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With the increasing adoption of electronic health records, there is an increasing interest
in developing individualized treatment rules, which recommend treatments according to
patients’ characteristics, from large observational data. However, there is a lack of valid
inference procedures for such rules developed from this type of data in the presence of
high-dimensional covariates. In this work, we develop a penalized doubly robust method
to estimate the optimal individualized treatment rule from high-dimensional data. We
propose a split-and-pooled de-correlated score to construct hypothesis tests and confidence
intervals. Our proposal adopts the data splitting to conquer the slow convergence rate of
nuisance parameter estimations, such as non-parametric methods for outcome regression
or propensity models. We establish the limiting distributions of the split-and-pooled de-
correlated score test and the corresponding one-step estimator in high-dimensional setting.
Simulation and real data analysis are conducted to demonstrate the superiority of the
proposed method.
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1. Introduction

An individualized treatment rule is a decision rule that maps the patient profiles X € X, a
subspace of RP, into the intervention space A € A, where p is the number of the covariates
and A is the set of available interventions. Given an outcome of interest, the optimal
individualized treatment rule maximizes the value function which is the mean outcome if
it were applied to a target population. Understanding the driving factors of a data-driven
treatment rule can help with identifying the source of the heterogeneous effects and with
guiding practical applications of precision medicine.

The increasing adoption of electronic health records at healthcare centers has provided
us unprecedented opportunities to understand the optimal individualized treatment rule
through massive observational data. One of the difficulties in dealing with observational
data is the high-dimensionality of the covariates. There have been various methods de-
veloped to estimate the optimal individualized treatment rule. For regression-based ap-
proaches, Q-learning methods (Watkins and Dayan, 1992; Chakraborty et al., 2010; Qian
and Murphy, 2011; Laber et al., 2014a) pose a fully specified model assumption on the
conditional mean of the outcomes given the covariates and treatments. Qian and Mur-
phy (2011) approximates the conditional mean by a rich linear model, along with an [y
penalty to accommodate high-dimensional data. A-learning methods (Murphy, 2003; Lu
et al., 2013; Shi et al., 2016, 2018; Wu et al., 2021) pose a model assumption on the con-
trast function of the conditional means. With high-dimensional covariates, Shi et al. (2016,
2018) adopt penalized estimating equation or penalized regression with a linear contrast
function. An alternative class of methods searches over a pre-specified class of individual-
ized treatment rules to optimize an estimator of the mean outcome, usually called direct
(Laber et al., 2014b), policy learning (Athey and Wager, 2017), value-search (Davidian
et al., 2014) estimators, or C-learning (Zhang and Zhang, 2018). Especially, Zhang et al.
(2012) adopts a doubly robust strategy to estimate the value under any treatment rules and
directly optimize the estimated value. Their procedure can be applied to the observational
data by plugging in a parametrically-estimated propensity score. Similarly, A-learning can
also be extended to deal with observational data by plugging in a parametrically-estimated
propensity score. Among these methods, Zhao et al. (2012) propose the outcome weighted
learning approach based on an inverse probability weighted estimator of the value. Song
et al. (2015) develop a variable selection method based on penalized outcome weighted
learning for optimal individualized treatment selection.

Statistical inference for the optimal or estimated individualized treatment rule is partic-
ularly challenging in the presence of high-dimensional covariates. Confounding and selection
bias presented in large observational data such as EHR data add one more layer of complex-
ity. Liang et al. (2018b) propose a concordance-assisted learning algorithm in the presence
of high-dimensional covariates. Nonetheless, they do not provide any inference procedures.
Inference methods for A-learning approaches such as Song et al. (2017) and Jeng et al.
(2018) are developed assuming the propensity score is known. Recently, Wu et al. (2021)
provide an inference procedure for a high-dimensional single-index contrast function as-
suming a known propensity. Thus, their methods cannot be applied if data are collected
from observational studies. Shi et al. (2018) derive the oracle inequalities of the proposed
estimators for the parameters in a linear contrast function, but their work focuses on the
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selection consistency and has little discussion on the inference of the estimated rule. Their
method depends on parametric assumptions on the propensity and outcome models, and
thus may not be consistent when complex propensity or outcome models are expected. In
practice, to avoid misspecification, flexible models may be adopted for the outcome regres-
sion or the propensity score. However, these models result in slow convergence rates for
the nuisance parameters, and deteriorate the limiting distribution of the estimated decision
rule. As such, it is important to propose an inference procedure for the estimated decision
rule, which is valid under the high-dimensional setup and robust to flexible models for the
nuisance parameters. Recent literature on the high-dimensional inference can assist with
tackling this challenge. For example, van de Geer et al. (2014) propose a debiased Lasso
approach for generalized linear models. Ning and Liu (2017) propose a de-correlated score
test for low-dimensional parameters with the existence of the high-dimensional covariates,
which is applicable for parametric models with correctly specified likelihoods. Dezeure et al.
(2017) propose a bootstrap procedure for high-dimensional inference, but it is computation-
ally intensive.

Another importance and related topic is the inference of the optimal value. The inference
of the optimal value has been shown to be challenging at exceptional laws (non-regular case)
where there exists a subgroup of patients for which treatment effect vanishes (Chakraborty
et al., 2010; Laber et al., 2014c; Goldberg et al., 2014). To achieve the inference of the
optimal value in low-dimensional setup, Chakraborty et al. (2014) propose an m-out of-n
bootstrap to construct a confidence interval for the value. Luedtke and Van Der Laan (2016)
propose an online one-step estimator which is the weighted average the values estimated on
chunks of data increasing in size. Recently, Shi et al. (2020) use a subagging algorithm to
aggregate value estimates obtained by repeated sample splittings. In both Luedtke and Van
Der Laan (2016) and Shi et al. (2020), a single-split procedure is also discussed to facilitate
the computation, though the resulting confidence interval might be wider. However, the
value inference for high-dimensional setup is lacking.

In this work, we propose a novel penalized doubly robust approach, termed as penal-
ized efficient augmentation and relaxation learning, to estimate the optimal individualized
treatment rule in observational studies with high-dimensional covariates. We construct
the decision rules by optimizing a convex relaxation of the augmented inverse probability
weighted estimator of the value with penalties, which generalizes the method proposed in
Zhao et al. (2019) to high-dimensional setup. The proposed procedure involves estimation
of the conditional means of the outcomes and the propensity scores as nuisance parameters.
As long as one of the nuisance models is correctly specified, we can consistently estimate
the optimal individualized treatment rules under certain conditions. Furthermore, we pro-
pose a split-and-pooled de-correlated score test, which provides valid hypothesis testing
and interval estimation procedures to identify the driving factors of the estimated decision
rule. The proposed procedure generalizes the de-correlated score (Ning and Liu, 2017) to
handle the potential slow convergence rates from the nuisance parameters estimation and
to allow a general loss function. Sample-splitting is adopted to separate the estimation of
the nuisance parameters from the construction of the de-correlated score, which is adopted
in Chernozhukov et al. (2018) for inference on a low-dimensional parameter of interest in
the presence of high-dimensional nuisance parameters. However, the inference on the es-
timated decision rule using the proposed approach requires a more sophisticated analysis
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due to the convex relaxation schemes. Theoretically, we show that the split-and-pooled de-
correlated score is asymptotically normal even when the nuisance parameters are estimated
non-parametrically with slow convergence rates. In addition, we use a single-split procedure
to infer the value under the estimated decision rule.

2. Method

In this section, we propose the penalized efficient augmentation and relaxation learning and
then introduce the proposed inference procedure.

2.1 Penalized Efficient Augmentation and Relaxation Learning

Let X be a p-dimensional random vector, which contains the baseline covariates capturing
patient profiles. We assume that p can be much larger than the sample size n. Let A €
{—1,1} be the treatment assignment, and Y € R be the observed outcome that higher values
are preferred. Here, we adopt the framework of potential outcomes (Rubin, 1974, 2005).
Denote the potential outcome under treatment a € {—1,1} as Y (a). Then the observed
outcome is Y = Y (a)I{a = A}, where I{-} is the indicator function. An individualized
treatment rule, denoted by D, is a mapping from the space of covariates X C RP to the space
of treatments A = {—1,1}. With a slight abuse of notation, we write the observed outcome
under this decision rule as V(D) = > ¢4 1y Y (a)I{a = D(X)}. The expectation of Y'(D),
V(D) = E (Y (D)), is called the value function which is the average of the outcomes over the
population if the decision rule were to be adopted. In order to express the value in terms of
the data generative model, we assume the following conditions: 1) the stable unit treatment
value assumption (Imbens and Rubin, 2015); 2) the strong ignorability Y (—1),Y (1) L A |
X; 3) Consistency Y = Y (A). The stable unit treatment value assumption assumes that the
potential outcomes for a patient do not vary with the treatments assigned to other patients.
It also implies that there are no different versions of the treatment. The strong ignorability
condition means that there is no unmeasured confounding between the potential outcomes
and the treatment assignment mechanism. The optimal individualized treatment rule is
defined as Dopy = argmaxp{V(D)}.

In this paper, due to the high-dimensional nature of the data we work with, we focus on
deriving a linear decision rule of the form D(x) = sgn(x"3), where € X and the function
sgn(t) =11if t > 0; sgn(t) = —1 if t < 0. To ensure the identifiability, we assume that the
k*-th coordinate of 3, B« = 1, for some k*. The choice of k* can be determined by the
domain knowledge. Let m(a;x) = P(A=a| X =z) and Q(a;x) = E(Y | X =x,A=a)
for a € {—1,1} and « € X. Define the weights

YI{A=a) [[{A=a} - 7(aX)]0X)
7(a; X) m(a; X)

W, = Wo(Y, X, A,7,Q) =

for a € {—1,1}, where 7(a; X) and @(a;X) are the estimators of m(a; X) and Q(a; X)
respectively. Under the conditions above, the augmented inverse probability weighted esti-
mator of the value function is

V(D) = Bn [WAI{D(X) =1} + Wi T {D(X) = -1},

4
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where E,[-] denotes the empirical average. The estimator V(D) enjoys the double robust-
ness property. Assume that @(a; x) and 7(a; x) converge in probability uniformly to some
deterministic limits, denoted by Q™(a;x) and 7™ (a;x), respectively. V(D) converges to
V™(D), where

V(D) = E [W"I{D(X) =1} + W I{D(X) = —1}].

Here, W) = W, (Y, X, A, 7™, Q™) is the limit that W, converges to, a = +1. As shown in
Zhao et al. (2019), if either 7™ (a; x) = w(a;x) or Q™ (a;x) = Q(a;x), but not necessarily
both, then V(D) = V(D).

To avoid negative Wa, we consider its positive and negative parts separately and define

Wa+ = |W |1{W > 0} and W _ ]W |1{W < 0}. Maximizing V(D) is equivalent to
minimizing
By [(Wi + W) T{D(X) £ 1} + (W + Woa g ) {D(X) # -1} . (1)

Directly optimizing (1) is infeasible due to the indicator functions in the objective function,
especially with a large number of covariates. To avoid minimizing the indicator function,
we replace the indicator function with a strictly convex surrogate loss. Due to the strict
convexity, the minimizer of the surrogate loss is always unique. Thus, we can relax the
constraint that By = 1. Furthermore, we add a sparse penalty function, which enables
us to eliminate the unimportant variables from the derived rule. We denote the weight
encouraglng A=1as Q+ = W1 + + W_1 _ and the weight encouraging A = —1 as O =

W1 -+ W_ 1,+- Our proposed estimator ﬁ is

~

B = argmin I, [ﬁm (XTB> +0 ¢ (—XT,B)} FAP(B), 2)

where ¢ is a convex surrogate loss, P((3) is a sparse penalty function with respect to 3, and
An is a tuning parameter controlling the amount of penalization. In this paper, we focus
on the l;-lasso penalty P(8) = ||8]l1. The framework allows a broad class of surrogate
loss functions, such as logistic loss, ¢(t) = log (1 + e_t), see Section 3 for the detailed
technical conditions on ¢. The estimated decision rule can be subsequently obtained as

D(X) = sgn (XTB\).

2.2 Split-and-pooled De-correlated Score Test

We define
16(B; 7, ™) = 6 (XT8) + Qo (-XTB)

and B* = argming E/ [l¢(ﬁ ar Qm)} , where Q' = W + W™ _ and QT = W[ + W™

To simplify notations, we Wlll suppress the superscript and write them as Q+ and Q_
instead. Let X; € R is the j-th covariate and X_; € RP~! includes the remaining covariates.
Likewise, let 6* be the j-th coordinate of 3* and B2 ; be a p — 1 dimensional sub-vector of
B* without B* Without loss of generality, suppose that BJ* is of interest. The statistical
inference problem can be formulated as testing the null hypothesis Hy : ﬁ;‘ =0 versus H; :
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ﬁ; # 0, or constructing confidence intervals for 5;. The proposed method can be easily
generalized to test any low-dimensional projection of 3*.

Before we propose our inference procedure for 8*, we introduce a lemma to show that
under certain conditions, our inference procedure for 3* can provide information on Dot ().
In Lemma 1, we assume that Depi(x) = sgn(x'B°P!), which also indicates Dopi(x) =
sgn(cx " B°PY) for any ¢ > 0. To avoid B°P* = 0 and identifiability issue, we restrict inference
to regimes in which Bth = 1. This implies that we would not infer Bgft through S3;..
In general, the contrast function Q(1;x) — Q(—1;x) could be a complex function of x,
but in many situations, the optimal rule Dgpi(x) may only depend on a linear function
of  (Xu et al., 2015). In Lemma 1, we provide sufficient conditions that B* satisfies
Deopt(X) = sgn(X " B°P) = sgn(X " 3*). In this case, the results on the sparsity pattern of
B* can be extended to inferring 3°P.

Define two subspaces depending on 3,

2(B) = {F(X) € Lazcov [£(X), {o(XTB) —6(~-XTB)} | X "B =0}
So(B) = {#(X) € Loz cov [f(X). {o(X B +o(-X"B)} | X8| = 0}.

Lemma 1 If the Doyt (X) has a linear form, and Q™ = Q or m™ = m in Q4 and Q_, then
Dopt(X) = sgn(X ' B*) if the following conditions are satisfied: (a) The contrast function
Q(1; X) — Q(—1; X) € Ay(B*), and the main effect E(Y (1) +Y(-1) | X) € S4(8%); (b)
there exists a p-dimensional vector P such that BE(X | X T 3°Pt) = PX T 3P,

The subspaces Ag(3) and S4(B) enjoy the following properties: (i) Any measurable
function of X T 3°P* belongs to Ay(B) N Sy(B), VB; (ii) Suppose that a function g(X) €
Ay(B) (or Sy(B)), then the function h(X TB°PY)g(X) € Ay(B) (or Sy(B)), where h(-) is an
arbitrary measurable function. Thus, if E(Y; | X) and E(Y_; | X) only depend on X T 3°Pt,
Condition (a) is easily satisfied. We provide examples in the Appendix B to further show
that Condition (a) is satisfied by a large class of models, including data generative models
that are dense and not single index models (see Example 2 in Appendix B). In particular,
although method proposed in Wu et al. (2021) can deal with general single index models,
it has more restriction on the sparsity level of the contrast function than our requirement.

Condition (b) on the design matrix X is common in the dimension reduction literature
(Li, 1991; Zhu et al., 2006; Lin et al., 2018, 2019). It is satisfied if the distribution of X
is elliptically symmetric. Li and Duan (1989); Duan and Li (1991) provide a thorough
discussion on this condition in regression methods which aims to estimate a single index
with an arbitrary and unknown link function. More specifically, they provide a bias bound
when the elliptical symmetry is violated and show that the asymptotic bias is small when
the elliptical symmetry is nearly satisfied. Further, Hall and Li (1993) shows that when
the dimension of X is large, for most directions 3°P* even the most nonlinear regression is
still nearly linear. In addition, empirical studies by Brillinger and others suggest that quite
often the bias may be negligible even for a moderate violation of condition (b) (Brillinger,
2012; Li and Duan, 1989).

Remark 2 Alternatively, instead of assuming the conditions in Lemma 1, the desired re-
lationship Dopt(X) = sgn(X ' B*) may still hold under some parametric assumptions on
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EY1|X) and E(Y_1 | X). For example, if the outcomes are non-negative and the follow-
ing conditions are satisfied

log {E(Y1 | X)/E(Y-1 | X)} = X B, 3)

we still have Dopt(X) = sgn(X "B*). Condition (3) poses a parametric assumption on
E(Yy | X)/E(Y_1 | X) (see Appendiz B for the details). This ratio measures the relative
change of the potential outcomes. Under Condition (3), hypothesis testing of 3* is equivalent
to testing for the driving factors of the Dopi. Furthermore, the interval estimation of 3*
can be interpreted through the specified model assumption in (3).

Next, we introduce our proposed inference procedure. Suppose that 24 and _ are
known, then the estimator 3 is obtained by minimizing the empirical loss

E, [l¢(ﬁa QJra Q*)] + Anp(ﬁ)

Let Vig(B;Qy, Q) = Qy ¢/ (XTB) Q_¢' (- XT,@) For j # k*, the score function of 3, is
E, [Vip(B;Q4,0-)X;]. Let Bnuu () be a vector that equals to ,@ with the j-th coordinate re-
placed by 0. In the low-dimensional setting where p is fixed, the score function with Bnun(J

Vl¢>(/3nu11(J Q4 Q)X } is asymptotically normal. Nevertheless, in a high-dimensional

setting, the asymptotic normality of the score function E, [Vl¢,(,6null(j); Q.,0)X j] is de-
teriorated by the high-dimensionality of ij- Following Ning and Liu (2017), we use the
semiparametric theory to de-couple the estimation error of B_; with the score function of
Bj. A de-correlated score function is defined as E, [vqu(ﬁnull(j); Q4,00) <Xj — XLw}‘)] ,

—5,=J
to the estimation error of B—j- Denote V2l¢(,6; 04,0) = Q+¢N (XTﬁ) +Q_¢" ( XTﬁ).
The I*; _; and I*, ; are the corresponding partitions of I = [V2l¢(ﬁ* Q4,0 )XXT].
Under the null hypothesm this de-correlated score function follows

n'?E, [V%(Bnun(j); Qr,Q) (Xj - ijw;ﬂ - N (0’ () IV;) )

-1
where 'w;f = (I * ) I jj 18 chosen to reduce the uncertainty of the score function due

where 1/;-‘ is a vector whose j-th coordinate is 1 and other coordinates equal to —w;f. We

propose to estimate the nuisance parameter wj via

min £y, [V2l¢ (B, Q+a9—) (Xj - XTjw)T + Aallwlr,

where X, is a tuning parameter. Denote the estimator for w; as w;. A valid test for
Hy : 57 = 0 is constructed based on

n [vl¢(//3\null(j);Q+’Q*) (Xj - ij@jﬂ : (4)

The nuisance parameters, {2, and {)_ are unknown in practice, and are estimated via
modeling w and ). To avoid misspecification, they can be estimated using flexible non-
parametric or machine learning methods, which may lead to convergence rates slower than
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n~1/2. To overcome the possible slow convergence rates of 7 and @, we propose a split-and-
pooled de-correlated score, where we consider a sample split procedure in constructing the
de-correlated score function (Chernozhukov et al., 2018).

Let I, ..., Ix be arandom partition of the observed data with approximately equal sizes,
where K > 2 is a fixed pre-specified integer. We assume that |n/K| < |I| < [n/K| + 1,
for all k = 1,...,K. Let Eék)[] denote the expectation defined by the data in Ij. For
each k € {1,..., K}, we repeat the following procedure. First, we obtain 7(_z) and @(_k)
using the data excluding I;. In the presence of high-dimensional covariates, we can use
generalized linear model with penalties (van de Geer, 2008) or kernel regression after a
model-free variable screening (Li et al., 2012; Cui et al., 2015) for estimating 7= and Q. A
data-split estimator ﬁ(k) is obtained by

B(k) = arg H}Bin E7(Lk) |:l¢ (ﬂ’ ﬁ&_k)v ﬁ(—_k)>] + )‘n,k’ BHla (5)
where ﬁi:k) and ﬁ(:k) are computed with 7(_y) and Q(,k) plugged in, and A, j is a tuning
parameter. Then, we estimate w;f by

SN 21 ~
@J(-k) = argnlllijn E®) [VQl(b <5(k); er k),Q(_ k)> (Xj - XIj“’) ] + Angllwll1, (6)

where Xn,k is a tuning parameter. Let <BI(1]Z)H(J.)

j-th coordinate replaced by 0. Finally, we construct the data-split de-correlated score test

> be a vector that equals B(k) except its

statistic S](-k) (Br(l]fl)u(j), @](k)) as
(k) ( (k) ~(k)\ _ m(k 3k) =k §(=k) T ~(k)
1 (B @) = BW [ Wiy (U 00 009 (x; - xLal™) . ()

Combining K data-split estimators, we obtain the pooled estimator ,@ =K ! Zszl B(k).
Likewise, the pooled de-correlated score test statistic is S; = K1 Zle S](k) (’é\r(llfl)ll(j) ) @5’“) .
As shown in Theorem 4, under null hypothesis (B]* =0), we have

nl/QS’j — N (()7 (V;)TIlj;> ,

uniformly holds over all j’s. The detailed algorithm is provided in Algorithm 1. In this
algorithm, for a fixed 1 < k < K, T(_yy and Q(_j, are trained on a subset of samples of size
n(K —1)/K.

2.3 Confidence Intervals

We use the data-split de-correlated score to construct a valid confidence interval of B;-‘. This

is motivated from the fact that the data-split de-correlated score S](-k) (,3, ﬁj(k)) is also an
unbiased estimating equation for 57 when fixing 8_; = 8% ;. However, directly solving this
estimating equation has several drawbacks, such as the existence of multiple roots or ill-
posed Hessian (Chapter 5 in van der Vaart (2000)). Ning and Liu (2017) proposed a one-step
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Algorithm 1: Inference of 3* using a sample-split procedure

Input: A random seed; n samples; a positive integer K.

Output: B and a p-value for Hy : B; =0.

Randomly split data into K parts {I k}le with equal size, and set k = 1;
Estimate 7 and @ on Ij; and denote the estimator as 7(_) and @(_k);

Obtain a data-split estimator B\(k) on Ij by (5), where A, ;, is tuned by
cross-validation ;

(k)

for w’ by (6), where Xnk is tuned by cross-validation ;

Construct the data—spht de-correlated score test statistic S J(.k) (B\l(li)u@)’ (k)) by

Obtain an estimator w;

Equation (7), and the estimator of the variance
(k) 5. 50 §-m)1? NOMNIE
= o 3 (el
VK
Set k=2,3,..., K, and repeat Step 2 and 5. Obtain {,B(k)}k_l and
(k) &® K s ¥
{S (,Bnun )}k:1 as well as {Gk’j}k:{ Aggregate them by
K " w K
= Z 125 ( null(j Aj )’EJQZK ! Al%ﬂ
k=1 k=1

Calculate the p-value by 2 (1 — ®(n!/2|S;|/5;)), where ®(-) is the cumulative
distribution function of a standard normal distribution.
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estimator, which solved a first order approximation of the de-correlated score. Following
their procedure, we construct the data-split one-step estimator, Bj(k), as the solution to,

J J J

St (B®, @) + EP [V, (B9 000,000 x;0x; - xTa)] (85 - BY) = 0.

Hence, we have that Ej(k) = B\](k) ) (B(k), ﬁ(k)> /jﬁ_)], where

Finally, the pooled one-step estimator is the aggregation of these data-split one-step
estimators following 8; = K -1 Zszl 6j(-k). In Section 3, we will show the asymptotic nor-

mality of the pooled one-step estimator 3;, which provides a valid confidence interval for
B;. The algorithm for constructing confidence intervals is presented in Algorithm 2.

Algorithm 2: Confidence interval of 6}‘ using a sample-split procedure

Input: The data-split de-correlated score S ](-k) (B(k), 'LT)J(k)> and ./fj(f_)] for

k=1,...,K; 52 from Algorithm 1.
Output: A 95% confidence interval for 37.
Construct the data-split one-step estimator by Bj(’“) = ,@J(k) — Sj(-k) (,3(’“), ﬁJ\](k)> / jj‘k,)],
Aggregate these data-split one-step estimators by Bj =K ! Zle Bj(.k), and
calculate fj|_j =K ! Zszl f](‘k_)j,
Construct the 95% confidence interval by
(8 = 196025, /T,y 5, B; + 1.960~ Y25, /T; ;).

2.4 Inference of the Value

We adopt an analogy of the single-split procedure (Luedtke and Van Der Laan, 2016; Shi
et al., 2020) to infer the value under D*(X), V(D*), where D*(X) = sgn (X' 3*). The
single-split procedure splits the entire data set into two parts. We use one part for training
and nuisance parameter fitting, and conduct inference on the other part. When B*
Bopt, i.e., there is a constant ¢ > 0 such that 8" = c¢Bqpt, our procedure provides a valid
inference procedure for the optimal value. The detailed procedure for inference of the value
is presented in Algorithm 3.

3. Theoretical Properties

We assume the following conditions.

(C1) Each covariate X;’s is sub-Gaussian with common proxy o, ||3*|1 < R, and
max;{[|w[[1} < R; supycx |Q(a; X)| is bounded, and the conditional distribution of

10
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Algorithm 3: Inference of the value V(D*) using a single-split procedure

Input: A random seed; n samples.
Output: A 95% confidence interval for V(D).
Randomly split the data 1nto two sets, I1 and Iy with sample size n; and no, and

obtain ﬁ using data in L by Algorithm 1;

Estimate 7 and @@ on I 1 and denote the estimator as 7 and @;
Estimate V(D*) on I, and denote the estimator as V,

V(D) =EY [Wﬁ(x)(y, X, A7, @)] , where D(X) = sgn(X T 3);

Estimate the variance and denote the estimator as 3‘2,,

0% = Var%) [WB(X)(Y, X, AT, @)} , where Var%)(-) is the sample variance on Is.

Construct the 95% confidence interval by
(V(D) — 1.96n; %5, V(D) + 1.96n, "/ 23\/)

(C2)

(C3)

(C4)

(C5)

Y(a) — Q(a; X) given X is sub-exponential, i.e., it is either bounded or satisfies that
there exists some constants M, 1y € R such that

Blexp{|Y (@) — Qa; X)|/M} — 1 — |Y (a) — Q(a; X)|/M | X] M < vo/2,
for both ¢ =1 and a = —1.

There exists some constants 0 < Tyin < Tmax < 1 such that mmin < m(a; X) < Tnax
with probability 1.

¢ is convex, and ¢’ is bounded with ¢'(0) < 0; for any ¢ € [—¢ — €, ¢ + €] with some
constant € > 0 and a sequence t; satisfying |t; —t| = o(1), it holds that 0 < ¢"(¢) < C
and |¢"(t1) — ¢"(t)] < Oty — t|¢"(t) for some constant C' > 0.

The smallest eigenvalue of E[V2l4(8%Q4,Q_)X X "] is larger than r, where « is a
positive constant.

Suppose that for some o, 8 > 0, sup,, |7(a;x) — m(a;x)| = Op(n™) and

sup,, ‘@(a; x) — Q(a; a:)‘ = 0,(n™?) for a = 1 and —1, we require that Rn~*"#+1/2 =

o(1). In addition, we require that

Rmax{s*,s'}logn(logp)*? = o(n'/?), (8)
and
(n=*+ nfﬁ)s*\/lo@ — 0, 9)
where s* = Hl@*HO and s’ = max; Hw;HO

Condition (C1) on the joint distribution of (X, A,Y") is weaker than the assumption in

high-

dimensional inference literature (van de Geer et al., 2014; Ning and Liu, 2017). Instead

of sub-gaussian design, they only consider that the design is uniformly bounded. We also
assume that Y (a) — Q(a; X) is sub-exponential or bounded. This condition enables a faster

11
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convergence rate of high-dimensional empirical processes involving the estimation errors of
7 and @. Under this condition, if supy ‘Q(a; X) —Q(q; X)‘ = 0p(1), we have

| B0 [ (@) - Qo 01 { @G0 X) - Qas X) } X | = 0, ((1ogp/m)).

Condition (C2) prevents the extreme values in the true propensities. Condition (C3) requires
that the surrogate loss ¢ has bounded first-order and second-order derivatives. The logistic
loss satisfies these conditions. Condition (C4) is standard in high-dimensional inference
literature (Ning and Liu, 2017; van de Geer et al., 2014; Dezeure et al., 2017). Condition (C5)
is imposed for Algorithm 1. We assume that it holds on each split data set. To simplify the
notation, we do not distinguish 7 and Q with 7(_y and Q k) for a fixed k. First it requires

that both 7 and Q are consistent and the convergence rates satisfy Rn—®"P+1/2 = o(1).
This can be attained if either the convergence rate of T or @ is sufficiently fast. For example,
assuming R = O(1), if 7 is estimated by a regression spline estimator and is known to be
pr-dimensional (low dimension) by design, we have supy |7(a; X) — 7(a; X)| = O, (n_1/3),
where 7 is assumed to belong to the Hoélder class with a smoothness parameter greater
than 5p, (Newey, 1997). Then n=* % <« n~Y2 is satisfied when n=? <« n=1/6. Second,
formula (8) in Condition (C5) requires that the number of nonzero entries of 8* and wj
is smaller than the order of n'/2/(logp)®/?, which is slightly more restrictive than the
conditions in the high-dimensional inference literature (van de Geer et al., 2014; Ning and
Liu, 2017) due to the sub-gaussian design. Finally, formula (9) of Condition (C5) indicates
the convergence rates of the nuisance parameter estimations cannot be too slow if s* and p
increase fast with the sample size n.

Theorem 3 Assume that Conditions (C1)-(C5) hold. By choosing Any. < (logp/n)'/? |
we have ||B — B*||1 = O, (s*(logp/n)*/?).

Theorem 3 assumes that both the outcome and propensity score models are correctly spec-
ified, @™ = @ and 7™ = 7 (implied by Condition (C5)). Nonetheless, our proposed
estimator enjoys the doubly robustness property in the sense that B is still consistent
if either Q™ = @ or 7™ = 7. When Q™ # @ and ™ = m, we have |8 — B%|1 =
O, (s* max {(log p/n)*/%,n 0‘}) when 7™ # 7 and Q™ = Q, we have |3 — 8%, =
Oy (s* max {(log p/n)Y/ 2 }) This also indicates that as long as one of the estimators 7
and @ has a reasonably fast rate, the estimator B is consistent.

Theorems 4 and 5 provide the uniform validity of the testing procedures in Algorithm 1
and the confidence interval constructed using the pooled one-step estimator Ej’s in Algo-
rithm 2 via sample-splitting, respectively.

Theorem 4 Assume that Conditions (C1)-(C5) hold. For Algorithm 1, under the null
hypothesis Ho : 87 = 0,Vj € J C {1,---,p}, by choosing Anj < Apj = (logp/n)/? | we
have

max sup ‘P (‘ 1/2sj] <o (1 a/z)) (- a)‘ = 0,(1).

and max; |o; — Jj] = op(1), where 312- is given in Algorithm 1, and
0% = (v) " var [V21,(8% Qs Q)] v

12
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Theorem 5 Assume that Conditions (C1)-(C5) hold. The pooled one-step estimator sat-
isfies

L (S A T STIEE) Bt g

Remark 6 Theorems 4 and 5 assume that both the propensity and the outcome models
are correctly specified and estimated. Nonetheless, when the propensity score is known by
the design of the experiment, the conclusions in Theorems 4 and 5 still hold even if the
outcome model is misspecified. In contrast, Q-learning requires correctly specified outcome
models even when the propensity is known. In practice, an individualized treatment rule can
still be linear even if the contrast function is non-linear. As such, our modeling framework
1s more flexible. The advantages of our methods extend to the high-dimensional setting.
The outcome weighted learning approach does not involve modeling outcomes. However, the
corresponding penalized estimator in the outcome weighted learning approach may have a
slower convergence rate than the proposed estimator in Theorem 3 when the propensity score
1s estimated with a slow rate. Therefore, the de-correlated score or the one-step estimator
based on the outcome weighted learning approach cannot achieve a limiting distribution with
n'/2 convergence rate as in Theorems 4 and 5.

To derive the asymptotic property of the inference procedure for the value, we further
introduce the following conditions:

(C6) There exists an increasing function 1 such that 1) ¥(0) = 0; 2) there exists ( > 0 and
lim sup, o (8)/£€ < +00; 3) [E(Y(1)=Y (~1) | X)| < 6 X" #]) when |X T 8°| < to,

where tg is a constant.

(C7) There exist constants v > 0 and C,, > 0 such that for any ¢ in some neighborhood of
0, we have that P (0 < ‘XTﬁ*’ < t) < Gt

Theorem 7 Assume thatY is bounded and denote the sample size offl asny and fg as no.
In addition to the conditions in Theorem 3, we further assume nfaiﬁn;/z
of the following conditions: 1) Conditions (C6) and (C7) holds with (s(logp/nl)l/Q)C—M =
op(nQ_I/Q); 2) Condition (C7) holds with P (|XTB*| =0) = 0 and (s(logp/nl)l/z)7 =

op(nglm), then we have

= o(1) and one

~ o~

n'?oy2(V(D) = V(D¥)) = N(0,1),
where 0‘2/ = var [Wﬁ(x)(Y, X, A, m, Q)} )
Condition (C6) implicitly assumes that 3* corresponds to the optimal individualized treat-
ment rule. When Condition (C6) fails, the inference of the value under D*(X) requires

stronger assumptions (see Theorem 9 in Appendix D for details). In the simulation studies
and application, we choose n; = ng = n/2.

13
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4. Simulation Studies

In this section, we test our estimation and inference procedure under various simulation
scenarios. Let A(X) = {Q(1; X) —Q(—1;X)} /2 and S(X) ={Q(1; X))+ Q(—1; X)} /2.
We generate X ~ N (0,I,x,), and Y = AA(X) + S(X) +€, € ~ N(0,1). Let 8P =
(1,1,-1,-1,0,...,0)", 8% = (-1,-1,1,-1,0,...,0)", and B = (1,—1,0,...,0)". The
following scenarios are considered: (I) A(X) = ¢X "8, S(X) = 04X ' B%, and 7(1; X) =
exp(0.4X T 62)/ {1 +exp(0.4X T B25)}; (I A(X) = {® (X TBY) — 0.5} xA(X), S(X) =
exp (04X TB%), m(1; X) = exp{(X? + X3 + X1 X2)/4}/ [1 + exp{(X? + X? + X1X2)/4}],
where A(X) = 2(2?21 X;)? + 2¢ and ®(-) is the cdf of the standard normal distribution.

Under these settings, the magnitude of the treatment effect A(X) changes with &,
which ranges from 0.1 to 1. Scenario (I) features a linear outcome model Q(a;X) for
both @ = 1 and a = —1, and a logistic model for the propensity. Scenario (II) has a
nonlinear treatment effect A(X), though the decision boundary is still linear. The treatment
assignment mechanism is also complex. More simulation results with a mixture of both
discrete and continuous covariates, as well as highly correlated design matrices and non-
regular cases, can be found in Appendix A.

We compare the pooled estimator with Q-learning, a regression-based method (Qian and
Murphy, 2011). With high-dimensional covariates, we fit a linear regression with a lasso
penalty in Q-learning for all scenarios. The inference target of interest is 3°P'. However, the
limits of the coefficients estimates using either proposed method or Q-learning may not be
identical to B3°Pt. In our simulation experiments, we will test and construct confidence inter-
vals for 877s, j =1,...,8, the j-th coordinate of 3%, which by abuse of notations, denote the
limits of estimates under either method. We generate large data sets multiple times using
the same data-generating process, and empirically verify that the sparsity pattern of 3*
matches with that of 3°P*. Hence, inferences on 3* provide insights on the true optimal de-
cisions. We conduct the hypothesis testing for Q-learning using the de-correlated score test
proposed in Ning and Liu (2017), and construct 95% confidence intervals for the coefficients
of interest in the context of Q-learning. For value inference, we implement the Algorithm 3
as our proposed approach; for Q-learning, we implement the Algorithm 3 with the coeffi-
cients B estimated from Q-learning approach. The true value V(8*) is approximated by
the average of estimated values on a large independent data set. An R package called
ITRInference (see https://github.com/muxuanliang/ITRInference.git) is coded to
implement the proposed method and Q-learning approach. For the proposed method, the
user can specify the method or select from a list of candidates to estimate nuisance parame-
ters. In our implementation, we choose to estimate 7 and () functions nonparametrically for
all scenarios. To be more specific, we first implement a distance correlation-based variable
screening procedure (Li et al., 2012). We then fit a kernel regression using the selected
variables after screening. When estimating m, we set caps at 0.1 and 0.9 to trim extreme
values.

In all scenarios, the sample size n and the dimension p range from 350, 500, 800, 1600,
2500 to 8000. We set the nominal significance level at 0.05, and the nominal coverage at
95%. We report the type I errors, the powers of the hypothesis tests, and the value functions
under the estimated decision rules out of 500 replications. In particular, we present the type
I errors for testing 5 to fg, and the powers for testing 5] to ;. For each method, we also
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present the coverage of the interval estimations around the limiting coefficients. We also
present the bias and the length of the confidence interval for the coefficients estimations
and value estimations.

Figures 1 - 3 show the simulation results for different scenarios, with the sample size n
varied and the p and £ fixed. Additional results on varying p with n and £ fixed can be
found in Appendix A. As expected, in Scenarios (I) (Figure 1) where the regression model
is correctly specified for Q-learning, Q-learning yields a better value function. Conversely,
the proposed method outperforms the Q-learning method in Scenario (II) (Figure 2). In
terms of the type I error and power, the proposed method is comparable to the Q-learning
approach in Scenario (I) (Figure 1). For Scenarios (II) (Figure 2), our method is more
powerful, and the type I errors are well controlled. Figure 3 also shows that the proposed
method leads to less biased point estimations and shorter confidence intervals. The excessive
bias of point estimations and lengths of interval estimations for the Q-learning approach
may be due to the model misspecification. The coverage of 3% to 83 are concentrated near
95%, and the coverage of the ] to ; gradually approach 95% for the proposed method.
For the coverage of the value V(3*), the inference procedure achieves a valid CI for the
value under the proposed approach in both scenarios when the sample size is large enough.
However, the inference for the value under the Q-learning is under-coverage due to the model
misspecification. In Appendix A, we also compare the proposed value inference procedure
with bootstrap methods in terms of the coverage probabilities and lengths of confidence
intervals.

5. Application to Complex Patients with Type-II Diabetes

In this section, we apply our proposed estimation and inference procedures to construct
the optimal individualized treatment rule for complex patients with type-II diabetes. The
data are collected from the electronic health records through Health Innovation Program
at University of Wisconsin. The entire data set includes n = 9101 patients. There are 40
covariates, including socio-demographic variables, previous disease experiences, and baseline
HbAlc levels, etc. The outcome is the indicator whether the patient successfully controls the
HbAlc below 8% after a year. The treatment A = 1 if the patient received any medications,
including insulin, sulphnea or OHA, and A = —1 otherwise. Among 9101 patients, 17.1%
had a missing post-treatment HbAlc measurement, and 15.4% had the missing baseline
HbA1lc measurements. We impute missing values using Multivariate Imputation by Chained
Equations (MICE package in R), which is based on the estimated conditional distributions
of each covariate given other covariates (van Buuren and Groothuis-Oudshoorn, 2011). To
address the possible interactions among covariates, we consider both raw covariates and
all first-order interactions. We rank these covariates by their variances and select p = 100
covariates with top variances.

We split the data set into a training data set (80% of the entire data set) and a testing
data set (20% of the entire data set). The proposed method and Q-learning are fitted on the
training data set using the same strategies as described in simulation studies. To evaluate
these estimated decision rules, we calculate the value function by E,[Y1{4 = D(X)}/70],
on the testing data set, where D is the estimated decision rules on the training data set
and 7y is the estimated propensity scores on the testing data set. The entire procedure is
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Figure 1: Simulation results for Scenario (I) with the change of sample size when £ = 0.7
and p = 2500. Types of the line represent different coefficients.
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Mean Standard deviation

Observed 0.860 0.008
Proposed approach 0.877 0.015
Q-Learning 0.869 0.015

Table 1: Comparisons on value functions.

Coef P-value
Chronic Complications : Fluid and Electrolyte Disorders -0.024 4.71 x 1072

Chronic Complications : African American -0.027 3.58 x 1072
Alcohol Abuse : Entitlement Disability -0.054 3.33 x 1072
HCC Community Score : Special Chronic Conditions -0.022 2.99 x 1072
Hypertension : Lower Extremity Ulcer -0.036 2.39 x 1072
HbAlc at Baseline : African American 0.019 2.26 x 1072
Entitlement Disability : Hypothyroidism -0.024 225 x 1072
Cardiac Heart Failure : Peripheral Vascular Disease -0.029 2.24 x 1072
Chronic Kidney Disease : HbAlc at Baseline 0.081 1.97 x 1072
Other Race : Special Chronic Conditions 0.016 1.95 x 1072
Liver Disease : Weight Loss 0.015 1.72 x 1072
Other Neurological Disorders : Female -0.021 1.28 x 1072
Lower Extremity Ulcer : HbAlc at Baseline 0.039  9.60 x 1073
Chronic Complications : Bucketized Age 0.040 9.05 x 1074
HbAlc at Baseline : Female 0.044 847 x 1078

Table 2: Coefficients and p-value for the significant covariates of the estimated decision rule
(CIs are included in Appendix C). Special chronic conditions refer to chronic con-
ditions including amputation, chronic blood loss, drug abuse, lymphoma, metas-
tatistic cancer, and peptic ulcer disease. Bucketized age refers to a variable created
by bucketizing the raw age by its observed quartiles. Other Race refers to the race
excluding White and Black.

repeated 100 times with random training and testing data splits. The mean and standard
deviation (sd) of the value functions over these repeats are summarized in Table 1. Both
the proposed and Q-learning methods construct decision rules that yield better results
than the current clinical practice (sd of the difference is 0.0138 (Proposed); 0.0143 (Q-
Learning)). Furthermore, our proposed method achieves a higher value function than Q-
learning approach as shown in Table 1 (sd of the difference is 0.0115).

Next, we conduct the inference procedure to identify driving factors of the optimal
individualized treatment rule as well as to provide an interval estimation using the entire
data set. Results are presented in Table 2. After controlling for the false discovery rate
below 0.05, our results indicate that a female patient with a higher HbAlc value at baseline
is more likely to benefit from the treatment. The figure comparing the list of significant
covariates selected by the proposed method and Q-learning can be found in Appendix C.
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6. Discussion

In this paper, we consider a single-stage problem and assume a high-dimensional linear
decision rule. In practice, especially in managing chronic diseases, dynamic treatment
regimes are widely adopted, where sequential decision rules for individual patients adapt
overtime to the evolving disease. One future direction is to develop inferential methods
in the multi-decision setup. We can also extend the linear decision rule to a single index
decision rule d(X " 3*), where d is an unknown function. Throughout, we require that the
surrogate loss function be differentiable. A non-differentiable surrogate loss such as the
hinge loss does not have a well-defined Hessian, which hinders the construction of the de-
correlated score. This can be addressed by a smoothed hinge loss or an approximation of
the Hessian. We are currently working on these possible extensions.

In this work, we adopt the de-correlated score to infer the high-dimensional linear de-
cision rule. It is also possible to use other high-dimensional influential tools developed
recently. Partial penalized tests proposed in Shi et al. (2019) allow to test hypotheses in-
volving a growing number of coefficients as the sample size increases. Ma et al. (2021)
consider the global and simultaneous hypothesis testing for high-dimensional logistic re-
gression models. Although a modified algorithm 1 can be combined with these methods,
its theoretical property, especially the consequences of nuisance parameter estimation with
slow rates, needs future investigations. In addition, this work can be extended to test
multi-dimensional hypotheses, i.e., Ho : ﬁ; =0,j € G, where G is a subset of {1,--- ,p}.
For a low-dimensional sub-vector, .i.e, |G|, the proposed de-biased estimators can be used
to construct p-values or confidence regions. For a high-dimensional sub-vector, i.e. G, the
current procedure can be extended as well. However, the required relationship among «, (3,
p, and n needs future investigation. Thus, we will leave it as future work.

In addition, in this work, we assume that both nuisance parameters are correctly spec-
ified and estimated by nonparametric methods after the variable screening. Some recent
literature in estimating the average treatment effect assumes that only one of the nuisance
parameters is correctly specified (Athey et al., 2018; Ning et al., 2020; Tan, 2020; Smucler
et al., 2019). In these approaches, the correct specified nuisance parameter is assumed to
follow a structural model such as linear or partially linear models. It would be interesting
to investigate how to extend these approaches to I'TR inference.

In this work, we approximate the indicator function by a smooth convex surrogate. In
addition to a smooth surrogate, many other non-smooth or non-convex loss functions such
as the hinge loss (Cortes and Vapnik, 1995), the ramp loss (Collobert et al., 2006a,b) and the
1-learning loss (Shen et al., 2003) can be considered to approximate the indicator function.
Especially, the non-convex loss function such as the ramp loss and the -learning loss is more
robust to the presence of outliers. However, the non-convex/non-smooth surrogate loss may
be hard to optimize and the non-convexity creates an additional barrier in high-dimensional
inference. We would consider this extension as our future work.

Another future work is to extend the proposed approach to multiple treatment options
setup. There are several possible directions. The first direction is to transform the multiple
treatment problem into multiple binary decision problems. We can consider a sequential
decision-making strategy (Zhou et al., 2018) by conducting a series of binary treatment
selections. It is shown that such strategy is Fisher consistent. Another direction is to adopt
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techniques used in multi-label classification problems to estimate the optimal individualized
treatment rule (Liang et al., 2018a). We can incorporate the weights based on the outcome
model and propensity model into this framework and develop the corresponding inferential
procedures. We are currently working on these extensions.
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Appendix A.

In Appendix A, we provide additional simulation results.

Simulation Results with £ and p Changed

In this section, we provides more simulation results. Let A(X) = {Q(1; X) — Q(—1; X)} /2
and S(X) ={Q(1; X) +Q(—1; X)} /2. We generate X ~ N (0,I,xp), and ¥ = AA(X) +
S(X) + €, where e ~ N(0,1) is the random error.

Denote 8% = (1,1,-1,-1,0,---,0)", B% = (-1,-1,1,-1,0,---,0)", and B =

(1,1,1,0,—1,0,—1,0,---,0)". The following scenarios are considered:
T ( ) EXTRP (X)) = O.8Xiﬁg, and m(1; X) =1/ {1+ exp(—0.4X"85) };
(ID) A(X) = {® ((£XTBPY) — 0.5} x A(X), S(X) = exp (04X "B%), m(1; X) = exp((X7+

X2+ X1X2 )/4)/ {1+ exp((X? + X3 + X1X2)/4)}, where A(X) = 2(3°1_; X;)? + 2¢ and
®(-) is the cdf of the standard normal distribution.

Under these settings, the magnitude of the treatment effect A(X) changes with £, which
ranges from 0.1 to 1. In all scenarios, the sample size n and the dimension p range from 350,
500, 800, 1600, 2500, to 8000. When p changes from 350 to 2500, these settings include both
low-dimensional (p = 350, n = 2500) and high-dimensional (n = 350, p = 2500) settings.
We set the nominal significant level at 0.05, and the nominal coverage at 95%. We report
the type I error, the power of the testing, and the value functions under the estimated
decision rules out of 500 replications. For simplicity, we only test for 8/’s, [ = 1,---,8,
where 3/ is the [-th coordinate of 3*.

Figuress 4 and 5 show the simulation results for Scenario (I) and (II). Figure 4 shows that
when we fix n = 500, the proposed method suffers from the high-dimensional nonparametric
estimation of ) compared with Q-learning in terms of the value function as p increases.
Figure 5 shows that the proposed method dominates the Q-learning in terms of the value
function no matter how £ and p changes.

Non-regular Scenarios

In this section, we provides two additional simulation scenarios. These two scenarios
share the same conditional distribution of Y given A, X but have different design ma-
trix. Both scenarios are non-regular in the sense that there exists a subgroup of patients
for whom treatment is neither beneficial nor harmful. Specifically, we consider a func-
tion z(t) = (2 — 0.2)31{z > 0.2} + (2 + 0.2)31 {z < —0.2}. Then we choose A(X) =
z (£ {4® (X TBPY) — 2}), where ®(-) is the cdf of the standard normal distribution; S(X) =
exp (04X TB%); m(1; X) = exp(0.25( X7+ X3+ X1 X5))/ {1+ exp(0.25(X7 + X3 + X1X3)) }.

In Scenario IIl.a, the design matrix involves only continuous variables. In Scenario
IIL.b, the design matrix involves discrete variables and a dense correlation matrix between
covariates. Specially, we consider (Ill.a) X ~ N (0, I,xp); (IIL.b) X follows N(0,3), and
then X; = I{j = 4i 4+ 3,i € N}{X; > 0} + I{j # 4i + 3,i € N} X, where X is a p x p
matrix with the (i, 7)th entry 0.2/,

Figures 6 and 7 show the results under non-regular cases. Compared with Q-learning,
the proposed method has higher value and comparable testing power. On the coverage of
value, the proposed method is less susceptible to model mis-specification compared with
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Figure 4: Simulation results for Scenario (I) with the change of £ (p = 2500) and p (£ = 0.7)
when n = 500. Types of the line represent different coefficients.
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when n = 1600. Types of the line represent different coefficients.

24



INFERENCE ON HIGH-DIMENSIONAL INDIVIDUALIZED TREATMENT RULES

1.000 - 0.20-
24-
0.975- 0.15-
c
— o
o B oo-
> 5 gz
£ 0.950- — 0.10 L
o 3 ©
|Z~ | 'Y ~ =
8, /7 A (R i e = g 2.0-
0.925- 0.05- % oA
o¥ s &  —— -3
e
1.8-
0.900 - 0.00-
0 2000 4000 6000 8000 0 2000 4000 6000 8000 0 2000 4000 6000 8000
Sample size Sample size Sample size
g 1.0 1.0
) iz} -2 0 2
Ke} (ICJ ?. N B e PR
5 ‘5 0.9-
3 £ 2 09-
o 3 3 L~./°—/"
o O gs- >
N o 5
: 8 2,081
o 0.6- — 4
= 5 0.7 g
— ) >
o o
<] 8 O 0.7~
=) o© 06~
©04- >
[0} [e]
3 o
O ] ] ] ] ] 05 -I ] ] ] ] 06 -I ] ] ] ]
0 2000 4000 6000 8000 0 2000 4000 6000 8000 0 2000 4000 6000 8000
Sample size Sample size Sample size

Proposed —e— QLearn -e— Optimal

Figure 6: Simulation results for Scenario (IIl.a) with the change of sample size when £ = 0.8
and p = 2500. Types of the line represent different coefficients.

the Q-learning approach. Figures 8 and 9 show the results with changing & and p. When ¢
increases, the region where treatment effect vanishes gets smaller. Especially, when £ = 0.1,
there is no treatment effect for any patients. We can see that the proposed approach has
higher value function no matter how £ and p changes. The Q-learning has slightly worse
lower when the non-regularity is severe.

Comparison of Inference Methods for the Optimal Value

In this section, we compare different methods to infer the optimal value. We consider the
proposed method (direct), standard bootstrap procedure (bootstrap), and the weighted
bootstrap procedure (weightedBootstrap). For the weighted bootstrap procedure, for each
bootstrap, we only bootstrap the sampling weighted from a random variable with a mean
1 and unit variance. We do B = 1000 bootstraps for each bootstrap-based procedure. For
each inference method, we use the PEARL and Q-learning to estimate the optimal decision
rules. We follow the data generation procedure in Scenario (I), (II), (IIl.a), and (IIL.b)
and report the coverages of the optimal value and the lengths of the confidence interval.
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Figure 10: Simulation results for value inference.

From Figure 10, the proposed method has a similar performance to the standard bootstrap
method in terms of the coverages and lengths of the Cls. However, the weighted bootstrap
leads to slightly over-coverage, especially for non-regular settings, i.e., Scenario (IIl.a) and
(IIL.b).

Illustration of Double Robustness

In this section, we check the double robustness of the proposed method under either misspec-
ified propensity model or outcome models. We generate the data following Scenario (IT) and
consider alternative methods to estimate the propensity and outcome models. Specifically,
we consider 1) the proposed method with non-parametrically estimated propensity and out-
come models (Both Correct); 2) the proposed method with a non-parametrically estimated
propensity and outcome models estimated by linear regressions (Outcome Missed); 3) the
proposed method with non-parametrically estimated outcome models and a propensity es-
timated by logistic regression (Propensity Missed). Figure 11 shows that as the sample
size increases, the values of the decision rules derived by all these approaches achieve the
optimal value. This implies that our proposed method is consistent if either the outcome
models or the propensity is correctly specified.

Appendix B.
In Appendix B, we provide a sufficient condition and examples for 3* o« B°P'. Lemma 1
provides sufficient conditions that B* satisfies Dopt(X) = sgn(X ' 3°PY) = sgn(X ' B*),

which indicates the inference of 3* is equivalent to that of 3°P'. First, we show the proof
of Lemma 1.
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Figure 11: Simulation results for double robustness.

Proof. First, we provide a proof for Lemma 1. Under the Lemma 1, we show that
o B3°Pt, Without loss of generality, we assume that W,’s are non-negative.

For g = 3%, we have the following

B© | X)6 (XT8) + BQ- | X)o(-XTB)]

2/2{6(X"B) —o(-X"B)} +5/2{o(X"B) +6(-X"B)}|

B |Ea/2{o(XT8) - é(~ XT@)} +5/2{o(X78) +o(-X"B)| | X 5|
E(AX)/2| XTB™E [6(XB) — o(-XB) | X 57|

E[$(X)/2| XTB™E [o(X78) + ¢<—XT5> | x5

BQy | XTA™E [ (XT8) | X7 a7

BQ- | X 8™ME o (-XT8) | X 8]

B(Q: | X780 (PTAX A7) + B@Q- | X g™ (—PBX 5]

B4 | X)o (PTAXTE™) + B(Q- | X)o (-PTBX 57"

&3+ &4+ = b &M
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The first inequality comes from Condition (a). The last equality comes from the convexity
of ¢(-) and Condition (b). Next, we notice that

E :E(Q+ | X)o (PTBXTﬂOPt) +EQ_ | X)¢ (—PTQXTgopt)}
~E[B@y | X)o (-PTBXTE) + BO- | X)o (PTAXT5")]

= B[t 1) o |30} o (PTAXTm) o (-PTAX 8 )
- lia0x -0 o (PTaxT8) o (-£Tax 5w

If PT3 > 0, we have
B[B© | X)o (PTAXTB™) + B | X)o (-PTBX 57"
< B[BQ | X)o(-PTBX A7) + E©- | X)o (PTAX 57|,
If PT3 <0, we have
E[BQy | X)o (PTBXTB™) + E(Q- | X)o (-PTBXT87")]
> B[BQ | X)o (-PTBX A7) + Q- | X)o (PTAX 57|,
Combining this inequality with the inequality above, we have for 8 = 8%,
E[E© | X)o (XT8) + E@ | X)o (-X"8)]
> B [BQ | X)o(IPTAIXT ) + B(Q- | X)o (-|PT8IX 8]
Notice the fact that 8* minimizes
B[B©, | X)e (XT8) + E@Q | X)s(-X78)].

By the strict convexity of ¢, we have 8* = |P T 3*|3°P!. This concludes the proof.
Next, we provide a proof for our remark. Notice that 3* solves

E HE(Q+ | X))o (XTﬁ) —BEQ_ | X)¢ (—XT5> } X} — 0.

Take the logistic loss as an example where ¢ (t) = — exp(—t)/(1 + exp(—t)). We will show
that
B[, | X]o' { X7} — Blo- | X]¢' {-X g7} =0,

From the equation in the remark, we have that

QLX) - Q(=1; X))/(Q(1; X) + Q(=1; X))
_ (QZ)I(XT,BOpt) . d)/(—XT,BOpt))/((Z)/(XT,BOpt) + ¢/(—XTﬁ0pt)).
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Notice that Q(1; X) — Q(—-1; X) = E(Qy | X) — E(Q- | X) and Q(1; X) + Q(-1; X) =
EQ4 | X)+ E(Q_ | X). As such, we have
By | X)¢' (XT7) ~ B | X)o' (-XT87") =0,
and / /
E [{E(m | X))o (XTﬁopt) —B(Q_ | X)¢ (—XTgOPt) } X} = 0.

By the strict convexity of ¢, we have 3* = 3°P.

At last, we claim that when Y'(a)’s are bounded, we can shift Y (a) by a constant such
that E(|W,| | X) = Q(a; X). Take a = 1 as an example.

E(W1| | X)
= B[ (LX) YI{A=1} - [[{A=1} - 7(1;X)]Q(1; X)| | X]
= B[ (1) -QLX)I{A=1}/x(1; X) +Q(1; X)| | X]
= B[R X)] | X]~(-1;X) + E[{Y(1) - Q(1; X)} /=(1; X) + Q(1L; X)| | X]7(1; X)

Now, we shift Y (a) by a constant and notice that Y (1) — Q(1; X) does not change under
any constant shift. With a sufficiently large shift, we can guarantee that Q(1;X) > 0
and {Y(1) - Q(1; X)} /m(1; X) + Q(1; X) > 0. Thus, with a sufficiently large shift on the
outcome, we can achieve E(|W,| | X) = Q(a; X). O

In the following, we show two non-trivial examples where Condition (a) in Lemma 1 is
satisfied.

Example 1 If X;’s are independent with mean 0, let A = {j eN: ﬁ;pt #* O}. Consider
the following model

E(Y(a) | X) = fo(X " B%) + g(Xae).
Define
G ={9(Xue): E(9(Xae)X;) = 0, E(9(Xac)) = 0,Vj € A%}
Then if g(X 4c) € G, then Condition (a) is satisfied for the model above.

Proof. First, we have
E(Y(1)| X) - B(Y(-1) | X) = fi(XB%") = f1(X " B) € Ay(8),

for any 8. Next, we will show that E(Y (1) | X) + E(Y(-1) | X) € S4(8*). Because
fL(XTBPY) + f (X TBPY) € S,(B) for all 3, we just need to verify

E [g(XAc) {¢(XTﬁ*) +¢>(—XTﬂ*)} | XTgopt]
- F [Q(XAC) ‘ XTﬁopt:| E {(b(XTIB*) + ¢(—XT,6*) ‘ XTIBOpt} —0.
Notice that £ [Q(XAC) | XTﬁopt] = E[g(X 4¢)] = 0, we just need to show that
E [g(XAc) {¢(XTﬁ*) + qu(—XTB*)} \ XT/@OPt} —0
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Define A* = { JEN:Br # 0}. This is equivalent to show that

0 = Blg(Xa) {o(XT8)+o(-X)} | X 5]
= B |g(Xar) {#(X1Ba) + 0(-X 1 Bi) | | XABT'.

This is satisfied if A* C A due to E[g(X 4c)] = 0. To show this, assume W; and W_; are
positive, we consider the optimization problem

E[E(Y (1) | X)$(X1Ba) + BE(Y (=1) | X)p(~X 4Ba))-

Due to the strictly convexity, we can find the unique minimizer of this optimization problem
and denote it as 3%. The 87 satisfies that

E[{E(Y(1) | X)¢ (X1BL) — E(Y(-1) | X)¢ (-X 1B} X)),

for all j € A due to the first-order condition. Now, we claim that 8* = (8%, 0)". By first
order condition, we just need to show that

E{E(Y (1) | X)¢ (X1B4) — E(Y(-1) | X)¢' (-X 1B1)}X;] =0,
for all j € A°. Notice that

E{E(Y (1) | X)¢ (X 1B%) — E(Y(-1) | X)¢ (- X 1B84)} X;]

= E[{Ai(XTBP)¢ (X18%) — [-1(X 8P ¢ (—X 4 B5) 1 X]]
+E[{g(Xae)¢ (X183 — 9(Xae)d (—X ) B3} X]]

= E[A(X B¢ (X 1B0) — [-1(X 8P (—X J B ELX;]
+E[¢ (X AB%) — ¢ (—X 1B Eg(Xa) X

= 0.

Thus, we have that 3* = (8%, 0) ", which implies that A* c A. O
Example 2 If 3P =¢;, X ~ N(0,1I), and ¢ is a logistics loss, define
A={jen:gr#of,
and
F={f(X4e) € Ry :cov(f(Xac),X |X1)=0 and E(f(X4c)X4c) =0}.
Consider the following model
E(Y(a) | X) = fa(X TB) f(Xac) + 9(X ac).

then if g(X ac) € G and f(X 4c) € F, then Condition (a) is satisfied for the model above.
Especially, all even polynomials Bj(X ac) = HjeXAC X;kj belongs to F, where kj € N.
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Proof. Let

C(B; f)
= cov [B(Y(1) | X) ~ BY(-1) | X),6(X " 8) — 6(~X " 8) | X5

= cov [(Ai(XTB) — (X B f(Xae), (X B) — 6(~X T B) | X 5]
= (X7 = fa(XTBP)eov | f(Xac), o(XTB) — 6(-X " 8) | X5
We just need to show that
cov [ f(Xae), (X 8) — o(~X"8) | X8| = 0.
The gradient of C(8; f) is proportional to cov (f(X4-), X | X1). Because
cov (f(X ), X | X1) =0,
we can then conclude that C(3; f) = 0 for all 8. Thus, we have that
E(Y(1) | X) = E(Y(<1) | X) € Ay(8).
Next, we will verify that
E(Y(1) | X)+ E(Y(-1) | X) € 55(8°).

Similar to Example 1, we will show that A* C A. To show this, assume W7 and W_; are
positive, we consider the optimization problem

E[E(Y(1) | X)$(XaBa) + E(Y (=1) | X)d(~X 18.4))-

Due to the strictly convexity, we can find the unique minimizer of this optimization problem
and denote it as 7. The 37 satisfies that

E[{E(Y(1) | X)¢ (X1B4) — B(Y(-1) | X)¢ (=X 1BW)}IX;),
for all j € A due to the first-order condition. Now, we claim that 8* = (8%, 0)". By first
order condition, we just need to show that
E{E(Y (1) | X)¢ (X1B4) — E(Y (1) | X)¢ (-X184)}X;] =0,
for all j € A°. Notice that

E{E(Y(1) | X)¢ (X1B4) — E(Y(-1) | X)¢ (—X 1B2)}X;]

= E{AXTBP) (X )0 (X 1B%) — [1(X T BP) f(Xae)d (—X 4 B2)}X;]
+E{g(X )¢ (X 18%) — 9(Xae)¢ (—X 1B} X]

= E[A(XTB™)¢ (XAB%) — [1(X T8¢ (—X 1B Ef(Xac) X))
+E[ (X 1B7) — ¢ (—X 1B Elg(X 4c)X;]

= 0.
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Thus, we have that 8* = (8%, 0) ", which implies that A* C A. Thus, we have that

B [g(Xa) {o(XT8) + o(-X ") } | X5
— B(9(Xue) | XTBPYE(H(XTBY) + (=X "8 | X TBP) =0,
and

B [(A(XTB%) + fa(XTBP)f(Xae) {0(XT8%) + (- X T8%) } | X TP

[¥X
— E[(fi(XTB%P) + f1(XTBP)) f(Xue) | XT B
x E(¢(XTB%) +¢(—X"p")| X B =0.

Thus, we have that
E(Y (1) X)+EY(-1) [ X) € 54(87).

At the end, we will verify that cov (Bj(X 4¢), X | X1) =0 and E(f(X 4c)X 4c) = 0. When
j # 1, we have
cov (Bl(X_Ac),Xj ‘ Xl) = E(Bl(XAc)Xj ‘ Xl) = 0,

by E(X; | X1) = E(X;) = 0 and the distribution of X is symmetric. When j = 1, we also
have that cov (By(X ), X1 | X1) = 0 by the definition of conditional expectation. This
concludes that By(Xac) =[] . kaj eF. O

Appendix C.

In Appendix C, we compared the list of significant covariates selected by the proposed
method and Q-learning. The proposed approach identified most of the covariates selected
by Q-learning. In addition, the proposed approach also identifies 10 new driving factors,
which provide additional insights for further investigations. The figure 12 shows the Venn
plot of the selected covariates. The 95%-confidence interval of the selected covariates by
the proposed method is reported in Table 3.

Appendix D.

In Appendix D, we study the limiting property of the proposed method. We show the
proof of Theorems 3 - 7. In addition, we also show the validity of the Algorithm 4, where
the nuisance parameters are estimated nonparametrically and there is no sample splitting
procedure.

Theorem 8 shows that Algorithm 2, where there is no sample-splitting procedure, is
valid when the nuisance parameters are estimated parametrically.

Theorem 8 Assume that X is bounded. Suppose that 7(a; X) and Q(a; X) are known
to follow parametric models w(a; X, By) and Q(a; X, Bg) with true parameters 35 and ,6'6
respectively. Assume m(a; X, Bx) and Q(a; X, Bq) are second order continuously differ-

entiable, and ||V, m(a; X, By)||,, and HVBQQ(CL;X,ﬁ’fQ)H are bounded. Further, there
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@) Covariates selected by Proposed

@) Covariates selected by Q-Learn

Figure 12: Variable selection using the proposed method and Q-learning.

Algorithm 4: Inference of B* with parametric propensity and outcome model
estimations

Input: n samples.

Output: 5 and a p-value for Ho : 87 = 0.

Use all data to fit a parametric regression model with a lasso penalty and obtain an
estimator 7 for the propensity and an estimator @) for the outcome model;

Obtain the proposed estimator B by ming Ey, [l¢ (6; §+, ﬁ_ﬂ + AnllBll1, where §+

and Q_ are computed with 7 and @ plugged in, and A, is tuned by
cross-validation;
Obtain an estimator w for w* by

min,, F, [V2l¢ (B\, Q. §_> (X1 — lew)ﬂ + Anllwl|1, where A, is tuned by
cross-validation;
~ AT ~ A\T ~ —~
Let <ﬁnuu> = (O, (5_1) ), where B_1 is a p — 1 dimensional sub-vector of £

~

without 8. Construct the de-correlated score test statistic S (B\nully W) as

S (Bnuu, ﬁ?) =FE, [Vl¢, </§null; §+, (AZ_> (X1 — leﬁi)}, and the estimator of the
o~ A 2

variance 02 = E, [{Vl¢ (ﬂnull; Q. Q_>} (X1 — XL@)Q];

Calculate the p-value by 2 (1 — ®(]S|/7)), where ®(-) is the cumulative distribution
function of a standard normal distribution.
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Coef 95% - CI

Chronic Complications : Fluid and Electrolyte Disorders -0.024  [-0.047,-0.001]
Chronic Complications : African American -0.027  [-0.052,-0.001]
Alcohol Abuse : Entitlement Disability -0.054  [-0.104,-0.004]
HCC Community Score : Special Chronic Conditions -0.022  [-0.042,-0.002]
Hypertension : Lower Extremity Ulcer -0.036  [-0.068,-0.005]
HbAlc at Baseline : African American 0.019  [0.003,0.036]
Entitlement Disability : Hypothyroidism -0.024  [-0.045,-0.003]
Cardiac Heart Failure : Peripheral Vascular Disease -0.029  [-0.057, -0.001]
Chronic Kidney Disease : HbAlc at Baseline 0.081  [0.014, 0.149]
Other Race : Special Chronic Conditions 0.016  [0.003,0.029]
Liver Disease : Weight Loss 0.015  [0.003,0.027]
Other Neurological Disorders : Female -0.021  [-0.038,-0.005]
Lower Extremity Ulcer : HbAlc at Baseline 0.039  [0.010,0.069]
Chronic Complications : Bucketized Age 0.040 [0.016,0.063]
HbAlc at Baseline : Female 0.044  [0.028,0.061]

Table 3: Coefficients and CI for the significant covariates of the estimated decision rule.
Special chronic conditions refer to chronic conditions including amputation,
chronic blood loss, drug abuse, lymphoma, metastatistic cancer, and peptic ul-
cer disease. Bucketized age refers to a variable created by bucketizing the raw
age by its observed quartiles. Other Race refers to the race excluding White and
Black.

exist constants Cr and Cq such that V%ﬁw(a;X,Bw) < C.XXT" and V?@QQ(a; X,Bq) <
CQXXT, where for two matrices A and B, A < B implies that B — A is positive semi-
definite. In addition, suppose that ||B\7r — Billi = Op(n™%) and HB\Q - Bl = Op(n=P) for
some a, B > 0, we require that a + 5 > 1/2. In addition, we require that

Rmax{s*, s'} logn(log p)*? = o(n'/?)

and
(n~®+n"")R — 0,

where s* = ||3*[lo and 5" = max; [|[w}|lo-
Assume that Conditions (C1)-(C4) hold. For Algorithm 4, under the null hypothesis
Hy : 87 =0, by choosing A, < Ay, < (log p/n)'?, we have
n1/25’j — N(0,0?),

-
~2 2 P : ~ 2 _ [, 2 *.
and 55 — o3, where 55 is given in Algorithm 2, and o5 = (Vj) var [V l(B*; 0y, Q_)] V.

For the value inference, we also have the following theorem.
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Theorem 9 Assume thatY is bounded and denote the sample size offl as ni and 72 as na.
In addition to the conditions in Theorem 3, we further assume n] " n 1/2 = o(1) and one
of the following conditions: 1) Conditions (C6) and (C7) holds with (s (logp/nl)lﬂ)g—H =
op(ngy 1/2) 2) Condition (C7) holds with P (|XTB*|=0) = 0 and (s(logp/n1)1/2)7
1/2

)

op(ny '7), then we have

~

no?052(V (D) — V(D*)) — N(0,1),

where 0‘2/ = var [WE(X)(Y, X, A, Q)} .

Under Conditions (C6) and (C7) with (s(logp/711)1/2)<—w = op(ngl/Z), Theorem 7 holds
for both regular and non-regular cases. Condition (C6) implicitly assumes that B* cor-
responds to the optimal individualized treatment rule. When Condition (C6) fails, the
inference of the value under D*(X) is challenging but possible if Condition (C7) holds with

P(|XT8* =0) =0 and (s(logp/n1)"/2)" = o,(ngy /?).
Proof of Theorems and Corollary.

The proof of Thoerem 3 can be found for the proof of Lemma 10. The following provides
the proof of Theorem 4.

Proof of Thoerem 4. Let’s compute the following

null(J)’
I { ’%(XTﬂnun )= QWX TAN ) | (X - XTel)] ()
= (n/K)"PEP [{D ’“>¢<Xwnuu )= Q0 =XTAN )} G - XTwn]  (12)

(n/K)l/QE( [{ XT/Bnull J)) Q(f)(ﬁ ( XT/Bnull )} (ijﬁj(k) o Xj]w;)]
— (n/K)Y2E® _{ﬁi% (X787 - W (X T} (X; - X))
(n/K 1/2E [ ﬁ // XTﬂ ) )¢//(—XT5*)}XI](§(_? _Bij)

—f—(n/K)l/QEY(Lk) [{QS{C)QZ)/(XTﬁ*) . ﬁg{)(ﬁl(—XTﬁ*)} (ijﬁ(k) _ ijw;)]
+OP(1)a (13)

uniformly over j € {1,---,J}. The first line from (10) to (11) is the definition of

(k) (3k) (k)
S] (ﬂnull(J)’w ) :
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= BW [{ale(xT8) - M/ (- X8 } (X; - XTjw)]

) to
B4 ({30000 -6 X} 5, - X
|
+E®) H ® ¢ (X T Bouny) + ﬁ(f)¢”(_XTBnull,j)} XL(B&’? —B)

(%; = XTjw))]
= B0 [{olPe(x T8 - W/ (- X8 | (X, - X jw ]
+EP {0 ’“>¢"<Xva>+ﬂ ¢o"(-X78} XT,8%) - B)(X; - XTjw))]

+EP [{Q 67X T8 - ¢ (X Buny)]
+0 ¢ (=X = ¢ (=X Buny)] } XT,(BY) - B2,)(X; — X jw)]

O {0 [0"(xT87) = (X )| + Y [¢"(-XT87) — ¢ (=X T Bou)| |
XT,(8%) - B (x; - XTw))] |

< E'r(zk) [{ng) ¢N(XT/8*) o ¢”(XTBnull>‘ + Q(_k N(*XTﬂ*) - Qb”(*XTBnull)‘}
X758 - B )IIX; - X jw|
< ceP [{ale(x7e) + Ql“)qb”(—XTﬂ*)} XTBY) - B )PIX; - X jwi]

By the sub-gaussian of X; — X ij’f

7+ and sup; [|[w}[|1 < R, there exists a constant o, such
that

p1<i<n

P {j max - max | X5 — XiT_jw;\ > QJmR\/log(Tp)} < 2exp{—log(np)}.
One the event that max;j—_i ... , maxi<i<n | X;; — Xg_jw;\ < QO'wR\/W, we have
BR {0Pe"(x T + QWe" (- XA} IXT,(BY — 5P - X jwj|
< 20, logmp) EY ({0 (X 787 + Ve (-x g} IXT,(BY - 5P
By Lemma 10, we have that
sup B [{0P¢"(XT57) + 00" (-x T8} 1XT,(BY) - 87

jil,"',p
= Op(s*logp/n).
Thus, we have that
Ak * Ak * 2k * *
E® HQSF)?bH(XTﬁ )+ QW (-XT3 )} |ij(/8(,1) — BE)IPIX; - XIJ“’J”
= Op(R\/log(np)s*logp/n)
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Under the condition Rs*(logp)®/2/y/n — 0, we have Line (12) to (13).
Now, we focus on a bound for (13). For the first term in (13), by Claim 13, we have
that

n/2E0) [{0l (X787 - Y6/ (<X T8 } () - XTjw))]
= w2 [{0,0(X T8 - 0 (- X} (X, - X )]

20 [{ [ —0.] 678 - [0 — 0] ¢ (-X TN } (X, - X))
= 2B [{0, (X7 — 00 (- X8} (X, - X Tw))] +

0y (Bn=~ + R~ +n?)/logp/n)

uniformaly holds in j. By the conditions, we have

Rn=A+2 0 R(n™ +nP)y/logp — 0.

Thus, we have that the first term in (13) is equivalent to
(/) PER {0, /(XT) - 09/ (- X8} (X; - XTjw))]

uniformly.
The second term in (13) can be bounded by the following

max | (n/K)'PEY [{016"(X T8 + Q06" (X" 87) }

XT,(8%) - B)(X; - X jw))]|

IN

(n/ )2 maxc | B [{QP6"(XT87) + Qo (-X T8 | (X, - X w) X |
5% -#],
(n/ K mase [ B [ {0246 (X T8 + 00/ (-X T8} (X, - X)X ||
|89 =8| +0p (Rn#+12 4 R+ n7%)logp) 5" (log p/n)"/2)
The second equality comes from Claim 13 and Lemma 10. To bound
|E® [{ore"(xTB) + o0 (-X T8} (X, - XTw) X ||
we consider the following decomposition
|E® [{200" (X T8 + 0 6" (-X T8 } (X, - X wi X ]|
< HE&’“ [{1{‘4:1} (Y = Q(1; X)) ¢" (X' 8)+

HA=—-1) 1

m_1

IN

o0

(¥ - Q(-1: X)) ¢>”(—XTﬁ*)} (X, - XE-w;f)X-j}

.

d

B0 [{Q0: x)6" (XT3 + QU X)8" (=X T8 b (5 - XX ]|
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By the condition on Y — Q(a; X) on A = a, by the proof of Claim 13, the first term can be
bounded

a2 mae || Q9 [{1{‘4:1} (v - QU X)) ¢ (XTB)+
JET T
A=-1)

.

= v - QX)X 0 - X T
= Op(R+/logp/n).

For the second term, by the boundedness of Q(a; X)’s and ¢ (-), by Lemma 14 in Loh and
Wainwright (2015), if logp = O(n), we have

max | £ [{Q(1: X)6"(X T8 + Q(1: X)o/ (-X T8 } (X, - X wp) x|
= Op( R\/W)-
Because our condition that
Rn~"2s"1ogp — 0, Rn P2 50, and R(n™*+ n_ﬁ)\/@ — 0,
the second term in (13) is op(1).

The third term in (13) can also be bounded following a similar steps to the first term
n (13).

/50250 {00 anuw 000 (- XTB )} (XTs@) - XTw))|
< Jmm2e® [{2Po(x7p) - 806 (-XTaY } (X% - XTw))|

+‘(n/K)1/2E(k) [{Q( J¢"(xT8%) + Q! )¢ (- XT/B*)}

X" - w)xT,3Y - 8 ”+

uniformly in j. To bound the second term above, by Lemma 10 and 11, we have that

max | (n/K)VEP {206 (XT3 + 06" (-X T80 |

xT (@ - wi)x5(8Y) - )|
(n/K)'"/> {%Eﬁﬂ [{ﬁ(f)qﬁ”(XTB*) + 0N (-X T} X7 (@

IA

R 97y 1/2
%{Ew [{Q% (X7 + oMy (- xTp* })X B ~ ﬁ*)”}
= o0p(1).
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To bound the first term, we have

max‘(n/K)l/QE,(f) Hﬁf)qb’(XTﬂ*) _ ﬁgf)qb/(_XTIB*)} (ijﬁj(k) _ ijw;)”

jeT

IN

w20 {0607 -0 3T} x|,

IN

[n/m0 e [{r0x T8~ 0-¢/(-X )} X || _max |8 - w))|

+[ e [{(8F - 2)) ¢ (xTp - (A% -0 ) ¢'(-x T8} x|

~ (k) *
max ||w; — w}
JET H J i)

o0

1

For the second term, by Lemma 11 and Claim 13, we know that the second term is negligible.
For the first term, we decompose it into two terms, i.e.,

n2ER [{0,0/(XT8) -0 ¢/ (-X T8} X]

n'/2EF) [{m:” Y —Q(1; X)) ¢'(X 8%

™

A= - grnx) o x T b x|

+n'2ES {1 X)¢/(X T8 - Q-1 X)¢'(-X 187} X| .

Because Q(a; X)’s are bounded and gb/(‘) is bounded, by the sub-Gaussian condition on X,
under the null hypothesis, we have that

max | £ [{Q(1: X)¢/(XT8) ~ Q(-1: X)¢/(- X8} X]|

= Op(Vlogp/n).

By the condition of Y — Q(a; X) on A = 1 and the sub-Gaussian condition on X, by the
proof of Claim 13, if logp = O(n), we have

e [1{,4 = 1)

1

[e. 9]

max
jeT

= Op(\/logp/n).
Similarly, we can show that

e [1{A — 1)

T_1

(¥ - QLX) ¢/ (XA (X, - XW;)] ]

max
JjET

= Op(\/logp/n).

Thus, the first term is O,(n'/2/log p/n max{s*, s'}1/log p/n), which is negligiable.
In conclusion, we have that

g /K051 (3 ) 1025 .05

(¥ = QU-1:X)) (X8 X |

o0

~Q-¢(-X T8} (X; — XTw))]| = 0p(1).
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Define
2
o} =E [{Q+¢’(XTﬁ) - QJJS’(—XTﬁ)} (X — ijw;ﬂ :
Applying the Berry-Esseen bound for CLT, there exists some universal constant such
that

g 1, 50 [T

—w <—XT@ )} = XTwp)[ <071 - a/2)) = (1- a)

CO 3
— El|M;
s [,

IN

where
My ={0.¢/(XT8) - 0 ¢/ (X8} (X; - XTjw)).

From the sub-Gaussian conditions, we have that max; E[|M;[*] = O(R3). Thus, if R3/\/n —
0, we have that % max; E[|M;[3] — 0

Combining the inequalities above, we have

max sup ’P (‘ Hn/ K250 (B“” (‘),@V‘“))] <o (1 a/2)> (- a)) = 0,(1).

jed a€(0,1) null(j J

Averaging all the k’s, we can conclude the proof.
O

Proof of Theorem 8. We can observe that if Claim 13 holds with
nl/? HEn [(ﬁgﬁ - Qg'f)) h(X)X] H = 0,(1),

then the proof of Theorem 4 is applicable to Algorithm 2. However, the proof of Claim 13
uses the fact that the data used to train 7(-%) and Q=% is independent with those used to
fit the proposed method and form the score test statistic. Here, we provide a separate proof
of Claim 13 utilizing the parametric structure. Without loss of generality, we assume that 7
is estimated parametrically. To start with, denote the parametric model of 7 as 7(A4; X, 3).

Under this notation, we rewrite that 7(A4; X) ==« (A; X,,@T) and m(A; X) =7 (A4; X, B%).
We want to show that for any function h with ||h||s < C, we have for a =1 or —1,
HEn (2 — o) n(x) x| HOO = 0y (77 4 (7 4 n77)(log p/n)2)

We consider a = 1. Note that

| [ (269 - ) nO x|

<[ [Ha =13 G X) - 71 15.X0) (Q7P(15X) - QU1 X)) (X)X |
B [[{A=1} 7' (1; X) — a7 H(1; X)) (Y1 — Q(1; X)) h(X) X]||
+ || [(rga = 1/ms x) - 1) (9 (1 X) - Q(l;X)) n(X)x|||

=L +1+13
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For I, we can show that I} <

-8,
~ T ~

(m _ ﬁ;;) B [XXT] (ﬁﬂ — ﬁ;;) < n~1/2, Likewise, from the proof of Claim 13, we can

conclude that I3 < O, (n_ﬁ(logp/n)l/z). For I, we have

following the proof of Claim 13 and

B [H{A=1} (7711 X) - 721 X)) (Vi - QL X)) h(OX] |

= | A= 1 (n 7! (45X B ) -7 (45X 80)) (Vi - QLX) A(X)X ||

< B |~Ha= 24,8 Var(ai X8 (B, - 8) | (vi - Qi X))
h(X)X] .

< ||Bn [-X1{A = 17 (4 X B0 {Tem(4: X, 89} (V- QL X)) A(X)]||
<[5,

~ |8~ 87|, Gogp/n)?

When 7 is estimated by linear or logistic regression with lasso penalty, we have

Thus, the claim holds. O
Proof of Theorem 5. First, we will show that

—Q
<n %

(n/ ) mae (B = 87) T+ B0 [V (8% 0,00} (% = Xy} )] | = o,(1).
By the definition of B](.k),

(/B2 (B = ;) T+ BO) [(91 (87594, 90} (% - X 7))
= (/K| (B - ;) T}, — {57 (B, @) - BP ({1, (8" 24, 2-))
(% - xTwj) ]}
< (n/K)Y? (@(ﬁ)_ﬁ;) fj(fc) {S(k (ﬂ(k A(k)> _S(k (’Bnull A(k))}‘

K0S () - 5 [0, (35, 3737
< L+ Iy,

where ﬁr(li)n(j) equals to B(k) except its jth coeflicient replaced by 3.
By the proof of Theorem 4, we have

max Ij = 0p(1).
j
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To bound I;; uniformly, we consider
(k) (B(Kk) (k) (k) (gk)  ~(K)
(n/K)1/2S. (ﬂ() w; )—Sj (’anull(j)’wj >
= (n/K)'PEP [{ﬁ ¢'(X78) + 0" (X8} X, (51" - B (X; - X Tjw))

(k)
+
AP (XT Bu) + 00 (=X Bruy) | X581 - 8))

QW {¢//(_XT/6nu11(j)) - ¢"(—XT5*)}} Xj(gg(k) = Bi)(X; — ijw;] ’

where By (j) is in between B and Bj(k) By Claim 13 and the proof of Theorem 4, we

null(j)
can see that

(n/5)2ER {00 (X787 + QW (- X787 } X8 - 87)(X; - X))
= (/K)"2 (B = 57) L + 0p(1),

uniformly holds over j = 1,- -, J. For the third term, we have

(n/K)2[BS {0 {6"(XT Ban) - 0" (X T8} +

O (=X Bung) — ¢ (- X8} X (B — 87)(X; - XTjw))]|

< (m/K)2eEP [{ale(x T + AWe(-x T8 |

XT(BW — 37X, (B — 87 (X, XT5)] .

By the proof of Thoerem 4, we can show that
max j EX [{Q(f%”(XTB*) + QW (—x Tﬁ*)}

X7 (M - 87X, (B — 87X, — X jw)]
= Op(Rs*(logp)**/n).
Thus, the second term is negligible due to Rs*(logp)3/2/y/n — 0. Similarly, we can derive

the second term is negligible.
Combining these results, we have that

(n/ K)o (B = 7) T+ B0 [V, (80,000} (%) - X T )|
— (n/K)1/2m?x‘<ﬁ BJ) ( i Ij‘_j>‘+op(1).
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Notice that

(5 ) (1, 1)
= Y [{2Pe"(XTBY) + W (X TBY)} X, - (Y - X5

n

* * Ak * *
~B[{00"(XT8) + 0-¢"(-X T8 } X; (B - 87)(X; - X))
By Lemma 10, 11 and the proof of Thoerem 4, we have

(/) 2ER {007 (XTE®) + 0W ¢ (- X TE®) } x,(B - 87)
(X; — XL@](’“))}

= (/K)'PEP {0 (X8 + 0" (- X T8 } X, (B - 8)(X; — X jw)
+0,(Rs*(logp)*?/ /)

uniformly over j. Thus,

ma| (517 - ) (2, - 1)

E® [{@Ef)(b//(XTB(k)) I Q(_’“%”(—XTB(’“))} X;(X; — ijw;)} -

< max
J

E[{0:0"(X78) + 00" (- X8} X;(X; - XTw))]| 185 — 8
By Claim 13, we have
max | B {6/ (X7 + 016" (X782, - X)) -
{0, (XT3 + 00" (- X T8} X0 - X jw))|
= Op(Rn™*P + R(n™ +n~%)\/logp/n).

Thus, we have (n/K)Y? max; ‘ (@Ug) - B;) (fj(lk_)j - j‘,])’ = 0p(1).
Next, define

(a_\J(k))? _ p® [{Vl¢ (ﬁ(k);ﬁ(f)’ﬁ(f)) }2 (Xj - ij@§k))2] |
and
0?=F [{vzd, (85924, 0)Y (X, - Xij;)Q] .
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() -
£ [{w (B:0,60)V (x, - ija§k>)2]
B [(v1 50,0007 (- XTus)

- 20 [{o (3000} { (- x ) = (- X))}
+0 [{{71 (B9:00.09) ) - (9 (% 0,001} (% - X5 |

+(EY - B) [{Vl¢<ﬂ*;ﬂ+,fz_>}2 (x; - x7, gﬂ
— L4+ I+ I

We will show that max; = 0p(1). To show this,

For I, we have
£ {{v% (B(k);ﬁf)@(_k))r { (Xj _ ij@](k)y B (Xj - ijw;f)z}]

< CE® [{ﬁf)}z{ X; - XIj@j(.’“))Q - (Xj — XTjw;)2H

By Condition (C5), we have

E® {{?2@}2{()( - xTa) (- X D) H
= B® [mﬁ(’“’{(x - x7 ]”) (%) - xT;w)) H
s )p® [0 (3 - x750) - (- xTup)}].
Notice that
(X - x7 A](’“)) (X - x7 ])2

— xT (k) T o® T
= x5@" - wp) (2, - X - X))

= —{x@ —wp} X @ —w) (X - X ).

*JJ

By the condition on Y — Q(a; X), X and X; — X_j'w;f , we have
EW oMV L (x - xT 5®)* X, - X7, 2
ape {90 3 x5~ )
= O,(Rlognlog(np) max{s*,s'}\/logp/n).
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For I, we have

I

[ (3080 8) s (3 - T’
gk [{vz¢ (g“f); ng), ﬁ‘_)) — Vi, (B0, Q_)} Vi (8%, Q)
(% - XTjwj)Q] .
Under the sub-Gaussian conditions, we have
max‘Vl¢( AR, oP Q(k)> — Vi, (ﬁ*;m,ﬂ_)‘

= 0O, ((n* +n~%) + R\/log(np)s \/logp/n>

Thus, we have
I
o (k) T, .* 2
< Op ((n +n ")+ R\/log (np)s \/logp/n) EY (Xj — ijwj)

2
xEF) [!qus (B0, Q) (Xj —ijw;> ] :

By the condition on Y — Q(a; X), we have
max [Vl (8 Q02| = Oy(y/log ).

By Lemma 14 in Loh and Wainwright (2015), we have
2
max |EF) [(Xj —ijw;f) } ]
J

- maxE[(X ~XxTw )]4—0 (vIogp/n).

J

Thus, we have max; Iy = o,(1). For I3, similar to Iz, we can derive that max; Is = op(1).
Thus, we have
2
)

Now, we show that min; sz is bounded away from 0. To see this,

max

< = op(1).

2

> B[ - XTwp?] {B (Vi 870,208}
> duin {E [(V15 (84010001} > 0.
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Combining these results, we have

(n/K)"> ma | (B - ;) T /3"

l=J
o B (V15 (87594, 000} (X - XTw)) || = 0,(1).
By the Berry-Esseen bound for CLT, we have

max sup | P (|(B - ;) I /5| < 07 (1= a/2)) = (1= )| = 0,(1).
J ae(0,1)
O
Proof of Theorem 7. Let the two split data set be Z; and Zy with sample size nq
and ny. We rearrange the data as the order of index in Z; and Z,. Define the sigma-field
generated by first j samples as Fj.

V(D)-V(D) = (V-V)D)
+V (D) - V(D*)
= L + I

For I ,we have

n2

L= (B - B) (W (VX ARy Qo)

+F [W (Y, X, A, 79, @(—2)) -Ws

D(X )(YV,X,A,’]T,Q)}

D(X)

_ (E(Z)—E)(WA( (V. X AR Q(g))+0( o=y

n2

~

The second equality is due to Condition (C5). Let Z,,; = Wa Yi, X, Aiy T(—2), Q(—2)) —

Bxy |

E /WB(XZ.)(Y}', Xi, Ai,s T(—9), @(_2))} Consider M, ; = n, /QA—lzm We have
E[M,i|Fi-1] =0
for any i € Z. We also have that } .7, E| n2z|~7:171] = 0‘2,/3‘2/ — 1. Because Y is bounded,

7 and Q are consistent, and m(a; X)) is bounded away from 0 and 1, we have that Z,; is
bounded. Because 03 — 0% > 0, the conditional Linderberg condition (Condition C2) in
Luedtke and Van Der Laan (2016)) holds, the martingle central limit theorem for triangular

arrays [see, e.g., Theorem 2 in | shows that n2/ o, L = > iez, Mni — N(0,1).

Next, we will show that Iy = o,(ny 1/2).

V(D) -v(DY) = Ean{D £}
< B[apn{Ix"@ -6 >1x "6}
< Bllap{1g-gh = x78]

If |A] < ¢ (|X7B*|) when XTB* is at a neighborhood of 0, then V(D*) — V(D*) <
I8 — B*|I$T7. If we do not have condition, then V(D*) — V(D*) < ||8 — 8*|]7. Under

conditions, we have Iy = 0,(n, Y 2). This concludes the proof. [
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Proof of Lemmas and Claims.

The proofs of theorems use lemmas and claims below. For the simplicity of the notation,
we omit the superscript indicating split data set. For example, B is written as f3.

Lemma 10 Assuming conditions in Theorem 4, we have
18— B*|h = O, (8*(10gp/n)1/2> :
where s* = ||B8*||o. Further,
(B-B")"Hx(B - ") < s logp/n,

and
mjaX(B—j —B*)TH_;(B-; — B*;) < s*logp/n,

where Hx and H_; are defined in the proof.
Lemma 11 We have

mjax |lw; — 'w;f||1 =0, (Rmax{s*,s’} (logp/n)1/2> ,
where s" = max [|[wj||o-

The following claims are useful in the proofs of lemmas. It essentially takes advantage
of the subgaussian tail of Y, — Q(a; X).

Claim 12 Let Y = (Y1,---,Y,)T be the n dimensional independent random vector and
a € R™. Then

a. If Y;’s are bounded in [c,d] for some c,d € R., then for any t € (0, +00)
P (’aTY - aTE[Y]‘ > t) < 2exp {—/||al3(d — )*}.
b. IfY;’s are unbounded and there exists some M,vy € R such that
s {exp[[Vi — B(Y)|/M] — 1 [Y; — BOR)I/M} M? < 2,
then for any t € (0, +00)

P (‘aTY - aTE(Y)‘ > t) < 2exp {—12/2(||al|Zvo + lallooMt)} .

Proof of Claim 12. The proof is the same as Proposition 4 in Fan and Lv (2011). The
results from Hoeffding’s and Bernstein’s inequality, respectively. [J
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Claim 13 For any function vector h : RP — RY with h is sub-Gaussian with a prozry of the
order O(R), [|h(X)X T ||max < Op(an) and

IE[R(X)X ]|l = O(R) and max;, j, E [h;%l (X)} E [X;g] < RY, if anR~\/logp/n — 0,

we have fora =1 or —1,

| Bal(@0 = 2)R(X)XT]|| =0, (Rn™ + R(n~*+n~")/logp/n)

where ||V ||max denotes the mazimum of the absolute values of the entries if V' is a matriz;
iV is o vector, |V s = [Vl

max

Proof of Claim 13. For simplicity, we will prove when a = 1. The proof can also be
applied to a = —1. Note that

| Enl(©0 — 2a)A(X) X 7] |max
<[ B [Ha =1 EX) - 7711 X)) (001 X) - Q1 X)) (X)X ||

max

En [[{A =1} (771 (1X) = 77 (1, X)) (Y = Q(1; X)h(X)X |

+|
+ HEn (A =1}7101X) - 1) (Q(15 X) - Q1 X)) h(X)X | ‘
=L +L+13

max

max

Define

() = {I1Q=Qllos < en} N {IF = 7o < en™*} N {[A(X) X [lmax < can}
On = {|[Ba[h(X)hT(X)] — E[R(X)h" (X)]max < cRy/logp/n}
U{IEn[X X ] = BIXX lmax < cRy/logp/n)
For I, we have
P(|| > t) < P(|I1| > t | Qu(c) NOy,) + P(Q(c)) + P(O5).
By Condition (C5) and sub-Gaussian conditions, we have
Py (c)) =0, P(O5)—0.
On Q,(c) N ©,, we have
] < en e max By, (X)X,
< e max (B, - B)llhy (30Xl + Ellhy, (X)X}
By Lemma 14 in Loh and Wainwright (2011), we have
P(|(E, — E)[|h;,(X)X,,|]| > t) < 6pgexp {—cnmin (t*/0*,t/0)}
where ¢ is the multiplication of the proxy of X;, and h;, (X). Thus, we know that

II,| < CRn="

51



Liang, CHoi, NING, SMITH, AND ZHAO

on Q,(c) N O,,.
Now we focus on Is. For any t,c > 0, we have

P2 t) < P(I; > 1| Qu(c) NOn) + P(Q(c)) + P(67).
Notice that by Claim 12 and the independence of 7. Let
E={|E. [I{A=1} (7' (1; X) — 7' (1; X)) (Y1 — Q(1; X)) h;, (X)X}, ]| > t}.
For any j; € {1,--- ,q} and js € {1,--- ,p}, we have
P{&|A=1,2,Nn0,}
< 2exp {—;nﬂ {c2n2ay0En [h?l(X)XJZQ] + max |hj, (X)X 4o ]cn“Mt}}

1 _
< 2exp {—2nt2 {02n 2O‘V()\/En {h?l (X)} E, [X;é}
+ . n{lax |hj1 (XZ-)Xi7j2|cn_°‘Mt}}
=1,

1
< 2exp {—2nt2 {c4n2ayo Ijrlla];( \/E [h§1 (X)] E [X]‘é} + CQannaMt}} :

The last inequality uses the concentration inequality for polynomials of sub-Gaussian ran-
dom variables Adamczak and Wolff (2015), .i.e. there exist C',Cy, and c1, ¢y such that

P (B~ BIR> 0) < 2Cep{— o min (nr2/ @R, 0202 () |

1
P(|(En—E)[X;~1]|>t) < 2C’exp{—CDmin(ntQ/cl,n1/2t1/2/02)},

and the assumption that logp/y/n — 0.
Thus, under log p//n — 0, we have

P(I >t|Q,(c)NOy,)
<2p? exp {—nt2/2 {CC4R2n_2°‘V0 + czann_o‘Mt}} )

Let t = 8(Cctvg + M) Rc?n=%\/log p/n, we have
P {Ig > 8(Cctvy + A M)RAn™/logp/n | Qu(c) N @n} — 0.

For I3, notice that 7 is bounded and apply (a) in Claim 12, we can similarly conclude
I3 < O,(Rn="y/log pn). Thus, we con conclude the claim. [J

Proof of Lemma 10. To simplify the notation, we omite the superscript (k) instead,
we assume that the nuisance parameter estimations used in constructing SAZ+ and Q_ are
independent from the observed samples. Let S denote the support of 8*. Denote

D(B,B")
= B, {0 (XT8) - ¢/ (XT8] - Q[0 (-XT8) - ¢/ (X8I} X (B-8")].
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Let A =3 — 3*. Thus,
D(B.4")
= B [{000(XT8) -0 ¢/(-X B} XIA]
+E, [{§+¢’(XTB) — ﬁ_qs’(—XTB)} Xgﬁg}
~B, [{Q40/(X T8 - 00/ (-X T8 } XA
= (I)+ (1) + (IIT)

By KKT condition, N R
(1) < Al Asllr, (IT) = =An[lAg]-

Assuming that Wy, W_q, W, and W_; are positive, we have
(I11)
—_E, [{/ngb’(XTﬁ*) - W,@’(-XTB*)} XTA}
—— B, [{me/(X78") - W19/ (-X 8| XTA|
= By [{ W1 = WA]¢/(XTB%) = Wy = Woalo/ (- X 87} XA

Due to the sub-Gaussian condition on X, following the proof of Theorem 4, we can show

that
P (| [{mexT8) - woie'(-x T80} X | = 0Viogp/n)
< coexp(—cilogp),

where C, ¢p and ¢; are som constants. By (the proof of) Claim 13, the second term can
be bounded by O, {[(TFCy +n~ %) (logp/n)/? + n=o=F] ”AHI} when both model are correct.

Thus, (I1T) < C(logp/n)/2||A|; with a large enough C.
Let A\, = 2C(logp/n)'/?, on the event,

{|B [{moxT8) -wod(-x789 ) x| < Ciogp/n},

we have R N N
D(B,B") < C(logp/n)*(3||As| — | Agl).

Since ¢ is convex, we have D(B\, B*) > 0 and HASHI < 3H35Hl. In addition, D(B, B3*) can
be rewritten as

(B =B ElVis(3: 9y, Q) — Viy(8" Q+ 6%
=B, ([0, (XTB) + o' (- X TB)(XTAY)
B { [0, (XTB) + 0 (X B)] (XA
R ey
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The first term satisfies the RSC condition following the Proposition 1 in Loh and Wainwright
(2015) when X'’s are zero-mean sub-Gaussians with probablity at least 1 — ¢; exp(—can).
The second term has the following bound

EA[(0 - 04) "(XTB) + (2 -0 ) " (-XTB)| (X AP}
<JAR B [{ (94 —01) "(XTB) + (2 -0 ) ¢"(-XT8) } X XT||
S 4+ (078 + n7)logp/n)s | A5

The last inequality uses the fact that [|All; < 4||Aglly < 4(s*)/2||Agllz < 4(s*)Y2|| A
and the concentration inequality for the polynomial functions of independent sub-Gaussian
(Adamczak and Wolff, 2015). Thus, we have D(3, 3*) > &||A||3 —7+/logp/n| Alj1]|A||2 on
the event

max

{[| 2. [{moxT8) —woe(-xTp") | x]|| < cviogp/n}u
{H@ —Qlloo < Cnﬂ} N {||7Ar — 7))o < cn_o‘} U {RSC condition holds}.

Notice that

72 logp, ~

1A

7logp/nl|All1|All2 < k/2]| A3 +

26 n

Combining the upper bound of D(B, B*) derived above, given ||B8*[|1 < \/n/logp, we
have

lo

PR
[EAN(R

2
~ ~ ~ T
k/2| A3 < C(logp/n)'?(3]|Aslh — |Az]1) + N

Thus, we have

)

2 *
1Al < {24C+47'2} s*logp
K K n
~ 96C 1672 log p
A < — *
A < {24 L B,

~ 1672 1
D(B.AY) < 30{960+ 67 }s* ogp

K K2 n

Let Hx = E, {[ﬁm//(x%*) + ﬁ,gb"(—XTﬁ*)](XTX)}. Note that
ID(B.8%) — (B—B") Hx (B — 8"
= | B [040"(XTB) + Q0" (-XTB) ~ 010" (XTB) ~ Q¢ (- X8 (X TAY|

<C/log(np)s” (logp/n)'/* |(8 — 8 Hx (B - B)
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Combining with the upper bound on D(B, B*), by s*logp//n — 0, we know that

~ T ~ 3C (96C 1672) ,logp
_ — < .
(B-08") Hx(B ﬂ)_HC —

Let H_; = E, [{§+¢“(XT6*) + ﬁ_qﬁ”(—XTﬁ*)}X_jXL}. We have

(B — ﬁfj)TH—j(B—j -B%;)
<2(8 - B") Hx(B - BY)

~

+2(B) - BB [[046(X8Y) + Q¢ (-X T 87)]X7] .
Thus, we have
mfx(g—j ~B",) T H ;(B-; - B,)
< 2(B-p") Hx(B-B")
+2B - B3 max B, [[04.0"(XT8") + Q-0 (-X T 87)xF]
By the sub-Gaussian assumption, we have
max | By ([0 (X T8 + 00" (- X 787X
B [[006"(XT8) + Q¢ (-X 8] X2] | = 0,(1).

By max; E[X ]2] is bounded, we have that

max(B_; — B;)TH_;(B_; — B;) = O, (s*k)gp) :

J

Before the formal proof of Lemma 11, we establish the following claim. The following
claim plays the same role as the RSC in the proof of Lemma 10. Let S’ be the support of

w*.

Claim 14 Denote F(B8) = E,[U(B)X X T], where U(8) = Q4. ¢"(XT8) + Q_¢"(—X " 3).
And

(') = min { ()12 (0T F(B)v) /?/|vg |1 : v € R0}, llvg i < €llvsr|h |

where € is a positive constant. Assuming assumptions in Theorem 4, with probability tending
to one, kp(s') > r/\6.
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Proof of Claim 14. By the definition of xp(s’) and the fact that |[vg |1 < (s)/?|lvg|l2 <
(s")1/2||v]|2, we only need to show that

wh(s') = min {oT P(B)v/|[v]}3 : v € RA\{0}, [vg || < gllvsh |

Let F(B) = E,[U(B)X X "], where U(B) = Q,.¢" (X B8) + Q_¢"(—X T3). We have

v F(B)v/|v]}
v F(8")v/|[v]}
+ By [{@0 - 00)d"(XT8) + (2 - 0 )¢"(-X T8 | (X T0)?/|[v]3]
+ By [{ 246" (XTB) = /(X7 87) + (¢ (- X B) — ¢ (=X B8 } (X Tv)/|v]3]
+ B [{Q - 000" (XTB) - ¢"(X T8 | (X )/ Io]3]
+ B, [{(Q -0 )" (-XTB) - " (-X T8 } (XTv)?/|lo)3]

=v F(B")v/||v[3+ L+ L+ I3+ 1y

By (the proof of) Lemma 10, I; can be bounded by O, (n_o‘ + n_ﬁ). For I, we have
I < CE [{000"(XT8) + 0/ (-X T8} XT(B-8)(X "v)/v]}

< Cs"log(np)/vnv' F(B7)v/|v]3.

By s*log(np)//n — 0, we know that

A

I < T F(8%)v/2|lv]l3.
For I3, we have the following.
I <Ey [ {104 — 410" (XTBIIXT (B - 81} (X000l
<Cs*1og(np) VB [{104 - Q416"(X T8 } (X702 v]3]
S+ )" log(np) [V

Similarly, Iy S (= +n~7)s* log(np)//n. Hence, vT F(B)v/|[v]3 > (1/4)0T F(8*)v/|[vj3,
with probability tending to 1. Note that

o F@)o/Ilol} > (1/40T F(8" )/l

= 1/4{o Iv/Ipl3+ o7 (F(8) - I) v/|lv]3}
14 { in (1) = |07 (F(8Y) = I) | /|[0]3}
/A {62 = [0IRIF(8") = T lma/ 013}
By [[vl? < (6 + 1)2|lvs/ [ < /(€ + 1)?I|o[}3, we have

v  F(B)v/||v]3 > 1/4{x> — (€ + 1)*S'| F(B") — I"||max } -

AVARRLY,
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By sub-gaussian condition, we know that |F(8*) — I'*||max = Op((logp/n)'/?). By

s'(logp/n)l/2 — 0,

we have probability tending to 1 such that §'||F(8*) — I*||max < £2/[3(€ + 1)?]. Thus, we

can conclude the claim. [ R
Proof of Lemma 11. Let Aj; = w; — w}. By definition, we have

By [{ Q40" (XTB) + Q0" (- X T B) | (X; = X1,)] + N, ;1
<E, [{Q4¢"(XTB) + Q0" (=X TB) | (X; - XTw))?] + X, | .
By rearranging terms, we have equivalently
E, {006 (XTB) + 00" (-XTB) } (AT X ;%]
<2E, [{016"(XB) + 0 ¢"(-X "B } (X; - X jw))A] X,
+ Apllwille = Al
<211 + X, lwj[lr = X, w1
Notice that
Nollwi [l = Nl = Ny lw) gl = Allj,s0ll — N |19 501110 < Al A 0]l = Mol A 501
We just need to bound I;.
I
=B, [{040"(X T8 + 96" (- X8} (X; - X w) AT X ]
+ By [{(@ - 000" (XTB) + (@ -0 )¢"(-XB)} (X; - X w) AT X ]
+ By [{Q4(6"(XTB) - ¢"(XT87) + Q- (¢ (- X B) — ¢ (- X 8")) }
(X — ij“’}f)&TX—j]
=111 + L2 + L13.

By the proof of Theorem 4, on the event
{mjax |Ba [{ 020" (XTB) + 0o (-X T8 } (X, - XTw) x|
< CR(logp/m)"/?},

we have that
Il < B [{00e"(XT8) + 00" (=X T8} (X, - X w0 Xy || 140

< CR(logp/n)"?||Aj|1.
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For I;5, we have

112
<IE [{(@1 = 200" (XTB) + (0 - 2)¢"(~XTB) } (X, = XTw)) X5 | A -

and

18, [{(@4 —20)¢"(XTB) + @ - )" (X TB)} () - XTw)) X ] I
<IE [{(@4 = 20)¢"(XTB) + (- - )¢ (X8 | (X — X jw) Xy

1B, [{@4 - 20" (XTB) — (XT8N} (X - X ) X

1B, [{@ - 0)(¢"(~XTB) — " (X BN} (X; - X jw) X e

=191 + I22 + I3.

First, by (the proof of) Claim 13, max; I5; can be bounded by O,[R(n~%+n~?)(log p/n)'/>+
Rn*a*ﬁ]. Second, by the sub-Gaussian of X, Lemma 10, and Claim 13, we have

max I9o <C'max
J J

Bu [{104 - 0l (X T } X51X; - X w || XT(B- 8] |
<C's"logp/Vnmax | By [{104 - Qul¢(X 78" } X|X; - X T[] |

<R(n~%4n"")s*logp/v/n.

Similarly, max I3 < R(n~% 4+ n"?)s*log p/+/n. Thus,

T2l S o (R(logp/n) | A1)

uniformly holds for all j’s.
Now, we will bound I13. Let U(B) = Q. ¢"(X"B) + Q. ¢"(—X ' B).

| 113]
<E |

(U(B) - U(BY)/(U(B)XT (B~ B)| |08 )XT (B~ B, — X w))
X le/Q(ﬁ*)ATX_jH

1/2

<0 (BU(E)XTB - 820 - X)) (B 0B ATX,)7)
—C(ATF_(8)A )2 (BB (XT(B - )2, - X))
where F_;(8) = En[U(8)X ;X T,]. To bound

m?xEn[Um*)(XT(B—B )2(X; — X Lw))?,
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we have

mae E,[U(8°) (X (B~ B7)*(X; — X ju})?)

IA

rnjax (Ep — E)[U(B*)(XT(B\ - :6*)>2(Xj - ij’w;)Q]

+max B[U(87) (X (B~ 8)(X; — XLjw))?)

1B~ B} (B = BYU(B)X; = X)X X s
+CI|B - B3 max BI(X; - X jw5)?

IN

By Lemma 10, we know that there exists a constant C' such that
|I13] < CR(AJTF—j(,@*)Aj)l/Q(S* log p/n)"/?

uniformly holds for all j’s.
Taking X, =< R(logp/n)"/? and combining bound on I; and Allwille = Ay llwjll1, we
have

P {B, {208 (XTB) + 0 ¢"(-XTB)} (A] X )]

< CR(A]F_;(8")A))"*(s logp/n)'/?

+3RC(logp/n)?| A5y = CR(ogp/m) |1 A5/ }) = 1.
Let F_j(8) = En[U(B)X_; X1 ], where U(8) = Q4+¢"(X8) + Q_¢"(~X " 8). To make
the above inequality useful, we further link EJTF\,J(B)EJ with EJTF (B*)ﬁj. Consider
[ (B —F—j(ﬂ*)] 3]“
2[00/ (XTB) + Q¢ (-XTB) - 0 (XT ) - " (-X B (AT X )|
(@ =2 (XTB) + (@ -0 )¢"(-X B} (A] X,
E, {00 (¢"(XTB) - ¢"(XT8) + Q- (" (-XB) - " (- X B) } (A] X_)?]|
E [{@ 0o x B + @ - 0e-xTH) xxT]|
Ey [{010" (X8 + 06" (-XT8)} XT(B- BY)A] X
<O~ +n )| A} + CIA] F(B")A,|s* log(np) /n'/?.

IA
i
D
_l’_

|

I

1"
Thus, for some constant C" , we have

ATF(8)8; < (1+C"s log(np) /n'/?) ATF (B)A; + C"(n= +n )|, |,
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uniformly hold over all j’s. Combining with the inequality above, we have

AF_;(B)A;

< CRA]F-j(8)A;)(s log p/n)?
+3CR(logp/n)1/2H35/,jHl - CR(logp/n)l/QHAQ,j\h
* 7 o~ A~ ~ o~ —~ 1/2
< CRy/: lsgp ((1 +C s log(np)/nl/Q) A;F—j(ﬁ)Aj +C"(n"* + n_ﬁ)HAJH%)

+3CR(logp/n)"?|Ags jlli — CR(logp/n) || Agi 1,

uniformly holds over all j’s.
Notice that (n=® 4+ n"%)s* — 0 and s*log(np)//n — 0, we have

AJF_;(B)A; < C'R(s*logp/n) > (A] F_;(B)A;)/?
+3CR(logp/n)"*|Ag ;|1 — CR(logp/n)'/?| Ag 1, (14)
uniformly holds over all j’s with a sufficient large C’ and C.

L N\1)2
If (A;F_j(ﬁ)A]) < C'R(s*log p/n)'/?, Inequality (14) holds trivially. If
N I R I ooy 1/2
(A]F,(B)A;) " > C'R(s logp/n)' .

this implies that 3H£S/,jHl > HAS',;'HI- Due to the claim with £ = 3, we conclude
that H&S/’j 1 < C(s’)1/2(3;ﬁ_j(ﬁ)3j)l/2. Combining with Inequality (14), we have
(ATF_;(B)A))Y? < R(max{s*,s'} logp/n)"/2. Thus,

AJF ;(B)A; £ R*max{s",s'} logp/n

uniformly holds over all j’s. R R R
Now, we consider to bound [|Aj[l;. First, if 6[|Ag ;|1 > [|Ag ;[l1, then we have

1A]l1 < 7[|[Ag ]l < (8)2(A;F_;(B)A;)Y? by claim with & = 6. Therefore, we ob-
tain that R
1A;1 $ Rmax{s*,s'}(logp/n)"/>.

Otherwise, we have 6||35/7j||1 < ||3 g jll1- Then Inequality (14) implies that
A;F_j(B)A; < C'R(s* logp/n) > (A;F_;(B)A)"? — CR(log p/n)/?| Agi ,11/2.
Hence,
1Al < 7/6]Ag ;I S R(s")YX(AF_;(B)A;)? < Rmax{s*,s'}(logp/n)"/?,

uniformly holds for all j’s.
Because

AT [F4(8) ~ F(8)] A5 £ (0 +n 0| A,13 + |AT F_;(8") A, ls" logp/ v/

uniformly holds over all j’s, we have AJTF , j(ﬁ*)ﬁj < Rmax{s*, s'} log p/n holds uniformly
over all j’s. [J
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