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Abstract: In this paper, we aim to test the overall significance of regres-
sion coefficients in high-dimensional single-index models. We first reformu-
late the hypothesis testing problem under elliptical distributions for pre-
dictors. Applying distribution-based transformation, we introduce a high-
dimensional score-type test statistic. Notably, no moment condition for the
error term is required. Our introduced procedures are thus robust with re-
spect to outliers in response. Moreover our procedure is free of variance es-
timation of the error term. We establish the test statistic’s asymptotic nor-
mality under null hypothesis. Power analysis is also investigated. To further
improve computational efficiency and enhance empirical powers, we also
introduce a two-stage test procedure under ultrahigh-dimensional settings
based on random data splitting. To eliminate the additional randomness in-
duced by data splitting, we further develop a powerful ensemble algorithm
based on multiple data splitting. We show that the ensemble algorithm can
control the type I error rate at a given significance level. Extension to partial
significance testing problem is also investigated. Lastly, numerical studies
and real data analysis are conducted to compare with existing approaches
and to illustrate the robustness and validity of our proposed test procedures.
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1. Introduction

With the rapid development of information technology, high-dimensional data
are now frequently collected in various areas, including biomedical engineering,
microarray analysis, and finance. In these areas, a critical question is whether
predictors X = (Xy,---,X,)T € RP as a whole contribute to an interested
response Y € R or not. The main challenge is that the dimension p is usually
very large, even much larger than the sample size n. The high-dimensional nature
leads classical procedures, such as F-test, fail.

Recently, many efforts have been devoted to solve this problem for high-
dimensional data. [13] proposed an empirical Bayes test. [30] illustrated the fail-
ure of F-test for high-dimensional data, introduced a novel test statistic based on
a U-statistic, and established its asymptotic distribution. [11] proposed a rank-
based score test for high-dimensional linear model. [4] employed a U-statistic
of order two and enhanced the power using refitted cross-validation variance
estimation. For other recent developments, see also [21] and [22].

However, these test procedures are limited to linear models, which are often
restrictive for high-dimensional data modeling. In this paper, we consider high-
dimensional single-index model, that is,

Y =g(B"X,e) with el X. (1.1)

Here B = (B1,--+,53,)T is a p-dimensional unknown parametric vector, the link
function g(-,-) is unknown and 1l means independence. Compared with linear
model, model (1.1) is very general. Actually, it includes linear models, general-
ized linear models and transformed models [12]. In model (1.1), Y 1L X |87 X,
which means that the response Y is independent of the predictors X given the
index variable BT X.
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We mainly concern about whether the predictors X are significant for the
response. This leads to a global hypothesis testing problem for the index pa-
rameter 3

Hy:8=0, versus H;:08#0. (1.2)

Recently, [6] developed test procedures for an individual regression coefficient
of interest in high-dimensional single-index model, while we aim to test the
overall significance of predictors in this paper. Besides we want to introduce
robust procedures. The existence of the unknown link function g(-, -) makes the
above inference problem difficult. A key observation is that when the predictors
follow elliptical distributions, the general single-index model can be recast into
pseudo-linear models with transformed response [31, 28]. Thus estimation of the
unknown link function ¢(-,-) can be avoided. For robustness consideration, we
adopt the distribution-based transformation. Based on this transformation, we
construct a high-dimensional score-type test procedure. Notably, moment con-
dition for the error term e is totally avoided for our procedure. Our introduced
procedures are thus robust with respect to outliers in response. As noted by [4],
empirical performances of many existing procedures are adversely affected by
the overestimation of the variance. While our procedure is free of error variance
estimation.

We establish the asymptotic normality under the null hypothesis. Power anal-
ysis is also investigated under local alternative hypotheses. Different from [1],
[30], and [11], the asymptotic distributions in our paper are not derived under
the pseudo-independence assumption under which the predictors X are gener-
ated by larger dimensional factors. Instead we assume that the predictors follow
the elliptical distribution, which is very general and includes multivariate nor-
mal distribution and multivariate t distribution. We note that [4] and [22] also
made elliptical distribution assumption in high-dimensional inference for linear
model.

When the dimension p is much larger than the sample size n in ultrahigh-
dimensional data, the aforementioned score test might perform unsatisfactorily.
Indeed even though the response Y depends on the predictors X, usually only
a small subset of predictors are significant to the response. This then motivates
us to introduce a two-stage test procedure based on random data splitting. The
idea of data splitting has been used successfully in various statistical problems.
In fact, [29] and [24] adopted the data splitting strategy to conduct variable
selection with error rate control. [8] used the data splitting idea to estimate the
error variance in an ultrahigh-dimensional linear model. The basic idea here is
to use one part of the data to detect potentially significant variables and re-
duce dimensionality. Then we apply the proposed high-dimensional score test
procedure to the other part of the data and the reduced predictors to further
determine their overall significance. We should emphasize that the potentially
significant variables detected in the first step may include many noise predic-
tors. Actually, all variables are inactive under the null hypothesis. Thus their
significance should be checked. By exploiting the sparsity information, the two-
stage procedure can enhance the detection power. To reduce the additional
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randomness induced by data splitting, we further develop a powerful ensem-
ble algorithm based on a multiple data splitting strategy. We show that the
ensemble algorithm can control the type I error rate.

Besides global testing, testing the significance of a part 8 is also of great
importance. Many authors have investigated this important problem for linear or
generalized linear regression models. See for instance [18], [14], and more recently
[15]. Inspired by these works, we then further investigate partial significance
testing problem in high-dimensional single-index model. Suitable test statistic
is introduced and its asymptotic normality is also established.

The paper is organized as follows. In Section 2, we develop the high-dimensional
score test and study its asymptotic distributions. We introduce the two-stage
procedure in Section 3. Section 4 discusses the extension to partial significance
testing problem. Section 5 examines the finite-sample performance of the pro-
posed procedures using Monte Carlo simulations and a real-data example. Sec-
tion 6 concludes the paper and all the technical proofs are provided in Appendix.

2. Test statistic construction and its asymptotic distributions
2.1. Reformulation of the hypothesis

Without loss of generality, we assume that E(X) = 0 and ¥ = E(XX”) > 0
throughout this paper. In high-dimensional inference literature, the pseudo-
independence assumption is commonly imposed. The pseudo-independence as-
sumption resembles a factor model structure where the p-dimensional random
vector X is generated linearly by a larger dimensional factor vector Z. Though
it is assumed in [1], [30], and [11], it may be difficult to validate in practice and
excludes some multivariate distributions such as multivariate t-distribution.

In this paper, we instead consider that the random vector X follows a p-
dimensional elliptical distribution. The elliptical distribution is often assumed
in multivariate analysis [10]. It contains a large family of multivariate distribu-
tions, such as multivariate normal distribution, multivariate t-distribution, and
multivariate logistic distribution.

Now we present the definition of elliptical distributions.

Definition 1. (The elliptical distribution assumption) A random vector X
follows an elliptical distribution if and only if X has the following explicit ex-
pression

X =RxTIU.

Here T is a p x p matrix; U is a random vector uniformly distributed on the unit
sphere in R?, and the generating variate R is a nonnegative random variable,
satisfying E(R?) = p, Var(R?) = O(p), and also independent with U. Note that
the calculation rule between I' and U is matrix multiplication, and x denotes
scalar multiplication.
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In high-dimensional inference for linear model, [4] and [22] also made the
elliptical distribution assumption. In practice, we may adopt existing tests for
elliptical distributions (see for instance [17] and [5]) based on several principal
components of X. Alternatively, we may apply coordinatewise gaussianization

to transform predictors into normal distributions, i.e. X;; = &~ (nLHFJ (Xij)),

where ®(-) is the cumulative distribution function of the standard normal ran-
dom variable and F’ }j is the empirical cumulative distribution function of the j-th
component of X. See [23] for more details of coordinatewise gaussianization. In
this paper, the elliptical distribution assumption is imposed for theoretical de-
velopments.

With the elliptical distribution assumption, we can recast the single-index
model into pseudo-linear models with transformed response. We state this result
in the following lemma.

Lemma 1. Assume that X follows an elliptical distribution. Then for any given
transformation function h(-) of the response Y, under model (1.1), there exists
some constant k depending on function h(-) such that

By =: X1 Cou(X,h(Y)) = Kk x B.

The above lemma follows directly from Proposition 1 in [12]. See also [31]
and [28]. Throughout the paper, we assume that x # 0. When h(-) is monotone
and g¢(-,-) is monotone with respect to the first argument, this assumption is
satisfied. See [12] for more discussions.

Lemma 1 tells us that we can use linear regression structure to recover the
unknown index parameter 8 in model (1.1). To be more specific, applying a
given transformation function h(Y'), we obtain a transformed linear model

hY) =B X +e. (2.1)

By the definition of B;,, it is clear that the predictors X and the error term
e = h(Y) - BF X are uncorrelated. That is, E(Xe) = E[X (h(Y) - XT8,)] = 0.
Since B, is proportional to B, Lemma 1 provides us an opportunity to convert
the hypothesis (1.2) to the following equivalent one

Hy:B;, =0, versus H;:f, #0. (2.2)

For the choice of the transformation function, in this paper we specially focus
on the function h(Y) = F(Y) — 1/2, where F(Y) is the cumulative distribution
function of Y. This choice makes our procedure be robust with respect to outliers
in response. A brief discussion with another simple choice h(Y) =Y is made in
Remark 1 later.

Different form the classical linear model, the predictors X and the error
term e now may not be independent in the transformed linear model. While the
existing works in linear models greatly rely on the independence between the
predictors and the random error term. Further the transformed response F(Y)
is unknown and has to be estimated. These points bring many difficulties in
methodological and theoretical developments in our model setting.
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2.2. High-dimensional score test

In this subsection, we propose a score-type test statistic for hypothesis (2.2)
when the dimension p diverges to infinity. Suppose that (X;, ¥;)" , is a random
sample from the population (X,Y’). Note that X is uncorrelated with F(Y') —
1/2 under Hy. Thus a natural measurement of the closeness between 3, and
0 is the Ly norm E|| X (F(Y)—1/2)|>. One may consider to use the sample
version to estimate E || X (F(Y) — 1/2)|| as follows:

LY xTx (R - 5) (R0 - 1)

i=1 j=1

Here, F,,(Y;) is the empirical distribution function
1 n
Fo(Yi) =—) 1(Y; <Y)).
() = 5 310 < ¥

However, the diagonal elements add some technical difficulty. To this end, we
remove the unwanted diagonal elements and consider the following U-statistic
with kernel X7 X ;(F,(Y;) — 1/2)(F,(Y;) — 1/2)

12 1 1
5, s SXTX, (R - 5) (RO -3). @3
7]
The number 12 in S, is to normalize the variance of the term F,(Y;) — 1/2.
Note that Z;—;l I(Y; <Y;) is the rank of Y;. Since statistics with ranks are
well-known to be robust, this then intuitively explains why our procedures are
robust with respect to outliers in response.
To derive the asymptotic properties of S,,, we need to claim some mild condi-
tions. We first present the condition to regulate the diverging dimension p and
the sample size n.

¥ >0 and tr(X2*) = o(tr?(2?)) p — 00 as n — oo. (C1)

This mild condition frequently appeared in the literature [30, 4]. The positive
definiteness of the covariance matrix % ensures the identification of the parame-
ter A, in model (2.1). We also allow the eigenvalues of ¥ diverge to infinity when
p — 0o. Note that if all the eigenvalues are bounded, then tr(X%) = o(tr?(3?))
holds trivially.

Next, we define the following local alternative hypotheses for the local power
analysis.

tr(X2 tr(x%?
BISB. =o(1), BISB, =0 ( %) - Ba =0T,
Similar conditions were also considered in [30] and [11]. The above local alter-
native hypotheses Hj,, obviously describe a small discrepancy between 3, and
0. The following theorem shows the asymptotic behavior of the test statistic S,
under Hy.
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Theorem 1. Assume the condition (C1) holds and assume that X follows an
elliptical distribution, under Hy, as n — oo and p — oo, then

n d,
QtT’(EQ)Sn — N(0,1).

Remark 1. From Lemma 1, we may also consider another simple and nat-
ural choice of h(Y) = Y. With this choice, the corresponding test statistic
is S, = ﬁ i X TX,V;Y; and under null hypothesis, we would have
WS’; 4 N(0,1). Here 0> = Var(e) denotes the variance of the error
term. Hence, it would generally fail when the stochastic error is heavy-tailed or
there exist outliers. Notably, our procedure with h(Y) = F(Y) — 1/2 does not
need to estimate the variance of the error term, which brings large convenience
and simplifies computation. Further no moment condition for the error term is
required. Thus our procedures are robust with respect to outliers in response.

To establish the score test based on Theorem 1, we now need to estimate
tr(X?). Following [30], we use the ratio consistent estimator of ¢r(%2) below.
) — L XX — X)) (X — X (X — X
tr(X?) = (n) Z (X — X)) (X — X)) (X, — X)" (X, — X)),

4/ i1<ia<izg<ia

Combining Theorem 1 and the Slutsky Theorem, our proposed score test
rejects Hy at a significance level « if

nS, > \/2tr(3%)za.

Here z,, is the upper-a quantile of standard normal distributions.

Due to the nonlinear dependence between the predictors X and the error term
e, it is hard to calculate the theoretical distribution under local alternatives.
Provided that S, diverges to infinity under local alternatives, our proposed test
procedure is consistent, which means the power tends to 1 as n — oco. We present
the following theorem for power analysis.

Theorem 2. Suppose that there exist a sufficiently small positive number §
and a positive constant C such that BL28, > Cn~1T0\/tr(X2). Under the
conditions in Theorem 1 and the local alternatives, as n — oo and p — 00, then

n

—5,, — 0.
2tr(32)

Remark 2. Regard ,8{22,8,1 as the signal strength. The condition ﬂgEﬁ,Bh >
Cn~1%9,/tr(X2) ensures that the signal can be well detected and then the pro-
posed test is consistent.

3. Ultrahigh-dimensional test with screening

Although the above score test procedure performs well for large dimensional
data, it does not give a satisfying solution for ultrahigh-dimensional data due to
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power loss and computation limit. Actually even though the response Y depends
on the predictors X, usually only a small subset of predictors contribute to the
response. This motivates us to propose a two-stage test procedure based on
random data splitting.

We randomly split the data into two subsets D; and Ds. Let n; and ns be
the sample sizes of Dy and Ds, respectively. Here, the balanced data splitting is
adopted, namely ny = [n/2]. The sparsity assumption often holds in ultrahigh-
dimensional setting, which means only quite a small subset of the predictors
are significant to the response variable even under alternative hypotheses. We
denote the small subset of predictors as M = {k : 5, # 0}. If we can first
reduce the dimensionality from ultra-high level to a moderate-high level, we can
then increase the detection power. This goal is achieved by data splitting. In the
first step, we adopt some feature screening procedure to the subset D; to screen
out noise predictors and retain potentially significant variables. In the second
step, we then apply the high-dimensional score test in subsection 2.2 on the
other data subset Dy and reduced predictors to further check their significance.
Data splitting is crucial to eliminate the effect of spurious correlations due to
ultrahigh dimensionality, and to avoid an inflation of the type-I error. This point
is illustrated in Section 4.

Since the seminal work of [9], there are many proposals for feature screening,.
Considering the robustness of screening procedures, here we adopt the robust
rank correlation based screening in [19]. To be more specific, we consider the
Kendall’s 7 rank correlation coefficient of each predictor Xy with the response
Y. Denote

. 1 S
Wy = ——— E sgn(Xp; — Xpj)sgn(Y; = Yj), k=1,---,p.
ni(n; —1) oy

We select a set of important predictors with large wy. That is, we define
M= {1 <k <p:|@| is among the first d,, largest ones},

where d,, is a pre-specified threshold value. Under some regularity conditions, it
has been demonstrated in [19] that the following sure screening property holds.

Pr(M C M) & 1.

With the sure screening property, the hypothesis (2.2) is asymptotically
equivalent to the following hypothesis:

Ho:B,5 =0, versus H;:B,5 #0,

where 3, = = {Bn, : k € M\} As a result, the screening procedure in the
first step helps us to transform the ultrahigh-dimensional testing problem to a
moderate high-dimensional testing problem. The benefit of screening is further
illustrated in Section 4.

In the second step, we adopt the high-dimensional score test in subsection 2.2
to test B8, 1; based on the other subset Dy. While data splitting plays an essential
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role in dimension reduction and power enhancement, it only uses half of the data
to make inference. As suggested by an anonymous reviewer, we can adopt cross-
fitting method to achieve further improvement. See for instance [3] and [6].
Actually we can reverse the data set for screening and the data set for testing,
obtain two corresponding screening sets M; and Mo, and construct two test
statistics Sp,1 and S,2, respectively. From Theorem 1, we have

1 S, S,
S R el e
2\/2757"(23\7 ) 2\/2t7~(22M )
1 2

Here n is the total sample size.
We present the whole test procedure in Algorithm 1.

4 N(0,1). (3.1)

Algorithm 1 Test with screening based on single data splitting

Step 1. Randomly split the data into two subsets, denoted by D1 and Da, respectively. Let
n1 = |D1| and ny = |D2|. We use n1 = [n/2].

Step 2. For the subset D1 = (X<1>,Y(1))7 where X(1) is the n; x p design matrix and YD
is the n1 X 1 response vector, calculate

_
ni(n1 — 1)

ni
Oy = > sen(Xp; — Xpj)sen(Y; —Y5), k=1,2,---,p
i#A]
and define a submodel
M= {1 <k <p:|wg|is among the first d,, largest ones}

Following [9], we recommend to set dn, = [n1/log(n1)].

Step 3. For the subset Da, calculate the test statistic Sp1 according to (2.3).

Step 4. Exchange the role of two subsets. Repeat Step 2 and Step 3 to obtain the test
statistic S and output the p-value based on (3.1).

Although the test with screening based on single data splitting can enhance
the empirical power, its performance in practice might be affected by additional
randomness induced by data splitting. In fact, some significant predictors could
be missed at the sample level due to randomness and the sample reduction.
This would inflate the empirical size of the test or reduce the empirical testing
power. Therefore, following [24], we introduce an ensemble algorithm based on
multiple data splitting.

Now we repeat Algorithm 1 B times and get the p-values denoted as
{py, b = 1,2,--- ,B}. For any ¥ € (Ymin, 1), where Ymin is a predetermined
value, such as 0.05 or 1/B, define

Here ¢, (A) represents the lower-y quantile of the number set A. Further let

Q*:min{L(l—logvmm) inf Q(V)}-

Y€ (Ymin,1)
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The above @Q* is the final adjusted p-value for the testing procedure. The en-
semble test algorithm is presented in Algorithm 2.

The following theorem shows that the type I error rate can be controlled at
a level.

Theorem 3. Given any significance level o and any ymin > 0, the type I error
rate is asymptotically controlled at a. That is, under Hy,

limsup Pr(Q* < a) < a.
n—oo
Actually, for any fixed v € (0,1), Q(v) is an asymptotically correct p-value.
However, a proper choice of v may be difficult. Hence, we use Q* to give a
final version of the adjusted p-value, which is an adaptive method to select a
suitable value of . Here, yyiy is a lower bound for . Then, the correction factor

1 —10g Ymin is upper bounded. For more discussions about Q(v) and Q*, kindly
see [24].

Algorithm 2 Test with screening based on multiple data splitting
Step 1. Apply Algorithm 1 to the original data and get the output p-value, denoted as
p1-
Step 2. Repeat Step 1 B times. Obtain the set of p-values {p1,p2, - ,pp}. Recommend
B =10 or 20.
Step 3. Calculate the adjusted p-value

Q* :min{l,(l—log’ymin) (inf Q(’Y)}y
¥

€(Ymin,1)

where Ymin is a predetermined value, such as 0.05 or 1/B,

QM) =min{1,q7 (’ﬁ;b=1,2,--- B)}
v

and ¢ (A) represents the lower-y quantile of the number set A.
Step 4. Reject Hp at a significance level & when Q* < a.

4. Extension to partial significance test

In this section, we further investigate how to construct partial significance tests
for single-index models. Suppose that X; = (XT Xg;)T, where X,;, € R? and

a)

Xp € RP74. Then, we rewrite model (1.1) as follows,
Y, =g(XLB, + XLBy€), i=1,2-- n. (4.1)

The dimension of the interested parameter 3, could be higher than the sample
size n, while the dimension of the nuisance parameter 3, could also diverge to
infinity. Consider the following null hypothesis

Hy:B,=0, H;:B,#0. (4.2)

This problem is very vital. It aims to assert that given X, € R?, whether X, €
RP~4 brings additional information for the response Y. Since the dimension
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p and ¢ diverge, classical F-test also fails. In practice, X, usually comes from
some preliminary results and often includes a few but quite important variables.
Instead, X usually includes much more predictors that remain to be explored.

Applying the distribution transformation we discussed in subsection 2.1, we
could recast model (4.1) as follows,

1
F(Y;) — 5= X! B, +ei=XB,+X,B,+ei

Then, we convert the hypothesis (4.2) to the following equivalent one
Hj: By, =0, Hi:B, #0.

Let X = (X,,X}) denote the matrix form of sample data. Define the condi-
tional predictor X := X, —Cov(X 5, Xq)Var(X;,) "1 X, and the projection
matrix P, := X, (XI'X,) !XT, Since X; follows elliptical distributions, the lin-
ear combination X7, also follows elliptical distributions. Let Y and e be the
vector forms of sample data.

We first give some mild conditions.

(C2) The covariance matrix ¥ > 0. The dimension p — oo and ¢ — oo, when
n — oo. Assume that pzgn=t — 0, gn=1 — 0 and gp~ 1 — 0.

(C3) Suppose that E(e;] X;) = 0, E(e?| X;) = 02, and E(e}| X ;) < oo.

(C4) Assume that X; follows the elliptical distribution and the corresponding
generating variate R} of X7, satisfies E(R;®) = (1 + o(1))p*.

(C5) There exist positive constants 71 and 72 such that

T < )\min(zb\a) S )\max<2b\a> < Ta.

where Amin(A) and Apax(A) represent the smallest and largest eigenval-

ues of a semipositive definite matrix A, respectively. Further ¥, is the

conditional covariance matrix as follows,

Ypja = E(Cov(X 3| X ia)) = (07,5,)-
The above conditions are mild and widely imposed. Condition (C2) controls
the diverging number of predictors. Condition (C3) is a conditional moment
assumption for e, which is common in the literature, such as [14] and [30]. How-
ever, we should recognize that the assumption E(e;| X;) = 0 and E(e?|X;) = o2
may not hold in general, since in the transformed linear model e is only un-
correlated with X. This assumption is imposed to establish the asymptotic
normality. Under Condition (C4), X7, also follows the elliptical distribution.
Besides, E(R;®) = (1 + o(1))p* is imposed for theoretical derivation and simi-
lar conditions are assumed in [18]. Condition (C5) has been widely used in the
literature; see for instance [7], [18], [27] and many others.
Notice that E[(F(Y) — 1/2 — X,8,)"X;] = E(X{'e) = 0 holds under ﬁ(’)

Hence, it naturally leads to the following plug-in test statistic L.,

1
L, =-e&"x,xTe,
n
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where é is the residual, that is
. 1
e=(1I1-P,) (FH(Y) — 2)
= (]I - Pa)e + (]I - ]Pa)(Fn(Y) - F(Y))

In order to eliminate bias, we consider the following test statistic 7T,

1 A2
T, = —e"X,XTe — Ztr((1 — o)Xy XT),
n n

where 2 := (n — q)~'e"e.

Theorem 4. Suppose Conditions (C2)-(C5) hold. Under the null H}, when
n — oo and p — 0o, we have

T,
——n 4N (0,1).
204r(%,)
In order to construct score tests based on Theorem 4, we need to obtain
consistent estimators of o2 and tr(Egla). For 02, we use 62 = (n — ¢q) 'e’e.

Following [26], we employ the following consistent estimator of tr(Z%la),

— n2

") = G T g g

(tr(S) = (0 = )3 (Sya)),

where i]b‘a = nIX¥ (I - P,)X,. Based on Theorem 4 and the Slusky Theorem,
our proposed test procedure rejects ﬁf{) or equivalently Hy at a significant level
a if

T, > 264757“(2127'@),2&.

Here z,, is the upper-a quantile of standard normal distributions.

5. Numerical studies
5.1. Simulation studies

In this section, we present three simulation examples to evaluate the finite sam-
ple performance of our proposed tests.

Study 1. The first set of numerical simulations are carried out to evaluate
the performance of the score test for high-dimensional data. Considering the
following two models:

Yi=ax X!I'B+e, (Model 1)

Y; =5y/|lax XTB+10|+ 4+ ;. (Model 2)
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The predictors X; = (X1, X2, -+, Xip)? are generated from a multivari-
ate normal distribution N(0,%;) with ¥; = {0.2771},, or a multivariate
t-distribution \/%t5(0,21) with 5 degrees of freedom, respectively. For the
high-dimensional setting, a nonsparse case and a sparse case are taken into ac-
count. The so-called nonsprase case means that the first half elements of the
parametric vector B are nonzeros with equal magnitude, while for the sparse
case, only the first five elements of 8 are nonzeros with equal magnitude. The
two cases above both satisfy that ||8]] = 1. The tuning parameter a is selected
to be 0,0.3,---,1.5, where a = 0 represents the null hypothesis Hy. There are
two cases of error distributions Case(1): standard normal distribution N (0, 1);
and Case(2): Cauchy distribution or equivalently Student’s ¢-distribution with
1 degree of freedom ¢(1).

We also compare the proposed score test with the test in [30] (denoted by ZC)
and the test in [4] (denoted by CGZ). The corresponding numerical results of
Study 1 are respectively reported in Tables 1-2 for nonsparse case and Tables 3-4
for sparse case under two different dimensions p = 75,150 and fixed sample size
n = 50 at the significance level a = 0.05. For each setting, 500 realizations are
conducted to get the empirical powers or sizes.

From Tables 1-4, we have the following findings. Firstly, the empirical sizes
of all three tests under each setting are closely around the predetermined sig-
nificance level 0.05. Secondly, the simulation results in Case(2) provide a strong
evidence that our proposed test procedure is sufficiently robust and hardly af-
fected by the heavy-tailed error terms in both linear and nonlinear models, while
the other two existing methods lose much effectiveness. In fact, their empirical
powers can be as low as the nominal level. Thirdly, it is also noted that the em-
pirical powers of the proposed test increase quickly as the level of signal strength
a increases. However, when the dimension rises from 75 to 150, the empirical
powers decrease slightly in different cases.

TABLE 1
Comparison of empirical sizes and powers for nonsparse case in Study 1 at the significance
level @« = 0.05. X ~ N(0,X1). Sn: the proposed test; ZC: test in [30]; CGZ: test in [4].

Non-sparse Error terms
Normal t(1) Normal t(1)
Model a Sn 7C CGZ Sn 7C CGZ Sn zC CGZ Sn 7C CGZ
(n,p) = (50, 75) (n,p) = (50, 150)
Model 1 0.0 0.062 0.076 0.070 0.044  0.012  0.006 0.060 0.066  0.054 0.060 0.024 0.022
0.3 0.198 0.208 0.192 0.096  0.040 0.028 0.108 0.130 0.110 0.078 0.020 0.020
0.6 0.542 0.546  0.560 0.178  0.030  0.028 0.348  0.356  0.346 0.148  0.056  0.048
09 0.834 0.846 0.854 0.316  0.048 0.044 0.588 0.594 0.632 0.232  0.068 0.058
1.2 0926 0.940 0.944 0.452  0.066  0.056 0.760  0.768 0.784 0.304 0.066 0.062
1.5 0954 0.960 0.970 0.520 0.110  0.100 0.814 0.818 0.834 0.368  0.106  0.098
Model 2 0.0 0.064 0.068 0.056 0.062 0.024 0.026 0.046  0.056  0.044 0.040 0.022 0.020
0.3 0.340 0.336 0.310 0.124  0.026  0.018 0.230  0.232  0.226 0.094 0.046 0.032
0.6 0.540 0.544 0.528 0.196  0.020 0.024 0.390 0.388  0.398 0.130  0.030  0.030
0.9 0.690 0.706 0.698 0.242  0.034  0.030 0.524  0.522  0.526 0.144  0.058  0.052
1.2 0.790 0.796 0.800 0.334 0.032 0.040 0.626  0.602 0.610 0.196  0.056  0.044
1.5 0.864 0.860 0.874 0.330  0.090 0.090 0.650 0.634  0.644 0.214 0.046 0.038

Study 2. In the second set of numerical simulations, we investigate the perfor-
mance of the two-stage test procedures for ultrahigh dimension, based on single
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TABLE 2

Comparison of empirical sizes and powers for nonsparse case in Study 1 at the significance
level o = 0.05. X ~ /3/5t5(0,%21). Sn: the proposed test; ZC: test in [30]; CGZ: test in [4].

Non-sparse Error terms
Normal t(1) Normal (1)
Model a Sn 7C CGZ Sn 7C CGZ Shn 7C CGZ Sn 7C CGZ
(n,p) = (50,75) (n,p) = (50,150)
Model 1 0.0 0.060 0.064 0.060 0.044  0.028 0.026 0.038 0.058  0.040 0.058 0.018 0.018
0.3 0.208 0.218 0.200 0.092  0.026 0.022 0.148  0.158  0.140 0.110  0.030  0.026
0.6 0.578 0.598 0.582 0.170  0.026  0.024 0.398 0.420 0.408 0.124 0.036  0.032
0.9 0.842 0.842 0.860 0.338 0.042 0.036 0.590 0.588 0.612 0.226  0.040 0.034
1.2 0.894 0.906 0.902 0.414  0.096 0.084 0.762 0.774 0.788 0.340 0.088  0.068
1.5 0960 0.964 0.968 0.546  0.128 0.138 0.856 0.854 0.864 0.356  0.096 0.092
Model 2 0.0 0.058 0.064 0.060 0.054  0.028 0.026 0.038  0.058  0.040 0.058 0.018 0.018
0.3 0.406 0.410 0.402 0.156  0.028 0.020 0.238 0.270 0.244 0.114 0.032 0.028
0.6 0.610 0.610 0.600 0.206  0.026  0.024 0.424  0.446  0.426 0.132  0.038 0.032
0.9 0.762 0.766 0.770 0.284 0.032 0.026 0.476  0.476  0.500 0.176  0.034 0.028
1.2 0.786 0.788  0.800 0.294 0.064 0.060 0.602 0.606 0.612 0.216  0.062 0.048
1.5 0.834 0.862 0.864 0.376  0.076  0.078 0.680 0.710 0.716 0.256  0.062  0.058
TABLE 3

Comparison of empirical sizes and powers for sparse case in Study 1 at the significance level
a=0.05. X ~ N(0,%1). Sn: the proposed test; ZC: test in [30]; CGZ: test in [4].

Sparse Error terms
Normal t(1) Normal t(1)
Model a Sn zC CGZ Sn zC CGZ Sn zC CGZ Sn 7C CGZ
(n,p) = (50, 75) (n,p) = (50,150)

Model 1 0.0 0.062 0.076 0.070 0.046  0.032 0.024 0.066 0.068 0.062 0.054 0.030 0.014
0.3 0.192 0.212 0.186 0.104 0.022 0.026 0.090 0.126 0.110 0.052 0.018 0.018

0.6 0478 0.530 0.522 0.170  0.028 0.020 0.358 0.374 0.372 0.120 0.046  0.030

0.9 0804 0.818 0.826 0.278  0.066  0.056 0.522  0.558  0.556 0.210  0.036  0.036

1.2 0.88 0.896 0.908 0.420 0.092 0.076 0.698 0.732  0.726 0.296  0.050 0.038

1.5 0952 0.962 0.972 0.502 0.116 0.124 0.786  0.808 0.814 0.352  0.080 0.082

Model 2 0.0 0.064 0.068 0.056 0.062 0.024 0.026 0.048 0.056  0.044 0.064 0.022 0.020
0.3 0322 0.324 0.288 0.130 0.022 0.018 0.238 0.236 0.228 0.124  0.046  0.040

0.6 0.534 0.518 0.532 0.190 0.018 0.018 0.354 0.338 0.324 0.160 0.030 0.034

0.9 0.688 0.678 0.690 0.232  0.042 0.038 0.496 0.480 0.476 0.210  0.058  0.052

1.2 0.782 0.768 0.780 0.300 0.048 0.046 0.600 0.586 0.596 0.224 0.038 0.032

1.5 0.832 0.822 0.832 0.314 0.080 0.074 0.652  0.628  0.642 0.246  0.038  0.040

TABLE 4

Comparison of empirical sizes and powers for sparse case in Study 1 at the significance level
a=0.05. X ~+/3/5t5(0,%1). Sn: the proposed test; ZC: test in [30]; CGZ: test in [4].

Sparse Error terms
Normal (1) Normal t(1)
Model a Sn 7C CGZ Sn zC CGZ Sn zC CGzZ Sn zc CGZ
(n,p) = (50,75) (n,p) = (50, 150)
Model 1 0.0 0.060 0.064  0.060 0.046  0.028  0.030 0.052  0.058  0.050 0.038 0.030 0.026
0.3 0.144 0.154 0.166 0.102  0.032  0.030 0.126  0.148 0.122 0.102  0.026 0.018
0.6 0.480 0.496 0.506 0.154  0.038  0.032 0.330  0.350 0.328 0.126  0.032 0.024
0.9 0.712 0.732 0.742 0.264 0.054  0.050 0.532  0.548  0.546 0.216  0.054 0.046
1.2 0.850 0.878 0.882 0.344  0.074  0.070 0.706  0.720 0.712 0.258  0.062  0.060
1.5 0934 0936 0.936 0.456  0.104  0.090 0.754  0.762  0.776 0.308 0.066 0.052
Model 2 0.0 0.058 0.064 0.060 0.054 0.028 0.026 0.050 0.058  0.040 0.076  0.018 0.018
0.3 0.340 0.352 0.328 0.136  0.036  0.024 0.218 0.228 0.212 0.108 0.032 0.026
0.6 0.540 0.558  0.550 0.146  0.026  0.022 0.402  0.374  0.366 0.128 0.036  0.034
0.9 0.692 0.674 0.688 0.230  0.026  0.028 0.468  0.456  0.466 0.140  0.040 0.028
1.2 0.772 0.758 0.770 0.262  0.054  0.054 0.554  0.564  0.566 0.222  0.052 0.044

1.5 0.786 0.790 0.786 0.356  0.072  0.080 0.616  0.594  0.590 0.252  0.064 0.056
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data splitting and multiple data splitting. We call them SST (Single Splitting
Test) and MST (Multiple Splitting Test) for short respectively. We introduce
the following models for illustration.

Vi=ax XI'B+e, (Model 1)
30
P = 7 + 8+ €. (Model 3)
1+ 30exp(—a x X; B)
We set 8; = 1/V5 for j = 1,---,5 while the other components are zeros.
The tuning parameter a is set to be 0,0.5,---,2.5, in which a = 0 represents

the null Hy. The predictors X; = (X1, Xy2,--+, Xip)? are generated from a
multivariate normal distribution N(0,%5) with ¥y = {0.21°=91} .. The two
error distributions in Study 1 are also considered here. For MST, we set B = 10
and Ypmin = 0.05. We set the sample size n = 100 and the dimension p = 5000.
And 500 realizations are repeated for each setting.

By displaying the empirical size and power curves with different values of a,
the corresponding numerical results of Study 2 are illustrated in Figure 1. We
also consider two naive procedures, that is, the high-dimensional test procedure
without screening, and a procedure which screens and tests without data split-
ting. From Figure 1, we can see that the proposed two-stage test procedures
control the empirical sizes well and the empirical powers increase as the signal
strength a increases. Besides, it is observed that the powers of the MST are
apparently higher than SST. It also indicates that the two-stage test procedures
with screening are much more efficient and sensitive to the signal than the high-
dimensional test procedure without screening when the dimension p is rather
large. Moreover, as shown in Figure 1, the procedure which screens and tests
without data splitting cannot control the type-I error. In fact, screening and
testing based on the same data would be misled by the spurious correlations in
such ultrahigh-dimensional data.

Study 3. In the last set of numerical simulations, we assess the performance
of the high-dimensional partial test procedure. The following models are intro-
duced for illustration

YVi=cx XI'B+e, (Model 1)

Y; = 0.3¢ x (X7 B)> 4+ 0.3¢ x X] B + €. (Model 4)
The predictors X; = (XT X?,;)T = (X1, Xi2, -+, X;p)T are generated from

a’

a multivariate normal distribution N(0,%3) with 3 = {0.21"=71},.,. A non-
sparse case and a sparse case are also taken into account. The nonsprase case:
the first half elements of the parametric vector [, are nonzeros with equal
magnitude, and the sparse case: only the first five elements of 3, are nonzeros
with equal magnitude. The two cases above both satisfy that ||3,] = 1. We set
B, = (1,1, 1)T. The value of c is selected to be 0,0.4,--- ,2.0, where ¢ = 0
represents the null hypothesis Hy. Two cases of error distributions are the same
with those in Study 1.
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(b) Model 3; left: Case (1), right: Case (2)

Fic 1. The empirical size and power curves with n = 100 and p = 5000 at the significance
level a = 0.05, which is highlighted by the solid lines. In four pictures above, the twodash
lines with circles: SST; the twodash lines with triangles: MST; the dash lines with squares:
test without screening; the dash lines with crosses: test and screen without data splitting.

We also compare the proposed partial test with the test in [18] (denoted by
LWT). The corresponding numerical results of Study 3 are respectively reported
in Table 5 for nonsparse case and Table 6 for sparse case under different dimen-
sions and sample sizes n = 50,p = 100,¢ = 5 and n = 100,p = 200,q = 10 at
the significance level o = 0.05. For each setting, 500 realizations are conducted
to get the empirical powers or sizes.

From Tables 5-6, we find that the empirical sizes of both two tests under each
setting are closely around the predetermined significance level 0.05. Secondly,
the simulation results corresponding to ¢(1) error show that our proposed test
procedure is relatively robust in both linear and nonlinear models, while the
procedure in [18] lose much power. Furthermore, it could be observed that the
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TABLE 5
Comparison of empirical sizes and powers for nonsparse case in Study 3 at the significance
level @ = 0.05. X ~ N(0,%3). Ty : the proposed partial test; LWT: test in [18].

Nonsparse Error terms
Normal t(1) Normal t(1)
Model c Tn LWT Tn ILWT Tn LWT Tn LWT
(n,p,q) = (50,100, 5) (n,p, q) = (100, 200, 10)
Model 1 0.0 0.044 0.038 0.044 0.080 0.036  0.058 0.052  0.084
0.4 0.184 0.204 0.082  0.086 0.266  0.278 0.082 0.082
0.8 0.500 0.666 0.114  0.100 0.718 0.844 0.124 0.078
1.2 0.684 0.868 0.228 0.108 0.834 0.986 0.200  0.092
1.6 0.762 0.910 0.276  0.136 0.914 0.994 0.266  0.138
2.0 0.814 0.924 0.352  0.180 0.938  0.998 0.376  0.176
Model 4 0.0 0.046 0.050 0.048 0.056 0.048 0.044 0.044  0.050
0.4 0.512 0.332 0.196  0.138 0.788  0.222 0.384 0.148
0.8 0.708 0.340 0.348  0.208 0.870  0.292 0.534  0.190
1.2 0.804 0.352 0.420 0.234 0.934 0.264 0.660 0.214
1.6 0.814 0.360 0.526  0.268 0.950 0.318 0.718 0.210
2.0 0.820 0.362 0.546  0.270 0.954 0.266 0.758 0.194
TABLE 6

Comparison of empirical sizes and powers for sparse case in Study 8 at the significance level
a=0.05. X ~ N(0,X3). Ty : the proposed partial test; LWT: test in [18].

Sparse Error terms

Normal t(1) Normal t(1)

Model a Tn LWT Tn LWT Tn LWT Tn LWT
(n.p,q) = (50,100, 5) (n.p, q) = (100,200, 10)

Model 1 0.0 0.052 0.044 0.052 0.078 0.056  0.032 0.052  0.086

0.4 0.164 0.178 0.080 0.074 0.218  0.258 0.070  0.066

0.8 0.424 0.526 0.122  0.082 0.572  0.790 0.098  0.092

1.2 0.624 0.752 0.176  0.114 0.768  0.940 0.176  0.100

1.6 0.726 0.836 0.216  0.136 0.846  0.970 0.236  0.118

2.0 0.748 0.900 0.286  0.150 0.890  0.990 0.290 0.158

Model 4 0.0 0.050 0.050 0.048  0.060 0.040 0.044 0.046  0.050

0.4 0448 0.344 0.198  0.132 0.728  0.226 0.316 0.114

0.8 0.638 0.332 0.296 0.194 0.858  0.232 0.476  0.152

1.2 0.748 0.318 0.386  0.252 0.898 0.234 0.544 0.214

1.6 0.758 0.324 0.472  0.192 0.916 0.218 0.622 0.174

2.0 0.810 0.336 0.518  0.226 0.924 0.196 0.700 0.176

empirical powers of the proposed test is higher than LWT in nonlinear mod-
els.

5.2. Real data analysis

In this subsection, we apply our methodology to a Cardiomyopathy microarray
data [25], which was once analyzed by [20], [11] and many others. This dataset
consists of a n x p matrix of gene expression values X = (X;;), where X;; is
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the expression level of the j-th gene for the i-th mouse. The response Y is
the G protein-coupled receptor Rol expression level, and the predictors X are
other potentially related gene expression levels. Here, the dimension of predictors
p = 6319 is much larger than the sample size n = 30. The goal is to identify
the influential genes for overexpression of the Rol in mice. A high-dimensional
single-index model is now considered for this data set. Before modeling, both
the response and predictors have been standardized to be zero mean and unit
variance.

Noticing the dimension p is very large compared with the sample size n, it
is then important to firstly check whether there exists any significant predictor
to affect the response. A global testing problem can be considered to tackle this
problem. If the null hypothesis (1.2) is not rejected, we do not need to pursue
further. We adopt the score test, SST and MST, respectively. Additionally, in
order to assess the robustness of our proposed methods, we add some random
outliers to the response variable. To be more specific, we randomly choose a
quarter of the sample and add the random noise which follows the cauchy dis-
tribution to the response. The results are presented in Table 7. From this table,
we can see clearly that there truly exists some significant predictors to affect
the response. Besides, since the results of the noised data are similar to those
of the original data, we are confident that our proposed procedures are robust
to the outlier in response.

We then consider to adopt the Kendall’'s 7 correlation based screening ap-
proach in [19] to select the influential genes. Eight important variables are se-
lected. It is then of interest to assert that given those eight chosen variables,
the other eliminated predictors by the screening procedure are indeed irrelevant
or not. This can be formulated as a partial significance testing problem. The
proposed partial test statistic T}, is then applied. From Table 7, we assert that
the eliminated predictors are conditionally uncorrelated with the response.

TABLE 7
The p-values of the test statistics for the real data analysis

Score test SST MST

full sample 4e-9(5.77) 9e-11(6.37)  6e-13
eliminated  0.43(0.18) N _

full sample 6e-6(4.37) Te-7(4.82) 6e-8
eliminated 0.65(-0.38)

Original

Noised

The values of test statistics are given in parentheses.

6. Conclusions and discussions

In this paper, we investigate the overall significance testing problem of regres-
sion coefficients in high-dimensional single-index models. We tackle this problem
by exploiting the property of elliptical distributions. By adopting a transformed
linear model framework, we propose the high-dimensional score test. With the
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distribution function of the response, our procedure is robust with respect to
outliers in response. We show that the introduced score test statistic S,, asymp-
totically follows a normal distribution under null hypothesis and diverges under
local alternative hypotheses with some mild conditions.

To improve computational efficiency and enhance empirical powers, we also
discuss two test procedures, SST and MST, for ultrahigh-dimensional settings
based on random data splitting and feature screening. We control the type I
error rate by modifying the obtained p-values in MST. Additionally, we further
investigate how to construct partial significance tests in high-dimensional single-
index models. The asymptotic normality of the proposed test statistic T,, is
derived. And the validity of the procedures is also illustrated through simulations
and real data analysis.

Our proposed test statistic 7;, does not allow the dimensions p and g be too
large for the partial significance testing problem. It would be very interesting
and challenging to test partial significance when both p and ¢ are ultrahigh-
dimensional. It is beyond the scope of this paper. We aim to investigate this
issue in near future.

Appendix: technical proofs
Proofs for Theorem 1

To demonstrate the Theorems, we introduce some following lemmas.

Lemma 2. Suppose that U = (Uy,Us, - - - ,Up)T s a random vector uniformly
distributed on the unit sphere in RP. Then Var(U) = p~'I,, E(U}) = 3p~'(p+
2)7" BURUR) =p~(p+2)7 i £

See Theorem 2.8 in [10] for the proof of Lemma 2.

Lemma 3. Assume X = RI'U follows an elliptical distribution. Let Z denote
the random vector RU. For any symmetric matriv A = (a;5) and B = (b;;),
E(ZTAZ)(Z"BZ) = (1+ o(1))[tr(A)tr(B) + 2tr(AB)] holds.

Proof of Lemma 3. From the definition of elliptical distributions, we have E(R*) =
p? + O(p). Note that

(Z"AZ)(Z2"BZ)=R" Y ai;buUU;UsU,
i,7,k,l

=R ZaiibkkaU]? + ZaijbijUingQ + ZaijbjiUfo + Z aiibiiU;‘
i#k i#j i#] (
It then follows that

E(Z"AZ)(Z"BZ) = E(R)E(UTU3) |tr(A)tr(B) + 2tr(AB) — 3 _ aiibs;

(3
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E(RYEUY) ) aibii.

Then from Lemma 2, we conclude that

E(ZTAZ)(Z"BZ) = E(RY)E(UUZ) [tr(A)tr(B) + 2tr(AB)]
= (14 o(1))[tr(A)tr(B) + 2tr(AB)].

Proof of Theorem 1. Note that .S,, has the following decomposition

%Sn _ ﬁ S XTX; (Fn(Yi) - %) <(Fn(yﬂ') - %)

i#]
_#ZXTX' F(Y-)—l F(Y-)_l
_n(n—l)#j P i) 75 i) =5

2 T 1
2 NCXTX (FY) - F(Y) [ F(Y:) — =
) XX (B o) () - 3)
1 T
) 20 XX (Fa(Y) = F() (FaY;) = F(¥;))
i#j
::Anl +An2+An3
For the first term A1, we rewrite it as follows
1 2
Am= ) XTXGXTB, X7 B+ ——— ) X[ X; X[ Bre;
1 n(n—l)g i< i Bn jﬂh“"n(nil); i X lﬂhej
1 T
o 2 X X

= Ap11 + Ani2 + Anis.

Step 1. We compute the expectations and variances of the terms A,1; and
Api12. Under Hy or the local alternatives, we have

(F(Yn - %)2

1
=— +o0(1).
3 o

+E[(XT8,)%) - 2E [<X?ﬁh) (F i) - l)]

For the expectations of 4,12 and A,13, we have E(A,12) = 0 and E(A,15) = 0.
It is easy to show that E(A,11) = ,8;{22[3 5. Next, we consider the variances of
Api1 and Apo. Applying Lemma 3, we have

Var(Aan) = O(n™)B (X X)2(XT 8,)%(X] 8% + O(n™") (B(An))”



Tests for high-dimensional single-index models 449
+0(n E [(XTX,)(XT X, )(XT B)X(XT B,)(XTB))]
= o(n"?tr(%?)).
Actually, the following facts hold:
B ((XTX,)2(XT8,)*(X]B,)?)
=B ((XT B, B(XT X;)X(X] 8,)%1 X))
<CE ((erﬂhy (;BgzﬂthTEXi + B{EXiX?E/Bh))
=0 ((B128))(BY28,) + tr(Z*)(B156,)° + (B126,)%)
= o(tr(%?)),
and
B ((XTX)(XTX)(XTB)AX] B)(XTB,))
=B ((XT8,)%E ((X]X)(X] B,)(XTX:)(8] X,)| X))
=B (X?BhﬁfEXi)z
=0 ((B7228,) + (B1=*8,) (B1284) )
=o(n 'tr(x?).
Further observe that
Var(Auz) = O(n (X7 X ) (XTX,)(XT B,) (X7 B,)¢]
+O0(n ?)E[(X] X;)%(X] B))%]]
= o(n"?tr(%?)).

Therefore, A,1 has the following form

1
An1 = =1 > X7 X jeie; + 0,(v/n2r(S2)) + B 5B,

n(n i

Step 2. We establish the asymptotic distribution of A,; by martingale cen-
tral limit theorem [16].
In this step, our goal is to verify the following limit distribution under Hy.

12 . a 2tr(X2)
M;Xz Xjelej%N<Oa n2 .

Define n;,, = 12 ﬁ Z;;ll XTXeie;. Let Spn = S8 0 i,
Fi = o{(Xi,e;) i=1,2,--- ,n}. Obviously, we have E(n,,|#;—1) = 0, which
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follows that (Skn, #k) is a zero-mean martingale sequence. Define v, =
Var(n;,|Zi—1) and V,, = > " ,v;,. By martingale central limit theorem, it
is sufficient to show that the following two conditions hold under Hy.

Vn P
—— 51 Al
Var(Spn) ’ (A1)
and .
2\\—1 2 P
DS T BMI Ly, jse sy Fie1) 2 0. (A.2)
i=2
Simple calculation leads to the following results
i—1
24 2 T 24 T
’Uin:mzerjsz—l—m Z €j€kaZXk.
j=1 1<j#k<i—1
and
24 n i—1
— 23T T
b A SR s Y Y e
=2 j=1 i=2 1<j#k<i—1
Since Var(S,,) = tr(X?), then we write
Yo _ Zn: Zl AXTeX; + Z > ejenX]TX
Var(Sn,)  n(n—1)tr(%?) / J
=2 j=1 1=2 1<j#k<i—1

= Gnl + Gng.

It can be shown that E(G,1) = 1 and E(G,2) = 0 under Hy. Observe the fact
that

n—1
Var(Go) = O(n)tr (%) Y j°E [(X]szj)2 —tr2(x2)].
j=1
Condition (C1), Lemma 3 and algebra calculation imply that Var(G,i) =
o(n~1). Similarly, we can also obtain that

Var(Gpra) = O(n~")tr—2(x?) Z Z (n—k1)(n —ka)
J1<ki ja<kz
x E {ejlejzeklekzxfl ZXleszEXkQ}
" tr(34)

=0(n™? n—k?2(k—1)——=.
- O( )k:1( k) (k ]')tTQ(ZQ)

Thus Var(Gna) = o(1). Markov inequality yields that G -5 1 and Gpa - 0.
Up to now, (A.1) has been verified.
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Observe that

4
> En},)=0n"* ZE Zezejx X;
=2
=0(n™) Z Y EXTX XX X[ X, X]X,) (A3)
1=2 s#t
n 1—1
(n™"> Y B(XTX,)*
i=2 j=1

For the first term in (A.3), algebra calculation based on Lemma 3 shows that

™Y Y EXTX XTX XX, X[X,)=0(n "tr’(£?)).
1=2 s#t

Define I''T" = (v;;). For the second term in (A.3), we have the following facts

4
n 1—1
0(n*4)z;ZIE(XTX n™4) gE kzljlvklzlkzgz
1=2 j= 177

=0(n?) Z UI%IE(Z?k)E(Z;ll) + Z ZUI%ZUgtE(Zizk)E(ZEs)E(ZJZZ)E(ijt)

k=1 k£l s#t

+ Z Z Uk:lvktvslvstE(ZiZk)E(Zizs)E(ZJZl)E(ijt)
Wt st

30 SRR E(ZL)E(ZL)E(Z2)

k=l s#t

Note that the following inequalities holds

2
p

Z Vi < kal = (tr(%?))?,
k=1

2
szksvkl kaz = (tr(%?))?,
k=l st
D> vkvkvsivse < tr(SY).
k£l st

Combining condition (C1), we obtain Y i, E(n},) = o((tr(X?))?). In other
words, for any € > 0, we have

" E(nt |Zi_
£ {; E } —ow

2
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Moreover, considering the following fact

E (n?n‘[{\nm|>5\/tr(—22)}|yl*1> < 5_2”(22)_1]3(77?71‘?%1)’
then we can conclude (A.2) holds.

Step 3. It suffices to show that the variances of A,,3 and A, are o(n=2tr(%?))
under Hy to complete the proof.

We note that X is uncorrelated with Y under Hy. It follows that E(A4,2) =
E(A,3) = 0 obviously. Besides,

B(42) = 0(n ™) Y0 SO B(XT X, X T X))B[(Fa(¥i) — F(YV) (Fu (V) — F(Y3)
i#] k#l

< (r - ) (0 )
= 0™ Y B(XTX,)%E|(Fu(Y:) - F(Y))?(F(Y;) - l)j
i)
= o(n~?tr(£%)),

and

B(AZ;) = 0™ Y0 S B(XT X, X X)E|(Fa (i) = F(Y))(Fu(Y;) = F(Y;)
i#5 k#l
X (Fu(Ye) = F(Yi) (Fa(YD) = F(YD))]
= O(n™) Y B(XT X,)E|(Fa(Y) = F(Y))2(Fu(Y;) — F(Y;))?]
1#]
= o(n"2tr(%?)).

Summarizing the above results, we conclude that Theorem 1 holds.

Proofs for Theorem 2

According to the proof of Theorem 1, we have already demonstrated the fact
that

nSy, n

1
12022 Jir(2?) (n(n —1)

Z XT X jeie; + 0,(v/n=2tr(X2))
i#£]

+ BT3B, + Ans + Aus),
under Hy or the local alternatives.

To verify S, tend to infinite as n — oo, it suffices to show the orders of A,
and A,3 are controlled by the term B{Xﬁ B;, under the conditions of Theorem 2.
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Step 1 For the term A, 3, we have

1 T 2
J< — I'x N _ (2
[Ansl < gy D [XT X mas 1B () = F(Y)
7]
Since E(X] X ;) = tr(X2), we show that A,3 is of order O, (n~!log ny/tr(%2)).
Step 2 For the term A,2, we rewrite it as below
1

1
A=
22 n(n—1)

N XTX(Fa(Y:) — F(Y:)XT By
i#£]

S XTI X, (Fu(Ys) - F(Y:))e;
i#j

L1
n(n —1)

= Dnl + Dn2-

Note that

1

< ) ) —
IDual < max 1P (¥ = FOY)| oy

3 ’X{ijfﬁh‘ ,
i#]

and
E((X:X,)4(X]B,)?) =F (ZJ-TFTﬁhZiTFTFZj>2
—E (E (Z;‘.FFTBhZiTFTFZJ»)Q |Zi>
= O0(1)E (tr(FTﬁhziTrTrrTﬁhZZFTF))
+O0(1)E (trQ(PTﬂhZfPTF))
= 0(8),%°B))-

Therefore, we readily obtain D, is o,(n~*(logn)'/2\/tr(%2)).
For D,s, we write

1 n
Dy = > > X{ Xjej (Ive<vy — F(Y)
n?(n—1) — =
1
T n2(n—1) ;;X?Xjej (Ipveyiy — F(Y7))
1 T
1) 2 2 X X (o) — FO9)
1
-1 ig;&kXiTXjej (Iv<viy = F(Y2)

= Dpa1 + Dpaz + Dyas.
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By Cauchy-Schwarz inequality, we have
E|Dpat| < Cn'E ‘X?Xjej‘

< Con BV (XTXGXTXG) B2 (e2)

= Cn~t/tr(%2?),

which implies that D,,57 is of order Op(nf1 V/tr(22)). Analogously, D20 is also

of order O,(n~1\/tr(X2)). Since e; is bounded in probability under the local
alternative, we derive that

1

E(D},3) = Wil =12

> M E (XZ-TXJ-XSTXt (Ivesviy — F(Y9))
i#j#k st
X (Iivicvay — F(Y5)) ejer)
O(n~2)E (X?XJ»XSTXjei +(X ?Xj)Qe?)
n

= O(n2tr(s%)),

by noticing the fact that

E (Xz'TXj (Tvi<viy = F(Y2) Gj) =0,

E (XzTXj (Iivi<viy — F(Y7)) €;1X4, Y3, X5, ej) = 0.

Hence, we verify that D, is of order O,(n~'tr(X?)). Then we obtain A,s =

0,(n~(logn)/2,/tr(x2)).

So far, we conclude that |A,;|~'8} %28, — oo i = 2,3 holds under the
conditions that BgEzﬁh > Cn~'%9,/tr(¥2?) for any small positive number §.
Lastly, applying similar techniques to those used in the above proofs, we are
able to show n=t(n — 1)1 D X7 X jeiejis Op(n='tr(%?)), which completes
the proof.

Proofs for Theorem 3

According to [24], min{1, -} can be ignored in the proof. Thus, it is sufficient to
show that

Pr((1 —logvmin) inf Q) <a)<a.
Y€ (Ymin,1)

Define 7(u) = B~ Y0, Itp,<uy- Then the two events {Q(y) < o} and
{m(ay) > 7} are equivalent. In fact, p, follows a uniform distribution U(0, 1)
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under Hy. Applying Markov inequality, we obtain that

Pr(Q(y) < alHo) = Pr(r(ay) > /Ho)

B
=Pr <Bl Z[{pbgm} > 7|H0>

b=1

< (yB)™") Pr(p, < ay|Hy)

B
b=1

= Q.

Using Markov inequality again, we derive

Pr < (inf Q(y) < a) =E ( inf I{Q(7)<a}>
iS B

Ymmin,1) YE(Ymin,1)
=E| sup Ijr@ayzy | =E( sup Iipass jp,<anyzy)
YE(Vmin,1) YE(Ymin,1)
1 B
<E| swp —B'Y Ip<an
YE(Ymin,1) ¥ b=1

1
=B sup —Iip,<any | -
’YE('Yminvl)fy

Consider the following fact,
1 O Do Z «,
sup _I{PbSQ’Y} = O[pb_l OYmin S Py < @

; -1
’YE('YInnlvl) v ’Ymin Do < QYmin-

Therefore, we can easily calculate the expectation under Hy
1 QYmin B @ o
E sup  —I{p,<ay} ’HO = / vmilndx + / —dx
"/E('Ymhnl) ’y 0 [e] €T

“Ymin
= (1 — log(Vmin))-

Summarizing the above results, Pr (inf ¢ (,,....1) Q(7) < a|Ho) < a(1-10g(Vmin))
holds to complete the proof.

Proofs for Theorem

Without loss of generality, we assume that o}; = 1 for any j € S := {g +
1,--+,p}. To prove Theorem 4, we fist introduce the following lemma.
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Lemma 4. Suppose X}, follows the elliptical distribution and Condition (C4)
holds, we have the following facts

4
E|Y (X7-1)] =0r*(23.), (A.4)
jES
E(> X, X5 | =0 (=), (A.5)
JES

Proof of Lemma 4. Under Condition (C4), one directly proves (A.4) by some
algebras in [2] and thus omit here. Denote ¥, := (a;kj). By the definition of
elliptical distributions, we have

* * * * % * * * * * * * * *
EX} X5 X5 X5 )=0f . 0 40l . 0} 10715407255 TC E O k0 72k0 13k O jak

ig1 M ija i3 iga J1J2 7 J3J4 J133 7 J234
kes
Thus, by Cauchy-Schwarz inequality,

> (B(XG, X5, X5,X5,)°

J1J2J3Ja€S
* * * * 2
<2 Z (UjljZ 0;3j4 + 04145 0;2j4 + 0j1j40j2j3)
J15293J4 €S
2
R EREREEN
J13293J4 €S \kE€S
4
=2 (3tr2(2§|a) + 4tr(2b|a)) + 20?2 Z Za;‘kla;kz
k1,k2 J
o\ 2
k1,k2 J

<2 (3tr2(53,) + 44r(Sh,)) + 2020 (55,)

= O(tr*(3),))-
By noticing the following facts to complete the proof for (A.5),
4
* * 2 * *
Z XZIJXMJ = Z E 21J1 11J2X11J3X21J4) (A6)
JES J1,J2,73,J4

Now we present the proof of Theorem 4.
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Step 1 We first define 7T}, as follows,

7 %(e +EL(Y) - FOY)TSXE (e + Fu(Y) — F(Y))

p—q
n

(e+ F,(Y) - F(Y)T(e+ F.(Y) — F(Y)).

Next, we would verify that p~= (T, — T},) is 0,(1). Notice that
T, — T,
1 1
= {E eTxxTe - —(e + F,(Y) — F(Y))TXZXZT(e + F,(Y) - F(Y))

p—q

+ (e+ Fo(Y) = F(Y))'P,(e + F.(Y) — F(Y))}

{U— Xbxb (I—1Pq))
_b—

e+ Fu(Y) — F(Y))"(I - Pu)(e + Ful(Y) - F(Y))}

= dJn1+ Jn2~

We now calculate the order of the maximum eigenvalue of matrix H :=
XG0T — (p— @ = (hij).
Note that

E(tT(H4)) =E Z hlllz 1213 Zzl4hi4i1

11,12,13,04

Further note that

E Z h’ilig hi2i3 hi3i4 hi4i1

i1 F 12 A 1370
=B Xi1]1 22J1 XZ2J2 13]2 X13J3 14]3 X14J4 11J4
i1Ai0 #1374 j1ES j2 €S J3€S ja€S

_ * * * *
- Z Z 051529525395 ja T jaja

= O(n 4tr(§]‘ ).

Denote A as the complement set of {i; # iy # i3 # i4}. Using Cauchy-
Schwarz inequality, we get

E (Z Riyig Pigig hi3i4hi4i1>
A

n® [B(hi,;,) + E(hi;,) + E(hiy;,) + E(h,;,)] -

Q213 1471

<

u>|>—
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According to (A.6), when iy # i2, we have

4 * * * * * * * *
E(h“z?) = Z E(XllhXlljzX11J3X11]4X12j1XZ2J2X12J3X%QJ4)
J1J2J3J4€S
2 * * *

= Z E (X2131X11J2X11]3 1134)
125374 €S

= O(tr*(35,))-

According to (A.4), when i1 = is, we have

4

Z111 Z Xlljl p q) = O(tTZ(Zaa))'

J1E€S

Therefore, Apax(H) = Op(n% p? +np7), which is implied by A
For the first term on the right hand side of (A.7), we have

max

(H) < tr(H*).

Ju=n"Ye+ F,(Y) - F(Y))'(I- IPQ)XZXZT(]I —P,)(e+ F.(Y)— F(Y))

—n e+ Fy(Y) - F(Y)TX;X: (e + Fo(Y) — F(Y))

+n " (p—g)(e+ Fu(Y) = F(Y)) Po(e + Fu(Y) = F(Y))
=n"Ye+ F,(Y) - F(Y))"P,HP, (e + F.(Y) — F(Y))

—2n Y e+ F,(Y) - F(Y))'P,H(e + F,(Y) — F(Y)).

Denote P, =: (p;;). Under Condition (C3), we have

E (e'P,e) Zp”ele] =E|E Zp”eleﬂx
=0’E (tr(}Pa)) = O(q).
Considering the fact that e”P,HP e < Apax(H)e? P e, then
e'P,HP, e = Op (n%qp% + nqp%) .

Similarly, we could also obtain e’ P,He = O, (n%qp% + nqpi).
We write

(Fu(Y) = F(Y))"(F.(Y) = F(Y)) = Y (Fu(Yi) = F(Y;))?

i=1

- 22 Ity <viy — F(Y; )) (I{Yk<Y1} F(YZ))
4,7,k
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Simple algebra leads to E(F,(Y) — F(Y))T(F,(Y) — F(Y)) = O(1), which is
followed by (F,(Y) — F(Y))T(F.(Y) — F(Y)) = O,(1). Further observe that

(Fn (Y) - F(Y))TPQH]P@ (Fn(Y) - F(Y))

Analogously, we derive the order of (F,(Y) — F(Y))'P,H(F,(Y) — F(Y)) is
also O, (n% p% + npi) By Cauchy-Schwarz inequality,

|e" P, HP, (F,(Y) — F(Y))]
1/2 1/2
< (e"PHP.e) " (Fu(Y) = F(Y)"PHP.(F,(Y) ~ F(Y)) "/
=0, <n4q p2 +nq1pl)
Other cross terms can be similarly controlled. Thus, when Condition (C2) holds,

the order of J,,1 is o,(p'/?).
For the second term on the right hand side of (A.7), we have

Jn2 _ (6 + Fn(Y) — F(Y))Z((]In__lpqa))(e + Fn(Y) — F(Y))t’l"(XZXZT (H _ Pa))

(e + Fu(Y) = F(Y)' (L - Pu)(e + Fu(Y) — F(Y))

p—4q
n

(e + Fu(Y) = F(Y)T (L Py)(e + Fu(Y) = F(Y)) v

n—q

1 A n—q
X(ﬂ(pq) xR - )
(e+ Fu(Y) = F(Y)"(I-Py)(e + F.(Y) = F(Y))

tr(X;X: TP,
TL(TL — q) ( b*b )
= Jn21 + Jn22.
According to Lemma 3, one easily shows that
1 n
tr(XpXpT) — Xy
— Op(n_l/Qp_l/Q).
Notice that
(Fu(Y) = F(Y)"(I - Po)(Fa(Y) — F(Y))
n—q
_ T _
S (Fn(Y) F(Y)) (FTL(Y) F(Y)))\max(]l o ]P)a)

n—q
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=0p(n7");
e'T-Pe eTe
< Amax(I —Pg) = Op(1).
e < S h - P = O,(1)

Then, Cauchy-Schwarz inequality imples that n~te? (I —P,)(F,(Y) — F(Y)) is
of order O, (n~'/?). Hence, we verify that J,91 = 0,(p'/?). Further observe that
tr(X;XiTP,) < Amax (XX T)tr (P, ), then we could derive that Jy00 = 0,(p*/?),
since p'/2qgn~! — 0.

Up to now, we have verified that

T.—-T, P
—— 0.
(204157’(22' )z
Step 2 Then, it suffices to show
Tn d
— — N(0,1). A.
(204tr(53,))? ©.1) (A.8)
For T,,, we have
7 L 7 1 T 2 r
T, = € He—kﬁ(Fn(Y)—F(Y)) H(Fn(Y)—F(Y))—Fﬁe H(F,(Y)-F(Y))

= Knl +Kn2+Knd

where

1 —
K= —eTXZXZTe S S
n n

- % Z ZeileQX;JX;;J + = ZZ X*2

i1is jES i—1jes
= Kp11 + Kno.

It is clear that E(K,12) = 0. Recall that E(e?| X ;) = 0% and E(e}|X;) < 0o
Applying Cauchy-Schwarz inequality and Lemma 3,

2V&I' n12 Z Z zl €, Xz*lzjl - )(XZ*22]2 - ))

11,92 j1,j2€S

= Z Z 04 XZ*12Jl - )E(Xl*sz - ))

i175i2 J1,J2€S

+Z 3 B(eHXE - 1D)(XE - 1)

i=1 j1,j2€S8
< CZE (X5F Xy — B(X5 Xip))?

= O(np).
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Thus, Var(K,12) = O(pn~') = o(p), which is followed by

K12 I
(204tr(52,))

For K11, it is easy to see that E(K,11) = 0. Furthermore,

n?Var(Konn) = > Y Y Eleseieien, X) 5 X0, X5 X750
11742 13714 J1,J2€S
=2 Z Z E(egle?QX;thX;th;th:zh)
11742 j1,J2€S
=2n(n — 1)04tr(E§|a),

which shows Var(Kp11) = 204tr(22‘a)(1 +0o(1)).
In order to verify (A.8), it suffices to show

Knll

_ M d v, 1),
VaI'(Knll)§

Following the techniques used in the proof of Theorem 1, we could obtain the
asymptotic normality above by the martingale central limit theorem.
Finally, note that

(Fu(Y)=F (X)) H(F,(Y)=F(Y)) < Amax(H)(F (Y)—F(Y))" (F.(Y)—-F(Y)),

thus we obtain the order of K, is 0,(p'/?). Cauchy-Schwarz inequality shows
that K,z is also 0,(p'/?), which completes the whole proof.
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