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Abstract

In this thesis, we focus on two important statistical problems. The first is the nonpara-
metric estimation in a compound mixture model with application to the malaria study. The
second is the control of the false discovery rate in multiple hypothesis testing applications

with auxiliary information.

Malaria can be diagnosed by the presence of parasites and symptoms (usually fever)
due to parasites. In endemic areas, however, an individual may have fever attributable
either to malaria or to other causes. Thus, the parasite level of an individual with fever
follows a two-component mixture distribution, with the two components corresponding to
malaria and nonmalaria individuals. Furthermore, the parasite levels of nonmalaria indi-
viduals can be characterized as a mixture of a zero component and a positive distribution,
while the parasite levels of malaria individuals can only be positive. Therefore, the para-
site level of an individual with fever follows a compound mixture model. In Chapter 2, we
propose a maximum multinomial likelihood approach for estimating the unknown parame-
ters/functions using parasite-level data from two groups of individuals: the first group only
contains the malaria individuals, while the second group is a mixture of malaria and non-
malaria individuals. We develop an EM-algorithm to numerically calculate the maximum
multinomial likelihood estimates and further establish their convergence rates. Simulation
results show that the proposed maximum multinomial likelihood estimators are more effi-
cient than existing nonparametric estimators. The proposed method is used to analyze a

malaria survey data.

In many multiple hypothesis testing applications, thousands of null hypotheses are
tested simultaneously. For each null hypothesis, usually a test statistic and the corre-

sponding p-value are calculated. Traditional rejection rules work on p-values and hence



ignore the signs of the test statistics in two-sided tests. However, the signs may carry useful
directional information in two-group comparison settings. In Chapter 3, we introduce a
novel procedure, the signed-knockoff procedure, to utilize the directional information and
control the false discovery rate in finite samples. We demonstrate the power advantage of

our procedure through simulation studies and two real applications.

In Chapter 4, we further extend the signed-knockoff procedure to incorporate additional
information from covariates, which are subject to missing. We propose a new procedure,
the covariate and direction adaptive knockoff procedure, and show that our procedure can
control the false discovery rate in finite samples. Simulation studies and real data analysis

show that our procedure is competitive to existing covariate-adaptive methods.

In Chapter 5, we summarize our contributions and outline several interesting topics

worthy of further exploration in the future.
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Chapter 1

Introduction

1.1 Background

This thesis contributes to the nonparametric estimation in a compound mixture model
and the false discovery rate (FDR) control in multiple hypothesis testing problem with
auxiliary information such as the directional and covariate information. We first introduce

the research background by giving three illustrating examples.

Example 1.1. The first example is about the malaria study. Despite the major progress
in the fight against malaria, it remains an acute public health problem, particularly in sub-
Saharan Africa. Millions of people are at risk of malaria each year throughout the world
(Bhatt et al., 2015). Malaria can be diagnosed by the presence of parasites and symptoms
(usually fever) due to the parasites. However, malaria is not the only disease that is
associated with fever. Further, in areas of high endemicity, asymptomatic parasitaemia s
very common, and it should not be identified as clinical malaria. Thus, it is challenging to

develop accurate diagnosis methods for malaria.



The data from a cross-sectional survey of parasitaemia and fever for children less than
a year old in a wvillage in the Kilombero district of Tanzania (Kitua et al., 1996) is an
excellent illustrating and motivating example. In one study of the survey, parasite levels in
blood were collected in two seasons: dry season and wet season. The prevalence of malaria
varies between these seasons. In the dry season, the prevalence is very low, and the parasite
levels collected can be considered to come from nonmalaria individuals. In the wet season,
the prevalence is high due to the presence of mosquitoes. However, children can tolerate
parasites without symptoms and may have fever from other causes. Hence, the parasite
levels collected in the wet season can be viewed as a mixture of those from people infected
with malaria and those from nonmalaria individuals. One problem of interest is to estimate
the malaria frequency in the wet season based on the parasite levels collected from both the

wet and dry seasons (Smith, Schellenberg, and Hayes, 1994).

A unique feature of the data is that the parasite levels of some nonmalaria individuals
are exactly zero. The parasite levels from individuals in the dry season (nonmalaria indi-
viduals) therefore follow a mixture of zero and a positive distribution. To ensure the model
identifiability, we assume that the parasite levels for nonmalaria individuals have the same
distribution in the two seasons. Then the parasite levels from individuals in the wet season
follow a compound mixture (Qin and Leung, 2005). Specifically, let Xi,..., X,, be the
parasite levels from the nonmalaria individuals (i.e. individuals from the dry season) and
Y1, ..., Y, be the parasite levels from the mixture of malaria and nonmalaria individuals

(i.e. individuals from the wet season). Then we have

X1, Xon ~ Fx(z) = pl(z > 0) + (1 — p)Fi(x), (1.1)

Vi, Yo~ Fy(y) = (1= M) {pl(y 2 0) + (1 — p)Fi(y) } + AF2(y), (1.2)

where p is the proportion of nonmalaria individuals with zero parasite levels, A is the



proportion of malaria individuals in the wet season, and F; and F, are the cumulative
distribution functions (cdfs) of positive parasite levels for the nonmalaria and malaria
populations, respectively. We wish to estimate (A, p, Fi, Fy) without making additional

assumptions on F} and Fy. The details will be covered in Chapter 2.

Example 1.2. The second example is from the prostate cancer study. Singh et al. (2002)
present a dataset consisting of the gene expression levels of 6033 genes for 102 male indi-
widuals, including 52 prostate cancer patients and 50 normal control subjects. The goal of
the study is to find the genes that are differentially expressed (DE) between the two groups
of subjects. The identified genes might be further investigated for causal link to prostate

cancer development (Efron, 2010).

Let X;; be the gene expression level for the ith gene and jth individual, i = 1,...,6033
and 7 = 1,...,102, with j = 1,...,52 for the cancer patients and 7 = 53,...,102 for
the normal controls. Further, define X; = 5%2?11 X;; and X0 = %2}0353 Xij, 1 =
1,...,6033. To check if the ith gene is DE between the two groups of subjects, we test

Hy; : gene i is not DE in the two samples.

The classic two-sample t-test statistic is

where s; is the estimate of the standard error of the numerator, that is,

2 S (X = Xa)” + 2% (X — Xa)’ 1.1
50 52/

: 100

Under Hy;, t; follows the t-distribution with 100 degrees of freedom and the correspond-

ing p-value for its observed value is

pi = 2{1 — Fioo (’tz‘)} )

3



where Fiog is the cdf of t-distribution with 100 degrees of freedom.

To identify the DE genes in this prostate cancer dataset, we need to test more than
6000 hypotheses simultaneously and decide which null hypotheses to reject. Instead of
controlling the type I error rate individually on each null hypothesis, scientists are interested
in controlling the proportion of type I errors among the rejections. The expectation of the

false discovery proportion is the FDR, proposed by Benjamini and Hochberg (1995).

As we can see in Example 1.2, the sign of ¢; is ignored when we calculate the cor-
responding p-value. However, the signs may carry important directional information. A
negative sign indicates that expression of the corresponding gene is potentially suppressed
in prostate tumors, while a positive sign indicates a potentially elevated expression level.
We aim to develop a powerful FDR control procedure which utilizes the directional infor-

mation, and details are presented in Chapter 3.

Example 1.3. The third example is a genetic study of psoriasis vulgaris disease. Jabbari
et al. (2012) present a dataset consisting of the gene expression levels of 18151 genes
measured on three pairs of lesional and nonlesional skin samples. FEach pair of samples
is collected from one patient by using the RNA sequencing (RNA-seq) method. Similarly
to FExample 1.2, the main goal of the study is to find the DE genes between lesional and
nonlesional skin samples. Paired two-sample t-tests can be used to produce a list of t-test

statistics tq, ..., t1g151 with 8.8 effective degrees of freedom.

In addition to the RNA-seq t-statistics, Liang (2019) identify two useful covariates to
detect the DE genes. The first covariate is the length of the gene coding region, which
s available for all 18151 genes. The second covariate is the test statistic from a related
microarray study in Gudjonsson et al. (2010). Although there are many differences between

these two studies such as the platform difference and different patient enrollment criteria,

4



the two studies share the same design of paired lesional and nonlesional skin samples. The
macroarray test statistics are shown to be very informative not only for the magnitude of
the DE signals but also for the directions of the DE genes. Note that due to the platform
difference, some RNA-seq informative genes are not measured by the microarray, causing

missing data in the second covariate.

The procedure developed in Chapter 3 cannot incorporate the covariate information

available in this example. We will address this challenge in Chapter 4.

Throughout the thesis, the finite mixture models and the FDR play important roles.

Hence we review them in the next two sections.

1.2 Finite mixture models

In this section, we first give the formal definition of finite mixture models.

Definition (Finite mixture model). Suppose f;(x) is a probability density function
(pdf) or probability mass function (pmf), j =1,...,g. If the pdf or the pmf of a random

vector X can be written as

> mifi(a), (1.3)

then X follows a g-component finite mixture model. Here m; > 0 and Z?:l m; = 1. We
call g the number of components, 7;’s the mixing proportions, and f;(x)’s the component

density or mass functions.

The finite mixture model can be interpreted as follows. Assume that X is drawn from

a population consisting of g subpopulations. We use a categorical random variable Z to



denote the subpopulation membership. Here the possible values for Z are 1,..., g and
P(Z=j)=m, j=1,...,9.

Further assume that the conditional pdf or pmf of X given Z = j is f;j(x), 7 =1,....9.
If Z is not observable, then the marginal distribution of X is just the mixture model in

(1.3).

1.2.1 Parametric finite mixture model

When fj(x) = f(=x;0,) is known up to some unknown parameter 6, the finite mixture

model in (1.3) becomes
g
Zﬂjf(:c;ej) (1.4)
j=1

and is called a parametric mixture model. For example, if f;(x) = f(z; u;, JJZ) is the pdf
of normal distribution with mean j; and variance a , then we get a g-component normal

mixture model.

An important concept associated with the finite mixture model is identifiability, which
is the foundation for estimation problem. If the parameters (7, ..., 7, 64, ...,6,) are not
identifiable, then their estimation becomes meaningless. The identifiability of parametric
finite mixture models requires that for any two sets of parameters (my,..., 7, 64,...,0,)

and (77,... 7., 07,...,07,) such that 7; > 0, 7 > 0, ;’s are distinct, and 6}’s are

g*?

distinct, if
g
> mif(x;0) Zw f(x;0),
j=1

then g = g*, (m,...,my) = (77,...,m,,), and (01, ., 0,) = (07,...,07,) after permuting

the component labels. Many commonly used finite mixture models are identifiable, such



as mixtures of normal distributions. We refer to Titterington, Smith, and Makov (1985)

and McLachlan and Peel (2000) for more details.

In applications, the parameters (7, ..., 7, 601, ...,0,) are in general unknown and we
need to estimate them based on some estimation method with the observed data. The
likelihood-based method is one of the most popular methods for such purpose. Given
n independent observations X = {X;}! | from the finite mixture model (1.3), the log-

likelihood function is

L(8) =Y log {Zmﬂxi; 0»} ,

where 8 = {(7},0;)}/—;. The maximum likelihood estimator (MLE) of 3 is then defined

as

B = arg mgx 1.(8).

Due to the complicated structure of the mixture model (1.3), in general the explicit
form of MLE is not available. The expectation-maximization (EM) algorithm, proposed
by Dempster, Laird, and Rubin (1977), is one of the most popular methods for numerically

calculating the MLE. In the following, we provide some details on this algorithm.

In the EM framework, we view that the data consists of two parts, the observations
X; and the unobserved subpopulation memberships Z;. Note that 71, ..., Z, can be seen
as a random sample from the multinomial distribution with the cell probabilities being

(71, ...,m,). So the complete log-likelihood function based on Z = {Z;}? ; and X is

1£(8) =YY 1(Z = j){logm; +log f(X;6;)} .

i=1 j=1

The EM-algorithm is an iterative method. Each EM-iteration consists of an E-step and
an M-step. Let 8 = {(7T](~0), 03(-0)) 9_, be the initial value of 8 and B*) = {(W](»k), 9](-k)) .

7



be the estimate of 3 after k iterations, k =1,2,.. ..

In the E-step of the kth EM-iteration, we need to calculate
QBB ) =E{l;(B)|x, 8"V} = ZZP = jl&, 8% ) {log m; + log f(X; 6,)},
=1 j=1
where the expectations and probabilities are with respect to the conditional distribution
of Z given X and substituting 3 with 8%~1). As the complete log-likelihood function is a

linear function of I(Z; = j), it suffices to calculate the posterior probability

wg'g):P( = Jl&, B 1) f( ] k)l
Zl 1 (Xhe )
fori=1,...,nand j=1,...,g.

In the M-step of the kth EM-iteration, we update 3 by
B = argmaxQ(8; 87Y).
Due to the convenient structure of Q(3; 3%~V),
D=l
i=1
0‘5}6) = arg n%?x i wg?) log f(Xi; 0;).
The E-step and M-step are then iteratively applied until

1(B™Y) = 1,(BM))]
is less than a pre-specified threshold.

A nice property of EM-algorithm is the so-called monotonicity property. That is,

(BED) > 1,(B™).

8



This property guarantees that the EM-algorithm will eventually converge under some
very general conditions. Wu (1983) further proves that under some regularity conditions,

{B®1ee . will converge to a local maximum.

1.2.2 Extensions of parametric finite mixture models

Although the parametric finite mixture models are easy to interpret and their identifiability
has been well studied, the parametric assumptions on f;(x) in some situations may be
unrealistic. The model misspecification on f;(x) may lead to misleading results (Pommeret
and Vandekerkhove, 2018). Because of that, researchers have tried to relax the parametric

assumption on f;(x).

In the univariate case, Bordes, Mottelet, and Vandekerkhove (2006) consider the as-
sumption that f;(z) = f(x —0;), where the form of f(z) is unknown. Under this assump-

tion, the mixture model in (1.3) becomes
9
St —0y) (15)
j=1

The identifiability of (1.5) is discussed in Bordes, Mottelet, and Vandekerkhove (2006)
and Hunter, Wang, and Hettmansperger (2007). Bordes, Chauveau, and Vandekerkhove
(2007) propose a kernel-based method to estimate (my,...,7,,01,...,60,) and f. However,
its asymptotic properties still remain unknown. Hunter, Wang, and Hettmansperger (2007)
develop a minimum distance estimator of (my,...,m,,01,...,60,). Its asymptotic normality
is studied in Balabdaoui (2017). More recent development can be found in Xiang, Yao,

and Yang (2019).

Qin et al. (2014) and Yu, Li, and Qin (2019) consider a class of univariate nonparametric

mixture models, in which each observation is from a finite mixture model with the mixing

9



proportions known. More specifically, let (X;, m;1,...,mg4), 4 = 1,...,n be the independent
and identically distributed (iid) observations such that 7;; > 0 and >_%_, m;; = 1. Further,

the pdf of X, conditioning on (71, ..., m,) is given by
9
> mifi(). (1.6)
j=1

Here fi(x),..., fy(x) are pdfs and their forms are unknown. This class of models have
wide applications in genetic and epidemiology studies. Yu, Li, and Qin (2019) provide the
sufficient conditions to ensure the identifiability of (1.6) and propose a maximum smoothed
likelihood method to estimate fi,..., f;. They further study the L; convergence of the
proposed estimators. Qin et al. (2014) propose a maximum binomial likelihood to estimate
the component cdfs. Their method can also be applied to the censored data. However the

asymptotic properties of their estimator still remain unknown.

In the multivariate case, a commonly used assumption is that f;(x) is equal to the
product of its marginal densities. That is, conditional on the subpopulation membership
Z, the coordinates of X, denoted as X, ..., X, are independent. Under this assumption,
the pdf of the random vector X can be written as

fl)=> ;[T finlae)- (1.7)

j=1 k=1

Allman, Matias, and Rhodes (2009) show that Model (1.7) is identifiable when p > 3 and
fiks- -, for are linearly independent for £ = 1,...,p. Hall and Zhou (2003) propose an
minimum distance method to estimate s and fjf xS when g = 2 and study the asymptotic
properties of the corresponding estimators. Benaglia, Chauveau, and Hunter (2009) suggest
an EM-like algorithm to obtain the estimates of 7’s and fj; s . However, they do not discuss
the asymptotic properties of the estimators. Levine, Hunter, and Chauveau (2011) further

notice that the EM-like algorithm does not have the monotonicity property. Motivated
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by this fact, Levine, Hunter, and Chauveau (2011) introduce the maximum smoothed
likelihood estimators for 7is and f7;s and further propose a maximization-minimization
algorithm to numerically calculate the estimates. Recent developments along Model (1.7)
and other generalizations of Model (1.7) can be found in Chauveau, Hunter, and Levine

(2015) and Zheng and Wu (2019).

An alternative and useful tool to extend and generalize the parametric finite mixture
model in (1.4) is the use of local mixture model (Marriott, 2002), which allows for the
unknown number of discrete components or continuous mixtures. For illustration purpose,
we will concentrate on the univariate case, in which the mixture model in (1.4) can be

written as .
> mif@ity) = [ Fla:0)dQe),
j=1

where

Q(h) = ijf(ej <4).

The main idea of the local mixture model is to assume that Q(0) is close to a point mass
function at some fixed point 6, and then approximate f(x; Q) by

K

akf<90; 0o)
[ 004Q0) = szt + 3= 5E, (1.9
where o, ..., ok are unknown parameters. The right hand side of (1.8) is called the local

mixture model of [ f(z;0)dQ() with order K and it only involves K unknown parameters.
The traditional methods can then be applied to estimate the unknown parameters. After
Marriott (2002), the local mixture model has wide applications in many areas such as
measurement error modelling, Bayesian prediction, and influence analysis. We refer to
Maroufy (2016) and Maroufy and Marriott (2017) for the recent development of local

mixture models and the generalization of the local mixture models.
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1.3 Multiple hypothesis testing and false discovery

rate

1.3.1 False discovery rate and family-wise error rate

In multiple hypothesis testing problems, such as in Examples 1.2 and 1.3, a large number of
null hypotheses are tested simultaneously. The concept of the FDR plays a very important

role in such problems, and we give a brief introduction to the FDR in this section.

Suppose there are n null hypotheses which are tested at the same time. Table 1.1
summarizes the outcome after applying a certain rejection rule to the n hypothesis tests.
Here V' is the number of true null hypotheses which are falsely rejected, i.e., the number
of type I errors, S is the number of false null hypotheses which are correctly rejected, U is
the number of true null hypotheses which are correctly accepted, and T' is the number of

false null hypotheses which are falsely accepted, i.e., the number of type II errors.

Table 1.1: Results of a multiple hypothesis testing problem

True null hypotheses | False null hypotheses
Rejection V S
Acceptance U T

In multiple testing problems, if we only control the type I error rate individually for each
null hypothesis, the expected number of false positives, E(V'), will increase linearly with the
total number of hypotheses n. Hence a sensible multiple hypothesis testing error measure is
required to control this multiplicity effect. In the literature, there are two popular measures

for such purpose. The traditional one is the family-wise error rate (FWER), which is the
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probability of making at least one type I error among n hypothesis tests, i.e.,

FWER = P(V > 1).

The more recent one is the FDR (Benjamini and Hochberg, 1995), which is the expectation

of the false discovery proportion (FDP), the proportion of type I errors among all rejected

null hypotheses, i.e.,

FDR = E (FDP) = E {maX(VV+ 5T } .

The effect of “max(V 4 S5,1)” is to avoid 0 in the denominator.

In the literature, there are many discussions regarding the application scope of both

measures, and we summarize them below. More details can be found in Benjamini and

Hochberg (1995) and Benjamini and Yekutieli (2001).

(a)

The control of the FWER is more important when the overall conclusion is likely to be
wrong due to a type I error committed by one of the hypothesis tests. For example,
consider the case where we compare multiple new treatments with the standard one and
conduct one hypothesis test for each comparison. The goal of the study is to check if
any of the new treatments performs better than the standard treatment. If any of the
hypothesis tests commits a type I error, a wrong conclusion will be made that one of
the new treatments shows better performance than the standard one. Controlling the

FWER avoids exaggerating difference in treatment effects.

As the FDR is always no larger than the FWER (Benjamini and Hochberg, 1995), a
procedure controls the FDR can be less stringent compared with methods that control
the FWER at the same level. That is, we can expect a power gain from controlling

the FDR instead of the FWER. For example, consider the case where we compare
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characteristics of a treatment group and a control group to investigate the potential
treatment effect. Multiple experiments are conducted to test various aspects of the
treatment effect. We want to find as many aspects of the treatment effect as possible
rather than to draw an overall conclusion about the existence of any treatment effect.

In this case, controlling the FDR will be more appropriate.

In my thesis, we are interested in controlling the FDR. The goals of the prostate cancer
study in Example 1.2 and the psoriasis vulgaris study in Example 1.3 are to identify the DE
genes, and each gene can be viewed as one aspect of the human transcriptome. We want to
identify as many DE genes as possible to serve as potential biomarkers for disease diagnostic
purpose. The identified DE genes will be subject to further investigation, and we wish to
have a large proportion of the DE genes among declared discoveries for future research.
Controlling the FWER, the probability of any discovery being false, is too stringent for

the scientific purpose.

1.3.2 Existing false discovery rate control methods

Benjamini and Hochberg (1995) not only formally define the concept of the FDR, but also
propose a linear step-up procedure, which we will refer to as the Benjamini-Hochberg (BH)
procedure. This procedure can control the FDR in finite samples under the condition that
the true null test statistics are independent of each other and independent of alternative
test statistics. The independence condition, denoted as the null independence condition in
this thesis, is used by many other procedures in the literature, such as Storey, Taylor, and
Siegmund (2004) and Liang and Nettleton (2012), as well as our methods in Chapters 3
and 4.
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Let m be the proportion of true null hypotheses. The BH procedure actually controls
the FDR at the level mya. This suggests a natural way to improve power by applying the
BH procedure at a higher nominal FDR level of a/7g, where 7y is an estimate of my. Let
n be the total number of null hypotheses. Storey, Taylor, and Siegmund (2004) propose a

mo-estimator as
#{i: pi>A+1
n(l—\) ’

where p; are the p-values. The estimator is based on a fixed tuning parameter A between 0

7%0(/\) =

and 1. They show that an adaptive procedure based on this my-estimator can control the
FDR and is more powerful than the BH procedure. Liang and Nettleton (2012) propose
a class of dynamic adaptive procedures whose tuning parameters are determined by the
data. Recently, MacDonald, Liang, and Janssen (2019) show that these dynamic adaptive

procedures control the FDR in finite samples.

In practical applications, there are typical auxiliary information available in addition
to a list of p-values. One type of the auxiliary information is the directional information
illustrated in Example 1.2. Sun and Cai (2007) show that from a decision-theoretic point
of view, the p-value based procedures are inadmissible. They propose to work with z-
values, a statistic which has a one-to-one relationship with the test statistic that preserve
the directional information. Subsequently, some direction-adaptive methods such as Orr,
Liu, and Nettleton (2014) and Zhao and Fung (2016) are developed by grouping the p-
values according to the signs of the corresponding test statistics. Orr, Liu, and Nettleton
(2014) propose to control the FDR in the positive and negative groups separately and
combine the two rejection results. Zhao and Fung (2016) suggest a weighted BH procedure
with different weights for the two groups. Simulation studies show that by utilizing the
directional information, the direction-adaptive methods outperform the traditional p-value

based methods. However, none of them are shown to control the FDR in finite samples.
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Other types of auxiliary information also abound. Li and Barber (2017) consider the
multiple testing problem where the null hypotheses are ordered for rejection. Li and Barber
(2019) study various structured settings. For example, in a multiple testing application
where each null hypothesis corresponds to a gene, true signals may tend to co-occur in
the same genetic pathway. Li and Barber (2019) can utilize this structure information by
grouping genes according to their genetic pathway and assigning different group weights.
Recently, methods are developed to handle generic covariates. For example, Ignatiadis and
Huber (2018) can utilize a single covariate that is either categorical or continuous. Lei and
Fithian (2018) propose an adaptive p-value thresholding procedure that can incorporate
multiple covariates. All of these methods above are shown to control the FDR in finite
samples. Note that it is possible for the group-adaptive methods, such as Li and Barber
(2019) and Lei and Fithian (2018), to utilize the directional information by grouping null
hypotheses according to the signs of test statistics. However, it is not clear whether they

can efficiently use the directional information.

1.4 Contribution and outline of our work

In this thesis, we propose novel statistical methods with solid theoretical support for the

research problems motivated by Examples 1.1, 1.2 and 1.3.

Chapter 2 focuses on the research problem motivated by Example 1.1 and considers
the situation where there is no assumptions imposed on F} and F;, except that they are
cdfs. As we will review in Section 2.1, the existing methods for analyzing the data from
Models (1.1) and (1.2) are based on some parametric or semi-parametric assumption on the
densities of F; and F5. They may not be robust to model misspecification. The existing

nonparametric methods, reviewed in Section 1.2.2, do not take the special structure of (1.1)
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and (1.2) into consideration. We propose a maximum multinomial likelihood approach to
estimate the unknown parameters and functions (A, p, Fi, F») in Models (1.1) and (1.2).
An efficient EM-algorithm is further developed to compute the estimates. We establish
the asymptotic properties of the proposed maximum multinomial likelihood estimator of
(A, p, F1, F3). Simulation studies and the analysis of Example 1.1 show superiority of the

proposed method over its competitors.

Chapter 3 focuses on the control of the FDR with the directional information. Tradi-
tional methods are based on p-values and ignore the directional information. In Chapter
3, we propose a novel method, the signed-knockoff procedure, to utilize the directional
information and control the FDR in finite samples. Simulation studies show our power
advantage over competing methods. We also analyze Example 1.2 to demonstrate the

advantages of the signed-knockoff procedure.

In Chapter 4, we extend the signed-knockoff procedure to incorporate the additional
information from the covariates, which are subject to missing. We also show that the new
method, the covariate and direction adaptive knockoff procedure, can control the FDR in
finite samples. Simulation studies show that our procedure has a better power performance
than existing covariate-adaptive methods. We further analyze Example 1.3 and show the

superiority of our method over existing methods.

Chapter 5 concludes the thesis with a brief summary and provides some possible direc-

tions for future research.
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Chapter 2

Maximum multinomial likelihood
estimation in a compound mixture

model

2.1 Introduction

Chapter 2 is devoted to developing the statistical method for the research problem mo-

tivated by Example 1.1. Recall that the dataset contains parasite levels collected in two

different seasons. The parasite levels collected in the dry season are denoted as X, ..., X,,,
and those in the wet season are denoted as Y7,...,Y,. They can be modeled with
Vi, Yo~ Fy(y) = (1= N {pl(y > 0) + (1 = p)Fi(y)} + AFa(y), (2.2)
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where p is the proportion of nonmalaria individuals with zero parasite levels, A is the
proportion of malaria individuals in the wet season, and F} and F, are the cdfs of positive
parasite levels for the nonmalaria and malaria populations, respectively. In Section 2.6.1,
we show that (A, p, Fi, Fy) are identifiable if 0 < A\,p < 1 and Fj(z) = Fy(x) = 0 for any

x < 0. We wish to estimate (A, p, F}, F,) without making additional assumptions.

There are at least two important applications for the estimation of (A, p, Fy, F3). First,
the estimation of A\, the estimated malaria frequency in the mixture sample, will be helpful
for the implementation of intervention programmes (Vounatsou, Smith, and Smith, 1998).
Second, the estimator of (A, p, Fy, F3) can be used to construct an estimator of the posterior
probability that an individual in the mixture sample is infected with malaria given his/her

positive parasite level. See Section 2.5 for more details.

The compound structure seen in (2.1) and (2.2) does not appear only in the malaria
study. It also appears in biomedical research and diagnostic practice, especially when there
is no gold standard for the true positives. See Smith, Schellenberg, and Hayes (1994) and
Qin (2017) for more examples. Using (2.1) and (2.2), Smith, Schellenberg, and Hayes
(1994) consider a model-based approach in which the relationship between the parasite
level and malaria status (malaria or nonmalaria) is modelled through a logistic regression.
Qin and Leung (2005) observe that this relationship is equivalent to a density ratio model
assumption on the pdfs of F; and F,. They further propose a semiparametric likelihood
method to estimate (A, p) under the density ratio model assumption. Vounatsou, Smith,
and Smith (1998) consider the estimation of (A, p) under a setup where the pdf ratio of
F5 and F} is a monotonically increasing function of the parasite level. They suggest first
grouping the positive parasite levels into several ordered categories and then estimating
the unknown parameters with a Bayesian method. In summary, the existing methods rely

on certain model assumptions for the pdfs of F} and F,, which may not be robust to model
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misspecification on Fy and F,. Further, Vounatsou, Smith, and Smith (1998)’s method

requires ad-hoc grouping of the positive parasite levels.

In this chapter, we concentrate on the situation where there is no assumption on F}
and Fy except their identifiability conditions. Under this setup, (A, p) can be naturally
estimated by the binomial estimator (Qin and Leung, 2005) as follows:

m np
where mq and ng are the number of zeros in { X, ..., X,,} and {Y;,...,Y,}, respectively.

With the estimator of (A, p), (Fy, Fy) can then be naturally estimated with

Fi(a) = Fey(@). F(@) = (0 {Bry@) — (1= 3)Ei ()}, (2.4)
where \* = A\/{1—p(1 —\)} and Fy(x) and Fy,(z) are the empirical cdfs of the positive
values in {X7,...,X,,} and {Y7,...,Y,}, respectively. To ensure the monotonicity of the

estimator of Fy(z), one can apply isotonic regression to Fj to obtain an estimator Fj(x)

of F,, which is guaranteed to be an increasing function. See Section 2.4 for more details.

The estimator (;\,13, Fy, Fy) is quite natural and simple to implement. However, the
estimator (X, p, 1) does not use the compound structure in (2.2). Further, the estimator
(5\, P, I, Fg) does not have a likelihood interpretation and may not be fully efficient. There
is room for improvement. Motivated by the idea of the binomial likelihood (Qin et al.,
2014), we propose a maximum multinomial likelihood approach to estimate (A, p, F1, F3)
simultaneously. This method takes the zero-inflated and compound structure in (2.1) and
(2.2) into account. The resulting maximum multinomial likelihood estimator is shown to
be consistent. Its asymptotic properties are also investigated. Simulation studies show

that the proposed estimator is more efficient than (5\, b, Fi, Fg).

The rest of Chapter 2 is organized as follows. In Section 2.2, we discuss the applica-

tion of the empirical likelihood method (Owen, 2001) and show that it fails to produce
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a consistent estimator for (A, F»). We further review the idea of the binomial likelihood
and its recent development. In Section 2.3, we propose the maximum multinomial likeli-
hood estimator for (A, p, F1, F3) and establish its asymptotic properties. We also develop
an EM-algorithm to numerically calculate the estimate. In Section 2.4, we use simulation
studies to compare the proposed maximum multinomial likelihood estimator with the bino-
mial estimator (5\, p, F1, F3), the maximum empirical likelihood estimator of (X, p, Fy, Fy),
Qin and Leung (2005)’s semiparametric estimator and the parametric estimator, and then
demonstrate the superiority of our method. Section 2.5 applies our method to the real
dataset in Example 1.1. For convenience of presentation, all the technical details are given

in Section 2.6.

2.2 Empirical likelihood and maximum binomial like-

lihood

2.2.1 Failure of empirical likelihood method

As a nonparametric likelihood method, the empirical likelihood method (Owen, 2001)
seems a natural choice to estimate (A, p, Fi, Fy). However, we will show that it fails to

produce a consistent estimator for (A, Fy).

Let m, and n, be the numbers of positive values in {X,..., X,,} and {Y3,...,Y,},
respectively. Without loss of generality, we use X;,...,X,,, to denote positive values in
{X1,...,X,»} and Y3,..., Y, to denote positive values in {Y7,...,Y,}. For illustration,

we consider the case where there is no tie in {Xy,..., X, Y1,..., Y, }

Denote a;, = dFy(X;) for ¢ = 1,...,my and aj4m, = dF1(Y;) and b; = dF(Y;) for
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j=1,...,ny. Let a=(a1,...,0m 4+n,)" and b = (by,...,b,,)". Following the empirical
likelihood principle (Owen, 2001), the log empirical likelihood of (A, p, a, b) is

[el()\vpv a, b)
my n4
—mologp+ Y log {(1 ~ p)as} + molog {(1 ~ \)p} + 3 log {(1 = A)(1L ~ p)asu, + b}
i=1 j=1

The maximum empirical likelihood estimator of (A, p,a, b) is

()‘elaﬁeb éelu Bel) = arg Inax id()\,p, a, b)
A, p,a b

subject to the constraints

m4+n4

Ae[0,1], pel0,1], a; >0, b >0, Z a; =1, Zb]_1

The maximum empirical likelihood estimators of F(z) and Fy(z) are

my n4 ny
Fra(@) =Y aial(X; <)+ Y djpm,al (VG <), Foa(r)=> bjal(V; <)
=1 7=1 7=1

The following proposition gives the closed form of (5\61, Del Fl,ela de). The proof is in
Section 2.6.2.

Proposition 2.1. Suppose there is no tie in the positive observations in {X1,..., X, Y1,. ..

Then we have

~ ny mo + N
Al = —, Pej = ——,
n m + ng
and
jas
Fe IX< Fe IY<
11( m+z r), Fye n+z )
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Proposition 2.1 implies that
At = (L= N1 =p)+ X, Foal@) > (1—X)Fi(zx) + N\ Fy(x)

in probability, where \* = A/{1 — p(1 — A\)}. Therefore, when 0 < A < 1land 0 < p < 1,

A\ and Fg,el(ac) are not consistent estimators for A and Fy(x).

2.2.2 General idea of binomial likelihood

Our method is motivated by the binomial likelihood approach proposed by Qin et al.
(2014). We briefly review the main idea by considering a simple case. Suppose we have
a random sample 71, ..., Z, from a population with cdf G(z). The binomial likelihood is
motivated by the fact that for any given t,

1(Z, < 1) ~ Bin(l; G(t)),
where “Bin” denotes the binomial distribution. Summing the log-likelihood of {I/(Z; <
)}, for the given t gives

ZI (Z; <t)log G(t) {n—ZI (Z; <t) }logG(t),

i=1
where G(t) =1 — G(t).

We can arbitrarily choose the values of t and then take the sum of Ip(G;t) over the
chosen values of ¢ or we can integrate ZB(G; t) to get an objective function which does
not depend on t. Let Z) < ... < Zy be distinct values of the observed random sample
Zi, ..., Zy. Qin et al. (2014) suggested choosing the values of t to be {Z;), j=1,...,J}
and then taking the sum of [z(G;t) over these J values. This gives the binomial likelihood

as follows: J
ZZ (G; Z(;))-
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The maximum binomial likelihood estimator of G(z) maximises (5(G) subject to the con-
straint that G(z) is a cdf. Qin et al. (2014) show that the empirical cdf of Xj,..., X, is a
maximum binomial likelihood estimator of G(z). They further apply this method to esti-
mate the component cdfs of mixture models with known proportions with censored data.
Lee et al. (2016) apply the binomial likelihood method to estimate the distributional treat-
ment effects in instrumental variable models. To avoid dealing with potentially vanishing
probabilities in the boundaries, they recommend using a subset of Z(;) < ... < Z 5. They

also establish the asymptotic properties of the maximum binomial likelihood estimator.

Naturally, we may apply the binomial likelihood method to the data generated from
Models (2.1) and (2.2). However, the binomial likelihood does not take the zero-inflated
structure into account. Specifically, if we apply the binomial likelihood method to the data

from Model (2.1), for any given t > 0
P(X; <t)=p+ (1—p)Fi(t),

which implies that p and F; are tangled together in the binomial likelihood. A similar
problem occurs when the binomial likelihood method is applied to the data from Model

(2.2).

2.3 Maximum multinomial likelihood estimation for

compound mixtures

2.3.1 Maximum multinomial likelihood

Motivated by the idea of the binomial likelihood, we now propose a maximum multinomial

likelihood to estimate (A, p, Fy, Fy) simultaneously. This method takes the zero-inflated
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and compound structure in (2.1) and (2.2) into account. We first introduce some notation.

For any ¢ > 0, let
ML(t) = (mio, ma (1), ma(®))* = (T(X: = 0), 10 < X; < ), I(X; > t))T, (2.5)

fori=1,...,m, and
N (1) = (mjo,nja(6),npa(0)" = (10 =0, 0 < V; 1), 1(¥; 1)), (26)

forj=1,...,n

The multinomial likelihood method is motivated by the fact that
M () ~ Multi(l;p, (1 - p)F(t), (1 —p)Fl(t)>, i=1,...,m
and
N;(t) ~ Multi(l; (1=\)p, (1=N)(1—p) Fy () +AF (2), (l—A)(l—p)Fl(t)—i—)\Fg(t)), j=1,....n,

where “Multi” denotes the multinomial distribution. Summing the log-likelihoods of

M, (0}, and {N, (1)}, gives

L (A p, Fr, F;t) Z mip log p + my (t) log{(1 — p) Fi(t)} + mua(t) log{(1 — p) Fa(t)}]

n

> (130108 {(1 = N} +nja(6) log{ (1 = \)(1 = p) Fi(t) + AF> (1)}
+ njo(t) log{(1 — A\)(1 — p) F1(t) + AFa(t)} .

Let t; < ... < t; be the distinct values of the positive values in {X;,...,X,,} and

{Y1,...,Y,}. For a given ¢ € (0,0.5), define

Iy = {qu-" [kq] +17"'7“€(1_Q)—‘}7
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where [z] is the smallest integer greater than or equal to z. For asymptotic purposes, we
suggest choosing the values of ¢ as {t,|h € I,} and then taking the sum of [y;(\, p, Fy, Fy; 1)
over these values to obtain the multinomial likelihood

e, P Fo) = > ) [maglog p + man (t) log{(1 — p) Fy(tn)} + mia(ta) log{(1 — p) Fy(ts)}]

hely i=1

D [njo log{(1 = A)p} + nju(tn) log{(1 = A)(1 = p) Fi(tn) + AF5(tn)}

hel, j=1

+nya(tn) log{(1 = A)(1 = p) Fi(tn) + AFa(tn)}|- (2.7)

A more detailed discussion of the choice of the ¢ values will be given in Section 2.3.2.
We comment that in the definition of /), the dependence structures in {M;(ts), h € I,}
and in {N,(¢,),h € I,} are ignored. This definition is motivated from the composite
likelihood in Lindsay (1988). A composite likelihood generally leads to model robustness

and a simplified numerical solution.

Further, let &k, be the number of indexes in I, and J(z,y) = zlogy + (1 —z) log(1 —y),

x,y € [0,1]. After some algebra work, the multinomial likelihood can be rewritten as

(N, p, Fi, Fy) = mkyJ (p, p) + nkyJ ((1 —Ap, (1 — /\)p)

3 {md (Bit), i) + nd (Bra(t) Fro(t) | (28)

hel,

where Fy () = (1—A\)Fy(z) + X\ Fy(x), p and X are defined in (2.3), and F} and Fy, are
the empirical cdfs of the positive values in {Xi,..., X,,} and {Y7,...,Y,}, respectively.

The maximum multinomial likelihood estimator of (A, p, F1, Fy) is defined as

A A A

AN D, FL ) = (N, p, F1, F
(7p7 1 2) arg()\’p;%?‘;;)ee M( » D, I'1, 2)7

where © = {(\, p, F1, F5)|\,p € [0,1], F; and F}, are cdfs}.
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2.3.2 Asymptotic properties
The asymptotic properties of (5\, p, Fy, FQ) rely on the following regularity conditions:

Al. 0<A<landO<p< 1.
A2. n/N =pe(0,1), where N =n+ m.

A3. Fi(z) and Fy(z) have the same support. Further, F;(z) and Fy(x) are absolutely con-

tinuous and strictly increasing on the support.

Theorem 2.1. Suppose A1-A3 are satisfied. Then we have
() \=X=0,(N"V?), p—p=0,(N?);
() by Ser L) = F(t)F = Op(NY), k' Spes AB5(t) — Falta)} = Op(N 1),

For convenience of presentation, the proof of Theorem 2.1 is in Section 2.6.3. Here we

make some comments on the regularity conditions and the choice of the ¢ values in (2.7).

Condition A1l states that the true values of A and p are interior points of their pa-
rameter space. Condition A2 requires that the sample size ratio in the two groups is a
constant. Condition A3 and the choice of the ¢ values as {t, : h € I,} together ensure
that EFy(t,) and Fi(t;) are uniformly away from 0 and 1 in probability for all h € I,.
This guarantees that ZM(:\,ﬁ, F, FQ*) — lM(j\,ﬁ, Fy, Fg) can be bounded above and below by
quadratic functions. As a result, we can derive the asymptotic results in Theorem 2.1. A
similar idea has been used by Lee et al. (2016), who use the maximum binomial method to
estimate the distributional treatment effects in instrumental variable models. In practice,
we recommend a small value for ¢; we used ¢ = 0.001 in our simulation study and real-data

analysis.
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2.3.3 EM-algorithm

In (2.8), Fi(z) and Fy(z) are tangled together, which makes the explicit form of (X, p, F, F5)
unknown. Recall that \* = A/ {1 — p(1 — A\)}. Then l5;(\, p, F1, F3) can be rewritten as

(A, p, F1, F2) = kg [molog p + m. log(1 — p) + nolog{p(1 — A)} + ny log{1 — p(1 — A)}]

my

+ Z Z {m1(ty) log Fi(t) + maa(ty) log Fi(ts) }
£ 30D oy [(1= AR ()0 L (1)} 20
hely j=1

AR ()Y Bty
from which we have that

nji(ty) ~ (1 — A*)Bin(l, Fl(th)> v X‘Bin(l, Fg(th)).

With the mixture structure above, the EM-algorithm naturally fits into our prob-
lem. We first define the missing data. For 7 = 1,...,ny and h € I, let Vj, =1
if nj1(t,) is from Bin(l,Fg(th)>, and 0 if nj;(¢,) is from Bin(l,Fl(th)>. Further, let
X ={Xq,..., X, Y1,...,Y,} be the observed data, V = {Vj,|j = 1,...,ny,h € I},
and 0 = (A, p, F1, F5). Then, based on {X, V}, we can write down the complete multino-
mial likelihood and derive the EM-algorithm accordingly. For convenience of presentation,
we leave the technical details to Section 2.6.4 and present the E-step and M-step of the
EM-iterations directly.

Let (A(O),p(o),FfO), FQ(O)) and A\*(®) denote the initial values of (\,p, Fi, Fb) and \*, re-
spectively. Further, we use 8 = (A", p(), Fl(r), FZ(T)) and A*(") to respectively denote the
updated values of @ = (A, p, F}, F») and \* after » EM-iterations, r = 0,1,2, .. ..
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In the E-step of the rth iteration, for h=1,..., k and j =1,...,n,, we calculate

n;j1(th) nj2(th)
E(Vl,60-0) = {ai? 7 L1

where _—
(r) _ AR (t)
ap” = w(r—1) m(r—1) w(r—1 (r—1)
A )Fz (th) + (1 — A )>F1 (th)
and o)
o) _ NUTDE™ (th)
LN )+ (1= )R )

For any t > 0, let

n

= Zmﬂ(t), ma(t) = Zmig(t), ni(t) = anl(t), and na(t) = > nja(t).

=1

In the M-step, we update (A, p, i, Fy) by

1 T r
A — Z {nl(th)ag) + n2(th)b§z)} )

kqn hel,
(r) _ mo + o

b m+n —n\")’

2

F” = arg  min Z [m+ + nq (th){1 — aﬁf)} + ng(tp){1 — bﬁf)}} |:F1(T) (tn) = F(tn)|

Fis a cdf

hel,
~ 2
F)=arg min Y {nl(th)ag” + n2(th)b§;">} {F;”(th) . F(th)} ,
Fisa cdfhefq

where

i (tn)ay,”
nq (th)a,(f) + Mo (th)b](;)

. + 1—a -
FI(T)(th) ml(th) n1<th){ h } nd FQ(T)(th)

my + () {1 — ay} + na(tn) {1 — by}

Updating F} or F; is an isotonic regression problem, which can be solved via the pool
adjacent violators algorithm (Ayer et al., 1955). The E-step and M-step are iterated until

convergence.
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We make two remarks about the above EM-algorithm. Following the proof in Dempster,
Laird, and Rubin (1977), we can show that the multinomial likelihood 5/ (A, p, F, Fy) does

not decrease after each iteration. That is, for r > 1
ZM()\(T)’p(T)’ Fl(r)7F2(T)) > ZM()\(rfl%p(r—l)?Fl(rfl)’ F2(r71)).

Further, note that l/(\, p, F1, F5) < 0 and ly(\ p, F1, F3) is a continuous function of
all the unknown parameters. Then the sequence {l (A p™) Fl(r), FQ(T‘))}T>1 eventually
converges to a stationary value of Iy (A, p, 1, F») for a given initial value 00 (Wu, 1983).
However, this stationary value may not be a global maximum. To increase the possibility of
finding the global maximum, we recommend using multiple initial values. Our simulation
results demonstrate that this method works well. In practice, we may stop the algorithm
when the increment in Ly (A", p®, F”  F{") after an iteration is no greater than, say,

1076,

2.4 Simulation study

In this section, we perform a simulation study to compare the proposed maximum multi-

nomial likelihood estimator (5\, D, F, FQ) with the following candidate methods:

— The binomial estimator (X, p, Fy, Fy). Here (X, p) is defined in (2.3) and the estimator
(Fy, Fy) is defined in (2.4). Since Fy(x) may not be monotonically increasing, we apply
isotonic regression to Fz* to obtain Fy:

k

Fy=ar min Fi(z) — Fy(x)}?,
2 gFQisacdf ;{ 5 () 2(2)}

which is guaranteed to be an increasing function.
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— The maximum empirical likelihood estimator (S\el, Dels Fl,ela ]32,61), which is discussed in

Section 2.2.1.

— The semiparametric estimator (S\D,ﬁD,Fw,FgD), proposed by Qin and Leung (2005),

in which the log-density ratio of Fi(z) and Fy(z) is a linear function of log x.

— The parametric estimator (5\]3,23]3, Flp, FQP). We assume that both F; and Fy are cdfs

of log-normal distributions and use the MLE to estimate the unknown parameters.

We comment that the proposed estimator and the first two candidate estimators are ob-
tained under the same model assumptions on F; and F3, and the semiparametric and

parametric estimators are obtained under stronger model assumptions on F; and F5.

We consider two scenarios as follows:

Scenario 1: F} and F; are the cdfs of LN(0, 1) and LN(2, 1), respectively, where LN(a, b)
denotes a log-normal distribution with mean a and variance b both with respect to the

log scale (i.e. mean and variance of the associated normal random variable).

Scenario 2: Fy and Fy are the cdfs of Weibull(1,0.5) and Weibull(0.5,4), respectively,
where Weibull(a,b) denotes a Weibull distribution with shape parameter a and scale

parameter b.

For Scenario 1 and Scenario 2, we consider two different sample sizes (m,n) = (100, 100)
and (m,n) = (150, 250) and nine combinations of (A, p) with A and p in {0.45,0.55,0.65}
and {0.35,0.45,0.55}, respectively. Here the choices of (A, p) are spread around (5\,15) for
the real data in Section 2.5. For each combination of (m, n, A, p), the number of replications
is 1000. The relative bias (RB) and mean squared error (MSE) of the estimates of A and p

are used as the basis for comparing the different estimates of A and p. Following Lee et al.
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(2016), the Ly distance is used as a basis for comparing the different estimates of F; and

F,. Here the L, distance between the estimated cdf F' and true cdf F is defined as

Li(F.F) = [ {F@) - Pla)}dF (o).
The simulation results are summarized in Tables 2.1-2.6.

In Scenario 1, the model specification on F; and Fj is satisfied for all five methods.
As expected, the semiparametric estimator (S\D,ﬁp,ﬁ’l D,FQD) and parametric estimator
(5\ P, PP, F P, 2 p) perform better than the three nonparametric methods: they have smaller
MSEs for estimating (A, p) and smaller Lo-distance for estimating (Fi, F5). We also see
that the proposed estimator (5\,13, F, Fg) outperforms the binomial estimator (5\,]5, F, Fz)
as it gives more accurate estimates, especially when A is small. The improvement of (5\, ﬁg)
over (5\, F) is more obvious when A is small, where the information about the component
with cdf F; is quite limited. We notice that the maximum empirical likelihood estimator

(Nt Pets Fgﬁl) have quite large RBs, which is in line with the Proposition 2.1.

In Scenario 2, the model specification on F; and F5, is met for neither the semipara-
metric method nor the parametric method. Consequently, the semiparametric estimator
(XD,ﬁD, FlD, FQD) and parametric estimator (j\p,ﬁp, Flp, ng) may be biased. The MSEs
of (S\D,]ﬁp) and (jxp,f)p) are quite bigger than those of the proposed estimators (5\,]5).
The L, distances of (ﬁ’lD, ﬁ’w) and (Flp, ﬁgp) are also bigger than those of (Fl, FQ) The
general trend for comparing the three nonparametric methods is similar to Scenario I:
the proposed estimator is more efficient than the binomial estimator, and the maximum

empirical likelihood method produces a biased estimator for (A, p, F).

32



Table 2.1: Relative biases (%) and mean squared errors (x1000) of estimators of A and p
under Scenario 1 with (m,n) = (100, 100).

A 045 045 045 055 055 055 0.65 0.65 0.65

p 035 045 055 035 045 055 035 045 0.55

RB of A 424 259 253 278 285 098 1.68 1.84 1.06
MSE of A\ 1091 823 7.03 9.64 798 6.13 7.83 6.34 5.30
RB of -4.10 -2.80 -1.09 -2.53 -0.26 -1.17 -1.13 0.28 -0.02
MSE of A 20.79 13.32 9.85 16.97 11.32 8.09 11.83 7.83 6.36
RBof Ay  79.08 66.86 55.03 52.99 45.19 36.57 34.87 29.92 24.38
MSE of Ay 128.17 92.31 63.49 86.24 63.46 42.29 52.40 39.07 26.58
RBof A\p -1.04 -1.38 023 024 076 -0.17 -0.36 0.71 0.03
MSE of A\p 919 7.30 6.40 7.64 6.68 547 6.34 550 4.98
RB of 5\p 1.38 020 1.01 1.04 180 046 0.55 1.05 0.46
MSE of Ap 932 737 6.17 788 6.48 531 641 530 4.68
RB of p 1.62 099 077 146 149 0.72 181 1.14 0.89
MSE of p 203 219 192 200 229 234 202 229 246
RB of p -0.45 -0.37 -0.19 -0.23 0.44 -0.01 0.66 0.46 0.43
MSE of p 243 252 215 231 249 257 222 241 2.62
RBof po;  29.66 23.96 18.78 25.08 20.75 16.22 20.86 16.75 13.45
MSE of p,; 12.77 13.51 12.08 9.67 10.67 9.77 7.30 7.71 7.42
RBofpp -0.01 -0.20 0.07 0.38 0.63 024 0.71 0.57 0.37
MSE of pp 1.85 206 182 1.80 213 216 181 225 237
RB of pp 0.70 0.26 0.30 0.69 1.02 047 1.16 0.72 0.56
MSE of pp 1.88 2.09 188 1.80 215 214 185 224 233
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Table 2.2: Relative biases (%) and mean squared errors (x1000) of estimators of A and p
under Scenario 1 with (m,n) = (150, 250).

A 045 045 045 055 055 055 0.65 0.65 0.65

p 035 045 055 035 045 055 035 045 0.55

RB of A 420 170 1.82 1.72 121 0.62 0.55 -0.08 0.23
MSE of A 2.93 4.18 3,51 5.00 3.63 287 3.76 324 245
RB of -0.02 -1.27 -0.17 -0.84 -0.51 -0.39 -0.92 -1.12 -0.29
MSE of A 896 6.12 459 756 504 349 510 4.19 2.79
RBof Ay  79.89 67.11 55.08 53.16 45.00 36.87 34.84 29.44 24.19
MSE of Ay 129.83 91.90 62.30 86.05 61.88 41.82 51.68 37.17 25.33
RB of Ap 0.70 025 0.21 -0.19 0.29 -0.09 -0.16 -0.03 0.04
MSE of S\D 391 3.14 279 342 270 230 282 241 1.92
RB of Ap 1.75 0.67 0.72 031 038 0.06 0.17 0.03 0.09
MSE of j\p 4.03 292 268 326 252 224 246 222 181
RB of p 1.66 1.01 1.00 148 1.03 045 135 0.24 0.50
MSE of p 1.29 144 146 137 149 160 142 1.62 1.56
RB of p 0.22 -0.02 029 033 024 -0.03 049 -0.38 0.18
MSE of p 1.52 164 164 154 168 1.74 156 1.78 1.66
RB of po;  44.79 35.64 27.54 38.75 30.94 23.79 32.00 25.17 19.98
MSE of p,;  25.68 26.71 23.76 19.63 20.48 18.12 13.83 14.10 13.12
RB of pp 0.11 037 032 035 046 002 0.72 0.17 0.32
MSE of pp 1.03 127 130 123 130 141 119 138 1.39
RB of pp 0.53 0.52 050 059 049 0.09 091 0.19 0.33
MSE of pp 1.04 122 125 120 1.26 137 115 137 1.34
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Table 2.3: L, distance (x100) between the estimated cumulative distribution function and

true cumulative distribution function under Scenario 1.
A 045 045 0.45 0.55 0.55 0.55 0.65 0.65 0.65
p 035 0.45 0.55 0.35 0.45 0.55 0.35 0.45 0.55

m = 100, n = 100
F; 023 0.28 0.36 0.24 0.29 0.36 0.25 0.28 0.35
F; 025 0.31 0.39 0.26 0.31 0.39 0.26 0.30 0.37
Fi 025 0.31 0.39 0.26 0.31 0.39 0.26 0.30 0.37
Fip 020 0.24 0.31 0.21 0.25 0.31 0.21 0.24 0.30
Fip 0.14 0.18 0.23 0.15 0.18 0.23 0.15 0.17 0.22
F, 1.21 1.08 0.94 0.81 0.75 0.67 0.59 0.48 0.45
F, 278 1.86 1.36 1.55 1.09 0.85 0.87 0.57 0.51
Fye 460 393 3.06 281 2.35 1.87 1.70 1.38 1.10
Fyp 1.04 094 0.82 0.67 0.63 0.57 0.51 041 0.41
F,p 090 0.83 0.71 0.59 0.55 0.47 0.44 0.36 0.33

m = 150, n = 250
Fy 0.15 0.17 0.23 0.16 0.19 0.23 0.16 0.19 0.24
Fy 017 0.19 0.25 0.17 0.20 0.25 0.18 0.21 0.25
Fig 017 0.19 0.25 0.17 0.20 0.25 0.18 0.21 0.25
Fip 0.12 0.13 0.18 0.13 0.15 0.18 0.13 0.15 0.19
Fip 0.09 0.10 0.13 0.09 0.11 0.13 0.09 0.11 0.15
F, 0.60 0.52 0.46 0.42 0.34 0.29 0.27 0.24 0.20
F, 1.07 0.79 0.61 0.68 0.48 0.35 0.35 0.30 0.22
Fyoa 444 3.68 2.87 2.76 2.23 1.68 157 1.25 0.95
Fyp 044 037 0.34 0.29 0.24 0.23 0.22 0.18 0.16
Fyp 036 0.31 0.27 0.24 0.21 0.19 0.16 0.14 0.13
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Table 2.4: Relative biases (%) and mean squared errors (x1000) of estimators of A and p
under Scenario 2 with (m,n) = (100, 100).

A 045 045 045 055 055 055 065 0.65 0.65

p 035 045 055 035 045 055 035 045 0.55

RB of A 083 -0.17 -0.39 -0.88 -044 -0.21 -0.53 -0.44 -0.62
MSE of A\ 1529 11.17 872 1278 10.06 7.94 11.30 7.66 6.77
RB of A -2.08 -1.69 -1.16 -1.79 -094 -047 -1.01 -0.57 -0.70
MSE of A 2020 13.39 9.64 14.68 10.95 832 1285 7.89 6.91
RBof Ay  79.59 67.20 54.88 53.12 4501 36.86 35.03 29.60 24.07
MSE of Ay 129.94 93.33 63.10 86.61 62.90 43.06 52.94 38.32 26.09
RBof \p -37.58 -36.26 -32.11 -38.93 -36.45 -31.68 -38.09 -35.82 -30.37
MSE of A\p 3451 34.11 29.85 53.33 49.84 41.21 69.15 63.86 52.10
RB of \p 942 6.11 453 641 569 420 515 422 261
MSE of \p 1869 1539 11.35 17.05 11.86 9.86 1513 9.77 828
RB of p 049 025 022 015 025 026 026 019 0.22
MSE of p 218 242 237 220 244 249 234 244 246
RB of p -0.22 -0.12 0.03 -0.12 0.10 0.18 0.10 0.14 0.19
MSE of p 236 254 245 227 250 253 240 246 247
RBof p;  29.53 24.04 1897 25.06 20.55 16.28 20.18 16.65 13.36
MSE of p,;, 12.69 13.61 12,50 9.72 10.53 982 7.19 771 7.25
RBofpp -989 -936 -8.19 -12.61 -11.77 -10.27 -15.17 -14.26 -11.99
MSE of pp 280 372 432 360 494 594 455 6.36 749
RB of pp 3.11 222 174 3.02 267 201 318 253 1.86
MSE of pp 240 272 2,65 232 267 271 264 264 2.77
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Table 2.5: Relative biases (%) and mean squared errors (x1000) of estimators of A and p
under Scenario 2 with (m,n) = (150, 250).

A 045 045 045 055 055 055 065 0.65 0.65

p 035 045 055 035 045 055 035 045 0.55

RB of A 0.65 -0.890 -1.61 -0.65 -0.83 -1.00 -0.21 -0.67 -0.01
MSE of A 763 634 442 6.28 506 3.67 541 366 2.76
RB of A -0.26  -1.47 -1.83 -0.89 -096 -1.05 -0.27 -0.70 -0.02
MSE of A 887 713 463 6.64 522 372 553 3.68 2.77
RBof Ay  79.70 67.30 54.45 53.07 45.08 36.60 35.12 29.51 24.44
MSE of Ay 129.24 9250 60.84 85.69 62.14 41.27 5258 37.30 25.86
RBof A\p -39.31 -37.23 -34.35 -39.68 -37.14 -33.58 -39.48 -36.70 -30.37
MSE of A\p 34.58 32.19 2853 50.73 46.02 39.97 69.23 62.21 47.64
B of Ap 1491 1059 787 11.17 866 583 883 590 4.60
MSE of \p  10.58 882 529 9.60 6.44 502 740 527 3.96
RB of p 0.67 -0.26 -0.01 055 -047 -0.21 0.12 0.06 -0.21
MSE of p 1.37 155 168 140 1.74 1.69 146 182 161
RB of p 039 -044 -0.08 046 -0.52 -0.24 0.09 0.04 -0.21
MSE of p 144 163 171 142 1.7 1.70 147 182 1.61
RBof p,;,  45.07 3526 27.46 38.96 30.30 23.74 31.26 2545 19.54
MSE of p,;  25.95 26.12 23.66 19.75 19.77 18.03 13.23 14.43 12.60
RBof pp -13.26 -12.79 -11.29 -16.70 -16.40 -14.56 -21.24 -19.58 -16.95
MSE of pp 292 434 538 422 6.65 825 637 927 11.21
RB of pp 6.49 440 377 711 462 348 6.56 472  3.05
MSE of pp 176 195 198 203 202 207 191 225 190
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Table 2.6: Lo distance (x100) between the estimated cumulative distribution function and

true cumulative distribution function under Scenario 2.

A 045 045 0.45 0.55 0.55 0.55 0.65 0.65 0.65
p 0.35 045 0.55 0.35 0.45 0.55 0.35 0.45 0.55

m = 100, n = 100
F,0.25 0.29 0.35 0.24 0.30 0.37 0.26 0.31 0.37
Fy0.27 031 0.37 0.25 0.31 0.38 0.26 0.32 0.38
Fieg 027 031 0.37 0.25 0.31 0.38 0.26 0.32 0.38
Fip 024 0.28 0.39 0.25 0.32 0.46 0.30 0.41 0.55
Fip 032 034 043 0.33 0.37 0.44 0.37 0.42 0.46
F, 1.39 1.12 0.89 0.84 0.65 0.58 0.57 0.45 0.43
F, 220 1.52 1.03 1.05 0.75 0.62 0.69 0.46 0.44
Fre 1.88 1.64 1.34 1.28 1.08 0.83 0.77 0.65 0.54
Fop 6.07 578 5.04 592 545 4.76 5.50 5.11 4.24
Fyp 1.85 1.79 145 144 1.03 0.92 1.01 0.77 0.73
m = 150, n = 250
Fy 0.16 0.19 0.25 0.17 0.18 0.24 0.17 0.20 0.26
F, 017 0.20 0.26 0.17 0.19 0.25 0.18 0.21 0.26
Fig 017 020 0.26 0.17 0.19 0.25 0.18 0.21 0.26
Fip 0.18 0.24 0.37 0.22 0.29 0.47 0.28 0.40 0.68
Fip 022 027 032 0.26 0.29 0.35 0.26 0.32 0.42
Fy, 0.63 0.57 041 0.36 0.33 0.24 0.23 0.18 0.16
F, 084 0.69 044 0.39 0.35 0.25 0.24 0.19 0.16
Fe 1.81 151 1.19 1.11 0.91 0.72 0.67 0.53 0.42
Fop 5772 534 4.72 559 5.13 4.35 5.28 4.77 3.69
Fyp 096 1.00 0.71 0.75 0.60 0.57 0.52 0.49 0.45
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2.5 Application to malaria data

In this section, we analyze the dataset in Example 1.1. Similarly to Qin and Leung (2005),
we consider a subset of this dataset for children aged between six and nine months col-
lected in January—June, the wet season, and in July—December, the dry season. The
measurements are the parasite levels per ul, ranging from 0 to 399952.1. Among these
measurements, there are n = 264 observations from the mixture sample (i.e. from the wet

season) and m = 144 observations for nonmalaria individuals from the dry season.

We apply all the five methods discussed in Section 2.4 to the data above. For the
parametric method, we use a two-component log-normal mixture to model Fj since the
histogram of the logarithm of the positive parasite levels in the nonmalaria population
shows two modes. The estimates of (A, p) are provided in Table 2.7 and the estimates of
(F1, Fy) are plotted in Figure 2.1. To evaluate the variability of the estimators of A and p,
we use the nonparametric bootstrap method (Efron, 1981) with 1000 bootstrap samples to
calculate 95% bootstrap percentile confidence intervals for A and p. The confidence intervals
are provided in Table 2.7. The maximum empirical likelihood estimate (5\61, Dels ﬁ‘2761> are
quite different from other four estimates, and their confidence intervals do not overlap
with confidence intervals of other estimates. This agrees with our observations in Section
2.4, and it is because (Sxel,ﬁel,ﬁ’gd) is biased, and hence unreliable. We notice that the
two nonparametric estimators, (5\, p,F, ﬁ’g) and (5\, p, F1, Fy), give quite close results. The
proposed estimate (5\, p) of (A, p) is bigger than the semiparametric estimate (;\ p,Pp) and
the parametric estimate (5\p, pp). We also see that FY is slightly different from Fip and
Fyp when the log positive parasite levels are between 6 to 9, and F), is different from Fyp
and Fyp when the log positive parasite levels are between 8 to 10. Since the proposed

estimator makes less assumptions on F; and F, than the semiparametric and parametric
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estimators and further, it is more efficient than the binomial estimator as shown in Section

2.4, the inference based on (5\, D, ﬁl, ]3’2) may be more reliable for the malaria data.
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Figure 2.1: Estimates of F; and F, for the malaria data.

The claim above can be further verified by a simulation experiment according to Models
(2.1) and (2.2) with (m,n) = (144,264) and (A, p, F1, F,) = (5\,]3, Fl,Fg). The simulation
results based on 1000 repetitions are summarized in Table 2.8. The maximum empirical
likelihood estimator of (A, p) has quite large RB and the largest MSE among five estimators,
and also has the largest Ly distance for estimating F5 among the five estimators. We further
notice that (5\, p) has smaller MSEs than (S\D, pp) and (S\D, Pp), and the proposed estimator
of (F1, Fy) has the smallest Ly distance among all five methods. The proposed estimator
(X, p) of (A, p) has the comparable performance as (Ap,pp): (A, p) has a smaller RB while
(Ap,pp) has a relatively smaller MSE. Tt is worth mentioning that the RBs of (Ap,pp) are
negative. This explains why (), p) are bigger than (Ap,pp) in the malaria data.

For an individual in the mixture sample, set D = 1 if the corresponding subject is
infected with malaria and set D = 0 otherwise. Let g;(z) and go(x) be the pdfs of the
logarithm of the positive parasite levels in the nonmalaria and malaria populations, re-

spectively. Then given the log parasite level x, the posterior probability of D =1 is given
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Table 2.7: Point estimates along with 95% bootstrap percentile confidence intervals of A

and p for the malaria data.

estimate

A

95% confidence interval

estimate

95% confidence interval

p

(Ap)
(\p)

(Aelaﬁel)
(5‘D7ﬁD)
(XP?ﬁP)

0.545
0.541
0.791
0.507
0.507

[0.424, 0.670]
[0.382, 0.669)]
[0.745,0.844]
[0.398,0.633]
[0.417,0.642]

0.439
0.438
0.582
0.423
0.423

[0.364, 0.520]
[0.347,0.514]
(0.520, 0.650]
[0.348, 0.503]
[0.357,0.508]

Table 2.8: Confirmative simulation for the malaria data.

RB (%) | MSE (x1000) | Ly distance (x100)
A P A D Fy Fy
(A, p, Fy, ) 1.31 1.06 | 3.99 153 [0.20 0.36
(X, P, F1, Fy) -0.47 021 | 538 1.71 |0.21 0.49
(Nets ety Fret, Foer) [ 35.42 23.94(38.22 12.21 [0.23 1.63
(Ap,pp, Fip, Fop) | -7.73 -3.76 | 544  1.58 |0.21 0.65
(Ap,pp, Fip, Fop) | -5.12 -2.47| 391  1.40 |0.23 0.51
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by
B A*ga(7)
n(e) = (1= X)g1(x) + Xgao(z)

We can use F} and F} to construct an estimator for n(x).

We first estimate g;(z) and go(x) as

g1 (x) = / Ky, (logt — 2)dEy(t), §o(z) = / Ky, (logt — 2)dEy(t),

where Kj(z) = K(x/h)/h, K(x) is a symmetric kernel, and h is the bandwidth. For illus-
tration, we use the standard normal density function for K (x) and choose the bandwidth

h by rule of thumb (Silverman, 1986): h; = 1.0661(m4 + ny)~"/® and hy = 1.06&27111/5,

where

A R 2 ) K 2
62 = /(log r)?dE (z) — {/log mdFl(:p)} , 03 = /(log 2)?dFy(z) — {/log xng(x)} :
Since all the positive observations in { X7, ..., X,,, Y1, ..., Y,} are used to estimate F; and
only the positive observations in {Y7,...,Y,} are used to estimate Fy, m, + n, is used in

hy and ny is used in hs.

Figure 2.2 shows the density estimate of the nonmalaria population (i.e. observations
from the dry season), the density estimate of the mixture sample (i.e. observations from the
wet season), and the estimated posterior probability of having malaria given the logarithm
of the positive parasite level in the mixture sample. We can see that the density estimates
match the histograms well for the data from both the dry season and the wet season. This
indicates that the density estimators ¢g; and g, work well for the malaria data. Further,
we can see that the estimated posterior probability of having malaria given the logarithm
of the positive parasite level is an increasing function of the log parasite level. This agrees
with clinical malaria knowledge (Vounatsou, Smith, and Smith, 1998): the higher the

parasite level, the higher the probability that an individual is infected with malaria.
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Figure 2.2: Density and posterior probability estimation of the malaria data: Panel (a)
plots the histogram of the logarithm of the positive parasite levels in the nonmalaria
population and the density estimate g;; panel (b) plots the histogram of the logarithm of the
positive parasite levels in the mixture sample and the density estimate (1 —5\*) 01 + A Jo; and
panel (c) plots the estimated posterior probability of having malaria given the logarithm

of the positive parasite level in the mixture sample.
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2.6 Technical details

2.6.1 Identifiability of (A, p, Fi, F)

In this section, we show that (A,p, F1, Fy) is identifiable if 0 < A\,p < 1 and Fi(z) =
Fy(xz) =0 for any x < 0. Recall that

Fx(x) =pl(z 2 0) + (1 = p)Fi(z), Fy(y) = (1= N{pl(y = 0)+ (1 —p)Fi(y)} + AF2(y).

Assume that two parameter combinations (A, p, F1, Fy) and (A\*, p*, F}', ) give the same

model (Fy, Fy). That is, for all z,
pI(x > 0)+ (1 - p)Fi(x) = pI(z > 0) + (1 — p") F} (a), (2.9
and for all y,

(1= {pl(y = 0)+ (1 —p)Fi(y)} + AFa(y)
=1 =X){p I(y = 0) + (1 —p")F{(y)} + N F5 (). (2.10)

We need to argue that (A, p, Fi, Fy) = (\*, p*, F}, F).
Substituting z = 0 into (2.9) and using the fact that F;(0) = F}(0) = 0, we have
Fx(0)=p=1p"

This, together with (2.9) and the fact that 0 < p = p* < 1, implies that Fy(z) = F'(z).

Hence
(p, F1) = (p", FY). (2.11)

Similarly, substituting y = 0 into (2.10), and using the fact that F5(0) = F5(0) = 0
and the result that (p, F1) = (p*, FY), we get A = A*. With (2.10), we further have

APy (y) = N Fy(y),

44



which, together with the result that 0 < A = A* < 1, leads to Fy = Fj. Therefore,

(N, Fy) = (A", FY). (2.12)

Combining (2.11) and (2.12), we have (\, p, F1, Fp) = (A", p*, F}', Fyy). That is, (A, p, F1, F»)
is identifiable.

2.6.2 Proof of Proposition 2.1

For a given vector a such that a; > 0 and Z?Eﬁ"* a;=1,let ay =3 " ai,

*_a+ _1 _1_a+ _1
a; = —, v=1....my, a;., = , J=1,...,n4,
ny

and a* = (af,...,a} )*. Further, let b* = (1/ny,...,1/ny)".

? My tng

Using Jensen’s inequality, we can show that
lu(\,p,a,b) < I\ p,a*,b") (2.13)

with equality holding if and only if a = a* and b = b*. Hence, Bj,el = b*. The inequality

in (2.13) also implies that we can concentrate on the case where b = b* and
Al = ... =0Om, =0, Q41 = .. = Oy in, =a,
where a > 0, a* > 0, and m_ a + nya* = 1. In this case, lNd()\,p, a, b) becomes

~Zl()\,p,a, a*) = mologp + mylog(l —p) +myloga

+ nolog(1 — A) +nglogp +nylog{(1 —N)(1—p)a*+ N/n}
and the parameter space for (\, p, a,a*) is
CHES {(Aapa a, CL*)‘)\ € [07 1]7 pE [Oa 1}7 a < [07 1/m+]7 a’ € [07 1/n+]> m+a+n+a* = 1}
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Let
5\6 s Dels Qel, Ay) = ar max [ A p,a,at).
(Aets Pet; Ger; 2y) g(%p’a’a*)e a(Ap )

Define

07 ={(\,p,a,a") € ©*|A € (0,1), pe (0,1), a € (0,1/m)},
05 ={(\,p,a,a”) € O%|la=1/m,},
03 = {(\,p,a,a") € ©F|A = 0}.

Clearly, Ay #1and ay # 0, pg # 0 or 1. Thus, (Xel,p'el, Qer, ar;) belongs to ©F, ©F, or

©3;. To complete the proof, we need to argue that (5\61,1561, e, 05) € ©F. We first argue

that (e, Det, Ger, @) & ©F.

Define

LY (N, p,a,a") = mologp + my log(l — p) + my log a + nglog(l — A) + nglog p

s log {(1— N1 —p)a” + A/ns} + s(maa + nea” — 1),

where s is the Lagrange multiplier. If (Ao, Per, G, @) € O35, then (A, Per, Ger, @) will

satisfy
2ot ot e 1= n (1= pu);
0 el( el7plaa’l7ael) — ’I’L0~ 4 _ 7’L+(~ ?l)aei :O, (214)
OA 1-— >\el (1 - Ael)(l _pel)aZl + Ael/nJr
aL:l(Aebﬁela del, d:l) _ mo + No _ my o n+(1 - )\el)a:l =0 (2 15)
op Del L=pe (1= Xa)(1 = pa)al, + e/ ,
E* A ~e ~e a,,
OLaQets Pty ety ) _ s 0 (2.16)
da el
z* ~e ~e ~e a, 1_5\6 1_~€
9 el<)‘ l?p:&l?ael) _ 7}+( ~l)<~ p’{) +Sn+:0~ (217)
da (1= Ae)(1 = Per) @ty + Aet/mv
Further,
m+&el + n+d:l —1= 0 (218)
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Combining (2.16), (2.17), and (2.18) leads to

1—Aa)(1 = Par) — M)
d:l: n+< Ael)( pe~l) m+>\el . (2‘19)

ny(my +ny)(1— X)) (1 — per)

By (2.14), we have
(1 = Xa)(1 = pe)a; + Aet/ny = 1/n, (2.20)

which, together with (2.19), results in

(1= )1 = pu) + Ay = x T 0% (2.21)
n
Substituting (2.20) into (2.15), we get
(m 4 n)pa = mo + 1 + N (2.22)

Combining (2.21) and (2.22), we have p; = 1, which is a contradiction. Hence, (Aei, Per, Ger, @2;) ¢
O7 and

()\ehﬁeh gLel? d:l) € @; U @i;

We can show that

el o [\ p,a, a®) = (mg + ng) log(mo + ng) + nglogng — nlogn — (m + ng) log(m + no),
,p,a,a* 5

max  15(\, p,a,a*) = (mg + ng) log(mg + no) — (m + n) log(m +n).
(Ap,a,a*)€O%

It can be checked that
nlogn + (m + ng)log(m + ng) < nglogng + (m + n)log(m + n),

which implies that

I * I *
max _I5(A p,a,a”) > max Iy(\p.aa’).
(/\,p,a,a )692 ()‘7p7a7a )695
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Therefore, ()‘elapelaaela ay) € ©5.

Note that

~ 1
arg max 5 (\ p,a,a) = (n_+ Mo — O> :

(A\p,a,a*)€03 n’ mo+mng+my my’

Then

~ n+

>\el:_7
n

- moy + No

Pel = )
m0+no+m+

- N |

el = Qel = —, Z:L"' y My

my

- ok )

Qerj =g =0, t=my + 1, ;my +ny,

~ 1 )

berj=—, J =1, ,ny.
Ny

This completes the proof of Proposition 2.1.

2.6.3 Proof of Theorem 2.1

Technical Preparation

Since both F; and F3 are absolutely continuous, without loss of generality, we assume
throughout the proofs that there are no ties in the positive values of { X;}2, and {Y;}7_,
Further, define

1
E Z th < I’
h=1
Denote t;, = min{t, : h € I,} and ty = max{t, : h € I,}. The following lemma

summarises some useful results for the proof of Theorem 2.1.



Lemma 2.1. Let H(x) = (1 — n)Fi(z) + nFa(x), where

PA

L=p)(1=p)+p(l = A)(L—p)+p\
Under Conditions A1-AS3, we have

B

(a) A= A= O0,(N72), j—p=0,(N7/2), \ = A = O,(N~1/2);

(b) tr — H'(q) and ty — H (1 — q) in probability;

(¢) sup, |Fi(x) — Fi(x)| = O,(N~Y?) and Fy(t;) — F (H™(q)) and Fi(ty) = B (H*(1-
q)) in probability;

(d) sup, |Fy(x)—Fy(x)| = O,(N~Y?) and Fj(t1) — Fy (H™(q)) and Fi(ty) = Fy (H(1-
q)) in probability.

Proof: We start with Part (a). Recall that

By classical asymptotic theory (Serfling, 2000) and Conditions A1-A2, we have

p—p=0,(N"?) and (1 - N)p — (1 = N)p = O,(N~?),

which together with the delta method imply that A — A = O,(N~"?) and \* — \* =
O,(N~Y2). This completes Part (a).

Next we consider Part (b). Note that

tp=H_'(q) and ty=H,'(1-q).

To establish the consistency of t;, and ty, we first argue that

sup | H(x) — H(z)| = Op(N712). (2.23)
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Let

Fym(z) = %Z[(X, <), Fyn(z) = %mej <)
Then for x > 0,
Hy(z) = % [m{Fx;m () — Fxm(0)} + n{Fyn(z) — Fyn(0)}]
1
“Hmtm (1= p){Fxm(x) = Fxm(0)} + p{Fyn(z) — Fyn(0)} .

Note that H(x) can be rewritten as

1
(1 =p)(1 =p) +p{(1 = N1 =p) + A}

By the classical central limit theorem, the delta method, and Condition A2,

H(x) =

(1= p){Fx () = Fx(0)} + p{Fy(x) = Fy(0)}].

k/(n+m) = [(1=p)(1=p) +p{(1 = N1 = p) + A} = Op(N1/2). (2.24)

By the triangular inequality,

1 1
B R e [ B (Y (R Ry
250, [Fin(2) = Fi(0)] + 250p, [ Fro(e) — Fy(0)

(1=p)1=p)+p{(1 =N —p)+ A}
By Conditions A1-A2, the uniform convergence rate of empirical cdfs, and the delta

method, (2.24) and (2.25) lead to

- (2.25)

sup |[Hy(2) — H(z)| = O,(N~V2).

This, together with Condition A3, implies that t;, — H '(¢q) and ty — H (1 — ¢q) in
probability. This completes Part (b).

We now consider (c). Similarly to (2.23), we have
sup |Fy(x) — Fi(x)] = Op(N V%),
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which implies that £} (tz) — Fi(tr) — 0 in probability. Further, by the continuous mapping

theorem, Part (a), and Condition A3, we have
Fi(t,) — Fi(H '(¢)) =0

in probability. Hence,
F1<tL) — K (H_l(q>) —0

in probability. Similarly, we can establish the consistency of F} (ty). This completes Part
().
Finally, the proof of Part (d) is similar to that of Part (c), so it is omitted. O

Proof of Theorem 2.1

For convenience of presentation, we define more notation. Let

Fy+ = (1 — 5\*)F1($) + )\*FQ(ZIZ'),

where R
< A
A* = —
1—p+pA
For x € [tL,tU], let
F(z) = arg min Z{F’; (z) — Fy(z)}?

Fy(z) 18 increasing hel
q

and

Fy(z) = min[max{F} (z), 0}, 1].

Further, define



Let
Apm ={p € (0,1),\* € (0,1), 0 < Ef(ty) <1, h e I}

By Lemma 2.1 and Condition Al, P(0 < p < 1) = 1, P(0 < A < 1) — 1, and P(0 <
Ff(ty) <1, hel) —1as N — co. We therefore concentrate on the sample points in
Ay Since Fj(z) is the isotonic regression function of Fj(z), we have maxyc 1, Ei(ty) <
maxyey, Fi (1) and mingey, Ex(ty) > minyer, Fy (). As a result, for every sample point

in A, ., we also have EFj(t,) = Fy(ty,).

The roadmap for Theorem 2.1 is as follows. In the first step, we find a lower bound for
lM(S\,ﬁ, F\,F})— ZM(S\,ﬁ, F, Fg), which is a quadratic function of p—p, (1— 5\)}5— (1— 5\)15,
Fy—Fy, and Fy, — Fy. In the second step, we argue that lM(S\,ﬁ, i, F) —ZM(Xﬁ, F, FQ)
is bounded above by an O,(N) term. The results then follow.

For the first step, note that if « is a fixed number, then (Lee et al., 2016)

J(x,2) — J(z,y) > 0.5(x —y)*

Hence,

> %mkq(ﬁ R %nkq la-3p-(- 5\)]5}2
T }; {Fi(t) - F1<th)}2 + > {Brit) - Fy+(th)}2 . (2:26)

For the second step, we find an upper bound for Iy, (X, p, Fy, Fy) —lM(S\,ﬁ, F, Fg) Since

(5\, P, F1, Fg) is the maximum multinomial likelihood estimator, we have



Therefore, it suffices to find an upper bound for ZM(S\,ﬁ, Fi, 152*) — ZM(X,ﬁ, F, ]52)

Let a Ab = min(a,b) and a V b = max(a,b). Applying the first-order Taylor expansion,

we have

hel,
Fy+ th 1-— Fer th ~ o 2
:i;n+ { 52(75(h)) + = (5(15;)}2} {FY—I—(th) - FY+(th)} ;

where §(t) € [Fyo(th) A Fyo(tn), Fy4(th) V Fyo ().

By the definition of Fy(z) and Fy,(z), we further have for every sample point in

An,ma

Fyy(tn) = (L= X)Fi(ts), Fyre(ta) > (1= N)Fi(ty),

and

1= Byy(tn) > (1— 2 {1 - F1<tU)} 1= Fya(ty) > (1= ) {1 - Fl(tU)} .

Therefore,

s o= = -~ n+<5\*>2 . C 2
beAop P F5) = (B P ) < s oS O {F5(t) — o)}

hel,

=0, Y {F5 ) - By}

hel,

<O,(N) Y {F;(th) - F2(th)}2

hel,

—0,(N), (2.27)
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where the last three steps follow from Lemma 2.1 and F}(t,) = Fy(t),) for any sample point

in A, ;.

Combining (2.26) and (2.27), we have

mk,(p— §)* = O,(N), (2.28)

nhky {(L= 25— (L= D)5} = 0,(N), (2.29)
= h; {FI (th) — By (th)} — 0,(N), (2.30)
7;%%{ﬂqaw—ﬁyamﬁ = 0,(N). (2:31)

By Conditions Al and A2, k;, m, n, my, and n all have the same order as N. Hence,

(2.28) and (2.29) lead to

p=5=0p(N7V%), (1= X)p— (1= Np=0p(NT),
which together with Part (a) of Lemma 2.1 implies
p—p=0,(NT2), A=X=0,(N'/?).

Similarly, (2.30) implies

S {Am) - R} = 0,1,

hel,

By Part (c) of Lemma 2.1 and the triangular inequality, we easily conclude that

. 2
3 {Fl (1) — Fl(th)} = 0,(1). (2.32)
hel,
Since k, has the same order as N, we further have

S R - Aw) = 0,0,

9 hel,
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Similarly to (2.23), we have
sup |Fy ¢ (z) — Fy((2)| = Op(N7'/?),
which together with (2.31) implies that

S {Frat) = Frat)} = 0,0)

hel,

With p—p = Op(N~Y2), X=X = Op(N/2), and the delta method, we have \* — \* =
O,(N~'/2). By the triangular inequality and the form of Fy(t,), we get

3 {(1 NYE ) + N Ey(th) — (1= N)Fu(ty) — X*FQ(th)}2 = 0,(1).

hel,

By (2.32) and the triangular inequality, we obtain

(312 S {Bltn) - Bt} = 0,(0)

hel,

which, together with
A=\ = 0,(N?)

and the fact that k, has the same order as N, implies

S~ { At - i)} = 0,0,

hel,

This completes the proof of Theorem 2.1.

2.6.4 Details of EM-algorithm
Based on {X,V}, the complete multinomial likelihood has the following form:

5\ p, F1, Fy) = kg [mologp + my log(1l — p) + nglog{p(1 — A)} + nylog{l —p(1 — N\)}]
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+ Z Z {mai(tn) log Fi(tn) + mia(ts) log Fi(tn) §

hel, i=1

+ D (1= Vi) [ () log{ (1 = X)) Fy ()} + nja(tn) log{(1 — \*) Fy (1) }]

hely j=1

+ Z Z Vin [njl(th) log{\"Fa(tn)} + nja(tn) IOg{)\*F2(th)H :

hel, j=1

In the E-step of the rth iteration, for h = 1,...,k and 5 = 1,...,n,, we need to

calculate

Q(0|0(T71)) =FE {l]c\/[()‘apa Fla F2)|X> 0(7”71)} )
where the expectation is with respect to the conditional distribution of V' given X and
substituting 6~Y for 6. With nj;(t,) ~ (1 — A*)Bin(l, Fl(th)> —I—A*Bin(l, Fg(th)>, it can
be checked that

(r—1) ) [y a2 (tn)
E(Vi|X, 001 = {ah } {bh } .

Therefore,
Q010 "Y)

= ky[mologp + my log(1 — p) + nolog{p(1 — A\)} + nylog{1 — p(1 — A\)}]

- Z Z {mii(tn) log F1(tn) + mio(ts) log Fi(tn) }

hel, i=1

303 (= ey ) og{(1 = X Fa(t)} + (1= b ma(ta) Tog{(1 = ) Fa (1)}

hel, j=1

+ 303 [al () o {A Fa(tn)} + b (1) log {X* Fa(ta) }|

hel, j=1

In the M-step, we update (A, p, i, Fy) by

A ) ) )y 010Dy
( 1 LR AL R 4D ) arg(A7p7%}?§§)€@Q( | )
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After some algebra work, it can be shown that

Q(e‘g(rfl)) = Q1(A) + Q2(p) + Qs(F1) + Qu(F),

where

Q1(\) =kgnolog(1 = A) + 3 { (1— alyn(t) + (1 — bg”)m(th)} log(1 — A)

hel,

+ Z {ag)nl(th) + bg)ng(th)} log A,

hel,

Q2(p) = kq [mologp + m4 log(1 — p) + ng log p]

+ Z {0 =a)ma(tn) + (1 = 6)ma(ts) } 1og(1 = p),
Qs(F1) =) [{m1<th) +(1 - aﬁj")m(th)} log F(ty) + {mg(th) +(1— bg”)ng(th)} log F} (th)] :

Qu(F>) = Z [aﬁf)m(th)log Fy(tn) + bﬁf)nz(th) log F2(th)} :

hel,

Hence, we can update A via

r 1 s T
A = argmf\LXQl()‘) “n Z {m(th)aé) + n2(th)bgl)}

n
7 hel,

and update p via
mo + Ny

(r) — R Y
p _argmquQﬂp) T m4n— 0’

To update F; and F5, we have

Fl(r) =arg max Qs3(F}), FQ(T) =arg max Qu(Fy).
F is a cdf F is a cdf

Following Dykstra, Kochar, and Robertson (1995), we can obtain F and F via

FO =g min 3" Ly 4mn) (1 a) + main) (1—b§:>)}{ﬁf”(m)—F(th)}Q,

Fis a Cdfhelq
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~ 2
B —arg min S ()l +na(ta)t]) } {F(0) ~ F)}

Fis a cdf her,
where
_ g™ i ™
F~11(7') (th> — ml (th) + nl ()th){l ah } (T) and Fz(T) (th) — n(lr() h>ah (r) .
may + ny (t){1 — a7} + na(t) {1 — b7} ny(t)al” + ng(ty)b
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Chapter 3

A powerful procedure to control the
false discovery rate with directional

information

3.1 Introduction

In many modern statistical applications, hundreds or thousands of hypotheses are tested
simultaneously. For example, in microarray or RNA-seq studies aiming to find differentially
expressed (DE) genes between diseased and healthy subjects, up to about twenty thousand
hypotheses may be tested at the same time. To adjust for multiplicity, we aim to control
the false discovery rate (FDR), which is the expected proportion of false discoveries among

rejections (Benjamini and Hochberg, 1995).

Most existing procedures, such as those reviewed in Section 1.3.2, control the FDR

based on p-values. In many practical applications, interesting findings have directions,
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taking Example 1.2 for instance. In this example, we present a dataset consisting of
gene expression levels from a prostate cancer study. The goal of the study is to find DE
genes between diseased and healthy subjects. In order to compare the gene expression
levels between the two subject groups, two-sample t-tests are used. The signs of the
resulting t-statistics t;’s suggest whether the corresponding genes are potentially up- or
down-regulated. However, only the absolute value of ¢; is used when computing the two-

sided p-values, and the directional information is lost in the p-value.

Thresholding on the p-values leads to symmetric rejection boundaries on the positive
and negative sides of the original test statistics, such as the t-statistics in Example 1.2.
By allowing asymmetric rejection boundaries, direction-adaptive procedures can improve
power over traditional procedures. Examples include Sun and Cai (2007), Orr, Liu, and
Nettleton (2014) and Zhao and Fung (2016), which are discussed in Section 1.3.2. However,

none of them provide the FDR control in finite samples.

In many applications, conditional on the signs, the true null p-values still follow Uni-
form(0,1). To control the FDR, we can use some recently developed methods by treating
the signs of the original test statistics as group labels. Li and Barber (2019) develop a
structure-adaptive algorithm that controls the FDR in the grouped setting. If we treat the
group label as a covariate, we can use the covariate-adaptive methods of Lei and Fithian
(2018) and Ignatiadis and Huber (2018) to control the FDR in finite samples. However,
the grouping strategy models the positive and negative statistics as two separate groups,
which is not appropriate when there is only one true null distribution. In our motivat-
ing example, the true null ¢-statistics follow a central ¢ distribution. Dividing the test
statistics according to their signs artificially splits the null statistics into two groups. The
above methods estimate the true null proportion separately in each group, and there is no

guarantee that the two null distributions will be compatible. Other methods have been
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developed using this grouping approach, for example, Orr, Liu, and Nettleton (2014) and
Zhao and Fung (2016), but they do not provide FDR control in finite samples.

Based on the idea of knockoffs from Barber and Candes (2015) and Lei and Fithian
(2018), we develop a powerful procedure to utilize the directional information in multi-
ple testing problems. First, we introduce the signed p-value to preserve the directional
information of the original test statistic. Next, knockoffs are constructed to mimic the
behaviors of the signed p-values under true null hypotheses. Unordered pairs of the signed
p-values and their knockoffs are given in the beginning instead of the original data, and
the true identities of signed p-values will be gradually revealed in later steps. The number
of knockoffs in the rejection region provides an empirical estimate of the number of false

positives along the way, which allows us to control the FDR.

The rest of Chapter 3 is organized as follows. In Section 3.2, we propose a novel
procedure called the signed-knockoff procedure and show that it controls the FDR in
finite samples. In Section 3.3, through mixture modeling, we develop an algorithm to
maximize the power of our procedure. We numerically evaluate the proposed signed-
knockoff procedure through simulation studies in Section 3.4 and in real data applications in
Section 3.5. For the convenience of presentation, technical details and additional simulation

results are given in Section 3.6.

3.2 Signed-knockoff procedure

For the ease of discussion, we will assume that the test statistics and thus the p-values
are all continuously distributed. Furthermore, we focus on the common setting of testing
a simple null versus a composite alternative. For the ith gene in Example 1.2, the null

hypothesis is Hy; : p1; = pg2;, and the alternative hypothesis is Hy; @ p1; # jo;, where iy
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and ug; are the mean expression levels for diseased and healthy subjects, respectively. The
probability density function of the true null test statistic is typically symmetric about zero,
and we call it the symmetric null condition. Examples include the central ¢ distribution
and the standard normal distribution. For such symmetric distributions, a true null test
statistic has an equal probability to be positive or negative, and its sign is independent of

the corresponding p-values.

3.2.1 Signed p-values

Suppose that ¢; is the test statistic of the ¢th null hypothesis, and p; is the corresponding
p-value. To preserve the directional information in ¢;, we could directly work on ¢; but
will need to pay attention to its null distribution, which may vary from application to

application. Alternatively, we can combine sign(¢;) and p; to obtain a new statistic.

Definition (Signed p-value). For the ith null hypothesis with the test statistic t; and the
p-value p;, the signed p-value q; is defined as

We comment on some properties of the signed p-values. Under the symmetric null condi-

tion, it is straightforward to show that

where F' is the cdf of the test statistic under the null. It is clear that the signed p-value
has a one-to-one relationship with the original test statistic. The signed p-value centers
the cdf so that its sign matches the sign of the original test statistic and is scaled to range

from —1 to 1. Furthermore, ¢; follows Uniform(—1,1) if i € H,. Finally, as the p-values
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under alternative hypotheses are more likely to be close to 0, the signed p-values under
alternative hypotheses tend to be close to —1 and 1. Thus, we expect the rejection region
of signed p-values to take the form of [—1, a) | J(b, 1], where a is a negative number and b is a
positive number. If we have defined the signed p-value using p; instead of (1 —p;), not only
the density of the signed p-values under alternative hypotheses would not be continuous,

but also we would lose the simple expression in (3.1).

3.2.2 Proposed procedure

Similar in spirit to the mirror knockoff construction in Lei and Fithian (2018), we define
the knockoff of the ith signed p-value ¢; as
@ = sign(g;) — ;-

As p-values are continuously distributed, no signed p-values should be exactly equal to 0,
so we do not consider how to set the values of knockoffs for zeros. From the definition,
¢; and ¢; share the same signs. If ¢; is positive, then ¢; and §; are symmetric about 1/2.
Similarly, if ¢; is negative, then ¢; and §; are symmetric about —1/2. Furthermore, if the
ith null hypothesis is true, ¢; and ¢ would both follow Uniform(—1,1). In summary, under
the true null hypothesis, ¢; has the same distribution as ¢; and hence is a knockoff of g¢;.
Note that the idea of knockoff originated in the feature selection problem in Barber and
Candes (2015). Although their setting of knockoff is quite different from ours and the
knockoffs in Lei and Fithian (2018), the general ideas are similar. All of the three methods
set the knockoff as an imitation of the original statistic under true null hypotheses so that

they are exchangeable.

Before getting into the details of our proposed procedure, we describe the general idea

behind it. Our procedure is a stepwise procedure. We will start with an initial guess of
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the rejection region, which should be reasonably large. In general, the less the number of
rejections, the less the FDP. Thus, we make the rejection region R shrink towards the two
endpoints —1 and 1 gradually at each step by accepting one null hypothesis at a time. At
each step, we estimate the FDR as

C#{i: g €R}VI

Because ¢; follows the same distribution as ¢; under the true null hypothesis, the num-

FDR

ber of false discoveries #{¢ : i € Ho & ¢ € R} follows the same distribution as
#{i: 1 € Ho & ¢ € R}. Thus, the numerator of FDR, 1 + #{i : ¢ € R}, pro-
vides a slight over-estimate of the number of false discoveries. FDR tends to decrease after
repeated shrinkages. We will stop the shrinkage at the first time FDR < « or when all null

hypotheses have been accepted, whichever comes the first.

We will first define some notation. We divide the signed p-values {¢;}?, into two
groups, {¢;"}7F, and {q; };=,, according to their signs. Denote q(t) as the positive signed
p-value which is the ith closest to 1/2, and qj as the negative signed p-value which is the
jth closest to —1/2. Let a be the nominal FDR level.

After k shrinkage steps in our procedure, let ix and jp be the number of accepted
hypotheses on the positive side and negative side, respectively. Then we can define the
rejection region after k shrinkage steps as Ry = [—1, qjy N q~(’jk)) U(q(t.k) V cj(t.k), 1], where
a A'b=min(a,b).

Let Z, = {i: ¢ € {qa), o q(t.k), d(ys - 4G, ) be the index set of accepted hypotheses
after k shrinkage steps, and J, = {i : i = 1,...,n}/Z; be the index set of unaccepted
hypotheses after k steps. Let b; = I(|g;| > 1/2) and ¢ = ¢; A §;. Define the o-algebra F,

as
Jr = U(‘{CII i1 {bi}ieIk>'
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Later in Step 2 of our procedure, we will require a decision to be Fj-measurable. Let
{4, ¢;} denote the unordered pair of ¢; and its knockoff ¢;. In Fy, {¢7}", contains all the
location information of {g;,¢;} pairs, and b; is the indicator of which element of {g;, G}
is ;. Thus, F} encapsulates the knowledge of all unordered pairs {g;, G }’s of currently
unaccepted null hypotheses plus the ¢; values of already accepted null hypotheses after the
kth step. In other words, for the currently unaccepted null hypotheses, the true identities
of the signed p-values in the unordered pairs are masked from us. Once we decide to accept
a null hypothesis, the true identity of the corresponding signed p-value will be revealed to

us. Our proposed procedure is as follows.

Definition (Signed-knockoff procedure).

Step 1: Initialization.

Set the shrinkage step number £ = 0. For convenience, we set 1 = jo = 1 and let

Ry be the initial rejection region.

Step 2: Choice.

At the (k 4 1)th shrinkage step, we make the rejection region shrink to Rj,; by

accepting one null hypothesis. More specifically, we choose one of the following:

(D Accept a null hypothesis on the positive side: set iy, = i + 1 and jri1 = Jp.

@ Accept a null hypothesis on the negative side: set i, = i3, and jry1 = jp + 1.

As boundary conditions, we choose @) if j, = n_, and we choose ) if i, = n,.

If neither 45, nor jj, reaches its bound, we require the choice between (1) and @) to

be Fi-measurable.
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Increase k by 1.

Step 3: Stopping condition.

If
— l-f—#{i:inRk}
FDR), =
T geRyVI D

or

iy =n4 and jp =n_,

we stop and reject all null hypotheses whose corresponding signed p-values are in

Ry. Otherwise, we return to Step 2.

3.2.3 False discovery rate control

We can see that the procedure above leaves out a key point, that is, how to decide whether
to choose (D or (@) in Step 2. In fact, it can be arbitrarily chosen as long as the choices are
Fr-measurable, that is, the choices are made based on the partially masked information in
Fr. We can show that regardless of the choices, the signed-knockoff procedure controls the
FDR at the nominal level o under the null independence condition introduced in Section
1.3.2. The condition requires that the true null test statistics are independent of each other

and independent of alternative test statistics.

Theorem 3.1. Under the null independence condition, if the null p-values follow Uniform(0, 1)
and are independent of the signs of their corresponding test statistics, respectively, the

signed-knockoff procedure controls the FDR at level c.

The proof of Theorem 3.1 is similar in spirit to the proof of Theorem 2 in Barber and

Candes (2015) and is presented in Section 3.6.1. The independence between the signs and

66



null p-values is naturally satisfied under the symmetric null condition and also holds when

the p-values are generated from permutation tests.

Remark: The AdaPT method proposed by Lei and Fithian (2018) includes two parts:
a framework which is guaranteed to control the FDR in finite samples and an implementa-
tion to maximize power with generic covariates. Because a signed p-value is defined by its
corresponding sign and p-value, our procedure can be viewed as a special instance of the
AdaPT theoretical framework with the sign as a covariate. More thorough technical argu-
ments are given in Section 3.6.3. As a result, we can use their Theorem 1 to show that SK
controls the FDR in finite samples with not only uniform but also mirror conservative null
p-values, which include the permutation p-values. However, our modeling approach differs
from the AdaPT method with the sign covariate, and we will illustrate their difference in

the rest of Chapter 3.

3.3 Powerful choice

In Step 2 of our proposed procedure, the choices of which side to proceed on will not
lead to the loss of FDR control, but they will affect power. In the ideal case where the
data generating model is completely known, it is well established in the Bayesian decision-
theoretic framework that the local FDR is the optimal ranking statistic to maximize power
with a constraint on the FDR, see Miiller et al. (2004), Sun and Cai (2007), and Lei and
Fithian (2018). This result implies that we should choose the pair with larger local FDR,

or equivalently, the pair whose corresponding null hypothesis is more likely to be true.

We propose the following parametric mixture model, whose parameters can be esti-

mated in a computationally efficient manner. If all signed p-values are available to us, we
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can consider the two-group model (Efron et al., 2001):

f(q) = mofolq) + (1 — m0) f1(q),

where 7, is the probability that the null hypothesis is true, and fy, fi, and f are the
null, alternative, and overall densities of the signed p-values, respectively. Under the true
null hypothesis, the signed p-value follows Uniform(—1,1), i.e., fo(q) = 1/2. For the
alternative density, we model it parametrically as a two-component mixture of transformed
beta distributions. More specifically, let

fil) =29 (%) ra-n2 (%)ﬁ ,

where X is the mixing proportion, and o and (8 are the shape parameters of the component
beta distributions. The two components are regular beta distributions transformed from
the range of (0,1) to the range of (—1,1). We set one of the shape parameters in each
beta distribution to 1 so that the alternative negative or positive signed p-value density is

strictly decreasing or increasing, respectively, over the range (—1,1).

Recall that in Step 2 of the signed-knockoff procedure after k shrinkage steps, the
decision needs to be made based on Fj. If the ith hypothesis has not been accepted,
instead of its signed p-value ¢;, we only observe the masked unordered pair {g¢;,¢;}, or
equivalently, ¢F = ¢; A ¢;. The probability density function of ¢/ is the sum of densities of
¢; and ¢;:

9(q;) =m0 + (1 — 7o) f1(q:) + (1 — m0) f1(q:)-
The log-likelihood function based on Fj is

1B (o, A\, ) = og f(g:) + Y log g(a})

1€1y 1€Jk
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_Zlog{ (1 —m0) f1(qi; A, o 5)}

1€Ty

+ Z IOg {7T0 + (1 - Wo)fl(qi; )\, a, 5) + (]. - Wo)fl((ji; )\, Oé,ﬁ)}.

i€k

Maximizing the likelihood directly with respect to my, A, a, and § can be numerically
challenging. Instead, we develop an EM-algorithm by treating the true null statuses of all
hypotheses and the true identities of ¢;’s within the masked pairs as missing information.
The details of the EM-algorithm are described in Section 3.6.2, where the explicit solutions
of parameters are derived. Through the EM-algorithm we obtain the maximum likelihood
estimators 7y, 5\, &, and B . Finally, we compute the local FDR estimate for an unordered
pair as

A~

o

g(q*7ﬁ-075\7d73)

Lidr({q,q}) =

After k shrinkage steps in Step 2 of the signed-knockoff procedure, we choose (D) to

proceed on the positive side if

Lidr({gf;, 1) 46,0 ) = LEdr({g5, 1) 4G, 010 }):

i.e., if the next positive pair is more likely to come from the true null hypothesis than the

next negative pair. We will choose (2) otherwise.

In the above local FDR comparison, the exact value of 7y is inconsequential because it
is the common numerator on both sides and can be canceled out. The crucial part in the
comparison is the overall density estimate g(¢*) in the denominator. These observations
imply that our proposed parametric mixture model does not need to be a correctly specified
model for the signed p-values. To have good power, we only need our mixture model
provides a reasonable fit for the overall density so that we can make approximately correct

choices.
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In the implementation, running the EM-algorithm at each shrinkage step can be time-
consuming. Similar to Lei and Fithian (2018), we rerun the EM-algorithm every [n/20]

shrinkage steps to limit the total run times to be no more than 20.

3.4 Simulation study

In this section, we conduct simulation studies to compare the numerical performance of
the proposed signed-knockoff procedure with other direction-adaptive procedures. The
power advantage of direction-adaptive procedures over p-value-based methods has been
demonstrated in the literature, see simulation results of Sun and Cai (2007) and Zhao and

Fung (2016). Further evidence of this power advantage can also be found in Section 3.6.4.

3.4.1 Candidate procedures

We consider the following candidate procedures:

— SK, the proposed signed-knockoff procedure.

— ORC, the oracle signed-knockoff procedure. The only difference between ORC and SK is
that the choice in Step 2 is based on the true local FDR of the unordered pairs instead

of the estimates and the EM-algorithm is not needed.

— AdaPT, the adaptive p-value thresholding procedure proposed by Lei and Fithian (2018).
The signs of test statistics are used as generic side information in the AdaPT implemen-

tation available in the R package AdaptMT on CRAN.

— SABHA, the structure-adaptive Benjamini-Hochberg algorithm proposed by Li and Barber

(2019). The signs of test statistics are used to form two groups. For a given nominal

70



level of o, SABHA is shown to control the FDR at the level of (1 + C)a, where C' is a
constant determined by the group sizes. To control the FDR at the same level as other
competing methods, we use the adjusted nominal level of a/(1 + C). The performance
of the unadjusted version of SABHA is shown in Section 3.6.4. The R code of SABHA is

available at http://www.stat.uchicago.edu/~rina/sabha.html.

— IHWc, Independent Hypothesis Weighting with censoring proposed by Ignatiadis and
Huber (2018). The signs of test statistics are used as the covariate. IHWc is available
in the R package IHW on Bioconductor, and we use the ihw function with the parameter

censoring set to TRUE.

The simulation results are based on 500 repeated runs, and we report the average FDR

and power relative to ORC.

3.4.2 Independent normal statistics

The simulation setting here is similar to that in Sun and Cai (2007) and Zhao and Fung
(2016). More specifically, we generate test statistics z; independently and identically from

the following normal mixture model:
zi ~ (1= p1 = p2)N(0,1) + piN(p1, 1) + paN(p, 1),

where 11 < 0 < po. The test statistics from the null distribution follow the standard
normal distribution. Alternative test statistics follow the normal distribution with mean
(1 or po and standard deviation 1. We emphasize that the generative model above differs
from the uniform-beta mixture model we used to compute local FDR estimates in Section

3.3. That is, our estimation model is misspecified.
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We study the following three cases of parameter combinations, which follow the simu-

lation settings in Sun and Cai (2007):

(a) Let p; vary between 0 and 0.2 and set po = 0.2 — py, 1 = —3 and pp = 3.
(b) Let p; vary between 0 and 0.2 and set ps = 0.2 — py, gy = —3 and uy = 6.

(¢) Let pg vary between 2 and 6 and set p; = 0.18, p, = 0.02 and p; = —3.

Under each case, we test n = 5000 hypotheses simultaneously and set the nominal FDR

level @ = 0.1.

The left column in Figure 3.1 plots the average realized FDR levels. Across all three
cases, we can see that the FDR levels of SK, ORC and AdaPT are close to each other and to

the target level. SABHA and IHWc are conservative.

The right column in Figure 3.1 plots the relative power. Across all three cases, the power
of SK is close to ORC and generally more powerful than other procedures. We emphasize
that SK achieves almost the power of ORC despite that we fit a misspecified parametric
model based on limited information. AdaPT has the second-best overall power, but SK is
at least as powerful as AdaPT in all settings. From the simulation results, we estimate that
the standard deviation of the relative power of SK and AdaPT to be less than 0.002 in every
case. Thus, SK shows significant power advantage over AdaPT in many parameter settings,
such as in case (¢) when puy < 4. In the vast majority of parameter settings, AdaPT is
significantly more powerful than SABHA and IHWc. When p; < 0.04 in case (b), AdaPT has
less power than SABHA and IHWc.
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Figure 3.1: Realized FDR levels and relative power in the setting of independent nor-
mal statistics in Section 3.4.2. The left column shows the realized FDR levels, and the
right column shows the relative power. Rows (a)—(c) show the results in cases (a)—(c),

respectively.
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3.4.3 Dependent t-statistics

In this subsection, we evaluate the performance of candidate procedures with a dependent
structure that mimics the microarray gene expression data. The simulation setup is similar
to the dependence simulation setting in Liang (2016), and the sample size in the ¢-test
here is the same as the sample size in the first real data application in Section 3.5. More
specifically, we randomly divide the null hypotheses into blocks of size b = 20. Within
each block, the gene expression levels of 6 subjects are generated independently according
to MV N(0y, Xpxp), Where Ypup = (045)pxs = (pl7)pxp with p = —.7. That is, we consider
an autoregressive order one (AR1) dependence structure within each block to mimic the
mixing of positive and negative correlations among genes in the same biological pathway.
Among the 6 subjects, 3 subjects are designated as the Treatment group, and the other
3 subjects form the Control group. The DE genes have a probability of p; to be down-
regulated in the Treatment group subjects, and we add a treatment effect p; < 0 to their
gene expression levels. Similarly, the DE genes have a probability of py to be up-regulated
in the Treatment group subjects, and we add a treatment effect ps > 0 to their gene
expression levels. The test statistics t,...,t, were computed by the regular two-sample

t-test. Then we study three identical cases of parameter variations as in Section 3.4.2.

The average realized FDR and relative power levels are shown in the left column and
the right column in Figure 3.2, respectively. Across all three cases, there is no evidence
suggesting that any procedure exceeds the target FDR level. SK is at least as powerful
as AdaPT in all settings and is significantly more powerful than AdaPT in many settings.
When p; < 0.08 in case (b), SABHA and IHWc show a minor power advantage over SK. In
other settings, SK is convincingly more powerful than SABHA and IHWc, sometimes almost

twice or more as powerful.
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Realized FDR levels and relative power in the setting of dependent ¢-statistics

in Section 3.4.3. The left column shows the realized FDR levels, and the right column

shows the relative power. Rows (a)—(c) show the results in cases (a)—(c), respectively.
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We briefly summarize the simulation results under both independence and dependence
settings. The performance of SK is close to the oracle method ORC, and SK offers significant
power improvement over other competing methods. We also considered simulation settings

with weak signal strength, and the results are presented in the second part of Section 3.6.4.

3.5 Real data applications

We now illustrate the power advantage of our method through two real data applications.
The test statistic distribution in the first application is strongly asymmetric while the dis-
tribution in the second application, which we describe in Example 1.2, is roughly symmetric

about zero.

In addition to the methods compared in Section 3.4, we also considered a p-value-
based procedure that does not utilize the directional information: RB, the right-boundary
procedure proposed by Liang and Nettleton (2012), which is shown to control the FDR in
finite samples (MacDonald, Liang, and Janssen, 2019). Simulation results suggest that RB
is one of the most powerful p-value-based procedures. For space consideration, we choose
not to present the results of SABHA and IHWc here because RB has more rejections than
them in almost every setting, and on both of the positive side and the negative side. Thus,
we compare SK, AdaPT, and RB in the applications. We let the nominal FDR level o vary

from 0.01 to 0.2, and focus on the result when a = 0.1.

3.5.1 Thale cress seedlings

Jang et al. (2014) conducted a microarray study to identify DE genes between two geno-
types, the wild-type and the mutant type. The expression levels of n = 22810 genes are
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compared between the two genotypes, using 3 samples of tissues from each genotype. We
compute the regular two-sample t-statistics of all genes as tq,...,t,. The corresponding
p-values are computed as p; = 2{1 — F(|t;])}, i = 1,...,n, where F' is the cdf of the ¢

distribution with 4 degrees of freedom.

Figure 3.3(a) shows the histogram of test statistics as well as the rejection boundaries of
all procedures considered when the target FDR level o = 0.1. The t-statistic distribution
is highly asymmetric. There are 646 t-statistics that are less than —5, while there are only
378 t-statistics that are greater than 5. We use the Kolmogorov—Smirnov test to test for
any distributional difference between the positive and negative t-statistics, and the p-value
is almost zero (< 2.2e—16). As a p-value-based method, RB cannot utilize the directional
information and reports a symmetric rejection region about 0. On the other hand, the
direction-adaptive procedures SK and AdaPT can use asymmetric rejection boundaries to
gain power. As there seem to be more strong negative signals than the positive ones,
SK and AdaPT shift the rejection boundaries towards the positive direction to allow more

rejections on the negative side.

The difference between SK and AdaPT can be explained by their different modeling
approaches. Recall that SK only needs to estimate one true null proportion. By using
the signs of test statistics as a covariate, the model used in AdaPT estimates the true null
proportion separately for negative and positive statistics. In the thale cress dataset, the
AdaPT true null proportion estimate is larger on the positive side than the negative side,
and AdaPT’s rejection boundaries are pushed further towards the positive side than SK as

a result. Overall, SK has more rejections than AdaPT due to SK’s modeling advantage.
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Figure 3.3: Histogram of ¢-statistics and boundaries of rejection regions given by different
procedures when the nominal FDR level o = 0.1. Panel (a) shows test statistics from the
thale cress seedling data analysis, and Panel (b) shows test statistics from the prostate

cancer data analysis. As AdaPT has no positive rejections in prostate cancer data analysis,

there is no right rejection boundary of AdaPT in Panel (b).
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Figure 3.4: Plots of numbers of rejections versus the nominal FDR level a. Panels (a),
(c) and (e) show numbers of rejections in thale cress seedling data analysis, and Panels
(b), (d) and (f) show numbers of rejections in prostate cancer data analysis. The first row
shows the total numbers of rejections, the second row shows the numbers of rejections on

the negative side, and the last row shows the numbers of rejections on the positive side.
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3.5.2 Prostate cancer

Now we apply the candidate methods to Example 1.2. Figure 3.3(b) shows the histogram
of test statistics as well as the rejection boundaries of all procedures considered when
the nominal FDR level & = 0.1. There is no apparent distributional asymmetry in Fig-
ure 3.3(b), and the p-value from the Kolmogorov—Smirnov test is about 0.4. As a result,
the rejection region from SK is reasonably symmetric about zero. However, AdaPT shows
no positive rejection boundary because of the lack of positive rejections. Panels in the
right column of Figure 3.4 show the relationship between the numbers of rejections and
the nominal FDR levels. For reasonably large «, more specifically, when o > 0.03, SK
has the most overall rejections for all a values. Remarkably, SK can have equal or better
power than the p-value-based procedure RB even when the directional information is not
strong. It is interesting that AdaPT makes no positive rejections at all FDR levels, despite
the evidence of the overall test statistic symmetry. Furthermore, AdaPT has fewer total
rejections than RB, which is not direction-adaptive, at almost all target FDR levels. So we

investigate the AdaPT’s fit to the data in detail.

Both SK and AdaPT use the knockoff framework and accept one hypothesis at a time
from either the positive side or the negative side based on the local FDR comparison.
However, their modeling approaches differ in that SK only has one true null proportion
to estimate while for AdaPT, the model suggested in Lei and Fithian (2018) estimates the
true null proportion separately for each side. As discussed at the end of Section 3.3, SK
is robust to model misspecification because its true null proportion estimate is not needed
in the local FDR comparison. On the other hand, the local FDR estimation method in
AdaPT is sensitive to the correct model specification and reasonable true null or alternative

proportion estimates. Using the prostate dataset as an example, the AdaPT estimate of
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the alternative proportion on the positive side is about 1.5e—5, i.e., there is almost no
positive signal. On the negative side, the alternative proportion is estimated to be about
1.9e—3. Although the absolute difference between the two alternative proportion estimates
is small, the ratio between the two is about 124. It is straightforward to show that, when the
true null proportion estimates are close to 1, the ratio between the alternative proportion
estimates becomes a crucial factor for AdaPT to decide from which side or group to accept
the next hypothesis. Thus, AdaPT highly prefers to accept null hypotheses on the positive
side to the extent that it only rejects on the negative side. However, from the histogram
in Figure 3.3(b), we see that the positive t-statistics has a slightly longer tail than that of
the negative ones, indicating stronger effect sizes of up-regulated genes. The smallest p-
value associated with a positive t-statistic is about 1.5e—7, and we would have rejected its
corresponding null hypothesis at a stringent FWER of 0.001. Thus, AdaPT’s ad-hoc way of
dealing with directional information can lead to not only power loss but also unreasonable

rejection decisions.

3.6 Technical details and additional simulation results

This section is organized as follows. Section 3.6.1 includes the proof of Theorem 3.1.
Section 3.6.2 describes the EM-algorithm, which is introduced in Section 3.3. Section 3.6.3
discusses the similarities and differences between our method and the AdaPT method (Lei

and Fithian, 2018). Section 3.6.4 presents additional simulation results.
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3.6.1 Proof of Theorem 3.1

Proof: Since the signed p-values g; are determined by their corresponding test statistics,
these values under the true null hypotheses are also mutually independent of each other.
Furthermore, because the signed p-values are continuous, the probability of a tie or of a
value equal to 0, —1/2, or 1/2 is zero. Hence, we assume that there are no ties and none of
the signed p-values are equal to 0, —1/2, or 1/2. Recall that the signed-knockoff procedure

terminates when
_ 1 ) ~i
FDR, — L G
#{i: ¢ € Rg} V1

or all the null hypotheses are accepted. In the latter case, the FDP will be 0. It therefore

(3.2)

suffices to prove that

E (FDP|FDR; < a) < a.

Recall that Ho = {i : Hy; is true} is the true null index set. Let i*, j*, and k* be the

values of iy, jr, and k when the procedure terminates. Further, define

Vg = #(Ho ﬂ{l 1 Qg € Rk}),

O =#(Ho[ [{i: G € Ri}),

gk =0 flﬁ {-[(Z € HO)}i:l,...,n; Z bi? Z bz

icH, Z¢H0

In other words, after k£ shrinkage steps, v is the number of true null signed p-values in the
rejection region, and v, is the number of true null knockoffs in the rejection region. G is
a filtration containing the information in F, the true null indicators, and the sums of the
b;’s over the true null and alternative hypotheses, respectively. We need the following two

lemmas:
Lemma 3.1. k* is a stopping time with respect to {Gy }r>0-
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Lemma 3.2. {v;/(1+ %) }i>o0 is a supermartingale with respect to {Gy }x>o0-

Lemma 3.1 implies that G is rich enough to determine whether the signed-knockoff
procedure terminates after k shrinkage steps. Lemma 3.2 is crucial for our proof of Theorem
3.1, and its proof is similar in spirit to the proof of Lemma 3.1 in the Supplement to Barber
and Candes (2015). The technical proofs of Lemmas 3.1 and 3.2 are presented in the end

of the section.

Now we return to the proof of Theorem 3.1. Note that

Uk*
FDR = E
(#{i ¢ € R}V 1)

< E 1+.#{ZZ q; GR}c*} « Uk*N ’
#{i: ¢ € R}V 1+ s

where in the last step, we use the fact that
Up < F#{1 1 G € R}

According to the stopping condition (3.2), we have

1+#{2 CjiGRk*} o
#{Z inRk*}\/l o

Hence,

mmagaE<1““ )

+ Vg

and it suffices to show that

Vi
E < 1. .
(1+@M)-— (3:3)

In the proof of (3.3), a key step is to apply the optional stopping theorem. To do so,

we need to verify that its conditions are satisfied:
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(a) k* is a stopping time with respect to {Gg }r>o;
(b) k* is bounded almost surely (a.s.);
(¢) {vr/(1 + k) }x>0 is a supermartingale with respect to {Gy }x>o0-

Conditions (a) and (c) are proved in Lemmas 3.1 and 3.2. As for (b), it is obvious that

k* < n and hence it is bounded. Then, according to the optional stopping theorem, we

E(— ) <gp(2_),
1‘|"Uk* 1+U0

In the last step of the proof, we show that

E <1 i‘)%) <1 (3.4)

Let ng be the number of elements in Hy () Jo, where J is the index set of masked hypothe-

have

ses at initialization. Then vy+7y = ng. Since the p-values under true null hypotheses follow
Uniform(0, 1), we have P(b; = 1) = 1/2 for any i € Ho. Furthermore, {b;}, g, are inde-
pendent of each other, so vg = >, .9y ., bi follows the binomial distribution Bin(ng, 1/2).

Vo Vo
B (o ) = B (|
(1—|—U0 no) (1—|—TLO—U0 no)
_i i no\ /1\™
=l —i\i ) \2

o 0 Un) 1 1o
T \i—1)\2
=1

<1

Finally,

which implies (3.4). This completes the proof of Theorem 3.1.
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Proof of Lemma 3.1

Proof: It suffices to show that Pﬁk € G, for each £ > 1. We show that both the

denominator and numerator of F/D?{k belong to Gy.

For the denominator of F/Dﬁk,

iE?‘[o Z%Ho €Ty,

Because b; € Fj, for any i € Z, we have #{i : ¢; € Ry} € Gy and therefore

#{’l qiERk}\/legk.

Similarly, for the numerator,

#{it G ER} =#T+ Y bi— Y bi— > b

i€Ty, iEHo i%%o
Because 7, € F, and J, is the complement set of Z,, we have J, € Fi. Therefore,
#{i: ¢ € Ry} € Gi. Hence,

1+#{i1 qleRk}Egk

Therefore, F/D\Rk € Gi.. This completes the proof.

Proof of Lemma 3.2

Proof: For simplicity, define
1+

M,
We proceed in two steps. First, we prove that
M, € gk
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It suffices to show that v, € Gy and v, € Gy.

Note that

ve =#(MHo[ [i: @ € Ri})

=> bh- > b

726%0 iE?‘[O NZk

By the definitions of F;, and Gy, it follows that v, € G,. Similarly,

De=#Ho— > bi— > (1-1b),

2'67‘[0 iGHO NZk

which implies that v, € Gi. Hence, vy /(1 + ¥y) € Gi.

In the second step, we prove that

E (My11|Gk) < M.

Assume that g, is the signed p-value of the revealed hypothesis in the kth shrinkage
step. That is, hy ¢ Z, but hy € Zy.;. Since the choice in Step 2 is Fj-measurable,
hy € Fr C Gi. Further, note that

Vg1 = v — I (hi, € Ho)I(qn, € Ri)

and
U1 = Ok — L(hi € Ho)I(Gn, € Ry).
If hy & Ho, vy and 7y will not change, so My = M.
If hi, € Ho, qn, € Ry is equivalent to b, =1, so

Uk—l
1+ v

E{Mk+1|gk, hk € Ho} =P (bhk = 1|Q’k,hk € 7’[0) (35)
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Vg
0, V1

+P (bhk = 0|Qk,hk € Ho)

To avoid a zero denominator, 7, V 1 is used in the second term instead of ¥y.

We need to calculate P (by, = 1|Gk, hi € Ho). Because all true null signed p-values

are independently and identically distributed, {b;}, cH, are also identically distributed, so
P (b; = 1|Gy,) is the same for all i € Ho [ Jx. Since ZieHoﬂjk b; = vx and #(Ho (N Tk) =

Uk + Uy, it is straightforward to show that

UV

P (bhk = 1‘gk7hk < H(]) -

vy + U
since hy, € Ho () Tk-

If 9, > 1, we substitute (3.6) into (3.5) and obtain

Uk—i-f)kl—f-f)k

. v v — 1 v v v
E(MkJrl‘gk,thH(),UkZl): b b +<1— b )Tk: k~ = M.

v — 1 v
B (Mia[Gie i € Ho) = 17 1 +k7~)k =M

Combining (3.7), (3.8), and the fact that My, = My, if hy ¢ Ho, we have

E (M11|Gr) < M.

(3.6)

(3.8)

Finally, vi/(1 + 0x) is bounded between 0 and n. By combining the results above, we

complete the proof.

3.6.2 Details of the EM-algorithm

Suppose that k shrinkage steps of our procedure have been performed. Recall that Z;

and J are the index sets of the revealed and masked hypotheses, respectively. Based on
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the parametric mixture of beta distributions that we use to model the alternative signed

p-values, we rewrite the log-likelihood as:

o ) a—1 o B—1
e -Zvs (30 (45) " w03 (52)”

1€y,

e {”“ a-mnd (S ramn g (154)

€Tk

+<1—7TQ))\2 (q’;1> —|—(1—7T0)(1—)\)§ (1_2 >B 1}.

Let H; = 1 if the ¢th null hypothesis is false and H; = 0 otherwise. If H; =1, let v, = 1 if

¢; is from the negative signal component with the pdf a/2 - ((¢; + 1)/2)*7!, and 7; = 0 if
¢; is from the positive signal component. Let I, = 1 if ¢; > ¢;, and I; = 0 otherwise. Note

that some of the I;’s are observed. The log-likelihood function of the complete data is
I°(mo, 0, B, A ZHlogl—WO (1 — H;)logm
+ Z Hivilog A+ H;(1 — ;) log(1 — \)
i=1
g +1
Hy I <1 2 -1l N —
+Z Bl {oga/> (o= 1o (14
q +1
H;;(1— 1 2 — 1)1 !
+Z 0 {og<a/> (o= tog (154}
+ZH log(3/2) + (8 —1)1o 'l
g g 5

" ;Hxl — =1 {hog(/2) + (5 - 1o (L5 L) ]

The EM-algorithm alternates between an E-step and an M-step. Let O = (W(()T), a B

be the parameter estimates at the rth EM iteration.

38
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Suppose we are at the (r + 1)th iteration of the EM-algorithm. In the E-step, we need

to compute the following quantities:

=0/0'");
P(y; =1, H; = 1]0M);

"U

(H;
(
P(I; =1, = 1,H, =1|0"), if i € Ji;
P(I; =1, =0, H, =1|0"), if i € J.

For convenience, define

NG 1\ -1 " /1 g\ !
@ =% (T - (0

as the alternative density function evaluated at ¢ using ©()

If © € 7y, ¢; is observed, so
1,(r)
P(H; = 0[0) = — 2"
3Mo +(1_7T )fl ( z)

P\ () o) (a4 -1
(1= my At e (45)°

)+ (1= a) A (@)

If i € Ji, only ¢ is observed, so

(~*_’_1)a(r)fl '
@+ 027+ g+ )

i-g
(T=a) 7+ (=)

7T(()T)

w4 (=) (0 + 10 @)

A {(a) 7y (i)
KO + 10

P(I, =1|H;=1,v=1,0") =

P(I; =1|H;=1,v=0,0") =

P(H; = 0|0") =

P(y; = 1|H; = 1,0") =
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The required quantities can be easily computed from the values above.

In the M-step, we maximize the following expectation:

E {1°(mo, v, B, \)|©T)}

i=1

=1

+Y) P(yi=1H; =1[0")logA+ Y P(y; = 0,H; = 1|0 log(1 — \)

=1

+ 3P = 18, = 110) {logla/2) + (a — 1og (1)}

1€Ly,
r L —gq
+ 3P =0, = 110 {iox(/2) + (5 - o (+5% )}
1€Ly
T
+> P(Ii=1,%=1,H; =16") {log(a/Q) + (= 1) log ( = )}
€Ty
¢ +1
+> P(I;=0,v=1,H; = 16" {log a/2) + a—l)log( 5 )}
1€ Ty
1—4*
+> P(Ii=17v= =100 {log B/2) + (8 —1)log ( 2% )}
€Ty
1—q*
—|—ZPI—O,%—OH—1\@ {logﬂ/2 1)log( 2%)}.
€Ty
The explicit solutions are:
ag Y ZP = 0|0M);
oo TPl = LA = o),
> i P(H; = 1]0M)
s+ 1
alrth :ZP(% =1,H,= 1|@(T))/ [ZP(%‘ =1,H;= 1|9(T))log (q —; )
i=1 1€y,
o RESTING ¢ +1
+§{ Lyi=1H;=1© )10g( 5 )
1 k
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|
+P;=0,v=1H;,= 1|@(r))10g (qZ ;— ) }],

(T+1) = — [— (T) [ — p— (T) !
B E:P(% 0,H; =1|© )/[§ P(y, =0,H, =1|© )log< 5 )

i=1 €Ty,

€Tk

1—gqgf
+P(l; =0,7%=0,H; = ll@(r))log( 2%) }]

We repeat the EM iterations until
|l(7TéT+1), O./(T—H), 6(7“-1—1)7 )\(T-‘rl)) . l(ﬂ'((]r), a(r))ﬁ(r)’ )\(r))| <,

and in our implementation we set € = 107°.

We set the initial values of the parameters in the EM-algorithm as follows: if k = 0,
we simply set (70", (@, 3O A\©) = (0.5,0.5,0.5,0.5); if k > 1, we set the initial values as

the parameter estimates after £ — 1 shrinkage steps.

3.6.3 Connection between SK and AdaPT

The AdaPT method of Lei and Fithian (2018) can be divided into two parts: a framework
that is guaranteed to control the FDR in finite samples and an implementation. In this
section, we first show that our method SK can be viewed as a special instance of the
AdaPT framework. Then we describe the modeling difference between SK and AdaPT in

implementation.
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SK as a special case of the AdaPT framework

Although we developed SK directly based on the signed p-values, our work can also be
viewed as a special instance/implementation of the AdaPT framework with the sign as a

covariate.

As described in Section 3.2, our procedure is a stepwise procedure that accepts one null
hypothesis at a time. Although the AdaPT framework is introduced as a procedure that
updates a covariate-dependent rejection threshold, the discussion section of Lei and Fithian
(2018) points out that it is a special case of a procedure that updates the rejection set, or
equivalently, accepts hypotheses, in a stepwise fashion. The key to the AdaPT framework’s
FDR control is the limited information one can use to choose the next hypothesis to accept.
For the ith null hypothesis, let ¢; be the test statistic and p; the p-value. At each step, AdaPT
selects the next hypothesis to accept based on limited information on the p-values of the
accepted hypotheses and the unordered pairs of {p;, 1 — p;} of the unaccepted hypotheses,
in addition to the covariates. Recall that the signed p-value ¢; = sign(¢;)(1 — p;) and its
knockoff ¢; = sign(g;)—¢;. Similarly to AdaPT, SK selects the next hypothesis to accept based
on limited information on the signed p-values of the accepted hypotheses and the unordered
pairs of {g;, G} of the unaccepted hypotheses. If we define the covariate z; = sign(¢;), our
signed p-value can be computed from the covariate and p-value as ¢; = z;(1 — p;), and
the unordered pair {¢;,§;} can be computed from the covariate and the unordered pair
{pi, 1 —pi} as {q;, ¢;} = {z:(1 — p;), x;p;}. Tt is clear that SK fits into the AdaPT framework
and controls the FDR as a result.
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Modeling difference between SK and AdaPT

SK and AdaPT model the directional data differently. SK models the signed p-values as a
three-component mixture, including one null distribution component and two alternative
distribution components. On the other hand, the AdaPT implementation is geared toward
generic covariates. If we use the sign information as a covariate in the AdaPT implemen-
tation, AdaPT treats the positive statistics and negative statistics as two separate groups
and fits a null+alternative two-component mixture model in each group. This is because
AdaPT models the true null probability and the parameter of the alternative distribution
as separate regression functions of the covariate, and there are only two distinct covariate
values (—1 and 1). Thus, AdaPT estimates the true null proportion separately for each

group, and the two null distributions are unlikely to be compatible.

To illustrate this difference, we first generate a dataset containing the test statistics of
the two-sided tests
Hy:p=0vs H,: pn #0,

where the test statistics follow the normal distribution N(p, 1). For this comparison, we
transform AdaPT’s fitted models on the p-values into fitted models on the signed p-values.

The final fitted models of the signed p-values in the two methods are shown in Figure 3.5.

The models in Figure 3.5 are decomposed into the summation of several components.
We can see that in our SK model, the density function of the signed p-values contains three
components: the null, the positive signal (alternative), and the negative signal. All three

components have continuous distributions from —1 to 1.

In contrast, AdaPT models the p-values with positive and negative test statistics sepa-
rately. Within each of the two groups (sides), AdaPT has two components: one for the null

and one for the alternative. Neither the null nor the alternative distribution is continuous
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Figure 3.5: Decomposition of signed p-value models from SK and AdaPT. The left panel
shows the fitted model for SK, and the right panel shows that for AdaPT. Both density
functions are decomposed into summations of components in the mixture model in SK and

AdaPT.

over (—1,1). In applications in which there is only one global null distribution, AdaPT’s
model with the sign information as a generic covariate may lead to model inconsistency

and loss of efficiency, as demonstrated in the simulation and real-data studies in Section

3.4 and Section 3.5.
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3.6.4 Additional simulation results
Other multiple testing methods

As well as the procedures considered in Section 3.4, we compared our method SK with four

other procedures in simulation studies:

— WBH, the weighted Benjamini-Hochberg procedure of Zhao and Fung (2016). WBH assigns
a weight to each hypothesis according to the sign of its corresponding test statistic, and
it controls the FDR asymptotically. Like in Zhao and Fung’s simulation, we use the

least-slope mp-estimator from Benjamini and Hochberg (2000).

— SABHA*, the structure-adaptive Benjamini—Hochberg algorithm of Li and Barber (2019).
In Section 3.4, we use an adjusted SABHA method so that the FDR is controlled at the
nominal level. Here we use the original method proposed in Li and Barber (2019), which

has been shown to control the FDR at a level above the nominal level.

— AdaFDR, a method that adaptively learns the optimal p-value threshold from the covari-
ates (Zhang, Xia, and Zou, 2019). AdaFDR aims to maximize the number of discoveries

while controlling the FDP, but it is not guaranteed to control the FDR in finite samples.

— RB, the right-boundary procedure of Liang and Nettleton (2012). RB has been shown to
control the FDR in finite samples under the null independence condition (MacDonald,
Liang, and Janssen, 2019). As a p-value-based method, RB cannot utilize the directional

information, and it is used as a baseline to show the impact of this information.

We use the simulation settings given in Section 3.4. The results for the independent
normal statistics setting and the dependent ¢-statistics setting are shown in Figures 3.6

and 3.7, respectively.
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Figure 3.6: Realized FDR levels and relative power in the independent normal statistics
setting. The left column shows the realized FDR levels, and the right column shows the

realized relative power. Rows (a)—(c) show the results for cases (a)—(c), respectively.
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Figure 3.7: Realized FDR levels and relative power in the dependent t-statistics setting.
The left column shows the realized FDR levels, and the right column shows the realized

relative power. Rows (a)—(c) show the results for cases (a)—(c), respectively.
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For the independent normal statistics setting in Section 3.4.2, Figure 3.6 shows that
the realized FDR levels are all close to or below the nominal FDR level except that the
realized FDR levels for AdaFDR are above the nominal level in most settings. For AdaFDR, the
standard error of the FDP is less than 0.016 for every parameter setting in the independent
normal statistics setting. Averaging over 500 replicates reduces the standard deviation
to 0.016/4/500 = 0.0007. Comparing the standard deviation with the gap between the
realized FDR and the nominal level, we conclude that the 95% confidence interval of the
realized FDR of AdaFDR fails to cover a = 0.1 in some of the settings, for example, when
p2 > 5.6 in case (c). In terms of power, overall SK dominates the other procedures, and
the power improvement is significant for most parameter combinations. Although SK has
a power performance comparable to that of AdaFDR in case (a), its advantage is significant
in the other two cases. In case (a) when p; is close to 0.1, there is little asymmetry in
the alternative distribution, and the power of SK is comparable to that of RB. When p;
is away from 0.1, SK shows a significant power improvement over RB. For the dependent
t-statistics setting in Section 3.4.3, we come to a similar conclusion from Figure 3.7: every
method except AdaFDR has good control of the FDR, and overall SK has the best power

performance.

Weak signal

We also consider simulations with weaker signal strengths than those presented in Section
3.4. The signal strengths are reduced to 2/3 of the original values. For example, we
change the effect size parameter = £3 to u = +2 in case (a). Specifically, the parameter

combinations are:

(a) pp varies between 0 and 0.2 and ps = 0.2 — py, g = —2, g = 2.
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Figure 3.8: The Kullback-Leibler divergence between the null and alternative distributions
in the strong signal cases of Section 3.4 and the weak signal cases of Section 3.6.4. In the
legends, “normal” indicates the distributions used in the independent normal statistics
setting, “t” indicates the distributions used in the dependent t-statistics settings, “strong
signal” indicates the setting with strong signals, and “weak signal” indicates the setting

with reduced signals.

(b) p; varies between 0 and 0.2 and py = 0.2 — py, 1 = —2, g = 4.

(c) po varies between 1 and 4 and p; = 0.18, p; = 0.02, uy = —2.

To visualize the signal strength, in Figure 3.8 we plot the Kullback—Leibler (K-L)
divergence between the null distribution and the alternative distribution in both strong
and weak signal settings. Figure 3.8 shows that the K-L divergences between the different
settings are well separated. The strong-signal normal setting has the strongest signal, and
the signal strength from the weak-signal ¢ setting is much weaker than that for the other

settings.

The simulation results are shown in Figures 3.9 and 3.10. There is no strong evidence

that any of the methods lose FDR control, except AdaFDR in the dependent t-statistics
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setting. Overall, the power of SK is still close to that of ORC, and it has a power advantage

over the other methods.
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Figure 3.9: Realized FDR levels and relative power in the independent normal statistics
setting with weak signals. The left column shows the realized FDR levels, and the right
column shows the realized relative power. Rows (a)—(c) show the results for cases (a)—(c),

respectively.
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Figure 3.10: Realized FDR levels and relative power in the dependent t-statistics setting
with weak signals. The left column shows the realized FDR levels, and the right col-
umn shows the realized relative power. Rows (a)—(c) show the results for cases (a)—(c),

respectively.
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Chapter 4

Control the false discovery rate with

complex auxiliary information

4.1 Introduction

In many multiple testing applications, there exists auxiliary information available beyond
a list of p-values, for example, information from related studies (Ferkingstad et al., 2008;
Fortney et al., 2015). In some situations, the auxiliary information can have a complex
structure. Take Example 1.3 for instance. In this example, the auxiliary information is a
combination of the directional information and two numerical covariates, and one covariate

is subject to missing.

As we have discussed in Section 1.3.2 and demonstrated in Chapter 3, the existing
covariate-adaptive methods such as Ignatiadis and Huber (2018) and Lei and Fithian
(2018), may not efficiently use the directional information. Furthermore, to the best of

our knowledge, these methods did not consider the missing data in covariates. In this
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chapter, we extend the signed-knockoff procedure, proposed in Chapter 3, to incorporate
generic covariates and handle missing data. We call our new method as the Codak for
covariate and direction adaptive knockoff procedure. We show that Codak controls the

FDR in finite samples and has competitive power performance in numerical studies.

The rest of Chapter 4 is organized as follows. In Section 4.2, we define the Codak
procedure and show its control of the FDR. In Section 4.3, we describe the implementation
details of Codak. In Section 4.4, we compare Codak with existing methods in simulation
studies. In Section 4.5, we apply our method to analyze Example 1.3. For convenience of

presentation, technical details are presented in Section 4.6.

4.2 Covariate and direction adaptive knockoff proce-

dure

Suppose there are n null hypotheses being tested at the same time: Hy;, i =1,...,n. For
the ith null hypothesis Hy;, let t;, p; and x; be the corresponding test statistic, p-value,

and vector of auxiliary variables, respectively.

Recall that in Chapter 3, we define the signed p-value of the null hypothesis Hy; as
q; = sign(t;)(1 — pi),
and the knockoff of a signed p-value ¢; as
g = sign(q;) — gi-

We develop our method by extending the signed-knockoff procedure to incorporate

generic covariates as auxiliary information. Similar to the signed-knockoff procedure, our

104



procedure is also an iterative procedure that reveals more and more information at each
iteration. In the beginning, instead of signed p-values, we only observe unordered pairs of
signed p-values and their corresponding knockoffs. As a result, the true identities of signed
p-values are masked. Let ¢ = ¢; A ¢; be the minimum of ¢; and ¢;, and knowing ¢} is
equivalent to knowing the unordered pair of {¢;, ¢;}. An initial rejection set Ry is decided

based on the masked information, which can be expressed as the filtration:

Fo=o({ahi, (i),

In general, the FDR of a rejection rule usually decreases when the rejection rule becomes
more stringent. So we set a reasonably large Ry and then accept null hypotheses one
at a time by removing their indexes from the rejection set. We reveal the true identity
of a signed p-value after its corresponding null hypothesis is accepted. Suppose that we
have accepted k null hypotheses, let R, be the current rejection set, and the information

available to choose the next null hypothesis to accept is contained in the filtration:

Fr = U(«Fo, {bi}ing),

where b; = I(|g;| > 1/2). Combining b; with ¢ we can obtain the true identity of ¢;. We
estimate the FDR as:

DR L+ #HE e Rp&elg] < 1/2}
PRl i e Rp&lg| > 1/2 v 1

Because the alternative signed p-values tend to be close to —1 and 1, we prefer to reject
null hypotheses with large absolute signed p-values, and the count in the denominator of
Pﬁk is the number of rejections. Because signed p-values follow a uniform distribution,
the numerator of ﬁ{k provides a slight over-estimate of the number of false rejections.
We keep accepting null hypotheses until the FDR estimate is below the nominal FDR level

.
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More formally, our procedure is defined as follows:

Definition (Codak).

Step 1: Set k = 0. Set the Fy-measurable initial rejection set Ry C {1,2,...,n}.

Step 2: Choose an index i € Ry and remove it from Ry. Set Ryi1 = Ry/{¢}. The index

choice must be Fji-measurable. Increase k by 1.

Step 3: If FDR; < a or Ry, = @, stop and reject any H;o with ¢ € Ry and |g;| > 1/2.

Otherwise, return to Step 2.

Remark 4.1. In our implementation, we set the initial rejection set as Ry = {i : |q| <
0.45 or |g;| > 0.55} in Step 1. Consequently, all null hypotheses with p-values larger than

0.45 will be accepted under all circumstances.

Remark 4.2. As we discussed in Section 3.6.3, the directional information can be viewed
as a group label. However, as we demonstrated, if the distribution of null test statistics is
smooth at 0, treating the directional information as a group label will lead to an inappro-
priate model and result in power loss in rejection results. This explains why we use the
signed p-values to utilize the directional information instead of including the directional

information in x;.

Codak controls the FDR for mirror-conservative true null p-values (Lei and Fithian,

2018). A p-value p; is mirror-conservative if and only if, under the null,
Play <pi<ay) <P(l—ay;<p; <1—ay), forany 0 <ay; <ay <0.5.

We also require that true null test statistics satisfy the null independence condition in-

troduced in Section 1.3.2. The condition requires that the true null test statistics are
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independent of each other and independent of alternative test statistics. We show that

Codak controls the FDR in finite samples.

Theorem 4.1. Under the null independence condition, if the true null p-values are inde-
pendent of the signs of their corresponding test statistics, and they follow Uniform(0,1) or

are mirror-conservative, Codak controls the FDR at level «.

It can be shown that Codak is a special instance of the AdaPT framework (Lei and
Fithian, 2018), and our proof can be established by appealing to their Theorem 1. The

details are in Section 4.6.1.

4.3 Implementation

In Step 2 of our Codak procedure, we only require the choice of next null hypothesis
to accept to be Fjp-measurable but leave the details unspecified. As we have discussed in
Section 3.3, the local FDR is the optimal ranking statistic for the signed-knockoff procedure.
This conclusion also holds for the Codak procedure. The local FDR is defined as the
posterior probability of the null hypothesis being true conditional on its test statistic and
auxiliary information. To maintain the FDR control, the challenge is to estimate the local

FDR with the limited information in F,.
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4.3.1 Two-group model

Suppose that all the signed p-values are observable, consider the following two-group model.
Fori=1,...,n,

H;|x; ~ Bernoulli {m(x;)},

6| H; ~ H;fo+ (1 — H;) fix,,

where H; is the true null indicator, fy is the pdf of Uniform(—1,1), and fix, = fi(-|x;) is
the alternative pdf conditioning on x;. Both the probability of H; = 1, my(x;), and fix,

can depend on the covariates x; and need to be estimated.

Under the two-group model, the overall density function f conditional on x; is

flailxi) = mo(xi) /2 + {1 — mo(x:) } fr(qilxi)-

The local FDR can be expressed as

Lfdr; = mo(x;)/ {2f (q:|x:)} -

Motivated by the choice of f; in Section 3.3, we propose the following parametric model

of flxi:

(%) (q axi)=1 - o\ A1
filailxi) = A(x;) (21) <QZ;1) +{1 - A\(x)} 6(21) <1 2%) .4

We see that fix, is a mixture of two components with transformed beta distributions, where
A(x;) is the mixing proportion. We denote the two components as the o component and
the 8 component, respectively, since a(x;) and 5(x;) are the shape parameter functions in
the two components. By constraining «(x;) and ((x;) between 0 and 1, the a component

is monotonically decreasing on (—1, 1), and the  component is increasing.
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As both of my(x;) and A(x;) represent proportions, we model them through the logistic

regression:
7T0<XZ‘>
1 — s =01 (x;), 4.2
o { 70— 61 ) (42)
A(xi)
1 —— L =0 P, (x; 4.
o {200 —rx), (4.3
where 0, and 0, are two parameter vectors, and ®,(x;) = ((IDM(XZ»), ey P (xi))T and
D, (x;) = ((IJM(xi), ooy @y, (x,-))T are two featurizations of x;.

For computational consideration, we model a(x;) and ((x;) as
~log {a(x:)} = 01, (x,), (4.4)
—log {B(x:)} = 03 Ps(x), (4.5)
where 6, and 63 are two parameter vectors, and ®,(x;) and ®3(x;) are two featurizations
of x;. The appropriate featurization depends on the specific application. The most basic
featurization directly use the covariates in x;. For continuous covariates, we recommend

using thin-plate spline basis functions, though other basis expansions such as tensor product

can also be used (Wood, 2017).

4.3.2 Fir-measurable EM-algorithm

In Step 2 of Codak after k£ hypotheses have been accepted, we are allowed to estimate the

local FDR only based on the limited information in Fj, which are {¢ '}, {x:}!, and
{bi = I(la;l > 1/2)}ign,-
For each 7 € Ry, we only observe ¢, and it can be shown that the density function of
g; 1s
9(g;[xi) = Jgilxi) + f(G;[xi) = mo(x:) + {1 = mo(xa) } frlgi[xi) + {1 = mo(x:)} f1(G7 xs)-
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On the other hand, for each i ¢ Ry, we observe ¢; through ¢ and b;.

As a result, the log-likelihood function of {{g; }7_1, {bi}i¢r, } is

IM(6]F) =) log flailx:) + Y logg(q; x:)

i¢ Ry i€Ry
= " log[mo(x)/2 + {1 — mo(xi)} fi(ailxi)]
(¢ Ry
+ Z log [mo(x:) + {1 — mo(xi) } f1(g; |[x:) + {1 — mo(xi) } f1(GF[xi)]

where © = (0, 0,,0,,03) is the combination of all four parameter vectors.

Maximizing the log-likelihood function {*) directly with respect to © is computationally
challenging. As an alternative, we develop an EM-algorithm to estimate O, and its details

can be found in Section 4.6.2.

4.3.3 Estimating the local FDR

After we estimate ©, for any 7 € Ry, the local FDR of Hy; is

7o (%)
fro(x:) + {1 — 7o (x:) } filgrsxi) + {1 — 7o(xi)} i@ %)

Lidr, =

Inherently, the two-group model is not identifiable, and L/farZ is not unique. Similarly in
spirit to the conservative identifying assumption in Lei and Fithian (2018), we add the min-
imum values of the estimated two alternative components to the numerator. Specifically,

the minimum values of the two density functions are

a(xi) (@)“ a(xi)

el 2 2 T2
and -

in B(x;) (1—q\"™ _ Bxi)

qe[-1,1] 2 2 2
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In our implementation, we use the following local FDR estimate:

o) {1 Ao} [AG)a0e) + {1 A6}
" do(xs) + {1 = Fo(xi)} filgfsxi) + {1 — Fo(xi)} (G5 %)

4.3.4 Missing data in covariates

In Example 1.3, some values of one covariate are missing. In such case where the missing
pattern is simple, we can perform separate model fittings for the null hypotheses grouped
by the missing pattern then accept the null hypothesis with the highest local FDR value
across all groups. In this example, we group the hypotheses according to whether the
corresponding microarray test statistic is missing. In the group where the microarray test
statistic is missing, only the complete covariate, the gene coding region length, is utilized
in the regression model. This strategy can be further extended to situations where null
hypotheses are divided into multiple groups and accompanied by different sets of covariates

in different groups.

Instead of the above grouping strategy, we could also impute the missing covariate
values, for example, using mean or regression imputations. The imputation strategy should
work well when the missing pattern is complex and the grouping strategy could lead to

many groups with small group sizes.

4.4 Simulation study

In this section, we compare Codak with existing methods which can utilize auxiliary infor-

mation through simulation experiments.
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4.4.1 Simulation settings

The simulation settings are adopted from those in Lei and Fithian (2018) and Liang (2019).

We

assume that each null hypothesis H; is accompanied by a bivariate covariate x; =

(zs1,x2). We generate the test statistics ¢; from the distribution f(¢;|x;) = mo(x;) fo(t;) +

{1 —mo(x;)} fi(ti|x;). By default, we assume that fy, the distribution of ¢; under true

null hypotheses, is the pdf of the standard normal distribution. The other parameters are

specified in the following settings:

(a) We let x; form an equally-spaced 50 x 50 grid in the area [—100,100] x [—100, 100].

Set mo(x;) = I(x? + x%, > 900). Under alternative hypotheses, ; ~ N(2,1). The

nominal FDR level « varies between 0.01 and 0.15.

(b) We generate x;; and ;5 from Uniform(0, 1) independently. Set mo(x;) = 0.6 4+ 0.3(1 —

w)(x? + 2%, — 2/3) — 0.375wx;1 T4, and the parameter w varies between 0 and 1. The

f1 is a mixture of a negative component g; and a positive component gs:

filtilxi) = m(xi)g1(t:) + {1 — mi(x:) } g2(t),

and 1 (x;) = (14 x;1242)/2. The two components g; and go are the pdfs of N(—1.5,1)
and N(3,1), respectively.

We start with same setup as in the setting (b) but set m(x;) = (2 + z3 + x42)/4.
Furthermore, let fy be the pdf of the ¢t-distribution with 8 degrees of freedom, and let

g1 and go be the pdfs of non-central {-distributions ¢, o and tg, ~ 2 respectively.

In the setting (a), the number of null hypotheses n = 2500. In the settings (b) and (c),

n = 4000, and the nominal FDR level « is set to 0.1.
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To mimic Example 1.3, we also investigate the settings (a)—(c) with ;2 missing ran-
domly with a probability 0.3. We use “missing” to indicate these settings to distinguish

them from the original “full” settings.

4.4.2 Candidate procedures

We focus on the following procedures that can control the FDR in finite samples:

— Codak, the proposed covariate and direction adaptive knockoff procedure.

— AdaPT, the adaptive p-value thresholding procedure of Lei and Fithian (2018) applied to

the covariate x;.

— AdaPTsign, a direction-adaptive implementation of AdaPT. We group the hypotheses
according to the signs of the test statistics and fit separate models in the two groups.
This strategy is similar to our grouping strategy to handle missing covariates in Section

4.3.4.

Both AdaPT and AdaPTsign are based on the R package AdaptMT available on CRAN, and
we compute the two-sided p-values from the test statistics. More implementation details

can be found in Section 4.6.3.

For settings where some values of x5 are missing, we apply the candidate procedures

with the grouping strategy detailed in Section 4.3.4.

Under each simulation setting, the simulation experiments are repeated 100 times, and

we report the average realized FDR and power.
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4.4.3 Simulation results

The results in the settings (a)—(c), as well as the corresponding settings with missing z;s,

are shown in Figure 4.1.

We see that all procedures control the FDR properly in each setting. In terms of
power, it is not surprising that the power of every procedure with both covariates available
is larger than the power with missing z;, in every setting. AdaPTsign shows a better power
than AdaPT in almost every parameter setting because AdaPTsign utilizes the directional
information. Furthermore, Codak is more powerful than both AdaPT and AdaPTsign in

every setting regardless of whether x5 is missing or not.

4.5 Real data application

Here we analyze the RNA-seq dataset in Example 1.3. Recall that this dataset contains
gene expression levels of 18151 genes in pairs of healthy and diseased samples and was first
analyzed in Jabbari et al. (2012). There are two additional covariates available: the length
of the gene coding region (z1) and the test statistic from a related microarray study (zs).
Due to the technological difference between the two platforms, only 16490 of the 18151

RNA-seq genes were measured in the microarray study of Gudjonsson et al. (2010).

Liang (2019) develop a nonparametric empirical Bayes procedure to estimate the local
FDR of each hypothesis conditioning on its covariates, but it is unclear whether the FDR
can be controlled. We apply our procedure, AdaPT and AdaPTsign to the RNA-seq dataset
with the two covariates. This dataset is available from the R package calm on Bioconductor.
Similar to Liang (2019), we standardize both z; and x5 to between 0 and 1 by dividing

their ranks by the total number of genes. To handle the missing values in x5, we employ

114



FDR Power

[ g - e — T
84 —— Codak-full o e e T e b
- o’ A e _m— _Aa—A—2T
—A—  AdaPT-full IR ot M R e °n goB" o
i 7 neF e~ sa, A _ e_p-H” " A-A
» | ™ AdaPTsign-full-~ .-2-3-¢" . © I P S - EL
(o . T . - 2. AN
S .c R a7 NN TN
— e ,’Ez/g’/ - /. »E'—' -
O o mmA A < /A/o’, A-
PR "L 9T e o . RN
< cr BT a2 /°,’A"
S ’,r’n/*¢ oo~
o ”,’ zaj g_ o/"A
e s
P «’;i/ N
o //!/ ° .
SH ™ o8
© T T T T T T T T T T T T T T
002 004 006 008 010 012 0.14 002 004 006 008 010 012 0.14
o
o
= e .
o . B] =
-o- Codak-missing S| an
o | -&- AdaPT-missing RN ~_
=3 . . b . .
s | -8- AdaPTsign—missing o BIIR---- ol T —— .
i) A ‘"E‘\hh\"‘n-
v§_ A - =¥ LR A \- T
4 == 2= 1 ~ o
5] © ~. A N
A--- e BRT =7 A ~< ~._ =
;==-"'=’U;: o \\Ak---,A A o
8 | 37 e, T
] A _
o Te-a
--A
| T T | T |
0 0.25 0.5 0 0.25 0.5 0.75 1
W W
o
o
Sf-rrrrccmmmiimmiiiimmiiiiiiiI——-- .
o o /
< -
_ 37 -
g \ ./. ”’o
S 2 .. Pt
o o "‘~~‘ _---0"
—~ 4 Tto-------. o-"""
8N 5| =
3 ° .
° 2 n /.
- S AxAiA\- N
o Seo . Tl -
3 Tl B---ol ﬁ/ - ---D
| ~A---- ‘BS=-s----0---
< To) s-A-
o <
P T T T T
0 0.25 0.5 0.75 1
W

Figure 4.1: Realized FDR levels and power in settings (a), (b) and (c) in Section 4.4. The
left column shows the realized FDR levels, and the dash lines indicate the target FDR
levels. The right column shows power. Row labels indicate the simulation settings. Solid

symbols: both covariates available; hollow symbols: missing 5.
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the grouping strategy for all three procedures.

A naive strategy of handling missing covariate values is to ignore the covariates with
any missing values, which will be x5 in this case. For the comparison purpose, we also apply
the three procedures to the RNA-seq dataset with only x; as the covariate. We denote this
covariate setting as the zj-only setting to distinguish it from the original z;&z, setting,

where both x; and x5 are utilized.

Figure 4.2 shows the numbers of rejections under different nominal FDR levels. In
the z1&xy setting, AdaPT has the least numbers of rejections by a large margin compared
with the other two procedures, indicating the importance of the directional information in
Example 1.3. Codak outperforms AdaPTsign when o < 0.1, but in general the difference
between the two is small. In the x1-only setting, the differences among the three procedures
are small, and their powers are much lower than those in the z,&x5 setting. Intuitively, the
test statistics from a closely related study can be highly informative. To avoid handling the
missing data, it is convenient to simply ignore the covariates with missing values. However,
it is clear such a strategy could lead to a significant power loss, and a good strategy to

handle the missing data will be highly useful in practice.

4.6 Technical details

4.6.1 Proof of Theorem 4.1

Let t; and p; be the test statistic and p-value for the ¢th null hypothesis, respectively.
Recall the signed p-value is defined as ¢; = sign(¢;)(1 — p;), which is a function of sign(¢;)
and p;. Following the argument in Section 3.6.3, Codak can be reconstructed as a special

instance of the AdaPT framework in Lei and Fithian (2018) by treating sign(t;) as an
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additional covariate. Specifically, Codak has a parallel structure of the algorithm 3 of AdaPT.
Furthermore, it is straightforward to show that Fj = a({q;‘ oy Ax {bi}i¢Rk) -
0({xi,sign(ti),ﬁkvi}?ﬂ), where pp; = p; if i ¢ Ry and pr; = {p;,1 —p;} if i € Ry. The
latter o-field contains all the information AdaPT need to choose the next hypothesis to
accept and is a superset of Fj, the information can be used in Codak. Finally, we can use

Theorem 1 in Lei and Fithian (2018) to prove our theorem.

4.6.2 Details of EM-algorithm

Recall that Ry is the rejection set after we accept k null hypotheses. Similar to Section
3.6.2, let H; = 1 if the 7th null hypothesis is false and H; = 0 otherwise. If H; =0, i.e., ¢;
is from the alternative hypothesis, let v; = 1 if ¢; is from the o component, and v; = 0 if
¢; is from the § component. Recall that b; = I(|¢;| > 1/2). This information is useful to

obtain the true values of each g;.

Denote
g1 = q;1(g; <0)+ ¢ I(g; >0),
Gio = q;1(g; > 0) + 3 1(q; <0).
With the model assumptions in (4.1)-(4.5), the log-likelihood function of the complete
data is
lc(@a qi, H’h Vi, bi7 Xi)

=1 =1

+ Z(l — Hi)7i05®a(x:) — Z(l — H;)log [1 + exp {63 @x(x;)}]

i=1
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+3 (- Hy, {—Hiwxz-) +exp{ =6, Pa(xi)} log (1 : %) }

i¢ Ry,

370 - Hh, {‘Oi‘l’a(Xz‘) + exp {~8;®a(xi)} log (1 : qm)}

: 2
i€Ry
T T 1 + qi,0
+ > (1= Hi)wi(1 = b)) § —05®4(x;) + exp {—6Pa(x;)} log 5
1€ Ry

+ (- H)(1-) {—%%(xo +oxp {=03®s(xi)} log (1 E qi) }

+ 3 (1= H)(1 =5, {—og%(xi) +exp { —055(xi) } log (1 _2%71) }

+ > (1= Hy)(1 =) (1 - by) {—ogcbﬁ(xl-) + exp {—05®5(x;) } log (1 —2%,0) } .

The core of the EM-algorithm is the EM-iteration, which contains an E-step and an
M-step. We use O~ = (0?71), 0&“1), oY, ngl)) denote the value of © after r — 1

iterations. When r = 1, ©(® denotes the initial value of ©.

E-step

In the E-step of the rth iteration, we need to calculate the following conditional probabil-

1ties:
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For convenience, let

exp {OSFT_I)T@W (x;) }

WO; = )
1+ exp {00V e, (x,)}
exp {Ogr_l)T@,\(Xi)}
A = ;

7

1+ exp {HE\PI)TQA(Xi)}
ol = exp (- 077, )
@2.(’") = exp {— ngl)TQg(xi)},

and

(r)

oc(T>—1 ~ a; ’—1
r r SNGCRCD AR AN L4+
7 =2 =m0 ()T ()

(r) (r)
r T r 1—gq;f pt 1 —gq; et
Fa-aa =003 (FE) + (5E)

For i ¢ Ry, q; is Fp-measurable, so wﬂ) and wg”j can be calculated with the formulas

below:

(r) ”g>
YL T (M () () N (r) (") a(r) 51’
T, + (1 =mo )N oy’ (1/2+¢:/2)" — + (1 —me; )(1=XN7)B (1/2 — qi/2)"

52

r r r oM
" (1- 7T(()z)))\z( Jal” (1/2+ 4:/2)™
T T T T O((.T)f T T T (7‘)7 ’
o)+ (1= IO o (1/2+ q/2)™ T+ (1 - w1 = A)BD (1/2 - gi/2)%

For @ € Ry, only ¢ is available in Fj. As the density function of ¢ can be directly
derived from that of ¢;: g(q7) = f(q}) + f(q}), wfi), wg:i), w?(fi), and wgi) can be calculated
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as follows:

(r) _2”(()3') .
wl N ——’
71 f(r)
r r r (r)_ ~ (r)_
b =mA {2k g2 /2 g2
W2i = ) !
i
r r ' a(‘r)i
by (=7 (1/2 4+ gia/2)%
w37i — f(r) )
T T T <T)—
o (= m ) =X (12— g0/
44 f»(r)

M-step

In the M-step of the rth iteration, we need to find the value of © that maximizes the

following expectation:
E {lc @ Hia Vi bia XZ)|]:1€7 @(T_l)}

= Z w{)eT (xi) — Z log [1 + exp {0, P (x;)}]

' Z“’?Ze@“xz) : Zﬁ;ﬂ — u{7))log [1 + exp {851 (x,)}]

+Z¢ZRkw { P, (x;) + oxp{-0® (Xl)}log(l—;%)}

*%; -] { 9T<I>a<xz~>+exp{—9$<1>a<xi>}1og(1+2%o)}
+Z;Rk ") wzl){ 05 5(x;) + exp {—03; Xz}log(l—zqi>}
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+ ZMM { 06@5 X; +exp{ 95@5 X; }log <1 _2%’1)}

1ERy,
T r 1 —
(1w —wy) —wl) {_9/5@5(&) +exp {—05®5(x;) } log < 2q ,0> } .
1€ERy,

After some algebra work, it can be shown that

E{1°(6; Hi, i, biy %) | Fie, OV} = fr(82) + [1(02) + fa(8a) + f5(85),

where
= Z wﬁ)OTTr(I)W(Xi) - Z log [1 + exp {0, P (x;)}]; (4.6)
i=1 i=1
f2(62) =D w05 ®a(x:) — D (1 —wi)log [1 + exp {61 (x:)}] (4.7)
i—1 i=1
L +g¢
Zw2 {— o(x;) +exp{—0,®, (xl)}log( —;q)}
i1¢ Ry,
14 gia
R T . )
—l—Zw?’Z{ D, (x;) +exp{—0.P (Xz)}log( 5 )}
i€Ry,
T T 1 + qi,0
+ 3wl —wi]) < —01B,(x;) + exp {~ 0P (x;)} log 5 ; (4.8)
i€Ry,
T r 11— qi
F2(65) = 3001 = i) - uf) {-05a0) + exp {0300} how (<52 ) |
i¢ Ry,
1 —qia
+ Zw { 05Ps(x; +exp{ 05Ps(x; }log( 5 )}
1€ Ry
(v 1— g
+Z w“ ) wf“){ 0;95(x;) + exp {—05®4(x; }log( 2q’0>}.
i€ERy,

Hence, we update O via
0" =arg r%axfw(eﬂ);
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0y =arg max f(6));
A

6) = arg max/, (6.);

«

Og) =arg I%%Xfﬂ(eg).

The above four optimization problems can be easily solved through the glm function
in R. This is because the functions in (4.6)—(4.9) can be viewed as either the log-likelihood
function of 2n Binomial random variables or the log-likelihood function of 2n Gamma

random variables.

We consider (4.6) first. Assume that random variables Y); follow the binomial distri-

bution with covariates x;:

Yy ~ Bin(1, mo(x})).

The 2n observations for (Y7,x*) are

1,1<i:<n X, 1 <1<n
Yy = and x; =
0,bn+1<1<2n Xin,n+1<131<2n

The weights for 2n observations are w\) = (wf:i, o ,wf:%n) with

w&), 1<i<n

1—w) , n+1<i<2n

The log-likelihood function of {(Y3;, %}, w;TZ)}fgl is the same as (4.6).

For (4.7), we consider random variables Y5; with

Ya; ~ Bin(1, A(x})).
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The 2n observations for Y5 are

1,L1<i:1<n
Y =
O0,n+1<:<2n

and the corresponding weights w'” = (wf\q, o ,wf\r%n) are

wg? ,1<i<n
e, ) nr1<i<on
The log-likelihood function of {(Ys;, X7, wg\rl)) 21 is the same as (4.7).

For (4.8), we consider random variables Ys; with
Y3 ~ Gamma(1, a(x})),

where the first parameter of the Gamma distribution indicates the shape and the second

parameter indicates the rate. The 2n observations for Y3 are

(
—log{(1+¢)/2},1<i<n&i¢ Ry

v —log{(1+¢1)/2},1<i<n&ie€ Ry
3 =

—log{(1+ Gi—n)/2} , n+1<i<2n&ki—n¢ Ry

K—log{(l—kqi_n,o)/Q}, n+1<i<2n&i—ne Ry

0 = () (r)

and the corresponding weights wg Wy 15+ Wy oy) ATE

(

wér) 1<i<n&i¢ Ry

727

wgi), 1<i<n&ié€cR;

(r) _

o)

O,n+1<i<2n&i—né¢ R

w1 <P S ne R
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The log-likelihood function of {(Y3;, X7, wgz)}fﬁl is the same as (4.8).

For (4.9), we consider random variables Yy; with
Yii ~ Gamma(l, B(Xi)).

The 2n observations for Y, are

;

—log{(1 —¢)/2},1<i<n&i¢ R

—log{(1 —¢1)/2},1<i<n&ie€ Ry

Yy =
—log {(1 = Gin)/2} , n+1<i<2n&i—n¢ R,
—log{(1 —qi—no)/2}, n+1<i<2n&i—nec Ry
and the corresponding weights W(ﬁ) (wér)17 N wgﬂ%n> v

(

1—wf) —wl) 1<i<n&ig¢ Ry

wi), 1<i<n&ic R,

CD At
By

O,n+1<i<2n&i—n¢ Ry

kl—wﬂ) n—wgl) n—wyl) wn+1<i<2n&ki—ne Ry

The log-likelihood function of {(Y;, x} wéi) 21 is the same as (4.9).

With the above discussion, (8%, Hy), o\, Og)) can be obtained with the following pe-

sudocode:

0") «— glm(Y; ~ ®,(x), data = x*, family = binomial, weights = w(");

T ?

( W
Yy ~ ®,(z),data = x*, family = binomial, weights = W( )),
al

3(z), data = x*, family = Gamma(link=“log” ), weights = wﬂr)).

( )

O(T + glm( ),

) glm(Ys ~ ®,(2), data = x*, family = Gamma(link="“log” ), weights = w");
(Yy ~ @s(2)

) glm
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Initialization

We first discuss the initial value ©(©) = (97(9), 0&0), oL, 0[(30)) of © when k = 0.

To initialize 8, and @,, we define

(
(1,0,0), if i ¢ Ry

(Hoi, Hys, Hoi) = (0,1,0),if i € Ry and ¢; <0

(0,0,1), ifi € Ry and ¢; > 0
\

and model (Hy,;, Hy;, Ho;) as
(Hos, Hyi, Ha) ~ Multi( 1 mo(x,), {1 = mo(3)Ai), {1 = mo(xi)} {1 = A(xi)} )

We further assign a weight 10 to each ¢ not in Ry and a weight 1 to each i in Ry.
Then (97(?),49&0)) is chosen to be the maximum likelihood estimate of (8,,0)) based on

{(Hoi, Hyi, H2i) }?-; and their corresponding weights.

To initialize 6, we define

/

I(gi<—1/2),1<i<n&i¢ Ry

(0) I <0),1<i<n&ieR,
w: .=

a,i

(Gion < —1/2), n+1<i<2n&i¢ Ry

\O,n+1§i§2n&:i—n€Ro

and choose 6% to be the maximum likelihood estimate of 8, based on {(Y3;, x5, w((loz) .
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To initialize @5, we define

(

I(g; >1/2),1<i<n&ié¢ Ry
I(gf >0),1<i<n&ieR

I(Gi—n >1/2),n+1<i<2n&i—n¢ Ry

kO,n—l—l§z‘§2n&z‘—n€Ro
and choose 0;0) to be the maximum likelihood estimate of 83 based on {(Y;, X}, wgg VA

When k > 1, we set the initial value of © as its estimate after accepting k—1 hypotheses.

4.6.3 Implementation of AdaPT and AdaPTsign in Section 4.4

In this section, we outline how to implement AdaPT and AdaPTsign by using AdaPT_gam
function in the R package AdaptMT, which is available on CRAN.

We first consider the case that there is no missing value in x5. The implementation of

AdaPT is quite straightforward. This can be achieved by using the following code.

adaptMT: :adapt_gam(x, p, pi-formulas = "s(x1, x2)", mu_formulas = "s(x1,

x2)", alphas = 0.05)
In the above code, we use x to denote the data frame with two numerical covariates x1

and x2, and use p to denote the p-values.

The implementation of AdaPTsign in the first case can also be accomplished by using

the code as follows.

adaptMT: :adapt_gam(x, p, pi_formulas = "s(x1, x2, by = sign) + sign",

mu_formulas = "s(x1, x2, by = sign) + sign", alphas = 0.05)
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In the above code, the new component sign is a factor vector indicating the signs of test
statistics. The R code separates the hypotheses according to the values of sign and fit two

different models in the two groups.

We next consider the case that there are some missing values in z5. In this case, the

implementation of AdaPT can be achieved using the following R code.

adaptMT: :adapt_gam(x, p, pi_formulas = "s(x1, x2, by = 1-x3) + s(xl, by =
x3)", mu_formulas = "s(x1, x2, by = 1-x3) + s(x1, by = x3)", alphas =
0.05)

The new component x3 is a numerical vector. It takes value 1 if x;5 is missing and 0

otherwise.

The implementation of AdaPTsign in the second case can be accomplished by dividing

the p-values into four groups.

regformula = "s(x1, x2, by = (1 - x3) * signy) + s(x1l, x2, by = (1 - x3) *
(1 - signy)) + s(x1l, by = x3 * signy) + s(xl, by = x3 * (1 - signy))"

adaptMT: :adapt_gam(x, p, pi-formulas = regformula, mu formulas =

regformula, alphas = 0.05)

In the above code, signy is a numerical vector which takes value 1 if the test statistic is

positive and 0 otherwise.
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Chapter 5

Summary and future work

5.1 Summary

We first provide a summary of our contributions in this thesis.

In Chapter 2, we propose a maximum multinomial likelihood method to estimate the
unknown parameters in a compound mixture model (2.2). We establish the asymptotic
properties of the proposed estimator and develop an EM-algorithm to numerically calculate
the estimate. The proposed method is implemented in R package mmle. Numerical studies
show that our method is more efficient than the binomial estimator, and exhibits clear
advantage over parametric and semiparametric methods when the model assumptions on

F} and Fy are not satisfied. In the end, we illustrate our method using a malaria dataset.

In Chapter 3, we propose a novel direction-adaptive procedure for multiple hypothesis
testing problems, which controls the FDR in finite samples. We also develop an EM-
algorithm to estimate the local FDRs to improve the power performance of our procedure.

The proposed method is implemented in R package SK. Simulation results demonstrate our
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power advantage over existing methods. We also apply our method to real data applica-

tions, including a thale cress seedling dataset and a prostate cancer dataset.

In Chapter 4, we extend the method in Chapter 3 to incorporate other types of auxiliary
information, including group structures and generic covariates, while maintaining its finite-
sample FDR control property. Our method can work in situations where null hypotheses
are divided into groups in which null hypotheses are accompanied by different sets of
covariates. We have implemented our method in R package Codak and demonstrated our
power advantage over existing covariate-adaptive methods through simulation studies and

a real data application of psoriasis vulgaris disease.

5.2 Future work

The proposed methods in this thesis are expected to be promising for other research prob-

lems. In this section, we outline several interesting topics worthy of further studies.

The method discussed in Chapter 2 can be generalized to the case where covariates
exist. Suppose that we have covariates (such as age and sex) Ziq,...,Z, associated
with the parasite levels Xi,...,X,, in the dry season and Zsyq, ..., Zs, associated with
the parasite levels Y7, ...,Y, in the wet season. We may incorporate these covariates by
studying a semiparametric model: log(X) = Z"8; + ex and log(Y) = Z" 3, + €y, where
X > 0and Y > 0 are the positive parasite levels for nonmalaria and malaria individuals,
and ex and ey have cdfs G; and Gy, respectively. The maximum multinomial likelihood

method can be used to estimate (A, p, By, By, G1, G2). More specifically, for i = 1,...,m,

Mi() ~ Multi(1:p, (1 = p)Ga(t — Z3,8)), (1 = p)Galt — Z1,8)) ).
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and for j =1,...,n

Nj(t) ~ Multi(1: (1= A, (1= (L= p)Ga(t — Z3,8,) + AGalt — Z3,8y),
(1= N1 =p)Gilt = ZB,) + \Galt — Z3,8,)).

where M;(t) and N;(¢) are defined in (2.5) and (2.6), respectively. For any given ¢ > 0, we
define

l ()\ap B1, By, G1, Go; )

Z mig log p + mir () log{(1 — p)G1(t — Z1;81)} + mia(t) log{(1 — p)G1(t — Z},8))}]

+ 3 [miolos{(1 = A} + mia(0)log{(1 = V)1 = P)Galt = Z5,8) + AGalt - 23,6,)

+ () log{(1 = M) (1 = p)Gi(t — Zg;B1) + AGa(t — Zy;8,) }|.

Taking summation over all t;, € I,, we obtain the multinomial likelihood
M(Aapu ﬂlaﬁ% Gl) GQ) = Z iM(Auprlem G17 G27th)
hel,
Maximizing Iy (A, p, By, By, G1, G2) gives the estimator of (A, p, B, B4, G1, G2). We plan to

investigate the asymptotic properties of the resultant estimator in future research.

In Chapter 3, we show that the proposed signed-knockoff procedure can control the FDR
in finite samples under the null independence condition. Furthermore, we show through
simulation studies in Section 3.4.3 that our procedure is reasonably robust in a setting
that mimics the dependence pattern in gene expression data. It would be interesting
to study if the signed-knockoff procedure can control the FDR under such dependence
pattern theoretically. Also, we plan to investigate other dependence settings, under which
our method can be shown to control the FDR. We leave these theoretical and numerical

studies for future research.

131



In Chapter 3, our proposed method assigns equal weights to the signals on the positive
side and the negative side. In practice, there may be reasons to emphasize more on the
positive signals or the negative ones. For example, Basu et al. (2018) proposed a method
that controls a weighted version of the FDR. By assigning different weights to false rejec-
tions on different sides, their method can give a rejection rule which is stricter on one side
than on the other side. Motivated by Basu et al. (2018), we are interested in incorporating

prior knowledge about directions into our methods. This will leave as future research.

In Section 4.5, we group the null hypotheses according to whether one covariate is
missing or not and then model separately in the two groups. Alternatively, we could
impute the missing values, and we plan to investigate the implementation details in our

future study.
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