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Abstract

YING YUAN: Statistical Analysis of Symmetric Positive-definite Matrices.
(Under the direction of Hongtu Zhu and J. S. Marron.)

This dissertation is motivated by addressing the statistical analysis of symmetric positive definite
(SPD) matrix valued data, which arise in many applications. Due to the nonlinear structure of
such data, it is challenging to apply well-established statistical methods to them. Our goal is to
develop statistical models and perform statistical inferences on the Riemannian manifold of the
space of SPD matrices. This dissertation has three major parts.

In the first part, we develop a local polynomial regression model for the analysis of data with
SPD matrix responses on the Riemannian manifold. The independent variable of this model is from
Euclidean space. We examine two commonly used metrics including the affine invariant metric and
the Log-Euclidean metric on the space of SPD matrices. Under each metric, we develop an asso-
ciated cross-validation bandwidth selection method, and derive the asymptotic bias, variance, and
normality of the intrinsic local constant and local linear estimators and compare their asymptotic
mean square errors. Simulation studies are further used to compare the estimators under the two
metrics and examine their finite sample performance.

In the second part, we develop a functional data analysis framework to model diffusion tensors
along fiber bundles as functional responses with a set of covariates of interest, such as age, diagnos-
tic status and gender, in real applications. We propose a statistical model with varying coefficient
functions to characterize the dynamic association between functional SPD matrix-valued responses
and covariates. We calculate a weighted least squares estimation of the varying coefficient functions
under the Log-Euclidean metric in the space of SPD matrices. We also develop a global test statis-
tic to test specific hypotheses about these coefficient functions and construct their simultaneous
confidence bands. Simulated data are further used to examine the finite sample performance of the

estimated varying coefficient functions.
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The third part is to develop a varying coefficient model framework under the affine invariant
metric. This framework is very similar to that in the second part. However, this metric is more
complex than the Log-Euclidean metric, which makes the subsequent estimation of the varying
coefficient functions and the theoretical derivations very challenging. Since there is no explicit form
formula for the estimators, we developed an optimization method for calculating it. We also derive
the asymptotic properties for the estimated coefficient functions, which are important for construct-
ing the simultaneous confidence band and the global test statistic. Moreover, comparisons of the
statistical powers of the varying coefficient models under the affine invariant and Log-Euclidean

metrics are made by using simulated data.

Keywords: Symmetric positive definite matrix, Log-Euclidean metric, affine invariant metric, Lo-
cal polynomial regression, Functional data analysis, Varying coefficient model, Global test statistic,

Simultaneous confidence band.

iv



Acknowledgments

This is a great opportunity to extend my deepest appreciation to all who were involved in the
completion of this dissertation.

First of all, I am sincerely grateful to my advisors, Professor Hongtu Zhu and Professor J. S.
Marron for their encouragement, direction and support. Throughout my dissertation work, they
continually stimulated my analytical thinking through discussions and greatly assisted me with
scientific writing. I improved myself a lot in formulating scientific problems and in developing
methods to solve these problems.

I would like to thank my committee members, Professor Joseph G. Ibrahim, Professor Weili
Lin and Professor Haipeng Shen for their insightful suggestions on this dissertation that led me to
greatly improve my work.

Special thanks to Professor Martin Styner and Professor John H. Gilmore from Department of
Psychiatry at UNC-Chapel Hill for kindly providing the data that led to interesting applications
and Professor Pew-Thian Yap from Department of Radiology for helping with visulization.

Last, but not the least, I would like to express my gratitude to my family, who has been a
constant source of love, concern, support and strength all these years. To my parents for their
unconditional love and support. To my wonderful husband for listening to me, understanding me,
caring for me and relieving me of the daily worries. To my parents-in-law for helping me take care

of my twin baby girls. To my lovely baby girls for bringing me happiness and laughter.



Contents

Abstract . . . . . . L iii
List of Figures . . . . . . . . . . . . e ix
List of Tables . . . . . . . . . . e xi
1 Introduction . . . . . . . . . . e 1
2 Local Polynomial Regression for SPD Matrices . . . . .. ... ... ........ 7
2.1 Introduction . . . . . . . . . L e e 7
2.2 Intrinsic Local Polynomial Regression for SPD matrices . . . . . ... ... ... .. 8
2.3 Affine Invariant Metric . . . . . . . ... 12
2.3.1 ILPR under the Affine Invariant Metric . . . . . . . . ... ... ... .... 12

2.3.2  Asymptotic Properties . . . . . . . . ... 14

2.4 Log-Euclidean Metric . . . . . . . . . . . e 19
2.4.1 ILPR under Log-Euclidean Metric . . . . . . .. ... . ... ... ...... 19

2.4.2 Asymptotic Properties . . . . . . . .. .. 21

2.4.3 CompariSOns . . . . . . . .o e e e 24

2.5 Simulation . . . ... oL e 26
2.5.1 Simulation 1 . . . . . ... 27

2.5.2 Simulation 2 . . . ..o 30

2.5.3 Simulation 3 . . . ... 31

2.6 HIV Imaging Data . . . . . . . . . . . 32
2.7 Conclusion and Discussion . . . . . . . .. L L e 37

vi



3 Varying Coefficient Models for Modeling Diffusion Tensors Along White Matter

Bundles . . . . . . e 38
3.1 Imtroduction . . . . . . . . . L 38
3.2 Methodologies . . . . . . . . L 41
3.2.1 Varying Coefficient Model for Functional SPD data . . . . . . ... ... ... 41
3.2.2  Weighted Least Squares Estimation . . .. . ... ... ... ... ...... 43
3.2.3 Smoothing Individual Functions and Estimating Covariance Matrices. . . . . 45
3.2.4 Asymptotic Properties . . . . . . . . ... 47
3.2.5 Hypothesis Test . . . . . . . . . 48
3.2.6 Confidence Band . . . . . . . ... 49
3.3 Simulation Studies . . . . . . .. 51
3.3.1 Simulation 1 . . . . . ... 51
3.3.2 Simulation 2 . . . .. 53
3.3.3 Simulation 3 . . . . ... 54
34 AReal Example . . . . . . . . 55
3.5 Discussion . . . . . .. 59

4 Varying Coefficient Model for SPD Matrix Valued Functional Data under the

Affine Invariant Metric. . . . . . . .. .. L L 62
4.1 Introduction . . . . . . . . . L 62
4.2 Methodologies . . . . . . . . . e 64
4.2.1 Varying Coefficient Model for SPD Matrix Valued Functional Data . . . . . . 64
4.2.2 Weighted Least Squares Estimation . . . . . ... ... ... . ... ..... 65
4.2.3 Smoothing Individual Functions and Estimating Covariance Matrices . . . . . 68
4.2.4 Hypothesis Test . . . . . . . . . 71
4.2.5 Confidence Band . . . . . . . .. .. 73
4.3 Simulation Studies . . . . . ... 74
4.3.1 Simulation 1 . . . . . ..o 74
4.3.2 Simulation 2 . . ... L 77
4.3.3 Simulation 3 . . . .. oL 78
44 A Real Example . . . . . ... 80

vii



4.5 SUummary . ... oo e 82

Appendix A Cross Validation Bandwidth Selection (2.3.8) . . . ... ... ... ... 83
Appendix B Annealing Evolutionary Stochastic Approximation Monte Carlo . . . 87
Appendix C Assumptions and Proof of Theorems 2.3.1, 2.3.2, 2.4.1 and 2.4.2. . . 91
Appendix D Assumptions in Theorems 3.2.1 and 3.2.2 . ... .. ... ... ..... 105
Appendix E Proof of Theorems 4.2.1, 4.2.2 and 4.2.3 . . ... .. ... ... ..... 106
Bibliography . . . . . . . 131

viii



1.1

2.1
2.2
2.3
24
2.5
2.6
2.7
2.8
2.9
2.10
2.11
2.12

3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9
3.10

4.1

4.2

List of Figures

Ellipsoidal representations of DT’s along the splenium tract . . . . . . ... ... ..

Ellipsoidal representations of the simulated SPD matrix data . . . . . .. ... ...
Ellipsoidal representations of the true and estimated SPD matrix data . . . . . . . .

Boxplots of the AGD using the intrinsic local estimators . . . . . . . .. .. .. ...

logo(LAGD) curves at each sample point using the intrinsic local estimators

Boxplots of the AGD using the intrinsic local linear estimators . . . . . ... .. ..
log,o(LAGD) curves at each sample point using the intrinsic local linear estimators .
Boxplot of the MADE’s using the three smoothing methods . . . . . . .. ... ...

The splenium of the corpus callosum in the analysis of HIV DTI data . . . . .. ..

Ellipsoidal representations of the diffusion tensor data and estimated tensors

FA’s, MD’sand PE’s . . . . . . . . . e
Ellipsoidal representations of estimated mean tensors . . . . . . .. ... ... ....

FA differences and geodesic distances . . . . . . . . .. ... oL

The right internal capsule tract . . . . . . . . . ... Lo oo

Ellipsoidal representations of the true, simulated and estimated diffusion tensors

Geodesic distances between simulated and estimated diffusion tensors . . . . .. ..
Simulation study: Type I and Type Il error rates . . . . . . . . . ... ... .....
Typical 95% simultaneous confidence bands for vectors of coefficient functions . . . .
Simulated coverage probabilities for D(z,5(z)) . . . . . . .. .. oL
—logo(p) values of test statistics T),(x;) for testing gender or gestational age effect .
Ellipsoidal representations of raw and smoothed diffusion tensors . . . . ... .. ..
95% simultaneous confidence bands for coefficient functions . . . . . . ... ... ..

95% critical values for D(z, 3(x)) over gestational ages for female and male groups .

Ellipsoidal representations of the simulated, true and estimated diffusion tensors

Average geodesic distances between simulated and estimated diffusion tensors . . . .

X

39
52
52
54
o6
o7
o8
99
60
61

75
75



4.3
4.4
4.5
4.6

Simulation study: Type I and Type Il error rates . . . . . . . .. .. ... ... ... 77
Typical 95% simultaneous confidence bands for vectors of coefficient functions . . . . 79
—logo(p) values of test statistics T),(x;) for testing gender or gestational age effect . 81

95% simultaneous confidence bands for coefficient functions . . . . . . . . . . . ... 81



List of Tables

3.1 Simulated coverage probabilities for coefficient functions: VCLE methods

4.1 Bias and standard deviation (SD) for coefficient functions . . . . . . . .

4.2 Simulated coverage probabilities for coefficient functions: VCAI methods

X1



Chapter 1

Introduction

Symmetric positive-definite (SPD) matrix-valued data occur in a wide variety of important

applications. For instance,

(1)

An approach to computational anatomy has a representing shape in terms of deformation,
where a SPD deformation vector (JJ7)/2 is computed to capture the directional information
of shape change encoded in the Jacobian matrices J at each location in an image (Grenander

and Miller, 2007).

An different type of computational anatomy is done in diffusion tensor imaging (DTI) (Basser
et al., 1994b), where a 3 x 3 SPD diffusion tensor (DT), which tracks the effective diffusion of

water molecules, is estimated at each voxel (a 3 dimensional (3D) pixel) of an imaging space.

Brain function is studied in functional magnetic resonance imaging (fMRI), where a SPD
covariance matrix is calculated to delineate functional connectivity between different neural
assemblies when the subject is performing a complex cognitive task or perceptual process

(Fingelkurts et al., 2005; Gao et al., 2009).

In classical multivariate statistics, a fundamental task is to model and estimate SPD co-
variance matrices for multivariate measurements, longitudinal data, time series data, among

many others (Pourahmadi, 1999, 2000; Anderson, 2003).

In this dissertation, we consider the situation where the data at hand are random SPD matrix-

valued samples instead of parameters like in the fourth application. Specifically, we focus on two

types of data: (i) the SPD matrix-valued data measured along one curve or (ii) a bunch of curves.



One example application is in DTI, where we obtained: (1) DT’s measured along a fiber tract as
a function of locations; (2) a collection of DT’s along a fiber tract measured as a function of age,
diagnostic status, and gender, while controlling for other clinical variables.

Figure 1.1 (a) displays one fiber tract in the brain, called the splenium tract projected onto a
slice of the FA image from a DTI scan. Along this tract, we have DT’s for each of different subjects
with some specific attributes, such as age, gender and diagnostic status. Each DT is geometrically
represented by an ellipsoid (Figure 1.1 (b)-(e)). In this representation, the lengths of the semiaxes
of the ellipsoid equal the square root of the eigenvalues of a DT, while the eigenvectors define the

direction of the three axes.

Figure 1.1: (a) shows the splenium tract extracted from the tensor atlas projected onto one axial
slice of the FA image from a DTI scan, with color representing FA value. (b)-(e) shows the ellipsoidal
representations of D'T’s along the tract for four selected subjects, with some attributes such as age,
gender and diagnostic status, etc..

Four issues arise when we deal with SPD matrix-valued data statistically.

(1) Should the analysis procedure be based on the derived scalar quantities or be based on the

whole SPD matrices?
(2) Should the estimation be parametric or nonparametric?
(3) which metric should be used, Euclidean or non-Euclidean metrics?

(4) Which statistical model should be developed for a collection of SPD matrix-valued curves,

functional data analysis or others?



In current practice, many statistical analyses of SPD matrix valued data are based on the
derived scalar quantities or carried out for each individual element of SPD matrices (Smith et al.
(2006); O’Donnell et al. (2009); Gao et al. (2009)). For instance, in DTI, classical statistical
methods are applied to fractional anisotropy values (FA is one derived quantity of a diffusion
tensor) along the fiber tracts in order to investigate the change of FA’s. And, in fMRI, they are
applied to inter-regional correlation data in order to explore the development curve of each inter-
regional correlation. This is relatively simple and straightforward because many classical statistical
methods developed for data on Euclidean space can be directly applied in this situation. However,
this method of analysis is not adequate for investigating SPD matrix valued data or their derived
scalar quantities because they only use of part of the information from SPD matrices and so may
not reveal some important characteristics of the data. Moreover, the derived scalar quantities are
linear or nonlinear functions of the estimated eigenvalues of the SPD matrices and thus contain
inherent bias. Hence, estimation and inference based on them can be substantially misleading. Our
simulation results will make this point clearly. Improvements will be made by developing statistical
methods that model the whole SPD matrix as a multivariate unit in this dissertation.

For Data type (i), we have SPD matrix-valued data measured at different spatial locations
(or different time points). We wish to denoise the data and reconstruct the underlying SPD
matrix-valued function. As is known (Fan and Gijbels (1996)), when some assumed underlying
functional forms and distributions are correct, a parametric method is better than a nonparametric
method in terms of computational speed and convergence rate of the estimator. However, the
reality is that the correct model is rarely available. In this situation, the performance of parametric
methods can be very poor and inference based on incorrect assumptions about functional forms and
distributions can be highly doubtful. Nonparametric statistical methods can reduce the reliance
on the assumptions required for estimation and inference, thereby reducing the opportunities for
obtaining misleading results. One contribution of this dissertation is developing a nonparametric
regression method for the analysis of data with SPD matrix valued responses. Specifically, we
develop the local polynomial regression method for SPD matrix valued data, which can be used
to reconstruct the average change of SPD matrices as a function of some covariate, e.g. spatial
location, time point or 3D coordinate. The estimation process of the mean function involves the

choice of metric, which determines the geometry of the space of SPD matrices.



Here we mention three metrics. One is the Euclidean metric and the other two are non-Euclidean
metrics: the Log-Euclidean and affine invariant metrics (Arsigny (2006) and Schwartzman (2006)).
They correspond to three different geometries: the Euclidean, Log-Euclidean and affine invariant
geometries. If we analyze SPD matrix valued data using the Euclidean metric, the usual estimation
methods widely studied on Euclidean spaces can be directly applied to them. However, this direct
application cannot guarantee the positive-definiteness of the estimates since the estimation highly
depends on the noise structure and the structure of the SPD matrices. It is possible to find
the closest points on the space of SPD matrices to the non-positive estimators. This falls into
the category of extrinsic methods. However, in general, extrinsic methods do not perform well,
especially for the statistical inference (Fletcher (2004)). In contrast, estimations using the Log-
Euclidean or affine invariant metrics do not suffer from this problem since the operations are carried
out by considering the space as a non-Euclidean space, which are intrinsic methods. Hence, in this
work, we develop statistical methods with respect to the above two non-Euclidean metrics. Our
simulation results also show that in some scenarios, for example at moderate noise levels or for non-
gaussian noises, the estimators using the Euclidean metric fail to be SPD matrices and thus cannot
outperform those using the Log-Euclidean or affine invariant metrics. Moreover, even if using the
Euclidean metric can retain the positive-definiteness in some cases, estimators using this metric
suffer from the swelling effect, i.e. the determinant of the Euclidean estimators can be larger than
the original determinants. As said in Fletcher (2004), in DTI, diffusion tensors are assumed to be
covariance matrices of the local Brownian motion of water molecules. Introducing more dispersion
in computations amounts to introducing more diffusion, which is physically unacceptable.

For Data type (ii), we have a collection of SPD matrix-valued data measured along a curve (a
temporal or spatial curve) as a function of age, diagnostic status, and gender, while controlling
for other clinical variables. These data are in essence functional data. Moreover, one of the main
characteristics of these data is the combination of longitudinal or spatial information (time series or
spatial data) with cross-sectional information (attribute data). Data can contain trends that vary
in longitudinal or spatial aspects, that vary across different groups of subjects or objects. Take the
study of fiber tract in DTI as an example. There, each subject is characterized by a set of DT’s
along one of the fiber tracts in his/her brain coupled with its additional attributes such as age,

diagnostic status and gender. The natural approach to dealing with this type of data is functional



data analysis (FDA). Compared with the classical statistics where the interest centers around a set
of data vectors, FDA can capture trend, processes and dynamic information which are inherent in
the data and thus increase the statistical power in detecting interesting features and in exploring
variability. While there is extensive interest in developing FDA methods, however, most research
focuses are on functional data with the responses in Euclidean space. The functional data in this
dissertation have SPD matrix-valued responses, which lie in a non-Euclidean space. Those methods
for the data on Euclidean space cannot be directly applied.

Another major contribution of this dissertation is the development of varying coefficient model
frameworks for the analysis of SPD matrix valued functions and their association with a set of
covariates of interest, such as age, diagnostic status and gender, in real applications. Our modeling
will be formulated under the two affine invariant metrics mentioned above. The varying coeflicient

model framework consists of four integrated components:

(i) a varying coefficient model for characterizing the association between SPD matrix valued

functions with a set of covariates of interest,
(ii) the local polynomial regression method for estimating the coeffient functions in the model,
(iii) global and local test statistics for testing hypotheses of interest

(iv) a resampling or x? approximation method for approximating the p-value of the global test

statistic.

The remainder of this dissertation is organized as follows. In Chapter 2, we develop an intrinsic
local polynomial regression model for SPD matrix valued data under two Riemannian metrics:
affine invariant and Log-Fuclidean metrics. Under each metric, we develop an associated cross-
validation method for nonparametric analysis of random SPD matrix-valued data and investigate
the asymptotic properties of the estimators. Simulation studies are performed to examine the
finite sample performance of the estimator. In Chapter 3, we establish the varying coefficient
model framework under the Log-Fuclidean metric, called VCLE, for analysis of the association
between fiber bundle diffusion tensors and a set of covariates of interest. Under this metric, a
varying coefficient model is formulated and correspondingly, an estimation procedure based on the

local polynomial regression method is proposed to estimate the parameters in the model. We also



develop both local and global test statistics to test hypotheses on the varying coefficient functions
and a resampling method is used to approximate the p-value of the test statistics. We construct
a simultaneous confidence band to quantify the uncertainty in the estimated coefficient functions
and propose a resampling method to approximate the critical point. We examine the finite sample
performance of VCLE via simulation studies. In Chapter 4, we formulate the varying coefficient
model framework developed in Chapter 3 under another commonly used metric for the space of
SPD matrices, the affine invariant metric, called VCAI. Specification of the model under this
metric involves the matrix exponential transformation and thus brings many more theoretical and
computational difficulties than that in Chapter 3. We develop an annealing evolutionary stochastic
approximation Monte Carlo algorithm for computing the coefficient functions (Liang (2010)). We
also derived the asymptotic properties of the coefficient functions, based on which a global test
statistic is developed to test hypotheses on the varying coefficient functions and a simultaneous

confidence band is constructed.



Chapter 2

Local Polynomial Regression for SPD Matrices

2.1 Introduction

Symmetric positive-definite (SPD) matrix-valued data occur in many applications. This has
motivated the recent development of several methods for statistical analysis of SPD matrices as
response variables in a Riemannian manifold. Schwartzman et al. (2008) has proposed several
parametric models for SPD matrices and derived the distributions of several test statistics for
comparing differences between the means of the two (or multiple) groups of SPD matrices. Kim
and Richards (2010) have developed a nonparametric estimator for the common density function
of a random sample of positive definite matrices. Zhu et al. (2009) develop a semi-parametric
regression model with SPD matrices as responses in a Riemannian manifold and covariates in a
Euclidean space. This model extends the two-group models studied by Schwartzman (2006) and
Schwartzman et al. (2008) to allow for general covariates and generalizes the parametric modeling in
Schwartzman (2006) by assuming only that certain appropriately defined residuals have mean zero.
Barmpoutis et al. (2007) and Davis et al. (2010) have proposed tensor splines and local constant
regressions for interpolating DTI tensor fields based on the affine invariant metric, but these two
papers do not address several important issues of analyzing random SPD matrices including the
asymptotic properties of the nonparametric estimate proposed. Recently, Dryden et al. (2009)
compare the various choices of metrics of the space of SPD matrices and their properties.

To the best of our knowledge, this is the very first paper for developing an intrinsic local
polynomial regression (ILPR) model for estimating an intrinsic conditional expectation of a SPD
matrix response, S, given a covariate vector x from a set of observations (x1,51),- - , (zn, Sy ), where

the x; can be either univariate or multivariate. In practice, z can be the arc-length of a specific fiber



tract (e.g., right internal capsule tract), the coordinates in the 3D imaging space, and demographic
variables such as age. Important applications of ILPR include smoothing diffusion tensors along
fiber tracts and diffusion tensor fields, quantifying the change of diffusion and deformation tensors
across groups and along time, and the evolution of inter-regional functional connectivity matrix
with time.

Compared with the existing literature, we make several contributions in this chapter. Since the
space of SPD matrices is a curved space, the standard local polynomial regression method is not
adequate and can lead to an unpleasant effect in image processing (Chefd’hotel et al., 2004). To
account for the curved nature of the SPD space, we consider the affine invariant metric and the Log-
Euclidean metric for the space of SPD matrices in order to examine the effect of different metrics on
carrying out statistical inference in the Riemannian manifold. Under each metric, we develop the
ILPR method for estimating the intrinsic conditional expectation of random SPD responses given
the covariate and derive an approximation to its associated cross-validation method for bandwidth
selection. We establish the asymptotic properties of the ILPR estimators. We show the superiority
of the intrinsic local linear estimator over the intrinsic local constant estimator by examining their
asymptotic mean square errors. As shown in Figure 2.7 in Section 2.5, substantial improvements
can be made by treating SPD matrices in the Riemannian manifold.

The rest of this chapter is organized as follows. In Section 2.2, we develop the ILPR method
and its associated cross-validation method for nonparametric analysis of random SPD matrix-valued
data. We investigate the asymptotic properties of the estimators proposed under the affine invariant
metric in Section 2.3 and the Log-Euclidean metric in Section 2.4, respectively. We examine the
finite sample performance of the estimator via simulation studies in Section 2.5. Finally, we will
analyze a real data set to illustrate a real-world application of the proposed ILPR method in Section

2.6 before offering some concluding remarks in Section 2.7.

2.2 Intrinsic Local Polynomial Regression for SPD matrices

Let Sym™(m) and Sym(m) be, respectively, the set of m x m SPD matrices and the set of
m X m symmetric matrices with real entries. Suppose that (x;,5;),i = 1,--- ,n is an independent

and identically distributed random sample, where S; € Sym™(m). For notational simplicity, we



focus on a univariate covariate throughout the paper. The question of interest is to estimate an
‘intrinsic conditional expectation’ of S at each x, denoted by D(z), in Sym™(m).

Since Sym™ (m) is a curved space, one cannot directly define D(z) = E(S|X = z) for a random
SPD matrix S € Sym™(m). Instead, we introduce an m x m residual matriz of S at D(x), denoted
by Ep(z), in Sym(m). The space Sym(m) is a Euclidean space with the Euclidean inner product
given by < Ay, Ay >= tr(A4;1Ay) for any Ay, Ay € Sym(m). Thus, since Ep(x) is in a Euclidean
space, we can directly compute its conditional expectation, which leads to the definition of ‘intrinsic

conditional expectation’ of S at each z as follows:
E{Ep(X)|X =2} = O, (2.2.1)

where O, is the m x m matrix with all elements zero. Heuristically, consider S and D(zx) as
lying in Euclidean space, then £p(z) could be defined as S — D(z) and (2.2.1) would reduce to
D(z) = E(S|X = x).

To rigorously define Ep(X), we review some basic facts about the geometrical structure of
Sym™(m) in order to introduce addition and subtraction operations in Sym™ (m) (Zhu et al., 2009;
Schwartzman, 2006; Dryden et al., 2009). We first introduce the tangent vector and tangent space
at D(z) in Sym™(m). For a small scalar § > 0, let C(t) be a differentiable map from (—6,4) to
Sym™ (m) passing through C(0) = D(x). A tangent vector at D(z) is defined as the derivative of
the smooth curve C(t) with respect to ¢ evaluated at t = 0. The set of all tangent vectors at D(x)
forms the tangent space of Sym™(m) at D(z), denoted as Tp,)Sym™ (m). We need to introduce a
specific metric << -,- >>p(,) as an inner product for tangent vectors on TD(‘,E)Smer (m). For the
given metric, we can calculate << Up(s), Vp(z) >>Dp(s) for any Up(,) and Vp(,) on TD(x)Smer(m)
and then measure the length of the curve in Sym™ (m). Furthermore, one can compute the shortest
path, called the geodesic, between points in Sym™(m). Let Yp(z)(t, Up(z)) be the geodesic as a
function of ¢ passing through vp(,)(0,Up(,)) = D(x) in the direction of Up, € TD(x)Sym“‘(m).

We introduce the Riemannian exponential and logarithmic maps on Sym™(m) as the addition
and subtraction operations. The Riemannian exponential mapping Expp, : T’ D(m)Synﬁ(m) —
Sym™(m) is defined as Exppe)(Up@)) = ¥p()(1;Up(e))- Intuitively, the Riemannian exponen-

tial map starts at D(z) € Sym™(m) and then moves on Sym™(m) in the direction Up(,) €



Tp(z)Sym™ (m). We define an open sphere of radius r centered at the ‘origin’ D(x) in Tp(,)Sym™ (m)
as

BD(x)(T) = {UD(x) € TD(x)Sym+(m) << UD(.Z‘)? UD(Q;) >>p(a)< 7“2}. (2.2.2)

Since Yp(a)(t; 8Up(z)) = Yp(x)(8t; Up(wy) and TD(x)Sym+ (m) is a Euclidean space, there is an r > 0
such that the Riemannian exponential map is a diffeomorphism. Inversely, the inverse of the
Riemannian exponential map Logp,(-) = Expgtx)(-) is called the Riemannian logarithmic map
from Sym™(m) to a vector in Tp(,Sym™(m). For small ¢, we have Logp(z)(7p(2) (1 Up(a))) =
tUp(y). For instance, we consider any two symmetric matrices A; and Ay in the Euclidean space
Sym(m) with the usual Euclidean metric. Thus, we have Logy, (A2) = Az — Ay € T4, Sym(m) and
Expga, (A2 — A1) = Ay + Ay — Ay = Ay € Sym(m).

We define Ep(X) to be Logp(x)(S) in Tp(x)Sym™(m). Thus, the intrinsic conditional expec-

tation of S at X = x is defined as D(x) € Sym™ (m) such that
E{Logp(x)(9)|X =z} = Op. (2.2.3)

The next question is to estimate D(X) at each X = z using the observed data {(z;,S;),i =
1,---,nb.
Since Logp,(Si) is in the Euclidean space Sym(m), we consider estimating D(X) at X =z

by minimizing a weighted intrinsic least square criterion given by
n
Gn(D(20)) = > Kn(wi — 20) << L0gp(49)(Si), LOZp (20 (Si) >>D(a)s (2.2.4)
i=1

where Kj,(u) = K(u/h)h~!, in which h is a positive scalar, and K (-) is a kernel function such as
the Epanechnikov kernel (see Fan and Gijbels (1996); Fan and Yao (1998); Wand and Jones (1995)
for additional discussion). Since << Logpg)(S), Logp(a0)(S) >>p(s) equals the square of the

geodesic distance between S and D(zg), denoted by g(D(zo),S), Gn(D(z0)) can be rewritten as

Gn(D(20)) = Z Kn(z; — 0)g(D(x0), 5i). (2.2.5)
i=1
Directly minimizing Gy, (D(x)) with respect to D(z¢) leads to a weighted intrinsic mean of Sy, --- , S, €
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Sym™(m) at g, denoted by D 1(z0), which can be regarded as a generalization of the intrinsic mean
of Sy, ,8, € Sym™(m) (Bhattacharya and Patrangenaru, 2005). This is exactly the intrinsic
local constant estimator of D(zg) considered in Davis et al. (2010).

We propose the intrinsic local polynomial regression for estimating D(X) at X = ¢ as follows.
Since D(z) is in the curved space, we cannot directly expand D(z) at xo by using a Taylor’s series
expansion. Instead, we consider the logarithmic map of D(z) at D(xq) in Tp,,)Sym™ (m). Since
LogD(xo)(D(x)) for different xg are in different tangent spaces, we may rotate them back to the
same tangent space Ty, Sym™(m) through a rotation mapping (or parallel transport) ®D(w0)
Tp(we)Sym™ (m) — T1,,Sym™(m), where I, is an m x m identity matrix. That is, Y (z) =
OD(a0) (Lo (ar) (D(2))) € Ti, Sym*(m) and Logpie)(D(@)) = dpL,. (¥ (2)), where g5l () is
the inverse map of ¢p(,,)(-). Moreover, since Y (20) = ¢p(z)(Om) = Om and Y () is in the same

space Ty, Sym™ (m), we expand Y (z) at ¢ by using the Taylor’s series expansion as follows:

ko

LO8 p(a(D(2)) = bty (V (@) ~ 6t (3 Y E) (a0) (@ — 20)"), (2.2.6)

k=1

where ko is an integer and Y *)(z) is the k—th derivative of Y () with respect to = divided by k!.

Equivalently, D(z) can be approximated by

D(@) = Exppay)(@pk (V@) (2.2.7)
ko
~ EXpD(IO)((ﬁB%xO)(Z Y (20)(z — 20)")) = D(, a(x0), ko),
k=1
where a(xg) contains all unknown parameters in {D(zq),Y (" (z),--- , Y #0)(z0)}.

To estimate a(xg), we calculate an intrinsic weighted least square estimator of «(xg) defined by
ar(zo;h) = argming ;) Gn(a(z0)), (2.2.8)

where G, (a(z0)) is given by

ZKh i = 20)9(BXDp(0) (P () ZY (z0)(z — 20)%)), Si)%. (2.2.9)
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Then we can calculate D(x,&r(xo;h), ko), denoted by b;(m,h), as an intrinsic local polynomial
regression estimator (ILPRE) of D(x).

We propose to use a leave-one-out cross validation method for bandwidth selection due to its
conceptual simplicity. Larger bandwidths may gain on the variance side, but lose on the bias side
due to oversmoothing. Smaller bandwidths may gain on the bias side, but loses on the variance
side due to undersmoothing. Let ﬁg_i)(:vi;h) be the estimate of D(x;) obtained by minimizing
Grn(a(z;)) with (x;,5;) deleted for a given bandwidth h and all . The cross-validation score is
defined as follows:

CV(h) =n 1 g(Si, DY (s )% (2.2.10)
=1

The optimal h, denoted by iz, can be obtained by minimizing CV(h). However, since computing
ﬁg_i) (z4; h) for all i can be computationally prohibitive, we suggest to use the first-order approx-
imation of CV(h), whose details will be given below under each specific metric. Although it is
possible to develop other bandwidth selection methods, such as plug-in and bootstrap methods
(Rice, 1984; Park and Marron, 1990; Hall et al., 1992; Hérdle et al., 1992), we must deal with

additional computational and theoretical challenges, which will be left for future research.

2.3 Affine Invariant Metric

As discussed in Dryden et al. (2009), various metrics can be defined for tangent vectors on
TD(I)SmeF(m). To assess the effect of different metrics on ILPRESs, we consider two commonly
used metrics including the affine invariant and Log-Euclidean metrics and compare the asymptotic
properties of ILPRES, such as asymptotic normality, under these two metrics. Furthermore, we

systematically compare the intrinsic local constant and linear estimators under each metric.

2.3.1 ILPR under the Affine Invariant Metric

We give the explicit form of Logp,(S) for the affine invariant metric. We add the notation
of ‘A’ into all geometric quantities under the affine invariant metric. Let exp(-) and log(-) be the

common matrix exponential and logarithm, respectively. A scaled Frobenius inner product on
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TD(I)SmeF(m) based on the affine invariant metric is defined as

<< UD(:):); VD(:):) >>D(x),A= tr(UD(x)D(ZC)71VD(TI)D(x)71). (2.3.1)

The geodesic Yp(z),a(t; Up(s)) is given by G(x) exp(tG(:c)_lUD(w)G(a:)_T)G(:p)T for any t, where
G(z) is any square root of D(z) such that D(x) = G(x)G(z)”. Without of loss of generality, G (z)
is assumed to be a lower triangular matrix with strictly positive diagonal terms due to the Cholesky
decomposition.

The Riemannian exponential and logarithm maps are, respectively, given by

Expp(a).a(Up()) = 70(),4(1; Up)) = G(z) exp(G(z) ' UpG(z) ")G(x)",

Logp(z),a(S) = G(z) log(G(z)71SG(z) "1 G(x)T. (2.3.2)

The geodesic distance between D(x) and S, denoted by ga(D(z),S), is given by

Vir{log? (G(2)15G(x)T)} = \/tr{log2(S~1/2D(a) S~ 7/2)}, (2.3.3)

where S1/2 is any square root of S.
We consider two SPD matrices D(z) and D(zg) = G(x0)G(z0)?. For any Ub(zg) € Tp(zo)Sym™ (m),

the rotation map ¢p(,,),a is defined by

DD(20),A(Ub(ag)) = G(20) ' Up(u)G(w0) ™" € Ty, Sym™ (m). (2.3.4)

Since Logp ) (D(2)) € Tp(ge)Sym™ (m), combining (2.3.2) and (2.3.4) yields that

zo)

Y (%) = @p(ag),A(LOZ () (D())) = log (G (z0) ™" D(x)G(x0) "),

D(x) = G(x0) exp(Y (x))G(xo)T. (2.3.5)
In this case, £p(X) can be defined to be log(G(X)~1SG(X)~T) such that

E{log(G(X)'SG(X) ™| X =2} = Op,. (2.3.6)
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To compute the ILPR estimator, we use the Taylor’s series expansion to expand Y (z) at xg as

follows:
ko
D(z) = G(zo) exp(>_ Y ¥ (o) (2 — 20)" /K G(20)" = Da(x, aa(wo), ko), (2.3.7)
k=1
where a4(z) contains all unknown parameters in G(zg) and Y *) () for k = 1,--- , kg. Thus, we

can compute &4 (zo; h) by minimizing G, (aa(zo)). Minimizing G,,(ca(xo)) represents a computa-
tional challenge for the affine invariant metric. According to our experience, the standard gradient
methods do not perform well for optimizing Gy, (aa(xo)) when ko > 0. Hence, we develop an an-
nealing evolutionary stochastic approximation Monte Carlo algorithm (see Liang (2010) for good
discussion) for computing &ra(xo; h), whose details can be found in the supplementary document.

To simplify the computation of the cross-validation score CV 4(h), we suggest the first-order

approximation to CV 4(h) as follows:

n

CVa(h) = n™"Y " ga(Si, Dra(ws b, ko))? + 2pa(h), (2.3.8)

i=1
where b;A(x; hyko) = Da(x,&ra(zo; h), ko). The CV 4(h) is close to Akaike’s information criterion
(AIC) (Sakamoto et al., 1999) and p,(h) can be regarded as degree of freedom. The explicit form

of p,(h) will be presented in Appendix A.

2.3.2 Asymptotic Properties

To understand the statistical properties of Dy A(xo; h), we establish the consistency and asymp-
totic normality of the local polynomial estimators ég4(zo;h).

We need to introduce some notation for discussion. Let u = (u1, -+ ,ug,)? and v = (v1, -+, vg,) 7
be ko x 1 vectors and Us = (u;4j) and Vo = (v45) for 1 <4, j < kg be two ko x ko matrices with
up = [2FK (z)dz and v, = [2*K(z)%dx for k > 0. Let fx(z) and f)((l)(:c) be the marginal density

function of X and its first-order derivative with respect to x, respectively. Consider a function

(S, G,Y) = ga(S,Gexp(Y)GT)?, (2.3.9)
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where G is an m x m lower triangle matrix, S € Sym™(m), and Y € Sym(m). Let vecs(C) =

(€11,€21,€22,"* »Cml, " »Cmm) " for any m x m matrix C = (cij) and vec(A) = (a11, ..., @1m, @21, ...,

A2ms 5y Gml, " Gmm) ! be the vectorization of an m x m matrix A = (aij). Let a = (ag,ay),

in which ag = vecs(G), and ay = vecs(Y). Let 9, (S, G,Y) and 92¢(S,G,Y) be the first and

second order derivatives of (S, G,Y") with respect to «, respectively. By substituting Y (X) into

0a(S,G,Y) and 9%1(S, G,Y) and using the decomposition of a = (ag, ay ), we define

\111 T \112 x
D (s 6,y (0)IX = o,

Wy(2)" y(x)

\1111($) \1112(33)

= E[{aaqzz)(S? Gvy(X))}(XQ‘X = l’],
\Illg(a}>T \I/QQ(QJ)

where a®2 = aa’ for any vector or matrix a and the expectation is taken with respect to S given
X = z. Let 1j,%x1 be a ko x 1 column vector with all elements ones. Finally, we define R(zg; h) =
(w1 (zo; h)TWa(m0), W(o; h){1kyx1 ® Ws(w0) )T and w(zo; h) = (wa(zo; h)T, -+ wiyr1(z0; R)T), in
which for 0 < k < kg + 1,

gy xvees(Y ot (z)) if ko + k is even;

wi(xo; h) =
hukOJrkHvecs(Y(kOH)(wo)f)((l)(xo)/fx(wo) + Y ko+2) (20) / (ko +2))  if ko + & is odd.

We have the following results, whose proof can be found in Appendix C.

Theorem 2.3.1. Suppose that xq is an interior point of fx(-). Let H = diag(1,h, - ,h*) @ I,
and aa(x) = (vecs(G(x))T, vees(Y D (2)T, - -, vees(Y ) () /kg)!)T, in which 1, is an identity
matriz of size ¢ =m(m +1)/2.

(i) Under (2.53.6) and conditions (C1)-(C8) in Appendiz C, there exist solutions &ya(xo;h) to
equation 0Gr(aa(o))/0aa(xo) = 0 such that H{G&ra(zo; h) —aa(zo)} converges to 0 in probability
as n — oo.

(ii) For ko = 0, under (2.3.6), conditions (C1)-(C8) in Appendiz C and that f)((l)(x) is continuous
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in a neighborhood of xo, conditioning on x = {x1, -+ ,x,}, we have

£ (o)
fx(x0)

Vnh[H{ara(zo; h) — aa(zo)} — hrugvecs{ G (z) + 0.5G@ (20)}] =% N (0, Q0(zoD,3.10)

where Qo(zg) = anf;(l(:vo)vo‘lfl(xo)_l\lln(xo)‘l'l($o)_1 and —* denotes convergence in distribu-
tion.
(iii) For ko > 0, under the conditions of Theorem 2.5.1 (ii) and condition (C9), conditioning on X,

we have

hk0+1

mN(xo)_lN(w’O; h)] L N(O, Q(.T())), (2311)

Vnh[H{é1a(z0; h) — aa(wo)} —
where Q(x0) = fx* (20)N (20) " N*(20)N (o)~ and N (x) and N*(x) are, respectively, given by

U, ‘1’1(56‘) u® ‘1’2(56‘) ’L)O\I’ll(l‘) V& \1112(23)
N(z) = ’ N (@) =
u’ & \Ilg(x)T Us ® \Ilg(l‘) vl X \Iflg(x)T Vo ® \IJQQ(ZL‘)

Theorem 2.3.1 delineates the asymptotic bias, covariance, and asymptotic normality of &4 (zo; h)
for kg > 0. Based on Theorem 2.3.1, it is straightforward to derive the asymptotic bias, covariance,
and asymptotic normality of ﬁIA(xO; h, ko) for kg > 0. Moreover, to have a direct comparison
between the affine invariant and Log-Euclidean metrics, we calculate the asymptotic biases and
covariances of log(Dya(zo; h, ko)) € Sym(m). Subsequently, we calculate the asymptotic mean

squared error (AMSE) conditional on x as

AMSE(log(D74(xo; by ko)) = E(tr[{log(Dra(zo; b, ko)) — log(D (o)) }?]|x)

= tr{bias(vecs(log(Dya(zo; h, ko)) |x)®?} + tr{Cov(vecs(log(Dra(xo; b, ko)))|x)}.

Furthermore, we may consider a constant bandwidth that minimizes the asymptotic mean inte-

grated squared error (AMISE) as
AMISE(log(Dra(.; b, ko)) = / AMSE(log(Dyra(x; h, ko)))w(z)dx
for a given weight function w(x).
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We are interested in comparing the asymptotic properties of the intrinsic local constant Dia (x0; h,0)
and the local linear estimator Dj A(xo; h,1). For the intrinsic local constant estimator, it follows

from the delta method that AMSE(log(Dya(zo; h,0))) can be approximated as

W udtr([Gp (o) "vees{ G (z0) F (20) fx (20) ™ + 0.5GP (20) }]?)

+ {nh}_ltr{GD(x0)®2(20(900)}, (2.3.12)

where Gp(zo) = {Ovec(log(G(x0)®?))/0vecs(G(xg))T}T. The asymptotic bias and variance of
ﬁl A(zo; h,0) are similar to those of the Nadaraya-Watson estimator when both response and co-
variate are in Euclidean space (Fan, 1992). Minimizing AMSE(log(Dja(zo; h,0))) leads to the

asymptotically optimal local bandwidth which is given by

n_ltr{GD(ﬂfo)®2QO(l‘0)}

1/5
- ] . (2.3.13)
4uidtr([Gp (wo) Tvees { GO (o) £ (w0) fx (w0) " +0.5G2) () }]#?)

hopt,A(wo; O) = [

With some calculations, the optimal bandwidth for minimizing AMISE (log(Dy4(xo; h, 0))), denoted

by hopt,4(0), is given by

n~t [tr{Gp(20)®?Qo(z0) }w(x)dz

1/5
403 [ tx(1Gp(x0)Tvees{GM (x0) ) (o) fx (x0) ! + 0.5G) <xo>}]®2>w<x>daz] |
(2.3.14)

hopt,A(0) = [
For the intrinsic local linear estimator, AMSE(log(Dj(zo; h, 1)) is given by
0.25h*udtr[{G p(z0) T W1 (z0) ™ WE (z0)vees(Y P (20))}¥?] + (nh) " Mr{Gp(z0)®*Q(z0)}. (2.3.15)

Minimization of AMSE(log(D7(zo; h,1))) leads to the asymptotically optimal local bandwidth,

denoted by hopt,4(2o; 1), which is given by

n_ltr{GD(l“o)®2QO($0)}

1/5
ugtr[{GD(xo)T\pl(xo)1\1;5(530)\,6%(3/(2)m))}@g}) . (2.3.16)

hopt,A(mO; 1) = (
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Furthermore, the optimal bandwidth for minimizing AMISE(log(Dy4(zo; h,1))) is

n~t [tr{Gp(20)®*Q(z) }w(x)dz >1/5
ud [tr[{Gp(20)T W1 (x0) "1 WL (xg)vecs(Y @) (z0)) }22|w(z)dx ’

hopt,A(l) — < (2317)

For interior points, both the intrinsic local constant and linear estimators have the same covari-
ance, but different biases. Particularly, the intrinsic local constant estimator has two leading terms
with one associated with the marginal density fx(.). This result is similar to the well-known results
on the superiority of the local linear over the Nadaraya-Watson estimator when both response and
covariate are in Euclidean space (see Fan and Gijbels (1996) for good discussion). However, for
the intrinsic local constant estimator, its bias depends on the first and second order derivatives of
G(z), whereas the bias of the intrinsic local linear estimator is only associated with the second-order
derivative of Y (x).

We consider ILPRE near the edge of the support of fx(z). Without loss of generality, we
assume that the design density fx(.) has a bounded support [0, 1] and consider the left-boundary
point x¢g = dh for some positive constant d. The asymptotic consistency and normality of ILPRE
are valid for the boundary points after slight modifications on the definition of ug and vg. De-
note upqg = [ 2P K (z)dr and vy 4 = I 2F K?(z)dz. Correspondingly, u, Us, Vo, Uy and Vy are

replaced by ug, Uz 4, Va4, Upq and Vy g, respectively. Let cpyro4 = (Urgt2,d," - 7U2k:0+1,d)T and
Ra(04) = (Ukg11.4P2(04), Chy 2.4 @ ¥3(0+)) vecs(Y *o+1) (04)). For the boundary points, we have

the following asymptotic results under the affine invariant metric.

Theorem 2.3.2. Suppose that xo = dh is a left boundary point of fx(.).

(1) Under conditions (C1)-(C8) in Appendiz C, there exist solutions, denoted by éra(xo;h), to the
equation OGr(aa(o))/0aa(xo) = 0 such that H{a&ra(zo, h) —aa(zo)} converges to 0 in probability
as n — 00.

(i1) For ko = 0 and under conditions (C1)-(C8) in Appendiz C, conditioning on x = {x1, -+ ,xp},

we have
Vnh[H{&1a(0+; h) — aa(0+)} = hug jur 4G (04)] = N(0,90,4(0+)) (2.3.18)

where Qo 4(04+) = f)_(l(O+)u&§vo7d\111(O—i—)*l\I/H(O—&—)\I/l(O—i—)*l.
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(iii) For ko > 0 and under the same conditions as in Theorem 2.3.2 (ii) and condition (C9),

conditioning on X = {x1, - ,xy}, we have

hk‘0+1

oo 7 DPVaOH T ROD] =F N(0,24(0+).  (2:319)

Vnh[H{ara(0+;h) — as(0+)} —
where Qq(0+) = fx (0-4)Ng(04+) T NG (0+)N(0+) "1 and Ny(0+) and N} (0+) are, respectively,
given by
uo’d‘lll(o-i-) ug \112(0+)

Na(0+) = and
w,l @ Ua(0+)T Us g ® U3(0+)

v0.4¥11(04+) vl ® U12(04)
N (0+4) =

vi @ VL (04) Vau® Waa(0+)

It follows from Theorem 2.3.2 (ii) and (iii) that when z( is at the boundary, the asymptotic
average mean squared errors of intrinsic local constant and linear estimators are, respectively,
AMSE(log(D7A(0+; h,0))) = Op(h? + (nh)~1) and AMSE(log(D74(04;h,1))) = O,(h* + (nh)™1).
Thus, the rate of convergence for intrinsic local constant estimator at boundary points is slower
than that at points in the interior. Thus, the intrinsic local constant estimator suffers from the
well-known boundary effects. However, the intrinsic local linear estimator adapts automatically
at the boundary points and its rate of convergence is not influenced by the location of points.
Thus, the intrinsic local linear (or polynomial) estimators share the same property of automatic

adaptation to the boundary as local polynomial estimators in Euclidean space (Fan, 1992).

2.4 Log-Euclidean Metric

2.4.1 ILPR under Log-Euclidean Metric

We introduce an ‘L’ into all geometric quantities under the Log-Euclidean metric (see Arsigny
(2006) for details of the geometry of the space of SPD matrices under this metric). Let dp,) log(.)
and Oyog(p(2)) €XP(-) be, respectively, the directional derivatives in the direction of D(x) € Sym™ (m)
of the log map and in the direction of log(D(z)) € Sym(m) of the exp map. The map dp,) log(.)

is a linear mapping from Tp(,)Sym™(m) to TySym™(m). A scaled Frobenius inner product on
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TD(I)Sym+(m) based on the Log-Euclidean metric is defined as

<< Up), VD@) >>D(@),.=< Ip(@)108(Up()): Op () 10g(VD(x)) >, (2.4.1)

where Up ;) and Vp(,) are in TD(m)Sym+ (m). The geodesic Yp(y),1(t, Up(s)) is given by exp(log(D(x))
+t0p(2) 10g(Up(y))) for any t. Under the Log-Euclidean metric, the Riemannian exponential and

logarithm maps are, respectively, given by

Expp(2),.(Up(e)) = exp(log(D(z)) + Op(a) 10g(Up(x))), (2.4.2)

Logp(z),2(S) = Oog(D(a)) €xp(log(S) — log(D(z))).

The geodesic distance between D(x) and S is uniquely given by

dr(D(x), S) = v/tr[{log(D(x)) —log(5)}*?]. (2.4.3)

We consider two SPD matrices D(x) and D(xg). For any Up () € Tp(ge)Sym™ (1m), the rotation

map ¢p(z), : TD(xO)Sym+(m) — Ty, Sym™ (m) is defined by
?D(20),. (Ub(z0)) = OD(20) 108(Up(z0)) € T1,,, Sym™ (m). (2.4.4)
Recall that Logp g,y (D(2)) is in Tp(ze)Sym™ (m). Combining (2.4.2) and (2.4.4) yields that

Y() = D(a0),L (L8 (2g) (D())) = log(D(x)) — log(D(x0)),

D(z) = exp(log(D(zo)) + Y (x)). (2.4.5)
In this case, £p(X) can be defined to be log(S) — log(D(X)) such that
E{log(S) —log(D(X))|X =z} = Op,. (2.4.6)

To compute the ILPR estimator, we use the Taylor’s series expansion to expand log(D(zg)) at
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o as follows:

ko

D(x) ~ exp(>_(log(D(w0)) ™ (w0) (z — 20)* /K1) = Dy (w, ar (o), ko), (2.4.7)
k=0

where o, (z9) = (vecs(log(D(xg)))(z0))T, - -, vecs(log(D(xg)))*0) (20))T)T. Thus, we can compute
arr(xo; h) by minimizing G, (a(zg)). For the Log-Euclidean metric, &1 (zo;h) has the explicit

expression as
ayp,(o; h) = vee({) | Kn(ai — x0)Xi(20)**} > Kp(w; — z0)Xi(wo)vecs(log(Si))"),
=1 =1

where X;(z) = (1, (z;—x),- -+, (z;—x)*)T. Furthermore, substituting &z, (zo; k) into Dr (x, ar, (), ko),
we have ﬁIL(x; h,ko) = Dr(x, arr(xo; h), ko).

Let epy+1, be the (ko + 1) unit vector having 1 in the i-th entry and O elsewhere. Let
e{0+17i{2?:1 Kn(zj — 2)X;(2)®?} 1Ky (v — 2)X;(z) = ai(z). The cross-validation score CV(h)

can be simplified as follows ,

CV(h) =n""> " gu(Si, Dinlws; h)? /{1 — ai(x:)}>. (2.4.8)
i=1
Replacing a;(x;) in equation (2.4.8) by the average of a1 (1), ,an(x,), we can get the following

generalized cross-validation (GCV) score

n

GOV(h) =n"">  gu(Si, Dip(wi; h)* /{1 =) as(xi)/n}?. (2.4.9)

i=1 =1

Without special saying, for the Log-Euclidean metric, we use generalized cross-validation score

GCV(h) to select the bandwidth throughout this paper.

2.4.2 Asymptotic Properties

Under the Log-Euclidean metric, we examine the consistency and asymptotic normality of
ILPRE for both of the interior and boundary points. We need some additional notation. Let
Up = (ui+;) and Vo = (viyj) for 0 < 4,5 < ko be two (ko + 1) x (ko + 1) matrices. Let Y¢, () be
Cov(vecs(log(S) — log(D(x)))|X = x). We define M(xo;h) = (Mi(zo;h)T, -+, Mpor1(zo; h)T)T,
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in which for 0 < k < kg + 1,

Upy +xvees((log(D(zg))) Fot1)) if ko + k is even;
My (w03 h) = huk0+k+1vecs((log(D(a:o)))(k0+1)f)((l)(a:o)/fx(xo) if ko + k is odd.
+(log(D(0))) "0 / (ko + 2))

Theorem 2.4.1. Suppose that xo is an interior point of fx(.).
(i) Under conditions (C1)-(C4) in Appendiz C, we have H{&r(xo; h) —ar(zo)} converges to 0 in
probability as n — oo.

(i1) For ko = 0, under (2.4.6) and conditions (C1)-(C4) and (C10) in Appendiz C and that f)((l)(x)

is continuous in a neighborhood of xg, conditioning on x = {z1, -+ , T}, we have
2 2 f(l)(fUO) 1
Vnh[H{arr(zo; h) — ar(x0)} — hPugvecs(0.5(log(D(x9)))® + fff o) (log D(z0))M)]
X L0

—L N(0,0(x0)), (2.4.10)

where Yo(w0) = fx* (v0)voSep (o).

(iii) For ko > 0, under the conditions of Theorem 2.4.1 (ii), conditioning on x, we have

hk0+1

Vnh[H{asr(zo; h) — ar(zo)} - (ko + 1)!

Uy @ I)M(x0; h)] —=F N(0,2(x0)),  (2.4.11)

where X(z0) = fx* (x0) Uy Vol ) @ Ze,, (20).

Theorem 2.4.1 delineates the asymptotic properties of Gz, (zo; h, ko). Since vecs(log( Dy (zo; h, ko))
is a subvector of &yr,(xo; h, ko), Theorem 3 covers the asymptotic properties of the intrinsic local con-
stant and linear estimators of D(zg) for kg = 0, 1. In particular, the asymptotic bias and variance
of D; 1(zo; h, 0) are closely related to those of the Nadaraya-Watson estimator when both response
and covariate are in Euclidean space (Fan, 1992). For the intrinsic local constant estimator, by

Theorem 2.4.1 (iii), AMSE(log(D;p,(x0; b, 0))) equals

hhudtr([vees{0.5(log(D(20)))? + £ (x0) fx (wo) " (log(D(x0))) V}]#?)

+vo(nhfx (z0)) " tr{Ze, (z0)}. (2.4.12)
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Minimizing AMSE(log(D;(zo; h,0))) leads to the asymptotically optimal local bandwidth which

is given by
1/5
vo{nfx(zo)}"tr{Ze, (z0)}

dudtr([vees{0.5(log(D(z0)))® + £ (o) fx (z0) L (log(D(x0))) 1 }]#2)
(2.4.13)

hopt,L(xo; O) = [

With some calculations, the optimal bandwidth for minimizing AMISE(log(D;(xo; h,0))), denoted

by hopt,.(0), is given by

[ vo{nfx (o)} " [ tr{Se, (xo) }w(w)dw ] " (2.4.14)

4u3 [ tr([vecs{0.5(log(D(20))® + £ (x0) fx (o)=L (log(D(x0))) M HE2)w(w)dax

For the intrinsic local linear estimator, AMSE(log(D;r,(xo; h,1))) is given by
0.25h*u3tr[{vecs(log(D(x0)) @) }®2) + vo{nhfx (x0)} ‘tr{Se, (z0)}. (2.4.15)

Intrinsic local constant and linear estimators have the same covariance, their differences are con-
cerned only with their biases. The local constant estimator has one more term h2u2f)((1) (20) fx (m9) 1
vecs(log(D(x0))), which depends on the marginal density fx (.). Minimization of AMSE(log(Dyr(zo; h,1)))

leads to the asymptotically optimal local bandwidth, denoted by hgp,r.(zo; 1), which is given by

{nfx(x0)} votr{Se, (zo)} 17°
hopt, (205 1) = [u%tr[){(vegs(log(;’) (mo)j(g));@ﬂ . (2.4.16)
Furthermore, the optimal bandwidth for minimizing AMISE(log(Dyy (zo; h,0))) is
[ o J te{Se, (@) Hifx (@)} Mw(@)da ]
o) = o D ) .

We present the asymptotic properties of the intrinsic estimators under the Log-Euclidean metric

at boundary points below.

Theorem 2.4.2. Suppose that xo = dh is a left boundary point of fx(.). Let diy.qa = (Ukg+1,d>" " »
Uzko+1,d) -

(i)Under conditions (C1)-(C4) in Appendiz C, we have H{arr(xo;h) — a(xo)} converges to 0 in
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probability as n — oo.
(ii) For ko = 0, under conditions (C1)-(C4) and (C10) in Appendiz C, conditioning on x =

{z1,--- ,xn}, we have
Vnh[H{d 1 (x0; h) — o)} — hug qua avees((log(D(04))) V)] =% N(0,80,4(0+)),  (2.4.18)

where ¥ 4(0+) = f§1(0+)u&3v07d2gD(0+).
(i1i) For ko > 0, under the conditions of Theorem 2.4.2 (ii), conditioning on x = {x1, -+ ,Tn}, we

have

hk0+1

Vnh[H{dL(zo; h) — alwo)} — !(UO_’l @ I,) (dry.a @ vees((log(D(0+))) kot DY)

(ko +1)
-1 N(0,24(0+)), (2.4.19)

where $q(0+) = [ (04) Uy Vo.alhy 1) ® Sep, (0+).

2.4.3 Comparisons

We study the asymptotic relative efficiency of the intrinsic local constant and linear estimators
in an interior point zg under the affine invariant and Log-Fuclidean metrics by comparing their
AMSEs/AMISEs. We use AMSE,,; and AMISE,,; to denote the AMSE and AMISE evaluated
at their optimal bandwidth. We first compare AMSE,,; for the intrinsic local constant estimators
under the affine invariant and Log-Euclidean metrics. Specifically, with some calculations, we see
that as n approaches oo, the ratio of AMSEy (log(Dra(zo; h,0))) over AMSE,; (log(Drr(zo; b, 0)))

converges to

tr{GD(xo)®2\I/1(mo)1\1111(130)‘1/1(350)1}]4/5

tI‘{EgD (x(])}

x {tr([c;p(xo)Tvecs{féP<xo>fx<xo>—le<1><mo> +0.5G) (20) }]*?) }1/5 (2.4.20)
tefvecs{ £ (z0) fx (o)~ log(D(x0))™ + 0.5 log(D(z0))}#? |

rMSE(4, L; 0) = [

which is the product of two terms. The first term is associated with the ratio of the covariances of
the intrinsic local constant estimators of log(D(x)) under the two metrics, while the second term is

associated with their biases. Consider the simplest scenario with m = 1 such that D(z¢) = G(x0)?
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and G(xg) > 0. By simple calculations, we can show that the first term equals one and the second

term equals

{ £ (@0) fx (20) L GD (o) + 0.5G) (o) }2/5
(@) fx (0) "1 GD (20) + 0.5G@) () — 0.5(G M (x0))2/G (o) |

which yields that rtMSE(A, L;0) > 1 if and only if
0.25(GM 2/q (1) ~1a() 0.5G2)
25(GH(0))7/G(wo) < fx (o) fx (20) (o) + 0.5G" (o).

Thus, whether tMSE(A, L;0) is greater than 1 depends on both the design density and D(x) itself
as a function of x.

Similarly, we define rMISE(A, L; 0) as the ratio of AMISE,,(log(Dr4(zo; 1, 0))) over AMISE,p(
log(Drr(zo; h,0))). Following similar arguments to rMSE(A, L;0), when m = 1, we have that
rMISE(A, L;0) > 1 if and only if

0.25 / (G (2)Y2G(2)  w(z)dr < / (@) fx ()7 D (@) + 05GP (z) hw(z)da.

Therefore, in terms of AMSE,,; and AMISE,,;, the affine invariant metric is not uniformly superior
to or worse than the Log-Euclidean metric for reconstructing all D(x).

We compare AMSE,,; for the intrinsic local linear estimators under the affine invariant and Log-
Euclidean metrics. Asn approaches oo, the ratio of AMSE,yt(log(Dya(xo; b, 1))) over AMSE,p; (log(D;(

xo; h,1))) converges to

[tr{GD(xo)@Qo(xo)} 4/5
tr{Xe,, (o)}

) {tr({GD(mo)T\Ifl(xo)‘l‘lf%r(xo)vecs(w)(fﬂo))}m) }1/5, (2.4.21)

rMSE(A, L;1)

tr[vecs{log(D(xq))?) }®2]

We also consider the simplest scenario with m = 1 such that D(z) = G(x0)? exp(Y (x)) and G(x¢) >
0. With some calculations, we can show that tMSE(A, L;1) equals one when m = 1. Thus, the

two metrics are actually the same for one dimensional case. However, when m > 1, it is unclear

whether rMSE(A, L; 1) equals to 1 or not.
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2.5 Simulation

We conducted three sets of Monte Carlo simulations to examine the finite sample performance
of ILPRESs for SPD matrices. The first set of simulations was to compare our intrinsic local constant
and linear estimators under the affine invariant and Log-Euclidean metrics with other smoothing
methods including local constant and linear estimators under the Euclidean metric and tensor spline
estimator in Barmpoutis et al. (2007). The second set was to compare the performance of the intrin-
sic local linear estimators under the two metrics: the affine invariant and Log-Euclidean metrics.
The third set was to evaluate the importance and effect of directly smoothing SPDs on the SPD-

derived scalar measures. We set m = 3 and assume that the underlying SPD matrix function has

—0.1(x +0.1) 0.2(z+0.1) sin(0.75x)
the form: D(z) = exp(M(z)), where M(z) = | 0.2(z+0.1) 0.6(z+0.1) —0.4(z+0.1)

sin(0.75x) —0.4(z+0.1) 0.5(z+0.1)
We generated n design points x;,i = 1,--- ,n independently from a N(0,0.25) distribution. In the

following we generated the simulated data using three different noise models:

1. Riemannian log normal noise model: it assume that C(z;) ! log D(z;)(Si)C (x;)~T has a symmetric
matrix variate normal distribution N(0,3) (see Schwartzman (2006) for details), where D(z;) =
C(x;)®? and S; is the simulated SPD matrix. Thus we first simulated ¢; € Sym(3) from N (0, )

and then calculated S; = C(x;) exp(e;)C(x;)”. We chose covariance matrice ¥ as follows:

0.3  0.049 0.052
1=21 0049 0.2 0.0424
0.052 0.0424 0.1

and Y9 = 4%;. The simulated SPD matrix data is shown in Figure 2.1 (a).

2. Log normal noise model: it assume that log(S;) has a symmetric matrix variate normal distri-
bution N(0,X) (see Schwartzman (2006)). Thus we simulated ¢; from N(0,Y) and then calculated
S; = exp(log(D(z;)) + €;). The simulated SPD matrix data is shown in Figure 2.1 (b).

3. Rician noise model: this noise model is commonly assumed in DT-MRI studies. The diffusion-
weighted MR signal was simulated for 31 gradient directions ri, k = 1,--- ,31 with b-factor by =

1000s/mm representing the magnitude of the diffusion gradients and four baseline images are
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considered. We set the baseline signal intensity wg at 1500 and og = 75 to obtain a signal-to-noise
ratio 25. For a given diffusion tensor D(z;), we add complex Gaussian noise having a standard
deviation o( to the simulated real signal wgexp(—bgryD(x;)ry) at the k-th acquisition. i.e. we

calculated

wig =\ (wo exp(~brD(ws)re) + e14) + €,

where €1, and €3 j, were generated from a Gaussian random generator with mean zero and standard
deviation o as the resulting diffusion weighted MR signal at the k-th acquisition. Then the diffusion
tensor S; was estimated from the 35 diffusion-weighted images by applying a least squares technique
to the log-transformed signal intensities. The simulated DT (SPD matrix) data is shown in Figure
2.1 (c).

We set n = 50 and then simulated 100 data sets for each case. For each simulated dataset
{(zi,8;) : i =1,---,n}, we apply our methods and also the local constant and linear methods
under the Euclidean metric to estimate the SPD matrix function and the bandwidth was chosen
separately for each estimator using its corresponding cross-validation method.

Figure 2.2 displays the estimated SPD using local linear regression under the affine invariant,
Log-Euclidean and Euclidean metrics for the three different noise models. Note that three smooth-
ing methods did an excellent job of recovering ground truth for the Rician noise model. For the
other two noise models, our intrinsic local linear regression methods outperform that using the

Fuclidean metric. There is a clear swelling effect when using Euclidean smoothing method.

(a)

(ble®es @ - - e e-i-0-0-1-0-4

(C) %% %88 0988 B-0-0-0-0-0-0-0-0-7-4

Figure 2.1: Ellipsoidal representations of the simulated SPD matrix data along the design points
under the three different noise models: (a) Riemannian log normal, (b) log normal and (c¢) Rician
noise models, colored with FA values defined in (2.5.1).

2.5.1 Simulation 1

We compared our intrinsic local constant and linear estimators for SPD matrices under both

the affine invariant and Log-Euclidean metrics with local constant and linear estimators under the
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Figure 2.2: Ellipsoidal representations of the true (a) and estimated SPD matrix data along the
design points using three smoothing methods: ((b), (e) and (h)) ILPR under the affine invariant
metric, ((c), (f) and (i)) ILPR under the Log-Euclidean metric and ((d), (g) and (j)) LPR under
the Euclidean metric and under the three different noise models: (b)-(d) Riemannian log normal,
(e)-(g) log normal and (h)-(j) Rician noise models, colored with FA values defined in (2.5.1).

Euclidean metric and tensor spline method in Barmpoutis et al. (2007), respectively. For each
simulated dataset, an Average (over the design points, x;, for i = 1,---,n) Geodesic Distance

(AGD) across all pairs of the estimated and true SPD matrices D(z;) and D(z;) was calculated as

n
AGD; =n"") " g(10°Dj(x;), 10° D ().
i=1
At each sample point z;, a Local Average (over simulated realizations, j = 1,---, N) Geodesic

Distance (LAGD) was calculated as

N
LAGD(z;) = N™' ) g(10°D;(x;), 10° D(x)),
j=1
where ﬁj (z;) are the estimated SPD matrices at the sample point x; at the j-th replication. We
take three different metrics for calculating the geodesic distance: affine invariant, Log-Euclidean
and Euclidean metrics. Results for the three different noise models are summarized in Figure 2.3
and Figure 2.4.

First, we observe that the comparison measurements based on three different metrics reveal
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Figure 2.3: Boxplots of the AGD using the intrinsic local constant and linear estimators under
the Log-FEuclidean, affine invariant and Euclidean metrics, and tensor spline smoothing method,
based on 100 replications for the three noise models: (a)-(c) Riemannian log normal, (d)-(f) log
normal, and (g)-(i) Rician at sample size 50. The first, second and third columns correspond to
comparisons based on geodesic distances under the affine invariant, Log-Euclidean and Euclidean
metrics. LCL, LLL, LCR, LLR, LCE, LLE and SP represent the intrinsic local constant and
linear estimators under the Log-Euclidean, affine invariant and Euclidean metrics and tensor spline
smoothing method, respectively.

similar results. In addition, as expected, under each of three metrics considered, the local linear
estimator is superior to the local constant estimator. Also, our intrinsic estimators perform better
than the local constant and linear estimators under the Euclidean metric and the tensor spline
method for the first two noise models. For the third noise model, our intrinsic local estimator
under the Log-Euclidean metric works best. The second one is the estimator under the Euclidean
metric. The third one is that under the affine invariant metric. It appears that the tensor spline
method cannot compete with the other six methods. Moreover, it is observed that the variances of
the AGD’s based on the affine invariant metric are larger than those based on the Log-Euclidean
metric. This suggests that the Log-Euclidean metric may be more useful. More can be observed

from Figure 2.4, which displays the LAGD’s at each sample point . We observed that, at interior
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Figure 2.4: The log;,(LAGD) curves at each sample point using the intrinsic local constant (solid
line) and linear (dotted line) estimators under the Log-Euclidean(lines with circles), affine invariant
(lines with +’s ) and Euclidean metrics (lines with squares), and tensor spline smoothing method
(lines with diamonds), based on 100 replications for the three noise models: (a)-(c) Riemannian log
normal, (d)-(f) log normal, and (g)-(i) Rician at sample sizes 50. The first, second and third columns
correspond to comparisons based on geodesic distances under affine invariant, Log-Euclidean and
Fuclidean metrics.

points, the differences are generally of smaller magnitude than those near the boundaries. In
addition, note that the LAGD curves using the intrinsic local method under the affine invariant

metric are rather rough. This is because the AIC-like bandwidth selection method selects a small

bandwidth in order to adapt to the poor performances of the estimators at the edge.

2.5.2 Simulation 2

The second set of simulation studies, which was the same as the first, except for the relatively
high noise level, 3o, compared the finite sample performance of the intrinsic local linear estimators
under the affine invariant and Log-Euclidean metrics. Figure 2.3 did not reveal the superiority
of the affine invariant metric over the Log-Euclidean metric. Figure 2.5 and 2.6 suggests that,
when the noise level is high, the intrinsic local linear estimator under the affine invariant metric

outperforms that under the Log-Euclidean metric. The results are similar by using comparison
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measurements under three different metrics.
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Figure 2.5: Boxplots of the AGD using the intrinsic local linear estimators under the Log-Euclidean,
Riemannian and metrics, based on 100 replications for the first two noise models: (a)-(c) Rieman-
nian log normal and (d)-(f) log normal at sample size 50. The first, second and third columns
correspond to comparisons based on geodesic distances under the affine invariant, Log-Euclidean
and Euclidean metrics. LLL and LLR represent the intrinsic local linear estimators under the
Log-Euclidean and affine invariant metrics, respectively.

2.5.3 Simulation 3

The third set of simulation studies was to examine the importance and effect of directly smooth-
ing SPDs on the more commonly considered SPD-derived scalar summary measures. We considered
the usual scalar measure derived from a 3 x 3 SPD matrix, called fractional anisotropy (FA), which
is a measure of the dominance of the largest eigenvalue of the SPD matrix. FA is a scalar value
between zero (all eigenvalues are the same) and one (two eigenvlues equal 0) used in DTI, defined

as

_ 3{(/\1 — 5\)2 + (/\2 — 5\)2 + (/\3 — 5\)2}
FA= \/ 2()\%_'_)\%_'_)\%) (2.5.1)

with eigenvalues A1, A2, A3 and their average ), that describes the variation of the three eigenvalues
of a 3x3 SPD matrix. We compared two different methods for smoothing FA’s. The first smoothing
method was to first calculate the FA’s from all SPD matrices and then use the classic local linear
regression in Euclidean space to smooth the FA’s. The second and third smoothing methods

were to first apply the intrinsic local linear estimator under the Log-Euclidean and affine invariant

31



o o
e

log10(LAGD)
o
o N

Lo
o Qo
NS

© o
» o

log10(LAGD)
<
o N

-0.2

1
©
ES

X X
(d) (e) ®

Figure 2.6: The log;o(LAGD) curves at each sample point using the intrinsic local linear estima-
tors under the Log-Euclidean (solid line) and affine invariant (dotted line) metrics based on 100
replications for the first two noise models: (a)-(c¢) Riemannian log normal and (d)-(f) log normal at
sample sizes 50. The first, second and third columns correspond to comparisons based on geodesic
distances under the affine invariant, Log-Euclidean and Euclidean metrics.

metrics, respectively, to smooth SPD matrices and then calculate smoothed FA curves based on
the smoothed SPD matrices. For each method, we assess its performance via the Mean Absolute
Deviation Error (MADE) defined by MADE = n~ ! 3" | |FA(z;) — FA(z;)|, where FA(x;) and
ﬂ(m,) are, respectively, the true and estimated FA values at the sample point z; fori =1,2,--- ,n.

Figure 2.7 reveals that the more intrinsic smoothing method outperforms the first smoothing
method for the first two noise models. For the Rician noise model, three methods can be comparable
but the method under the Log-Euclidean metric is slightly better. This also indicates the possible
major improvements of directly smoothing manifold data over the post smoothing method done
by the first method. We also calculated the median of MADESs based on the 100 replications (see
Figure 2.7(d)-(f)). The first method cannot reconstruct the trend of the FA curve for the first two
noise models, whereas the second and third intrinsic methods can accurately estimate the FA curve

and reveal its critical features such as the valley.

2.6 HIV Imaging Data

We assess the integrity of white matter in human immunodeficiency virus (HIV) by using DTI
and our IPLRE. We consider 46 subjects with 28 HIV+ subjects (20 males and 8 females whose

mean age is 40.0 with SD 5.6 years) and 18 healthy controls (9 males and 9 females whose mean
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Figure 2.7: Boxplot of the MADE’s using the three smoothing methods (1 (2 or 3) represents the
first (second or third) method) based on 100 replications for three noise models: (a) Riemannian log
normal and (b) log normal with covariance matrix ¥; and (c) Rician at sample size 50. Smoothed
FA curves for the realizations with median MADE for three noise models: (d) Riemannian log
normal and (e) log normal with covariance matrix ¥; and (f) Rician. The true FA curve (the
solid line), the estimated FA curve using the first method (the dash-dotted line), using the second
method (the dotted line) and using the third method (dashed line). This shows that the more
intrinsic approach is much better for the first two models and three methods can be comparable
but the method under the Log-Euclidean metric is slightly better.

age is 41.2 with SD 7.4 years). Diffusion-weighted images and T1 weighted images were acquired
for each subject. The diffusion tensor acquisition scheme includes 18 repeated measures of six
non-collinear directions, (1,0,1), (-1,0,1), (0,1,1), (0,1,-1), (1,1,0), and (-1,1,0) at a b-value of 1000
s/mm? and a b = 0 reference scan. Forty-six contiguous slices with a slice thickness of 2 mm
covered a field of view (FOV) of 256 mm? with an isotropic voxel size of 2 x 2 x 2 mm3. High
resolution T1 weighted (T1W) images were acquired using a 3D MP-RAGE sequence. A weighted
least square estimation method was used to construct the diffusion tensors (Zhu et al., 2007b).
Since in the previous DTI findings, the diffusion tensors in the splenium of the corpus callosum
were found significantly different between the HIV+ and control groups, we examine the finite
sample performance of our method by using this fiber tract. The tensors along the tract were
extracted by using the method described in Zhu et al. (2010b). Figure 2.8 displays the splenium of
the corpus callosum and the ellipsoidal representation of full tensors on that tract from one selected

subject. This involves three steps: (i) registration and atlas construction, (ii) fiber tracking on the
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atlas and (iii) collection of tensor data on the atlas fiber tracts.

Figure 2.8: (a)The splenium of the corpus callosum in the analysis of HIV DTI data. (b)The
ellipsoidal representation of full tensors on the fiber tract from a selected subject.

We calculated the intrinsic local linear estimator of the SPD matrices along this selected tract
for each subject under each metric. See Figure 2.9 for the raw and estimated sequences of tensors
along the fiber tracts from one subject. It is observed from the ellipsoidal representation of diffusion
tensor data (Figure 2.9 (a)) that the data are noisy. It is shown from Figure 2.9 (b) and (c) that
the tensors are more spherical at the beginning with low FA values and more anisotropic in the
middle part with high FA values. The methods under both metrics reveal very similar trend of
diffusion tensors changing along the fiber tract, especially at the first and last third parts. Some
differences appear on the right side of the middle part. The estimated tensors in this part are more

anisotropic using the method under the Log-Euclidean metric.
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Figure 2.9: (a) Ellipsoidal representations of the diffusion tensor data and estimated tensors using
the intrinsic local linear regression under the (b)Log-Euclidean and (c) affine invariant metrics
along the fiber tract f1 colored with FA values. The estimated tensors in the middle right part
(highlighted in the red line) are more anisotropic using the method under the Log-Euclidean metric.
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In many applications, tensor-derived diffusion measures (such as FA, MD (the trace of a diffusion
tensor) and PE (the largest eigenvalue of a diffusion tensor) ) are derived from noisy diffusion
tensor data and standard statistical methods for data in Euclidean space are applied for statistical
analysis. However, these scalar measures do not capture all information in the full diffusion tensor
and thus can decrease the sensitivity of detecting subtle changes of the white matter structure. For
comparison purposes, we also applied the standard local linear regression to the FA, MD and PE
data as we did in Section 3.3.3, where we observed differences between the two different smoothing
methods for the scalar measures in the simulation. Figure 2.10 shows that there is not much
difference between the intrinsic local linear estimators under the two metrics. However, the two
smoothing methods are quite different in smoothing FA and PE curves, especially in the middle
part around 10 to 25. The smoothed curve is more inclined to the raw curve using the naive method
of directly smoothing FA and MD data. The reason is that this naive method is based on only part

of information from the diffusion tensor data.
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Figure 2.10: (a) FA’s , (b) MD’s and (c) PE’s derived from the raw tensor data (dot line) and
estimated tensors using the intrinsic local linear regression under the affine invariant (dash-dot line)
and Log-Euclidean (dash line) metrics as the function of arc-length along the tract f1. Estimated
FA function along the fiber tract f1 by using the standard local linear regression for scalars (solid
line).

Finally, we estimated the mean diffusion tensor curve for each of the two groups: HIV and
control groups. In order to detect meaningful group differences, registration is crucial. The 46 HIV
DTTI data used in our studies, included the splenium tracts and tensors on them are the registered
data, which are in the same atlas space. Figure 2.11 displays the estimated mean diffusion tensors
along the fiber tract for the two groups using the intrinsic local linear regression for SPD matrices
under both the Log-FEuclidean and affine invariant metrics. We can observe some obvious changes

of diffusion tensors of HIV subjects along the splenium corpus callosum compared with those in
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the control group. We also calculated the differences of FA values derived from the the estimated
mean diffusion tensors, which corresponds to the color differences in Figure 2.11, and the geodesic
distances between estimated mean tensors at each point along the tract. The results are shown in
Figure 2.12. This result agrees with previous DTI findings that the splenium of the corpus callosum

has been detected as abnormal for the HIV group (Filippi et al. (2001) and Chen et al. (2009)).
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Figure 2.11: Ellipsoidal representations of estimated mean tensors along the fiber tract f1 for the
control and HIV groups using the intrinsic local linear regression under the Log-Euclidean ((a) and

(b)) and affine invariant ((c) and (d)) metrics colored with FA values.
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Figure 2.12: (a) FA differences and (b) geodesic distances between pairs of mean diffusion tensors
of HIV and control groups along the fiber f1 under the Log-Euclidean (the solid line) and affine

invariant (the dashed line) metrics.
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2.7 Conclusion and Discussion

We have systematically investigated the intrinsic local polynomial regression methods under two
metrics on the space of SPD matrices. Moreover, we have derived the asymptotic bias and variance
of ILPRE. We also have developed a relatively straightforward cross-validation bandwidth selection
method under each metric. Our theoretical and numerical results have shown that the intrinsic
local linear estimator outperforms the intrinsic local constant estimator under both metrics. The
proposed cross validation bandwidth selector is straightforward and relatively simple to derive
and implement for SPD matrix variate data. However, the relatively high variance of the cross
validation bandwidth selector is regarded widely as an impedient to its good performance (Jones
et al., 1996; Héardle et al., 1992). In the future, we plan to develop better bandwidth selection
methods to reduce the variability of cross validation.

Moreover, we have applied our ILPRE to HIV diffusion tensor curve data in Section 2.6. From
the average diffusion tensor curves for the HIV and control groups, we can observe some obvious
changes of diffusion tensors of HIV subjects along the spleninium corpus callosum compared with
the control group. However, it is important to compare the two groups of tensor curves by using
some formal statistical hypothesis testing method. For curve data with responses in Euclidean
space, Fan and Lin (1998) developed an adaptive Neyman test. Zhang and Chen (2007) proposed
a global Lo-norm-based test statistic to test a general hypothesis testing problem about the group
differences. However, no literature is on hypothesis testing for curve data with responses on the
space of SPD matrices. In the future, it will be interesting to propose tests for comparing the

differences across multiple groups of SPD curves.
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Chapter 3

Varying Coefficient Models for Modeling Diffusion
Tensors Along White Matter Bundles

3.1 Introduction

Diffusion Tensor Imaging (DTI), which can track the effective diffusion of water in the human
brain in wvivo, has been widely used to map the microstructure and organization of fiber tracts
and to assess the integrity of anatomical connectivity in white matter (Basser et al., 1994a,b).
In DTI, the degree of diffusivity and the directional dependence of water diffusion in each voxel
can be quantified by a 3 x 3 symmetric positive definite (SPD) matrix, called a diffusion tensor
(DT), and its three eigenvalue-eigenvector pairs {(Ag,vi) : & = 1,2,3} with Ay > Ay > A3. Fiber
tracts in white matter can be constructed by consecutively connecting the principal directions
(v1) of DTs in adjacent voxels (Basser et al., 2000). Therefore, DTs and tensor-derived quantities
(e.g., fractional anisotropy (FA)) are distributed along these white matter fiber tracts for each
subject. As an illustration, Figure 3.1 (a) presents the right internal capsule tract and Figure 3.1
(b) presents DTs along this tract obtained from 10 subject’s, in which each DT is geometrically
represented by an ellipsoid. In this representation, the lengths of the semiaxes of the ellipsoid equal
the square root of the eigenvalues of a DT, while the eigenvectors define the direction of the three
axes. Mathematically, these diffusion tensors along the fiber tract are functionals of SPD matrices.
Our research of interest is to statistically model SPD functionals as responses with covariates of
interest, such as age and gender, across multiple subjects.

Statistical approaches have been developed for the statistical analysis of tensor-derived quanti-
ties along fiber tracts. A tract-based spatial statistics framework was developed to construct local

diffusion properties along a white matter skeleton and then perform pointwise hypothesis tests



Figure 3.1: (a) The right internal capsule tract. (b) The ellipsoidal representation of full tensors
on the fiber tract from 10 selected subjects, colored with FA values.

at each grid point of the skeleton (Smith et al., 2006). A model-based framework was developed
to construct the medial manifolds of fiber tracts and then to test pointwise hypotheses based on
diffusion properties along the medial manifolds (Yushkevich et al., 2008). However, since these two
methods ignore the functional nature of diffusion properties along fiber tracts, they can suffer from
low statistical power in detecting interesting features and in exploring variability in tract-based dif-
fusion properties. A functional data analysis framework was used to compare a univariate diffusion
property along fiber tracts across two (or more) populations for a single hypothesis test per tract
by using functional principal component analysis and the Hotelling 72 statistic (Goodlett et al.,
2009). Their method has two major limitations including only consideration of a univariate diffusion
property and the lack of control for other covariates of interest, such as age. To address these two
limitations, a functional regression framework was proposed to analyze multiple diffusion properties
along fiber tracts as functional responses with a set of covariates of interest, such as age, diagnostic
status and gender (Zhu et al., 2010b). An alternative approach, called the generalized functional
linear model, was developed with a scalar outcome (e.g., diagnostic group) as responses and fiber
bundle diffusion properties as varying covariate functions (or functional predictors) (Goldsmith
et al., 2010).

The calculated diffusion properties, which are nonlinear and linear functions of the estimated
three eigenvalues of DT containing inherent bias, may be substantially different from the true
diffusion properties (Pierpaoli and Basser, 1996; Zhu et al., 2007b; Anderson, 2001). Numerical
simulations have shown that estimates of the largest eigenvalue in a DT usually overestimate the

true value of A\; and that estimates of the smallest eigenvalue usually underestimate A3 (Pierpaoli
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and Basser, 1996; Zhu et al., 2007b; Anderson, 2001). These differences between the estimated
and true eigenvalues, referred to as “sorting bias”, subsequently bias the estimation of diffusion
properties that are calculated from the values of these estimated eigenvalues (Pierpaoli and Basser,
1996; Zhu et al., 2007b; Anderson, 2001). The sorting bias is pronounced in three types of degenerate
DT including isotropic (A1 = A2 = A3), oblate (A} = Ay > A3 ), or prolate ( A\; > A2 = A3). Previous
studies have shown that a major portion of DTs along fiber tracts are prolate tensors (Zhu et al.,
2006), and thus directly comparing these biased diffusion properties along fiber tracts can create
‘statistical artifacts’ including biased parameter estimates and incorrect test statistics and p—values
for hypotheses of interest as shown in Section 3.3.

To avoid these statistical artifacts, it is important to directly analyze estimated DTs along
fiber tracts. There are several advantages of comparing the estimated DTs along fiber tracts with
covariates. The first one is that the standard weighted least squared estimates of true DTs are
almost unbiased (Zhu et al., 2007b). Moreover, as shown in Section 3.3.1, directly modelling DTs
along fiber tracts as a smooth SPD process allows us to incorporate smoothness constraint to further
reduce noise in the estimated DTs along fiber tracts, which subsequently leads to reduced noise
in estimated diffusion properties along the fiber tracts. Furthermore, the use of scalar diffusion
properties ignores the direction information of DT, and thus it can lose the statistical power in
detecting the differences in DT oriented in different directions.

There is a growing interest in the DTI literature in developing statistical methods for direct
analysis of DTs in the space of SPD matrices. Schwartzman et al. (2008) proposed several paramet-
ric models for SPD matrices and derived the distributions of several test statistics for comparing
differences between the means of the two (or multiple) groups of SPD matrices. Kim and Richards
(2010) developed a nonparametric estimator for the common density function of a random sample
of positive definite matrices. Zhu et al. (2009) developed a semi-parametric regression model with
SPD matrices as responses in a Riemannian manifold and covariates in a Euclidean space. Barm-
poutis et al. (2007) and Davis et al. (2010) proposed tensor splines and local constant regressions
for interpolating DT tensor fields based on the Riemannian metric.

In this chapter, we propose a varying coefficient model (VCLE) to use varying coefficient func-
tions to characterize the association between fiber bundle diffusion tensors and a set of covariates.

Since the space of SPD matrices is a Riemanian manifold, to the best of our knowledge, our VCLE
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is the first paper for developing a functional data analysis framework for modeling functional
manifold-valued responses with covariates in Euclidean space. To account for the curved nature
of the SPD space, we employ the Log-Euclidean metric in Arsigny et al. (2006) and then use a
weighted least squares estimation method based on the geodesic distance under the Log-Euclidean
metric to estimate the varying coeflicient functions. Furthermore, we develop global test statistics
to test hypotheses on the varying coefficient functions and use a resampling method for approximat-
ing its p—value. Finally, we construct a simultaneous confidence band to quantify the uncertainty
in the estimated coeflicient functions and propose a resampling method to approximate the critical
point.

The rest of this chapter is organized as follows. Section 3.2 presents VCLE and related statistical
inference. Section 3.4 illustrates an application of VCLE in a clinical study of neurodevelopment.
Section 3.3 examines the finite sample performance of VCLE via simulation studies. Section 3.5

presents concluding remarks.

3.2 Methodologies

In this section, we present our VCLE for the statistical analysis of DTs along fiber tracts as
functional responses with a set of covariates. To compare DTs in populations of DTIs, we use the
DTT atlas building followed by atlas fiber tractography and fiber parametrization as described in
Goodlett et al. (2009) to extract DTI fibers and establish DTI fiber correspondence across all DTI
fiber correspondence across all DT datasets from different subjects. For the sake of simplicity, we
do not include these image processing steps here, which have been discussed in details in Goodlett

et al. (2009); Zhu et al. (2010Db).

3.2.1 Varying Coefficient Model for Functional SPD data

We need to introduce some notation. Let Sym™(3) and Sym(3) be, respectively, the set of
3 x 3 SPD matrices and the set of 3 x 3 symmetric matrices with real entries. Let vecs(C) =
(c11,€21,€22 s Cmy 1, " ,cmhml)T for any m; x my symmetric matrix C' = (¢x;). Let Ivecs(-)
be the inverse operator of vecs(-) and (a;) be a g x 1 vector with the [-th element q;. Let vec(C') =

(€10, Clumay > Cmy 1, - ,cml,mz)T for any my x my matrix C' = (¢;) and C ® D denote the
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Kronecker product of two matrices C' and D.

Let z € [0, Lg] be the arc length of any point on a specific fiber bundle relative to a fixed end
point of the fiber bundle, where Ly is the longest arc length on the fiber bundle. For the i-th
subject, we measure a diffusion tensor, denoted by S;(z;) € Sym™(3), at the arc length z; € [0, Lo]
for the j-th location grid point on the fiber bundle for j = 1,--- ,ngand¢ =1, - ,n, where ng and
n denote the numbers of grid points and subjects, respectively. We consider a varying coefficient

model given as follows:

log(Si(z)) = Tvecs((z! Bi(2))) +Ui(z) + E(x) for i=1,--- n, (3.2.1)

where log(-) denotes the matrix logarithm, & (z) € Sym(3) is a 3 x 3 symmetric matrix of measure-
ment errors, and U; () € Sym(3) characterizes both individual matrix variations from Ivecs((z? 3;(x)))
and the correlation structure between log(S;(z)) and log(S;(2’)) for different = and z’. Moreover,
z; and Gy(z) = (Bu(z), -, Bu(z))T are, respectively, a r x 1 vector of covariates of interest with
zi1 = 1 and its associated vector of varying coefficient functions of x for I = 1,--- ,6. Model (3.2.1)
can be regarded as a generalization of varying coefficient models, which have been widely studied
and developed for longitudinal, time series, and functional data (Fan and Zhang, 1999; Wu and
Chiang, 2000; Fan et al., 2003; Fan and Zhang, 2008; Wang et al., 2008).

Let SP(u, ) denote a stochastic process with mean p(z) and covariance matrix function X(z, 2)
for any z,2’ € [0, Lg]. It is also assumed that vecs(&;(z)) and vecs(U;(x)) are independent and
respectively, independent and identical copies of SP(0,X¢) and SP(0,¥y). Moreover, vecs(&;(z))
and vecs(&;(2')) for x # 2/ are assumed to be independent and thus Xg¢(x,z’) takes the form of
Ye(x)1y—y. Finally, the covariance structure of vecs(log(S;(z;))), denoted by Xg(x, '), is given

by

Ys(z,2") = Cov(vecs(log(S;(z))), vecs(log(S;(2')))) = Zy(z,2") + Ze(x, ) Ly (3.2.2)

Since E(vecs(&i(x))) = E(vecs(U;(z))) = 0, we are interested in making statistical inference on

B(z) and reconstruct

D(z, 8(x)) = exp(E(log(5(x)))) = exp(Ivecs((z" Ai(x)))), (3.2.3)
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where exp(-) denotes the matrix exponential.

As an illustration, in our clinical study on early brain development, we are interested in studying
the evolution of the diffusion tensor along one selected fiber tract in 96 healthy pediatric subjects
(Figure 3.1). We consider a multivariate varying coefficient model of diffusion tensor along a specific

tract as follows:

log(S;(x)) = Ivecs((B1 () + Bau(x) x G; + Bgi(x) x Gage;)) + U;(x) + E;(x) (3.2.4)

for v = 1,---,96, where Gage; and G;, respectively, denote the gestational age at the scan time

and the gender of the i-th infant. In this case, §(z) is an 18 x 1 vector of coefficient functions with

Bi(x) = (Bu(z), Bu(z), Ba(x))” and z; = (1, G, Gage;)”.

3.2.2 Weighted Least Squares Estimation

Before estimating the coefficient functions, we first introduce the Log-Euclidean metric and the
geometry of the space of SPDs under this metric (see Arsigny (2006) for details). Let Op(,)log(.)
and Ojg(p(x)) €xP(.) be, respectively, the directional derivatives in the direction of D(z) € Sym™(m)
of the log map and in the direction of log(D(z)) € Sym(m) of the exp map. The map dp(,)log(.)
is a linear mapping from TD(x)Smer(m) to TySym™(m). A scaled Frobenius inner product on

Tp(z)Sym™ (m) based on the Log-Euclidean metric is defined as

<< Up@): V@) >>D@)=< Ip(2) 108(Up(a)), Op(x) 108(VD(a)) >, (3.2.5)

where Up () and Vi, are in T, Sym™* (m). The geodesic vp(y)(t, Up(s)) is given by exp(log(D(z))+
t0p(x)10g(Up(s))) for any t. Under the Log-Euclidean metric, the geodesic distance between D(z)

and S is uniquely given by

d(D(z),S) = /tr[{log(D()) — log(5)}#?]. (3.2.6)

To estimate the coefficient functions in B(z) = (67 (¢),---, 8] ()", we develop a weighted
least squares estimation method based on an adaptive local polynomial kernel (LPK) smoothing

technique (Fan and Gijbels, 1996; Wand and Jones, 1995; Wu and Zhang, 2006; Ramsay and
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Silverman, 2005; Welsh and Yee, 2006; Zhang and Chen, 2007) under the Log-Euclidean metric.
Let () be a given bandwidth. Specifically, using Taylor’s expansion, we can expand Bi(x;) at x

to obtain

Bi(aj) = Bi(x) + Bi(a)(zj — x) = Ai(@)yho (25 — @), (3:2.7)

where yu(z; — x) = (1, (z; — 2)/h)T and Aj(z) = (Bi(z), AV By(x)) is an r x 2 matrix, in which
Bi(z) = (Bu(x), -, Bu(x)T is an r x 1 vector and By (s) = dBu(s)/ds for k = 1,--- ,r. We
calculate a weighted least squares estimate of A;(x) as follows.

Let K(-) be a kernel function, such as the Gaussian and uniform kernels (Fan and Gijbels, 1996;
Wand and Jones, 1995). For a fixed bandwidth h(Y) | we calculate a weighted least squares estimate

of A;(z), denoted by A;(x), which minimizes an objective function given by

n ng

YD Ko (g — 2)tr{[log(Si(x;)) — vees((z] Ai(z)yyo (a; — )]}, (3.2.8)

i=1 j=1

where K, (-) = K(-/h1))/h() is a rescaled kernel function and a®2 = aa” for any vector or any

matrix a. It can be shown that vec(4A;(z)) = (Bu(z), h(l)lgll(x), oo Bul@), A Wby ()T is given by
n ng

DI )Y Y Ko (@ — @)z @ v, (@5 — )] (log(Si(2))is (3.2.9)

i=1 j=1

where (AN, ) =371 | > 5% Ky (25 — )z 2 @ y,m (r; — £)®2]. Thus, we have

Bi(x) = (Bu(@), -+, Br(2))" = [I; @ (1,0)]vec(Ai(x)), (3.2.10)

where I, is an 7 X r identity matrix.
We pool the data from all n subjects and select an estimated bandwidth A(!), denoted by Bél)

by minimizing the cross-validation score given by
n ng

CVi(h)) = (nng) ™' Y tr{llog(Si(x;)) — Lvees((=] Bz, 1Y) =9))] %2}, (3.2.11)

i=1 j=1

where §(z, A1)~ is the weighted least squares estimator of §(z) for the bandwidth h(}) based

on observed data with the observations from the i-th subject excluded. Finally, by substituting
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A into Equation (3.2.10), we can obtain an estimate of 5;(x), denoted by Bl,e(x). Combining all
Bre(z) leads to Be(x) = [Bre(x), -, Bye()].
3.2.3 Smoothing Individual Functions and Estimating Covariance Matrices

To simultaneously construct the individual function U;(z), we also employ the local polynomial
kernel smoothing technique. Specifically, using Taylor’s expansion, we can expand U;(z;) at x to

obtain

Ui(z;) = Ui(z) + Ui(z)(x; — ), (3.2.12)
which is equivalent to

vees(Us(;)) ~ vees(Us () + vees(Ui(z)) (zj — ) = Di(2)y 0 (xj — ), (3.2.13)

where D;(x) = (vecs(U;(x)), hPvecs(U;(x)))T is a 2x 6 matrix. We develop an algorithm to estimate
D;(x) as follows. For each fixed z and each bandwidth h(?), the weighted least square estimator of

D;(x) can be calculated by minimizing an objective function given by
ng .
> Ky (2 — 2)tr{[log(Si(x;)) — Ivecs((a] Bre(z5)) — (Di() ypo (2 — 2)))] %%},
j=1

With some calculation, it can be shown that the weighted least square estimate of D;(z), denoted

as f)z(az), has the following explicit expression:
nag .
102, 2) 1S Ky () — )yp (@ — o) (vees(og(Si(z) — (2 Are(a)))Ts  (3:214)
j=1

where 1 (R, z) = > 55 Ky (25 — 2)ype (75 — 7)®2. Let eg1 = (1,0)T. Then, vecs(U;(x)) can

be estimated by

ng
vees(Uy(a))” = el Dy(x) = 3 Kl (2, — a,2) (vees(log(Si(ay)) — (& fhela;))T,  (3:2.15)
j=1
where [N(,?(Q)(-, -) is the empirical equivalent kernel (Fan and Gijbels, 1996). Finally, let R; be a

matrix with the j-th row vecs(log(Si(z;))) — (ZiTﬁAl,e(xj))T and S be a ng X ng smoothing matrix
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with the (i, j)-th element K e (T — i, ;). We can obtain
(vecs(Uy(x1)), - -, vees(Ui(zns)))T = SR;. (3.2.16)

Let (C); represent the j-th column vector in a m; x mg matrix C' and S;; be the (j, j) element
of the matrix S. Let A be a 6 x 6 diagonal matrix with ¢ diagonal entries 1,2,1,2,2, 1. We pool the
data from all n subjects and select an estimated bandwidth of A(2), denoted as BEQ), by minimizing

the cross-validation score given by

CVa(h _1§:§ HAW — (SR . (3.2.17)

2
1=1 j5=1 )

Replacing S;; in Equation (3.2.17) by the average of Siq1,---,S

nane, we can get the following

generalized cross-validation (GCV) score

r{(R; — SR;)®?
GCVy(hP) = _12 (11t_{7(l—1tr(5))2) }

(3.2.18)

Without special saying, for this part, we use generalized cross-validation score GCVQ(h(2)) to select
the bandwidth throughout this paper. Based on hﬁf), we can use Equation (3.2.15) to estimate
vees(Ui(x)) and Uy(z), denoted by vecs(Us () and U (), respectively, for all .
After obtaining U; (), we can estimate the mean function ¢ (x) and the covariance function

Yy (x, 2"). Specifically, we estimate U(z) and ¥ (x, ') by using their empirical counterparts based
on the estimated L?ze(x)

n

-1 ZZ]Z elx
i=1

Sy, ') 1z:vecs i e())vees(Us o (2))T

We construct a nonparametric estimator of the covariance matrix Yg(x,z) as follows. Let

Ei(xj) = log(Si(z;)) — Ivees((z! Bre(x;))) — Use(x;) be estimated residuals for i = 1,--- ,n and
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j=1,--+,ng. We consider the kernel estimate of X¢(x,z) given by

Se(z, ) ZZKW v; — w)vees(i(z;))*?. (3.2.19)

i=1 j=1 Kh(3 (ﬁj_x)

Let Ye(zj,25) = (n—q) "t 327, vees(&i(z;))®2. To select an estimated bandwidth 2(), denoted by

2 (3 . _— :
hg ), we minimize the cross-validation score given by

n ng
CVa(h®) = (nng) " S0 tef[vees(€: ()72 — Se (g, a5, h) ) (2, 27) 112}, (3.2.20)
i=1 j=1

where 3¢ (z,z, )9 is the weighted least squares estimator of Se (x,z) based on observed data
7(3)

with the observations from the i-th subject excluded. Based on he”’, we can use Equation (3.2.19)

to estimate X¢(x, x), denoted by f]g,e(x,x).

3.2.4 Asymptotic Properties

We will use the following theorems to construct the global test statistics and simultaneous
confidence bands for coefficient functions, whose detailed assumptions can be found in Appendix

D and whose proofs are similar to those in Zhu et al. (2010a).

Theorem 3.2.1. If assumptions (C1)-(C6) in Appendiz D are true, then /n{vec(f(zx) — B(z) —
0.5u26(x)hM2[1 + 0,(1)]) : € [0, Lo]} converges weakly to a centered Gaussian process G(-) with

: : / -1
covariance matriz Xy (x, ') @ Q.

Theorem 3.2.1 establishes weak convergence of B (x) as a stochastic process indexed by z € [0, Lg]

and forms the foundation for constructing global test statistic and simultaneous confidence bands

for 5(+).

Theorem 3.2.2. If assumptions (C1)-(C7) in Appendiz D are true, then

sup  [Sy(,t) — Sy (x, )] = Op(n™% + (ngh®) ™" + A2 + 1?2 4 (logn/n)'/?).
(x,t)E[O,Lo}Q

Theorem 3.2.2 shows the uniform convergence of 3 (z,t) . This result is useful for constructing

the global and local test statistics for testing the covariate effects.
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3.2.5 Hypothesis Test

In neuroimaging studies, some scientific questions require the comparison of fiber bundle diffu-
sion tensors along fiber bundles across two (or more) diagnostic groups and the assessment of the
development of fiber bundle diffusion properties along time. Such questions can often be formulated

as linear hypotheses of 3(x) as follows:
Hy: RfB(x) =bg(x) forall z vs. Hi:Rp(z) # bo(z), (3.2.21)

where R is a ¢t x 6r matrix of full row rank and bg(z) is a given ¢ x 1 vector of functions .

We propose both local and global test statistics. The local test statistic can identify the exact
location of significant grid point on a specific tract. At a given grid point x; on a specific tract, we
test the local null hypothesis Ho(z;) : RB(z;) = bo(x;) against Hi(z;) : RB(z;) # bo(x;). We use
a local test statistic T),(x;) defined by

To(w) = nd(z;) {R(Su(z), 2;) ® Q) RT I d(x;), (3.2.22)
where Q7 = n7' 3" 252 and d(z) = R(B,(x)" — bias(3,(x)")) — bo(z). Following Fan and
Zhang (2000), a smaller bandwidth leads to a small value of bias(f,(z)). Moreover, according to
our simulation studies below, we have found that the effect of dropping bias(8,(x)) is negligible
and therefore, we drop it from now on.

We test the null hypothesis Hy : R3(x) = bg(z) for all x using a global test statistic T}, defined
by

Lo
T, = n/o d(z)"[R(Zy(z, ) ® Q;HRT) 1 d(2)dz. (3.2.23)

Let Xgr(-) be a Gaussian process with zero mean and covariance structure g (z, '), which is given

by

Sr(z,2') = {R(Su(,7) © O RT} RSy (2, 2') © O RTHR(Zu(a',2') © O H)RT}T72,
(3.2.24)
It follows from Theorem 3.2.1 that /n{R(3y(z,z) ® le)RT}_ld(:z:) converges weakly to Xgr(z).

Therefore, let = denote weak convergence of a sequence of stochastic processes, it follows from the
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continuous mapping theorem that as both n and ng converges to infinity, we have

Lo
T, = Xgr(z)! Xr(z)dz.
0

Based on that result, we develop a wild bootstrap method to approximate the p-value of T;,.

Step (i): Fit model (3.2.1) under the null hypothesis Hp, which yields B:(ZUJ) = (Bl*e(xj)),
Z/A{Z*e(a:]) and é’;“e(a:j) fori=1,---,nand j=1,--- ,ng.

Step (ii): Generate a random sample Ti(g) and 7;(x;)9) from a N(0,1) generator fori =1,--- ,n

and j =1,--- ,ng and then construct
Si(w;)@ = exp(log(D(zi, Bio(w;)) + VU (35) + 7ilw;) &} (7))

Then, based on S;(x;)9), we recalculate BS), 30(2)@, and d(z)@ = RF.(z)@ — bo(z). We

compute

Lo . N
0 — o, / d(2) 9T {R(Sy (e, 2) © O, YRT ) 1d(2) 9 da,
0

To(z)9 = nd(z) 9T {R(Ey(zj, 2;) © QHRTYd(2;)9 for j=1,--- ,ne.

Step (iii): Aggregate the results of Step (2) over g = 1,--- , G to obtain {T7(L7gn)[18LX = maxi<j<ng Tn(mj)(g) :
g=1,---,G} and calculate p(z;) = i ( nmax > T, (xj)) for each x;. The p(z;) is the cor-
rected p-value at the location x;. =

Step (iv): Aggregate the results of Step (2) over g = 1,--- ,G to obtain {Tég) cg=1,---,G}
and calculate p = G~ 1 Z 1( > T,). If p is smaller than a pre-specified significance level «, say

g=1
0.05, then we reject the null hypothesis Hy.

3.2.6 Confidence Band

We construct a confidence band for D(z, 3(x)) € Sym™(3) over z € [0, Lo] given a fixed z.
Specifically, for a given significance level a, we construct a simultaneous confidence region in the

space of SPD matrices for each z, based on the critical value C,(«a) such that

P(d(D(z,3(z)), D(z, B(z))) < C.(a) forall ze€[0,Lg])=1—a. (3.2.25)
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Note that d(D(z,3(z)), D(z, f(x))) = \/tr[{lvecs(zT{ﬁl(a:) — Bi(2)})}?]. By the Theorem 3.2.1,
SUPLe[0, Lo] \/ﬁ{ﬁl,e (x)— By (x)} converges in distribution to Gy(z), where G(+) is a centered Gaussian

process indexed by z € [0, L], we have that as n — oo,

Vnd(D(z, 5(x)), D(z, B(x))) = \/tr[{lveCS((zTGz(x)))}Q]-

To determine C(«), we develop an efficient resampling method (Zhu et al., 2007a; Kosorok, 2003)
to approximate it. Let e,; be the r x 1 vector with the [-th element 1 and all others 0, and ©; ;(z;) =
(vecs(log(Si()))); — 2! Bye(x;). For g =1,--- G, we independently simulate {Tl»(g) ti=1,---,n}

from N(0,1) for all I, and then we calculate a stochastic process Gy(z)(9), which is defined as follows:

n ng
Vel I @ (1,0)]vec(S(hV, 2) "1 S 79 S Ky (27 — 2)[2: © yy00 (27 — 2)JFia(ey)). (3.2.26)
i=1 j=1

Finally, we calculate sup,co r,] Vir[{Ivees((z7G(x)9))}2]/n for all ¢ = 1,---,G and use the
resulting 1 — o empirical percentile to estimate C,(a).
Moreover, we can construct confidence bands for the functional coefficients 3(z) = (61(x)%,- - -,

By(2)T)T with By(x) = (B, -+, Bm)T in model (3.2.1). Specifically, for a given significance level a,

we construct a confidence band for each Sy (z), k=1,---,r such that
P(BL*(x) < Bu(x) < Bg*(x) forall € [0,Lo)) =1—a, (3.2.27)

where B]fl’a (z) and BZ’a(x) are the lower and upper limits of the confidence band. It follows from
Theorem 3.2.1 that sup,¢(o, 1] |v/7[Bri.e () — B ()] | converges in distribution to SUPgeo,L0] |Gri(2)]-
We define the critical point Cy(«) such that P(sup,ejo 1) |Gri(7)| < Cr(a)) =1 - a. Thus, a

1 — « simultaneous confidence band for fy;(x) is given as follows:

(Bkz,e(:v) - C’jl/%a), Brie(r) + C’i}?) . (3.2.28)

Let ey be an 6r x 1 vector with the (I — 1)r 4+ k-th element 1 and all others 0. The critical point

Cri(@) can be calculated as 1—« empirical percentile of sup,¢(o ,0] lewGy(z) 9| forallg=1,---,G.
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3.3 Simulation Studies

We conducted three sets of Monte Carlo simulations. The first set of simulations was to evaluate
the Type I and II error rates of the global test statistic T;,. The second set was to compare the power
in detecting the group effect using either the whole diffusion tensor or the diffusion properties. The
third set was to evaluate the coverage probabilities of the simultaneous confidence bands of the
functional coefficients 5(x) and D(z, 3(x)) for each z. We simulate diffusion tensors along the right

internal capsule tract (Figure 3.1 (a)) as follows:

Si(x) = exp(Ivecs((Br(z) + Pau(z) x G; + Bai(x) x Gage;)) + Ui(z) + Ei(z)) (3.3.1)

where Gage; and G;, respectively, denote the gestational age at the scan time and gender of the i-th
infant, vecs(U;(x)) = ((U;(x))1,- -, (Us(z))6)T is a Gaussian process with zero mean and covariance
matrix Yy (z, 2') and vees(&;(z)) = ((Ei(x))1,- -+, (Ei(x))6)T is a Gaussian random vector with zero
mean and covariance matrix Xg¢(x,2)1(x = 2). To mimic imaging data, we used the diffusion
tensors along the right internal capsule tract from all 96 infants in our clinical data to estimate
B(z) by (z) via equation (3.2.10), U (x) by U(z) via equation (3.2.15), and &(z) by &(z) via £(z) =
log(S;(x)) — Ivees((3(2)Tz)) — U(x). We fixed all the parameters at their values obtained from
our clinical data, except that we assumed (f331(x), -+, fG36(z)) = c(ﬁgl(x), e ,Bgﬁ(x)), where c is a
scalar which takes a different value as specified below to study the power and (331 (), - - - , B36(z))
were estimators obtained from our clinical data. Figure 3.2 displays the estimated diffusion tensors
using the VCLE method when ¢ = 1 by using two covariate (Figure 3.2 (c)) and univariate (Figure
3.2 (d)) modeling. Note that the multivariate modeling did a better job of recovering ground truth
than univariate modeling. It is also observed from Figure 3.3 that the multivariate modeling obtains
a smaller geodesic distance between simulated and estimated diffusion tensors the the univariate

modeling does.

3.3.1 Simulation 1

In neuroimaging studies, a lot of scientific questions require the assessment of the development

of fiber bundle diffusion tensors across time. In this simulation study, the questions were formulated
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Figure 3.2: Ellipsoidal representations of the true (a), simulated (b) and estimated (c) (based on
two covariates) and (d) (based on univariate) diffusion tensors along the the right internal capsule
tract, colored with FA values.
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Figure 3.3: Geodesic distances between simulated and estimated diffusion tensors (solid lines (based
on two covariates) and dash-dotted (based on univariate)) along the the right internal capsule tract.
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as the hypotheses test Hy : O31(x) = --- = f36(x) = 0 for all x along the right internal capsule
tract against Hy : fBg(z) # 0 for at least one x on the tract for some I = 1,--- ,6. We first assumed
¢ = 0 to assess the Type I error rates (size)for the global test statistic T},, and then we assumed
¢ =.2,.4,.6, and .8 to examine the Type II error rates (power) for T, at different effect sizes. In
order to evaluate the Type I and II error rates at different sample sizes, we also consider sample
size n = 48 except n = 96. For n = 96, the values of gender and gestational age were taken those
of the 96 infants in our clinical study. For n = 48, we randomly chose 18 males from the 36 male
infants and 30 females from the 60 female infants. Then for all simulations, we used their values of
gender and gestational age to simulate the diffusion tensors along the right internal capsule tract.
Note that the number of grid points on the right internal capsule equals ng = 112 for both cases.

We applied the VCLE procedure to the simulated diffusion tensors. Particularly, we approxi-
mated the p-value of T, using the wild bootstrap method described in the hypothesis test discussed
in Section 3.2.5. For each simulation, the significance levels were set at o = .05 and .01, and 100
replications were used to estimate the rejection rates. For a fixed «, if the Type I rejection rate is
smaller than «a, then the test is conservative, whereas if the Type I rejection rate is greater than «,
then the test is anticonservative, or liberal.

Figure 3.4(a) displays the rejection rates for T;, based on the resampling method for both sample
sizes (n = 48 or 96) and all effect sizes (¢ = 0, .2, .4, .6, or .8) at both significance levels (o = .01 or
.05) using full diffusion tensors. The statistical power for rejecting the null hypothesis increases with

the sample size, the effect size and the significance level, which is consistent with our expectation.

3.3.2 Simulation 2

For each simulated diffusion tensor generated in 3.3.1 , we calculated its three eigenvalues, FA
and MD values. Then we applied the VCLE procedure for multiple measures to the simulated
values of FA, MD, joint FA and MD, each of the eigenvalues, and the three eigenvalues together,
respectively and then tested the significance of the gestational age effect. Figure 3.4(b)-(h) displays
the power for detecting the gestational age effect in each of these cases. First, as in Figure 3.4 (a), it
is also observed that the statistical power for rejecting the null hypothesis increases with the sample
size, the effect size and the significance level. Second, it is observed that the statistical power is

much higher when we use the whole tensor instead of FA, MD, A1, A2 or A3 alone. Third, the power
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Figure 3.4: Simulation study: Type I and Type II error rates. Rejection rates of T, based on the
resampling method are calculated at five different values of the effect size ¢ for sample sizes of 48
(dash-dotted lines), 96(solid lines) subjects at the .05 (lines with diamond markers) and .01(lines
with circle markers) significance levels using (a) diffusion tensor; (b) FA values; (¢) MD values; (d)
joint values of FA and MD; (e) A1; (f)A2; (g)A3; and (h) joint values of A1, Ao and 3.

is a little higher at small effect size when we use the joint FA and MD values instead of full diffusion
tensors while at higher effect size, they almost have the same power (Fig. 3.4(a) and (d)). Fourth,
the power is higher using three eigenvalues together than using the full diffusion tensors. Last, it is
noted that the Type I error is greater than the .05 significance level when we use the joint FA and
MD values (Fig. 3.4(d)) or use the three eigenvalues together (Fig. 3.4(h)). It means that the test
is liberal. As mentioned in Section 3.1, the calculated diffusion properties, which are nonlinear and
linear functions of the estimated three eigenvalues of DT containing inherent bias (sorting bias),
may be substantially different from the true diffusion properties. Thus directly comparing these

biased diffusion properties along fiber tracts can create incorrect p-values for hypotheses of interest.

3.3.3 Simulation 3

The third set of Monte Carlo simulations was carried out to evaluate the coverage probabilities
of the simultaneous confidence bands for regression coefficients 5(z) and for D(z, 5(z)) for a fixed
z . The simulation setup is the same as in the first set of simulations except ¢ = 1 and the
sample size is 96. The 95% and 99% simultaneous confidence bands were considered. As suggested
by Fan and Zhang (2000), an appropriate smaller bandwidth would improve the accuracy of the
confidence bands. In our simulations, we used a shrinkage factor .6. For simplicity, we do not

consider estimating the bias of 3(x).
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Table 3.1: Simulated coverage probabilities for coefficient functions based on 500 simulations for
VCLE methods

a=.05 a=.01

intercept gender Gage | intercept gender Gage
B1(z) .942 .938 .946 .988 988 .988
Ba(x) .936 .952 .956 .982 .992 .988
B3(x) .940 .936 .948 990 992 .988
Ba(x) .946 .960 .938 .990 998 .994
Bs(x) 932 .950 .942 .984 988 990
Be(x) .942 .940 .946 990 988 .988

Table 3.1 summarizes the empirical coverage probabilities based on 500 simulations for a = .01
and and .05. The coverage probabilities are quite close to the claimed confidence levels. Figure
3.5 depicts typical 95% simultaneous confidence bands for vectors of coefficient functions g;(x) for
Il =1,---,6. For each [, §;(z) contains three coefficient functions which correspond the intercept,
age and gestational age. It is observed that the length of the simultaneous confidence bands for the
second and third functions in £ (x), B3(x) and [g(x) are large. This is because of large variances
of corresponding parts in data.

Figure 3.6 summarizes the empirical coverage probabilities for D(z, 3(x)) based on 500 simula-
tions for @ = .01 and and .05. The coverage probabilities are quite close to the claimed confidence

levels.

3.4 A Real Example

We investigate early brain development by using DTI and our VCLE. We consider 96 healthy
infants (36 males and 60 females) whose mean gestational age was 245.6 days with SD: 18.5 days
(range: 192-270 days). A 3T Allegra head only MR system was used to acquire all the images.

The system was equipped with a maximal gradient strength of 40 mT/m and a maximal slew rate
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Figure 3.5: Typical 95% simultaneous confidence bands for vectors of coefficient functions F;(z) for
I =1,---,6. The solid, dotted, dash-dotted curves are the true curves, the estimated coefficient
functions and the 95% confidence bands, respectively.
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Figure 3.6: Simulated coverage probabilities for D(z, 3(z)) based on 500 simulations for a = .05
(solid lines with diamond markers ) and o = .01 (solid lines with circle markers ), (a)for female (b)
for male at different gestational ages, respectively.

of 400 mT/(m-msec). The DTT images were obtained by using a single shot EPI DTI sequence
(TR/TE=5400/73 msec) with eddy current compensation. The six non-collinear directions at the
b-value of 1000 s/mm? with a reference scan (b=0) was applied. The voxel resolution was isotropic
2 mm, and the in-plane field of view was set as 256 mm in both directions. To improve the
signal-to-noise ratio of the images, a total of five scans were acquired and averaged. A weighted
least square estimation method (Zhu et al., 2007b; Basser et al., 1994a) was used to construct the
diffusion tensors. Then DTI atlas building followed by atlas based tractography procedure was
employed to process all 96 DTT datasets. We chose the right internal capsule tract to illustrate the
applicability of our method. Diffusion tensors were extracted along this fiber tract for all the 96
infants (Goodlett et al., 2009).

In this study, we have two specific aims. The first one is to compare diffusion tensors along the
selected fiber bundle across the male and female groups and thus illuminate the gender effect on the
development of these fiber bundle diffusion tensors. The second one is to delineate the development
of fiber bundle diffusion tensor across the gestational age effect. To statistically test the effects, we
applied our VCLE to diffusion tensors along the fiber tract. For the the selected tract, we fitted the
VCLE model (3.2.1) to the diffusion tensors from all 96 subjects, in which z = (1, gender, Gage)” .
Then, we used equation (3.2.10) to estimate the functional coefficients G(x). For the hypothesis
testing, we constructed the global test statistic 7}, via equation (3.2.23) to test the gender and age
effects for the diffusion tensors. The p value of T}, was approximated using the resampling method

with G = 2,000 replications. Finally, we constructed the 95% simultaneous confidence bands for
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Figure 3.7: The —log;((p) values of test statistics T;,(x;) for testing gender or gestational age effect
of diffusion tensors on the right internal capsule tract in panel (a) showing no significant gender
effect, in panel (b) showing significant gestational age effect.

the functional coefficients §(z).

We statistically test the effects of gender and gestational age on the diffusion tensors along the
right internal capsule tract. To test the gender effect, we calculated the local test statistics T5,(z;)
and their corresponding p values across all grid points on the right internal capsule tract. It is
observed from Figure 3.7 (a) that all grid points have not significant —log;y(p) values, which are
less than 0.8. Then, we also computed the global test statistic 7;,, = 792.70 and its associated
p-value p = 0.335 indicating no gender effect. It is observed from Figure 3.7 (b) that the —log;,(p)
values of T}, (z;) for testing the gestational age effect at some grid points of the right tail are greater
than 1.4 while a very high significant gestational age effect was found with T,, = 1361.16 and its
p—value p = 0.01. This indicates that diffusion tensors along the right internal capsule tract do
not differ significantly between male and female groups but are significantly associated with the
gestational age. We picked a grid point with the significant p value of T,,(x) and observed that the
diffusion tensors become more spherical with the gestational age (Figure 3.8). This indicates the
increasing pattern of diffusion.

The estimated coefficient functions along with the 95% simultaneous confidence bands are de-
picted in Figure 3.9. From Table 2, one can see that the gender effect, is not significant at the 5%
level. In fact, from Figure 3.9, the values of coefficient functions for this variable are close to zero
over a lot of parts of the whole interval. The coefficients for the gestational age are statistically
significant.

Finally, the 95% critical values for D(z,3(z)) and the estimated D(z,3(z)) along the right

internal capsule tract over gestational ages for female and male groups, respectively, are depicted
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Figure 3.8: The ellipsoidal representations of (a) raw and (b) smoothed diffusion tensors changing
with the gestational age at one point on the right internal capsule tract with significant gestational
age effect.

in Figure 3.10. From this figure, we can see that the uncertainty of estimation of D(z,3(z)) is

larger on the two sides (especially on the left side) and smaller in the middle.

3.5 Discussion

We have developed the VCLE method for diffusion tensors along fiber tracts in the Riemannian
manifold of SPD matrices under the Log-Euclidean metric. From the application end, VCLE is
demonstrated in a clinical study of neurodevelopment for revealing the complex inhomogeneous
spatiotemporal maturation patterns as the apparent changes in fiber bundle diffusion tensors.

Another commonly used metric on the Riemannian manifold of SPD matrices is the Riemannian
metric. In contrast, some operations, e.g. average or interpolation of a set of tensors under the Log-
Euclidean and Riemannian metrics, are theoretically and practically very similar (Arsigny (2006)).
Moreover, some statistical methods based on the two metrics have very similar results. For instance,
in Chapter 2, no big differences are found in using local polynomial smoothing methods based on
them. However, the Riemannian metric is affine invariant. Affine invariance is a desirable feature
for imaging processing, e.g. segmentation. In this scenario, as shown in Barmpoutis et al. (2007),
the method using the Riemannian metric outperformed the method using the Log-Fuclidean metric.
So it is interesting to develop the varying coefficient method under the Riemannian metric and then

compare the statistical powers of detecting group differences under these two different metrics.
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Chapter 4

Varying Coefficient Model for SPD Matrix Valued
Functional Data under the Affine Invariant Metric

4.1 Introduction

SPD-matrix valued functional data appear in many applications. One of the most important
applications is in medical imaging. As studied in Chapter 3, in DTI, a collection of DT’s are
measured along a specific white matter fiber tract (e.g. the splenium or right internal capsule
tract) for each subject. Mathematically, these DT’s along the fiber tract are functionals of SPD
matrices. The natural approach to dealing with this type of data is functional data analysis (FDA).

The simple and straightforward way is to perform FDA based on the derived scalar quantities of
the SPD matrices, e.g. eigenvalues of the matrix or FA values calculated based on the eigenvalues.
However, as shown in the simulation studies of our previous chapters, this way of analysis is not
appropriate because it can only account for a portion of variability in the data and risk loss of
information and low statistical power in detecting group differences. At this point, a statistical
analysis framework is needed to characterize the association between SPD matrix valued functions
and a set of covariates, and permit to perform group comparisons and statistical inferences based
on the whole SPD matrix.

The literature of recent years reflects a lot of interests in developing statistical methods in
the space of SPD matrices (Schwartzman et al. (2008); Kim and Richards (2010); Zhu et al.
(2009);Barmpoutis et al. (2007); Davis et al. (2010); Whitcher et al. (2007); Commowick et al.
(2008)). This involves a basic but important question: defining the distance between SPD matrices
since the measurement of the distance between SPD matrices is the foundation on which the

subsequent statistical analysis, such as model formulation, estimation or statistical inference is



based. To define the distance, a metric is needed to given at first. So far, several metrics have
been proposed for statistical analysis of SPD matrix valued data, including the Eulcidean and
non-Euclidean (e.g. affine invariant and Log-Euclidean) metrics (Whitcher et al. (2007); Arsigny
et al. (2006); Pennec et al. (2006)). Since more than one metric is admissible for the space of SPD
matrices, selecting among them and determining which one would best characterize the distance
between SPD matrices and would lead to high statistical power for hypothesis tests are challenging
issues. Whitcher et al. (2007) investigated the effect of Euclidean and Log-Euclidean metrics on
the tensor statistical test and their results were in favor of the Fuclidean metric. The results in
Barmpoutis et al. (2007) show that the affine invariant and Log-Euclidean metrics are better than
the Euclidean metric in smoothing diffusion tensors using tensor spline methods. Pasternak et al.
(2010) pointed out that the affine invariant metric may be the appropriate metric for quantities that
are log-normally distributed and the Euclidean metric appropriate for quantities that are normally
distributed. Dryden et al. (2009) made comparisons of various choices of metrics in different noise
models. They observed that in some cases, the Log-Euclidean metric outperformed the Euclidean
metric while in some cases, the affine invariant metric perform the best compared with the Log-
Fuclidean and Euclidean metrics.

We have developed a functional data analysis framework for SPD matrix data under the Log-
FEuclidean metric in Chapter 3. To investigate the effect of the metric on statistical analysis of SPD
matrix valued functional data, we formulate the varying coefficient model under the affine invariant
metric, called VCAI. Similar to Chapter 3, we use varying coefficient functions to characterize the
association between fiber bundles diffusion tensor and a set of covariates. We use a weighted least
squares estimation method based on the geodesic distance to estimate the varying coefficient func-
tions. However, the geodesic distance is defined under the affine invariant metric. Compared with
the Log-Euclidean metric, this metric is more complex in terms of computational and theoretical
difficulties. There is no closed form formula for the estimators under the affine invariant metric.
Nonlinear optimization algorithm has to be used for computing the estimators. We also establish
the asymptotic properties of the estimators, which are the foundation of constructing the global
test statistic and simultaneous confidence band. Furthermore, we develop a global test statistic to
test hypotheses on the varying coefficient functions and use a resampling method for approximating

its p—value. Finally, we construct a simultaneous confidence band to quantify the uncertainty in
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the estimated coefficient functions and propose a resampling method to approximate the critical
point.

The rest of the paper is organized as follows. Section 4.2 presents VCAI and related statistical
inference. Section 4.3 examines the finite sample performance of VCAI via simulation studies.
Section 4.4 illustrates an application of VCAI in a clinical study of neurodevelopment. Section 4.5

presents concluding remarks.

4.2 Methodologies

In this section, we present our VCAI for the statistical analysis of functional data with SPD
matrix valued responses with a set of covariates under the affine invariant metric. This framework
is similar to that in Chapter 3. The challenges in computation and theoretical derivations come

from the complexity of the affine invariant metric. The details are given below.

4.2.1 Varying Coefficient Model for SPD Matrix Valued Functional Data

Consider a varying coefficient model to characterize the relationship between p x p SPD matrix-
valued functional responses S;(x) under the common design and a r x 1 vector of covariates of

interest, denoted by z;, observed from n independent subjects. The model is given as follows:
log[D(Zlvﬂ(xj))_l/QSZ(xj)D(ZhB(x]))_T/z] = ul(m]) +gl('r3)>z =1,2,---,n, (421)

where () is a gr x 1 vector of functions of x with ¢ = p(p+1)/2, £;(x) € Sym(p) are measurement
errors and U;(z) € Sym(p) characterize individual curve variations from D(z;, 5(z)).
For the sake of comparison with model (3.2.1) in Chapter 3, we use a matrix logarithm model

for D(z;,3(x)). This model assumes that the matrix logarithm of D(z;, 3(x)) can be denoted as
log(D(zi, B(x))) = log(C(zi, B(x))*?) = Y (24, B(x)). (4.2:2)

where Y (z;, 3(z)) is modeled as vecs(Y (z;, 3(z))) = (2! Bi1(z), -+ , 2! By(x))T with 8y(z) = (Bu(z), -
Br(x))T and C(z;, B(x)) = exp(Y (z, B(x))/2).

For notational simplicity, functional responses S;(z) are assumed to be measured at the same
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ng location points x; = 0,22, -+, = Lo for ¢ = 1,--- ,n. Let SP(u,X) denote a stochastic
process with mean u(x) and covariance matrix function X(z,y). We assume the stochastic process
has finite support, i.e. = € [0, Lo],0 < Ly < co. We also assume that vecs(&;(x)) and vecs(U;(z)) are
independent with vecs(&;(x)) ~ SP(0,%¢), Xe(z,y) = Ee(x)1,—y and vecs(U;(x)) ~ SP(0,Xy).
Moreover, vecs(&;(z)) and vecs(&;(a')) for x # 2’ are assumed to be independent and thus X¢(x, z’)
takes the form of g (x)1,—y.

Like model (3.2.1) in Chapter 3, model (4.2.1) can also be regarded as a generalization of varying
coefficient models, which have been widely studied and developed for longitudinal, time series, and
functional data (Fan and Zhang, 1999; Wu and Chiang, 2000; Fan et al., 2003; Fan and Zhang,
2008; Wang et al., 2008). Models (3.2.1) and (4.2.1) are very similar. Both use a matrix logarithm
model for D(z, f(x)). Both models assume the same error distributions. The big difference is that
the residual matrix of the functional response S(z) at the population mean function D(z, §(x)) in
model (4.2.1) is defined based on the Riemannian logarithm map under the affine invariant metric
while in model (3.2.1), it is based on the Riemannian logarithm map under the Log-Euclidean
metric (see Section 2.2, 2.3 and 2.4 in Chapter 2 for the formulation of a residual matrix of S(z)
at D(z,[(z))) .

Like the classical varying coefficient model for functional data with responses on the Euclidean
space (see Fan and Zhang (2008) for details), for model (4.2.1), we focus on carrying out statistical
inferences on f(x), including constructing simultaneous confidence bands for 3(x) and developing

global test statistics for general hypothesis testing problem on §(x).

4.2.2 Weighted Least Squares Estimation

To estimate the coefficient function in 3(x) , we have developed a weighted least squares estima-
tion method based on an adaptive local polynomial kernel (LPK) smoothing technique under the

affine invariant metric. Specifically, using Taylor’s expansion, we can expand (3(x) at x to obtain

B(z)) = B(x) + Bz)(x; — ) = A(@)y,o (¢ — ), (4.2.3)

where y, ) (z; — ) = (1, (z; — 2)/hM)T and A(z) = (B(x), AV B(x)) is an r¢ x 2 matrix, in which

B(z) are the derivatives of the vector 3(z) with respect to z, respectively. For each fixed z and
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each bandwidth A1), a weighted least square estimator of A(z), can be calculated by minimizing

an objective function given by

n ng

DD Ky (g — )tr[{log(Clzi, Alz)ym (zj — )~ Si(a;)C(zi, A@)yyo (zj — ) ") }*H4.2.4)
i=1 j=1

where K (.) be a kernel function and Kj(.) = K(./h)/h is a rescaled kernel function. Since the dis-
tance in the objective function (4.2.4) is the geodesic distance under the affine invariant metric, the
weight least square estimate of A(x), denoted as A(m), does not appear to have the explicit expres-
sion. This minimization problem is computationally challenging since the standard gradient meth-
ods do not perform well in this scenario. Hence, we will develop an annealing evolutionary stochastic
approximation Monte Carlo algorithm (Liang (2010)) for calculating the estimate. After we have
the estimate of Vec(A(a:)) = (Bll,h(l)éll, e ,Brl,h(l)érl, e ,qu,h(l)élq, e ,qu,h(l)érq)T, we

can obtain the estimate of the coefficient function 3(z)
B(x) = {Ir ® (1,0)}vec(A(x)). (4.2.5)

We now investigate the asymptotic properties of the coefficient functions B (x), whose assump-
tions and detailed proofs can be found in the Appendix E. To establish the asymptotic properties
of 3(z). We need the following notations. Let 1(S,C) = tr[{log(C~1SC~T)}®2], be a function
of C = exp(Y/2) and S € Sym™(m), dy1(S,C) and 92¢(S,C) be the first and second deriva-
tives of 1(S,C) with respect to Y, respectively. Let A be a ¢ x ¢ diagonal matrix with ¢ diago-
nal entries 1,2,1,2,2,1---,2,---,2,1 and Y}, denote the k-th element of vecs(Y). Let C**)(z,2) =

_,occt
_C(Z7 /B(x))

Yy,
Mg (v, u,2z) and My (v, u,z) be ¢ x ¢ matrices with the (k, k') entry tr{ ¢ (v, u)M** ) (v, 1), z)} and

C(z,B(z))"T and M(k’k/)(v, u,z) = Avecs(C*) (v, z))(Avecs(C(k,)(u, z)))T. Let

tr{Eu(v,u)M(k’k,)(v,u,z)}, respectively. Let Qg(v,u) = E{Mg(v,u,z) ® 222} and Qy(v,u) =

E{My(v,u,z) ®z%%}. Let X be denoted as {x1,- - ,Tn}.

Theorem 4.2.1. If the assumptions (M1)-(M9) are true in Appendiz E, then the following results
hold:
(i) when the assumption (M10) in Appendiz E is true, /n{((x)— B(z) —0.5u28(x)h(V2{14+0(1)}) :

x € [0,Lo]} converges weakly to a centered Gaussian process with covariance matriz Yg(x, ') =
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’ ’ ’ -T
A[E{034(S(x),C (2, B(x))) © 222} (. 2') | E{054(S (2 ), O(z, B(z))) @ 292}
(ii) the asymptotic bias and covariance of B(:E) given X = {x;,5 = 1,--- ,ng} are, respectively,

0.5u23(x)h (V21 + 0(1)] and

Ygx(z,h) =4 [E{(?}Q/w(S(x), C(z,8(z))) ® z®2}] ! (n" e, (x) +
(nnaghM) 1 (2) " rug {0y (z, ) + Qe (z, 2) {1 + O(RM)} +
n () + hO?u{ Q20 (2, )7 (2) + 2000 (2, 2) 7 () + Qi (, 2) () ()~

+0p(ngh) + 0p(hV2)]) [B{034(S(x), Oz, B(x)) © 252)] (4.2.6)

where ey () = Op((ngh™M)™1/2) is a random matriz of X and Qy(x,x) with E{e,(z)} = 0 and is

defined in the appendix.

Theorem 4.2.1 establishes weak convergence of B(:E) as a stochastic process indexed by z €
[0, Lo]. Based on Theorem 4.2.1, it is straightforward to derive the asymptotic bias and variance of

log(D(z, 3(x))), which are combined together to give the asymptotic mean square error (AMSE)

of log(D(z, f(x))) as

AMSE(log(D(z, 3(x)))) = Eltr{lvecs(Y (z, 3(x)) — Y (z, B(z)))¥?}]

= 0.25ushWr[{(AY? @ 2)5(2)}2?] + tr{(AY? © 2)p 2 (z, A1) (A2 © 2)T}.

Note that the bandwidth that minimizes AMSE(log(D(z, 3(z)))) is of the order (nng)~/® if the
terms n~'h(M2 and n~'e,, in Equation (4.2.6) are ignored. Theorem 4.2.1 also forms the foundation
for constructing global test statistic and simultaneous confidence bands for 5(-).

A straightforward bandwidth selection method is cross-validation. The idea is to pool the data
from all n subjects and select an estimated bandwidth of A1), by minimizing the cross-validation

score given by
n ng

CV(RD) = =3 tr{{lon(Clai, 5y, A1)~ Ol 50 s ) T (4.2

i=1 j=1

where 309 (z, h(D)) is the weighted least squares estimator of 3(x) for the bandwidth A1) based

on observed data with the observations from the i-th subject excluded. However, since computing
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B(*") (xj, h(l)) for all ¢ can be computationally prohibitive, we use plug-in method (Park and Marron,
1990) which is based on the result in Theorem 4.2.1. For a given weight function w(z), the

asymptotic mean integrated squared error (AMISE) of D(z, f(x)) is

AMISE(log(D(z, 3(x)))) = / AMSE(log(D(z, 3(z))))w(z)dz
= 0.25uinM* / tr[{(AY? @ 2)3(2)}*Hw(z)dz

+ / tr{(AY?2 © 2)%5 v (z, KDY (AY? @ 2) T Yw(z)dz. (4.2.8)

So with respect to this criterion, the optimal bandwidth is the one minimizing AMISE (log(D(z, 5(z)))),

denoted by ﬁgl). If the terms n~'h()2 and (n)~'e, are ignored, then we have

L <(nnc)1vo Jtr{(AY2 @ 2)Ss0 (2, 2) (A2 z)T}W(w)lw(iv)dfr> " , (4.2.9)

¢ 0.25u3 [ tr[{(AY2 @ 2)3(z)}2w(z)dx

where Xg(z,z) = ([E{03¢(S(z), C(z, B(z))) ® 292} " Qu(x, z) + Qe(x, 2)}1/2)®2. The plug-in
bandwidth selection idea is to replace the unknown quantities in Equation 4.2.9 by their estimators.
For unknown quantity 3(z) and 3(z), we replace them by a parametric polynomial fit of degree 4.
We take w(z) = m(z)wo(z), where wo(x) is a given weight function. In this way the problem of 7(z)
sorts itself out. Based on ﬁgl), we can obtain an estimate of 3(x), denoted by Be(x) This bandwidth
selection method may tend to oversmoothing since we ignore two terms in Equation (E.0.36), which
are introduced by the within-curve dependence. So in practice, we select the bandwidth slightly

smaller than this optimal bandwidth.

4.2.3 Smoothing Individual Functions and Estimating Covariance Matrices

As we did in Chapter 3, we also employ the local polynomial kernel smoothing technique
to simultaneously construct the individual function U;(z) and then construct a nonparametric
estimator of the covariance matrix g (x,z). The computational procedures are similar to that in
Section 3.2.3 of Chapter 3. The only difference comes from modeling the residual matrix of the

functional response S(x) at the population mean function D(z, 5(z)). In the following, we will give
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detailed derivations. Using Taylor’s expansion, we can expand U;(z;) at x to obtain
Ui(z) = Us(z) + U(x) (z; — ), (4.2.10)

which is equivalent to

vees(Us(;)) ~ vees(Us () + vees(Ui(z)) (z; — ) = Di(2) Ty, (z; — ), (4.2.11)

where y,o (z; — ) = (1, (z; — 2)/A®)T and Dy(x) = (vec(Ui(z)), hPveclU;(x)))T is a 2 x g
matrix. For each fixed z and each bandwidth h(?), the weighted least square estimator of D;(x)

can be calculated by minimizing an objective function given by

ng R R

> Ky (@) — 2)tr[{log(Czi, Be(x5)) " Si(w))C(i, Be () ™") = Ivees(Dy(2) vy (2 — 7))} 7).
j=1

With some calculation, it can be shown that the weighted least square estimate of D;(x), denoted

as Dy(x), has the following explicit expression:

51 (h?, )71 Z Ky () — 2)yhe (25 — z){vecs(log(C (2, Be(z;)) ™ Siw;)Cl(zi, Be(x)) ")},
= (4.2.12)

where Y1 (h?), z) = > iS Ky (25 — o)y (2 — 7)®2. Then, vecs(U;(x)) can be estimated by

ng

vees(Uy(x)) = e, Di(w) = Y K{ o (w— 2, @) {vecs(log(C (zs, Be(x5)) ™ Si(;)C (i, Be(5) ™))},
j=1

(4.2.13)

where KBG, K@) (.,.) is the empirical equivalent kernel. Finally, let R; be a ng X ¢ matrix with the

j-th row Vecs(log(C(zi,Be(xj))*lSi(:vj)C(zi,ﬁe(xj))*T))T and S be a ng X ng smoothing matrix
with the (7, j)-th element f(gc W@ (T — i, ;). We can obtain

(vees(Uy(x1)), - - -, vees(Ui(zns)))T = SR;. (4.2.14)

We pool the data from all n subjects and select an estimated bandwidth of 22, denoted as
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%2), by minimizing the cross-validation score given by

CVa(h ‘1Zn:§: HA1/2 ()SQR) )”2. (4.2.15)
=1 j=1

Replacing S;; in equation (4.2.15) by the average of Si1,---,Spung, We can get the following

generalized cross-validation (GCV) score

1 i tr{AY2 (R, — SR)}LE?

GCV(h®) = (1—n1tr(8))?

(4.2.16)

Without special saying, for this part, we use generalized cross-validation score GCVQ(h(2)) to select
the bandwidth throughout this chapter.
After obtaining U; (), we can estimate the mean function ¢ (x) and the covariance function

S (x,y) by using their empirical counterparts based on the estimated U; o (x):

L?e(x) = nilznzl;lzex

Sulz,y) = (n—q) 1Zjvecs s e(x))vees(Us o (y)). (4.2.17)

We construct a nonparametric estimator of the covariance matrix Yg(x,z) as follows. Let

Be(w) = [Bre(x), -, Bye(w)] and E(x;) = log(Clzi, Be(5)) "1 Si(w;)C (=i, Be(w7) ™) = Us o (;) be
estimated residuals fori = 1,--- ,nand j = 1,--- ,ng. We consider the kernel estimate of X¢(z, x)

given by
« Ky (z; — x)vecs(E;(z;)) 2
Ye(x, ) e s LA (4.2.18)
DRI o

Let Ye(zj,2;) = (n—q) ' 3, vecs(E;(x7))%2. To select an estimated bandwidth (), denoted by
ﬁ,(gg), we minimize the cross-validation score given by
n ng

CV(h) = (nng) ™" >~ te{[vecs(&i(w))®* — Se (g, 25, b)) D25 (2, 25) 7192}, (4.2.19)
=1 j—1

where 3¢ (z, 2, h3) (= is the weighted least squares estimator of Se (z,x) based on observed data

with the observations from the i-th subject excluded. Based on ES’) , we can use (4.2.18) to estimate

70



Ye(x, ), denoted by ¢ o (, ).
We will use the following theorems to construct the global test statistics and simultaneous

confidence bands for coefficient functions, whose detailed proofs can be found in the Appendix E.

Theorem 4.2.2. We have the following results.

(i) If assumptions (M1)-(M6) and (M10) in Appendiz E are true, then

sup Sy (x,t) — Sy, t)] = Op(n™Y2 + (ngh®) =t + hM? + h®2 1 (logn/n)/?).(4.2.20)
(z,t)€[0,Lo]?
(i) If assumptions (M1)-(M6) and (M10)-(M11) in Appendiz E are true, then sup,cio, 1] 1Se(x, 2)—

Ye(z,z)| = op(1).

Theorem 4.2.2 (i) shows the uniform convergence rate of y(z, t) which is useful for constructing
the global and local test statistics for testing the covariate effects. Theorem 4.2.2 (ii) do not
present the uniform convergence rate of f]g (z,x) because one focus of this Chapter is to derive the

asymptotic distribution of a global test statistic, which does not involve f]g(m, x).

4.2.4 Hypothesis Test

Like the classical varying coefficient models, it is interesting to investigate if an estimated
coefficient function is significantly away from zero or if the estimated coefficient function is really

varying (Fan and Zhang, 2000, 2008). In general, consider the linear hypotheses of 5(z) as follows:
Hy:RpB(z) =bg(z) forallxz vs. Hj:RpB(x) # by(x), (4.2.21)

where R is a t x rq matrix of full row rank and bg(z) is a given ¢ x 1 vector of functions. In
order to test the null hypothesis Hy : R(5(x)) = bg(x) for all x, we need to construct a global
test statistic T;,. We can construct it in the same manner as we did in Section 3.2.5 of Chapter 3.
However, the two test statistics are not the same since they depend on the asymptotic covariance
of the estimated coefficient functions. Under the affine invariant metric, the global test statistic is
defined by

T, =n / Y AT RS () RT) (). (4.2.22)

0
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where d(z) = Rvec(8,(x) — bias(fe(z))) — bo(z). Using the same arguments as those in Section

3.2.5 of Chapter 3, we can show that

Lo
T, = XR(:L")TXR(:L")dx,
0

. . . . / . .
where Xg(-) is a Gaussian process with zero mean and covariance structure Xg(z,x ), which is

given by
Sr(z,2 ) = {REs(x, ) RT} V2 {REs(x, 2 )RTHRE (2 )RTYT/2, (4.2.23)

Based on this result, we develop a wild bootstrap method to approximate the p-value of T,.

Step (1): Fit model (4.2.1) under the null hypothesis Hp, which yields (*(z;), LAl;e(a:j) and

é;fe(a:j) fori=1,---,nand j=1,--- ,ng.
Step (2): For g =1,--- |G, generate a random sample Ti(g) and 7;(z;)9 from a N(0, 1) generator
fori=1,--- ,nand j =1, --- ,ng and then construct

Si(w) 9 = Clas, 3 (25)) exp(r VU (w5) + 7i(5;) V&7 () C (s, B (5)

Then, based on S;(z;)\9), we recalculate ES), Be(2)@ | bias(Be(2)@), and d(z)@) = R(Be(z)@ —
bias(3e(2)@))) — bg(z). We also note that R(8.(x)9)) ~ by and R(bias(fe(2)@))) ~ 0. Thus, we

can drop the term bias(f.(2)@) in d(z)@ for computational efficiency. Subsequently, we compute

Lo
TY) = n / d(z) 9T {RYs(x, 2)RT}1d(2) 9 du, (4.2.24)
0

Tn(xj)(g) = nd(xj)(g)T{Rﬁg(:c,x)RT}*ld(sj)(g) for j=1,---,n¢g.

Step (3): Aggregate the results of Step (2) to obtain {T,E?Rnax = maxj<j<ng Tn(z;)9 g =
1,---,G} and calculate p(x;) = G™! f: 1(T,§f]rllax > Ty(xj)) for each ;. The p(x;) is the corrected
p-value at the location z;. !

Step (4):Aggregate the results of Step (2) to obtain {Tég) :g9g=1,---,G} and calculate p =
G! §:1 1(T7(Lg) > T,). If p is smaller than a pre-specified significance level «, say 0.05, then we

o=

reject the null hypothesis Hy.
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4.2.5 Confidence Band

We construct confidence bands for the functional coefficients 3(z) = (81(z)T, -+, B,(z)T)T with
Bi(z) = (B, -+, B)" in model (4.3.1). Specifically, for a given significance level a, we construct

a confidence band for each fj;(x) such that
P(B,fla(x) < Bri(z) < B,gla(x) for all z €[0,Lo]) =1—«, (4.2.25)

where B,fla () and Bgla(x) are the lower and upper limits of the confidence band. It follows from
Theorem 4.2.1 that sup,¢(o, 1,9] |v/7[Bri,e () — B ()] | converges in distribution to SUPge(o, o] |Gri(2)]-
We define the critical point Cy(a) such that P(supgcp o] [Gri(2)| < Cr(a)) = 1 — . Thus, a

1 — a simultaneous confidence band for fy;(z) is given as follows:

Crla) - Ckl(a)) , (4.2.26)

<Bkl,e($) - Brie(x) + Jn
Recall that ey be an gr x 1 vector with the (I — 1)r + k-th element 1 and 0 otherwise. For
g=1,---,G, we independently simulate {Ti(g) :i=1,---,n} from N(0,1) for all [, and then we

calculate a stochastic process Gl(x)(g), which is defined as follows:

-1
n ng

Vr{(1L,0) @ I} | DD Ky (aj — ) {yhm(ﬂﬂj — )% @ 03(Si(x5), Clzi, ;)" @ Zz®2}

i=1 j=1
Sy Hy(zy — 2) @ {yd(Si(ey), Clai, Bx))) @ 7}, (4.2.27)
i=1  j=1

where Hy 1) (u—z) = K; 1) (u — 2)y,o (v — ). The critical point Cy;(«) can be calculated as 1 — o

empirical percentile of sup,c(o r,] lew Gy (x)9)] for all g.

Theorem 4.2.3. If assumptions (M1)-(M6) and (M9)-(M11) in Appendiz E are true, then Gl(g)(-)

converges weakly to Gi(-) conditional on the data.
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4.3 Simulation Studies

We conducted three sets of Monte Carlo simulations. The first set was to examine the bias
and variance of the estimated coefficient functions using varying coefficient model under the affine
invariant and Log-Euclidean metrics. The second set was to compare the Type I and II error rates
of the global test statistic 7T}, using varying coefficient model under the affine invariant and Log-
Fuclidean metrics. The third set was to evaluate the coverage probabilities of the simultaneous
confidence bands of the functional coefficients 3(z) under the affine invariant metric.

We simulate 3 x 3 SPD matrices (DT’s) along the right internal capsule tract (Figure 3.1 (a))

as follows:

Si(x) = exp(Ivecs((Br(x) + Pa(z) x Gi + Bai(z) x Gage;)/2)) exp(Ui(z) + Ei(x))

exp(Ivecs((Bu(z) + Ba(w) x G; + B3i(x) x Gage;)/2)) (4.3.1)

where Gage;, G;, vecs(U;(x)) and vecs(&;(x)) are the same as those in Section 3.3 of Chapter 3. To
mimic imaging data, we also used the diffusion tensors along the right internal capsule tract from
all 96 infants in our clinical data to estimate 3(z) by 3(z) via solving the nonlinear optimization
problem in Equation (4.2.4), U(z) by U(z) via Equation (4.2.14), and &(x) by &(z) via E(z) =
log(exp(—Ivees((5(2)T2/2)))S () exp(—Ivees((Gy(x)7z/2))) — U(x). We fixed all the parameters

at their values obtained from our clinical data, except that we assumed (fs1(x),---,O36(x)) =
c(Bs1(x),- -, Ba6(x)), where ¢ is a scalar which takes a different value as specified below to study
the power and ((31(z), - - - , B3¢(x)) were estimators obtained from our clinical data.

4.3.1 Simulation 1

The first set of Monte Carlo simulations was carried out to compare the varying coefficient
models under both the Log-Euclidean and affine invariant metrics in estimating the coefficient
functions. Recall that VCAI (VCLE) is denoted as the varying coefficient model under the affine
invariant (Log-Euclidean) metric. For each simulated data, we use the VCAI and VCLE to estimate
the coefficient functions, respectively. Then we calculate the bias and standard error of 3(z). The

results are presented in Table 4.1. All estimators have smaller biases than the standard deviations.
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Figure 4.1: Ellipsoidal representations of the simulated (a), true (b) and estimated diffusion tensors
along the the right internal capsule tract using VCAI (c) and VCLE (d), respectively, for one selected
subject from one simulation, colored with FA values.
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Figure 4.2: Average geodesic distances between simulated and estimated diffusion tensors along the
the right internal capsule tract using VCAI (solid line) and VCLE (dash-dotted line), respectively.

Moreover, the biases using VCAI are smaller than those using VCLE while the standard deviations
using VCLE are smaller than those using VCAIL. One possible reason is that the estimators in
VCATI do not have explicit form and is obtained by using a nonlinear optimization method. This
may make the results more variable. However, both estimators using VCAI and VCLE perform
reasonably well in reconstructing the individual SPD matrix. Figure 4.1 displays the raw, true and
estimated SPD matrices using the VCAI and VCLE methods when ¢ = 1 for one selected subject
from one simulation. Note that both VCAI and VCLE did a comparably good job in recovering
ground truth. We also calculate the average geodesic distances between the true and estimated SPD
matrices. It is observed from Figure 4.2 that the geodesic distance curve obtained by using VCAI
is more rough compared with that using VCLE. This may also be due to the nonlinear estimation

methods.
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Table 4.1: Bias and standard deviation (SD) for coefficient functions based on 200 simulations

VCAI VCLE

intercept gender Gage | intercept gender Gage

Bias x100 fi(z) | 0.2633  0.0965 0.1416 | 0.3098  0.2342 0.1659
B2(x) | 0.0957  0.0579 0.0516 | 0.1298  0.0538 0.0522
Ba(x) | 0.2667  0.0795 0.1830 | 0.2733  0.1401 0.1392
Ba(x) | 0.1122  0.0660 0.0787 | 0.1407  0.0599 0.0864
Bs(x) | 0.1258  0.0595 0.0637 | 0.1330  0.0808 0.0589

Be(x) | 0.2339  0.0904 0.1520 | 0.3144  0.1813 0.1456

SDx100  fi(z) 1.9963  1.9658 1.9171 1.8672 1.8102 2.0228
Bo(x) | 0.6975  0.6761 0.6916 | 0.5224  0.5247 0.5032
Bs(x) 1.8477  1.8600 1.7693 | 1.6346  1.6529 1.8108
Ba(x) | 0.8943  0.8742 0.8692 | 0.7348  0.7379 0.7158

Bs(x) | 0.8267 0.8191 0.8186 | 0.6686  0.6686 0.6531

Ge(x) 1.7861 1.8263 1.7439 | 1.6529  1.6318 1.7623
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Figure 4.3: Simulation study: Type I and Type II error rates. Rejection rates of T, based on
the resampling method are calculated at five different values of the effect size ¢ using varying
coefficient models under the affine invariant (dash-dotted lines) and Log-Euclidean (solid lines)
metrics at sample sizes of 96 subjects at the .05 (lines with diamond markers) and .01(lines with
circle markers) significance levels.

4.3.2 Simulation 2

In neuroimaging studies, some scientific questions require the assessment of the development of
fiber bundle diffusion tensors across time. In this simulation study, the questions were formulated
as the hypotheses test Hy : f31(x) = --- = (36(x) = 0 for all = along the right internal capsule
tract against Hy : O3(z) # 0 for at least one z on the tract for some I = 1,--- ;6. We first assumed
¢ = 0 to assess the Type I error rates (size) for the global test statistic T,,, and then we assumed
¢ = .2,4,.6, and .8 to examine the Type II error rates (power) for 7T, at different effect sizes.
For all simulations, we used the values of gender and gestational age from our clinical data to
simulate the 3 x 3 SPD matrices (DT’s) along the right internal capsule tract. For each simulated
SPD matrices, we applied VCAI and VCLE to test the significance of the gestational age effect,
respectively. The significance levels were set at a = .05 and .01 and 100 replications were used to
estimate the rejection rates. Figure 4.3 displays the power for detecting the gestational age effect
in each of these cases. It is also observed that the statistical power for rejecting the null hypothesis
increases with the effect size and the significance level. In addition, the statistical power using the
varying coefficient models under the Log-Euclidean and affine invariant metrics are comparable for
large effect sizes. For the small effect sizes, the statistical power under the affine invariant metric is

higher. However, the type I error rate is greater than the .05 significance level under this metric.
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Table 4.2: Simulated coverage probabilities for coefficient functions based on 200 simulations for
VCAI methods

a=.05 a=.01

intercept gender Gage | intercept gender Gage
Bi(x) .960 930 925 995 990 .985
Ba(x) 915 925 945 990 995 1.0
B3(x) 970 930 935 990 .985 .985
Ba(x) .960 .955 .935 .995 995 975
Bs(x) 940 .965 .920 .995 980 970
Be(x) .965 .930 .930 .995 .985 .985

4.3.3 Simulation 3

The third set of Monte Carlo simulations was carried out to evaluate the coverage probabilities
of the simultaneous confidence bands for regression coefficients §(x) using VCAI. The simulation
setup is the same as in the first set of simulations except ¢ = 1 and the sample size is 96. The 95%
and 99% simultaneous confidence bands were considered. As suggested by Fan and Zhang (2000),
an appropriate smaller bandwidth would improve the accuracy of the confidence bands. In our
simulations, we used a shrinkage factor .6. For simplicity, we do not consider estimating the bias
of ().

Table 4.2 summarizes the empirical coverage probabilities based on 200 simulations for a = .01
and and .05. The coverage probabilities are quite close to the claimed confidence levels. Figure
4.4 depicts typical 95% simultaneous confidence bands for vectors of coefficient functions 3;(x) for
l=1,---,6. For each [, §i(x) contains three coefficient functions which correspond the intercept,
age and gestational age. It is observed that the length of the simultaneous confidence bands for the
second and third functions in £ (x), G3(x) and Fg(x) are large. This is because of large variances

of corresponding parts in data.
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Figure 4.4: Typical 95% simultaneous confidence bands for vectors of coefficient functions F;(z) for
I =1,---,6. The solid, dotted, dash-dotted curves are the true curves, the estimated coefficient
functions and the 95% confidence bands, respectively.
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4.4 A Real Example

In this section, we apply our VCAI procedure to the same DT data in Section 3.4 of Chapter 3
in order to investigate early brain development. In this study, we also have the same two specific
aims. The first one is to compare diffusion tensors along the selected fiber bundle across the male
and female groups and thus illuminate the gender effect on the development of these fiber bundle
diffusion tensors. The second one is to delineate the development of fiber bundle diffusion tensor
across the gestational age effect. To statistically test the effects, we applied our VCAI to diffusion
tensors along the fiber tract. For the the selected tract, we fitted the VCAI model (4.3.1) to the
diffusion tensors from all 96 subjects, in which z = (1, gender, Gage)”. Then, we used the annealing
evolutionary stochastic approximation Monte Carlo algorithm to estimate the functional coefficients
B(z). For the hypothesis testing, we constructed the global test statistic 7T}, via equation (4.2.22) to
test the gender and age effects for the diffusion tensors. The p value of T,, was approximated using
the resampling method with G = 100 replications. Finally, we constructed the 95% simultaneous
confidence bands for the functional coefficients ((z).

We statistically test the effects of gender and gestational age on the diffusion tensors along the
right internal capsule tract. To test the gender effect, we calculated the local test statistics 75, ()
and their corresponding p values across all grid points on the right internal capsule tract. It is
observed from Figure 4.5 (a) that most grid points do not have significant — log;,(p) values, which
are less than 1.0. Then, we also computed the global test statistic T,, = 850.40 and its associated
p-value p = 0.37 indicating no gender effect. It is observed from Figure 4.5 (b) that the —log;(p)
values of T}, (z;) for testing the gestational age effect at some grid points of the right tail are greater
than 2.0 while a very high significant gestational age effect was found with 7T, = 1397.82 and its
p—value p = 0.01. This indicates that diffusion tensors along the right internal capsule tract do
not differ significantly between male and female groups but are significantly associated with the
gestational age. Moreover, the model under the affine invariant metric can detect more significant
grid points than that under the Log-Euclidean metric.

The estimated coefficient functions along with the 95% simultaneous confidence bands are de-

picted in Figure 4.6.
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Figure 4.5: The —log;((p) values of test statistics T;,(x;) for testing gender or gestational age effect
of diffusion tensors on the right internal capsule tract in panel (a) showing no significant gender
effect, in panel (b) showing significant gestational age effect.
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4.5 Summary

In this chapter, we have developed a varying coefficient model for SPD matrix valued functional
data under the affine invariant metric in order to investigate the effect of different metrics for the
space of SPD matrices on statistical inferences. Our simulation results suggest that the estimators
based on the affine invariant metric have smaller biases and larger variances compared with those
based on the Log-Euclidean metric. Both estimators give reasonable good approximations to the
ground truth. In addition, the statistical power using the invariant metric can be slightly higher
in detecting the group differences when the effect size is small. However, using VCAI involves
more complex computations and in general is time-consuming. It will be the case for the statistical
analysis of general manifold data, for which there is no alternative simple metric like the Log-
Fuclidean metric for the space of SPD matrices.

In addition, our model can be generalized to statistical analysis of any general manifold valued
functional data given their Riemannian geometry. For instance, a new imaging technique called high
angular resolution diffusion imaging (HARDI) (Tuch (2002)) has been used to imaging complex
oriented structures in the brain. Unlike DTI, which models the diffusion with a single tensor
and can only reveal a single prevalent fiber direction, HARDI measures water diffusion along many
uniformly distributed directions on the sphere and can characterize more complex fiber orientations.
Based on HARDI measures, the orientation distribution function (ODF) can be reconstructed at
each voxel (Frank (2002); Tuch (2004); Rathi et al. (2009)), which can be used to characterize
diffusion. This provides a new type of random samples, which are manifold valued data. The
question arises naturally: how to perform statistical analysis on this manifold valued data? By
considering the ODF data on a Riemannian manifold, it is possible to extend our methods for DT’s

to the analysis of ODF data.
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Appendix A

Cross Validation Bandwidth Selection (2.3.8)

In this section, we will derive the first-order approximation to the cross validation score CV 4(h)

n (2.3.8). We need some notation as follows:

M(S, D) = tr{log(S~/2DS1/2)2},
G, A (aa() = 3 9a(S5, Dalaj aalx). ko)),
JF
aly ! (e, ) = argming ) Gy, (@a(a)),
da(z, h) = argming, , ;) Gn,a(aa(z)), A()zf4 1)(:(: h) = a( )(x h) — é&a(z, h),
otr{log(S~Y/2DS~T1/2)2}

OpM(S, D) = Ovecs(D) ’
otr{log(S~2GGTS~1/%)2}
T
IaM(S,GGT) = Ovecs(Q) ’
d*tr{log(S~1/2DS~1/2)2}
2 —
OpM (5, D) = dvecs(D)dvecs(D)T 7

E(S,D,x,10) = Da(x, ca(zo), ko) 2SDa(z, (o), ko) ~1/2,

M(S,x — zo,aa(xg)) = tr{log(Sil/QD(a:, a(zo), ko)S*Tﬂ)Q},
8tr{log(5_1/2D(:v, (), kO)S_T/Q)Q}

aaA(IO)M(S7 T —= xO? OéA(J:'O)) = 8aA(f1?()) ’
82tr{1og( “12D(x, aa(wo), ko) S—77%)?}
2 ) )
H) (2, 04 ( ZKh ) (x)M(Sj,a:j —z,a4(x)).

J#i

Let G;_i) (zi,h) and Ga(x;, h) be, respectively, the subcomponents of dil_i) (z,h) and &a(z, h)
corresponding to G(x). Then, by using the Taylor’s series expansion, we can approximate the cross

validation at bandwidth A by

CVa(h) = n—IZgA(Si,ﬁE;i)(x“ IZtr{log 1200 (0 RS2
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nt ZQA(Sia Da(xi,h))? + 2pn(h),
i=1

&

where p,(h) can be regarded as the degree of freedom for ILPR and is given by

pu(h) = (20) "1 Y {8 M (S, Dalws, h)Tvees(GY (i, h) — Galwi, b))} (A.0.1)
=1

Since dfgi)(xi, h) and &4(z;, h) minimize Gq(;j) (aa(z;)) and Gy, a(aa(x;)), respectively, we have

0 = Y {En(x) — 20)0a@nM(S;, 25 — 1,65 (@1, 1))} (A.0.2)
J#i
~ Y K@) = 20)Oa(ei) M (Sj, 25 — mi, &alws, b))}
JF#i
+ 37 Knlej — 2)02 ) M(Sj, 2 — w1, da(es, h) A (a1, h)
J#i
= _Kh(o)aa(xz)M(S’LvOadA(xuh))
+ " Knlaj — 2)02 ) M(Sj, 25 — i, da(ws, h) A (a4, h).
JFi
This yields that
A (i, h) = Kn(0)HCD (24, 44, B), )™ Dy M (Si, 0, &a (i, h)). (A.0.3)

)T gy (x)T)T and o (23, h) = (al) (@i, b7,

Furthermore, at a given x;, we consider a4 (7;) = (a(w; (1).14

aE;)Z;)IA(xi,h)T)T, in which a(;)(7;) and aEl_)fi)IA(:):i,h), respectively, correspond to the unknown
parameters in G(x;). Suppose that H) (zi,&a(xi, h), h) can be decomposed according to the
decomposition a(z;) = (1) (i)T, agg)(x:)T) as follows:

11,1,4(%7 ) 12,1A(33w )

H(_Z) (xi7 dA (xia h)u h) - (—Z) (—Z)
H21,IA(1‘1'» h) H22,1A($ia h)

It can be shown that all elements in 8a(2)

(@) M (Si,0,G4(xi, b)) equal zero. Thus, by using the

nullity theorem, we have

NG 4 (i h) = Kn(O)H{ Y 4 (i h) ™00 ) (0 M (S5, 0, Ga (i, h)), (A.0.4)
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where Hl(igm(a:i, h) = Hf;?A(:ci, h) — Hg}) (24, h)Hé;?A(a:i, h)_lHéi?A(xi,h). By substituting
(A.0.4) into (A.0.1), we have

pu(h) = (2n) " K5 (0) Y {06 M (Si, Da(wi, ) H{L Y 14 (i) 206 M(S;, Da(xi, b))}, (A.0.5)
i=1
which finishes the proof of (2.3.8).

In order to calculate CV4(h), we need the first order derivatives of matrix logarithm and
exponential, dgM (S, GGT), and the first-order and second-order derivatives of M (S, z—xq, a4 (zo))
with respect to as(zp) as follows.

Lemma A.0.1. (i) The first-order derivative of M (S, GGT) with respect to vecs(G) is given by

aM(S,GGT)
oG,

A(GGT)
0G;

= 2tr{log(GTS7'G)G™! G, (A.0.6)

where G is the j—th unknown element in vecs(G).
(ii) Suppose that D(a) € Sym™(m) and M(«) € Sym(m) are differentiable functions of «, the
first order derivatives of log(D(«)) and exp(M (o)) with respect to the j—th component of o are,

respectively, given by

ex a 1 a

81[:9%()) - /O exp((1 — S)M(a))a](}ifj ) exp(sM(a)ds, (A.0.7)
o a 1 o

mgag()) :/0 [{D(a) —fm}8+fmJla§OEj)[{D(a) —Lu}s+ L) 'ds. (A0.8)

Proof of Lemma A.0.1. Since tr{log(S~'/2GGTS~T/2)2} = tr{log(G~'SG~T)?}, Tt follows from

Proposition 2.1 in Maher (2005) that

oM (S, GGT)

e = 2tr{log(G™'SG TGS GO, (G'SGT)}.
J

Because log(G~1SG-TGTS1G = GTS~1Glog(G~1SG~T) and

96,(GT'SG™T) = -G 1(96,G)GT'SG™" — GT1SGTT(96,G)G7T,
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we have

oM (S, GGT)
9G,;

L, 0G  9GT
aG; ' aG,

= —2) tr{log(G'SGT)(G
=1

which yields (A.0.6). The proof of (A.0.7) and (A.0.8) can be found in Higham (2008).

Lemma A.0.2. Let a;(xo) be the jth element of aa(zo). The jth element of the vector Oy , (py)M (S, T~

xo,a4(x0)) is given by

0, M(S,z — xo,a(x0)) = —2tr{log(E(S, D, z,x0))D(z, aa(zo), k‘o)_l/2 X

(o)

{6%' (wo)D(x, as(xo), ko) }D(x, aa(xp), ko)—T/ﬂ'

The (j, k)—th element of 62 )M(S,x — g, aa(xg)) is given by

Ao
O?’M (S, x — x0, aa(x0))
Oaj(xo)Oay (o)
{04, (z0)D(x, a(w0), ko) } D(z, cva(wo), ko)~ T7?] — 2tr(log(E(S, D, x, x0))
A[D(x, aa(x0), ko) /> (D (ay) (&, aa(0), ko) } D (@, ca(wo), k‘o)_T/Q])
Do (o) '

alOg(E(S7 D7 z, wO))
day (o)

= —2tr] D(z, aa(zo), ko) /% x

Proof of Lemma A.0.2. By using Lemma A.0.1 and matrix differentiation, we can easily prove

Lemma A.0.2.
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Appendix B

Annealing Evolutionary Stochastic Approximation
Monte Carlo

We now develop an annealing evolutionary stochastic approximation Monte Carlo algorithm for
computing &ya(zo; h). Quite recently, the stochastic approximation Monte Carlo algorithm (Liang
et al., 2007) has been proposed in the literature as a general simulation technique, which possesses
a nice feature in that the moves are self-adjustable and thus not likely to get trapped by local
energy minima. The annealing evolutionary SAMC algorithm (Liang, 2010) represents a further
improvement of stochastic approximation Monte Carlo for optimization problems by incorporating
some features of simulated annealing (Kirkpatrick et al., 1983) and the genetic algorithm (Goldberg,
1989) into its search process.

Like the genetic algorithm, annealing evolutionary stochastic approximation Monte Carlo works
on a population of samples. Let of = (O‘A,[l}? . 70‘147[1}) denote the population, where [ is the
population size, and a4 [;) = (@1, - - -, Qig(ky+1)) 15 @ (ko +1)-dimensional vector called an individual
or chromosome in terms of genetic algorithms. Thus, the minimum of the objective function
Gnlaa(wo)), aa(zo) € B, can be obtained by minimizing the function U(a!) = Zizl Grlaa,)-

An unnormalized Boltzmann density can be defined for the population as follows,

Y(al) = exp {—U(al)/r} , aleB, (B.0.1)

where 7 = 1 is called the temperature, and B! = B x - - - x B is a product sample space. The sample
space can be partitioned according to the function U(a!) into b subregions: E; = {a! : U(at) < 61},
Ey = {a: 6, < U(ad) < 82}, -+, Eyey = {o! : §p_g < U(a)) < 6p_1}, and By, = { : U(af) >
dp—1}, where §; < dy < ... < d_1 are b — 1 known real numbers. We note that here the sample
space is not necessarily partitioned according to the function U(a!), for example, the function
Aal) = min{Gn(aq1)),-- - Gn(aa)} also works.

Let w(d) denote the index of the subregion that a sample with energy u belongs to. For example,
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if o' € Fj, then w(U(a!)) = j. Let B® denote the sample space at iteration ¢. The algorithm

initiates its search in the entire sample space By = U?:1 F;, and then iteratively searches in the set

w(UY 4R)

min

B = U E;, t=1,2,..., (B.0.2)
=1

where Ur(xfi)n is the best function value obtained until iteration ¢, and X > 0 is a user specified
parameter which determines the broadness of the sample space at each iteration. Note that in
this method, the sample space shrinks iteration by iteration. To ensure the convergence of the
algorithm to the set of global minima, the moves at each iteration are required to admit the

following distribution as the invariant distribution,

(UM 4R .
[0
Fun(ad) o Z Y( (t))
=1 o

Il € k), zeB, (B.0.3)

ew

()

where w;”’ are the working parameters which will be updated from iteration to iteration as described
in the algorithm below.

The annealing evolutionary stochastic approximation Monte Carlo includes five types of moves,
the MH-Gibbs mutation, K-point mutation, K-point crossover, snooker crossover, and linear
crossover operators. See Liang (2010) for the details of the moves. Let p1,...,p5, 0 < p; < 1
and 2?21 p; = 1, denote the respective working probabilities of the five types of moves. The
algorithm can be summarized as follows.

The algorithm.:

(a) (Initialization) Partition the sample space B' into b disjoint subregions Ej, ..., [Ey; choose
the threshold value N and the working probabilities p1, ..., ps5; initialize a population al©) af

random; and set w(® = (wgo), . ,wlgo)) = (0,0,...,0), B, = ngl E;, Ur(noi)n = U(a!®) and

t = 0. Let © be a compact set in R™.

(b) (Sampling) Update the current population o/® using the MH-Gibbs mutation, K-point mu-
tation, K-point crossover, snooker crossover, and linear crossover operators according to the

respective working probabilities.
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(¢) (Working weight updating) Update the working weight w(® by setting

wi =l + oy Hi(w®, o/ D), =1, (U, W),

min

where H;(w®,a!t+D) = (/1) ¢ E,;) for the crossover operators, H;(w®,alt+) =
2221 1 (al(t+1’j) € E;)/l for the mutation operators, and 711 is called the gain factor. If
w* € 0, set wttY) = w*; otherwise, set w1 = w* + ¢*, where ¢* = (¢*,...,¢*) and ¢* is

chosen such that w* 4+ ¢* € ©.

(d) (Termination Checking) Check the termination condition, e.g., whether a fixed number of

iterations has been reached. Otherwise, set t — t 4+ 1 and go to step (b).

In this article, we follow Liang (2010) to set p; = p2 = 0.05, p3 = ps = p5 = 0.3, and the gain
factor sequence
to

=——— t=0,1,2,... B.0.4
Tt max(to,t)’ ) Ly 4y ) ( )

with g = 5000. In general, a large value of ty will allow the sampler to reach all the subregions
very quickly even for a large system. As shown in Liang (2010), it can converge weakly toward a
neighboring set of global minima of U(a!) in the space of energy. More precisely, the sample al®

converges in distribution to a random population with the density function

bR e
fuwl(ad) z; WI(:EGE), (B.0.5)

where Upiy is the global minimum value of U(«),

Regarding the setting of other parameters, we have the following suggestions. In the algorithm,
the moves are reduced to the Metropolis-Hastings moves (Metropolis et al., 1953; Hastings, 1970)
within the same subregions. Hence, the sample space should be partitioned such that the MH moves
within the same subregion have a reasonable acceptance rate. In this article, we set u; 11 —u; = 0.2
fori=1,...,b—1.

The crossover operator has been modified to serve as a proposal for the moves, and it is no longer
as critical as to the genetic algorithm. Hence, the population size [ is usually set to a moderate

number, ranging from 10 to 100. Since X determines the size of the neighboring set toward which
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the method converges, N should be chosen carefully for efficiency of the algorithm. If N is too small,
it may take a long time for the algorithm to locate the global minima. In this case, the sample
space may contain a lot of separated regions, and most of the proposed transitions will be rejected
if the proposal distribution is not spread out enough. If N is too large, it may also take a long time
for the algorithm to locate the global energy minimum due to the broadness of the sample space.
In practice, the values of [ and N can be determined through a trial and error process based on
the diagnosis for the convergence of the algorithm. If it fails to converge, the parameters should
be tuned to larger values. As suggested by Liang (2010), the convergence of the method can be
diagnosed by examining the difference of the patterns of the working weights obtained in multiple

runs. In this article, we set [ = 50 and N = 50.
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Appendix C

Assumptions and Proof of Theorems 2.3.1, 2.3.2, 2.4.1
and 2.4.2

Assumptions

The following assumptions are needed to facilitate development of our methods, although they
are not the weakest possible conditions. We need some notation. Recall that (S,G,Y) =
ga(S,Gexp(Y)GT)? and o = (ag, ay), where G is an m x m lower triangle matrix, S € Sym™(m),

Y € Sym(m), ag = vecs(G), and ay = vecs(Y'). We define

Dact(5,G.Y) | [ ve(5.6.Y)
0u VS, G, ) w(s.GY) |

82G¢(S, G,Y) 8§Gayw(5, G,Y) B Yvaa(S,G,Y) vay(S,G,Y)
agyag¢(sv Gv Y) agy@b(S, G>Y) 1/)YG(57G7Y) %Z)YY(S, G)Y)

(C1) The kernel function K (.) is a continuous symmetric probability density function with bounded

support, say [—1,1].

(C2) The regression function D(x) € Sym™(m) has a continuous (kg + 1)-th order derivative in a

neighborhood of xg.
(C3) The bandwidth h tends to zero and nh — oo.
(C4) The design density fx(.) is continuous in a neighborhood of xy and fx(zg) > 0.
(C5) The conditional density f(S|X = z) is continuous in a neighborhood of zg.

(C6) E{d2¢(S,G,Y(X))|X =z} and E[{0.¥(S,G,Y (X))}*% X = z] are continuous in a neigh-

borhood of xzg.
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: uw¥i(z)  w@W(z) | L .
(C7) The matrices N'(x) = is positive definite in a neighborhood

u’ & \Ifg(x)T Us ® \113(.1‘)
of Zo-

(C8) Let ||.|| be the Ly norm of a matrix, 79 be a lower triangle matrix, 71 € Sym(m), and

Us = {(n0,m) « IInoll* + llm[|* < 6%} As 6 — 0,

E{Sgpllailb(& G(xo) + 10, Y (X) + 1) = 030(S, G(x0), Y (X)) IIX = 2} = o(1),
E{Sgp!!aaw(& G(x0) +m0, Y (X) +m) — 0atp(5, G(x0), Y (X))

—0a0(S, G(20), Y (X)) (vecs(no) ", vees(m) ") [||X = a} = 0(9),

are uniformly in z in a neighborhood of x.

(C9) There exists a b > 0 such that E{||0, (S, G(z0), Y (X))||’T2|X = 2} is bounded in a neigh-

borhood of zg.

(C10) Suppose that Xg,(z) = Cov{Ep(X)|X = x} is continuous in a neighborhood of zy and

there exists a b > 0 such that E{||Ep(X)||’*2|X = 2} is bounded in a neighborhood of .

Remark: Assumptions (C1)-(C10) are standard conditions for ensuring the asymptotic properties
of local polynomial estimators when xq is an interior point of fx(-) (Fan and Gijbels, 1996; Fan and
Yao, 1998; Wand and Jones, 1995). Some conditions can be released with additional technicalities
of proofs. For instance, the bounded support restriction on K(-) in (Cl) is not essential and
can be removed if we put restriction on the tail of K(-). Condition (C2) ensures that Y (z) =
log(G(z0)'D(2)G(x9)~T), G(x), and log(D(x)) have a continuous (kg 4 1)-th order derivative in
a neighborhood of zy. Moreover, assume that fx(.) has a bounded support [0, 1]. All assumptions
can be easily modified when zq is a boundary point, say left boundary point xqg = dh or right
boundary point xy = 1 — dh for some d > 0. For instance, we require that conditions (C2)-(C10)
hold in the left neighborhood of 0 or the right neighborhood of 1. For condition (C2), we also need
to introduce fx(04) as xg is the left boundary point and fx(1—) as x¢ is the right boundary point.
For condition (CT7), N (x) is also needed to make some modifications. For simplicity, we omit these

details.
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Proof of Theorems 2.3.1, 2.3.2, 2.4.1 and 2.4.2

In this section, we will give the detailed proof of Theorems 2.3.1-2.4.2. Since the proof of
Theorem 2.3.2 involves more details, we only prove Theorem 2.3.2 and the proof of Theorem 2.3.1,
2.4.1 and 2.4.2 follows the same lines of arguments. In addition, for notational simplicity, we only
prove these theorems for the local linear regression for the ky > 0 case. We also prove theorems for
the local constant regression because the proof requires some different treatments. The following

lemmas are needed for our technical proofs.

Lemma C.0.3. Let R(X) = Y(X) — YU (20)(X — 20) and assume that conditions (C1)-(C5),

(C7) and (C8) hold. For any random m x m lower triangle matrix sequence n;y and any random

symmetric matric sequence n;1 € Sym(m), fori=1,--- ,n, if maz ||| = 0p(1) and maz ||nal| =
1<i<n 1<i<n

op(1), then we have the following results:

Z I (i — 20)¥66(Si, Glao) + mio, Y () + 0in)

= nth(0+)u0 a¥1(0+){1 + 0p(1)}, (C.0.1)
Z I (i — 20) ¥y (Siy Glao) + mio, Y () + nin) (2 — o)’

= nhl+1fx(0+)ul aYa(0-H){1 + 0, (1)}, (C.0.2)
Z hE (i — w0)¥yy (S, G(x0) + mio, Y (i) +101) (i — o)

= hl+1fx(0—|—)ul aY3(0-0){1 + 0, (1)}, (C.0.3)

Z hK (z; — z0)Yay (Si, G(x0) + ni0, Y (2) + min) T vees(R(x;)) (i — xo)l

= 5nhl+5’* Fx (0-) g 42,092 (04)  vees(Y @ (04)) {1 + 0,(1)}, (C.0.4)

Z hEK (z; — z0)Yyy (Si, G(x0) + mi0, Y () + mi1) T vees(R(x;)) (2 — 20)"

_ %nhl% P (03 2,00(04) vees(Y 2 (04)){1 + op(1)}. (C.0.5)

Proof of Lemma C.0.3. We only prove (C.0.2), while the remainings can be shown using the same

arguments. It is easy to see that

Z hKn(zi — z0)Yay (Si, G(xo) + mio, Y (i) + nia) (i — wo)’
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= ZhKh — xO wGY(SZ,G(xO) ( ))(xz _ 330)[ +

Z hK(z; — x0){vay (Si, G(wo) + mio, Y (2:) + nin) — Yy (Si, Glxo), Y () (i — 20)’

= Tnl + Tn2-

Let Z; = hKp(X — 20)(ay)jk(X — x0)!, where (¥gy)jx is the (j,k)-th element of the matrix

Yay . For the (j, k)-th element (T,1); % in the matrix T},1, we have
(Tu)jn = nE(Zp) + Oy (\/nB(Z2,). (C.0.6)
We calculate the first two moments of Z;;, below. Note that

E(Zjx) = E{hKn(X —z0)(Way)jn(X — z0)'}

1
— /0 hE(y — x0)(y — 20) (Y2(y))x fx (y)dy

1
— pit / ‘ K(2)2'(Wa(zh + m0)) 4 fx (zh + 0)dz, (C.0.7)
—min{d,1}

which can be approximated by h!T! A with A = f—lmin{d 1} K(2)2'(W2(0+)) .k fx (z0)dz. Specifically,

we consider the difference given by

nl = ‘ / (\Ifg(zh—i-xo))] kfX(zh—i-xo)dz —.A‘
min{d, 1}

Applying the dominated convergence theorem together with the boundedness and continuity as-

sumptions on fx(.) and Wy(.), we get lim 7, ; = 0. Thus,
n—oo

E(Zjk) = ' fx (04) (W (04))kw,a{1 + 0(1)}. (C.0.8)

Since fx (z) and E{(ngy)?’k\X = x} are bounded, there exists a d3 > 0 such that |fX(a:)E{(1/1gy)ik|X =

x}| < dg for all z. So we have

E(Z}) = B{R’Kp(X —z0)(Yay)ip(X — z0)*}
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1
_ /0 2K (y — 70) (y — 70)? fx (1) E{ (o )24 X = y}dy

1
p2+1 / _ K?(2)2% fx (zh+ x0) E{(Yay)} 4| X = zh+ x0}dz
—min{d,1}

1
< d3h2l+1/ K2%(2)2%dz.

—min{d,1}

By the continuity of K(.), we have f—lmin{d 1) K2(2)2%'dz < dy for a given dy > 0 and

E(Z}) < dsdgh®t (C.0.9)

J

Combining with (C.0.6), (C.0.8) and (C.0.9), we have

(To1)je = nh(fx(z0)Wa(wo)ura{l + o(1)} + Op(1/Vnh));

= nh™ fx(04)(Ua(0+))jxwafl + 0p(1)}.

That is, T),1 = nhl+1fx (0+)ul7d\112(0+){1 + Op(l)}.

To prove (C.0.2), it suffices to show that T,o = o,(nh!™!). Let Apg = {n10, -+ ,1mo} and

Ap1 = {mi1, - ,mn1}, where n; is lower triangle matrix and 7;; € Sym(m) for i = 1,--- ,n. For

any given § > 0, denote D5 = {A,, = (Ano, Apt) : |Imioll2 + ||mi1||2 < 62, Vi < n}. Define

1

V(An) = —r D hEu (i — o) (@i — w0) {vbay (Si, G(x0) +mi0, Y (i) + min)
i=1

—ay (Si, G(20), Y (74))}.

Then, we have

1 n
SBP”V(ATL)” < WZ}ZK}L($¢—JZ0)($Z‘—J;0)I
i=1

8

SBPWGY(Si, G(xo) + mio, Y (xi) + mi1) — Yay (Si, G(xo), Y (x:))||-

By using condition (C8), as 6 — 0, we have

€5 = E{SBPH%DGY(&, G(xo) + mi0, Y (xi) + ni1) — Yay (Si, G(xo), Y (xi))|||zs = 2} = o(1).
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Therefore, as § — 0, we have

E{sgfnvmmn}w T {ZhKh i = 20)( —wo>l}ﬁ0.

Since max | mio]| = 0p(1) and max 73]l = 0,(1), we have V(A,) = 0,(1) for A,, = (Ao, An1) with

~

Ano = (M0, ,7mo)” and A = (M1, ynn1)’. Thus, Tpo = nthV(An) = op(nh!*1), which
finishes the proof of (C.0.2).

Lemma C.0.4. Assume that conditions (C1)-(C8) hold. Then we have

ZhKh — 20)¥6(Si, G(wo), Y (o) (i — o))

= fnhg Fx (0-)ug, g @2 (0-+) Tvees(Y 2 (04)){1 + 0,(1)} +
ZhKh i — 20)a(Si, Glxo), Y (1)), (C.0.10)
Z hEp (i — 20)ty (81, G(20), YO (o) (i — 20)) (i — o)’

= 5nhl+3 Fx (0-F) 40,093 (0+) T vees(Y 2 (04)){1 + 0,(1)} +

ZhKh i = 20) ¥y (85, G (o), Y () (s — xo)". (C.0.11)

Proof of Lemma C.0.4. We just prove (C.0.10), while the second one can be similarly shown. We

consider

Jn = ZhKh i — 20)¥c(Si, G(x0), Y () — R(x;))

= ZhKh i — 20)[¥e(Si, G(20), Y (2:)) + Yay (Si, G(xo), Y (7)) vees(—R(;))
+{T/)G(Sz, G(z0), Y (zi) — R(z:)) — e (Si, G(2o), Y (4))
—tay (Si, G(x0), Y () vees(—R(z:))}]

= Jp1+ Jno + Jns. (C.0.12)

We need to consider J,1, Jp2, and J,3 as follows. By using condition (C2) and the Taylor’s
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series expansion, we have

~ — o] < <
max {||R(z)|| L2 = ao] < )} <

sup [V (©)[|h* = Oy(h?).
|E—z0|<h

N

Let Ds = {Ap = (1, ,mn) : |0l < 0,m; € Sym(m),Vj < n} for any 6 > 0. Define
1 n
V(An) = — > WK (i — 20){va(Si, Gw0), Y (1) + ni) — 6 (Si, Glao), Y (1))
i=1

—thay (i, G(w0), Y () vees(n) },

By using condition (C8), as 0 — 0, we have 5 = E{sup||va(S;, G(x0), Y (x;)+n:)—va(Si, G(xo), Y (x;))—
Ds
Yay (Si, G(wo), Y () vees(n;)|||x; = x} = o(d) uniformly in a neighborhood of zy. Therefore, for

all |z; — xzo| < h, we have, as § — 0,

Blsup|V(A,)]} < EJ%E {Z By (i — x0>} — o(1).

Since max {|R(z:)|[1(|z; — xo| < h)} = Op(h?) = 0,(1), we have V(A,)) = 0,(h?), where A,, =
(R(z1),--- , R(z,)). This leads to J,3 = nhV (A,) = o,(nh?). Applying equation (C.0.4) in Lemma

C.0.3 to the second term J,2 in (C.0.12), we get
1
Jno = Enhgfx(0+)u27d\lfg(O+)Tvecs(Y(2)(0+)){1 +o0,(1)},

which yields (C.0.10).

Lemma C.0.5. Assume that conditions (C1)-(C9) hold. Let

T = >y WKz — 20)Ya(Si, G(xo), Y (24)) ' (C.0.13)

> im1 hEh (2 — 20) (i — 20) Yy (Si, G(20), Y (1)) /1

Then T, /v/nh is asymptotically normal with mean zero and covariance matric

Y1 = fx(0+) w0 ¥11(04) - v1.0%12(0+) {1+ o0(1)}, (C.0.14)

v1,4%12(0+)T v2,4P22(04)
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where vjq for j =0,1,2 and W1 (x), Wi2(x) and Var(x) are defined in Section 2.3.2.
Proof of Lemma C.0.5. Let TG(ij), and Tyj) denote the jth elements of g (S;, G(x¢),Y (x;)) and

Yy (Si, G(x0), Y (2;)), respectively. Let

hEKp(z; — 20)Ya(Si, G(wo), Y (2:))
hKh(.%'i — l‘o)(-% - xO)wY(Sia G(xﬁ)v Y(xl))/h

Tni =

Note that 7y; are independent and 7, = Y ;" | Tp;.
It follows from (2.3.6) and Lemma A.0.2 that E(7,;) = E(7,) = 0 and the covariance matrix

of 7,,/V/nh is

- eros bas (X — wo) /R
K Uy E(X — mo)/h, by L (X — x0)?/h?

Using the same arguments as in Lemma C.0.3, we can obtain the asymptotic expression for the
covariance matrix of 7,, which equals ¥ in (C.0.14). Finally, we will show that the sequence

Tni/Vnh satisfies the Linderberg-Feller condition:

> 72

{H FH > e}} — 0 for any e> 0. (C.0.15)

Let b> 0 and || T2 = (T&)2 + - + (TFD)2 + h2{(TI)2 4+ -+ + (T9)2} (7 — o).

E[ |2 > gnizE{(K(hl(“i—m))"“ ua;:iu“’*?)}

(M)bﬂ(e)b
[ R sl
—min{d,1} (Vnh)b+2p—1eb
< /1 E{[[$a(S:, G(0), Y (XO)"**|X = 2h + zo} |
“min{a1} {K(2)} "2 (VRh)+2 fx(zh + z0)~Lhleb

(Zh + xo)d

Combining conditions (C4) and (C9) yields that there is a constant ds > 0 such that Y ;" | K; <
dsnh/(v/nh)?*2 — 0. Thus, it follows from the Linderberg-Feller theorem that 7,,/v/nh is asymp-
totically normal with mean 0 and covariance .

Proof of Theorem 2.3.2 (i). Let Y (z9) = hY M (xg), v = (vecs(G(z))7, vees(Y D (2)))T and
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Yo = (vecs(G(z0))T, vees(hY W (20))T)T. Thus, G,,(7) can be written as
> hKp(wi — 20)1(Si, G(zo), YV (o) (zi — z0) /h).
i=1
Let Us(v0) = {7 : ||7 — l| < 6} for § > 0. We will show that for any small § > 0,

lim P{ inf Gn(y)> Gn(y0)} = 1. (C.0.16)

n—o0  “yeUs(v)

By a Taylor’s series expansion, we have

Gn(7) — Gn(0) = G (v0) (v — 7o) + %(7 —10) TG () (v = ), (C.0.17)

where v € Us(y0) and v* = (vecs(G(zx))7, vees(Y M (2,))T)T lies in between y(zg) and 7.

It follows from lemmas C.0.4 and C.0.5 that

(nh)~'G (7o)
v (S, G(wo), Y M (o) (2i — w0))

1 n
= — Y hKp(z; —x0)
nh; ' i Py (S, G(zo), YD (x0)(2; — 20)) (2 — 20) /I

= gy | ) o)
u3,4¥3(0+)
" Si, G(xg), Y (x;))T
L S g [ P OENYE)

i=1 h_l(ﬂci — 20)¢y (S, G(z0), Y(gﬁi))T
= %h2fx(0+)(u2’d‘1!2(0+)T, U37d\l’3(0+)T)TV6CS(Y(2) (0+){1+0p(1)} + %7}1
= op(1).

We define A(S,G,Y, X) as
wGG(S; G, Y) (X —xo)hfl@byg(s, G,Y)

(C.0.18)
(X — xo)h_ld}gy(s, G, Y) (X — J,‘())Qh_%/)yy(s, G, Y)
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With some calculation, we have

1 1 — N
= @) (A — o A (1) o -1 ..
nhG" (") — ;1 hEp(x; — 20)[{A(S;, G(xx), Y (i) (2 — 20) ™, 24)

CA(S:, Glao), Y (1), 76} + A(Ss Glao), Y (x:), 1))

= nl + Mn2
It follows from (C.0.1), (C.0.2) and (C.0.3) in Lemma C.0.3 that

1o aV1(0+) w1 qWa(0+)T
Mo = fx(z0) {1+ 0,(1)},
u1,q¥2(0+)  uz4V3(0+4)

which is positive definite in probability. Note that ||G(z.) — G(zo)|| < § and for all |z; — zo| < h,
we have max||Y () (z,)(x; — x0)/h — Y (2;)|| < max||R(z;)| + 0. Then it follows from Lemma C.0.3

that lim suplim sup||Mp1|| = 0 in probability. Thus, for any v € Us(y0), we have for sufficiently

—0 n—oo

small 6§ >0

. 1 .
lim P[ inf  —(y — ) GP (") (v — ) > 0.5afx(20)6%] =
n—00  yeUs(y0)Nh

which yields that G, (y) has a local minimum 4 = (vecs(G)T,vees(hY M)T)T in the interior of
Us(70)- Then, we have lim P{||9, —7o0|| < ¢} = 1. This implies Theorem 2.3.2 (i).
Proof of Theorem 2.3.2(iii). Let fjg = G — G(z0) and A1, = {Y 1) — Y (20)}(2; — 20) — R(x;). The

estimator 4 satisfies the following local estimating equations:

ZKh i — 20)0,0(Si, G, YW (2 — m)) = 0, (C.0.19)
where 0,9(S,G,Y) = (¢a(S,G, V)T, (X — :Uo)z/Jy(S,G,Y)T)T. It follows from (C.0.19) that

Z Iy (w; — 20)[044 (S, G(0), Y (1)) + 03,3(S, Glwo), Y (i) (vees(io) ", vees(in) )"
+ {0, (S, Glxo) + 70, Y (i) + 71i) — 0440(S, G(wo), Y (i)

- 8271/1(5 G(z0),Y (i) (vees(io) T, veess (1) 7)Y = 0. (C.0.20)

Note that the second term on the left hand side of (C.0.20) equals the sum of L,,; and L2, which
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can, respectively, be approximated by

L = S hEu(w; — 20)A(Si, G(zo), Y (1), ) vecs(in)
i=1 h-vees(Y(D — Y (D ()
_ fX(()_|_)nh UO7d\IJ1(O+) ’LLLd\I’Q(OJr) VeCS(’f]()) "
u,a¥2(0+)"  uga¥3(0+) h - vees(Y1) — Y1) (x0))
{1 + OP(I)}a
n Om
Le = S hEu(w; — 20)A(Si, G(o), Y (1), ) vecs(Om)
i—1 h - vecs(R(z;))
sy (0
- %fX(OJr)nhB uza¥2(0+) vees(Y @ (04)){1 + 0,(1)}.

U37d\113(0+)

By the consistency of 4 = (vecs(G)T, vecs(hY )T)T | we have ||7io]| = 0,(1) = O,(||G — G(x0)]|)

and

sup Il < sup {|[R(@q)|| + AlIY Y =YD ()]}
{i:|lzi—x0|<h} {i:|lxi—z0|<h}

= Op(? + Iy — YD (z)])) = 0p(1).

Thus, it follows from (C8) and Lemma C.0.4 that the third term on the left hand side of (C.0.20)
is at the order of o,(nh){h? + |G — G(zo)|| + h|Y™ — Y (20)||}. Let

-T

_h? uo. a1 (0+) uy qW2(0+)7 U2 W2 (0+)7

B, vees(Y P (04)){1 + o,(1)}.

uLd\I/Q(O-i-) U2’d\:[13(0+) U3’d\113(0+)T

Then from (C.0.20), we obtain that

-T

u.gV1(0+) uy qPa(0+)T
S o= Bt (nhfx(0p)y~ | 0O a2 0%) T.{1+ 0,(1)}.
uLd‘l’Q(O—i-) ’U/Q,d\]:]?)(o_'—)

Finally, Theorem 2.3.2 (iii) follows from Lemma C.0.5 and the Slutsky’s theorem.

The above derivation holds for any kg > 0. When ky = 0 and K (.) is symmetric, the following
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modifications need to be made.

Lemma C.0.6. Let no(X) = G(X) — G(xg). Assume that conditions (C1)-(C5) and (C7) hold. If

xo 18 an interior point of fx(-), then we have

Z hKp(x; — x0)vaa(Si, G(x;))vecs(no(x;))

= nhS\Ifl(xo){G (20) f (o) + 0.5GP () fx (w0) yua {1 + 0,(1)}. (C.0.21)
If xo is a boundary point of fx(-), then we have

Z hKy(zi — x0)Yaa(Si, G(x;))vees(no(z;))

= nh?fx (04) U1 (0+)GD (0+)uy {1 + 0,(1)}. (C.0.22)
Proof of Lemma C.0.6. We only prove equation (C.0.21). Let
Z hEp(zi — x0)vaa(Si, Glai))vees(no(w:)).
For the (j)-th element (7},1); of the vector T},1, we have
(Tn1)j = nE(Z;) + Op(4/nE(Z2)). (C.0.23)

We calculate the first two moments of Z; below. Note that

E(Z;) = E[hKy(X —20)(¥ec(Si, G(X))vecs(no(X)));]

- / " hEu(y — 20)(E{tea(Si GX)IX = yyvees(no)); fx (v)dy

—0o0

1
— h/l K (2)(E{Yca(Si, G(X))|X = zh + xo}vecs(no(zh + x0))); fx (zh + z0)dz,

By a Taylor’s series expansion, we have 1o(zh 4 o) = G (z¢)zh + G® (z0)(zh)?/2. Applying the

dominated convergence theorem together with the continuity assumptions on f )((1 )() , G()@ and
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Uy (.) yields
E(Z;) = WPua(1(20) {GM (20) £ (20) + 0.5GP (o) fx (x0)});{1 + o(1)}. (C.0.24)

By the continuity f)((l) (z) and G(x)® together with condition (C7), we have
E(Z7) = E{R*Kj(X — z0)(Yca(Si, Glai))vees(no(x:)))5}
= [ IR - a0 i) (Bvoa(S, GO = yhvees(n(y)dy

1
= h/_lK2(z)32lfx(zh—i—xo)(E{w(;dS,G(X))’X = zh + z0}
vecs(no(zh + xo)))?dz

= W{1+0(h)} (C.0.25)
Combining with (C.0.23),(C.0.24) and (C.0.25), we have

(Tn); = nh®[(W1(20){GD (20) () (o) + 0.5GP (20) fx (z0)}) juz {1 + o(1)}
+0,(1/vVnh3)]

= k(U1 (20){GW (w0) £ (20) + 0.5GP (20) i (0) })juz{1 + 0p(1)}.

That is, Tn1 = nh3% (20){GD (20) £ (20) + 0.5G@ (x0) fx (o) bua{1 + 0p(1)}.

Lemma C.0.7. Assume that conditions (C1)-(C7) hold. If xo is an interior point of fx(-), then

we have

zm ~ 20)a(S:, Gl)

= bWy (20){G (20) £ (o) + 05GP (o) fx (w0) bua {1 + 0p (1)} +

Z hEp(z; — 20)Ya(Si, G(o)). (C.0.26)
If zg is the left boundary point of fx(-),

ZhKh — 20)¥6(Si, G(x:)) (C.0.27)
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= nh2fx(0+)\111(0+)G(1)(0+>U17d{1 + Op(l)} + Z hKh<3?Z‘ — xo)ng(SZ-, G(xo))

i=1

Lemma C.0.8. Assume that conditions (C1)-(C9) hold. Let
T, =) hKp(zi — 20)va(Si, Gla:)). (C.0.28)
i=1
Then T,,/Vnh is asymptotically normal with mean zero and covariance matrices

Y = fx(xo)vo¥i1(zo){1 + o(1)} if xo is an interior point of fx(x), (C.0.29)

Y = fx(0+)vo¥11(0+){1 + o(1)} if 2o = dh is a boundary point of fx(x). (C.0.30)

The proof is similar to the proof of Lemma C.0.5.
Proof of Theorem 2.3.2(ii). We use Lemmas 6-8 and follow the same lines of Theorem 2.3.2 (iii) to

prove Theorem 2.3.2 (ii).
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Appendix D

Assumptions in Theorems 3.2.1 and 3.2.2

Assumption C1. &;(x) and U;(z) are identical and independent copies of SP(0,X¢) and SP(0, 3),
respectively, and &;(x) and U;(t) are independent for x # t. Moreover, with probability one, the sam-
ple path of U; () has continuous second-order derivatives on [0, Lo] and Elsup,co 10 [[U(2)][5'] < o0
and E{supze[O’Lo][HL'{(x)||2 + ||t ()]]2]"2} < oo for all 71,75 € (2,00), where || - || is the Euclidean
norm.

Assumption C2. All components of 3(x) and ¢ (x, x) have continuous second derivatives on [0, Lo].
The fourth moments of &;(x) are continuous on [0, Lg]. All components of ¥/(z,t) have continuous
second-order partial derivatives with respect to (z,t) € [0, Ly]?. Moreover, Y¢(z, ) and Sy (z, )
are positive for all x € [0, Lg].

Assumption C3. The grid points X = {z;,5 = 1,--- ,ng} are independently and identically
distributed with density function m(x), which has the bounded support [0, Lo]. For some constants
7, and my € (0,00) and any x € [0, Lo], 71, < 7w(x) < 7wy and 7w(z) has continuous second-order
derivative.

Assumption C4. The kernel function K (t) is a symmetric density function with a compact support
[-1, 1] and Lipschitz continuous.

Assumption C5. The covariate vectors z; are independently and identically distributed with Ez; =
11> and E[||z;||3] < oo and that E[z$?] = Qy is invertible.

Assumption C6. Both n and ng converge to oo, h() = 0(1), ngh") — oo, h(M=11log h(D|1=2/a1 <
né_Q/‘h, where ¢; € (2,4).

Assumption C7. E[|&(x;)|?] < oo for some ¢ € (4,00); h? = o(1), ngh® — oo, and
()~ (log n/n)1 -/t = o(1).
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Appendix E

Proof of Theorems 4.2.1, 4.2.2 and 4.2.3

Assumptions

The following assumptions are needed to facilitate the technical details, although they are not
the weakest possible conditions.
Assumption M1. vecs(&;(x)) and vecs(U;(x)) are identical and independent copies of SP(0,X¢)
and SP(0,%y), respectively, and &(z) and &;(z') are independent for x # a’. Moreover, with
probability one, the sample path of U;(x) has continuous second-order derivatives on [0, Ly] and
Efsup,eqo o) @) [15] < 00 and E{sup,eo o [@)]lz + [H(@)[|2]72} < oo for 11,7 € (2,00),
where || - ||2 is the Euclidean norm.
Assumption M2. All components of 5(z) and X¢(x, ) have continuous second derivatives on [0, Lo)].
The fourth moments of &;(z) are continuous on [0, Lg]. All components of ¥;/(x, 2’) have continuous
second-order partial derivatives with respect to (x,z’) € [0, Lo]?. Moreover, Yg(z,x) and Yy (z, x)
are positive for all z € [0, L].
Assumption M3. The grid points X = {z;,7 = 1,--- ,ng} are independently and identically
distributed with density function 7(x), which has the bounded support [0, Ly]. For some constants
7, and 7y € (0,00) and any x € [0, Lo], 7, < w(x) < my and 7w(z) has continuous second-order
derivative.
Assumption M4. The kernel function K () is a symmetric density function with a compact support
[-1, 1] and Lipschitz continuous.
Assumption M5. The covariate vectors z; are independently and identically distributed with Ez; =
p- and E[||z||3] < oo and that E[z$?] = Qy is invertible.

Assumption M6. Both n and ng converge to oo, h) = o(1), ngh() — oo, h(D=1|log h(V|1=2/a

1-2/q1
Ng

IN

, where ¢ € (2,4).
Assumption M7. E{02¢(S(X),C(z,B(X)))|X = z,Z} is bounded, where Z = {z1, -+ ,z,}.

Assumption M8. Let ||.|| be the La norm of a matrix, n be a lower triangle matrix, Us = {n : ||n]|

IA
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0} As d — 0, E{SblfH@%w(S(X)a C(z, B(X) +n)) — 03 ¥(S(X), C(z, BX))|X = 2,2} = o(1) are
uniformly in x in a neighborhood of x.

Assumption M9. There exists a b > 0 such that E {[|dy¢(S(X),C(z, B(X)))||*™|X = z,Z} is
bounded in a neighborhood of z.

Assumption M10. E[|&; (x;)|%] < oo for some ga € (4,00) and all k; h® = o(1), ngh® — oo,
and h®~4(logn/n)' =2/ = o(1).

Assumption M11. E[|&; (x;)|%] < oo for some g3 € (4,00) and all k; h®) = o(1), ngh® — oo,
and h(®~2(logn/n)'=2/ = o(1).

Proof of Theorem 4.2.1

We need some notations. Recall that A is a ¢ x ¢ diagonal matrix with ¢ diagonal entries

1,2,1,2,2,1---,2,---,2,1. Let

Xp(2) = Vr{B(z) — B(z) — 0.5u2hM?B(z)} + 0, (R V?)
T

€W (a5, m) = ~Cla. Ba) T Clar, Blay)) T

C(xj,2i) = (Avecs(C(l)(acj, 4)), -, Avecs(C9 (x5, 2:)))T

Ane (@;Us, 2, W) = ng Z Ko (zj — )y, (25 — x) @ {C(z, zi)vees(Ui(x;)) } —

/ Ko (= )y, (1 = 2) & (€0, 20)vees(0h 1) ()

=2 3 K,o(xj — 2)y,0 (@5 — ) @ [{C(z), z:)vees(Ei(x;)) } ® 2]
=1 j=1

=2) ) Ky (- 2)y,m (@5 — ) @ [{Clay, zi)veesUs(x;))} @ 2]
=1 j=1

Hyo(u—z) =Ko (u—2)y,m(u—z).

Recall that
Y(8,C) = tr[{log(C~tsC~T)}¥2, (E.0.1)

where C' = exp(Y/2) and S € Sym™(m) and 9y (S, C) and 624(S,C) are the first and second

derivatives of ¥(.S, C') with respect to Y, respectively.
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By Equation (4.2.4), we have

n ng

DO Ko (g — 2)y (@) — ) @ {0y (Si(x;), C(zi, B(x))) @ 2:} = 0. (E.0.2)

i=1 j=1
Let R(X) = B(X) — B(z) - H@)(X — ).
Lemma E.0.9. The first-order derivative of (S, C') with respect to vecs(Y') is given by

9u(S,C)
9,

L,00CT

_ 1 g—T\—
= —2tr{log(C~"SC™)C oY,

c-1, (E.0.3)

where Y is the j-th element in vecs(Y).

The proof is similar to Lemma A.0.1. It follows from Lemma E.0.9 that
8}/1/1(5@'(%]‘), C(Zz‘, ﬂ(:c]))) = QC(QZJ', zi)vecs(& (.75]) + Z/lz(a:])) (E04)

Lemma E.0.10. Assume that assumptions (M2)-(M8) hold. For any random vector n; € R", for

j=1,--.ng,if [z Injll = op(1), then we have
<j<ng

WO Ky (w5 — 2) {030 (Si(x;), Claa, B(xs) + ny)) @ 287}y — )
=1 j=1

= nh () B{F4(S(x), C(z, (x))) @ 257 H(1 + 05(1)), (E.0.5)
DS S Ky (5 — 2){08 (i), Clai, Bla) + 7)) © 252 R () (25 — o)
i=1 j=1

= %”h“”*%<m>ul+2E{a%¢<s<x>, Oz, B())) © 22} (2) (1 + 0p(1). (E.0.6)

Proof of Lemma E.0.10. We only prove (E.0.6) while the other one can be shown using the same

arguments. It is easy to see that

RSN Ky (@5 — ) {03 9(Si(x)), Clzi, Blx;) +m5)) @ 277} R(xy) (a2 — )

i=1 j=1
RSN " Ky () — 2)[039(Si(x;), C(zi, B(x5))) + {03 4(Si(x;), C(zi, B(x5) + )
=1 j=1

—030(Si(x;), C(zi, Bx;))}] ® 2} R(x5) (2 — )
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=1n1+ Tn2~

Let Mj, denote the k-th element of AV K, o) (X —2){(034(S(X), C(z, 8(X))) @222} R(X)(X — ).

For the k-th element (7),1) in the vector T, we have

(To1)k = nngE(My) + O, <\/nn0E(M,3)> . (E.0.7)

We calculate the first two moments of M. Applying the dominated convergence theorem and the
boundedness and continuity assumptions on 7(.), 8(x) and E{02¢(S(z), C(z,3(x))) ® 222}, we

have

E(My) = E[hWE;0) (X — 2)({039(S(X), C(z, B(X))) ® 222} R(X) (X — 2)']
= %h<1>l+3 1 MY KO 2E[({8%¢(S(thY + z), C(z, B(thY + z))) @ 222}
-1

BeR® + 2))ilm(thD + 2)dt

= %hm”?’wuﬂ(m)(E{a%lb(s(x)a C(z. B(x))) @ 2} f(x))i{1 + o(1)} (E.0.8)

Since E{024(S(X),C(z,3(X)))|X = z,Z = z} is bounded, there exists dy,ds > 0 such that

E(MP) = E[RYK} (X —2)({039(S(X), C(2, B(X))) @ 22} R(X))}(X — 2)*]
= %h“)?l% / 1 KD K2 ()2 B{0F (SN + ), C(z, B(thY) + 1)) @ 222}
-1

Beh W 4+ )2 (th™ + z)dt

1
dlh(1)21+5 / K2 (t)t21+4dt
-1

IN

IN

dldzh(1)2l+5 (E.O.g)

Combining (E.0.7), (E.0.8) and (E.0.9), we have

(Tn1)k = %”"Gh(l)w’[ul+27r(fv)(E{3§¢(5($), C(z, B(x))) @ 2%} 5(x))i{1 + o(1)}
+0,(1/v/ nnghM)]

= nnghW ™ upom(2) (E{0F4(S (2), C (2, B(x))) © 252} B(x))1{1 + 0p(1)}
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That is, Ty = nnghMH3uy om(2) E{0249(S(x), C(z, f(2))) @ 222}3(x){1 + 0,(1)}/2. To prove
(E.0.6), it suffices to show that Tha = op(nngh(MH3). Let Ay = {11, ,7ng } where 1; € R™ for

j=1,--- ng. For any given § > 0, denote D5 = {A,, : ||n;]| < 0,Vj < ng}. Define

n ng

V(Ang) = ﬁh(l) ZZK’Z(” - w){é’yw( (%) (Zhﬁ(xj) + 77j))

nnah®) Pt

—0%(Si(xy), C(2i, B(x5)))} @ 27 R(x;) (2 — )

By assumptions (M5) and (M8), as 6 — 0, we have

= E{SBP||{832/¢(51'(953')7 C(zi, B(x5) + ) — 03 4(Si(x5), C(zi, B(;)))} @ zill} = o(1).

Therefore, as § — 0, we have
n ng

E{SupHV( wa)l} S GBS Y WKy () — 2)||R(x)|| (25 — 2)' — 0

=1 j=1

Since max ||n;]| = op(1), we have V(AnG) = op(1) for AnG = {m, - Mg} Thus, Tpo =
1<j<ng

nnghWHSV (A, ) = 0p(nnghM3), which completes the proof.

Lemma E.0.11. Assume that assumptions (M2)-(M8) hold. Then we have

n ng

WSS Ky (2 — 2){0v§(Si(x)), C(zi, B(x;) — R(xy))) @ 2} () — )’
i=1 j=1

- %”h“”“’w<x>uz+2E{a%w<s<x>, C(Z,8(x))) @ Z*}B(x)(1 + 0p(1)) +
WSS Ky (@ — 2) {0y (Sila;), C(zi, B(x;))) @ 2} (2 — ). (E.0.10)
=1 j=1

Proof of Lemma FE.0.11. We consider

Jn = BSOS K0 (25 — 2) {0y (Si(a;), Clzi, B(z;) — R(x))) @ 2} (x5 — )
=1 j=1
NN Ky (w5 — 2) (25 — 2)' [0y (Si(x), C(zi, B(x;)) +
i=1 j=1

O Y(Si(x5), C(z4, B(x))) (—R(x;)) +
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{Ov(Si(x)), C(zi, B(zj) — R(xj))) — Oy (Si(z)), C(zi, B(x5))) —
Y (Si(xy), C(zi, B(x5))) (—R(x))} @ zi

=Jn1 + Jn2 + Jn3-

We will consider J,; i = 1,2,3. By using the assumption (M2) and Taylor’s series expansion, we
have

1 ..
max|R(zg)[1(z; =) <hY < 5 sup IFEIA = Op(1).

Let Ds = {Ane = (M, sMng) 1M € R,V < ng} for any § > 0. Define

1 n ng
V(Ang) = Ny h) ; ; Ko (x5 — 2)(zj — 2){0yy(Si(x;), C(zi, Blx;) +n5)) —

Ay p(Si(x5), Czi, B(x5))) — O5(Si(x5), Clzi, B(x5)))n;} @ 2.

By Assumption M8, as § — 0, We have €5 = E[||0y ¢ (S;(z;), C(zi, B(zj)+n;)) =0y (Si(x;), C(zi, B(x;)))—
034 (Si(z;), C(zi, B(z)))vecs(n;)||x; = x] = o() uniformly in a neighborhood of z. Therefore,

1 n ng

i=1 j=1

Since max||R(z;)||1(z; — ) < h() < 0, (hM?), we have V(AnG) = 0,(h1?), where A = (R(x1), - ,
R(xy,)). This leads to Jp3 = nh(l)V(Anc) = 0,(nh(M3). Applying Equation (E.0.6) in Lemma

E.0.10 to J,2, we get

Jn2 = %nh(l)l+3ﬂ(w)Uz+2E{3§¢(S(w)a C(z, B(2))) © 22} B(x) (1 + 0,(1)),

which yields (E.0.10).

Lemma E.0.12. Let

To= ) Y Ky (o — o)y, (25 — ) © {dve(Si(z;), Clai, Bx5))) @ 2}

i=1 j=1

Then (i) if assumptions (M1)-(M6) and (M9) are true, then conditioning on X, the covariance
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matriz of {(1,0) ® Iy }T,/(v/nng) is

Cov({(1,0) @ I, } T,/ (V/nng)|X) = 4(ngh™) " Lr(2)vo[Qe (z, ) + Qu(z, ) +
0p{(nchW)™V2 + BV} + e, (x) + 7(2)2 (@, 2) + hV?u {Q] ) (2, 2)m(2) +

204 (. 2)ix () + Qi 2)ix (@)}w() + o(nH?), (E0.11)

where en(2) = Op{(ngh™M) Y2} with E{e,(z)} = 0.
(it) if assumptions (M1)-(M6) and (M9) are true, then conditioning on X, {(1,0)® 14 }7,/(vV/nng)

is asymptotically normal with mean zero and covariance matriz Y7 = 47 (x)?>Oy(x, ).

Proof of Lemma E.0.12. Let
i = ZKhu) — )y (2 — x) @ {0y ¥ (Six)), Oz, B(x5))) @ 2i}-

Note that conditioning on X, 7,; are independent and 7, = Y I | T,;. It follows from Equa-
tion (4.2.1) and Lemma E.0.9 that E(7,;|X) = 0. Conditioning on X, the covariance matrix of
Coo(T|X) = S, Con(T,ulX) = Y, E(TE2X). Note that B(TS2|X) = B{E(TS|X, B)}. Let
H,o)(u—2) = K, (u—2)y,0 (u—2) with y, o) (u—z) = (1, (u—z)/hM1)T. With some calculations,

we have

B(T,3*|X,2Z) Z Hy,o (25 — x)Hyo (@0 -zl @
' =1

E{0yy(Si(x)), Ozi, B(2;))0v(Si(x ), i, Blzy))T|X, 2} @ 22,

!/

Recall that M(k’k/)(v, u,z) = Avecs(C*) (v, z))(Avecs(C* ) (u, 2)))T and Mg (v, u,z) and My(v,u,z)
are ¢ X ¢ matrix with the (k, k') entries tr{3¢ (v, u)M(k’k,)(’u, u),z)} and tr{Xy (v, u)M(k’k,)(v, u,z)},
respectively. Let c(x;,2;) be a ¢ x 1 vector with the k-th element tr[{&;(x;) + Ui(z;)}C*) (z;, 2;)].

By Lemma E.0.9

E{oy v (Si(x5), C(2i, B(x)) Dy o (Si(x 1), Clzi, Bl ;)T | X, 2}
= 4E{c(z;,zi)c(z; v zi) | X, 2

4(Mg(x],a: z;) + Mu(x],x /7))
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It follows that

nG

E(%®2’X7 Z) =4n Z Hh(l)(xj - x)Hh(1)<xj/ - x)T ® E{(Mg(l’j,le,z) + Mu(l‘j,w‘j/,Z)) ® Z®2}
Gi'=1

= 4n(Ag($) + Au(.%')) (E.0.12>

We approximate Ag(x) and Ay (z) as follows. Since Ag(z) = E{Ag(x)} + Op(+/Var(Ag(x))),
we have

Vo V1

Ag(z) = nghM " r(z) ® Qe(z, ) + Opf{ (ngh ™)™ 4 BV}, (E.0.13)

V1 Vg

where Q¢ (v, u) = E(Mg(v,u,2) ® z%?).
Moreover, Ay(x) can be written as the sum of AZ(})(ac) = >20% Hyo (x5 — 2) Hyo (25 — )T ®
2 n
E(My(zj,x;,2)®2z%?%) and AZ(J)(x) = Zjij’ Hy,o(zj —2)Hyo) (2 —x)T®E(Mu(xj,a:j/,z) ®z%?).
Particularly, Az(f) (x)/{na(ng — 1)} is a U-statistic (DasGupta, 2008). Similar to Ag(z), it can be
shown that

Vo U1

A (@) = neh® () & B(My(,2,2) ©2°)0,{(nah®) /2 + D},

U1 V2

For Ag) (x), we define three 2¢qr x 2qr matrices: Uy/(z) = (Uymi(x)) = Ag) () /{ng(ng—1)},0(x) =
(Omi(z)) = E(Uy(z)) and Py(v) = (Pum(v)) = fOLO Hyo(v — 2)Hyo (u — 2)T @ E(My(v,u,2) @

i

2%?)7(u)du, where m = (m' —1)gr+ (k—1)r4+my and | = (I' = V)gr+ (k' = 1)r +1; form',1' = 1,2

and my,l; = 1,--- ,r. By using the Hajek projection, we have
ngG
2 .
Uu,ml(l') - le(x) + % Z(Pu,ml(x> — 9m1(1‘)) + En,ml(x) for m,l = 1, s ,2(]7“,
Jj=1

where 23 7S, (Pymi(z) — Opu(2))/nG is the projection of Upmi(v) — 0pmi(x) onto the set of all

statistics the form 3779 f;(x). Thus, with some calculations, we have

Var(Ep, mi()) = Var(Uymi(z) — Oy () — Val"{nQG > (Pumi(x) = Opu(2))} = O((nchM)2).
=1
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Let Qu(v, u) = (Qu,kk’,mlll (U, u)) with Qu,kk’,mlll (U, u) = E[tr(Eu(v, U)M(k’k )(v, u, Z))(Z®2)m1,l1]-

As R — 0, it follows from Taylor’s expansion that

O (z) + o(h(V2) = W(m)2um/_1ul/_19u7kk/ oy (@, ) +
1,0

h(l)ﬂ-(x)le(/l,klil ymily (:I:’ (IZ‘) (um/ Uy _yq + uml—lul') +

h(l)kak/ 0 (@ 2) 7 () (@) (g + ,y qup) +

(2,0 1,0 .
0.5hM%u, s uy 1{QM; IRCROLC )+29§/{k; (@ @) (@) +

2981311 a1y & )X (@) (@) A s i, (2 f)*x(f)} +

0.5h12 u, +1{QL{21811 " (z,z)m(x )—’_292(41131)@ n (x,z)7x(x) +

Q! gy (@, 2) T x (@) ()

Let mo = (k— 1)r +mq and lp = (K — 1)r +1; and e, = (nmoly (%)) With e moio () =

2325 { Ptmoto (&) = Omoty (2)}/16 + Ep oty (x). We have eqmq1y (x) = Op((ngh™)~1/?) and thus

(1,0) ® 1) Au(@)(1,0) & L) = nen(w) + nm(2)Qu(w,2) + oy (hV?)
nGh O (@)oo Qu(w,2) + Opl(ngh™)~/2) 4+ Oy (M)} +

nZhW2up {020 (2, 2)m(2) + 2000 (2, 2) 7 x (2) + Qi (2, ) x (2) b () (E.0.14)

Substituting (E.0.13) and (E.0.14) into (E.0.12), we can obtain (E.0.11).

Finally, we will show that the sequence 7,,/(y/nn¢) satisfies the Linderberg-Feller condition:

ZE{H\f”G 1(’ \/75— G

1
Let Tnij = Ko (25=2) | o, — 5 | ®Ov¥(Si(z), Clzi, 6(x;)))@zi) and | Toiill? = 10y ¢ (Si(=y),

h( )
C(zi, B))P{1 + (z; — 2)2/h(V2}||;||%. Then by partial sums of moment inequality, we have

(s

>e)|X}—>Of0ranye>0.

B {1 258 T 1%, 2}
> € |X, Z < ,Cz =

(nn%)1+b/2€b

o {7
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ng Y0 E || Tl 0|, Z)
= (nnZ)1H0/2¢b
ng Y0 Ky (x5 — )P E {0y ¢(Si(;), Clzi, Bz) |*H] X, 2}
(nnZ) 1 FO72eb |2, 2H0{1 + (5 — 2)2 /h(D2} 102

(vo + v2) T2E {||9y $(S(X), C =i, B(X)))[PTP1X = «,Z}
o n1tb/2¢b|g,]|2+0

Combining assumptions (M5) and (M9)yields that there is a constant d > 0 such that > | Y% K; <

1=

dn/n'*?/2 — 0. Thus, it follows from the Linderberg-Feller theorem that 7,,//nng is asymptoti-

cally normal with mean 0 and covariance 7.

Lemma E.0.13. If assumptions (M1)-(M9) are true, then conditioning on X, X, (x) is asymptoti-

cally normal with mean zero and covariance matriz Xg(x, ) = 4 [E{034(S(x),C(z, B(x))) ® 29?}] -
l ’ l -T

Qu(z,x') | E{0F(S(x), Oz, B(z))) @ 222} .

Proof of Lemma E.0.13. Let —1j(z;) = R(z;) — (B(z) - B(z)) — (B(x) — B(x))(x; — ). By Equation
(4.2.4), we have

n ng

WSS Ky (w5 — 2)ypo (2 — 2) @ By (Si(x)), Clai, Blx;)) © 2

i=1 j=1
HOP0(Si(25), Clai, B(x) @ 2 ® zi}ii(a;) + [0y (Si(2;), Clai, Blag) +ii(x;))) @ 2
~Ovv(Si()), Ozi, (2;))) @ 20 — {034(Si(x;), Clai, B(x;)) @ 7] @ zi}ii(x;)))

= 0. (E.0.15)

Note that the second term on the left hand side of (E.0.15) is

n ng

—hWS N Koy (@5 — 2) {yan (@ — ) @ 050(Si(x), Clzi, B(x;))) @ 257} R(x;)
i=1 j=1

n ng

+h DY TN Ky (@5 — @) {ypo (2 — )92 @ 039 (Si()), Oz, B()))) © 22 }

i=1 j=1
B(x) — B(x)

N ) =L+ Lo (E.0.16)
W {B(x) - B(z)}
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By Lemma E.0.10, L; and Ly can, respectively, be approximated by

Li = —gm(o)ngh? K N ) & B} 9(S(2),C(z, B(x)) ®z®2}] B)(1+ o),

Ly = w(x)nngh(l) 1 0 E{@%,w(S(x), Oz, 3(x))) & Z®2} 5(113) - ﬂ(l")
(1+0p(1)).

By the same arguments as those in Lemma E.0.11 and Assumption (M8), we have that the third
term on the left hand side of Equation (E.0.15) is given by o,(nnghM){||h(M?|| + 18(x) — B(x)|| +
RO B (z) — B(z)||}, which converges to zero in probability faster than the second term on the left
hand side of Equation (E.0.15).

Let

0 wue

(1) R
B = h: K L )®E{3%¢(S(w)70(zvﬁ(w)))®Z®2}]

K u02 ) ® B{03(S(x), C(z, B(x))) ®Z®2}] Blz) (1 + 0p(1))

Then from Equation (E.0.15), we have

-1
ﬂ(f)_ﬂ@ = B—{nnghWn(z)}™* PO ® E{02¢(S(z),C(z, B(x))) ® 252}
hWV{B(z) — B(z)} 0 up

Tn(1 + 0p(1)).
So, we have

Va{B(x) — B(x) — 0.5ushM?B(2)} = —vn{nnghWnr(x)} " [E{034(S(z), Clz, B(z))) @ 252}

{(1,0) ® I YT (1 + 0,(1)). (E.0.17)
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Finally, it follows from Equation E.0.17, Lemma E.0.12 and the Slutsky’s theorem that
VidB(e) - B() — 0.5ush2H(2)} - N(0, Zs(a, ).

Lemma E.0.14. If assumptions (M1)-(M6) are true, then we have

wp 12T (WD) 2)| = op(\/nghu)uogh(w\) = 0,(ngh™M). (E.0.18)
x€[0,Lg

Proof of Lemma E.0.1{. We define Fy,(z;) = 2n~ Y2 3" [{C(x;,zi)vecs(Ei(x5))} @ zi],
n~12pWT ( Z Ko (z; — )y, (z; — x) @ Fu(xj),

n~ ' 2RT (b =t ZKh(l) — @)y (@ — @) @ Fy()1([|[Fnlz))l2 < Yng),

2RO Te (R, )—n_l/Qh(”{T’(h(” z) - E[T:(hY, 2)| X, Z]},

where 7, is a positive scalar. The proof of Lemma E.0.14 consists of three steps. In Step 1, we

show that

sup n~ V2R Te (WD, 2) — Te(hM, 2)]|2 :Op(\/ngh )| log h(1)]). (E.0.19)
z€[0,Lo)

In Step 2, we define an equally-spaced grid X = {z; = M 1=o,--- ,Loh(l)_l} and then show

that

e bV a2 (B, )]z = O »(/nGh | log A, (E.0.20)

In Step 3, we show that

max sup n~Y2hW||Te(h ):il_l)—Tg(h(l),x)HQ:O(\/ngh )log h(D]).  (E.0.21)

$€[fl,1,ﬁfl]

Combing equations (E.0.19)-(E.0.21), we can finish the proof of Lemma E.0.14.

In Step 1, to show (E.0.19), we note that n~1/2hM)||Te (h), z) — Te (Y, z)|| is upper bounded
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by
nG

A Fu (@)1 Fn(@)ll2 = ne) +d Y Bl Fo(@))|l21(|[Fa(z)l2 = e )X, 2],
j=1 j=1

where d is a positive scalar. Let y,. = d(ng/|loghM|)/9. Tt follows from the partial sums

moment inequality (DasGupta, 2008) that as 7, — 0o, we have
mjaxE[lan(l‘j)l\gll(lan(l‘j)!b > Yng )| X, Z] = 0p(1).

Let c,(xj,2;) be the k-th element of the ¢r x 1 vector C(x;, z;)vecs(&;(z;))} @ z; for k=1,--- ,qr

For any ¢ > 0 with ¢; + ¢ < 4, we have

mfxE[l!Fn(fj)\lgll(lan(fﬂj)l|2 > Tng)| X, Z]

< max E[||n /2 Z{C(ﬂ% zi)vecs(Ei(z5))} @ 2| 0| X, Z) /vy,
J i—1

n qr
< maxn”BF) 2e(q)n @ TR gr) @AY N Blley (a5, 2:) 1] s = o(1).
J i=1 k=1
Therefore, we can show that
ngG
Y ElllE(z)ll22(| Fa(@p)llz = o)X, Z]
j=1
ngG
<Y ElllF(@)]8 11 Fa(z)ll2 = )X, 2]/
j=1

< o(l)ngq1 |log hD|1=Var < 0(\/nch(1)\ log (V). (E.0.22)

Furthermore, we have

Var(Y || Fa(z) 2L (11 Fa ()2 = )
j=1
< EzEe{[)_ ||1Falaj)l2L(I|Fn(z))ll2 = vag) 1P, Z)
j=1
< EzEe{[) dol|Fu(ay)|BL(IFalz)ll2 = )] X, Z}
j=1
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< EzEe[Y dol|Fu(z) 1§ 1| Fal) 2 =Yg )| X, Z] /7802
j=1
< e B | () |[§ 1| Fa(a) o > ne)na /A8 >

< max B[||Fy ()|[5 11| Fu ()2 = e )Inah™) = o(ngh®|log V), (E.0.23)
J

where dj is a finite universal constant (DasGupta, 2008).
Therefore, combing equations (E.0.22) and (E.0.23), we have

ng

S NE@p)ll21(|Fa)l2 > ng) = Op(\/nch(”\ log h(D]),
j=1

which yields (E.0.19).

In Step 2, to prove (E.0.20), we note that

WKy (25 — 2){Fo () (1| Fa(5)ll2 < Yng) — (E.0.24)
Elypm (x5 — 5) @ Fo () 1(|[Fa(2)|l2 < e )| X, Z1 ]2

< dy(n /| 1og KO8 < dyy/gh() /| log h(V)], (E.0.25)

where d3 is a positive scalar.

Furthermore, let Ex denote the expectation to x;, we have

ng
Var(Y ~hW K, o) (25 — )y, (25 — 2) @ Fu () 1(||Fa(2)] |2 < Yne)|Z)
j=1

SZE«Y{h Ko (25 — 2)° Blyyo (25 — 2)%2 @ Fu(a) P 1(|1Fa(2))l2 < 7ng)| X, 2]}

< Z 2B [K, 0 (x Z v (@) — )82 @ {C(xj, 2:)Se (2, 2)Clxj,2) " @ 282}
7j=1
= 0p(nehW).

Therefore, by applying Bernstein inequality to each component of An=1/2T¢(h(V, 7)) (van der
Vaar and Wellner, 1996), we can prove (E.0.20). For instance, let e; be a dim(Tg(hM), 7)) x 1
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vector with the first element 1 and zero otherwise, we have

t2
29(Z) + tdzr/ngh® /|log hV|/3

P(mlax|e1h<1>n*1/2fg(h(1>,gzl)| >t) < Elexp(—= )|Z], (E.0.26)

where t is a positive scalar, and v(Z) > Var(e;h(Vn=12Tg (A 7,)|Z). By settingt = C'\/ngh®|log h(V)|
for large ¢’ > 0, we can show that the right hand side of (E.0.26) is at the order of h(NC" | where

C" is a positive scalar. Thus,

P(mlax\elh(l) 12T (Y, 5)| > C'y/nghM|loghM]) - 0 as A — 0.

In Step 3, we focus on the first component of y; ) (z; — ). We first consider a function class,

denoted by JF;, which is given by
Fr={w(X;2) = h Ky (X — &) — Ko (X — 2)]Fa(X)1([|Fa(X)|]2 < Yng) 1 @ € [F1-1, 3]}

It follows from Assumption M4 and v, that F; is a pointwise measurable class of functions and

SUPe(o,L] (W (X;52)| < dayng < dyy/ngh®W/[loghMW]. Let ||¢]|p = sup.cp|é(2)| for any real
valued function ¢ defined on a set B and 7,---,7,, be a sequence of independent Rademacher
random variables independent of observed data. It follows from an inequality of Talagrand (Tala-

grand, 1994; Einmahl and Mason, 2000) that conditional on Z, we have for suitable finite constants

A, A9 >0
P{szz zj;2) - Blw(ag;2)|Z)|l7 > AL(E( Y mwnes; o) |7 |Z) + 0)|2)
j=1
< 2lexp(— A2t/ (nGV (Z))) + exp(—Ast/(dyy/nch D /| log hOI))), (E.0.27)

where Vr, (Z) = sup,¢jz, , 7, Var(wi(X;z)|Z). It can be shown that

Vr(Z) < sup  Ex{hMK,0 (X — &) — K, (X — 2)]2E[F,(X)®?|X, Z]}

IE[ffz 1,Z1]

< dshWn! ZEX{C (X, 2:)De (X, X)C(X,2:) "} @ 22,
=1
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where d5 is a positive scalar. By setting t = dg \/ nghM|log h(M| for large dg, we can show that

Ast?/(na Vi, (Z)) = dg|log hV| and Ast/(djr/nah® /|log h]) = dg|log hV)|. Moreover, it fol-
lows from assumption M4 that F;/ is a pointwise measurable Vapnik and Cervonenkis (VC) class

(van der Vaar and Wellner, 1996). By using Proposition A.1 of (Einmahl and Mason, 2000), we

can show that max; B 1%, (w5 2) 1|2 < O(y/ngh@]log h]). This yields (E.0.21)
Let II,,(-) be the sampling distribution function based on X and II(-) be the distribution

function of x;.

Lemma E.0.15. Let (C(u,z;)vecs(Ei(u)) k) be the k-th element of the ¢ x 1 vector C(u, z;)vecs(Ei(u)

If assumptions (M1)-(M6) are true, then for any r > 0 and i, we have

sup / Ko (u — ) “h;fj) M (u) — T(w)]| = Op(ng"*AM1), (E.0.28)
z€[0,Lo]
(u—2xz)" ‘ ' _ | log(hM)]|
s / Ko (1= ) s (Ol e E4()) T a)| = Oy s
(E.0.29)

Proof of Lemma E.0.15. Equation (E.0.28) follows from the integration by parts, while (E.0.29)

can be proved by using the same arguments of Lemma E.0.14.

Lemma E.0.16. If assumptions (M1)-(MG6) are true, then we have

s[ulz } |n=1/2 Z Ang (Ui, 2, M) @ 2| = Op((ngh™M) =2 4 h(l)flnalﬂ). (E.0.30)
z€|0,Lo i=1

Proof of Lemma E.0.16. Let 71,--- , 7, be a sequence of independent Rademacher random variables

independent of observed data. It follows from the symmetrization inequality (van der Vaar and

Wellner, 1996) that
Elln 23" Ang (3, 20, MY) @ 24 [[0, 1.0 < 2B{E|In~ 2 A (a3, 20, hY) @ 7zl 10,1011}
i=1 =1

We consider a function class, denoted by F;s, which is given by

]:u = {f(zvua l’) = Ang(l';uvzwh(l)) Rz:x € [O7L0}}
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Let N (e, Fu,dg) be the minimal number of dg-balls with radius € needed to cover F. It follows

from that for any fixed {(z1,U1), -, (2zn,Un)}, we have

Er|[n™ 2y Apg (a5 Us, zi, h1Y) @ 7zl [0 1)
i=1

n Dn
< ETHn—l/ZZAnG (:co;ui,zi7h(1)) ®7—iziH2 + Co/ \/log N(e,fu,dg;ZVZ,{)dé,(E.O.?)l)
i=1 0

where xg is any point in [0, L] and and ¢y > 0 is a positive constant. Moreover, we define

D} = sup |n7hY tr{[Ang(zi Uiz, hY) @ 2,92}, (E.0.32)
2€[0,Lo]

dea(w1,22)* =" ZtT{Z?Q}HAnG(m;Uz‘, zi, V) — A, (w2: Ui, 25, R) |13
i=1

The proof of (E.0.31) consists of two steps. First, we note that

[E-In™2> " Ap(woi Uy, 20, M) @ mizil|o] < 071 [1zal31| A (wos Ui, zi, KUY 3. (E.0.33)
i=1 =1

With some calculations, we have

Lo

E[||Ang (w0; Ui, 25, k)| 3] = ng' ] ; Ky (u = 20)*tr(ypm (u — 20) %)

Lo
1C (u, z;)vees (U (u))||3du — ; Ko (u = 20) Ky (v = 20)y s (u — 20) T yp0) (v — o)

{C(u, z;)vees(U;(u) YT {C(v, z;)vees(Us (v)) ydud]

= O(ng' +ngthM=1). (E.0.34)

Thus, we have [E-|n V23" Ay (w0; Ui, 2, hV) @ 7324])? = O(ng! + ng'hD71).

Second, it is noted that

Lo
A (Ui, 7, hY) = i Ky, (u = 2)y,m (u— z) @ Clu, z5)vees(Us(u) ) (w) — T(w)].
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It follows from an integration by parts that ||A, (z;U;, z;, hD)||2 is upper bounded by

ahM™Y sup |, (x) — ()] sup [||Cx, zi)vecsUi(x))|l2 + [|0:C(x, z:)vecs(Us () |2,
x€[0,Lo] x€[0,Lo]

where ¢ is a positive constant. Therefore, we have

D, <A, = COh(l)_l sup ‘Hng (l‘) - H(l‘)|
z€[0,Lo)

n=t Y [llal3{ s[grz ] IC(, zi)vees(Ui(x)) |2 + [|02C (x, zi) vees(Ui(x)) |2 }2]-
i=1 z€(0,L0

It follows from the integration by parts that there is a positive scalar ¢; such that

| Ang (15U, 20, V) = A (23 Ui, 2, BV |2

Lo
= /0 [Hyo (v —21) — Hyy (u — 22)]C(x, 2i)vees(U; () )d[Iy g, (w) — T(u)]]|
< |z — $2’51h(1)71 sup |II,,(x) —I(x)| sup [||C(x,z;)vecs(U;(x))|2 +

€[0,Lo) z€[0,Lo)
|0:C(x, z;)vecs(U;(x))]]2]- (E.0.35)

For any given x1,x2 € [0, Lo], we have da., 1/(21,22) < e2]x1 — 22| A, where ¢ is positive scalar.

Therefore, we have N (€A, Fy, do..u) = 0(6_1) and

D, 1
/ \/log N(e, fu, dZ;Z,U)de < / \/log N(eAna fbb d2;z,u)d€An
0 0

= 0(hV~1ngloglog(ng)) = Op(hV~1ng'?).

Proof of Theorem 4.2.1 . The proof of Theorem 4.2.1 (i) consists of two steps. The first step is to
show the finite convergence of {X,(z) : « € [0, Lo]}. The second step is to check the asymptotic
continuity of X, (x) as = varies in [0, Lg]. Moreover, Theorem 4.2.1 (ii) is a consequence of Theorem
4.2.1 (i).

In the first step, it follows from Lemma E.0.13 that at a single point =, X,,(x) converges weakly

to N(0,X3(x)). The finite convergence can be directly verified by generalizing the asymptotic
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distribution of X,,(x) at one point to any finite number of points using the Cramer-Wold theorem
(DasGupta, 2008).
In the second step, we will show the stochastic continuity of X, (x). It follows from equations

(E.0.4) and (E.0.17) that

Vi{B(z) - B(x) — 0.5u2h V2 B(2)} = —V/n{nnghWr(z)} !
[B{0} (S (2), C(z, 8(x))) @ 2°%}] " {Te (b, 2) + (A, 2)H{1 + 0,(1)}.

It follows from lemmas E.0.14 and E.0.15 that
n P e (B, 2) = Op((ngh™) 724 /11og hD])Op (| 10g (Mg k)| (NG A ) ™)

hold uniformly for all x € [0,Lg]. Thus, it follows from the Slutsky’s lemma and the con-
tinuous mapping theorem that we only need to show the asymptotic tightness of the sequence
{X,(x) : z € [0,Lg]} defined by X,(z) = n~2n ! Ty (hW, ). Note that X, () can be writ-
ten as the sum of n= /23" A, (2;U;, 2:, hV) @ z; and X, (z) = n~ /230 fOLO Hyo(u—2z)®
{C(z;,zi)vecs(Ui(x;)) }m(u)du @ z;. It follows from Lemma E.0.16 that we only need to show that
Xn(x) is asymptotic tight.

The asymptotic tightness of Xn(x) can be proved by verifying a classical, simple sufficient

condition (van der Vaar and Wellner, 1996). The X, (z) can be written as

A~

n Lo
Xo(z) =n"1/? Z/O Hyo(u— ) ® [C(u, z;)vecs(Ui(u)) — C(z, z;)vecs(U(x))]m(u)du
i=1
n Lo
®z; +n /2 Z/o Hyo(u—z)m(u)du @ {C(x, z;)vecs(Us(x)) @ z; } (E.0.36)
i=1

Let e, be a 2¢gr x 1 vector with the m-th element 1 and zero otherwise. Note that the first term

on the right hand side of (E.0.36) equals

n

n—1/2 / Hi(w)[C(z + hVu, z;)vees (Ui (z + RV w)) —
=1 [0,Lo]N[z—h () z4+-h(1)]

C(z, zi)vees(Us (x))]m(z + RV u)du © z;
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Therefore, it follows from assumptions M1-M3 that

E{en|[Xn(x) — Xp(22)]}2 = (21 — 22)20(1). (E.0.37)

Therefore, we can finish the proof of Theorem 4.2.1.

Proof of Theorem 4.2.2

We define

Eilx) = ) K, po(r; —z)vecs(Ei(xy)),
AUi(x) = Y K, ol —z)veesUi(x;) — Us(x)), (E.0.38)

AB(z,z;) = K, no(v; — z)vecs(log(C(zi, B(x)) " Si(x;)C (24, B(z;)) ™)

— 1og(Cl(zi, Be()) " Sil;)C(zi, Be(x;))T)),
Az(l‘) = El(:L‘) + AZ/{Z(IL‘) + Aﬁ(l‘, Zi).

Let & x(x), AlUip(x), ABk(2,2:), Usx(x) and Ui () denote the k-th element of &;(x), AUi(z),
ApB(x,z;), Z;{z(a:) and U; (z) for k = 1,--- ,q, respectively. We need the following two lemmas,

whose detailed proofs can be found in Zhu et al. (2010a).

Lemma E.0.17. If assumptions (M1), (M3), (M4) and M(10) are true, then we have

n

(sugn‘ﬂza-,k( @)U 1o (t)] = Op(n =2 (logn)'/?). (E.0.39)
T, i=1

Lemma E.0.18. If assumptions (M1), (M3), (M4) and (M10) are true, then we have

sugn 1\252,6 Eiw ()] = O((ngh®)~t + (log n/n)?) = 0,(1). (E.0.40)
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Proof of Theorem 4.2.2 Recall that A, ;(z) = vecs(U () — Us 1 (x)) and
Y U (Ui e (t) = n7! Z A () A () + 17 ZUz k(@) A ()  (E.0.41)

IZAzk Zk/ lzuzk zk/

The proof consists of two steps. The first step is to show that the first three terms on the right
hand side of (E.0.41) converge to zero uniformly for all (z,t) € [0, Lo] x [0, Lo] in probability. The
second step is to show the uniform convergence of n™1 Y " | Uivk(az)l/{ijk/(t}T to Xy pw (2,t) over
(x,t) € [0, Lo] x [0, Lo] in probability.

We first show that

?ugn—wZAi,k( Ui 1 ()] = Op(n™2 4 A2 1 B2 4 (logn/n)'/?). (E.0.42)
T, i=1

Since

!ZAzk Ui (1) < n”~ 1{\251k Ui i ()] + 1D AU () o (1)] +

i=1
| Z ABy(w, zi)Us o (£)]}, (E.0.43)
i=1

it is sufficient to focus on the three terms on the right-hand side of (E.0.43).
Since /n{B.(-) — B(-) — 0.51@%”23(')(1 + 0p(1))} weakly converges to a Gaussian process in

£2°(]0, Ly)) as n — oo, it is asymptotically tight. Thus, by Tayler’s expansion, we have

ng

pla,2i) = Z nen (2 — ) Dy vees(log(Clzq, B(x5)) " Si(x)Czi, B(ay) 7)) @ 2 0.5uz

B2 B(x5) (1 + 0p(1)) + Z K, n (2 — 2)dyvees(log(C(zi, B(x;)) ™' Si2;)C(zi, Bla;) ")) @ 2]

{0.5uph(!)? ﬂ($j)(1+0p( )+ Blaj) — Be())}
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Thus,

1ABk(z, 20)]| < (Op(h{M?) + Op(n~1/2)

sup | E[dy vees(105(C (2. 3(x) ' Si(a)Clei, Ba) TN @2l o (B044)
So, we have

nt Z | ABK (2, 23 )U; 1 (1) || < (OP(h£1)2) +Op(n_1/2))

Supn_lZHE[aYVGCS(lOg(C(Zi,ﬂ( )" Si(@)C(2i, B(x)) )] @ 2] 12U 1o (2)]

(z,t) i—1

= 0,(h(2) + 0y(n~1/2).

Similarly, we have

n

_llzﬁ%k Ui ()] <0ty sup  [AU (@)U i ()] = Op(B*?) = 0, (1).
i=1 x,tE[O,LO]
It follows from Lemma E.0.17 that sup(, ; n~H| S0 Ein(a)Ui e (t)] = O((logn/n)/?). Similarly,
we can show that sup, nTH S A k(U (z)] = Op(n -1/2 4 j? + h?2 4 (logn/n)'/?).

We can show that

n

sup ™ D (1o () = S 2. = Opfo™?) (E.0.45)
x,t i=1

Since |U; g (21)Ui g (t1) —Us g (22) Ui o (t2)| < 2(|z1 — 22| +|t1 —t2|) sup |Usx(2)| sup U () holds
for any (x1,t1) and (z2,t2), the functional class {U; ,(u)U; i/ (U)Ie([ouL,oz])) € [0, LZT;}L?]S a Vapnik and
Cervonenkis (VC) class (van der Vaar and Wellner, 1996; Kosorok, 2008). Thus, it yields that
(E.0.45) is true.

Finally, we can show that

() IIZAM T2 (8)] = Opl(nGh®) ™" + (logn/m) 2 + D4 4 A4 (E.0.46)
x,t
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It follows from the Cauchy-Schwartz inequality that

’ZAzk zk’ )‘ < O sup |Z<€zk z,k’(t)| + |ZAUZ’]€(JJ)AUZ,]§/(75)| +
=1

(=) 41

| Z AB(x,2i) AB(t, 2i)]]-

=1

It follows from Lemma E.0.18 that sup(, » 7~ Y01 Eix(@)Ep (t)| = O((ngh®) =1 4-(logn/n)/?).
Since sup,e(o, o] |AUi k()| = O(1) sup,e(o, 1] Uik ()[R, we have sup(, o n 1| Sy Al; () Al; 1o (1))
= O(1)h?*. Furthermore, by (E.0.44), we have | 31" | ABy(, 2:)AByw (t,zi)| = Op(n~1 + h,(gl)4).

Combining (E.0.41)-(E.0.45) leads to sup, 4 S50 ke (2, ) =S o (2, 1) | = Op(n 24+ (ngh@) 1+
W2 4 @24 (log n/n)12). So sup(y ) [ Su(e, t) —Su (@, )| = Op(n= 2+ (ngh®) =1+ M 4 n2 4
(logn/n)'/?). Similar to the arguments in (E.0.41)-(E.0.45), we can show that sup, |Se(z, z) —
Se(,2)] = op(1).

Proof of Theorem 4.2.3

Proof of Theorem 4.2.3. We define G(z)@) as follows:

-1

Vr{(L,0) ® I} | D0 Ky (@i — o) {ynom (25 — )% @ 039(Si(;), Oz, Blx)))) ® 202}
i=1 j=1
Z ZHW z) ® {0y p(Si(x;), Czi, B(x;))) © 2} (E.0.47)

=1 =

Following the arguments in (Kosorok, 2003; Zhu and Zhang, 2006; Zhu et al., 2010a), we will prove
Theorem 4.2.3 in three steps. In Step 1, we will prove the unconditional weak convergence of
G(x)9). In Step 2, we will prove the weak convergence of G(x)\9) conditional on the data. In Step
3, we will prove the weak convergence of G(x) conditional on the data by showing that G(z)®
and G(z) are asymptotically equivalent as n — co.

In Step 1, it follows from Equation (E.0.4) that

G(z)9 =2y/n{(1,0) ® I,}

DD Ky (aj = 2) {ypo (25 — )% © 34(Si(5), Clzi, B(x))) © 2%}

i=1 j=1
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n ng

S Hyo (e — 2) @ {Clay, zi)vees(Ei(x;) + Ui(xy)) @ 7724}

i=1 j=1

(9)

Therefore, by treating 7;”’'z; as the new ’covariate’ vector, we can apply the same arguments in

the proof of Lemma (E.0.13) to prove that é,(c) converges to Gy, in distribution; that is, G(g)
asymptotically measurable.

In step 2, we define

S(z,t) = n~ nazz Z Hyoy(zj —x)Hyo) (2 /—t) ® Oy (Si(x;), C(zi, B(z;)))

i=1 j,j/=1
I (Si(zy), C(Zz‘,ﬁ(fcj ' @22,
Suu(z,t) = 4n~ nfi Z Hyo (x; — 2)Hp, (2 =0T @ C(x;,2)vecs(Ui(z;))
i=1 j,j'=1
vecs(U;(x ));]C(xj/, z;) @252,
Sus(x,t) = An"n 2i Z H,o(z; —z)Hyo (z /—t) ® C(xj,2z;)vecs(Us(x4))
i=1 j,j'=1
vecs(&;(z );(jf(xj/,zi)T® 752,
See(z,t) = 4n~ nG?zn: Z Hyo) (xj — ) Hyo) (v — )T @ C(x5,2:)vecs(Ei(z))
i=1j,j'=1

1
Vecs(gi(xj/))TC(SUj/, ZZ')T & Zz®2‘

By Lemma E.0.10, conditional on data, G(z)¢ is a normal random vector with zero mean and
covariance given by (nngm(z)) 2{(1,0) ® I} [diag(1,ug) ® E{82¢(S(z),C(z, B(z))) @ z®2}]71
S(z,t) [diag(1,u2) ® E{02¢(S(x), C(z, B(z))) ® 252} ] - {(1,0) ® I, }. Tt is easy to see that

S(x,t) = Suu(x,t) + Sue(x,t) + Sue(t, ) + See(w, t). (E.0.48)

Following the arguments of lemmas E.0.17 and E.0.18, we can show that Sye(x,t) + Sys(t,z) +
Sge(x,t) = o(1). Furthermore, it can be shown that E[Syuy(z,t)] = 4diag(1,0) @ Qy(z,z) +O(h e )

(9)

and Cov[Syy(z,t)] = O(n™'). Let Cov, be denoted as the covariance with respect to 7,7 condi-

tional on the data. Therefore, we have Cov, [G(2)9), G(t)9)] converges to 4{ E(82(S(z), C(z, B(x)))
] in probability. We can obtain the marginal

®25%)} 1Oy (@, 7) [E{0¢¥(S(2), C(z, B(x))) @ 292}

convergence of G (1:)(9) in the conditional central limit theorem by using the Cramer-Wald method.
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For each § > 0, let X5 = {l6:1=0,--- ,Lod'} be an equally d—spaced grid and [0, Lo]s(z) as-
sign to each € [0, L] a closest element of X;5. The finite convergence results yield sup FEBLL (¢ ([0,Lo])
|E- f(GY([0, Lo)s))—Ef(G([0, Lo]5))| — 0 in probability, as g — oo. Due to the continuity of G(z),
we have G([0, Lo]s(z)) — G(x) almost surely as § — 0, that is, lims—o Sup regr,, (¢ ([0,L0]) |E-f(G(]0, Lols))
—Ef(G([0, Lo]))| = 0. Finally, we have

sup |E-f(GY9([0, Lols()) — E-f(GYO)| < B-( sup |GY () — G ().
feBLy (foo([O,L()}) \x—x’|2<5

Thus, the expectation on the left side of the above equation is smaller than E(sup,_ |, <5 |G (2)—
G9)(2')|), which was established by the unconditional weak convergence of G9)(-) in Step 1. This
finishes the proof of Step 2.

Let Apy (2, 25) = 8yw(S¢(xj),C(zi,B($j))) — oy (Si(x;), C(2i, B(x;))). In Step 3, following

the arguments in Theorem 4.2.3 of Kosorok (2003), we only need to prove that

Ang = up 1Ztr {ng' ZHhm ) @ Doy (21, 77)} 22 @ 257 = 0,(1).
ze|0 0 =1

It follows from the proof of Theorem 4.2.2 that A, 3 = O,(n~! + (/%53))4), which converges to zero

in probability. This finishes the proof of Theorem 4.2.3.
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