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NONPARAMETRIC SCREENING UNDER CONDITIONAL
STRICTLY CONVEX LOSS FOR ULTRAHIGH
DIMENSIONAL SPARSE DATA

By XU HAN
Temple University

Sure screening technique has been considered as a powerful tool to
handle the ultrahigh dimensional variable selection problems, where the di-
mensionality p and the sample size n can satisfy the NP dimensionality
log p = O(n?) for some a > 0 [J. R. Stat. Soc. Ser. B. Stat. Methodol. 70
(2008) 849-911]. The current paper aims to simultaneously tackle the “uni-
versality” and “effectiveness” of sure screening procedures. For the “uni-
versality,” we develop a general and unified framework for nonparametric
screening methods from a loss function perspective. Consider a loss func-
tion to measure the divergence of the response variable and the underlying
nonparametric function of covariates. We newly propose a class of loss func-
tions called conditional strictly convex loss, which contains, but is not lim-
ited to, negative log likelihood loss from one-parameter exponential families,
exponential loss for binary classification and quantile regression loss. The
sure screening property and model selection size control will be established
within this class of loss functions. For the “effectiveness,” we focus on a
goodness-of-fit nonparametric screening (Goffins) method under conditional
strictly convex loss. Interestingly, we can achieve a better convergence prob-
ability of containing the true model compared with related literature. The
superior performance of our proposed method has been further demonstrated
by extensive simulation studies and some real scientific data example.

1. Introduction. Ultrahigh-dimensional variable selection has become an im-
portant problem in modern statistical research due to the big data collection in a
variety of scientific areas, such as genomics, bioinformatics, functional magnetic
resonance imaging, high frequency finance, etc. In all of these problems, statisti-
cians want to select the important covariates associated with the response variable
from p covariates. However, the dimensionality p can grow much faster than the
sample size n. More specifically, log p = O (n“) for some a > 0, which is denoted
as nonpolynomial order (NP) [Fan and Lv (2008)]. As Fan, Samworth and Wu
(2009) has pointed out: existing variable selection methods based on penalized
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pseudo likelihood estimation [e.g., Tibshirani (1996), Fan and Li (2001), Zou and
Hastie (2005), Zou (2006), Candes and Tao (2007), Zou and Li (2008), Zhang
(2010)] can suffer from the simultaneous challenges to computational expediency,
statistical accuracy and algorithmic stability in ultrahigh dimensional problems.

To handle the challenges in the ultrahigh-dimensional problems, Fan and Lv
(2008) introduced a new statistical framework, sure independence screening. Their
original method focused on the Gaussian linear regression models, and the impor-
tant predictors were selected via the marginal correlation ranking. Formally, let M,
be the set of true important variables, and ZT/I\,, be the selected variables based on
some procedure, then

(D P(M*CM\n)Zl—sn,

where ¢, > 0 and &, — 0 as n — oo. This is called the “sure screening prop-
erty.” Furthermore, the model selection size can be controlled at a polynomial
rate of sample size with probability approaching 1. Because of its powerful per-
formance and computational convenience in ultrahigh dimensional problems, the
sure screening framework has received increasing attention in the past few years.
Existing literature in this framework have mainly focused on the “universality”
of the screening procedures, that is, developing procedures for various scenar-
ios which possess the “sure screening property,” for example, generalized lin-
ear model by Fan and Song (2010), nonparametric additive model by Fan, Feng
and Song (2011), rank based model-free feature screening by Zhu et al. (2011),
Cox model by Zhao and Li (2012), robust rank correlation screening by Li et al.
(2012), varying coefficient model by Fan, Ma and Dai (2014), empirical likeli-
hood based screening by Chang, Tang and Wu (2013), quantile-adaptive screening
by He, Wang and Hong (2013), censored rank independence screening by Song
et al. (2014), fused Kolmogorov filter by Mai and Zou (2015). On the other hand,
formal pursuit of “effectiveness” of sure screening procedures have been largely
ignored. Intuitively, for the convergence probability 1 — ¢, in (1), if &, converges
to O slower, the corresponding screening procedure will have larger possibility
of not selecting the true important variables. More specifically, existing literature
commonly show that

2) P(M, C My) > 1 —s,{bexp(—cn®)},

where a, b, ¢ are positive values and s,, is the size of true model. The rate a controls
how high dimensionality the screening procedure can handle. It will be illustrated
in detail in later sections. For a larger a, the probability of containing true model
converges to 1 faster. The effect of ¢ can be negligible for a larger a and a sufficient
large n. The constant b is not crucial in the asymptotic sense, but it is important for
finite sample situations. With the same value of a, a larger value of b indicates that
important variables can be mis-selected with higher probability. For some existing
results, b can even grow as n increases. Therefore, the constant b and the conver-
gence rate a can be viewed as a measure of effectiveness of a screening method.
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Correspondingly, a sure screening procedure will be considered more effective
with a larger a and a smaller b in the convergence probability of (2). Although
the existing screening procedures have been proved to possess the “sure screening
property,” the established convergence of containing the true model can be slow
subject to various specific model settings and conditions.

Our first goal in the current paper is to develop a general and unified framework
for sure screening methods from a loss function perspective. Consider a response
variable Y which distribution depends on parameter 6. Suppose 6 is a function of

p-dimensional covariate vector X = (Xq,..., X p)T. We are interested in selecting
the covariates X ;’s which are associated with the response variable Y through a
nonparametric function 6 = f(Xi,..., X,). For notational convenience, we will

write as #(X) to denote its dependence on the covariates X. In later presentation,
we sometimes simply write it as 6 for the true function, and the readers should be
reminded that the 6 is a function on X. This setting includes a variety of commonly
used regression models:

EXAMPLE 1 (Gaussian regression). Assume that ¥ |X = x is from N (6 (x), o?)
for some constant o > 0.

EXAMPLE 2 (Logistic regression). Assume that Y|X = x is from Bernoulli
distribution and In P(Y = 1| X=x) —In P(Y = 0| X =x) =0 (x).

EXAMPLE 3 (Poisson regression). Assume that ¥ |X = x is from Poisson dis-
tribution and In £(Y | X =x) = 0(x).

EXAMPLE 4 (Quantile regression). Let Q4 (Y|X =X) be the ath quantile of
the distribution for Y|X = x, then assume Q. (Y |X =Xx) = 0(x).

The above Examples 1-3 fall within the general framework of mean regression:

3) EYIX=x)=h0®)=g ' (f(1.....3p)),

where 4 is some known function, f is a nonparametric function and g is called the
link function. When g is the canonical link, that is, g = (h)~1, we have 6(X) =
f(X1,...,X)). However, Example 4 is different from the mean regression.

The above regression models are equivalent to considering a loss function
l(w, Y) for measuring the divergence between a generic variable w and the re-
sponse variable Y where w is a function of X, and assuming that the true model of
6 will minimize E[/(w, Y)|X = x] with respect to w. For instance, in the above Ex-
amples 1-3, we can choose /(w, Y) as the negative of the log-likelihood of Y|X =
x; In the above Example 4, we can choose [(w, Y) = (Y —w)[e — (Y —w < 0)],
where I is an indicator function. Therefore, we will select the important covariates
X j’s associated with Y based on such a loss function.
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In the current paper, we newly propose a definition of loss function called con-
ditional strictly convex loss, which contains, but is not limited to, negative log-
likelihood loss for one-parameter exponential families, exponential loss for binary
classification and quantile regression loss for robust estimation. Our sure screen-
ing property is established within such a wide class of loss functions. Therefore,
several existing screening methods automatically fall within our framework, in-
cluding Fan, Feng and Song (2011) for nonparametric additive models and He,
Wang and Hong (2013) for quantile regression, although their proposed screening
procedures can be different from ours. In addition, many more screening methods
are suggested by our framework, for example, generalized additive models, binary
classification by exponential loss and so on.

Our second goal of the current paper is to develop screening methods under
conditional strictly convex loss with better convergence probability of containing
the true model. We treat the marginal regression as fitting the response variable
with componentwise covariates via the loss function. We impose an additive model
structure for the unknown nonparametric function approximated by B-spline basis.
Interestingly, if we consider the goodness-of-fit statistics as the marginal utility
to rank the importance of each covariate to the joint model, we can achieve a
much better convergence probability of containing the true model compared with
other related literature. Detailed comparison between our results with other related
literature will be presented in Section 3. Furthermore, our selected model size can
be controlled at the level of sample size n rather than the dimensionality p, with
high probability.

The major contribution of the current paper is to simultaneously tackle the is-
sues of “universality” and “effectiveness.” For the “universality,” we establish the
sure screening property within a unified framework through the introduction of
a new class of loss functions: conditional strictly convex loss; For the “effec-
tiveness,” within this framework, we show that the goodness-of-fit nonparametric
screening methods can achieve a better convergence probability of containing the
true model compared with related literature.

Theoretical pursuit of “universality” and “effectiveness” for screening proce-
dures in the current paper has shed new light on the choice of sure screening meth-
ods and greatly benefited the applications of screening methods in practice. For
example, the superior performance of our proposed method compared with other
existing screening procedures will be further demonstrated by extensive simulation
studies and some real scientific data example. Our method is called goodness-of-fit
nonparametric screening (Goffins). To stabilize the computation performance, we
also provide an iterative screening procedure and an improved variant to handle
the situations where covariates are possibly correlated.

The rest of this paper will be organized as follows: Section 2 introduces the
conditional strictly convex loss, the B-spline approximation and the goodness of
fit nonparametric screening; Section 3 establishes the exponential bound, the sure
screening properties and the control of model selection size; Section 4 proposes
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an iterative screening procedure and an improved variant; Section 5 provides sim-
ulation studies and real data analysis. All the technical proofs and some numerical
results are relegated to the Supplementary Material [Han (2019)].

2. Nonparametric screening under convex loss.

2.1. Conditional strictly convex loss. Let [(x,y) : R x R — R be a func-
tion and assume the partial derivative d/(x, y)/dx exists almost everywhere for
x throughout the paper. We consider /(w, Y) as a loss function to measure the
divergence between a generic variable @ and the response variable Y. We as-
sume the convexity of /(w,Y) in the w position, that is, I[(tjw] + Hhwy,Y) >
Hl(w1,Y) + tl(wy, Y) for any real values t; 4+t = 1 and #1, #» > 0. Here, w is
a function of covariates X, and can be written as w(X) to denote its dependence
on X. For notational convenience, we sometimes simply write it as w. Suppose
the distribution of Y depends on some parameter & where 6 is a nonparametric
function of the covariates X. Assume the true model of 8 minimizes E[l(w, Y)|X]
with respect to .

In the current paper, we will newly propose a definition of loss function called
conditional strictly convex loss. Our sure screening method will be established
within such a wide class of convex loss functions.

DEFINITION 1. If 0E[l(w, Y)|X]/0dw is continuously differentiable in w and
d2E[l (w, Y)|X]/ dw? > 0, then [ (w, Y) is called a conditional strictly convex loss
function.

The conditional strictly convex loss includes, but is not limited to, the following
three major types of loss functions:

Type 1: Negative log-likelihood loss for exponential families. Suppose that the
random variable Y is from a one-parameter exponential family with density func-
tion

) frix(y:0) =exp(yd — b(O) +c(y))

for some known functions b(-) and c(-) where b”(-) exists. Consider the negative
log-likelihood loss:

(5) l(,Y) =—[0Y —b() +c(Y)].

Minimization of E[l(w, Y)|X] with respect to @ and letting 6 be the minimizer
leads to E[Y|X] = b'(0), which naturally belongs to the mean regression (3). This
is the setting of generalized additive model in Stone (1986). Note that the second
derivative of /(w, Y) with respect to w is b”(w), and b”(0) is the variance of Y
from the exponential families.

The loss function (5) can be better understood by some popular regression mod-
els:
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EXAMPLE 1 (Gaussian regression). b(0) = 92/2, c(y) = —y2/2 and [(w,
Y)= (Y —w)?/2.

EXAMPLE 2 (Logistic regression). b(0) = In(1 + exp(#)), c(y) = 0 and
l(w,Y)=—wY +In(1 + exp(w)).

EXAMPLE 3 (Poisson regression). b(6) = exp(@), c(y) = —In(y!) and [(w,
Y)=—-Yow+exp(w) + In(Y!).

Type 2: Exponential loss for classification. In classification problems, suppose
Y e{—1,1}and P(Y = 1|X=x) = p(x). The goal is to construct a classifier 6 (x).
When new covariates X are available, predict the corresponding class type Y as 1
if 6(X) > c and as —1 if 8(X) < ¢ where c is some threshold. The exponential loss
is defined as

(6) [(w,Y) =exp(—Yw),

which has been considered as a smooth approximation to the misclassification loss
[Freund and Schapire (1997)]. Minimization of E[/(w, Y)|X] with respect to @
and letting 6 be the minimizer leads to

PY=1X)
"Poy=-1x)

Type 3: Quantile regression loss. For many practical problems, the distribution
information of response variable Y is usually not available or complicated. Instead
of imposing a full distribution, quantile regression framework assumes that the
ath quantile of ¥ given X, Q4 (Y|X), is some function of X, thus the distribu-
tion assumption can be substantially relaxed [Koenker (2005)]. Correspondingly,
consider the loss function

7 l{w,Y)=F —o){a —I(Y —w <0)}

for 0 < @ < 1 where I is an indicator function. When o = 1/2, this is proportional
to the least absolute deviation loss |Y — w|, which is popularly used for robust
regression. The loss function /(w, Y) is not differentiable in w. This is a key differ-
ence from the aforementioned loss functions. Minimization of E[l(w, Y)|X] with
respect to w yields Q4 (Y|X) = 6 where 6 is the minimizer.

The following Proposition 2.1 shows that with mild conditions, Types 1-3 be-
long to the conditional strictly convex loss.

PROPOSITION 2.1. For Type 1, if b” is strictly positive and is a continuous
function, then (5) belongs to the conditional strictly convex loss; for Type 2, (6)
belongs to the conditional strictly convex loss; for Type 3, if the conditional dis-
tribution of Y|X has a continuous density function fy\x and fy;x > 0 on any
bounded domain, then (7) belongs to the conditional strictly convex loss.
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Without any further investigation, one might simply group Types 1 and 2 in
Proposition 2.1 as one class since the corresponding loss functions are second
differentiable in w. However, we will show in Section 3.4 that even for Types 1
and 2, the loss functions possess some fundamental differences in the underlying
structures, which raises challenges for proving the model selection size control in
Section 3.4.

The name of conditional strictly convex loss is borrowed from “strictly convex
function.” However, there are some major differences between the two concepts. If
[(x, y) is a strictly convex function in x and !’(x, y) is continuously differentiable
in x, then [ is also a conditional strictly convex loss, but a conditional strictly
convex loss might not be a strictly convex function; see Type 3 quantile regression
loss as such a counterexample.

A class of convex loss, Bregman divergence, can also be considered here.
For a given convex function ¢(-) with derivative ¢'(-), the Bregman divergence
[Bregman (1967)] is defined as

®) l(@,Y)=q(@) —q¥)+ (¥ —o)g' (¥).

Note that [(w, Y) is not generally a symmetric function in w and Y. Suppose ¢'(-)
is continuously differentiable and ¢”(-) > 0, it is easy to show that such Bregman
divergence belongs to the conditional strictly convex loss. It is impossible for us to
list all the possibilities here, thus we will not go any further in this direction. It is
worth mentioning that the quantile regression loss (7) does not belong to Bregman
divergence. More detailed discussions about Bregman divergence are referred to
Zhang, Jiang and Shang (2009).

2.2. Goodness-of-fit nonparametric screening. To capture the nonparametric
structure of 0(X), a powerful model for dimensionality reduction is the additive
model:

©) 0X)=mi(X1)+ - +mp(Xp) +pu,

where m () are the square integrable functions and w is an unknown constant.
For identifiability, we assume E[m;(X;)] =0 for j =1,...,p. Let M, = {j :
E[m;(X j)]2 > 0} be the true sparse model with nonsparsity size s, = |M,|. Sup-
pose we have observed data {(X;, ¥;)} for i =1, ..., n, which are independent
copies of {(X, Y)}. The dimensionality p is ultrahigh and satisfies log p = O (n%)
for some a > 0. Based on the sample data, we aim to select a subset of covariates
which contains M, with moderate size. We allow p to grow with n, and denote the
dimensionality as p,,.

In this paper, we refer to marginal regression as fitting models with component-
wise covariates through the loss function /(w, Y'). We define the population version
of the minimizer of the componentwise regression as

(10) (X)) = argmin E[I(f;(X),Y)],
fi€La(P)
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where P denotes the joint distribution of (X, Y) and L, (P) is the class of square
integrable functions under measure P. We use B-spline basis to approximate the
marginal nonparametric regression function. Let S, be the space of polynomial
splines of degree [ > 1. Stone (1986) has shown that under some smoothness con-
ditions, the nonparametric functions can be well approximated by functions in S,,.
Correspondingly, we define

(11) f (X)) = argmin E[1(f;(X;), Y)].
fjesn

We also define the marginal minimum divergence estimator as

(12) ];;,};I(Xj)Ea?gHSlinPnl(fj(Xj),Y),
j€9n

where P,g(X,Y) = n~! "1 8(X;, Y;) is the empirical expectation for generic
function g(-). Let {\IJk}Z": | denote a normalized B-spline basis with || Wyl <1,
where || - ||oo is the sup norm. For any f,; € S, we have

dn
(13) faj@) =Y Wi@)Bj, 1<j<p
k=1

for some coefficients {8 jk}f”: 1- The construction of the B spline basis can be
found in the well-known books, for example, de Boor (1978). Let W ; = V¥ ; (X ;) =
V(X)) ..., ¥Yq, (Xj))T, therefore, we can express
M T aM M T M

(14) fnj(Xj):‘I’j i fnj(Xj):‘I’j,Bja
where 8 ?’I and /ﬂ\iw are the d,, dimensional coefficient vector for the minimizers of
(11) and (12).

We will consider a sure screening procedure based on goodness-of-fit statistics.
Formally, let

= ~M .
Gnj=Pu{l(B).Y)—1(¥]B;.Y)}. j=1....pa
where Eé” = argming g P»/(Bo, Y). Correspondingly, for the population level,
* M T aM .

where ,Bé” = argming g El(fo,Y). The goodness-of-fit statistics compare the
marginal regression model with the null model (no variables included in the
model). Intuitively, if the marginal contribution of an individual variable is sig-
nificant to the response variable, the goodness-of-fit measure should be rela-
tively large. We select model by M, = {1 < j < p, : G, j > vy} for a predeter-
mined threshold v,,. Our screening method is called goodness-of-fit nonparametric

screening (Goffins). We intentionally use the letter “G” in G, ; and G; to denote
the goodness-of-fit statistics.
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When [ is the squared error loss, since the term P,/ (Eg” ,Y) in G, ; is not
affected by the index j, Goffins is equivalent to screening based on the sum of

squared residuals, that is, select the model by {1 < j < p, : P, (Y — WJTE%)Q <
Un} for some threshold w, > 0. Note that, P, (Y — \IIJT.B?/I)2 can be further ex-
pressed as P, Y 2_p, (\II]T,’B\?/[)Z. Therefore, Goffins under the squared error loss

is equivalent to selecting the model by {1 < j < p,, : P, (\FITB?/[)Z > yu |} for some
threshold y;,, > 0. More generally, when [ is the negative log-likelihood loss for
exponential families, Goffins is equivalent to screening based on the likelihood ra-
tio statistics. For parametric model based likelihood ratio screening; see Fan and
Song (2010).

3. Sure screening properties.

3.1. Preliminaries. In this paper, we will show that our goodness-of-fit non-
parametric screening (Goffins) has the sure screening property, and the number of
the selected variables has moderate size. Let [a, b] be the support of covariates X ;.
The following conditions are needed:

(A) The nonparametric marginal functions { f jM }le belong to a class of func-
tions § whose rth derivative £ exists and is Lipschitz of order «:

(15) F={fO:fP) - O] <Kls —1|%, fors,t €la,b]}

for some positive constant K, where r is a nonnegative integer and « € (0, 1] such
thatd =r + o > 0.5.

(B) The marginal density functions g; of X; satisfies 0 < Kj < g;(X;) <
K> < ooon[a,b] for 1 < j < p for some constants K; and K».

(C) The unknown nonparametric function 6(X) satisfies that
SUpxcgren 10(X)| < M from some positive constant M.

Conditions A, B and C are standard regularity assumptions for nonparametric re-
gression in Stone (1986), Fan, Feng and Song (2011), He, Wang and Hong (2013),
etc.

The following Lemma 3.1 shows that the approximation error of marginal re-
gression n];’ in (11) to marginal nonparametric projection f ].M in (10) is negligible.

LEMMA 3.1. Ifl is a conditional strictly convex loss, under Conditions A—
C, assume that ij is uniformly bounded for j =1, ..., p, then there exists a

positive constant Cy such that E(f /M — anf ¥ <C 1d,, 2 vphere d is defined in
Condition A. ‘

To show that for j € M,, G; has a nonvanishing signal, we also need the fol-
lowing conditions: '
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(D) minjep, ELFM (X)) — EfM(X)1? = c1dyn™, for some 0 < k < d/
(2d + 1) and ¢ > 0.
(B) d;2 <c1(1 —£)>n=%/4C, for some £ € (0, 1).

Condition D requires that the marginal nonparametric projections are at a certain
strength level separate from the noise. Therefore, we can select the significant
covariates based on a threshold. Similar conditions also appear in related literature
on nonparametric screening, for example, Fan, Feng and Song (2011) and He,
Wang and Hong (2013). See detailed discussion in Section 2 of Supplementary
Material [Han (2019)].

LEMMA 3.2. Under conditions in Ler*nma 3.1, in addition, Condition D and
E are also satisfied, then min ¢y, G; > %clé d,n—% for some positive constant
b*.

As we will show in later sections, the sure screening property depends on the
characteristics of a generalized definition for partial derivative of loss function
[(x,y) : R x R— R with respect to x. More specifically, let /(x,y) : R x R —
R be a Riemann integrable function with respect to x such that for any x; > x»
and any vy, I(x1,y) — l(x2,y) = f;;‘ [(s,y)ds. Since [(x, y) is differentiable in
x almost everywhere, such I exists and is unique almost everywhere in x. For
notational convenience, we simply use I’(x, y) to denote one such /(x, y). When
I(x,y) is differentiable in x, I'(x, y) is uniquely determined. When we consider
the quantile regression loss /(x,y) = (y — x){e — I(y — x < 0)}, if x > y, then
[(x,y) = —x)(a —1);if x <y, then [(x,y) = (y — x)x. Except at x = y,
dl(x,y)/dx =I(y — x < 0) — «. Hence, for quantile regression loss, for any x; >
x2 and any y, we have [(x1,y) —[(x2,y) = f;‘z‘ [I(y — s < 0) — a]ds. Therefore,
we will use I’(x, y) = I(y — x < 0) — « for the quantile regression loss throughout
the paper. The above argument motivates the following Definition 2.

DEFINITION 2. The notation //(w, Y) is defined as follows: for Type 1 and 2,
'(,Y)=22D: for Type 3,1'(w, ) =LY —w < 0) —a.

To simplify the discussion, for the loss function /(x, y) which is not differ-
entiable in x but is differentiable in x almost everywhere, we only focus on the
quantile regression loss here. However, similar argument also applies to other loss
functions beyond quantile regression loss.

To characterize [’(w, Y) for the exponential tail bound in Section 3.2, we also
need the following definition for sub-Gaussian random variables.

DEFINITION 3. A random variable X with mean © = EX is called o-sub-
Gaussian if there is a positive number o such that
1202

Eexp(M(X — p)) < exp(T> Vi eR.
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Note that if X ~ N (u, 02), then X is o-sub-Gaussian. If random variable X is
bounded such that a < X < b, then X is sub-Gaussian with o = (b — a)/2; see
Buldygin and Kozachenko (2000) for more details.

3.2. Exponential bound for marginal minimum divergence estimator. Since
both n’? and n’;” can be expressed in terms of B-spline basis functions, it is cru-

cial to establish an exponential bound for the tail probability of ||,’B\1}/[ - B ?’[ I. The
sharpness of this exponential bound directly affect the convergence probability of
the screening method.

The following Theorem 3.1 provides an exponential bound for the tail proba-
bility of marginal minimum divergence estimator for the B-spline coefficients. It
will serve as the cornerstone for our later derivations of the other theorems. The
following conditions are required for Theorem 3.1:

(F) d, =o0(n'/?) and d, = O (n*).
(G) E[l'(w, Y)|X] is bounded for any bounded w.

PROPOSITION 3.1. For Types 1-3, under the conditions in Proposition 2.1,
condition G is satisfied.

The tail probability of ||,/B\;/I —-B §w | depends on the properties of I'(w, Y). More
specifically, we will consider the following set of conditions:

(H1) I'/(w, Y) is bounded for any bounded w;

(H2) !"(w, Y) conditional on X is a o -sub-Gaussian random variable where o
does not depend on X;

(H3) For any bounded w, E[exp(Al'(w, Y))|X] < oo for all |A| < ¢o with some
constant cg > 0.

The notation !'(w, Y) in Condition G and H1-H3 is based on Definition 2. By
Definition 3, if Condition H1 is satisfied, then Condition H2 is also satisfied; if
Condition H2 is satisfied, then Condition H3 is also satisfied. In the following
Theorem 3.1, we will show that with stronger assumption a better tail probability
can be correspondingly achieved.

To better understand the wide applicability of Conditions H1-H3, let us con-
sider some examples from Types 1-3 which satisfy these conditions. Some popular
regression models can be summarized in the following Proposition 3.2.

PROPOSITION 3.2. Types 2 and 3 satisfy Condition H1. For Type 1, if Y|X fol-
lows Bernoulli distribution, then (5) satisfies Condition H1; if Y |X follows Normal
distribution, then (5) satisfies Condition H2; if Y|X follows Poisson distribution,
then (5) satisfies Condition H3.
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Furthermore, if Y |X follows some other distributions in the exponential family,
under some regularity conditions, it is possible that the corresponding loss function
(5) also satisfy Condition H3. For example, if Y|X ~ Laplace(u(X), b) with a
known parameter b, then Condition H3 is satisfied. If Y |X ~ Exponential (A(X)),
and if there exists a positive constant ¢ such that A(X) > ¢, then Condition H3 is
satisfied. Similar arguments for verifying Condition H3 also apply to Chi-square
distribution, negative binomial distribution, inverse-Gaussian distribution with a
known shape parameter, Gamma distribution with a known scale parameter. To
save space, we will not discuss in detail for these examples.

THEOREM 3.1. For a convex loss [(w,Y), if it is also a conditional strictly
convex loss, for any constant c¢3 > 0, under Conditions C, F, G, there exist positive
constants c4 and cs5 such that for sufficiently large n:

if Condition H1 is satisfied and d, = o(n'=%), then

(16) P(Hﬁﬁw — ﬂ;””z > c3d,n~2€) <exp(—cqn'"*dY);
if Condition H2 is satisfied and d, = o(n'=29/2), then

(17) P(|B] = BY|* = c3dan™) < exp(—can'™d; ") +exp(—csn'~2d;2);
if Condition H3 is satisfied and d, = o(n1=29/3), then

(18) P(1B}" = BY | = c3dun™) < exp(—can' "> d;!)
+ 2exp(—csn!/?7*d3/?).

In (16), when d,, = o(n'=2¢), n'=2¢d ! in the tail probability diverges to infin-
ity as n increases, which implies that the tail probability converges to zero. Similar
arguments also apply to (17) and (18). It is worth mentioning that Theorem 3.1
is proved based on a unified argument with some modifications according to each
situation of Conditions H1-H3. The proof is different from the related literature
and can be of independent research interest.

3.3. Sure screening. Based on Theorem 3.1 for estimation of B-spline coeffi-
cients, we are now ready to establish the sure screening property for our Goffins
method. Different properties of loss functions can lead to different convergence
probabilities of containing the true model.

THEOREM 3.2. Under the conditions in Theorem 3.1 and Lemma 3.2:

(1) for Types 1 and 2, there exists a positive constant {, then by taking v, =
vd,n =2 with 0 < v < ¢, there exists positive constants c4, ¢s and cg such that if
Condition H1 is satisfied and d, = o(nlfz’c), then

(19) P(M, C M,,)) > 1 —sp[exp(—can'=2d; 1) + 6exp(—csn'~2)];
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if Condition H2 is satisfied and d,, = o(n1=2/2) then
P(M, C M,,)) > 1 —sy[exp(—can'=2d; )
(20)
+ exp(—csn!7*d %) + 6exp(—cen' )];
if Condition H3 is satisfied and d,, = o(n1=29/3)  then
21)  P(M,C M,)>1—s,[exp(—can'">d ")
+ 2exp(—csn'/?7%d;3/?) + 6exp(—cen'~*)];

(i) for Type 3, if d, = o(n'=%), take v, = vd,n=> with v < b*c|& /4 where
b* is defined in Lemma 3.2, there exist positive constants c4 and cs5 such that

(22) P(M, C M,,) > 1 — s,[exp(—can'"%d;, ') 4+ 12 exp(—csn'=2)].

Theorem 3.2 shows that our Goffins method corresponding to conditional
strictly convex loss possesses the sure screening property. It follows from The-
orem 3.2 that in (19) and (22) we can handle the NP-dimensionality: log p,, =
o(nl_z" d, 1). Under this condition, P(M, C ﬁvn) — 1 to achieve the sure
screening property. For (20), the NP-dimensionality will be changed to log p,, =
o(nl_z"dn_z) and for (21) we can handle log p,, = o(nl/z_"dn_}/z).

The proof of Theorem 3.2 in the Supplementary Material [Han (2019)] is not
limited to Types 1-3. For example, let Class A be the loss functions such that
"(w,Y) = 8*l(w,Y)/dw? exists, I” (w, Y) is continuous in w, I”(w, Y) > 0 and
I”(w, Y) is bounded when w is bounded, then the results corresponding to Types
1-2 in Theorem 3.2 are also valid for the loss functions in Class A. It is not difficult
to verify that Types 1-2 are only special examples in Class A. When /(w, Y) is not
differentiable in w, the discussion is more complicated. Let T(x, V):RxR—->R
be a Riemann integrable function with respect to x such that for any x; > x, and
any y, [(x1,y) —l(x2,y) = f;;l I(s, y)ds. Since we assume that the loss function
[(x, y) is differentiable in x almost everywhere, such T exists and is unique almost
everywhere in x. Let Class B be the loss functions such that there exists a corre-
sponding T where I(w, Y) is bounded and I(w, Y) is nondecreasing in w, then the
results corresponding to Type 3 is also valid for the loss functions in Class B. Our
definition of I'(w, Y) for quantile regression loss clearly satisfies the conditions in
Class B.

3.4. Controlling selection size. The sure screening methods will not be infor-
mative unless the model selection size can be controlled at a reasonable level. The
following Theorem 3.3 shows that our Goffins method can control the size of the
selected variables at the level of the sample size n rather than the dimension p,,.
However, for controlling the model size, our definition of conditional strictly con-
vex loss is not sufficient for the discussion. We need a finer class of loss functions
which possesses certain structures. This is the motivation of our following Defini-
tion 4.
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DEFINITION 4. If a convex loss [ (w, Y) satisfies that
IE[l(w, Y)IX]/dw = G(w) — HX)K (w)

for some functions G(-), H(-) and K (-), then /(w, Y) is called conditional deriva-
tive separable loss.

PROPOSITION 3.3.  Types 1-3 are conditional derivative separable loss func-
tions.

For Type 1, 0E[l(w, Y)|X]/0w = b’ (w) — u(X) where u(X) = E(Y|X). There-
fore, G(w) =b'(w), HX) = u(X) and K (w) = 1.

For Type 2, 0E[l(w, Y)|X]/dw = exp(w) — [exp(w) + exp(—w)]p(X) where
p(X) = E(Y|X). Therefore, G(w) = exp(w), H(X) = p(X) and K(w) =
exp(w) + exp(—w).

For Type 3, 0E[l(w, Y)|X]/0w = Fy|x(w) — a where Fy|x is the conditional
cumulative distribution function of Y |X. Therefore, G(w) = Fy|x (), H(X) =«
and K (w) = 1.

Detailed discussions reveal different structures of loss functions. For example,
Types 1 and 3 both have a constant K (w) = 1 while Type 2 does not have such
property. Furthermore, Types 1 and 2 are second differentiable in @ but Type 3
is not differentiable in w. Fortunately, we can propose a unified proof to bound

f”zl E( fnjbfl — F fnjzfl )2 when the loss function /(w, Y) is conditional derivative
separable loss and conditional strictly convex loss, which will serve as a major
step for controlling the model selection size.

THEOREM 3.3. LetWV = (¥q,..., \Ilpn)T, B* be the coefficient vector of basis
functions for the joint regression model of 0(X) on X, Bj be the intercept term in
the joint regression model and ¥ = EWWT _ If | is a conditional derivative sepa-

rable loss and conditional strictly convex loss, under conditions in Theorem 3.2,
in addition, E(¥' B*)? = O(1) and K (Bg) # 0, then we have:

(i) X E(fY = Ef))? = 0(dnhmax(2));
(ii) with v, described in Theorem 3.2, there exist constants cq4, cs, Cg such that
Types 1 and 2: if Condition H1 is satisfied and d, = o(n'=%), then

P(IM,,| < O(n* Amax(2))) = 1 — pafexp(—can'=2¢d 1) + 6exp(—csn'=2)];
if Condition H2 is satisfied and d, = o(n1=29/2), then
P(IM,,| < O(n* hnax(2))) = 1 = pu[exp(—can'~>d; ")
+exp(—csn!7*d %) + 6exp(—cen'7*)];
if Condition H3 is satisfied and d, = o(n1=29/3), then
P(IM,,| < O(n* Amax(X))) = 1 — pulexp(—can' a1
+ 2exp(—csn!/?7*d /%) 4+ 6exp(—cen' 7)];
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Type 3: if dy = o(n'=%¢), then
P(1M,,| < O(n*Amax(E))) = 1 — pulexp(—can'=2d 1) + 12exp(—csn' =2)].

The tail probabilities directly follow from Theorem 3.2 and have been explained
in Section 3.3. The selected model size depends on the matrix ¥ which involves
the dependence structure of the covariates. As discussed in Fan, Feng and Song
(2011), it can be assumed that Apax(X) = n® for some 7 > 0. Correspondingly,
the model size will be controlled at a reasonable rate of n. With iterative Goffins
method described in the next Section 4, we will show in the simulation studies that
the number of false positives can be very small while the true important variables
are all selected even when the covariates are correlated.

3.5. Connection and comparison with related literature. When [ is the
squared error loss, Fan, Feng and Song’s (2011) screening for nonparametric ad-
ditive models is based on n~! T ( An i (X ,-,‘,-))2. They presented a similar result
to Theorem 3.2 here but with a different convergence probability as

P(M, C M,,) > 1 — 5,d,{(8 + 2d,) exp(—cin'=*d3) + 6d, exp(—cind, )},

and they can handle the NP dimensionality log p, = o(n' ~*d,-?). Compared with
their result, our convergence probability in (20) for Gaussian regression not only
improve on the convergence rate, but also improve significantly on those coeffi-
cient terms. We can achieve NP-dimensionality log p, = o(n!=2 d, 2). 1t should
be noted that Fan, Feng and Song (2011) established the result under a weaker
assumption than our Condition H2. More specifically, they assume ¥ = 6(X) + ¢,
E(e]X) =0 and for any By > 0, E[exp(B1]¢|)|X] < B, for some constant B>. On
the other hand, this condition is stronger than our Condition H3. If we use (21) for
the comparison here in favor of Fan, Feng and Song’s (2011) result, then we can
handle the NP-dimensionality log p, = o(n'/>~*d, 3/ 2). When n!/3-2¢ = 0(d,),
we can handle a higher dimensionality. Otherwise, their result is better.

When [ is the quantile regression loss, He, Wang and Hong’s (2013) screening
is based on n~! ?:l(f;f‘;-’ (Xi, j))z. They have shown that for positive constants
cg» ¢ and cg,

~M - - A -
P(||ﬂj — ﬂ?’l}}z > cidyn™) < 2exp(—cin!78) + exp(—cin! 7% d?).
Correspondingly, they presented a convergence probability as

P(M, C M,,)) > 1 —s,{11exp(—cin'=8) + 12d> exp(—cyn'~*d3)}.

n

Note that He, Wang and Hong (2013) consider a signal strength in Condition D
as cin~2¢, and the parameter 7 in Theorem 3.3 of He, Wang and Hong (2013)
is equivalent to 2x in our paper here. If we reset the minimum signal strength
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in Condition D the same as that of He, Wang and Hong (2013), our result for
Theorem 3.1 will be modified as

P(||E§W - /3?/1”2 > c3dyn ™) < exp(—can' ™% d )

under the conditions of He, Wang and Hong (2013). Correspondingly, our result
for Theorem 3.2 will be modified as

P(M, C M,,)) > 1 — s, [exp(—can'=*d 1) 4+ 12 exp(—csn'=)].

Therefore, He, Wang and Hong’s (2013) convergence probability also indicates
larger possibility of not selecting important covariates for a nonasymptotic setting.

When [ is the negative log-likelihood loss for one-parameter exponential fami-
lies, Fan and Song (2010) constructed sure screening for generalized linear models.
If the B-spline approximation is treated as a type of group variable selection, then
our Theorem 3.1 has some connections with Fan and Song’s (2010) result. Com-
pared with Fan and Song (2010), the tail probability in our Theorem 3.1 does not
have the extra term n P (£2{,) in their paper where n is the sample size and €2, is the
region such that the loss function satisfies some Lipschitz condition. In Fan and
Song (2010), their exponential bound also involves a Lipschitz constant. When
the response variable is not bounded (e.g., most of the exponential families), this
Lipschitz constant diverges to infinity, which results in a slower convergence rate
for the tail bound, in contrast with our result. For example, when considering the
squared error loss, Fan and Song (2010) Theorem 4 will have

P(||ij —BY| = c3n™*) < exp(—can'3) 4 nmy exp(—can1729/3)

for bounded covariates. For our Theorem 3.1 (under Condition H2), let d,, = 2 for
a fair comparison, then we have

P(||;§§4 — BY| = e3n™*) < 2exp(—can' 7).

It is clear that we have a much better result here. When considering the Poisson
regression loss, the corresponding convergence rate in the tail probability bound
can be much slower than (1 — 2«)/3. For our Theorem 3.1 (under Condition H3),
let d, = 2 for a fair comparison, we have

P(”B?/[ N ﬂy” > c3n™) < exp(—can' ) + 2exp(—csn'77).

It is still a better result than Fan and Song (2010).

4. Iterative Goffins method and improved variant. In practice, unimpor-
tant variables can be correlated with the important variables, therefore, such vari-
ables can have significant marginal effects even though they are not significant in
the joint true model. To improve the performance of our screening method, we
consider an iterative version of Goffins. Given the data {(X;, ¥;)},i =1, ...,n, we
choose the same truncation term d, = O (n'/3). In Theorem 3.2, the threshold v,
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is chosen at the level dnn_z". In practice, the parameter « is unknown, but we can
determine a data-driven threshold. To achieve this, we extend the random permu-
tation idea of Fan, Feng and Song (2011) and Zhao and Li (2012). Let X be the
matrix with the ith row as X;. The algorithm works as follows:

Step 1. Forevery j €{l,..., p}, compute
f,;j =argminP,l(f»;(X;),Y) 1<j<p.

Jnj€Sn
Randomly permute the rows of X and we havg X = ()N( Lsoens X p). Let (q) be the
gth quantile of {G:ﬁj,j =1,..., p}, where :j = argrninfnjesn Pul(fnj(X;), Y).
Then our method selects the following variables: Ay ={j : G,,; > w)}. In our
numerical studies, we choose ¢ = 1, the maximum value of the empirical norm of
the permuted estimates.

Step 2. Apply penalized regression on the set .4 to select a subset M. Specif-
ically, when [ is the negative log-likelihood loss, apply the penalized generalized
additive model regression [e.g., penGAM in Meier, van de Geer and Biihlmann
(2009)].

Step 3. For every j € M{ = {1,...,p}/Mi, minimize P,I(fo +
Yiem, Jni (Xi) + fnj(X;),Y) with respect to fo € R, fn; € S, for all i € M;
and f,; € S,. For identifiability, we apply the B spline basis without the intercept
for j € M{ and for i € M. Apply the screening procedure with adaptive thresh-
old determined by the new random permutation. Choose a set of indices .4;. Then
penalized regression is applied on the set M U A; to select a subset M.

Step 4. Iterate the process until |M;| > sg or M; = M;_;.

This iterative version of Goffins will be denoted as “I-Goffins” in our simula-
tion studies. To further stabilize the performance, we can apply a “cap” to control
the number of selected variables in each iteration. For example, in our simulation
studies, we restrict to select 1 variable at each step. Since the chance of selecting
unimportant variables in each step has been reduced, the probability of selecting
important variables in the subsequent steps has been improved. This is the idea
behind the greedy INIS method proposed by Fan, Feng and Song (2011) for ad-
ditive modeling. To be consistent with Fan, Feng and Song (2011), we name this
improved variant of our method as greedy iterative goodness-of-fit nonparametric
screening (GI-Goffins).

5. Simulation studies. Similar to Fan, Feng and Song (2011), we set n = 400
but we consider p = 1000, 2000, 5000 for all examples to investigate the impact of
high dimensionality on screening methods. Following Fan, Feng and Song (2011),
we consider the number of spline basis functions as d,, = [n'/3] +2 = 6. Note that
in this paper we consider the full B spline basis, and Fan, Feng and Song (2011)
considered the B spline basis without the intercept. The goodness-of-fit screening
methods under the two sets of basis are equivalent. Eight simulation examples
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will be constructed according to the four major types of regressions: Gaussian
regression, Logistic regression, Poisson regression and quantile regression. Define

f1(x) =x, fr(x) = (2x — 1)?, f3(x) =sin(2rx)/(2 — sin(2m x)),
f4(x) =0.1sin(27x) 4+ 0.2cos(2x) + 0.3 sin(27rx)?

+0.4cos(27x) + 0.5sin(27x)°,

fs5(x) = exp(x — 0.5), fo(x) =0.1sin(27x)? + 0.4 cos(2x)>,
f7(x) =sin(x — 1), fs(x) = (x — 1.5)%, fo(x) =2cos(x)/(2 — sin(x)).

Model 1 (Linear regression): Y |X =35 f1(X1)+3 f2(X2)+4 f3(X3)+6 fa(X4) +
«/1.74¢. Each X; ~ Uniform(0, 1) i.i.d. and ¢ ~ N (0, 1).

Model 2 (Linear regression): The model is the same as Model 1 but the covari-
ates X = (X,..., X p)T are simulated according to the random effects model
X;j=W; +tU)/A +1),j=1,...,p where Wi,..., W, and U are i.i.d.
Uniform(0, 1) and t = 0.4.

Model 3 (Logistic regression): In(P(Y = 1|1X)/P(Y = 0|X)) =2 f1(X1) +
3f7(X2) + 2 f3(X3) + 3.5f9(X4). Each X; ~ Uniform(-—2.5, 2.5) i.i.d.

Model 4 (Logistic regression): The model is the same as Model 3 but the
covariates X = (Xq,..., X p)T are simulated according to the random effects
model X; =(W; +tU)/(1+1),j=1,..., p where Wy, ..., W, areii.d. from
Uniform(—2.5, 2.5), independent of U ~ Uniform(0, 1) and t = 0.4.

Model 5 (Poisson regression): Y |X ~ Poisson(exp{ f1(X1) + f3(X2) + f5(X3) +
f6(X4)}). Each X; ~ Uniform(0, 1) i.i.d.

Model 6 (Poisson regression): The model is the same as Model 5 and the covari-
ates X =(Xq,..., X p)T are simulated according to the same structure as Model
2.

Model 7 (Heteroscedastic regression): Y| X =5f1(X1) +3 f2(X2) + 4 f3(X3) +
4 f5(X4) + 0.5exp(f6(X20) + f7(X21) + f3(X22))e, where X ~ N, (0, X) in-
dependent of ¢ ~ N(0, 1) and the (i, j)th element of covariance matrix X is
0.8/i=J1,

Model 8 (Heteroscedastic regression): The model is the same as Model 7 except
that the random error ¢ ~ Laplace(0, 2).

Models 1 and 2 have been similarly considered in Meier, van de Geer and
Biihlmann (2009) and Fan, Feng and Song (2011), while Models 3-8 are newly
proposed in the current paper. The covariates are independent in Models 1, 3, 5 but
correlated in Models 2, 4, 6, 7, 8. Note that Model 8 is different from Model 7 be-
cause the Laplace(0, 2) distribution for random error will emphasize more on the
covariates X709, X21, X272, thus making the heteroscedatic regression model more
challenging.

Minimum model size. Following Fan and Song (2010), Fan, Feng and Song

(2011) as well as later literature in sure screening field, we use the minimum model
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size required to contain the true model M, as a measure of the effectiveness of a
screening method. The simulation round is 500 for all the examples. We compare
our Goffins method with six other successful screening methods in the existing
literature, including some recent model-free screening methods. More specifically,
we consider fused Kolmogorov filter (Kfilter) by Mai and Zou (2015), quantile
adaptive screening (QaSIS) by He, Wang and Hong (2013), SIS for generalized
linear model by Fan and Song (2010), sure independent ranking and screening
(SIRS) by Zhu, Li, Li and Zhu (2012), distance correlation learning (DC) by Li,
Zhong and Zhu (2012) and empirical likelihood screening (EL) by Chang, Tang
and Wu (2013). Note that when considering squared error loss, our Goffins is
equivalent to NIS by Fan, Feng and Song (2011). Therefore, we will treat NIS
as a special example of Goffins, and will not present NIS as a separate method for
comparison here. However, when considering quantile regression loss, our Goffins
method is different from QaSIS in He, Wang and Hong (2013), because Goffins
is based on goodness-of-fit statistics while QaSIS is based on squared norm of
fitted nonparametric function. We choose quantile 75% whenever a quantile re-
gression loss is considered. The implementations of QaSIS and SIRS are based
on http://users.stat.umn.edu/~wangx346/research/examplelb.txt. The implemen-
tations of Kfilter, DC and EL are based on the R codes from the authors of related
literature. The implementation of SIS is based on the R package “SIS.”

In Tables 1-2 along with the Tables S1-S2 in the Supplementary Material [Han
(2019)], we present the median, the interquartile range (IQR) and different quan-
tiles of minimum model size. Following existing literature, if the median is closer
to the true model size and the IQR is smaller, the corresponding screening method
is considered as more effective. Overall, our Goffins method performs best among
the seven screening methods. For Models 1, 3, 4, 5, 6, our medians of minimum
model size are close to the true model size 4 and IQRs are the smallest. Our medi-
ans and IQRs will not increase significantly when the dimensionality p increases
from 1000 to 5000. For comparison, other methods tend to select a much larger
model to contain the true model, and the performance can deteriorate dramatically
when p increases. Furthermore, 5%, 25%, 75% and 95% quantiles of our min-
imum model size are significantly smaller than the other methods. Models 7-8
are very challenging heteroscedastic regression models, but our method still per-
forms better than the other methods, including Kfilter and QaSIS. Table S2 in the
Supplementary Material [Han (2019)] also suggests that even when we consider
quantile regression loss, Goffins is different from QaSIS. Model 2 turns out to
be a difficult example for all the methods. However, our simulation in tables S3—
S5 of Supplementary Material [Han (2019)] will show that an iterative version of
Goffins (GI-Goffins or I-Goffins) can substantially reduce the false positives while
selecting the true important variables.
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TABLE 1
The median (IQR) and 5%, 25%, 75%, 95% quantiles of minimum model size

Model P Methods Median (IQR) 5% 25% 75 % 95%
Model 3 1000  Goffins 5(7.25) 4 4 11.25 67.05
Size =4 Kfilter 14 (28) 4 6 34 115.05
QaSIS NA NA NA NA NA
SIS 393.5 (537) 38.9 158 695 941.05
SIRS 393 (537) 38.95 158 695 941.05
DC 16 (25) 4 9 34 112.05
EL 451 (524.25) 55.75 211 725.25 948.05
2000  Goffins 5(6) 4 4 10 64.05
Kfilter 13 (28.25) 4 7 35.25 119.65
QaSIS NA NA NA NA NA
SIS 376.5 (521) 29.85  168.50 689.5 954.05
SIRS 376 (521.5) 29.85 168 689.5 954.05
DC 16 (24.25) 4 8 32.25 105.20
EL 441 (508.25) 38.95 215.50 723.75 961.05
5000  Goffins 9 (36.25) 4 4 40.25 301.20
Kfilter 59 (151.5) 5 20 171.5 597
QaSIS NA NA NA NA NA
SIS 2164 (2819.5) 165.1 887.5 3707.0 4814.4
SIRS 2163.5 (2817.5) 164.20 888.75 3706.25 4814.40
DC 67 (130.5) 8 27.75 158.25 504.15
EL 2465.5 (2705.75) 229.85 1136.25 3842.00 4846.05
Model 4 1000 Goffins 5 (6) 4 4 10 55.1
Size =4 Kfilter 16 (36) 4 6 42 163.1
QaSIS NA NA NA NA NA
SIS 418.5 (566) 20.9 148.75 714.75 920.3
SIRS 418.5 (566.25) 19.95 148.50 714.75 920.3
DC 17 (33) 4 8 41 137.05
EL 495 (543.75) 42 211.75 755.50 933.15
2000 Goffins 6 (17) 4 4 21 131.1
Kfilter 32.5 (72.25) 4 10 82.25 243.35
QaSIS NA NA NA NA NA
SIS 858 (1079.25) 36.85 312.25 1391.50 1892
SIRS 858 (1077) 36.9 314.5 1391.5 1892
DC 34 (70) 5 14 84 240.15
EL 1008 (1037.25) 83.85 446.75 1484 1911.05
5000  Goffins 9 (32) 4 4 36 332.4
Kfilter 59.5 (174) 5 16 190 770.75
QaSIS NA NA NA NA NA
SIS 1857.5 (2778.5) 84.95 749.50 3528.00 4675.10
SIRS 1855.5 (2781.5) 84.95 746.50 3528.00 4675.10
DC 70 (160.5) 8 26 186.5 661.0

EL 2261.5 (2701) 196.8  1054.5 3755.5 4726.5
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TABLE 2

The median (IQR) and 5%, 25%, 75%, 95% quantiles of minimum model size

2015

Model )/ Methods Median (IQR) 5% 25% 75 % 95%
Model 5 1000  Goffins 4 (0) 4 4 4 12.1
Size =4 Kfilter 28 (63) 4 11 74 265.05
QaSIS NA NA NA NA NA
SIS 447 (525.75) 2295 174.25 700 944.15
SIRS 491 (501) 46 242.5 743.5 951.05
DC 11 (18) 4 6 24 71.05
EL 461.5 (510) 32.9 194.75 704.75 949
2000  Goffins 4 (1) 4 4 5 17
Kfilter 60 (144) 5 17 161 504.1
QaSIS NA NA NA NA NA
SIS 980 (1154.25) 4895 371.75 1526 1924.05
SIRS 1031 (1028) 112.75 516 1544 1904.30
DC 21 (36) 4 9 45 132
EL 1013 (1166.75) 54.9 393.75  1560.5 1923.05
5000  Goffins 4(2) 4 4 6 42
Kfilter 147.5 (377) 7 41.75 418.75  1340.00
QaSIS NA NA NA NA NA
SIS 2237.5 (2662.75) 163.80 97825 3641.00 4748.45
SIRS 2619.5 (2518.75) 266.80 1468.75  3987.50  4723.20
DC 44 (98.25) 6 17 115.25 360.70
EL 2320 (2701) 183.85 988.00 3689.00 4773.15
Model 6 1000  Goffins 4 (1.25) 4 4 5.25 19.05
Size =4 Kfilter 35.5 (95) 4.95 12 107 345.05
QaSIS NA NA NA NA NA
SIS 400.5 (571.75) 28 150.25 722 940.05
SIRS 510.5 (514) 4995 2445 758.5 952.15
DC 17 (36) 4 7 43 129
EL 425 (567) 3095 163 730 940.05
2000  Goffins 4(2) 4 4 6 31
Kfilter 66.5 (159) 5 22 181 552.7
QaSIS NA NA NA NA NA
SIS 930.5 (1067.25) 41.95 356 1423.25  1905.10
SIRS 1027.5 (1051.75) 94.80 488.50 1540.25 1911.05
DC 23 (47) 5 10 57 240.05
EL 972.5 (1059.5) 50.80 383.25 144275 1912
5000  Goffins 5(7) 4 4 11 74.4
Kfilter 182 (483.25) 6 52 535.25 1614.10
QaSIS NA NA NA NA NA
SIS 2072.5 (2690.75) 198 825 3515.75  4709.70
SIRS 2442 (2528.25) 231.70 1324 3852.25  4778.45
DC 74 (173.5) 6 23.75 197.25 593.15
EL 2130 (2627.5) 214.6 926.5 3554.0 4710.3
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6. Data analysis. Classification between the malignant pleural mesothelioma
(MPM) and the lung cancer adenocarcinoma (ADCA) has received increasing at-
tention in both clinical studies and high dimensional statistical research. Gordon et
al. (2002) studied the data from 181 tissue samples (31 MPM and 151 ADCA) with
12,533 gene expression levels for each sample. Among these 181 sample data, 16
MPM and 16 ADCA have been combined as the training set while the other 149
samples (15 MPM and 134 ADCA) are considered as the testing set. The goal of
research is in two-fold as explained in Gordon et al. (2002): 1. Find the minimum
number of predictor genes that are most importantly associated with the disease
type; 2. Construct a classifier rule which can predict the future patients’ disease
type based on their gene expression levels with high statistical accuracy. Aspect 1
can substantially reduce the medical cost of obtaining patients’ relevant gene data
and the cost of potential scientific experiments on such genes. The performance of
the classifier is usually evaluated based on the testing data.

Since the disease type is a categorical data, and the number of genes is extremely
high (p = 12,533) compared with the small sample size (n = 32), we will apply
our GI-Goffins method with respect to the logistic regression for the training data.
We first standardize the gene expression data for each gene over the training sam-
ples such that the sample mean is O and the sample standard deviation is 1. Our
method selects five genes that are importantly associated with the disease type:
“31575-t-at,” “37716-at,” “39795-at,” “41286-at” and “41402-at.” We construct a
generalized additive model (B spline basis without the intercept and the number of
spline basis functions as d, = [n!/3] 4 1 = 3) based on such five genes and apply
the model to the training data. The fitted nonparametric functions corresponding to
those five genes have also been plotted in Figure S1 in the Supplementary Material
[Han (2019)]. Then we apply our constructed model to the test data. Among the
149 samples for the testing data, we make 144 correct predictions. For the 5 sam-
ples that we misclassified, one MPM sample has been predicted as ADCA while
four ADCA samples has been predicted as MPM. ISIS for the generalized linear
model has also been considered to select important variables. To be fair, we also
apply a generalized additive model based on the selected genes for the training
data and further use this fitted model for classification on the test data. However,
this method will select fewer and different genes and the performance is much in-
ferior to our method. I-EL is an iterative version of EL and penalized empirical
likelihood regression described in Chang, Tang and Wu (2013). Its performance is
even worse than ISIS.

This lung cancer data has also been analyzed by various statistical methods in
the past literature. It is impossible and unnecessary for us to list all the relevant
results here, and we only compare our method with some representative methods
which have been shown superior performance. In Table 3, we will compare our GI-
Goffins method with linear discriminant methods such as ROAD in Fan, Feng and
Tong (2012) and FAIR in Fan and Fan (2008). Our GI-Goffins is a good balance
between the testing error and the number of selected genes compared with other
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TABLE 3
Performance of methods on lung cancer data. p = 12,533

Method Training error Testing error Number of selected genes
GI-Goffins 0/32 5/149 5
ISIS 0/32 18/149 2
I-EL 0/32 40/149 5
ROAD 1/32 1/149 52
FAIR 0/32 7/149 31

methods. More selected genes will cause substantial cost in future diagnosis and
experiments. Therefore, GI-Goffins is the method that we recommend for practice.

7. Further discussions.

7.1. Optimality. Aninteresting question is whether the convergence rate in the
upper bound of the tail probability that we established in Theorem 3.1 is optimal.
More specifically, if we have

~M _
brexp(—can®) < P(|B; — ﬂyﬂz > c1dun~¢) < byexp(—c3n®)

for some constants a, by, b2, c1, c2 and c¢3, then we can say that the convergence
rate a in the upper bound of the tail probability is optimal, because the convergence
rate a cannot be improved further.

When the loss function / is the negative log likelihood loss of one-parameter
exponential families, under general regularity conditions, the maximum likelihood
estimator has the asymptotic normality [Heyde (1997), Gao et al. (2008)], that is,

[1; (ﬁg/[)]l/z(ﬁ?/] - ﬂj”) —N(,1;,)—0 in distribution,
where I is the information matrix of the jth covariate. Plugging in the negative
log likelihood loss and the B-spline basis functions, we have
nPLE[D" (WT M) w Wl ) 2 (BY — pY) — N(0,15,) >0 in distribution.

Since \IIJTB jw is bounded based on the argument in the Supplementary Material

[Han (2019)] and b”(-) is a continuous function, b” (\Iljrﬂ ?’I ) is upper bounded by
a positive constant. Furthermore, due to Lemma 3 in the Supplementary Material
[Han (2019)],

M T M —1gM 2
(B — B3') n{EW" (W] B}")W,; 9T} (B — B}') < Dand, | B — B} [
Therefore, asymptotically, we have
M _ _1yaM -
P(|B} — BY|* = c1dun=) = P(Dond, ' | B} — BY|? = Dacin' =)

= P(Xi > D2c1n172").
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Thus, we need to find a lower bound for the tail probability of Xi distribution.
When d, = 1, it is well known that for any positive y,

2y
2 exp(—== 1 2
P(xizy)z1- l—eXp<——y = 2 EeXp<_ y)'

Z -
T 2y T
1+/1—exp(—2)

Let y = Dscin , comparing with our Theorem 3.1 under Condition H1 or
H2, we have achieved the optimal convergence rate n!~2¢ asymptotically. When
d, =2, for any positive y, P(XZ? >y) = exp(—%). Comparing with our Theo-
rem 3.1 under Condition H1 or H2, we have also achieved the optimal conver-
gence rate n' =2 asymptotically. For more general d,, we do not have a sharp
lower bound of the tail probability of Chi-square distribution. Therefore, we will
not discuss further here.

1-2k

7.2. Adaptive threshold. Theorem 3.2 is established based on a threshold v,
at the level of d,n~%. In practice, the parameter « is unknown. Therefore, we
need an adaptive threshold for the real data. Consider a threshold v, which is
constructed based on the sample data, it will be interesting to derive a lower bound
for P(M, C 1/\/1\@1). We have

P(M, S M;) =1~ > P(Gy; <Dy).
JjEM,
Note that
P(Gy,j <Vp) < P(Gp,j <vp)+ P, > vy).

We have derived the upper bound of P(G,, ; < v,) is the proof of Theorem 3.2.
Therefore, we need to derive an upper bound for the second term here.

Consider a permutation of the sample covariates {X;}?_;. We can obtain the
estimates of marginal regression based on the permuted data:

M . T
(B; )" = argmin P, /(¥ (X7)B;.Y),
,BjERd"
where m = (7y,...,7,) is a permutation of the index {1,2,...,n}. Note that

(Gp, ;)" is a statistical estimate of 0. We will derive an upper bound for P (v, > v)
for a special case where the loss function /(-) is the squared error loss. Note that
the least squares estimate follows

NT (%ql(x;r)\p(x;r)T)_l(\/Lﬁéw(x?)n).

By Anderson and Robinson (2001) Theorem 3.2, after some algebra, we have the
asymptotic normality

VnB; —N(0,%£)—0 indistribution,
where £ = (EWW ) 1[E(W — EW)(¥ — EW)T |(EwWwT)~!.
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If we let v, ; = %Z;’:l(\IIT(X}T")ﬁ?)Z, different thresholds for the marginal
utilities of different covariates. As we have discussed in the Section 2.2, this
screening based on P, (\Iljrﬁjv)z is equivalent to our goodness-of-fit screening
when the loss function is the squared error loss. We can show that asymptotically

P> cldnn_z") < P(Xi > czdnn_z") < exp(—C3dnn1_2K)

for some constants ¢y, ¢z and c3. The second inequality is by Laurent and Massart
(2000) Lemma 3.1. Correspondingly, we have a lower bound for the convergence
probability of containing the true model. In practice, the threshold v, will be cho-
sen as the maximum value of {V, j}f’;l under a number of permutations, and the
loss function can be general. We do not have a theoretical result for such more
complicated situations.

7.3. Choice of loss function. The framework of goodness-of-fit nonparamet-
ric screening includes many screening methods based on the choice of loss func-
tions. An important question is how to choose loss function for practical data.
When the response variable Y takes values {0, 1}, we suggest to consider the lo-
gistic regression loss: I(w, Y) = —wY + In(1 4+ exp(w)); when Y takes nonnega-
tive integer values, we suggest to consider the Poisson regression loss: [(w, Y) =
—Yw+exp(w) +In(Y!); When the distribution of Y is expected to be complicated,
the quantile regression loss can be considered; when Y is a continuous variable,
we suggest to start with the Gaussian regression loss: [(w, Y) = (Y — w)?/2. This
brief guideline could raise misspecification issue of loss functions.

7.4. Iterative screening procedure. The idea of iterative screening and penal-
ization has been proposed since Fan and Lv (2008), and has achieved numerical
success in practice. However, formal theoretical justification is still an open prob-
lem in the field. The first step is a marginal screening. To simplify the discussion,
assume a fixed threshold y;, is applied the selected variables A; ={j : G, ; > yu}
satisfies M, € A with high probability (sure screening property). For the second
step, based on the set A, we apply some penalized regression and select a subset
M. Ideally, we want to show sign consistency for M| under some regularity condi-
tions. The difficulty is that the set A is random, which is different from a conven-
tional penalization regression. Fortunately, we can borrow the technique in Weng,
Feng and Qiao (2017), which considers a two-step procedure for linear regression
model (similar to screening + penalization). For the third step, it is a conditional
marginal screening after penalization. Barut, Fan and Verhasselt (2016) has shown
the sure screening property based on the conditional screening for generalized lin-
ear model. Therefore, if the sign consistency is achieved in step 2, then under some
regularity conditions, sure screening property can be achieved in step 3. By mathe-
matical induction, the iterative procedure can achieve sign consistency. We would
like to explore the technical details as our future studies.
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SUPPLEMENTARY MATERIAL

Supplement to “Nonparametric screening under conditional strictly convex
loss for ultrahigh dimensional sparse data” (DOI: 10.1214/18-AOS1738SUPP;
.pdf). Due to the space limit, all the technical proofs as well as some numerical
results are relegated to the Supplementary Material [Han (2019)].
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1. Technical Proofs.

LEMMA 1. Ifl is a conditional strictly convex loss, for any bounded
functions f1(X) and f2(X) defined on the vector X = (X1,---,X,)T, cor-
respondingly there exists positive constants by < bs such that

b1(f1(X) — f2(X))?
(f1(X) — b(m{w OE[l(w, V)| X]

Ow w=F1(X) B Ow ‘w:fz(X)}
< ba(fi(X) - fa(X))?

IA

Note that the positive constants by and by depend on the bounds of f;(X)
and f2(X). To simplify the notation, without loss of generality, we will use
b1 and by whenever we apply Lemma 1 to the later proofs,

LEMMA 2 (Stone, 1986). There ezists a positive constant Cy such that
forany 1 <k<d, and1<j<p, E\IIZ(X]») < Cyd;t.

LEMMA 3 (Zhou, Shen & Wolfe, 1998). There exists some positive con-
stants Dy and Dy such that

Dydy' < Ain(BY;¥]) < Apax(E®;¥T) < Daod,, !
where \ is the eigenvalue of a matriz.

LEMMA 4 (Boucheron, Lugosi and Massart, 2003). Let X1, -+, X, de-
note independent random variables taking values in some measurable set X .
Denote by X' the vector of these n random variables. Let F' : X™ — R be
some measurable function. Let Z = F(Xy,--- ,Xy). Let X{,---, X/, denote
independent copies of X1, -+ , Xy, and write Z! = F(X1,--+ , Xi—1, X], Xit1,

1
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-+, Xy). Define Vt = B[} (Z — Z))%|X7]. If VT < ¢ almost surely for
some positive constant ¢, then for any A > 0,

Eexp{\(Z — EZ)} < exp(\’c).

LEMMA 5 (Buldygin & Kozachenko (2000) Lemma 1.6).  Given any zero-
mean random variable X, if there is a constant o such that Eexp(AX) <
exp(\202/2) for all X € R, then we have Eexp(%) < (1=8&7Y2 for all
£e€lo,1).

LEMMA 6 (Buldygin & Kozachenko (2000) Theorem 3.1). For a zero-
mean random variable X, the following statements are equivalent:

1 There are non-negative numbers (v, b) such that Eexp(AX) < exp(r?X2/2)
for all |\ < b~ L.

2 There is a positive number co > 0 such that Eexp(AX) < oo for all
Al < co-

Proof of Proposition 2.1.1:
For Type 1,
O?Ell(w,Y)|X]
Ow?
The proof for Type 1 is complete.
For Type 2, note that

=" (w) > 0.

O?Ell(w,Y)|X]

52 = Flexp(—Yw)|X] > 0.

The proof for Type 2 is now complete.
For Type 3, we have
PE[l(w,Y)|X]  OEL(Y <w)—a|X] 0Fyx(w)

Ow? Ow Ow

= fyix(w) > 0.

The proof for Type 3 is now complete.
Proof of Lemma 1: Given X, without loss of generality, assume f1(X) >
f2(X). By Taylor’s theorem,

OE[l(w,Y)|X] ‘ B OE[l(w,Y)|X]
Ow w=f1(X) Ow w=f2(X)
O?E[l(w,Y)|X]

= T e X) = Ra(X))
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where £(X) € (f2(X), f1(X)). Since 9?El[l(w,Y)|X]/0w? is a continuous
function in w and is strictly positive, there exists a positive constant b; such
that 5
O*FEll(w,Y)|X] > b,
Ow? w=¢£(X)

Due to the continuity on a bounded domain, the left hand side of the last
line is also upper bounded by a positive constant bs. Therefore, the proof of
Lemma 1 is now complete.
Notations and Formula
For a generic matrix A, we use ||A| to denote the operator norm of A.
When A is a vector, ||A]| is simplified to be the La norm.

Next we will present a very useful decomposition for loss function [. By
the notation !’ based on Definition 2, we have

b
(S1)  Uby) =l(a,y) +(a,y)(b—a) +/ ['(s,y) = U'(a,y)]ds.

for any a,b,y. When [(x,y) is differentiable in x, (S1) is equivalent to the
fundamental theorem of calculus. When we consider the quantile regression
loss, let I'(z,y) = I(y — z < 0) — «, (S1) is due to Definition 3. Knight’s
identity (Knight 1998) is equivalent to a special case of (S1) where o = 0.5.

Proof of Lemma 3.1.1: The proof follows some similar argument in
Stone (1986). By Lemma 5 of Stone (1985), there exists fp; € S, such that
E(fn;(X;) — fJM(Xj))2 < a?d; %4, where a; is some positive constant.

In the general decomposition (S1), replace a by fJM ,bby fnjand y by Y.
Since d > 0.5, and fJM is bounded, by Lemma 7 of Stone (1986), f,; is also
bounded. Apply expectation with respect to X and Y to (S1). For the second
term in (S1), consider Ex yl(tfn; + (1 — t)fJM) as a function of ¢, it will be
minimized at ¢ = 0 by the definition of f]M, therefore, E)Qy[l/(ff\/[, Y)(fnj—
f]M)] = 0. For the third term in (S1), change variable and let s = fJM +
t(fnj — fJM), then by Lemma 1 we have
(52)

1
1
B { [ WU+ 1))=Y VM= 11} < GaBx (=111
Therefore, recalling (S1), there exists a positive constant A; such that
Exy(l(fo;,Y) = U Y)] < Ard,*

for n > 1. Let ¢ denote a positive constant. Choose v where v € S, with
E(v - fJM)Q = cd,?@. Then E(v — fnj)? < 2(c + a?)d,?¢. By Lemma 7 of
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Stone (1986), v is bounded. By Lemma 1 there exists a positive constant A
such that
Exy[l(v,Y) = 1(f}',Y)] > Aged,*

for all v € S, such that E(v — ]"]M)2 = cd;??. Let ¢ be chosen so that
Asc > Ay. Therefore, Ex yl(v,Y) > Ex yl(fn;,Y) for all v such that E(v—
fJM )2 = cd;??. By the convexity of loss function [, the expectation of this

loss function is also convex. Therefore, E( f% - JM )2 < cd;??. The proof of
Lemma 3.1.1 is now complete. .

Proof of Lemma 3.1.2: Lemma 1 in Fan, Feng & Song (2011) can not
be directly applied, since we don’t have the orthogonality property here.
Instead, by binomial expansion,

E(fp = Efai)* = E(fai = Bfaj = [+ EffN)? + B(f - Ef}")?
+2E(f)1 = Efi")(faj — Efaj — £ + Ef}).
By Cauchy Schwartz inequality,
> (B = BN PES — By — [+ EATY

Therefore,

M M2 M M2
E(fn; —Efa;)” = E(f;" — Efj")

(S3) —2E(fa] — Efaf — [} + EfIPIEGY - BAMTY.
By Condition (D) and Lemma 3.1.1, for j € M,, we have
BN =BV 2 e dP s B -EL - BRI < 01
By Condition (E), it is easy to show that

: M M2 —2K
Jlélzl\?* E(fn; — Efa;)” = eiédnn™ ",

By the general decomposition (S1), G]* can be expressed as
T M M T M
EI'(®; 8,7, Y)(By" — ¥, 85")

1
+ {8 - wTaT [ WwTBY s - Wl y) ~ (w8 ar).

By the definition of ,6';”, the first term is 0. Due to the convexity of I(),
El(\Il]T,Bj,Y) has a unique minimum over 3; € B at an interior point ﬁj-w ,
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where each coordinate of ﬂé\/[ has absolute value bounded by a constant
B. See Fan & Song (2010). Correspondingly, 8! is also bounded. There-
fore, H\Il;f,ByHOO < (Zf;l U;)B = B, where we have used the fact that
I¥;llcc < 1 and the partition of unity (de Boor 1978). By the definition
of conditional strictly convex loss and Lemma 1, the second term is lower
bounded. Formally,

b
Gy = JE@E) - wiB))
b
= @) — BB}y —2E(¥] 8} -~ E¥]B}))(5) - E¥]B})
+E(W] B} — EwT B )
by

> S E(faj = Efy)?
The proof of Lemma 3.1.2 is now complete.

Proof of Proposition 3.2.1: For any bounded w,

For Type 1, since I'(w,Y) =V (w) =Y, E(Y|X) = b/(0) and the fact that
f is bounded, the conclusion is correct.

For Type 2, E[l'(w,Y)|X] = E[-Y exp(—Yw)|X]. Since Y only takes 1
or -1, and w is bounded, the conclusion is correct.

For Type 3, I'(w,Y) = I(Y < w)—a, we have E[l'(w,Y)|X] = Fy|x(w)—a.
The conclusion is correct.

The proof of Proposition 3.2.1 is now complete.

Proof of Proposition 3.2.2:

For Type 2, I'(w,Y) = =Y exp(—Yw). Since Y € {—1, 1}, for a bounded
w, I'(w,Y) is also bounded.

For Type 3, since by Definition 2, I'(w,Y) = I(Y —w < 0) — «, it is
bounded.

For Type 1, I'(w,Y) = V/(w) — Y. If Y|X follows Bernoulli distribution,
Y € {0,1}. Since w is bounded and ¥/() is continuous, b'(w) is also bounded.
Therefore, I'(w,Y’) is bounded. If Y|X follows Normal distribution, then
E(Y|X) = V() and Var(Y|X) = b”(6). Correspondingly, conditional on
X, V(w) =Y ~ N(b'(w) —V/(0),b"()). Since 6 is bounded, and b"() is a
continuous function, then () is bounded by some positive constant o?.
By Definition 3, conditional on X, I'(w,Y") is o —subgaussian and Condition
H2 is satisfied. If Y|X follows Poisson distribution, E[exp(\'(w,Y))|X] =
exp(A (w)) Elexp(—AY)|X]. Since the moment generating function for Pois-
son always exists, Condition H3 is satisfied.

The proof of Proposition 3.2.2 is now complete.

The following Lemmas 7-13 will be useful for proving Theorem 3.2.1.
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LEMMA 7. Let B(N) = {B: 8- B}"|| < N} for a positive constant N .
For any r > 0,

Bl ex — BT, — Y, ®7 (3 - M
[e p{rﬁ:g&)\(ﬁ B ) ( )W W5 (B — B; )\H

< exp {(02)1/27“]\7271_1/2 +4r*Nin~1}
where Cy is defined in Lemma 2.

Proof of Lemma 7: In Lemma 4, let Z = N?||(P, — E)\I'j\I'fH For
generic two matrices A and B, the operator norm possesses triangle in-
equality: |||A[ — |[B||| < |[|A — BJ|. Therefore, in Lemma 7,

VS0 N D0 (085 (X)W (X (X)) TP {0 H
=1

where X, is an independent copy of X;;. Note that ||A — B2 <2[|A|? +
IBJ|?]. Since ||¥;]0 < 1,

dn dn,
(84) 1w, = Qw2 < O wi(xy) /2 =1,
=1 i=1

where we have used the partition of unity and all the B spline basis functions
are in (0,1]. See de Boor (1978). Therefore, H\Il]\Il'fH2 < ||®;[|* <1 and
correspondingly VT < 4n~'N*. Also note that

sup  [(B— B} (P, — E)¥,; %] (8- B)")| < N?||(B, — E)®; %]
BeB(N)

By Lemma 4, the left hand side in Lemma 7 is upper bounded by
(S5) E[exp {rN?E||(P, — E)\Ilj\IIJTH}} x exp(dr2n~LNY).
Next we will show that in (S5),
E||(By — E)¥;¥T | < (C2)!/?n 12,
For a generic symmetric matrix A,xp, |A| < ||Al1 = max > P, |a; ]

1<j<p
where p is the number of rows. For the kth row, we have

dn n
) E‘% D AW WX ) — BUR(Xi5)Wi(Xi )}
=1 =1

9
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which is upper bounded by

Z |: Z{\I/k ij \I/l ) E\I/k(Xz,])\I/l(Xz,j)})2:| v

d
"l
< ) {EZE\I’%(XW‘)‘P?(XM)
=1 =1
0 1/2
ey Y B{(W(Xy) - B (X)) (N(Xi) - EVi(Xig))}
1<i<k<n
dn . ) 9 1/2
< [dnzn E‘I’k(Xi,j)‘I’z(Xi,j)] :
=1

In the first step, the cross terms are 0 because of the independence among
the random sample copies. In the second step, we have used the Cauchy
Schwartz inequality. Note that Zld“l V2(X; ;) < Zf”l U(X;;) < 1. By

Lemma 2, the last line above is further upper bounded by C, 12172,

Finally, we have shown that
E||(B, — E)®; %] < (C2)!?n~ 12,

This leads to the conclusion in Lemma 7. The proof of Lemma 7 is now
complete.

LEMMA 8. If \l’(\IlJT,Bj-M,Y)\ < M for some constant M > 0, then for
any constant r > 0,

Eexp (rHIP’n‘IJJT(X ‘I'TIB H)

< exp ((02)1/2Mrn71/2 + 4M27’2n*1>;

If|E[l’(\IlJTB§-V[, Y)|X;]| < My for some constant My > 0, then for anyr > 0,
Eexp (r]|Pa®] (Xis) B (27 8, V1) X
< exp ((C’g)l/Qern_l/2 + 4M12r2n_1),
where Co is defined in Lemma 2.

Proof of Lemma 8: Apply the result in Lemma 4, we have

Eexp (][] (Xi,) (®7 81, v7)|)
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(S6) < exp (rE|[P.®T (Xi,) (¥ B), ¥)||) exp(re)

where V1 < ¢ almost surely. We will carefully analyze V™ later. For the
first term in (S6), we will show that

(S7) B, (X )l (®] (X:5)B8)",Ya)|| < (Co)'/2Mn /2,

Note that

E|P,®T (X ) (%] B8}, V)|
n

= E{Z(%Z‘I’I(Xi,j)l’(‘P?(Xi,j) %Yz‘))z}m

=1 =1

w23 33 Blwi(x,)r (el (x:,)8),v))

=1 1<i<k<n

(X () Y })
dn "
= (L Euen e v2)
=1 i=1

The second step is by Cauchy Schwartz inequality. The cross terms in the
third step are zero by the independence of random samples and the score
equations E{\Ifl(Xm-)l’(\Il]Tﬁé‘/l,Y;)} =0foranyl=1,---,d, and any i =
1,--- ,n from the definition of ,8?4 . By Lemma 2, it is easy to verify that
(S7) is correct.

For the second term in (S6), since Z in Lemma 4 is now defined as

Z =[Py} (X ;) (%] YY),
by the triangle inequality and the fact that || ¥,;|| < 1, we have
Z - Zj| < "_1H‘I’JT(sz,j)l'(‘I’]T(Xi,j)ﬁ%Yz‘)

T T M
= (X7 (5 (X7 5)857. YY)
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< n~2M.

Therefore, V¥ < n='4M?2. Apply (S6), the proof of the first result in Lemma
8 is now complete.

For the second result in Lemma 8, since |E[l’(@fﬁ§\4,ﬁ)|xl]| < M,
and the score equations E{\IJZ(XU)E[Z’(\P?H?/[,Y2)|XZ]} = 0 for any [ =
1,---,d, and any i = 1,--- ,n from the definition of ,Bé\/[ . Following similar
arguments as above, we can also prove the second result. Therefore, the
proof of Lemma 8 is now complete.

LeEMMA 9. If Condition H2 is satisfied and d, = o(n"=2%)/2), for any
c3 > 0, there exists a constant cg > 0 such that

P([[Ba %] (/%] B, Y0 B[ (%] B YD) X)) | = ean~d;?) < exp(—ean~2d,2)
for sufficiently large n.
Proof of Lemma 9: By Markov inequality,

P(Hwﬂl’@?ﬂj” ;) — El(®] 85, v) X)) || = cgn—“d;”?)

dn 1 n
= P( lzg (~ 2; U (X)) (R BM Y — El(2T M, Y3)X,)))” = cgn—%d;l)

dn n
< exp(—At)Eexp ()\ Z (% Z \I’Z(Xi,j)(l/(l:[/?,@é\/la Yi) — E[l/(‘I’jT,@?{ Yi)|Xz]))2)
=1 =1

for any A > 0, where ¢t = c%n_%d; 1. By Holder inequality, the second term
above can be upper bounded by

dn n

TT{E e (S (X)) @782 Y:) — Bl (T 8Y, v X)) )
=1 =1

= A4.

1/(dn)

For Ay, for all £ € R,
Eexp (5‘1’1()(1:4) ('(w] B}, vi) - E[l'(®] B}, YZ-)IXZ-]))
= B{E[exp (80X, (¥]B) Y) - BIU(¥] B), V)IX:])|X] |

ey (U <y (66

IA
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because all the B-spline basis are bounded by 1, and conditional on Xj,
l/(\IIJT,Béw,Y;) — El’(\Ile,BéW,Y) is a centered o—subgaussian random vari-
able. Therefore, \I/l(Xivj)(l’(\I';F,Béw,Y;) - E[l’(\I'f,Béw,YZHXZ]) is a centered
o—subgaussian random variable because of the score equations

E{U(X; )I'(®] B}, Vi) } = E{¥y(X,;)E[l'(¥] B}",Y;)|X]} = 0.

Therefore, we have

EeXP(f\/lﬁZ‘I’Z(Xi,j)(l/(qu(Xi,j)T LYi) - E[V(¥T 85 Y) X))
i=1

= [[Eexp (fjﬁwz(Xi,ﬁ(l’(\I'j(X@j)T MY — E[(®] B, Y)[Xi])
=1

- £o? §o”
< HGXP(%) = EXP(7)-
Correspondingly, we have shown that n=4/23"" | \I'Z(Xiyj)(l’(\Il]T[i’;-VI, Y;) —
E[l (\IIJTB?/[ ,Y;)|X;]) is a centered o—subgaussian random variable. By Lemma
5, for |%| < 1 by using the inequality (1 — 2x)~ Y2 < exp(z + 222) for
all |z| < 1/4, we further have

Ay < H ((1 - 4>\dn02)_1/2)1/(dn) < exp (2)\dn02 + 2(2)\dn02)2).

n n n

Finally, we will choose A = end,,! for an appropriate constant ¢ to satisfy
the above restrictions. When d,, = o(n'=2%)/2) and n is sufficiently large,
the desired tail probability can be achieved. The proof of Lemma 9 is now
complete.

LEMMA 10. If Condition HS is satisfied and d,, = o(n(1*2“)/3), then for
any constant cg > 0, there exists a constant cq4 > 0 such that

P([[Pa®] (Xi5) (' (®T B, 7) - B (9] 8 Y)IXi])|| = esn"d;?)
< 2exp(—cin!/*rd3?)
for sufficiently large n.

Proof of Lemma 10: let t = c3n™"d,, 1/ 2, by Markov inequality, for any
A >0,

P([[Pa®] (Xi5) (' (®T B, Y7) - B (9] B Y)IXi])|| = esn"d;?)
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IN

exp(—\t)E exp (Aumﬁ X )T M Y;) - Bl (9T B, Yi)|Xi])H)
< exp(—At)Eexp ()\Z }— Z U (X, ‘I’Tﬁ Y:) — EU/(‘I’JTB?/Iv Y;)’sz)

By Holder inequality, the second term in the last line is further upper
bounded by

dn

H{Eexp( \FZ\I’Z ij) \IJT@] Y )—F [l’(\IJ?,@éﬂ’Yde)D}1/(dn)'
=1

Note that ifE[exp(fl’(\Il?,@?/[,YmX] < oo for all |£| < cg, since [¥;(X; ;)| <
1 and E[l’(\IleB;V[, Y)|X] is bounded, then

Eexp (gxyl(Xi,j)(z’(xI:jTﬁ%Y) — E['(wTaM, Y)|Xi])) < o0

for all |¢] < ¢p. By Lemma 6, there are non-negative numbers (v,b) such
that

2 2
Eexp (C0i(Xiy) (1(¥] BY,Y) - B (%] BM, ¥) X)) ) < exp ; )
for all || < 1/b. Therefore,
Eexp( nyl elply) - E[l’(\IIJTﬁ%Y)!Xi]))
n 2,2 22
< [Lesn(% >:exp<%>

=1

for all |(| < 1/b. Note that Fexp({|X]|) < Eexp({X) + Eexp(—£X) for a
generic random variable X and any £ > 0. Therefore, if we let \)‘d"| < 3
then

ﬁ{EeXP( WZ% DB — Bl s v )}

=1

VEN2dZ 1/ (dn) N2
< H{Zexp )} :2exp(y27n").

In summary, there exists a constant ¢4 > 0 such that

P([[Pa®] (Xi5) (' (®T B, Y7) - B (9] 8 Y)IXi])|| = esn"d;?)
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9 exp ( B )\C3n—md;1/2) exp (VZ;\de%)

IN

< 2exp(—eynt/?7rd3/?)

for d,, = o(n'=2%)/3) and sufficiently large n. The proof of Lemma 10 is now
complete.

LEMMA 11 (Symmetrization, Lemma 2.3.1, van der Vaart and Wellner
1996). let Zy,--- ,Zy, be independent random variables with values in Z
and F is a class of real valued functions on Z. Then

E{sup [(P, — E)f(Z)|} < 2E{sup |[Pref(Z)|}
feF feF

where €1, -+ - , €, be a Rademacher sequence (i.e., i.i.d. sequence taking values
+1 with probability 1/2) independent of Zy,- -+ , Zp,.

LeEMMA 12 (Contraction theorem, Ledoux and Talagrand 1991). Let
Z1,++ ,2n be monrandom elements of some space Z, and let F be a class
of real valued functions on Z. Let €1,--- ,€, be a Rademacher sequence.
Consider Lipschitz functions v; : R — R, that is, |vi(s) —v(s)| < |s —5] V
s, € R. Then for any function f: Z — R, we have

Efsup [Pac(2(f) — 1(P)]} < 2B{sup e(f — )]}
feF fer
LEMMA 13. Let
1
AB) = BB BT [T+ - 8)).¥) — V(W] Yl
1
P88, [ BRI} + (8- B)). V)~ (V] 8 VXt
If |'(w,Y)| < M for some constant M > 0, then for any r > 0,

Eexp (T sup |A(5)|) < exp(CsrNn~ V2 + Cyr?N?n 1)
BeB(N)

for some positive constants C3 and Cy.

Proof of Lemma 13: First, we will apply symmetrization inequality. In
Lemma 13, let

1
zi = (3-8 ([ e+ - B ) - L8 Yo
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1
- [ B+ B 8. Y) - 1T V)X ),

then we have for an independent sequence of Rademacher variables {e;}}" ,
such that

E{ sup |A(,6)\}§2E{ sup \PneiZﬂ}.
BeB(N) BeB(N)

Then we will apply Lemma 12. Note that
|Zi] < 4M|(B — B7") ¥ ;(Xi5)]-
Therefore, we have

E{ sup |A(ﬁ)|}§16ME{ sup —‘ZQ\I;T B BM)}}

BeB(N) BeBw) " s
Since by Cauchy Schwartz inequality,
1 n
sup f\Zel Xi)(B-B))| < swp |- ¥ (X188}
BeB(N) " im1 BeB(N) i

then we have

E{ sup m(ﬁ)\} < 16MNEH1iei\II;‘.F(Xm)H
BeB(N) i
dn 1 9 1/2
< 16MN{E;(TL2;6¢‘I’Z)}
S I N 1/2
= 16MN{ EZEQE\DI(&J)}
< CO3Nn~ V2

The second step is by Cauchy-Schwartz inequality. The third step is by the
independence of ¢; and X; ;. Next, we will apply Lemma 4, in which we let
Z = SUPge g |A(B)|. Since for generic functions f(z) and g(x), we have
sup, f(x) —sup, g(x) < sup, |f(x) — g(z)|. Therefore, in Lemma 4,

4M _
1Z - Z| < TIBSUP (B - ﬂy)T(‘I’j(Xi,j) + (X ;)| <8MNn !
€B(N)
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Hence, in Lemma 4, V+ < C4N2?n~!. Applying Lemma 4, we have

Eexp (’I“ Sup |A(ﬁ)|> < exp <03’I"Nn_1/2 + C4T2N2n—1>‘
BeB(N)

The proof of Lemma 13 is now complete.
To prove Theorem 3.2.1, we will construct a linear combination of ,6;”
~M ~M
and B, . Given a positive value N, Let 8 = s3; + (1 — s),@ju with s =
~M
1+18; - ﬁj-wH/N)_l. This combination has been used in van de Geer

(2002) and Fan & Song (2010). It is easy to show that [|3] — ,Bj\/[H < N.
Next we define W(B) := > | W;(8) where

b
Wis) = (8- B BT (8- Bl
1

for an arbitrary 8 in B(N) = {8 : |8 — ,Bé\/IH < N}, where b; is defined in
Lemma 1 and further determined in the proof of Lemma 14. Construction
of W(3) is newly proposed in the current paper to facilitate the proof.

LEMMA 14. With the conditions in Lemma 7 and 8, for any positive

constant bg, choose N as bd}/ Zpr for an appropriate constant b and for
sufficiently large n, if Condition H1 is satisfied and d, = o(n'=2%), then

P(W(B3) > ben~2F) < exp(—byn!~2d 1)

for some constant by > 0. If Condition H2 is satisfied and d,, = o(n(1=2K)/2),
then

P(W(B5) > bgn™ ) < exp(—brn'~>"d, ") + exp(—bsn'~?"d,?).
If Condition HS3 is satisfied and d,, = o(n(1=2%)/3)  then
P(W(B5) > bgn™2") < exp(—brn'2%d, 1) + 2exp(—bgn'/>"d,*/?).

Proof of Lemma 14: Consider the definition of W;(3), apply the general
decomposition in (S1) and change variable, we have

WETB5,Y) — (W] B}, Y)
= (] BY , V)¥ul (3 - B}
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1
(05— "y [ 4 8 - 1), Y) - 1w
= AlL(B) + Alx(B7)-
Therefore,

1b 1
(S8) Wi(B5) = — 5 (8= B)) B, 97 (85~ B1) ~ —[AL(85) + Al (B5)].
Note that for any ||3 — Bé\/l” <N,
125 (85" + (B = B)))lloo < 158} lloc + 1Tl x 18 — 85"

Due to the convexity of [(), El(\Il;‘-Fﬂ ;»Y) has a unique minimum over 3; € B
at an interior point ﬂé\/[ , where each coordinate of ,8?4 has absolute value
bounded by a constant B. See Fan & Song (2010). Note that H\IlfﬂéwHoo <

(2?21 U,;)B = B. Therefore,
[eT(BY + (B - BM))||s < B+1N.

With the above argument, we can apply the definition of conditional strictly
convex loss and Lemma 1 and achieve an upper bound for W (3; ).

We will first consider the situation where I”(w, Y) exists. The formula (S1)
can be further replaced by a Taylor expansion and W(,@j) is upper bounded
by

b1 MA\T T M
— (B — 3 Ev. v (38— 3
ﬂ:gr()N){Q( ]) ’ ]( ])

1
_IPn/O lu(lI';‘-F(ﬁj-” +t(B— 3;\4))73/2.) (‘I';“F(/B _ 5%)2(1 B t)dt}
+ sup P @TV(®TBM V(8- BY)

BeB(N)
b
< 5 sw |88 (E P, ¥ (8- B}
BeB(N)
+ sup [B-B)| - |P.ET (X )l (2T B}, Yy
€B(N)
= W=Aly+Al,

where in the second step we have applied Lemma, 1.
If Condition H1 is satisfied, by Markov inequality,

(S9) P(W(85) > 1) < P(W >t) < exp(—rt)Elexp(riV)]
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for any positive r. We will choose an appropriate r such that the right hand
side leads to our desired tail probability.
By Cauchy Schwartz inequality,

(S10)  Elexp(rW)] < [Eexp(QrAlg)]l/Q[Eexp(QrAl4)]1/2

By Lemma 7 and 8, we have

PW(B5) >t) < exp(—rt)exp (0.5(C2)/?byrN?n~12 + 2637 Nin ™!
(S11) +(C)V2MrNn 2 4 8M*2 N1,
When t = bgn 2", choose r = bigntN~2 and N = bl7d}/2n*“ for constants
big > 0 and by7 > 0, where b1g and by7 satisfy
(S12)  (Co)Y2Mby7dY/ > n"=1/2 4 8M%bigbs + 0.5(Co) Y/ 2by b2 d,n /2

+262b16b%-dpn 2 bg < bg(1 — %)

for some 0 < € < 1, then the right hand side of expression (S11) is less
than exp(—byn!=2%d 1) for some positive constant b;. Note that since d,, =
o(n*=2%), d, = o(n'/?) and d,, = O(n?*), we can choose sufficiently small
bie and by7 such that (S12) is satisfied.

If Condition H2 is satisfied, by triangle inequality,

Aly < NP, ¥ (X ) El(®] B, Y)X]|
+N||B,w T (X, ) (2] B, V) - El(w] ), v X))
= Als + Alg.

Therefore,
P(W(B5) > t) < P(Als + Ay > ) + P(als > 1),

Following similar arguments above, let t = bgn 2% and N = b17d}/ 2n_”, for

sufficiently large n,
t
P(Alg + Als > 5) < exp(—eqnt™20d 1),
for some positive constant ¢4. By Lemma 9,

P(Als > 1) < exp(—esn!2d, %),
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for some positive constant cs and sufficiently large n.
If Condition H3 is satisfied, by Lemma 10,

P(Alg > %) < 2exp(—cgn'/?"d, /),

for some positive constant cg and sufficiently large n.
Next we consider the situation where I”(w,Y") does not exist but |I'(w,Y)|
is bounded. By formula (S1), W(B7) can be upper bounded by

b MA\T T M
=B -MTEw, T (3 - Bl
ﬂ:gl()N){2( T EYw] (8- B

1
~Pu(8 - 87", /O V(T (B + 1B - BY)), i) — (%] B V)]t }

+ sup P, (¥ BY.V)(B-B))
BeB(N)

< sw {
BeB(N)

1
P8 BT, [ B (WT(B)! (8 - 1)) — V(W] Y VD)X

b

(8B EY,¥] (8- B)")

1
Po(B8— By, /0 (®](BY +t(B—B}")),Y:) — (] B}, Yy)dt

+ sup
BeB(N)

1
~Pa(B8 - 87", /O E[ (T8} + (8- B)1)), V) — (] BY, ¥;)| Xt
+ sup P, @TI(®]BY, V) (B - B})
BeB(N)
= Aly+ Alg + Aly.

By Lemma 1, the first term Al7 is further upper bounded by
b
5 s (BB} (E-F)T;%] (8- 6] = Als.
BeB(N)

Similar to (S9) and (S10), by Markov inequality and Hélder inequality, we
have

P(W(B5) > t) < exp(—rt)[E exp(2r(Als + Aly)]/?[E exp(2rAls)]/2.

For Alg, by Lemma 13, with similar argument to (S12), we can also achieve
the desired tail probability. Therefore, the proof of Lemma 14 is now com-
plete.
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Proof of Theorem 3.2.1: By the definition of 37 and the convexity of
1(), we have

P l(WT 35, Y) < sPU(WT B V) +(1— )P L (BT B V) < PUWT BN Y),
because ij is the minimizer due to the empirical expectation. Therefore,
(S13) Pa[l(®]85,Y) — (%] B),Y)] <O0.

By the definition of 37, we have

s N ~M
(814) P(18;-8Y1 = 5 ) = PUIB; - 81 = N).
Due to Lemma 3,
Di||B; - B7'11%d, " < (85 — B} EX; w7 (85 - B)').
By the definition of W(37) in Lemma 14 and (S13), we have

b1 s _ s
5D1H5j — B |Pd,t < W(B).

Therefore, for any constant c¢3 > 0 and let N = cé/ 2d%/ Zph

9

b163D1n72H >
78 .

Let us consider the situation where I”(w,Y") exists and |I'(w,Y")| is bounded
for any bounded w here. Discussions for other situations are similar as in
Lemma 14. Since \IIJTB;W is bounded as shown in Lemma 14, let us assume
|\ (\Il]Tﬁj\/[ ,Y)| < M for some positive constant M. Apply Lemma 14, in
(S12), replace b1y by cé/z and bg by by Dics/8. For any 0 < € < 1, choose
sufficient small b1 such that

P(HB;-W - B7|I* > ngnn_%> < P(W(ﬁ;ﬁ) >

(8M2 + 2b%03dnn_2”)b16 < 6/2.

For any constant c3 > 0 and some 0 < € < 1, choose sufficiently large sample
size n and corresponding d,, such that

b Dy cl/?
(Co)Y2MdY 20 =12 4 0.5(Cy) 2by el 2dyn Y2 < (1 — e)%,
where b1, Cy and D1 are defined in Lemmas 1, 2, 3 respectively. Correspond-
ingly, (S12) will be valid. Therefore, the conclusion in Theorem 3.2.1 will be

correct. The proof of Theorem 3.2.1 is now complete.
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LEMMA 15.  For Types 1-8, if Condition HS is satisfied, for any bg > 0,
there exists a constant by > 0 such that

P(IBY — BY| > ban™) < 2exp(—byn'~2*)
for sufficiently large n.

Proof of Lemma 15: The proof of Lemma 15 has some similarity to the
proof of Theorem 3.2.1, but the details and conclusion have some differences.
Let 85 = Bé\/[+ (1—8)BY where s = (1+ |Béw — BM|/N)~! where N is some
constant. It is easy to show that |35 — B}| < N. Because () is a convex
function,

Pol(55,Y) < sPLU(BYLY) + (1 — s)Pul(5)1,Y) < PLU(BYL,Y)

by the definition of B37. Therefore, P, [1(35,Y) —1(BM,Y)] < 0. Let W(B) =

B(B—B3")2=Pall(B5, Vi) ~1(B!, V7)), define B(N) = {8 : |8—p}!| < N}. We
first consider Type 1 and 2 where " (w,Y") exists. The general decomposition
(S1) can be further replaced by a Taylor expansion such that

W (55)
1
= %Wﬁ = B")" = Pn /0 (BT + (85 — BY), V) (Bg — BA)2(1 — tdt
—P U (B, ) (B85 — B3T)

b 1
< swp {ZE- A2 [ 1T+ (- 8, Y(6 - AR - )t}
BEB(N) 0
+ sup |8 8] x [Pl (B}, Y:)
BEB(N)

By the definition of conditional strictly convex loss, the first term of the last
line above is upper bounded by

su N VN _ AMN2 ! B _
(S15) p {25 B~ Baba(8 - B /0 (11t} =o.

BEB(N)
Therefore, let N = bgn™", we have

b2 b2

s __ M2 Y3, -2k s Y3, -2k

P(’ﬂo Bl z " ) < P(W(BO)Zblgn )
b2

< P(NPL(E V)] 2 by 2n )
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b
_ P(|]P>nz’(,3{)‘4, Y:) — EU(BM.Y)| > blgn*“)

For the last expression of the above line, we have used El'(8}!,Y) = 0 by
the definition of B}!.

When Elexp(MN'(8}!,Y))|X] < oo for all [A| < cg, we have E exp(AN'(B},Y)) <
oo for all |A| < cg. Therefore, by Lemma 6, I'(3}!,Y) is sub-exponential ran-
dom variable. By Theorem 5.1 in Buldygin & Kozachenko (2000), there
exists some positive constant by such that

b
P(Pal'(8)7,Y;) = BV (B, Y)| = blgn—“) < 2exp(—byn!~2%)
for sufficiently large n. Note that

= _ by _
P(|Bo — 83" = ban™") = P(185 — B"| = 5n )
by the definition of 53, we can achieve the desired tail probability.
For Type 3 where {"(w,Y’) does not exist, by the general decomposition

(S1),

ws)
1
< swp {ZE- A2 - Pa(a— 8 [ G+ 0B - A1), YE) - (Y Vi
BEB(N) 0
+ sup B — 8| x [Pl (B, Vi)
BEB(N)
1
< swp {25 B Bl - A /0 BB + 18— 1), Y0) — V(B VDI X.ldt )
BEB(N)
1
b sup [Baa - 80 [ W8 (5 - 81 ¥) ~ VB Yol
BEB(N) 0

1
~Pu(8 - B)") /0 B (83 +1(8 — 831), Y2) — U (8, Y| X
+N[Pul' (55", Y7)]

Similar to (S15), the first term is upper bounded by 0 due to the definition
of conditional strictly convex loss and Lemma 1. For the second term and
the third term, similar to the arguments in Lemmas 10, 13 and 14, we can
also achieve the desired tail probability for sufficiently large n. The proof of
Lemma 15 is now complete.
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Proof of Theorem 3.3.1: We first consider Part (ii) Type 3 with I'(w,Y") =
I(Y —w < 0) — « and use the property that /() is bounded and I'(w,Y’) is
nondecreasing in w. By the definition of G, ; and G7,
Gnj = Gj
N ~M
= [Pal(By",Y) = Pul(Bg", Y)] = [BAl(PF 85, Y) = Pol(%7 87, Y)]
—{[P.(®] B} Y) - P.U(B)", Y)] - [BU(®] B}, Y) — EL(By", Y)]}
= 51— Sy — (S5 — S4).
We will prove that |Si| + |Sa| + S5 — S4| is upper bounded by czd,n=2"

with probability converging to 1. First consider |S3 — Sy|. By the general
decomposition (S1),

1
1S5 — Si| = | (@, — E)@TBY — 1) /O V(G + (BT BY — A1), Y)d].

Since |I'()| is bounded, and (\II]TB;VI — B4 is also bounded, by Hoeffding’s
inequality, for any constant cs > 0, there exists ¢g > 0 such that

P(|S3 — Sy4| > e5n™ ") < 2exp(—cﬁn1*2“),

which means that |S3 — S4| is upper bounded by c¢zn™" except on an event
with probability at most 2exp(—cgn'~2%). Next for Si, by the general de-
composition (S1), we have

(S16) Sy =P, l'(5), Y) (B — B
o~ 1 o~
+Pa (B — B3") /0 (8o + By — By"), Y) = ' (B), Y))dt.

In the first term of (S16), since |I'()| is bounded, by Hoeffding’s inequality,
for any c7 > 0, there exists cg > 0 such that

P(B(BY) 2 em™) = P(BJ(B).Y) - BU(BY,Y)| > e ™)

< 2exp(—cgn!™2%).

where the first equality is by El'(3},Y) = 0 due to the definition of 3.
Therefore, by Lemma 15, we have for any cg > 0, there exists c;g > 0 such
that

P(]Pnl’(ﬁé\/[,Y)(B\éV[—BéW” > con”2F) < 2exp(—cgn! ™) +2exp(—byn'T).
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For the second term of (S16), since I'(w,Y) is non-decreasing in w, the second
term is non-negative. Furthermore, on the event {|8}! — 8| < b3n="},

1
ST P - A [ WA+ B - 8. Y) - E a
0
1
< Pubsn™® / (B + thgn™",Y) = I'(BY, Y)]dt.
0
In the last line, since I’() is bounded, by the Hoeffding’s inequality,

1
P(|(P, — E)/O W(BY + thyn ™, Y) — (M, V)]dt| > crin™)
< 2exp(—eipn' ™).

Therefore, expression (S17) can be further upper bounded by

1
bsn "E / V(B + thsn™",Y) — I'(BT, Y)|dt + bsepin ¢
0

except on an event with probability at most 2 exp(—cian!~2%). By Lemma 1

the last line is further upper bounded by (b2b3/2 + bsc11)n~2¢. In summary,
P(|S1| > c13n72%) < dexp(—cian' 72%) + 2exp(—byn'~2).
For So, by the general decomposition (S1), Sy can be expressed as
Pl (W7 B )WL (]~ BY) +
P, w7 (3 — B /Ol[z’(\p]Tﬁ;V + 0T (@) — BM),Y) - (W1 B Y ))dt.
Note that W (B;" — 8)) < @18} — 8]l < 1B} — 8| Since V() is
bounded, by Hoeffding’s inequality and the definition of Béw ,

PP, (BT B, Y)| > c15n™")

P([P,l'(¥] B}, Y) = EI'(¥]B8}",Y)| > ci5n™")
1—25).

< 2exp(—cien
M
Therefore, by Theorem 3.2.1, on the event that {||3; —ﬁé\/[H < c;‘/zd}/Qn_”},

~M 9
P (®T Y V)T (B — 8| < crycy?dY/*n
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except on an event with probability at most exp(—cqn!=2¢d1)+2exp(—cign' ~2%),
where we have used (S14) and the result in Theorem 3.2.1.

For the second term in S, on the event {Hij - 5;\4” < cé/erl/Qn*"}, we
have
T3M Tary [ 1ol aM T3M T aM
Pn(¥; 8, —¥;8;") ; [1'(®; B +t(®;B; —¥;8;"),Y)
ot M
—'(®; B, Y)]dt

1
< Pocr/2dY2n / (T BY 1 tey/ 2>, V) — (%18 Y)dt
0

since I'(w,Y") is a non-decreasing function in w. The last line is further upper

bounded by
1
(S18) Ecy*dY*n " /0 V(TBY 4+ tey/?dY*n ", Y)
+Cé/2617d}/2n72'{

except on an event with probability at most 2exp(—cign!=2%) by Hoeffd-
ing’s inequality. By Lemma 1, (S18) is further upper bounded by (bac3 +
1/2

C3 c17)n~2%d,. To summarize,
—2K 1-2k 1-2k 3—1
P(|S2] > c19d,n™ ") < dexp(—coon ) + exp(—cqn d;).

By condition E, d,;! = O(n™"). For simplicity of discussion, without loss
of generality, suppose d! n~". Hence we have d,n~2* > n=2* and
d,n~2% > n~" Finally,

P(|Gn’j - G;’ > C2ldnn72ﬁ) S eXP(—C4n172”del) + 12 exp(—czgnlf%),

By Lemma 3.1.2, we have minjeyy, G; > %clfdnn*%. On the event

b* _
Ay = { max |Gy — G5 < Jrertdun >},
we have G, ; > %clgdnn_Q",Vj € M. Hence by the choice of v,, we have
M, C M,, . The result now follows from P(M, C M,,) > P(4,) =1 —
P(A¢). The proof for Theorem 3.3.1 (ii) is now complete.

For Part (i) Types 1 & 2, we use the property that I”(w,Y") is continuous
inw, "(w,Y) > 0 and I"(w,Y) is bounded when w is bounded, and the
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analysis is different. We want to show that there exists some constant { > 0
such that P(Gy; > (d,n~2") — 1 for j € M,. Note that by the definition
of Gy ; and Taylor expansion,

~M ~ ~M
Gn; = P (¥]B; ,Y)(B) —®Ip;)

1 M ~ M - ~M
+P, / rwTBY B - B ) (B - wTBY )2 - byt

~M
The first term is 0 because of the definition of 8, . Therefore, we will find
a lower bound of the second term. Since I”(w,Y) is continuous in w and

I” > 0, for a bounded w, there exists positive constants 7 and 7o such
that 711 < I”(w,Y) < r9. On the event that {|3}! — BM| < rsn™"} and

~M
{lI8; - 5%” < 7’4d711/2n_”}, there exists positive constants 75 and r¢ such
that

IR+ 1By - 9B, Y)
O S TR T WA Y
Jry 0 N A
for all 1 < j < p,. The restrictions of r3 and r4 will be determined later.
Correspondingly,

<rg

1
~ M
Gnj > 5P, /0 P(BTM 15— wTEM) Y ) (B — wTBY)2(1 - by,

~ ~M ~
Use binomial expansion for (,Bé\/[ — \Il?ﬁj )2 = [,Bé” — ‘Ileﬁéw + 56\4 - 5(])\/[ -

wI (B - AP Let
Po= E [T G - T w8
P = Pn/ol (T BN+ (3 — w8, V)5 - ] B
< (B - - wT (@] - ) - 1),
P, = P, /01 [l”(\Il]Tﬂj-”th(ﬂé” —wigM)y)
< (B - By — wT(B) - B2 1)) dt,

~ ~M
then on the event {|8) — B}!| < rsn™"} and {||3; — ,Bé\/lH < r4d71/2n*”},
we have

(819) ij > T5(P1 + 2P + Pg).
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By Hoeffding’s inequality,
(S20)
1
Pz B [ U8 (B~ WTEY). Y)W B~ )it —

except on an event with probability at most 2 exp(—ca3n!~2%). Note that by
the definition of G; and apply Taylor expansion,

1
Gi=E /0 (BT + 1) — wT M), Y) (B~ wTMYA(1 ),

which is exactly the first term in (S20). By conditions E, d,;! = O(n™"%).
To simplify the notation, without loss of generality, we can use d, > n”.
Therefore, (S20) further implies

(821) P> G; — 7’7dnn72li.

~ ~M

For Py, on the event {8}’ — 8}!| < rsn™"} and {||3; —6;-”” < md}/zn*”},
~ ~M

there exists some constant 7g such that |33 — g3 — \I!;‘F(ﬁj - ﬁé‘/l )| <

ré/ 2d,ll/ 2pk, Therefore, | P2| is upper bounded by

(S22)

1
{E /0 (W] By (8~ B, Y) |8 ] B Iri*d)/ P (1t dtron |

except on an event with probability at most 2exp(—ca4n!=2%), where we

apply the Hoeffding’s inequality. Apply Cauchy Schwartz inequality to (S22),
we further have that (S22) is upper bounded by

1
(s23) {[E /O (@AY (B — w8, Y) (B — w781 — t)dt] '/
1
x[E/ V(ETEM + (B — T BY), Y )rsdyn (1 — t)dt]
0

—H“gn*“}

< (),

for some constant r19, where we use the fact that I”(w,Y’) is bounded when
w is bounded. For j € M,, G; > cd,n 2% by Lemma 3.1.2 for some positive

constant ¢ to simplify the notation. On the event {| Eé‘/l —BM| < rsn=r} and
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~M
{8 — 55\4” < rydy/ 2n‘"} where r3 and r4 are appropriately chosen and
r7, rg and 119 are sufficiently small. Based on (S21) and (S23), for j € M,,

Gnj > rs5(c— 201/27“%2 — 17— 2r9)d,n "2 > 0

~M
except on an event with probability at most P(||3; — B;VIH > r4d,11/2n_””) +
6 exp(—cosn'=2%). If we use threshold v, = vd,n"2* where v < r5(c —
201/27"}(/)2 — 17 — 2719), then

P(M, C M,,) = 1-P(M,¢ M,,)
> 1- Y P(Gnj<n)
JEM,
~M _ B
> 1= SO{P(HB]' —,3?4” > rad/>n ") + 6 exp(—cosn’ 2“)},

where in the last expression, we can further apply the results in Theorem
3.2.1. For the consideration of model selection size control in Theorem 3.4.1,
with sufficiently small r7, rg and rig, we further require that

(S24) (1 — 17— 2rg) /2 — 7“%2 > ht2 >0
T6
for some positive constant h. The proof of Theorem 3.3.1 (i) is now complete.
Proof of Theorem 3.4.1: Let M(w,X) = E[l'(w,Y)|X]. By definition
of conditional strictly convex loss, we have
(S25)
{M(%] 8} X)-M(EY] B} X)} W] 8} ~E¥]B}"] > b, (¥] B} —E¥]B]")°.

By the score equation EM(\P;‘»F,B?/[, X)\II;F =0, we have

EM(¥] 8}, X)®T (8} — 1E¥] B}'] =0.

where 1 = (1,---,1)T with the same dimension as ,8?4. By taking the ex-
pectation on both sides of (S25), we can obtain

—EM(EY] 3}, X)¥] 3} — 1EW] B}]
> () —1ECT B E(%;97) (8] - 1E¥] B},
where we have used the partition of unity. Applying Lemma 3 to the right
side of the last line implies that

(S26)
biDydy V|8 —1EwT B |2 < —EM(ERTAY X)Wl M — 1EwT 3]
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By the definition of M function and the definition of conditional derivative
separable loss,

—EM(EY] A5, X) ¥[8} — 159} B}]
E[H(X)K (E®TBM) - c(EvT Y ) el g — 1EwT Y]
(827) = K(E¥]B)EHX)¥][3} —1E¥] B},

where in the second step we have used the fact that E\Il;f [,8;” — 1E\Il;‘rﬁj-w | =
0.

Denote 3} as the coefficient vector for \IIJT in the joint regression model.
Let 8% = ((,BI)T, B ( ;n)T)T' Let ¥ = (\Ill(Xl)7 T 7\Pdn(X1)7 T 7\111(Xpn)ﬂ
o Wy (Xp,))T be the basis functions in the joint regression model. Define
S1,; as the set that w7 3* and lIlf [Bé‘/[ — 1E\Ilfﬁy] have the same sign, and
Sy as the set that w7 3* and \Ilf[ﬁéw — 1E\IIJTB§VI] have the opposite sign.
By the definition of conditional strictly convex loss,

(M(B5 +¥7B*,X) — M (85, X)¥T[8) —1E®] B},

< 'l (B —1Ev] YL, ;
(M(B5+®T3%,X) — M(85,X))®] 3} —1E¥] B}'|Is,
< n o' gl BY - 1Ew] YL, |

where I is the indicator function. Taking the summation of the above two
expression, we have

(828) (M(B5 + @' ", X) — M(85, X)) 5 (8] — LE®; B]]
< b ¥TBeT(By - 1EW] B
+(by = b1)T BTG} — 1EW] B, .
By the score equation of the joint model EM (5§ + T X)¥! =0, we

J
have
EM(8; + ¥ 8%, X)wT (8} — 1E¥]3})] = 0.

Taking expectation on both sides of (S28) leads to
(829) ~E[M(5, X) (8] — 1B} 3}']]
< WE[ETBwTB) —1E¥] B}
+(b2 — bl)E[‘I’TI@*‘II?[Béw - 1E‘I’?IB§'\/[]ISLJ‘]'
By the definition of M function,

(S30) —E[M(B5,X)®T[BY —1E¥] 8]
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= BH(X)K(55) - G(55)]¥] (8} — 1E¥] B}
= K(B5)EHX)¥] () — 1E%]B}"]),
For a generic vector b = (by, -+ ,b,)T, we define the notation |b| = (|b1],- - - , |by])7 .
Combining (S29) and (S30), we have
(S31) K(B5)E[H(X)2] (8} — 1E%] 3}']]
bi|(B)T EW®]|- |8} — 1E¥] 8]
+(b2 = b)) (B ERET| - |87 — 1E®] B}
= bl(B) BR8] —1E¥]B}]|.

IN

Similar to the argument in (S28), we can also show that

(532) [M(B5,X) = M(g5 + ¥ 5" X)) 9] [8]) - 1E%] )]
—0 OB T3 — 1Ew] B I, |
~b ¥ B8] — 1EW; B}]Ls,
= -0 ¥'p e[ —1EV] 3]
—(by — b)) ¥ BT B —1E¥] B} ]I, .

IN

Applying expectation on both sides of (S32), by the definition of M function,
we have

(S33) ~K(55)B[H(X)®] (5] — 1B 3}

—0 E[®T 3 wTB) —1Ew] B}

(b2 = b)) [T 3" (B} — 1EWT 3L, |

< bl Ewe]|-|8) - 1E¥] 8},

IN

where the last step is similar to the argument in (S31). Combining (526),

(S27), (S31) and (S33), since K(B3) # 0 from the condition of Theorem

3.4.1, we have

(S34)

K(E‘I’?'By) T T |1gM T gM

—_— EOW: | ||3; —1EY; 3.7 ]|
e AR AL AL T8l

Define 8" = (B} — 1E®{ BT, ... (B) — 1E®] B)T)T. Let

biD1d; (8 1 ERT B < |

K(EwTB)
A T
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Taking summation for (S34) yields

Pn
(S35) b1Dyd, ) |18 — 1E®] B}
j=1

Cbo|(B) " ER®T| - |BY]

<
< Ch(B) ERET| - |8Y],

where in the last step we apply the Cauchy Schwartz inequality. Note that
1BM[I = (X5, 118" — 1LE®] B}1]||*)!/2, therefore, (S35) implies

Pn
> lBY — 1wl s

j=1
< Drdy ()T ER®T
= Drdp(B") (EQYT)(EWET)B

(S36) < Did M pax(E®®T)E(WT 3)2,
Pn
Next we will show that Y~ E(f)f — Ef2])? = O(dnAmax(E)) where 3 =
j=1
E®W¥T. Note that
Pn Pn
SN B(R-ERN = Y E[(8) - 16w 8)) v, ] (3} - 1E%] 8}
j=1 J=1
Pn
< Y BY - 1Ew] 8) || Ew, ]|
j=1
< Drd® Mpax (EOOT)E(®T 3%)2 Dyd
(S37) = O(dpAmax(X)).

In the third step we use the result in Lemma 3 and the result in (S36), and
in the fourth step we use the condition that E(®73*)2 = O(1). The proof
of Theorem 3.4.1 (i) is now complete.
Note that
G5 = EBUBY,Y)—U®]B8}),Y)]
< EWEYIBENY)-1(w]B)Y)).

The second step is because of the definition of ﬂé\/l . Apply the general de-
composition (S1) to the right hand side of the last line, G} is upper bounded
by

EU(®] B}, Y)(—¥] (3} — 1E¥]B}])
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1
+B(-w]18) — 12wl ) [ (w8 + (w18} 159 B)).Y)

(AN )t
bo
< S E][B) - 1B 57",
Combine with (S37), ?il G; < O(dnAmax(X)). This implies that the num-
ber of {j : G5 > ed,n 2%} can not exceed O(n?*Apax (X)) for any € > 0.
For Type 3, on the event B, = {maxi<j<p, |Gn; — Gﬂ < ed,n"2"}, the
number of {j : G, ; > 2ed,n"2"} can not exceed the number of {j : G; >
ed,n~2%}, which is bounded by O(n2”/\max(2)). By taking e = v/2, we have

P(|M,,| < O(n** Anax(E))) = P(Ba) = 1 - P(By).

The conclusion follows from Theorem 3.3.1 (ii).
For Types 1 and 2, for any j = 1,---,p,, similar to (S19), on the

e ~M
event {|B} — BYY] < ran ="} and {|IB; — BYI| < radi*n~"}, Gy <
re{Pl 4+ 2P + Pg}. Similar to (S21), we have P; < G;» + ron™" except
on an event with probability at most 2exp(—ca3n!=2%). By (523), P, <
{(G;)l/%}fdkﬂn_” + rgn_”} except on an event with probability at most

172&)

2 exp(—caan . Correspondingly, we have P3 < r1od,,n~2*. Overall,

(938) Gnj < rﬁ{ (G2 +rif2d P n) + (rr + 2r9)dnn_2“}

~M
except on an event with probability at most P(||3; — Bj\/[H > 7’4di/2n_“) +
6 exp(—ca5n!~2%). Based on (S38) and (S24), if G; < hd,n~%%, then G, ; <
~M
vy, except on an event with probability at most P([|3; — ;VI | > rady/ 2n"‘)+
6 exp(—cosn! ~2F). Therefore, the number of {j : G,,j > v} can not exceed
the number of {j : G} > hd,n~2F} except on an event with probability at
~M
most p,[P(||3; —,8;-”” > r4d,11/2n*”) + 6 exp(—casnt~2%)]. Since the number
of {j: G} > hd,n~2¢} can not exceed O(n* Apax (X)), we have

— ~M
P(|My,| < 00* Aax(D))) = 1= palP(IB; = B = radif*n™)

46 exp(—cosnt ™).

In the last expression, we can further apply the results in Theorem 3.2.1.
The proof of Theorem 3.4.1 (ii) is now complete.
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2. Discussion on Condition (D). We will discuss the connections of
our condition (D) with the condition (C) in Fan, Feng & Song (2011) and
condition (C2) in He, Wang & Hong (2013).

When [ is the squared error loss, minimization in (10) leads to ij (X;) =
E(Y|X;). When Y is independent of X, fJM(Xj) —Ef]M(Xj) = 0. Note that
in Fan, Feng & Song (2011) the response variable Y has been subtracted
by the mean such that EY = 0. Therefore, our condition (D) is exactly the
condition (C) in their paper.

When [ is the quantile regression loss, minimization in (10) leads to
FM(X5) = Qa(Y|X;). When Y is independent of X, [ (X;) - EfM(X;) =
0. The condition (C2) in He, Wang & Hong (2013) is that minjcs, E(Qa(Y|X;)—
Qa(Y))? > cyn~2%. Ignoring the difference in the signal strength at this mo-
ment. By simple algebra, we have

(539) E[Qu(Y|X)) — Qu(Y)]” = E[Qa(Y]X;) — EQa(Y|X;)]?
+[BEQa(YX;) — Qa(Y))*.

Therefore, similar to our condition (D),

min B[Qa(YX;) - EQa(YX/)]* > ern2
will automatically lead to their condition (C2). However, on the other hand,
even for j ¢ M,, it can still be satisfied that E(Qq(Y|X;) — Qa(Y))? >
c1n~2" because of the constant term (EQq(Y|X;) — Qa(Y))? in (S39). To
illustrate this issue, let us consider a simple example. Assume Y = X; + X5
and X = (X1,---,X,)T ~ N,(0,%). The diagonal elements of X are 1,
cor(Xy,X;) =0 for j = 2,---,p and cor(Xy, X;) = p for j > 2. It is not
difficult to show that Q. (Y) = V20 (), Qu(Y|X;) = X; + & !(a) for
j=1,2and Qu(Y|X;) = pX; + /2 — p2® () for j > 2. Let a = 0.95,
p = +/3/2 and use a threshold as 0.8. Based on our criterion,

1 j=1,2

E[Qa(Y|X;) — EQa(Y|X;)]” = { 0.75 j>2

and only X7, X9 will be selected, while based on the criterion in He, Wang
& Hong (2013),

1.464 j=1,2

ElQu(1%) ~ Q) = { oot 12

and all {X; }§:1 will be selected.
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3. Numerial Results. In this section, we will provide further simula-

tion results for Minimum Model Size under Models 1, 2, 7 & 8, as well as
results for iterative screening procedures. A figure about selected genes from
the data analysis will also be provided.
Iterative Variable Selection: In the tables S3-S5, we compare iterative
version of screening methods and focus on Models 1-6. The GI-Goffins and
I-Goffins are constructed based on iterative combination of our Goffins and
penGAM in Meier, van de Geer & Bithlmann (2009). ISIS is an iterative ver-
sion of SIS and the computation is directly based on the R package “SIS”.
I-EL is an iterative version of EL and penalized empirical likelihood regres-
sion described in Chang, Tang & Wu (2013). The methods considered here
are based on the availability of iterative screening methods in the existing
literature. The simulation round is 200 for GI-Goffins, I-Goffins and ISIS,
and is set as 50 for I-EL due to its intensive computation. For Models 1, 2, 5,
6, both GI-Goffins and I-Goffins can select all the four important variables
(X1, X9, X3, X4) even when the dimensionality p increases from 1000 to
5000. GI-Goffins performs better than I-Goffins in terms of selecting fewer
false positives. On the other hand, both ISIS and I-EL will miss some true
variables while ISIS tends to select too many false positives. For Models 3
and 4, GI-Goffins and I-Goffins can select all the true variables in most of the
simulation rounds, but we can miss some important variables occasionally. In
contrast, ISIS and I-EL fail to select all true positives but select significantly
more false positives than our methods. In terms of the computation time,
ISIS is the fastest algorithm because it avoids the nonparametric modeling
of the variables. I-EL is very computationally intensive. It requires roughly
4 to 10 times of computation time compared with our methods depending
on the various simulation examples. In tables S3-S5, we also present the fre-
quencies of selecting the four important variables (X7, Xo, X3, X4) over the
simulation rounds. Ideally, the frequency should be 1 or close to 1, meaning
that the variable is selected with high probability. Such detailed investiga-
tion further supports the superior performance of our methods compared
with other competitors.
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The median (IQR) and 5%, 25%, 75%, 95% quantiles of minimum model size.

Model D Methods  Median (IQR) 5% 25% 75% 95%
Model 1 | 1000  Goffins 4(5) 4 4 9 74.3
Kifilter 116.5(200.75) 9 39 239.75 609.20
QaSIS 12(40) 4 5 45 302.45
SIS 488 (468.25) 56.95 242 710.25 931.20
SIRS 485(513.75) 60.70 241 754.75 939
DC 42(74) 6 20 94 279.2
EL 946.5(140) 705.75 856 996 1000
2000  Goffins 5(9) 4 4 13 106.85
Kfilter 237(438.25) 7.95 69.75 508 1116.65
QasSIS 19.5(112.5) 4 5 117.5 643.65
Size=4 SIS 1009(970.5) 101 517 1487.5 1886.5
SIRS 963(965) 89.75 513.25  1478.25 1908.15
DC 81.5(178.75) 9 31.75 210.5 528.65
EL 1894(256.5) 1411.7  1735.5 1992 2000
5000 Gofhins 6(20.25) 4 4 24.25 336.10
Kfilter 583.5(1126.25) 19 185.75 1312 3049.80
QaSIS 49.5(231.75) 4 8 239.75  1184.35
SIS 2493(2560.25) 249 1279 3839.25  4800.15
SIRS 2549(2555.5) 203.95 1281.5 3837 4757.6
DC 219.5(403.5) 16 77.75 481.25 1257.25
EL 4816(635.5) 3591.4  4348.5 4984 5000
Model 2 | 1000  Goffins 56(158.5) 4 14 172.5 556.05
Kfilter 265.5(378) 23.95 124 502 838.15
QasSIS 315(471) 28 127 598 889.2
SIS 500.5(508.5) 54.95 255 763.5 960.05
SIRS 518.5(471.5) 67.9 283.5 755 943.3
DC 173.5(264) 17.9 78 342 704.65
EL 1000(2) 932.75 998 1000 1000
2000  Goffins 111(289.75) 6 25.75 315.50 1066.2
Kifilter 534(787.25) 52 217.75 1005 1596.45
QaSIS 619.5(807.5) 57.8 295.25  1102.75 1833.75
Size=4 SIS 951(1099) 97.8 443.75 1542.75 1911.05
SIRS 973.5(915.5) 122.75  493.25  1408.75 1895.25
DC 331.5(500) 41 142 642 1371
EL 2000(3) 1872 1997 2000 2000
5000  Goffins 277.5(687.5) 7.95 65 752.50  2324.75
Kfilter 1448(2069.75) 106.90  564.75  2634.50 4168.20
QasSIS 1540.5(2237.25) 110.70  661.50  2898.75 4441
SIS 2550.5(2624.25)  230.45 1205.75 3830.00 4847.75
SIRS 2493(2472.25) 264.55 1376.00 3848.25 4736.35
DC 893(1381.5) 82.90 401.50  1783.00 3258.45
EL 5000(9) 4503.9  4991.0 5000 5000
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TABLE S2
The median (IQR) and 5%, 25%, 75%, 95% quantiles of minimum model size.
Model D Methods  Median (IQR) 5% 25% 75% 95%
Model 7 | 1000 Goffins 13(8) 8 10 18 44.15
Kfilter 21(26) 9 13 39 123.15
QaSIS 18(13) 9 13 26 54.05
SIS 846(298.75) 270 624.75 923.50 987
SIRS 325.5(373.25) 50.9 180.75 554 862.2
DC 813.5(332.75) 253.85 588.5 921.25 986.05
EL 839(215) 388.80 726.25 941.25 990
2000 Gofhins 17(15) 9 12 27 65
Kfilter 30(54) 9 16 70 281.25
QaSIS 22(23) 10 15 38 94.1
Size=7 SIS 1682.5(551.75) 592.85 1310.5 1862.25 1975.05
SIRS 692.5(749.5) 116.65 391.75 1141.25 1661.30
DC 1628.5(642) 522.85 1208.25 1850.25 1969.10
EL 1690(410.25) 807.40 1465.00 1875.25 1985.05
5000 Goffins 26(30) 10 17 47 163
Kfilter 62(134.25) 10 23 157.25 560.05
QaSIS 39(53.25) 12 21 74.25 226.15
SIS 4095.5(1533) 1112.05 3152 4685 4929.25
SIRS 1712(1891.75) 270.8 869.5 2761.25 4327
DC 4015(1702) 1098.8  2965.75 4667.75 4949.05
EL 4281.5(1033.75) 2317.15  3688.25 4722 4959.05
Model 8 | 1000 Goffins 22.5(25) 10 15 40 95
Kfilter 44(73) 12 21 04 212.1
QaSIS 31(37) 13 20 57 130.15
SIS 831.5(330.25) 285.90 610.00 940.25 986.00
SIRS 411.5(420.75) 67.00 243.75 664.50 908.05
DC 790(357) 231.35 566.50 923.50 992.00
EL 860(217.25) 413.55 722.00 939.25 991.05
2000 Goffins 33(39) 12 19 58 173.05
Kfilter 66(117) 12.95 27.00 144.00 452.50
QaSIS 51.5(64) 15 28 92 241.35
Size=7 SIS 1646.5(681) 471.80 1175.50 1856.50 1976.15
SIRS 881.5(858) 116.95 454.75 1312.75 1836.30
DC 1594(686.25) 456.70 1132.00 1818.25 1974.00
EL 1700(421.75) 860.05  1461.75 1883.50 1979.00
5000 Goffins 62(99) 17 36 135 622.8
Kfilter 158(339.25) 14 51 390.25 1219.60
QaSIS 110.5(178.5) 21 53.75 232.25 912.30
SIS 4174(1432.5) 1427.65 3201.00 4633.50 4937.05
SIRS 2151(2249) 290.90 1176.50  3425.50 4444.35
DC 4028(1644.5) 1206.1 2966.0 4610.5 4935.2
EL 4229(1138.5) 2112.80 3572.75 4711.25 4947.05
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TABLE S3
Average values of the number of true positives (TP), false positives (FP), computation
time (in seconds), and frequencies of selecting X1, X2, X3, Xa. Standard deviations are
given in parentheses. p = 1000.

Model Method TP FP Time X1 X X3 X4
Model 1  GI-Goffins 4(0) 0.66(0.82) 71.93(8.75) 1 1 1 1
I-Goffins 4(0) 2.38(2.36) 45.96(19.84) 1 1 1 1
ISIS 3.04(0.20)  62.96 (0.20) 9.18(4.72) 1 0.04 1 1
I-EL 2.69(0.63) 4.47(2.15) 381.57(104.52) 1 0.01 0.81 0.87
Model 2 GI-Goffins 4(0) 0.70(0.79) 63.06(8.70) 1 1 1 1
I-Goffins 4(0) 7.18(5.71) 57.77(26.96) 1 1 1 1
ISIS 3.10(0.29)  62.91(0.29) 10.32(5.36) 1 0.095 1 1
I-EL 2.97(0.20) 5.10(1.91) 261.98(63.09) 1 0.005 0.965 1
Model 3  GI-Goffins  3.99(0.10) 0.80(0.83) 275.08(63.15) 1 0.99 1 1
I-Goffins 3.96(0.20) 3.14(2.96) 231.96(146.93) 1 0.96 1 1
ISIS 2.60(0.54)  13.41(0.54) 5.89(1.65) 1 0.545 1 0.05
I-EL 2.53(0.52) 9.57(4.46) 1518.46(822.39) 1 0.52 1 0.01
Model 4 GI-Goffins  3.93(0.27) 0.75(0.85) 257.07(70.45) 1 0.95 1 0.98
I-Goffins 3.93(0.26) 3.00(2.93) 219.32(157.03) 1 0.935 1 0.99
ISIS 3.05(0.34) 12.95(0.35) 6.88(3.85) 1 0.965 1 0.085
I-EL 2.94(0.24)  10.05(6.32)  3023.88(2139.71) 1 0.94 1 0
Model 5  GI-Goffins 4(0) 0.7(0.76) 114.59(16.31) 1 1 1 1
I-Goffins 4(0) 2.49(2.53) 69.48(31.39) 1 1 1 1
ISIS 3. 09(0 28)  29.92(0.28) 11.86(4.74) 1 1 1 0.085
I-EL 00(0) 2.74(1.16) 1203.57(316.56) 1 1 1 0
Model 6  GI-Goffins (0) 0.67(0.82) 118.44(16.14) 1 1 1 1
I-Goffins 4(0) 4.32(3.97) 84.12(38.08) 1 1 1 1
ISIS 3.05(0.22)  29.95(0.22) 10.76(4.12) 1 1 1 0.05
I-EL 3.00(0) 3.95(1.67) 1296.98(256.86) 1 1 1 0
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Average values of the number of true positives (TP), false positives (FP), computation
time (in seconds), and frequencies of selecting X1, X2, X3, Xa. Standard deviations are
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TABLE S4

given in parentheses. p = 2000.

Model Method TP FP Time Xl X2 Xg X4
Model 1 GI-Goffins 4(0) 0.70(0.76) 124.50(17.37) 1 1 1 1
I-Goffins 4(0) 2.89(2.61) 82.19(32.80) 1 1 1 1
ISIS 3.04(0.17)  62.96(0.17) 13.81(7.80) 1 004 1 1
I-EL 2.58(0.71)  4.14(2.07) 582.51(154.25) 1 0 077 081
Model 2 GI-Goffins  3.995(0.07)  0.745(0.81) 132.53(17.03) I 0995 1 1
I-Goffins  3.995(0.07)  7.995(6.36) 131.67(60.25) 1 0.995 1 1
ISIS 3.015(0.12)  62.985(0.12) 16.93(9.71) 1 0015 1 1
I-EL 2.92(0.37)  4.78(2.19) 448.01(158.45)  0.99 0.00 0.96 0.97
Model 3 GI-Goffins  3.98(0.16)  0.74(0.79) 480.07(113.32) I 0975 1 1
I-Goffins 3.95(0.23) 3.41(3.25) 436.35(307.93) 1 0.95 1 0.995
ISIS 2.49(0.54)  13.51(0.54) 10.20(3.58) 1 0455 1 0.035
I-EL 2.48(0.50) 12.64(3.15)  3146.64(1791.67) 1 0.46 1 0.02
Model 4 GI-Goffins  3.875(0.42)  0.63(0.77)  465.09( 143.47) I 0925 1 09
I-Goffins 3.87(0.38) 3.36(3.19) 421.03(294.90) 1 0.9 1 0.97
ISIS 2.9(0.35) 13.10(0.34) 12.25(7.97) 1 0.88 1 0.02
I-EL 2.88(0.39)  11.56(5.90)  7135.29(3914.02) 1  0.86 1  0.02
Model 5 GI-Goffins 4(0) 0.71(0.80) 204.37(26.91) 1 1 1 1
I-Goffins 4(0) 2.82(2.79) 131.85(58.57) 1 1 1 1
ISIS 3.02(0.12)  29.99(0.12) 18.32(7.69) 1 1 1 0015
-EL 3.0(0) 3.2 (1.55)  2184.23(530.58) 1 1 1 0
Model 6  GI-Goffins 4(0) 0.79(0.80) 199.67(27.18) 1 1 1 1
I-Goffins 4(0) 5.1(4.61) 155.99(80.37) 1 1 1 1
ISIS 3.04(0.18)  29.97(0.18) 15.57(5.89) 1 1 1 0.035
I-EL 3.0(0) 4.3(1.64) 3012.11(475.31) 1 1 1 0
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Average values of the number of true positives (TP), false positives (FP), computation
time (in seconds), and frequencies of selecting X1, X2, X3, Xa. Standard deviations are
given in parentheses. p = 5000.

Model Method TP FP Time Xl X2 X3 X4
Model 1 GI-Goffins 4(0) 0.69(0.77) 305.95(42.11) 1 1 1 1
I-Coffins 4(0) 2.92(2.85) 212.67(88.62) 1 1 1 1
ISIS 3.02(0.14)  62.98(0.14) 31.09(17.43) 1 0.02 1 1
I-EL 2.56(0.67)  4.54(2.14) 1396.24(393.38) 1 0 072 084
Model 2 GI-Goffins 4(0) 0.74(0.76) 304.65(40.83) 1 1 1 1
I-Goffins  3.99(0.10)  9.72(6.92) 321.62(137.74) 109 1 1
ISIS 3.03(0.17)  62.97(0.17) 37.31(22.30) 1 003 1 1
I-EL 2.86(0.45)  4.16(2.21) 1133.36(409.21) 1 0 09 096
Model 3 GI-Goffins  3.955(0.21)  0.59(0.74) 1200.29(272.24) 1 0955 1 1
I-Goffins 3.86(0.38) 3.42(3.03) 1180.01(830.38) 1 0.885 1 0.975
ISIS 2.29(0.47)  13.71(0.47) 26.69(11.34) 1 02 1 003
I-EL 2.5(0.51)  15.3(2.17)  11733.59(5496.55) 1 0.5 1 0
Model 4 GI-Goffins  3.81(0.52)  0.69(0.81) 1223.72(365.48)  0.99 0.895 1  0.925
I-Goffins ~ 3.725(0.58)  3.44(2.98) 1100.01(701.61) 0.98 0.825 1 0.92
ISIS 2.845(0.38)  13.14(0.41) 32.48(22.40) 1 08% 1 001
I-EL 2.82(0.39)  13.2(4.41)  19738.35(12055.85) 0.98 0.84 1 0
Model 5 GI-Goffins 4(0) 0.61(0.74) 494.42(60.24) 1 1 1 1
I-Goffins 4(0 2.63(2.78) 326.54(158.28) 1 1 1 1
ISIS 3.02(0.12)  29.99(0.12) 40.24(18.42) 1 1 1 0015
I-EL 3(0 3.38(1.63) 5233.61(1584.50) 1 1 1 0
Model 6  GI-Goffins 4(0 0.75(0.78) 499.04(58.87) 1 1 1 1
I-Goffins 4(0 5.46(5.17) 386.97(201.62) 1 1 1 1
ISIS 3.02(0.14)  29.98(0.14) 34.46(16.03) 1 1 1 0.02
I-EL 3(0 4.9(2.32) 6324.55(1728.95) 1 1 1 0
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