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Abstract

Standard methods for solving dynamic discrete choice models involve calculating the value
function either through backwards recursion (finite-time) or through the use of a fixed point
algorithm (infinite-time). Conditional choice probability (CCP) estimators provide a computa-
tionally cheaper alternative but are perceived to be limited both by distributional assumptions
and by being unable to incorporate unobserved heterogeneity via finite mixture distributions.
We extend the classes of CCP estimators that need only a small number of CCP’s for estimation.
We also show that not only can finite mixture distributions be used in conjunction with CCP
estimation, but, because of the computational simplicity of the estimator, an individual’s location
in unobserved space can transition over time. Finally, we show that when data is available on
outcomes that are not the dynamic discrete choices themselves but are affected by the unobserved
state, the distribution of the unobserved heterogeneity can be estimated in a first stage while
still accounting for dynamic selection. The second stage then operates as though the unobserved
state is observed where the conditional probabilities of being in particular unobserved states are
calculated in the first stage and used as weights in the second stage. Monte Carlo results suggest
that the algorithms developed are computationally cheap with little loss in precision.
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1 Introduction

Standard methods for solving dynamic discrete choice models involve calculating the value func-
tion either through backwards recursion (finite-time) or through the use of a fixed point algorithm
(infinite-time). Conditional choice probability (CCP) estimators provide an alternative to these
techniques which involves mapping the value functions into the probabilities of making particular
decisions. While CCP estimators are much easier to compute than estimators based on obtaining
the full solution and have experienced a resurgence in the literature on dynamic games,' there are
at least two reasons why researchers have been reticent to employ them in practice. First, it is
perceived that the mapping between CCP’s and value functions is simple only in specialized cases.
Second, it is believed that CCP estimators cannot be adapted to handle unobserved heterogeneity.?
This latter criticism is particularly damning as one of the fundamental issues in labor economics, and
indeed one of the main purposes of structural microeconomics, is the explicit modelling of selection.
We show that, for a wide class of problems, the value functions only depend upon the CCP’s
a few periods ahead. Indeed, in single-agent problems the value functions often depend upon only
the one period ahead CCP’s for a single choice. The class of problems we discuss is quite large
and includes dynamic games where one of the decisions is whether to exit. Further, unobserved
heterogeneity via finite mixture distributions is not only easily incorporated into the algorithm, but
the finite mixture distributions can transition over time as well. Previous work on incorporating
unobserved heterogeneity has been restricted to cases of permanent unobserved heterogeneity in
large part because of the computational burdens associated with allowing for persistence, but not
permanence, in the unobserved heterogeneity distribution. Using insights from the macroeconomics
literature on regime switching and the computational simplicity of CCP estimation, we show that
incorporating persistent but time-varying heterogeneity comes at very little computational cost.
We adapt the EM algorithm, and in particular its application to sequential likelihood developed
in Arcidiacono and Jones (2003), to two classes of CCP estimators that between them cover a wide
class of dynamic optimization problems and sequential games with incomplete information, based
on representations developed in Hotz et al (1994) and Altug and Miller (1998). Our techniques

can be also readily applied to models with discrete and continuous choices by exploiting the Euler

!See Aguirregabiria and Mira (2006), Bajari, Benkard, and Levin (2006), Pakes, Ostrovsky, and Berry (2004), and

Pesendorfer and Schmidt-Dengler (2003).
2A third reason is that to perform policy experiments it is often necessary to solve the full model. While this is

true, using CCP estimators would only involve solving the full model once for each policy simulation as opposed to

multiple times in a maximization algorithm.



equation representation given in Altug and Miller (1998).

The algorithm begins by making a guess as to the CCP’s for each unobserved type, conditional
on the observables. Given this initial guess, we iterate on two steps. First, given the type-specific
CCP’s, maximize the pseudo-likelihood function with the unobserved heterogeneity integrated out.
Second, update the type-specific CCP’s using the parameter estimates. These updates can take two
forms. In stationary models, the updates can come from the likelihoods themselves. In models with
finite time horizons, while the updates can come from the likelihoods themselves, a second method
may be computationally cheaper. Namely, similar to the EM algorithm, we calculate the probability
that an individual is a particular type. These conditional type probabilities are then used as weights
in forming the updated CCP’s from the data.

The method described above is a likelihood-based approach. However, there are many cases
where estimation is computationally feasible only via a non-likelihood approach. Our algorithm can
be adapted to these cases as well provided the model also includes outcomes besides the choices
themselves. For these cases, we show how to estimate the parameters governing the unobserved
heterogeneity in a first stage. For example, IO models often estimate profits in a first stage. With
observations on profits and the empirical distribution of the dynamic discrete choice decisions we
show how to estimate the distribution of unobserved heterogeneity in a first stage. It is then possible
to incorporate unobserved heterogeneity into non-likelihood based approaches such as Hotz et al.
(1994) and Bajari et al. (2006) in a second stage. The conditional probabilities of being in particular
unobserved states are taken from the first stage and used as weights when estimating the parameters
of the second stage (i.e. the parameters of the dynamic discrete choice problem that are not in the
first stage).

We illustrate the small sample properties of our estimator using two sets of Monte Carlos designed
to highlight the two methods of updating the type-specific CCP’s. The first is a finite horizon model
of teen drug use and schooling decisions. Students in each period decide to whether to stay in school
and, if the choice is to stay, use drugs. Before using drugs, individuals only have a prior as to how
well they will enjoy the experience. However, upon using drugs, students discover their drug ‘type’
and this is used in informing their future decisions. Here we illustrate both ways of updating the
CCP’s, using the likelihoods or the conditional probabilities of being particular a particular type as
weights. Results of the Monte Carlo show that both methods of updating the CCP’s yield estimates
similar to that of full information maximum likelihood with little loss in precision.

The second is a dynamic entry/exit example with unobserved heterogeneity in the demand lev-



els for particular markets which in turn affects the values of entry and exit. Here the unobserved
heterogeneity is allowed to transition over time and the example explicitly incorporates dynamic
selection. The type-specific CCP’s are updated using the likelihoods evaluated at the current pa-
rameter estimates and the current type-specific CCP’s. The results suggest that incorporating
time-varying unobserved heterogeneity is not only feasible but computationally simple and yields
precise estimates even of the transitions on the unobserved state variables. Further, the two-stage
method—where the patterns governing demand and the unobserved heterogeneity are estimated in
a first stage— performs quite well yielding parameter estimates close to the truth with little loss in
precision.

Our work is most closely related to the nested pseudo-liklelihood estimators developed by Aguir-
reggabiria and Mira (2006), and Buchinsky, Hahn and Hotz (2005). Both papers seek to incorporate
a fixed effect within their CCP estimation framework drawn from a finite mixture. Aguirregabiria
and Mira (2006) show how to incorporate unobserved characteristics of markets in dynamic games,
where the unobserved heterogeneity only affects the utility function itself. In contrast our analysis
demonstrates how to incorporate unobserved heterogeneity into both the utility functions and the
transition functions and are thereby account for the role of unobserved heterogeneity in dynamic
selection. Buchinsky, Hahn and Hotz (2005) use the tools of cluster analysis, seeking conditions
on the model structure that allow them to identify the unobserved type of each agent, whereas we
only identify the distribution of unobserved heterogeneity across agents. Thus their approach seems
most applicable in models where there are relatively small numbers of long lived agents which may
or may not be comparable to each other, whereas our approach is applicable to large populations

where the focus is on the unobserved proportions that partition it.

2 The Framework

We consider a dynamic programming problem in which an individual makes a sequence of discrete
choices d; over his lifetime ¢ € {1,...,T} for some T" < co. The choice set has the same cardinality
K at each date t, so we define d; by the multiple indicator function d; = (di,...,dx:) where

dxt € {0,1} for each k € {1,..., K} and

Zzil di =1

A vector of characteristics (s, ;) fully describes the individual at each time t, where s; are a set of

time-varying characteristics, and ¢, = (e14, . .., €x¢) is independently and identically distributed over



time with continuous support and distribution function G (). The vector s; evolves as a Markov
process, depending stochastically on the choices of the individual. We model the transition from s; to
st+1 conditional on the choice k € {1,..., K'} with the probability distribution function Fj, (s¢41 |st ).
We assume the current utility of an individual with characteristics (s, e¢) from choosing alternative
k by setting dy; = 1, is additively separable in s; and &; , and can be expressed as ug (s¢) + k. The

individual sequentially observes (s;,¢;) and maximizes the expected discounted sum of utilities

E {Zthl Zszl B diet [uge (s¢) + 5kt]}

where ( € (0,1) denotes the fixed geometric discount factor.
Let df = (df,,...,d%,) denote the optimal decision rule for this problem where df, = dy (s¢, ;)

for each k € {1,..., K}, define the conditional valuation functions by

vk (1) = E {Zfl Zkl; By [ur (se) + 5kt]}

and the conditional choice probabilities as

& (st) = /dkt (st,€t) dG (er)

The representation theorem of Hotz and Miller (1993) implies there is a mapping from the conditional

choice probabilities to the conditional valuation functions, which we now denote as

Ui € (s)] va (st) — v1 (1)
U1 (€ (se)] = : =
Ui (€ (50)] vk (8t) = v1(st)
The expected contribution of the e; disturbance to current utility, conditional on the state sy, is
found by integrating over the region in which the k* action is taken, so appealing to the represen-

tation theorem
/ [drt (5¢,€t) €re) dG (gt)
= /1 {ew —ejt > uj (st) — uk (st) +vj (s¢) — v (s¢) for all j € {1,...,J}} [de (st,€t) €xe] dG (1)

= /1 {Ekt —ejr > uj (S¢) — up (S¢) + @/}i [€ (s¢)] forall j€{1,..., J}} [dit (St,€t) €xt) G (g4)
wy [€ (st)]

It now follows that the conditional valuation functions can be expressed as a mapping of the condi-

tional choice probabilities for states that might be visited in the future

(o) = B{ S ST A6 (o) () + wn e (o))}



3 Finite Dependence

We specialize the model by assuming that optimal decision making is not affected by any event
that occurred in the distant past providing certain choice sequences were taken in the intervening
periods, a concept called finite dependence. Finite dependence covers a broad class of models in labor
economics and industrial organization including the terminal state dynamic programming models
of Hotz and Miller (1993), renewal models considered by Rust (1987), the deterministic transition
models of Altug and Miller (1998), and incomplete information games of entry and exit of Pakes,
Ostrovosky and Berry (2004).

In particular, suppose after p periods a particular state can be reached through a series of choices
given any initial choice. In this case, the difference in expected future utility across any two choices
can be expressed as a function of the p period ahead flow utilities and CCP’s. p-period finite

dependence is then defined as follows:

Definition 1 A problem exhibits p-period dependence at time t and at state variables s, when for
all j,j" pairs of initial choices there is a sequence of choices from each initial choice and state,
AMdjt, 1) and N(djri, st), such that () M djt, 5t)) = f(St4p)|A(djre, 8t) where f is the pdf of the

p period ahead state variables.

For example, given two different initial choices and the current state, there are a sequence of choices
from both initial choices that lead to the exact same transitions on the state space p periods ahead.
The p-period ahead finite dependence property then dictates how many future conditional choice

probabilities are needed to formulate the differences in expectations of future utility across choices.

Proposition 2 If p-period finite dependence holds across all t, s; and initial choices d;, then the
differences in expected future utility across choices only depend on the p period ahead conditional

choice probabilities.

Proof. Consider the conditional valuation of initial choice j at time ¢, v;(s;). We can write v;(s;)

as:

K
(o) = w5+ [ (loren) 30 6o [onlorsn) + 1) + w1

k=1

—a(sier) = wn(oenn) — wlelsen)] ) FGsenalss )

K
= Uj(st)Jrﬁ/ <Uz(8t+1 + ) Grlsip) [Wr( (5t+1))+ﬂf(8t+1)+wzk[€(8t+1)]]> f(st41lst, djt)
k=1



where v; is the conditional valuation of choice [, &f refers to the difference in flow utility between j
and k, and ZD;“ refer to the difference in the expected error between j and k. Note that both the ’s
and the w’s only depend upon the conditional choice probabilities at t+1. This rewriting can be done
regardless of the choice of [ and therefore can be done for the first choice in A(dj, s¢). By continuing
to normalize with respect to the choices in A(djs,s¢). Let Ajq give the element of A(dj, s¢) at time
t'. By repeatedly substituting in for the future values of the v’s and then normalizing with respect

to the choice given by the decision rule A(dj¢, s;), we obtain the following:

) = ui(s0) + [ [0 st (st o seialons )
t+p+1

/ /ﬂt,<25k Sy [%\ L (Els)) + af (St’wA [f(st')]D (s¢lsy—1s Ay oy ) S (Se41lse, dje)

t'=t+1

where at period p + 1 the choice [ is arbitrary. Taking the similar expressions for initial choice j’

yields:

vjr(st) :Uj’(st)+/--./ﬁp+1vl(8t+p+1)f(3t+p+1|St+p7dAjlsuﬂ))--‘f(Stﬂ\Stvdtj’)
t4ptl

> [ ﬂt/<Z§k s0) [0, €C50)) 4 b o8, 66600 ) sl o) F o)

t'=t+1

where now the choice [ at ¢t + p + 1 is chosen to match that in the expression of v;. Since the
likelihood of making any choice depends not the v’s themselves but rather on the differenced v’s, by
taking v; —v; the v terms cancel out by the definition of p-period ahead finite dependence. Further,
since at t + p the initial choice of either j or j’ leads to the same distribution of the state variables
and the normalization is with respect to the same choice, all terms at ¢ 4+ p 4+ 1 cancel out. We are
therefore left with expressions for the differenced conditional valuation functions that depend only
on the p period ahead conditional choice probabilities. m

The intuition behind the constructing the sequences of choices comes from the fact that the Hotz-
Miller inversion gives a mapping from the differenced conditional value functions to conditional
choice probabilities where the difference can be taken with respect to the conditional valuation
functions of any of the choices, including sets of choices that, once differences are taken to form the
likelihoods, lead to cancelations of the p 4+ 1 period ahead future utility terms.

We illustrate the finite dependence property with a set of examples that highlight cases where
only one-period ahead CCP’s are necessary to calculate the expected future utility differences. These
cases have a renewal action that is present in, for example, the Rust bus-engine problem and virtually
all entry /exit games. The last example illustrates how finite dependence can still be used even if no

renewal action is present.



3.1 Example 1: Renewal problems

We first focus on a simple two choice model. Given the framework described above, Rust (1987)
shows that if we make the additional assumption that the €;’s are i.i.d. extreme value we can write
the v’s as:

1
vo(st, €r) = uo(se, &) + (/ In <Z eXp(vk(St+1))) f(seqlse, dy = 0) + 7)

k=0

1
v1(se,€0) = ur(se, €) + 0 (/ In (Z exp(vk(st+1))> f(ser1lse,de = 1) + ’y)

k=0

where v is Euler’s constant.
Note that what is inside the log is the denominator for the probability of choosing any of the
alternatives. This will hold true for any representation where the €’s come from a GEV distribution.

This implies that the v’s can be rewritten as:

vo(st, €t) = uo(se, €) + 3 </[U0(5t+1) —In(§o(st+1))]f (st41[st, de = 0) + 7>

o1 (st e1) = (s, ) + 8 ( Joo(st1) = (e (s (st lse e = 1) + 7)

There are some cases when the vg’s are particularly easy to calculate. For example, if d; = 0 is an
absorbing state, vg is often specified as something that is linear in the parameters. If it is possible to
consistently estimate the transitions f(s;4+1|s¢, d;) and the one period ahead py’s, then the obtaining
estimates of the wu;(z;)’s simplifies to estimating a linear in the parameters logit. Note that whether
T is finite or infinite has no bearing on the problem.

The condition that the probability of choosing an alternative depends only on current utility and
on a one period ahead choice probability of a single choice is broader than just the cases satisfying
the terminal state property. To see this, note that the probability of choosing an alternative is

always relative to one of the choices:

v1(St, €r) — vo(St, €1) = ui(se, €r) — uo(St, €)

49 (el G20 ds = 0) = Flsiealst,ds = 1)
+ﬁ/[UO(St+1)][f(St+1|St7dt =1) — f(s¢41]8¢,diy = 0)]

If vy does not depend the lagged choice except through the one period ahead flow utility then
the future component effectively cancels out leaving the v(s;)’s once again linear in the utility

parameters. This is a special case of Altug and Miller (1998), which establishes how to write CCP’s



when there is finite time dependence. Note that this does not rule out transitions of the state
variables provided the transitions do not depend upon the choice. For ease of exposition, we label
problems where the value functions can be expressed as functions of the one-period ahead conditional
choice probabilities as having the one-period dependence (OPD) property. Many problems of interest
naturally exhibit this property. Rust’s bus engine problem is one, along with virtually every game
that involves an exit decision.

This renewal property, where the difference in the value functions depends only on the linear
flow utility, the one-period ahead transitions on the state variables, and the one-period ahead choice
probabilities of a single choice, is not restricted solely to logit errors. Consider the case where the
errors follow a nested logit specification and the ‘outside option’ depends upon the current state
only through the one period ahead flow utlity, that is, it satisfies the OPD property. The conditional

value function is then:

v (2, €) = uj(z, €) + By
K ag
Uk (St+1)
+5 [ In g exp | ot ) + exp(vo(s ))) F(St41lst, dij)
/ <<k21 p( pu ) P(vo(St+1 +1 tj

Writing the future component in terms of the probability of choosing the outside good yields:

vj(se,€r) = uj(se, €) + By
8 / o (se1) — (6o (st )] (5e41 )56, i)

Note that this expression is identical to the simple logit example above. Differencing with respect
to vg then yields the same cancellations as before.

Conditional on one of the options having the OPD property, the expression above will be the
same for a broad class of correlation structures. Consider a mapping G : RFH! — R! that satisfies

the restrictions given in McFadden (1978) such that:
F(eo,€1,...,ex) = exp (—G(e®, e, ..., e))
is the cdf of multivariate extreme value distribution. Whenever G(-) can be written as:
G(e¥) = G(ev1(30) | . evr(s0)y 4 gvolse)
the conditional value function for choosing k can be written as:

Vi (St, €1) = up(se, €) + ﬁ/ln (G(e”l(st), e e”K(St)) + e”o(st)) f(st+1]se, dix)



Differencing with respect to vy and substituting in for the future value term with [exp(vo(zi+1)]/&o

yields:
v (2t, €¢) —vo(st,€t) = up(se, ) — uo(se, ) + 5/[1ﬂ(§0(8t+1))”f(5t+1!StadtO) — f(st+1lst, dur)]

+/8/[U0(St+1)][f(3t+1’3t7dtk) — f(St+1]5t, dio)]

If choice 0 is a terminal state or if vy does not depend upon the choice made in the previous period
except in the flow utility then the last line is easily calculated since the future portion cancels
out. Note that this structure can accommodate quite complex error structures. For example,
Bresnahan, Stern, and Trajtenberg (1997) allow errors to be correlated across multiple nests. Hence,
only the CCP’s for the outside good are needed to avoid solving the backwards-recursion or fixed
point problem. Moreover, by using the techniques developed below to incorporate unobserved
heterogeneity, the GEV assumption is quite weak. In particular, we can approximate correlation
among the €’s with a finite mixture distribution and keep the additive separability of the outside

option conditional on the draw from the mixture distribution.

3.2 Example 2: Dynamic Entry/Exit

To further illustrate the simplicity and versatility of our estimator, we show how it can be applied to
the dynamic entry/exit game that forms the basis for the second Monte Carlo discussed in section
?7?. The game is in discrete time with an infinite horizon. Players are assumed to employ strategies
consistent with a Markov Perfect Equilibrium. There are M markets with one potential entrant
arriving in each market in each period. Potential entrants choose whether or not to enter the
market and, once in the market, continue to choose whether or not to stay. If the firm leaves the
market, it disappears, which also occurs if it chooses not to enter (whether the firm dies or enters
the pool of potential entrants to be assigned to a market is not relevant to the problem for large
M).For simplicity, we assume that there can be at most 2 firms in a market.

Firms are identical but subject to private i.i.d. profit shocks for staying in or entering a market.
These shocks are distributed i.i.d. Type I extreme value and only affect the cost of staying in the
market. Since we are focusing on a simple entry/exit example, we assume that firm identity is not
important, except for whether the firm is an incumbent or a potential entrant (and only the number
of such firms matters). All choices occur simultaneously. Expected lifetime profits for firm ¢ depend

upon:
1. Whether there is another player, E; € {0,1}

10



2. Whether firm 4 is an incumbent, I; € {0,1}
3. If there is another player, whether that player is an incumbent, I; € {0,1}

4. A state variable s € {0, 1} which transitions according to f(s'|s).

The realized flow profits for ¢, denoted 7, then depend upon whether the firm ends up a mo-
nopolist or a duopolist, D € {0, 1}, whether the firm started out as an incumbent, and the state of

demand. We can then express expected lifetime profits from entering as:

1 2
’Ui(Ej,IZ',Ij,S) = ka(l,fj,li,s) (W(k,[i, S) + ﬁ Z V(L 1,k,8/)f(8/|8)> + €;

k=0 s'=1
where & and £; are the probabilities of the other firm staying out of and in the market, respectively.
With the profits for exiting left as a deterministic scrap value SV, the i.i.d. Type I extreme value

€’s imply that we can write the previous expression as:

1 2
’l)Z'(Ej,IZ',Ij, S) = ka(l,lj,fi,s) <7T(]€,Ii,3) + ﬁ"y =+ ,BSV — ﬂ Z ln[&)(l, 1, k73/)]f(3/‘s)> + €

k=0 s'=1
3.3 Example 3: Female Labor Supply

We now show an example where the future value terms depend upon more than the one-period
CCP’s. Each period until T" a woman chooses whether or not to work. Earnings at her work depend
upon her experience, h;, and whether or not she worked in the previous period. Let dy = 1 if
the woman works and 0 if she does not. h; increases stochastically by j, j € [1,2,...5] with f(s)
indicating the probability of the jth draw. Since the v’s will depend upon accumulated experience,
leaving the workforce does not amount to starting over. For both the choice to work at time ¢ and
the choice to not work at time t we need to write the expected future utility for each of the choices
such that the v term factored out from the expected future utility for both choices p periods ahead
is the same and hence cancel out. Let the €’s associated with each of the choices be iid Type I
extreme value. The value function for working is:

s
vi(he di—1) = ua(he, d—1) + ) Infexp(vi(he + 5,1)) + exp(vo(he + 5,1))] £(7)

s=1
Since eventually we are going to be working with vy (hs, di—1) — vo(he, di—1) we want to choose to
reformulate the expected future utility above such that a different formulation for the expected

future utility for not working will lead to a cancelation. Since by working an additional year of

11



work experience is accumulated, we want to reformulate the expected future utility conditional on

working as the conditional of value of not working plus a function of the CCP’s:

S
vi(he,di—1) = ur(he, di—1) + Z (vo(ht + 5,1) + In [exp(v1 (hs + 5) — (vo(he +5,1)) +1]) f(s)
s=1
s
= wi(he,di1,e) + Y (vo(he +5,1) — In[€o(he + 5, 1)) £(5)
s=1

Substituting in for the vo(h; + s,1)’s with the flow utility plus the expected future utility and again
differencing out with respect to the no work option yields:

S
vi(he,di—1) = wi(he, di—1) — Z [ﬁln(ﬁo(ht +,1)) + Bug(ht + s, 1)

s=1

—3%In(&o(he + 5,0)) + B2vo(hy + 5,0)| f(s)

If we can then write down the vo(h¢, d;—1) such that the last term has the identical terms for the
B2vo(ht + 7,0)’s, then once we take differences these terms will cancel out. We will then have the
differenced conditional value functions written solely as a function of the two-period ahead flow
utilities and the two-period ahead conditional choice probabilities. For vg(h¢, d;—1), we want to now
write the one-period ahead expected future utility relative to working and write the two period-ahead

expected future utility relative to not working yielding:

vo(heydi—1) = uo(he, di—1) — BIn(&1(he, 1)) + Bui(hye, 0)
S

£ 30[8 = wiealh +5.1) + Puoll +5,0)| 765

s=1

Now taking vy (he, di—1) — vo(he, di—1) yields the cancelation:
v1(he, de—1) —vo(he, di—1) = wi(hg, di—1) — uo(he, di—1, €)

S
3 (ﬂ [uowt T 5,1) — wr(he,0) — In(8o(he + 5, 1)) + In(€1 (s, 0))
s=1

5 (e +5,0) = ol + 5,1) = (G + ) + n(€a(n + 5,1) | ) 765

4 Unobserved Heterogeneity, CCP’s, and Finite Dependence

This section explains the algorithm we use for estimating dynamic optimization problems and games

of incomplete information where there is unobserved heterogeneity that evolves over time as a

12



stochastic process, and the finite dependence assumption is satisfied. We consider a panel data set
of N individuals, T choices for each individual n € {1,..., N} are observed, along with a subvector
of their state variables. Observations are independent across individuals. We partition the state
variables s,; into those observed by the econometrician x,,; € {z1,...xx} and, with some abuse of
notation, those that are not observed s,; € {s1,...ss}. The nth individual’s unobserved type Snt
at time ¢ may affect both the utility function and the transition functions on the observed variables
and may also evolve over time. Suppose the initial probability of being assigned to state s; is ;.
States follow a Markov process with pj;, dictating the probability of transitioning from state or type
j to type k.3 The structural parameters that define the utility outcomes for the problem are denoted
by 8 € © and the set of conditional choice probabilities (the £’s) are treated as nuisance parameters
in the estimation.

Let £ (dnt |Tnt, s;0,7,p,&) be the likelihood of observing individual n make choice d,; at time
t, conditional on being in state (xy,s), given structural parameter § and nuisance parameter &.
Forming their product over the T periods we obtain the likelihood of any given path of choices
and (dp;...,d,r), conditional on the (xy,;...,z,r) sequence and the unobserved state variables
(s(1)...,s(T)). Integrating the product over the inital unobserved state with probability distri-
bution 7 and the subsequent probability transitions p then yields the likelihood of observing the

choices d,, conditional on z,, given (6, m,p,§) :
s S S T

L (dn ‘xna 0,7, p, 5) = Z Z Z Fs(l)ﬁ (dnl ‘xnla S (1) 30,7, p, é) Hps(t—l),s(t)ﬁ (d”t ‘xnta $ (t) ;01,7,p, 5)
s(1) s(2)  s(T) t=2

Therefore the log likelihood for the sample is:*

N

> log L (dy |z, 0,7, p, &) (1)

n=1
Directly maximizing the log likelihood above is typically very costly. However, in time series
models with regime-switching, Hamilton (1990) has shown that the EM algorithm simplifies this

optimization problem substantially. An alternative to maximizing (1) directly is to iteratively max-

3Note that this nests both the case where unobserved heterogeneity is permanent (the transition matrix would be
an S x S identity matrix) and the case where the unobserved state is completely transitory (the transition matrix

would have the same values in row j as in row k for all j and k).
4Note that when unobserved heterogeneity is permanent the log likelihood for the sample is given by:

o (1)

n=1 s=1t=1



imize the expected log likelihood function where the mth iteration involves maximizing:

5 S o (0,5, ) g

(m+1) At this maximization step the initial probabilities of being in

with respect to 8 to obtain 0
each of the unobserved states, the 7’s, and the probabilities of transitions across unobserved states,
the p’s are taken as given. Here, qinst = qist (dn, Tpn,0,m,p,§) is formally defined below as the
probability that individual n is in state s at time ¢ given the parameter values (H(m) ,(m) p(m), & (m))
and conditional on the all the data about n, (d,,x,) = (dn1, Tni, - - ., dpr, Tnr). These conditional
probabilities of being in each of the unobserved states are taken as given and are used as weights in
the maximization step. Finally, £(™) is a vector of conditional choice probability estimates plugged
into the m'" iteration and updated as described below.

Let (0*,&*) denote the converged values of the structural and nuisance parameters from the EM
algorithm. Following the same arguments as given in Arcidiacono and Jones (2003), the EM solution
satisfies the first order conditions derived from maximizing (1) with respect to 6 given £*. We now
formally define the mapping gns¢ (dn, zn, 0, m,p,§), the iterations (H(m), x(m) plm) f(m)), show how
the likelihood is evaluated, and then summarize the steps.

To define gnst (dn, Tn, 0,7, p,8), let Lyg (dy |20, 0,7, p, &) denote the joint probability of state s
occurring at date t for the n” individual and observing the choice sequence d,,, conditional on the

exogenous variables z,,, when the structural parameters take value (6, 7) and nuisance parameters
€. Abbreviating L (dnt |Tnt, $;0,€) by Lpst, Lnst (dy |20,0,7,€) is given by:
Lnst (dn |$n7 97 P, f)
S S S S T
= > e D D 2 T Lns(n s 1)sLnstPss(11) Lns( 1) 41 (Ht/zz,t/#,t/#m ps(tl)s(t)ﬁnsw)t/)
s(1)  s(r—1)s(r+1) s(T)
where the summations of s(1) and so on are over s € {si1,...,ss}. Summing over all states s € S

at time 7 returns the likelilihood of observing the choices d,, conditional on x,, given (6, ,¢) :

S
L (dn |5L'n7 9,7T,P7f) = Z Lns’t (dn |$nv 9,7T,p,§)

s'=1
Therefore the probability that individual n is in state s at time r given the parameter values

(0,7, p,&) conditional on all the data for n is:

Ly (dn |xn,9,7r,p,£)
Qnst (dnaanaHvW)p’f) = I t(d |$ 0.1 p g) (3)

Note that the denominator is the same across all time periods and all states.
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To make the algorithm operational we must explain how to update the probabilities for the un-
observed states ((m,p)) , the other structural parameters (6), and the conditional choice probabilities

(§). The updating formula for the transition probabilities is based on the identities:

w=Pri{klj} = Pr{k, j} _ EA{E [sukt |dns Tn, Snjt—1] E [Snjt—1 |dn, Tn]} _ E [ant\ﬂnjt]
Pjk = J Pr{j} EA{FE [snjt |dn, zn]} ~ Elguil

where s,,; is an indicator for whether individual n is in state k at time ¢ and Ints|j = E [sptk |dn, Ty Snt—1,5]

denotes the probability of individual n being type k at time ¢ conditional on the data and also on
being in unobserved state j at time ¢ — 1. This conditional probability given the lagged state is

defined by the expression:

s s
Pk Lkt (Zs(tﬂ) e 2T | Ps(t/—l),s(t/)ﬁns(t')t/)
S 5 5
> Djst Lt (Zs(H-l) e 28T | ps(t’—l),s(t’)cns(t’)t’)

Averaging over g, ;qnjt to approximate the joint probability F [anﬂjqnjt] , and averaging over ¢y

Ankt|j =

to estimate E [gnj¢], we update p with the formula

m) _(m)
(m+1) _ Zn 1 Zt Qant|]qn]t

jk
Zn 1Zt Qqn]t

Setting t = 1 yields the conditional probability of the n** individual being in unobserved state

(4)

s in the first time period. We update m by averaging those conditional probabilities obtained from

the previous iteration over the sample population:

N

(m+1 Z (5)

=1

In a Markov stationary environment, the unconditional probabilities reproduce themselves each
period. In that special case we can average over all the periods in the sample in the update formula

for 7 to obtain

Zt 1Zn 1 nst

The last component in the updating formula is the vector of conditional choice probabilities.
In contrast to models where there is no unobserved heterogeneity, initial consistent estimates of &
cannot be cheaply computed prior to structural estimation, but must be iteratively updated along
with (0, 7,p). One way of updating the nuisance parameters is to substitute in the likelihood
evaluated at the previous iteration. Let Ly (z,s;6,&) denote the conditional likelihood of observing

choice k € {1,..., K} for the state (z,s) when the parameters are (0,£). An updating rule for & is:

Gt = £y (1, 500740 ) (6)

kxs
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Another way of updating £ comes from exploiting the identities
Pr{dukt |z, s} Pr{s|x} = Pr{dukt, S|z} = E [dnit(snt = 8) |2] = E [dpit E {snt = s |dp, xn } | 2]

where the last equality follows from the law of iterated expectations and the fact that d, in-
cludes dpx; as a component. From its definition ¢,s¢ = E [Spt = $|dn, zy], and since Pr{s|z} =

E{E[sp = s|dn,xn] |z} by the law of iterated expectations, it now follows that

E [dnthnst ’x]
Pr{dut |z, s} = m

In words, of the fraction of the total population with characteristic x in state s, the portion choosing

the k' action is &,s. This identity suggests a second way of updating &, namely:

(m 1) _ it Sonc et 12 = ) -
kxs - m
ST SN d @ = 20)

where I(z = x,,¢) where [ is the indicator function for x. This method is particularly useful when an

outcome from one of the choices is observed, so that the estimation of the (7, p) probabilities, which
determine the stochastic process for unobserved heterogeity, can be separated from the estimation
of the structural parameters that define the utility obtained for the remaining choices, a variation
on our basic framework that we develop below.

We have now defined all the pieces necessary to implement the algorithm. It is triggered by
setting initial values for the conditional choice probabilities, £(1), the initial distribution of the the
unobserved states, 7(1), their probability transitions, p() | initial values for the structural parame-
ters, 01, and the conditional choice probabilities £1). The values for V) and £€) can be obtained
from estimating a model without any unobserved heterogeneity and perturbing the estimates ob-
tained. Each iteration in the algorithm has four steps. Given (G(m), m(m) pm) §(m)) the (m + 1)th

proceeding as follows:

Step 1 Compute q(m—H)

nst

, the probability that each individual n is of type s at each time period ¢

for all S types conditional upon (d,,x,), using (3) with parameters (Q(m),ﬂ(m),p(m),ﬁ(m)).

(m+1)

Also compute g, 1

, the probability that each individual n is of type s at each time period ¢
for all S types conditional on being type j in period ¢t — 1.

(m+1)
nst

(m+1)

nat)j for each (n,s,t,j) compute 7+ and p(™*1 using (5) and (4).

Step 2 Given ¢ and ¢

(m+1)

net  for each (n,s,t,j), and & (M) maximize the expected log likelihood function

Step 3 Given q

to obtain estimates of #("+1)
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Step 4 Update the conditional choice probability nuisance parameters §(m+1), using either (6)

(m+1)
nst

evaluated at (0(m+1),£(m)) , or (7) evaluated at ¢ for each (n,s,t).

While this is only one of several possible orderings of steps within an iteration that converges
(m)

st values within each

to the same fixed point, this procedure has the virtue of only using the ¢

iteration, as opposed to using both sets of q(m) (m-+1)

st nst  Within an iteration.

and ¢

5 Unobserved Heterogeneity, CCP’s, and Outcomes

Although the estimation method described above is computationally feasible for many problems
where finite time dependence holds, not all dynamic discrete choice model have that property. We
now show how to estimate the distribution of unobserved heterogeneity without fully specifying the
dynamic optimization problem provided that there is data on an outcome that depends upon the
unobserved heterogeneity. For example, when the conditional transition probability for the observed
state variables depends on the current values of the unobserved state variables, when there is data
on a payoff of a choice that depends on the unobserved heterogeneity, or when data exists on some
other outcome that is determined by the unobserved state variables, the estimation approach above
can be extended beyond the finite dependence case by using the two stage procedure developed here.
One advantage of using this two stage procedure is that it enlarges the class of models to which
our estimator applies. Rather than assuming the model exhibits finite time dependence, one could
estimate a stationary markov model without this property by using the estimator described here to
estimate the distribution of unobserved heterogeneity in a first stage. The estimates from the first
stage can then be combined with non-likelihood based estimation methods in the second stage.

This adaptation is motivated by the second method of updating the conditional choice probabil-
ities, using equation (7), which can be interpreted as an empirical estimator of the fraction of people
in any given state making a particular choice. When information is available on both the individual
choices and an outcome, this method for updating the conditional choice probabilities implies that
we can substitute the empirical estimator into the likelihood for observing a sequence of outcomes
without estimating all the structural parameters that affect the decision itself.

More formally, decompose the likelihood into two parts: the likelihood associated with a partic-
ular outcome conditional on the choice, £1, and the likelihood associated with the choice, £5. Let
the parameters in each of the likelihoods be given by 6 and 62 where 61 and 6> may overlap. We

then replace L5 in (3) with Li,5¢Lonst- But now instead of using the likelihoods themselves for
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the Lons’s, substitute in the weighted CCP’s along the lines of (7) by using:

ZnNzl Qnstdnktl(ﬂf = !Tnt)
27];[:1 qTZStI(x = xnt)

By iterating on (3) and (8) until a fixed point is reached, we obtain estimates of the conditional

(8)

£2nst =

probability of being in a particular state given 1) current values of the 7’s and pji’s, 2) the current
values of 01, and 3) the weighted average of the data governing the choices where the weights are
given by the conditional probabilities of being in particular states. The first stage of the algorithm

iterates on three steps where the m + 1 iteration follows:

Step 1 For each of the S types, calculate the conditional probability that each individual is of type

(m—+1)
nst

s at each time period ¢, update ¢ using (3) and substituting in for £y with (8). Iterate

on (3) and (8) until convergence.

Step 2 Given the qg:tﬂ)’s, the Wl(m)’s, and the pl(;-n)’s, obtain the Trl(mﬂ)’s and the pgnﬂ) using (5)
and (4).
Step 3 Maximize the expected log likelihood function to obtain estimates of 9§m+1) and taking the
(m+1)

Qpst S as given.

Once convergence has been achieved, we have consistent estimates of the conditional probability of
being in state s at time t given the data. As we prove below, subject to the outcome model being
identified, the first stage of estimation yields consistent estimates of the probability distributions
characterizing unobserved heterogeneity (m,p) along with the estimates of the conditional choice
probability incidental parameters .

Having achieved convergence in the first stage, there are several methods for estimating 61, the
preference parameters determining the (remaining) preferences over choices by substituting (%, D, E)
into parameters in a second stage. If the model satisfies finite dependence, then the appropriate rep-
resentation can be used to express the conditional valuation functions in conjunction with standard
optimziation methods. Alternatively, the simulation estimators of Hotz, Miller, Sanders, and Smith
or Bajari, Benkard, and Levin can be directly applied regardless of whether the model satisifes
the limited dependence property or not, providing the outcome equation is not subject to selection
considerations. The second-stage estimation problem is the same as when all variables are observed.
That is, from the N x T data set, create a data set that is NV x T'x S where this later data set has, for
each observation in each time period, each possible value of the unobserved state. The second-stage

estimation then weights these observations using the weights estimated in the first stage, the G,s’s.
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For example, to implement the algorithm of Hotz, Miller, Sanders, and Smith, we appeal directly
to the representation theorem. Namely, for each unobserved state we can stack the (K —1) mappings
from the conditional choice probabilities into the differences in conditional valuation functions for

each individual n in each period t:

_ U7 [€n1e] — (vn21t — Un11t) 1 [o]
1 [€nie] = (Vnk1e — Vnine) 0
V% [€nse] — (Un2st — Unist) ! 0

| V0§ [Gnst] — (vnkse —vmse) | [ 0

where the second to last subscript on both the £’s and the v’s is the unobserved state. Future paths
are simulated by drawing future choices and transition paths of the observed and unobserved state
variables for each initial choice and each initial observed and unobserved state. With the future
paths in hand, it is possible to form future utility paths given the sequence of choices and these
future utility paths can be substituted in for the v’s. Estimation can then proceed by minimizing,
for example, the weighted sum of each of the squared values of the left hand side of (5) with respect
to 01. The weights are then the conditional probabilities of being in particular states in particular

time periods estimated from the first stage, the g,s¢’s.

6 Large Sample Properties

The defining equations for this estimator come from three sources. First are orthogonality conditions
for 6, the parameters defining utility and the probability transition matrix for the observed states,
which are analogous to the score for a discrete choice random utility model with nuisance parameters
are used in defining the payoffs. Second are the orthogonality conditions for the initial distribution
of the unobserved heterogeneity 7, and its transition probability matrix p, again computed from
the likelihood as in a random effects model. Third are the equations which define the nuisance
parameters as estimators of the conditional choice probabilities. This section defines the equations
that are satisfied by our estimator, proves it is consistent, and establishes its asymptotic distribution.

Let (¢*,&*) solve the EM algorithm, where ¢ = (0,7, p) is the vector of structural parameters.

For any fixed set of nuisance parameters £, the solution to the EM algorithm (equation 9) satisfies
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the first order conditions of the original problem (1). Consequently setting & = £* in the original
problem implies the first order conditions for the original problem are satisfied. It now follows that
the large sample properties of our estimator can be derived by analyzing the score associated with
(1) augmented by a set of equations that solve the conditional choice probability nuisance parameter
vector &, either the likelihoods or the empirical likelihoods, as discussed in the previous section.

In the previous section we defined the conditional likelihood of (¢, &) upon observing d,, given
Xy, which we now denote as L (dy, |2y, $;¢,&) = L (dy |2n, s;0,7,p,&). The arguments above imply

that in this case (¢*,&*) solve
N * *
iz dlog [L (dn |zn; ", )]
N Oy

n=1

=0

When the choice specific likelihood is used to update the nuisance parameters, the definition of
the algorithm implies that upon convergence, &;,. = Ly (x,s;¢*,&*) for each (k,x,s). Stacking
Ly (x, s;0",&*) for each choice k and each value (z, s) of state variables to form £ (¢,£),a K x X xS
vector function of the parameters (¢, &), our estimator satisfies the K X S additional parametric re-
strictions L (¢*,£*) = £*. When the empirical likelihoods are used instead, this condition is replaced
by the KSX equalities
T N N
szs Z Z I(«T = mnt)Qst (dna Tn, 90*7 g*) = Z Z dnkt-[('r = xnt)Qst (dn7 Tn, 90*7 é‘*)

t=1 n=1 t=1 n=1

Forming the SX dimensional vector g; (d,, 6, ¢, &) from stacking the terms I (z = xnt)qst (dn, Tn, %, &)
for each state (z, s) and the K'SX dimensional vector q(?’t) (dn, @, &) from I(x = xpt)qst (dn, Tn, 9, E),

S

we rewrite this alternative set of restrictions in vector form as

| IN TR
% o * n,t % ok
T O D (" ) HE = 230D 0l (™€)
t=1 n=1 t=1 n=1
where H is the SX x KSX block diagaonal matrix

111 ... 00O

oo0o0 ... 111
We now turn to the properties of the algorithm. First we show that if the model generating the
data, (g, is identified within the ¥ space, then ¢* is a consistent estimator of yg. It follows that if
more than one root solves the orthogonality conditions that define the limit points of our estimator,
then the model is not identified, so cannot be estimated using maximum likelihood either. In this
way the limit properties of the algorithm are informative about whether the underlying framwork

is identified. The following proposition formally states this result.
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Proposition 3 Suppose the data {d,,x,} are generated by g, exhibiting conditional choice prob-

abilites &. If 1 satisfies the vector of moment conditions

E ('ﬂog [E (dn |CCn, ¥1, 51 )]
O

where the expectation is taken over (dy, z,) in the sample population and L (p1,&1) = &1, then under

standard regqularity conditions pg and @1 are observationally equivalent.

Proof The definition of this estimator ensures (71, p1,&1) define a set of probability distri-
butions that generate the empirical distribution of the choices observed in the data conditional on
the observed state variables. Thus the data generation process is fully characterized by (¢1,&1). It
only remains to show that in the structural model defined by ¢1, optimizing behavior by the agents
leads to the vector of conditional choice probabilities & .

From the parameter vector (¢1,&1) we form the payoff function, or expected value function,
v (z;¢,&1), using the the finite dependence representation discussed in Section 2 and exploited in
the estimation of (p1,&1). Also let uy (z) = ug (2;0) denote the component of current utility that
depends on the state variables when the k™ choice is made and given a parameterziation within the

U class of models It follows that, conditional on (2, ,:) the value of choosing k is

Z
Uf; (Znt; 90) + Zz’:l v (Z/; 2 51) dFy, (Z/ ’Znt; 80) + ent

We consider the problem of estimating ¢ € ¥ in a random utility model with payoffs defined above,
where £; is known and ¢ is parameterized by G (g; ), which is known up to ¢.

By construction, the likelihood of ¢ given the sequence (d,,, z,,) and the incidental parameters &;
is L (dy |zn; p,&1) . Define ;1 as a value that solves the expectation of the score in the proposition.
Under standard regularity conditions, ¢asr, the maximum likelihood estimator of ¢ € U, is defined
by its first order condition. Appealing to continuity of the likelihood in ¢ and the law of large
numbers, a7, converges to 1. Furthermore ¢j,r, is consistent, which implies from the definition

of &1, that ¢ solves

ex—a > (20) —uk (z9) + 0 v (25 0)dF (2 |20) — 4 v (250, 61) dFy (2 |2;0)
foralll e {1,...,K}

gkz) =Pr

for all (k, z) . Consequently the conditional choice probabilites £; are generated by a random utility
function above with the parameterization defined above.
From our representation result in Section 2, v (z;¢1,&1) is the expected valuation function for

the dynamic programming problem, and therefore the conditional choice probabilites arise from
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individuals optimizing in the ¢; model. We conclude that the choice probabilities conditional on the
observed state variables for both (g and (1 are the same, thus proving ¢y and ¢; are observationally
equivalent. ||

Given the identification of ¢y € ¥ and hence the consistency of ¢*, its convergence at rate v N
can be readily established by appealing well known results in the literature found in Hansen (1982)
or Newey and McFadden (1994) for example. In general ¢* does not, however, achieve the Cramer

Rao lower bound. To define its asymptotic covariance matrix let

0log [L (dy |zn; 0,&)] /O
L ((pv ‘£> - g

hi (dm Tn, P, f) =

and
dlog [L (dn |zn; ¢, )] /0
[q (dny 2y 0, €) HE = ¢ (i, 20,0, €)]
Respectively defining the expected outer product and derivative matrices for each estimator k €

{1,2} as

ha (dTw Tn, @75) =

Q= E [h (dn, @, 90, &0) bk (dn, T, 00, &0)']
B ah’k‘ (dna Tn, PO, 50) 8hk‘ (dna Tny PO, 50)

Lk = dp o€

it follows from Hansen (1982, Theorem 3.1) for example, that v/N (¢* — ) is asymptotically nor-

mally distributed with mean zero and covariance matrix
Y= [Ip : OKSX] I‘,;lel‘,gl/ [Ip : OKSX}/

where I, is the p dimensional identity matrix, p is the dimension of ¢, and Oggsx is a p x KSX

matrix of zeros.

7 Small Sample Performance

We perform two Monte Carlo simulations to assess the performance of our estimator for finite
samples. Both simulations are simpler versions of proposed empirical projects discussed below. The
first simulation is of a finite horizon model and shows that both methods of updating the CCP’s
yield parameter estimates similar to full backwards recursion with little loss in efficiency. The second
simulation is an infinite horizon game and shows that CCP estimators can handle regime switching

in dynamic discrete choice models even when few time periods are observed in the data.
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7.1 Finite Horizon Monte Carlo

The first simulation is a model of teenage behavior where in each period ¢ the teen decides among
three alternatives: drop out (do; = 1), stay in school and do drugs (dy; = 1), or stay in school but
do not do drugs (do; = 1). In this model there are two types of agents, where an individual’s type
affects their utility of using drugs. The probability of being type L is given by m. An individual
learns their type through experimentation: if at any point an individual has tried drugs their type is
immediately revealed to them. Hence, the individual’s information about their type, s¢, comes from
the set {U, L, H} where U indicates that the individual does not know their type. The econometrician
and the individual then have the same priors as to the individual being a particular type before the
individual has tried drugs. However, once an individual has tried drugs their type is immediately
revealed to them but not to the econometrician.

The individual also faces a withdrawal cost if he uses drugs at time ¢ — 1 but does not use at
time ¢. Hence, the other relevant state variable, z;, is taken form {N,Y} which indicate whether
the individual used drugs in the previous period. There are then five possible information sets
{st,xi}: {U,N}, {L,N}, {L, Y}, {H,N}, and {H,Y}. With dropping out being a terminal state,
the evolution of the state space conditional on the two stay in school options is given by the transition
matrix in Table 1.

With dropping out being a terminal state, we normalize utility with respect to this option. The

flow utilities net of the €’s when an individual know their type are given by:
ui(se € {L,H},x) = g + a1 + sy = H)
us(sy € {L,H},24) = ap + ag(zy = Y)
where «q is the baseline utility of attending school, a4 is the baseline utility of using drugs, as is the
additional utility from being type H and using drugs, and ag is the withdrawal cost. Note that if the
individual chooses to use drugs no withdrawal cost is paid meaning that z; is not relevant. On the
other hand, if the individual choose not to use drugs only the individual’s type becomes irrelevant
as type only affects the utility of using drugs. We can then write down the similar expressions for
those who do not know their type;
u(Uyay) =ap+ a1 + (1 —m)as(sy = H)
uz (U, m¢) =
where now the utility of using drugs is probabilistic and, since the individual has not used drugs in

the past, no withdrawal cost needs to be paid.
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Table 1: Evolution of the State Space!

{UN} | {L,N} | {L,Y} | {H,N} | {H,Y}
{D,U} dy=1 1 0 0 0 0
dy=110 0 ™ 0 l1—n
{L,N} dor=1 0 1 0 0 0
dy=110 0 1 0 0
{LY} doy=1 0 1 0 0 0
dy=110 0 1 0 0
{H,N} dy=1 0 0 0 1 0
dy=110 0 0 0 1
{HY} dy=1 0 0 0 1 0
diy=110 0 0 0 1

TRows give state at time ¢, columns the state at time ¢ + 1.

With the flow utilities in hand, we now focus on our attention on the value functions themselves.
Here it is important to note that choosing to drop out leads to a terminal state. Combining this
with having the €’s be distributed Type I extreme value means that the future value components
are functions of the transition on the state space and the one period ahead conditional choice
probabilities of dropping out. The expressions for the v;’s when an individual knows their type then

follow:
vi(se € {L, H},x1) = wi(se € {L, H}, ) — Bl [€o(se € {L, H},Y)] + By
va(se € {L, H}, ) = ua(se € {L, H}, ) — BIn[&o(se € {L, H}, N)| + By
with the corresponding expressions when an individual does not know their type following:
vi(U, ) = u (U, zy) + By

=6 (rIn [§o(L, Y)] + (1 — m) In [§o(H, Y)])

UQ(Uv xt) = U’?(U7 xt) — fln [§O(U7 N)] + By

For each simulation we create 5000 simulated individuals with 5 periods of data. There are less

observations for those who drop out as no further decisions occur once the simulated individual
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leaves school. We estimate the model using three different methods of calculating the expected
future utility where all three are equivalent asymptotically. The first calculates the expected future
utility via backwards recursion while the second and third use CCP’s with the CCP’s updated using
the likelihoods or the weighted data respectively. Each simulation was performed 500 times. Table
2 shows that both CCP estimators performed nearly as well as the more efficient model. Updating
the CCP’s via the likelihoods yielded smaller standard errors than using the data but the differences
were small. Note that it is particularly surprising how well the CCP estimators performed given that
we are only using data from a discrete outcome. In more standard cases unobserved heterogeneity
will affect both transitions (which may be on continuous variables) and choices. Using the variation

from the transitions is likely to further reduce the differences across the estimators.

Table 2: School and Drug Choice Monte Carlof

School/No Drug No Withdrawal Low Drug High Drug Discount  Prob. of
Intercept Benefit Type Type Factor  High Type

True Parameters 0.2 0.4 -15 2 0.9 0.7

Efficient Estimates 0.197 0.403 -15.011 2.003 0.900 0.700
Standard Error 0.069 0.078 0.755 0.074 0.017 0.014
CCP Estimates 17 0.194 0.397 -14.835 1.99 0.891 0.701
Standard Error 0.085 0.092 0.800 0.087 0.017 0.014
CCP Estimates 2 0.2003 0.3934 -14.833 2.000 0.884 0.7005
Standard Error 0.097 0.105 0.817 0.099 0.026 0.014

Listed values are the means and standard errors of the parameter estimates over the 500 simulations.
tCCP Estimates 1 refers to updating the CCP’s via the likelihoods while CCP Estimates 2 updates the CCP’s using
the data directly.
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7.2 Monte Carlo 2: An Infinite Horizon Entry/Exit Game

Our second Monte Carlo examines an entry/exit game along the lines of the game described in
section 4.3. We assume that the econometrician observes prices as well, though these prices do not
affect the firm’s expected profits once we control for the relevant state variables. We specify the

price equation as:
Yj: = ap + a1 (1 Firm in Market j) + a2(2 Firms in Market j) + azsj: + (i (9)

where j indexes the market. Price then depends upon how many firms are in the market, an
unobserved state variable that transitions over time, sj;, and takes on one of two values, H or L,
as well as a normally distributed error, (;;. Firms know the current value of this unobserved state
variable but only have expectations regarding its transitions. The econometrician has the same
information as the firms regarding the probability of transitioning from state to state but does not
know the current value of the state. Profits are assumed to be linear in whether the firm has a
competitor and the state of the market. Each of our Monte Carlos has 3000 markets® observed for
5 periods each. The rest of the specification of the Monte Carlo follows directly from the entry/exit
game discussed in section 4.3.

The first set of columns corresponds to our base CCP algorithm described in section 4. The
second set involves estimating the parameters governing the unobserved variables, the conditional
probabilities of being in each of the unobserved states, and the parameters of the price equation
in a first stage. The likelihood contributions of the entry/exit choices are calculated from the data
in this first stage as opposed to solving out the dynamic discrete choice problem. We then use the
conditional probabilities of being in a particular state as weights in a second stage maximization of
the dynamic discrete choice problem.

Results are presented for 100 simulations in Table 2. Both the base CCP estimator and the CCP
estimator where unobserved heterogeneity is estimated in a first stage yield estimates that are quite
close to the truth with small standard errors. The noisiest parameters are those associated with the
persistence of the states and with the initial conditions. Of particular interest are the coefficients
on monopoly and duopoly in the demand equation. If we ignore unobserved heterogeneity and
estimate the demand by OLS, the coefficients are -.18 and -.41 respectively, biased significantly
upward compared to the true values of -.3 and -.7. Controlling for dynamic selection shows a much

stronger effect of adding firms to the market, consistent with the actual data generating process.

®This is roughly the number of U.S. counties.
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Table 3: Dynamic Entry/Exit Simulations'

Method 1% Method 2

True Values Estimates Std. Error Estimates Std. Error

Intercept L 7.000 6.999 0.042 6.999 0.043
Price Intercept H 8.000 8.005 0.066 8.004 0.067
Equation 1 Firm -0.300 -0.299 0.035 -0.304 0.036
2 Firms -0.700 -0.702 0.053 -0.702 0.054
Flow Profit L 0.000 -0.002 0.032 -0.002 0.040
Profit Flow Profit H 0.500 0.516 0.103 0.496 0.111
Function Duopoly Cost -1.000 -1.009 0.043 -1.002 0.055
Entry Cost -1.500 -1.495 0.027 -1.495 0.029
piLL 0.800 0.799 0.028 0.799 0.029
Unobserved DHH 0.700 0.702 0.040 0.705 0.037
Heterogeneity 71! 0.800 0.799 0.031 0.799 0.032

100 simulations of 3000 markets for 5 periods. 8 set at 0.9.

¥ The probability of a market being in the low state in period ¢ conditional on being in the low state at ¢ — 1.

T Initial probability of a market being assigned the low state.

§ Method 1 uses our base algorithm. Method 2 estimates unobserved heterogeneity using two-stage method taking

the distribution of unobserved heterogeneity as given when solving the dynamic discrete choice problem.

8 Conclusion

Estimation of dynamic discrete choice models is computationally costly, particularly when controls
for unobserved heterogeneity are implemented. CCP estimation provides a computationally cheap
way of estimating dynamic discrete choice problems. In this paper we have broadened the class
of CCP estimators that rely on a small number of CCP’s for estimation and have shown how to
incorporate unobserved heterogeneity that transitions over time. The algorithm itself borrowed
from the macroeconomics literature on regime switching— and in particular the insights gained from
the EM algorithm— in order to form an estimator that iterated on 1) updating the conditional
probabilities of being a particular type, 2) updating the CCP’s, 3) forming the expected future

utility as functions of the CCP’s, and 4) maximizing a likelihood function where the expected future
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utility is taken as given.

The base method relies on being able to use maximum likelihood. There are many cases where
estimation is computationally feasible only via a non-likelihood approach. Our algorithm can be
adapted to these cases as well provided the model also includes outcomes besides the choices them-
selves. For these cases, we show how to estimate the parameters governing the unobserved hetero-
geneity in a first stage. Here, the updating of the CCP’s relies on using the empirical distribution of
the choices weighted by the conditional probabilities of being in particular unobserved states. It is
then possible to incorporate unobserved heterogeneity into non-likelihood based approaches such as
Hotz et al. (1994) and Bajari et al. (2006) in a second stage. The conditional probabilities of being
in particular unobserved states are taken from the first stage and used as weights when estimating
the parameters of the second stage. Both methods were shown to be both computationally simple

with little loss of information relative to full information maximum likelihood.
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