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Abstract

The high-dimensional single index model (SIM), which assumes that the response
is independent of the predictors given a linear combination of predictors, has drawn
attention due to its flexibility and interpretability, but its efficiency is adversely
affected by outlying observations and heavy-tailed distributions. This paper intro-
duces a robust procedure by recasting the SIM into a pseudo-linear model with
transformed responses. It relaxes the distributional conditions on random errors
from sub-Gaussian to more general distributions and thus it is robust with sub-
stantial efficiency gain for heavy-tailed random errors. Under this paradigm, we
provide asymptotically honest group inference procedures based on the idea of
orthogonalization, which enjoys the feature that it does not require the zero and
nonzero coefficients to be well-separated. Asymptotic null distribution and boot-
strap implementation are both established. Moreover, we develop a multiple testing
procedure for determining if the individual coefficients are relevant simultaneously,
and show that it is able to control the false discovery rate asymptotically. Numerical
results indicate that the new procedures can be highly competitive among existing
methods, especially for heavy-tailed errors.

1 Introduction

With fast development of information technologies, high-dimensional data are frequently collected
in various scientific disciplines. To efficiently analyze high-dimensional data, various regulariza-
tion methods were developed and thoroughly investigated in both theory and methodology. For a
comprehensive review, see [19]. Though significant progress has been made about the theory of
estimation and variable selection, statistical inference for a high-dimensional model remains largely
unexplored until the seminal works of [58]], [47] and [29]. They developed debiased estimators that
correct the bias introduced by LASSO and established the estimators’ asymptotic normality. [40]]
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proposed a decorrelated score method which is a general procedure and is applicable to a large family
of penalized M-estimators. [45] introduced a recursive online-score estimation for high-dimensional
generalized linear model. [46] proposed the nuisance penalized regression which does not penalize
the parameters of interest. [21]] and [20] studied inference problems for the high-dimensional Cox
model and longitudinal data, respectively. Logistic regression model was investigated in [36]]. Other
recent developments include [44], [50], [S], and [19].

Most of current inference procedures focus on parametric regression models. To address the potential
mis-specification issue of parametric models, the single index model (SIM) which is one of the
most popular semiparametric modelling techniques, has received extensive attention and in-depth
research in the past decade. Let Y € R be the response variable along with predictor vector
X = (X1, -+, X,)" € RP. We consider a general SIM,

Y =g(X"8,¢) withe L X, (1.1)
where 3 = (B, , 3,) ", the link function g(-) is unknown and L means independence. Equiva-
lently, we have

Y LX|X'3.

The above statement is that, given X " 3 which is called index, the response Y is independent of the
predictor vector X. Clearly, model covers linear models, generalized linear models and also
the classical SIM [26]], that is, Y = g1 (X " 3) + € with g;(-) being an unknown function. It relaxes
restrictive assumptions on parametric models and is flexible enough to capture complex relationship
between the response and the predictors.

For high-dimensional SIMs, variable selection has been considered by many authors. Examples
include [30], [60], [S71, [, 511, [42], [52], [41] and [43]]. Our primary interest is to detect whether
a set of predictors contributes to the response Y or not given the other predictors, that is testing the
following group inference problem:

Hog:B8; =0forallj€G versus Hig:3; #0forsomej € g, (1.2)

where G is a prespecified subset of {1,2, ..., p} with pg = |G|. Such a hypothesis naturally arises in
the high-dimensional setting. For example, researchers may want to test whether a gene pathway,
consisting of multiple genes for the same biological functions, is important for certain clinical
outcome The above group inference problem also includes global significance testing as a special
case when we set G = {1,2,...,p} and py = p. The group inference problem is more difficult
than purely global significance testing. Actually, for group inference problem, we are dealing with a
high-dimensional interested parametric vector with a high-dimensional nuisance parameter. Such a
group inference problem was considered by [59] for high-dimensional linear models. See also [16]],
and [23]]. All of [39]], [[16l], and [23]] did not establish asymptotical honesty of their procedures, which
is critical for reliable inference in high-dimensional setting.

For SIM, due to the existence of the unknown link function g(-), the group inference problem is more
difficult. Actually, the parameter of interest and the nonparametric function are bundled together,
which makes the inference being challenging. For the model (I.T)), [I7] developed a debiased LASSO
procedure for individual coefficient, while [53] considered simultaneous confidence interval for
optimal treatment regimes under the classical SIM [26]. Their procedures, as well as many other
existing works, rely heavily on the sub-Gaussian assumption about the error term. In practice, data
with heavy-tailed distribution or in the presence of outliers are very common [18]], and the efficiency of
those procedures developed under sub-Gaussian assumption would be largely deteriorated. Recently
[25] investigated the robust inference problem of high-dimensional SIM by adopting the Huber loss
with original response. However, their procedure still requires bounded first moment condition of the
error term and needs to select a suitable robustification parameter. In this paper, we aim to develop
robust group inference methods for high-dimensional SIM without any moment condition on the
error term and without choosing robustification parameter.

Interestingly, under a mild condition on the predictors, which is called linearity condition in the
literature of sufficient dimension reduction [31]], we find that the SIM can be recast into a pseudo-linear
model with transformed response, allowing us to make robust inference in a simple fashion. With a
specific “response-distribution" transformation, the sub-Gaussian response assumption required in
existing methods is totally avoided, and accordingly our proposed procedures are robust to outliers or
heavy-tailed error distributions.
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Besides group inference of a prespecified subset of predictors, we are also interested in identifying
relevant predictors. To this aim, large-scale simultaneous hypotheses are considered

H()j Zﬁj =0 versus Hlj : 5j 7é 0, 1 < ] < p-

Apart from identifying as many nonzero 3; as possible, to obtain results with uncertainty quantifica-
tion, we would like to control the false discovery rate (FDR) which is an extremely popular tool to
maintain the ability to reliably detect true alternatives without excessive false positive results when
large-scale hypotheses are simultaneously tested [4]. [28]], [20], [36] and [9] considered FDR control
in high-dimensional regression models. We follow this line and develop a FDR control procedure for
high-dimensional SIM.

Our major contributions are listed from the following three aspects.

* We extend the rank-LASSO procedure in [43] to include both convex and non-convex
penalties and establish error bound of any local optimum of the empirical objective. These
theoretical results are summarized in subsection 3,11

* In Section [2| we provide asymptotically honest group inference procedures based on the
idea of orthogonalization for testing the joint effect of many predictors, which enjoys the
feature that it does not require the zero and nonzero coefficients to be well-separated. We
demonstrate the superiority of our test procedures both theoretically and empirically. Please
see Section [3|for theoretical justification and Section [4] for numerical studies respectively.

* We develop a multiple testing procedure for determining if the individual coefficients are
relevant simultaneously, and show that it is able to control the FDR asymptotically. To this
end, we develop suitable multiple testing procedures and show that the proposed methods
can control the false discovery rate (FDR, [4]]) both theoretically and empirically. We refer
the readers to Appendix [A.3]and [A.6|for details.

Notation. For a d-dimension vector U, we write |[U||, = (22:1 UMY and Ul =
max;<k<d|Ug| to denote I, and o, norms of U. Further we define |U|lo = # {k: Uy # 0}.
A random variable X is sub- Gaussian if the moment generating function (MGF) of X2 is bounded
at some point, namely E exp(X 2 /K 2) < 2, where K is a positive constant. A random variable Y is
sub- Exponential if the MGF of |Y| is bounded at some point, namely E exp(]Y|/K’) < 2, where
K' is a positive constant. For a,b € R, we write a V b = max{a, b}.

2 Group inference based on distribution transformation

Without loss of generality, assume that E(X) = 0, and ¥ = Var(X) > 0. Now let o, =
Cov{X, h(Y)} for a given transformation function h(-) of the response. Define 3, = X loy.
We then have the following result.

Proposition 2.1. Assume that E(X | X" 3) is a linear function of X" 3. Then By, is proportional to
B, that is, By, = kp, X B for some constant Ky,.

The above proposition follows directly from Theorem 2.1 in [32]]. The assumption in above propo-
sition is known as linearity condition (LC) for predictors. It is satisfied when X has an elliptical
distribution and widely assumed in the sufficient dimension reduction literature [31} [14]. [24] showed
that in high-dimensional setting, the LC holds to a reasonable approximation. Throughout of the
paper, we assume that x;, # 0. This assumption is mild. In fact, when h(-) is monotone and g(-, -) is
monotone with respect to the first argument, this assumption is satisfied.

From the definition of 3;, we can write
h(Y)=p8lX+e, (2.3)

where the error term e must satisfy E(eX) = 0. Different from the existing literature which usually
imposes independence between the regression error and the predictors, the regression error e in the
transformed model is only uncorrelated with the predictors. This implies that under LC, we can
recast the general SIM into a pseudo-linear model with transformed response h(Y"). Therefore, by
Proposition testing Hl g is equivalent to

Ho g : Bnj =0forallj € G versus Hj g : B # 0 forsome j € G.
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This reformulation is important, allowing us to circumvent the issue of estimating the unknown link
function g(, -) and to make inference of 85, € G in a linear regression model with transformed
response instead of 3; in SIM. As we show later, this reformulation greatly facilitates the construction
of our test statistic and simplifies the computation as well.

In practice, we need to choose a suitable transformation function h(-). We note that [17]]’s procedure
also relies on the above proposition and they essentially work with A(Y) = Y. For robustness
consideration, throughout this paper, we consider the distribution function of Y, denoted by F'(Y") as
the transformation function. Actually with the equation (2.3), given the widely imposed subgaussian
assumption on the predictors, any bounded transformation function 2 (Y") would lead the transformed
error term e being subgaussian, even if the original error term e in the single index model Y =
g(X T3, €) comes from Cauchy distribution. Further as noted by [43]], in the empirical distribution
function, the term Z?:1 I (Y7 <Y;) is the rank of Y;. Since statistics with ranks such as Wilcoxon
test and the Kruskall-Wallis ANOVA test, are well-known to be robust, this then intuitively explains
why our procedures with response-distribution transformation are robust with respect to outliers
in response. Moreover the distribution function is very easy to estimate and thus our approach is
straightforward to implement and understand.

Our test statistic for group inference of H, ; relies on individual inference of H()j : Bnj = 0. Now

we first consider individual hypothesis Hj, ;- Let Z; be the subvector of X without X;, and ~y; be

the subvector of 3, without /3. Suppose that {X;, Y;}!"  is a random sample from the population
(X,Y). Similarly, we denote Z;; as the sample of Z;. Define

Br =EXXT)EX{F(Y)-1/2}] and 6, =E(Z;Z]) 'E(Z;X;),
where 3y, is the regression coefficient of the model (2.3) with h = F.

Our approach is based on the idea of orthogonalization. The main idea of orthogonalization is to
construct a statistic for target parameter which is locally insensitive to the nuisance parameters.
Dealing with high-dimensional models, it plays an important role to make the statistic of target
parameter immune to the bias from the estimators of high-dimensional nuisance parameters, which in
turn enables the statistical inference of parameter of interest. For relevant references, see for example,
(3], [40] and [2].

As pointed by [53]], the adoption of orthogonalization is nontrivial for high-dimensional semiparamet-
ric setting, particularly for index model, where the challenge of bundled parameter arises. Fortunately,
with the Proposition[2.1] the SIM can be recast into a pseudo-linear model with transformed response
(2.3). Note that under the null hypothesis Hy;

E[{F(Y)-1/2- 2]} (X; - Z]6;)] =0.
Further the above equation has the orthogonality property

9
5)’7j
This then motivates us to consider the following quantity

E{F(Y)-1/2-2]~;} (X; -2;6;)] =E[Z; (X, —Z]6;)] = 0.

* 1 =
T= 7 ; {F(Y;) = 1/2 - Z)~;} (Xi5 — 2],6;) . (2.4)

In practice, we need to use suitable estimates of F', «y; and 6, in @ as those quantities are unknown.
Naturally, F,,(y) = n= 1 >°7" | I(Y; < y), the empirical distribution of Y3, ...,Y,,, can be used to
estimate F'(Y"). For 6, we estimate it by the penalized least-squares method

n

-1
. 1 T2 %
0; = arg ejlenuéyfl o ; (Xij — 2,0,)" + ;PAx(leDa (2.5)

where py, (+) is a penalty function with a tuning parameter Ay. Similarly, for v;, we adopt the
following penalized least-squares

p
B = arg min La(Br) + 3 pay (18ul); (2.6)

=1
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where £,,(8r) = (2n) "t 3" {F.(Yi) — 1/2 — X 8,}? and p, () is a penalty function with a
tuning parameter \y. The 4; is then set as the subvector of ,é'h without th. Accordingly, for each
individual hypothesis HI, ; * Brj = 0 we define the standardized test statistic

§: Y;) —1/2 - ZA;} (Xi; — 26)), .7

Q)

where
1 :
2= =3 {on - zl6)e + (v} 2.8)
i=1
6” = Fn( ) - 1/2 z]:)/j and m](y) =n"! Z?:l(Xij - Z;;éj){‘[(yl > y) - FTL(-Y’-L)} Note
that F,(Y;) =n=1>" i=11(Y; <Y;). Then given predictors X;’s being fixed, perturbations in the
responses would not make the value of fnj change as long as the ranks of Y;’s remain unchanged.

Denote ng = (fn]) jeg- To test the null hypothesis Hy g, we consider test statistic based on the
max norm of T}, g. That is,

_ 72
My g = rjrleaé( Ty,

(2.9)

Based on the limiting null distribution obtained in subsection we can reject null hypothesis H g
at the significant level « if and only if M,, ¢ > cg(«), where cg(a) = 2log py — loglog po + ¢u
and q, is the 1 — « quantile of the Gumbel distribution with the cumulative distribution function
exp{—ﬁ exp(—x/2)}, that is,

do = —log(m) — 2loglog(1l — a) . (2.10)

Our inference procedure is summrized in the Algothrim [T] as follows.

Algorithm 1: Group inference based on distribution transformation

Input: Covariates data {X;}"_,, response data {Y;}"_;.
Output: Testing results for group inference problem
Compute the penalized least-square estimator Bh defined in (2.6);
for j € G do

compuate estimator 4y; and 8; defined in (2.5);

calculate the standard statistic 7},; defined in (2.7);

calculate the test statistic M,, ¢ defined in (2.9) ;
if M,, g > cg(a), reject Hy g; otherwise accept H g.

Remark 2.1. The use of quantiles of limiting null distribution in cg(«) is attractive from a computa-
tional point of view. On the other hand, the validity of limiting null distribution requires additional
assumptions regarding the dependence structure of the components of the covariates X. See Assump-
tion[A.Sin Appendix[A.8|for details. Besides, it is well known that this weak convergence is typically
slow. To solve these problems, we propose a multiplier bootstrap approach and show its validity in
theory, please see Appendix[A.1|for details.

3 Theoretical properties

3.1 Estimation error bound

The theoretical analysis of (3}, requires a substantial modification of the proof technique as compared
to existing works on high-dimensional inference. It is related to the fact that empirical distribution
F,(Y;) are dependent, and thus £,,(3) is a sum of dependent random variables. Note that [43]]
considered a similar penalized procedure with LASSO penalty. While [60] and [51]] considered non-
convex penalties such as SCAD and MCP to reduce estimation bias incurred by LASSO. However,
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their results only allow the dimension to be polynomial order of the sample size and thus cannot work
in ultrahigh-dimensional setting. Further their results only provide guarantees for global optima. In
this paper, we consider both convex and non-convex penalties and establish error bound of any local
optimum of the empirical objective.

To be specific, assume that Bh satisfies the first-order necessary condition to be a local minimum of

that is,
<v,cn(Bh) Vs, (Br), B — Bh> >0, for all feasible 3 € R”. 3.11)

Let sy be the sparsity level for By, i.e., sy = ||Bx|lo. For any vector 3, satisfying the condition
(3:TT), we have the following result.

Theorem 3.1. Under Assumptions|A.I|and|A.2|in Appendix the B3, defined in 3.11)) satisfies

1Br = Bullz < cAyv/sy and 1By — Bulls < < Aysy
with probability at least 1 — ¢y exp(—cg logp). Here, (c,c,c1,c) are universal constants and

Ax, Ay < +/logp/n.

In Theorem we establish error bound of penalized least-squares estimators with empirical
distribution function of the response. For consistency in Ly-loss, we require the sparsity level sy
satisfy that sy = o(n/log p). While in terms of L;-loss, the limitation becomes sy = o(1/n/ log p).
Clearly the sparsity level is allowed to be diverging. Our results unify both convex [43]] and non-
convex penalties [60), 51]. Compared with the results in [60] and [51]], the dimension can be
exponential order of the sample size, and no minimal signal condition is imposed to obtain those error
bounds. In the proof, we modify Hoeffding’s inequality by a probability inequality for U-statistic to
handle tail probability in dependent case, which may be interesting in their own rights.

3.2 Asymptotic null distribution

In this subsection, we derive the asymptotic null distribution for statistic defined in (2.9). Denote
Q={Bn eRP: |Byllo V maxi<;<p||0;]lo < s} and Brg = (Bn;)jeg. We consider the following
parameter space for Hy g

Qg:{,@hERpiﬂhg:()}ﬂQ.

Theorem 3.2. Suppose that Assumptions in Appendix [A.8 and LC condition hold. If
s =o(y/n/(logplog pg)), then for given t € R we have

1
lim  sup |Pr(M,g —2logpy + loglogpy < t) — exp{— exp(—t/Q)H =0.
(n,po)—00 BreQY VT

Theorem implies that the type I error of the proposed test statistic M,, g converges to any
pre-specified significance level uniformly over 3, € Qg. The hypothesis test with such uniform
convergence property is called honest test. The advantage of honest test is that the limiting distribution
of our procedure is uniformly valid over s-sparse high-dimensional models despite the possible
imperfect model selection via estimator Bh- An immediate implication is that it relaxes the assumption
on signal strength and does not require the zero and nonzero effects to be well-separated. In particular,
this procedure does not require the initial estimator to select zero and nonzero signals perfectly, which
is nearly impossible in practice. Due to these excellent statistical properties, honest test has recently
drawn lots of attention. See [47], [29], [3], [2]], [L1], [53] for further examples.

On the basis of Theorem , we can reject null hypothesis Hy g at the significant level « if and only
if My, ¢ > cg(a), where cg (o) = 2log pg — loglog po + g and g, is defined in @Z.10).

3.3 Power analysis

We next to consider the asymptotic power analysis of the M,, g. In this section, we show that our

test statistic is powerful in the sense that the separation rate is of order 1/ (2 + ¢q) log po/n for some
€p > 0 when py — oo. At the beginning we define the following parameter space for H; g

Pridi| < /c()logpo}mQ
- n b

9j

QL = € RP:
(co) {ﬂh max
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where cg is a positive constant and §; = E(XJQ) - E(XjZ;'—)IE(ZjZ;) 71E(Zij).
Theorem 3.3. Suppose that conditions in Theorem[3.2] are satisfied, we have for some €y > 0,
lim inf Pr(M, g > cg(a)) = 1. (3.12)
T . & S (Myg > cgle))
Theorem implies that our test procedure can still be powerful even when there exists few

components of g with a magnitude being larger than /(2 + €g) log pg/n. Therefore our testing
procedure is powerful against “sparse” alternative aforementioned. This separation rate is widely

discussed in the literature, such as [§]], [59] and [36]. Theorem [3.3] shows our tests based on
distribution transformation can also achieve this lower bound.

Remark 3.1. In the proof of Theorem we show that
5\ 2
M, ¢ = Mg —&—max(ﬁil”) ,
Jjeg 0j

where the Mg has the type I extreme limiting distribution, which is mentioned in Theorem Then
the power is largely determined by the second term

Brsds )"

SNR(M,, g) = max| —— | , (3.13)
jeg 0j

and it can be explained as the maximum of the signal-to-noise ratio for j € G. The power of the test

based on M, g increases with the growth of SNR(M,, g). When SNR(M,, g) > (2 + €o) logpo/n,
the asymptotic power is tending to 1.

In this paper, we focus on the distribution transformation of the response. In the following we make
some comparisons between this choice and another natural one. Actually, same to [[17], one may
consider use h(Y) = Y to conduct the following test statistic

_ Tp
T = sz ZLA) (X — 236;). (3.14)

Here ’3’; is the subvector of B; without j-th component, and L:},J{ is a penalized least-squares estimator
of B = E(XXT)"E(XY) as follows:

P
ﬂh = arg min Qi Z(YZ — XI,@;J{)Q + ZPAY(W;J{ID

By, R 2T T =1
é is estimated by (2.3). And cr % is an appropriate estimator of on::E{(X ;= Z;Bj)Q(Y —
ZT +) }. For the group 1nference problem (1.2), it’s natural to consider the following testing
statlstlc _
n,g = maX(T+’)27
Now we discuss the power properties of M:{ - By similar arguments as Theorem the power of
the test based on M ; g 1s determined by

+ o\ 2
SNR(M,) = max Py . (3.15)
n.9 Jj€G cr;'

For the convenience of illustration, we consider the classical SIM, that is, Y = g; (X" 3) + € and € is
independent of X. To compare the theoretical power of M, g and M g it suffices to compare the
SNRs aforementioned. In the classical SIM case, the ratio of SNR can be simplified as

SNR (M, g)

SNR(MI )
where cj is a constant depending on (X, Y"). The detailed form of c5 is presented in the Appendix
When Var(e) > c3 ', M,, g is more powerful than M Tf g- Actually when e follows a heavy-tail
distribution, Var(e) can be very large even be infinite.

> cgVar(e),

The above results illustrate the robustness of our test statistic M,, g. In fact, with distribution
transformation, no moment assumption on € is required. Even if the € comes from Cauchy distribution,
our test procedure still works well but the M : g requires sub-Gaussian assumption on the error term
and thus in this situation would fail.
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4 Numerical studies

In this section, extensive simulation studies are carried out to evaluate the numerical performance
of the proposed methods for the global inference problem described in (I.2). We consider the
high-dimensional SIM in equation (I.1]) and generate the data from the following models:

Model 1: Linear model: Y = XT3 + e.
Model 2: Non-linear model: Y = exp(X '3 + ¢).

Here, the predictors X;,¢ = 1,- - - ,n are generated from multivariate normal distribution N,,(0,, 3).
The covariance matrix ¥ € RP*? is block diagonal, that is, ¥ = diag (31, - - - , ¥19), where 3 is
# x £ dimensional identity matrix, and each 3y, is {5 x {5 dimensional with an AR(1) correlation
structure, that is (2);; = (0.1k — 0.1)=7l k = 2,...,10; 4,5 = 1,---,p/10. We consider
two different error distributions for € which is independent of X: (1) standard normal distribution
N(0,1); (2) Cauchy distribution or equivalently Student’s ¢ distribution with 1 degree of freedom,
t(1). Without loss of generality, we set the active set be {1,2,...,6}. The regression coefficients
3 are generated from an arithmetic sequence from 0.1 to 2, that is 5; = 0.2 4+ 0.038(j — 1) for
1 <7 <6and B; = 0 otherwise. We consider n = 200, 500 and p = 800. We use Intel(R) Xeon(R)
Silver 4208 CPU @ 2.10GHz.

In order to explore the robustness behaviors of our proposed statistics, we add outliers to pollute the
observations: poy of the responses are picked at random and increased by mgy-times maximum of
original responses, shorted as poy; + Moy - max(responses). Here poy is the proportion of outliers and
Moyt 1S @ pre-set constant standing for outlier strength. Throughout the simulation study, we analyze
the results with both the original data (shorted as Ori.) and the data with outliers (shorted as Out.).

We assess the empirical type I error and the empirical power of group inference with the nominal
level a = 0.05 based on 500 simulation runs. We consider the following five different choices for G
to test the hypothesis (T.2):

G ={10,11,p —4,p—3,p—2,p — 1,p},
Go={3,...,6} UGy,

Gs = {10,...,59,p — 149, ... p},
g4:{3,...76}Ug3.

Note that G; and G5 are small groups, Gs and G4 are large groups. G; and Gs consist of only zero
coefficients, while G5 and G4 includes nonzero elements.

Then we report the numerical results of empirical rejection rate (ERR) for different scenarios, where
ERR is the proportion of rejected hypotheses among the total 500 simulations. For G; and Gs, the
ERR is the empirical type I error; For G, and G4, the ERR is the empirical power.

From the numerical results for all scenarios displayed in table [T} we have the following findings.
Firstly, when there are outliers or heavy errors, our methods still have very high powers and control
empirical sizes well. Secondly, for both linear model and nonlinear model, small groups and large
groups, our procedures have similar satisfactory performance in this experiment. Thirdly, we find that
the dimensionality of all predictors p does not effect the empirical performances. Our test procedures
with LASSO penalty perform similarly to those with SCAD or MCP. Therefore, we only present the
results of test statistics with LASSO penalty. We use the R-package ncvreg [0].

Moreover, we compare the proposed methods with the three-step testing procedure based on the
studentized statistics in [S9], denoted as ST. Here, we use R package SILM [59] to implement the
three-step testing procedure, set the number of bootstrap replications as 500 and choose the splitting
proportion of 30% for screening.

Table [2] summarizes the results of empirical type I errors and powers with a = 0.05 for different
methods and models based on 500 simulation runs (due to the computation limit, we only run 200
times for ST). Here we consider (n,p) = (200,400), and other settings are same as before. It is
obvious that our methods outperform the ST. Firstly, when there are no outliers and heavy errors, all

methods have empirical power 1 for linear model. But for non-linear model, our test procedures 7 o(})

and TéQ) are more powerful than ST. For instance, under non-linear model with original data and
€ ~ N(0, 1), the empirical powers of ST for Gy and G4 are 0.785 and 0.430, while the corresponding
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Table 1: Simulation results for the group inference problems

e~ N(0,1) e~t(1)
G1 Ga Gs Ga Gi Ga Gs Ga
n  Ori. Out.  Ori. Out. Ori. Out. Ori. Out. Ori. Ori. Ori. Ori.
Y=X"B+c¢

200 0.028 0.034 1.000 1.000 0.026 0.046 1.000 1.000 0.026 1.000 0.058 1.000
500 0.018 0.028 1.000 1.000 0.024 0.040 1.000 1.000 0.032 1.000 0.054 1.000

Y =exp(X' B +¢)
200 0.018 0.024 1.000 1.000 0.030 0.052 1.000 1.000 0.044 1.000 0.084 1.000

500 0.034 0.040 1.000 1.000 0.026 0.040 1.000 1.000 0.030 1.000 0.028 1.000

empirical powers of our methods are all 1. Secondly, the outliers and heavy errors have dramatic
effect on the power performances of ST, which has very low powers even as low as the nominal level.
For example, under linear model with outliers, the empirical power of ST for G4 is 0.050 and that
of our proposal is 1; under non-liner model with Cauchy error, the corresponding empirical powers
of ST and our proposal are 0.040 and 1, respectively. Thirdly, all methods can control type I errors
reasonably. Overall our methods have better powers and are robust with respect to outliers and heavy
errors, whereas ST in [S9]] can completely fail when outliers exist.

Table 2: Simulation results for our method and ST.

e~ N(0,1) e~t(1)
G Ga Gs Ga G Go Gs Ga
Method Ori. Out. Ori. Out. Ori. Out. Ori. Out. Ori. Ori. Ori. Ori.
Y=X"B+e¢

Our 0.028 0.030 1.000 1.000 0.038 0.044 1.000 1.000 0.012 1.000 0.050 1.000
ST 0.045 0.040 1.000 0.115 0.015 0.040 1.000 0.050 0.055 0.370 0.055 0.250

Y =exp(X' 8 +¢)
Our  0.032 0.054 1.000 1.000 0.034 0.070 1.000 1.000 0.042 1.000 0.054 1.000
ST 0.025 0.040 0.785 0.045 0.060 0.075 0.430 0.080 0.045 0.085 0.035 0.040

5 Discussions

In this paper, we investigate robust inference for high-dimensional single index model (SIM). Under
the linearity condition about the predictors, we recast the SIM into pseudo-linear model with trans-
formed response. A response-distribution transformation is considered. This transformation choice
avoids the sub-Gaussian assumption for the response. Our introduced procedures are thus robust
with respect to outliers or heavy-tailed errors. We develop asymptotically honest group inference
procedures. Asymptotic distribution and bootstrap implementation are both established. For testing
the individual coefficients simultaneously, multiple testing procedures are proposed and shown to
control the false discovery rate asymptotically. Our numerical studies illustrate the robustness of our
procedures against outliers or heavy errors.

In this paper, the linearity condition about the predictors plays a very important role in the methodol-
ogy development. How to make inference for high-dimensional SIM without this condition is of great
importance and interest. The second-order Stein’s method with score function-based corrections in-
vestigated in [S6]] and [55] would be a powerful alternative. The condition kj, # 0 excludes even link
functions, and in particular the problem of sparse phase retrieval. [39] introduced a novel procedure
to deal with the problem of sparse phase retrieval when «;, = 0. It would be of interest to extend their
approach to make robust group inference. Further our paper doesn’t provide quantitative bounds on
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robustness. It is also of interest to make inference for partially linear single-index regression model
[15]. We will pursue these challenging problems in near future.

References

[1] Pierre Alquier and Gérard Biau. Sparse single-index model. Journal of Machine Learning
Research, 14(1):243-280, 2013.

[2] Alexandre Belloni, Victor Chernozhukov, Denis Chetverikov, and Ying Wei. Uniformly valid
post-regularization confidence regions for many functional parameters in z-estimation frame-
work. Annals of Statistics, 46(6B):3643 — 3675, 2018.

[3] Alexandre Belloni, Victor Chernozhukov, and Kengo Kato. Uniform post-selection inference for
least absolute deviation regression and other z-estimation problems. Biometrika, 102(1):77-94,
2015.

[4] Yoav Benjamini and Yosef Hochberg. Controlling the false discovery rate: a practical and
powerful approach to multiple testing. Journal of the Royal Statistical Society: Series B
(Methodological), 57(1):289-300, 1995.

[5] Jelena Bradic, Gerda Claeskens, and Thomas Gueuning. Fixed effects testing in high-
dimensional linear mixed models.  Journal of the American Statistical Association,
115(532):1835-1850, 2020.

[6] Patrick Breheny and Jian Huang. Coordinate descent algorithms for nonconvex penalized
regression, with applications to biological feature selection. Annals of Applied Statistics,
5(1):232-253, 2011.

[7] Peter Bithimann, Markus Kalisch, and Lukas Meier. High-dimensional statistics with a view
toward applications in biology. Annual Review of Statistics and Its Application, 1(1):255-278,
2014.

[8] T Cai, Weidong Liu, and Yin Xia. Two-sample test of high dimensional means under dependence.
Journal of the Royal Statistical Society: Series B (Statistical Methodology), 76(2):349-372,
2014.

[9] T Tony Cai, Zijian Guo, and Rong Ma. Statistical inference for high-dimensional generalized
linear models with binary outcomes. Journal of the American Statistical Association, pages
1-14, 2021.

[10] Tianxi Cai, T Tony Cai, Katherine Liao, and Weidong Liu. Large-scale simultaneous testing of
cross-covariance matrices with applications to phewas. Statistica Sinica, 29:983—-1005, 2019.

[11] Mehmet Caner and Anders Bredahl Kock. Asymptotically honest confidence regions for
high dimensional parameters by the desparsified conservative lasso. Journal of Econometrics,
203(1):143-168, 2018.

[12] Xiaohui Chen. Gaussian and bootstrap approximations for high-dimensional U-statistics and
their applications. Annals of Statistics, 46(2):642 — 678, 2018.

[13] Victor Chernozhukov, Denis Chetverikov, and Kengo Kato. Gaussian approximations and
multiplier bootstrap for maxima of sums of high-dimensional random vectors. Annals of
Statistics, 41(6):2786 — 2819, 2013.

[14] R Dennis Cook and Ligiang Ni. Sufficient dimension reduction via inverse regression: A
minimum discrepancy approach. Journal of the American Statistical Association, 100(470):410-
428, 2005.

[15] Shijie Cui, Xu Guo, and Zhe Zhang. Estimation and inference in ultrahigh dimensional partially
linear single-index models. arXiv preprint arXiv:2404.04471, 2024.

[16] Ruben Dezeure, Peter Bithlmann, and Cun-Hui Zhang. High-dimensional simultaneous infer-
ence with the bootstrap. Test, 26(4):685-719, 2017.

https://doi.org/10.52202/079017-2083 65226



[17] Hamid Eftekhari, Moulinath Banerjee, and Yaacov Ritov. Inference in high-dimensional single-
index models under symmetric designs. Journal of Machine Learning Research, 22(27):1-63,
2021.

[18] Jianqing Fan, Quefeng Li, and Yuyan Wang. Estimation of high dimensional mean regression
in the absence of symmetry and light tail assumptions. Journal of the Royal Statistical Society:
Series B (Statistical Methodology), 79(1):247-265, 2017.

[19] Jianqing Fan, Runze Li, Cun-Hui Zhang, and Hui Zou. Statistical foundations of data science.
Chapman and Hall/CRC, 2020.

[20] Ethan X Fang, Yang Ning, Runze Li, et al. Test of significance for high-dimensional longitudinal
data. Annals of Statistics, 48(5):2622-2645, 2020.

[21] Ethan X Fang, Yang Ning, and Han Liu. Testing and confidence intervals for high dimensional
proportional hazards models. Journal of the Royal Statistical Society: Series B (Statistical
Methodology), 79(5):1415-1437, 2017.

[22] Zhe Fei, Ji Zhu, Moulinath Banerjee, and Yi Li. Drawing inferences for high-dimensional
linear models: A selection-assisted partial regression and smoothing approach. Biometrics,
75(2):551-561, 2019.

[23] Zijian Guo, Claude Renaux, Peter Biihlmann, and Tony Cai. Group inference in high dimensions
with applications to hierarchical testing. Electronic Journal of Statistics, 15(2):6633-6676,
2021.

[24] Peter Hall and Ker-Chau Li. On almost linearity of low dimensional projections from high
dimensional data. Annals of Statistics, 21(2):867-889, 1993.

[25] Dongxiao Han, Miao Han, Jian Huang, and Yuanyuan Lin. Robust inference for high-
dimensional single index models. Scandinavian Journal of Statistics, 50(4):1590-1615, 2023.

[26] Wolfgang Hardle, Peter Hall, and Hidehiko Ichimura. Optimal smoothing in single-index
models. Annals of Statistics, 21(1):157-178, 1993.

[27] Oliver Hines, Oliver Dukes, Karla Diaz-Ordaz, and Stijn Vansteelandt. Demystifying statistical
learning based on efficient influence functions. The American Statistician, pages 1-13, 2022.

[28] Adel Javanmard and Hamid Javadi. False discovery rate control via debiased lasso. Electronic
Journal of Statistics, 13(1):1212-1253, 2019.

[29] Adel Javanmard and Andrea Montanari. Confidence intervals and hypothesis testing for high-
dimensional regression. Journal of Machine Learning Research, 15(1):2869-2909, 2014.

[30] Efang Kong and Yingcun Xia. Variable selection for the single-index model. Biometrika,
94(1):217-229, 2007.

[31] Ker-Chau Li. Sliced inverse regression for dimension reduction. Journal of the American
Statistical Association, 86(414):316-327, 1991.

[32] Ker-Chau Li and Naihua Duan. Regression analysis under link violation. Annals of Statistics,
17(3):1009-1052, 1989.

[33] Runze Li, Wei Zhong, and Liping Zhu. Feature screening via distance correlation learning.
Journal of the American Statistical Association, 107(499):1129-1139, 2012.

[34] Weidong Liu. Gaussian graphical model estimation with false discovery rate control. Annals of
Statistics, 41(6):2948-2978, 2013.

[35] Po-Ling Loh and Martin J Wainwright. Regularized m-estimators with nonconvexity: Statistical

and algorithmic theory for local optima. Journal of Machine Learning Research, 16(1):559-616,
2015.

65227 https://doi.org/10.52202/079017-2083



[36] Rong Ma, T Tony Cai, and Hongzhe Li. Global and simultaneous hypothesis testing for
high-dimensional logistic regression models. Journal of the American Statistical Association,
116(534):984-998, 2021.

[37] Nicolai Meinshausen, Lukas Meier, and Peter Biihlmann. P-values for high-dimensional
regression. Journal of the American Statistical Association, 104(488):1671-1681, 2009.

[38] Sahand N Negahban, Pradeep Ravikumar, Martin J Wainwright, and Bin Yu. A unified
framework for high-dimensional analysis of m-estimators with decomposable regularizers.
Statistical Science, 27(4):538-557, 2012.

[39] Matey Neykov, Zhaoran Wang, and Han Liu. Agnostic estimation for misspecified phase
retrieval models. Journal of Machine Learning Research, 21:1-39, 2020.

[40] Yang Ning and Han Liu. A general theory of hypothesis tests and confidence regions for sparse
high dimensional models. Annals of Statistics, 45(1):158-195, 2017.

[41] Yaniv Plan and Roman Vershynin. The generalized lasso with non-linear observations. IEEE
Transactions on Information Theory, 62(3):1528-1537, 2016.

[42] Peter Radchenko. High dimensional single index models. Journal of Multivariate Analysis,
139:266-282, 2015.

[43] Wojciech Rejchel and Matgorzata Bogdan. Rank-based lasso-efficient methods for high-
dimensional robust model selection. Journal of Machine Learning Research, 21(244):1-47,
2020.

[44] Chengchun Shi, Rui Song, Zhao Chen, and Runze Li. Linear hypothesis testing for high
dimensional generalized linear models. Annals of Statistics, 47(5):2671-2703, 2019.

[45] Chengchun Shi, Rui Song, Wenbin Lu, and Runze Li. Statistical inference for high-dimensional
models via recursive online-score estimation. Journal of the American Statistical Association,
116(535):1307-1318, 2021.

[46] Qiang Sun and Heping Zhang. Targeted inference involving high-dimensional data using
nuisance penalized regression. Journal of the American Statistical Association, 116(535):1472—
1486, 2021.

[47] Sara Van de Geer, Peter Bithlmann, Yaacov Ritov, and Ruben Dezeure. On asymptotically opti-
mal confidence regions and tests for high-dimensional models. Annals of Statistics, 42(3):1166—
1202, 2014.

[48] Aad W Van der Vaart. Asymptotic statistics, volume 3. Cambridge university press, 2000.

[49] Roman Vershynin. High-dimensional probability: An introduction with applications in data
science, volume 47. Cambridge university press, 2018.

[50] Jingshen Wang, Xuming He, and Gongjun Xu. Debiased inference on treatment effect in a
high-dimensional model. Journal of the American Statistical Association, 115(529):442—-454,
2020.

[51] Tao Wang, Pei-Rong Xu, and Li-Xing Zhu. Non-convex penalized estimation in high-
dimensional models with single-index structure. Journal of Multivariate Analysis, 109:221-235,
2012.

[52] Tao Wang and LiXing Zhu. A distribution-based lasso for a general single-index model. Science
China Mathematics, 58(1):109-130, 2015.

[53] Yunan Wu, Lan Wang, and Haoda Fu. Model-assisted uniformly honest inference for optimal
treatment regimes in high dimension. Journal of the American Statistical Association, pages
1-10, 2021.

[54] Yin Xia, Tianxi Cai, and T Tony Cai. Two-sample tests for high-dimensional linear regression
with an application to detecting interactions. Statistica Sinica, 28:63-92, 2018.

https://doi.org/10.52202/079017-2083 65228



[55] Zhuoran Yang, Krishna Balasubramanian, Zhaoran Wang, and Han Liu. Learning non-gaussian
multi-index model via second-order stein’s method. Advances in Neural Information Processing
Systems, 30:6097-6106, 2017.

[56] Zhuoran Yang, Krishnakumar Balasubramanian, and Han Liu. High-dimensional non-gaussian
single index models via thresholded score function estimation. In International conference on
machine learning, pages 3851-3860. PMLR, 2017.

[57] Peng Zeng, Tianhong He, and Yu Zhu. A lasso-type approach for estimation and variable
selection in single index models. Journal of Computational and Graphical Statistics, 21(1):92—
109, 2012.

[58] Cun-Hui Zhang and Stephanie S Zhang. Confidence intervals for low dimensional parameters
in high dimensional linear models. Journal of the Royal Statistical Society: Series B (Statistical
Methodology), 76(1):217-242, 2014.

[59] Xianyang Zhang and Guang Cheng. Simultaneous inference for high-dimensional linear models.
Journal of the American Statistical Association, 112(518):757-768, 2017.

[60] Li-Ping Zhu and Li-Xing Zhu. Nonconcave penalized inverse regression in single-index models
with high dimensional predictors. Journal of Multivariate Analysis, 100(5):862-875, 2009.

A Appendix / supplemental material

Notation. For functions f(n) and g(n), we write f(n) < g(n) to mean that f(n) < cg(n) for
some universal constant ¢ € (0, 00), and similarly, f(n) = g(n) when f(n) > ¢’g(n) for some
universal constant ¢’ € (0,00). We write f(n) =< g(n) when f(n) < g(n) and f(n) 2 g(n) hold
simultaneously. For a function h : R? — R, we write Vh and V ./ to denote a gradient or subgradient
and its k-th component, if they exist. The sub- Gaussian norm of a sub- Gaussian random variable
X is defined as || X ||y,:=inf{t > 0 : Eexp(X?/t?) < 2}. Similarly, the sub- Ezponential norm
of a sub- Exponential random variable Y is defined as ||Y||y, :=inf{t > 0: Eexp(|Y|/t) < 2}.

A.1 A multiplier bootstrap test procedure

As discussed in Remark [2.1] the critical value obtained from the asymptotic distribution may not
work well in practice since this weak convergence is typically slow and assumptions for dependence
structure of the covariates. We next describe a simple gaussian multiplier bootstrap method to obtain
an accurate critical value. Let wy, . .., w, be ii.d. N(0,1) random variables that are independent of
{X;,Y;} , and define the gaussian multiplier bootstrap statistic:

n 2
2 1 ~ sum 1
g I?Eag[&j\/ﬁi_l{nl 7 i %) Vn j}w}

where
7 sym 1/ 7
and

. 1 .
h;(Yi, X4 Y3, X5) = {I(Yz sYi) -5 - Zjﬁj} (Xij - ijej)

is the kernel funtion in T,,;. The bootstrap critical value is given by 0(92) () = inf{t € R :
Pr., (Mgg <t) > 1—a}, where Pr,, is the probability measure induced by the multiplier variables
{w; }?_, holding {X;, Y;}!_, fixed. We can reject null hypothesis Hj ¢ at the significant level « if
and only if M,, g > c(gz) (),

Theorem A.l. Suppose that Assumptions [A.7 [A.8) and LC condition hold. If s =
o(v/n/(log p(log npo)*/?)), we have

lim sup sup |P(M,g > c(gQ)(a)) —a|=0. (1.16)
0 B,eQY a€(0,1)
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Remark A.1. Here we assume s = o(+/n/(log p(log np0)3/2)) which is slightly stricter than s =

o(v/n/(logplogpp)) in Theorem Suppose (; is a sequence satisfying (1 \/m -0
as n — oc. This assumption has two purposes. Firstly, making the difference between ||T), g ||
and HgngHoo bounded by (1. Secondly, making Prw(| \/Wg - \/Lflig| > (1) — 0 in probability,
where LEMQ is the ideal version of Mig and it is defined in in the Appendix

Theorem A.2. Suppose that conditions in Theorem@arg satisfied, we have for some €y > 0,

lim inf Pr(M, g > cg(a)) = 1. (1.17)

(n,po)—00 BrENL (2+€0)
Where Q(+) is defined in subsection

The theoretical guarantee of the bootstrap procedure is based on the gaussian approximation theory
for nondegenerate U-statistic. Symmetrization of the kernel function ﬁj (+) plays an important role
in theory. Thus ﬁjym() is necessary in our gaussian multiplier bootstrap procedure. Meanwhile,
Theorem[A.T|holds whether py is divergent or not. While the limiting null distribution established in
Theorem [3.2]asks po be divergent.

A.2 The detailed form of c3

By the definition of SNR and Lemma/[A.8]in the Supplementary Material, for a given 3 € R? we
have
Cov*(F(Y),XT3) B;6;\°
SNR (M, = : e
( n,g) (ﬁTZﬁ)z rjI_lEagX o;

Similarly, we have

Cov2(Y, XT3 B:5:\ 2
sty = g ma(22)

o
J
Thus the ratio of SNR(M,, ¢) and SNR(MJQ) can be simplified as

SNR (M, g)
SNR(MJQ)

Co?(F(Y),XTB) (0})

Cov?(Y,XT[3) aj% ’

Y

where j' = arg g max(ﬁjij )2. In the case of classical SIM, that is, Y = g, (X" 3) + € and € is

o

independent of X. We can derive
(04)? = E{(X; — 2,0,)*(Y — Z)9y)*} = B(X; — 2],6;1)*Var(e).
Thus we have

SNR(M,,g)
SNR(M;;Q)

Cov?(F(Y),BTX)E(X; — Z/,6;)?
Cov?(Y, ,BTX)UJQ.,

> Var(e),

and
_ Cov*(F(Y),B"X)E(Xj —Z],6;)°

= Cov?(Y,B"X)0?,

A.3 False discovery rate control

In the previous section, we consider joint significance testing of a prespecified subset of predictors.
In applications, however, the parameter of interest may not be specified in advance. Denote Hy =
{j:8,=0,=1,....,ph,and Hy ={j : B; #0, j = 1,...,p}. Itis of interest to identify the
elements in ;. To this aim, we consider simultaneous testing of the following hypotheses

Hp; : 3; =0 versus Hy;:8; #0, 1<j<p.

In this section, we aim to develop data-driven procedures to control the FDR.
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Recall that in Section 2, for each individual hypothesis Hy; : 3; = 0 we define the standardized
statistic T, nj = c}j_lTnj defined in (2.7). At a given threshold level ¢ > 0, H, is rejected if |fnj| >t
Foreach ¢, let Ro(t) = > o4, I(|7~“nj| > t), and R(t) = 5’21 I(|1~“nj| > t) be the total number
of false discoveries and the total number of discoveries, respectively. Accordingly, the false discovery
proportion (FDP) and FDR are

max {37 I(|T,;| > t),1}

Let Gy(t) be the proportion of the nulls falsely rejected by the procedure among all the true nulls at
the threshold level ¢, namely, G (t) = ¢ * > jeHo I(|T;] = t), where qo = |Ho|. In practice, it is
reasonable to assume that the true alternatives are sparse, that is, p — go =: ¢1 = o(p). If the sample
size is large, we can use the tails of normal distribution G(t) = 2 — 2®(t) to approximate Go(¢). In
fact, it will be shown that, for b, = /21log p — loglog p,

Go(t)
G(t)
in probability as (n,p) — oo. To summarize, we have the following multiple testing procedure
controlling the FDR and FDP at a pre-specified level 0 < o < 1, which is summarized in Algorithm

A1l

FDP(t) =

FDR(t) = E{FDP(t)}.

sup
0<t<by,

1‘%0

Algorithm 2: multiple testing procedure

Let0 < a < 1, b, = v/2logp — loglog p and define

< pG(t) }
t=inf{0<t<b,: Z < . 1.18
m{ S (S (T 2 1)1} (19

If £ in (T.I8) does not exist, then let = v/2Tog p. We reject Hy,; whenever |T;| > i.

Next we show that under mild conditions, our proposed multiple testing procedure control the FDR
asymptotically. Recall that Q = {8}, € R : ||By o Vmaxi<;<,||0;]lo < s}. The following theorem
shows that T,Lj is uniformly asymptotically normal distributed and G (t) is well approximated by
G(t).

Theorem A.3. Suppose that Assumptions [A.8)in Appendix[A.8 and LC condition hold. If

p = O(n®) for some constant ¢ > 0 and s = o(/n/(logp)?). Then as (n, p) — oo, for any B}, € Q
we have

Pr(|T,;| >t
sup sup M — 1] —0. (1.19)
jeMo 0<t<yaTogp| 2~ 29(?)
If in addition Assumption[A9 holds, then
Go(1) ‘
o<t<b, | G(1) (120

in probability.

In the results given in Section 2, we could allow p to grow exponentially fast in n. However, in order
to control FDR, we only allow p = O(n¢) to apply the moderate derivation result in [34]]. Further
we assume s = o(y/n/(log p)?) which is slightly stricter than s = o(,/n/(log plog po)) to make the
difference between T,,; and its ideal version S,,; uniformly bounded with the rate o(1/+/log p). Note
that [28] imposed a similar condition. The following theorem provides the asymptotic FDR control
of our procedure.

Theorem A.4. Under the assumptions in Theorem for t defined in our multiple testing procedure,
we have

limsup FDR(#) < a. (1.21)

(n,p)—o0
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A.4 Discussions of robustness

In this subsection, we carefully discuss the robustness of our inference procedure based on the
efficient influence function. We find that our statistics are robust with respect to perturbations in the
responses. The details are given below. Recall that our test procedure is inspired by the quantity

=E[{F(Y) - 1/2 = Z] v }(X; - Z]6))].
Next we derive the efficient influence function (EIF) of I. We rewrite [ as
I =9(P)=Ep[{Fp(Y) - 1/2 = Z] v }(X; — Z 6;)],

where P is distribution of (X, ZJ-T, Y) . Consider the following parametric submodel indexed by t,
i.e.
P =tP+ (1 -t)P,

where ¢ € [0, 1], and P is a point mass at a single observation 6 = (;, EJ-T, 7) 7. As mentioned in
[271], the EIF for I at observation 0 is

where U(P;) = Ep, [{Fp,(Y) —1/2 = Z] v;}(X; — Z} 6;)]. Denote 0 = (x;, 2] ,y)" and O =
(X;,2],Y)". Let my(o) = {Fp,(y) — 1/2 — 2] y;}(z; — 2] 0;) and U(P;) = Ep,[m,(O)].
Further, the operator, 9, applied to an arbitrary function g(¢), is defined as

6t9(t) dg(

lio-

Some calculation entails that

0 (Py) = [ dmi(0)P o + [ m:(O)]i-od0rP,
= Ep[0ym¢(O)] + mo(0) — ¥(P).
Note that
ma(0) = {tI(Y > §) + (1 = OFp(Y) — 1/2 — Z] (X, — Z76,).
Thus we derive that
9ymy(0) = {I(Y 2 §) — Fp(Y)}(X; — Z]' 6;),
and
Ep[0:m:(0)] = Ep[{I(Y 2 §) — Fp(Y)}(X; — Z] 6))].
Asmg(6) = {Fp(y) —1/2 — Z] 7;}(Z; — 2] 0;), by some calculations we derive

$(6,P) = {Fp(§) — 1/2 = 2] v }(¥; — 2] 6;) + Ep[{L(Y > §) — Fp(Y)}(X; — Z]' 6;)] — ¥(P).

Recall that
- o)
T L)

where m;(y) = E[(X; — Z] 0,){I(Y > y) — F(Y)}]. Here T,,; is an individual test statistic
corresponding to the parameter I While S,,; is an individual quantity corresponding to the EIF of 1.
From our proof, we know that T},; = Sy, ; + 0,(1).

By the formula of ¢(3, P), given (x;,z] )", it can shown that ¢(5, P) is bounded for any § € R.
Thus our test statistics are robust with respect to the perturbations in the responses.
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A.5 Additional simulation results for group inference

In this subsection, we conduct simulation studies to compare our procedure with other methods
based on different transformation functions. The simulation settings are summarized as follows. We
consider the following two models:

* Model 1: Linear model: Y = X "3 + ¢.
 Model 2: Non-linear model: Y = exp(X '3 + ¢).

The regression coefficients § = (81, B, - - - ,Bp)T are generated as 3; = d for j = 1,...,6 and
B; = 0 otherwise, where 0 can be regarded as a signal strength parameter. We generate the error
term from the standard normal distribution. We add outliers to pollute the observations: p,,; of
the responses are picked at random and increased by m,,,;-times maximum of original responses.
Specifically, the detailed settings for the above parameters are as follows. Firstly, we consider the
sample size n = 500 and the dimension p = 800. Secondly, we set the signal strength parameter
d to vary from {0.1,0.3,0.5}. Thirdly, we fix m,,; to 10. Lastly, we vary pg,; from 0 to 0.5 in
increments of 0.1. For more complete comparisons, we consider three transformation procedures: (1)
h(Y) = F(Y) (Our method); 2) h(Y) =Y; 3) h(Y) = sigmoid(Y) = 1/{1 4+ exp(—Y")}. Other
simulation settings are the same as described in section 4 of the main text.

Figure [T| summarizes the results of empirical type I error and empirical power with the significant
level of av = 0.05 for different methods when the error term follows the standard normal distribution.
Firstly, under the null hypothesis (G1), h(Y) = sigmoid(Y") cannot control the type I error for
Model 2, while other procedures perform well. Secondly, under the alternative hypothesis (G2), the
empirical powers of other procedures decrease rapidly with the increase of p,,;, while the powers of
our procedure remain stable, which is particularly noticeable when § = 0.5. This finding indicates
that our method has strong robustness when the responses are polluted. Thirdly, our method performs
well for both Model 1 and Model 2, indicating that our method is robust across different single-index
models.
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Figure 1: Under different settings of the generated model, the testing group and the signal strength,
simulated results of the proposed method for the proportion of outliers pyy: from 0 to 0.5 in increments
of 0.1 when the error term follows the standard normal distribution.
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A.6 Additional simulation results for false discovery rate control

In this subsection, we examine the empirical FDR results of our proposed procedure. We also
make comparisons with two alternatives. Let BH-V,, denote the BH procedure [4] with p-values
obtained from V,,. BH-W,, is similarly defined. Here V,, and W,, denote the debiased lasso procedure
introduced by [[17] and the decorrelated score method proposed by [40], respectively. Here, we use the
R function p.adjust (... ,method="BH") to implement the BH procedure. We simultaneously test
Ho; : j € Hoforallj =1,---,p. We set the dimension p = 1000 and sample size n = 1000, 1500.
The sparsity level |H;| = ¢; is set as 4 or 8. The data is generated from the following linear and
nonlinear models:

Y =X"8+e,
Y =sin(0.5X"8) - exp(XT B+ 1) +¢,
. . SO
where 3 = 3; with §y = 1, thatis 3 = (1,---,1,0,---,0) " and e comes from N (0, 1) or ¢(1).

We evaluate the empirical FDRs and the empirical powers of our test statistic 7;, and two existing
high-dimensional inference procedures BH-V,, and BH-W,,. Here the power is defined as the number
of correctly discovered variables divided by the number of truly active variables. We set the desired
FDR level as a = 0.2 and the results are calculated based on 500 replications.

We illustrate our proposed procedure under different models, error distributions, sample sizes, and
sparsity levels. Table [3]shows the simulation results. We have the following important observations.
Firstly our introduced procedure controls the FDR well, even when the random error comes from
Cauchy distribution. Secondly, our method has power 1, indicating that the proposed method can
detect all important predictors. Thirdly, the other two methods lose their powers when random error
follows Cauchy distribution and sometimes fail to control FDR.

Table 3: Empirical FDRs and powers of our proposed method, BH-V,, and BH-W,,. Here the
dimension p = 1000 and nominal FDR level o = 0.2.

Linear model Non-linear model
n = 1000 n = 1500 n = 1000 n = 1500
Sparsity Method FDR Power FDR Power FDR Power FDR Power

e~ N(0,1)
4 Proposed 0.188 1.000 0.187 1.000 0.197 1.000 0.203 1.000
BH-V,, 0.245 1.000 0.235 1.000 0.198 0.773 0.206 0.730
BH-W, 0.133 1.000 0.122 1.000 0.125 0.851 0.125 0.879

8 Proposed 0.194 1.000 0.198 1.000 0.211 1.000 0.211 1.000
BH-V,, 0.243 1.000 0.230 1.000 0.458 0.011 0.248 0.005
BH-W, 0.138 1.000 0.142 1.000 0.097 0.028 0.122 0.041

e~ (1)
4 Proposed 0.191 1.000 0.196 1.000 0.196 1.000 0.213 1.000
BH-V,, 0328 0.017 0.283 0.013 0.249 0.448 0.204 0.446
BH-W, 0.121 0.028 0.104 0.032 0.127 0.628 0.134 0.664

8 Proposed 0.204 1.000 0.206 1.000 0.212 1.000 0.202 1.000
BH-V,, 0299 0.019 0.244 0.013 0.460 0.014 0.245 0.006
BH-W,, 0.087 0.022 0.113 0.031 0.114 0.024 0.093 0.050

A.7 Real data analysis

In this subsection, we illustrate the practical applications of our procedures by a real data analysis.
The group inference is helpful to decide whether a group of predictors are important or not for the
response. If we find a group of predictors are important, we would like to know which specific
predictors in the group are significant. For this aim, our developed multiple testing procedure is useful.
For instance, researchers may aim to test whether a gene pathway, consisting of high-dimensional
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genes for the same biological function, is important for a certain clinical outcome, given the other
high-dimensional genes. When determining that a certain gene pathway is important, researchers
need to further identify specific genes within the pathway which are important for a certain clinical
outcome.

We apply our methods on a dataset about riboflavin (vitamin B2) production rate with Bacillus Subtilis.
This dataset is made publicly by [[7] and has been analyzed by many authors, for instance [37]], [47],
[29], and [22]. The dataset riboflavin can be obtained from the R package hdi. It consists of n = 71
observations of strains of Bacillus Subtilis and p = 4088 covariates, measuring the log-expression
levels of 4088 genes. The response variable is the logarithm of the riboflavin production rate.

Our goal is to detect which genes are associated with riboflavin production rate. Like most existing
studies, we first reduce ultrahigh-dimension to a moderate high-dimension. Here we pick out first
300 genes by distance correlation based screening [33]. We first conduct global testing on these
300 genes. The p-value of our group inference procedure is 1.286e — 04, indicating that the null
hypothesis is rejected and the selected 300 genes are influential for riboflavin production rate. Next,
we further use FDR control procedure to select the important genes in these 300 genes.

By implementing our proposed FDR control procedure with the FDR level of 0.1, we identify 10 genes
that are significantly associated with the response. That is G; = { YTGB_at, YCKE_at, YXLE_at,
YXLD_at, YJCJ_at, XHLA_at, xepA_at, YCGO_at, RPLP_at, XKDS_at}. If the FDR level is set as
0.2, 5 more genes will be selected. That is G;; = GyU{SPOIISA_at, YHCB_at, XKDI_at, YJCF _at,
XHLB_at}.

We further conduct group inference on the selected subsets Gy, Grr and their complement sets Gf, G§;.
As expected, our group inference procedure finds again that Gy, Gy are significant while G¢, G§; are
not. The corresponding p-values of Gy, Gf, Grr and G§; are 6.748e-06, 7.257e-01, 9.334e-06 and
9.370e-01, respectively. These results suggest that the genes selected by the FDR control procedure
are really influential.

We compare these selected genes with other methods. For example, the multi-sample-splitting method
proposed in [37] identified YXLD_at; [47]] did not select any gene using the de-sparsified Lasso; [29]
only selected two genes: YXLD_at and YXLE_at and [22] claimed YCKE_at, XHLA_at, YXLD_at,
YDAR_at and YCGN_at as significant. From G; and Gy, we can see clearly that the gene YXLD_at
is detected by not only [37], [29], [22]], but also by our procedure. Besides, the genes YCKE_at,
YXLE_at and XHLA_at which are detected by [29] and [22], are also found by our method. Further,
our procedure detects some additional important genes.

A.8 Technical assumptions
Assumption A.1. We assume that

(i) Xj, XT3y, and Z]-TOJ-, J = 1,...,p are all sub-Gaussian with uniformly bounded sub-
Gaussian norms.

(ii) ¢ 10% <Ax,\y <C lO%forsome constants 0 < ¢ < C.
(iii) £ = Cov(X) > 0.

The above conditions are mild and widely assumed in the high-dimensional literature. Condition (i)
is used to obtain /. norm of ﬁ S (X — Z;erj)Zij in the proof. Sub-Gaussian assumption
is a standard condition while working with random predictors in high-dimensional models [49].
However, we should emphasize here that we do not make sub-Gaussian assumption for the error term
(or equivalently for the response), which is widely assumed in the literature of high-dimensional
inference [40,[17]. Actually we even do not assume the existence of E(e).

Assumption A.2. We assume that

(i) The function py satisfies py(0) = 0 and is symmetric around zero (i.e., px(t) = pr(—t), for
allt € R).

(ii) On the nonnegative real line, the function p) is nondecreasing.

(iii) Fort > 0, the function t — p*T(t) is nonincreasing in t.
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(iv) The function p)y is differentiable for all t # 0 and subdifferentiable at t = 0, with
lim; o+ p)\(t) = AL for some L > 0.

(v) There exists p > 0 such that p (t) := px(t) + 5t is convex.

Many commonly used penalty functions py satisfy all the conditions in Assumption[A.2] such as
LASSO, SCAD and MCP penalties. Proofs can be found in [35]]. By the result in [35], we have the
following proposition for éj.

Assumption A.3. The RSC condition in [35]] is

lo
A2 = 22 1A2, VAL <1, (1.22)
{VL,.(Br+A) = VL, (Br)}TA> n

lo
as|Allz = oy ZE A, VAl =1, (123)

where the a1, g are strictly positive constants, the T1, To are nonnegative constants and the A € RP
is a p-dimension column vector.

Here we denote

-3 in) s n) o]

and Sm =0, 1S,.;, where m;(y) = E[(X; — ZTO ){I(Y > y) — F(Y)}]. It could be shown
that S,,; = Tny + 0,(1) and Var(gnj) = 1. Denote S, = (S, i) - and A = Var(S,,), where
Aji = Cov(gnj, Snk) is (j, k) component of A. And denote §7,,_’g = (Sn])jeg and Ag = Var(Smg)
correspondingly. Further denote Q = {8, € R? : ||By]lo V maxi<;<p||0;llo < s} and Byg =
(Bnj)ieg-

Assumption A.4. {log(npg)}7/n = o(1).

Assumption A.5. Co_l < Amin(A) < Anax(A) < Cy for some constant Cy > 0.

Assumption A.6. max;<;-i<p |Ajir| < co < 1 for some constant co > 0.

Assumptions [A.4}{A.6]are mild and commonly used in the high-dimensional settings. Assumption
is the technical condition to bound the difference between ||.S), g||oo and ||Ng||oo, where Ng ~
N, (0, Ag). Specially, Assumptionimposes suitable restrictions on the growth rate of py and
it is commonly used in the group inference literature, such as [59] and [16]. Assumption@]and
are used to establish the limiting distribution of ||Ng||~. Assumptions requires that the
eigenvalues of Ag are bounded. Assumption[A.6is widely used to establish the limiting distribution
of the max type statistic in the high-dimensional settings, see [8]], [54]], and [36] for further examples.
The validity of the above bootstrap method requires the following assumptions.

Assumption A.7. {log(npo)}®/n = o(1).

Assumption A.8. min;<;<, E(S?Lj) > Chin, Where Cyiy is a positive constant.

Assumption and @] are the technical assumptions needed for the gaussian multiplier bootstrap
method. Assumption is imposed for controlling the estimation error of gaussian multiplier

bootstrap statistic M, ﬁ . Theorem below establishes the honest property of the bootstrap
procedure for the statlstlc M,g.

Denote B(a) = {(j, k) : |Aju| > a, j,k € Ho,j # k} and A(b) = B((logp)~>7*).
Assumption A.9. Suppose that for some b > 0 and q > 0,
ZIAJkl q
S el =0 (92 (0gp)?) -

(4:k) € A(b)

Remark A.2. Recall Ajj, is the covariance between §nj and §n;€. Thus, A(b) contains all the
strongly correlated pairs and Assumption requires that the number of these pairs cannot be too
large. If |Ai| < ag for some constant 0 < ag < 1, then this assumption holds under | A(b)| =

O(pﬁfq/(log p)2) for some b > 0 and q > 0. Similar assumptions were considered in [10], [20]
and [36)]
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A.9 Proofs of theorems

The proof of Theorem 3.1; We denote

= in EL,
Bn = arg min EL,(Bn)

where £,,(8},) is defined in equation (2.6). By triangle inequality of /; and I3 norms, it suffices to

show that the {/; and /5 norms of 3, — Bh and 3;, — 3, satisfy the requirements in this theorem
respectively.

Firstly we calculate [y and I norms of difference between ,éh and B;L. The results are presented in
Lemma

Secondly, by Lemma [A.8]in Supplementary Material and Theorem 1 in [43], we can show that
Br = (n — 1)B4/n, and thus

~ 1 ~ 1
||/6h _ﬁhHQ = ﬁ”/ghn% and Hﬁh _6h”1 = ﬁ”ﬁh”l

By the sparse assumption, ||B||2/n = o(+/sy logp/n) and ||Br||1/n = o(sy+/logp/n). Thus
Theorem [3.1]is proved.

The proof of Theorem By Lemma the distribution of max;eg \fnj| can be approximated
by ||Ng||co With Ng ~ N, (0, Ag). By Lemma 6 of [8]], we obtain

lim
(n,po)—>o0

1
Pr(Mng — 2log pg + loglog pg < t) — exp{f exp(t/2)}' =0.
™

Note that all the universal constants do not depend on n, p, 8, and 8;, j = 1,...,p. Thus this
theorem is proved.

The proof of Theorem E]: For the convenience of the proof, we introduce some notations. Denote

U,;j as
1
= - RY™(Y;, X Y5, X5, 1.24
U J TL(TL _ 1) Z 7 ( 7 7,) ( )
1<i#i<n
where
sym 1
and
1
(1 Xos¥5 X0) = 100 < ¥ - § = 2y (- 2005 ) (126
Denote ﬁnj =: aj_lUnj. U,,; plays an important role in the proof of this theorem.
Let wy, ..., w, beiid. N(0,1) random variables that are independent of {X,;,Y;} ; and denote
LY _as:
n,G

n 2
2 1 .
L} . =m S RV, X Yo, X5 ) — Upi S| 127
& g[f{lz XX = b a2

1#£0

where U,,; and h3¥"™ (-) are defined in (T.24) and (T.25). The proof follows from the general results
for the multiplier bootstrap of U-statistic in [12]. Here, we extend these results for approximate
high-dimensional U-statistic by results in [[13] and rewrite it in a suitable form for our analysis. It is
now presented in Lemma in the Supplementary Material. Suppose (7 is a sequence satisfying

G141V log(po/¢1) — 0as n — oo. According to Lemma to prove this theorem, it suffices
to prove || Th.6lloc — [|Sn.gllsc| = 05(¢1) and Prw(’,/MTﬁhg — 1/L§hg‘ > (1) — 0. We denote
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¢1 = C(log(npo))~*/2, where C is a sufficient large constant. The proofs of these results are
presented in Lemmas [A-T7} [A-T8]in the Supplementary Material.

With Lemmas [A. 17} [A. 18] and [A.22]in the Supplementary Material, we obtain

sup ’P( n,G >c(gz)( ) —oz’ = o(1)
ae(0,1)

when Hj g holds. Note that all the universal constants in the proof do not depend on n, p, B and
0;,j=1,...,p. We thus have

sup  sup |P(M,g > c(g)(a)) —a| =o(1).
BreQg a€(0,1)

The proof of Theorem Using the inequality 2a;as < € a? + ea3 for any € > 0, we have

I]Ilax( L/nBn;é ) <(A+e)Mug+(1+ e*l)r?eag&;Q(Tnj —/nBid;)?. (1.28)
Denote g = |maxjeg &IQ(TM — V/nBrjd;)? — maxjeg U]'_Q(Snj — /nfn;i0;)*], and ng =
0,((logpo)~1/2) by Lemma in the Supplementary Material. We can derive

(n,;ir)gooﬁhenig(fue(,)Pr(l}lggx 67 %(Tj — v/nPn;d;)? — 2log po + loglog po < 1)
> lim 3h,eszi§<fz+60>Pr(I?35w *(Snj — V/nBr;6;)* — 2logpo + loglog py < t —ng)
> (n;fffi e Qi?(fg+eo) Pr(r;lgg(a — B3;02) " (Snj — VnBn;d;)? — 2log po + loglog py <t —1g)

:exp{—\/lE eXp(—t/Z)}.

The last equality holds by Lemma[A.T9] [A220]in the Supplementary Material and Lemma 6 of [8].
Denote ¢ = log log po/2, it implies that

lim inf Pr(ma <2lo —loglo 2)=1. (1.29
oA el (]ngo— H(Tnj — V/nBn;6;)° < 2logpo — loglog po/2) (1.29)

For any 83}, € Q5(2 + €), applying Lemma in the Supplementary Material, we derive
rjrlaX( WinBhid;)” = (1+o(1)) maX( WnBnio)t > (2+ eo)logpe (130)

holds with probability 1 as (n,pg) — 1.

Substitute (T.29) and (T.30) into (T.28)), we derive that
1 1
M, g > l—max( '/nBhjd ) c T?eaéw (Tnj — V/nBhjd;)*

. (2+e)logpo _ 2logpo . loglog po
1+e € 2

Now we prove the validity of cg) (),i = 1,2. Note that c(gl)(a) < 2logpo by the def-

inition of c(gl)(a). By the properties of Gaussian multiplier bootstrap statistic(Lemma ,

c(g2) (a) is equal to the (1 — «)th quantile of max;eg &;Q(Tm— — V/nBrjd;)* asymptotically. Thus

() s 00 I0f 3, c0l (21c0) Pr(2logpo > c(g2)(a)) = 1 by (T.29). By choosing (e, €) satisfying
Zten 2 > 9

14e€ e —

lim inf  Pr(Mng>c(a)=1, i=12
- P, & S (Mg > cg’ ()

can be proved.

https://doi.org/10.52202/079017-2083 65238



The proof of Theorem [A.3} At first we calculate the uniform bound of the dlfference between
constructed statistic Tnj and its ideal version Snj The result is presented in Lemma

For (T:19), by Lemma 6.1 in [34]], we have

Pr(|S,;| > t)

) — 1| < C(logp) 2™ (1.31)

max sup
1S7<po<i<2/Iogp

for some constant 0 < v; < 1/2. So (I.I9) follows from Lemma [A.4] and the fact that G(t+
o((logp)~'/2))/G(t) = 1 + o(1) uniformly in 0 < t < \/2Tog p.
For (L.20), it suffices to show that
2 jeno L(19nil 2 1)
20G(t)

sup
0<t<b,

— 1| — 0 in probability. (1.32)

Letzg < 21 < ... < zg, < landt; = G (2;), where 290 = G (by) , z; = ¢ /P + cf,/geiy/p with
1/v
¢p = pG (by), and d), = {log (pzf;’)} and 0 < v < 1, which will be specified later. We have

G (t;) /G (ti+1) = 1 + o(1) uniformly in ¢, and to/\/21og (p/cp) = 1 + o(1). Note that uniformly
forl1 <j<m,G(t)/G (ti—1) — 1 as p — oco. The proof of (I.32)) reduces to show that

ZjeHo I(|§nj| > ti)
q0G(t:)

max
0<i<d,

— 1| — 0 in probability. (1.33)

In fact, for each € > 0, we have

1(1S0] > t;) — G(t:)} e {1(1Sn;] > t:) — G (t:)}
Pr| max jeHO{ J ‘>e> < Pr<‘ J€Ho ! ‘>e 2).
<09§dp q0G (t:) )" Z 20G(t;) 2 </
SetI(t) = Zienq {I(‘S";(Et(i)_l)r(lsmlzt)}. By Markov’s inequality Pr (|7 (¢;)] > €/2) < E{éz(t/ﬁ}2,

and it suffices to show Zdi E{I(t;)}* = o(1). To see this, by (L.31),

e {Pr(15ns] > 1) = Pr?(|Sn;| > 1)}

EI3(t
0= 3P0
N 2 keto wrti AP (150 > 1, [Snr| > t) — Pr([Sn;| > t)Pr(|Su| > ) }
%GA(t)
. C 1 Pr(|S,;| > t,|Suk| > t)
= 2 2
WG @ (k) EA(b):j,kEHo G()
1 Pr(|Sn;| > t,|Snk| > 1)
DO e 1}
0 (j,k)EA(b)"j,kEHo
¢ + 111 (t) + Lia(t)
qu( ol T 12(t)-
For (j, k) € A(b)¢ with j, k € Hg, applying Lemma 6.1 in [34], we have I15(t) < C(logp)~*~¢ for
some £ > 0 uniformly in 0 < ¢t < y/2log p. By Lemma 6.2 in [34], for (j, k) € A(b) with j, k € H,,
we have
- ~ ) t2
Pr(|S,:| > t, 8| > 1) < C(t +1)~ S —
(51> 1, Bual 2 0) < Cle+ )P exp(~ )
So that
1 tz _ 2AGkl
In(t) <C— Z (t+1)_2exp<—)G (t) <C’— Z G(t) 'kl
q L+ Al G
J,k)EA(b):j,kEHo

O (j,k)€A(b):4,keHo
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Note that for 0 < ¢ < by, we have G(t) > G (by) = ¢, /p, so that by assumption[A.9]it follows that
for some b,q > 0,

In(t)<C > p”“A T = 0(1/(logp)?).

(4,k)€A(b):5,k€Ho

By the above inequalities we can prove (T-33) by choosing 0 < v < 1 so that

Z]E{I }2<CZ{pG )} L+ Cdy{(log p) "7 + (logp) 2}

dp

1
i—0 Cp T Cp ew
= o(1).

The proof of Theorem We first consider the case when 7, given by (T.18), doesn’t exist. In

this case, £ = v/2Tog p and we consider the event Fy = {2 im0 I(|T,;| > v/2Togp) > 1}, which
mean at least one false positive. In order to show the FDR/FDP can be controlled in this case, we

show that

Pr(Fy) — 0, as (n,p) — 0. (1.34)
And we have

Pr(ro) < Pr( 3 10T = V2lown) 2 1) 4 Pr( ¥ 1T < v 2lomp) > 1)

J€Ho Jj€Ho
=: Pr(F1) + Pr(F2). (1.35)

For any € > 0, we can bound the first term by

Pr(71) :Pf<z I(Snj + Tnj — Snj > \/2logp) > 1)

Jj€Ho

§Pr<z I(gnjzx/ﬂogpf €) > >+Pr(mame n1>6>
; Jj€Ho
JE€EHo

JEHo

<pmaxPr<SnJ > \/2logp — e) —|—Pr(mg{x|ﬁu — ~nj| > e).
J€H0

By Lemma we know that Pr(maxjeq.[o |Tm — ~nj| > e) — 0. For simplify, we rewrite

§nj =>", §m/\f Since E(&;;) = 0, Var(;;) = 1 and {;; }iL, is ai.i.d. sequence, by Lemma

6.1 of [34], we have supy<;<s /logp % — 1‘ < C(logp)~!. Now lett = /2logp — ¢, we

have
S 2logp —
Pr(SnszM—e)gam_e)wG(\/Ewe)
p

for j € Ho uniformly. Hence pmax; e, Pr(Sn; > v2logp — €) < (C + 1)pG(yv/2ogp — €),
which goes to zero as (n,p) — co. By symmetry, we know that Pr(F5) in (T.33) also goes to 0.
Therefore (T.34) is proved.

Now consider the case when 0 < £ < b, holds. We have
Spena (T 26 _ aG(i)
max{z |Tnj| >1),1} max{z |Tn]| >1),1}

Zien [T 120) it — e
;OG(t) —1|. Note that by definition (37, 1(Toy 201} <5

The proof is complete if A, — 0 in probability, which has been shown by Theorem@

FDP(f) =

(14 4p),

where A, = SUPg<t<b,
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A.10 Some technical lemmas

For the convenience of the proof, we introduce some definitions. Denote U,,; as

1
b Y XYL X)),
U, J n(n _ 1) - J( i 1)
1<i#i<n
where
1 1
e X5 5X9) = g | {10 < ¥0) - § ~ 2 b (% - 265 ) (136)

1 T T
+ {I(Yi <Y) - 5 Z;j’)’j} <X%j - Zijaﬂ')]'
And denote ﬁnj =: O'j_lUnj. U,,; plays an important role in the proof of main results. Let sx be the
sparsity level for parameter 6; as sx = maxi<;<p||0;llo-
Lemma A.1. Under Assumptionsand the 0 defined in [Z.3) satisfies
16, — 0,111 < eAxsx

with probability at least 1 — ¢y exp(—cg log p). Here, (¢, c1, ca) are universal constants.
Lemma A.2. Under assumptions in Theoremn By, defined in (.11) satisfies

1Br — Bull2 < codv sy, and |Bn — Bull < oAy Sy

with probability at least 1 — ¢y exp(—cy log p). Here By = arg ming, egr EL,,(Bn) with L,,(Br)
defined in equation (2.6).

Proof. The main part of the proof is to verify RSC condition in assumption[A-3|and get exponential
inequality of [|[VL,,(81)]|. Based on these results, we use LemmalA.5]to prove theorem[A.2]

Thus, we focus on RSC condition at the beginning. Note that for A € RP,
En(A) ={VL,(Br+A) = VLB A

1 - T A2
= Z(X” A)2.
i=1
From Proportion 2 in [38]], we then have

lo
End) 2 ar]|AI3 -y ELjAl AL VIAL <1 (137)

with probability at least 1 — ¢1 exp{—can} for an appropriate choice of «;. By the arithmetric
mean-geometric mean inequality,

A1,

log p a1 o 7 logp
Al Al < —||A —_
B A lllal, < L jalg + 518

and consequently,

2
oy 7t logp
&(8) = SIAIE - 5B AR,

which establishes (I.22) in assumption[A.3] As square loss function is convex, condition (I.23) then
follows via Lemma 8 in [35]. So we verify RSC condition completely.

Next, we construct exponential inequalities of V£,,(3}). By conditions of lemma it suffices to
show that there exist universal constants (¢, ¢1, ¢2) such that

. 1
Pr(llv.cnwh)uoo >y 2E ) < crexp(—ez logp). (1.38)

By lemma we can choose proper (¢, ¢1, ¢2) such that both RSC condition and inequality (T:38)

are satisfied. As Ay is proportional to 4/ k’%, the claimed [ and [y bounds then follow directly from
Lemmaby choosing R proportional to % O
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Lemma A.3. Under the assumptions in Theorem|3.2)

nh_}rgloﬁszgo izﬂg‘Pr(maﬂTn]\ <t) = Pr(|Ng|o < t)’ =0,

where Ng ~ Np, (0, Ag).

Proof. By Lemma[A:T6 we obtain
[max|Tnj| — max| S| < max|Toj — Snjl < Cq(n, p)

for some constant C, with probability 1 as (n,p) — oco. And ¢(n,p) is a sequence satisfying
q(n,p) = o((log po)~'/?). This implies that

Pr(f?eag\fnﬂ <t) - Pr(|Ngllo <) SPT(I}lggX|§nj| <t+Cq(n,p)) — Pr(|[Ng| < t+ Cq(n,p))

+Pr(|[Nglloe < t+Cq(n,p)) — Pr(|Ngllw <)
:Z_Tl +IQ

By sub-Gaussian condition in Assumption [A.T|and Assumption limsup,, _, oo SUpsep I1 <
0. By the Gaussian anti-concentration inequality in Lemma we derive that sup,cp o <

Cq(n,p)\/1V log(po/q(n, p)) for some constant C. As q(n, p) = o((log po) ~*/?), we derive that

llmsupsup(Pr(maX\Tm| <t) = Pr(|Ng| < t)) <0.

n—oo teR

Similarly,
lglllgftlgﬂf%(Pr(maﬂTnﬂ < t) Pr(HNgHOO < t)) > 0.
This completes the proof. O

Lemma A.4. Under the assumptions in Theorem[A.3)]

1
T | = 0, (———
;fggf\ ni — Snil = 0y Toap

).

Proof. The proof of this Lemma is similar to Lemma[A.T6] We only need replace G with H, and
replace pg with p. O

Lemma A.5. (Theorem 1 in [35]]) Suppose the regularizer py satisfies Assumption[A.2] the empirical
loss L,, satisfies the RSC condition with 3 $h < aq, and 3% is feasible for the objective. Consider any
choice of \ such that

|2 <A< — (1.39)

% .max{”Vﬁn(B*)

and suppose n > M logp. Then any vector B satisfying the first-order necessary

condition (3.11) satisfies the error bounds

GALf 24N\Lk

18- 8le € o, and BBl € o (1.40)

where k = ||5*]|o.
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Lemma A.6. Consider a U-statistics

with a kernel h based on i.i.d. random variables Z1, . .., Z,. Then for Vs € R,
N
s
Eexp{s(U —EU)} < Eexp {N > Az, Zin) - EU}
i=1
where N = | 5 |, which represents the greatest integer less than or equal to 3.

Proof. 1t can be seen in the proof of Lemma 14 in [43]]. O

Lemma A.7. Under the Assumptions and there exist universal constants (¢, ¢y, ¢a) such that

~ 1
Pr(”Vﬁn(ﬁh)Hoo > C\/?) < ¢y exp(—calogp), (1.41)

where N L,,(8y,) is the gradient of L.,,(8y,), which is a p-dimension column vector.

Proof. Suppose VL, (,@h) is the k-th component of VL, (Bh) Note that

ViLn(Bn) = %ZXik (X B —{F(V3) — %}}

= XX B— () é}] - Xu{Fa(Y) - F(Y))}

:*ZXMX B — {F(V; HQZZXZk{IY<Y F(v;)}
=1 i=13=1

— > Xu[XT B~ (F(Y:) - %}] Sl LS Y Xa{I £ Y - P}
=1 1<i#i<n

1 n
- > Xa{l-F()},
i=1
where I(+) is an indicator function. So we decompose VL, (ﬁh) into three parts:

Zsz{l— v,

1

VieLn( Zsz (X B = {F(V;) - }]

where Ay, is a U-statistics with kernel hy(y1, Z1; Y2, Tar) = %[mlk{f(yz <) — F(y1)} +
2ok {I(y1 < y2) — F(y2)}]. Then

r(IVaLa(B] 2 0 2EL) < pr( 1) 2 o) (142
1 & 5 1
epe([3 X XTBu - (700 - 3| 20) a9
1 n
+Pr< o 2 a1 F(Yi)}‘ > t) (1.44)

witht = 54/ logp
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Firstly, for probability (T.42). For Vs € R
1)
Pr(Ay >t) < exp(—st)E{exp(sAx)}

Z hie(Ys, Xik; YNt X(N-i—z‘)k)}]

1=

©)
< exp(—st)E [exp

=
2 =

S
< exp(—st)E [exp{ N (X + X(N+i)k)}]
=1

K2

3

C1K? 9
<exp| —st+

oN ”
where C1 is an absolute constant, K = maxi<g<p||X1x|y, and N = [ 5 |. Note that (1) holds by
Markov inequality, (2) holds by Lemma Denote s = %, we have

2
Pr(Ak > t) < exp<2é\/;tK2>.

Similarly, we have

N 2

Secondly, for probability (T43). As both {X[ 8, — {F (Vi) — $}}._ and {X;}, are sub-
Gaussian random variables, {Xik [XZ-TBh —{F;) — %}] }?:1 is a zero mean sub-Exponential
random variable sequence with sub-Exzponential norm || X [X] B — {F (Vi) — 3} le < KK/,

where K’ = || X{ 34 — {F(Y1) — 3}||4- Then by inequality for r.v. with sub-exponential sum
(Corollary 2.8.3 in [49]),

1 & T 1 ) nt>  nt
Pr(’n;Xik[Xi Br—{F(;) — 2}}’ > t) < QGXP{—szIH(W7M>}7 (1.46)

where Cs is an absolute constant.
Thirdly, for probability (T.44). Using general Hoeffding’s inequality (Theorem 2.6.3 in [49]) directly,

1O 1«
Pr(‘n2 ZXik{l—F(Yi)}‘ zt) < Pr( = > X
i=1

i=1
where C3 is an absolute constant. As exp(—n?) = o(exp(—n)), probability (T.44) is trivial compared
to other two terms. Combining inequalities (T.43)), (T.46) and (T.47), we have

~ logp 5 log p
> _— = >
Pr(VLn(ﬁh)Hoo > cy/ - ) Pr <1r£]§%<p|vk£n(ﬁh)| > cy/ -

- logp
< >
P, Pe(190nB0 2 ey )

n3t?
> t) < 2exp<—C'3K2)7 (1.47)

< dpexp(—Cylogp),

. 2 2 . .
where Cy = min{ 5557, g% }- For a given constant ¢, we can choose arbitrary constants
c1 >4, co < Cy — 1 and inequality (4T is satisfied. O

Lemma A.8. Under the assumptions in theorem[3.1} then
_ Cou(F(Y), BTX)

Bn = 3753 B.
Proof. The proof of this lemma is similar to the proof of theorem 2.1 in [32]]. Using Jensen’s
inequality and LC condition, we can get this result. We omit the proof. O
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Lemma A.9. Suppose p satisfies Assumption|A.2] And under the Assumption we have

1 — T A

- > Zii(Xi; — 236;)
i=1 oo

where éj is defined in 2.3) and L is a constant only depend on pj .

SL)\X,

Proof. By the property of éj, we have

n

1
-~ ZZijk(Xij - ZszH ) = Vbax (9 k)

i=1

with probability 1. Under assumption[A.2)and by Lemma 4(a) in [33]], all subgradients and derivatives
of py, are bounded in magnitude by L\ x, that is,

;)| < :
max [Vpax (0x)] < LAx

And this lemma is proved. O

Lemma A.10. Under the Assumptions|A and. Jor Br € {Br : |Brlloc < v/logp/n}, there

exist universal constants (c, ¢y, co) such f
/lo
>c gp) < c¢1 exp(—ca logp).
n

1 n
pr( |2 Y zstr 00 - 172~ 2)
i=1
Proof. At first we decompose + 7" | Zi;{F,,(Y;) — 1/2 — Z;~;} as

‘ o0

1 n
n ZZij{Fn(Yi) -1/2- Zz—’rj’Y]} =VL,(Bn) + ZﬁhJXZJZZJ
i=1

= VL.(Br) + Zth{Xijzij — E(X;Z;)} + BrE(X;Z;)
i=1

=1+ 1+ Is.
If | Bh||c = 0, then I5, I3 = 0. Thus this Lemma is proved by Lemma[A.7] So in the following proof,

suppose || 3 ]|co > 0, that is, there exists 1 < j < p, such that | 3| > 0. As || Br]lcc S V1ogp/n,
there exist a constant c3 > 0 such that ||B|lcc < ¢34/logp/n. Denote ¢ = ¢/3, ¢} = ¢1/3, we

have
log p / logp
> —=2 § Pr( | Ii|lee > 4/ —25

1 n
pe( |2 ozt - 1/2- 20
=1

So it suffices to prove Pr(||I||cc > ¢'v/logp/n) < ¢} exp(—ca logp)7 k=1,2,3.
For k = 1, this inequality holds by lemma[A7]and choosing proper constants.

For k = 2, by sub-Gaussian Assumption in Assumption [A.T] and applying Bernstein inequal-
ity(Theorem 2.8.2 in [49]), we derive

1
Pr(||[2||oo > c/,/ogp)
n
- lo
. D AXi Zig — ]E(Xijk)}‘ > gp)
=1

n
c?logp Cy/logp n}
B K20 [ Brj | Kv/n

d\°
< 2pexp {—04 min{ <03K) , @,K}n]’

< p max Pr<
1<k<p

< 2p max exp< —c4 min
= plSk}Sp p{ 4 (
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where ¢4 is a constant independent of 3, and K = maxi<x<p||X;Z;k|ly,. Thus this inequality
holds as n > log p.

For k = 3. As X;,j =1,...,p are all sub-Gaussian with uniform bounded sub-Gaussian norm, then
it follows that || I3]|cc < Ccz+/logp/n. In summary, this Lemma is proved. O
Lemma A.11. Let X1, ..., X, be i.i.d mean zero random variables. If there exist constants L, and

Lo, such that Pr (| X;| > x) < Ly exp (—Lox") for some r > 0, then for v > \/8E (X?) /n

.

Proof. Details of the proof can be seen in [40]. O

n

3

i=1

L2nr/(2+r)x2r/(2+r) }
2r '

> a:) <dexp {—;nr/(QH)xQT/(Z”)} + 4nLq exp {—

Lemma A.12. For a sequence n(n,p) — oo as (n,p) — oo, we have

Pr (igﬂgm(t) —F(1)] > ”(\%’)) = o(1).

Proof. We can get this result by using DKW inequality([48]]) directly. O

Lemma A.13. Under the Assumption and max; j(Xi; — Z;0;)%, max; ;e ;
maxi7j|(Xij — ZiTjOj)ei7j| are all O,(log(np)). Both maxj%Z?zl{ZiTj(Oj — éj)}2 and
logp

and

max; 3 (&5 — €)% are Oy (s ). We abbreviate 1 < i < n, j € G as i, j respectively.

Proof. For a sufficient large constant C', by sub-Gaussian assumption we have
Pr(rr}%x(Xij — Z;;-Bj)Q > C?log(np))
:Pr(ng%x|X,'j — Z£0j| > C\/W)
§nprrl;:;xPr(fX¢j - Z;-Z-Bj| > C\/W)
<onpexp{~C?log(np)/ K3} = of1),
where K is a constant independent of the choice of ¢, j. So max; ;(X;; — ZZ-Tij)2 = Op(log(np))
is proved. By same argument, we can prove both max;_; 6% and max; ; | (X — ZZ.Tj Oj)em-} are

O, (log(np)). Applying Theorem 2 in [33], it follows directly that max; = >7" [ZiTj(Hj — é])] -

Op(s™°82). But for max; L ™% | (é;; — e;5)?, there is something different. Note that for a sufficient
large constant C' > 0,

1 o, . slogp
P = (&5 —ei)* > 4C
r(mjaxn i:1(e] €i;) . )

1 & R 2 slogp
=Pr (mjax - Y AR - F(Y) - 255 — )} > 4Cn>
1=1

1 — 2 T/ A 2 slogp
SPr<mjaXnZ§=1:{Fn(3/i)—F(3’i)} +{2;(5 — )} > 20—==
log p 1 — T a 2 slogp
< - \/ —= > {2z (% - ).
<Pr <§2£|Fn(t) F(t)| > " ) +Pr(mjax - iZI{Z” Q7 'yj)} > C -

The first term of last inequality is o(1) by lemma with (n, p) = v/Iog p. The second term is
also o(1) by applying Theorem 2 in [35] again. In summary, this lemma is proved. O
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Lemma A.14. Under the Assumptions[A.1|and[A.2]

max|0 - 02’ = Op(Tz(n,papo,S)),

jeg

where

log npg)® slogplog(n slogp)3/2y/Togn slog )2
R e
(1.48)

Proof. To prove this lemma, we define

7} = (X~ 256) e+ i)

whete ¢, = P(¥) = 1/2 = s, my(¥) = B, [(X; — ZTO)I(Y > Yi) = F(¥)] and
&2 is an unbiased estimator of ¢7. It follows by the triangle inequality that max;cg|o? — 62| <
maxjeg|o? — 62| + max;jeg|d7 — 62|. So it suffices to prove both terms are o, ((log po) ~*).

We begin with estimation of the rate of max;eg |oj2~ — &jz. | Note that

y 2
Ianeagx‘a —0; ’_ryneagxnz;[{(Xij_Zjﬁe)el7+mﬂ(y)} _UJZ]'

Since Prg, (max;cg|o? — 57| > t) < po max;eg Prg, (|07 — 63| > t) and for V¢ > o7,

2Zt)

<Prg, ( {(Xij —2;6;) eij + mj(Yi)}2’ >t— %2')

t—a?-).

By sub-Gaussian assumption, (X -7 ;05 )ew + m;(Y;) is a sub-Exponential random vari-
able with uniform bounded sub- Ea:ponentzal norm. When ¢ is large enough, by the defi-
nition of sub-Exponential random variable, we could find some constants L1, Lo such that

Prg, (| (Xij — Z;;Hj) ei; + mj(Y;)} Wt — 0% ) < Ly exp(—Lo+/t). Thus it follows by Lemma

for some ¢ > C'\/(log npo)®/n with sufficient large constant C,

Prg, ( (X — Z3,6;) s +my(¥i)} —

:Prﬁh < (XZ] — Z;;GJ) CZ‘]‘ + mJ(Y;) Z

Do meagx Prg, (’0]2 — &J2»| > t) < 4p, exp(—n1/5t2/5/8) + 4npyCy exp(—C2n1/5t2/5) = Op((npo)_l)
J

for some constants C; and Cs. Thus, max;cg |cr — 07 2| = 0, (\/(lognpy)5/n).
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Next we estimate the rate of max;eg|6% — 62|. By definitions,

max|o - O'2|

Jj€G J
Zgleag Z{ ij — e”—l—m7(Y)}2—{(Xij—Z29 )€ —i—m](Y)}Q‘
<max|~ Z{ i = 250,655 + 1 (Vi) — (Xij — 23,0;)ei; — my (Vi) }?

+ Igleagx Z{ ij zg i)eij +my (Vo) H(X i)éij + 1y (Vi) — (X35 ZTO i)eij — mj(Yi)}‘
< max| Z{ i — 2;0,)é — (Xij — Z330;)ei} ‘Hyggx 1{mj(yi) —m;(¥;)}

+ B Z{ ij 2] j)eij +m; (Vi) H{ (X i)éij +1m;(Yi) — (Xi ZTB j)eij — mj(Y;)}’

:22(11 —|— IQ + 13)

So it suffices to estimate the converge rate of I;, ¢ = 1, 2, 3 respectively. Decomposing I, it follows
that

6
S leln
v=1

where 17, is given by

n

1 T 2
]11 :I;lea.gXEl:ZI(X Z 0) ( 6”) 5

I —mafo{ZT 0; —é } €iir
hig = max Z{Z?j(@j —0;)} (& — eij)?,

114=maX*Z ij — 24;0;)ei25(0; — 6;) (i — eij)

jeg ’

115 = max|— Z ij ZT (0 éﬂ)(éw - eij)g

)
j€g

116 = max — Z{Z;(OJ — éj)}2eij(éij — eij) .
i=1

JEG | N “—

Then we deal with I;,,, v = 1,...,6 respectively. For simplify, in the rest of proof, we abbreviate
1 <i<mn,je€ Gasi,jrespectively.
For I;;, we have I;; < maX”(X” - Z] L0, )Pmax; L3 (6 — ey)? =

O, (log(np))Op(n _1slogp) = Op(n~ slogplog(np)) by lemma m Similarly, we have
Ly < max; j ef; max; - LS~ 1{ZT 6, —6; )} = 0p(n~'slogplog(np)).
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For I3, by Cauchy-Schwartz inequality and lemmal[A.T3] it holds that

1 n
Iis < - mjax E {ZiTj(Bj -0, max E éij — eij)*
i=1

n

1 — A N2 1 .
< nmjaxﬁ ;{Z;(Gj — 0]-)} mjaxﬁ Z(eij - el.j)2

i=1

o2 -0 (22)

1 & . 1
ha < 2“}5}X’(Xij —Z56;)eij| max - S {z0;-6))) max D (65 — ei)?
’ i=1 i=1

Similarly, we have

= O,(n"'slogplog(np)),

1, .
Ii5 < Qﬁn}%ﬂXﬁ 6 ‘ mafo{Z )}2 mjax£2(eij — eij)2

i=1

_ Op<(5 log p)*/2 log(np))’

n

I < 2fmax|e”‘ max Z{Z }2 max L Z(éij —ei5)?

n

_ Op((s log p)*/2 10g(np)).

Next we deal with I5. By definition and Hoeffding’s inequality we have

I = max 3 [i ST (X5, - ZL0){1(Y: > ¥i) — ()} - mjm)}

=1L
1 n 1 n R 2

< max ; [n Z;(X” - Z;Tjej){f(yz >Y;) - Fn(}/i)}:|

1 n 2

TA
< mjax{n Z(X; — Z%jej)}
i=1

= Op(n~"logp).

In summary, we have that I1 + Iy = Op(r(n, p, s)), where

slogplog(np) (slogp)®/2/log np , (slogp)®  logp
n n n n

r(n,p,s) =
Similarly, we can show that Is = O, (\/r(n, p, s)), it follows from Cauchy-Schwartz inequality that

I3 < max&?v?(h-l—]z).
J

= Op(y/7(n,p, s)) and totally,

Thus we have max;cg |o —0;

1
maX|C7 —02‘* p< M\/ T(”al%s))

JjEG n
—0 (lognpo)® y slogplog(np) y (slogp)3/2y/log np Y (slogp)?
o p n n n n

= Op (TQ (na D Po, 8)) :
Thus this lemma is proved. O
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Lemma A.15. Under the Assumptions
max| Sy = Vibhid;| = Op((log o) ?).

Proof. For simplify, we rewrite S,,; — \/nfr;j0; = Y., &j/v/n. Under assumption | it’s easy
to show that {flj 1 1s an i.i.d. zero mean sub- Exponential r.v. sequence. So we can prove this
lemma by using Bernstein s inequality and Bonferroni’s inequality. O

Lemma A.16. Under the Assumptions[A.1|and[A2]
max (T = 67 n35) = (3 — 77 'ias3)| = Op (.. o, )

uniformly for B, € QN {Bh : |Brllee S /1ogp/n} with

T(n7pap0a S) =T (n7pap0a S) V 7‘2(717p,p0, 5)(10gp0)1/2' (149)
Where

slo lo 3/2100(n lo
r1(n, p,po, s) = \/%P\/( g Do) n g(npo) |, \%)0’
and ro(n, p, po, s) is defined in (L.43).

Proof. First we decompose (Tm - &71\/55;”-6-) - (gn - Uflﬁﬁhjéj) as
( nJ*O' fﬂh] )*( njfo' \/>5h] )
=67 (Tnj = Sng) + (65" = 05 )(Snj — Vnsdy)
= Alj —+ Agj.

Next we deal with max;cg |A4;j],4 = 1,2 respectively. We handle max;cg|A1;| at first. We
decompose A;; as

n

1 1 0, —0,)T <
Ay =65t [ng/g Z( — Z7)(Xij — Z36;) + # > Zi{Fu (Vi) — 1/2 - Z)v;}
i=1

i=1
V-, v oTa ~1/2 : ,
+ \/ﬁ Z Zw (Xw - Zijoj) -n Un + (\/ﬁUnJ - Sn])
i=1

=65 (I + Ioj + Isj + L + Is;)

where U,,; is defined in (I.24). So it suffices to prove maxjeg |I;;| = O,(r1(n,p,po,s)), i =
1,2,3, 4,5 respectively. For a sufficient small constant ¢’ > 0 and a sufficient large constant C' > 0,
we have following results.

Step 1, for i = 1. maxjeg |I;;| = Op(r1(n,p,po,s)) holds by sub-Gaussian Assumption and
Bernstein inequality. The proof is similar to step 2 in the proof of Lemma[A.10] we omit it.

Step 2, for i = 2. By Proposition[A.T|and Lemma[A.10] we have
Pr(|I2j] > ev/nAxAysx) < 1 exp(—cap),
where (¢, ¢1, c2) are constants defined in these lemma and independent of the choice of j. We can
derive that v/nAx Ay sx = O(slogp/\/n) by the fact that Ax, Ay < \/logp/n
Step 3, for ¢ = 3. It’s similar to step 2 by using Theorem[3.T]and Lemma[A-9] We omit it.

Step 4, for i = 4. Note that I;; = n_l/Q( Bh] )+ 028,56, and Y2 maxeg | Bn;d;| =
O(n=1y/log p). It suffices to deal with n.~ ( — Br;0;). We begin the proof in the same way as
we argue in the proof of lemma|[A.7] Applying lemma for Vs € R we have

N
S
Pr(U,; — Brjo; > t) < exp(—st)E [GXP{N Z hy(Yi, X3 YNgi, Xngi) — 5hj5jH, (1.50)
=1
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where N = Ln/QJ andt € R+. Denote Wij = hj(y;axz’;YN+i>XN+i) — théj, 1= 1... .7N.
By the sub-Gaussian assumption made in assumption L {W;; 1Y, is an iid. sub-Exponential
sequence and maxi<;j<p||W.;|ly, < co. Thus by the same way used in the proof of Bernstein
inequality([49]), we derive

t? t
max Pr(|U,; — Br;d;| >t) < 2exp {—cmm{ , }n}7
J€G ’ (maxy < <pl| W51, )? " maxi<j<pl W]l

where c is a constant. Denote t = Cr1(n, p, po, 5), we prove it as n > t~2.

Step 5, for i = 5. By the theory of U-statistics, U,,; — Sp;/+/n is a two-order canonical U-statistic.
Thus maxeg |I5;] = O, ({n~!(log po)®/? log(npo) +n /% log po}) by Lemma In summary,
we derive that max;ecg |A1;] = Op(r1(n,p,po, s)) since 6; > Cuin — Y, > Ciin/2 > 0 for n
large enough.

Next we prove maxcg |Az2;| = 0,(r2(n, p, po, s)(log po)*/?). For V¢’ > 0 we have
4
Prg, (magX|A2j| > 30/_30/07"2(”,1771?07S)(logpo)1/2>
Jje
< Prg, (Ijneaglajz — &JZ’ > c'ra(n,p,po, s)) + Prg, (rjneaéclsnj - \/ﬁﬁhjdj’ > C(logpo)l/Q)

= o(1).

The last equality holds by Lemma[A:T4]and [A-T5] Note that all the universal constants do not depend
onn, p, Brand §;, j =1,...,p. Thus this lemma is proved. O

Lemma A.17. Under the Assumptions[A.1|and[A.2)
maxTj = VnUnj| = Op(r(n, p, po, s))-

Proof. The proof of this Lemma is similar to Lemma[A.T6] O
Lemma A.18. Under the Assumptions in theorem if s = o(v/n/(log p(log npo)>/?)), then

Per\/Mﬁ,g ~\Ih,

where LF, g is defined in in the main text and C' is a sufficient large constant.

> C’(log(npo))l/2> — 0 in probability,

Proof. By definition,

MF Ligl < U,
"o~ Iglgg vn J);
. 71 VL -
M o ZZ{ Thy (Vi X Y5, X;5) — o hj(y;,xi,xgyxi)}w
1= 11#1
:Zfl+12.

Thus it suffices to prove Pr,, (I; > C(logpg)~'/?) — 0 in probability, i = 1, 2.

For I, since w; is standard Gaussian r.v., the Hoeffding inequality implies that
C'n(log(npg))~* }

(maxjeg| Ty — v/illng)*

where C" is a constant. Applying Lemma Pr,,(I; > C(log(npo))~'/2) = 0,(1) is proved.

For I,, the Hoeffding inequality also implies that

Pro(1a > Cllog(am)) %) < 2exp{ - CZIZ(”(_Zl)2({kfg_(f i o }
maxjeg 2 ;=1\2.i£i19; 5 — 05 1

Pr, (I > C(log(npo))~?) < 2exp{—
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For simplify, we abbreviate 1;(Vi, X;; Y5, X;), hj(Vi, Xy; Y5, X;5) as hj, h; respectively. In the rest
of proof, we abbreviate max <;<y,, max; £i» MaXjecg a8 Max;, Max;, max; respectively. To prove
Pr,, (1o > C(log(npo))~1/?) = 0,(1), it suffices to prove that

ﬁ max i_l{;(ffﬁﬁj — a5 "'hy) }2 = 0y ((log(npo)) ™).
By the Holder inequality,
1 1 2
w1 2 g{" —o5"hi})
<r??;<\a Yhy — o5 byl
<§1§;X\U hy = 67 hy| + max|67 by — o7t hy
b "

Thus it suffices to prove Ioy, = 0, ((log(npo))~/?), k = 1,2 respectively. For Iy, it holds that
Iy = max (X5 — Z30,)0i5 — (Xij — Z5605)mi5]

= max (X5 — Z,305)(i; — mij)| + max 1Z.;(6; — 6;) (i — mij)| + max 1Z.,(6; — 0;)mi51,
where 7);; = K — lefyj,nm =K- ZU'y] and K = 1/2 or —1/2. Note that 7};; —1;; = Z;. S (v =)
and
. . log(npo) log p
H}?;X\mj —mij| < H}?;X\Zij\ v =il = Op <5 Ee—

where the last step follows from the s\/logp/n convergence of ||v; — 4;|1 and max; ; |Z;;| =

O, (y/log(npo)), due to the sub-Gaussian properties of Z;;. Following the similar arguments, we
have

R R log(npo))? log p
max (X5 — Z,560;) (i — mij)| < max 1 Xi; — 2,56, max [9ij — izl = Op (8\/(()) 7

] n

HZ.lE}X|ZiTj(éj — 0;) (5 — mi7)| < 16, — 6]l max |1 Zij] Hzlfﬂ}xmz‘j —nij| = Op(

. . log(npo))? log p
H}%X|Z1Tj(0j —0;)ni;1 < 110; — 6511 H}S;X|Zij|n;}f}x‘77ij| =0p (5\/((71)) '

s2log(npo) log p)
n b

In summary, we have

I =0, (5\/(10gmm))2logp) = 0p((log(npo)) /%),

n

where the last equality holds by Assumption[A.7] For I, it holds that

Iy < nﬂjaXIffj‘1 — ot max |hy| = o, ((log(npo))~'/?),

,%,]

where the last inequality holds by Lemma and max; ; ; [h;| = Op(log(pon)). In summary, this
lemma is proved. O
Lemma A.19. Ler X1,...,X,, be n i.i.d random vectors, where X; = (X;1, . .. ,Xid)—r. Assume

that there are some constants 0 < ¢y < Cy such that |E (X fj) > ¢y and X;; is sub-Exponential with
[ Xijll,, <Ciforalll <j<d. If (log(dn))" /n = o(1), then

(|

lim sup
n— oo teR

< t) ~Pr(INJlw < )] =0,
(e ]

where N ~ N4 (0,E(XXT)).
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Proof. Lemma H.6 in [40], and this lemma is adapted from [13]. O

Lemma A.20. Assume that X ~ Ng(0,X%). Let O'j2- = X,; and define oy = min;o; and
Omax = Max; o;. Then

sup|Pr([| X[l < t+€) — Pr([| X|loo < t)| < Cey/1Vlog(d/e),
teR

where C'is a constant depending on oy and o ax.

Proof. Lemma H.5 in [40], and this lemma is adapted from [13]. O

Lemma A.21. (A maximal inequality for canonical U-statistics). Let X4, ...,X,, be n i.i.d. p-
dimension random vectors. Let f : R? x R? — R? be a symmetric and canonical kernel such
that maxi<m<d E{exp(\fm| /Bn)} < 2, and B,, is a sequence of positive reals. Let V, =

{n(n—-1)}71 Da<izi<n | (Xis Xj). If2 < d < exp(bn) for some constant b > 0, then there exists
a constant C(b) > 0 such that

E([|Vallso) < C(0)Bn{(n*logd)*?log(nd) + n*logd}.
That is, | Voo = Op(Bp{(n~'logd)*/?log(nd) + n='logd}).

Proof. This lemma is adapted from [12]. O
Lemma A.22. Let X4,...,X,, be ni.id. p-dimension random vectors andh : R? x RP — R% be a
symmetric and nondegenerate kernel such that E|h(X1,Xs2)| < oo forallk =1, ...,d. Consider

the U-statistic of order two:
1

Ry

Z h(X;, X;).

1<i#j<n

Let T, = /n(U,, — 0)/2, where 0 = E{h(X,X5)} is the mean of U,,. Define g(x) =
E{h(X;,X3) | X; = x} and x € RP. Letey,..., e, be i.i.d N(0,1) random variables that
are independent of {X;}_, and

1 —f 1
P - X ) — )
T = NG Z{n — Zh(XZ,XJ) Un}el.
i=1 e

Let B,, > 1 be a sequence of real numbers possibly tending to infinity. We assume that:
(1) There exists a constant b > 0 such that E{g2 (X1)} > bforallm =1,... d.
(2) E{ |l (X1, X2)|*™Y < B for ¢ = 1,2 and forallm =1, ..., d.
(3) (X1, X2) [y < By forallm =1,... d.
Denote aqz () as the ath conditional quantile of || T% ||« given Xy, ..., X, where a € (0, 1).
If (log(dn))" /n = o(1), then

lim sup |[Pr(||Thlloo < appt
’n,*)Oan(O’l)| ( nilee HTn

(a)) —a| =0. (1.51)

[loo

In additional, assume that there exist statistics T,, and TEL such that
Pr<“|TnHoo - ||Tn||00‘ > f(n)) — 0,

and
Pr. (|| T4]|oo = [IT% |loc| > £(n)) — 0 in probability.

for some £(n) depending on n. If £(n)\/1 V log(d/&(n)) = o(1), then

lim sup ’Pr(HTnHOO < g (a)) - a‘ =0, (1.52)
n=30 e(0,1) milee

where a4z («v) is the ath conditional quantile of | T% || o given X1, ..., X,

Proof. This lemma is adapted from [12] and [13]]. ]
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NeurlIPS Paper Checklist

1. Claims

Question: Do the main claims made in the abstract and introduction accurately reflect the
paper’s contributions and scope?

Answer: [Yes]

Justification: The claims made in the abstract and introduction clearly state the paper’s
contributions and scope. And the claim does match theoretical and experimental results.

Guidelines:

* The answer NA means that the abstract and introduction do not include the claims
made in the paper.

* The abstract and/or introduction should clearly state the claims made, including the
contributions made in the paper and important assumptions and limitations. A No or
NA answer to this question will not be perceived well by the reviewers.

* The claims made should match theoretical and experimental results, and reflect how
much the results can be expected to generalize to other settings.

* It is fine to include aspirational goals as motivation as long as it is clear that these goals
are not attained by the paper.

2. Limitations
Question: Does the paper discuss the limitations of the work performed by the authors?
Answer: [Yes]
Justification: We discuss the limitations of our paper in Section 5]
Guidelines:

* The answer NA means that the paper has no limitation while the answer No means that
the paper has limitations, but those are not discussed in the paper.

* The authors are encouraged to create a separate "Limitations" section in their paper.

* The paper should point out any strong assumptions and how robust the results are to
violations of these assumptions (e.g., independence assumptions, noiseless settings,
model well-specification, asymptotic approximations only holding locally). The authors
should reflect on how these assumptions might be violated in practice and what the
implications would be.

* The authors should reflect on the scope of the claims made, e.g., if the approach was
only tested on a few datasets or with a few runs. In general, empirical results often
depend on implicit assumptions, which should be articulated.

* The authors should reflect on the factors that influence the performance of the approach.
For example, a facial recognition algorithm may perform poorly when image resolution
is low or images are taken in low lighting. Or a speech-to-text system might not be
used reliably to provide closed captions for online lectures because it fails to handle
technical jargon.

* The authors should discuss the computational efficiency of the proposed algorithms
and how they scale with dataset size.

* If applicable, the authors should discuss possible limitations of their approach to
address problems of privacy and fairness.

* While the authors might fear that complete honesty about limitations might be used by
reviewers as grounds for rejection, a worse outcome might be that reviewers discover
limitations that aren’t acknowledged in the paper. The authors should use their best
judgment and recognize that individual actions in favor of transparency play an impor-
tant role in developing norms that preserve the integrity of the community. Reviewers
will be specifically instructed to not penalize honesty concerning limitations.

3. Theory Assumptions and Proofs

Question: For each theoretical result, does the paper provide the full set of assumptions and
a complete (and correct) proof?

Answer: [Yes]
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Justification: The appendix contains full set of assumptions and a complete proof.
Guidelines:

* The answer NA means that the paper does not include theoretical results.

* All the theorems, formulas, and proofs in the paper should be numbered and cross-
referenced.

* All assumptions should be clearly stated or referenced in the statement of any theorems.

* The proofs can either appear in the main paper or the supplemental material, but if
they appear in the supplemental material, the authors are encouraged to provide a short
proof sketch to provide intuition.

¢ Inversely, any informal proof provided in the core of the paper should be complemented
by formal proofs provided in appendix or supplemental material.

* Theorems and Lemmas that the proof relies upon should be properly referenced.

4. Experimental Result Reproducibility

Question: Does the paper fully disclose all the information needed to reproduce the main ex-
perimental results of the paper to the extent that it affects the main claims and/or conclusions
of the paper (regardless of whether the code and data are provided or not)?

Answer: [Yes]

Justification: All the information needed is provided in Section @ and Appendix [A.6] Code
is avaliable in supplementary materials.

Guidelines:

* The answer NA means that the paper does not include experiments.
* If the paper includes experiments, a No answer to this question will not be perceived
well by the reviewers: Making the paper reproducible is important, regardless of
whether the code and data are provided or not.
If the contribution is a dataset and/or model, the authors should describe the steps taken
to make their results reproducible or verifiable.
Depending on the contribution, reproducibility can be accomplished in various ways.
For example, if the contribution is a novel architecture, describing the architecture fully
might suffice, or if the contribution is a specific model and empirical evaluation, it may
be necessary to either make it possible for others to replicate the model with the same
dataset, or provide access to the model. In general. releasing code and data is often
one good way to accomplish this, but reproducibility can also be provided via detailed
instructions for how to replicate the results, access to a hosted model (e.g., in the case
of a large language model), releasing of a model checkpoint, or other means that are
appropriate to the research performed.

While NeurIPS does not require releasing code, the conference does require all submis-

sions to provide some reasonable avenue for reproducibility, which may depend on the

nature of the contribution. For example

(a) If the contribution is primarily a new algorithm, the paper should make it clear how
to reproduce that algorithm.

(b) If the contribution is primarily a new model architecture, the paper should describe
the architecture clearly and fully.

(c) If the contribution is a new model (e.g., a large language model), then there should
either be a way to access this model for reproducing the results or a way to reproduce
the model (e.g., with an open-source dataset or instructions for how to construct
the dataset).

(d) We recognize that reproducibility may be tricky in some cases, in which case
authors are welcome to describe the particular way they provide for reproducibility.
In the case of closed-source models, it may be that access to the model is limited in
some way (e.g., to registered users), but it should be possible for other researchers
to have some path to reproducing or verifying the results.

5. Open access to data and code

Question: Does the paper provide open access to the data and code, with sufficient instruc-
tions to faithfully reproduce the main experimental results, as described in supplemental
material?
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Answer: [Yes]
Justification: Code is avaliable in the Supplementary Material.
Guidelines:

» The answer NA means that paper does not include experiments requiring code.

* Please see the NeurIPS code and data submission guidelines (https://nips.cc/
public/guides/CodeSubmissionPolicy) for more details.

* While we encourage the release of code and data, we understand that this might not be
possible, so “No” is an acceptable answer. Papers cannot be rejected simply for not
including code, unless this is central to the contribution (e.g., for a new open-source
benchmark).

¢ The instructions should contain the exact command and environment needed to run to
reproduce the results. See the NeurIPS code and data submission guidelines (https:
//nips.cc/public/guides/CodeSubmissionPolicy) for more details.

* The authors should provide instructions on data access and preparation, including how
to access the raw data, preprocessed data, intermediate data, and generated data, etc.

* The authors should provide scripts to reproduce all experimental results for the new
proposed method and baselines. If only a subset of experiments are reproducible, they
should state which ones are omitted from the script and why.

* At submission time, to preserve anonymity, the authors should release anonymized
versions (if applicable).

* Providing as much information as possible in supplemental material (appended to the
paper) is recommended, but including URLSs to data and code is permitted.
6. Experimental Setting/Details

Question: Does the paper specify all the training and test details (e.g., data splits, hyper-
parameters, how they were chosen, type of optimizer, etc.) necessary to understand the
results?

Answer: [Yes]
Justification: The experimental details are provided in Section[4and Appendix
Guidelines:

* The answer NA means that the paper does not include experiments.

* The experimental setting should be presented in the core of the paper to a level of detail
that is necessary to appreciate the results and make sense of them.

* The full details can be provided either with the code, in appendix, or as supplemental
material.
7. Experiment Statistical Significance

Question: Does the paper report error bars suitably and correctly defined or other appropriate
information about the statistical significance of the experiments?

Answer: [Yes]

Justification: This paper focuses on statistical inference, and we provide empirical size and
power in numerical studies.

Guidelines:

* The answer NA means that the paper does not include experiments.

* The authors should answer "Yes" if the results are accompanied by error bars, confi-
dence intervals, or statistical significance tests, at least for the experiments that support
the main claims of the paper.

* The factors of variability that the error bars are capturing should be clearly stated (for
example, train/test split, initialization, random drawing of some parameter, or overall
run with given experimental conditions).

* The method for calculating the error bars should be explained (closed form formula,
call to a library function, bootstrap, etc.)

* The assumptions made should be given (e.g., Normally distributed errors).
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8.

10.

« It should be clear whether the error bar is the standard deviation or the standard error
of the mean.

It is OK to report 1-sigma error bars, but one should state it. The authors should
preferably report a 2-sigma error bar than state that they have a 96% CI, if the hypothesis
of Normality of errors is not verified.

» For asymmetric distributions, the authors should be careful not to show in tables or
figures symmetric error bars that would yield results that are out of range (e.g. negative
error rates).

* If error bars are reported in tables or plots, The authors should explain in the text how
they were calculated and reference the corresponding figures or tables in the text.
Experiments Compute Resources

Question: For each experiment, does the paper provide sufficient information on the com-
puter resources (type of compute workers, memory, time of execution) needed to reproduce
the experiments?

Answer: [Yes]
Justification: Type of compute workers and memory are provided in Section 4]
Guidelines:

* The answer NA means that the paper does not include experiments.

 The paper should indicate the type of compute workers CPU or GPU, internal cluster,
or cloud provider, including relevant memory and storage.

* The paper should provide the amount of compute required for each of the individual
experimental runs as well as estimate the total compute.

* The paper should disclose whether the full research project required more compute
than the experiments reported in the paper (e.g., preliminary or failed experiments that
didn’t make it into the paper).

. Code Of Ethics

Question: Does the research conducted in the paper conform, in every respect, with the
NeurIPS Code of Ethics https://neurips.cc/public/EthicsGuidelines?

Answer: [Yes]

Justification: The research conducted in the paper does conform with the NeurIPS Code of
Ethics in every respect.

Guidelines:

¢ The answer NA means that the authors have not reviewed the NeurIPS Code of Ethics.

* If the authors answer No, they should explain the special circumstances that require a
deviation from the Code of Ethics.

* The authors should make sure to preserve anonymity (e.g., if there is a special consid-
eration due to laws or regulations in their jurisdiction).
Broader Impacts

Question: Does the paper discuss both potential positive societal impacts and negative
societal impacts of the work performed?

Answer: [NA]
Justification: This paper is a foundational research and not tied to particular applications.
Guidelines:

* The answer NA means that there is no societal impact of the work performed.

* If the authors answer NA or No, they should explain why their work has no societal
impact or why the paper does not address societal impact.

» Examples of negative societal impacts include potential malicious or unintended uses
(e.g., disinformation, generating fake profiles, surveillance), fairness considerations
(e.g., deployment of technologies that could make decisions that unfairly impact specific
groups), privacy considerations, and security considerations.
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https://neurips.cc/public/EthicsGuidelines

» The conference expects that many papers will be foundational research and not tied
to particular applications, let alone deployments. However, if there is a direct path to
any negative applications, the authors should point it out. For example, it is legitimate
to point out that an improvement in the quality of generative models could be used to
generate deepfakes for disinformation. On the other hand, it is not needed to point out
that a generic algorithm for optimizing neural networks could enable people to train
models that generate Deepfakes faster.

* The authors should consider possible harms that could arise when the technology is
being used as intended and functioning correctly, harms that could arise when the
technology is being used as intended but gives incorrect results, and harms following
from (intentional or unintentional) misuse of the technology.

* If there are negative societal impacts, the authors could also discuss possible mitigation
strategies (e.g., gated release of models, providing defenses in addition to attacks,
mechanisms for monitoring misuse, mechanisms to monitor how a system learns from
feedback over time, improving the efficiency and accessibility of ML).

11. Safeguards

Question: Does the paper describe safeguards that have been put in place for responsible
release of data or models that have a high risk for misuse (e.g., pretrained language models,
image generators, or scraped datasets)?

Answer: [NA]
Justification: This paper poses no such risks.
Guidelines:

» The answer NA means that the paper poses no such risks.

* Released models that have a high risk for misuse or dual-use should be released with
necessary safeguards to allow for controlled use of the model, for example by requiring
that users adhere to usage guidelines or restrictions to access the model or implementing
safety filters.

 Datasets that have been scraped from the Internet could pose safety risks. The authors
should describe how they avoided releasing unsafe images.

* We recognize that providing effective safeguards is challenging, and many papers do
not require this, but we encourage authors to take this into account and make a best
faith effort.

12. Licenses for existing assets

Question: Are the creators or original owners of assets (e.g., code, data, models), used in
the paper, properly credited and are the license and terms of use explicitly mentioned and
properly respected?

Answer: [Yes]
Justification: The authors cite the original paper that produced the code package.
Guidelines:

* The answer NA means that the paper does not use existing assets.
* The authors should cite the original paper that produced the code package or dataset.

 The authors should state which version of the asset is used and, if possible, include a
URL.

* The name of the license (e.g., CC-BY 4.0) should be included for each asset.

 For scraped data from a particular source (e.g., website), the copyright and terms of
service of that source should be provided.

 If assets are released, the license, copyright information, and terms of use in the
package should be provided. For popular datasets, paperswithcode.com/datasets
has curated licenses for some datasets. Their licensing guide can help determine the
license of a dataset.

* For existing datasets that are re-packaged, both the original license and the license of
the derived asset (if it has changed) should be provided.
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paperswithcode.com/datasets

* If this information is not available online, the authors are encouraged to reach out to
the asset’s creators.

13. New Assets

Question: Are new assets introduced in the paper well documented and is the documentation
provided alongside the assets?

Answer: [NA]
Justification: The paper does not release new assets.
Guidelines:

» The answer NA means that the paper does not release new assets.

* Researchers should communicate the details of the dataset/code/model as part of their
submissions via structured templates. This includes details about training, license,
limitations, etc.

* The paper should discuss whether and how consent was obtained from people whose
asset is used.

* At submission time, remember to anonymize your assets (if applicable). You can either
create an anonymized URL or include an anonymized zip file.

14. Crowdsourcing and Research with Human Subjects

Question: For crowdsourcing experiments and research with human subjects, does the paper
include the full text of instructions given to participants and screenshots, if applicable, as
well as details about compensation (if any)?

Answer: [NA]
Justification: The paper does not involve crowdsourcing nor research with human subjects.
Guidelines:

* The answer NA means that the paper does not involve crowdsourcing nor research with
human subjects.

* Including this information in the supplemental material is fine, but if the main contribu-
tion of the paper involves human subjects, then as much detail as possible should be
included in the main paper.

* According to the NeurIPS Code of Ethics, workers involved in data collection, curation,
or other labor should be paid at least the minimum wage in the country of the data
collector.

15. Institutional Review Board (IRB) Approvals or Equivalent for Research with Human
Subjects

Question: Does the paper describe potential risks incurred by study participants, whether
such risks were disclosed to the subjects, and whether Institutional Review Board (IRB)
approvals (or an equivalent approval/review based on the requirements of your country or
institution) were obtained?

Answer: [NA]
Justification: The paper does not involve crowdsourcing nor research with human subjects.
Guidelines:

* The answer NA means that the paper does not involve crowdsourcing nor research with
human subjects.

* Depending on the country in which research is conducted, IRB approval (or equivalent)
may be required for any human subjects research. If you obtained IRB approval, you
should clearly state this in the paper.

* We recognize that the procedures for this may vary significantly between institutions
and locations, and we expect authors to adhere to the NeurIPS Code of Ethics and the
guidelines for their institution.

* For initial submissions, do not include any information that would break anonymity (if
applicable), such as the institution conducting the review.
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