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Abstract

We study the asymptotic distribution of three-step estimators of a finite dimensional
parameter vector where the second step consists of one or more nonparametric regressions
on a regressor that is estimated in the first step. The first step estimator is either para-
metric or non-parametric. Using Newey’s (1994) path-derivative method we derive the
contribution of the first step estimator to the influence function. In this derivation it is
important to account for the dual role that the first step estimator plays in the second step
non-parametric regression, i.e., that of conditioning variable and that of argument. We
consider three examples in more detail: the partial linear regression model estimator with
a generated regressor, the Heckman, Ichimura and Todd (1998) estimator of the Average
Treatment Effect and a semi-parametric control variable estimator.
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1 Introduction

In a seminal contribution Pagan (1984) derived the asymptotic variance of regression coefficient
estimators in linear regression models, if (some of) the regressors are themselves estimated in
a preliminary step. Pagan called such regressors generated regressors and he characterized the
contribution of the estimation error in the generated regressors to the total asymptotic variance
of the regression coefficient estimators. Examples of generated regressors are linear predictors
or residuals from an estimated equation as in Barro (1977) or Shefrin (1979). The estimators
considered by Pagan are special cases of standard two-step estimators, and such estimators can
be conveniently analyzed as single-step GMM estimators, as in Newey (1984) or Murphy and
Topel (1985). These methods of adjusting the asymptotic variance for the first-stage estimation
error are now so well-understood that they can be found in textbooks such as Wooldridge (2002,
Chapter 12.4).

Pagan (1984) considered parametric linear regression models with parametrically estimated
generated regressors. However, econometrics has evolved since then, and the first step estima-
tors these days can be non-parametric estimators obtained by kernel or sieve methods. Newey
(1994) discusses a general method of characterizing the asymptotic variance of two-step GMM
estimators of a finite dimensional parameter vector, if the moment condition depends on a
conditional expectation or a density that is estimated non-parametrically. A special instance
of his method deals with the case of a linear regression model with a non-parametrically es-
timated generated regressor. Newey uses path derivatives to obtain the influence function for
semi-parametric GMM estimators. The asymptotically linear representation of the estimator
gives the asymptotic variance of the estimator. After this derivation it still has to be shown
that that the difference between the semi-parametric GMM estimator and its asymptotically
linear representation converges to 0 at a rate that is faster than the parametric rate. Suffi-
cient conditions for this in general depend on the non-parametric estimator and smoothness of
the conditional expectation or density that is estimated. Given the complexity of the multi-
step estimators it is useful to have the influence function before one considers the asymptotic
properties of remainder terms.

The asymptotic properties of non-parametric two-step estimators where both the generated
regressor and the second-stage regression are estimated non-parametrically have been studied
by Sperlich (2009) and Song (2008). Non-parametric multi-step estimators are not considered
in this paper. As in Newey (1994) we will only consider semi-parametric estimators for finite
dimensional parameters. The difference with Newey is that we consider three-step estimators
where the second step is a non-parametric regression on a generated regressor. As we discuss in
this paper the effect of the first-stage estimation error on the asymptotic variance of estimator
of the finite dimensional parameter is qualitatively different for the two- and three-step semi-
parametric estimators. Also the results for two-step non-parametric estimators cannot be used
directly to obtain the influence function for semi-parametric three-step estimators.

The purpose of this note is to use Newey’s path-derivative method to derive the asymptotic
variance of three- or even multi-step estimators of a finite dimensional parameter in which one
of the steps is a non-parametric regression with a generated regressor. The generated regressor
that is estimated in the first step can be estimated parametrically or non-parametrically. Since
Newey (1994), a number of estimators have been suggested that have this structure with one



of the steps a non-parametric regression on a generated regressor. We consider three examples:
(i) the partially linear regression model with a generated regressor in Wooldridge and Lee
(2002) and Newey (2009), (i) the Average Treatment Effect (ATE) estimator for the case of
unconfounded treatment assignment suggested by Heckman, Ichimura, and Todd (1998) that
involves two non-parametric regressions on the estimated propensity score, (iii) a parametric
control variate estimator that depends on a non-parametric regression on a residual estimated
in a first stage. These examples illustrate the method that can also be used to derive the
asymptotic variance of other estimators with the same structure not covered here, for instance
the production function estimators of Pakes and Olley (1995) and Olley and Pakes (1996).

The key issue in the application of Newey’s path-derivative method is to account for the con-
tribution of the first-stage estimation error of the generated regressor on the sampling variation
of the second-stage nonparametric regression. This contribution consists of two parts. First,
there is the effect of the first-step estimation error on the estimate of the generated regressor.
However, there is a second contribution to the sampling variation of the conditional expecta-
tion, because we condition on an estimated instead of a population value of the regressor. It is
the latter contribution that is easily forgotten.

One can wonder whether the reformulation of the two-step estimator of Pagan (1984) as a
one-step GMM estimator as in Newey (1984) or Murphy and Topel (1985) can be generalized
to the three or more step estimator considered here. In particular, Ai and Chen (2007) recently
considered a variety of conditional moment restriction estimators, some with a more complicated
structure than in this paper, where the conditioning variables are not estimated. Therefore our
results are not a special case of, but rather complementary to the results in Ai and Chen.
Whether our asymptotic variance can be derived from a one step GMM problem as in Ai and
Chen (2007) is the subject of ongoing research.

This paper has the following structure. In Section 2, we present a parametric example that
provides the basic intuition underlying our results. Our main result is in Section 3. In Sections
4, 5 and 6, we discuss the three applications mentioned above.

2 A Parametric Example

To gain intuition for the results later on we consider a fully parametric, be it somewhat artificial
example. Consider the following scenario. We have a random sample w; = (y;,x;, 2;),1 =
1,...,n from a joint distribution. The scalar parameter [ is estimated by a three-step estimator.
In the first step, we estimate the scalar parameter o by @ such that

Vi@ =0 = 502 4o ()

with E [¢ (z4,2;)] = 0 and «. the population value of the parameter. In the second step, we
estimate the coefficients 7. = (714,724, 73«) of the linear projection of y on 1,z,v with v =
¢ (7,2, ), Le., the solution to min,, , ., E [(y — 11 — ez — ’)/31))2}. Because we do not know
o, we use the estimated v; = ¢ (74, z;, @), so that the estimator 7 of 7, is the OLS estimator of y
on x,v. The estimator of 3, is obtained in the third step B = % S (O Yoz + Y3 (w24, @),
so that By = E[yi. + 72.% + Y3.0(2, 2, )].  Our interest is to characterize the first order
asymptotic properties of this estimator.



A standard argument suggests that it suffices to consider the expansion of the form

Vvn (B - 6*) :% Zl (V1w + V2uTi + Y320 (Tis 20, ) — Bu)

+ [ 1 E[l’] E[@(xvz>a*>] }\/ﬁ(:y\_%s)

+E [yg*%j’“*)] Vi (@ — o) + 0, (1).

Let us now focus on the adjustments to the influence function that account for the estimation
error in the first and second step, i.e., the sum of the second and third terms on the right, which
we will call A. A routine calculation (presented in Appendix A) reveals that

n E;
1 (]
A=—-[1 Efz] Elp(z,z )] ] G;lﬁ Z TiE; +0, (1), (1)
i=1 | (x4, 2, ) &
where
1 x o (x, 2, o)
G,=-E x x? zp (1,2, )

oz, z,0) mo(x,2,04) go(x,z,oz*)Q

The expansion (1) can be given an intuitive interpretation by considering an infeasible
estimator. Assume that a, is known to the econometrician, and v; = ¢ (x;, z;, @) is used in
the regression. Let 7 denote the resulting OLS estimator of v.. The first order asymptotic
properties of 5 = %Z:’L:l (Y1 + Yox; + Y3 (x4, 2i, ) can be analyzed using the expansion

\/ﬁ (g - ﬁ*) :% Zl (’71* + Voui = V34 (xia Zis Oé*) - ﬁ*)

+[1 El] Elp(a,za.)] | VaG—)+o0,(1)

A routine calculation (presented in Appendix A) also establishes that

[1 Efz] Elp(z,z,a)] |V —) (2)
1 & €i

=—[1 Efz] Elp(z, 2 a) }G;l—z Ti€i + 0, (1)
vn i=1 | @ (4, 21, 00) &

Comparing the correction terms (1) and (2) leads us to an interesting conclusion: The influence
function for g is equal to that of the unfeasible estimator § that ignores the estimation error
in the first step, i.e., that in a!

In order to understand this apparent puzzle, it is convenient to define 7y (o) = (91 () , 72 () , Y3 (@)

as the OLS estimator with y as the dependent and z and v = ¢(z, z,a) as the independent
variables. Note that 7 = 7 (@) and ¥ = 7 (a.). Also () is the vector of coefficients of the
linear projection of y on 1, x, o(x, z,«). A naive derivation of the influence function of B would
use the following decomposition



1. Main term that reflects the uncertainty left if we know ~, and «:

1 n
% Z (71* + Yox s + Y3x P ('rb Ziy (){*) - B*)
i=1

2. A term that accounts for the sampling variation in 7 (o) if we know a:

Ti&;

n 87;
=1 (,O(I'i,Zi,a*) &

a1
—[1 E [z] IE[gp(x,z,oz*)]}G7 7

3. A term that accounts for the sampling variation in a:

0o (x, 2, o)

E |:73* Do

}ma—a*)

This naive decomposition is missing one additional term,! i.e.,

R
— [ 1 Elz] Elp(x,z a4)] ]GWIGQTZQZJ(%,%) (3)
e
where 5
—34 w(gza*)
Ga =K — 3+ &P(g’;’a*)
_273*90 (I’, 2, Oé*) 8@(332&*)

As shown in Appendix A, -G~ 1Ga\/iE S ¥ (24, %) is the effect of the sampling variation in &
on the sampling distribution of 7. Defining ¥ () = E [y () + 72 () & + 3 () (2, 2, )], we
show in Appendix B that the missing term is asymptotically equivalent to \/n (¥ (@) — ¥ (o).
The expression vy () + 72 (@) z + 73 () ¢ (x, 2, ) that appears in the definition of ¥ (a) can
be given an interesting interpretation. It is the linear projection of y on 1,z, ¢ (z, 2z, @) when
after projection we substitute ¢ (x, z, a,) for ¢ (z, z,). Note that the linear projection of y
on 1,z,p (z,z,a) has coefficients y(«). This specifies a function of x, ¢ (x, z, ) that can be
evaluated at any value of these arguments and here we choose the values x, p(z, z, a,). Hence,
a plays two roles. First, it determines the functional form of the projection, here only the
coefficients ~y(a), because the projection is restricted to be linear. Second, a enters in the
variables at which the (linear) projection is evaluated, here z, ¢ (z, z, ay). If we substitute the
estimator @ then the two correction terms that account for the estimation error in @ correspond
to these two roles of a and in this example these two correction terms are opposites so that
their sum is 0. The naive derivation of the influence function ignores the effect of a on the
coefficients of the linear projection.

In this paper we propose a method that accounts for the full contribution of @ to the
influence function, i.e., we improve on step 3 above. The full (accounting for the two distinct

ISee Appendix A.



roles of «) contribution of the sampling variation of @, i.e., with the projection coefficients equal
to 71(@), 12(@), 3(@), is

n

1

_nZ Q) + Yo (@) +3(Q) @ (24, 21, Q) — Y1e — Y2ui — V3P (T4, 24, Q)
=1
1~ 0 ~

- _Z_ a) + ya(@)zi + ys(a)e (i, 2, @) V(@ — a.) + 0,(1)
n <= 8@ .
8 o~

= a_aE[%(Oé) + Y2(@)x; + y3(a)@ (2, 2, )] Vn(a — o) + o0,(1)

Now the projection of y on 1, z, p(z, z, @) implies that for all constants s, s9, s3 and for all «

O0=E[(s1-14s2-2453-0(2,2,0)) (y—n() =72(a)r—3(a)¢(z,2 0))

Taking s; = 1, so = 0, and s3 = 0, and differentiating the first equation with respect to a and
evaluating the derivative at a = a,, we obtain

DB [ () 7% () 2 495 (@) ¢ (2, 2,0)] = 0

Therefore we conclude that the contribution of the sampling variation in @ to the sampling
variation of 3 is 0. This derivation is simpler than that in Appendix A and can be generalized
to the case of general projections that are not restricted to be linear.

In general the first step estimate plays these two distinct roles. The example in this section
was relatively simple because the linear functional relation can be summarized by a finite
dimensional vector v («). The challenge to the econometrician is that when the projection
is non-parametric, as is the case when the generated regressor is used in a non-parametric
regression, such simplicity disappears. By separately considering the two roles that sampling
variation in the first step plays when we evaluate its effect on the second stage projection, we
can properly adjust the influence function. In general the two corresponding correction terms
are not opposite as in the simple example considered here.

3 The Influence Function of Semi-parametric Three-Step
Estimators

We now present our two main results on semi-parametric three-step estimators. In the first step
we estimate a regressor. In the second step we estimate a non-parametric regression with the
generated regressor as one of the independent variables. In the third step we estimate a finite
dimensional parameter (without loss of generality we consider the scalar case) that satisfies a
moment condition that also depends on the non-parametric regression estimated in the second
step. We distinguish between two cases. The first result concerns the case where in the first step
the regressor is estimated by a parametric method. The second result concerns the case where
in the first step the regressor is estimated by a non-parametric method. As was emphasized in
the introduction, our characterization is based on Newey’s (1994) path-derivative method.

6



3.1 Parametric First Step, Non-parametric Second Step

We assume that we observe i.i.d. observations w; = (y;, x;,2;),% = 1,...,n. The first step is
identical to that in Section 2, i.e., we have an estimator & such that \/n (@ — a,) = \/iﬁ S U (i, z)+
0p (1) with E[¢ (z;, z;)] = 0. The parameter vector « indexes a relation between a dependent
variable that is a component of z (and that we later denote by u) and independent variables
that are some or all of the other variables in x and those in z. Either the predicted value
(Sections 4 and 5) or the residual (Section 6) of this relationship is an independent variable in
the second step non-parametric regression. The notation ¢(x, z, &) covers both cases. If ¢ is a
residual then both x and ¢ can enter in the second step non-parametric regression. The second
step is different from the parametric example, because our goal is to estimate

ol v) =Ely [z, 0]

where v, = ¢ (z, 2, ), i.e., we no longer restrict the projection to be linear. Because we do
not observe ., we use v; = ¢ (24, 2;,,@) in the non-parametric regression. Our goal is to
characterize the first order asymptotic properties of

Zh v (i, 0 (x4, 21, @)))

with 7 the non-parametric regression of y on x and v. We can consider B as the solution of a
sample moment equation that is derived from a population moment equation that depends on
B and p(x,p(z, z,a,)). As will be seen below it matters whether h is linear (as in Section 2)
or not. R

Using Newey’s (1994) path-derivative approach, we express the influence function of 5 as a
sum of three terms: (i) the main term

Z (i (1,1, 0.))) = )
(i) a term that adjusts for the estimation of 7, i.e.,
Z 7 (@i, @ (i, 21, 04))) = (i (@i, 0 (w1, 21, )
and (iii) an adjustment related to the estimation of a, i.e.,
\/—Z v (i (i, 23, @) = (e (3, @ (23, 26, )

The decomposition here is based on the fact that Newey’s approach can be used “term-by-term”.
Therefore, we may without loss of generality assume that « is a scalar.?

2The fact that Newey’s approach can be used “term-by-term” is illustrated in an earlier version of the paper,
which is available upon request. There, we consider the case where the moment function includes multiple non-
parametric objects, all of which are obtained by non-parametric regressions with possibly different independent
variables.



The second component in the decomposition can be easily analyzed as in Newey (1994, pp.
1360 — 61). It is equal to

1 - 8h iy Uy
%ZE[ (1 (5, 0.0)

o Z;, U*i:| (i — p (@i, vs)) + Op (1)

fzah—w*i” (v = 11 (x1,0.9) + 05 (1)

o

As in Section 2 we therefore focus on the analysis of the third component

\/_ Z Y (i, 0 (i, 25, @))) — h (o (x4, @ (T4, 215 )

We define

y(z,v5a)=Ely | z,¢0(x, z,a) = v
g (U),Oll,a/z,'}/) = h (,y ($790 (l’, Z,Oél) ;042))

Note that the two roles that « plays are made explicit in g (w, a, ae,y) that is obtained by
substituting v* = ¢(z, z, q) in y(z, v*; ag). Note also that u (z, v.) = v (x, vs; ). The notation
a1, (g is just an expositional device, since a; = g = .

With these definitions, we can now write

n

Zg(xz‘yzz‘,aham%

1
n <
=1

_Zh xza ZL‘Z,ZZ,&\),&\)) =

where a; = @, = @, but we keep them separate to emphasize the two roles of @. This is helpful
in order to deal with the two roles that & plays in the expansion by linearization, an expansion
that amounts to taking partial derivatives:

\/_ Z v (@i, 0 (x4, 2, @) ;@) — h (77 (4, @ (T4, 25, ) s )

_n Z (g (wi7 ah a?a ’?) - g (wi7 Qlyy Qe 7*))
=1

_ (E [89(10,@*,04*,%)} LR {3g(w,a*,a*,%)D VA@ — o) + 0, (1)

3041 80&2

Therefore we must compute E [%ﬂf‘m*)} and E [%“’:*’7*)]. The computation of the

first expectation is easy. Because 7 (z, ¢ (x, 2, ) ;) = p(z, ¢ (x, z,«)), we have

E g (W, vy Oty Vs _E Oh (p(z, ¢ (z,z,04))) Op (x, 0 (x, 2, ) O (2, 2, i)
ooy ou ov oo




The headache is to compute the second expectation. By the chain rule

g (w, s, i, 74) Oh (p (2, (2,2, 0))) O (2, (2, 2, 000 s v
g [ Oay } =k [ o Oa (4)

Unfortunately, it is not obvious how to differentiate v (x, ¢ (z, 2, o) ; &) with respect to a. After
all, v (z, ¢ (w, o) ;) has the functional form of E[y | z,¢ (z, z,a) = v*] that depends on a.
The next theorem gives the solution.

Theorem 1 (Contribution parametric first-stage estimator) The adjustment to the in-
fluence function that accounts for the first-stage estimation error is

(e[ Pomamann)] g [0(nauean]) m ) 5

80&1 6&2

T e e ) RSt

Proof See Appendix C.

Note that the form of the adjustment term implies that if h is linear, then the first-stage
estimation error has no effect on the variance of the estimator of 5. This was illustrated for
the fully parametric case in Section 2.

3.2 Multivariate Generalization

Suppose now that the p is multidimensional, i.e., y is a J-dimensional random vector. More
specifically, suppose now that we have

v (x,v"50) =E(y; | z,¢ (2, 2,a) = v7]

and

SRS

B - Z h (71 (1’1‘7 @ (xh Zi, a)) y oo VT (1’1‘7 @ (xh Zi, a)))
=1

The product rule of calculus suggests that we can tackle this problem by adding the derivatives.
This is formalized in the next theorem.

Theorem 2 (Contribution parametric first-stage estimators) The adjustment to the in-
fluence function that accounts for the first-stage estimation error is

> E R 7 et L e e e RICE )

J

Proof See Appendix C.



3.3 Non-parametric First Step, Non-parametric Second Step

We now assume that the first step is non-parametric. Again we have a random sample w; =
(yi, iy 2) ,4 = 1,...,n. The first-step projection of one of the components of z, that we denote
by w, on some or all of the other components of x and z is denoted by v, = p.(z,2) =E[u | z, 2].
The first step is to estimate this projection by non-parametric regression. In the second step
we estimate v (z,v,) = E[y | x,v,] by non-parametric regression of y on z,v = @(z,z). Our
interest is to characterize the first order asymptotic properties of

—Zh v (zi, @ (T4, 2:)))

We define

p(r,v) =Ely| z,0.(z,2) = 0]
v(zvhv) =Ely | z,0(z,2) = 0]
g(w,vl,vg,y) = h(7 ($,U1;U2>>

with v = ¢(z, z) and with v; and v, playing the roles of oy and .
With these definitions, we can now write

n

1

E§ h( l’z,’Ul,'Ug E g w17U17U27 )
i=1

where U7 = U, = v. We keep them separate to emphasize their different roles. Our objective is

to approximate
_E g wzavlaUQa __E g wzavlav27 )

To find the contribution of the sampling variation in v we can take v as known. As in Newey
(1994) we consider a path v, indexed by a € R such that v,, = v, . First, using the calculation
in the previous section,

0 0
E [87«1 (w,a*,a*,v*)} +E la (w,a*,a*,v*)}

0 - [0Ph (u(z,0.)) Op (w,v.)
= 35k [8—M2 (y — p (2, 04)) Tva]

Qo

we obtain that

OE [h (7 (2, Va;Va))] _ OE [D (w, v,)]
Ox a—a. oo
for 02 5
D(w, a) (g/ifav*)) (y_,u<x7v*)) ,u(axv,v*> N
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which is linear in v,. Second, for?

51 (0, 2) — B | 2 (?ﬁi*(m’ 2 R <x,g;<x, 2))

x,z]

we have that for any v = p(z, 2)
E[D (w,v)] = E 01 (z,2) p(z, 2)]

By Newey (1994) Proposition 4 these two facts imply that the adjustment to the influence
function is equal to

01 (i, 2i) (wi — Efu | @4, 21]) = 01 (i, 21) (wi — (i, 21))

with u the component of of x that is projected on z, z.
We summarize the result in a theorem:

Theorem 3 (Contribution non-parametric first-stage estimator) The adjustment to the
influence function that accounts for the first-stage estimation error is

1 n
with ¢.(z, z) = Elu|z, z| and

5 (2,2) = E [8271 (e (xaa’usz*(x, z))) (= (2, 0z, 2))) op (m,g;(x, z))

x, z}

Finally we consider the adjustment for the estimation of . This is essentially the adjustment
to the influence function for

> 00)

By Newey (1994, pp. 1360 —61), we conclude that the corresponding adjustment to the influence
function is equal to
O (w4, vai) (Yi — E [y | 4, v4])

where

5 (z,0.) = E {M‘ m*} _ Oh(u(z,v.)

o o

3If (x1, 2) depends on a subvector of the variables  that enter in u, then we average over the remaining
variables in x.

11



3.4 Extension

So far, we have assumed that the parameter of interest is

B = E[h(ﬂ<x7 U*))]

where h depends only on . We now consider the extension to

6* = ]E[h(w7 :U’(xv U*))]

where w is a vector of other variables that may have x, z as subvectors. We consider both the
case that ¢ is parametric and the case that this function is non-parametric. Because as before
the main term and the contribution of the estimation of E(y|z,v.) do not raise new issues, the
next two theorems only give the contribution of the first-stage estimator. In these theorems we
use the function

Oh (w, pi (2, v4))
o

with an obvious adjustment for the non-parametric case.

/{(:E,v):E{

z,p (T, 2, 0) = v} (6)

Theorem 4 (Contribution parametric first-stage estimator) The adjustment to the in-
fluence function that accounts for the first-stage estimation error is

(E [(6% (w,u(x,ag:(x,z,a*))) B H(xm(x’z,a*))) o (a:,goa(:,z,oz*)) Oy (ag;,a*)] .

B | R0 () g i) ) VR - a)

Now, we consider the case where the first step is non-parametric. The discussion preceding
Theorem 3, which summarizes Newey’s argument, implies that

Theorem 5 (Contribution non-parametric first-stage estimator) The adjustment to the
influence function that accounts for the first-stage estimation error is

% Z 53 («Tia Zi) (uz - @*(‘riv ZZ))

with p.(x, z) = Elu|x, z] and

) = [ (P D) ) Dl ), ]

Suppose that & (x, g, (z,2)) = 0 in Theorem 4. The adjustment is then equal to the deriva-
tive with respect to «g, i.e., the naive derivative (see equation (21) in the proof of Theorem
4). Therefore, it may be useful to check whether x (x, p. (z,2)) = 0 in specific models. If it
is the case, we need not worry about the effect of first-step estimation on the second-stage

v | 2L o (0,2))

12



non-parametric regression. Note also that the effect of the first-stage estimation now consists
of two terms, the first of which is 0 in Theorem 1 and 3.

It is also useful to point out the theorems can be applied to general semi-parametric GMM
estimators. If we consider the moment condition

Elm(w, p(z,vs), B,)] =0

and we linearize the corresponding sample moment condition we obtain

V(B —B.) = ( {c‘)m(w,ua(;/,v*),ﬁ*)b_l \/—Zm (wi, (s, @(24, 1)), Be) + 0,(1)

Therefore, the contribution of the first-stage estimate to the asymptotic distribution of B can
be found by applying Theorem 5 to \/Lﬁ Yoy m (wi, (@i, @(xi, ), Ba)-

3.5 Discussion

The effect of the first-stage estimation error is qualitatively different for three-stage and two-
stage semi-parametric estimators. To show this we contrast our results with two results available
in the literature. First, consider the standard two-stage estimator (with a non-parametric first
stage) of the form

n
p=- h (i, @ (i, 2i
2 DB (i)

where @ is an estimator of ¢ (x,z) = E [u] z, z]. As discussed in Newey (1994), among others,
the contribution of the estimation of ¢ to the influence function is W (u—p(z,2)).
This involves the first derivative of A, so that this contribution is nonzero if A is linear. This in
contrast to the three-stage estimator, in which case the contribution is zero with A linear.

Second, we can compare our results with those on the asymptotic distribution of the
non-parametric regression estimator 7 (z, ¢ (x, z, @)) following a first-step parametric estima-
tion. Because the a typically converges at the parametric rate, the asymptotic distribution of
7 (z, ¢ (x,z,@)) for all z, z is unaffected by the first-step estimation error. If we would take this

result to the third-step estimation of 3, by

Zh v (s, 0 (x4, 21, Q)))

we would incorrectly conclude that the first-step estimation of & does not affect the third-step
estimator whether A is linear or not. This example makes it clear that our results cannot
be derived from the results in, e.g., Song (2008) or Sperlich (2009) for the non-parametric
regression on generated regressors estimated in the first step.
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4 The Partial Linear Model with a Generated Regressor

In this section, we apply the results in the previous section to a semi-parametric model, the
partial linear regression model,

Yi = 2B +m (v (ws, ) + €5,

where x; is a component of w;, and m is non-parametric. The error term ¢; satisfies E [&;] x;, v (w;, o) =
0. The parameter of interest is S,. We initially consider the case that the generated regressor
is estimated parametrically, but we also give the contribution to the influence function for the
case that it is estimated non-parametrically.

The model can be estimated by regressing y; — E [y;| v (w;, @)] on z; — E [z;| v (w;, @)]. By
Newey (1994), Proposition 2 the estimation of the conditional expectation E [z;| v (w;, a,)] has

no contribution to the influence function of J. By substitution we find that /n (B\ — &) can
be written as E [(z — E [z] v (w, a*)])Q}_l times

n

%Z@U —E [z v (wi,d)]) &
b3 = B o] s ) (0 ) = E i (0 )] s 80)

=1
n

—%Z(xi—E[IIU(wu@)])Eklv(wi@)]+0p(1)~ (7)

i=1
To assess the contribution of the estimation error of @ we linearize with respect to a. The

coefficient in the linearization, i.e., that of v/n(@ — «) is, using the notation v, = v(w, o),

O Bl —E[x]v(wa)])<] (®)

Oa a=au

L[ B[o] v (w,a)]) (m (02) — E [m ()| 2])] 9)
+ %E (o= Ea]o]) (m (o) ~Elm (@)|v(wa)]| (10)
_ %E (o~ Elel v (. Bl (11)
~ R~ Ela] v E[<l v (w, 0)] (12)

Because E(g|v,) = 0 and E(m(vi|vy)) = m(vs), (9) and (11) are equal to 0. The other terms
are analyzed using Theorem 4. For (8) we have for p;(v.) = E[z|v,]

hi(z, e, 1) = (x — pa(vi))e

14



so that
ahfl (.CE, g, :ul)

6,ul
and ky(v) = —E(e|v, = v) = 0 for all v with x; as defined in (6). Therefore the coefficient of
v/n(@ — a,) in the influence function is

= —¢

Op (Vi) Ov (w, o)
ov Oa

- (e

For (10) we define
ha(, p2) = (2 = E [z v.]) (m (0.) = pa)
with ps(v) = E[m(v,)|v(w, a) = v] so that
Oha(z, p2)
Oz
and k2(v) = 0 for all v with ko as defined in (6). Therefore by Theorem 4 the coefficient of
Vvn(@ — a,) in the influence function is

= —(z - E[z]v.])

om (vy) v (w, o)
ov Oa

for n = x — E [x| v,], because 1z (v)|a=a. = m(v).
Finally for (12) we define

_En

hs(x, ps) = (¢ — Efz]v.]) ps
with ps(v) = E[e] v (w, )], so that
ahS(£h“3)
Ops

and k3(v) = 0 for all v with k3 as defined in (6). Therefore by Theorem 4 the coefficient of
Vvn(a@ — a,) in the influence function is

=1z —E[z| v,

Oz ()
ov

because 113(v)|a=a, = E[e|v* = v] = 0 for all v.
To conclude, the adjustment in the influence function of 3 corresponding to the estimation
error in @ is

_ (E [gaﬂl (vézu,a*)) v (;Uola*)] LR [n(?m (v({()zu,oz*)) v (;Uola*)}) Vi@ — o)

E [(m—E[m|v*])

ov(w, )]
O ] =0

A=0lx

ov oo
result is the same as in Newey (2009) or Li and Wooldridge (2002). Because k(v) as defined in
Theorem 4 is 0 for all v, the effect of the estimation of & on the conditional expectation is 0.
In other words, the ‘naive’ linearization is valid.
Combining this result with Newey (1994) we find that the contribution in the case that v(w)
is estimated by non-parametric regression of u on w is equal to

~ (el 250D gy 2D )

Note that the E [aa‘”(”(w’o‘*)) 8v(w;a*)] = 0 if we assume that E [¢| w] = 0, and in that case our
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5 Regression on the Estimated Propensity Score

We consider an intervention with potential outcomes g, %y; that are the control and treated
outcome, respectively. The treatment indicator is d and y = dy; + (1 — d)yo is the observed
outcome. The vector x contains covariates that are not affected by the intervention. As shown
by Rosenbaum and Rubin (1983) unconfounded assignment, i.e., the assumption that y,yo L
d|z, implies y1,y0 L d|p (z) with ¢ (z) = Pr(d = 1|z) probability of selection or propensity
score. As a consequence the ATE given x can be identified by E [y|d = 1, 2] — E[y|d = 0, z]
or by E[yld=1,¢ ()] — E[yld =0,¢ (z)]. These observations have led to a large number
of estimators that can be classified into three groups. Most of these estimators rely on the
propensity score, but some do not. The asymptotic variance of the estimators can be compared
to the semi-parametric efficiency bound for the ATE derived by Hahn (1998).

The most popular estimators are the matching estimators that estimate the ATE given x
or given ¢ (z) by averaging outcomes over units with a ‘similar’ value of = or ¢ (z) (and subse-
quently average over the distribution of x or ¢ (z) to estimate the ATE). Abadie and Imbens
(2009a), (2009b) are recent contributions. They show that matching estimators that have an
asymptotic distribution that is notoriously difficult to analyze, are not asymptotically efficient.
The second class of estimators do not estimate the ATE given x or ¢ (x) but use the propensity
scores as weights Hahn’s (1998) estimator and the estimator of Hirano, Imbens and Ridder
(2003) are examples of such estimators. These estimators are asymptotically efficient, which
suggests that the propensity score is needed to achieve efficiency. The third class of estima-
tors use non-parametric regression to estimate E [y|d = 1,z], E [y|d = 0,z] or E [y|d = 1, ¢ (2)]
, Elyld =0,¢(x)]. Of these estimators the estimator based on E [y|d = 1,z], E[y|d = 0, z],
the imputation estimator, is known to be asymptotically efficient, which suggests that there
is no role for the propensity score. The missing result is that for the estimator that uses the
non-parametric regression on a propensity score that is estimated in a preliminary step. This
estimator that was suggested and analyzed by Heckman, Ichimura, and Todd (HIT) (1998) fits
into our framework and is analyzed here.

Our conclusion is that the HIT estimator has the same asymptotic variance as the imputation
estimator, so that there is no efficiency gain in using the propensity score. This should settle
the issue whether there is a role for the propensity score in achieving semi-parametric efficiency.
That does not mean that there is no role for the propensity score in assessing the identification
or in improved small sample performance of ATE estimators. Although the estimator based on
regressions on the propensity score has the same structure as the general estimator discussed in
Section 3, the results of that section have to be adapted, because the non-parametric regressions
are for the treated and controls separately, i.e., for subpopulations.

5.1 Parametric First Step, Nonparametric Second Step

We have a random sample w; = (y;, x;,d;),i = 1,...,n. The propensity score Pr(d = 1|z) =
o(x,«) is parametric and its parameters « are estimated in the first step, by e.g. Maximum

4Heckman, Ichimura, and Todd actually consider an estimator of the Average Treatment Effect on the
Treated (ATT) that we also analyze.
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Likelihood are OLS (Linear Probability model) or any other method, such that

Vn (@ —a,) = %gw(di,%) + 0, (1)

with E [¢ (d;, z;)] = 0. In the second step, we estimate

,U(Sp(x?a*)) = (]E [y ‘ (10(37?@*)761 = 1] >E[y ‘ ¢<x705*)7d = O])/7

Because we do not observe «,, we use ¢ (z;, @) in the non-parametric regression.
Our interest is to characterize the first order asymptotic properties of

n

Z (1 (¢ (23, @) = %2 (¢ (25, @)))

=1

51
n
This estimator has the structure of that Section 3.2 with h(y) = 3 — 72, except for the fact
that we do not regress y non-parametrically on ¢(x,,) in the full population, but in the
subpopulations of the treated and controls. This will require a modification of the proof of
Theorem 3.

We define

(Ely| d=1¢(z,0) =0],E[y| d=0,¢(z,a) =v])
h(v(p(x, a1); az)

7 (v; @)
g('LU, a, 052)

The functions 7 (¢ (z, ) ; @) solve the minimization problem

minE [d (y — p1 (¢ (2,0)))* + (1= d) (y = ps (¢ (2, )))"]

p1,p2

Note that this is equivalent to minimizing the first term with respect to p; and the second with
respect to py. Therefore for all functions (s; (¢ (z,)), 52 (¢ (z,)))’

Eld(y —m(p(z,a);a))si (o (z,a))] =0

E[1 —d)(y =72 (p(2,a);a)) s2 (¢ (2, 0))] = 0
In particular, this should hold for

1
S1 (SO (C(],Oé)) = gO(I‘,OZ)
so (p (7,a)) = #@a)

These function s; is chosen in view of the fact that

80(1;7&)} _ Bldlp(z, a)y (e, a); )

dy
. Lo(m) o, )
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i.e. the projection in the subpopulation is obtained by projecting the outcome in the subpop-
ulation weighted by the probability of observation on ¢(x, «). This gives 71 up to a correction
factor that is equal to 1 if @ = a,,. A similar observation can be made for ss.

The orthogonality conditions yield the following two equations that hold for all «

E{ dy } & {dvl(w(ﬂc,a};aq

o (z,a) p(z,a)
gl =Dy | _p[E=-d)nlpa);q)
1—¢(z,a) 1—p(z,a)
with the left-hand sides equal to E [W] and E [(1—50(31,5;)()3135([3@(;)@,(1:0]], respectively.

Differentiation with respect to « gives the derivatives of 7, and 7, with respect to the « in the
conditioning variable, i.e., the parametric propensity score. Substitution gives the contribution
of the estimation of & to the influence function that is equal to (more details in Appendix D)

g |29 00 y) | e [0 (w0, ) Vn(é — o) =
80./1 8CYQ

—E Elylz,d=1] — u (¢ (2, ) +E[y’$7d:()]_:u2 (¢ (z,ax)) | 99 (z, ) \/ﬁ(d—a*)
p (7, o) 1= (z, o) dov
The contribution of 7 can be derived using Newey (1994), and is given in the next section.
We also consider the HIT estimator of the Average Treatment Effect on the Treated (ATT)

D S ACACENEEA L))

with p = Pr(d = 1). This estimator is a special case of that considered in Theorem 4 with
h(w,~v1,72) = %(71 — 72) except for the fact that the non-parametric regressions v; and 7, are
for subpopulations and the average is over the subpopulation of the treated. This requires some
changes in the proof. The functions si, sy are now

1
s1(p(r, ) = ;
o(x, o)

s2(p(r,a)) = m

These are obtained by multiplying the functions that we used above by @, a factor that
re-weights the orthogonality conditions from the full population to the subpopulation of the

treated. This gives two equations that hold for all «

E {(p(x,oz*)]EEyu,d = 1]}

E {so(fr, ) ;so (z,0); oz)]

(1~ pla,0)) @ (2,0) Elyle,d = 0] [(1— o, @) o (2, ) %2 (i (2, ) 5 0)
E[ 71— ¢ (@) ]‘E[ (1 —p(a) }
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Differentiation with respect to « gives the derivatives of «; and 5 with respect to the «
in the conditioning variable, i.e., the parametric propensity score. Note that these derivatives
are different from those for the estimation of the ATE which shows that these derivatives
depend on the third stage of the estimator that is different for the ATE (averaging over the full
population) and the ATT (averaging over the subpopulation of the treated). Substitution gives
the contribution of the estimation of & to the influence function that is equal to (more details
in Appendix D). With

¢ (7, a.) (

, N(p(z, ); @) — y(p(r, a); a))

g(w7 0{70477) =

we find that the contribution is

(|2 gmt] |y 2000202 ) i - ) -

Vn(d - a.)

B AR ELEVMELIR LRGN
p(1—¢(z,a)) Jda

5.2 Non-parametric First Step, Non-parametric Second Step

The analysis in the previous section combined with the results in Newey (1994) show that in
the case that the first stage is non-parametric the contribution of the first-stage estimation to
the influence function of the ATE estimator is

(Eblrd=1-m . @) | Elled=0-me @),
( o @) * R )(d o (@)

which can be alternatively written as

_Elyla,d=1] — p (¢« (z))
P« (T)
Elylz,d=0] — p2 (¢« ()
1 — . (z)

d+ (Elylz,d=1] = p (¢« (2)))

(1—d) = (Ely[z,d = 0] = p2 (¢« (1)) (13)

To obtain the complete influence function of B we need the contribution of the estimation
error in 4. This contribution is derived in Appendix E and is equal to

(1 (s () = p2 (s () — B) + (14)
d 1—d

Adding (13) and (14), we obtain the influence function of the estimator based on regressions
on the estimated propensity score:

(Y — p2 (o« (1))

1—d

—m(y—EM%d:O])

<E[y|x,d:1]—E[yrx,d:m—@)w*iwy—ﬂ«:[y\x,d:lb
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which is the influence function of the efficient estimator and also that of the imputation esti-

mator

—~ 1 o~ —~

Br = n ZI(M(%) - )\2(%‘))
with A1 (z) = Ely|z,d = 1], A2 (z) = E[y|z,d = 0]. The imputation estimator involves nonpara-
metric regressions on x and not on the estimated propensity score. However these two estima-
tors have the same influence function which shows that regressing on the non-parametrically
estimated propensity score does not result in an efficiency gain. The infeasible estimator that
depends on non-parametric regressions on the population propensity score is less efficient than
the estimator that uses the estimated propensity score.

For the estimator of the ATT the contribution of the first stage is
_Elylz,d = 0] — ps (¢s(x))
p (1 —pu(x))

The main term and the contribution of the estimation of the (infeasible) non-parametric re-
gressions is

(d = pu(2))

d (1 = d)p. () d
5 (y — pa (o« (7)) — m (y — p2 (o« (7)) + ]—) (11 (s (7)) — 2 (s (7)) — B)

which can be derived using an argument virtually identical to Appendix E. Adding these
expressions we obtain the full influence function

(1 —d)p.(x)
p(1 = @.(x))

As in the case of the ATE the influence function is the same as that for the estimator that
involves non-parametric regressions on x and not on the estimated propensity score, so that
again there is no first-order asymptotic efficiency gain if we use the estimated propensity score
in the non-parametric regressions.

It should be noted that the influence functions derived in this section are different from
those found in the literature. Recently, Mammen, Rothe, and Schienle (2010) derived the
influence function for the ATE estimator considered in this section. They concluded that it is
identical to that of the infeasible estimator that regresses on the population propensity score.
HIT derived the influence function for the ATT estimator that is also different from ours. In
both cases the derivation fails to account for the effect of the first-stage estimation on the
conditional expectation in the second stage. Only the variability of the first-stage estimator as
an argument is considered.

gw—Ewmd=u>— @—EMWJ=0D+g®wmd=H—Ewmd=m—ﬂﬁ

5.3 Approximating the Influence Function for the Non-parametric
First Step with a Parametric First Step

We assume that for the population propensity score

/

e () = (2, 00) = p(2) o
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where p (z) is a finite-, possibly high-dimensional vector of functions of z. We can think of this
expression as a series approximation of the propensity score with basis functions in the vector
p(x). The influence function for the least squares estimator of a is

(Ep@@)p)]) p)(d—p.(2) (15)

Using the result in subsection 5.1, the adjustment to the influence function for the first step
estimation is

_ E[y|x,d - 1] — M (90 (x,a*)) E[y|$,d = O] — U2 (90 (J?,Oz*)) 890 (;L’704*) e
EK # (@, ) ' 1—p(za.) ) da/ ]\/_( )

=—F [\IJ (x)p (x)/] Vn (@ — a) (16)

-1

where

_Elylwd=1-mp(o)  Elyle,d=0]—p(p(0e))

¢ (2, o) 1—¢(r )
for simplicity. Combining (15) and (16), we conclude that the adjustment to the influence
function can be written as

—E[¥(2)p@)] (Ep@)p@)]) p)(d- e (2) (17)

Now (E [p(z)p(z)']) E[p(z) ¥ (z)] are the coefficients of the linear projection of ¥ (z) on
p(x). In other words, we can write

p() (E[p()p@)]) " Elp(2) ¥ (2)] = T (T ()| p(z))

)
where IT (| p (x)) denotes the projection on the linear space spanned by p (). If the dimension
of p(z) is sufficiently large, then approximately I (V¥ (z)|p(x)) =~ E[V (z)|z] = ¥ (z). Tt
follows that the adjustment to the influence function in (17) is

—E[¥(@)p@@)] (Ep)p@)]) p)d-¢. (@)
~ =V (z) (d— ¢ (7))
_ (E yle,d =1] = (p(z,00)) | Elylaz,d=0] - ps (¢ (7, 0s))
o. () 1 — . (z)
which is the result in the previous section, i.e., if the parametric approximation to the population
propensity score is good, then the influence function is close to efficient influence function.

-1

-1

) =@

6 A Semi-parametric Control Variable Estimator

Hahn, Hu and Ridder (2008) consider a model that is nonlinear in a mismeasured independent
variable. The details of their model are not important here. For our purpose it suffices to
note that their estimator uses a control variable and the asymptotic analysis requires dealing
with a generated regressor in a V-statistic. Because of the V-statistic structure, the results in
Section 3 do not apply directly, but the basic approach can be easily modified. Suppose that
an econometrician observes a random sample w; = (y;, z;, 2;) ,© = 1,...,n. The estimator of a
parameter § has the following three steps:
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1. Estimate a finite dimensional parameter & by nonlinear least squares of x on ¢ (z, a) and
obtain the residual v = x — 1 (2, @) = ¢(x, z, @) that is our generated regressor.

2. Estimate pu(x,v,) = E[y | z, v.] nonparametrically using the sample (y;, x;,0;) , 7 =
Call the estimator 7(z,v). Let L (z) = E,, [u(x,v,)] and L (z) = %Z?Zl A(z, v;).

3. Assume that L (z) = R (z, f.) for a known function R and define B as the solution of the
minimization problem

i+ 310 ) (B0 = R (s )’

for some set C. In the sequel we will ignore the indicator function 14 for simplicity.

Let B denote the solution to the preceding minimization problem that satisfies the moment
condition

OR (aci, B)

OZ%i(Z@%)—R(W»T

=1

Characterization of asymptotic distribution of B requires characterization of the influence func-

tion of .
1 ~
2 (L) = L) 7).
i=1
where 7 (z;) = OR (4, B+)/ 0. We define

gp(x,z,oz):x— ( )
V(@ v5a)=Ely| z,¢(z,2,a) =]

g(x,Oél,Olg,’}/,sz) :/’7(1‘,@((%,2,0(1),OQ)?"(l‘)dez(ii',g)

where an integral with respect to ﬁxz is just an average over z,z. Note that because of the V
statistic structure we integrate with respect to the distribution of x, z that appear in ¢(z, 2z, «).
With these definitions, we can now write

1 o~ 1 « ~
- L 9 i) — — <i7AJA7A7F:BZ>7
n; (zi) r (2:) n;g Wi, Oy, Q7Y

where a; = & = @ but written separately to emphasize the dual role of a. The contribution
of 4 and F,, can be derived as in Newey (1994) and by the V-statistic projection theorem,
respectively, and we concentrate on the contribution of a.

The contribution of the estimation error of @ is that error multiplied by the sum of the
derivatives with respect to aq, i.e., the a that appears in the argument, and as, i.e., the « in
the conditioning variable. We have

0
8061

1,....n.

[ / day (%,2,00)) r (x) dF,.(Z, 2)]

A=0lx



[ 5,00) 00 (55,0
=k [/ o da

For the derivative with respect to s we first observe that

E, [/V(x,go(i,é,a*);oz)r(x)dsz(:fc,Z)] ://’y(x,v*;a)r(x) %Jf(z,v*)dmdv*

fx) [ (v*)}
S (x;0.)

We compute the derivative of the final expression. For that we note that v (z, ¢ (z, z,a); «)
solves the minimization problem min, E [(y — p (z, ¢ (z, z, 04)))2] so that

—E {7 (z,v.;0) 7 ()

():E[(y—’y(l’,gp(l’,z,a);Oé))S(%QO(l’,Z,Oé))]

for all square integrable function s (z, ¢ (z,z,a)) and all a.. In particular, we have for all «

@) f @ za)]
[ (g @z 0)) }‘0

If we differentiate with respect to o and evaluate at o = «, we obtain

E[<y—v<x,¢<x,z,a>;a>>r<x>

e, ) [ ()] g

f(vs)
0t 09 (1,2, 00)
8062 f (I’,'U*)

(1= (o)) r () f ) L2210 22

Oy (z, 045 o) ¢ (z, 2, au) [ (2) f (vs)
-k [ ov r () Oa f(z,v.) 1

We therefore obtain

Oy {7 (2, 02; ) () 2T () (”*)]

_E [(W g (xjf; (81né];(v*) ~ 9l ];(j};(f);};) . O (azéa*) f}%f@(z;)} _ =,

The contribution of the first step estimation to the influence function is then

(Z1+E2)vn(@ — )

7 Conclusion

We studied the asymptotic distribution of three-step estimators of a finite dimensional pa-
rameter vector where the second step consists of one or more non-parametric regressions on a
regressor that is estimated in the first step. The first step estimator is either parametric or non-
parametric. We showed that Newey’s (1994) path-derivative method can be used to determine
the contribution of the first-step estimation error on the influence function. In doing so it is
essential to recognize that the first-stage estimate has two effects on the sampling distribution
of the finite-dimensional parameter vector. First, the first-stage estimate enters the argument
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at which the conditional expectation is evaluated, second, the first-stage estimate changes the
conditional expectation itself. In the literature the second contribution of the first-stage esti-
mate to the influence function is sometimes forgotten. Our contribution is that we show how
to derive this contribution so that we obtain the correct influence function for three- or more
stage estimators.
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Appendix

A Proof of (1)

We first examine the adjustment to the influence function of 4 to account for the estimation
error of &. Noting that 7 is an M-estimator corresponding to the population moment equation

Y—— 7t — e (z, 2, )

E x(y_71_72x_7390(x727a)) =0
SO(QZ',Z,OZ) (y — 71— 2% — V3P (9;" Z,OZ))
¢($72) -

we obtain upon linearizing the corresponding sample moment equation and upon solving for

n E;
~ 4 1 ‘
V(g =) = _G»yl_z Ti&i + Gat (zi,2) | +0p (1)
V/n 4
i=1 O (w4, 21, ) €4
where
€i = Yi — Vv — VouTi — V3P (Tiy 23, )
1 x o (z, 2, ay)
G,=-FE x x? xp (1,2, )
2
gO(ffC,Z,Oé*) .TQO(CU,Z,OC*) 90(.%,2704*)
and )
Vo 90(932%)
G, =-E 73*$8¢(f9’;7a*)
0p(z,2,004)

27340 (T, 2, ) =25
Likewise, we obtain from the population moment equation
Y= — 7t — e (T2, o)

E T (y —m — v — e (T, 2,0.)) =0
2 (I,Z,Oé*) (y — Y1 — 72 — V3P (.CU,Z,OJ*))

that
1 n &g
V(¥ =) = —G;lﬁz TiE +0,(1)
i=1 | ¢ (w;, o) e
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It follows that

Now note that

—[1 Efz] Elp(z,2,0)] |G

o

1 T o (z, 2, ay) -
=[1 Efz] Elp(z,z,c)] ] | E T 22 zp (1,2, )
oz, 2,00) xo(x,2,,0,) @(x, 2 0)
=[10 0]

and therefore,

O (2, 2, a )
B30 220 1 BL Blp(al] ]| 66,
Op(x,z,004)
V3T Ha
=E %M +[1 0 0]E ROV CX XS
do ' da Op(x,z,004)
—273.00 (T, 2, @) T

=0

It follows that

B Interpretation of (3)

In order to understand the additional term
1 n
- |: 1 E [‘Z‘] E [SO (I7 Z, Oé*)] :| G_lGa_ qu (mia Zl) )
! v i=1
we examine

(M (@) + 72 (@) Ez] + 3 (@) Ep (2, 2, a.)]) — (v

— =
o
N
_l’_
I~
=
N
=
£}
_l’_
)
w
?
=
'
B}
n
o
*



Because v («) is defined by the moment equation

y—mn(e) —r(@)z—(a)e(r,zaq)
E z(y—m(a) =@z —y(@)e(z2a) =0
90($727a) (y_71 (@) =72 (Oé)x_’)/?) (Oz)(p(x,Z,Oé))

which holds for all a;, we can take the derivative with respect to o to derive

a’)/ (Oé) _ —G;lGa

Oa
It follows that

2 (1 (0) + 2 (@) E L]+ () Elg (¢, 7.0.)) = [ 1 El] Elp(,2,0.)] ] 22

(e
—[1 Efz] Elp(z,z,m)] |G'Gy

Y

so that
Vi (¥(@) - () =vn[1 Elz] Elp(z,z,a)] ] (v(@) —7(a))
=[1 Efz] Elp(z,z2 )] ] 878; )\/ﬁ(a—a*)
—[1 Efz] Elp(z,z )] } G;'G \/_(a—a*)

—[1 Efz] Elp(z,20.)] |G Gq —Z@/} (i, 2)

C Proof of Theorems in Section 3

Proof of Theorem 1 We compute the right hand side of (4)

Oh (p(z, ¢ (2,2, 0.))) Oy (2, (2, 2, 0 5 a*)}

E
a,u 0042

We note that v (x, ¢ (w; «) , @) solves the minimization problem
HlplnE [(y - D (9;" ¥ (ZL’, Z, CY)))2:|
so that for all square integrable functions s of x, ¢ (z, z, @)

E[(y—fy(x,gp(x,z,a);a))s(x,go(:c,z,a))] =0

If we choose

s (o0 (a,7,09) = 2D /jma)))

we have for all a




We now take the derivative and evaluate it at o = o,. We find
87(x7 QO(JJ,Z,OC*);OLJ 8h (/,L(I,QO(I,Z,Q/*))) —
Oy ou

E [ag (w70z*,oz*,7*)1 _E [
80&2

V(x,p(z, 2, 0u); ) Op(x, 2, ) Oh (p (z, ¢ (2, 2, i) )
- [ v Oa o } +
E {(y —y(z,0(x,2,00) 5 ) 0°h (p (x au(x z,04))) O (z, go@(z, Z, ) &p(xé;, a*)}

Adding E [%ﬂf‘*”*)} and noting that

[37(%90(%2,04*);@*)390(35%@*)3h (p (-’13790(93,2,04*)))} _
ov oo ol

|:8,LL<I, <,0($, Z, Oé*)) aSO(I; 2, a*) oh (M (SL’, ¥ (I? Z, Oé*))):|
v oo o

we find the desired result O

Proof of Theorem 2 As before, we write

\/_ Z v (@i o (2, 20, @) 5 Q) — h (77 (T4, @ (T4, 26, ) 5 Q)

\/—Z g (w;, a1, z) — g (w;, o, @)
_ (E {ag (w, o, } [ag W Qs O D Vi@ — o) + o, (1)

Therefore we must compute E [ag wae0:Ye) | and | |29 S 7*)} The computation of the first

expectation is easy. Because v (z, ( z,a);0n) = u(z, (:r; z,)), we have
(

(z, 90 x,z,00))) O (@, 0 (2,2, o)) Dp (5672’04*)]
ov’ oo

dg (w Ay Oy, Vs
E
g e
_ ZE Oh (p(z, 0 (z, 2, a0))) Opj (x, 0 (2, 2, 0)) Op (, 2, )
- op; o’ O«

where p1; denotes the j-th component of 11, etc. We now tackle the second expectation. By the

chain rule

E |:8g ('lU, Oy Oy, 7*)
60&2

} _E [% (p (x7<g£iv,z,a*))) 0y (ar,so(;;z,oe*);aﬂ (18)
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We compute the right hand side of (18). We note that each component v; (z, ¢ (w; a),a) of

v (z, ¢ (w; @) , ) solves the minimization problem

minE [(y; —p (x. ¢ (z,2,0)))"]

for each component y; of y, so that for all square integrable functions s of z, ¢ (z, 2z, )

E[(y; 7 (2.0 (2,2,0)10)) s (2.0 (,,0))] = 0
If we choose o
s(z,o(x,2,a)) = (1 (xagoﬂix,z,a)))

we have for all o

E [t~ (o (2,0 s 2L L2 g

We now take the derivative and evaluate it at o = «,. We find

g (w, a*,a*,% Oh (p(x, 0 (7,2, 0u))) O, (T, 2,00 ); ) |
?| } N T o -
Oh (p(z, ¢ (2, 2,a0))) Ov;(w, (2, 2, ) o) Op(, 2, o)
- ZE [ 8uj o'’ O } *
SOE |5 - 3 (o (0,2, san) 2 Lm0 O (5 0 Q8.2 0)

J
Adding E [ag(w’g+’la*’v*)} and noting that

o(x, 2z, a*)))37j($,90($,27a*);&*)890(%75704*)} _

Oh (p (x,
£ [ op; o'’ O
ah( ( (.23 Z a*))) auj(x,gp(x,z,a*)) a¢(x7zaa*)
E { op; o'’ O }

we find the desired result.O

Proof of Theorem 4 The contribution of & is the sum of

gl wr@elza)ia)] oo

L doy ]

and o )
| wr@e@za)ia)] ey

L Doy i
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Note that

Oh (w,y (z, ¢ (x, 2, ) ;) Oh (w, p(x, ¢ (x, 2, 0))) Op O (, 2, (i)
E =E — (21)
Oay op(z, p(z,z,0)) O Oa
and
Oh(w,y (@, ¢ (@,2z,00) 1 00)) | _ o [Oh(w, p (@, 0 (2,2, 04))) Oy (w0 (3,2, ) s )
E =E (22)
Doy ou da
Because %ﬁéa*);a*) is a function of (x, ¢ (z, 2, a)), we have
|:ah (wa Y (ZE, 90 (ZL‘, <, O[*) ) OZ*)):|
E
8042
_E [Oh (w, p (z, 0 (2,2, 0))) Oy (2,0 (T, 2, ) 5 )
L 8,u 8&2
e [e [Pl nel), (o) Hnelnadiel
ol Oag
CE [n (2022 00) Oy (z, ¢ (2, 2, 00) ;04*)] (23)
L oy
We now note that v (z, ¢ (z, z, @) , &) solves the minimization problem
min E [(y - S (‘T? 2 (Q?, Z, &)))2]
we have that for all «
E[(y —’Y(QZ,gD(.CL’,Z,Oé) ;a))/i(x?(p(xvzaa))] =0
We now take the derivative with respect to a and evaluate it at a = a,:
a’}/ (iC, ' (xﬂ 2 CY*) ) Oé*)
E «
)
o . (9/1(:17,@(1:,2,&*)) 8@(%,2,06*)
=E [(y =7 (@0 (2,2, 00) ;o)) 5 50
a/“L (.Z’, ' <I7 <, Oé*)) 880 (‘T7 2 Oé*>
~E[0(op (o z,00) PEEE 5 2

Combining (21) - (24), we conclude that
E |:ah (w7 i (Z’, ¥ <I7 25 Oé*) ) Oé*)):| + E |iah (w7 Y (l’, ¥ (I’, 2y Oé*) ; a*)):|

8041 8052
_ Oh (w, i (z, 0 (x,2,0,))) o (z, 0 (7,2, a.)) Op (7, 2, o)
=K [( on —fi(a:,@(x,z,a*))> 5 %
B | P20 () (o, a0 sa) 2520

which gives us the desired result O
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D Details of Derivations in Section 5

Derivation of the contribution of & for ATE The first step is the same as in Theorem 3

E {09 (w,gza*,v*)} B {39 (w, gl,a*,%)} LR {09 (w,g;;am*)} (25)
~ & [ (e man) i)~ (e rosan)]|
+E [ o) o)~ (o (o)) |
_ {(8;41 (, ax))  Opo (goa(vx,a*))) Oy (azco,éa*)}
I (ea)io)] _ nle(adia

Oay

o=ara (9062

052:@*]

Using the orthogonality conditions in Section 5 we find that for all «

e e

E {(1 — (@, 0.))Ely|r, d = 0]1 _E {(1 — ) (y (fvaa);a)}

1—()0(1',0() 1_90(1‘705)
Differentiating these two equations with respect to a we obtain
(2, o) da

E[((‘?% (p(z,a0);00) M (@(xva*));a*)> 89@(9@%)} +E{5% (90(93,04*);04*)}

ov B o (x, a, O Oy

and

(27)

(e )

972 (p (7, ) 5 )
E[( ov * 1 —p(x, o

22 (9 (2, 00): (;>) Oy S”;‘“”} +E {% lo(a,0.); m)}

Substituting (26) and (27) in (25) we obtain

E |:ag (w7 Oye; Oy, 7*>:|
O

CT(Elylzd =1 - (p(z,00)  Elyle,d=0]— (¢ (@,0.)\ 9 (z,0.)
EK o, o) " 1= (x, 0) ) da }
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Derivation of the contribution of & for ATT The first step is the same as in Theorem 3

E dg (U},Oé*,Oé*,’)/*):| —F

ag (w7051705*77*>:| + E |:ag (U),CY*,OéQ,")/*):|
Ox

[ day Oay

= 5[ 20T (o i) — e (e i)

+ B[220 ) o (o0) i) — 0 (0,00) )

& {90(95];&*) (aul (soa(vw,a*)) ~ Opa (soa(vw,a*))) Oy (;c;a*)]

+E s@(wz;a*) (5% (¢ g;j‘*) a2) - O (¢ (gf(;j‘*);“” )]

As shown in Section 5 the following equations hold for all «

g [plrcdBbind =] _p [elnenloloa)ia)

(1 —p(x,an)p (@, ) Elylz,d=0]] __[(1—pz o)) e @ a)yn(ela);a)
E[ (- ¢ (wa) ]‘E[ (- ¢ (wa) }
Differentiation with respect to a gives

JLBLACLISES,
p Oay

B ] _ {w(x];a*) 8u1(¢gf,a*)) 8@({;%)]

Oé()(*}

Elylz,d = 0] — p2 (¢ (2, as)) @@, o) Opa(p(x, ) | Op(a, i)
e[ () » )

Upon substitution we obtain

. [m, @) 97 (¢ (@,0,) )
p oy

E |:ag (’LU, Oy Oy P)/*):|

Ja
o [Elylz,d = 0] — po (¢ (z, i) Op(x, o)
E[ Pz a.) a }

E The Influence Function of the Imputation Estimator

The ATE is
Be =E[M (z) — A2 (2)]
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with

A (z) = E[yld = 1,a]
Ao (x) = E[y|d = 0,4]

The ATE satisfies the moment equation
0=E [m (IE, ﬁ*, )\1, )\2)]

where
m (13, ﬁ*, )\1, )\2) = )\1 (SL’) — )\2 (SU) - ﬁ*
The imputation estimator for the ATE is

n

=23 (i@ =R tw)

so that we need to consider the linear functional
E[D (z)' A ()]

with D (z) = (1,—1) and D (x)" A () is linear in .

Following Newey (1994) define a path indexed by the scalar parameter 6 for the distribution
of (y,d,z) with density f(-,0) where f(-,0) = f(-) the population density of (y,d,z). If E,
denotes an expectation with respect to the distribution with density f(z,0), then we define the
corresponding paths for the projections A\i(x,0) = Ey[y|x,d = 1] and \y(x,0) = Egly|z,d = 0].
To determine the contribution of the estimation of A1, A2 to the influence function Newey (1994)
suggests that we compute

OE [D (z) Mx,0)]  OE[\ (x,0) — Xa (x,0)]

90 - o0 (28)

and evaluate the result at § = 0.
The path A(z,0) is the minimizer of a single objective function

a4 (v -3 @) + (1) (5% @) ]
so that the following orthogonality condition holds
Eo[d(y — M (2,0))) s1 () + (1 —=d) (y = A2 (2,0)) 52 ()] = 0

for all functions (s; (7), s (z))". Choose (s;(7),s2 (7)) = ( L ;> with o, (z) =

pul@)’ T—pu(a)
E[d|z], i.e., the propensity score is not that on the path, but the population propensity score.

Therefore p L
E y—\(2,0)— ————
N V@) T

(v — o (. 0»] 0 (20)
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or

d 1—d d 1—d
E y— y]:E [—)\ o) x,e] 30
e{w*(w) L. (a) g P N T e 30)
which holds for all 6.
We differentiate the right-hand side of (30). By the chain rule (evaluate the derivatives at
6 =0)

O, [%@)/\1 (2,0) — =% (o, 9)} OE, [ij) (2) — 25 Ao (a;)}
BT, - BT,

OF [ 450 (2,0) — 52550 (2,0)|

00

+

Oy [so*a(lx)

@) = 552 @] 9B (2,0) - 2o (2,0)
96 * 06

where we use the fact that the derivative of the projection paths at # = 0 are equal to A\, As.
Therefore combining this with the result above

OE [D (z)' Mz, 0)] _ OE [A (x,0) — Ag (2, 60)]
0 BT,
OE, [WL@)M (2,6) — L5 (m,@)] 81[-39[ S (@) — T (o )]
a 90 90

~ <E Loj@y o y] e [@L()A &= (x)D

so that at § =0

OE [D (z) A(z,0)] 0 { d 1—d

1—d

5 | 0 M) - 2 - ) ) S

(1= e )]

with S(-) = mnf 9)’ . Therefore the adjustment to the influence function is
d 1—-d
—— Yy —M(z) - ————=(y— N (z
S A ) - 0 @)

and the influence function of the imputation estimator is

1—d
1 — . (v)

(A1 (2) = A2 (2) = B) + (y — i (2)) — (y — A2 (2)) (31)

P« (T)

so this estimator is efficient, because this the efficient influence function of Hahn (1998).
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The ATE is also equal to
B = Elp1 (¢x (x)) — pi2 (ps (2))]
with

pa (2) = Efyld =1, 0. (2)]
p2 (2) = Elyld = 0, 0. (2)]

so that the same argument as above shows that the influence of the imputation estimator that

uses regressions on the population propensity score is

d 1—d

(11 (s (@) — p2 (s (2)) = Bo) +

The asymptotic variances implied by (31) and (32) are

a2 Var (y;]x)  Var (yo| x)
R R

and

s (1) 1—¢.(z)

(B (. (2)) — B)* + (1 — 1 (e (2)))° L W0 — 2 (e (x)))2]

and

we note that

(g1 — (o (@)?] - [Var (w]2) (M (2) — 1 (4 ()
ool RS ‘E{qaw>]+E 2. (2)

(o — 112 (. ()2 [Var (yo|z) (Ao (2) — pi2 (. (2)))?
S NS ‘Eh—wum]+E e (@)
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Therefore, we can see that the difference of (34) and (33) is equal to

(M (2) — 11 (0 (2)))° L Qe@) = (e (2)))*
P« () 1 — . (x)

a(z)’ b(x)°

o (@ 1. (@)

E

~E[(B(x) — B (g (2)))?]

—(a(z) - b(fv))2]

for a (z) = A1 (z) — 1 (¢« (z)) and b (z) = Ay (x) — pa (s (x)). Therefore, the difference of (34)
and (33) is equal to

5[ gt 200

i)

which establishes relative efficiency of imputation using on x over imputation using ¢, ().
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