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Abstract

In the paper two versions of random subspace method (RSM) for linear regression
models are considered. In the original RSM in regression framework introduced in
[1] subsets of regressors are sampled with equal probabilities from all subsets of a
chosen size and then fitted in order to construct scores of all variables. Proposed
modifications consist in preferential sampling of variables according to preliminary
assessment of their importance and/or initial screening of features. Some properties
of the proposed methods are discussed and their performance as prediction method
for moderate sample sizes is studied by means of simulations. The first variant,
weighted RSM, behaves promisingly when the dependence between regressors is
not very strong and is also much less computationally expensive than the RSM.

1 Introduction

Model selection in high dimensional feature space plays an important role in di-
verse fields of sciences, engineering and humanities. Examples include microarray
analysis, Quantitative Trait Loci (QTL) analysis, Genome-Wide Association Study
(GWAS), drug design analysis and high-frequency financial analysis among others.
In such problems it is challenging to find important variables out of thousands of
predictors, with number of observations usually in tens or hundreds. In [2] the need
for development of high-dimensional data analysis is discussed. Since the true re-
lationship in data is usually unknown, very often it is worthwhile to include higher
degree terms as well as interaction terms to the model. This can substantially in-
crease the number of potential attributes. The problem recently has received much
attention in the statistical and machine learning literature. An intensively studied
line of research is focused on regularization (cf. e.g. [3], [4]). In many approaches
a preliminary feature selection is used, e.g. in [5] a method of dimensionality re-
duction based on so called sure independence screening is proposed. Let us also
mention procedures using information criteria modified to high-dimensional setup,
see e.g. [6] or [7]. Recently a novel approach based on the adaptation of the random
subspace method (RSM) in the regression context has been proposed in [1].

In the RSM a random subset m with |m| features, smaller than the number of
all predictors p and a number of observations n, is chosen and the model is fitted in
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the reduced feature space. Selected features are assigned weights describing their
relevance in the considered submodel. In order to cover a large portion of fea-
tures in the dataset, the selection is repeated B times and the cumulative weights
(called final scores) are computed. The results of all iterations are combined in a
list of p features ordered according to final scores. The final model can be con-
structed based on predetermined number of the most significant variables or using
selection method applied to the nested list of models given by the ordering. The
simulation experiments described in [1] indicate that the proposed method behaves
promisingly when its prediction errors are compared with errors of penalty-based
methods such as the lasso and it has much smaller false discovery rate than the
other methods considered. One drawback of this method is its computational cost.
When the number of features p is large we should take large B in order to ensure
that all variables are likely to be selected to random subspaces.

In this paper we propose two modifications of the original algorithm. In the first
method, called weighted random subspace method (WRSM), variables are chosen
to subspaces with probabilities proportional to the values of individual weights
when univariate models are fitted. In the second method, called screened random
subspace method (SRMS), the preliminary feature screening is performed. Both
approaches reduce the computational cost of the original procedure.

This paper is organized as follows. The original RSM algorithm is recalled in
Section 2.1; the choice of the weights is described in Section 2.2 and in Section 2.3
some additional properties of quantities related to the weights are discussed. The
modifications of the RSM are presented in Section 2.4 and the results of numerical
experiments are discussed in Section 3. The proofs are relegated to the appendix.

We define now the formal setup of the paper. Let (Y, X) be the observed data,
where Y = Y is an n x 1 vector of n responses whose variability we would
like to explain and X = X is a n x p design matrix consisting of vectors of p
potential regressors collected from n objects. Responses are related to regressors
by means of the linear model

Y =XpB+e, (1)
where € = (e1,...,e,)" is an unobservable vector of errors, assumed to have
N(0,021) distribution. Vector 3 = (81, ...,/3,)" is an unknown vector of parame-

ters. We consider two scenarios: the case of deterministic and random X. In the
latter case rows of X constitute n independent realizations of p-dimensional ran-
dom variable x and coordinates of vector Y form an i.i.d. sample distributed as
y = x'B + . A distribution of x = (z1,...,2,)" may be arbitrary, in particular
the distribution of its first coordinate may be point mass at 1 corresponding to
the linear model with an intercept included. The number of attributes p may be
larger than n. As any submodel of (1) containing [m| variables (zi,,..., ;)
can be described by set of indices m = {i1,...,i|m} in order to make notation
simpler it will be referred to as model m. We denote by X,,, the matrix composed
of the columns of X with indices in m and by x,, a subvector of x consisting of
coordinates corresponding to m. Similarly, 3,, € RI"™l denotes the vector consist-
ing of components of 3 with indices in m. For simplicity, model fitted to data
(Y,X,,) we will be denoted by y ~ X,,,. Usually some covariates are unrelated
to the prediction of Y, so that the corresponding coefficients 3; are zero. Model
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containing all relevant variables, i.e. those pertaining to nonzero 3;, will be called
a true model. The minimal true model {i : 8; # 0} i.e. such that it pertains only
to relevant variables will be denoted by ¢ and |¢| will be the number of nonzero
coefficients. It is assumed that ¢t C {1,2,...,p} is unique and ¢ does not change
with n.

2 Random Subspace Methods

2.1 Main Algorithm
We first describe the basic algorithm of Random Subspace Method.

RSM Algorithm

1. Input: observed data (Y, X), number of subset draws B, size of the subspace
|m| < min(p, n). Choice of weights w; ,,, is described in Section 2.2.

2. Repeat the following procedure for k = 1,..., B = B, where B,, is such that
B,, = 0o when n — oo and starting with C; o = 0 for any i.

* Randomly draw a model m* = {if,...,i},, } from the original feature
space.

e Fit model y ~ X,,,« and compute weight w; ,,,~ for each i € m*. Set w; y,» =
0ifi ¢ m*.

e Update the counter C; ; = C; y—1 + I{i € m*}.

3. For each variable ¢ compute the final score F'S; defined as

N 1
FSi = C, B E Wi,m*-
?,

m*:em*

S

. Sort the list of variables according to scores F'S}: FS;‘1 > FS’;; o> FS;;.
. Output: Ordered list of variables {i1,...,ip}.

ot

Two parameters need to be set in the RSM: the number of selections B and
the subspace size |m|. The smaller the size of a chosen subspace (i.e. a subset of
features chosen) the larger the chance of missing informative features or missing
dependencies between variables. On the other hand for large |m| many spurious
variables can be included adding noisy dimensions to the subspace. Note that the
subspace size is limited by min(n, p). In the following the value of parameter |m| is
chosen empirically. We concluded from numerical experiments that the reasonable
choice is |m| = min(n, p)/2. It follows from the description above that a parallel
version of the algorithm is very easy to implement.

2.2 Choice of the weights w; ,

In this section we discuss rationale for using a squared value of t-statistic as a
weight in RSM procedure. Observe first that a randomly chosen model m in the
second step of RSM procedure may be misspecified, in the sense that it may not
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contain all significant variables. Thus it is important to investigate the perfor-
mance of proposed weights in a general case when a considered model may be
wrong. This is an interesting issue as it is intuitively clear that when e.g. the most
important feature is mistakenly dropped from the model then a spurious feature
highly correlated with it may have larger value of t-statistic than other true pre-
dictors. We discuss the problem in Theorem 1 which states the conditions under
which such a situation can not occur. In particular, it follows from Corollary 2
that when variables are asymptotically uncorrelated the weighting will reflect the
correct ordering of variables in the sense that all variables pertaining to the mini-
mal true model will have larger weights than spurious ones.
Consider a submodel m of model (1) containing |m| variables iy, ..., i|n,|, where
|m| is a fixed integer such that |m| < min(n,p). Model m with i-th variable deleted
will be denoted by m \ {i}. We assume that for the considered model m matrix
(X!, X)) "1 exists.
Let Bm = (Bihm7 .. ,Bi‘m_m)' be the least squares estimator based on model m
and

Ti,m = Bi’m[a’zl(X:nXm);il]_l/g, xS {217,Z|m‘}

be t-statistic corresponding to variable ¢ when model m is fitted to the data. In
the above formula 62, = (n — |m|)"'RSS(m), where RSS(m) = Y'(I - P,)Y is
sum of the squared residuals (residual sum of squares) for model m and P, is a
projection on the column space spanned by the regressors corresponding to this
model. The following equality holds

T,  RSS(m\{i}) — RSS(m)

(2)

Thus T7,,/(n — |ml) is a relative increase of RSS when variable 4 is dropped
from the model m. It follows from (2) and generalized Cochran theorem that

T?,,/(n — |m|) is a ratio of two independent chi squared distributed random vari-

2

ni‘ml()\g) for denominator, where

ables: x?(\1) in the case of numerator and y

parameters of noncentrality are equal Ay = [[(Py, — P\ gi3)XB|1?/(20%) and Ay =
[|(I - P,,)XB||?/(20?), respectively. It will be shown is Section 2.3 that ), is equal
to the Kullback—Leibler divergence between probability density function corre-
sponding to the true model and space spanned by columns of X corresponding to
model m. Note also that due to a variance decomposition for a linear model which
includes constant regressor we have

Ti2m R72n - R72n i
o \Gi} 3)

n—|m|  1-RZ

where R? is a coefficient of determination for a model m. Equation (3) provides
the main motivation for our choice of weights in RSM scheme, that is we consider
Wi = (n —|m|)7'T7,,. Namely, it indicates that up to a multiplicative factor,
T?,, is a decrease in R? due to leaving out x; multiplied by a measure of goodness-
of-fit (1— R2)~! of model m and thus it combines two characteristics: importance

of a feature within the model m and the importance of the model itself.
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In the case of random X the following quantities will be useful. Assume throughout
for simplicity that E(x;) =0 for i € {1,...,p}. Let cov(y,z) be the 1 x |m| vector
of covariances between y and coordinates of some |m|-dimensional random vector

z. Let

cov?(y, Pry)  var(Pny)

Pyxm = var(y)var(P,,y) - var(y) W

be the squared multiple correlation coefficient between y and its projection on a
subspace spanned by coordinates of x,,. It is easy to see that

,02 _ COV(y,Xm)Z;’}LCOV(Xm,y) (5)
var(y) |
where cov(x,,,y) = cov(y,x,) and Xy, is the variance-covariance matrix of

variables corresponding to m. Moreover, it follows that pi,xm equals the maximal
value of a squared correlation between y and linear combination of coordinates of
Xm, when the coefficients of the combination vary. For m = {i} consisting of one
element p? . is squared correlation coefficient p?(y, x;) between variables y and
ZT;.
Let \,(m) := || X8 — P, XB||?. In the case of deterministic X let

A(m) := lim n~ '\, (m).

n—oo

For random X the limit is understood almost surely. Note that A, (m) equals a
squared distance of X3 from its projection P, X3 on the columns of X corre-
sponding to m and may be regarded as a measure of discrepancy between the
larger and the smaller model. Since \,,(m) is an important object we discuss its
properties in Section 2.3. Proposition 1 below gives an interpretation of A(m) in
the terms of a limiting prediction error. The following theorem shows that ordering
variables with respect to squares of their t-statistics is in the case of deterministic
X asymptotically equivalent to ordering with respect to quantities A(m \ {i}). It
also turns out that in the case of random X under appropriate moment conditions
A(m \ {i}) exists almost surely and the ordering can be reexpressed in the terms
of squared multiple correlation coefficients p2y7xm\ . In the following number of
fitted variables m is a fixed integer. Note that as X8 = X;8;, A(m) does not
depend on the number of potential regressors p. The same observation applies to
T?,,. The following results have been proved in [1].

Theorem 1 Leti,j € m.
(i) In the case of deterministic X assume that A(m \ {i}) and A(m \ {j}) ewist.
Then Tfm > Tfm almost surely for sufficiently large n implies

AmAA{i}) = A(m\ {7})- (6)

Moreover, strict inequality in (6) implies Tfm > Tﬁm almost surely for sufficiently
large n.

(i) In the case of random X assume that Y, is invertible and Ecz:? are finite for
all 7 € m. Then Tfm > Tj%m almost surely for sufficiently large n implies

2 2
> .
Py ximn iy = Pyuxm 11y (7)
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Moreover, strict inequality in (7) implies Tfm > Tﬁm almost surely for sufficiently
large n.

In the case of random X the explicit formula for almost sure limits in (6) can
be obtained and condition (6) is simplified to (7). It is also easy to see that for
m having two elements condition (7) is equivalent to p*(y,x;) = p?(y, Xm\(5}) >
p2(y7 Xm\{z}) = p2(y7 xj)‘

Proposition 1 When X is deterministic consider the mean squared error of pre-
diction for OLS estimation in model m

MSEP,(m) = E(|[Y" = XuB,[1*) = 0*(n + |m|) +[|X8 - P X[,
where Y* = X3 + €* with €* being an independent copy of €. Let
MSEP(m) = lim,_scon ' MSEP,(m).
Thus the ordering in (6) is equivalent to ordering
MSEP(m\ {i}) > MSEP(m\ {j}).
Moreover, for random X, (7) is equivalent to
var(y — P iyy) = var(y — Py (1Y)

Corollary 1 Let m D t.
(i) In the case of deterministic X assume that A(m\{i}) is defined for any i. Then
condition

A(m A\ {i}) >0, (8)

for alli € t implies that min,; ey Tfm > maX;ctenm Tfm almost surely for sufficiently
large n.

(i) In the case of random X assume that Y, 1is invertible and Em? < oo for all
j € m. Then min;¢y Tfm > maxX;cienm Tfm almost surely for sufficiently large n.
Corollary 1 asserts that when m O t the relevant variables precede the spurious
ones asymptotically provided that column X; for any i € t is separated from the
linear space spanned by other columns in m. Below we provide simple sufficient

condition for (8) to hold.

Proposition 2 For deterministic X and m 2 t assume that n= X}, Xium —
W, as n — oo, W is positive definite matriz. Then A(m) > 0.

The proof of Proposition 2 is relegated to Appendix. Various versions of condition
(8) are used to prove asymptotic results of model selection for linear models (cf [8],
[9], [10], [11]). E.g. in the last paper the condition equivalent to A(s) > 0 for any s
such that ¢t ¢ s is used to prove consistency of Bayes selection method introduced
there. Note the fact that (8) is automatically satisfied for random X which can
be regarded as superior feature of random design when compared to fixed design
modelling.
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Corollary 2 Assume that ¥, , is diagonal, invertible and E:r? < oo for all

j € m (in the case of random X) and lim,, oo n X, Xt 48 diagonal and
invertible (in the case of deterministic X). Then min;einm T7,, > maxieierm 17, -

Corollaries 1 and 2 indicate that, when a model containing all significant variables
is fitted or variables are uncorrelated, the ordering with respect to the squared
t-statistics ensures that the coordinates corresponding to nonzero coefficients are
placed ahead the spurious ones. In a general case when the fitted model is mis-
specified (i.e. at least one significant variable is omitted) and the variables are not
independent it may happen that condition (6) or (7) is not satisfied for some i € ¢,
j ¢ t and irrelevant variable j is placed ahead relevant variable ¢ when the ordering
of variables is based on squared t-statistics. Example 1 explores such a situation.
Example 1 Consider random-design regression model Y = X3 + €, where 8 =
(81,0, 83), € has N(0,I) distribution and rows of X are normally distributed with
covariance matrix

1560
Zx:(dij): b1la 5
0al

where a,b € (0,1) are parameters. Thus the true variables are uncorrelated, corre-
lation between true variable x1 and spurious x5 is equal b whereas correlation be-
tween true variable z3 and spurious x5 is equal a. A misspecified model m = {1, 2}
containing two variables only is fitted: z; (true) and x5 (spurious). Theorem 1 (ii)
states that Tﬁm > T227m for sufficiently large m with probability 1 i.e. the true
variable will precede the spurious one in the ordering if and only if (7) is satisfied.
It is easy to verify that in this case condition (7) yields

01_11(51011 + fao12 + 53013)2 > 02_21(51012 + P22 + 53023)2

or equivalently p?(z1,y) > p*(w2,y). For 31 = B3 = 1 an easy calculation shows
this is equivalent to 1 > b+ a. When the spurious variable x5 is strongly correlated
with true ones it takes over their roles in the misspecified model and in effect has
more predictive power than variable x;. For §; = 83 = 1 we carried out L = 500
simulations for n = 100,200,500 and computed fraction of correct orderings for
which T¢,, > T3, with varying value of parameter a and for fixed b = 0.5.
The results are presented in Figure 1. Note that to the left of the value a =
0.5 probability of correct ordering significantly increases in concordance with the
condition a+b < 1. When the correlation a between spurious variable x5 and true
variable z3 missing from the model is strong then the ordering of variables in m
induced by t-statistics can be incorrect with high probability, i.e. it is likely that
T¢,, < T3,,. Note that when model m = {2,3} is fitted the condition for correct
ordering is the same.

2.3 Properties of \,(m)

In this section we discuss some formal properties of term A, (m) defined above in
Theorem 1. Proposition 3 below gives an interpretation of A, (m) in terms of the
Kullback-Leibler divergence (K L). Let fx, g, (s) be the probability density function
(p.d.f.) of conditional distribution of Y given X, i.e the p.d.f. of the multivariate
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FIGURE 1: Estimated probabilities of Tﬁm > T227m with respect to a based on N = 500
trials.

normal distribution N (X;8,,0°I). Let fx,.g_(s) be the p.d.f. corresponding to
model m, i.e. the p.d.f. of N(X,,03,,,7%I). Let spx(m) denote the space spanned
by columns of X corresponding to model m. The following properties hold. They
are proved in the appendix.

Proposition 3

oo fx.p,(5) IX:B8; — XmBnll?
KL(f f = f 1 et ds = ¢ mem
(B fxs,) = [ B () los 220 s — (9
and
. An(m)
KL(fx,,,spx(m)) = inf  KL(fx,g,.fx,.~) = — 5 (10)

202

It follows that A(m) is equal, up to multiplicative factor (202)7!, to a limiting
value of Kullback—Leibler divergence, averaged per observation, between proba-
bility density function corresponding to the true model and space spanned by
columns of X corresponding to model m.

XmYEsSpx (m)

Proposition 4 The following equality holds

A (1) = B X Xerm = X g Ko (X, Xon) ™ X Xy By -

It is seen that the matriz pertaining to quadratic form above is Schur complement

(see e.g. [12], p. 95) of the block X}, X, of the matriz X} ., XiUm-
Proposition 5 The following inequality holds

An (M) > Amin (X Xeom )| |ﬁt\m | ‘2 .
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It follows from Proposition 5 that Ayin(X} ., Xium) > 0 implies that A, (m) is
also positive.

2.4 Modifications of the original approach

As time complexity of the calculation of final scores is linear in B it is worth-
while to consider variants of the method which would yield similar performance
for smaller number of runs. Here we introduce two algorithms: Weighted RSM
(WRSM) and Screened RSM (SRSM), which also can be combined together. First
we will describe the WRSM procedure.

WRSM Algorithm

1. Input: observed data (Y, X), number of subset draws B, size of the subspace
|m| < min(p,n).

2. For each variable ¢ fit univariate model y ~ x; and compute weight of i-th
(0)

i

variable w
3. For cach variable i compute 7; = w "/ - wl(o).
4. Repeat the following procedure for k =1,..., B = B,,, where B,, is such that
B,, — oo when n — co and starting with C; o = 0 for any i.
e Randomly draw a model m* = {if,. .. ,irml} from the original feature space
in such a way that probability of choosing i-th variable is equal ;.
o Fit model y ~ x,,,~ and compute weight w; ,,,~ for each i € m*. Set w; yp» =
0if i ¢ m*.
e Update the counter C; , = C; y—1 + I{i € m*}.
5. For each variable ¢ compute the final score F'S} defined as

FSZ = Ci,B Z Wi, mx* -

m*:ieEm*
6. Sort the list of variables according to scores F'S;: FS;‘1 > FS;; > FS;;.
7. Output: Ordered list of variables {i1,...,p}.

Actual point 4 of the above procedure uses a simplified scheme, namely probabili-
ties m; are applied sequentially, that is the probability of choosing the next variable
is proportional to the probabilities amongst variables not chosen till that moment.
Note that this does not match exactly the procedure given in the algorithm. Prob-
ability that the given i-th variable will be selected to a randomly drawn model m*
is

P(i € m*) = P(i be selected in the first step)+

P(i be selected in the second step) + ...+ P(i be selected in the m-th step) =
. . m TR T e

mJFWiZ Tj +o4m Z Tjr J Jim*|—1 _ (11)

Pt e dim* 1 L=mjy L=y = T

In the sampling literature the above probability is referred to as an inclusion
probability. Observe that for large p the inclusion probability is approximately
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proportional to m;. When |m*|m; < 1 for all 4, one can use unequal probabilities
(UP) sampling techniques, e.g Systematic Sampling proposed in [13], to have P(i €
m*) = |m|m;. For further examples of UP sampling methods see [14]. To illustrate
the issue consider a simple example. Let p = 3, |m*| =2, 1, = 0.4 and 7y = 73 =
0.3. Tt is easy to verify that in this case inclusion probabilities calculated from (11)
are equal 0.74, 0.62 and 0.62, respectively, whereas the desired values are 0.8, 0.6
and 0.6.

In the WRSM procedure variables whose individual influence on response is
more significant, have larger probability of being chosen to any of the random sub-
spaces. Since in WRSM the relevant variables are more likely to be selected, we can
limit the number of repetitions B in the main loop and reduce the computational
cost of the procedure.

Let Bi){i} be a least squares estimator based on univariate model y ~ z; and
T; (i} be the corresponding t-statistic. In WRSM we take wgo) = |T; (33 -

In the following theorem we determine asymptotic final scores assigned by the
above procedure. Let M,,| be the family of all subsets {i1,...,i,} of {1,...,p}
(models) of size |m| and [M|,,|| = (|£’L|) be its cardinality. Analogously let M; |,
be the family of all subsets of size [m| containing variable ¢ and note that |M; || =
(‘fll_jl) . Let P* by a resampling measure on M, determined by point 4 of the
algorithm. Thus a probability of choosing model m is given by

T Tim
P* (m) — § T, J2 . [m| ,
X i 1—71']‘1 1_7Tj1—-~-_7"j‘m‘_1
S(J15--2dm]|)

where S(j1,...,Jjm|) is a set of all permutations of indices {ji,...,jjm|}. The
expected value with respect to this distribution will be denoted by E*. In the case
of deterministic X let

P >\m\{i} — Am _ MSEP(m\ {i}) — MSEP(m)

R S MSEP(m) '

and for the random X
2 2
Py xm pyvxrn\{i}

2
1= Py xm

It follows from the proof of Theorem 1 (see [1]) that under its assumptions in both
cases (n — |m|)~'T7,, 2% ti m. Thus t; ,, stands for asymptotic weight in RSM
scheme. We state the result for WRSM procedure in the case when the number of
(0)

)

ti,m -

predictors p is fixed and the initial weights w; ’ are deterministic.

Theorem 2 Let (w§0), e ,wz(,o))’ be a deterministic vector. In the case of deter-
ministic X assume that A(m) and X(m \ {i}),i € m, exist for all subsets of a
given size |m|. In the case of random X assume that Xy, is invertible for all sub-

sets of a given size |m| and E:C;¥ < oo for all j. Then for almost any sequence
(Y, X ()

p* ZmEMi-,\M\ tl7mP*(m)

FS; — AFS,; = , as n— oo.
> ment, o P (M)
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Thus F'S} is asymptotically equivalent to AF'S;, which is a weighted average of
mean squared error of prediction MSEP, when the variable i is omitted from
model m. The average is taken over all models m containing this variable. Note
that the limiting value AF'S; equals conditional expectation E*(¢; a|i € M), where
M = m is a random subset chosen by the procedure. Observe that in the original
RSM we have P*(m) = 1/|M|,,|| and then

1
AFS;, i = —— tim-

Now we will discuss screening random subspace method (SRSM).

SRSM Algorithm

1. Input: observed data (Y, X), number of subset draws B, size of the subspace
|m| < min(p, n).

2. For each variable i fit univariate model y ~ z; and compute weight of i-th
(0)

)

variable w

3. Let Mycreen = {0 : wgo) > medianlgkgp(w,go))}. RSM procedure is performed
on data (Y, X v
4. Output: Ordered list of variables {i1,...,%,/2)}

screen ) N

In SRSM procedure the preliminary screening based on univariate models is
performed. Variables corresponding to the smallest weights wgo) are discarded
and the RSM is performed on the remaining variables. This step reduces data
dimensionality. Here the choice of the median as the threshold in 3 is arbitrary,
in general it may depend on preliminary knowledge of researcher. As in WRSM
the number of repetitions B can be limited to reduce the computational cost. The
choice of initial weights is wgo) = |T; (i3 -

The following example shows a similar screening procedure which is based on
thresholding of absolute values of t-statistics. We give the formal justification of
such procedure under conditions given below. Define Myepreen = {7 : |BZ{Z}\ >
rn/n}, where r,, is a threshold sequence such that r,/n — r < min;¢ |5;|. Let
v = limy, 0o n I XEX By, for i & t.

Proposition 6 Assume that columns of X are standardised, i.e. their sample
means are zero and n~||X;||? = 1 for all i. Assume also that o is known,
n~'X} Xy, —= 0, for all pairs of relevant variables ki, ks € t and log(p) = o(n).
Then

P(Msereen D t) — 1. (12)

If max;gq |v;| < r we have
P(Msereen =1) — 1. (13)

The proof of the above Proposition is relegated to the Appendix. Note that un-
der assumptions of Proposition 6 ordering of variables with respect to |T; ;1| is

equivalent to ordering with respect to |Bi’{i}| = [n=tX!Y|. Convergence in (12)
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indicates that with probability tending to one the true model ¢ will be contained
in the set of variables retained after the screening procedure. It follows from (13)
that when dependence between spurious and relevant variables is not very strong,
the true model ¢ will be identified with probability tending to one, even when the
number of all potential variables is large. In practise it is difficult to apply the
above procedure since the proper choice of the threshold sequence r,, depends on
an unknown parameter 3,.

3 Model selection procedures

We briefly describe model selection procedure based on the RSM. In the following
observed data (Y,X) is split into two subsets: training set (Y?, X?) containing
n; observations and validation set (Y?,X") containing n, observations. Let also
(Y'est X'est) containing nies; observations be a test set. The following two-stage
model selection procedure is performed.

Step 1. RSM procedure is performed on set (Y?, X*). The covariates {1,...,p}
are ordered with respect to RSM final scores

FS;, > FS;, > ... > FS;.
Step 2. From the nested family of models

Mnested = {{21}7 {i], i2}a ceey {ila i2a cee 7imin(p,n)71}’}

we select model mopy = {i1,...,ijm,,,|} for which the prediction error n;!|[Y" —
X“BmoptH2 is minimal. Here, Bmopt is a least squares estimator based on model
Mopt computed on training data. The analogous model selection procedure is per-
formed for WRSM and SRSM using in step 1 the ordering given by the respective
procedure.

The score F'S; is a variable importance measure which shows the significance
of the i-th variable and describes its predictive power. In the first step we obtain
a ranking of variables, showing what is the contribution of each of them in ex-
plaining the response. It follows from the properties of QR decomposition that in
the second step it suffices to fit only one model based on min(n,p) — 1 variables
sorted according to ranks of final scores. If only variable importance estimation
is of interest there is no need to split data into training and validation sets— the
RSM is performed based on all n observations.

As benchmarks we also consider two other methods. The first, is the lasso
method proposed in [3]. For this method, the estimator is defined by

Blasso(a) = argrrgn [HYt - XtﬁHQ + a”ﬁ”h] )

where || - ||;, denotes I; norm and « is a parameter. Because of the nature of the
penalty choosing sufficiently large « will result in some of the coefficients to be
exactly zero. Thus the lasso can be viewed as a variable selection method. The
optimal value o (denoted by cpy) is chosen by minimizing the prediction error on
independent validation set, i.e. n; ||Y? = X3, (@)]|? or by cross-validation. We
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use the first option in our numerical experiments in order to make a comparison
with the RSM more objective.

As the second benchmark, the univariate approach is considered. In this method
informativeness and prediction strength of each feature is evaluated individually.
Here, for each variable i € {1,...,p} we compute squared value of its t-statistic
Tf o based on simple regression model y ~ x;. Then the covariates are ordered
with respect to Tf i} and the same procedure on hierarchical list of models as in
the RSM is performed.

4 Numerical Experiments

In this section we study the performance of the proposed methods as prediction
tools. We compare original RSM with WRSM and SRSM proposed here. We also
used a hybrid method WSRSM in which in the first step screening is performed
and then the WRSM is applied to remaining variables. As benchmarks we used
the lasso and the univariate method. Recall that ¢t denotes the set of coordinates
which correspond to non-zero coefficients 8,. The following linear models have
been considered:

(M1) t=(2k+7:k=3,...,12), 8, = (1,...,1),

(M3) t=(1,...,5,11,...,15,21,...,25),
B, =(25,...,2.5,1.5,...,15,05,...,0.5).

Number of potential regressors is p = 1000, and number of observations is n =
200. The rows of X were generated independently from the standard normal p-
dimensional distribution with zero mean and the covariance matrix x = (p;;) =
pli=Il. Three values of p = 0,0.5, 0.8 were considered. The outcome is Y = X8, +
e, where € has zero-mean normal distribution with covariance matrix ¢2I and
0?2 = 1 (for models M1 and M2) and ¢ = 1.5 (for model M3). Models M1
and M2 were used in [15] whereas model M3 is model 7 in [16]. Observe that
for models M1 and M2 when p > 0 dependence between the relevant variables
is much weaker than that between the relevant variables and the spurious ones
adjacent to them. The simulation experiments were repeated L = 500 times. For
each simulation trial, data (Y, X) is split into training set (Y?, X*) and validation
set (Y?,X") containing n,/2 = 100 observations each and final model mqp; is
selected as described in Section 3.

For all methods the prediction strength of the selected model is assessed by
prediction error on independent test set using the average error

nt_eitHYteSt - XtestB ||2

Mopt

with Bmom being an estimator based on model mqp; computed on training data.
For the RSM we considered B = 5000 choices of a random subspace consisting of
|m| = min(n, p)/2 = 50 attributes.

Figures 2, 3, 4 present prediction errors for models (M1), (M2) and (M3). It
is seen that RSM works better than the lasso for model (M1) and (M2) when the
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dependence is moderate (p = 0.5) or strong (p = 0.8). In the case of model (M3)
lasso outperforms RSM. Using weighting in RSM improves the results for models
(M1) and (M2) when the dependence is not very strong (p < 0.5). In the case of
model (M3) WRSM outperforms RSM for all dependence structures. For model
(M3), where the lasso outperforms RSM, it is in its turn outperformed by WRSM.
It is interesting that screening (SRSM) does not improve the results of RSM for
M = 1000 and WSRSM behaves comparably to WRSM. However, it should be
pointed out that using WRSM and SRSM we can substantially reduce the number
of repetitions B. Figure 5 presents the means of prediction errors with respect to
B in the case of model (M3). In particular, figure 5 (a) indicates that the mean
of prediction error for WRSM with B = 50 is smaller than the one for RSM with
B = 1000.

Model 1, p=0 Model 1, p=0.5

AL

T T T T T T T T T T T
RSM WRSM SRSM  WSRSM UNIVARIATE  LASSO RSM WRSM SRSM  WSRSM UNIVARIATE  LASSO

Method Method

(a) (b)

Model 1, p=0.8

15 20 25 30 35 40

Prediction Error
Prediction Error

Prediction Error

T T T T T T
RSM WRSM SRSM  WSRSM UNIVARIATE  LASSO
Method

(¢)

FIGURE 2: Prediction errors for model M1 with M = 1000 and n = 200 based on L = 500
simulation trials. Figure (a) corresponds to p = 0, figure (b) to p = 0.5 and (c) to p = 0.8.
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Model 2, p=0 Model 2, p=0.5
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FIGURE 3: Prediction errors for model M2 with A = 1000 and n = 200 based on L = 500
simulation trials. Figure (a) corresponds to p = 0, figure (b) to p = 0.5 and (c¢) to p = 0.8.
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FIGURE 4: Prediction errors for model M3 with A = 1000 and n = 200 based on L = 500
simulation trials. Figure (a) corresponds to p = 0, figure (b) to p = 0.5 and (c¢) to p = 0.8.
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FIGURE 5: Means of prediction errors with respect to B for model M3 with M = 1000
and n = 200 based on L = 500 simulation trials. Figure (a) corresponds to p = 0 and
figure (b) to p =0.5.

A Proofs

A.1 Proof of Theorem 2

First note that

T2

* i,m*

n—|m|

MEM,; |m|

Y i e (14)

n—|m|
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o0

and for almost any sequence (Y, X,,)5

T2, . T} T?
Var* —2"— = Z —"_P*(m) — Z Y _Pf(m) | —
— — 2 —
el 2 G ) o
2
Z timP*(m) - Z timP*(m)] <oo, as n— oo. (15)
MEM, |m| MmEM; |m|
Using (14), (15) and Markov’s inequality we have that
1 T’iQm* T2 * P*
= = —Er T 0, — 0.
Bnmggwn—wm n—m] wonTe

Ci.B

Thus, using the fact that == , Y omem, .., P*(m) we obtain

i,|m|

> L P (m)

mEMi,|m| n—|m\
aneMi.\'m\ P* (m)

which, together with (n — [m|)~'T?2,, — t;m for almost any sequence
(Y™ X()2  vields the assertion of the Theorem.

n=1"

pr
— 0, as n — oo,

TS; -

A.2 Proof of Proposition 2

Matrix W as a positive definite matrix can be decomposed as W = W/21y/1/2,
where W'/2 = USY2U’, U is an orthogonal matrix and S is a diagonal matrix
with positive diagonal. Let D,, be ([tUm|) x |m| matrix such that X,,, = XiUmDm.
We can write

n”Y|XB — P XA =

n_iﬂ;[X%UmxtUm - X;UmXM(X;nXTn?_l?(;nXtUm]Bt = s o
n- ﬁt[XtUthUm - XtUthUmDm(DthUthUmDm)i DthUthUm]l@tr

which converges to

)‘(m) = IBQ[W - WDm<D;nWDm)71D;nW]/6t =
(W28, [1 = WY2D,,[(W/2D,,) (W2 D,,)| "' D,, W'/ 2 (W/?B,) =
|(W/28,) — Hy(W28,)[1* > 0,

where H,, is a projection on the space spanned by columns of W1'/2. The last
inequality follows from the fact that the columns of W/? are linearly independent
and model m does not contain at least one significant variable.

A.3 Proof of Proposition 3

Equality in (9) follows from

+oo

f
KL(fx,p,.fx,.8,) = / fx,s, (s)log L”(S)ds =
—oo fx,.8,.(s)



120 Jan Mielniczuk, Pawel Teisseyre

2(Xt/6t)/(xt/6t XinBm) | (XmBp) (XmBy) = (XeB)'(XeBy) _

) 202
1XeB, — mﬂm||
202
Equality (10) simply follows from
: : thﬂt - Xm7||2

f KL(fx.s,fx. )= £ _
Xm'yg;px(m) ( X:B, Xmﬂ/) Xm,'yg;px(m) 202
1XiB, = PaXiBP _ Anlm)

202 202

A.4 Proof of Proposition 4

The following equalities hold

An(m) = [|X48;, — PnXsBy|]? =

||Xt\m/6t\m - Pth\m/Bt\m + XmntBmar — Pmeﬂt,BmthQ =
1X\mBem = PrnXivmBoml® = Bim Xl = Pl XomBom =
/Bi\m[ f\th\m Xi\me(X/mX ) X/m.Xt\m]ﬁt\m'

The second equality follows from the fact that P,, is linear.

A.5 Proof of Proposition 5
The following inequality holds
An(m) = || X8y — Pth/Bt||2 1nf ||Xt\m18t\m - mo‘”2 =

aeirlgm‘[(/@t\maa)/XItUthUm(ﬁt\ma )] > )‘mln(XQUthUM)”ﬁt\mH?'

A.6 Proof of Proposition 6
In view of the assumptions and the fact that n=*X’e ~ N(0,02%/n) we have
Bipiy =n XY = n 7YX 28 + n T XX By + 0 Xje = B, (16)
for relevant variable ¢ € ¢. For spurious variable ¢ ¢ ¢ we have
Bigiy = n XY = n 1 X(X B, + 0t Xle = .

The convergence in (12) follows from (16). In order to show (13) we have to prove
that P(max;g |35 1iy| > rn/n) — 0. The following inequalities hold

P(uax 1Bigiy| > rn/m) = P(max [X;Y| > ra) < (p — |t max P(IX;Y] > rn) <
(p— |t\)[mgtxP(X2Y >ry,) + mthP(X;Y < —=rp)] (17)
Now, using the assumption max;g |v;| < r and Mill’s inequality (see in [17]), the
first probability in (17) can be bounded from above by
pr?thP(X;Xt,Bt +Xie>r,) =
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pmax P(n~Y2Xle > n'/?(r, /n — X|X,8,/n)) <
idt

1
pmax

it nl/Q(Tn/n _ X;Xtﬁt/n) exp(—n(rn/n - X;Xt/@t/n)2/2) — 07

under assumption log(p)/n — 0. The second probability in (17) is treated analo-
gously.
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