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1. Introduction

Functional data in which a large number of within cluster measurements are collected temporally or spatially are
becoming more common as technology advances. An example is the tiling microarrays which use probes with partially
overlapping sequences to cover the entire genome. Another example comes from fast functional magnetic resonance
imaging data (fMRI) which contain measurements from the brain recorded at a time scale of seconds. We are interested
in the effect of several baseline or time-independent factors and their interactions with time. For the fMRI example, such
effects can help us to diagnose and determine how a normal, diseased or injured brain functions and to assess the potential
risks of invasive treatments of the brain.

Extensive studies have been done for functional data from various perspectives such as exploratory analysis by fixed
or mixed effects functional ANOVA models [1], smoothing spline models [2,3], and varying coefficient models [4-7]. A
Gaussian distribution was typically assumed for the models mentioned above or a large number of clusters or subjects
were available to estimate the inverse of the within cluster covariance matrix. Without these assumptions, the inference
faces major challenges such as nonconsistency due to a large number of nuisance parameters, difficulties to estimate large
unknown heteroscedastic covariance matrices using a limited number of subjects, as well as loss of power due to high
dimensionality. Since we would like to impose no restrictions on the distributions of data and the asymptotic setting of a
large number of within cluster measurements requires very different techniques from those assuming a large number of
independent clusters, we skip lengthy discussions and refer the reader to [8] for a discussion of some references.

To incorporate both numerical and ordinal functional data, Wang and Akritas [8] and Wang et al. [9] proposed
nonparametric test statistics based on original observations for evaluating the significance of fixed effects related to time
and treatment in heteroscedastic functional data, respectively. The test statistics in [9] are mainly quadratic forms with a
limiting x 2 distribution and those in [8] are based on a difference of two quadratic forms with a limiting normal distribution.
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The asymptotic distributions of their test statistics were both obtained under nonclassical asymptotics in the sense that the
number of within cluster measurements is large without requiring the number of subjects being large. Strong moment
conditions were assumed for validity of their inference. It is well known that inferences requiring higher order moment
conditions perform poorly for highly skewed or heavy-tailed data. Particularly, the moments do not exist for Cauchy
distribution.

Rank based inferences have the advantage of not requiring moment conditions or distributional assumptions. Rank tests
were available for some multivariate factorial designs. For example, Thompson [10,11] studied nonparametric tests based
on overall ranking of data from balanced one-factor design assuming continuous distributions. Akritas and Arnold [12] and
Akritas and Brunner [13] gave nonparametric tests using overall rankings of data from multivariate repeated measures
designs allowing both discrete and continuous data. Munzel and Brunner [14,15] proposed an approach using separate
rankings for different variables. The asymptotic results in these papers are under the classical asymptotic setting where the
sample size per treatment tends to infinity and the number of unknown effects remains fixed. For other rank results under
the classical setting, see [16,17] and the references therein. Recent papers by Harrar and Bathke [ 18] and Bathke and Harrar
[19] proposed several tests based on separate rankings of data when there are a large number of fixed effects and a small
number of correlated measurements and sample sizes. However, there are no rank results available for functional data in
the literature.

In this paper, we develop robust (mid-)rank based inference for hypothesis testing in functional data. We will formulate
the nonparametric main effect of treatment, time, and their interactions through the underlying unknown distributions.
The test statistics are constructed using rank transforms of those based on original observations. We will show that the
rank statistics are asymptotically equivalent to their counterpart based on asymptotic rank transforms defined through the
average cumulative distribution function under the asymptotic setting that the number of within cluster measurements is
large while the number of clusters per treatment may be small. The response variable in this paper can be measured on a
continuous or discrete ordinal scale since we work with the unknown distribution functions through (mid-)ranks. We do
not restrict the allowed pattern of heteroscedasticity and no specified parametric model is needed to describe the change
in the response distribution from one value to another. With the general setup and least assumptions, our theory applies
to a wide range of data including those from skewed or heavy-tailed distributions that are commonly seen in data from
high-throughput studies. Simulations and real data analysis provide additional supportive evidence to the proposed tests.

The rest of the paper is organized as follows. Section 2 describes the nonparametric model and hypotheses. In Section 3,
we state the main theoretical results about the test statistics and their asymptotic distributions. Analysis of real data and
simulation studies are presented in Section 4 followed by concluding remarks. The main technical arguments are given in
Appendix A and proofs of the supporting lemmas are given in Appendix B.

2. The nonparametric model and hypotheses

Consider subjects nested within a total of a factor levels such that each subject is measured at b time points tq, ..., tp.
The kth subject in factor level i generates a time series Xiy = (Xitk, ..., Xipr)'» i = 1,...,a, k = 1,..., n;. The a groups
can be factor level combinations of several factors and the individual effect can be recovered through contrast matrices. The
total number of subjects n = Zf;l n; can be large or small. Suppose Xjj, have marginal distribution F;(x) forallk =1, ...n;
for some unknown Fj;(-).

We consider rank procedures that test hypothesis related to the distribution functions by decomposing F; in a way
similar to the decomposition of the mean p;; as in the parametric ANOVA model. They were first introduced by Akritas
and Arnold [12] as purely nonparametric hypotheses.

Fij(x) = M(x) + Ai(x) + B;j(x) + Cj(x), (2.1)

where Y Ai(x) = Zjl;] Bix) = Y.L, Gix) = Zf=1 Gij(x) = 0, Vx. The functions A;, Bj, Cj in (2.1) are the fully
nonparametric effects and the nonparametric hypotheses specify that the corresponding effects are zero. Specifically we
denote

Ho(B) :all Bj =0, Ho(C) :all CU =0, Ho(D) all D,] =A; + CU =0,
and Ho(A): allA; =0, or, more generally Ho(A) : CF = 0, where F = (Fy,...,F,),

where C is a contrast matrix with full row rank,and F; = b~" ZJI-’:] Fjj(x). The null hypothesis Hy (C) means that the marginal
distribution is a mixture of two components with equal mixture probability, one depending on the row factor, and the other
one depending on the column factor. The other hypotheses can be similarly interpreted. The fully nonparametric hypotheses
are stronger than the usual parametric hypotheses in the sense that the former one implies but are not implied by the latter.

To achieve weak convergence, it is necessary to control the correlation among observations. We assume that the time
series corresponding to different subjects are independent and each time series satisfies an ¢-mixing condition, i.e., assume
that for some sequence o, — 0asm — oo, |[P(AN B) — P(A)P(B)] < an holds for all A € oK, - .., Xiek),
B € o (Xi¢+mk» Xie+m+1.k» - - -)» and all i, k, where o (-) denotes the o -field generated by the random variables. The o-mixing
condition basically requires the correlation between observations from the same subject to decay as the time lag m increases.
Billingsley [20] gave a central limit theory for strictly stationary «-mixing process. A few others considered nonstationary
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weak dependent processes (cf. [21] and the references therein). Herrndorf [21] gave conditions for weak convergence for a-
mixing short dependence processes allowing the mixing coefficient to approach 0 with a rate faster than O(m~"). However,
additional assumption E(Sg/b) — o2, for some o2, was assumed in [21], where S, = Zf:l €j is the partial sum of an -
mixing process {¢j,j = 1, ..., } (for ease of discussion on CLT, we focus on one process and drop the index i for treatment
and k for subject temporarily). This condition is not easy to verify without making further assumptions.

The decay rate o, = O(m~>) was assumed in [8] for residuals conditional on the random intercept and a CLT was given
for nonstationary o-mixing process under this rate without assuming the order of E (Slf /b). It is possible to relax the rate
for a;, to include long range dependence processes but additional assumptions need to be imposed. For example, the result
of [22] gave a CLT allowing o, > m~!. The CLT stated that Sj, /+/kh(p}) is asymptotically normally distributed, where h(b)
is the order of E(S?) and p, satisfies four conditions: (1) k(py + q») = b; (2) pp, g», k — o0 and qp/py — 0asb — oo;
(3) h(gp) = o(h(b)/k*); (4) k < [—log g, ]2,

With these constraints, the order of kh(py,) is between b and b? (not including the end points). Therefore, if this result
is applied to the test statistics based on original observations, the standardizing rate for the test statistics would then
be b/«/kh(p,) = O(bP) for some B < 1/2. That is, allowing slower rate for the mixing coefficient will lead to slower
convergence rate for the test statistics. [23] contain a few other results on long dependence processes though most of them
are for stationary or Gaussian processes with the exception of some references studied linear processes (a linear combination
of iid random variables with zero mean and variance one). To allow heteroscedastic data and the parametric standardizing
rate, we follow the decay rate assumption «,, = O(m™>) for nonstationary processes in this paper. Should slower rate for
the mixing coefficient is required and the convergence rate for the test statistics is not a concern, we refer to the references
above and [9] to extend the results. For simplicity, we impose the o-mixing condition directly on the observations and only
give a remark about how to proceed if the lagged correlations do not tend to zero as this is straightforward.

3. Rank tests

In this section we give the (mid-)rank based test statistics and their asymptotic distribution for the hypotheses stated in
Section 2.

(Mid-)Ranks can be expressed as a special transformation of the original observations. Specifically, let H(x) = N7!
> Zf:l n;F;(x) be the average distribution function, c(x,y) = [I(x < y) +I1(x < y)1/2,and Hx) = N7 '>°{ |
Zﬁzl nﬁ-‘\,'j(x),ﬁj(x) =n; ! 221:1 ¢ (X, X), be its empiricaLversion of the average distribution function. Then Ry, = 1/2 +
NH (Xjj) is the (mid-)rank of X among all observations. H(X;x) and H(X;;) are referred as rank transforms and asymptotic
rank transforms (ART), respectively, as they relate the observations to their overall (mid-)ranks directly or asymptotically.
The concept of ART was first introduced in [24]. Rank transforms are not independent even when the original observations
are independent. On the contrary, the ART may inherit some good properties from the original data, such as correlation
structure. (Mid-)rank based tests typically involve showing the asymptotic equivalence between quadratic forms based on
rank transforms and their counterparts based on ART’s. This has been commonly adopted by many authors (cf. [24,12-15,
18,19] among others). The first five references show such equivalence under the large sample size setting, and the latter two
references show such equivalence under the small sample size but a large number of fixed effects setting. In this article, we
establish such equivalence under the functional data setting, i.e., a large number of within cluster measurements but with
possibly a small number of clusters.

For any transformation Yj; of Xj;, the following notations are used throughout the paper:

a b n

n
N = nb, ﬁ = min {Tli}, ?l] = %ZYU‘](, ?, = Y, = L Z?U’ ? = ZZ Yijk7

T k=1 j=1 i=1 j=1 k=1

z|~

a b

— ~ 1 — ~ 14— — 1 G E
Yik= 5 Zyijk, Y. = P ;;Yu Y; = - s Y; = - ZZYijk-

i=1 i=1 k=1
Let ASBg, ASCg, ASDg, ASER and ASED,R be the variations of the mean squares defined in (mid-)ranks as follows:

( Ry, — R — E; +R_)?
ASBg = S . ASCr = , 3.1
¢ C‘Z b—l : ZJ: @—1b-1) G-
- ~ \2
Rl]k Rj — Rix + RL)
ASE , 32
- ZE a(b — Dm(n; — 1) 32

( ) (Ryjk — Ru )
ASDg = Z T ASEpr = — ;; Y (3.3)

The statistics given above are the rank transform of the corresponding statistics based on the original observations in [8,9].
These mean squares are different from those used in traditional mixed effects models in that the un-weighted means are
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used and the summation over the subjects is removed from the sums of squares. In addition, the corresponding mean squares
for errors are adjusted to match the expectations under the heteroscedastic setting. Though bearing exactly the same form
as those based on original observations, however, the components under the summations are always correlated due to the
rankings used.

Define Fr 3 = ASBgr/ASER, Fr,c = ASCr/ASEg and Fg p = ASDg/ASEp . When there is only one treatment, i.e.,a = 1, model
(2.1) is reduced to Fj(x) = M(x) + B;j(x). In this case, the only interest would be to evaluate the time effect of the single
treatment using Fg p that is still well defined through ASBg and ASEg.

Set Yii = H(Xjit), o3y = cov(Yi, Yi), and G = 3,.]2 = Var(Yji). Let 62 = limy_, o E(ASEg), and 52 = limy_ o, E(TASER),
where

52 a b

1 i b 01/
EASED = 270 XJ:FJ ab(b—l) 2.0, nl,’

i=1 j=1 j'=1

To obtain the asymptotic distribution of the rank tests, we need to establish the equivalence between the rank statistics
and their asymptotic rank transforms. Note that the latter are the test statistics evaluated at H (Xj;), for all i, j, k. Since H(-) is
the average cumulative distribution function, it is bounded by one uniformly and therefore the strong moment assumption
on the original observations are automatically satisfied for H(X;;). Further, the a-mixing property on {Xji,j = 1,...} is
carried over to the process {H(Xji),j = 1,...} by Theorem 5.2 of [25] about Borel functions of independent «-mixing
processes. We state it as a lemma here for convenience.

As multiple ¢-mixing sequences are involved in the lemma, the dependence coefficients o, will be denoted « (X, m) for
a given e-mixing sequence X = {X;, j € Z}, where Z is some index set.

Lemma 3.1. Suppose that for each i = 1,2,3,..., X0 = {Xf“, j € Z}is a (not necessarily stationary) sequence of

a-mixing random variables. Suppose these sequences X, i = 1,2, 3, ... are independent of each other. Suppose that for each
J€Zh:RXRXRX--- —> Risa Borel function. Define the sequence U = {U;,j € Z} of random variables by

U = h (X(l) (2), (3) ..),J € Z.Then foreachm > 1, a(U, m) < > 2, a(X?, m).

Applying this lemma to H(x), a Borel function with a single argument, we know that {H (Xjx),j = 1, ...} is an e-mixing
process with the same dependence coefficient o, as {Xj,j = 1, ...}, for each i, k. Then the results based on the original
observations can be applied to the asymptotic rank transforms. The next theorem gives the asymptotic distributions of the
test statistics.

Theorem 3.2. Assume for each subject in each group, {Xijx,j = 1,2, ..., } is a-mixing with o, = O (m‘s), i=1,...,q,
k=1,...,n; Thenas b — oo while a remains bounded, the limits of
RS ) nd T= 2 Y0y > W (3
azbjlj,“]nln—l) azbjlj_]l# niny '

exist regardless of whether the n; stay bounded or go to oo. Further,
(1) if n; > 2 are bounded, then

under Ho(B), ~/b(Fgp — 1) 4 N( 2/04)
/5%):

under Hy(D), ~b(Fep —1) > N (0,72/5*);

under Ho(C), ~b(Fg.c — 1) > N (0,72

where 73 = limy_ o0 (1 + &) and 72 = limy_ o0 (71 + &2/(a — 1)?).
(2) if n; —> oo as b — oo, assume max;{n;}/n = O(1). Then

under Hy(B), ~b(Frg— 1) AN (0’ ?132*/5:) ;
under Hy(C), ~/b(Fgc — 1) SN (0,%2./57);
under Hy(D), b(Fgp —1) > N (0.%./5)):
where 73, = limy_oo (51 + &) and 72, = limy oo 7 (&1 + &2/ (a — 1)?).

Remark 3.1. The convergence rate of the test statistics in Theorem 3.2 depends on the number of within subject
measurements b but not on the number of subjects n;. This is achieved since the n; in the numerator and denominator
of both the test statistics and the asymptotic variances have the same order.

In the proposition below, we give consistent estimators for Z; and .
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Proposition 3.3. Let 7, and Z, be as given in (3.4). Define C(j, h) = [min{b, j + b"}] and C(j, h) = [max{0, j — b"}] for some
0 < h < 1, where [x] denotes the largest integer less than or equal to x. Set

- 2 i;i“’ ijj’ Oi
;l=%2.z ;n-(niﬂ—l)’ 2=¢12bZ Z Zaﬁ‘;ﬂ

j=1j=CG.h i=1 j=1 j=C(.h) il
where
T = i (Rijk; — Rijky) (Rijk; — Riyky) (Rijiy — Rijiey) (Rijey — Rij’k4),
Ky ky R ks 4ni(n; — D)(n; — 2)(n; — 3)
and

n; 5 5

~ ~ (Rijk — Rij ) (Riyk — Ry )

9 = Z n—1 :
k=1 !

Then as b — oo, regardless of whether n; stay bounded or go to oo, ?1 /N4 — ;:1 2 0and /{\2 /N4 — & 2 0, provided that

h<1/2

Remark 3.2. The diagnostics for the @-mixing condition is discussed in [8]. If the lagged correlations do not go to zero as
the lagged distance increases to co, then a hidden random intercept effect may be contributing to the covariances. In such
case, the results for testing Ho (B), Ho(C) in Theorem 3.2 and Proposition 3.3 still hold if the «-mixing condition is assumed
on the residuals defined as the observations minus their conditional mean glven the random intercept. Correspondingly, the
estimators 1//11]/ and oy also need to be adjusted by replacing Rij by Rijx — Ri k. The test for Ho(D) no longer holds in this case.

For testing of no group effect, the hypothesis involves only a small number of parameters but we need to handle a large
number of nuisance parameters from the unknown correlations. The result is stated below.

Theorem 3.4. Let Wg = (Ry_, ..., Rq.). Assume {Xji,j = 1,2, ..., } is a-mixing with ay = O (m™>) for all i, k. Let

G,h)  n;

Nri = bn (nl -7 ;ﬂ: = lek - Eu) (Rij/k —Eij/.), i=1,...,aqa,

where C(j, h), C(j, h) are given in Proposition 3.3. Then under ﬁo (A), for a contrast matrix C, with full row rank r,

NW,C, [Codiag(igr, - - ., Air)C,] " CaWr —> X2, asb — oo,
regardless of whether the n; remain bounded or tend to oo, provided that max;{n;}/1 = O(1) and h < 1/2.
The proofs of Theorems 3.2 and 3.4 and Proposition 3.3 are given in Appendix A together with some supporting lemmas.

Remark 3.3. The use of C(j, h) and C(j, h) in Proposition 3.3 and Theorem 3.4 are important in that it not only is necessary
for the asymptotic convergence but also controls the amount of noises included in the test statistics. Without such control,
the estimators may accumulate too much noises.

4. Numerical study

In [8,9], their tests based on original observations (NPorg) showed superior performance in terms of both type I error
and power in simulations when compared with traditional tests including linear mixed models and generalized least square
methods with various covariance structures. These traditional tests failed to maintain type I error rate or exhibit low power
under local alternatives. In this section, we first examine how b" affects the behavior of the test statistics and then compare
the performance of the rank test with NPorg and linear mixed effects model with arandom intercept on skewed, heavy-tailed
and normally distributed data. _

Note that the estimator for ¢; requires the number of subjects to be at least four if we use unbiased estimator Ww

for o ,. Throughout this section when the number of subjects per treatment is less than four, we use a Jackknife bias

corrected estimator of Uijj" The following notations are used in Sections 4.1 and 4.2: N(u, o) denote normal distribution

with mean u and standard deviation o; lognormal(u, o) to denote lognormal distribution whose log transform follows
normal distribution with mean © and standard deviation o ; Cauchy(u, o) to denote Cauchy distribution with location
parameter u and scale parameter o.

4.1. Influence of b" on performance of the rank test

First we examine the influence of b" on the test statistics in simulations. This term exists in both the test statistic for
the main effect of treatment and the estimators for the asymptotic variances in the other tests. Fori = 1,2,j = 1,..., b,
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Table 1

Influence of b" on type I error estimates of the proposed rank tests at level 0.05. The number of treatments is a = 2, each of size n = 4, and the number of
time points is b.

bt Effect b =50 b =80
Normal Lognormal Cauchy Normal Lognormal Cauchy
Treatment (A) 0.0620 0.0490 0.0560 0.0545 0.0490 0.0540
3 Time (B) 0.0565 0.0440 0.0505 0.0495 0.0500 0.0445
Interaction (C) 0.0490 0.0500 0.0585 0.0505 0.0460 0.0500
Simple treatment effect (D) 0.0520 0.0510 0.0655 0.0520 0.0490 0.0505
Treatment (A) 0.0630 0.0500 0.0540 0.0530 0.0500 0.0525
4 Time (B) 0.0535 0.0395 0.0475 0.0455 0.0440 0.0375
Interaction (C) 0.0440 0.0455 0.0530 0.0460 0.0430 0.0445
Simple treatment effect (D) 0.0465 0.0445 0.0615 0.0470 0.0440 0.0460

Table 2

Influence of b" on type I error estimates of the proposed rank tests for unbalanced design at level 0.05. The number of treatments is a = 2, with
ni; = 4, n, = 7, and the number of time points is b = 30.

b — 4 b =5 =6

Time (B) 0.0540 0.0560 0.0530 0.0490 0.0545 0.0505 0.0460 0.0510 0.0490
Interaction (C) 0.0530 0.0535 0.0525 0.0490 0.0500 0.0505 0.0475 0.0485 0.0480
Simple treatment effect (D) 0.0595 0.0590 0.0655 0.0580 0.0565 0.0615 0.0540 0.0545 0.0575

k=1,2, 3, 4, we generated data from model
Xijk = dijk + Eiji (4.1)
dijk = 0~4di,j71,k + E,‘jk (42)

where d;jix = 0, and &, € are iid from normal, lognormal, or Cauchy distribution with parameter 4 = 0 and o = 1. When
b = 80, for b" being integers from 3 to 7, the type I error estimates at level o« = 0.05 for the rank test of no treatment effect
is 0.0545, 0.0530, 0.0530, 0.0520, 0.0530 under the normal model, 0.049, 0.050, 0.051, 0.053, 0.0545 under the lognormal
model, and 0.0575, 0.054, 0.0525, 0.0525, 0.0520, 0.0555 under the Cauchy model. Stable results are also observed for the
tests on the effect of time, treatment by time interaction, and simple treatment effect (see Table 1). In another simulation
using unbalanced design with n; = 4, n, = 7 when b = 30, we also obtained acceptable type I error with b" = 4, 5, 6 for
each effect (see Table 2). So the test statistics are stable over a range of values for b".

Note that b" is the size of the overlapping window to capture the correlations between nearby observations. Therefore,
too small values of b", such as 1 or 2, may not be enough to give reliable estimation of the asymptotic variance. On the other
hand, it is required that h < 1/2 in Proposition 3.3 and Theorem 3.4. In practice, we recommend to take b" to be an integer
that is reasonably large such that it is smaller than b'/2. We set b" = 4 for the rest of the simulation study.

4.2. Comparison of performance in simulated data

4.2.1. Performance on data satisfying a-mixing condition

In this section, we compare the rank test with those based on original observations (NPorg) in [8,9], and linear mixed
effects model with a random intercept on skewed data from lognormal, heavy-tailed data from Cauchy distribution, and data
from normal distribution. For interaction or main time effect, NPorg refers to the test statistics in [8]. For main or simple
treatment effect, NPorg refers to those in [9]. The data were generated with the same model as in Section 4.1. All results
reported in this subsection are based on 2000 runs.

The type I error estimates for testing no main effect of treatment, time, treatment effect over time, and no simple
treatment effect at « = 0.05 are reported in Table 3 for designs with the number of time points b = 20, 30, 50, and
80. Both the Ime and NPorg perform poorly under the lognormal and Cauchy distributions. On the other hand, the rank test
has good type I error estimates in all situations. In a separate simulation where data were generated from model (4.1) using
an unbalanced design with the number of subjects n; = 4 and n, = 7 and the error term ¢;; having scale parameter i, we
obtained similar results as reported above.

Results from power simulations are summarized in Fig. 1. The simulations are under alternatives to the setting of
Table 3 for testing for no treatment effect with b = 50 (top three panels), and for testing for no interaction effect
with b = 20 (lower three panels). Specifically, the observations were generated as in (4.1) but with dj from model
dijx = (=1)'t + 0.4d;;_1 + € for the test of no main treatment effect, and dj = (—1)'t f(j — 1) + 0.4d;j_1x + €
for the test of no interaction effect for various = values (see Fig. 1). The function f(-) takes form f(x) = log(x)/2 for the
normal and f (x) = x for lognormal and Cauchy distributions.
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Table 3
Comparison of type I error estimates at level 0.05. The number of treatments is a = 2, each of size n = 4, and the number of time points is b.
b Effect Normal Lognormal Cauchy
Ime NPorg Rank Ime NPorg Rank Ime NPorg Rank
Treatment (A) 0.050 0.069 0.067 0.028 0.054 0.071 0.021 0.031 0.069
Time (B) 0.054 0.048 0.050 0.029 0.002 0.050 0.021 0.003 0.059
20 Interaction (C) 0.055 0.054 0.060 0.019 0.001 0.060 0.020 0.003 0.052
Simple treatment (D) 0.061 0.058 0.063 0.019 0.001 0.063 0.020 0.004 0.063
Treatment (A) 0.050 0.060 0.061 0.034 0.047 0.057 0.019 0.030 0.064
Time (B) 0.065 0.055 0.061 0.027 0.002 0.061 0.021 0.002 0.057
30 Interaction (C) 0.057 0.050 0.053 0.027 0.001 0.053 0.021 0.002 0.044
Simple treatment (D) 0.059 0.052 0.053 0.029 0.001 0.053 0.021 0.002 0.055
Treatment (A) 0.040 0.060 0.057 0.045 0.044 0.071 0.019 0.028 0.056
Time (B) 0.059 0.044 0.054 0.029 0.001 0.040 0.025 0.001 0.048
50 Interaction (C) 0.058 0.040 0.044 0.021 0.001 0.046 0.017 0.001 0.053
Simple treatment (D) 0.060 0.047 0.047 0.021 0.001 0.045 0.019 0.001 0.061
Treatment (A) 0.052 0.056 0.053 0.021 0.027 0.050 0.025 0.028 0.052
Time (B) 0.064 0.044 0.045 0.027 0.001 0.044 0.020 0.000 0.038
80 Interaction (C) 0.053 0.039 0.046 0.017 0.001 0.043 0.017 0.000 0.045
Simple treatment (D) 0.055 0.042 0.047 0.017 0.001 0.044 0.019 0.001 0.046
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Fig. 1. Estimated power under alternatives. The top three panels are for treatment effect when djj = (=it + 0.4d; j_1,k + €jx and the lower three panels
are for interaction effect when djy = (—1)'t f(j — 1) 4+ 0.4d; j_1 x + €. In both cases, Xy = djx + & with €3 and & follow i.i.d. normal, lognormal or
Cauchy distribution. The function f (x) = log(x)/2 is for the normal and f (x) = x is for lognormal and Cauchy distributions.

For the test of no main treatment effect (top panels of Fig. 1), Ime is not as powerful as NPorg and the rank test. The rank
test clearly outperforms NPorg and Ime. NPorg has almost no power under lognormality and the Cauchy distribution. Under

normality, the rank test and NPorg have comparable power.

For the test of no interaction effect (lower panels), all three tests have almost identical power under normality whereas
the rank test significantly outperforms NPorg and Ime under lognormality and the Cauchy distribution. The Ime has better
power than NPorg for the given form of alternatives under lognormality and the Cauchy distribution.
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The poor performance of NPorg under lognormality and Cauchy distribution is because the theoretical argument of NPorg
requires at least 16th central moment to be finite. This is not satisfied for Cauchy distribution and the sample (co)variance
based on small replications is a poor estimator for the (co)variance in lognormal distribution. The rank test, however, does
not rely on any moment assumptions.

4.2.2. Performance on unstructured data

The o-mixing condition is general enough to allow many different covariance structures such as autoregressive (AR)
models, some autoregressive moving average models (ARMA), Gaussian serial correlation, as well as other unnamed
covariance structures as long as the mixing coefficients satisfy the required polynomial decay rate. Such decay rate makes it
possible to have the central limit theorem on nonstationary dependent processes. Even though this rate could be relaxed to
include long range dependent process, the asymptotic variance estimators will employ different forms than those presented
in this manuscript (cf. [9]). For such reason, we advise the reader to take special care if the data do not satisfy the o-mixing
condition with the specified mixing coefficient. Particularly, if the condition is violated, the test statistics in this manuscript
may be used but with bootstrap to determine significance. In the rest of this subsection, we illustrate with a simulation
study for data generated with unstructured covariance matrix upon the request of a reviewer.

Note that unstructured covariance matrix does not satisfy the «w-mixing constraint required in this manuscript. To
describe data generation, let diag(-) be the function that extracts the diagonal elements of a matrix to form a vector. Let
Diag(c) be the function that uses the values in vector c to form a diagonal matrix. Denote 1; to be a b-dimensional column
vector of ones and I(i = 1) to be an indicator function for i = 1. We generated data Yj; as below (let e’ be an elementwise
exponential transform of a vector A) :

Y;, = et where Xy = (Xitks - . . » Xppx)' has independent element (4.3)

X ~N(((i=1)—1({i=2),c?),and¢,j=1,...,bareiid from N(1, 0.2%),
and L is the lower half triangular matrix from Cholesky decomposition of an unstructured correlation matrix X =
{pb p;, + Diag(1, — diag(p, p;))}, with p, being a b-dimensional column vector with elements generated from uniform
(0, 1) independently. In this data generation setting, the marginal distribution of the data is lognormal distribution. The
simulation is done with a = 2, b = 50, and n; = n, = 4. When t = 0, the null hypothesis of no main treatment effect and
no interaction effect are satisfied. When t # 0, both main effect of treatment and the interaction effects of treatment over
time exist.

We compare the proposed rank test with some benchmark methods: linear mixed effects model with various covariance
structures (R version 2.7.2 in linux using package nlme with command Ime), generalized least squares method (using package
nlme with command gis), and generalized estimating equation (GEE) approach (using package gee) with independent
working correlation using robust variance estimator and Gaussian family or quasi-likelihood. For other covariance
structures, GEE fails to converge.

The proportions of rejections at 0.01 level for no treatment by time interactions and no main treatment effects based on
3000 runs are reported in Tables 5 and 6 respectively. The parameters of interaction effects lie in a high-dimensional space
while those for the main treatment effects lie in a low-dimensional space. The estimated level corresponds to the case with
t = 0 that is under the null hypothesis. It can be seen that the tests of interaction effect become conservative under the
null with the exception of generalized estimating equations approach being liberal. Under the alternative where there are
interaction effects, the rank test has the best power. Note that if the dimension b is small but n;’s are large, then both linear
mixed effects model and generalized estimating equations allow to specify unstructured covariance structure. However, in
the small n;, large b setting, this option is not possible for these classical methods.

For the test of no main treatment effect, none of the tests considered have acceptable type I error under this data
generation setting (see first column of Table 6). Due to this reason, we can not use proportion of p-values that are less
than the true level 0.01 to estimate the power. Instead, we find the rejection region using percentiles of all p-values when
the data were generated under the null hypothesis. Then we use the proportion of p-values for data generated under the
alternatives falling inside the rejection region to give bootstrap estimate of the power. The power estimates reported in
Table 6 are the bootstrap power. It can be seen that the likelihood based tests from linear mixed effects models barely have
any power to detect deviations from the null hypothesis.

In summary, the simulation study in this subsection suggests that the test statistics with asymptotic normal distribution
still maintain acceptable type I error with good power when the covariance matrix is randomly generated with no structure.
However, the test of no treatment effect based on asymptotic chi-square distribution may fail to maintain the type I error as
is also the case for all other tests compared in this subsection. Correspondingly, bootstrap estimate of the significance with
the proposed test statistic could be used to give a powerful test for the treatment effect.

4.3. Application to Hessian fly data

In this section, we apply the proposed rank test to a data set collected for studying the effect of pheromone and color
in attracting Hessian fly in Kansas State University. The experiment involves two factors: treatment with 3 levels (blank,
pheromone CP4, or pheromone CP5) and color with 2 levels (yellow or white). Four traps are used as replications for each
treatment and color combination. A fixed amount of the same pheromone compounds was added to each trap that uses
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Table 4

p-values for testing the effects in Hessian fly data.
Effects NPorg Rank Effects from GEE GEE
Treatment 1.11 x 10716 0 Treatment 0.787
Color 0.0135 0.0027 Color 0.783
Treatment:color 2.78 x 1078 0 Treatment:color 0.393
Time 0 0 Time 0.441
Treatment:time 0.115 5.3 x 1078 Treatment:time 0.877
CP4.vs.CP5 0.846 0.29 Color:time 0.662
Pheromone.vs.Blank 3.83 x 10710 0 Treatment:color:time 0.885

Table 5

Proportion of rejections at 0.01 level for no treatment and time interaction effect based on 3000 runs. The data Yj; were generated from lognormal
distribution as in (4.3) with unstructured covariance matrix. Table legend: NPorg: the Wang and Akritas [8] test based on original observations; Rank:
the proposed rank test; ImeRan: linear mixed effects model (Ime) with a random intercept; ImeRanAR1: Ime with a random intercept plus an AR(1) serial
correlation; ImeRanGaus: Ime with a random intercept plus Gaussian serial correlation; glsAR1: generalized least squares test with AR(1) serial correlation;
geelnd: GEE with Gaussian family using independent working correlation; geeQuasi: GEE with Quasi-likelihood using independent working correlation.

Estimated Power estimate

level T=0.38 t=1 T =125 t=15 T=25 =3
NPOrg 0.000 0.039 0.089 0.167 0.241 0.441 0.465
Rank 0.002 0.603 0.729 0.816 0.871 0.971 0.983
ImeRan 0.007 0.413 0516 0.608 0.689 0.862 0.888
ImeRanAR1 0.004 0.371 0.470 0.570 0.655 0.840 0.866
ImeRanGaus 0.004 0.377 0.475 0.574 0.658 0.838 0.866
glsAR1 0.001 0.327 0.434 0.522 0.610 0.801 0.838
geelnd 0.056 0.526 0.590 0.648 0.690 0.736 0.731
geequasi 0.056 0.526 0.590 0.648 0.690 0.736 0.731

Table 6
Proportion of rejections at 0.01 level for no treatment effect based on 3000 runs. The data Yj; were generated from lognormal distribution as in (4.3) with
unstructured covariance matrix. Table legend is same as those in Table 5.

Estimated Bootstrap Bootstrap power estimate

level level 7=0..8 =1 =125 =15 T=25 T=3
NPOrg 0.207 0.010 0.749 0.744 0.718 0.679 0.539 0.494
Rank 0.238 0.010 0.993 0.998 1.000 1.000 1.000 1.000
ImeRan 0.139 0.011 0.135 0.115 0.081 0.049 0.016 0.009
ImeRanAR1 0.114 0.012 0.161 0.146 0.098 0.061 0.022 0.012
ImeRanGaus 0.118 0.012 0.161 0.140 0.093 0.057 0.020 0.010
glsAR1 0.083 0.011 0.187 0.166 0.115 0.077 0.020 0.018
geelnd 0.047 0.012 0.359 0.367 0.322 0.286 0.200 0.193
geequasi 0.047 0.012 0.359 0.367 0.322 0.286 0.200 0.193

pheromone every two weeks. The number of flies caught in each trap was recorded every other day leading to 36 repeated
measurements per trap. Of interest to the entomologist is the pheromone effect compared to blank with no pheromone,
color effect, difference between CP4 and CP5, and interactions among the factors. Yellow traps with CP4 caught a total of
742 flies while white traps with CP4 only caught 488 flies; yellow traps with CP5 caught 899 flies but white traps with CP5
only caught 267 flies; blank yellow and white traps caught 80 and 23 flies respectively. These summary statistics suggested
a significant color effect and pheromone effect. In addition, a boxplot (not shown) suggested that many of the counts are
zero over time and the variations of the counts differ over time and over different treatment and color combinations.

To apply the rank tests, the treatment and color combinations are treated as the levels of a single factor and the individual
effect of color or pheromone is obtained through contrast matrices. The p-values are listed in Table 4 along with the p-values
from NPorg and GEE in the same table for comparison. GEE does not have power to detect any significant effects for this data
set. This happens because GEE requires a large number of subjects and a small number of within subject measurements for
its validity. This data set, on the contrary, has only 4 traps with a large number of within trap measurements.

For the effect of color, the rank test yields p-value 0.0027 while the NPorg test gives p-value of 0.0135. The p-value for
treatment by time interaction effect is 5.3 x 1078 for the rank test and 0.115 for the test of NPorg. For the rest of the effects,
both the rank test and NPorg yield highly significant results except that CP4 is not significantly different from CP5 in either
test. Taken into account the summary statistics, we see that the rank test provides stronger evidence for the color effect and
treatment by time interaction effect than the tests based on original observations.

5. Summary

In this paper, we developed rank test for high-dimensional heteroscedastic functional data. The theory obtained under
a nonstationary «-mixing condition is valid for both small and large number of clusters with large unknown correlation



1800 H. Wang, M.G. Akritas / Journal of Multivariate Analysis 101 (2010) 1791-1805

matrices. In the case of only a small number of clusters, the test statistics gain power from a large number of repeated
measurements. The test statistic for the hypothesis of no main effect of treatment has asymptotically a Chi-square
distribution. Other test statistics that deal with hypotheses involving a large number of parameters have asymptotically
normal distributions. In a real application and simulation studies, the proposed rank test significantly outperforms those
based on original observations for skewed or heavy-tailed data as in lognormal or Cauchy case.
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Appendix A. Some major technical arguments

In this section, we state some lemmas and give the derivation of the theorems. Detailed proofs of the lemmas are given
in Appendix B. Denote ujj, = Xy — i and p; = E(H (Xi))-

LemmaA.l. Let F = (Fy,....F,) and F = (Fy,...,Fa). Thenas b — oo, regardless of whether the n; go to infinity or
remain bounded, v/N [ (H — H) d(F — F) 5 0.
Above relationship also holds for 7 — oo and b stays bounded. Here the asymptotics is under the setting of b — 0.

LemmaA.2. Let R® = (Ry11 — fr11, Ri2 — MR11s - -+ Ritny — HMR11, Ri21 — MR125 - -+ Rabng — Mr.ab), Where pigy =
NE(H (X)) + 1/2, and let Pasg (+) be the function defined as

R IR NI B DD WIS &

i=1 j=1 k=1 "'i i=1 j=1 k#k
Then

a) Tiv/b[ASEg — PASE(RC)]/N2 = 0p(1).
(b) HASEg/N? 5 G2, where 52 = limy_, oo (ab) ™! i kﬁgz/n provided that the limit exists.

Lemma A.3. Let Pg(-), Pc(-) be the functions defined as in

b a

1 b
~2 _ =2
YW, P = prE——TY > up b(a — >, (A2)

= i=1 j=1 j=1

Pg(u) =

S| Q

with ujj replaced by Rijx — pig i, where ug i = 1/2 4 Npy. and R® is given in Lemma A.2. Then as b — oo while a remains
bounded,

(a) under Ho(B), in/b(ASBg — Ps(R))/N* 5 0;

(b) under Ho(C), in/B(ASCr — Pc(R6))/N? 5 0.

Proof of Theorem 3.2. First we show that the limit of El and 22 exists. By Lemma 3.1, we know that {Yj, = HXj),j =

..} is bounded by one and is an ¢-mixing process with the same decay rate as {Xjx,j = 1,...}. Therefore |oy| =
|cov(Yiik, Yizi)| < ojji—j| (see Lemma 2 on page 365 of [20]). We have for all b,

5 &b L 4 b=t oAbt
1:a2bZZZn(n,_1)S@ZZ“ - = *bzo(b—m)amfazoam<oo.
m= m=|

j=1 j'=1 i=1 j=1 j=1
Similarly,
b b

|§2| =< ib ZZZG: |G"l;/:l/]]/| < %ZZaﬁ;j,‘ < o0, asb — oo.

=1 =1 i# j=1j=1

Absolute convergence of §1 and Ez implies that their limits exist.

Let Pase (R€), Pg(R) and Pc(R€) be the functions defined by Pasg(+) in (A.1), Pg(-) and Pc(-) in (A.2), respectively, with
argument R given in Lemma A.2. By Lemmas A.2 and A.3, we only need to consider the asymptotic distribution of the
projections fiv/b(Pp(R°) — Pase (R9))/N? and Tiv/b(Pc(RS) — Pase(RS))/N? when n; go to 0o as b — o0, under Hy(B) and
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Hy (E), respectively. Let P;(-), P, () be the functions defined as P; and P, in

Ujik Uiik’
~ab 5 Z Z OSSR 5> Z“" i (A3)

i=1 j=1 k#£K i#l j=1
respectively, but with uj;, replaced by Ry — g i, and let P1(Y), P,(Y) be similarly defined but with Yy, — pj; replacing
the uj. Then Pg(R%) — Pasg(R) = P;(R®) + P>(R%) and Pc(R®) — Psse(R°) = P1(R) — P,(R%)/(a — 1). We also have
ASDg — ASEp g = P1(R°) — P,(R%)/(a — 1). If we can show the following

~ P{(R°) ~ P, (R¢
f( 1 - P (YC)) =0,(1) and f( 2(R) PZ(YC)> =0,(1), (A4)
then the result would follow from that of Theorem 3.2 of [8]. Write
P1(R%) Ds + 2Dg P, (R°) D7 + 2Dg
— Pi(Y°) = , —Py(Y) = —,
N2 1(Y") pr N? 2 (Y) prs
where
Dy = Z i (Zijk — Yijk)(zijk’ — ij]</) Dg = Z i (Zijk - Yijk)(YUk’ - pij)
ij kK ni(ni - ]) ’ ij kek ni(ni - 1) ’
a b . . . B a b . B B
= Z Z(ZU: —Yy)Zij. —Yy), Dsg= Z Z(Zij. = Y)(Yij = pij)-
il j=1 i j=1

It can be shown that iDs /(a/b), i/ (a~/b) Ds, i/ (a~/b) D7, 71/ (a/b) Dg are all 0, (1), which completes the proof. Here we will
only show that 7/ (av/b)Ds = 0,(1).
pip) Yiyjk, — Pinjy)

n?(a) 4n?(a) u u (Y — 2
E( @b Dé) = 2bN2 ZZZ Z Z Z E{ : (ni — (i, — 1)

Li k#K i2.02 kys#k, i1:1.K1 13.73,k3

ni,n; [C(Xn“kp uk) 11]1(Xl]k)][c(xlg,j3k37Xlz]zkz) Fi3j3 (Xizjzkz)]} .
Note that the expectation under the summation is zero if the number of different elements in set {k, K, k, k5, k1, ks} is five
or six. When the number of different elements in set {j, j», j1, j3} is at most two, the summation is O(b~'). Forj # j, # ji # ja,
the expectation is not zero only if

(a) All four terms under the expectation are correlated. In this situation, we must have i = i; = i, = i3 and
k' = ki = k), = ks. Arepresentative term in above summation is

Z £ { (Yie — pip) Yijpir — Pij) [c Xy » Xije) — Fij, (Xuk)] 1

s Xijpi) — Fijy Xijoi) ] }

j<i<h<i3 (=D =1
1 b?
12 172
E 64 min(«;'”;, ) =0 ( ) :
Xy —j> %y —j 2 2
J<i2<j1<J3 ’ e (n 1)Zni (Tl,~ - 1)2ni

or
(b) the four terms under the expectation form two independent groups with two correlated terms in each group. The
proof in this situation is similar to (B.6). When the number of different elements in set {j, j», j1, j3} is three, the summation

is 0(b~1) and the proof is similar to that whenj # jo # j1 # j3. Thus ?i/(af)DG =0,(1). O

Proof of Proposntlon 3.3. We show only g /N4 — I 2o The other one is similar and is omitted. To make symbols easier,
we write ;1 (Z) and {1 (Y) as the statlstlcs when the X, in {1 is replaced by Z; and Yj; respectively. Similar notations for
0y (Z) and Gy (Y) w1ll be used Note that {1 = N4{1 (Z). Apply Proposition 3.3 in [8] on Yjj, we have {1 Y) — ;1 2 0.50it

remains to show that ;1 (Z)— ;1 (Y) = o0p(1). Write each of the difference Z, —Zi, as Ziik, —Zijk, — (Yijk, — Yijk, ) + Yijk, — Yijy )
and note that Z, Yj; are uniformly bounded by 1, we have

- 4 Zijk, — Zijk, — Yijiy — Y)W Zigy — Ziky — ik, — Yijiey)]
ni(n; — D — 2)(n; — 3)

07 (Z) — oy (Y) <

kq7Fky #k3 £k

i 6(Zijk, — Zijk, — Yij, — Yiiko )Y, — Yipky)
ni(n; — 1) (n; — 2)(n; — 3)

+
k17#ky#k37#ka
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nj

6[Zijk, — Zipr, — Yirk, — Yiri) 1Y, — Yiiky)
ni(n; — D(n; — 2)(n; — 3)

+
kqFky #k3 £k

= 0,(N"17?).
S0 &1(Z) — £1(Y) = 0y ( bINTV2 Y SR h)) = 0,(b"/v/N) = 0,(1). O
Proof of Theorem 3.4. By Slutsky’s Theorem, we only need to show
1 d . o~
——C,Wg — N(O;, C, Diag(ny1, - . ., nva)Cy), ri/N? — nyi = 0,(1), (A.5)
IN
where 0, is a vector of zeros and ny; = limp_, o NVar @1 — E(?,-_.)). Let 7jy; be similarly defined as 7; with R replaced by
Y. To show the asymptotic normality in (A.5), note that [ H dF; = %Z}J:] nil S OH®Xjp) = N7 (Ri.—3)-SoWg =
N f ﬁd?—f— % - 14, where 1, is an a dimensional vector of one’s. Since C, is a contrast matrix. So under ﬁ(A),

1 —_— = o~ =~ —_—
——C,Wg =Wca/HdF=Wca/Hd(F—F).
VN

It suffices to find the asymptotic distribution of v/N [ H d(F — F). Note that
VN / HAF—F) = VN (V1. —E(Y1)..... Yo, — E(Ya)) = VNIWy — EWy)],

whereWy = (Y1, ...,Yq).

Apply the proof for Theorem 3.2 of [9] on Yj, we get \/ﬁ(?,;, —E®Y.)) —d> N(O, ny;). Note that ny; < oo is guaranteed by
the a-mixing condition. By independence of the observations from different group, we have /N[Wy —E (Wy)] 4 Ny (0, Vy)
asa — oo,c — oo, where Vy = Diag(ny1, ..., ya)- Apply Continuous Mapping Theorem, we have V/NCWy 4

Ng—1(0, C,VyC)). Therefore, the proof of the theorem is complete since \/ﬁf(ﬁ —H) d(f —F Zo by Lemma A.1.
To show the second equation in (A.5), we only need to show 7jz;/N? — Tjy; = 0,(1) because 7jy; is a consistent estimator
for ny;.

b nj

W (ﬁRi/Nz — ﬁw Z Z Z ik — Zij. — Yijk + ?ij.] [Zi(i+j’)l< — Zig1y). — YigHik + ?i(i+j’).]
1 j=—ph k=1
b pt n
+ Z Z [Zi — Zyj. — Yipe + Y] [Yigaioe + Yig.]
J=1 jj=—ph k=1
b ph n;
Z [Zigiok = Zigay. = Yo + Yigap.] [Yie + Yi] -

The first term is O(2n,»b<ll/n) and the second and the third terms are both O(v/bni//n). Thus 7gi/N> — Ty =
0p (Vi — )7'b714) = 0,(1). O

Appendix B. Proof of Lemmas

Proof of Lemma A.1. The component of the vector VN f (ﬁ —H) d(f’ —F)is

‘/N/(ﬁ_H) d(F\ij’_ 1] - anl /(Flm zm)d(Fu u)

11 Ji

n;

- 1

f Z { . Z(F!m (Xllk) Flm (Xuk)) Z |:1 - Fij(xhhkl) - /Fﬁh dej:| }
n; k= k=1

i1

Znh( Gy Xy,

111
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where

h(X i1 s X;j) = Z Z {C(Xllhkl’ Uk) Fij, Kije) — |:1 - Fij(Xiljlkl) - /Filfl dFU]} ’

! i1,kq k
G, = Xajy1s - -+ Xgjyng)'» and Xy = (X1, - . ., Xijn,)'. Note that h(X;, , Xj) is uniformly bounded by 4 and satisfies
Eh(X;, . X;j) = E[h(X;,. Xj)|X;,] = E[h(X;;, X;)[X;] = 0. (B.1)

The component of the vector «/ﬁf(ﬁ —H)dF —F)is

JN & R R JN Lo
TZ/(H—H)d(FU-—Fij)_ N D0 kX, Xy)
j=1 j=1j1=1
and
N & 2 2oL b b b
<be(H H)d(Fu—Fu)> = WZZZZE[M i Xih(Xs,. Xy ]
=1 =1i=1 fz=113=1
sz ZZ|: Z Xj,, u)h( 12’X113) +ZE h( wau)h( waija)]:|
j=1j3=11L ji<iz j1=1
= Up1 + upz + Up3z + Upg + Ups,
where
2 b b
Upr = 7N Z ZE jlvxlj)h( \jp 5 lj3)] )
1<i2 j<i3
2 Lol
Upy = WZZE ]17 l])h( jzaxijg)]7
1<J2 J>I3
2 b b
UD3= ZZE [h(X;,. Xih(X;,. Xi)] .
2 b b
uD4= ZZ Xjp. Xih(X,, Xip) ], ups = szZZEW( i1 Xi)].
1=1j<j3 j=1j1=1

Obviously, ups = 0(n/(bn)) = o(1), since E(h(:, -)?) = O(ni”) which can be verified by examining the expected value in
further detail. Note that

2 b b
ZZ E[h( N1 s u)h( Jz’XU3)|( N1 s ij)]]:O

<i3 j1<i2
Similarly up, = 0 and

2
lups| <

“,Xu)h( 2o l])]|

2

b b
g
b b
= ZZ E [h(X;,. X)h(X,. X)Xy ]) |
b b
e

2
=jiorj=jp) |E (E[h(X;,, Xi)h(X;,, Xi) [X;])| = 0,

where the last equality is due to (B.1). The proof of |ups| = 0o(1) is similar to that of |up3| = o(1). Hence Q Zfﬂ f(ﬁ —
H) d(Ej — F;j) = 0,(1) and the proof is complete. O
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Proof of Lemma A.2. We will use the decomposition ASEg = P4sg (R°) + D1(R) + D, (RC), where P45z (R), D1 (R) and D, (R)
are similarly defined as Pysg, and

P 3) J) i | (DRSS 3 S LY (82)

llklj#J '11#1

with u;; replaced by Rjj, — g . Define YO = (Y111 —pi1, . . ., Yi1in, —P11, Y121 —P12s - - - » Yabng —Pab), Where pj = E(H (Xj)) =
E(Yjjr). By Lemma A.1 in [8], the proof will be done if we show that in both cases,

vb(D1(RY)/N? — D1(Y)) = 0, (1), Tiv/b(D2(R)/N? — Dy(Y)) = 0, (1), (B.3)
/b (Pask (R) /N? — Pase (YY) = 0, (1). (B.4)

We will first show (B.3). Let Zj = ﬁ(XUk), and write D;(R®)/N? — D{(Y®) = Dq1 + D12, D2(RY)/N? — D5(Y) = Dyq + Doy,
where

b b
(Zijx — Yijk) Zigk — Yige) (Zijx — Yij) Yirk — pir)
Dy =— ., Dp=-2 ,
B 2.2 ab(b — Dyn;(n; — 1) 12 2.2 ab(b — Dyn;(n; — 1)

i j# ik A
Dy = Z Z (Zyk — ng (Zu/k’ — Yu/k/) Dy = —2 Z Xb: (Z,'jk - Yijk)(Yij’k’ — pij’)
by abb— Dn?(n; — 1) e abb - Dn?(n; — 1)

It is not hard to show that Dq; and D,y are O,(N~'fi""). The proofs for Dy, and Dy, are similar and we will give that for Da,.
Write

C(X'mkw uk) — Fijy (Xllk)] ( ik — pl])
DZZ_ZZZZZZZZ ab(b — 1)Nn?(n; — 1) ’

i=1 k=1 k=1 j#j i1=1j1=1ki=1

B0 = e e Y S50y S5 5 e (e )

i=1 k=1K=1 j# 1=1j1=1k1=1i=1ky= 1k’_112¢]314 1j4=1kgq=1 n (Tl

(Yigjsk, — Piyjs) [¢ Xy > Xiik) — Fiiy Kijt) ] [€ Kigiaka» Xinioky) — Fiaja Kinjokr) ]
niz (niz - ]) '

Note that E(c(Xi,j,k;» Xijk) — Fipj; Xij) 1Xiik) = 0, so the expectation under the summation is zero if the number of different

elements in set {k, k', ki, k;, k2, k4} is five or six. If the number of different elements in set {j, j’, j1, j2, j3, ja} is four or less,

the summation is of order O(b—21~2). When all elements in the set {j, j’, j1, j2, j3, j4} are different, without loss of generality,

we can consider a representative case in whichj < j < ji < j, <j3 < ja ks = kand k' = Kk}, (Note: the expectation under
the summation is not zero only when the number of different elements in {k, k', k1, k3, k’, k4} is four or less). In this case,

b
Z E {(Yij’k’ - piy) [C(Xiljlkl s Xiji) — Fiyj, (Xijk)] (Yigjsk, = Piyjs) [C(Xi‘y};kp Xiyirky) — Figiy (Xizjzkz)]}
i <i1<iz<ia
b
= Z E {[C(Xiljlklvxijk) Fij, (Xuk)] [C(quc, Xiyirky) — Figj (Xizizkz)]

J<i1<iz<ia
x (Yiw — i) (Yiise — Pinjs)}  (note thatky = kand k' =k} ). (B.5)
IFK & (k, ky, ko),

b
B.5) < Z ’E [C(Xiljlkl’xijk) - '1]1(X!Jk)] [C(X'mk’ lzlzkz) — Fij, (Xlzlzkz | Z ’E Yijrw — le) ( sk’ — p1213)|

J1<Ja i'<i3
< Z 4% 2% 202, 1(ky = ky) 24 X 2 X 2a 2 =0k = k). (B.6)
1<J4 ] <]3

If k" € {k, ki, k2}, the total number of different elements in set {k, k', k1, ks, k5, k4} is three or less, we have the following 3
cases:

o All four terms under the expectation are correlated, which can be dealt with similarly as E (D%z).
e The four terms under the expectation form two independent groups with two terms in each group correlated. This
situation can be handled similarly as (B.6).
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e The four terms under the expectation form two independent groups and one of the groups contains three correlated
terms, or the four terms form three or four independent groups. In this situation, the expectation is zero.

Therefore, E(D2,) = 0(b~n~>(a)) and so ~/biiDy; = 0,(1).
To show (B4), write PASE (R‘:)/N2 — PASE (YC) = PRy1 — PRyz, where

1S s @ —py)? — g — py)?
Pry1 = @ZZZ n;

i=1 j=1 k=1 i
1 @i—Yi)? | 2 — @i — Yi) Vi — py)
T D e
ij,k i ij.k i
1 a b nj (Zijl( — pU)(ZUk/ — pU) — (Yl]k — pU)(YUk/ _ pl])
Pa = 233 by - 0y
i=1 j=1 kK i Ui
o e — i) Zye — Yige) oS (Zije — Yig) (Yige — D)
=22 Yy
- 2 5 .
iLj kgl abni (n; — 1) 7 k2K abn; (n; — 1)

The first summations in both Pry; and Pgy> are O,(N~'1"). The second summations in both Pry; and Pgy, are 0,(b~'173)
and the proof is similar to that of VbiDy, = 0p(1) and is omitted. Thus the proof of this lemma is completed. O

Proof of Lemma A.3. Note that ASBg — Pg(R°) = —D3(R%), ASCk — Pc(R%) = (D3(R) — D4(R%))/(a — 1), where D3(R")
and D4(R) are similarly defined as D3(u) and D4(u) in the proof of Lemma A.2 in [8] with u replaced by R. Note that the
expression of D3 (R°) and D4(R®) is very close to D, (R°). Whenl — oo ash — 00, the proof of i/b(D4(R°) /N2 — D4(YS)) =
0p(1) follows that of (B.3) (see the proof of Lemma A.2). Due to independence of the observations in different groups, the

proof of iv/b(D; (R)/N? — D;3(Y°)) = 0,(1) is not much different from that of (B.3). When n; are bounded, treat 1 as a
bounded number in above argument. Then we complete the proof of the lemma. O
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