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§1 '!
§1.1 A� O�f��&�fQ�&F4QYYH�sOI_b,G��"���'t_�fa&���W;/��BC~}Hh��4v���9mZ}~Z.0=/}9x���6GGl}Hhs;/�Z.0}/�OOrjPK_}qQB��tg��YY�5�9t.0�PFK5E���|}d4℄' (longitudinal samples) sO)U�}F?℄' (cross-sectional samples) _o�siHuZ�\℄s.0N�_J}h3�d4℄'}x}ppQ_�&�fQ�&F4Q}!℄��U#Q�A�Q� 
Qs`�� 
qQ}L�fa"	UO`N6z-�La�e��=��&�fQYYHS_��JxX�|d4}_E
 (a) qK5E�}�d>[ (clinical trials); (b)&F4QYY�sO&S�_JG��YY (ob-
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servational cohort studies). �,}S_z3��f!$}9t���d>[H�R`�e:v}#�_�,�s/�Æt�I_IF:Gl(Z��}�Zb�����wGl}P"�Z��}b�}�D�0[e}P��&�.0sE�$�
r�YY,g���_JG��YY_)�d>[L�5��t�_JG��YY}�'t_�b�sE�g��YY}��,�9CYY,}wD��d4�d>[H�eGS_YYH}9-����"�1[b��Z�b,>[b��>[eM�F:9mZe>1~S_HhZ.0=/}9x��L�vE#�b�eHKy�
$*Kae�`�K5E�9mHh|�#|e:.0
- 78/���V�G��S~.0~�`rj&l�S_Hh&%(��bl},�H�>[e}�p9�,�H1g�}�����h,�H19b,G�eMFG��9m>1Z.0=/}9x�#<G�exl>[e9u�}�#|��h�G�e|}F:.0 - 78/�`BC~�#>[e℄���G�esKae�<,�_YY}b�9xrjsiHh/�}p8i=�p8,:�p8,
L�b,�Y���Hh/�p8i=}�eDD9}�,�d4�d>[}��&F}$��wxHh/�},:9C�^}�,f,:9Æl�5e,:QU.���Hh/�p8,:�p8,
L}�e$�℄OO�vK_}v$$��>[}H}`�b,Z��}b�|���GK_}H}9b,�Z���fa;/��Hh/�Z.0/�y8}9x�`�Z��b�|���l;/�}�e,�OO&}��b,b��;/�0}?~9x�134�
lH�>[G�$��9}4��d4_JG��YY}S_H}99�Z��}>[b�l1[��9b,HG;/����xs�Wt_��BC~}Hh/�:0}l�}℄�℄���fZ.0/�}y8�tg�_EG��YYOO&}�lLa{e�L�blqQ�k}+!s1[#IkPe;u:!$#}�d>[������/�Z.0
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&K5E��tgd4_JG��YY��IFJ�4�
l!�sF:Gl_�M}`�P'v}v��U�0'��_JG��YYsO�l�p�Gl}[e}9t.0�}K5E��tgi<YYHr|z�-xv$T�}�gHh��U�d4�d>[��_JG��YYH,�La}v$$�}P"g��YYH}�rj����p8i=}�eDD�`rj����p8,:}�eDD�
§1.2 A�zQK*��U��D}d4La��p t�.0}0=/��Y (t)�0=Hh/��
X(t) =

(
X(0)(t), . . . ,X(K)(t)

)T
, K ≥ 1, �.0 t b} RK+1 v0�};/�4��.0/� t g��Æ�}P"�9+e��(9=�l�e�$�}e<,�?}�eDDPFv$,�}S_H}sO9;�DDsg� {

t,X(t)
}�
li=�Gl�
li=}^K�j� Y (t) }p8,:�p8,
L}9x��� n GZ�P"}Gls6GGl�9t.0�}K5E�� {

Y (t), t,X(t)
} }d4℄'r%�

{(
Yij, tij ,Xij

)
; i = 1, . . . , n, j = 1, . . . , ni

} �fH tij 9� i Gl� j E�}.0��
Yij s Xij =

(
X

(0)
ij , . . . ,X

(D)
ij

)T ,39� i Gl� tij .0�}_JHhs;/�4�� ni �� i Gl}K5E�L��9>[E�
L� N =
∑n

i=1 ni. �U�F?YYH}
�t,: (independent identically distributed,2S i.i.d.) ℄'9t�R`+!Gl0}E�=9
�}�w6eGlM}E�=0rN9-℄}��h_�Gl�!$}eg.0��
�E�=���FG m ≥ 1 � ni =

m �p�_� j = 1, . . . ,m �� t1j = · · · = tnj �#d4℄'�`w!$��h9tGl}!$.0 ti =
{
tij; 1 ≤ j ≤ ni

} `9t#�(`w!$�70��x`w!$_(�+=�.0!$��Z�/	.i
yB(`w!$��Pe}�d>[�&F4Q}YYH�_YY}GlOO&>��eg�$d�} “!$&�.0�”, w��HJÆt
_(�+�=/0'}C&.0�i�yB.5}&�.0��>�}&�.0�9t���eGvowD}d4�d>[�_Ez`w}d
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4La9�rN}�t�Z��}b�s&�}.0r�YY,g���y�_JG��YYH}L�tV9CYY,}wD�tgp�L}_JG��YY9(`w}d4!$�
§1.3 A� OsY#??}�G&F4Q0�seGd4�d>[�MBd4YY}e:�Dh3sYYH}�R`-:�_�!$��:-U�wfLaHVsYYH1�9-t�Y 1. pWra;�1^ (ASGA)  O

ASGA (Alabama Small-for-Gestational-Age) YY9℄��'t_�RM&PZ	}eGk&GYY�YY?}Q%K5E�� 1475C�;}
��d�_��;�p��� 17 � 25 � 31 � 36 MCCE��w9b955��!$}.0�CCZ&��9,���e}� 12∼43 M���eM�;CC&�hL� 1∼ 7 h���99_�}Gl�-t}.0!$��
�E�=�[<La�(`w!$�{0
���}�℄;/���
�W�u[���~Gq}F�tV�sGq}�klK�"C�ly>L (body mass index �2=� BMI) j�9t�e}
Yx�~Gq}�lE�=��-:;/�H�Gq}�lE�=�./ (time-dependent)/��wQ�Gq}F�tV~fa;//��rN�.//��`rN�.9/
(time-invariant) /��-}g�,�H-:/�}�p�
���}Hh/�`�
H�.//��a���
�8���Y0X�ZYP~Q%E�=�w 1 &6�9t� (M) }
�8� (	;) ����IGl}K5E�=}.0y8�?},�26 3 GZ�P"Gl}E�N���wr6
�}&PU<,�'y8�w9�Hk���(℄�<
l},G&PDD�;/��
�&P{0}fav$DD}Pu~�1[}-℄YY���eGv$,�x<��GH
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w 1 
�8� (	;) �� (M) }℄��jw
GlE�=��w
Z�P"} 3 GGl}E�N�
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•

•

•

• •

•

•

•

•

•

•

•

•

•

•

•

•

•

•
•

•

•

Time (in weeks)

A
C

10 20 30 40

10
20

30
40

Scatter Plot

•
•

•

•
•

•

•

•

•

•

•

•

•

•

Time (in weeks)

A
C

15 20 25 30 35 40

10
15

20
25

30
35

Line Segments

}
 (1) ;�:x}v$DD�Tu;/��Hh/�}{0� (2) ��P"}v$DD�I_u�X$sy�;/�9x}$��Y 2. r��e�:�q>|�℄ O (BMACS)℄��` 1984 A 1991 R0B��l>m��4� (HIV) } 400 CtG�K_}�HA�^4��YY (multicenter AIDS cohort study �2=� MACS) �t�
CD4!� (3U��!�) g��>mON}p7�_j'YY}eGK_MÆ9b,�'t_ (��W�^��}~) s9mZ} (�B�k CD4 !�N`~) �B�y CD4 !�}\p�,* (��!�} CD4 �,*) }{0�R`d�_�Gl6�RCCeh&��E��w0'�Gl55�T��d�.0CC&���pYYe0B� HIV 9Z��&}�[<YY�(`w!$�GlK5E�L� 1∼14}!�M�H
L� 6 ����} ASGA YY-)�<℄�}YYGlLB��w
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K5E�L}!�L{�<LaHBC~};/�`��.0g�/�s.0\�/��Jv}�℄�-�YY}!$sffQ�}K_G.6 Kaslow ~ (1987) �Y 3. 2
�.8IS O (NGHS)-9eG 3 HA
l}��YY�TYY� 2379 CUj�fH 1213 (51%) (n7g�� 1166 (49%) �J��b99� 9 � 10 [WD}��y6R%(ehb9}"C�lK�RUj�fal3}s0[<}E�=�e<%(zb9 19 [�?�<YY}S_H19b,�uesr�Re)[�AR`.'}{0D5��GHA,3�*Æ2OVpQ7sÆ,8�??JjpQ??Jj�uf^YYHA�j�2��.s��} Westat QR�a9:_j&P"9t��x�ILaHa9�l�HGJf})r?�s7GA�W�B
,:�'YY��1[B� (NGHSRG, 1992) ?��i 1986 Rz 1997 R��dHA�)rZ&__E}La�<B��l�YYH1�u�G�YY!$sE�}$��Hk℄�<YY}S_Hh�� Daniels~ (1998), Kimm~ (2000, 2001, 2002),

Thompson ~ (2007) j� Obarzanek ~ (2010). �-:HhH� Daniels ~ (1998) YY�Jf�"C�ly>L (body mass index,2=� BMI)(kg/m2)�E)U (systolic

blood pressure, 2=� SBP) s?℄U (diastolic blood pressure, 2=� DBP) }d4}`i9x�Kimm ~ (2000, 2001, 2002)YY�Jf�)[}9x�j�l��	=/s BMI }℄��Thompson ~ (2007) YY��ue)[�CRU�99m}�<�v\e (low-density lipoprotein cholesterol, 2=� LDL)sA��n (triglyceride �2=� TG) N`~AR`4.'t_0}℄�℄�� Obarzanek ~ (2010) YY�Jf�)[s 
U#�y\/�}!��CRUskeCRU (�p6 NHBPEPNlg� 2004) }�4*s�4*}{0�-:l,_?}}v$$�9sia9}p8i=�,�F:8+=d�}99m.'N`}>*�>��ue)[sf
6



a/��AR`.'/�}{0�R`-:Hh'(��ue)[�AR`.'��k{0�w�h?}fa99m.'N`��ue)[sAR`.'t_9/���U}℄�℄��-G�k�IPe;YY�$�es}9�eG!�}��p8,:}�e$��NWt�;/��.'/�}4G,:}9x�<YY℄9k3��p8,:sp8,
L}d4X$�y�$��'}eG�D�_�Y 4. �&-�|S" (ENRICHD) � O<YY9eGZ��}�d>[��bX-��sOA�}� (usual cardiolog-

ical care,2=� UC)�Z��9F��� (cognitive behavior therapy,2=� CBT)���GA�M�y�k
6s / ��9f} 
8Y} 2481 4�}&lsk
XKG}O9�℄�<YY}>[!$�YYH1j�>[}K_Hh.6 ENRICHD

(2001, 2003) �<YY}A_H}9/�"A�M� (myocardial infarction �2=�
MI) y} 28 nMWD4��Z�9/rjsi}G�k
6s�9f} 
8Y6}�9F����t.JaI_3U}P"G 5- m����}kD" (selective

serotonin reuptake inhibitor, 2=� SSRI) �fank
"�>�fS~*sA�M�5�*��9F���9�A�M�y 17n}H0k4}�� 6G�Mg;} 11hG�
�H�_x�* 5-6 h�k
XKG9�n<�k
�2 (Hamilton Rating

Scale for Depression,2=� HRSD)s#sk
E�2 ( Beck Depression Inventory,2=� BDI)E�}�HRSD s BDI �C2Bk
�XK�xrF.��/�} SSRIs~nk
"^����My HRSD |,C� 24 � BDI |,}>�)*�� 50%}4��g��k40,���nk
"rJa4��`}SGf&}_xI4�1}�tgnk
"rll9>[!$d�}Z�� CBT A�G��sOA�}�}�ZG��S_E�Hh��S~� MI 5�}5uS_I��s�lk
,'G�M} HRSD s BDI }=/���9f} 
8Y,} ENRICHD } 
8YE�|, (ENRICHD, 2001 s 2003) }h_Hh�
7



`�>[}S_H}|�#eGK_�k99/3}nk
"�3�<4�
l}S~*� MI 5�*j�>� BDI |,�ob���b,3}nk
^�}^���}9x� Taylor ~ (2005) )B�<>[H 1834 Gk
4�}S~&l*sAR`�4�4*sS~*��(3}nk
^� SSRI Uzrj3�Zy}AR`�4*sS~*� Bang s Robins (2005) `,��<La�9i`9Ok�F?,��si<4�3}^���}k4.0xlh�Gl} ”/�.0 ”,�/�ky,3?}9t}DD�b,�^���Z.0�4�} BDI |,}9x�
Wu, Tian s Bang (2008) � Wu, Tian s Jiang (2011) 2B3} SSRIs �>�4�}k
W� ( � BDI |,) �ob��� 5 G4G�-GYY<&l�eGy	qHh`:x;/�}�eDD�fX$�y�$��'}�_��-JvE���;/�9`:xg��k?}Hhf��tgsO_3}}�L�(�Æu9xDDrN&m�>��i�y_^}sm�}H-�
§1.4 A�zQ�=1d�e��O�u�}d4,�xA�nz 3 GH}

(1) _o)}DD+KNu��JLa}0'℄�G�p[,2u�!��.�0'x}��&�fQs&F4QYYH�eGu�}DDx<b�u���op}&�QI;s2u}LQHV�
(2) xb�:x��9}DD1�$��b,v$DD�_I�La}�9G��GK_}1�$��CBz0sv$Q+!1[�
(3) _?}}$�+Kb��-s0'op}�rb�GlM-℄}La�0'����GlM-℄HVsO9�9}�pLj&X$�tg�9L�o?}9g��hD-℄HV};D$��kX$�y��

8



§1.4.1 �zd�`���d4,�HhO}}$�9�L�eDD��
p,Gs(,GÆu9xDD��-:DDHh2u}�_9-� / ',GDD
Yij =

K∑

l=0

βlX
(l)
ij + ǫi(tij), (1.1)fH β0, . . . , βK �,GOL�L��J-x;/�}9x� ǫi(t) 9i=� 0 }Z�iW ǫ(t) �.0� t b}0(�p Xij � ǫi(tij) 
���U�l\�F
2}_��eDD�$ X(0) ≡ 1 ℄L&�eG�,�L β0 �a26_�;/� X(l)(t) � 0. Y (t) }i=��KiW}eGO6}hDvE9$ ǫ(t) 9i=� 0 }CP`ÆiW (Gaussian stationary process) �R`��L�0'�k�DD (1.1) &|i�2u�w�<DD}�'ry_L��}}DD�VT�d4,�H_3}}DD}S_<,����LDD}X$sy�$���*�h7�V� (weighted least squares)�PU�� (quasi-likelihood) s
pX$$W (generalized estimating equations) �-:$��
)Hi&
#�YY�� laird s Ware(1982) �Pantula s Pollock(1985) �

Ware(1985)�Liangs Zeger(1986)�Diggle(1988)�Zeger, Liangs Albert(1988)�Jones
and Ackerson(1990)�Joness Boadi-Boteng(1991) �Diggle, Liangs Zeger(1994)�Da-

vidians Giltinan(1995)�Voneshs Chinchilli(1997)�VerbekesMolenberghs(1997)�
Verbeke s Molenberghs (2000) j� Diggle, Heagerty, Liang s Zeger (2002) ��LDD}S_~�92u�lI;�r} SAS�S-Plus ~&Fv$�8�H}WNPF$X�w�h-:�LDD&m�>��#rNyBm�}H-�tg�A��f^GYYH��+_'{e:�L�K�

9



§1.4.2 u�zd�
Zeger s Diggle(1994) j� Moyeed s Diggle(1994) _YY}eGv�}}��LDD�<,,GDD

Yij = β0(tij) +

K∑

l=1

βlX
(l)
ij + ǫi(tij), (1.2)-� β0(t) � t }�9b�mL� βl ��9OL� ǫi(t) s Xij �DD (1.1) H_�p�t� β0(t) 99eGOL��LZ.0 t =/�_j�-�,GDD (1.1) -)<DDL�s}�g|�DD (1.2) ���,G2 X

(l)
ij �� Hart s Wehrly(1986) �

Altman(1990) � Hart(1991) j� Rice s Silverman(1991) HO�� (tij , Yij) }(�L�eDD-)�<DDt℄L�s}������DD (1.2) si\�},G�L�J X
(l)
ij � Yij }9x�_j<DD�e�W������LQ�}$.��99La}0'℄�E5�����95�
t����4GYYe0� ASGA YYH}Gq�'t_�
���}{0�� HIV/CD4 \pLaH}�WsB�k CD4 N`�B�y CD4!��,*}{0U\�},Gy8�tg��L�v}#I_Pe;�'DD (1.2) �

§1.4.3 ��zd�R`Æ#�rjsi}�(�LC�mL� {
Yij , tij ,Xij

} ;D�w<$���L_M9} ”�L�J ”(curse of dimensionality) �kOO�0'x}H9rF�g|��C�(�LPu_�|}HhsO`vLI;�-:�k|3�9_o)b�e�opHV}(�LDD�fHh�K_}e�HV(�L�eDD�/�LDD�r26�
Yij = XT

ijβ(tij) + ǫi(tij), (1.3)-� β(t) = (β0(t), . . . , βK(t))T � (K +1) } t }b�mL4�� ǫi(t) s Xij � (1.1)H_�p�t���6G\�}.0� t �DD (1.3) I_� Y (t) � X(t) 0}e
10



G,GDD�_j,G�L βl(t), l = 0, . . . ,K, rj�DD (1.2) �-t}I;�$
X

(0)
ij ≡ 1, # β0(t) �.0 t b}F
�#e$?�t�_�,G�LrZ t =/�_j�9t}.0�<|z9t},GDD�DD (1.3) � Hastie s Tibshirani(1993)H_g-}e�/�LDD}eGh��℄�-�DD}X$�y��k�
)Hi�p�}YY�ij_�L�X$ β(t) }9tb�$���e�h7�V^<�25 (ordinary least squares local

polynomials)�X�h7�V� (penalized least squares)��;�R
� (two-step and

componentwise methods) j��QU� (basis approximation approaches) ��05H-:$�H�f~����� 3.2 �� 3.3 G�9<I_-:X$�y�$�}eG>J�5<�� 3.4 GMJ�-:$�}x}�
§1.4.4 �H ~�=1d�j�_L�}�eDDp<,
9/�K5E�Hh/�}p8i=;�}��x0x/�91i5e,:.��d4,�HOO?}��p8,:}�eDD�,�(CPLa}TC$���
p,GDD (�� Molenberghs s Ver-

beke, 2005) OOr&}�,�
�}Hh/���F:>�}8+=
��}�OHh/��g|��e:v}�xHh/�}p8,:�(CP,:.�l�eGi9}/
�� Box-Cox /
�NW3|/�y}/�}p8,:QU�5e}����L�vE�5�u:}8+=�/
rPHh/�o)�g.Lo}$�℄9<C/�p8,:PF;D����Grb�$�
̂ < logisticX$$�s�4} Nadaraya-Watson$��
Hall, Wolff s Yao (1999) /�
�t,:}Las9q
tHV}.0N�La�YY�p8,:mL}(�LX$�k���x;/�GLBp.����HV(�LDD}X$$�L=$Xv9Æ���p-x}Hh`vL&I;�Wu, Tians Yu (2010) si�' Cheng, Wei s Ying (1995, 1997) _YY},G/
;DHV

11



zd4La�j_�eJ>�}$��5?}�;^<�25$�YY�./,G/
DD (time-varying linear transformation model) #;/�9xsp8,:}X$�k�Hh2Bx��p8i=}�eDD9N[,3eYYH1I_.�Cheng,

Wei s Ying (1995, 1997) j_},G/
./DDI_�L�!��$.}HV(�Ll��t�Hh/�}p8,:�<-G��p8,:}HV(�L;D$�x}z� 3 H} NGHS La��� 4 G_J}-℄v$X$��Ej�y�$�|z�℄��usr�RRU}.0y8}�q6I�
§2 �z�u�z��#y

§2.1 ��>9�(d�l�YY;/��d4Hh/�}9x}eJ&F}�e$��Æu9xDDe���GH}
(a) �Jb��fatV�`i0x
?}9x�(b) �JGl00x
?}Ks�1���eGH}}�eDDe�&e��-'DD (marginal

model) �
li=DD (population average model) �1����GH}}�eDD�Z�9xDD (random effects model) �Gl>�DD (subject specified model)(�
Zeger,Liang s Albert,1988) ��Æu9xDD#9<-'�Z�9xHuh��h3x-'�Z�9xr*pU,G℄�.�.|z,GÆu9xDD (linear mixed

effects model) ��$.�?}_2�JDD�$ Yi = (Yi1, . . . , Yini
)T �� i Gl} [ni × 1]  x4�� ti = (ti1, . . . , tini

)T �!$}Gl.0�� Xi �-x} [ni × (k + 1)] ;/�_2�fH� j F9 (
1,X

(1)
ij , . . . ,X

(k)
ij

) � j = 1, . . . , ni �+!DD (1.1) }�K2 ǫi(t) 1ii=4�� 0 �;$K2� Vi(ti) }5e,:�# Yi �
�Z�CP4�
Yi ∼ N (Xiβ,Vi(ti)) , (2.1)

12



fH β = (β0, . . . , βk)
T � βj � (1.1) H_�p� N(a,b) 26iL4�� a �;$K2� b }�
5e,:�Woz (2.1) 9si Xiβ I_�I� Xi # Yi }p8i=�_ja9eG-'DD�DD (2.1) };$KHVsOCZ�9x�N�-℄sE��K-�GtV}{0�Z�9xt��
lHGl0}Z�/	��fx;/�,G{00x/�.�fH<,,G�Lrjt��s�N�-℄9teGl�9t.0�}E�=0-℄}Hh�&�fQYYH�-J-℄e��5}�pZ\E�}.00F$p�/7�hy�E��KsO&+!�5e}pGlMsGl0
-~
��a9�E�iW�GlM}Z�/	L&}���6eGl i �+!�E�.0� tij }I;/� Uij � [r× 1] 4��a�Æ;/�4� Xij rj-t�`rj9-t�+!Z�9x�N�-℄sE��K�GT,9,Gr*�# ǫi(tij) r26�

ǫi(tij) = UT
ijbi +Wi(tij) + Zij , (2.2)fH bi � [r × 1] Z�4��1i�
5e,: N(0,D) � D � [r × r] ;$K2�f� (p, q) 
V� dpq = dqp � Wi(tij) � i = 1, . . . , n �9i=� 0 }
�CPiW�f�.0� tij1 s tij2 _�x};$K� ρW (tij1 , tij2) � Zij � i = 1, . . . , n �

j = 1, . . . , ni��
�t,:Z�/��51i N(0, τ2),:�% δi(tij) = Wi(tij)+Zij �
δi =

(
δi(ti1), . . . , δi(tini

)
)T � Ui � [ni × r] _2�f� j F� UT

ij , #� (2.1) � (2.2)r|z Laird s Ware(1982) _I_},GÆu9xDD
Yi = Xiβ +Uibi + δi. (2.3)��-'9x β 26 Xi �
l`i0x
?}{0�� bi �J�I�I;/�

Ui }p8#� i Gl�
l}Ks�tg��I� Xi s Ui }p8#� (2.3) 2B
13



Yi � i = 1, . . . , n ��
�}CP4��p
Yi ∼ N

(
Xiβ,UiDUT

i +Pi + τ2Ii
)
, (2.4)fH� Pi � [ni × ni] ;$K_2�� (j1, j2) 
V� ρW (tij1 , tij2) � Ii � [ni × ni] u
_2��DD (2.2)};$KHVrX&_L�h���/�
�}F?La (�
�t,:La)}U�,GDD℄9 (2.2)H} ǫi(tij)OCE��K Zij {0}h��xDDH&�Z�9x�`�E��K.��K2℄9fN�-℄ ǫi(tij) = Wi(tij) �Pe;��h Wi(tij)�`i=� 0}`ÆCPiW�# ǫi(tij1)� ǫi(tij2)};$K��� Yij1 � Yij2 };$K�r=�

Cov (ǫi(tij1), ǫi(tij2)) = σ2ρ (|tij1 − tij2 |) , (2.5)fH σ95}OL�ρ(·)��OGmL�rPP"} ρ(·)�
>L-℄ ρ(s) = exp(−as)

(fH a �p� 0 }OL) �CP-℄ ρ(s) = exp(−as2) ~�x ǫi(tij) Ci=� 0}`ÆCPiWsi=� 0 }CP�� % (E��K) }{0.� Yij }$K�
σ2ρ(0) + τ2 ���� Yij1 s Yij2 (j1 6= j2) };$K� σ2ρ(|tij1 − tij2 |) �-� σ > 0,

τ > 0�ρ(·) ��O-℄mL�x�N�-℄.�GlM}-℄O�`�Z�9x�g.DD (2.4) H9_( Pi �
§2.2 �,{n�+D-��
§2.2.1 �HB�{n+D+! (2.2) };$K2 Vi(ti) 9� Rq }�L4� α g��% Vi(ti;α) 9� α�L�};$K2��9 (2.1) }�LU�mL�

L(β, α) = c+

n∑

i=1

{
−
1

2
log |Vi(ti;α)| −

1

2
(Yi −Xiβ)

T V−1
i (ti;α) (Yi −Xiβ)

}
, (2.6)
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fH c =
∑n

i=1[(−ni/2) log(2π)]. ��I�} α �
β̂(α) =

[
n∑

i=1

(
XT

i V
−1
i (ti;α)Xi

)
]−1 [ n∑

i=1

(
XT

i V
−1
i (ti;α)Yi

)
]

(2.7)�p� (2.6) �Æl[7�DD (2.1) #� β̂(α) � β }�^X$�<C$X| β̂(α) };$K2�
Cov

[
β̂(α)

]

=

[
n∑

i=1

(
XT

i V
−1
i (ti;α)Xi

)
]−1 [ n∑

i=1

(
XT

i V
−1
i (ti;α)Cov(Yi)V

−1
i (ti;α)Xi

)
]

(2.8)

×

[
n∑

i=1

(
XT

i V
−1
i (ti;α)Xi

)
]−1

=

[
n∑

i=1

(
XT

i V
−1
i (ti;α)Xi

)
]−1

.x>�}$K;$K_2}HV95�.� (2.8) }��G~q9T��Pe;Hu (2.1) � (2.7) s (2.8) �ry|_ β̂(α) 1i�
5e,:��
β̂(α) ∼ N



β,

[
n∑

i=1

(
XT

i V
−1
i (ti;α)Xi

)
]−1



 . (2.9)x α i9.�Æ}j�HhrI_ β }CB	�1[v$�~y�$��

§2.2.2 B�{n+D�p�L0'v}#�α 9�9}�+
}z α}-uX$�X$ β s α}eG<_$�9℄� β s α t.�p� (2.6) �-��pU� (maximum likelihood �2S ML) X$rsi< (2.7) r� (2.6) H��y℄� α �p� (2.6) �|�% β̂ML� α̂ML �_|} ML X$�?}p℄'�-#}1[$��℄r|z (
β̂ML, α̂ML

)}:Q,:�
15



5�hp�L��U�}$�J℄�R` (
β̂ML, α̂ML

)b�e:u�}v$GF�wa�0'x}HrN9$�3o���&6#eJX$$��/4�F:v}#rF�#?�9o)b�
��Kp n1 = · · · = nn = m }eG2u},G�eDD
Yi ∼ N

(
Xiβ, σ

2Im
)
, (2.10)-� Im � [m×m] u
_2� β s σ �DD}�L�% β̂ML s σ̂ML ,3� β s

σ } ML X$� RSS �AK`$s��
RSS =

n∑

i=1

(
Yi −Xiβ̂ML

)T (
Yi −Xiβ̂ML

)
.# σ2 } ML X$� σ̂2

ML = RSS/(nm). ���+} n � m �
_M9 σ̂2
ML � σ2}�^X$�w�*H=} σ̂2

REML = RSS/[nm− (k+1)] ℄9 σ2 }�^X$�gb
σ̂2
REML �DD (2.10) H σ2 }+D�pU� (restricted maximum likelihood �2=�

REML) X$�
§2.2.3 Æ9B�{n+D��X$,GDDH$K,�� Patterson s Thompson (1971) j_�+D�pU� (REML) X$$��fS_Q/9�Æ0x/�l,G/
�3|/
y}/�},:� β �℄�$ Y =

(
YT

1 , . . . ,Y
T
n

)T
, X =

(
XT

1 , . . . ,X
T
n

)T � V �`� i S��y Vi(ti) |fa
VD� 0 }y��_2���� α �L�} V , DD (2.1) ~,�
Y ∼ N (Xβ,V(α)) , (2.11)fH α&S�DD (2.11)}$K,��α } REMLX$℄9si�p� Y∗ = ATY}U�mL|z}�-� A� [N×(N−k−1)]}�3E_2�p3ep8 ATX = 0,fH N =

∑n
i=1 ni �℄� A }V!�r�6 Diggle � Liang s Zeger(1994 �6� 4.5
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G) ��9� (2.11) r9
 Y∗ 1ii=� 0 �;$K2� ATV(α)A }�
5e,:� Harville(1974) &6 Y∗ }U�mL�
L∗(α) =

∣∣∣∣∣
n∑

i=1

XT
i Xi

∣∣∣∣∣

1/2 ∣∣∣∣∣
n∑

i=1

XT
i V

−1
i (ti;α)Xi

∣∣∣∣∣

−1/2{ n∏

i=1

|Vi(ti;α)|
−1/2

}
(2.12)

× exp

{
−
1

2

n∑

i=1

(
Yi −Xiβ̂(α)

)T
V−1

i (ti;α)
(
Yi −Xiβ̂(α)

)}}OL$� α } REML X$ α̂REML �p� (2.12) �} α̂REML }r (2.7) H} α �.�| β } REML X$�70�� (2.12) 9g�� A }P"�[ β̂REML s α̂REML`9g��bl},G/
�
Y∗ }�LU�mL log[L∗(α)] � Y }U�mL L

(
β̂, α

) OKeG9g� α }OLseG9g�� β }mL
−
1

2
log

∣∣∣∣∣
n∑

i=1

XT
i V

−1
i (ti;α)Xi

∣∣∣∣∣ A!#t� REML $�� ML $�i��U�Æ��_ja9
b�-uG�:Q5eGs:Q�9G~K_�-GF�����0'H�-�,H}
eX$$�
9NeB�~�#eG��p�,}X�`9t� ML �9t.X$\�9x�$K,��� REML �O9X$$K,��
§2.2.4 ��}�J�|}HhrV! β}-℄v$y��℄�y�s1�}.!}MJr�o
) Diggle(1988) �Zeger�Liangs Albert(1988)�Diggle�Liangs Zeger(1994)j� Vonesh s Chinchilli(1997) ~�-�O} Gh��OB�+! α̂ � α }eG-uX$�rj9 ML X$ α̂ML �`rj9 REML X$
α̂REML �} α̂ mr (2.9) H} α �#A�x n vp.� β̂(α̂) },:r�5e,:QU��

β̂ (α̂) ∼ N
(
β, V̂

)
, (2.13)
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fH V̂ =
[∑n

i=1

(
XT

i V
−1
i (ti; α̂)Xi

)]−1
. +! C �i9} [r× (k+1)] F3E_2��

(2.13) �|
x n [,p.� Cβ̂(α̂) },::Q�
Cβ̂ (α̂) ∼ N

(
Cβ,CV̂CT

)
. (2.14)�9 Cβ }CB�L� [100 × (1− a)]% ( fH 0 < a < 1) }QUCBz0�

Cβ̂ (α̂)± Z1−a/2

(
CV̂CT

)1/2
.$�5H C ���� l 
V� 1 �f�D� 0 } (k + 1) }F4��.|z βl }CB�L� [100 × (1− a)]% QUCBz0

β̂l (α̂)± Z1−a/2

√
V̂l, (2.15)-� V̂l � V̂ }� l G��
V�t℄Æ} (2.14) }:QG��9rjV!,Gv$+!}1[v$���1[�+! Cβ = θ0 �%"+! Cβ 6= θ0( θ0 �i9OL4�) �eG`�}1[v$��

T̂ =
[
Cβ̂(α̂)− θ0

]T (
CV̂CT

)−1 [
Cβ̂(α̂)− θ0

]
, (2.16)��+!#�<5QU1i`��� r } χ2 ,:�%l χ2

r ��9x T̂ > χ2
r(a).�℄j (100× a)% 1[N``h�+!�fH χ2

r(a) � χ2
r }� a ,
��h��x�+!� βl = 0 �%"+!� βl 6= 0 .��U� (2.16) }yy�r|z�+!}`h	��x

∣∣∣β̂l(α̂)
∣∣∣ > Z1−a/2

√
V̂l,`h�+!�fH Z1−a/2 s V̂l }�p6 (2.15).

§2.3 � ��d�5�� 1.4 G_g-}�l�y
-',GDD}eJ��� Zeger s Dig-

gle(1994) � Moyeed s Diggle(1994) iYY�-�DD���KiWPe;�K�D
18



D (1.2) ~,�
Y (t) = β0(t) +

D∑

l=1

βlX
(l)(t) + ǫ(t), (2.17)-� ǫ(t)9i=� 0�$K� σ2 p-℄mL� ρ(t)}Z�iW�X(l)(t), l = 1, . . . ,D,s ǫ(t) 
��DD (1.2) H}�K ǫi(tij)� ǫi(t) }
�K5����I ǫi(tij) ��9o)�#,I5

ǫi(tij) = Wi(tij) + Zij, (2.18)fH Wi(t) 9i=� 0 �;$KmL� σ2
W ρ(t) }`ÆiW W (t) }
�K5� Zij9i=� 0 �$K� σ2

Z }
�t,:}E��K�E�= Yij A#, i = 1, . . . , n �
j = 1, . . . , ni �};$KHV�

Cov (Yi1j1 , Yi2j2) =





σ2
Z + σ2

W , �h i1 = i2 � j1 = j2,

σ2
W ρ(ti1j1 − ti2j2), �h i1 = i2 � j1 6= j2,

0, fa� (2.19)R`j�DDr&e�� (1.3) }eGh��e�HV(�LDD�<�DD<�#eGg-�wa9}X$$��F�9t�-9t�-��DD}HV9t�C#��'G<K�g- β0(t), β1, · · · , βk }X$}�r$���d4La,�H�S_}qY�	�H�v$y�$�sX$$���Hk℄�<DD#}-:$�}��9o�I�=|Pe;YY�
§2.4 iR�(�	K*/:��+!DD (2.17) }`i0x9�l`.0|
tfa;/��#DD (2.17)℄reH�

Y (t) = β0(t) + ǫ(t), (2.20)fH ǫ(t)� (2.17)_�p�β0(t)�I�.0 t}p8# Y (t)}`i0x�� β0(t) =

E[Y (t)|t].

19



eG`�}$�9K}U�
�t,: (i.i.d) #}b�!I|z β0(t)}(�X$�5sio)GlM-℄}{0�b,_|X$}v$GF�eG2u$�9?}rb� (kernel smoothing) $��-x�}eGrmL�p}� t �	M}E�=}*�`i�X$ β0(t) �$ K(u)�eG�O}rmL�sO��p�0O�}eG�O}>*<�mL� h �eG5}q{N��px n y��wp.�<N�<y� 0 ��U�TC} i.i.d vE#} Nadaraya � Watson DrX$� β0(t) }eGrX$�
β̂K
0 (t) =

∑n
i=1

∑ni

j=1 {YijK [ (t− tij)/h]}∑n
i=1

∑ni

j=1K [ (t− tij)/h]
. (2.21)�� (2.21) �6eE�=?}�-t��tg�b�9tK5E�hL}Gl9lz,����K5E�hLB�}GlsO)K5E�hLB�GlNjPL�}B���eG`�}$�℄9I6GGl,\h�}��}

β̂K
0 (t;w) =

∑n
i=1

∑ni

j=1 {YijwiK [ (t− tij)/h]}∑n
i=1

∑ni

j=1 {wiK [ (t− tij)/h]}
(2.22)�X$ β0(t), fH�� w = (w1, . . . , wn) 3e wi ≥ 0 � i = 1, . . . , n �p�F:

1 ≤ i ≤ n �<9~5XET��&��x wi = 1/N .�# (2.22) ℄eH� (2.21) �9t wi = 1/N }#eG<_rP"}�9�6GGl��99�6hE��I�-t}��-x}rX$℄9 (2.22) H} wi = 1/(nni) }vE�
Hart s Wehrly(1986) � Müller(1988) � Altman(1990) � Hart(1991) j� Rices Silverman(1991) ~`YY� (2.20) }faX$$��-�9�g-�BC~}Æ,r�6-℄
)��� (2.22) �M}j�_L�}$��-:$�'F�
9��^<b�}�'Q/�[�0'HsO
|_�UHh�-�#eG<_g-}b�$�ET�%B}�)���_/�}DDL�5��tg9t}b�$�OO
yB��9t}Hh��| β0(t)}eGeWo}rX$℄7��P":x}
{ h��rmL}P"-��Z9J4K_���rb�$�j|}faX$$��Z��℄p (spline)
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$��-℄-x�P"eG:x}b��L�Rice s Silverman(1991) ;r}2u?H[7 (cross-validation) $��P"La|	}�9g��GlM-℄HV}b��L�<`9}?H[7$�x}�rX$ (2.22)�A$�% β̂
(−i,K)
0 (t;w)�} (2.22)s�`� i Gl}_�K5E�=y}La$X} β0(t) }X$�5} β̂

(−i,K)
0 (t;w)��E� i Gl� t .t}Hh�# (2.22) }?H[7|,�

CV(h) =
n∑

i=1

ni∑

j=1

{
wi

[
Yij − β̂

(−i,K)
0 (tij;w)

]2}
. (2.23)+! (2.23)��e}h7=�# ”%e?H8[� ”}
{ hcv �fh7=��t��7� (2.23) �-x�QU�7��`i�E�K (2.22), tgx} hcv 9u�}�L�℄�-J?H8[�}x}sy
}MÆ<�� 4.7 Gg-���6hK5
I_�`eG�Gl�tg<C$X (2.23) sOv+.0�$ Kij = K[(t− tij)/h],

K∗
ij =

wiK[(t− tij)/h]∑n
i=1

∑ni

j=1wiK[(t− tij)/h]
, K∗

i =

ni∑

j=1

K∗
ij , i = 1, . . . , n.

Rice s Silverman(1991) �j_�eG2u$X [Yij − β̂
(−i,K)
0 (tij ;w)] }$���

Yij − β̂
(−i,K)
0 (tij ;w)

= Yij −


β̂K

0 (tij ;w)−
ni∑

j=1

(
YijK

∗
ij

)


(
1 +

K∗
i

1−K∗
i

)

=
[
Yij − β̂K

0 (tij ;w)
]
+

ni∑

j=1

(
YijK

∗
ij

)
−


β̂K

0 (tij ;w) −
ni∑

j=1

(
YijK

∗
ij

)


(

K∗
i

1−K∗
i

)

=
[
Yij − β̂K

0 (tij ;w)
]
+

(
K∗

i

1−K∗
i

)

∑ni

j=1

(
YijK

∗
ij

)

K∗
i

− β̂K
0 (tij;w)


 . (2.24)j�-G2n59X8/� (2.22) _�p}rX$}�x?}℄p~fab�$�.��99rN�|3 (2.24) ~q�CJ℄B�}2n5�tg9|9?}eh�`eGGl}$��<C$X (2.23) �
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�� β̂K
0 (t;w)}i=�$Ks:Q,:�r�|fp℄'y��Woz β̂K

0 (t;w)� Yij },Gv$��[fi=s$Kr<C$X�i�f:Q,:`Æl�|�70���_[7o)�GlM-℄:y}��2�}HA�+��T��r��6 Wu � Chiang s Hoover(1998) s Wu s Chiang(2000) �t� β̂K
0 (t;w) �� 4 GrX$}h���� β0(t) }R�j�t.}y�!G<�� 5.1 Gg-�

§2.5 � ��d���x[�(�+Dx<`.0|};/�v�DDy�#rsi�ub���LX$!n}�r�| (β0(t), β1, . . . , βk) }X$�+!��_� ti = (ti1, . . . , tini
) s i = 1, . . . , n �

(2.18) H�K2 ǫi(t) }$K;$K2 Vi(ti) i9��rr��#$�PF

(a) $ β0(t) � 0 �} Vi(ti) }r Vi(ti;α) y�?}
ph7�V� (2.7) $X

(β1, . . . , βk)
T }^4=�

(b) ��xkX$ (β̂1, . . . , β̂k) �$XAK rij = Yij −
∑k

l=1 β̂lX
(l)
ij ��y} rij }r

(2.21) H} Yij y$X β0(t) }rX$ β̂K
0 (t;w) �

(c) ��_|}rX$ β̂K
0 (t;w), $XAK rij = Yij − β̂K

0 (tij;w) �5} (Vi(ti), rij)}r (Vi(ti;α), Yij) y� (2.7) L� (β1, . . . , βk) }X$�
(d) K5;P (b) s (c), <zX$?��<X�� Hastie s Tibshirani(1993) _�J}he�}yzPu (backfitting) X�}eGh��+!-℄HVi9990'}�r'{-e+!�R`95�>�-℄HV
\+X$9N�wp59{0X$}-uG�x$K;$K2r� α �L��p�K2�`i=� 0}CP`ÆiW.�j��r$�rHu�eG}U�s�KU�$�eh3}��<� (a) � (c) ;_?}}
ph7�VX$m
T��U
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�}X$ β̂ML � β̂(α̂REML) �℄�<X$}$X�v$GFj�H=}X$$�}!G�r�6 Zeger s Diggle(1994) � Moyeed s Diggle(1994) �w��<X$}y�$���&�vYY���sPe;�'�
§3 x�z��zd�'GI_�X$DD (1.2) H�L{, β(t) = (β0(t), . . . , βk(t))

T }e��9tb�$��j��� β(t) }b�X$}:Qs Bootstrap }y�$��si� 1 }
��2N7� (ASGA) YYs� 2 }��}E�HAÆ^4�� (BMACS) YY�&6-:X$sy�}x}�
§3.1 %�+)�z�vR`Æ#�;/�rj9Z�}`rj9\�}�w�_JYYH�;/�sO9Z�}�℄3Gl9&Z�P"e℄���s}G�+! X(t) 9Z�}�p
E
[
X(t)XT (t)

]
≡ E

XX
T (t) l��t�Ui:x}0q/��j#$�℄rH=T:}�;/�(Z�}vE�DD (1.3) }eG~,2n5�

Y (t) = XT (t)β(t) + ǫ(t), (3.1)fH ǫ(t) 9i=� 0 }Z�iW� ǫ(t) � X(t) 
��+! E
XX

T (t) rQ�fQ�
E−1

XX
T (t) �#� (3.1) r<Cy| ǫ(t) }�E_

E
{[

Y (t)−XT (t)β(t)
]2}

= inf_� b(·)
E
{[

Y (t)−XT (t)b(t)
]2}

(3.2)NW℄� β(t) �e�7��ph7=��
β(t) = E−1

XX
T (t)E [X(t)Y (t)] . (3.3)x;/�9g��.0.�#� X(t) ≡ X s E

XX
T (t) ≡ E

XX
T , tg (3.3) ℄eH�

βr(t) = E

[(
k∑

l=0

erlX
(l)

)
Y (t)

]
, (3.4)

23



fH erl � E−1
XX

T }� r F� l ��}
V�
§3.2 �,B����/:
§3.2.1 %s(v<_�� (3.2) 2B β(t) r�� t �	M}_JE�=si^<h7�V�}$��X$���6G l sFG4L p ≥ 0 �+� βl(t) � p hr��pf p EyL�O�#��6G l = 0, . . . , k � βl(tij) r�eG p E�25 ∑p

r=0{blr(t)(tij −

t)r} QU��9��Q�r} β(t) = (β0(t), . . . , βk(t))
T }^<�25X$� b̂0(t) =

(
b̂00(t), . . . , b̂k0(t)

)T �-� {b̂lr(t); l = 0, . . . , k, r = 0, . . . , p} �7�
Lp(t) =

n∑

i=1

ni∑

j=1

wi

{
Yij −

k∑

l=0

[
X

(l)
ij

(
p∑

r=0

blr(t)(tij − t)r

)]}2

K

(
tij − t

h

)
, (3.5)fH wi � (2.22) H_�p}(9�K� K(·) �eGrmL�sOP">*<��

h �(9
{� (3.5) `2B�9r} (r!)̂blr(t) �X$ βl(t) }� r EyL βr
l (t),

r = 1, . . . , p �
§3.2.2 B���7+D

(3.5) }h2uvE�e�h7�VrX$�`Sf�^<\�Pu�a9si�7� p = 0 vE} (3.5) |z}�?}_226�% Yi = (Yi1, . . . , Yini
)T ,

Xi =




1 X
(1)
i1 · · · X

(k)
i1

...
...

...
...

1 X
(1)
ini

· · · X
(k)
ini


 , Ki(t) =




Ki1 · · · 0
...

...
...

0 · · · Kini


fH Kij = K[(tij − t)/h] ��h ∑n

i=1X
T
i Ki(t)Xi rQ�# p = 0 vE} (3.5) N&�e�7��f�7=��� β(t) }rX$��

β̂LSK(t) =

(
n∑

i=1

wiX
T
i Ki(t)Xi

)−1( n∑

i=1

wiX
T
i Ki(t)Yi

)
. (3.6)xDDH9�l`.0|}fa;/�.�� k = 0�(3.6)℄e�p8e� E[Y (t)|t]}eG Nadaraya-Watson DrX$�r�6 Härdle (1990) �
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§3.2.3 B���P���+DR` (3.6) �2u}LQ2n5�wx t �f8R}-J.�sO
yB&T}^�3�-J-J^}e�$�9?}CE^<�25Pu�w��CE^<�25PusOI_p℄'�p$Xm�Bp�[�L�x}H9rF�eGN`	�5-J^}0}$�9?}�7� p = 1 vE} (3.5) }^<,GPu�%
Nlr =



∑

i,j

[
wiX

(l)
ij X

(r)
ij Kij

] ∑
i,j

[
wiX

(l)
ij X

(r)
ij (tij − t)Kij

]

∑
i,j

[
wiX

(l)
ij X

(r)
ij (tij − t)Kij

] ∑
i,j

[
wiX

(l)
ij X

(r)
ij (tij − t)2Kij

]

 ,

Nr = (N0r, . . . ,Nkr), N = (N T
0 , . . . ,N T

k )T ,

Mr =


∑

i,j

[
wiX

(r)
ij YijKij

]
,
∑

i,j

[
wiX

(r)
ij (tij − t)YijKij

]



T

,

M = (MT
0 , . . . ,M

T
k )

T , bl(t) = (bl0(t), bl1(t))
T �b(t) = (b0(t), . . . , bk(t)

T �r, l = 0, . . . , k.$ L1(t) ℄� blr(t) }^yL~� 0 �� p = 1 vE# (3.5) }5#$W�
N b(t) = M. (3.7)+!_2 N �.0 t brQ�# (3.7) ��eI�p� b̂(t) = N−1M �tg

βl(t) }h7�V^<,GX$ β̂LSL
l (t) �
β̂LSL
l (t) = eT2l+1b̂(t), (3.8)fH eq �� q 
V� 1 f�D� 0} [2(k+1)× 1] �4���U�r|ze�}CEh7�V^<,GX$}&62n5��6 Hoover ~ (1998) �����
)H_(} z_�&�fQ-℄�k�^<,GPuiUeW�_j-�9.!g-e�CE}X$�

§3.2.4 :�;�x[�B����e:v}#���DD (3.1) H}F:;/�9N}z 0 ��[�,�L{, β0(t)5�0'op�� ASGAYY (� 1.2.1 G) H}Gq
Yx���k"C�
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HIV/CD4 \p℄� (� 1.2.2 G) H}GlB�k CD4 N`�i�XE}5=;/��-Jv}#�eG�}}8\$�9<DDH};/�HA��3|-x}�,�LrI;�HA�y};/����. Y (t) }p8i=�$ X(∗l)(t) = X(l)(t)−E[X(l)(t)] � X(l)(t) }HA�� X(∗)(t) ��f<,��<
V&HA�};/�4��#DD (3.1) }eG~,E5�
Y (t) =

(
X(∗)(t)

)T
β∗(t) + ǫ(t), (3.9)fH β∗(t) = (β∗

0(t), β1(t), . . . , βk(t))
T �WozDD (3.9) }�,�L{, β∗

0(t) ℄9$ X(∗l)(t) � l = 1, . . . , k �~� 0 . Y (t) }i=� (3.9) Hfa�L{,}I;r�U� (3.1).A$X$ X
(l)
ij }HA�;/� X

(∗l)
ij ��y} X

(∗l)
ij mr (3.5) H X

(l)
ij �5�7� (3.5) .r�| β∗(t) }X$��h X(l)(t) �.0g�;/��J4?}rb��� X

(∗l)
ij = X

(l)
ij − µ̂l(tij) �X$ X

(l)
ij }HA�E5�-�

µ̂l(t) =

∑n
i=1

∑ni

j=1

{
wiX

(l)
ij Γl[(t− tij)/γl]

}

∑n
i=1

∑ni

j=1 {wiΓl[(t− tij)/γl]}
, (3.10)fH (Γl(·), γl) �egrs
{�g|��h X(l)(t) ≡ X(l) �.09/}�# X

(l)
ij ≡

X
(l)
i �j = 1, . . . , ni�X(∗l)

i r}� X
(l)
i −X̄(l)�fH X̄(l) = n−1

∑n
i=1X

(l)
i � X(l)}*�℄'`i�$ X

(∗)
i � ni×(k+1)HA�;/�_2�f� jF� (1,X

(∗1)
ij , . . . ,X

(∗k)
ij )�# β∗(t) }eGh7�VrX$�

β̂∗LSK(t) =

[
n∑

i=1

wi

(
X

(∗)
i

)T
Ki(t)

(
X

(∗)
i

)T
]−1 [ n∑

i=1

wi

(
X

(∗)
i

)T
Ki(t)Yi

]
, (3.11)fH Ki(t) s Yi � (3.6) H_�p�

Wu, Yu s Chiang (2000) YY� β̂∗LSK(t) }p℄'GF�`9}Hh2B
β̂LSK(t) s β̂∗LSK(t) H
teG
9NeB�~�#eG�h39x;/�9Z.
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0/
.� β̂LSK(t) � β̂∗LSK(t) :Q-~����� l ≥ 1 �� X(l)(t) Z.0/�&T�#rsiHA� X(l)(t) |z βl(t) }�-�s0'�L~}X$�x��<;/�HA�y�DD}�,�L{,<�_=/�;/�9/HA�S_g��-x�,�L{,}&�QI;�xYY,_BC~9/�9x}X$GF��99�,�L{,.�℄rHA�;/��&��`rb�|}fa$�`rj}�HA�;/�vE}X$�w��b�;/�}5�G�` (3.11)|}X$}v$GF
)H��&YY�
§3.2.5 %'GÆ�5j�jz}X$�9`9/�HA��9�HA�};/��
9g��ue
{�X$?_� (k+1)p�L{,�x_�{,�'H�-t}b�f.�-J2u$�b�vo}9h�w-J�/v}�0'H59O6�tg�L�0}}$�9NWJa9t}�L{,�b�}9t_x`	�4
{}!�$��℄�ue
{}l��*�
)Hi�L�%��� Hoover ~ (1998) � Fans Zhang(2000) � Wu � Yu s Chiang(2000) ~�-:l,�j_�L�fa$�
(6� 4.3-4.6 G) �s1-:l�9e�fH Wu � Yu s Chiang(2000) j_}2u$�9},Ggu


β̂(t;K,h) =

k∑

l=0

eTl+1β̂(t;Kl, hl), (3.12)-� K(·) = (K0(·), . . . ,Kk(·)), h = (h0, . . . , hk), ep � [(k + 1) × 1] }4��p���
p 
V� 1 �f�D� 0 � β̂(t;Kl, hl) �,3� (3.6) � (3.11) I_} β(t) � β∗(t)}rX$�fH Kl(·) �r� hl �
{�<_�� β̂(t;K,h) g��bl}e�rs
{�X$-x} β(t) � β∗(t) },��f0rl�eGe�$�� (3.12) 9O+�rX$�`r}�fa^<�25X$�
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§3.2.6 wi ��2{0 β(t) }h7�V^<�25X$}�-GFs0'9h}eGK_tV9 (3.5) H wi }P"���
�t,:}F?LaYY�P"eB}� wi ≡ 1/NOO9r}}����(.\℄�� wi }P"xg��GlM}-℄HVsK5E�L ni ����0'�La}-℄HVsO}��9�pvL&X$�tgsOo)S_�P"��� wi = 1/N s wi = 1/(nni) �fH N =
∑n

i=1 ni. <_��
wi = 1/N 9�6G_J�,\-t��� wi = 1/(nni) 9�6GGl,\-t���-��xF: ni )fapL�.�P" wi = 1/N rN
|z9-u}h7�VrX$�w9` ni 0}K3�p��� wi = 1/(nni) }h7�VrX$p
9-u} (Hoover ~� 1998 � Wu s Chiang � 2000) �
§3.3 ��B����+! β(t)}_�,�℄� t
�h�Or��pf�EyL�J�̀ $r��#e�X�h7�V (penalized least squares) [#9℄� βl(t) �7�

J(β, λ) =

n∑

i=1

ni∑

j=1

{
Yij −

k∑

l=0

X
(l)
ij βl(tij)

}2

+

k∑

l=0

λl

∫ [
β

′′

l (t)
]2

dt, (3.13)fH λ = (λ0, . . . , λk)
T , λl �5}b��L� (3.13) }h7=}l�Gs�eGg�� tij � X

(l)
ij �+� (3.13) ��eh7=��# (3.13) }h7=�℄�p� β(t) }X�h7�VX$ β̂PLS(t) = (β̂PLS

0 (t), . . . , β̂PLS
k (t))T �?}�U�u/�}b�!I�rjlz β̂PLS

l (t) �j9t {tij : i = 1, . . . , n, j = 1, . . . , ni} �H�}`�N�h℄p�NW&26� {Yij : i = 1, . . . , n, j = 1, . . . , ni} },GmL�9t�� (3.5)_|}X$�β̂PLS (t)}X�2?}��Gb��L λl �(3.13)HX�2}_� (k + 1) Gb��L λl, l = 0, . . . , k, 
rj�G� Hoover ~ (1998)siL=Hh&6
�OgpeGb��L}h7�V^<�25-)B��Kb��L_q�}L�!�G}�N3|f�|Lo}X$����t��_�9t
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.0� β̂PLS(t) 
�H��_jx9t.0�}GLBp.��9`wd4YYH_O6}vE�f$Xm�
(Op�
§3.4 Z�/:����pÆ�}d4La���jP$X�:H�!�}b�X$� Fan s
Zhang(2000) j_X$ β(t) }�;b�� (two-step smoothing method) �<$�`?}� (k + 1) Gb��L�w$�9t� (3.12) � (3.13) �bl;P�#

(i) $X β(s) �9t}.0�}^4X$ β̂RAW (s) �.0�� s1, . . . , sm �fH mrg�� n s ni, i = 1, . . . , n �
(ii) sib�^4X$ β̂RAW

l (sr), r = 1, . . . ,m ��X$6G�L{, βl(t), l =

1, . . . ,m �R` Fan s Zhang(2000) 9si^<�25�MJ-e$��wÆ#��<$�`r}�fab�$���℄p���`wd4La��_�Gl�-t.0� sj � j = 1, . . . ,m, m = ni,

i = 1, . . . , n �
�_E=�#^4X$rsi,GDDPu (Yij ,Xij), j = 1, . . . ,m|z�w9x!$�9`w.��p�L0'v}
_(�F:.0�N_EzGlLv���g.$X^4X$℄+IHu�Q.0�}_E�h39rA$?}b�B7
{}^<�25 (3.5) $X β̂RAW
l (sr), l = 0, . . . , k ��y< β̂RAW

l (sr) l��La�si℄� blr(t) �7�
LTS
p,l (t) =

m∑

j=1

{
β̂RAW
l (sj)−

p∑

r=0

blr(t)(sj − t)r

}2

Kl

(
sj − t

hl

)
(3.14)|z βl(t)}X$�fH (Kl(·), hl)�e��rs
{�� (3.5)5�U��h b̂TS

lr (t)�
r = 0, . . . , k 9 (3.14) }�eh7=��# b̂TS

l0 (t) � βl(t) }�;� p E^<�25X$�� (r!)̂bTS
lr (t) r}�X$ βl(t) }� r EyL�
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(3.5) 9�_� βl(t)?}�ue
{��|X$���;b���:9t�Æ#�arJa6p�L{,�b�}hDI_!��Gf
{���3}xk}�;b�}S_~L9�V;(`wd4La}^4X$$?���bl}�0}}>y�FGLa|	}
{�$X^4X$shIX$<L�0}�℄�9t^4X$�hI�;X$}�-GFs05}{0�kHk�9ua���sPe;YY�
§3.5 r}x�x[��zm��<0/:x;/��.9/.���4GYYe0�d>[}b��Y\��� (3.3)i�|z}eGL!��$XrFX$ β(t)}$�9,3� β(t)}6G
Vb��$ Z(r)(t) = [

∑k
l=0 erlX

(l)]Y (t), Xi = (1,X
(1)
i , . . . ,X

(k)
i )T 9� i GGl};/�4�� êrl 9_2 (Ê

XX
T )−1 }� (r, l) 
V�fH Ê

XX
T = (1/n)

∑n
i=0XiX

T
i . [

Z(r)(t) }eGv`�}X$� Z
(r)
ij = [

∑k
l=0 êrlX

(l)
i ]Yij . � (3.3) r9� βr(t) }R
b�X$rsib� Z

(r)
ij (i = 1, . . . , n, j = 1, . . . , ni) |z�h39 βr(t) } p(≥ 0) E^<�25X$� b̂COM

r0 (t) �fH b̂COM
rl (t), l = 0, . . . , p ��

LCOM
p,r (t) =

n∑

i=1

ni∑

j=1

wi

{
Z

(r)
ij −

p∑

l=0

brl(t)(tij − t)l

}2

Kr

(
tij − t

hr

)
, (3.15)℄� brl(t)}�e�7=���� p = 0 }^<OLPu� (3.15) y_}R
rX$�

β̂COM
r (t) =

∑n
i=1

∑ni

j=1

{
wiZ

(r)
ij Kr [(tij − t)/hr]

}

∑n
i=1

∑ni

j=1

{
wiKr

[
(tij − t)/hr

]} . (3.16)

Wus Chiang(2000)I_� β̂COM
r (t)}p℄'i$�K�Wu�Yus Yuan(2000)j_�V; βr(t) }QU:QR�st.CBz0}$��R`� p ≥ 1 vE�5�I_bl}:Q.'s:Q,:�w-:HhICEX$ b̂COM

r0 (t) }:QGq��Gb� Wu s Chiang(2000) � Wu � Yu s Yuan(2000) }Hh2B β̂COM
r (t) ��
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-?�W�s0'x}}!�G$?
~�)rX$ (3.6) ���R
^<�25X$�`esb�h7�V� (3.5) }�U~��vB&��7� (3.15) 5(O�}R
b�$��+!!$.0��eGN� [a, b] !�M�p βr(t) � [a, b] �℄� t 9�hr�}�##eGrF}$�9}X�h7�VX$ β̃COM
r (t) �X$ βr(t), fH β̃COM

r (t) �
JCOM
r (βr, λr) =

n∑

i=1

ni∑

j=1

{
wi

[
Z

(r)
ij − βr(tij)

]2}
+ λr

∫ b

a

[
β

′′

r (s)
]2

ds (3.17)}�7=��-� λr �eG(9}b��L�?}� 2.3G-t}Æ��Æl7B

β̃COM
r (t)�eG`��h℄p�H��9t.0� tij; i = 1, . . . , n, j = 1, . . . , ni �Pe;�?}~,r$��Chiang �Rice s Wu(2001) y_� β̃COM

r (t)}:Qi$�Ks:Q,:�� (3.13) }�GX�h7�V�-)� (3.17) pp2��$X�t�k,9�eG�l_� (k + 1) 
V}p,G�vxI�y,#9,3� (k + 1)G,G�vxI�$X�}~�3| (3.17) �p�Lv}rj0,�� (3.13) }$X�vp�3|~�<5sO9o0'�
§3.6 �4�M{�/:j��J}_�b�$�i�^<b��FJop�=��O� t }FG�	M}E�=&�9}�X$ β(t) �R`x_��L{, βr(t) �(�L.^<b�v�9�wxe:�L{,�i9�LE5.��<,,GDD (1.1) �^<b�<9:}��^<b�-)�?}�QU (basis approximations)X$��GK_}~�

(I)�- β(t)}
V��L�9(�L�ir}<$�X$ β(t)�tg���L�(�L}/�LDDir?}<$�� (II) xZ�9x_(.�r`�i=<Z�9xu5z(�L���LDDH� (III)�b�℄p-)�F��25� B- ℄p~&F}�X$sOg�L�}H��QU2�tg$X�pp~�b�℄p�^<
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�25�R`Æu9x}X$�HJv}#
vCK=�w-�Og--'DD�A�f�Æu9xDD}�'r�6 Rice s Wu(2000) �S_Q/9
A$si�'q� Kr 2}�mLQU βr(t) �fH Kr rZ ny��wp�y��wp�`rj9y��wp��ysiX$<�'}�L�X$ βr(t)���6G r = 0, . . . , k �$ Brs(t), s = 1, . . . ,Kr, �eg�mL��h βr(t)rsi Brs(t), s = 1, . . . ,Kr }eG�'�QU�#l�egOL γrs 3|
βr(t) ≈

Kr∑

s=1

γrsBrs(t). (3.18)< (3.18) r� (1.2) �|z/�LDD}eGQU��
Yij ≈

k∑

r=0

Kr∑

s=1

X
(r)
ij γrsBrs(t) + ǫi(tij). (3.19)�h��_� r = 0, . . . , k � βr(t) 
H�� {Brs(t); s = 1, . . . ,Kr} &T},Gv0�# (3.19) H}QU0qr}~q}r�Æ} (3.19) �si�7�

ℓ(γ) =

n∑

i=1

ni∑

j=1



wi

[
Yij −

k∑

r=0

Kr∑

s=1

(
X

(r)
ij γrsBrs(tij)

)]2


 , (3.20).r|z γrs h7�VX$ γ̂rs, fH γ = (γT0 , . . . , γ

T
k )

T , γr = (γr1, . . . , γrKr)
T . �h

(3.20) l��e}�7=��# βr(t) }�mLX$�
β̂BAS
r (t) =

Kr∑

s=1

[γ̂rsBrs(t)] , (3.21)-� Kr rjg�� n s ni, i = 1, . . . , n. &���h Kr �i9p�+}�p βr(t)H�� Brs(t), s = 1, . . . ,Kr )T},Gv0�J4� (3.21) <|z βr(t) }eG�LX$�#e$?��h (3.18) H} Kr �9�#� (3.21) �r|z-u}(�LX$K_x Kr � n s ni (i = 1, . . . , n ) }mL�px n y��wp.� Kr ry��w�
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g��La}�'0'op�L�9t}�r}�QU β(t) },���U�,GDDH�hC�z}�9�25� {1, t, . . . , tKr−1}. )j��25��$X��~�}e��9,��25��,��25�}�_��,G��h��h℄p~ B- ℄p���e�F�=�L�,��25}&52n5�fL=GF}blMÆ�6 de Boor (1978) ��h-B βr(t) b�MeG�#sOP"6�
N�l���
Huang � Wu s Zhou(2000) 7B� (3.21) }-uG�5sip�DPYY�

B- ℄p# (3.21) }0'GN�Huang, Wu s Zhou (2004) I_� (3.21) } B- ℄pX$}Pe;}:QGF�
:� B- ℄pX$_xb��L��G$?gT���25EL�H}GLs
C�R`���g�w�Lat.g�-�G$?sO�vpL�� Rice s Wu(2000) 2B
?}~v0H}2u$��0'x}HsO�9rF� Huang � Wu s Zhou(2000) }DPYY70�-eH-�
§3.7 J�"6{0j�_�b�$�}hK_tV9�tP"jx}b��L��
{�5}X�� λ sH}GL�
C�tg<C�LaP}-:=b��-�0'}op� �
�t,:La}(�L�e�P}La|	}b��Li9
)HYY(O�}�k�Hk
#�}}$�9 Rices Silverman(1991)j_}?H[7��<$�6h�`}9eGl}�<K5E�=��99eG}E�=��`.0|�fa;/�}2u(�L�e�Hart s Wehrly(1993) #?H[7}-uG�% ξ�b��L4�� β̂(t; ξ) ��� ξ s β̂(−i)(t; ξ) }b�X$� β̂(−i)(t; ξ) ��`� iGGl}E�=y}� β̂(t; ξ) t℄}$�$X}X$� β̂(t; ξ) }?H[7|,�

CV(ξ) =
n∑

i=1

ni∑

j=1

{
wi

[
Yij −XT

ij β̂
(−i)(t; ξ)

]2}
, (3.22)
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aE�� β̂(t; ξ) }�E�K�+� CV(ξ) l��e}h7=�#?H[7b��L
ξcv ℄9 CV(ξ) }h7=��j�?H[7[#r<C}�` 2.4 G}�;b�|}j�_�b�$����� 2.2 � 2.3 s 2.5 G}X$s~v0H} B- ℄p��7�-x}?H[7|,r�|u/�
{� Rk+1- =4��`	T*�^h7=�sOI_vo}~��8�0'���fxb��L��/�.�?}3f?H[7|,CQ�^h7}b��LOO9u�}�?}?H[7[# (3.22) ��G<_}Æt
A$�eh�`eGGl�r�YLa}-℄HV�fh�� AIC � BIC s
p?H[7 (� Akaike � 1970 �
Schwarz � 1978 � Shibata � 1981 s Wahba � 1990) ~-)� (3.22) 9g��GlM}-℄HV�tg zr�_�0'v}#
r&?}�hy�xGlLeWp.��7� (3.22) �|b��LrQU�7�i$�K

ASE
(
β̂(·; ξ)

)
=

n∑

i=1

ni∑

j=1

{
wi

[
XT

ij

(
β(tij)− β̂(tij ; ξ)

)]2}
. (3.23)hy}-GH-r��#,I5si,I

CV(ξ) =

n∑

i=1

ni∑

j=1

{
wi

[
Yij −XT

ijβ(tij)
]2}

(3.24)

+2

n∑

i=1

ni∑

j=1

{
wi

[
Yij −XT

ijβ(tij)
] [

XT
ij

(
β(tij)− β̂(−i)(tij; ξ)

)]2}

+
n∑

i=1

ni∑

j=1

{
wi

[
XT

ij

(
β(tij)− β̂(−i)(tij ; ξ)

)]2}y_�70��Hu (3.23) s β̂(−i)(t; ξ) }�prl_ (3.24) H~q�-}��2QU~� ASE(β̂(·; ξ)). -9t� (3.24) H~q�-}�e29g��b��L�p��2QU� 0 �[ ξcv rQU�7�� ASE(β̂(·; ξ)).

§3.8 7+D�M{����X$}QU,:� Bootstrap�
r�|CBz0�Hk�|z�rX$
(3.6) s (3.16) }:Q,:}&52n5�

34



§3.8.1 <�8�lF
(3.6) s (3.16) }:Q,:}yy
9��j#�GK_+!
 (a) K5E�L ni �(Z�}�px n y��w.�arNy��w�`rN9� (b) .0!$� tij �Z��
�t,:�wf<�mL f(·) 9�9}�-:+!9w9��0'x}$.�t.`9��LQ�}rb��A$o)�� (3.6) }CBz0��j�+!s#|e:}�s}5#p8#�Wu � Chiangs Hoover(1998) 2B
�h wi = 1/N � h = N−1/5h0 �p��F:OL h0 > 0 s 0 ≤ θ < ∞, �

lim
n→∞

N−6/5
n∑

i=1

n2
i = θ# β̂LSK(t) 1i:Q�
5e,:�p�

(Nh)1/2
[
β̂LSK(t)− β(t)

]
−→ N (B(t),D∗(t)) , (3.25)#^K B(t) s;$K2 D∗(t) ,3�

B(t) = [f(t)]−1E−1
XXT (t)(b0(t), . . . , bk(t))

T (3.26)s
D∗(t) = [f(t)]−2E−1

XXT (t)D(t)E1

XXT (t), (3.27)-� D(t) � (k + 1)× (k + 1) }_2�f� (l, r) 
V�
Dlr(t) = σ2(t)E

[
X(l)(t)X(r)(t)

]
f(t)

{∫
[K(u)]2du

}

+θh0ρǫ(t)E
[
X(l)(t)X(r)(t)

]
[f(t)]2,fH σ2(t) = E[ǫ2(t)], ρǫ(t) = lima→0 E[ǫ(t+ a)ǫ(t)],

bl(t) = h
3/2
0

k∑

c=0

{[∫
u2K(u)du

]{
β′
c(t)

[
E
[
X(l)(t)X(c)(t)

]]′
f(t)

+β′
c(t)E

[
X(l)(t)X(c)(t)

]
f ′(t) + (1/2)β

′′

c (t)E
[
X(l)(t)X(c)(t)

]
f(t)

}}
.
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[��
ti94� A = (a0, a1, · · · , ak)
′ ���#�� Lα(t) s Uα(t) �

{
AT β̂LSK(t)− (Nh)−1/2ATB(t)

}
± Zα/2(Nh)−1/2

[
ATD∗(t)A

]1/2
, (3.28)-� Zα/2 �1[5e,:}� α/2 ,
��3|

lim
n→∞

P
{
Lα(t) ≤ ATβ(t) ≤ Uα(t)

}
= 1− α. (3.29)t� B(t)� D∗(t)g���9,
L�(3.28) 0'�99rF}��h B(t)� D∗(t)�-uX$ B̂(t) � D̂∗(t) �# ATβ(t) }R�CB�L� (1 − α) }CBz0r�

(L̂α(t), Ûα(t)) QU�fH��#+ L̂α(t) s Ûα(t) �
{
AT β̂LSK(t)− (Nh)−1/2AT B̂(t)

}
± Zα/2(Nh)−1/2

[
AT D̂∗(t)A

]1/2
. (3.30)

Wu � Chiang s Hoover(1998) ;rsi}-x}rX$mr (3.26) � (3.27)H} f(t), σ2(t), ρǫ(t), E[X(l)(t)X(r)(t)] s_I}yL}�$X B̂(t) � D̂∗(t) �+!rmL K(·) �f8R}M<A��h�Or�,�`9;r}
f̂(t) = (Nh)−1

n∑

i=1

ni∑

j=1

K

(
tij − t

h

)
,

σ̂2(t) =
1

Nhf̂(t)

n∑

i=1

ni∑

j=1

{
ǫ̂2i (tij)K

(
tij − t

h

)}
,

ρ̂ǫ(t) =

∑n
i=1

∑
j1 6=j2

{
ǫ̂i(tij1)ǫ̂i(tij2)K

(
tij−t
h

)
K
(
tij−t
h

)}

∑n
i=1

∑
j1 6=j2

{
K
(
tij−t
h

)
K
(
tij−t
h

)}s
Ê
[
X(l)(t)X(r)(t)

]
=

1

Nhf̂(t)

n∑

i=1

ni∑

j=1

{
X

(l)
i (tij)X

(r)
i (tij)K

(
tij − t

h

)}�X$ f(t), σ2(t), ρǫ(t) s E[X(l)(t)X(r)(t)] �fH ǫ̂i(tij) = Yij − XT
i (tij)β̂(tij) �AK��ysi f̂(t) � β̂LSK

l (t) s Ê[X(l)(t)X(r)(t)] }-xyL�X$ f(t) � βl(t) s
E[X(l)(t)X(r)(t)] }�e���EyL�sip�DP�-:l,2B
}�O�R
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`j�X$3}9t
{�w� (3.22) |z}?H[7
{rj}�$Xj�_�X$�x;/��.09/.�`r<j�G� (plug-in) $��'z (3.16) H}
β̂COM
r (t) � Wu � Yu s Yuan (2000) y_� β̂COM

r (t) }^K B(β̂COM
r ; t) s1[K

SD(β̂COM
r ; t) }&52n5��p;r?} βr(t) }QU (1− α) CBz0

{
β̂COM
r (t)− B̂

(
β̂COM
r ; t

)}
± Z1−α/2ŜD

(
β̂COM
r ; t

)
,fH B̂(β̂COM

r ; t) s ŜD(β̂COM
r ; t) ,3� B(β̂COM

r ; t) s SD(β̂COM
r ; t) }G�X$��� β̂LSK(t) � (β̂COM

r ; t) �U�-�(+f!G�j�}:Qz09t�
�t,:La#}z0�S_9t�a9}$K2H��GlM-℄�x ni -�� n 9r&{+.�# (3.27) H} θ 9r&{+�i��-℄q�}{0`9r&{+��� HIV/CD4 La (� 1.2.2 G) �K5E�L!�� 1 � 14 ��GlL� 400 �9o)GlM-℄}QUHh9N�|$�3o}QU�-Jv}#�x<C�La�X$-℄�xK5E�L-��GlLrj{+.�� ASGA La (� 1.2.1 G) ��rX$}$KHr{+GlM-℄HV�g.r?}�U
�t,:℄'}$�|zCBz0�
§3.8.2 �r8�lF�p�Lx}H�y�}S_H9�:x} t !�M�| βl(t) }�<CBz0��99Feh�.0�}CBz0�xLa�`
�t,:℄'.��e{,}t.CBzqr?}CPiW�=�- (� Eubank s Speckman � 1993) �si�E�}R�z0�C}r/	q (� Knafl � Sacks s Ylvisaker � 1985 � Hall s
Titterington�1988�HärdlesMarron,1991)�V!���d4℄'�
)H�5��U}�=:Q�-�yeJ$�9Hkd4,�HO�}�0}}t.y�}Nb���V;��h7�VrX$ β̂(LSK)(t)} ATβ(t)� t ∈ [a, b]�}t.CBq��9
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rP"eG54L M �< [a, b],DTM G-~z0���� a = ξ1 < · · · < ξM+1 = b3e ξj+1 − ξj = (b − a)/M , j = 1, . . . ,M � ATβ(ξj), j = 1, . . . ,M + 1, }egQU
(1− α) t.CBz0�z0�u (l̂α(ξj), ûα(ξj)), j = 1, . . . ,M + 1 �3e

lim
n→∞

P
{
l̂α(ξj) ≤ ATβ(ξj) ≤ ûα(ξj)�_�j = 1, . . . ,M + 1

}
≥ 1− α. (3.31)

Bonferroni �4;r
(l̂α(ξj), ûα(ξj)) = (L̂α/(M+1)(ξj), Ûα/(M+1)(ξj)), (3.32)fH (L̂α(ξj), Ûα(ξj)) � (3.30) Hi�p���;�eG4?�� ξj, j = 1, . . . ,M+10_��}z0�A$o) ATβ(ξj)}MG����� t ∈ [ξj, ξj+1], �

(ATβ)(I)(t) =

{
M(ξj+1 − t)

b− a

}[
ATβ(ξj)

]
+

{
M(t− ξj)

b− a

}[
ATβ(ξj+1)

]
. (3.33)# (ATβ)(I)(t)� t ∈ [a, b]�}t.CBq� (l̂

(I)
α (t), û

(I)
α (t))�fH l̂

(I)
α (t)� û

(I)
α (t)�

l̂α(ξj) � ûα(ξj) },GG=�f�p�U� (3.33) ��y��0}0 si ATβ(t)}b�p8�C��h ATβ(t) 3e
sup
t∈[a,b]

∣∣∣
(
ATβ

)′
(t)
∣∣∣ ≤ c1, c1 > 0 �i9OL, (3.34)#��_� t ∈ [ξj, ξj+1], �

∣∣∣ATβ(t)−
(
ATβ

)(I)
(t)
∣∣∣ ≤ 2c1

[
M(ξj+1 − t)(t− ξj)

b− a

]
,tg� ATβ(t) }QU (1− α) }CBq�

(
l̂(I)α (t)− 2c1

[
M(ξj+1 − t)(t− ξj)

b− a

]
, û(I)α (t) + 2c1

[
M(ξj+1 − t)(t− ξj)

b− a

])
. (3.35)� ATβ(t) 3e

sup
t∈[a,b]

∣∣∣
(
ATβ

)′′
(t)
∣∣∣ ≤ c2, c2 > 0�eGi9OL, (3.36)
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#��_� t ∈ [ξj, ξj+1], �
∣∣∣ATβ(t)−

(
ATβ

)(I)
(t)
∣∣∣ ≤ c2

2

[
M(ξj+1 − t)(t− ξj)

b− a

]
,

ATβ(t) }QU (1− α) }CBq�
(
l̂(I)α (t)−

c2
2

[
M(ξj+1 − t)(t− ξj)

b− a

]
, û(I)α (t) +

c2
2

[
M(ξj+1 − t)(t− ξj)

b− a

])
. (3.37)fa9t� (3.34) � (3.36) }b�p8�`r�U�;�-x}CBz0�x;/��.09/.�r�� β̂COM (t) ?}t℄$�;�t.CBz0�.6

Wu � Yu s Yuan(2000) �
§3.9 Bootstrap Ux�
j�:Qy�Cz�G�K
�e���HkO|z�JrX$ β̂LSK(t) s
β̂COM (t) }:Q,:�tg�|9z��faX$}CBz0�Woz℄ps^<�25~b�$�)r$�b�L��-�0'}~8��f� t 8R}-Jb�[0'H`vI_��-:b�$�}y�$�����t�G�X$I_�_(�X$^K�$K2H}!$<��;$KmLj�fa�PFX$�[<$�$X�sOvp�`
��l>*$?v��|�K�j�-�G�K�FJW��+D�:Qy��d4,�H}x}�
)HeGL��v�}y�$�9 ” �\℄ ” Bootstrap ����<$�9iÆ4La}GlH�\℄��Y�GlM}-℄HV�[<$��d4,�Hb�
#}o��R` ”�\℄ ” Bootstrap �}�-GF�9ua�wf0'GNiU�p�}DPYY�$ β̂(t) = (β̂0(t), . . . , β̂k(t))

T 9��k?}
eGb�$�V;} β(t)}X$=���V; ATE[β̂(t)]}QU}CB�L� (1−α) }R�}CBz0�r?}j#;P

1. iÆLa�H�'��Z�\} nGGl�%_|} Bootstrap℄'� {(Y ∗

ij , t
∗
ij ,

X∗
ij), i = 1, . . . , n, j = 1, . . . , ni}.
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2. ?}j� Bootstrap℄'s β̂(t)_?}}b�$��$X BootstrapX$ β̂boot(t),�y$X AT β̂boot(t).

3. K5j��;P B h�.�| B G Bootstrap X$= AT β̂boot(t) �
4. ,3$X B G Bootstrap X$= AT β̂boot(t) }��#� [100 × (α/2)] �,
L

Lboot
α (t) s U boot

α (t) �#QU} (1− α) } Bootstrap z0� (Lboot
α (t), U boot

α (t)).x ATE[β̂(t)] 3eb�p8 (3.34) � (3.36) .�< (3.35) s (3.37) H} (3.32) }
(Lboot

α/(M+1)(ξj), U
boot
α/(M+1)(ξj))}ry.|z ATE[β̂(t)]}QU} Bootstrapt.CBz0�

Bootstrap �}S_~�9s}s2u�a9CrX$�D}+D�9g��La}-℄�!$�R`ab�vp}x}lN�w�℄a} G�-�0'�k��sIg�t�X$}^K5�|zH5�i�3|z ATβ(t) }CBz0�CBq5(
9b�es}4?>*��h`r|z^K}-uX$�#rsiZ5� (Lboot
α/(M+1)(ξj), U

boot
α/(M+1)(ξj)) H__(}^K�=P ATβ(t) }CB	�HkOblv}Re�|�^K}-uX$���e�$��� 4 ;H�,
L}��}#e`�$�9o)?}5eQUz0J= AT β̂(t) ± z(1−α/2) ŝe

boot(t), �fH ŝeboot(t)� B G Bootstrap X$= AT β̂boot(t) }℄'1[K�℄��,
Ls5eQU}-�J Bootstrap �}:QGF���sPe;YY�
§3.10 pWra;��p� O
�9/5O&P`�&��
{0w�}&ls�u}5O���'YY}H}9���IGq�'tVs"lE�=�
�&P$5}{0�R`
�8���Y0X�ZYP�}E�Hhig��.0�wBC~};/�&rj9./}`rj9.9/}�6h&��Q%6_E�}Gl
Yx�℄9eG�D}./;/����^eGq}"C�lKslK>L9.9/;/����e:f
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a/���Gq\W�u[�a~�rN�./`rN�.9/}�-℄l�t�p-:/��<Gq�Wsu[Z}�p�.9/}eG2u$�9<Gq,��W (%��e�W) �9�W (��ei9�W) �9u��u[ (��e`i6nuea℄[�e �[��L�) �p�u[ (��e`i6nueaj�℄[�e j��[) �5�p�L}�I�d�La���6�6n}�Wsu[`iL�x&�I�5�YYe0=/fF�.��Wsu[}0'6p℄B&/T�.//��,�HrJah�}YY�k��o)�W�u[�,� (.9/) �0'6p (./) ;/���MJ$.�j#,�<Gq�W�u[=�,�;/���o)Gq�W�u[s
Yx��
�8�&P}{0��_DDb�u���op}&�QI;�#r?}�U�YYfa;/��E�Hh}{0�R`w 1 }
y8��'y8�w z9N�
�&PsBC~;/�:0}℄�jP
t,^�e�r$�
(1.2) PF(�L,��$ Y (t) s X(1)(t) ,3��� t M}
�8�s
Yx��X(2) s X(3) ,3�Gqu[s�W,���p�

X(2) =

{
1 �hb9�W / ��W�
0 �hbp��W� X(3) =

{
1 �hb�W�
0 fa�

X(4) ��^Gq}"C (	;) �4�
Y��`rNCzu[��W}{0�A$o).9/;/�4� X =

(1,X(2),X(3),X(4))T }9x�R`r} (Y (t), t,X) <CPu (1.2) �} β(t) = (β0(t),

β2(t), β3(t), β4(t))
T �J;/�9x�w�h}HA�y}/� X(∗4) = X(4)−E[X(4)]}r X(4) �#r�|Lo}&�QI;�fH β∗(t) = (β∗

0(t)β2(t), β3(t), β4(t))
T �-x};/�9x���y,��,�L{, β∗

0(t) r2�9�W�9u��u[�`i"C}Gq��� t M.
�}`i8�����k,� β0(t) '"�0'&�Qop�
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��} (Y (t), t,X(∗))PuDD (1.2)�fH X(∗) = (1,X(2),X(3),X(∗4))T �X
(∗4)
i ,

i = 1, . . . , 1475, 9� X
(4)
i 3� {X

(4)
j ; j = 1, . . . , 1475} }℄'i=$X}�w 2 I_�X$}�L{,����,{,�u[��WsGq"C}9x{,�j�a9-x} 95% t.CBq�-:�L{,9� (3.16) ?} Epanechnikov r�?H[7
{ (3.22) s wi = 1/(nni) }RpX$$X}�=|Wo}9La�HK5E�}hLp�L� 4 j��--��GlL n = 1475 �Z(O7�tg�si+� n y��wp�� ni ��+�_|z}:QHhr��|vo}QU���rb�X$�-℄o	\ wi = 1/(nni) s wi = 1/N 
rL&-,�U}Hh�p�X$}:Q$KHrj{+GlM-℄�tg��V;:Q}QUCBz0.℄9I_X$;$K���L{,X$H��t℄}r�
{�?}:QQU (3.35) s Bonferroni�4 (M = 40 � c1 = 5) r$Xt.CBq�-:wEj6�,{, β∗

0(t) 9,G4�}��u[��WsGq"C}9xfE9z�-rN9t�-�?}}CBz0y��B�[a95�eW}!AG�fEz7};/�9x��9�9`?} (3.6) }h7�VrX$$�$X�{,}X$�f-x}CBzq���-:Hh�w 2 &6}Hh�U�_��g(+�j�w 2}(�LHh2B

�8� Y (t)�� t �u[ X(2) ��W X(3)sHA�Gq"C X(∗4) :0}℄�r},GDD��J��
Y (t) = β00 + β01t+ β2X

(2) + β3X
(3) + β4X

(∗4) + ǫ(t)

, fH (β00, β01, β2, β3, β4) ��9�L� ǫ(t) �i=� 0 }�KiW�rÆ} S-plus}Æu9xWN (mixed-effects procedure) PuDD (Bates s Pinherio � 1999) �2
1 I_��j�,GDDs S-plus WN$X}�LX$s-x}1[K�i<,GDD,�Hhl
u[sGq"C}9x9&T��Wb���59x��,G,�H&6}���W9xrN9�La}Z�/	yB}��99&6
�p7��W0�
t0F}℄�G�-:Hh��J(�L,��|}HhpB-t�
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w 2 0,
} Epanechnikov r�?H[7
{s wi = 1/(nni) $X};/��L{,}R
rX$�J,
CB�L� 95% Bonferroni DCBq�x<
Yx� X(1)(t)*�DD.��./;/�+KPFb����3�,�L{,b�&�Qop��9?}�HA�;/� X(∗1)(t) = X(1)(t)−E[X(1)(t)]��.0 t bGl
Yx��p8i=}K���,>DDek4℄�d�};/��A$< (t,X(∗1)(t),X(∗4))l�;/�4��Pu (1.2)�w 3(a)9?}�b�1[CPr�?H[7
{s wi = 1/N }�;r$� (3.11) X$� X(∗1)(t)}�L{,�5�a5�ua}&�QI;e℄�-eX$2(_9b���w 3(b)9?}�
{4� (γ1, h0, h1, h4) = (1.5, 1.0, 2.0, 1.0) |�fai�w 3(a) -t}$X$�X$}
X(∗1)(t)}�L{,�a℄b�Bu�}&�QI;�P"-e
{4�S_9t�f?H[7|,�?H[7
{}?H[7|,-,CQ�-�?} Bootstrap �
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z 1 ) S-plus �>9�(��D|��z+DCjy=���LX$ 1[K Z-ratio

β00 -6.5496 0.0614 -106.5880

β01 1.0645 0.0021 496.1262

β2 0.0026 0.0551 0.0478

β3 0.1009 0.0516 1.9555

β4 0.0007 0.0035 0.1996,
Lz0�&6X$}/	v}�t�Hk����:QQU}<�DX$}v$y��w 3 A�|_�
Yx��
�8�0b�e�5-℄}�GH-�X$}HA�Gq"C X(∗4)(t) }�L{,CQ� 0 �j6Gq"C9x�v$op���X$}�,�L{,�w 2 CQ�tg-�(+�<Gqu[ X(2) ��W X(3)Z}*�DDy�|}9x�w 2 (O-U�[-�`(+�<,��
§3.11 MACS � CD4/HIV  O$ tij r2� i Gl�� j hE�}iB� HIV }.0P� (R). YY}H}9��b,B�k CD4 �,* X(1) ��WZ} X(2)(t) �tV� HIV B�y CD4\p�,* Y (t) Z.0}9x��eG;/� X(1) 9g��i HIV B�}.0���G;/� X(2)(t) ~� 1 �hGl�.0� t ��W,�/#~� 0�WozF:Gl�YYe0
=/a9}�W�a�[ X(2)(t)�.//������(l}�J-:/�0℄�}�L���LDD�_j^;,�?}(�LDD (1.2) 9u�}�� ASGAYY,�?}}Æ�-t���.�&�QI;�DD (1.2) ?}HA�/� X(∗1) = X(1) − E[X(1)] _)�HA�/� X(1) Lo�w�� X(2)(t) �./}�,/��_j5�+_&HA��tg�A$} X

(1)
i 3�f℄'i=y�|
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(b) Placental Effect (Subjective)

w 3 0,
?}1[CPr� wi = 1/N �?H[7
{ (w (a)) s
{4�
(γ1, h0, h1, h4) = (1.5, 1.0, 2.0, 1.0) (w (b)) �Æ} (3.11) $X}
Yx�}�L{,
(�;/�9x) �J,
?} ” �\℄ ”Bootstrap �,
L�$X} 95% R�z0
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X
(∗1)
i ��?}La {(Yij , tij ,X

∗
ij); i = 1, . . . , 400, j = 1, . . . , ni} �PuDD (1.2) ��,�L{, β∗

0(t) 26�.0 t b9�W�pb�`iB�k CD4 �,*N`}Gl��B�y tR.}`i CD4�,*�β∗
1 (t)s β2(t),3� X(∗1) s X(2)(t)}9x�fI;�e�vE-t�<����}X$�y�-)�`�;/�HA��_9t|��l�\#eGK_}9t��<La�HGlK5E�hL-��GlL�Z9N&2u{+�tg�R` wi = 1/(nni) s wi = 1/N �lh�9�Gu�}�}P"�wA���i9}rX$vE��+� n y��wp ni �J}p8#}:QQUrN|9z$K}:xX$���La}-℄HV}��9�pvL&[�X$�_j

Wu�Chiangs Hoover(1998) ;r�-Jv}#} |ρǫ(t)|}�+��$K σ2(t)}r
(3.28) H};$K ρǫ(t) �|�B} Bonferroni DCBq9u�}�w 4 I_�GlZ.0} CD4 \p�,*�X$}�L{,s-x}�B Bonferroni D 95% :QCBq�fHX$�L{,9?}� Epanechnikov r�?H[7
{s� wi = 1/N} (3.6) $X}�CBq9?} M = 138, c1 = 3 5< ρǫ(t) } σ2(t) }ry} (3.30)s (3.35)$X}��$X_�G=rX$ (3.30) __x}rs
{r?}� (3.6)H}-t��w 4(b) r6�Z HIV B�.0}$P��, CD4 �,*{,R:#>�-�w 4(a) }�'y8eB�B�k CD4 �,*}�L{,}t.CBqA��
HIV B�y}k 4 R�5=�B�2B�C}B�k} CD4 N`�B�^e9v�ob}�w�B�ye�B�k CD4 �,*�B�y CD4 �,*}59x℄R:6+�R`w 4(c) 2B�-GLa�_o)}4G 7 R.0��X$}{,
95}�w<{,}CBq5�&6�W�B�y CD4 N`0l�&T}5-℄�-rN9���/�0l��-℄��9I}CBz0B��B_!T�&��-�O�|��La}f^G,�Hh��NjPfa�op}&�Q�D}&�Q
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℄�℄�s�LDD��s�fa>[Pe;YY�70�9i�k_J�?}(�L�e��f9/�LDD�_|z}d4La}^;f^9vu�}�
§3.12 �K-�`'(I_�e��d4℄La,�}�L���L�(�LDD�j�-x}X$sy�$��-:$��&�fQYYHb�
#}x}�
)H��LDD}�-�$���f9,GDD�i|z�
#}YY����LDD}X$�y�`vÆlsi SAS�S-plus~(�}v$�8�0(�������Ls(�LDD}$�pr2�-G��YY"	}h�P'�-�L�}(�LX$$��y�$�i��/�LDD}
l|-���p}d4YY�-:$�b�!�G}~8��05H�?}^<�25�℄p�DDPFb�}$�H�f~���
}�O�x;/��.9/.�R
b�$�B!��pÆl$X�w��e��X�h7�V$�s�QU#r}�;/��./�.9/}�Jv}��L{,}R�st.CBz0r?}:QQU�
Bootstrap” �\℄ ” �V!�fH:QCBz0O��r$�y_}-℄Hh�Æ#�� Bootstrap” �\℄ ” �r}�
ob�X$���R`�p�DPYY2B� Bootstrap }r}G�wf�-GF��&YY��;b�$�lh�9s1e�h7�VX$}F:���w��<<$�}�(`wd4YY��9�IPe;YY$X^4X$=}bl$�j�hIX$}:QGF�hy�?}ve}�
wi = 1/N �9ve}Gl� wi = 1/(nni) �_�0'x}g��R`5�IeG��_�d4!$HeB}~�#eG��/}�rNg���9}-℄HVj�-�� n�ni, i = 1, . . . , n���zNy��w�wHk
)H}p�DPYY2B
x_�Gl}K5E�LK9�.�P"�J�
9:u}�xGlK5E�L*g-Kvp.�sO?}� wi = 1/(nni) Lo�g|���p�uk=|Pe;YY�A$�R`X$$��CBz0$�
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�d4,�HK_�w�&�fQHL�K_}9b,9t+!}v$&TG1[$��-:$�<rjI;qQ+!}�L_DDie�(�LDDHz,_���lZ�}℄79I_u:}1[v$�},:�#eGK_}0'�k℄9=PCBWN�'
_I}$�v�B�-OO%�f0'x}�Pe;}Nl9��Y4?>*3o}t.N℄7CBq}{��hy�4�/�LDD�L�d4La�9:}�[�+_Pe;�'-:DD�eG�}}�'℄9o)�eDDHh/�g��;/�}
2}sxk}=}vE���-J�'_�X$�y�$�
+KK�;��
§4 �, ~6z���zd�

§4.1 �A89X��� 2 Gs� 3 G_g-}�eDDd09��I�eg;/�#�0x/�}p8i=s;$KHVPF;D�fH;/�rj9./}�`rj9.9/}���<i=s;$KHVN&�L��(�L�����eDD}p8i=�hT��d4,�}A_Nb�5VT�
)Hi�$�}S_<,�R`<$�v&F�w0'�xp8i=s;$K9:u�o_YY}qQ�k.�-�$�℄9�:u�xHh/�}p8,:9N}5e,:QU�pYY}H19sifp8,:��p.�-J(5℄
_(�
1.3G} NGHSLa (� 3)℄9eG�D}�_�fHL�-℄}qQ�k_sibXp8,:>NBo��o�� 1.3 GH_�J}� NGHS YY}eGK_H19bXr�ReR �Jfs)[��-x}RUsCRU~.'t_g�} GAR`.'t_s�.}AR`9my8}{0��� NGHSYYH__Ez}AR`.'t_}p8,:�9}�sO�(CP,:�[y�R �Jfs)[�-:.'t_}p8i=}9xrN��op}�d>[I;�-9t��p
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8i=}v$9x�℄�BC~
l}AR`9mZe},:55�<C���eGL�op}$�9YYR �Jfs)[�.'t_},:}{0�-℄℄rj}HJ�d���3�49�e}9mZe�'}rN�
§4.2 	K*��H ~d�$ Ft

[
y|X(t)

]
= P

[
Y (t) ≤ y|X(t), t

] �I� {t,X(t)} #} Y (t) }��,:mL (CDF). �h5�� {t,X(t)} s Ft

[
y|X(t)

] :0}℄�l
tHV+!�#��d4℄' {(
Yij , tij ,Xij

)
: i = 1, . . . , n, j = 1, . . . , ni

} } Ft

[
y|X(t)

] }X$rjsi�' Hall, Wolff s Yao (1999) j_}r$�zxk}\℄|-�I_�x X(t) H��};/�}GLv7.�� K = 0 � 1 �g.<�'℄v2u��f9x K = 0.�℄r<Cx}� Hall, Wolff s Yao (1999) }� 3 G_�J}e
}^< logistic$�s�4} Nadaraya-Watson X$��x K ≥ 1, ℄+Ko)� Hall, Wolff s Yao

(1999) }� 3.2 G_L�}�
X$�x;/�}GL K vp.���TC} “�L�J”(curse of dimensionality) �k��
sb�$��$X�℄v9Æ� (Fan s
Gijbels, 2006, p.264) �g|��0'vE#�`vLI;�� Ft

[
y|X(t)

] }}��HV(�LX$|z}v$Hhsy��-:l�}����$X}9Æ�GsL�I;�3| Ft

[
y|X(t)

] }�HV}b�X$90}�'G)#}<,<L���
Ft

[
y|X(t)

] }.//
DD�-�HV(�LDD}X$sy��k�
§4.3 rxx<d�/�.078La}/
DD�&l,�Hi&
#�YY�℄�HJ��+.078La}X$sy�}$�r�6 Cheng, Wei s Ying (1995, 1997), Lu s
Ying (2004), Lu s Tsiatis (2006), Zengs Lin (2006) ~����p8i=}�eDD-)�/
DDNW�p8,:jPe�mLHV�ai&&69eGQUp8,:mL}�9>�}$��
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si�'/�L$�z/
DD� Wu, Tian s Yu (2010) 26 Ft

[
y|X(t)

] rsi./,G/
DD
g
{
St

[
y|X(t)

]}
= h(y, t) +XT (t)β(t) (4.1)�;D�fH g(·) 9eGi9}�u�3}�CmL� St

[
y|X(t)

]
= 1− Ft

[
y|X(t)

]
,

h(·, ·) 9�9}℄� y XE$}�,mL� β(t) =
(
β0(t), . . . , βK(t)

)T
, p βk(t) 9�.0	 T �}b�mL���.0	M}6eG� t, DD (??) 9eG(�L�,mL� h(y, t)s,G�L� (

β0(t), . . . , βK(t)
)T }��L,G/
DD��
oI�.0 t b�;/�}9x βk(t) 26 X(k)(t) 6$*eGu
. g

{
St

[
y|X(t)

]} �_� y ∈ R }=/���� y � Ft

[
y|X(t)

] }9xr>�� h(y, t), [x t \�.�
X(k)(t), k = 0, . . . ,K �� Ft

[
y|X(t)

] };/�9x� y }_�rN}=
9OL�tg���HV}(�Lp8,:DD-)�si+�mL},GHV� 4.1) }DD5�G&pp>��'G
+!�CmL g(·)}E5i9�9YY,Jabl},�H1P"}�9C}hDvE��)�,,DD g
{
St

[
y|X(t)

]}
= log

{
− log

[
St

(
y|X(t)

)]} s)�~8DD g
{
St

[
y|X(t)

]}
= − log

{
St

[
y|X(t)

]
/Ft

[
y|X(t)

]}
. 70�� (4.1) }Purjsiwb,�A$<.0!�,T��.07���y�_�}.07�M}

t �Il g
{
St

[
y|X(t)

]} � X(k)(t) k = 0, . . . ,K �}w},GG�Y�q�9�CmL}DD (4.1) }X$s�E9v=|p�YY}�k�w9(�}
)H��-$?}Hh��0q2u�% n GGlH}6GGl}_E.0�9 J > 1 G9t!$.0� t = (t(1), . . . , t(J))
T }eGZ�P"}_����99_�}Gl�6G.0 t(j) 
N&_Ez�% Sj ��.0 t(j) br_Ez}Gl}�u�#

Z = {Yi(t(j)), Xi(t(j)), t(j); i ∈ Sj, j = 1, . . . , J} � {Y (t),X(t), t ∈ T } }d4℄'�
D = {Xi(t(j)), t(j); i ∈ Sj, j = 1, . . . , J} �_Ez};/��u�-� Yi(t(j)) s
Xi(t(j)) = (Xi0(t(j)), . . . ,XiK(t(j)))

T ,3�x i ∈ Sj .� i Gl�.0 t(j) b}Hh
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4�s;/�4��$ mj = #{i ∈ Sj}� Sj HGl}GL�mj1j2 = #{i ∈ Sj1

⋂
Sj2}� Sj1 s Sj2 H
_(}Gl}GL�-� j1 6= j2. &�� mj1j2 ≤ min(mj1 ,mj2).'G}S_Hh9℄� (4.1) H./;/�9x β(t) }X$sy��j�v$Hh}0'I;�`� β(t) }X$|��&�QYYH� h(y, t) � Ft

[
y|X(t)

] sa9}mL (�p8,
L) }(�Lb�X$��E`b�K_}x}�����
tI�} X(t) = x � Ft

[
y|x
] }u:}(�L�Erj&}�139t.e
lHrNb�C.'}_��wDD (4.1) # h(y, t), Ft

[
y|X(t)

] j�a9}mL}(�X$��E}$�s�-���'H�tg-�9<g--<,MÆ��3},G/
DD}&l,�H�p<,X$$�9℄�Z��+}.0 - 78La}�� Cheng, Wei s Ying (1995, 1997) ����d4YYH�R`�-rN�wK5E�}Hh/�s;/�v�
_(�+}vE�tg�DD (4.1) �X$ β(t) .�<La��5�/��+�
§4.4 Z�/:����g-�x t\�.�DD (4.1) ℄e� Cheng, Weis Ying (1995) H},G/
DD�[rx}`9
(H_I_}X$$Wg�X$ β(t)��x t� T M/�.�X$ (4.1) H�L{,}�}}b�$�9$�.0!$� t b$X_eg�L{,}^4X$=��y��.0� t b}^4X$=$X�L{,� t ∈ T�}b�X$�
§4.4.1 �z�	u+D< t(j) .0�}_E=r� Cheng, Wei s Ying (1995) X$$Wg (4.1) �iH.r|z�L β(t(j)) }X$�%

ǫi(j) = g
{
St(j)

[
Yi(t(j))

∣∣∣Xi(t(j))
]}

.
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�
P
[
ǫi(j) ≤ u

∣∣Xi(t(j)), t(j)

]
= P

{
St(j)

[
Yi(t(j))

∣∣∣Xi(t(j))
]
≥ g−1(u)

∣∣∣Xi(t(j)), t(j)

}s�U} Cheng, Wei s Ying (1995) $Wg (1.4) }yy�r70 (4.1) ~,�
h
[
Yi(t(j)), t(j)

]
= −XT

i (t(j))β(t(j)) + ǫi(j), (4.2)fH ǫi(j) �Z��K�f,:mL� G(·) = 1− g−1(·). $
Zi1,i2(t(j)) = 1[Yi1

(t(j))≥Yi2
(t(j))], Xi1,i2(t(j)) = Xi1(t(j))−Xi2(t(j))s ξ(s) =

∫∞

−∞
{1−G(t+ s)}dG(t). � (4.2) r|

E
[
Zi1,i2(t(j))

∣∣Xi1 ,Xi2 , t(j)
]

= P
{
h
[
Yi1(t(j)), t(j)

]
≥ h

[
Yi2(t(j)), t(j)

]∣∣∣Xi1 ,Xi2 , t(j)

}

= P
[
ǫi1,(j) − ǫi2,(j) ≥ XT

i1,i2(t(j))β(t(j))
]

= ξ
[
XT

i1,i2(t(j))β(t(j))
]
. (4.3)

β(t(j)) }eG^4X$℄9X$$W
∑

i1 6=i2∈Sj

Ui1i2

[
β̃(t(j))

]
= 0, (4.4)}I β̃(t(j)) �fH w(·) 9eGi9}�mL�

Ui1i2

[
β(t(j))

]
= w

[
XT

i1,i2(t(j))β(t(j))
]
Xi1,i2(t(j))

{
Zi1,i2(t(j))− ξ

[
XT

i1,i2(t(j))β(t(j))
]}

.� Cheng, Wei s Ying (1995) }� 2 Gs:( 1 H�i2B�h� w(·) 95}�̀ 9}X$$W�QU�e}I��x w(·) = 1p$W (2.1) }_2 ∑∑
ZijZ

T
ij�5�.�`9}X$$W��eI��6G\�} t(j) �X$$W (4.4) ~���+} Cheng, Wei s Ying (1995) }X$$W (2.2) �tgX$$W (4.4) I}�eGsQU�eG}H-`T��R`�5�|z β̃(t(j))}�+℄'}i=s$K}
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&62n5�w�\�� t(j) } β̃(t(j)) :QGF� Cheng, Wei s Ying (1995) H_|zGF-t�x9t}.0� t 
&o).�Gl_ELaM}l�-℄G�69t.0�b}^4X$`9l�-℄}�'GZyI_� β̃(t(j))�9t.0�}i=�;$Ks$K}p℄':QGF�=|Wo}9+!� J G9t.0� t = (t(1), . . . , t(J))
T 9LQ2��H}9��2��-g-��0'�&�Q℄'H�!$.0�sO99jkd�}� tr��&�Q��d>[}u�Gi0'�4y}_E.0�HP"}�x9t.0�}GLvpp� tj b}_Ez}GlGL(O�.�^4X$ β̃(tj) �FG.0� t(j) rN9l���-JvE#�eG0}}$�9<_E.0�,gz7}.0?
 (bins) �f� j .0?
9j t(j) �H��3|^4X$�6G.0�
N&$X�Fan s Zhang (2000) o)���/�LDD}p8i=}�;X$}?
$��x3}?
$�.�_x.0?
_7�N3|^4X$�-���b�;$X}b��L�99b�}�HJ?
P"0}}9x9=|w�5�&�vYY�'G�G+! t i�l�P"u:}.0?
}H��-℄℄5�+_�K�,��-G+!}0'op℄9 t �_�}.0�b�
�eW�}Gl�_E=�

§4.4.2 �zm��/:+D���.0� t = {t(1), . . . , t(J)}}^4X$��_� t ∈ T �
NV! β(t)}eGb�X$�`�^4X$|��+K�b�;}K_}Æt9^4X$O9/�9.0� {t(1), . . . , t(J)} }�L��b�;NW$X T M_�} t }{,X$�g|�^4X$�9t}0'.0���vp}/	��g “/” }X$
l�95��op}&�QI;�sib�;�T1�Q.0�}B��i�>��_|X$}/	G�x}� 3.2 G}h7�Vr$��^4X$ β̃(t(j)) � j = 1, . . . , J , �� 0 ≤
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d ≤ K, βd(t) }eGrX$℄�
β̂d(t) =

∑J
j=1 β̃d(t(j))Kh(t− t(j))∑J

j=1Kh(t− t(j))
, (4.5)-� Kh(s) = (1/h)K(s/h), K(·) �(9rmL�4�rX$�-J^KBp}��

(Fan s Gijbels, 1996) �eGLo� βd(t) }X$PFb�}$�9^<�25$��e��=��h βd(t) ℄� t 9 (Q + 1) h�Ory}�# βd(t) }� q EyL}^<�25X$℄�
β̂
(q)
d (t) =

J∑

j=1

wq,Q+1(t(j), t)β̃d(t(j)), (4.6)fH wq,Q+1(t(j), t) �b�$�g�}�x q = 0.�# β̂d(t) = β̂
(0)
d (t)� βd(t)}^<�25X$�(4.6) H wq,Q+1(t(j), t)}blP"g��b�X$}b�Gsv$GF�$ Cj = (1, t(j) − t, . . . , (t(j) −

t)Q)T � C = (C1, . . . , CJ )
T � Wj = K{(t(j) − t)/h}, W = diag(W1, . . . ,WJ) �fH K(·) �(9rmL� (4.6) }� q E^<�25X$}��

wq,Q+1(t(j), t;h) = q!eTq+1,Q+1(C
TWC)−1CjWj, j = 1, . . . , T, (4.7)fH eq+1,Q+1 = (0, . . . , 0, 1, 0, . . . , 0)T ��O� (q+1)G
V� 1�f�
VD� 0�

(4.7) 2nE5� Fan s Zhang (2000) }$W (3.5) -t��p8i=DDH}�L{,rj}e;b�$�X$�� Hoover ~ (1998),

Lin s Carroll (2000) �j� Wu s Chiang (2000). �� (4.1) }X$e�9��E}$�|z}�[�U}e;b�$��9N}�(�}vE�-9t�xk�5�eG��E}b�$�9g��^4X$�Wu, Tian s Yu (2010) o)��;b�}$��<$�$X2u�p`NJa9t�L{,}9t}b�_x`	l�4�����;b�$��Gl�}���aOO_x�6G.0!$� t(j) 
�[,�}_E=�
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�0'x}H��I�;/� {X(t), t} p8#X$s�E-x/� Y (t) }p8,
Ls��,:OO9vK_}�-℄o	\I_V! h(y, t) }eG�_�
t ∈ T ℄� y 9 ” u�$ ” � ” �N ” }(�X$�Æ#��rjsib��9t.0� {t(j); j = 1, . . . , J} b|z}Fg^4X$�X$ h(y, t), �-g^4X$r� Cheng, Wei s Ying (1997) }$��V!����5� Hall s Müller (2003) _&6}�`(9(9rrX$-J2uvE�/#^<�25$�9N`	y_�N}b�X$�tg��V!�� (4.1) }p8,�Ls��,:mL}�N(�LX$.I_}z9t�'Gk?_}z}$�s�-�
§4.4.3 
V��2� (4.5) s (4.7) H�
{ h }P"�|zu:}b�X$�fK_��0'x}H���rsi1IPu{,sbXh�}�d"V�P"S_
{�R`S_
{ry_�op}X$����0'YYHOO?}La|	}
{�����p8i=}�eDD�d4LaP"
{}eGvd0}$�9 ”�`Gl ”?H[7 (CV)$��<$�6h�`eGGl}_�_E=�� Hoover~ (1998) s Wu s Chiang (2000) �y
<?H[7$�z�9o)}-JvE�-���La��9o)�P" (4.5) s (4.6) }
{}�J?H[7���eG$�9 ” �`Gl ” ?H[7 (CV) 
{}eG<Cy
���7�?H[7|,

CVZ(h) =

J∑

j=1

∑

i1 6=i2∈Sj

[
Zi1,i2(t(j))− ξ

{
XT

i1,i2(t(j))β̂−(i1,i2)(t(j);h)
}]2

, (4.8)fH β̂−(i1,i2)(t(j);h) 9i�`Gl i1 s i2 y}_�_E=$X}�;^<�25X$�rX$� h = (h0, . . . , hD)
T 9 (

β̂0(t), . . . , β̂D(t)
)T }
{4��0'��x℄'� n vp.� (4.8) }$X�℄
h3p�r*z$XW�}#eG$�9}

“M -fold” ?H[7|,mr (4.8) ��si6h�`egGl�$X�-℄I_$
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<GlZ�,T M g� {b(m); m = 1, . . . ,M}, �ysi�7�
CV

(M)
Z (h) =

J∑

j=1

M∑

m=1

∑

i1 6=i2∈Sj ;(i1,i2)∈b(m)

[
Zi1,i2(t(j))− ξ

{
XT

i1,i2(t(j))β̂−b(m)(tj ;h)
}]2

(4.9)�$X hCVZ
�fH β̂−b(m)(t(j);h) ��`4Gg b(m) H_�Gl}_E=y$X}�;r�^<�25X$�� (4.8) s (4.9) H��� CVZ(h) � CV

(M)
Z (h) 9℄� h = (h0, . . . , hK)T x�7��_jx K Bp.�$X���
vp�#eT* CV 
{ hd,CV }$�9g��R
$����6eG d( 0 ≤ d ≤ K), �7�

CVβd
(hd) =

J∑

j=1

{
β̃d(t(j))− β̂d,−(j)(t(j);hd)

}2
, (4.10)fH β̂d,−(j)(t(j), hd) ��`.0� t(j) b}^4X$ β̃d(t(j)) y$X}b�X$��

(4.10) r<Cl_ (4.10) 9�6G d �7�?H[7|,��t.℄� k G
V�7�?H[7|,} (4.8) s (4.9) -)�y,Npp3�$X�� (4.10) u��2B<$�6h�`eG.0!$� t(j) }^4X$�[f{=�LaGlMl�}-℄G�tg (4.10) }�-GF9t�� (4.8) s (4.9) _|} CV 
{�Hk-:
CV 
{}�-GF��&�vYY�
§4.5 ��℄�<vE#��p8,:}�eDD�fb�X$}:Q,:�5�&�vYY�����rp}:PHh�[Hk�5NI_'GHb�X$}:QQU}v$y��;�u:}v$y�S_�G~L�k9 (a) b�X$}Z^�k�
(b)b�X$}1[K}$X�k�0'��b�X$}^KOO9vL&X$�9i�
) (� Fans Zhang, 2000; Huang, Wus Zhou, 2002)&6{=^K} “±Z1−α/2}1[Kz0OOrj}�QUeGb�X$} [100× (1−α)]% R�CBz0��h�I� D # β̂

(q)
d (t) }p8$Kl�eG-uX$ v̂ar{β̂

(q)
d (t)|D} �# β

(q)
d (t) }e
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G “±Z1−α/2 1[Kz0” r2n�
β̂
(q)
d (t)± Z1−α/2

[
v̂ar{β̂

(q)
d (t)|D}

]1/2
. (4.11)��|z$K}u:X$ v̂ar{β̂

(q)
d (t)|D}, eG0}}$�9�Gl�\℄�}

bootstrap$��fHeG bootstrap℄'℄9iÆ℄'HK5\}} nG “bootstrapGl” �$ β̂
(q)
d,b (t)��� b G bootstrap℄'$X} β

(q)
d (t) }b�X$�#p8$K}X$ v̂ar{β̂

(q)
d (t)|D} ℄rsi {β̂

(q)
d,b (t); b = 1, . . . , B} }℄'$K�I_�9t�� (4.11) H?}}5e:Q$��#eGV! β

(q)
d (t)} [100× (1−α)]%CBz0}$�9?} bootstrap ,
Lz0

(
Lα/2, Uα/2

)
, (4.12)fH Lα/2 s Uα/2 ,3� {β̂

(q)
d,b (t); b = 1, . . . , B} }#s�� [100 × (α/2)] �,L�0'�� (4.11) s (4.12) 
r}�l�QUy�}$��x℄'�Bp.��� 1.3G}�_�� (4.11) s (4.12) V!}QUCBz0vCQ�a9rj?m3}�

§4.6 NGHS zQ�()<��p8,:}�e�$�x}� NGHS La�}.//�DD 4.1) �b,Jf�"Cs BMI }>�R };/��?℄U (systolic blood pressure, SBP)sE)U (diastolic blood pressure,DBP) },:mL}9x��}p8i=�eDD�p8,:�eDDPu SBP s DBP La:k� Wu, Tian s Yu (2010) A$�Lal�e���%}5eG1[��� Shapiro-Wilk 1[� Kolmogorov-Smirnov 1[sr=� Q-Q w1[�Hh2B�I�R �Jf�"C (;) sly>L (QM /; 2) }Uj
l�f SBP s DBP }p8,:B&90i5e,:�h39?}Pu~�1[.�-:p8,:HL�9^}�j 5% }h&TN``hf5eG�
Wu, Tian s Yu (2010) �YHh2B Daniels ~ (1998) � Thompson ~ (2007)_I_}℄�;/�� SBP s DBP }4Gp8,:}9x}�JrN9u:��
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f9 Daniels ~ (1998) ?}}9p8i=�eDD�<DD9:��J-:;/��AR`}99mN`}>*�� Thompson~ (2007) }H-g��Hh/�_P}bl8+��h?}fa8+=�<H-rN9T��tg�3} (4.1) )3}p8i=�eDD��p~8
A$�a�!�}�FHVr>�;/��Hh/�}4G,:}blR 9x�fh�R g�}�L{,}v$y�s Cheng, Weis Ying(1995) H}�-t}&�QI;�p9g��Hh/�}5e+!��p99m.'N`}8+=�t�K5E�9�Uj 9 [z 19 [e0PF}�_j-�I_,�R z0+D� T = [9, 19) ���eGR � t ∈ T }Uj�Hh/� Y (t) �<Uj�
t .} SBP � DBP =�;/�4�� X(t) = (Race, Height(t), BMI(t))T , fH
Race = 0 � 1 ,326<Uj����(n7g�� Height(t) s BMI(t) ,3�<Uj t [.}"Csly>L���-GYYHZ&}.05�e�d#�R 4�}4zeRH}-,:ez0M
9��dop}�tgR z0�!$.0� t = {9.0, 9.1, 9.2, . . . , 18.9} ~,�?
 [9.0, 9.1), . . ., [18.9, 19.0). �h�Z&H� iGUj}.0R 0�?
 [tj, tj+1) ��#%<Uj}R �;/�sHh/��
{tj ,Xi(tj), Yi(tj)}. <?
},D9��R }�d�p�p+! Height(t), BMI(t)s Y (t) 9R t }b�mL�� Wu, Tian s Yu (2010) f^G,�H��R �Jf�"Cs BMI HF8+=!�M} SBP )=)w&6
)�)=DDI_� SBP }p8,:mLs;/� X(t) :0℄�}u�}QU�tg<,�o)��#./)�)=DD

log





P
[
Y (t) > y|t, Race,Height,BMI

]

P
[
Y (t) ≤ y|t, Race,Height,BMI

]





= −h(y, t) + β0(t)×Race+ β1(t)×Height(t) + β2(t)×BMI(t), (4.13)fH β0(t) }5 (9) =26� t [.(n7gUj} SBP � DBP =y�)��U
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j}C (�) � β1(t) s β2(t) ,326Uj t R .} Height(t) s BMI(t) 6$*eGu
.-x} Y (t) > y }�L~8}=/��x}� 4.4 G}X$$��A$}� w(·) = 1 $X_.0!$� t = {9.0, 9.1,

9.2, . . . , 18.9} b}^4X$��y}j Epanechnikov rs� (4.9) s (4.10) P"}?H[7 (CV) 
{}^<,G$�$Xb�X$ β̂(t) =
(
β̂0(t), β̂1(t), β̂2(t)

)T
. ��

M -zg} CV
{�10 GGlg�M = 10�}��7� CV|, (4.9) �w 5&6��� (4.10) } CV
{$X} β(t) = (β0(t), β1(t), β2(t))
T }�<^<,GX$�j�� 500 h bootstrapK5$X} “±1.96 1[Kq” ���3s$X9t�iÆ℄'|z} CV 
{r&}�$X bootstrap 1[Kq�w 5 &6;/�� SBP s DBP}9x�U�Jf9x β0(t)}S)CQ���wZ\R }$P
s�$P�-2B�0[ye(n7gUj)��UjÆl�BC} SBPs DBP})=�β1(t)s

β2(t)}5X$2B"Cs BMI

$p SBPs DBP})=�Height(t) s BMI(t)� SBP}p8,:}9xU(_ZR $p�/7}y8�BMI(t) � SBP}p8,:s DBP }p8,:&6_9t}9x� BMI(t) � SBP }p8,:}9x�
β2(t), &69.0 t },G�3}�� BMI(t) � DBP }p8,:}9x� β2(t),&69UjR t }eG(,GmL�
§4.7 �`8�0'G_g-}./,G/
DD9}��p8,:}�e$��4Gp8,:mL;D�5b,;/��a9,:}9x�xYYH1g��p8,:mL.�<$��>S�~�p8i=DD��x}z NGHS RULa_&6}�p8,:mL;D}0}~8rjy
zfa�D}&�fQYY��U���p8i=}/�LDD�.//
DDN�9�>���L�J�t.�r�YDD}C�!�G�i$X��l��;X$$�>S2u�rjsiHu&l,�H(�}EX$$�s(�L{,X$H}b�$��0,�
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0 (t),

β
1 (t)�

β
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C
V
{
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4�p8,:�eDD}(0rFG�[=|�<$�lPe;}YY�A$�Woz� NGHS RULax}H�DD (4.1) }Pusie��}f^Gw}
ad hoc $��1[}�[�sV!LXE}px}Pu~�1[�1[./DD}v$+!�fh�'G_o)}DD (4.1) O�leGe
Hh/���L�vE#�YY}H1I_}�
Hh/�}�u,:��J�tg<$���
Hh/�vE#}y
9=|Pe;YY}�hy�'Gg-}�;$�O+��X$;/�Z.0/�}9x�wX$s�Ep8,:�p8,
L}b�$��d4YYH`�vK_}x}�tg`x<&vo}�YY�

§5 K3�w(�x[�=1��
) (� Pepe s Anderson, 1994) HL_M9
x;/�}=g��Hh/��ke.0�}=.�� 2 Gs� 3 G}p8i=�e$�rN
y_$�93o}Hh�-J;/��D�tg&S�Hh`:x;/��l�qHh`:x;/�}d4,�}eGh��'G<I_��Z��}d4La};DsX$$����Z��keG2uL�:y�'G#?}<,<I_ Wu, Tian s Bang (2008)� Wu, Tian s Jiang (2011) ;D$�:0}-U�s9t��j�`9}-xX$sy�$��
§5.1 K3�w(�x[��Z�,\}YYb�}d4�d>[�YYb�}d49x9si.9/,�;/�4�;D}��BC~}fat_��R �G3�Jfs�4.'t_�NWsi.9/;/�s./;/��;D}��L�d4YYH�e:./;/�9Hh`:x}�a9�eG.0�l�}}=rjg��Hh/�ke.0�}=�.0y8�eG�lHh`:x;/�}�D}vE9d4�d4H�Z��}_(�
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�dYYb�9Z��WIGl}��:9t��Z��sO9_�{pIJ:9mHhU($�93o}y8}YYGl�tg99Z��W}��Z��}(5�qB�G�+La}d4YY�e:-U��qB�G�+La}vE�Hh_(93o}.0y8}YYGl)Hh_(3o}.0y8}YYGlt4�iYYHL�z_>[��q��Z��}YY�ez3��k4�Z��yYYGl}Hh�rj(O&_Ez�Woz�eGZ��WYYb�}Z��}d4�d>[H�`�&�W}YYb�|�#*3}��Z��}YYGle��9I_�Z��Gl�9t}4�Q�tg`�b,YYb�}9x-GA_H1|���GK_}H19b,:*}�Z���YY
l}Hh/�}9x�� 4 HL�}$m^A4m5YY (ENRICHD) 9t.�l�Z��sZ��Wb��D}eG�D�_�-9eGb,'G��9F��� (CBT) -��sOAR`}� (UC) �9G}Z��d>[�fH�� CBT g}4�}#sk
E�2 (BDI) |,9�G�e}6M51s6RTh}Ka�&.K5E|��� UCg}4�} BDI|,O�YYh���'G�}51s6R}Ka�&HE|��4��C}�, BDI |,��WDy�M BDI 5�>�y8��nk
"&4��SGf&_x3}.�YY!$ (ENRICHD, 2001) �L CBT gs UC g
r3}nk
"}^����Y� Taylor ~ (2005) 26^���rjjC 1834 Gk
 ENRICHD4�H}l�*���`9}Hh9N�o^���9/�Æ�>�4�}k
XKW��?} CBT g�G�eCC^���} 91 G ENRICHD 4�_℄'}K5E� BDI |,�Wu, Tian s Bang (2008) &62u}Æu9xDD
I_^����
BDI Z.0y8}9x}�yGHh�5j_�eG/�LÆu9xDD�>�-℄^���9x}X$}l�}^�Wu, Tian s Bang (2008) }S_��9l�}
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B�\+�t�`9}�eDD9N&x}�>[ek4℄iCC^���}4���4GYYH
5�3}^���}4��l�/�LÆu9xDD}eGy
� Wu, Tian s Jiang (2011) j_�eGb,�Z��9x}bu}�e$��<$�NWu5d4YYH_�YYGl}B��?} Follmann s Wu (1995) }T1�LDD}|-� Wu, Tian s Jiang

(2011) si/�Æu9xDD�J�;/��-x/�}9x�5sie���u,:<Z�9xs��k4� (/�.0) Huh��<>[ek4℄iCC^���}4���4GYYe
5�3}^���}4�xl�+�[r��U�}$�;�fv$X$sy��f$Xrsi�E��rWN�0,�x}`9}$�z ENRICHD ^���La� Wu, Tian s Jiang (2011) }Hh2Bx�Z��_(.�`9j_}$�rjy_u:}X$���gvE#2u}Æu9xDDrN&m�>��
§5.2 
%'t}%/�zQK*iS 1.2G}%q�$ T0 s T1 �YYk4sHK}.0�n �Z�P"}Gl}
L�+!� iGGl� ni h�&�%`}� j h�&}_E=� (Tij , Yij ,Xi),fH Tij �YY.0�9iYYk4z� j h�&.}.0� Xi �eG.09/};/�4�� Yij �0=}Hh/���2u��G
+!YYO�leG�Z���p� i GGl�YYe� “��Z��” z “�Z��” ON=/eh�fH�Z��k4}.0�/�.0%� Si � $

λij =

{
0, xTij ≤ Si,

1, xTij > Si,# λij � i GGl}�Z��}1%���YYeM996GGl
�/�.0��h Ti1 ≤ Si ≤ Tini
�# i GGl}/�r&_Ez��h Si < Ti1 � Si > Tini

�#Gl}/�.0,3&j�+���+��+}>6/� δ
(c)
i �p� δ

(c)
i = 0 �
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h Ti1 ≤ Si ≤ Tini
� δ

(c)
i = 1 �h Si > Tini

� δ
(c)
i = 2 �h Si < Ti1. _Ez}/�.0�� {S

(c)
i = (S

(c)
i , δ

(c)
i ); i = 1, . . . , n}, fH S

(c)
i = Si �h δ

(c)
i = 0 � S

(c)
i = Tini

�h δ
(c)
i = 1 � S

(c)
i = Ti1 �h δ

(c)
i = 2.

§5.3 d�K*8Lx
§5.3.1 GÆ�>9�(x�d����Z��99Z�>�}��_j�Z��}9x9Nsi<C)BCz��}Gls5Cz��}Gl�b,�0'�-9rj�I}�ENRICHD (2003)s Taylor~ (2005)� ENRICHDYYHiWoz-G70�Wu, Tians Bang (2008)� Wu, Tian s Jiang(2011) ;r?}/�DD�+!Hh/� Yij ��Z��kyiS9t}f���tg�Z��}9xNWsii=f�}K�b,��$ µ0(Tij ,Xi;ai) �� i GGl�Z��k}f��frsiGl>��L
aTi = (ai1, . . . , aid0)

T � d0 ≥ 1 �L�� µ1(Tij ,Xi, Rij ;bi) ��Z��yf�}=/���frsiGl>��L bi = (bi1, . . . , bid1)
T �d1 ≥ 1�L��prg�� Tij �

Xi �j� “��YO}.0” Rij = Tij − Si. e�}Æu9xDDl�� (Davadians Giltinan, 1995; Verbekes Molenberghs, 2000; Diggle ~ 2002) ;r}2u}Æu9xDD�b,��k�y}f����
{

Yij = µ0(Tij ,Xi;ai) + λij µ1(Tij ,Xi, Rij ;bi) + ǫij,(
aTi ,b

T
i

)T
∼ �u,:G(·),

(5.1)fH� (aTi ,b
T
i )

T ��9}i=4� (αT , βT )T s;$K2� Σ � ǫij ��i=}Z��K4��� cov(ǫij1 , ǫij2) = σij1j2 �p ǫi1j1 s ǫi2j2 (i1 6= i2) -~
���LQ�$.�+! of ai s bi }�u,:��
CP,: N{(αT , βT )T ,Σ}. � (5.1) H��
µ1(Tij ,Xi, Rij ;bi) }5 (�9) =26��t4�$p (�37) I� (Tij ,Xi, Rij) #
Yij }p8i=��
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§5.3.2 GÆ�>9�(d�h�Y?���{=���} “r`PG” �Wu, Tians Bang (2008)&6
�3 µ0(·;ai),

µ1(·;bi), ǫij s G(·) }+!
5�� (5.1) `9eGm�>�DD�$A� (5.1) lh��u�}I;}2uvE#��.`
_(m�}H-�#?9eG}�&62u}Æu9xDD}1[X$WNry_l�m�H-}2u}�N�_���+!d4YYH� n = 24 
�}Gl�p�� 1 ≤ i ≤ 24, j = 1, . . . , ni, ��
ni = 10 s Tij = j. $ Si �� i GGl� “��Z��” Yz “�Z��” .}/�.0� λij �-x} “�Z��}1%” �� λij = 0 �h Si < Tij � λij = 1 �h
Si ≥ Tij. ��k 12 GGl�� 1 ≤ i ≤ 12, `9}/�.0� Si = 2, `9}Hh/�9� Yij = 20 + eij x λij = 0 p 1 ≤ j ≤ 2 s Yij = 19 + eij x λij = 1 p 3 ≤ j ≤ 10L&��fH eij 
�t,:� N(0, 3). ��)#} 12 GGl� 13 ≤ i ≤ 24, `9}/�.0� Si = 8, `9}Hh/�9�� Yij = 19+ eij �� λij = 0 p� 1 ≤ j ≤ 8s Yij = 17+ eij �� λij = 1 p 9 ≤ j ≤ 10 �L&}�fH eij 
�t,:� N(0, 3).+!��_�} 1 ≤ i ≤ 24 s 1 ≤ j ≤ 10 �i9 Yij 
9g�� Tij . #r&o)}�xkvE} (5.1) }2uÆu9x/�DD}hDDD��

{
Yij = ai + biλij + ǫij ,(
ai, bi

)T
∼ �u,:G(·),

(5.2)fH��_�} 1 ≤ i ≤ 24 s 1 ≤ j ≤ 10, ǫij 
�t,:� N(0, 3), E(ai) = α s
E(bi) = β �\�9x� G(·) ��9},:����� 1 ≤ i ≤ 12, �Z��9x}.=� bi = −1, ��� 13 ≤ i ≤ 24, ��Z��9x}.=� bi = −2, 
l}\�}i=9x}.=� β = −1.5, w�DD (5.2) #a9
9�9}�I_�LaI_X$��h℄' {(Yij , Tij , Si); i = 1, . . . , 24, j = 1, . . . , 10} 9i�?}D5L&}�#r�L�v$,��8� SASs R�X$ (5.1)}i=s;$K�L�Y��o},

66



:mL G(·)e��9�wrsi+! G(·)�qjx-℄�LHV}�
5e,:�|zi=�L {α, β}}u:}X$���La}-℄HVe�9�9}�� Rv$�8H� 3G LMEWNN}�X$ {α, β}
q
�-℄HV} LME(LMEWI),qZ�F
} LME (LMERI)�sqZ�F
s<*} LME (LMERIS)��U��}
pX$$W (GEE)WNI_�LX$`N�J-℄HV
q
�-℄HV} GEE(GEEWI),qr?
}-℄HV} GEE(GEEC)�sq�HV-℄HV}} GEE(GEEUC)�℄�,GÆu9xDD}�LX$$�}L.!}L�r�6 Verbekes Molenberghs

(2000) ���1I2u}Æu9x/�DD (5.2) 9/NI_`i}�Z��9x β}u:X$�DPL& 10000 G {(Yij , Tij , Si); i = 1, . . . , 24, j = 1, . . . , 10} }
�℄'��6GZ�℄'x} SAS }6GX$WN LMEWI, LMERI, LMERIS, GEEWI,

GEEEC s GEEUC, $X_X$ β̂ sa9}1[K�2 2 I_��- 10,000 DP℄'s2uÆu9xDD (5.2) $X}X$sa9}1[K (SE) }`i=�j�-x} 95% CBz0�l.=�L β = −1.5 }0'4?*�Hh2B-:q9t-℄HV+!} LME s GEEI_} β }X$�U�
� -0.6 s -0.7 :Q�-��f1[K�Z�
.= β = −1.5 �tg�2 2 H} 95% CBz0}U[4?*���-2B�DD (5.2) |z} β }X$b�vp}^K�9:u�x}�9/�Ny_`i�Z��9x β }BoX$}2u$��&���-��HV2uo)�rj�� (5.2) o) β }eG “GlPu” X$��
β̂ind = (1/n)

n∑

i=1





∑ni

j=1

(
Yij1[δij=1]

)

∑ni

j=1 1[δij=1]
−

∑ni

j=1

(
Yij1[δij=0]

)

∑ni

j=1 1[δij=0]



 . (5.3)< (5.3) <Cx}�DP℄'�_|} β }X$�f.= -1.5 vCQ����
)Hp)i9{-)�,3��6GGlK5E�} “GlPu” X$$�e�)TC}WN�� ML X$�REML X$s GEE(� Verbeke s Molenberghs � 2000; Diggle
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z 2 * 10,000 dg#w8GÆ>9�(d� (5.2) D|��z+D8~by=��iR7�&C�(� 95% 8�lF (CI) v537�z β = −1.5 �N"!$_
R WN 95% CI }-℄HV X$ 1[K U[4?*

LME 
�HV -0.598 0.395 37.8%

LME Z�F
 -0.731 0.403 51.0%

LME Z�F
 & <* -0.788 0.431 60.4%

GEE 
�HV -0.598 0.385 36.2%

GEE r?
 -0.709 0.385 46.7%

GEE �HV -0.752 0.572 43.9%~ 2002) 9hK�g|�`vL< “GlPu” X$$�y
z) (5.2) L5�}�eDD��}DD (5.2) L& {(Yij , Tij , Si); i = 1, . . . , 24, j = 1, . . . , 10} }l��D-)�?} (5.2) -x} LME s GEE X$WN}eGl���9DD5�o)/�.0 Si s/�.0k} Yij }}=:0}℄���x δij = 0 .� Yij }}=�70���<LaL&�D#�� j = 1 . Yij }Gl>�i=� 20 }Gl� Si = 2b�/�.0��� j = 1 . Yij }Gl>�i=� 19 }Gl� Si = 8 b�/�.0�R`X$E�-G709�9}�wx δij = 0 .���2uÆu9xDD}
ML X$� REML X$s GEE 9�L Si s Yij :0rNl�l�℄����l</�.0 Si v�DD9/rj>� β X$}^��9o) (5.2) }�#2uy







Yij = a0i + a1iSi + biλij + ǫij ,(
a0i, a1i, bi

)T
∼ N

(
(α0, α1, β)

T ,Γ
)
,

(5.4)fH (α0, α1, β)
T �i=�L4��Γ��9};$K_2�Γ}HVe�� (α0 , α1, β)

T}X${09p��x}X$WN (Diggle ~ 2002) .�L�O}}�LHV
rj&?}�
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Woz β � (5.2) s (5.4) Hb�-t}I;�-e�vK_�XE�=�DD (5.4) �L&La}l��D�Z995�}�t�2u,GDDH Yij 9g��
Si �R` (5.4) 9L&.0La}l��D}ho}j+}QU�w-�}S_H}9b,< Si v�DDy9/rj>��Z��9xX$}^�℄� (5.4) }u�Gj�f�LI;}!G��9<l� Wu, Tian s Bang (2008) H/�LÆu9xDD}eGh���� 5.4 GHI_�z 3 * 10,000 dg#w8>9�(d� (5.4) D|��z+D8~b�y=��iR7&C�(� 95% 8�lF (CI) v537�z β = −1.5 �N"!$_

R WN 95% CI }-℄HV X$ 1[K U[4?*
LME 
�HV -1.498 0.485 94.7%

LME Z�F
 -1.498 0.483 94.6%

LME Z�F
 & <* -1.498 0.496 95.2%2 3 >��� 10,000 DP℄'�Æu9xDD (5.4) j��2 2 -t} LMEWN_$X}�LX$sa9}1[K}`i=��f-x} 95%CBz0 (CI)�l.=�L β = −1.5 }U[4?*�2 3&6 β X$}`i=�-�2 2� 3H}1[KvCQ�.= β = −1.5 �2 3 H 95% CBz0 (CI) �l.=�L β = −1.5}U[4?*vCQCpCBN` 95% �p)2 2H-x}4?*pL��&��� (5.4) y_ β }X$}^_)� (5.2) y_}7L��
§5.3.3 %s�)��zd�� 5.2 G}LaHV9Hh - `:x;/�}eGhDvE�J���l�eG�Z��p6GYY}Glh���eG� “��Z��’ z “�Z��” }/��Hh - `:xG}-G2uHV2B (5.1) Æu9x$�}eG`�y
9<
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�Z�� initiation v��eDD�rsi�L��h4����kZ��L ai �Le� {ai,bi} -℄�0( (5.1) }y
�$ µ0(·;ai) s [µ0(·;ai) + µ1(·;bi)] ,3��Z��k4k�yGl - h�}0x{,�fH µ1(·;bi) r&I;��Z��9x�eGI�La� {Yij , Tij ,Xi, Si} #}T1�L/�DD�
{

Yij = µ0(Tij ,Xi;ai) + δij µ1(Tij ,Xi, Rij ;bi) + ǫij,(
aTi ,b

T
i , Si

)T
∼ �u,:� (5.5)-� Rij = Tij − Si, ǫij �i=��}�K�3e cov(ǫij1 , ǫij2) = σij1j2 , p�
o

i1 6= i2 � ǫi1j1 s ǫi2j2 
�� Si s {Tij ,Xi} �I�p8 {ai,bi} #
��#|+!
{ai,bi}s {Tij ,Xi}`
��}_226 Yi = (Yi1, . . . , Yini

)T s Ti = (Ti1, . . . , Tini
)T ,��DD (5.5) �I� {Ti,Xi} # (YT

i , Si)
T }�uU�mL�

f(Yi, Si|Ti,Xi) =

∫
f(Yi|Ti,Xi, Si,ai,bi)f(Si|ai,bi) dH(ai,bi), (5.6)fH f(·|·) 26p8<��H(·, ·) � {ai,bi}}�u,:�5���&�mLH��e2 f(Si|ai,bi) �3| (5.6) 9t�sO}Æu9xDD (Verbeke s Molenberghs,

2000, � 24 a) }U�mL�� (5.5) H��L {ai,bi} � Yij }9x{,s Si },:�-℄�T1�L$�9� Follmann s Wu (1995) �qB��+La;D.j_}���� (5.5) H�Gl�/�:y�rj&_Ez� Si s ai :0}-℄2B� i GGl}/�.0
Cz��k0x{, µ0(·) }{0�� Si s bi -℄2B Si `rj{00x{,
µ1(·), t����9x�
§5.4 x�z>9�(d� - %'�Y
§5.4.1 x�z>9�(d�K*��uU�mL (5.6) _x {ai,bi, Si} },:mLi9�0'��p�-GU�mL}$X�sO`vp�x�<Gl
N�YYeM_Ez/�.0.���
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�_�} 1 ≤ i ≤ n, 
� T0 < Si < T1, #3}9g�� Si ,:}2u�e$������_� 1 ≤ i ≤ n � Si 
N&_Ez�[o)p8,:
f(Yi|Si, Ti,Xi) =

∫
f(Yi|Ti,Xi, Si,ai,bi)dG(ai,bi|Si) , (5.7)5} {ai,bi} � Si I�}p8#}p8,:== (5.5) �eG/�LDD�R`�L µ0(·) s µ1(·) ?}�L�(�LE5�w�2uh6�-�+! µ0(·) s µ1(·)�,GmL
 µ0(Tij ,Xi;ai) = ZT

ijai s µ1(Tij ,Xi, Si;bi) = WT
ijbi �fH� Zij =

(Zij0, . . . , ZijD1)
T 9� {(Tij ,Xi); 1 ≤ j ≤ ni, δij = 0} L&}� Wij = (Wij0, . . . ,

WijD2)
T 9� {(Tij ,Xi, Si); 1 ≤ j ≤ ni, δij = 1} L&}�$ α(Si) = E(ai|Si), β(Si) = E(bi|Si), a

∗
i = ai − α(Si) � b∗

i = bi − β(Si). �/�La {Yij, Tij , Si; 1 ≤ i ≤ n, 1 ≤ j ≤ ni} }eG/�LÆu9xDD��




Yij = ZT
ij [α(Si) + a∗i ] + δijW

T
ij [β(Si) + b∗

i ] + ǫij,(
a∗Ti ,b∗T

i

)T ∣∣∣Si ∼ G(·|Si),
(5.8)fH��� Si = s, G(·|s) �i=�	;$K2�� cov[(a∗Ti ,b∗T

i )T |s] = C(s) },:mL�BC~}
li=�L� α(s) s β(s), p�,D� s }b�mL�x Si = s.�β(s)��Z��}`i9x�hDvE
�_�} s ∈ (T0,T1)�
� β(s) = 0�g.�Z��� Yij }.0y8{,5�
l`i9x���0'x}H�rjsi>� α(·), β(·)s G(·|·)}h�E5��|z (5.8)}L��op}h��&�rP" G(·|Si) �i=�	;$K2� C = cov[(a∗Ti ,b∗T
i )T |s]}�
5e,:��2uh6��r+!f�.9/}���_si� C(s) ;D℄r<fy
z.0/;/�}vE���S_H19b,�Z��}
l`i9x�� G(·|Si) }&5E5OO9�9}�tgI α(s) s β(s) ;�u:}DD��)I C(s) ;�jx}DDL�K_� α(s) s β(s)},GDDN&26� α(s; γ) =
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(α0(s; γ0), . . . , αD1(s; γD1))
T s β(s; τ) = (β0(s; τ0), . . . , βD2(s; τD2))

T , fH
αd(s; γ) =

Ld∑

l=0

γdlTdl(s), βd(s; τ) =

Md∑

m=0

τdmT ∗
dm(s), (5.9)-� {Ld,Md}�\�}�{Tdl(s),T

∗
dm(s)}� s}i9/
�$ Tdl(s) = sl s T ∗

dm(s) =

sm �℄y_^<�25 αd(s; γ) s βd(s; τ).x α(s) � β(s) }�LE5�9.�rsi�'k5�(Q α(s) � β(s) �PF(�L,���h {Bd1(s) = (Bd10(s), . . . ,Bd1Ld1
(s))T ; 0 ≤ d1 ≤ D1} s {B∗

d2
(s) =

(B∗
d20

(s), . . . ,Bd2Md2
(s))T ; 0 ≤ d2 ≤ D2}9�G�$>�}�mL�# α(s)s β(s)}�QU,3�

αd(s; γ) ≈

Ld∑

l=0

γdlBdl(s), βd(s; τ) ≈

Md∑

m=0

τdmB∗
dm(s), (5.10)fH Ld sMd rZ n → ∞ .y��w��sOrP}�mL��F��25��6�
�s B- ℄p��� B- ℄pQUb�L=$XÆ�G}~8�[Hk
)

(Wu, Tian s Bang, 2008) HO�DD (5.8) #q\�G�N�} B- ℄pPF�YY�#eGb�$�9sib�℄pQU α(s) s β(s)(Lin s Zhang, 1999; Chiang,

Rice s Wu, 2001). w��b�℄pX$}&52n5sv$GF� B- ℄pF�9t�tg� (5.8) H?}b�℄p}(�X$sy���&YY��
§5.4.2 B���+D�h G(·|Si) }&5E5s ǫij ,:�9�# (5.8) H α(s) s β(s) ��U�}X$℄��$X�x α(s) = α(s; γ) s β(s) = β(s; τ) r,3& Euclidean =�L γ s
τ �L�.�eG}0}}$�9si�7�

ℓ(γ, τ) =
n∑

i=1

{[
Yi −

(
ZT
i α(Si; γ) + (δW)Ti β(Si; τ)

)]T

× Λi

[
Yi −

(
ZT
i α(Si; γ) + (δW)Ti β(Si; τ)

)]}
(5.11)

72



�$X*�h7�VX$ γ̂LS s τ̂LS �<$�9_x,:mLb�&52n5�fH Zi = (Zi1, . . . ,Zini
)T , (δW)i = (δi1Wi1, . . . , δini

Wini
)T , Λi ��$>�} ni × ni }(gs}�S�_2�*�h7�VX$}&52n5�

(
γ̂LS(T )

τ̂LS(T )

)
=

{
n∑

i=1

[WiTi]
T Λi [WiTi]

}−1{ n∑

i=1

[WiTi]
T ΛiYi

}
, (5.12)fH ∑n

i=1[WiTi]
TΛi[WiTi] 9(gs}�p Wi }� j F9 (

ZT
ij, δijW

T
ij

)
.�� α(s) s β(s) }�QU (5.10) (�LmL� α(s) s β(s) }*�h7�V(�LX$rsi< (5.11) H} α(s) s β(s) } (5.10) }�-2m
y�$X��|

(α̃T
LS(s;B), β̃

T
LS(s;B))

T = B(s)
(
γ̃TLS(B), τ̃

T
LS(B)

)T
, (5.13)fH {γ̃LS(B), τ̃LS(B)} 9< (5.12) H} T (s) } B(s) mry|z}�x Λi = V−1

i p+!,:mL�5e.� (5.12) s (5.13) ��pU�X$�a9�� B- ℄pQUHh-t�0'H Vi OO9�9}�g.rjS_P" Λi �eGrN} “G�” $�9�La�X$ Vi ��ysi} V−1
i }X$mr Λi �$XX$�w0'H�OOvLX$ Vi ��p`9ua9/ “G�” X$)}S_P" Λi |z}X$b�Lo}v$GF�

§5.5 )��zd��+D��
§5.5.1 ��UE)��zd��L���Z��}vE�/�.0 Si g����k Yij }y8���e:Gl}/�rN_(�YYek�y�_j5(_�YYGl
N&_Ezf/�.0��gvE#�� 5.2 G< Si =�M-�+�eG`�}$�℄9< (5.2) Pe;2��Le�}0}DD�+!�Z��9xOg��Hh/���k}y8
ai ��9g��/�.0 Si �# (5.2) }eG�}}hDE5�

{
Yij = µ0(Tij ,Xi;ai) + λij µ1(Tij ,Xi, Rij ;bi) + ǫij,

ai ∼ Fa(·), Si|ai ∼ Fs(·|ai), bi|ai ∼ Fb(·|ai),
(5.14)
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fH Fa(·) � ai }��,:mL (CDF), Fs(·|ai) s Fb(·|ai) ,3�I� ai p8# Sis bi }p8��,:mL��I� ai # bi s Si p8
���+/�LDD (5.8)�DD (5.8) }z�I� Si # ai s bi }p8i=�� (5.14) 9KU� Fs(·|ai) < Si*�DD}�si�I� ai #} Si }p8,:;D�tg�DD (5.14) �L Si &j�+���+�R`Pe;}y
�L (5.14) H} bi },:g�� (Si,ai) �w�2uh6�-�+! bi 9g�� Si ���`w$X}rFGsDD}!�G��0'Hro) Fa(·), Fs(·|ai) s
Fb(·|ai)}L�d�� (5.14) }eG�}}l$X}d�9+! Si s bi Osia9}p8i=g�� ai, 9 ai },GmL�# (5.14) }eG,GT1�LDD�

{
Yij = µ0(Tij ,Xi;ai) + λij µ1(Tij ,Xi, Rij ;bi) + ǫij,

ai = α+ e
(a)
i , Si = γT (1,aTi )

T + e
(s)
i , bi = βT (1,aTi )

T + e
(b)
i ,

(5.15)fH α = (α1, . . . , αd0)
T , αd ∈ R, β = (βT

1 , . . . , β
T
d1
)T , βl = (βl0, . . . , βld0)

T , βld ∈ R,

γ = (γ0, . . . , γd0)
T , s {ǫi = (ǫi1, . . . , ǫini

)T , e
(a)
i , e

(b)
i , e

(s)
i } 9
�}i=��}Z��K�f;$K2,3� {Vy,Va,Vb, σ

2
s} � (5.15) H�9�L�i=,� θ =

(αT , βT
1 , . . . , β

T
d1
, γT )T s;$KHV V = {Vy,Va,Vb, σ

2
s} �x (5.14)H} Sis ai}℄��9.�{Si ,ai}}eG(�DD� Si = µ(s)(ai)+

ǫ
(s)
i , fH µ(s)(ai) = E(Si|ai) 9 ai }eGb�mL���x ai 9C�4�.�<vLI_ µ(s)(ai)}�HVX$�[x}eG2u3U$��< (5.15) H Si s ai }℄�}

Si =

d0∑

d=0

µ
(s)
d (aid) + ǫ

(s)
i (5.16)m
�fH µ

(s)
d (aid) � aid }eGb�mL��9 (5.14) }eGr*T1�LDD� {

Yij = µ0(Tij ,Xi;ai) + λij µ1(Tij ,Xi, Rij ;bi) + ǫij,

ai = α+ e
(a)
i , Si =

∑d0
d=0 µ

(s)
d (aid) + ǫ

(s)
i , bi = βT (1,aTi )

T + e
(b)
i .

(5.17)Y��-�rjPe;y
 (5.17) �wf-x}$X<(O5��
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§5.5.2 B�{n+D���h,:mL9eGi9}�L�E5�# (5.14) H}�L℄r��pU�$��X$�% Yi = (Yi1, . . . , Yini
)T , Ti = (Ti1, . . . , Tini

)T , Di = (Ti,Xi), p fy(·),

fb(·), fs(·) s fa(·) ,3� Yij, bi, Si s ai }<�mL�# (bi, Si,ai) }�u<�mLr26�
f(bi, Si,ai) = fb(bi|ai)fs(Si|ai)fa(ai).�9I� Di = (Ti,Xi) #� (Yi, Si) }p8<�mLrsi℄� ai s bi x�,|z���

f(y,s)(Yi, Si|Di) =

∫ ∫
fy(Yi|Di, Si,ai,bi)fb(bi|ai)fs(Si|ai) fa(ai) dai dbi. (5.18)��_Ez}/�.09 {S

(c)
i , δ

(c)
i } MC�+}�[ (5.18) }p8<�mL9rj<C}�kX$�+Ko)}I� ai # S

(c)
i = (S

(c)
i , δ

(c)
i ) }�#p8<�

fs

(
S
(c)
i , δ

(c)
i |ai

)
=





fs(Si|ai), �h δ
(c)
i = 0,

1− Fs(Tini
|ai), �h δ

(c)
i = 1,

Fs(Ti1|ai), �h δ
(c)
i = 2.

(5.19)� (5.18) s (5.19), (Yi,S
(c)
i ) �I�p8 Di, i = 1, . . . , n #}p8U�mL�

Lc =
1

n

∑

i:δ
(c)
i =0

log f(y,s)(Yi, Si|Di) +
1

n

∑

l=1,2

∑

i:δ
(c)
i =l

log f(y,l)(Yi|Di) (5.20)fH f(y,s)(·|·)}�p6 (??), f(y,1)(·|Di,ai)s f(y,2)(·|Di,ai,bi),3�I� {Di ,ai, δ
(c)
i =

1} s {Di,ai,bi, δ
(c)
i = 2} # Yi }p8<�

f(y,1)(Yi|Di) =

∫
f(y,1)(Yi|Di,ai){1 − Fs(Tini

|ai)}fa(ai) dais
f(y,2)(Yi|Di) =

∫ ∫
f(y,2)(Yi|Di,ai,bi)Fs(Ti1|ai)fb(bi|ai)fa(ai) dai dbi.�% f(y,s)(·|·) }�Lf� {f(y,s)(·;φ|Di); φ = (θ,V)}, #�p��LU�mL (5.20).r|z φ = (θ,V) } ML X$�
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§5.5.3 M{B�{n+D��r*T1�LDD (5.17) }X$rsi�p� (5.17) }eGQU}U�mL�|z�� µ
(s)
d (·) (� Huang, Wu s Zhou, 2004) }e:�sb�p8#� µ

(s)
d (·) r� B- ℄p}'k5�(Q��

µ
(s)
d (aid) ≈

Pd∑

p=1

γ(d)p B(d)
p (aid) =

(
γ(d)

)T
B(d)(aid), (5.21)fH��FG Pd, {B

(d)
p (·); 1 ≤ p ≤ Pd} 9eG℄p��

B(d)(aid) =
(
B

(d)
1 (aid), . . . , B

(d)
Pd

(aid)
)Ts γ(d) = (γ

(d)
1 , . . . , γ

(d)
Pd

)T �eg0=�L�� (5.16) |
Si ≈

d0∑

d=0

(
γ(d)

)T
B(d)(aid) + ǫ

(s)
i . (5.22)70���9} ∑d0

d=0

(
γ(d)

)T
B(d)(aid) mr (5.16) } ∑d0

d=0 µ
(s)
d (aid), f�L�

θ =
(
αT , βT

1 , . . . , β
T
d1 , γ

T
)T

, γ =
(
(γ(0))T , . . . , (γ(d0))T

)T�V =
{
Vy,Va,Vb, σ

2
s

}
.$ f∗

s (·; γ, σs|ai)� ∑d0
d=0{(γ

(d))TB(d)(aid)}+ ǫ
(s)
i �I� ai #}p8<����i=} ǫij , e

(a)
i , e

(b)
i s e

(s)
i },:r�$K V}�L4��L��#<� fs(Si|ai)r} f∗

s (Si; γ, σs|ai) �(Q�p (5.17) }�Lrsi�p�#?}I� Di # (Yi,S
(c)
i )}QU�LU�mL

L∗
c(φ) =

1

n

∑

i:δ
(c)
i =0

log f∗
(y,s)(Yi, Si;φ|Di) +

1

n

∑

l=1,2

∑

i:δ
(c)
i =l

log f∗
(y,l)(Yi;φ|Di) (5.23)�|z�fH φ = (θ,V), f∗

(y,s)(·|Di), f
∗
(y,k)(·|Di), k = 1, 2, 9< (5.20) H} fs(Si|ai) }

f∗
s (Si; γ, σs|ai) mry_|��h L∗

d(φ) 3e ML X$}5#p8�QU} ML X$
φ̂ 3e L∗

c

(
φ̂
)
= maxφ L

∗
c(φ) �
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§5.5.4 Z�+D��U�mL (5.20) s (5.23) �l��L}(,G2�0'��� (5.20) s (5.23)℄� θ s V t.l�^�p���$X�99rF}���3s$X9t� Wu,

Tian s Jiang (2011) Hu� REMLEs Newton-Raphson X��;r?}�#�;X�

(S1 ) +! (5.15) � (5.17) H} {ǫij ,ai,bi, Si} �
�Z�/��f;$K2� V =

{Vy,Va,Vb, σ
2
s}, �+!2uÆu9xDD (5.1) T��} REMLE WN$X V}X$ V̂ ;

(S2 ) } V̂ m
 V, �y} Newton-Raphson WN℄� θ �p� Lc(θ, V̂), f�p=�
θ̂ = argmaxθ Lc(θ, V̂) � θ }QU} ML X$�� f(y,s)(Yi, Si|Di) s f(y,k)(Yi|Di) (k = 1, 2) }2n5l9
��; (S2) H�p� Lc(θ, V̂) } Newton-Raphson X���z℄� ai s bi }�u,:� ai � bi s

Si mL�}���,�Y�� Newton-Raphson X�H�<+K&��z}�����LU�mLj�fi�s Hessian 2�
NWsi:hj.DP�$X�w��-�6h�r
I_p�}:hj.℄'�$Xi�s Hessian 2�[}4�F
Newton-RaphsonX�eh℄I_�+vP.0����hr|zeGu:}^4X$�<X�}$X℄N&>z�e;� Newton-Raphson WN (Bickel, 1975) � Wu,

Tian s Jiang (2011) ;r} REMLE WN$X}X$l�^4X$ θ̂0 �5}r_Ez Si(� δ
(c)
i = 0) }GlPu�eDD Si = γT (1, ãpredi )+ ǫ

(s)
i �$X γ }^4X$�fH ãpredi � ai }�E=�

§5.6 Bootstrap 8�lF�-��x nBppDD (5.15)1ieGi9}�L,:f.�r} MLX$
φ̂}:Q,:V!�L4� φ }QUy���:x}5#p8 (Serfling, 1980, Ch. 4)
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#�MLX$}:Q5eG2B φ̂:Q�5e,: N (φ, V ar(φ)),tg�φ },Ggu ℓ(φ)}:Q [100×(1−α)]CBz0� ℓ(φ̂)±Zα/2

[
ˆV ar{ℓ(φ)}

]1/2
,fH ˆV ar{ℓ(φ)}�$KX$�Zα/2 �1[5e,:}� α/2,
������_(�(�<,}r*DD (5.17)�(5.23) HQU MLX$}:Q,:��&YY�l�0}}#eJP"�bootstrap WN9siGlK5\℄L& bootstrap℄'�$X-x} bootstrapX$�iÆ4℄'|z}X$`�rl� bootstrap ℄'}^4X$����,
�} [100 × (1 − α)] CBz0rsi bootstrap X$}-x}#�� [100 × (α/2)] ,
L (Lα/2, Uα/2) |z� Wu, Tian s Bang (2008) � Wu, Tian s Jiang (2011) i}i-G bootstrap $��g|�`r� bootstrap ℄'$X ˆV ar{ℓ(φ)} ��y?}QUCBz0 ℓ(φ̂)± Zα/2

[
ˆV ar{ℓ(φ)}

]1/2 �
§5.7 ENRICHD $
\�zQ:�()
§5.7.1 U.��x��'�:�()� 1.3 G}� 4 iI_� ENRICHD YY}eG2_L��<YY}H19/� 6 G��9F��� (CBT) G�eCC^�G�}4��b,^��� (nk
^�) ��f BDI |,E|}k
XKGy8}{0�t�3}nk
^sk43}}.0
9�4��`9}SGf&g�}�_j3}nk
^}^���9<>[}eG�Z���?}� 5.4 G�eHV�-G,�H��� CBT g4�H�>[eCC^�G�5�`9k4^�G�.0u�%(} 91 G4��T 1,446 G_E�fHW`�e�}�g (UC) 4�}La�t�-:4�}^�G�k4}.0sK5E|
BDI |,5�&[�}%(#��`W`� CBTgH�'G� CBTG�e5�&%(^�G�blk4.0}4�La��- 91 G4�H�� 43 G4�9�>[ek4℄?}^����# 48 �9�>[k4y} 7 z 172 n:0k4^���}�-:4��&}hL� 5 h ∼36 h�fH
L� 16.
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Ja 5.2 G� Yij � Tij � Si � Rij = Tij − Si s δij = 1[Tij≥Si] ,3�� j h�&.� i GGl} BDI |,�>[.0 (�) �^�G�k4.0�i^�G�}.0�j�^�G�1%�}�b, BDI |,Z.0 Tij }/�y8}eG2uÆu9xDD�,GÆu9xDD
Yij = a0i + a1iTij + b0iδij + b1iδijRij + ǫij , (5.24)fH E(a0i, a1i, b0i, b1i)
T = (α0, α1, β0, β1)

T . x δij = 1 s Rij = r .� (β0 + β1r) 26ik4^���h}� r �}`i^���9x��� (5.24) {=� Si s^���k}k
y8:0rNl�}-℄G�tg<DDl�l�}^�[<fy
�/�LÆu9xDD
Yij = α0(Si) + α1(Si)Tij + β0δij + β1δijRij + eij , (5.25)fH eij = a∗i0+a∗i1Tij+b∗i0δij+b∗i1δijRij+ǫij, α0(Si) = γ00+γ01Si s α1(Si) = γ10+γ11Si.�DD (5.25) H�^���k BDI y89siF
 α0(Si) s<* α1(Si) � Si L&℄�}�ik4^���h}� r �}`i^���9x� β0 + β1r � β0 + β1r }9 (5) =�x��q (�k) �>�k
��LQ�2u�+!DD (5.25) H β0(Si) ≡ β0 s β1(Si) ≡ β1,-℄^���}9xOg��3}nk
^}.0P��-J+!#�R``i BDI |,�9t}^���k}.0y8�w β0 s β1 �2u,GÆu9xDD (Näive LME) (5.24)sT1�L,GÆu9xDD (SP-LME) (5.25) #b�-t}I;�2 4 >���q�HV}-℄}+D�pU� (REML) WN|z} β0 s β1}X$sa9-x}1[K (SE)�95%CBz0s p-=�� Näive LMEs SP-LMEDD#� (β0 , β1)}X$D�9}�-2Bx,�H��� CBT e�^���/�.0}4�.� Näive LME s SP-LME DD#
0Ez^����-G4�
l�q}{0�

79



z 4 �GÆ��>9�(d� (Näive LME) (5.24) 8)��z��>9�(d� (SP-LME) (5.25) t)
	K*��,� REML ��?�� β0 8 β1 ��z+D8~b�y=� (SE) � 95% 8�lF (CIs) 8 p- 7�DD �L X$ 1[K 95% CI p- =
Näive LME β0 -3.410 0.994 (-5.399, -1.422) 0.0013

β1 -1.584 0.521 (-2.626, -0.542) 0.0039

SP-LME β0 -4.302 1.041 (-6.385, -2.220) 0.0001

β1 -2.062 0.773 (-3.608, -0.516) 0.0105

§5.7.2 (),'�x�oq�k��?},�O}� ENRICHD CBT gH� CBT G�e/�.0 Si &_Ez} 91 Gk
4�-G_℄'�tg�nk
^�Æ�>� BDI |,}H-{=�� CBTG�e5�k43}^���}4�B��#?}T1�LDD��� 557k
4�PF,��-:4��bl}k43}nk
^}.0%(�5� 6 G�}G�e�*� 5h�L�h CBTuW��0'x}o)�<,�W`� UCg}4��5�%(k41}nk
^}.0}4�s�_x�*6M CBT uW}giGK (�*uW�� 5h)}4����6G4�nk
^}3}�YYT#4}f*u
.�sRrN[��%(} (Taylor ~� 2005, � 794 a) �tg�+!nk
^k4
e%(}�+�Z��+9u�}�d4℄'��} 11 G�>[k℄9}nk
^}4�� 92 G�G�ek43}nk
^}4�s 454 G�G�ksG�e
5�3}nk
^}4��-:4�}�&hL!�9 5 z 36 h�H
L� 12 h��� 5.7.1 G}%q�*H=�$ Yij, Tij , S
(c)
i , and Rij = Tij − S

(c)
i ,326� j h�&H� i G4�} BDI |,�>[.0 (�) �3}nk
^}k4.
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0 (�) �si3}nk
^}.0 (�) ��_�} 1 ≤ i ≤ n, &_E} (S
(c)
i , δ

(c)
i ),3� (S

(c)
i = Si, δ

(c)
i = 0) �h� i G4�� CBT eM3}nk
^�� (S

(c)
i =

Tini
, δ

(c)
i = 1) �h� i G4�� CBT eM5�3}nk
^�� (Si = 0, δ

(c)
i = 2)�h� i G4�� CBT ek3}nk
^��x λij = 1[Si<Tij ] p?},GDD

µ0(Tij ; ai0, ai1) = ai0 + ai1Tij s µ1(Rij ; bi0, bi1) = bi0 + bi1Rij .� (ai0, ai1) 263}nk
^�k� i GGl} BDI f�}F
s<*� (bi0, bi1) 263}nk
^�y� i GGl} BDI f�=/�}F
s<*�
Wu, Tian s Jiang (2011, �1:*=�:( D.1) }e��^;,�2B
�?,GDD µ0(Tij ; ai0, ai1)s µ1(Rij ; bi0, bi1)rj&}�l�<YYH BDIy8}T2QU�� (5.24) �U�rx} REMLE WN�X$#�2uÆu9xDD

{
Yij = ai0 + ai1Tij + λij(bi0 + bi1Rij) + ǫij ,

(ai0, ai1, bi0, bi1)
T ∼ N ((α0, α1, β0, β1)

T ,Σ)
(5.26)}�9
li=�L α0, α1, β00 s β10 �fH (α0, α1, β0, β1)

T ��9}i=4��
Σ ��
5e,: N (·, ·) }�HV;$K2�
li=�Z��9x� β0 s β1 �,3263}nk
^�y “�42” }`iF
s<*�[ β0 + β1Rij = 0 2Bnk
^�`i BDI |,}{0rj&{+���o)^���/�.0s}nk
^k} BDI y8:0rNl�}℄��<C< (5.26) y
�eGT1�LDD

{
Yij = ai0 + ai1Tij + λij(bi0 + bi1Rij) + ǫij, (ai0, ai1)

T = (α0, α1)
T + ǫ

(a)
i ,

bi0 = β0 + ǫ
(b)
i0 , bi1 = β1 + ǫ

(b)
i1 , Si = γ0 + γ1ai0 + ǫ

(s)
i ,

(5.27)fH ǫ
(a)
i s ǫ

(b)
i = (ǫ

(b)
i0 , ǫ

(b)
i1 )T 9i=����HV;$K2,3� Σ(a) s Σ(b) }�
5eZ�4�� ǫ

(s)
i 9i=���$K� σ2

s }Z�/�� ǫ
(a)
i , ǫ

(b)
i s ǫ

(s)
i 
��

(5.27) H
li=�L α0, α1, β0 s β1 � (5.26) H-x<,b�-t}I;�
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z 5 ENRICHD 4�$
\�zQ� {�,GÆ>9�(d� (Näive-LMEM)

(5.26) 8��)��zd� (LSPM)(5.27) D|��z+D�y=� (SE) 8 95%8�lF (CI).9x Näive-LMEM LSPM�L X$ 1[K 95% CI X$ 1[K 95% CI

α0 14.454 0.312 (13.842, 15.066) 15.867 0.375 (15.216, 16.771)

α1 -1.887 0.067 (-2.018, -1.756) -1.816 0.070 (-1.989, -1.714)

β0 3.579 0.825 (1.962, 5.196) -6.646 0.915 (-8.239, -4.990)

β1 0.036 0.227 (-0.409, 0.481) -0.453 0.284 (-0.962, 0.122)

γ0 —– —– —– 15.162 1.134 (13.497, 17.652)

γ1 —– —– —– 0.480 0.050 (-0.593, -0.392)2 5 &62uÆu9xDD (Näive-LMEM) (5.26) #?}�HV;$K2 Σ} REMLE WNs,GT1�LDD (LSPM)(5.27) #?}�; ML WN} 10 h
Newton-Raphson �r$X} α0, α1, β0 s β1 }X$�a9}1[K (SE) s 95% CBz0 (CI) �� Näive-LMEM, 9X$ α̃1 = −1.887 2Bik4 CBT uWh�-:4�}`i BDI |,t4�Z\>[.0>���5} β̃0 = 3.579 sa} 95% CBz0Uz2B3}nk
^�$*�4�}`i BDI |,���� (5.26) H5�o)l��Z��}3}nk
^�} “`PG” �tg��<DD# β0 }5X$9N |^����k
XKG}.09x�#e$?�� LSPM (5.27) #�9X$ β̂0 = −6.646 s β̂1 = −0.453 2B`iop#^����>�4�}k
XKG�o}{0�� (5.27) |z} γ0 s γ1 } 95% CBz02B
�-GLa��Z�DD (5.26) rN&m�>��
§5.8 �K-�`'GS_Hh2BHh`:x;/����Z���e�v}#9x<&xl92uÆu9xDD#}.0g�;/����qeG�Z��}2uvE�rj
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o)T1�LDD�3�X$}^s�4�Z��}`PG�-�jP}$��9/�d4�d>[HO�eG�Z��}vE��Z��sO`_(�favE���&F4QYYH�xYYGl}RU�YYeU(9�/}y8��eG9rÆ	}z	.�`9rj1}nCRU^�� ENRICHD ^���LaH�^���l��Z��9�vD|>y#I_}�P",GT1�LDDlh�9�u�}���x=/��P"�D.�-GDD℄9:u���e:vE�4GT1�L$�rN9|9K�bX�l�T1�LDD}eJhDvE�/�LÆu9xDD:_jYYH&o)S_9t���O�eG�Z����<Gl}/�.0
N&_Ez-J2uvE#�<DD�2uua}&�QI;��T1�LDD-)�/�LÆu9xDD#��h7�V}X$$�9_x,:mL�i9}�LE5�#e$?�T1�LDDrx}�/�.0qM4�+}�Z��vE�wa9}X$I_x}$X�vp} ML sQU ML X���-G"	��j# $?}y
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