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GHSRVLWLRQ� H[SHULPHQWV� RI� ���� PP� SRO\�VW\UHQH� ODWH[� SDUWLFOHV� RQWR� 5HWLFXODWHG�9LWUHRXV� &DUERQ� �59&�� DFWLQJ� DV� WKH�ZRUNLQJ� HOHFWURGH� LQ� DQ� HOHFWURFKHPLFDO�DGVRUSWLRQ� FHOO� VKRZQ� VFKHPDWLFDOO\� LQ�)LJXUH� ��� 7KH� PDLQ� REMHFWLYH� RI� WKH�H[SHULPHQWV� ZDV� FRQWUROOLQJ� WKH� UDWH� RI�GHSRVLWLRQ� E\� FRQWUROOLQJ� WKH�59&� FROOHFWRU�SRWHQWLDO� E\� PHDQV� RI� DSSO\LQJ� H[WHUQDO�HOHFWULFDO� SRWHQWLDO�� 7KH� H[SHULPHQWDO� UHVXOWV�LQGLFDWHG�WKDW�DW�D�ORZ�HOHFWURO\WH�IORZUDWH�RI����� FP��PLQ� WKH� FRQWULEXWLRQ� RI� K\GURG�\QDPLFV� WR� WKH� GHSRVLWLRQ� SURFHVV� ZDV�QHJOLJLEOH� FRPSDUHG� WR� WKH� VXUIDFH� IRUFHV�� ,W�ZDV�DOVR�FRQFOXGHG�WKDW�DW�WKLV�ORZ�IORZUDWH��LW� ZDV� SRVVLEOH� WR� FRQWURO� WKH� UDWH� RI�GHSRVLWLRQ�RI�FROORLGDO�SDUWLFOHV�E\�PHDQV�RI�DQ� DSSOLHG� HOHFWULF� ILHOG� WR� WKH� 59&�HOHFWURGH�

)LJXUH� �� 6�(�0� SKRWRJUDSK� RI� 5HWLFXODWHG� 9LWUHRXV�&DUERQ��59&�
)LJXUH� �� VKRZV� WKH� 6(0� RI� WKH� 59&�FROOHFWRU� XVHG� LQ� WKHVH� H[SHULPHQWV�� $V� FDQ�EH� VHHQ�� WKH� 59&� LV� D� ULJLG� IRDP�OLNH�VWUXFWXUH� FRQVLVWLQJ� RI� KH[DJRQDO� XQLWV��2QH�RI� WKH� DVVXPSWLRQV� IRU� WKH� XVH� RI� WKH�WUDMHFWRU\� DQDO\VLV� LQ� WKLV� ZRUN� LV� WKDW� WKH�FROOHFWRU� HOHPHQWV� DFW� DV� F\OLQGHUV�RI��� PP�OHQJWK� LQ� VR� IDU� DV� WKH� HIIHFW� RI� K\GUR�G\QDPLFV�LV�FRQFHUQHG�

)LJXUH� �� 6FKHPDWLF� UHSUHVHQWDWLRQ� RI� WKH� HOHF �WURFKHPLFDO� DGVRUSWLRQ� FHOO� ���� LQOHW�� ���� WRS� SHUVSH[�FRYHU������SHUIRUDWHG�XSSHU�GLVWULEXWHU������DUHD�IRU�59&�VODE�� ���� KROH� IRU� ZLUH� FRQQHFWLQJ� 59&� VODE� WR�SRWHQWLRVWDW�� ����PHPEUDQH�� ���� ERWWRP� SHUIRUDWHG� SODWH������ ERWWRP� SHUVSH[� FRYHU�� ���� RXWOHW� SLSH�� ����� SHUVSH[�PHPEUDQH� FDUULHU�� ����� VWDLQOHVV� VWHHO� FRXQWHU� HOHFWURGH������� ¶VLGH� DUP¶� IRU� UHIHUHQFH� HOHFWURGH�� ����� KROH� IR U�LQVHUWLRQ�RI�UHIHUHQFH�HOHFWURGH
)LJXUH� �� VKRZV� WKH� VFKHPDWLF� RI� WKH� HOHF�WURFKHPLFDO� DGVRUSWLRQ� FHOO� XVHG� LQ� WKHVH�H[SHULPHQWV��$�UHFWDQJXODU�VODE�RI�59&�ZDV�FXW�DQG�SODFHG�LQ�WKH�FHOO��DQG�WKHQ�FRQQHFWHG�YLD� D�ZLUH� WR� D� SRWHQWLRVWDW�� 7KH�59&�DFWHG�DV WKH� ZRUNLQJ� HOHFWURGH� LQ� WKH� FHOO�� $�VWDLQOHVV� VWHHO� SODWH� ZDV� SODFHG� RSSRVLWH� WR�WKH�59&�DQG� DFWHG�DV� WKH�FRXQWHU�HOHFWURGH��$� 6WDQGDUG� &DORPHO� (OHFWURGH� �6&(�� ZDV�XVHG�DV�WKH�UHIHUHQFH�HOHFWURGH�>�@�'HSRVLWLRQ� RI� FROORLGDO� SDUWLFOHV� FDQ� EH�DQDO\VHG� E\� WKH� FRQYHFWLYH� �GLIIXVLRQ� HTXD�WLRQ��+RZHYHU��FRQYHFWLYH�GLIIXVLRQ�HTXDWLRQ�LQYROYHV� VROYLQJ� WKH� ERXQGDU\� YDOXH� SDUWLDO�GLIIHUHQWLDO�HTXDWLRQ��DQG�WKH�ODWHU�WHFKQLTXHV�DUH�XVXDOO\�H[SHQVLYH�LQ�FRPSXWDWLRQDO� WLPH��5HFHQWO\� DWWHPSWV� KDYH� EHHQ� PDGH� WR� XVH�WHFKQLTXHV� VXFK� DV� WKH�0RQWH� &DUOR�� %URZ�QLDQ�G\QDPLFV��PROHFXODU�G\QDPLFV�DQG�GLV�VLSDWLYH�SDUWLFOH�G\QDPLFV�>����@��7UDMHFWRU\�DQDO\VLV�ZDV�ILUVW�XVHG�E\�E\�<DR�HW� DO�� >��@��DQG�VLQFH� WKHQ� WKLV� WHFKQLTXH�KDV�EHHQ� H[WHQVLYHO\� XVHG� >������@�� 7UDMHFWRU\�DQDO\VLV� LV�� LQ� IDFW�� D� IRUFH� EDODQFH� RQ� D�SDUWLFOH�DSSURDFKLQJ�WKH�FROOHFWRU�DQG�LV�EHVW�



%DKPDQL

,UDQLDQ�-RXUQDO�RI�&KHPLFDO�(QJLQHHULQJ��9RO�����1R��� �

�
�� �

 �
� ����

8
8388W8 I QUGG

� � � � �8 83 P

DM VLQ��� �� III DUD8$ � �

�III �8D�OQ�����$ �
»»¼º««¬ª PU� 

I
IDKDIRU++)

DDKIRUK+)
��»¼º«¬ª �� 
�� 

���
� ��������

��

H[WVWQ ))) � 

�+�)FRV8$DD�) �SI�I�VW DPS� �

VXLWHG� IRU� QRQ�%URZQLDQ� SDUWLFOHV� ZLWK� GLD�PHWHUV�JUHDWHU�WKDQ����P�,Q� WKLV� ZRUN� D� PRGLILFDWLRQ� RI� WKH� IRU�PXODWLRQ�XVHG�E\�6SLHOPDQ�HW�DO��>��@�ZLOO�EH�XVHG� WR� VLPXODWH� H[SHULPHQWDO� UHVXOWV�� 7KH�VWDUWLQJ� SRLQW� LQ� WKLV�PRGHO� LV� WR� VSHFLI\� WKH�IRUFH� GXH� WR� K\GURG\QDPLFV� DV� WKH� SDUWLFOH�DSSURDFKHV�WKH�FROOHFWRU�,Q� HVVHQFH� WKH� K\GURG\QDPLFDO� LQWHUDFWLRQ�EHWZHHQ� WKH� SDUWLFOH� DQG� WKH� FROOHFWRU� LV�HVWLPDWHG� DV� IROORZV�� $W� D� VPDOO� SDUWLFOH�GLVWDQFH� IURP� WKH� FROOHFWRU� WKH� IOXLG� IORZ�DURXQG� WKH� FROOHFWRU� LV� DVVXPHG� WR� EH� XQ�GLVWXUEHG� E\� WKH� SUHVHQFH� RI� WKH�SDUWLFOH��$W�FORVH�GLVWDQFHV�� FRUUHFWLRQ� IDFWRUV�GXH� WR� WKH�SUHVHQFH�RI� WKH�SDUWLFOHV� DUH� LPSRVHG�RQ� WKH�XQGLVWXUEHG� IORZ� DURXQG� F\OLQGULFDO� FRO�OHFWRUV�7KH� 1DYLHU� 6WRNHV� DQG� FRQWLQXLW\� HTXDWLRQV�GHVFULEH�WKH�K\GURG\QDPLFV�RI�D�IOXLG�
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1HJOHFWLQJ� LQHUWLD� DQG� IRU� LQFRPSUHVVLEOH�IOXLGV��WKH�FUHHSLQJ�IORZ�HTXDWLRQ�UHVXOWV�
���

$VVXPLQJ�WKDW�WKH�QR�VOLS�FRQGLWLRQ�DSSOLHV�DW�WKH�FROOHFWRU�DQG�SDUWLFOH�VXUIDFHV��DQG�DOVR�DW�D� GLVWDQFH� RI� D� IHZ� SDUWLFOH� GLDPHWHUV� IURP�WKH�FROOHFWRU�WKH�IOXLG�IROORZV�WKH�XQGLVWXUEHG�PRWLRQ� DURXQG� D� F\OLQGHU� 6SLHOPDQ� >��@�REWDLQHG� WKH� IROORZLQJ� UHODWLRQVKLS� IRU� IOXLG�PRWLRQ�DURXQG�D�F\OLQGHU�
���

,Q�ZKLFK�WKH�FRQVWDQW�$I ZDV�JLYHQ�DV�

���
&ROORLGDO�SDUWLFOHV�DUH�PXFK�VPDOOHU�WKDQ�WKH�FROOHFWRUV� DQG� DW� D� VKRUW� SDUWLFOH� GLVWDQFH�IURP� WKH� FROOHFWRU� VXUIDFH� WKH� IOXLG� LV�XQGLVWXUEHG� E\� WKH� SUHVHQFH� RI� WKH� SDUWLFOH��$W�FORVH�GLVWDQFHV�RI�VHSDUDWLRQ��WKH�FROOHFWRU�LV�DVVXPHG�WR�DFW�DV�D�SODQH�DQG�WKH�YHORFLW\�RI� FROORLGDO� SDUWLFOHV� LV� UHVROYHG� LQWR� WZR�FRPSRQHQWV�� D� UDGLDO�� 95�� DQG� D� WDQJHQWLDO��9.$VVXPLQJ�WKDW�6WRNH¶V�ODZ�DSSOLHV��WKH�UDGLDO�YHORFLW\�LV�JLYHQ�DV�

D+))GWGKY Q5 PS� ���  ���
,Q� ZKLFK� )� �+�� LV� WKH� K\GURG\QDPLFV�FRUUHFWLRQ�IDFWRU�DFFRXQWLQJ�IRU�WKH�LQIOXHQFH�RI� WKH� SUHVHQFH� RI� SDUWLFOHV� RQ� WKH� XQ�GLVWXUEHG� IORZ� SDVW� D� F\OLQGHU� DQG�6SLHOPDQ�>��@� KDV� SURYLGHG� WKH� IROORZLQJ� UHODWLRQVKLS�IRU�LWV�HVWLPDWLRQ�

���
)Q JLYHV� ULVH� WR� WKH� UDGLDO� YHORFLW\� RI� WKH�SDUWLFOH� FRQVLVWLQJ� RI� K\GURG\QDPLF� DQG�H[WHUQDO�IRUFHV�

���
8SRQ� GLPHQVLRQDO� DQDO\VLV� WKH� IROORZLQJ�UHODWLRQVKLS� IRU� WKH� K\GURG\QDPLFV� FRP�SRQHQW�LV�REWDLQHG�
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7KH� H[WHUQDO� IRUFH� FRPSRQHQW� RI� WKH� UDGLDO�YHORFLW\� FRQVLVWV� RI� WKH� YDQ� GHU� :DDOV��HOHFWULFDO�GRXEOH�OD\HU�DQG�JUDYLW\�IRUFHV��7KH�/RQGRQ�YDQ� GHU�:DDOV� IRUFH� ZDV� FDOFXODWHG�XVLQJ�WKH�HTXDWLRQ�GXH�WR�+DPDNHU�>��@�

����
7KH� HOHFWULFDO� GRXEOH� OD\HU� ZDV� FDOFXODWHG�

XVLQJ� WKH� HTXDWLRQ� E\� +RJJ� >��@� IRU� WKH�LQWHUDFWLRQ�EHWZHHQ�D�VSKHUH�DQG�D�SODQH�

����
*UDYLW\�FRQWULEXWHV�WR�ERWK�WKH�WDQJHQWLDO�DQG�WKH�UDGLDO�YHORFLW\�FRPSRQHQWV�RI�WKH�SDUWLFOH�DQG�LWV�UDGLDO�FRQWULEXWLRQ�LV�JLYHQ�E\�

����
6XEVWLWXWLQJ� H[SUHVVLRQV� IRU� WKH� K\GURG\QD�PLFV�� YDQ� GHU� :DDOV�� WKH� HOHFWULFDO� GRXEOH�OD\HU��JUDYLW\�IRUFHV��WKH�UDGLDO�YHORFLW\�FRP�SRQHQW�RI�WKH�SDUWLFOH�LV�REWDLQHG�DV�IROORZV�

����

7KH� WDQJHQWLDO� YHORFLW\� FRPSRQHQW� RI� WKH� SDUWLFOH� FRQVLVWV� RI� K\GURG\QDPLFV� DQG� JUDYLW\�FRQWULEXWLRQV�DQG�LV�JLYHQ�E\�
����

,Q�ZKLFK�)���+��DQG�)���+��DUH�WKH�K\GURG\QDPLFV�FRUUHFWLRQ�IDFWRUV��)���+��ZDV�WDNHQ�DV�XQLW\�DQG�)���+��ZDV�FDOFXODWHG�E\�WKH�UHODWLRQVKLS�SURYLGHG�E\�6SLHOPDQ�>��@�
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7KH�WUDMHFWRU\�HTXDWLRQ�ZDV�REWDLQHG�E\�GLYLGLQJ�HTXDWLRQ������E\������
����

,Q� WKLV�HTXDWLRQ�1*��1/2��1'���1'���1'� DQG�1'� DUH� GLPHQVLRQOHVV� QXPEHUV� UHSUHVHQWLQJ�WKH� FRQWULEXWLRQ� RI� WKH� JUDYLW\�� /RQGRQ�YDQ�GHU� :DDOV� DQG� HOHFWULFDO� GRXEOH� OD\HU� UHV�SHFWLYHO\�� +� LV� WKH� GLPHQVLRQOHVV� GLVWDQFH��K�D�� RI� WKH� SDUWLFOH� IURP� WKH� FROOHFWRU�VXUIDFH�� � LV� WKH� DQJOH� PDGH� E\� WKH� OLQH�MRLQLQJ� WKH� FHQWHUV� RI� WKH� SDUWLFOH� DQG� WKH�FROOHFWRU��)���)� DQG�)� DUH�WKH�K\GURG\QDPLF�UHWDUGDWLRQ� IDFWRUV� WDNLQJ� LQWR� DFFRXQW� WKH�HIIHFW� RI� WKH� SUHVHQFH� RI� SDUWLFOHV� LQ� WKH�YLFLQLW\�RI�WKH�FROOHFWRU��)UHW LV�WKH�UHWDUGDWLRQ�IDFWRU� LQ� WKH� HTXDWLRQ� IRU� WKH� FDOFXODWLRQ� RI�WKH�/RQGRQ�YDQ�GHU�:DDOV�IRUFH�,Q� H[SHULPHQWV� ZKHUH� QR� H[WHUQDO� SRWHQWLDOV�KDG� EHHQ� DSSOLHG� WKH� ]HWD� SRWHQWLDO� YDOXHV�KDYH� EHHQ� XVHG�� $V� SDUWLFOHV� DSSURDFK� WKH�FROOHFWRU�� IRUFHV� RI� JUDYLW\�� /RQGRQ�YDQ� GHU�:DDOV� DQG� K\GURG\QDPLFV� FDXVH� DWWUDFWLRQ�EHWZHHQ� WKH�VXUIDFHV��DQG�IRU�VLPLODUO\�FKDU�JHG�VXUIDFHV�WKH�HOHFWULFDO�GRXEOH�OD\HU�FDXVH�UHSXOVLRQ�EHWZHHQ�VXUIDFHV�'HSHQGLQJ� RQ� WKH� LQLWLDO� SRLQW� RI� WKH�DSSURDFK�RI�SDUWLFOHV�WRZDUGV�WKH�VXUIDFH�WKH\�FDQ�HLWKHU�SDVV�WKH�FROOHFWRU�RU�GHSRVLW�RQ�WKH�VXUIDFH� RI� WKH� FROOHFWRU�� 7KH� FRQFHSW� RI�OLPLWLQJ� WUDMHFWRU\� ZDV� FRLQHG� WR� GLYLGH� WKH�SDUWLFOH� WUDMHFWRULHV�WKDW�HQG�XS�LQ�GHSRVLWLRQ�IURP� WKRVH� WKDW� GR� QRW�� 7KH� OLPLWLQJ�WUDMHFWRU\�PDNHV�DQ�DQJOH�RI����� DW� WKH�UHDU�VWDJQDWLRQ�SRLQW�RI� WKH�FROOHFWRU�DV�VKRZQ�LQ�)LJXUH����7R�FDOFXODWH�WKH�OLPLWLQJ�WUDMHFWRU\��HTXDWLRQ� ����� LV�PDGH� HTXDO� WR� ]HUR� DQG� WKH�DQJOH� T HTXDO� WR� ������ 7KH� URRW� RI� WKH�HTXDWLRQ� ZDV� HVWLPDWHG� XVLQJ� WKH� IXQFWLRQ�52276� LQ� 0DWODE�� )LJXUH� �� VKRZV� WKH�OLPLWLQJ� WUDMHFWRU\���YDULDWLRQ���IURP���WKH�FRO

)LJXUH��� /RFDWLRQ�RI�OLPLWLQJ�WUDMHFWRU\

)LJXUH��� OLPLWLQJ�WUDMHFWRU\�IRU�YROXPHWULF�IORZUDWH�RI���� FP��PLQ� DQG� 59&� SRWHQWLDO� RI� ����� P9� DQG� QR�H[WHUQDO�SRWHQWLDO�DSSOLFDWLRQ��59&�]HWD�SRWHQWLDO�RI�±�����P9�
OHFWRU� VXUIDFH�FDUULHG�RXW� IRU� WKH�FDVHV�ZKHQ�WKH�59&�FROOHFWRU�SRWHQWLDO�LV������P9��DQG�ZKHQ� QR� H[WHUQDO� DSSOLHG� SRWHQWLDO� KDV� EHHQ�DSSOLHG�� LQ� ZKLFK� FDVH� WKH� 59&¶V� ]HWD�
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SRWHQWLDO� YDOXH� ZDV� XVHG�� $W� DOO� S+� DQG�HOHFWURO\WH� FRQFHQWUDWLRQV� WKH� SRO\VW\UHQH�ODWH[�SDUWLFOHV�SRVVHVV�QHJDWLYH�]HWD�SRWHQWLDO�YDOXHV� �VHH� %DKPDQL� >�@� IRU� GHWDLOV��� DQG�WKHUHIRUH� DW� DQ� 59&� FROOHFWRU� SRWHQWLDO� RI������ P9�� DWWUDFWLYH� IRUFHV� RI� LQWHUDFWLRQ�EHWZHHQ� SRO\VW\UHQH� ODWH[� DQG� WKH� 59&�FROOHFWRU� H[LVW� 3DUWLFOHV�DW�D�GLVWDQFH�RI� OHVV�WKDQ����QP�IURP�WKH�UHDU�VWDJQDWLRQ�SRLQW�HQG�XS� GHSRVLWLQJ� RQ� WKH� FROOHFWRU� VXUIDFH�� DQG�SDUWLFOHV� DW� D� GLVWDQFH� JUHDWHU� WKDQ� ��� QP�IURP� WKH� UHDU� VWDJQDWLRQ� SRLQW� SDVV� WKH�FROOHFWRU�VXUIDFH�8SRQ� ORFDWLRQ� RI� WKH� OLPLWLQJ� WUDMHFWRU\� WKH�ILOWUDWLRQ� HIILFLHQF\� DV� JLYHQ� E\�7LHQ� >��@� LV�FDOFXODWHG�IURP�
����

,Q� ZKLFK� \OLP LV� WKH� VWUHDPOLQH� RI� WKH�OLPLWLQJ�WUDMHFWRU\��X�LV�WKH�DSSURDFK�YHORFLW\�DQG� DI LV� WKH� FROOHFWRU� UDGLXV�� 7KHRUHWLFDO�ILOWHU� FRHIILFLHQW� FDQ� EH� FDOFXODWHG� IURP� WKH�HTXDWLRQ�SURSRVHG�E\�7LHQ�>��@�
����

([SHULPHQWDO�ILOWHU�FRHIILFLHQW�FDQ�EH�FDOFXOD�WHG�IURP�
����

%HIRUH� FRPSDULQJ� VLPXODWLRQ� DQG� H[SHUL�PHQWDO� UHVXOWV�� WKH�HIIHFWV�RI� WKH�YDULDWLRQ�RI�/RQGRQ�YDQ� GHU� :DDOV� DQG� JUDYLW\� RQ� WKH�ILOWHU�FRHIILFLHQW�DQG�FROOHFWLRQ�HIILFLHQF\�IRU�WKH� SUHVHQW� V\VWHP� ZHUH� VWXGLHG�� ,Q� WKHVH�VLPXODWLRQV�DOO�RWKHU�IRUFHV�VXFK�DV�HOHFWULFDO�GRXEOH� OD\HU� DQG� K\GURG\QDPLFV� ZHUH� NHSW�FRQVWDQW�7KH� VLPXODWLRQ� RI� WKH� HIIHFW� RI� WKH�YDULDWLRQ�RI� WKH� /RQGRQ�YDQ� GHU� :DDOV� IRUFH� RQ� WKH�

ILOWHU� FRHIILFLHQW� DV� ZHOO� DV� FROOHFWLRQ� HI�ILFLHQF\�FDQ�EH�VHHQ�LQ�ILJXUH����7KH�/RQGRQ�YDQ� GHU� :DDOV� IRUFH� ZDV� YDULHG� E\� XVLQJ�GLIIHUHQW� +DPDNHU� FRQVWDQWV�� &OHDUO\� DV� DW�WUDFWWLYH� /RQGRQ�YDQ� GHU� :DDOV� IRUFH� LQ�FUHDVHV�� WKH� FROOHFWLRQ� HIILFLHQF\ DQG� ILOWHU�FRHIILFLHQW�DOVR�LQFUHDVH�

)LJXUH� �� 6LPXODWLRQ� RI� 9DULDWLRQ� RI� FROOHFWLRQ�HIILFLHQF\� DQG� ILOWHU� FRHIILFLHQW� ZLWK� YDQ� GHU� :DDOV�IRUFHV�EHWZHHQ�SDUWLFOH�DQG�FROOHFWRU�VXUIDFHV

)LJXUH� �� 6LPXODWLRQ� RI� YDULDWLRQ� RI FROOHFWLRQ�HIILFLHQF\� DQG� ILOWHU� FRHIILFLHQW� ZLWK� JUDYLW\� QXPEHU�1*
7KH� VLPXODWLRQ� RI� WKH� HIIHFW� RI� WKH�YDULDWLRQ�RI� WKH� JUDYLW\� IRUFH� RQ� WKH� ILOWHU� FRHIILFLHQW�
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DQG� FROOHFWLRQ� HIILFLHQF\� FDQ� EH� VHHQ� LQ�)LJXUH� ��� &OHDUO\� IRU� WKH� SUHVHQW� V\VWHP� WKH�JUDYLW\� IRUFH�KDV�QR�HIIHFW�RQ� WKH�GHSRVLWLRQ�UDWH�)LJXUH���VKRZV�WKH�FRPSDULVRQ�RI�VLPXODWLRQ�DQG� H[SHULPHQWDO� UHVXOWV� DW� D� FRQVWDQW� 59&�SRWHQWLDO� RI� ����� P9� YV� 6WDQGDUG� &DORPHO�(OHFWURGH� �6&(��� 7KH� H[SHULPHQWDO� UHVXOWV�LQGLFDWH�WKDW�D�YDULDWLRQ�RI�WKH�.&O�HOHFWURO\WH�FRQFHQWUDWLRQ� DW� D� IL[HG� IHHG� IORZUDWH� GRHV�QRW�KDYH�D�VLJQLILFDQW�HIIHFW�RQ�WKH�GHSRVLWLRQ�UDWH�� DQG� VLPXODWLRQ� UHVXOWV� DOVR� VKRZ� D�VLPLODU� WUHQG�� 7KLV� ILJXUH� DOVR� VKRZV� WKDW� DW�WKH� VDPH� 59&� SRWHQWLDO� DQG� .&O� FRQ�FHQWUDWLRQ�� WKH� UHGXFWLRQ� RI� IHHG IORZUDWH�IURP� ��� WR� ���� FP� PLQ�� LQFUHDVHV� WKH�GHSRVLWLRQ�UDWH��,QGHHG�WKLV�LV�H[SHFWHG�VLQFH�ORZHULQJ� WKH� IHHG� IORZUDWH� LQFUHDVHV� WKH�UHVLGHQFH� WLPH� RI� WKH� SDUWLFOHV�� DQG� KHQFH� D�KLJKHU�FKDQFH�RI�GHSRVLWLRQ�

)LJXUH��� &RPSDULVRQ�RI�VLPXODWLRQ�DQG�H[SHUL�PHQWDO�YDULDWLRQ� RI� ILOWHU� FRHIILFLHQW� ZLWK� .&O HOHFWURO\WH�FRQFHQWUDWLRQ�DW�59&�SRWHQWLDO�RI������P9
7KH� PDLQ� REMHFWLYH� RI� WKH� H[SHULPHQWV�FDUULHG�RXW�E\�%DKPDQL�>�@�KDV�EHHQ�WR�VWXG\�WKH� SRVVLELOLW\� RI� FRQWUROOLQJ� WKH� GHSRVLWLRQ�UDWH E\� PHDQV� RI� DSSOLFDWLRQ� RI� DQ� H[WHUQDO�HOHFWULF�ILHOG�WR�WKH�FROOHFWRU��,Q�HTXDWLRQ������WKH� H[WHUQDO� YROWDJH� DSSOLHG� WR� WKH� FROOHFWRU�ZDV�XVHG� IRU�SDUDPHWHU�\��)LJXUH���VKRZV�D�FRPSDULVRQ�EHWZHHQ�H[SHULPHQWDO�DQG�VLPX�

ODWLRQ� UHVXOWV� IRU� WKH� YDULDWLRQ� RI� 59&�HOHFWURGH� SRWHQWLDO� DW� D� FRQVWDQW� IORZUDWH� RI����� FP� PLQ����.&O� HOHFWURO\WH� FRQFHQWUDWLRQ�RI��������PRO�GP�� DQG�SDUWLFOH�]HWD�SRWHQWLDO�YDOXH�RI�±����P9� *HQHUDOO\�VSHDNLQJ��XQGHU�IDYRXUDEOH� GHSRVLWLRQ� FRQGLWLRQV� WKH� VLPX�ODWLRQ�UHVXOWV�SUHGLFW�WKH�H[SHULPHQWDO�UHVXOWV�FORVHO\�� EXW� XQGHU� XQIDYRXUDEOH� GHSRVLWLRQ�FRQGLWLRQV� WKH� VLPXODWLRQV� DUH� QRW� DV� JRRG��([SHULPHQWDO� UHVXOWV� JLYHQ� E\� %DKPDQL� >�@�LQGLFDWH�WKDW�DW�FROOHFWRU�SRWHQWLDOV�DERYH�����P9�� D� GLVFKDUJH� RI� R[\JHQ� RQ� WKH� FROOHFWRU�VXUIDFH�LV�REVHUYHG��7KH�GLVFKDUJH�RI�R[\JHQ�PD\� DIIHFW� WKH� GHSRVLWLRQ� UDWH� E\� FKDQJLQJ�WKH� K\GURG\QDPLFV� DQG� WKH� S+� RI� WKH�VROXWLRQ��)RU�H[DPSOH��WKH�ULVLQJ�JDV�EXEEOHV�PD\�H[HUW�HQRXJK�GUDJ�IRUFH�RQ�WKH�GHSRVLWHG�SDUWLFOHV� WR� GHWDFK� WKHP� RU� LQFUHDVH� WKH�UHVLVWDQFH� IRU� WKH� GHSRVLWLQJ� SDUWLFOHV�� 7KH�HOHFWURO\WH�S+�PD\�EH�DIIHFWHG�E\�WKH�UHOHDVH�RI� R[\JHQ�� ZKLFK� LQ� WXUQ� DIIHFWV� WKH� ]HWD�SRWHQWLDO�YDOXHV�RI�WKH�SDUWLFOHV�DQG�FROOHFWRU�

)LJXUH��� &RPSDULVRQ�RI�H[SHULPHQWDO�DQG�VLPXODWLRQ�UHVXOWV� DW� FRQVWDQW� .&O� FRQFHQWUDWLRQ� RI� ������� PRO�GP���� IORZUDWH�RI� ���� FP� PLQ��DQG� ODWH[� SDUWLFOH�]HWD�SRWHQWLDO�RI�±����P9
)LJXUH� ��� VKRZV� D� FRPSDULVRQ� RI� H[�SHULPHQWDO� DQG� VLPXODWLRQ� UHVXOWV� IRU� WKH�YDULDWLRQ� RI� ILOWHU� FRHIILFLHQW� ZLWK� IHHG�
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IORZUDWH� DW� FRQVWDQW�59&�SRWHQWLDO� DQG�.&O�FRQFHQWUDWLRQ�� ,W� FDQ� EH� FRQFOXGHG� WKDW� WKH�WUHQG� RI� WKH� H[SHULPHQWDO� UHVXOWV� DUH� ZHOO�VLPXODWHG�

)LJXUH� ��� &RPSDULVRQ� RI� H[SHULPHQWDO� DQG� VLPX�ODWLRQ� UHVXOWV�DW� IL[HG�HOHFWURGH�SRWHQWLDO�RI������P9�DQG�.&O�FRQFHQWUDWLRQ�RI�������������PRO�GP��

&RQFOXVLRQ([SHULPHQWDO� UHVXOWV� SUHYLRXVO\� UHSRUWHG� E\�%DKPDQL� >�@� KDYH� EHHQ� VLPXODWHG� XVLQJ� WKH�WUDMHFWRU\� DQDO\VLV�� )RU� WKLV� V\VWHP�� JUDYLW\�IRUFH� GRHV� QRW� KDYH� DQ� LPSRUWDQW� LPSDFW� RQ�WKH�UDWH�RI�GHSRVLWLRQ��6XUIDFH�IRUFHV�DQG�WKH�K\GURG\QDPLFV�DUH� WKH�PDMRU�IRUFHV�EHWZHHQ�WKH�59&�FROOHFWRU�DQG�ODWH[�SDUWLFOHV��$W�ORZ�IORZUDWHV� WKH� YDULDWLRQ� RI� VXUIDFH� IRUFHV�DIIHFW� WKH� UDWH� RI� GHSRVLWLRQ�� 7UHQGV� RI� WKH�H[SHULPHQWDO� UHVXOWV� DUH� ZHOO� VLPXODWHG� E\�WKH� WUDMHFWRU\� DQDO\VLV�� EXW� XQGHU� DQ� XQ�IDYRXUDEOH� GHSRVLWLRQ� FRQGLWLRQ�� ZKHUHLQ�UHSXOVLYH�HQHUJ\�H[LVWV�EHWZHHQ�FROOHFWRU�DQG�SDUWLFOH� VXUIDFH�� GLVFUHSDQF\� EHWZHHQ� VLPX�ODWLRQ� DQG� H[SHULPHQWDO� UHVXOWV� DUH� PRUH�HYLGHQW�,Q� IDFW�� GLVFUHSDQF\� EHWZHHQ� VLPXODWLRQ� DQG�H[SHULPHQWDO� UHVXOWV� XQGHU� XQIDYRXUDEOH� GH�SRVLWLRQ�FRQGLWLRQV�KDV�EHHQ�QRWHG�DV�HDUO\�DV������ >�������@�� 7KHUH� KDYH� EHHQ� VHYHUDO�

WKHRULHV�SXW�IRUZDUG�IRU�WKLV�GLVFUHSDQF\�VXFK�DV����� LQ�WKH�WUDMHFWRU\�DQDO\VLV�ERWK�FROOHFWRU�DQG� SDUWLFOH� VXUIDFHV� DUH� DVVXPHG� WR� KDYH� D�XQLIRUP� VXUIDFH� DQG� VXUIDFH� FKDUJH�� EXW� LQ�UHDOLW\� ERWK� VXUIDFH� DQG� VXUIDFH� FKDUJH� DUH�KHWHURJHQHRXV�� ���� H[LVWHQFH� RI� D� VHFRQGDU\�PLQLPXP� DV� VXJJHVWHG� E\� WKH� WRWDO� LQ�WHUDFWLRQ� HQHUJ\� �)LJXUH� ��� DQG� FDSWXUH� RI�SDUWLFOHV�E\�WKH�VHFRQGDU\�PLQLPXP�KDV�EHHQ�SXW� IRUZDUG� IRU� WKLV� GLVFUHSDQF\� >�@�� ����LQFOXVLRQ� RI� RWKHU� IRUFHV� VXFK� DV� WKH�K\GURSKRELF�� K\GUDWLRQ�� GHSOHWLRQ� >��@� DQG�RWKHU� VR� FDOOHG� QRQ�'/92� IRUFHV� PD\�LPSURYH�VLPXODWLRQV������WKH�FRUUHODWLRQ�XVHG�IRU� WKH� HVWLPDWLRQ� RI� WKH� HOHFWULFDO� GRXEOH�OD\HU�DUH�EDVHG�RQ�WKH�VWHDG\�VWDWH�RYHUODS�RI�WKH� GLIIXVH� OD\HUV� DQG� DGGLWLRQDOO\�� WKH�DSSUR[LPDWLRQ�RI�FRQVWDQW�FKDUJH�RU�FRQVWDQW�SRWHQWLDO� GXULQJ� LQWHUDFWLRQ� LV� HPSOR\HG� IRUWKH� GHULYDWLRQ� RI� WKHVH� FRUUHODWLRQV� ZKHUHDV�LQ� UHDOLW\� QRQH� RI� WKHVH� DUH� KHOG� FRQVWDQW�GXULQJ�LQWHUDFWLRQ�>��@�
1RPHQFODWXUH$ +DPDNHU�FRQVWDQWDI� FROOHFWRU�UDGLXV&LQ��&RXW LQOHW� DQG�RXWOHW�SDUWLFOH� FRQFHQWUD�WLRQ)/R��)*U��)('/ /RQGRQ�YDQ�GHU�ZDDOV� JUDYLW\�DQG� HOHFWULFDO� GRXEOH� OD\HU�IRUFHV)UHW /RQGRQ� YDQ� GHU� :DDOV� UHWDUGDWLRQ�IDFWRUK VXUIDFH�WR�VXUIDFH�VHSDUDWLRQ�GLVWDQFH+ GLPHQVLRQOHVV�JDS��K�D�/& D[LDO�GLVWDQFH�RI�D�XQLW�FROOHFWRU/ WRWDO�EHG�OHQJWK
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8 IOXLG�EXON�YHORFLW\K 6LQJOH� FROOHFWRU� HIILFLHQF\� EDVHG� RQ�SK\VLFDO�IRUFHVH 'LHOHFWULF�FRQVWDQW�RI�WKH�PHGLXPN 'HE\H�+XFNHO�UHFLSURFDO�OHQJWK\���\� VXUIDFH�SRWHQWLDOVOWKHR��OH[S WKHRUHWLFDO� DQG� H[SHULPHQWDO� ILOWHU�FRHIILFLHQW
5HIHUHQFHV�� (OLPHOHFK��0���*UHJRU\��-���:LOOLDPV��5��$���-LD��;��� 3DUWLFOH� GHSRVLWLRQ� DQG� DJJUHJDWLRQ��PHDVXUHPHQW��PRGHOLQJ�DQG�VLPXODWLRQ��%XW �WHUZRUWK���������� +XOO�� 0��� .LWFKHQHU�� -�� $��� ³,QWHUDFWLRQ� RI�VSKHULFDO� FROORLGDO� SDUWLFOHV�ZLWK�SODQDU� VXU �IDFHV´��7UDQV�)DUDGD\�6RF�������������������� 7RELDVRQ�� -�� (��� 2¶0HOLD�� ³3K\VLFRFKHPLFDO�$VSHFWV� RI� 3DUWLFOH� 'HSRVLWLRQ� LQ� 3RURXV�0HGLD´��&�5���-� $� :� :� $��������������� $OEHU\��: �-���)UHGOHLQ��5� $���.QHHERQH��*��5���2¶6KHD��*� -���6PLWK��$� /���³7KH�NLQHWLFV�RI� FROORLGDO� GHSRVLWLRQ� XQGHU� FRQGLWLRQV RI�FRQWUROOHG� SRWHQWLDO´�� &ROORLG�6XUI��� ���� ������������� 2YHUEHHN�� -��� 7��� ³5HFHQW� GHYHORSPHQWV� LQ�WKH� XQGHUVWDQGLQJ� RI� FROORLG� VWDELOLW\´� �*���-�&ROORLG�,QWHUIDFH�6FL�������������������� %DKPDQL�� 0��� :LOOLDPV�� 5�$��� 7KH� � WK QDW�LRQDO� ,UDQLDQ� &KHPLFDO� (QJLQHHULQJ� &RQJ�UHVV��$EDQ�������7HKUDQ�8QLYHUVLW\��'HVLJQ�RI� DQ� HOHFWURFKHPLFDO� DGVRUSWLRQ� FHOO� IRU�FRQWUROOHG�SDUWLFOH�GHSRVLWLRQ���� 2¶0HOLD�� &� 5��� +DKQ�� 0� :��´'HSRVLWLRQ�

DQG�5HHQWUDLQPHQW� RI�%URZQLDQ� 3DUWLFOHV� LQ�3RURXV� 0HGLD� XQGHU� 8QIDYRUDEOH� &KHPLFDO�&RQGLWLRQV�� 6RPH� &RQFHSWV� DQG� $SSOLFD �WLRQV´�� (QYLURQ�� 6FL�� 7HFKQRO��� ��������������������� &KDQJ�� <��� &KHQ�� 6��� &KDQ�� +��� /HH�� (��³1HWZRUN� VLPXODWLRQ� IRU� GHHS� EHG� ILOWUDWLRQ�RI� %URZQLDQ� SDUWLFOHV´��� &KHP�(QJ�6FL�� ����������������������� +DYHPDQQ��8���*ULVYWVRY��$�*���0HUNXOHQNR��1�1���³0ROHFXODU�G\QDPLFV�VLPXODWLRQ�RI�WKH�DVVRFLDWLRQ� RI� PRGHO� FROORLGDO� SDUWLFOHV� LQ�WZR� GLPHQVLRQV´�� -�3K\V�&KHP�� �� ������������������������ *LEVRQ�� -� %��� &KHQ�� .��� &K\QRZHWK�� 6��³6LPXODWLRQ� RI� 3DUWLFOH� $GVRUSWLRQ� RQWR� D�3RO\PHU�&RDWHG� 6XUIDFH� 8VLQJ� WKH� 'LV�VLSDWLYH�3DUWLFOH�'\QDPLFV�0HWKRG´���-��&ROO��,QWHUIDFH�6F������������������������� <DR��.� 0���+DELELDQ��0�7���2¶0HOLD��&�5���³:DWHU� DQG� :DVWH� :DWHU� )LOWUDWLRQ�� &RQ �FHSWV�DQG�$SSOLFDWLRQV�´ (QYLURQ� 6FL� 7HFK�������������������� 3DUDVNHYD��&� $���%XUJDQRV��9�1���3D\DWDNHV��$� &���³7KUHH�GLPHQVLRQDO�WUDMHFWRU\�DQDO\VLV�RI� SDUWLFOH� GHSRVLWLRQ� LQ� FRQVWULFWHG� WXEHV´��&KHP�(QJ�&RPP����������������������� &KDQJ�� <��� &KHQ�� 6��� &KHUQ�� '��� ³+\GUR �G\QDPLF� ILHOG� HIIHFW� RQ� %URZQLDQ� SDUWLFOH�GHSRVLWLRQ� LQ�SRURXV�PHGLD´��6HSDUDWLRQ�DQG�7HFKQRORJ\����������������������� %XUJDQRV��9�1���6NRXUDV��(�'���3DUDVNHYD��&��$��� 3D\DWDNHV�� $�� &��´� 6LPXODWLRQ� RI� WKH�G\QDPLFV�RI�GHSWK�ILOWUDWLRQ�RI�QRQ �%URZQLDQ�SDUWLFOHV´�� $�� ,�� &K�� (�� -�� ���� ��������� ������������ 6SLHOPDQ�� /�$��� *RUHQ�� 6�� /��� ³� 0RGHO� IRU�SUHGLFWLQJ� SUHVVXUH� GURS� DQG� ILOWUDWLRQ� HI �ILFLHQF\�LQ�ILEURXV�PHGLD´��(QYLU��6FL��7HFK������������������� 6SLHOPDQ�� /�$��� )LW]SDWULFN�� -�$��� ³7KHRU\�IRU� SDUWLFOH� FROOHFWLRQ� XQGHU� ORQGRQ� DQG�JUDYLW\� IRUFHV´�� -�� &ROO� ,QWHUIDFH�� 6FL�� ����
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�������������� +DPDNHU��+�&��´�7KH�/RQGRQ�9DQ�GHU�:DDOV�DWWUDFWLRQ�EHWZHHQ�VSKHULFDO�SDUWLFOHV´���SK\ �VLFD��,9������������������ +RJJ�� 5��� +HDO\�� 7�� :��� ³0XWXDO� &RDJXOD�WLRQ� RI� &ROORLGDO� 'LVSHUVLRQV��´ )XHUVWHQDX��'��:���7UDQ��)DUDGD\��6RF��������������������� 5DMDJRSDODQ�� 5��� 7LHQ��&��� ³7UDMHFWRU\� DQDO �\VLV�RI�GHHS�EHG�ILOWUDWLRQ�ZLWK�WKH�VSKHUH �LQ�FHOO�SRURXV�PHGLD�PRGHO´��$,&K(�-����� �������������� 9HUZH\��(�-�:���2YHUEHHN��-�7�*���7KHRU\�RI�WKH� VWDELOLW\� RI� O\RSKRELF� FROORLGV�� (OVHYLHU���������� $GDPF]\N��=���'DEURV��7���&]DUQHFNL��-���YDQ�GH� 9HQ�� 7�*�0��� ³3DUWLFOH� WUDQVIHU� WR� VROLG�VXUIDFHV´��$GY�&ROORLG�,QWHUIDFH�6FL�������������������� 9DQ� GH�9HQ��7�*�0���&ROORLGDO�+\GURG\QD �PLFV�� &ROORLGDO� 6FLHQFH� 6HULHV�� $FDGHPLF�SUHVV���������� 1LQKDP��%��:���³2Q�SURJUHVV�LQ�IRUFHV�VLQFH�WKH�'/92�7KHRU\´��$GY��&ROORLG��,QWHUIDFH��6FL����������������


