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�̂�Ãº%ò
1) 5ÅxK��¾Ó2)

¹כ ���

]j 3�©� e���©�r�+«>\�"f u�«Ñò́õ��� #��Q ìøÍ6£x���Ãº(endpoints)�Ð 8£¤&ñ
|̈c M:, s�[þt ìøÍ6£x

���Ãº�� @/1px�>� ×�æ¹כ�#� ÅÒ¹כ ìøÍ6£x���Ãº(primary endpoint)\�¦ ���×þ�½+É Ãº \O���H �©�S!�s�

µ1ÏÒqt½+ÉÃºe����. O′Brien (1984)�Érs�[þtìøÍ6£x���Ãº �̧¿º\�¦7áx½+Ë�#�u�«Ñò́õ�\�@/ô�Çéß�8£¤

���&ñ
(one-tailed testing) :�x>�|¾ÓÜ¼�Ð"f ìøÍ6£x���Ãº�� ���5Åq+þA(continuous) ��«Ñ�Ð 8£¤&ñ
÷&%3�

�̀¦ M: Ordinary Least Square(OLS)ü< Generalized Least Square(GLS) ���&ñ
 :�x>�|¾Ó�̀¦

]jr��%i���. Pocock 1px (1987)�Ér #��Q +þAI�, 7£¤ ���5Åq+þA, s�íß�+þA(binary), Òqt�>r(survival)

��«Ñ_� ìøÍ6£x���Ãº\�¦ �<Êa� ì�r$3�½+É Ãº e��6£§�̀¦ ���/åL��¦ e��Ü¼�� z�́]j�Ð s�ü< °ú s� #��Q +þA

I�_� ìøÍ6£x���Ãº #î
½+Ë\� @/ô�Ç ë�H]j&h��̀¦ [O�"î
����� ½̈�̂&h�Ü¼�Ð �̧_�z�́+«>Ü¼�Ð"f s��Qô�Ç �â


Äº_� OLSü< GLS :�x>�|¾Ó_� ò́Ö�¦$í
�̀¦ ·ú����Ðt���H ·ú§��¤��. �:r �7Hë�H\�"f��H :£¤y� #��Q +þA

I�_� ìøÍ6£x���Ãº\�¦ 7áx½+Ë�#� u�«Ñò́õ�\� @/ô�Ç ����:r�̀¦ ?/o���HX< P°úכ_� #î
½+Ë :�x>�|¾Ó�̀¦ ]j

îß�� 9, s�M: y�� ìøÍ6£x���Ãº_� u�«Ñò́õ�\� @/ô�Ç ���&ñ
 ���õ���� P°úכ�Ér "f�Ð �©��'a$í
s� �>rF��

��H P°úכs���. OLS x9� GLS ���&ñ
 :�x>�|¾Ó�Ð�� �©�&h��̀¦ t���� P°úכ_� #î
½+Ë~½ÓZO� ×�æ, ~½ÓZO� Fü<

G��H ]j 17áx �̧ÀÓ�� Ä»_�Ãºï�r�Ð�� &�"f ���&ñ
_� ����:rs� ú̧�3lw ?/�9|9� Ãº e����H �â
Äº�� e���¦

~½ÓZO� B��H ]j 17áx_� �̧ÀÓ�� ú̧� :�x]j÷&�¦ ¢̧ô�Ç ò́Ö�¦$í
s� Z�}�Ér �Ü¼�Ð	כ ����z�¤��.

ÅÒ¹6כ x#Q: ��×�æ ìøÍ6£x���Ãº, 1lqwn��)a P°úכ_� #î
½+Ë, ����'a�)a P°úכ_� #î
½+Ë, OLS, GLS.

1. "V*́0

1lqwn��)a ¿º ç�H_� u�«Ñò́õ�\�¦ q��§���H e���©�r�+«>_� �&³�©�\�"f y�� 8̈���\�>�"f Ñüt s��©�_� ìøÍ

6£x���Ãº��8£¤&ñ
÷&#Q��×�æìøÍ6£x���Ãº(multivariate endpoints)\�¦ì�r$3�K������H�â
Äº����¥u�·ú§
>� µ1ÏÒqtô�Ç��. \V\�¦ [þt#Q"f, p�²DG d�����'õA(U.S. FDA)s� ���wn���� q�@/7£x(prostatic hyperplasia)
8̈���\�@/ô�Çu�«Ñ�Ð0A���(placebo)õ�q��§ô�Ç&h�&ñ
|¾Ó 5mg_� finasteride\�¦5px���Ùþ¡~��e���©�r�+«>
�̀¦¶ú�(R�Ð���,8úxC��¹7£x�©�&h�Ãº(urinary symptom score),¹5כÅq�����(urinary-flow rate test),���
wn���� ����̂ÂÒx�(total prostate volume), ïß��¹|¾Ó(residual volume), ���wn���� :£¤s��½Ó"é¶(prostate
specific antigen) 1px_� ìøÍ6£x���Ãº�Ð u�«Ñò́õ�\�¦ î̈
���%i���. :£¤y�, %�6£§ [j ìøÍ6£x���Ãº_� :�x>�
&h� Ä»_�$í
�̀¦ ��H���Ð Õª ò́õ�\�¦ 7£x"î
�%i���(Chowü< Liu, 2003). s��Qô�Ç ��×�æ ìøÍ6£x���Ãº\� �'a
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ô�Ç ì�r$3� r� ���©� /'î�r ]X���H�Ér ÅÒ�'a&h� óøÍéß� <�Ê�Ér ���½̈3lq&h� 1px\� q�ÆÒ#Q �Ð�� ÅÒ¹כ ìøÍ6£x���

Ãº(primary endpoint)ü< �ÐØ�æ ìøÍ6£x���Ãº(subsidiary endpoint)\�¦ Äº���&h�Ü¼�Ð ���×þ��#� y�� ���
Ãº\� @/K� éß����|¾Ó ì�r$3�(univariate analysis)�̀¦ z�́r����H �.���s	כ Õª�Q�� Pocock 1px (1987)s�
���/åL�%i�1pws� Ä»_��t� ·ú§�Ér ìøÍ6£x���Ãº\�¦ ]jü@�<ÊÜ¼�Ð+� ���0A&h�Ü¼�Ð Ä»_�ô�Ç ����:r�̀¦ %3���H �â


Äº�̧µ1ÏÒqt� 9,:£¤y���«Ñ_�ÂÒì�r&h��������:r�̀¦]jr����HX<Õªu�>�÷&��Héß�&h�s�e����.s��Qô�Ç
Ð�o|ÃÌ\�"f #��Q ìøÍ6£x���Ãº�� @/1pxô�Ç ×�æ¹$כí
Ü¼�Ð ì�r$3�÷&��H ~½ÓZO�s� �¦�9÷&#Q�� ô�Ç��.

Hotelling_� T 2 :�x>�|¾Ó�Ér��×�æìøÍ6£x���Ãº �̧¿º\���H��ô�Çu�«Ñò́õ�\�¦���&ñ
�t�ëß�, O′Brien
(1984)õ� Meier (1975)�� t�&h��%i�1pws� 8úx K>h_� ìøÍ6£x���Ãº_� y�� ìøÍ6£x���Ãº ò́õ�ß¼l�(effect
sizes)��� δk = µ1k − µ2k�� 0õ� ���Ér��\� @/ô�Ç @/wn���[O�_� ���&ñ
s�Ù¼�Ð u�«Ñò́õ�\�¦ _�p����H
δk > 0÷�rëß� ��m��� u�«Ñ�� Ä»K�ô�Ç �â
Äº\�¦ _�p����H δk < 0�̧ �<Êa� l�y���#� ���&ñ
§4�s� ±ú��̀¦
Ãº µ1Ú\� \O���.
#��Q ìøÍ6£x���Ãº_� ò́õ�ß¼l�_� �ª�~½Ó�¾Ó$í
 ë�H]j\�¦ x�½+É Ãº e����H ]X���HÜ¼�Ð"f éß�8£¤ ���&ñ
 Êê

Bonferroni Ãº&ñ
ZO�s� e����. K>h_� ìøÍ6£x���Ãº�� "f�Ð 1lqwn�s��� ��&ñ
½+É M:, y�� ìøÍ6£x���Ãº_� éß�
8£¤���&ñ
_����õ��Ð%3��Ér P°úכ×�æ���©�����Ér°úכ\� K\�¦Y�Lô�Ç°ú̀�כ¦Ä»_�Ãºï�r αü<q��§�#����&ñ


����:r�̀¦?/o���H~½ÓZO�s���.&h�6 xs�çß�éß���¦s�K��l�/'î�rs�~½ÓZO��Éry��ìøÍ6£x���Ãº\�@/K�éß�
���|¾Ó ì�r$3��̀¦ z�́r��>� ÷&#Q #��Q S��Ãº_� Ä»_�$í
 ���&ñ
Ü¼�Ð 7£x��÷&��H ]j 17áx �̧ÀÓ\�¦ �Ð&ñ
ô�Ç
����H�©�&h�s�e��t�ëß�ìøÍ6£x���Ãº_��©��'a$í
(ρ)s�7£x��½+ÉÃº2�¤,:£¤y� ρ ≥ 0.5����â
Äº\� Bonferroni
Ãº&ñ
ZO�s� B�Äº �ÐÃº&h�e���̀¦ Pocock 1px (1987)�Ér �7Hë�H_� ³ð 1\�"f µ1ßy��¦ e����. s���H Gupta
(1963)��]jr�ô�Ç�����|¾Ó&ñ
½©(multivariate normal)ì�r�í_�³ðï�r�o�)a&ñ
½©¼#�	�×�æ,þj@/°úכ_�
SX�Ò�¦ ì�r�í\� ��H��ô�Ç α′°úכõ� Bonferroni Ãº&ñ
\� _�ô�Ç α′′ = α/K°ú̀�כ¦ q��§�<ÊÜ¼�Ð+� 7£x"î
�%i�

��. Bonferroni Ãº&ñ
ZO�_� ¢̧ ���Ér éß�&h��Ér #��Q ìøÍ6£x���Ãº\� K�{©����H P°úכ ×�æ ���©� ����Ér P°úכ

\� ��H���#� ����:r�̀¦ ?/�2;����H �,s� 9	כ ����"f K>h_� ìøÍ6£x���Ãº ×�æ #Q�"� ���\�"f Ìº§Â	ô�Ç u�

«Ñò́õ��� �>rF�ô�Ç����H @/wn���[O� �\�"f Bonferroni Ãº&ñ
ZO��Ér ���&ñ
§4�s� Z�}t�ëß�, �̧��H ìøÍ6£x���
Ãº\�"f Ìº§Â	�t���H ·ú§Ü¼�� {9�Ò�¦&h�Ü¼�Ð #QÖ¼ &ñ
�̧_� u�«Ñò́õ��� �>rF����H @/wn���[O� �\�"f

��H ���&ñ
§4�s� Z�}t� ·ú§��.
O′Brien (1984)�Ér �̧��H ìøÍ6£x���Ãº\�¦ 7áx½+Ë�#� ¿º ç�H_� u�«Ñò́õ�\�¦ q��§���H ~½ÓZO�Ü¼�Ð"f

OLSü< GLS ���&ñ
 :�x>�|¾Ó�̀¦ ]jîß��%i���. s� ���&ñ
 :�x>�|¾Ó�Ér ~½Ó�¾Ó$í
�̀¦ °ú���H @/wn���[O� �\�"f
���&ñ
§4�s� Z�}�Ér �©�&h��̀¦ t�m���H ìøÍ���, $��� 1px�Ér ���5Åq+þA ��«Ñ\� @/ô�Ç &h�6 xëß��̀¦ �¦�9�%i���.
s�\� Pocock 1px (1987)�Ér ���5Åq+þA, s�íß�+þA, Òqt�>r ��«Ñü< °ú s� #��Q ��«Ñ +þAI�_� ìøÍ6£x���Ãº��
�<Êa� ]jr��)a �â
Äº\� GLS :�x>�|¾Ós� �8¹¡¤ &h�]X��<Ê�̀¦ ���/åL�%i���. GLS :�x>�|¾Ó�Ér ½̈�̂&h�Ü¼�Ð
y�� éß����|¾Ó ì�r$3�\�"f >�íß��)a ���&ñ
 :�x>�|¾Ó�̀¦ #��Q ìøÍ6£x���Ãºçß�_� /BNì�ríß�Ü¼�Ð ��×�ær�&� ½+Ëíß�

ô�Ç :�x>�|¾Ós���. Õª�Q�� �&³z�́&h�Ü¼�Ð +þAI��� "f�Ð ���Ér ìøÍ6£x���Ãº_� éß����|¾Ó ì�r$3��̀¦ :�xK� %3��Ér
���&ñ
 :�x>�|¾Ó�Ér B�Äº ���ª��#� #î
½+Ë\� e��#Q #Q�9¹¡§s� e����. �:r �7Hë�H\�"f��H #��Q +þAI�_� ��
×�æ ìøÍ6£x���Ãº_� ì�r$3�~½ÓZO�Ü¼�Ð"f ·ú¡\�"f ���/åLô�Ç #��Q éß�&h�õ� #Q�9¹¡§s� \O����¦ óøÍéß�÷&��H éß�

���|¾Óì�r$3�_����õ���� P°ú̀�כ¦#î
½+Ë���H ~½ÓZO��̀¦]jîß�ô�Ç��.e���©�r�+«>_�����:rs����_� P°úכÜ¼�Ð

�¹���H�dsכ ×�æ¹כ� 9, #��Q ìøÍ6£x���Ãº\� _�ô�Ç "f�Ð �©��'a$í
s� �>rF����H P°úכ_� #î
½+Ë~½ÓZO�Ü¼�Ð"f

#��Q s��:r\� ��H��ô�Ç ~½ÓZO�s� ]jr�|̈c Ãº e����. ·ú¡\�"f ���/åLô�Ç OLSü< GLS_� ~½ÓZO��Ð�� ���&ñ
§4�
s� Z�}�Ér P°úכ #î
½+Ë~½ÓZO��̀¦ �:r �7Hë�H\�"f ]jîß�½+É �.���s	כ



��×�æ ìøÍ6£x���Ãº\�"f P°úכ #î
½+ËZO� 37

2. �î|q@è

O′Brien (1984)õ� Pocock 1px (1987)_� OLSü< GLS :�x>�|¾Ó�̀¦ [O�"î
� 9, ��6£§Ü¼�Ð �©��'a
$í
s� e����H P°ú̀�כ¦ #î
½+Ë���H ~½ÓZO�[þt�̀¦ ]jîß�ô�Ç��. s�p� 1lqwn�&h���� P°úכ_� #î
½+Ë~½ÓZO�Ü¼�Ð Fisher
(1950)_�~½ÓZO��̀¦ q�2�©�#�B�Äº ú́§�Ér~½ÓZO�[þts�]jîß�÷&%3�Ü¼��, �©��'a$í
s�e����H P°úכ_�#î
½+Ë~½Ó

ZO��Ér Brown (1975)õ� Zaykin 1px (2002)\� Ô�¦õ����. s�[þt_� ~½ÓZO�õ� ���Ér, e���©�r�+«>_� �â
Äº
\� ½+Ë{©�ô�Ç P°úכ_� #î
½+Ë~½ÓZO��̀¦ [O�"î
½+É �.���s	כ

2.1. OLSØþ GLS 5ùç=�ê ïÕ65��ï|

2.1.1. OLS

OLS :�x>�|¾Ó�̀¦ [O�"î
v� 0AK� ���5Åq+þA ��«Ñ�Ð Ø�¦µ1Ï� 9 s� ���5Åq+þA ��«Ñ Yijk(i = 1, 2, j =
1, . . . , ni, k = 1, . . . , K)��H i���P: |9�éß�\� 5Åqô�Ç j���P: >h�̂_� k���P: ìøÍ6£x���Ãº\�¦ �����·p��. "f
�Ð ���Ér >h�̂_� ��«Ñ��H 1lqwn�s�t�ëß� 1lx{9� >h�̂_� #��Q ìøÍ6£x���Ãº��H ����'a÷&#Q e���¦ �����|¾Ó &ñ


½© ì�r�í� 9 1lx{9� /BNì�ríß� '��§>=�̀¦ ��&��6£§�̀¦ ��&ñ
ô�Ç��. 7£¤, Y ij ∼ N(µi, Σ)s� 9, #�l�"f Y ij

= (Yij1, . . . , Yijk)T , µi = (µi1, . . . , µik)T (i = 1, 2)s��¦ Σkk = σ2
k�Ð"f y�� ìøÍ6£x���Ãº_� ì�ríß�

�Ér "f�Ð ��ØÔ 9 ���Ãºçß� /BNì�ríß� Σkk′s� �>rF��<Ê�̀¦ ��&ñ
ô�Ç��. OLS :�x>�|¾Ó�Ér y�� ìøÍ6£x���Ãº\�¦ Äº
��� ³ðï�r�or�v���H �Ü¼�Ð	כ Ø�¦µ1Ïô�Ç��. 7£¤, ³ðï�r�o�)a ìøÍ6£x���Ãº��H ��6£§õ� °ú ��.

Y ∗
ijk =

Yijk − Ȳ..k

S..k
. (2.1)

#�l�"f Ȳ..kü< S2
..k��Hy��ìøÍ6£x���Ãº\�"f_� î̈
ç�Hõ�½+Ë#î
ì�ríß�(pooled variance)_�ÆÒ&ñ
°úכÜ¼�Ð��

6£§õ� °ú ��.

Ȳ..k =
n1Ȳ1.k + n2Ȳ2.k

n1 + n2
, (2.2)

S2
..k =

(n1 − 1)S2
1.k + (n2 − 1)S2

2.k

n1 + n2 − 2
. (2.3)

#�l�"f Ȳi.k��H y�� ç�H_� î̈
ç�HÜ¼�Ð"f Ȳi.k = (1/ni)
∑ni

j=1 Yijk�Ð &ñ
_��)a��.
s�]j ³ðï�r�o�)a Y ∗

ijk\� ��H���#� y�� ìøÍ6£x���Ãº\� @/K� u�«Ñò́õ��� e����H��\� @/ô�Ç t :�x>�

|¾Ó�̀¦ ½̈½+É Ãº e��Ü¼ 9 Lehmacher 1px (1991)_� l� ñ\�¦ ����"f s�\�¦ ¼#�_��©� Z�Ð ³ð�&³ô�Ç��.

Zk =
Ȳ ∗

1.k − Ȳ ∗
2.k√

(1/n1) + (1/n2)
. (2.4)

#�l�"f Ȳ ∗
i.k = (1/ni)

∑ni

j=1 Y ∗
ijks���.

OLS :�x>�|¾Ó�Ér s�ü< °ú s� ½̈ô�Ç y�� ìøÍ6£x���Ãº_� Zk\�¦ ���+þA ½+Ëíß�r�&� ½̈ô�Ç �.���s	כ s�]j 0A
\�"f ���/åLô�Ç K>h_� Zk[þt�Ð s�ÀÒ#Q��� K × 1 7�'�\�¦ Z = (Z1, . . . , Zk)T�Ð, Y ∗

ijk�ÐÂÒ'� ÆÒ&ñ


�)a K ×K _� �©��'a'��§>=(correlation matrix)�̀¦ R̂Ü¼�Ð, y�� "é¶�è�� 1�Ð s�ÀÒ#Q��� K × 1  7�'�
\�¦ J = (1, . . . , 1)T�Ð &ñ
_�ô�Ç��. OLS :�x>�|¾Ó�Ér ��6£§õ� °ú ��.

TOLS =
JT Z√
JT R̂J

. (2.5)
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s� :�x>�|¾Ó TOLS_� ì�r��\�¦ ¶ú�(R�Ð��� Zk\�¦ éß�í�H ½+Ëíß�(unweighted sums)r�v��¦ e��#Q Êê\� [O�
"î
���H GLS_� ��×�æ ½+Ëíß�(weighted sums)õ� ��ØÔ��.

OLS :�x>�|¾Ó TOLS��H y�� ìøÍ6£x���ÃºZ>��Ð ��«Ñ�ÐÂÒ'� ÆÒ&ñ
ô�Ç ½+Ë#î
ì�ríß�Ü¼�Ð ³ðï�r�or����

Y ∗
ijk\� ��H��ô�Ç Zk\�¦ ½+Ëíß�r�v�Ù¼�Ð )Áº��[O� �\�"f�̧ {9�ìøÍ&h�Ü¼�Ð &ñ
SX�y� t ì�r�í�t� ·ú§

Ü¼ 9, ¢̧ô�Ç @/wn���[O� �\�"f�̧ &ñ
SX�y� q�×�æd�� t ì�r�í�t� ·ú§��H��. )Áº��[O� �\�"f :£¤Z>�ô�Ç
�â
Äº\� ô�Ç�#� TOLS��H &ñ
SX�y� t ì�r�í���HX< s��Qô�Ç �â
ÄºêøÍ �̧��H ìøÍ6£x���Ãº�� 1lx{9� 8£¤&ñ
°úכ

#3�0A(same scale)\�¦ ��t����"f 1lx{9� ì�ríß�(7£¤, σk = σ, k = 1, . . . , K){9� M: Yijk\�¦ S..k�� �����

�©�Ãº��� S...�Ð ��¾º#Q ³ðï�r�or�v���H �â
Äºs���. O′Brien (1984)\�"f )Áº��[O� �\�"f TOLS��

��Ä»�̧ n1 + n2 − 2_� ��H�� t ì�r�í�<Ê�̀¦ s�6 x�#� ���&ñ
��¦ e��Ü¼ 9 �:r �7Hë�H\�"f�̧ s�\�¦ Õª@/

�Ð G�×þ�ô�Ç��.
éß�í�H�>� >�íß�÷&��H OLS :�x>�|¾Ó�Ér Ãºu�&h�Ü¼�Ð îß�&ñ
�����H �©�&h�s� e��t�ëß� @/ÂÒì�r_� �â


Äº\� #��Q ìøÍ6£x���Ãºçß�\� 1lx{9� �©��'a$í
�̀¦ t�m��¦ e��t� ·ú§l� M:ë�H\� s��Qô�Ç �©��'a$í
�̀¦ ��×�æÜ¼

�Ð ¿º�¦ ½+Ëíß�ô�Ç GLS :�x>�|¾Ós� �8 	�H ���&ñ
§4��̀¦ ��t�>� �)a��.

2.1.2. GLS

GLS :�x>�|¾Ó�Ér y�� ³ðï�r�o�)a &ñ
½©¼#�	� Zk\� ³ðï�r�o�)a Y ∗
ijk�ÐÂÒ'� ÆÒ&ñ
�)a �©��'a'��§>=_�

%i�(inverse)�̀¦ ��×�æÜ¼�Ð ½+Ëíß�ô�Ç :�x>�|¾Ós� 9, ����"f y�� ìøÍ6£x���Ãº_� l�#� &ñ
�̧�� ��ØÔ>� �)a
��. 7£¤, GLS :�x>�|¾Ó�Ér ��6£§õ� °ú ��.

TGLS =
JT R̂

−1
Z√

JT R̂
−1

J
. (2.6)

s� TGLS %i�r� O′Brien (1984)�Ér )Áº��[O� �\�"f ��Ä»�̧ n1 + n2 − 2_� ��H�� t ì�r�í�<Ê�̀¦ s�

6 x�#����&ñ
��¦e��Ü¼ 9�:r�7Hë�H\�"f�̧ s�\�¦Õª@/�ÐG�×þ�ô�Ç��.ìøÍ6£x���Ãº_�Ãº��éß�t�¿º>h
��� �â
Äº\���H OLS :�x>�|¾Óõ� GLS :�x>�|¾Ós� {9�u��>� ÷&t�ëß�, ìøÍ6£x���Ãº�� !Ó	 s��©���� �â
Äº\�
��H GLS :�x>�|¾Ó_� ���&ñ
§4�s� �8¹¡¤ ß¼���¦ ·ú��94R e���� (Lehmacher 1px, 1991).

OLSü< GLS :�x>�|¾Ó�Ér ³ðï�r�o�)a ìøÍ6£x���Ãº\� ��H���#� >�íß�÷&��HX< #��Q ìøÍ6£x���Ãº�� ��
�ª�ô�Ç ��«Ñ +þAI���� �â
Äº, :£¤y� s�íß�+þAs��� í�H"f+þA(ordinal), Òqt�>r ��«Ñ\�¦ 1lx{9� #3�0A\�¦ ��t��̧
2�¤ ³ðï�r�or�v���H {9�s� ��"î
u� ·ú§��. #��Q ìøÍ6£x���Ãº\�¦ y�� ìøÍ6£x���ÃºZ>� í�H0A�Ð ���8̈�ô�Ç���¦ K�
�̧ ë�H]j��H K����÷&t� ·ú§��H��. ����"f s��Qô�Ç ���ª�ô�Ç ìøÍ6£x���Ãº_� ì�r$3�\���H ��6£§ ]X�\�"f �è>h
���H P°úכ_� #î
½+Ës� �8¹¡¤ ��|ÃÐf�����.

2.2. PÇH�?ê :�êÔ�±

2.2.1. #��H B�!@� l̂v�¶��Ýä�®�Ã�Å'H PÇH�?ê 5�_lv Ñä=�ê

e���©�r�+«>\�"f Ãº|9�÷&��H ìøÍ6£x���Ãº_� +þAI��Ð��H ���5Åq+þA ��«Ñ�Ð"f &ñ
½© ¢̧��H q�&ñ
½© ì�r�í

��«Ñ�� e���¦, s�ü@\��̧ s�íß�+þA, í�H"f+þA x9� Òqt�>r ��«Ñ�� e����. u�«Ñò́õ��� �>rF�ô�Ç����H @/wn�
��[O� �\�"f y�� +þAI�_� ìøÍ6£x���Ãº\� @/K� éß�8£¤ ���&ñ
_� P°ú̀�כ¦ ½̈���H õ�&ñ
�̀¦ ÷&�̧2�¤ Âúª>� "f

Õütô�Ç��.
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Äº��� k���P: ìøÍ6£x���Ãº_� ���5Åq+þA ��«Ñ�� &ñ
½© ¢̧��H ��H�� &ñ
½© ì�r�í���H �â
Äº ��6£§_� T:�x

>�|¾Ós� ��Ä»�̧ n1 + n2 − 2��� t ì�r�í�<Ê�̀¦ s�6 x�#� ���&ñ
ô�Ç��.

Tk =
Ȳ1.k − Ȳ2.k

S..k

√
(1/n1) + (1/n2)

. (2.7)

#�l�"f S2
..k��H ¿º ç�H_� ½+Ë#î
ÆÒ&ñ
|¾Ós� 9, P°úכ�Ér Pk = Pr(T ≥ Tk)\� _�K� ½̈ô�Ç��.

ìøÍ6£x���Ãº�� &ñ
½© ì�r�í�t� ·ú§��H �â
Äº, q��̧Ãº ~½ÓZO���� �]49�q��H(Wilcoxon) í�H0A½+Ë ���&ñ
Ü¼
�Ð ¿º ç�H�̀¦ q��§ô�Ç��. �]49�q��H í�H0A½+Ë ���&ñ
�Ér ¿º ç�H ��«Ñ\�¦ í�H0A�Ð ���8̈�ô�Ç Êê ô�Ç ç�H_� í�H0A
½+Ë Wk\�¦ :�x>�|¾ÓÜ¼�Ð ��6 x� 9 ³ð�:rÃº n1s��� n2�� 20�Ð�� ß¼��� ��6£§_� :�x>�|¾Ós� &ñ
½© ��H
���<Ê�̀¦ s�6 x�#� ���&ñ
ô�Ç��.

Zk =
Wk − E(Wk)

Var(Wk)
. (2.8)

#�l�"f E(Wk)ü< Var(Wk)��H y��y�� Wk_� î̈
ç�Hõ� ì�ríß�Ü¼�Ð"f ��6£§õ� °ú ��.

E(Wk) =
n1(n1 + n2 + 1)

2
, Var(Wk) =

n1n2

12
(n1 + n2 + 1). (2.9)

1lx&h� ��«Ñ�� e�������, 0A_� ì�ríß� /BNd���Ér �Ð&ñ
 ÷&#Q�� ô�Ç�� (Hollanderü< Wolfe, 1999). P°úכ

�Ér Pk = Pr(Z ≥ Zk)\� _�K� ½̈ô�Ç��.
s�íß�+þA ìøÍ6£x���Ãº��� �â
Äº\���H q�Ö�¦	� ���&ñ
Ü¼�Ð ³ð�:rÃº�� ���t� ·ú§����� q�Ö�¦	�_� ��H�� &ñ


½© ì�r�í�<Ê�̀¦ s�6 xô�Ç��. P̂1kü< P̂2k�� ¿º ç�H_� ��|	� µ1ÏÒqt_� SX�Ò�¦s��¦, P̂p��H �̧q�Ö�¦_� ½+Ë#î
 ÆÒ

&ñ
|¾Ó{9� M:, q�Ö�¦	� ���&ñ
 :�x>�|¾Ó�Ér

Zk =
P̂1k − P̂2k√

P̂p(1− P̂p)( 1
n1

+ 1
n2

)
(2.10)

s� 9, P°úכ�Ér Pk = Pr(Z ≥ Zk)\� _�K� ½̈ô�Ç��.
]X�éß� ��«Ñ(censored data)�� e����H Òqt�>r ��«Ñ_� �â
Äº��H Gehan (1965)_� :�x>�|¾Ó

Ws =
n1∑

j=1

|uj | (2.11)

�̀¦s�6 xô�Ç��.#�l�"f uj��H Mantel (1966)_�Û¼�ï���Ð"f'Í	���P:|9�éß�_� j���P:�'a8£¤°úכ�Ð��	�H

¿º���P: |9�éß�_� �'a8£¤°úכ\�"f 'Í	���P: |9�éß�_� j���P: �'a8£¤°úכ�Ð�� ����Ér ¿º���P: |9�éß�_� �'a8£¤°ú̀�כ¦

�É� °úכs���. Ws_� l�@/°úכ�Ér 0s��¦, ì�ríß��Ér

Var(Ws) =
n1n2

(n1 + n2)(n1 + n2 − 1)

n1+n2∑

j=1

(u∗j )
2 (2.12)

s� 9, u∗j��H �D¥½+Ë ³ð�:r_� j���P: �'a8£¤°úכ�Ð�� 	�H �'a8£¤°úכ\�"f j���P: �'a8£¤°úכ�Ð�� ����Ér �'a8£¤°ú̀�כ¦

�É� °úכÜ¼�Ð &ñ
_�ô�Ç��. n1, n2�� Ø�æì�ry� ß¼����� :�x>�|¾Ó Zk = Ws/
√

Var(Ws)s� ��H�� &ñ
½© ì�r
�í�<Ê�̀¦ s�6 x�#� ���&ñ
� 9, P°úכ�Ér Pk = Pr(Z ≥ Zk)\� _�K� ½̈ô�Ç��.
s�ü< °ú s� #��Q +þAI� ìøÍ6£x���Ãº�ÐÂÒ'� ½̈ô�Ç P°úכ�Ér �©��'a$í
s� e����H P°úכÜ¼�Ð"f K × 1  7�

'� P = (P1, . . . , Pk)T�Ð ³ð�&³ô�Ç��. s�]j, #��Q P°ú̀�כ¦ #î
½+Ë�#� ���_� 7áx½+Ë�)a P°úכ(global
P -value)�̀¦ ]jr����H ~½ÓZO��̀¦ [O�"î
ô�Ç��.



40 �̂�Ãº%ò
, 5ÅxK��¾Ó

2.2.2. æÐüÊPèh²¿ PÇH�?ê :�êÔ�±

1lqwn��)a P°úכ_� #î
½+ËÜ¼�Ð #��Q ��t� ~½ÓZO�[þts� ]jr�÷&%3�Ü¼ 9 �:r �7Hë�H\�"f��H ���©� V,�o� æ¼

s���H Fisher (1950)_�~½ÓZO�õ� Good (1958)_� �̧�oî̈
ç�H(harmonic mean)�̀¦s�6 xô�Ç ~½ÓZO��̀¦�¦
�9ô�Ç��. �:r �7Hë�H_� ÅÒ 3lq&h��Ér 1lqwn��)a P°úכ_� #î
½+Ës� ��m��� ����'a�)a P°úכ_� #î
½+ËÜ¼�Ð"f s�\�¦

/BI [O�"î
�>� �)a��.
Fisher (1950)_� P°úכ #î
½+Ë~½ÓZO��Ér Littellõ� Folk (1971, 1973)�� t�&h��%i�1pws� 1lqwn��)a ���

&ñ
Ü¼�ÐÂÒ'� ½̈K���� P°úכ_� #î
½+Ë~½ÓZO� ��î�rX< ò́Ö�¦$í
s� Z�}���¦ ·ú��94R e����. P°úכ�Ér {9��ª� ì�r

�í�Ù¼�Ð, Pr(−2 loge P > t) = Pr(P < e−t/2) = e−t/2�ÐÂÒ'� ��Ä»�̧ 2_� 
�s�]jY�L ì�r�í\�¦
��2£§�̀¦ ·ú� Ãº e����. ����"f 1lqwn��)a #��Q P°úכ_� ½+Ë�Ér ��Ä»�̧ 2K��� 
�s�]jY�L ì�r�í\�¦ ���Ér��.

X2 =
K∑

k=1

−2 loge Pk. (2.13)

Õª�QÙ¼�Ð 7áx½+Ë�)a P°úכ�Ér PFisher = Pr(χ2
(2K) ≥ X2)s� �)a��. #�l�"f χ2

(2K)��H ��Ä»�̧ 2K_� 
�

s�]jY�L ì�r�ís���.
Good (1958)�Ér ��6£§õ� °ú s� ìøÍ6£x���Ãº_� Ãº\�¦ 1lqwn��)a P°úכ_� %i�Ãº_� ½+ËÜ¼�Ð ��è�H °ú̀�כ¦

7áx½+Ë�)a P°úכÜ¼�Ð &ñ
ô�Ç��.

PGood =
K

K∑

k=1

P−1
k

. (2.14)

2.2.3. �î|fy�;�êc� ÎPòKûý PÇH�?ê �Ã=�êh²¿ �Þ2¬�כ �� c�ëà�f£ :�êÔ�±

Brown (1975)�Ér�©��'a$í
s�e����H P°úכ_�#î
½+Ë~½ÓZO�Ü¼�Ð·ú¡\�"f���/åLô�Ç Fisher (1950)_�~½ÓZO�
�̀¦ Ãº&ñ
�#� &h�6 xô�Ç��. �©��'a$í
s� e����H P°ú̀�כ¦ #î
½+Ë���H �â
Äº 0A_� d�� (2.13)\� ]jr��)a X2_�

î̈
ç�Hõ� ì�ríß��̀¦ ½̈K��Ð��� ��6£§õ� °ú ��.

E(X2) = 2K, (2.15)

Var(X2) =
K∑

i=1

Var(−2 loge Pi) + 2
K∑ K∑

i<j

Cov(−2 loge Pi,−2 loge Pj)

= 4K + 2
K∑ K∑

i<j

Cov(−2 loge Pi,−2 loge Pj). (2.16)

Brown (1975)�Ér ì�ríß�_� �̧�ÉrAá¤ �½Ó\� e����H Cov(−2 loge Pi,−2 loge Pj)\�¦ i���P:ü< j���P: ìøÍ

6£x���Ãº_� �©��'a>�Ãº ρij_� �<ÊÃº�Ð ³ð�&³�#�, ρij�� �ª�Ãº{9� M: ρij(3.25 + 0.75 × ρij)�Ð, 6£§Ãº
{9� M: ρij(3.27 + 0.71× ρij)�Ð ]jr��%i���. Õª�QÙ¼�Ð õ��� ���½̈�ÐÂÒ'� ρij_� °ú̀�כ¦ ·ú�>� ÷&���

Var(X2)\�¦ ½̈½+É Ãº e����. s�]j X2_� î̈
ç�Hõ� ì�ríß�s� ½̈K�&���¦, 
�s�]jY�L ì�r�íü< ����'a f±	��H
{9�s� z���� e����.
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χ2
(f)����Ä»�̧ f_�
�s�]jY�Lì�r�í{9�M:d�� (2.13)_� X2\�¦ cχ2

(f)�Ð��H��r�~�́Ãºe�����¦��

&ñ
����, X2_� î̈
ç�Hõ� ì�ríß��Ér ��6£§õ� °ú ��.

E(X2) = cf, Var(X2) = 2c2f. (2.17)

Õª�QÙ¼�Ð d�� (2.15), (2.16)õ� (2.17)�̀¦ s�6 x���� cü< f��H ��6£§õ� °ú s� &ñ
o��)a��.

c =
Var(X2)
2E(X2)

, f =
2[E(X2)]2

Var(X2)
. (2.18)

s�]j E(X2)ü< Var(X2)\�¦ s�6 x�#� cü< f_� °ú̀�כ¦ ½̈��¦, s��ÐÂÒ'� ��Ä»�̧ f_� 
�s�]jY�L

ì�r�í\�¦ ��ØÔ��H ��6£§_� :�x>�|¾Ó�̀¦ %3���H��.

X2

c
≈ χ2

(f) (2.19)

����"f 7áx½+Ë�)a P°úכ�Ér PBrown = Pr(χ2
(f) ≥ X2/c)s���. s�ü< °ú s� �©��'a$í
s� e����H #��Q

P°ú̀�כ¦ #î
½+Ë�#� PBrown�̀¦ Ä»�̧���H ~½ÓZO��̀¦ Äºo���H ¼#�_��©� ‘~½ÓZO� B’�� ÂÒØÔ��x��.

2.2.4. �î|fy�;�êc� ÎPòKûý PÇH�?ê æÐüÊPè �Ýäsìë ¦Í :�êÔ�±

�©��'a$í
s� e����H P°úכ_� #î
½+Ë�Ð����H 1lqwn��)a P°úכ_� #î
½+Ë\� @/ô�Ç s��:r[þts� �8¹¡¤ ú́§s� ]jr�

÷&%3�6£§s���z�́s���.Õª�QÙ¼�Ð�©��'a$í
s�e����H P°ú1¦̀�כlqwn��)a P°úכÜ¼�Ð���8̈�r�&�s�\�¦#î
½+Ë�

��H ~½ÓZO��̧ ¢̧ô�Ç ��0px���. Zaykin 1px (2002)�Ér Ä»����<Æ_� �©�S!�, 7£¤ Ãºëß�>h_� Ä»����� &ñ
�Ð\�¦
ì�r$3�K��� ���H �â
Äº\� B�Äº &h�]X�ô�Ç Wilkinson (1951)_� #QÖ¼ °úכ s��_� P°úכëß��̀¦ Y�L�#� 7áx

½+Ë���H Truncation Product ~½ÓZO��̀¦ ]jîß����H õ�&ñ
\�"f ¢̧ô�Ç 1lqwn��)a P°úכÜ¼�Ð_� ���8̈��̀¦ [O�

"î
�%i���.�:r�7Hë�H\�"f��He���©�r�+«>\�_�&h�6 xÜ¼�Ð�©��'a$í
s�e����H P°ú1¦̀�כlqwn��)a P°úכÜ¼�Ð���

8̈�r���� Êê\� ò́Ö�¦$í
s� Z�}���¦ µ1ß)���� Fisher (1950)_� ~½ÓZO�õ� Good (1958)_� ~½ÓZO��̀¦ ]X�3lq
r������.
#��QìøÍ6£x���Ãº_��©��'a'��§>=Rs��ª�&ñ
u�'��§>=(positive definite matrix){9�M:, R = MMT �̀¦

ëß�7á¤���Hc+tYUÛ¼v¹כ��è(Cholesky factor)��� K×K'��§>=Ms��>rF�ô�Ç��.1lqwn��)a K>h_� P°úכ

Ü¼�Ð s�ÀÒ#Q��� K × 1 7�'�\�¦ PI�Ð &ñ
_�����, s�\� �©�6£x���H ³ðï�r &ñ
½© ì�r�í_� Z°úכ  7�'���H

ZI = Φ−1(J−PI)s� �)a��. #�l�"f Φ(·)��H ³ðï�r &ñ
½© ì�r�í_� SX�Ò�¦ì�r�í �<ÊÃºs� 9, J��H 1]X�\�
"f&ñ
_��%i�1pws� K×1 7�'� J = (1, . . . , 1)Ts���.s�]j�©��'a$í
s�e����H P°ú7 כ�'�\�¦ P�Ð&ñ
_�
���� s���H Äº���MZI�� î̈
ç�Hs� 0s��¦, ì�ríß�s� Var(MZI) = MVar(ZI)MT = MMT = R���
���½Ó &ñ
½© ì�r�í\�¦ ���Ér����H �¦̀�	כ s�6 x�#� ½̈ô�Ç��.

P = J− Φ{MZI}
= J− Φ{MΦ−1(J−PI)}. (2.20)

#�l�"f P°úכ\� �©�6£x���H Z°úכ  7�'�_� �©��'a'��§>= Var(ZI)��H #��Q ìøÍ6£x���Ãº_� �©��'a'��§>=õ� 1lx
{9�����¦ ��&ñ
�%i���HX<, s���H �©��'a>�Ãº��H éß��̧ ���8̈�(monotone transformation)\� _�K� ��H
��&h�Ü¼�ÐÔ�¦��������H��z�́,7£¤, Corr{g(Pi), g(Pj)} ≈ Corr{Pi, Pj}�̀¦s�6 xô�Ç����s	כ (Zaykin
1px, 2002).
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s��ÐÂÒ'� 1lqwn��)a P°úכ  7�'� PI��H ��6£§õ� °ú s� ½̈K������.

PI = J− Φ{M−1Φ−1(J−P)}. (2.21)

s�ü< °ú s� �©��'a$í
s� e����H P°úכ_�  7�'� P\�¦ ���8̈��#� 1lqwn��)a P°úכ_�  7�'� PI\�¦ ½̈�%i��¦ s�

]j PI_� y�� ���¹�èכ 1lqwn��)a P°úכ_� #î
½+ËÜ¼�Ð"f ·ú¡\�"f �è>hô�Ç Fisher (1950)_� P°úכ #î
½+Ëõ�

Good (1958)s� ]jr�ô�Ç �̧�oî̈
ç�H ~½ÓZO��̀¦ &h�6 xô�Ç��. y��y��_� ~½ÓZO�\� _�ô�Ç 7áx½+Ë�)a P°úכ_� #î
½+Ë

�̀¦ ¼#�_��©� ‘~½ÓZO� F’ü< ‘~½ÓZO� G’�� ÂÒØÔ��x��.

3. =.ãëà���NM

#��Q +þAI�_� ìøÍ6£x���Ãº�ÐÂÒ'� 7áx½+Ë�)a ����:r�̀¦ ?/�9�� ���H �â
Äº�� ��¥y� µ1ÏÒqt� 9 ��6£§_�

\V]j�� Õª ô�Ç��t� �â
Äºs���. _��<Æ&h� l�Õütµ1Ï��� x9� ²DG���_� �¦§î
�o 1pxÜ¼�Ð ����#� _�«Ñq�6 xs�
ß¼>� /åL7£x����"f s�\� @/ô�Ç ����Ð�� ���½̈��[þt\� _�K� #��Q ~½Ó���\�"f s�ÀÒ#Qt��¦ e����. :£¤y�
	�H t�Ø�¦�½Ó3lqÜ¼�Ð #î
"é¶ {9�"é¶u�«Ñ�� t�&h�÷&���"f �@"é¶_� Ô�¦�9¹כ�ô�Ç t����, q�ò́Ö�¦&h���� u�«Ñ ���
>� r�Û¼%7�Ü¼�Ð ���ô�Ç {9�"é¶{9�Ãº_� 7£x�� 1px, ÂÒ&h�&ñ
 {9�"é¶{9�Ãº\�¦ ×�¦e��Ü¼�Ð+� q�6 x�̀¦ ×�¦s��¦��
���H �̧§4�s� ÂÒy��÷&�¦ e����.
�:r �7Hë�H\�"f ]jr����H ��«Ñ��H 2002�̧� ¿º ²ú� 1lxîß� @/�<Æíß�� #î
"é¶\�"f Ãº|9�÷&%3�Ü¼ 9, 50-

59[j z��$í
 8̈��� ×�æ 63"î
_� Iõ� 8̈���ü< 47"î
_� Sõ� 8̈���_� {9�"é¶u�«Ñ\�¦ ì�r$3��#� ¿º ���«Ñõ�\�¦
q��§½+É3lq&h�Ü¼�ÐÂÒ&h�&ñ
{9�"é¶{9�Ãº\�¦Ãº|9��%i��� (Kim, 2004). ÂÒ&h�&ñ
{9�"é¶{9��Ér Gertmanõ�
Restuccia (1981)\� _�K� >hµ1Ï�)a Appropriate Evaluation Protocol(AEP)�̀¦ s�6 x�#� &ñ
_�
� 9, 11>h_� _�«Ñ "fq�Û¼ x9� ���'��\� �'aº���)a �½Ó3lq, 7>h_� çß� ñ 1px_� �Ð�̧ "fq�Û¼\� �'aº���)a
�½Ó3lq, 8>h_� 8̈���_� e���©�&h� :£¤fç
\� �'aº���)a �½Ó3lqÜ¼�Ð ½̈$í
�)a 8úx 27>h �½Ó3lq\� ��H���#� &h�&ñ

{9�"é¶{9��̀¦ î̈
��ô�Ç��. ü@²DGõ� ���Ér ô�Ç²DG _�«Ñr�Û¼%7�_� :£¤fç
�̀¦ ìøÍ%ò
�l� 0AK� ²DG?/ _�«Ñ ���½̈
��[þt\� _�K� Y>� 	�YV Ãº&ñ
�̀¦ ���2; �̧½̈�Ð {9�"é¶{9�s� 0A_� �½Ó3lq ×�æ #QÖ¼ �̧��\	כ ÂÒ½+Ë÷&t� ·ú§

�̀¦ M:\�¦ ÂÒ&h�&ñ
{9��Ð &ñ
_��%i���. 8̈���_� ÂÒ&h�&ñ
{9� ��«Ñ�ÐÂÒ'� #��Q ÂÒ&h�&ñ
$í
 î̈
��'���̧��
íß�Ø�¦÷& 9, ���©� ��¥y� æ¼s���H '���̧��H y�� 8̈���_� 8úx {9�"é¶{9�Ãº ×�æ ÂÒ&h�&ñ
 {9�"é¶ {9�Ãº_� q�Ö�¦s�
��. Õª�Q�� ���5Åq���Ãº��� s� ÂÒ&h�&ñ
Ö�¦�Ér @/|ÄÌ&h���� '���̧�Ð"f Ø�æì�ry� [jÂÒ&h�s�t� 3lw���. ÂÒ&h�
&ñ
{9�s�÷&l�/'î�r{9�"é¶'Í	±ú�õ��@"é¶���±ú��Ér_�«Ñ�'ao���[þt\�>�:£¤Z>�ô�Ç_�p�\�¦��t� 9s�y��

y���Ér s�íß�+þA ���Ãºs���. %�6£§ ÂÒ&h�&ñ
{9�s� r�����)a s�Êê�Ð ��6£§ ÂÒ&h�&ñ
{9�s� ������l� �����t�
\�¦ ���_� ��� :�x>�|¾Ó(run statistics)Ü¼�Ð &ñ
_��#� ���Ãº(run number)\�¦ ����?/��H í�H"f+þA ���
Ãº�� ¢̧ô�Ç _�p��� e����. ô�Ç \V�Ð"f, {9�"é¶l�çß�s� 8úx 21{9�s� ÷&��H 8̈���_� ��«Ñ\�"f 0�̀¦ &h�&ñ

{9��Ð, 1�̀¦ ÂÒ&h�&ñ
{9��Ð ³ð�&³�#� 0-0-0-1-1-1-1-1-1-0-0-0-1-1-1-1-0-1-0-0-0ü< °ú ���¦ ���. 8úx
11{9�_� ÂÒ&h�&ñ
 {9�Ãº�Ð {9�"é¶{9�\� @/ô�Ç ÂÒ&h�&ñ
Ö�¦�Ér 11/21=0.524s� ÷& 9, ���Ãº��H 4s���. ¢̧ô�Ç
{9�"é¶ 'Í	±ú�õ� �@"é¶ ���±ú� �̧¿º &h�&ñ
ô�Ç u�«Ñ\�¦ ~ÃÎ��¤��. #��Q ���Ãº�� �<Êa� ÂÒ&h�&ñ
ô�Ç &ñ
�̧\�¦ ��
���·p��.
³ð 3.1\� Iõ�ü< Sõ� 8̈���_� y�� ���Ãº\� @/ô�Ç ���¹כ Ãºu��� ]jr�÷&%3�Ü¼ 9, #��Q '���̧\�¦ 7áx

½+Ë�#�"f ¿º ���«Ñõ�\�¦ q��§��¦�� ô�Ç��. {9�"é¶ 'Í	±ú�, �@"é¶ ���±ú��Ér ����̂ 8̈��� ×�æ\�"f ÂÒ&h�&ñ

{9��̀¦ ����� 8̈���Ãº�� ]jr�÷&%3��¦, ���Ãº_� 4��H Õª s��©��̀¦ �í�<Ê���H #3�ÅÒ�Ð"f ���Ãº\� ]jr��)a
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³ð 3.1: y�� ���Ãº\� @/ô�Ç ���¹כ Ãºu�

8̈���Ãº
{9�"é¶ �@"é¶ ���Ãº

ÂÒ&h�&ñ
Ö�¦
'Í	±ú� ���±ú� 1 2 3 4

Sõ� 47
25 27 11 13 16 7

0.22
(53%) (57%) (23%) (28%) (34%) (15%)

Iõ� 63
15 25 30 19 7 7

0.20
(24%) (40%) (48%) (30%) (11%) (11%)

110
40 52 41 32 23 14

0.21
(36%) (47%) (37%) (29%) (21%) (13%)

Ãº��H y�� #3�ÅÒ\� 5Åq���H 8̈���Ãº\�¦ �����·p��. s�íß�+þAõ� í�H"f+þA ���Ãº_� �â
Äº\� F�c ñ îß�\� q�
Ö�¦�̀¦ ]jr��%i���. Sõ�\�"f {9�"é¶ 'Í	±ú� ÂÒ&h�&ñ
{9�_� q�Ö�¦s� Z�}Ü¼ 9 ¢̧ô�Ç ���Ãº�� 	�H �â
Äº_� q�
Ö�¦�̧ Z�}��. Õª�Q�� ÂÒ&h�&ñ
Ö�¦�Ér Sõ��� Iõ��Ð�� ÂÒ&h�&ñ
ô�Ç &ñ
�̧�� Z�}����H ��z�́�̀¦ ìøÍ%ò
�t� 3lw
��¦ e����.
y�� ���ÃºZ>��Ð Sõ��� Iõ��Ð�� ÂÒ&h�&ñ
 '���̧�� Z�}����H �¦̀�	כ ���&ñ
½+É 3lq&h�Ü¼�Ð z�́r�ô�Ç éß����

|¾Ó ì�r$3�\�"f {9�"é¶ 'Í	±ú�õ� �@"é¶ ���±ú� ���Ãº��H q�Ö�¦	� ���&ñ
Ü¼�Ð Z°úכs� y��y�� 3.169õ� 1.846s�
�¦, ���Ãº��H �]49�q��H í�H0A½+Ë ���&ñ
Ü¼�Ð Z°úכs� 2.797s���. ���5Åq+þA��� ÂÒ&h�&ñ
Ö�¦�Ér �̧î̈
ç�H q��§�Ð
t ���&ñ
�̀¦ z�́r���¦ @/³ð�:r ��H�� Z:�x>�|¾ÓÜ¼�Ð 0.39s� ½̈K�&����. Ä»_�Ãºï�r 5%\�"f ÂÒ&h�&ñ
Ö�¦
�Ér Sõ�_� ÂÒ&h�&ñ
ô�Ç u�«Ñ\� @/ô�Ç Ä»_�ô�Ç ��H���� ÷&t� 3lw���H ìøÍ���, �� Qt� [j ���Ãº��H Ä»_�ô�Ç
��H��\�¦ ]jr�ô�Ç��.
�:r �7Hë�H\�"f [O�"î
ô�Ç ��×�æ ìøÍ6£x���Ãº\�¦ 7áx½+Ëô�Ç ���&ñ
~½ÓZO��̀¦ &h�6 xK� �:r��. y�� ���Ãºçß� �©��'a

'��§>=�Ér õ��� ���½̈�ÐÂÒ'� ½̈���H ��s	כ þj&h�s�t�ëß� s� ���«Ñõ� ì�r$3�\�"f��H ³ð�:r\�"f ÆÒ&ñ
ô�Ç

�¦̀�	כ ��6 xô�Ç��.

R =




1 0.2306 0.4970 0.5612
1 0.5298 0.5387

1 0.4111
1


 .

�©��'a$í
 e����H P°úכ #î
½+Ë~½ÓZO���� ~½ÓZO� B\�"f ½̈ô�Ç X2 x9� î̈
ç�H E(X2)õ� ì�ríß� Var(X2)��H ��6£§
õ� °ú ��.

X2 =
K∑

k=1

−2 loge Pk = 14.352 + 6.857 + 11.92 + 2.106 = 35.235,

E(X2) = 2K = 8,

Var(X2) = 4K + 2
K∑ K∑

i<j

Cov(−2 loge Pi,−2 loge Pj)

= 16 + 2× (0.791 + 1.801 + 2.06 + 1.933 + 1.97 + 1.462)

= 36.026.
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³ð 3.2: 7áx½+Ë�)a ì�r$3� ���õ�
OLS GLS ~½ÓZO� B ~½ÓZO� G ~½ÓZO� F

���&ñ
 :�x>�|¾Ó 2.656 2.957 15.648 - 26.185

7áx½+Ë�)a P°úכ 0.004 0.0016 0.0023 0.0004 0.001

����"f c = Var(X2)/2E(X2) = 36.026/(2 × 8) = 2.252, f = 2E(X2)2/Var(X2) = (2 ×
82)/36.026 = 3.553�̀¦s�6 x�#�%3��Ér X2/c = 15.648��H��Ä»�̧ f���
�s�]jY�Lì�r�í\�¦���Ér��.
s� M: PBrown°úכ�Ér 0.0023Ü¼�Ð, Ä»_�Ãºï�r 5%\�"f Iõ�ü< Sõ� {9�"é¶8̈���_� ÂÒ&h�&ñ
ô�Ç &ñ
�̧\� 	�
s��� \O�����H )Áº��[O��̀¦ l�y��ô�Ç��.
��6£§�Ér ~½ÓZO� Fü< G_� >�íß�\�"f ��H&÷̈½¹כ Mõ� M−1s���.

M =




1 0.2306 0.4970 0.5612
0 0.9731 0.4267 0.4206
0 0 0.7556 −0.0625
0 0 0 0.7101


 ,

M−1 =




1 −0.2369 −0.5240 −0.6960
0 1.0277 −0.5803 −0.6599
0 0 1.3234 0.1165
0 0 0 1.4082


 .

s�]jéß����|¾ÓÜ¼�ÐÂÒ'� ½̈K���� P°ú7 כ�'�P = (0.0008, 0.0324, 0.0026, 0.3488)Tõ�s�\�K�{©�

���H Z°ú7 כ�'� Φ−1(J−P) = (3.1690, 1.8461, 2.7968, 0.3885)T\�_�K� Φ{M−1Φ−1(J−P)} =
(0.8403, 0.5071, 0.9999, 0.7079)Ts� >�íß�÷&#Q, 1lqwn� ���8̈��)a P°úכ  7�'� PI = (0.1597, 0.4929,

0.0001, 0.2921)T\�¦ Ä»�̧ô�Ç��.
PI\�¦ s�6 x�#�

∑
P−1

k = 6.2617 + 2.0288 + 10000 + 3.4235 = 10011.71�̀¦ ì�r�̧�Ð �
��H PGood = 4/10011.71 = 0.0004s� >�íß��)a��. Õªo��¦ ��Ä»�̧ 8_� 
�s�]jY�L ì�r�í\�¦ ��ØÔ��H
X2

Fisher = 3.6692 + 1.4148 + 18.6401 + 2.4610 = 26.1851_� PFisher°úכ�Ér 0.0010s���. ~½ÓZO� G
ü< F ¢̧ô�Ç Ä»_�Ãºï�r 5%\�"f Iõ�ü< Sõ�_� ÂÒ&h�&ñ
ô�Ç &ñ
�̧\� 	�s��� \O�����H )Áº��[O��̀¦ l�y��
ô�Ç��.

OLSü< GLS:�x>�|¾Ó�Éréß����|¾Óì�r$3����õ�Ä»�̧ô�Ç���&ñ
:�x>�|¾Ó Z 7�'��ÐÂÒ'� TOLS = JT Z/√
JT R̂J = 8.2013/3.0881 = 2.656õ� TGLS = JT R̂

−1
Z/

√
JT R̂

−1
J = 3.8574/1.3045 =

2.957�̀¦ y��y�� >�íß�ô�Ç��. �̧��H ~½ÓZO�\�"f 7áx½+Ë�)a P°úכs� Ä»_�Ãºï�r 5%�\�"f Ä»_����. ³ð
3.2\� OLS, GLS x9� ~½ÓZO� B, G, F_� ���õ�\�¦ ���¹כ�%i���.

4. �¬?êÍPæB��

4.1. �¬?êÍPæB�� 5�É̈Ì

#��Q+þAI�_������|¾ÓìøÍ6£x���Ãº�Ðu�«Ñò́õ���8£¤&ñ
�)a�â
Äº,1lqwn��)a¿ºç�H_�q��§\�@/ô�Ç���
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&ñ
ZO�Ü¼�Ð �:r �7Hë�H\�"f #��Q ~½ÓZO�s� ]jr�÷&%3��¦, s�\�¦ q��§���H �̧_�z�́+«>�̀¦ z�́r��%i���. �©�
�'a$í
s� e����H 4>h_� �����|¾Ó ìøÍ6£x���Ãº\�¦ Òqt$í
� 9 y�� ç�H\�"f 1lx{9� ³ð�:rÃº n(= n1 = n2)=20,
50����â
Äº\�¦�¦�9ô�Ç��.¿º|9�éß�×�æu�«Ñç�H(treatment group)�Ér T�Ð,@/�̧ç�H(control group)�Ér
C�Ð ³ðr���¦, Tç�H_� ìøÍ6£x°úכs� Cç�H�Ð�� ß¼����H @/wn���[O� �\�"f éß�8£¤ ���&ñ
�̀¦ 1000��� ìøÍ
4�¤�#� ]j 17áx �̧ÀÓü< ���&ñ
§4��̀¦ q��§ô�Ç��.
�:r �7Hë�H\�"f ]jîß�ô�Ç P°úכ_� #î
½+Ë~½ÓZO�s� OLSü< GLS :�x>�|¾Ó\� q��#� ��{©�ô�Çt� ·ú���?/

l� 0AK� Äº��� �̧��H ~½ÓZO��̀¦ ���5Åq+þA ìøÍ6£x���Ãº\� &h�6 x�#� q��§ô�Ç��. ���5Åq+þAÜ¼�Ð��H �����|¾Ó &ñ

½©ü< q�&ñ
½© ì�r�í\�¦ Òqt$í
� 9 q�&ñ
½© ì�r�í�Ð �̧%i��)a &ñ
½©(contaminated normal) ì�r�íü< �Ð
Õª &ñ
½©(log-normal) ì�r�í\�¦ �¦�9ô�Ç��.
�����|¾Ó &ñ
½© ì�r�í\�¦ Ns��� t�g�A��¦, N�Ér Yijk = cXij0 +

√
1− c2Xijk\� l��í�#� �½�

 ü��>� Òqt$í
ô�Ç��. #�l�"f Xij0õ� Xijk��H y��y�� 1lqwn��)a ³ðï�r &ñ
½© ���|¾Ós���. �����|¾Ó &ñ
½© ì�r
�í_� �©��'a'��§>= R�Ér ��6£§õ� °ú Ü¼ 9, �̧_�z�́+«>\�"f c2 = 1/2�̀¦ ��&ñ
ô�Ç��.

R =




1 c2 c2 c2

1 c2 c2

1 c2

1


 .

�̧%i��)a &ñ
½© ì�r�í_� Òqt$í
�Ér ³ð�:rÃº_� 95%��H N(0, 1)\�"f, �� Qt� 5%��H N(0, 25)\�"f Òqt$í

ô�Ç��. 4>h ���Ãº ×�æ 2>h��H &ñ
½© ì�r�í�Ð, �� Qt� 2>h ���Ãº��H �̧%i��)a &ñ
½© ì�r�í�Ð Òqt$í
�)a �â
Äº
\�¦ CNs��� t�g�Aô�Ç��. @/wn���[O�_� ���&ñ
�Ér Tç�H_� &ñ
½© ì�r�í_� î̈
ç�H�̀¦ 0.5�Ð ¿º�¦ z�́r��%i�
��. q�&ñ
½© ì�r�í�Ð"f �ÐÕª &ñ
½© ì�r�í_� Òqt$í
�Ér Nõ� °ú �Ér ~½ÓZO�Ü¼�Ð Òqt$í
�)a ��«Ñ\� t�Ãº���

8̈�(exp(Yijk))�̀¦ ��5g %3���H��. �����|¾Ó &ñ
½© ì�r�í\�"f 3>h ���Ãº�� �ÐÕª &ñ
½© ì�r�í�Ð @/u��)a
�â
Äº\�¦ LNs��� t�g�Aô�Ç��.
���5Åq+þA��«Ñ\� �̧��H���&ñ
ZO�,7£¤, OLSü< GLS:�x>�|¾Óõ�~½ÓZO� B, F, G\�¦q��§�l�0AK�Äº

���&h�Ü¼�Ð ���ÃºZ>��Ð ³ðï�r�o\�¦ z�́r�ô�Ç��. ³ðï�r�o�)a ��«Ñ\� OLSü< GLS :�x>�|¾Ó�Ér t :�x>�|¾Ó�̀¦

½̈�#� #î
½+Ë��¦, ~½ÓZO� B, F, G��H y�� ���Ãº �̧¿º t ���&ñ
�̀¦ z�́r��#� ½̈ô�Ç P°ú̀�כ¦ #î
½+Ëô�Ç��.
³ð�:r\�"f >�íß��)a �©��'a>�Ãº '��§>=�̀¦ /BNì�ríß� '��§>= R�Ð ��6 x�#� P°ú̀�כ¦ #î
½+Ëô�Ç��.
#��Q +þAI� ìøÍ6£x���Ãº_� ��«Ñ Òqt$í
�Ér ��6£§õ� °ú ��. 4>h_� ���Ãº\�¦ í�H"f@/�Ð 0A\�"f ���/åLô�Ç

���5Åq+þA ì�r�í N, CN, LNÜ¼�Ð Òqt$í
ô�Ç Êê, [j ���P: ���Ãº��H s�íß�+þAÜ¼�Ð, W1 ���P: ���Ãº��H í�H"f
+þAÜ¼�Ð ���8̈�ô�Ç��. s�íß�+þA ���Ãº��H Tç�H\�"f p�o� t�&ñ
ô�Ç s�íß� q�Ö�¦(binary property)\� �©�6£x
���H ì�r0AÃº\�¦ ]X�éß�&h�(cutoff point)Ü¼�Ð �#�, Tç�Hõ� Cç�H_� ��«Ñ�� ]X�éß�&h�õ� °ú ���� ����̀¦

�â
Äº\�¦ 0Ü¼�Ð,	�H�â
Äº\�¦ 1�Ð���8̈�ô�Ç��.s�íß�q�Ö�¦�̀¦ 0.3, 0.5, 0.8�Ð7£x��r�&� �̧_�z�́+«>�̀¦z�́
r�ô�Ç��. í�H"f+þA ��«Ñ��H #3�ÅÒÃº��� m�̀¦ p�o� &ñ
ô�Ç Êê, ¿º ç�H ����̂ ��«Ñ\�¦ 1/mm��Ü¼�Ð ��¾º#Q

í�H0A\�¦ ÂÒ#��<ÊÜ¼�Ð"f ���8̈�ô�Ç��. #3�ÅÒÃº\�¦ 3, 5, 7>h�Ð 7£x��r�&� �̧_�z�́+«>�̀¦ z�́r�ô�Ç��.
P°úכ_� ���8̈� r�\� ��H&÷̈½¹כ �©��'a'��§>=�Ér "é¶A�_� ���5Åq+þA ��«Ñ�ÐÂÒ'� ÆÒ&ñ
�)a �¦̀�	כ ��6 xô�Ç

��.
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³ð 4.1: 4	�"é¶ ���5Åq+þA ì�r�í\�"f_� ]j 17áx �̧ÀÓ
ì�r�í ³ð�:rÃº OLS GLS ~½ÓZO� B ~½ÓZO� F ~½ÓZO� G

α = 0.05

�����|¾Ó &ñ
½© ì�r�í
20 0.051 0.050 0.053 0.070 0.103

50 0.056 0.057 0.056 0.070 0.098

�̧%i��)a &ñ
½© ì�r�í
20 0.052 0.052 0.053 0.071 0.109

50 0.056 0.055 0.059 0.067 0.094

�ÐÕª &ñ
½© ì�r�í
20 0.055 0.058 0.055 0.072 0.100

50 0.052 0.051 0.050 0.057 0.080

α = 0.01

�����|¾Ó &ñ
½© ì�r�í
20 0.013 0.012 0.015 0.027 0.040

50 0.013 0.013 0.013 0.025 0.026

�̧%i��)a &ñ
½© ì�r�í
20 0.010 0.010 0.010 0.027 0.038

50 0.013 0.013 0.013 0.020 0.028

�ÐÕª &ñ
½© ì�r�í
20 0.010 0.010 0.011 0.021 0.031

50 0.011 0.010 0.010 0.013 0.018

�ÐÕª &ñ
½© ì�r�í : ô�Ç ���Ãº��H &ñ
½© ì�r�í, [j ���Ãº��H �ÐÕª &ñ
½© ì�r�í.

4.2. �¬?êÍPæB�� l5æÑä

³ð 4.1�Ér ���5Åq+þA ��«Ñ N, CN, LN y��y��\�"f Ä»_�Ãºï�rõ� ³ð�:r_� ß¼l�\�¦ ²ú�o��#�, u�«Ñ
ò́õ��� \O�����H )Áº��[O� �\�"f_� ]j 17áx �̧ÀÓ\�¦ �����·p �.���s	כ OLSü< GLS_� ]j 17áx �̧
ÀÓ��H &ñ
K���� Ä»_�Ãºï�r\� q��§&h� ��H����¦ P°úכ_� #î
½+Ë~½ÓZO� ×�æ ~½ÓZO� B�� s� ¿º ~½ÓZO�õ� q�5pw
ô�Ç ���õ�\�¦ �Ðs�t�ëß�, ~½ÓZO� Fü< G��H Ä»_�Ãºï�r�Ð�� 	�H Ãºu�\�¦ �Ðs��¦ e��#Q ��|ÃÐf���t� ·ú§��.
³ð 4.2��H ���5Åq+þA ��«Ñ N , CN , LN y��y��\�"f éß�8£¤ @/wn���[O� �\�"f_� ���&ñ
§4�s���. �̧��H

���&ñ
~½ÓZO�\�"f ì�r�í�� Nõ� CN{9� M: ���&ñ
§4�s� @/�̂�Ð Z�}��. :£¤y� 1>h_� ���Ãºëß�s� &ñ
½© ì�r
�í��¦ �� Qt� 3>h_� ���Ãº�� �ÐÕª &ñ
½© ì�r�í���H LN\�"f ���©� ±ú��Ér ���&ñ
§4��̀¦ �Ð�����. ��
���|¾Ó &ñ
½© ì�r�í\�"f 2>h_� ���Ãºëß�s� �ÐÕª &ñ
½© ì�r�í�Ð @/u�÷&#Q q�@/g�A_� ���Ãº�� W=� [O����
�â
Äº�̧ �̧_�z�́+«>�̀¦ z�́r��%i�Ü¼�� ·ú¡\�"f_� �ÐÕª &ñ
½© ì�r�í�Ð�� ���&ñ
§4�s� ���çß� Z�}�̀¦ ÷�rs�

#Q"f ]jr�u� ·ú§��H��. s��Qô�Ç ���5Åq+þA ��«Ñ\�"f_� y�� ~½ÓZO�_� ���&ñ
§4��̀¦ {9�ÂÒ ���Ãº\�¦ s�íß�+þAõ�
í�H"f+þA ��«Ñ�Ð ���8̈�ô�Ç Êê &h�6 xô�Ç P°úכ #î
½+Ë~½ÓZO�_� ���&ñ
§4�õ� q��§½+É �.���s	כ
s�]j N, CN, LN ��«Ñ\�"f [j���P: ���Ãº\�¦ s�íß�+þAÜ¼�Ð, W1���P: ���Ãº\�¦ í�H"f+þAÜ¼�Ð ���8̈�

r���� �â
Äº_� ]j 17áx �̧ÀÓ�� ³ð 4.3\� ]jr�÷&%3���. @/g�A ì�r�í��� Nõ� CNì�r�í\�"f ³ð�:rÃº��

50��� �â
Äº\� ~½ÓZO� B�� Ä»_�Ãºï�r\� ����î�r °ú̀�כ¦ �Ðs��¦, q�@/g�A ì�r�í��� ���Ãº�� [O���� LN_�

�â
Äº\� ³ð�:rÃº�� 20Ü¼�Ð ����8���̧ ~½ÓZO� B_� 17áx �̧ÀÓ��H Ä»_�Ãºï�r\� ��¾ú���. Õª�Q�� ~½ÓZO� F
ü< G��H ]j 17áx �̧ÀÓ�� Ä»_�Ãºï�r�Ð�� ß¼ 9, :£¤y� ~½ÓZO� G��H t�&ñ
�)a Ä»_�Ãºï�r_� 2C�\� ����
î�r 	�H °ú̀�כ¦ �������. ¢̧ô�Ç, @/g�A��� Nõ� CNì�r�í\�"f ~½ÓZO� Fü< G_� ]j 17áx �̧ÀÓ��H ³ð�:rÃº\�
���� ����<Ê\O�s� #����y� ß¼ 9, LNì�r�í\�"f��H ����Ér ³ð�:rÃº 20��� �â
Äº\� 	�H °ú̀�כ¦ �������. s�ü<
°ú s� s�íß�+þA, í�H"f+þAÜ¼�Ð ���8̈�r���� �â
Äº_� #��Q ~½ÓZO�_� ���&ñ
§4�s� ³ð 4.4\� ]jr�÷&%3���. �̧
��H �â
Äº\� ���5g s�íß� q�Ö�¦s� 7£x��½+ÉÃº2�¤, Õªo��¦ #3�ÅÒÃº�� 7£x��½+ÉÃº2�¤ ���&ñ
§4�s� 7£x����¦
e����.
³ð 4.4_� P°úכ #î
½+Ë_� ���&ñ
§4��̀¦ ³ð 4.2\� ]jr��)a ���5Åq+þA ì�r�í_� �â
Äºü< q��§K� �Ð��� @/g�A
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³ð 4.2: 4	�"é¶ ���5Åq+þA ì�r�í\�"f_� ���&ñ
§4�
ì�r�í ³ð�:rÃº OLS GLS ~½ÓZO� B ~½ÓZO� F ~½ÓZO� G

α = 0.05

�����|¾Ó &ñ
½© ì�r�í
20 0.647 0.637 0.649 0.677 0.662

50 0.938 0.934 0.935 0.938 0.911

�̧%i��)a &ñ
½© ì�r�í
20 0.637 0.632 0.639 0.665 0.658

50 0.936 0.933 0.932 0.934 0.910

�ÐÕª &ñ
½© ì�r�í
20 0.436 0.421 0.455 0.484 0.471

50 0.695 0.682 0.724 0.732 0.647

α = 0.01

�����|¾Ó &ñ
½© ì�r�í
20 0.381 0.373 0.384 0.488 0.442

50 0.790 0.789 0.792 0.836 0.769

�̧%i��)a &ñ
½© ì�r�í
20 0.375 0.369 0.384 0.492 0.453

50 0.798 0.793 0.802 0.834 0.749

�ÐÕª &ñ
½© ì�r�í
20 0.203 0.196 0.218 0.274 0.239

50 0.450 0.435 0.486 0.495 0.349

�ÐÕª &ñ
½© ì�r�í : ô�Ç ���Ãº��H &ñ
½© ì�r�í, [j ���Ãº��H �ÐÕª &ñ
½© ì�r�í.

³ð 4.3: 4	�"é¶ ���5Åq+þA ìøÍ6£x���Ãº\�¦ #��Q +þAI��Ð ���8̈� Êê_� ]j 17áx �̧ÀÓ
³ð�:r #3�ÅÒ s�íß� &ñ
½© ì�r�í �̧%i��)a &ñ
½© ì�r�í �ÐÕª&ñ
½© ì�r�í

Ãº Ãº q�Ö�¦ ~½ÓZO�B ~½ÓZO�F ~½ÓZO�G ~½ÓZO�B ~½ÓZO�F ~½ÓZO�G ~½ÓZO�B ~½ÓZO�F ~½ÓZO�G

20

3

0.3 0.042 0.064 0.103 0.041 0.064 0.108 0.046 0.074 0.113

0.5 0.043 0.066 0.107 0.041 0.063 0.106 0.048 0.077 0.116

0.8 0.043 0.065 0.103 0.038 0.063 0.105 0.042 0.078 0.116

5

0.3 0.044 0.064 0.106 0.039 0.061 0.105 0.050 0.077 0.113

0.5 0.045 0.065 0.104 0.042 0.062 0.103 0.052 0.080 0.112

0.8 0.043 0.062 0.106 0.039 0.059 0.100 0.047 0.079 0.110

7

0.3 0.044 0.067 0.105 0.042 0.066 0.105 0.048 0.077 0.111

0.5 0.046 0.068 0.108 0.042 0.066 0.101 0.050 0.079 0.112

0.8 0.042 0.066 0.105 0.040 0.063 0.099 0.049 0.076 0.110

50

3

0.3 0.046 0.066 0.106 0.047 0.065 0.098 0.044 0.061 0.088

0.5 0.048 0.068 0.105 0.048 0.064 0.100 0.045 0.060 0.092

0.8 0.044 0.067 0.110 0.044 0.065 0.100 0.042 0.062 0.096

5

0.3 0.049 0.068 0.110 0.046 0.063 0.096 0.049 0.064 0.085

0.5 0.051 0.069 0.109 0.050 0.064 0.099 0.051 0.065 0.087

0.8 0.048 0.066 0.113 0.047 0.062 0.095 0.048 0.066 0.090

7

0.3 0.047 0.066 0.105 0.049 0.063 0.097 0.051 0.063 0.086

0.5 0.050 0.068 0.104 0.051 0.065 0.098 0.051 0.065 0.083

0.8 0.048 0.066 0.108 0.047 0.063 0.093 0.049 0.066 0.089

ì�r�í��� Nõ� CNì�r�í_� �â
Äº ³ð 4.2_� ���&ñ
§4�\���H 3lw p�u�t�ëß� #3�ÅÒÃº�� &�t����"f B�Äº ��
��î�r °ú̀�כ¦ ����?/ �Ð�����. s�ü< ìøÍ@/�Ð q�@/g�A ì�r�í��� LNì�r�í\�"f��H �̧y��9 P°úכ #î
½+Ë_�

���&ñ
§4�s� ³ð 4.2_� ���5Åq+þA ì�r�í_� OLSü< GLS_� ���&ñ
§4��Ð�� Z�}��. s���H s�íß� q�Ö�¦õ� y�� #3�
ÅÒ_� q�Ö�¦\� ���� y��y��_� :�x>�|¾Ó\� _�ô�Ç ���õ��� �8¹¡¤ Ä»_���¦ ����"f P°úכ #î
½+Ë~½ÓZO�s� �8
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³ð 4.4: 4	�"é¶ ���5Åq+þA ìøÍ6£x���Ãº\�¦ #��Q +þAI��Ð ���8̈� Êê_� ���&ñ
§4�
³ð�:r #3�ÅÒ s�íß� &ñ
½© ì�r�í �̧%i��)a &ñ
½© ì�r�í �ÐÕª&ñ
½© ì�r�í

Ãº Ãº q�Ö�¦ ~½ÓZO�B ~½ÓZO�F ~½ÓZO�G ~½ÓZO�B ~½ÓZO�F ~½ÓZO�G ~½ÓZO�B ~½ÓZO�F ~½ÓZO�G

20

3

0.3 0.554 0.597 0.573 0.448 0.487 0.444 0.483 0.543 0.500

0.5 0.566 0.608 0.582 0.499 0.528 0.470 0.526 0.568 0.518

0.8 0.557 0.601 0.577 0.616 0.679 0.644 0.646 0.706 0.663

5

0.3 0.567 0.609 0.593 0.514 0.549 0.510 0.546 0.591 0.557

0.5 0.582 0.620 0.603 0.559 0.585 0.530 0.585 0.616 0.569

0.8 0.574 0.620 0.604 0.666 0.700 0.659 0.689 0.731 0.684

7

0.3 0.574 0.613 0.597 0.532 0.562 0.525 0.569 0.613 0.575

0.5 0.583 0.621 0.607 0.581 0.598 0.544 0.605 0.636 0.584

0.8 0.574 0.621 0.605 0.682 0.708 0.664 0.711 0.745 0.693

50

3

0.3 0.896 0.897 0.841 0.895 0.898 0.841 0.822 0.855 0.794

0.5 0.902 0.904 0.853 0.903 0.902 0.849 0.863 0.883 0.807

0.8 0.894 0.898 0.853 0.896 0.900 0.848 0.951 0.967 0.951

5

0.3 0.907 0.909 0.868 0.901 0.905 0.862 0.858 0.873 0.810

0.5 0.912 0.913 0.876 0.907 0.911 0.866 0.892 0.891 0.820

0.8 0.904 0.910 0.869 0.903 0.909 0.866 0.964 0.971 0.950

7

0.3 0.907 0.915 0.871 0.904 0.911 0.871 0.890 0.898 0.845

0.5 0.915 0.917 0.878 0.911 0.914 0.875 0.914 0.912 0.853

0.8 0.909 0.912 0.870 0.906 0.912 0.875 0.970 0.974 0.956

¹¡¤ Ä»_�½+É Ãº e��6£§�̀¦ ú́�K�ÅÒ�¦ e����. P°úכ_� #î
½+Ë~½ÓZO� ×�æ ~½ÓZO� G_� ���&ñ
§4�s� b��#Qt��¦ ~½ÓZO�
F_� ���&ñ
§4�s� ~½ÓZO� B�Ð�� ���çß� Äº�Z4ô�Ç �â
Äº�� e��t�ëß� Äº��� ~½ÓZO� F_� 17áx �̧ÀÓ�� �Ð�©�÷&t�
·ú§Ü¼Ù¼�Ð ~½ÓZO� F�� ò́Ö�¦&h�s����¦ ú́�½+É Ãº \O�Ü¼ 9 �̧y��9 ~½ÓZO� B�� ���©� ò́Ö�¦&h�s����¦ ���
�:r?/wn= Ãº e����. �̧_�z�́+«>�̀¦ α = 0.01��� �â
Äº�̧ r�'���%i�Ü¼�� α = 0.05_� �â
Äºü< q��§�#�
#��Q ���&ñ
ZO�_� Äº0A\� e��#Q ����<Ês� \O�Ü¼Ù¼�Ð ]jr�u� ·ú§��H��.

5. l5æ*́0

e���©� r�+«>\�"f 7áx7áx ��×�æ ìøÍ6£x���Ãº_� 7áx½+Ë�)a ì�r$3�Ü¼�Ð ����:r�̀¦ ?/�9�����H �&³z�́\� ÂÒv9�

y�>� ÷&��HX<, s�M: ��×�æ ìøÍ6£x���Ãº��H ���5Åq+þA ÷�rëß� ��m���, s�íß�+þA, í�H"f+þA 1px #��Q +þAI�\�¦ �í
�<Êô�Ç��. s��Qô�Ç �©�S!�\��̧ Ô�¦½̈��¦ ��×�æ ìøÍ6£x���Ãº_� 7áx½+Ë&h� ���&ñ
 ~½ÓZO�\� @/ô�Ç ���½̈�� ÂÒ7á¤
ô�Ç ��s	כ ��z�́s���.
���&ñ
\�"f V,�o� s�6 x÷&��H Bonferroni Ãº&ñ
ZO��Ér Õª &h�6 x\� e��#Q"f B�Äº çß�¼#�ô�Ç �©�&h�s� e��

��. Õª�Q�� #��Q ìøÍ6£x���Ãº\� @/ô�Ç P°úכ ×�æ ���©� ����Ér °ú̀�כ¦ s�6 x�l� M:ë�H\� ��6£§õ� °ú �Ér ë�H

]j�� µ1ÏÒqt½+É Ãº�̧ e����. \V\�¦ [þt#Q"f ¿º ìøÍ6£x���Ãº_� P°úכs� 0.01õ� 0.8�Ð s�ÀÒ#Q��� �â
Äº��
�̧¿º 0.2�Ð s�ÀÒ#Q��� �â
Äº�Ð�� Bonferroni Ãº&ñ
ZO�\� _�K� Ä»_��>� ����:r ?/o�>� ÷&��HX<, u�
«Ñò́õ�\� @/ô�Ç [O�1pq§4��Ér Êê��_� �â
Äº�� �8¹¡¤ ß¼�����x��.
s�\�@/ô�Ç@/�̂îß�Ü¼�Ð Pocock1px (1987)s� GLS:�x>�|¾Ó�̀¦SX��©��#����5Åq+þA÷�rëß���m���,

s�íß�+þA, Òqt�>r+þA ��«Ñ\���t� &h�6 x�%i���. s� ~½ÓZO��Ér /BNì�ríß� ½̈�̧\� e��#Q"f Ô�¦½©gË:$í
�̀¦ °ú���H
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�â
Äº, 7£¤, #Q�"� ô�Ç ���Ãº\�"f /BNì�ríß�s� 6£§Ãº��� �â
Äº\� #��Q ìøÍ6£x���Ãº\�¦ ½+Ë���H GLS :�x>�|¾Ó
_� Ä»_�$í
 ���&ñ
 ���õ�\� %ò
�¾Ó�̀¦ p�u�l� M:ë�H\� Õª &h�6 x x9� K�$3�\� ÅÒ_��� ¹כ��9�>� �)a��.
s�\��:r�7Hë�H\�"f��H���5Åq+þA,s�íß�+þA,í�H"f+þAìøÍ6£x���Ãº_�7áx½+Ë&h����ì�r$3�~½ÓZO�Ü¼�Ðéß�8£¤���

&ñ
_� P°úכ_� #î
½+Ë~½ÓZO��̀¦ ]jîß��%i���. {9�ìøÍ&h�Ü¼�Ð P°úכ_� #î
½+Ë~½ÓZO��Ér ìøÍ6£x���Ãº_� +þAI��� ìøÍ

6£x���Ãº_� ���&ñ
 :�x>�|¾Ó_� +þAI�\� �©��'a\O�s� &h�6 x½+É Ãº e��l� M:ë�H\�, Õª #î
½+Ë\� e��#Q"f ]jô�Ç
s� \O�����H �©�&h��̀¦ t������. P°úכ_� #î
½+Ë~½ÓZO�Ü¼�Ð ß¼>� �©��'a$í
s� e����H P°úכ_� �Ð&ñ
�)a ��Ä»�̧

\�¦ s�6 xô�Ç #î
½+Ëõ� 1lqwn��)a P°úכÜ¼�Ð ���8̈� Êê_� #î
½+Ë~½ÓZO��̀¦ �¦�9�%i���. ���õ�&h�Ü¼�Ð 1lqwn��)a
P°úכÜ¼�Ð ���8̈� Êê Fisher (1950)~½ÓZO�õ� Good (1958)_� �̧�o î̈
ç�H�̀¦ s�6 xô�Ç #î
½+Ë~½ÓZO��Ð����H
Brown (1975)~½ÓZO�\� _�ô�Ç �©��'a$í
s� e����H P°úכ_� #î
½+Ës� �8¹¡¤ ò́Ö�¦&h�Ü¼�Ð ����z�¤��. Fisher
(1950)~½ÓZO�õ� Good (1958)_� ~½ÓZO��Ér /BNì�ríß�_� ½̈�̧�� 6£§Ãº\�¦ 2[½+É �â
Äº c+tYUÛ¼v� ¹�è�Ðכ
ì�rK�½+É Ãº \O�#Q GLS:�x>�|¾Ó_� �â
Äºü< ��ðøÍ��t��Ð &h�6 xs� ]jô�Ç�)a��. ���õ�&h�Ü¼�Ð s��Qô�Ç ë�H
]j�� µ1ÏÒqt÷&t� ·ú§��H Brown (1975)~½ÓZO�s� �8¹¡¤ ��|ÃÐf��������x��.

Zaykin 1px (2002)s� �è>hô�Ç 1lqwn��)a P°úכÜ¼�Ð ���8̈� Êê Wilkinson (1951)_� ~½ÓZO��̀¦ &h�6 xô�Ç
Truncation Product ~½ÓZO��Ér Ä»����<Æ ì�r���Ð &h�6 x_� ;�¤s� ���ª�K�&������H &h�\�"f <Éªp�\�v��. Ãº
ëß�>h_� Ä»�����\� @/ô�Ç ���&ñ
�̀¦ 7áx½+Ë�>� ÷&��H Ä»����<Æ ì�r�� ÷�rëß� ��m��� #��Q ì�r��\�"f ò́Ö�¦

$í
s� Z�}�Ér 7áx½+Ë&h� ���&ñ
 :�x>�|¾Ós� ]jîß�÷&�¦ �8¹¡¤ ���½̈÷&#Q4R�� ô�Ç��.
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Methods of Combining P -values for Multiple Endpoints

of Various Data Types

Su-Young Kim1) Hae-Hiang Song2)

Abstract

Comparative studies in Phase III clinical trials quite often involve two or more

equally important endpoints, and one cannot select primary endpoint from them. O

´Brien(1984) proposed for continuous endpoints the OLS and GLS statistics as milti-

variate test statistics. Pocock et al. (1987) mentioned the possibility of analyzing a

mixture of data types, such as quantitative, binary and survival data types, with the

OLS and GLS statistics, but the authors did not explore problems in combining several

endpoints of different types. Furthermore, they did not perform a simulation study

to assess the efficiencies of the OLS and GLS statistics for endpoints of a mixture of

data types. In this paper, we propose the combining methods of correlated P -values

for the analysis of multiple endpoints, and compare the efficiencies of this method with

those of OLS and GLS statistics for a mixture of data types with a simulation study.

Among the several methods of combining P -values that are more advantageous than

combining of OLS and GLS statistics, method B maintains nominal significance levels

and is more efficient, while method F and G have type I error rates that are larger than

the specified significance levels, which might occasionally lead to a wrong conclusion.

Keywords: Multiple endpoints, combining independent P -values, combining correlated
P -values, OLS, GLS.
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