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�µ
\�Æ�›�¬�d�`�o�M�‡�b�{�7	s�t	{�M�h�q�S�“�z�\�w

�Ù�´�³�ã�ï�w�é�›�‹�’�l�h�Ì�t�x�h�Š�’�O�>�Ë�j�‹�K

�“�‡�`�h�U�z
Æ�†�p�‹
ˆ�|���œ�p�ˆ�o�Š�p�t�‘�T�l�h

�s�z�q�ò�a�‡�`�h�{�ˆ�s�^�œ�‹�z�Ø�W�s	����V�›	Ð�“

�ý�Q�o�z�e�{�‚�Ž�å�Ø
\�Æ�›�¸�`�œ�p�X�i�^�M�{
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�²
:�g�w�“�é
6�³

Adaptive Dynamics �Ö�ó �¢���£
�™
��=�$�›�Ÿ�:�w
ü�¨�q PIP �™

�G�ì�y�q !

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

0. �x�a�Š�t

�²�w
Õ�x�•�U�·�V�p�z�Ñ�¿�Ä�ë�”�«�‹�0�X�"�v�ü�“

�t�‘�X	Z�T�Z�o�M�h�‹�w�i�U�z�r�O�•�’�f�•�x�	� �t

�x�¨�;�`�s�T�l�h�’�`�X�z�²�x�•�t�f�\�‡�p�±�—�›�ò

�a�s�M�{�q�x�M�Q�z�°�t�•�J�“�U�•�‡�l�h�’	Í�‡�p�æ�l

�o�Ë�Š�›�¸�`�ˆ�h�M�w�x�Ý	��‰	•�ž�è�p�K�–�O�{�`�T

�`�Ö	Í�‡�p	Í�“�V�l�h�f�w	`���t	*�“�›�_�I�b�q�z�\

�•�x�r�O�`�h�\�q�T�²�x�i���t�M�”�{�x�o�z�^�l�V�‡

�p�²�U	Í�l�o�M�h�T�x�?�i�l�h�w�T�•�f�•�q�‹�q�M�À

�p�‹�_�o�M�”�w�i�–�O�T�•�f�œ�s
Æ�¥�^�s�•���›
Ý
þ

�p�V�”�‘�O�t�s�•�y�z�K�s�h�x adaptive dynamics�¤

�ƒ	��w�¥���Ö�“�p�K�”�{

1. 
²�s�w�S�^�’�M


²�s�x Dieckmann & Law(1996) �U�‹�M�h adaptive
dynamics�w canonical equation�¢
Y	j�M���Ü�£�›�r
†

�`�h�{���o�t�S�^�’�M�`�‘�O�{

�°�Í�i���í�w
��=�›�ß�Q�z�ú
\�� (resident) �S�‘�|

�!�Ÿ�� (mutant) �w���í�‹�›�f�•�g�• x,y �q�S�X�{�ú
\

���w���ç	B�‚�t	õ�Ö�`�h�!�Ÿ���w	s�8
ÿ	é�p�› s(y,x)
�q	{�X�{ s �x	õ�Ö�&� �S (invasion Þtness)�q�z�y�•�”�{

�\�w�Ì�z�ú
\�� x �w
��=�¼� �Æ�Û�«�µ�x

dx
dt

=
1
2

µx ! 2
x Nx

" s(y,x)
" y

!
!
!
!
y= x

(1)

�q	{�Z�”�\�q�›
²�s�r
†�`�h�{�\�\�p µx ,! 2
x ,Nx �x�f

�•�g�•�ú
\�� x �w	B�‚�t�S�Z�”�¥
µ�!�Ÿ�p�z�¥
µ�!�Ÿ

�w�G�V�^�w
ü�„�z�S�‘�|���ç�x�.
:�p�K�”�{

�°�:�z	õ�Ö�&� �S�t�m�M�o�G
~�s�Ä�›�¥�M	Z�`�o�S

�\�O�{�f�•�x�!�Ÿ���w���í y �U�ú
\���w���í x �q�‰�a

�Ì�x�z�!�Ÿ���w	õ�Ö�&� �S s(y,x) �x�¸�é�t�s�”�q�M�O

�Ä�î�i�{�s�e�s�’ y = x �s�”�!�Ÿ���x�ú
\���q�à���U

�m�T�c�z�‡�h�ú
\���w	B�‚�x���ç	Ý�6�t�K�”�q�>���`

�o�M�h�T�’�p�K�”�{�`�h�U�l�o�z

s(x,x ) = 0 (2)

�x�r�œ�s x �t�m�M�o�‹
R�“�q�m�Ã�s�Ü�p�K�”�{
! 
ï �ù �Z �€ �G �¶ �Ã �G �¶�~
Œ �‹ �J �¶ �Z �€ �J (oht-
suki hisashi@soken.ac.jp)

2. 
��=�$�›�Ÿ�:


²�s�‹�S�é�`�h�U�z�Ü (1) �w 1
2 µx ! 2

x Nx �w
æ
ü�x�h�i

�w
Y
:�i�T�’�z
��=�¼� �Æ�Û�«�µ�›�g�r�b�”�t�x

D (x) =
" s(y,x)

" y

!
!
!
!
y= x

(3)

�p
¯�^�•�”�Á	t�&� �S�¯
� (local Þtness gradient)�t
�^�Q�«�è�b�•�y�î�;	Í�x	G
ü�p�K�”�{�m�‡�“�z
²	\�w


Y�w��
:�›�Á�¹�`�o

dx
dt

= D(x) (4)

�q�M�O
•
ü�M���Ü�›�ß�Q�•�y�¢
��=�›�ß�Q�”���í x �U

�°�Í�i�w�Ì�x�£	G
ü�i�{

�°�Í�i�—�¶�% (4) �x�…�^�œ�‹�­�J	{�s�p�S�s�a�ˆ�w

�Ü�p�K�–�O�¢�i�T�’�ª�X�s�M�x�c�i�£�{
��=�w���ç�:

x" �x

D (x" ) = 0 (5)

�p�›�Ã�n�Z�’�•�”�{�m�‡�“	s�8�‹�› x = x" �t
¬�•�q

�—�¶�%(4) �w�<�p�x ���í�‹�x�c�l�q x" �t�y�‡�”�{�\�w

�‘�O�t�&� �S�¯
��U�¸�é�t�s�”�:�› adaptive dynamics
�g�æ�p�x
��=�$�›�Ÿ�: (evolutionarily singular point)
�q�z�•�{ D �x�‹�q�‹�q	õ�Ö�&� �S s �w� 
•
ü�q�`�o�Ü

(3) �w�‘�O�t	{�Z�o�M�h�\�q�›�¥�M	Z�b�q�z x" �U
��=

�$�›�Ÿ�:�p�K�”	Ú�E�x


��=�$�›�Ÿ�: (evolutionarily singular point)! "

" s(y,x)
" y

!
!
!
!x = x !

y= x !

= 0 (6)

# $
�q	{�Z�”�{

3. 	)���†��
Q

�—�¶�%�›�¶�œ�i
��s�’�m�`�‹�z���ç�:�›�{�Š�h�™�x

�f�w�†��
Q�U�>�t�s�”�p�K�–�O�{�°�Í�i�—�¶�% (4) �w

���ç�: x" �U�Á	t�†���q�s�”	Ú�E�x

D #(x" ) =
dD(x)

dx

!
!
!
!
x = x !

< 0 (7)

�p�K�”�\�q�x�‘�X�Œ�’�•�h�Ä�î�p�K�”�{ x" �U�Á	t�†��

�s�’�y x" �w	G
ü�Ù�X�T�’	Z
C�`�h�J�“�x x" �•�q	)��
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�b�”�{ adaptive dynamics�t�S�M�o�\�w�‘�O�s
��=�$

�›�Ÿ�: x" �x	)���†�� (convergence stable; CS)�p�K�”

�q�z�y�•�” (Christiansen 1991)�{

²�q�‰�7�t�\�•�›	õ�Ö�&� �S s �w�t�?�p	{�M�o�ˆ�‘

�O�{�Ü (3) �› x �p
•
ü�b�”�w�x	—�`�É�`�M�U�z chain-rule
�‘�“

dD(x)
dx

=
" 2s(y,x)

" y2

!
!
!
!
y= x

+
" 2s(y,x)

" y" x

!
!
!
!
y= x

(8)

�U
ü�T�”�{�`�h�U�l�o x" �w	)���†��
Q�x�Ž�<�p�›�Ã�n

�Z�’�•�”�{

	)���†��
Q (convergence stability; CS)! "

" 2s(y,x)
" y2

!
!
!
!x = x !

y= x !

+
" 2s(y,x)

" y" x

!
!
!
!x = x !

y= x !

< 0

!
" 2s(y,x)

" y2

!
!
!
!x = x !

y= x !

<
" 2s(y,x)

" x2

!
!
!
!x = x !

y= x !

(9)

# $
�h�i�`�z�7�™�w�‰�‹
Q�w�‹	Z�t�x�Ã�s�Ü (2) �› x �p 2
�s
•
ü�`�o�˜�’�•�”�Ã�s�Ü

" 2s(y,x)
" y2

!
!
!
!x = x !

y= x !

+2
" 2s(y,x)

" y" x

!
!
!
!x = x !

y= x !

+
" 2s(y,x)

" x2

!
!
!
!x = x !

y= x !

= 0

(10)
�›�;�M�h�{�¤�×�p�¬�Ý�`�o�I�`�M�{

4. �&� �S�¯
��›	õ�Ö�&� �S�T�’�g�r�b�”

�\�\�‡�p�w�é�x�°�Í�i�—�¶�% (4) �t���b�”�]�X�,�Š

�$�s�Ä�ò�w�6�¬�Ý�p�K�“
"
#$

#%

�—�¶�% "# adaptive dynamics
���ç�: x" "# 
��=�$�›�Ÿ�: x"

x" �U�Á	t�†�� "# x" �U	)���†��

�q�M�O�;� �w�t�M�õ�Q�›�`�h�t�a�W�s�M�{�`�T�`�f�‹

�f�‹�&� �S�¯
� D �x	õ�Ö�&� �S s �w� 
•
ü�p	{�Z�o�M

�”�w�p�K�”�T�’�z�f�w�\�q�›�¥�M	Z�`�o�\�•�‡�p�w�^

�æ�›	ü�“�&�–�O�{


$ 1 �x adaptive dynamics�w�Û�Ü
$�p�K�”�{�ú
\��

�w���í x �›�°�m�{���b�”�q�z�#�à�t�!�Ÿ���w���í y �›�z

	N�à�t�f�w	õ�Ö�&� �S s(y,x) �›�q�l�h�¬�å�Ñ�U
³�Z

�”�{�7�‘�s x �t�0�`�o	õ�Ö�&� �S�›�Ó�é�¿�Ä�`�h�w�U


$ 1 �¤�w�f�•�g�•�w�:
¢�p�K�”�{�›�t y = x �t�S�M�o

s(y,x) = 0 �U	×�t
R�“�q�l�o�M�”�\�q�t�«�™�`�‘�O�{�\

�w�:
¢�w y = x �p�w���V�\�f�&� �S�¯
� D (x) �p�K�“�z

�f�w�M�²�x
$ 1 �¤�w�ü�¹�p�Ô�^�•�o�M�”�{ x" �x�&� �S

�¯
��U 0 �q�s�”
��=�$�›�Ÿ�:�p�K�“�z
$ 1(a) �p�x x"

�x	)���†���z
$ 1(b) �p�x x" �x	)��
Æ�†���p�K�”�{


$ 1 
��=�$�›�Ÿ�: x! �Ù�c�w adaptive dynamics �x�z (a)
x! �U	)���†���z (b) x! �U	)��
Æ�†���z�w�f�•�g�•�w

	Ô�ù�t�S�M�o	Í
$�w�‘�O�t�s�”�{
$�¤�w���p
¯�^�•�o

�M�”�¤�:�x�ú
\�� x �w���í�‹�›
¯�`�z�:
¢�x�f�w�Ì�w

	õ�Ö�&� �S�z���w	Í�t
³�T�•�o�M�”�ü�¹�x�&� �S�¯
�

�w�M�²�›
¯�`�o�M�”�{�\�\�p�x	õ�Ö�&� �S�w�¬�å�Ñ�x

�Ú
¢�p
³�T�•�o�M�”�U�z�°
`�t�x�Â
¢�p�K�”�{

5. 
��=�$�†��
Q

Adaptive dynamics �g�æ�U
��A�›
C�4�b�”�w�x�\�\

�T�’�p�K�”�{�°�t���í�U
��=�$�›�Ÿ�: x" �t�x�a�`�h�’

�r�w�‘�O�s�\�q�U�I�V�”�i�–�O�T�•�—�¶�% (4) �t�‘�•

�y�z�&� �S�¯
��x�\�w�:�p D(x" )=0 �q�s�l�o�M�”�w�p

�‹�x�•
��=�x�I�V�s�M�{�`�T�`�z canonical equation(1)
�x�z�&� �S�¯
��U 0 �p�s�M	Ô�ù�t �?�U�I�V�”�T�›�z�f

�•�‘�“�ô�Í�w�ò�›�ú�o�o�G	\�`�h�g�æ�p�K�l�h�¢	Ä�`

�X�x
²�s�›�€	°�£�w�p�z�î�x�&� �S�¯
��U�j�•�O�r 0
�q�s�l�h
��=�$�›�Ÿ�:�p�?�U�I�V�”�T�t���`�o�x�'��

�—�›�Ë�h�s�M�w�p�K�”�{�t�M�õ�Q�•�y�z
��=�$�›�Ÿ�:

x" �t�x�a�`�o�T�’�x canonical equation(1)�x�Á�—�p

�K�”�{

�p�x�r�O�b�•�y�‘�M�w�i�–�O�T�•�f�\�p	õ�Ö�&� �S

�w�ô�Í�w
R
ü�z�›�t 2 �Í�w
R
ü�t�£�è�`�‘�O�{
$ 1 �p

�x	õ�Ö�&� �S�w�¬�å�Ñ�¢�:
¢�£�x�Ú
¢�p
³�T�•�o�M�”

�U�z�°
`�t�x�Ú
¢�p�x�s�X�Â
¢�p�K�”�{�«�Q�y
$ 2 �w

�î
¢�›�_�o�I�`�M�{
��=�$�›�Ÿ�: x" �p�x�&� �S�¯
�

�¢ =1 �Í�w
R
ü�£�x 0 �i�U�z�Â
¢�w���¤�z�m�‡�“ 2 �Í�w


R
ü�x�°
`�t�x 0 �p�x�s�M�{�\�•�x�&� �S�¯
� s(y,x)
�› y �t���`�o x �w	*�“�p Taylor �2�‰�`�h�Ü
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s(y,x) $ s(x,x )
& '( )

���[�T�’ =0

+( y%x) á
" s(y,x)

" y

!
!
!
!
y= x& '( )

�&� �S�¯
� D (x )

��=�$�›�Ÿ�:�p�x =0

+
1
2

(y%x)2 á
" 2s(y,x)

" y2

!
!
!
!
y= x& '( )

�&� �S�¯
��w���¤�›�>��

(11)

�T�’�‹
ü�T�”�{�‹�`
$ 2(a) �• (c) �w�‘�O�t�z
��=�$�›

�Ÿ�: x" �t�S�M�o	õ�Ö�&� �S�w�¬�å�Ñ�U	Í�t�¤�p�K�•

�y�z�ú
\�� x" �w�Ù�X�w�r�œ�s�!�Ÿ�� y &= x" �t�0�`�o�‹

s(y,x" ) < 0�U
R�“�q�m�w�p�z�ú
\�� x" �T�’�s�”	B�‚�x

�!�Ÿ���w	õ�Ö�t�0�`�o�$�H�p�K�”�{�\�w�Ì�z
��=�$�›

�Ÿ�: x" �x�¢�Á	t�$�t�£
��=�$�†�� ((locally) evolution-
arily stable; ES) �p�K�”�q�z�y�•�” (Maynard-Smith
& Price 1973, Maynard-Smith 1982)�{

�o�t
$ 2(b) �• (d) �w�‘�O�t�z
��=�$�›�Ÿ�: x" �t�S

�M�o	õ�Ö�&� �S�w�¬�å�Ñ�U�<�t�¤�p�K�•�y�z�ú
\�� x"

�w�Ù�X�w�r�œ�s�!�Ÿ�� y &= x" �t�0�`�o�‹ s(y,x" ) > 0�U


R�“�q�m�w�p�z�ú
\�� x" �T�’�s�”	B�‚�x
Y
Û�r�j�’

�w�M�²�w�!�Ÿ���t�‹	õ�Ö�^�•�o�`�‡�O�{�\�w�‘�O�s
�

�=�$�›�Ÿ�: x" �x�¢�Á	t�$�t�£
��=�$
Æ�†���p�K�”�q�z

�y�•�”�{

�Ü (11) �T�’�‹�Ì�’�T�s�‘�O�t�z
��=�$�†��
Q�x	õ�Ö

�&� �S s �w 2 �Š� 
•
ü�›�;�M�o�Í�w�‘�O�t�›�Ã�n�Z�’

�•�”�{


��=�$�†��
Q (evolutionary stability; ES)! "

" 2s(y,x)
" y2

!
!
!
!x = x !

y= x !

< 0 (12)

# $

6. 
��=�$�›�Ÿ�:�w
ü�¨

�\�\�‡�p	\�‚�o�V�h�Ë�m�w�Ÿ�s�”�†��
Q	Ú�E�w�Ü (9,
12) �›�;�M�o�z
��=�$�›�Ÿ�: x" �x 2' 2 = 4 �è�“�t�Ž�<

�w�‘�O�t
ü�¨�^�•�”�{

6.1 	)���†���T�m
��=�$�†���p�K�”	Ô�ù

$ 2(a) �w	Ô�ù�z�›�Ÿ�: x" �t�x adaptive dynamics

�t�‘�l�o�x�a�b�”�\�q�U�p�V�z�T�m�f�w�:�t�a�`�h

�’���w�!�Ÿ���x	õ�Ö�p�V�s�M�{�`�h�U�l�o
��=�w�7	4

	Ý�6�q�`�o x" �w�ˆ�T�’�s�”�o��	B�‚�U�a
R�^�•�”�\

�q�U�'
Ý�^�•�”�{���í�›�x�.�w Ò
“�t Ó�q�`�o�_�h	Ô

�ù�z�\�w�‘�O�s
“�t x" �w�\�q�›�È���$�t�†���s
“�t

(continuously stable strategy; CSS)�q�z�•�\�q�U�K�”

(Eshel 1983)�{�h�i�`�„���È�w ÒCÓ�U ÒconvergenceÓ
�w ÒCÓ�q�à���`�t�X�M�w�p�z�\�w�;� �›�–�;�b�”�M�t

�x	��ï�w�«�™�U
ž�A�p�K�”�{


$ 2 
��=�$�›�Ÿ�: x! �w
ü�¨�{ (a) x! �x	)���†���T�m
��=�$

�†���p�K�”�{ (b) x! �x	)���†���i�U�z
��=�$�†���p�x

�s�M�{�\�w�‘�O�s�:�x�›�t
��=�$
ü�0�: (evolutionary
branching point) �q�z�y�•�”�{ (c) x! �x	)���†���p

�x�s�M�U�z
��=�$�†���p�K�”�{�\�w�‘�O�s�:�x�›�t�¤

�Ã�ï�w�� (Garden of Eden) �q�z�y�•�”�{ (d) x! �x	)

���†���p�‹
��=�$�†���p�‹�s�M�{

6.2 	)���†���T�m
��=�$
Æ�†���p�K�”	Ô�ù

$ 2(b) �w	Ô�ù�z�›�Ÿ�: x" �t�x adaptive dynamics

�t�‘�l�o�x�a�b�”�\�q�U�p�V�”�U�z�f�\�t�x�a�b�”�•

�M�s�•�z
Y
Û�†���w�!�Ÿ���t	õ�Ö�^�•�o�`�‡�O�q�M�O
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Æ�¥�^�s�q	Å�U�I�\�” (Christiansen 1991, Abrams et
al. 1993)�{�Š�Ø�w�o�„�p	\�‚�h�•�J�“�w�é�x�z�î�x
$

2(b) �›	\�‚�h�‹�w�p�K�”�{�&� �S�¯
��q�M�O�•�›	Í�l

�o�M�h�w�t�s�e
��=�$�›�Ÿ�:�p�x�i���t�M�”�\�q�t

�s�l�o�`�‡�O�T�q�M�O�q�z�f�•�x�•�J�“�›�`�o�M�”�×


ü�w�•�” x �U�z	õ�Ö�&� �S s(y,x) �w�¯
��t�è�¹�›�)�Q

�o�`�‡�O�T�’�i�{�Ä�å�ï�Ù�æ�ï�•�¢�¥�”�»�”�Õ�¿�Å�s

�r�z�„�—
Q�w�K�”�š�w
¯�Ø�›�2�X�\�q�›
Ý
þ�`�o�I�`

�M�{�K�s�h�U�‘�“�ô�M�•�”�t� �ˆ�`�‘�O�q�b�”�q�z�K

�s�h�×
��w�.	O�w�d�M�p�æ�l�h
Œ�x�•�\�œ�p�`�‡�M�z

�•�J�“�›�`�h�t�‹�T�T�˜�’�c�A�Á�ô�M�q�\�–�t�æ�X�\

�q�U�p�V�s�M�{
$ 2(b) �p�‹�f�•�q�Å�h�‘�O�s�Ä�U�I�V

�o�M�o�z�ú
\�� x �w� �ˆ�t�q�‹�s�l�o	õ�Ö�&� �S�w�¬

�å�Ñ�¢�:
¢�£�U�Ì�‘���‘�q�!�˜�l�o�`�‡�O�w�p�z�•�J

�“�w�A�L�q�`�o�i���t�x�a�`�o�`�‡�O�w�i�{


²�s�z�ú
\���w�o��	B�‚�t�!�Ÿ���U	õ�Ö�›�¼�ˆ�o�Ë

���t�s�“�z�°�M�U���M�›�æ�ž�`�o�‡�h�o���t�í�”�q�M

�O���í�”�õ�»�q�M�O�ß�Q�M�U adaptive dynamics�w�,

�Š�p�K�”�q	\�‚�h�{�`�T�`
$ 2(b) �w�‘�O�s
��=�$�›�Ÿ

�:�t�x�a�`�h	Ô�ù�z
��=�w
��w�Ÿ�x�‹�x�•�\�w�‘�O�s


³
þ�p�x�G	\�`�V�•�s�X�s�l�o�`�‡�O�{

�«�Q�y x" �›
��=�$�›�Ÿ�:�q�`�z�f�\�T�’�˜�c�T�t


Y�w���t�c�•�h�!�Ÿ���w���í�› y+ �z�̃ �c�T�t
Û�w���t

�c�•�h�!�Ÿ���w���í�› y$ �q�”�\�O�{ x" �x
��=�$�t
Æ

�†���s�w�p y+ �w	õ�Ö�&� �S s(y+ ,x" ) �x
Y�p�K�“�z�`

�h�U�l�o y+ �x x" �w�o��	B�‚�•�w	õ�Ö�t
R�­�`�•�U�o

y+ �w�o��	B�‚�U��
R�^�•�”�{�`�T�` x" �U	)���†���p

�K�l�h�\�q�›�¥�M	Z�b�q�z	ý�̀ �M�ú
\���q�s�l�h y+ �t

�!�Ÿ�� x" �x	õ�Ö�p�V�”�w�p�z	B�‚�x�6�| x" �w�o��	B

�‚�t�í�l�o�V�o�`�‡�O�{	Í�w�^�æ�x y+ �› y$ �t�!�Q�o

�‹�‰�a�p�K�”�{

�`�T�`�z�ú
\�� x" �w	B�‚�t�!�Ÿ�� y+ �q y$ �U �‰�Ì�t

	õ�Ö�`�h	Ô�ù�t�x�é�U�!�˜�l�o�X�”�{�\�w�Ì	B�‚�x�°

�Ì�$�t { y$ ,x,y+ ,} �w�~���t�s�“�z	Ú�E�t�‹�‘�”�U�7

	4�$�t�ú
\�� x" �w�ˆ�U�æ�ž�^�•�z�!�Ÿ�� y$ �q y+ �U

�†���ž���b�”�Ë���w	B�‚�t�s�”�\�q�U
Ý
þ�^�•�”�{�f

�`�o y$ �q y+ �x�®�ú
\�� x$ �q x+ �¯�q�Ê�›�!�Q�z�\

�w�Ë�%	B�‚�t�S�M�o�x�f�•�g�• x" �T�’���_�T�”�²�V

�t�z�m�‡�“�Ë���w�§�M�U�§�Ð�^�•�”�²�V�t
��=�U
��œ

�p�M�X�{�\�w�‘�O�s
��=�w�7�Ü�›
ü�…
¬�R (disruptive
selection)�‹�`�X�x���7�=
¬�R (diversifying selection)
�q�z�•�{

�Ž	Í�x	õ�Ö�&� �S�w�¬�å�Ñ�w���T�’
*�æ�^�•�”�Ä�p

�K�”�U�z�î�M�t�0� �b�”�¯�ï�Ð�á�”�»�³�Û�á�è�”�³�ã�ï

�›
ø�’�d�”�q���X�w	Ô�ù�z�o��	B�‚�T�’�Ë�%	B�‚�•�w


��=�›�
�o�b�”�\�q�U�p�V�”�{�\�w�‘�O�q	Å�›
��=�$


ü�0 (evolutionary branching) �q�z�|�z
$ 2(b) �p�_�’

�•�”�‘�O�s	)���†���T�m
��=�$
Æ�†���s�›�Ÿ�: x" �w�\

�q�›�›�t
��=�$
ü�0�: (evolutionary branching point)
�q�z�• (Geritz et al. 1997, 1998)�{
��=�$
ü�0�x�‰	�

�º�w�����w�ˆ�s�’�c�z�o�°	��U��	��t
ü�T�•�”	�
ü

�=�w
†�Ì�t�‹� �;�^�•�o�S�“ (Dieckmann et al. 2004,
Doebeli 2011)�z adaptive dynamics�g�æ�w�Ë� �å� �Ä

�w�°�m�p�K�”�q�t�Q�”�{

6.3 	)��
Æ�†���T�m
��=�$�†���p�K�”	Ô�ù

$ 2(c) �w	Ô�ù�z	B�‚�U�7	s�T�’
��=�$�›�Ÿ�: x" �t�M

�•�y�f�•�x
��=�$�t�†���p�K�”�U�z�f�‹�f�‹	)��
Æ�†

���p�K�”�w�p x" �t�x adaptive dynamics�t�‘�l�o�x�a

�b�”�\�q�U�p�V�s�M�{�`�h�U�l�o x" �x�î�q
Æ�D�ó�s
�

�=�w�7	4	Ý�6�p�K�”�{�Ô�Š� �p�t�O�q�®�†�t
³�M�h�ë�¯

�p�K�“�z�†�ÿ
_	{�t�q�•�”�g
Ý�·�w�Ê�›�q�l�o�\�w�‘

�O�s
��=�$�›�Ÿ�:�x�¤�Ã�ï�w�� (Garden of Eden) �q

�z�y�•�” (Hofbauer & Sigmund 1988, Nowak 1990)�{

6.4 	)��
Æ�†���T�m
��=�$
Æ�†���p�K�”	Ô�ù

$ 2(d) �w	Ô�ù�z�›�Ÿ�: x" �x adaptive dynamics�p

�x�a
Æ�D�ó�p�K�”�`�z�>�t	s�8�‹�U�\�\�p�K�l�h�q�`

�o�‹
��=�$
ü�0�›�I�\�`�o�`�‡�O�w�p�z
��=�w�7	4	Ý

�6�t�x�s�“�˜�s�M�{

7. Pairwise Invasibility Plot (PIP)

	Í	\�w
��=�$�›�Ÿ�:�w
ü�¨�›�¹�®�$�t
ü�T�“�•�b

�X
¯�`�h
$�U Pairwise Invasibility Plot (PIP) �p�K�”

(Geritz et al. 1997, 1998)�{�\�•�x�#�à�t�ú
\���w���í

x �›�z	N�à�t�!�Ÿ���w���í y �›�q�“�z�!�Ÿ���w	õ�Ö�&

� �S s(y,x) �w
Ö�ø�p	í
ü�Z�›�`�o�˜�’�•�”
$�w�\�q�p

�K�”�{


$ 3 �t�x�7�‘�s PIP �›�z " 2s(y,x)/ " x2|x = y= x ! �S�‘

�| " 2s(y,x)/ " y2|x = y= x ! �w
Ö�ø�•�G	–�p	Ô�ù
ü�Z�›�`

�o�Ô�`�h�{
$ 3 �¤�w�¤�Í�É�ç�U�°�m�w PIP �›
¯�`�o

�M�”�{

�¤�Í�É�ç�º�w�¤	ú�x
��=�$�›�Ÿ�:�w�•�”�›
¯�`�z�È

	Í�U�“ 45�Ã�w�0�̄
¢ y = x 	Í�p�x	×�t s(x,x ) = 0 �U
R�“

�q�l�o�M�”�{ s(y,x) > 0 �s�”�–�¬�›�ƒ	í�p�z s(y,x) < 0
�s�”�–�¬�›
(	í�p�f�•�g�•�Ô�`�h�{�Í�É�ç�º�p�#�à�w

�: x �t�S�Z�”�&� �S�¯
� D (x) �w
Ö�ø�›�Œ�“�h�Z�•�y�z

�f�\�T�’
�	Í�t�æ�l�o�È	Í�U�“ 45 �Ã�w�0�̄ 
¢�t�•�m

�T�“�z�^�’�t�f�w�„�œ�w�˜�c�T	Í�›�_�o�z�f�\�U�®�Ó

�å�µ�¯�‹�`�X�x�®�Ú� �Æ�µ�¯�w�r�j�’�w�–�¬�t���`�o

�M�”�T�›�¬�Ý�b�•�‘�M�{�Ó�å�µ�p�K�•�y�&� �S�¯
��x

D (x) > 0 �p�K�“�z x �w�‹�x�G�V�X�s�”�²�V�¢�È�²�V�£

�t
��=�b�”�{
S�0�t�f�\�U�Ú� �Æ�µ�p�K�•�y�&� �S�¯


��x D (x) < 0 �p�K�“�z x �w�‹�x	–�^�X�s�”�²�V�¢�(�²

�V�£�t
��=�b�”�{

�s�S�z
$ 3 �w�¤�Í�É�ç�¤�t�q�•�”�Ó�å�µ�–�¬�q�Ú� 

�Æ�µ�–�¬�w�¥�„
¢�w�O�j 45 �Ã�0�̄ 
¢�p�s�M�„�O�w
¢

�x�z�\�\�p�x�Ú
¢�p
³�T�•�o�M�”�U�°
`�t�x�Â
¢�p�K

�”�{�h�i�`
��=�$�›�Ÿ�:�w	G
ü�Ù�c�p�x�\�w�Â
¢�x�Ú


¢�p�Ù�Å�p�V�”�w�p�z
$ 3 �w�‘�O�s
ü�¨�U
R�“�q�m�{
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$ 3 PIP �w
ü�¨�{
$
¶�.�w�#�à�x
��=�$�›�Ÿ�:�t�S�Z�”

! 2
x,x s(y,x) ! ! 2s(y,x)/ ! x2 �w�‹�›�z	N�à�x�f�\�p�w

! 2
y,y s(y,x) ! ! 2s(y,x)/ ! y2 �w�‹�›
¯�b�{
��=�$�›�Ÿ�:

�w
ü�¨�• (a,b,c) 	)���†���T�m
��=�$�†���z (d) 
��=

�$
ü�0�:�z (e,f,g) 	)��
Æ�†���T�m
��=�$
Æ�†���z (h)
�¤�Ã�ï�w���{

8. �«

PIP �w�-�‰�«�q�`�o�z
²�s
†�Ì�`�h�Ç�¿�½�b�;�Þ�Ã

�ç�›�ß�Q�‘�O�{�Þ�Ã�ç�w���o�s�S�^�’�M�›�b�”�q�z�°

�Í�i�î
:�p
¯�^�•�”�Ç�¿�½�›�ß�Q�z�Ç�¿�½ x �w�b�;�t

�›�=�`�h���í�›�•�x�“ x �p
¯�b�\�q�q�b�”�{�Ç�¿�½ x
�w���¥	)�0�— K (x) �›

K (x) = K 0exp
*
%

x2

2! 2
K

+
(13)

�p�)�Q�”�¢ K 0 > 0�£�{�\�•�x���¥	)�0�—�U�Ç�¿�½ x = 0
�p�7�G�p�K�“�z ! K (> 0) �w�¿�U�“�›�Ë�m�\�q�›�™�¯�b

�”�{�‡�h�z���í�U # x �i�Z�m�•�h�x�.���w�•
ê�w�§�^

�›
¯�b�•
ê�§�”�É�ç (competition kernel)C(# x) �›

C(# x) = exp
*
%

(# x)2

2! 2
C

+
(14)

�p�)�Q�”�{�\�•�x�•
ê�w
c�“�U ! C (> 0) �w�¿�U�“�›

�Ë�m�\�q�›�™�¯�b�”�{�7�™�t�z�x�.���w
R�Õ�x�Ú�ç�±

�µ��
:�U r �p�K�”�°
`�= Lotka-Volterra �M���Ü�t	H�O

�q�>���b�”�{	Ä�I�t�m�M�o�x
²�s�w�G�Ä�z�‹�`�X�x�j

�æ���p�K�” Dieckman & Doebeli (1999)�›�€	°�`�o�I

�`�M�{


²�s�x�ú
\�� x �t	õ�Ö�`�h�!�Ÿ�� y �w	õ�Ö�&� �S�U

s(y,x) = r
*
1%C(x %y)

K (x)
K (y)

+
(15)

�p�)�Q�’�•�z�Ú�
�r�S�“ x" = 0 �U
��=�$�›�Ÿ�:�p�K�”

�\�q�›�¬�Ý�`�h�{�p�x���s�x�¤	��†��
Q	Ú�E�›�Ð�‚�‘

�O�{�Ú
€�-�‰�T�’
"
#####$

#####%

" 2s(y,x)
" x2

!
!
!
!x = x !

y= x !

= r
,

1
! 2

C
+

1
! 2

K

-

" 2s(y,x)
" y2

!
!
!
!x = x !

y= x !

= r
,

1
! 2

C
%

1
! 2

K

-

(16a)

(16b)

�U
ü�T�”�w�p�z�Ì�’�T�t (16b) < (16a) �p�K�“ x" = 0
�x	)���†���p�K�”�{

�Í�t
� �=�$�†��
Q�›�Ð�‚�”�{ ! C > ! K �p�K�•�y�z

(16b) < 0 �p�K�”�w�p x" = 0 �x
��=�$�†���p�K�”�{
S

�0�t ! C < ! K �p�K�•�y x" = 0 �x
��=�$
Æ�†���p�K�“�z

�`�h�U�l�o
��=�$
ü�0�:�q�s�”�{
$ 4 �p�x�™	��w	Ô�ù

�w PIP �›�Ô�`�h�{


$ 4 �Ç�¿�½�b�;�Þ�Ã�ç�w PIP �{�Í�å�Ý�”�»�q�`�o " C =
0.7, " K = 1 �›�;�M�h�{ x! = 0 �x
��=�$
ü�0�:�p�K�”�{

9. �S�˜�“�t

�Š�È�L�p�x 4�s�t�I�l�o�æ�Z�
�p adaptive dynamics
�g�æ�›�r
†�`�h�{�H 1�s�t�M�V�s�“ canonical equation
�›	º�p�`�o�‹�‘�T�l�h�w�i�U�z�f�•�p�x
�� �t�K�”�r

�G�s�”�$�¨�;�¶�w�g�æ�q�w�m�s�U�“�U
ü�T�’�s�X�s�l

�o�`�‡�O�w�p�z
²
R�w 2 �s�p�”�$�¨�;�¶�T�’�‹�T�•�”


��=�¼� �Æ�Û�«�µ�w�r
†�›�`�z�™
R�w 2 �s�p adaptive
dynamics�›�r
†�b�”�Ï
R�q�`�h�{

�x
��$�s�ò
Ý�›	\�‚�•�y�z�”�$�¨�;�¶�U	B�‚�t�S�Z

�”���í�w�®
ü
Í�¯ $ �w�Ì��
C�2�›�Ð�‚�”�\�q�t	O�V�›

�”�M�o�M�”�w�t�0�`�z adaptive dynamics�p�x�f�w�%

�“�›�T�s�“���t�=�`�o�z�ú
\�����í x �q�M�O�®�:�¯�U

�r�O�Ì��
C�2�›�b�”�T�›	O�:�$�t�Ð�‚�o�S�“�z�™	��x

�q�E�v�w�µ�Ú�”�Ä�s�M�O�æ�p�K�”�q�¥�O�{�`�T�`�s�U

�’�«�å�³�§�ç�s�”�$�¨�;�¶�w	��O�t�‹�f�w�‘�^�U�K�“
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�ú�o�U�h�M�{�«�Q�y�Ù�å�p�x���í
ü
Í�w�Þ�”�Ý�ï�Ä�w


C�2�M���Ü�›�Ð�‚�”�\�q�p	)���†��
Q�•
��=�$�†��
Q

�›�Ð�‚�”	��O�‹�‰
C�^�•�o�S�“ (Wakano & Lehmann
2014)�z�f�•�g�•�w	��O�w�Õ	t�›�Æ�T�̀ �o
��=�¼� �Æ�Û

�«�µ�w�r
s�U	Z�R�”�‘�O�t�s�•�y�z�S�w�c�q�Z�€�w�Ì

�æ�¤�”�³�ã�ï�‹
ÿ�Q�o�M�X�q�¥�O�{�f�w�™�¯�p�z	ý�`

�M�g�æ�›�{�l�h�Š�È�L�H 3,4�s�i�Z�p�s�X�z�y�/�g�æ

�›�{�l�h�H 1,2�s�w�º�0�‹�G
~�t�`�o�Ö�Z�•�y�q�¥�O�{

�Š�r
†�p�x�´�Ø�w�N�ù	Í�z�!�Ÿ���w�ú
\���•�w	s

�8	õ�Ö�U�”�V�õ�Q�‡�p�›�‹�™�¯�b�”�T
q�T�z�m�‡�“

�M�˜�•�” ÒInvasion means FixationÓ�w
R�q	Ú�E�t�m

�M�o	\�‚�”�\�q�U�p�V�s�T�l�h�{�\�w�:�t�m�M�o�x

ÒTube theoremÓ�q�M�O���g�U�Œ�’�•�o�M�” (Gertiz et
al. 2002)�w�p�z�µ�¯�U�K�”�¡	��x�¤
Œ�w�€�ß���Y�›�K

�h�l�o�I�`�M�{�‡�h�z
��=�$
ü�0�U�I�V�h�™�w�Ë��	B

�‚�w
��=�¼� �Æ�Û�«�µ�t�m�M�o�‹	î�•�”�\�q�U�p�V�s

�T�l�h�{
��=�$�›�Ÿ�:�w
ü�¨�g�æ�x�z�����w	Ô�ù�t�x


��=�$�›�Ÿ�È�ù (evolutionarily singular coalition) �w

�g�æ�•�q�¦�Á�^�•�”�{�\�w�%�“�x Gertiz et al. (1998)
�U	Ä�`�M�{

�7�™�t adaptive dynamics�w�r
†�æ���›�Ë�m	º�p�`

�‘�O�{ Diekmann (2004)�x���X�w�é�.�«�›�¦�Q�h���•

�h�r
†�p�K�“�z	��›�ˆ�T�`�s�U�’�a�l�X�“�¡�ˆ
��Š�h

�M
��²�Z�i�{ Bra¬nnstr¬om et al. (2013)�x�§�å�Ñ�ç�s


$�U���X�¹�®�$�t�‹
ü�T�“�•�b�M�r
†�p�K�”�{

10. 	��Ù

�Ç�á�”�µ�è�»�”�$	B�•�»�q�w�b�>	‰
™�z�C�Ü	•�™�†

�¯�t�x�j�Ø�å
 �t�M�`�±�Ù�”�Ä�›�`�o�Ö�M�h�{	ú�‘�“

�S�±
��`	Í�[�”�{
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= P(Y X = 	ì�À���Å�K�“ | 	ì�À���Å�K�“ ) �y

= P(Y X = 	ì�À���Å�K�“ ) �y

P(Y X = 	ì�À���Å�s�` | 	ì�À���Å�s�` ) �y

= P(Y X = 	ì�À���Å�s�` | 	ì�À���Å�K�“ ) �y

= P(Y X = 	ì�À���Å�s�` ) �y

�q�s�“�‡�b�{�\�\�p�z P(Y X = 	ì�À���Å�K�“ ) �x�®�‹�` 	ì�À

���Å�›	!�Z�h�q�V�w 3�å�™�w�å	)��̄z P(Y X = 	ì�À���Å�s�` )
�x�®�‹�` 	ì�À���Å�›	!�Z�s�T�l�h�q�V�w 3�å�™�w�å	)�¯

�›
¯�`�‡�b�¢
œ�O
S� �Þ�Ã�ç�w�‘�“	Ä�`�M�r
†�t�m�M

�o�x�z�Š�È�L�w
²�ø�w�j�Ø�›�]�€	°�X�i�^�M�£�{	Í�G

�w	Ú�E�U
R�“�q�l�o�M�”�q�V�z	r�g���¢�®	ì�À���Å�K
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$ 3 �s�<
ü�…�Ã�²� �ï�w�“�æ
$�}	r�g�U
~�“�8�˜�”�¥�è�t

�£�è�b�”

�“�¯�p	Ú�E
Ç�Z�^�•�h���£�q
‡	r�g���¢�®	ì�À���Å�s

�`�¯�p	Ú�E
Ç�Z�^�•�h���£�w���p�x�A�L Y �t���È�b�”

	~�›
Q�t�m�M�o�î�í�$�s�)�U�s�X�z exchangability �U


R�q�`�o�M�‡�b�{

�^�o�z
²�ø�w�j�Ø�p	\�‚�h�è�“�z exchangability �›


R�q�^�d�”�h�Š�w�‹�l�q�‹ straightforword �s�M�O�x

�Á�^�•�=�p�b�{�`�T�`�z�q�î�w�ð�J�t�0�`�o�Á�^�•�t

	r�g�›�Â�“�p�o�”�\�q�x�z	����$�t�‹�™�g�$�t�‹��

�X�w	Ô�ù�t���É�p�b�{�f�\�p�z�-�”�&�A�¶�•�ø�¶
ü�ú

�s�r�›�¤	ú�t�z�™
$�$�s�Á�^�•�=�¢�¹�î�g
â�^�£�U

�p�V�s�M	Ô�ù�t�‹ exchangability �U
R�“�q�l�o�M�”	Ý

�¯�›�_	Z�`�o�®�¼�L�®�L�¯�w
*���›�æ�O �¡�Y�Å�î�g

�¢ quasi-experiment�£�¡�q�z�y�•�”	��O�U
��=�̀ �o�V�‡

�`�h�{�Ž�<�z�f�•�’�w	��O�w�E
¯�$�s�‹�w�q�`�o�®�Ú�¿

�½�ï�¬�O��̄®�s�<
ü�…�Ã�²� �ï��̄®
â�^�!
:�O�¯�t�m�M

�o�“�A�›
†�Ì�`�o�M�V�‡�b�{

�Á�^�•�=�U�p�V�s�M	Ô�ù�t�S�M�o	r�g���q
‡	r�g

���w���w exchangability �›�¬�-�b�”�h�Š�w	��O�q�`�o

�x�z�®�Ú�¿�½�ï�¬�O�¯�q�z�y�•�”	��O�U�¿�X�–�˜�•�o

�M�‡�b�{�Ú�¿�½�ï�¬�O�q�x�z	r�g���q
‡	r�g���w�¤�p

�¢�A�L Y �t���È�b�”
Q�í�t�S�M�o�£�¨�Å�`�h�x�.�‰�œ

�p
z�±�b�”�\�q�t�‘�“�z exchangability �›�¬�-�b�”�M

�O�p�b�{�\�•�x�®�Å�h�‹�w�‰�œ�w�x�.�¯�w���p�K�•�y

�¢	r�g���q
‡	r�g���w�r�j�’�p�K�l�o�‹�£�f�w
œ�O
S� 

Y X �x�r�j�’�t�`�–�®�Å�h�‹�w�q�_�s�d�”�¢�•�Q�t
œ

�O
S� YX �q	r�g X �x� �q�q�ˆ�s�d�”�£�i�–�O�¯�q�M

�O�ß�Q�t�‘�”�‹�w�p�b�{�\�\�p�x�z�?�›�‹�l�o�®�Å�h

�‹�w�¯�q�b�”�T�¢�¹�x�.���w �¡�‘�m �¡�›�r�O�Ï
R�b�”

�T�£�U�
�m�w�w�G�V�s�æ�:�q�s�“�‡�b�{�é�.�$�s	��O

�w�«�q�`�o�x�z�A�L Y �t���È�`�O�”��
:�w�ž�!�”�› 1
�Í�i�t�‡�q�Š�h�ù
R�¦
ª�p�K�”�®���²�µ�¯�ž�¯�›�;�M

�”�®���²�µ�¯�ž�Ú�¿�½�ï�¬�O�¯�s�r�U�K�“�‡�b [2][3]�{
�Ú�¿�½�ï�¬�O�q�‰�a�‘�O�s�ß�Q�M�t�,�n�X�M�O�q�`

�o�z�K�”�È���”�w�¤�p	r�g X �U�¥
µ
~�“�8�˜�”�‘�O

�s�­�”�µ�›�b�;�`�h�®�s�<
ü�…�Ã�²� �ï�¯�q�z�y�•�”

	��O�‹�¿�X�Œ�’�•�o�M�‡�b�{�«�Q�y�z�K�”�›���w�ñ�B

�y�N�w	r�M�w�®�L�›�Ð�‚�h�M�q�V�t�z�K�”
´�Ã�t�S�M

�o�ô�B�y�w�Ï�•�0	Å	��t�S�M�o�®�.	O�U 85kg�›�ý�`

�h
��t�x
¶�»�t�f�w���›	r�M�b�”�¯�q�M�O�d���ç�”�ç

�¢�d���K�“�• X = 1 �z�d���s�`�• X = 0 �£�p�f�w���U	r

�M�^�•�o�M�”�q�`�‡�b�{�\�w�q�V�z�\�w�ô�B�y�w�Ï�•

�0	Å	�
¶�.�w	B�‚�p�_�h�q�V�t�B�y�U 85kg�w�q�\�–

�›�¥�t�B�y�w�®�´�ß�ï�Ó�¯�U�_�’�•�”	Ô�ù�t�x�z�®�ô

�B�y�N�w	r�M�t�‘�”�¼�L�®�L�¯�U�r�w���S�T�›
*���b

�”�\�q�U�p�V�‡�b�¢
$ 3�£�{�\�w�M�O�x�z�K�”�È���”

�¢�«�•�.	O�£�t�
�l�o
œ�O
S� Y �¢�«�•�B�y�£�‹�È��

�$�t�!�=�b�”�q�M�O�>���w�<�p�z	r�g X �U
~�“�8�˜

�”�±�M fraction �t�£�è�b�”�¢�ú�f�\�w�¥�è�w�¬�ç�”�Ó

�p�Ú�¿�½�ï�¬�b�”�£�\�q�t�‘�“�z	r�g���q
‡	r�g���w

���w exchangability �›�¬�-�b�”�M�O�q�r	
�b�”�\�q�U

�p�V�‡�b�{�\�•�’�w�®�Ú�¿�½�ï�¬�O��̄®�s�<
ü�…�Ã�²

� �ï�¯�x�z�Ñ�Ÿ�¿�³�ß�”�w�î�g�-�h�O�t�S�Z�”�®�w
M

�¢	~	Ú�E�› Ó���Q�” Ó�£�̄�w���Ø�›�z�Ã�”�»	��̃�™�w�Ã�”

�»�r
s	��O�w	Ô�Ø�•�q�¦�Á�b�”�\�q�p�z�®	r�g�t�‘�”

�è�¹�¯�q�®	r�g�Ž�Ž�w	~	Ú�E�t�I�¼�b�”�è�¹�¯�›� �q

�t�b�”�¢�Á�^�•�=�b�”�£�\�q�›�¤�²�`�h�M�O�q�‹�t�Q

�‡�b�{

�w
M�¢Ó���Q�” Ó�£�q�M�O�‘�“�‹�Á�^�•�=�¢ �¡� �q�t

�b�” �¡�£�w�M�w�¦�Á�q�M�Q�”	��O�q�`�o�x�z�®
â�^�!


:�O�¯�q�z�y�•�”	��O�U�–�˜�•�o�V�o�M�‡�b�{�\�\�p

�®
â�^�!
:� �̄q�x�z (1) 	r�g X �t�0�`�o�è�¹�›�)�Q�z�T

�m (2) 	r�g X �›�è�`�o�w�ˆ�A�L Y �t�è�¹�›�)�Q�z (3)
�A�L�q�f�w�!
:�w�†	��t�è�¹�›�)�Q�”�ž�è�A�¼�U�s�M�z

�q�M�O	Ú�E�›�¬�h�b�!
:�w�\�q�t�s�“�‡�b�{�«�›�‹�q

�t�ß�Q�o�M�V�‡�`�•�O�{	r�g X �›�›���è�[�•�w�€�C�w

���“�¢ X = 1 �£�Á�`�¢ X = 0 �£�z Y �›�f�w�™�w�8�¤�Â�µ

�Ä�w�:
:�q�`�‡�b�¢
$ 4�£�{�‡�h�z�›���è�[�w�‰�5�Ô�x

3 �Ô�K�“�z�€�C	��x�f�w�O�j�w 1 �Ô�t�€�C�b�”	Ý�¯�›

�ß�Q�‡�b�{�f�w�q�V�z�f�w 3 �Ô�w�O�j�w 1 �Ô�t�S�M�o

�G
‡�t�‘�“�¦�è�â�U�ì
¶�t�­�‡�“�z�f�w�Ô�w�›���è�[

�U�¤�­�t�s�“�z�f�w�è�[�w	ü�8�‹�æ�˜�•�s�T�l�h�q�`

�‡�b�{�\�\�p�z�‹�`�®�€�C�Ô�w�›���è�[�U�¤�­�t�s�l

�h�¢ W = 1 �£�T�z�¤�­�t�s�’�s�T�l�h�T�¢ W = 0 �£�T�¯

�U�z (1) �›���è�[�•�w�€�C�w���Á X �›�è�`�o�w�ˆ�8�¤

�Â�µ�Ä�w�:
: Y �t�è�¹�›�)�Q�z�T�m (2)�®�›���è�[�w

�¤�­�w���Á�¢ W �£�¯�q�®�8�¤�Â�µ�Ä�w�:
: Y �¯�t�è�¹

�›�)�Q�”�ž�è�w�A�¼�U���O�`�s�M�q�V�t�z�\�w W �›

�®
â�^�!
:�¯�q�ˆ�s�b�\�q�U�p�V�‡�b�{

�\�w�q�V�z�›���è�[�•�w	!�è�w���Á X �q�Â�µ�Ä�w�:


: Y �w�†�M�t�è�¹�›�)�Q�”�\�q�t�‘�“ exchangability
�›�H�`�o�M�”�ž�!�” Z�¢�«�Q�y�®
Ó�ˆ�w�¶	6�Ì����̄£�U

�K�l�h�q�`�‡�b�¢
$ 4�£�{�Š�R�s�’�y�\�w�¶	6�Ì�� Z �t

�0�`�o�?�’�T�w�Ð
T�›�`�s�M	Ô�ù�t�x�z�›���è�[�w�€

�C�w���Á X �à�Â�µ�Ä�w�:
: Y �w�¼�L�®�L�w
*���t�x

�Ì� �ž�µ�U�T�T�“�‡�b�{�`�T�`�z�G
‡�p�4�è�U�¤�­�t

�s�l�h�¢ W = 1 �£���q�z�¤�­�t�s�’�s�T�l�h�¢ W = 0 �£

���t�S�Z�”�8�¤�Â�µ�Ä�w�:
: Y �›
z�±�b�”�\�q�t�‘�“�z



38 JSMB Newsletter No. 82 (2017)

! " # $ ! "

%& " ' (

!

) * # "

! " # $ "

+ , " ' (

"

- . $ %&

" / 0

#

1 2 "

3 4 5 6

$


$ 4 
â�^�!
:�O�w�“�æ�«�}�›���è�[�w�¤�­�w���Á W �U
â

�^�!
:�q�s�l�o�M�”

�¢ W �x Z �q� �q�p�K�”�q�M�O�®
â�^�!
:�¯�p�K�”�\�q

�t�‘�”�>���t�‘�“�£�¶	6�Ì�� Z �t�‘�“ exchangability
�›�H�^�•�”�\�q�s�X�z X �à Y �w�¼�L�®�L�›
*���b�”

�\�q�U�p�V�‡�b�{�\�w�‘�O�s
â�^�!
: W �›�;�M�o

exchangability �›�¬�-�b�”�M�O�x�z�Ñ�Ÿ�¿�³�ß�”�w�Á�^

�•�=�w�&�;
c�“�›�¢
â�^�!
:�t�m�M�o�w�§�M	Ú�E�$�>

���w�‹�q�t�£�¦�Á�`�h�‹�w�q�`�o�g�r�b�”�\�q�U�p�V

�‡�b�{�¢���s�w�«�p�x�z���o�w�h�Š X �q W �U 1 �0 1 �0

� �q�s�” P(X = 0 |W = 1) = 1 �z P(X = 1 |W = 0) = 1 �q

�M�O�›	��s	Ý�¯�›
Ý���`�o�M�‡�b�{�°
`�t�x�z X �q W
�t�m�M�o�x�¬�p�$�s���� (0 < P (X |W ) < 1) �›
Ý���`

�‡�b�{�‡�h�°
`�t�z
â�^�!
:�O�t�‘�”�¼�L�®�L�x	B�‚


¶�.�p�x�s�X	B�‚�w�°
æ�t�S�Z�”�¼�L�®�L�›�_�”�‹�w

�q�s�“�‡�b [4][5]�£�{
	Í�G�p�_�o�V�h	~	��O�x�z�Ñ�Ÿ�¿�³�ß�”�w�î�g�-�h

�O�w�©�Þ�p�K�”�®�w
M�¢���Q�’�•�”�‹�w�x���Q�”�£�q

�Á�^�•�=�¢	r�g�›	B�‚�w�›
Q�t���˜�’�c�å�ï�¼�Ü�t�Â

�“
Ç�Z�”�£�¯�w	Ú�E�›�z�î�g�U�p�V�s�M	Ý�¯�•�‹�¦�Á

�b�”�M�²�p
��=�`�o�V�h�‹�w�q�‹�t�Q�‡�b�{�\�•�’�w

�M�O�x�z�Ã�”�»	��˜
²�w�®�î�g�-�h�¯�t�‘�l�o�p�x�s

�X�z�Ã�”�»	��˜�™�w�®�Ã�”�»�r
s�¯�t�‘�l�o�‹�¼�L
*

�æ�›�D�ó�t�b�”�:�p�z�¼�L
*�æ�t���b�”�Z�€�w�D�ó
Q

�›�G�V�X�¿�[�”�‹�w�q�s�l�o�M�‡�b�{

5. �å� �Ä�g�æ�%�w���w
ü�=�•�Ï���M���Ü�Þ

�Ã�ç

�°�M�z�å� �Ä�g�æ�%�w���t�S�Z�”
ü�=�x�z�A�¼���w

�����w��
:�$�G	\�t�S�Z�”
��=�t�‘�“�I�\�“�‡�`�h�{

�å� �Ä�t�‘�”�Í�µ�r
s�w�v�•�x�z	�
R
ü
ü
s�•�¼� 
ü


s�s�w	~���!�”�r
s	��O�q���È�`�s�U�’�z�A�¼���w��

��
Q�w�Ï���›�M���Ü�p�G	\�b�”�Ï���M���Ü�Þ�Ã�ç�q

�`�o
C�2�`�z	ú�g�¶�•�þ�q�¶�s�r�t�S�M�o�¿�X�;�M�’

�•�”	��O�q�s�l�o�M�‡�b�{�Ï���M���Ü�Þ�Ã�ç�p�x�°
`

�t�x�z�Ã�”�»
\
R�Þ�Ã�ç�t�S�Z�”�¼�L�Ï���›�°�È�w�M

���Ü�¢�«�•�\�w�°�È�w�M���Ü�x�K�X�‡�p�Ã�”�»
\
R�Þ

�Ã�ç�›�G	\�`�h�‹�w�p�K�“�z�M�˜�•�”�È�q�M���Ü�p�x

�s�M�£�p
¯�q�`�z�f�w�®�°�È�w�M���Ü�¯�q�
���Ã�”�»

�w�ž
ü�„�æ�»�›�&�ù�^�d�”�\�q�t�‘�“�z�Þ�Ã�ç�•�Þ�Ã

�ç�w�Í�å�Ý�”�»�t���b�”�w�-�$�s
*���›�æ�M�‡�b�¢
$

5�£�{�Ï���M���Ü�Þ�Ã�ç�w�›�Ã�q�`�o�x�z�Í�µ
$�q�z�y

�•�”�¼� �ž�¬�å�Ü�›�;�M�o�¼�L�Ï���›
¯�b�\�q�‹�•�[

�’�•�‡�b�{�Ï���M���Ü�Þ�Ã�ç�×�.�x
‡	×�t�°
`
Q�w�ô

�M�w�-�r
s�w�î
Ê�ˆ�›���™�b�”�‹�w�p�K�“�z���X�w�7

���w�r
s�¢�s�<
ü
s�~�¼� 
ü
s�~
ü�„
ü
s�~�ž
ü�„
ü


s�~�Í�µ�r
s�s�‘�£�›�Ï���M���Ü�Þ�Ã�ç�w�î
Ê�ˆ�w�¤

�p�G	\�b�”�\�q�U�p�V�‡�b�{

6. �Ñ�Ÿ�¿�³�ß�”�·�å� �Ä�•�f�w�g�æ�$�%�w

�w�¦�v

	Í�G�p
†�Ì�`�o�V�h�‘�O�t�z�Ñ�Ÿ�¿�³�ß�”�g�æ�%�w

���x�M�˜�y�®�w
M�¯�q�®�Á�^�•�=�¯�w���Ø�t�S�M�o
ü

�=�`�o�V�‡�`�h�{�f�w�°�M�z�å� �Ä�g�æ�%�w���x�®�A


É���w����
Q�w��
:�$�G	\�¯�w���Ø�t�S�M�o
ü�=�`�o

�V�h�q�t�Q�‡�b�{�r�j�’�‹�‰�a�®�¼�L
*�æ�¯�w�è�$�t

�–�Q�”	��O�p�K�”�‹�w�w�z�†	��w	��O�x�T�s�“� �q�w

�M�²�t
ü�=�`�o�V�h�‘�O�t�‹�_�Q�‡�b�{�‡�h�î�M�z�Z

�€�w�q	Ô�p�‹�f�•�’�w	��O�x�„�q�œ�r�S�“�M�t	Z�q�O

�\�q�U�K�“�‡�d�œ�p�`�h�{�`�T�`�s�U�’�q�O�t�S�M�o

�x�z�®�¼�L
*�æ� �̄q�M�O�
�:�T�’�x�z�f�•�’	~	��O�w�g

�æ�$�s�©�Þ�w
æ
ü�x�®�‰�a��̄¢�\�q�›���w�M�²�T�’��

�Ü�=�`�o�M�”�£�\�q�U�b�p�t�Ô�^�•�o�M�‡�b [6]�{
�Ž�<�t�z���o�t�†�g�æ�$�%�w���w�0� �����w�©�Þ�t

�m�M�o
†�Ì�`�o�ˆ�‡�b�{�j�•�l�q�™�Ž�s�ò�a�U�b�”�T

�‹�`�•�‡�d�œ�U�z�f�w�0� �����›
T�g�b�”�h�Š�w�
�m
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