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ABSTRACT

We propose two variable selection methods in multivariate linear regression with high-
dimensional covariates. The first method uses a multiple correlation coefficient to fast reduce
the dimension of the relevant predictors to a moderate or low level. The second method extends
the univariate forward regression of Wang [(2009). Forward regression for ultra-high dimen-
sional variable screening. Journal of the American Statistical Association, 104(488), 1512-1524.
https://doi.org/10.1198/jasa.2008.tm08516] in a unified way such that the variable selection and
model estimation can be obtained simultaneously. We establish the sure screening property for
both methods. Simulation and real data applications are presented to show the finite sample
performance of the proposed methods in comparison with some naive method.

1. Introduction

High-dimensional multivariate regression has been
widely applied in bioinformatics, chemometrics, and
medical image analysis where many of the response
variables are highly correlated (Cai et al., 2013; Ferte
et al.,, 2013; Jia et al., 2017; Peng et al., 2010; Smith
& Fahrmeir, 2007). For instance, in genetics study,
we are interested in the association between corre-
lated phenotypes (involved in biological pathways) and
genotypes, as genetic effects and their possible interac-
tion have been recognized as an important component
for the genetic architecture of each complex pheno-
type (Yi, 2010). For this kind of problem, the number
of covariates or explanatory variables is much larger
than the number of observations or samples. Tradi-
tional methods of subset selection and stepwise pro-
cedure become infeasible when confronted with high
dimensionality (Breiman, 1995).

Statistical methods and theories have been devel-
oped to solve this problem through various approaches
such as network-based regularization method (C. Li
& Li, 2008; Ren et al., 2019, 2017), graphical model (B.
Li, Chunsetal., 2012; Yin & Li, 2011), correlation-based
screening (B. Li, Chuns et al., 2012; Song et al., 2016)
and group lasso (Y. Li et al., 2015; J. Wang et al., 2019;
Yang & Zou, 2015).

Variable selection methods for regression models
with a univariate response have been proposed in the
past. Some popular methods include the bridge regres-
sion (Frank & Friedman, 1993; Fu, 1998), LASSO
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(Tibshirani, 1996), SCAD (Fan & Li, 2001), LARS
(Efron et al., 2004), elastic net (Zou & Hastie, 2005),
adaptive LASSO (H. H. Zhang & Lu, 2007; Zou, 2006),
and Dantzig selector (Candes & Tao, 2007; Y. Kong
etal., 2016), among others. On the other hand, variable
screening procedures have been developed to reduce
the dimensionality from an ultrahigh dimension to a
lower dimension which is smaller than the sample size
(Fan & Lv, 2008; X. Kong et al,, 2017; G. Li, Peng
etal., 2012; H. Wang, 2009; Zhu et al., 2011).

For varijable selection under multivariate regression
models, one simple approach is to apply some vari-
able selection method to univariate regression of each
response separately. Such an approach may produce
sub-optimal results since it does not utilize the joint
information among the responses (Breiman & Fried-
man, 1997; Kim et al., 2009). To improve the estima-
tion, various attempts have been made. One approach
is to use dimension reduction techniques such as the
reduced rank regression (Chen & Huang, 2012; He
et al., 2018; Zhao et al., 2017) and the sliced inverse
regression (Setdji & Cook, 2004; N. Zhang et al., 2019).
Another approach is to use a block-structured reg-
ularization method to select a subset which can be
used as predictors for all outcome variables (Obozinski
et al,, 2011; Peng et al., 2010; Turlach et al., 2005). The
latter approach assumes that a covariate affects either
all or none of the responses. However, this assump-
tion may be too strong when each response variable
is affected by different sets of predictors. Rothman
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et al. (2010) proposed a penalized framework to esti-
mate multivariate regression coefficient and covari-
ance matrix simultaneously under ¢; penalty. Lee
and Liu (2012) further improved Rothman et al.’s
(2010) work by using a weighted ¢; regularization.
Cai et al. (2013) proposed a method to first estimate
the regression coefficients in a column-wise fashion
with Dantzig selector and then to estimate the preci-
sion matrix by solving a constrained ¢; minimization
problem.

In high-dimensional setting, most of the aforemen-
tioned multivariate regression methods use the tech-
nique of regularization to estimate the regression coef-
ficient matrix (Obozinski et al., 2011; Peng et al., 2010;
Turlach et al., 2005). However, a well-chosen penalty
requires an efficient exploration of the correlation
structure of the responses. It is reported that simultane-
ously estimating covariance and selecting variables via
joint optimization can be numerically unstable in high-
dimensional cases (Deshpande et al.,, 2019; Pecanka
etal., 2019; Ren et al., 2019).

In this study, we propose two methods in parallel
for variable screening and variable selection, namely
the multiple correlation coefficient (MCC) screening
(Section 3) and the unified forward regression (UFR)
(Section 4). The first method is for dimension reduction
which filters out covariates that have weak correlation
with the response variables. It significantly reduces the
feature space to a moderate or low dimension that cov-
ers the set of relevant predictors almost certainly. The
second method is for variable selection which uses an
extended forward regression (FR) (H. Wang, 2009) to
identify all relevant predictors consistently under mild
conditions. By MCC all relevant predictors are identi-
fied or screened, whereas by UFR both variable selec-
tion and model estimation are obtained. We illustrate
the finite sample performance of the proposed meth-
ods in comparison with a naive method by simulation
(Section 5) and a real data application (Section 6). We
conclude the paper in Section 7 and defer the technical
proofs in Appendix.

2. Notation and assumptions

Let y= (Y- yq)—r denote the g-dimensional
response vector of interest. Let x = (x1, %2, ... ,xp)T
denote the p-dimensional covariates or predictors.
Denote the covariance matrices of y and x by
%, and X, = (0j), respectively. Without loss of
generality, assume that E(xx) =0 and var(xy) =1
for k=1,...,p and that E(yj)) =0 for j=1,...,
q. In practice, these can be achieved by standardization
and centralization.
Consider the multivariate linear regression model

y:BTx—i-Zf, (1)

where B is a p x g matrix of coefficients and ¢ is the
random error vector which is independent with x. For
j=1...,qandk=1,...,p, denoteEj as the jth col-
umn vector of B and E(k) as the kth row vector of B. If
B(k) # 0, xy, is referred to as a relevant predictor.

Let F={1,...,p} denote the full model of pre-
dictors. Let S = {k : E(k) # 0} denote the true model.
Denote the compliment of S by S°. Denote the cardi-
nalities of F and S as |F| = p and |S| = py, respectively.
Throughout, let || - || denote the Euclidean norm of a
vector.

Let {(y;,x;) : i = 1,...,n} denote independent and
identically distributed samples of (y, x). Denote X, p =
(X1,...,X,) " and Yixg = (Y15 - ,y,,)T.Forj =1,...,
g let y(j) denote the jth column of Y.

Assume that x is high dimensional with p being
much larger than the sample size # (in the sense of Cai
& Lv, 2007). Assume that the response vector is associ-
ated with only a small portion of predictors, i.e., po/p
is small and pg is O(n) (Fan & Lv, 2008). This sparsity
principle is frequently adopted and deemed useful in
analysis.

3. Multiple correlation coefficient

We first propose to use a multiple correlation coefficient
(MCC) to identify S. It is known that the multiple cor-
relation coefficient between y and xy, is defined as p; =
maxgcRry corr(&Ty, xx) and its square can be further
expressed as

,0,% = E(?,jyxk), (2)

where j; = %, YE(yxx) (Anderson, 2003, Section 12.2).
Given the standardized samples, we estimate ,0,% by

~ 1 - =T
o = ~ 2 VK Yk 3)

i=1

where 7, = (A3 yiy/ )7V YL yixik. Note that the
computation of ,’5,% is simple and fast through matrix
algebra and does not involve any iteration. Then,
we estimate S by Smce = {k: ,’5,% > 1}, where 7 is
the threshold which determines the size of the esti-
mated predictors. Here we adopt the threshold of Fan
and Lv (2008) by choosing T = ﬁ(zp_dﬁl),where ,(7(21) <

- < ,7)\(2 ) are the order statistics and d,, = [n/log(n)]
(T-] is the ceiling function), so that d,, predictors with
the largest values of ,6\,% are retained. The naive corre-
lation coefficient (NCC) method of Fan and Lv (2008)
estimates S bychc = Uf=1{k : ﬁl%,j > 1j}, where pyj is
the sample correlation coefficient between y; and x; and
7jis determined in the same way as in MCC with respect
to the jth response.

We now show that the MCC-based screening proce-
dure has the sure screening property (i.e., the probabil-
ity of selecting all true relevant predictors tends to one)



and reduces the dimensionality of predictors below the
sample size.
We state some assumptions first.

Assumption 3.1: Let Apin(A) and Apax(A) denote the
smallest and largest eigenvalue of a positive definite
matrix A, respectively. Assume that there exist two
positive constants Tmin < Tmax such that

2Tmin < )\min(zy_l) =< )\max(zy_l) < 2_1Tmax
and
2Tmin < Amin(Xx) < Amax(Xx) < 2_l'fma.x-

Assumption 3.2: Assume that (i) for j=1,...,q,
||ﬁ1|| < Cp for some positive constant Cp and that (ii)
for k=1,...,p, Bmin = mingeg min; |,8k]| = VBN ~min
for some positive constants &pin and vp.

Assumption 3.3: Assume that there exist positive con-
stants 0 < n < 47!, K such that (i) n~!log(pq) < n,
and (ii) E(etxi) <Kfor|t| <npandallk=1,...,p.

Assumption 3.1 requires the matrix X to be well
behaved. Assumption 3.2 requires the smallest nonzero
regression coefficient does not converge too fast. Oth-
erwise, it cannot be consistently identified. (See Fan
& Peng, 2004 for more discussions.) Assumption 3.3
ensures the exponential convergence rate of arbitrary
order moments of x and & (Cai et al., 2011) which is
superior to the polynomial type counterpart (Raviku-
mar et al., 2010).

Theorem 3.1: Under Assumptions3.1-3.3, if pt > T for
allk € S, then P(S C SMCC) — lasn — oo.

Theorem 3.1 reveals that for a properly chosen
threshold 7, the probability that MCC detects all rel-
evant predictors tends to one.

4, Unified forward regression

In this section, we propose a unified forward regres-
sion (UFR) for variable selection. It extends Wang’s
(2009) forward regression method for the multivariate
response case.

Let M = {kj,...,k:} denote a generic subset of
F with |M| =t. Denote X = (xkl,...,xkt)T and
denote X(ary = (X1(a)» - - -»Xna1)) | s the subset of X
corresponding to M. We first describe a naive for-
ward regression (NFR) method that combines the
selected variables obtained by repeatedly applying
Wang’s (2009) forward regression method to univariate
regressions with respect to every response. The proce-
dure is summarized as follows. Initially, set SE?)) = () for

j=1,...,q. Perform forward regression with respect
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to the jth response by iterating the following two steps
fort=1,...,n

(i) Foreveryk e F\S(E D let M(e D= S(Z YUtk
Compute the sum square of re31duals RSS,(f b=

y(])(In H,Ee 1))y(,), where H(e D=x
(X( (e 1))X(M(l 1)) IxT

™)
by Let agj =

Mkj

argmm (e— 1)RSS€ D,

keF\S;
(i) Update sgf)) _s“ Y Ulag).

The solution path of NFR is obtained by {SI(\Q;R =

uL lsgf; ¢=1,...,nh.

Next, we propose the unified forward regression to
select predictors by applying a modified forward regres-
sion algorithm that makes use of all response variables
simultaneously. The procedure is modified from the
previous one as follows. Initially, set S ©0) — @. Perform a
modified forward regression by iterating the following

twostepsforf =1,...,n.

(i) Foreveryk € F\S“"D, let M{" ™" = $¢=D | k).
Compute the sum square of residuals RSS,(f*D =

tr{YT(In — ITI(E_U)Y}, where ﬁ[lie_l) = XM(g_l)
k
T —1yT
(XMI(céfl)XM)(ffl)) XM(K,I). Let ap

= argming g, g1 RSSk =D
(ii) Update S = S“=D | J{a,).

The solution path of UFR is obtained by {Sgl):R =
SO p=1,..., n}. Notice that both NFR and UFR ter-
minate automatically after » iterations. It is seen that
the UFR algorithm makes use of all response variables
simultaneously by the trace operator. It has nearly one
qth computation cost of NFR.

We show that the proposed UFR method also pos-
sesses the sure screening property. Also, we add a few
more assumptions to facilitate the development of the
theory.

Assumption 4.1: Assume that (i) x follows ellipti-
cally contoured distribution, whose density admits the
form |, V2g{(x — ) T2 (x — 1)} with ji = Ex
and g(-) > 0, denoted by EC(1, Zy, g), and that (ii) the
distribution of € is normal.

Assumption 4.2: There exist positive constants &, &
and v such that (i) log(p) < vnt, (ii) po < vn, and (iii)
& + 680 + 128min < 1.

Assumption 4.3: The row vectors of B, i.e, Bk, k =
1,...,p, have the same ‘all-or-nothing’ structure, i.e.,
the entries of ,B(k) are either all zero or none-zero.
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Usually, the normality assumption of x is imposed
to facilitate theory development (Fan & Lv, 2008; H.
Wang, 2009). Here in Assumption 4.1, we relax it to
elliptically contoured distribution and show its suf-
ficiency to obtain Lemma 1 of H. Wang (2009) in
Appendix. Assumption 4.1, together with Assump-
tion 3.1, ensures the sparse Riesz assumption (C. Zhang
& Huang, 2008) to derive some key inequalities in
proving Theorem 4.1. Assumption 4.2 has been popu-
larly assumed in the literature of ultra-high dimensional
inference (Fan & Lv, 2008; H. Wang, 2009). It implies
that the dimension of the covariates diverges to infin-
ity at an exponential rate (Fan & Lv, 2008). Assump-
tion 4.3 implies that all responses are associated with
the same covariates (Turlach et al., 2005). It warrants
the row-wise selection of B by UFR in contrast to the
element-wise selection by NFR, which enables UFR to
reach the sure screening property in fewer steps than
NEFR.

Define K = ZImaxvClzgtI;iznvg 4 where the factors
are defined in Assumptions 3.1, 3.2 and 4.2. Applying

Theorem 1 of H. Wang (2009), we can readily get P(S C

260 +4Emi
I(\?II:CRM mrl)) — 1, i.e., the NFR selects all relevant

predictors with high probability after giCvn250+4émin
steps for the multivariate regression setting. While the
following theorem shows that the UFR can do the job
in much fewer (one gth) steps.

Theorem 4.1: Under Assumptions 3.1-4.3, P(S C

(Kvn%0+4min)
SUFR ) = lasn — oc.

We adopt the BIC criteria to select the best subset
of variables from a solution path (Liang et al., 2012; H.
Wang, 2009). Let

BKH}4)zlog[nf%r{YTUh—nHm@)Y}]

+n_1|M|(10gn+210gp), (4)

where Hory = X {X(TA,I)X(M)}_IX(TM). We then cho-
ose the subset of the variables from the solution path
which minimizes BIC(M). The selection consistency
was showed by H. Wang (2009) and Sofer et al.
(2014).

Note that the UFR method is consistent if p = O(n*)
for some o > 0, while the MCC method works with
log(p) = O(n*). In this sense, the MCC method can
handle higher dimensional variable screening than the
UFR method. Secondly, the UFR method is compu-
tationally more expensive than the MCC method as
the former involves n—1 more times of matrix inver-
sion operation than the latter. On the other hand,
when p and n are of the same order, both MCC
and UFR perform well in terms of coverage prob-
ability and UFR performs better in yielding a par-
simonious model with high specificity in terms of

model size and correct fit (defined later) as seen in
simulation.

5. Simulation

We conduct numerical studies to investigate the finite
sample performance of the proposed methods, i.e.,
MCC and UFR, in comparison with the naive correla-
tion coefhicient (NCC) method and the naive forward
regression (NFR).

5.1. Models

Consider five models for generating the p-dimensional
covariates x in Table 1, which are adopted from Exam-
ples 1 and 2 of Fan and Lv (2008), Example 1 of Tibshi-
rani (1996), and Examples 4 and 5 of H. Wang (2009),
respectively.

For models 1 to 3, x follows a multivariate nor-
mal distribution with zero mean vector and covariance
matrix ¥, of the structure of identity, autoregressive
and compound symmetry, respectively. In model 4, x is
generated by x, = (z, + wy) /2 forr=1,... ,po and
xr = (z; + ‘f,ozl zp)/2forr =po+1,...,p, wherez,
and w, are independent standard normal variables (H.
Wang, 2009). Note that model 4 is a challenging case
as the correlation coeflicient of the relevant predictors
and the response variables are much smaller than the
correlation coefficient of irrelevant predictors and the
response variables. The details of X, are provided in
Table 1. In model 5, we generate independent compo-
nents of both x and € to be e—1 where e is an exponen-
tial random variable with parameter one. This model is
used to examine the robustness of the proposed meth-
ods against the departure from the normality assump-
tion. Consider the number of predictors p to be 1000,
5000, and 10,000, respectively, which are all much larger
than the sample sizes considered in the five models.
Recall py is the number of relevant predictors. Denote
the first pg rows of B by By. We generate independent
entries of By from distributions given in the last column
of Table 1, where N(4log(n)/+/n, 1) is a normal ran-
dom variable with mean 4log(n)//n and variance 1,
I'(2,1) denotes a random variable of gamma distribu-
tion with shape parameter 2 and scale parameter 1, and
exp(9) is an exponential random variable with parame-
ter 9. They are all independent with x. Set the remaining
entries (the last p — po rows) of B to be zero.

Table 1. Five models.

Model n qg Ppo Xy Entries of By
1 200 4 8 N(4log(n)/+/n, 1)
2 75 5 3 05 +051,1, N(4log(n)//n, 1)
3 200 3 3 ogp=05k"1< ren

kr<p
4 300 2 5 diag{lpy, 47 Up—p, + exp(9)

PoTo—p0) Vippy))}
5 200 6 10 I exp(9)




Table 2. Measures for the finite sample performance of variable
selection.

Model size MS = [3]
Coverage probability CP=P(S C:S:)

% of correctly fitted model CF=PS=95 _
% of correct zero CZ=(p—po~" [SC NS
% of incorrect zero 1Z= pgl |S NS

For the multivariate response case, the signal-to-
noise ratio is given by
2_ tr{var(B"x)} _ tr(B' X,B)
tr{var(y)} po? +tr(BTZB)’

We chose the values of o2 such that the signal-to-noise
ratios are 30%, 60%, and 90%, respectively.

Throughout, set the number of replications N to be
1000.

5.2. Evaluation criteria

For MCC screening, we use Fan and Lv’s (2008) hard
threshold method to retain the relevant predictors. For
both NFR and UFR, we use the BIC criterion (4) to
determine the relevant predictors.

Table 3. Five measures of the performance of variable selec-
tion defined in Table 2 obtained by the four competing meth-
ods under various numbers of covariates (p) and signal-to-noise
ratio (R2) for Model 1 in Table 1 with (n, g,po) = (200, 4, 8).
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We adopt five measures as described in Table 2 to
evaluate the finite sample performance of the proposed
methods, where the model size (MS) is the number
of the selected relevant predictors, the coverage prob-
ability (CP) measures how likely all the relevant pre-
dictors are identified, the percentage of correctly fitted
(CF) measures the capability in identifying the true
model correctly, the correct zero (CZ) characterizes the
capability in producing sparse solution, and the incor-
rect zero (IZ) characterizes the method’s under-fitting
effects. Ideally, we wish a method to have MS close to
Po> CP, CE, CZ all close to 100% and IZ close to zero.

For b=1,...,N, let B® denote the estimate
of B under the bth replication. The corresponding

selected model is denoted by SO — {k - ,é E,lg #0,k =
1,...p}. The empirical MS is computed as MS =
N1 22;1 |§(b)| and the empirical values of the other
measures are similarly computed.

5.3. Results

Tables 3-7 report the finite sample performance of
the four competing methods in terms of the measures

Table 4. Five measures of the performance of variable selec-
tion defined in Table 2 obtained by the four competing methods
under various numbers of covariates (p) and signal to noise ratio
(R?) for Model 2 in Table 1 with (n,q, po) = (75,5, 3).

Method p R2(%) MS CP(%) CF(%) CZ(%) I1Z(%) Method p RR%) MS CP(%) CF(%) CZ(%) 1Z(%)
MCC 1000 30 38 759 0 98.4 248 McC 1000 30 18 80.7 0 98.4 19.3
60 38 96.7 0 98.6 33 60 18 98.1 0 98.5 19

90 38 99.5 0 98.6 0.5 90 18 99.7 0 98.5 0.3

5000 30 38 58.2 0 99.6 418 5000 30 18 68.1 0 99.7 31.9

60 38 93.2 0 99.7 6.8 60 18 95.5 0 99.7 4.5

90 38 98.5 0 99.7 15 90 18 99.6 0 99.7 0.4

10,000 30 38 50.8 0 99.8 49.2 10,000 30 18 61.3 0 99.8 38.7

60 38 90.6 0 99.9 9.4 60 18 95.1 0 99.8 49

90 38 98.1 0 99.9 19 90 18 99.7 0 99.9 0.3

NCC 1000 30 38 26.2 0 97.9 73.8 NCC 1000 30 18 79.7 0 96.5 233
60 38 40.6 0 98.9 59.2 60 18 95.8 0 96.5 47

90 38 50.5 0 98.2 49.5 90 18 98.9 0 96.5 14

5000 30 38 139 0 99.6 86.1 5000 30 18 68.9 0 99.3 39.1

60 38 30.7 0 99.6 69.3 60 18 94.3 0 99.3 7.3

90 38 41.8 0 99.6 58.2 90 18 98.7 0 99.3 34

10,000 30 38 10.9 0 99.8 89.1 10,000 30 18 68.1 0 99.6 519

60 38 25.6 0 99.8 744 60 18 89.9 0 99.6 10.1

90 38 379 0 99.8 62.0 90 18 95.3 0 99.7 2.1

NFR 1000 30 1.1 15 0 99.9 98.5 NFR 1000 30 1.6 7.9 0.1 99.9 92.1
60 8.1 129 0 99.9 87.1 60 3.2 51.6 23.7 99.9 48.4

90 83 997 909 999 0.3 90 34 99.2 93.2 99.9 0.8

5000 30 2.1 0.5 0 99.9 99.4 5000 30 1.2 35 0 99.9 96.5

60 6.5 6.2 0 99.9 93.8 60 39 356 1.3 99.9 64.4

90 78 953 769 100 47 90 4.6 97.8 88.1 99.9 2.2

10,000 30 3.1 0.4 0 100 99.6 10,000 30 1.6 2.3 0 99.9 97.4

60 74 4.6 0 100 95.4 60 3.8 28.6 6.7 99.9 713

90 103 879 658 100 12.1 90 4.7 96.4 84.7 99.9 36

UFR 1000 30 0.3 4.1 0 100 95.9 UFR 1000 30 15 45.6 1.7 99.9 54.4
60 76 949 719 100 5.1 60 3.0 99.8 99.1 100 0.2

90 8.0 100 100 100 0 90 3.0 100 100 100 0
5000 30 0.1 1.1 0 100 98.9 5000 30 1.0 28.8 2.4 99.9 71.2
60 69 864 499 100 13.6 60 29 98.9 97.5 100 1.0
90 8.0 100 99.9 100 0 90 3.0 100 100 100 0
10,000 30 0.1 0.7 0 100 99.3 10,000 30 0.9 244 2.0 99.9 75.6
60 5.9 73.8 342 100 26.1 60 3.0 98.6 95.6 100 14

90 8.0 100 99.9 100 0

90 3.0 100 100 100 0
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Table 5. Five measures of the performance of variable selec-
tion defined in Table 2 obtained by the four competing meth-
ods under various numbers of covariates (p) and signal-to-noise
ratio (R2) for Model 3 in Table 1 with (n, g,po) = (200, 3, 3).

Table 6. Five measures of the performance of variable selec-
tion defined in Table 2 obtained by the four competing methods
under various numbers of covariates (p) and signal to noise ratio
(R?) for Model 4 in Table 1 with (n, g, po) = (300,2,5).

60 3.0 65.0 13.7 100 35.0
90 3.7 89.8 69.2 100 10.2
10,000 30 2.1 36.2 0.1 100 63.8
60 3.9 63.1 1.7 100 36.9

60 4.8 27.5
90 55 57.8
10,000 30 2.0 121
60 438 26.6 99.9 734

99.9 725

99.9 87.9

Method p RZ (%) MS CP(%) CF(%) CZ(%) I1Z(%) Method p R %) MS CP(%) CF(%) CZ(%) 1Z(%)
MCC 1000 30 38 100 0 96.5 0 McCC 1000 30 53 217 0 97.1 783
60 38 100 0 96.5 0 60 53 27.8 0 97.1 72.2
90 38 100 0 96.5 0 90 53 37.7 0 97.2 79.7
5000 30 38 100 0 99.3 0 5000 30 53 19.8 0 99.4 80.2
60 38 100 0 99.3 0 60 53 26.7 0 99.4 73.1
90 38 100 0 96.3 0 90 53 36.1 0 99.4 63.9
10,000 30 38 99.9 0 99.6 0.1 10,000 30 53 17.7 0 99.7 823
60 38 100 0 99.6 0 60 53 25.2 0 99.7 74.8
90 38 100 0 99.6 0 90 53 35.1 0 99.7 64.9
NCC 1000 30 38 29.5 0 98.3 70.5 NCC 1000 30 53 19.8 0 97.1 80.2
60 38 47.8 0 98.3 52.2 60 53 20.7 0 97.1 79.2
90 38 54.8 0 98.4 45.2 90 53 218 0 97.1 78.1
5000 30 38 18.2 0 99.7 81.8 5000 30 53 16.8 0 99.4 83.1
60 38 38.1 0 99.6 61.9 60 53 18.6 0 99.4 81.3
90 38 52.0 0 99.7 48.0 90 53 19.7 0 99.4 80.3
10,000 30 38 133 0 99.8 86.7 10,000 30 53 16.2 0 99.7 838
60 38 36.0 0 99.8 63.9 60 53 17.3 0 99.7 82.7
90 38 50.6 0 99.8 49.4 90 53 20.0 0 99.7 80.0
NFR 1000 30 2.2 99.9 0.2 100 60.1 NFR 1000 30 2.7 15.6 0 99.9 844
60 3.0 67.8 17.8 99.9 32.2 60 49 343 0 99.9 65.7
90 4.7 90.6 71.6 99.9 9.4 90 5.0 65.1 5.0 99.9 349
5000 30 2.2 37.0 0 100 63.0 5000 30 26 13.2 0 99.9 86.8
0
3
0
0
1

90 57 892 67.4 100 10.8

UFR 1000 30 2.1 71.5 22.6 100 28.5
60 2.9 96.4 89.1 100 3.6
90 3.0 99.9 99.6 100 0
5000 30 2.0 67.2 14.4 100 328
60 2.8 94.1 82.3 100 5.9
90 3.0 99.9 99.7 100 0.1
10,000 30 19 63.7 10.9 100 363
60 2.8 93.6 80.6 100 6.4
90 3.0 99.9 99.5 100 0

A 99.9 423

90 6.5 547 9 99.9 453

UFR 1000 30 24 35.9 0 99.9 64.1
60 44 75.8 10.3 99.9 242

90 5.0 96.8 70.8 99.9 32

5000 30 2.1 28.9 0 99.9 711

60 4.2 70.9 7.2 99.9 29.1

90 5.0 95.5 63.2 99.9 45

10,000 30 20 247 0 99.9 753

60 4.1 69.3 49 99.9 30.7

90 5.0 95.6 61.9 99.9 4.4

given in Table 2 under various numbers of covariates
p and signal strength R?. We summarize the findings
as follows. (i) The MCC method is uniformly superior
to the NCC method with larger coverage probability
(CP), better estimation of sparsity (with larger CZ and
smaller 1Z), as expected. (ii) As we adopted the fixed
threshold procedure for MCC and NCC, these two
methods produce conservatively large coverage of pre-
dictors at the cost of large model size. For the same rea-
son, the percentage of incorrect zero is larger than the
other two regression-based methods (UFR and NFR).
So the resulting percentages of correctly fitted mod-
els for MCC and NCC are zero. (iii) When comparing
UFR with NFR, the UFR demonstrates its superior-
ity over NFR uniformly in all five measures across all
five models (including Model 5 with the non-normal
distribution). This corroborates the advantage of UFR
in utilizing the correlation within responses over NFR.
When comparing UFR with PWL, both methods per-
form comparably when the signal strength is as small as
30%. When the signal strength is as large as 60% or 90%,
UFR outperforms PWL in all five measures in general.
(iv) The UFR method performs inferior to the MCC

method in cases of ultra-high dimensional covariates
especially under lower signal strength, as pointed out
earlier. For instance, in Model 1 of Table 3, the cov-
erage probability of UFR reduces by 83%, while the
counterpart of MCC reduces by 33% when the dimen-
sion of predictors p increases from 1000 to 10,000 at
the signal strength of 30%. (v) As for the impact of the
signal strength, the percentage of incorrect zeros rises
under the weak signal strength cases from those under
the strong signal strength cases. It is consistent with
the findings for the univariate case in H. Wang (2009)
and Y. Li et al. (2017). However, as the signal strength
increases (e.g., from 30% to 90%), the percentages of
coverage probability (CP) and probability of correct fit
(CF) increase significantly (e.g., 61.9% to 98.3% and
28.8% to 58.8%, respectively, with p = 5000) and the
percentage of incorrect zeros (IZ) drops quickly (e.g.,
from 53.7% to 2.35% with p = 5000) by both NFR and
UER as seen in Table 3. (vi) To examine the impact
of the sample size, Table 8 reports the performance of
the proposed methods under Model 1 with a number
of covariates p fixed at 5000 and varying sample size
n to be 100, 200, and 400, respectively. It is seen that



Table 7. Five measures of the performance of variable selec-
tion defined in Table 2 obtained by the four competing methods
under various numbers of covariates (p), and signal-to-noise
ratio (R2) for Model 5 in Table 1 with (n, g,po) = (200, 6, 10).
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Table 8. Five measures of the performance of variable selec-
tion defined in Table 2 obtained by the four competing methods
under various sample sizes (n) and signal-to-noise ratio (R?) for
Model 1 in Table 1 with (p, g, po) = (5000, 4, 8).

Method p R (%) MS CP(%) CF(%) CZ(%) 1Z(%) Method n RR%) MS CP(®%) CF%) CZ(%) 1Z(%)
MCC 1000 30 38 85.2 0 97.0 14.8 McCC 100 30 22 393 0 99.6 60.3
60 38 97.2 0 97.1 2.8 60 22 72.6 0 99.7 27.4
90 38 99.8 0 97.2 0.2 90 22 92.3 0 99.7 7.7
5000 30 38 70.1 0 99.4 29.9 200 30 38 81.2 0 99.4 18.8
60 38 933 0 99.4 6.7 60 38 95.5 0 99.4 4.5
90 38 99.5 0 99.4 0.6 90 38 98.9 0 99.4 1.1
10,000 30 38 63.0 0 99.7 37.0 400 30 67 96.7 0 98.8 33
60 38 90.6 0 99.7 9.4 60 67 99.3 0 98.8 0.7
90 38 99.3 0 99.7 0.8 90 67 99.8 0 98.8 0.1
NCC 1000 30 38 61.2 0 96.8 38.8 NCC 100 30 22 24.7 0 99.6 75.3
60 38 78.8 0 96.9 21.2 60 22 459 0 99.6 54.0
90 38 85.8 0 97 14.2 90 22 574 0 99.6 42.6
5000 30 38 40.8 0 99.3 59.2 200 30 38 483 0 99.3 51.8
60 38 64.9 0 99.4 24.3 60 38 65.2 0 99.3 34.8
90 38 75.7 0 99.4 243 90 38 70.9 0 99.4 29.1
10,000 30 38 33.0 0 99.6 66.9 400 30 67 62.1 0 98.8 379
60 38 60.0 0 99.7 39.9 60 67 72.2 0 98.8 27.8
90 38 725 0 99.7 27.5 90 67 76.7 0 98.8 233
NFR 1000 30 3.8 7.6 0 99.9 924 NFR 100 30 2.1 1.4 0 99.9 98.6
60 102 509 0.2 99.9 49.0 60 6.2 14.8 0 99.9 85.2
90 10.7 965 63.9 99.9 35 90 8.3 78.8 14.2 99.9 21.2
5000 30 2.5 4.3 0 99.9 95.7 200 30 3.0 10.6 0 99.9 89.4
60 64 402 0.1 99.9 59.8 60 8.0 50.0 0.2 99.9 49.9

90 106 946 49.9 99.9 5.4
10,000 30 24 33 0 99.9 96.7
60 106 353 0.1 99.9 64.7
90 116 939 443 99.9 6.1

UFR 1000 30 27 273 0 100 72.7
60 99 993 92.8 100 0.7
90 100 100 99.9 100 0
5000 30 13 133 0 100 86.7
60 4.1 98.2 84.5 100 1.8
90 100 100 99.9 100 0
10,000 30 1.0 10.1 0 100 89.9
60 9.8 978 81.3 100 2.2
90 10.0 100 99.9 100 0

90 89 84.8 24.0 100 15.2
400 30 7.7 333 30.0 100 66.6

60 8.0 65.9 2.2 100 34.1
90 9.0 86.8 30.7 100 13.1
UFR 100 30 1.0 3.2 0 100 96.8
60 5.6 69.2 12.0 100 308
90 8.0 99.9 99.1 100 0.1
200 30 2.8 355 0.1 100 64.5
60 7.6 95.6 69.8 100 4.4

90 8.0 99.9 99.7 100 0
400 30 6.4 79.5 12.3 100 205
60 7.9 98.4 88.1 100 15

90 8.0 100 100 100 0

the measures of model size (MS), coverage probabil-
ity (CP), probability of correct fit (CF) and probabil-
ity of incorrect zero (IZ) are sensitive to sample size.
The improvement of performance is significant. For
instance, when the sample size increases from n = 100
to n = 200 with signal strength R? = 60%, the CP
increases from 52.2% to 80.4% on average and the per-
centage of incorrect zero drops from 47.8% to 19.7% on
average.

In conclusion, the MCC method performs bet-
ter when the dimension of covariates is ultra-high
(log(p) = O(n*)) with respect to the sample size and
the UFR method outperforms the MCC method when
the dimension of covariates is of polynomial order (p =
O(n%)).

6. Real data application

We apply the proposed methods to a real data
set regarding bone mineral density (BMD) (Reppe
et al., 2010). The data were collected from 84 post-
menopausal Caucasian women aged from 50 to 86. For
each subject, there are two responses, namely the body
mass index and total hip z-score (a measure of how

strong the bone in the hip), and 8649 gene expression
levels in trans-iliacal bone biopsies served as covariates.
It is known that low bone mineral density is usually
related to fragile bone and osteoporosis and progressive
reduction of bone strength which leads to increasing
susceptibility of bone fractures (Cooper, 1997; Reppe
etal., 2010). The goal of the study is to identify the genes
that are related to BMD.

Table 9 reports the genes identified by the five com-
peting methods. The MCC method identified 19 genes
which include all 13 genes identified by NFR except
gene TNK2. The PWL method identified 12 genes
which all identified by NFR except PAIP1. And the UFR
found 10 significant genes which are all contained in the
set identified by NFR.

To examine the quality of variable selection of these
methods, we compare the prediction mean square error
(Elly — B;—XSHZ) obtained by the three methods. To
this end, we randomly split the data into a training
set of 60 samples and a testing set of the remain-
ing 24 samples. The average prediction mean square
errors over the 100 replications for MCC, NCC, NFR
and UFR are 273.7, 293.5, 271.0 and 241.6, respec-
tively. Clearly, the UFR method is the winner. All the
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Table 9. Selected genes for the BMD data.

method genes

MCC ACSL3, NIPSNAP3B, DLEU2, C10RF61, DKK1, SOST, ABCA8,
AFFX-M27830-M-at, RRNF216, PLIN5, PACS2, MUM1, CRYGS,
RABEP2, PEX14, USP2, FKBP14, FAM55C, MAPK8

NCC ACSL3, NIPSNAP3B, DLEU2, C10RF61, DKK1, SOST, ABCA8,
AFFX-M27830-M-at, RRNF216, PLIN5, MEPE, COPS4, CRYGS
RABEP2, CTSE, PEX14, FKBP14, NARG1, PAIP1

NFR ACSL3, NIPSNAP3B, DLEU2, C10RF61, DKK1, SOST, ABCA8,
AFFX-M27830-M-at, RNF216, PLIN5, FKBP14, FAM55C, TNK2
UFR ACSL3, NIPSNAP3B, DLEU2, C10RF61, DKK1, SOST, ABCA8,

AFFX-M27830-M-at, RNF216, PLIN5

eight genes (ACSL3, NIPSNAP3B, DLEU2, C10RF61,
DKK1, SOST, ABCAS, and AFFX-M27830-M-at) iden-
tified by Reppe et al. (2010) were selected by the four
competing methods. The UFR method discovered two
more genes, RNF216 and PLIN5, with the smallest pre-
diction mean square errors. Similar to the findings in
simulation, both MCC and NCC selected more genes
than NFR and UFR with larger prediction error.

7. Conclusion

We propose two methods for variable screening in
high-dimensional multivariate linear regression. The
MCC method has the advantage of computational ease
and can provide fast variable screening to obtain an
accurate subset with a dimension below the ample size.
The proposed UFR method has the feature of dis-
covering all relevant predictors consistently at nearly
the same computational cost as the univariate for-
ward regression. The performance of UFR is sensitive
to the dimensionality and signal strength. Our theory
assumes Gaussian distribution for the response vari-
ables. The numerical study also shows the robustness
of the proposed methods against non-normality. It is of
interest to investigate the problem under more general
non-homogeneously sparse assumption and nonlinear
models.
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Appendix
A.1 Proof of Theorem 3.1

Let Ck =7 + 1~ 'K and ® = 3n~!'Cx./nlog(pq). When
pi > t for all k € S, it suffices to show that under Assump-

tions 3.1-3.3
P( max |02 — p2| > ¢
<1§k§p|pk Pk|_ )
zﬁ)

=P | max
1<k<p

<3p7'q .

1 — =T -
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- R g
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First, we compute the rate of convergence for A,. For
k=1,....,pletwy =n""! >r, ﬁkT(yl'x,-k — Eyxz). (So Ay =

|wkl.) Let #; = ny/n~'log(pg). Applying the inequalities
P(U|I > V) <e "VEe"!Ulforany V >0and |e — 1 —s| <
s2emx0) for any s € R, we obtain

P (Az > n”CK\/W)
< e 18PV exp(ty ek ])
< exp{—Cx log(pq) + 1 Ewy exp(t |wx )}
< exp{—Cx log(pq) + n~ 'K log(pq)}
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Second, we compute the rate of convergence for A;. Notice
that
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Parallel to (A3), we have
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Similar to (A5),
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Combining (A4), (A5) and (A6),
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At last, combining (A3) and (A7), we get

P (41 + 42 = 357 Cicy/nlog(pg)) < 37,

which, coupled with (A2), implies (A1). This completes the
proof.

A.2 Alemma used to prove theorem 4.1

Lemma A.1: Suppose Assumptions 3.1, 4.1 and 4.2 hold. Let
Yxmy denote the submatrix of X after M. Let Xy and Xy
denote the corresponding estimators, respectively. Suppose m =
O(n¥o 4+ 4&min), where & and &y are defined in Assump-
tion 4.2. Then, with probability tending to one, we have

Tmin < Min )Nmin(ix(M)) < max }hmax(/ix(M)) = Tmax-
[M|<m |M|<m
(A8)

Proof: The proof is similar to that for Lemma 1 of H.
Wang (2009). Here, we relax the normality assumption of x
to the elliptically contoured distribution.

First, for i=1,...,n, jk=1,...,p, let U= (z; +
zik)//2(1 + pjx) and V; = (zjj — zix) //2(1 — pjx). By Ass-
umption 4.1 and the additive property of elliptical contoured
distribution (Fang et al., 2018), (zj, zix) ~ EC2(0,0, 1, 1, pj,

9, U X EC(0,1,¢) and V; " EC(0, 1, 9).
Second, observe that

n 1 n
Z(zijzik — P]k) = Z |:Z {(Z;] + Zik)2 — 2(1 + p]k)}

i=1 i=1

= > @ —za)? =200 — pjk)}} .

i=1
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Then, following Lemma A.3 of Bickel and Levina (2008), we

have
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Further, for i=1,...,n, let W; = U2 —land BZ=)",
var(W;). Observe that by Jensen 1nequahty there exist pos-
itive constants cy, . . ., ¢;, C3 and Cy4 such that

In{E exp(; Wi}
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hmn%oo B E Cn_ 45

”il
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4nv
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< cl-2 for || < C;3 and

satisfying condition (P) of Saulis and Statulevicius (1991).
The same result holds when W; = Vl»2 — 1. By Theorem 3.2
of Saulis and Statulevicius (1991), the first and second terms
of (A9) are bounded, respectively, by
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This, together with A (Ex) < 27 e implies that

P(|gy — ojjl = nv) < C exp(—Cymv?)  for|v| <8, (A10)

where the positive constants C;, C, and § all depend on T,y
alone (Bickel & Levina, 2008, Lemma A.3).

The rest of the proof follows exactly the same as that for
Lemma 1 of H. Wang (2009). ||

A.3 Proofoftheorem4.1

Our proof follows similar arguments as in the proof of
Theorem 1 of H. Wang (2009).

Assume that no relevant predictor has been discovered in
the first £ iterations, i.e., S ¢ S®. We evaluate the probabil-
ity that at least one relevant will be identified in the (€ + 1)’s
iteration or equivalently its complementary probability that
the predictor selected by the (€ + 1)’s iteration is still an
irrelevant one.

Let X(5) = (X1(s), - - - » Xn(s)) denote the subset of X corre-
sponding to S. Let B(sy denote the coefficient matrix under
the true model.

Denote
H(s(@) = X(s</)){X(S(1))X(5(/Z))} X(s(l))’
77O _ -1
Y = M,((“(XMi“XM,(f)) XM;(@,

X,(f) = (I, — Hgw) )X,
[ 0 07, ), —
Observe that
Q(£) = RSS(S®)) — RSS(S“HD)
—tr {YT(I,1 - ﬁ,ﬁ‘))y} —tr EYT(IH - ﬁ,ﬁ‘“))y}
—tr {YT(I’:'II(CE+1) _ ﬁg))y}
= tr [YT(IV, - I‘I(S(()))THI%Erl H‘%ll (In — H(S((,)))Y} .
(A11)

Assume ag+1 ¢ S. We have
O
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j
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(A12)
where
T _ T T
k = argmaxkestr {B(S)X(S) (In — H(s([)))
07 170 T
H." H (In— H(S(z)))X(S)B(S)} .

Further, observe that the last inequality of (A12) is no less
than

tr {B(TS)X(S)(I — Hygoy) THY HO H(S(g)))X(TS)B(S)}
—tr {7ty = Higo)THS HO 0, — Higo e |
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where & = (€,...,&,) " € R™4,

In what follows, we study the two terms in (A13) sepa-
rately.

Step 1: The first term of (A13). Define Qstwy =1In —

H gy And denote x](f) = X;Q(s“))- Then, the first term

in (A13) can be expressed as
T T O7 170 T
max tr [B<S>X<S)Q<s<f>>Hk Hy Q(S“hx(s)B(S)}

@ @7 <© (L’)T

X, X
= maxtr { B« X R e S e
jes ©X© Q) x4
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‘ (A14)
Define
k* = argmax;cgtr {(X(S)B(S))TQ(Tsw))X/(f)Xl(f)
Qs X(5)B(s) } .
Thus, the RHS of (A14) is no less than
||Xk*)||_ tr {B(S)X(S)Q(S(z))xk* Xk* Q(s(/é))X(S)B(S)]

> min [x{” |72
jes

T T O (07 T
X tr {B(S)X(S)Q(s(l))xk* Xpx Q(S<z))X(s)B(S)}

) 12y-1
= (max ||x
(max [lx; 1)

X I?asxtr [B(S)X(S)Q(S(U)x,(c xk Q(s(z))X(S)B(S)]
> (max [|x]|*) "
keS

X rilaxtr {B(S)X(S)Q(s(i))xk xk Q(sm)X(s)B(s)}
(A15)

where the last inequality follows after the fact ||x|| > ||x(z) Il

On the other hand, observe that
T T T
tr [B(S)X(S)Q(s(b)Q(s(l))X(S)B(S) }

T T
=tr [B(S)X(S) Q(S(z))X(S)B(S)}

> (Z Bixi, Q(S(”)X(-E)Bf>

j=1 \keS

q 1/2 ! /2
3 (T4) [T o) ]
j=1 \keS keS

4
< g x max 1B tx {B(S)X(S)Q(S(Z))x’(c %07

Q(S“))X(TS)B(S)] X \/ITO (A16)
Applying (A16) to (Al15) and (Al4), using the fact that
maxkes [|Xel|? /1 < Tmax with probability tending to one, and
by Assumptions 3.1, 4.1 and Lemma 1 of H. Wang (2009), we

obtain

max tr [B(S)X(S)Q S(">)H H Q(S(z))X(S)B(S)]

2
T T
. [tr {B(S)X(S) Qs X (5)Bcs) ”

G NTmaxpo X max; || Bjl12

(A17)

Define E(S(l)) = (X X(s(z))) Ixl B(s). We have

(8©) ©)

T T
tr {B(S)X<S)Q<s<@>)X(S>B<S)]

T T T 5T
=t (B(S)X(S)X(S)B(S) - 5(3(6))X(3<@)X(s<f>)‘;(S(“)) :

Recall the assumption at the beginning of the proof that S ¢
$®) . Then, by Assumptions 3.1, 3.2 and 4.1, and Lemma 1 of
H. Wang (2009), we get

tr {B(Tg)X(S)Q(s<e>)X(TS)B(S)} > N Tmin Biin (A18)
with probability tending to one. Applying (A18) to (A17) and
using Assumptions 3.2, 4.1 and 4.2, we obtain

T T 07 170 T
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an (A19)

Step 2: The second term of (A13). Recall

¢
x1(< )= x - Hgw) Xk = Xk — X (50,0500

where
-1
T T
Okswy = (X(sm)X(s“))) X(sm)xlv
Then, by Assumptions 3.1 and 3.2 and Lemma 1 of H.
Wang (2009), we have ||x,(f)||2 > NTmin-

Moreover, since x,(f) = (In — Hgw))Xk, we have

> 0T (¢ -
e {&7 (0 — Higo) T HO 0 = Hiso)

O =2, (2Te T2 T 2
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-1 T >
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q
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keS |IM|<m* <
j=1
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(A20)

where m* = Kyn2é0+4min_
Notice that XkTQ(M)éj is a normal random variable with

mean zero and variance given by |Qunxkll> < I|xk/l?. Thus,
the RHS of (A20) is no greater than

1

QTmin" rknaXIIXkII max max X1> (A21)
€S

keS |[M|<m
where x7 stands for a chi-square random variable with one
degree of freedom. By Assumptions 3.1 and 4.1, and Lemma 1
of H. Wang (2009), we get that n™! maxyes ||k > < Tmayx with
probability tending to one.



On the other hand, the total number of combinations
for k € S and |M| < m* is no more than d™ 72, Then, by
Assumption 4.2, we get

max max xlz
keS [M|=¢

< 2(m" +2)log(p)

< 3Kpn2botmin o b — 325260+ 4Emin

with probability tending to one. Therefore, (A21) is
bounded by

q, -1 .L-max3KV2n§+250+4$min*1
min *

Combining (A13), (A19) and (A22), we have

vgnlfsof‘lsmin

(A22)

-1 -1, . —1,~-2_2
n QMU =1V C i

—_ qt 7,1 -erax:))K'vZ n§+2§0 +45min -1
min

4 1—80—4Emin

-1
Vgh

_ —1,-2_2
= TmaxV CB Tmin
X (1 — qrriaxv3C12;r_3 _43Kn§+3'§°+85mm_1)

max VB
(A23)

uniformly for every ¢ < Knfo4min_ Recall K = 2TmaxvC3
T2 Vg * defined in Section 4. Then, by Assumption 4.2

min
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and 4.3, we have

KnEO +4&min

-1 2 -1
YR =t Y

(=1

Zz(l—qrz

max

Qo)

V3 C%; Tr;:x UE43KHE+3§0+8$mm - 1)

P

- 2, (A24)

where || - || is the Frobenius norm.

Without loss of generality, we can assume var(y;;) + - - +
var(yiy) = 1,and we have n Y Y||12E ES 1. (Otherwise, we can
standardize it by letting y}, = yix/ \/Var(y,-l) + -+ var(yig)
for i=1,...,n and k=1,...,q.) Thus, it is impossible
to have S UM =0 forevery 1 <k < Knfot4min which
implies that at least one relevant variable will be discovered
within Kn50+4min steps. This completes the proof.
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