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Abstract of thesis presented to the Senate of Universiti Putra Malaysia in

fulfillment of the requirement for the degree of Doctor of Philosophy

GEE-SMOOTHING SPLINE FOR SEMIPARAMETRIC

ESTIMATION OF LONGITUDINAL CATEGORICAL DATA

By

SULIADI

June 2011

Chair: Prof. Noor Akma Ibrahim, PhD

Faculty: Institute for Mathematical Research

In this thesis we propose estimation methods of semiparametric marginal mod-

els for longitudinal (correlated) categorical data, where the systematic compo-

nent of the model consists of parametric and nonparametric forms. We develop

GEE-Smoothing spline as a method to analyze semiparametric model for longi-

tudinal data. The proposed methods are an extension of parametric generalized

estimating equation (GEE) to semiparametric GEE by introducing smoothing

spline into parametric GEE. We derive estimation method of GEE-Smoothing

spline in the case of longitudinal binary, ordinal, and nominal data. Derivation

of the estimating equation of GEE-Smoothing spline for these three types of

categorical data is the same. However their estimating equations have different

forms of the covariance and correlation matrices.

In the estimation of the association (correlation) parameter for binary data, we

use moment method of Liang & Zeger’s and method of Prentice’s. For ordinal
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and nominal data, we use different models of the covariance matrices than of

binary data. These models need smaller number of the association parameter

to be estimated which is different from the existing models of parametric GEE

for ordinal data. We also derive and propose the methods to estimate the

association parameter for these two types of data.

The properties of the estimate for both parametric and nonparametric compo-

nents of GEE-Smoothing spline are evaluated using simulation studies. We ob-

tained that the estimates of parametric component for binary and ordinal data

are unbiased. Whilst for nominal data, the estimates of parametric component

are almost unbiased. Meanwhile the estimates of the nonparametric compo-

nent for all types of data are biased, with the bias decreases when the sample

size increases. The estimators of both parametric and nonparametric compo-

nents are also consistent, and the consistency is not affected by the correct or

incorrect working correlation used in model. This consistency property holds

for correlated and independent data. The efficiency of the estimates of using

independent or correlated working correlation in the estimation depends on the

type of covariate, such as time varying, subject specific, or mean-balanced co-

variates. The estimates of both parametric and nonparametric components also

follow the central limit theorem (CLT), for both independent and correlated

data, and using correct or incorrect working correlation. Both components

estimate have normal distribution.
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Abstrak tesis yang dikemukakan kepada Senat Universiti Putra Malaysia

sebagai memenuhi keperluan untuk ijazah Doktor Falsafah

PELICINAN SPLINE-GEE UNTUK PENGANGGARAN

SEMI-BERPARAMETER BAGI DATA LONGITUDINAL

BERKATEGORI

Oleh

SULIADI

Jun 2011

Pengerusi: Prof. Noor Akma Ibrahim, PhD

Fakulti: Institut Penyelidikan Matematik

Dalam tesis ini kami mencadangkan kaedah penganggaran model sut semi

berparameter bagi data longitudinal (berkorelasi) berkategori, yang mana kom-

ponen sistematik bagi model terdiri dari bentuk berparameter dan tak berpa-

rameter. Kami bangunkan Pelicinan Spline-GEE sebagai kaedah untuk men-

ganalisis model semi berparameter untuk data longitudinal. Kaedah yang

dicadangkan adalah lanjutan dari penganggaran persamaan teritlak (GEE)

berparameter kepada semi berparameter GEE dengan memperkenalkan pelici-

nan spline ke dalam GEE berparameter. Kami huraikan kaedah anggaran Pelic-

inan Spline-GEE bagi data longitudinal duaan, ordinal, dan nominal. Huraian

persamaan anggaran Pelicinan Spline-GEE untuk ketiga jenis data berkategori

ini adalah sama. Walau bagaimanapun penganggaran persamaan ini mempun-

yai bentuk matriks kovarians dan korelasi yang berbeza.
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Dalam penganggaran bagi parameter hubungan (korelasi) untuk data duaan,

kami menggunakan kaedah momen Liang & Zeger dan kaedah Prentice. Bagi

data ordinal dan nominal, kami menggunakan model matriks kovarians yang

berbeza dari data duaan. Model-model ini memerlukan bilangan parameter

yang kecil untuk dianggar yang berbeza dari GEE berparameter bagi data

ordinal yang sedia ada. Kami juga menghuraikan dan mencadangkan kaedah

untuk menganggar parameter hubungan bagi kedua-dua jenis data ini.

Sifat-sifat penganggar bagi kedua-dua komponen berparameter dan tak berpa-

rameter Pelicinan Spline-GEE dinilai menggunakan kajian simulasi. Kompo-

nen berparameter bagi data duaan dan ordinal adalah saksama. Manakala

bagi data nominal, penganggar bagi komponen berparameter adalah hampir

saksama. Sementara itu penganggar komponen tak berparameter bagi semua

jenis data adalah pincang, dengan kepincangan mengecil apabila saiz sampel

meningkat. Penganggar komponen berparameter dan tak berparameter adalah

konsisten dengan kekonsistenan tidak dipengaruhi oleh struktur korelsi yang

betul atau salah yang digunakan dalam model. Sifat konsisten ini berlaku un-

tuk data berkorelasi dan merdeka. Kecekapan penganggar menggunakan sama

ada struktur korelasi merdeka atau berkorelasi dalam anggaran bergantung

pada jenis kovariat, seperti kovariat yang berubah mengikut masa, kovariat

tertentu mengikut subjek, atau kovariat seimbang min. Kedua-dua pengang-

gar berparameter dan tak berparameter juga mengikut teorem had memusat,

tidak kira samada data merdeka atau berkorelasi, dengan menggunakan struk-

tur korelasi yang betul atau salah. Penganggar bagi kedua-dua komponen

adalah bertaburan normal.

vi



© C
OPYRIG

HT U
PM

ACKNOWLEDGEMENT

Alhamdulillahirobil’alamin, first of all I would like to express my utmost thanks

and gratitude to the Almighty Allah SWT, the Sustainer, the most Gracious

and the most Merciful; without whose will no one can achieve anything. My

salawat and salam is addressed to His righteous messenger, prophet Muhammad

SAW.

I would like to take this opportunity to express my appreciation and gratitude

to my supervisory committee, Prof. Dr. Noor Akma Ibrahim, Assoc. Prof. Dr.

Isa Daud and Dr. Isthrinayagy S. Krishnarajah for her invaluable guidance,

suggestions, discussions, and patience throughout the research and preparation

of this thesis.

My sincere gratitude is also extended to the financial support provided by

Graduate Research Fellowship (GRF) of Univeristi Putra Malaysia, Science

Fund from Ministry of Science, Technology and Innovation Malaysia, and Ban-

dung Islamic University. Acknowledgements are also due to Rector of Bandung

Islamic University (UNISBA), Dean of Faculty of Mathematics and Natural Sci-

ences UNISBA, and Head of Dept. of Statistics UNISBA, whose give me an

opportunity to pursue my study at Universiti Putra Malaysia.

Special thanks also to all my friends in 685 Jl. 18/2A Taman Sri Serdang,

Srikembangan: Bambang SAS, Abdul Kudus, Aris Munawar, Abdul Rahman,

Sofjan Hadi, Abdul Malik, Asep Edi K, and all my friends at Indonesian Stu-

dent Association - UPM (PPI-UPM) for their support and relationship.

Last but not least, I also wish to express my deepest appreciation to my beloved

wife and son, my mother, my father and mother in law for all over their moral

support, understanding, endless love, patience and never ending encouragement

and support in all ways during my study.

vii



© C
OPYRIG

HT U
PM

I certify that a Thesis Examination Committee has met on 28 June 2011 to con-

duct the final examination of Suliadi on his thesis entitled ”GEE-Smoothing

Spline for Semiparametric Estimation of Longitudinal Categorical

Data” in accordance with the Universities and University College Act 1971

and the Constitution of the Universiti Putra Malaysia [P.U.(A) 106] 15 March

1998. The Committee recommends that the student be awarded the Doctor of

Philosophy.

Members of the Thesis Examination Committee were as follows:

Malik bin Hj Abu Hassan, PhD

Professor

Faculty of Science

Universiti Putra Malaysia

(Chairman)

Mohd Rizam bin Abu Bakar, PhD

Associate Professor

Faculty of Science

Universiti Putra Malaysia

(Internal Examiner)

Abu Hassan Shaari Md Nor, PhD

Professor

Faculty of Economics and Management

Universiti Kebangsaan Malaysia

(External Examiner)

M. Ataharul Islam, PhD

Professor

School of Mathematical Sciences

Universiti Sains Malaysia

(External Examiner)

NORITAH OMAR, PhD

Associate Professor and Deputy Dean

School of Graduate Studies

Universiti Putra Malaysia

Date: 23 August 2011

viii



© C
OPYRIG

HT U
PM

This thesis was submitted to the Senate of Universiti Putra Malaysia and has

been accepted as fulfillment of the requirement for the degree of Doctor of

Philosophy. The members of Supervisory Committee were as follows:

Noor Akma Ibrahim, PhD

Professor

Faculty of Science

Universiti Putra Malaysia

(Chairman)

Isa Daud, PhD

Associate Professor

Faculty of Science

Universiti Putra Malaysia

(Member)

Isthrinayagy S. Krishnarajah, PhD

Lecturer

Faculty of Science

Universiti Putra Malaysia

(Member)

HASANAH MOHD. GHAZALI, PhD

Professor and Dean

School of Graduate Studies

Universiti Putra Malaysia

Date:

ix



© C
OPYRIG

HT U
PM

DECLARATION

I declare that the thesis is my original work except for quotations and citations

which have been duly acknowledged. I also declare that it has not been pre-

viously, and is not concurrently, submitted for any other degree at Universiti

Putra Malaysia or at any other institution.

—————————–

SULIADI

Date: 28 June 2011

x



© C
OPYRIG

HT U
PM

TABLE OF CONTENTS

Page

ABSTRACT iii

ABSTRAK v

ACKNOWLEDGEMENT vii

APPROVAL viii

DECLARATION x

LIST OF TABLES xv

LIST OF FIGURES xvii

1. INTRODUCTION 1

1.1. Background 1
1.2. Motivations and Objectives 6
1.3. Contribution of the Study 10
1.4. Outline of the Thesis 11

2. LITERATURE REVIEW 12

2.1. Introduction 12
2.2. Generalized Linear Models 13

2.2.1. Binary Data 16
2.2.2. Multinomial Distribution 17
2.2.3. Model for Ordinal Data 20

2.3. Quasi-likelihood Estimation 24
2.4. Generalized Estimating Equation 28

2.4.1. GEE1 29
2.4.2. GEE2 and EGEE 36

2.5. GEE for Correlated Ordinal Data 38
2.5.1. GEE1 for Ordinal Data 38
2.5.2. GEE2 for Ordinal Data 42

2.6. Some Extensions of Generalized Estimating Equation 44
2.7. Some Results on the Efficiency of Estimates 45
2.8. Results on the Efficiency of GEE for Ordinal Data 47

3. SMOOTHING SPLINE AND SEMIPARAMETRIC
REGRESSION 49

3.1. Introduction to Nonparametric Regression 49
3.1.1. Local Polynomial Kernel (LPK) 50
3.1.2. Regression Splines 52

xi



© C
OPYRIG

HT U
PM

3.1.3. Penalized Splines (P-Spline) 54
3.2. Smoothing Splines 55

3.2.1. Basic of Natural Cubic Spline 57
3.2.2. Smoothing Based on Natural Cubic Spline 58
3.2.3. Plotting the Curve 60
3.2.4. Smoothing Parameter Selection 60
3.2.5. Smoothing Spline for General Design Time Point 62

3.3. Smoothing Spline for Independent Exponential Family
Distribution 62
3.3.1. Nonparametric Models 62
3.3.2. Semiparametric Models 64

3.4. Backfitting and Profile Algorithm in Semiparametric
Estimation 67
3.4.1. Backfitting Algorithm 68
3.4.2. Profile Algorithm 69
3.4.3. Comparison of Backfitting and Profile Algorithms 71

3.5. Semiparametric Regression for Correlated Data from
Exponential Family Distributions 73

3.6. Semiparametric Models for Ordinal Data 77
3.7. Smoothing Parameter Selection 78

4. SEMIPARAMETRIC REGRESSION FOR LONGI-
TUDINAL BINARY DATA 83

4.1. Nonparametric Regression for Longitudinal Binary Data 83
4.1.1. Model and Estimation 84
4.1.2. Smoothing Parameter Selection 88
4.1.3. Simulation Study 89

4.2. Semiparametric Marginal Models for Longitudinal Bi-
nary Data Based on GEE-Smoothing Spline 99
4.2.1. Model and Data Structures 99
4.2.2. Backfitting Algorithm 102
4.2.3. Profile Algorithm 105
4.2.4. Estimation of the Association Parameters 108
4.2.5. Smoothing Parameter Selection 111
4.2.6. Hat Matrix in GEE-Smoothing spline 112
4.2.7. Simulations Study 116

4.3. Comparison of GEE-Smoothing Spline with Other
Methods 133

4.4. Summary 139

5. SEMIPARAMETRIC REGRESSION FOR LONGI-
TUDINAL ORDINAL DATA 140

5.1. Introduction 140
5.2. Model and Estimation 141

xii



© C
OPYRIG

HT U
PM

5.3. Modeling and Estimating the Association Parameter 146
5.3.1. Modification of the Moment Method 149
5.3.2. Modification of Prentice’s and Miller et al.’s

Methods 151
5.3.3. Steps for Parameters Estimation 155

5.4. Simulation Study 156
5.4.1. Scenarios 156
5.4.2. Simulation Results 158

5.5. Computational Aspects 177
5.6. Summary 178

6. SEMIPARAMETRIC MODEL FOR CORRE-
LATED NOMINAL DATA 180

6.1. Introduction 180
6.2. Model and Estimation 180
6.3. Covariance and Correlation Modeling 185
6.4. Iteration Steps 187
6.5. Simulation Study 188

6.5.1. Scenarios 188
6.5.2. Simulation Results 189

6.6. Summary 204

7. CONCLUSION, DISCUSSION AND FUTURE RE-
SEARCH 207

7.1. Introduction 207
7.1.1. The Properties of Parametric Components 207
7.1.2. The Properties of Nonparametric Components 209
7.1.3. Normality of the Estimates 209
7.1.4. Concluding Remark 210

7.2. Discussion 210
7.3. Future Research 211

BIBLIOGRAPHY 212

APPENDIX 217

BIODATA OF STUDENT 238

LIST OF PUBLICATION 239

xiii


	GEE-SMOOTHING SPLINE FOR SEMIPARAMETRICESTIMATION OF LONGITUDINAL CATEGORICAL DATA
	ABSTRACT
	TABLE OF CONTENTS
	CHAPTERs
	BIBLIOGRAPHY



