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5HFHLYHG�1RYHPEHU���������
&DVFDGH�PRGHO� RI� ;�UD\�0� HPLVVLRQ� IRU� WKH� DWRPV� RI� KHDY\�PHWDOV� LV� SURSRVHG� WKDW

DOORZV� RQH� WR� WDNH� LQWR� DFFRXQW� WKH� PDLQ� FKDQQHOV� RI� YDFDQF\� WUDQVIHU� IURP� /� WR�0
HOHFWURQLF� VXEVKHOOV�� ZKLFK� DUH� UHVSRQVLEOH� IRU� WKH� JHQHUDWLRQ� RI� GRXEOH�YDFDQF\� �0���1DQG�0���2��DQG�WULSOH�YDFDQF\��0���1���0���12��DQG�0���2���VWDWHV��7KH�PRGHO�DOORZV�WR
VHSDUDWHO\�FDOFXODWH�WKH�FRQWULEXWLRQV�RI�/�DQG�0�VXEVKHOOV�LQ�WKH�HPLVVLRQ�FURVV�VHFWLRQV
RI�0�1�DQG�0�1�VDWHOOLWHV��DV�ZHOO�DV�0D����OLQHV�DORQJ�ZLWK�0�2�VDWHOOLWHV�DQG�0E�OLQH
ZLWK�0�2� VDWHOOLWHV�� &RPSDULVRQ� RI� UHODWLYH� HPLVVLRQ� FURVV� VHFWLRQV� RI� WKH�PDLQ� FRPSR�QHQWV� RI�0D� DQG�0E� DWRPLF� VSHFWUD� RI�$X�ZLWK� WKH� H[SHULPHQWDO� UHODWLYH� LQWHQVLWLHV� RI
WKHVH� FRPSRQHQWV�� H[FLWHG� E\�.D���� UDGLDWLRQ� RI�&X� DQG�0R�� LQGLFDWHV� WKH� FRUUHFWQHVV� RIWKH�FDVFDGH�PRGHO�XVHG��
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���,QWURGXFWLRQ
7KLQ� ILOPV� RI� KHDY\� PHWDOV�� LQ� SDUWLFX�

ODU�� $X�� DUH� ZLGHO\� XVHG� LQ� PRGHUQ� PL�
FURHOHFWURQLF� GHYLFHV�� 3DUWLFXODU� LPSRUWDQW
IRU� WKHVH� ILOPV� LV� WKH� FRQWURO� RI� WKH� ILOPV
SK\VLFDO� VWDWH� ZKLFK� LV� PDLQO\� GHILQHG� E\
WKH� VWDWH� RI� HOHFWURQLF� VXEV\VWHP� RI� VXFK
VWUXFWXUHV�� $PRQJ� HIIHFWLYH� GLDJQRVWLF
PHWKRGV�RI�WKH�VWDWH�RI�HOHFWURQLF�VXEV\VWHP
RI�WKH�PHWDO�ILOPV��;�UD\�HPLVVLRQ�VSHFWURV�
FRS\�PHWKRGV�RI�.�DQG�/�EDQGV�DUH�ZRUWK�WR
EH� QRWHG�� 7KHVH� PHWKRGV� DOORZ� WR� REWDLQ
GDWD�RI�HOHFWURQLF� VWDWHV�GHQVLW\� LQ�SDUWLFX�
ODU�� QHDU� WKH� )HUPL� OHYHO� >�Ü�@�� +RZHYHU�
;�UD\�0� VSHFWURVFRS\�ZDV�QRW� XVHG� IRU� LQ�

YHVWLJDWLRQ� RI� WKLQ� ILOPV� RI� KHDY\� PHWDOV�
$W� WKH� VDPH� WLPH�� LQ� RUGHU� WR� GHYHORS� WKH
QHZ�PDWHULDOV� IRU� SURWHFWLRQ� IURP� D� UDGLD�
WLRQ� DV� ZHOO� DV� WR� GHYHORS� ;�UD\� HPLWWHUV
ZLWK� FHUWDLQ� SURSHUWLHV� LW� VKRXOG� SURSHUO\
WDNH� LQWR� DFFRXQW� WKH� ;�UD\� RI�0� VHULHV�
ZKLFK� LQ� WKH� FDVH� RI� HOHPHQWV� ZLWK� DQ
DWRPLF�QXPEHU�=�!����LV�DOUHDG\�HQRXJK�LQ�
WHQVLYH��

7KH�;�UD\�0�HPLVVLRQ�VSHFWUXP�FRQWDLQV
WKUHH�PRVW� LQWHQVH� JURXSV� RI� OLQHV� HPLWWHG
XSRQ�UDGLDWLYH�ILOOLQJ�RI�WKH�LQLWLDO�0���0��DQG�0��YDFDQFLHV�E\�HOHFWURQV�IURP�1�VXE�VKHOOV�� L�H���0D�����0E�� DQG�0J� OLQHV�� UH�
VSHFWLYHO\��,W� LV� LPSRUWDQW�WR�QRWH�WKDW��IRU
KHDY\� HOHPHQWV� ZLWK� =�!����� WKH� GLDJUDP

)XQFWLRQDO�0DWHULDOV�����1R��������� �������Û�67&��,QVWLWXWH�IRU�6LQJOH�&U\VWDOV�

��� )XQFWLRQDO�PDWHULDOV�������������



OLQHV�0D���� �WKH�0�Ü1���� WUDQVLWLRQV���0E
�0�Ü1����DQG�0J��0�Ü1���DUH�DFFRPSDQLHGE\�WKH�JURXSV�RI�UDWKHU�LQWHQVH�KLJK�HQHUJ\
0���1� DQG�0���2� VDWHOOLWHV� UHODWHG� WR� WKHOLVWHG� RQH�HOHFWURQ� WUDQVLWLRQV� LQ� WKH� SUHV�
HQFH� RI� RQH� RU� VHYHUDO� DGGLWLRQDO� YDFDQFLHV
LQ�1� RU� 2� VXEVKHOOV� >�@�� 7KH� PDLQ� PHFKD�
QLVP� E\� ZKLFK� WKHVH� GRXEOH�YDFDQF\� �0L1DQG�0L2��DQG�WULSOH�YDFDQF\��0L1���0L12�DQG�0L2��� VWDWHV� �L� ��Ü��� DUH�JHQHUDWHG� LV
UHODWHG� WR� &RVWHU�.URQLJ� �&.�� WUDQVLWLRQV
0MÜ0L1� DQG�0MÜ0L2� �L�!�M�� EHFDXVH� WKHLU\LHOGV�IRU�0�VXEVKHOOV�RI�DWRPV�ZLWK�=�!���
DUH� VLJQLILFDQW� DQG� WKHLU� VXPV� IRU� HDFK� RI
0���0��DQG�0��VXEVKHOO�RI��H�J���$X��UHDFK������ ������ DQG� ������ UHVSHFWLYHO\� >�@�� ,Q� D
QXPEHU� RI� VWXGLHV�� VXFK� UHODWLYH� LQWHJUDWHG
LQWHQVLWLHV� RI�0D�����0E�� DQG�0J� OLQHV� RI
WKH� KHDY\� HOHPHQWV� ZHUH� PHDVXUHG� H[SHUL�
PHQWDOO\� XQGHU� YDULRXV� H[FLWDWLRQ� FRQGL�
WLRQV�� IRU� H[DPSOH��DW� SKRWRDEVRUSWLRQ� �HOH�
PHQWV�VWXGLHG�DUH�$X��3E��7K��8�>�@��DQG�%L
>�@���ERPEDUGPHQW�E\�D�SDUWLFOHV��+IÜ7K��>��
�@�� HOHFWURQ� �$X��%L�� >�@�DQG�SURWRQ� LPSDFWV
�+J�� 7K�� 8�� >������@�� DQG� ERPEDUGPHQW� E\
LRQV�RI�)��&��/L��$X��>��@��7KH�REWDLQHG�YDO�
XHV�RI�UHODWLYH�LQWHQVLWLHV�ZHUH�XVXDOO\�FRP�
SDUHG� ZLWK� FDOFXODWHG� HPLVVLRQ� FURVV� VHF�
WLRQV�RI�0D�����0E��DQG�0J�OLQHV��LQ�ZKLFK
WKH� WRWDO� \LHOGV� RI� WKH� &.� WUDQVLWLRQV� DQG
WKHLU�FDVFDGHV�ZHUH�WDNHQ� LQWR�DFFRXQW��EXW
WKH�FRQWULEXWLRQV�RI�WKH�&.�WUDQVLWLRQV�0MÜ0L1� DQG�0MÜ0L2� ZHUH� QRW� VHSDUDWHG�� ,QDGGLWLRQ�� WKH� UHODWLYH� LQWHQVLWLHV� RI�0���1DQG�0���2�VDWHOOLWHV�LQ�WKHVH�SDSHUV�DUH�QRWVHSDUDWHO\� GHWHUPLQHG�� ,Q� LWV� WXUQ�� WKH� XVH
RI�UHODWLYH� LQWHQVLWLHV�RI�VHSDUDWHG�KLJK�HQ�
HUJ\� VDWHOOLWHV� DOORZV� RQH� WR� H[WHQG� WKH
QXPEHU� RI� HTXDWLRQV� GHVFULELQJ� WKH� LQWHQ�
VLW\� RI� ;�UD\�0� HPLVVLRQ�� WKXV� LQFUHDVLQJ
WKH�LQIRUPDWLYH�YDOXH�RI�VXFK�D�GHVFULSWLRQ�
6LPLODUO\�� LQ�WKH�FDVH�RI�VSHFWUD�RI�/�VHULHV
RI�PHWDOV�:��5H��2V�� ,U��3W�� WKH� FRQVLGHUD�
WLRQ�RI� WKH� UHODWLYH� LQWHQVLWLHV� RI� VHSDUDWHG
/�0�VDWHOOLWHV�RI�/D����DQG�/E�����OLQHV�KDVDOORZHG�XV�WR�GHWHUPLQH�WKH�SDUWLDO�ZLGWK�RI
/�� OHYHO� FRQQHFWHG� ZLWK� WKH� &.� WUDQVLWLRQV/�Ü/�0��>��@��,W� VKRXOG� EH� QRWHG� WKDW� WKH� SURSRVHG
PRGHOV� RI� ;�UD\� 0� HPLVVLRQ� >������@� DUH
UHVWULFWHG� WR� WKH� DEVRUEHG� SKRWRQ� HQHUJLHV
EHORZ� WKH� LRQL]DWLRQ� WKUHVKROG� RI� /� VXE�
VKHOOV�� ZKLFK� FRUUHVSRQGV� WR� WKH� DOORZDQFH
IRU� WKH� JHQHUDWLRQ� DQG�PLJUDWLRQ�RI�YDFDQ�
FLHV�RQO\�LQ�0�VXEVKHOOV��$W�WKH�VDPH�WLPH�
D� FDOFXODWLRQ� RI� WKH� HPLVVLRQ� FURVV� VHFWLRQV
RI�WKH�KLJK�HQHUJ\�VDWHOOLWHV�RI�0�VHULHV�DW
WKH� HQHUJLHV� RI� LRQL]LQJ� SDUWLFOHV� �SKRWRQV�

HOHFWURQV�� DQG� LRQV�� DERYH� WKH� LRQL]DWLRQ
WKUHVKROG�RI�/�VXEVKHOOV�ZRXOG�E\�XVHIXO�IRU
LQYHVWLJDWLQJ�ERWK�;�UD\�HPLVVLRQ�DQG� LRQL�
]DWLRQ� FURVV� VHFWLRQV� RI�0� VXEVKHOOV� RI� WKH
KHDY\� HOHPHQWV� LQ� D� UDWKHU� ZLGH� HQHUJ\
UDQJH�RI�LRQL]LQJ�SDUWLFOHV�

7KHUHIRUH� LQ� WKH� SUHVHQW� SDSHU� WKH� FDV�
FDGH� PRGHO� RI� ;�UD\� 0� HPLVVLRQ� ZKLFK
WDNHV�LQWR�DFFRXQW�WKH�EDVLF�FKDQQHOV�RI�PL�
JUDWLRQ�RI�YDFDQFLHV�IURP�/�WR�0�HOHFWURQLF
VXEVKHOOV�KDV�EHHQ�SURSRVHG�WKDW�DOORZV�FDO�
FXODWLQJ� WKH� HPLVVLRQ� FURVV� VHFWLRQV� RI� WKH
PDLQ�FRPSRQHQWV�RI�WKH�0D�DQG�0E�DWRPLF
VSHFWUD�RI�WKH�KHDY\�PHWDOV�ZLWK�=�!����

���7KH�HTXDWLRQV�GHVFULELQJ
;�UD\�0�HPLVVLRQ

:H� DVVXPH� WKDW� WKH� HQHUJ\� RI� D� SURMHF�
WLOH�LV�VXIILFLHQW�IRU�LRQL]DWLRQ�RI�DOO�0�DQG
/� VXEVKHOOV� DQG� FRQVLGHU� WKH� SRVVLEOH� SURF�
HVVHV� UHVXOWHG� LQ� IRUPDWLRQ� RI� WKH� VWDWHV
ZKLFK� DUH� LQLWLDO� IRU� WKH�JURXS� RI� KLJK� HQ�
HUJ\�0�1�VDWHOOLWHV�VHSDUDWHG�IURP�WKH�0D
VSHFWUXP�� ,Q�DGGLWLRQ� WR� WZR�YDFDQF\�0�1LVWDWHV�� ZH� ZLOO� WDNH� LQWR� DFFRXQW� WKUHH�YD�
FDQF\� 0�1L1M� DQG� 0�1L2M� VWDWHV�� VLQFHWKHLU� UDGLDWLYH� GHFD\� DOVR� JLYHV� ULVH� WR� WKH
KLJK� HQHUJ\� VDWHOOLWHV�� /HW� WKH� SULPDU\� YD�
FDQF\�DSSHDUV�LQ�0��VXEVKHOO��7KHQ�WKH�IRO�ORZLQJ�SURFHVVHV�DUH�SRVVLEOH���D��&.�WUDQVL�
WLRQV�0�Ü0�1L��ZKRVH�\LHOG�LV�I��1���E��FDV�FDGHV� RI� WZR� FRQVHFXWLYH� &.� WUDQVLWLRQV
0�Ü0M1L��0MÜ0�1N� �M� ��Ü���� WKH� \LHOG� LVI�M1IM�1���F��FDVFDGHV�RI�WZR�FRQVHFXWLYH�&.WUDQVLWLRQV� 0�Ü0M1L�� 0MÜ0�2N� �M� ��Ü���WKH� \LHOG� LV� I�M11� IM�2�� DQG�0�Ü0M2L��0MÜ0�1N� �M� ��Ü���� WKH� \LHOG� LV� I�M2� IM�1�� �G�FDVFDGHV� RI� &.� WUDQVLWLRQV�0�Ü0M1L� ZLWKWKH� IROORZLQJ� UDGLDWLYH� WUDQVLWLRQV�0MÜ0��WKH�\LHOG�ZM����FDVFDGHV�\LHOG�LV�I�M1�ZM����H��FDVFDGHV�RI�UDGLDWLYH�WUDQVLWLRQV�0�Ü0M� ZLWK� WKH� IROORZLQJ� &.� WUDQVLWLRQV�0MÜ0�1L��WKH�\LHOG�LV�Z�M�IM�1���I��WKH�VKDNH�RII�62�� SURFHVV� ZLWK� DGGLWLRQDO� LRQL]DWLRQ� RI
WKH� RQH� RI� 1L� VXEVKHOOV� �WKH� SUREDELOLW\
30��1���DQG�WKH�IROORZLQJ�&.�WUDQVLWLRQV�0�Ü
0�1L��0�Ü0�2L� �WKH�\LHOG�RI� WKH� ODVW�RQHVI��2���DQG�UDGLDWLYH�WUDQVLWLRQ�0�Ü0���FDV�
FDGHV� \LHOGV� DUH� 30��1�I��1�� 30��1� � I��2�� DQG
30��1�� Z���� UHVSHFWLYHO\�� �J�� 62� SURFHVV� ZLWK
DGGLWLRQDO� LRQL]DWLRQ� RI� WKH� RQH� RI�2L� VXE�
VKHOOV� �WKH�SUREDELOLW\�30��2� �� DQG� WKH� IROORZ�
LQJ� &.� WUDQVLWLRQV�0�Ü0�1L�� WKH� \LHOG� LV
30��2� � I��1�� 7KH� WRWDO� \LHOG� RI� WKH� SURFHVVHV�
DV� D� UHVXOW� RI� ZKLFK� D� YDFDQF\� IURP�0�VXEVKHOO�PLJUDWHV�LQWR�0��VXEVKHOO�ZLWK�IRU�
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PDWLRQ� RI� WKH� DGGLWLRQDO� YDFDQFLHV� 1�� 1��
DQG�12��LV�IROORZLQJ
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$QDORJRXV� HTXDWLRQV� FDQ� DOVR� EH�ZULWWHQ
IRU� WKH� \LHOGV� RI� WKH� SURFHVVHV� RI� YDFDQF\
PLJUDWLRQ� IURP�0���0��� DQG�0�� VXEVKHOOVWR� 0�� VXEVKHOO� �)0L��� ,Q� WKH� FDVH� RI� WKHGLUHFW�LRQL]DWLRQ�RI�0��VXEVKHOO��0�1�VDWHO�OLWHV�FDQ�EH�IRUPHG�RQO\�GXH�WR�WKH�62�SURF�
HVV� ZLWK� HPLVVLRQ� RI�1� HOHFWURQ� �WKH� SURE�
DELOLW\�30��1����

7KHQ�� LQ�0� HPLVVLRQ�PRGHO�� LW� LV� QHFHV�
VDU\� WR� WDNH� LQWR� DFFRXQW� WKH� SURFHVVHV� RI
YDFDQF\�WUDQVIHU�IURP�/�WR�WKH�0�VXEVKHOOV�
,Q�SDUWLFXODU��XQGHU�WKH�DEVRUEHG�SKRWRQ�HQ�
HUJLHV�(� ��������NH9� �0R� .D���� OLQHV�� WKHUROH� RI� WKHVH� SURFHVVHV� FDQ� EH� VLJQLILFDQW
EHFDXVH�� LQ� WKLV� FDVH�� WKH� SKRWRLRQL]DWLRQ
FURVV�VHFWLRQV�RI�/�VXEVKHOOV��V/L��DUH��Ü���IROG� ODUJHU� WKDQ� WKDW� RI�0� VXEVKHOOV� �V0L��IRU� H[DPSOH�� IRU�$X�XQGHU� WKLV� SKRWRQ� HQ�
HUJ\�� ZH� KDYH� V0�� ������ E��V0�� �����E�V/�� ������ E�� DQG�V/�� �������E� >��@���/HWWKH�SULPDU\�YDFDQF\�DSSHDUV�LQ�/��VXEVKHOO�7KHQ�� WKH� FUHDWLRQ� RI� WKH� LQLWLDO� VWDWHV� IRU
0�1� VDWHOOLWHV� FDQ� RFFXU� YLD� WKH� IROORZLQJFKDQQHOV�� �D�� $XJHU� WUDQVLWLRQV� /�Ü0�1�ZKRVH� \LHOG� LV� D/�0�1�� �E�� FDVFDGHV� RI� LQ�LWLDO�$XJHU�WUDQVLWLRQV�/�Ü0L1��VXEVHTXHQW&.� WUDQVLWLRQV�0LÜ0�1��0LÜ0�2�� DQG� UD�GLDWLYH� WUDQVLWLRQV� 0LÜ0�� �L� ��Ü���� WKH\LHOG� LV� D/�0L1�IL�2���IL�1��� �Z0L��� �F�� FDV�FDGHV� RI� WKH� LQLWLDO� $XJHU� WUDQVLWLRQV� /�Ü0L0��� VXEVHTXHQW� $XJHU� WUDQVLWLRQV� 0LÜ11��0LÜ12�� DQG� UDGLDWLYH� WUDQVLWLRQV�0LÜ1� �L� ��Ü���� WKH� \LHOG� LV� D/�0L0��D0L12��D0L1���Z0L1��� �G�� FDVFDGHV� RI� WKH� LQLWLDO$XJHU� WUDQVLWLRQV� /�Ü0L2� DQG� VXEVHTXHQW&.�WUDQVLWLRQV�0LÜ0�1��L� ��Ü����WKH�\LHOGLV� D/�0L2IL�1�� �H�� FDVFDGHV� RI� LQLWLDO� UDGLD�WLYH� WUDQVLWLRQV� /�Ü0L� DQG� VXEVHTXHQW� &.WUDQVLWLRQV�0LÜ0�1� �L� ��Ü���� WKH� \LHOG� LVZ/�0LIL�1�� �I�� WKH� 62� SURFHVV� /�Ü/�1� �WKH
SUREDELOLW\� 3/��1��� ZLWK� VXEVHTXHQW� $XJHU
WUDQVLWLRQV�/�Ü0�1��/�Ü0�2�DQG�UDGLDWLYH
WUDQVLWLRQV� /�Ü0��� WKH� \LHOG� LV� 3/��1��Z/�0�
��D/�0�2���D/�0�1��� �J�� 62� SURFHVV� /�Ü
/�0�� �WKH� SUREDELOLW\� 3/��0���� ZLWK� WKH� VXE�

VHTXHQW� $XJHU� WUDQVLWLRQV� /�Ü1L1M�� /�Ü1L2N� DQG� UDGLDWLYH� WUDQVLWLRQV� /�Ü1�� WKH
\LHOG� LV� 3/��0���Z/�1���D/�12���D/�11��� �K�
62� SURFHVV� /�Ü/�2� �WKH� SUREDELOLW\� 3/��2��
ZLWK� WKH� VXEVHTXHQW� $XJHU� WUDQVLWLRQV�/�Ü
0�1�� WKH� \LHOG� LV�3/��2��D/�0�1�� �L�� FDVFDGHV
RI�WKH�LQLWLDO�&.�WUDQVLWLRQV�/�Ü/�0���VXE�VHTXHQW� $XJHU� WUDQVLWLRQV� /�Ü11�� /�Ü12�DQG�UDGLDWLYH�WUDQVLWLRQV�/�Ü1��WKH�\LHOG�LVI/�/�0��D/�12���D/�11���Z/�1��� �M�� FDV�
FDGHV�RI�WKH� LQLWLDO�&.�WUDQVLWLRQV�/�Ü/�1�VXEVHTXHQW�$XJHU�WUDQVLWLRQV�/�Ü0�1��/�Ü0�2�� DQG� UDGLDWLYH� WUDQVLWLRQV�/�Ü0��� WKH\LHOG� LV� I/�/�1�D/�0�2���D/�0�1���Z/�0����N�� FDVFDGHV� RI� WKH� LQLWLDO� &.� WUDQVLWLRQV
/�Ü/�1�� VXEVHTXHQW� $XJHU� WUDQVLWLRQV� /�Ü0�1�� /�Ü0�2�� DQG� UDGLDWLYH� WUDQVLWLRQV/�Ü0��� WKH� \LHOG� LV� I/�/�1�D/�0�2��D/�0�1���Z/�0���� �O�� FDVFDGHV�RI�WKH� LQLWLDO&.� WUDQVLWLRQV� /�Ü/�2�� VXEVHTXHQW� $XJHUWUDQVLWLRQV� /�Ü0�1�� WKH� \LHOG� LV
I/�/�2D/�0�1�� �P�� FDVFDGHV� RI� WKH� LQLWLDO&.� WUDQVLWLRQV� /�Ü/�2� DQG� VXEVHTXHQW$XJHU� WUDQVLWLRQV� /�Ü0�1�� WKH� \LHOG� LVI/�/�2D/�0�1��1RWH� WKDW� $XJHU� WUDQVLWLRQV� /�Ü0L0�DQG� &.� WUDQVLWLRQV� /�Ü/�0�� DUH� DFFRPSD�QLHG� E\� WKH� IRUPDWLRQ� RI� GRXEOH� YDFDQF\
VWDWHV� 0L0��� /�0��� ZKRVH� VXEVHTXHQWGHFD\� PD\� EH� UHODWHG� WR� WKH� ILOOLQJ� RI�0�YDFDQF\� LQ�WKH�SUHVHQFH�RI�0L�RU�/��YDFDQ�FLHV�� WKHVH� SURFHVVHV� HOLPLQDWH� WKH� 0L0��/�0�� VWDWHV� IURP� WKH� VXEVHTXHQW� FDVFDGHVRI�0�1� VDWHOOLWHV� IRUPDWLRQ�� 7KH\� FDQ� EHWDNHQ�LQWR�DFFRXQW�XVLQJ�WKH�UHDUUDQJHPHQW
FRHIILFLHQWV� 5L�� �*0���*0L���*0��� DQG
5/�0�� �*0���*/����*0���� L� ��Ü��� 7KHQ�
WKH� WRWDO� \LHOG� RI� WKH� SURFHVVHV� UHVSRQVLEOH
IRU� WKH� YDFDQF\� PLJUDWLRQ� IURP� /�� WR�0�VXEVKHOO�ZLWK�WKH�IRUPDWLRQ�RI�DGGLWLRQDO�1�
1���DQG�12�YDFDQFLHV�LV�HTXDO�WR�
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$�VLPLODU� H[SUHVVLRQ�FDQ�DOVR�EH�ZULWWHQ
IRU� WKH� \LHOGV� RI� WKH� SURFHVVHV� RI� YDFDQF\
PLJUDWLRQ� IURP�/�� DQG�/�� VXEVKHOOV� WR�0�VXEVKHOO��)/��DQG�)/����8VLQJ�WKH�PLJUDWLRQFRHIILFLHQWV� RI� YDFDQFLHV� LQ� 0L� VXEVKHOOV�)0L��� ZH� FDQ� SUHVHQW� WKH� HPLVVLRQ� FURVVVHFWLRQ�RI�0�1�VDWHOOLWHV�ZLWK�DQ�DOORZDQFHIRU� WKH� LRQL]DWLRQ� RI� /L� VXEVKHOOV� LQ� WKHIRUP
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ZKHUH� *D5� LV� WKH� SRUWLRQ� RI�0�� OHYHO� ZLGWK
WKDW� FRUUHVSRQGV� WR�WKH�UDGLDWLYH�WUDQVLWLRQ
0�Ü1�����:H�PD\�DVVXPH�WKDW�WKH�UDGLDWLYH
WUDQVLWLRQ� ZLGWK� *D5� GRHV� QRW� FKDQJH� ZLWK
WKH� DSSHDUDQFH� RI� DQ� DGGLWLRQDO� YDFDQF\
>O�@�� 7KH� FRHIILFLHQW� ND� �O��O�� WDNHV� LQWRDFFRXQW�WKH�GHFUHDVH�LQ�WKH�WRWDO�SUREDELOLW\
RI� WKH� UDGLDWLYH� WUDQVLWLRQ�0�Ü1���� LQ� WKHSUHVHQFH� RI� 1���� YDFDQF\�� 7KH� UHDUUDQJH�PHQW� FRHIILFLHQW�5D� GHWHUPLQHV� WKH� UHODWLYHQXPEHU�RI�DWRPV�LQ�ZKLFK�1����YDFDQF\�GH�FD\V� LQ� WKH� SUHVHQFH� RI�0�� YDFDQF\�� 5D� 
*1�����*1���� ���*0���� ZKHUH� *0�� DQG� *1���DUH� WKH� WRWDO�ZLGWKV�RI�0��DQG�1���� OHYHOV�7KLV�SURFHVV�FRQYHUWV�0�1����DQG�0�1���2VWDWHV�LQWR�WKH�0�2��0�2��VWDWHV��ZKLFK�DUH
LQLWLDO�IRU�0�2�VDWHOOLWHV�5HDVRQLQJ� LQ� WKH� VLPLODU� ZD\�� ZH� FDQ
REWDLQ� WKH� HTXDWLRQ� IRU� WKH� \LHOG� RI� WKH
SURFHVVHV� RI� PLJUDWLRQ� RI�0�� YDFDQF\� LQWR0��VXEVKHOO��*0����DQG�WKH�HTXDWLRQ�IRU�WKH\LHOG� RI� WKH� SURFHVVHV� RI� PLJUDWLRQ� RI� /�YDFDQF\� LQWR�0�� VXEVKHOO� �*/���� ZKLFK� DUHDFFRPSDQLHG� ZLWK� WKH� IRUPDWLRQ� RI� WZR�YD�
FDQF\�0�2� DQG� WKUHH�YDFDQF\�0�2�� VWDWHV
LQLWLDO�IRU�0�2�VDWHOOLWHV

*0�� �I��2���Z����
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7KH� HTXDWLRQV� IRU� WKH� \LHOGV� RI� VXFK
SURFHVVHV� RI� YDFDQF\� PLJUDWLRQ� IURP� 0��0��� 0�� VXEVKHOOV� LQWR�0�� VXEVKHOO� �*0L�DQG� WKH� HTXDWLRQV� IRU� WKH� \LHOGV� RI� VXFK
SURFHVVHV�RI�YDFDQF\�PLJUDWLRQ�IURP�/���/�VXEVKHOOV� LQWR�0�� VXEVKHOO� �*/L��DUH�VLPLODUWR� WKDW� SUHVHQWHG� DERYH��7KHQ� WKH� HPLVVLRQ
FURVV� VHFWLRQ� RI�0D���� OLQHV� WRJHWKHU� ZLWK0�2�VDWHOOLWHV�LV�HTXDO�WR
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:H� FDQ� DOVR� HDVLO\� WDNH� LQWR� DFFRXQW� WKH
FRQWULEXWLRQV� RI�0� DQG� /� VXEVKHOOV� WR� WKH
HPLVVLRQ� FURVV� VHFWLRQV� RI� 0�1� VDWHOOLWHV
DQG�0E� OLQH� WRJHWKHU� ZLWK�0�2� VDWHOOLWHV�7KH� FRUUHVSRQGLQJ� HPLVVLRQ� FURVV� VHFWLRQV
DUH�HTXDO�WR
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ZKHUH� +0L�� .0L�� DQG� +/L�� ./L� DUH� WKH\LHOGV� RI� WKH� SURFHVVHV� RI� PLJUDWLRQ� RI�0LDQG�/L�YDFDQFLHV�LQWR�WKH�0��VXEVKHOO��5E� 
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*1�����*1������*0����*E5�LV�WKH�ZLGWK�RI�0�Ü
1��UDGLDWLYH�WUDQVLWLRQ��DQG�NE� ������(PLVVLRQ� FURVV� VHFWLRQV� ����� ����� ����� ���
RI�$X�ZHUH�FDOFXODWHG�IRU�SKRWRQ�HQHUJLHV�LQ
WKH� UDQJH� RI� (� ��Ü��� NH9�� :H� XVHG� WKH
SKRWRLRQL]DWLRQ�FURVV�VHFWLRQV�IURP�>��@��WKH
\LHOGV� RI� &.� WUDQVLWLRQV� ILM1� DQG� ILM2� IURP>��@��WKH�\LHOGV�RI�$XJHU�DQG�&.�WUDQVLWLRQV
IURP� /� VXEVKHOOV� D/M0L0��� D/M0L1�� D/M0L2�D/M12�� I/L/M0�� I/L/M1�� I/L/M2� IURP� >��@�� WKHIOXRUHVFHQFH� \LHOGV� ZLM� DQG� WKH� UDGLDWLYHWUDQVLWLRQ� ZLGWKV� *E5�� DQG� � �*D5� IURP� >��@�
WKH� OHYHO�ZLGWKV� �*0���*0�� DQG�*1���� IURP>��@�� DQG� WKH� SUREDELOLWLHV� RI� 62� SURFHVVHV
IURP� >��@� �3/L�1�� ������� 3/L�2�� ������3/L�0��� ���Ü��� 30L�1�� ������� 30L�2�� ������

���5HVXOWV�DQG�GLVFXVVLRQ
/HW�XV�HVWLPDWH�WKH�FRQWULEXWLRQV�RI�LQGL�

YLGXDO�0� DQG� /� VXEVKHOOV� WR� WKH� HPLVVLRQ
FURVV� VHFWLRQV�VD6��VD� DQG�VE6��VE� RI�$X� LQWKH� FDVH� RI� H[FLWDWLRQ� E\� SKRWRQV� ZLWK� WKH
HQHUJ\�(� ��������NH9��0R.D����OLQHV���7KHQRUPDOL]HG�YDOXHV�RI�WKHVH�SDUWLDO�FURVV�VHF�
WLRQV�DUH�GHWHUPLQHG�E\�LQGLYLGXDO�WHUPV�LQ
IRUPXODV� ����� ����� ����� ���� DQG� DUH� OLVWHG� LQ
7DEOHV��Ü��� 7DEOH��� VKRZV� WKDW� WKH� PDLQ
SURFHVVHV�RI�JHQHUDWLRQ�RI� WKH� LQLWLDO� VWDWHV
RI�0�1� VDWHOOLWHV� RI�$X� DUH�$XJHU� DQG� UD�GLDWLYH� WUDQVLWLRQV� IURP� /�� VXEVKHOO�� 7KHLUFRQWULEXWLRQ�WR�WKH�H[FLWDWLRQ�RI�0�1�VDWHO�OLWHV� LV�������DQG�WKH�WRWDO�FRQWULEXWLRQ�RI

/�VXEVKHOOV� LV�������$W�WKH�VDPH�WLPH��WKH
FRQWULEXWLRQ� RI� /� DQG�0� VXEVKHOOV� WR� WKH
H[FLWDWLRQ�RI� WKH�0D���� OLQHV� WRJHWKHU�ZLWK0�2� VDWHOOLWHV� �7DEOH���� GRHV� QRW� H[FHHG������,Q�WKLV�FDVH�� WKH�PDLQ�SURFHVV�LV�WKH
UHDUUDJHPHQW� ZLWK� WKH� FURVV� VHFWLRQ� VD�5�� �VD65D����Ü�D��� ZKLFK� UHVXOWV� LQ� WKH� FRQ�YHUWLQJ� WKH� LQLWLDO� VWDWHV� RI�0�1� VDWHOOLWHVLQWR�WKH�LQLWLDO�VWDWHV�RI�0�2�VDWHOOLWHV��7KHFRQWULEXWLRQ� RI� WKHVH� SURFHVVHV� LV� ��� ��
7DEOH��� VKRZV� WKDW� WKH� PDLQ� SURFHVVHV� RI
JHQHUDWLRQ�RI�WKH�LQLWLDO�VWDWHV�RI�0�1�VDW�HOOLWHV� RI�$X� DUH� $XJHU�� &RVWHU�.URQLJ� DQG
UDGLDWLYH� WUDQVLWLRQV� IURP� WKH� /�� DQG�0�VXEVKHOOV�������DQG�������UHVSHFWLYHO\���$W
WKH� VDPH� WLPH�� WKH� FRQWULEXWLRQ� RI� /� VXE�
VKHOOV� WR� WKH� H[FLWDWLRQ� RI� WKH�0E� OLQH� WR�
JHWKHU� ZLWK� 0�2� VDWHOOLWHV� �7DEOH���� GRHVQRW�H[FHHG�������DQG�WKH�FRQWULEXWLRQ�RI�0
VXEVKHOOV�LV�DOPRVW�WKH�VDPH���������,Q�WKLV
FDVH��WKH�PDLQ�SURFHVV�LV�WKH�UHDUUDQJHPHQW
ZLWK� WKH� FURVV� VHFWLRQ� VE�5�� �VE65E����Ü5E���ZKLFK�UHVXOWV�LQ�WKH�FRQYHUWLQJ�WKH�LQ�LWLDO�VWDWHV�RI�0�1�VDWHOOLWHV�LQWR�WKH�LQLWLDOVWDWHV�RI�0�2�VDWHOOLWHV��VE�5�� ��������

7DEOH��� SUHVHQWV� WKH� UDWLRV� RI� WKH� HPLV�
VLRQ�FURVV� VHFWLRQV�RI�0�1� VDWHOOLWHV�WR�WKHHPLVVLRQ� FURVV� VHFWLRQV� RI�0D���� OLQHV� WR�JHWKHU� ZLWK�0�2� VDWHOOLWHV� F� �VD6�e�VD�� DV
ZHOO�DV�WKH�UDWLRV�RI�WKH�HPLVVLRQ�FURVV�VHF�
WLRQV�RI�0�1�VDWHOOLWHV�WR�WKH�HPLVVLRQ�FURVVVHFWLRQV�RI�0E� OLQH�WRJHWKHU�ZLWK�0�2�VDW�HOOLWHV�J� �VE6�e�VE�RI�$X�H[FLWHG�E\�.D����UD�

7DEOH����&RQWULEXWLRQV�RI�0�DQG�/�VXEVKHOOV�WR�WKH�HPLVVLRQ�FURVV�VHFWLRQV�RI�0�1�VDWHOOLWHV�RI$X��QRUPDOL]HG�WR�VD6�
VD6�0�� VD6�0�� VD6�0�� VD6�0�� VD6�0�� VD6�/�� VD6�/�� VD6�/�� VD6�0� VD6�/��
���� ���� ���� ����Ü� ����Ü� ���� ���� ���� ���� ����
7DEOH����&RQWULEXWLRQV�RI�0�DQG�/� VXEVKHOOV� WR� WKH�HPLVVLRQ�FURVV�VHFWLRQV�RI�0D���� OLQHV�ZLWK0�2�VDWHOOLWHV�RI�$X��QRUPDOL]HG�WR�VD�
VD�0�� VD�0�� VD�0�� VD�0�� VD�0�� VD�/�� VD�/�� VD�/�� VD�5�
����Ü� ����Ü� ���� ���� ���� ���� ���� ���� ����
7DEOH����&RQWULEXWLRQV�RI�0�DQG�/�VXEVKHOOV�WR�WKH�HPLVVLRQ�FURVV�VHFWLRQV�RI�0�1�VDWHOOLWHV�RI$X��QRUPDOL]HG�WR�VE6�

VE6�0�� VE6�0�� VE6�0�� VE6�0�� VE6�/�� VE6�/�� VE6�/�� VE6�0� VE6�/�
���� ���� ���� ����Ü� ���� ���� ���� ���� ����
7DEOH����&RQWULEXWLRQV�RI�0�DQG�/�VXEVKHOOV�WR�WKH�HPLVVLRQ�FURVV�VHFWLRQV�RI�0E�OLQH�ZLWK�0�2VDWHOOLWHV�RI�$X��QRUPDOL]HG�WR�VE�
VE�0�� VE�0�� VE�0�� VE�0�� VE�/�� VE�/�� VE�/�� VE�5��
����Ü� ���� ����Ü� ���� ���� ���� ���� ����
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GLDWLRQ� RI�&X� DQG�0R� DQRGHV�� ,Q� DGGLWLRQ�
7DEOH��� SUHVHQWV� WKH� UDWLRV� RI� WKH� HPLVVLRQ
FURVV�VHFWLRQV�RI�WKH�WRWDO�SURILOH�RI�0E�DQG
0D� OLQHV� �LQFOXGLQJ�0�1� DQG�0�1� VDWHO�OLWHV�� UHVSHFWLYHO\�� K� �VE¦�e�VDV�� 7KH� FDOFX�
ODWHG�YDOXHV�F��J��DQG�K�ZHUH�FRPSDUHG�ZLWK
H[SHULPHQWDOO\� GHWHUPLQHG� UHODWLYH� LQWHQVL�
WLHV�RI�WKH�FRUUHVSRQGLQJ�FRPSRQHQWV�RI�$X
0� VSHFWUD� �7DEOH�����7KH�0D� DQG�0E� IOXR�
UHVFHQFH�VSHFWUD�RI�$X�ZHUH�UHFRUGHG�ZLWK�D
'56���;�UD\�VSHFWURJUDSK�LQ�WKH�ILUVW�RUGHU
RI� UHIOHFWLRQ� IURP� WKH� ����

BB
��� SODQHV� RI� D

-RKDQQ�EHQW�TXDUW]�VLQJOH�FU\VWDO��'XH�WR�D
VWURQJ�VHOI�DEVRUSWLRQ��WKH�0J�VSHFWUXP�ZDV
QRW� UHFRUGHG�� 7KH� FKHPLFDO� SXULW\� RI� VDP�
SOHV� ZDV� KLJKHU� WKDQ� �������� 7KH� VSHFWUD
ZHUH�H[FLWHG�E\�WKH�PRQRFKURPDWL]HG�.D���UDGLDWLRQ� RI� %69���� ;�UD\� WXEHV� ZLWK� &X
DQG�0R� DQRGHV�� 7KH�.D���� OLQHV� ZHUH� VHSD�UDWHG�IURP�WKH�SULPDU\�SRO\FKURPDWLF�VSHF�
WUD� E\� D� IRFXVLQJ� JUDSKLWH� PRQRFKURPD�
WRU� LQ� WKH� ILUVW� RUGHU� RI� UHIOHFWLRQ� IURP
WKH�������SODQHV��7KH�WXEHV�RSHUDWHG�ZLWK
WKH�YROWDJH�8� ���� N9� DQG� WKH� FXUUHQW
,� ����P$��,W�LV�LPSRUWDQW�WKDW�WKH�SKRWRQV
HQHUJ\� RI� WKH� 0R� .D���� UDGLDWLRQ� LV� VXIIL�FLHQWO\� KLJK� WR� LRQL]H� /� VXEVKHOOV� RI� $X
DWRPV� �WKH� SKRWRQV� HQHUJLHV� RI�&X� DQG�0R
.D���� OLQHV� DUH� ������ NH9� DQG� �������NH9�UHVSHFWLYHO\�� DQG� WKH� LRQL]DWLRQ� SRWHQWLDOV
RI�/� VXEVKHOOV�RI�$X� DUH�(/�� ��������NH9�(/�� �������� NH9� DQG� (/�� ��������NH9>��@���0RUH�GHWDLOHG�H[SHULPHQWDO�WHFKQLTXH
RI� REWDLQLQJ� DQG� SURFHVVLQJ� 0D� DQG� 0E
IOXRUHVFHQFH� VSHFWUD� RI� $X� LV� SUHVHQWHG� LQ
RXU�SUHYLRXV�SDSHU�>��@��

7DEOH��� VKRZV� WKDW� WKH� FDOFXODWLRQ� UH�
IOHFWV� H[SHULPHQWDOO\� UHYHDOHG� LQFUHDVLQJ
WKH� UHODWLYH� LQWHQVLWLHV� RI�0���1� VDWHOOLWHVRI�$X��E\�D�IDFWRU�RI�����IRU�F�DQG�����IRU�J�
GXULQJ� WKH� WUDQVLWLRQ� IURP�.D���� H[FLWDWLRQRI�&X� �/�VXEVKHOOV�DUH�QRW�LRQL]HG��WR�.D���H[FLWDWLRQ�RI�0R��7KLV�LQFUHDVH�RI�WKH�YDOXHV
RI�F�DQG�J�LV�EHLQJ�FDXVHG�E\�DSSHDUDQFH�RI
WKH�SRZHUIXO�FKDQQHOV�RI�YDFDQF\�PLJUDWLRQ
IURP� /� VXEVKHOOV� YLD� H[FLWDWLRQ� RI� $X�0D
DQG�0E�VSHFWUD�E\�.D����UDGLDWLRQ�RI�0R��,W

LV�LPSRUWDQW�WKDW�WKH�FDOFXODWHG�DQG�H[SHUL�
PHQWDOO\�GHWHUPLQHG�YDOXHV�RI�F��J��DQG�K�RI
$X� FRLQFLGH� ZHOO� ZLWK� HDFK� RWKHU�� ZKLFK
SURYHV� WKH� FRUUHFWQHVV� RI� WKH� SURSRVHG� FDV�
FDGH�PRGHO�RI�;�UD\�0�HPLVVLRQ�

���&RQFOXVLRQV
7KXV�� WKH� FDVFDGH� PRGHO� RI� ;�UD\� 0

HPLVVLRQ�IRU�WKH�KHDY\�PHWDOV�DWRPV�LV�SUR�
SRVHG� WKDW� DOORZV� RQH� WR� WDNH� LQWR� DFFRXQW
WKH�PDLQ�FKDQQHOV�RI�YDFDQF\�WUDQVIHU�IURP
/�WR�0�VXEVKHOOV��ZKLFK�DUH�UHVSRQVLEOH�IRU
WKH� JHQHUDWLRQ� RI� GRXEOH�YDFDQF\� �0���1DQG� 0���2�� DQG� WULSOH�YDFDQF\� �0���1��
0���12� DQG�0���2��� VWDWHV��&RPSDULVRQ�RI
WKH�UHODWLYH�HPLVVLRQ�FURVV�VHFWLRQV�RI�0�1DQG�0�1� VDWHOOLWHV� RI� $X� ZLWK� WKH� H[SHUL�PHQWDO� UHODWLYH� LQWHQVLWLHV� RI� WKHVH� VDWHO�
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