) — 0(9))] < A€} sup Ey [BK, (6/ —0(9))]

IN
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Also,
N(i+1)
Z K*(t(141),t(0) +i,t(1) + i — 1,1)|g¢0+1D)

_ Ni+1) 1 N i — 1)9t0+1)
- E{ NG RaIT & Ker D il

< ASE [ﬁKh (9@(”1)) . 9(9)) |9<t<l+1>>} < Aé sup By [BK, (0 — 0(9))]
0'cO

Hence, A32 and A33 hold for k¥ = 1. Now, suppose that A32 and A33 hold for k¥ = M. Then, for
k=M-+1,

(1+1)
{ Z K*(t (l+1),t(l)+i,t(l)+z’—1,M+1)}

1 (1) N+ i _
< E {A~7 S K4 1),t(0) + i+ 5)K* (#(0) i+ 4, t1) + i, t(1) + i — l,M)}
N({+1) =t =M
< A1 N(lfl) (lg E {K( L+ 1),t() +i+5)E [K (1) + i+ 4, ¢(1) + 4, £(1) + i — 1, M) 19@(1)*”]’)}}
= N(l + 1) = 9 9 9
A M
- " o AM M1 r
< T 1)61E BEL (0"(9) —0'(9)) AM ey :}é%E [BK, (0/ —0(9))] ]
1 . ‘ .
Wﬁ,..guﬁl(t(l) +i < g1 <jo <. <jJmy2=t(1+1))
AMA+1 M2 ;o Ml 1
S Rarpt gm0 Gy

Therefore, A32 holds for k£ = M + 1. The proof for A33 for k = M + 1 is similar to that for A32.
Also for any 13 > 0, there exists L such that for any [ > L, t = ¢(l) and for ¢t = t(I) + N(l)/2,

! N%/ZK (0 — 9=k (FE=R)) > L @) >1
- - —¢ >1-—
g N()/2 n=1 " =27 &

Now, notice that for any ¢(1) < ¢t < t(I+1), either {t(l) — N(1)/2,t( )} C [t — N(t), 8] or |t(1) + 1,¢(1) + N(1)/2| C
[t — N(t),t] or both. Hence, for any t such that ¢(I) <t <t(l+1)

1 W p(t—k) [ plt—k) N@y/2 1 N2 o—k){ plo—k)
N(Hl)n;m(e o) 2 SISO 2 Fn(6 - gle—R)(fls=hy)
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where either s = ¢(I) or s = t(I) + N(l)/2. Furthermore, notice that — ND/2 s Therefore,

Prl—t Y k0
r | ——m—m—m/m/
=

Notice that

Wt 4 1), t(0) +i,t(1) +i — 1,k) =

IN

where

Now, we get

1
k) pt-R)y > L
OO > =

1

inf

_J\Nf(l + 1) t)<t<t(1+1)

1
inf

| N(1+ 1) t)<t<t(+1)

acA

D

[ gl) W*(t(1 4+ 1),t(1) +i,t(1) +i — 1, k) sup | A

N(+1) —

gog (0)| >1—mn3 (A35)

koo
> [I BK (tj,tj-1)
W (r4(1) £ (1+1)) T=1
-k ~
B K (4t
p| Y qpiltiy

1 werirarnyi=t NU+1)

1-k

@] KU+ 1),60) +i,t0) +i— 1,k)

l)+i71)‘ > 511

k
t(l) +i— 1, k) sup | ACC +m)‘ > [%50 1nfg(0)] ]

N(l+1)
< Pr| S K1 +1),t() +1,
m=1 acA
1 N(t)
+Pr inf Z K(t,t —1)
t(D)<t<t(1+1) N(l+1) i=1

From Chebychev Inequality, we get

N(i+1)
Pr| > K*(t(l+1),t(1)+1,
m=1

[m1 (1 = ng) + nyA] ARel supye

acA

1
< 715 1nf g (0)]

k
t(l) +i—1,k)sup | AU +m)’ > [iAEO 1nfg(9)] ]

o E 8K (0 - 0(9))"

1

k!

[62e0infy g (6)]"
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Now, from A35, we get

1 N() . 1
[t [ B Ro] < ool <

Together, we establish that

[N(+1) N(l+1) ) 5 — 5ﬁ(l+1)
Pr| S % WU+ 1),6(0) + i, ¢(1) + i — L k) sup A(t(l)“‘l)‘ A
i= a€A 1-9¢
i k=l =1 €
N(+1) (N(+1) ,
< Pr| U { S WU +1),t0) +i,t(1) +i— 1, k) sup A(t<l>+H>’ > ok
k*ll =1 acA
l+1 ~(l+1) '
< N Pr| X W1+ 1),6(0) + i, t(0) +i— L k) sup A(t(’)“‘l)’ > gk
k=1, L i=1 acA
l+1) N(l+1) 5 k
< Z Pr| > K*(t(l+1),t(l)+4,t(l)+i—1,k)sup A(t(le)‘ > [—50 inf g (9)]
k=l m=1 acA 4A 7 0
+Pr inf 1 Z( K(tt—1i)| < LE inf g (9)
t(1)<t<t(l+1) N(l+1) = 1A% 9
l+1 )\k‘
< [ (1=my) +mpA] € Z [ + 173
k=l
where

4A%€; supgeo E [Kn (0 — 0(9))]

N =
dep infy g (6)

>0 (4)

Notice that e*)‘% is the formula for the distribution function of the Poisson distribution. Hence,

Together, we have shown that

N(l+1) Na+1) |
Pr| Y > W+ 1),t0) +i,t() +i—1,k)sup A<t<1>+z—1>‘>
k=l; =1 acA

5 — 6N(l+1)
1-90

< [ (1 =m2) +m2A] exp (A) + 13

RHS of the equation can be made arbitrarily small by choosing [, large enough. Hence Bs Zo.
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Together, we have shown that

A(ll) - 0asl — o0

Now, iterating it once again from A21, we obtain,

N()
Z e <S (t=1)+m) gt~ 1)+m)> _ p=1)+m) <S’E(t(l71)+m)’e(t(lfl)+m)7Q(t(l71)+m)))

W( I+ 1),t(1),t(l = 1) +m,2)

N(l)
< 3 (fsupattiem
m=1 |a€A
m—1___ .
+ S Wl —1)+mt(l—1)+m—i,t(l —1)+m—i—1,1)sup A(t”*l)*m*“l)’ }
=0 acA

W+ 1), (1), t(1 — 1) +m,2)

N(l) N(1—1)
+ 3 3 sup|V(E, 6(t(lfl)fn)jg(lt(lfl)fn)) _V(t(lfl)fn)(g’ 6(t(lfl)fn)jg(lt(lfl)fn)’Q(t(lfl)fn))

m=1 n=1 3s€&S

Wl —1)+m,t(l —1),t(1 — 1) — n, YW (¢ + 1), ¢(1),t(l — 1) + m, 2) (A36)

Notice that,

N() __ .
> W (t(l+1),t(),t(l—1)+m,2) Wl — 1) +m,t(l —1),t(l—1) —n,1)
m=1
= W (t(l+1),t(l—1),t(l—1) —n,3)
Hence,
RHS of A36
N1 __
= X W (t(1+ 1), £(1), 11 = 1) + m, 2) [sup A<t<“>+m>'
acA
N() __ ‘
+ S W1+ 1),t(l—1)+i,t(1—1) +i—1,3) sup |ACE=D+=1D)
i=0 a€A
N(1-1)
S sup |V (5, E(t(l—l)—n), g(t(l—l)—n)) _ yt-1)-n) 3, E(t(l—l)—n), 9(t(l—1)—n)7 Q(t(l—l)—n))
n=1 3se&S
W (t(1+ 1), (1 — 1), £(1 — 1) — n, 3)
Denote

AV (m,n) = sup |V (s, tm=n)_g(ttm)=n)y _ y(tm)=n) (g (t(m)=n) g(t(m)=n) oy(t(m)=n))
SES
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AV(m) = [AV(m, 1), ..., AV(m, N(m))}

_ __ N(I+1)
W(l+1,1)= [W(t(z F1), 60+ 1) - m)}mzl

. . N(+2-k)

W (l+1,k)= [W(t(l +1),t(1+2—k),t(l+2—k)—m, k)}mzl

Then, W (I +1,k)"+ < 8% and from A20,

AVI+1)W(I+1,1) < AD)+AV)YW(I+1,2)
k —
< LY A(l-k+)+AV(I+2—-k) W (I +1,k)
i=2
The sum for A should start from i = 2. 'V should have I+2-k as an argument. The first term on the

k
RHS, > A(l — k + 1) converges to 0 in probability as [ — oo given k > 0, and since AV (I +2 — k)
i=0
is bounded and W (1 4+ 1,k) ¢+ < B*, the second term can be made arbitrarily small by chosing large
enough k. Therefore, AV (1) W (,1) converges to zero in probability as | — oo.

Now, from (4), we know that for ¢t > ¢(()
‘V (S, a, e(t), 6?> —y® <s,a, e(t), 0, Q(t))’
< ‘A(t)‘ FAV()YW(I,1) (A37)
Since RHS converges to 0 in probability as [ — oo,
’V (s,a,e(t),é?) —p® <s,a,e(t),0,9(t))‘ 20
as t — oo.

Proof of Theorem 2

Suppose there is a Markov chain with the transition function f) (.,.) which converges to f (.,.)
in probability uniformly. Also, suppose that that there is a density g(.) and a constant £ > 0 such
that for any 6 € ©,

-
=

—~

<

N—

AV
™
Q

—~

S~—

Also, define () as follows.



Then,

10, = Y5,
10, = W91,
Now, assume the following coupling scheme. Let X ® be a random variable, and Y (*) is the Markov

process tht follows the transition probability f(z,.). Suppose X ) £ Y ®),
With probability € > 0, let

>
>

X(t+1) _ Y(t+1) — Z(t+1) ~g()

with probability 1 — ¢,

X(t+1)~%_€ [f(t) (X(t), ) - 69(-)}

1
t+)~_2 | r@®) (y@® ) _
Ve = [0 (v0..) e
Supose X =y (®) = z(t) With probability v,

X(t+1) — Y(t+l)~f<Z(t).)

with probaiblity 1 — vy, )
@ [0 (X0) —ea0)

1—w

X(t+1)~

Y““)Nﬁ (70 (Y0,.) = 2g0)

As fO(z,.) il f(z,.) uniformly over the compact parameter set ©, v{*) converges to v in probability.

Let w® =1 — v®. Then, w® £0. Let state 1 be the case when X® = Y and let state 2
be the case when X®) % Y® . Then, the process (X ) Y(t)) follows the Markov process with the
below transition matrix.

—_p® ()
P:[l w w }
€ 1—c¢

Denote the unconditional probability of state 1 as 7®) . Then,

[0, 1 7] = 20,1 7] [ 1 —ewm 1 —Z)(t) }

Hence,
) = 70 <1 —w® — 6) +e€

(1 —¢)+e—wd
(1) 41— w® (1 —)w D+ (1 —e)" w(t_m)]

v

v
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Prove that 7(®) £ 1.
Define W4, to be

Wim = w® + (1 —e) w1V 4+ .+ (1 —g)™wlt™
Because w® 5 0, for any 6; > 0, 62 > 0, there exists N > 0 such that for any ¢t > N,
Pr Hw(t) — 0‘ < 51} >1—09
Now, given any 6; > 0, d2 > 0, let m be such that
o1

max { (1 —€)m,€m+1} <¥

Also, let ;1 satisfy §1 <

(m+1) ’

Pr{\ka oy<%} > Pr{ A ‘w(j)—0‘<51}
j=t—m
- 1—Pr{ ¥ ‘w(j)—O‘Z(Sl}
j=t—m
> 1—j:§:mPr{‘w(j)—()‘251}21—32 (12)

Together, let N be defined as N = max {N,m}. Then, for each k > N,

Pr [ At 1) < 31} — Pr _)w(t—"ﬂ (1— &)™ —gm+l | ka’ < 31]
- 25 -
Z PI‘ ’ﬂ_(t,m) (1 _ g)m o €m+1’ 1 ‘ka‘ :|
01
= Pr ’ka’ < g (13)
Last equality holds because
0<xlt-m <1
(t—m) m m+1 m m+1 m+1 231
T (1—e)"—¢ ‘g‘(l—a) — ™M <1 =)™ + [ < = E

From (12) and (13), we conclude that

Pr[

A+ _ 1‘ <Sl} >1-3,

Therefore, 7 converges to 1 in probability.
Therefore, for any 6 > 0, there exists M such that for any ¢t > M,

Pr [X@ - Yﬂ >1-4

Since Y Mfollows a stationary distribution, X () converges to a stationary process in probability.
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Figure 1: Gibbs Sampler Output of Exit Value (True Value:0.4)
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deltaE

Figure 2: Gibbs Sampler Output of Entry Cost (True Value:0.4)
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Figure 3: Gibbs Sampler Output of Capital Coefficient
(True Value: 0.2)

v

) 4

1

1001 2001 3001 4001 5001 6001 7001 8001 9001
iteration

. —e— Series1
»
v {



Figure 4: Gibbs Sampler Output of the Profit Shock Standard Error
(True Value: 0.4)
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0.6

Figure 5: Gibbs Sampler Output of the Entry and Exit Shock Standard

Error (True Value: 0.4)
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b1

0.18

Figure 6: Gibbs Sampler Output of the Capital Stock Transition
Parameter b1 (True Value: 0.1)
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Figure 7: Gibbs Sampling Output of Capital Transition Parameter b2

(True Value: 0.1)
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Figure 8: Gibbs Sampler Output of Capital Stock Transition Shock
Standard Error sigmau (True Value: 0.4)
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