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¹¯ËÒä��Ë°�mËÓÓº ° ��È°�ÒËä �º�Ë�Ó©² �ËÁË}�ºm
¹º mÈ}ÈÓ�Ó©ä �ÏãÈä� �¯Ò ª�ºä mÈ¯	Ò¯ºmÈÓÒË �Ëä�
¹Ë¯È��¯©� }È} º�äË�È
� �È}ÎË lË°ÓË¯� cË®Óºã	�°�
kmË¯È² Ò �¯�� m©Ï©mÈË� °¯ÈmÓÒ�Ëã	Óº ºã	�ºË
ÒÏäËÓËÓÒË }ºªÁÁÒ�ÒËÓ�È �ÒÁÁ�ÏÒÒ >��� ��@� w}�
°¹Ë¯ÒäËÓ�Èã	Óº ºÓÈ¯�ÎËÓÈ ÏÈmÒ°Òäº°�	 }ºªÁÁÒ�
�ÒËÓ�È �ÒÁÁ�ÏÒÒ º� ãÒÓË®Ó©² Ò �m�²äË¯Ó©² �Ë�
ÁË}�ºm ��Ò°ãº}È�Ò® Ò �¯ÈÓÒ� ÏË¯ËÓ °ºº�mË�°�mËÓ�
Óº� >��Ü��@� �¯Ò ª�ºä ¹º��Ë¯}ÒmÈË�°«� ��º ¹º�
«mãËÓÒË �ËÁË}�ºm �È}º�º �Ò¹È °ºÏ�ÈË� º°ºº ãÈ�
�º¹¯Ò«�Ó©Ë �°ãºmÒ« �ã« �ÒÁÁ�ÏÒÒ� |�ÓÈ}º º��
äË�ÈË�°« >��@� ��º �°}º¯ËÓÒË �ÒÁÁ�ÏÒÒ ¹º �¯È�

cÒ°� �� |°ºËÓÓº°�Ò äÈ°°º¹Ë¯ËÓº°È m �°ãºmÒ«² m©°º}º°}º¯º°�Óº�º °¹º°ºÈ �ËÁº¯äÈ�ÒÒ ¹¯Ò �v{ m °ºË�ÒÓËÓÒÒ äË�	��Ò¯}ºÓÒ®� È�
Û °ºº�mË�°�mËÓÓº °²ËäÈ Ò °�¯�}��¯ÓºË ÒÏº¯ÈÎËÓÒË ¹Ë¯ËäË�ËÓÒ« �È°�Ò� �Ò¯}ºÓÒ« m äË�	� m Û ¯È°¹¯Ë�ËãËÓÒË �Ò¯}ºÓÒ« m�ºã	
�¯ÈË}�º¯ÒÒ �mÒÎËÓÒ« �È°�Ò�� ����

cÒ°� �� |°ºËÓÓº°�Ò äÈ°°º¹Ë¯ËÓº°È m �°ãºmÒ«² m©°º}º°}º¯º°��
Óº�º °¹º°ºÈ �ËÁº¯äÈ�ÒÒ ¹¯Ò v{Ï m °ºË�ÒÓËÓÒÒ ÎËãËÏº�Èã
�
äÒÓÒ®� È� Û °ºº�mË�°�mËÓÓº °�¯�}��¯ÓºË ÒÏº¯ÈÎËÓÒË Ò °²ËäÈ
¹Ë¯ËäË�ËÓÒ« �È°�Ò�© ÎËãËÏÈ m�ºã	 �¯Ë}ºm�}ÈÓÈãºm m äÈ°°ÒmË
Èã
äÒÓÒ«� ����� m Û ¹Ë¯ËÓº° �È°�Ò� ÎËãËÏÈ m Èã
äÒÓÒ®
�¯È°�¯ºmÈ« ªãË}�¯ºÓÓÈ« äÒ}¯º°}º¹Ò«�� ������

�� ������



ÓÒ�Èä ÏË¯ËÓ ÒäËË� äË°�º� }º��È º�Óº�ËÓÒË }ºªÁ�
ÁÒ�ÒËÓ�È �ÒÁÁ�ÏÒÒ ¹º �¯ÈÓÒ�Èä Ò m º�ËäË ÏË¯ÓÈ
°º°�Èmã«Ë� i

�¯
�i

º
≥ �⋅���� È �È}ÎË ¯ÈÏäË¯© ÏË¯ËÓ

º�Óº°Ò�Ëã	Óº ÓËmËãÒ}Ò �5 ≤ �⋅��Ü� Fä�� z¯ºäË �º�º�
{ÈÏÏÈÓ Ò iº¯Ó >��@� È �È}ÎË lË°ÓË¯� cË®Óºã	�°�
kmË¯È² Ò zºËÓ� �ºÁäÈÓ� �Ë¯ÓÈã >��� ��� ���
��@ º¯È�ÈãÒ mÓÒäÈÓÒË ÓÈ °��Ë°�mËÓÓºË �¹º��Ò
m �� ¯ÈÏ� ¯ÈÏãÒ�ÒË m ÏÓÈ�ËÓÒ«² }ºªÁÁÒ�ÒËÓ�ºm
�ÒÁÁ�ÏÒÒ m�ºã	 °�È�Ò�Ë°}Ò² Ò �mÒÎ��Ò²°« �¯ÈÓÒ�
ÏË¯ËÓ� ~ÈäË�Òä� º�ÓÈ}º� ��º º�äË�ËÓÓ©Ë ÏÈ}ºÓº�
äË¯Óº°�Ò �ÒÁÁ�ÏÒÒ m º°ÓºmÓºä º�Óº°«�°« } �Ë¯�
äº�ÒÓÈäÒ�Ë°}Ò ¯ÈmÓºmË°Óºä� °º°�º«ÓÒ
 äË�ÈããÈ�
�¯Ò Ò°¹ºã	Ï�Ëä©² ÓÈ ¹¯È}�Ò}Ë °¹º°ºÈ² º¯Èº�}Ò
äÈ�Ë¯ÒÈãºm ÓÈ¹¯«ÎËÓÒ«� mºÏÓÒ}È
�ÒË ¹¯Ò �¹¯��
�Ò² Ò ¹ãÈ°�Ò�Ë°}Ò² �ËÁº¯äÈ�Ò«² �¹¯Ò ÁÈÏºm©²
¹¯Ëm¯È�ËÓÒ«²� ²ºãº�Óº® Ò m©°º}º�Ëä¹Ë¯È��¯Óº®
�ËÁº¯äÈ�Ò«² Ò �� ¹��� ¹¯Òmº�«� } º¯ÈÏºmÈÓÒ

mË°	äÈ ÏÓÈ�Ò�Ëã	Óº® ÒÏ©�º�Óº® �ÓË¯ÈmÓºmË°Óº®�
}ºÓ�ËÓ�¯È�ÒÒ �ËÁË}�ºm� ��º �ºãÎÓº °¹º°º°�mº�
mÈ�	 ºãËË °��Ë°�mËÓÓºä� ¹ºm©�ËÓÒ
 �ÒÁÁ�ÏÒºÓ�
Óº® È}�ÒmÓº°�Ò È�ºäºm m }¯Ò°�ÈããÈ² >��� ��@� jäËÓ�
Óº mº¹¯º° º mãÒ«ÓÒÒ ÓË¯ÈmÓºmË°Ó©² Ò°}ÈÎËÓÒ®
m }¯Ò°�ÈããÒ�Ë°}Ò² ¯Ë�Ë�}È² �ËÁº¯äÒ¯�Ëä©² äÈ�
�Ë¯ÒÈãºm m ¹º°ãË�ÓËË m¯Ëä« ¹¯ÒmãË}ÈË� mÓÒäÈÓÒË
�ºmºã	Óº ÏÓÈ�Ò�Ëã	Ó©® }¯�� Ò°°ãË�ºmÈ�ËãË®� |��
ÓÈ}º ¯ËÏ�ã	�È�© Ò°°ãË�ºmÈÓÒ® m ª�ºä ÓÈ¹¯ÈmãËÓÒÒ
º}ÈÏÈãÒ°	 mË°	äÈ ÓËº�ÓºÏÓÈ�Ó© >��Ü��@� �È}� ¯È°�
�Ë�©� }º�º¯©Ë ¹¯ºmËãÒ c�ÁÁ� rÈãã�ÁÒ >��Ü��@�
{ÈÏÏÈÓ Ò iº¯Ó >��@� zÒä�¯È Ò lÈ��ÒÓ >��@� ¹º�
}ÈÏÈãÒ� ��º ªÁÁË}� �°}º¯ËÓÒ« �ÒÁÁ�ÏÒÒ m �°ãº�
mÒ«² m©°º}º�Ëä¹Ë¯È��¯Óº® �ËÁº¯äÈ�ÒÒ ÓËº�ÒÓÈ�
}ºm Ò ¹¯ºÒ°²º�Ò� ÏÈ °�Ë� �Ò°ãº}È�Ò®� ¹¯Ò�Ëä �mÒ�
Î��Ò²°«� z �ºä� ÎË� zÒä�¯È� lÈ��ÒÓ ¹º°ãË ¹¯º�
mË�ËÓÒ« ¹ºãÓº�º ÈÓÈãÒÏÈ ºÓÈ¯�ÎÒãÒ �mËãÒ�ËÓÒË
°}º¯º°�Ò �ÒÁÁ�ÏÒÒ ÓË äËÓËË �Ëä m ��� ¯ÈÏ �ªÁÁË}�
�°}º¯ËÓÒ« �ÒÁÁ�ÏÒÒ ©ã ¹¯º¹º¯�ÒºÓÈãËÓ °}º¯º°�
�Ò �ËÁº¯äÈ�ÒÒ� �� Ë� ä�ÓºmËÓÓº® }ºÓ�ËÓ�¯È�ÒÒ
�ËÁË}�ºm�� sÈãÒ�ÒË Ë�Ë ºãËË °��Ë°�mËÓÓº�º
�ºãËË �Ëä m ���� ¯ÈÏ� mºÏ¯È°�ÈÓÒ« ªÁÁË}�È �ÒÁ�
Á�ÏÒÒ ¹¯Ò �ËÁº¯äÒ¯ºmÈÓÒÒ ÓÒ}Ëã« Ò äË�Ò º¹Ò°ÈÓº
m ¯Èº�È² z� k� |°Ò¹ºmÈ >��@ Ò v� �� zºÓºÒ�
Ëm°}º�º� |ÓÒ Ò°°ãË�ºmÈãÒ ¯ºã	 ÓË¯ÈmÓºmË°Ó©² Ò°�
}ÈÎËÓÒ® Ò ��m°�mÒ�Ëã	Óº°�Ò �ÒÁÁ�ÏÒÒ } ÓÈ¹¯«�
ÎËÓÒ«ä� º�°ãºmãËÓÓ©ä ¹¯Ë�mÈ¯Ò�Ëã	Ó©äÒ �ËÁº¯�
äÈ�Ò«äÒ� kÓÈãº�Ò�Ó©Ë «mãËÓÒ« º�äË�È
� v� ~�
rº}��Ë®Ó >��@� cª®� w�Ò >��@� j� Ð� iË²�«¯
Ò {� v� lÒ²ÈãËÓ}ºm >��@� kÓÈãÒÏ ¯ºãÒ m©°º}º�
�Ëä¹Ë¯È��¯Óº® �ËÁº¯äÈ�ÒÒ m ÒÏäËÓËÓÒÒ }ºªÁÁÒ�
�ÒËÓ�È °Èäº�ÒÁÁ�ÏÒÒ ÓÒ}Ëã« >��� ��� ��@ ¹º}ÈÏÈã�
��º �ÒÁÁ�ÏÒ« mºÏ¯È°�ÈË� ° �mËãÒ�ËÓÒËä °�Ë¹ËÓÒ
�ËÁº¯äÈ�ÒÒ� Óº ©°�¯º È°Òä¹�º�Ò�Ë°}Ò ¹¯ÒãÒ�
ÎÈË�°« } ÏÓÈ�ËÓÒ
 ÓÈ°©�ËÓÒ«� c�ÁÁ Ò rÈãã�ÁÒ
>��� ��@ °�ËãÈãÒ ÏÈ}ã
�ËÓÒË� ��º ÒÏäËÓËÓÒ« �ÒÁ�
Á�ÏÒÒ äºÎÓº �¯�º °�Ò�È�	 ¹¯º¹º¯�ÒºÓÈã	Ó©äÒ �mË�
ãÒ�ËÓÒ
 �ËÁº¯äÈ�ÒÒ Û ° mºÏ¯È°�ÈÓÒËä °}º¯º°�Ò
�ËÁº¯äÈ�ÒÒ �ÒÁÁ�ÏÒ« �°ÒãÒmÈË�°«� �¯Ò�Ëä ª�º�
ªÁÁË}� ÓÈã
�ÈË�°« ¹¯Ò ºãËË ÓÒÏ}º® �Ëä¹Ë¯È��¯Ë
Ò°¹©�ÈÓÒ«� |�ÓÈ}º� °º�ãÈ°Óº �ÈÓÓ©ä iª¯Ò >��@�
m °ã��ÈË �ËÁº¯äÈ�ÒÒ °Ë¯Ë¯È ¹¯Ò ��� Åv °�ºã	 ÏÓÈ�
�Ò�Ëã	Óº�º �°}º¯ËÓÒ« �ÒÁÁ�ÏÒÒ ÓË ÓÈã
�Èãº°	�

�äËÓ	�ËÓÒË }ºªÁÁÒ�ÒËÓ�È �ÒÁÁ�ÏÒÒ ÒäËË�
äË°�º� ÓÈ¹¯ÒäË¯� m �°ãºmÒ«² m©°º}º�º �ÈmãËÓÒ«
>��@� z �ºä� ÎË ¹º}ÈÏÈÓº� ��º ¯ÈÏãÒ�Ó©Ë äË�Èãã©
¹º�¯ÈÏÓºä� ¹¯º«mã«
� °}ãºÓÓº°�	 } ÒÏäËÓËÓÒ


}ºªÁÁÒ�Ò�ÒËÓ�È �ÒÁÁ�ÏÒÒ ¹º� �ÈmãËÓÒËä m ÏÈmÒ�
°Òäº°�Ò º� }ºªÁÁÒ�ÒËÓ�È °ÎÒäÈËäº°�Ò äÈ�Ë¯ÒÈãºm�

�È}Òä º¯ÈÏºä� ÒÏ ÒÏãºÎËÓÓº�º m©�Ë °ãË��Ë��
��º ÏÈ}ºÓºäË¯Óº°�Ò ÒÏäËÓËÓÒ« }ºªÁÁÒ�ÒËÓ�È �ÒÁ�
Á�ÏÒÒ ¹¯Ò ¯ÈÏãÒ�Ó©² °¹º°ºÈ² �ËÁº¯äÈ�ÒÒ ÓË
m°Ë��È °ºm¹È�È
� �ªÁÁË}� ºÓÈ¯�ÎÒmÈË�°« ÒãÒ ÓË
¹¯º«mã«Ë�°« ¹¯Ò º�Ëä �¯ºmÓË �ËÁº¯äÈ�ÒÒ ¹¯Ò�
ãÒÏÒ�Ëã	Óº �º �� ��� �¯Ò ª�ºä m �°ãºmÒ«² m©�
°º}º�Ëä¹Ë¯È��¯Óº® �ËÁº¯äÈ�ÒÒ ÓË m°Ë��È ÒäËË�
äË°�º ªÁÁË}� �°}º¯ËÓÒ« �ÒÁÁ�ÏÒÒ� sº ºã	�ÒÓ�
°�mº Ò°°ãË�ºmÈ�ËãË® º�äË�È
� ÏÓÈ�Ò�Ëã	ÓºË �°}º�

¯ËÓÒË ¹¯º�Ë°°ºm ¹¯Ò ºã	�Ò² °}º¯º°�«² ε⋅ Ò ÓÒÏ}Ò²
�Ëä¹Ë¯È��¯È² �ËÁº¯äÈ�ÒÒ� r©ãº º¹¯Ë�ËãËÓº� ��º
¹¯Ò äÈã©² °}º¯º°�«² �ËÁº¯äÈ�ÒÒ °}º¯º°�	 �ÒÁ�
Á�ÏÒÒ ÒÏäËÓ«Ë�°« ¹¯º¹º¯�ÒºÓÈã	Óº �ËÁº¯äÈ�ÒÒ
ε �¹¯Ò ¹º°�º«ÓÓº® �Ëä¹Ë¯È��¯Ë Ò°¹©�ÈÓÒ®�� È ¹¯Ò
�mËãÒ�ËÓÒÒ ÏÓÈ�ËÓÒ® ε Û °}º¯º°�	 �ËÁº¯äÒ¯º�
mÈÓÒ« mºÏ¯È°�ÈË� ©°�¯ËË� �Ëä ¹º ãÒÓË®Óºä� ÏÈ�
}ºÓ��

j°²º�« ÒÏ ÁÈ}�È ¯ËÏ}º�º ÒÏäËÓËÓÒ« äÈ°°º¹Ë�
¯ËÓº°È ¹¯Ò ¯ÈÏãÒ�Ó©² �°ãºmÒ«² �ËÁº¯äÈ�ÒÒ äË�
�Èããºm� ¯È°°äÈ�¯ÒmÈ
�°« Ò äË²ÈÓÒÏä© ª�º�º ¹¯º�
�Ë°°È� �È}� ÈÓÈãÒÏÒ¯�« ÏÈ}ºÓºäË¯Óº°�Ò Ò°°ãË���
Ëä©² ¹¯º�Ë°°ºm� m©°}ÈÏ©mÈ
�°« äÓËÓÒ«� ��º �ÒÁ�
Á�ÏÒºÓÓÈ« ¹º�mÒÎÓº°�	 È�ºäºm äË�Èããºm m ÏÈmÒ�
°Òäº°�Ò º� }ºÓ}¯Ë�Ó©² �°ãºmÒ® äºÎË� ¹¯º²º�Ò�	
¹º ¯ÈÏãÒ�Ó©ä äË²ÈÓÒÏäÈä� z¯ºäË �ÎË �¹ºä«Ó��©²
äË²ÈÓÒÏäºm �ÒÁÁ�ÏÒºÓÓ©² ¹¯º�Ë°°ºm� ¯ËÈãÒÏ�Ë�
ä©² ÏÈ °�Ë� �º�Ë�Ó©² Ò ãÒÓË®Ó©² �ËÁË}�ºm }¯Ò°�
�ÈããÒ�Ë°}º® ¯Ë�Ë�}Ò� ÒäËË� äË°�º ª}°¹Ë¯ÒäËÓ�Èã	�
Óº �°�ÈÓºmãËÓÓ©® ªÁÁË}� ÏÓÈ�Ò�Ëã	Óº�º �°}º¯ËÓÒ«
äÈ°°º¹Ë¯ËÓº°È� }º�º¯©® m º°ÓºmÓºä ¹¯º«mã«Ë�°«
m �°ãºmÒ«² m©°º}Ò² °}º¯º°�Ë® ÓÈ�¯�ÎËÓÒ«� m �ºä
�Ò°ãË Ò ¹¯Ò �v{ >��Ü��@� |�Óº°Ò�Ëã	Óº ¹¯Ò�ÒÓ
Ë�º mºÏÓÒ}ÓºmËÓÒ« °��Ë°�m�
� ¯ÈÏãÒ�Ó©Ë äÓËÓÒ«�

�È}� {� j� {ãÈ�ÒäÒ¯ºm Ò �¯� >��@ °m«Ï©mÈ
�
ª�Ò ¹¯º�Ë°°© ° ¹Ë¯ËäË�ËÓÒËä }ºä¹ãË}°È mÈ}ÈÓ°Ò®�
�� s� �È¯Ò}ºm� {� l� nÈã	�ËÓ}º� {� n� lÈÏÈÓ}º
Ò �¯� >��Ü��@ Û ° �Ë®°�mÒËä äËÎ�ÏËã	Óº�º äË�
²ÈÓÒÏäÈ� ¹º°ãË�ºmÈ�ËãÒ �}ºã© È}È�ËäÒ}È l� k�
�Èm¯ËÓ�	ËmÈ >��@ Û °º °¹Ë�ÒÁÒ}º® �Ò�¯º�ÒÓÈ�
äÒ�Ë°}º�º �Ë�ËÓÒ«� vº�ãÈ°Óº ÎË ¹¯Ë�°�ÈmãËÓÒ«ä�
¯ÈÏmÒmÈËä©ä {� p� �ÈÓÒÓ©ä Ò Ë�º �}ºãº®� ¹¯º�
«mãËÓÒ« m©°º}º® °}º¯º°�Ò äÈ°°º¹Ë¯ËÓº°È äº���
©�	 º�°ãºmãËÓ© º°º©äÒ È�ºä�mÈ}ÈÓ°ÒºÓÓ©äÒ
°º°�º«ÓÒ«äÒ� Áº¯äÒ¯�
�ÒäÒ°« m �ËÁº¯äÒ¯�Ëäºä
äÈ�Ë¯ÒÈãË m äº�Óºä ¹ºãË m©°º}Ò² mÓË�ÓÒ² mºÏ�
�Ë®°�mÒ® >��@�

{ºÏm¯È�È«°	 } ¹¯Ë�°�ÈmãËÓÓ©ä m �ÈÓÓº® ¯Èº�Ë
¯ËÏ�ã	�È�Èä ª}°¹Ë¯ÒäËÓ�Èã	Ó©² Ò°°ãË�ºmÈÓÒ® mÏÈ�
Òäº°m«ÏÒ ¹¯º�Ë°°ºm ¹ãÈ°�Ò�Ë°}º® �ËÁº¯äÈ�ÒÒ Ò
äÈ°°º¹Ë¯ËÓº°È m °ºË�ÒÓËÓÒ«² ¯ÈÏÓº¯º�Ó©² äË�Èã�
ãºm� º�äË�Òä� ��º ¹¯Ò äÒÓÒäÈã	Ó©² °}º¯º°�«²

�ËÁº¯äÈ�ÒÒ �ε⋅ ≅ �⋅10Ü� °Ü�� m °ã��ÈË iv{� °��«

¹º ²È¯È}�Ë¯� Áº¯äÒ¯�
�Ò²°« °�¯�}��¯� m ÏºÓË
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ÏºÓ© }ºÓ�È}�È�� ¹Ë¯ËäË�ËÓÒ« °}º¹ãËÓÒ® °Ë�¯Ë�È�
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äÒ}¯ºº�Ëäºm º�Óº�º äË�ÈããÈ m �¯��º® �¹º�º}ºm
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°º°�m�
� ¹¯Ë�º�m¯È�ËÓÒ
 º¯ÈÏºmÈÓÒ« ÓÈ¹¯Èm�
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ÓÈ�¯�ÎËÓÒ«�

�� �¯Ò äÒÓÒäÈã	Ó©² °}º¯º°�«² �ËÁº¯äÈ�ÒÒ
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�� �Ëã	äÈÓ k� v� |°Óºm© °mÈ¯}Ò �ÈmãËÓÒËä� Û l�� lÈ�Ò�
Óº°�¯ºËÓÒË� ����� Û ��� °�

�� b¯ºÓ c� ~�� ~ËãËÏÒÓ {� s� �Ë¯äÒ�Ë°}È« º¯Èº�}È Ò
°mº®°�mÈ °mÈ¯Ó©² °ºË�ÒÓËÓÒ®� Û ��� lÈ�ÒÓº°�¯ºËÓÒË�
����� Û ��� °�

�� rÈ}�Ò |� k� �Ëº¯Ò« Ò ¹¯È}�Ò}È °mÈ¯º�Óº�º ¹¯ºÒÏmº�°�mÈ�
Û vmË¯�ãºm°}� ��j� ����� Û ��� °�

�� &KDUDFWHULFWLFV RI EHKDYLRXU RI GLIIXVLRQ LQ WKH WUDQVLWLRQ
]RQH RI D FRSSHU Û DOXPLQLXP MRLQW GXULQJ IULFWLRQ ZHOGLQJ
� ,� <RVKL\DVX� 6� 7DNDKLNR� 6� 0DVDKLUR� 7� 0DVDUX ��
7UDQV� -DS� 6RF� 0HFK� (QJ� $� Û ����� Û ��� ¢ ���� Û
3� ���Ü����

�� 3DUDPHWHUV RI H[SORVLRQ ZHOGLQJ DQG VWULQJWK RI MRLQW LQ
FODGGLQJ VWDLQOHVV VWHHO ZLWK GLIIHUHQW DOXPLQLXP DOOR\V
XVLQJ DQ LQWHUPHGLDWH VWDLQVHVV VWHHO SODWH � +� .D]X\XNL� ,�
7DNHVKL� $� 7DNHQREX HW DO� �� -� -DS� :HOG� 6RF� Û
����� Û ��� ¢ �� Û 3� ��Ü���

�� lÈ¯}È�ºmÈ �� j�� lÈãËm°}Ò® �� r� |°ºËÓÓº°�Ò �ÒÁ�
Á�ÏÒÒ ¹¯Ò °mÈ¯}Ë ËÏ ¯È°¹ãÈmãËÓÒ« �� km�ºäÈ�� °mÈ¯}È�
Û ����� Û ¢ ��� Û v� �Ü��� ���

�� 3HFXOLDULWLHV RI IRUPDWLRQ RI DQ LQWHUIDFLDO ]RQH LQ SUHVVXUH
ZHOGLQJ RI GLVVLPLODU PHWDOV � /� ,� 0DUNDVKRYD� /� 6� .LUH�
HY� 9� 1� =DPNRY� 9� .� 6DERNDU �� :HOGHG VWUXFWXUHV�
Û /RQGRQ� +DUZRRG DFDG� SXEO�� ����� Û 9RO� �� 3W �� Û
3� ���Ü����

�� |°ºËÓÓº°�Ò äÈ°°º¹Ë¯ËÓº°È m ¯ÈÏãÒ�Ó©² �°ãºmÒ«² °mÈ¯}Ò
�ÈmãËÓÒËä � �� j� lÈ¯}È�ºmÈ� {� {� v�È�ËÓ}º� k� j�
j�ÓÈ�ËÓ}º� {� {� k¯°ËÓ
} �� lÈ�Ë¯ÒÈã© }ºÓÁ� ½{©°º�

cÒ°� �� iÒÈ�¯ÈääÈ ÒÏäËÓËÓÒ« äË²ÈÓÒÏäºm ��Ò°ãº}È�ÒºÓÓº�º Ò
äË²ÈÓÒ�Ë°}º�º� äÈ°°º¹Ë¯ËÓº°È Ò Ò² º�ËäÓº® �ºãÒ m ª�ºä
¹¯º�Ë°°Ë� È �È}ÎËÁº¯ä ¯ËÈãÒÏÈ�ÒÒ äË²ÈÓÒ�Ë°}º�º ¹Ë¯ËÓº°È äÈ°°
m ÏºÓË }ºÓ�È}�È ¯ÈÏÓº¯º�Ó©² äË�Èããºm ¹º äË¯Ë �mËãÒ�ËÓÒ« °}º�
¯º°�Ò �ËÁº¯äÈ�ÒÒ� � Û �Ò°ãº}È�ÒºÓÓ©® äË²ÈÓÒÏä äÈ°°º¹Ë¯Ë�
Óº°È� � Û }ºããË}�ÒmÓÈ« Áº¯äÈ �mÒÎËÓÒ« �ËÁË}�ºm
}¯Ò°�ÈããÒ�Ë°}º® ¯Ë�Ë�}Ò� �Û ¹ºmº¯º�© º�Ëäºm� �Û �ã	�¯È�
�Ò°¹Ë¯°Ó©® äÈ°°º¹Ë¯ËÓº°� �Û ¹Ë¯ËäË�ËÓÒË äÈ°°� �Û }¯�¹Ó©Ë
�È°�Ò�©� v�¯ Û °mÈ¯}È �¯ËÓÒËä

�	 ������



}ÒË �Ë²Óºãº�ÒÒ m äÈ�ÒÓº� Ò ¹¯Òº¯º°�¯ºËÓÒÒ� �vÈ¯È�ºm�
äÈ® ���� ���� Û vÈ¯È�ºm� v��� ����� Û v� ���Ü����

��� j°°ãË�ºmÈÓÒË äÒ}¯ºäË²ÈÓÒÏäÈ °�¯�}��¯ºº¯ÈÏºmÈÓÒ« m
�°ãºmÒ«² äÈ�ÓÒ�ÓºÒä¹�ã	°Óº® °mÈ¯}Ò � �� j� lÈ¯}È�º�
mÈ� �� k� vË¯�ËËmÈ� {� {� v�È�ËÓ}º� {� k�  ��È}ºm ��
vmÈ¯}È ¯ÈÏÓº¯º�Ó©²� }ºä¹ºÏÒ�ÒºÓÓ©² Ò äÓº�º°ãº®Ó©²
äÈ�Ë¯ÒÈãºm� Û zÒËm� jwv Òä� p� |� �È�ºÓÈ� ����� Û
v� ��Ü���

��� lÒ}¯ºäË²ÈÓÒÏä© Ò �°ãºmÒ« ãº}ÈãÒÏÈ�ÒÒ �ËÁº¯äÈ�ÒÒ
¹¯Ò m©°º}ºªÓË¯�Ë�Ò�Ë°}ºä ÓÈ�¯�ÎËÓÒÒ � {� �� �Ë���}ºm�
�� j� lÈ¯}È�ºmÈ� l� j� ~º�ºm Ò �¯� �� lÈ�Ë¯ÒÈã© ;
äËÎ��ÓÈ¯� }ºÓÁ� ½{©°º}ºªÓË¯�Ë�Ò�Ë°}ºË mºÏ�Ë®°�mÒË ÓÈ
äË�Èãã©� ��
ã«ÓÈ� &nc�� ��Ü�� °ËÓ�� ���� ���� Û
�
ãËÓÈ� r�Ò�� ����� Û v� ���Ü����

��� |°ºËÓÓº°�Ò ¹ãÈ°�Ò�Ë°}º® �ËÁº¯äÈ�ÒÒ Èã
äÒÓÒ« ¹¯Ò
°mÈ¯}Ë mÏ¯©mºä � {� �� �Ë���}ºm� �� j� lÈ¯}È�ºmÈ�
l� j� ~º�ºm� �� i� iº¯��ÒÓ �� v� �º}ã� ¹º °¹Ë�äË�º�
�Èä °mÈ¯}Ò �~È�¯Ë� vnc�� �� äÈ¯�È ���� ���� Û ~È��
¯Ë� r�Ò�� ����� Û v� ��Ü���

��� b	
äºÓ �� iÒÁÁ�ÏÒ« m �mË¯�©² �ËãÈ²� Û l�� lË�Èã�
ã�¯�Ò«� ����� Û ��� °�

��� 0HVVQHU $�� %HQVRQ 5�� 'RUQ ,� 6HOI�GLIIXVLRQ LQ QLFNHO VLQ�
JOH FU\VWDOV �� 7UDQV� RI WKH $60� Û ����� Û ¢ ��� Û
3� ���Ü����

��� 5H\QROGV ,� (�� $YHUEDFK %� /�� &RKHQ 0� /� 6HOI�GLIIXVLRQ
DQG LQWHU�GLIIXVLRQ LQ JROG�QLFNHO DOOR\V �� $FWD 0HW� Û
����� Û ¢ �� Û 3� ���

��� )UDQN )� &�� 7XUQEXOO '� 6HOI�GLIIXVLRQ DORQJ HGJH GLVORFD�
WLRQV LQ QLFNHO �� 3K\V� 5HY� Û ����� Û ���� ¢ �� Û
3� ���Ü����

��� �¯º�Ë°°© mÏÈÒäÓº® �ÒÁÁ�ÏÒÒ m °¹ãÈmÈ² � �º� ¯Ë��
z� �� ��¯ºmÈ� Û l�� sÈ�}È� ����� Û ��� °�

��� bÒÓ«Ëm k� Ð� iÒÁÁ�ÏÒºÓÓ©Ë ¹¯º�Ë°°© m äË�ÈããÈ²� Û
l�� sÈ�}È� ����� Û ��� F�

��� iÒÁÁ�ÏÒ« ¹º �¯ÈÓÒ�Èä ÏË¯ËÓ � v� ~� rº}��Ë®Ó� v� v�
�ÒÓÏ�¯�� v� �� zÒ�}ÒÓ� l� l� cÈÏ�äºm°}Ò® �� �ºmË¯²�
Óº°�	� Û ����� Û ¢ �� Û v� ���Ü����

��� :DVVDQ $� 5�� 'RUQ ,� (� $QDO\VLV RI HQKDQFHG GLIIXVLYLW\
LQ QLFNHO �� -� RI $SSO� 3K\V� Û ����� Û ��� ¢ �� Û
3� ���Ü����

��� +RIIPDQ 5� (�� 7XUQEXOO '� O� 7KH HIIHFW RI UHODWLYH FU\VWDO
DQG ERXQGDU\ RULHQWDWLRQV RQ JUDLQ ERXQGDU\ GLIIXVLRQ UDWHV
�� $FWD 0HW� Û ����� Û ¢ �� Û 3� ���Ü����

��� +RIIPDQ 5� (�� 3LNXV )� :�� :DUG 5� $� 6HOI�GLIIXVLRQ LQ
VROLG QLFNHO �� 7UDQV� $,0(� Û ����� Û ¢ ���� Û
3� ���Ü����

��� cºäÈ�}ÒÓ �� �� j°°ãË�ºmÈÓÒË �ÒÁÁ�ÏÒÒ m äË�ÈããÈ²
¹¯Ò ¹ãÈ°�Ò�Ë°}º® �ËÁº¯äÈ�ÒÒ� km�º¯ËÁ� �Ò°� ��� }ÈÓ��
�Ë²Ó� ÓÈ�}� Û l�� ����� Û �� °�

��� |°Ò¹ºm z� k� {º¹¯º°© �Ëº¯ÒÒ ÎÈ¯º¹¯º�Óº°�Ò äË�Èããºm Ò
°¹ãÈmºm� Û l�� jÏ��mº ks vvvc� ����� Û ��� °�

��� 5XRII $� /�� %DOOXIIL 5� :� 2Q VWUDLQ�HQKDQFHG GLIIXVLRQ LQ
PHWDOV , SRLQW GHIHFW �� -� RI $SSO� 3K\V� Û ����� Û
¢ ��� Û 3� ����Ü�����

��� %DOOXIIL 5� :� *UDLQ ERXQGDU\ GLIIXVLRQ PHFKDQLVP LQ PH�
WDOV �� 0HWDOOXUJ� 7UDQV� Û ����� Û ��� ¢ ��� Û
3� ����Ü�����

��� %DOOXIIL 5� :�� &DKQ -� :� 0HFKDQLVP IRU GLIIXVLRQ LQGX�
FHG JUDLQ ERXQGDU\ PLJUDWLRQ �� $FWD� 0HW� Û ����� Û
��� ¢ ��� Û 3� ���Ü����

��� .LPXUD +�� 0DGGLQ 5� *ROGHQ VLQJOH FU\VWDO YDFDQFLHV FRQ�
FHQWUDWLRQV� GHIRUPHG DW KLJK WHPSHUDWXUHV �� ,ELG� Û
����� Û ��� ¢ �� Û 3� ����Ü�����

��� &RRGKHZ 3� -�� 'DUE\ 7� 3�� %DOOXIIL 5� :� 2Q WKH GLVOR�
FDWLRQ VWUXFWXUH �� 6FULSWD 0HW� Û ����� Û ��� ¢ �� Û
3� ���Ü����

��� 5DL 5�� $VKE\ 0� )� 2Q JUDLQ ERXQGDU\ VOLGLQJ DQG GLIIXVL�
RQ DO FUHHS �� 0HW� 7UDQV� Û ����� Û �� ¢ �� Û
3� ����Ü�����

��� iË²�«¯ j� Ð�� lÒ²ÈãËÓ}ºm {� v� {ãÒ«ÓÒË �ËÁË}�ºm }¯Ò°�
�ÈããÒ�Ë°}º�º °�¯ºËÓÒ« ÓÈ ¹È¯ÈäË�¯© �ÒÁÁ�ÏÒÒ m ÓÒ}ËãË�
m©² °¹ãÈmÈ² �� j°°ãË�ºmÈÓÒ« ¹º ÎÈ¯º¹¯º�Ó©ä °¹ãÈmÈä�
Û l�� jÏ�� ks vvvc� ����� Û �� �� Û v� ��Ü���

��� �Ë��ÏÒÓ Ð� p� nÒÏÒ}È °¹Ë}ÈÓÒ«� Û l�� sÈ�}È� ����� Û
��� °�

��� *ROGVWHLQ ,� -�� +DQQHPDQ 5� (�� 2JLOYLH 5� (� 'LIIXVLRQ
LQ WKH )HÜ1L V\VWHP DW � DQG � NEDU SUHVVXUH �� 7UDQV�
0HW� 6RF� $,0(� Û ����� Û ¢ �� Û 3� ���Ü����

��� {ãÈ�ÒäÒ¯ºm {� j�� z�°ºm k� k� {ÏÈÒäº�Ë®°�mÒË ¹º�mÒÎ�
Ó©² ãÈmÒÓ �Ò°ãº}È�Ò® ° ÈÓ°ÈäãËä �Ò¹ºãË® �� nÒÏÒ}È
äË�Èããºm Ò äË�ÈããºmË�ËÓÒË� Û ����� Û {©¹� �� Û
v� ���Ü����

��� |°ºËÓÓº°�Ò äÈ°°º¹Ë¯ËÓº°È ¹¯Ò °mÈ¯}Ë ÎËãËÏÈ�È¯ä}º m
�mË¯�ºä °º°�º«ÓÒÒ � �� s� �È¯Ò}ºm� {� l� nÈã	�ËÓ}º�
{� n� lÈÏÈÓ}º Ò �¯� �� km�ºäÈ�� °mÈ¯}È� Û ����� Û
¢ �� Û v� ��Ü���

��� l��¯È��« È�ºä�m � äË�È°�È�ã	Óºä� �mË¯�ºä� ¯ºÏ�ÒÓ�
ÏÈã�ÏºÜÈ¯�ºÓ � {� {� k¯°ËÓ
}� i� v� �Ë¯�¯Ò}ËÓ� {� {�
lÈÏÈÓ}º� {� l� nÈã	�ËÓ}º �� iº¹� sks�� Û ����� Û
¢ �� Û v� ���Ü����

��� lÈ°°º¹Ë¯ËÓº° m äË�ÈããÈ² ¹¯Ò ÓÒÏ}Ò² �Ëä¹Ë¯È��¯È² m �°�
ãºmÒ«² mÓË�ÓÒ² mºÏ�Ë®°�mÒ® � i� v� �Ë¯�¯Ò}ËÓ� {� {�
lÈÏÈÓ}º� {� l� �©�}ËmÒ�� {� l� nÈã	�ËÓ}º� Û zÒËm�
jÓ�� äË�ÈããºÁÒÏÒ}Ò Òä� �� {� z�¯�
äºmÈ sks �}¯ÈÒÓ©�
����� Û ��� F�

��� vÒã	ÓºmºÏ�Î�ËÓÓ©Ë °º°�º«ÓÒ« m }¯Ò°�ÈããÈ² � {� p�
p�º¯��ÒÓ� {� p� �ÈÓÒÓ� p� {� vÈm��}ÒÓ Ò �¯� �� jÏm�
m�Ïºm� nÒÏÒ}È� Û ����� Û ¢ �� Û v� �Ü���

��� |ãËä°}º® k� j�� �ÈÓÒÓ {� p�� �Ë�¯�ÓÒÓ {� k� | }ºããË}�
�ÒmÓº® äº�Ë °Òã	Óº mºÏ�Î�ËÓÓº�º °º°�º«ÓÒ« �mË¯�º�º �Ë�
ãÈ �� �Èä ÎË� Û ����� Û ¢ ��� Û v� ��Ü���

��� =DVLPFKXN (� (�� 0DUNDVKRYD /� ,� 0LFUREDQGV LQ UROOLQJ�
GHIRUPHG QLFNHO VLQJOH FU\VWDOV �� 0DW� 6FL� DQG (QJ� $�
Û ����� Û ¢ ���� Û 3� ��Ü���

��� |°ºËÓÓº°�Ò °�¯�}��¯ºº¯ÈÏºmÈÓÒ« Ò äË²ÈÓÒÏäºm ¹ãÈ°�Ò�
�Ë°}º® �ËÁº¯äÈ�ÒÒ m �°ãºmÒ«² äÈ�ÓÒ�Óº�Òä¹�ã	°Óº®
°mÈ¯}Ò � �� j� lÈ¯}È�ºmÈ� �� k� vË¯�ËËmÈ� {� k�  ��È�
}ºm� {� {� v�È�ËÓ}º �� km�ºäÈ�� °mÈ¯}È� Û ����� Û
¢ �� Û v� ��Ü���

&RQVLGHUHG DUH WKH SULQFLSOHV RI EDVLF SK\VLFDO�FKHPLFDO SURFHVVHV �SODVWLF GHIRUPDWLRQ� PDVV WUDQVIHU� SKDVH IRUPDWLRQ�
ZKLFK DFFRPSDQ\ IRUPDWLRQ RI MRLQWV LQ GLVVLPLODU PDWHULDOV �FRSSHU� WLWDQLXP� DOXPLQLXP DQG WKHLU DOOR\V� DV ZHOO DV
GLIIHUHQW JUDGHV RI VWHHOV�� FKDUDFWHULVHG E\ D GLIIHUHQW PXWXDO VROXELOLW\ XQGHU SUHVVXUH ZHOGLQJ FRQGLWLRQV IRU D ZLGH

UDQJH RI WKH H[WHUQDO ORDGLQJ UDWHV ��⋅��w�����⋅���� V
w�

�

�º°��¹ÒãÈ m ¯Ë�È}�Ò� ����������

������ �





