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1. INTRODUCTION

Let X4, .., X,, be independent random variables each having distribution
function (d.f.) F,, ..., F,, respectively, and let ¢4, ..., ¢, be a sequence of real
numbers. Consider a weighted empirical process

S;;k(x)zcn_l Z cniI{Xi<X}7
where Cm':(ci_c_n)/cn’ En:n_l ;l=lci’ and Cﬁ: ;l=l(ci_5n)25 and
consider

n

Sy(x)=(n+1)~" Y HX;<x}.

i=1
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188 REN AND SEN

Motivated by the pioneering work of Hajek (1963), we are interested in the
following functional of (S}, S,),

P(SE. S, =] [SH0TW(S,(x)) dS,(x) (L1)

where  is a non-negative weight function. The following example shows
one application of this functional in statistics problems.

ExAMPLE 1 (Tests in Simple Linear Regression Model). Let X,’s be the
observations of the following simple linear regression model,

Xi=a+c;f+e, i=1,.,n, (1.2)

where c¢; are known regression constants, (a, ) is the vector of unknown
(regression) parameters to be estimated, and ¢; are independent and identi-
cally distributed random variables (i.i.d.r.v.). For testing the null hypothesis

Ho: =0 vs  Hy:p+#0, (1.3)

we have that with Yy =1, C2¥(S¥, S,) is equivalent to the Cramér-von
Mises type test statistic (Hajek and Sidak, 1967, p. 103). We refer to Hajek
and Sidak (1967) for some general motivation and a useful survey of the
related asymptotic theory. For a general weight function y, ¥(S%, S,) is
termed as generalized Cramér—von Mises (GCvM) type statistic and its
asymptotic properties have not been studied in the literature. The motiva-
tion of such a use of the weight function in certain situations is given in
Example 3 of Section 2, which shows that the use of y(¢#)=[#(1—¢)]'is
of special importance.

Several additional examples on the applications of functional ¥(S}*, S,)
in statistical problems are presented in Section 2, where some new test
statistics are proposed for the tests of goodness of fit in the 3-sample
problems, the tests in linear regression models and the tests of bivariate
independence.

For all these examples, asymptotic distribution theory of ¥(S}*, S,,) is of
focal importance. Thus we intend to develop a general approach for such
studies in this paper. Let F be a continuous d.f., and observe that ¥ induces
a function defined on the space D[0, 1] xD[0, 1],

«(UF, U= [ LU0 9,0 dU,(0), (14)

where U*=S*oF~1, U,=S,oF~!and D[O0, 1] is the space of right con-
tinuous real valued functions with left hand limits endowed with the
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supremum norm | -|. In Example 1, F is the common d.f. of X;’s under H,.
We will see later on that this functional 7 is Hadamard differentiable at
(0, U), where U is the uniform d.f. on [0, 1]. Hence, we have a form of the
Taylor expansion,

T( U:f» Un) = T(Oa U) + T’(O, U)( U:lk) Un_ U) + Rem( U;;k» Un_ U» T)a (15)

where 7(g, ¢, is a linear functional and is the Hadamard derivative at (0, U),
and Rem(U}, U,— U;t) is the remainder term of this first-order expan-
sion. Usually, we would expect to derive the asymptotic normality of
(U}, U,) through verifying

C,Rem(U¥, U,—U;1)-50, as n— o. (1.6)

References on this approach can be found in Ren (1994) and Ren and Sen
(1995) or a simpler case in Fernholz (1983). However, we have (g (, =0
in (1.5) for our examples. Hence, the first-order expansion (1.5) cannot
help us obtain the limiting distribution of 7(U}¥, U,) = Y(S}, S,). As noted
in von Mises (1947), this leads us to consider a higher order expansion of
(1.5), ie.,

T( U:lk’ Un) = T(Oa U) + TEO, U)( U:Lkﬂ Un - U) + %TE,O, U)( U;zka Un_ U)
+ Rem,(U}¥, U,— U, 7), (L.7)

where t{, , is the second-order Hadamard derivative at (0, U) and
Rem,(U¥, U,— U; 1) is the remainder term of this second-order expansion.

It appears that this second-order expansion (1.7) also provides some
deeper asymptotic results on regression M-estimators in linear models.
Such an application is discussed in Example 5 of Section 2. Moreover, the
bivariate version of (1.7), i.e., for bivariate random vectors X,;=(V;, W)
(see Ren and Sen, 1995, for the first-order expansion with multivariate ran-
dom vectors), gives a convenient tool to study the limiting distributions of
the test statistics for the tests of independence of V; and W;, which is briefly
discussed in Example 6 of Sections 2 and 5.

Motivated by the studies described above and by broader potential
applications in other studies of the asymptotic properties of the statistics in
different model settings (for instance, the L- and R-estimators in linear
model, etc.), the concept of second-order Hadamard differentiability
(SOHD) and some related theoretical results are established in Section 3
with proofs deferred to Section 6. While there might be methods other than
the SOHD method to study the asymptotic distributions of the statistics
considered in this paper, the general motivation of our work here is that
the SOHD property possessed by a statistic provides more information
than the first-order Hadamard differentiability property about the statistic’s
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asymptotic behavior. Thereby, deeper asymptotic properties of the statistics
can be obtained more easily. In some situations (e.g., Examples 24 and 6
of Section 2), we may hope that the testing or estimating procedure can be
constructed and studied conveniently by the SOHD method.

The applications of the concept of SOHD are considered in Section 4 in
deriving the limiting distributions of (U}, U,) given by (1.4) with proofs
deferred to Section 6. These results are used in Section 5 to study the
specific limiting distributions of the test statistics given in Examples 1-4
and 6 of Sections 1 and 2. The use of the special weight function ¥(S,) =
[S,(1—S,)]""is included as a special case in our studies.

2. EXAMPLES

In the following examples, the GCvM type statistics ¥(S}*, S,) are used
as test statistics, some of which are new or have not been studied in the
literature.

ExaMPLE 2 (Tests in General Linear Regression Model). We generalize
the Cramér—von Mises type test statistic by Hajek and Sidak (1967) to a
general linear model. Let X,’s be the observations of the following linear
regression model,

Xi=o+c;f+d;y+e;, i=1,..,n, (2.1)

where ¢;, d; are known regression constants, (a, 5, y) is the vector of
unknown (regression) parameters to be estimated, and ¢, are i.i.d.r.v.’s. Let
dy=(d;—d,)/D,, d,=n""'3}_,d; and D;=%7_, (d;—d,)? and let

THx)=D;' Y d.JJ{X,<x}. (2.2)

For testing the null hypothesis

Hy: (B, 7)=0 vs  Hi:(fy)#0, (2.3)
proceeding as in Hajek and Sidak (1967), we propose the following func-
tionals of (S*, T X, S,):

fw (CuSX(x), D, T X(x))(C,S3¥(x), D, T3(x))" Y(S,(x)) dS,(x)

— 0

=CLP(Sx. S,)+ DT, S,) (24)
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or

max {Cﬁ [ ISr07 0S,000 S0, DF [ [TH072w(S,00) d&(x)}

=max{C2¥(S¥,S,), D2W(T%,S,)} (2.5)

to be used as GCvM type test statistics. One may note that through rank
statistics C2%¥(S¥, S,) and D2¥Y(T#, S,) measure the effects that ¢,’s and
d;’s have on X;’s, respectively. Clearly, these statistics can be easily further
extended to the linear regression model with p unknown regression
parameters, which will be briefly discussed in Section 5.

ExaMPLE 3 (Goodness of Fit Tests in 3-Sample Problem). The test
statistic given in (2.4) may be used for the 3-sample problem.

(a) Case with equal sample size. For n=3m, let X,, i=1, ..., m, have
df F, X;,i=m+1, ..,2m, have df. G, and X,, i=2m+1, ..., n, have d.f. H.
We are interested in the following 3-sample problem

Hy:F=G=H Vs H,: Hynot true. (2.6)
Suppose that
1 1 1
3 3 3
Q = al az a3
by by by

is an orthogonal matrix. In model (2.1), if we let

(alabl)’ i=1,...,m
(cinb) =1 (az, by), i=m+1,..,2m (2.7)
(as, bs), i=2m+1, .., n,

then model (2.1) becomes

a+af+byy+e;, i=1,.,m
Xi=<ataf+byy+e,, i=m+1,..,2m
a+azf+bsyy+e, i=2m+1,..,n
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and H, of the 3-sample problem (2.6) implies Hy: a,f+b,y=a,f + b,y =
as B+ bsy, which is equivalent to test (2.3) because of a?+ a3 +a2=5b%+
b3+b3=1 and a,+a,+ay=b,+b,+by=a,b,+ayb, +asb;=0. From
(2.7), we have C2=D2=m,

(ay//m, byf/m),  i=1,.,m
(Coir ) =3 (@3//m, by f/m),  i=m+1,..,2m
(as//m, bs)/m),  i=2m+1,.,n

and
WSHEX) = ay /M Fop(X) + a3/ G () + a3 /m Hop(X)
D, T(x)=by /M F(xX) +by /1 G(x) + by /m H,(x),

where F,,, G, and H,, are the empirical d.f’s for (X,,.. X,,),
(Xps1s o Xo) and (Xy,, 415 - X3,), rEspectively. Thus, we have

<”\+fls C,S*, D T*> = Q(/m Fy/mG,, JmH,)"
n

and

n+1 2
cﬁs;«ubmz:m(F,2n+Gzn+H,2,,)_n< s,,>
n

=m{(F,,+ G, + H}) = 3[(F,,+ G, + H,)/3]?}

1\ 1\
:m{<Fm—n+S,,> +<G,,,—"Jr S,,>
n n
2
+<H,,,—”+1S,,>}.
n

Hence, from (2.4), the test statistic for the 3-sample problem (2.6) is given
by

C2W(S¥,S,)+ D>W(TH, S,)

_mf {( n+1S,,>2+<Gm—n:1S,,>2

+<Hm—”: ! S,,)Z} W(S,) ds,. (2.8)

With Yy =1 and y(¢)=[#1—1¢)] "}, the test statistics (2.8) are equivalent
to those by Kiefer (1959) and Scholz and Stephens (1987), respectively. We
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note that under H,, the asymptotic variance of \/r;[ F, (x)—"HS (x)] is
given by 2F(x)(1 — F(x)). In the one-sample goodness of fit tests, Anderson
and Darhng (1952) used the reciprocal of the asymptotic variance of
f [F,(x x)] under the null hypothesis as the weight function to put
equal Welght (m a certain sense) to each point of the distribution. However,
in the 3-sample goodness of fit test (2.6), F'is not known even under H,,.
To generalize this idea of using the weight function from one-sample tests
to 3-sample tests, we may use the reciprocal of the estimator for the
asymptotic variance of ﬂ[Fm(x) —1+lg (x)] as the weight function, i.e.,
we may use Y(S,(x))=[S,(x)(1—=S,(x))]"" as a weight function. Note
that for this special weight function, ¥(S},S,) in (1.1) is well defined
because of our choice of S,. For a general weight function v, (2.8) gives
GCvM type test statistic for the 3-sample goodness of fit tests.

(b) Case with non-equal sample size. Suppose that for n=n, +n, +
ns, the random samples (X, ..., X,,), (X 515 w0 Xoygny) a0d (X 4y 15 oo

ny

X, 4yt ny)> are drawn from F, G and H with the empirical d.f’s F,, G,,

n1s
and H,,, respectively. Let
M M2 N3
n n n

n3»
Q,=
bnl bn2 bn3

be an orthogonal matrix, and let C2= D2=n with

(anl/ nlibnl/\/ nl)a i=1a--':n1
(Cnh dni) = (anZ/ nj, an/\/ 7’!2), i= ny + 19 s Mg + n;
(an3/ n3>bn3/\/ I’l3), i=n1+n2+1, v

Then, we have

1 T
<"+ S, cnS:,DnT:>

7
=9, f >N 12 Gy \/’ZH'B)T’

C2S*2 4 D2T*2
n+1 2 n+1 2
=n1<Fm— . Sn> +n2<Gn2— Sn>

n
1 2
n3<Hn3_n: Sn>a
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and from (2.4), we have the following test statistic for (2.6) with non-equal
sample size

CL¥(SE, S,)+ DT, S,)

- Loy Loy
- {n1<F,,l—”+ S,,> +n2<an—”+ S,,>
) n n

n+1

+ s <Hn3 - Sn>2} W(S,) ds,. (2.9)

ExAMPLE 4 (Alternative Tests in 3-Sample Problem). Functionals (2.4)
and (2.5) can be used to construct alternative tests for the 3-sample
problem (2.6). Consider a more general case of model (2.1),

Xi;=a+c;,f+dy+en+e;, i=1,..,n, (2.10)
and denote
R¥(x)=E;' ) e, J{X,<x},
i=1
where ¢,,=(e;—¢,)/E,, ¢,=n"'>"_,e; and E2=3"_, (e;—¢e,)* Several

alternative test statistics for (2.6) are given as follows.

(a) In (2.10), let

(1,0,0), i=1,.,m
(¢;,d;,e;)=1| (0, 1,0), i=m+1,..,2m (2.11)
(0,0,1), i=2m+1,..,n;
then model (2.10) becomes a special case of the 3-sample problem with
equal sample size, and H, of the goodness of fit test (2.6) implies H,: =
y =7. Since under this H,, X,’s are iid., from Hajek and Sidak (1967, see

discussion on p. 90), we know that the test statistics (2.4) or (2.5) may be
used here. For (2.11), we have

2

(C,Sx. D, Ty, E,RY)

— /3m)2 <<Fm—n+1S,,>, <Gm—n+lsn>, <H,,,—n+1 S>>
n n n
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and from (2.5), we have the following test statistic for (2.6):
max{C;¥Y(S¥,S,), D,V (T}, S,), E,P(R},S,)}
3 o0
= 5 max {m J_Oo
m|

m(”

— 0

2
(Fm—’” : Sn> Y(S,) dS,.
n

1 2
(G ="0s, ) wis,) ds,.

<Hm—n::1$,,>2¢(5,,)dS,,}. (2.12)

For a general weight function , this statistic has not been studied; for the
case of Yy =1, it is equivalent to that given by Kiefer (1959), where the
limiting distribution of this test statistic was not derived.

(b) For the case of the 3-sample problem with non-equal sample size,
let in (2.10)

n n n
—1 1 2 3 .
(Cnia dni9eni)= Dn <_n9 1_;3 _>s l=n1+1,...,n1+n2

En_1<—’/:l1, —}/:12,1_}/;3> i=n1+n2+1,...,n
(2.13)

and
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and from (2.5), we have the following test statistic for the 3-sample
problem (2.6) with non-equal sample size

max{C,¥(S¥,S,), Dy¥(TY, S,), E;P(RY, S,)}

nn o (®
= max
n—n

— 0
n,n foo
n—rn,

— 00

nsn JOO
n—n,

— o0

1 2
(=", ) wis,ds,.

1 2
(Gu="225, ) w(s s,

<H,,3—n: ! S,,)ztp(S,,) dS,,}. (2.14)

(¢) In (2.10), let

(1,0, —1), i=1,..m
(¢;yd;ye))=<(—1,1,0), i=m+1,..,2m (2.15)
(0, —1,1) i=2m+1,..,m

then
C:=D*=E>=2m
(Cn5:1k> DnT:zk’ EnR:): m/2 ((FmiGm)> (GmiHm)a (HmiFm))a

model (2.10) becomes a special case of the 3-sample problem with equal
sample size, and H, of the goodness of fit test (2.6) implies H,: f=y=n.
From (2.5) and (2.4), we have the following test statistics for (2.6)

max{C;¥(S ¥, S,), Dy (T}, S,), E;P(RY, S,)}

— L max {m |7 G2, ds,

— 00

m (" (G H,)¥(S,)dS,,

|t~ E s a5, . (2.16)

and

CRP(Sk, S,)+ Dy (T, S,) +ELP(RY, S,)

(B G+ (G H 4 (Hyy— )%} (S, dS,.

20 o
(2.16a)
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respectively. For a general weight function , these statistics have not been
studied; for the case of =1, David (1958) constructed and studied a test
statistic which is the Kolmogorov—Smirnov version of (2.16).

(d) For the case of the 3-sample problem with non-equal sample size,

let in (2.10)
C U (na/ny, 0, —/nsfny), i=1,..,n
(Cpps Qs €0) = Dy (= /11 2y /1315, 0), i=n,+1, ., 0 +n,
En_l(O, —/Ma/ns, \/ny/ns), i=n+n,+1,..,n,
i (2.17)
C2=n,+n,, D2=n,+n,, EZ=n,+ns;

then we have

nyns nyns
D T*= |—— (G, —H,,), E,Rf= |——(H,, —F,),
nen \/n2+n3( " ) \/n1+n3( ) )

and from (2.5) and (2.4), we have the following test statistics for (2.6) with
non-equal sample size

max{C2¥(S}, S,), D2Y(T ¥, S,), E2¥(R. S,)}

[t~ F, ) (S, d5, 2.18)

and

CL(SE, S+ DT, S,) + ER(RYE,S,)

= - G G

n1+n2 n2+n3
% (H"3 Fn|)2} ,‘p(Sn) dSn> (2183—)
ny+n;s

respectively.
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Clearly, our test statistics in Examples 3—4 here can be easily extended
to treat the k-sample problem (k> 2).

The next example describes the application of the second-order expan-
sion (1.7) for statistical functionals to the studies of deeper asymptotic
results on regression M-estimators in linear models.

ExaMmPLE 5 (Regression M-estimators). For simplicity of presentation,
we consider the simple linear regression model given by (1.2) with error
distribution F. The robust M-estimator of («, ), denoted by (&, f,),
given by a solution (with respect to (64, 8,)) of the estimating equatlons

n

Z Y(X;—0,—c;0,)=0

., (2.19)
Y e (X;—0,—¢;0,) =0,

i=1
where {: R— R is a suitable score function. Setting Y,=X,—a—c¢;f
(iid.r.v’s with d.f. F), 1 <i<n, with 37_, ¢;=0, and u= (u,, u,) " € R* for
U = ﬁ(@l —a), u,=C,(0,— f), we have that (2.19) is equivalent to

M,,(u Z n= (Y, —cpu) =0
i=1

(2.20)
My, (u) = Z Cutf(Y;— c:i“) =0,

where ¢,;= (n~'2, ¢,;)T. Letting M,,(u) = (M,,, M,,)", the asymptotic nor-
mality and related properties of (4,,f,) have been studied most con-
veniently by incorporating the following uniform asymptotic linearity for
the M-estimators:

sup |M,,(u) — M, (0) +yQ,ul - 0, as n— oo, (2.21)
Jlul <K
where K is any finite positive real number, | | stands for supremum norm

on R? y=[y'dF>0, and Q,=X7_, ¢ L.
functional of the empirical functions

Note that M, (u) is a linear

Vitw=Y n="2I{Y,<F~'(t)+cLu}
i=1
Vitw =Y ¢, {Y,<F '(t)+c u},

i=1
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where te[0, 1] and ue R?, viz.,

M, (@) =7, (V, (-, ), Vs w)
=<W0F—1an(-,uxjwoF—ldV;*(o,u))T,

and that M,(u) is a functional defined on D[0,1]x D[0, 1], because
V.(-,u) and V*(-, u) are elements on D[0, 1] for any fixed ue R2 Since
the Hadamard derivative is a linear functional, M,(u) could be the
Hadamard derivative of some appropriate functional z. The choice of
may not be unique, and general motivations for this are given in Ren and
Sen (1991). Ren and Sen (1991) showed that if a functional 7 is Hadamard

differentiable with first-order derivative M, (u), then as n — o0

{\/ﬁ O} {2V ), ViEC, w)} = [ M, () = M,(0)]| 5 0,

sup
wexll O an (2.22)

— n L+ n — : + _ - . ,
wherea,=Y"7_,ct=3"_,c, withc¢} =max{0, ¢,;} and¢,; = —min{0, ¢,;},

and for some functional 7,, 7,: D[0,1] > R,

(Voo w), Vi, w) = (2y(Vo(c )/ /n), ooV, w)/a,)T. (2.23)

Thereby, using a convenient functional 7, Ren and Sen (1994) established
(2.21) from showing

sup
lul <K

|:\€]2 a0:| {T(Vn(a ll), V,T(,ll))}—{—anu _P>O’ as 71— 0.

n

This (first-order) Hadamard differentiability approach for establishing
(2.21) compares quite favorably with the alternative ones in the literature
(Ren and Sen, 1994). Note that (2.22) is given by the asymptotic behavior
of Rem(V,(-,u) — U, V}(-,u)— U, 7). Hence, we naturally expect to obtain
more detailed asymptotic properties of (2.21): the convergence rate in
probability, using the second-order expansion (1.7) for the functional 7 in
(2.22) and (V,(-, u), V¥(-, u)). In this context, some asymptotic results on
Rem,(V,(-,u)— U, V¥(-,u)— U; t) will be given in Section 3. These results
have been used to establish an asymptotic representation of (&, f3,) under
weaker conditions than those available in the literature (Ren and Sen,
1993).
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ExampPLE 6 (Test of Independence). Let (Vy, W), .., (V,,, W,,) be a
random sample from a bivariate d.f. F(v, w). If one wishes to test if V; and
W, are independent, the test statistic for the following hypothesis,

H,: F(v, w)=F(v, o0) F(oo, w) Vs
H,: F(v, w)# F(v, o0) F(o0, w), (2.24)

may be given by the bivariate version of (1.1). To see this, let n=m + m?
and for 1 <i<n, denote

N _{(Vi, W) it 1<i<m
Ve W) i jmHI<i<(j+)m, j=1,..m (2.25)
x=(v,w), X, <x}=LV;<v, W,<w}.

Thus, in (1.1) for ¢;=2, 1<i<m; ¢;=1, m+1<i<n, we have C2=
m?*/(m+1),

S¥x)=C! i il{X; <x} =[F,(v,w)—F,(v, 0) F, (00, w)]
=t (2.26)

S,(x) " [1 m(v,w)—i-mm

nt+1|m+1 1 Flts 90) Floo, wy |,

where F,, is the bivariate empirical d.f. of (V,, W,), ..., (V,., W,,). Hence,
the bivariate version of (1.1) gives a test statistic for (2.24):

C2¥(S7,5,) = C2 [[ [S3() 12 ¥(S,(x)) dS,(x)

m2
=m+1
X PY(S,(x)) dS,(x). (2.27)

| LFnv.w) = Fo0, 20) Fo( 0, )1

We note that although the random vectors X, in (2.25), 1 <i<n, are not
all independent from one and other, and S}(x), S,(x) are bivariate pro-
cesses, a more general multivariate form of (1.5) for the first-order
Hadamard derivative is studied by Ren and Sen (1995), and the multi-
variate analogue of (1.7) for the second order Hadamard derivative applies
to the statistic given in (2.27), because under H,,, ﬂ S ¥(x) weakly con-
verges to a centered Gaussian process and S,(x) uniformly converges to
F(v, o0) F(oo, w) with probability 1. This will be briefly discussed in
Section 5. Hoeffding (1948) studied the independence test (2.24) using
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U-statistics (its limiting distribution under H, was not specifically given),
while our formulation in this paper does not require U-statistics representa-
tion and directly connects the degenerated limiting distribution of the test
statistic under H,, with the second-order Hadamard derivative.

3. SECOND-ORDER HADAMARD DIFFERENTIABILITY

First-order Hadamard differentiability is usually defined as follows. Let
V and W be the topological vector spaces, £,(V, W) be the set of con-
tinuous linear transformations from V to W, and .o/ be an open set of V.

DerINITION 1. A functional T: .o/ — W is Hadamard differentiable (or
compact differentiable) at F e o/ if there exists T’ € £,(V, W) such that for
any compact set 1" of V

T(F+tH)—T(F)—T%(tH
lim LE+ ) —T(F) — T( )_o (3.1)
t—>0 t
uniformly for any H eI The linear function T is called the Hadamard
derivative of T at F.

For the sake of convenience, in (3.1) we usually denote
Rem(tH)=T(F+tH)—T(F)— T'»(tH) (3.2)

as the remainder term of the first-order expansion. This definition is related
to the original one given in Reeds (1976) (see Fernholz, 1983). We should
note that in normed vector spaces, (3.1) is equivalent to the following form
(viz., Gill, 1989)

lim Rem,(F+tH,)

t—0

=0, (3.1a)

for any sequences H, with H, > He V.

Let €(V, W) be the set of continuous transformations from V" to W, and
let
LV, W)={f, feC(V, W), f(tH)=t*f(H) for any He V, 1 e R}. (3.3)

We define second-order Hadamard differentiability as follows.
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DerFiniTION II. A functional T: .o/ — W is second-order Hadamard dif-
ferentiable at Fe .o/ if there exists Tz € &,(V, W) and T'x € L,(V, W) such
that for any compact set 1" of V'

lim T(F+tH)—T(F)— T'w(tH) — 1 T'w(tH)

t—>0 £?

=0 (3.4)

uniformly for any He I'. T’z and T’ are called the first- and second-order
Hadamard derivatives of T at F, respectively.

We denote the remainder term of the second-order expansion as below:
Rem,(tH)=T(F+tH)—T(F) — T'w(tH) — 3 T(1H). (3.5)
In normed vector spaces, (3.4) may be presented in an equivalent form,

. Rem,(F+tH,)
lim —————~

t—0 t2

=0, (3.4a)

for any sequences H, with H, > He V.

Remark 1. In the literature, various types of higher order derivatives
have been considered by some authors, such as von Mises (1947),
Averbukh and Smolyanov (1967), Keller (1974), Reeds (1976), Sen (1988),
among others. Averbukh and Smolyanov (1967) defined the higher order
derivative inductively; that is the second-order derivative is defined if the
map Feo/ -» T ,(V, W) is differentiable. In Keller (1974) and Reeds
(1976), the second-order derivative is required to be a “2-linear map”. One
may note that all these definitions require the functional 7 to be at least
continuously differentiable at F, while our definition of the second-order
Hadamard derivative in Definition II does not require this, thus is a
weaker differentiability condition. Examples show that in some situations,
continuous differentiability condition fails to hold (see Gill, 1989). One
may also note that based on our Definition II, the computation of the
second-order Hadamard derivative is more straightforward. In (2.2) of Sen
(1988), if we let

T'.(H) =f T\(F. x)dH(x) and

Th(H) = || To(F x, y) dH(x) dH(),

then (2.2) of Sen (1988) coincides with our (3.5) for continuous and
bounded T, and T,. Later on one will see that our concept of second-order
Hadamard differentiability in Definition II suffices in our studies here.
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Remark 2. From our definition of second-order Hadamard differen-
tiability, it is obvious that the existence of the second-order Hadamard
derivative implies the existence of the first-order Hadamard derivative, and
we have

T%(0,—F)=1C(x; F, T)=%T(F+t(5x—F))|,=0 (3.6)

and

2

TH0,— F) =3 TUF+ 10, F) 0. (3.7)

where J is the d.f. of the point mass one at x.

It is known that the chain rule holds for first-order Hadamard differen-
tiability (Fernholz, 1983), which makes it useful. We will show that the
chain rule also holds for second-order Hadamard differentiability. The
proof is given in Section 6.

ProrosiTiON 3.1.  Let V, W and Z be the topological vector spaces with
T: V> Wand Q: W— Z. If T is second-order Hadamard differentiable at
FeV and if Q is second-order Hadamard differentiable at T(F)e W, then
t= Qo T is second-order Hadamard differentiable at F with derivatives

Tp = Q/T(F) o T (3.8)
2 =(QcT)r=0pr o Tr+ Orp o Tk (3.9)

In our current study, we will be primarily interested in the functionals
defined on Banach space (D[0, 1] x D[O0, 1], |-|), where ||- || stands for the
supremum norm and the o-field generated by all open balls is equipped
(see Shorack and Wellner, 1986, for references). In the next few proposi-
tions, we give some sufficient conditions for a second-order Hadamard dif-
ferentiable functional defined on the space D[0,1] or D[0,1]xD[O0, 1]
with the proofs deferred to Section 6.

The next proposition is a generalization of Proposition 6.1.2 of Fernholz
(1983) for second-order Hadamard differentiability.

ProposiTION 3.2. Let L: R— R be differentiable and L' be continuous,

bounded and piecewise differentiable with a bounded derivative. Let y:
D[0,1]—> L?[0,1], p=1, be defined by

WH)=LoH, HeD[O0,1]
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and let A be the set of points in R where L' is not differentiable. If y is
defined in a neighborhood of Q€ D[0, 1] and if u{x; Q(x)e A} =0, where
W is Lebesgue measure, then y is second-order Hadamard differentiable at Q
with derivatives

VoH)=(L'-Q)H  and  yp(H)=(L"-Q)H?  HeD[0,1].
ProrposITION 3.3. Let y: D[0, 1] xD[0, 1] — D[O0, 1] be defined by
G, H)=G)(H), G,HeD[0,1]

where ¢ is a real valued function with continuous second derivative ¢". Then
for Gy, Hy € D[0, 1], y is second-order Hadamard differentiable at (G, H,)
with derivatives

V6o, )G, H)=Go¢'(Ho) H+¢(H,) G, G, HeD[0,1]
and
V6o, m)\ G, H)=2¢'(Hy) GH + Gy ¢"(H,) H?, G, HeD[O,1].

We should notice that a special case of the above proposition with
G, =0 requires weaker conditions on ¢. We state this case as a corollary
without proof.

COROLLARY 3.4. Let y: D[0,1]xD[0,1]— D[O0, 1] be defined by
WG, H)=G¢(H), G, HeD[O0,1],

where ¢ is a real valued function with continuous derivative ¢'. Then for
H,eD[0,1], y is second-order Hadamard differentiable at (0, H,) with
derivatives

720, Hg)(G> H)=¢(H,) G and
Y0, )G, H)=2¢"(H,) GH, G, He D[0, 1].

The proof of the following proposition, given in Section 6, is similar to
that of Lemma 3 by Gill (1989), where a class of elements in D[0, 1] x
D[0, 1] is considered,

1
E:{(G, H); G, He D[0, l]withf |dH|<C}, (3.10)
0

for a positive constant C. For detailed discussions on FE, see Gill (1989).
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PropoSITION 3.5. Let y: D[0, 1] xD[0, 1] —> R be defined by
1
NG, H)=| G1)dH(1), G, HeD[0,1],
0

and let (Gy, Hy) € E with j(l) |dGy| < 00. Then y is second-order Hadamard
differentiable at (G,, H,) with derivatives

1 1
Ve oG H)=2 | (1) Golr) dHG(1) + | G3(0) dH1).
G, He D[0, 1],

and
1 ) 1
o oG H)=2 | G2(0) dH (1) +4 | G(0) Go(1) dH1),
G,HeD[O0,1].

For U} and U, given in Section 1, the second-order remainder term
Rem, in (1.7) has the following results which are similar to those for the
first-order remainder term. The proofs are given in Section 6.

Let C[0, 1] be the space of real valued continuous functions endowed

with the supremum norm ||-||. We impose the following assumptions on
U} and U, throughout this paper.

Assumption A. (Al) For some U* and Ue C[O 1] we have that as
n— o, C,LE{U}} —U*]1 L 0 and \/n [ E{U,} — U] 1 0;
(A2) n~'C2< M, for all n>1 and some 0<M< o0;

(A3) lim,_, ., max, <i<n{cii} =0.

THEOREM 3.6. Suppose 7: D[0,1]xD[0,1] - R is a functional. Then,
under Assumption A,

(i) if v is Hadamard differentiable at (U*, U), we have
C,Rem,(U¥—U* U,—U;7)-50, as n— o, (3.11)
and
Clt(U¥, U,)—t(U* U)]1=C,t(pe o Uk = U*, U,—U)+0,(1); (3.12)

(ii) if T is second-order Hadamard differentiable at (U*, U), we have

C>Remy(U¥ —U*, U,— U;1) 50, as n— oo, (3.13)
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and
Ci[T(U;zkn Un)_T(U* )]_C2T(U* 7(U:Lk_U*a Un_U)
+§C,21‘C(U*’ [7)( U;k - U*, Un_ U) "FOp(l)
(3.14)

Referring to Example 5 in Section 2, we have the following theorem on
the second-order remainder term Remy(V,(-,u)— U, V¥(-,u)— U, 1) for
the functional 7 in (2.22). Let

V**(1,u) Z Y, <F (1) +clu} (3.15)
i=1

VE=(bu)= Y e I{Y,<F '(t)+clu}; (3.16)
i=1
then for this example, we usually have
w)/a,)=t,(Vi¥*(-,u)/a,) —t(V u)/a,) (3.17)

in (2.23) (see Ren and Sen, 1993).

THEOREM 3.7. Suppose 1,: D[0,1]—> R is a functional and is second-
order Hadamard differentiable at U. Assume that F is absolutely continuous
with a positive and uniformly continuous derivative. Then, for any K> 0,

(1) we have

sup n |Rem,(n= "2V, (-,u)— U; 1,)| -> 0, as n—oo; (3.18)

lul <K

(i1) under (A3), we have

sup a2 |Remy(a; ' V(. u)— U, 1,)| = 0, as n— oo
la| <K

and
sup a2 |Remy(a, ' VE~(-,u)—U:t))| >0, as n— o
lul <K

The proof of Theorem 3.7 is similar to that of Theorem 3.1 in Ren and
Sen (1991), where we only need to replace ¢~ !Rem(tH;t,) by
t=2 Rem,(tH; 7,). One may note that the Skorohod topology was used in
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Ren and Sen (1991), but their results apply here (and in Section 6) because
the limiting Gaussian process for the weak convergence here and in Ren
and Sen (1991) has continuous sample path (see discussions in Gill, 1989)
and the use of the og-field generated by all open balls in this paper ensures
the measurability of the weighted empirical processes.

Remark 3. Ren and Sen (1993) have used Theorem 3.7 along with
Proposition 3.2 to study the convergence rate in probability of (2.21).
Thereby, an asymptotic representation of M-estimators in linear models is
given under weaker conditions on the score function i, the error distribu-
tion F and the design matrix than those in Juréckova and Sen (1984).

4. LIMITING DISTRIBUTIONS OF t(U%, U,)

In this section, we will consider the functional z given by (1.4). Let
7. D[0,1]xD[0,1] - R be a functional, given by

7(G, H)=j1 [G(x)1* Y(H(x)) dH(x), G, HeD[O,1]. (4.1)

The following conditions may be required in our theorems.
Assumption B. (Bl) 1 is positive on [0, 1] with continuous deriva-
tive y';
(B2) For any >0, ¢ is positive on [J,1—0J] with continuous
derivative y/';
(B3) There exists 6,>0 and 0 <M, M, < oo such that y(t) < M, /t,
te(0,0y] and Y(1) < M,/(1—1),te[1—Jy, 1).

In the next lemma, we show that 7 given by (4.1) is second-order
Hadamard differentiable with the proof deferred to Section 6.

LemMa 4.1, Let ¢ =/ and let (Go, Ho) € E with [} |dG| < co. Then,

(1)  Under Assumption (B1), we have that the functional t given by
(4.1) is first-order Hadamard differentiable at (G, H,) with the first-order
Hadamard derivative

T(Go, ) Gs H) =2 fol [Go¢'(Hy) H+¢(H,) G] God(H,) dH,

+ jol G29*(Hy) dH; (42)
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(i1) If in addition to Assumption (Bl), we assume that y has con-
tinuous second derivative ", then the functional t given by (4.1) is second-
order Hadamard differentiable at (G, H,) with the first-order Hadamard
derivative given by (4.2), and the second-order Hadamard derivative

Lo oG H) =2 [ [God (Ho) Ho+9(Hy) GT*
+4 [ LGy (Ho) H+(1Hy) G GodHy) i

+2 [ [20/(Ho) GH+ God"(Ho) H*] Gog( Ho) dHo,
° (4.3)

where G, He D[ 0, 1].

In a special case of Lemma4.1 with G, =0, weaker conditions are
required on . We state this case as a corollary. From Corollary 3.4 and
Proposition 3.5, the proof is similar to that of Lemma 4.1.

COROLLARY 4.2. Under Assumption (Bl), for HyeD[0,1] with
Ll, |dHy| < o0, the functional t given by (4.1) is second-order Hadamard
differentiable at (0, H,) with the first-order Hadamard derivative

T, m)(G H)=0, G, HeD[0,1] (44)

and the second-order Hadamard derivative
1
Tlo, (G H)=2 | W(H,) G*dH,, G, HeD[0,1].  (45)
0

To study the asymptotic distribution of (U}, U,,) given by (1.4), we are
particularly interested in the following special case for (U}, U,):

Assumption C. Xy, X5, .., X,, are 1i.d. with a continuous d.f. F.
In this case, we have U* =0 and U= U in Assumption (A1), because we
always have

Y ou=0, n>l. (4.6)
i=1
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THEOREM 4.3. Under Assumption (A), (Bl) and (C), the functional t

given by (4.1) is second-order Hadamard differentiable at (0, U) with
derivatives

Tlo. 1)(G, H) =0 (4.7)

and
(o, v)(G, H) =2 L}l G*(U) dU, (4.8)
where G, He D[ 0, 1]. Therefore,
C2e(UF, U,) = C2 Ll U*(U)dU+o,(1), as n—ow  (49)

and
1 ©
C2e(U¥, U,,)—D>J WA (1) di=Y 3,22, as n—oo, (410)
0 j=1
where W is a Gaussian process on [0, 1] with mean 0 and covariance

(s, t) =min{s, 1} —st, (4.11)

Z; are independent standard normal random variables, and A; are the eigen-
values for the following eigenvalue problem:

fol V(8 1) /W (s) /() 1 (1) dt = 2x(s). (4.12)

The proof of Theorem 4.3 is given in Section 6. It is clear that in
Theorem 4.3, we require ¥ to be bounded. To handle more general weight
functions, we first establish the following lemma, then extend Theorem 4.3
to unbounded weight functions. The proofs are deferred to Section 6.
Under assumption (C), we denote

W(t)=C,U¥(t)= i (LY <t} —1), tel0,1], (4.13)

where Y,;= F(X,) are i.i.d.r.v.’s with d.f. U.

1
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LemMA 4.4.  Under Assumption (A), (B2)—-(B3) and (C), we have that for
any € >0, there exists 0 >0 and N such that for n= N

P{Ua W2y(U,) dU, <a}>1—a (4.14)
0
P{ f W2y(U,) dU, <s}>1—s (4.15)
1—-6
P{ f W2y(U) dU <a}>1—s (4.16)
0
P{ fl W2y(U) dU <s}>1—g. (4.17)
1—6

THEOREM 4.5. Under Assumption (A), (B2)—(B3) and (C), the functional
T given by (4.1) satisfies

1
C27(U*, U,) = cf,j U*2p(U)dU+o0,(1), as n—oo, (418)
0
1 0
Cﬁr(U;,",U,,)—D>J WA () di=Y 4,72, as n—ow, (419)
0 j=1

where W, Z; and ; are as those in Theorem 4.3.

Remark 4. Note that our condition (B2) is required for having the
decomposition of W(t)./y(t) in (4.19) (see Anderson and Darling, 1952).

5. APPLICATIONS

In this section, we give the specific limiting distributions of those test
statistics in Examples 1-4 and 6 of Sections 1 and 2.

ExampPLE 1. In model (1.2), we assume that the error variables ¢,’s are
continuous. Then, we know that under H,, X, .., X,, are iid.r.v.’s with
some continuous d.f. F. Assuming (A2)—(A3), from Theorem 4.5, we know
that the test statistics ¥(S,S,) has the following limiting distribution
under H,

C2W(S}.5,)= C2e(UF, Up) 2 [ W20yl di

0

J<G

=Y ,Z? as n-— oo, (5.1)
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where W, Z; and /; are as those in Theorem 4.3, s satisfies Assumption
(B2)-(B3), and 7 is given by (4.1). Particularly, for some special weight
function y, the values of 4; in (5.1) have been given. If yy =1, then

Ay=1/(jm)?, j=1,2, .. (5.2)
(Shorack and Wellner, 1986, p. 214). If y(¢)=[#(1 —¢)] !, then
L=1/jG+D],  j=1L2. (5.3)

(Anderson and Darling, 1952).

ExampLE 2. If the error distribution is continuous in model (2.1), we
have that X1, .., X, are i.i.d.r.v.’s with a continuous d.f. F under H,. If for
{c,;} and {d,;}, (A2)—(A3) hold with p,=>"7_, ¢,;d,; = p, as n— oo, then
by Theorem 4.5, we have that under H,,

Cor(UX, U,) +Die(V ¥, U,)
1 1
=C2 [ Uzp(U) dU+ D2 [ Viy(U) dU+o,(1),
0 0
as n— oo,

where V¥*=T#oF~' Furthermore, from a generalization of Theorem

n

3.1.1 of Shorack and Wellner (1986, p.93) and from the proof of our
Theorem 4.3 given in Section 6, we have

c? fl U*2y(U) dU = jl WAt (1) dt+o,(1), as n— oo,
0 0
and

D?,fl Vizy(u) dU:f1 W) (1) dt+o,(1), as n— o,
0 0 P

where W, and W, are Brownian bridges with Cov{W,(s), W,(1)} =
plmin{s, r} —st]. Hence, we have that under H,,

f (CuSX(x), D, T ¥(x))(C, S5 (x), D, T3(x))" (S,(x)) dS,(x)

ZCiW(S:aSn)—i_DZ ( S)_CZT(U )+D2 (V;;kaUn)

1
2 [T+ WHDT ) di

Z A (Zz—i-Z2 as n— oo, (5.4)
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and

max {cﬁ [ L8302 WS, i, (3,

D2 [ U012 (s, ) 5,0

— o0

=max{C, (S}, S,), D; (T, S,)}

2, max{ Y 27y ijZf}, as n— oo, (5.5)
j=1 j=1

where /; areAgiven by (4.12), (Z;, Z ;) are 1i.d. bivariate ngrmal r.v.’s with
E{Z;} =E{Z;} =0, Var{Z;} =Var{Z,} =1 and Cov{Z;, Z;} =p, } satis-
fies Assumption (B2)—(B3), and 7 is given by (4.1). For the special weight
function Y =1 and y(¢)=[#(1—1¢)]~", the values of /; are given by (5.2)

and (5.3), respectively.
To find the critical values of the tests using (5.4) or (5.5), one may
generate iid. standard normal r.v.s: Y,, Y, .., Yy, Y, for some large N.

Then, set Z,=Y, and Z,=p,Y,—/1—p2 ¥, j=1,., N. Since Y%

j=1
MZE+Z)RYN M2+ Z7) in (54) and max{¥ > | 1,27, 37 L, Z7} ~

j=17Jj> &j=1"j]
max{¥N , 4,Z;, 3N, ijZf} in (5.5), the critical values of the test statistics
(24) and (2.5) can be determined by the quantiles of YN (Z+Z3) and
max{> Y, 4,22, ¥ | A, Z7}, respectively.

If a general linear model is considered,

X;=a+c]B+e,, i=1,..,n, (5.6)

where ¢; are known p-vectors of regression constants, B is the p-vector
unknown regression parameters, and ¢; are i.i.d.r.v.’s with a continuous d.f,
we let

D,=(¢, ... ¢c,)7, D,=n"'1,1TD,
Cn = Dlag( Hdl HE: eeey Hdn HE): Ci= Cn_l(ci - én)

c,.cr

ni%ni’

1

Y =

n

I M=

i
where d; is the column vector of D,—D,, ¢, is a column of D,, and |- | 5

stands for Euclidean norm. Also, let

SH0)=C;' Y e I{X,<x} (57)

n
i=1
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with lim,_, ,, max; .;, ¢, [7=0, lim,_ ,E,=E and n~'[17C,|3<
M < co. Then, under Hy: p=0 (vs. H,: p#0), we have that the test
statistics

[ (c..8n7(C,55)4(s,) s, 2

— o0

YAV A as n— oo, (5.8)

A R A
1

s

J

and

max {[7 (1€, 50205, dsn}

1<k<p — o0
-2, max Z) e 2,7, as n— oo, (5.9)
1<k<p

where e, is a p x 1 vector with the kth component 1 and others 0, 4; are
given by (4.12), Z; are i.i.d. N,(0, X) and  satisfies Assumption (B2)-(B3).
The critical values of the tests can be obtained similarly as that for the case
of p =2 outlined above.

ExampLE 3. Consider the test statistic given in (2.9) for the 3-sample
problem (2.6) with non-equal sample size. For {c,;} and {d,}, we have

n

Pn= Z cnidni:anlbnl +an2bn2+an3bn3 :0

i=1

and (A2)—(A3) hold if n; > o0, as n— oo, j=1, 2, 3. Hence, if (B2)—~(B3)
hold for the weight function s, from (5.4) the test statistic (2.9) has the
following limiting distribution under H,,

g L) 1)
| {n1<Fn1”+ S,,> —|—n2<Gn2n+ S,,>
. n n

n+1
.

S)} W(S,) ds,
i Lad.  as n— oo, (5.10)

where ){f are 1.i.d. Chi-square random variables with degrees of freedom 2,
and for the special weight function =1 and y(¢)=[#1—1¢)]"", the
values of 4; are given by (5.2) and (5.3), respectively.
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ExaMPLE 4. Case (b): Consider the test statistic given in (2.14) for the
3-sample problem (2.6). For {c,;}, {d,;} and {e,;} in (2.13), we have

! Jnin
pn(c’ d): Z cnkdnk= - —

k=1 (”_”1)(”_”2) (5 11)
n1n3 A/ n2n3 .
Cy = - 5 n ds = - .
Pl = ey T T e

Suppose that nj(l—;f)—> 0, as n— o0, j=1, 2, 3, and (p,(c, d), p,(c, e),
pa(d, e)) converges to (p.u> Pees Pae)> @S 1 — 00, and that (B2)—(B3) hold for
the weight function . Then, (A2)-(A3) hold, and from (5.9), the test
statistic (2.14) has the following limiting distribution under H,

nn [
max
n—n,

— 00

0 1 2
man( <Gn2_”+ s,,> Y(S,) dS, .

n—"n, J_o n

ST (-t ) s s,
— o n

n—ns

1 2
(Fu="0s, ) s ds,.

2, max {Z) }, as n— oo, (5.12)

1<k<3

where Z; are ii.d. N;(0, X) with

1 Pea Pece
= Pecd 1 Pae | > (513)
Pece Pae 1

and for the special weight function Yy =1 and y(r)=[t(1—1¢)]"", the
values of /; are given by (5.2) and (5.3), respectively. In particular, for
Case (a) with equal sample size as described in Section 2, we have p_,=
Pee=Pae= —1/21n (5.13).

Case (d): Consider the test statistics given by (2.18) and (2.18a) for the
3-sample problem (2.6). For {c,;}, {d,;} and {e,;} in (2.17), we have
pulc;d)=p,(c.e),  pic,e)=p,d.e),  pde)=p,cd), (514)

where p,(c, d), p,(c, e) and p,(d, e) are given in (5.11). Suppose that n; —
0w, as n— oo, j=1, 2, 3, and (p,(c, d), p)(c, e), p,(d, e)) converges to
(Phds Pre> Pe), as n— oo, and that (B2)-(B3) hold for the weight
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function . Then, (A2)-(A3) hold, and from (5.9) and (5.8), the test
statistics given by (2.18) and (2.18a) have the following limiting distribu-
tions under H,,

nin, (<« >
_— F, -G S )dS
max {nl-i—an (F, ) W(S,)dS,,

— 00

L2 [T (G, H,,) (S, dS,.

mns 2
—_— H, —F, S,)dS
e B s }
D - Tz \2
——>11<n]£1)<(3 {jgl Ai(e,Z;) }, as n— ow (5.15)

and

[ (= G S (G i

ny+n, n,+ny
n1n3 2
— = (H,,—F S,) dS
TA(Hy, F )R (S, dS,
= Y LZTZ,  as n— o, (5.16)

j=1

respectively, where for X’ given by (5.13) with p_;, P, Pa replaced by pl,,
Pres Pae»> TeSpectively, Z; are 1.i.d. N5(0, X'), and for the special weight func-
tion Yy =1 and Y(t)=[#(1—1)]~}, the values of /4; are given by (5.2) and
(5.3), respectively. In particular, for Case (¢c) with equal sample size as
described in Section 2, we have pl,=p.. =pl= —1/2, thus Z=X".

Remark 5. It is worth mentioning that with equal sample size in the
3-sample problem (2.6), the limiting distribution of the test statistic given
by (2.18a) is 332, 4;x;, where y7 are iid. Chi-square random variables
with degrees of freedom 2, because the eigenvalues of X' in (5.16) are 0, 3/2
and 3/2. Also, one may note that by using Theorem 3.6 we can easily show
that under a fixed alternative hypothesis, the limiting distribution of the
test statistic given by (2.18a) is normal.

Remark 6. One may note that in Examples 1-2, it is shown that the
SOHD method allows us to generalize the Cramér—von Mises type of test
statistics (Hajek and Sidak, 1967, p. 103) from model (1.2) to (2.1) in a
rather straightforward way and allows us to derive their asymptotic dis-
tributions conveniently. The investigation on the power of the proposed
tests here in comparison with the alternative tests, say, (normal) rank tests,
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is technical, which will not be studied in this current paper. In Hajek and
Sidak (1967, pp. 229-232), a comparison of the asymptotic local power of
the one-sided Kolmogorov—Smirnov test with that of the normal rank test
was given. We may expect similar results for our generalized Cramér—von
Mises tests. One may also note that for the 3-sample problem (2.6), the
null limiting distributions of the test statistic studied by Scholz and
Stephens (1987) and the alternative test statistics constructed in Example 4
are just the special cases of that in Example 2 for linear regression model.

ExampLE 6. Consider the test statistic given by (2.27) for the inde-
pendence test (2.24), and let x=(u,v), y=(s,¢), Fi(u)=F(u, oo) and
Fy(v)=F(oo,v). It can be shown that under H,, \/r;S;“(Fl’l(u),
F;Y(v)) =ﬂ U¥(u, v) weakly converges to a centered Gaussian process
G(x) with covariance function

y(x, y) = (min{u, s} —us)(min{v, t} —vt),

and S,(F;'(u), F; '(v)) = U,(u, v) uniformly converges to uv with prob-
ability 1. Following the concepts in Ren and Sen (1995) for the first-order
Hadamard derivative with bivariate random vectors, it is easy to generalize
Theorems 3.6 and 4.3 to their bivariate versions under suitable conditions.
Thus, we have that under H,,

C2w(s5.s,) = C[ [ [0S0 (U, 0) dU,(u. v
0J0

1 s2
—D>J J G*(u, v) Y(uv) du dv, as m— .
0 Y0

6. PROOFS

Proof of Proposition 3.1. Since T and Q are second-order Hadamard
differentiable at F and T(F), respectively, for any compact set I, of " and
compact set Iy, of W, we have

. T(F+tH)—T(F)—Tp(tH)— Tw(tH)
lim

t—>0 12

=0 (6.1)

uniformly for any He I, and

lim O(T(F)+1tG)— Q(T(F)) — Q) (1G) — %Q;‘(F)(ZG)
2

t—0 t

=0. (62)
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uniformly for any GeI'y. By Proposition 3.1.2 of Fernholz (1983), we
know

Tp= Q,T(F) o T,

and obviously 7 € £,(V, Z). It is also obvious that 7% given by (3.9) is an
element of £,(V, Z). From (6.1) we have

T(F+tH)=T(F)+ Tw(tH) + 1 T'h(tH) + o(1) *

where o(1) converges to 0 uniformly for any He '}, as t — 0. Hence, by
the linearity of Q'r, we have

(F+tH)—1(F)—t%(tH)
= Q(T(F+ tH)) — Q(T(F)) — Qyr( T(tH))
=Q(T(F)+ Tp(tH) + 3TH(tH) 4+ o(1) 1)
— O(T(F)) = Q'rr( T(2H))
= O(T(F) + t{ Tp(H) + 3t Tp(H) + o(1) t}) — Q(T(F))
— Orir(H{ Tr(H) + 5t TH(H) +o(1) t})
+ 38207 TH(H)) + £2Q'rry(0(1)). (6.3)
It is easy to show that
Iy ={TwH)+3tTHH)+o0(1)t; He 'y, te[ —1,1]}
={Tw(H)+x(H, t);He Iy, te[—1,1]}
is compact, where x(H, t) = [ T(F+tH) — T(F) — T'=(tH) ]/t converges to 0
uniformly for any He 'y, as t - 0. Hence, by (6.2), we have

1
lim 5 {{Q(T(F) + { TR(H) + 3TH(H) +o(1) t}) — O(T(F)

— O'rm(H{ TH(H) +lfT"(H)+0(1) 1)} —307r(Tr(tH))}
—1im Orm(t{T W(H)+ 5tTH(H) + 1) t}) — O TH(tH))

t>0 212

=}i_{1(1)%{Q}(F)(T}(H)—I—%tT’,’,-(H)—I—o(I)) Orr(Tr(H )}

= lim 3{ Qi Ts(H) + K(H, 1)) = Qi T's(H))} (64)
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uniformly for any He I'y. Let

¢(H, 1) = Q7 Tr(H) + k(H, 1)) = Q1 Tr(H));

then ¢: Vx[ —1,1] - W is continuous and ¢(H, t) converges to 0 for any
fixed He I'y,, as t — 0. Hence, for any open set O of W such that 0 € O and
for any H,el'y, there exists an open set Oy oy=Og, X1 gy o) Of
V'x [ =1, 1] such that O, is an open set of V and H, € Oy, I g, o) is an
open interval and O0e€l g, o, and [¢(H, 1)—¢(H,,0)]eO if (H,t)e
Oy, 0)- Since {Oy; He 'y} is an open covering of I'y and since I'y is
compact, there exists a finite open covering of I'y, say, I'y <N | Oy.
Therefore, for any H e I',, and any small enough #, there exists i such that
(H,t)e Oy, o Hence, ¢(H,t)=[¢(H, t)—¢(H; 0)]€O. Therefore, we
have

lim H O\ Tr(H) +1(H, 1)) = Qi T(H))} =0 (6.5)

t—

uniformly for any He I'y,. Since Q' is continuous, then

tim “2n D) iy 01 (0(1)) =0 (66)

t—>0
uniformly for any H € I'},.. Therefore, (6.3) through (6.6) imply that

m (F+tH)—1(F) _T,F(ZH)_%{QT(F)(T/F(IH)) + Q/T(F)(T,Ilv"(tH))}

t—0 Z

=0

uniformly for any HeI',. |

Proof of Proposition 3.2. For any compact set I" of D[0, 1], we need to
show that

Rem,(tH) -0 (6.7)

uniformly for He I, as t —» 0, where

Rem,(tH)=Lo(Q+tH)—LeQ— (L'« Q) tH—YL"- Q) *H>
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Since I is a compact set, for arbitrary ¢ >0, we can choose H4, ..., H, €
I" such that for any He T,

inf |H—H,|<e. (6.8)

1<i<n
Since for a given H,,

L(Q(x) + tH;(x)) — L(Q(x)) — L'(Q(x)) tH,(x)
Rem,(2H;)(x) —3L"(Q(x)) ?H7(x)

2 2

ZMH’(X) —%L”(Q(x)) H,Z(x)ﬂ

where & is between Q(x) and Q(x)+ tH,(x), by Lemma 5.4.3 of Fernholz
(1983), we have that

L) -L
‘ LR (Q(X))‘ M
where M is a bound for L". Therefore, for each i,

<My [Hy (%)%,

’ Rem,(1H;)(x)
2

where M, is a constant. Moreover, for x such that Q(x) ¢ A,

R tH;
M* 0. as (-0,
So, by the Dominated Convergence Theorem, we have

Remo(tH) | o as 10, (6.9)

12

P
For any He T,

Rem,(tH) Rem,(tH,;)
2 - 2
. t t

Rem(fH)‘ < ‘Rem(rH) (6.10)
12 Lp\ .

f2

§ 9
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and
Rem,(tH)— Rem,(tH,)
ﬂ
_ L(Q(x) +tH(x)) — L(Q(x) + tH,(x))
ﬁ

L'(Q(x))[H(x)—H;(x)] 1, 2 2
- —5 L(QG)H(x) — Hi(x)]

= EUELCON ) — ()] — 5 L(QUN L) — HH(0)),

where 7 is between Q(x)+tH(x) and Q(x)+tH;(x). As above, by
Lemma 5.4.3 of Fernholz (1983), we have

W’<M|H(x)—l‘li(x)|-

Hence, by (6.8), we have

Rem,(tH) Rem,(tH,;)

inf P 2

1<i<n

<M, (6.11)

LP

where M - is a constant which depends on I". Therefore, (6.7) follows from
(6.9) through (6.11). |

Proof of Proposition 3.3. It suffices to show that

y(G0+ tha HO+ tHn) _V(G()s HO)

1
li _yl(Go,Ho)([Gn’ tHn)_Eyl(,Go,Ho)([Gna tHn) -0
tl—I}}) 12 v

forany G, —» G, H, —» H, as n— oo, where G,,, G, H,,, He D[ 0, 1]. Note that

1
? {V(GO+ th’ HO + tHn) - V(G05 HO)
- y,(Go, Ho)(th’ tHn) - %ngo,Ho)([Gn’ tHn)}

t

$(Ho+ tH,) — p(Ho) — ¢'(Ho) tH, — 53¢"(H,) *H;
ZZ
=[¢"(&) = d(Ho)1 G, H,+ 304" () — ¢"(Ho)] Go H7, (6.12)

¢’(HO) Gan

+ Gy
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where ¢ and # are between H, and H,+ tH,,. Since ¢" is continuous, the
proof follows from (6.12). ||

Proof of Proposition 3.5. It suffices to show that

. Rem2(tnGna lan; 7)
lim

n— oo 2

-0,

forany G, > G, H, - H, t, — 0, as n > oo, where G,, G, H,, He D[0, 1]
such that (G, +1¢,G,, Hy+t,,H,) € E. Note that

y(GO+ lnGrn H0+ thn) _y(GOa HO)
1.2 3 ! 2
~ 1G9l G ) = 3137 0 (G H,) =1 | GE) dH (1)

Hence,

RemZ(ZnGna thn; y)
l2

n

1
—1, j G3(x) dH,(1).
0

The proof follows from the one of Lemma 3 by Gill (1989). |

Proof of Theorem 3.6. The proof of (3.11) is similar to that of
Theorem 3.1 by Ren and Sen (1991). We sketch the idea of the proof as
below.

Let U* and U, be the continuous version of U and U,, respectively,
with

|U*—U¥|<C;' max |c,|,  as. (6.13)
1<i<n
and
10, - U, <(n+1)"",  as. (6.14)

Since C,[U}¥—E{U}}] and ﬁ[ U,—E{U,}] weakly converge on
(D[O0, 17, [I-1I) (see Shorack and Wellner, 1986, p. 109), by (Al), we have
that W,=C,[U¥—U*] and V,= ﬁ[ U, — U] also weakly converge on
(D[0, 17, ||-]]). If we denote Z,= C,(U* — U*, U,— U), we easily see that
Z,eC[0,1]xC[0,1]. Note that

Z,=C, Uf-U*U,-U,)+C,Ur~U*U,—T). (615
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Hence, from (A2) and (6.13)-(6.15), we know that C,[U*— U*] and
C,[U,— U] are relatively compact on C[0, 1]. Since, C[0, 1] is complete
and separable, by Prohorov’s Theorem (Billingsley, 1968), we have that for
every ¢ > 0, there exist compact sets K; and K, in C(0, 1] such that

P{Z,eK}>1—¢  all n>1, (6.16)

where K= K; x K, is a compact set in C[0,1]x C[0, 1]. For Q(G, H, t) =
Rem(tG, tH; t)/t with G, He D[0, 1], the rest of the proof follows along
the lines of the proof of Theorem 3.1 by Ren and Sen (1991), and hence is
omitted.

The proof of (3.13) follows similarly by using Q(G, H, t) = Rem,(¢G,
tH; 1)/t |

Proof of Lemma4.1. We will only prove (ii) since the proof of (i) is
quite similar. Note that the functional 7 can be expressed as a composition
of the following second-order Hadamard differentiable transformations:

y,:D[0,1]xD[0,1] > D[0,1]xD[0,1] defined by (G, H)=
(G¢(H), H), is, by Proposition 3.3, second-order Hadamard differentiable
at (G,, H,) with derivatives
Vi gl Go H) = (God'(Ho) H+ $(Hy) G, H),
and

W no( G H) = (20 (Ho) GH + God"(Hy) H?,0),

where G, He D[ 0, 1];

72:D[0,1]1xD[0,1] > R defined by p,(G, H) =y G*dH, is, by
Proposition 3.5, second-order Hadamard differentiable at (G ¢(H,), Hy)
with derivatives

1 1
Vo il G- H) =2 | God(Ho) G dHy+ | G3*(Ho) dH,

and

1 1
G, H)=2 fo G? dHy+4 L God(H,) G dH,

n
yZ(Goaﬂ(Ho)» Ho)(

where G, He D[0, 1].
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We have t=1y,0°7,. Hence, by Proposition3.1. 7t is second-order
Hadamard differentiable at (G,, H,) with derivatives given by (4.2) and
4.3). 1

Proof of Theorem 4.3. From Corollary4.2 and Theorem 3.6, we
immediately have (4.7)—(4.9). For W, given by (4.13), we have

E{W,(1)} =0,

E{W(s) W,(t)} =min{s, t} — st,

because we always have (4.6) and
Y 2 =1, nx=l. (6.17)
i=1

For the special construction (Shorack and Wellner, 1986, p.93), by
Theorem 3.7.1 of Shorack and Wellner (1986, p. 140), we have

Ul W2y (U) defl W2y(U) dU‘
<[ w2—w vy au
< (W2 — W)Ul — U))'A| jol WO U(L - U) dU
< I(W,— WU — U)W, — W] +2 W]}
<[ wunu— v au
—0,(1)(0,(1) + 0,(1)) jol WONU(1— U) dU=0,(1), (6.18)

where W is a Brownian bridge. Since for the special construction and W,
given in (4.13), the distributions of [y W2y(U) dU are the same, we have
that

1
cﬁr(U;f,D,,)—D»j WA1)W(e)dt,  as n— oo. (6.19)

0
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For the decomposition of [§ W?(¢) y(t) dt in (4.10), one may see Anderson
and Darling (1952) or Shorack and Wellner (1986, Chap.5). ||

Proof of Lemma 4.4. Recall that we have

Uft)=(n+1)"" i LY, <t},

i=1

where Y,’s are as those in (4.13). We notice that for the special con-
struction (Shorack and Wellner, 1986, p. 93) and for our W,, U,, the dis-
tributions of [ W2y(U,) dU,, [i_s Wiy(U,)dU,, |5 W2y(U)dU and
1_s W2y(U) dU are the same, respectively. Hence, it suffices to establish
(4.14)—(4.17) for the special construction, which will be also denoted by W,
and U,,.
Let Y, .., Y, be the order statistics of Yy, .., Y,. Note that for any
0>0,

) o
f Wf,lp(U,,)dU,,ngj w2/U, dU,
0 0

Wz( Y(t))

1 n( Y(l))
WaY,)

=1 i/(n+1)

I{ Y, <0}

i=

— Myt Y
3

=M (n+1)" I{Y, <5}, (620

and
n 2 Y..
(n+ 1)71 Z Wn( (1))

L ifn+1)

Wa(Ya) — WA(Y)
i/l(n+1)

2
Y,
WA (') 1{ Y, <0}, (6.21)

1Y, <d}

=(n+1) IZ I{Y <o}

+(n+1)7! i on
i=1

where W is a Brownian bridge. From Theorem 3.7.1 of Shorack and
Wellner (1986, p. 140), we know that

(W5 —w)(U(1 = U)Y
< (W, — WU =) { W, — W] +2 W]}
—0,(1)(0,(1) + 0,(1)) = 0,(1), (6.22)



SECOND ORDER HADAMARD DIFFERENTIABILITY 225
Hence, by ﬁ [U,— Ull=0,1), we have

IWAY ) — WY,
<
(n+1)~ Z: TEESY Y, <d}

n

<(n+1)” Z

<|(Wi—w?)/LU1—U)]"
| Y —i/(n+D)|Y* + [i/(n+ 1)]”“}
iln+1)

LU, — U+ Lif(n + 1)]”4}

gop(l){(n—i-l)ll;1 i/(n+1)

( Y(z))l /4
il(n+1)

Wz( Y(l)) W2( Y(l))
[ Y(t)(1 - Y(l))] A

1{ Y, <4}

x{(n—i—l)_ Z

i=1

<0p(1){n1/80p(1) i 1/i+(n+1) i [i/(n+1 3/4}

<o,(1){n="20,(1){logn+ Co+o(1)} + O(1)} =0,(1), (6.23)

where C, is a constant. From Anderson and Darling (1952), we know that
with probability 1,

1—1t
W2(t) <2t(1 —t) log log — for 0<i1<t,, (6.24)

lfx<B

where 0 < ¢,
for xe(0, 1/2], we have

L& WY
1 (i)
(n+1) ,-; n+1)

2 2 Y loglog((1—Y,)

3

<
(n+1) = if(n+1)

I{ Y, <4}

/Y )
O I{ Y, <0}

(n+1) = i/(n+1)

Y, <o}
< 2B i|Y(,-)—i/(n+.1)|1/2+[i/(n+1)]1/2
(n+1) = i/(n+1)

B i n='"20,(1)+ [i/(n+1)]"?
C(n+1) =2 i/(n+1)

K Y, <o}

Y, <o}
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2B 1 Y, <06}
+1iZ

<2BO,(1)n~"? Z Vit = [ifin+1)]"7?

log n+ Co+o(1 "
ognt Cotoll) o $ 1y, <o)

ﬁ i=1
i/(n+1) i —1/2

xj < > dt
(i—Dm+1) \1+ 1

n i/(n+1) dt
<o 1)+2B Y I{Y, <0} |

i—1 G-y /1

—=2B0,(1)

—0,(1)+2B foﬂ("“) \”2, (6.25)
where
Jj=max{i; Y, <d}
Since

Y <O<¥i s,
and with probability 1,
we have that for sufficiently large n,

1 - (Y(l))

(n+1) l.;l il(n+1)

I{ Y, <3} <o, +2Bf

1)+4B \/Ta, (6.27)

with probability 1. Therefore, (4.14) follows from (6.20), (6.21), (6.23) and
(6.27).
From (6.22) and (6.24), we have
] W2(¢t
[ w2 )dU<M1j WD 4,
0 t

=M,

dt

f‘s W2(t)— W)
t

0

s W(t
dz+M1f [()
0

S dt 4 1—1¢
<op(1)M1j 3/4+2M1f log log ——dr.  (6.28)
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Therefore, (4.16) follows from (6.28) and the fact:

12 1t
j log log —— dt < <. (6.29)

0

Similarly, we can establish (4.15) and (4.17). |

Proof of Theorem 4.5. For any fixed 0 >0, consider a functional 7,
given by

15(G, H) = Ll_(s(G(x))2 Y(H(x)) dH(x), G, HeD[0,1]. (6.30)

From Theorem 4.3, we have

1—-6
C2t,(Us, U,,)zCﬁJ UFY(U) dU+o,(1), as n—oo. (6.31)
s
Hence, (4.18) follows from Lemma 4.4 and (6.31).

The proof of (4.19) follows from (6.18). For the decomposition of
fo W2(t) (1) dt in (4.19), one may see Anderson and Darling (1952). |
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