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x 7KH� LQWHQVLW\�RI� WKH�YLEUDWLRQ�GHWHUPLQHV�DOVR� WKH�QXPEHU�RI�FRQWDFWV�EHWZHHQ�WKH� SDUWLFOH� DQG� WKH� VFUHHQ� VXUIDFH� �:LOOV�� ������� $� KLJK� QXPEHU� RI� SDVVLQJ�DWWHPSWV� LQFUHDVHV� WKH� SUREDELOLW\� RI� SDVVDJH� RI� RQH� SDUWLFOH�� 7KH� QXPEHU� RI�FRQWDFWV�LV�DOVR�FORVHO\�UHODWHG�WR�WKH�IHHG�UDWH�x ,Q�WKH�KRUL]RQWDO�YLEUDWLQJ�VFUHHQV�WKH�PDWHULDO�PRYHPHQW�LV�ODUJHO\�DIIHFWHG�E\�WKH�PHFKDQLVP�SURGXFLQJ�WKH�YLEUDWLRQ�x 7KH� RSHQ� DUHD� RI� WKH� VFUHHQ� VXUIDFH�� ZKLFK� LV� VLJQLILFDQWO\� GHSHQGHQW� RQ� WKH�LQWHQVLW\� RI� YLEUDWLRQ�� GHFUHDVHV�ZKHQ� D� ODUJH� DPRXQW� RI� QHDU�PHVK�PDWHULDO�RFFXUV�LQ�WKH�IHHG��7KLV�GHFUHDVH�FDXVHV�D�SURJUHVVLYH�UHGXFWLRQ�RI�WKH�VFUHHQ�HIILFLHQF\�ZLWK�WKH�DGYDQFH�RI�WKH�SURFHVV�x 7KH�UHODWLRQVKLS�EHWZHHQ�VFUHHQ� OHQJWK�DQG�VFUHHQ�SHUIRUPDQFH�KDG�EHHQ�DOVR�VWXGLHG�� 7DJJDUW� ������� H[SODLQHG� WKH� LQFUHDVH� RI� WKH� VFUHHQ� HIILFLHQF\�IROORZLQJ� WKH� LQFUHDVH� RI� WKH� VFUHHQ� OHQJWK� DV� GXH� WR� WKH� DGHTXDWH� �ORQJ��UHVLGHQFH�WLPH�RI�WKH�PDWHULDO�RQ�WKH�VFUHHQ�GHFN�x ,W�KDV�EHHQ�SRLQWHG�RXW�WKDW�WKH�VFUHHQ�HIILFLHQF\�LQFUHDVHV�DW�YHU\�KLJK�UDWH�QHDU�WKH� IHHG� HQG� �7DJJDUW�� ������ 6WDPEROW]LV�� ������ 6WHSKHQV�$GDPVRQ�� 7DUMDQ�������� 7VDNDODNLV�� ������� ,W� KDV� DOVR� EHHQ� REVHUYHG� WKDW� IRU� VKRUW� VFUHHQV��LQFUHDVLQJ� WKH� VFUHHQ� OHQJWK� UHVXOWV� LQ�D� VLJQLILFDQW� LQFUHDVH� LQ� WKH�HIILFLHQF\��ZKLOH�WKLV�LQFUHDVH�LV�QHJOLJLEOH�IRU�DOUHDG\�ORQJ�VFUHHQV�x 5HJDUGLQJ� WKH� DPRXQW� RI� WKH� FULWLFDO� VL]H� LQ� IHHG�� WKH� IROORZLQJ� FDQ� EH� VDLG��:DUQHU��������DQG�3U\RU��������KDYH�FODLPHG�WKDW�WKH�DPRXQW�RI�FULWLFDO�VL]H�LQ�WKH�IHHG�SOD\V�D�GHFLVLYH�UROH�RQ�WKH�VFUHHQ�SHUIRUPDQFH�,W�KDV�EHHQ�VKRZQ�WKDW� WKH� oQHDU�PHVKp�SDUWLFOHV�oEOLQGp� WKH�VFUHHQ�DSHUWXUHV�DQG�URXJKHQ�WKH�VFUHHQ�VXUIDFH�FDXVLQJ�D�GHFUHDVH�LQ�WKH�WUDYHOLQJ�YHORFLW\�RI�WKH�PDWHULDO�RYHU� WKH� VFUHHQ�� 7KLV� SKHQRPHQRQ� LV� PRUH� LQWHQVLYH� IRU� WKH� KRUL]RQWDO� YLEUDWLQJ�VFUHHQV�EHFDXVH�� LI� WKH�SDUWLFOH�ZHLJKW� �YHUWLFDO� IRUFH��ZDV� DQDO\]HG� LQWR� WZR� IRUFHV��RQH�YHUWLFDO�YHFWRU�DQG�RQH�KRUL]RQWDO�YHFWRU���WKH�KRUL]RQWDO�FRPSRQHQW��FDXVLQJ�WKH�SDUWLFOH�PRWLRQ�RYHU�WKH�VFUHHQ��FRPSOHWHO\�ODFNV�7KH� SDUWLFOHV� FDXVLQJ� WKH� EOLQGLQJ� HIIHFW� KDYH� D� PD[LPXP� PHDQ� VL]H� GP|���D��ZKHUH�D�LV�WKH�VFUHHQ�DSHUWXUH�7KH�SDUWLFOHV�RI�VL]H�G�ZKHUH�����D�G�D��KDYH�D�YHU\�VORZ�SDVVLQJ�UDWH�WKURXJK�WKH�VFUHHQ� DSHUWXUH�� EXW� $SOLQJ� ������� VKRZHG� WKDW� VXE�VLHYH� VL]HG� �FULWLFDO� XQGHUVL]H��SDUWLFOHV�PD\��VLQJO\�RU�LQ�FRPELQDWLRQ�ZLWK�RWKHUV��FDXVH�WKH�EOLQGLQJ�RI�WKH�DSHUWXUH��3DUWLFOHV� JUHDWHU� WKDQ� ����D� DUH� FRQVLGHUHG� WR� KDYH� D� SRVLWLYH� HIIHFW� RQ� WKH� VFUHHQ�SHUIRUPDQFH��3DUWLFOHV�VPDOOHU�WKDQ�����D�FDQ�HDVLO\�SDVV�WKURXJK�WKH�ORRVH�OD\HU�DQG�DSSURDFK�WKH� VFUHHQ� FRQWULEXWLQJ� WR� WKH� LQFUHDVHG� SDVVLQJ� UDWH� RI� WKH� XQGHUVL]H� LQ� WKH� LQLWLDO�OHQJWK�
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7KH�H[SHULPHQWV�ZHUH�FDUULHG�RXW�LQ�DQ�H[SHULPHQWDO�DUUDQJHPHQW��ZKLFK�FRQVLVWV�RI� x $� KRUL]RQWDO� YLEUDWLQJ� VFUHHQ� ZLWK� ZLUH� VFUHHQLQJ� VXUIDFH� ���P� ORQJ� DQG�����P�ZLGH�x $� YLEUDWLRQ� PHFKDQLVP� ZLWK� WZR� FRXQWHU�URWDWLQJ� VKDIWV�� HTXLSSHG� ZLWK�DGMXVWDEOH�HFFHQWULF�ZHLJKWV�IRU�WKH�UHJXODWLRQ�RI�WKH�YLEUDWLRQ�DPSOLWXGH�x $Q� HOHFWULF� WKUHH�SKDVH� PRWRU� ZLWK� EHOW�GULYH� V\VWHP� IRU� FKDQJLQJ� WKH�URWDWLRQDO�VSHHG��USP��RI�WKH�YLEUDWLRQ�PHFKDQLVP�x $�VLOR�RI�����P� FDSDFLW\�x $�URWDU\�GUXP�W\SH�IHHGHU�x $�FROOHFWRU�IRU�WKH�SDVVLQJ�PDWHULDO��GLYLGHG�LQWR�WHQ�GHSDUWPHQWV��HDFK���FP�ORQJ��x )RXU� GLIIHUHQW� VFUHHQ� VXUIDFHV� ZLWK� VTXDUH� DSHUWXUHV� �RSHQLQJV�� RI� ���PP�����PP�����PP�DQG����PP��UHVSHFWLYHO\�&UXVKHG�TXDUW]��ZLWK�DQJXODU�DQG� LQ�PDQ\�FDVHV�HORQJDWHG�SDUWLFOHV��ZDV�XVHG�DV�IHHG� PDWHULDO�� 7KH� IHHG� PDWHULDO� ZDV� GLIIHUHQW� IRU� HDFK� VFUHHQ� DSHUWXUH�� 7KH� IHHG�FKDUDFWHULVWLFV�IRU�HDFK�VFUHHQ�VXUIDFH�DQG�DSHUWXUH�DUH�JLYHQ�LQ�7DEOH����7KH�PRLVWXUH�FRQWHQW�RI�WKH�IHHG�ZDV�ORZHU�WKDQ����

7DEOH��6L]H�IUDFWLRQ�FRQWHQW�LQ�VFUHHQ�IHHG&ULWLFDO�VL]H��� 2YHUVL]H�LQ�IHHG���6FUHHQ�DSHUWXUH�DPP
7RWDOF 8QGHUVL]HFX 2YHUVL]HFS 7RWDOS S�FS +DOIVL]H�PDWHULDO��K

6L]H�IUDFWLRQ����D�G�����D���N��� ����� ����� ����� ����� ����� ����� ������� ����� ����� ����� ����� ���� ����� ������� ����� ����� ���� ����� ���� ����� �������� ����� ����� ����� ����� ����� ����� �����
7KH� SDUWLFOH� VKDSH� RI� WKH� SDUWLFOHV� LQ� WKH� YDULRXV� VL]H� IUDFWLRQV� XVHG� ZDV� QRW�H[DPLQHG� DV� D� YDULDEOH�� UHJDUGOHVV� RI� EHLQJ� PDFURVFRSLFDOO\� QRWLFHG� �GXULQJ� WKH�SUHSDUDWLRQ�RI�WKH�YDULRXV�IHHGV��WKDW�LW�ZDV�GLIIHUHQW�7KH� IHHG� UDWH� ZDV� FRQVWDQW� IRU� WKH� WHVWV� RI� WKH� VDPH� DSHUWXUH�� EXW� YDULHG� IURP���J�V���FP�� �DSHUWXUH����PP��WR��J�V���FP�� �DSHUWXUH����PP��7KH�FKDUDFWHULVWLF�VL]H�IUDFWLRQV�RI� WKH�VFUHHQ� IHHG�DUH�VKRZQ�LQ�)LJXUH���DQG� WKH�IHHG�XVHG�LV�JLYHQ�LQ�7DEOH���7KH� SDVVLQJ� PDWHULDO� UHSRUWHG� WR� HDFK� GHSDUWPHQW� RI� WKH� FROOHFWRU� ZDV� VL]HG� LQ�YDULRXV�VL]H�IUDFWLRQV�7KH� VWXG\� ZDV� IRFXVHG� RQ� WKH� EDVLF� IDFWRUV� WKDW� DIIHFW� VFUHHQLQJ� HIILFLHQF\� (��FXPXODWLYH�XQGHUVL]H�UHFRYHU\���XQGHU�FRQVWDQW�IHHG�UDWH�IRU�HDFK�VFUHHQ�DSHUWXUH�7KH�IDFWRUV�H[DPLQHG�KHUH�ZHUH�x 7KH� LQWHQVLW\� RI� YLEUDWLRQ� ��HY��� ZKHUH� �H DQG� Y� DUH� WKH� DPSOLWXGH� DQG� WKH�IUHTXHQF\�RI�WKH�YLEUDWLRQ��UHVSHFWLYHO\�x 7KH�SHUFHQWDJHV�RI�WKH�FKDUDFWHULVWLF�VL]H�IUDFWLRQV��FULWLFDO�VL]H��FULWLFDO�XQGHUVL]H�DQG�RYHUVL]H��KDOI�VL]H�DQG�RYHUVL]H�PDWHULDO��LQ�WKH�IHHG�x 7KH�VFUHHQ�OHQJWK�/�x 7KH�VL]H�RI�WKH�VFUHHQ�DSHUWXUH�D�LQ�FRQMXQFWLRQ�ZLWK�WKH�DERYH�PHQWLRQHG�IDFWRUV�
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)LJXH����7KH� WKUHH�PDMRU� UHJLRQV�RFFXUULQJ�DORQJ�D� VFUHHQ�� �D�� WKHLU� UHODWLRQVKLS� WR� WKH� UDWH�RI�SDVVDJH� �E�� DQG� WKH� IUDFWLRQ� UHWDLQHG� RQ� WKH� VFUHHQ� VXUIDFH� �F�� DIWHU� .HOO\� DQG� 6SRWWLVKZRRG�������

)LJXUH����&KDUDFWHULVWLF�VL]H�IUDFWLRQV�LQ�WKH�VFUHHQ IHHG

S X

N��� ���D D ����D ���D �

FX N K

F

FSS�FS

&KDUDFWHULVWLF�VL]HIUDFWLRQV�LQ�WKH�IHHG�

3DUWLFOH�VL]H

ZKHUH� S� IHHG� RYHUVL]H�� X� IHHG� XQGHUVL]H�� F� FULWLFDO� VL]H�� F S FULWLFDO� RYHUVL]H�� F X FULWLFDO� XQGHUVL]H�� K� KDOIVL]H�PDWHULDO�N�XQGHUVL]H�PDWHULDO�ZLWK�SDUWLFOH�VL]H�G�����D�G�����D���D�VFUHHQ�DSHUWXUH�DQG�N ��� PD[LPXP�SDUWLFOH�VL]H�

3DVVLQ
J�UDWH

)UDFWL
RQ�

UHWDLQ
HG



��

.��7VDNDODNLV���7KH�(XURSHDQ�-RXUQDO�RI�0LQHUDO�3URFHVVLQJ�DQG�(QYLURQPHQWDO�3URWHFWLRQ�����������������������
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%\�WKH�WULDO�DQG�HUURU�PHWKRG�YDULRXV�H[SRQHQWLDO�IXQFWLRQV�ZHUH�WHVWHG�DQG�LW�ZDV�VKRZQ�WKDW�WKH�FXUYH�LQ�)LJXUH���LV�JLYHQ�E\
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ZKHUH�(�LV�WKH�IUDFWLRQ�RI�VFUHHQLQJ�HIILFLHQF\��FXPXODWLYH�XQGHUVL]H�UHFRYHU\���/�LV�WKH�VFUHHQ�OHQJWK�DQG�$�DQG�%�SDUDPHWHUV��%!���GHSHQGLQJ�RQ�WKH�VFUHHQ�DSHUWXUH�D�DQG�WKH�LQWHQVLW\�RI�YLEUDWLRQ���H�Y��7KH� IXQFWLRQ� JLYHQ� LQ� (T�� ���� JRHV� DV\PSWRWLFDOO\� WR� WKH� YDOXH� ( ����� ��� DV�IUDFWLRQ��IRU�/o���ZKLOH�IRU�/ ��( ����]HUR�XQGHUVL]H�UHFRYHU\��,Q�RXU�WHVWV�LW�ZDV�REVHUYHG�WKDW�DOPRVW�RYHU�����RI�WKH�XQGHUVL]H�PDWHULDO�SDVVHV�KDYLQJ�WUDYHOHG�RQO\���RI�WKH�ZKROH�VFUHHQ�OHQJWK��)LJXUHV������DQG�����
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)LJXUH����([SHULPHQWDO�YHUVXV�FDOFXODWHG�YDOXHV�RI�XQGHUVL]H�UHFRYHU\���IRU�YDULRXV�YLEUDWLRQ�LQWHQVLWLHV
)LJXUH���VKRZV�WKDW�HT���FRUUHODWHV�YHU\�ZHOO�WKH�H[SHULPHQWDO�ZLWK�WKH�FDOFXODWHG�YDOXHV� RI� WKH� FXPXODWLYH� XQGHUVL]H� UHFRYHU\� IRU� WKH� VFUHHQ� DSHUWXUH� D ���PP��7KH�VDPH�HTXDWLRQ�ZDV�DOVR� IRXQG� WR�GHVFULEH�YHU\�ZHOO� WKH� UHODWLRQVKLS�EHWZHHQ� WKH�(�DQG�/� IRU� WKH�RWKHU�VFUHHQ�DSHUWXUHV� ����������DQG����PP��XVHG� LQ� WKH�H[SHULPHQWDO�ZRUN�)LJXUH���VKRZV�FRUUHVSRQGLQJ�UHVXOWV�IRU�D�VFUHHQ�DSHUWXUH�D ���PP��ZKHUH�HT����KDV� EHHQ� XVHG� WR� FDOFXODWH� WKH� FXPXODWLYH� XQGHUVL]H� UHFRYHU\� IRU� YDULRXV� YLEUDWLRQ�LQWHQVLWLHV�� XQGHU� FRQVWDQW� DPSOLWXGH� RI� YLEUDWLRQ� �H ���PP�� ,Q� WKHVH� WHVWV�� WKH�IUHTXHQF\� RI� YLEUDWLRQ� Y� ZDV� YDU\LQJ�� 7KH� FRPSDULVRQ� EHWZHHQ� H[SHULPHQWDO� DQG�FDOFXODWHG�YDOXHV�RI�WKH�WHVWV�JLYHQ�LQ�)LJXUH���KDV�DOUHDG\�EHHQ�VKRZQ�LQ�)LJXUH����)URP� WKH� JUDSKV� LQ� )LJXUH� �� LW� LV� FOHDU� WKDW� DQ� LQFUHDVH� LQ� WKH� YLEUDWLRQ� LQWHQVLW\�FDXVHV�D�VLPLODU�EHKDYLRU��LQFUHDVH��RQ�WKH�SDVVLQJ�UDWH�RI�WKH�XQGHUVL]H�PDWHULDO��7KH�LQFUHDVHG�SDVVLQJ�UDWH�LV�GXH�WR�WKH�KLJK�IOXLGL]DWLRQ�RI�WKH�EHG��PDWHULDO�RQ�WKH�VFUHHQ�VXUIDFH���ZKLFK�SHUPLWV�WKH�ILQH�PDWHULDO�WR�SDVV�WKURXJK�WKH�YRLGV�SURGXFHG IURP�WKH�LQFUHDVH�LQ�WKH�IUHTXHQF\�RI�YLEUDWLRQ��
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)LJXUH����&DOFXODWHG�FXPXODWLYH�XQGHUVL]H� UHFRYHU\�DV�D� IXQFWLRQ�RI� VFUHHQ� OHQJWK� IRU�YDULRXV�YLEUDWLRQ�IUHTXHQFLHV��WHVW�ZLWK�VFUHHQ�DSHUWXUH�D ����PP�DQG�YLEUDWLRQ�DPSOLWXGH��H ���PP�
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)LJXUH����([SHULPHQWDO�YDOXHV�RI�FULWLFDO�XQGHUVL]H�UHFRYHU\�DV�D�IXQFWLRQ�RI�VFUHHQ�OHQJWK��WHVWVZLWK�DSHUWXUH�D ���PP�DQG�YLEUDWLRQ�DPSOLWXGH��H ���PP�DW�YDULRXV�YLEUDWLRQ�IUHTXHQFLHV�
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.��7VDNDODNLV���7KH�(XURSHDQ�-RXUQDO�RI�0LQHUDO�3URFHVVLQJ�DQG�(QYLURQPHQWDO�3URWHFWLRQ�����������������������
7KLV� EHKDYLRU� FDQ� EH� LQWHUSUHWHG� REVHUYLQJ� )LJXUH ��� ZKLFK� JLYHV� WKH� FULWLFDO�XQGHUVL]H�UHFRYHU\�DV�D�IXQFWLRQ�RI�WKH�VFUHHQ�OHQJWK��)URP�)LJXUH���LW�LV�QRWHG�WKDW�DQ�LQFUHDVH� LQ� WKH� YLEUDWLRQ� IUHTXHQF\� FRQWULEXWHV� WR� WKH� LQFUHDVHG� UHFRYHU\� RI� FULWLFDO�XQGHUVL]H� SDUWLFOHV�� ZKLFK� LV� WKH� UHVXOW� RI� WKH� JUHDWHU� QXPEHU� RI� FRQWDFWV� EHWZHHQ�SDUWLFOHV�DQG�VFUHHQ�VXUIDFH�
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)LJXUH����([SHULPHQWDO�YDOXHV�RI�FULWLFDO�XQGHUVL]H�UHFRYHU\�DV�D�IXQFWLRQ�RI�VFUHHQ�OHQJWK��WHVWV�ZLWK�DSHUWXUH�D ���PP�DQG�YLEUDWLRQ�DPSOLWXGH��H ���PP�DW�YDULRXV�YLEUDWLRQ�IUHTXHQFLHV�
)LJXUH���VKRZV�WKH�FULWLFDO�XQGHUVL]H�UHFRYHU\�IRU�WKH�VDPH�YLEUDWLRQ�IUHTXHQFLHV�DV�EHIRUH�� EXW� IRU� D� GRXEOH�YLEUDWLRQ� DPSOLWXGH� ��H ���PP��� ,W� FDQ�EH�SRLQWHG�RXW� WKDW��LQFUHDVLQJ��WKURXJK�WKH�IUHTXHQF\��WKH�YLEUDWLRQ�LQWHQVLW\��DQ�LQFUHDVH�LQ�WKH�XQGHUVL]H�SDVVLQJ�UDWH�RFFXUV�XQWLO�/ ��FP��$IWHU�WKDW�SRLQW��ZKLFK�SUREDEO\�LV�WKH�OLPLW�EHWZHHQ�FURZGHG� DQG� VHSDUDWHG� UHJLRQ� �WUDQVLWLRQ� SRLQW��� D� UHYHUVH� EHKDYLRU� VWDUWV� WDNLQJ�SODFH��7KLV� LV�GXH� WR� WKH� IDFW� WKDW� LQWHQVLYH�YLEUDWLRQ�FRQGLWLRQV�GR�QRW�JLYH�HQRXJK�WLPH�WR�WKH�SDUWLFOHV�EHLQJ�LQ�FRQWDFW�ZLWK�RU�FRPLQJ�FORVH�WR�WKH�PHVK�ZLUH�WR�SDVV�WKURXJK�7KH� DERYH� REVHUYDWLRQ� LV� DOVR� HYLGHQW� LQ� )LJXUH� ��� LQ� ZKLFK� WKH� FXPXODWLYH�XQGHUVL]H�DQG�FULWLFDO�XQGHUVL]H�UHFRYHU\�DUH�SORWWHG�DJDLQVW YLEUDWLRQ� LQWHQVLW\��7KH�UHJLRQ�EHWZHHQ������DQG�����PP�FP�� LQ�WKH�[�D[LV��YLEUDWLRQ�LQWHQVLW\��LV�SUREDEO\�PRUH� HIIHFWLYH� IRU� VFUHHQLQJ� ZLWK� VFUHHQ� DSHUWXUH� D ���PP�� ,W� LV� H[SHFWHG� WKDW� D�FRPELQDWLRQ�RI�D�YLEUDWLRQ�DPSOLWXGH��H ���PP�DQG�YLEUDWLRQ�IUHTXHQF\�Y ����USP��YLEUDWLRQ� LQWHQVLW\� �H�Y ����PP�FP���� PD\� JLYH� KLJKHU� VFUHHQLQJ� HIILFLHQF\� WKDQ�WKRVH�REVHUYHG�XQGHU�WKH�H[SHULPHQWDO�FRQGLWLRQV�
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)LJXUH� ��� ([SHULPHQWDO� FXPXODWLYH� XQGHUVL]H� DQG� FULWLFDO� XQGHUVL]H� UHFRYHU\� DV� D� IXQFWLRQ� RI�YLEUDWLRQ�LQWHQVLW\�IRU�VFUHHQ�DSHUWXUHV����PP�DQG����PP
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)LJXUH� ��� ([SHULPHQWDO� FXPXODWLYH� XQGHUVL]H� DQG� FULWLFDO� XQGHUVL]H� UHFRYHU\� YHUVXV� VFUHHQ�OHQJWK�IRU�WKH�EHVW�WHVWV��KLJKHVW�UHFRYHULHV��UHIHUUHG�WR�VFUHHQ�DSHUWXUHV����PP�����PP
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&ULWLFDO�XQGHUVL]H�FXUYHV

&XP��XQGHUVL]H�FXUYHV

)LJXUH� ���� ([SHULPHQWDO� FXPXODWLYH� XQGHUVL]H� DQG� FULWLFDO� XQGHUVL]H� UHFRYHU\� YHUVXV� VFUHHQ�OHQJWK�IRU�WKH�EHVW�WHVWV��KLJKHVW�UHFRYHULHV��UHIHUUHG�WR�VFUHHQ�DSHUWXUHV����PP�����PP
)LJXUHV���DQG����VKRZ�WKH�PRVW�HIILFLHQW�WHVWV��KLJKHVW�XQGHUVL]H�UHFRYHULHV��IRU�DOO�DSHUWXUHV� ���������������DQG����PP��XVHG� LQ� WKH�H[SHULPHQWDO�ZRUN�DQG�IRU�GLIIHUHQW�YLEUDWLRQ� FRQGLWLRQV�� ,W� FDQ� EH� HDVLO\� SRLQWHG� RXW� WKDW�� WKH� KLJKHVW� FXPXODWLYH�XQGHUVL]H�UHFRYHULHV�DOZD\V�RFFXU�DW�WKH�����USP�IRU�D ����DQG����PP�DQG�DW������IRU�D ���PP��)RU�VFUHHQ�DSHUWXUH�D ���PP��)LJXUH�����D�SURSHU�FRPELQDWLRQ�EHWZHHQ�DPSOLWXGH�DQG�IUHTXHQF\�LV�QHFHVVDU\�IRU�WKH�PRVW�HIIHFWLYH�RSHUDWLRQ�RI�WKH�VFUHHQ��$�FRPELQDWLRQ� RI� KLJK� YLEUDWLRQ� DPSOLWXGH� ��H ���PP�� DQG� ORZ� YLEUDWLRQ� IUHTXHQF\������USP��SURGXFHV� WKH� VDPH� UHVXOW�DV� WKDW�RI� ORZ�YLEUDWLRQ�DPSOLWXGH� ��H ���PP��DQG�KLJK�YLEUDWLRQ�IUHTXHQF\������USP��)URP�)LJXUHV���DQG����LW�FDQ�EH�SRLQWHG�RXW�WKDW�WKH�FULWLFDO�XQGHUVL]H�SHUFHQWDJH�UHFRYHUHG� GXULQJ� WKH� VFUHHQLQJ� SURFHVV� YDULHV� IRU� GLIIHUHQW� VFUHHQ� DSHUWXUHV�� 7KH�SHUFHQWDJH�RI� WKH�UHFRYHUHG�XQGHUVL]H�IHHG�FRQWHQW�GHSHQGV�RQ�YDULRXV�SDUDPHWHUV�H[FHSW�WKRVH�IRU�RSHUDWLRQDO�FRQGLWLRQV�RI�WKH�VFUHHQ��,W�FHUWDLQO\�GHSHQGV�DOVR�RQ�WKH�VFUHHQ�IHHG�FKDUDFWHULVWLFV��7DEOH���FRQWDLQV�WKH�FKDUDFWHULVWLFV�RI�WKH�IHHG�XVHG�LQ�WKH�WHVWV�� 7KH� FULWLFDO� VL]H� SHUFHQWDJH� RI� WKH� IHHG� XVHG� IRU� VFUHHQ� DSHUWXUHV� D ���� DQG����PP�ZDV�DSSUR[LPDWHO\�WKH�VDPH��#������EXW�WKH�UHFRYHUHG�SHUFHQWDJH��/ ��FP��ZDV� ������� DQG� �������� UHVSHFWLYHO\� �)LJXUH� ����� 7KH� VLJQLILFDQW� GLIIHUHQFH�REVHUYHG� LV�GXH�WR�WKH� LQFUHDVHG�FULWLFDO�RYHUVL]H�FRQWHQW��#�����RI�WKH����PP�IHHG�DJDLQVW�WKH����RI�WKH����PP�IHHG��7DEOH�����,W�FRXOG�EH�VDLG�WKDW�WKH�FULWLFDO�RYHUVL]H�IHHG�FRQWHQW�LV�PRUH�LPSRUWDQW�IRU�WKH�VFUHHQLQJ�HIILFLHQF\�WKDQ�WKH�FULWLFDO�XQGHUVL]H�FRQWHQW�
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$� VOLJKW� GLIIHUHQFH� �#������ LV� REVHUYHG� LQ� WKH� XQGHUVL]H� UHFRYHULHV� EHWZHHQ� ����DQG� ���PP� DSHUWXUHV� IRU� VFUHHQ� OHQJWK� WR� ZLGWK� UDWLR� KLJKHU� WKDQ� ���� ��������� ,W�ZRXOG� EH� H[SHFWHG� WKDW�� GXH� WR� WKH� IDYRUDEOH� IHHG� FRQWHQWV� �FULWLFDO� XQGHUVL]H� DQG�RYHUVL]H�� RI� WKH� ���PP� RYHU� WKH� ���PP� IHHG� �7DEOH� ���� WKH� UHFRYHU\� IRU� ���PP�DSHUWXUH�ZRXOG�EH�KLJKHU�WKDQ�WKDW�RI����PP��%XW��GXULQJ�WKH�SUHSDUDWLRQ�SURFHVV�RI�WKH�GLIIHUHQW� IHHG�PDWHULDO� IRU� WKH�YDULRXV�VFUHHQ�DSHUWXUHV�� LW�ZDV�REVHUYHG�WKDW�WKH�SDUWLFOHV�LQ�WKH����PP�IHHG��SDUWLFOH�VL]H�����PP��ZHUH�DQJXODU�DQG�HORQJDWHG��ZKLFK�SUREDEO\� PDNHV� PRUH� GLIILFXOW� WKH� VFUHHQLQJ� SURFHVV� IRU� WKLV� VFUHHQ� VXUIDFH� �D ����PP���

���&21&/86,216
)URP� WKH� H[SHULPHQWDO� ZRUN� PRVW� RI� WKH� FRQFOXVLRQV� LQLWLDOO\� UHIHUUHG� ZHUH�FRQILUPHG�IRU�WKH�KRUL]RQWDO�YLEUDWLQJ�VFUHHQV�DQG�LW�ZDV�DOVR�VKRZQ�WKDW�x 7KH�VFUHHQLQJ�HIILFLHQF\�( �FXPXODWLYH�XQGHUVL]H�UHFRYHU\��LQFUHDVHV�DV\PSWRWLFDOO\�ZLWK�WKH�VFUHHQ�OHQJWK�/�DQG�WKH�UHODWLRQVKLS�EHWZHHQ�WKHP�ZDV�IRXQG�WR�EH� � /$ / %( H� � � � �� ��� (�d��
ZKHUH� $� DQG� %� SDUDPHWHUV� �%!��� GHSHQGLQJ� RQ� WKH� VFUHHQ� DSHUWXUH� D� DQG� WKH�LQWHQVLW\�RI�YLEUDWLRQ���0Y��x ,QFUHDVLQJ�WKH�LQWHQVLW\�RI�YLEUDWLRQ��WKH�VFUHHQLQJ�HIILFLHQF\�(�LQFUHDVHV�IRU�VFUHHQ�OHQJWK�OHVV�WKDQ�/���x )RU�VFUHHQ�DSHUWXUHV����PP��IHHG�VL]H�����PP������PP��IHHG�VL]H������PP��DQG����PP��IHHG�VL]H�����PP��WKH�PRVW�LPSRUWDQW�IDFWRU�GHWHUPLQLQJ�WKH�HIILFLHQF\�(�LV�WKH�YLEUDWLRQ�IUHTXHQF\�Y��ZKLOH�IRU�WKH�VFUHHQ�DSHUWXUH�RI����PP��IHHG�VL]H�����PP���WKH�PRVW�LPSRUWDQW�IDFWRUV�DUH�WKH�IUHTXHQF\�DQG�DOVR�WKH�DPSOLWXGH���0��x 7KH�SHUFHQWDJH�RI�WKH�FULWLFDO�RYHUVL]H��SDUWLFOHV�RI�VL]H�D�G�����D��LQ�WKH IHHG�LV�PRUH�LPSRUWDQW�IRU�WKH�HIILFLHQF\�(�WKDQ�WKDW�RI�WKH�FULWLFDO�XQGHUVL]H������D�G�D��7KH�UHVXOWV�RI�WKLV�ZRUN�KDYH�WR�EH�HYDOXDWHG�XVLQJ�RWKHU�PDWHULDOV�SUHVHQWLQJ�PRUH�oGLIILFXOWp� FKDUDFWHULVWLFV� �KLJKHU� PRLVWXUH� FRQWHQW�� IODW� SDUWLFOHV� HWF��� LQ� RUGHU� WR� EH�HYDOXDWHG�WKH�DSSOLFDELOLW\�RI�WKH�DERYH�GLVFXVVHG�ILQGLQJV��

$&.12:/('*(0(17
7KH� DXWKRU� LV� JUHDWO\� LQGHEWHG� WR� 3URIHVVRUV� *�� 6WDPEROW]LV�� (�� 0LWVRXOLV� DQG� $��)UDQJLVNRV�IRU�KHOSIXO�GLVFXVVLRQV�DQG�VXJJHVWLRQV�
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5()(5(1&(6
$SOLQJ��$�&���%OLQGLQJ�RI�VFUHHQV�E\�VXE�VLHYH�VL]HG�SDUWLFOHV��7UDQVDFWLRQV�RI� WKH� ,QVWLWXWLRQ�RI�0LQLQJ�DQG�0HWDOOXUJ\��0LQHUDO�3URFHVVLQJ�DQG�([WUDFWLYH�0HWDOOXUJ\��6HFW��&��������������������%UHUHWRQ��7��DQG�'\PRWW��.�5���6RPH�IDFWRUV�ZKLFK�LQIOXHQFH�VFUHHQ�SHUIRUPDQFH��,Q���WK ,QW��0LQ��3URFHVV��&RQJU������������������/RQGRQ�'H�3UHWLV��$���)HUUDUD��*���*XDUDVFLR��0���DQG�3UHWL��8���$�QHZ�DSSURDFK�WR�VFUHHQLQJ�GHVLJQ��,Q���WK,QW��0LQ��3URFHVV��&RQJU���6DR�3DXOR�%UD]LO�(QJOLVK�� -�(��� $� QHZ� DSSURDFK� WR� WKH� WKHRUHWLFDO� WUHDWPHQW� RI� WKH� PHFKDQLFV� RI� VLHYLQJ� DQG�VFUHHQLQJ��)LOWUDWLRQ�DQG�6HSDUDWLRQ����������������������)HUUDUD�� *�� DQG�3UHWL�� 8���$� FRQWULEXWLRQ� WR� VFUHHQLQJ�NLQHWLFV�� ,Q���WK ,QW��0LQ�� 3URFHVV��&RQJU���&DJOLDUL����������������)HUUDUD��*���3UHWL��8��DQG�6FKHQD��*�'���0RGHOOLQJ�RI�VFUHHQLQJ�RSHUDWLRQV��,QWHUQDWLRQDO�-RXUQDO�RI�0LQHUDO�3URFHVVLQJ��������99RROO������������������)UDQJLVNRV��$�=��DQG�.DWUDNLV��6�'��� ,QWURGXFWLRQ� WR�0LQHUDOV�DQG�,QGXVWULDO�0LQHUDOV�3URFHVVLQJ��7�(�(���������$WKHQV���LQ�*UHHN��)UDQJLVNRV��$�=���6L]LQJ�DQG�FODVVLILFDWLRQ�HIILFLHQF\��0LQLQJ�DQG�0HWDOOXUJLFDO�$QQDOV��������99RROO�����������������LQ�*UHHN��+DUULV��&�&���6RPH�DVSHFWV RI�VFUHHQ�VL]LQJ��&ROXPELD�(QJLQHHULQJ�4XDUWHUO\��1RY��������������.HOO\�� (�*�� DQG� 6SRWWLVKZRRG�� '�-��� ,QWURGXFWLRQ� WR� 0LQHUDO� 3URFHVVLQJ�� -RKQ� :LOH\� DQG� 6RQV��������1HZ�<RUN�1DNDMLPD�� <��� :KLWHQ�� :�-�� DQG� :KLWH�� 0�(��� 0HWKRG� IRU� PHDVXUHPHQW� RI� SDUWLFOH�VKDSH�GLVWULEXWLRQ� E\� VLHYHV�� 7UDQVDFWLRQV� RI� WKH� ,QVWLWXWLRQ� RI� 0LQLQJ� DQG� 0HWDOOXUJ\�� 6HFW�� &�0LQHUDO�3URFHVVLQJ�DQG�([WUDFWLYH�0HWDOOXUJ\��������99RROO������������������3U\RU��(�-���0LQHUDO�3URFHVVLQJ��0LQLQJ�3XEOLFDWLRQV�/WG���������/RQGRQ�5RVH��+�(���0HFKDQLFV� RI� VLHYLQJ� DQG� VFUHHQLQJ�� 7UDQVDFWLRQV� RI� WKH� ,QVWLWXWLRQ� RI�0LQLQJ� DQG�0HWDOOXUJ\��6HFW��&�0LQHUDO�3URFHVVLQJ�DQG�([WUDFWLYH�0HWDOOXUJ\��6HSW��������99RROO������������������5RVH�� +�(�� DQG� (QJOLVK�� -�(��� 7KH� LQIOXHQFH� RI� EOLQGLQJ� PDWHULDO� RQ� WKH� UHVXOWV� RI WHVW� VLHYLQJ��7UDQVDFWLRQV�RI�,QVWLWXWH�RI�&KHPLFDO�(QJLQHHUV��������������������6WDPEROW]LV��*�$���0HFKDQLFDO�3UHSDUDWLRQ�RI�0LQHUDOV�DQG�5RFNV��������9RO��%��178$��$WKHQV���LQ�*UHHN��6WHSKHQV�$GDPVRQ��9LEUDWLQJ�VFUHHQV��6WHSKHQV�$GDPVRQ�&DWDORJ�����S�����6XEDVLQJKH�� *�.�1�6��� 6FKDDS��:�� DQG� .HOO\�� (�*���0RGHOOLQJ� VFUHHQLQJ� DV� D� FRQMXJDWH� SURFHVV��,QWHUQDWLRQDO�-RXUQDO�RI�0LQHUDO�3URFHVVLQJ��������99RROO��������������������������7DJJDUW��$�)���+DQGERRN�RI�0LQHUDO�'UHVVLQJ��-RKQ�:LOH\�DQG�6RQV��������1HZ�<RUN�7DUMDQ��*���0LQHUDO�3URFHVVLQJ��9RO��,��$NDGÂPLDL�.LDGË��������%XGDSHVW���LQ�(QJOLVK��7VDNDODNLV�� .�*��� 6RPH� EDVLF� IDFWRUV� DIIHFWLQJ� VFUHHQ� SHUIRUPDQFH� LQ� KRUL]RQWDO� YLEUDWLQJ�VFUHHQV�� 3K'� 7KHVLV�� ������ 1DWLRQDO� 7HFKQLFDO� 8QLYHUVLW\� RI� $WKHQV�� $WKHQV�� S�� ���� �LQ�*UHHN��:DUQHU��5�.���(IILFLHQF\�RI�VFUHHQLQJ��7UDQVDFWLRQV�RI�WKH�$PHULFDQ�,QVWLWXWH�RI�0LQLQJ�(QJLQHHUV��������99RROO������������������:LOOV��%�$���0LQHUDO�3URFHVVLQJ�7HFKQRORJ\���WK HGQ��3HUJDPRQ�3UHVV��������2[IRUG�


