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ABSTRACT. A number of tests have been proposed for assessing the location-scale assumption that
is often invoked by practitioners. Existing approaches include Kolmogorov-Smirnov and Cramér-
von-Mises statistics that each involve measures of divergence between unknown joint distribution
functions and products of marginal distributions. In practice, the unknown distribution functions
embedded in these statistics are typically approximated using non-smooth empirical distribution
functions. In a recent article, Li, Li & Racine (2017) establish the benefits of smoothing the
empirical distribution function for inference, though their theoretical results are limited to the
case where the covariates are observed and the distributions unobserved, while in the current
setting some covariates and their distributions are unobserved (i.e., the test relies on population
error terms from a location-scale model) which necessarily involves a separate theoretical approach.
We demonstrate how replacing the non-smooth distributions of unobservables with their kernel-
smoothed sample counterparts can lead to substantial power improvements, and extend existing
approaches to the smooth multivariate and mixed continuous and discrete data setting in the
presence of unobservables. Theoretical underpinnings are provided, Monte Carlo simulations are
undertaken to assess finite-sample performance, and illustrative applications are provided.

1. INTRODUCTION

Assuming independence of the predictors and error in a location-scale regression model is a
common assumption. The independence assumption is for instance needed for certain bootstrap
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procedures (see Neumeyer (2008), Neumeyer (2009), Neumeyer & Van Keilegom (2018)). There
is also an extensive literature on testing procedures that use the independence between the error
and the covariates, and that are based on a comparison between a nonparametric estimator of the
error distribution and an estimator under the null hypothesis. We refer for instance to Van Keile-
gom, Gonzélez-Manteiga & Sénchez-Sellero (2008) and Dette, Neumeyer & Van Keilegom (2007)
for goodness-of-fit tests for the parametric form of the regression and the variance function, respec-
tively, to Pardo-Fernandez, Van Keilegom & Gonzilez-Manteiga (2007) for tests for the equality of
regression curves, and to Escanciano, Pardo-Ferndndez & Van Keilegom (2018) for distribution-free
tests in this context. A testing procedure for the location-scale structure having high power would
be particularly appealing.

A variety of tests have been proposed for assessing the appropriateness of the location-scale
assumption that is often invoked in applied settings; see by way of illustration Akritas & Van Kei-
legom (2001) and Racine & Li (2017), who adopt the location-scale framework, and see Einmahl &
Van Keilegom (2008), Birke, Neumeyer & Volgushev (2017) and Neumeyer, Noh & Van Keilegom
(2016) for various approaches that have been proposed to test the location-scale assumption in
a range of settings. These approaches employ test statistics that are based on conditional mean
models, in particular, the difference between the joint distribution of the predictor and error and
the product of the marginal distributions of the predictor and error, and include the Kolmogorov-
Smirnov (Kolmogorov 1933, Smirnov 1948), Cramér-von-Mises (Cramér 1928, von Mises 1928) and
Anderson-Darling (Anderson & Darling 1952) statistics, among others. In this literature, the un-
known joint and marginal distributions are estimated using the respective non-smooth empirical
distribution functions (EDFs). However, it turns out that substantial power gains can be realized
by replacing the non-smooth EDFs with their kernel-smoothed counterparts. We demonstrate that
we retain all of the desirable features of this testing framework yet can realize substantial improve-
ments to existing procedures from the vantage point of finite-sample power without impacting size.
Though we consider inference for location-scale models, the results contained herein are of broad
applicability and ought to appeal to a wide audience, particularly practitioners concerned with

power properties associated with this popular class of test statistics.
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The remainder of this paper proceeds as follows: Section 2 outlines the location-scale framework
and the proposed smooth testing procedure; Section 3 and Section 4 present the theoretical un-
derpinnings of the proposed approach; Section 5 presents simulation evidence that demonstrates
power gains achievable by a fully data-driven implementation of the proposed approach; Section
6 considers an illustrative application, while Section 7 presents some concluding remarks. The
proofs of the main results are given in Appendix A, while detailed tables outlining power gains are

presented in Appendix B and C.

2. METHODOLOGY

Consider a smooth location-scale model of the form
Y = pu(X) + o(X)e,

where p(-) and o(-) > 0 are unknown smooth location and scale functions, X is a vector of pre-
dictors, and € has zero mean, unit variance, and is otherwise an unknown error process with
distribution F, that is independent of X. We observe n independent copies of (XT,Y’), denoted by
(XEv),... (X1 Y,).

The location-scale assumption is often invoked as it confers a number of useful properties on
the resulting estimator, including i) simpler asymptotic properties than its unstructured counter-
part,! ii) the ability to nonparametrically estimate the error distribution at a y/n-rate (Akritas &
Van Keilegom 2001, Escanciano & Jacho-Chavez 2012), and iii) more efficient estimation of the
conditional distribution of Y given X than its unstructured counterpart.

Even though the independence of the predictors X and error € is a common assumption (see e.g.,
Akritas & Van Keilegom (2001) and Racine & Li (2017)), particularly in Econometrics, it might
be too strong, hence a testing procedure having high power is particularly appealing. For what
follows, we define Fx(z) = P(X < z), Fe(t) = P(e <t), and Fx(z,t) = P(X < z,e <t), and we
let

Hy : X and e are independent.

1By ‘unstructured’ we mean a model of the form Y; = p(X;) + € with E(e;|X;) = 0.
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Consider by way of illustration the test of Einmahl & Van Keilegom (2008) which can be used
to assess the adequacy of the location-scale assumption. In essence, Einmahl & Van Keilegom
(2008) test for independence between the predictors X and error e in the location-scale model
Y = pu(X) + o(X)e. Given kernel estimates of u(z) = E(Y|X = x) and o%(z) = V(Y|X = x),
denoted fi(x) and 62(x), one tests for independence of X; and & = (Y; — u(X;))/6(X;) using, for
instance, a Kolmogorov-Smirnov test statistic of the form

(1) Tks = \/ﬁsuf |Fxe(z,t) — Fx(2)Fa(t)],

z,

where Fx ¢(z,t), Fx(z) and F:(t) are the respective EDFs. The empirical support, i.c., the X; and
é;, are used when computing the supremum in applied settings. Due to the inadequacy of using the
asymptotic distribution of Tk g for inference, a simple bootstrap procedure is used instead to obtain
the null distribution from which nonparametric P-values can readily be obtained. This procedure
can be easily modified to test for the validity of a homoskedastic model Y; = p(X;)+¢; with ¢; being
independent of X;, which is also a common assumption in Econometrics, or to test the validity of a
transformation model of the form A(Y;) = u(X;) + 0(X;)e; as outlined in Neumeyer et al. (2016),
where A(+) is some parametric monotone transformation. See Neumeyer (2008) who demonstrate
consistency of the bootstrap in the kernel-smoothed case, while Neumeyer & Van Keilegom (2018)
address the open question of whether a classical non-smooth residual bootstrap is asymptotically
valid in this context, and show that the non-smooth residual bootstrap is consistent.

We note in passing that the Cramér-von-Mises statistic, which is also popular in applied settings,
is given by

Tor =n [ [ (Bxolo.t) =~ Ex@PE0)? dBx(o)dFi(o)

We propose replacing the EDF's in these statistics with their kernel-smoothed counterparts and
the unknown error term with its kernel estimate using an approach similar to Li et al. (2017)
that is briefly described below. One major difference between the results established here and
those in Li et al. (2017) is that, here, some covariates and distributions involve unobserved error
terms that need to be estimated by & = (Y; — 1(X;))/6(X;), which results in markedly different
asymptotics and finite sample performance from that reported in Li et al. (2017). Like Li et al.

(2017), our approach is multivariate in nature and allows for mixed datatypes, but the presence
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of unobservables leads to results that to the best of our knowledge have not been exploited in the
literature. Related work includes Conover (1999, pp. 396-406) who considers a smooth two-sample
Kolmogorov-Smirnov test,? Bowman, Hall & Prvan (1998) who consider bandwidth selection for
univariate kernel smoothed CDFs and Wang et al. (2013) who consider a plug-in bandwidth proce-
dure for smooth univariate kernel smoothed CDF's with a focus on the construction of simultaneous

confidence bands.

2.1. Kernel Estimation of Fx(z), F(t), and Fx ((z,t) with Mixed Data. Though Einmahl
& Van Keilegom (2008) and others restrict attention to the scalar predictor case, in applied set-
tings one would expect to encounter multivariate predictors that, in addition, might consist of
both discrete and continuous datatypes. Though the Kolmogorov-Smirnov and Cramér-von-Mises
statistics were developed under the assumption that the random variables possessed continuous
distributions F'(-) and have been extended to instead admit discrete distributions (Conover 1972,
Gleser 1985, Choulakian, Lockhart & Stephens 1994, Lockhart, Spinelli & Stephens 2007), to the
best of our knowledge they are unable to handle the multivariate mix of continuous and discrete
data often found in regression settings. Our approach tackles this shortcoming by leveraging recent
work on nonparametric kernel estimation of distributions involving a mix of discrete and continuous
variables.

Li et al. (2017) propose an estimator of a joint distribution function defined over a mix of observed
continuous and discrete random variables, which we will explain by means of the vector of covariates
X. We suppose that X; (j =1,...,n) is a (¢ + r)-dimensional vector of covariates, consisting of ¢
continuous covariates denoted by X¢ = (Xf,..., X7 ) and r (ordered) discrete covariates denoted
by X;-i = (X]‘-il, . ,X;lr). Likewise, X consists of a g-dimensional vector of continuous covariates
X{,..., X7 and an r-dimensional vector of discrete covariates X{l, ..., X% The support of X is
denoted by Rx = Rxc X Rxa, where Rxc is supposed to be a compact subset of R?. We consider
smooth kernel-based estimators of Fx(z) = P(X < z) = P(X° < 2°, X% < 2%) (where inequalities

should be understood componentwise).

2This approach compares two kernel smoothed univariate distributions; see the function KS.test in the R package
Qiu (2014) which implements this procedure using Wang, Cheng & Yang’s (2013) plug-in bandwidth and uses the
asymptotic distribution for critical values which is known to be problematic.
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We consider discrete variables distributed over a finite grid, and without loss of generality assume
that X;-ls takes values in {0,1,...,¢s — 1} (s = 1,...,7), where ¢ > 2 is a positive integer. Let
\s denote the bandwidth for the s-th discrete variable. We use the kernel function I(z?, X;ls7 As) =
Ms Do rd<qd )\LX?S_Zgl, with A2 =1, 0° = 1, A\s; € [0,1], and 75 a normalizing factor such that I(cs —
1,cs —1,Xs) = 1. Write the product (discrete variable) cumulative kernel function as Ly (2%, X Jd) =
| - l(a;gl,X;ls, As).

Let hg be the bandwidth associated with X¢ (s = 1,...,¢). The product cumulative kernel func-
tion used for the continuous variables is given by Kj,(2¢, X¥) = - ffio hitk((26 — X55)/hs) dzg,
where k() is a univariate density kernel function for a continuous variable such as the stan-

3 The cumulative kernel function for the vec-

dard Epanechnikov or Gaussian kernel function.
tor of mixed variables is simply the product of Kj(-) and Ly(-) defined above and is given by
Gy(x, X;) = Kp(a, X5) x Ly(x%, X{), where v = (h,A). Li et al. (2017) consider the mixed-

datatype kernel estimator of F'x(x) defined by

n
(2) Fx(z) =~ Gy(z,X;).
j=1

Next, to estimate F(t), we assume that € is continuous and hence F,(t) can be estimated by
a (univariate) continuous cumulative kernel estimator. However, unlike the case considered by Li
et al. (2017), € is not observed, so we first need to estimate it. To estimate u(x) and o(x), we use
local polynomial smoothing for the continuous covariates (see Fan & Gijbels (1996) or Ruppert &
Wand (1994), among others), and for the discrete covariates, we use a variation on Aitchison &
Aitken (1976)’s kernel function defined by

1 ifaf = X7

v(:cgl,X;-ls,I/s) =

vs otherwise.

The range of v is [0,1]. Note that when vs = 0 the above kernel function becomes an indicator

function, and when v, = 1, it is a constant function. The product kernel function for the vector z¢

3As noted by a referee, by working with kernel estimators we obtain a test that is not invariant to transformations of
the regressors. A remedy could be to replace k((z5 — X5)/hs) by nearest neighbor windows of the form k((ﬁ'xg (z5)—
ﬁ’x_g (X$))/hs), where F'X_g is the non-smoothed empirical distribution of X¢. It is clear that this is invariant under
any monotone transformation of X¥.
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of discrete covariates is then given by
Vo, Xy = [T,
s=1
Combining this with local polynomial smoothing of the continuous covariates (of which the order
p will depend on the dimension ¢ and will be determined later — see assumption (A2) in Appendix
A), we define fi(z) = Bo, where 5’0 is the first component of the vector 3, which is the solution of
the local minimization problem

® win ™ {35 - P} T k(50 it ),

9s

where P;(f8,x¢ p) is a polynomial of order p built up with all 0 < k& < p products of factors of
the form X¥, — z{ (s =1,...,9). The vector j is the vector of length > 7 _, ¢", consisting of all
coefficients of this polynomial. Here, g = (g1,...,94) is a g-dimensional bandwidth vector. To
estimate o%(x), define 62(x) = 4, where 4o is defined in the same way as (o, but with Y; replaced
by (¥ — i(X;)% in (3) (G = 1,...,n).

Then, let €; = (Y; — 1(X;))/6(X;) be the j-th residual, and define

= LS [ L) g
(W Fé(t)_n;/_oobk( “9Yas,

where b = b, is the bandwidth for smoothing the residuals. Finally, let

. 1 o b1 s—¢
5 Fxelet) =3 Gy, X;) [ k(252 )d
(5) xelot) =336 0 () e
be an estimator of the joint distribution F'x ((z,t) of (X, e¢).
Bandwidth selection proceeds via minimization of a cross-validation function, which we explain
for the distribution Fx (for F and Fx . similar ideas apply):

(©) ovin = =33 {1 <af) - By}

nn;
J =1 j=1

where 25, j = 1,...,n;, denotes evaluation points, and where F x,—i(x) is the estimator defined

in (2) except that the i-th data point is removed from the sample. The number of evaluation
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points can be fixed at, say, n; = 100. This grid of evaluation points plays a role not unlike the
number /position of points used for numerical integration. Under quite general conditions and using

the cross-validated bandwidths, Li et al. (2017) obtain the result that

q 2 T
K2 2 0 d
23 h2 o Fx(x) = Y AsBs N(0,V),

s
s=1

vn <Fx(iﬂ) — Fx(z) -
where V = F(z)(1 — F(z)), k2 = [ u?k(u) du, and

(7) By(w) = Exa| > XY, = 22 )P(X{ = o) Fyexa(a| X%

zd<gd

with Fye|xa (2¢|2¢) the conditional distribution of X¢ given X% X< contains all components of X%
except the s-th component, and equalities and inequalities should be understood componentwise.
Li et al. (2017) deliver a smooth nonparametric estimator that, like its non-smooth EDF counter-
part, achieves a dimension-free y/n rate of convergence. The important point to note is that when
the underlying distribution is itself smooth, the kernel estimator is capable of delivering estimators
that outperform their non-smooth counterparts in finite-sample settings; see Li et al. (2017) for
details. In a typical location-scale model with a continuous response and predictor, smoothness of
the joint and marginal distributions of the predictor and error term can be safely assumed in a

wide range of applications.

3. AsYMPTOTIC PROPERTIES

We start with a preliminary result that gives an iid representation for the estimators F x (),
Fg(t) and F x,¢(z,t). The regularity conditions mentioned below, as well as the proofs of the results
of this section, can be found in Appendix A.

Define k3 = [ u?k(u) du, and more generally for p > 0, let kp+1 be the first element of the vector
S (8pt1y -y 82p+1)T, where S is the (p+ 1) x (p+ 1) matrix whose (4, j)-th entry is s;4;_o, with
s; = [wk(u)du. Also, let

Culw) = Y |14 # a) [T 1 = antat, =) = ula)| £x @, =),

zd t;ﬁs
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Dyfw) = 3 [1:4 # e [T = 2f)o?(@f,2%) = 0% (@) fx (2, 2%),

zd t;és

for s=1,...,r, where fx(x) is the joint probability density function of X.
Theorem 1. Assume (A1)-(A6). Then, under Hy and for any x and t,

Fe(a) - Fx() = = 10X < 0) - P Zh?a o ZAB )+ Rox (o),

Fa) = F() = 3" [1te <0 = () + 1.0 {ei + %(e? -1}

p

w100 [ GGty o ggrnte) + a9 i)

+1
+500 [ el Z”“ pp+1 +ZVS 2) jaFx(2)

+ V) + B c(t),

Fre(ot) = Pyl ) = - S (UK < v <) = Bl ) + 010G < o) {e+ o~ 1)}

=1
T p +1
+fe<t>/oo Pty Z GG sz () JaFx (2)
T p +1
+;fe(t)/_oog (e Z e +Zys (=) X ()
Zhiaai{ +ZA B "2 () 101
+Rn,X,e(x t)

where SUp e | B x (2)] = 0p(n™1/2), supjer [Rne(t)] = op(n™"/2) and sup,c gy rer [Bn,x.c(2,1)] =

op(n=1/?).

An immediate consequence of this theorem is the following corollary. Note that instead of
assuming condition (A3) which says that h, A and b should tend to zero sufficiently fast, we only
require that h, A\, and b — 0. This is because the bias coming from the smoothing of the empirical

distribution functions disappears in the formula of Fx ¢(z,t) — Fx (z)E(t).
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Corollary 2. Assume h,\,;b — 0, (A1)-(A2) and (A4)-(A6). Then, under Hy and for any x and

2
Vi(Fxe(a,t) — Bx(@)Fa(t)) = \}ﬁ S H(X, e, 2,8) + b(, £) + Ra(a, ),
i=1
where
H(X;,6,2,t) =1(X; < z,6 <t) — Fxo(w,t) — F(t){1(X; < 2) — Fx(z)}
— Fx(@){1(e; <t) — F(t)} + fe(t ){I(XZ-§1:)—FX(x)}{ei+%(e?—1)},
1 K 1 orti
b(x,t) = fe(t) / (l(z <zx)-— FX<$))%{ o f’:i)! ;C]g);l 507 p+1'u )+ ZC"S }dFX( )
t 1 Kp 1 ortl :
+ 2f€(t)/ (l(z <z -— FX(ac)) T ){(p ++i) z:;cgzlwg?(z) + ;Cu,st(z)}dFX(Z),

and Supge gy per [Bn(2,t)] = op(1).

Remark 3. Note that some of the bias terms appearing in Theorem 1 cancel out in Corollary 2.
Indeed, the biases arising from smoothing the distribution functions Fx(z), F:(t) and Fx¢(z,t),
disappeared in Corollary 2. Hence, the asymptotic representation of \/ﬁ(ﬁ’xf(az, t)—Fyx (w)ﬁ'e(t)) is
the same as in the case where the empirical distributions are not smoothed (see Einmahl & Van Kei-
legom (2008)). However, inspection of the proof of Theorem 2.2 in the latter paper reveals that their
iid expansion of \/ﬁ(FX (2, t) — Fx(z)F(t )) does not contain the term fe(t)n —zsen {1(x; <
}{ez (2 -1 } that shows up in the formula of n='/? Yo H(X;, €,2,t) given above.
This is because the second statement in their Lemma A.1 is wrong, in the sense that the expression
on the left hand side is not centered, and so it is certainly not 0p(n_1/2). The correct version of
their Theorem 2.2 can be obtained from Corollary 4 below by using undersmoothing of the bandwidth

g1 (and taking g =1 and r =0).

We are now ready to state the weak convergence of \/ﬁ(ﬁ‘x’g —FXFg) as a process in />°(Rx X R),
and the limiting distribution of our test statistics Txs and Tepr. Here, £°°(Rx x R) is the set of

bounded functions from Rx x R to R, equipped with the uniform norm.

Corollary 4. Assume h,\,b — 0, (A1)-(A2) and (A4)-(A6).
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(i) Under Hy, the process \/E(FX,g(.f,t) - FX(m)Fg(t)) converges weakly in {*°(Rx X R) to a

Gaussian process Z(x,t) with mean function b(x,t) and covariance function
COU(Z(l'l, tl), Z(.’L‘Q, tQ)) = E[H(X, €,T1, tl)H(X, €,T2, tg)]

for x1,20 € Rx and t1,t2 € R.
(ii) Under Hy,

Tks %  sup |Z(z,t)] and TCMi>//Zz(m,t)dFX(:r)dFe(t).
rERx LER

4. SECOND ORDER PROPERTIES

We now analyze the source of the power gains that arise from smoothing by considering higher
order expansions (we are grateful to an anonymous referee who suggested that we address this
issue). Below we demonstrate that the smoothed process has smaller MISE than the non-smoothed
process which arises primarily due to a reduction in variance, which in turn leads to the finite-
sample power gains that are evident in the simulations reported in Section 5 below. For notational
convenience we shall restrict attention to the case of one continuous covariate (so ¢ = 1 and r = 0),
but the result can be readily extended to the general case.

We use the notations Fa(t) =n~' S0 1(& < t) and Fxe(z,t) =n" 'S0 1(X; < x,é < t) for
the non-smoothed estimators of Fi(t) and Fx ((x,t) respectively.

Theorem 5 below demonstrates that the MISE of the smoothed process dominates that of the
non-smoothed process, and the reduction in MISE translates into improved power for our proposed

procedure.
Theorem 5. Assume h,b — 0, ng”(logn)~! — oo, p >3, (A1)-(A2) and (A4)-(AG). Then,
nl/2 (FX’E(,CC, t) — FX(x)FE(t)) —n1/2 Z / / H(X;, €,z —uh,t — vb)k(u)k(v)dudv + b(x,t)
i=1

+ R(z,t)

= G(x,t) + bz, t) + R(z,t)

n'/2(Fx e(x,t) — Fx(z)Fe(t)) = n /2 zn: H(X;,e,2,t) + bz, t) + R(z, 1)
=1
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= G(z,t) + b(z,t) + R(x, 1),

where sup, |R(z,t)| = Op((ng)~*%logn) and sup, 4 |R(z,t)] = Op((ng)~"/%logn).
In addition,

A~

Var(G(z, 1)) de dt = [A - hqf(k)} [B _ b\If(k)] +O(R? + b2
/Var(é*(x, t))dxdt = AB + O(h? + b%),
where

A= /FX(x)(l — Fx(z))dx >0
B= / [F(0(1— F0) + E[2{I(e < 1)~ F(0}Q(t.6) + Q(t.0)| Jdt > 0

Qo) = e+ (@ -1}

U (k) = Q/uK(u)k(u) du > 0.

Note that the remainder terms R(z,t) and R(x,t) are of the order Op(n=/6p1/62r+2)]10gn)
uniformly in 2 and ¢ if we take ¢, 5 > 0 in condition (A2). Since p > 3, this is Op(n~7/*®logn) in
the worst case (i.e., when p = 3). On the other hand, if h is e.g. proportional to n=*/* (but any
larger bandwidth is also fine), then h'/2 ~ n~1/8 and this is larger than n~"/*8logn (and similarly
for bt/ 2). Hence, the remainder terms are of negligible order. Since ¥(k), A, B > 0 the above result
shows that the smoothed process has smaller MISE than the non-smoothed process. The proof of
Theorem 5 can be found in Appendix A.

The astute reader may have noted that the first term in the expansion of \/ﬁ(ﬁ’ X6 — Fxﬁg)
differs from that in Corollary 2, and perhaps a few words are in order. In Corollary 2 we were
only interested in first-order asymptotic properties, and so we only needed to demonstrate that the
order of the remainder term is op(1). In Theorem 5 however, we want to show that the smoothed
estimator has better second-order properties than the non-smoothed estimator, and that requires
a finer analysis. The main term in the i.i.d. expansion in Theorem 5 is actually equal to the main
term in the i.i.d. expansion in Corollary 2, except for some terms that are of smaller order and

that are absorbed in the remainder term R,, in Corollary 2. In Theorem 5 we cannot absorb these
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terms in the remainder term simply because we need them to show that the smoothed estimator
outperforms the non-smoothed one in second order. This explains why the two representations are

different.

5. FINITE-SAMPLE PERFORMANCE

5.1. The Univariate Continuous Predictor Setting. In order to assess the finite-sample per-
formance of our proposed approach, we replace the EDFs in (1) with their kernel-smoothed coun-
terparts described in Section 2.1.* Bandwidth selection is obtained via cross-validation for h, b and
A (i.e., minimization of Equation (6) above) and via least squares cross-validation for g and v, and
the Epanechnikov kernel function is employed. There are various data-driven permutations one
might consider for bandwidth selection, namely a) separate bandwidths for the joint and marginal
distributions, b) common bandwidths taken from the joint distribution, and ¢) common bandwidths
taken from the marginal distributions. From the perspective of assessing size, one might expect
that the same bandwidths used for estimating the joint distribution be used for the construction of
the marginal distributions, otherwise the estimated joint distribution might systematically diverge
from the product of the estimated marginals under the null. We investigate this issue empirically
and on this basis recommend b) to practitioners.

To assess finite-sample performance, we simulate data for which X is uniform [0,1] and Y has
location p(x) = sin(27x) and scale o(z) that is determined from the error distributions specified
below, i.e.,

Y = sin(27X;) + o(X;) e (X;).

We consider three DGPs in the simulations that follow. For the first the errors are mixtures of
two Gaussians, N(—1,0.5%) and N(1,0.5%) with mixing probabilities 1 — éx and §x. For the second
the errors are drawn from a heavy-tail mixture of two t-distributions, one having a mode at 2
and the other at —2, both having 5 degrees of freedom with the same mixing probabilities as for
the Gaussian mixture. For the third the errors are drawn from the Beta distribution with shape

parameters s; = 1+ 010z and sy = 11 — 610z where = € [0,1]. These errors are then rescaled

“We proceed with the Kolmogorov-Smirnov statistic by way of illustration as the Cramér-von-Mises statistic requires
multivariate integration for its computation while the Kolmogorov-Smirnov statistic does not. However, as will be
demonstrated for the Kolmogorov-Smirnov approach, replacing the non-smooth distribution functions in the Cramér-
von-Mises statistic with their kernel-smoothed counterparts would be expected to reveal similar power gains.
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to have unconditional mean zero and unit variance thereby maintaining a constant signal-to-noise
ratio across DGPs and across the range of values for § considered. In all cases, when § = 0 the
model is a location-scale DGP (i.e., the distribution of € is not a function of ) while when ¢ > 0 it
is a location-shape DGP (i.e., the distribution of € is a function of ). Figure 1 presents the density
of e(x) for various levels of € [0, 1] when § = 1.

For what follows we consider M = 1,000 Monte Carlo replications drawn from each DGP.
For each Monte Carlo replication, we compute each test statistic Tks (non-smooth and smooth,
respectively) along with the B = 399 (Davidson & MacKinnon 2000) null bootstrap replicates
T ; ks> b =1,...,B (based on resamples drawn from the (non-smooth) distribution functions),
then we compute the empirical P-value as B~! 25:1 1(Ty s > Tks), where 1(A) is the usual
indicator function taking value one when A is true and zero otherwise. Finally, based on the
M = 1,000 P-values, we compute empirical rejection probabilities for the non-smooth and smooth
test statistics for nominal levels a = (0.01,0.05,0.10). To assess size we set § = 0, and to assess
power we let § € (0,1]. Size (i.e., empirical rejection probability when § = 0) is summarized in
Table 1.

Table 1 indicates that both the non-smooth and smooth versions of the test appear to be correctly
sized, hence we can proceed to compare their power curves.® Next, we vary § € [0, 1], and present
power curves for the Beta errors in Figure 4 (Figures 2 and 3 present results for the Gaussian and
Student-t mixtures).

The percentage gain in power is reported in the tables in Appendix B, and these figures and tables
reveal that the improvements in power arising from replacing the EDF with its kernel-smoothed
counterpart can be upwards of 100% or more, depending on the nominal size of the test, sample
size, and degree of departure from the null. Furthermore, if anything the smooth test appears to
be slightly conservative relative to its non-smooth counterpart, particularly for the Beta error case
for the smaller sample sizes considered (a positive feature as it has a lower probability of a Type I

error than its non-smooth counterpart under the null yet higher power under the alternative).

orf anything, the non-smooth version appears to be slightly over-sized for smaller n and the smooth version slightly
under-sized for smaller n, but this admits a fair comparison of power curves.
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Gaussian Mixture (1 = —1, pp =1, 0y = 0.5, 02 = 0.5) Student-t Mixture (modes = (-2,2), df=(5,5))

— x=0.00 e

--- 2=025 ---

2 =050

-- =075 c-ee
¢ =100

0.8

f(elx)
0.

x=0.00
r=0.25
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Beta (s; = 1+ 10z, so = 11 — 10z)

10
I

f(elx)

FIGURE 1. Density of e(x) for various levels of x € [0,1], § = 1, for the Gaussian
mixture, Student-t mixture and Beta (the error density for computing size, § = 0,
corresponds to the density when = = 0 i.e., the solid black density).
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5.2. The Multivariate Continuous Predictor Setting. To assess finite-sample performance in

the multivariate continuous predictor setting, we simulate data for which X; and X5 are uniform

[0,1] and Y has location u(x) = sin(m(z1 + z2)) and scale o(x1 + z2)/2 that is determined from
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TABLE 1. Size for the Non-smooth and Smooth Tests (Empirical Rejection Probabil-
ities Under the Null, § = 0, Univariate Continuous Predictor Setting, see Appendix
B for Power).

n a=001 a=0.05 a=0.10
Non-smooth, Gaussian Mixture
100  0.008 0.041 0.101
200  0.008 0.045 0.089
400  0.006 0.048 0.089
800  0.006 0.045 0.102
Smooth, Gaussian Mixture
100  0.011 0.045 0.104
200  0.006 0.046 0.093
400  0.007 0.057 0.110
800  0.010 0.047 0.092
Non-smooth, Student-t Mixture
100  0.009 0.051 0.081
200  0.009 0.050 0.104
400  0.005 0.039 0.095
800  0.006 0.038 0.089
Smooth, Student-t Mixture
100  0.009 0.048 0.101
200  0.010 0.052 0.095
400  0.010 0.045 0.092
800  0.008 0.042 0.095
Non-smooth, Beta
100  0.012 0.049 0.090
200  0.008 0.050 0.105
400  0.008 0.038 0.099
800  0.011 0.048 0.098
Smooth, Beta
100  0.011 0.042 0.074
200  0.012 0.051 0.095
400  0.008 0.054 0.110
800  0.013 0.054 0.104

the error distributions specified below, i.e.,
Y, = Sin(ﬂ'(Xﬂ + Xlg)) + O'(Xﬂ -+ Xiz)ﬁi(Xil + Xig).

We consider three DGPs in the simulations that follow. For the first the errors are mixtures of two
Gaussians, N(—1,0.5%) and N(1,0.5%) with mixing probabilities 1 — §(x1 +22)/2 and §(x1 + x2)/2.
For the second the errors are drawn from a heavy-tail mixture of two t-distributions, one having a

mode at 2 and the other at —2, both having 5 degrees of freedom, with the same mixing probabilities
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Power Functions (n = 200)
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FIGURE 2. Power curves for the non-smooth and smooth versions of the test, Gauss-
ian mixture. Solid lines are for the smooth version, dashed the non-smooth version.

as for the Gaussian mixture. For the third the errors are drawn from the Beta distribution with
shape parameters s; = 1+ §5(x1 + x2) and so = 11 — 65(x1 + x2). Per above, these errors are then
rescaled to have unconditional mean zero and unit variance.

Table 2 reveals that both the non-smooth and smooth version of the test perform adequately

and appear to possess reasonable size when there exist multivariate continuous predictors.
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FiGURE 3. Power curves for the non-smooth and smooth versions of the test,
Student-t mixture. Solid lines are for the smooth version, dashed the non-smooth

version.

5.3. The Multivariate Mixed Continuous and Discrete Predictor Setting. To assess finite-

sample performance in the multivariate mixed continuous and discrete predictor setting, we simulate

data for which X is uniform [0, 1], X5 is a discrete uniform variable taking value 0,1/10,2/10,...,1,

Y has location u(x) = sin(27x1)+x9 and scale o(X;) that is determined from the error distributions
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FIGURE 4. Power curves for the non-smooth and smooth versions of the test, Beta
errors. Solid lines are for the smooth version, dashed the non-smooth version.

specified below, i.e.,
Y =sin(2nX;1) + Xio + 0( X1 + Xig)ei (X1 + Xio).

We consider three DGPs in the simulations that follow. For the first the errors are mixtures of two

Gaussians, N(—1,0.5%) and N(1,0.5%) with mixing probabilities 1 — 6(z1 + x2)/2 and 6(z1 + x2)/2.
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TABLE 2. Size for the Non-smooth and Smooth Tests (Empirical Rejection Prob-
abilities Under the Null, § = 0, Multivariate Continuous Predictor Setting, see
Appendix C for Power).

n a=001 a=005 a=0.10
Non-smooth, Gaussian Mixture

100 0.007 0.042 0.100
200 0.007 0.042 0.094
400  0.012 0.038 0.075
800  0.005 0.037 0.075
Smooth, Gaussian Mixture

100 0.005 0.033 0.091
200 0.008 0.048 0.087
400  0.006 0.032 0.072
800  0.006 0.037 0.073

Non-smooth, Student-t Mixture
100  0.018 0.056 0.116
200  0.018 0.080 0.121
400  0.012 0.053 0.107
800  0.008 0.055 0.095

Smooth, Student-t Mixture
100  0.023 0.078 0.140
200  0.016 0.085 0.140
400  0.017 0.068 0.111
800  0.012 0.057 0.109
Non-smooth, Beta
100  0.005 0.042 0.100
200  0.021 0.074 0.118
400  0.018 0.062 0.124
800  0.019 0.064 0.108
Smooth, Beta
100  0.011 0.057 0.104
200  0.015 0.059 0.121
400  0.020 0.070 0.127
800  0.018 0.060 0.112

For the second the errors are drawn from a heavy-tail mixture of two t-distributions, one having a
mode at 2 and the other at —2, both having 5 degrees of freedom, with the same mixing probabilities
as for the Gaussian mixture. For the third the errors are drawn from the Beta distribution with
shape parameters s; = 1+ §5(x1 + x2) and so = 11 — 65(x1 + x2). Per above, these errors are then
rescaled to have unconditional mean zero and unit variance.

Table 3 reveals a curious feature of the non-smooth test — in the presence of discrete predictors,

the test displays extreme size distortions rendering it completely unsuited for practical application
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TABLE 3. Size for the Non-smooth and Smooth Tests (Empirical Rejection Probabil-
ities Under the Null, § = 0, Multivariate Mixed Continuous and Discrete Predictor
Setting).

n a=001 a=005 a=0.10
Non-smooth, Gaussian Mixture

100  0.285 0.545 0.678
200  0.625 0.836 0.918
400  0.950 0.994 0.998
800  1.000 1.000 1.000
Smooth, Gaussian Mixture

100  0.009 0.046 0.090
200  0.013 0.056 0.100
400  0.015 0.058 0.116
800  0.024 0.081 0.159

Non-smooth, Student-t Mixture
100  0.361 0.632 0.752
200 0.773 0.933 0.974
400  0.993 1.000 1.000
800  1.000 1.000 1.000

Smooth, Student-t Mixture
100  0.014 0.054 0.096
200  0.013 0.061 0.108
400 0.014 0.063 0.125
800  0.012 0.074 0.140
Non-smooth, Beta
100  0.518 0.782 0.877
200  0.951 0.991 0.998
400  1.000 1.000 1.000
800  1.000 1.000 1.000
Smooth, Beta

100  0.006 0.027 0.074
200  0.004 0.040 0.084
400 0.012 0.051 0.124
800  0.023 0.110 0.200

(its empirical rejection probability under the null approaches 1 as n increases for all conventional

levels). However, the smooth version of the test appears to be reasonably sized. The former is

perhaps not too surprising given the literature on discrete/discontinuous distributions (Conover

1972, Gleser 1985, Choulakian et al. 1994, Lockhart et al. 2007). Given the extreme size distortions

present, we make no attempt at power comparisons.
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6. APPLICATION

Racine & Li (2017) impose a location-scale quantile model structure on a novel nonparametric
quantile estimator that is based on kernel smoothing of a parametric quantile function in a particular
manner. A practitioner concerned with their imposition of the location-scale structure might wish
to use a pre-test approach, proceeding with the location-scale model if it is deemed appropriate
versus an alternative model that does not rely on the location-scale assumption otherwise. They
present two illustrative applications, one in which the covariate is continuous and one in which it
is discrete, so these illustrations will serve to highlight the potential application of the proposed
procedure.

We first consider an Italian gross domestic product (GDP) growth panel for 21 regions covering
the period 1951-1998 (millions of Lire, 1990=base). There are n = 1, 008 observations on 2 variables,
‘yvear’ and ‘gdp’, and ‘year’ is a discrete predictor and is treated as such in what follows. Next we
consider Canadian cross-section wage data consisting of a random sample taken from the 1971
Canadian Census Public Use Tapes for male individuals having common education (grade 13).
There are n = 205 observations in total on two variables, ‘logwage’ (logarithm of the wages)
and ‘age’, age being treated as a continuous predictor. We report the test statistics and their

bootstrapped P-values in Table 4 based on B = 999 bootstrap replications.

TABLE 4. Application of the Proposed Test to the Italian GDP Dataset and to
the Canadian Cross-Section Wage Dataset.

Dataset Tks P-value
Canadian Wage 0.4637124 0.3413413
Italian GDP 1.174512 < 2e—16

Table 4 reveals that the location-scale presumption is inappropriate for the Italian GDP data,
but is appropriate for the Canadian wage data (though it is possible, given the small sample size of
n = 205, that this is a Type II error). These results indicate that practitioners can use Racine &
Li’s (2017) quantile approach for the latter but ought to exercise caution when applying it to the
former, which is consistent with the findings presented in Racine & Li (2017) which used instead

the non-smooth testing approach of Einmahl & Van Keilegom (2008).
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7. CONCLUDING REMARKS

Numerous tests have been proposed that rely on the non-smooth empirical distribution function
for their implementation; see Einmahl & Van Keilegom (2008), Birke et al. (2017) and Neumeyer
et al. (2016) by way of illustration. We demonstrate how the use of smooth estimators of distribution
functions rather than their non-smooth counterparts can deliver tests having superior power profiles,

which ought to be particularly appealing for practitioners.
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