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Robust model-free feature screening based on
modified Hoeffding measure for ultra-high

dimensional data

YuaN Yu*, D1 HEf, AND YoNG ZHoUu*$

Sure independence screening (SIS) has become a cutting-
edge dimension reduction technique to extract important
features from ultrahigh-dimensional data in statistical learn-
ing. Many of the screening methods are developed to be
suitable for special models that follow certain assumptions.
With the availability of more data types and complicated
models, a robust model-free procedure with less restrictive
conditions of data is required. In this paper, we propose
a modified Hoeffding measure which efficiently characterize
the dependence between two random variables. The mod-
ified Hoeffding measure is between 0 and 1, and zero if
and only if the two variables are independent under some
mild conditions. This property enables us to propose a novel
feature screening procedure based on it without specify-
ing the regression structure. The proposed method is ro-
bust for both the predictors and response with the heavy-
tailed data and outliers, and suitable for complex data in-
cluding discrete and multivariate variables. In addition, it
can extract important features even when the underlying
model is complicated. We further establish the sure screen-
ing property and ranking consistency property even when
the dimensionality is an exponential order of the sample
size without assuming any moment condition on the pre-
dictors and response. Simulations and an analysis of real
data demonstrate the versatility and practicability of the
proposed method in comparison with other state-of-the-art
approaches.
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1. INTRODUCTION

The ultrahigh dimensional data have been frequently en-
countered in contemporary scientific research, where the di-
mension p can grow exponentially with the sample size n.
[8] pointed out that analyzing such data poses simultaneous
challenges of computational expediency, statistical accuracy,
and algorithmic stability to modern statistical inference. To
overcome the issues associated with ultra-high dimensional-
ity, many marginal screening techniques, such as the sure in-
dependence screening (SIS) procedure [6], have been shown
to filter out many uninformative variables in many scenarios.
The key idea of the SIS procedure is to rank all predictors
by using a utility measure between the response and each
predictors and then to retain the top variables for further
investigation. A desired marginal screening procedure pos-
sesses the sure screening property; that is, with probability
close to one, all the important variables would survive after
variable screening.

This seminal idea has motivated many methods in the
recent literature. [12] used the generalized Pearson corre-
lation as the ranking index to identify influential but not
explicit features of a predictive model. [8] and [9] developed
feature screening procedures for generalized linear models,
which used the maximum marginal likelihood. [5] developed
nonparametric SIS procedure for ultrahigh dimensional ad-
ditive models. [31] proposed a screening method based on
standardized marginal maximum likelihood estimator for
the Cox model. [7] and [22] considered nonparametric fea-
ture screening for sparse ultrahigh dimensional varying co-
efficient models. By using the inverse weighted probability
method, [27] proposed a robust feature screening procedure
for the censored ultrahigh dimensional data for the transfor-
mation models. For the varying coefficient model about the
longitudinal data, [28] developed a nonparametric feature
screening.

The aforementioned feature screening procedures are all
for some specified models. However, it would be very difficult
to identify a correct model initially in the process of analy-
sis for the ultrahigh dimensional data. To avoid the model
misspecification problem, [33] advocated a model-free fea-
ture screening procedure using the expectation of the square
of the correlation between the predictor and an indicator
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function of the response. For the model-free feature screen-
ing method, there is some work done using more sophisti-
cated dependence measures in recent years. [20] suggested
to use the distance correlation as the ranking index for fea-
ture screening. [19] proposed to use the Kendall’s tau to do
the feature screening for generalized transformation model.
[23] proposed the Kolmogorov filter for variable screening
in high-dimensional binary classification. [13] proposed a
quantile-adaptive model-free SIS for ultrahigh dimensional
heterogeneous data. Similar to distance correlation, [26] pro-
posed martingale difference divergence as a new measure
for correlation and used it as the marginal utility for fea-
ture screening. For the ultrahigh dimensional data with cat-
egorical predictors and categorical responses, [17] proposed
to use Pearson’s chi-square statistic to screening variables.
By proposing a mean-variance index, [2] developed a model-
free feature screening for ultrahigh dimensional discriminant
analysis where the categorical response can have a diverging
number of classes.

Although the innovative model-free sure screening meth-
ods can be applied to more general parametric or semi-
parametric models, it requires some restrictive conditions for
predictor variables such as moment and linearity conditions.
Moreover, [21] noted that the index used by [33] maybe zero
even if there are some relationships between response and
predictor variables. As for distance correlation used by [20],
it is zero if and only if there no relationship between vari-
ables, but it requires moment conditions for both response
and predictor variables, which is not robust for variables
with heavy tails or extreme values. The rank correlation
screening proposed by [19] can be robust and invariant for
monotonic transformation; however, its implement is based
on Kendall’s tau, which can be zero even if there is an asso-
ciation between variables and can be applied only to mea-
sure the monotonic association. Furthermore, this method
requires many restrictive conditions. Based on the above
discussion, our work aims to develop a new robust model-
free feature screening procedure for ultrahigh dimensional
reduction problem.

In this paper, we propose a new robust model-free feature
screening based on modified Hoeffding measure. Hoeffding’s
D measure proposed by [14] is to test the independence of
the data sets by calculating the distance between the joint
distribution and the product of the marginal distributions. It
is a nonparametric measure of association that may identify
more general types of dependence.

[10] and [3] made comparisons between the Hoeffding’s
measure and other dependence measures in the study of gene
identification. They found that the Hoeffding’s measure can
effectively identify non-functional associations. More useful
details of Hoeffding measure can be found in [16]. However,
the Hoeffding measure has a severe drawback, that it may be
zero even if there is an association between variables. Due to
this reason, we introduce a new measure by modifying the
Hoeffding’s measure and give its some appealing properties,
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of which most important is that this new measure equals
zero if and only if the two variables are independent un-
der some mild condition. Based on this modified Hoeffding
measure, the feature screening procedure does not require
any restrictive conditions such as the moment condition for
both response and predictor variables. So it is robust for
both of them with the heavy-tailed data and extreme val-
ues. Also, we do not need to pre-specify a regression model
to implement this procedure, which leads to the model-free
properties of our method. On the other hand, our method
can be applied to any random variables without knowing
the distribution of the response and predictor variables in
advance. Therefore, our method is also suitable for discrete
random variables. Thus, our method extends the method of
[2] greatly. In addition, we can also use our method to handle
the grouped predictors or multivariate responses. Further-
more, we prove that the proposed method possesses both
the sure screening property and ranking consistency prop-
erty theoretically under weak conditions.

The remainder of this article is organized as follows: In
section 2, we give some reviews of the Hoeffding measure
and introduce our new modified Hoeffding measure and its
properties, and then we propose our new robust model-free
feature screening procedure. In section 3, we establish the
theoretical properties of our proposed procedure. In section
4, we examine the finite sample performance of the proposed
procedure through comprehensive Monte Carlo simulation
studies and empirical analyses of real data examples. All
technical proofs are relegated to the Appendix.

2. THE ROBUST MODEL-FREE FEATURE
SCREENING

Most popular measures of dependence such as Pearson
correlation coefficient, Kendall’s tau and Spearman coeffi-
cient, may be zero even if there is an association between
X and Y, so screening methods based on them may fail to
identify a generalized association between the response and
predictors. Although the distance correlation [29] has the
required merits, i.e. deorr(X,Y) = 0 & X_1Y, [20] have
shown that its implementation requires some moment con-
ditions for both predictors and response, which will lead to
its sensitivity to the non-normal data. Next, we will intro-
duce another consistent dependence measure for our new
correlation screening procedure.

2.1 Modified Hoeffding measure

Feature screening procedures intend to rank the impor-
tance of each predictor through its corresponding marginal
correlation with the response, and select the predictors
highly correlated with the response. Hence, SIS procedures
are equivalent to implement test of independence step by
step. For this reason, we attempt to use the consistent test
statistics of independence to construct our feature screening
index. The best known of these are those introduced by [14]
and [1].



Definition 2.1. With Fxy(x,y) the joint distribution
function of (X,Y), and Fx(x) and Fy (y) the marginal dis-
tribution functions of X andY , respectively, Hoeffding mea-
sure is given as

(2.1)

D(X,Y) = /[FX,Y(%Z/) — Fx(z)Fy (y)]*dFx y (z,y).

Apparently, Hoeffding’s coefficient is non-negative with
equality to zero under independence. [14] gave its nonpara-
metric U-statistics estimation as below:

Q—-2(n—2)R+ (n—2)(n—3)S
nn—1)(n-2)(n-3)(n—4) ’

(2.2) D, =

where @ = Y0 (R — 1)(R; — 2)(S; — 1)(S; — 2),R =
S (Ri—2)(Si—2)¢;, S =30 (¢; —1)¢;, R; and S; being
the respective ranks of X; among X’s and Y; among Y'’s, and
¢; is the number of bivariate observations (X, Y;) for which
X; < X; and Y; <Y;. This statistics can be computed by
R function hoeffd (package Hmisc).

[1] used the empirical distribution functions to estimate
the Hoeffdimg coefficient as:

23) Bu= [ [Fxx(o) - Pe@Fr(v)] dPxy (o),

where, ﬁxy(a:, y), Fx (2), Fy (y) are the empirical distribu-
tion functions of Fx y (x,y), Fx(z), Fy (y) respectively.

However, the Hoeffding measure has a severe drawback,
that it may be zero even if there is an association between X
and Y. A counter-example is given by [14]. The reason be-
hind this is the problem caused by the definition of Hoeffding
measure itself. From its definition, even if random variables
X and Y are dependent, that is Fx y (z,y) — Fx (z)Fy (y) #
0 for some z,y, the probability density or mass function
dFx y(z,y) can still be zero for these z,y. This will cause
the Hoeffiding measure to be zero. Due to this reason, we
modify this measure as follows.

Definition 2.2. The modified Hoeffding measure is defined
as:

(2.4)

W(X,Y) = / [Fxy () — Fx () Fy (1)*dFx (2)dFy (y).

This new coefficient can be thought as the Cramér-von
Mises distances between the joint distribution function and
the product of marginal distribution functions. The follow-
ing proposition provides a appealing property of the modi-
fied Hoeffding measure.

Proposition 2.1. When (X,Y") belongs to Q, it holds true
that w(X,Y) > 0, with equality if and only if X and Y
are independent. Where Q) is the class of bivariate random
vector, whose marginal distribution is discrete or continu-
ous, or a mizture of the two, that is, assume there exists

pmbafb\z;lity c{gnsity function fx(x), fy(y) and mass func-
tion fx(x), fy (y) such that P(X < x) = Zui<m IFx(u;) +
Jucw Ix)du, P(Y <y) =32, fy(vi) + [, fr(v)dv

Remark 2.1. Although we restrict (X,Y) to the class Q in
the proposition, we conjecture that the condition can expand
to more general situation, that is, for most of bivariate ran-
dom vector the conclusion also holds. This remarkable prop-
erty motivates us to use the modified Hoeffding measure as
a marginal utility for SIS.

Definition 2.3. Assume {(X;,Y;),i=1,--- ,n} is a simple
random sample of size n of the random vector (X,Y"). Then,
the empirical distribution functwns(e d.f) of Fx(x), Fy( )
and Fxy(z,y) are defined as FX( )y =1 Zz (X <
), Fy(y) = LY, 1Y, < y) and FX,Y(CU»ZJ) =
LSN" L I(X; < 2,Y; < y), respectively, where I(-) is the
indicator function. The empirical modified Hoeffding mea-
sure w is defined as follows:

B(X,Y) = / [Pay(e.y) — Bx (@) (v)] dBx(@)dFy (v)

n

(25) =%iz[m X.5) - Fx ()R ()]

Remark 2.2. In the definition of @, we only use the em-
pirical distribution function to estimate w without any tun-
ing parameter, so it is easy to compute and robust to the
presence of heavy tails and extreme values for both the two
variables. On the other hand, the e.d.f can estimate any dis-
tribution functions, so @ can be applied to estimate w(X,Y)
for most type variables. Moreover, the c.d.f and e.d.f are
also suitable for multi-variate case, we can therefore use w
and & to measure the dependence between multi-variables.

Here, we use a simple simulation example to have an in-
sight into the modified Hoeffding measure w. Suppose (X,Y)
follows a standard bivariate normal distribution with cor-
relation coefficient p. For every p equally spaced by 0.2
n [—1,1], we generate a sample of size 50 and calculate
W(X,Y). We run the simulation 200 times. Panel (a) and
(b) in Figure 1 are boxplot and average plot of w(X,Y)
against p, respectively. It is shown that w(X,Y) is a strictly
increasing function of |p| in the sample level.

Similar to the Pearson or Distance correlation coefficient,
we may need to standardize the modified Hoeffding measure.
However, the following proposition implies that we don’t
need to standardize it by using this measure to the screening.

Proposition 2.2. For any random variable X, w(X, X) =
90, which means that the modified Hoeffding measure be-
tween the same random variables is a constant.

2.2 Screening procedure using modified
Hoeffding measure

Now, we propose a new robust model-free screening pro-
cedure using modified Hoeffding measure for ultra-high di-
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Figure 1. The plot of & against p under the bivariate normal distribution: (a) boxplot of & against p, (b) plot of average &
against p.

mensional analysis. Let Y be the response variable with sup-
port ¥, and x = (X1, , X,)T be the p dimensional pre-
dictors, where, p can be much larger than the sample size
n, and Y can be both discrete and continuous. Since our
method can be applied to more general cases without speci-
fying a concrete regression model, hence, we define the index
set of active and inactive predictor set in the terminology of
[2] as follows:

A = {k : F(y|x) functionally depends on X},
for some y € U, },

T = {k : F(y|x) does not functionally depends on Xj
for any y € ¥, }.

We write x4 = {X}, : k € A} and xgz = {X}, : k € I}, and
refer x 4 to an active predictor vector and its complement x7
to an inactive predictor vector. Under the sparsity condition,
it implies that

F(ylx) = F(ylxa),

The definition of A and Z also indicates that x and Y are
statistically independent when x 4 is given, that is the in-
active predictors are needless for response when the active
predictors are given.

The primary goal of SIS, first proposed by [6], is to use a
marginal utility to rank the importance of predictors in the
ultra-high dimensional analysis, which can reduce the model

for y € ¥, and x € R”.
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to a moderate scale and the shrunken model should almost
contain A. Following the literature of SIS, we will use the
modified Hoeffding measure
wr =w(Xy,Y), k=1,---,p
as a marginal utility to measure the dependence between X,
and Y for each pair (Xg,Y). In practice, if we get a random
sample {(x;,Y;),i =1,--- ,n} of (x,Y), we can estimate wy,
s (2.3), that is
(,:)k:d)(Xk,Y), k:1,~~~,p.
Then, we propose to rank the importance of X,k =
1,---,p, through the estimated value ;. With a pre-
specified threshold 7, we define the selected submodel as:

A, ={1<k<p:&p >}

In practice, this is equivalent to selecting the first d,, < n
predictors according to the ranked @y, i.e. we will select the
submodel as:

uzl\fln = {k : @ is among the first d,, largest of all}.

We refer this new robust model-free feature screening as
ROM-SIS thereafter. From the appealing property of mod-
ified Hoeffding measure, we expect the ROM-SIS to have
the following attractive advantages in comparison to other
existing model-free SIS procedures:



(A1) In the definition of wy and &y, we only use the c.d.f
and e.d.f for both response and predictors, so it is ro-
bust for both of them with the heavy-tailed data and
extreme values.

(A2) Similar to Hoeffding measure, the modified Hoeffding
measure wy can also measure non-monotonic associa-
tions between X and Y. Hence, our method can iden-
tify most of the influential predictors for more flexible
models. To implement the ROM-SIS, we do not need
to pre-specify a regression model, which leads to the
model free property of our method.

(A3) As we mentioned in Remark 2.2, the computation of
wi can be applied to any random variables without
knowing the distribution of them in advance. There-
fore, our method is also suitable for discrete random
variables. In addition, we can also use our method to
handle the grouped predictors or multivariate responses
like DC-SIS proposed by [20], see simulation example 5.

3. THEORETICAL PROPERTIES

In this section, we will establish the theoretical properties
of our proposed method for ultra-high dimensional feature
space. We mainly expound that in two aspects: one is the
sure screening property, the other is the ranking consistency

property.
3.1 Sure screening property

First of all, we establish the sure screening property of
the proposed ROM-SIS in the term of [6]. As our procedure
is based on wy, which is estimated by e.d.f and their corre-
sponding sample counterparts, therefore, wy is constructed
by the bounded elements so that we don’t need any mo-
ment conditions for both response variables and predictors.
As any other sure independent screening methods, we need
the following condition:

(C1) mingegwy > con™ ", for some 0 < Kk < % and posi-
tive constant cg.

Condition (C1) is the requirement for the minimal signal
of the true active predictors. It supposes that the minimal
true signal should reach a certain level to guarantee the
effectiveness of sure independent screening. Specifically, we
need its order to be n~" which allows the minimal predictor
signal to be very weak when the sample size is sufficient
large. This assumption is very common in the literature of
SIS such as [6] Condition 3, [9] Condition E, [5] Condition
C, [20] Condition C2, etc. Now we give the sure screening
property of ROM-SIS as the follows:

Theorem 3.1 (Sure screening property). For any positive
constant ¢ and 0 < k < %, there eist positive constants

27
cy < c1 < c3, such that

P(max |0 —wg| >en™") < p{2(n + 1) exp{—cin' 72"}
1<k<p

+ 4exp{—con' 7} 4 4exp{703n1*2"}}.

In addition, if Condition (C1) holds and we set 7, = can™"

with ¢y < 5, we have

P(ACA,) > 1- S{Z(n + 1) exp{—cin' 72"}
+4exp{—con' "} + 4exp{—63n1_2“}},

where s is the cardinality of A.

Theorem 3.1 implies that we can obtain the sure screening
property for ROM-SIS only under the minimal signal con-
dition, which is much weaker than those like SIS ([6]), SIRS
([33]), DC-SIS (]20]), and RRCS ([19]) in the sense that we
do not need any assumptions on the moments of both re-
sponse variables and predictors. In this respect, we can also
guarantee the advantages of (Al) theoretically. Moreover,
from Theorem 3.1 we can see that ROM-SIS can deal with
the ultra-high dimension when logp = o(n!=2%), which is
the same order as SIS.

3.2 Ranking consistency property

In this subsection, we study the Ranking consistency
property in the terminology of [2]. To obtain this property,
we additionally suppose the following condition.

(C2) liminf (min wy — maxwk) > 0.
p—oo \ k€A keT
Denote 4 := minwy, — maxwyg, we have 6 > 0, under
ke A kel

the Condition (C2). To obtain the model selection consis-
tency, [18] proposed a sufficient condition called the partial
orthogonality condition, that is, {X,},c4 is independent of
{X,}jez, which implies wy, = 0, for k € Z. It is easy to see
that Condition (C2) is itself weaker than partial orthogo-
nality condition. More specifically, Condition (C2) assumes
that the marginal utility should have a significant separation
between signal and noise variables in the population level.
To successfully select the active predictors, this condition
rules out some cases with strong correlation. The following
Theorem 3.2 presents the ranking consistency property of
our proposed screening method.

Theorem 3.2 (Ranking consistency property). Under con-
dition (C2), there exist positive constants cg < c¢5 < ¢z, such
that

P( O > mind ) < 2 {2 1) exp{—
Iil?%{w’“ > glelﬁwk < 2p32(n+1)exp{—csn}
+4exp{—cen} + 4exp{—07n}}.
Moreover, if we assume log(p) = o(n'=2%), we can get
lim inf { min &y, — max@k} > 0,a.s..
n— 00 ke A kel

Therefore, under Condition (C2), i.e. a condition on the
difference between signal and noise variables, Theorem 3.2
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demonstrates that the proposed ROM-SIS ensures to rank
the signal variables above the noise variables almost surely
in the ultra-high dimensional situations with dimensionality
p = o(n'=2%). Then, @ is a nature effective measure to
separate the active and inactive predictor subsets. Moreover,
this leads to model selection consistency.

4. NUMERICAL STUDIES

4.1 Simulations

In this subsection we assess the performance of our pro-
posed method by several numerical experiments. We com-
pare our proposed procedures ROM-SIS with SIS in [6],
SIRS in [33], RRCS in [19], DC-SIS in [20] and MV-SIS in [2].
For MV-SIS, following [2], we rank with the marginal screen-
ing utility MV (Y| X;) when the response is continuous and
predictors are discrete, and discretize each predictor into a
4-categorical variable using its 1st, 2nd and 3rd quartiles
as knots when dealing with both continuous predictors and
responses. We also implement the screening method based
on statistics (2.2) and (2.3), and abbreviate them as Hoef
and BKR respectively in the following examples. We repeat
each experiment N times under the following three criteria
adopted by [20].

1. §: the minimum model size to include all active predic-
tors. We report the 5%, 25%, 50%, 75%, and 95% quantiles
of § out of N replications.

2. Pg: the proportion that an individual (active) predictor
is selected for a given model size d in the N replications.

3. P,: the proportion that all active predictors are se-
lected for a given model size d in the N replications.

The S is used to measure the model complexity of the
resulting models based on the underlying screening proce-
dures. The closer to the true model size the S is, the better
the screening procedure is. The Py and P, allow us to ex-
amine the screening performance for an individual predictor
variable and all active predictors for a given model size d.

Example 1. (Linear model): Following [9], let {X};}2°% be
iid standard normal random variables and

- - ) j+1 s _
Xk_;X](_l)] /544 [1= geen, k=951,...,1000,

where {e;, } ;2% are standard normally distributed. We con-

sider the following linear model as a specific case of the
additive model: ¥ = 87X + ¢, in which ¢ ~ N(0,3) and
B=(-1,1,-1,1,...)7 has s (s = 3,6, 12, 24) nonzero com-
ponents, taking values +1 alternately. We take the sample
size n = 400 and repeat experiment N = 200 times.

Table 1 gives the median of minimum model size (MMS)
and its associated robust estimate of the standard deviation.
Note that the irrepresentable condition fails when s > 5
and LASSO no longer satisfies model selection consistency.
It is also worth noting that SIS performs best among all the
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Table 1. Median of minimum model size and robust estimate

of standard deviations ( RSD:% ) in parentheses, where the

IQR is the interquartile range. And the SNR represents signal
noise ratio

s=3 s=06 s=12 s =24

Method  gNRA1.01 SNRA1.99 SNRA4.07 SNRA8.2
SIS 3(0) 56(0)  62(0.7)  126.5(56)
STRS 3(0.7) 56(0)  62(2.2)  150(92.2)
RRCS 3(0.2) 56(0)  62(2.2) 149.5(82.6)
DC-SIS 3(0.7) 56(0)  63(2.2) 172.5(121.1)
MV-SIS  3(0.9) 56(0)  77(24.1) 410.5(231.7)
Hoef 3(0.7) 56(0)  63.5(5.2) 194(134.1)
BKR 3(0.7) 56(0)  64(4.5) 201.5(139.2)
ROM-SIS  3(0.7) 56(0)  63(4.5)  197(125.6)

methods, particularly for s = 24, where MV-SIS fails badly.
This is because the true model is indeed linear and the co-
variates are jointly normal which means marginal projection
is linear as well. And our method has medium effect for this
linear model among all of these methods.

Example 2. This example is adapted from [20]. We add
exponential transformation models illustrated by [32] to
study the performance of screening procedures on non-
normal and heavy tailed data. In this example, we generate
x = (X1,Xs,...,X,)T from multivariate normal distribu-
tion with zero mean and covariance matrix ¥ = (04;)pxp,
and the error term e from standard normal distribution
N(0,1). We consider two structures of covariance matrices:
(1) 045 = 0.5I"=1 and (2) 0;; = 0.8/"=J1. Other setup is: sam-
ple size n = 200, the number of covariates p = 1000 and the
number of simulations N = 500. The response is generated
from the following five models:

(4.1)
Y =151 X1 + 22 Xo + ¢3031(X12 < 0) + caBaXao + €,
(4.2)

Y = exp {e1fiXi + oo X + eyl (X1z < 0)

+ cafaXoo — 5} +e,
(4.3)
Y =151 X1 X2 + c3f21(X12 < 0)Xa2 +¢,
(4.4)
Y = exp {ClﬁleXQ + CBﬂQI(XlQ < 0)X22 — 5} + €,

(4.5)
Y =181 X1 + 22X + 3831 (X12 < 0) + exp{cs| Xaol e,

where I(X12 < 0) is an indicator function.

The regression functions E(Y|x) in models (4.1)—(4.5)
are all nonlinear in X72. Moreover, models (4.3) and (4.4)
contain interaction terms X; X5 and I(X;2 < 0) X292, models
(4.2) and (4.4) possess high variance and large outliers, and



Table 2. The 5%, 25%, 50%, 75%, and 95% quantiles of the minimum model size S out of 500 replications in Example 2

Tij = 0.5“7‘“ Oij = 0.8‘i7j|
Model Method 5% 25% 50% 75% 95% 5% 25% 50% 75% 95%
(4.1) SIS 4.0 4.0 5.0 6.0 17.0 5.0 9.0 15.0 54.5 561.4
SIRS 4.0 4.0 5.0 7.0 18.0 5.0 9.0 15.0 64.5 504.3
RRCS 4.0 4.0 4.0 6.0 12.0 5.0 8.0 12.0 30.2 353.9
DC-SIS 4.0 4.0 4.0 6.0 12.0 4.0 7.0 11.0 24.0 269.8
MV-SIS 4.0 4.0 4.0 6.0 40.0 4.0 6.0 9.0 24.0 308.1
Hoef 4.0 4.0 4.0 6.0 15.0 4.0 7.0 11.0 22.0 2188
BKR 4.0 4.0 4.0 6.0 15.0 4.0 7.0 11.0 25.0 252.2
ROM-SIS 4.0 4.0 4.0 6.0 14.0 4.0 7.0 10.0 21.0 240.2
(4.2) SIS 91.9 272.8 488.0 766.0 954.0 | 117.8 347.8 554.0 758.8 958.0
SIRS 4.0 5.0 18.0 115.2 488.6 6.0 16.0 74.0 296.8 719.1
RRCS 4.0 5.0 16.0 113.0 582.1 5.0 12.0 62.5 293.8 789.0
DC-SIS 46.0 199.5 409.0 641.5 891.6 71.0 262.8 491.5 705.0 907.2
MV-SIS 4.0 5.0 29.0 172.2 632.0 5.0 10.0 57.5 238.2 715.5
Hoef 4.0 5.0 13.0 91.2 4534 5.0 10.0 44.0 190.5 659.2
BKR 4.0 5.0 14.0 94.2 4284 5.0 11.0 50.0 202.2 654.3
ROM-SIS 4.0 5.0 12.5 82.2 399.1 5.0 10.0 38.5 184.0 640.2
(4.3) SIS 168.9 498.2 714.5 871.0 977.2 | 106.8 429.5 667.0 841.2 973.1
SIRS 108.9 392.0 644.0 872.8 978.0 64.0 305.0 5985 838.2 979.0
RRCS 290.8 562.0 764.0 902.0 982.0 | 193.5 481.0 709.5 876.0 974.0
DC-SIS 5.0 7.0 14.0 32.0 164.2 7.0 10.0 14.0 26.0 139.0
MV-SIS 6.0 14.0 34.0 88.2 3474 8.0 13.0 28.0 77.0 293.0
Hoef 9.0 18.0 32.5 70.0 202.1 8.0 12.0 19.0 37.2 149.2
BKR 8.0 16.0 30.0 63.0 1734 8.0 12.0 18.0 35.0 130.2
ROM-SIS 10.0 19.0 34.5 71.0 179.1 8.0 12.8 18.0 38.0 137.0
(4.4) SIS 198.9 506.8 723.5 884.2 982.1 | 248.6 580.5 759.0 884.2 983.0
SIRS 159.9 465.5 688.0 858.0 984.0 | 163.5 447.8 660.0 861.5 977.0
RRCS 155.0 462.0 704.0 874.2 979.0 | 138.0 438.0 706.0 880.5 982.1
DC-SIS 168.8 472.8 701.0 &870.0 974.0 | 219.9 559.5 736.0 881.0 971.0
MV-SIS 17.0 122.8 363.5 694.5 926.0 24.0 156.5 366.5 655.5 921.2
Hoef 18.0 100.5 305.5 650.2 904.1 26.0 123.8 3425 650.0 919.0
BKR 22.9 105.0 317.0 659.5 906.0 26.0 139.8 350.5 655.2 930.1
ROM-SIS 17.0 89.8 283.5 657.0 926.0 24.9 113.8 340.5 648.0 932.1
(4.5) SIS 50.9 257.0 565.0 785.8 964.0 68.9 304.2 566.5 829.2 959.1
SIRS 21.0 174.2 411.0 726.2 947.0 30.0 181.8 429.5 716.5 960.0
RRCS 16.0 165.8 407.5 743.0 943.6 25.0 1772 409.0 699.5 931.0
DC-SIS 4.0 4.0 6.0 16.2 167.1 4.0 6.0 12.5 54.2  346.0
MV-SIS 6.0 20.0 44.5 97.0 249.3 8.0 19.8 51.5 112.2 355.2
Hoeff 9.0 40.8 92.0 164.2 377.0 12.0 45.0 96.5 180.0 449.2
BKR 7.0 28.8 58.0 105.2 233.3 10.0 31.8 66.0 125.0 317.0
ROM-SIS 11.0 45.8 82.0 139.0 280.3 14.0 47.0 88.5 149.0 336.0

model (4.5) is heteroscedastic. Following Fan and Lv (2008),
we choose 3; = (—1)Y(a + |Z]) for j = 1,2,3, and 4, where
a = 4logn/y/n, U ~ Bernoulli(0.4) and Z ~ N(0,1). We
set(cy, co, 3,¢4) = (2,0.5,3,2) in this example to challenge
the feature screening procedures under consideration.
Tables 2 and 3 summarize the simulation results for S,
Ps and P,. We can see that all the screening procedures are
equally good for model (4.1) since it does not deviate far
from linear model. However, when the true model is non-
linear in model (4.2), SIS fails as badly as DC-SIS. The
reason that DC-SIS cannot identify active predictors well
is because the finite exponential moment condition (C1) in

[20] does not hold in the presence of extreme values in the
response. In the case of model (4.3), SIS, SIRS and RRCS
cannot rank the truly important predictors in the top with
very high probability. This is due to the existence of inter-
action terms and the true model is no longer the traditional
single- or multi-index model, where Y depends on the pre-
dictors x through a number of linear combinations ,BTX A-
In all the above cases, our proposed method performs excel-
lently and uniformly, and surpass all the other methods with
slightly better results over MV-SIS in model (4.4). Even in
the heteroscedastic model (4.5), our procedures perform not
too bad.
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Table 3. The proportions of Ps and P, in Example 2 with model size d = [n/logn]

O = 0.5/ O = 0.811=71

P, P, P, P,

Model Method X1 X2 X12 X20 All X1 X2 X12 X20 All
(4.1) SIS 1.00 1.00 099 1.00 099 | 1.00 1.00 0.69 1.00 0.69
SIRS 1.00 1.00 098 1.00 0.97 | 1.00 1.00 0.69 1.00 0.69

RRCS 1.00 1.00 099 1.00 099 | 100 1.00 0.77 1.00 0.77

DC-SIS 1.00 1.00 099 1.00 099 | 1.00 1.00 0.82 1.00 0.81

MV-SIS 1.00 098 097 1.00 095 | 1.00 1.00 0.81 1.00 0.81

Hoef 1.00 099 099 100 099 | 1.00 1.00 0.82 1.00 0.82

BKR 1.00 1.00 099 1.00 099 | 1.00 1.00 0.81 1.00 0.81
ROM-SIS 1.00 1.00 0.99 1.00 099 | 100 1.00 0.83 1.00 0.83

(4.2) SIS 0.67 032 0.09 059 001|069 052 003 049 0.01
SIRS 0.96 0.87 0.69 095 061|097 093 042 090 0.38

RRCS 094 084 073 093 063|095 091 049 089 0.44

DC-SIS 0.77 039 0.12 0.68 0.04 | 0.75 0.63 0.05 0.59 0.02

MV-SIS 092 0.75 069 0.89 053|092 086 052 083 045

Hoef 094 085 0.78 093 065|096 091 0.54 0.89 048

BKR 094 0.82 0.78 092 064|094 090 054 089 047
ROM-SIS 095 0.85 0.78 093 0.66 | 096 0.92 0.55 0.90 0.49

(4.3) SIS 0.16 0.17 0.03 1.00 0.00 | 021 0.19 0.07 0.99 0.01
SIRS 0.07 0.06 0.68 1.00 0.01 | 0.07 0.05 0.67 1.00 0.02

RRCS 0.08 0.07 0.04 1.00 0.00 | 0.09 0.10 0.07 1.00 0.00

DC-SIS 097 097 083 1.00 0.78 | 1.00 1.00 0.83 1.00 0.83

MV-SIS 094 095 060 1.00 052|100 1.00 0.58 1.00 0.57

Hoef 0.85 0.8 0.75 1.00 0.55 | 1.00 1.00 0.75 1.00 0.75

BKR 0.87 0.88 0.77 1.00 0.59 | 1.00 1.00 0.78 1.00 0.78
ROM-SIS 0.85 0.85 0.77 1.00 0.55 | 1.00 0.99 0.76 1.00 0.75

(4.4) SIS 0.40 0.41 0.06 0.44 0.00 | 048 047 0.08 047 0.00
SIRS 0.05 0.05 0.34 091 0.00 | 0.06 0.05 0.20 0.90 0.00

RRCS 0.06 0.07 0.37 0.87 0.00 | 0.07 0.06 0.25 0.87 0.00

DC-SIS 0.45 0.47 0.07 046 0.00 | 0.53 054 0.09 046 0.00

MV-SIS 0.53 053 030 0.84 0.11 | 0.62 0.63 0.21 0.82 0.08

Hoef 0.44 041 041 0.89 0.10 | 0.60 0.58 0.27 0.89 0.09

BKR 0.44 041 036 0.89 0.10 | 060 059 0.24 0.89 0.08
ROM-SIS 0.45 041 041 089 0.11 | 060 0.59 029 0.89 0.10

(4.5) SIS 0.54 034 022 051 004|055 048 0.17 048 0.02
SIRS 1.00 099 093 0.08 0.08 | 1.00 1.00 0.76 0.08 0.06

RRCS 1.00 099 095 0.10 0.09 | 1.00 1.00 0.80 0.11 0.08

DC-SIS 099 096 089 1.00 086 | 100 1.00 0.72 1.00 0.71

MV-SIS 1.00 095 094 050 045 | 1.00 1.00 0.82 0.51 0.41

Hoef 1.00 099 096 025 0.23)|1.00 1.00 0.87 0.26 0.22

BKR 1.00 099 097 035 033|100 1.00 0.84 0.36 0.30
ROM-SIS 1.00 0.98 0.96 0.23 0.21 | 100 1.00 0.87 0.23 0.19

Example 3. (Transformation model): This example is
adopted from [19] to study the impact of monotone trans-
formation regression on the proposed methods. Consider the
following generalized Box-Cox transformation model:

H(Y;)=X{B+e, i=1,2,,n,

where the transformation functions are unknown. In the sim-
ulations, we consider the Box-Cox transformation:

|Y|*sign(Y)—1
X )
log,
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when A = 0.25,0.5,0.75,

J(@) = when A =0

The sample (X1, -- -, X,) with size n is generated from a
multivariate normal distribution N(0,X), where ¥ = C'S(p),
and noise ¢; follows the standard normal distributions, 3 =
(3,1.5,2,0,---,0)T. The replication time is again N = 500,
and n = 50,p = 1000 and p = 0,0.1,0.5, 0.9, respectively.

Table 4 presents the median of the minimum model size
S and corresponding robust estimate of standard deviations
in parentheses. Table 5 presents the the proportions of P,
with model size d = 2n. We can see clearly that, under
every scenario, our proposed methods are comparable with
the best one RRCS, which is also invariant under any strictly
monotone univariate transformations.



Table 4. The median of the minimum model size S out of 200 replications in Example 3, and corresponding robust estimate

of standard deviations (RSD =

IQR/1.34, where IQR is the interquartile range) in parentheses

A Method p=0 p=0.1 p=20.5 p=20.9
0 SIS 383.0 (1323.9) 326.0 (308.4) 474.0(279.3) 665.0 (274.0)
SIRS 21.0 (53.9)  10.0 (427) 550 (102.1) 214.0 ( 227.5)
RRCS 22,0 (56.3)  22.0 (50.0) 540(946) 139.5 ( 181.2)
DC 296.5 (1284.1 ) 255.0 (1262.8) 423.0 (267.0) 625.5 ( 281.5)
MV 112.0 ( 190.7) 67.5 (107.2) 100.0 ( 148.7) 277.0 ( 254.8)
Hoef 36.0 (91.2) 35.0 (68.8) 70.0 (115.8) 168.0 ( 201.8)
BKR 23.0 (51.6) 31.0 ( 60.6 ) 62.5 (111.8) 160.5 ( 196.1)
ROM-SIS  31.0(83.6)  30.0(59.3) 73.0(133.7) 168.0(207.1)
0.25 SIS 104.0 ( 168.8) 84.5 (1129.0 ) 239.0 (213.0) 568.5 ( 281.7)
SIRS 19.0 ( 57.1) 20.0 (42.7) 55.0 (101.8 ) 208.0 ( 225.7)
RRCS 20.0 ( 55.2) 21.0 (47.0) 52.0 (934) 1455 (1904 )
DC 59.5 ( 135.2) 58.0 (107.1) 138.0 (179.7) 438.0 (294.4)
MV 95.5 ( 174.3)  64.5 ( 104.1) 102.0 (134.5) 257.5 ( 264.2)
Hoef 35.0 (85.4) 28.5 (165.7) 70.0 (122.5) 171.5 ( 208.0)
BKR 20.0 ( 50.7) 25.0 (159.7) 66.0 (115.1 ) 164.0 ( 208.6 )
ROM-SIS 29.0 (75.5) 28.0 (58.4) 72.0 (123.1) 172.0 (219.0)
0.5 SIS 24.5 ( 56.7) 26.0 ( 54.5) 61.5 (106.7 ) 297.5 ( 263.4)
SIRS 200 (522)  20.0(45.1) 555 (94.2) 1985 (238.2)
RRCS 19.0 ( 50.7) 22.0 (47.8) 55.5(99.4) 141.5 (193.1)
DC 24.0 (71.8) 28.0 (53.0) 49.5 (182.2) 197.0 ( 223.9)
MV 97.5 (171.8) 71.5 (1126.5) 92.0 (153.5) 270.0 ( 240.4)
Hoef 325 (86.9)  33.0(74.6) 74.0 (130.4) 164.0 (199.3)
BKR 180 (47.0)  31.0(66.6) 72.0(123.1) 160.0 (199.4)
ROM-SIS 31.0 (74.6) 33.0 (61.3) 73.0 (145.5) 174.0 (204.3)
0.75 SIS 18.0 ( 40.3) 14.0 ( 35.1) 345 (71.8) 121.5 (175.7)
SIRS 22.5 (474) 18.0 ( 42.9) 56.5 (1 103.0 ) 207.0 ( 212.8)
RRCS 245 (50.0)  18.0(434) 51.0 (106.3) 141.5 (217.3)
DC 245 (59.0)  18.0(49.3)  37.0(86.0) 101.5 ( 149.6)
MV 105.0 (196.9)  66.0 (112.1) 100.0 ( 152.2) 252.0 ( 228.5)
Hoef 36.5 (189.9) 28.0 (62.1) 70.5 (1414 ) 172.5 (233.6)
BKR 20.5 ( 51.6 ) 25.0 ( 54.6 ) 67.0 (134.5) 170.5 (237.9)
ROM-SIS 345 (73.1)  27.0(59.3) 73.0(1388) 172.0(218.8)
1 SIS 15.0 ( 37.3) 13.0 ( 33.6) 31.0 (61.6) 80.0 ( 130.2)
SIRS 21.0 ( 53.9) 21.0 (45.9) 48.5 (91.4) 233.0 (239.7)
RRCS 22.0 (156.3) 20.5 (148.7) 48.0 (101.6 ) 156.5 ( 213.6)
DC 23.0 (59.0) 19.5 (1 43.3) 45.0 (1 85.2) 110.0 ( 163.4)
MV 112.0 (190.7)  66.5 (115.3)  98.5 (151.1) 285.0 ( 280.7 )
Hoef 36.0 (91.2)  310(66.6) 66.0(122.4) 1745 (223.0)
BKR 23.0 (51.6)  29.0(584) 625 (114.6) 173.5(224.0)
ROM-SIS 31.0 (83.6) 27.5 (160.6 ) 64.0 (117.8 ) 175.0 ( 221.4)

Example 4. (A highly nonlinear situation). Here we take The results are presented in Tables 6 and 7 together
a look at a model with highly nonlinear structure studied with computation time cost for 20 replicates. Notice that

by [12] with adding a small modification. Let Wy, ...,

Wis the BKR and DC-SIS are the top two best methods in this

and X5, ..., X 1000 be independent standard normal ran- highly nonlinear situation, but BKR consumes much less

dom variables, and put

time than DC-SIS due to its low computation complexity.
However, SIRS and RRCS have little chance to identify the

5
. 77 )
Y; = 2sin {E(Wzl + 0~5Wi2)} + Z W2 4 0.4ee 4 Zy important predictors X;3, and SIS and MV-SIS weakly de-
=3

tects X;3 and X2 respectively.

and X1 = Wi+ 21, Xoo = 2Wio+Zio, Xiz = WisWiu+Z;3,

and X;4 = Wig + Z;4, with each of the

Z;; being normal Example 5. (Genome-Wide Association Studies) To study

random variables with mean zero and standard deviation the influence of discrete predictors on screening procedure
0.1. We repeat the simulation N = 500 times with sample based on Modified Hoeffding coefficient, we adopt this ex-

size n = 200.

ample from [2]. In the genomics-wide association study
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Table 5. The proportions of P, in Example 3 with model size

d=2n
A Method p=0 p=01 p=05 p=09
0 SIS 0.08 0.11 0.03 0.00
SIRS 0.79 0.81 0.65 0.29
RRCS 0.79 0.81 0.67 0.44
DC 0.13 0.18 0.06 0.00
MV 0.49 0.60 0.50 0.21
Hoef 0.70 0.74 0.58 0.36
BKR 0.79 0.78 0.61 0.36
ROM-SIS 0.73 0.77 0.57 0.33
0.25 SIS 0.49 0.53 0.22 0.02
SIRS 0.79 0.83 0.66 0.27
RRCS 0.80 0.82 0.68 0.41
DC 0.61 0.64 0.41 0.07
MV 0.51 0.63 0.49 0.19
Hoef 0.71 0.75 0.61 0.34
BKR 0.79 0.78 0.64 0.34
ROM-SIS 0.74 0.78 0.58 0.33
0.5 SIS 0.78 0.80 0.62 0.18
SIRS 0.80 0.81 0.66 0.27
RRCS 0.80 0.82 0.67 0.45
DC 0.74 0.80 0.67 0.32
MV 0.51 0.58 0.52 0.19
Hoef 0.73 0.74 0.57 0.33
BKR 0.81 0.75 0.59 0.34
ROM-SIS 0.74 0.77 0.59 0.33
0.75 SIS 0.84 0.83 0.74 0.44
SIRS 0.80 0.81 0.64 0.28
RRCS 0.81 0.81 0.66 0.43
DC 0.80 0.80 0.71 0.50
MV 0.49 0.59 0.50 0.18
Hoef 0.71 0.77 0.57 0.35
BKR 0.79 0.79 0.60 0.36
ROM-SIS 0.74 0.77 0.56 0.34
1 SIS 0.84 0.86 0.76 0.55
SIRS 0.79 0.80 0.66 0.27
RRCS 0.79 0.82 0.69 0.40
DC 0.78 0.82 0.68 0.49
MV 0.49 0.61 0.51 0.19
Hoef 0.70 0.75 0.61 0.32
BKR 0.79 0.77 0.62 0.32
ROM-SIS 0.73 0.78 0.60 0.33

(GWAS), the response (i.e. the phenotypes) are continu-
ous whereas the predictors (i.e. the single-nucleotide poly-
morphisms or SNPs) are categorical. In general, the SNPs
as predictors are categorical with three classes, denoted by
{AA, Aa,aa}. To mimic SNPs with equal allele frequencies,
we denote Z;; as the indicators of the dominant effect of the
jth SNP for ith subject and generate it in the following way

1, if Xij <q
Zij = 0, ifqr < X35 <gqs
-1, if X;; > g3

where XZ = (Xih NN 7Xip) ~ N(O,E), where ¥ = (pij)pxp
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Table 6. The 5%, 25%, 50%, 75%, and 95% quantiles of the
minimum model size S out of 500 replications in Example 4
with time cost of 20 replicates (in seconds)

5% 25% 50% 75% 95% Time
SIS 33.0 148.0 366.5 T724.5 945.0 0.2
SIRS 63.0 2852 570.0 828.0 980.1 0.9
RRCS 66.0 283.2 519.5 763.0 953.3 16.7
DC-SIS 6.0 20.0 87.5 2775 T754.2 220.7
MV-SIS 12.0 63.8 204.0 421.2 806.1 18.6
Hoef 7.0 26.0 99.0 268.0 743.7 14.1
BKR 6.0 21.0 71.5 205.2 672.8 19.5
ROM-SIS 7.0 24.8 93.5 256.2 763.3 203.6

Table 7. The proportions of Py and P, for Example 4 with
model sizes di = [n/logn], ds = 2[n/logn], ds = 3[n/logn]

735‘ PG.

Size  Method X1 X2 X3 X4 All
dy SIS 0.85 0.34 0.23 0.83 0.06
SIRS 094 0.42 0.07 0.83 0.02
RRCS 099 044 0.05 0.81 0.03
DC-SIS 099 039 1.00 0.83 0.33
MV-SIS 099 0.27 1.00 0.59 0.16

Hoef 1.00 041 099 0.75 0.32

BKR 1.00 046 099 0.78 0.36
ROM-SIS 1.00 041 1.00 0.75 0.32

do SIS 090 045 0.31 0.89 0.13
SIRS 0.96 0.54 0.13 0.88 0.06

RRCS 099 0.56 0.10 0.86 0.05
DC-SIS 1.00 0.52 1.00 0.88 0.46
MV-SIS 1.00 0.37 1.00 0.72 0.27

Hoef 1.00 0.53 1.00 0.86 0.45

BKR 1.00 0.58 1.00 0.87 0.51
ROM-SIS 1.00 0.54 1.00 0.85 0.46

ds SIS 095 054 039 091 0.20
SIRS 098 0.61 0.17 0.91 0.09

RRCS 1.00 0.63 0.13 0.90 0.08
DC-SIS 1.00 0.59 1.00 0.92 0.54
MV-SIS 1.00 045 1.00 0.78 0.35

Hoef 1.00 0.61 1.00 0.88 0.54

BKR 1.00 0.68 1.00 0.90 0.61
ROM-SIS 1.00 0.62 1.00 0.88 0.55

with p;; = 0.5/"771, and ¢; and g3 are first and third quartiles
of a standard normal distribution, respectively. Then, we
generate the response (some trait or disease) by:

Y = 5121 + BaZa + 283710 + 2B4Z20 — 2B5| Z100| + €,

where 8; = (—=1)Y(a + |Z|) for j = 1,...,5, where a =
2logn/y/n, U ~ Bernoulli(0.4) and Z ~ N(0,1), the error
term e follows N(0,1) or #(1). The first four active SNPs,
71, Zs, Zh0, Zag are linearly correlated with the response Y,
while the SNP Z1py and Y are nonlinearly correlated. We set
n = 200 and p = 1000 and repeat each experiment N = 500
times.



Table 8. The 5%, 25%, 50%, 75%, and 95% quantiles of the minimum model size S out of 500 replications in Example 5

e~ N(0,1) e~ t(1)
Method 5% 25% 50% 75% 95% 5% 25% 50% 75% 95%
SIS 499 264.0 501.5 731.0 958.2 | 232.0 526.0 698.0 861.5 975.0
SIRS 51.0 265.0 511.5 770.5 960.2 83.4 267.0 506.0 756.3 944.2
RRCS 150.8 644.0 1000.0 1000.0 1000.0 | 167.3 643.8 1000.0 1000.0 1000.0
DC-SIS 5.0 6.0 10.0 34.3 248.3 6.0 15.0 57.5 193.8 616.9
MV-SIS 5.0 6.0 8.0 29.3 265.3 5.0 8.0 21.0 82.0 485.5
Hoef 10.0 37.0 98.0 224.0 528.2 20.0 64.5 146.0 303.5 615.2
BKR 5.0 7.0 14.0 44.0 294.2 5.0 11.0 31.0 113.3 516.0
ROM-SIS 5.0 7.0 14.0 39.0 289.2 5.0 10.8 31.0 111.3 484.2

Table 9. The proportions of Ps and P, for Example 5 with model sizes d; = [n/logn], ds = 2[n/logn], ds = 3[n/logn]

e~ N(0,1) e~ t(1)

P Pa P Pa

Size  Method X1 X2 X10 X20 X100 All X1 X2 X10 X20 X100 All
di SIS 097 0.96 1.00 1.00 0.04 0.04 | 0.33 0.30 0.44 045 0.03 0.01
SIRS 095 0.96 1.00 1.00 0.03 0.02 | 092 090 0.98 0.97 0.02 0.02

RRCS 0.39 0.39 0.40 0.40 0.05 0.01 | 0.37 0.37 040 0.40 0.03 0.01
DC-SIS 095 095 0.99 1.00 0.83 0.77 | 0.83 0.81 093 0.92 0.64 0.40
MV-SIS 091 092 099 0.99 0.92 0.79 | 0.87 0.85 0.98 0.96 0.85 0.61

Hoef 095 0.95 1.00 1.00 0.27 0.26 | 091 0.90 099 0.97 0.17 0.12

BKR 094 094 0.99 0.99 0.81 0.74 | 0.88 0.88 0.98 0.96 0.72  0.53
ROM-SIS 0.93 0.95 0.99 0.99 0.82 0.74 | 0.88 0.88 0.98 0.96 0.72  0.53

d2 SIS 0.99 0.98 1.00 1.00 0.07 0.07 | 0.39 0.36 0.49 0.50 0.07 0.01
SIRS 097 097 1.00 1.00 0.07 0.07 | 095 093 0.99 0.98 0.05 0.05

RRCS 0.40 0.40 0.40 0.40 0.09 0.02 | 040 0.39 0.40 0.40 0.07 0.02
DC-SIS 0.97 0.97 1.00 1.00 090 0.86 | 0.88 0.8 0.96 0.95 0.73 0.55
MV-SIS 095 0.96 1.00 1.00 094 086 | 091 090 0.99 097 091 0.73

Hoef 0.97 0.97 1.00 1.00 0.43 041 | 094 093 0.99 0.98 0.33 0.28

BKR 0.97 096 1.00 0.99 0.89 083|093 092 0.99 0.98 0.81 0.67
ROM-SIS 0.96 0.97 1.00 0.99 0.89 083|092 092 099 0.98 0.81 0.67

ds SIS 099 0.99 1.00 1.00 0.11 0.11 | 044 041 0.52 0.54 0.11  0.02
SIRS 0.98 0.98 1.00 1.00 0.10 0.10 | 096 0.95 0.99 0.99 0.08 0.08

RRCS 0.40 0.40 0.40 0.40 0.12 0.03 | 040 0.39 041 041 0.12  0.03
DC-SIS 0.98 0.98 1.00 1.00 093 0.89 | 090 0.88 0.96 0.96 0.78 0.62
MV-SIS 0.97 0.97 1.00 1.00 095 0.89 | 093 092 0.99 0.98 0.94 0.80

Hoef 098 0.98 1.00 1.00 0.55 0.54 | 096 0.94 0.99 0.99 0.43 0.40

BKR 0.97 0.97 1.00 0.99 0.92 0.87 | 094 093 099 0.98 0.86 0.75
ROM-SIS 097 097 1.00 1.00 092 0.87 | 094 093 099 0.98 0.87 0.75

We report the results in Tables 8 and 9. Surprisingly,
RRCS fails completely. This failure highlights a drawback in
RRCS that many ties occur in marginal utility vector when
the predictor is finitely discrete. Since we choose the most
conservative way to compute minimum model size during
all the simulations, that is, we get the last index of the
predictors which possess the same marginal utility with the
true predictor.

When the error follows a normal distribution, all the inde-
pendence screening except RRCS are able to select the first
four active SNPs effectively because they are linearly cor-
related with the response. However, only BKR, ROM-SIS,
DC-SIS and MV-SIS can choose Z1g9 which nonlinearly con-
tributed to Y. It is interesting to notice that Hoef no longer

performs as similarly as BKR and ROM-SIS in the previous
examples. When the error is generated from #(1) which is
largely heavy-tailed, BKR and ROM-SIS perform compara-
bly well with the best one MV-SIS.

Example 6. In this example, we consider multivariate re-
sponses data to analyze the performance of our proposed
method. The example has been investigated by [20]. We
compare with DC-SIS since other screening procedure can-
not be directly applied for such settings. We generate x =
(X1, X2,...,X,)T from multivariate normal distribution
with zero mean and covariance matrix ¥ = (0;;)pxp, where
two structures of covariance matrices: (1) o;; = 0.5/"~7 and
(2) 04 = 0.8/"=31 are taken into consideration. The response
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Table 10. The 5%, 25%, 50%, 75%, and 95% quantiles of the minimum model size S out of 500 replications in Example 6

Oij = 0.5”7‘“ Oij = 0.8‘1‘7]‘|
Model Method 5% 25% 50% 75% 95% | 5% 25% 50% 5% 95%
(4.6) DC 2.0 5.0 10.0 23.0 59.1 | 2.0 2.0 4.0 8.0 21.1
BKR 2.0 6.0 20.0 67.3 279.3 | 2.0 3.0 6.0 24.0 116.2
ROM-SIS 2.0 3.0 7.0 26.0 151.3 | 2.0 2.0 3.0 9.0 55.1
(4.7) DC 6.0 12.0 21.0 44.3 117.2 | 4.0 4.0 4.0 5.0 8.0
BKR 5.0 14.8 485 1473 430.1 | 4.0 4.0 5.0 9.0 35.1
ROM-SIS 4.0 7.0 19.5 65.0 303.4 | 4.0 4.0 4.0 6.0 13.1

Table 11. The proportions of Ps and P, for Example 6 with model sizes d; = [n/logn], ds = 2[n/logn],ds = 3[n/logn]

045 = O.5|i_j‘ 055 = O.8|i_j‘
4.6) %)) (4.6) @
Ps Pa Ps Pa Ps Pa Ps Pa
Size  Method X1 X2 All X1 X2 X3 X4 All X1 X2 All X1 X2 X3 X4 All
di DC 098 0.88 087 0.83 099 099 086 0.71] 100 099 099 100 1.00 1.00 1.00 1.00
BKR 0.83 0.70 062 070 090 088 070 043|089 08 08 099 099 1.00 097 0.96
ROM-SIS 093 086 0.81 084 095 096 080 063|096 094 092 1.00 1.00 1.00 0.99 0.99
da DC 1.00 098 098 093 100 1.00 095 088 | 100 1.00 100 1.00 1.00 1.00 1.00 1.00
BKR 091 083 077 082 095 095 0.78 0.60 | 095 092 089 099 1.00 1.00 0.99 0.98
ROM-SIS 097 092 090 091 098 098 087 0.78 | 099 098 097 1.00 1.00 1.00 1.00 0.99
ds DC 1.00 099 099 096 100 100 098 094 | 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
BKR 095 089 08 087 09 097 083 0.69 | 097 096 094 1.00 1.00 1.00 0.99 0.99
ROM-SIS 098 094 093 095 099 099 091 084|099 099 098 1.00 1.00 1.00 1.00 1.00

y = (Y1,Ys)T are generated from normal distribution with
mean zero and covariance matrix Yyx = (0x,ij)2x2, where
Ox,11 = 0x,22 = 1 and 0x,12 = O0x,21 = O(X). We look into
two scenarios for the correlation function o(x):

(4.6) o(x) = sin(B] x)

where 81 = (0.8,0.6,0,---,0)7

_ {exp(87x) - 1)
{exp (A7) + 1}

where BQ = (2 — U1,2 — U2,2 — U3,2 — U4,0,"' ,O)T with
U;’s being independent and identically distributed (iid) ac-
cording to uniform distribution Uniform [0, 1].

Tables 10 and 11 present the simulation results. We can
see that ROM-SIS is comparable with DC-SIS and both of
them performs reasonably well for the two models in terms
of model complexity. Also, BKR is not that bad and it is
much more computational faster than both ROM-SIS and
DC-SIS. It implies that the both BKR and ROM-SIS can
identify the active predictors contained in correlations be-
tween multivariate responses, which is potentially useful in
gene coexpression analysis.

(4.7) o(x)

4.2 Leukemia data analysis

In this subsection, we apply our method to implement fea-
ture screening for the leukemia microarray data set. These
data come from a study by [11] and also have been analysed
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in [30], [4], [6], [12]. The data are available from http://www.
broad.mit.edu/cgi-bin/cancer/datasets.cgi, and the aim for
analyzing this data set is to use microarray evidence to dis-
tinguish between two types of acute leukemia. There are
7129 genes and 72 samples from two classes: 47 in class ALL
(acute lymphocytic leukaemia) and 25 in class AML (acute
mylogenous leukaemia). Among those 72 samples, 38 (27 in
class ALL and 11 in class AML) of them were set as the
training sample and the remaining 34 (20 in class ALL and
14 in class AML) of them were set to be the test sample.
To examine the performance of all the screening meth-
ods mentioned previously, we follow [4] to split the 72 sam-
ples into training and test sets randomly. Specifically, we set
approximately 100v% of the observations from class ALL
and 100v% of the observations from class AML as stan-
dardized training samples, and the rest as test samples. We
then apply screening methods to training sample to select
d = [2n/log(n)| features for the classification as done in [6],
where n is the size of training sample. Furthermore, we use
selected features to carry out the classification in unstan-
dardized test sample by linear discriminant analysis and
calculate the test error. The above procedure is repeated
100 times for v = 0.4,0.5 and 0.6, respectively, and the
distributions of test errors of all the screening methods are
summarized in Figure 2. From these figures, we notice that
ROM-SIS, Hoef and MV-SIS are best among all the screen-
ing method. MV-SIS is born to solve classification problems
and our method has the same results as MV-SIS. This is not


http://www.broad.mit.edu/cgi-bin/cancer/datasets.cgi
http://www.broad.mit.edu/cgi-bin/cancer/datasets.cgi
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Figure 2. Boxplots of test errors of 100 random splits of 72 samples in leukemia data, where 100y% of the samples from both
classes are set as training samples. The three plots from left to right correspond to v = 0.4,0.5 and 0.6, respectively.

surprising, because both the two methods are based on the
Cramér-von Mises distance.

As for the influential genes, we also use the the origi-
nal training sample to identify them by using the aforemen-
tioned screening methods. Surprisingly, we find that only the
three screening methods based on Hoeffding’s measure have
some similar identification to the method proposed by [12],
where the first four top ranked genes are labeled X95735_at,
M27891_at, M27783_s_at and U50136_rnal_at. One reason
for this result may be that both the Hoeffding’s measure
and generalized correlation used by [12] can character im-
plicit relationship between variables. For the four genes, we
conduct an exploratory analysis in figure 3. The histograms
and boxplots of the four genes reveal that the distributions
of them are highly skewed and there exists some potential
outliers. So it is reasonable to use our proposed method
to implement feature screening for this data set, since our
method is robust to the outliers and we do not need pre-
specify the distributions.

APPENDIX A. APPENDIX SECTION

Proof of Proposition 2.1. The non-negativity of w(X,Y) is
obvious. We only need to prove the equivalency. If X and
Y are independent, it is easy to know w(X,Y) = 0 due
to Fxy(z,y) = Fx(x)Fy(y),Vz,y € R. For any random
variables X and Y, we denote their support as Bx and By.
If X and Y are dependent, the binary function [Fx y (x,y)—
Fx(z)Fy (y)]? # 0, for some x € Bx,y € By. We argue that
w(X,Y) > 0 as follows.

When X and Y both  continuous ran-
dom variables, w(X,Y) fBX fo [Fxy(z,y) —
Fx(x)Fy (y)]* fx () fy (y)dzdy, where fx(z) and fy(y) are
their density functions. From the continuity of integrand,
we can get w(X,Y) > 0.

When X and Y are both discrete random variables, the
modified Hoeffding measure can be rewritten as: w(X,Y) =
ey Xyeny [Fxoy (@,1)— Fx (2)Fy ()2P(X = ) P(Y =
y). The positivity of w(X,Y’) can be obtained by P(X =
x) > 0,Vz € Bx and P(Y =y) > 0,Vy € By.

If X is continuous and Y is discrete, we have: w(X,Y) =
S yesy PY = 9) [ [Fy (0,9) — Fx(2)Fy ()2 fx (@)da.
The positivity of P(Y = y),y € By and the continuity of
[Fx y(z,y) — Fx(2)Fy (y)]* fx (x) will lead to w(X,Y) > 0.

It is similar to get the proof for the situation where the
marginal distribution is a mixture of continuous and discrete
distribution. This completes the proof. O

are

Proof of Proposition 2.2. From the definition of distri-
bution function for binary random vector, we have
Fxy(z,y) = P(X <2,V <y),Vo,y e R. If X =Y, it
becomes Fx x(z,y) = P(X < z,X <y) = Fx(min(z,y)).
So we can calculate w(X, X) as follows,

w(X, X)

— [ (Fx(min(z,) - Fx(o)Px ()] dFx (2)dFx ()

—2 [ [Fx(@) - Fx(o)Fx ()" dFx (@)dFx (1)
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Figure 3. Histograms and boxplots for the four top ranked genes.

2 [ {[1 - Fx) [ ym Fi(x)dmw)} dFx (y)

2

— 3 [ Pl - PxPdFx ) = g

This completes the proof. O

To prove Theorems 3.1 and Theorems 3.2, we need the
following lemmas.

Lemma A.1 (Hoeffding’s inequality [15]). Let Xy,---, X,
be independent random wvariables. Assume that P(X,; €
[a;,b;]) = 1 for 1 < i < n, where a; and b; are constants.

Let X =n~! Yoiy Xi. Then the following inequality holds

P|X -EX)|>t) <2 { 20°t? }

- Zl)szerpysn 77 2
iz (b = ai)?

where t is a positive constant and E(X) is the expected value

of X.

Lemma A.2 (Dvoretzky-Kiefer-Wolfowitz inequality [24]).

Let F,, denote the empirical distribution function for a sam-

ple of n i.i.d. random variables with distribution function F.
Then for any € > 0, the following inequality holds

P(sup |F,,(z) — F(z)| > €) < 2exp{—2ne?}.
rzeR

We need the following notations for the next lemma
to make these inequalities simple. Recall that Fy y(x,y),

Fy(z), Fy (y) are empirical functions of Fry(z,y), Fp(z),
Fy(y) respectively, for k& = 1,--- px,y € R,
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where Fy, y(x,y), Fy(z), Fy (y) are distribution functions of
(X1, Y), Xk, and Y respectively. Denote

1 n
& = =3 Ex, [y (X0, Y) - Fu(Xu) Py ()],
j=1

1 1
nx. = > - D [Fry (Xi, Yy) = Fu(Xin) Py (Y3))? ¢
=1

j=1
where Ex, is to compute expectations about X3, given Y.

Lemma A.3. For any € > 0, the following inequalities are
valid

(A1) P<\£y - Eﬁy‘ > e> < 2exp{—2ne’};
(A.2) P(‘nxk - Enx,| > e) < 2exp{—2ne’};
(A.3) P ( sup ‘ﬁky(x,y) — Fk)y(x,y)‘ > e)
z,yeR
< 2(n 4 1) exp{—2ne?};
(A.4) P ( sup ‘F\k(x)ﬁy(y) — Fk(x)Fy(y)‘ > e)
z,yeR
ne?
<dexp{——}.
2
Proof. For any =z S R, Ex,[Fry (X Y;)

Fu(Xp)Fy(Y;)]? < 1, so we can apply Hoeffding in-



equality to obtain inequality (A.l). Similarly, we can get
inequality (A.2).

Note that Fyy(z,y) is the empirical distribution func-
tion of Fjy(z,y), and ﬁhy(x,y) —Fk,y(m,y)‘ < 1, then
we can also use the Hoeffding inequality and the Maximal
Inequality of empirical process theory [25, p. 15] to obtain
inequality (A.3).

To prove the inequality (A.4), we first get the bound of

sup_|Fi(@) Py (y) — Fr(a) Py (V).

z,yeR

It is easy to show that

sup |Fi(@) Py (y) = Fu(a) Fy (1)
z,yeR
< swp Fr(y)|Fule) - Fulo)| +
z,yeR
sup Fi(w) [Py (v) = Fy (y)|
z,yeR
< sup|Fy(z) — Fk(fﬂ)‘ +sup |Fy (y) — Fy (y)],
z€eR yeR

where the first inequality follows from triangular inequality,
and the second inequality holds by sup,cp Fx(z) < 1 and

supyer Fy (y) < 1.
So we can obtain:

P (s [A@) Py ) = Ao ()] > o)

< (gl -]z 5)

F’(sup Fy(y) — Fy(y)
yeR

A%
|
~~_

2
< 4ea:p{—n76},

where the last inequality follows from the Dvoretzky-
Kiefer-Wolfowitz inequality. This completes the proof of
Lemma A.3. O

Lemma A.4. For anye >0 and k=1,---,p, we have

ne?
P(|lor —wi| > €) <2(n+ 1)exp{—} +

72
ne2 2ne?
4 - 4 — .
exp{ 288}+ exp{ 9 }

Proof. According to the definition of wy and wy, we have

Lt)k — Wk
_ / By () - Fk(x)FY(Y)r By (z)dEy (3)

- / Fiy (2,) — Fi(2)Fy (V)]? dFy (2)dFy ()

~ [ [Biv e - BBy (v)] dbiodty ()
~ By (5,9) — Fu(e) Fy (V)] dFy ()dFy (y)
+ [ 1B (en) - BB (1)
X [dﬁk(x) - dFk(x)] dBy (y)
+ [Py @) - R@ AP

x [Py (y) - dFy (4)] dFi()
=: Ap1 + Ago + Aps.

Then, we consider the part Ay firstly,

| Ak

| / ( {F\k7y(m,y)—ﬁk(x)ﬁy(}/)r

— [l (@,y) = Ful@) Fy (V)] ) dFy(2)dFy (3)

IN

2/‘ [Fk,y(%y) —Fk,Y(xay)]

— {Fk(x)ﬁ'y(y) — F}C(.%‘)Fy(y)} ‘dﬁ'k(:v)dﬁ'y(y)
2 sugR |Fk)y(.’13, y) — Fry(z,y)|

+2 sugR |Fy(z) Fy (y) — Fio(2)Fy (y)]

IN

where the first inequality comes from

‘ [Fk,Y(x,y) — Fry(z, y)]

+ [Be@) By () — Fu(@) Py )|
<141=2,
and the second inequality follows from [ dFy(z)dEy (y) =

1. From inequality (A.3) and (A.4) of Lemma A.3, we can
obtain that

~ €
P(|Agi| > €) < P(sup |Fry(z,y) — Fry(z,y)| > )
z,y€R 4

A~ A €

+ P(sup |Fy(z)Fy(y) — Fx(2)Fy (y)] > ©)

z,yER 4

TL€2

ne2
(A.5) < 2(n+1)exp{f?}+4exp{73—2}.

For the part Ago, it follows from simple calculation that,
Btz = [ By (o) = Fula) By (V)] dEy(@)dFy ()
= [ 1B (@) = Fu@) By (V) dFu(2)aFy o)
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n

:%Z{%ZFky ka,Y) Fk(sz)FY(Y)] }

{ ZFky Xk, j Fk(Xk)FY(}/})] }

=X, — E??Xk-

Then we can use the inequality (A.2) of Lemma A.3 to ob-
tain:
(A.6) P(|Ak] > €) < 2exp{~2ne?}.

Lastly, we deal with Ags, and we have

Ay = / Py (2,y) — Fi(2)Fy (V)] dFi(z)dFy (y)

- / Fiy (2,) — Fi(2)Fy (V)]? dFy(2)dFy ()

1 n
= - > Ex, [Fry (Xg, Y5) — Fy(X) Fy (V)]
j=1
—EyEx, [Fry(Xg,Y)
= &y — Ey.

So, by the inequality (A.1), we can obtain:

— Fy(X5)Fy (Y))?

(A7) P(|As| > €) < 2exp{—2ne*}.
Inequalities (A.5)—(A.7) together imply that
P(|og — wi| > €)

P <|Ak1| > %) +P <|Ak2| > g) +P (\Aks\ > %)
{-%)

72
ne 2ne?
288}+4exp{ 9 }

This obtains the result of Lemma A .4. O

IA

A\
s
3
+
=
@
e
T

+4 exp {

Proof of Theorem 3.1. Firstly, we prove the first part of the
Theorem 3.1. By Lemma A.4, for any positive constant c,
we have

r — >cn "
g, o el z en™)

< pP(|og — wi| > en™")
< p{Q(n + 1) exp{—cin' 72"}
+4exp{—con'™} + 4exp{—03n1_2“}},
h c c 2c
where ¢1 = —,c0 = —,¢c3 = —
1 727 2 2887 3

Next, we show the second part of Theorem 3.1. Denote
the set

—K

R Ccon
r :{ —wl <
0= U el <
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on this set, by condition (C1): minge 4 wr > con™", we have
. . con” "
W > wg — | — wg| >

Therefore, by the choice of 7, = cyn™", ¢4 < F, and

Lemma A.4, we have
P(AC A,,) > P(T,)
>1- 5{2(71 + 1) exp{—cin' 72"}
+4dexp{—con' T} + 4exp{703n1*2“}}. O

Proof of Theorem 3.2. Recall the assumption of condition
(C2), we know that § = minge 4 wx — maxgez > 0. Thus,

P( max Wi > min @k)

keT ke A
< (|maxwk7maxwk|+|m1nwk7m1nwk\ >5)
keZ kel ke A

N 0 N )
< P(pain ol 2 5) + P (i e~ 2 5)
1)
< QP( O — >_)
< max. |©Op — wi| > 5)"

by using Lemma A.4, we can obtain the first inequality of
Theorem 3.2. For the second statement,

(s <3
min Wy — maxw
keA k ke k 2

IN

kcA k€T k€A 2

S0
2

N ~ . 0
P([mmwk fmaxwk} — [mmwk 71%1&%(&)4 < —=
€

< P [min@k — max@k] — [minwk - maxwk}
keA keZ keA keT

1)
< P[2 —
< ( max. | — wi| > 2)
< 2exp{log(p) +log(n + 1) — cin}

+4 exp{log(p) — ¢3n} + 4exp{log(p) — c5n},

where the last inequality comes from Lemma A.4, and
¢}, c5,c3 are some positive constants.

If log(p) = o(n'=2%), we can obtain that max (log(p) +
log(n+1) — ¢in,log(p) — cin,log(p) — cgn) < —2log(n), for
large n.

So, for some N,

= 5
> P~y < 5)
N
< Z 10exp{—2log(n)} < +oo.
n=N

Then, the conclusion follows from the Borel Contelli Lemma.
O

ACKNOWLEDGEMENTS

The authors would like to thank the Editor, the Associate
Editor and two Referees for their constructive comments
which greatly improved the paper.



[

2]

3

(4]

[5]

(6]

[7]

(8]

[9]

(10]

(11]

(12]

(13]

[14]

(15]

[16]

(17]

(18]

(19]

20]

Received 7 December 2016

REFERENCES

BrumMm, J. R., KIEFER, J., and ROSENBLATT, M. (1961). Distribu-
tion free tests of independence based on the sample distribution
function. The annals of mathematical statistics, pages 485—498.
MR0125690

Cul, H., L1, R., and ZHONG, W. (2015). Model-free feature screen-
ing for ultrahigh dimensional discriminant analysis. Journal of the
American Statistical Assoctation, 110(510):630-641. MR3367253
DE SIQUEIRA SANTOS, S., TAKAHASHI, D. Y., NAKATA, A., and
FuJiita, A. (2013). A comparative study of statistical methods
used to identify dependencies between gene expression signals.
Briefings in bioinformatics, 15(6):906-918.

FaN, J. and FAN, Y. (2008). High dimensional classification us-
ing features annealed independence rules. Annals of statistics,
36(6):2605.

FaN, J., FENG, Y., and SONG, R. (2011). Nonparametric indepen-
dence screening in sparse ultra-high-dimensional additive models.
Journal of the American Statistical Association, 106(494).

FAN, J. and Lv, J. (2008). Sure independence screening for ultra-
high dimensional feature space. Journal of the Royal Statistical
Society: Series B (Statistical Methodology), 70(5):849-911.

FaN, J., MA, Y., and Da1, W. (2014). Nonparametric indepen-
dence screening in sparse ultra-high-dimensional varying coeffi-
cient models. Journal of the American Statistical Association,
109(507):1270-1284.

FAN, J., SAMWORTH, R., and Wu, Y. (2009). Ultrahigh dimen-
sional feature selection: beyond the linear model. The Journal of
Machine Learning Research, 10:2013-2038.

FaN, J., SoNG, R., et al. (2010). Sure independence screening in
generalized linear models with np-dimensionality. The Annals of
Statistics, 38(6):3567—3604.

Fuiita, A., Sato, J. R., DEMASI, M. A. A., SOGAYAR, M. C.,
FERREIRA, C. E., and MivaNo, S. (2009). Comparing pearson,
spearman and hoeffding’s d measure for gene expression associa-
tion analysis. Journal of bioinformatics and computational biol-
ogy, 7(04):663-684.

GoLus, T. R., SLoNnim, D. K., TAMAYO, P., HUARD, C., GAASEN-
BEEK, M., MESIROV, J. P., COLLER, H., Lou, M. L., DOWNING,
J. R., CaLiciurl, M. A, et al. (1999). Molecular classification
of cancer: class discovery and class prediction by gene expression
monitoring. Science, 286(5439):531-537.

HALL, P. and MILLER, H. (2009). Using generalized correlation
to effect variable selection in very high dimensional problems.
Journal of Computational and Graphical Statistics, 18(3).

HE, X., WaNG, L., Hong, H. G., et al. (2013). Quantile-adaptive
model-free variable screening for high-dimensional heterogeneous
data. The Annals of Statistics, 41(1):342-369. MR3059421
HOEFFDING, W. (1948). A non-parametric test of independence.
The Annals of Mathematical Statistics, pages 546-557.
HOEFFDING, W. (1963). Probability inequalities for sums of
bounded random variables. Journal of the American statistical
association, 58(301):13-30.

HOLLANDER, M., WOLFE, D. A., and CHICKEN, E. (2013). Non-
parametric statistical methods. John Wiley & Sons. MR3221959
Huang, D., L1, R., and WAaNG, H. (2014). Feature screening for
ultrahigh dimensional categorical data with applications. Journal
of Business € Economic Statistics, 32(2):237-244.

Huang, J., HorowiTz, J. L., and Ma, S. (2008). Asymptotic
properties of bridge estimators in sparse high-dimensional regres-
sion models. The Annals of Statistics, pages 587-613.

L1, G., PENG, H., ZHANG, J., ZHU, L., et al. (2012a). Robust rank
correlation based screening. The Annals of Statistics, 40(3):1846—
1877.

L1, R., ZHONG, W., and ZHU, L. (2012b). Feature screening via

21]

(22]

23]

24]

[25]

[26]

27)

(28]

29]

(30]

(31]

(32]

33]

distance correlation learning. Journal of the American Statistical
Association, 107(499):1129-1139.

LiN, L., SuN, J., and Zuu, L. (2013). Nonparametric feature
screening. Computational Statistics €& Data Analysis, 67:162—174.
L, J., L1, R., and Wu, R. (2014). Feature selection for varying
coefficient models with ultrahigh-dimensional covariates. Journal
of the American Statistical Association, 109(505):266-274.

Mal1, Q. and Zou, H. (2012). The kolmogorov filter for variable
screening in high-dimensional binary classification. Biometrika,
100(1):229-234. MR3034336

MASSART, P. (1990). The tight constant in the Dvoretzky-Kiefer-
Wolfowitz inequality. The Annals of Probability, pages 1269—-1283.
MR1062069

PoLLarDp, D. (1984). Convergence of stochastic processes.
Springer-Verlag New York Inc.

SHao, X. and ZHANG, J. (2014). Martingale difference correlation
and its use in high-dimensional variable screening. Journal of the
American Statistical Association, 109(507):1302-1318.

Song, R., Lu, W., M4, S., and JESSIE JENG, X. (2014a). Censored
rank independence screening for high-dimensional survival data.
Biometrika, 101(4):799-814.

SoNg, R., Y1, F., and Zou, H. (2014b). On varying-coefficient
independence screening for high-dimensional varying-coefficient
models. Statistica Sinica, 24(4):1735.

SZEKELY, G. J., Rizzo, M. L., Bakirov, N. K., et al. (2007).
Measuring and testing dependence by correlation of distances.
The Annals of Statistics, 35(6):2769-2794.

TiBsHIRANI, R., HASTIE, T., NARASIMHAN, B., and CHu, G.
(2002). Diagnosis of multiple cancer types by shrunken centroids
of gene expression. Proceedings of the National Academy of Sci-
ences, 99(10):6567-6572.

ZHAO, S. D. and L1, Y. (2012). Principled sure independence
screening for cox models with ultra-high-dimensional covariates.
Journal of multivariate analysis, 105(1):397-411.

ZHONG, W. (2014). Robust sure independence screening for ul-
trahigh dimensional non-normal data. Acta Mathematica Sinica,
English Series, 30(11):1885-1896.

Zuu, L.-P., L1, L., L1, R., and ZHU, L.-X. (2011). Model-free
feature screening for ultrahigh-dimensional data. Journal of the
American Statistical Association, 106(496). MR2896849

Yuan Yu

School of Statistics

Shandong University of Finance and Economics,
Jinan 250014, China

School of Statistics and Management

Shanghai University of Finance and Economics
Shanghai 200433, China

E-mail address: yuyuan mail@126.com

Di He

School of Statistics and Management
Shanghai University of Finance and Economics
200433 China

E-mail address: hedi8910@163. com

Yong Zhou

Institute of Statistics and Interdisciplinary Sciences
and School of Statistics

Faculty of Economics and Management

East China Normal University

Shanghai 200241, China

E-mail address: yzhou@amss.ac.cn

Robust model-free feature screening 489


http://www.ams.org/mathscinet-getitem?mr=0125690
http://www.ams.org/mathscinet-getitem?mr=3367253
http://www.ams.org/mathscinet-getitem?mr=3059421
http://www.ams.org/mathscinet-getitem?mr=3221959
http://www.ams.org/mathscinet-getitem?mr=3034336
http://www.ams.org/mathscinet-getitem?mr=1062069
http://www.ams.org/mathscinet-getitem?mr=2896849
mailto:yuyuan_mail@126.com
mailto:hedi8910@163.com
mailto:yzhou@amss.ac.cn

	Introduction
	The robust model-free feature screening
	Modified Hoeffding measure
	Screening procedure using modified Hoeffding measure

	Theoretical properties
	Sure screening property
	Ranking consistency property

	Numerical studies
	Simulations
	Leukemia data analysis

	Appendix section
	Acknowledgements
	References
	Authors' addresses

