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$EVWUDFW
,Q�WKLV�SDSHU��VHYHUDO�PRGHOV�RI�VWUXFWXUH�IOXLG�FRXSOLQJ�DUH�HPSOR\HG�WR�LQYHVWLJDWH�RQ�WKH�

YLEUDWLRQ� EHKDYLRU� RI� WKH� VWUXFWXUH�� 8VLQJ� EDVLF� HTXDWLRQV� RI� YLEUDWLRQ� DQG� HPSOR\LQJ� D�
PDWKHPDWLFDO�PRGHO�� D� VLQJOH�GHJUHH�RI� IUHHGRP�V\VWHP� LV� DQDO\]HG��6RPH�SDUDPHWHUV�RI� WKH�
PDWKHPDWLFDO� PRGHO� DUH� REWDLQHG� IURP� WHVW�� 7R� H[DPLQH� VWUXFWXUH�IORZ� LQWHUDFWLRQ�� FRXSOHG�
V\VWHP� RI� QRQOLQHDU� VHFRQG�RUGHU� GLIIHUHQWLDO� HTXDWLRQV�� LQFOXGLQJ� YLEUDWLRQ� HTXDWLRQ� RI�
VWUXFWXUH�DQG�YDQ�GHU�3RO
V�HTXDWLRQ��DUH�VROYHG�V\QFKURQRXVO\��/LIW�FRHIILFLHQW�LV�REWDLQHG�E\�
VROYLQJ�WKH�FRXSOHG�HTXDWLRQV��1XPHULFDO�VROXWLRQ�LV�DFFRPSOLVKHG�IRU�WKUHH�FRXSOLQJ�PRGHOV��
GLVSODFHPHQW� FRXSOLQJ��YHORFLW\�FRXSOLQJ�DQG�DFFHOHUDWLRQ�FRXSOLQJ� LQ�HDFK�RI�ZKLFK� IRUFH� LV�
IXQFWLRQ�RI�GLVSODFHPHQW��YHORFLW\�DQG�DFFHOHUDWLRQ�UHVSHFWLYHO\��7LPH�UHVSRQVH��OLIW�FRHIILFLHQW�
DQG� YLEUDWLRQ� DPSOLWXGH� LQ� VWHDG\� VWDWH� DUH� REWDLQHG� DQG� SORWWHG�� 3KDVH� DQJOH� EHWZHHQ� WKH�
VWUXFWXUH�PRWLRQ�DQG�OLIW�FRHIILFLHQW�FKDQJH�FRQVLGHUDEO\�ZKHQ�SDVVLQJ�WKH�ORFNLQJ�]RQH�ZKLFK�
LV�ZHOO� FRLQFLGHQW�ZLWK� H[SHULPHQWDO� UHVXOWV��6WHDG\� VWDWH�YLEUDWLRQ�DPSOLWXGHV� IRU�PHQWLRQHG�
PRGHOV�DUH�YHULILHG�E\�FRPSDULQJ�ZLWK�H[SHULPHQWDO�UHVXOWV��
.H\ZRUGV��9LEUDWLRQ��/RFNLQJ��5LVHU��9RUWH[��)ORZ
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Î�¶¯v¤¯
±Z¿zk� {Y� ¾�Z³� aZ�Z�cyY©ZÀ��

�)ORZ�,QGXFHG 9LEUDWLRQ�yu�{Y� ½yZÀ�]

¾�v´¸¯�½Z·uz]yZ§aZ¯v��{¹z]�\kº¯�¹ v·vÀ¯�qy
½uv�d¯uuz-� ¾¯� aZ�À�Pc� ¶]��uyYº¯� zh)Y� yu

yYyu� |¿º³� ª*�� ¶]� Yvd]Y� yu� ±Z¿zk� {Y� ¾�Z³� aZ�Z�c
¾¯� µv·Z�¯�®d�À�­v��¹ �Z�cyY�²d�Z¿�¶¯YuY� ¹ uº�

±M�¶]�¶kºc�¾l¿yvc�¾]Yzs�f�Z]uuz-�¾¯�aZ�Z�cyY
½Z·�®d�À��yu�±Z¿zk�{Y�¾�Z³¾¨À«¹yvÀ·¶]�µyYº°·�

ª¯Z��¦¿�±Yº´�[º¬�¯Z³mz�¯�µuº]�z.³�v´¯{ZÀ³�¹
M ±uº°³�� cz¯�b¸k�¢À£u¾¯�±v�Z]@�æ¹ç>�

±Z¿zk�{Y�¾�Z³�aZ�Z�cyY�¹ ©ZÀ���´§yv³Y�ª�Zo�
v�Z]� ¾¯� µ{Z��²À°·� ¶]ªÀ«u�Yº³Y� z¿Z�� ¶]�b^�³�

b�Y� yYuyºsz]� ½zd�À]� ¾-vÀ$À�� {Y� aZ�Z�cyY�
­|À³Z¨¯zgY� yu��Z�cyY�½zÀ-�ª¨��½Yz]�¾ ¬dt¯�½Z·

uyYu� uºk¹�±Z¿zk� yº^��z]� uºs� Z·� ­|À³Z¨¯�²¿Y��º´c
�¯�¾-vÀ$À�¶³º-�²¿Y��º£¹�¾´À]��À��¹ v¿Y|�Y�¾¯�¶«P

u{Z��¾¯�yYº�u�Yz³M�b¬��²d�Z¿�¹ �Z�cyY�¶¤^��¦¿�yu
{Y�¾�Z³�aZ�Z�cyY�¦¿zpc�ª¯Yº��±Yºc�¾¯�¾¬§�½v´]

uº°³�½v´]�®À�¤c�ª¿w�¾¬§�¶d�u�¶��¶]�Yy�±Z¿zk@�è>�
æ�¾kyZs�ª¯Yº��{Y�¾�Z³�¦¿zpc�

�([WUDQRXVO\�,QGXFHG�([FLWDWLRQ��(,(�
ç�pc�½yYv¿Z�Z³�{Y�¾�Z³�¦¿z

�,QVWDELOLW\ ,QGXFHG�([FLWDWLRQ��,,(�
è�b§zo�{Y�¾�Z³�¦¿zpc

�0RYHPHQW�,QGXFFG�([FLWDWLRQ��0,(�
ªÀ«u� ¶]� >Çº°�¯� ¾kyZs� ª¯Z�� {Y� ¾�Z³� ¦¿zpc
{Y� ª¤d�¯� ¹ v·u� ¾¯� qy� ¾kyZs� ª¯Z��¦¿� uºk¹
aZ�Z�cyY� ¹ ±Z¿zk� yu� ¶d�z-� ª¨�� ½Z·� ½yYv¿Z�Z³

¹ b�Y� z.³Z�º³¾kyZs�¦¿zpc�½¹zÀ³� uyYº¯� zh§Y� yu
uyYº¯�¾sz]�yu�¶§�v´#�z·�v�Z]�¾¯�¾�uZ�c�ayº�]

v³Yºc�¾¯�|À³[¹Z´d¯v�Z]�
½Z·�½yYv¿Z�Z³�ªÀ«u�¶]�½yYv¿Z�Z³� {Y�¾�Z³�¦¿zpc

v¿M�¾¯�uºkº]�±Z¿zk�yu�µv��uZl¿Y�¶]�¦¿zpc�½¹zÀ³
ª¤d�¯�¹ uzÀ-�¾¯�ª¨��±Z¿zk�¾��º¯�aZ³Z�º³�ªÀ«u

¹ ®�k�b§zo�{Yb�Y�z.³Z�º³�©ZÀ��Z¿�
b§zo� ¶]� ¶d�]Y¹� >È¯Z§�b§zo� {Y� ¾�Z³�¦¿zpc
¦¿zpc��º³�²¿Y��®�k�±º¨��Z]�¹ b�Y�z.³Z�º³�®�k

¾¯�²À]�{Y�|À³u¹y�
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¾¯�¾�À^��½Z·�~³Z§z��Z]�¶]Yuz-��¿YvÀ�\kº¯�v³Yºc

¾.d�s�b¿Z¸³� yu�¹ aZ�Z�cyY�¶´¯Yu��¿Y|�Y�¹ v¿v�c
uuz-�¾�Z³�¾.d�s�¶«Z�¯�uZ¿{�½Z·�¢°��yu��º�t]

½zd�À]�bÀ°·Y� ¶]Yuz-��¿YvÀ�� {Y�¾�Z³�aZ�Z�cyY� {Y
¾¯v]Z¿�y|¿Yy� ½Z´p³Y� �[M� ¢°���¿Y|�Y� Z]� �£Y¹� yu

¾¯��¿Y|�YZ¿b¿Z¸³� yu� ¹ ¾.d�s� uZl¿Y� ±Z¨¯Y� ¹ v]
¾¯��¿Y|�Y�b�¨�iYº¯Y�zgY�b�¿Z]�¾¯�²À´$°·�¹ v]Z¿

b�z-�z�³�yu�|À³�Yy�¾³¹yu�
v³YºdÀ¯�¶]Yuz-�ªÀ¨�c�{Y�¾�Z³�aZ�Z�cyY�²À´$°·
z¿Z�� ¹ ¾cyYzo� ½Z·� ©v^¯� �¹zÀ³� ©Z¤d³Y� �º�s� yu
Z·�®d�À��²¿Y�yu�¾]Yzs�\kº¯ ¹ v·u�qy�aZ�À�Zc

uuz-�
À¤pc�yu��ºc�¶§�¾¤*ULIILQ¹5DPEHUJyu�

²À]�½Z·{v«º´¿yæéé¹æîåµv·Z�¯� �b�z-�ayº��
zÀgZc�¶]Yuz-�ªÀ¨�c�¶�v´·�z]�aZ³Z�º³�¶´¯Yu�¶§�v¿uz-

uyYx-�¾¯�½uZ¿{�¹ Z·�¶]Yuz-�©º���aZ³Z�º³��¿Y|�Y�Z]
¶]Yuz-�²À]�¾�z�� ¶¬�Z�¾¯��·Z§� Z·¶¬�Z�� ¹ v]Z¿

Z]�}º¨�¯�yº�]�Z·�¶]Yuz-�²À]�¾«º�aZ�Z�cyY�~³Z§z�
¾¯�zÀÀ�cv´§@é�>

¾ ¬dt¯� ½Z·�©v¯� ¾-v��ª £� ½{Z�«v¯� ½Yz]
b�Y� µv�� ¶WYyY� ¹ ¾�yz]� ±º´§Zc�ª¯Z�� Z¸«v¯� ²¿Y

b�Y��¬dt¯�½uv��½Z·�ªo� ¹ ¾�Z¿y�½Z¸«v¯�¶d^«Y
aÇuZ�¯� ªo� ¶¿Z�� z]� Z·�©v¯� ¾¯Z°c� }Z�Y� >Z^¿z¤c

b�Y�±Z¿zk�¹ z.³Z�º³�®�k�µv��ª�º§�
$QDJQRVWRSRXORV¦¿�½¹y�z]�½uv��¾�yz]

­Zl³Y�u¹vp¯� Y|kY��¹y� {Y� µuZ d�Y� Z]�¥zpd¯�¶³Yºd�Y
uYu�z¿¹Z³� aÇuZ�¯� �©v¯� ²¿Y� yu�ayº�]� ~§ºd�Y

½Z·zÀ�d¯� {Y� µuZ d�Y� Z]� ¹ ½uv�<��±Z¿zk��]Zc�¹
]��¾dÀ�Àcy¹�b�Y�µv��ªo�z·�yu�©v¯�½v´]�¶¨^�

¯{�­Z-b¿Z¸³� yu�¹ v]Z¿�¾¯�zÀÀ�c�¶³Yºd�Y�b§zo� Z]�¾³Z
,³Yy� �¹y� {Y� µuZ d�Y� Z]� aÇuZ�¯� ªo�¶^cz¯� Zcº§

b�Y�¶d�z-�ayº��­yZ¸#@ê�>
0HQJKLQL½Z·�~¨cy¹��¹y� {Y� µuZ d�Y� Z]� |À³�

Y|l¯�'LVFUHWH 9RUWH[ 0HWKRG�¾�yz]� ¶]�

b�Y�¶dsYuz��¶]Yuz-�ªÀ¨�c�{Y�¾�Z³�aZ�Z�cyY�²¿Y�yu
�Y�Z]�©v¯z¿¹Z³�aÇuZ�¯��u¹vp¯�ª�Z c��¹y�{Y�µuZ d�

µv��ªo�¾dÀ�Àcy¹�¹ ±Z¿zk��]Yºc�}Z�Y�z]�~§ºd�Y
b�Y�¾�À^��~³Z§z���v�]¾]�b�z��zÀgZc�¾�yz]�½Yz]

µuYu�zÀÀ�c�±Z¿zk�b�z��¹ v��¶d�Yv¸.³�b]Zg�¶³Yºd�Y
v��¹ v��¶d�Yv¸.³�b]Zg�±Z¿zk�b�z��v�]�¶¬oz¯�yu

zÀÀ�c�¶³Yºd�Y�¾�À^��~³Z§z�v��µuYu�@ë�>
yu�Z]�¹ ¾�Z¿y�©v¯�¦¿�{Y�µuZ d�Y�Z]�¶«Z¤¯�²¿Y�yu

ª�º)��¬dt¯�©v¯�¶��²d�z-�z�³©ZÀ��0-v��®�k�
uuz-�¾¯� ¾�yz]� ¾-v��ª £� µv¿v��½Z·�©v¯

aÇZo�²¿Y�yu�¶§�v�Z]�¾¯�b«Zo�¶��ª¯Z��¾-v��ª�º§
[Zd�� ¹ b�z�� �¾¿Zl]Zk� Z]� Yz]� \¿z�� ¾-v��ª�º§

uuz-�¾¯� ªÀ¬pc� ®�k��Z�©v¯� ¶�� /Yz]� ¾³Z¯{� r
b«Zo�yu�r�Z��¶´¯Yu�¹ b�Y�µv¯M�b�v]�¾-v��ª�º§
µv¿uz-� ¶�¿Z¤¯� ¾·Z.�¿Z¯{M� j¿Zd³� Z]� aZ³Z�º³� yYv¿Z�

b�Y�
¶ÀoZ³� {Y� yº^�� zgY� ¹ Yz]�\¿z��aYzÀÀ�c�²À´$°·
Yz]�\¿z��¹ ®�k�b§zo�²À]� {Z��¶¿¹Y{�z]�¾-v��ª £

b�Y�µv��¾�yz]�

Ï�ª*��­|À³Z*¯¶]Yuz-�/zÀ-
Z]�Yz�Y�{Y�±Z¿zk�yº^��¶³Yºd�Yyu�½{z¯�¶¿Ç�¦¿��

uv��¶]�¶kºc� Z]�~���¹ uzÀ-�¾¯�ª¨��®�k��Yz�Y
±Z¿zk�{v«º´¿yb�Y�²¨°¯�{Y�¾�z]�½Z·�¶¿Ç��¿Yvk�
v·u� qy� ®�k¾.d�Zsz]� ¶ÀoZ³� ¶³Yºd�Y�b��� yu� ¹

uuz-� uZl¿Y�yu�b�z��a¹Z c�ªÀ«u� ¶]�b«Zo�²¿Y� yu
��¿Yvk� ¶ÀoZ³� ¹ uY{M� ±Z¿zk�b°�£¾�z]� ¶¿Ç�¦¿

uyYu�¾³Z�º³� ¹ yYv¿Z�Z³� ¾dÀ·Z¯� ¶§� uzÀ-�¾¯� ª¨��Z]
¾´À�¯� vo� {Y� {v«º´¿y� yYv¤¯� �¿Y|�Y� �5H ��|

yu�¶]Yuz-�ªÀ¨�c�¶]�zl´¯�v³Yºc�¾¯�¾�z]�¶¿Ç�aZ³Z�º³
uuz-��¿Yvk�¶ÀoZ³�

½Z·�¶]Yuz-��b�Y�b]Zg�®�k�¶§�¾d«Zo�yuYRQ
.DUPDQZs�~³Z§z��Z]�ª¨��®�k�²À¿Z��¹ ÇZ]�{Y�¾�
v³zÀ-�¾¯�©Z°�Y�\^��µv��ªÀ¨�c�½Z·�~¨cy¹�¦¿

¹zÀ³½¾]¹Z´cf�Z]�v³Yºc�¾¯� ¶§�v³uz-�¾¯�®�k� z]
®�k��Z�cyYº�u±Z¿zk�z]�uº°��¶ «R¯�¹u�ª¯Z��¶§�
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*XLGH��������%ODNHPD��5RWWHUGDP�

��$QDJQRVWRSRXORV�� 3��� )ORZ�,QGXFHG�
9LEUDWLRQV� LQ� (QJLQHHULQJ� 3UDFWLFH��
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%HDUPDQ�� %��:���1XPHULFDO� VLPXODWLRQ�
RI� YRUWH[� VKHGGLQJ� IURP� DQ� RVFLOODWLQJ�
FLUFXODU� F\OLQGHU�� 3URF�� RI� WKH� �WK� ,QW��
&RQI�� RQ� &RPSXWDWLRQDO� 0HWKRGV� DQG�
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