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Abstract

Monotonicity in a scalar unobservable is a now common assumption in economic theory
and applications. Among other things, it allows one to recover the underlying structural
function from certain conditional quantiles of observables. Nevertheless, monotonicity is a
strong assumption, and its failure can have substantive adverse consequences for structural
inference. So far, there are no generally applicable nonparametric specification tests designed
to detect monotonicity failure. This paper provides such a test for cross-section data. We show
how to exploit an exclusion restriction together with a conditional independence assumption,
plausible in a variety of applications, to construct a test. Our statistic is asymptotically
normal under local alternatives and consistent against nonparametric alternatives violating the
conditional quantile representation. Monte Carlo experiments show that a suitable bootstrap
procedure yields tests with reasonable level behavior and useful power. We apply our test to
study the role of unobserved ability in determining Black-White wage differences and to study

whether Engel curves are monotonically driven by a scalar unobservable.
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1 Introduction

Model misspecification — that is, the failure of the assumptions maintained to justify identification,
estimation, and inference for the features of a given economic phenomenon — can have serious
adverse consequences. At one extreme, the resulting estimators may provide no information
whatever about the phenomenon of interest. Less extreme but still serious is that estimators may
be informative, but inference may be flawed by use of an incorrect sampling distribution.

In recognition of these dangers, economists and econometricians have begun to rely increas-
ingly on methods that require ever weaker maintained assumptions. The use of nonparametric
methods for structural estimation and the use of bootstrap methods for inference are two promi-
nent examples of these trends. Nevertheless, no matter how flexible methods of estimation and
inference may become, identifying economic features of interest! always requires some assumed
economic structure that may or may not be embodied in the data. The possibility of misspecifi-
cation at this fundamental level must always be confronted.

Global identification of structural features of interest generically involves exclusion restrictions
(i.e., that certain variables do not affect the dependent variable of interest) and some form of ex-
ogeneity condition (i.e., that certain variables are stochastically orthogonal to — e.g., independent
of — unobservable drivers of the dependent variable, possibly conditioned on other observables).
These assumptions permit identification of such important structural features as average marginal
effects or various average effects of treatment. Seminal examples are the LATE of Imbens and
Angrist (1994), the MTE of Heckman and Vytlacil (1999, 2005), or the control function model of
Imbens and Newey (2009, IN) to name but a few.

In addition, there may be nonparametric restrictions placed on the structural function of
interest, such as separability between observable and unobservable drivers of the dependent vari-
able (“structural separability”), or, more generally, the assumption that the dependent variable
depends monotonically on a scalar unobservable ( “scalar monotonicity”). Although these assump-
tions need not be crucial to identifying and estimating average effects of interest, when they do
hold, they permit recovery of the structural function itself. This line of work dates back to Roehrig
(1988); see also Matzkin (2003) and IN. Thus, knowing whether scalar monotonicity holds is key
to knowing whether one can access the economic relationship of interest in its entirety, with all
that this entails for the resulting economic insight, or whether one must make do with knowing
average or distributional properties of the structural relationship.

In recognition of the potentially adverse consequences of misspecification, nonparametric spec-
ification testing procedures have been receiving increasing attention. As White and Chalak (2010)

discuss, there are now numerous nonparametric tests for various forms of exogeneity. Further,

!The identification considered here is that discussed by Hurwicz (1950), which entails the correspondence of

structural features of economic interest to features of the distribution of observable data.



Hoderlein and Mammen (2009) and Lu and White (2011) have proposed convenient nonparamet-
ric tests for structural separability. But generally applicable specification tests for monotonicity
as so far lacking. Su, Hoderlein, and White (2011) do provide a test for scalar monotonicity under
a strict exogeneity assumption for panel data with large 7', but its applicability is limited by
these data requirements. Thus, our main goal and contribution here is to provide a new generally
applicable test designed specifically to detect the failure of scalar monotonicity, adding a further
weapon to the nonparametric specification testing arsenal.

We also contribute by complementing and extending the literature on the identification and
estimation of nonseparable models with scalar monotonicity. Our results build on, complement,
and extend those of Altonji and Matzkin (2005, AM). Our results also complement those of IN; for
example, our new test can assess the validity of instruments that IN construct from a first-stage
nonparametric structural equation, relying on scalar monotonicity.

A final contribution is the application of our new test to study the black-white earnings gap
and to study consumer demand. For the former, we test the specification proposed by Neal and
Johnson (1996), which includes unobserved ability as scalar monotonic factor, A, and the armed
forces qualification test (AFQT) as a control variable. We fail to reject the null, providing support
for Neal and Johnson’s (1996) specification. That our test has power is illustrated by an analysis
of Engel curves, where a scalar monotone unobservable is implausible (Hoderlein, 2011). In a
control function setup virtually identical to that analyzed in IN, we find that indeed the null of a
scalar monotone unobservable as a description of unobserved preference heterogeneity is rejected.
This suggests a demand analysis that allows for heterogeneity in a more structural fashion.

The remainder of this paper is organized as follows: In Section 2, we discuss relevant aspects of
the literature on nonparametric structural estimation with scalar monotonicity and motivate our
testing approach. In Section 3, we give a detailed analysis of identification under monotonicity.
Based on these results, we discuss the heuristics for our test in Section 4, turning to the formal
asymptotics of our estimators and tests in the fifth and sixth sections. A Monte Carlo study
occupies Section 7, and in Section 8 we present our two applications. Section 9 contains a summary

and conclusion. Proofs of all results are gathered into a Mathematical Appendix

2 Scalar Monotonicity and Test Motivation

Monotonicity of a structural function in one important - yet unobservable - factor is an assumption
widely invoked in economics. For instance, it is often postulated in labor economics that ability
enters a returns-to-schooling model in a monotonic fashion: Other things equal, the higher the
individual’s ability, the higher her resulting wage. Similarly, monotonicity in unobservables has
frequently been invoked in industrial organization, e.g., in the literature on production functions

(see, e.g., Olley and Pakes, 1996) and the literature on auctions. In econometrics, monotonicity



has been used to point identify single-equation nonseparable structures (Matzkin, 2003).

The appeal of monotonicity stems at least in part from the fact that it allows one to spec-
ify structural functions that allow for complicated interaction patterns between observables and
unobservables without losing tractability. Indeed, monotonicity combined with other appropri-
ate assumptions allows one to recover the unknown structural functional from the regression
quantiles. Specifically, if G~1(7 | ) denotes the 7-conditional quantile of Y given X = x, and
Y = m(X, A) is the structural equation, then strict monotonicity of m(z,-), combined with full
independence of A and X (strict exogeneity of X) and a normalization, allows recovery of m as
m(z,a) = G~Y(a | x) for all (a,z).

Clearly, however, scalar monotonicity is a strong assumption. As Hoderlein and Mammen
(2007) argue, some of its implications in certain applications, such as consumer demand, may be
unpalatable. In particular, monotonicity implies that the conditional rank order of the individual
must be preserved under interventions to x. For example, under independence, if individual j
attains the conditional median food consumption G=1(.5 | z;), then he would remain at the
conditional median for all other values of x.

The existence of the regression quantile representation makes it impossible to test for monotonic-
ity without further information. One source of such information is that provided by panel data,
as exploited by Su, Hoderlein, and White (2011). Here, we follow a different strategy, using ad-
ditional cross-section information. In particular, we assume there are random variables Z that
are excluded from the structural function, and conditional on which X is independent of A (for
this, we use the shorthand X L A | Z). Chalak and White (2011a) call such variables Z “con-
ditioning instruments,” and say that X is “conditionally exogenous” with respect to A given Z.
For example, X could be randomly assigned given Z, or Z could be a (generalized) proxy for A.
Alternatively, Z could be the unobservable in a first-stage equation that relates X to an instru-
ment S. For instance, the first stage could be X = ¢(S5, 7), where S L (A, Z) and ¢ is strictly
monotonic in Z, with Z appropriately estimated, as in IN.

Our test is based on the fact that, under mild assumptions, the availability of Z enables
one to construct multiple consistent estimators of A. If scalar monotonicity holds, then these
estimators will be close to one another; otherwise, they will diverge. We develop asymptotic
distribution theory and propose bootstrap methods suitable for testing whether the differences
between multiple estimators of A accord with the null of scalar monotonicity or whether this null

must be rejected.

3 Identification Under Monotonicity

In this section, we first review a pioneering identification result of AM, their theorem 4.1. This

relies on a certain exogeneity condition plausible for panel data. We then present a complement



to AM’s result, relying on a related but different exogeneity condition often plausible not only
for panels, but also for pure cross-sections or time-series. This motivates structural estimators
complementary to those of AM, as well as natural specification testing procedures.

We begin by stating the needed assumptions. We modify AM’s notation somewhat, but

maintain the content. First, we make explicit the data generating process (DGP).

Assumption A.0 (Q,F,P) is a complete probability space on which are defined the finitely

dimensioned random vectors X and Z and the random scalar A.

Typically, X and Z are observable, and A is unobservable. We write the supports of X, Z, and A
as X, Z, and A, respectively. Below we require that A has a continuous distribution. We permit,
but do not require, X and Z to be continuously distributed; either or both may have a finite or
countable discrete distribution for now.

Assumptions A.1 - A.5 below correspond to AM’s Assumptions 4.1 - 4.5. To specify the
structural relationship, we say m is product measurable if m : X x A — R is a measurable
function on the product measurable space (X x A,o(X) ® o(A)). This ensures that m(z,-) is

measurable—o(A) for each z in X and m(-, a) is measurable—o(X) for each a in A.

Assumption A.1 There exists a product measurable function m : X x A — R such that Y is

structurally determined as Y = m(X, A).

AM also assume that A = Y(e), for some measurable function YT and random vector e, but as
Su, Hoderlein, and White (2011) show, this imposes essentially no further restrictions on the
structure generating Y. Observe that Z is excluded as a driver of Y. The product measurability
of m ensures that Y is a random variable. We let ) denote the support of Y.

We call Y the “structural response” or simply the response. Similarly, we call m the “structural
response function”, or simply the “structural function” or the “response function”.

Next, we impose monotonicity.
Assumption A.2 For all x € X', m(x,-) is strictly increasing.

AM refer to the next assumption as a normalization. Below, we discuss this further.
Assumption A.3 There exists Z such that m(z,a) = a for all a € A.

In general, X and A can be correlated or otherwise dependent. That is, X can be endoge-
nous. AM’s next condition accommodates endogeneity by imposing a certain conditional form of
exogeneity. Following AM, we let f(a | x, z) define the conditional probability density function
(PDF) of A given X =z, Z = z.

Assumption A.4 There exist measurable functions ¢; and (, such that f(a | z,(;(x)) = f(a |
Z,(y(x)) for all (a,x2) € A X X.

Finally, AM require that A is conditionally (and unconditionally) continuously distributed.



Assumption A.5 For all (a,z,2) € AX X x Z, f(a|x,z) is strictly positive.

The conditional cumulative distribution function (CDF) of Y given X = x, Z = z is defined by
G(y|z,2)=PlY <y| X =7 =z]. A5 ensures that G is invertible. We also let Gy x (- | ¥) be
the conditional CDF for Y given X = x and Fyx (- | #) the conditional CDF of A given X = .

3.1 Identification via Conditional Quantiles

AM’s identification result represents m using the conditional quantiles of Y:
Theorem 3.1 Suppose Assumptions A.0 - A.5 hold. Then

m(z,a) = GH(G(a] 2,¢o(2)) |2, C1(2)  V(w,a) € X x A,
Fax(a|z) = Gyx[ GTH(G(a | 2,6(@)) [ 2,¢i(2) | 2] ¥(z,a) € X x A,
A=GTHGY | X,¢(X)) | 2, (X))

The final equality, providing a representation for A, is implicit in AM. We make this explicit here,
as recovering A facilitates important analyses. Specifically, this representation could be used for
estimating the control variables used in IN or for conducting specification tests.

Although AM provide discussion at the bottom of p.1073 that seems to suggest that A.3
imposes additional structure, A.3 is in fact redundant in a precise sense. Specifically, A.1 and
A.2 ensure that for every T in X, there is a function, say m, for which A.1 — A.3 hold. This is a

consequence of the following result.

Theorem 3.2 Let Assumption A.1 hold. Suppose there exists T € X such that m(z,-) is strictly
increasing, and let V :={y : y = m(Z,a), a € A}. Then there exists a product measurable function
m: X XV — R such that

(a) for each v in V, there exists a in A such that m(x,a) = m(x,v) for every x in X; and for
each a in A, there exists v in V such that m(z,a) = m(z,v) for every x in X;

(b) for any z in X such that m(x,-) is strictly increasing on A, m(z,-) is strictly increasing
on V. In particular, m(Z,-) is strictly increasing on V;

(¢) for each v in V, m(Z,v) = v.

It follows that if m(z, -) is strictly increasing for all = in X, as ensured by A.2, then any point in
X can play the role of Z in A.3. That is, once Assumptions A.1 and A.2 hold, then for each Z
in X the function m(-,v) = m(-,27(v)) also satisfies A.1 — A.3, where ©(-) = m(z, -). The proof
of this result remains valid if we replace “strictly increasing” with “invertible”. We focus on the
strictly increasing case, as we will not need the greater generality of invertibility.

Theorem 3.2 implies that the main role of Z is to ensure that A.4 holds. Thus, A.3 and A.4

in Theorem 3.1 can be replaced by



Assumption A.4' There exist Z in X and measurable functions ¢; and ¢, such that f(a |
z,(1(x)) = fla| Z,(5(x)) for all ¢,z in A x X.

Given this Z, one can replace m with m, with m(Z,v) = v necessarily holding for all v in V. With
this normalization understood, one can drop reference to m and simply work with m.

AM provide detailed discussion of an exchangeability condition, useful for panel data, that
makes plausible the particular choices (;(z) = Z, (5(x) = =, where the choice of Z is natural and
may differ across sample observations. With differing Z, however, recovered values for A are not
comparable across observations, due to the lack of a common normalization for unobservables.

This can create difficulties in interpretation and may pose other challenges in applications.

3.2 Characterizing the Conditional Quantile Representation

In pure cross-section or time-series data, exchangeability is not a natural assumption. Further,
even if they exist, choices for z, (;, and (4 are often not obvious. Nor is attempting to estimate
Z, (1, and (9 appealing, due to difficulties with their identification.

Fortunately, however, there is an alternate assumption that permits X to be endogenous and
that can be plausible in panels and elsewhere. This is a version of AM’s conditional exogeneity

Assumption 2.1, that X is independent of A given the “covariates” or “control variables” Z :
Assumption B.1 X | A | Z, where Z is not measurable-o(X).

An advantage of B.1 is that it allows a choice of an analog of Z in A.3 that is common across sample
observations. This makes A comparable across observations. We will exploit this comparability
to identify A and to construct computationally feasible specification tests. Further, by requiring
Z not to be solely a function of X, as it is in A.4’, we permit important flexibility for recovering
objects of interest. See, for example, Hoderlein and Mammen (2007, 2009) and IN. White and Lu
(2011) and Chalak and White (2011b) explicitly discuss structures ensuring B.1 where Z is not a
function of X.

We also impose a more direct variant of Assumption A.5.
Assumption B.2 For each (z,2) in X x Z, G(- | z, z) is invertible.

Our first main result characterizes the conditional quantile representation (CQR) of the struc-
tural function. We state this without assuming monotonicity. Thus, for (z,y) € X x Y, let
m,Hy} = {a € A: m(z,a) < y} denote the pre-image of the interval (—oo,y] under m(z,-), and
let m;{y} = {a € A: m(x,a) =y} denote the pre-image of the point y.

Theorem 3.3 Suppose Assumptions A.0, A.1, B.1, and B.2 hold. For each (a,x,%,z) € A X XX
X x Z, the following are equivalent:

(i) m(z,a) = G"1(G(m(z,a) | 7, 2) | z,2);

(ii) a € my H{GHG(m(z,a) | z,2) | Z,2]};



(iii) P[A € mz{m(z,a)} | Z = z] = P[A € m;Y{m(%,a)} | Z = 2].

Result (¢) is the conditional quantile representation of the structural function. Result (i7) gives
a partial identification result for the unobservable a. If the referenced set is a singleton, we have
point identification. Result (iii) gives a necessary and sufficient condition for CQR and for partial
identification of the unobservable. Assumption A.2 ensures this for all (a,z,Z, z), as it ensures
my H{m(z,a)} = m; {m(&,a)} = (—o0,a for all (a,r,7). A.2 also ensures point identification of
a. Nevertheless, there are non-monotone functions m for which (éii) and therefore CQR always

hold. A non-monotone (indeed, non-invertible) example is
m(z,a) =(a—2)1{0<a—z<.5}+(1b5—(a—2)1{b<a—z <1},

where z € [0,1] and A | Z ~ U0, 2], as some calculation verifies. Such non-monotone structures
are clearly exceptional; indeed, we conjecture they are shy (see Corbae et al., 2009, pp.545-547).
Shyness is the function-theoretic analog of being a subset of a set of measure zero.

Because economic theory often motivates or justifies strict monotonicity but is typically un-
informative about the characterizing condition (7i7), our focus here is on strict monotonicity.
The exceptional alternatives to A.2 ensuring CQR become part of the “implicit null”; we further
discuss this below and in the Appendix.

With the same 7 for all sample observations, say? # = z*, and the normalization a = m(z*, a),
A becomes comparable across observations, in line with Theorem 3.2 and its discussion. For

example, * can be the vector of medians of X. A complement to AM’s theorem 4.1 is:
Corollary 3.4 Let A.0 — A.2, B.1, and B.2 hold. Then with the normalization a = m(x*,a),

m(z,a) = G HG(a | z*,2) | z,2) Y(a,z,2) € Ax X x Z, (3.1)
A=G"YHG(Y | X,2) | 2%, 2) Vze2Z, (3.2)

and for all (a,x,z) € Ax X X Z,

Fpzla|z) =Faxz(a|z,z)=G(m(z,a)|z,2), (3-3)
FA\X(aax) = GY|X[ Gil(G(a ‘ ZL‘*,Z) | CC,Z) | ‘T]
The normalization thus ensures that the unconditional distribution of A is that of Y given

X = z*. In the strictly exogenous case, where covariates Z are absent (e.g., Su, Hoderlein, and

White, 2011), the unconditional distribution of A is typically normalized to be standard uniform.

2In what follows, we always let 2* denote a choice common across sample observations, reserving Z to denote a

choice that may vary across observations, as in AM.



4 Heuristics of Estimation and Specification Testing

4.1 Estimation

Corollary 3.4 provides the basis for convenient estimators complementary to those proposed by
AM. Because this result ensures that m(z,a) = G~Y(G(a | z*,2) | z, 2) for given z* and any z,

one can estimate m(z,a) as
. (w,a) = G (Gla | 2", 2) | 2,2)),

for any choice of z, where G and G~1 are any convenient estimators of G and G~! respectively.
(One might, but need not, obtain G~ from G by inversion or vice-versa.) Estimators dependent
on z may exhibit undesirable variability; averaging over multiple z’s may provide more reliable

results. Such estimators have the form
() = [ GGl ,2) | .2) dH (),

where H is a known or estimated distribution supported on Zy C Z, say, like the uniform or the
sample distribution of Z. In the next section we examine the properties of mg(z,a) constructed
using p-th order local polynomial estimators Gp,b and CA?;; using a bandwidth b.

As one should expect, even when monotonicity (A.2) fails, 7y is nevertheless generally con-

sistent for3
m (z, ) = / G (Gla | o*,2) | 7,2)) dH(=).

Thus, m} is a “pseudo-true” value, meaningful regardless of misspecification, with m = mj;
under correct specification, i.e., when the conditions of Corollary 3.4 hold.

Similarly, one can estimate A as
A, = é_l(G(Y | X,2) | z*,2)),
for given z* and any choice of z. Averaging over multiple z’s gives estimators of the form
Ay = / GUGY | X.2) | a*,2)) dH(2).
Alternative estimators of A can be obtained by inverting my (X, A), yielding
Ag =m  (X,Y) =inf{a:my(X,a) >Y}.

We analyze A g and A g constructed using Gp,b and Gﬁ in the next section.

31f iy is defined using a sampling distribution, the distribution H appearing in the next expression is interpreted

as the corresponding population distribution.



Parallel to the situation for vy, regardless of misspecification, Ay and Ap are generally

consistent for pseudo-true values
Ay = [ GUGE | X.2) |,2) dH (),
ATH = miYX,Y) =inf{a:m}(X,a) >Y}.

. . Rt
Under correct specification, Ay = Ay = A.

4.2 Specification Testing

Corollary 3.4 motivates constructing specification tests by comparing various estimators of A, as
there are multiple consistent estimators of A under correct specification. Under A.0, A.1, B.1,
and B.2, the failure of these estimators to coincide asymptotically signals non-monotonicity. Su,
Hoderlein, and White (2011) take a similar approach for the panel data case without covariates.

Below we will study the asymptotic properties of the test statistic

n

J, = bix Z(Au — Ayi)’m (X3,Y5)

=1
— pix zn; {/é—l (G (Yi|Xi, 2) |a:*,z) dA (z)}gm, (4.1)

where b = b, is a suitable bandwidth; dx is the dimension of X; flﬂ = GA'*I(C;’(Yg | Xi,2) | 2%, 2))
dH;(z), j=1,2; G and G~! are based on a sample of observations {X:,Y;, Z;} | distributed
identically to (X,Y, Z); and 7 (-,-) is a nonnegative weight function with support on a compact
subset Xy x Yy of X x YV, m; = 7w (X;,Y;). The weight m; downweights observations for which
GA(Yl | Xi,z) is close either to 0 or 1, so that G~ can not be accurately obtained.

Finally, A (z) = Hy (z) — H2 (z), where Hy and Hy are distinct distribution functions having
supports Z; and Z5 respectively, each a subset of a compact subset Zy of Z. These supports can
be disjoint. As it turns out, we can allow H; and H» to depend on the data without altering the
first-order asymptotic distribution of the test statistic Jn. Thus, for notational simplicity, we do
not distinguish between estimated and population H’s. Different choices for A focus the power
of the test in different directions. Our power analysis below suggests ways of ensuring that Jn
can consistently detect violations of Theorem 3.3(¢4¢). In fact, multiple choices of A may well be
of interest, as the nonparametric context rules out a globally optimal test. We leave treatment of
multiple A’s aside here, as this is straightforward given the theory for a single choice of A.

As we show below, T},, a standardized version of J,, constructed using G = C;’p,b and G~1 =

G*l

b’
this distribution, we have evidence against correct specification. As we also show, this test has

is asymptotically standard normal under correct specification. If T;, is incompatible with

power against Pitman local alternatives converging to zero at rate n~2/2b=%x/2 and is consistent

against the class of global alternatives: those structures violating Theorem 3.3(7i).
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Despite having a standard normal asymptotic distribution, 7, requires use of the bootstrap
to compute useful critical values. This is an extreme but feasible computational task, making this

statistic relevant for practical applications.*

4.3 Multiple Tests for Misspecification

Our test is explicitly designed to detect failures of monotonicity (A.2). Nevertheless, if conditional
exogeneity (B.1) fails, then T,, may also detect this failure. If indeed conditional exogeneity is in
question, we suggest applying the proper tool for the job. Specifically, one can and should test
B.1 directly by applying any of a variety of available tests (e.g., White and Chalak, 2010) that
do not rely on (and are not sensitive to) the monotonicity assumption. For those cases where
both B.1 and A.2 are in question, one can use T;, together with a conditional exogeneity test to
perform a multiple test of misspecification.

The joint null hypothesis for the multiple test is Hf, : Hf,; and Hf,, where Hf, is that B.1
holds and Hlj, is that A.2 holds. Let p; be the p-value associated with a test for B.1 that does
not maintain monotonicity, and let ps be the p-value associated with our 7, statistic. By the
Bonferroni inequality, we reject Hj, at level p < 2min(p;, p2). Alternatively, one can apply recent
methods of King, Zhang, and Akram (2011) to directly estimate p for this multiple test.

Under rejection, the pattern of values of (p1,p2) provides diagnostic information about the
plausible sources of misspecification. Specifically, if po is small but not p;, this indicates non-
monotonicity only. If p; and ps are both small, this indicates failure of conditional exogeneity,
but is silent about non-monotonicity. If p; is small, but not po, this again indicates failure of
conditional exogeneity, but is silent about non-monotonicity. In this last case, the failure of po to be
small reflects the plausibly lower power associated with the T}, statistic in this context, as the power
of this test is now spread across failures of both B.1 and A.2, whereas the conditional exogeneity
test is more tightly focused. The fact that the multiple test is silent about non-monotonicity in
the latter two cases is not particularly significant. When B.1 fails, the adverse consequences are

much more severe than when monotonicity fails, as the discussion of the introduction suggests.

5 Asymptotics for Estimation and Inference

5.1 Local polynomial estimators

Throughout, we rely on local polynomial regression to estimate various unknown population
objects. Let u = (z',2') = (u1,...,uq)’ be a d x 1 vector, d = dx + dz, where x is dx x 1

and z is dz x 1. Let 5 = (j1,...,J4) be a d x 1 vector of non-negative integers. Following Masry

4The invariance properties of Theorem 3.3 and Corollary 3.4 support construction of other specification tests.
Nevertheless, each requires its own analysis and involves significant computational challenges. We thus leave their

study to other work.
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(1996), we adopt the notation: u? = Hgl:lugi, gl = 04,5, |j| = Z?:ljh and EOSIJ’ISp =

k k
210 Zh:o o Zjdio‘
Jittda=h )

We first describe the p-th order local polynomial estimator G, (y|z, ) of G (y|x, z) . The sub-
script b = by, is a bandwidth parameter. Let U; = (X!, Z!)’ so that U; —u = ((X; — ), (Z; — 2)")".
Given observations {(Y;,U;) ,i = 1,...,n}, G (y|z, 2) can be obtained as the minimizing intercept
term in the following minimization problem

2
n
minn Y (1{Y; <y} — D B (Ui —u) /b)Y | Ky (Ui —u), (5.1)
A 0<ljl<p
where 3 stacks the ;s (0 < |j] < p) in lexicographic order (with 3, indexed by 0 = (0, ..., 0),
in the first position, the element with index (0,0,...,1) next, etc.) and Kj () = K (-/b) /b, with
K (+) a symmetric probability density function (PDF) on R
Let Np; = (I+d—1)!/(l!/(d—1)!) be the number of distinct d-tuples j with |j| = [. In the above
estimation problem, this denotes the number of distinct {th order partial derivatives of G(y|u)
with respect to u. Let N, = Y77 Np,. Let p,, (-) be a stacking function such that p, (U; —u)/b)
denotes an N, x 1 vector that stacks ((U; —u) /b)?, 0 < |j| < p, in lexicographic order (e.g.,
ty (u) = (1,u")" when p = 1). Let p,, (u) = p, (u/b) . Then G (ylu) = e’lyp,[:} (y|u) where

Bylu) = [Sppu)] 'n? Z Ky (Ui — ) iy (Ui —u) 1{Y; <y}, (5.2)
=1
Sp,b (u) = n_l Z Kb (Uz - ’LL) Hp b (U’L - u) Hp.b (Ul - u)/ ’ (53)
=1

and e, = (1,0,...,0) is an N, x 1 vector with 1 in the first position and zeros elsewhere.

We also use p-th order local polynomial estimation to estimate G~ (7|u), the 7th conditional
quantile function of Y; given U; = u. We denote this @;é (t|u). Let p (u) = u(r — 1{u < 0})
be the “check” function. We obtain G’;; (T|u) as the minimizing intercept term in the weighted

quantile estimation problem
n
minn ! S | Yie D> o (Ui —w) /o) | Ky (Ui — u), (5.4)
i=1 0<|j|<p
where a stacks the a;’s (0 < |j| < p) in lexicographic order. Alternatively, one can invert
G (|u) to obtain an estimator of G=' (-|u), as in Cai (2002). We do not pursue this here.
In the next subsection, we study the asymptotic properties of the estimators my, AH, and
Ap defined above, constructed using the local polynomial estimators (A;pi, and @;é just defined.

5.2 Asymptotic properties of my (z,a), Ay, and Ay

We use the following assumptions.
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Assumption C.1 Let W; = (X/,Y;,Z!)', i = 1,2,... be IID random variables on (Q, F, P), with
(Xi, Z;) distributed identically to (X, Z) in Assumption A.0.

Let g (u) and g (y|u) denote the joint PDF of U; and the conditional PDF of Y; given U; = u,
respectively. Let Y = X x Z and Uy = Xy x Zp. Let Y denote the (common) support of Y;, and
let Vo = [y, 9] for finite real numbers y, 7.

Assumption C.2 (i) g (u) is continuous in v € U, and ¢ (y|u) is continuous in (y,u) € Y x U.
(1) There exist C1,Cy € (0,00) such that C7 < infyeyy g (u) < supyey, 9(w) < Co and

C]- < inf(y,u)éyo xUo 9 (y|u) < SUP(y,u)eyO xUp g (y|u) < 02-

Assumption C.3 (i) There exist 7,7 € (0,1) such that 7 < infyery, G (y|u) < sup,eyy, G (lu) <
7and 7 <inf.ez, G (y|z*,2) < sup.ez, G (§lz*,2) < 7.

(i1) G (-|u) is equicontinuous: Ve > 0, 30 > 0: |y — §| < § = sup,ey, |G(ylu) — G(glu)| < e
For each y € Mo, G(y | -) is Lipschitz continuous on Uy and has all partial derivatives up to order
p+1,peN.

(#31) Let DIG (y|u) = OBIG (y|u) /&7 uy...0%4uy. For each y € Yy, DIG (y | -) with || = p+1is
uniformly bounded and Lipschitz continuous on Uy : for all u, @& € Uy, |DIG (y | u)—DIG (y | @) | <
Csl||u — 1| for some C3 € (0, 00) where ||-|| is the Euclidean norm.

(iv) For each u € Uy and for all y, § € Vo, |DIG (y | v) — DIG (§ | u)| < Cy |y — 3| for some
Cy4 € (0,00) where |j| =p+ 1.

Assumption C.4 (i) The kernel K : R? — R7 is a continuous, bounded, and symmetric PDF.
(i) u — |Ju)***! K (u) is integrable on RY with respect to the Lebesgue measure.
(i41) Let Kj(u) = v/ K (u) for all j with 0 < [§| < 2p+1. For some finite constants o, 51, and
2, either K (-) is compactly supported such that K (u) = 0 for ||u|| > ok, and [K;(u) —K;(@)| <
o2 ||u — @l for any u,% € R? and for all § with 0 < |§] < 2p + 1; or K(-) is differentiable,
10K (u) /Oul| < &1, and for some vy > 1, |0K; (u) /Ou] < 1 |lul| ™" for all ||u| > ok and for all
J with 0 <|j| <2p+1.

Assumption C.5 The distribution function H (z) admits a PDF h (z) continuous on Z.

Assumption C.6 As n — oo, b — 0, b»T1792/2 _, 0 and nb?P+D+dx/2 _, ¢4 € [0, 00). There

exists some €¢* > 0 such that nl=¢ pt2dz — o,

The IID requirement of Assumption C.1 is standard in cross-section studies. Nevertheless,
the asymptotic theory developed here can be readily extended to weakly dependent time series.
To keep the results uncluttered, we leave the time-series case for study elsewhere. Assumption
C.2 is standard for nonparametric local polynomial estimation of conditional mean and density.
If U; has compact support U and g (u) is bounded away from zero on U, it is possible to choose
Uy = U. Assumptions C.3-C.4 ensure the uniform consistency for our local polynomial estimators,

based on results of Masry (1996) and Hansen (2008). Assumption C.5 makes Z continuously
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distributed, simplifying the analysis. Assumption C.6 appropriately restricts the choices of
bandwidth sequence and the order of local polynomial regression.

To proceed, arrange the N,; d-tuples as a sequence in lexicographical order, so that ¢;(1) =
(0,0,...,1) is the first element and ¢;(N;) = (I,0,...,0) is the last, and let gb;l be the mapping
inverse to ¢;. For each j with 0 <[] < 2p, let p1; = [pq u? K (u)du. Define the N, x N, matrix S,

and the N, x N, 41 matrix B, respectively by

Moo Moy ... Moy Mo p+1
MI,O Ml,l Ml, Ml: 1

S, = T T and B, = S (5.5)
Mpo Mpi ... My, Mp p+1

where M j are N, ; x N, ; matrices whose (I,s) element is Hep 1)+, (5)* In addition, we arrange
DG (alu) /3! with |j| = p+ 1 as an Np41 x 1 vector, Gpi1 (alu), in lexicographical order.
Let Ay = {a:m}(z,a) =y, v € Xy, y € Wo}. The asymptotic behavior of g (x,a) follows:

Theorem 5.1 Suppose Assumptions C.1-C.6 hold. Let x* € Xy and (z,a) € Xy X Ag. Then

Vnbix (my (z,a) — mj; (z,a) — By, (x,a; %)) 4N (0, U,Zn (z,a; a:*)) ,  where

_ Gp11 (alz*, 2) -
Bm R Ebp+1 / S I]B / p+1 ’ G 1 * dH
(z,a;x%) 1,5, By 7 (G (Glale, [z, 2) [, 2) + G, 11 (Glalz™, 2)|z, 2) (2),

(5.6)
o (2.0:2) = mp/ G(alz*, ) [1 —G(a|x*,z)]h(z2)2 1 1 ]d% (5.7)
g (G=1(G(a|z*, 2)|z, 2) |z, 2)" Lg(z*2)  g(z,2)
and k1 = [ €} Sy, (2,2) p, (2,2 — 2)' Sy e, K (8,2) K (%,2 — 2) d (%, %,%) . In addition,
sup | (z,a) — mly (z,a) | = Op(n™2b79%/2, /logn + bP+1). (5.8)

(z,0)EXo X Ay

This result does not impose correct specification. When this holds, we can replace mj; with m.
To obtain 7y (z,a), we estimate both G (-|z*,2) and G~!(-|z,z). Above, we use the same
bandwidth and kernel for both, yielding nice expressions for B,, (z,a;z*) and o2, (z,a;z*). Both

the first-stage estimator @pﬁ(a | x*,z) and the second-stage estimator G’;;(ﬂx,z) Witlz ‘7' :)
A Gpii(alz™,z

Gpp(a | ¥, z) contribute to the asymptotic bias and variance. The terms involving G (Clale e
in By, (z,a;x*) and m in 02 (r,a;2*) are due to the first stage, whereas those involving
G;jl (G(alz*, 2)|z, 2) in By, (x,a;x*) and g(z},z) in 02, (z,a;2*) are due to the second stage.

It is well known that in many nonparametric applications, the choice of kernel function is

not so critical, but the choice of bandwidth may be crucial. Different choices of bandwidth for

the first- and second-stage estimators may thus be important in practice. If we choose by in the
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first-stage estimation of G(a | x*, 2) to obtain C;’p,bl (- | z*, z) and be in the second-stage estimation
of G~Y(7 | @, 2) with 7 = Gp’bl (a | z*, z) to obtain G’;éz(- | z, z), say, then the asymptotic bias and
variance must be modified accordingly. In particular, if b; < bs in the sense that by = o (b2), then
the asymptotic bias will mainly be contributed by the second-stage estimation and the asymptotic
variance by the first-stage estimation; and vice versa.

To state the next results, we define A7, (and ALJ- below) in the obvious manner. Theorem

5.1 implies the following asymptotic properties for A H,i-

Corollary 5.2 Suppose Assumptions C.1-C.6 hold. Then conditional on (X;,Y;) € Xy x o,
Vnbix (AHJ — A}f,i — By, (2%, Y}; X,)) LYY (O,o?n (z*,Y; XZ)) . Further, fori such that (X;,Y;) €
Xo x Vo, AHl — Ay, = Op(nfl/Qb*dX/2 xv/logn + bPT1) uniformly in i.

The asymptotic properties of A u,; follow from the next theorem.

Theorem 5.3 Suppose Assumptions C.1-C.6 hold. Then for any (z,y) € Xy X o, m;{l (z,y) LR
mi (z,y) and Vab®x (g (z,y) — mi ! (2,y) — Byt (2,y;2%)) 5 N (0,02, (z,y;2%)) , where

Bt (2,4;2%) = =B (x,ml " (x,y);2%) /DY (z,mi  (2,))
o2 (wyat) = o2 (w,mi (z,y)2%) ) [Dy (m,mi (2,0)]°,
and Dy (z,0) = [ oo stemmn AH (2).

When correct specification holds, we can show that D}, (z,a) = [ %dlﬂz) =0m (z,a)

/0a by Corollary 3.4, the fact that Om (x,a) /0a = g(a|z*, z)/g (m (z,a) |z, z), and that [ dH (z) =
1. Further, Theorem 5.3 implies that conditional on (X;,Y;) € Ay x o, \/nbdX(leJ — ALJ
—B1 (X, Yisa®)) 5 N (0,02, (X4, Yia%)) -

6 Asymptotics for Specification Testing

In this section, we study the asymptotic behavior of the test statistic in (4.1).

6.1 Asymptotic distributions

To state the next result, we write w; = (2, y;, zg)/, and we introduce the following notation:

Spp(Tiu) = 0 MY Ky (Ui — ) (G (71U Uity (Ui = ) g, (Ui = ) (6.1)
=1
My (T5u) = €,8m (u) ppp Uk — w) Ky (Up — u) [g (G (]2*, 2) |2*, 2)

= e£7p§p7b (15 u) P b (Ur —u) Ky (U —u),
Mk (Tizi Xi, 2) Ty, W) + gy, (Tizs 2, 2) ¥, (Y — G (762|Uk)) , and

E [//cowvl,wi;z)co (Wi, wy3 %) dA (2)dA (2) i

Nk (T; U

Co (Wi, Wi 2

)
)
)
@ (wi, wy)
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where S, (u) = E [Spp (w)], Spp (T3u) = E [Spp (T50)], 7 = G (Yi| Xy 2), Iy, (Wi) =1 (Y < Y;)—
G (Y;|Ug), and ¢, (u) =7 — 1 (u < 0). The asymptotic bias and variance are respectively

n o n 2
By, =n 26X Y > [/ Co (Wi, Wy 2)dA (2)| m; and 0% = 2b%X E[p (W, Wa)?].
=1 j=1

To establish the asymptotic properties of jn, we add the following condition on the bandwidth.
Assumption C.7 As n — 0o, nb?X — oo, and nb>¥/2/ (logn)? — cc.

Assumptions C.6 and C.7 imply that a higher order local polynomial (i.e., p > 2) may be
required in the case where dx or dz is large in order to ensure that p +1 — dz/2 > 0 and
2(p+1)+dx/2 > max(2dx, d+2dz, 3d/2). Intuitively, the use of higher order local polynomials
helps to remove the asymptotic bias of nonparametric estimates.

We establish the asymptotic null distribution of the J,, test statistic as follows:

Theorem 6.1 Suppose Assumptions C.1-C.7 hold. Then under A.1, A.2, B.1, and B.2 we have

A d .
I —By, = N (O, J?,) , where a?, = lim, oo O'2Jn.

The key to obtaining the asymptotic bias and variance of the test statistic J, is Co(Wi, Wy; 2). The
first term, 1y, (742; X, 2) 1y, (W), in the definition of (, reflects the influence of the first-stage
estimator (A;'p7b(1/; | X, z), whereas the second term 1y, (7323 2%, 2) 1, (Yp—G ™! (74:|Uk)) embodies
the effect of the second-stage estimator G;;(T | 2*, 2)) evaluated at 7 = G ,(Y; | Xi,2). A careful
analysis of B, indicates that both terms contribute to the asymptotic bias of J,, to the order of
O (1). On the other hand, a detailed study of a?,n shows that they contribute asymmetrically to
the asymptotic variance: the asymptotic variance of J, is mainly determined by the second-stage
estimator, whereas the role played by the first-stage estimator is asymptotically negligible. The
main reason for this is that the term X; in 7y (7i.; X, 2) (but not the term z* appearing in
Mo, (Tiz; ¥, 2)) is subject to a (smooth) expectation operator in the definition of ¢ (w;, w;), which
helps reduce the variation of the first-stage estimator. For the same reason, we need b4 instead
of the usual term b%*/2 as the normalization constant in the definition of jn, which unavoidably
reduces the size of the class of local alternatives that this test has power to detect.

To implement, we need consistent estimates of the asymptotic bias and variance. Let

CO (Wz7 Wk) Z)
1 B .
= {e’lypspl, (X5, 2) " py (X — Xiy Zo — 2) Ky (Xi — X1, Z1 — 2) 1y, (Wi)
(¥4

b pSpo (@7 2) Ty (X — 2% Zy = 2) Ky (X = 0, 2k = 2) ¥, (Yi = G (RilUD)) |

where g, = g (G’;i (7|2, 2) ‘x*,z) and 1y, (Wy) = 1{Yy <Y;} — G, (Yi|Ux). We propose
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estimating B;, and G2Jn respectively by

I@Jn — n2pix ZZ [/Co Wi, Wj;z) dA (= )} m; and

=1 j=1

n

2 = 2hXZZ[ Z/CO Wi, Wi; 2) dA (2 /<O Wi, Wy: 2) dA (2)

=1 j=1

It is not hard to show By, — By, = op (1) and &?]n — 0% =op(1). Then we can compare

T, = (jn - IE%Jn> NG (6.2)

to the critical value z,, the upper a percentile from the N(0,1) distribution, as the test is one-

sided; we reject the null when T}, > z,.

To study the local power of the T;, test, consider the sequence of Pitman local alternatives:

1 (1) / G (Gl 2) | %, 2))dA (2) = 1un (2,9) (6.3)

where v,, — 0 as n — oo, and d, is a non-constant measurable function with pg = lim, . F|

dn (X1, Y1)2 7 (X1,Y1)] < co. Given B.1, such alternatives arise from non-monotonicity.

Theorem 6.2 Suppose Assumptions C.1-C.7 hold. Then under Hy (v,,) with ~,, = n~Y2b=4x/2
d
Tn = N (/0 5, 1)

Theorem 6.2 implies that the T,, test has non-trivial power against Pitman local alternatives that
converge to zero at rate n~1/2b=9x/2 provided 0 < 1o < 0o. The asymptotic local power function
of the test is given by 1 — ® (2 — p9/0s), where ® is the standard normal CDF.

The following theorem shows that the test is consistent for the class of global alternatives

2
Hy:p,=E {[/G GVi|X, )|x*,z))dA(z)} W(Xl,Yl)}>0.

Theorem 6.3 Suppose Assumptions C.1-C.7 hold. Given Hy, P (T,, > A\,) — 1 for any nonsto-

chastic sequence A, = o(nb®x).

The Appendix discusses how proper choice of H; and Hj assures py > 0 when CQR fails.

6.2 A bootstrap version of the test

It is well known that nonparametric tests based on their asymptotic normal null distributions may
perform poorly in finite samples. Preliminary experiments showed this to be true here. Thus, we
suggest using a bootstrap method to obtain bootstrap p-values.

Let W,, = {W; = (X;,Y;, Z;)}}_, . Following Su and White (2008), we draw bootstrap resam-
ples {X},Y*, Z*}" | based on the following smoothed local bootstrap procedure:

2
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1. For ¢ = 1,...,n, obtain a preliminary estimate of A; as A; = (121171' + 121271')/2, where flj’i =/

G (Gpp(Vi| Xy, 2)|a*, 2)) dH,(2).

2. Draw a bootstrap sample {Z7}"_| from the smoothed kernel density f7 (z) =n 131 ¢,
(Z; — z), where ¢, (2) = a9 ¢ (2/a), ¢ (-) is the standard normal PDF in the case where
Z, is scalar valued and becomes the product of univariate standard normal PDF otherwise,

and a, > 0 is a bandwidth parameter.

3. Fori=1,...,n,given Z, draw X and A} independently from the smoothed conditional den-
sity Fxiz (@127) = S0y G, (X = 2) G (2 — Z5) | iy G0, (Z0— Z7) and iz (alZF) =
d i1 Pan(Aj—a)po, (Zj — Z}) | D011 b, (Z1 — ZT) , respectively, where o, oy, and aq are
given bandwidths.

4. Fori =1, ...,n, compute the bootstrap version of Y; as Y;* = (mpy, (X}, AY)+mu, (X, AY))/2.

5. Compute a bootstrap statistic 7, in the same way as T,,, with W = {W* = (X}, Y, Z)}

1/ Ji=1
replacing W,.
B
6. Repeat Steps 2-5 B times to obtain bootstrap test statistics {T;;j} . Calculate the boot-
]:
strap p-values p* = B~} Zle 1 (T ;:j > 1T, n) and reject the null hypothesis if p* is smaller

than the prescribed nominal level of significance.

Clearly, we impose conditional exogeneity (X} and A} are independent given Z*) in the
bootstrap world in Step 3. The null hypothesis of monotonicity is implicitly imposed in Step 4.

A full formal analysis of this procedure is lengthy and well beyond our scope here. Nevertheless,
the Appendix sketches the main ideas needed to show that this bootstrap method is asymptotically

valid under suitable conditions, that is,
(1) P(Ty; <tWp) — ®(t) forallt € R, and (i4) P (T, > z) — 1 under Hj, (6.4)

where 2 is the a-level bootstrap critical value based on B bootstrap resamples, i.e., 2z} is the

B
1 — a quantile of the empirical distribution of {T;L“j} -
]:

7 Estimation and Specification Testing in Finite Samples

In this section, we conduct some Monte Carlo simulations to evaluate the finite-sample perfor-
mance of our estimators and tests. We first consider estimation of the response under correct
specification. We then examine the behavior of the T), test. The already significant computa-
tional burden of our statistics is substantially multiplied by the replications necessary for Monte

Carlo study. Thus, we restrict attention to a modest number of judiciously chosen experiments.
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7.1 Estimation of response

We begin by considering the following two DGPs:

DGP 1: Y; = (0.5 + 0.1X2) A;,

DGP 2: Y, =d((X; +1)A;/4)(X; +1),
where i = 1,...,n, ® (+) is the standard normal CDF, A; = 0.5Z;+7y;, X; = 0.25+Z; —0.25Z2 41,
and 1y;, 79;, and Z; are each IID N (0,1) and mutually independent. Clearly, m (x,a) = (0.5 +
0.1z%)a in DGP 1 and = ® ((x + 1)a/4) (z + 1) in DGP 2. In either DGP, m (z,-) is strictly
monotone for each x but does not satisfy the normalization condition m (zeq,a) = a for all
a € A, where ,,.q ~ 0.116 is the population median of X;.?

To illustrate how the normalization condition is met with z* = x,,.4, we redefine the un-
observable heterogeneity A; and the functional form of m. For DGP 1, let a* = a/c; and
m* (z,a*) = ¢1(0.5 + 0.1z2)a* for some nonzero value c;. To ensure m* (Tyeq, a*) = c1(0.5 +
0.122

med

obtain ¢; = 1/(0.5+0.1z2 ;) = 1.9946. For DGP 2, let a* = (z* 4+ 1)® (a(z* +1)/4) (i.e.,

a=4®"Ya*/(z* +1))/(z* + 1)). Then m (z,a) = < otl -1 ( 2 )) (x4+1) =m*(z,a*). It

Ja* = a* for all a* € A*, where A* is the support of A;/c;, we can solve for ¢; to

r*41 T*+
meas meas
is easy to verify that m* (,eq, a*) = a* for all a* € A* provided x* = x4, where A* is now the

support of (Tmed + 1) @ (Ai (Tmeqa + 1) /4) . For notational simplicity, we continue to use m (x, a)
and A; to denote m* (z,a) and A}, respectively.

To estimate the response m (z,a), we need to choose the local polynomial order p, the kernel
function K, the bandwidth b, and the weight function H. Since dx = dz = 1, it suffices to
choose p = 1 to obtain the local linear estimates Gp,b (alz*,z) and G};é <CA¥p7b (alz*, 2) |J:,z),
which we use to construct the estimator my (z,a). We choose K to be the product of univariate
standard normal PDFs. To save time in computation, we choose b using Silverman’s rule of
thumb: b = (1.065'Xn_1/6, 1.065271_1/6), where, e.g., Sx is the sample standard deviation of
{X;};, . Note that we use different bandwidth sequences for X and Z. We consider two choices
for H: Hy is the CDF for the uniform distribution on [C.,,(;_,], and Hj is a scaled beta(3,3)
distribution on [£.,&; ], where £ is the ep-th sample quantile of {Z;}!", and ¢ = 0.05. For
either Hy or Hy, we choose N = 30 points for numerical integration.

We evaluate the estimates of m (z, a) at prescribed points. We choose 15 equally spaced points
on the interval [—1.895, 1.750] for x, where —1.895 and 1.750 are the 10th and 90th quantiles
of Xj, respectively. For a, we choose 15 equally spaced points on the interval [—0.718,0.718] for
DGP 1, where —0.718 and 0.718 are the 10th and 90th quantiles of A;(= A}). For DGP 2, we
choose 15 equally spaced points on the interval [0.384, 0.731], where 0.384 and 0.731 are the 10th
and 90th quantiles of A;(= AY) in DGP 2. Thus, (z,a) will take 15 x 15 = 225 possible values;

we let (zj,a;), j = 1,...,225, denote these values. We obtain the estimates mp, (z,a), = 1,2, of

’For DGP 1, m (2,a) = a for all @ at & = z* = ++/5.
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Table 1: Finite sample performance of the estimates of the response

DGP n H MADy RMSEg
5th 50th 95" mean 5th 50th 95th mean
1 100 Uniform 0.186 0.267 0.390 0.276 0.246 0.350 0.506 0.360
Beta 0.145 0.208 0.290 0.210 0.191 0.280 0.405 0.239
400 Uniform 0.125 0.179 0.243 0.180 0.164 0.235 0.315 0.239
Beta 0.085 0.118 0.160 0.121 0.116 0.166 0.229 0.168
2 100  Uniform 0.091 0.120 0.146 0.120 0.157 0.208 0.268 0.209
Beta 0.083 0.112 0.136 0.112 0.140 0.193 0.246 0.174
400 Uniform 0.082 0.101 0.117 0.100 0.138 0.174 0.213 0.174
Beta 0.076 0.095 0.108 0.094 0.126 0.161 0.188 0.160

m (z,a) at these 225 points, and calculate the corresponding mean absolute deviations (MADs)

and root mean squared errors (RMSEs):

225
T 1 ~ T
MADY) = =3 ‘m(%‘v%’) — i) (2j.0)| (7.1)
j=1
| 25 ) 1/2
RMSEgL = V%% Z [m (xj,a5) — mﬁ!}f (:xjyaj)} , (7.2)
j=1

where, for r =1, ..., 250, mgl) (x,a;) is the estimate of m (z;a;) in the rth replication with weight

function Hy, [ = 1, 2. For feasibility in computation, we consider two sample sizes in our simulation
study, namely, n = 100 and 400.

Table 1 reports the 5, 50" and 95*" percentiles of M AD(HTI) and RM S EJ(L;Z) for the estimates
of the m (x,a), together with their means obtained by averaging over the 250 replications. We
summarize the main findings from Table 1. First, for different choices of the distributional weights
(H; or Hy), the MAD or RMSE performances of the response estimators may be quite different.
In particular, we find that the estimators using the beta weight Hs tend to have smaller MADs and
RMSEs. This is especially true for DGP 1. Second, as n quadruples, both the MADs and RMSEs
tend to improve, as expected. Third, and also as expected, the MADs and RMSEs improve at a
rate much slower than the parametric rate n=/2.

Figure 1 plots the ratio of Mg, (z;,a;) to mm, (z;,a;) for DGPs 1-2 and n = 100, 400, where
mu, (zj,a;) = ﬁ 35;01 fngl) (xj,a;5) for I =1,2,and j = 1,2, ...,225. In theory, both g, (25, a;)
and Ty, (2, a;) converge to m (z;, a;) in probability so that the points (g, (5, aj), mm, (x},a;))
should lie on the 45 degree line as n — oo. Nevertheless, we see some discrepancies between
mm, (¢j,a;) and mpy, (z;,a;) for both DGPs and sample sizes. Clearly, the discrepancy is much

larger for DGP 1 than that for DGP 2 for both sample sizes.
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(a) DGP 1,n = 100 (b)) DGP 1,n = 400
1 T T 1 T T T
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(c)DGP 2,n = 100 (d) DGP 2,n = 400
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Plots of mp, over my, for DGPs 1-2: the solid line is the 45 degree line, the points for (i, ,
mp,) on the dotted line are obtained as averages of (mgf (xj,a;5), mgi (x,a5)), r=1,...,250,

over 250 replications

7.2 Specification Testing

To examine the finite-sample properties of the specification test, we consider the two DGPs:
DGP 3: Y; = (0.5 + 0.1X2)A; + 260X;/(0.1 + e47/2),
DGP 4: Y; = ® ((X; + 1)A;/4) (X; + 1) — 0.5604;/(1 + X?),
where i = 1,...,n, and A;, X; and Z; are generated as in DGPs 1-2. Note that when d¢9 = 0,
DGPs 3 and 4 reduce to DGPs 1 and 2, respectively, permitting us to study the level behavior
of our test. For other well-chosen values of dg, m (z,a) as defined in DGP 3 or 4 is not strictly
monotonic in a, permitting study of the test’s power against non-monotone alternatives.
To construct the raw test statistic J,, we first obtain ép,b (Y;| X, z) and G’;é(ép,b (Y| Xi, 2) |
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Table 2: Finite sample rejection frequency for DGPs 3-4

DGP n do Warp-speed bootstrap Full bootstrap
1% 5% 10% 1% 5% 10%
3 100 0 0.018 0.042 0.124 0.008 0.080 0.140
1 0.320 0.388 0.420 0.316 0.404 0.456
200 0 0.020 0.060 0.148 0.020 0.076 0.140
1 0.392 0.442 0.474 0.408 0.464 0.508
4 100 0 0.014 0.032 0.068 0.016 0.032 0.056
1 0.288 0.576 0.660 0.456 0.656 0.724
200 0 0.004 0.014 0.036 0.008 0.012 0.056
1 0.356 0.564 0.688 0.476 0.712 0.792

x*,z) by choosing the order of the local polynomial regression, the kernel function K, and the
bandwidth b. As when estimating the response, we choose p = 1 and let K be the product
of univariate standard normal PDFs. Since we require undersmoothing for our test, we set b =
(CQSXn_l/s, CQSZn_1/5), where ¢, is a positive scalar that we use to check the sensitivity of our test
to the choice of bandwidth. Next, we need to choose weight functions Hy, Hs, and . We choose
Hy and Hs as above and set 7 (X;,Y;) = 1 {feo’X <X; < 51_607)(} x 1 {5EO,Y <Y; < 51_6073/},
where, e.g., £ x is the egth sample quantile of {X;}i, and €o = 0.0125. These sample quantiles
converge to their population analogs at the parametric /n rate, so they can be replaced by the
latter in deriving the asymptotic theory. By construction, we trim Gp,b and G};é in the tails.

In the bootstrap, we set o, = Szn 1/, o, = Sxn~Y6, and oy = San~/6, where, e.g., Sa
is the sample standard deviation of A;. For computational feasibility, we consider two sample
sizes, n = 100, 200, in our simulation study. Also for computational feasibility, for each sample
size n, our “full” bootstrap experiments use 250 replications and B = 100 bootstrap resamples in
each replication. Before performing the full bootstrap with B = 100, we study the sensitivity of
the test to the bandwidth b = (c2S ~n~ 1/ 5 ¢S n~ Y 5) as suggested by Giacomini, Politis, and
White (2007), using their warp-speed bootstrap. In this procedure, only one bootstrap resample
is drawn in each replication. Because of its relatively low computational cost, we can use 500
replications for this study. We find that our test is not very sensitive to the choice of b as long as
co 18 not too big or small. For example, the test behaves reasonably well for ¢y lying between 1
and 2. Table 2 reports the warp-speed bootstrap results for the case co = 1.5, together with the
full bootstrap results for c; = 1.5 with B = 100.

Table 2 reports the empirical rejection frequencies for our test at various nominal levels for
DGPs 3-4. The rows with §g = 0 report the empirical level of our test; those with §o = 1 show
empirical power. We summarize the main findings from Table 2 as follows: First, the level of
our test is fairly well behaved, and it can be close to the nominal level for sample sizes as small

as n = 100. When n increases, the level generally improves somewhat. Second, the power of
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our test is reasonably good. It increases as the sample size doubles for both the warp-speed
and full bootstrap methods. Finally, the full bootstrap tends to deliver somewhat better power
performance than the warp-speed bootstrap, similar to findings of Cho and White (2011).

8 Empirical Applications

This section illustrates the usefulness of our tests with two examples. To show their broad applica-
bility, we consider two very different applications. The first application analyzes an important
question for policy analysis, namely the determinants of the Black-White earnings gap. The sec-
ond application comes from a traditional area of economics: classical consumer demand using
Engel curves. We discuss the economic background, provide details of the data and the test

implementation, and discuss our findings.

8.1 The Black-White Earnings Gap: Just Ability?
8.1.1 Economic Background

The quest for the sources of the apparent differences in economic circumstances between the
three major races in the US, i.e., Blacks, Hispanics, and Whites, has spurred an extensive and
controversial debate over the last few decades. Starting with the seminal paper by Neal and
Johnson (1996, NJ), a flourishing literature has emerged that focuses primarily on the sources
of the Black-White earnings gap; obviously, a key concern in this is the potential existence of
racial discrimination, i.e., the fact that people with the exact same ability get differential wages
for the same task. Carneiro, Heckman, and Masterov (2005, CHM) give a recent overview of this
literature, emphasizing the points important to our application.

As NJ argue, to obtain a measure of the full effect of discrimination in labor outcomes (e.g.,
wages) from a regression, one should not condition on variables that may indirectly channel
discrimination, such as schooling, occupational choice, or years of work experience, as these may
mask the full effects. As CHM aptly put it, the “full force” of discrimination would not be visible.
Chalak and White (2011a) contains supporting discussion of the “included variable bias” arising
by conditioning on variables indirectly channeling a cause of interest.

As argued convincingly in CHM, however, schooling is no longer a plausible channel of dis-
crimination, given the extent of affirmative action. Indeed, CHM show that when conditioned
just on schooling, the wage gap increases, rather than decreasing, as would be the case if schooling
were an indirect channel of discrimination. Thus, we include years of schooling as a causal factor

in our analysis. The structural relation is then

Y =m(X1, X, A),

23



where A is work-related ability; X7 is years of schooling; X5 is race, a discrete variable taking
three values; and Y is the wage an individual receives. As X and A are plausibly correlated, we
seek a conditioning instrument Z such that X is independent of A given Z.

To find this variable, we go back to the literature. NJ suggest the 1980 AFQT score as a proxy
for ability. Once NJ condition on the AFQT, which we now denote Z, the maintained hypothesis
is that there is no relationship between X and A, that is, X L A | Z. This means that whatever
is not exactly accounted for in A by using Z does not correlate with race or schooling, in line with
NJ. Their finding (corroborated by the analysis in CHM, with the additional schooling variable)
of an absence of a Black (X2 = 1) — White (X3 = 0) earnings gap means in our notation that
Em(X:1,1,A)|X1,Z] — E[m(X;,0,A)| X1, Z] = 0. This evidence is consistent with the absence
of discrimination in the labor market.

Nevertheless, this is not the only testable implication of their hypotheses. We can now test the
null hypothesis that there is indeed only a single unobservable that monotonically drives wages.
Accordingly, we define ability as a scalar factor that drives up wages for all values of X = x.
As such, scalar monotonicity is a natural assumption - the more able somebody is, the higher
his wage is, ceteris paribus. The fact that we can apply this logic here hinges on the Z variable,
AFQT80, which is chosen to ensure unconfoundedness. The alternative is that there is some more
complex mechanism that generates wage outcomes. There are a number of reasons why there
may be a more complex relationship. One is that discrimination acts through several unobserved
channels; another is what CHM have argued, namely that there are unobserved (in their data,
actually at least partially observed) factors in the early childhood of an individual that have a
large impact on labor market outcomes, and that should be accounted for. With the data at
hand, we cannot separate these two explanations; however, we can shed light on whether a scalar

“ability” accounts for observed outcomes.

8.1.2 The Data

Our data come from NJ’s original study,® which is based on the National Longitudinal Survey
of Youth (NLSY). The NLSY is a panel data set of 12,686 youths born between 1957 and 1964.
This data set provides us with information on schooling, race, and labor market outcomes. The
Z variable is the normalized AFQTS80 test score, i.e., the armed forces test in 1980. Individuals
already in the labor market have been excluded. The test score is also year-adjusted and then
normalized to have mean 0 and variance 1 as in NJ. After cleaning the data, we have 3,659
and 3,783 valid observations for the female and male subsamples, respectively, and following
the literature, we analyze men and women separately. Since the data set is quite large and
the computational requirements exceed what we can handle on our computers, we divide each

subsample into three sub-subsamples to obtain 1,220 + 1,220 + 1,219 female observations, and

SIndeed, our data are exactly NJ’s original data; we are indebted to Derek Neal for providing us with this.
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1,26141,26141,261 male observations. These subpopulations were selected randomly by taking
every third observation in each group. Since we are otherwise using exactly the same data as NJ,

we refer to their paper for summary statistics and other data details.

8.1.3 Implementation Details

The details of the testing procedure we implement are largely identical to those for the simulation
study of Section 6.2. The kernel is the product of univariate standard normal PDFs; the order of
the local polynomial is 1. The bandwidth is chosen by the rule of thumb in Section 6.2, paragraph
2. We perform 200 bootstrap replications; with n =~ 1, 200, each replication takes about two hours

using Matlab code running on modern high-speed processors.

8.1.4 Empirical Results

The values of the test statistics we obtain using the procedures described above are 9.381, 12.633,
and 85.119 for the three female subsamples, and 250.24, 140.55, and 246.85 for the male sub-
samples. The associated p-values are 0.995, 1, and 0.815 for the three female subsamples, and
0.510, 0.925, and 0.720 for the three male subsamples. Obviously, the fact that we have drawn
subsamples reduces the power of our procedure. But increasing the sample size even moder-
ately increases the processing time for each bootstrap replications to significant multiples of the
two hours required with n = 1,200. Nevertheless, since the test statistic values are so far from
the critical values and the p-values are so large, we believe it safe to conclude that the null of
scalar monotonicity is not rejected. This is evidence consistent with the correct specification of
the NJ/CHM model. Of course, further research with better data is required to analyze the
importance of early childhood education as CHM suggest, but this is beyond our scope here.
Recall that we maintain conditional exogeneity, B.1. Without this, the test is a joint test for
A.2 and B.1. Under this interpretation, we have no evidence against either A.2 or B.1. To illustrate
use of a multiple test for misspecification, we also report the results of a pure test of B.1. By White
and Chalak (2010, prop.2), we can test B.1 by testing X 1 S | Z, where S = ¢(Z, A, V), with
X LV |(A,Z). A plausible candidate for S is another proxy for A, viewing V' as a measurement
error. Here, a natural choice for S is the 1989 AFQT score. To implement, we standardize
AFQT89 in the same way as AFQTS80, and we apply the conditional independence test of Huang
and White (2010). The table below reports the results for each of the samples described above.

For none of these do we reject B.1, consistent with our monotonicity test findings.

Male Female

Sample 1 Sample 2 Sample 3 | Sample 1 Sample 2 Sample 3
p-value .80 .28 .20 .39 .88 .85
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8.2 Engel Curves in a Heterogeneous Population
8.2.1 Economic Background

Engel curves are among the oldest objects analyzed by economists.” Modern econometric Engel

curve analysis assumes that

Y :m(Xl,XQ,A), (81)

where Y is a K-vector of budget shares for K continuously-valued consumption goods; X; is
wealth, represented by (log) total expenditure under the assumption that preferences are time-
separable; X5 denotes observable factors that reflect preference heterogeneity; and A denotes
unobservable preference heterogeneity. Prices are absent here, as Engel curve analysis involves a
single cross section only, and prices are assumed invariant. However, it is commonly thought that
log total expenditure is endogenous® and is hence instrumented for, typically by labor income,
say S. This is justified by the same intertemporal separability assumption.

Here, we follow IN, and write the X7 structural equation as
X1 = ¢(5, X, Z), (8.2)

where the unobserved drivers of X; are denoted Z. For simplicity, we assume X3 is exogenous.
Following IN, we also assume S is exogenous, so we take (S, X2) L (4, Z), implying (X1, Xs) L
A | Z. With the usual normalization, Z | (S, X2) is U[0, 1], and Z is identified as

Z=F(X1]8, Xa). (8.3)

IN’s control function approach thus provides us with a variable Z that satisfies our assumptions.
We are now able to test the hypothesis that there is a single unobservable A in equation (8.1) that
enters monotonically. Put differently, due to the tight relationship between quantiles and nonsep-
arable models with monotonicity, we can test whether in the conditional a-quantile regression of
Y on X and Z, the parameter o can be given a structural interpretation. The alternative is that
there is a more complex structure in the unobservables.

An example of a structural model that assumes monotonicity is provided in Blundell, Chen,

and Kristensen (2007), who assume
Y = m(Xl,Xg) + A.

Nevertheless, to test this specification, we also must specify equation (8.2) as above.

"They were first analyzed in1857 by the Saxonian economist Ernst Engel (1821-1896), not to be confused with

Friedrich Engels, the companion of Karl Marx.
¥Nevertheless, the evidence is not strong; see Blundell, Horowitz, and Parey (2009) or Hoderlein (2010).
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8.2.2 The Data

For our test, we use the British FES in exactly the form employed in IN.? The FES reports a yearly
cross section of labor income, expenditures, demographic composition, and other characteristics
of about 7,000 households in every year. Since we are considering Engel curves, we use only the
cross section for 1995. We focus on households with two adults, where the adults are married or
cohabiting, at least one is working, and the household head is aged between 20 and 55. We also
exclude households with 3 or more children. This yields a sample with n = 1,655. This will be
our operational subpopulation, not least because it is the one commonly used in the parametric
demand system literature; see Lewbel (1999).

The expenditures for all goods are grouped into several categories. The first is related to food
consumption and consists of the subcategories food bought, food out (catering), and tobacco.
The second and third categories contain expenditures related to alcohol and catering. The alcohol
category is probably mismeasured, so we do not employ it as dependent variable. The next group
consists of transportation categories: motoring, fuel expenditures, and fares. Leisure goods and
services are the last category. For brevity, we call these categories Food, Catering, Transportation,
and Leisure. We work with these broader categories since more detailed accounts suffer from
infrequent purchases (recall that the recording period is 14 days) and are thus often underreported.
Together these account for approximately half of total expenditure, leaving a large fourth residual
category. Labor income is as defined in the Household Below Average Income study (HBAI).
Roughly, this is net labor income to the household head after taxes, but including state transfers.

The following table gives some summary statistics; for more details, see Hoderlein (2010).

Variable | Food Catering Alcohol Transport Leisure LogExp LogWage nKids
Mean 0.2074  0.0805 0.0578 0.2204 0.1297  5.4215 5.8581  0.6205

8.2.3 Implementation Details

To apply the test, we let Y be the budget shares of Food, Catering, Transportation, or Leisure
in (8.1).1° In each case, we specify X; as the logarithm of total expenditure and Xs as the
number of kids in a family. The details of the testing procedure are again largely identical to
those implemented in the simulation study in Section 6.2 and in the previous application. We use
a product kernel and select the bandwidth by the same rule of thumb as in Section 6.2, paragraph
2. Again, we performed 200 bootstrap replications, each of which takes approximately 3.3 hours.

The major difference is that the instrument Z = F(X; | S, X2) must be estimated from the

data in a first stage. To mitigate the bias from the first stage, we use local quadratic regression,

9We are grateful to Whitney Newey and Richard Blundell for providing us with the data.
'"We did not consider the budget share for alcohol because there are too many 0 observations (258 out of 1,665)
in the data.
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employing a Gaussian kernel and Silverman’s rule-of-thumb bandwidth. Standard U-statistic
theory straightforwardly shows that the variance term in the decomposition of the difference
between Z and its estimate will not affect the asymptotic null distribution of our test statistic.
Consequently, the T,, statistic based on estimated Z is asymptotically equivalent to that based on
the true unobservable Z under the null and some side conditions. This behavior is well known in
the literature on nonparametrically estimated regressors, so to conserve space, we do not provide
formal details. Using estimated Z also has implications for the bootstrap. Ideally, one would
prefer a bootstrap method alternative to that applied here, based entirely on observables, while
imposing the null. Developing and justifying this is a substantive undertaking, deserving of a

paper in itself. We therefore leave this as a topic for future research.

8.2.4 Empirical Results

The following table summarizes our test results:

Food Catering Transportation  Leisure
Value of Test Statistic 1.2895 0.7336 1.5905 1.1492
p-values < 0.005 < 0.005 < 0.005 0.010

Two things are noteworthy. First, observe that rather small values of the test statistic are
associated with small p-values. This indicates that the normal approximation is a poor description
of the true finite-sample behavior, a result that is quite familiar in the nonparametric testing
literature. Second, in all four categories analyzed, we soundly reject the null of monotonicity. The
rejections are strongest in Food, Catering, and Transportation, and slightly less pronounced for
Leisure. Whereas in the labor application above it seems conceivable that there is only one major
omitted unobservable, i.e., ability, our test here suggests that this is not a valid description of
the unobservables driving consumer behavior. This should not be surprising, given that consumer
demand is usually thought to be a result of optimizing a rather complex preference ordering, given
a budget set. Still, empirically establishing this fact, uniformly over a number of expenditure
categories, is encouraging evidence of the ability of our test to produce economically interesting

results in real-world applications.

9 Concluding Remarks

Monotonicity in unobservables is a now common assumption in applied economics. Its appeal
arises from the fact that it allows one to recover the unknown structural function from the regres-
sion quantiles of the data. As we discuss, monotonicity is a strong assumption, and its failure has

substantive consequences for structural inference.
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So far, there are no generally applicable nonparametric specification tests designed to detect
monotonicity failure. This paper provides such a test for cross-section data. We show how to ex-
ploit the power of an exclusion restriction together with a conditional independence assumption,
plausible in a variety of applications, to construct a test statistic. We analyze the large-sample
behavior of our estimators and tests and study their finite-sample behavior in Monte Carlo exper-
iments. Our experiments show that a suitable bootstrap procedure yields tests with reasonably
well behaved levels. Both theory and experiment show that the test has useful power.

When applied to data, the test exhibits these features. In a labor economics application
where monotonicity in unobserved ability is plausible, we find that the test does not reject. In a
consumer demand application, where monotonicity in a scalar unobserved preference parameter is
less plausible, we find that the test clearly rejects. These two distinct applications also illustrate
that our test applies to both observed and unobserved conditioning instrument cases and works
well in both. Finally, we expect that our approach, or elements thereof, extends to tests for
monotonicity in richer economic structures such as in Olley and Pakes (1996), but we leave this,

in our opinion fascinating, extension for future research.

10 Mathematical Appendix

Proof of Theorem 3.2: Let v(-) = m(z,-) : A — R. Clearly, v(a) takes values in V, so v(-) :
A — V. By assumption, v is measurable and strictly increasing, so its inverse function v=!(-) :
V — A exists and is measurable and strictly increasing. Let m : X X V — R be defined as m(-,-) =
m(c(-),v1(-)), where «(-) is the identity map. This is the composition of m with the measurable
map ¥ : X xV — X x A, defined by J(z,v) = (91(z,v),d2(z,v)), where J1(z,v) = t(z), and
Yo(x,v) = v~ (v). As compositions of measurable functions are measurable, m : X x V — R is
(product) measurable.

(a) Let z € X be arbitrary. Take any v € V, and put a = v~ !(v). Then m(z,a) =
m(xz, v~ (v)) = m(z,v), as desired. The argument for the second claim is similar.

(b) By assumption, m(z,-) is strictly increasing on A, and by construction, v~! is strictly
increasing on V. Because compositions of strictly increasing functions are strictly increasing, it
follows that m(x,-) = m(z,v~1(+)) is strictly increasing on V.

(¢) For each v in V, there exists a = v~!(v) such that v = v(a) = m(z,a) = m(z,v " [v(a)]) =

m(z, v~ (v)) = m(z,v). B

Proof of Theorem 3.3 A.0, A.1, and B.1 ensure that for all (y, z, 2)
G(ylr,z) = PlY <y|X =2,X = 2] = PIm(X, A) <y|X =2,Z = z] = Plm(z, A) < y|Z = 2].
Setting y = m(z, a), it follows from B.2 that for all a, x, 2

m(z,a) = G Y P[m(z,A) <m(z,a)|Z = 2] | z, 2). (10.1)
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Pick any (a,2z,%,2) € AX X x X x Z.
(a) We show that (i) implies (i4) : a € m; {G7Y[G(m(z,a) | z,2) | #,2]}. By B.2, m(z,a) =
G YG(m(Z,a) | T,2) | z,2) implies G(m(z,a) | z,2) = G(m(%,a) | 7, z), and

m(z,a) = G HG(m(z,a) | z,2) | 7, 2].

Taking the pre-image m;l gives the desired result.
(b) We show that (ii) implies (i): By the definition of the pre-image, a € m; {G G (m(z,a) |
x,z) | Z,z|} implies

m(z,a) = G HG(m(z,a) | z,2) | 7, 2].

Invoking B.2 to invert GG twice, we obtain the desired result.

(c) We show that (i) implies (ii¢). Given (i), we have

m(z,a) =

[

(X, A) <m(i,a) | X =,2 = 2] | z,2)
= G Y(PIm(3,A) <m(T,a) | X =5,7Z =] | z,2)
= GHPm(F,A) <m(F,a)| Z =2]|=,2),

where the last step follows from B.1. Using this result and (10.1) ensures that
G Y (Plm(z, A) < m(z,a)|Z = 2] | z,2) = G H(P[m(&, A) < m(Z,a) | Z = 2] | z,2).
By the invertibility of G~! ensured by B.2, it follows that

Pim(z,A) <m(z,a)|Z = z] = Plm(z,A) <m(z,a) | Z=2] or
PlA e m;Y{m(z,a)}|Z = 2] = P[A <m; ' {m(i,a)} | Z = 2],

as desired.
(b) We show that (i7¢) implies (7). Thus, suppose that

PlAemz{m(z,a)}|Z = 2] = P[A <m; ' {m(i,a)} | Z = 2] or
Pm(z, A) < m(z,a)|Z = z| = Plm(z, A) < m(Z,a) | Z = z].

Applying (10.1), the equality above, and B.2 gives

m(z,a) = G (P[m(z,A) <
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Applying B.1 and simplifying gives

m(x,a) =

HG(m(z,a) | E,2) | z,2). [
Proof of Corollary 3.4 A.2 ensures Theorem 3.3(iii) for all (a,x,Z, z). This ensures m(z,a) =

G YG(m(%,a) | T,2) | ,2). Letting & = 2* with a = m(z*,a) gives m(z,a) = G (a | z*,2) |
7, z), ensuring (3.1). Successively inverting Y = G~H(G(A | z*,2) | X, 2) for any 2z gives (3.2).
Next, Y =m(X,A), X L A| Z, and strict monotonicity imply that for all y, =, and z,

Gly|zz2) = P|Y<y|X=uz7=7
= Pm(X,A)<y|X=z,Z==z=Pm(z,A)<y|X=z7=72
= Plm(z,A)<y|Z=z]=P[A<m Yz,y)| Z = 2] (10.2)

Setting y = m(z, a) so that a = m™!(x,y) immediately gives
Fyzal]z)=G(m(z,a) | z,2).

We have Fyz(a | 2) = Fux z(a | x,2) since X 1 A|Z. This establishes eq.(3.3).
Finally, for all (a,z,2) € A X X X Z,

Pl A

IN

a|X =z]=P[m(z,A) <m(z,a) | X =z
= P[m(X,A) <m(z,a) | X = z]
= PY <m(z,a0) | X = 2] = Gy|x(m(z,a) | z)
= GY‘X(G_l[G(a\x*,z) | z, 2] | x). [ |
For the next results, recall that Uy = Xy x 2o, U; = (XL, 2, u = (¢/,2"), K (u)

b=UK (u/b), and p,, (u) = p, (u/b) . Let W; = (Y;,U!) and w = (y,u’)". Let Sy (u) and Sy, (u)
be as defined in (5.3) and (6.1), respectively. Define

Voo (riw) = = 3" Ky (Us )ty (U — w0 (% — By (),
=1

Voo (riu) = =3 Ky (Ui =) iy (Ui = ) (Yi = G (7|UD))
=1
1 n
By (y;u) = - Z Ky (Ui — ) p, 5 (Ui — u) Ay (u),
i—1
1 « _
Voo (y5u) = - ZKb (Ui — ) pyp (Ui — u) 1, (W),
=1



where ¢, (u) =7 = 1(u < 0), Ay (u) = G (Y|U:) — G (ylw) = Xijj<p §G9 (ylu) (Ui —u)?, and
1, (W;) =1{Y; <y} — G(y|U;). Let U;s and us denote the sth elements of U; and u.
To prove Theorem 5.1, we first establish some technical lemmas. Let S,p (u) = E[S, (u)]

and By, (y;u) = E[Byp (y;u)]. The next lemma establishes uniform consistency of B (ylu).

Lemma 10.1 Suppose that Assumptions C.1-C.4 and C.6 hold. Then with vy, = n~/2b=%2,/logn,
we have that uniformly in (y, u) € R x Uy,

(@) Bylu) = B (ylu) = Spp (u) ™" [V (y;u) + By (y; u)] + Op (v +vpb?™),
(b) B (ylu) = B (ylu) = Op(vy + bP*).

Proof. Since [S,; (u)]™! Spp (u) = In where Iy is an N x N identity matrix, by (5.2) we

obtain the following standard bias and variance decomposition:

B (ylu) — B (ylu) = [Spp (W] Vi (y;1) + [Sp (w)] "By (y50) . (10.3)

By Theorems 2 and 4 in Masry (1996) with some modification to account for the non-compact

support of the kernel function,!

Spb (u) = Sp () +O0p (), Vi (y;u) = Op (13) , By (y;u) =By (y;u) = Op(vpb? ™), (10.4)
where the probability orders hold uniformly in u € Uy. By the same argument as used in the proof
of Theorem 4.1 of Boente and Fraiman (1991), we can show that the last two results in (10.4)
also hold uniformly in y € R under Assumption C.3. In addition, by the Slutsky lemma,

Spp (u) ™" = {Spp (u) + [Spp (1) ]}‘ S, (W) 4+ 0p (1) . (10.5)

It follows that 3 (yu) — B8 (ylu) = {Sps () ™" + Op (ve) H Vs (Y3 u) +[Bps (y;u) +O0p (vpbP )]}
=Sy (W) [V, (yiu) 4By (yiu)] + Op (v} +vpbP*) = Op(v, + bPH1). m

Recall that G5 (y|z, 2) = ell,pB (y|u) where eq , is defined after (5.3). Noting that uniformly in
(y,u) € RxUy, Spyp (u) = g (u) Sp+0 (b), and By, (y;u) = P g (u) B,Gpi (y|u)+o (b , with
7y = vy + P, we have G (ylu) — G(ylu) = 0PH1e) ST B, Gy (ylu) + g (u) ' 1S, Vi (y5u) +
Op(bwy).

Lemma 10.2 Suppose that Assumptions C.1-C.4 and C.6 hold. Let T be any compact subset of
(0,1). Then umformly in (T,u) € T x U,
(a) Gp p(TIu) = G (T|u) = €], Sy (750) ™V (T30) + Op(v + vpbP ™) + 0p (n=1/2070x/2) |
(b) G rlu) — G A7) = €}, Spo (730) ™ Vi (i) + 71¢) 8, 1B, G L (rlu) + Op(v3) +
(bp+1 + n*1/2b*dX/2) ,
(¢) Gy (rlu) = GH(rlu) = €],y (T3u) ™" Vo (73u) [L+ 0p (1)] + 0P FLef S,
op (bp+1 + n*1/2b dX/2) ,
where Sy (T;u) = Spg (G (7]u) |u) g () is the limit of Spp (T;u) = E[Spyp (T3u)] .

1B GrpJrl (T|u) +

"'The compact support of the kernel function in Masry (1996) can be easily relaxed, following the line of proof
in Hansen (2008, Theorem 4).
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Proof. Noting that S, (7;u) — Spp (T5u) = Op(vp) and V,p (15u) = Op(vy + bPT) by
the proof of (b) below, (a) follows from Theorem 2.1 of Su and White (2011). To prove (b),
write V,p (T3u) = Vip (T3u) + Rpyp (T5u), where Ryp(m5u) = 157 {1(Y; <G (r|y)) —
1(Y; < By(75 w) 1) K (Ui — ) pgy and iy, = iy (Ui — w) . Write Ry (T3u) as E[Rpp (75u)] +
{Rpp (T;u) — E[Rpp (T;u)]} . The first term is

E[Ryy (t;u)] = E{[GG ' (7|U)|Ui) — G(By (T,u) 13y |U:)] Ky (Us — w) i, }

= E{g(G 1 (7|U)|U) [G7H (7|Us) = By (1, 0) )] Ky (Ui = ) pg, } {1+ 0 (1)}
= lg(G7 (t]u) [u)g (u) IB%pG;Jil (Tlu) {14+ 0(1)}.

It is easy to show the second term is op(bP*!) uniformly in (7,u). Thus (b) follows. For (c), it
suffices to show that sup(; ,yezxu, [|1Spb (T50) = Sp (T3 0)[| = Op(n=Y2b=42\/logn+b) = op (1).
The proof is similar to but simpler than that of Corollary 2 in Masry (1996) because we only need

convergence in probability, whereas Masry proved almost sure convergence. m

If G(alz*,z) € Tp = [1,7] C (0,1) for z* € Ay and all (a,z) € Ay x 2y, by Lemma 10.1,
(A}'p,b(a\a:*, z) € 1y with probability approaching 1 for sufficiently large n, where 7 = [1—¢€,T+¢€] C
(0,1) for some € > 0. Then the result in Lemma 10.2 holds uniformly in (7,u) € 7 x Up.

Lemma 10.3 Suppose that Assumptions C.1-C.4 and C.6 hold. Then
SUD7 ¢ |7 —r| < Mup SUPuctty VX [[Vop (T3 ) = Vi (T50)|| = op (1).

Proof. Let W (7,75u) = ' (Vpp (F;u) — Vpp (7;u)) where w € RM with [jw| = 1. We need
to show that

sup sup [W (7, 7;u)| = op (¥,) with 9, = n~1/2p74x/2, (10.6)
7, 7€1s,|T—71|<Mvy, u€lo
Let a;u = K (Ui —u) /b) W'y, (Ui —u), a;ru

that W (7, 7;u) = (nbd)_1 S ai [T-1{Y <G HFIU)} -7+ 1{Yi <G 1 (7|Ui)}] , we can

analogously define W (7, 7;u) and W~ (7, 7;u) by replacing a; ,, in the definition of W (7, 7; u) by

a;ru and a; ,, respectively. By the Minkowski inequality, (10.6) will hold if supz ez |7 7 |< v, SUPuctsy

= max (a;,,0) and a;, = max (—a;u,0). Noting

W+ (7,7;u)] = op (¥,,) and SUP: 7 [7—r|<Muvy, SWPucty W (T, T5u)| = op (J5) . We will only
show the first part as the other case is similar.

Let e, = n~1/2, By selectingn; = O (e;l) grid points, 71 < 72 < ... < Ty, With 7;—7;_1 < ey,
we can cover the compact set 7 by T; = [7j_1,7;] for j =1,...,n1, where 7o =7 —€ and 7, =
T-+e€. Similarly, we can select ng = O (b‘de;d) grid points uy, ..., Uy, to cover the compact set Uy by
U =A{u: [lu—wl <exd}, I =1,..,ny. Observe that supz rc7e 7 r|<nrv, SUPucls, (W (7, 75u)| <
Wp1 + Whya, where

Wnp1 = max sup |VVJr (T, 7; ul)’ , and
1slsn2 7 reTg |7 —7|<Muy
Wpa = max sup sup ‘W+ (F,mu) — W (7,7, ul)‘ .

LsIsne uet 7,77 |7 —7|<Muv,
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Furthermore,
Wnpi < max max max sup }WJF (Tj,Tk;ul)‘
1<i<ng 1<k<n1 1S5S |r ) _ry <My,

+ max max sup sup sup sup |I/VJr (7, m5u) — W (Tj,’Tk;ul)‘
1=lsnz 1Sjk<m #€T; 1€T;, |7 —7|<Muy, |7 —75| <My,

= Wnll + Wn127 say.

-1 {Yz < G (TJ’UZ)} — T+ 1 {Y; < G (Tk‘UZ)}] . Notingthat ‘Ci,ul
(75,7k) | < C, ElSiw, (75,7%)] = 0 and Elciy, (15,7%)%] < Cbwy as |7 — 74| < My, we apply

Let gi,ul (7_]7 Tk) = a;’,_ul |:7_.7

the Bernstein inequality (e.g., Serfling, 1980, p.95) and Assumption C6. to obtain

P (Wp11 > Ope0) < Ciningvpn/? max ' max P (VVJr (T, Ty up) > 19n60)
1<i<ng 1<5,k<ny:|Tj—1,|<Muvy
212d,92 2
< 201ninavynt/? exp | — dn b ;9"60 y
2Conb vy + 5C3nb% e

bize
1/2 _ _
= 0 (nlnww ) <P ( Cy (n=Y2b=4/2\/logn + n—1/2b—dx/2eo)> o),

where Cj, i = 1,2, 3,4, are positive constants. Thus W,,11 = op (¥,,) . By the monotonicity of the

indicator and quantile functions and the nonnegativity of a; , we can readily show that

(RIS

Wapie = max max sup
1<li<ng  1<j5,k<n; 7eT;,meTh

|7j—TK|<Muvy |7F— 7'|<M1/17

1Y <G (U  —af, [r— 1Y <G (U} — e+ 1 {Y; < G (7k|Ui)}]‘

1 . L1
=32 ah,[F=1{Yi <GTHEFU)} -
1=1

1,u)

< max sup
1<i<na, 7T,
1<]<n1

n

hdZam PV <G EU)} -+ 1 {Vi <G <TJ-|UZ->}]‘

hdzawm—1{y<a (U} =16 —1{Y; < G~ (TkyU)}]‘

We now study Wy2. Assumption C.4(iii) implies that for all |ju; — us|| < 0 < ok,
| K (ug) — K (u1)] < 6K (ur), (10.7)

where K* (u) = C1(||u|| < 2do k) for some constant C that depends on &1 and 72 in the assump-
tion. For any u € Uy, ||u — || /b < ey,. It follows from (10.7) that | Ky, — Ki,| < e, K7, where

u
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Kiuw = K (U; — w)/b) and K
(-
5

IN

IN

u

u

'

iuy

|Kzu - Kzul’ +

k N\ k
) R = <Uzb w) R
(*

= K*((Ui —u;)/b), and

—u k_ U, — k
b b

2op)* e, K2, + 200) % e, Koy 1 (k] > 0) < Cen(Kf, + Kiy)-

Kiul

With this, we can show that for any u € U such that ||u — | /b < e,, we have

+ _
ai,u az Uy

It follows that

Wn2 -

IN

= | Kiuw' tpp (Ui — 1) — Ky, ', p, (Ui — ul)} < Cen(K, + Kiy,)-

max sup sup sup
1<i<na yey, T€TS 7,|7—7|<Muvy

2 max sup (nbd) 71%

1<I<ng uelY,

=1

1<I<ng —
1=

‘WJF <7-7 T3 U) -
“j,u o aiful

U]

W (7, 7w)|

Ty =+ sz) = OP (en) = Op(ﬁn).

< (e, max (nbd)_lzn:(f(*

Thus we have proved that supz ;e 1z 7| <Mv, SUPucl, (Wt (F,7;u)] =op (J,). =

By Lemmas 10.1 and 10.3, with probability approaching 1 we have

sup Vb |V (Gpalala®, 2)i, 2) = Vi (Glale™, 2);0,2)| = op (1).

(a,w,z) EA xXo %X 2o

Proof of Theorem 5.1 Letting 7, = G, (alz*,2) and 7, = G(alz*, 2), we have 1y (z,a) —

mi (z,a) = [[GYHF, | @, 2) — G771, | 2,2)]dH (2)
My (z,a) + Mpa (z,a), say. Note that

Ty =Tz

+ 1 prZ|xz)

G Y%, | 7, 2)]dH(2) =

+7(a;z%, 2, 2),

and 7} lies between 7, and 7,. By the re-

Gil AZ ) - Gil z |4y =
(ke 2) = Gl 2) = T o ) o)
where 7 (a;z*,z,2) = —gl(Gil(Ti\x’z)‘x’zg(Az — 7,)?
o 9(G=1(1t]z,2)|2,2)
mark after Lemma 10.1 and Assumption C.6, 7(a;2*,x,2) = Op (n

o (

Vnbix My (z,a)

— Tz

\/anx/G

Tz\as 2) |z, 2)

1 Spb (T, 2)” B, (a; 2%, 2)
Vnbd : b ’
bX/ 9 (G (72], 2) [z, 2)

+\/nbdx/ 1pSpo (2 2)” LV (027, 2)

M1 (z,a) + Mn12
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(z

L1 |z, 2) |z, 2)
70’) +op (1) , say,

“Ly=dlogn 4 p2P ) =
n_l/Qb_dX/2) uniformly in (a,x,z) € Ag X Xy x Zy. It follows that for all (a,z) € Ag x Xy

dH (z) + op (1)

dH (z)

dH (z) +op (1)



where the second line follows from Lemma 10.1(a). Noting that B, (a;u) = E[K, (U; — u)
tip (Ui — w)Aj o (w)] = P g (u) B,Gpi1 (alu) 4+ o (P11) and Sy (u) = Spg (u) 4 0 (1) uniformly

in (a,u) € Ag x Uy, we have

e S B, Gy (alx*, 2)
_ 4 +1 1,p°¥p PpYp+l ’
Moy (2,0) = VnbaxbP / S () (14 0p (1) (10.8)
and
-1 *
elp > Vi (a;2%, 2)
Moo (z,0) = V 1 1
@) = Vs [ G e O 0o 0
= My (2,a) {1 +0p( )} <, N (0,V1), (10.9)
_ d el Sp K (X;—z*,Z;—2) (Xi—x*,Z;—2)1q(W;)
where Mz (z,0) = \/ P55 0Ly [ 20— m s e S dH (2), (10.8) holds

7.(1—72)h(2)? _ _ "~
g(x*vz)g((GA(7)'z|(ac,)z)|ac,z)2 dz, Rip = f ell,PSP llup <x’ Z)

pp (T, 2 — Z)'S;lelypK (z,2) K (z,2—%2)d(%,2,2z), and (10.9) follows from straightforward mo-

true uniformly in (a,z) € Ag X X, Vi = k1p [

ment calculations and Liapounov’s central limit theorem.
For Mz, noting that vnbdxo(bP*! 4 n~1/2p=4x/2) = o (1) under Assumption C.6, by Lemma
10.2 we have that uniformly in (a,z) € Ay x &)

Vnbdx Mys (z,a) = andX/bp+1 S, 'B,G, !, (72|, 2) dH (z)

€15
+Vnblx /ell,psp (%z§ €T, z)_l Vi (%z§ Z, Z) dH(Z) +op (1) )
= Mo (z,a) + Mp22 (z,a) +op (1), say,

where S), (T5u) = S,g (G (7]u) [u) g (w) . By Lemmas 10.2 and 10.3, we have that uniformly in
(a,z) € Ag x Xy

Mooy (2, 0) = VbAx b1 / S;1B, G L, (], 2) dH(2) + op (1), (10.10)

lpp

and M99 (x,a) = Mo (z,a)+o0p (1), where M2 (7, a) = [é€] PO (T2, z)fl Vo (T2, 2)dH (2).

Furthermore,

bix €Sy K (Us = ) i,y (Ui =)o, (Vi — G2 (7.|T;))
My (x f Z / (x 29 (G- (ra]z, 2) |2, 2) dH (2)

4, N (0,V3),

7'2(1—7-z)h(z)2
9(2,2)g(G™1(72]z,2)|z,2) _ _
Wold device and the fact that the asymptotic covariance of M,12 and M9 zero. In sum, we

have Vnbix {ry (z,a) — m}; (z,a) — By, (z,a;2*)} 4N (0,02, (z,a;2*)), where By, (z,a;z*)
and o2, (r,a;z*) are defined in (5.6) and (5.7), respectively.

where Vo = k1 [ »dz. The asymptotic normality result follows by the Cramér-

Next, it is standard to show that sup, o)cxy x4, [Mn12 (2, a)| = Op(v1ogn) and sup(, o)cxyx A,
|Mn22 (x, a)‘ = Op(y/logn). Then the uniform convergence result follows. l

36



Lemma 10.4 Suppose that Assumptions C.1-C.6 hold. Then for any 6, = O(vy), we have
(a) Gppla+ 6nlu) — Gpplalu) = g(alu)d, + op (6n + nY/2079x/2) uniformly in u € Uy,
(b) mH(xaa"{'d ) ’I’I’LH( z, ) D* (:L’,(L)(S +0P(6 +n_l/2b dX/2)>

where Dy (z,a) = [ g(G,l(Gg(Eﬁﬁj))'xvz)mz) dH(z).

Proof. By Lemma 10.1,
Gpo(a+0ulu) = Gpp(au) = [G(a+bnlu) = G(afu)
+e'17p§p,b (u)_1 [Epjb (a+ dp;u) — Ep,b (a;u)]
+el ,Spo (u) ! [V (a4 Gniu) = Vi (a;u)] + Op (v + vpbP ).
Clearly, the first term on the right hand side of the last expression is g(a|z, 2)d, + 0(d,); the
second term is o(bP*!) = op(n~1/2b79x/2) uniformly in u € Up by the fact that B, (a;u) =
WHB,Gpi1 (alu) g (w) + o (bPT1) uniformly in w and Sy (u) = Spg (u) 4+ 0 (1), and the continuity

of Gp11. Analogously to the proof of Lemma 10.3, we can show that V, (a + dp;u) =V (a;u) =
op(n~Y2p=4x/2) uniformly in u € Up. Thus (a) follows.

To show (b), decompose my (z,a + 6,) — My (z,a) = Dp1 + Dypa2, where
D1 = / [G_l(é@b(a + 02", 2) |2, 2)) — G Y Gy plala”, 2)|, z))} dH(2),
and

Dy = / (GAGpatat 0ala” )2, 2)) = G H(Grla+ bula”, ), 2))| dH (2)

~ [ |G Gostals® 2. 2)) = G Gptale” 22| dH ().

For D1, we have
g (G_l (pr(a]a: z) ) |, z)
g(alz*, 2)d,

/g (G’*l (pr(a|:c 2)|z, z) |z, 2

= D;I (.T,(L) 511 + op ((Sn —|—7’L_1/2b_dX/2> ,

z) +op (5 +n 12 dX/2>

where the first equality follows from the Taylor expansion, the second from (a), and the third

from Lemma 10.1. By the proof of Theorem 5.1, we have
Dny ~ B / ¢S, B, [GPH (G(a+ 8,]a*, 2)[u) — G, (G(a|x*,z)\u)] dH(z)

—i—/e'l,p[Sp (G(a—i-dn]x*,z);x,z)_l Voo (Gla+ dpla™, 2); 2, 2)
— Sy (G(alz™, 2); , z)_l Voo (G(alz*, 2);z, 2)|dH (2)

= Dpa1 + Dpaa, say.
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It is easy to see that Dy21 = o(bPT1) = op(n —1/2p~ dX/Q) by the continuity of G and G_ !

we write Dy2g = Dpa21 + Dpoo o, where

pt1- Next,

Dpoon = /e’LPSp (Gla+dp|z*, 2); z, z)fl Vo (Gla+d,|x™, 2);2,2) — Vo (Glalz™, 2); 2, 2)] dH (2),
Dposo = / €4 1Sy (Glatdn|z™, 2);2,2) " — S, (G(alz™, 2); 2, 2) ' Vps (Glalz™, 2); 2, 2) dH (2).

One can readily show that D221 = 0p(n_1/26_dX/2) and Dy = 0p(n_1/2b_dX/2) by standard

moment calculations and the dominated convergence theorem, and (b) follows. m

Proof of Theorem 5.3 By the strict monotonicity of mj; (z,-) for all z, its inverse function

my U(z,) exists and is unique. This implies that for any fixed (z,a) with y = my; (x,a) (and

thus a = m}; * (z,y)), there is an € = € (z) > 0 such that
0 =90 (e) = min{m¥ (z,a) — my (r,a —€), my (r,a+¢€) —mi (x,a)} > 0. (10.11)
It follows that for sufficiently large n,

P {|iivg (z,y) — my ' (z,9)] > €}

P {rivg (2,y) > my " (z,y) + € or gt (2,y) <mp (2,y) — ¢}

= P{my (a;,m;{l (z,y)) > mj; (m,mj‘q_l (z,y) +e) or mj (a;,m;{l (z,y)) < mj (m,mj{l (z,y)-€)}
y)) —miy (e, my (2,y))| > 0}
) — y\ >4}

= P{lmy ( (%y)) i (@, (2,9))] > 0}

< P{ sup |mH(I,(I)—m?{(.’IJ,CL>|>6 — 0,
ac Al

A
>
~
3
m*
"
>
mL
®

I
"
i
3
m*
E?

where the third line follows from the monotonicity of m}; (x,-), the fourth line holds by (10.11),
the fifth and six lines follow from the fact m¥ (z,mi; ! (z,y)) = y = rhy (x,m;f (z,y)), and
={a:la—| <77forsomec€AH} and77>0.
Let ®, (v) = P {nl/deX/Q Lo(z,y) [y Yz, y) —mi !t (2,y) — B (z,y)] <v} for any

v € R. Then

O, (v) = P{my (z,y) <mj ' (z,9) + 6n (v;z,9)}
= P{mH (m mH (z, y)) my (x,m;{_l (z,y) + dn (v;x,y))}
= P(mH (x,mHl(x,y)—i— n(v;x,y)) zy),
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where 6, (v;x,y) = By-1 (z,y) + n~ Y2679 /25 1 (y;2) v. By Lemma 10.4(b) and Theorem 5.1,

@y (v) = P {1y (x,mp " (2,y)) = =Dy (z,mi " (2,y)) 0n (vi2,) +y}
= P {iny (2, m}y " (@,9)) =y + Dy (2.m} " (@,9)) By (,9) >
~( ) Dy (ami ! (@,9) o ()0}
= P {Vub?x [Dyy (o, mi7 " (@,9) o (y32)]
X [mH (w,my " (2,9)) =y + Dy (w,mfy ! (2,9)) B (x,y)} > —v}
S 1-B(—v) =B (v),

where ® is the CDF for the standard normal distribution. W

Proofs of Theorems 6.1 and 6.2 We prove Theorem 6.2, as Theorem 6.1 is a special case. Put
G = Gy, and let J,, = b3 S0 { [ G7HG,p (Yi| Xi, 2) |27, 2)dA (2) Y27, an (T|u) = pr (1|u) —
G (|u), ani (T5u) = €)S,p (T3u)” 1 V;)’b (t5u), and apg (T;u) = an (T|u) — ap1 (T3u), Tz =
G (Yi|Xi, ), and 74, = Gy (Yi| Xy, 2) . Noting that a® — b? = (a — b)* + 2 (a — b) b, we have

Jn = Ju+ (o= Jn)

n 2
= by {/ [Gpjg (Fislz®, 2) — GL (Ra 2, z)} dA (z)} i

=1

+2bx Z/ [G’;é (Fiz|z*, 2) — G771 (Fiz)2¥, z)} dA (z) /Gl (Tiz]z™, 2) dA (2)
=1

n n 2

= Jo+bx Y [/ ot (Fizia®, 2) dA (z)] Cr Y [/ a2 (Fizia®, 2) A (2)| i

i=1 i—1
+deXZ/an1 (Tizi 2™, z) dA (Z)/anz (Fiz; 2", 2) dA (2) ;
=1
27Xy / a1 (Fizy 2™, 2) dA (2) / G (Fiz|*, 2) dA (2)
=1

+2bdX Z / (67%)] (%iz; ZL'*7 Z) dA (Z) / G_l (%iz|l‘*7 Z) dA (Z) g
i=1

T 4 It + Jna + 2Jn3 + 2Jps + 2,5, say. (10.12)

We prove the theorem by first demonstrating that

Jp = Jn +o0p (1) (10.13)

and then showing that
Jp = By 5 N (19,03 , (10.14)
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where

_ 2
& ¢S, (X5, 2) Vo, (Vi X;, 2) ~ 1
In = bdX 178, : b ’ ’ 1S iz *a Vi iz *7 dA i
ZZ; [/ g (G (12]2*, 2) |2, 2) + €19p,b (Tizs ", 2) p,b (Tizs ", 2) (2)| =
We prove (10.13) by showing that
2
_ - X5,2) P Vo (Yis X5, 2)
= bdX b( ) P, s s . 1 10.1
J ;[/ g (G (15:|z*, 2) |7+, 2) i+ po +op (1), (10.15)
n 2
T o= 0> |:/6,1‘§p,b (Tizi@*,2) " Vi (Tizs ¥, 2) dA (Z)] T +op (1),  (10.16)
i=1
Joa = Jpatop(1l), and (10.17)
Jns = op (1) for s =235, (10.18)
where
4 X’MZ V b(}/Z;XHZ) b * —1 *
= bdXZ/ G iy pz)\x 2 €1Spp (Tizs ¥, 2) " Vi (Tizs 2%, 2) dA (2) ;5.
(10.19)

To show (10.15), write

n 2
J, = W;[ / G_I(Tiz|x*,z)dA(z)} m

n

ey { / (G (isla®, 2) — G (risle®, )] dA (z)}2 -

=1
20 3 [ 6 rile’, ) () [ (67 Fle® 2) — 67 (rule, 2)] dA (o)
=1
= it T+ 2T, sy,

Under Hj (v,,) with y,, = n~2b79/2 J1 =n= 130 6, (X, Yi)? TN to- Noting that
Tiz = Tiz

g (G_l (Tiz,x*a Z) ’x*7 Z)

G (Fizla”,2) — G (riala™, 2) = 47 (2), (10.20)

/

g (G’I(T;‘z|x*,z)|x*,z) (A'
a1

A 2 . A
where 7; (z) = — —Tiz)” and 77, lies between 7;, and 7;,, we have that

g( (sz\a:*,z)\x*,z)g’ Tiz
under Hj (v,,) ,
J_n3 = _1/2bdX/2 Z 5 Xz: Y / [G_l(%izm*v Z) - G_I(Tiz|x*v z)] dA (Z) T
— n_l/deX/QZ(Sn (XZ E)/ 7A—'LZ_T'LZ dA (Z)ﬂ_z
’ g (G_l (Tiz‘x*7 Z) ‘$*7 z)

i=1

+n 22N 5 (X, Y5 /r (z)dA (2) 7
=1

Jn31 + Jns2, say.

40



Observing that 7; (z) = Op (nflb*d logn + bz(pﬂ)) uniformly in z, we have Jp3o = nl/2pdx/2
xOp (n_lb_dlogn + b2(p+1)) = op (1). By Lemma 10.1 and Assumption C.6, we have

n < -1
- _ Spp (Xiy2)” Vi (Vi X5, 2)
g1 =0~ V2x12NT 5 (XY, / poh PO D2 A - 1).
w3l =M ; n (X5, Y5) 0 (G (rofa . 2) [2*.2) (z)mi +op (1)
Writing the dominant term in the last expression as a second order U-statistic plus a smaller order
term (Op(n~1/2b=9x/2)) it is easy to show that this dominant term is Op(b%x/2 4 n~1/2p=dx/2) =
op (1) by Chebyshev. Thus, J,3 = op (1) under Hj (v,,). Using (10.12), we decompose J,2 as

follows

n n

me = Y| [ ym*,z>dﬁ<z>]2“+bd"2[/ M'z)d“z)r“

i=1 =1

dX o 'f-iz — T,L-Z N |
= Z;/ TGl ) o) 8 (2) / #i (2) dA (2)
= Jn21 + Jn2a + 2Jn23, say.

By Lemma 10.1 and Assumption C.11, we can readily show that
2
i +op (1) =0Op (1),

n

- g b(Xi z)_lV b(YzXz Z)
21 = b7X Loz e’ /A1
P =V 2 [/ g (G (rila o) farz) o)

and J,0 = nbXOp(n=2b724 (log n)? + b*@*+D) = Op(n=1b73%2 (log n)? 4 nhAPtD+dx) = op (1),
Then J,23 = op (1) by the Cauchy-Schwarz inequality. Consequently, (10.15) follows.

By Proposition 10.5 below, (10.16) holds. With (10.16), it is standard to show that J,; =
Op (1). Using (10.20) we can decompose Jy4 as

Jpa = bdXZ/anl (Tiz; ™, 2) dA (z)/Gl(TiZ|x*,z)dA (2)
i=1

bIx nt (Fiz; %, 2) dA Tiz ~ Tiz dA (z)
n 3
Y [ (i’ 2)dA @) [ 7 ()48 () 7w = Y o, sa
i=1 s=1

Analogously to the case of J,31, we can readily show that Jna1 = 0. Jnas is of smaller order. For
jn42, we can apply Lemmas 10.1 and 10.2 to obtain jn42 = jn4 +op (1), where jn4 is defined in
(10.19).'2 Thus (10.17) follows.

We now show (10.18). By Lemma 10.2(a), Ju2 = nb? [Op(v}) + op (2 HD) 4 = 1p=dx)] =
op (1). By the fact that Jo1 = Op (1) and the Cauchy-Schwarz inequality, Jns = op (1). For Jns,s

12Using the expressions for Vj,; and Vpb, we can write Jnaz as a third order U-statistic. By straightforward
moment conditions, we can verify that E'[(Jn42)2] = 0 (1) . Despite the asymptotic negligibility of Jn42, we keep it
in our asymptotic analysis, as it will simplify notation in other places.
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we have Jy5 = nb?X[0p(v3) + op (B! + n=1/2679x/2)] Op(n=2b=%2 \/logn + bP*1) = op (1).
Consequently, (10.13) follows. To show (10.14), let

e (T52,2) = €180 (2, 2) pyy (X — 2, 2, — 2) Ky (X — 2, Zi — 2) /g (G (T]2*, 2) 2%, 2)
N2k (T;:L‘,Z) = ell‘gp,b (T;%,Z) Hp b (Xk_vak_z) Ky (Xk_:L‘aZk _Z)v
and Co (Wi, Wy; 2) = 0y (Tizs Xi, 2) Ty, (We) + 0 (Tizs 2%, 2) ., (Yo — G (732|Uk)) - Then

18,0 (Xo2) LV, (Vi X : Ly
€1 p,b( Z) P7b( z) / ZCO (WMWI@;Z)'

e Spp (Tiz; 2, 2) 7 Vi (T 2%, 2) =

9 (Gl 2) 7, 2) n 2
It follows that
n n 2 n n n
Jp = bix Z !/ n! Z Co (Wi, Wi 2)dA (2)| w5 = n~2bdx Z Z Z C(Wiy, Wiy, Wiy ),
=1 k=1 i1=142=1143=1

where C (Wiu Wi27 Wis) = f f CO (Wil’ VVZ'2; Z) CU (Wil’ WiS; 2) dA (z) dA (2) Ty - Let '2 (wi17wi2) =
E[¢ (W, w;,,wi,)], and ¢(w;,, wi,, Wig) = ¢ (Wiy , Wiy, Wig) — @ (Wiy, Wiy ) . Then we can decompose

Jn as J, = Jp1 + Jpo, where

Jp1 = ntpdx zn: zn: © (Wi, Wi,) and J,p = n~2bdx i i i ¢ (Wi, , Wiy, Wi,) .

i1=1149=1 11=112=113=1

Consider Jy2 first. Write E [J2,] = n~1p2dx 3" E [¢ (Wi, Wiy, Wiy) ¢ Wiy, Wis, Wig)] . Not-

i1yl

ing that E [¢ (Wi, wiy, wiy)] = E [ (wiy, Wiy, wi,)] = E[C(wi, wiy, Wiy)] = 0, E[((Ws,, Wi,
Wiy ) (Wiy, Wis, Wis)] = 0 if there are more than three distinct elements in {iy,...,ig} . With
this, it is easy to show that E [J2%] = O(n~1b724x 4 n=2p73dx 4 n=3p~4dx) = (1). Hence
Jn2 = op (1) by the Chebyshev inequality.

For Jn1, let o (Wi, W;) = [ [ [¢o (W, Wi;2) Co (W, Wy; 2) w1 (2,9) dA (2) dA (2) dG (w) . Then
1 =7 S o (Wi, Wh) +2n~ thdx di<icjen ® Wi, Wj) =By, +V,,, say, where B, and
V,, contribute to the asymptotic bias and variance of our test statistic, respectively. Note that as
V., is a second-order degenerate U-statistic, we can easily verify that all the conditions of Theorem
1 of Hall (1984) are satisfied and a central limit theorem applies to it: V o N (0, a?,) , Where

U?, = lim, . U2Jn and U%ﬂ = 212X B [p (W7, W2)]2. [ ]

Proposition 10.5 Jo1 = Jp1 + op (1), where Jp; = b SralS 6’15’,’75, (Tiz;x*,z)fl Vb (Tiz;
x*, 2)dA (2))?7;.

Proof. To prove the result, we define jnl analogo;lsly as Jp1 with 7, replaced by 7i,: jnl =
bix S [f e’lgp,b (f'iz;x*,z)_l Voo (Tizs@*,2) dA (2)| m;. It suffices to show (i) o1 = Jpg +
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op (1), and (i) Ju1 = Ju1 + op (1). To prove (i), let dp1 (75u) = €,Spp (r32,2)7 " Voo (T3, 2) —
Voo (T3, 2)]. Then we have Jn1 — Jn1 = Dp1 + 2D,0, where

D, = bdX [/dnl Tiz;x™, 2) dA (2 } m;, and

D, = bdXZ/ n1 (Tiz; ™, 2) dA (2 / Tzz;a:*,z)_l%7b(%iz;m*,z)dA(z)7r,

As dp1 (t;u) = Op (b*™) uniformly in (7,u) € Ty x Uy, we have Dy = nb®x O p(p2(P+1)
= op(1). For Dy, we get Dps = Dpa + op (1) using Lemmas 10.1 and 10.3, where D,5 =
b ST [ dn (Tizs ¥, 2) dA (2) [ €S0 (Tiz; 2%, 2)” IV;Lb (Tiz;x*, 2) dA (2) m;. Standard moment
calculations give Dya = nb®™ Op(bP1)Op(n=1/2 b=4x/2) = op (1), so (i) holds.

Next, we show (ii). Let dpa (Fiz, Tiz; 2%, 2) = €1Spp (%Z-Z;:U*,z)_l Vi (Fiz;x*, 2) — €1Spu(Tiz;
x*, Z)_lvn (Tiz; z*, Z) s dn2 (%zm Tiz; T", Z) = ellsp,b (Tiz; x*, Z)il [Vn (%zm x*, Z) —Va (Tiz; x*, Z)] , and

T2 = dpa — dpa. Then uniformly in z € 2y and conditional on 74, € 7T,
Tn (Tizy Tizy %, 2) = €] [gp,b (rizi@*,2) " = Spy (%iz;ﬂf*,?«’)_l} Vo (Tizs2™,2)  (10.21)
= Op (#i» — Tiz) Op () = Op (vp(vp + bPT1)) .
Decompose jnl — Jy1 as

n 2
Jn11 + 2Jp19 = b Z [/ dn2 (Tizy Tizy ¥, 2) dA (2)] ur

i=1

+ 2bdx Z/ [dna (Tiz, Tiz; 2™, 2) dA (2) /6/15'],7(, (Tiz; ™, z)fl Voo (Tizi @™, 2) dA (2) 3

Further decompose jnll asjnn = jnn’a + jnu,b + 2jn1176, say, with

" 2
jnll,a * jnll’b + 2j"11’c = bl Z [/ dna (Fiz, Tiz; 2%, 2) dA (Z)] T
i=1
" 2
+ bdX Z |:/ Tn2 (%127 Tizs fC*7 Z) dA (Z):| T
i=1

+2bdXZZ/ n2 TZZ,TZZ,$ Z)dA( )/Fn2(%iz,Tiz;l'*,Z)dA(Z)Tri.

=1 j=1

Fix € > 0. By the uniform consistency of 7;, for 7;,, there exists M > 0 such that P(sup, maxi<; j<n

|Tiz — Tiz| = Muy) < €/2 for sufficiently large n. It follows that

P(~ Zﬁne)§P<~

Jnll,a Jnll,a

> Jpe,sup max |7, — Tiz| < Myb> +€/2,
. 1<i<n
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and showing j’nll,a = op (1) is equivalent to showing that the first term in the last expression is
o(1). Conditional on sup, ¢z, maxi<i<n |Tiz — Tiz| < Mvy and 73, € To C (0,1), by Lemma 10.3

n

2
Juta = bdxz[ / & Sy (730, 2) " [V (Fias 0, 2) — Vi (rizi 2, 2)] dA (2) |

i=1
< Cnb™ sup sup [|Vyp (75u) = Vi (T30)[|* = 0op (1),
T<r<F, [F—7|<Muv, ucly

By (10.21), Jui1p = nb¥20p((n"'b=%ogn + b2P+Y)) n=1p=dlogn) = Op(n=1b=34/2 (logn)? +
p?P+1=d/21ogn) = op (1) . By Cauchy-Schwarz inequality, Jn11.. = op (1), s0 Ju11 = op (1).

Analogously to the determination of the probability order of jnn, we can show that jnlg =
Jn12.a +op (1), where Jy19, = 00X 30 P dna (Fizs Tizsa*,2) dA (2) [ €1Spp (Tizs 2™, 2)~ ! Vb (Tiz;
x*, 2)dA (z) ;. By the Cauchy-Schwarz inequality and Lemmas 10.1 and 10.3, Jn12,a =op(1).
Thus J,12 = op (1). This completes the proof of (ii). m

Proof of Theorem 6.3 The proof is much simpler than that of Theorems 6.1-6.2, so we only

sketch the main steps. Under H;, we can apply Lemmas 10.2 and 10.1 in turn to obtain

nlpdxj - —12{/@ Gy (YViIXi,2) [o, ) dA (2 )}27”—1—013(1)

_ 12{/@ G (Yi|X;, 2) |2*, z)dA()}zm—i-OP(l)‘

The dominant term in the last equality tends to 4 > 0 in probability; the result follows. B

The power of the test: discussion To gain insight into the power of the test, we examine the
conditions under which 4 = E{[[ GTHG(Y | X, 2) | 2¥,2))dA (2)]?*m (X, Y)} =0 or s > 0. Let

w = (2/,y"), and write

flw,2) = Yn(z,y) > 0} GTHG(y | z,2) | 27, 2)).

First, we note that if f(w, z) does not depend on z, then p 4 = 0. This can happen either because
the "implicit null" holds, i.e., Theorem 3.3(7i¢) holds with singleton sets in Theorem 3.3(i7) (e.g.,
strict monotonicity); or because the implicit null fails, but 7 puts zero weight on the values of w
that could reveal this failure. Although this latter case is possible, we consider this part of the
price to be paid for constructing a tractable test.

Thus, suppose that f(w, z) depends on both z and on w = (2/, ')’ (it must depend at least on
y). We now show that if f(w, z) has a unique Fourier series representation, then p 4 > 0, provided
that H; and Hs have no common harmonic moments, as defined below.

By Bartle (1966, lemma 4.10), we have 14 > Oifand only if [[ G"HG(Y | X, 2) | 2*, 2))dA (2)]?
m(X,Y) >0 a.s. As 7 (z,y) > 0, it is necessary and sufficient that

/fwz dA (z) = H{n(z,y) >0}/G (y|x,2)|z%2)dA(z) #0 a.e. (10.22)
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To ensure (10.22), it is equivalent that [ f(w,z)dH1(z) # [ f(w, z) dH2(z) a

Let f(w, z) have the Fourier representation

flw, z) =ao+ Z aj cos(w'B; + 2'v;) + by sin(w'B; + 2'v;),
j=1
where {(a;,b;)} are Fourier coefficients and {(;,v;)} are the Fourier (multi-)frequencies. Re-
call the trigonometric identities cos(a + ) = cos(a)cos(3) — sin(a)sin(f) and sin(a + §) =
sin(a) cos(B) + cos(a) sin(f3). Applying these for j = 1,2, ..., we have

cos(w'f; + 2'v;) = cos(w'B;)cos(2'y;) — sin(w'f;) sin(z'y;)
sin(w'f; + 2'v;) = sin(w'B;) cos(2'y;) + cos(w'f;) sin(z'y;),
so that
flw,z) = ap+ Z ajlcos(w'B;) cos(z'y;) — sin(w'f;) sin(2"y,)]
j=1

+ bj[sin(w'B;) cos(2'v;) + cos(w' ;) sin(z'v;)]
= ap+ Z(aj cos((2"y;) + b; sin(z'y;)) cos(w'5;)
j=1

+ (bj cos(2'y;) — a;sin(z"y;)) sin(w'B;).

For ¢ = 1,2, integrating gives

/f(w,z)dHi(z) = ao—i-Z/ a; cos(2'y;) + bjsin(z'y;))dH;(z)] cos(w'B;)
+Z/ (bj cos(2'v;) — a;sin(z"y;))dH;(z)] sin(w'B;)

= ap+ Z a; j cos(w'B;) + bi.j sin(w';),
j=1

where a;; = [(ajcos(z"y;) + b;sin(2'v;))dH;(z) and bi; = [(b; cos(2'y;) — a;sin(z'y;))dH;(2).
By the uniqueness of the Fourier representation, it follows that p4 > 0 if and only if for some j

we have ay j # ag j or l~)1,j #+ l;g,j. When a; ; = as; and l~)1,j = l~)2,j, we have
/(aj cos(2'y;) + bjsin(z'y;))dHi(z) = /(aj cos(2'y;) + by sin(z'y;))dHa(2)
/(bj cos(z'y;) — ajsin(2'y;))dHi(z) = /(bj cos(z'y;) — ajsin(z'y;))dHa(z),  or
[aj b ] [Mllj]:[%’ bj ][qu],
bj —aj H12; bj —aj; H22;
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where pi11; = [cos(2'v;))dHi(2), pa; = [sin(z'y;))dH1(2), por; = [cos(2'y;))dHz(z), and
fag; = [sin(2'v;))dHa(z), j = 1,2,..., are the “harmonic moments” of H; and Ho, respectively.
Because f(w, z) depends on both w and z, it follows that for some j, a; # 0 or b; # 0, ensuring
that a? + b? # 0, so that the matrix inverse exists. Thus, for p, > 0, it suffices that for this j,
H11j 7 Hao1; OT fygj # Hog,- For this it suffices that for all j, pyq; # pio1; and pyg; # Heg,; that is,
H; and Hs have no common harmonic moments. If H; and Hy differ but do have some common
harmonic moments, then it is possible that ;4 = 0, since it could happen that whenever a; # 0
or bj # 0 we have pi11; = 191, and pi19; = pgo;. Nevertheless, this is clearly a quite special case.
Use of the Fourier series representation here is convenient, but not necessary. Under suit-
able regularity conditions, one could use other series representations, such as polynomials, or

transforms, such as the Fourier or Laplace transforms, and obtain similar results.

Proof sketch for (6.4). Let G* b G_l* and J* be defined as G, CAJ;I% and J,, with W
replacing W, Define § (C) = {supy v crxup |Gp7 (ylu) —G (yu) | < Cn=2b=42(log n)'/2 +pr+1,
SUP (7 u)e T xo |CA¥;IE (Tlu) — G~ (1|u) | < Cn=Y20=%2(logn)/2 + bP*1}, where T = [eg, 1 — €g] for
some small €y € (0,1/2). Then by Lemmas 10.1 and 10.2, for any € > 0, there exists a sufficiently
large constant C such that P (S¢(C)) < e for sufficiently large n where §¢ (C) is the complement
of §(C). Noting that

P(T; <tWy,) =P (T, <tW,NS(C))P(S(C))+ P (T, <tW,NS°(C)) P (S°(C))

and that the second term in the above expression can be made arbitrarily small for sufficiently
large n, it suffices to prove (i) by showing that P (T <tW,, NS (C)) — ®(¢) for all ¢ € R.
Conditional on W, NS (C), A; is well defined, and one can follow the proof of Theorem 6.2 and
that of Theorem 4.1 in Su and White (2008) to show that

Jr o= nolpdx ng (Wi, W)+ 20710 >~ 0" (W, W) + ops (1)
1<i<j<n
= By +VJ;; +op= (1),

where P* denotes probability conditional on W,, N S(C), and ¢* is defined analogously to ¢
with F replaced by E*, the expectation with respect to P*. Noting that V;« is a second-order
U-statistic based on the triangular process {W;} and that the W*’s are IID conditional on W,,
one can continue to apply the CLT of Hall (1984) to V;: to demonstrate that it is asymptotically
N (0,0%*) conditional on W,, where o*? = 2plim,_..c E*[@* (W7, W5 )%]. The asymptotic bias
and variance terms can be estimated analogously as B J,, and a?]n in the paper. The asymptotic
normality of T, conditional on W,, NS (C) then follows.
For (i), let ¥ denote the 1 —a conditional quantile of T given W, i.e., P (T, > z}:|W),,) =

By choosing B sufficiently large, the approximation error of 27, to 2} can be made arbitrarily small

and negligible. By (i), z& — z, in probability where z, is the 1 — a quantile of the standard
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normal distribution. Then, in view of Theorem 6.1, T}, diverges to oo at the rate nb?x, implying
that limy, oo P (T, > 2}) = limy oo P (T}, > 24) = 1 under H;. B
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