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ABSTRACT

This paper outlines a new minimum empirical discrepancy (MD) estimator for missing data, sample
combination and related problems: inverse probability tilting (IPT). Covered examples include estimation
of the average treatment effect (ATE), the average treatment effect on the treated (ATT) and the two
sample instrumental variables (TSIV) model. The proposed estimator attains the semiparametric efficiency
bound under two auxiliary parametric restrictions (local efficiency), but is consistent so long as one
or the other holds (double robustness). A novel feature of IPT is its 'exact balancing' property: after
reweighting, sample moments of always-observed covariates in the complete-case subsample equal
their corresponding (unweighted) full sample means. We also show how prior restrictions on the marginal
distribution of always-observed covariates can be efficiently incorporated into our procedure. We use
our methods, and compare them to several alternatives, in an evaluation of the National Supported
Work (NSW) demonstration using 'non-experimental' comparison groups drawn from the Panel Study
of Income Dynamics (PSID) and the Current Population Survey (CPS) as in LaL.onde (1986) and Dehejia
and Wahba (1999). We explore the small sample properties of IPT in a Monte Carlo study. IPT performs
well, relative to several alternative estimators, across a variety of data generating processes.
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1 Introduction

Let {D, X', DY'}2, be an independent and identically distributed random sequence drawn from
the unknown distribution F' with D a binary ‘missingness’ indicator. When D = 1 we observe
both X and Y, when D = 0 we only observe X. The sampling process identifies F' (x,y|D = 1) and
F (d,z), but we seek to identify functionals of F'(y, x), a distribution not identified by this process

alone. To ensure identification we assume that Y is ‘missing-at-random’ (MAR)? conditional on X:

The only other prior restriction on F' is that for some unique g
BIv (Zw)] = [ 6 (209 f (5.2) dm(g)dm(z) = 0 @

where 9 (2,79) is a known function of Z = (X’,Y”)" indexed by ~. For simplicity we consider the
exactly identified case when dim (y) = dim (¢ (2,7)).?

A large body of research explores identification and estimation of -y under restrictions (1),
(2) and additional support conditions. The semiparametric efficiency bound for this problem was
calculated by Robins, Rotnitzky and Zhao (1994) and Hahn (1998). Several estimators attaining
this bound have been proposed. The above set-up is widely used in the analysis of ‘causal effects’
(Rosenbaum and Rubin 1983, Heckman and Robb 1985, Imbens 2004), missing regressors (Robins,
Rotnitzky and Zhao 1994) and non-classical measurement error (Robins, Hsieh and Newey 1995,
Chen, Hong and Tamer 2005, Chen, Hong and Tarozzi 2004, 2008). Below we survey additional
applications and propose new ones.

Existing approaches to efficient estimation of ~y exploit one of two alternative factorizations of
f (y,x) implied by the MAR restriction. The imputation approach substitutes f (y|z,D =1) f (x)
for f (y,z) in (2). Imputation estimators then replace f (y|x, D = 1) with a nonparametric estimate
and f (z) with the empirical measure of the full sample. Hahn (1998), Chen, Hong and Tarozzi
(2008) and Imbens, Newey and Ridder (2007) pursue variants of this approach.

The second approach, inverse probability weighting (IPW), uses the factorization f(y,x) =
ﬁy’—ﬂ%@, where po (z) = Pr(D = 1| X = x) is the ‘propensity score’ and @y = Pr (D = 1) the
marginal probability of complete observation. IPW estimators replace pg (z) with a nonparametric
estimate and f (y,z|D = 1) with the empirical measure of the D = 1 subsample. Hirano, Imbens
and Ridder (2003) and Wooldridge (2007) develop this approach (cf., Heckman 1987, Rosenbaum
1987). Imputation and IPW are, under appropriate conditions on the estimates of f (y|z, D =1)
and po (z), semiparametrically efficient. Unfortunately f (y|z, D = 1) and pp (x) can be difficult to
estimate nonparametrically in moderate-sized samples (Wang, Linton and Hirdle 2004, Ichimura
and Linton 2005).

This paper proposes a new method of estimation. We choose 7 to solve (2) after replacing
F (y,x) with an estimate. Our estimate of F'(y,z) is a multinomial distribution whose support

coincides with that of D = 1 selected subsample. The distribution of probability mass is chosen to

?The MAR assumption is controversial in certain settings. Little and Rubin (2002) and Manski (2003) provide
discussions of the restriction from differing perspectives.
3The m (-) in (2) denotes a counting measure or a Lebesgue measure as is appropriate.



be as close as possible to the empirical measure of that subsample, while simultaneously requiring
that it be consistent with restrictions on the marginal distribution of X implied by the full sample.
In particular, we require that the means of a finite number of known functions of X calculated with
respect to our estimated measure coincide with their corresponding full sample means. We refer to
this latter property as ‘exact balancing’ (of moments). We show that exactly balancing moments
in this way generates attractive efficiency and robustness properties.

Our procedure, which we call inverse probability tilting (IPT), belongs to the family of minimum
empirical discrepancy (MD) estimators (Corcoran 1998). Conventional MD estimation focuses on
efficient estimation of a distribution function in the absence of sample selection. Our focus is different
since the subsample being ‘tilted’ will generally be inconsistent (in a large sample sense) with the
imposed constraints (since F (x| D = 1) # F (z)).* In this setting the choice of discrepancy function
and imposed constraints together imply a corresponding selection model or propensity score (cf.,
Little and Wu 1991, Hirano, Imbens, Ridder and Rubin 2001). This suggests non-standard choices
for discrepancy functions (cf., Nevo 2002).

When the discrepancy and imposed constraints correspond to a correctly specified propensity
score the inverse probability ‘tilt’ of the selected subsample consistently estimates the true dis-
tribution function F'(y,x). When this is not the case the tilted distribution can still be used to
consistently estimate vy when certain auxiliary restrictions are satisfied. In the language of Bang
and Robins (2005), the method is ‘doubly robust’.

Specialized applications of inverse probability tilting have been proposed elsewhere. Little and
Wu (1991) suggest the method for calibrating 2 x 2 contingency tables to known margins when selec-
tion is logistic. Nevo (2002, 2003) extends their approach to moment condition models. Hellerstein
and Imbens (1999), although with a different motivation, develop related methods for regression
models.

Our contribution is distinctive in a number of ways. First, our focus is on identification. Heller-
stein and Imbens (1999), in contrast, focus on interpreting the probability limit of their weighted
least squares estimator under general forms of misspecification.

Second, we show how to use IPT to solve a large number of econometric problems. We provide
formal results for ignorable missing data and sample combination problems (cf., Robins, Rotnitzky
and Zhao 1994, Hahn 1998, Chen, Hong and Tarozzi 2008, Ridder and Moffitt 2007, Graham 2007).
These two families respectively cover the average treatment effect (ATE) and the average treatment
effect on the treated (ATT) estimands. We make the useful, and apparently new, observation that
the two sample instrumental variables (TSIV) model of Angrist and Krueger (1992) belongs to
our missing data family. We show that our IPT estimator is more efficient than the one proposed
by Angrist and Krueger (1992). Additionally, we extend their model to allow for ‘incompatible’
samples; IPT is the first consistent estimator available for this extended TSIV model. Finally, we
sketch how IPT can be applied to estimate other classes of models such as the additive non-ignorable
(AN) attrition model of Hirano, Imbens, Ridder and Rubin (2001).°

Third, and more innovatively, we show that IPT is locally semiparametric efficient and doubly

robust. Under auxiliary assumptions on the form of the propensity score and the conditional

4This suggests that some of our methods may be useful for analyzing and estimating misspecified moment condition
models.
*Nevo (2003) develops a related method for estimating the AN attrition model.



expectation function (CEF) of ¢ (Z,vy) given X, IPT is semiparametrically efficient. Consistency,
however, requires only one or the other of these two parametric restrictions to hold. For our sample
combination family of problems, which includes the ATT estimand, we are aware of no competing
estimators with similar properties. For missing data problems Robins, Rotnitzky and Zhao (1994)
proposed a locally efficient and doubly robust augmented inverse probability weighting (AIPW)
estimator (cf., Tsiatis 2006). Advantages of IPT relative to AIPW include the need to estimate fewer
nuisance parameters, its exact balancing property, and applicability to settings where a maximum
likelihood estimate of the propensity score is unavailable (e.g., the case of non-ignorable attrition
in panel data).

Fourth, for missing data problems, we show how prior restrictions on the distribution of X
can be incorporated into our procedure. Such restrictions may be available from census cross-tabs
or administrative data. A modification of our IPT estimator is locally efficient for missing data
problems when the distribution of X is known. Although Chen, Hong and Tarozzi (2004) calculate
the efficiency bound for this problem, we are aware of no estimator, other than our own, which
attains this bound.

Fifth, we provide duality results which facilitate computation. Here we build on results drawn
from the generalized empirical likelihood (GEL) literature (e.g., Imbens 1997, Newey and Smith
2004).° We show that IPT is a numerically feasible procedure by using it to revisit the National
Supported Work (NSW) Demonstration evaluation (LaLonde 1986, Dehejia and Wahba 1999).

Sixth, we explore the small sample properties of IPT in a series of Monte Carlo experiments.
These experiments directly compare the performance of IPT with the parametric IPW estimator
of Wooldridge (2007), the nonparametric IPW estimator of Hirano, Imbens and Ridder (2003),
the imputation estimators of both Imbens, Newey and Ridder (2007) and Chen, Hong and Tarozzi
(2004, 2008) and the AIPW estimator of Robins, Rotnitzky and Zhao (1994). IPT performs well
relative to each of these estimators across a variety of data generating processes.

Our focus on locally efficient estimation requires some justification. Globally efficient estimators
for 79 have been developed by Hahn (1998), Hirano, Imbens and Ridder (2003), Chen, Hong and
Tarozzi (2008) and Imbens, Newey and Ridder (2007), implementation of these estimators typically
requires high-dimensional nonparametric smoothing. While this does not affect their first order
asymptotic properties, it does affect small sample performance (cf., Wang, Linton and Hardle 2004,
Ichimura and Linton 2005, Imbens, Newey and Ridder 2007). This motivates the ‘flexible paramet-
ric’ approach taken here. In practice, many implementations of missing data methods take such a
form. Our distribution theory is concordant with applied practice. When our parametric assump-
tions are mirrored in the data, IPT is as efficient as methods based on nonparametric smoothing.
The double robustness property of IPT provides some protection against incorrect parametric as-
sumptions. Robins and Ritov (1997) and Robins, Rotnitzky and van der Laan (2000) provide
additional justifications for adopting a flexible parametric approach.

Relative to other methods for estimating moment condition models with missing data an attrac-
tive feature of IPT is its exact balancing property. In program evaluations it is standard practice
to report differences in covariate means across treatment and control units after first blocking on,

or weighting by, the propensity score (e.g., Hirano and Imbens 2001, Table 2, p. 270). In contrast,

%Some of the algorithms we propose will interest those studying GEL estimation. In particular, generalizing an
idea due to Owen, we develop an approach to dealing with ‘restricted domain’ of the IPT/GEL criterion function.



inverse probability tilting constructs a weighting scheme such that treatment and control covariate
means will be identically equal to each another after weighting as well as identically equal to the
(unweighted) covariate means taken across all units. In principle covariate variances, covariances
and higher order sample moments can also be exactly balanced. This property of IPT, in addi-
tion to being aesthetically attractive, is the source of its local semiparametric efficiency and double
robustness.”

Our work exploits insights of Little and Wu (1991), Nevo (2002, 2003) and Hirano, Imbens,
Ridder and Rubin (2001). Little and Wu (1991, p. 89) appear to be the first to note the mapping
between calibration discrepancies and selection probabilities. In the context of a creative proof
of semiparametric just identification of their additive nonignorable (AN) attrition model, Hirano,
Imbens, Ridder and Rubin (2001) fully generalize Little and Wu’s (1991) observation. We exploit
a closely related mapping when constructing the inverse probability tilt. Nevo (2002) provides an
information theoretic interpretation of Little and Wu’s (1991) application of calibration methods
in the presence of logistic sample selection. His ‘generalized’ exponential tilting (GET) criterion
function is a special case of the missing data family of criteria outlined below. Nevo (2003) develops
an estimator for the Hirano, Imbens, Ridder and Rubin (2001) AN attrition model based on GET.
None of these papers demonstrate double robustness or semiparametric efficiency. Less obviously
our work exploits insights from logistic discrimination as in Anderson (1982) and nonparametric
density estimation under constraints as in Efron and Tibshirani (1996).

In independent work Qin and Zhang (2007) have proposed an average treatment effect estimator
which uses empirical likelihood methods to adjust Horvitz-Thompson parametric inverse probabil-
ity weights so that, after reweighting, covariate means across the D = 1 subsample match their
overall sample means. Their method, like ours, is locally efficient and doubly robust. Unlike our
method their approach requires estimation of both the propensity score as well as a vector of em-
pirical likelihood Lagrange multipliers. Our method combines these two steps into one and hence
requires estimation of fewer nuisance parameters and also applies to data combination and certain
nonignorable missing data problems.?

Section 2 provides a heuristic overview of IPT as applied to the simplest of problems: estima-
tion of the mean of a outcome variable that is missing at random (MAR). In the context of this
example we provide intuition for the efficiency and robustness properties of the IPT. This section
also details the connection between IPT and minimum empirical discrepancy (MD) estimation of
distribution functions (Corcoran 1998). Developing the relationship between MD and IPT provides
certain insights into IPT’s attractive theoretical properties. It also connects our work with that
generalized empirical likelihood alternatives to GMM (e.g., Imbens 1997, 2002, Newey and Smith
2004, Kitamura 2007).

In Section 3 we formally outline the application of IPT to semiparametric missing data problems.
We specifically discuss application of IPT to ATE and TSIV estimation in detail. Section 4 then

"An additional advantage of IPT, relative to other currently available methods, is its interpretability under mis-
specification, although we do not develop this point (cf., Hellerstein and Imbens 1999).

8Formally Qin and Zhang (2007) only discuss estimation of the marginal mean of a response variable when it is
missing at random (MAR). However their results easily extend to cover moment condition models with data missing
at random. It also appears possible to adapt their methods to data combination problems (although their efficiency
and robustness properties in that case are unclear). It is not possible to apply their method to nonignorable missing
data problems because in such problems the propensity score cannot be estimated by maximum likelihood.



outlines the application of IPT to a class of semiparametric data combination problems. Examples
covered there include estimation of the ATT and our extension of Angrist and Krueger’s (1992)
TSIV model to allow for ‘incompatible’ samples.

Section 5 sketches the application of IPT to a few non-standard problems, such as the additive
nonignorable attrition model of Hirano, Imbens, Ridder and Rubin (2001). Section 6 reports the
results of a series of Monte Carlo experiments and presents an illustrative application: estimation
of the ATT for National Supported Work (NSW) participants as in Lalonde (1986) and Dehejia
and Wahba (1999). Section 7 summarizes and suggests areas for future research.

Appendix A provides details of computation, while Appendix B collects proofs. In Appendix C
we detail other possible applications of IPT. Examples covered there include M-estimation under
variable probability sampling (Wooldridge 1999, 2007), the construction of counterfactual wage
distributions as in Dinardo, Fortin and Lemieux (1996) and Barsky, Bound, Charles and Lutpon
(2002), binary choice models under choice-based sampling as in Cosslett (1981), and case-control

studies with contaminated controls as in Lancaster and Imbens (1996) and Qin (1998).

2 A simple example

It is helpful to begin by considering the population and asymptotic sampling properties of inverse
probability tilting in a very simple setting. Given the missing data structure outlined in the intro-
duction, as well as the MAR assumption, we seek to efficiently estimate 79 = E[Y]. Under (1) our
estimand is the solution to (2) with ¥ (Z,v) =Y — v or, equivalently,

Q
0= [ uf (2) dmy)am(z) = [ 4505 1 (921D = 1) dm(y)dmiz).
where the second equality follows from Baye’s Law, Equation (1), and the assumption that pg (x)
is bounded away from zero for all z € X. The second representation of E[Y] is exploited by the

inverse probability tilting procedure.

Double robust identification The population analog of the IPT estimate of 7y is the mean of
Y under the ‘tilted’ distribution Fi (y, z) :

By, [Y] = / yf+ (y,2) dm(y)dm(z). (3)

To describe the construction of the tilted distribution function let h(X, (p) = h(X)— (o be an M x 1
vector of mean zero functions of X under F'(x), the population distribution of X. A leading form
for h(X) is

h(X) = (X, X2,...,xM),

which implies that ¢y equals X's first M uncentered moments.” Note that Qq, po (z) and (o are all
asymptotically identified by the sampling process since (D, X’)" is observed for all units.

9 Alternatively we could choose
h(X) = (l(X < xl),l(xl <X < xz),.. .,1(I]V[72 <X < (Ejvjfl),l(mjvjfl < X))l,

in which case (o would give the probability mass associated with each of M intervals of the support of X. We thank
Michael Jansson for this suggestion.



The inverse probability tilt (IPT) of f (y,xz|D = 1) is given by

f(y,z|D =1)Qo
G (04* +h (:E),B*) ’

f* (y7 :Z:) =
where «a, and (3, are the solutions to the concave programming problem

max {a—BE[p" (a+ (h(X)—=() B:Qo) ID=1]}, (4)

with o™ (v; Q) given by

e (v;Q) =

/Q/G(v) ¢ (Cf) dm(t)] ’ (5)

and G (-) an increasing, differentiable and continuous function mapping the real line onto the unit

( )

interval.

The 1+ M first order conditions for (4) are

f( ’d— 1) Qo -
/ o ) Sy =1 (6)

[z ’d = 1) Qo _
0 Gy Ay =

Equation (6) show that the inverse probability tilt is chosen so that it integrates to one, is greater
than or equal to zero and shares (at least) M moments with F' (x). This is the ‘exact balancing’ (of
moments) property of IPT.

Our main identification result is to show that the expectation of Y under the tilted distribution
is consistent for its population expectation (i.e, Er, [Y] = E[Y] = ) if at least one of two auxiliary
parametric restrictions holds: (1) po (z) = G (o + h(x)'Bo) or (2) E[Y|X = z] = ¢+ IIph(z). This
is our double robustness result.

Equality of Ep, [Y] and 7o under the first condition follows from global concavity of ¢t (v; Q)
and the consequent equalities of o, = «ag and S, = fy. Equality of Ep, [Y] and ~y under the
second condition is less obvious and an important quality of inverse probability tilting. By iterated

expectations and (1) we have

— _ flzld=1) Qo
B [V] = [ BIY|X —a] 2 o B oy A4
Substituting in ¢y + Iph(z) for E[Y|X = x| gives
_ |d—1 Qo f(zld=1) Qo _ B
Er, [Y] =< / G (an + b (z) B) dm(z) + Ho/h(x)G (s 1 1 (x),ﬁ*)dm(x) = +olo = E[Y]

where the second equality follows from the first order conditions for (., 8«) given by (6) and the
third from iterated expectations. The mean of Y with respect to the inverse probability tilted
distribution will equal its population mean if the two distributions, while different, are sufficiently

similar. For example, if X is a scalar and E[Y|X = z] is quadratic in z, then requiring that the



inverse probability tilt of F' (y,z|D = 1) shares the same mean and variance for X as F () ensures
that EF* [Y] =70-

Local semiparametric efficiency By iterated expectations we can show that (6) is equivalent

D 1
{G(a*+h(X)’ﬂ*) _1}{ A () H " v

D (Y =) _0
Glath(X)p)|

to the moment restriction

while (3) is equivalent to

(8)

Our IPT estimator (in this example) is simply the sequential method-of-moments estimate of gy
based on these two restrictions. This representation simplifies asymptotic analysis and clarifies that
the inverse probability tilt is constructed using a ‘working model’ for the propensity score of the
form G (a. + h (X)' B,). If this working model is correctly specified, py (z) = G (ag + h(z)'Bo), and
EY|X = z] = ¢ +ph(x), then our estimator attains the semiparametric efficiency bound for this
problem. This is our local semiparametric efficiency result.

Efficiency is a consequence of the exact balancing property of the IPT.!1% Our estimate of ~q is

given by the solution to

N
PO .

where & and 3 are first step estimates based on (7), which solve

D.

LN | @y | 1

N Zizl D;ih(X5) - Z ) (10)
h(

where { = SV h(X;)/N is the full sample mean of & (X;). Equation (10) shows that & and
B are chosen so that the inverse probability weights, D;/G(a@ + h(X;)'B), sum to one and the
inverse probability weighted mean of h (X;) equals its full sample (unweighted) mean. These are
the sample analogs of (6) above. An implication of (10) is that the inverse probability weighted

mean of ¢y + [Iph(X;) in the D; = 1 subsample equals is overall sample mean:

(0 + (X)) 1 |
NZ Oz—i—hX)l/B\) —N;(Co—FHoh(XZ))_

10Graham (2007) provides a method-of-moments framework for understanding semiparametric efficiency in missing
data models. Efficiency of our estimator can also be shown using his results.



Using this exact balancing implication of (10) we can add and subtract terms to get

N ~
ozlz Di (% —7)
Ni:lG(

a+h(X;) B)
N

1 . Dy (90 + Moh(Xi) —70) 1
TVE CainyE N2 @I =),

Exploiting the equality B [Y|X] = ¢ + Ioh(X) and solving for /N (3 — ) then gives

VN@A =)

_ 1 N D;Y; B B E[Y’XZ] o N
_W{;G@M(Xi)”) T Gtk gy G 6))}-

Finally, a mean-value expansion in a and B about ag and [y yields the asymptotically linear

representation

m(,y %) \/_1_2{ — O—M(Di—po(Xi))}+op(1)>

P po (Xi)

where the term in {-} is the efficient score (cf., Hahn 1998). Local semiparametric efficiency of 7

follows directly.

Connection to minimum empirical discrepancy estimation of distribution functions
As noted in the introduction, IPT is usefully viewed as a minimum empirical discrepancy (MD)
estimator. This representation is valuable primarily for pedagogical purposes, and for that reason,
we briefly develop it in this subsection. In particular the MD formulation highlights that IPT
involves first estimating the marginal distribution of the missing variable, Y, and then applying
standard M-estimation techniques to reweighted data. For asymptotic analysis as well as estimation
a method-of-moments representation of IPT is more convenient and hence emphasized in subsequent
sections.

Observe that g is a functional of F' (y, z). Unfortunately, due to sample selection, the empirical
distribution function (EDF) of the D = 1 subsample is not a consistent estimate of F'(y,z). How-
ever, as X is observed for all units, Fiy (z) = SN, 1(X; < z) /N is a consistent estimate of F (z).
Since there are no restrictions on X’s marginal distribution, this estimate is also efficient.

The MD representation of IPT shows that it uses Fy (z) in conjunction with the selected or
‘complete-case’ subsample to construct an estimate of F' (y, z) . This estimate is chosen to be ‘as close
as possible’ to the empirical measures of the D = 1 subsample subject to the restriction that it share
M moments of X with Fy (z). Operationalizing ‘as close as possible’ requires choosing a discrepancy
metric or distance function. As pointed out by Hirano, Imbens, Ridder and Rubin (2001) in a related
setting, this choice is isomorphic to specifying a (working) model for the propensity score.

Exploiting this insight we can construct a class of discrepancy functions appropriate for missing

data problems. This class includes the generalized exponential tilting (GET) discrepancy of Little



and Wu (1991) and Nevo (2002) as a special case. Consider the function

D(P,R) = /go <%) dR,

which measures the divergence between the probability measures P and R. This function is convex,
differentiable on its domain, and chosen such that D (-, R) is minimized at R (cf., Bickel, Klassen,
Ritov and Wellner 1993, Chapter 7, Kitamura 2007). We work with contrast functions of the form

v G_l(n)—ﬁfUaG_l (5)dt  v>k

o (v;k) = { S (11)

+00 v< K
for k € (0,1) and k (k) = —£/Gy (G~ (k)) . The function G (-) is strictly increasing, differentiable
and maps into the unit interval with lim G (v) = 0 and lim & (v) = 1. We also require that,
G1 (v) = 0G (v) /Ov, is symmetric af)joutoozero. Observe tﬁatoo(ll) is convex, differentiable and
attains its minimum at v = 1.!' The term k (k) is a normalizing constant; its presence facilitates
asymptotic analysis as well as comparisons with generalized empirical likelihood (GEL) estimation.
Any suitably well-behaved CDF can be used to construct a contrast function of the form given
by (11). In the special case where G(v) = exp (v) /[1 + exp (v)] our family implies (see Appendix
A for details):
ov;k) x (v—k)In(v—k) —vIin(l —kK) — (v—kK), (12)

which is the GET discrepancy of Nevo (2002).
When G (v) is the CDF of a uniform random variable with support [—1, 1], which corresponds

to a linear probability working model for the propensity score, we have

o(v,Q) xv—Inwv,

which equals the (normalized) discrepancy associated with empirical likelihood (Imbens 1997, Newey
and Smith 2004).'2

Assume, without loss of generality, that the first N; observations correspond to D = 1 units,
with the remaining Ny observations corresponding to D = 0 units. The inverse probability tilt of

the selected subsample is given by the solution to

1 N R N1 Ny R
mlffl_grlwl E;W(Nﬂli;Q), s.t. ;Wlizly ;Wlih(Xi7C):7 (13)

with h(X, (p) and C as defined above. For what follows we define py = (Qo, ¢y .13

A closely related family of discrepancy metrics is used by Hirano, Imbens, Ridder and Rubin (2001) (cf., Equation
(15) p. 1656 of their paper).

2Note that the linear probability form does not, strictly speaking, satisfy the requirements needed to belong to our
family of discrepancies.

'3 An important feature of o(v; CA?) is that it only finite for v > Q This effectively constrains N171; to be greater
than @ for all i = 1,..., Ni; a restriction implied by the structure of the missing data problem. By Baye’s Law, the
MAR restriction, and the propensity score being bounded away from zero, we have

f (1, 2) Qo
fly,z|D=1) " po(x) >Qo V xzeX.



Let Fs, (y,2) = SN 7,1 (Y; <y, X; <) denote the inverse probability tilted distribution
function. Inspection of (13) shows that this distribution function is chosen to be as close as possible
to the empirical measure of the D = 1 subsample subject to the requirement that it satisfies the

‘moment balancing constraint’

/ h(z)dFs, (g1, 7) = / h(z)dEy (z). (14)

Since Fiy (x) is an efficient estimate of the distribution of X, it seems reasonable to require F5, (y, x)
to satisfy (14). As sketched above, imposing (14) leads to a semiparametrically efficient estimate of
70-

Let L (7‘(‘11, ...min, " AL ) be the Lagrangian associated with (13), where n' is the scalar
multiplier associated with the adding-up constraint and A\! the M x 1 vector of multipliers associated
with requirement that h(X, Z ) be mean zero. The Nj first order conditions for the probabilities imply

that
1

LR — . i=1,....Ny, (15)
N1 G(RE(Q)H(X;, €)'t + G~1(Q))

where t(X, () = (1, h(X, C)/)/ and ' = (771, )\1’)/ . The first order conditions for 317 after substituting

n (15), are then

~

Q< H(Xi, Q) o .
N 2 o, on r o) P 10

where to = (1,0')".

Let 61 = (!, A\l’) denote the probability limit of 5L, If we define the one-to-one mapping o, =
k(Qo)nt — GAL+ G7H(Qo) and B = k(Qo) AL it is apparent that (16) is numerically identical to
(10) above and hence that the Lagrange multipliers on the adding-up and moment constraint index
a working model for the propensity score.

Once the weights are constructed the IPT estimate of vg is given by

—~ N1
v = E . TY.
=1

As discussed above, the MD representation’s primary value is to provide insight into some of
the properties of our procedure. To connect the MD approach to the formulation given in (4) we
use duality. Specifically, the Fenchel duality theorem (Rockafellar 1970, Borwein and Lewis 1991)

implies that &' (when it exists) is also the solution to

{t151+_290 ch 51 @)}7 (17)

The left-hand-side of this expression is the population analog of N171; and hence the restriction follows when pg (x)
is strictly bounded above by one.

When po (X;) is close to zero 71; may become quite large and (13) will be difficult to solve. Both of these problems
are manifestations of ‘limited overlap’ (cf., Imbens 2004). Appendix A discusses computation in detail, with particular
emphasis on how to handle the restricted domain of ¢ (v; k) and computation when overlap is limited.




where ¢1 (v, Q) is the negative of the Fenchel conjugate of (v, Q)":

0.0) = L EQuv+G1(Q) ‘ 1 (9
7 wQ) E(Q) |GR(Qu+Gt (Q))Q+/Q/G(k(Q)v+G—1(Q)G <t>dt]' 1e)

When G (v) is logistic we have

ot (0,Q) = —0Q — Q(1 - Q) exp [ﬁ . (%)} |

while for the linear probability case we have

0T (v,Q) xIn(1 — ),

which is the GEL criterion associated with the empirical likelihood (EL) estimator (Newey and
Smith 2004).

After accounting for normalization (17) is simply the sample analog of (4). The MD probabilities
can be recovered by

~

%U = _(pii—(t(XhC)/gl?@)/Nl? = 17 o 7N17 (19)

with ¢ (v,Q) = —Q/G (k(Q) v+ G~ (Q)) -

Relationship to inverse probability weighting It is illuminating to compare IPT with in-
verse probability weighting (IPW) as in Hirano, Imbens and Ridder (2003) and Wooldridge (2007).
Wooldridge’s (2007) estimator also solves (9) except & and B are replaced with their MLEs; the

solutions to

1y Di— G(@+h(x) ) { ! }:0
V= \G@+nxy B [1-G@+nxy g ) Lh@w [

instead of (10). Hirano, Imbens and Ridder’s (2003) estimator is the same except that they restrict
G (+) to be the logistic CDF but allow the dimension of h (X) to increase with the sample size. The
resulting inverse probability weights do not sum to one, nor does the weighted mean of h (X;) equal
to its full sample one (cf., Imbens 2004, pp. 16 - 17). Both estimators perform poorly relative to
IPT in our Monte Carlo experiments.'?

Fundamental to both our double robust identification and local semiparametric efficiency results
is IPT’s unique exact balancing property. Exact balancing creates the possibility of consistency
despite misspecification of the propensity score as well as of efficiency when the propensity score is

correctly specified.

def

" Note that our definition of k(Q) ensures that ¢7 (0;Q) = ¢F (0;Q) = —1 (with goj (z) = @™ (x) /027 for
j =1,2,...). These are the same normalized imposed on the GEL family of discrepancies studied by Newey and
Smith (2004). This facilitates some comparisons and observations we make in the conclusion.

“Hirano, Imbens and Ridder’s (2003) estimator, because they require the dimension of h (X) to increase with N,
is globally efficient.



3 IPT and semiparametric missing data problems

In this section we formally outline the application, and characterize the large sample properties, of
IPT as applied to semiparametric missing data problems (cf., Robins, Rotnitzky and Zhao 1994,
Chen, Hong and Tarozzi 2008). To describe this class of problems we let Z = (Y{,Y], X’)" be a

random vector, 7o € G C RX an unknown parameter and assume that:

Assumption 3.1 (IDENTIFICATION) For some known function 1 (z,7) = 11 (y1,z,7)—%o (Yo, z,7)

B¢ (Z,7)] =0,
with B[y (Z,7)] # 0 for all v # 70, ¥ € G CRF, z € Z C R,

If a random sample of Z is available then estimation of g is entirely standard. Instead we
consider the case where the analyst never observes Y7 and Y; for the same unit. Let D be a binary
indicator variable. When D = 1 we observe Y7, while when D = 0 we observe Yy; X and D are
observed for all units. The semiparametric missing data model is defined by Assumption 3.1 as well

as:

Assumption 3.2 (RANDOM SAMPLING) {D;Y1;, (1 — D;) Yo;, Xi, Di Y., is an independently and

identically distributed random sequence.
Assumption 3.3 (MissiNG AT Ranxpowm) (Y1,Ys) L D|X.

Assumption 3.4 (STRONG OVERLAP) Let po(z) = Pr(D=1|X =2x), then 0 < k < pp(x) <
1—k<1 forsome0<r<1andallzeX cRI™X),

In what follows we refer to the problem defined by Assumptions 3.1 to 3.4 as the semiparametric
missing data (SMD) problem. That 7y is identified is well known, following from a straightforward
application of the law of iterated expectations (e.g., Imbens 2004, Wooldridge 2007).

3.1 Estimation

The application of IPT to this problem involves three steps. First, we use the full sample to compute

the marginal probability of the event D =1 as well as the mean of h (X). That is we solve
N N A
1 1 Di —Q
— 1(Zi,p) = — = 2
vEmn =52 {400 % ) =0 )
for p=(Q,¢")'.

Second, we reweight the D = 1 and D = 0 subsamples to match M full sample moments of X.
That is we compute the D =1 and D = 0 inverse probability tilts

N1 N ~
Fz (y1,2) = Zi:l Tl (Yo <1, Xs <), Fry(yo,2) = Zi:Nlﬂ 7T0i1 (Yoi < o, X; < )
with probability weights given by

T = —pf (H(X5,0)0Y, Q)/N1,  Toi = —pf (1(X:, )8, 1 — Q)/No,



fori=1,...,Nyand i = Ny + 1,..., N respectively and where 5% and &0 are the solutions to

1 1 A
{%5 A Zso t(X;,C)'0 Q)}, (21)
and
R ~ ~
max § 80 + = N21<P+(t(Xi><),5071_Q) : (22)
1=N1+

Stacking the two first order conditions associated with (21) and (22) on top of one another implies

that 6 = (3\1’ ,3\0’ ) is, after some manipulation, the solution to a second step moment equation of

N N D; + IS A
1 1 to+ 3 tXu 6>Qth><
EONCR DRSS 9] WA AR P I
= NS\t + RGE (X3, 08,1 - QX3 Q)

where p = (@, Z’)’ is fixed at its first step value.
In the third and final step 7 is given by the solution to

N N NS A
1 1 Digy (4(Xi,0)'0", Q) -
-~ Zi,5,0,7) = —— = Y1 (Y1i, X4,7) (24)
N g N {Zl Q

1— D)ot (#(X;,0)8°,1 - Q
(=D <1< @) Q)wo(YO“X“,Y)} 0.

with p fixed at its first step, and § at its second step, value.

Standard sequential GMM results can be used to derive the large sample properties of 7 (cf.,
Newey and McFadden 1994). From a numerical standpoint the second step is the most difficult;
Appendix A details the algorithm we implement in the NSW application and our Monte Carlo
experiments.

To connect our estimator to the more familiar inverse probability weighting (IPW) method of
Hirano, Imbens and Ridder (2003) and Wooldridge (2007) it is helpful to define the one-to-one
mappings a' = k(Q)7' — N +G7H(Q), B! = k(Q)M, &° = —k(1— Q)" + A =G (1 - Q) and
B = —k(1— @)XO . We can then re-write (23) as

Db
G(@'+h(X;)'BY)
X Dih(Xi) _ 1
G(al+n(X;)' st _
v | S _”@(Z)’ (25)
i=1 1-G(a9+h(X;)' 8°)

(1-Dy)h(X5)
1—-G(a9+h(X;)' B)

and (24) as

B bl — . (26)
G@ +h(X) ) 1-G@ +h(X) 5

Equality (26) is an inverse probability weighting of the identifying moment. The final step of

. Z Dipy (Y14, Xi,7) (1= Dy) ho (Yoi, Xi,7)

our procedure is therefore similar to conventional IPW methods. However, it differs in that (i) the



D =1 and D = 0 subsamples are weighted by different estimates of the propensity score and (ii)
neither of these two estimates is the maximum likelihood estimate. Inspection of (25) reveals that
the two sets of propensity score coefficients are chosen to ensure that each set of inverse probability
weights sum to one and also that the weighted subsample means of h (X) equal the corresponding
(unweighted) full sample mean. If the propensity score is correctly specified IPW will also satisfy

these conditions, but only asymptotically, not in finite samples as with IPT.

3.2 Large sample properties

In order to discuss the large sample properties of 7 it is helpful to introduce the following additional

assumptions

Assumption 3.5 (PROPENSITY SCORE) There is a unique (g, B0) € A x B C RYM such that
po (x) = G (oo + h(z) Bo) for all x € X.

Assumption 3.6 (MoMENT CEF) Let q; (z;7) = E[¢; (Y}, X, %) |X =] for j =0,1 and
q1(z370) =1 + 1Ak (z),  qo (257) = o + oh ()
for some unique (¢1,1I1) € S x P C RE x REM 4nd (c0,IIp) e S x P C RE x REM

Assumption 3.5 simply states that the working model for the propensity score implicit in the
minimum empirical discrepancy procedure is correctly specified. Assumption 3.6 is less standard.
Its precise content depends on the form of ¥y (Y1, X, v9) and v (Yo, X, 7). We discuss its precise
interpretation in the examples section below.

We provide distribution theory for 4 appropriate for two cases: (i) either Assumption 3.5 or
3.6, but not both, is true and (ii) both are true. We could also consider the case where neither
of these two assumptions hold. This would characterize the large sample properties of 4 under
misspecification (cf., Hellerstein and Imbens 1999, Nevo 2003). While we do not pursue this case
here, we note that the asymptotic variance estimator given in the Appendix can also be used to
conduct valid inference about the probability limit of 4 under misspecification.

Our first result shows that if either Assumption 3.5 or 3.6 holds 7 is consistent for o and

asymptotically normal.

Theorem 3.1 (DOUBLE ROBUSTNESS) Suppose Assumptions 3.1 to 3.4, either Assumption 3.5 or

3.6, and additional reqularity conditions hold, then as N — oo
~ P
Y=

and
VNG = 70) & N(0,Ty Ty ),

where Tog = E [0V (Z,7/07')] and the form of Yo depends on whether Assumption 3.5 or 3.6 holds
(see Appendiz B).

Proof. See Appendix B. m



Theorem 3.1 implies that the researcher has two opportunities to consistently estimate vy. More
heuristically it suggests that IPT will perform well for moderately rich forms of h (X) when either
propensity score or the conditional expectations of 11 (Y1, X, 70) and g (Yo, X,70) are smooth in
X.

An immediate corollary of Theorem 3.1 is:

Corollary 3.1 (AsymMpTOTIC NORMALITY WITH DATA MCAR) When the assumptions of Theo-
rem 3.1 hold and additionally the data are missing completely at random (MCAR) (i.e., Qo = po (X)
for all X € X ) we have

—1 —1
To = T:1 (Q«wl = Qi n 0 Uy N Qoo — QoS Lo

Qo 1—Qo (27)

+ (Quah = Quon) gy Qs — Quson)’) Tg ™,
where Q.. =V (V5 (Y5, X,%)) Q0 = C (¥ (Y, X,7%) ,h (X)) forj = 0,1, and Qpp, =V (b (X)) .

Our next result shows that IPT is locally efficient. By local efficiency we mean that IPT attains
the semiparametric efficiency bound for the SMD model when Assumptions 3.5 and 3.6 happen to
be true in the sampled population but are not part of the prior restriction (cf., Newey 1990 Robins,
Rotnitzky and Zhao 1994).

The maximal asymptotic precision with which vy can be estimated has been characterized by
Robins, Rotnitzky and Zhao (1994) and is given by the inverse of

T (o) = ThAy 'To, (28)

with

Yo (X57) n 31 (X57)
1 —po(X) po (X)

where X; (x;7) = V(¢ (Y, X, 8)| X = ) for j = 0,1. Our next Theorem shows when IPT attains
the bound derived by Robins, Rotnitzky and Zhao (1994).

Ao =E + g1 (X;570) — g0 (X;70)] [@1 (X37%0) — 0 (X3570)]'| (29)

Theorem 3.2 (LOCAL SEMIPARAMETRIC EFFICIENCY) Suppose Assumptions 3.1 to 3.6 and ad-

ditional reqularity conditions hold, then as N — oo
~ P
Y=

and

VNG = 0) 5 N(O.Z (7)),
with T (o) as defined by (28) and (29).
Proof. See Appendix B. m

In Appendix B we provide a single variance-covariance estimator for 7 that is consistent for the

cases covered by Theorems 3.1 and 3.2 as well as Corollary 3.1. From the practitioner’s standpoint



this is a considerable advantage.'6

3.3 Incorporation of prior restrictions on F'(x)

In this subsection we discuss how prior restrictions on the marginal distribution of X can be effi-
ciently incorporated into the IPT procedure. It is well know that such information, which is often
available from census cross-tabulations or administrative data, increases the asymptotic precision
with which 79 can be estimated. Chen, Hong and Tarozzi (2004) show that if, in addition to As-
sumptions 3.1 to 3.4, F'(x) and @ are known, then the variance bound is given by the inverse of
(28), with A¢ redefined to equal

Yo (%570) +_21(xrm)

b= @ @

(30)
Assume that Qo = E[D] and {y = E[h (X)] are known. Our final result characterizes the large

sample properties of the (efficient) GMM estimator based on the restriction

ml(Z)
E| m(Z5) | =0, (31)
m3(Z,d0,0)

with mq(Z) = mi1(Z, po), ma(Z,6) = ma(Z, po,d) and ms(Z,d,7v) = ms(Z, po,d,y) and the right-
hand-sides of these equalities as defined by (20), (23) and (24) above. Note that here m;(Z) plays
the role of an auxiliary moment (cf., Imbens and Lancaster 1994, Qian and Schmidt 1999, Imbens
and Hellerstein 1999).

Corollary 3.2 (PriOR KNOWLEDGE OF F(X)) Suppose Assumptions 3.1 to 3.6 and additional
reqularity conditions hold, let 4 be the efficient GMM estimator based on (31), then as N — oo

3&’70

and

VNG —70) 2 N0, Z ()7,

with I (o) as defined by (28) and (30).

Proof. See Appendix B. =

The appendix provides a consistent variance-covariance estimator for the situation covered by
Corollary 3.2. While we do not provide a formal statement of the result, consistency of our known (
estimator requires only one of Assumptions 3.5 or 3.6 to hold. Our variance estimator is consistent
in those cases as well. To the best of our knowledge our estimator is the first estimator to attain

the bound for the missing data problem with F' (z) known.

16We also note that the covariance estimator generally associated with Robins, Rotnitzky and Zhao’s (1994) AIPW
estimator is consistent only under the assumptions of Theorem 3.2 (cf., the inference approach adopted by Lunceford
and Davidian 2004 for example). Consequently, AIPW-based inference may be invalid even when AIPW point
estimates are consistent.



3.4 Examples

In order to illustrate the application of each of our large sample results in specific settings we discuss
two examples in detail. Appendix C provides additional examples.

Average Treatment Effects Let D =1 and D = 0 respectively denote assignment to an active
and control program or intervention and Y; and Y; the corresponding potential outcomes. The
Average Treatment Effect (ATE) is

Y0 =E[Y1 - Yol,

which corresponds to setting ¢ (Y1, X,v) = Y1 and ¢ (Yo, X,v) = Yo +. Since each unit can only
be exposed to one intervention, either Y; or Y} is missing for all units. The conditional probability
of assignment to the active intervention is given by pg ().

Efficient estimation of the ATE by IPT involves choosing h (X) such that the true propensity
score is contained in the parametric family G (a + h(X)' ) and the true potential outcome CEFs
are linear in h (X). This will ensure satisfaction of Assumptions 3.5 and 3.6. Consider the case
where the propensity score is known to be constant, as in a randomized experiment. In that case
h (X) should be chosen such that the population regressions of Y7 and Y on h (X) accurately
approximate E[Y;| X] and E[Yp| X]. In this case efficient estimation requires overparameterizing
the working model of the propensity score; a result analogous to that of Hirano, Imbens and Ridder
(2003). If E[Y1]| X] and E[Yy| X] are smooth relative to pg (X), then h (X) should be chosen such
that G (a +h(X )' B) can provide an accurate approximation of the propensity score (cf., Imbens,
Newey and Ridder 2007, Graham 2007).

Corollary 3.2 has implications important for experimental design. Imagine an experiment involv-
ing a random sample of schools from a well-defined population (e.g., California public elementary
schools). In such a situation administrative data may reveal the marginal distribution of some unit
characteristics perfectly. Inverse probability tilting allows this information to be straightforwardly

incorporated into estimation of ATEs.!”

Two sample instrumental variables estimation with compatible samples Assume that

dim (X) > dim (Yp) and consider the following instrumental variables model
Vi =Y+ U, E[UX]=0.

This suggests a moment function with ¢; (Y1, X,v) = XY; and ¢ (Yo, X,v) = XYJv. Two inde-
pendent random samples of size N1 and Ny from the same population are available. In the first
sample N7 values of Y7 and X are recorded, while in the second Ny values of Y;; and X are recorded.
For asymptotic analysis we assume that Nl,%{oo N1 /(N1 4+ Ng) = Qo > 0. This is the two-sample
instrumental variables (TSIV) model analyzed by Angrist and Krueger (1992). Ridder and Moffitt
(2007) provide a technical and historical overview (cf., Arellano and Meghir 1992).

This model is equivalent to a special case of the semiparametric missing data model, an obser-

vation that is apparently new. Assume N units are randomly drawn from some target population.

'"We also note that our known (o covariance estimator (with Zreplacing o) is consistent for the asymptotic sampling
variance of the sample average treatment effect (SATE) of Imbens (2004).



With probability Qg the i*" unit’s values for Y; and X are recorded, while with probably 1 — Q its
values of Yy and X are recorded. The indicator variable D denotes which set of variables are mea-
sured. The only difference between this sampling scheme and that of Angrist and Krueger (1992)
is that in the latter Ny and Ny are fixed by the researcher, whilst in the missing data formulation
they are random variables. An adaptation of the argument given by Imbens and Lancaster (1996,
Sections 2.1-2.2) shows that this difference does not affect inference.

Efficient estimation of the TSIV model involves correctly modelling the first stage regression of
Yy onto X. Assume that X is such that E[Yy| X] is linear in X. In that case

B[4 (Yo, X,7)| X] =B [¢1 (V1, X,7)| X] = X Xgvx, + X (X'7) 9,

so that IPT with h (X) including X, the squares of its elements and all pairwise cross-products
results in an efficient estimator. The variance bound for this estimator is given by Corollary 3.1,
which also demonstrates that the TSIV estimate of Angrist and Krueger (1992, Lemma 1, p. 331)

is inefficient. Their estimator has a large sample variance of

Q Q
r-1 Yigs 4 2 Tvovo ) oV, 39
0 < QO 1— QO 0 ( )
which is larger, in a matrix sense, than (27). If X is predictive of Y7 and Yy — as is required for

identification — the degree of inefficiency can be quite large.

4 TIPT and semiparametric data combination problems

In this section we consider semiparametric data combination (SDM) problems (cf., Graham 2007).
Such problems correspond to the ‘verify-out-of-sample’ class of problems considered by Chen, Hong
and Tarozzi (2004). A leading estimand which falls in this family of problems is the Average
Treatment Effect on the Treated (ATT). In this section we also show that the TSIV model, where
the two samples are drawn from different populations, can be analyzed as a SDM problem. This
observation substantially extends the range of situations in which TSIV methods can be applied.
Let F; (z) denote the distribution function for Z in some target population. Let E[-] denote
expectations taken with respect to this distribution. In the case of the ATT the target population
would correspond to the treated population. We seek to estimate g, which is identified by a prior

restriction on the target population:

Assumption 4.1 (IDENTIFICATION) For some known function 1 (z,7y) = 11 (y1,z,7)—%o (Yo, z,7)

B [ (Z,70)] =0,

with By [ (Z,7)] # 0 for all v # v0, v € G CRK, 2 € Z C RIm(Z),

Available is a random sample of size N; of (Y1, X) from the target population; Y} is not observed
for units in the target sample. Also available is an auziliary sample of size N, containing measure-
ments of (Yp, X). This sample is drawn from some auziliary population with distribution function
F,(2) (let B, [] denote expectations taken with respect to this distribution). The relationship

between the two distributions is captured by the following two assumptions.



Assumption 4.2 (CONDITIONAL DISTRIBUTIONAL EQUALITY)

Ft(y07y1’$) = Fa(y07y1|x)
Assumption 4.3 (WEAK OVERLAP) Let S; = {z : fj (x) > 0} for j =t,a, then
St C Sq.

Assumption 4.2 states that the conditional distribution of (Yp, Y1) given X is the same in the
two populations. Equivalently the two populations differ only in terms of the distribution of ‘always
observed’ variables, X. Assumption 4.3 states that f, (z) is positive if f; (x) is positive. This ensures
that in large samples, for each unit in the target sample there will be units with similar values of
X in the auxiliary sample.

The semiparametric data combination model is closed by a sampling assumption:

Assumption 4.4 (RANDOM SAMPLING) {(Yh,Xz)}fV:tl and {(YOZ-,XZ-)}Z]-V:“1 are random samples

from, respectively, Fy and Fy.

The merged sample is given by {(D;, (1 — D;) Yo’pDinsz{),}j-V:p where N = N, + N; and D
indicates whether a given unit originates from the target or auxiliary sample. We can treat this
sample as a random one from hypothetical merged population F,, (let E[-] denote expectations taken
with respect to this distribution).

The semiparametric data combination model is typically defined by specifying properties of the
merged population (cf., Hahn 1998, Imbens 2004, Chen, Hong and Tarozzi 2004, 2008). For example
Assumption 4.1 corresponds to assuming that E[¢ (Z,v)| D =1] = 0, Assumption 4.2 to the
missing at random restriction of the previous section (i.e., Assumption 3.3 above) and Assumption
4.3 to requiring po (z) <1 —k < 1 for some 0 < k < 1 and pg (z) = E[D| X = z]. One can also
replace the assumption of two independent random samples with a multinomial sampling assumption
(cf., Graham 2007). We prefer the formulation given above because it emphasizes that the problem
is fundamentally one of data combination. Properties of the hypothetical merged population are of
incidental interest. The goal is to use the auxiliary data to learn more about the target population.

Assumptions 4.3 and Bayes’ rule give the relationship

1-Qo po(x) }
Qo 1—po(x)

) = fo(@){

where Q)9 = E [D]. This result and Assumption 4.2 then give the equality

By [v(Z,7)] = / 1 (s 2,7) fi (1, 2) dm(yn)dm(z)

_/%(yo’x’,y)l—Qo po ()

Qo 1—po(z)

fa (y1,z) dm(yo)dm(z).

The IPT estimator chooses 7 to set a sample analog of right-hand-side of the above expression equal
to zero. We replace f; (y1, x) in the first integral with the empirical measure of the target subsample

and 15—?0% fa (y1,x) with a particular minimum empirical discrepancy ‘tilt’ of the empirical



measure of the auxiliary sample. The structure of this tilt differs from the one described in Section

3 for missing data problems.

4.1 Estimation

For data combination problems only the D = 0 subsample need be tilted. However the structure of
the required tilt differs from that needed for missing data problems. For data combination problems

we work with discrepancies of the form

v -1 __1 ram~-1 t
o (U; /Q) déf { _k(m)G (Q) k(x) fv G (t-‘r(l—fi)/fi) dt z >0 7 (33)
+00 <0

where k (k) = £ (1 — k) /Gy (G*(k)) . The inverse probability tilt of the auxiliary sample is given
by the solution to

N N N

N aTais Q) s.t. Z Tai = 17 Z Waih(Xlﬁ Et) = 07 (34)

i= i=N+1 i=Ng+1
with Q = N¢/N and Et = N% vazfl h(X;). The latter mean is taken over the target sample, not the
full sample. This is because we tilt the empirical measure of the auxiliary sample to match moments

of the target sample, not of the full sample as in the missing data case. Let £ (741, - .. Tang 1% A% D)
be the Lagrangian associated with (34). The probability weights take the form

1 11@ G(k( Q)HXi, )6 +G(Q))
No @ G(k(Q)t (Xl,c>6a+G 1Q))’

i=N,+1,...,N, (35)

for t(X, () as defined before and 50 = (ﬁ“,X“' ). The vector of Lagrange multipliers solve

~ N N At
11-0 S 1G(k(Q) (X, (")’ Q) H(Xi, C) — to = 0. (36)

o
No Q41— GQHX,, >6a+G Q)

Inspection of (36) indicates the inverse probability tilt, Fx, (yo,z) = Zf\i’l Tail (Yoi <o, X; < z),
is chosen to be as close as possible to the empirical measure of auxiliary sample while simultaneously

satisfying the balancing restrictions

[ 1@ P, (o) = [ 1) by, @).

Finally, the IPT estimate of g is given by the solution to

N¢ N
1
= X YiinvA - Aai YiaXiaA .
Ntz;wl( 1 7) ‘%:HW Yo (Yo )
1= 1=IN¢

As in the missing data case, the MD representation’s value is primarily pedagogical. For estima-
tion, as well as to characterize large sample properties, a sequential method of moments formulation

is more convenient.



In step one @ and Et are chosen to solve

~

1 & 1 & -Q
N; Zi, D) NZ( X)) - <t)>:0. (37)

In step two the IPT of the auxiliary sample is computed. As in the missing data case, we work with

the dual problem. The Fenchel conjugate of (33) is

Q) = o {[k Quv+G Q)

1-Q Gk(Quv+G Q) }
Q@ 1-Gk(@Quv+G Q)

ot
/1_0‘ Gk(Qv+G—1(Q)) G (t—l-(l—Q)/Q) &

1-G(k(Q)u+G~1(Q))

We therefore estimate 3% by the solution to

N
i 3 camdreof.

@ i=Ny+1

The first order condition to this problem implies that 5% solves

1 < 1 1— D o A .
]T/v Z Zl? P, 5(1 = N Z <t0 + 1_ C/jz(pii_(t(Xw Ct),5a7 Q)t(XZ7 Ct)> = 07 (38)
where R
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The probability weights can then be recovered by 7, = —¢f (¢(X;, ¢ ) 50 /N,. Finally 7 solves
1 & - 1 (& b
Nng(Zi,ﬁ,éa,;Y\) = _N {Z_Elwl (}/].waa) (39)
i=1 =1
(1= Di) ey (H(X4, ¢, Q)

-0 Yo (YOi,Xiﬁ)}

When G (v) = exp [v] /[l + exp[v]] our data combination estimator is particularly simple to im-
plement. Appendix A shows that for this case p*(v,Q) = — exp [v], which is the GEL criterion
function associated with the exponential tilting (ET) estimator. The second step of IPT in this case
therefore involves reweighting the auxiliary sample by ET to match moments of X calculated using

the target sample. It is well-known that, among GEL estimators, ET is computationally attractive
(cf., Imbens, Spady and Johnson 1998).

4.2 Large sample properties

The large sample properties of 4 in data combination problems parallel those given above for the
missing data case. Our estimator is consistent as long as one of Assumptions 3.5 or 3.6 hold and

efficient if both hold. We are aware of no other estimators for the data combination family of



problems with similar asymptotic properties.'®
Theorem 4.1 (DOUBLE ROBUSTNESS) Suppose Assumptions 4.1 to 4.4, either Assumption 3.5 or

8.6, and additional reqularity conditions hold, then as N — oo
~ P
7=

and

VN —~0) 2 N(0, To),

with the form of Ty depending on whether Assumption 3.5 or 3.6 holds (see Appendiz B).

Proof. See Appendix B. m

As in the missing data case, double robust consistency is due to the balancing properties of
this estimator (i.e., because the auxiliary sample is tilted to match moments of the target sample).
Imposing balancing in this way ensures that ms (Z;, po, do,y) will be uniquely mean zero at v = 7o
as long as Assumption 3.6 holds; even if the propensity score is misspecified.

IPT is also locally efficient for the SDC problem. The maximal asymptotic precision with which
7o can be estimated under the SDC setup has been characterized by Hahn (1998) and Chen, Hong
and Tarozzi (2004, 2008) and is equal to the inverse of

Po (X )
Qo

J () =E [%Fo (X)]IE (@0 (X)] 'R [

with T'g () = E[0¢ (Z,70) /09| X = 2] and

_ZM@Z Yo (x;70) X1 (x370)
qu)_{ Qo } {1—po<x>+ o (2) (41)

+p01(m) (@1 (370) — g0 (¥370)] [1 (%370) — qo (=3 ’70)],} ‘

(). (40)

If both Assumptions 3.5 and 3.6 hold simultaneously then IPT attains the bound given by (40).

Theorem 4.2 (LOCAL SEMIPARAMETRIC EFFICIENCY) Suppose Assumptions 4.1 to 4.4, both As-

sumptions 3.5 or 3.6, and additional regularity conditions hold, then as N — oo
~ P
Y=

and

VNG =0) % N (0,7 ()7,
with J (7o) as defined by (40) and (41).

Proof. See Appendix B. m
In Appendix B we provide a single variance-covariance estimator for 7 that is consistent for the

cases covered by Theorems 4.1 and 4.2.

'8Globally efficient estimators, based on non-parametric smooths, have been developed by Hahn (1998), Hirano,
Imbens and Ridder (2003) and Chen, Hong and Tarozzi (2004, 2008).



4.3 Examples

To illustrate the application of IPT to data combination problems we discuss estimation of the ATT

and TSIV model (with incompatible samples) in detail. Appendix C provides additional examples.

Average Treatment Effects for the Treated Let D = 1 and D = 0 respectively denote
assignment to an active and control program or intervention and Y; and Yy the corresponding

potential outcomes. The Average Treatment Effect on the Treated is
v =E[Y1 —Y|D=1]=E;[Y1 — Yp].

which corresponds to setting ¥ (Y1, X,v) = Y1 and ¢ (Yo, X,v) = Yo + .

In this case the target population corresponds to the treated population. An example is provided
by LaLonde (1986) who studies the effect of job-training on NSW participants. He has available a
sample of NSW participants with measures of prior earnings and demographic characteristics, X,
and post-training earnings, Y7. Also available is an auxiliary sample taken from the Panel Study of
Income Dynamics (PSID). This sample is not drawn from the same population as the NSW one.
In the auxiliary sample LaLonde (1986) also observes prior earnings and demographics, X, and
post-training earnings for non-participants, Y.

As with the ATE, efficient estimation of the ATT requires choosing h (X) such that the propen-
sity score in the parametric family G (a +h(X) 6) and the conditional expectation of Y7 and Y

are linear functions of h (X).

Two sample instrumental variables estimation with incompatible samples Currie and
Yelowitz (2000) consider a model relating, Y7, an indicator for whether a school-aged child has
repeated a grade, with an indicator for residence in public housing, Y. Additional variables in the
model are X = (Xo, X})' with X equalling the number of male siblings in the household, and X
equalling the overall number of siblings in the child’s household and other household characteristics.
The moment function is as given in Assumption 4.1 with ¢ (Y1, X,v) = XY; and ¢ (Yp, X,v) =
X (X1vx, + Y{1v,) -*? The number of male siblings serves as an excluded instrument for residence
in public housing since, conditional on the overall number of siblings, families with a mixture of
boys and girls qualify for larger units and hence higher (implicit) housing subsidies.?’

A total of N; units are drawn from the target population and their realizations of (Y7, X)
recorded; this forms the target sample. An auxiliary random sample of size N, is taken from
the auxiliary population with realizations of (Yp, X) recorded. Currie and Yelowitz (2000) get
information on (Yp, X) from the US Current Population Survey (CPS), a stratified random sample,
and information on (Y3, X) from a random subsample of the US Census. In this example the
population of interest is school-aged children living in the United States. The US Census sub-
sample can be viewed as a pure random sample from this population.

Since the CPS is not a random sample of the US population, the TSIV estimator of Angrist and
Krueger (1992) is inconsistent (cf., Ridder and Moffitt 2007).2! Other available estimators for the

19This moment corresponds to the textbook linear-IV model.
20This is because children of opposites sexes are not allowed to share rooms under HUD guidelines.
*!Tn principal CPS sampling weights could be incorporated into Angrist and Krueger’s (1992) procedure to ensure



TSIV model also require that the two samples be random ones from a common population (Arellano
and Meghir 1992). Unfortunately, in many empirical applications estimated moments for variables
common to the two samples differ significantly. Currie and Yelowitz (2000), for example, find
significant differences in the probability of a household being female-headed and ethnic classification
in the CPS and Census samples. IPT could be used to re-weight the CPS to match moments of X
calculated using the Census. Theorems 4.1 and 4.2 provide conditions under which such a procedure

is consistent and efficient.

5 Application of IPT some additional non-standard problems

An attractive feature of IPT is its applicability to a wide range of problems. In particular, the
IPT estimator is often available in settings where inverse probability weighting, based on maximum
likelihood estimates of the propensity score, is not. In this section we sketch the application of IPT
to a few problems that do not belong to either our missing data or data combination families. Each
of these problems has sparked its own, independent literature. The application of IPT to each of

them is conceptually straightforward.

Additive Nonignorable attrition Hirano, Imbens, Ridder and Rubin (2001) consider the fol-
lowing two-period panel data problem. In period one Z; is observed for a random sample of N
units. In period two Zs is observed for a subset of originally sampled units (N < N). In pe-
riod two an independent refreshment sample is taken and Zs recorded for N, units. Let D = 1
denote the event of not attriting from the initial panel sample. This sampling structure asymp-
totically reveals F'(Z1,Z3| D = 1) as well as F'(Z;) and F' (Z2). The probability of not attriting,
po(z1,22) =Pr(D = 1| Zy = 21, Z2 = z2), is also identified under quasi-additivity restrictions. For
example, Hirano, Imbens, Ridder and Rubin (2001) show that if

po (21,22) = G (a0 + h (21) Bro + h(22) Bao) » (42)

g, P10 and [Bog are identified. To apply IPT to this model we using the missing data class of
discrepancies to reweight the D = 1 complete panel in order to match moments of the marginal
distributions of Z; and Zs. The former set of moments are identified by the original panel and the

latter by the refreshment sample. Nevo (2003) applies a method similar to IPT to this problem.

Case-control studies In this example interest centers on estimating the parameter indexing
the propensity score. Assume that D € {0,1} is the binary outcome of interest. The researcher
has access to a random sample of X from the (selected) subpopulation of individuals with outcome
D =1 and a separate random sample of X from the D = 0 subpopulation. The marginal probability
Qo = Pr(D =1) is known. Such a sampling scheme is often attractive when D =1 is a rare event.

The researcher has prior knowledge that

PI‘(D: 1|X) = G(ao—l—h(X)lﬁo) .

consistency.



The Lagrange multipliers associated with a tilt of the D = 0 sample to match the means of each
element of h (X) in the D = 1 sample identify ag and [y. The data combination family of discrep-
ancies should be used with ()g. The variance-covariance estimator associated Theorem 4.1 can be

used for inference.

Case-control studies with contaminated controls In this example interest also centers on
estimating the parameter indexing the propensity score. As before the researcher has access to a
random sample of X from the (selected) subpopulation of individuals with outcome D = 1. Also
available is either (i) an auxiliary random sample from the overall population which contains values
of X for each sampled unit but no information on D or (ii) prior knowledge of (o = E [h (X)] (e.g.,
from census cross tabs).

For example D might indicate whether an individual born in the 1970s is incarcerated in 2006,
with X being a vector of childhood demographic and socioeconomic characteristics. A random
sample of X from the D = 1 population is available from the Survey of Inmates in State and
Federal Correctional Facilities. The marginal distribution of X characteristics is identified by an

auxiliary random sample (e.g., from the 1980 census). The researcher has prior knowledge that
Pr(D=1X)=G(a+h(X) Bo),

with A (X) a known function. In this case the estimated Lagrange multipliers from the inverse
probability tilt of the D = 1 sample identify « and By (using the missing data class of discrepancies
with Q). When (; is known the variance-covariance estimator associated Corollary 3.2 can be used
for inference. When (j is estimated from an independent ‘contaminated sample’ new distribution
theory is required. Lancaster and Imbens (1996) and Qin (1998) discuss this model is detail and

suggest alternative estimators.

6 Monte Carlo experiments and application

6.1 Monte Carlo experiments

In this section we compare the small sample performance of IPT with that of several alternative
missing data estimators. Specifically we consider the parametric inverse probability weighting es-
timator described by Wooldridge (2007), henceforth IPW; the non-parametric IPW estimator of
Hirano, Imbens and Ridder (2003), henceforth HIR; the imputation estimator of Imbens, Newey
and Ridder (2007) (with their data-dependent choice of smoothing parameter), henceforth INR; the
conditional expectation projection estimator of Chen, Hong and Tarozzi (2008), henceforth CHT;
and the augmented inverse probability weighting estimator of Robins, Rotnitzky and Zhao (1994)
as described by Tsiatis (2006), henceforth ATPW.22

We assume that Y, the outcome of interest, is generated according to

X —a

b

Y:Oé[]—i-OélX—i-OéQ(I)( )-I—U, U|XNN(O,1/64),

22Matlab replication files for our Monte Carlo experiments as well as a technical Appendix, describing in detail our
implementation of each estimator, is available online.



Table 1: Parameter values for the four Monte Carlo experiments.

Design 1: Design 2: Design 3: Design 4:
‘smooth-smooth’ ‘rough-smooth’ ‘smooth-rough’ ‘rough-rough’

ag 0.00000 -0.12510 0.00000 -0.12510
o -0.25000 -0.25000 -0.25000 -0.25000
Qa9 0.00000 0.50000 0.00000 0.50000
a 0.50000 0.50000 0.50000 0.50000
b 0.20000 0.20000 0.20000 0.20000
Bo 0.00000 0.00000 2.00000 2.00000
051 2.19722 2.19722 4.19722 4.19722
B 0.00000 0.00000 -4.00000 -4.00000
c 0.15000 0.15000 0.15000 0.15000
\/I (7) /N 0.00825 0.00752 0.00785 0.00708

NOTES: The square root of Hahn’s (1998) variance bound for each design (divided by N2 = /1, 000) is
reported in the last row of the table.

where @ (-) is the CDF of a standard normal random variable and X ~ U (—1,1). Observations of

Y are missing at random with Y observed if D =1 where
D =18+ B X + P (X/c)—V),

with V| X,Y logistic.

We consider four different data generating processes (DGPs), the parameterizations of which are
given in Table 1. In the first design both the outcome CEF and the propensity score are smooth in
X. In the second, the outcome CEF is inhomogenous, while the propensity score remains smooth.
In the third, the CEF is smooth, while the propensity score is now inhomogenous. In the fourth
design both the CEF and propensity score are inhomogenous. The smooth and inhomogenous
outcome CEFs and propensity scores are rendered in Figure 1.

Each design is calibrated such that the propensity score ranges from 0.1 to 0.9 with a marginal
probability of missingness equal to one half. The target estimand is vy = E[Y], which is identically
equal to zero for each design. For each experiment the sample size is set equal to N = 1,000 with
5,000 Monte Carlo replications. The IPW, AIPW and IPT estimators are based upon a logistic
model for the propensity score with X entering the index linearly. The HIR estimator is also
based on a logistic model for the propensity score but with X entering quadratically.?> The INR
estimator is based on a polynomial series estimate of E[Y|X] with the number of series terms
chosen to minimize the estimated mean square error of 5 (see Imbens, Newey and Ridder 2007).
The CHT estimator is based on a polynomial series estimate of E[Y| X] with the number of series
terms fixed at 3 (i.e., a quadratic approximation).

Our designs are chosen to highlight the strengths and weakness of each estimator. In the first
design we expect all estimators to perform well. In the second design we expect the IPW and HIR to
perform acceptably and the imputation-based INR and CHT estimators to perform poorly. In design
3 we expect the opposite pattern. The ATPW and IPT estimators, due to their double-robustness

*3Hirano, Imbens and Ridder’s (2003) theoretical results suggest using a series logit estimator with N'/? polynomial
terms. For our designs 1000%/° ~ 2.15 which we round up to 3, yielding the quadratic specification.
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Figure 1: Conditional expectation function (CEF) of Y given X and the propensity score for the
Monte Carlo experiments.

attribute, should perform well in both designs 2 and 3. In design 4 we expect all estimators to
perform poorly.

Formally HIR, INR and CHT are consistent and attain Hahn’s (1998) bound in all designs.
IPW is never efficient but is consistent in designs 1 and 2. AIPW and IPT are consistent in designs
1, 2 and 3. In design 1 they attain Hahn’s (1998) bound. In design 2 their large sample variance
lies above Hahn’s (1998) bound but below that of parametric IPW. In design 3 their large sample
variance is actually smaller than Hahn’s (1998) bound. Recall that Hahn’s (1998) bound corresponds
to the semiparametric missing data model defined by Assumptions 3.1 to 3.4. The imposition of
Assumption 3.6 further lowers the bound. Therefore, under misspecification of the propensity score
the large sample variance of IPT and AIPW lies between that of the efficient parametric imputation
estimator and Hahn’s (1998) bound.?*

For purposes of comparison we also include an inverse probability weighting estimator based on
the true propensity score. This estimator is consistent across all designs, but never efficient. We
also include an infeasible oracle estimator: the mean of Y across all missing as well as non-missing
observations. This estimator calibrates the cost of missingness in each of our designs.

Table 2 summarizes the results from the first design. As expected each estimator performs well,
with small sample properties well-appoximated by asymptotic distribution theory. An approximate
standard error for the Column 2 Monte Carlo scaled bias estimates is /(7/2)/5,000 ~ 0.0177;
differences in median bias are not significant across estimators for this design.

Table 3 reports results from the second design. In this design the imhomogeneity of E[Y| X]
creates problems for both the INR and CHT imputation estimators, with each exhibiting significant
median bias. Unsurprisingly, given the underlying smoothness of the propensity score, both the
IPW and HIR estimators do well. In this design the HIR procedure involves an overfit of the
propensity score. Consistent with the theoretical results of their paper, such overfitting results
in improved precision (cf., Graham 2007 for a related discussion). The Monte Carlo sampling

standard deviation of the HIR point estimates are about 10 percent lower than the corresponding

?"Bang and Robins (2005, p. 966) comment that, when the propensity score is misspecified, but the outcome CEF
is not, ATPW is often ‘nearly’ as efficient as parametric imputation. This assessment is based on their Monte Carlo
experiments. In the designs whose results are reported in the lower half of Table 2 (p. 966) and the upper and lower
portions of Table 4 (p. 970) of their paper, the AIPW estimator with a misspecified propensity score has a Monte
Carlo sampling variance that lies below that of the ATPW estimator based on a correct model for the propensity score,
but above that of the parametric imputation estimator. Our Design 3 results replicate this ordering.



Table 2: Monte Carlo results for Design 1

(1) 2 (3) (4) (5) (6)
Asymptotic Median Asymptotic Median Standard Coverage of

Bias Bias Std. Err. Std. Err. Deviation 95% CI
Oracle 0.0000 -0.0363 0.0060 0.0060 0.0060 0.952
True Weights 0.0000 -0.0304 0.0114 0.0113 0.0114 0.947
IPW 0.0000 -0.0217 0.0091 0.0090 0.0092 0.948
HIR 0.0000 -0.0359 0.0083 0.0084 0.0085 0.946
INR 0.0000 -0.0098 0.0083 0.0082 0.0082 0.950
CHT 0.0000 -0.0240 0.0083 0.0082 0.0083 0.949
AIPW 0.0000 -0.0162 0.0083 0.0082 [0.0082] 0.0083 0.949 [0.948]
IPT 0.0000 -0.0224 0.0083 0.0082 0.0083 0.947

NOTES: Each row corresponds to a specific estimator as described in the main text. Column 1 reports the
scaled large sample bias of each estimator (i.e., its probability limit minus the true parameter divided by the
square Toot of its large sample variance, (AVar(3)/N)"?). Column 2 reports the median Monte Carlo bias
of each estimator scaled by its asymptotic standard error. Column 1 calibrates the scale of inconsistency for
each estimator, while a comparison of Columns 1 and 2 allows for an assessment of whether an estimator’s
actual sampling distribution is centered at is probability limit. Column 3 gives the large sample standard
error of each estimator (i.c., (AVar(y)/N)?), Column 4 the median estimated standard error and column
5 the standard deviation of the point estimates across the 5,000 Monte Carlo replications. Column 6 reports
the actual coverage of a 95 percent Wald-based confidence interval (the asymptotic variance estimators
are described in a technical appendix available online). Two standard errors are provided for the ATPW
estimator. The first assumes that the working model for both E[Y |X]and p(X)is correctly specified. This
is the covariance estimator typically used in applied work (e.g., Lunceford and Davidian 2004). The second,
given in the square brackets, treats the AIPW estimator as a sequential method-of-moments estimator with
standard errors calculated accordingly. These standard errors are valid whenever AIPW is consistent. The
mean number of series terms selected by the INR estimator is 2.25, while the median is 2.

Table 3: Monte Carlo results for Design 2

(1) (2) (3) (4) (5) (6)
Asymptotic Median Asymptotic Median Standard Coverage of

Bias Bias Std. Err. Std. Err. Deviation 95% CI
Oracle 0.0000 -0.0153 0.0050 0.0050 0.0049 0.954
True Weights 0.0000 -0.0207 0.0084 0.0083 0.0085 0.947
IPW 0.0000 -0.0149 0.0083 0.0082 0.0084 0.944
HIR 0.0000 -0.0031 0.0075 0.0075 0.0077 0.941
INR 0.0000 0.0849 0.0075 0.0080 0.0083 0.941
CHT 0.0000 0.0561 0.0075 0.0076 0.0076 0.948
AIPW 0.0000 -0.0150 0.0093 0.0105 [0.0092] 0.0095 0.968 [0.945]
IPT 0.0000 -0.0113 0.0080 0.0080 0.0081 0.945

NOTES: The mean number of series terms selected by the INR estimator is 3.1, while the median is 5. See
notes to Table 2 for additional information.



Table 4: Monte Carlo results for Design 3

(1) 2 (3) (4) (5) (6)
Asymptotic Median Asymptotic Median Standard Coverage of

Bias Bias Std. Err. Std. Err. Deviation 95% CI
Oracle 0.0000 0.0217 0.0060 0.0060 0.0061 0.950
True Weights 0.0000 -0.0360 0.0104 0.0103 0.0105 0.943
IPW -0.4042 -0.4181 0.0074 0.0073 0.0075 0.933
HIR 0.0000 -0.3977 0.0079 0.0073 0.0075 0.932
INR 0.0000 -0.0061 0.0079 0.0074 0.0078 0.936
CHT 0.0000 0.0014 0.0079 0.0074 0.0076 0.943
ATPW 0.0000 -0.0005 0.0074 0.0074 [0.0074] 0.0076 0.945 [0.942]
IPT 0.0000 0.0017 0.0074 0.0073 0.0076 0.942

NOTES: The mean number of series terms selected by the INR estimator is 3.06, while the median is 2.
See notes to Table 2 for additional information.

IPW estimates (cf., Column 5).

Both AIPW and IPT estimators also perform well. When both E [Y| X] and p (X)) are correctly
modelled the two estimators are first-order equivalent and, if the results from Design 1 are indicative,
have similar small sample properties. However under partial misspecification they are no longer first-
order equivalent. In design 2, while both are consistent, their asymptotic variances differ, with IPT
being more precisely determined (Columns 1 and 3 of Table 3). The small sample properties of the
two estimators mirror their large sample ones. Both are approximately median unbiased, but the
sampling variability of the IPT estimator is about 10 percent lower than that of AIPW (Columns
2 and 5 of Table 3).

Table 4 reports results from the third design. In this case the IPW and HIR perform extremely
poorly, reflecting their fragility vis-a-vis misspecification of the propensity score. The remaining
estimators all perform well. Importantly, the AIPW and IPT estimators, while based on misspec-
ified models for the propensity score, are nevertheless consistent. However, as in design 2, their
asymptotic variances differ with IPT’s again being smaller, albeit negligibly so. These large sample
properties are reflected in small samples. In design 3 both AIPW and IPW are approximately
median unbiased with similar sampling variances (Columns 2 and 5 of Table 4).

Table 5 reports results from the our fourth, and final, design. In this design the AIPW and IPT
estimators are formally inconsistent as is IPW. Formally HIR, INR and CHT are consistent and
efficient. In practice all estimators, with the exception of IPT, exhibit significant median bias.

The performance of IPT across designs 2 and 3 highlights the practical value of using a ‘doubly
robust’ estimator. If either the propensity score or outcome CEF is well approximated by the implicit
parametric models used, then IPT will perform well. While the HIR, INR and CHT estimators have
attractive large sample properties irrespective of the form of the propensity score and outcome CEF,
in practice their small performance is highly sensitive to the smoothness of one of these two functions.
The HIR estimator performs well when the propensity score is smooth, but very poorly when it
is not. The INR and CHT imputation estimators, in contrast, perform best when the outcome

response is smooth.



Table 5: Monte Carlo results for Design 4

(1) 2 (3) (4) (5) (6)
Asymptotic Median Asymptotic Median Standard Coverage of

Bias Bias Std. Err. Std. Err. Deviation 95% CI
Oracle 0.0000 -0.0024 0.0050 0.0050 0.0051 0.946
True Weights 0.0000 -0.0159 0.0081 0.0080 0.0081 0.948
IPW 0.0691 0.0442 0.0071 0.0070 0.0071 0.946
HIR 0.0000 0.0513 0.0071 0.0066 0.0066 0.947
INR 0.0000 0.2631 0.0071 0.0065 0.0073 0.913
CHT 0.0000 0.9864 0.0071 0.0066 0.0067 0.803
AIPW -0.0790 -0.1118 0.0073 0.0073 [0.0073] 0.0073 0.947 [0.949]
IPT 0.0536 0.0269 0.0071 0.0071 0.0071 0.946

NOTES: The mean number of series terms selected by the INR estimator is 5, while the median is 5. See
notes to Table 2 for additional information.

The Monte Carlo experiments also highlight differences between the AIPW estimator of Robins,
Rotnitzky and Zhao (1994) and our IPT procedure. Under misspecification of either E[Y] X] or
p (X)), but not both simultaneously, they remain consistent but have different large sample variances.
In the designs considered here IPT has a smaller asymptotic sampling variance than AIPW in such

cases.

6.2 Application to National Supported Work (NSW) demonstration

LaLonde (1986), in an influential paper, compared a variety of non-experimental program evaluation
estimators with an experimental benchmark using data from the National Supported Work (NSW)
demonstration, the Panel Study of Income Dynamics (PSID) and the Current Population Survey
(CPS). Dehejia and Wahba (1999) revisited LaLonde’s work using newer non-experimental program
evaluation estimators. In this section we examine Lalonde’s data once again. We use IPT to
estimate the effect of NSW participation on post-treatment earnings. As our purposes are more
illustrative than substantive, we refer the reader to LaLonde (1986) and Dehejia and Wahba (1999)
for full details on the NSW demonstration and the particular data extracts employed here.?®

The evaluation dataset consists of 297 NSW participants and 425 controls. Assignment to partic-
ipation was random, hence a difference in post-intervention earnings across NSW participants and
non-participants (in the evaluation dataset) can serve as a benchmark against which alternative,
non-experimental, estimators can be compared. A sample of (presumably) non-participants drawn
from the PSID and CPS is also available. These samples will form the basis of our non-experimental
estimate of NSW participation on post-treatment earnings (i.e., the average treatment effect on the
treated). In the language of Section 4 the subsample of NSW participants is the target sample. The
samples of non-participants drawn from the PSID and the CPS serve as auxiliary samples.

Table 6 reports the means of a variety of demographic characteristics as well as pre- and post-
intervention earnings amongst NSW participants, a subsample of NSW participants for which (pre-

intervention) 1974 as well as 1975 earnings are available, and the PSID and CPS controls. There

*The data we used was accessed from http://www.nber.org/%7Erdehejia/nswdata.html in the fall of 2007.



Table 6: Means of pre-intervention covariates amongst NSW participants and PSID/CPS ‘controls’

1) ) () (1)
NSW Dehejia-Wahba PSID CPS
Participants Sample Controls Controls
Age 24.63 25.82 34.85 33.23
Years-of-Schooling 10.38 10.35 12.12 12.03
Black 0.80 0.84 0.25 0.07
Hispanic 0.09 0.06 0.03 0.07
Married 0.17 0.19 0.87 0.71
No Degree 0.73 0.71 0.31 0.30
1974 Earnings - 2,096 19,429 14,017
1975 Earnings 3,066 1,532 19,063 13,651
1978 Earnings (post intervention) 5,976 6,349 21,554 14,847
N 297 185 2,490 15,992

NOTES: The ‘Dehejia-Wahba Sample’ of Column (2) includes the 185 NSW participants with earnings
information available for both 1974 and 1975. LaLonde (1986) and Dehejia and Wahba (1999) provide full
details on each sample.

are substantial differences in the distribution of pre-treatment characteristics across the different
samples. Following the suggestion of Dehejia and Wahba (1999) we use the Column 2 restricted
subsample of NSW participants as our ‘target sample’ in the analysis which follows. Our target
sample only includes the 185 NSW participants for which we observe two years of pre-treatment
earnings.20

Using logistic regression we fitted a model for the propensity score using a merged sample
consisting of NSW participants and either the PSID or CPS controls. In both cases the propensity
score took a logit form with each of the pre-treatment characteristics listed in Table 6 entering
linearly. For non-binary characteristics, specifically age, years-of-schooling and the logarithm of pre-
treatment earnings in 1974 and 1975, we also included squared terms. While Dehejia and Wahba
(1999) suggest using a somewhat richer model for the propensity score, we nevertheless maintain
this specification throughout to keep our application as transparent and simple as possible.

Column 2 of Table 7 reports the difference in the means, and for non-binary variables, the
variances®” of pre-treatment characteristics in the target sample and the corresponding HIR inverse
probability weighted means (based on the propensity score specification described above) of both
the PSID (Panel A) and CPS (Panel B) controls. For comparison, Column 1 gives the raw difference
in (unweighted) means. Inverse probability weighting does lead to considerably more balance in
pre-treatment characteristics across NSW participants and controls drawn from both for the PSID
and the CPS. This balance, however, is far from perfect. Inverse probability weighting has difficulty
balancing the mean and variance of pre-intervention earnings (particularly when using the PSID as

a control sample).

260ur benchmark estimates of the effect of NSW participation on earnings also use just those NSW controls for
which we observe two years of pre-treatment earnings.
2T Actually we report uncentered second moments.



Table 7: Difference between means of pre-intervention covariates amongst NSW participants and PSID/CPS ‘controls’ before and after reweighting

Panel A: PSID Controls Panel B: CPS Controls
0 ) ) 0 ) )

No Weights HIR-IPW Weights IPT Weights | No Weights HIR-IPW Weights IPT Weights
Age 9.03 -2.33 0 7.41 0.65 0
Age? 606.14 -144.01 0 508.51 37.02 0
Years-of-Schooling 1.77 -0.06 0 1.68 -0.03 0
(Years-of-Schooling)? 45.26 0.10 0 41.84 -1.09 0
Black -0.59 -0.06 0 -0.77 0.02 0
Hispanic -0.03 0.11 0 0.01 -0.01 0
Married 0.68 -0.12 0 0.52 -0.02 0
No Degree -0.40 -0.01 0 -0.41 0.01 0
log(1974 Earnings) 6.46 -1.04 0 5.77 -0.09 0
log(1974 Earnings)? 66.56 -9.14 0 56.96 -0.85 0
log(1975 Earnings) 5.68 1.04 0 5.19 0.09 0
log(1974 Earnings)? 61.69 3.38 0 53.71 -0.22 0

NOTES: The ‘HIR-IPW Weight’ attached to the i** unit (with D;= 0) equals 13—%&%/ zljil (1-D,) 16(;(22?;) (see Hirano, Imbens and Ridder 2003). The

IPT weights are as described in Section 4 of the text. The target sample includes the 185 NSW participants with two years of pre-intervention earnings data.
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Table 8: Estimates of the ATT: NSW Demonstration

0 )
PSID CPS
Controls Controls
Experimental 1,794 1,794
PERIEMAT 669) (669)
~1,370 1,012
HIR (701) (834)
3,240 1,308
CHT (5,415  (812)
2,031 1,068
IPT ’ )
(752) (727)

NOTES: The ‘Experimental’ ATT estimate is a difference between the raw means of the 1978 earnings of
NSW participants and non-participants in the NSW evaluation dataset. The included group of participants
and non-participants are those for which earnings information in both 1974 and 1975 is available (see Dehejia
and Wahba (1999) for additional details).

By construction, the IPT estimator, reweights the PSID and CPS data to exactly match the
sample moments of the NSW participants target sample.?® Table 7 verifies this claim, showing that
after inverse probability tilting the differences in the two sets of sample moments are identically
zero (Column 3).

In Table 8 we report estimates of average effect of NSW participation, amongst participants,
on post-intervention earnings. (i.e., the ATT). The top row of the panel reports the ‘experimental’
ATT estimates based on the NSW evaluation dataset. The second two rows report estimates based
on the Hirano, Imbens and Ridder (2003) and Chen, Hong and Tarozzi (2008) procedures.??

Both the HIR and CHT estimators dramatically fail to reproduce the experimental benchmark
ATT estimate when using the PSID controls. When using the CPS controls they reproduce the
experimental benchmark up to sampling error. In contrast, our IPT estimates, reproduce the

experimental benchmark, again up to sampling error, for both sets of controls.

7  Summary

In this paper we have proposed a new estimator for semiparametric missing data and data combina-
tion problems. For both classes of problems our estimator is locally efficient and doubly robust. For
the class of missing data problems our procedure is first-order equivalent to the AIPW estimator
of Robins, Rotnitzky and Zhao (1994) when both the conditional mean of the identifying moment
and the propensity score are correctly specified. Under partial misspecification, however, the two
procedures, whilst both remaining consistent, have different large sample variances. For the class
of data combination problems we are aware of no alternative to IPT with comparable properties.
The attractive theoretical properties of our inverse probability tilting procedure stem from its
distinctive ‘exact balancing’ property. Our re-visit of LaLonde’s (1986) NSW evaluation and a series

of Monte Carlo experiments illustrate the good small sample performance of our procedure. While

28When ‘overlap’ is limited a valid set of balancing weights may not exist.
29 Our implementation of Chen, Hong and Tarozzi (2008) is based on a least squares fit of NSW post-intervention
earnings on the same terms entering our HIR propensity score model.



IPT performs very well relative to several alternative estimation procedures in the Monte Carlo
designs we considered, before making strong prescriptions to practitioners more research is required
(cf., Imbens 2004).

Our basic estimation strategy is also applicable, with minor modification, to other, less standard,
missing data problems such as the additive nonignorable attrition model of Hirano, Imbens, Ridder
and Rubin (1998) or case-control designs. A feature of these problems is that a maximum likeli-
hood estimate of the propensity score is unavailable, rendering several other missing data methods
unusable. Appendix C discusses a number of additional problems to which IPT might be fruitfully
applied.

Developing connections between our approach and the recent literature on the estimation of
moment condition models by generalized empirical likelihood (GEL) would be an interesting area
for additional research. Our family of missing data discrepancies can be used, in a manner entirely
analogous to the GEL estimators described by Newey and Smith (2004), to estimate moment con-
dition models. In such cases x in (11) may be chosen to calibrate the higher-order properties of
the IPT estimates. In that case it is possible to show that the higher-order bias of IPT is given
by Theorem 4.2 of Newey and Smith (2004, p. 228); with ¢3 (0, k) replacing the p3 term in their

expression. This term is given by

Therefore choosing  such that Gy (G (k) k/Gy (G (f<c))2 = 0 results in an estimator with the
same bias as the oracle GMM estimator which chooses the parameter by setting the optimal linear
combination of sample moments equal to zero. For G (-) logistic ¢35 (0,x) = —2 for k = 1/2. This is

equivalent to IPT estimation using a dual contrast function of

o (0,Q) x —% - %1 exp [2v] .

It would be interesting to compare the small sample performance of this estimator with that of
various GEL estimators, for example, empirical likelihood (EL).

Returning to missing data problems, an open question is whether IPT has attractive higher-order
properties relative to, say, AIPW. Our Monte Carlo experiments establish that the two estimators
are distinct in practice as well as theory. For the case with data missing completely at random
(MCAR) we conjecture that IPT does exhibit attractive higher-order bias properties. Verifying this
conjecture would require taking stochastic expansions of each estimator. While this appears feasible
it is beyond the scope of this paper.

Finally, it should also be possible to develop globally efficient IPT estimators by allowing the

dimension of h (X) to increase with the sample size at the appropriate rate.



Appendices

A Computation

In this appendix we outline our algorithm for computing IPT point estimates of 79. As noted in the main text,
estimation consists of three steps. The first step is standard, involving only the computation of sample means. The
second step is the calculation of the IPT weights. This step can be computationally challenging. The third step
involves weighted M-estimation and is application specific. Here we provide details on the first and second step of
estimation. Our proposed algorithm is a generalization of an idea developed by Owen (2001) for the computation of
empirical likelihood confidence intervals.

A.1 Missing data problems
We being by computing the full sample means of D and h (X) :

1 X X
==N"D, = X
P L
We then solve for the inverse probability tilt of the D = 1 subsample:

max Iy, ((51;,3) , (43)

516 Ny

where p (@ Z)’, the set ﬁNl is defined below and
In, (6% p) =tod" + Zw HX:,0)'6", Q).

The form of ¢ ™ (v, Q) is given by Equation (18) of the main text. For future reference we also have the first and
second derivatives

@f(va Q) = -

Q ot (0.Q) = SEQ@uA G Q) 0

Gk@Qv+G1(Q) GE@Qv+G1(Q))

with k£ (Q) = —Q/G1 (G™"(Q)) < 0. It is straightforward to verify that o7 (0,Q) = ¢3 (0,Q) = —1, and hence that
the Fenchel conjugate is appropriately normalized. Also recall that §* = (n*,A\")" are the 1+ M Lagrange multiplier(s)
on the adding up and moment constraints in the primal problem (13), to = (1,0')" and

t(Xi,¢) = ( h(Zli,C) >

It is also helpful to establish the notational conventions ¢; (¢) =t (X;,¢) and t; =t (X, o).

As noted in the main text, inspection of the minimum discrepancy problem (13) shows that a valid solution
requires each of the empirical probabilities to be bounded below by Qo/N1 and above by 1. The first restriction holds
automatically since G (-) is increasing with G (co) = 1. The second restriction, however, implies a substantive domain
restriction on [y, (51; p) . In particular, excluding improper probability weights requires that the maximization (13)
occurs over the set

~

Av, Y {51 CQo/Ni < —gF (1(O)85, Q) /Ny <1, i= 1,...,N1}.

Instead of imposing these N7 nonlinear constraints directly we extend an idea due to Owen (2001). To describe this
idea it is helpful to first analyze the structure of the maximization problem in more detail. Differentiating Ix, (61; p)
with respect to 61 gives a gradient vector of

V611N1 (5 ,P =to+ — Z‘Pl )t(C) (44)

1+Mx1

Note that (44) will have an ‘exploding denominator’ when ¢;(¢)’8" is large and positive. Differentiating again gives a
Hessian matrix of

V6161ZN1 ,P Z‘PQ )t'(C)t’i(C)la (45)

1+Mx1+M



which is a negative semi-definite function of 6*.* Solving for 5" therefore involves maximizing a concave function over
a convex domain. This follows from the outer-product structure of (45) and strict concavity of ¢ (v, Q).

In order to avoid maximization over a restricted domain we redefine In;, (61; p) so that it is concave in §* over
R M without changing its value near the solution (cf., Owen 2001). At any valid solution the estimated probabilities
must lie between Qo/N1 and 1. As noted previously the lower-bound will be satisfied automatically for any valid IPT

contrast function. Let v; = ¢; (¢)"§*, then the second inequality requires that

k(é)o) {G_l (%) —G_I(Qo)} . =1,

where the left-hand side of the above expression is a positive number. Let vy, = W [G_l (%‘11) -G (Qo)}.
Observe that vy, — oo as N1 — oo, suggesting that, in large enough samples, computation can occur without
explicitly imposing the domain restriction.

Our modified estimator replaces o™ (v, Qo) in (43) with the hybrid function

v <

I

©°(v,Qo) gf{ o (v, Qo) , v < vk, 7

1
an; + b v+ e v v > o)y

where an,, by, and cn, are the solutions to

eny = 93 (03, Qo)
bN1+CN1vN1 :QDT(U}‘VNQO)
+

CN * *
an, +bN1vN1+71(v ) =¢ (UNUQO)'
This choice of coefficients ensures that ¢°(vi,, Qo) equals <p+(v]*\,1 , Qo) and also equality of first and second derivatives
at vy, .
Solving these equations yields

CNy = ;(UN17Q0)
b T(UNNQO) SO;(UT\H:QO)’UF\H
+ *
* * * 2 (UN JQO) *
ax, = ¢ (03 Q0) — o7 (why - Qoo + ET D) (o g2

We then estimate 6* by solving

1, 2
g, B (05572).

where

zmww“%&+—zw Q). (46)

Since I3, (6";p) coincides with I, (6';p) at valid solutions, solving the modified problem yields the same solution as
the original one. In practice it is useful to check that the domain restrictions are satisfied at the candidate solution
(i.e., the solution is a valid one). This can be done by checking that the probability weights sum to one and are
all bounded below by Qo/N: and above by 1. In addition to providing a simple way to avoid maximization over a
restricted domain, using (46) in place of (43) avoids numerical problems caused by a ‘exploding denominator’ in (44).

We calculate 3' by applying gradient-based procedures to maximize I3, (51; ﬁ) This is a concave unconstrained
maximization problem and hence straightforward to solve. The first and second derivatives are given by (44) and (45)

above with ¢ (v, Q) and ¢3(v, Q) replacing ¢} (v, Q) and 3 (v, Q) where

P10, Q) = 1(v <vi) i (1,Q) + 1 (v > vi,) - (b, + e,y 0)
P3(v,Q) =1(v <vi,) ¢f (v,Q) + 1 (v > vi,) - eny-

To get starting values for this procedure we take a Taylor expansion of (44) around ' =0to get

0~t0——2t {Nth } ,

i=1

30 As long as the ¢;(¢) do not lie in a linear subspace of dimension less than 14 M, it is a negative definite function
of &'



and use the solution 8" = (Zf&l tl(E)tl(E)’) ' (Nlto -h t1(6)> as starting values. Alternatively a 1+ M vector
of zeros can serve as starting values.

Calculation of & is entirely parallel with N and 1 — @ replacing N1 and @ throughout and summation occurring
from N1 +1 to N instead of 1 to N;.

Computational details for inverse logistic tilting In this subsection we provide closed form expressions for
0(v,Q), 1 (v, Q) and ¢° (v, Q) when G (v) takes the logistic form. We begin by noting that G~ (Q) = In (1—?5) and
hence that

k(Q)=-Q/Gi(GT(Q)=-(1-Q) .

To derive the closed form expressions for ¢ (v, Q) and ™ (v, Q) given in the paper involves applications of ‘integration
by substitution’:

t=b u=h"1(b)
/,= f(t)ydt = / £ (h (W) W () du, (47)

=h=1(a)

where h' (u) # 0 for all u € [a, b].
We begin with the MD contrast function, ¢ (v,Q). Let u =2/ (1 - %) = t@@ and hence t = (%) Q = h (u),
we then have

v

0(.Q) = 756 @ = g [ 67 @

—v(1-Q)In (%) (- Q)/f In (u) (—Q> du
v—Q

x (v - Q- Q) —vin(l-Q) ~ (v-Q)

which is a normalized version of Nevo’s (2002) generalized exponential tilting contrast function. The normalized
criterion for the dual problem, ¢ (v, Q), is

o[ k@urcr@ [ (9
R R (e) {G(k(@)vw1<Q>>Q+/Q/G<k<%+cu@>€ (t)dt]

_ 1 _k@Qu+G'Q , L (79 i (-2 au
- TG ) 5O [ cbmei@) | “( u2>d

1-G(k(Qu+G—1(Q))

where the second line follows from integration by substitution with, once again, u = 2/ (1 — ¢) = t@@ Continuing
we have

_Q
gL K@uia @ o @ [uty o
ot Q)= k(Q)G(k(Q)v+G*1(Q))Q+k(Q){—11 (w) }M

1-G(kQu+G=1(@)

L Q kQu+G(@Q
FQGHkQut G (Q)

Q _l—G(k(Q)v+G1(Q))ln< G (k(Qv+G(Q) >_1—G(k<Q)v+Gl<Q>)

) GE(@Quv+G(Q)) 1-Gk(@Qv+G1(Q) Gk(@Quv+G1(Q))

Using the facts that
G (v) N 1

1-G@) 7 G

to simplify further gives

w(v,Q)«—v@—@(l—@)exp[lfQ —ln(l?Qﬂ'

For completeness the following are handy for computation

ot (0.Q) = Q= Qexn | 5 —1n (195

o 0.0 =50 | g -n (75|

Calculating the modified version of the criterion function, ¢°(v, @), is straightforward, but tedious. Using the




. . .
general expression for vy, given above yields

vy = (1-Q)In (Tjg),

and therefore

N —Q
1-Q

w(vrvl,cz):—cz(l—cz)ln(

@T(U’Z«VUQ) =-MN

>—(1—Q)(N1—Q)

71 (03, Q) =~ L.
Using these expressions we can solve for the coefficients in the quadratic portion of ¢°(v,Q@):
Ny, = — M- @
1-Q
by, = —N1+ (N, — Q) In (Nl__QQ>

awl——(l—Q)(Nl—Q){

This gives a modified criterion function of

—2Q —Q (1 - Q)exp [11’Q —In (%)] v<(1-Q)n (NI%QQ)
- o {in (3)] - () -1}

0( aQ):
¢° (v ~ V- (5=2)] 0 v=(1-Q)n(4=2)

Computational details for inverse linear probability tilting The CDF of a uniform random variable on [—1, 1]
is given by G (v) = % (1 +v) and hence G~ (v) = 2v—1. This gives k (Q) = —2Q and hence an empirical discrepancy
of

0 (1.Q) = 1156 (@ - g “a @yt

U oo 120
=55 201+ ( 1>dt

xv—Inwv.

The corresponding Fenchel conjugate is given by

¢+(U,Q)=i {Mnt/a {?—1}&]

2Q 1—v 1
xIn(l—-v).
Calculating the modified dual criterion function is relatively straightforward. We have ¢} (v,Qo) = — (1 —v) ™" and

¢3 (v,Q0) = — (1 —v)~? and therefore vy, =1 — 1/Ni. This gives

CNy = —N12
1

by, = —Ni1 + Nt (1——) =Nf -2V,
Ny

1 N? 1)? N2 3
an, =In(1/N1) + N, (1_F1)_71(1_E> :1n(1/N1)—71+2N1—5,

and hence, after some re-arranging,

In(1—wv) v<1—-1/N;

#7(, Qo) = { (/M) -3 +2M (1-v) - F (10 vz1-1/M



This is exactly the modification to the In (1 — v) function proposed by Owen (2001, p. 235).

A.2 Data combination problems

Computing the inverse probability tilt of the auxiliary sample in data combination problems follows the basis algorithm
outlined above. We begin by computing

1 N 1 N
1 L1
QfN;Du ¢ Nt;hm)

We then solve the dual problem

where Iy, (6% p) = tod* + Nia Z&Nt-!—l Ot (X0, ¢1)'6%,Q), p = (Q,C")', the set Ay, is defined below, and the form
of ¢* (v, Q) is as given in Section 4 of the main text. The first and second derivatives of o' (v, Q) are given by

1-Q_Gk(@Quv+G Q)
Q 1-Gk@Quv+G (@)

1-Q_ Gi(k(Quv+ G (Q)
Q [-Gk@uv+G @)

i (v,Q) = e (v,Q) = k(Q).

The set ANG is given by {5“ :0< —@f(ti(gt)’éa, @)/Na <1, i=N+1,..., N} which ensures that the probabili-
ties attached to each support point of the auxiliary sample are between zero and one. The lower-bound requirement

will be satisfied automatically for any valid data combination contrast function. The upper bound is a substantive
domain restriction. Let v; =t; (Ct)/ 0% we require that for i = N, +1,..., N

-1
Let vy, = wgy {G’l ([l + N%Zl;QQ} > -Gt (Q)} (note that vy, — oo as N, — 00). We define ¢°(v, Qo) as

above with N, and vy, replacing N1 and v}y, in the relevant expressions. The vector 5% is then computed using a
Newton-Raphson algorithm applied to the modified criterion function.

Computational details for inverse logistic tilting When the propensity score is logistic our algorithm is par-
ticularly straightforward to implement. We have &k (Q) = 1, v}, = In N, and.

¢"(v,Qo) = ¥i (v,Qo) = 93 (v, Qo) = —exp [v].
Our modified criterion function is thus given by

(0, Qo) = —exp [v] v<InN,
PR T U N 1= In N+ 3 (I No)? + (1 = InNo)v + 20%] v >IN,

We comment that this procedure is an apparently new algorithm for ET estimation.

B Proofs of theorems

B.1 Proof of Theorem 3.1

Since the IPT estimate of 79 can be represented as the solution to a three-step sequential GMM problem, Theorem
3.1 follows from a direct application of Theorem 6.1 of Newey and McFadden (1994, p. 2178). Here we demonstrate
double robustness and derive expressions for the asymptotic variance of 7 under different assumptions.

The IPT procedure outlined in Section 3 consists of first estimating po by the full sample analog estimates

N N ~ N ~
1 ~ 1 D;—-@Q 1 Di—Q O o
_ Zi’ = — —~ = — v t Xi; = u. 4
NZ; m1(Zi, ) N < (h(Xi)—<> Nzl( 0 Iu > (Xi,¢) =0 (48)
Second we solve (21) and (22) for ' and 6°. The corresponding first order conditions are

1 a1 to + 2} (1(X4, )8, Q)X €)
N;mw”@‘ﬁg<m+%%m%@®J4Mx@



where 6 = (51’,50’)/.

Consistency of the solution to (49) follows from standard M-estimator arguments. Since ¢ (v,Q) is globally
concave sufficient variation in h (X) in each of the two subsamples will generally suffice for (48) to have a unique
solution.

In the third step 7o is estimated by the solution to

N Ny N

1 PN ~ ~ ~ ~

~ ng(Z,;,p, 5,7) = Zm,;wl (Y1, Xi,7) — Z moitbo (Yoi, Xi,7) (50)
i=1 i=1 i=N1+1

N

N 4 AL A
1 {Z D] (t(Xi’ C) g ’Q) U (Yluxlvﬁ)

Q

_ (1= Dy) o7 (1(X, Z)lsbv 1- @)
1-Q

o (Yomxiﬁ)} =0

where p is fixed at its first step, and § at its second step, value.

Demonstration of ‘double robustness’ First consider the case where the propensity score is correctly modelled
(i.e., Assumption 3.5 holds) but where E [¢1 (Y1, X, v0)| X] and E [vo (Yo, X, 70)| X] are not linear functions of h (X)
(i.e., Assumption 3.6 does not hold). By the one to one mapping between &' and (ao, o) and §° and (o, o), and
iterated expectations we then have

D 1-D
G(a0+h(X)’ﬁo)w1 (¥, %,7) - 1 -G (a0 +h(X) Bo)

= E[wl (YlaXa ’Y) —wo (YE),X,’Y)],

E[ms(Z, po,do,v)] = Yo (Yo, X,7)

which by Assumption 3.1 is uniquely zero at v = vo.
Consistency of 7 for 7o then follows under additional (standard) regularity conditions (e.g., Newey and McFadden
1994, Section 2.5). These conditions, which include moment and continuity conditions on 1 (Z,v) and consistency of

s for do, ensure that
1 ~
N Zm3(Zi: ﬁ: 5: 7)
i=1
converges uniformly in v € G C R¥ to B[ms(Z, po, do,7)] = E [t (Y1, X,7) — o (Yo, X,7)] = E[¢(Z,7)] .
Now consider the case where the propensity score is misspecified, but E [¢1 (Y1, X, v0)| X] and E [¢o (Yo, X, 70)| X]

are linear functions of h (X). In this case denote the probability limits of o' and 8° by 61 and 6°. By Assumptions
3.1, 3.3 and 3.4 and iterated expectations we have

Blma(Z, po, 07 = B | Gra iz, Col;& e 00 %0)
G (k- Qo)t(X,lco_)'fS)Q +G1(1— QO))’/’O (Yo, X, 7)
~E | o sy O K1 X
G k(1 Qo)t(;,_gf;((sgi G-1(1— QO))E [0 (Yo, X, 7)| X]
" GRQo(X, Co?(ﬂ G0 X )
G k(- QO)t(X,léo_)’?Q TG (1— Q@)HSt(X; Co)
=E G(k(@o)t(X,pgﬁi +G1(Qo)) {E[¥1 (Y1, X,7)| X] = E[¢1 (Y1, X,7)| X}
1 —po (X)

TG e gy (Bl (0. X )] X] B [ (¥, X, 0)| X}

Clearly E [m2(Z, po,dx,7)] = 0 at v = 40, however it need not be true that 7o is a unique solution. If 1o (Yo, X,~)
does not depend on ~ then

po (X)
(k(Qo)t(X, (o)'6x + G-1

E[m3(va0v5*v’Y)] =E G (QO)) {E[wl (YlaXa7)|X] —EWM (Yl’Xa70)|X]}:| .



Since po () /G(k(Qo)t(X, (o) 61 + G1(Qo)) > 0 for all x € X Assumption 3.1 implies that E[ms(Z, po,dx,7)] = 0
uniquely at v = o for that case. If 91 (Y1, X, ) does not depend on v a parallel argument applies. One of these two
conditions hold for many of our motivating examples. In other cases we must assume uniqueness of the solution to
E [ms(Z, po, dx,70)] = 0 by hypothesis.

Asymptotic normality As long as at least one of Assumptions 3.5 and 3.6 it follows from standard GMM results
that
VN(H =10) = N (0, o),

where Yo is the lower K x K block of M WoM; Y where Mo and Vp are given by

Om(Z, po, do,0) My, 0 0 /
Mo =E — | = M2p M25 0 ) VWw=E [m(Z7 P0750770)m(27 ,00,(50,’)/0) ] ) (51)

/
9 Ms, Mss M,
with 8 = (p’,8',7')". Define

ps (X) = G(k(Qo)t(X, ¢0)'d, + G~ (Qu))
1= pl (X) = G(k(1 = Qo)H(X, o) 02 + G~ (1~ Qo))

and

i 1
2Q { G(k(Qo)t(X,¢0) s1+G~1(Qo))

1+Mx1 9 1
A 9¢ \ GHQ0)H(X.C0) 811G~ 1(Q0))

G1(k(Qo)H(X,$0) 81 +G~1(Qo)) - -1
~ G(M(@u)UX o) LT T Qo)) [kl(QO)t(X’ G0)'0: +G1 (G(Qo)) }

G1(k(Q)H(X,¢0) 81 +G ™1 (Q0)) ’ o1 ’
T G(k(Qo)t(X,C0) 8L +G~1(Qo))2 [ (QO)( 0 —Iu ) 5*}

e
I

where the * subscripts emphasize the possibility that the (implicitly defined) propensity score is incorrect.
The vector Ap is defined analogously to that of A; with 1 — Qo and 62 replacing Qo and 61 throughout. Using
these definition we can write non-zero elements of My as

Mlp = _I1+M
14+M x1+M
[ , 0 0
DHX, Go) At — 5r(xy ( 0 —Iu >
Mz, =T 0 0
e = D)) - s (o9, )
Mz, =B [Di1 (Y1, X,7)A1 — (1 — D) ho(Yo, X, 70) Ag]
Kx1+M
DE(Q)G1 (G (p1 (X)) 0
1 X)2 ’
M -E Pl (X, Co)(X,
2(1+M)X225(1+M) 0 (1-D)k(1— Egclo((i ;2(1 0x)) | ® (X, C0)t(X, Co)
p
DE(Q)Gy (G~ (pt (X ,
Mss =-E (Q) 1( 2(p ( )))1/)1 (Y—l:X:fYO)“X:CO):
K x2(1+ M) i (X)

_(1=D)k(1 = Q)Gy (G (1 -2 (X)) ,
(1—p2 (X)) o (Yo, X,70) (X, o) }

{ D o (M, Xiyy0)  _1-D 31/10(%1',&,%)}
pi (X) el 1—pl(X) 2 '

Mz, =E
KxK

These expressions can be used to construct an analog estimate of Yg in the usual way (e.g., Newey and McFadden 1994,
Section 4). This estimate will be consistent for the asymptotic sampling variance of 4 as long as one of Assumptions
3.5 or 3.6 holds; we therefore recommend this estimator in practice.

B.2 Proof of Theorem 3.2

We provide interpretable forms for the large sample variance of 7 under two cases: po is (i) known and (ii) unknown.
A third case, where some elements of pp are known and others are not, follows directly. In both cases we maintain
Assumptions 3.5 and 3.6.



Form of Ty when po is known This case corresponds to the result given in Corollary 3.2. The estimator is
equivalent to GMM using the moment function

ma Z)
m(Za(sa’Y) = m2(Z76) )
m3(Z7 77)

with m1(Z) = mi(Z, po), ma(Z,08) = ma(Z, po,d) and ms(Z,d,~v) = ms(Z, po,d,7y). In this case, since po is known,
m1(Z) plays the role of an auxiliary moment (cf., Hellerstein and Imbens 1999, Qian and Schmidt 1999).
The relevant Jacobian is now

0 0
My =B 2ngsn) omzsn | ap 0 .
M35 MS'y

where the three non-zero elements of My are given by

E(Q)G1 (G (po(X)))

2(1+M]§£2§(1+M) =E poE)X) k(l_Q)Gi(j?(lﬁ)_po(x))) ® t(X, Co)t(X, Co)
ook =B {k(Q)Gl E,f(_ ;gpo D)y, (v, X,0) (X, o)’
— Q)Gi (—Gp:&)_ mC,, (Yo, X, 70) #(X, @)’]
o] e

while those of Vi are given by

Vi :E{ Qo(1-Qo)  (D—Q)h(X, ) }
1+M>}i+M h(X7 CO) (-D - Q) h(X: Co)h(X, CO)/

1— Qo 0
‘/'21 — —E 0 h(X7 CO)h<X: CO)
214+ MYX 1+ M —Qo 0
0 h(X,Co)h(X,Co)/
[ H(X.C0)t(X ) tot! —tot!
Vaso =E po(X) , %o X ]t[XZ 0]/ ,
2(14+M)x2(14+M) i —toto l’fpo(X’)o — toto
[ 1-Qo h(X,¢)
\% =E Y1, X, — Yo, X, e
Wi, =B [ X v Xn ) (15 HE0)
— _a1(X570)  90(Xiv0) ’
Ve =E[(naE et ) uxw]
IS (X; 1—po (X , )
Vis =E 1 (X510) Po ( )q1(X;W0)q1 (X;570)" + a1 (X;570) q1 (X570)

KXK | po(X) po (X)

Yo (X57) po (X) g
1—po(X)  1—po(X)"

(X;570) go (X;570)" + g0 (X;70) 0 (X;WO)/} .

The forms of both My and Vo have been simplified by using Assumptions 3.5 or 3.6. The asymptotic variance-

covariance matrix is given by (MéVo’lMo)fl. An analog estimate of this can be constructed in the usual way. In

practice Mp and Vo should be estimated without exploiting the simplifications due to Assumptions 3.5 or 3.6.
Under Assumption 3.6 we have

E [y (Y1, X,70)[ X] = IHH(X, G), Bt (Yo, X,70)| X] = 5L(X, Co)

for 11§ = (c0 + HoCo, o) and 117 = (¢1 + 1¢o, I11) .



Applying this result and iterated expectations to Mss yields

[k(Q)G1 (G (po (X
M35:7E ( ) 1< ( 0( )))E[wl (Y17X7’70)|X]t(X7CO)I7
I po (X)
k(1—Q)G1 (G (1 —po (X)) ,
- 1_p0 (X) EWO (%7X770)|X]t(X7C0)
[K(Q)G1 (G (po (X)) ... )
=-E I Do (X) Hlt(Xa Co)t(X, CO) 5
k(1 - Q)G1 (G~ (1 —po (X)) ,
- 5t (X, Co)t(X,
1—p0(X) 0 ( CO) ( CO)
E(Q)G1(G ™ (po(X))) 0
— * R D (X) ’
= ( Iy 1o )E 00 k(1-Q)G1 (G~ (1-po(X))) D (X, Co)HX, Co)
1—po(X)
=— (I —I05 ) Mas,
which then gives
(X o)X Co)' ’ ’
_ HR00)200) 45t —totg
MssMys' Vay = — ( TI}  —II ) E Po(X) :
26 ( 1 0 ) “toth t(Xl,{_O;é(())((,){O) — tot)
= —E[ MUONXC) _ THitoty + Matoty  —jtoty — TRUGRS0MXCO 4 qrapty }
X; X;
=B[( w5 )]

= Va2

where the second to last line uses the fact that Iitoto — Igtoto = E [11 (Y1, X, v0) — %o (Yo, X, v0)] to = 0.
This result and some straightforward algebra then give

-1 -1
(MyVg ™ Mo) " = ( Moy Va2 My, 0 >

0 Fal (‘/33 — M35M2761V22M2761/Mé5) Fall

Now observe that

(X ,¢0)t(X,¢0)’ ~tot! — ot *
_ _ N " oto olo II
M35M251V22M251’Mé5 = (1~ )E Po (%) / t(X,¢0)t(X,¢0)’ / ( —1_}* >
—toto 1—po(X) — toto 0
oye(X, X,¢0)’ * « * 5 (X, X.¢o)' *

I3
X(—%)
:( OIH(XC)HX Co) I H(X.Co)H(X.Co) ) I}

po(X) 1—po(X) —II5

g1 (X5790) 1 (X570)" | 90 (X570) qo (X;WO)/_

= P0 (X) T ()

Therefore the large sample variance of ¥ when pg is known is given by

i [ 20 (X590) 21 (X570) | et
Fo EL—PO(X)—F 70 (X) }F(’ ’

as claimed.

Form of Ty when po is unknown This case corresponds to the result given in Theorem 3.2. IPT is equivalent to
GMM using the moment function

mi(Z, p)
m(Zapaéar}/): mQ(Zapa(s)
m3(Z’ p’ 5’ "y)



The variance of m (Z, po, d0,70) is the same as in the known pg case, the Jacobian matrix partitioned as in (51) with

My, =-—-hyum
1+Mx1+M
! D 0 0
Dt(X, o) AL — 70X ( 0 —Iuy )
My =B 0 0
2(1+ M) x1+M (1-D)t(X,<)Ap — #O’(DX) ( 0 —I >
Mz, =B [Dun(Yi, X, 70)AL — (1 — D) vo(Yo, X, 70)Aj]
Kx1+M
and all other elements are as defined in the known po case.
For this case note that
1— Qo 0
_ « « 0 hX, Co)h(X, o)
M35M251V21 = ( In7  —II )]E — 0o ( CO)O( )
0 h(X7 Co)h(X, CO)I
1—Qo 0
0 hX, ¢o)h(X, Co)
= ( S1 + H1<0 II;, —¢— HOCO —IIy )E —QO ( 7C0)0( 7(0)

h
—5[(nonxwm —woxw) (2 HEE) )

= Va1,
which, along with the equality M3,5M2_51 Va2 = Vaa, and some tedious but straightforward algebra implies that
{Moflvg)flMo—ll}SS _ Fal%SFall _ F61M35M2}1V22M2—61/Mé6rall
+ T (Msp — MysMys' Ma,) My, Vi My, (Ms, — Mas Mys' Ma,) ' Tg 'V,

where we can also show that
Ms, — MssMys' Moy, = (0TI — T ).

This gives a large sample variance of ¥ when pg is unknown of

Yo (X570) | 21 (X57)
1 —po (X) po (X)

I'y'E + a1 (X37%) — g0 (X;570)] [a1 (X;70) — g0 (X3570)]" | Tg

as claimed.

B.3 Proof of Corollary 3.1
When the data are MCAR we have 3* % 0 and 8° £ 0. Recalling that k(Q) = —Q/G1 (G~ (Q)) then gives

1 0

Mss = —Iz®< 0 Qun

>, Mas = (Bl (1, X,%)] Quan —Blto (Yo, X,%0)] —Quon ), May =To

as well as Ma, — MasMys' Map = ( 0 (Qupyn — Quon) Q) and

QL -1 0 -1 0
0
0o 0 0
Ve=1 0 21 o
1-Qo Q
0 0 0
Vag — SLunws FB[1 (1, X 50)| Els (1, X %0)] | Quguo + Elbo (Yo, X, 70)] B [do (Yo, X, %0)]

Qo 1—-Qo



This gives MssMys" = — ( E[1 (Y1, X,70)] Qa5 —Eo (Yo, X, 7)) —Qunf2,, ) and hence
MzsMy;s' Voo Most Mis = ( Elr (Y1, X,%)] QuynQyy ~Elo (Yo, X,%)] —QuonSyy )

(41
1
-1 0 -1 0 Elyr (Y1, X,%0)]

Q
e im0 0,0,
-1 0 1-Qo -1 0 -k [wo ();07 7’)/0)]
0 0 0 en ~ i Qyon
E [wl (1/17 770)]’
:( Elv1(¥1,X70)]  Swgh BV, Xv0)] _ Lwgh ) Q Q%h
Qo Qo 1-Qo 1-Qo —E [4o (Yb, X, )]
Q- 1Qw0h
_ Bl (Y1, X, 70)] E ¢ (Y1, X, 70)]' meQ 2 yin
Qo Qo
E [tho (Yo, X, 70)] E [tho (Yo, X,70)]" | Qwor R Dison
+ + .
1—Q0 1_QO

Similarly
(Ma, — Mas Mys" May) M, Vs Mi," (Ms, — Mas My  Map)' = (Quyn = Quion) Qo (Quyn — Qyon)’
= Dy Q-

The asymptotic variance of 7 is thus given by

-1 (%m — Qa0 Ly n Qoo = Lo, Lo
0

0o O, + Qwhﬂﬁﬂwoh> I,

which, when Assumption 3.6 holds, can be shown to be identical to the variance bound.

B.4 Proof of Theorem 4.1

As in the missing data case, the IPT estimate of 79 in the data combination case can be represented as a solution to
a three-step sequential GMM problem. First, we estimate po = (Qo,¢{/)’ using the target sample analog estimates

N N % -1
Zi, - | =o.
; P=wN ; (% (h(X:) — G))
Note that (§ = E[h(X)| D = 1] = E; [h (X)].
Second, we find 5 by solving
N N D o R
Z Zl? 12 5(1) - Z |:t0 + 1¢;r<t(Xi: Ct)/(sa: Q)t(Xla Ct):| = 0:
where N
0,250y = 122 CH@INLEYF 6@
PO Q) Q G(E@Q)HX:, () +G1(Q))

In the third, and final, step, we estimate v by solving

N N

1 R 1-D,
OZNZm?z(Ziapa a’Y Z{ ’1/11 )/11? 7"’7)—’— Q
i=1 = B

ot (X EYE, Qo (Yoi,Xz-ﬁ)}-

Demonstration of ‘double robustness’ We first consider the case where the propensity score is correctly specified,

but the conditional expectation functions, E {1 (Y1, X, v0)| X] and E[¢o (Yo, X, v0)| X], are not linear in h (X). We
have, by iterated expectations,

Blima (Ze o, 5. 7)] = Bl (44, X, )] D = 1] - B | 2B [y (6, X)) %, 0 = 1]

=E[¢1 (Y1, X,9)[D = 1] = E[¢0 (Y1, X,7)| D = 1]
=E[¢(Z,7)|D=1]



which is uniquely zero at v = . Consistency of 4 for 4o then follows under regularity conditions.

Now consider the case where the propensity score is mlsspec1ﬁed but Assumption 3.6 holds. Denote the probability
limit of 6° by 0% and define p? (X) = G(k(Qo)t ( i Co) 8¢+ G711 (Qo)) and TI§ = (50 + o ¢, Ho) Observe that the
second step moment restriction implies the population equality

1-D1-Qo pi(X)
1-Qo Qo 1—p%(X)

0=E {to - t(X, gg)} :

Multiplying through by II§ and rearranging gives, using Assumption 3.6,

—po(X) pi(X)
Qo 1-p¢(X)

since ITito = <o + Io¢l = B [0 (Yo, X,v)| D = 1]. This equality is a consequence of linearity of E [t (Yo, X,7)| X] in
h (X) and the imposition of the moment balancing constraints.
Using this result, Assumptions 4.1 to 4.4, and iterated expectations we have

E [0 (YO,X,WD:H:EF B [vo <Yo,x,w>|X1}

Blma(Z,po.8%.7)] = B 1 (1, X )| D = 1] - | LB B 2L (36, . ]

=E [ (%, X,7)| D = 1] ~ B[t (¥, X,7)| D = 1]
~B[v(Z D=1

which is uniquely zero at v = o by Assumption 4.1.

Asymptotic normality If Assumptions 4.1 to 4.4 hold as well as either Assumption 3.5 or 3.6, we can use the
standard GMM results to show that b
VN@F = 70) = N(0, To),

where Ty is the lower K x K block of My 'VoMy " with My "' and Vp given by

M} 0 0
Myt = —Myst szM ! Myt 0 |, Vo=E[m(Zp, o) m(Z po,o6% )] .
Mg (Ms, — Mss M, sz) M Mg 'MssMyt Mg}

After defining

i{ G(k(Q)t(X,¢5)'82+G "1 (Qo)) }

A, = | 29 VIEGmQuIX eiar l(Qo
(M1x1) i{ G(k(Q0)t(X,¢§) 8¢ +G~ 1 (Qo)) }
30 | 1=G(k(Qo)t(X,CE) 6 +C— l(Qo
G (K(Qo) (X, )88 + G k1 (Q ¢6)o: + G (G (Qo)
1 G(E(Qo)t(X, ¢¢)o¢ +G—1 Qo) (O —IM)/ 0% ’

we can write the non-zero elements of the Jacobian matrix as

e (2

1+Mx14+M
o [1=D pi(X) ny L1=D 1 oo 1=D pi(X) (0 0)]
W =BG T ) - P e - R R (0,
_gl_L / 1-D pi(X) , 1-D 1 )
K‘%‘"’IM_E{_Q%wl(K’X’%)tﬁwo%’X’%){ G X0 @ 1—p‘i(X)A“H
Mas :—E{l_D £ (Qo) Gl(k(Qo)t(Xgt)’5“+G*1(Qo))t(Xgt)t(th)’}
14 Mot M QO (l—pg (X))2 » 50 * » S0 » S0

— 1-D k(QO) t\/ ca -1 N\
Mg, =8 1P 6 Qo) (X, 8+ 6 (@0 (4, X,20) (X, |

281/]1 (M,X,’Y) _ 1-D pi: (X) 8¢0 (Y(),X,"}/):|
Qo oy Qo 1-p(X) o

MM:E{

KxK

As in the missing data case, these expressions can be used to construct an analog estimate of Y.



B.5 Proof of Theorem 4.2

Here we derive the large sample variance of ¥ when both Assumptions 3.5 and 3.6 hold.

Form of Yy when pg is unknown

_( p-a
mi(Z, po) = ( Q%h(X,CS) >
ma(Z, po,85) = to — 1&(?%73()(7 )
m2(27p0368770):%w1 (HaXa'YO)_ 1&(?%% (%7 770)

Under Assumptions 3.5 and 3.6 we have

An =

G1 (K (Qo) H(X, §)'05 + G~ (Qo)) (k1 (Qo) (X, C8)'S5 + G1 (G (Qo)) ™
(M+1x1) 1 —po (X) 7

k(Qo) (0 —In)' 88

and hence the elements of the Jacobian matrix equal to

M, =-lLim
14 MX1+M
0 (X) AV S ty 4 Po(X) (0 0
A —B[P00 (g — g () 4 - 2L (09 Y]
Po (X) V¢ po(X), 1
K%ﬁf}kliE{ Q2 @ (X:'YO)tO+QO(X7’YO){ 02 to QoA H
1 t\/ ca -1 t t\/
Mg =B | (@ (3.6 a8 + 6 @ (. ) (.63 |
1 t\/ ca - t\/
(Mg, = B | o TR G 0 (Q0) £ (X.G)' 8 + G (Qo)ao (X:20) ¢ (X.63) |
M3’Y —E |:p0 (X) (X):| .
KxK QO
Notice that Mss = II§ Mas.
Partitioning Vo we have
v | Q(1-Qo) 0
LEMXTAM 0 2 (X, ¢h) h (X, 66)'
Voo =E[ po(X)t(X,¢) Ortarxnm |
1+Mx1+M
Vasi =B [ Po (X) 252241 (X;70) + po (X) g0 (X;70) %%llh (X;70) h (X, ¢h)' ]
Kx14+M 0
g P (X) 2o (X) v oty [P0 (00 * H(X, CIHX. G’
1+MV;2%+M_t0t0 E{ Qo ft(X, Go)' + Qo HX, Co)to { Qo } 1 —po (X) ]
Voo —E {po(X)}zqo(X;vo)t(X,Cé)'
KxitM Qo 1—po (X)

KXK 0 po (X) 1—po(X)

%SIEHMX)}Z{E[%(K, 70) 1 (Y1, X, 90) | X] B [0 (Yo, X, 90) v (Yo, X, 0)'] X]

i



Some tedious algebra gives

Yo ={M;'Vy "My "},

= Mz, [Vis + Mss My, Voo My M3

+ (Msy — Mas Mg Map) My, Vi My, (Ms, — Mas My Ma,)'

+ (M35M2_51V1/2 - VIIS) Ml_pll (M3p - M35M2_51M2p)l

+ (M, — Mas My Mo,) My," (Mass Mz Viy — Vi)'

~Vis Mys" Mg — Mss My Vas] My

Using the fact that MssM,;" = IIj, TI5H(X, ¢5) = qo (X;70) and TI5te = <o + I = E [¢0 (Yo, X,7)| D = 1] we
can show that

po (X)
Qo

)Hotot(X ¢o)' g +

po (X)) * I5t(X, ¢HH(X, ¢)'TT;
M35M25 V22M25 M35 = HOtOtOHO E { 2} } 1= po (X)

Cg T3, ¢4t IT; — {
0

EH P e

Mas My Vs = B Hpoqu) }2 g0 (X;570) o (X;Vo)l] .

— B [¢o (Yo, X,70)| D = 1] E ¢ (Yo, X,70)| D = 1],

and similarly that

0 1—p0(X)

We further have

X X 1
M3, — Mss My M202E{ po { )q1(X;70)t6+QO(X§70){pO( )té——oA;H

Q2 Q3 Q
-~ [P0t (x, ) - e (o) 4, - 200 (59 )]
:E:—pocg?)ql (X37) to + qo (XQ’YO){ Cgéx)to—éf‘fz”
—]E{1%?)(10(&70)756—éqo(XWo)AﬁmL%(0 HO)}
-E _—pOCS?)‘h (X;570) to — % (0 HO)}

— _( Ei(,Xy)|D=1]
( 51 oQO’YI o )’

and
v | Q(1-Qo) 0
VI 0 2SR (X, G6) h (X, G5)
\% =E X)t(Xx,¢) o
v [ po(X)t(X,¢6) Ovynrxnr |
Va1 ZE[ o (X) 252241 (X;70) + po (X) 0 (X;70) %2&(11 (X;570) b (X, G5) } :
Kx14+M 0
This gives

Mas Moz Vi — Vis = Mas Mys' Vor — Vay
=TIgVa1 — Va1
=E [ po(X)qo (X;v) Oxxum ]
—E[ Po (X) 25221 (X;70) +po (X) g0 (X370) ’%g&ql (X;790) h (X, ) ]
= —E[ po (X) 1524 q (X;70) %g&ql (X;570) b (X, ¢) ]

=—((1-Qu)Bl¥r (1, X,70) D=1] B[2Xq (X;70)h(X,¢)] ).



Combining the previous results gives

(Mas M3 Viy = Vig) My," (Ma, — MasMz' May) = = (1= Qo) B¢ (Y1, X,70)| D=1] B[22, (X;90) h (X.6)'] )

Bl¢1(Y1,X,v0)|[D=1]"
X QO/
Iy

LS8 [y (41, X 0)| D = UB[4a (Y, X, D = 1
{ (53 X;v0) h (X,cé)’na}
= QE[wl(Yh X,7)| D =1]E[¢1 (Y1,X,7)|D =1]
E{po ? Xi70) [ (<o + Thoh (X)) = (<0+n0g3)’H
= QQ E[¢1 (Y1, X,7)| D =1E[¢1 (Y1,X,7%)| D =1]
-B {pocéj()‘h (X;570) o (X§’YO)I:|
+&EW1(YhXﬁo)lD:1]E[w0(YO,X7%)|D:1]’

and
= (Msp — MssMys' Mo,) My, Vis My," (Msy — Mss Mys' M)’
1—Qo) 0 E[$1(V1,X,7)|D=1]’
— ( Eli(¥1.X1)|D=1] Qo ( 0
= Q0 T )B 0 205 (X, 6B) h (X, ¢6)' it
QO 0

x E[ 1 (Y1,X,v)|D=1]'
0 0

= LDy (v, X, )| D = B[ (4, ,7)|D—1]+E[p°5§<)noh(X<o) (X;cé)’ﬂa}

= 220 OE[wl(YLX”Y)lD:1]E[w1(Y1,X77)|D:1]/

+E {pocg?) [(So + 7 (X) o) — (S0 + ToG5) ] [(0 + A (X) Tho) — (so + Hoﬁé)]/}
_ 1= o Qg [y, (vi, X,7)| D = 1]E [t (Y, X,7)| D = 1]
+E {p Cgf)lm (X370) 0 (X;70)’

- &Ewo (Yo, X,70)| D = 1] E [ (Yo, X,0)| D = 1]

Using these expressions and the fact that E[¢1 (Y1, X,v)| D =1] — E[v0o (Yo, X,70)| D = 1] = E [¢ (Z,%)] = 0, to
evaluate Yo gives

-1

To=E {% To (X)}

XEHPO (X)} {Zl (X 20) g (X 20) + (IX) [91 (X57) — g0 (X570)] [g1 (X5%) — 90 (XVYO)]/}]

Qo po (X) 1=po(X)  po
—1r
x {% To (X)}
as claimed.

C Additional examples

In this appendix we briefly outline the application of IPT to some additional missing data and data combination
problems.



C.1 Missing data examples

Variable probability sampling Assume that }; C R g partitioned into 1 + M exhaustive and mutually
exclusive strata

Vo, Vi1, -3 Vi,

and let X be an M x 1 vector of corresponding strata indicator variables,
X = (1(Yl S .);11)7 ceey 1(Y1 S ylM))l7

where the 0'" strata is omitted. A total of N draws are taken from some target population. Each draw is retained
with a known probability depending on its strata, pm, m = 0,..., M. A total of Ni < N units are retained and
their realizations of Y7 recorded. No information on Y7 is available for non-retained units. Either strata membership,
X, for all sampled units is available or the population frequencies of each strata, E[X], are available. The moment
function is as in Assumption 3.1 with o (Yo, X, ) a vector of zeros.

In this example Assumptions 3.5 and 3.6 place no additional restrictions on the model. When the population
strata frequencies, (o, are known, Corollary 3.2 gives a variance bound of 'y 1A01"5 Y with

=S o { LK )

which is the variance of Wooldridge’s (1999) estimator (cf., Theorem 7.1, pp. 1399 - 1400). When (o is unknown but
the strata of discarded units are available, Theorem 3.2 gives a bound of Ty ' Ao’y " with

M V(1 (Y1, X,7%)[ Y1 € Vim)
Zmzo CO,m{ D
+E[¢1 (Y1, X,7%)| Y1 € Vim] E[¢1 (Y1, X,7%)| Y1 € ylm]/} .

This implies that Wooldridge’s (1999) estimator for (o unknown is inefficient (in fairness he does not require knowledge
of the strata of discarded units as we do here). In later work, Wooldridge (2007) proposes an efficient estimator for
the unknown (y case. Some simple algebra shows that the IPT estimator is numerically identical to his.

C.2 Data combination examples

Small area estimation Let Yy be an indicator for household poverty and X a vector of household characteristics.
We seek to estimate the poverty rate in a specific target municipality. Available is a random sample of N; observations
of X from this municipality. Also available is a random sample of size N, of both Yy and X from the entire country.
Our estimand is

Yo = Eq [Yo]

which corresponds to setting 11 (Y1, X,v) = 0 and ¥ (Yo, X,7) = Yo —+. In this example Assumption 4.2 establishes
that the conditional distribution of Yy is the same in the entire country as it is in the specific municipality of interest.
Under this assumption Tarozzi and Deaton (2007) identify o by

" :/EQ[YO|X:w]  fi () dm (2)

They then suggest applying the non-parametric estimator of Chen, Hong and Tarozzi (2008) to this problem. See
Tarozzi (2007) for related applications. The application of IPT to this problem is straightforward.

Earnings decompositions Let Y; denote earnings in 1979 and Yp earnings in 1992. Let X be a vector of worker
characteristics (e.g., age, race, education, union coverage). Available are two random samples of workers which record
characteristics and earnings in 1979 and 1992. We seek to decompose changes in specific quantiles of the earnings
distribution across the two periods into portions due to changes in the distribution of worker characteristics and
changes in the mapping from characteristics to earnings.

Such a decomposition requires a characterization of the distribution of 1992 earnings that would prevail under the
1979 distribution of worker characteristics. The o' quantile of this counterfactual distribution, Y9279, is identified
by

E: [1(Yo < 7921m9) — ] =0,

which corresponds to setting 1o (Yo, X,7) = a — 1(Yo < 79s79) and 91 (Y1, X, ) to a vector of zeros. Here 1979 and
1992 workers respectively play the role of the target and auxiliary populations.

The o' quantiles of the actual 1979 and 1992 earnings distributions are denoted by V79|79 and Ygaj90. A decom-
position into compositional and wage structure effects is then given by

o o _ o a o a
Yo2(92 — V79|79 = (792|92 - ’792|79) - (’Y79|79 —’792|79) .



Dinardo, Fortin and Lemieux (1996) and Barsky, Bound, Charles and Lupton (2002) develop alternative methods
for earnings decompositions. Firpo, Fortin and Lemieux (2007) suggest a method of finer decomposition into the
contributions from changes in each individual worker characteristic and its price.

M-estimation with endogenously stratified random samples Assume that Yo C RE¥™(0) ig partitioned into
1+ M exhaustive and mutually exclusive strata

y005y017~~~7y0M

and let X be an M x 1 vector of corresponding strata indicator variables,
X =(1(Yo € Vor),...,1(Yo € Yom))’,

with the 0" strata omitted. A total of N, draws of Yp are taken via multinomial sampling: with probability H,, the
researcher draws (at random) from the m'”® strata. The moment function is as in Assumption 4.1 with 91 (Y1, X,~)
a vector of zeros. A random sample of size N; from the target population identifies the aggregate population strata
shares (§ = E; [X] (alternatively these may be known a priori).
The distribution of (Yo, X) in the stratified sample is connected to its target population counterpart by the

equality
1-Qo G (ao+h(z) fo)

Qo 1-G(a + h(z) Bo

ao—G_1<1+1_QO Ho ] >

QO 1_Z7Ar/zj=1<8m
(e rem] ™ g1 ([1 220 _m 17"
[ +5 ct] - [ T 1o Z%:ﬂém}

fi (yo,;r): )fa(y0737)7

where h (z) = z and

and

o (e egu] ") -0 (e = estea] )

with H = (H, ..., Hy)" (cf., Imbens and Lancaster 1996, Equation (5), p. 294). This demonstrates that this model
is contained Wlthln our data combination set-up as long as the probability of sampling each stratum is positive.
Wooldridge (2001) and Tripathi (2007) also considers M-estimation with stratified random samples. Cosslett (1981)
and Imbens and Lancaster (1996) consider the case where 7o indexes a conditional density. That case allows for more
efficient estimation, but does not fall within our basic set-up.?! Our estimator is semiparametrically efficient in the
M-estimator case, but not the conditional likelihood case.

Non-classical measurement error Partition X = (Xo,Xi,Xé)' with Xo a noisy measure of Yy, some regressor
of interest, X1 an outcome variable, and X, additional controls (measured without error). Available is a random
sample of X from the target population and a separate ‘validation sample’ of Yy and X from some different, auxiliary,
population. The moment function is as in Assumption 4.1 with ¢1 (Y1, X,~) a vector of zeros. For example Xo might
be self-reported earnings and Y, earnings as recorded by the Social Security Administration. Robins, Hsieh and Newey
(1995), Chen, Hong and Tamer (2005) and Chen, Hong and Tarozzi (2004, 2008) develop estimators for this problem.
Ridder and Moffitt (2007) survey the literature.
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