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1. Introduction

Feature selection with big data is of fundamental importance to
many contemporary applications from different disciplines of
social sciences, health sciences, and engineering Hastie, Tibshi-
rani, and Friedman (2009), Fan and Lv (2010), and Bithlmann
and van de Geer (2011). Over the past two decades, various
feature selection methods, theory, and algorithms have been
extensively developed and investigated for a wide spectrum
of flexible models ranging from parametric to semiparametric
and nonparametric linking a high-dimensional covariate vec-
torx = (X,... ,Xp)T of p features Xj’s to a response Y of
interest, where the dimensionality p can be large compared
to the available sample size n or even greatly exceed n. The
success of feature selection for enhanced prediction in prac-
tice can be attributed to the reduction of noise accumulation
associated with high-dimensional data through dimensionality
reduction. In particular, most existing studies have focused
on the power perspective of feature selection procedures such
as the sure screening property, model selection consistency,
oracle property, and oracle inequalities. When the model is
correctly specified, researchers and practitioners often would
like to know whether the estimated model involving a subset
of the p covariates enjoys reproducibility in that the fraction of
noise features in the discovered model is controlled. Yet such a
practical issue of reproducibility is largely less well understood
for the settings of general high-dimensional nonlinear models.

Moreover, it is no longer clear whether the power of feature
selection procedures can be retained when one intends to ensure
the reproducibility.

Indeed, the issues of power and reproducibility are key to
enabling refined scientific discoveries in big data applications
utilizing general high-dimensional nonlinear models. To char-
acterize the reproducibility of statistical inference, the seminal
paper of Benjamini and Hochberg (1995) introduced an elegant
concept of false discovery rate (FDR), which is defined as the
expectation of the fraction of false discoveries among all the dis-
coveries, and proposed a popularly used Benjamini-Hochberg
procedure for FDR control by resorting to the p-values for large-
scale multiple testing returned by some statistical estimation
and testing procedure. There is a huge literature on FDR con-
trol for large-scale inference and various generalizations and
extensions of the original FDR procedure were developed and
investigated for different settings and applications Benjamini
and Yekutieli (2001), Efron and Tibshirani (2002), Storey (2002),
Storey, Taylor, and Siegmund (2004), Abramovich et al. (2006),
Efron (2007a, 2007b), Fan, Hall, and Yao (2007), Wu (2008),
Clarke and Hall (2009), Hall and Wang (2010), Fan and Fan
(2011), Meng et al. (2011), Zhang and Liu (2011), Fan, Han,
and Gu (2012), Liu and Shao (2014), and Su and Candés (2016).
Most of existing work either assumes a specific functional form
such as linearity on the dependence structure of response Y
on covariates X;’s, or relies on the p-values for evaluating the
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significance of covariates X;’s. Yet in high-dimensional settings,
we often do not have such luxury since response Y could depend
on covariate vector x through very complicated forms and even
when Y and x have simple dependence structure, high dimen-
sionality of covariates can render classical p-value calculation
procedures no longer justified or simply invalid Huber (1973),
Fan, Demirkaya, and Lv (2017), and Sur, Chen, and Candés
(2017). These intrinsic challenges can make the p-value based
methods difficult to apply or even fail Candés et al. (2018).

To accommodate arbitrary dependence structure of Y on x
and bypass the need of calculating accurate p-values for covari-
ate significance, Candeés et al. (2018) recently introduced the
model-X knockoffs framework for FDR control in general high-
dimensional nonlinear models. Their work was inspired by and
builds upon the ingenious development of the knockoft filter in
Barber and Candeés (2015), which provides effective FDR control
in the setting of Gaussian linear model with dimensionality
p no larger than sample size n. The knockoff filter was later
extended in Barber and Candes (2016) to high-dimensional lin-
ear model using the ideas of data splitting and feature screening.
The salient idea of Barber and Candeés (2015) is to construct
the so-called “knockoft” variables which mimic the depen-
dence structure of the original covariates but are independent of
response Y conditional on the original covariates. These knock-
off variables can be used as control variables. By comparing
the regression outcomes for original variables with those for
control variables, the relevant set of variables can be identified
more accurately and thus the FDR can be better controlled.
The model-X knockofts framework introduced in Candes et al.
(2018) greatly expands the applicability of the original knockoff
filter in that the response Y and covariates x can have arbitrar-
ily complicated dependence structure and the dimensionality
p can be arbitrarily large compared to sample size n. It was
theoretically justified in Candés et al. (2018) that the model-
X knockofts procedure controls FDR exactly in finite samples
of arbitrary dimensions. However, one important assumption
in their theoretical development is that the joint distribution of
covariates x should be known. Moreover, formal power analysis
of the knockoffs framework is still lacking even for the setting of
Gaussian linear model.

Despite the importance of known covariate distribution in
their theoretical development, Candés et al. (2018) empirically
explored the scenario of unknown covariate distribution for the
specific setting of generalized linear model (GLM) McCullagh
and Nelder (1989) with Gaussian design matrix and discovered
that the estimation error of the covariate distribution can have
negligible effect on FDR control. Yet there exist no formal theo-
retical justifications on the robustness of the model-X knockoffs
method and it is also unclear to what extent such robustness can
hold beyond the GLM setting. To address these fundamental
challenges, our article intends as the first attempt to provide the-
oretical foundations on the power and robustness for the model-
X knockoffs framework. Specifically, the major innovations of
the article are 2-fold. First, we will formally investigate the
power of the knockoffs framework in high-dimensional linear
models with both known and unknown covariate distribution.
Second, we will provide theoretical support on the robustness
of the model-X knockofts procedure with unknown covariate
distribution in general high-dimensional nonlinear models.
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More specifically, in the ideal case of known covariate dis-
tribution, we prove that the model-X knockoffs procedure in
Candes et al. (2018) has asymptotic power one under mild
regularity conditions in high-dimensional linear models. When
moving away from the ideal scenario, to accommodate the
difficulty caused by unknown covariate distribution we sug-
gest the modified model-X knockoffs method called graphical
nonlinear knockoffs (RANK). The modified knockoffs proce-
dure exploits the data splitting idea, where the first half of the
sample is used to estimate the unknown covariate distribution
and reduce the model size, and the second half of the sample
is employed to globally construct the knockoff variables and
apply the knockofts procedure. We establish that the modified
knockofts procedure asymptotically controls the FDR regardless
of whether the reduced model contains the true model or not.
Such feature makes our work intrinsically different from that in
Barber and Candes (2016) requiring the sure screening property
Fan and Lv (2008) of the reduced model; see Section 3.1 for
more detailed discussions on the differences. In our theoretical
analysis of FDR, we still allow for arbitrary dependence struc-
ture of response Y on covariates x and assume that the joint
distribution of x is characterized by Gaussian graphical model
with unknown precision matrix Lauritzen (1996). In the specific
case of high-dimensional linear models with unknown covariate
distribution, we also provide robustness analysis on the power
of our modified procedure.

The rest of the article is organized as follows. Section 2
reviews the model-X knockoffs framework and provides the-
oretical justifications on its power in high-dimensional linear
models. We introduce the modified model-X knockoffs proce-
dure RANK and investigate its robustness on both FDR control
and power with respect to the estimation of unknown covariate
distribution in Section 3. Section 4 presents several simulation
examples of both linear and nonlinear models to verify our
theoretical results. We demonstrate the performance of our
procedure on a real dataset in Section 5. Section 6 discusses
some implications and extensions of our work. The proofs of
main results are relegated to the Appendix. Additional technical
details are provided in the supplementary materials.

2. Power Analysis for Oracle Model-X Knockoffs

Suppose we have a sample (x;, Y;)!_ ; of nindependent and iden-
tically distributed (iid) observations from the population (x, Y),
where dimensionality p of covariate vector x = (Xi,...,X,)T
can greatly exceed available sample size n. To ensure model
identifiability, it is common to assume that only a small fraction
of p covariates Xj’s are truly relevant to response Y. To be
more precise, Candés et al. (2018) defined the set of irrelevant
features S; as that consisting of X;’s such that X; is independent
of Y conditional on all remaining p — 1 covariates Xj’s with
k # j, and thus the set of truly relevant features Sy is given
naturally by S, the complement of set Sj. Features in sets Sp
and S§ = S arealso referred to as important and noise features,
respectively.

We aim at accurately identifying these truly relevant features
in set Sy, that is, assumed to be identifiable while keeping the
FDR Benjamini and Hochberg (1995) under control. The FDR
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for a feature selection procedure is defined as

SNse
with Fpp = 12190l

FDR = E[FDP] , (1)

where S denotes the sparse model returned by the feature
selection procedure, |-| stands for the cardinality of a set, and the
convention 0/0 = 0 is used in the definition of the false discov-
ery proportion (FDP), which is the fraction of noise features in
the discovered model. Here feature selection procedure can be
any favorite sparse modeling method by the choice of the user.

2.1. Review of Model-X Knockoffs Framework

Our suggested graphical nonlinear knockoffs procedure in Sec-
tion 3 falls in the general framework of model-X knockofts
introduced in Candés et al. (2018), which we briefly review in
this section. The key ingredient of model-X knockofts frame-
work is the construction of the so-called model-X knockoft
variables that are defined as follows.

Definition 1 (Candeés et al. 2018). Model-X knockoffs for the

family of random variables x = (Xj, ..., X)) T is a new family of
random variables X = (Xj,... ,Xp)T that satisfies two proper-

ties: (1) (xT,'iT)Swap(‘g)g(xT,'iT) for any subset S C {1,...,p},
where swap(S) means swapping components X; and X; for each

je Sand 2 denotes equal in distribution, and (2) X 1L Y|x.

_ We see from Definition 1 that model-X knockoff variables
Xj’s mimic the probabilistic dependency structure among the
original features X;’s and are independent of response Y given
Xj’s. When the covariate distribution is characterized by Gaus-
sian graphical model Lauritzen (1996), that is,

x~ N, 2" )

with p X p precision matrix £y encoding the graphical structure
of the conditional dependency among the covariates X;’s, we
can construct the p-variate model-X knockoft random variable
X characterized in Definition 1 as

X|x ~ N(x — diag{s}ox, 2diag{s} — diag{s}ﬂodiag{s}>, (3)

where s is a p-dimensional vector with nonnegative components
chosen in a suitable way. In fact, in view of Equations (2) and (3)
itis easy to show that the original features and model-X knockoft
variables have the following joint distribution

X\ N 0 pN ¥ — diag{s}
X 0 )’ Xy — diagfs} Yo

(4)

with £p = €' the covariance matrix of covariates x.
Intuitively, larger components of s means that the constructed
knockoff variables deviate further from the original features,
resulting in higher power in distinguishing them. The p-
dimensional vector s in Equation (3) should be chosen in a
way such that o — 27 !diag{s} is positive definite, and can be
selected using the methods in Candés et al. (2018). We will treat
it as a nuisance parameter throughout our theoretical analysis.

With the constructed knockoff variables X, the knockoffs
inference framework proceeds as follows. We select important
variables by resorting to the knockoff statistics W; = f;(Z;, Z;)
defined for each 1 < j < p, where Z; and 2]- represent feature
importance measures for jth covariate X; and its knockoff coun-
terpart )’Zj, respectively, and f;(-, -) is an antisymmetric function
satisfying fi(zj,zj)) = —fj(Zj, zj). For example, in linear regres-
sion models, one can choose Z; and Z as the Lasso Tibshirani
(1996) regression coefficients of X; and )’?j, respectively, and a
valid knockoft statistic is W; = fj(zj,Z)) = lzj| — |zj|. There
are also many other options for defining the feature importance
measures. Observe that all model-X knockoff variables X;’s are
just noise features by the second property in Definition 1. Thus,
intuitively, a large positive value of knockoff statistic W; indi-
cates that jth covariate X; is important, while a small magnitude
of W; usually corresponds to noise features.

The final step of the knockofs inference framework is to sort
|W;l’s from high to low and select features whose W;’s are at or
above some threshold T, which results in the discovered model

S=8M={1<j<p:W;>T) (5)

Following Barber and Candés (2015) and Candes et al. (2018),
one can choose the threshold T in the following two ways

- G W< )
T-mm{tEW.me}) (6)
. L+ [{j: W) < —t}| }

T, = teW: , 7
+ mm{e |{i:Wj>t}| <q (7)

where W = {|Wj] 1 < j < p}\ {0} is the set of
unique nonzero values attained by |Wj|s and g € (0,1) is
the desired FDR level specified by the user. The procedures
using threshold T in Equation (6) and threshold T in Equa-
tion (7) are referred to as knockoffs and knockoffs; methods,
respectively. It was proved in Candés et al. (2018) that model-
X knockoffs procedure controls a modified FDR that replaces
|S| in the denominator by g~! + |S| in Equation (1), and
model-X knockoffs; procedure achieves exact FDR control in
finite samples regardless of dimensionality p and dependence
structure of response Y on covariates x. The major assump-
tion needed in Candés et al. (2018) is that the distribution of
covariates x is known. Throughout the article, we implicitly use
the threshold T, defined in Equation (7) for FDR control in
the knockofts inference framework but still write it as T for
notational simplicity.

2.2. Power Analysis in Linear Models

Although the knockofts procedures were proved rigorously to
have controlled FDR in Barber and Candés (2015), Barber and
Candeés (2016), and Candes et al. (2018), their power advan-
tages over popularly used approaches have been demonstrated
only numerically therein. In fact, formal power analysis for
the knockofts framework is still lacking even in simple model
settings such as linear regression. We aim to fill in this gap as a
first attempt and provide theoretical foundations on the power
analysis for model-X knockofts framework. In this section, we
will focus on the oracle model-X knockoffs procedure for the



ideal case when the true precision matrix ¢ for the covariate
distribution in Equation (2) is known, which is the setting
assumed in Candes et al. (2018). The robustness analysis for
the case of unknown precision matrix £ will be undertaken
in Section 3.

We would like to remark that the power analysis for the
knockoffs framework is necessary and nontrivial. The FDR and
power are two sides of the same coin, just like Type I and Type I
errors in hypothesis testing. The knockoffs framework is a wrap-
per and can be combined with most model selection methods
to achieve FDR control. Yet the theoretical properties of power
after applying the knockoffs procedure are completely unknown
for the case of correlated covariates and unknown covariate
distribution. For example, when the knockoffs framework is
combined with the Lasso, it further selects variables from the
set of variables picked by Lasso applied with the augmented
design matrix to achieve the FDR control. For this reason, the
power of knockofts is usually lower than that of Lasso. The main
focus of this section is to investigate how much power loss the
knockofts framework would encounter when combined with
Lasso.

Since the power analysis for the knockofts framework is
nontrivial and challenging, we content ourselves on the setting
of high-dimensional linear models for the technical analysis on
power. The linear regression model assumes that

y=XBy+e, ®)

wherey = (Y1,...,Y,)T is an n-dimensional response vector,
X = (xp,... ,xn)T is an n x p design matrix consisting of
p covariates Xjs, B, = (ﬂo,l,...,ﬁo,p)T is a p-dimensional
true regression coefficient vector, and ¢ = (ey,. .., en)T is an
n-dimensional error vector independent of X. As mentioned
before, the true model Sy = supp(B,) which is the support
of B is assumed to be sparse with size s = |Sp|, and the n
rows of design matrix X are iid observations generated from
Gaussian graphical model (2). Without loss of generality, all
the diagonal entries of covariance matrix X, are assumed to
be ones.

As discussed in Section 2.1, there are many choices of the
feature selection procedure up to the user for producing the
feature importance measures Z; and Z; for covariates X; and
knockoft variables ;(j, respectively, and there are also different
ways to construct the knockoff statistics W;. For the illustration
purpose, we adopt the Lasso coeflicient difference (LCD) as the
knockoft statistics in our power analysis. The specific choice of
LCD for knockoft statistics was proposed and recommended in
Candeés et al. (2018), in which it was demonstrated empirically
to outperform some other choices in terms of power. The LCD
is formally defined as

W; = 1B;(M)] — 1Bpi (M, ©)

where B}(A) and Ep.ﬁrj()\.) denote the jth and (p + j)th com-
ponents, respectively, of the Lasso Tibshirani (1996) regression
coefficient vector

B = argminggay { @~ |y = X.XIb [ + 2l ]
(10)
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with A > 0 the regularization parameter, X =&,..,.5)7
an n X p matrix whose n rows are independent random vectors
of model-X knockoff variables generated from Equation (3),
and || - ||, for r > 0 the L,-norm of a vector. To simplify the
technical analysis, we assume that with asymptotic probability
one, there are no ties in the magnitude of nonzero W’s and no
ties in the magnitude of nonzero components of Lasso solution
in Equation (10), which is a mild condition in light of the
continuity of the underlying distributions.

To facilitate the power analysis, we impose some basic regu-
larity conditions.

Condition 1. The components of & are iid with sub-Gaussian
distribution.

Condition 2. It holds that m‘isn |Bo,jl > Kn{(log‘i))/n}l/2 for some
J&€20

slowly diverging sequence k, — 00 as n — 00.

Condition 3. There exists some constant ¢ € (2(qs)j, 1) such
that with asymptotic probability one, |S| > ¢s for S given in
Equation (5).

Condition 1 can be relaxed to heavier-tailed distributions
at the cost of slower convergence rates as long as similar con-
centration inequalities used in the proofs continue to hold.
Condition 2 is assumed to ensure that the Lasso solution 8())
does not miss a great portion of important features in Sy. This
is necessary since the knockoffs procedure under investigation
builds upon the Lasso solution and thus its power is naturally
upper bounded by that of Lasso. To see this, recall the well-
known oracle inequality for Lasso Bickel, Ritov, and Tsybakov
(2009) and Bithlmann and van de Geer (2011) that with asymp-
totic probability one, |B(1) — Boll2 = O(s'/?1) for A chosen
in the order of {(logp)/ n}l/2 . Then Condition 2 entails that for
some k, — 00, O(sA%) = ||B(}) — /30||% > Zje§fmso ﬁg’j >
n! (logp)/c,ﬂgf N Sy| with S'\L = supp{ﬁ(k)L Thus, the num-
ber of important features missed by Lasso |Sf N Syl is upper
bounded by O(sk, %) with asymptotic probability one. This
guarantees that the power of Lasso is lowered bounded by 1 —
O(k, 2); that is, Lasso has asymptotic power one. However, as
discussed previously the power of knockoffs is always upper
bounded by that of Lasso. So we are interested in the relative
power of knockoffs compared to that of Lasso. For this reason,
Condition 2 is imposed to simplify the technical analysis of the
knockofts power by ensuring that the asymptotic power of Lasso
is one. We will show in Theorem 1 that there is almost no power
loss when applying model-X knockofts procedure.

Condition 3 imposes a lower bound on the size of the sparse
model selected by the knockoffs procedure. Recall that we
assume the number of true variables s can diverge with sample
size n. The rationale behind Condition 3 is that any method with
high power should at least be able to select a large number of
variables which are not necessarily true ones though. Since it is
not straightforward to check, we provide a sufficient condition,
that is, more intuitive in Lemma 1 below, which shows that
Condition 3 can hold as long as there exist enough strong signals
in the model. We acknowledge that Lemma 1 may not be a
necessary condition for Condition 3.
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Lemma 1. Assume that Condition 1 holds and there exists some
constant ¢ € (Z(qs)_l, 1) such that |S;] > cswith S, = {j :
|Bo,jl > [sn~1(log p)1'/2}. Then Condition 3 holds.

We would like to mention that the conditions of Lemma 1 are
not stronger than Condition 2. We require a few strong signals,
and yet still allow for many very weak ones. In other words, the
set of strong signals S, is only a large enough proper subset of
the set of all signals Sp.

We are now ready to characterize the statistical power of
the knockoffs procedure in high-dimensional linear model (8).
Formally speaking, the power of a feature selection procedure is
defined as

(11)

Power(g) =E |:|S N 80|] >

|Sol

where S denotes the discovered sparse model returned by the
feature selection procedure.

Theorem 1. Assume that Condition 1-3 hold, all the eigenvalues
of € are bounded away from 0 to oo, the smallest eigenvalue
of 2diag(s) — diag(s)Rodiag(s) is positive and bounded away
from 0, and A = C,\{(logp)/n}l/2 with C, > 0 some constant.
Then the oracle model-X knockoffs procedure satisfies that with
probability at least 1 — ¢c3p™,

1SN Sol/ISol = 1= C, Cul + Diy, !
and therefore,

15N Sol
|So

~|—o(/<n_1) — 1

Power(g) =FE [ :| >1—Cp,Coi(p+ i, ' —c3p™@

as n — 00, where ¢ is the golden ratio and Cy, is some positive
constant.

Theorem 1 reveals that the oracle model-X knockoffs proce-
dure in Candés et al. (2018) knowing the true precision matrix
2, for the covariate distribution can indeed have asymptotic
power one under some mild regularity conditions. Since param-
eter k, characterizes the signal strength, it is seen that the
stronger the signal, the faster the convergence of power to one.
This shows that for the ideal case, model-X knockoffs procedure
can enjoy appealing FDR control and power properties simulta-
neously.

3. Robustness of Graphical Nonlinear Knockoffs

When moving away from the ideal scenario considered in Sec-
tion 2, a natural question is whether both properties of FDR
control and power can continue to hold with no access to the
knowledge of true covariate distribution. To gain insights into
such a question, we now turn to investigating the robustness
of model-X knockoffs framework. Hereafter, we assume that
the true precision matrix ¢ for the covariate distribution in
Equation (2) is unknown. We will begin with the FDR analysis
and then move on to the power analysis.

3.1. Modified Model-X Knockoffs

We would like to emphasize that the linear model assumption
is no longer needed here and arbitrary dependence structure
of response y on covariates x is allowed. As mentioned in Sec-
tion 1, to overcome the difficulty caused by unknown preci-
sion matrix ¢ we modify the model-X knockoffs procedure
described in Section 2.1 and suggest the method of graphical
nonlinear knockoffs (RANK).

To ease the presentation, we first introduce some notation.
For each given p x p symmetric positive definite matrix €2,
denote by C® = I, — diag{s} and B? = (2diag{s} —
diag{s}ﬂdiag{s})l/ % the square root matrix. We define n x p

T ~ . .
matrix X = &F,..., 5T by independently generating X%

from the conditional distribution

@x; ~ N(C“x,-, (B9)2>, (12)
where X = (xq,...,%,)7 is the original n x p design matrix
generated from Gaussian graphical model (2). It is easy to show
that the (2p)-variate random vectors (xiT, ('i?)T)T are iid with
Gaussian distribution of mean 0 and covariance matrix given
by cov(x;) = Xy, cov(xi,i?) = ¥,C% and cov(’i?) = (B%)? +
C2xo(CHT.

Our modified knockoffs method RANK exploits the idea
of data splitting, in which one half of the sample is used to
estimate unknown precision matrix ¢ and reduce the model
dimensionality, and the other half of the sample is employed to
construct the knockoft variables and implement the knockoffs
inference procedure, with the steps detailed below.

« Step 1. Randomly split the data (X, y) into 2-folds (X®, y®)
with 1 < k < 2 each of sample size n/2.

« Step 2. Use the first fold of data (X, y)) to obtain an
estimate €2 of the precision matrix and a reduced model with
support S. R

o Step 3. With estimated precision matrix € from Step 2,
construct an (n/2) x p knockoffs matrix X using X@ with
rows independently generated from Equation (12); that is,
X = X@(C®T + ZB® with Z an (n/2) x p matrix with
iid N(0, 1) components.

« Step 4. Construct knockoff statistics W;’s using only data on
support S, that s, W = Wj(y(z),Xg),ig) forj e S and
W; = Oforj e S°. Then applyknocktzf\fs inference procedure
to Wj’s to obtain final set of features S.

Here for any matrix A and subset S C {1,...,p}, the compact
notation A s stands for the submatrix of A consisting of columns
insetS.

As discussed in Section 2.1, the model-X knockoffs frame-
work uses sparse regression procedures such as the Lasso. For
this reason, even in the original model-X knockoffs procedure
the knockoft statistics W;’s (see, e.g., Equation (9)) take nonzero
values only over a much smaller model than the full model.
This observation motivates us to estimate such a smaller model
using the first half of the sample in Step 2 of our modified pro-
cedure. When implementing this modified procedure, we limit
ourselves to sparse models S with size bounded by some positive
integer K, that diverges with n; see, for example, Fan and Lv



(2013) and Lv (2013) for detailed discussions and justifications
on similar consideration of sparse models. In addition to sparse
regression procedures, feature screening methods such as Fan
and Lv (2008) and Fan and Fan (2008) can also be used to obtain
the reduced model S.

The above modified knockoffs method differs from the orig-
inal model-X knockoffs procedure Candés et al. (2018) in that
we use an independent sample to obtain the estimated precision
matrix € and reduced model S. In particular, the indepen-
dence between estimates (SZ S) and data (X®,y?)) plays an
important role in our theoretical analysis for the robustness of
the knockoffs procedure. In fact, the idea of data splitting has
been popularly used in the literature for various purposes Fan,
Samworth, and Wu (2009), Fan, Guo, and Hao (2012), Shah and
Samworth (2013), and Barber and Candeés (2016). Although the
work of Barber and Candés (2016) has the closest connection
to ours, there are several key differences between these two
methods. Specifically, Barber and Candeés (2016) considered
high-dimensional linear model with fixed design, where the
data is split into two portions with the first portion used for
feature screening and the second portion employed for applying
the original knockoff filter in Barber and Candes (2015) on
the reduced model. To ensure FDR control, it was required in
Barber and Candes (2016) that the feature screening method
should enjoy the sure screening property Fan and Lv (2008),
that is, the reduced model after the screening step contains the
true model Sy with asymptotic probability one. In contrast, one
major advantage of our method is that the asymptotic FDR
control can be achieved without requiring the sure screening
property; see Theorem 2 in Section 3.2 for more details. Such
major distinction is rooted on the difference in constructing
knockoft variables; that is, we construct model-X knockoft vari-
ables globally in Step 3 above, whereas Barber and Candeés (2016)
constructed knockoff variables locally on the reduced model.
Another major difference is that our method works with ran-
dom design and does not need any assumption on how response
y depends upon covariates x, while the method in Barber and
Candes (2016) requires the linear model assumption and cannot
be extended to nonlinear models.

3.2. Robustness of FDR Control for Graphical Nonlinear
Knockoffs

We begin with investigating the robustness of FDR control for
the modified model-X knockoffs procedure RANK. To simplify
the notation, we rewrite (X(Z),y(z)) as (X, y) with sample size n
whenever there is no confusion, where n now represents half
of the original sample size. For each given p x p symmetric
positive definite matrix €, an n x p knockoffs matrix X® =
X2, %7 can be constructed with 1 rows independently
generated according to Equation (12) and the modified knock-
offs procedure proceeds with a given reduced model S. Then the
FDP and FDR functions in Equation (1) can be rewritten as

FDR,(®,S) = E[FDP,(y, Xs, Xo)], (13)

where the subscript n is used to emphasize the dependence
of FDP and FDR functions on sample size. It is easy to check

that the knockoffs procedure based on (y, X, )N(g()) satisfies all
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the conditions in Candés et al. (2018) for FDR control for any
reduced model S, that is, independent of X and XQO, which
ensures that FDR, (820, S) can be controlled at the target level
q. To study the robustness of our modified knockoffs procedure,
we will make a connection between functions FDR,, (2, S) and
FDR,, (R, S).

To ease the presentation, denote by Xy = X® the oracle
knockoffs matrix with = ¢, Cp = C%, and By = B%.
The following proposition establishes a formal characterization
of the FDR as a function of the precision matrix 2 used in
generating the knockoff variables and the reduced model S.

Proposition 1. For any given symmetric positive definite & €
RP*Pand S C {1,...,p}, it holds that

E|g:(X5,HY .
where X&

g = X Xo.s] € R™PHSD function g, (-) is some
conditional expectation of the FDP function whose functional
form is free of R and S, and

FDR,(R,S) = (14)

ge_ [ b C§—Cos(Bg sBo.s)™/*((BY)"BE) "
p—t 2 .
0 (B! ¢Bo.s)""/2((BZ)"BE)"

We see from Proposition 1 that when 2 = £, it holds that
H® = I, s/ and thus the value of the FDR function at point
@ reduces to

FDR, (R0, S) = E[ 1 (X5) |

which can be shown to be bounded from above by the target
FDR level g using the results proved in Candés et al. (2018).
Since the dependence of FDR function on £ is completely
through matrix H®, we can reparameterize the FDR function
as FDR,,(H%, S). In view of Equation (14), FDR,(H%, S) is the
expectation of some measurable function with respect to the
probability law of Xfug which has matrix normal distribution
with independent rows, and thus is expected to be a smooth
function of entries of H® by measure theory. Motivated by
such an observation, we make the following Lipschitz continuity
assumption.

Condition 4. There exists some constant L > 0 such that for all
|S] < K, and || — Rl < Ca, with some constant C; >
0 and a, — 0, [FDR,(H%,S) — FDR,(H%,S)| < L|H® —
H% | > where || - [l2and || - || F denote the matrix spectral norm
and matrix Frobenius norm, respectively.

Condition 5. Assume that the estimated precision matrix Q
satisfies ||SZ Qll2 < Cyay with probability 1 — O(p™) for
some constants Cy, ¢c; > 0 and g, — 0, and that |S| <K,.

The error rate of precision matrix estimation assumed in
Condition 5 is quite flexible. We would like to emphasize that
no sparsity assumption has been made on the true precision
matrix €. Bounding the size of sparse models is also important
for ensuring model identifiability and stability; see, for instance,
Fan and Lv (2013) and Lv (2013) for more detailed discussions.
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Theorem 2. Assume that all the eigenvalues of ¢ are bounded
away from 0 to co and the smallest eigenvalue of 2diag(s) —
diag(s) Rodiag(s) is bounded from below by some positive con-
stant. Then under Condition 4, it holds that

sup IFDR,(H%,S) — FDR(H%, S)|

|S|§Knx 12— l2<Caa,
< O(KY?ay). (15)

Moreover, under Conditions 4 and 5 with K,l,/ 2a,, — 0, the FDR
of RANK is bounded from above by g + O(K,ll/zan) +O0(p™ ),

where g € (0, 1) is the target FDR level.

Theorem 2 establishes the robustness of the FDR with respect
to the precision matrix £2; see the uniform bound in Equation
(15). As a consequence, it shows that our modified model-X
knockoffs procedure RANK can indeed have FDR asymptoti-
cally controlled at the target level g. We remark that the term
K4 in Theorem 2 is because Condition 4 is imposed through
the matrix Frobenius norm, which is motivated from results
on the smoothness of integral function from calculus. If one
is willing to impose assumption through matrix spectral norm
instead of Frobenius norm, then the extra term K,i/ % can be
dropped and the set S can be taken as the full model {1, .. ., p}.

We would like to stress that Theorem 2 allows for arbitrarily
complicated dependence structure of response y on covariates x
and for any valid construction of knockoff statistics Wj’s. This
is different from the conditions needed for power analysis in
Section 2.2 (i.e., the linear model setting and LCD knockoff
statistics). Moreover, the asymptotic FDR control in Theorem 2
does not need the sure screening property of P(S D So} — 1
as n — 00.

3.3. Robustness of Power in Linear Models

We are now curious about the other side of the coin; that is, the
robustness theory for the power of our modified knockofts pro-
cedure RANK. As argued at the beginning of Section 2.2, to ease
the presentation and simplify the technical derivations we come
back to high-dimensional linear models (8) and use the LCD in
Equation (9) as the knockoft statistics. The difference with the
setting in Section 2.2 is that we no longer assume that the true
precision matrix ¢ is known and use the modified knockoffs
procedure introduced in Section 3.1 to achieve asymptotic FDR
control. _

Recall that for the RANK procedure, the reduced model S
is first obtained from an independent subsample and then the
knockoffs procedure is applied on the second fold of data to
further select features from S. Clearly, if S does not have the
sure screening property of P{S D So} — lasn — oo,
then the Lasso solution based on [stg), X 3] as given in Equation
(18) is no longer a consistent estimate of 8, even when the true
precision matrix £ is used to generate the knockoft variables. In
addition, the final power of our modified knockoffs procedure
will always be upper bounded by s~ IS N Sp|. Nevertheless, the
results in this section are still useful in the sense that model (8)
can be viewed as the projected model on support S. Thus, our
power analysis here is relative power analysis with respect to the
reduced model S. In other words, we will focus on how much

power loss would occur after we apply the model-X knockoffs
procedure to (Xg),i%, y?) when compared to the power of

571 |§ N Sp|. Since our focus is relative power loss, without loss
of generality we will condition on the event

{gD So} (16)

We would like to point out that all conditions and results in this
section can be adapted correspondingly when we view model (8)
as the projected model if S A Sp. Similarly as in FDR analysis,
we restrict ourselves to sparse models with size bounded by K,
that diverges as n — 00, that is, |S | < K.

With @ taken as the estimated precision matrix Q, we can
generate the knockoftf variables from Equation (12). Then
the Lasso procedure can be applied to the augmented data
(X?,X,y?) with X constructed in Step 3 of our modified
knockofts procedure and the LCD can be defined as

W = W =1BxR.8)| - B RS, (17)
where ,Bj(k; SZ,S) and B;H_j()»; ﬁ,g) are the jth and (j + p)th
components, respectively, of the Lasso estimator

B(s2,8) = argming__o|n~ |y — (X, Kb + 21l
()

with A > 0 the regularization parameter and 51 ={1<j<
2p:j¢Sandj—p & S}

Unlike the FDR analysis in Section 3.2, we now need sparsity
assumption on the true precision matrix 2.

Condition 6. Assume that £ is L,-sparse with each row having
at most L, nonzeros for some diverging L, and all the eigenval-
ues of 2 are bounded away from 0 to co.

For each given precision matrix 2 and reduced model S, we
define Wjﬂ’s similarly as in (17) except that £ is used to generate
the knockoft variables and set S is used in Equation (18) to
calculate the Lasso solution. Denote by Se = ij: stz,s >

T} C S the final set of selected features using the LCD stz,s
the knockoffs inference framework. We further define a class of
precision matrices @ € RP*P

A= {SZ : Qis L;,-sparse and |2 — Q]2 < Czan}, (19)
where C, and a,, are the same as in Theorem 2 and L;, is some
positive integer that diverges with . Similarly as in Section 2.2,
in the technical analysis we assume implicitly that with asymp-
totic probability one, for all valid constructions of the knockoft
variables there are no ties in the magnitude of nonzero knockoff
statistics and no ties in the magnitude of nonzero components
of Lasso solution uniformly over all € A and |S| < K,,.

Condition 7. It holds that }P’{ﬁ € A} > 1 — c;p~ for some
constant ¢c; > 0.

The assumption on the estimated precision matrix Q made
in Condition 7 is mild and flexible. A similar class of precision
matrices was considered in Fan et al. (2015) with detailed dis-
cussions on the choices of the estimation procedures. See, for



example, Fan and Lv (2016), Chen et al. (2016), and Ren et al.
(2018) for some more recent developments on large precision
matrix estimation and inference. In parallel to Theorem 1, we
have the following results on the power of our modified knock-
offs procedure with the estimated precision matrix €.

Theorem 3. Assume that Conditions 1 and 2, and 6 and 7 hold,
the smallest eigenvalue of 2diag(s) —diag(s) Rodiag(s) is positive
and bounded away from 0, |{j : |Bo,j| > [sn_l(logp)]1/2}| > cs,
and A = C;\{(logp)/n}l/2 with ¢ € ((gs)"',1) and C; > 0
some constants. Then if [(L, + L’)l/2 + KY*a, = o(1) and
slap+ (K, +L )[n’l(logp)]l/z} = 0(1), RANK with estimated

precision matrix Q and reduced model S has power satisfying

~ o~ N
Power(2,S) = E [%} >1—Cy,Ci(p + Dk, !
0
—0p™? —ap P + ok, )
=1-o0(1),

where ¢ is the golden ratio and Cg, is some positive constant.

Theorem 3 establishes the robustness of the power for the
RANK method. In view of Theorems 2 and 3, we see that our
modified knockofts procedure RANK can enjoy appealing prop-
erties of FDR control and power simultaneously when the true
covariate distribution is unknown and needs to be estimated in
high dimensions.

4. Simulation Studies

So far we have seen that our suggested RANK method admits
appealing theoretical properties for large-scale inference in
high-dimensional nonlinear models. We now examine the
finite-sample performance of RANK through four simulation
examples.

4.1. Model Setups and Simulation Settings

Recall that the original knockoff filter (KF) in Barber and
Candes (2015) was designed for linear regression model with
dimensionality p not exceeding sample size #n, while the high-
dimensional knockoff filter (HKF) in Barber and Candés (2016)
considers linear model with p possibly larger than n. To compare
RANK with the HKF procedure in high-dimensional setting,
our first simulation example adopts the linear regression model

y=XB +e, (20)

where y is an n-dimensional response vector, X is an n X p
design matrix, B = (B1,...,Bp)" is a p-dimensional regres-
sion coeflicient vector, and € is an n-dimensional error vector.
Nonlinear models provide useful and flexible alternatives to
linear models and are widely used in real applications. Our
second through fourth simulation examples are devoted to three
popular nonlinear model settings: the partially linear model, the
single-index model, and the additive model, respectively. As a
natural extension of linear model (20), the partially linear model
assumes that

y=XB+gU) +e, (1)
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where g(U) = (g(Uy), ... ,g(Un))T is an n-dimensional vector-
valued function with covariate vector U = (Uy, ..., U,)T, g()is
some unknown smooth nonparametric function, and the rest of
notation is the same as in model (20). In particular, the partially
linear model is a semiparametric regression model that has
been commonly used in many areas such as economics, finance,
medicine, epidemiology, and environmental science Engle et al.
(1986) and Hérdle, Liang, and Gao (2000).

The third and fourth simulation examples drop the linear
component. As a popular tool for dimension reduction, the
single-index model assumes that

y=8XB) +e, (22)
whereg(XB) = (gx!'B),...,gxIB) T withX = (x1,...,x,)7,
g(+) is an unknown link function, and the remaining notation
is the same as in model (20). In particular, the single-index
model provides a flexible extension of the GLM by relaxing the
parametric form of the link function Ichimura (1993), Stoker
(1986), Hardle and Stoker (1989), Li and Racine (2007), and
Horowitz (2009). To bring more flexibility while alleviating the
curse of dimensionality, the additive model assumes that

p
y=) §X)+e

(23)

j=1
where gj(ﬂ) (g6, ... >gj(9n))T for 6 61,...,6)7T,
X; represents the jth covariate vector with X = (Xy,...,X,),

g(-)’s are some unknown smooth functions, and the rest of
notation is the same as in model (20). The additive model has
been widely employed for nonparametric modeling of high-
dimensional data Hastie and Tibshirani (1990), Ravikumar et al.
(2009), Meier, van de Geer, and Bithlmann (2009), and Choulde-
chova and Hastie (2015).

For the linear model (20) in simulation example 1, the rows of
the n x p design matrix X are generated as iid copies of N(0, X)
with precision matrix ¥l = (,o'j_k|)15j,k§p for p = 0 and
0.5. We set the true regression coefficient vector 8, € R? as a
sparse vector with s = 30 nonzero components, where the signal
locations are chosen randomly and each nonzero coefficient
is selected randomly from {+A} with A = 1.5 and 3.5. The
error vector & is assumed to be N(0,02I,) with 0 = 1. We
set sample size # = 400 and consider the high-dimensional
scenario with dimensionality p = 200, 400, 600, 800, and 1000.
For the partially linear model (21) in simulation example 2,
we choose the true function as g(U) = sin(2x U), generate
U = (Uy,...,U,)T with iid U; from uniform distribution on
[0,1], and set A = 1.5 with the remaining setting the same as in
simulation example 1.

Since the single-index model and additive model are more
complex than the linear model and partially linear model, we
reduce the true model size s while keeping sample size n = 400
in both simulation examples 3 and 4. For the single-index model
(22) in simulation example 3, we consider the true link function
g(x) = x°/2 and set p = 200,400, 600, 800, and 1000. The
true p-dimensional regression coefficient vector 8, is generated
similarly with s = 10 and A = 1.5. For the additive model (23)
in simulation example 4, we assume that s = 10 of the functions
&j(-)’s are nonzero with j’s chosen randomly from {1, ..., p} and
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the remaining p — 10 functions gj(-)’s vanish. Specifically, each
nonzero function gj(-) is taken to be a polynomial of degree
3 and all coeflicients under the polynomial basis functions are
generated independently as N(0, 10%) as in Chouldechova and
Hastie (2015). The dimensionality p is allowed to vary with val-
ues 200, 400, 600, 800, and 1000. For each simulation example,
we set the number of repetitions as 100.

4.2. Estimation Procedures

To implement RANK procedure described in Section 3.1, we
need to construct a precision matrix estimator € and obtain the
reduced model S using the first fold of data (X", y("). Among
all available estimators in the literature, we employ the ISEE
method in Fan and Lv (2016) for precision matrix estimation
due to its scalability, simple tuning, and nice theoretical proper-
ties. For s1mp11c1ty, we choose s; = 1/ Amax(®) forall 1 < j<
p, where Q denotes the ISEE estimator for the true precision
matrix € and Amax standards for the largest eigenvalue of a
matrix. Then we can obtain an (1/2) x (2p) augmented design
matrix [X®,X], where X represents an (1/2) x p knockoffs
matrix constructed in Step 3 of our modified knockofts proce-
dure in Section 3.1. To construct the reduced model S using
the first fold of data (X, (1)) we borrow the strengths from
the recent literature on feature selection methods. After S is
obtalned we employ the reduced data (Xaug,y(z)) with Xaug

[X § ,X &] to fit a model and construct the knockoft statistics.
In what follows, we will discuss feature selection methods for
obtaining S for the linear model (20), partially linear model
(21), single-index model (22), and additive model (23) in sim-
ulation examples 1-4, respectively. We will also discuss the
construction of knockoff statistics in each model setting.

For the linear model (20) in simulation example 1, we obtain
the reduced model S by first applying the Lasso procedure

B = argming g, {n~!Iy® —XObJ3 + 20611} 29)

with A > 0 the regularization parameter and then taking the

support S = supp(ﬁm). Then with the estimated € and S,
we construct the knockoft statistics as the LCD (17), where the
estimated regression coefficient vector is obtained by applying
the Lasso procedure on the reduced model as described in (18).
The regularization parameter X in Lasso is tuned using the K-
fold cross-validation (CV).

For the partially linear model (21) in simulation example 2,
we employ the profiling method in semiparametric regression
based on the first fold of data (X, UM, y(1) by observing that
model (21) becomes a linear model when conditioning on the
covariate vector UV, Consequently, we need to estimate both
the profiled response E(y"|UW) and the profiled covariates
EXDUM). To this end, we adopt the local linear smoothing
estimators Fan and Gijbels (1996) E(y() |[U®D) and E(XV|UD)
of ]E(y(l) [UDY) and EXD D) using the Epanechnikov kernel
K(u) = 0.75(1 — u?); with the optimal bandwidth selected
by the generalized cross-validation (GCV). Then we define the
Lasso estimator ﬁ(l) for the p-dimensional regression coefficient
vector similarly as in Equation (24) with y») and XV replaced

by y? —E(y®D[UD) and XV —EEXD|UD), respectively. The

reduced model is then taken as S = supR(ﬁ ) For knockoff
statistics W we set W = 0forallj ¢ S. On the support S,
we construct W = | ﬂ]| — | ﬂp+]| with ﬁ] and ﬁp+J the Lasso
coefficients obtalned by applying the model fitting procedure

described above to the reduced data (XS U( ) y(z)) in the

aug’
second subsample with Xaug [Xg), Xz sl
To fit the single-index model (22) in simulation example 3,
we employ the Lasso-SIR method in Lin, Zhao, and Liu (2016).
The Lasso-SIR first divides the sample of 1 = n/2 observations
in the first subsample (XV,y1) into H slices of equal length c,

1
and constructs the matrix Ay = — (XM)TMMTX®D, where

M = Iy ® 1, is an m x H matrix, that is, the Kronecker product
of the identity matrix Iy and the constant vector 1. of ones. Then
the Lasso-SIR estimates the p-dimensional regression coefficient

vector E(l) using the Lasso procedure similarly as in Equation
(18) with the original response vector y\) replaced by a new
response vector Y = (ci;) T 'MMTXMy,, where A; denotes
the largest eigenvalue of matrix Ay and 7, is the corresponding
eigenvector. We set the number of slices H = 5. Then the

reduced model is taken as & = supp(ﬁ(l)). We then apply
the fitting procedure Lasso-SIR discussed above to the reduced
data (Xaug, y?) with Xaug [X(z) X 5] and construct knockoff
statistics in a similar way as in parnally linear model.

To fit the additive model (23) in simulation example 4, we
apply the GAMSEL procedure in Chouldechova and Hastie
(2015) for sparse additive regression. In particular, we choose 6
basis functions each with 6 degrees of freedom for the smooth-
ing splines using orthogonal polynomials for each additive com-
ponent and set the penalty mixing parameter y = 0.9 in GAM-
SEL to obtain estimators of the true functions gj(-)’s. The GAM-
SEL procedure is first applied to the first subsample XD,y
to obtain the reduced model S, and then applied to the reduced
data (Xaug, y?) with Xaug = [Xg), X ] to obtain estimates
g and g for the additive functions corresponding to the jth
covariate and its knockoff counterpart with j € S, respectively.
The knockoff statistics are then constructed as

Wj = gl7/, — I8pjllnj forje S (25)
and W] =0forj ¢ S, where ||§j||n /2 represents the empirical
norm of the estimated function fg}(-) evaluated at its observed
points and #/2 stands for the size of the second subsample.

It is seen that in all four examples above, intuitively large
positive values of knockoff statistics W; provide strong evidence
against the jth null hypothesis Ho : Bj = 0 or Hp;; : gj = 0. For
all simulation examples, we set the target FDR level at g = 0.2.

4.3. Simulation Results

To gain some insights into the effect of data splitting, we also
implemented our procedure without the data splitting step.
To differentiate, we use RANKSs to denote the procedure with
data splitting and RANK to denote the procedure without data
splitting. To examine the feature selection performance, we look
at both measures of FDR and power. The empirical versions
of FDR and power based on 100 replications are reported in
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Table 1. Simulation results for linear model (20) in simulation example 1 with A = 1.5 in Section 4.1.

RANK RANK+ RANKs RANKs
p p FDR Power FDR Power FDR Power FDR Power
200 0.2054 1.00 0.1749 1.00 0.1909 1.00 0.1730 1.00
400 0.2062 1.00 0.1824 1.00 0.2010 1.00 0.1801 1.00
600 0.2263 1.00 0.1940 1.00 0.2206 1.00 0.1935 1.00
800 0.2385 1.00 0.1911 1.00 0.2247 1.00 0.1874 1.00
1000 0.2413 1.00 0.2083 1.00 0.2235 1.00 0.1970 1.00
0.5 200 0.2087 1.00 0.1844 1.00 0.1875 1.00 0.1692 1.00
400 0.2144 1.00 0.1879 1.00 0.1954 1.00 0.1703 1.00
600 0.2292 1.00 0.1868 1.00 0.2062 1.00 0.1798 1.00
800 0.2398 1.00 0.1933 1.00 0.2052 0.9997 0.1805 0.9997
1000 0.2412 1.00 0.2019 1.00 0.2221 0.9984 0.2034 0.9984
Table 2. Simulation results for linear model (20) in simulation example 1 with A = 3.5 in Section 4.1.
RANKSs RANKs HKF HKF
14 p FDR Power FDR Power FDR Power FDR Power
0 200 0.1858 1.00 0.1785 1.00 0.1977 0.9849 0.1749 0.9837
400 0.1895 1.00 0.1815 1.00 0.2064 0.9046 0.1876 0.8477
600 0.2050 1.00 0.1702 1.00 0.1964 0.8424 0.1593 0.7668
800 0.2149 1.00 0.1921 1.00 0.1703 0.7513 0.1218 0.6241
1000 0.2180 1.00 0.1934 1.00 0.1422 0.7138 0.1010 0.5550
0.5 200 0.1986 1.00 0.1618 1.00 0.1992 0.9336 0.1801 0.9300
400 0.1971 1.00 0.1805 1.00 0.1657 0.8398 0.1363 0.7825
600 0.2021 1.00 0.1757 1.00 0.1253 0.7098 0.0910 0.6068
800 0.2018 1.00 0.1860 1.00 0.1374 0.6978 0.0917 0.5792
1000 0.2097 0.9993 0.1920 0.9993 0.1552 0.6486 0.1076 0.5524
Table 3. Simulation results for partially linear model (21) in simulation example 2 in Section 4.1.
RANK RANK+ RANKs RANKs 4+
P p FDR Power FDR Power FDR Power FDR Power
0 200 0.2117 1.00 0.1923 1.00 0.1846 0.9976 0.1699 0.9970
400 0.2234 1.00 0.1977 1.00 0.1944 0.9970 0.1747 0.9966
600 0.2041 1.00 0.1776 1.00 0.2014 0.9968 0.1802 0.9960
800 0.2298 1.00 0.1810 1.00 0.2085 0.9933 0.1902 0.9930
1000 0.2322 1.00 0.1979 1.00 0.2113 0.9860 0.1851 0.9840
0.5 200 0.2180 1.00 0.1929 1.00 0.1825 0.9952 0.1660 0.9949
400 0.2254 1.00 0.1966 1.00 0.1809 0.9950 0.1628 0.9948
600 0.2062 1.00 0.1814 1.00 0.2038 0.9945 0.1898 0.9945
800 0.2264 1.00 0.1948 1.00 0.2019 0.9916 0.1703 0.9906
1000 0.2316 1.00 0.2033 1.00 0.2127 0.9830 0.1857 0.9790
Table 4. Simulation results for single-index model (22) in simulation example 3 in Section 4.1.
RANK RANK+ RANKs RANKs
P p FDR Power FDR Power FDR Power FDR Power
0 200 0.1893 1 0.1413 1 0.1899 1 0.1383 1
400 0.2163 1 0.1598 1 0.245 0.998 0.1676 0.997
600 0.2166 1 0.1358 1 0.2314 0.999 0.1673 0.998
800 0.1964 1 0.1406 1 0.2443 0.992 0.1817 0.992
1000 0.2051 1 0.134 1 0.2431 0.969 0.1611 0.962
0.5 200 0.2189 1 0.1591 1 0.2322 1 0.1626 1
400 0.2005 1 0.1314 1 0.2099 0.996 0.1615 0.995
600 0.2064 1 0.1426 1 0.2331 0.998 0.1726 0.998
800 0.2049 1 0.1518 1 0.2288 0.994 0.1701 0.994
1000 0.2259 1 0.1423 1 0.2392 0.985 0.185 0.983

Tables 1 and 2 for simulation example 1 and Tables 3 and 5
for simulation examples 2-4, respectively. In particular, Table 1
compares the performance of RANK and RANK with that of
RANKSs and RANKs,, where the subscript + stands for the
corresponding method when the modified knockoff threshold
T is used. We see from Table 1 that RANK and RANK mimic
closely RANKs and RANKSs_, respectively, suggesting that data

splitting is more of a technical assumption. In addition, the FDR
is approximately controlled at the target level of g = 0.2 with
high power, which is in line with our theory. Table 2 summa-
rizes the comparison of RANKSs with HKF procedure for high-
dimensional linear regression model. Despite that both methods
are based on data splitting, their practical performance is very
different. It is seen that although controlling the FDR below the



372 Y.FAN ET AL.

Table 5. Simulation results for additive model (23) in simulation example 4 in Section 4.1.

RANK RANK4+ RANKs RANKs 4

p p FDR Power FDR Power FDR Power FDR Power
0 200 0.1926 0.9780 0.1719 0.9690 0.2207 0.9490 0.1668 0.9410
400 0.2094 0.9750 0.1773 0.9670 0.2236 0.9430 0.1639 0.9340

600 0.2155 0.9670 0.1729 0.9500 0.2051 0.9310 0.1620 0.9220

800 0.2273 0.9590 0.1825 0.9410 0.2341 0.9280 0.1905 0.9200

1000 0.2390 0.9570 0.1751 0.9350 0.2350 0.9140 0.1833 0.9070

0.5 200 0.1904 0.9680 0.1733 0.9590 0.2078 0.9370 0.1531 0.9330
400 0.2173 0.9650 0.1701 0.9540 0.2224 0.9360 0.1591 0.9280

600 0.2267 0.9600 0.1656 0.9360 0.2366 0.9340 0.1981 0.9270

800 0.2306 0.9540 0.1798 0.9320 0.2332 0.9150 0.1740 0.9110

1000 0.2378 0.9330 0.1793 0.9270 0.2422 0.8970 0.1813 0.8880

target level, HKF suffers from a loss of power due to the use of
the screening step and the power deteriorates as dimensionality
p increases. In contrast, the performance of RANKSs is robust
across different correlation levels p and dimensionality p. It
is worth mentioning that HKF procedure with data recycling
performed generally better than that with data splitting alone.
Thus, only the results for the former version are reported in
Table 2 for simplicity.

For high-dimensional nonlinear settings of partially linear
model, single-index model, and additive model in simulation
examples 2—4, we see from Tables 3-5 that RANKs and RANKSs_;
performed well and similarly as RANK and RANK} in terms of
both FDR control and power across different scenarios. These
results demonstrate the model-X feature of our procedure for
large-scale inference in nonlinear models.

5. Real Data Analysis

In addition to simulation examples presented in Section 4, we
also demonstrate the practical utility of our RANK procedure
on a gene expression dataset, which is based on Affymetrix
GeneChip microarrays for the plant Arabidopsis thaliana in
Wille et al. (2004). It is well known that isoprenoids play a
key role in plant and animal physiological processes, such as
photosynthesis, respiration, regulation of growth, and defense
against pathogens in plant physiological processes. In particular,
Horvath, Schaffer, and Wisman (2003) found that many of
the genes expressed preferentially in mature leaves are read-
ily recognizable as genes involved in photosynthesis, including
rubisco activase (AT2G39730), fructose bisphosphate aldolase
(AT4G38970), and two glycine hydroxymethyltransferase genes
(AT4G37930 and AT5G26780). Thus, isoprenoids have become
important ingredients in various drugs (e.g., against cancer and
malaria), fragrances (e.g., menthol), and food colorants (e.g.,
carotenoids). See, for instance, Wille et al. (2004), Schifer and
Strimmer (2005), and Preli¢ et al. (2006) on studying the mech-
anism of isoprenoid synthesis in a wide range of applications.
The aforementioned dataset in Wille et al. (2004) consists
of 118 gene expression patterns under various experimental
conditions for 39 isoprenoid genes, 15 of which are assigned
to the regulatory pathway, 19 to the plastidal pathway, and
the remaining 5 isoprenoid genes encode protein located in
the mitochondrion. Moreover, 795 additional genes from 56
metabolic pathways are incorporated into the isoprenoid genetic
network. Thus, the combined dataset is comprised of a sample of

Table 6. Selected genes and their associated pathways for real data analysis in
Section 5.

RANK RANK4+

Pathway Gene Pathway Gene
Calvin AT4G38970 Calvin AT4G38970
Carote AT1G57770 Carote AT1G57770
Folate AT1G78670 Folate AT1G78670
Inosit AT3G56960

Phenyl AT2G27820 Phenyl AT2G27820
Purine AT3G01820 Purine AT3G01820
Ribofl AT4G13700

Ribofl AT2G01880 Ribofl AT2G01880
Starch AT5G19220 Starch AT5G19220

Lasso

Pathway Gene Pathway Gene
Berber AT2G34810 Porphy AT4G18480
Calvin AT4G38970 Pyrimi AT5G59440
Calvin AT3G04790 Ribofl AT2G01880
Glutam AT5G18170 Starch AT5G19220
Glycol AT4G27600 Starch AT2G21590
Pentos AT3G04790 Trypto AT5G48220
Phenyl AT2G27820 Trypto AT5G17980
Porphy AT1G03475 Mevalo AT5G47720
Porphy AT3G51820

n = 118 gene expression patterns for 834 genes. This dataset was
studied in Yang, Lozano, and Ravikumar (2014) for identifying
genes that exhibit significant association with the specific iso-
prenoid gene GGPPS11 (AGI code AT4G36810). Motivated by
Yang, Lozano, and Ravikumar (2014), we choose the expression
level of isoprenoid gene GGPPS11 as the response and treat the
remaining p = 833 genes from 58 different metabolic pathways
as the covariates, in which the dimensionality p is much larger
than sample size n. All the variables are logarithmically trans-
formed. To identify important genes associated with isoprenoid
gene GGPPS11, we employ the RANK method using the Lasso
procedure with target FDR level ¢ = 0.2. The implementation
of RANK is the same as that in Section 4 for the linear model.
Since the sample size of this dataset is relatively low, we choose
to implement RANK without sample splitting, which has been
demonstrated in Section 4 to be capable of controlling the FDR
at the desired level.

Table 6 lists the selected genes by RANK, RANK, and Lasso
along with their associated pathways. We see from Table 6
that RANK, RANK,, and Lasso selected 9 genes, 7 genes,
and 17 genes, respectively. The common set of four genes,
AT4G38970, AT2G27820, AT2G01880, and AT5G19220, was



selected by all three methods. The values of the adjusted R
for these three selected models are equal to 0.7523, 0.7515,
and 0.7843, respectively, showing similar level of goodness of
fit. In particular, among the top 20 genes selected using the
Elem-OLS method with entrywise transformed Gram matrix
in Yang, Lozano, and Ravikumar (2014), we found that five
genes (AT1G57770, AT1G78670, AT3G56960, AT2G27820, and
AT4G13700) selected by RANK are included in such a list of
top 20 genes, and three genes (AT1G57770, AT1G78670, and
AT2G27820) picked by RANK are contained in the same list.

To gain some scientific insights into the selected genes, we
conducted gene ontology (GO) enrichment analysis to interpret,
from the biological point of view, the influence of selected genes
on isoprenoid gene GGPPS11, which is known as a precursor to
chloroplast, carotenoids, tocopherols, and abscisic acids. Specif-
ically, in the enrichment test of GO biological process, gene
AT1G57770 is involved in carotenoid biosynthetic process. In
the GO cellular component enrichment test, genes AT4G38970
and AT5G19220 are located in chloroplast, chloroplast enve-
lope, and chloroplast stroma; gene AT1G57770 is located in
chloroplast and mitochondrion; and gene AT2G27820 is located
in chloroplast, chloroplast stroma, and cytosol. The GO molec-
ular function enrichment test shows that gene AT4G38970 has
fructose-bisphosphate aldolase activity and gene AT1G57770
has carotenoid isomerase activity and oxidoreductase activity.
These scientific insights in terms of biological process, cellular
component, and molecular function suggest that the selected
genes may have meaningful biological relationship with the tar-
getisoprenoid gene GGPPS11. See, for example, Horvath, Schaf-
fer,and Wisman (2003), Ramel et al. (2009), and Wienkoop et al.
(2004) for more discussions on these genes.

6. Discussions

Our analysis in this article reveals that the suggested RANK
method exploiting the general framework of model-X knockoffs
introduced in Candeés et al. (2018) can asymptotically con-
trol the FDR in general high-dimensional nonlinear models
with unknown covariate distribution. The robustness of the
FDR control under estimated covariate distribution is enabled
by imposing the Gaussian graphical structure on the covari-
ates. Such a structural assumption has been widely employed
to model the association networks among the covariates and
extensively studied in the literature. Our method and theo-
retical results are powered by scalable large precision matrix
estimation with statistical efficiency. It would be interesting
to extend the robustness theory of the FDR control beyond
Gaussian designs as well as for heavy-tailed data and dependent
observations.

Our work also provides a first attempt to the power analysis
for the model-X knockoffs framework. The nontrivial technical
analysis establishes that RANK can have asymptotic power one
in high-dimensional linear model setting when the Lasso is used
for sparse regression. It would be interesting to extend the power
analysis for RANK with a wide class of sparse regression and fea-
ture screening methods including SCAD, SIS, and many other
concave regularization methods Fan and Li (2001), Fan and Lv
(2008), Fan and Fan (2008), and Fan and Lv (2013). Though
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more challenging, it is also important to investigate the power
property for RANK beyond linear models. The power analysis in
general high-dimensional nonlinear models is highly challeng-
ing for several reasons. First, the minimum signal strength needs
to be characterized precisely in the power analysis. Yet unlike the
beta-min measure in the linear model, there lacks a popularly
accepted measure with explicit formula on the minimum signal
strength in general high-dimensional nonlinear models. Sec-
ond, the estimation error associated with each covariate plays
an important role in the power analysis. However, in general
nonlinear models it is unclear how to disentangle the individual
estimation error corresponding to each covariate. Third, the
knockoffs procedure builds on some underlying variable selec-
tion method, which itself is highly challenging both empirically
and theoretically in general high-dimensional nonlinear mod-
els.

Our RANK procedure uses the idea of data splitting, which
plays an important role in our technical analysis. Our numer-
ical examples, however, suggest that data splitting is more of
a technical assumption than a practical necessity. It would be
interesting to develop theoretical guarantees for RANK without
data splitting. These extensions are interesting topics for future
research.

Supplementary Materials

The supplementary material contains additional technical details for the
proofs of Lemmas 3-8.
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Appendix A: Appendix: Proofs of Main Results

We provide the proofs of Theorems 1-3, Propositions 1 and 2, and
Lemmas 1 and 2 in this appendix. Additional technical details for the
proofs of Lemmas 3-8 are included in the supplementary material.
To ease the technical presentation, we first introduce some notation.
Let Amin(-) and Amax(-) be the smallest and largest eigenvalues of
a symmetric matrix. For any matrix A = (ajj), denote by [|All; =
max; ¥, lajl [Allmax = maxijlagl, 1Az = AMZ(ATA), and
Al = [tr(ATA)]l/ 2 the matrix £;-norm, entrywise maximum
norm, spectral norm, and Frobenius norm, respectively. For any set
S C {l,...,p}, we use Ag to represent the submatrix of A formed by
columns in set S and Ag s to denote the principal submatrix formed
by columns and rows in set S.

A.1. Proofs of Lemma 1 and Theorem 1

Observe that the choice of S = {1,...,p} certainly satisfies the
sure screening property. We see that Lemma 1 and Theorem 1 are
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specific cases of Lemma 6 in Section B.4 of supplementary materials
and Theorem 3, respectively. Thus, we only prove the latter ones.

A.2. Proof of Proposition 1

In this proof, we will consider £ and S as deterministic parameters
and focus only on the second half of sample (X?),y®)) used in FDR
control. Thus, we will drop the superscripts in (X?),y(?)) whenever
there is no confusion. For a given precision matrix 2, the matrix of
knockoft variables
X =2, 3T

can be generated using Equation (12) with ¢ replaced by €. Here,
we use the superscript £ to emphasize the dependence of knockoffs
matrix on 2. Recall that for a given set S with k = |S|, we calculate the
knockoff statistics Wj’s using (y, X, i?). Thus, the FDR function can
be written as

E[a.XX$] (A1

FDR# (R, S) = E[FDP,(y, X5, X8)] =
where g1,,(X, ig) = E[FDPy(y, XS,X?Q)}X, )Nig] It is seen that the
function g1 5 is the conditional FDP when knockoff variables 3('?, 1<
i < n, are simulated using €2 and only variables in set S are used to

construct knockoff statistics W;. We want to emphasize that since given

X the response y is independent of )N(g-, the functional form of g , is
free of the matrix €2 used to generate knockoff variables.

Using the technical arguments in Candes et al. (2018), we can show
that FDR,(R0,S) < ¢ for any sample size n and all subsets S C
{1,...,p} that are independent of the original data (X(z),y(z)) used
in the knockoffs procedure. Observe that the only difference between
FDR;(R,S) and FDR; (20, S) is that different precision matrices are
used to generate knockoff variables. We restrict ourselves to the follow-
ing data generating scheme

3= cHx+8%;, i=1....n
where C® = I, — Qdiagfs}, z; ~ N(0,I) € RP are iid normal
random vectors that are independent of x;s, and B® = (2diag{s} —
dlag{s}ﬂdlag{s}) 172 For simplicity, write x( ) xQO By = B0, and
Co = C0, that is, the matrices correspondmg to the oracle case. Then
restricted to set S,

39 = ¢l gx; + Bo,5) "z

~Q e\T T

5= €%+ BTz, T2
where the subscript S means the submatrix (subvector) formed by
columns (components) in set S. We want to make connections between

0)

by iS andx iS To this end, construct

s = (CHx; + B'B] gz, (A2)

172 . Then it is seen that

where B = (BT By 5)_1/2((B9)TB9)
(x;,X S) and (x;, X : S) have identical joint distribution. Although x xl S
cannot be calculated in practlce for a given 2 due to its dependency on
R0, the random vector x¥ ;.S acts as a proxy of X% ;.5 in studying the FDR
function. In fact, by construction (A.1) can be further written as
1] o2
FDR;(2,S) = E[g1,n(X,X5)] =E[g1,(X.X5)],  (A3)
LX2T
Observe that the randomness in both X(O) and Xg is fully deter-
mined by the same random matrices X and ZBO, S, which are indepen-
dent of each other and whose rows are iid copies from N(0, Xo) and

where Xg = [i?s, ..

N(o, Bg’ S By,s), respectively. For this reason, we can rewrite the FDR
function in Equation (A.3) as

FDRy (R, 8) = Elg1,n(Xg,gH™)],

where X$,, = [X,Xq,s] = [X,XCo,s + ZBy,s] € R™PTH) s the

augmented matrix collecting columns of X and )N(O) S»and

HQ — Ip C‘Ssl- —~C0)S§
0 B ’

which completes the proof of Proposition 1.

A.3. Lemma 2 and Its Proof

Lemma 2. Assume that |2 — R¢||> = O(ay) with a;, — 0 some deter-
ministic sequence and all the notation the same as in Proposition 1. If
Amin{2diag(s) — diag(s)Rodiag(s)} > cp and Amax(Xo) < cgl for
some constant ¢y > 0, then it holds that

IB —Ixll2 < c112 — Roll2 = O(ay),

where Bis given in Equation (A.2) and ¢; > 0is some uniform constant
independent of set S.

Proof. We use C to denote some generic positive constant whose value
may change from line to line. First note that

(B2)"BE — B{ sBo,s = —(diag(s)(R — Ro)diag(s)) g 5. (A4)

Further, since g — 27 1d1ag(s) is positive definite it follows that
Islloo < 2Amax(Xp) < ZCO . Thus, it holds that

IB%)BE — Bj sBo,sll2 < Cl(@ - R0)s,sl2
< ClI2 —~ oll2 = Olan).

For n large enough, by the triangle inequality we have
Amin((BE)TBE) > Amin(B] sBo,s)
+ Amin(BZ) BE — B{ sBo.s)
> Amin(B§ Bo) — O(an)
= Amin <2diag(s) — diag(s)ﬂodiag(s)) — O(ay)
> co/2.
In addition, Amin((Bo,s)"Bos) = Amin((Bo)'Bo) = Amin
(Zdiag(s) — diag(s)SZodiag(s)) > ¢0/2. The above two inequalities
together with Lemma 2.2 in Schmitt (1992) entail that
1/2 1/2
[(B2TB)" — (Bo.5)Bos)"?|

< (Veo/2+ Vo2 M IBEHTBE -

= Cl®e — L2 = Oan),

(Bo,s) ' Bosll2
(A.5)

where the last step is because of Equation (A.4). Thus, it follows that
1/2 1/2
1B~ 1l < | (BHTBE)"” — (Bo,5)"Bos) |

x (Bo.5) Bo.s) %12
< ClI2 — ol - (Bo)TBo) < CIIR — Roll2, (A6)

min

where the last step comes from assumption Amin (Bg By =
Amin(2diag(s) — diag(s)Rodiag(s))
> cp. This concludes the proof of Lemma 2.



A.4. Proof of Theorem 2

We now proceed to prove Theorem 2 with the aid of Lemma 2 in
Section A.3. We use the same notation as in the proof of Proposition 1
and use C > 0 to denote a generic constant whose value may change
from line to line.

We start with proving (15). By Condition 4, we have

|[FDR(H®, S) — FDR(H®, S)| < L|H® — H% |, (A7)

where the constant L is uniform over all |2 — ¢ < C2a;, and |S| <
K. Denote by k = |S|. By the definition of H, it holds that

o -
H® _H% —H® 1, = ( g CSE__CIO;;SB ) .
By the definition and matrix norm inequality, we deduce
IH® — H®||p = |C§ — CosBlF + B — Lklr
< VkICE — Co,sBll2 + VEIB — Iz
= VK (I€E = Cosllz + o B ~ Tl
1B - 1]z
= VEa((1+1Co,512) 1B = Ll + 1€% = Coll2).

Since Xog — 2_1diag(s) is positive definite, it follows that 5; <
2Amax(Z0) < 2/Amin(R0) =< C. Thus, [[Cosll2 = Collz =
IT — Rodiag(s)ll2 < 1 + [|Rol2]ldiag(s)]l2 < C. This along with

IC% = Coll2 = (R — ¢)diag(s)[l2 < Cay and Lemma 2 entails that
IH® — H®0 || can be further bounded as

IH® — H®|p < Cy/Knan.
Combining the above result with Equation (A.7) leads to

sup [FDR(H®, S) — FDRH, S)| < O(v/Knan),
{lS‘SKnv”SZ_QO HSCﬂn}

(A.8)

which completes the proof of Equation (15).
We next establish the FDR control for RANK. By Condition 7, the
event & = {||® — Rollz, < Czan} occurs with probability at least

1—O(p~“1). Since R and S are estimated from independent subsample
x® ,y(l)), it follows from Equation (15) that

‘IE[FDP,,(X?, X3)|€0] - B[FDP, (X2, X, 5)[€0] )

< sup E[FDP, (X2, X2)|&]

|S|<Kn, |[2—%0[=Caan

—E[FDP, (X2, Xo,5)|0] ‘ (A.9)
= sup E[FDP,(X2,X%)]
|SI<Kp, |20 |=<Cra,
—E[FDP, (X2, Xo,5)] ’ (A.10)
- sup FDR(H®, S) — FDR(HQO,S)’
|S‘§Kn) -0 [<Cran
<O(/Knan). (A.11)

Now note that by the property of conditional expectation, we have
FDR,(®,S) — FDR,(R0,S)
= (B[FDP.(X2. X 5)|€0] — E[FDP.XD, X, 5)]E0]) P(0)
+ (E[FDP,(x, X 5)|€5] - E[FDP, (XE, X, 2)|5]) P&

=11 + b.

JOURNAL OF THE AMERICAN STATISTICAL ASSOCIATION e 375

Let us first consider term I;. By Equation (A.11), it holds that
2) 2) 3
| < ‘E[FDPn(X‘%),Xg)MO] - IE[FDPn(X%,),XO’gﬂSO]‘

< O(J/Knay).

We next consider term I». Since FDP is always bounded between 0 and
1, we have

2| < 2P(&) < O(p~ D).
Combining the above two results yields
[FDR; (8, 8) — EDRu(R0,8)| < O(/Knan) + O(p~1).

This together with the result of FDR, (820, g) < ¢ mentioned in the
proof of Proposition 1 in Section A.2 completes the proof of Theorem 2.

A.5. Proof of Theorem 3

In this proof, we will drop the superscripts in (X, y(?)) whenever
there is no confusion. By the definition of power, for any given precision
matrix € and reduced model S the power can be written as

Power(,S) = E[f(Xs,ig,Y)],

where f is some function describing how the empirical power depends
on the data. Note that f(Xgs, )N(g,y) is a stochastic process indexed by
2, and we care about the mean of this process. Our main idea is to
construct another stochastic process indexed by £ which has the same
mean but possibly different distribution. Then by studying the mean of
this new stochastic process, we can prove the desired result.

We next provide more technical details of the proof. The proxy
process is defined as

. Q _ T 1/2
X3 = XC% + 7By s (B] sBo,s) (%) "Bs) . (A12)

where Cg is the submatrix of C% = I, — Qdiag(s}, Bg is the submatrix
of B® = (diag(s) - diag(s)ﬂdiag(s))l/z, and Bg = B, It is easy
to see that Xg and ig defined using Equation (12) have the same
distribution. Since Z is independent of (X, y), we can further conclude
that Xg, ig,y) and Xg, )“(fé, y) have the same joint distribution for
each given € and S. Thus, the power function can be further written
as

Power(R2,S) = IE[f(Xs,Xg',Y)] = ]E[f(X&Xg“W)]-

Therefore, we only need to study the power of the knockoffs procedure
based on the pseudo data (Xg, Xg, y).

To simplify the technical presentation, we will slightly abuse the
notation and still use 8 = B(A) = B(A; R, S) to represent the Lasso

. o2 .
solution based on pseudo data (Xg,Xg,y). We will use ¢ and C to
denote some generic positive constants whose values may change from
line to line. Define

~ laor o 1~
G=-XioXko e R®XC)  and 7= -XFiy e R¥ (A.13)
n n

with Xgo = [X, XQ] € R"™P) the augmented design matrix. For
any given set S C {1,...,p} with k = |S|, (2p) x (2p) matrix A,
and (2p)-vector a, we will abuse the notation and denote by Ag s €
R(2K)*(2Kk) the principal submatrix formed by columns and rows in set
{i:je Sorj—p e Standags € R2K the subvector formed by
components in set {j : j € Sorj—p € S}. For any p x p matrix B
(or p-vector b), we define Bs (or bs) in the same way meaning that
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columns (or components) in set S will be taken to form the submatrix
(or subvector). R

With the above /r}otation, note that the Lasso solution 8 =
(E,...,@p)T = PR, S) restricted to variables in S can be
obtainedbysetting@ =0forje{l<j<2p:j¢Sandj—p & S}
and minimizing the following objective function

— 1 o~ ~
Bs = argming pok {EbTGs,Sb —psb+ Allbll]} . (A.14)

By Proposition 2 in Section A.6, it holds that with probability at least
1—c3p7 9,

sup 1B R,S) — Bl < Co,sh,
QeA,|S|<K,

(A.15)

where A = C)\{(logp)/n}l/2 with C;, > 0 some constant and Cy,
is some positive constant. By Condition 2 and the assumption A =
C;L{(logp)/n}l/z, we have

(A.16)

Denote by Wjﬂ’s the LCD based on the above ﬁ()»; ?,S5). Recall
that by assumption, there are no ties in the magnitude of nonzero
Wjﬂ’s’s and no ties in the nonzero components of the Lasso solution

g’)‘sl > > |W(SIZ)’)S|bethe
ordered knockofT statistics according to magnitude. Denote by j* the

index such that |WS?;‘)S| = T. Then by the definition of T, it holds that

Q.8
-T < W(i*+1)

and —-T < Wg;i ) < 0 separately.
Case 1. For the case of W(S]z.,;‘j_l) =0, S° = {j: stz,s > 0}, and
G: I/\/'].Q’S < -T}={: an’s < 0}.Letq, = wCZIC;\Kn_l with

¢ the positive solution to equation @?> — ¢ — 1 = 0 which is known

with asymptotic probability one. Let |W,

< 0. We next analyze the two cases of WQ;‘_SH) =0

as the golden ratio. If |{j : Wjﬂ’s < 0} > gpns, then we can prove that
T < kn)/(Cy @) using the same arguments as in Equation (A.21) since
{j: stz,s <-T}={j: stz,s < 0}. Thus, it reduces to Case 2 below
and the arguments therein follow.

On the contrary, if |{j : V\/jﬂ"S < 0}| < gns then we have

(3" 050] - ’supp(Wn’S) 050] - ){j: WS <0} n S

> [supp(W) 1 So| — s (A17)

since S% = SuPP(WQ’S)\{j : stz,s < 0}. Let us now focus on
ISUPP(WQ’S) NSy ’ We observe that

supp(W®) o (1,...,p} \ S&, (A.18)

where Sfl ={l<j<p: B}(}»; Q©,S) = 0}. Meanwhile, note that in
view of Equation (A.15) we have with probability at least 1 — c3p~,

Coysh > sup (B R.S) — Bolh

Qe A, |S|<K,
> sup > 1B R,.8) — Aol
SZG.A, ‘SlfKnJGSISZﬂSO

Q .
> 1Bojl = ISP N Sol min |Bo,l-
. o0 ]ESQ
JESI NSy

By Equation (A.16), we can further deduce from the above inequality
that

IS N Sol < Cp, Crry s,
which together with |Sp| = s entails that
I({L,...p} \ SE) N Sol = (1 — C, Cakeyy Vs
Combining this result with Equation (A.18) yields
‘supp(WQ’S) n so‘ > ‘({1, PS8 N 30’ > (1— Cy, Crry Vs,
(A.19)

Thus, in view of inequalities Equations (A.17) and (A.19), with proba-
bility at least 1 —c3p™ it holds uniformly overall @ € Aand |S| < K
that

|§ﬂ N S()| 1
— >1—-Cy,C(p + Dy, .
Case 2. We next consider the case of —T < Wg;il) < 0. By the
definitions of T and j*, we have
G- WS < =Ty +2
>q (A.20)

G WS = )|

since otherwise we would reduce T to |Wf.‘;‘j_1) | to get the new smaller
threshold with the criterion still satisfied. We next bound T using the
results in Lemma 6 in Section B.4 of supplementary materials. Observe
that Equation (A.20) and Lemma 6 lead to |{j : Wjﬂ’s <-TH >ql{j:
wpe
when Wjﬂ’s < —T we have |B}(A; Q,5)| — |B}+p(k; ?,5)| < —Tand

thus |Bj+p()¥; ?,S)| > T. Using Equation (A.15), we obtain

> T} —2 > qcs —2 with asymptotic probability one. Moreover,

Cosh =[BRS —Brli= Y. |Bips2.8)

WS-

= Tl WS < =T (A21)

Combining these results leads to Cp, sA > T(qcs — 2) and thus it holds
that
(qes=2) — Gy

for large enough # since k;, — 0o as n — oo and C,, is some positive
constant.

We now proceed to prove the theorem by showing that Type II error
is small. In light of Equation (A.15), we derive

p
Coysi = B R,8) — Brli = Y [IBj(:2.8) — Bo,l
j=1
HBjp (1 2. 9)]]
> > [IBxRS) = fojl + 1Bip (s 2,S)]

j€SeN(SR)e

>

j€SN(SR)e

[1Bi(: 2.8) — Bojl + 1Bi(%: 2. 8)| — T]

since |Bi4p(h 2,8)| > |Bj(1:2,S)| — T when j € (S®)°. Using the
triangle inequality and noting that |8y ;| > C;l)»/cn forj € Sp, we can
conclude that

Custz Y (Bojl =) = (e = D) [SH N S|.

jESEN(SR)e



Thus, it follows that

NSl _ 1SN NSol _ Cuy
s s T Gl T
Y -1
=1—Celcx(p_ln

uniformly over all 2 € Aand |S| < K since T < k1 /(C)¢).

Combining the above two scenarios, we have shown that with
asymptotic probability one, uniformly over all € € A and |S| < Ky it
holds that with probability at least 1 — ¢3p™ 3,

IR
|S* NSyl -

1— Cy, Crle + Dyt (A.23)

S

since ¢ + 1 = ¢/(¢ — 1) by the definition of ¢. This along with the
assumption P{R € A} > 1 — c2p~? in Condition 7 gives

% %
—~ o~ N N —~ ~
Power(Sl,S):IE|:|$ 5"'} z]E[ls SO"SZEA:|IP’{SZGA}
S S

> [1-CoCule + i | (L= e3p™) (1 = c2p™)

=1-CyCilp+ I)Kn_l —op 2 —ap S+ O(Kn_l)
=1-o0(1),

which concludes the proof of Theorem 3.

A.6. Proposition 2 and Its Proof

Proposition 2. Assume that Conditions 1 and 6 hold, the smallest
eigenvalue of 2diag(s) — diag(s)Rodiag(s) is positive and bounded
away from 0, and A = C;\{(logp)/n}l/2 with C), > 0 some constant.
Let Bt = (ﬂg,O, .. ,O)T € R? be the expanded vector of true
regression coefficient vector. If [(L, + L‘;))l/2 + K,l,/z]an = o(1)
and s{ay + Ly[(logp)/n]*/* + [Ky(logp)/n]'/?} = o(1), then with

probability at least 1 — ¢3p~ 3,
sup  [[BOsR.S) = Brlli = Ceysh
QeA,|S|<K,

and sup
Qe A, |S|<K,

||./3\(}~; Q?,8) — Bl = ngsl/zk,

where ﬁ(k; Q,S) is defined in the proof of Theorem 3 in Section A.5
and c3, ¢4, Ce,» and Cy, are all positive constants.

Proof. We adopt the same notation as used in the proof of Theorem 3
in Section A.5. Let us introduce some key events which will be used in
the technical analysis. Define

& = { sup

s — Gs.sBrslo < 2o} (A24)
12— l<Caan, |S|<Ky

&y = { sup Gs,s — Gs,Sllmax < Csaz,n},
- ll2=Czan, |S|<Ky

(A.25)

where Ag = C4+/(logp)/nand ay,, = ay + (L} + Ky)+/(logp)/n with

C4,C5 > 0 some constants. Then by Lemma 4 and 7 in Sections B.2
and B.5 of supplementary materials,
PE3NEY =1— C3p_63 (A.26)

for some constant ¢c3 > 0. Hereafter, we will condition on the event

E3N&y.
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Since ES is the minimizer of the objective function in Equation
(A.14), we have

1T~ ~ o~ ~
BsGs.sBs —psBs +1IBsl
lr = ~T
< EﬂT,SGS,SBT,S - PsﬂT,S + )\”IgT,S”l-
Some routine calculations lead to

1 ~ ~ ~ ~
S (Bs — Br.9)"Gs,s(Bs — Br.s) + HBsl
< —.BqTr,gGs,sﬂs + .Bqu,SGs,sﬂnr,s
+55Bs — Br,s) + *Brsh

= (ps — Gs,sB1,5) (Bs — Br.s) + MBr.sl (A.27)
<1Bs - Br.sl1lPs — Gs,sBT,slloo + AIBr,sl1.  (A28)
Letd = ﬁ — B. Then we can simplify Equation (A.28) as
lar~ =~ -~ ~ ~ ~
735Gs,58s +HIBslh = 13slhllps — Gs,sBTsloc
+ilBrsl
<holdsl+AlBrslh.  (A29)

Observe that |Bslli = lIBsylh + IBs\s,lh and lIBT,slh =
IBT,s,ll1 + BT s\S Il = 1IBT,8, /1 with Sp the support of true
regression coefficient vector. Then it follows from || 85, — BT,s, 11 >

1BT,s,/l1 — IBs,l1 that
1T~ ~ ~ ~ ~
356,585 +1IBs\s, 11 =< 2olldslli + 2Bs, — Br.s)l1-

Denote by IItYA:s0 Il =1Bs, —BT1,s, /1 and [[6s5\5,l1 = IBs\sy —
ﬂT,S\SO I = ||ﬂ3\30 |l1. Then we can further deduce

1~7 ~ ~ ~ ~ ~
535(;5,338 +Allds\s,ll1 < 2ollds i + Allds, 1

=ollds,ll1 + 2ollds\s, 111 + A5, N1

that is,
%3255,535 + (= 20)[8s\5, 11 < O+ 20)[Bs, I (A30)
When A > 20, it holds that
13565535+ 5 Bs\s,lh = 5 Byl (A3
Since Eg 63,5’6\5 > 0, we obtain the basic inequality
185\ 111 = 3185, 1 (A32)
on event &3. It follows from Equation (A.31) that
35Gs,s8s <3185, I1 +35Gs s ~Gs,9)ds  (A33)

with

G— N o — diag(s)
—\ Xp — diag(s) o )

With some matrix calculations, we can show that
Amin(G) = Amin(X0) Amin{2diag(s) — diag(s)Rodiag(s)} > C,

since both ¥¢ and 2diag(s) — diag(s)S2pdiag(s) have eigenvalues
bounded away from 0. Thus, the left hand side of Equation (A.33)
can be bounded from below by ¢coC||é s ||%.
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It remains to bound the right hand side of Equation (A.33). For the
first term, it follows from the Cauchy-Schwarz inequality that

3:18s, I < 3Av5sll8s, ll2 < 3A/5lI85 2. (A.34)

For the last term /S\g (Gs,s — 63,5)/8\3 on the right hand of Equation
(A.33), by conditioning on event £4 and using the Cauchy-Schwarz
inequality, the triangle inequality, and the basic inequality Equation
(A.32) we can obtain
AT ~ o~ ~ o~
85(Gs,s — Gs,8)85| < |Gs,s — Gs.smaxll8s T
< 1G5, — Gs,5lImax (185, 1 + 135\5,11)°
< 16]Gs,s — Gs,sllmaxllds, I
1651Gs,5 — Gs,5 lmax 185,13

IA

165]Gs,s — Gs,Sllmax /185113
16Cssaz, I8 112.

IA

IA

Combining the above results, we can reduce inequality Equation
(A.33) to

Clds 5 < 3rv5ll8sll2 + 16Cssaz,nl15115.

Since saz,, — 0, there exists a positive constant Cy, such that it holds
for n large enough that

I8sll2 = I1Bs — BT.sll2 = Cey/5h.

Further, by Equation (A.34) we have

Bs — Br,sll1 = Cg;sh

for some constant Cy, and for large enough #. Note that by definition,

ESC = 0 and BT gc = 0. Therefore, summarizing the above results
completes the proof of Proposition 2.
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