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�'HSW��RI�0HFKDQLFDO�(QJLQHHULQJ�*URXS��7DUELDW�0RGDUHV�8QLYHUVLW\��7HKUDQ��,��5��RI�,UDQ�

�'HSW��RI�$HURVSDFH�(QJLQHHULQJ��6KDULI�8QLYHUVLW\�RI�7HFKQRORJ\��7HKUDQ��,��5��RI�,UDQ�
�$EVWUDFW±� )OLJKW� G\QDPLFV� RI� WKH� JXLGHG� YHKLFOH� LV� PRGHOOHG� E\� WKH� DLG� RI� OLQHDU� DQG� DQJXODU�

HTXDWLRQV�RI�PRWLRQV�XVLQJ�/DJUDQJH
V�DSSURDFK�LQ�WKLV�SDSHU��*RYHUQLQJ�HTXDWLRQV�RI�WKH�FRQWURO�
V\VWHP� DQG� WKH� HODVWLF� EHKDYLRU� RI� WKH� YHKLFOH� DUH� DGGHG� WR� WKH� HTXDWLRQV� RI� G\QDPLF� VWDWHV��
)OH[LELOLW\� HIIHFW� LV� PRGHOOHG� XVLQJ� WKH� QRUPDO� PRGHV�� JHQHUDOL]HG� FRRUGLQDWHV� DQG� IRUFHV�� )RU�
YDOLGDWLRQ�RI�PRGLILHG�)2575$1�VLPXODWLRQ�FRGH��WKH�VWDELOLW\�RI�VSHFLILF�YHKLFOHV�LV�GHWHUPLQHG�
DQG�FRPSDUHG�ZLWK�WKH�VDPH�UHVXOWV�LQ�WKH�OLWHUDWXUH���8VLQJ WKLV�FRGH�DQG�E\�VROYLQJ�WKH�JRYHUQLQJ�
HTXDWLRQV�IRU�WKH�GHVLUHG�IOLJKW�YHKLFOH��WKH�DHURVHUYRHODVWLFLW\�LV�DQDO\]HG�DQG�WKHQ�WKH�UHVXOWV�DUH�
FRPSDUHG� ZLWK� WKH� ULJLG� FDVHV� DQG� ZLWK� WKH� IOLJKW� WHVW� GDWD�� (UURUV� LQGXFHG� WR� FRQWURO� V\VWHP�
VHQVRUV�DUH�VKRZQ�LQ�WKH�ILJXUHV��*RRG�FRPSDWLELOLW\�LV�DFKLHYHG�EHWZHHQ�WKH�VLPXODWLRQ�DQG�WKH�
H[SHULPHQWDO� UHVXOWV�� )DVW� )RXULHU� WUDQVIRUPDWLRQV� �))7�� LV� XVHG� IRU� H[WUDFWLQJ� WKH� VWUXFWXUDO�
IOH[LELOLW\�IUHTXHQFLHV�IURP�WKH�HODVWLF�VLPXODWLRQ�DQG�IOLJKW�WHVW�GDWD�������������.H\ZRUGV±�$HURVHUYRHODVWLFLW\��ODJUDQJH
V�DSSURDFK��JHQHUDOL]HG�FRRUGLQDWHV��VLPXODWLRQ�FRGH��FRQWURO�V\VWHP���

���,1752'8&7,21��
'XH� WR� WKH�JHRPHWULF�DQG�FRQILJXUDWLRQ�UHVWULFWLRQV�� LW� LV�XVXDOO\�QHFHVVDU\� WR� LQVWDOO� WKH�QDYLJDWLRQ�DQG�
FRQWURO� V\VWHPV� IDU� IURP� WKH� FHQWHU� RI� JUDYLW\� LQ� JXLGHG� IOLJKW� YHKLFOHV�� 7KH� HODVWLF� EHKDYLRU� RI� WKHVH�
YHKLFOHV�FDQ�FDXVH�DHURVHUYRHODVWLF� LQVWDELOLW\�RU�GHYLDWLRQ�IURP�WKH�GHVLUHG�IOLJKW�SDWK��&RQWURO�VHQVRUV�
PHDVXUH� HUURQHRXV� VLJQDOV� DQG� FDXVH� WKH� LQVWDELOLW\� SUREOHPV� LQ� RSHUDWLRQ� RI� WKH� V\VWHP� GXH� WR� WKHVH�
HIIHFWV�� ,W� LV� QHFHVVDU\� WR� LPSURYH� DQG�PRGLI\� WKH� JRYHUQLQJ�PRGHOV� DQG� WR� FRPSHQVDWH� WKH� HUURUV��1�
GHJUHH�RI�IUHHGRP�IOLJKW�VLPXODWLRQ�PXVW�EH�XVHG�WR�FRQVLGHU�WKH�EHKDYLRU�DQG�WKH�WUDMHFWRU\�RI�WKH�IOH[LEOH�
IOLJKW� YHKLFOHV�� ,W� LV� DOVR�QHFHVVDU\� WR�GHULYH� WKH�FRPSOH[�HTXDWLRQV�RI�PRWLRQ�FRQWDLQLQJ� WKH� HODVWLFLW\�
HIIHFWV���

/LQHDUL]HG� HTXDWLRQV� RI� PRWLRQ� IRU� VSLQQLQJ�PLVVLOHV� ZHUH� GHULYHG� E\� &ULPL� EDVHG� RQ� /DJUDQJH
V�
DSSURDFK� >�@��+H� LJQRUHG� WKH� VWUXFWXUDO� GDPSLQJ� GXH� WR� RYHU�HVWLPDWLRQ�RI� FRPSXWDWLRQV�� )RU� WKH� QRQ�
VSLQQLQJ�YDULDEOH�PDVV�URFNHWV��FRQVLGHULQJ�WKH�SURSHOODQW�FRQVXPSWLRQ�HIIHFW���DHURHODVWLF�VWDELOLW\�ZDV�
FRQVLGHUHG�E\�0HLURYLWFK� DQG�:HVOH\� >�@��$�FORVHG�IRUP�DSSURDFK�ZDV�GHYHORSHG� IRU�GHWHUPLQLQJ� WKH�
VWDWLF�DHURHODVWLF� LQVWDELOLW\�RI�QRQ�VSLQQLQJ� URFNHWV� IO\LQJ� LQ� WKH�SODQH�ZLWKRXW�XVLQJ�WKH�IXOO�H[SDQGHG�
HTXDWLRQV� DQG� RQO\� E\� DSSO\LQJ� WKH� VWUXFWXUDO� HIIHFWLYHQHVV� FRHIILFLHQW� E\� (O\DGD� >�@��0HLURYLWFK� DQG�
1HOVRQ�>�@�FRPELQHG�WKH�IOLJKW�HTXDWLRQV�ZLWK�WKH�HODVWLF�RQHV�E\�XVLQJ�/DJUDQJH
V�PHWKRG�WR�FRQVLGHU�WKH�
VWDELOLW\�RI�WKH�VSLQQLQJ�HODVWLF�IOLJKW�YHKLFOHV��3ODWXV�FRQVLGHUHG�WKLV�HIIHFW�IRU�WKH�VSLQQLQJ�URFNHWV�DQG�
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SURYHG�WKDW�LQ�VRPH�VSHFLDO�FDVHV��WKH�VWUXFWXUDO�GDPSLQJ�FDQ�FDXVH�LQVWDELOLW\�RI�WKH�VSLQQLQJ�PLVVLOHV�>�@��
$ VHPL�HPSLULFDO� PHWKRG�ZDV� GHYHORSHG� E\� 6FKPLGW� IRU� GHULYLQJ� WKH� DHURHODVWLF� HTXDWLRQV� RI� YDULRXV�
IOLJKW� YHKLFOHV� LQ� WHUPV�RI� YLEUDWLRQ�PRGHV� >�@��7KLV�PHWKRG�ZDV�XVHG� ODWHU� IRU�GHULYLQJ� WKH�JRYHUQLQJ�
HTXDWLRQV� RI� WKH� VSLQQLQJ� URFNHWV�� +DGGDGSRXU� GHULYHG� WKH� HTXDWLRQV� JRYHUQLQJ� WKH� ULJLG� DQG� HODVWLF�
PRWLRQV�RI�DQ�HODVWLF�IOLJKW�YHKLFOH�LQ�WKH�SUHVHQFH�RI�WKH�FRQWURO�V\VWHP�E\�XVLQJ�/DJUDQJH
V�PHWKRG�WR�
GHWHUPLQH�DHURVHUYRHODVWLF�LQVWDELOLW\�>�@��+H�XVHG�WKH�PRGDO�DQDO\VLV�DQG�WKH�JHQHUDOL]HG�FRRUGLQDWHV�DQG�
IRUFHV� WR� GULYH� WKH� HTXDWLRQV� RI� PRWLRQ� LQ� WKH� WLPH� GRPDLQ� DQG� WKHQ� WUDQVIHUUHG� WKHP� WR� WKH� /DSODFH�
GRPDLQ��+H�GHULYHG�DQ�DQDO\WLF�HTXDWLRQ�E\�XVLQJ�5RXWK�FULWHULRQ� WR�DQDO\]H� WKH�HODVWLF�VWDELOLW\�RI� WKH�
VOHQGHU�IOLJKW�YHKLFOHV��3RXUWDNGRRVW�DQG�$VDGLDQ�GHULYHG�WKH�QRQOLQHDU�HTXDWLRQV�RI�PRWLRQ�IRU�WKH�HODVWLF�
PLVVLOHV� >�@�� 7KH\� XVHG� WKH� QRQ�XQLIRUP� EHDP� PRGHO� XQGHU� WKH� D[LDO� IRUFH� IRU� GHULYLQJ� WKH� EHQGLQJ�
YLEUDWLRQ�HTXDWLRQV��7KUXVW�HIIHFW�LQ�WKH�ERRVW�SKDVH�RI�WKH�IOLJKW�RQ�WKH�YLEUDWLRQDO�FKDUDFWHULVWLFV�KDV�DOVR�
EHHQ�VWXGLHG��7KH�HIIHFW�RI�VWUXFWXUDO�GDPSLQJ�RQ�WKH�FKDRWLF�EHKDYLRU�RI�QRQOLQHDU�SDQHOV�LQ�VXSHUVRQLF�
IORZ� ZDV� FRQVLGHUHG� E\� 3RXUWDNGRRVW� DQG� )D]HO]DGHK� >�@�� 7KH\� FRQVLGHUG� WKH� QRQOLQHDU� JRYHUQLQJ�
HTXDWLRQV�EDVHG�RQ�9RQ�.DUPDQ¶V�ODUJH�GHIOHFWLRQ�RI�LVRWURSLF�IODW�SODWHV�ZLWK�VWUXFWXUDO�GDPSLQJ��$�ILUVW�
RUGHU�SLVWRQ�WKHRU\�ZDV�XWLOL]HG�IRU�GHWHUPLQLQJ�WKH�DHURG\QDPLF�SDQHO�ORDGLQJV��7KH�*DOHUNLQ�DSSURDFK�
ZDV� XVHG� WR� WUDQVIRUP� WKH� QRQOLQHDU� JRYHUQLQJ� HTXDWLRQV� LQWR� D� VHW� RI� QRQOLQHDU� RUGLQDU\� GLIIHUHQWLDO�
HTXDWLRQV��7KH�UHVXOWLQJ�V\VWHP�RI�HTXDWLRQV�ZDV�VROYHG�WKURXJK�D�QXPHULFDO�LQWHJUDWLRQ�VFKHPH��&KDRWLF�
DQDO\VLV�ZDV�SHUIRUPHG�XVLQJ�VHYHUDO�FULWHULD��UHVXOWV�LQGLFDWH�WKDW�VWUXFWXUDO�GDPSLQJ�KLJKO\�LQIOXHQFHV�WKH�
SDQHO� VWDELOLW\� ERXQGDU\� DQG� OLPLW� F\FOH� DPSOLWXGH� DV�ZHOO� DV� WKH� GRPDLQ� RI� WKH� FKDRWLF� UHJLRQ�� /RFDO�
ELIXUFDWLRQ�RI�WKH�DWWLWXGLQDO�G\QDPLFV�RI�WKH�WRUTXH�IUHH�ULJLG�ERG\�PRWLRQ�ZDV�GLVFXVVHG�E\�6KLUD]L�DQG�
*KDIIDUL�6DDGDW�>��@��+DPLOWRQLDQ�IRUPDOLVP�ZDV�XVHG�WR�H[SUHVV�HTXDWLRQV�RI�PRWLRQ�LQ�WKLV�SDSHU��7R�
VLPSOLI\� DWWLWXGLQDO� G\QDPLFV� RI� D� ULJLG� ERG\�� VL[� GLPHQVLRQDO� VWDWH� VSDFH� ZDV� UHGXFHG� WR� D� WZR�
GLPHQVLRQDO�RQH�E\�$QGR\HU�FDQRQLFDO�WUDQVIRUPDWLRQ��1RQ�GLPHQVLRQDO�SDUDPHWHUV�RI�WKH�V\VWHP�ZHUH�
GHILQHG�DQG�WKH�HIIHFWV�RI�FKDQJH�LQ�WKHVH�SDUDPHWHUV�RQ�WKH�VWUXFWXUDO�VWDELOLW\�DQG�WKH�HTXLOLEULXP�SRLQWV�
RI�WKH�UHGXFHG�VSDFH�ZHUH�GLVFXVVHG��7KH�3RLQFDUp�VXUIDFH�RI�WKH�VHFWLRQ�LQ�WKH�UHGXFHG�SKDVH�VSDFH�DQG�
KHWHURFOLQLF�RUELWV�ZHUH�GHULYHG��%DVHG�RQ�WKH�QRQ�GLPHQVLRQDO�SDUDPHWHUV�RI�WKH�V\VWHP��WZR�DQG�WKUHH�
GLPHQVLRQDO�ELIXUFDWLRQ�GLDJUDPV�ZHUH�DFKLHYHG��7KH�VWXG\�VKRZHG� WKDW� WKH�YDULRXV� W\SHV�RI� VWUXFWXUDO�
VWDELOLW\� FRXOG� EH� DFKLHYHG� IRU� WRUTXH� IUHH� ULJLG� ERG\� DWWLWXGLQDO� G\QDPLFV� E\� FKDQJLQJ� WKH� UHODWLYH�
PDJQLWXGHV�RI�WKH�SULQFLSDO�PRPHQWV�RI�LQHUWLD���

7KH�HTXDWLRQV�RI�PRWLRQ�IRU�DQ�HODVWLF� IOLJKW�YHKLFOH�DUH�GHULYHG�EDVHG�RQ�/DJUDQJH
V�DSSURDFK�DQG�
JHQHUDOL]HG�IRUFHV�DQG�FRRUGLQDWHV�LQ�WKH�SUHVHQW�ZRUN��0RGDO�DQDO\VLV��VOHQGHU�ERG\�WKHRU\�DQG�FODVVLFDO�
DSSURDFKHV� DUH� XVHG� IRU� WKH� VWUXFWXUDO�� DHURG\QDPLFV� DQG� FRQWURO� V\VWHP� DQDO\VLV�� UHVSHFWLYHO\�� 7KH�
SUHSDUHG�IOLJKW�VLPXODWLRQ�FRGH�LV�H[HFXWHG�IRU�WKH�FDVHV�SUHVHQWHG�LQ�WKH� OLWHUDWXUH�DIWHU� OLQHDUL]DWLRQ�RI�
WKH�HTXDWLRQV��)LQDOO\��WKH�VLPXODWLRQ�FRGH�LV�H[HFXWHG�IRU�WKH�GHVLUHG�VSHFLILF�IOLJKW�YHKLFOH�WR�GHWHUPLQH�
WKH�IOH[LELOLW\�HIIHFW�RQ�WKH�FRQWURO�V\VWHP�DQG�WKH�IOLJKW�SDWK�DQG�WKHQ�WKH�UHVXOWV�DUH�FRPSDUHG�ZLWK�WKH�
IOLJKW�WHVW�GDWD��
�

�� /$*5$1*(
6�(48$7,216��
*HQHUDO�IRUP�RI�WKH�/DJUDQJH
V�HTXDWLRQ�IRU�WKH�JHQHUDOL]HG�FRRUGLQDWHV�DQG�IRUFHV�LV�DV�IROORZV���
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ZKHUH�7�LV�WKH�NLQHWLF�HQHUJ\��8�LV�WKH�SRWHQWLDO�HQHUJ\��'�LV�WKH�5D\OHLJK�GLVVLSDWLRQ�GDPSLQJ�IXQFWLRQ�
DQG�TL LV�LWK�JHQHUDOL]HG�FRRUGLQDWH��/DJUDQJH
V�HTXDWLRQV�LQ�ERG\�IL[HG�FRRUGLQDWHV�DUH�DV�IROORZV�>�@���
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,Q�WKH�DERYH�HTXDWLRQV���X�Y�Z��DUH�OLQHDU�YHORFLW\���S�T�U��DUH�DQJXODU�YHORFLW\���0[ � 0\ � 0]� DUH�

PRPHQW�DQG��)[�� )\�� )]� DUH�IRUFH�FRPSRQHQWV�LQ�WKH�ERG\�FRRUGLQDWH�D[LV��'LVSODFHPHQW�RI�HDFK�HOHPHQW�
RI�WKH�YHKLFOH�LQ�WHUPV�RI�WKH�QRUPDO�YLEUDWLRQ�PRGHV�DUH�DV�IROORZV�>��@�� �
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ZKHUH� ��[LM LV� WKH� LWK� QRUPDO� EHQGLQJ� PRGH� VKDSH� DQG� ��WLK DQG� ��WL] DUH� WKH� FRUUHVSRQGLQJ�
JHQHUDOL]HG�FRRUGLQDWHV��$OVR�� ��[LT LV� WKH� LWK� WRUVLRQDO�YLEUDWLRQ�PRGH�DQG� ��WLJ LV� WKH�FRUUHVSRQGLQJ�
JHQHUDOL]HG�FRRUGLQDWHV��%\�FRQVLGHULQJ�WKH�YHKLFOH�DV�D�EHDP�DQG�XVLQJ�EHQGLQJ�DQG�WRUVLRQDO�YLEUDWLRQ�
GLIIHUHQWLDO�HTXDWLRQV�>��@��WKH�GLVSODFHPHQW�RI�HDFK�HOHPHQW�RI�WKH�YHKLFOH�LQ�DFFRUGDQFH�ZLWK�)LJ����ZLOO�
EH�DV�IROORZV���
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ZKHUH� [G � \G � ]G DUH�WKH�SRVLWLRQ�YHFWRU�FRPSRQHQWV�RI�WKH�GLVSODFHG�SRLQW�DIWHU�EHQGLQJ�DQG�H[ � H\� �� H]

DUH�WKH�SRVLWLRQ�YHFWRU�FRPSRQHQWV�RI�WKH�GLVSODFHG�SRLQW�DIWHU�WRUVLRQ��
�

)LJ�����6HFWLRQ�RI�HODVWLF�YHKLFOH�LQ�ERG\�IL[HG�FRRUGLQDWHV�
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,Q�)LJ�����UHODWLRQV�EHWZHHQ�WKH�SRVLWLRQ�YHFWRUV�RI�HDFK�SRLQW�DUH�DV�IROORZV����
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ZKHUH� (* DQG� 5* DUH�WKH�SRVLWLRQ�YHFWRUV�RI�WKH�YHKLFOH�FHQWHU�RI�JUDYLW\�DQG�HDFK�SRLQW�RI�WKH�GHIRUPHG�
ERG\�LQ�WKH�LQHUWLDO�FRRUGLQDWHV�UHVSHFWLYHO\�� �U& DQG� U& DUH�WKH�SRVLWLRQ�YHFWRUV�RI�HDFK�SRLQW�RI�WKH�YHKLFOH�
EHIRUH� DQG� DIWHU� GHIRUPDWLRQ� LQ� WKH� ERG\� FRRUGLQDWHV� UHVSHFWLYHO\��.LQHWLF� HQHUJ\�GXH� WR� WKH� ULJLG� DQG�
HODVWLF�PRWLRQV�LV�DV�IROORZV���
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ZKHUH� [, DQG�,�DUH�WKH�YHKLFOH�PRPHQWV�RI�LQHUWLD�DERXW�WKH�ORQJLWXGLQDO�DQG�WKH�ODWHUDO�D[LV�UHVSHFWLYHO\��
0L� �DQG�-L� � �DUH� � WKH�JHQHUDOL]HG�PDVVHV�FRUUHVSRQGHQW� WR� WKH�� WKL EHQGLQJ�DQG�WRUVLRQDO�PRGHV��3RWHQWLDO�
HQHUJ\�LV�FRPSXWHG�DV�IROORZV����
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ZKHUH�(,�LV�WKH�EHQGLQJ�DQG�*-�LV�WKH�WRUVLRQDO�VWLIIQHVV�RI�WKH�YHKLFOH�UHVSHFWLYHO\��5D\OHLJK�GLVVLSDWLRQ�
IXQFWLRQ�ZLOO�EH�DFKLHYHG�LQ�WHUPV�RI�WKH�JHQHUDOL]HG�IRUFH�DQG�FRRUGLQDWHV�>��@��� � �¦ ¦
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ZKHUH� LP DQG� LX DUH�WKH�LWK�EHQGLQJ�DQG�WRUVLRQDO�PRGDO�GDPSLQJV�UHVSHFWLYHO\��*HQHUDOL]HG�IRUFHV�LQ�WKH�
ULJKW�KDQG�VLGH�RI�WKH�/DJUDQJH
V�HTXDWLRQV�DUH�DV�IROORZV���
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DUH� WKUHH�FRQWURO�FKDQQHOV��&KDQQHOV�RQH�DQG�WZR�DUH�IURP�WKH� WUDFNLQJ�W\SH��&KDQQHO�WKUHH�LV�IURP�WKH�
UHJXODWRU\�W\SH��&KDQQHOV���DQG���KDYH�WZR�FRQWURO�ORRSV���

7KH�LQWHUQDO�ORRS�LV�IRU�VWDELOL]LQJ�WKH�YHKLFOH�DERXW�WKH�ODWHUDO�D[HV��7KH�RXWHU�RQH�LV�IRU�NHHSLQJ�LW�RQ�
WKH�GHVLUHG�WUDMHFWRU\��,Q�WKLV�YHKLFOH��WKH�ODWHUDO�DFFHOHUDWLRQ�FRPPDQGV�DUH�WKH�FRQWURO�YDULDEOHV�QDPHG�
&��DQG�&��UHVSHFWLYHO\��)LJXUH���LQGLFDWHV�WKH�YHKLFOH�ERG\�IL[HG�FRRUGLQDWHV�DQG�WKH�SRVLWLYH�GLUHFWLRQV�
RI�WKH�FRPPDQGV��&��DQG�&��FRPPDQGV�DUH�H[HFXWHG�E\�FKDQQHOV�,�DQG�,,��&KDQQHO�,,,�LV�UHVSRQVLEOH�IRU�
SUHYHQWLQJ�WKH�YHKLFOH�IURP�UROOLQJ��������

)LJ�����)LQ�QXPEHULQJ��D[LV�DQG�FRPPDQG�GLUHFWLRQV�LQ�ERG\�IL[HG�FRRUGLQDWHV��$IW�YLHZ�RI�YHKLFOH�������&+$11(/6�,�$1'�,,��3,7&+�$1'�<$:���
&RQWURO� ORRSV�IRU� WKHVH�FKDQQHOV�DUH�VKRZQ�LQ�)LJ�����,Q�HDFK�LQWHUQDO�VWDELOL]LQJ�ORRS��WKHUH�LV�RQH�UDWH�
J\UR� IRU�PHDVXULQJ� WKH� YHKLFOH� DQJXODU� YHORFLWLHV� DERXW� \� RU� ]� ERG\� IL[HG� D[HV��(DFK�RXWHU� ORRS�KDV� D�
OLQHDU� DFFHOHURPHWHU� ZKLFK� PHDVXUHV� WKH� YHKLFOH� DFFHOHUDWLRQ� LQ� WKH� \� RU� ]� GLUHFWLRQV�� 7KH� WUDQVIHU�
IXQFWLRQV�RI�WKH�DFFHOHURPHWHUV�DQG�WKH�UDWH�J\URV�DUH�JLYHQ�LQ�7DEOHV���DQG����
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WKH�PRGLILHG�FRGH�EHIRUH�DSSO\LQJ�WR�WKH�GHVLUHG�IOLJKW�YHKLFOH�ZDV�QHFHVVDU\��0RGLILHG�IOLJKW�VLPXODWLRQ�
FRGH�ZDV�H[HFXWHG�IRU�WKH�FDVHV�SUHVHQWHG�LQ�5HI����DQG�JRRG�FRPSDWLELOLW\�ZDV�DFKLHYHG�ZKLFK�SURYHG�
WKH�YDOLGLW\�RI�WKH�SUHSDUHG�FRGH��)LUVW�EHQGLQJ�DQG�WRUVLRQDO�PRGH�VKDSHV�DQG�WKHLU�UHODWHG�IUHTXHQFLHV�
ZHUH�GHWHUPLQHG�XVLQJ�IHP�FRGH�DV�LQSXW�WR�WKH�VLPXODWLRQ�SURJUDP��$OVR��VORSH�FXUYH�RI�EHQGLQJ�PRGH�
VKDSH� ZDV� LQSXWHG� WR� WKH� SURJUDP� XVLQJ� WKH� SUHSDUHG� IHP� FRGH�� )RU� H[HFXWLQJ� WKH� )(0� FRGH�� LW� ZDV�
QHFHVVDU\�WR�GHWHUPLQH�WKH�GLVWULEXWHG�SURSHUWLHV�RI�WKH�GHVLUHG�YHKLFOH��7KHVH�GLVWULEXWHG�SURSHUWLHV�DUH�
VKRZQ�LQ�)LJV���D�DQG��E��7KH�FXUYHV�GHULYHG�IURP�WKH�FRGH�DUH�VKRZQ�LQ�WKH�)LJV���D�WR��F��,QLWLDO�YDOXHV�
RI�WKH�WLPH�GHSHQGDQW�HODVWLF�GHIOHFWLRQ�IXQFWLRQV�DUH�SUHVHQWHG�LQ�7DEOH����7KH�ILUVW�EHQGLQJ�DQG�WRUVLRQDO�
PRGH�IUHTXHQFLHV�DQG�GDPSLQJ�FRHIILFLHQW�DUH�SUHVHQWHG�LQ�7DEOH����7KH�VLPXODWLRQ�UHVXOWV�IRU�HODVWLF�DQG�
ULJLG�YHKLFOHV�DUH�SORWWHG�DQG�FRPSDUHG�ZLWK�WKH�IOLJKW�WHVW�GDWD��7LPH�KLVWRULHV�RI�WKH�DQJXODU�YHORFLWLHV�
IRU�WKHVH�WKUHH�VWDWHV�DQG�IRU�RQH�FKDQQHO�DUH�VKRZQ�LQ�)LJ����D��7KHVH�WKUHH�FXUYHV�DUH�TXLWH�FRPSDWLEOH�
EXW�WKH�IOXFWXDWLRQV�GXH�WR�VWUXFWXUDO�IOH[LELOLW\�DUH�REYLRXV�LQ�WKH�HODVWLF�VLPXODWLRQ�DQG�IOLJKW�WHVW�GDWD��
3DUW�RI�WKHVH�FXUYHV�DUH�VKRZQ�LQ�)LJ����E�IRU�EHWWHU�MXGJPHQW��7LPH�KLVWRULHV�RI�WKH�ODWHUDO�DFFHOHUDWLRQV�
IRU� WKH� �QG� FKDQQHO� DUH� SUHVHQWHG� LQ� )LJ�� ��D�� 7KH� DERYH� PHQWLRQHG� H[SODQDWLRQV� DUH� YDOLG� IRU� WKHVH�
DFFHOHUDWLRQV� WRR�� 3DUW� RI� WKHVH� FXUYHV� DUH� DOVR� VKRZQ� LQ� )LJ�� ���E� IRU� EHWWHU� FRPSDULVRQ�� )OXFWXDWLRQ�
IUHTXHQF\�RI�VLPXODWHG�UROO�UDWH�PDWFKHV�WKH�UHVXOWHG�WRUVLRQDO�PRGDO�DQDO\VLV�IUHTXHQF\���7LPH�KLVWRULHV�
RI�WKH�UROO�DQJOH�DQG�UROO�UDWH�DUH�SUHVHQWHG�LQ�)LJ������6LPXODWLRQ�SURJUDP�ZDV�H[HFXWHG�IRU�WKH�HODVWLF�DQG�
ULJLG�FDVHV�WR�SUHVHQW�WKH�IOH[LELOLW\�HIIHFWV�RQ�WKH�GHVLUHG�IOLJKW�SDWK�GHYLDWLRQ��7KH�UHVXOWV�DUH�VKRZQ�LQ�
)LJ������)DVW�)RXULHU�7UDQVIRUPDWLRQV��))7��RQ�WKH�GDWD�RI�WKH��QG�FKDQQHO
V�UDWH�J\UR�DQG�DFFHOHURPHWHU�
DUH�VKRZQ�LQ�)LJV����D�DQG���E�IRU�H[WUDFWLQJ�WKH�VWUXFWXUDO�IOH[LELOLW\�IUHTXHQFLHV�IURP�HODVWLF�VLPXODWLRQ�
DQG�IOLJKW�WHVW�GDWD��� �7DEOH����&RPSDULVRQ�WDEOH�IRU�G\QDPLF�SUHVVXUHV�� HTXLYDOHQW�WR�DHURHODVWLF�LQVWDELOLWLHV��

9HKLFOH� �T �1 �P �GLY � 5HIHUHQFH�
7HVW�&DVH��$� �����H�� (O\DGD�
7HVW�&DVH��%� �����H�� (O\DGD�
7HVW�&DVH��$� �����H�� 3UHVHQW�:RUN�
7HVW�&DVH��%� �����H�� 3UHVHQW�:RUN�

7DEOH����,QLWLDO�YDOXH�RI�SDUDPHWHUV�� IRU�WLPH�IXQFWLRQV��
�

7DEOH����)LUVW�EHQGLQJ�DQG�WRUVLRQDO�PRGH�VKDSH�IUHTXHQFLHV��DQG�WKHLU�GDPSLQJ�FRHIILFLHQWV��
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����������������9DOXH
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)LJ������5ROO�UDWH�DQG�UROO�DQJOH� )LJ������)OH[LELOLW\�HIIHFW�RQ�IOLJKW�YHKLFOH��GHVLUHG�WUDMHFWRU\�

)LJ����D��))7�RQ��QG�FKDQQHO�$QJXODU�YHORFLW\�HODVWLF�VLPXODWLRQ�DQG�IOLJKW�WHVW�GDWD� )LJ����E��))7�RQ��QG�FKDQQHO�$FFHOHUDWLRQ�HODVWLF�VLPXODWLRQ�DQG�IOLJKW�WHVW�GDWD�
����&21&/86,21��

(ODVWLF�HTXDWLRQV�RI�PRWLRQ�IRU�D�IOH[LEOH�IOLJKW�YHKLFOH�ZHUH�DGGHG�WR�WKH�HTXDWLRQV�RI�ULJLG�ERG\�PRWLRQ�
DQG�FRQWURO� V\VWHP�VWDWHV��9DOLGDWLRQ�RI� WKH�JHQHUDWHG� IOLJKW� VLPXODWLRQ�FRGH�ZHUH�DSSURYHG�E\�VROYLQJ�
WKHVH�HTXDWLRQV�DQG�DSSO\LQJ�WKHP�WR�WKH�VSHFLDO�FDVHV�SUHVHQWHG�LQ�5HI����DQG�FRPSDULQJ�ZLWK�WKH�IOLJKW�
WHVW�GDWD��,Q�WKH�QH[W�VWHS�WKH�FRGH�ZDV�H[HFXWHG�IRU�WKH�VSHFLILF�YHKLFOH�XQGHU�FRQVLGHUDWLRQ�DQG�WKH�UHVXOWV�
ZHUH�SUHVHQWHG� LQ� WKH� WDEOHV�DQG� ILJXUHV��$V�VHHQ� IURP�WKH�DQJXODU�YHORFLW\�DQG�WKH� ODWHUDO�DFFHOHUDWLRQ�
FXUYHV��WKHUH�LV�DFFHSWDEOH�FRLQFLGHQFH�EHWZHHQ�VLPXODWLRQ�DQG�PRGDO�DQDO\VLV�RVFLOODWLRQ�IUHTXHQFLHV��,W�
LV�VKRZQ�WKDW�WKH�VWUXFWXUDO�IOH[LELOLW\�FDQ�FDXVH�D�FRQVLGHUDEOH�GHYLDWLRQ�IURP�WKH�GHVLUHG�IOLJKW�SDWK�LQ�
WZR�SODQHV��7KHVH�GHYLDWLRQV�ZHUH�GHULYHG�DQG�VKRZQ�IRU�WKHLU�LPSRUWDQFH���

5()(5(1&(6��
��� &ULPL��3����������$HURHODVWLF�VWDELOLW\�DQG�UHVSRQVH�RI�IOH[LEOH�WDFWLFDO�ZHDSRQV��$,$$�3DSHU����������
��� 0HLURYLWFK�� /��	�:HVOH\�� '��$�� ��������2Q� WKH� G\QDPLF� FKDUDFWHULVWLFV� RI� D� YDULDEOH�PDVV� VOHQGHU� HODVWLF�

ERG\�XQGHU�KLJK�DFFHOHUDWLRQV��$,$$�-RXUQDO� 9RO�����1R�����SS������������
��� (O\DGD�� '�� �������� &ORVHG�IRUP� DSSURDFK� WR� URFNHW� YHKLFOHV� DHURHODVWLF� GLYHUJHQFH�� -RXUQDO� RI� 6SDFHFUDIW�

DQG�5RFNHWV� 9RO������1R����
��� 0HLURYLWFK�� /�� 	� 1HOVRQ�� +�� '�� �������� 2Q� WKH� KLJK�VSLQ� PRWLRQ� RI� D� VDWHOOLWH� FRQWDLQLQJ� HODVWLF� SDUWV��
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