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Abstract: The Lasso is an attractive approach to variable selection in sparse, high-
dimensional regression models. Much work has been done to study the selection
and estimation properties of the Lasso in the context of least squares regression.
However, the least squares based method is sensitive to outliers. An alternative
to the least squares method is the least absolute deviations (LAD) method which
is robust to outliers in the responses. In this paper, we study the selection and
estimation properties of the Lasso in LAD regression. We provide sufficient con-
ditions under which the LAD-Lasso is estimation or selection consistent in sparse,
high-dimensional settings. We use simulation studies to evaluate the performance
of the LAD-Lasso, and compare the proposed method with the LS-Lasso in a range
of generating models.
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1. Introduction

Consider a linear regression model
P
yi=Y B te, i=1,...,n, (1.1)
j=1

where y; is the response variable, x;;’s are covariates or design variables, and ¢;
is the error term. Let 8 = (01,...,3,)". The LAD-Lasso estimator is the value
3,, that minimizes the criterion

n p p
i=1 j=1 j=1

where )\, is a penalty parameter. We are interested in the statistical properties
of ,@n in sparse, high-dimensional settings. We provide conditions under which
Bn is estimation consistent and/or variable-selection consistent.
High-dimensional data arise in many important applications. For example, in
studies involving microarray gene expression data, the total number of covariates
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p is much larger than sample size n, but the number of important covariates
is typically smaller than n. Penalized methods have emerged as effective in
analyzing such data. A popular approach is the Lasso (1996))) that
uses the ¢; penalty (Chen and Donohol (1995)). This method was proposed in the
context of least squares (LS) regression and likelihood estimation in generalized
linear models, but it is conceptually straightforward to apply the ¢; penalty to

other models, such as LAD regression.

LAD regression is an interesting and robust alternative to the LS method,
which is known to be sensitive to outliers. There is a large body of literature
on the theoretical properties of and computational methods for the LAD es-
timators (see e.g., Bassett and Koenker (1978); [Koenker and Bassett! (I978);
(1991); Portnoy and Koenker| (1997))). These studies have focused on the
“small p, large n” settings. Several studies have investigated the properties of
M-estimators with a divergent number of covariates (Huberl (1981) and

(1984], 1985)). In particular, (1984, 1985) studied both the consistency

and the asymptotic normality of a class of M-estimators under certain conditions

on the growth rate of p as a function n. However, Portnoy did not consider
penalized regression or selection of variables in sparse models.

Recently there has been much work on least squares (LS) regression with
the Lasso. Many interesting results have been obtained regarding to its variable
selection, estimation, and prediction properties in both “small p, large n” and
“large p, small n” settings. Examples include [Knight and Ful (2000); |Greenshteinl
land_Ritov] (I?IKEI) |Leng, Lin, and Wahba] (IZ(KIGD lMﬁlIlshaus_en_and_BJJhlmannJ
(2006): Zhao and Yul (2006); Meinshausen and Vil (2009); kan de Geerl (2008);
and [Zhang and Huang| (2008), among others. In particular, (2008)
studied the Lasso in high-dimensional generalized linear models. She obtained
results on the ¢ error of the Lasso estimator by focusing on prediction error.

Zhang and Huang| (2008) introduced a sparse Riesz condition on the correlation
of designed covariates. They showed that the LS-Lasso selects a model of the
right order of dimensionality, controls the bias of the selected model at a level

determined by the contributions of small regression coefficients and threshold
bias, and selects all coefficients of greater order than the bias of the selected
model. An important aspect of the results of Zhang and Huang] (2008)) is that the
logarithm of the number of variables can be of the same order as the sample size
under certain conditions. [Zhao and Yul (2006)) showed that the irrepresentable
condition is sufficient and almost necessary for the LS-Lasso to possess the model

selection consistency property.

The aforementioned work significantly advanced our understanding of the
Lasso in high-dimensional settings. However, those results are obtained in the
context of least squares (LS) regression and, in particular, make use of the nice
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properties of a least squares loss function, e.g., the convenient geometry associ-
ated with the £5 norm and the characterization of the whole path of the LS-Lasso
estimator developed in the least angle regression (LARS) algorithm. It is more
difficult to deal with the LAD loss function since it is not differentiable at zero,
and there is no simple geometry associated with it. Even in the standard fixed
dimensional settings, rigorous analysis of the (non-penalized) LAD estimator is
quite involved.

The remainder of this paper is organized as follows. In Section 2, we study
the asymptotic properties of the LAD-Lasso estimator in high-dimensional set-
tings. In Section 3, we present an almost sufficient and necessary condition un-
der which the LAD-Lasso estimator is model selection consistent. In Section 4,
we consider the computation and tuning parameter selection of the LAD-Lasso.
Simulation studies are reported in Section 5. The discussion and proofs of main
results are given in Section 6 and 7, respectively.

2. Asymptotic Properties of the LAD-Lasso

In this section, we study the estimation consistency of the LAD-Lasso esti-
mator in both fixed p and large p cases.

Take By = (Bo1,--.,00p)" as the true model in (II). Let Ay = {j : Bo; #
0,1 < j < p}. We can rearrange the covariates such that By = (37, B5)’, where
Bio = (Boj,j € A1) consists of all important covariates, and B, = 0 consists

of all 0 elements. Let x; = (15,...,%n;) and x* = (21,...,T;p)’, designed
matrix X,, = (x1,...,%p). Covariates are assumed fixed. We make the following
assumptions.

(A1) The ¢;’s are independent and identical distributed with median 0 and a
continuous, positive density f in a neighborhood of 0.

(A2) With " = n~ !X/ X,,, there exists a positive definite matrix 3 such that
3" — 3. If my,, and 79, are the minimum and maximum eigenvalues of 3",
there exist constants 0 < 71 < 7o < oo such that 71 < 71, < 19, < 715 for all
n.

Condition (A1) is standard in the LAD regression literature, and covers very gen-
eral error distributions without assuming the existence of moments. For instance,
(A1) covers the ¢, double exponential and Cauchy distributions. (A2) is a com-
mon condition in linear regression that ensures identifiability of the regression
parameters.

Theorem 1.Let Bn be the LAD-Lasso estimator corresponding to a sequence A,
in (L2). If (A1) and (A2) hold, then B3, has the following asymptotic properties.
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e (Consistency) If A\, = o(n), then Bn —p By

o (Asymptotic distribution) If \,/\/n — Ao > 0, then Bn has the limiting

distribution R
Vn(B,, — By) —a arg min(V (u)),
where
p
V(u) = —20'W+ f(0)u'Su+Xo > [u;sign(Bo;)I(Bo; # 0)+|u;|1(5Be; = 0)].
j=1

Here W is a random vector with a N(0,3/4) distribution.

Theorem 1 can be proved using an approach similar to that of [Knight and
Ful (2000), who studied the asymptotic properties of the LS-Lasso estimator for
fixed p. We omit the proof.

Theorem 1 indicates that the right rate of growth for A, is v/n. If A,//n —
0, then asymptotically, the LAD-Lasso behaves like the non-penalized LAD es-
timator: it is asymptotically normal with root-n rate of convergence, but does
not perform variable selection. If \,/y/n — oo, then the LAD-Lasso can be
quite biased and does not have a proper asymptotic distribution at the root-n
rate. When A, //n — A\g with 0 < A\g < oo, the asymptotic distribution of the
LAD-Lasso exists but is in general not normal; it puts positive probability at
zero when (By; = 0, which reflects the fact that the LAD-Lasso estimates may
take exact zero values and does variable selection.

Theorem 1 provides some insight into the behavior of the LAD-Lasso when p
is fixed. However, it is not applicable when p diverges with n. Here the problem
is more difficult. Indeed, when p > n, the model is in general not identifiable. To
ensure identifiability of the model and consistency of the LAD-Lasso estimator,
assumptions on the sparsity of the model and other regularity conditions are
needed.

Let A be any subset of {1,...,p} and X4 = (x;,j € A). We sometimes write
pn = p to indicate that p can diverge with n. For any positive integer m < p,,,
let

. o1 1
Cmin(m) = min min —v'X, X sv and cpax(m) = max max —v/' X X,v.
[Al=m |lv]2=1 1 [Al=m [lv]lo=1 70

We make the following assumptions.
(B1) (Random errors) (A1) holds.

(B2) There is a positive constant by, such that |z;;| < by for all ¢ and j, and
Yoy x?j = n for all j.
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(B3) (Sparse model) There is a positive Mj such that |A;| < Min?/)\2.

(B4) There exist constants 0 < ¢, < ¢* < oo such that, for any sufficiently large
n?

(a) 0 < emin(min{n, pp}) < cmax(min{n, pp}) < ¢* < ooy
(b) cmin(dn) > ¢ for d,, < Mn?/)\2, where M is a positive constant.

(B2) assumes that the covariates are bounded. (B3) restricts the number of
nonzero coefficients in the true model. Although p, > n, the number of true
important covariates is bounded at some rate. (B4) assumes that the eigenvalues
of the correlation matrix are bounded and that the eigenvalues of any submatrix
of the correlation matrix with dimension O(n?/\2) are bounded away from zero.

Theorem 2.If \} /n3 = O(1) and (B1)—(B4) hold, then
1B, = Boll3 = O (Al Asln ™22 f71(0)) + Op (dn log(2pa)n e 2f7H(0)) , (2.1)

where d, = 2(Mj + 5¢*/4)(n?/)\2), and Ay, My, c., and c* are defined in (B3)
and (B4).

The theorem states that the LAD-Lasso estimator is consistent for properly
selected values of \,,, even when p,, increases almost exponentially with n as long
as log(pn) = O(n®) for some 0 < o < 1. It also makes it clear that there is a
trade-off between bias and variance in the selection of the tuning parameter A,:
the first term on the right side of (2.IJ) is the bias of the LAD-Lasso estimator,
and the second term is the variance; a smaller )\, means smaller bias but larger
variance. The proof of Theorem 2 is given in Section 7.

3. Model Selection Consistency of the LAD-Lasso

The estimation consistency result in Section 2 does not imply that the LAD-
Lasso estimator is model selection consistent. In this section, we assume the
irrepresentable condition for the LAD-Lasso estimator and generalize the model
selection consistency of the LS-Lasso to the LAD-Lasso in both fixed p and p > n
cases. Let X1, = (xj, j € A1) and s1, = (s;, Jj € A1)/, where s; = sign(fo;).
Let 7, = n~ X/, X1, the correlation matrix resulting from all the important
covariates, and X7 is invertible. [Zhao and Yul (2006) introduced the following
irrepresentable conditions.

Definition 1. If there exists a constant 0 < § < 1, such that
]nilngln(Z’fl)*lsln] <1-9§

for V j ¢ Ay, then the covariates satisfy the strong irrepresentable condition.
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Definition 2. If [n~'xX11(32%;) 's1,] <1 forVj ¢ Ay, the covariates satisfy
the weak irrepresentable condition.

Following [Zhao and Yul (2006)), we define the sign consistency of the LAD-Lasso
estimator as follows.

Definition 3. A LAD-Lasso estimator is strongly sign consistent if there exists
a sequence of A\, such that lim, .. P(8,,(An) =s By) = 1, where 8,,(A\,) =5 By
means that 8,,(\,) and B, have the same sign component-wisely.

Definition 4. If lim, ..o P(3 A > 0, 8, (\) =, Bo) = 1, the LAD-Lasso estima-
tor is general sign consistent.

We note that variable selection consistency only requires all zeros in 3, to be
matched, not the signs. So sign consistency defined here is stronger than the
usual variable selection consistency. We evaluate the model selection properties
of the LAD-Lasso by investigating sign consistency.

Theorem 3.Let p be fizred. Suppose that (Al), (A2), and the strong irrepre-

sentable condition are satisfied. We have P(8,,(An) =s By) = 1 for A, = O(n™),
where (14 m1)/2 < m <1 for some 0 < m < 1.

For fixed p, Theorem 3 provides sufficient conditions under which the LAD-
Lasso is strongly sign consistent. In particular, under those conditions, the LAD-
Lasso can distinguish zero coefficients from nonzero coefficients with probability
converging to one.

Theorem 4.For fized p, under (A1) and (A2), the LAD-Lasso cannot be general
sign consistent if the weak irrepresentable condition fails.

The proof of this result is similar to the proof in [Zhao and Yu! (2006). How-
ever, the non-differentiability of the absolute value function at zero requires care-
ful attention, and we omit the proof. By Theorems 3 and 4, the irrepresentable
condition is almost sufficient and necessary for sign consistency of the LAD-Lasso.

When p > n, the assumptions and regularity conditions in (A2) are inap-
propriate since X" may not converge as n grows. In this case, some structural
conditions on the model are required.

(C1) (A1) holds.
(C2) (B2) holds.

(03) If bnl = minjeAl |ﬁ0j|> then
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(a) there exists 0 < ¢; < 1/2 such that |A;| = O(n®);

(b) there exist positive constants My and co > ¢; such that nt=c2)/2p >
M.

(C4) There exist constants ¢, and ¢* such that, for any m,, = O(n), we have

0<e < cmin(mn) < Cmax(mn) < Cmax(n) < " < o0.

In (C3), (a) assumes that the number of nonzero coefficients increases with n at
a slower rate than root n; (b) assumes that the true nonzero coefficients cannot
be too small. (C4) assumes that the correlation matrix satisfies the sparse Riesz
condition on the rank of O(|A;|).

Theorem 5.Suppose (C1)—(C4) and the strong irrepresentable condition are
satisfied. The LAD-Lasso is strong sign consistent even if p, = O (exp{n®})
for ez < min{ca — 1,1 — 2¢1,1/2}. In particular, if A, = O(nU+e)/2) with
3 < ¢y <min{ey — c1,1 — 2¢1,1/2}, then P(B,, (M) =5 By) — 1 as n — oo.

This theorem investigates the model selection property of the LAD-Lasso in
high-dimensional settings where p may grow with n at an almost exponential
rate. In addition to the usual regularity conditions, the keys for the LAD-Lasso
estimator to be selection consistent are the sparsity of the model, the sparse
Riesz condition, and the strong irrepresentable condition. The sparsity condition
restricts the growth rate of the number of important covariates in the true model;
the sparse Riesz condition ensures identifiability of the nonzero coefficients.

4. Computation of the LAD-Lasso

In this section, we describe an approach to computing the LAD-Lasso esti-
mator and discuss how to choose the tuning parameter.

For any given \,, we consider an augmented data set {(y;,zj, - z},)},
1 <i < n+p Here {(y,27, - 27,)} = {(Wi, @i, - xip)}, 1 < i < n and
{(yf,xf,-- -xfp)} ={(0, \€,_,)}, n+1<i<n+p, and e; is a p-dimensional
unit vector with ith element equal to 1. We can rewrite L, (3) as

n p p ntp p
Sl =Y wiBil A Y 181 =D |vi - Zl’fjﬂj)'
i=1 =1 =1 i=1 =1

Thus, we can compute the penalized estimator using any method for solving
standard f; minimization problem. For instance, if p is not very large, the
QUANTREG package can be used to find Bn()\n). For large p, [Wu and Lange
(2008)) proposed a very fast and efficient greedy descent algorithm.
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The Akaike Information Criterion (AIC, [Akaikel (1973)) and the Bayesian
Information Criterion (BIC, [Schwarzl (1978))) are two criteria to choose the pre-
diction optimal ¢; regularization parameter. If we assume that model errors are
double exponentially and independently distributed, then AIC and BIC scores
can be calculated using AIC = nlog(RSA/n) + df, and BIC = nlog(RSA/n) +
df log(n)/2, where RSA = 3" | |y; — ,/B\In:cz|, and df is degrees of freedom of the
model. [Zou, Hastie, and Tibshirani (2007) proved that the number of nonzero
coefficients in a LS-Lasso estimate is an unbiased estimate of degrees of free-

dom for the LS-Lasso. Similarly, we estimate degrees of freedom of the selected
LAD-Lasso model by

df = &}”(An) = the size of the {j: an()\n) #0, 1 <j<p}

We choose the optimal A, by minimizing either the AIC score or the BIC score.
Our simulation studies suggest that the BIC works well when the objective of
the analysis is to select important variables, even when p is larger than n. The
AIC tends to choose more variables in the generating model in order to achieve
a better prediction performance. In general, AIC-type criteria are better suited
if the purpose of the analysis is to minimize the difference between the true
distribution and the estimate from a candidate model, and the BIC-type criteria
are appropriate if the purpose is to uncover the model structure, but none of
these criteria can achieve both goals (Shao (1997)) and [Yang (2005)).

5. Simulation Studies

In this section, we use six simulated examples to evaluate the finite sample
performance of the LAD-Lasso in high-dimensional settings. In each example,
the data was simulated from a linear regression model

p
Yi = E a;ijﬂj—i—ai, 1=1,...,n.
J=1

In order to have a design matrix that satisfies the strong irrepresentable condition,
we generated the covariates from the multivariate normal distribution and set the
correlation between x; and x; to be 0.5/l

Example 1.We generated ¢;’s from N (0, 1). The true regression coefficients were
Boj = 2 for 96 < j < 100, and 0 otherwise. Thus the number of true nonzero
coefficients was ¢ = 5.

Example 2.The same as Example 1, except that &; ~ dbexp(0,1/v/2), a double
exponential distribution with the location and scale parameters 0 and 1/v/2,
respectively. Notice that the ¢;’s in Examples 1 and 2 have the same variance.
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Example 3.The same as Example 1, except that e; has a standard Cauchy
distribution.

We first investigated the performance of the LAD-Lasso in the cases where
p<mn,p=mn,and p>n with p = 200 and n = 500, 200, and 100, respectively.
Then we fixed the sample size n to be 200 and increased the number of coefficients
from p = 1,000 to 2,000 and then to 5,000. In each case, we generated 1,000
datasets. Out of 1,000 iterations, we first computed the average number of total
estimated nonzero coefficients (TN), correctly estimated nonzero number (CN),
and incorrectly estimated nonzero number (IN). The ratio of correctly fitted
models (CFR), the ratio of over-fitted models (OFR) and the ratio of under-fitted
models (UFR) were also computed. Similar to [Wang, Li and Jiang| (2007), we
evaluated the prediction accuracies of the LAD-Lasso using the mean and median
of the mean absolute prediction error (MAPE). In each iteration, we generated
1000 testing data sets. The mean and median of MAPE were calculated from
those testing datasets. In order to compare the efficiency of LAD-Lasso and the
LS-Lasso, we applied the BIC to both methods, since AIC tends to obtain slightly
lower MAPE by over-fitting the model.

The robustness property of the LAD-Lasso can be observed from the simula-
tion results listed in Table 1—3. Table 1 shows that the LS-Lasso worked better
for normal cases than it did for the double exponential cases. Both Table 1 and 2
show that the LAD-Lasso performed better than the LS-Lasso did. The advan-
tage margins of the LAD-Lasso became more obvious when the model error was
more heavy-tailed. Table 3 lists the results for the Cauchy random error, which
does not have a finite moment. The LS-Lasso failed to detect the correct model
in most of the replications. However, the LAD-Lasso still performed well in this
case.

6. Concluding Remarks

We have investigated the theoretical properties of the LAD-Lasso for esti-
mation and model selection in the cases when p is fixed, possibly larger than
n. The computation of the LAD-Lasso can be carried out using existing pro-
grams because both the loss and penalty functions use the ¢; norm. In the
high-dimensional setting with p > n, in addition to the standard assumptions
for LAD regression, conditions on model sparsity and the design matrix struc-
ture are needed for the estimation and selection consistency of the LAD-Lasso.
We also assumed that the penalty parameter was fixed at a certain growth rate.
An important question is whether results obtained in this paper still hold when
the penalty parameter is selected using a data-driven criterion, such as the AIC
or BIC. This is a challenging and unsolved problem, even for the LS-Lasso, in
high-dimensional settings, and deserves further investigation.
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Table 1. Results for Example 1. &; ~ N(0,12).

Model n p TN (CN2? [ IN®) CFR? (OFR®, UFR®) Median (Mean)’
LAD-Lasso 200, 5,000 5.772 (5.000, 0.772)  48.7% (51.3%, 0%) 1.855 (1.877)
LS-Lasso 6.752 (5.000, 1.752)  30.0% (70.0%, 0%)  1.778 (1.779)
LAD-Lasso 200, 2,000 5.733 (5.000, 0.733)  48.4% (51.6%, 0%)  1.851 (1.848)
LS-Lasso 6.754 (5.000, 1.754)  31.7% (68.3%, 0%)  1.747 (1.749)
LAD-Lasso 200, 1,000 5.562 (5.000, 0.562) 61.4% (38.6%, 0%)  1.780 (1.788)
LS-Lasso 6.483 (5.000, 1.483)  33.1% (66.9%, 0%)  1.724 (1.721)
LAD-Lasso 500, 200 5.103 (5.000, 0.103) 91.1% ( 8.9%, 0%)  1.680 (1.681)
LS-Lasso 6.063 (5.000, 1.063)  59.1% (40.9%, 0%)  1.647 (1.648)
LAD-Lasso 200, 200 5.337 (5.000, 0.337)  73.2% (26.8%, 0%) 1.760 (1.768)
LS-Lasso 6.355 (5.000, 1.355)  35.2% (64.8%, 0%)  1.684 (1.691)
LAD-Lasso 100, 200 5.872 (5.000, 1.872) 44.1% (55.9%, 0%)  2.076 (2.097)
LS-Lasso 8.061 (5.000, 3.061)  14.2% (85.8%, 0%)  1.811 (1.817)
I The total estimated nonzero coefficients on average.
2 The correctly estimated nonzero number on average.
3 The incorrectly estimated nonzero number on average.
4The ratio of correctly fitted models.
5 The ratio of over-fitted models.
5The ratio of under-fitted models.
"The median (mean) of the mean absolute prediction error.

Table 2. Results for Example 2. &; ~ dbexp(0,1/+/2).
Model n p TN (CN2? [IN®) CFR? (OFR® , UFR®) Median (Mean)”
LAD Lasso 200, 5,000 5.822 (5.000, 0.822) 54.7% (45.3%, 0%) _ 1.653 (1.647)
LS-Lasso 6.882 (5.000, 1.882)  28.1% (71.9%, 0%)  1.662 (1.667)
LAD-Lasso 200, 2,000 5.718 (5.000, 0.718)  48.4% (51.6%, 0%)  1.612 (1.616)
LS-Lasso 6.641 (5.000, 1.641)  28.3% (71.3%, 0%)  1.627 (1.628)
LAD-Lasso 200, 1,000 5.678 (5.000, 0.678) 53.4% (46.6%, 0%)  1.548 (1.558)
LS-Lasso 6.513 (5.000, 1.513)  33.7% (66.3%, 0%)  1.589 (1.593)
LAD-Lasso 500, 200 5.156 (5.000, 0.156) 87.9% (12.1%, 0%)  1.464 (1.465)
LS-Lasso 6.333 (5.000, 1.333)  48.9% (51.1%, 0%)  1.489 (1.490)
LAD-Lasso 200, 200 5.157 (5.000, 0.157)  86.1% (13.9%, 0%) 1.563 (1.563)
LS-Lasso 6.090 (5.000, 1.090)  44.2% (55.8%, 0%)  1.563 (1.560)
LAD-Lasso 100, 200 5.695 (5.000, 0.695) 43.5% (56.5%, 0%)  1.883 (1.900)
LS-Lasso 8.024 (5.000, 3.024)  15.3% (84.7%, 0%)  1.739 (1.725)

I The total estimated nonzero coefficients on average.

2 The correctly estimated nonzero number on average.
3 The incorrectly estimated nonzero number on average.
4The ratio of correctly fitted models.

5 The ratio of over-fitted models.

5The ratio of under-fitted models.

"The median (mean) of the mean absolute prediction error.
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Table 3. Results for Example 3. ¢; ~ Cauchy(0, 1).

Model n D TN! (CNZ IN3) CFR?* (OFR®, UFR®) Median (Mean)”
LAD Lasso 200, 5,000 5.272 (4911, 0.361) 67.1% (24.3%, 4.0%) 2.997 (43.216)
LS-Lasso 172.262 (1.442, 170.820) 0 % (1.0%, 2.0%) 10.232 (65.668)
LAD-Lasso 200, 2,000 5.108 (4.827, 0.281) 61.4% (23.6%, 13.0%) 2.972 (24.137)
LS-Lasso 166.787 (1.464, 165.323) 0 % (3.1%, 2.2%) 11.187 (42.856)
LAD-Lasso 200, 1,000  5.000 (4.906, 0.004) 82.4% (9.6%, 8.0%) 2.691 (13.735)
LS-Lasso 151.333 (1.821, 149.512) 0 % (2.0%, 30%) 6.894 (22.994)
LAD-Lasso 500, 200 5.015 (5.000, 0.015) 98.9% (1.1%, 0 %) 2.202 (44.305)
LS-Lasso 55.176 (2.866, 52.310) 0 % (9.2%, 4.5%) 54.094 (104.723)
LAD-Lasso 200, 200 5.071 (5.000, 0.071) 93.1% (6.9%, 0 %) 2.526 (22.311)
LS-Lasso 62.866 (2.822, 60.044) 2.0% (16.6%, 7.1%) 151.826 (233.993)
LAD-Lasso 100, 200 4.728 (4.424, 0.304) 39.1% (3.0%, 33.9%) 3.098 (21.692)
LS-Lasso 60.882 (2.042, 58.840) 0.9% (10.5%, 3.1%) 9.346 (33.770)

LThe total estimated nonzero coefficients on average.

2 The correctly estimated nonzero number on average.

3 The incorrectly estimated nonzero number on average.
4The ratio of correctly fitted models.

5 The ratio of over-fitted models.

5The ratio of under-fitted models.

"The median (mean) of the mean absolute prediction error.

Much work on penalized LS regression has been done under the assumption
of Gaussian errors. The study of the LAD-Lasso provides us a robust sparse
solution by relaxing the sub-Gaussian assumption. We hope that this paper help
facilitate future studies of other penalized LAD methods.

7. Proofs

In this section, we provide the proofs of results in Section 2 and 3. Through-
out the proofs, more properties of the LAD-Lasso are investigated. For instance,
given the sparse Riesz condition, the number of nonzero elements in a LAD-Lasso
estimator is bounded at a certain rate, even though p grows with n very quickly.

The proof of the estimation consistency of Bn is divided into three steps.

Step 1. We approximate L, (3) by

M(8) = F(0)(B — BoYX'X(B — Bo) —'X(B— Bo) + M 3155
j=1

where n = (n1,...,m,)" and n; = sign(e;). Let

Rin(B) = |ei — (B = By)'x'| = leil +ni(B — By)'x’
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and &in(B) = Rin(B) — EcR; ,,(B). Then
La(B8) = Iy = XuBolls = Ma(8)] = 0 (IX(8 = By)I3) + | ng )| (7.1

Step 2. We study the rate consistency of 3, = argmin{M,(8)}. In fact, 8, is
the LS-Lasso estimator of the new regression model

Pn

zi =/ f( waﬂj 27/ f(0) 1, 1<i<n. (7.2)

Step 3. We bound the /5 distance between Bn and 3,.

Lemma 1.Concentration Theorem (Bousquet| (2002))). Let Z1,...,Z, be in-
dependent random wvariables with values in some space Z. Let T be a class of
real-valued functions on Z, satisfying, for some positive constants i, and Ky,
V] < tny Vv € X, and n™ Y0 Var(v(Z;)) < K2, Vv € Y. IfZ =
sup,ey [n” Y, v(Zi) — E(v(Z)))|, then

2
P <Z > E(Z) + 2v/2(k2 + 1, E(Z)) Z3Ln> < exp{—nz?}, for z > 0.
Lemma 2. Symmetrization Theorem (van der Vaart and Wellner| (1996))).
Let the Z;’s be a sequence of independent random variables with values in space
Z. Let the u;’s be a Rademacher sequence independent of the Z;’s. Let T be a
class of real-valued functions on Z. Then
z)))

Lemma 3. Contraction Theorem (Ledoux and Talagrand (1991)). Let z1, ...,
zn be non-random elements in some space Z. Let v; : R — R be any Lips-

chitz function and the u;’s be a Rademacher sequence. Then for any function
f:Z2—-R,

E(Sup zn:v(Zi) - E(U(Zz))D < 2E<Sup ’ Zuz

vel ', vel

(Sup’Zszz (2) —Uz(f*(zi))]D§2E<SUP’ZM2 (i) Zz)]D

fer feF

Lemma 4.(van de Geer| (2008))). Let Z1, ..., Z, be independent random variables
with values in Z and v1,...,v, be real-valued functions on Z, such that, for

k=1,...,m,

n
E(wi(Z:) =0, Vi; |Jokllo <tni 0 'Y E(vf
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Then

2
) < 2k2 log(2m) L log(2m)
n n

E< max n_lzn: vk(Z;)

1<k<m

These results are our main tools. We first bound the number of nonzero elements
of a LAD-Lasso estimate at some rate, and this is used to calculate the rate of
convergence. Let A, and As consist of all nonzero elements in the LS-Lasso
estimate 3, of (Z2) and LAD-Lasso estimator ,@n of (LI) for the same A,.
Thus, /42 = A/Q\()\n) = {j : ﬁn]’ = ﬂnj()\n) 75 0, 1 < ] < pn} and Ag == Ag()\n) =
{j : ﬁnj = ﬁn](én) 7é 0, 1A§ 7 < pn}- If B = B()\n) = AT UA U Az =
G+ Bog #00r B £ 00r By #0, 1< j < pa}, then By = (8,5 € BY,
Bpo = (Boj,j € B)', Bp = (Bnj»j € B)', and B = (Bnj,j € B)'. Similarly
XIB = (xij,j € B)/, Xp = (Xj,j S B)

Lemma 5. Under conditions (B1)—(B4), with probability converging to 1, we
have

() ) i

n
2

1451 et 141) () < emastminn ) ().

Thus |B| < (M + 5cmax(min{n, p,})/4) (n2/A2), where My is the constant in
(B3) and | - | is the cardinal value function.

Proof. Let 02 = Var(z;) = (4f(0))~! at (Z.2). The first inequality follows from
the study of the LS-Lasso in Meinshausen and Yul (2009). By the Karush-Kuhn-
Tucker condition, a necessary and sufficient condition for 3,, to be a LAD-Lasso

estimator is =N - ~
x;sign(y — X,.8,,) = Ansign(Bn;) if B # 0,

< An if B,; = 0.

xjsign(y — XnB,)

Then we have

4332 = Y (sienly — X,8,))

JEAs

< nzcmax(\Ag,]) < nQCmax(min{n,pn}).
Thus we have the second inequality.
Lemma 6. Under conditions (B1)—(B4),
18, = Bolls < O (A Ain™?¢2£71(0)) + Op (dinlog pan'e*f1(0))
where diy, = (My + ¢*/4)(n?/22).
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Proof. Notice that (24/f(0))"'n; has a sub-Gaussian distribution with constant
(v/2f(0))7L. Thus Lemma 6 is the direct result of the rate consistency of the
LS-Lasso in Meinshausen and Yul (2009).

Lemma 7.Let

Z(6) = sup n \ZRM,BB Ee(Rin(Bp))| for ¥6 > 0,
BpeS]

where SY = {B € RIB, ||B5 — Bpoll2 < 6}. Then under (B1) and (B2),
E.Z(5) < 8day, (7.3)

where a, = \/|B| (\/Qn*1 log(2|B|) + bon ! 10g(2\B|)) , and
2
P(Z((S) > 80ay + 2y/2(K2 + 83antn) + T) <exp{—nz2}, ¥ z>0,(7.4)
where k2 = 4c¢*6% and 1, = 40by+/| B|.
Proof. Let fg,(x}) = (Bp —,BBU)’xiB, i=1,...,n, and v;(t) = v(e;,t) =

fo (0 <& < s)lds, i =1,...,n. Then we have fg, (z%5) =0, |vi(t) — vi(t)| <
[t —1,VtteR, and

(53 530) XB .
Rin(Bp) = 2/0 (0 < & < 8)lds = 2u; (f5,, (x)) -

If g1, ..., un be a Rademacher sequence independent of y1,. .., y,, then we have

E.Z(6) =E. sup n~ ‘Z Rin(Bg) — Ec( i,n(ﬂB))‘

BpeSy

<4E. sup n_l’ Z,Ui [Uz‘(fﬁB (XZB)) Ui (f:BBO(XiB))] ’
=1

Bpes?
n . .
<8Ee swp 07| 3w [, (%) — S (x5)] | (7.5)
IBBGSES) i=1

where the first and second inequalities are obtained from Lemmas 2 and 3. Fur-
thermore,

w Zu [ (<) — iy 5]

VIBIlIBs — Baollz. (7.6)

< maxn ‘ Z Hiij
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and, with probability 1,

n

max|xu|<bo<oo n IZE%M) = _lzzgjzl‘
i=1 i=1

Then from Lemma 4 we obtain

(max ’ Z HiTij

Combining (75)—-(7.1),
5)) < &/@(5(\/%—1 log(2|B]) + byn ! 1og(2|B\)). (7.8)

Thus (7.3)) holds. On space SY, we have

) < \/2nTlog(2|B]) + bon‘log(2|B|).  (7.7)

max |Riy(8p) — Ee(Rin(Bp))| < 4bov/[BlS,

1<i<n
n 'Y " Var(Rin(8g) — Be[Rin(Bp)] <40~ ') ((Bp — Bpo)'a)? < 4c6.
=1

=1

Let k2 = 4c*6% and 1, = 46bg+/|B| in Lemma 1. Then for ¥ z > 0,

22

;n) <exp{-nz’}. (7.9)

P (Z((S) > BZ(6) + 21/2(k2 + 1,,EZ(3)) +

Combining (Z.8) and (9), we obtain (7.4).

Proof of Theorem 2. For any § > 0, let S{ = {85 € RIBl, |35 - Bzl = 6}
and S5 = {8z € RIBI, |85 — Bgll2 <0} Let
ha(8) = inf n~'M,(Bp) —n~ Mu(Bp),
BpeSt
An(d)= sup n™' |La(Bg) — Ily — XpBaolli — Ma(Bp)] -
ﬁBES(;

From (ZT), (B4), and By — Bpol3 < 2185 — Bylli + 2185 — Bpol3, we have

Aa(0) < 0p(3¢") +op(sup 1B~ Buoll3) + sup 5 €8s

BpESs BpeSs ' ;4

ha(0) 2 inf (£(0)/n)(B - Bp)X5Xp(Bp — Bp) = 6°f(0)e, > 0.
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Let 0y = /2 > 0. From the convex minimization theorem in [Hjort and Pollard
(1993)) we get

P (1185 - Ballz > o)
<P <An(51) > "n“l))

2

<P( s
BpeSy?

" lzn:&” (Bp) ‘ f( )es >+P<||ﬁB Broll2 >51>
i=1

—p(20) > ”1(2)) P (1B~ Booll > 8.

From Lemma 7,

P (Z((S) > 80an + 2/ 2(K2 + tn8day) + z 32n> <e " V>0,

where k2 = 4¢*6? and 1, = 4bg+/|B|6. As defined, d,, = 2 (M + 5c* /4) (n?/\2).
Let § = c1(dynlog(2p,)n e, 2f~1(0))~ /2 for some constant ¢; > 0 and z =
con~/*(log(2py))'/* for some constant ¢y > 0. Then

_ 22./|B|5b 0)d2c,
nli%5“n+z(c*52+8\/\B!boan52>_l/2 ’ = 1QSC ’

for a, = /|B] ( 9n—Tlog (2| B]) + bon~" 1og(2yB|)) . Thus

lim P (1|8 — Byll > 81) < 1im P (185 — Broll2 > o1) -
From Lemma 6 and dy, < d,, we know that
185 = Broll3 < O (Aa]Ailn ¢ f(0)) + Op (dnlog(2pn)n "¢ 2 f71(0)) .
Thus we have
1B, = Brylls < O (A2 Asln2¢2£71(0)) + Op (dnlog(2pa)n "¢ > f71(0)) .

Using the triangle inequality, the consistency of the LAD-Lasso can be obtained
by combining the above two inequalities with Lemma 6.

Let X2, = (xj, j ¢ A1) and X35, = X5, X1,/n. The main results in Section
3 are established with the following lemmas.

Lemma 8.Let H,(= (hy,...,h,) = (hik),,) be symmetric and idempotent.
Let v = (71,...,7)", where v;’s are independent and identical distributed, as-
sumed centered and bounded in probability. Then

/
. <
Er;leajc (wiH,v| <O ( nlog(2|Al)) + O (log(2]A])),
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where wj = (wij,...,wy;)', j € A, and max; j |w;;| < b for some positive con-
stant b.

Proof. Let v;(vy;) = w;hi%- = Y p_q Wkihgvi. Without loss of generality, we
take P(y < 1) = 1. Then

luj ()| < [wihy| = | /[wihihjw;| < b with probability 1,

n n
nt Z UJQ-(%-) <n! Zw;hihgwj = n_IW;HWj < b
‘ i=1

From Lemma 4, n~'E max;ec4 ‘W;Hn'y < \/202nLlog(2|A]) + bn~tlog(2|A)).

Lemma 9. Letr;; = a:ij {sign(ei - (B — By)'x") — Sign(ei)}, &ij = 1ij —Eal 73],
oy = St &g and 17 = S B[] + 20(0) i 235 (B — Bo)'x, by, =
(hfjj’, je Al) b = (h;}, je Al) .

(i) Under (C1) and (C2),

Ec <max|h7(11j)|> < O( nlog(2| Ay

JjeAL

)) + O (log(2|41)))

E. (max n~t ‘x}Xln( 7111)_1h(1172

JjEAL

) < 0 (V/nlog(2[A1])) + O (log(2/Au)
(ii) If A /n3 < O(1) then under (C1), (C2), and (C4),

2| A
1< 0 (220 0p (ut 0g).

A2[ A, 13/2
(4 h| <0 (’;‘) +0p (n A1 210, )

A2 1A 12
XX () hi)| = (n'/) +0p (n1/2 41 10g p,)

(iii) If the ~;’s are independent with zero mean and finite variance, then under

(C2) and (C4),

B max [} (25) 71X}, 7| < O(vlog(2/41))).

JjeAL
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Proof. Parts (i) and (ii) can be proved using Lemma 4. We prove (ii) be-
low. Following [Phillips| (1991)), we define a (generalized) delta function 6(z) =
2d(sign(z))/dz. Thus we have

h7(12]) =0Op (bO(B].TL - ﬁlO)/Xllxl(l@ln - /810)> :

By replacing d,, = O(n“') in the proof of Theorem 2,
~ A2 A n° (log pn
1B, ~ ol = 0 (251} 4 0p ("B,

Thus for 1 < j < pp, \h(Q)\ < O (M2|A4]/n) 4+ Op (n“*logpn) . The two other
inequalities in (ii) can be obtained similarly.

The proof of Theorem 3is a simplified version of that of Theorem 5. Thus
we only prove Theorem 5.

Proof of Theorem 5. By the Karush-Kunh-Tucker condition, ,@n is a LAD-
Lasso estimate if and only if

Z:vwmgn x') = )\nSign(an) for B\nj 70,
(7.10)
Z xi;sign(y x| < An for an =0.
We can rewrite (| as,

Z xi;sign(e;) + Z &ij + Z E.,[rij] = )\nsign(ﬁnj) for ﬁnj # 0,

i=1 i=1 =1
n n n

Z a:ijsign(ai) + Z fij + Z Eai [Tij] <

i=1 i=1 1=1

Let hn; = b + ), iy = (hnj, j € A1), and hay = (hnj, j & A1) Then

nj

(CI0) is also equ1valent to

An for an =0.

lejs,lgn g;) —2f(0 Z xzj x' hinj = )\TLSlgn(ﬂn]) ﬁnj # 0,
1= 1
waﬁgn i) —2f(0 szj BO x' + hnj| < An, B”j =0.

Let ﬁln and B3, satisfy

( ) (X1n81gn( ) AnS1n + hln)
2nf(0) ’

Bin = Bro+ (7.11)
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and Bn - (I@;mo/)/_ Then Xm@n :AXMI@M and x;j, j € A; are linearly inde-
pendent. From (TI1)), 3,, =s By if B1,, = s B10, and

Z xi;sign(e;) — 2£(0 Z :z” x4 hnj| < An, for an =0.

Let G, =1, — X1,(2%;)"'X},,/n such that

xisign(e) — 2f(0)X;'X1n(Bln - B1o)

X' X1,(Z% )"\, s X' X1,(Z" )" th
— x/G,sign(e) + ()" Anstn XK (551)” ban (7.12)
n n

If [sign(Bo;)(Bo; — Bn])] < |Bo;| for j € Ay, then B1, = s Byo. Thus from (712
we have 3, =5 B if

9

e} (Z41) 71X, sign(e) + A€ (Bh) ~s1a + €(THy) s

< 12nf(0)Boj], j € A,

X', Xln(zn) 1)\n51n X;X]_R(E;_Ll)flhln

x,Gpsign(e) + <An, J &AL

n n

Then for any 0 < k1 < k1 + ko < k1 + ko + k3 <1,

2n.£(0)|Bo;|
3

PPN () s > 2L O]
200 )Iﬁo;l

P{Bn #s Bo} < P{\e&(Ei‘l)_lX’lnsign(s)\ > for some j € Al}

for some j € Al}

+P{e) () M >
+P{|x'.Gnsign(s)\ > (1— k1 — ko — k3) A, for some j ¢ A;}

for some j € Al}

+P{( )|x X1n(271) ™ 1s;ln| > k1A, for some j ¢ Ay}

X)(n2 7hn
P{’] 1(n11) 1‘2k2/\nforsomej¢f41}

+P{|hnj| > ksA, for some j ¢ Ay}
= P{[}} + P{L,} + P{I3} + P{L} + P{Is} + P{ls} + P{I:}.

In fact,

QTLf(O)bnl
3

-1
< (Wg)) O(vmlog(2 A1) = o(1),

P{,} < P{max}e 1) XY, sign (e )’ > }
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where the last inequality is obtained from (iii) in Lemma 9. P{I>} = o(1) since
A (2nby1 £(0)) 71 max |€/(251) " s1n| < Mn(2nba1 £(0) LAY = 0(1).
P{I3} = o(1) since

bn
P{1s} < P{ max |e)(mg,) " mil) | > 000}

JjEA 3
/s \—11,(2) f(o)nbm
FP{ o) ()| = TR

=P{I31} + P{I3},

P{I} <0 <m> =o(1),

21 4,13/2 ci| A4 11/2(1 )
P{I?)Q}SO(MAQ;I >+0<” 4] <ogp>>zo(1>‘
nl

nby1
Since G,, is an idempotent matrix and sign(e;) = 0, Lemma 8 gives
P{I;} < (1— 37 ki) '\ Ec maxjgq,
<0 (1;(217)) +0 (o) = o)

Suppose the strong irrepresentable condition holds for 0 < §y < 1. We can always
choose 1 — 9y < k1 < 1. Thus we have

X;Gnsign(s)‘

P{I;} <P{n! I{éaX % X1 (271)” 1sln| > ki1} = o(1).

Furthermore,
P{Is} = P{n " maxjg, [x;X1,(S5) 'h)| = 24 |

—|—P{n maxjg A, [X;X1n(271) " 'h{Y)| > /\nzﬁ}
=P{ls1} + P{ls2}.

The following inequalities hold from (i) and (ii) in Lemma 8.

P{ls1} <0 (A, V/nlog(2p,) ) + O (A, log(2p)) = o(1),

AnlA7l? n~Inat1/2| A 1 (log p,,
P{162}§0< ‘3/;‘ >+o< [41|(logp >)
n An

A k3 {maxyh | > A”zk?’} — o(1).

P{I;} < P{max|h
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