Chapter 2
Single-Index Models

This chapter describes single-index models for conditional mean and quantile func-
tions. Single-index models relax some of the restrictive assumptions of familiar
parametric models, such as linear models and binary probit or logit models. In addi-
tion, single-index models achieve dimension reduction and, thereby, greater estima-
tion precision than is possible with fully nonparametric estimation of E(Y|X = x)
when X is multidimensional. Finally, single-index models are often easy to compute,
and their results are easy to interpret. Sections 2.1-2.9 present a detailed discussion
of single-index models for conditional mean functions. Conditional quantile func-
tions are discussed in Section 2.9.

2.1 Definition of a Single-Index Model of a Conditional
Mean Function

Let Y be a scalar random variable and X be a d x 1 random vector. In a single-index
model, the conditional mean function E(Y|X = x) has the form

E(YIX =x) =G (¥B), 2.1)

where 8 is an unknown d x 1 constant vector and G is an unknown function. The
quantity x’ B is called an index. The inferential problem in (2.1) is to estimate 8 and
G from observations of (Y, X).

Model (2.1) contains many widely used parametric models as special cases. If G
is the identity function, then (2.1) is a linear model. If G is the cumulative normal
or logistic distribution function, then (2.1) is a binary probit or logit model. A tobit
model is obtained if one assumes that G (x/ ,8) = E(Y|X = x) in the model

Y =max (0, X'8+U),

where U is an unobserved, normally distributed random variable that is independent
of X and has a mean of zero. When G is unknown, (2.1) provides a specification that
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8 2 Single-Index Models

is more flexible than a parametric model but retains many of the desirable features
of parametric models.

A single-index model achieves dimension reduction and avoids the curse of
dimensionality because, as will be seen later in this chapter, the index x' 8 aggre-
gates the dimension of x. Consequently, G in a single-index model can be esti-
mated with the same rate of convergence in probability that it would have if the
one-dimensional quantity X’8 were observable. Moreover, 8 can be estimated with
the same rate of convergence, n~1/2 that is achieved in a parametric model. Thus,
in terms of rate of convergence in probability, the single-index model is as accurate
as a parametric model for estimating B and as accurate as a one-dimensional non-
parametric mean regression for estimating G. This dimension-reduction feature of
single-index models gives them a considerable advantage over nonparametric meth-
ods in applications where X is multidimensional and the single-index structure is
plausible.

The assumptions of a single-index model are weaker than those of a paramet-
ric model and stronger than those of a fully nonparametric model. Thus, a single-
index model reduces the risk of misspecification relative to a parametric model
while avoiding some drawbacks of fully nonparametric methods such as the curse
of dimensionality, difficulty of interpretation, and lack of extrapolation capability.

There is an important exception to the characterization of a single-index model
as intermediate or as making weaker assumptions than a nonparametric model.
This exception occurs in the estimation of structural economic models. A struc-
tural model is one whose components have a clearly defined relation to economic
theory. It turns out that the restrictions needed to make possible a structural interpre-
tation of a nonparametric model can cause the nonparametric model to be no more
general than a single-index model. To see why, consider a simple structural model
of whether an individual is employed or unemployed.

Example 2.1: A Binary-Response Model of Employment Status An important
model in economic theory states that an individual is employed if his market wage
exceeds his reservation wage, which is the value of his time if unemployed. Let ¥
denote the difference between an individual’s market and reservation wages. Con-
sider the problem of inferring the probability distribution of Y conditional on a
vector of covariates, X, that characterizes the individual and, possibly, the state of
the economy. Let H denote the conditional mean function. That is, E(Y *|X =x) =
H(x). Then

Y = HX) - U, (2.2)

where U is an unobserved random variable that captures the effects of variables other
than X that influence employment status (unobserved covariates). Suppose that U is
independent of X, and let F' be the cumulative distribution function (CDF) of U. The
estimation problem is to infer H and F. It turns out, however, that this problem has
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no solution unless suitable a priori restrictions are placed on H and F. The remainder
of this example explains why this is so and compares alternative sets of restrictions.

To begin, suppose that ¥~ were observable. Then H could be estimated nonpara-
metrically as the nonparametric mean regression of ¥" on X. More importantly, the
population distribution of the random vector (Y ", X) would identify (that is, uniquely
determine) H if H is a continuous function of the continuous components of X. F
would also be identified if ¥* were observable, because F would be the CDF of the
identified random variable U = H(X) — Y". F could be estimated as the empirical
distribution function of the quantity that is obtained from U by replacing H with
its estimator. However, Y is not observable because the market wage is observable
only for employed individuals, and the reservation wage is never observable. An
individual’s employment status is observable, though. Moreover, according to the
economic theory model, Y’ > 0 for employed individuals, whereas Y" < 0 for indi-
viduals who are not employed. Thus, employment status provides an observation of
the sign of Y " Let Y be the indicator of employment status: ¥ = 1 if an individual
is employed and Y = 0 otherwise. We now investigate whether H and F can be
inferred from observations of (Y, X).

To solve this problem, let G(x) = P(Y = 1|x) be the probability that Y = 1 con-
ditional on X = x. Because Y is binary, G(x) = E(Y|X = x) and G can be estimated
as the nonparametric mean regression of ¥ on X. More importantly, the population
distribution of the observable random vector (Y, X) identifies G if G is a continuous
function of the continuous components of X. It follows from (2.2) that P(Y > 01X =
x) = F[H(x)]. Therefore, since Y > 0 if and only if ¥ = 1, P(Y" > 0|X = x) =
P(Y = 1|x) and

FIH(X)] = G(x). (2.3)

The problem of inferring H and F can now be seen. The population distribution
of (Y, X) identifies G. H and F are related to G by (2.3). Therefore, H and F are
identified and nonparametrically estimable only if (2.3) has a unique solution for H
and F in terms of G.

One way to achieve identification is by assuming that H has the single-index
structure

H(x) =x'B. 2.4)

If (2.4) holds, then identification of H is equivalent to identification of 8. As will be
discussed in Section 2.3, 8 is identified if X has at least one continuously distributed
component whose S coefficient is nonzero, F is differentiable and nonconstant, and
certain other conditions are satisfied. F is also identified and can be estimated as the
nonparametric mean regression of Y on the estimate of X’g.

The single-index model (2.4) is more restrictive than a fully nonparametric
model, so it is important to ask whether H and F are identified and estimable non-
parametrically. This question has been investigatedby Matzkin (1992, 1994). The
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answer turns out to be no unless H is restricted to a suitably small class of functions.
To see why, suppose that X is a scalar and

Gx) = .
) I14e*
Then one solution to (2.3) is
Hx)=x
and
F(u) = ; —00 < U< O00.

14+e#
Another solution is

Hx) =

14+e*

and
Fuy=u;0<u<l.

Therefore, (2.3) does not have a unique solution, and F and H are not identified
unless they are restricted to classes that are smaller than the class of all distribution
functions (for F) and the class of all functions (for H).

Matzkin (1992, 1994) gives examples of suitable classes. Each contains some
single-index models but none contains all. Thus, the single-index specification con-
sisting of (2.3) and (2.4) contains models that are not within Matzkin’s classes of
identifiable, nonparametric, structural models. Similarly, there are identifiable, non-
parametric, structural models that are not single-index models. Therefore, Matzkin’s
classes of identifiable, nonparametric, structural models are neither more nor less
general than the class of single-index models. It is an open question whether there
are interesting and useful classes of identifiable, nonparametric, structural models
of the form (2.3) that contain all identifiable single-index submodels of (2.3).

2.2 Multiple-Index Models

A multiple-index model is a generalization of a single-index model. Its form is

E(Y|X =x)=x,B0+ G (X|B1, ..., XyBu) . (2.5)
where M > 1 is a known integer, x,, (m = 0, ...,M) is a subvector of x, B,
(m =0, ...,M) is a vector of unknown parameters, and G is an unknown func-

tion. This model has been investigated in detail by Ichimura and Lee (1991) and
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Hristache et al. (2001). A different form of the model called sliced inverse regres-
sion has been proposed by Li (1991). If the 8 parameters in (2.5) are identified and
certain other conditions are satisfied, then the 8 s can be estimated with a n1/2 rate
of convergence in probability, the same as the rate with a parametric model. The
estimator of E(Y|X = x) converges at the rate of a nonparametric estimate of a con-
ditional mean function with an M-dimensional argument. Thus, in a multiple-index
model, estimation of E(Y|X = x) but not of g suffers from the curse of dimension-
ality as M increases.

The applications in which a multiple-index model is likely to be useful are dif-
ferent from those in which a single-index model is likely to be useful. The curse
of dimensionality associated with increasing M and the need to specify identifi-
able indices a priori limit the usefulness of multiple-index models for estimating
E(Y|X = x). There are, however, applications in which the object of interest is 3,
not E(Y|X = x), and the specification of indices arises naturally. The following
example provides an illustration.

Example 2.2: A Wage Equation with Selectivity Bias Let W denote the loga-
rithm of an individual’s market wage. Suppose we want to estimate E(W|Z = z) =
E(W|z), where Z is a vector of covariates such as experience and level of educa-
tion. Suppose, also, that the conditional mean function is assumed to be linear. Then
E(W|z) = 7 a, where « is a vector of coefficients. Moreover,

W=7Za+V, (2.6)

where V is an unobserved random variable that represents the effects on wages
of variables not included in Z (e.g., unobserved ability). If (W, Z) were observ-
able for a random sample of individuals, then « could be estimated, among other
ways, by applying ordinary least squares to (2.6). However, W is observable only
for employed individuals, and a random sample of individuals is likely to include
some who are unemployed. Therefore, unless attention is restricted to groups in
which nearly everyone is employed, one cannot expect to observe (W, Z) for a ran-
dom sample of individuals.

To see how this problem affects estimation of « and how it can lead to a multiple-
index model, suppose that employment status is given by the single-index model
consisting of (2.2) and (2.4). Then the mean of W conditional on X = x, Z = z, and
Y=1is

EW|z,x,Y =1)=7a+E (Vlz, x,U < x/,B) . 2.7
If Vis independent of Z and X conditional on U, then (2.7) becomes
EW|z,x,Y=1)=7a+G (x/,B) , 2.8)

where G(X'8) = E(V|z, x,U < x’'B). Equation (2.8) is a multiple-index model that
gives the mean of log wages of employed individuals conditional on covariates



12 2 Single-Index Models

Z and X. Observe that (2.8) is not equivalent to the linear model (2.6) unless
E(V|z, x,U < xX'B) = 0. If E(V|z, x,U < X'B) # 0, estimation of (2.6) by ordinary
least squares will give rise to a selectivity bias arising from the fact that one does not
observe W for a random sample of individuals. This is also called a sample selec-
tion problem because the observed values of W are selected nonrandomly from the
population. Gronau (1974) and Heckman (1974) used models like (2.7) under the
additional assumption that V and U are bivariate normally distributed. In this case
G is known up to a scalar parameter, and the model is no longer semiparametric.

In (2.8), « is identified only if X has at least one continuously distributed compo-
nent that is not a component of Z and whose g coefficient is nonzero. The credibility
of such an exclusion restriction in an application can be highly problematic. Manski
(1994, 1995) provides a detailed discussion of the problems of identification in the
presence of sample selection. B

2.3 Identification of Single-Index Models

The remainder of this chapter is concerned with the semiparametric single-index
model (2.1).

2.3.1 Conditions for Identification of  and G

Before estimation of 8 and G can be considered, restrictions must be imposed that
ensure their identification. That is, 8 and G must be uniquely determined by the pop-
ulation distribution of (¥, X). Identification of single-index models has been inves-
tigated by Ichimura (1993) and, for the special case of binary-response models, by
Manski (1988). Some of the restrictions required for identification are easy to see. It
is clear that 8 is not identified if G is a constant function. It is also clear that as in a
linear model, f is not identified if there is an exact linear relation among the compo-
nents of X (perfect multicollinearity). In other words,  is not identified if there are
a constant vector « and a constant scalar ¢ such that X'« = ¢ with probability one.

To obtain additional conditions for identification, let y be any constant and § be
any nonzero constant. Define the function G by the relation G*(y + 8v) = G(v) for
all v in the support of X’8. Then

E(Y|X =x) =G (¥B) (2.9)

and
EY|X=x)=G (y +XBs). (2.10)
Models (2.9) and (2.10) are observationally equivalent. They could not be distin-

guished empirically even if the population distribution of (¥, X) were known. There-
fore, B and G are not identified unless restrictions are imposed that uniquely specify
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y and 8. The restriction on y is called a location normalization, and the restriction
on § is called a scale normalization. Location normalization can be achieved by
requiring X to contain no constant (intercept) component. Scale normalization can
be achieved by setting the B coefficient of one component of X equal to one. In this
chapter it will be assumed that the components of X have been arranged so that scale
normalization is carried out on the coefficient of the first component. Moreover, for
reasons that will now be explained, it will also be assumed that this component of X
is a continuously distributed random variable.

To see why there must be at least one continuously distributed component of X,
consider the following example.

Example 2.3: A Single-Index Model with Only Discrete Covariates Suppose that
X = (X1,X>) is two-dimensional and discrete with support consisting of the corners
of the unit square: (0,0), (1,0), (0,1), and (1,1). Set the coefficient X; equal to one to
achieve scale normalization. Then (2.1) becomes

EY|X =x) =G (x1 + Baxz) .

Suppose that the values of E(Y|X = x) at the points of support of X are as shown in
Table 2.1. Then all choices of > and G that equate the entry in the second column
to the corresponding entry in the third column are correct models of E(Y|X = x).
These models are observationally equivalent and would be indistinguishable from
one another even if the population distribution of (¥, X) were known. There are
infinitely many such models, so B> and G are not identified. Bierens and Hartog
(1988) provide a detailed discussion of alternative, observationally equivalent forms
of B and G when all components of X are discrete. H

Another requirement for identification is that G must be differentiable. To under-
stand why, observe that the distinguishing characteristic of a single-index model
that makes identification possible is that E(Y|X = x) is constant if x changes in
such a way that x'8 stays constant. However, if X’8 is a continuously distributed
random variable, as it is if X has at least one continuous component with a nonzero
coefficient, the set of X values on which X’8 = ¢ has probability zero for any c.
Events of probability zero happen too infrequently to permit identification. If G is
differentiable, then G(X’'B) is close to G(c) whenever X’B is close to c. The set of

Table 2.1 An unidentified single-index model

(x1,x2) (x1, X2) E(Y|X =x) G(x1 + Box2)
0, 0) 0 G(0)

(1,0) 0.1 G(1)

0, D 0.3 G(B2)

(1, 1) 0.4 G(1 + B2)
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X values on which X’B is within any specified nonzero distance of ¢ has nonzero
probability for any c in the interior of the support of X’ 8. This permits identification
of B through “approximate” constancy of X’S.

It is now possible to state a complete set of conditions for identification of § in
a single-index model. This theorem assumes that the components of X are all con-
tinuous random variables. Identification when some components of X are discrete is
more complicated. This case is discussed after the statement of the theorem.

Theorem 2.1 (Identification in Single-Index Models): Suppose that E(Y|X = x)
satisfies model (2.1) and X is a d-dimensional random variable. Then 8 and G are
identified if the following conditions hold:

(a) G is differentiable and not constant on the support of X' .

(b) The components of X are continuously distributed random variables that have
a joint probability density function.

(c) The support of X is not contained in any proper linear subspace of R .

(d p=1.1

Ichimura (1993) and Manski (1988) provide proofs of several versions of this
theorem. It is also possible to prove a version that permits some components of X to
be discrete. Two additional conditions are needed. These are as follows: (1) varying
the values of the discrete components must not divide the support of X’8 into disjoint
subsets and (2) G must satisfy a nonperiodicity condition.

The following example illustrates the need for condition (1).

Example 2.4: Identification of a Single-Index Model with Continuous and
Discrete Covariates Suppose that X has one continuous component, X, whose
support is [0,1], and one discrete component, X>, whose support is the two-point
set {0,1}. Assume that X; and X, are independent and that G is strictly increasing
on [0,1]. Set 81 = 1 to achieve scale normalization. Then X’8 = X;+f,X». Observe
that E[Y|X = (x1,0)] = G(x1) and E[Y|X = (x1,1)] = G(x1 + B2). Observations
of X for which X, = 0 identify G on [0,1]. However, if 8, > 1, the support of
X1 + B, is disjoint from [0,1], and B, is, in effect, an intercept term in the model for
E[Y|X = (x1,1)]. As was explained in the discussion of location and scale normal-
ization, an intercept term is not identified, so §; is not identified in this model.

The situation is different if B> < 1, because the supports of X and X7 + > then
overlap. The interval of overlap is [$82,1]. Because of this overlap, there is a subset
of the support of X on which X, = 1 and G(X| + B2) = G(v) for some v € [0,1].
The subset is {X: X1 € [B2,1], X» = 1}. Since G(v) is identified for v € [B,1] by
observations of X for which X, = 0, 8, can be identified by solving

E[YX = (x1,1)] = G(x1 + p2) 2.11)

on the set of x; values where the ranges of E(Y|X = (x1,1)) and G(x1 + B2) overlap.
|
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To see why G must satisfy a nonperiodicity condition, suppose that in Exam-
ple 2.3 G were periodic on [B,,1] instead of strictly increasing. Then (2.11) would
have at least two solutions, so 8> would not be identified. The assumption that
G is strictly increasing on [0,1] prevents this kind of periodicity, but many other
shapes of G also satisfy the nonperiodicity requirement. See Ichimura (1993) for
details.

2.3.2 Identification Analysis When X Is Discrete

One of the conclusions reached in Section 2.3.1 is that 8 and G are not identified in
a semiparametric single-index model if all components of X are discrete. It does not
necessarily follow, however, that data are completely uninformative about 8. In this
section it is shown that if G is assumed to be an increasing function, then one can
obtain identified bounds on the components of S.

To begin, it can be seen from Table 2.1 that there is a G that solves (2.11) for
every possible value of 8, in Example 2.3. Therefore, nothing can be learned about
B if nothing is known about G. This is not surprising. Even when the compo-
nents of X are all continuous, some information about G is necessary to identify g
(e.g., differentiability in the case of Theorem 2.1). Continuity and differentiability of
G are not useful for identification when all components of X are discrete. A property
that is useful, however, is monotonicity. The usefulness of this property is illustrated
by the following example, which is a continuation of Example 2.3.

Example 2.5: Identification When X Is Discrete and G Is Monotonic Consider
the model of Example 2.3 and Table 2.1 but with the additional assumption that G
is a strictly increasing function. That is,

G(v) < G(») & vy <. (2.12)

Inequality (2.12) together with the information in columns 2 and 3 of Table 2.1
implies that 8, > 1. This result is informative, even though it does not point-identify
B2, because any value of S, in ( — 00,00) is possible in principle. Knowledge of the
population distribution of (¥, X) combined with monotonicity of G excludes all
values in ( — 00,1].

If the support of X is large enough, then it is possible to identify an upper bound
on B as well as a lower bound. For example, suppose that the point (X1,X2) =
(0.6,0.5) is in the support of X along with the four points in Example 2.3 and that
E(Y|X; = 0.6, X, = 0.5) = G(0.6 + 0.582) = 0.35. This information combined
with (2.12) and row 3 of Table 2.1 implies that 8y < 0.64-0.58;, so B2 < 1.2. There-
fore, the available information gives the identified bounds 1 < 8> < 1.2. Any value
of B, in the interval (1,1.2) is logically possible given the available information, so
the bounds 1 < B < 1.2 are the tightest possible. l
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Now consider the general case in which X is d-dimensional for any finite d > 2
and has M points of support for any finite M > 2. Let x,, denote the m th point of
support (m = 1, ..., M). The population distribution of (¥, X) identifies G(x,5)
for each m. Assume without loss of generality that the support points x,, are sorted
so that

G(x}B) = G(P) < -+ < GlxyP).

Achieve location and scale normalization by assuming that X has no constant com-
ponent and that 81 = 1. Also, assume that G is strictly increasing. Then tight, identi-
fied bounds on S, (2 < m < M) can be obtained by solving the linear programming
problems

maximize (minimize): b,, 213
subjectto:x;ngj/-Jrlb; j=1, ..., M—1 2.13)

with strict equality holding in the constraint if G(xj/-b) = G(x]f 41b). The solutions to
these problems are informative whenever they are not infinite.

Bounds on other functionals of 8 can be obtained by suitably modifying the
objective function of (2.13). For example, suppose that z is a point that is not in the
support of X and that we are interested in learning whether E(Y|X = z) = G(Z'B)
is larger or smaller than E(Y|X = x,,) = G(x),8) for some x,, in the support of X.
G(Z'B) — G(x,,B) is not identified if X is discrete, but (z — x,,)’8 can be bounded
by replacing b,, with (z — x;;)’b in the objective function of (2.13). If the resulting
lower bound exceeds zero, then we know that G(z'8) > G(x],8), even though G(z'B)
is unknown. Similarly, G(z'8) < G(x],8) if the upper bound obtained from the
modified version of (2.13) is negative.

Now consider solving (2.13) with the objective function (x,, — z)'b for each
m = 1,...,M. Suppose this procedure yields the result (x,, — z)’8 < 0if m < j for
some j (1 <j < M). Then it follows from monotonicity of G that G(z'8) > G(xj’. B).
Similarly, if the solutions to the modified version of (2.13) yield the result (x;,, —
2B > 0if m > k for some k (1 < k < M), then G(z'8) < G(x,B). Since G(xj/ﬂ)
and G(x B) are identified, this procedure yields identified bounds on the unidentified
quantity G(z'B), thereby providing a form of extrapolation in a single-index model
with a discrete X. The following example illustrates this form of extrapolation.

Example 2.6: Extrapolation When X Is Discrete and G Is Monotonic Let G,
E(Y|X = x), and the points of support of X be as in Example 2.5. Order the points
of support as in Table 2.2. As in Example 2.5, the available information implies that

l<p <12 (2.14)

but does not further identify B,. Suppose that z = (0.3,0.25)". What can be said
about the value of E(Y|X = z) = G(ZB) = G(0.3 + 0.258;,)? This quantity is not
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Table 2.2 A second unidentified single-index model

m Xm E(Y|X = xp) G(xm)

1 0,0) 0 G(0)

2 (1,0) 0.1 G(1)

3 O, 1) 0.3 G(B2)

4 (0.6, 0.5) 0.35 G(0.6 4+ 0.582)
5 (1, 1) 0.4 G(1 + B2)

identified, but the following bounds may be obtained by combining the information
in Table 2.2 with inequality (2.14):

—0.6 < (x1 —2)B < —0.55,
0.4 < (x3— 2B < 0.45,
045 < (x3 — z)'B < 0.60,
0.55 < (x4 — 2)'B < 0.60,

and
1.45 < (xs — z)' B < 1.60.

Therefore, monotonicity of G implies that G(x} ) < G(Z'B) < G(x,B), so identified
bounds on the unidentified quantity G(z'8) are 0 < G(ZB) < 0.1. R

2.4 Estimating G in a Single-Index Model

‘We now turn to the problem of estimating G and $ in the single-index model (2.1). It
is assumed throughout the remainder of this chapter that G and g are identified. This
section is concerned with estimating G. Estimation of 8 is dealt with in Sections 2.5
and 2.6.

Suppose, for the moment, that 8 is known. Then G can be estimated as the
nonparametric mean regression of ¥ on X’B. There are many nonparametric mean-
regression estimators that can be used. See, for example, Hérdle (1990), Hérdle and
Linton (1994), and the Appendix. This chapter uses kernel estimators. The proper-
ties of these estimators are summarized in the Appendix.

To obtain a kernel estimator of G(z) at any z in the support of X’ 8, let the data con-
sist of a random sample of n observations of (Y, X). Let{Y;, X; : i=1, ..., n}
denote the sample. Here, the subscript i indexes observations, not components of X.
Define Z; = XB. Let K be a kernel function, and let {#,} be a sequence of band-
width parameters. Under the assumption that 8 is known, the kernel nonparametric
estimator of G(z) is

n

* 1 Z _Zi
G,(2) = T > Y,~K< i ) (2.15)

i=1
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where

v. (2.16)

* 1 1 = Z
= — K
Pn(2) i ;:1 ( i

The estimator (2.15) cannot be implemented in an application because 8 and, there-
fore, Z; are not known. This problem can be remedied by replacing the unknown g
with an estimator b,,. Define Z,; = X}b,, to be the corresponding estimator of Z;.
The resulting kernel estimator of G is

1 . 2= Zpi

Gy(z) = —— Y-K< > (2.17)
" nhpa(2) ; R
where
1 & 72— Zni

Y=—> K . 2.18
Pild) = o ; ( " ) (2.18)
It is shown in Sections 2.5 and 2.6 that B can be estimated with a n=1/2 rate of

convergence in probability. That is, there exist estimators b;,, with the property that
b, —B) = Op(n_l/ 2). This is faster than the fastest possible rate of convergence in
probability of a nonparametric estimator of E(Y|X’8 = z). As aresult, the difference
between the estimators G:; and G, is asymptotically negligible. Specifically,

()" ?[Gu(2) — G(2)] = (nhy)" (G (2) — G(2)] + 0p(1)

for any z in the support of Z. Therefore, estimation of 8 has no effect on the asymp-
totic distributional properties of the estimator of G. The reasoning behind this con-
clusion is easily outlined. Let b, and f, respectively, denote the vectors obtained
from b, and B by removing their first components (the components set by scale nor-
malization). Let X; be the vector obtained from X;, by removing its first component.
Define K’ to be the derivative of the kernel function K . For any band b = (1, 4 Y,

define
- 7—Xb
Y:K | — ,
2 (50)
- 1 &, (2—Xb) -
Anz(b>=—%ZYiK< i )X
noi=1
1 < z—X/b
K g
a2k (50)

An(b) =

pn(b) =
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and
. — Xb
Puz(b) = — MZK( )X

Now observe that G,(z) = An(l;n)/ﬁn(l;,,) and G;(Z) = Au(B)/Pn(B). Therefore, a
Taylor-series expansion of the right-hand side of (2.17) about b, = § yields

we5) an () ()]
s - (b

) e (5)

where l;; is between b, and B. By using a suitable uniform law of large numbers

(see, e.g., Pakes and Pollard 1989, Lemma 2.8), it can be shown that the quantity in

brackets on the right-hand side of (2.19) converges in probability to a nonstochastic
limit. Therefore, there is a nonstochastic function I" such that

A (5,) A (Br) e (Br)
P () P (52)

It follows from (2.19), (2.20), and b, — B = O,(n~'/?) that

Gu(2) = G, () +

n— B (2.19)

=T@) + oy(1). (2.20)

Gu(2) — G, (2) = T(@)(by — B) + 0p(by — B) = Op(n~"/?).

This implies that

(nhn) 2 [Ga(2) — G ()] = O,(h}/%), (2.21)

which gives the desired result
The foregoing results concerning estimation of G apply with any b, that is a
n~1/2_consistent estimator of 8. We now turn to developing such estimators.

2.5 Optimization Estimators of 8

Estimators of 8 can be classified according to whether they require solving nonlinear
optimization problems. This section discusses estimators that are obtained as the
solutions to nonlinear optimization problems. Section 2.6 discusses estimators that
do not require solving optimization problems.
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2.5.1 Nonlinear Least Squares

If G were known, then 8 could be estimated by nonlinear least squares or weighted
nonlinear least squares (WNLS). Let the data consist of the random sample
{Yi, Xi : i = 1, ..., n}. Then the WNLS estimator of B, byrs, is the solution
to

minimize: S, (b) = % Z WX)[Yi— G (X;b)]z, (2.22)
i=1

where W is the weight function. Under mild regularity conditions, by is a consis-
tent estimator of 8, and n2(byrs — B) is asymptotically normally distributed with
a mean of zero and a covariance matrix that can be estimated consistently. See, for
example, Amemiya (1985), Davidson and MacKinnon (1993), and Gallant (1987).

The estimator byrs is not available in the semiparametric case, where G is
unknown. Ichimura (1993) showed that this problem can be overcome by replac-
ing G in (2.22) with a suitable estimator. This estimator is a modified version of
the kernel estimator (2.17). Carroll et al. (1997) proposed using a local-linear esti-
mator for a more elaborate model that includes a single-index model as a special
case. Ichimura (1993) makes three modifications of the usual kernel estimator. First,
observe that if G, is defined as in (2.17), then the denominator of G, (Xl’b) con-
tains the term p, (Xl’b) To keep this term from getting arbitrarily close to zero as n
increases, it is necessary to restrict the sums in (2.17) and (2.22) to observations i
for which the probability density of X’ at the point X exceeds a small, positive
number. Second, observation i is excluded from the calculation of G, (Xl/b) Third,
the terms of the sums in the calculation of G, are weighted the same way that the
terms in the sum (2.22) are weighted.

To carry out these modifications, let p( -, b) denote the probability density func-
tion of X’b. Let B be a compact set that contains 8. Define A, and A, to be the
following sets:

Ax = {x:p('b, b) = n for all b € B}
and
Apx = {x: |x = x*|| < 2h, for some x* € A},
where n > 0 is a constant, A, is the bandwidth used for kernel estimation, and ||-| is
the Euclidean norm. A, contains A, and shrinks toward A, as i, — 0. Let I denote

the indicator function. /( - ) = 1 if the event in parentheses occurs and O otherwise.
Define J; = I(X; € Ay) and J,,; = I(X; € A,y). Finally, define

Guilz, b ! sowayr [ 2258 223
i (25 )—m; nj (])] hy > (2.23)
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where for any z

1 z—Xb
Pai(z, b) = —— ZJMW(X»K< - ) (2.24)
"t "

The estimator of G(Xb) that is used in (2.22) is G,;(X}b, b). Thus, the semiparamet-
ric WNLS estimator of § is the solution to

n
minimize: S,,(b) = % S UWE) [Yi — Gui (Xib. b)]. (2.25)
i=1

The minimization is over l;, not b, to impose scale normalization. Let l;n denote the
resulting estimator, and call it the semiparametric WNLS estimator of 8.

Ichimura (1993) gives conditions under which b, is a consistent estimator of
B and

n 2, — B S N, Q). (2.26)

The covariance matrix, €2, is given in (2.28) below. The conditions under which
(2.26) holds are stated in Theorem 2.2.

Theorem 2.2: Equation (2.26) holds if the following conditions are satisfied:

(a) {Yi, X; : i=1, ..., n} is a random sample from a distribution that satisfies
(2.1).

(b) B is identified and is an interior point of the known compact set B.

(c) Ay is compact, and W is bounded and positive on Ay.

(d) EY|X'b = z) and p(z, b) are three times continuously differentiable with
respect to z. The third derivatives are Lipschitz continuous uniformly over B for
all z € {z:z:x’b, b € B, xeAx}.

(e) E|Y|" < oo for some m > 3. The variance of Y conditional on X = x is
bounded and bounded away from 0 for x € Ay .

(f) The kernel function K is twice continuously differentiable, and its second
derivative is Lipschitz continuous. Moreover K(v) =0 if |v| > 1, and

1 ) . .=
/ vIKW)dv = ! .lf{ 0
L 0ifj =1

(g) The bandwidth sequence {h,} satisfies (log hn)/[nhf,+3/(m71)] — 0 and

nhd — 0 as n— oo. M

There are several noteworthy features of Theorem 2.2. First, b, converges in
probability to A at the rate n~ /2, which is the same rate that would be obtained if
G were known and faster than the rate of convergence of a nonparametric density
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or mean-regression estimator. This result was used in deriving (2.21). Second, the
asymptotic distribution of nl/ 2([;” — ,5) is centered at zero. This contrasts with the
case of nonparametric density and mean-regression estimators, whose asymptotic
distributions are not centered at zero in general when the estimators have their fastest
possible rates of convergence. Third, the range of permissible rates of convergence
of h, includes the rate n~!/3, which is the standard rate in nonparametric density and
mean-regression estimation. Finally, Theorem 2.2 requires § to be contained in the
known, compact set B. Therefore, in principle Sn(l;) should be minimized subject
to the constraint » € B. In practice, however, the probability that the constraint is
binding for any reasonable B is so small that it can be ignored. This is a useful result
because solving a constrained nonlinear optimization problem is usually much more
difficult than solving an unconstrained one.

Stating the covariance matrix, €2, requires additional notation. Let p( - |x, b)
denote the probability density function of X’b conditional on X = %. Define p(-|¥) =
p(- 1%, B), 0%(x) = Var(Y|X = x), and

G(z, b) = plim G;(z, b).

n—oQ

Calculations that are lengthy but standard in kernel estimation show that

E[EY|X'b =z, X)I(X € A)oW(X)p(z|X, b)]

G(z, b) = -
E[I(X € A)WX)p(z|X, b)]

_ Rz b)

" Ra(z b)’
where

Ri(z, b) = E{G[z — X'(b — B)Iplz — X'(b — B)IXIWX)I(X € Ay)}
and
Ra(z, b) = E{plz — X'(b — PIXIWX)I(X € A,)}.

Moreover,

Gz, ) =G(2)

and for z = x'B

0G(z, B)
ab

B EXWX)|X'B =z, X € A,

=G@)* EWXIXB=2XecA] |

(2.27)
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Now define
C=2E [I(X e agwix) 2L L IGE PP )}
ab o
and
D =4E [I(X € ANW (X)o%(x) IGX'B.P) BG(XNﬁ,ﬂ)] .
b b/
Then
@=c'pcl. (228)

Theorem 2.2 is proved in Ichimura (1993). The technical details of the proof are
complex, but the main ideas are straightforward and based on the familiar Taylor-
series methods of asymptotic distribution theory. With probability approaching one
as n — o0, the solution to (2.25) satisfies the first-order condition

3Su(by)
ab

Therefore, a Taylor-series expansion gives

1208B) _ 928ub) 1o
9B abab’

(bn = B, (2.29)

where b, is between b, and ,3 . Now consider the left-hand side of (2.29). Differen-
tiation of S, gives

1205.(B) _ 2

Gy (X]
ob 1/ZZ”WX) [¥ - G (xy5.)] 2 CPE),

ob
Moreover,

Gui (X{B.B) & G (X;B)
and

3Gy (X/B.B) I 3G (XIB.B)
ab ab

sufficiently rapidly that we may write

1205:B) _

G (X;B.B)
AP . (230
b YR (D (230

1/ZZJ,W(X) [v; — G(X,B)]
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The first term on the right-hand side of (2.30) is asymptotically distributed as
N(0, D) by the multivariate generalization of the Lindeberg—Levy central limit the-
orem. Therefore, the left-hand side of (2.29) is also asymptotically distributed as
N(O, D).

Now consider the right-hand side of (2.29). Differentiation of S, gives

abob  n o ab ob

92Su(bn) 2 Z JiW(Xi)aGni(Xan,Bn) 0Gi(Xibn.bn)
i=1
2 < = - 32Gi(X!bn,by)
= 23 TWEDLY; = GiXjbp,by) | ———
(G abob’
Because G,;(x'b, b) and its derivatives converge to G(x'b, b) and its derivatives uni-
formly over both arguments, we may write

2 1. n / /
P5nbn) _2 ZJ,-W(Xi)aG(X"fg’ A) BG(X’;ﬂ’ £)
bdb  n = b b
2 & s o PGB, B)
- - JiWXHLY: — G(X: 8, — 1).
=D W XB. B>+ 0p(D)

i=1
The first term on the right-hand side of this equation converges almost surely to
C and the second term converges almost surely to zero by the strong law of large
numbers. This result together with the previously obtained asymptotic distribution
of the left-hand side of (2.29) implies that (2.29) can be written in the form

N(0, D) = Cn'"?(b, — B) + op(1). (2.31)

Equation (2.26) is obtained by multiplying both sides of (2.31) by C~!.
In applications, €2 is unknown, and a consistent estimator is needed to make
statistical inference possible. To this end, define

2 & 8G,i(Xiby, by) 8G,i(X\b,, b
Cn — ; ZJ,W(X,) m( l~n }’l) l’ll( alb/l’l I’l)

i=1

and
zaGni(Xl{bns bn) aGm‘(Xl{bm bn)
db b’ '

4 n
Dy =~ X;JiW(Xi)[Yi — Gui(Xjby)]
=
Under the assumptions of Theorem 2.2, C,, and D,,, respectively, are consistent esti-
mators of C and D. Q is estimated consistently by

Q,=C'D,C L
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Intuitively, these results can be understood by observing that because G,; converges
in probability to G and b,, converges in probability to 3,

‘o %Z Jiw<xi>3G(§;;ﬁ’ﬁ) 0GB |, )

0 b’

and

2, IGXB.B) IG(X;B.B)
ab b’

4 & ,
D, ==Y IWEX)IY: — GXB)] + op(1).
e
Convergence of C, to C and D, to D now follows from the strong law of large
numbers.

2.5.2 Choosing the Weight Function

The choice of weight function, W, affects the efficiency of the estimator of 3. Ideally,
one would like to choose W so as to maximize the asymptotic efficiency of the
estimator. Some care is needed in defining the concept of asymptotic efficiency so
as to avoid the pathology of superefficiency. See Bickel et al. (1993) and Ibragimov
and Has’minskii (1981) for discussions of superefficiency and methods for avoiding
it. Estimators that are restricted so as to avoid superefficiency are called regular.

Within the class of semiparametric WNLS estimators, an estimator is asymptot-
ically efficient if the covariance matrix €2 of its asymptotic distribution differs from
the covariance matrix €2 of any other weighted WNLS estimator by a positive-
semidefinite matrix. That is, Q — Q is positive semidefinite. More generally, one
can consider the class of all regular estimators of single-index models (2.1). This
class includes estimators that may not be semiparametric WNLS estimators. The
definition of an asymptotically efficient estimator remains the same, however. The
covariance matrix of the asymptotic distribution of any regular estimator exceeds
that of the asymptotically efficient estimator by a positive-semidefinite matrix.

The problem of asymptotically efficient estimation of B in a semiparametric
single-index model is related to but more difficult than the problem of asymptot-
ically efficient estimation in a nonlinear regression model with a known G. The case
of a nonlinear regression model (not necessarily a single-index model) in which G
is known has been investigated by Chamberlain (1987), who derived an asymptotic
efficiency bound. The covariance matrix of the asymptotic distribution of any regu-
lar estimator must exceed this bound by a positive-semidefinite matrix. The model is
E(Y|X = x) = G(x, B). The variance function, o2(x) = E{[Y — G(X, B)I*|X = x},
is unknown. Chamberlain (1986) showed that the efficiency bound is

B 1 3G, B)aGX, g1
QNLR_{E[02(X) ob ob' ]} '
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This is the covariance matrix of a weighted (or generalized) nonlinear least-squares
estimator of B with weight function W(x) = 1/o2(x). For the special case of the
linear model G(x, B) = xf, Carroll (1982) and Robinson (1987) showed that this
covariance matrix is obtained asymptotically even if o>(x) is unknown by replac-
ing az(x) with a nonparametric estimator. Thus, lack of knowledge of 02(x) causes
no loss of asymptotic efficiency relative to infeasible generalized least-squares
estimation.

The problem of efficient estimation of § in a single-index model with an
unknown G has been investigated by Hall and Ichimura (1991) and Newey and
Stoker (1993). These authors showed that under regularity conditions, the efficiency
bound for estimating g in a single-index model with unknown G and using only data
for which X € A, is (2.28) with weight function W(x) = 1/ o 2(x). With this weight
function, C = D in (2.28), so the efficiency bound is

/ / -1
Qg = {E [I(X € Ay) 0G(X'B.B) 3G(X~ﬂ,,3)“ _ (2.32)

o2(X) ab b’

This bound is achieved by the semiparametric WNLS estimator if o-2(X) is known
or independent of X. The assumption that the estimator uses only observations for
which X € A, can be eliminated by letting A, grow very slowly as n increases.
Chamberlain (1986) and Cosslett (1987) derived this asymptotic efficiency bound
for the case in which (2.1) is a binary-response model (that is, the only possible val-
ues of Y are 0 and 1) and G is a distribution function. Chamberlain and Cosslett also
derived efficiency bounds for certain kinds of censored regression models. Except
in special cases, Q257 exceeds the asymptotic efficiency bound that would be achiev-
able if G were known. Thus, there is a cost in terms of asymptotic efficiency (but
not rate of convergence of the estimator) for not knowing G. Cosslett (1987) gives
formulae for the efficiency losses in binary-response and censored linear regression
models.

When o2(x) is unknown, as is likely in applications, it can be replaced by a con-
sistent estimator. Call this estimator sﬁ(x) . The asymptotic efficiency bound will
be achieved by setting W(x) = 1 /sfl(x) in the semiparametric WNLS estimator
(Newey and Stoker 1993). Therefore, an asymptotically efficient estimator of S can
be obtained even when o2 (x) is unknown.

A consistent estimator of o2 (x) can be obtained by using the following two-
step procedure. In the first step, estimate S by using semiparametric WNLS with
W(x) = 1. The resulting estimator is n~!/? -consistent and asymptotically normal
but inefficient. Let ¢; be the ith residual from the estimated model. That is, ¢; =
Y; —G,,i(leb,,, by). In the second step, set sﬁ(x) equal to a nonparametric estimator of
the mean regression of ei2 on X;. Robinson (1987) discusses technical problems that
arise if X has unbounded support or a density that can be arbitrarily close to zero.
He avoids these problems by using a nearest-neighbor nonparametric regression
estimator. In practice, a kernel estimator will suffice if A, is chosen so as to keep the
estimated density of X away from zero.
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This concludes the discussion of semiparametric weighted nonlinear least-
squares estimation of single-index models. To summarize, Ichimura (1993) has
given conditions under which the semiparametric WNLS estimator of 8 in (2.1)
is n~1/?-consistent and asymptotically normal. The estimator of f is also asymp-
totically efficient if the weight function is a consistent estimator of 1/0%(x). A con-
sistent estimator of o>(x) can be obtained by a two-step procedure in which the
first step is semiparametric WNLS estimation of g with a unit weight function and
the second step is nonparametric estimation of the mean of the squared first-step
residuals conditional on X .

2.5.3 Semiparametric Maximum-Likelihood Estimation
of Binary-Response Models

This section is concerned with estimation of (2.1) when the only possible values of
Y are 0 and 1. In this case, G(x'B8) = P(Y = 1|X = x). If G were a known function,
then the asymptotically efficient estimator of 8 would be the maximum-likelihood
estimator (MLE). The MLE solves the problem

maximize: logL(b) = l E {Yilog G(X/b) + (1 — Yy log[1 — G(X[b)]}. (2.33)
n
i=1

In the semiparametric case, where G is unknown, one can consider replacing G on
the right-hand side of (2.33) with an estimator such as Gy,; in (2.23). This idea has
been investigated in detail by Klein and Spady (1993). It is clear from (2.33) that
care must be taken to ensure that any estimate of G is kept sufficiently far from
0 and 1. Klein and Spady (1993) use elaborate trimming procedures to accom-
plish this without artificially restricting X to a fixed set A, on which G(X'B) is
bounded away from O and 1. They find, however, that trimming has little effect on
the numerical performance of the resulting estimator. Therefore, in practice little is
lost in terms of estimation efficiency and much is gained in simplicity by using only
observations for which x € A,. This method will be used in the remainder of this
section.

A second simplification can be obtained by observing that in the special case
of a binary-response model, Var(Y|X = x) = G('B)[1 — G(x'B)]. Thus, o%(x)
depends only on the index z = x’B. In this case, W cancels out of the numerator and
denominator terms on the right-hand side of (2.27), so

966 D) _ e prins =X < Ad)

By substituting this result into (2.28) and (2.32), it can be seen that the covariance
matrix of the asymptotic distribution of the semiparametric WNLS estimator of 3 is
the same whether the estimator of G is weighted or not. Moreover, the asymptotic
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efficiency bound 2g; can be achieved without weighting the estimator of G. Accord-
ingly, define the unweighted estimator of G

Gni(z,b T YiK —Xb
10i(2, D) = WZ nj hn >

where

Iani(z? b)

z—Xib
Zln] :
" i

Now consider the following semiparametric analog of (2.33):

I . .
maximize: log Lsp(b) = — Z Ji{Yi1log Gi(X/b,b) + (1—Y;) log [1—Gi(X/b, b)]}.
n
i=1

(2.34)
Let b, denote the resulting estimator of B. If B is identified (see the discussion in
Section 2.3), consistency of b for ,3 can be demonstrated by showing that Gm(z, b)
converges to G(z, b) uniformly over z and b. Therefore, the probability limit of the
solution to (2.34) is the same as the probability limit of the solution to

T
maximize: log L¢p(b) = — ZJ,-{Yi log G(leb, by+ ({1 —Yy)log[l — G(leb, b)]}.
n
i=1
(2.35)
The solution to (2.34) is consistent for B if the solution to (2.35) is. The ~solution
to (2.35) is a parametric maximum-likelihood estimator. Consistency for 8 can be
proved using standard methods for parametric maximum-likelihood estimators. See,
for example, Amemiya (1985).
By differentiating the right-hand side of (2.34), it can be seen that b, = (1, b~,,/)/
satisfies the first-order condition

- Z Yi — Gni(Xl{bns bn) aéni(Xl{bns by)

- = =0
an(X bn’ n)[l - Gni(Xibn, bn)] ab

i=1

with probability approaching 1 as n — oo. This is the same as the first-order condi-
tion for semiparametric WNLS estimation of 8 with the estimated weight function

W(x) = (GiWby, b1 — Gui(X' by, b))~
= {GWPII — GBI} + 0,(1)
= [Var(Y|X = 0]~ 4+ 0,(1).

It now follows from the discussion of asymptotic efficiency in semiparametric
WNLS estimation (Section 2.5.2) that the semiparametric maximum-likelihood
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estimator of S in a single-index binary-response model achieves the asymptotic effi-
ciency bound Q2g;.

The conclusions of this section may be summarized as follows. The semipara-
metric maximum-likelihood estimator of § in a single-index binary-response model
solves (2.34). The estimator is asymptotically efficient and satisfies

A ~ d
n'2(b, — ) > N, Qsp).

2.5.4 Semiparametric Maximum-Likelihood Estimation
of Other Single-Index Models

Ai (1997) has extended semiparametric maximum-likelihood estimation to single-
index models other than binary-response models. As in the binary-response esti-
mator of Klein and Spady (1993), Ai (1997) forms a quasi-likelihood function by
replacing the unknown probability density function of the dependent variable con-
ditional on the index with a nonparametric estimator. To illustrate, suppose that
the probability distribution of the dependent variable Y depends on the explana-
tory variables X only through the index X’B. Let f( - [v, B) denote the probability
density function of Y conditional on X’8 = v. If f were known, then S could be esti-
mated by parametric maximum likelihood. For the semiparametric case, in which f
is unknown, Ai replaces f with a kernel estimator of the density of Y conditional on
the index. He then maximizes a trimmed version of the resulting quasi-likelihood
function. Under suitable conditions, the resulting semiparametric estimator of f
is asymptotically efficient (in the sense of achieving the semiparametric efficiency
bound). See Ai (1997) for the details of the trimming procedure and regularity con-
ditions.

Ai and Chen (2003) have given conditions for asymptotically efficient estimation
of B in the moment condition model

E[p(Z, B.g(-)IX] =0, (2.36)

where Z = (Y', X)), Y is a random vector, X7 is a subvector of the random vector
X, p is a vector of known functions, 8 is an unknown finite-dimensional parameter,
and g is a finite-dimensional vector of unknown functions that may include f among
their arguments. Model (2.36) is very general and includes single-index models,
partially linear models, and many others as special cases. The cost of this generality,
however, is that the analysis of (2.36) is both lengthy and complicated. The details
are given in Ai and Chen (2003).

2.5.5 Semiparametric Rank Estimators

If G in (2.1) is a nondecreasing function and ¥ — G(X’B) is independent of X, then
X;B > X;p implies that P(Y; > Y;) > P(Y; > Y;). This suggests estimating § by
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choosing the estimator b, so as to make the rank ordering of {Y;:i = 1, ..., n}
as close as possible to that of {X;,B:i = 1, ..., n}. The resulting maximum rank
correlation (MRC) estimator is

n

1 n

i=1 j=I

J#i
The MRC estimator was first proposed by Han (1987), who also gave conditions for
consistency of the estimator. Cavanagh and Sherman (1998) proposed a modified
estimator

n n
bu.cs = arg max ﬁ Z Z MYDI(Xjb > X[b),
i=1 j=1
J#
where M is an increasing function. This estimator is consistent under conditions that
are weaker than those required for the MRC estimator. It is also easier to compute
than the MRC estimator.

Deriving the asymptotic distributions of these estimators is complicated because
their objective functions are discontinuous. Sherman (1993) gave conditions under
which n'/2(b, yrc — B) is asymptotically normally distributed with mean 0.
Cavanagh and Sherman (1998) gave conditions for asymptotic normality of
nl/ 2(bn,CS — B). The derivation of these results relies on empirical process meth-
ods that are beyond the scope of this book. Sherman (1993) and Cavanagh and
Sherman (1998) also give methods for estimating the covariance matrices of the
asymptotic distributions of n'/ 2(bn, Mrc — PB) and n'/ Z(bn,CS — B), but these are
hard to implement. Subbotin (2008) proves that the bootstrap estimates these dis-
tributions consistently, which makes the bootstrap a potentially attractive method
for carrying out inference with b, yrc and b, cs in applied research. Rank estima-
tors are not asymptotically efficient and can be hard to compute, but they do not
require bandwidths or other smoothing parameters. This may be an advantage in
some applications.

2.6 Direct Semiparametric Estimators

Semiparametric weighted nonlinear least-squares and maximum-likelihood esti-
mators have the significant practical disadvantage of being very difficult to com-
pute. This is because they are solutions to nonlinear optimization problems whose
objective functions may be nonconvex (nonconcave in the case of the maximum-
likelihood estimator) or multimodal. Moreover, computing the objective functions
requires estimating a nonparametric mean regression at each data point and, there-
fore, can be very slow.

This section describes an estimation approach that does not require solving an
optimization problem and is noniterative (hence the name direct). Direct estimates
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can be computed very quickly. Although direct estimators are not asymptotically
efficient, an asymptotically efficient estimator can be obtained from a direct estima-
tor in one additional, noniterative, computational step. The relative computational
simplicity of direct estimators makes them highly attractive for practical data
analysis.

Xia et al. (2002) have proposed an iterative scheme called rMAVE (Refined Min-
imum Average Conditional Variance Estimation) that simplifies the computations of
semiparametric weighted nonlinear least-squares and maximum-likelihood estima-
tors. Xia (2006) has given conditions under which rMAVE yields the asymptotically
efficient estimator of a single-index model. However, these conditions include start-
ing the rMAVE iterations at a point bg that satisfies ||bg — B = o(n~%/29). Conse-
quently, IMAVE has no apparent advantages over taking an additional step beyond
one of the direct estimators that is described in this section.

Section 2.6.1 describes a well-known direct estimation method under the
assumption that X is a continuously distributed random vector. Section 2.6.2
describes a direct estimation method that overcomes an important disadvantage of
the method of Section 2.6.1 though at the cost of additional complexity. Section
2.6.3 shows how the direct estimation method can be extended to models in which
some components of X are discrete. Section 2.6.4 describes the one-step method for
obtaining an asymptotically efficient estimator from a direct estimate.

2.6.1 Average-Derivative Estimators

The idea underlying direct estimation of a single-index model when X is a contin-
uously distributed random vector is very simple. Let (2.1) hold. Assume that G is
differentiable, as is required for identification of 8. Then

E(Y|X =

EXIX =9 _ sewp). (2.37)
ax

Moreover, for any bounded, continuous function W,

IE(Y|X) -
E [W(X)T} = BE[WX)G'(X'B)]. (2.38)

The quantity on the left-hand side of (2.38) is called a weighted average derivative
of E(Y|X) with weight function W. Equation (2.38) shows that a weighted average
derivative of E(Y|X) is proportional to 8. Owing to the need for scale normalization,
B is identified only up to scale, so any weighted average derivative of E(Y|X) is
observationally equivalent to 8. Thus, to estimate S, it suffices to estimate the left-
hand side of (2.38) for some W. The scale normalization 81 = 1 can be imposed,
if desired, by dividing each component of the left-hand side of (2.38) by the first
component.
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The left-hand side of (2.38) can be estimated by replacing dE(Y|X)/dx with a
kernel (or other nonparametric) estimator and the population expectation E( - ) with
a sample average. Hristache et al. (2001), Hirdle and Stoker (1989), Powell et al.
(1989), and Stoker (1986, 1991a,b) describe various ways of doing this. The dis-
cussion in this section concentrates on the method of Powell et al. (1989), which
is especially easy to analyze and implement. Section 2.6.2 describes the method of
Hristache et al. (2001), which overcomes an important disadvantage of the method
of Powell et al. (1989).

To describe the method of Powell et al. (1989), let p( - ) denote the probability
density function of X, and set W(x) = p(x). Then the left-hand side of (2.38) can be
written in the form

JE(Y|X JE(Y|X
[W(X) (Y )] [(X) (XI )}
_ / EAX =2 .
dx

Assume that p(x) = 0 if x is on the boundary of the support of X. Then integration
by parts gives

0E(Y|X
E[W(X)%} f E(Y|X = )ﬁp( )dx

— _2F [Yap(x):| .
0x

Define
8 = —2E[Ydp(X)/ox]. (2.39)

Then § is observationally equivalent to 8 up to scale normalization. A consistent
estimator of § can be obtained by replacing p with a nonparametric estimator and
the expectation operator with a sample average. Let {Y;, X;: i =1, ..., n}denote
the sample. The estimator of § is

n
Api(X;
S=-2)_Y P 8’; Z), (2.40)
i=1

where p,;(X;) is the estimator of p(X;). The quantity §, is called a density-weighted
average-derivative estimator.

To implement (2.40), the estimator of p must be specified. A kernel estimator is
attractive because it is relatively easily analyzed and implemented. To this end, let
d = dim (X), and let K be a kernel function with a d -dimensional argument. Condi-
tions that K must satisfy are given in Theorem 2.3 below. Let {£,} be a sequence of
bandwidth parameters. Set
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1 1 x—X;
Pni(x) = m@ ZK< I ])-
J#
It follows from the properties of kernel density estimators (see the Appendix) that
Pni(x) is a consistent estimator of p(x). Moreover, dp(x)/dx is estimated consistently
by 0pni(x)/9x. The formula for dp,;(x)/0x is

Apni(x) 1 1 ,(x—X;
= K{——), 2.41
dx n—1pd+! ; Iy 24D

where K’ denotes the gradient of K. Substituting (2.41) into (2.40) yields

2 1 <& X —X;
oy = ——— YK | ——2 ). 2.42
= o L (2 42)

i=1 jti

Observe that the right-hand side of (2.42) does not have a density estimator or other
random variable in its denominator. This is because setting W(x) = p(x) in the
weighted average derivative defined in (2.38) cancels the density function that would
otherwise be in the denominator of the estimator of E(Y|X = x). This lack of a
random denominator is the main reason for the relative ease with which §,, can be
analyzed and implemented.

Powell et al. (1989) give conditions under which §, is a consistent estimator of
8 and n'/2(8, — 8) is asymptotically normally distributed with mean 0. The formal
statement of this result and the conditions under which it holds are given in Theorem
2.3. Let ||-|| denote the Euclidean norm. Let P = (d + 2)/2 if d is even and P =
(d+3)/2ifdis odd.

Theorem 2.3: Let the following conditions hold.

(a) The support of X is a convex, possibly unbounded, subset of RY  with a
nonempty interior. X has a probability density function p. All partial deriva-
tives of p up to order P+ 1 exist.

(b) The components of OE(Y|X)/0x and of the matrix [dp(X)/0x](Y, X') have
finite second moments. E[Y3"p(X)] exists for all positive integers r < P+ 1 ,
where 3"p(x) denotes any order r mixed partial derivative of p. E(Y?*|X = x)
is a continuous function of x. There is a function m(x) such that

E[(1+ 1Y+ X[ )HmX)]* < oo,
H pex+¢)  op

()
o o H <m@)[I¢]l,

and

H Ipx+ OQEY|X =x+¢)  IpWEX|X = x)

o o H <m@) |[¢]l.
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(c) The kernel function K is symmetrical about the origin, bounded, and differen-

tiable. The moments of K through order P are finite. The moments of K of order
rareall 0if 1 <r < P. In addition

/K(v)dv =1

(d) The bandwidth sequence {hy} satisfies nhﬁp — 0 and nhﬁ” — ooasn — Q.
Then

28, — 8) 5 N(O. Qap).

where
Quap = 4E[R(Y, X)R(Y, X)'] — 45868 (2.43)
and
AE(Y|X = d
R(y. ) :p(x)% Y — E(Y|X = x)] ’;ix). n

A consistent estimator of $24p is given in (2.44) below.

Several comments may be made about the conditions imposed in Theorem 2.3.
Condition (a) implies that X is a continuously distributed random variable and that
no component of X is functionally determined by other components. Condition (b)
requires the existence of various moments and imposes smoothness requirements
on p(x), E(Y|X = x), and E(Y? |X = x). Condition (c) requires K to be a higher-
order kernel, meaning that some of its even moments vanish. In condition (c), the
order is P. Higher-order kernels are used in density estimation and nonparametric
mean regression to reduce bias. See the Appendix for further discussion of this use
of higher-order kernels. Here, the higher-order kernel is used to make the bias of
8, have size o(n~1/2), which is needed to ensure that the asymptotic distribution of
n'/2(8,—38) is centered at 0. Finally, the rate of convergence of /, is faster than would
be optimal if the aim were to estimate p(x) or E(Y|X = x) nonparametrically. Under
the conditions of Theorem 2.3, the rate of convergence in probability of an estimator
of p(x) or E(Y|X = x) is maximized by setting &, oc n~1/@P+d which is too slow
to satisfy the requirement in condition (d) that nhﬁ‘D — 0 asn — oo. The rela-
tively fast rate of convergence of 4, required by condition (d), like the higher-order
kernel required by condition (c), is needed to prevent the asymptotic distribution of
n'/2(8, — 8) from having a nonzero mean.

Kernel density and mean-regression estimators cannot achieve 0p(n’1/ %) rates
of convergence, so it may seem surprising that §, achieves this rate. The fast con-
vergence of g, is possible because the sum over i on the right-hand side of (2.42)
makes J,, an average of kernel estimators. Averages of kernel estimators can achieve
faster rates of convergence than kernel estimators that are not averaged.
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A consistent estimator of 24p can be obtained from (2.43) by replacing § with §,,,
the population expectation with a sample average, and R with a consistent estimator.
Powell et al. (1989) give the details of the calculation. The result is that Q4p is
estimated consistently by

4 n
Qap, n == D Ra(Yiy XORu(Y, Xi)/ — 48,5, (2.44)
i=1
where
1 1 ,(Xi — X
RalYy X0 = = = oy %‘(Yi — Y)K (h—)

2.6.2 An Improved Average-Derivative Estimator

The density-weighted average-derivative estimator of (2.42) requires the density of
X to be increasingly smooth as the dimension of X increases. This is necessary to
make n!/ 2(3,1 — §) asymptotically normal with a mean of 0. See assumption (a) of
Theorem 2.3. The need for increasing smoothness is a form of the curse of dimen-
sionality. Its practical consequence is that the finite-sample performance of the
density-weighted average-derivative estimator is likely to deteriorate as the dimen-
sion of X increases, especially if the density of X is not very smooth. Specifically,
the estimator’s bias and mean-square error are likely to increase as the dimension of
X increases.

Hristache et al. (2001) proposed an iterated average-derivative estimator that
overcomes this problem. Their estimator is based on the observation that G(x'8)
does not vary when x varies in a direction that is perpendicular to . Therefore,
only the directional derivative of E(Y|X = x) along the direction of g is needed for
estimation. If this direction were known, then estimating the directional derivative
would be a one-dimensional nonparametric estimation problem, and there would be
no curse of dimensionality.

Of course, the direction of B is not known in applications, but Hristache et al.
show that it can be estimated with sufficient accuracy through an iterative proce-
dure. At each iteration, the gradient of E(Y|X = x) is estimated using two band-
widths. The bandwidth in the estimated direction of 8 decreases as the iterations
proceed, and the bandwidth in the estimated perpendicular direction increases. The
use of two bandwidths enables the iterative procedure to mimic taking a directional
derivative with increasing accuracy as the iterations proceed. The contribution to
variance from estimation in the estimated perpendicular direction is small because
the bandwidth in this direction is large. The contribution to bias is small despite
the large bandwidth because E(Y|X = x) varies little in the estimated perpendicular
direction.
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The details of the estimation procedure are as follows:

1. Specify the values of the tuning parameters 1, Pmin, dp, ap, h1, and  Ayax.
Methods for doing this are discussed below. Also, set b =0 and j=1.

2. Atiteration j(j = 1,2, ...),set S; =+ ,0]»_2171-_119]/.71)1/2 , where bj_; is the
estimate of 8 atiteration j—1,/isthe k x k identity matrix, and k = dim (B).

3. Let K be a kernel function. Denote the data by {Y;, X;:i =1, ..., n}. For each
i, =1, ..., n,define the column vector X;; = X, — X; . Let Ej(X,-) and
@Ej(X,-) denote the estimates of E(Y|X = X;) and JE(Y|X = X;)/0x at the jth
iteration. Foreach i =1, ..., n, these are obtained from the formula

0 S () () e ()] o (e (13,

4. Compute the vector bj =n"' Y1 @Ej(X,-) )
5. Set hj+1 = ahhj and Pj+1 = App;j - If Pj+1 > Pmin » S€t j=j+ 1 and return
to Step 2. Terminate if 0j11 < Omin -

Let j(n) denote the total number of iterations. The average-derivative estimate of
is bj(n). This estimate does not satisfy the scale normalization that requires its first
component to equal 1, but that normalization can be achieved by division. Alter-
natively, bj;) can be normalized to have unit length. This is the normalization that
Hristache et al. use. It gives the estimate § = bjny/ ”bj(,,) || In Step 3, ij(X,-) and
@Ej(Xi) are local-linear estimates of E(Y|X = X;) and its gradient. Local-linear
estimation is discussed in the Appendix. In particular, E /(X;) and VE /(Xi) solve the
problem

[ Ex) ] N Z ey § L]
A~ = ¢ —C— li — |-
VE;(X;) ceR, beRk ' hJ2
Hristache et al. proposed the following choices of tuning parameters. These choices
are based on heuristic considerations and simulation evidence:

pr=1, Pmin = ”_1/3/hmax, ap = 6_1/6,

hy =n V@D g2 ay, = e!/12éVOl

We now state the asymptotic properties of the estimator. Make the following
assumptions.

HIS1: The kernel, K, is a continuously differentiable, decreasing function on
Ry with K(0)=1 and K(v) =0 forall v>1.

HIJS2: The model is ¥; = G(le B) + U;, where the U; are independently and
identically normally distributed with mean 0 and finite variance o>
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HIS3: The function G is twice differentiable with a bounded second derivative.
HJS4: The points {X;:i = 1, ..., n} are independently and identically dis-
tributed with a continuous, strictly positive density on [0,1]% .

We now have the following theorem.

Theorem 2.4: Let assumptions HISI-HJS4 hold. Define z, = (1 4+ 2logn +
2loglogn)'/? and p* = n=' B’ 1| G'(X}B). Then for all sufficiently large n,

cZﬁn—Z/T _ 3
18~

where C is a constant and y is a normally distributed random vector in RY with
mean 0 and a bounded covariance matrix. B

pllé-o- |- g

Hristache et al. actually assume a fixed design (the X; s are nonrandom), but this
requires a rather complicated “design regularity” condition. A random design satis-
fies this condition with a probability that approaches 1 exponentially as n increases.
Normality of the U; s is not essential. The results can be extended to heteroskedastic,
nonnormal U;s that satisfy sup; ;,, E[exp (AU;)] < D for some positive constants
A and D. The requirement that X; € [0,17¢ is not restrictive because it can always be
satisfied by transforming the X; s.

Theorem 2.4 states, among other things, that the iterated average-derivative esti-
mator is n~'/?-consistent and asymptotically normally distributed with a mean of 0.
In contrast to the density-weighted average-derivative estimator of Section 2.6.1,
this happens whenever X has a continuous, positive density, regardless of the dimen-
sion of X. Increasing smoothness and higher-order kernels are not needed to accom-
modate high-dimensional X s. The covariance matrix of the asymptotic distribution
of the iterated average-derivative estimator is not specified, but this is unimportant
because the estimator can be made asymptotically efficient with covariance matrix
Qg by taking one step toward the minimum of a suitable version of the weighted
nonlinear least-squares estimator of Section 2.5. See Section 2.6.4.

2.6.3 Direct Estimation with Discrete Covariates

Average-derivative methods cannot be used to estimate components of 8 that mul-
tiply discrete components of X. This is because derivatives of E(Y|X = x) with
respect to discrete components of X are not identified. This section explains how
direct (noniterative) estimation can be carried out when some components of X are
discrete.

To distinguish between continuous and discrete covariates, let X denote the con-
tinuously distributed covariates and Z denote the discrete ones. Rewrite (2.1) in the
form

EYIX =x, Z=2)=GWp +7a), (2.45)
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where « is the vector of coefficients of the discrete covariates. As was discussed
in Section 2.3, identification requires there to be at least one continuous covari-
ate. There need not be any discrete covariates, but it is assumed in this section
that there is at least one. Let d; > 1 denote the number of discrete covariates and
components of Z.

The problem of interest in this section is estimating . The parameter 8 can be
estimated by using the average-derivative estimators of Sections 2.6.1 and 2.6.2 as
follows. Let S, = {z?:i = 1, ..., M} be the points of support of Z. Define 8,(1i) to
be the average-derivative estimator of § that is obtained by applying the methods
of Section 2.6.1 or 2.6.2 to the observations for which Z = z®. Let 5;(111) be the

first component of 8,(1i). Letw,; (i =1, ..., M) be a set of nonnegative (possibly
data-dependent) weights that sum to one. The estimator of 8 is

M .

Z Wni8£ll)

[P e — (2.46)
M )

Y waidy)

i=1
One possible set of weights is w,; = n;/n, where n; is the number of observations
the sample for which Z = 7z, However, the results presented in this section hold
with any set of nonnegative weights that sum to one.

To see how « can be estimated, assume for the moment that G in (2.45) is known.
Let p(-|z) denote the probability density function of X’8 conditional on Z = z. Make
the following assumption.

Assumption G: There are finite numbers vg, vi, ¢, and ¢ such that vo < vy,
co < c1, and G(v) = ¢ or ¢y at only finitely many values of v. Moreover, for each
z€es;,

(a) G +7Za)<co if v<vy,
(b) Gv+7Za)>cy if v>vy,
(c) p(-|z) is bounded away from 0 on an open interval containing [vg,v;] .

Parts (a) and (b) of Assumption G impose a form of weak monotonicity on G. G
must be smaller than ¢y at sufficiently small values of its argument and larger than ¢
at sufficiently large values. G is unrestricted at intermediate values of its argument.
Part (c) ensures that G(v + Z'«) is identified on vg < v < vy.

To see the implications of Assumption G for estimating «, define

J(2) :/ 1 {col[G(v + Za) < co]l + 1 I[G(v + Za0) > ¢1]

0

+ G+ Za)l[cy < Gv+Za) < cil}dv.

Define v, = max{vyg + Za:z € S;} and vy = min{v; + Za:z € S,}. Make the
change of variables v = u — 7'« in the integrals on the right-hand side of J(z).
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Observe that by Assumption G, I[G(u) < co] = 0if u > vy, I[G(u) > c1] = 0 if
u < vy, and Ilco < G(u) < c;] =0ifu < v, or u > vp. Therefore,

J(2) = Co/ ’ 1IG(u) < coldu + C()/ ’ I1G(u) < coldu

0+7 o

+/ ’ Gw)l[cy < G(u) < cildu + ¢y / bI[G(u) > c1]du

vi+7a
+ ¢ / 11G(u) > c1]du
v,

b

=co(vg —vo—Z )+ co/ bI[G(u) < coldu +/ hG(u)I[co <G(u)<cildu

Va a

Vo
+c / I[Gw) > ci]ldu+ c1(vi —vp + Z ).
V,

a

It follows that fori =2, ..., M

I = 31201 = (er = ez — VY 247

Since cy, c1, and the support of Z are known, (2.47) constitutes M — 1 linear equa-
tions in the d, unknown components of «. These equations can be solved for « if a
unique solution exists. To do this, define the (M — 1) x 1 vector AJ by
J[2P] = Iz
AJ = :

J[zM] — [z

Also, define the (M — 1) x d, matrix W by
L@ M
W= :
L) _ (D)
Then
W AJ = (¢1 — o) ' W Wa.

Therefore, if W'W is a nonsingular matrix,

o =(c; —co)(WW) "W AJ. (2.48)

Equation (2.48) forms the basis of the estimator of «. The estimator is obtained
by replacing the unknown G(v + 7'«) that enters AJ with a kernel estimator of the
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nonparametric mean regression of Y on X’b, conditional on Z = z. The resulting
estimator of G(v + Z'«) is

Gr() = — - XH:I(Z‘ — VK <V_—V’“) (2.49)
netV) = hyzPnz(V) PN hinz | .

i=1

where £, is a bandwidth, K is a kernel function, V,; = le b, and

1 < v — Vi
Pr(V) = —— > " I(Zi = K ( i ) (2.50)
nhy; P hnz
The estimator of « is then
an = (c1 — ) " WW)" "W AT, (2.51)
where
T[22 = Ju[21]
AJ, = :
Jl2M] — 7,[20]
and

Vi
Ju(2) =/ {col[Gnz(v) < col + ctI[Gpz(v) > ci]
Vo

+ G (WI[co < Gy (v) < c1]}dv.

Horowitz and Hirdle (1996) give conditions under which a,, in (2.51) is a consis-
tent estimator of o and n'/%(a, —a) is asymptotically normally distributed with mean
0. The formal statement of this result is given in Theorem 2.5. Define V = X',
Vi =XB,v = x'B, and G.(v) = G(v + Za). Let p(v|z) be the probability density
of V conditional on Z = z, let p(z) be the probability that Z = z ( z € §), let
p(v, 2) = p(v|z)p(z), and let p(v, X|z) be the joint density of (V, X) conditional on
Z = z. Finally, define

I'(z) = —/ 1 GQ(V)E()N(lv, [co < Gv+ Za) < cildv.
Vo

Theorem 2.5: Let the following conditions hold.

(a) S is a finite set. E(||}~(||2|Z:z) < 00 and E(|Y| ||)~(||2|Z:z) < o0 for

each z € S, . E<|Y|2 1% 1V =, z:z) CEQYRV = v, Z = 2), and
p(v, z) are bounded uniformly over v € [vg — &,v| + €] for some ¢ > 0 and
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all z € S,. Foreach z € S;, p(v, X|z) is everywhere three times continuously
differentiable with respect to v and the third derivative is bounded uniformly.
Var(Y|V=v,Z=12)> 0 forall z € S, and almost every v.

(b) W'W is nonsingular.

(c) EX|X =x,Z=7z2)=GXB+7a). Gis rtimes continuously differentiable for
some r > 4. G and its first r derivatives are bounded on all bounded intervals.

(d) Assumption G holds.

(e) If d =dim((X) > 1, thereisa (d — 1) x 1 vector-valued function (y, x, z)
satisfying Elo(Y, X, Z2)] =0,

1 n
12y — ) = =5 Y ¥ XiZp) + op(1),
i=1

and
1 < J
ni2 Zw(Yi, Xi,Z)) — N(0,V,)
i=1

for some finite matrix V,, .

(f) Kin (2.49) and (2.50) is a bounded, symmetrical, differentiable function that
is nonzero only on [ — 1,11. K’ is Lipschitz continuous. For each integer j
between O and r (r > 4),

l . .
. 1if j=0
/ vK®W)dy = ?] i
1 Oif 1<j<r-—1

(g) As n — oo, nh,';+3 — 00 and nhﬁ’ — 0, where hy, is the bandwidth in (2.49)
and (2.50).

Then ay, is a consistent estimator of «. Moreover, n'/*(a, — &) is asymptotically
distributed as N(0, Q2y), where Q2 is the covariance matrix of the d, x 1 random
vector A, whose m th component is

m n
DLW W) W yn 2y (12 = Z)p(vie) !
j=2 i=1
[¥; = G (Vlllleo < Goo (Vi) < er] = 1(Zi = 2 D)p(Viz™) ™!
[Yi — G.oy(Vplllco = G,y (V) < e1] + (T — o)y, Xi,Z;)}. B

Condition (a) makes Z a discrete random variable with finite support and estab-
lishes the existence and properties of certain moments. The need for conditions
(b) and (d) has already been discussed. Condition (c) makes E(Y|X = x, Z = 7) a
single-index model. Condition (e) is satisfied by the estimators of B discussed in
Sections 2.6.1 and 2.6.2 but does not require the use of these estimators. Condi-
tions (f) and (g) require K to be a higher-order kernel with undersmoothing. As in
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Section 2.6.1, conditions (f) and (g) are used to insure that the asymptotic distribu-
tion of n'/%(a, — «) is centered at 0.

The covariance matrix 2, can be estimated consistently by replacing unknown
quantities with consistent estimators. I'; is estimated consistently by

1
[py = _; ZXiI(Zi =2I(vo < Vi < vDlco < Gpz(Vini) < CI]G;IZ(Vni)/an(Vni)v

i=1

where G;lz(v) = dGp;(v)/dv. Define A(y,v, z) to be the (M — 1) x 1 vector whose
(— 1) component (j =2, ..., M)is

A, 2) =1z = Ilco < G, < ci1]
j P nz)(v)
y—G,.m®)
— Iz = 2V)y—"2""Ilcy < G, < c1l.
DPuzd(V) new)

Let w, be a consistent estimator of w. Then €2, is estimated consistently by the
sample covariance of the d, x 1 vector whose mth component (m =1, ..., d;)is

m
Z [(WW) ' Wah(Yis Vi Z0) + (Tpr — T on(Yis Xiv Z0)1.
j=2
Horowitz and Hardle (1996) show how to estimate @ when the estimator of 8 is
(2.46) and the 8,(1') are density-weighted average-derivative estimates (Section 2.6.1).

To state their result, let pp;(x) be a kernel estimator of the probability density of X
conditional on Z = 7. That is,

1 <« x—X;
pui0) = — Y 1(Zj ="K ( ’>,
nisy < Sn
j=1
where K is a kernel function of a k -dimensional argument, n; is the number of
observations for which Z = 7z, and s, is a bandwidth. Let X be the first compo-
nent of x. Then the estimator of w is

. i N Opni ~ Opni
won(y, X, Z(1)) _ _2%[)7 . G(x’b,, + Z(l) a)] |: pni(x) — b, Pnf)f):|
né, 0x ox

2.6.4 One-Step Asymptotically Efficient Estimators

In parametric estimation, an asymptotically efficient estimator can be obtained
by taking one Newton step from any n~!'/?-consistent estimator toward the
maximum-likelihood estimator. This procedure is called one-step asymptotically
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efficient estimation. The resulting estimator is called a one-step asymptotically effi-
cient estimator. This section shows that the same idea applies to estimation of S in a
semiparametric single-index model. Specifically, let S, be the objective function of
the semiparametric WNLS estimator (2.25) with W(x) = 1/ s%(x). Then an asymp-
totically efficient estimator of B8 can be obtained by taking one Newton step from
any n'/? -consistent estimator toward the minimum of S,,. In the case of a single-
index binary-response model, the step may be taken toward the maximum of the
semiparametric log-likelihood function (2.34).

One-step asymptotically efficient estimation is especially useful in semiparamet-
ric single-index models because the direct estimators described in Sections 2.6.1—
2.6.3 can be computed very rapidly. Therefore, one-step estimators can be obtained
with much less computation than is needed to minimize S, or maximize the semi-
parametric log-likelihood function.

Consider one-step asymptotically efficient estimation based on S, . Let X denote
the entire vector of covariates, continuous and discrete. Let 8 denote the entire vec-
tor of coefficients of X in (2.1). Let BZ be any n~!/ 2 _consistent estimator of A. It is
convenient in applications but not essential to the arguments made here to let Ez be
a direct estimator. The one-step asymptotically efficient estimator of  is

~% -1 ~%
N R aSn(b
by = b, — ~”(~") "( "). (2.52)
abob’ ab
To see why by, is asymptotically efficient, write (2.52) in the form
T ~x
L e~ 328,(b,) 3S,(b,)
1/2 _ 12 n\¥n 172 %9n\%p
n'“(b,—B)=n'(b,— p)— | ———— nt——=" (2.53)
! " dbaly ob
Observe that just as in the arguments leading to (2.31),
PS5uby) C + op(1) (2.54)
— = = o . .
abab/ Y

Moreover, a Taylor-series expansion gives

aSu(b,)  3Su(B)  3%Su(by) v <
o) _ 35:B) | Sibn) o g
b ab abab’
where b, is between i’; and B. The second-derivative term in this equation converges

in probability to C, so

12 as,,(}};) _ e asngﬁ)
db

o7 + Cn' (b, — B) + 0,(1). (2.55)



44 2 Single-Index Models

Substitution of (2.54) and (2.55) into (2.53) yields

n'%(b, — B) = —C_lnl/zw + op(1).
ab
As in (2.30)
129508 40 by,
ab

Therefore, n'/2(b, — B) 4 N@,Cc~'DC™1). Since C~'DC™! = Qg when W(x) =
1/s2(x),
(b — ) S N, Q).

This establishes the asymptotic efficiency of the one-step semiparametric WNLS
estimator. The same arguments apply to the one-step semiparametric maximum-
likelihood estimator after replacing S, with the semiparametric log-likelihood
function.

2.7 Bandwidth Selection

Implementation of any of the semiparametric estimators for single-index models
that are discussed in this chapter requires choosing the numerical values of one or
more bandwidth parameters and, possibly, of other tuning parameters. The selec-
tion of tuning parameters for the average-derivative estimator of Section 2.6.2 was
discussed in that section. This section summarizes what is known about selecting
tuning parameters for other estimators.

Hirdle et al. (1993) investigated bandwidth selection for the semiparametric
weighted nonlinear least-squares estimator of (2.25). They proposed optimizing the
objective function over b and the bandwidth h,,. They gave conditions under which
this yields an estimate of the bandwidth that minimizes the asymptotic integrated
mean-square error of a kernel estimator of G. Thus, the resulting bandwidth esti-
mate is an estimate of the asymptotically optimal bandwidth for kernel estimation
of G. This bandwidth does not necessarily have any optimality properties for esti-
mation of §.

As can be seen from the results in Sections 2.4, 2.5, and 2.6, in semipara-
metric single-index models, the asymptotic distribution of n'/?(b, — B) does not
depend on the bandwidth #,. Therefore, bandwidth selection must be based on a
higher-order approximation to the distribution of n'/?(b, — B). Hirdle and Tsybakov
(1993) used such an approximation to obtain a formula for the bandwidth that min-
imizes the asymptotic approximation to E ||8, — 8||%, where 8 and §8,, respectively,
are as in (2.39) and (2.42), and ||-|| is the Euclidean norm. This is an asymptot-
ically optimal bandwidth for estimating . Powell and Stoker(1996) obtained the
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bandwidth that minimizes the asymptotic mean-square error of a single component
of §,, — 4.

Two aspects of the results of Hérdle and Tsybakov (1993) and Powell and Stoker
(1996) are especially noteworthy. First, the asymptotically optimal bandwidth has
the form

hy, opt = h0n72/(2P+d+2)’

where P and d are defined as in Theorem 2.3 and A is a constant. Second, Powell
and Stoker (1996) provide a method for estimating /¢ in an application. To state
this method, let A,; be an initial bandwidth estimate that satisfies /4,; — 0 and
nhj, — oo asn — oo, where ¢ = max (n +2d + 4, P+ d + 2) for some n > 0.
Define

1 , [ X1 — X2
qn(¥1, X1,2, X2) = =7 (1 = y2)K
h hn1

nl
and

R hd+2 5
0= m Z%(Yz, X17Y]7 X)

Let §,(h) denote the density-weighted average—derivative estimator of § based on
bandwidth &. Let T # 1 be a positive number. Define

Sn(thn1) — 8n(hu1)

S =
(Tha)? = hf)

The estimator of A is

~ 7 1/2P+d+2)
Ps? }

o= |:(d+2)Q

Another possible approach to bandwidth selection is based on resampling the
data. Suppose that the asymptotically optimal bandwidth has the form

hn,upt = h()n_y

for some known y. For example, in density-weighted average-derivative estimation,
y =2P+d+2.Letm < nbeapositiveinteger.Let{Y;, Xl* i=1, ..., m}bea
sample of size m that is obtained by sampling the estimation data randomly without
replacement. Then {Yl.* , Xl* } is a random sample from the population distribution
of (¥, X). Repeat this resampling process J times. Let b,;(h) (j =1, ..., J) be
the estimate of § that is obtained from the jth sample using bandwidth 7 = tm™7,
where 7 is a constant. Let b, be the estimate of 8 that is obtained from the full
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sample by using a preliminary bandwidth estimate that satisfies the requirements
needed to make b, a n~/2-consistent estimator of B. Let 1, be the solution to the
problem

J
o]
minimize: - 21: [byj(h) — by 1>
=

Then t,, estimates ho, and Ay, oy is estimated by

~

hpopt = T~ 7.

Horowitz and Hirdle (1996) used Monte Carlo methods to obtain rules of thumb
for selecting the tuning parameters required for the estimator of o described in Sec-
tion 2.6.3. Horowitz and Hirdle (1996) obtained good numerical results in Monte
Carlo experiments by setting h,; = sy;n; Y 7'5, where s, is the sample standard
deviation of X’b, conditional on Z = z € S, and n; is the number of observations

with Z = z. In these experiments, the values of the other tuning parameters were

vy = min max {X/b, — hp;: Z; = z},
zeS; 1<i<n

vo = max min {X/b, + h,;: Z; = z},
z€S; 1<i<n

co = max max G;Z(lebn),
ze8; Xib,<vo
and
¢; = min min G;Z(Xl{b,,).
z€8; Xiby>vy

In the formulae for cg and ¢y, GZZ is the kernel estimator of G, that is obtained
using a second-order kernel instead of the higher-order kernel used to estimate
«. Horowitz and Hérdle (1996) found that using a second-order kernel produced
estimates of c¢g and c¢; that were more stable than those obtained with a higher-
order kernel.

2.8 An Empirical Example

This section presents an empirical example that illustrates the usefulness of semi-
parametric single-index models. The example is taken from Horowitz and Hérdle
(1996) and consists of estimating a model of product innovation by German manu-
facturers of investment goods. The data, assembled in 1989 by the IFO Institute of
Munich, consist of observations on 1100 manufacturers. The dependent variable is
Y = 1 if a manufacturer realized an innovation during 1989 in a specific product
category and O otherwise. The independent variables are the number of employ-
ees in the product category (EMPLP), the number of employees in the entire firm
(EMPLF), an indicator of the firm’s production capacity utilization (CAP), and a
discrete variable DEM, which is 1 if a firm expected increasing demand in the prod-
uct category and 0 otherwise.The first three independent variables are standardized
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so that they have units of standard deviations from their means. Scale normalization
was achieved by setting Sgyprp = 1.

Table 2.3 shows the parameter estimates obtained using a binary probit model and
the direct semiparametric methods of Sections 2.6.1 and 2.6.3. Figure 2.1 shows a
kernel estimate of G'(v). There are two important differences between the semipara-
metric and probit estimates. First, the semiparametric estimate of Sgyprr is small
and statistically nonsignificant, whereas the probit estimate is significant at the 0.05
level and similar in size to Bcap. Second, in the binary probit model, G is a cumu-
lative normal  distribution function, so G’ is a normal density function. Figure 2.1
reveals, however, that G’ is bimodal. This bimodality suggests that the data may be
a mixture of two populations. An obvious next step in the analysis of the data would
be to search for variables that characterize these populations. Standard diagnostic
techniques for binary probit models would provide no indication that G’ is bimodal.
Thus, the semiparametric estimate has revealed an important feature of the data that
could not easily be found using standard parametric methods.

Table 2.3 Estimated coefficients (standard errors) for model of product innovation

EMPLP EMPLF CAP DEM

Semiparametric model

1 0.032 0.346 1.732
(0.023) (0.078) (0.509)
Probit model
1 0.516 0.520 1.895
(0.024) (0.163) (0.387)

Source: Horowitz and Hirdle (1996). The coefficient of EMPLP is 1 by scale normalization.

.15

G'(v)

.05 4

Fig. 2.1 Plot of G'( v) for model of product innovation. Source: Horowitz and Hérdle (1996)
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2.9 Single-Index Models of Conditional Quantile Functions

Let Q,(Y|X) denote the w-quantile of Y conditional on X, where 0 < o < 1.
Then P[Y < Qn(Y|X)|X] = «. In a single-index model of the conditional quantile
function,

0. (Y|X = x) = G('B), (2.56)

where § is an unknown constant vector and G is an unknown function. It is not
difficult to show that G and § are identified under the assumptions of Theorem 2.1.
Moreover, if b, is a n~1/2_consistent estimator of B, then G can be estimated with a
one-dimensional nonparametric rate of convergence by carrying out a nonparamet-
ric quantile regression of ¥ on X' b,,. Nonparametric quantile regression is discussed
briefly in the Appendix and in more detail by Chaudhuri (1991a,b), Fan et al. (1994),
and Yu and Jones (1998). This section concentrates on n~'/2-consistent estimation
of B. As is explained in the Appendix, estimating a conditional quantile function
requires optimizing a nonsmooth objective function. Consequently, quantile esti-
mation is more complex technically than estimation of conditional mean functions,
and it requires regularity conditions that are more elaborate and difficult to interpret
intuitively.

As with single-index models of conditional mean functions, 8 in (2.56) is pro-
portional to 0Qy (Y|X = x)/0x. Let W be a weight function. Define

Sk [aQamx =

W(x):| . 2.57)
ox

Then § and B are equal up to a proportionality constant. Replacing 00, (Y|X =
x)/dx with a nonparametric estimator and the population expectation with a sample
average in (2.57) yields an average-derivative estimator of ¢ and, hence, 8 up to a
proportionality constant. Specifically, let the data {Y;, X; : i=1, ..., n}beasim-
ple random sample of (Y, X), and let BQQ(Y |X;)/0x be a nonparametric estimator
of 00, (Y|X = x)/0x|x=x,. Then the average-derivative estimator is

c L[ 90uYIX) |
dap = - Z[ o } W(X)).

i=1

Chaudhuri et al. (1997) have derived the asymptotic distributional properties of
Sap. Their result requires the following definition of smoothness of a function. The
definition is somewhat technical but basically requires derivatives of the function to
be continuous. Let V be an open, convex subset of R?, where d = dim (X). Let m
be a function from R to R. Define m to have order of smoothness p on V and write
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m € S,(V)if p = £+ y for some integer £ > 0 and y satisfies 0 < y < 1, all partial
derivatives of m through order ¢ exist, and each order ¢ partial derivative satisfies

D'm(x1) — D m(x2)| < Cllx; — x2|”

for all x;, xo € V, where D¢m denotes any order £ partial derivative of m and C > 0
is a finite constant.

Let px denote the probability density function of X and py|x denote the density
of Y conditional on X. For sequences of numbers {c,} and {d,}, let ¢, < d, mean
that ¢, /d, is bounded away from O and oo as n — oo. Let [p] denote the largest
integer that is less than or equal to p. For data {Y;, X; : i = 1, ..., n} define
U; = Y;i— 0 (Y|X;). Let V denote the gradient operator. Define /(x) = V log [px(x)].

Now make the following assumptions.

QADI: The probability density of X is positive on V and px € Sy, (V) , where
p1 = 1+ y forsome y € (0,1].

QAD?2: The weight function W is supported on a compact set with nonempty
interior that is contained in V, and W € S, (V).

QAD3: Define U = Y — Qu(Y|X = x). Let pyx(ulx) denote the probability
density function of U at u conditional on X = x. Then pyx(u|x) considered
as a function of x belongs to S, (v) for all u in a neighborhood of 0. Moreover
puix(ulx) > 0 and 9pyx(ulx)/du exists and is continuous for all u in a
neighborhood of O and all x € V.

QAD4: O, (Y|X = x) € Sp,(v), Where py > 3+ 3d/2.

QADS: Qa(Y|X = x) is the local polynomial estimator of Chaudhuri (1991a,b)
with a polynomial of degree [p4] and bandwidth h, satisfying h, =< n™"
with m <k < ﬁ.

The next theorem states the result of Chaudhuri et al. (1997).

Theorem 2.6: Let assumptions QADI-QAD4 hold. Then as n — 00,

n

A 1
Sap—8=-Y_ {W(Xi)vga(Y|Xi) — [ — I(U; < 0)]
n i=1

—B+op(n”?). 1

VW(X;) + WXDIX;) }
Py |x[0a(Y1X)|X;]

Theorem 2.6 implies that n'/ 2(8ap — 8) is asymptotically normally distributed
with mean 0 and variance equal to the variance of the summand on the right-hand
side of (2.58). As in average-derivative estimation of a conditional mean function
(Section 2.6), averaging of the nonparametric estimator BQa /dx in (2.58) enables
Sap to achieve a n~'/2 rate of convergence instead of the slower rate for nonpara-
metric estimation of derivatives. It follows from QADS5 that Q, must be increas-
ingly smooth as d increases. Thus, the average-derivative estimator of Chaudhuri
et al. (1997), like the density-weighted average-derivative estimator of Powell et al.
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(1989) for conditional mean functions, has a curse of dimensionality. Methods for
choosing W and #,, in applications and for avoiding the curse of dimensionality in
average-derivative estimation of conditional quantile functions have not yet been
developed.

Khan (2001) has developed a rank estimator of 8 in (2.56) that is n~1/2_consistent
and asymptotically normal if G is monotonic. The average-derivative estimator does
not require monotonicity, but the rank estimator requires less smoothness than does
the average-derivative estimator. In addition, the rank estimator can accommodate
discrete components of X, although at least one component must be continuously
distributed. Khan’s estimator is based on an estimator of Cavanagh and Sherman
(1998) and is

- B R ) )
p = arg min — E W(X)Qu(Y|X)I(X;b > ij),
beB,by=11 i
i#]

where b denotes the vector consisting of all components of b except the first, B €
R isa compact parameter set, W is a weight function, and Qa is Chaudhuri’s
(1991a,b) nonparametric estimator of Q.

To obtain the asymptotic distribution of Khan’s estimator, define

71(x, b) = / W(x)0e (Y|X = x)IX'b > V' b)px(v)dv

+ / W0 (YX = WIWVb > X' b)px(v)dv
and

n(x, b) = /I(X/b > Vb)px(v)dv.

Let B be the vector consisting of all components of 8 except the first. Let N be a
neighborhood of . Now make the following assumptions.

RADI: § is in the interior of the compact parameter set B.

RAD2: Q,(Y|X = x) = G(x'B) and G is a nonconstant, increasing function.

RAD3: Q,(Y|X) € §,(V), where p > 3d/2 and V is the support of X.

RADA4: The weight function W is continuous, bounded, and bounded away from
0 on its support, Sw. Sw has the form Sy x S'W, where Swi is a compact
subset of the support of the first component of X and has a nonempty interior.
Sy is a compact subset of the remaining d — 1 components of X and
has a nonempty interior. Sy is not contained in any proper linear subspace
of R4,

RADS5: The support of X is a convex subset of R? with a nonempty interior.

RADG: X has a probability density function, py, that is continuous and bounded
on its support. Moreover, px(x) > ¢ for some constant ¢ > 0 and all
X € Sw.
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RADT: Let 1y satisty G(1) < G(tp) if t < tp. Assume that

T= max [¥b| <oo.

iegw, beB

Then [t — 3T ,t0 + 3T] € Swi.

RADS: Define U = Y — Q(Y|X = x). Let pyx(u|x) denote the probability
density function of U at u conditional on X = x. Then pyx(u|x) considered
as a function of x is Lipschitz continuous for all u in a neighborhood of 0.
Moreover pyx(u|x) considered as a function of u is continuous, bounded,
and bounded away from 0 for all # in a neighborhood of 0.

RADY: For each x in the support of X and all b € N, V2t,(x, b)
= 37(x, b)/ dbdb'  exists and is Lipschitz continuous. Moreover,
E[Vzn (X, B)] is negative definite.

RADI10: For each x in the support of X and all b e N , Vnulx, b) =
on(x, b)/ b exists and is continuous. Moreover, E IV (X, B)Il < oo.

RADI11: Qa is a local polynomial estimator based on a polynomial of degree
[p] and bandwidth A, satisfying n'/?H, — 0 and (logn)/(nh})'/? — 0
asn — o0.

The following theorem shows that n'/2(b, — f) is asymptotically normal under
RADI1-RADI11.

Theorem 2.7: Let RADI-RADI 1 hold. Then n'/2(b, — ) % N(0, D-'sD™ 1),
where D = 0.5E[V2ti(X, B)], = = E[s(Y, X)s(Y, X)'], and

W
s(y, x) = i{I[y < 0¥ X =x)] —a}Vra(x, p). A
puix(0]x)

Khan (2001) proves Theorem 2.7, provides an estimator of the covariance matrix
D~'2D~!, and shows that under slightly modified assumptions, the conclusion of
the theorem holds if some components of X are discrete. Like the average-derivative
estimator, the rank estimator requires fully nonparametric estimation of Q, and
has a curse of dimensionality, but the rank estimator’s smoothness assumptions are
weaker than the smoothness assumptions of the average-derivative estimator.
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