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Empirical likelihood based hypothesis
testing

JOHN H.J. EINMAHL! and IAN W. McKEAGUE?

'Department of Econometrics & OR, Tilburg University, PO. Box 90153, 5000 LE Tilburg,
Netherlands. E-mail: j.h.j.einmahl@uvt.nl

 Department of Statistics, Florida State University, Tallahassee FL 32306-4330, USA. E-mail:
mckeague@stat.fsu.edu

Omnibus tests for various nonparametric hypotheses are developed using the empirical likelihood
method. These include tests for symmetry about zero, changes in distribution, independence and
exponentiality. The approach is to localize the empirical likelihood using a suitable ‘time’ variable
implicit in the mull hypothesis and then form an integral of the log-likelihood ratio statistic. The
asymptotic null distributions of these statistics are established. In simulation studies, the proposed
statistics are found to have greater power than corresponding Cramér—von Mises type statistics.

Keywords: change point; distribution-free; exponentiality; independence; nonparametric likelihood
ratio; symmetry; two-sample problem

1. Introduction

We develop an approach to omnibus hypothesis testing based on the empirical likelihood
method. This method is known to be desirable and natural for deriving nonparametric and
semi-parametric confidence regions for mostly finite-dimensional parameters; see Owen
(2001) for an excellent account and an extensive bibliography on the topic. Just a few of
the papers cited by Owen, however, consider problems of simultaneous inference, and none
as far as we know has made a detailed study of omnibus hypothesis testing beyond the case
of a simple null hypothesis.

Our approach is based on localizing the empirical likelihood using one or more ‘time’
variables implicit in the given null hypothesis. An omnibus test statistic is then constructed
by integrating the log-likelihood ratio over those variables. We consider the proposed
procedure to be potentially more efficient than the corresponding, often used, Cramér—von
Mises type statistics. Four nonparametric problems will be studied in this way: testing for
symmetry about zero; testing for a change in distribution (and the two-sample problem);
testing for independence; and testing for exponentiality. These classical problems have been
extensively studied in the literature, but use of the empirical likelihood approach in such
contexts appears to be new. Actually, in Owen (2001) testing for symmetry and testing for
independence are described as ‘Challenges for empirical likelihood’, since the standard
method does not work properly here. Our localization approach, however, appears to be a

1350-7265 © 2003 ISI/BS



268 JH.J. Einmahl and LW, McKeague

convenient adaptation, which makes empirical likelihood suitable for dealing with these
fundamental statistical problems as well.

We first recall the case of a simple null hypothesis. Given independent and identically
distributed (i.i.d.) observations X,..., X, with distribution function F, consider
Hy : F = Fy, where Fy is a completely specified (continuous) distribution function. Define
the localized empirical likelihood ratio

sup{L(F) : F(x) = Fo(x)}
sup{ L(F)}

where L(F) =[]/, (F(X;) — F(X;—)). The empirical distribution function F, attains the

supremum in the denominator, and the supremum in the numerator is attained by putting

mass  Fy(x)/(nFu(x)) on each observation up to and including x and mass
(1 — Fo(x))/(n(1 — F,(x))) on each observation beyond x. This easily leads to

R(x) =

3

F I — F
log R(x) = nF,(x)log Fjg; + n(1 — F,(x))log 1—_7:—’(1—%
and, provided 0 < Fp(x) < 1,
2
~2log R(x) :w_{_ol,(l)i}x% (1.1)

Fo(x)(1 = Fo(x))

under Hy. This is a special case of Owen’s nonparametric version of the classical Wilks’s
theorem.

For an omnibus test (consistent against any departure from Hp), however, we need to
look at —2logR(x) simultaneously over a range of x-values. Taking the integral with respect
to Fp leads to the statistic

100
T, = —ZJ log R(x)dFy(x).
0

If instead of integrating in T,, we take the supremum over all x, we obtain essentially the
statistic of Berk and Jones (1979), who showed that their statistic is more efficient in
Bahadur’s sense than any weighted Kolmogorov—Smirnov statistic. Li (2000) has introduced
an extension of Berk and Jones’s approach for a composite null hypothesis that F belongs
to a parametric family of distributions. In that case, R(x) = Ry(x) for a parameter 6, and Li
suggests replacing the unknown 6 in Berk and Jones’s statistic by its maximum likelihood
estimator under the null hypothesis.

Clearly T, is distribution-free and its small-sample null distribution can be approximated
easily by simulation. Moreover, from (1.1) and a careful application of empirical process
theory, it can be shown (cf. the proof of Theorem 1) that

o [V BXY)
T L (1— 1)

under Hy, where B is a standard Brownian bridge. Under Hy, T, is asymptotically equivalent
to the Anderson—Darling statistic
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A% =n

n

IR

—o0 Fo(x)(1 — Fo(x))

and the limit distribution may be calculated using a series representation of Anderson and
Darling (1952).

We investigate statistics of the form T, for a variety of nonparametric hypotheses beyond
the case of a simple null hypothesis. Testing for symmetry around zero can be handled
using F(—x) =1 — F(x—) and localizing at x > 0. To test for exponentiality, we localize
using the memorylessness property of the exponential distribution. Our method also applies
to the two-sample problem, and, more generally, to the nonparametric change-point
problem; in that case, we localize at (x, #), where ¢ is the proportion of observation time
before the change point. Testing for independent components in a bivariate distribution
function F can be handled using F(x, y) = F(x, 0o)F(co, y), with localization at (x, y).

The paper is organized as follows. In Sections 2—5 we examine the four nonparametric
testing problems mentioned above and derive likelihood ratio test statistics of the form 7),.
Using empirical process techniques, we derive the limiting distribution of T, in cach case.
Section 6 contains simulation results comparing the small-sample performance of each T,
with a corresponding Cramér—von Mises type statistic, and Section 7 is a concluding
discussion. Proofs are postponed to Section 8. Tables of selected critical values for T, are
given in the Appendix.

2. Testing for symmetry

Much has been written on testing the symmetry of a distribution around either a known or
unknown point of symmetry, some recent contributions being Diks and Tong (1999),
Mizushima and Nagao (1998), Ahmad and Li (1997), Modarres and Gastwirth (1996),
Nikitin (1996a), and Dykstra et al. (1995). Early papers include Butler (1969), Orlov
(1972), Rothman and Woodroofe (1972), Srinivasan and Godio (1974), Hill and Rao (1977)
and Lockhart and McLaren (1985).

Many of the papers cited above consider the case of a known point of symmetry and use
a Cramér—von Mises type test statistic. We also assume that the point of symmetry is
known, so without loss of generality it is assumed to be zero. Let Xy, ..., X, be i.i.d. with
continuous distribution function F. The null hypothesis of symmetry about zero is

Hy: F(—x)=1- F(x-), for all x > 0.
The local likelihood ratio statistic is defined by
sup{L(F) : F(—x) =1 - F(x-)}
sup{L(F)}

As in the Introduction, the unrestricted likelihood in the denominator is maximized by setting
F=F, t~hc empirical distribution function. The supremum in the numerator can be found by
treating F as a function of 0 < p < 1, where F puts mass p/2 on the interval (—oo, —x],

mass p/2 on [x, co) and mass 1 — p on (—x, x), with those masses divided equally among

R(x) =

R x> 0.
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the observations in the respective intervals. That is, the masses on the individual observations
in the respective intervals are given by

p/2 p/2 1=p
np” npy’ n(l = py’
where = py + pa, p1 = Fu(—x) and p; = 1 — Fu(x—). The numerator of R(x) is therefore

the maximal value of
()" () )™
np nps n(l — p) ’

which is easily seen to be attained at p = p. We thus obtain

~ ~

o p o p
= log — log —
log R(x) = np log 25 + npslog 5
F,,(*X) + - Fn(x—)
2F,(—x)

Fo(—=x)+ 1 = F,(x—)
2(1 = Fu(x=)) ’

= nF,(—x)log

+ n(l ~ Fy(x—))log 2.1

where 0log(a/0) = 0. Consider the test statistic
7, = =2 " log ROA{F,(3) — Fu(—)
0

= —2Jm log R(x)dGn(x)s
0

where G, is the empirical distribution function of the |X;|. Alternatively, we may write
2 n
T,==>3 log R(Xi)).
=1

Clearly, T, is distribution-free; selected critical values are provided in Table A.1. The limit
distribution of T}, is given by the following result.

Theorem 1. Let F be continuous. Then, under Hy,
()

wWe(¢

T, 2 J (®
o !

dt,

where W is a standard Wiener process.

3. Testing for a change point

The nonparametric change-point testing problem has an extensive literature; recent
contributions include Gombay and Jin (1999), Aly (1998), Aly and Kochar (1997), Ferger
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(1994; 1995; 1996; 1998), McKeague and Sun (1996) and Szyszkowicz (1994). We consider
the non-sequential (retrospective) situation with ‘at most one change’; see, for example,
Cstrg6é and Horvath (1987) and Hawkins (1988).

Let Xi, ..., X, be independent, and assume that for some 7 € {2, ..., n} and some
continuous distribution functions F, G,

Xl,...,XT_INF and X-;,...,X,,NG,
with 7, F and G unknown. We wish to test the null hypothesis of no change point,
Hy : F = G. Define the local likelihood ratio test statistic
sup{ L(F, G, 1) : F(x) = G(x), v = [nt] + 1}

R(z, x) = sup{L(F, G, 7) : 1= [nf] + 1}

for I/n=<1t<1 and x € R, with
7—1 n
L(F, G, 1) = [ [(F(x) - Fo—) [ [(Gx) — Gxi-)).
i=1 i=T

Set ny = [nt], np = n—[nt], and let &, and F;, be the empirical distribution functions of
the first n; observations and last np observations, respectively. Let F, be the empirical
distribution function of the full sample, so F,(x) = (1 Fyn(x) + na F2,(x))/n. Then

Fy(x) | — Fy(x)
Fl,,(x) + nl(l - Flll(x))log 1 — Fln(x)
Fu(x) | — Fu(x)
Fz,,(x) 1 - Fz,,(x) ’

where 0log(a/0) = 0. Consider the test statistic

10g R([, x) = anln(x)IOg

+ naFay (x)IOg

+ na(1 — Fau(x))log 3.1

1 o}
T,,=—2J J log R(t, x)dF,(x)dt

i/nd—c0

p) n 1
= __ZJ log R(¢t, X;)d¢t.
Sy

Clearly, T, is distribution-free; selected critical values are provided in Table A.2. The limit
distribution of 7, is given by the following result. Let 7, be a four-sided tied-down Wiener
process on [0, 1]? defined by Wy(t, y) = W(t, y) — tW(L, y) — yW(1, 1) + tyW (1, 1), where
W is a standard bivariate Wiener process.

Theorem 2. Let F and G be continvous. Then, under Hy,

1ol 2
D Wi, )
T, —»J.J -0 _dyds
b T = oyt =

Note that the classical two-sample problem could be handled in a similar way; see
Einmahl and Khmaladze (2001) for recent progress on this problem along other lines and
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for the references therein. We will briefly describe the two-sample problem here, but we
will not provide a proof for this case, since it is similar to but easier than the proof for the
change-point problem given in Section 7.

Let Xy,..., X, be independent, and suppose that X, ..., X, (1< n; <n) have
common continuous distribution function F, and X, 41, ..., X, have common continuous
distribution function G; here F and G are unknown. We wish to test the null hypothesis of
equal distributions, Hy : F = G. Define the local likelihood ratio test statistic

sup{L(F, G) : F(x) = G(x)}

Rx) = sup{L(ﬁ', G)}

, xeR,

with

L(F, &) = [[(Fexy - Fx=) [ (G — G-
i=1

i=n+1

Let F1, and F,, be the empirical distribution functions of the first n; and last ny ;== n—m
observations respectively, and let F, be the empirical distribution function of the pooled
sample X, ..., X,. Then log R(x) is equal to the right-hand side of (3.1). Consider the test
statistic

7, = 2| IogRO)F, () = =33 log RUX;
- i=1

again T, is distribution-free.

Theorem 2a. Let F and G be continuous and assume n|, ny — 0o as n — 00. Then, under
Hy,

o [\ By)
TII —* 3
L T

with B a standard Brownian bridge.

4. Testing for independence

The wide variety of tests for independence has been surveyed by Martynov (1992, Section
12). Here we consider a test for the independence of two random variables.

Let Xy,..., X, be iid. bivariate random vectors with distribution function F and
continuous marginal distribution functions Fj and F,. We wish to test the null hypothesis of
independence:

Hy: F(x, y) = Fi(x) (), forall x, ye R.

Define the local likelihood ratio test statistic
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sup{L(F) : F(x, y) = F@)R»)}
sup{ L(F)}

for (x, y) € R?, with L(F) = [T, P({X;}), where P is the probability measure correspond-
ing to F. Then

R(x, y) =

Fr1a(x)F2,(») Fin(x)(1 — F2,(»)
oAy T helAlos = s

(1 = FunG)Fan() (1 = Fu()(1 = Fon()
Puldy) T a(dn)le Po(dz) :

where P, is the empirical measure, F|, and F», are the corresponding marginal distribution
functions, and

log R(x, y) = nP,{(4,1)log

+ I’lP,,(Az])lOg

All - (—OO, X] X (—OO, J’],
Ay = (—"OO: x] X (J’, OO):
A21 - (x7 OO) X (——OO, J’],

A22 = (x7 OO) X (y7 OO)

Consider the test statistic

[» o) o
T,,z—zj J log R(x, 7)AF1x()dF2n().

—00J ~00

Cleatly, T, is distribution-free; selected critical values are provided in Table A.3. The limit
distribution of 7}, is given by the following result.

Theorem 3. Let F, F, be continuous. Then, under Hy,
11 W2
T —ZJ J ———M——dudv,
oJo ll(l - ll)U(l - U)

where Wy is a four-sided tied-down Wiener process on [0, 1]%.

The limit distribution above agrees with that in the change-point problem.

5. Testing for exponentiality

In this section we develop a likelihood ratio based test for exponentiality motivated by the
memorylessness property of the exponential distribution. Cramér-von Mises type tests
based on this property have been proposed by Angus (1982) and Ahmad and Alwasel
(1999); we refer to these papers for references to the earlier literature.

Let Xy, ..., X, be iid. non-negative random variables with distribution function F,
F(0—) =0, and survival function § =1 — F. Consider the null hypothesis



274 JH.J Einmahl and LW, McKeague

Hy @ S(x) = exp(—Ax), x =0, for some 1> 0.
The local likelihood ratio statistic based on the memorylessness property of the exponential
distribution is
_ sup{Z(8) : S(x +y) = Sx)S()}
sup{ L(S)}

R(x, y)
for x > 0, y > 0, where
L($) = [[(Sxi=) = SCxay).
i=1

Let £, denote the empirical distribution function. It follows by a straightforward calculation
that
n(l — a) n{a — b) nb(1 — a) nab
N1 log ———=+ Ny log —

N + N, log A + Nz log A + Nylog N,
where Ny = nFu(x\y), No=n(F,(xVy)— Fy(xAp), N3=n(Fu(x+y)—F.(xV ),
Ny = n(l — Fy(x -+ »)), and

_N2+N3+2N4 b= N3+ Ny g
T on + N3+ Ny ’ “\a- N )

log R(x, y) = N log

Consider the test statistic

o0 00 N "

T, = —ZJ J log R(x, y)A2 e+ dx dy,
0 Jo

with 4 = /30 X;. This statistic is distribution-free (under Hy its distribution does not

depend on the parameter A). Selected critical values for T, obtained by simulation are

displayed in Table A.4.

The asymptotic null distribution of T, is given in the following result. Based on this
result, selected critical values for the large-sample case are presented in the last row of
Table A.4. Comparison of Tables A.1-A.4 shows that the convergence of T, is much
slower here than in the previous sections.

Theorem 4. Under H,,

D 1l St B(St) B(.S') B(l‘)}z
T, “_’2.[0.[1 q-501+0 { s s 1 dsdi,

where B is a standard Brownian bridge.

6. Simulation results

In this section we present simulation results comparing the small-sample performance of the
proposed likelihood ratio statistic T, with that of a corresponding Cramér—von Mises type
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statistic C,,. In each case the powers are based on 10000 samples, and exact critical values
are used (see the Appendix for the T, critical values).
For the symmetry test, we compared 7, with

Co=n J oo{1 — Fy(x=) = Fy(=0)}* dGu(x);
0

see Rothman and Woodroofe (1972). The alternatives are N(0.3, 1) and chi-squared centred
about the mean; see Table 1.
For the change-point test, we compared T, with

l 00
C, = nj J {Fua() — Fau(PAF,()ds;
1/nd-o00
see Csorgd and Horvath (1988). The results are presented in Table 2,

For the test of independence, we compared T, with

o0 o0

Comn[ |7 (R ) = PPV dFL P
—XJ =00

see Deheuvels (1981) or Martynov (1992, Section 12). The alternatives are bivariate normal

with correlation p, and (U, U + V), where U, V are ii.d. uniform on (0, 1), for various

values of p and f3; see Table 3.

Table 1. Power comparison of tests for symmetry at level
a =0.05 for n =150 and a = 0.01 for n =100

Alternative n =350 »n =100

Tn C’l T‘Il Cll
N(0.3, 1) 0.539 0.516 0.629 0.600
Centred x? 0.893 0.732 0.988 0.872
Centred y3 0.505 0.433 0.647 0.495
Centred 3 0.322 0.307 0.332 0.297

Table 2. Power comparison of tests for a change point, » = 50, a = 0.05

T = 11 T = 21
F G T,, Cn Tn CII
N(, 1) N(0, 16) 0.210 0.129 0.735 0.356
Unif(0, 1)  Unif(0.3, 1.3) 0.512 0.446 0.837 0.661
Exp(1) Exp(2) 0.236 0.229 0.418 0.333

Exp(1) Exp(3) 0.506 0.479 0.789 0.683
p
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Table 3. Power comparison of tests for independence at level

a=0.05
Alternative n=20 n =350

T C, T o
p=104 0.357 0.341 0.761 0.728
p=0.5 0.550 0.520 0.937 0915
B=05 0.437 0.389 0.904 0.826
B=06 0.573 0.523 0.974 0.935

Table 4. Power comparison of tests for exponentiality

Alternative n=20 n =230

Tn Cn Tn Cn
13 0.675 0.624 0.717 0.678
LN(0.8) 0.638 0.560 0.696 0.618
LN(1.0) 0.227 0.181 0.201 0.144
Weibull(1.5)  0.619 0.588 0.666 0.638

For the test of exponentiality, we compared T, with
o0 OO ~
Co= ||| 50+ ) = 5,08, 0IFR H axay
0 Jo

see Angus (1982). We used levels a =0.10 for #» =20, and a = 0.05 for n =30. The
alternatives were chi-squared, lognormal and Weibull; see Table 4. The lognormal distribution
with corresponding normal parameters u =0 and o is denoted LN(o); the Weibull
distribution with scale parameter 1 and shape parameter ¢ is denoted Weibull(c).

The proposed statistics show consistent improvement over the corresponding Cramér—von
Mises statistics in all cases.

7. Discussion

We have developed a rather general localized empirical likelihood approach for testing
certain composite nonparametric null hypotheses. We use integral type statistics to establish
appropriate limit results. These statistics are somewhat related to Anderson—Darling type
statistics, but have the advantage that the implicitly present weight function is automatically
determined by the empirical likelihood. Clearly our tests are consistent (against all fixed
alternatives). The proofs of our main results (see Section 8) require delicate arguments
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concerning weighted empirical processes to handle ‘edge’ effects in the localized empirical
likelihood.

Our approach is tractable in the four cases we have examined because the null hypothesis
is expressed in terms of a relatively simple functional equation involving the distribution
function(s). Another example in which our approach appears to be useful is in testing
bivariate symmetry. More complex null hypotheses, however, might be difficult to handle
via our localized empirical likelihood technique. In that sense the goodness-of-fit tests for
parametric models in Li’s (2000) extension of Berk and Jones (1979) are complementary to
the present paper (but, in contrast to our approach, the limit distribution is intractable).
However, in the case of testing for exponentiality our test is simpler and more natural. For
that case both Li’s and our approach can be extended to randomly censored data. Li’s
approach is not applicable to the other cases we have considered.

An interesting direction for future research would be to investigate the Bahadur efficiency
of T,. Nikitin (1996a; 1996b) has studied the Bahadur efficiency of various types of
supremum-norm statistics in the contexts of testing for symmetry and exponentiality, but it
is not clear how to handle statistics of the form 7.

8. Proofs

We use the following general strategy in each proof. First, we establish the limit distribution
for a version of the test statistic in which the range of integration is restricted to a region
where the integrand can be approximated uniformly in terms of an empirical process; that
region is carefully chosen to avoid a ‘problematic boundary’ where the approximation
breaks down. Second, we show that the contribution from the part of the test statistic close
to the boundary is asymptotically negligible. The first proof is presented in full detail, but
to save space we skip some details in subsequent proofs and concentrate on the key points.

Proof of Theorem 1. The problematic boundary is oo in this case. For a given 0 < & < 1,
split the range of integration in the test statistic into the bounded interval [0, x,] and its
complement, where F has mass 1 — & on [—x., x;] and mass £/2 on each side, by symmetry.
Decompose the test statistic as T, = Ty, + T2, and note that it suffices to show that, as
n— oo,

X l
T, = —2 J log R(x)AG(x) lj W) o, @.1)
0 & !
and
Ty = —2J°° log R(x)dG(x) = Op(v/5) (8.2)

uniformly in €; see Billingsley (1968, Theorem 4.2).
First consider the leading term Ty,. From (2.1), a Taylor expansion of log(1 + y) and the
Glivenko—Cantelli theorem it follows that, almost surely,
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n ) 1
OEEEXB log R(x) + '8_{_Fn(_x) + 1= Fy(x— )} (F (_x) 1— F"(x_.)) ‘
. 1 — Fy(x—) — Fp(—x)
= 5, s 1+ -1 )

+ n(l - F;,(x—))log(l + Fn(“x) - (1 - Fn(x._))>

2(1 = Fy(x-))

H 2 1 l
+ §{—FI1("X) +1- Fn(x_)} (Fn(—X) + [ — Fn(x_)>)

< sup
O<y=x

n 3 ! :
ﬁ(l - Fn(x_) - E’(_x)) ((Fn(—x))z - (1 hand Fn(x_))2>

< ﬁ Ojug (\/_{1 Fy(x=)— (1 ~ F(x—))+ F(—x) — Fn(_x)})z

X sup {(1 — Fu(x—) - F,,(—x))2

0<x<x,

Fo(=x) + 1 = Fy(x—) }
(Fu(—x))*(1 = Fu(x—)? ]

Now by the weak convergence of the empirical process /a(F, — F), we immediately obtain
that this last bound is Op(1) - 0p(1) = 0p(1).

Set U; = F(X;) and let ', be the empirical distribution function of the U;. Then by the
uniform approximation of log R(x) just obtained, we have

X 1
o= [ (F-Ren 1= e (g o)+ 0r0) 46

P R e £ 1 - TP :
== JO 4{ F,,(F( X))+1 rn(F(x) )} (rn(F(__x))-l_ 1 _]__’"(F(_x)—)>

HTW(F(x)) = Ta(F(=x))} + 0p(1)

12 1
= L/z RO+ IR =0 (r O T r)—>>
d{T,(8) = Tu(1 = B} + 0p(1)
1 [/ 1
=3, 6/ T 4V = 0 =T = 090 (55 )
d{T(8) = Tu(l — 6} + 0p(1), (8.3)

where we have used the change of variable ¢ = F(—x). Consider the uniform empirical
process
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an(t) = /n(ly(t) - 1), te [0, 1.

Since o, converges in distribution to a Brownian bridge, the Skorohod construction ensures
almost sure convergence in supremum norm of a sequence of uniform empirical processes to
a Brownian bridge B. That is, keeping the same notation for these new uniform empirical
processes,

sup |a,(H) — B(¢)] — 0 as.
1

0=y
The leading term in (8.3) can then be expressed as

1J‘/2 {=B(1) - B(1
—2— e/2 t

— 1)}
T = Tu(1 = D} + o(1) ass. (8.4)

By the Helly—Bray theorem the main expression in (8.4) converges a.s. to
120 _ — N2 1/2 1372 1 2

J {=B()— B(1 - B} dt——D-J W2(21) dt:J w5 dr.
£/2 t e/2 t t

This settles (8.1).
It remains to show that T3, is asymptotically negligible in the sense of (8.2). Decompose

€

Vv, 00

log RG)AG, () — 2 j log RG)AG(x) = Tsn + Tam

VuVxe

T2n = _ZJ

Xe

where ¥V, =min(~Xy, Xnn) and X, denotes the ith order statistic. Using
|log(1 + y) — y| < 2y? for y = —i, we find that

<Pt _ W2 1 1
fog R < 5=+ 1 = F6-0 (s + T
for all x. This leads to (cf. (8.3))

1 1
T T T-T(( -9

e/2
T3n = J {an(t) + an((l - t)—)}z(

F(—Vu)hef2

)d(rn(t) - rn(] - l))

/2 — )12
- {an(t) + an(( = 9} _1_( R >d(r,,(z)—r,,(1—r)).

F(=V)Ae/2 12 H2\Ly() 1 -T,((1—-0-)
(8.5)
The following four sequences are bounded in probability:
,an(t)l ,(Z,,((l - t)“‘)’
su , sup ———
0<t£1 114 0<Lrgl £i/4
t t
sup =, su —_—
Ut TD” 1tz 1= Ty((L = D7)

in the case of the first two by the Chibisov—O’Reilly theorem, and the last two by Shorack
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and Wellner (1986, p. 404). Using these bounds inside the integrand of (8.5), and noting that
F(-V,) =max(Uy,,, 1 — Uy,.,), we obtain
e/2

Ty = 0p<1>J0 7 A0 = Tl = ),

It follows from integration by parts that

£/2 1 ¢/2 1
JO m d@(8) — Ty(1 — n) = .[0 _tl_/Z- AT +1 - 1""(] - 1)

T/ 4+ 1 =Tu(l—e/2) L [PT,(0+1-Tu( -9 ds
- (/2)1/2 +§L 32 ’

Since supg<se; Tn(2)/t = Op(1) (see Shorack and Wellner 1986, p. 404), and similarly
supo<s<i(l — Tw(1 — £)/t = Op(1), we obtain that T3, = Op(+/€).

Finally, consider 74, Note that R(x) is invariant under a sign change of the observations
X;. Thus it suffices to evaluate Ty, in the case that F,(V,) = 1, which holds either for the
original observations or for the sign-changed observations. This gives

00

Ton < =2 n,(=2)log 5 4G,(0) = O(n)1 = Gy(V 7)) = Ou(1 /),

Va

uniformly in &. The last equality can be seen by noticing that the number of | X;| greater than

V., is bounded above by a geometric random variable with parameter % O

Proof of Theorem 2. Write U; = F(X;) and let I',, I3, and T, be the corresponding
empirical distribution functions. Let 0 < g < % It suffices to show that, as n — oo,

l—e pl—c¢
Tl,,=—2j J log R(t, Q))AT,()d1

D 1—¢ pl—¢ W%(L‘, y)
L J K=y —p VY ®.6)

and
Tow =T, — T1n = Op(\/¥) (8.7)

uniformly in &.
First, consider T, By a Taylor expansion it readily follows that uniformly for ¢ < ¢,
y=1l-—g,

1—1¢ t
- = - n =T n 2
210 204 000 = 1 = 000) ~ TP 37— T o =)

X (14 o(1)) + 0p(1).

So instead of T4, we consider
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1—1t t
000 10,00 | 12000 = T2a09)
Set Y,(t, y) = /nt(1 = H(T1x(») — T2,(y)). From Csérgd and Horvath (1987) (see also

McKeague and Sun 1996), it follows that there exists a sequence {W,,,} of four-sided tied-
down Wiener processes such that

1~ pl—e
J J }’ll(l - t)(l"l,,(y) - r2n(y))2<

& &

) dT(y)de.

1 3/4
P( W ¥t ) = Foalts 9)| > A%) <8

n<t y<l—pn-1/2

for all 8 > 0, where 4 = A(J) and B are constants. Hence it suffices to consider

- pl—e WO n(t y) 1—1¢ t
2 dl’,(y)d¢
L J () (rl,,(ym o) T o —r2n(y))) (s

2 R R G I
_L L H1 -yl — y)drn(J’)df-i- op(1),

which implies (8.6) by the Helly—Bray theorem.
It remains to prove (8.7). We will only consider the relevant region of the unit square
where, in addition, both y and t are less than or equal to 1 3 that is, we assume n NESEY:

and 0<y<i o nlsr=<i 3 and 0 < y<e Denote thlq L-shaped region by 4, The
other regions can be handled in the same way, by symmetry. We prove that
[] 10g Rt 0, )t = 0n(8) 58)
J 4,

We will split the region A, in turn into several subregions.
First, we consider the case where n~! < ¢ < n73/5 and n~*® < y <1 Note that in this
region

n(y) /3
nlrln(y)log T n( ) log n,
= Iw(») 2/5
1 -T,(Mlog ———= < n?510 n,
ni( tn(»))log 1 “To0) g
and with arbitrarily high probability, for large n,
Ta(y)
n2r2n(y)102 ( ) |2”2(r11(Y) - FZM(}’))I

21’121’11

Tin(y) = rz,,m)‘ < 21’5,

—Tu(y) 2/5
<2 .
Tan(y) ”

Hence with high probability, for large n,

na(l — 1“2,,(y))10g 1=
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—-3/5 ]/2 e ) 310gn
J"_l J [log R(z, Q(y))(dF,,(y)dt<J 3n¥Slognde < 0.

n

-3/

Now consider the region n~*/® < <1 and 0 < y < n~3/. In this region we have with
high probability, for large #,

mTa(p)log r”((y )) < mTyu(n~)logn < nTw(n=logn

< 2n*’logn,

I_‘n
naa.()log &) < nTy(n~*P)logn < 2n*° log n,
F2n(y)

(1 = T O)log {225 < om(Tiuty) = T < 20 (7)< 4P,
1n

1 - Fn(y)
L - r2n(3")

Hence with high probability, for large n,

na(1 — Tau(y))log < 2my(Ton(y) — Tu(p))| < 20L,(n73%) < 41?3,

12 pn¥8 n33
JI;‘J/RJO

Next consider the region n~! < r< n~3% and 0 < y < n/8, In this region

log R(t, QUIIAT, M = | 50 log ndl, ) < B2 =0,
[4}

mTu(Nog £12% | < ¥t og (r°1),

n1(1 = Ta(y)log T——((y—)) < w3 log (n5%),

and with high probability, for large n,

m Dy (»)log r”(y) ’ < 2n°%log n,
-T, 2mn
(1 = Taa(log A | < [ 2220, 0) ~ Tay(o)| < 27

Hence

RV a7 4n/8 logn _4logn

[ ] g e uplars e < #BE < 20 .

In order to handle the remaining part of 4, we need two lemmas. The first follows quite
easily from Inequality 2 of Shorack and Wellner (1986, pp. 415-416).
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Lemma 1. Let 0 < a,, b, < 1/2 with na,b, — 00 as n — co. Then, for any é > 0,

T n(y) y
P su sup ——= |V { sup ——— >14+d0]—=0.
(a,,sril{ <b,,syps1 y (b,,s};)sl I‘ln()’))

The second lemma follows directly from Komlds et al. (1975), in a similar but easier way
. than in Csérgd and Horvath (1987).

Lemma 2. Under the same conditions as in Lemma 1, there exists a sequence {Wy,} of four-
sided tied-down Wiener processes such that

Yult, y) = Woult, 9)|

S su
aera b yat—b, (UL = Dy(I — P/

We are now in a position to conciude the proof of Theorem 2. Consider the region
n=35 < t<¢and 73/ < y <l We have by a Taylor expansion and Lemma 1 that with
high probability, uniformly over this region, for large n,

(Fn(y) - 1"ln(y))z +n (rn(y) - r211(y))2
T =100 | Toa((L = T2n(3)

_ nln% (Tyu(y) ~ r2n(y))2 ’7-2”% Ty - r211(y))2
n? rln(y)(l - rln(y)) n an(y)(l - r211(Y))
We only continue with the first term of this sum; the second is somewhat easier to deal with.

By Lemma 1, with high probability and uniformly over the region, the first term is bounded
above by

llog R(z, Q)| = m

2Ly ssyi(t,y>=3(y,,(t,y)>2 !
v T ty ') ('

But by Lemma 2,

¢ 1/2 Y, J’) g 1 D ¢ 1/2 W()(t, y) 2 1
Jn"3/5j)1‘3/8 ( (ty)l/4 ) (ty)l/z drn(y)dt_Jn—3/5Jn—3/3( (0})!/4 ) (fy)l/z dPll(y)dt+ OP(I)

£

— 0p(1) J 7z 81+ 0p(1) = O(),

0

Finally, it remains to consider the region n=3/8 < ¢ =<1 and n=*/° < y < ¢. This region,
however, can be treated in the same way and yields another term of order Op(+/€). Hence
(8.7) is proved.

Proof of Theorem 3. The proof is somewhat similar to the change-point case. Set
X; = (Xn, Xiz) and denote the empirical distribution function of the (F1(Xn), Fa(X1)) by
G,, with marginals G|, and G,,. Under Hy, the distribution of (F1(X ), F2(X;)) is uniform
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on the unit square. Write @, (» for the quantile functions corresponding to Fy, Fa. Let
0 <& <3 It suffices to show that, as n — oo,

1~ pl—¢
m=4jj log R(Q1 (), 0a(0))dG1n(W)AG2,(0)

£ £

D 1—¢ pl—¢ W%(u, U)
—QL L mdudu (8.9)

and
=Ty —Tin= OP(\/E) (8.10)

uniformly in &.
First, consider 77, By a Taylor expansion it readily follows that uniformly for
e=u, 0<1-—c¢ (replacing (x, ¥) by (Ci(u), Ox(v)) in the definition of the 4 ),

n(Py(A11)Py(A2) — Pu(A12)Pu(A421))? n
u(l — wyv(l — v)

_ n(Py(4n) ~ G n(u)G2n(U))2
- u(l — wyo(l — v)

—2log R(Q\(w), a(v)) = or(l)

+ op(1)
_ (an(u, v) — vay,(u) — ”a2n(v))2
- u(l — wyo(l — v)

with a,(u, ) = \/ﬁ(G,,(u, 0)—uv), a(w)= ﬁ(Gltl(ll) —u), Oz,() = ﬁ(G2!1(U) - U),

0 <u, v<1. So instead of T}, we consider

¢ 11 (01, (u, ) = Va1(1) — 102,(V))?
) u(1 — (i — v)

+op(1), (8.11)

dG1 (WA Ga,(v),

&

which, by standard empirical process theory and a multivariate version of the Helly—Bray
theorem, converges in distribution to

J»l‘s 1—¢ (B(u, v) — vB(u, 1) — uB(1, U))2
L u(l — wyo(l — v)

du dv,

€

where B is a standard bivariate Brownian bridge: a centred Gaussian process with covariance
structure EB(u, v)B(#, §) = (u A i} (v A D) — wvid, 0 < u, 4, v, 0 < 1. Observing that

{B(u, v) — vB(u, 1) — uB(1, v), (u, v) € (0, D*} Z{Wo(u, v), (u, v) € 0, 1)?},

completes the proof of (8.9).
It remains to prove (8.10). We will only consider integration over the region

Bsz{(u,u)e(O,l)z:0<u$£,0<u$—21-,or0<u<%,0<vse},



Empirical likelihood based hypothesis testing 285

because of symmetry arguments; compare the way we handled A4, in the change-point case.
Because of a further symmetry argument, namely the symmetry in » and v, we will further
restrict ourselves to the following three regions which clearly cover {(u, v) € B, : u < v}:

BS:I - {(u3 U) e (0’ 1)2 . 0 < u = n_3/57 n"}/g = v = %},
Ben = {(u, v) € (0, 1)2 I<u=svs n‘3/8}’
Ba={w,)e 0,1 n <usenf<sv=<l)

We almost immediately obtain, along the lines of the change-point case,
[ log R@i(w), Q:0)IdG11(@0Gan(®) = o), (8.12)
BE,IUBC,Z

where we have (again) used the equalities
|Py(A11) = Gra(u) G2, (V)| = |Pu(A11) — Gra(w)(1 — G2,(1))]
= |Pu(421) = (1 = G1,(1)) G2 (V)|
= |Py(422) — (1 = Graw))(1 = G2u(V))]-

Moreover, here and later in the proof we use the fact that, uniform over certain classes of
rectangles (the 4 y), P./P converges to | in probability. This follows from, for example,
Chapters 2 and 3 of Einmahl (1987).

For (u, U) € B, it easily follows that with arbitrarily high probability, uniformly over
B3, for large n,

(01t U) — Dy (1) — U2, (D))?

log R(Q1(), Q)] < ===

E)

< lz{aﬁ(u, v) N a? (u) N
) u v

a%,,w)},
cf. (8.11). This yields that indeed
—ZHB log R(Q1(1), 0x(0))AC1n(1)dCan(0) = Or(v/5),

and this, in conjunction with (8.12), yields (8.10). ]

Proof of Theorem 4. The quantile function of F is Q(u) = —log(l — u)/A, so we have

1 p0 2\ 2 F
1, = 4| | tog R, 00) @ (@ = (1 = )1 dudo,
0

0
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and it suffices to show that

~

0 2 ~
Jv log R(Q(x), Q(v) G) (1 = w(1 = o) dudv

I-¢

Ty, = -4J

E

PO R st B(st)  B(s) B(t)}2
—*2L J (1—s)(1+t){ s s 1) s ®.13)
and
T2n = Tn - Tln = OP(\/E) (814)

uniformly in 0 <& <4,
First, consider (8.13). With S,(x) = | — F,(Q(w)), by a Taylor expansion

n(Su(1)S, (V) — Sy(u+v — uu))Z
u(l —u)(1 —v)2—v)

—2log R(Q(w), Q) = (14 o0p(1) (8.15)

uniformly for e < u < p=<1 - g Writing
Su()Sp(V) = Su(u+ v —uv) = S, (U)(SWV) — (1 — V) + (Su(u) — (1 —u))(1 — )
+ (1 —uw)(1 =) = Su(1 = (1 = u)(1 — v)))

and using the weak convergence of the uniform empirical process to a standard Brownian
bridge B, we see that the right-hand side of (8.15) converges weaklyone s u<v<1-—¢to

(1 = u)(—=Bv)) — Bu)(1 —v)+ B(I — (1 —u)(1 —v)))
w1 — u)(1 — )2 — v)

2 (—(1 —uw)B(1 —v) — (1 = 0)B(1 — u) + B((1 — u)(1 — v)))?
- u(l — uw)(1 — v)2 — ) ‘

(8.16)

Thus, using the change of variables s = 1 — u, t = 1 ~ v, and noting that A ——Ii»/l, we see that
(8.13) follows directly from (8.15) and (8.16).

The proof of (8.14) follows along the lines of the previous proofs, in particular the proof of
the change-point case. We note here only that results for weighted empirical processes indexed
by intervals, especially Theorem 3.3 in Einmah! (1987), are used to complete the proof. [J

Appendix

Tables A.1-A.4 provide selected critical values for the four proposed test statistics T,. The
values are based on 100000 samples in each case.
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Table A.1. Test

for symmetry

Percentage points

n 90% 95% 97.5% 99%
10 2.620 3.392 4.272 5.393
15 2.477 3.325 4.195 5.317
20 2.428 3.271 4.138 5.306
30 2.360 3.154 3.989 5.160
50 2.295 3.081 3.902 5.027

100 2.254 3.041 3.880 5.005

150 2.231 3.002 3.836 4.967

Table A.2. Test for a change point

Percentage points

n 90% 95% 97.5% 99%

10 1,420 1.667 1.899 2.141

15 1.496 1.756 2.024 2.355

20 1.529 1.804 2.074 2.423

30 1.556 1.832 2.111 2.485

Table A.3. Test for independence

Percentage points

n 90% 95% 97.5% 99%

10 1.535 1.792 2.020 2.283

15 1.572 1.841 2,103 2.442

20 1.575 1.852 2.126 2.485

50 1.581 1.861 2.154 2.553

287
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Table A4, Test for exponentiality

Percentage points

n 90% 95% 97.5% 99%

10 0.521 0.734 0.969 1.322

15 0.676 0.906 1.148 1.524

20 0.787 1.004 1242 1.578

30 0.951 1.155 1.370 1.681

60 L.179 1.390 1.611 1.911

120 1.308 1.522 1.747 2.043

300 1.408 1.631 1.855 2.160

o] 1.467 1.679 1.895 2.192
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