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Abstract

This paper presents computationally simple estimators for the index coefficients in a binary choice
model with a binary endogenous regressor without relying on distributional assumptions or on large
support conditions and yields root-n consistent and asymptotically normal estimators. We develop
a multi-step method for estimating the parameters in a triangular, linear index, threshold-crossing
model with two equations. Such an econometric model might be used in testing for moral hazard
while allowing for asymmetric information in insurance markets. In outlining this new estimation
method two contributions are made. The first one is proposing a novel "matching” estimator for the
coefficient on the binary endogenous variable in the outcome equation. Second, in order to establish
the asymptotic properties of the proposed estimators for the coefficients of the exogenous regressors
in the outcome equation, the results of Powell, Stock and Stoker (1989) are extended to cover the
case where the average derivative estimation requires a first step semi-parametric procedure.

1 Introduction:

The estimation of econometric models with binary outcomes and a binary endogenous regressor is of
considerable practical importance. Given the importance of such models, this paper focuses on the
linear index threshold crossing model and presents an easy-to-implement estimation method that does
not require knowledge of the parametric form of the distribution of the unobservables. In addition, the
proposed method does not rest on the existence of any regressors with unbounded support.

A popular method for dealing with an endogenous regressor when the outcome is continuous and
the unobservable variables enter the outcome equation additively involves estimating the parameters of
interest by ordinary instrumental regression analysis. But when the outcome is binary the unobserved
variables in the outcome equation cannot be additive, except within the context of the linear probability
model. Consequently, as is well known, we cannot rely on the standard instrumental variables methods
to get consistent estimates. Heckman (1978) and Amemiya (1978) propose a parametric solution to
the problem by specifying a joint distribution, typically joint normality, of the unobserved terms and
obtains estimates for the parameters of interest using maximum likelihood estimation. While this
method delivers consistent estimates when the joint distribution of the error terms is correctly specified,
the consistency of these estimators cannot be guaranteed when the error distribution is misspecified.!

*T would like to thank Takeshi Amemiya, Aprajit Mahajan, Edward Vytlacil, James Powell, and Todd Elder for very
helpful comments and questions on this paper.

fCorrespondence: University of Rochester, Department of Economics, Harkness Hall, Rochester, NY 14627; Email:
nyildiz@mail.rochester.edu; Phone: 585-275-5782.

!Bhattacharya, McCaffrey and Goldman (2004) presents Monte Carlo results suggesting that bivariate probit estimates
of the average effect of the binary endogenous variable on the outcome could be severely biased when the joint distribution
of the unobservables is not normal.



Vytlacil and Yildiz (2007) shows that it is possible to identify and consistently estimate the average
effect of a binary endogenous variable on the outcome without imposing large support conditions and
without relying on parametric distributional or functional form assumptions. While the results devel-
oped there hold for a general class of models, the paper primarily focuses on one parameter, the average
treatment effect.

The average treatment effect is no doubt an important parameter of interest. In some contexts,
however, estimation of the joint distribution of the unobservables in outcome equation and those in the
first stage equation might also be of interest, as in analyzing insurance markets, which will be discussed
in Section 3 when the econometric model has been introduced. While the model in Vytlacil & Yildiz
(2007) is general, the joint distribution of unobservables cannot be estimated under such a general
model. This paper focuses on the case where both the outcome and endogenous regressor equation have
linear index threshold crossing form, but the distribution of the unobservables is left unspecified other
than some smoothness restrictions which are imposed for estimation. The paper presents a method of
estimating the coefficients on all the regressors as well as the joint distribution of the unobservables.

In a broad sense, our estimator for the coefficient of the binary endogenous regressor is akin to a
matching estimator. Matching is based on the idea of contrasting the outcomes of individuals for whom
the binary regressor is 1 with the outcomes of comparable individuals for whom the binary regressor is
0 where comparisons are constructed on the basis of observed characteristics of individuals. However,
when the binary regressor is endogenous, the basic assumption underlying matching may be untenable.
Our three stage estimator suggests an alternative method for comparing individuals across the two
groups. In a sense, we propose matching individuals using a different metric where the proposed metric
takes the endogeneity of the binary regressor into account.

2 Literature Review:

Lewbel (2000) proposes an estimation method which does not require that the distribution of the
unobservables is known and in which the endogenous variable could be either binary or continuous.
This method relies on the existence of a continuously distributed special regressor with large support
that influences the outcome variable (but not the endogenous regressor).? Despite its simplicity, this
estimation procedure has the drawback of placing higher weights on observations that are from parts
of the population with low probability of being observed.

Chen and Vytlacil (2005) studies a nonlinear panel data models with lagged dependent variables.
The strategy for identifying the coefficient of the lagged dependent variable in their paper and the
coefficient of the binary endogenous regressor in this paper are both straightforward extensions of the
identification strategy in Vytlacil and Yildiz (2007). Both the motivation and estimation strategies of
the two papers, however, are different. The differences in the estimation method will be explained after
the discussion of the estimation method in Section 5.

An alternative approach to dealing with endogeneity, particularly when the unobservables in the
outcome equation are not additively separable from the regressors, is the control function approach.

2This feature of the estimation method of Lewbel (2000) is related to the estimation method proposed in this paper.
In particular, in our context we need some exogenous variation in the outcome equation even after conditioning on the
exogenous components in the equation for the binary endogenous variable, but here none of the regressors is required to
have large support. The precise nature of this relation will be made clear when the model and the identification assumptions
are introduced.



Blundell and Powell (2004) uses this approach for semiparametric estimation in single index binary
response models with a continuous endogenous regressor. The control function approach, however, is
not applicable when the endogenous regressor is binary. Nevertheless, our estimation method bears
some similarity to their method. Under their exclusion restrictions, the outcome variable can be char-
acterized by a “multiple index regression” model, with conditional distribution of the outcome, given
the regressors and the error term from the equation for the endogenous regressors, depending on the
regressors only through a single index. In estimating the coefficients on the regressors in the outcome
equation, they exploit the invertibility of this distribution function with respect to its first argument.
In estimating the coefficient on the binary endogenous regressor, we exploit the invertibility of the
same conditional distribution; however, a crucial difference arises in recovering this conditional distri-
bution. Our analysis requires stronger assumptions than their analysis, but this is because recovering
this conditional distribution is harder in the current context of a binary endogenous regressor.

Imbens and Newey (2009) use the control function approach to develop identification results the
average and quantile effects of a continuous endogenous regressor in triangular simultaneous equations
models.

This paper is also related to the extensive literature that considers endogenous regressors in semi-
parametric or nonparametric models without additive separability. Altonji and Matzkin (2005) presents
methods for identifying and estimating the same effect holding the conditional distribution of the error
term conditional on the covariates fixed within the context of a panel data model with nonseparable er-
ror terms and endogenous regressors. One of their methods requires that the outcome variable is strictly
monotonic in the error term, while their other method assumes that the unobservable components and
the covariates that determine the outcome are independent conditional on the instruments, so that
conditional on the instruments there is no problem of endogeneity. Thus, neither of their estimation
methods is suitable for the model of interest in this paper. Chernozhukov and Hansen (2005) study the
identification of quantile treatment effects in the presence of endogeneity. Their analysis assumes that
the outcome of interest is strictly increasing in the unobserved component, rendering it inapplicable to
the binary outcome case. Chesher (2003) presents a method for the local identification of derivatives
and partial differences of structural quantile functions in the context of a nonseparable model where the
endogenous regressor is continuous.® Chesher (2005) studies the same problem with a discrete endoge-
nous variable. But his results do not extend to the case in which the endogenous regressor takes only
two values. In addition, Blundell and Powell (2003) provides an excellent summary of nonparametric
or semiparametric estimation methods for regression models with continuous endogenous regressors.

3 The Model:

This paper examines the linear index, threshold crossing model with two equations:
D = Z'y-U2>0} (1)
Y = Yay+X'8+D5—¢e>0}, (2)

where D denotes the binary endogenous variable, Y represents the outcome variable, X = (W7, WJ)" €
Ritditdz and 7 = (W5, W})' € RIF2+ds are observed vectors of random variables, (g,U) is an un-

3Ma and Koenker (2009) present estimation methods for the effects identified in Chesher (2003). Jun (2009) is a
semiparametric version of Ma and Koenker (2009).



observed random vector, and (3, 9,v) are the parameters of interest. Note that X and Z may have
common components, but the identification method presented below will require existence of a contin-
uous component of Wj3, with corresponding v coefficient not equal 0. Thus, ds > 1. Without loss of
generality we assume that W34, is continuous, and we normalize the absolute value of 734, to be 1.
Similarly, identification of 8 will require a continuous component of either Wy or Wy, with a non-zero
5 coefficient. Let S« denote this coefficient. For these restrictions to hold d = dy + do + d3 is assumed
to be greater than or equal to 2. The scale normalization we adopt for the outcome equation is that
the absolute value of S« is set equal to 1. The location normalizations we adopt are E(U) = E(e) = 0.
We should note, however, that identification of v, 8 and 9§, as well as testing whether € and U are inde-
pendent of each other do not depend on the location normalizations imposed, that is, we can do these
things without knowing what ap and ay are. For completeness, we discuss how ap and ay can be
identified under symmetry assumption on Fy and Fg, respectively, at the end of identification section.
1{} denotes the indicator function. Moreover, for v : R¥ — R, 6§§f) denotes the 1 x k dimensional
gradient vector of the function v. This model has a form similar to a multivariate probit model, and is
referred to as a “multivariate probit model with structural shift” by Heckman (1978).

The econometric model given by equations (1) and (2) may be useful in studying insurance markets.
For example suppose we would like to estimate the probability of an accident during a policy period.
In this situation, the outcome of interest is a binary variable which takes value one if the driver is
involved in an accident during an insurance policy period, and the binary endogenous variable is the
indicator for whether the driver has purchased comprehensive insurance or not. In such a model if the
coefficient on the binary endogenous regressor is positive then we might suspect that moral hazard is
an issue, as in this case the probability that the driver has an accident is higher after controlling for
covariates if the driver has bought comprehensive insurance. The methods of this paper would allow
the researcher to estimate this coefficient and the coefficients on exogenous regressors without requiring
¢ and U to be independent. If the driver knows his type, which neither the insurance company nor the
econometrician know, and if this type makes the driver more accident prone and knowing this the driver
is more likely to buy high coverage, then we would have adverse selection and U and ¢ would not be
independent. Since the estimators do not require U and ¢ to be independent. once we have estimators
for the coefficients we can also estimate the joint distribution of the unobservables and test whether U
and € are independent.

The following assumptions will be imposed throughout the paper:

(A-0) {Y;, D;, W{, , W5, Wi} i=1,..,nis an iid. sequence of random vectors.

(A-1) The distribution of (g, U) is absolutely continuous with respect to Lebesgue measure with positive
density on R?:

(A-2) (U,¢) is independent of (W7, Wy, W3);

(A-3) Z has density with respect to Lebesgue measure on Rd2+d3, (W1, Wk Whrya + W3/’73), has density
with respect to Lebesgue measure on Ré1+d2+1

(A-4) Supp(Z'y, X'B) N Supp(Z'y, X' B +0) # 0.

Even though assumption (A-0) is not needed for identification, it will be used for all of our estimation
results. Assumptions (A-1)-(A-4) are needed for identification. Additional assumptions will be imposed



in subsequent sections as they are needed for estimation. Assumption (A-1) is a regularity condition
sufficient to guarantee that the relevant conditional expectations are smooth functions. Assumption (A-
2) is critical for both identification and estimation. For identification, a weaker version of assumption
(A-3), namely that X’S is continuous, as opposed to all of X, would suffice; the stronger version is
imposed for estimation. More specifically, this assumption implies that the exogenous regressors are
continuous.* The second part of assumption (A-3) implies that there is an element in W3 with a non-zero
coefficient and is continuous. This part of the assumption will be used in estimating 8. In addition, the
second part of this assumption implies that (X', Z’) has density with respect to Lebesgue measure on
R? as long as there is at least one § that is different from 0. Our strategy for identifying ¢ depends on
our ability to find shifts in X’ that exactly offset the effect of a change in D from 0 to 1. To guarantee
that pairs of X’ that “undo” the effect of a shift in D exist we need the support condition stated in
assumption (A-4).> In addition to guaranteeing that such X’3 pairs exist, we need a way to identify
such pairs. Thus, in estimating §, it will be essential to be able to vary Z’y with positive probability
while holding X’/ constant. This requires that there is some variation in X’3 that is not perfectly
correlated with Z’y,% and the second part of assumption (A-3) guarantees this as well.

4 Identification Analysis:

4.1 Identification of v and fS:

Identification of binary choice models of linear index threshold crossing form is well known. (See Manski
(1988) for example.) Here we include a brief discussion of how + is identified for completeness. By (A-3),
Z is a continuous random vector, and % = fulap + 2'y)y; for each j = 1,...,dy + d3. Thus,
the signs and the ratios of v; are identified, sjince W3 4, is assumed to be a continuous random variable
with corresponding |y3 4,] = 1. If there are discrete regressors, under additional support restrictions
the coefficients of discrete regressors could be identified. To see how this can be done, suppose Z; is
continuous and v; # 0. Suppose there is only one other Z, Zy, which is discrete and takes values
291, .., z20- Then for each m, 8E(D|Z182’Z2z2m;7 fulap + z171 + zam~2)71. We identify the sign of 1
from this, and can normalize 1 to be 1 if it is positive, or —1 if it is negative. Suppose 71 is positive.
Note that E(D|21 = 21,729 = zom) = E(D|Z1 = 21,75 = zzk) if and only if z1 + 2o,y = Z1 + 29k72.
Therefore, v = 117’21 Let 7, := 2o+ — z9p+ where m* and k* attain min{|zo,, — 20k : m €
{1,... M}, ke{l,..,M}\ {m}}. Then if P(Supp(Z1) N Supp(Z1 + r.y2)) > 0, 72 is also identified.
By (A-3) again, there is an element of X that is continuous and has a non-zero 3 coefficient. Then
EY|X=2,Z=2 [0P(U<ap+zzye<ay+a'8+0) OPWU>ap+2vye<ay+a'p)
AR - o) ! o(w') o
Since the expression in square brackets is strictly positive by assumptions (A-1) and (A-2), we identify
the signs and ratios of coefficients of continuous X. In this paper, we assume all the X’s are continuous,

“Here, the estimation in the first two stages are done either using the methods developed by Powell, Stock and Stoker
(1989) directly or an extended version of them. This method requires that all the regressors are continuous. Using the
methods outlined in Hérdle and Horowitz (1996), we can extend this analysis to the case where some of the regressors are
discrete. For this extension only one of the regressors must be continuous.

® Assumption (A-4) may look strange given that the coefficients are only identifiable up to scale; however if the assump-
tion holds for some (’y, (8, 5)) it will also hold for (alfy, a2 (B, 5)) for any pair of non zero constants (a1, az).

SThis feature of our estimation method is similar to Lewbel (2000).



but if there are discrete regressors and if the supports of the continuous X’s are rich enough, we can
identify the coefficients on the discrete regressors in a way that is similar to the example given in the
discussion of identification of . The problem with the above equation is that it assumes we can vary
each component of X while holding Z constant. If X and Z have common components, we cannot do
that. Given that + is identified, we could repeat the same argument by considering E[Y|X = z, Z'y = ]
instead.” This would give us:

OE)Y|Z'y=t,X =x] 8P(U§ap+t,a§ay+:c’ﬁ+5)+6P(U>ozp+t,a§ozy+:c’ﬂ) 5
Oz - o(x'B) o(x'p) '
(3)

Under the second part of assumption (A-3), equation (3) is valid, and using this equation we can identify
signs and scales of components of .

4.2 Identification of §:

The strategy that we will use to identify ¢ is the same as in Vytlacil and Yildiz (2004,2007) and Chen
and Vytlacil (2005). This strategy is based on finding shifts in X’/ which directly compensate for a
shift in D to identify 6. Given our model and assumptions, we can use variations in Z’v to identify such
X' shifts.

Based on results presented in the previous subsection, in studying identification of §, we are going
to assume that v and § are known. If D and X were independent of €, we could identify § using
arguments similar to those given when identification of coefficients of discrete Z was discussed in the
previous section. In our problem W (and hence X) is independent of €, but D is not. Even though
we can compute E(Y = 1|X'8 =2'8,D =1) and E(Y = 1|X's = 7/8,D = 0), when D is endogenous
these no longer give us the probabilities, P(e < ay + 2/ + §) and P(e < ay + 7'3), that we need to
identify 4. Nevertheless, we can use exogenous variation in Z’'y to identify different X’ values that
compensate for the effect of a change in D from 0 to 1. To see how this can be done, note that since Y,
D, X and Z are observed, and since v and § are known, using the data we can compute

EDY|X'B=78,Z'"yv=2v=PU <ap +2'v,e <ay +7B+9)
and
E1-D)Y|X'B=38,Z"y=2"v] = P(U > ap + 2'v,e < ay +7'B).

Next, consider two observations, one with characteristics (2’3, 2’y) and the other with characteristics
('3,2'y). Suppose Z'vy is changed from an initial level of sl to a new level, s2, for both of these
observations. In the graph below, the increase in the probability that D =1 and Y = 1 conditional on
the exogenous covariates for the first observation (the one with characteristics equal z) is represented
by the horizontally shaded region. Mathematically, this change equals

EIDY|X'8=4'8,7"y = 53| - EIDY|X'8 = &8, 7'y = s3]
=P(U € (st +ap, s> +apl)P(e<a'B+6+ay|U € (sl + ap, s +ap)). (4)

"Note that if # = ¢, for some ¢ € R\ {0}, the sigma algebra generated by (X', Z’) will be the same as the sigma
algebra generated by (X', Z'%) so that E[Y|X,Z'vy] = E[Y|X, Z'7].



On the other hand, for the second observation, the change in the probability that D = 0 and ¥ = 1
conditional on the exogenous variables is represented by the vertically shaded region. We can express
the decrease in this probability as

E[(1-D)Y|X'B=438,72'v=5*| - E[DY|X'8=%'8,Z'y = s}]
=-P(U € (si+ap,s2+ap|)P(e <FB+ay|U € (s; +ap,s2 +apl). (5)

U+ ap
A
52
ol
z e+ ay
B | B+06

By assumption (A-2) these two changes exactly offset each other if and only if /8 = 2/8 + §. Further-
more, since the left hand sides of equations (4) and (5) can be evaluated from the data a.e. with respect
to the joint distribution of (X', Z'y), we can identify such pairs of observations.

Intuitively, if Z’y changes from s! to s2, and X’ remains constant, this change effects Y through
a change in D only. Thus, if for two different covariate levels, /8 and Z’f, it is the case that

EDY|Z'y = s*, X' = 2/8] — B[DY|Z'y = 5., X'8 = 2/]
+E[(1-D)Y|Z'y =52, X'8=%6] - E[(1 - D)Y|Z'y = 5., X'B =&p] =0,

then the change in covariate levels from 2/S to 7/ must exactly offset the effect of the change in D.
Finding such observations, however, requires that the intersection of the supports of (Z'y, X'8) and
(Z'y, X'+ 4) is nonempty, and that X’ can be varied exogenously while holding Z’~ constant. These
are guaranteed by assumptions (A-3) and (A-4).

Conditional on knowing v and /3 (or having a method to consistently estimate them) identification
of § requires a weaker version of assumption (A-3). In particular, § could be identified and estimated if



Z'vy is discrete.® The stronger version of assumption (A-3) was made for the estimation of 3.
We conclude this section with a remark on scale normalization on the parameters. Let a; > 0, a2 > 0.
Then

Y = Hay+X'B8+0D—e>0} =1 ayas + X'Baz + dasD — eaz > 0} = 1{agy + X' B + 8aD — 4 > 0},
D = Yap+2Z'vy—U>0}=1{apa; + Z'va; —Uay > 0} = Haup + Z'v, — U, > 0}.

Moreover,

E[DY|Z' = 2, X' = 2/f] - E[DY|Z' = s}, X'8 = 2/f)
+E(1-D)Y|Zy=s*X'B=3p]-E[(1-D)Y|Zv=s,X'8=78=0
& E[DY|Z'y, = s%a1, X'B, = 2 Bag) — (E[DY|Z”ya = slay, X'Bq, = 2/ Bas)
+ E[(1 = D)Y|Z'v, = s%a1, X'B, = &' Bas] — E[(1 — D)Y|Z'v, = sla1, X'B, = ' Bag]) =0,
and if one of these equations holds then § = '8 — 2'8 & das = &'Bas — x’'Bas. Thus, identification

of the coefficient of D is not affected by the scale normalization, and whatever scale normalization is
adopted for 3 is adopted for the outcome equation, and hence, for § as well.

4.3 Identification of the remaining parameters:

If we assume Fy is symmetric around 0, identification of ap follows from Chen (1999). If we assume
F. is symmetric around 0 as well, then identification of ay follows from Chen (1999) once we note that
F.(ay +t)=EDY|Z'y=a,X'8=t-6]+E[(1-D)Y|Z'y = a, X' = t]. These arguments also show
that Fyy and F; are identified. Finally, note that U and ¢ are independent if and only if

Fy.(ap+a,ay+b) = E[DY|Z'y = a, X' = b—0] = Fy(ap+a)-Fe(ay+b) = E[D|Z'y = a]-F.(ay+b)
=E[D|Z'y=ad]- (E[DY|Z'y=0a,X'B=b—0]+ E[(1-D)Y|Z'vy=a,X'B=1]).

Thus, testing whether U and ¢ are independent can be done even if ap and ay are unknown.

5 Estimation:

5.1 Estimation of v and §:

To estimate v we could choose one of several methods available for estimation of the coefficients in
linear index models. Here we propose to use the method developed in Powell, Stock and Stoker (1989)
(PSS hereafter). The main reason for this is that this method delivers an easy-to-compute estimator

8For discrete X', § can be identified if there exist si,s2,sl, s2 values such that
E[DY|X'B = s;,Z'y = 2] — E[DY|X'8 = 5;, 2"y = 5]
+(E[(Q-D)YI|X'B=s2,Z'yv=52] - E[(1-D)Y|X'B=s,2"y=s1]) =0.

In that case, § would be identified as s2 — s% just as in the continuous X’J case. However, this seems to be a very special
situation.



whose properties can be analyzed in a straightforward fashion. An additional advantage of this method
is that it uses a weighting scheme which puts low weight on observations that are drawn from parts of
the underlying population which have low likelihood. Define:

n—1 n dr+1
2 —2 1 *TOK, (Z;— Z; A
T n(n—1) ; Z (h) ou ( hin > (D = D),

in

where K,(u) is a kernel function satisfying the assumptions of PSS. Theorems 3.3 and 3.4 of PSS tell
us that if the data generating process satisfies certain regularity conditions and if the kernel function
and the bandwidth are suitably chosen then /n(y —4) will have an approximately normal distribution,

where 5 = —2 (D252 = B[1.(2) fuap + Z'7)] 7. Since |3 4, =1,

K

y= 1
V3,ds

Since the method developed in PSS yields straightforward estimators for index coefficients, and since
B’s are index coefficients themselves, a natural approach for estimating 3 is to try to extend this method
to develop a simple estimator for 5. As in the previous section, we have

OE[Y|Z'5 =t,X = x]

8P((7§ap+t,5§ay+x’ﬁ+5) +8P(U>ap+t,6§ay+x'ﬁ)
ox N

A(x'B) o(2'p)

where U = E[f.(Z) fu(ap + Z'v)]U = A3.4,U. The vector OE[Y|Z'3 = t, X = x]/dx will remain to
be proportional to the vector 5 if we multiply it by a positive weight which may depend on the point
(x,t). The density, f; .5, of (X, Z'¥) will prove to be a convenient weighting function. These arguments
indicate that the methods of PSS are applicable to the estimation of 5; however, there is one important
distinction here: since we do not know the value of 4, we need to replace it by an estimated value, and
when we construct our estimator of 5 we have to take this fact into account. Thus, in the following, we
follow the same steps as in PSS to derive an estimator. The estimator we get as a result of this process
will be infeasible. To make this estimator feasible, we then replace the unknown 4 parameter with its
estimated value from the first stage.

To proceed with the estimation of 3, let ¥ (z,t) := E[Y|X =, Z'y = t] and d, := dj + d3. Lemma
2.1 of PSS implies that under assumptions (C-1)-(C-3) given in Appendix (B.1),

S 0 0 x,2'
B:=F <fx,z,§8f> = —2F <YJ;;E’Y> .

We can use the sample version of the last expression to estimate 8. Picking a symmetric kernel and
using the kernel density estimator to estimate f, .5, we propose the following as our estimator for j3:

5r) ::—2”2‘:1 z”: <1>dx+2 0Ky <(X£,Zﬁ)’—(Xj,Zﬁ)’> Yoy, ©

B,

n(n—1) Pl hon Ox hon
where
n—1 n dz+2 / 12\ . 1 2\
(Inf) = s x,t 7 7 J 7 Y. _Y:
ETTEn PP () % o LI



To analyze the asymptotic behavior of this estimator, consider

i ( 5 _ 5) — (5<F> _ 5<1nf>) +vn (gunﬂ _ 5) ' (8)

From the analysis of PSS, we know that the second piece of the expression on the right hand side is

asymptotically normal at rate \/n:
Lemma 5.1 Suppose assumptions (C-1)-(C-6) given in Appendiz (B.1) hold. If hay, obeys nhgfﬁg
and nh2" — 0 as n — oo, then

— 00

VA -3 4 N (0,5;),
where EB = 4E[TB(XZ', Zﬁ)rB(Xi,Zﬁ)’] — 4,5’5’, and

oY(X;, Z17) Of e 5(Xiy Z;7)
Oz Ozx ’

The above result is a restatement of Theorem 3.3 of Powell, Stock and Stoker (1989). This result,

however, gives us only part of the information that we need to analyze the asymptotic behavior of S

r5(Xe ZI7) 1= fr(Xi Z13) [V - o(X0, Z7)]

To understand the asymptotic behavior of B(}j ) fully we also need to study the asymptotic behavior of
vn <B(F B I”f)>. Using the definitions of B(F) and B(I”f), we can write this term as

2 2In —2 Y Y) 8Kx7 (XZ,’ZZI%/)/ - (Xu Z,%)/
ﬁ(ﬁ(m—ﬁ([ f)) Z Z hdz+2{ (%t( han, — >

=1 j= H—l
Ky, (X5 217) = (X5, Z37)
ox h2n '

Assuming that K, ¢(x,t) = K (2)K(t),

vn (E(F) - ,é(lnf)) =i \/ﬁ(n:?)/fizgg“ aal;x< = >{Kt <Z’LZ“> Kt(zuy Zf~>} .

If K; is continuously differentiable the Mean Value Theorem implies that this last expression equals

d 1E 1 &
2 . ~2(Zy — Z;1)Y; 0K, <XZ- — Xj> | Zi&§— Z5€
_ § K| =], 9

1,JF1

for some € between 4 and 7.
In Appendix (B) we analyze the asymptotic behavior of

hdz+3 81‘ hap, ! hap,

1§

That analysis is done under the following assumptions:

10



(C-7) Kut(z,2'%) = Ku(x)K¢(2'y). The first and second derivatives of K, are bounded.

(C-8) Define, 5, := max {5, s, }. Replace s, in assumptions [(C-5)] and [(C-6)] by 8. Assume that
nhs, — oo, and nh3>** — 0.

(C-9) Define gs(z,t) := E(||Z||*|X = x,Z'57 = t). There exists an integrable function 7z (z,t) such
that,
HSOQ(CU + 8z, 0+ St)fxz”y(x + Sg, b+ St) - 802<m7t)f90z”y(xat)H < TNTLQ(:C,t)HSH.
Assumption (c-8) requires that nhgn — oo even when d, = 1, and this is stringent. This could be
relaxed to requiring nh3, — 0o at the cost of assuming E||Z||* < oo and imposing a Lipschitz condition

on E(||Z|P|X = 2,2'y =1).

Lemma 5.2 Under assumptions (C-1) through (C-9), for each l ={1,...,d,}
22—2 it = Zp)Yi 0K, (Xi = X5\ oo [ Z€ — 256
hdz+3 oz han i hon

i j#i
Zi — Zj)Y; 0K, <Xi_Xj> ,<Zﬁ—Zﬁ) A
= K, +op(1l) =:C;4+op(1). (10
Zg D7 s \ )5 p(1) = G+ op(1). (10)

The proof of this theorem is given in Appendix (B). Next, we turn to the double summation on the
right hand side of (10). For the moment suppose that this term has finite expectation. To analyze this
term we will appeal to Lemma 3.1 of PSS. To make this application clearer it is helpful to first add and
subtract its expectation and define

B (Z = Zp) (Vi = Y3) 0K (Xi = X5\ 1 Zly - Z7
( j) hgz—"—? ox hgn t h2 '

n

so that the last summation in (5.2) equals

— ZZ{p B (i, )]} - 2Ep (i, 5). (11)
n 1

=1 j=i+1

To verify that E[||ph(i, 1)||2] = o(n), recall that vo(X;, Z7) := E(||Z; — Z,||2| X, Z/7). Then

- - 2
g||Ei—ZiYi —Y)) 0K, (X — X5\ 1, Zi = Zi <
hgfLJ’_Q Ox hon K han -
//H < ) 2 02Xy, Z17) [K’( >]
t
han h%im+4
X f:cz”y(XwZz/’?)fxz"?(X]a Z],’?)dX d( )dX d O(hgﬁ—iﬁ) (12)

11



Since nh%ﬁ“ﬁf‘g — 00, the condition required for the application of the PSS lemma is satisfied. Thus, the

first term in (11) equals

—Z{ [P, )|Xi, 2 D Y] = B [p0G, y)]}+0p(1>- (13)

To deal with this last summation, we appeal to Chebyshev’s Law of Large Numbers. To apply this
result, we need to verify that the sum of the variances of all the terms is o(n?). Each term of the
summation has mean 0. Inequality (12) implies that the variance of each term in the summation is
O(h4=*3). Therefore, the condition of the Chebyshev’s Law of Large Numbers is satisfied and (13) is

Op(l).
(Zy — Zj)Y; 0K, ([ Xi — X i Ziy — Z
hgz—‘rg Ox haon t haon

So far we assumed that
exists and remains finite as n — 0o. As shown in the Supplementary Appendix, the following assumption
guarantees this is indeed the case:

(C-10) Define ri(x1,t1) := E(Z1l|X1 =21, 21y = tl). We require that for each (qi,q2) € Z%, such

that g1 + g2 = 2, the following Lipschitz conditions are satisfied: For some integrable function
My, (T,1), My o(z,t)

(14)

t
O?ky(x + 8z, t + 8 ?ky(x,t -
H o! + o) @0 | (o)l

0z 0(2'7)2 835‘118(2’:;/)‘72
|Flegale ol tod Pl < ol
0z 9(2'7)e Dz (2'7)e
with E[ (14| (X, 2'7)|+ | (22250, %g(ff ||+, (X, Z'7) )i g 2(X, Z'7)] < oo. In addition,
each element of the 1 x d, vector C} :== F [¢ {2/@ 3{8;/” da'zl afg;/i %’Z af“l” + MZ Sz 7}] is

finite.

Finally, because the product of an Op(1) random variable with a random variable that is op(1) is op(1),
is asymptotically equivalent to

Va(B®) — punDy = Z\f% A)Ci + op(1).

Theorem 5.1 Under assumptions (C-1)-(C-10),
\/E(B(F) - B) (0 ZB(F))
with S ) = (4E[r5(X, Z’ﬁ/)’ré(X, Z'3)] — 4BB") + AC'(4E[r5(2)'r5(Z)] — 437')C
—4(E[ 5(X, Z'9)2r5(Z)] —487)C = Y5 +4C"55C = 455.C, where X5 is the asymptotic covariance

of f( BUInE) — B) and /n(5 —7), and C is the d. x d, matriz whose [!"-row equals C;, where Cy is as
above.

12



The proof of this result is given in Appendix (B). The proof uses results developed in this section as well
as results from PSS. In the same Appendix, we also discuss how EE( my Can be consistently estimated.

Einally, define
~ B
ﬁ ==

BE|
5.2 Estimation of §:

Having shown that we can identify § under our assumptions, we move on to its estimation. We will
break this task into smaller steps by first considering an infeasible estimator for § and later developing
an estimator which takes into account that -, 8 and the conditional expectation functions that are part
of the infeasible estimator are not exactly known, but are estimated.

By assumption (A-3), Z’'y is a continuous random variable. For the estimation of § it will be more
convenient to work with the derivatives of E[DY | X' = s,,Z'yv = s,] and E[(1-D)Y|X'8 = s,,Z'y =
sz]. Under assumptions (A-1)-(A-3) these conditional expectation functions are differentiable in (s, s.),
and their derivatives are also identified a.e. with respect to the joint distribution of (X’3, Z’). Define

Se+0
91(327 Sw) = aa E[DY’Z/7 = SZ7XI/B = Sx] = / fU,s(Szae)de)
S, e
90(Sz, Sz) = aa E[(1-D)Y|Z'y=s,,X'B=s,] = —/ ’ fue(sz, e)de.
Sy —00

Our analysis above tells us that for any two observations ¢, j such that Z/y = Zj’-*y, and

0 0
EIDYI|XI8, Zi) + 5~ El(1 = Dy)Y;|X}8, Zj] =0,

z z
we have X}3—X 8 = 4. Aslong as P((Z'v,X'B) € S) > 0, with S := Supp(Z'v, X’B8)NSupp(Z'v, X' B+
9), we will find such pairs of observations in our data with positive probability.

This identification information cannot be directly implemented as an estimation procedure. In the
first place, the parameters v, 8, g1 and gy are unknown, so even if pairs of observations for which
Ziy = Zjy and g1(Z;v, XiB) + 90(Zjy,X}B) = 0 existed in the sample, we would not be able to
determine precisely which pairs these were. Nevertheless, since

g(u,a) = /_a fU,E(uas)dS

is continuous in u, and §~!(u, g) is continuous for each v in its second argument, where ! denotes the
inverse of the §(u, g) function with respect to its second argument?, X ]’ B — X! will approximately be
¢ whenever Z]y approximately equals Z}v, and

) 8
aSZE[DZ}/JX’LﬁaZZ’Y] + BSZ

E[(1 - D;)Y;|X}B, Zj)]

9In other words, §~*(u, §(u,a)) = a.
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is approximately 0. To operationalize this idea, we need to specify precisely which approximations
are satisfactory. On the other hand, once we consider the differences in linear indices, that is (X ]’ 8 —
X!B)’s, for pairs of observations where Z]’-V approximately equals Z/y and ¢1(Z}y, X!3) + go(Zj'fy, Xj’ﬂ)
is approximately 0 as acceptable, the possibility of having multiple such pairs of observations arises.
We resolve this issue by taking a weighted average of X J’ S — X3, where the average is taken over pairs
of observations for which Zjy ~ Zjy and g1(Z}v, X{B) + go(Z}y, X 58) ~ 0,9 and the weights decline
as the sample size or the distance between (Z/v, g1(Z}y, X/3)) and (Zév, —90(Z}, XJ’-B)) gets large. A
convenient algebraic form for such a weight function is a kernel weight. The analysis thus far suggests
the following infeasible estimator:

212] %k‘( ) v91( ’Yh?m golz;7, A ; )(X]_Xz)lﬁ

1 (Zi—Z5)'v,91(Z/7, X[ B)+g0(Z/v X B) ’
222 @k( : Fiom — )

5

(15)

where k is a known smooth function that integrates to 1, and {hs,} is a sequence of bandwidths which
tends to 0 as the sample size increases.

The numerator of this expression is a weighted sum of the differences of linear indices of observations
for which (Z]v, g1(Z}~, X/B)) and (Z]’-% —gO(ZJ’-%X](,B)) are close. Since the kernel function k(-) neces-
sarily declines to 0 as either of its arguments tends to infinity in magnitude, any pair of observations
for which (Z/v, g1(Z/~, X[B)) # (Z]’-% —go(Z]’-%X]’ﬂ)) will necessarily receive declining weight as the
sample size grows and the bandwidth shrinks to 0. At the same time, as we noted earlier, there might be

Zi—Z;) 7,91 (Z1y, X! Z'y, X .
multiple pairs of observations for which & <( DAY 1'3;13n16)+90( 1 %5P) = 0, and when this happens

the numerator does not estimate d, but a multiple of it. The denominator of the proposed estimator is
there to solve this problem.
As we will show later, the probability limit of the denominator equals

E[fz"y,ac’ﬂ(zlfy’ X/ﬁ + 5)]

If S has measure 0, this expectation will be zero. Identification of ¢ is made possible by observations
coming from the set where the supports of (Z'y, X'8) and (Z'y, X' + 0) overlap. If this set has low
probability, the likelihood of having observations from this set will be small, and consequently any
reasonable estimator of § that is based on the identification result presented here will tend to have a
large variance. This fact is reflected in our estimator through the inverse relation between the asymptotic
variance of our estimator and the probability of this set. In particular, if this set has zero probability,
the variance of our estimator will be infinite.

An alternative way of looking at the proposed estimator is to note that it equals the kernel regres-
sion estimator of the conditional expectation of XJ’-B — X/ given Z;fy — Zlv =0 and g1(Z}~, X[5) +
gO(Z}%X ]’B) = 0. This interpretation of the estimator may help us better understand its asymptotic
behavior.

As we already noted, the estimator proposed above is infeasible, because in reality we do not know
the values of v, 8, g1 and gg. Thus, to have a feasible estimator, we need to replace these with their
estimated counterparts. In the previous subsection, we devised estimators for v and 8. In addition, in
the appendix, we state assumptions under which local polynomial regression estimators of g; and go

10We use ~ to mean “approximately equal“.
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are consistent. Note that to make these estimated functions uniformly consistent we need to trim out
those observations of (Z'vy, X’f3) for which the value of the density f., 3 is low. Thus, the feasible
estimator we propose is

55, g (GO ENR ) (x; - xypL

57—

(Zi=2;)'3 m(Z“,X;BHgo(ZﬁX;B)) i ’
ity

I

where R R
L= 1[0 5('%,2'B) > qo, & (w1, w,w3) € [T, T] %},

qo is a pre-specified positive number, {7,,}°°, is a sequence of real numbers which goes to infinity at
a slow rate, and (wy, w2, w3) denotes the values of distinct components of (z, z) so that (X'8,Z'y) =
(W{B1 + W Ba, Wirya + Wiys). ! In addition,

fz”y,z’B(Z/§/7x/B) (Zlfy Z 77 B - .Z'/IB>

nh%l 1 h

an §; and go denote local polynomial regression estimators of ¢g; and gg using the Z'4 and X’ ﬁ as
regressors.

When the density of (Z'y, X’$) is uniformly continuous, the set, {(sz, sz) : fory258(Z7, X'B) > qo}
is compact for each gy > 0. Compactness of this set eases the analysis of terms that involve estimation
errors associated with ¢g; and gg functions. To capture the whole set S we would ideally let ¢o | 0, or
use smooth trimming functions, which is left for future research. In analyzing the asymptotic behavior
of 6F) we rely on Mean Value Theorem and the fact that 4 and 6 are consistent for their population
counterparts and are y/n-normal. When we use the Mean Value Theorem we end up with components
of W;,Wj; in our summations. Restricting W to lie in d dimensional rectangle of size T}, initially and
then letting T}, go to oo greatly simplifies the asymptotic analysis. If 7T} is chosen to be a very large
number then this approach will have a negligible effect on our estimator even in small samples. In
addition, this way we can avoid assuming that W has bounded support.

To derive the asymptotic distribution of /n <(§(F ) — 6) we impose some regularity conditions in
addition to the identification assumptions we have imposed so far. For identification we had to assume
probability of the set S is larger than 0. For estimation we had to use trimming functions. Thus the
identification assumption has to be strengthened to

Assumption 5.1 P((Z'v,X'8) € SNT) > 0, where S is as previously defined, and
T = {(Szasm) : fz”y,:p’ﬁ(sza Sm) = qo, fz’%m’ﬁ(smsz + 5) > QO}-

Analysis of the asymptotic behavior for the estimator for § will be done assuming we have well behaved
estimators of v and 3 in the following sense:

/ /
" Note that if (Wi, Wa, W3) have a joint density and the matrix [ %1 5? ’S, } has rank 2, then (X'3, Z'v) will also
172

have a joint density. Moreover, if (3}, 85,0)" and (0,~;,73)" are linearly independent then so will (3}, 85,0) and (0,4},%5)
for sufficiently large n with probability close to 1.
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Assumption 5.2 We have estimators, 4 and (3, of v and f respectively, such that vy =) =
ﬁ2?21¢7+0p( ) and /n(B - B) = IZZ L7 +op(1).

The analysis in the previous sections shows that this assumption holds under some mild regularity
conditions. The next assumption imposes regularity conditions on the density of (Z’v, X’3), which we
use to ensure that using trimming functions based on fz A, I,B(z 4, x ’,6’) as opposed to fory og(2"y, 2'B)

has no effect on the asymptotic distribution of 5,

Assumption 5.3

(a) fornap is uniformly continuous and bounded on R2.

(b) K is a compactly supported differentiable function (w.l.o.g. its support can be assumed to be
contained in the unit cube of R?) with ng w)du = 1. Moreover, K is in the linear span of
functions v > 0 satisfying the following pmperty the subgraph of v, {(u,t) : v(u) > t}, can be
represented as a finite number of Boolean operations among sets of the form {(u,t) : p(s,t) > ¢(t)},
where p is a polynomial on R? x R and ¢ is an arbitrary real function.

(¢) Partial derivatives of fzwac’ﬁ up to order 8 exist, the third order partial derivatives are Holder
continuous, and [gs vbud K (u)du =0 for p,g >0 and 1 < p+q < 2.

@ (i) I 10, (i) |1nhh ‘ — o0, (i) fgggb};n — 00, (i) T, T o0, (v) fh3 — 0 and (vi) \/ﬁﬁiio.
(e) qo >0, and for each (sz,sx) € R :={(s,,8,) : foyap(ss,sh) =q0} #0,

8fz/’y x/ﬂ(szysz) afz/—y 1/5 8278:1:
| (= )| >0

Even though the condition that K is in the linear span of certain functions “seems awkward it is quite
general.” For example it “is satisfied by K(u) = ¢(p(u)), p being a polynomial and ¢” a continuous,
compactly supported, real function, or “if the graph of K is a pyramid (truncated or not), or if K =
1{[-1,1]?}.” (p. 911 of Gine and Guillou (2002).) Under assumptions 5.3a, b, d Theorem 3.3 of Gine
and Guillou (2002) implies that

nh? 5
——=—  sup | fonwp(2'y,28) = fanwp(2'y,27B)] = op(1). (17)
2log hy, (2'v,x' B)ER?
Also under the same assumptions, by Mean Value Theorem we have

1 - (24— 24, X162/ R
Z K ( il - fz’%:}c’ﬂ(zl% xlﬁ) = OP(1>7 <18)

nhnZ ! n

sup
(2/y,2'B)eA”

where A" := {(s5,58;) € R : Jzry.x8(82,82) > qo — e*} with €} > 0 chosen such that for each (Sz, Sz)

. 8fz/ 2! (52751) 8fz/ 2! sz,sz
with fory06(s%, 85) € [q0 — €7, 90 + €7], < e EL )H > 0.

Next, we impose regularity conditions that help us control the asymptotic behavior of g;(Z'4, X’ B)

and go(Z'4, X' B) Here we use local polynomial regression estimators for these functions, but obviously
other estimators for these functions could be used as well. Note that for » = 0,1

9(Z'4,X'B) = 4:(Z'7, X'B) + 4:(Z'v, X'B) — 9:(Z'v, X'B).
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To control the behavior of the first term we are going to rely on Mean Value Theorem. To control the
asymptotic behavior of the second term above we need to impose conditions so that the local polynomial
estimators are well behaved.

Assumption 5.4 Forr =0,1,

(a) {hg.n} satisfies nhgm/logn — 00 and nhﬁg‘”il) — ¢, < o0 for some ¢y, >0, and p, > 3.

(b) Kernel function K9 (-) is a symmetric, continuously differentiable and compactly supported func-
tion with Holder continuous derivative. It has moments of order p + 1 through p, — 1 that are
equal to zero.

(c) P(D=1)¢€(0,1).
(d) The probability density function fy. is four times continuously differentiable. 12

Under these assumptions, following arguments similar to those used in the proof of Theorem 3 of
Heckman, Ichimura and Todd (1998), we can show that for » = 0,1, §,(s., s,) is asymptotically linear
with trimming:

n
[QT(Z/’% xlﬁ) - gT(Z,77 33,,3)] I(Z/’Yv xlﬁ) = n_l Z wngr (Djv Y}: Z§77 X]/Ba Z’% wlﬂ)
7j=1

+ i)ér (Z/’Y’ 1://8) + Rér(zlry’ xlﬁ)’

with phmn—moﬁ Z?:l b?]r (Zj/"% Xj,ﬁ) = bgr < o0, phmn—moﬁ Z?:l Ry, (Z]/"Ya X]/B) =0, and
E[wngT(Dj,Y},ZJ’-’y,XJ’ﬂ;z’fy,x’ﬂ)\X’B, Z'y] = 0. We analyze the asymptotic behavior of numerator
of 6() in multiple steps by replacing estimated quantities with their population counterparts. For
example, in one of the steps, we study the asymptotic behavior of

EZ‘(Xiji)’Bfifj (2i=2))'3,01(Zi7 XiB) o0 (Z 5 XGB)\ ) ( (Zi=23)"1,01(Zi7 X iB) +30(Z57 XB)
? J \/ﬁ(n—l)hgn h3n h3n ’

We assume that 4 and B are asymptotically linear at rate y/n. In addition, under Assumption (5.3)
we know the uniform convergence rate of the estimated density to the actual one. In addition, part (e)
of that assumption allows us to convert this convergence rate to the convergence rate of the estimated
trimming function to its population counterpart. To deal with the term above we also need to know
something about how fast g,(z'v,z’3) converges to g,(z'y,2’'3). For this purpose we assume:

Assumption 5.5 {a,}°°; is an increasing sequence of numbers diverging to infinity and satisfies
4

\/ﬁ nh’gr”

— c <00

— 00, andT"—‘ZL%O.

! 2
a2 hs,, ’ a2 logn NG

12What we really need is that §~ ' is Pg times continuously differentiable with p, > 5. But using the Implicit Function
RS gzt g4

o 057 (s209) 1 85" (52,9
Theorem n wri : 2:9) — ~ n = ~
eorem, we can write =/ FocGrs T 20d ~ 5 FUe (5208 L(52,9))

. Thus our assumption suffices
for the desired condition.
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Using the asymptotic linearity of g, and modifying the proof of Lemma 5 of Heckman, Ichimura and
Todd (1998), we have!?

. P
sup  an|Gr(8z,82) — gr(Sz, S2)| — 0. (19)
(Sz,sz)Ez*

Finally, we need to impose some conditions on the kernel k£ and on the relative convergence rates of Bn,
hsy, and T,.

Assumption 5.6 /nh3, — 0, T,hs, — 0 and T log (%2) — 0.

2 72
nhg, h7

Assumption 5.7 k is symmetric, has compact support and is five times continuously differentiable. In
addition, [ k(u,ug)du.dug =1, and forp>1,r>1,1<p+r <4, [wulk(u.,uy)du.du, = 0.

Theorem 5.2 Under Assumptions (A-0)-(A-4) and (5.1)-(5.7)

! 1 S 87l /
(foryarg(Z'7, X'B+ (27, X'B) € SNT}] [\/ﬁ ; Vo (Ziy, X;B)

\/H<S(F)—5> == +b| +op(1).

(20)

The proof of this result consists of multiple steps where at each step we analyze the effect of having
an estimated quantity, as opposed to its population counterpart. Appendix (A) gives the proof. This
proof heavily relies on results presented in Heckman, Ichimura and Todd (1998).

The bias, b, has two terms resulting from the fact that g; and gg are estimated by local polynomial
regression. Specifically, b can be estimated as

1 LIPS R ~ 2 . S . ~
i=1

where ) X
. . [ (X[ — 5o —

lsen) =0 g

=1 3

5]Ilk <5z - Zl/%gl(sza 5z) + gO(Zl’A,Xl/B))
h3n ’

n

and
b, (203, X! B)=hb  ea[Mpn (23, X/B)] T S0 _ L { JuR© Q)i (215, X13) - uRP k) Ky (u)du
,..-,fuQ<P>-uQ<k>m$f“>(Z;&,X;By-u@?@—“f@(u)du} FI 02X IBI(24,X1B),
(k) (k)

with )" (2, 82) and 17 (s, s;;) denoting estimators for k' order partial derivatives of E[DY|Z'y =

S, X'8=s;] and E[(1-D)Y|Z'v = 5., X' = s,] evaluated at (s, s, ), respectively, and fi/ﬁ;j,)é(sz, Sz)
denoting an estimator for the vector of (p — k) order partial derivatives of the density of (Z'y, X'B)

evaluated at (s, s;), and Mpn and u@() are as on page 284 of Heckman, Ichimura and Todd (1998).

13This is shown in the supplementary appendix.

18



The definition of ¢ is given in Appendix A.3. The same Appendix also outlines how the variance
of 4% can be estimated. The fact that v, 8, go and g; have to be estimated manifests itself in /9
and b. Specifically, 4 appears in three places in the numerator of our estimator, and there are three
terms multiplying ﬁ >, . reflecting these three sources of additional variability caused by having to

estimate «. Similarly, /3’ appears in three places in the numerator of our estimator, and, as a result,
there are three terms multiplying ﬁ > 1[)? . Then there are two additional terms in ¢° representing
the additional variability caused by the fact that the g; and gg functions have to be estimated. The
infeasible estimator does not show up in ¢° at all. This seems surprising at first, but a closer look at
how ¢ is identified helps us understand this fact. Recall that 6 = X8 — X/3 if and only if Zjy = Zvy
and g1; + goj = 0. As a reflection of this fact, our infeasible estimator can be thought of as a kernel
regression estimator of v, an n(n—1) x 1 dimensional vector, on w, an n(n—1) x 2 dimensional vector, at
w = 0, with each v; corresponding to some XJ/-B —X!B and each w; corresponding to (Z/y— Zj’fy, g1i+905)
(with the same 7, j). Normally, when one takes the conditional expectation of a random variable given
some other random vector there is a residual which is not degenerate, i.e. normally one would have
v = m(w) 4+ r, where m(w) = E(v|w) and E(r|w) = 0. In our case, however, E(v|w = 0) = 4, which is
constant. Thus, there is no remaining variation once conditional expectation of v is taken conditional
on w = 0. So when we kill the bias of the infeasible estimator we also kill its variance.

This paper used estimation procedures that rely on kernels which employ different bandwidths that
go to 0 as the sample size increases. The dependence of the estimators on these bandwidths raises
the issue of how to select these bandwidths. The existing results on optimal bandwidth selection are
not readily applicable to our problem. One reason is because the existing results are not for multiple
step estimation methods with this many steps. Second, when one tries to optimize some type of mean
squared error with respect to the bandwidth choices then the optimal bandwidth choice often depends
on quantities that are unknown. A common way of estimating such quantities is cross validation, which
involves replacing these unknown quantities with their corresponding leave-one-out estimators. Since
leave-one-out estimator is a random variable, the optimal bandwidth resulting from this procedure will
also be a random variable. The results given in our paper, however, are for fixed bandwidth sequences
and, as a result, do not exactly cover cross-validation procedure. The third problem we face is that the
existing results use some form of integrated squared error as their optimality criterion as these results are
often for an estimator of a conditional mean function or its derivatives. Consequently, one might try to
choose the bandwidth so that the estimator is close to its population value over the whole range of values
of the conditioning variables take in the sample. In our case, the estimator for §, the main parameter
of interest, equals E[X]’ﬂ — X[B|(X]B, Zl~v) € S], where S = Supp(Z'y, X'B) N Supp(Z'v, X' +0) =
Supp(Z’v, go) N Supp(Z’y, g1). Thus, the criterion function for choosing the optimal bandwidth vector
in our case should also depend on the required support condition and will be more complicated than an
unconditional integrated square error.

Chen and Vytlacil (2005) studies a nonlinear panel data model with lagged dependent variables.
Their two period model with (their) d2 = 0 is identical to the model studied here. The aim of their paper
is to provide sieve minimum distance and sieve maximum likelihood estimators that are /n-consistent,
asymptotically normal and efficient under regularity conditions. In its current form, that paper assumes
that there is a component in X with R as its support, so that the identification conditions are converted
into simple moment conditions. The paper then uses copula methods to derive an estimator which
exploits these moment conditions. We conjecture that the asymptotic variance of our estimator is
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larger than that of the efficient estimators as we only incorporated into our estimator two out of
the three moment conditions that Chen and Vytlacil will develop; our estimator does not use the
information contained in the observations for which Y = 0. One could modify our estimation method
by first considering an alternative estimator that is based on the changes in E[D(1 —Y)|Z’'y, X'f] and
E[(1 — D)(1 = Y)|Z'y,X’'B] that occur as a result of a change in Z’y, and then take an optimally
weighted average of our estimator and this alternative estimator. This is left for future research.

6 Conclusion:

This paper proposed a new semiparametric estimation method for estimating binary response models
with dummy endogenous variables. In outlining this method, the paper made two contributions. First, it
presented an identification result for the problem of estimating binary choice models with an endogenous
dummy regressor and also proposed a novel “matching” estimator for the coefficient on the binary
endogenous variable in the outcome equation. Second, in order to establish the asymptotic properties
of the proposed estimators of the coefficients on the exogenous regressors in the outcome equation the
chapter extended the results of PSS to cover the case where the weighted average derivative estimation
requires a first step semiparametric procedure.

In studying the estimation of binary response models with binary endogenous variables, here we
focused on the case where the binary endogenous regressor has a constant effect in addition to the
effect of the exogenous characteristics. A natural extension to this paper would be allowing the binary
endogenous regressor to interact with the exogenous regressors, while keeping the linear index structure.
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A Asymptotic behavior of o)

In this appendix, we study the asymptotic behavior of 5(F) and prove theorem 5.2. For notational
simplicity, we will omit the superscript (F') from both B and 0 since these are easily understood to be
feasible estimators of the corresponding population parameters. Also, throughout the Appendix we will
use Dp to denote the gradient of the function p : R™ — R. In addition, throughout the Appendix ¢/

will be a strictly positive number smaller than of equal to e’}.

1 (X;—X:)' B—5|1:1; (Zi—Z;)' 3,91 (Z14, X1 B)+§0(Z}4,X B)
Vn(n—1) Zz‘zj;ﬁz‘ ’ hZ, Jk( ’ Ran —

1 1 (Zi—Z) 4,1 (Z14, X1 B)+30(Z44,X5B) \ + »
n(n—1) ZiZj;éihgnk< Fiam — ) il

A.1 The Numerator:
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First consider the numerator of this expression:
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iy T g o (BN ) (X, - Xi)' 8 — 0L,
1 1 (Zi=2;)'%,01(Z}3,X{B)+§0(Z}7,X} )
+ 7D 2 Z#i@[’“( : T — )

_k <(Zi—Zj)’wn(Zh,X{B)Jrgo(ZJ’-%X]’ﬂ))} (X, — Xi)/B _ 6]fifj

h3n

We will analyze each expression on the right hand side separately.

A.1.1 Analysis of (21):
We first show that

ZZ = Xim) (Zi = Z3)'v, 91(Z]y, XiB) + g0(Zy, X B) ij =
n(n —1) h2 han o

i jFL
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To do this we first note that
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To show that (25) is op(1), for €7, < €} we define

M= {fn LSUP{|fn(Z v, 7' B) — fz v (272 B) et w € [*Tann]d}
I, = {{A}{s € [-T,, T)%} : A={(a,b) : f(a,b) > qo}, f € Hau}.

Let

= {(a’b) : fz/’%zlﬁ(avb) Z qo — Efn}y
= {(a’ b) : le%flﬁ(aab) > qo + 6fn}-

[N

Next, let p > 0 and n € (0,1).
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By equations (17) and (18) there exists N1 such that the second probability is less than 7 for all n > Nj.
Moreover,

Zi — Z;)', g1(Zly, X1B) + go(Z1m, X _ .
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Using continuous differentiability of fz, xs and fy,. and compactness of A" the last expression is bounded by

2Tn h3n
CL—

p + 62% //1{QO > fzy.x8(Zivy, X{B) > qo — €, }d(Z[7)d(X;B). (26)

Since T, hs, — 0, there exists Ny such that for all n > Ny ¢ % < 2. By assumption gy has an open

>3
neighborhood O such that (8le3; (a), afz'g"ﬁ a)) H > ¢ for each a € f.} 5(0). This means that for each

2,2’ B

such a, at least one of afz'z;'f)(a) , afz/(”’“f’;)( )’ is greater than or equal to §/v/2. If ey is sufficiently small
[0 — €fn>qo + €f5] Will be contained in O. Consider the part of fz Iyt B (O) where fz = eB) > %. Let B

denote this set. Consider the mapping ¢ : (2'7, fay,28(2'7, 2" 8 + 0)) — (2'v,2'5). Let D := ¢~ (B) and
Dy = {z'y: (2'v,2'8) € D}. Then
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15(0), where fz 5 ’

same result for that set. This means that the second term in (26) is of the form Cc—=in

By going through a very similar analysis for the subset of fz_ o

%, we would get the

T n
Ef for some constant C.
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Ty /log (=
\/%L% %Oandﬁ%loglméoo,\/w
there exists N3 such that for all n > N3 the last expression in (26) is less than or equal to 7. Thus, for all
n > max{Ny, No, N3} probability that (25) is larger than p is less than or equal to 7.

Finally, using Lemma 3.1 of PSS and change of variables three times and defining p¥ (a,b) = E(X,|Z'y =

a, X' = b) we can show that

— 0. Since €y, is O

Since (131))’ this means that
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A.1.2 Analysis of (22):

In this section we show that
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To do this let p > 0 and € (0,1) and choose N; sufficiently large so that
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Using a change of variables, compactness of A" and the support of k and the continuous differentiability of f.:. /5
and fy., and a Taylor expansion we can show that the last expression is bounded by

(O(/han) + O3] [ [ Hdo > forars (27,25 +6) > qo — ef}drds

Using the same arguments as we used at the end of the previous section, we can argue that (27) is op(1).
Next, we analyze
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T

(28)
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Adding and subtracting the expectation of each term in the summation and get
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3n 3n

We can apply Lemma (3.1) of PSS to the first of these terms. This lemma requires that

Lof1 s Ziy = Ziy, 91(Zjy, XiB) + 90(Z)ry, X8

) 1086 - x5 - 618 ] .

By arguments similar to those given above, the expectation of the expression in the square brackets is finite.
Thus, the condition of the lemma holds if nh%, — oo, and (29) is asymptotically equivalent to
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On the other hand, we have assumed that the kernel function, k, is chosen so that its moments of order one through
four are 0, and its fifth absolute moment is finite, that g—! is at least five times continuously differentiable, the

density f./,,q5 is four times continuously differentiable, and that /nh3, — 0. Under these conditions (30) will
approach to 0 as n — oo. Thus, (28) equals
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where we used continuity of §—!, compactness of the support of k and A and the Dominated Convergence Theorem

in getting the last result. Similar arguments would show that the £? norm of the second sum in (31) converges
to 0. Then by Cauchy-Schwarz inequality (31) is op(1).
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A.1.3 Analysis of (23):

Recall for r = 0,1, we have

sup an[gr(zl%xlﬁ) - gr(zl% x/ﬁ)]7<zl7wxlﬂ) £> 0. (32)
(2'7,2'B)

Then as long as h3 = O(1) using arguments as in the analysis of (21) we can argue that (23) equals an op(1)
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where for | = 1,2 k; denotes I*" partial derivative of k.

The analysis of (34) is very similar to the analysis of (21); this term has an extra hs,, in the denominator, but
it also has the additional term [(X; — X;)’8 — ¢] which is close to zero when g; and go are close to one another,
and therefore absorbs the extra hs, in the denominator as n — co. As a result, (34) equals
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Next, we provide the analysis of (35) in detail, but the analysis of (36) will be very similar.
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By replacing e; with es or es in the proof of Theorem 4 of Heckman, Ichimura and Todd (1998) we can

show that %Tésszz’s“c) (agréi:%)) is uniformly consistent for 8gr(8‘:zz’51) (6”521’81)). Let Gi, = {p € CY(R?) :
SUP 1y )7 | P(2'Y: 2 B) — W < €1gn} With €14, = 0. Let @w >0, n € (0,1). Then
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In addition,
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These arguments show that
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Combining these arguments and using Lemma 3.1 of PSS once more, we can show that (37) equals

d
. (A — 991(Zi, XiB) Zin[(X; — Xi)'B — 6)| i1, (Zi — Z;)"v, 911 + 905
Z\F(% ’Yk)E[ k ( )}

3(7) "= DA, o
d.
" 091 (21, X18) Xoml(X, = X.YB = 0L, ((Zi— Z,Y 7 g0 + 00,
+ 2 Vb =5 “”‘)E{ o('5) DR, ( e )} For(l)

Next we analyze (38). As in the analysis of (22) in Appendix (A.1.2) we could show that this last expression is
asymptotically equivalent to

Zlvy,X Ziv, X8 LI (Zi=2Z;)v,91(Z]~, X[ B)+90(Z}7,X;B)
Zizj# [01(Z}, \/%)(ngll()h; B k( ¥,91 thn 90(Z}~ )[(Xj*Xi)/ﬂftﬂ.

We will analyze this expression using results given in Heckman, Ichimura and Todd (1998) and in Vytlacil and
Yildiz (2005). For this purpose, define

Xl — Sg _(ﬂ-[l Sz_Z{Wagl(szasm)+90(Zl/73Xl/6)
z m k
(2,8 Z (n— D3, ham

(39)
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In the supplementary appendix we prove the following result:

sup 5\71(52, 52) — Ano(82.52) ©30, (40)
(82,82)EA
where F ( )
2,2 B\Szy S +
)\O(Sz, Sm) = 0.'f 1{fZ’~/,m’B(SZa Sz + 5) > QO}~ (41)

fU,E(Sza Sz + 6)

With this result at hand, we could modify the proof of Theorem 3 of Heckman, Ichimura and Todd (1998) to
analyze the asymptotic behavior of

Ziv,X; Z{y, XI8)] i1 (Zi—2Z5)'v,91(Z]7, X[ B8)+90(Z}7,X;B)
Zi i (91 (Ziv \/@(ngll()h; i5)] 7 ( J = 0(Z;7,X; )[(Xg — X,)'B8 - 4],

by rewriting it as

Zi [g1 (Zz{’Y’quﬁ)\—f!h(Z;’YvX;{ﬁ)]Ii /A\n(Zl{'Yy X{,B)

n

Now define

Api={ (52, 82) 0 sup | An(sz, Sz) — Ao(sz, 82)| < &}
(sz,sz)ez

Note that our arguments above show that as n grows large An will belong to A,, with probability approaching
to 1, and SUD(s_ s e [Ao(sz, $z)| < co. In addition, the assumptions we have made so far imply by Kolmogorov-
Tihomirov Lemma that the covering number condition for the Equicontinuity Lemma is satisfied. As a result,
a slight modification of the arguments used in the proof of Theorem 3 of Heckman, Ichimura and Todd (1998)
yields that

Ty [61(Z1y, X!15) fl(Z/;y,X BILL; ((Zi — Zi)'"1,91(Zi7, XiP) +go(Z§-%XJ’ﬂ)>[(X X646
T o (n 1)h h3n
ng (D, Yie, Ziy, X455 Zivy, X! _— be, (Z}7, X[B)No(Zly, X]
Zzﬂi g1 (Dr, Yi ;;LZ/Q w3 Ziy 5) (Zi%Xzﬂ)+Z 0 (Ziy @ﬁo( v, Xi)

Ry (Z!v, X!B)\o(Z!~, X!
+Z 91( iV 15) 0( i zﬁ)JrOP(l),

NG

where, writing my (2, 2'8) := E[DY|Z'y = 2/v, X'B = 2], €9* := DY —my(Z'y, X'),*

)

Qp7
[Mpn (2" ~,2'8)] =1 1(2" ~,2' B)e91 'y, X! B)— (2, z! / 2y
Yngy (DY, Z', X' B2y’ B) =22 pn (2, )G el e K(z v, X fz)gn( ~ [i)> }( <(z v, X! [fb)gn( . m) (42)

gn

l;gl(Z;"/,X,fﬁ):hfgleQ[Mp(ZZ{'y,X;ﬂ)]71 r_ - 1|:qu(0> Q(k) (k)(Z'yX’B)' wQ@P— ’”)K g (u)du

zl v,z

o f uQP @ F (B (71 X1 ) QPR K (u)du} £ (2, X(8)(Z]7,X[B), (43)

and n=V23" Ry (Ziy, XIB)Ao(Zivy, X[B) = op(1). Note that mgk)(sz,sw) and 7

z'v,x

/5(82, sz) denote the
vectors of k" and (p—k)*" order partial derivatives of my and f,/., ./ evaluated at (s, s, ), respectively. Also, M,

YSimilarly, mo(2'y,2'8) := E[(1 — D)Y|Z'y = 27, X'B = 2'8], €% := (1 — D)Y — mo(Z'v, X'B).
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’ ! ’ ! Qp
u®®) and <(Z 7. X Bh)—(z L ’8)) are as on page 283-284 of Heckman, Ichimura and Todd (1998). In addition,

gn

by going through similar arguments as in the analysis of (21) and using the assumption that /n hp L s ec<oo
we can show that

T it bay (ZInX[B)No(Ziy, X[ B)= g o7y il ea[Mp(Zy. X[ B)] Xo(Z{7,X]B) %

Zk=p+1 [f uQ(O)»uQ(k)mgk)(ZémXiB) QE= k)Kg(u)du qu(p) Q(k) UC)(Z 'yX ﬁ) QPR | (u)du] p k) (Z'V X! B)i+op(1)

2y, z!

Next, define

Qp1’
. , P J v, e2[Mpn(Zly Xi8) " 1edt (Z} 7. X} 8)—(Z]7.X1B)
Cn(Dr Yk, Z3v, X1 B Ziv, X B):= "3, hgn

hgn

1 X! By (2. X!

and
Cn (DY, 2}y, X1, B DiYi, 2, X B) =4 [Cn (D1 Yie Zy X 1B 20y X LB) 4o (DiYi, 207, X Bs 241, X1 B)).

Since K9 has compact support, A is compact, and A\g is bounded, and nhgn — 00, all the conditions of Lemma
3.1 of PSS are satisfied and (38) is asymptotically equivalent to

1

A.2 The denominator:

To analyze the denominator of \/n (5 — 5), we break it into smaller pieces as well, so that

(Zi—Z;) 4,01(Z/4, X B)+30(Z;4.X.B) \ 7 #
n(n— 1) Z Z];&z hz ( J . J J >_[1[j

= n(n i) > Zﬁgz <(Z Z)'Ygl(Z'Vh;i iB)+g0(Z;7,X] ﬁ)) it )

I;
(Zi—2;)' %61 (Z/3, X[ B)+§0 (2}, X} B)
Z Z]#’L n(n 1)h2 |:k( : h3n - )

—k ((Z =Z;)7,91(Z{7,X{B)+g0(Z;7,X}B) )}

i (45)
Thus, the analysis of the denominator is similar to, but easier than, the analysis of the numerator. Under
the conditions we have imposed so far, (45) will vanish with probability approaching to 1, and (44) will be
asymptotically equivalent to

Z Z (Zi — Zj)l'yzgl(Zz{'%Xq{ﬁ) + gO(ZJ/"%XJI'ﬁ) I.I.
n(n — 1 han iy

i jFi

Furthermore, again, arguments similar to those in the analysis of the numerator can be used to show that this
last expression is

Elforywp(Z', X'B+0){(Z'y,X'B) € SNTH],
where
S = Supp(Z'y, X'B8) NSupp(Z'y, X'B +9),
T = {(Szasx) : fZ"y,X’B(Szvsw) Z q0, fZ”‘/,X’ﬂ(SZ7SI + 5) Z QO}-
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A.3 Proof of Theorem 5.2:

Putting the arguments given in sections A.1 and A.2 together and using Change of Variables and Lebesgue Domi-
nated Convergence Theorems and the fact that when & is symmetric [ [(—ug)k1(v)du.dug =0 = [ [(—u.)ko(u)du,dug
and [ [(—u,)ki(u)du.dug =1 = [ [(—ug)ks(u)du,du,. we have

S(F _ 1
vn (5( - 5) = Bl (Z X BT T(Z7 X B)EsATT] ¥

~ !/
VG =) (0 + viy + v0y) + /i (8= B) (0 + 115 + o)
+ X2 5 B gy (Dis Yi Z41, X483 21, X1B)| 217, X 18] do(Z17, X[B) + by

+ Zi ﬁE [’l/)ngg (Dk; Yka Z;/{Ya X]:;B? Z;’Y: X{B)‘Z;Va X{B] AO(Z{’% XZ/B) + b0> + OP(1)7

where for m = 1,...,d,, | = ...dy, k = 0,1, pZ,(a,b) = E(Zin|Zly = a,X]|B = b), pf(a,b) = E(Xy|Z]y =
a, X! =0b), and

agt=E[(p] (Z'7, X' B+8)—=pF (Z' v, X B fary ar (274, X B)2q0 11 fory 00 8 (27, X' B+8) 200} oty 01 (27, X' B+5)],
r _X'B+s Afy.e(Z' v e)de
u

aym =E (pf”(Z’%X’ﬁ)—pfn(Z’%X’B-%é))( L Wt w520 X ) 200} U fary 5 (27X B+8) 200 oy 15217, X B49) |

X' B+ok 9Fu,e(Z' v, e)de
— o 12l
Viym = E pfn(Z"y,X'B) fUE(Z"y,X’[j:-(S) l{fz"y‘z’ﬁ(Z,’Y’X/ﬁJF)Z‘IO}l{fz’%m’B(Z/'Y’X/ﬂ+5)ZQO}fz’%w’B(Z/'YvX/5+5) s

, fu,e(Z'v.X'B) . . .
vigt = B pf(Z’mX’ﬁ)M(1—k>1{fzw,x/,3(sz’ﬁ)zqo}l{fzw,xfﬁ(Z'mx'ma)zf;o}fz,wﬁ(Z'»y,xvsm] .

Since VAi(§ 1) = <= 3, 07(Di, Zi) + 0,(1) and V(B - B) = 2= Y, 08 (Y, Zy, X) + 0,(1),

A o 1 5 b1+b
vn (5(F) - 5) = 2 ¥ (Ya D, 26, Xa) + gy xoata s omesary +or(l):

where

[$7 (D3, 2] (any +v1y o)+ 108 (V5 257, X)) (ag+vig+vos)
Elf o1 215277, X B+8)1{(Z7+,X"B)ESNT}

VO (Y;,D4,Z:,X;):=

BYngy (D, Yi, 2,7, X, B 257, X[ B 2], X[ Bl+ B[¥ngq (D, Yi: 21,7, X, B 257, X[ B 2] v, X B]

+Xo(Zi7, XiB) (27 X (2, X B esnTH]

B, .

Thus, the variance of the limiting distribution of f( o) — 5) will be E[(¢°(Y;, D;, Z;, X;))?]. This variance
could be estimated by

1 R
= (@ (Yi, Di, Zi, X3))?
n -

where

WA)’Y(D¢qu‘,)]/(&w+‘71»y+190-y)+Wﬁ(Yivzi’%xi)]/(d3+915+f’0ﬁ)
(X;—Xy)/'BL;1; ((2;—-25)'%.91(Z2[% X[B)+30(2]7.X]B)
Sy i iV X i7X;

n(n— 1>h§n h3n

P°(Yi,Di, Zi,X;):=

= Yngy (D Y 215X B Z]7, X[ B)+dngg (Dg Yi 21,7, X, B 257, X[ B)
k#i (n—1)
(X;—X3) BI;1; (Zi—Zj)’«*/,.@l<Zﬁ,xgr§>+§o(zgﬁ,xgﬁ))

iy 4 k( 7
n(n— 1>h3n 13n

+A(Z}7,X[B)

We next discuss what the estimated quantities in the definition of % are. Section 5.1 gives estimators for 47 (i.e.
tn5(Z;, D;)) and P (ie. an(Xi, Z;,D;,Y;) —2n5(Z;, D;)C). Moreover, we can estimate o, ag, vry and v,g for
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r=0,1by

o = 3 Z )61 (24, X1B) + d0( 253, X B) il e Z;)'3, 123, X1B) + Go(Z7, X} )

k i A n(n =Dk, fan

) X X)Aidy ((Zi= 2)'3, 125, X1B) + 90 (Z}, X 8)

D ) = ( :

T ok 3n n

- YT 9gr ( Z %X B) Zilg:(Zi3, XiP) + 90(Zj, XiPNWEL, | [ (Zi = Z3)', §1(Z1, XiB) + 90(Z}4, X55)

o i jAL n(n - 1)h’§n ’ hgn

- T 99, ( Z %X B) Xilo1 (24, X/ B) + §o(Z}%, X[ B)| L1, by (Zi — Z))"%.91(Z}7, X1B) + §o(Z}3. X B)

’ i g n(n — 1)h3, han .

Also Ag could be estimated by )\ defined in Equation (39), and for r = 0,1, ¥ng, (Dg, Y, Z;7v, X1.8; Z]y, X! 3) can
be estimated by

Qp1/
ea[Mpn (255, X1B " 1169 | (27, X" 8)=(Z}5.X1B) (2'~.X'8)—(2}4,X]B)
w”g7 (D YZ v, X B Z/"/7X B) 2l P “{h i€ |:( ¥ h,g" s i g % s

gn

A ~ ~ ~ ~ ’ ’ /2 A P
where ¢ = DY —E(DY|Z!4, X!B] and é% = (1-D)Y —E((1-D)Y|Z!4, X! 5], and M, and ((Z 7. X ﬂ;;fzﬂvxiﬁ))
are as on page 283, 284 of Heckman, Ichimura and Todd (1998).

B Asymptotic behavior of 3

B.1 Assumptions needed for fU"/);

Our Assumptions (C-1) through (C-6) are the same as Assumptions 1-6 of PSS adopted to our setting. 6

(C-1) The support Q&= of (X', Z'7) is a convex subset of R%*1 with nonempty interior Q(()m’z/:y).

(C-2) The density, fs .5(2,t), of (X', Z'7) is continuous in (2/,t)’ for all (z/,t) € R%+1 so that f, .5(z,t) =
0 for all (2/,t) € Q== where 907 denotes the boundary of Q@:='7), Furthermore, fy .5 is
continuously differentiable for all (2’,¢) € Q(()Z’zl:') and 9 (z,t) is continuously differentiable in (z’,t)’ for all
(a/,t) € ﬁ(LZ/:Y) where %7 differs from Q(w’zlw by a set of measure 0.

(C-3) The components of the random vector ¢ (X, Z'7)/0x and random matrix

[0fz,215/0][Y, X', Z'4] have finite second moments. Also, 0f; ./5/0x and
O fz,215)/0x satisfy the following Lipschitz conditions: For some mo(x,t),

Ofp 215 (xtsa,ttsy)  Ofy .r5(w,t)
|Pstaltontied  Dess || < iy, )]s,
HO[fz,z/:y(’»L'+Szvt'g;t)¢($+3mat+st)] o a[fz,z/»'y(g;t)l/)(%t)]‘ 2(:177]5)”5”7

with E[(1+Y +[|X, Z2'7|)ma(X, Z')]* < oco.

16These assumptions hold if and only if the corresponding assumptions for fa,27~ hold.
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(C-4) The support Q%" of K, (u) is a convex subset of R%*! with nonempty interior, with the origin as an
interior point. K ;(u) is a bounded differentiable function such that [ K, ;(u)du = 1 and [ uK, (u)du = 0.
K, ¢(u) =0 for all u € 903", where 9Q%" denotes the boundary of Q5" K, ;(u) is a symmetric function;
Ko t(u) = Ky (—u) for all u € Q5"

(C-5) Let s41 := (dy+5)/2if d; is odd and s, == (d;+4)/2 if d;, is even.!” All partial derivatives of f ./5(z,t) of
order s,; + 1 exist. The expectation E[Y (0 fy .15(x,1)/0z,...02,)] exists for all p < s, ;+ 1. All moments
of K, ((u) of order s, exist.

(C-6) The kernel function K, ;(-) obeys

fulll...ulv’ et(u)du=0 for Iy +..+1y <szy and
fulll...ulp’ sp(w)du #0 for I+ ..+1y =55,

B.2 Proof of Lemma (5.2):

To analyze the difference in expectations, we use the Mean Value Theorem to write for some §~ between f and ~y

_ (X —X; Zié-7"¢
D) i E#i{ [h;mz” Bat ( Fim J) K; ( T ) (Zia — Zﬂ)yi]
- Xi—X; Zin—27;
N |:hd13'3 %Im{: ( han ) K (%) (Zi — Zjl)Yz} H

2n

B Ao | 2Yi(Zim—Zjm) Cm—1m) (Zu—Z0) 0K, (Xi=X;\ 7o [ Z16=2;€
- ‘Zz Zj;éi Zm—1|: nJ(nfl)hder‘* ; oz, ( hzn,])Kt < hznj >:H

2n

d. ~ + x Xi—X;
< Yy Vlim = vl s e e [| e (55220) | 1Zim — Ziml 2 — 2

2n

d. . . (Xi-X,
< (Zm,:l V1l im *’Ym|) Do Dt #}f)hgﬁ“ H%% ( . )‘ 1Z; — Zj||} ;

where Ry; denotes the bound on K. To write this last inequality, we used |Y'| < 1, boundedness of K| and that
€ lies between 4 and . We know that V1 |m — Ym| = Op(1) for each m. Using change of variables, boundedness
of derivatives of K, the Lipschitz condition on E(||Z;||?|X;, Z/v) and nh§, — oo, we can show that the other
term converges to 0 in L1, and thus, is op(1). This completes the proof of Lemma (5.2). |

B.3 Proof of Theorem (5.1):
The analysis given in the text and the analysis on pages 1411-1412 of PSS applied to our setting tells us that

A ! 2 S / /
Vi (3 =8) = T2 Sl Zi) 2 20 ~ [Bra(X,29) =280 (2)C] | +on )

I*h_row equals C;. Applying the Central Limit Theorem to this expression

where C' is the d, x d, matrix whose
we get that the limiting distribution of /n (B ) — ﬂ) is normal with mean 0 and variance equals

AErg(X,Z'y)'r3(X, Z'y)|=16E[rg(X, Z'y)'ry(Z)|C+16C"Ery(Z)'r4(Z)|C—-488"+1667'C—16C"y~'C. [ ]

"We would like to make sure that nhgff’t — 0 and that nhiz™ — co. These two conditions will hold jointly only if
28z, > dy + 3. The sz, given in this assumption is the smallest integer satisfying this last condition.
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ol

Theorem B.1 Yz . can be consistently estimated by 5)3 +4C"S5C — 435 C with
J— 42 5 (Zi,Ds )/f’nw(ZmD)
¥y =

4~~/ 5:,[5 _ 427: ?.5(Xi,2:,D;,Y;)' 7

L 5(X1.Z:,Ds,
i 4217“”[3(X Zl,D Yi) Pns(Zs,D;)
By

. DEY-OF
— 435 Cy is as defined in Theorem 5.2

tn5(Z;, D) = Wznﬂ s (ZhWZ ) (D; — Dj), and

n3(Xis 26 Di Vi) = ot 35 5 <(X“Z D625

s (v - )

Proof B.1 The fact that Y5,X4 are consistent for Xg, X, follows from the analysis of PSS. Consistency of C
for C is shown in the main text.

M>

n
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