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Abstract

We propose two families of tests for the classical goodness-of-fit problem to univariate
normality. The new procedures are based on L?-distances of the empirical zero-bias
transformation to the empirical distribution or the normal distribution function. Weak
convergence results are derived under the null hypothesis, under contiguous as well
as under fixed alternatives. A comparative finite-sample power study shows the com-
petitiveness to classical procedures.
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1 Introduction

Testing normality is commonly known as the most used and discussed goodness-of-fit
technique, justified by the model assumption of normality in classical models. To be
specific, let X, X1, X», ... bereal-valued independent and identically distributed (iid.)
random variables. The problem of interest is to test the hypothesis

Hy:P¥ e N = (N (i, 0% | (n,0?) € R x (0, 00)} (1)

against general alternatives. So far, a great variety of goodness-of-fit tests have been
proposed, and research is of ongoing interest, as witnessed by the recent papers of
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Bera et al. (2016), Villasefior-Alva and Gonzélez-Estrada (2015) and comparative
studies like from Romao et al. (2010), Yap and Sim (2011). Classical procedures in
goodness-of-fit methodology such as the Kolmogorov—Smirnov and the Cramér—von
Mises test approach the testing problem by measuring the distance of the empirical
distribution function to the estimated representative of \". For a theoretical approach to
goodness-of-fit tests to a family of distributions, see del Barrio et al. (2000), Neuhaus
(1979). Other methods are based on skewness and kurtosis, as, for instance, proposed
by Pearson et al. (1977) (known to lead to inconsistent procedures), the empirical
characteristic function, see Epps and Pulley (1983), the Wasserstein distance, see
del Barrio et al. (2000), del Barrio et al. (1999), the sample entropy, see Vasicek
(1976), the integrated empirical distribution function, see Klar (2001), or correlation
and regression tests, as the famous Shapiro—Wilk test, see Shapiro and Wilk (1965),
among others. For a survey of classical methods, see del Barrio et al. (2000), Sect. 3,
and Henze (1994), and for the problem of testing multivariate normality, we refer to
Henze (2002), Mecklin and Mundfrom (2004).

Another natural approach to assess the distance of the distribution of a real-valued
random variable X to the normal distribution is to calculate the difference between
Eh(X) and ER(N), where PV = N(0, 1), over some large class of functions % :
R — R. With the class {x — ¢/** |t € R} leading to the characteristic functions,
one heavily relies on the assumption of independence when proving limit theorems.
In an attempt to give an alternative proof of the central limit theorem, Charles Stein
considered a different class of test functions (see, e.g. Stein 1972). Stating that X has
a standard normal distribution if, and only if,

E[f'(X)] =E[Xf(X)] 2)

holds for each absolutely continuous function f for which the expectations exist,
it appears reasonable to regard ]E[ f1(X) — Xf(x )], for a suitable function f, as
an estimate of Ei(X) — Eh(N) since both terms ought to be small whenever the
distribution of X is close to standard normal. In practice, solving the differential
equation

[ = xf(x) = h(x) — Eh(N) 3

for absolutely continuous functions &, evaluating at X and taking expectations, the
problem reduces to appraising IE[ f(X) = Xfr(X )], with f, being the solution of (3).
A commonly used tool to handle these terms is the so-called zero-bias transformation
introduced by Goldstein and Reinert (1997). Namely, if EX = 0 and V(X) = 1, a
random variable X* is said to have the X-zero-bias distribution if

E[f'(X")] =E[Xf(X)] “)
holds for all absolutely continuous functions f for which these expectations exist. The
use of this distribution, if it exists, lends itself easily to the purpose of distributional

approximation. For instance, starting with the solution of (3), the mean value theorem
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gives
|EA(X) —EBh(N)| = [ELf;(X) — f(XO] < | £7] o, EIX — X*|.

Thus, the problem reduces to bounding the derivatives of the solution fj of (3) and
constructing X* such that E|X — X*| is accessible. Bounds on f} and its derivatives
are well known, and a comprehensive treatment as well as explicit constructions for
X* may be found in Chen et al. (2011) (for the bounds, see also Stein 1986). For a
general introduction to Stein’s method, see Chen et al. (2011), Ross (2011). One of the
main reasons Stein’s method, particularly for the normal distribution, has been studied
to a remarkable extent are various central limit type results, also giving convergence
rates, even in dependency settings.

It seems reasonable to ask whether Stein’s characterization (2) may be used to
construct a goodness-of-fit statistic. Apparently, we can hardly evaluate a quantity for
all absolutely continuous functions which makes the direct application of equation
(2) rather complicated (cf. Liu et al. 2016). Instead, we propose a test based on the
zero-bias distribution. To this end, we first recall the explicit formula for the density
and distribution function of the zero-bias distribution.

Lemma 1 If X is a centred, real-valued random variable with V(X) = 1, the X-
zero-bias distribution exists and is unique. Moreover, it is absolutely continuous with
respect to the Lebesgue measure with density

dX () = E[X1{X > t}] = —E[X 1{X < 1}]
and distribution function
FX(1) = E[X(X — H1{X < 1}].
A proof can be found in Chen et al. (2011) or in the original treatment (Goldstein and
Reinert 1997). Now, interpreting (4) as a distributional transformation PX > IP’X*,
the standard normal distribution is characterized as the unique fixed point of this

transformation [see also Goldstein and Reinert 1997, Lemma 2.1 (i)]. Writing this in
terms of the formula from Lemma 1, the characterization reads as follows.

Theorem 1 A random variable X with distribution function F and EX = 0, V(X) = 1
has the standard normal distribution if, and only if,

FX=F
which in turn holds if, and only if,
FX = o,
where @ is the distribution function of the standard normal distribution.
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Proof By Lemma 1 and the presumptions on X, the zero-bias distribution PX " of PX
exists, is unique and has distribution function F' X Hence, if PX is the standard normal
distribution, (2) is satisfied and the definition of the zero-bias distribution through
formula (4) and its uniqueness imply PX " = PX, thatis, FX = F. Conversely, if
FX = F, Lemma 1 implies PX" = PX and Stein’s characterization (2) yields that X
is standard Gaussian.

For the second equivalence note that if X follows the standard normal law, FX =
F = & by the first part. Finally, assume that FX = @. Since F¥ is the distribution
function of X*, PX" is the standard normal distribution, so

E[f(X"] =E[X*f(X")]

holds for each absolutely continuous function f for which these expectations exist.
The definition of the zero-bias distribution implies that for any such function f,

E[Xf(X)] =E[X*f(XM].

Noticing that these functions include any monomial (since X* has the standard normal
distribution for which moments of all orders exist) and that the normal distribu-
tion is uniquely determined through its sequence of moments (see Theorem 30.1 of
Billingsley 1995), this last equation shows P = PX* = N(0, 1). O

This theorem paves the way for the construction of goodness-of-fit tests using a
measure of deviation between an empirical version of FX and ® or the empirical
distribution, respectively. Heuristically, the above characterization indicates that the
difference between these empirical quantities ought to be small when the underlying
sample comes from a normal distribution and large whenever it does not. Thus, tests
based on this characterization should be able to detect deviations from the normality
hypothesis (1).

In Sect. 2, we use a weighted L2-measure to construct two statistics for our testing
problem (1). We derive the limit null distributions in Sect. 3 and study the behaviour
under contiguous alternatives in Sect. 4. The consistency of these classes of tests is
established in Sect. 5, and we obtain the limit distributions of the statistics under fixed
alternatives. To analyse the actual performance, empirical results in form of a power
study are presented in Sect. 6. Conclusions and outlines complete the article.

2 The new test statistics

Let X, X1, X», ...bereal-valued iid. random variables defined on an underlying prob-
ability space (£2, A, P). Further, let F be the distribution function of X and assume
that E[X?2] < oo. To reflect the invariance of the family of normal distributions N with
respect to affine transformations, the proposed statistics only depend on the so-called
scaled residuals, namely Y, 1, ..., Yu.p,
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where X, = n~!' Y 7_, Xpand S2 = n= ! 37, (Xi — X,,)* are the sample mean and
variance, respectively. This way, the values of our statistics themselves and thus the
tests based on them are invariant under affine transformations of the data. We note that
if X has a normal distribution with some parameters . and o2, ¥, | is approximately
standard normal since (X,, S,%) is a strongly consistent estimator of (u, o2). Due to
the affine invariance, we assume, w.l.o.g., EX =0and V(X) = 1.

In view of Theorem 1 and the heuristics given thereafter, we suggest the Cramér—von
Mises-type (or weighted L>-type) test statistics

2

1 n 1 n
1
Gfl> =n/R ;;Yn,j(YnJ — DY, ; <t} — ;j;]l{Yn,j <t} | w(@)dt (5)

and

2

G;Z)Zn/ %ZYn,j(Yn,j_t)]l{Yn,j <t}—®1)| w(t)dt. (6)
R\ "

Here, n~! > i=1 Y j(Ynj — O1{Y, ; <t} is an empirical version of the zero-bias
distribution function and ! 27:1 1{Y,, ; < t}is the empirical distribution function

of Yo1,..., Yan- By w : R — R, we denote a positive, continuous weight function
satisfying
/ P w(r)dt < oo (7
R
and

() ds = op(1), ®)

s - %X, !
n/R w S, —w(s)

where op(1) denotes convergence to 0 in probability as n — oo. A test based on G,(f)

or G,(lz) rejects Hy for large values of the statistic. For the implementation of our tests,
we need to specify the weight function w. To that end, we use the density function of
a centred normal distribution

2
e 2,

we(t) = >
wa

where the variance is chosen to be some tuning parameter a > 0. We prove in Lemma 2
of “Appendix A” that w, satisfies the above conditions. Note that this type of weight
has also been employed by Henze and Zirkler (1990). For this explicit function, our
statistics have the expressions
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G _ 2 { (
n,a n
1<j<k<n

o
+— exp( <’<>)
1{(_ (20) (v +@-2v7 +1)
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() )

1)) (072, = g, = D +a¥iy V)
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YY) + Y + Ym)}

M=§

1
+ -
n

Q o~
I

+

and

Gyl = % > {Y(j)Y(k) [(Yc/)Y(k) +a) (1 - (%)) - aY(.nwa(Y(k))]}

1<j<k<n
+ S (07 010 () - vt

—2Y; |:Yj / D(t) wa(t)dt —a®(Yj) wa(Y})
Y

J

s (o ()]

+ nf D (1) w, (1) dt, (10)
R

where Y1, ..., Y, is shorthand for the normalized sample Y,, 1, ..., Y, , and Y(1) <

- < Y(») is the ordered sample. Those expressions make the statistics amenable to
computations and, with critical values like those given in Sect. 6, the tests can be
implemented immediately for any fixed a > 0.

The tuning parameter a determines the decay of the weight function. For tests based
on the Laplace or the Fourier transform, the properties that those transformations reflect
on the underlying distribution often give a good heuristic for which values of the tuning
parameter lead to a high power of the test (see Baringhaus et al. 2000 for examples and
explanations). Since the zero-bias transformation is known to preserve many properties
of the original distribution, we expect that, at least for our first statistic, the tuning
parameter will have little influence on the power for most alternative distributions.
Indeed, we will observe that both tests are very stable in this regard. Nevertheless,
for some (symmetric) alternative distributions the choice of the tuning parameter is
crucial; therefore, we additionally implement our test with an adaptive, data-dependent
choice as proposed by Allison and Santana (2015). Particularly interesting is the case
a \ 0. Here, Baringhaus et al. (2000) have shown that, after suitable rescaling, this
limit can be obtained explicitly for many test statistics by using an Abelian theorem for
the Laplace transform. (Note that due to different parametrization they let a — ©0.)
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For our statistics, we have

2 2
n n
2n 1imOG§,{; = Z(Yj? - DI{y; <0} | + Z(Y} —DI{Y; <0}| (1D
&N =1 =1
and
2 2
n " 2 n " 2
o [Z_ . n_ .
2nah\r‘n Gow= |3 ]Z_;Yj 1y; <01) + |3 JZ_;Y]- y; <0y | , (12

that is, in the limit a \{ O, G,(fa and G,(fa reject the normality hypothesis for large
values of the respective limits in (11) and (12). A proof of those limit relations is
given in “Appendix C”. If the underlying distribution of X is continuous, the indicator
functions in the above limits are equal almost surely, and the terms can be simplified.
A related question is the limit for @ — oo. Starting from (9), direct but tedious
calculations, mostly involving L"Hospital’s rule, give

1
1 2 2 4 2 y3
Vamn lim VaGll) = E {2Y(j)Y(k)—Y(j)Y(k)+§Y(j)Y(k)_Y(j)Y(k)}

1<j<k<n
+Z{ Y IV - (f—l)Y<i>}

We omit the calculations as they provide no further insight. It remains open if a similar

limit exists for the second statistic G(z)

Having discussed the framework for the implementation of our tests, it remains to
introduce the setting for our theoretical studies. Namely, to develop the asymptotic
theory, we let B be the Borel-o-field of R and Ll the Lebesgue measure on R, and
consider the Hilbert space

H=L*R, B, wdL")
of measurable, square-integrable functions f : R — R. Notice that the functions fig-

uring within the integral in the definition of G ,(11) and G’(12) are (A ® B, B)-measurable
and random elements of H. We denote by

12
||f||H=</R|f(t)|2w(t)dt> , <f,g>H=fRf(t)g(t)w(t)dt

the usual norm as well as the usual inner product in H. Furthermore, we write U4, (s) ~
V, (s) whenever

1Un = Vallyg = op(1).
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Here, U, and V), are random elements of our Hilbert space. For the approximations
associated with this notation, Lemma 3 stated in “Appendix A” will be essential. We
have also deferred some asymptotic expansions to “Appendix B” so it is easier to grasp
the main ideas of the proofs. In the following, we denote convergence in distribution

by g and write Op(1) for boundedness in probability.

3 The limit null distributions

Our first results for the statistics concern the study of their behaviour under the hypoth-
esis. In particular, we derive the limit distributions for n — oo when the normality
hypothesis (1) holds. Therefore, we assume in this section that X, X1, X», ... are iid.
random variables with PX = A/ (0, 1). By ¢, we denote the density function of the
standard normal law.

Theorem 2 There exists a centred Gaussian element W' of H with covariance kernel

KP(s,0) = 26 +1) = (st +3) A+ +DAD> = (s AD)p(s A D)
+ (st +3)(P(s A1) — P(HDP()) + (1 — 28) ()P (s)

+ (5 — 20p(s)P (1) — S—;ws)som —4p()p(n), s.1 R,

where s At = min{s, t}, such that
@ D, |wol?
G, —>”W HH’ as n — oo.

Proof Note that a simple change of variable in the integral gives

1 -X
G,(f’=—f|ﬁvn<s>|2w ——" s, (13)
S, Jr Sn
where
- - X,
Un(s)=F,f((S)—@<s )
Sy
and
~x 1 & Xj— X,
F! (S):;;S—Y%(XJ_S)]I{X'/SSL s e R.

The idea of the proof is to show that U,, converges weakly to the Gaussian element of
‘H stated in the theorem and to use Lemma 3 from “Appendix A” to replace the shifted
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weight function in the integral above by w(s). Indeed, with (26) from Lemmata 4 and
5 we have

1 1 < _
V1 Uy(s) ~a Jn - D OXi(X;—9)LUX; <5} = X, E[(X — 9)L{X < s}]
n j:1

1 fo D(s) — Suo(s) (1= S,) -5 —Xp)
n

j=1
Since
1 1 )
=5y =—=3" 5 (1-x}) +oz(D.
nj:1
we obtain
Vi Uy (s) ! 1Xn:W() (14)
n SR — — i(s),
! 52 Vn 4 !
where

Wils) =X;(Xj —s)I{X; <s}+ X;(p(s) +5P(s))
— X2 0(s) - (% (1-X%) s - Xj) 0 (s).
Notice that W, ..., W, are iid. random elements of H with EW; = 0 (as FX = @
under Hy, cf. Theorem 1) and E || W, II%1 < 00. The central limit theorem for separable

Hilbert spaces, see Corollary 10.9 in Ledoux and Talagrand (2011), provides the
existence of a centred Gaussian element W® e H with

1 D
— Y W) = W),

By (14), |/n U, ”H = Op(1l) and Lemma 4 implies sup . p |Un(s)| < 2 P-almost
surely (a.s.) for each n € N. Thus, with Lemma 3, (13) reads as

G = |Va U3, + op(D).

The continuous mapping theorem and Slutsky’s lemma imply
@ 2, ol
o = [wel,.
H

@ Springer



114 S. Betsch, B. Ebner

Since the function K defined in the statement of the theorem satisfies K (s, 1) =
E[W; (s) Wy (2)], it is the covariance kernel of W@ and we are done. m]

For Gf,l), the limit distribution under the hypothesis can be obtained in a similar
manner. Starting with

2

—~ 1< s — X,
Gm:i/ X6 — L3 q1x, < " ds. 15
¢ A () ”; {X;<s}| o 5, s (15)

n

the reasoning closely parallels that of the proof of Theorem 2.

Corollary 1 There exists a centred Gaussian element W'V of H with covariance kernel

KOG, 0=+ —6t+DEAD+ G+ AN = (5 AD)ps AD)
+ (st +2)(DP(s A1) — D()P(1)) — sP(s)p(t) — 1P (1)p(s)
—o()e@), s,teR,

such that

D 2
Gfll) — HW(I)HH, as n — oo.

Remark The distribution of HWU‘) H; k = 1, 2, that is, the limit distribution of Gflk)
under the hypothesis, is that of Z;’il kj.k) NJZ. Here, N1, N, ... are independent stan-

dard Gaussian random variables and )\ik), kgk), ... are the nonzero eigenvalues of the
operator

H—>H, f[r— / K®C 1) F@) w@)dr,
R

k = 1, 2. Considering the complexity of X©), it does not seem possible to determine
A(/.k) explicitly. Thus, in practice, critical values are obtained by simulation rather than
by using asymptotic results. An alternative approach to gain theoretically justified
(approximate) critical values is to calculate the first four moments of the limit null
distribution and fit a representative of the Pearson- or Johnson-family of distributions
to those moments (see Henze 1990 for an example). Since we do not face any compli-
cations in computing the critical values, we will only pursue the empirical approach.

4 Contiguous alternatives
Adjusting the argumentation of Henze and Wagner (1997), we will derive non-

degenerate limit distributions for our statistics under contiguous alternatives converg-
ing to the normal distribution at rate n~ /2. To this end, we introduce a triangular array
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of row-wise iid. random variables X, 1, ..., X, », n € N, with Lebesgue density
P =@ - (14 d=cw), xeR.
Here, ¢ : R — R is a measurable, bounded function satisfying
/ c(x)p(x)dx = 0.
R

Notice that, by the boundedness of ¢, we may assume 7 to be large enough to ensure
pn > 0. We set

i =@Q@LY), v =Q(paL")
j=1 j=1

which are measures on (R”, B"), where B”" is the Borel-o-field of R". Apparently, v,
is absolutely contlnuous with respect to u,, and we can look upon the Radon—-Nikodym
derivative L, = du . By a Taylor expansion,

" 1
108 (LuXnts oo Xu)) = 3 o (1+— (Xn_-)>
g ( 1 ) ,Z_; g 7 X

= Z( c(Xp,j)— c(Xn ) )+0p(1)

whenever (X, 1, ..., Xu, ) has distribution w,. (Note that in this case the triangu-
lar array essentially reduces to a sequence of iid. random variables with density ¢.)
Therefore, viewing L, as a random element (R", B", u,) — (R, B), the central limit
theorem and the law of large numbers give

D 2
log (L) —2 (—’—, rz>,

where

2 = / c()c)2 @(x)dx
R

DLn . . . .
and —> denotes convergence in distribution under p,. By LeCam’s first Lemma
(see, for instance, Héjek et al. 1999, p. 253, Corollary 1), v, is contiguous to i,.
Interpreting U, from the proof of Theorem 2 as U, : R" — H, we have shown that

GP = |v/n U, “3_1 + 04, (1) and (14) reads as

H\/;Un - Wy H?{, = oy, (1),
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where W (s) = ﬁ 37— Waj(s) and

Wi j(8) = Xp j(Xnj = )Xy j < s} + (X j s — X7 ;) D(s)

+ (ZX,,,.,‘ ~la-x2) ~s> o (s).
Thus, by contiguity, Hﬁ U, —W; H?_[ = 0y, (1) and, in particular,
GY = | W3, + 0w, (D). (16)
Defining
nx,s) =x(x —s)I{x <s}+ (x -8 —x2> D(s) + (2x - %(1 - x2) ~s) o(s),
we have, under w,,,

Cov (W1 (5, e(Xn1) = /R n(x. ) () p(x) dx = ¢(s),

with ¢ € H. Consequently, forany k € N, v € R* and S1, ..., 5t € R, the multivariate
central limit theorem, the law of large numbers and Slutsky’s lemma imply

Li 0 W 1) ot u W0\ (0,
N = c(Xp,j) — NG c(Xn,j) _ﬁg
DMn UTEU "UT;](
—5 N (0, ( CkTv 7:2))'

Here, % = (’C(z) (si, sj))lsi,jfk’
Theorem 2, and {x = (((sl), e, {(sk))T. Therefore,

v Wr(s)) + -+ WiGsk) ) Dua 0 v Zv v g
( log(L,) ) N2 <<—§> ’ ( {k—'—v 72

and LeCam’s third Lemma (see Hajek et al. 1999, p. 259, Lemma 2) implies

with K@ the covariance kernel of W® from

D, fidi
—

Wy W@ +¢, A7)

Doy, ridi o . o
where ——=> denotes convergence of the finite-dimensional distributions (under

D
V). In the proof of Theorem 2, we have shown that W) — W which entails
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the tightness of {W,* |n € N} under w,. As {W,’ |n € N} remains tight under v, by
contiguity, (17) yields

D,
w5 W 4,

Combining this with (16), we have shown the following theorem.

Theorem 3 Under the triangular array X, 1, ..., Xn.n with PXnt = p, L', we have
@ D2, hwo o |
G,” — HW +§HH.

Since Corollary 1 is obtained with the same line of proof used in Theorem 2, we
can likewise conclude

~I12
Gt 2w +3|
H
where E(s) = f?f(s, x)c(x) ¢(x)dx and

(s, x) = (x(x —5) — 1)]1{x <s}+ (1 +x-5— x2) D(s) + xp(s).

From these statements, we discern that tests based on any of our statistics are able
to detect contiguous alternatives which converge, at rate n~1/2 1o the class of normal
distributions. For further insights on contiguity, we refer to Roussas (1972) and Sen
(1981).

5 Consistency and limit distributions under fixed alternatives

The major goal of this section is to establish that our test procedures can detect any
fixed alternative satisfying a weak moment condition. For some of those distributions,
we can even extend the consistency results and derive weak limits of our statistics.

We return to the nonparametric setting of Sect. 2 and let X, X1, X2, ... be iid.
random variables with distribution function F and E[X?2] < co. Further, we assume
EX =0and V(X) = 1.

Theorem 4 Asn — oo, we have

G X 2 X 2 M
N (F (s) — F(s)) w(s)ds = HF — FH —A
n R H
and

@

G 2 2
BN / (Fx(s) _ CD(S)) w(s)ds = HFX _ @H = A®,
n R H

where each convergence is in probability.
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Proof We denote by fn the empirical distribution function of Xy, ..., X,,. By the
classical Glivenko—Cantelli theorem and (25) from Lemma 4,

~ ~ |2
BX =R —a®
H

n

< 4| sup
seR

FX(s) — FX(S)‘ + sup
seR

ﬁn(s)—F(s)Dwa(s)ds

— 0

P-a.s.,asn — oco. Rewriting G 5,1) asin (15) and applying the second part of Lemma 3,
we have

(D
G, ‘ ~y = |?
=|F; — F 1).
0 n n H +op(1)
The proof of the second claim is almost identical. O

We recall that a level-a-test based on Gf,k), k = 1,2, rejects the hypothesis if

Gf,k) > cf,k), where cf,k) is the (1 — «)-quantile of the distribution of G,(qk) under Hy.

Theorem 2 (and Corollary 1) ensures that sup, ¥ < o0. Now, by Theorem 1,
the limits A(D and A® figuring in Theorem 4 are positive if X has a non-normal

distribution. Consequently,

P (Gﬁ,k) > c,(lk)) >P (n_lelk) >n~! sup c,(lk)> — 1,
neN

as n — oo, and a level-a-test based on G,(ll) or G,?) is consistent against each alter-
native with existing second moment.

The following theorem concerns the limit distributions of our statistics under fixed
alternatives.

Theorem 5 Let X, X1, X», ... beiid., non-normal random variables with distribution
function F and EX* < oo. Assume that X has a continuously differentiable density
Sfunction p satisfying sup, g |p(s)| < K1 < 00 and sup,cr |p'(s)| < K2 < 0.
W.lo.g, EX =0and V(X) = 1. Then, as n — o0,

Gy’ D
a2 —am) B, /\/(0, 1(21)), (18)

n

where
7 = 4/ / ¢Ws, 1) (Fx(s) - F(s)) (Fx(t) - F(t)) w(s) () ds dt
RJR
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with
¢Ws, ) =E[cV(s)cP®)], s,teR,
and

CV(s) =(X(X =) = DNI{X < s} = X*FX(s) + (1 + X - 5)F(s)
— (30 =X 5= X) p@) + (2X = 51 = X?) -5) d¥ (), seR

Proof Setting

Vo(s) = FX(s) lin{x«} px (=X T F s = X eR
n\§) = I, (s n j=S 5 S, , S s

j=1 "

a change of variable in both integrals and an integral decomposition, as used by
Chapman (1958), gives

)
ﬁ<G’: _A(1)> :Si{z/ ﬁVn(S)~[FX®_F®]w®dS
n R

+%fR|ﬁVn(s>|2w(s“>ds},

wheres = (s—X,)/S,. Under the assumption || SV, HH = Op(1), Holder’s inequal-
ity, Lebesgue’s theorem and Slutsky’s lemma give

'/R\/ﬁv,,(s) [FYG) - FO® | o ds = (Vav, FX - F)H‘

IA

1/2
1V Vi, (/ IFXG) — F¥(s) + F(s) - F(E')|2a)(s)ds)
R
= op(1).
Here, we used that both F¥X and F are continuous distribution functions. Using that

SUpPs ¢ R |Vn (s)| < 4 P-a.s. for each n € N (note that an is a distribution function as
well by Lemma 4), Lemma 3 from “Appendix A” yields

G, 1
Vn (— - A‘“) =2(VnV,, FX = F)y, + N [Va Va3, +op(D). (19)

n
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To verify the above assumption, we show that /7 V,, converges in distribution in H.
In this regard, (26) and Lemma 5 imply

fvn(s)~£ ZX (X — )X, <5} — X, E[(X —)1{X < s}]

n ] 1

—s? Zn{x <s}—F(s) ——ZX2FX()

] 1

=85 (1= 85 = %) (4¥6) = p(s))
By the classical Glivenko—Cantelli theorem and /1 (S,% — 1) = Op(1),

1 ¢ 1 &
VS| =D X <sh = F(s) wﬁj;(n{xjgs}_m)).

j=1

Together with the expansion /n (1 — S,) = n~/? Z 1 51— X2) +op(1), we have

Vi Va(s) ~ Zz (5), (20)

where
Zi(s) =X;(X; —s)UX; <s}+ X (dx(s) +sF(s)) — XJZ. FX(s)

— X, < s}+ F(s) — (%(1 — X} s - Xj) (dX(s) - p(s)) .

Since Z1, ..., Z, areiid. random elements of H with[EZ| = Qaswell asE || Z; ||%{ <
00, the central limit theorem for separable Hilbert spaces implies

1 < D
— ) Zj() — Z(),

HH is bounded in

robabilit , an olds. € continuous mapping theorem an utsky’s
probability by (20), and (19) holds. Th: i pping th. d Slutsky’
Lemma imply
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Denoting the covariance kernel of Z by
eWs, ) =E[Z(s) 2],

the limiting random variable 2 <Z , FX—F >H has the normal distribution A/ (0, r(zl)),
where

), =4E[(2, F¥ - F)} |
— 4/ / ¢Ws. 1) (Fx(s) _ F(s)) (Fx(t) _ F(t)) w(s) (1) ds dt.
RJR

]

Applying the reasoning of Theorem 5 to G,(qz), @ will drop out when considering
the decomposition of the integrals. Proceeding with the remaining terms exactly as
before, we obtain an analogous statement for the second statistic under slightly weaker
conditions.

Corollary 2 Let X, X1, X2, ... be iid., non-normal random variables with distribution

function F, Lebesgue density p and EX* < co. Further, assume Sups cg 1P(s)| < 00
and EX =0, V(X) = 1. Then, as n — o0,

GP D
S22 —a2) B N(o, 1(22)) : Q1)
where
w3, = 4f / ¢, 1) (Fx(s) - ¢(s)) (Fx(t) - <1‘J(t)> w(s) o) ds dt
RJR
with
¢, 1) =E[CP(s)CP(0)], 5.1 eR,
and
CO) =XX —)UX <s}— X>FX(s)+ X - sF(s)
+ (2X —la—x? -s) dX(s), seR.
Remark Note that for Theorem 5, we redeployed a line of proof put forward by Bar-
inghaus et al. (2017). The asymptotic normality also qualifies our statistics for the
applications they propose (see also Baringhaus and Henze 2017).
First, we fix o € (0, 1) and denote by g4 = o1 - «/2) the (1 — «/2)-quantile
of the standard normal distribution. Letting

~2 ey
Ty = Loy (X1s oo Xn)
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be a (weakly) consistent estimator of rzk), k =1, 2, figuring in Theorem 5 and Corol-
lary 2, respectively, (18) and (21) immediately indicate that

(k) = (k) =
G T G T
In — |: n__ Go T(k),n n + qa (k),n:| (22)

n Jnooon Jn

is an asymptotic confidence interval for A® = A®(F) at level 1 — . Here, F
satisfies the assumptions of Theorem 5 (or Corollary 2). As was briefly explained
in the introduction, one objective of Stein’s method for the normal distribution is to
assess how close a given distribution is to being normal. Thus, seeing AV (F) and
AD(F) as "measures’ of how far F differs from the standard normal distribution, we
also developed a procedure for empirical assessments of this kind.

Second, we emphasize that our statistics can be employed for inverse testing prob-
lems. Namely, if Ag > 0 is a given distance of tolerance, tests that reject Hx, if

(k) o~
Gn T(yn 1
<Ap— 2o (1 -«
n 0 ﬁ ( )

are asymptotic level-a-tests for the problem
Hp, : A(k)(F) > Ap against K 5 : A(k)(F) < Ag.

These tests are consistent against each alternative and aim at validating a whole non-
parametric neighbourhood of the hypothesized, underlying normality. Unfortunately,
the direct approach to obtain estimators for r(zk) does not lead to feasible results.

Finally, we suppose {c,(,k)} C (0, oo) is the sequence of critical values for a level-o-
test based on G ﬁ,k), k = 1, 2. For an alternative distribution F satisfying the relevant
prerequisites of Theorem 5 or Corollary 2, we can approximate the power of the test
against this alternative by

(k) (k)
Br (0> ) =y (ﬂ {_Gn . Am} L {CL . Aw})

T(k) n T(k) n

(k)
SRR BV AN A (23)
‘L'(k) n

Note that this last application does (in theory) not need an estimator of r(zk). Instead,
r(zk) and A® have to be calculated for the particular fixed alternative.

6 Empirical results

In this section, we investigate the behaviour of our two statistics given through the
explicit formulas (9) and (10). It is organized as follows: First, we compare the two
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Table 1 Empirical 0.95

quantiles for GS}, under Hy

(100,000 replications) 20 1.027 0.891 0.754 0.609 0.525 0.469 0.396
50 1.066 0.928 0.789 0.642 0.555 0.497 0.421

100 1.062 0.927 0.791 0.643 0.558 0.499 0.423

n\a 0.1 0.25 0.5 1 1.5 2 3

Table2 Empirical 0.95

@) m\a 0.1 025 05 1 15 2 3
quantiles for G, ; under Hy
(100,000 replications) 20 0.391 0380 0.357 0315 0.284 0.261 0.227

50 0.420 0408 0384 0342 0309 0.284 0.247
100 0.424 0413 0389 0347 0315 0.290 0.253

tests over a range of possible tuning parameters and alternative distributions. Based on
these results, we choose our final procedure and describe its implementation. Then,
a brief summary of the competing tests for an empirical power study is given. We
display the performance of our test in comparison with the established tests in a finite-
sample power study. Finally, we add results for the applications from the last section
(as described in the Remark) for three alternative distributions. The simulations are
performed using the statistical computing environment R, see R Core Team (2017).
Notice that there are several comparative simulation studies for testing normality in
the literature, as witnessed by Baringhaus et al. (1989), Farrell and Rogers-Stewart
(2006), Landry and Lepage (1992), Pearson et al. (1977), Romaio et al. (2010), Shapiro
et al. (1968), Yap and Sim (2011) and others.

Since we consider two new families of tests both depending on the choice of the
tuning parameter a, we will calculate the finite-sample power for a range of different
parameters. In each simulation, we consider the sample sizes n = 20, n = 50 and
n = 100, and fix the nominal level of significance « to 0.05. To implement the tests
for any of the (fixed) values @ € {0.1,0.25,0.5, 1, 1.5, 2, 3}, we calculate the critical
values by a Monte Carlo simulation with 100,000 repetitions. These critical values for
G,(jfzz, k = 1, 2, can be found in Tables 1 and 2 and are taken from there throughout
the simulations.

We choose the alternative distributions to fit the extensive power study of normality
tests by Romao et al. (2010), in order to ease the comparison to other tests. Namely,
we choose as symmetric distributions the Student t,-distribution with v € {3, 5, 10}
degrees of freedom, as well as the uniform distribution &/ (—\/§ , ﬁ)_ The asym-
metric distributions are the Xf-distribution with v € {5, 15} degrees of freedom, the
Beta distributions B(1, 4) and B(2, 5), the Gamma distributions I"(1, 5) and I"(5, 1)
parametrized by their shape and rate parameter, the Gumbel distribution Gum(1, 2)
with location parameter 1 and scale parameter 2, the lognormal distribution LN(0, 1)
as well as the Weibull distribution W (1, 0.5) with scale parameter 1 and shape param-
eter 0.5. As representatives of bimodal distributions, we take the mixture of normal
distributions Mix\ (p, 1, 02), where the random variables are generated by

A=p)N@O, D) +pNu, o2, pe© 1), pneR, o>0.
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Each entry in Table 3 referring to the finite-sample power of the tests is based on 10,000
replications. From the results in this table, we infer that for asymmetric alternative
distributions our tests perform almost identical and are extremely stable over the range
of tuning parameters. For the symmetric and bimodal alternatives however, the choice
of a can have considerable influence on the power of the test. Moreover, with particular
focus on the uniform distribution and the normal mixtures, the test based on G 5,121 shows
a significantly better performance than Gf,zz

Taking this superiority of G,(ll,zl, and the fact that the choice of tuning parameter
influences the power, into account, we propose as a final procedure a test based on
Gf,lzl calculated by (9) with a data-dependent choice of the tuning parameter a. To
implement the latter, we use the algorithm from Allison and Santana (2015), which
has already been applied in the recent simulation study by Allison et al. (2017) for
tests of exponentiality. Given the standardized sample Y7, ..., Y, as in Sect. 2, our
test is carried out as follows:

(a) Fix a grid of possible tuning parameters a € {ai,...,ae} (here: a €
{0.1,0.25,0.5, 1, 1.5, 2, 3}).
(b) Sample from Y7, ..., Y, withreplacement and, for the obtained bootstrap sample,

caleulate G}, i = 1,..., £, via (9).
(c) Repeat step (b) B times (here: B = 400) and denote the resulting values of the

statistic by G’fya’_, e, GE,a,-’ i=1,..., ¢

(d) Calculate the bootstrap powers by Iga,. = B! Zle ]l{GZ,a,- > Cpg (@)}, 1 =
I,..., £, where ¢, 4 () is the critical value for a level-a-test based on Gfll,z,l. (for
the Monte Carlo approximations, see Table 1).

(e) Choose as the tuning parameter @ = arg max{P,|a € {ai, - - - , a¢}} and apply the
test based on G;l)a toYy,...,Y,.

We consider the following competitors to this test. As classical and well-known
tests, we include the Shapiro—Wilk test (SW), see Shapiro and Wilk (1965), the
Shapiro—Francia test (SF), see Shapiro and Francia (1972), and the Anderson—Darling
test (AD), see Anderson and Darling (1952). For the implementation of these tests
in R, we refer to the package nortest by Gross and Ligges (2015). Tests based on
the empirical characteristic function are represented by the Baringhaus—Henze—Epps—
Pulley test (BHEP), see Baringhaus and Henze (1988), Epps and Pulley (1983). The
BHEP test with tuning parameter 8 > 0 is based on

1 « 2
BHEP =~ ) exp (—% (v; — Yk)2>

Jjk=1

2 - B2 2) n
-— SR £ E e a—
f1+ﬂ2;exp< 20+ 60 )T T 2P

where Y71, ..., Y, is the standardized sample. We fix 8 = 1 and take the critical values
from Henze (1990) but also restate them in Table 4.
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Table 3 Empirical rejection rates for Gsl]fz,, k=1,2 (a« = 0.05, 10,000 replications)

Al iy Gl
n\a 0.1 02505 1 1.5 2 3 0.1 02505 1 1.5 2 3

N(©, 1) 2 5 5 5 5 5 5 5 5 5 5 5 5 5 5
0 5 5 5 5 5 5 5 5 5 5 5 5 5 5
o s 5 5 5 5 5 5 5 5 5 5 5 5 5
MixN'(0.3,1,0.25) 20 25 25 24 24 23 23 23 22 22 21 20 20 19 19
50 56 57 57 56 56 55 55 50 50 49 48 47 46 46
100 8 87 87 87 8 8 8 8 8 79 78 77 11 76
MixN (0.5, 1, 4) 20 34 35 35 36 37 37 37 32 32 33 33 33 33 34
50 52 56 60 63 64 64 65 42 43 44 46 47 48 49
100 75 84 89 91 92 92 92 55 57 60 66 68 70 71

50 41 46 50 54 56 57 58 44 45 47 50 52 53 54
100 54 63 70 76 78 79 81 53 56 61 67 70 72 74

50 22 25 27 29 31 31 32 20 206 27 29 30 31 31
100 27 31 36 41 43 44 46 30 31 34 37 39 41 42
10 20 9 9 10 10 10 10 10 10 10 10 10 11 11 11
50 11 11 12 13 14 15 15 13 13 13 14 15 15 16
100 11 12 14 16 17 17 18 14 14 15 16 17 17 18

U(—/3,/3) 20 4 4 1 1 1
50 3 111
100 5 10 19 32 38 41 45 2 2 3 3 3 3 3
x2 20 44 45 45 45 A4 44 44 45 45 44 44 43 43 43

50 84 86 87 87 87 87 & 8 8 8 8 87 87 87
100 99 99 99 99 99 99 99 99 99 99 99 99 99 99
X125 20 18 18 19 19 19 19 19 19 19 19 19 19 19 19
50 44 45 46 46 46 46 46 47 47 47 47 46 46 46
100 74 76 77 78 78 78 78 78 I8 79 I8 78 I8 78
B(1,4) 20 49 51 51 51 51 50 50 49 49 49 48 47 47 46
50 90 93 94 94 94 94 94 92 92 92 92 92 92 92
100 100 100 100 100 100 100 100 100 100 100 100 100 100 100
B(2,5) 20 15 16 15 15 15 15 15 15 15 15 15 14 14 14
50 40 42 43 44 44 43 43 42 42 42 42 41 41 41
100 73 77 79 80 81 81 8 76 77 78 78 78 78 78
I'(,s) 20 76 78 78 78 78 78 78 77 77 76 76 15 15 74
50 99 100 100 100 100 100 100 99 99 100 100 100 100 99
100 100 100 100 100 100 100 100 100 100 100 100 100 100 100
e, 20 25 25 25 25 25 25 25 26 26 26 25 25 25 25
50 58 60 61 61 61 61 61 62 62 62 62 62 61 61
100 8 90 9 91 91 91 91 91 91 91 91 91 91 091

@ Springer



126 S. Betsch, B. Ebner

Table 3 continued

1 2
Alt. o 2
n\a 0.1 025 05 1 1.5 2 3 0.1 025 05 1 1.5 2 3

w(,05 20 76 78 78 78 18 78 18 77 71 77 76 15 15 U5
50 99 100 100 100 100 100 100 99 99 100 100 99 99 99
100 100 100 100 100 100 100 100 100 100 100 100 100 100 100
Gum(1,2) 20 32 33 33 33 33 33 33 34 34 34 33 33 33 33
so 70 70 72 72 72 72 72 73 73 73 72 72 72 72
100 94 95 95 95 9 96 9 9% 96 96 96 96 96 96
LN(O, 1) 20 9 91 91 91 91 91 91 9 90 90 90 90 8 89
50 100 100 100 100 100 100 100 100 100 100 100 100 100 100
100 100 100 100 100 100 100 100 100 100 100 100 100 100 100

Furthermore, we include the quantile correlation test of del Barrio—Cuesta—
Albertos—Matran—Rodriguez—Rodriguez (BCMR) based on the L?-Wasserstein dis-
tance, see del Barrio et al. (1999) and Sect. 3.3 of del Barrio et al. (2000). The BCMR
statistic is given by

n k 2 n
1 no Eny t(1—1)
BCMR=n|1—- = X(k)/ D 1(t)dt) —/ —dt,
Si (g G #i (e(@'0)’

n n+1

where X ) is the k-th order statistic of X1, ..., X,, S,2Z is the sample variance and
@~ ! is the quantile function of the standard normal distribution. Simulated critical
values be found in the work of Krauczi (2009), or in Table 4.

The Henze—Jiménez-Gamero test (HJG), see Henze and Jiménez-Gamero (2018),
uses a weighted L2-distance between the empirical moment-generating function of
the standardized sample and the moment-generating function of the standard normal
distribution. The test is based on

_ 'y (Yj+Yk>2>_ 2 v
HIGg = nTB j;l exp< 15 =172 ;GXP <4ﬂ —

n

p—1

+

with B > 2. We consider the tuning parameters 8 € {2.5, 5, 10}. Since Henze and
Jiménez-Gamero (2018) did not simulate critical values in the univariate case, the
empirical critical values can be found in Table 4. This test was proposed recently, so
it is not yet included in any other power study. All of the simulated critical values
displayed in Table 4 have been confirmed in a simulation with 100,000 replications
(compare to Henze 1990; Krauczi 2009).

In Table 5, we display the results of the competitive simulation study, where our
test based on the steps (a)—(e) (with bootstrap size B = 400 and values for a as
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Table 4 Empirical 0.95 quantiles for BCMR, BHEP and HIGg under Hy (100,000 replications)
n\Test BCMR BHEP HIG; 5 HIGs; HIGg
20 0.31 0.368 0.1503 0.2568 0.3258
50 0.30 0.374 6.349¢—3 8.568¢—3 9.556e—3
100 0.29 0.376 4.001e—4 4.988¢—4 5.369e—4
Table 5 Empirical rejection rates for competing procedures (o = 0.05, 10,000 replications)
Alt. n BE; SW BCMR BHEP AD SF HIGy,s5 HIGs HIG
N(©, 1) 20 5 5 5 5 5 5 5 5
50 5 5 5 5 5 5 5 5
100 5 5 5 5 5 5 5 5
MixN(0.3,1,0.25) 20 23 28 28 27 30 25 11 13 14
50 54 60 60 62 68 57 16 26 32
100 85 89 89 90 94 88 28 49 58
MixN(0.5, 1,4) 20 36 40 43 42 46 48 34 33 33
50 64 78 80 80 86 83 49 49 46
100 92 97 98 98 99 98 69 68 61
13 20 34 35 37 34 33 40 38 37 36
50 57 64 65 61 60 69 o4 62 59
100 81 88 89 86 8 91 86 84 78
ts 20 20 19 20 18 17 22 22 22 21
50 31 35 37 32 31 41 40 38 36
100 46 56 58 50 48 63 59 55 50
110 20 11 10 11 9 9 12 12 12 12
50 14 16 17 13 12 20 20 19 18
100 19 22 24 16 15 28 28 26 23
U(—+/3,/3) 20 3 21 17 13 17 8 0 0 0
50 8 75 70 55 58 47 0 0 0
100 45 100 99 95 95 97 0 0 0
X 52 20 44 4 4 42 38 42 33 36 39
50 87 89 88 84 80 8 65 76 80
100 100 100 100 99 99 100 91 98 99
xis 20 19 18 18 17 16 18 16 17 18
50 45 42 42 39 33 40 32 38 41
100 77 75 74 68 61 71 54 68 73
B(1,4) 20 50 59 58 52 51 53 28 34 38
50 94 98 98 94 95 97 57 76 83
100 100 100 100 100 100 100 89 99 100
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Table 5 continued

Al n BE; SW BCMR BHEP AD SF  HIG,s HIGs HIGj
B(2,5) 20 15 16 16 16 4 14 9 11 12
50 43 50 47 45 39 40 16 25 30
100 81 90 89 80 76 82 29 54 64
ra,s) 20 77 83 83 77 77 80 57 63 67
50 100 100 100 100 100 100 91 97 98
100 100 100 100 100 100 100 100 100 100
r'e, 20 25 24 24 23 20 24 20 22 23
50 61 59 59 55 49 56 42 51 55
100 91 90 90 85 81 88 69 83 87
W(1,0.5) 20 100 84 83 78 77 80 58 64 67
50 100 100 100 100 100 100 91 97 98
100 100 100 100 100 100 100 100 100 100
Gum(1,2) 20 34 31 32 31 28 32 28 30 31
50 72 69 69 66 60 67 55 64 67
100 96 94 94 91 89 93 83 92 94
LN(0, 1) 20 91 93 93 91 90 91 78 83 85
50 100 100 100 100 100 100 99 100 100
100 100 100 100 100 100 100 100 100 100

before) is denoted by BE;. Each entry is based on 10,000 Monte Carlo replications,
and the best-performing test for each distribution and sample size is highlighted for
easy reference.

Starting with the symmetric distributions, we see that the SF and SW tests perform
best for these models. Interestingly, the HIGg test has the highest power against
Students #1¢-distribution but completely fails to detect the uniform alternative. The
finite-sample power of our new test for the #,-distributions is comparable to the BHEP
test, but the uniform distribution seems to be a weak spot. Bimodal distributions are
best detected by the AD test. The performance of the SW, BCMR, BHEP and SF
tests is comparable, while the new BE; procedure has a slightly weaker power and
the HJGg test is clearly inferior for those distributions. Considering the asymmetric
alternatives, our new procedure shows its potential by dominating all other procedures
for the x -, the Gamma as well as the Gumbel distributions. All procedures do a good
job in rejecting the Weibull and the lognormal alternatives.

To conclude the simulation study, we investigate the confidence interval (22)
and the power approximation in (23) for the fixed tuning parameter a = 1.
As an example, we examine three alternatives also partially considered by Bar-

inghaus et al. (2017), namely the uniform distribution U/ (—\/5, ﬁ) and the
Laplace distribution L (O, 1/ﬁ> with density p(x) = exp (-ﬁm), x €
R, as well as the Logistic distribution Lo (O, ﬁ/n) with density p(x) =

@ Springer



Testing normality via a distributional fixed point... 129

Table 6 Empirical power and approximation (23) against three alternatives

u (—ﬁ, ﬁ) L (o, 1/ﬁ) Lo (0, ﬁ/n)
(0] @ (0] @ M @
Gn 1 Gn 1 Gn.l Gn 1 Gn 1 Gn 1
n MC Apr MC Apr MC Apr MC Apr MC Apr MC Apr
20 3 0 2 0 25 6 25 0 12 0 13 0
50 7 0 2 0 40 27 34 10 16 0 16
100 32 10 3 0 62 53 44 57 21 0 20

2
T exp (—nx/«/?) /3 (1 + exp (—nx/«/?)) , x € R. Notice that these alterna-
tives are standardized. The values of A®) are 0.004167 (k = 1) and 0.000985 (k = 2)
for U (—ﬁ, ﬁ), 0.005225 (k = 1) and 0.001367 (k = 2) for L (o, 1 /ﬂ), and

0.000819 (k = 1) and 0.000241 (k = 2) for Lo (0, ﬂ/n).

Note that the uniform and the Laplace distribution do not satisty the differentiability
condition of Theorem 5, but since they do satisfy all conditions of Corollary 2, we
include simulations for G(l)1 in those cases as well. The results in Tables 6 and 7

however, when compared to the Logistic distribution or the second statistic G( | where
all requirements are formally fulfilled, indicate that Theorem 5 should also cover the
uniform and, in particular, the Laplace distribution, and thus the result might hold
under weaker conditions.

Since the limit variance 1:(2,{), k =1, 2, seems inaccessible by computation in each

case, we decided to estimate ‘L'zk ,k = 1,2, by means of simulation. For a sample size
of n = 1000 with 10,000 repetitions, the estimated values are 0.000302 (k = 1) and

0.000016 (k = 2) for U (—ﬁ, ﬁ), 0.002452 (k = 1) and 0.000565 (k = 2) for
(0 1/[) as well as 0.000430 (k = 1) and 0.000125 (k = 2) for Lo (0 f/n)

Table 6 displays the empirical power (in %) of G(l)1 and G( )1 against the three alter-
natives. The nominal level is 1 — « = 0.95 which explams the considerably smaller
power compared to Table 2 from Baringhaus et al. (2017). The columns denoted by
"Apr’ show the corresponding approximations given by (23), while "MC’ stands for
the empirical rejection rates for 10,000 repetitions. Table 6 shows that the approximate
power function (23) often appears as a lower bound to the power of the test statistics,
confirming the observations by Baringhaus et al. (2017).

Because no consistent estimator r(k) 2 (X1, Xn) of 72 0 k = 1,2, is known,
a nonparametric bootstrap procedure with B = 500 bootstrap samples (drawn with
repetition) is implemented to calculate the empirical coverage probabilities shown
in Table 7. The confidence level is set to 1 — o = 0.9, and each value is based on
10,000 repetitions. Obviously the empirical coverage probabilities are higher than
the confidence level, indicating that the approximate lower and upper bounds of the
confidence intervals are too conservative. This might be an effect of the bootstrap
variance estimation procedure, but regarding the results of the power approximation,
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Table 7 Empirical coverage
probabilities of 1,, from (22) for u <_\/§ ﬁ) L (O’ l/ﬁ) Lo (0' \/g/”)
A%k =1,2, (at nominal level 1) ) 1) 2) 1) 2)
> > A A A A A A
0.9, with 10,000 replications) "
20 99 100 92 91 95 96
50 99 100 96 96 98 98
100 97 100 98 98 99 99

we rather think that an appropriate error-correction term in (22) and (23) will lead to
better results.

7 Conclusions and outlines

Starting with Charles Stein’s insight that a random variable X has a standard normal
distribution if, and only if,

E[f'(X)] =E[Xf(X)]

holds for any absolutely continuous function, we developed two classes of goodness-
of-fit statistics for testing the normality hypothesis. We utilized the zero-bias
transformation to bypass the problem of calculating an empirical property for all
absolutely continuous functions. An advantage of the underlying zero-bias identity
over many other types of transformation applied in goodness-of-fit testing, like the
characteristic function or the Laplace transform, is that the distribution inserted into
the mapping is not associated with a purely analytic quantity but is mapped to another
distribution and, thereby, stays accessible to a stochastically intuitive examination (cf.
Lemmata 1 and 4). The conducted power study suggests that our tests are serious com-
petitors to established tests and even set new markers in terms of the highest power
achieved for many asymmetrical alternatives. Both procedures are consistent against
any alternative distribution satisfying a weak moment condition.

We want to emphasize that some problems remain open for further research. One
issue concerns our choice of weight function. The integrals figuring in the second
sum of G,(f; in (10), though they are accessible to stable numerical integration, are a

slight drawback in terms of calculation time as compared to G,% It is conceivable to
replace the term w (¢)dz in (5) and (6) by dF (¢) and to estimate F by the empirical
distribution function. However, this type of test is not included in the framework for
our theoretical results. Another question is whether there is some limiting statistic, as
a — 00, when considering Gf,ZBI from Sect. 2. Finally, since we have not succeeded
in calculating consistent estimators for r(zl) and 1(22) (see the Remark in Sect. 5), it
remains to derive appropriate estimators and, in view of the results in Tables 6 and 7,

to find better power approximations as well as suitable confidence intervals.

Acknowledgements The authors thank Norbert Henze for useful comments and also express their gratitude
to three anonymous referees for careful reading and suggestions that helped improve the article.
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A Preliminary results concerning the weight functions

We first prove that the density function of a centred normal distribution is an admissible
weight function. Then, we give a general result for the asymptotic behaviour of integral
terms involving weight functions of the type we consider. In the whole section, we
adopt the setting and notation from Sect. 2.

Lemma 2 The functions w,(s) = Qma)~1/? exp(—sz/(Za)), s € R, a > 0, satisfy
the weight function conditions stated in Sect. 2.

Proof The only non-trivial statement is Elat w, satisfies (8). Let 0 < ¢ < 1/8 be
arbitrary. In the case |5, I _ 1] <eand|X,|/S, < ¢, a Taylor expansion gives

S AN X, y
Wq S, a)a(s)—a)a(&n(s)) S, S (24)

where |£,(s) —s| < [(s — X,,)/Su, — 5| < (Is| 4+ 1)/8. Consequently,

1 1])?
(E,,(s)) —s? >minj s — IsI+ , s+ IsI + —s?
8 8
15, 7I i+ 1
T e’ 64

from which we conclude

PACIO)]§ _ |60 (5)]* 3 2 o\ 1o
(a)a(s))2 - 3«/_ p( ((én(s)) — 5 )_ s )

Combining this with (24),

- X
wa<s n)_wa(s)
Sn
— 2
1 X
1 )s =22
Sn Sn

As g was arbitrary, the claim follows from the boundedness in probability of \/n (Sn_ 1_

1) and /n(X,/S»). ]

3

(a)a (s))_zds

(2|%s\|/+_)4 - (_s_ . |Z|>ds'
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Lemma 3 Let U, be a random element of H, n € N, such that ||ﬁu,, ”H = Op(1).

Then,
- X,
w(s S n) —w(s)

If in addition sup . p |Z/{n (s)| < C P-a.s. for each n € N and some C > 0,

ds = op(1).

[ Wit
R

- X,
/R|«/EZ/{,,(S)|2w(S 5 >ds= ||«/ﬁun”§_(+0p(1)

Proof By Holder’s inequality (p = g = 2) and Slutsky’s lemma

/ Na7ae) w<S_X”> — w(s)|ds
R Sn
_ 2 172
s — X,
S”«/V—lur:”H /ﬂ{w( s, )/w(s)—l a)(s)ds)
= op(1),

where we used the assumption on U4, and the fact that (8) implies
- X,
/ w u u / w(s)—1
R Sn
- X,
< f w s u / w(s)—1
R Sn

= op(1).

2
w(s)ds

2/3

3 1/3
w(s)ds <f w(s) ds)
R

The second claim also follows from Holder’s inequality (p = 3/2, ¢ = 3) and (8)
since

s — X

2 2
‘fRWu,,(s); w( - )ds—]|ﬁun]|H
w(s_SX”>/a)(s)—l

2/3 e
2/3 3 1/3 s—=Xn .
<n (/R|Z/ln(s)| w(s)ds) n Aéw( S, )/a)(s) 1
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1/3

3
w(s)ds
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- 3 1/3
< P |\ at|5) n/Ra)(s_SXn>—a)(s) ((s)) ds

= op(1). O

B Asymptotic expansions

We adopt the setting from Sect. 2, thatis, we let X, X1, X7, ... beiid. random variables
with distribution function F and E[X2] < oo as well as EX = 0, V(X) = 1. The
following lemma collects basic facts about a quantity closely related to the empirical
zero-bias distribution function.

Lemma4 The function
1 n

Xj— X
ZT(Xj—s)]l{xj <s}, seR,
j=tn

FX(s) = -

is a continuous distribution function for each n € N (and on a set of measure one).
Furthermore,

sup |FX(s) — FX(s)| — 0 (25)
seR
P-a.s., as n — oo, and
~ n 1 " _
Vn EX(s) ~ “;—2_ - Zx,-(xj —)U{X; <s}— X, E[(X —)L{X <s}]
n j=1
(26)

Proof We fix n € N and notice that

~ l & Xi—X, l & Xi—X,
d,f‘(s):;ZfT”]l{xj>s}=—;Z’T’1{sts}(zO).

n n

j=1 j=1

Using the first representation when integrating over (X, co) and the second for
(—o00, X,,], we obtain

n

~ 1 [1 =2
/Rd,{‘(t)dr:E ;Z(Xj—x,,) =1.

n /:1
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Now, we conclude from

Y X — Ly X=X [ . oy
Xyde=—-%" =1 1{X; <r}dt = EX(s)
—00 n S 00

j=1 o=

that an is a continuous distribution function. By the strong law of large numbers and
the almost sure convergence (X, Srzl) — (0, 1), we have

- I
an(s)zﬁ;lZX](X]—s)]l{Xj <s}

n j=1

X,
-

n

1 n
=Y (X=X, < s)
n o
— FX(s)

P-a.s., as n — oo, for any fixed s € R. The proof of the classical Glivenko—Cantelli
theorem applies to FX which yields (25). For the last claim, we set

An(s) = %Z(Xj —s)LX; <s}—E[(X —s) I{X <s}], seR
j=1

Straightforward calculations using Tonelli’s theorem and the integrability condition
(7) give

E[/ An(s)za)(s)ds:| —> 0, as n — oo,
R

so | A, II%{ = op(1). Together with \/ﬁyn = Op(1) and Slutsky’s lemma, this implies
(26). O

We proceed by proving further asymptotic expansions of the same type as (26).

Lemma5 Assume, in addition to the above prerequisites, that X has a continuously
differentiable density function p with

sup, e |P(s)| < K1 < oo and supy g |p'(s)| < K2 < o0.

We have

|

ﬁF(S_SnX”> wﬁ!nswp(s) ((Si— 1)s—5—:)}
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and, with FX as in Lemma 1,

(55}l (3 ) 2)]

Moreover,
1 n
2 X ~ 2 X
Vn 82 FX(s) %;XjF (s)
which reads as /nS>®(s) ~ n~'/? Z’;’:l X%@(s) when PX = N(0,1)

(cf. Theorem 1).

Proof By Taylor’s theorem,

Jn'F (S _SX"> = «/E!F(S)er(S) (S _SX" —S>} + Ry (s),

n n

where

, - 2
Ru(s) = ~/n z (SZ(S)) (S _an a s)

and |§,, (s) — s| < |(s —X)/S, — s|. Condition (7) assures that R,, € ‘H P-a.s. and
with /n(S, ' — 1) = Op(1), /n X, = Op(1) we conclude

— 4
R D)
Sy A\

Now, let 0 < ¢ < 1 be arbitrary. In the case |Sn_l — 1‘ < gand |7n‘/S,, < g, we have

K2
IR 17, < TZ/ n w(s)ds = op(1).
R

Jn FX (s_S_X") - ﬁ!FX(s) +dX(s) (s_Si —s)} + Ru(s),

where

_ 2
Ru(s) = —4&@)1)(&1@)) (S < —s)

n
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and |E,(s) — 5| < |(s = X,)/Su —s| < Is| + 1. Using (£,(s))* < (2Is] + 1)2, we get

4

= X (2Is] + 1)> () ds

Sn

2
LS

~ 2
IRl = 5

A

— S

R
252 v |
EKI/ 1 Xn
ni|——-1)s——
4 R Sn Sn

Since /n (Sn_ 1_ 1) and /n (Y n/ Sn) are bounded in probability and & was arbitrary,
[| Ry | |%_[ = op(1). The last claim of the lemma follows from

2ls|+ 1)* o (s) ds.

IA

FX HH — op(1).

1 & )
2 =X 2 =X _
‘ﬁSnF _WE X;F =nX,
j=1

H

C Proof of the limit relations in (11) and (12)

We will give the proof of (11), using the notation from Sect. 2. The limit in (12) is
obtained by the same argument. Set

2
1 n
gs) =512 = Z (Y;(v; —~2s) = 1) 1{Y; < V2s}| , s3>0,
n o
as well as
" 2
1
gs) =s 12 =N (Y + V2 - ) 1{Y; < —V2s) |, s> 0.
n
j=1

Splitting the integral in the definition of Gill)a (see (5)) into integrals over (—oo, 0]

and (0, 0o), simple changes of variable yield

lim — a_l/zfoog(S)e_s/“ ds+a_1/2/w§(S)e_s/“ ds
a0 2ﬁ 0 0
= lim

" (a2 /Oog(s)e_as ds+a1/2/m§(s)e_‘” ds ).
e a gz \ T, g

. 1
Jim, G
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Since the integrals on the right-hand side of the above equation are Laplace transforms,
and since we have
2

. 1 «
Slgnom/z)s”?g(s) =vr |- ;(Y"Z — 1) 1{y; < 0)

and
2
| RN
lim I'(1/2)s'2%(s) = N -pugy; <oy |,
Jim I'(1/2) 577 g(s) VT ”,Z_l(] )1{Y; <0}

an Abelian theorem for the Laplace transform, as stated on p. 182 in the book by Widder
(1959) (see also Baringhaus et al. 2000), implies the claim. Here, I'(1/2) = /7
denotes the Gamma function evaluated at 1/2.
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