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1. Introduction

This paper reviews recent developments in the literature on
the estimation of discrete choice dynamic programming models
of individual behavior. The goal of this paper is to provide an
update of existing surveys of this literature, e.g. Eckstein and
Wolpin (1989) and Rust (1994a).! In order to avoid repetition,
we emphasize the methodological contributions during the last
decade. Thus, some of the major themes of the survey are: the
extension of methods which avoid repeated full solution of the
structural model in estimation; the development and increased use
of simulation and approximation methods; and the exploration of
techniques that allow researchers to estimate dynamic equilibrium
models, both strategic and competitive. This paper tries to make
the reader familiar with these recent developments. With that
purpose in mind, this survey is complemented with programs that
implement some of the estimation methods we describe. These
programs are available at the journal’s web site.

In dynamic discrete choice structural models, agents are for-
ward looking and maximize expected intertemporal payoffs. The
parameters to be estimated are structural in the sense that they
describe agents’ preferences and beliefs about technological and
institutional constraints. Under the principle of revealed prefer-
ence, these parameters are estimated using microdata on indi-
viduals’ choices and outcomes. Thus an attractive feature of this
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literature is that structural parameters have a transparent inter-
pretation within the theoretical model that frames the empiri-
cal investigation. Moreover, econometric models in this class are
useful tools for the evaluation of new (counterfactual) policies.?
Seminal papers include Wolpin (1984) on fertility and child mor-
tality, Miller (1984) on job matching and occupational choice,
Pakes (1986) on patent renewal, and Rust (1987) on machine re-
placement. A well-known impediment to the development of this
literature has been the computational complexity of estimation.
Solving the structural model or evaluating an estimation criterion
such as the likelihood can both be nontrivial numerical tasks, and
estimation in this context typically requires the use of algorithms
in which a dynamic programming solution procedure is nested in
the optimization of the estimation criterion. In spite of this, over
the last twenty years there has been a significant number of inter-
esting applications of these models to different areas in economics.
In this paper, we will select a few of these applications as examples
to illustrate estimation methods and econometric issues. Many of
the problems encountered by applied researchers are the same as
in other discrete choice microeconometric models, e.g., permanent
unobserved heterogeneity, initial conditions, censored outcomes
and sample selection, measurement error, endogeneity, identifi-
cation, etc. Having to consider explicit solutions to the dynamic
optimization problem that is postulated to describe individual be-
havior adds another layer of complexity. But such a close link

2 See Wolpin (1996) for a review of some uses of these models for public policy
analysis, and Keane (2010) and Rust (2010) in this issue for more discussion on the
use of empirical structural dynamic models.
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between economic theory and the econometric model can also
provide more insight into the econometric problems.

Our discussion of estimation methods will follow a classifica-
tion based on two criteria. The first criterion is the type of interac-
tions between agents which the structural model explicitly takes
into account. According to this criterion we distinguish single-
agent models, dynamic games, and competitive equilibrium mod-
els. The estimation of equilibrium models and dynamic strategic
games involves specific econometric issues which are not present
in single-agent models. In particular, multiple equilibria, the endo-
geneity of other players’ actions and prices, and the curse of dimen-
sionality associated with the number of heterogeneous players and
the state of the economy.

A second natural classification criterion is the structure of
the unobservables. Different assumptions on the structure of
the unobservables lead to very different estimation methods, as
already noted by Eckstein and Wolpin (1989). Multi-dimensional
numerical integration and the so-called initial conditions problem
are important issues that arise in dynamic discrete choice
models (structural or not) in which unobservables are correlated
across choices or over time. Dealing with these issues can add
considerable complexity to the solution and estimation of dynamic
discrete choice structural models.

Our discussion of estimation methods for single-agent prob-
lems proceeds in three steps. First, we review methods for Rust’s
model with additively separable, conditionally independent and
extreme value distributed unobservables. Second, we consider sev-
eral important departures from Rust’s framework, such as allow-
ing for permanent unobserved heterogeneity, non-additive shocks,
correlation across choices and observable but choice-censored
state variables or payoffs. We group all such models under the la-
bel Eckstein—Keane-Wolpin models after the authors who have con-
tributed many applications and methodological advances. Third,
we discuss estimation of models with serially correlated unob-
servables and continuous state variables. Finally, we briefly review
other issues in the estimation of single-agent models: the problem
of approximation error and inference, Bayesian methods, valida-
tion of structural models, and departures from the standard dy-
namic, rational expectations framework.

For the sake of space, this paper does not cover several topics
in this literature which have received attention in recent years.
Some omissions that we are aware of are nonparametric and
semiparametric identification and estimation (see Rust, 1994a;
Magnac and Thesmar, 2002; Aguirregabiria, 2007; Bajari and Hong,
2005; Heckman and Navarro, 2007), and the application of parallel
computing (see Ferrall, 2005).

Section 2 introduces the notation and basic assumptions,
illustrates the main issues that arise in estimation of dynamic
discrete choice structural models and presents four examples of
applications. Each of these examples deals with one of the four
classes of models that we examine in the survey: single-agent
models under Rust’s framework; single-agent models under the
Eckstein-Keane-Wolpin framework; dynamic general equilibrium
models; and dynamic strategic games. This section is self-
contained and tries to provide an introduction to this literature
for a second year Ph.D. student. Sections 3-5 deal with the details
of methods for the estimation of single-agent models, dynamic
games and general equilibrium models, respectively. The idea
is that, after reading Section 2, the reader can go to either of
these sections to learn about the details of specific methods. Each
subsection includes additional references to applications which
have used the corresponding method—these lists are illustrative
and incomplete. Computer programs implementing some of the
methods are available in a companion web page at the journal’s
website.

2. Models and examples

2.1. Single-agent models

Time is discrete and indexed by t. We index agents by i. Agents
have preferences defined over a sequence of states of the world
from period t = 0 until period t = T. The time horizon T can
be either finite or infinite. The state of the world at period t for
individual i has two components: a vector of state variables s; that
is known at period t; and a decision a; chosen at period t that
belongs to the discrete set A = {0, 1,...,J}. The time index t
can be a component of the state vector s;;, which may also contain
time-invariant individual characteristics. Agents’ preferences over
possible sequences of states of the world can be represented by
a utility function Z]-T:O ﬂfU(ai,t+j, Si,t4), where B € (0, 1) is the
discount factor and U(aj, Si¢) is the current utility function.®> The
decision at period t affects the evolution of future values of the
state variables, but the agent faces uncertainty about these future
values. The agent’s beliefs about future states can be represented
by a Markov transition distribution function F(s; ¢+1|a;, sit).2 These
beliefs are rational in the sense that they are the true transition
probabilities of the state variables.’> Every period t the agent
observes the vector of state variables s;; and chooses his action
a;; € A to maximize the expected utility

T—t
E( Y U@, sies)laie, sic | - (1)
=0

This is the agent’s dynamic programming (DP) problem. Let «(s;)
and V (s;;) be the optimal decision rule and the value function of the
DP problem, respectively.® By Bellman’s principle of optimality the
value function can be obtained using the recursive expression:

V(sie) = T;\X{U(a, Sit) +ﬂ/V(si,t+1)dF(s,-,f+1 Ia,sit)} (2)

and the optimal decision rule is then «a (s;;) = arg maxgea {v(a, i)}
where, for every a € A,

v(a, si) = U(a, si) + B / V(Si,e+1)dF (Siet1 | @, Sie) (3)

is a choice-specific value function.

We are interested in the estimation of the structural parameters
in preferences, transition probabilities, and the discount factor 8.7
Suppose that a researcher has panel data for N individuals who
behave according to this decision model. For every observation
(i, t) in this panel dataset, the researcher observes the individual’s

3 We do not consider deviations from this expected utility, time-separable
framework. Note that § is constant over time, e.g., hyperbolic discounting is ruled
out.

4 The utility function and the transition probability functions are not indexed by
time or individual. This is without loss of generality because time and individual
heterogeneity can be arguments in the state vector s;.

5 If the only data available are (longitudinal) data on choices and states, then
preferences, beliefs and the actual transition probabilities cannot be separately
identified in general. In this sense, rational expectations is an identification
assumption. It can be relaxed if the researcher has data on elicited beliefs and is
able to use that data in estimation. See Section 3.3.5 for further discussion and
references.

6 Again, and without loss of generality, we omit time and individual subindexes
from the arguments of these functions because they are implicit in the state vector
Sit+

7 The discount factor is assumed constant across agents. In most applications
this parameter is not estimated because it is poorly identified (e.g., see Rust, 1987).
Also note that the decision horizon T is the same for all agents and known by the
econometrician.
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action a;; and a subvector x;; of the state vector s;;. Therefore, from
an econometric point of view, we can distinguish two subsets of
state variables: s; = (x;, &;r), where the subvector &;; is observed
by the agent but not by the researcher. Note that ¢; is a source
of variation in the decisions of agents conditional on the variables
observed by the researcher. It is the model’s ‘econometric error’,
which is given a structural interpretation as an unobserved state
variable. In some applications the researcher also observes one
or more payoff variables. We define a payoff variable as a variable
yir which contains information about utility but is not one of the
model’s actions or state variables.® Payoff variables depend on
current action and state variables. We specify this relationship
as yi = Y (ag, X, &), where Y(.) is the payoff function, e.g., an
earnings function, a production function, etc.’® In summary, the
researcher’s dataset is:

Data = {a;, X, yie :i=1,2,...,N; t=1,2,...,T;} (4)

where T; is the number of periods over which we observe
individual i.'' In microeconometric applications of single-agent
models, we typically have that N is large and T; is small.

Let 6 be the vector of structural parameters and let gy (6) be an
estimation criterion for this model and data, such as a likelihood
or a GMM criterion. For instance, if the data are a random sample
over individuals and the criterion is a log-likelihood, then gy (6) =
Zf’z 1 1i(@), where [;(6) is the contribution to the log-likelihood
function of individual i’s history:

li(0) = logPr{a;, yie, X : t =1,2,...,T; | 6}
log Pr{a (Xit, i, 0) = aie, Y (aic, Xie, it 6)
=Y, Xe:t=1,2,...,T; | 0}. (5)

Whatever the estimation criterion, in order to evaluate it for a
particular value of 6 it is necessary to know the optimal decision
rules a(x;, €ir, @). Therefore, for each trial value of 6 the DP
problem needs to be solved exactly, or its solution approximated
in some way.

So far we have not made any assumption on the relationship
between observable and unobservable variables. These are key
modelling decisions in the econometrics of dynamic discrete
structural models. The form of [;(#) and the choice of the
appropriate solution and estimation methods crucially depend
on these assumptions. We first introduce six assumptions which
define what we call Rust’s model, or also “dynamic programming
(DP)—conditional logit” model. This is the simplest framework for
estimation and it has been used in many applications beginning
with the bus engine replacement model in Rust (1987).

Assumption AS (Additive Separability). The one-period utility
functionis additively separable in the observable and unobservable
components: U(a, X, €;¢) = u(a, xi)+¢ir(a), where e;; (a) is a zero
mean real random variable with unbounded support. That is, there
is one unobservable state variable for each choice alternative, so
the dimension of ;s is (J + 1) x 1.

8 See Rust (1994a,b) for a discussion of alternative interpretations of the
econometric error.

9 That is, we can write U (aj, Si¢) as U(yi,, ajt, Si¢). For instance, in a model of firm

behavior the researcher may observe firms’ output, revenue or the wage bill; or in a
model of individual behavior the econometrician may observe individual earnings.
10 The payoff function can also incorporate stochastic components such as
measurement error in payoff variables or structural innovations which are not state
variables because they are iid over time and unknown to the agent when he makes
his decision.
11 Yere the index t sequences each individual’s observations. Strictly speaking,
it is not the same as the time period index in the description of the structural
model, but distinguishing between the two at this stage would make the notation
unnecessarily cumbersome.

Assumption IID (iid Unobservables). The unobserved state vari-
ables in ¢;; are independently and identically distributed over
agents and over time with CDF G, (g;) which has finite first mo-
ments and is continuous and twice differentiable in ;.12

Assumption CI-X (Conditional Independence of Future x). Condi-
tional on the current values of the decision and the observable state
variables, next period observable state variables do not depend on
current &: i.e., CDF (X; ¢11ic, Xit, &it) = Fx(Xi r+110it, Xit). We use 6f
to represent the vector of parameters that describe the transition
probability function Fy.

Assumption CI-Y (Conditional Independence of y). Conditional
on the values of the decision and the observable state vari-
ables, the value of the payoff variable y is independent of e¢:
i.e,, Y(ay, xi, €ir) = Y(ai, Xit). The vector of parameters that de-
scribe Y is Oy.

Assumption CLOGIT. The unobserved state variables {&;;(a) : a =
0,1,...,J} are independent across alternatives and have an
extreme value type 1 distribution.

Assumption DIS (Discrete Support of x). The support of x; is
discrete and finite: x; € X = {xV, x?, ..., xXD} with |X| < oo.

Note that Assumptions CI-X and IID together imply that
F(Xit11, €ie411Gie, Xie, €it) = Ge(&i,041)Fx(Xi e 4-1aie, Xi¢), which cor-
responds to the conditional independence assumption in Rust
(1987). It is convenient to distinguish several components in the
vector of structural parameters: 6 = {6,, Oy, 6}, where 6y and 6;
have been defined above and 6, represents all the parameters in
the utility function which are not in 6y as well as the parameters
in the distribution of G,. In order to illustrate this framework, we
present an example of a model of retirement from the labor force
which is based on the models of Rust and Phelan (1997) and Karl-
strom et al. (2004).

Example 1 (Retirement from the Labor Force). Every period the
individual decides whether to continue working (a; = 1) or to
retire and start collecting social security pension benefits (a;; = 0).
This is an optimal stopping problem with a finite horizon, where
t = 1is the earliest age at which the individual can retire and T is
age at death.'® Let ra;; denote the individual’s retirement status. If
he has not retired yet, ra;; = 0. If retired, ra;, is the age at which he
retired. The utility function is additively separable in consumption
and leisure. More specifically,

0
U(ai, Xit, €ir) = E (C,-[” a;, Xit)

t,
X exp [euz + Ou3hir + Guamie + eusH"t} — OusCic + £ie (air)
it
(6)

ci is current consumption. 6,; is the coefficient of relative
risk aversion. The expression in the exponential term captures
individual heterogeneity in the marginal utility of consumption.
In particular, h; is an indicator of good health status, m; is an
indicator of marital status, and t; is age. Finally, the last term is
associated with the utility of leisure. 6, is the disutility of working.
In our notation, 6, = (6y1, 0.2, ..., Ous). The unobservable state

12 Ryst (1994a,b) presents a weaker version of this assumption where the second
and higher moments of ¢; may depend on x;.. However, this weaker version of the
assumption is hardly ever used in practice.

13 Rust and Phelan allow for uncertainty about the age at death. In their
specification, the hazard of death varies with age and T is a terminal age at which
the probability of death is 1.
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variables g;; (1) and &;; (0) enter additively in the utilities of working
and not working, respectively, and they can be interpreted as
transitory and idiosyncratic shocks to the utility from leisure. These
random variables are independently distributed over time and over
individuals with an extreme value distribution.

Consumption is equal to current income (y;) minus health
care expenditures net of insurance reimbursements (hci): ¢ =
Vit — hci. If the individual works, his income is equal to stochastic

labor earnings (wj), hence the expectation E (cg”1|ait,x,-t). If

the individual decides to retire, then his earnings are equal to
social security pension benefits b;;. The econometrician observes
earnings y;; and y;; = a;wj; + (1 — a;;)b;;. Labor earnings depend
on age, health status, marital status, past earnings history through
pension points and an unobservable shock &;. In particular,

t:
Wit = exp {le + Qthir + 9w3mit + 911}4ﬁ + 911:5ppit + Eit} . (7)
it

Earnings y; are a payoff variable and 8y = (0,1, Ou2, . . ., Ous, 052)
is the vector of parameters in the corresponding payoff function,
where 052 is the variance of &;. Retirement benefits depend on
retirement age (ra;;) and on pension points or social security wealth
ppic: by = b(raiy, ppir). The form of the function b(-, -) depends
on the rules of the pension system, which are known to the
econometrician. Health care expenditures are stochastic, with a
Pareto distribution conditional on health and marital status.

The vector of observable state variables is x;; = {h;, hcie, m;,
tic, ra;, ppic}- Age and retirement age have obvious deterministic
transition rules. Pension points are a deterministic function of past
earnings history. However, as argued by Rust and Phelan (1997), for
many pension systems, including the US system, the transition rule
of pension points can be very closely approximated by a Markov
process with transition probability function Fy,(pp; ¢+1|wit, PPit)-
This transition probability is nonparametrically specified. Health
status and marital status follow first order Markov processes
with transition probabilities Fy (h; t+1|hir) and Fp, (m; 41 |m;¢) which
are nonparametrically specified. Though health expenditures and
pension points are continuous variables, Rust and Phelan discretize
these variables. An important feature of this model is that the
shock to wages &;; is assumed serially uncorrelated, independent
of the state variables x;; and ¢;;, and unknown to the individual at
the time he makes his period t decision. Therefore, &;; determines
the transition of labor earnings but it is not a state variable
and Assumption CI-Y holds: i.e., conditional of (a;, x;;) observed
earnings are independent of the unobserved state variables in ¢;;.

Rust and Phelan use a richer specification of this model which
allows for part time work and post-retirement work and includes
a detailed description of Social Security and Medicare benefits
to help explain several aspects of retirement behavior in the
US. Counterfactual experiments based on their estimated model
suggest that the peak in retirement behavior at age 65 is largely
due to the fact that Social Security benefits are actuarially unfair
after age 65 and to the fact that ‘health insurance constrained’
individuals have to wait to age 65 in order to apply for Social
Security benefits and qualify for Medicare. Karlstrom et al. (2004)
use their model to simulate the effect of a three year delay in
retirement benefits. B

Imposing additive separability implies that the marginal utility
of observable state variables, today and in future periods, does not
depend on unobservables. For instance, in Example 1 the decision
to retire or to continue working determines the current and
future level of consumption. However, additive separability in the
econometric model implies that observed variation in retirement
age cannot be linked to unobserved heterogeneity in the marginal
utility of consumption. Relatedly, an individual considering early
retirement in this model weighs uncertainty about the value

of her marginal utility of consumption in the future. Additive
separability implies that unobserved state variables induce no
uncertainty about the marginal utility of consumption, which
may have an effect on the patterns of behavior the model can
explain and on estimation of structural parameters such as the
coefficient of relative risk aversion. As in the case of Assumption CI-
X which we discuss next, Assumption AS may not be too restrictive
if the model specification and the data are sufficiently rich in
observable explanatory variables; i.e., observable state variables
which are unconstrained by Assumptions AS, CI-X and IID, vary
across individuals and time and correlate with behavior.

Assumptions CI-X and IID restrict the joint transition probabil-
ity of state variables. These restrictions have two main implications
which can be illustrated in Example 1. First, the unobserved shocks
to the utility of leisure are serially uncorrelated, i.e., transitory. And
second, the probability that a person’s health or marital status will
change between the current period and the next one could depend
on whether this person is currently working, but once we take this
into account it does not depend on the current value of the shocks
to the utility of leisure.'* Suppose we interpret these unobserv-
able shocks as health shocks not included in the observable h;;. The
shocks are important enough because they can explain individuals’
changes in labor supply decisions, but they should be ‘transitory’
since according to CI-X they cannot have any direct impact on next
period’s health.

An important implication of Assumptions CI-X and IID is
that the solution to the DP problem is fully characterized by
the integrated value function or E max function, V(x;;), which is
the expectation of the value function over the distribution of
unobservable state variables, conditional on the observable state
variables: V (x;;) = f V (X;¢, € )dG, (&;¢). This function is the unique
solution to the integrated Bellman equation:

Vixi) = /max u(a, xie) + &ic(a)
aeA

+ B Y Vi Dfi(icla Xi)  dGe(ei). 8)
Xi,t+1

Under these assumptions, the size of the state space X is the
relevant measure of computational complexity, and given that
X is discrete and finite the DP problem can be solved exactly.
The choice-specific value function in (3) can be decomposed as
v(a, xir) + &ir (@) as in static random utility models, where: "

V(@ Xie) = U@, i) + B Y VXiey )X e11a, Xio)- 9)

Another important implication of Assumptions CI-X and IID is
that the observable state vector x;; is a sufficient statistic for the
current choice. The contribution of individual i to the log-likelihood
function can be factored as follows:'®

T; T;
i(©) = Z log P(ajt |xi¢, 0) + Z log fy (Vic|aic, Xit, Oy)

t=1 t=1
Ti—1

+ ) " log fu(xi 1], Xie. f) + log Pr(xir |0) (10)
t=1

14 1n Rust and Phelan’s specification the probability that a person’s health or
marital status will change between the current period and the next one does not
depend on whether this person is currently working.

15 Thereis a slight abuse of notation here because we use the same v() function
as in equation (3), but the alternative-specific value function here does not depend
on git(a).

16 19 see this, define a;, X; and y; as the vectors with the histories of the
individual’s decisions, states and outcomes, respectively, from period 1 until t.
Assumptions IID, CI-Y and CI-X together with the Markovian assumption imply
that Pr(aie, yie, Xic | Gir—1, Vie—1, Xie—1) = fyr Oie | Gie, Xie) Priaie | xi)fi(xie |
Qi t—1,5 Xi—1)-
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fy is the density of the payoff variable conditional on (aj, x;;). In
Example 1, under Assumption CI-Y, this density is quite straight-
forward: I{aie = 1}¢([log yic — Ouw1 — Ouhir — Ou3mir — Oya 13[“ -
Owsppic]/oe), where I{.} is the indicator function and ¢(.) is the
density of a standard normal. This can greatly simplify the es-
timation of 6y."” f, is the transition density function associated
with F,. The term log Pr(x;1|0) is the contribution of initial con-
ditions to the likelihood of individual i. In most applications a
conditional likelihood approach is followed and this term is ig-
nored. No bias is incurred as long as unobservables are serially
independent. Even when there is a loss of efficiency, the condi-
tional likelihood is simpler to compute. Accordingly, hereafter the
term ‘likelihood’ by default refers to the conditional likelihood.
The term P(a;|x;, 0) is the Conditional Choice Probability (CCP)
obtained by integrating the optimal decision rule over the unob-
servable state variables. The optimal decision rule is o (x;, &;r) =
arg maxqea {v(a, xi) + & (a)}. Therefore, for any (a, x) € AxX and
6 € O, the conditional choice probability is:

P(alx,0) = /I{oc(x, g;0) = a}dG,(g)

= /I{U(Cl, Xit) + €ie(@) > v(d', xie)

+ &;(a) for all a'} dG, (sir). (11)

When {¢;;(a)} are iid type 1 extreme value random variables, as in
Example 1, the multi-dimension integrals in the integrated Bell-
man equation and in the definition of CCPs have closed form
analytical expressions. This is the DP conditional logit model with
Bellman equation'®

J
V(xir) = log (Zexp w@xe) + B Y Ver)fiXieela, xi) ) (12)

a=0 Xi,t+1
and choice probabilities:
exp {v(a, Xi)}

J
> exp {v(, xip)}
j=0

P(alxi, 0) = (13)

If v(a, x;;) were a linear function of the parameters 6, these expres-
sions would be familiar as the choice probability of binary probit,
logit or multinomial logit models. In general, v(a, x;;) is a complex
nonlinear function of & which has to be computed from the Bell-
man equation in (12).

The relative simplicity of dynamic discrete choice models under
Rust’s assumptions and their similarity with static discrete choice
econometric models, has contributed to more extensive develop-
ment of this framework. The econometric theory is better under-
stood, and some general results on identification are available (see
Rust, 1994a,b; Magnac and Thesmar, 2002; Aguirregabiria, 2007).
Factorization of the likelihood in (10) allows for a computationally
advantageous two-step estimation approach. Our review of esti-
mation methods begins in Section 3.3.1 with the Nested Fixed Point

17 Note that & is censored for the econometrician since wages are observed only
when the individual works. However, under Assumption CI-Y this censoring does
not introduce any bias in the estimation of the wage equation by OLS. We discuss
this issue in more detail in Section 3.

18 since X is discrete and finite, we can represent Bellman equation as a system
of equations in the Euclidean space R¥!. Let V be the |X| x 1 vector with the

values V(x™V), V(x@), ..., V(xXD). Then, V is the unique solution to: V = log
(ZJR:O exp {u(a) + BF(a)V}), where u(a) is the [X| x 1 vector of current utilities
(u(a, xM), u(a, x®), ..., u(a,x*P)) and F(a) is the |X| x |X| matrix with the

transition probabilities f, (x;1]a, x;).

algorithm, a full solution method for this class of models. One line
of research pioneered by Hotz and Miller (1993) has developed es-
timation methods for Rust’s model which avoid repeated solution
of the DP problem (see Sections 3.1.2-3.1.4). The computational
advantage of Hotz-Miller-type methods is greatest when the util-
ity function is linear-in-parameters, as in Example 4 below, and
this computational advantage has made Rust’s model the frame-
work of choice in recent research on models with strategic inter-
actions (see Sections 2.3 and 4). Finally, note that if the choice is
not binary an important restriction is involved in the CLOGIT as-
sumption, i.e., that the unobservable state variables are indepen-
dent across alternatives.

Our next example, based on Keane and Wolpin (1997), serves as
an illustration of models which relax some of the assumptions in
Rust’s framework. More specifically, we highlight four departures
from the previous model: (1) unobservables which do not satisfy
Assumption AS; (2) observable payoff variables which are choice-
censored and do not satisfy Assumption CI-Y; (3) permanent
unobserved heterogeneity (a departure of Assumption IID); and
(4) unobservables which are correlated across choice alternatives
(i.e., no CLOGIT assumption). Many applications have included at
least one of these four features, and in this survey we group all
of them under the label Eckstein-Keane-Wolpin (EKW) after the
authors who are the main contributors. We review estimation
methods for EKW models in Section 3.2.

Example 2 (Occupational Choice and the Career Decisions of Young
Men). Each period (year), starting at age 16 through a maximum
age T, an individual chooses between staying at home (a; = 0),
attending school (a; = 4), or working at one of three occupa-
tions: white collar (a; = 1), blue collar (a; = 2), or the military
(ai; = 3). The specification of the one-period utility function is:

U(0, sit) = wi(0) + €;(0)
U4, sit) = wi(4) — Oerl (hig > 12) — Ozl (hye > 16) + £i¢(4) (14)

U(a,si) = Wy(a) fora=1,2,3

hi: is schooling (in years). 6,1 and 6., are parameters that rep-
resent tuition costs in college and graduate school, respectively.
Wi (a) is the wage of individual i at period t in occupation a. Wages
in occupation a are the product of the skill price in that occupation,
re, and the individual’s skill level for that occupation, which is an
exponential function of an individual-specific endowment at age
16, schooling, experience and a transitory shock. That is:

Wit (a) = 14 exp {w;i(@) + Ot hic + Oaakic (@) — O3 (kic (@))* + £ (@)} (15)

where ki (a) is cumulated work experience (in years) in occupa-
tion a. The vector ¢;; = {¢;;(a) : a € A} contains choice-specific
shocks to skill levels and to the monetary values of a year at school
or at home. They are assumed to be serially uncorrelated with a
joint normal distribution with zero means and unrestricted vari-
ance matrix. The vector w; = {wi(a) : a € A} contains occu-
pation and individual-specific endowments which are fixed from
age 16. This vector has a discrete support, and its probability dis-
tribution is nonparametrically specified. Both ¢;; and w; are un-
observable to the econometrician but observable to the individual
when he makes his decision at period t. The vector of observable
state variables is x; = {hy, tir, k(@) : a = 1,2, 3}, where t;
represents age. All the variables in x; have a discrete and finite
support and their transitions conditional on choices are determin-
istic so fy(xi r+1]a, Xi¢) is degenerate. Labor earnings are observable.
This payoff variable is equal to zero when a;; € {0, 4} and equal
to Wi (a;) when a;; € {1, 2, 3}. Therefore, the payoff function is
Hai € {1,2, 3}}rq exp{wi(a) + Oahic + Oaakic (@) — Oa3 (kie (a))* +
gir(a)}. Note that Assumption CI-Y does not hold because the un-
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observed state variables €; (1), &;(2) and € (3) have a direct effect
on observed labor earnings.

The opportunity cost of investing in human capital by attending
school is the value of foregone earnings and work experience, or
the utility of staying home. Working also has an investment value
since it increases occupation-specific skills and future earnings. An
individual’s optimal career path is partly determined by compar-
ative advantage embedded in endowments at age 16. Keane and
Wolpin estimated this model on NLSY data.!® They found that un-
observed skill endowments at age 16 are a very important source
of inequality in lifetime career paths, earnings and utility. To the
extent that they are the root source of inequality, their coun-
terfactual policy experiments suggest that the impact of (large)
college tuition subsidies on college attainment and income distri-
bution would be rather small. =

We now use Example 2 to illustrate the practical implications
for estimation of relaxing some of Rust’s assumptions. The sum
of the permanent and transitory unobserved skill components,
gir(a) + wi(a), is a serially correlated state variable. The pres-
ence of autocorrelated unobservables has important implications
for the estimation of structural parameters. Individuals self-select
into occupations and schooling classes on the basis of persistent
differences in skills which are unobserved by the researcher. Ig-
noring this source of self-selection can result into an overestima-
tion of the returns to schooling and occupation-specific experience.
Also, persistence in occupational choices in the data may arise
because there is a disutility of switching occupations (state depen-
dence), or because there are persistent differences in skills (unob-
served heterogeneity). Failure to control for the latter, if present,
would lead to biased estimates of switching disutilities.?® With
serially correlated unobservables, the probability of an individ-
ual’s sequence of choices cannot be factored into a product of con-
ditional choice probabilities as in (10). The observable state x;
is not a sufficient statistic for a; because lagged choices contain
information about the permanent components w;. However, con-
ditional on w; the transitory components {¢;(a)} do satisfy Assump-
tion IID. Since w; has discrete support, each individual’s likelihood
contribution can be obtained as a finite mixture of likelihoods,
each of which has the same form as in (10). If the support of w;

is 2 = {0, v?, ..., o'} C RL then we have that
L
(0, 2. 7) = log (Zu(e, w%am) (16)
=1

where 7,y = Pr(w; = w'|xjy = x); 7 is the vector of parameters
{mew 1 €=1,2,...,L; x € X}; and?!

T
Li®. o) = [ [P(axlxe. 0. 0"y Giclaic. i, 6. )
t=1

Ti—1

X ]_[fx(xi,[+l|aitaxit7 0, ). (17)
t=1

Note that the conditional density of the payoff variable y;; depends
not only on 6y, as in Rust’s model, but on the whole vector of

19 Keane and Wolpin report estimates of two versions of this model. The
first ‘bare bones’ version is the one described here. The second one includes
additional features such as disutilities of switching between choices and permanent
unobserved heterogeneity in preferences, which are introduced in order to help the
model fit the degree of persistence in choices observed in the data.

20 see Heckman (1981) for the first discussion of this issue.

21 1p Example 2, the transitions of the observable state variables are all
deterministic and do not depend on any structural parameter. Therefore, in this
example 6 is an empty vector and the likelihood L;(8, ') does not include the

Ti-1
term [T, fi (g1 1@ic, X, @, 6f).

structural parameters 6. The reason for this is that the payoff
functions (the earnings equations) do not satisfy Assumption CI-
Y and depend on unobservable state variables ¢ (a). Conditioning
on the current action a; introduces selection or censoring in
the payoff variable and this selection effect depends on all the
parameters of the model.

Several issues are worth highlighting here. First, in general
permanent unobserved heterogeneity poses an initial conditions
problem because the initial state x;; is correlated with permanent
unobserved components. This problem is avoided if the structural
model has an initial period in which all the individuals have the
same value of the vector x, and if this initial period is observed
in the sample. Under these conditions x;; = x; for every i and
then Pr(w*|x;;) is constant over individuals and equal to 7, i.e., the
unconditional mass probability of type £ individuals which is a
primitive structural parameter. Keane and Wolpin’s model is an
example of this in that all individuals start ‘life’ in the model at
age 16 with zero experience in all occupations and the NLSY data
provide histories as of age 16. If x can take different values in
the behavioral model’s first decision period, then the researcher
needs to specify how the distribution of permanent unobserved
heterogeneity varies with x;;. In Keane and Wolpin’s data there
is variation in schooling measured at age 16. It seems likely that
initial schooling is correlated with other age 16 endowments, and
Keane and Wolpin allow for this as our mixture likelihood in (16)
suggests. A more difficult case arises if individual histories are
left-censored. We return to this issue in our review of estimation
methods for finite mixture models in Section 3.2.1. The focus
there is on a structure with (discrete) permanent unobserved
heterogeneity and (continuous) iid transitory components, which
is the simplest way of allowing for autocorrelation in unobservable
state variables.

Second, in order to evaluate the mixture of likelihoods the
DP problem needs to be solved as many times as the number of
components in the mixture. This is the reason why permanent
unobserved heterogeneity is almost always introduced with a
discrete and finite support. Third, the integrated value function
or Emax function (conditional on individual’s type) V,(x;) still
fully characterizes the solution to the DP problem. The integrated
Bellman equation for individual type ¢ is:

Ve(xie) = /max {U(a,xfr,w‘,en)
acA

+ B Velier)fiKicla, Xie, @) § dGe(ei).  (18)

Xi,t+1

The optimal decision rule is a (i, w®, &) = arg maxgea{v(a, X,
', &)}, where v(a, X, %, &;¢) is the term in brackets {} in
Eq. (18). When ¢'s are additively separable and extreme value
distributed, then we still have closed form expressions for the
integrated Bellman equation and for CCPs in terms of choice-
specific value functions. In the occupational choice model of
Example 2 the transitory shocks to skills are correlated across
choices or occupations. This seems like a realistic (and even
necessary) assumption to make in this application; e.g., if
the transitory component of labor market skills reflects an
unobservable health shock, the shock would likely have an effect
on both white collar and blue collar skills. But correlation across
choices implies that integrated value functions and conditional
choice probabilities do not have the convenient closed forms of
McFadden’s conditional logit. In this case, as well as in models
with more general autocorrelation structures, repeated calculation
of multi-dimensional integrals in the solution and/or estimation
of the model is unavoidable. Section 3.2.2 reviews Keane and
Wolpin’s simulation and interpolation method, developed for
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the occupational choice model. Simulation is used in order to
compute multi-dimensional integrals, interpolation in order to
handle problems with very large state spaces.

Fourth, in Example 2 transitory shocks to wages are observable
to the decision maker and determine the optimal occupational
choice. This feature of the model implies that, in contrast with
Example 1, there is a self-selection bias if we estimate the
wage equation for an occupation by OLS using the subsample
of individuals whose wages are observed because they chose
that occupation. And fifth, in Example 2 the shocks & (2), €i:(3)
and ¢;:(4) do not satisfy Assumption AS. Having one shock per
alternative which is additively separable and has unbounded
support is an expedient way of making sure that the optimal
choice probabilities P(a|x, w®, 8) are strictly positive for every
value of (a, x, w*, 6). When this property fails the joint probability
distribution over actions may be degenerate and the model is
said to be saturated (Rust, 1994a,b). This leads to well-known
complications in estimation. However, this particular problem
does not arise in Example 2.2

So far, we have maintained the assumption that X is a
discrete and finite set. However, in many applications some state
variables are continuous. DP problems with continuous state
variables cannot be solved exactly and the solution needs to
be approximated using discretization or interpolation methods.
These approximation methods introduce an additional error in
the estimation of the model. The implications of this error for
the properties of estimators is a complicated issue because of
the nonlinearity of the structural model. Section 3.3 discusses
some recent developments in this area. In that section we also
discuss methods for models with (time-variant) serially correlated
unobservables, and Bayesian methods.

2.2. Competitive equilibrium models

The single-agent models of Examples 1 and 2 are partial
equilibrium models. They study one side of the market (i.e., labor
supply) taking prices and aggregate quantities as exogenously
given. Though useful for policy evaluation, it is well known that
partial equilibrium analysis can give misleading results if the
assumption that prices are invariant to changes in the policy
variables of interest is not a good approximation. Equilibrium
models are also better suited to improve our understanding
of economy-wide trends. Despite the limitations of partial
equilibrium, there have been very few studies that specify
and estimate dynamic general equilibrium (GE) models with
heterogeneous agents using microdata. An important exception is
the study by Heckman et al. (1998) who estimate and calibrate
a heterogeneous agent dynamic GE model of human capital
accumulation and earnings. They use their estimated model to
study the sources of rising wage inequality in the US economy.
More recently, Lee (2005) and Lee and Wolpin (2006) have
estimated dynamic GE models of human capital accumulation
in the same spirit as the study in Heckman, Lochner and Taber,
relaxing some of their assumptions and more fully incorporating

22 1n other words, Assumption AS is sufficient but not necessary to avoid
degeneracy. In order to illustrate how multiplicative errors can lead to degeneracy,
even when their support is unbounded, consider a binary choice model with choice
alternatives 0 and 1 and choice-specific utilities U(0) = W(0) exp (¢(0)) and
U(1) = W(1l)exp(e(1)) where W(0) and W(1) are functions of observable
covariates and parameters. Alternative 1 is chosen iff exp(e(0)) < [W(1)/W(0)]
exp (¢(1)). If W(1)/W(0) < O for some configuration of observable covariates and
parameters, then the right hand side of the inequality is always negative and the
left hand side is always positive for every value of the shocks, and alternative 1 is
never chosen.

into the estimation process the equilibrium restrictions embodied
in the theory.??

Example 3 (Occupational Choice in Equilibrium). In order to make
it more suitable for the analysis of economy-wide aggregate data,
consider the following changes in the model of Example 2: (a) Ex-
clude the ‘military’ occupational choice. (b) Allow the utility pa-
rameters to vary with gender and make the utility of the ‘home’
alternative dependent on the number of children of pre-school age
nie: U0, sig) = w;i(0) + 6. nie + €;:(0). The observable state vari-
able n;; which is now part of x; follows an exogenous Markov
process conditional on age, gender, education and cohort. In
Example 2, the skill rental prices r, in the wage equations (15) were
assumed constants. In this example the state vector is augmented
to include skill prices and, most important, the law of motion of
skill prices is endogenously determined in the model as an equi-
librium outcome. The labor market is assumed to be competitive.
The supply side consists of overlapping generations of individuals
aged 16 through 65, whose behavior corresponds to the occupa-
tional choice model. The demand side can be characterized by the
following Cobb-Douglas, constant returns to scale aggregate pro-
duction function:

Y, = 2SS ssr g e (19)

where Y, is aggregate output, S;; and S, are the aggregate quan-
tities of white collar and blue collar skills, and z; and K; are
total factor productivity and the aggregate capital stock, which
follow exogenously determined processes.’* Technical change
is captured (deterministically) in time-varying factor shares
{aqe, ane} as well as in total factor productivity. Demand side com-
petitive behavior implies that skill rental prices satisfy the value-
of-marginal-product conditions:

far = (tae/Sa0) (2S5 K1) fora=1,2. (20)

Let )?t denote aggregate state variables relevant to the individual’s
occupational choice problem, i.e. current skill rental prices and
other aggregate variables which agents use to predict future skill
rental prices. The state vector of the occupational choice model is
augmented with X; and individuals are assumed to know its law
of motion. The aggregate supplies of skills are obtained by adding
individual skill supplies over all individuals in the economy:

Sa :/ kie (@)1 {a:a(x,-[,wi, 8it7)?t)} fora=1,2 (21)
X,w,€

where kj; (a) is individual i’s stock of skill in occupation a, «() is the
optimal decision rule, and the integral represents the appropriately
weighted sum over the distribution of individual state variables.
In a (rational expectations) competitive equilibrium, the se-
quence of skill rental prices {ry;, 5 : t = 1,2,...} and the law
of motion of X; satisfy the following conditions. First, individuals
solve the occupational choice problem taking the law of motion of
X; as given. Second, labor markets for both white and blue collar

23 This emergent microeconometric literature on estimation of dynamic GE
models is related to literature on GE models with heterogeneous agents. See
Krusell and Smith (1998) and Rios-Rull (1999). There is also an important and
large literature in labor economics on the estimation of equilibrium search models
with heterogeneous workers and firms. See Mortensen and Pissarides (1999) and
Eckstein and van den Berg (2007) for surveys.

24 As in Example 2 (Keane-Wolpin), the model here assumes that non-labor
income does not affect choices. More specifically, capital rental income is not a state
variable in the individual’s occupational choice and therefore its distribution in the
population has no effect on equilibrium prices.
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skills clear, i.e., the resulting aggregate skill supply functions, to-
gether with skill prices, satisfy the labor demand conditions (20).
And, third, the actual law of motion of X; is consistent with indi-
vidual’s beliefs. The equilibrium need not be stationary: besides
dependence on initial conditions X;, there are other sources of
non-stationarity such as time variation in factor shares in the ag-
gregate production function, changes in cohort sizes, cohort effects
in fertility, etc.

An important question the equilibrium model can address is the
extent to which ‘feedback’ effects offset the impact of policies such
as the college tuition subsidy evaluated by Keane and Wolpin in
partial equilibrium. That is, the subsidy may increase the supply of
white collar skills to the extent that it induces higher college en-
rollment. If the relative price of white collar skills falls as a result,
this reduces the returns to schooling and college enrollment. Lee
(2005) estimates the equilibrium model on CPS data and concludes
that feedback effects in the US were quite small. Lee and Wolpin
(2006) extend this framework, allowing for three occupations in an
economy with two sectors, goods and services. They estimate the
model on CPS and NLSY data and use it to study the determinants
of the large growth of employment in the service sector in the US
over the last 50 years. They conclude that demand factors (techno-
logical change and movements in product and capital prices) were
much more important than supply factors such as changes in co-
hort sizes or the decline in fertility. =

The estimation of this model is considerably more demanding
than that of its partial equilibrium version in Example 2 for two
reasons. First, imposing the equilibrium restrictions increases the
computational burden of estimation by an order of magnitude.
Second, estimation of the equilibrium model requires additional
data which can only be obtained from different sources and having
to combine multiple data sources poses some complications for
estimation and inference.

Recall that the state space of the individual agent’s occupational
choice problem is augmented with aggregate variables X,
e.g. current and past values of skill prices, total factor productivity,
cohort sizes, the distributions of schooling and occupation-specific
experience, and other variables which predict future skill prices.
Note that any such variable omitted by the econometrician is a
potential source of endogeneity bias because it is likely to be
correlated with current skill prices. The dimensionality of X; is
potentially so large as to make solution - let alone estimation —
infeasible without some further simplification. Lee (2005) assumes
that skill price sequences are deterministic and individual agents
have perfect foresight; in this case, the state space is augmented
with the sequence of current and future deterministic skill prices.
Lee and Wolpin (2006) assume that stochastic skill prices are
linear functions of a small number of state variables and search for
equilibria within this class of pricing functions. The equilibria they
consider are thus approximations to the ‘full’ stochastic rational
expectations equilibria implied by the model. For any given values
of the parameters to be estimated, the equilibrium laws of motion
solve a fixed point problem which uses as input the solutions
to the individual DP problems of all agents who interact in the
economy. This implies that a single evaluation of the estimation
criterion nests two layers of fixed point problems.?> The estimation
criterion is based on a set of moment conditions which summarize

25 Multiplicity of equilibria in these models cannot be ruled out in general, but
computing multiple equilibria - if they exist - is a difficult task. Because of this,
this issue tends to be ignored in empirical work. Estimation is carried out under
the assumption that the equilibrium is unique, and the validity of the assumption
is scrutinized at the final parameter estimates. The recent literature on estimation
of dynamic discrete games, which we review in Sections 2.3 and 4, has been more
concerned with the issue of multiple equilibria.

occupational choices and wages obtained from microsurvey data.
We review the estimation of these models in more detail in
Section 5.

2.3. Dynamic discrete games

The analysis of many economic and social phenomena requires
the consideration of dynamic strategic interactions between a
relatively small number of agents. The study of the dynamics of
oligopoly industries is perhaps the most notorious example of
these dynamic strategic interactions.?® Competition in oligopoly
industries involves important investment decisions which are
irreversible to a certain extent. Market entry in the presence
of sunk entry costs is a simple example of this type of
investment. Dynamic games are powerful tools for the analysis
of these dynamic strategic interactions. Until very recently,
econometric models of discrete games had been limited to
relatively simple static games. Two main econometric issues
explain this limited range of applications: the computational
burden in the solution of dynamic discrete games, and the
indeterminacy problem associated with the existence of multiple
equilibria. The existence of multiple equilibria is a prevalent
feature in most empirical games where best response functions are
nonlinear in other player’s actions. Models with multiple equilibria
do not have a unique reduced form and this incompleteness
may pose practical and theoretical problems in the estimation
of structural parameters. Furthermore, the computational burden
in the structural estimation of games is especially severe.
The dimension of the state space, and the cost of computing
an equilibrium, increases exponentially with the number of
heterogeneous players. An equilibrium is a fixed point of a system
of best response operators and each player’s best response is itself
the solution to a dynamic programming problem.

In Section 4 we review recent papers which have taken
Rust’s framework for single-agent problems, combined with
Hotz-Miller’s estimation approach, as a starting point in the
development of estimable dynamic discrete games of incomplete
information. Private information state variables are a convenient
way of introducing unobservables in the econometric model.?’
Furthermore, under certain regularity conditions dynamic games
of incomplete information have at least one equilibrium while that
is not always the case in the corresponding complete information
versions, e.g. Ericson and Pakes (see Doraszelski and Satterthwaite,
2007). We provide here a description of the basic framework with
no payoff variables, based on suitably extended versions of the AS,
[ID and CI-X assumptions (also see Rust (1994a,b) pp. 154-158).

Consider a game that is played by N players that we index
byi € I = {1,2,...,N}. Every period t these players decide
simultaneously a discrete action. Let a; € A = {0,1,...,]} be
the action of player i at period t. At the beginning of period t
a player is characterized by two vectors of state variables which
affect her current utility: x;; and ;. Variables in x; are common
knowledge for all players in the game, but the vector &; is
private information of player i. Let x; = (X1¢, X3¢, ..., Xne) be
the vector of common knowledge state variables, and similarly

26 Most of the recent applications of dynamic discrete games have estimated
dynamic oligopoly models within the framework proposed by Ericson and Pakes
(1995), or an extended version of that framework that incorporates incomplete
information.

27 s far as we know, there are no estimable dynamic games of complete infor-
mation. The estimation of this class of games involves nontrivial complications. For
instance, other player’s current actions are not independent of common knowledge
unobservables. In contrast, unobservables which are private information state vari-
ables, independently distributed across players, can explain at least part of the het-
erogeneity in player’s actions without generating this endogeneity problem.
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define a; = (ay, ax, ..., ay:), and let & be the vector with all
player’s private information. Let U;(a;, X;, €;:) be player i’s current
payoff function, that depends on the actions of all the players,
the common knowledge state variables, and his own private
information ;. A player chooses his action to maximize expected
discounted intertemporal utility E[[erz_g ﬂjUj(at.H',X[.H', i1,
where § € (0, 1) is the discount factor. Players have uncertainty
about other player’s current and future actions, about future
common knowledge state variables, and about their own future
private information shocks. We assume that {x, ¢} follows a
controlled Markov process with transition probability function
F(X¢11, &c4+11a¢, X¢, €¢). This transition probability is common
knowledge.

Let « = {o;(x¢, €i¢) : i € I} be a set of strategy functions, one
for each player. Player i’s strategy does not depend on {ejt 1j# i}
because the shocks are private information. Taking as given the
strategies of all players other than i, the decision problem of player
i is just a standard single-agent DP problem. Let V{(x;, ;) be
the value function of this DP problem. The Bellman equation is
V¥ (X, &) = MaXgea {v(a;, X, &) } where, for every a; € A,

v (ai, X, &ir) = Ee_ {Uiai, a—i(X¢, 6_it), X¢, &i)} + BEe_,,

X {/Via(xtJrh8t+1)dF(xt+1»8t+1|ai»a7i(xts E—it)»xt’gt)} (22)

and E,_, represents the expectation over other player’s private
information shocks. The best response function of player i is
bi(Xe, €ie, @—;) = argmaxqea {v¥(a;, X, &;¢) }. This best response
function gives the optimal strategy of player i if the other players
behave, now and in the future, according to their respective
strategies in «_;. A Markov perfect equilibrium (MPE) in this game
is a set of strategy functions a* such that for any player i and for
any (x;, &i) we have that o] (x;, €ir) = bi(x;, &ir, ™).

We now formulate the Assumptions AS, IID and CI-X the context
of this game.

ASSUMPTION AS-Game: The one-period utility function is additively
separable in common knowledge and private information compo-
nents: Uj(as, X¢, &ir) = u;(ar, X;) + €ir(air), where &;(a) is the ath
component of vector &;. The support of ¢; (a) is the real line for all
a.

ASSUMPTION IID-Game: Private information shocks &;; are indepen-
dently and identically distributed over agents and over time with
CDF G, (&;r) which has finite first moments and is continuous and
twice differentiable in g;.

ASSUMPTION C(I-X-Game: Conditional on the current values of
player’s actions and common knowledge state variables, next
period common knowledge state variables do not depend on
current private information shocks: i.e., CDF (X;y1|a;, X;, &) =
Fe(Xeq1lae, xc).

As in the case of single-agent models, under Assump-
tions AS, CI-X and IID the integrated value function V¥*(x;) =
f V& (X, €i)dGe (ei¢) fully characterizes player i’s DP problem. The
integrated Bellman equation is \_/i“(xt) = f maxgea{vf (aj, X)) +
&ir (a;) }dGe (¢;r) where

Uia(ai, X) = Ee_, {Ui(ai, a_i(Xe, &_it), Xt)

+ /3/\_/,~“(Xt+1)de(Xt+1|a,-, a_i(x, 8—1’[),Xt)} . (23)

Another implication of these assumptions is that a MPE can be de-
scribed as a fixed point of a mapping in the space of CCPs which
‘integrate out’ player’s private information variables. Given a set of
strategy functions & = {«;(x;, &i¢) : i € I} we define a set of con-
ditional choice probabilities P* = {P{*(a;|x) : (i, a;,x) € I x A x X}

such that,

P¥(ailx) = Pr(ai(x;, &ir) = ailx; = x)

L {af = arg max(v{" . ) + m‘)}} dG.(en)-  (24)
je

These probabilities represent the expected behavior of firm i
from the point of view of the rest of the firms when firm i
follows its strategy in a. The value functions v{(a;, x;) depend
on other player’s strategies only through other player’s choice
probabilities. That is, in Eq. (23) we can replace the expectation
E.  {...o_i(X,e_it)...} by Za,,- Pr(a_i|x¢; a){...a_;...} where

Za,,- represents the sum over all possible values in AN~', and

Pr(a_i|x:; o) = ]_[#i P{(a;|x;). To emphasize this point we will use
the notation vf instead v? to represent these value functions. Then,

we can define player i’s best response probability function as:

A®Giv] (¢, %))
= /1 {ai = argme}‘X{v,-"(i, X)) + e,-r(i)}} dG, (&ir). (25)
Jje

Let o* be a set of MPE strategies and let P* = {P*(q;|x) : for ev-
ery (i, a;, x)} be the corresponding CCPs. Then, it is straightforward
to show that for every (i, a;, ), P/ (aj|x) = A(a,»|vip* (-, x;)). That is,
P* is a fixed point of P = A(v®), where A(v?) = {A(a,-|v}’(~, X)) :
for every (i, a;, x)}. Given the assumptions on the distribution of
private information, we can define best response probability func-
tions which are continuous in the compact set of player’s choice
probabilities. By Brower’s theorem, there exists at least one equi-
librium. In general, the equilibrium is not unique.?®

We now distinguish between observable and unobservable
variables from the point of view of the econometrician. In principle,
we could distinguish observable and unobservable components
both in common knowledge and in private information state
variables. We start with a more restrictive and simpler case.

ASSUMPTION OC: All the common knowledge state variables in
X; are observable to the econometrician, and all the private
information variables in g; are unobservable.

To complete this description of the econometric model we
should comment on the sampling framework. In the case of
single-agent models, we assumed that the econometrician has a
random sample of many agents (e.g., firms, households) behaving
according to the model. That is not the case in applications of
dynamic strategic games where typically the number of players
is quite small, e.g., firms in an oligopoly market, members of a
family, political parties, etc. We assume that the game is played
independently at different locations, indexed by m, and that we
have a random sample of M of these locations. Therefore, taking
into account Assumption OC, the data consist of:

Data = {Qm¢, Xme - m=1,2,...,M; t=1,2,...,Tn}. (26)

Note that an assumption that is implicit in this description of the
data is that we observe the actions of all the players in the game.
Our next example illustrates models with strategic interactions
and is based on Aguirregabiria and Mira (2007).

Example 4 (An Entry-Exit Game of Incomplete Information). The
players are firms making decisions on whether to enter, continuing
to operate in, or exit from a market. The market is a small local
retail market and each active firm operates at one location or store.
We observe a random sample of markets, m = 1,2,...,M. In

28 See Doraszelski and Satterthwaite (2007) and Aguirregabiria and Mira (2007)
for more details.
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each market there are N potentially active and infinitely lived
firms. Every period all firms decide simultaneously whether to
operate their store or not. If firm i in market m operates its store
at time t(a;, = 1), its variable profits depend on the number of
firms that choose to be active and on market demand conditions,

as follows: Ogs log (Spe) — Orn log (l + Z#i ajm[), where ks, Ory

are parameters. Market demand conditions are represented by
market (population) size, S,;. Market size is common knowledge
to firms and observable to the econometrician, and it follows a first
order Markov process. The parameters 6zs and 6zy measure the
sensitivity of variable profits to market size and to the number of
active competitors, respectively.?® Total current profits of an active
firm are:

Uime (1) = 6gs 10g (Sme) — O log (1 + Zajmt) — Orc.i
i
— Okc,i(1 — Qime—1) + &ime (1) (27)

where 6rc ; — &im: (1) is firm i’s fixed operating cost which has two
components: Ogc ; is time-invariant and common knowledge, and
&ime (1) is private information of firm i and time-varying. The term
(1 — a,-_t,1) Okc.; is an entry cost, where the entry cost parameter
Okc, is multiplied by (1 — a;,—1) since this cost is paid only by
new entrants. If a firm does not operate its store, it can put its
capital to other uses. Current profits of a non-active firm, U, (0),
are equal to the value of the best outside opportunity. We assume
that Ujn:(0) = &jme(0), which is private information of firm
i. The choice-specific private information variables, &;,;(0) and
eime (1), are transitory normally distributed shocks, iid across firms,
markets and time with zero mean.*°

The vector of state variables of the game which are observable
to the researcher is Xy = (S, Gme—1) Where a1 = {Gimr—1 :
i=1,2,...,N}are indicators of incumbency status. Incumbency
status matters because incumbent firms do not pay entry costs
and are thus more likely to operate their store than non-
incumbents. The unobservable state variables are the private
information shocks &;,,;. In this game, a firm’s strategy function,
o (Xme, €ime ), 1S a binary decision rule. The associated conditional
choice probability, P{(1|xy), is the probability that the firm
operates in the market.

Aguirregabiria and Mira estimate this model using panel data
of Chilean local retail markets. They assume that all potential
entrants in each market are identical and consider symmetric
equilibria.?! They estimate the model separately for five different
retail industries and analyze how fixed costs, the sensitivity of
profits to the number of active firms and the magnitude of sunk
costs contribute to explain differences in the number of active
firms across industries. As we describe in Section 4, Aguirregabiria
and Mira relax Assumption OC by including a time-invariant and
market-specific component of market profitability that is common
knowledge for firms but unobserved to the researcher. They find
that this unobserved market heterogeneity is important. Failure to
account for it may lead to implausible estimates of the parameter
Ory, Which measures the sensitivity of profits to the number of
active competitors, because more profitable markets tend to have
a larger number of active firms in equilibrium. ®

29 Ope may interpret variable profits as the equilibrium payoffs of a one-period
static game in which firms with identical products and variable costs compete in
quantities (i.e., Cournot).

30 we might write the value of the best outside opportunity as ; + & (0), but
the parameter u; cannot be identified separately from the average fixed cost O ;
so we normalize it to zero.

31 Therefore, 6k ; and Ogc ; is the same for all firms. Aguirregabiria et al. (2007a,b)
relax this assumption.

In order to illustrate Hotz and Miller's CCP estimation method
and its extensions for single-agent problems we will use the
following simplified version of Example 4:

Example 4B (Entry-Exit Without Strategic Interactions). In Exam-
ple 4, suppose that 6gy = 0 such that, conditional on market size
S;, firms’ variable profits are independent of the number of active
competitors. This assumption corresponds to markets with either
perfect or monopolistic competition. Then, the second term in the
payoff function (27) is zero and strategic interactions become ir-
relevant. Every period the firm has to decide whether to stay ac-
tive or not taking into account the sunk costs Ggc incurred each
time it decides to re-enter the market and the stochastic fluctu-
ations in its profits brought about by changes in market size S;, by
the idiosyncratic shocks to fixed operating costs &;(1), and by the
best outside opportunity &;(0). The state vector for firm i is now
xii = (S, ai—1), i.e., only the own incumbent status matters. Fur-
thermore, suppose that g (1) and ¢;; (0) satisfy assumption CLOGIT
rather than being jointly normal. We are also assuming that struc-
tural parameters are identical across markets and firms and we
have dropped the m subscript so the t subscript now stands for
any market-period observation. H

The estimation of dynamic games, relative to single-agent mod-
els, poses several specific problems. Simple as Example 4 is, it il-
lustrates how the size of the game’s state space tends to grow
exponentially with the number of players if it includes player-
specific state variables such as incumbency status. As in the com-
petitive equilibrium model of Example 3, solving the model nests
two levels of fixed point problems, i.e., the best response equi-
librium condition and the individual player’s dynamic program-
ming problem. In order to alleviate the computational complexity,
one might attempt to estimate structural parameters from each
player’s individual decision problem and actions. But the decision
rule depends on the (lagged) actions of other players, such as their
incumbency status. If some aggregate state variables are unob-
servable (e.g., the permanent component of market profitability),
other player’s actions are endogenous.>? For given parameter val-
ues, multiple equilibria are a (likely) possibility which will make
the empirical model indeterminate and call for some additional
structure.

On a different level, note that Example 4 is different from the
first three in that only choice data are used in estimation. In the
first three examples, data on payoffs (i.e., wages) was also available.
‘Pure choice’ data is a fairly common situation which tends to make
estimation simpler because payoff data are often choice-censored
and corrections for selection can be more difficult to implement in
structural models, as we will see for Example 2. On the other hand,
it is clear that availability of payoff data is an important source
of identification. Furthermore, the basic framework that we have
described for empirical discrete games is easily extended to the
case in which payoff variables satisfy Assumption CI-Y.

3. Estimation methods for single-agent models

3.1. Methods for Rust’s model

We introduced Rust’s model as a single-agent model with the
additive separability, iid, conditional independence and logistic
assumptions. We describe four methods/algorithms which have
been applied to the estimation of this class of models: (1) Rust’s
nested fixed point algorithm; (2) Hotz-Miller's CCP method;

32 And, furthermore, an initial conditions problem has to be taken into account.
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(3) The NPL algorithm, a recursive CCP method Aguirregabiria and
Mira, 2002; and (4) A simulation-based CCP method Hotz et al,,
1994. The first of these is a full solution method, i.e., the DP
problem is solved for every trial value of the parameters. Methods
(2)-(4) avoid repeated full solutions of the DP problem, taking
advantage of the existence of an invertible mapping between
conditional choice probabilities and differences in choice-specific
value functions, a result due to Hotz and Miller (1993). Almost
all applications in models with more than two choice alternatives
have imposed the CLOGIT assumption on unobservables. Although
the CLOGIT assumption per se is not essential for the statistical
properties of Rust’s model and the methods which we review here,
it leads to closed form expressions for several of the econometric
model’s key objects. This is an advantage which all four of these
methods fully exploit, and CCP methods are specially dependent on
it. Extending the range of applicability of NFXP and CCP methods to
models which do not impose the CLOGIT assumption is a topic for
further research. One step in this direction is the estimation of DP-
nested logit models and models with generalized extreme value
(GEV) unobservables.>

3.1.1. Rust’s nested fixed point algorithm

The nested fixed point algorithm (NFXP) is a gradient iterative
search method to obtain the maximum likelihood estimator of the
structural parameters. More specifically, this algorithm combines
a BHHH method (outer algorithm), that searches for a root of
the likelihood equations, with a value function or policy iteration
method (inner algorithm), that solves the dynamic programming
problem for each trial value of the structural parameters. The
algorithm is initialized with an arbitrary vector of structural
parameters, say 6. A BHHH iteration is defined as:

N R A N1 /N R
- A 0li(6) al;(6x) a1 (6r)

7 =0 28
k+1 k + (Z 50 50’ ; 90 (28)

i=1

where [;(9) is the log-likelihood function for individual i. Given the
form of the likelihood in Eq. (10), and that 6 = (6, 6y, 6;)', we
have:

oli(0)
20
i i log P(ajc|xit, 0)
96,
L L
= Z ﬁ log P(ajt|xit, 0) + Z ﬁ log fy (yiclait, Xit, Oy) | - (29)

Tx

) )
Z 36, 8P (@l )+ Z 36, 8l 3 6)

The terms %logfy and @logfx are standard because the

transition probability function and the payoff function are
primitives of the model. However, to obtain % log P we need

to solve the DP problem for 6 = ék in order to compute the
conditional choice probabilities and their derivatives with respect
to the components of 6. There are different ways to solve the
DP problem. When the model has finite horizon (i.e., T is finite)
the standard approach is to use backward induction. For infinite
horizon models, one can use either value function iterations
(described below) or policy function iterations, or an hybrid of
both.

33 See Arcidiacono (2004, 2005) for dynamic structural models with GEV
unobservables. Arcidiacono and Miller (2008) explore the use of CCP methods for
models with GEV unobservables.

To illustrate this algorithm in more detail, consider a version of
Rust’s DP conditional logit model with infinite horizon and discrete
observable state variables x. Let V(6) be the column vector of
values {V(x, ) : x € X}. Following Eq. (12), this vector of values
can be obtained as the unique fixed point in V of the following
Bellman equation in vector form:

J
= log (Z exp {u(a, 6) + ﬁFx(a)\_l}) (30)
a=0

where u(a, 6) is the column vector of utilities {u(a,x,0) : x €
X} and Fy(a) is the transition probability matrix with elements
fx(¥'|a, x) for all x and X’ in X, where x and x’ denote the current
state and next period’s state, respectively. The choice probabilities
P(a|x, 6) have the conditional logit form:

exp {u(a, xi., 0) + BFx(a, x)'V(0)}

P(alx, 0) = (31)

> exp {u(, xie, 0) + BF(, x)'V(6)}

j=0
where F,(a, x) is the column vector {fy(x'|a, X) : x¥' € X}. To obtain
the gradlent log P, of this DP conditional logit model, it is useful
to take into accqunt that the denominator in Eq. (31) is equal to the
exponential of V (x;, ). It can be shown that this gradient has the
following analytic form:

dlogP;  du(ay, x; v IV (x;
0g Fi _ u(ai, Xir) + BLF (g, xi) — (Xit)
a6y a6, 6y, "~ 0, (32)
d log Py OF(aie %) o OV AV (xic)
=8| ———V+ —Fd(ai, xir) | — .
065 06y 065 205
The expression for ;- log P;; is equivalent to that of log P;;. And

given the Bellman equatlon in (30), the Jacobian matrlx 8\_/(9)/89’
is:

e _ o,
a0,

] —1
B Palf) * Fx<a)>

a=0
J du(a, 0
(Lo 57)

V(@ U B
3;,) = B (1 — B _P(al) *Fx(a)>
f

a=0
. IF(a) -
x (; P(a|0) * ae;v(9)>

where P(alf) is the column vector of choice probabilities
{P(alx,0) : x € X}, and % represents the element-by-element
product. Note that we obtain the gradient of the value functions
in a relatively simple manner as a by-product of the iterative DP
solution method. This is an important additional advantage of the
DP conditional logit specification. Without it, it would be necessary
to ‘perturb’ each element of 6 and obtain new solutions of the
DP model for each perturbation in order to compute numerical
derivatives, which is much more costly.3*

The NFXP algorithm proceeds as follows. We start with an
arbitrary value of 0, say ég. Given 90, in the ‘inner’ algorithm we

(33)

4 f policy iteration is used to solve the infinite horizon DP model, the gradient
of the value function can also be obtained as a by-product. The computational cost
of computing numerical derivatives is the main reason why BHHH, which avoids
second derivatives, is particularly useful in the estimation of structural models.
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obtain the vector V(fp) by successive iterations in the Bellman
equation (30): starting with some guess Vy, we iterate in Vy;q =
log(Z]a:0 exp{u(a, éo) + ﬁFX(a)\_Ih}) until convergence. Then,
given éo and \7(@0) we construct the choice probabilities P(alx, éo)
using the formula in (31), the matrix 8\7(@0)/89’ using (33), and the
gradient dl; (éo)/ae using Eq. (32). Finally, in the ‘outer’ algorithm
we use the gradient 8[1»(@0) /06 to make a new BHHH iteration to
obtain éﬁ. We proceed in this way until the distance between ék+1
and 6, or the difference in the likelihoods is smaller than a pre-
specified convergence constant.

When the model has finite horizon, we can solve for the value
function, its gradient and choice probabilities using backward
induction in the inner algorithm of the NFXP. That is, the sequence
of value vectors at ages T, T — 1, etc., can be obtained starting with

Vr (9) = log(2{1=0 exp{ur(a, é)}), and then using the recursive

formula V,(6) = log(} o exp{u:(a,8) + BF(0)Ve11(6))
for t < T — 1. At each iteration the choice probabilities are

Pe(ald) = exp{uc(a,8) + BFy(@)Ver1(9)}/[Xhq expluc (i, 0) +
BFx ¢ (j)’\_I[H (é)}], and the gradients have the following recursive
forms 9V, (0)/06, = Y _ Pi(alf) * {du,(a, §)/36] + BF..(a)

a=0

Ve11(6)/96,} and aVe(6)/96] = Bl oPi(ald) * {9Fy.(@)/

30/Ve11(9) + B0 (@)3Ve41(9)/06}).

As any other gradient method, the NFXP algorithm returns
a solution to the likelihood equations. In general, the likelihood
function of this class of models is not globally concave. Therefore,
some global search is necessary to check whether the root of the
likelihood equations that has been found is actually the global
maximum and not just a local optimum.

We have described the NFXP algorithm in the context of full
information MLE (FIML). However, most applications of this al-
gorithm have considered a sequential partial likelihood approach
first advocated by Rust. In the first step, the partial likelihoods
> i logfy Yielaic, xic, Oy) and ), log fx(Xi rv1ldic, Xir, 6) are sep-
arately maximized to obtain estimates of parameters 6y and 6,
respectively. This step does not involve solving the DP problem.
Given these estimators, in the second step the parameters in 6,
are estimated using the NFXP algorithm and the partial likelihood
Zi’[ log P (aj |xi¢, 6y, éy, éf). Multiple-step strategies such as this
are widely used to alleviate the computational burden of esti-
mation of dynamic programming structural models. The two-step
partial likelihood approach for Rust’s model relies on Assump-
tions CI-Y and CI-X as well as on rational expectations. It can greatly
simplify the estimation problem in models with many parame-
ters in the transition probabilities. It was used by Rust and Phe-
lan (1997) to estimate the model that we described in Example 1.
In that application, the state variables with stochastic transitions
were health status, health expenses, marital status and public pen-
sion points. The payoff function is the labor earnings equation.
There are two main reasons why this sequential approach reduces
the cost of estimating these and other models. First, the number of
BHHH iterations needed to reach convergence typically increases
with the number of parameters that are estimated. Note that BHHH
iterations here are particularly costly because they involve the full
solution of the dynamic programming problem. And second, the
computational cost associated with a global search increases as
well with the dimension of the parameter space. Nevertheless, it
should be noted that in the sequential partial likelihood approach
the calculation of standard errors in the second step correcting for
estimation error in the first step is not a trivial task. It is often no
more costly to consider a third estimation step consisting of a sin-
gle FIML-BHHH iteration which, as it is well known, delivers an
asymptotically efficient estimator as well as the correct standard
errors.

There is a long list of applications which have used the NFXP
algorithm to estimate models in Rust’s class in different areas.
For instance: investment models of machine replacement, as in
Rust (1987), Sturm (1991), Das (1992), Kennet (1993, 1994), and
Rust and Rothwell (1995); or models of retirement from the labor
force, as in Rust and Phelan (1997), and Karlstrom et al. (2004).
In health economics, Gilleskie (1998) proposes and estimates a
dynamic model of workers’ decisions to visit a doctor and to miss
work during an episode of acute illness. In economic demography,
Ahn (1995) estimates a model of fertility and the value of children;
and Kennan and Walker (2005) a model of individual migration
decisions.

3.1.2. Hotz-Miller’s CCP method

The main advantages of the NFXP algorithm are its conceptual
simplicity and, more importantly, that it gives the MLE which
is asymptotically efficient under the assumptions of the model.
The main limitation of this algorithm is its computational cost. In
particular, the DP problem has to be solved exactly for each trial
value of the structural parameters. Given the cost of solving some
DP problems, this characteristic of the algorithm limits the range
of applications that are feasible, even in the DP conditional logit
case. Hotz and Miller (1993) observed that, under the assumptions
of Rust model, it is not necessary to solve the DP problem even
once in order to estimate the structural parameters A key idea
in their method is that, using nonparametric estimates of choice
and transition probabilities, it is possible to obtain a simple
representation of the choice-specific value functions v(a, x, 6) for
values of 6 around the true vector of structural parameters (see
also Manski, 1993, for a method that exploits a similar idea). This
representation is particularly simple and useful for estimation
in the DP conditional logit model with linear-in-parameters
utility as in Example 4B. We describe Hotz-Miller’s method in
detail for this case but we also include a brief discussion of
alternative specifications including the nonlinear, infinite horizon
case. Furthermore, we assume that the dataset does not include
payoff variables or, if it does, Assumption CI-Y holds and 8y has
been estimated and subsumed into the known z functions.

Suppose that u(a, x;, 6,) = z(a, x;;)'0, where z(a, x;) is a vec-
tor of known ‘basis’ functions. An example of this is the entry/
exit model with no strategic interactions, Example 4B in Sec-
tion 2. In that model, the decision is binary, the vector of observ-
able state variables is (S¢, a;;—1), and the one-period payoffs are
u(0, xir, 0,) = 0 and u(1, x;, 0,) = Ogslog (S;) — Opc — Oc(1 —
a;r—1). Therefore, we can write these payoffs as u(a, xi¢, 6,) =
z(a, x;¢) 6y, where z(0, x;)’ = (0,0, 0), z(1, x;) = (log (S¢), —1,
—(1 = aj¢—1)), and 6, = (Ggs, Orc, Oec)’. In Hotz and Miller’s rep-
resenggtion the choice-specific value functions are written as fol-
lows:

v(a, x;, 0) = Z(a, x;, 0)6, + é(a, x;, 0) (34)

Z(a, x;, 0) is the expected and discounted sum of current and fu-
ture z vectors {z(a¢j, Xr+j) : j = 0,1,2,...} which may occur
along all possible histories originating from the choice of a in state
X, if the individual behaves optimally in the future. More formally,

T—t

Z(a,x;,0) = z(a, x;) + Z ﬂ]E(X[+j,8[+j)|a[:a,x[
=

X [z (& (Xesjs €044 0) s Xe) ]

35 Hotz-Miller's representation can be derived either for alternative-specific value
functions or for the integrated value function (Emax function). We have preferred
to use the first version here.
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T—t
= Z(aa xt) + Z ﬂ]ExH_jla[:a,x[
=1
J
X Z P(at+jlxt+ja Q)Z(at+j,xt+j) (35)
ar4j=0

where «(+) is the optimal decision rule as defined in Section 2 and
Ey.,jlar=ax () represents the expectation over the distribution of
X;4j conditional on (a; = a, x,), given that state variables evolve
as a controlled stochastic process defined by the optimal decision
rule and transition probability functions. Likewise, é(a, x;, 0) is the
expected and discounted sum of the stream {e(a;y) : j =1, 2, ...}
along the histories originating at (a; = a, x;) if the individual be-
haves optimally in the future.

T—t

e(a, x,0) = Z ﬂjE(xt+j,s[+j)|a[=a,x[ [5 ((X (Xr+j7 Ettis 9))]
=

T—t J
BEyjla=ax | Y Pajlxej 0)e@y. i) | . (36)

1 ar4j=0

j

The function e(a, x;) is the expectation of &;(a) conditional on

X: and on alternative a being optimal, i.e., e(a, x;) = E(g:(a)lx,

a(x;, &) = a). Hotz and Miller showed that the conditional expec-

tation e(a, x;) is a function of choice probabilities and the distribu-

tion G, only. To see why, first note that the event {«(x;, &;) = a} is

equivalent to {v(a, x;) + &:(a) > v(d', x;) + &(a’) for any d’ # a}.
Therefore,

e(a, x) = E (e.(@)|x;, v(a, x;) + & (a)
> v(d, x) + &(d) forany ' # a)

1
= P(Tm)/&(a)l {&(a/) —&(a)

< v(a,x) — v(d, x)Vd' # a} dG,(e,). (37)

This expression shows that e(a, x;) depends on the choice prob-
ability P(a|x;), the distribution of &;, and the vector of value dif-
ferences v(x;) = {v(a,x) — v(0,x) : a € A}. Second, choice
probabilities depend on the primitives of the model only through
the probability distribution G, and the vector of value differences
V(x,): Le, P(alx,) = [I{ec(a) — &(a) < v(a,x) — v(d, x)Va #
a}dG, (). Hotz and Miller proved that this mapping relating choice
probabilities and value differences is invertible (see Proposition 1,
page 501, in Hotz and Miller (1993)). Thus, solving this inverse
mapping into Eq. (37), we have that e(a, x;) is a function of choice
probabilities and the distribution G, only. The particular form of
the mapping that relates CCPs and value differences depends on
the probability distribution G,. For instance, in the model of Ex-
ample 4B, v(1, x;) (or v(0, x;)) is the firm's expected stream of
profits if it decides to be active (or not active) in state x; and be-
have optimally thereafter. For this binary choice model, v(x;) =
v(1, x;) — v(0, x¢). Under assumption CLOGIT on G, the probabil-

ity that the firm will be active is P(1]x;) = %. Inverting

this relationship we get v(x;) = log(P(1|x;)) — log(P(0|x;)). Also,
under the CLOGIT assumption, the conditional expectation e(1, x;)

exp(¥(xt))
1+exp(v(xt))

is equal to y — log ( ) where y is Euler’s constant, and

similarly e(0, x;) = y — log ( ) . Using the inverse map-

ping above, it turns out that e(a, x;) = y — log P(a|x;, 6).

Note that z(a, x;, 6) and é(a, x;, 6) depend on 6 only through
the parameters in the transition probabilities, 6f, and the vector
of CCPs, P(8) = {P(alx,0) : (a,x) € A x X}. In fact, we can
define zZ and é for an arbitrary vector of CCPs (optimal or not).

To emphasize this point we use the notation z"(a, x;) to repre-
T—t pj ~
sent 31 BBy, ia—axe [Yy_o P(a1Xe4)2(@ xe45)] and & (a, X,)
Tt 4
to represent Y .y FEx_la=ax [Zja/:o P(d'|xc4j)e(d, Xe1)]1%°
Let 0° = (67,67) be the true value of 6 in the population

of individuals under study. And let P° be the conditional choice
probabilities in the population. If we knew (P°, 9)9), we could

construct the values 7%’ (a, x) and & (g, x) and then use Hotz
and Miller’s representation to approximate the choice-specific
values v(a, x,0) as simple linear functions of 6, close to its
true value. Although we do not know (P°, Gfo), we can estimate
them consistently without having to solve the DP problem.
Consistent estimates of transition probabilities can be obtained
using a (partial) MLE of 9f° that maximizes the (partial) likelihood
Zi, ¢ log fx(Xi t+1lait, Xi¢, 05). Conditional choice probabilities can be
estimated using nonparametric regression methods (i.e., P%(a|x) =
E(I{a; = a}|x; = x))such as a Nadaraya-Watson kernel estimator
or a simple frequency estimator. Let P and éf be the estimators of
P° and 9)9, respectively. Based on these estimates, Hotz and Miller’s

ideais to approximate v(a, x;;, 0) by Ef’(a, Xit)Oy +é'3(a, X;r) inorder
to obtain the CCP’s in Eq. (31). They propose the GMM estimator
that solves in 6, the sample moment conditions:

N T;
DD H@o
i=1 t=1

exp {Zf’(l, Xi)0y + (1, Xir)}
Hay = 1} —

3 exp {2F(@ x00 + (@, x0) |
a=0

exp [2‘3(], Xie)0u +8°(, Xit)]

Kai =]} — ] - -
> exp {Z"(a, xit)Oy + €P(a, xn)}
a=0 -

(38)

where H (x;;) is a matrix with dimension dim(6,) x J with functions
of x;; which are used as instruments. For instance, in the entry—exit
model of Example 4B the vector 6, has three parameters, the deci-
sion is binary (J] = 1), and the vector of observable state variables
is (S¢, a;¢—1). Therefore, a possible choice for H(x;) is the vector
(1’ s[ﬂ ai,[f])/'

The main advantage of this estimator is its computational
simplicity. Nonparametric estimation of choice probabilities is a
(relatively) simple task: The main task is the computation of the

values zP(a, x;;) and €P(a, x;;), based on a recursive version of
expressions (35) and (36) — more details are provided below.
However, these values are calculated just once and remain fixed
in the search for the Hotz-Miller estimator. In contrast, in a full
solution method such as the NFXP algorithm these values are
recomputed exactly for each trial value of 8. Thus, Hotz-Miller’s
method greatly reduces the computational burden of NFXP’s ‘inner’
algorithm. Another important advantage of Hotz-Miller’s CCP
estimator is that, for the DP conditional logit model with linear-
in-parameters utility, the system of equations (38) that defines the
estimator has a unique solution. Therefore, a global search is not
needed.

Previous conventional wisdom was that Hotz-Miller’s estima-
tor achieved a significant computational gain at the expense of

36 For notational simplicity we omit ; as an argument, though it should be clear
that Z®(a, x;) and &°(a, x) depend on P and 6;.
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efficiency, both in finite samples and asymptotically. Thus, re-
searchers had the choice between two extremes: a full solution
NFXP-ML estimator with the attendant computational burden, or
the much faster but less efficient Hotz-Miller estimator. However,
Aguirregabiria and Mira (2002) showed that a pseudo-maximum
likelihood version of Hotz-Miller's estimator is asymptotically
equivalent to partial MLE. The ‘two-step’ pseudo-maximum likeli-
hood (PML) estimator is defined as the value of 6, that maximizes
the pseudo-likelihood function®”:

Q (604, P, )

Ti exp {2p(ai[» Xit)6y + ¥ (ay, Xit)]
= Z log .

J R ~
==l S exp {ZP(C!, Xit)0u + € (a, Xif)}
a=0

The asymptotic variance of this two-step PML estimator is just
equal to the variance of the partial MLE of 6, described at the
end of Section 3.3.1. That is, the initial nonparametric estimator
of P° and the PML estimator of 93 are asymptotically independent
and therefore there is no asymptotic efficiency loss from using an
inefficient initial estimator of P°. Nevertheless, although the two-
step PML estimator is asymptotically equivalent to partial MLE,
Monte Carlo experiments show that its finite sample bias can be
much larger.?® Imprecise initial estimates of choice probabilities
do not affect the asymptotic properties of the estimator, but they
can generate serious small sample biases in the two-step PML
estimator and, more generally, in the whole class of Hotz-Miller’s
CCP estimators.3® The source of this bias is well understood in
two-step methods: P enters nonlinearly in the sample moment
conditions that define the estimator, and the expected value of a
nonlinear function of P is not equal to that function evaluated at the
expected value of P.The larger the variance of P, the larger the bias
of 9u. The variance of the nonparametric estimator of P%(a|x) =
E(l{a; = a}|x;; = x) increases with the number of cells in the set
X. In applications with millions of cells in X and a few thousand
observations, the variance of P and the bias of éu can be very large.
A recursive extension of the two-step method, which we describe
in the next subsection, deals with this problem.

We now describe in some detail on the computation of the
values ZP(a, x;) and €®(a, x;,). As defined in Egs. (35) and (36), these

37 It is well known that the PML estimator belongs to the class of GMM estimators
defined in Eq. (38). More specifically, the PML estimator is the GMM estimator with
a matrix of instruments H (x;c) equal to the derivatives with respect to 6, of the log-
probabilities of alternatives 1to], i.e.,

o0, RN

dlog (1], 0, P)
H(xy) = ( g [xie o
u

Blogllf(”x,-t,&,f’))

where ¥ (alx;, 0, f’) represents the probabilities in the pseudo-likelihood function.
For instance, in the DP conditional logit model, the matrix of instruments of the PML
estimator is simply:

Hew = (%0, 2 00x0)

38 See the Monte Carlo experiments in Aguirregabiria and Mira (2002, 2007),
Pesendorfer and Schmidt-Dengler (2008), and Kasahara and Shimotsu (2007a).

39 ps pointed out by Pakes et al. (2007), the bias of CCP estimators can be smaller
when the instruments H (x;;) do not depend on the first step estimator P. We discuss
this issue in Section 4.

values must satisfy the following recursive expressions:

2@ x) =2a,%) + B Y fulxerla, x)

Xr+1€X
[
X | D Pea(@ % )2 (@ xig)
a'=0
oL (40)
Fax)=p Y filxrlax)

Xe41€X

J
=P
X ZPt+1(a/|Xr+1) (e1(a', Xes1) + 81 (d', Xe41))

La’=0

For a finite horizon model we can obtain the sequence of values
{zF(a,x,) and €f(a, x;) : t = 1,2, ..., T} using backwards induc-

tion. Starting at the last period, we have 2}3 (a, xr) = z(a, xr) and

é’;’(a, xr) = 0.For every t < T we iterate on Eq. (40). The compu-
tational burden incurred is equivalent to that of solving the finite
horizon DP problem once.

For stationary infinite horizon models such as Example 4B, we
can rewrite Eq. (40) as follows: ZP(a,x) = z(a,x) + B Y ovex
fi|a, x) WF(x); and 8P (a, x) = B Yoy fx(X'|a, ) WP (X'), where
in turn WP (x) = ZJ,:O P(a|x)z"(a, x) is a 1 x dim(6,) vector; and
WFP(x) = Zja/:o P(alx) (e(a, x) 4+ &°(a, x)) is a scalar. Both W (x)
and WP (x) are basis functions for a policy valuation operator.*
Define the matrix W* = {[WF(x), WP(x)] : x € X}. Then, one
can show that WP is the unique solution to the following equation:

J
W = "P(a) * {[z(a). e(a)] +BF ()W} (41)

a=0

where P(a) is the column vector of choice probabilities {P(a|x) :
x € X}; z(a) = {z(a,x) : x € X}; and e(a) = {e(a,x) : x € X}.
One can compute WP by successive approximations, iterating on
the right hand side of Eq. (41) which is a contraction mapping. The
computational cost involved in doing this is equivalent to that of
solving the infinite horizon DP problem once. Note that (41) is a
linear system, so there is a closed form expression for WP, e,

-1

J J
W= (1-8> P@=F() > P@x*z@,e@]. (42)

a=0 a=0

When the number of cells in X is small enough, matrix inversion
algorithms may be preferable to successive approximations.*!
Hotz and Miller derived another representation of choice-
specific value functions for problems with “terminating actions”,
which are actions leading to an absorbing state. For instance,
in Hotz and Miller (1993)’s model of fertility and contraceptive
choices irreversible sterilization is a terminating action leading
to an absorbing ‘infertile’ state. Hotz and Miller’s alternative
representation for these problems is also based on their inversion
theorem and it is considerably simpler to compute than the general
representation that we have described here because the valuation
step does not go more than one period into the future.*? The CCP

40 WP ()6, + WP (x) is the expected discounted utility of behaving according to
choice probabilities P from current period t and into the infinite future whenx; = x.
See Aguirregabiria and Mira (2002) for more detail.
41 The matrix (I — BF)™! can also be approximated using the series I + SF +
B2F2 + ... + BXFK, with K large enough. This can be easier than matrix inversion.
More generally, this inverse matrix can be obtained iterating in A (successive
approximations) in the mapping A = I + BFA.

To see how this is achieved, consider the choice-specific value function v(a, x;)
= u(a,x) + ﬁzxm“ V (Xit+1)fe(Xi 1110, Xie) where V(X;41) is the integrated
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estimators based on this simpler representation have a different
asymptotic variance and have been used less often. A recent
example is Murphy (2008) who estimates a dynamic model of
housing supply where land owners choose the optimal time of
construction taking into account their expectations about future
prices and costs.

Our description of the CCP method has so far assumed that
the utility function is linear-in-parameters and that there is a
closed form expression for the e() function. We now discuss briefly
the role of these restrictions. First, if the utility is not linear-in-
parameters, we can represent the choice-specific value v(a, x, 9)
as Z%(a, x, 6,) + €%(a, x), where 6, is now an argument in z?(),
and z®() is now a scalar. The recursive expression for €’ in Eq. (40)
still applies and the one for z® remains valid if we replace z(a, x)
by u(a, x, 6,) on the right hand side. The valuation matrix WF is
now {[WP(x,6,), WP(x)] : x € X} which uniquely solves the
system W = Z{]=0 P(a) * {[u(a, 0,), e(a)] +BF.(a)W}. For each
trial value of 6, the terms Z{;:o P(a) * u(a, #,) do have to be
recomputed and pre-multiplied by rows of the ‘weighting’ inverse
matrix. This increases the computational cost relative to a model
with a linear-in-parameters utility. However, the inverse matrix
a—-p Zﬁ:o P(a) * F,(a))~! only has to be computed once and
collects a large part of the calculations involved in valuation.*?
Second, the e(a, x) function has a straightforward expression when
the &’s have independent extreme value distributions, as well
as in binary choice models when unobservables have normal
or exponential distributions (see Aguirregabiria and Mira (2007)
and Pakes et al. (2007) for examples in the context of dynamic
games). However, in multinomial models without extreme value
unobservables, e() does not have a closed form and would have
to be computed numerically or by simulation. Furthermore, in
general e() might depend nonlinearly on unknown parameters
and would have to be recomputed for different trial values of
the parameters. Therefore, relaxing the logistic assumption in the
multinomial case represents an important complication for all
methods which rely on Hotz-Miller’s invertibility result and their
usefulness outside this setting remains an open question.

It should also be noted that all the methods that use
Hotz-Miller’s representation of value functions are based on the
two-step partial likelihood approach and do not estimate the
discount factor 8 directly. To see why, recall that the valuation
operator relies on previously obtained consistent estimates of the
parameters ¢; of transition probability functions and on prior
knowledge of B. Without these, the present values z* and &°
would have to be recomputed repeatedly for different values of 65
and B in the second step, rather than just once, and most of the
computational advantage of the Hotz-Miller approach would be
lost.

An important limitation perceived in Hotz-Miller’s CCP estima-
tor and most of its extensions until very recently is that it cannot
accommodate permanent unobserved heterogeneity in the econo-
metric model. If there is permanent unobserved heterogeneity, as

value function (or Emax). Hotz and Miller note that each of these one-period-
ahead Emaxes can be obtained as the value of choosing the terminating action
plus a weighted sum of utility differences. That is, if action O is the terminating
action then V(x;41) = Zja:o P(alxit+1) [v(@, Xier1) + e(@, xier1)] = v(0, Xie11) +
>y P@li ) [0(@, Xier1) = v(0, Xier)] + Yy P(alXic1)e(@, Xier1). By the
inversion theorem, the utility differences v(a, xi+1) — v(0, Xi+1) and the
expectations e() are functions of conditional choice probabilities which in turn can
be estimated from the data.

43 This inverse matrix computes the expected number of times each state will be
visited in the future, with each visit weighted by the corresponding discount factor.
Similar matrices could be obtained for the finite horizon, nonlinear-in-parameters
case but we are not aware of any application doing this.

in the finite mixture model of Example 2, it does not seem possible
to recover consistent nonparametric estimates of CCP’s (an essen-
tial element of Hotz-Miller’s two-step approach) from the mixture
observed in choice data. However, Aguirregabiria and Mira (2007),
Aguirregabiria et al. (2007a) and Arcidiacono and Miller (2008)
have recently proposed and applied recursive versions of the CCP
estimator which can be started with inconsistent estimates of CCP’s
but still obtain consistent estimates of the structural parameters of
finite mixture models. Also, Kasahara and Shimotsu (2007b) have
shown than under certain conditions it is possible to obtain con-
sistent nonparametric estimators of CCPs in finite mixture models,
which can be used to construct a root-N consistent CCP estimator.

Some applications which have used the CCP estimator are:
contraceptive choice, Hotz and Miller (1993); price adjustment and
inventories in retail firms, Slade (1998), Aguirregabiria (1999); and
firms’ investment and labor demand, Sanchez-Mangas (2002) and
Rota (2004).

3.1.3. Recursive CCP estimation (NPL algorithm)

Let éu be the two-step PML estimator of 60 that we have de-
scribed above. Given this estimator, one can obtain new esti-
mates of the choice probabilities, P; = {P;(alx)}, as Pi(alx) =

exp {2‘3((1, X)0y, + éf’(a, x)} / Zﬂ:o exp {2‘3(]', X)0y + é‘s(j, x)].
Given the new estimates 131 we can compute new values Ef’l (a, xi¢)
and éP1(a, x;;), a new pseudo-likelihood function Q (6,, P, 0f),and
a new PML estimator that maximizes this function. We can iter-
ate in this way to generate a sequence of estimators of structural
parameters and conditional choice probabilities {6, x, Px : K =
1,2, ...} such that forany K > 1:

éu,K = argmax Q (6, f’K—l, éf) (43)
O, €O
and

exp {2f’K—1 (@, x)B,x + &%-1(a, X)}

Pe(alx) = (44)

J . n .
3 exp {21 G 0B, + 810 |
j=0
All the estimators in this sequence are asymptotically equivalent
to partial MLE and to the two-step PML (Aguirregabiria and
Mira, 2002, Proposition 4). Therefore, iterating in this procedure
does not give any asymptotic gain. However, it seems intuitive
that if the pseudo-likelihood is built from estimates of choice
probabilities that exploit the structure of the model one may
get estimates of structural parameters with smaller finite sample
bias an variance. Aguirregabiria and Mira (2002) present Monte
Carlo experiments that illustrate how iterating in this procedure
does in fact produce significant reductions in finite sample bias.
Kasahara and Shimotsu (2007a) provide a proof of this result using
higher order expansions for the bias and variance of the sequence
of PML estimators. Aguirregabiria and Mira also show that upon
convergence the recursive procedure gives, exactly, a root of the
likelihood equations. This result holds regardless of whether the
initial estimator of P° is consistent or not, and the procedure is
called the nested pseudo-likelihood algorithm (NPL algorithm).
Therefore, the NPL procedure can be seen both as a method to
reduce the finite sample bias of Hotz-Miller’s CCP estimator and as
an algorithm to obtain the MLE. As a bias reduction method, we do
not have to iterate until convergence and the computational cost is
clearly smaller than NFXP. As an algorithm to obtain the MLE, it can
also be computationally much cheaper than NFXP. The example in
Aguirregabiria and Mira (2002) suggests that this is likely to be
the case in infinite horizon models when maximization in 6, of
the pseudo-likelihood function is a simple task, such as Rust’s DP
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conditional logit model with a linear-in-parameters utility where
the pseudo-likelihood is globally concave in 6,.*4

Furthermore, the choice probabilities obtained upon conver-
gence of the NPL procedure are the optimal choice probabilities
corresponding to the parameter estimate. Thus the procedure does
not compute full solutions at every iteration but, unlike other CCP
methods, it delivers a full solution upon convergence. Moreover
the operator in Eq. (44) which updates choice probabilities at ev-
ery iteration can also be used to compute the exact solution of the
DP problem for counterfactual parameter values.*’

Applications of this method for single-agent models in-
clude: Aguirregabiria and Alonso-Borrego (2009) on labor demand;
Sanchez-Mangas (2002) and Lorincz (2005) on machine replace-
ment and firms’ investment; and De Pinto and Nelson (2009) who
estimate a dynamic model of land use and apply it to study defor-
estation in a developing country.

3.1.4. Simulation-based CCP estimator

Though Hotz-Miller’s CCP estimator is computationally much
cheaper than NEXP, it is still impractical for applications where
the dimension of the state space X is very large, e.g., a discrete
state space with millions of points or a model in which some of
the observable state variables are continuous. To deal with this
problem, Hotz et al. (1994) propose an extension of the Hotz-Miller
estimator that uses simulation techniques to approximate the

values ZP (a, x) and &P (a, x). For every value of x;; in the sample and
every choice alternative a € A (in the sample or not), we consider
(a, x;) as the initial state and generate R simulated paths of future
actions and state variables from period t + 1tot + T* (i.e.,, T*
periods ahead). We index simulated paths by r € {1,2,...,R}.
The rth simulated path associated with the initial state (a, x;;) is
{a"® x"9 . j = 1,2,...,T*). Then, Hotz et al. consider the

it+j° 1 t+j
following simulators:

ZR F(a, xie) = z(a, xi)+= Z |:Z Bz ( z(rrij’ z(rtJar;):|
e = 13 e e )|

Simulated paths are obtained using the initial estimates of choice
and transition probabilities, P and 6;. The path is generated
sequentially. Starting at the observed state x; and given the

hypothetical action a, the state next period, xfr[i)l, is a random
(r,a)

draw from the distribution f,(-|a, x;, Hf) Then, the action ;" isa

random draw from the distribution P(-|x{":?, o ,(r[ﬂ)
(r.a)

then the state x;?, is a random draw from f,(-|a{;$,, %29, 6p),
(r,a) (r,a)

and g; ., is drawn from P(: [X; /+»)- And so on. Simulations are
independent across the R paths If the DP problem has finite
horizon, or if T* is large enough such that the approximation error
associated with the truncation of paths is negligible, then these
simulators are unbiased That is, for any number of simulations

R we have that ER(ZR (a,xi)) = l’(a Xit) and ER(eR(a Xit)) =
e (a, Xit), where Eg(.) is the expectation over the simulation draws.

(45)

).Given (a

44 Computational savings will be larger the smaller the number of NPL iterations
relative to the number of trial values of 6, required by NFXP’s outer algorithm. Little
is known about the relative merits of NPL and NEXP in other contexts, e.g., finite
horizon models.

45 Given parameter values, the right hand side of Eq. (44) defines an operator
mapping CCP’s into CCP’s. Aguirregabiria and Mira (2002) show that this is a policy
iteration operator which can be used to compute the solution of the DP problem in
the space of conditional choice probabilities.

Hotz et al. propose an estimator that is root-N consistent for
any number of simulations, even with R = 1. This property of
simulation-based estimators obtains when, in the system of equa-
tions that define the estimator, the unbiased simulator enters lin-
early and averaged over sample observations. This is not satisfied
by the simulation versions of the GMM estimator in (38) or of the
PML estimator. Hotz et al. consider a GMM estimator that exploits
moment conditions for the choice-specific value functions. Given
that the mapping that relates choice-specific value functions and
choice probabilities is invertible (see Proposition 1 in Hotz and
Miller, 1993), we can represent the value differences v(a, x, 8) —
v(0, x, 8) as functions of choice probabilities. For the DP condi-
tional logit model, this inverse function has a very simple closed
form expression: i.e., v(a, x,60) — v(0,x,60) = log(P(alx,0)) —
log(P(0|x, 8)). Based on this representation, we can construct the
following moment conditions:

O¢a.. |x:
E (h(xit) |:10g (%) - {Zpo(ain Xit) — ZPO(Q Xi[)} 0

{é"“(a.-t,xﬁ) — &, x,-[)} ]) =0 (46)

where h(x;) is a vector of instruments with the same dimension as
6,. These moment conditions still hold asymptotically, as N goes
to infinity with R fixed, if we replace the population parameters
P°, 0})) by consistent estimates and the values Z and e by the unbi-
ased simulators Z and ég. Then, for the DP conditional logit model,
the simulation-based estimator is defined as the value of 6, that
solves the sample moment conditions:

N i Po(a:r |X: . ,
>3 hexo {log (”’“"”) —|F@ex0 - Fo.x0) o
i=1 t=1

Po(O[xic)
— {é};’(a,-t, Xit) — ég(O, X,‘[)] i| = 0. (47)

This estimator has a closed form expression. In fact, the expression
is the one of an IV estimator in a linear regression model. It is clear
that the simulation error averages out over the sample and does
not have any influence on the consistency or the rate of conver-
gence of the estimator. However, the simulation error increases the
variance of the estimator: only as R goes to infinity, the asymptotic
variance of this estimator converges to the variance of the GMM es-
timator without simulation. The latter is larger than the variance of
the one-step PML estimator (i.e., the variance of MLE) because the
moment conditions in (46) are not the optimal ones.

Hotz et al. present several Mont Carlo experiments that
illustrate that this estimator can have large bias in small samples.
To the finite sample bias of the Hotz-Miller estimator now we
should add the bias due to the simulation error. Despite these
problems, this is a very interesting and useful estimator. The
estimator can be applied to models with continuous state variables
and it can be extended to deal with continuous decision variables
as well. Altug and Miller (1998) applied this method to estimate a
model of female labor supply where the decision variable, hours
of work, is continuous and censored. Other applications include
Miller and Sanders (1997) on welfare participation, and Hollifield
et al. (2004) on limit orders markets.

3.2, Estimation of Eckstein-Keane-Wolpin models

Under the label ‘Eckstein-Keane-Wolpin’ we grouped most
applications which have not used Rust’s DP conditional logit
model. Specifically, we listed the following four departures
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from that framework: (1) Unobservables which do not sat-
isfy Assumption AS; (2) Observable but choice-censored pay-
off or state variables; (3) Permanent unobserved heterogeneity;
(4) Unobservables which are correlated across choice alternatives.
The prevalent estimation criterion for Eckstein—-Keane-Wolpin
models has been full solution FIML because the two-step partial
likelihood approach exploited in Rust’s framework does not give
consistent estimators under (2) and (3). The bulk of this section
will address the estimation of models allowing for (3) and (4),
i.e., methods for finite mixtures of likelihoods (Section 3.2.1) and
Keane and Wolpin’s simulation and interpolation method (Sec-
tion 3.2.2). In the next two paragraphs we briefly discuss the es-
timation of models featuring (1) and (2).46

The main consequence of departing from AS is that the
econometric model may not be saturated. A discrete choice model
is saturated if for any value of the observable state variables
and of the structural parameters the model predicts a strictly
positive choice probability for any of the choice alternatives. Non-
saturation causes econometric and computational problems in
maximum likelihood estimation (see Rust, 1994a,b). A natural way
of dealing with this issue is to allow for measurement error in the
state and/or choice variables. For examples of this approach to deal
with non-saturated models see Wolpin (1987), pages 805-806, and
Keane and Wolpin (2001).

The problem with censored payoff or state variables was
illustrated in the occupational choice model of Example 2, where
wages are observed if individuals work but the distribution of
wages across occupations cannot be estimated consistently from
wage data alone because observed wages are a choice-censored
sample. The two-step partial likelihood approach described in
Section 3.3.1, which greatly reduces the computational burden of
estimation in Rust’s model, cannot be used here. The full likelihood
uses }7he structural behavioral model to correct for sample selection
bias.

3.2.1. Finite mixture DP models (permanent unobserved heterogene-
ity)

The finite mixture framework and FIML estimation: Consider a more
general version of the finite mixture model introduced in Section 2,
with permanent unobserved heterogeneity in the utility function,
payoff function, and transition probabilities. Individuals in the pop-
ulation belong to one of L unobserved types indexed by £. The vec-
tor w’ represents unobserved heterogeneity, and e, denotes the
mass (to be estimated) of type £ individuals conditional on the in-
dividual’s initial value of the state variables. We distinguish three
components in o', ie, o' = (of, @, a)f‘), which correspond to
heterogeneity in utility, payoff and transition rules, respectively.
In Example 2 there is heterogeneity in utility and payoffs but not
in transition probabilities because the laws of motion of schooling
and experience are deterministic. The set of structural parameters
consists of: m = {myx : £ = 1,2, ..., L; x € X}; the set of values
2 = {0 : ¢ =1,2,...,L}; and the vector & = (6, Oy, ), that
is invariant across types. As shown in Section 2, the contribution

46 Several of the seminal papers in this literature, such as Miller (1984), Wolpin
(1984, 1987) and Pakes (1986), precede Rust’s contribution and ‘deviated’ from his
framework. All these models considered binary choices and a single unobservable
state variable which resulted in a ‘threshold’ decision rule.

47 There are other approaches to estimate the wage equation consistently
controlling for selection. For instance, the model can provide exclusion restrictions
(i.e., variables that affect occupational choice but not wages) which can be used
to estimate the wage equation using a Heckman-type two-step method. See Vella
(1998) for a survey on sample selection models describing methods that have
extended Heckman’s two-step approach to selection models with multinomial
choices, panel data and nonparametric specification of the unobservables.

of agent i to the conditional log-likelihood in this mixture model
isi(0, 2, ) = log(Y_t_, mop, Li(6, ")), where Li(8, o) is [},
P(ai¢ |xic, we, Nfy Wielaic, Xi, wév 0) H:;l S e laic, Xie, wfl’ 0f).
Conditional on type, the likelihood factors into conditional choice
probabilities, payoff probabilities, and state transition probabili-
ties as in Rust’s model. However, unlike the log-likelihood in (10),
this log-likelihood is not additively separable because the type pro-
portions appear inside the log.*® Consistent estimates of 6y and
0 cannot be obtained separately because agents’ choices, which
appear in the payoff and transition probabilities, are not indepen-
dent of the individual unobserved types. FIML estimation corrects
the endogeneity bias. This approach to allow for persistent individ-
ual heterogeneity is based on the seminal work by Heckman and
Singer (1984).4°

The computational cost of estimation may be much larger than
in a similar model without permanent unobserved heterogeneity
because the likelihood of the choice history is maximized in the
full parameter vector and furthermore the number of times the DP
problem needs to be solved is multiplied by the number of types. As
noted before this is the reason why finite mixtures are used and the
number of types is kept small.>® Following Heckman and Singer, if
L is unknown the number of types can be estimated by increasing
L until the likelihood at the FIML estimates ‘does not increase’.
However, this search is expensive and typically L is set a priori. One
should be careful not to choose a large value for L. If the value of L in
the estimated model is larger than its true value in the population,
the model is not identified (e.g., there are multiple combinations of
the 7y, parameters that can explain the data equally well). This
is another reason why most applications have considered a small
number of types.

The simplest estimable DP models with permanent unobserved
heterogeneity are those that combine Rust’s model with the
finite mixture framework. Some examples are: the model of
contraception and sterilization of Carro and Mira (2006); the model
of fertility and learning about child mortality of Mira (2007); the
model of health expenditures and labor supply of older men of Blau
and Gilleskie (2008); and the model of habits and teen age sex of
Arcidiacono et al. (2007a).

Sequential EM algorithm (ESM): Arcidiacono and Jones (2003)
propose a clever algorithm which makes the two-step partial
likelihood approach compatible with the finite mixture model.
Their insight is that additive separability of the log-likelihood,
which is the basis for the two-step partial likelihood strategy,
can be recovered in a ‘multi-cycle’ or ‘sequential’ version of the
well-known Expectation-Maximization (EM) algorithm. A key
element of Arcidiacono and Jones’ ESM algorithm is the ‘posterior’
probability that individual i belongs to unobserved type ¢ given her
observed history of choices and states. For the sake of simplicity,
ignore for the moment the initial conditions problem and assume
that 7y, = m¢. We also assume that conditional on type, Rust’s
Assumption CI-Y holds, i.e., conditional on type the payoff function
yie is independent of the transitory shocks s;. Let @;, X; and ¥;

48 If there is not permanent unobserved heterogeneity in the transition
probabilities, then we can write the full likelihood as the sum of two partial
likelihoods and 6 can be still estimated consistently by maximizing the partial
likelihood associated with transition data and without solving the DP problem.

49 I the context of discrete choice DP problems the papers by Miller (1984) and
Wolpin (1984) are the earliest example we are aware of.

50 There have been some attempts to estimate DP models with continuously
distributed permanent unobserved heterogeneity. The retirement model of
Berkovec and Stern (1991) is the earliest successful application we are aware
of. More recently, Ackerberg (2001) and Pantano (2008) have proposed methods
based on importance sampling techniques, and Imai et al. (2007) have used MCMC
methods.
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be individual i’s histories of actions, states, and payoff variables,
respectively. From Bayes’ theorem

7o Pr (a;, X, Jil €: 0)

Pr (d;, %, 3il0, 2, 7)

_ _ L@, ") (48)
exp {li(6, 2, )}

where the functions L;(0, ®) and [;(8, §2, 7) are the likelihoods
that we have defined in (16). It can be shown that the FIML
estimator (9, Q, 7r) that maximizes the likelihood function (16)
satisfies the following conditions:

Pr(¢|d;, x;, yi: 0, 2, 7) =

(a) ZPr(Iila,,xl,yl,G 2,7)
i=1
. N L (49)
b 0, £2) = arg max
(b) 6,2 gw};;
Pr(e[d;, %, yi; 0, £2, #) log Li(8, *).

Condition (a) is quite intuitive since it states that unconditional
type proportions and individual posterior probabilities have to
be mutually consistent. Condition (b) states that (@,Q) also
maximizes a mixture of log-likelihoods, weighted by posterior
type probabilities. In this maximization the posterior weights are
kept fixed and appear outside the logs, so the mixture of log-
likelihoods is once again separable in choice, payoff and state
transition factors.

These properties motivate Arcidiacono and Jones’ sequential
version of the EM algorithm. The algorithm is initialized with
an arbitrary vector {éo, on,ﬁo} in the space of the structural
parameters. Given {@0, Qo, 7o} we obtain a new vector {91, .@1 , 71}
as follows:

“E” step: Compute Pygg = Pr(£[d;, X, i; 6o, $20, 70) as 7soLi (6o, &F)
/ exp{li(6o, $20, 7o)}
Sequential “M” step For {P;s} fixed, obtain {él, fZl, 71} using:

by
— Pigo
N =

N L
(b1) (61, &fy) = arg {$a§}zzpizo
Of 1 =1 (=1

Ti—1
X |:Z 108 fi(Xi 1111, Xie, o, 9f)j|

(@ fn=

t=1

N L
(b2)  (By1. &y,) = arg max Y > Puo

£
{By.oy} =1 =1

-
x | Y logfy (viclaic, Xic, wy, 9y):|

L t=1

(b3)  (Bur, &fy) = arg max Z pro

[CARC et

x ZIOgP(airIXn, oh. DYy, Ofr. Ous Oy, em} :
Lt=1

Then, use {él, f21,fr1} as the initial value and apply the “E”
step and the sequential “M” step again. We proceed until
convergence in {é, fz,ﬁ}. Arcidiacono and Jones show that, if
the algorithm converges, it obtains consistent and asymptotically
normal estimators. These estimators are not asymptotically
efficient because the sequential partial likelihood approach is used
in every M-step. The algorithm requires multiple maximization
steps, but each of them may be much less costly than full

information maximization. Arcidiacono and Jones illustrate their
method in a Monte Carlo experiment based on a model of schooling
choices. In their experiments, the ESM delivers estimators much
faster than FIML, with a small loss of precision.>!

Example applications: Arcidiacono (2004) estimates a model of
the choice of college and major and studies ability sorting by major
and the returns to major; Arcidiacono (2005) extends that model to
include the choice of college applications and the process of college
admissions and uses it to study the impact of affirmative action in
admissions. Also see Arcidiacono et al. (2007b).

Initial conditions: As illustrated in Example 2, if the model has per-
manent unobserved heterogeneity then the first observation x;;
on which the likelihood is conditioned is potentially an endoge-
nous variable because it is not independent of the individual’s
type: ie., mx, = Pr(€lx;;) # Pr(€). Following Heckman (1981),
there are two standard solutions to this problem. The first solution,
which has been the most common approach in life-cycle models, is
to complement the conditional likelihood derived from the struc-
tural DP model with an auxiliary model for the distribution of types
conditional on the initial value of the state variables. A sufficiently
flexible multinomial logit model can approximate arbitrarily well
the distribution of type £ as a function of x;;. That is, for £ < L — 1:

exp {xi10x.¢}

-1
1+ Y exp {xi16r.0}

=1
where 0, = {6,, : ¢ = 1,2,...,L — 1} is a vector of parame-
ters to estimate, and 6, ; is normalized to zero. This seems like the
most reasonable approach if the researcher thinks that the struc-
tural model does not apply to pre-sample periods. For instance, in
Keane-Wolpin occupational choice model, the authors did not be-
lieve that their structural model explained schooling at age 16, but
still treated this variable as endogenous.

In the second approach, it is assumed that the structural be-
havioral model explains the distribution of the initial values of
the state variables. Consider again Keane-Wolpin's occupational
choice model. The initial age in their data and model (ie., t =
1) is 16 years old. For the sake of illustration, suppose that at
some out-of-sample age lower than 16 (i.e.,, t; < 1) the state
variables took the same value for all individuals. That is, all the
individuals at age t, have the same level of formal education
and the same (zero) labor market experience. Therefore, for ev-
ery individual i, x;;, = xo where Xg is known to the researcher.
Also, assume that individual’s choice probabilities at ages in the
sample (i.e., t > 1) can be extrapolated to ages younger than
16. Then, given the choice probabilities of the structural model,
we can obtain the probabilities Pr(x;;|xi, = Xo, w', 6) for ev-
ery type ¢ and every value x;; in the sample. By Bayes rule,
Tew, = 7 Pr(xXalXo, @, 0)/ Y h_, 7o Pr(xia|Xo, @° , 6). There-
fore, given the probabilities Pr(x;|xo, %, 6), we can construct
the conditional log-likelihood function log(Zﬁzl e, Li (0, b)),
where now the vector of parameters 7z contains the unconditional
mass probabilities of each type {7, : £ = 1, 2, ..., L}, which are
primitive parameters of the structural model and are estimated to-
gether with 6. The key assumption for the validity of this approach
is the extrapolation of choice probabilities for periods t < 1. If
this assumption is correct, this “structural” approach to deal with
the initial conditions problem provides more efficient estimates of
the structural parameters than the first, “reduced form” approach.
However, the approach has two important limitations: it is com-

ey = (50)

51 Bonhomme (2006) shows how to use the generalized information inequality
to simplify the calculation of the standard errors of this estimator of the mixture
model.
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putationally much more intensive, and it relies on out-of-sample
extrapolations which may be not realistic in some applications.

In some applications some individual’s histories may be left-
censored which implies that individuals have different initial
periods. For instance, in Keane and Wolpin’s occupational choice
model suppose we do not observe all the individuals since age 16
but from very different initial ages, e.g., age 24, 28, etc. If we use
the “reduced form” approach to deal with the initial conditions
problem, we will have to allow the parameters 6, , to vary in
a flexible way with the individual’s initial age. In this context,
the number of 6, parameters to estimate may be very large
and therefore the estimation of all the parameters can be quite
inefficient. Keane and Wolpin (2001) propose and implement a
simulation estimation method which deals with this problem, and
more generally with the problem of missing state or choice data,
which is in the same spirit as the “structural approach” that we
have described above. They simulate complete outcome histories
and match them to incomplete observed histories in order to
compute the probabilities of the latter. Because degeneracy would
occur even if the number of simulations is very large, they allow for
measurement error in both continuous and discrete variables. They
use this method to estimate a dynamic model of schooling choices
with savings decisions and borrowing constraints. More recently,
an alternative approach to the initial conditions problem has been
explored by Aguirregabiria and Mira (2007) (see Section 4.2).

3.2.2. Keane-Wolpin’s simulation and interpolation method

Keane and Wolpin’s simulation and interpolation method
has been the most widely used for applications with finite
horizon problems, large state spaces and unobservables which are
correlated across choices, beginning with the occupational choice
model (see Keane and Wolpin, 1994). The estimation criterion
is FIML and individual contributions to the likelihood are the
finite mixtures shown in (16). Conditional on an individual’s
unobserved type Assumption CI-X holds so the likelihood factors
into conditional choice probabilities and the solution of the
DP problem is characterized by the Emax function. However,
the choice-specific unobservables do not have extreme value
distributions and are correlated so the CCP’s and Emax functions
do not have closed forms. Computing them involves solving J-
dimensional integrals at every point x in the state space. Keane
and Wolpin use Monte Carlo integration to simulate these multiple
integrals. Furthermore the state space is large so at every time
period the Emax integrals are simulated at a subset of the
state space points only, and their value at every other point is
interpolated using a regression function which is fit to the points
in the subset.>?

As before, solving the model essentially amounts to obtaining
the Emax function. In a finite horizon model, this is done by back-
wards induction. Let Vi (x;) be the integrated value function, or
Emax function, at period t and for type ¢, as defined in Section 2.1.

Let {st(r) :r =1,2,...,R} be R random draws of histories of an

individual’s unobservables. Using these random draws we can con-
struct simulation-based approximations (simulators) for the Emax

52 Other approximations have been used in finite horizon models. For instance,
Blau and Gilleskie (2006) “truncate” the decision horizon at a fixed period T and
approximate the value function at that period by a flexible “terminal” value function
in “reduced form” parameters which are estimated jointly with the structural
parameters. Wolpin (1992) increases the length of decision periods which are in
the distant future and fall outside the sample period; i.e., time aggregation is used
to reduce the number of state points and approximate the value function.

function. Starting at the last period T, the simulator of Ver (x) is:>3

. 1 &
Vir (1) = ﬁzTéx{UT(a,x, s;”,w‘,e)}. (51)
r=1

At period t < T we already know the simulator of next period’s
Emax function, V; 41(.). Then, the simulator of the Emax function
at period t is:

. 1 & .
Vi) = ) max {uma, %60, 050 + B Ve (X a, x)} :
r=1 x'ex

(52)

Note that these Emax values should be calculated at every point
x in the support X. This can be very costly for DP problems
with large state spaces. In order to alleviate this computa-
tional burden the method obtains simulation-based approxima-
tions to the Emax function only at a (randomly chosen) subset
X; of the state points every period. The Emax at other points
are obtained as the predicted values from a regression function
which is estimated from the points in X;. In the model of ca-
reer decisions, the arguments of the regression function were
{v¢(a, x) — max[v;(1,X), ..., v:(J, x)]}, where:

Ue(a,X) = Eg, [Ue(a, X, &, 0", 0)]

+B Y Ve a,0). (53)

X eXpy1

That is, the interpolating function depends on the state through
choice-specific value functions only. This interpolating function
worked very well in this example but the arguments are costly to
compute and the full state space has to be spanned in either simu-
lation or interpolation. Using a polynomial in the state variables is
much cheaper because in order to approximate the Emax at state
x, we do not need to compute {v;(a, x)} and because of this we do
not need to know Emaxes at all states that may visited in the future
from x. Monte Carlo experiments reported in Keane and Wolpin
(1994) show that the method performed less well with a quadratic-
in-states approximation. In most subsequent applications, polyno-
mial approximations have been used.

Given the Emax functions, the conditional choice probabilities
and the conditional density of the payoff variables can be
obtained using simulation.>® The parameters are estimated by
FIML. As Keane and Wolpin noted, the approximation errors in
the Emax functions enters nonlinearly in the CCP’s. Therefore,
simulated CCP’s are biased and this implies that estimators of
structural parameters are not consistent.’® To put this problem
into perspective, note that approximation error in the Emax is
not the only source of potential inconsistency; e.g., discretization
of continuous variables, approximate convergence of the Bellman
operator in infinite horizon problems, etc. Furthermore, the large
computational gain involved has allowed researchers using this
method to produce many interesting applications, estimating
models with very large state spaces and richer structures than
would otherwise be possible. Besides Keane and Wolpin (1997)'s
occupational choice model of Example 2, other leading examples

53 We describe a version of Keane-Wolpin method that uses a simple frequency
simulator. However, more efficient simulators can be used.

54 Simulation of CCP's is needed only at sample points; kernel smoothing is used
in this case, in order to avoid empty cells and to enable the use of gradient methods
in the maximization of the likelihood. Note that the same draws of ¢’s are used for
the simulation of CCPs and the conditional density of wages.

55 Abias remains as long as interpolation is used, even if the number of simulation
draws goes to infinity.
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are Eckstein and Wolpin (1999)’s study of the determinants of high
school exit or completion and the model of congressional careers
of Diermeier et al. (2005).

3.3. Other issues in the estimation of single-agent models

3.3.1. Serially correlated unobservables and continuous state vari-
ables

We begin this section reviewing methods and applications
for models where unobservable state variables follow stochastic
process with serial correlation. There are two main issues in
the estimation of this class of models. First, the observable state
variable x; is not a sufficient statistic for the current choice and the
probability of an individual’s choice history cannot be factored into
CCP’s conditional on x; alone. Therefore, computing that individual
contribution involves solving an integral over all possible histories
of unobservables which are compatible withe the observed data.
The dimension of this integral is T;, the number of longitudinal
observations. The earliest examples of this can be found in the job
matching model of Miller (1984) and in the paper by Pakes (1986)
on patent renewal. Pakes’ paper was also one the first econometric
applications that used Monte Carlo simulation techniques to
approximate high-dimensional integrals.® Since Pakes’s paper,
there have been very important contributions in the areas of
Monte Carlo integration (see Geweke, 1996) and simulation-
based estimation methods (see Hajivassiliou and Ruud, 1994;
Stern, 1997). An important contribution was the development
of the Geweke-Hajivassiliou-Keane (GHK) simulator.’” This is a
very efficient importance sampling simulator of multinomial
probabilities in discrete choice models with normally distributed
unobservables. The use of this simulator reduces significantly the
approximation error and thus the bias and variance of simulation-
based estimators. An example of the application of this type of
simulators is the paper by Brien et al. (2006) that applies the
GHK simulator in the estimation of a dynamic structural matching
model of cohabitation, marriage and divorce.

A second important issue is that a DP problem with continuous
state variables - observable or unobservable - cannot be solved
exactly and needs to be approximated using interpolation methods
or polynomial approximations.®® To illustrate this issue consider
the occupational choice model in Example 2 where, for every
choice alternative, we omit the random effect w;(a) but relax
the IID assumption in &;(a). For instance, suppose that e; (a)
follows an AR(1) process, €;:(a) = pq&ir—1(a) + &;i(a). The value
function of this DP problem depends on &;, which is a vector
of continuous variables, and cannot be solved exactly. Note that
the problem cannot be solved by considering the integrated value
function, as in models where ¢;; is iid, because the “Emax” V (x;;) =
f V (Xit, €ir)dG, (e;;) does not characterize the solution of the DP
problem at t —1.%° There are two classes of approximation methods
to solve this type of DP problems: interpolation methods, and
polynomial approximations. Stinebrickner (2000) discusses these
methods in the context of a dynamic discrete choice structural

56 See also the seminal work by Lerman and Manski (1981).

57 See Geweke (1991), Keane (1994) and Hajivassiliou and McFadden (1998) for
the original sources.

58 This second issue is not a problem in Pakes’ patent renewal model. A nice
feature of that application is that the particular structure of the model (i.e., optimal
stopping problem and the specification of the stochastic process of &) is such that
it is possible to obtain an exact recursive solution of the threshold values that
characterize the optimal decision rule.

59 Note that the integrated value function V(x,-[, git—1) = fV(xi,, PEIt—1 +
&i)dGg (&) fully characterizes the solution of the DP problem. However,
V (X, ;1) has the same dimension as V (x;, &i).

models with serial correlation and he presents some examples
to illustrate the relative strengths of the various approximation
approaches. His experiments suggest that, at least for models with
normally distributed variables, interpolating methods based on
Hermite and Gauss-Legendre quadrature perform very well even
when the degree of serial correlation is high. Stinebrickner (2001)
applied Hermite quadrature interpolation to solve and estimate a
dynamic model of teacher labor supply. More recently, Bound et al.
(2010) have used a similar method in the context of a structural
model of retirement where a component of an individual’s health
is unobserved to the researcher and it is a continuous and serially
correlated random variable. The study in Benitez-Silva et al. (2005)
presents a very extensive comparison of different strategies for
solving dynamic programming problems with continuous, serially
correlated state variables. One of the methods considered in that
paper is the parameterized policy iteration method. This solution
method has been used by Hall and Rust (2005) in the estimation of
amodel of inventory investment and price speculation by a durable
commodity intermediary. The simulation-interpolation method
in Keane and Wolpin (1994) could also be used for this class of
models.

The papers by Melnikov (2000) and Hendel and Nevo (2006)
present an interesting and useful approximation method for the
estimation of dynamic demand models with large state spaces.5°
Hendel and Nevo estimate a dynamic model for the demand of a
differentiated storable good (laundry detergent) using consumer
scanner data. They use the estimated model to study long-run
and short-run demand responses to temporary price reductions
(i.e., sales promotions). The state space in this model includes
prices and advertising expenditures for all brands in all sizes of
the product: more than one hundred continuous state variables.
Hendel and Nevo show that in their model the probability of
choosing a brand conditional on quantity does not depend on
dynamic considerations, and therefore many of the demand
parameters can be estimated from a static brand-choice model
without solving the DP problem. Once these parameters are
estimated, it is possible to construct a single index (or inclusive
value) for each quantity choice (four quantity choice alternatives).
These four indexes summarize all the relevant information in
prices and advertising expenditures for the current utility of an
individual. Then, Hendel and Nevo assume that these inclusive
values follow a first order Markov process: i.e., all the information
in current prices and advertising that is relevant to predict next
period inclusive values can be summarized in today’s inclusive
values. Under this assumption, more than hundred state variables
can be summarized in just four state variables. This is a very
convenient approach in the estimation of dynamic demand models
of differentiated products.’’ Even under these assumptions the
solution of the DP problem in this model is cumbersome: the
vector of state variables consists of the inclusive value, consumer
inventory, and an unobserved shock in the marginal utility of
consumption, which are all continuous variables. Thus, Hendel
and Nevo also use interpolation techniques to approximate the
solution of the DP problem. They use the parameterized policy
iteration method in Benitez-Silva et al. (2005) as the ‘inner
algorithm’ in a nested fixed point algorithm similar to Rust’s.

60 Melnikov's and Hendel and Nevo's approaches have clear similarities with the
use of Gittins’ indexes in the estimation of an occupational choice model in Miller
(1984).

61 Nevertheless, under realistic specifications for the stochastic process of prices
and brand-choice parameters, the assumption of a Markov process for inclusive
value can be clearly rejected. On the positive side, this is an assumption that can be
tested empirically and that can be relaxed to a certain extent, e.g., a higher order
Markov process. See Erdem et al. (2003) for a similar application with different
assumptions and estimation method.
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3.3.2. Approximation error and inference

Numerical methods provide only approximations to the solu-
tion of dynamic decision models with continuous state variables.
Therefore, the researcher cannot calculate the exact likelihood
function (or other sample criterion function) of the model but only
an approximated likelihood based on his approximated solution to
the model. An important question is what are the implications for
statistical inference of using an approximated likelihood function.
The literature on simulation-based estimation has dealt with the
implications of simulation errors on the asymptotic properties of
estimators. However, much less is known when the approxima-
tion error does not come from using Monte Carlo simulators but
from other numerical methods such as interpolation techniques.
The standard practice in applications that use interpolation tech-
niques has been to conduct inference as if the exact solution of
the model were used and to ignore the effects of approximation
errors. In this context, the recent paper by Fernandez-Villaverde
et al. (2006) contains some important contributions to this diffi-
cult topic. They show that convergence of the approximated pol-
icy function to the exact policy function does not necessarily imply
that the approximated likelihood function also converges to the
exact likelihood. Some additional conditions are needed for con-
vergence of the likelihood function. In particular, in addition to reg-
ularity conditions to have a well defined likelihood function, the
optimal decision rule and the transition rule of the state variables,
as functions of the vector of structural parameters, should be con-
tinuously differentiable and have bounded partial derivatives. They
also propose a likelihood ratio test to check for the importance of
errors in the approximated likelihood. Suppose that a researcher
is using interpolation methods to approximate the solution of a
DP model and that he solves and estimates the model under two
different levels of approximation error, e.g., two different grids of
points in the state space. We can interpret the two different ap-
proximations as two competing models. We want to test if the data
significantly support one approximation over the other one. Let IV
and I® be the maximum values of the two likelihood functions
under the two levels of approximation error. The likelihood ratio
statistic is LR = IV — 1@ Vuong (1989) develops the asymptotic
behavior of this statistic for both nested and non-nested models
and his results are general enough to include the case we consider
here. Based on this test, Fernandez-Villaverde et al. suggest to use
an increasing approach to choose the degree of accuracy in the nu-
merical solution of the model. That is, to increase the accuracy of
the numerical solution until the likelihood ratio test cannot reject
that the less accurate solution is statistically equivalent to the more
accurate solution.®?

3.3.3. Bayesian methods

The computational cost of evaluating the likelihood in struc-
tural dynamic discrete choice models has so far made Bayesian
inference in these models intractable.®® If a Markov Chain Monte
Carlo algorithm (MCMC) is used, the number of likelihood evalu-
ations that is required is typically much larger than in the case of

62 Recently, Geweke (2007) and Ackerberg et al. (forthcoming) have raised
some important concerns about the properties of the likelihood ratio test
proposed by Fernandez-Villaverde et al. They show that it is possible to construct
simple and plausible examples such that the MLE based on the approximated
likelihood is different from the MLE based on the exact likelihood even when the
approximation index (i.e., number of cells in the approximation) goes to infinity. In
those cases, the likelihood ratio test may be seriously biased.

63 An exception is Lancaster (1997) who demonstrates the feasibility of Bayesian
inference in a search model with closed form solutions. Geweke and Keane (2000)
show how to do Bayesian inference when the future component of the value
function is replaced by a flexible approximation in order to avoid the burden of
full solution.

algorithms tailored to classical likelihood-based inference. In a re-
cent paper, Imai et al. (2007) propose an estimation method which
promises to alleviate this problem significantly. At each iteration,
a modified Metropolis—Hastings step is combined with a single it-
eration in the Bellman equation which updates the value function
and replaces the full solution of the DP problem. Therefore, estima-
tion and solution proceed simultaneously. This is in the same spirit
as Aguirregabiria and Mira’s NPL algorithm, but gradual updating
of the DP solution is carried out in ‘value function space’ rather
than in ‘conditional choice probability space’. Imai et al. show that
the approximate solution converges to the full solution and the ap-
proximate posterior converges to the true posterior. They illustrate
their method in Monte Carlo experiments with uninformative pri-
ors for models of firm entry and exit which allow for continuously
distributed random effects and continuous state variables.

3.3.4. Validation of dynamic structural models

One of the most attractive features of dynamic structural
models is that they can be used to predict the effects of
counterfactual policy changes (or ex ante policy evaluation). Clearly,
a prerequisite for such an exercise is that the researcher has
enough confidence in the estimated structural model, i.e., the
model needs to be validated. Some of the most commonly used
criteria for validation of dynamic structural models have been:
(a) conformity with the researcher’s priors on “admissible” ranges
of parameter values, based on economic theory and/or previous
empirical work; (b) informal assessment of goodness of fit;
(c) formal specification tests such as goodness of fit and over-
identifying restrictions tests (see Andrews, 1988; Rust, 1994a,b).
However, these criteria may seem insufficient for the purpose of
credible policy evaluation. First, many researchers are concerned
about identification. Second, goodness of fit and over-identifying
restrictions tests are of limited usefulness when the estimated
model is the result of pretesting (or “structural data mining”, as
referred by Wolpin, 2007). Alternative specifications with very
similar in-sample performance may provide very different out-
of-sample predictions of the effects of counterfactual policies.
In fact, as pointed out by Wolpin (2007), it can be the case
that some model features that contribute to improve in-sample
goodness-of-fit may have a negative effect on the performance
of the model for the prediction of counterfactual experiments.
Then, how should we choose among these models? First, if the
structural model will be use to predict a counterfactual policy, it
seems reasonable that the model should be judged in terms of its
ability to predict that particular policy. In this sense, the “best”
model depends on the type of counterfactual policy one wants to
predict. Social experiments and exogenous regime swifts provide
very useful information for the credible validation of a structural
model. Subject to identification issues, one can estimate the
structural model using the control-group subsample and then use
the experimental group to evaluate how well the model predicts
the effects of the policy intervention which was the object of the
social experiment. Once a model has been selected in this way, it
can be used to predict extrapolations of the policy in the social
experiment. This idea has been used before in dynamic structural
models by Lumsdaine et al. (1992), to predict retirement behavior
under alternative pension plans, and by Todd and Wolpin (2006),
to predict the effect of subsidies on children school attendance in
Mexico.

However, for good or for bad, social experiments and regime
swifts are a rarity. In a recent paper, Keane and Wolpin (2007)
propose an approach for model validation that is in this same
spirit but can be used when non-experimental data is available.
The approach consists in holding out a subsample that is subject
to a policy change along the same dimension as the counterfactual
policy that we want to evaluate. The holdout sample plays the same
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role as the treatment group sample when a social experiment is
available: it is not used for estimation but it is used to validate the
predictive ability of the model. Keane and Wolpin (2007) explore
the use of variation in welfare policies across states as a validation
tool in a model of welfare participation, work, schooling and
fertility choices of young women. This idea seems very interesting,
although the fact the subsample selection is not random introduces
nontrivial econometric issues.

3.3.5. Relaxing rational expectations

The assumption of rational expectations has been ubiquitous
in this literature. Nevertheless, this is a very strong assumption
in many applications. Information is costly and individuals typ-
ically make predictions using different sets of partial informa-
tion. Though the rational expectations assumption in empirical
structural dynamic programming models is made for identification
reasons (i.e., observed choices may be consistent with many alter-
native specifications of preferences and expectations), if incorrect
it can induce serious biases in our predictions of counterfactual ex-
periments. Data on expectations can be used to relax or to vali-
date assumptions about expectations, and it can make the predic-
tions of dynamic structural models more credible. Manski (2004)
presents an excellent review on the use of data on subjective ex-
pectations in microeconometric decision models (see also Dela-
vande, 2006). In the context of dynamic discrete choice structural
models, two examples are the study of teen fertility and unwanted
births by Walker (2003), and the study by Van der Klaauw and
Wolpin (2005) on Social Security and savings.

The standard framework common to all the work reviewed
in this survey also assumes that agents are forward looking and
that their preferences are time-separable and time-consistent.
A common practice in many applications has been to test the
hypothesis that 8 = 0, which is a test of forward looking behavior
—conditional on the rest of the model’s structure. In a recent
paper, Arcidiacono et al. (2007b) study whether the patterns of
heavy drinking and smoking of late-middle-age men, observed
in the US Health and Retirement Study, can be explained
better by myopic models than by models of forward looking
behavior. They estimate a sequence of rational-addiction models
which differ by individual’'s degree of forward looking behavior.
Interestingly, they find that forward looking models explain
observed individual behavior better than myopic models. Fang
and Silverman (2007) estimate a model of labor supply and
welfare program participation of single mothers with dependent
children which allows for quasi-hyperbolic discounting. They
provide estimates of the degree of time inconsistency and use
their model to explore the behavioral and utility consequences
of welfare reforms which may be interpreted as commitment
mechanisms.

4. Estimation methods for dynamic discrete games

As we did for single-agent models, we distinguish between
the structural parameters in the utility function, 6, and in the
transition rules of the state variables, 6;. Under assumption CI-
X-Game, we do not have to deal with the problem of calculating
a MPE of the game in order to estimate 6. We can estimate
O as the vector that maximizes the partial likelihood function

Z’nv{:l fﬁf 10g fy (Xm.¢+11Ame , Xme; O). We assume hereafter that
B is known and that 6; has been estimated in a first step and we
focus on the estimation of the parameters in 6,, which requires
that we exploit the equilibrium structure of the game. In some
applications the data may include “payoff variables” such as sales
or cost data. If payoff variables are “conditionally independent” of
private information shocks then the first step may also include the

estimation of the parameters of the “payoff functions” as in the

single-agent problems of Section 3. Following most of the papers
in this literature, we make the assumption that the observations
in the data have been generated by only one Markov Perfect
equilibrium.

ASSUMPTION One-MPE-Data: Define the distribution of a,;; condi-
tional on X, in market m at period t as P?m = {Pr(am: = a|Xm =
x) : (a,x) € AV x X}. (A) For every observation (m, t), P2, = P°.
(B) Players expect P° to be played in future (out of sample) peri-
ods. (C) The observations {a,;, X} are independent across mar-
kets and Pr (X, = x) > 0 for all xin X.

Assumption (A) establishes that the data has been generated
by only one Markov Perfect equilibrium. Thus even if the model
has multiple equilibria, the researcher does not need to specify
an equilibrium selection mechanism because the equilibrium that
has been selected will be identified from the conditional choice
probabilities in the data. We will discuss in Section 4.2 how this
assumption can be relaxed. Assumption (B) is necessary in order
to accommodate dynamic models. Without it, we cannot compute
the expected future payoffs of within-sample actions unless we
specify the beliefs of players regarding the probability of switching
equilibria in the future.

Following the notation in Section 2.3, let A(v"(9)) = {A(aqj]
v}’(~, x,0)) : (i, a;, x) € [ xAx X} be the equilibrium best response
mapping of the dynamic game. Furthermore, let vf(a;, X, 6)
hereafter denote Hotz-Miller’s representation of choice-specific
value functions, adapted to this context (see details below).
Aguirregabiria and Mira (2007) show that, for given 6, a vector
of conditional choice probabilities P is a MPE of the game if and
only if it satisfies the fixed point condition, P = A(v®(8)). For the
description of several estimators in this literature, it is convenient
to define the following pseudo-likelihood function:

M Tn N

QO,P) =" " In AGim|f C, Xme, 0)) (54)

m=1 t=1 i=1

where P is an arbitrary vector of player’s choice probabilities.
This is a “pseudo” likelihood because the choice probabilities
A(aimt|viP (-, Xme, 0)) are not necessarily equilibrium probabilities
associated with 6, but just best responses to arbitrary beliefs P
about other player’s behavior. The MLE can be defined as:

sup Q(8,P)subjectto : P = A@P©H))} .

Oy = arg max
Pe(0, HNKI

€
(55)

For given 6, the expression P = A(vP(0)) defines the set of vectors
P which are equilibria associated with that value of the structural
parameters. For some values of 8 that set may contain more than
one P and therefore to obtain the MLE one should maximize
over the set of equilibria. Under standard regularity conditions,
multiple equilibria does not affect the standard properties of the
MLE which in this model is root-M consistent, asymptotically
normal and efficient. However, in practice, this estimator can be
very difficult to implement. This is particularly the case if we use
an algorithm that for each trial value of & computes all the vectors
P which are an equilibrium associated with 0 and then selects
the one with maximum value for Q (8, P). Finding all the Markov
Perfect equilibria of a dynamic game can be very difficult even for
relatively simple models.

4.1. Two-step methods

Several recent papers (Jofre-Bonet and Pesendorfer, 2003;
Aguirregabiria and Mira, 2007; Bajari et al., 2006; Pakes et al., 2007;
Pesendorfer and Schmidt-Dengler, 2008) have proposed different
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versions and extensions of Hotz-Miller’s CCP estimator to estimate
dynamic games. An interesting aspect of the application of the
CCP estimator to dynamic games is that this method deals with
the problem of multiple equilibria, i.e., it avoids the optimization
of the (pseudo) likelihood with respect to P. Under assumption
‘One-MPE-Data’, player’s choice probabilities can be interpreted
as player’s beliefs about the behavior of their opponents. Given
these beliefs, one can interpret each player’s problem as a game
against nature with a unique optimal decision rule in probability
space, which is the player’s best response. While equilibrium
probabilities are not unique functions of structural parameters,
the best response mapping is a unique function of structural
parameters and player’s beliefs about the behavior of other players.
These methods use best response functions evaluated at consistent
nonparametric estimates of player’s beliefs.

We now describe different variants of this estimator in the
context of dynamic games. As in the case of single-agent models,
the CCP method is particularly useful in models where the
utility function is linear-in-parameters. Therefore, we assume that
Ui (Ame, Xmes ) = Zi(@e, Xme)' 0y, Where zi(aye, Xme) 1S a vector
of known basis functions. Let P be a vector of conditional choice
probabilities, for every player, state and action. Following the same
approach as in single-agent models, the alternative-specific value
functions can be written as follows:%*

vf(ai, Xe) = 27 (@i, x¢) Oy + & (@i, %) (56)

where 2}’ (a;, x) is the expected and discounted sum of current
and future z{s along all histories that originate from (a;, x;) and
Ef(ai, X;) is the expected and discounted sum of the stream
{eit4i(aic) : j = 1,2,...}. Both expectations are obtained
under the assumption that all players behave now and in the
future according to the probabilities in P. They can be computed
using recursive expressions similar to those used for single-agent
problems in Eq. (40), the only complication being that the actions
of all other players need to be ‘integrated out’ here. Specifically, we
have:

Fax)=)y (1"[ P,-(a,»|xf)>
) o \ji
x | zi(aj, a_i, x;) + B fo(XH—l lai, a—i, X)Wy (Xe41)

- Xt+1 (57)
&Fax)=pY, (1"[ Pj(ajle))

a_j \j#i

x fo<xt+1|ai,a_i,xt)wz(xm)]
LXt+1

where a_; is the vector with the actions of all players other than i,
a; is player j’s action in a_;, and

WE(xe11) = Zpi(ai|xt+1)2ip(ai, Xt11)

p a;eA - (58)
Wei(Xe+1) = Z Pi(ailxe+1) [e(ai, Xey1) + & (a5, Xe11) ]

a;jeA

WZI; (x) and W;(x) are policy valuation operators. Let W?’ be the
matrix {(WF(x), WE(x)) : x € X}. Then, this valuation matrix
is the unique solution in W to the fixed point problem: W =
> aean [TT1 Pi(@)] * {[zi(a). €i(a)] +BFx ()W}, and e;(a) has the
same definition as in the single-agent model.

64 1n some of the equations which follow we drop the m subscript for notational
simplicity, and t can be interpreted as an index for market-period.

Let P and éf be consistent estimators of P’ and 9)9, respectively.
Based on these initial estimates, we can obtain a two-step
estimator of 6, as a GMM estimator that solves the sample moment
conditions:

M N Tp—-1
DY HiGkmo)
m=1 i=1 t=1
Haime = 1) = A (0 ¢, xn)60 + &, X))
X : =0 (59)

Haime =1 = A (J12PC. 560 + & om0 )

where H(xp) is a matrix with dimension dim(6,) x J with
functions of x,;,; which are used as instruments. The estimator is
root-M consistent and asymptotically normal. This estimator is
used by Jofre-Bonet and Pesendorfer (2003) and Pakes et al. (2007).
Dunne et al. (2006) have also applied this method, and the model
in Pakes, Ostrovsky and Berry, to study the determinants of market
structure in the dentists and chiropractors industries. An attractive
feature of this method of moments estimator, emphasized by
Pakes et al. (2007), is that when the matrix of instruments H; (X )
does not depend on the nonparametric estimator P, this estimator
can have lower finite sample bias than the pseudo-maximum
likelihood and the minimum distance estimators that we describe
in the following paragraphs. We return to this issue at the end of
this section.

In the firm entry/exit game of Example 4, recall that market size
and every firms’ incumbency status are the common knowledge
state variables, so we have x; = (5, air—1, a_;—1). Market size is
a first order Markov chain with parameters ¢;. Since the operating
cost and entry cost parameters are firm-specific, then 6, and the
basis functions are the following (2 4+ 2N)-dimension vectors:

log (S¢)
Ors
Orn log| 1+ Z aj
Orc,1 #
Okc.1 0
0
0, = 0 ;o zi(lam, x) = ;
FC.i
Okc.i -1
—(1—ajc-1)
Oc,N o
Okc.N 0
0 (60)
0
0
0
0
z(0, a_i, x;) = 0
0
0
0

Furthermore, the best response mapping is A(l|vip(~, Xmt, 0)) =
@ ((vP(1,%) — vF(0,x))/0) where o is the variance of the
difference &ime(1) — &im¢(0). Finally, given that &’s are jointly
normal, we have that:

var(e:(a)) — cov(&i(0), &(1)) ¢ (@' (Pi(alx)))
o Pi(alx) '

e(a, x;) = (61)
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The two-step method in Aguirregabiria and Mira (2007) is a
pseudo-maximum likelihood (PML) estimator that maximizes in

6, the criterion function Q (6,, éf, f’) defined in Eq. (54). The val-
ues zF and € are calculated as described above: i.e., solving for

the matrices WF and then applying the expressions in (57). This
method is a particular case of the class of GMM estimators defined
in Eq. (59). The (pseudo) likelihood equations that define this es-
timator can be expressed as in (59) with a matrix H;(xn) equal to
{0 log Aim¢(1)/06y, 9 10g Aim¢(2)/064, . .., 0 10g Ajm(J)/06,}. In
contrast to the case of single-agent models, this estimator is less
efficient asymptotically than the partial MLE. This is because the
initial nonparametric estimator of P° and the PML estimator of 6?
are not asymptotically independent and therefore there is an effi-
ciency loss from using an inefficient initial estimator of P°.

Pesendorfer and Schmidt-Dengler (2008) consider the follow-
ing class of minimum distance estimators:

b, = arg min [f) —A (vﬁ(Q))],AM [f) —A (vf’(e))] (62)

where Ay is a weighting matrix that converges in probability
to a non-stochastic positive definite matrix Ag as M goes to
infinity. Different choices of weighting matrices give rise to distinct
estimators within this class. Under standard regularity conditions,
all the estimators in this class are consistent and asymptotically
normal. Minimum distance estimation theory establishes that the
efficient estimator in this class is the one where the weighting
matrix Ay is:

-1

<[(lfo) — Ve g A (V70 (90))] z [(lfo) — VoA (o0 (90))D (63)

where ¥ is the variance matrix of the initial estimators P and

éf; (150) is the identity matrix (with dimension the number of
rows in P) vertically stacked with a matrix of zeros (where
the number of columns is equal to the number of elements in
the vector 6); and Vpg A is the Jacobian matrix of A with

respect to P and Qf.65 Note that this optimal weighting matrix
depends on 6. Therefore, the efficient estimator is obtained in

three steps: estimate P and éf() and their variance; obtain an
initial (and inefficient) minimum distance estimator of 93 using
an arbitrary weighting function, e.g., ¥~ '; finally, construct a
consistent estimator of the optimal weighting matrix and obtain
the efficient estimator. Pesendorfer and Schmidt-Dengler show
that this efficient estimator is asymptotically equivalent to MLE.
In models with continuous state variables or with largeAstate

spaces, the computation of continuation values z° and &’ can
be infeasible or extremely burdensome. Bajari, Benkard and
Levin (2008) propose a method that builds on and extends the
simulation-based CCP estimator that we have described in Sec-
tion 3.1.4. Their method has two important features that distin-
guish it from the other methods that we review here: it can be
applied to models with continuous decision variables (as long as
the utility function satisfies 8%u(a;, a_;, x, &)/9a;de; > 0), and
to models where the parameters are not point identified (i.e., set
identification). In fact, these two features of their method also
contribute to the literature on estimation of single-agent dynamic

65 There is some abuse of notation in the use of the Jacobian matrix Vp g, A. This is
because P and 6; are not direct arguments of the mapping A. The direct arguments
of this mapping are the choice-specific values v. Therefore, what the matrix Vp,gf A
represents is the product between the Jacobian of A with respect to v and the
Jacobian of vP(8) with respect to P and 6.

structural models. Bajari, Benkard and Levin (BBL) propose an esti-
mator that minimizes a set of moment inequalities and that can
be applied to a general class of dynamic structural models un-
der Assumptions AS, IID, CI-X, including dynamic games with ei-
ther discrete or continuous decision and state variables. Define
WP (x) = (WF(x), WE(x)), and split the vector of choice probabili-
ties P into the subvectors P; and P_;, where P; are the probabilities
associated to playeriand P_; contains the probabilities of the other
players. The model implies that for any state x € X and any P; # P?
the following inequality should hold:

W (91) > w™ (91) : (64)

Let H be a set of values for (i, x, P). If the set H is large enough and
60 is identified, then 60 uniquely minimizes the population crite-
rion function:

2
3 min{O; (wl."?"’gf () — W (x)) (91)} . (65)

{i,x,P}eH

This criterion function penalizes departures from the inequalities
in (64). The BBL estimator of 93 minimizes a simulation-based sam-
ple counterpart of this criterion function. More precisely,

o ) 2

0, = arg min Z {O; (Wil’i,P_i (x) — W,Pi.P_i (x)) (9{')}
{i,x,P}eH

(66)

where P is a nonparametric estimator of P° (there are also initial
estimators of 6 and Gfo but we have omitted them for the sake of

notational simplicity), and Wi; is a simulator of W; which is obtained
in a similar way as described in Section 3.1.4. As both the number
of sample observations and the number of simulations approach
infinity, this estimator of 6, converges to its true population value.
In contrast to the simulation-based CCP estimator that we have de-
scribed in Section 3.1.4, the BBL estimator is consistent and asymp-
totically normal only as the number of simulations goes to infinity,
and not for a fixed number of simulations. The explanation is thatin
the moment conditions that define the simulation-based CCP esti-
mator the simulation error enters additively and averages out over
the sample. However, that is not the case for the simulation error
in the BBL estimator. Furthermore, the asymptotic variance of the
estimator depends not only on the variance of P but also on the
choice of the set of “deviations” with respect to the optimal pol-
icy contained in H. The larger the number of alternative policies P
used to construct the sample criterion function, the more precise
the BBL estimator. Nevertheless, the cost of computing the values
Wip (x) for a policy P can be large, even when using a simulation
method. Bajari et al. describe a bootstrap procedure to calculate
standard errors (see also Chernozhukov et al., 2007).

Ryan (2006) uses the BBL method to estimate a dynamic
oligopoly model of the US cement industry. In his model, firms
compete in quantities in a static equilibrium, but they are subject
to capacity constraints. Firms invest in future capacity and this
decision is partly irreversible (and therefore dynamic). Note that
the decision variable in this model, investment, is a censored
continuous variable. Ryan estimates the parameters in demand
and marginal costs using data on prices, quantities and the static
equilibrium conditions. In a second step he estimates investment
costs as well as entry and exit costs using BBL's inequality
estimator. Ryan allows entry costs to vary before and after year
1990 when several amendments were introduced in the Clean Air
Act. He finds that these amendments raised significantly the sunk
costs of entry in the cement industry. Other applications of the BBL
method: Holmes (2008) studies the diffusion of Wal-Mart store
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openings and the existence of economies of density; Beresteanu
and Ellickson (2005) examine competition between supermarket
chains using a dynamic model of strategic investment; Sweeting
(2007) estimates a dynamic game of radio-stations’ decisions of the
format/characteristics of their products.

The main advantage of these two-step estimators is their
computational simplicity. However, they have two important
limitations. The first problem is finite sample bias. The initial
nonparametric estimator can be very imprecise in the small
samples available in actual applications, and this can generate
serious finite sample biases in the two-step estimator of structural
parameters. In dynamic games with heterogeneous players the
number of observable state variables is proportional to the number
of players and therefore the so-called curse of dimensionality in
nonparametric estimation (and the associated bias of the two-
step estimator) can be particularly serious. The sources of this
finite sample bias can be illustrated using the moment conditions
in (59): (1) if the matrix of instruments H;(x,:) depends on
the nonparametric estimator 130, then there is a finite sample
correlation between these instruments and the “errors” I{@j,, =

3} = AGIZT -, Xme)0u +8° (-, Xmr)); and (2) the choice probabilities
A(j|2ip0 (-, Xmt) By +é:’° (-, Xm¢)) are complicated nonlinear functions

of the nonparametric estimator 130, and the expected value of a
nonlinear function is not equal to the function evaluated at the
expected value. As argued by Pakes et al. (2007), the first source of
bias is present in the pseudo-maximum likelihood estimator and
the minimum distance estimator but not in a method of moments
estimator when the instruments do not depend on Py. However,
the second source of bias appears in all these two steps estimators
and it can be very important as illustrated in the Monte Carlo
experiments of several papers (see the Monte Carlo experiments
in Hotz et al., 1994; Aguirregabiria and Mira, 2002, 2007, or
Pesendorfer and Schmidt-Dengler, 2008).

A second important limitation of these two-step methods is
the restrictions imposed by Assumption IID. Ignoring persistent
unobservables, if present, can generate important biases in the
estimation of structural parameters.

4.2. Sequential estimation

We have described in Section 3.1.3 how a recursive or
sequential CCP procedure is a bias reduction method that deals
with the problem of finite sample bias of the two-step CCP
estimator. This procedure can be particularly useful in the context
of dynamic games with heterogeneous players because it is in this
context where the finite sample bias of the two-step estimator
can be very serious. The sequential CCP method or NPL algorithm
also deals with the issue of permanent unobserved heterogeneity.
Here we follow Aguirregabiria and Mira (2007) and describe the
NPL method for a model with permanent unobserved market
heterogeneity. Consider the entry-exit model in Example 4 but
extended to include unobserved market heterogeneity. The profit
of an active firm is:

Uime (1) = s 10g (Sme) — Og log (1 +y ajmt>
J#
— Orc,i — Opc.i(1 — Gime—1) + O + Eime (67)

where wy, is arandom effect interpreted as a time-invariant market
characteristic affecting firms’ profits, which is common knowledge
to the players but unobservable to the econometrician. We assume
that wy, has a discrete and finite support 2 = {0, @?, ..., o'},
and it is independently and identically distributed across markets
with probability mass function 7; = Pr(w, = ). Furthermore,

wn, does not enter into the conditional transition probability of X,
i.e, PrXm.c+1|qme, Xme, ©@m) = fx(Xm,t+1|0me, Xme). This assumption
implies that the transition probability function f, can still be
estimated from transition data without solving the model.

The introduction of unobserved market heterogeneity also
implies that we can relax the assumption of only ‘One MPE in the
data’ to allow for different market types to have different equilibria.
Let P2, = (Pr(am = alxme = x,m,t) : (a,x) € AV x X} be
the distributions of a,;; conditional on x,;,; in market m at period
t. We assume that P%, = P, where ¢ is the type of market m.
Each market type has its own MPE. Though we still assume that
only one equilibrium is played in the data conditional on market
type, the data generating process may correspond to multiple
equilibria. Markets which, in terms of exogenous characteristics,
are observationally equivalent to the econometrician may have
different probabilities of entry and exit because the random effect
component of profits w is different. Furthermore, though, in our
example, market heterogeneity w,, is payoff-relevant, this variable
may also play (in part) the role of a sunspot.

The vector of structural parameters now includes the distribu-
tion of market types: 7 = {m, : £ = 1,2,...,L} and 2 =
!, @?, ..., ®'}. Here we consider a parametric specification of
the distribution of wy,. This specification simplifies significantly
the computation of the estimator with unobserved market hetero-
geneity (see Aguirregabiria and Mira, 2007, for an empirical appli-
cation with this model and method). Suppose that w, = o,w;,
where o, > 0is a parameter, and }, is a discrete random variable
with zero mean, unit variance, and a probability distribution that is
known to the econometrician, e.g., a discretized standard normal.
Therefore, the points of support of w}, and the probabilities m, are
known, and the only parameter to be estimated is o,,. The (condi-
tional) pseudo-likelihood function has the following finite mixture
form:

M L
Q0> 00, (Pe}) =) In (me
=1

m=1

T N
x {1‘[]‘[ A (afmt|zz"<-,xmr> (ﬁ) N éf@(-,xmo)D (68)

t=1 i=1

where vectors Zl.P‘ (-, Xt ) are computed as in (57)-(58), noting that
for ¢ = 1,...,L the basis functions z;() need to be augmented
with the value of £th point of support of the (discretized) standard
normal distribution. The mixture weight 7, is the conditional
probability Pr(wm = w’|xn1 = X). It is clear that firms’ incumbent
statuses at period 1, which are components of the vector x,,1, are
not independent of market type, i.e., more profitable markets tend
to have more incumbent firms. Therefore, 7y, is not equal to
the unconditional probability r,. Under the assumption that x,;
is drawn from the stationary distribution induced by the MPE, we
can obtain the form of my,,. Let p*(P;) = {p*(x|P¢) : x € X} be
the stationary distribution of x induced by the equilibrium P, and
the transition fy(-|-, 6f). This stationary distribution can be simply
obtained as the solution to the system of linear equations:

P*(XIPe) = ) p*(x0lPe) Pr(xixo, Pr)

XpeX
N
= p'(xlP) (Z []‘[ Pej(aﬂxw]fx(xm, x@) . (69)
xoeX aeAN Lj=1

Then, by Bayes’ rule, we have that:

7™ (Xm1|P¢)
Ty = — b0 (70)
Y wep* (Xm1|Py)
=1
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The NPL estimator of (6,, 0,,) is obtained using an iterative
procedure similar to the one we have described in Section 3.1.3
for a model without heterogeneity. The main difference is that
now we have to calculate the steady-state distributions p*(P;) to
deal with the initial conditions problem. However, the pseudo-
likelihood approach also reduces very significantly the cost of deal-
ing with the initial conditions problem. The reason is that given
P, the steady-state distributions do not depend on the struc-
tural parameters in (6, 0,,). Therefore, the distributions p* (P,) re-
main constant during any pseudo-maximum likelihood estimation
and they are updated only between two pseudo-maximum likeli-
hood estimations when new choice probabilities are obtained. This
implies a very significant reduction in the computational cost
associated with the initial conditions problem. Given that the prob-
abilities {my} are known, the probabilities 7y, also remain con-
stant during any pseudo-maximum likelihood estimation. The NPL
algorithm proceeds as follows. We start with L arbitrary vectors
of player’s choice probabilities, one for each market type: {f’m :
¢ = 1,2,...,L}. Then, we perform the following steps. Step 1:
For every market type we obtain the steady-state distribution of
Xm1 and the probabilities {7, }. Step 2: We obtain the pseudo-

maximum likelihood estimator of 6, and o, as: (ém,&w]) =

arg maxg,,o,) Q(Ou, 0w, @f, {IA’w}). Step 3: Update the vector of
player’s choice probabilities using the best response probability

mapping. That is, for market type ¢, l3g1 = AP0 (ém, Guw1, W),

éf)). If, for every type ¢, ||l3(1 — f’go” is smaller than a predeter-
mined small constant, then stop the iterative procedure and keep
(éul, 0,1) as a candidate estimator. Otherwise, repeat steps 1 to 4
using {1351}.

This NPL algorithm, upon convergence, finds an “NPL fixed
point” (Aguirregabiria and Mira, 2007).56 An NPL fixed point is
defined as any~combination of parameters and conditional choice
probabilities (8,, 0, {13@}) which satisfies the following two con-
ditions: (a) The parameters maximize the pseudo-likelihood given
the probabilities. That s, (6, 6,,) = arg max, ., Q Oy, 0w, éy, éf,
{f’g}); and (b) The probabilities are an equilibrium given the pa-
rameters. That s, P, = A (v (6, 6,, @7, 07)) for all €. In any given
sample there may be more than one NPL fixed point. Aguirregabiria
and Mira define the NPL estimator as the NPL fixed point which
maximizes the pseudo-likelihood and show that it is consistent
(Proposition 2, Aguirregabiria and Mira, 2007). In order to guar-
antee consistency, the researcher needs to start the NPL algorithm
from different CCP’s in case there are multiple NPL fixed points.
This situation is similar to using a gradient algorithm, designed to
find a local root, in order to obtain an estimator which is defined
as a global root.?’

The NPL method, with or without unobserved market hetero-
geneity, has been applied in several empirical papers in industrial
organization. Collard-Wexler (2006) uses the NPL method to esti-
mate a dynamic oligopoly model of entry and exit in the US ready-
mix concrete industry. Kano (2006) estimates a dynamic oligopoly
game of price competition with menu costs. Aguirregabiria et al.

66 Aguirregabiria and Mira (2002, 2007) do not prove that the algorithm always
converges.

67 See Aguirregabiria and Mira (2007) for further details. Pesendorfer and
Schmidt-Dengler (2008) report poor performance of “NPL” estimators in some of
their examples. This is suggestive of the existence of multiple NPL fixed points. Since
they do not report starting the algorithm from different values we conjecture that
they are finding NPL fixed points which are dominated by another NPL fixed point.
In that case their estimator is not the NPL estimator and it need not be consistent.
Clearly, we do not know much about how prevalent the case of multiple NPL fixed
points is in relevant applications and about how often inconsistent fixed points may
be found, and this is a topic for further research.

(2007a,b) propose and estimate a model of entry, exit and invest-
ment in retail industries that allows for unobserved market and
firm heterogeneity; Aguirregabiria and Ho (2008) estimate a dy-
namic game of network competition between US airline compa-
nies and use it to measure the contribution of demand, cost and
strategic factors to explain the adoption of hub-spoke networks.
The NPL method has been applied also to estimate static games of
incomplete information: Suzuki (2008) studies the welfare effects
of land use regulation in game of market entry and competition by
hotel chains; and Ellickson and Misra (2008) investigate strategic
interactions in supermarkets’ adoption of pricing schemes.

5. General equilibrium models

In this section we describe the method proposed by Lee and
Wolpin (LW) to estimate competitive equilibrium models. The
model is that of Example 3, which is a simplified version of the
model in LW with only one sector and two occupations as in Lee
(2005). Total factor productivity z; is assumed to follow an AR(1)
process. This is the only source of exogenous aggregate uncertainty
which is explicitly modelled and it implies that individuals solving
the occupational choice model face uncertainty about future skill
prices. Future skill prices depend on future TFP and on future
cross-sectional distributions of schooling and occupation-specific
experience. However, including these distributions in the vector of
state variables X; would make the dimension of the state space so
large as to make solution and estimation infeasible. Lee and Wolpin
assume that current and lagged values of skill prices provide a good
approximation to the information contained in these distributions
that is relevant to predict future skill prices. More specifically,
LW assume that the evolution of skill prices is described by the
following system of difference equations:

2

INTare1 —INTar = Nao + Y Na(Inriee — Inrie—1)
k=1

+na3(Inzeyq —Inz) (71)

where n = {940, Na1> Na2> Na3 : @ = 1, 2} is a vector of parame-
ters. Under this assumption the vector of aggregate state variables
that individuals use to predict future prices is X, = (z, 1, I,
r1.t—1, 2,t—1). Therefore, the equilibria they consider are approxi-
mations to the full rational expectations equilibria. This approach
is in the spirit of Krusell and Smith (1998). It is important to note
that the vector 7 is determined in equilibrium as a function of the
structural parameters, but is not itself one of the structural param-
eters or primitives of the model.

The vector of structural parameters of the model is 8 = (6,, 6,,
0z, by, 0,, 6,) where: 6, and 0, represents the parameters in utility
function and wage equations, respectively; 6, is the distribution
of types (by cohort, schooling at age 16 and gender); 6y contains
the parameters in the aggregate production function; 6, has the
coefficients in the stochastic process of total factor productivity;
and 6, represents the parameters in the stochastic process
followed by the number of pre-school children.

A rational expectations equilibrium in this model can be
described as a value of the vector 7, say n*(0), that solves a
fixed point problem. The following description of the equilibrium
mapping also provides an algorithm to compute the fixed point.
Consider an arbitrary value of 7, say 7.

Step 1 (Optimal Individual Behavior): Given no individuals use
Eq. (71) to form expectations about future prices, and to solve their
occupational choice problems.

Step 2 (Solve for Market Clearing Skill Prices): Given initial conditions
for TFP, skill prices and the distribution of state variables for all
individuals alive att = 1:
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a. Simulate a sequence of values of TFP fort = 1,2,...,T,
drawing from the AR(1) process defined by 6,.

b. Guess skill prices {r,} at t = 1 using the TFP draw and
(71) Draw idiosyncratic shocks for all individuals alive att = 1
and simulate their choices using the solutions from step 1. Obtain
aggregate skill supplies S;; and Sy, fort = 1.

c. Given these skill supplies, use the market clearing conditions
to obtain a new value of skill prices, that is:

e = ? (ztS‘fr“SS‘f‘IQ]_““_“z‘) fora=1,2fort =1.
at

d. In general, the new skill prices {r,} will not be the same as
the original guess {r,}. Replace {rq} by {r,,} and repeat steps b-c
until convergence.

e. Repeat steps b-c-d for t = 2,...,T. Let {rqg:(no,0) : t =
1,2,...,T} be the sequence of skill prices that we obtain upon
convergence.

Step 3 (Update Beliefs): Use this new sequence of skill prices and the
sequence of TFP to obtain a new value of 5, say 11, as the vector of
OLS coefficients for the ‘regression equation’ in (71).

Step 4 (Impose Self-Fulfilling Beliefs): If n; = no, then 1y is a rational
expectations equilibrium associated with 9, i.e., individual’s beliefs
are self-fulfilling. Otherwise, we start again in Step 1 using 1,
instead of 7.

The data used in LW have annual frequency and consist of the
following items from different sources: (1) occupational choice and
wage data (from microsurveys); (2) aggregate output and capital
stock; (3) number of pre-school children, by cohort age and gender;
(4) cohort sizes, by gender; (5) distribution of schooling at age
16, by cohort and gender; and (6) the initial conditions, i.e., the
distribution of state variables x;; for all cohorts alive at calendar
time t = 1. To make the inference problem more tractable, LW
treat data in items (2) to (6) as population parameters which are
known to the researcher. The parameter 6, is obtained directly
from (3) and is not estimated with the rest of the parameters.
Note that data in items (2), (4), (5) and (6) are used in the
solution algorithm we have just described. For the occupational
choice and wage data in item (1), the authors combine two
different microsurveys: the Current Population Survey (CPS) and
the National Longitudinal Survey of the Youth (NLSY). The two
datasets are complementary: on the one hand, the CPS covers a
much longer period and thus provides a much wider coverage
in terms of calendar time, cohorts and ages; on the other hand,
the NLSY has full histories as of age 16, so it adds a true panel
dimension and, furthermore, experience capital can be constructed
for all sampled individuals.

The estimation method that LW use is a Simulated Method
of Moments (SMM). The estimation criterion is a weighted
average distance between sample and simulated moments, where
the weights are the inverses of the estimated variances of the
moments. Moments are selected from CPS and NLSY microdata and
a very large number of moments is considered (see pages 23-24
in their paper). The estimation procedure is a nested solution-
estimation algorithm. The ‘outer algorithm’ searches for the value
of 6 that minimizes the sample criterion function. An iteration
of this ‘outer algorithm’ is a Newton iteration. For each value
of 6 in this gradient search, the ‘inside algorithm’ solves for
an equilibrium of the model using the procedure that we have
described in steps 1 to 4 above. Given that equilibrium, the inside
algorithm simulates data and calculates the simulated moments
associated with a given 9.8

68 Lee and Wolpin do not estimate all the model parameters using this nested
procedure. The parameters in the stochastic process of the number of pre-school
children, 6,, are estimated separately in a first step using data item (3).

It is helpful to compare this estimation procedure with the one
for the single-agent occupational choice model in Example 2. In the
single-agent model there was not aggregate uncertainty, structural
parameters consisted of (6, 6, 6,) and of constant skill prices 7;
and 15, and these parameters were estimated using the likelihood
of the microdata in item (1). In LW’s approximation to a stochastic
rational expectations equilibrium, the state vector of an individual
agent’s problem is augmented with the 5 continuous aggregate
variables X; = (z;, T'i¢, T2, T1,t—1, 2,¢—1) and the parameter vector
is augmented with parameters (6,, n). However, n is not a free
parameter but a function of the structural parameters 6 implicitly
defined as a fixed point of the equilibrium mapping described
above. Therefore, the estimation problem is an order of magnitude
more complex than that in Example 2.

There are several details of LW’s method which are worth men-
tioning. First, note that at step 2 of the solution algorithm (i.e., im-
posing market clearing condition) we need initial conditions for
TFP and skill prices, {rqs1,27 : a = 1, 2}, which are unobservable
variables for the researcher. The way that LW deal with this issue
is by choosing an initial period t = 1 which is many periods before
the sample period that is used to construct moments conditions
from the microdata. In this way, the choice of the initial conditions
has negligible influence on the simulated data for the sample pe-
riod. This amounts to assuming that aggregate initial conditions are
consistent with ‘steady-state’ implications of the model, modified
by the limited information we have about aggregate trends in the
decades that precede the sample period.

A second detail deals with the solution of the individual’s
occupational choice problem. The state space of the DP problem
is very large and the estimation procedure requires that the DP
problem be solved many times, more than once for each cohort,
type and candidate parameter value. LW use Keane-Wolpin’s
simulation-interpolation method to approximate the solution to
individual’s occupational choice problem.

Third, a relevant question is why SMM is used instead of
Simulated Maximum Likelihood. The likelihood function of this
model is particularly complex and costly to evaluate. For instance,
full histories of choices and states are not available for all sampled
individuals and, in particular, the value of occupation-specific
experience capital is not observable. Missing state variables have to
be integrated out for each individual contribution to the likelihood.
Computing the likelihood using simulation methods is therefore
more costly than computing simulated moments.

Fourth, in order to highlight the equilibrium mapping and the
solution of the model we have presented a simplified version
of LW’s solution/estimation algorithm in which no use is made
of the time series of output in data item (2). In LW’s solution
algorithm the sequence of TFP values in step 2 is not simulated.
Instead, they impose that the value of z; which is conjectured to
derive aggregate skill supplies in step 2b should be consistent with
aggregate production technology, that is Y, = 7,55, Ss2 !~ 1t~
where S and S, are the derived supplies and Y; and K; are
the actual time series data. The iterative procedure within step 2
obtains both the market clearing skill rental prices and the TFP
values consistent with the data. In step 3 both 7 and 6, are updated
based on the sequences derived in step 2. In this solution algorithm
0, is not a free parameter. An ‘estimate’ of it is obtained as a by-
product, conditional on the rest of the parameter vector and data
item (2).

Finally, given that LW’s method is computationally very
intensive, an important question is whether there is a simpler
estimation strategy which does not require one to solve for the
equilibrium of the model for each trial value of 6. Consider the
same model and assume that the data have been generated by
a rational expectations equilibrium of this model. It is possible
to obtain an estimator of an augmented parameter vector (6, n)
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that does not fully impose the equilibrium restrictions. The
main advantage of this alternative approach, in the spirit of
Heckman et al. (1998), is that it is computationally simpler: its
computational burden is of the same order of magnitude as the one
in the estimation of the single-agent occupational choice model.
However, it has some potential limitations. First, it may be difficult
to identify (@, ) jointly without fully imposing the equilibrium
restrictions. Relatedly, there is a loss of efficiency. Even if (8, n)
is identified, imposing the equilibrium restrictions can improve
significantly the precision of our estimates. A third limitation is
that the estimated model, though statistically consistent, is not
internally consistent and one might argue that this detracts from
the credibility of counterfactual exercises.? There is a trade-off
between the increased efficiency and internal consistency of the
estimates obtained using Lee and Wolpin's method and the extra
computational burden which is involved.”®

Other applications: Lee and Wolpin (2010) also use an extended
version of the model of Example 3 to study the determinants of
several important long-run trends in the US labor market in a
unified framework: the growth of the service sector, increased
wage inequality, the rise of the college premium and the increase
of female employment and the female-male wage ratio. Colussi
(2006) uses a very similar method to estimate a dynamic
equilibrium model of the migration decisions of illegal Mexican
workers. The model allows for return migration and is used to
assess the importance of network effects in migration and to
evaluate the impact of alternative US immigration policies.

6. Conclusions

This paper reviews the econometrics of discrete choice dy-
namic structural models. Our description of this literature is
organized into four classes of models: single-agent models
under Rust’s framework; single-agent models under the Eck-
stein-Keane-Wolpin framework; dynamic general equilibrium
models; and dynamic strategic games. For each of these classes
of models we have presented an example based on an important
empirical application. We have used these examples to illustrate
both econometric issues in this literature and recent methodolog-
ical contributions. Section 2 is self-contained and tries to provide
an introduction to this literature for a second year Ph.D. student.
Sections 3-5 deal with the details of methods. We provide refer-
ences to many recent and significant empirical applications of the
methods.
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