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WKLFN� EDVH� FU\VWDOV�� WKH� RSWLPXP� EDFN� VXUIDFH� UHIOHFWRU� �%65�� LV� 7L2��$O� ZLWK� �����PPWKLFN�R[LGH�OD\HU��$W�VXFK�%65��WKH�UHIOHFWLRQ�FRHIILFLHQW�IRU�SKRWRHOHFWULF�DFWLYH�VXQOLJKW
UHDFKLQJ� WKH� EDFN� VXUIDFH� RI� 6LÜ6&� DW� ����Ü����� PP� ZDYHOHQJWKV� DWWDLQV� ��� WR� ��� �
DJDLQVW�RI����WR������DW�GLUHFW�$O�FRQWDFW�ZLWK�EDFN�VXUIDFH�RI�VLOLFRQ�EDVH�FU\VWDO�
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$W�SUHVHQW��VRODU�EDWWHULHV�EDVHG�RQ�VRODU
FHOOV� �6&�� DUH� WKH� PDLQ� HOHFWULF� SRZHU
VRXUFHV�IRU�WKH�PRVW�VSDFHFUDIWV�>�Ü�@��7KH
SULRULW\� GHYHORSPHQW� ZD\� WR� QHZ� GHVLJQ�
WHFKQRORJLFDO� VROXWLRQV� �'76��ZKLFK� DUH� FD�
SDEOH� WR� HQVXUH� WKH� KLJKHVW� HIILFLHQF\� DQG
PDVV�SRZHU�SHUIRUPDQFHV�30�RI�VLQJOH�FU\V�WDOOLQH�6LÜ6&�ZLWK�HQKDQFHG�UDGLDWLRQ�UHVLV�
WDQFH� DW� XVH� RI� DQ� DYDLODEOH� WHFKQRORJLFDO
LQIUDVWUXFWXUH� LV� GHFUHDVLQJ� RI� VLOLFRQ� EDVH
FU\VWDO��6LÜ%&��WKLFNQHVV�W�DQG�VXQOLJKW�HQ�
HUJ\�ORVVHV�LQ�6LÜ%&�EXON��DV�ZHOO�DV�RQ�EDVH
FU\VWDOV�IURQW�DQG�EDFN�VXUIDFHV�>����@�
$W� WKH� VWDJH� RI� GHVLJQ� LPSURYHPHQW� RQ

6LÜ6&�ZLWK�KRUL]RQWDO�Q��S�S��GLRGH�VWUXFWXUH�
ZH� KDYH� IRXQG� WKH� RSWLPDO� ZD\V� WR� 6LÜ%&
WKLQQLQJ� GRZQ� WR� W�����PP� DV� ZHOO� DV� WR
IRUPDWLRQ� RI� Q��� DQG� ¯��� GLIIXVLRQ� OD\HUV
>�@�� 5HVHDUFKHV� DQG� GHYHORSPHQW� RI� WKH

WHFKQRORJ\�ZKLFK�ZLOO�SURYLGH� WKH�RSWLPXP
JHRPHWU\� RI� 6LÜ%&� SKRWRUHFHLYLQJ� VXUIDFH
VWUXFWXUH� VKDSHG� DV� LQYHUWHG� S\UDPLGV� DUH
LQ� SURJUHVV� >�@� WKDW� DUH� QHFHVVDU\� IRU� DQ
HVVHQWLDO�UHGXFWLRQ�RI�OLJKW�UHIOHFWLRQ�FRHIIL�
FLHQW� 5� E\� WKH� VSHFLILHG� VXUIDFH�� $W� WKH
VDPH� WLPH�� 6LÜ6&� ZLWK� W�����PP� VKRZ� HV�
VHQWLDO�ORVVHV�RI�VRODU�HQHUJ\�GXH�PDLQO\�WR
UHGXFHG� SKRWRDFWLYH� YROXPH� RI� VHPLFRQGXF�
WRU� PDWHULDO� DW� GLUHFW� UDGLDWLRQ� SDVVDJH
WKURXJK� 6LÜ%&� EHIRUH� LQWHUDFWLRQ� ZLWK� RQH
RI� HOHFWURGHV� >�@�ZKHUH� WKH� SKRWRHOHFWLF� DF�
WLYH�FRPSRQHQW�RI�VXQOLJKW�FDQ�EH�DEVRUEHG
ZLWK� KHDW� UHOHDVH�� $V� LW� ZDV� VKRZQ� EHIRUH
>�@��D�UDGLFDO�ZD\�WR�WKH�ORVV�UHGXFWLRQ�LV�WR
SURYLGH� D� VXQOLJKW� UHIOHFWRU� RQ� WKH� VLGH� RI
WKH� EDFN� VXUIDFH� FRQVLVWLQJ� RI� WZR�OD\HU
VWUXFWXUH�6L2��$O��+RZHYHU��LQ�FRUUHVSRQGLQJLQIRUPDWLRQ� VRXUFHV�� WKHUH� DUH� QR� GDWD� RQ
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6L2�� R[LGH� OD\HU� RSWLPXP� WKLFNQHVV� O2;RSW� LQ
VXFK� VWUXFWXUH�� $W� WKH� VDPH� WLPH�� WKDW
R[LGH� VHHPV� WR� EH� QRW� RSWLPXP� IRU� HYHU\
6LÜ6&�'76��PRUHRYHU�� WKH� DERYH�PHQWLRQHG
ELOD\HU� VWUXFWXUH� KDV� D� SULQFLSDO� GUDZEDFN
FDXVHG�E\� LWV�WKHUPRG\QDPLF� LQVWDELOLW\�EH�
FDXVH� RI� DOXPLQXP� DELOLW\� WR� DFWLYH� UHGXF�
WLRQ� RI� 6L2�� >�@� WKDW� VKRXOG� UHVXOW� LQ� 5UHGXFWLRQ� GXULQJ� DFWLYH� OLIH� RI� 6LÜ6&� ZLWK
WKLV� NLQG� RI� EDFN� VXUIDFH� UHIOHFWRU�� 7KHUH�
IRUH��WKH�SXUSRVH�RI�WKLV�ZRUN�ZDV�WR�GHWHU�
PLQH� WKH� RSWLPXP� GHVLJQ� RI� WKH� EDFN� VXU�
IDFH�VXQOLJKW�UHIOHFWRU�ZLWK�WKH�WUDQVSDUHQW
R[LGH� �72��$O� ELOD\HU� VWUXFWXUH� IRU� HIIL�
FLHQF\� DQG� DFWLYH� OLIHWLPH� LPSURYHPHQW� RI
VLQJOH�FU\VWDO�6LÜ6&�ZLWK�KRUL]RQWDO�UHFWLI\�
LQJ�MXQFWLRQ�
7KH� JURZLQJ� RI� JRRG� TXDOLW\� 6L2�� OD\HUIRU� WKH� UHIOHFWRU� XQGHU� FRQVLGHUDWLRQ� ZLWK

WKLFNQHVV� RYHU� VHYHUDO� WHQV� QDQRPHWHUV� UH�
TXLUHV� D� KLJK�WHPSHUDWXUH� R[LGDWLRQ� RI� WKH
VLOLFRQ�FU\VWDO�VXUIDFH��7R�WKDW�SURFHVV��WHP�
SHUDWXUHV�IURP�����XS�WR������&�>�Ü��@�DUH
QHFHVVDU\� DV� D� UXOH�� WKDW� LV� IUDXJKW� ZLWK
XQGHVLUDEOH� FKDQJHV� LQ� FRQFHQWUDWLRQ� SUR�
ILOHV�RI�Q���DQG�¯���GLIIXVLRQ��OD\HUV�IRUPHG
EHIRUH� DW� ���Ü�����&� >��@�� $W� WKH� VDPH
WLPH��GXULQJ�WKH�GHYHORSPHQW�DQG�PDQXIDF�
WXUH� RI� WKH� VLQJOH� FU\VWDO�6LÜ6&�ZLWK� KRUL�
]RQWDO� Q��S�Q�� GLRGH� VWUXFWXUH�� D� ORZ�WHP�
SHUDWXUH� PDQXIDFWXULQJ� PHWKRG� RI� WKH
WUDQVSDUHQW�R[LGH�7L2��OD\HU�FRDWLQJ�ZDV�GH�YHORSHG� >������@�� ZKLFK� LV� XVHG� DV� DQWL�UH�
IOHFWLRQ�FRDWLQJ� IURP�WKH�VLGH�RI�WKH�6LÜ%&
IURQWDO� VXUIDFH�� %HWZHHQ� 7L2�� DQG� Q��6LOD\HU�� DQ� DERXW� ��� QP� WKLFN� 6L2�� OD\HUPLJKW� EH� SODFHV� ZKLFK� LV� IRUPHG� DW� D� WHP�
SHUDWXUH� QRW� H[FHHGLQJ� ����&� DQG� LQWHQGHG
IRU�Q��6L�SDVVLYDWLRQ�>��@��:LWK�UHIHUHQFH�WR
WKH� EDFN� VXUIDFH� UHIOHFWRU� GHVLJQ�� WKDW� FLU�
FXPVWDQFH�DOORZV�WR�FRQVLGHU�WKH�7L2��OD\HUPDGH� DFFRUGLQJ� WR� WKH� ORZ�WHPSHUDWXUH
SURFHVV�DV�D�SURVSHFWLYH�DOWHUQDWLYH�WR�6L2�OD\HU� PDGH� XVLQJ� WKH� KLJK�WHPSHUDWXUH
SURFHVV�� 7KH� DUUDQJHPHQW� RI� D� WKLQ� �DERXW
���QP��6L2��SDVVLYDWLRQ�OD\HU�EHWZHHQ�7L2�DQG�¯��6L� IURP�WKH�VLGH�RI�6LÜ%&�EDFN�VXU�
IDFH�IRUPHG�DW�WHPSHUDWXUH�QRW�KLJKHU�WKDQ
����&�LV�REYLRXVO\�H[SHGLHQW��WRR�
$FFRUGLQJ� WR� >��@�� WKH� RSWLPXP� R[LGH

WKLFNQHVV�O2;RSW�IRU�ELOD\HU�72�PHWDO�UHIOHFWRU
WR� SURYLGH� WKH� UHIOHFWLRQ� PD[LPXP� DW� WKH
FKRVHQ�ZDYHOHQJWK�O�FDQ�EH�FDOFXODWHG�DV

O2;RSW� �
�SP���DUJ�U�

�SQ2;
O� ���

ZKHUH�

DUJ�U�� �DUFWJ
§̈
©

�Q2;N0
Q2;� ���Q0� ���N0�

·̧
¹
� ���

Q2;� �Q2;�O��LV�WKH�UHIUDFWLRQ�FRHIILFLHQW�RI
R[LGH� GLHOHFWULF� OD\HU��Q0� �Q0�O�� DQG� N0� 
N0�O�� DUH� UHIUDFWLRQ� DQG� H[WLQFWLRQ� FRHIIL�FLHQWV�RI�PHWDO��UHVSHFWLYHO\��P� ���������������
,Q� WKH� FDVH� RI� R[LGH� GLHOHFWULF� OD\HU� RI

LQWHUIHUHQWLDO� WKLFNQHVV�EHWZHHQ� VLOLFRQ� DQG
PHWDO��ZKHQ�W�H[FHHGV�FRQVLGHUDEO\�O�RI�WKH
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Q�� �Q��O�� LV� WKH� UHIUDFWLRQ� FRHIILFLHQW� RIHQYLURQPHQW� �DLU� RU� FRYHULQJ� JODVV�� ZLWK
ZKLFK�WKH�6LÜ6&�IURQW�VXUIDFH�LV�LQ�FRQWDFW�
Q6L� �Q6L�O�� LV� WKH� 6LÜ%&� UHIUDFWLRQ� FRHIIL�FLHQW�
,W� LV� REYLRXV� WKDW� FDOFXODWLRQ�RI� O2;RSW� DQG

5�O�� YDOXHV� LV� H[SHGLHQW� ZLWK� UHIHUHQFH� WR
6&�LQ�WKH�FDVH�ZKHQ�W�LV�VPDOOHU�WKDQ�GHSWK
t����O��IRU�IXOO���������OLJKW�DEVRUSWLRQ�DW
WKH� VHW� O� YDOXH�� 2Q� WKH� RWKHU� KDQG�� HIIL�
FLHQF\��cl�DQG�ORQJHYLW\�RI�D�6&�ZLWK�KRUL�]RQWDO� GLRGH� VWUXFWXUH� Q��S�S�� RU� S��Q�Q�
W\SH�LQFUHDVHV�DW�UHGXFWLRQ�RI�WKH�W�/�UDWLR�
ZKHUH�/�LV�WKH�GLIIXVLRQ�OHQJWK�RI�PLQRULW\
FKDUJH� FDUULHUV� LQ� 6LÜ%&� RI� ¯�� RU� Q�� W\SH�
UHVSHFWLYHO\� >��@�� 7KHUHIRUH�� D� UDQJH� RI� O
YDOXHV�IRU�ZKLFK�FDOFXODWLRQ�RI�O2;RSW�DQG�5�O�
LV�H[SHGLHQW�VKRXOG�EH�OLPLWHG�IURP�WKH�VLGH
RI�ORQJHU�ZDYHV�E\�WKH�UHG�HGJH�RI�DQ�LQWHU�
QDO� SKRWRHOHFWULF� HIIHFW� LQ� 6LÜ%&� FRUUH�
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VSRQGLQJ� WR� OPD[|�����PP� >��@�� DQG� IURPWKH�VLGH�RI�VKRUWHU�ZDYHV��E\�WKH�YDOXH�OPLQDW�ZKLFK�WKH�IROORZLQJ�FRQGLWLRQV�DUH�VLPXO�
WDQHRXVO\�VDWLVILHG�
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ZKHUH�N�LV�WKH�%ROW]PDQQ�FRQVWDQW�����WHP�
SHUDWXUH�� H�� FKDUJH� RI� HOHFWURQ�� PQ�S� DQG
WQ�S��PRELOLW\�DQG�OLIHWLPH�RI�PLQRULW\�FKDUJHFDUULHUV�LQ�6LÜ%&��UHVSHFWLYHO\�

,Q� >��@�� ZH� KDYH� VKRZQ� UHVXOWV� RI� WKH
ILUVW�SHUIRUPHG�UHVHDUFKHV�RI�WQ�DQG�/Q�YDO�XHV� IRU� HOHFWURQV� LQ� GRPHVWLF� 6&� EDVHG� RQ
¯�W\SH� 6LÜ%&�� ZLWK� VSHFLILF� UHVLVWDQFH
���:�FP� DQG� PRELOLW\� PQ|�����FP���9�V��
7KH� WQ�YDOXHV�GHWHUPLQHG�IURP�WKH�GHSHQG�HQFH�RI�6&�RSHQ�FLUFXLW�YROWDJH�GURS�RQ�WLPH
DIWHU�LOOXPLQDWLRQ�FXWRII�DQG�/Q�YDOXHV�FDO�FXODWHG� IURP� WKRVH� IRU� VXFK� 6&� ZLWK
W� ����r���PP�� WH[WXUHG� IURQW� VXUIDFH� DQG
RSWLPL]HG�PDQXIDFWXULQJ�FRQGLWLRQV�RI�Q��S�S�
GLRGH� VWUXFWXUH� ZHUH� ��Ü��� PV� DQG� ���Ü
����PP�� UHVSHFWLYHO\�� 7KH� VXEVHTXHQW� UH�
ILQHPHQW� RI� WKH� PHQWLRQHG� SDUDPHWHUV� RI
PLQRULW\� FKDUJH� FDUULHUV� FDUULHG� RXW� E\� XV
IRU�WKH�VDPH�6LÜ6&�WDNLQJ�LQWR�DFFRXQW�WKH
Q��S�KRPRMXQFWLRQ�FDSDFLW\�LQIOXHQFH�RQ�H[�
SHULPHQWDO� GHSHQGHQFH� RI� 6&� RSHQ� FLUFXLW
YROWDJH�82&� GURS� RQ� WLPH� W� DIWHU� LOOXPLQD�WLRQ�FXWRII��DQG�DOVR�E\�XVH�RI�WKH�DGYDQFHG
PHWKRG�>��@�IRU�DQDO\WLFDO�SURFHVVLQJ�RI�WKH
82&� �82&�W�� GHSHQGHQFHV��KDV� VKRZQ�� WKDWPRUH� UHDOLVWLF� YDOXHV� DUH� ��dWQd���PV� DQG���d/Qd����PP�� ,W� IROORZV� WKHUHIURP� WKDWWDNLQJ� LQWR� DFFRXQW� WKH� H[SUHVVLRQ� ���� DQG
QHDUHVW� SURVSHFWV� RI� WHFKQRORJLFDO� SRVVLELOL�
WLHV�HYROXWLRQ�IRU�GRPHVWLF�VLQJOH�FU\VWDOOLQH
6LÜ6&�SURGXFWLRQ�>�����@�LW�LV�MXVW�W� �����PP
DSSURSULDWH� WR� FDOFXODWLRQ� RI� O2;RSW� DQG� 5�O�
YDOXHV�
7DNLQJ� LQWR� DFFRXQW� H[SUHVVLRQ� ����� LW� LV

SRVVLEOH� WR� GHWHUPLQH� OPLQ� YDOXH� IURP� GH�SHQGHQFH�RI�GHSWK�FRUUHVSRQGLQJ�WR�DEVRUS�
WLRQ� RI� ������� �� RI� OLJKW� TXDQWD� WRWDO
DPRXQW� �ZKLFK� SUDFWLFDOO\� FRUUHVSRQGV� WR
WKH� SDUDPHWHU�t���� HQWHUHG� DERYH�� RQ� O� LQ

DQ� LQWHUYDO� �O��O�GO�� DV� IROORZV��$FFRUGLQJ
WR� >��@�� WKH� H[SUHVVLRQ� GHVFULELQJ� OLJKW� DE�
VRUSWLRQ�LQ�6LÜ%&�ORRNV�DV

1;�O�� �1��O�H[S>�� ;
;���O�@� ����

ZKHUH� 1;� LV� WKH� GHQVLW\� RI� SKRWRQ� IORZSDVVLQJ� LQWR� 6LÜ%&� IURP� WKH� VLGH� RI� LWV
IURQW� VXUIDFH� XS� WR� GHSWK�;��1��� GHQVLW\� RISKRWRQ�IORZ�FURVVLQJ�WKH�6LÜ%&�IURQW�VXUIDFH�
t���� FODVVLFDO� YDOXH� RI� OLJKW� DEVRUSWLRQ� GHSWKFRUUHVSRQGLQJ� WR� DEVRUSWLRQ� RI� DSSUR[LPDWHO\
����� RI� WKH� SKRWRQV�ZKLFK� KDYH� FURVVHG� WKH
6LÜ%&�IURQWDO�VXUIDFH� �t��� �DÜ���D� ��SN�e�O�N��H[WLQFWLRQ�FRHIILFLHQW�>��@����

,I�1;�O�� YDOXH� LQ� ����� LV� DVVXPHG� WR� EH��������1��O���LW�LV�HDV\�WR�VKRZ�WKDW�DIWHU�WKHQDWXUDO� ORJDULWKP�RI� H[SUHVVLRQ� ����� LV� IRXQG
LW� LV� SRVVLEOH� WR� JHW� WKH� IROORZLQJ� H[SUHVVLRQ
IRU�;����FDOFXODWLRQ��;���� �Ü�t���OQ���������,W�LV�REYLRXV�WKDW��IRU�H[DPSOH��WKH�H[SUHVVLRQ
IRU�t���FDOFXODWLRQ�FDQ�EH�REWDLQHG�LQ�VLPLODUZD\�� ZKLFK� KDV� WKH� IRUP�;��� �Ü;���OQ� ����6LQFH� WKH� VSHFWUDO� GHSHQGHQFH� ;���O�� IRUVLOLFRQ� VLQJOH� FU\VWDO� LV�ZHOO�NQRZQ� >��@�� LW
LV�HDV\�WR�FDOFXODWH�;���O��DQG�;����O��XVLQJWKHVH�H[SUHVVLRQV�
6LQFH� W� IRU�GRPHVWLF�6LÜ6&�IRU� VSDFH�DS�

SOLFDWLRQV� EHLQJ� QRZ� LQ� GHYHORSPHQW� DS�
SURDFKHV� ���� PP�� WKHUHIRUH�� WKH� t���� t��DQG�t���� YDOXHV� DUH� WR� EH�GHWHUPLQHG�ZLWKUHIHUHQFH� WR� W� �����PP�� 7KLV� DOORZV� WR
OLPLW� LQ�]HUR�DSSUR[LPDWLRQ�WKH�ZDYHOHQJWK
UDQJH� RI� SKRWRDFWLYH� UDGLDWLRQ� EHLQJ� RI� LQ�
WHUHVW�DV�����Od����PP�>��@�
7KDW� ZDYHOHQJWKV� UDQJH� ZDV� GHILQHG

PRUH� SUHFLVHO\� XVLQJ� WKH� DERYH�PHQWLRQHG
t���O��� t���O�� DQG� t����O�� GHSHQGHQFHV�WKDW�ZHUH�SORWWHG�XVLQJ�QXPHULFDO�YDOXHV�RI
t���O�� IURP� >��@�� DV� ZHOO� DV� t���O�� DQGt����O��FDOFXODWHG�EDVHG�RQ�WKRVH��,Q�)LJ����WKH�t���O���t���O�� DQG�t����O�� GHSHQGHQFHVDUH� SUHVHQWHG� LQ� VHPL�ORJDULWKPLF� FRRUGL�
QDWHV� �OJ;��O��� 7KH� ORZHU� OLPLW� RI� SKRWRDF�
WLYH� UDGLDWLRQ� UDQJH� EHLQJ� RI� LQWHUHVW� ZDV
GHWHUPLQHG� XVLQJ� WKH� t����O�� FXUYH� DW� DVXIILFLHQW� DFFXUDF\� DV� IROORZV�� ,Q� )LJ�� ��� D
VWUDLJKW�OLQH�SDUDOOHO�DQ�DEVFLVVDV�D[LV�FRUUH�
VSRQGLQJ� WR� IXQFWLRQ� OJ>;�O@; W� �FRQVW�ZKHUH� IRU� FRQVLGHUHG� 6&� W� �����PP� DV
QRWHG�DERYH��ZDV�GUDZQ��,Q�WKLV�FDVH��OJ���� 
������ 7KDW� RSHUDWLRQ� DOORZV� WR� GHWHUPLQH
WKH� OLPLWLQJ�ZDYHOHQJWK�YDOXH�DW�ZKLFK�WKH
SKRWRHOHFWULF� DFWLYH� DEVRUSWLRQ� RI� UDGLDWLRQ
SUDFWLFDOO\�FRPSOHWHO\�FHDVHV�DW�GLUHFW�SDVV�
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LQJ�WKURXJK�����PP�WKLFN�VLOLFRQ�FU\VWDO��,W
LV�REYLRXV�WKDW�WKH�UHTXLUHG�ZDYHOHQJWK�FRU�
UHVSRQGV� WR� DEVFLVVD� RI� WKH� LQWHUVHFWLRQ
SRLQW� RI� WKH� IXQFWLRQ� OJ� >;�O@; W� �FRQVWZLWK� WKH� IXQFWLRQ�t����O���$V� WR� WKH�ZDYH�OHQJWK�UDQJH�RI�LQWHUHVW��WKH�UHTXLUHG�ZDYH�
OHQJWK�KDV� WKH� VHQVH�RI�OPLQ��$V� LV�REYLRXVIURP�)LJ�����OPLQ|�����PP�LQ�WKH�FRQVLGHUHGFDVH�� 7KXV�� WKH� ZDYHOHQJWK� UDQJH� RI� WKH
SKRWRDFWLYH�UDGLDWLRQ�EHLQJ�RI�LQWHUHVW�IURP
WKH�YLHZSRLQW�RI�O2;RSW�DQG�5�O��FDOFXODWLRQ�DV
ZHOO� DV� IRU� GHWHUPLQDWLRQ� RI� RSWLPXP�6L2�
DQG�7L2�� WKLFNQHVV� O2;RSW�PD[� IRU�EDFN�VXUIDFH
UHIOHFWRUV� 6L2��$O� DQG� 7L2��$O� �SURYLGLQJWKHLU�PD[LPDO�LQWHJUDWHG�UHIOHFWLYLW\�LQ�WKH
VHW� ZDYHOHQJWK� UDQJH��� LV� ����dOd�����PP�
,W�LV�WR�QRWH�WKDW�XVLQJ�WKH�SURFHGXUHV�VLPL�
ODU�WR�WKDW�GHVFULEHG�IRU�GHWHUPLQDWLRQ�OPLQIRU� SUDFWLFDOO\� FRPSOHWH� DEVRUSWLRQ� RI� SKR�
WRDFWLYH� UDGLDWLRQ�� LW� LV� HDV\� WR� GHWHUPLQH
OPLQ� IRU� DEVRUSWLRQ� RI� ����� DQG� ����� RI
SKRWRDFWLYH� UDGLDWLRQ�� $V� LV� REYLRXV� IURP
)LJ����� WKHVH� YDOXHV� DSSUR[LPDWHO\� DUH
�����PP�DQG������PP��UHVSHFWLYHO\�
$V� IROORZV� IURP� WKH� DERYH�� WKH� PDLQ

VWXG\� REMHFWV� ZHUH� OD\HUHG� 6L�6L2��$O� DQG6L�7L2��$O� VWUXFWXUHV� ZLWK� R[LGH� OD\HUV� RILQWHUIHUHQWLDO� WKLFNQHVV�� $W� WKH� VDPH� WLPH�
WR� LOOXVWUDWH� WKH� FRQWULEXWLRQ� IURP� WKRVH
R[LGH�OD\HUV�LQWR�WKH�HQKDQFHG�EDFN�VXUIDFH
UHIOHFWRU� UHIOHFWLYLW\�� WKH� 5�O�� ZHUH� FDOFX�
ODWHG� IRU� WKH� FDVH� RI� R[LGH� OD\HU� DEVHQFH
EHWZHHQ�6L� DQG�$O�� L�H�� IRU� VWUXFWXUH�6L�$O�
ZKHQ� O2;� ���� $FFRUGLQJ� WR� >��@�� WKH� _U�_�YDOXH� LQ� H[SUHVVLRQ� ���� IRU� 5�O�� ZDV� DV�
VXPHG�WR�EH

_U�_�� �
�Q6L���Q0�����N0�
�Q6L���Q0�����N0� �

7KH� O2;RSW�O�� DQG� 5�O�� YDOXHV� ZHUH� FDOFX�
ODWHG�XVLQJ�H[SUHVVLRQV�����DQG�����EDVLQJ�RQ
WKH� ([FHO� ����� VRIWZDUH�� 7KH� I�� YDOXH�ZDVGHILQHG� ERWK� IRU� WKH� FDVH� RI� 6&� IURQW� VXU�
IDFH� FRQWDFWLQJ�ZLWK� DLU� DQG�XQGHU�DFFRXQW
IRU� WKH�6&� IURQW� VXUIDFH�SURWHFWLRQ�E\� FRY�
HULQJ� JODVV� RI� QRW�LQWHUIHUHQFH� WKLFNQHVV
JOXHG� WR� WKH� FU\VWDO� E\� VLOLFRQ� UXEEHU� ZLWK
RSWLFDO�SURSHUWLHV�VLPLODU�WR�SURWHFWLQJ�JODVV
>��@��)RU� WKH� VSHFLILHG�UHDVRQ��WKH�Q��YDOXHLQ�WKH�H[SUHVVLRQ�����ZDV�DVVXPHG�WR�EH����
LQ� WKH� ILUVW� FDVH� DQG� ���� �E\� DQDORJ\� ZLWK
>������@�� LQ�WKH�VHFRQG�RQH��7KH�P�YDOXH�LQ
WKH�H[SUHVVLRQ�����ZDV�DGRSWHG�WR�EH����7KH
VSHFWUDO� GHSHQGHQFHV� Q6L�O��� Q2;�O��� Q0�O�
DQG� N0� �O�� UHTXLUHG� WR� FDOFXODWH� WKH� O2;RSW�O�

DQG� 5�O�� YDOXHV� ZHUH� WDNHQ� IURP� WKH
VRXUFHV��Q6L�O��IURP�>��@��Q6L2��O��IURP�>��@�Q7L2��O��IURP�>������@��Q$O�O��DQG�N$O�O��IURP>������@�
7KH�GHSHQGHQFHV� O2;RSW�O��DQG�5>�O���O2;RSW�O�@

DW� Q�� ����� DQG� Q�� ����� IRU� EDFN� VXUIDFHUHIOHFWRU�6L2��$O� DUH�SORWWHG� LQ�)LJ�����DÜF�DQG� IRU� EDFN� VXUIDFH� UHIOHFWRU� 7L2��$O�� LQ)LJ����� DÜF�� 7KH�5�O�� SORWV� DW�Q�� ����� DQGQ�� ����� LQ� FDVH� O2; �� DUH� SUHVHQWHG� LQ)LJV���E�� F� DQG� �E�� F�� UHVSHFWLYHO\��$V� VHHQ
IURP�)LJV���E��F�DQG��E��F��WKH�VXEVWLWXWLRQ
RI�$O� EDFN� VXUIDFH� UHIOHFWRU� E\�6L2��$O� DQG7L2��$O� RQHV� SURYLGHV� DQ� HVVHQWLDO� LQFUHDVHRI�WKH�UHIOHFWLYLW\�DV�FRPSDUHG�WR�WKDW�RI�$O
LQ�O!����PP�UDQJH�DW�VSHFLILHG�YDOXHV�O2;RSW�
&RQVLGHUDWLRQ� RI� WKH� DOO� 5>OO2;RSW�O��� Q�@

FXUYHV� SUHVHQWHG� LQ� )LJV���� DQG� �� VKRZV
WKDW� ERWK� DW� Q�� ����� DQG� DW� Q�� ������ WKH
RSWLPDO�WKLFNQHVV�O2;RSW�PD[�YDOXHV�RI�6L2��DQG
7L2�� SURYLGLQJ� WKH� PD[LPDO� LQWHJUDWHG� UH�IOHFWLYLW\� RI� 6L2��$O� DQG� 7L2��$O� EDFN� VXU�IDFH� UHIOHFWRUV� LQ� WKH� SUHVHW� ZDYHOHQJWK
UDQJH��DFFRUGLQJ�WR�FULWHULRQ�������DUH���

O2;RSW�PD[� ������PP�IRU�6L2��e�$O�
O2;RSW�PD[� ������PP�IRU�7L2��e�$O�

7KH�DGYDQWDJHV�RI�VXFK�UHIOHFWRUV�LQ�5�O�
DV�FRPSDUHG�WR�5�O��IRU�$O�UHIOHFWRU�DUH�VHHQ
PRVW�FOHDUO\�LQ�)LJ����DQG�LQ�7DEOH��%HVLGHV�
WKH�R[LGH�LQWHUOD\HU�EHWZHHQ�VLOLFRQ�DQG�DOX�
PLQXP� KLQGHUV� WKH� GHJUDGDWLRQ� RI� WKH� UH�

)LJ����� OJ;�O�� GHSHQGHQFHV� IRU� WKH� UDGLDWLRQ
DEVRUSWLRQ�LQ�VLOLFRQ�VLQJOH�FU\VWDO�DW�DEVRUS�
WLRQ� GHJUHH� RI� ��� �� �;���� FXUYH� ���� �����;����FXUYH����DQG�HVVHQWLDOO\�FRPSOHWH��;����
FXUYH� ��� DV� ZHOO� DV� WKH� OJ� >;�O@; W� �FRQVW
IXQFWLRQ�DW�W� �����PP��FXUYH����
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IOHFWRU�RSWLFDO�SURSHUWLHV�DQG�HQVXUHV�ORZHU�
LQJ� RI� VXUIDFH� UHFRPELQDWLRQ� RQ� WKH�6LÜ%&
EDFN�VXUIDFH�>�@��$V�LV�VHHQ�LQ�)LJXUH���DQG
7DEOH�� LW� LV� MXVW� WKH� 6L2��$O� EDFN� VXUIDFHUHIOHFWRU� WKDW� SURYLGHV� WKH� KLJKHVW� LQWH�
JUDWHG� UHIOHFWLYLW\� LQ� WKH� ����dOd�����PP
ZDYHOHQJWK� UDQJH�� +RZHYHU�� DFFRUGLQJ� WR
WKH� DQDO\VLV� FDUULHG� RXW� EHIRUH�� LQ� FRQGL�
WLRQV� RI� GRPHVWLF� VLQJOH� FU\VWDO�6LÜ6&� SUR�
GXFWLRQ� IRU� GRPHVWLF� VLQJOH� FU\VWDO� 6LÜ6&
QRZ� XQGHU� GHYHORSPHQW� ZLWK� EDVH� FU\VWDO

WKLFNQHVV� RI� ���� WR� ���� PP�� RSWLPXP� LV
UDWKHU� WKH� 7L2��$O� EDFN� VXUIDFH� UHIOHFWRU
ZLWK�WKH�O2;RSW�PD[�YDOXH�PHQWLRQHG�DERYH�
7KXV��EDVLQJ�RQ�WKH�DFWXDOLW\�RI�KLJK�HI�

ILFLHQF\�DQG�ORQJ�OLYHG�GRPHVWLF�VLQJOH�FU\V�
WDO� 6LÜ6&� GHYHORSPHQW� ZLWK� EDVH� FU\VWDO
WKLFNQHVV� W� ����� WR� ���� PP�� WKH� VSHFWUDO
GHSHQGHQFHV� RI� R[LGH� OD\HU� RSWLPXP� WKLFN�
QHVV�O2;RSW�PD[�RI�6L2��$O�DQG�7L2��$O�EDFN�VXUIDFH
UHIOHFWRUV�IRU�VXFK�6LÜ6&�DV�ZHOO�DV�WKH�VSHFWUDO

)LJ�����&DOFXODWHG�GHSHQGHQFHV�IRU�7L2��$O�EDFN
VXUIDFH�UHIOHFWRU��O2;RSW�O���D���5�O��IRU�O2;RSW ��PP��
����� �O�� �����PP�������������O�� �����PP������
������O�� �����PP�������������O�� �����PP������O2;� �������DW�Q�� ������E��DQG�Q�� ������F��

)LJ�����&DOFXODWHG�GHSHQGHQFHV�IRU�6L2��$O�EDFN
VXUIDFH�UHIOHFWRU��O2;RSW �O���D���5�O��IRU�O2;RSW��PP��
����� �O�� �����PP������������ �O�� �����PP������
����� �O�� �����PP������������ �O�� �����PP������O2;� �������DW�Q�� ������E��DQG�Q�� ������F��
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GHSHQGHQFHV� RI� UHIOHFWLRQ� FRHIILFLHQW� 5�O��DW
YDULRXV�O2;RSW �DQG�UHIUDFWLRQ�FRHIILFLHQWV�Q��RI�HQ�
YLURQPHQW� �DLU� RU� FRYHULQJ� JODVV� DW� WKH� IURQW
VXUIDFH� RI�6LÜ6&� FRQWDFWV�� IRU� ����dOd�����PP
ZHUH� FDOFXODWHG� XVLQJ� WKH� ([FHO� ����� VRIWZDUH
WDNLQJ�LQWR�DFFRXQW�WKH�NH\�H[SUHVVLRQV�����DQG
����� 7KH� OLPLWV� RI� O� UDQJH� DUH� GHILQHG� E\� WKH
VPDOOHU�W�YDOXH�PHQWLRQHG�DERYH�DQG�WKH�EDQG�JDS
ZLGWK�RI� FU\VWDOOLQH� VLOLFRQ��7KH�RSWLPXP�WKLFN�
QHVV� O2;RSW�PD[� RI�6L2�� DQG�7L2�� OD\HUV� SURYLGLQJ
WKH�PD[LPDO�LQWHJUDWHG�UHIOHFWLYLW\�RI�FRQVLGHUHG
UHIOHFWRUV�LQ�WKH�ZKROH�VSHFLILHG�O�UDQJH�KDYH�EHHQ
GHWHUPLQHG� IURP� FDOFXODWHG� GHSHQGHQFHV� 5>O�
O2;RSW�O��Q�@� WDNLQJ� LQWR� DFFRXQW� WKH� FULWHULRQ
5�O�t�����,W�LV�VKRZQ�WKDW�LQ�FRQGLWLRQV�RI�GRPHV�
WLF�6LÜ6&�SURGXFWLRQ�� WKH� RSWLPXP�EDFN� VXUIDFH
UHIOHFWRU�LV�7L2��$O�ZLWK�O2;RSW�PD[� ������PP�

5HIHUHQFHV
� ���3�,OHV��LQ��3URF���QG�:RUOG�&RQI��DQG�([KLELW�

RQ� 3KRWRYROWDLF� 6RODU� (QHUJ\� &RQYHUVLRQ�
-XO\��Ü����9LHQQD��$XVWULD���������S����

� ���6�%DLOH\��+�&XUWLV��*�/DQGLV� HW�DO��� LQ��3URF�
��WK�(XURS��3KRWRYROWDLF�6RODU�(QHUJ\�&RQI��
2FW���Ü����0XQLFK��*HUPDQ\���������S������

� ���$�*RHW]EHUJHU�� LQ�� 3URF����WK� (XURS�� 3KRWR�
YROWDLF� 6RODU�(QHUJ\�&RQI���2FW�� ��Ü����0X�
QLFK��*HUPDQ\���������S���

� ���9�$�$QWRQRYD�� 9�1�%RUVKFKRY�� 9�5�.RSDFK
HW�DO���5DGLRWHNKQLND��1R�����������������

� ���0�9�.LULFKHQNR��,�7�7\PFKXN��9�$�$QWRQRYD
HW�DO���)XQFWLRQDO�0DWHULDOV����������������

� ���0�$�*UHHQ��-�=KDR��$�:DQJ�HW�DO���6RODU�(Q�
HUJ\�0DWHU��6RODU�&HOOV���������������

� ���$�(�*HUVKLQVNLL�� $�$�.KRURPHQNR�� )�/�(GHO�
PDQ��3K\V��6WDW��6RO��$�����������������

� ���1�$�.RORERY�� 0�0�6DPRKYDORY�� 'LIIXVLRQ
DQG�2[LGL]DWLRQ�RI�6HPLFRQGXFWRUV��0HWDOOXU�
JLD��0RVFRZ��������>LQ�5XVVLDQ@�

� ���<�&�&KHQJ��0RGHUQ�3UREO��6XUIDFH�3K\V����VW�,QW�
6FK���&RQGHQVHG�0DWWHU�3K\V���9DUQD��6HSW���Ü
2FW�����������/HFW����6RILD���������S�����

����0�,WVXPL�� )�.L\RVXPL�� $SSO��3K\V��/HWW��� ���
�����������

����$�0�/LVWUDWHQNR��5DGLRWHNKQLND��1R���������
�������

����9�$�$QWRQRYD�� 9�1�%RUVKFKRY�� 9�5�.RSDFK
HW�DO���)XQFWLRQDO�0DWHULDOV�����������������

����0�0�.ROWXQ�� 6HOHFWLYH� 2SWLFDO� 6XUIDFHV� RI
6RODU� (QHUJ\� &RQYHUWHUV�� 1DXND�� 0RVFRZ
�������>LQ�5XVVLDQ@�

����$�/�)DKUHQEUXFK��5�+�%XEH��)XQGDPHQWDOV�RI
6RODU�&HOOV��3KRWRYROWDLF�6RODU�(QHUJ\�&RQYHU�
VLRQ��$FDGHPLF�3UHVV��1HZ�<RUN��������

����0�9�.LULFKHQNR��5�9�=DLWVHY��1�9�'H\QHNR�HW
DO���5DGLRIL]LND�L�(OHNWURQLND�����������������

����-�(�0DKDQ�� 7�:�(NVWHGW�� 5�,�)UDQN� HW� DO��
,(((� 7UDQV��(OHFWURQ� 'HYLFHV�� ('����� ���
�������

����0�0�.ROWXQ�� 2SWLFV� DQG� 0HWURORJ\� RI� 6RODU
&HOOV��1DXND��0RVFRZ��������>LQ�5XVVLDQ@�

����+�5�3KLOLSS�� (�$�7DIW�� 3K\V��5HY��� ����� ��
�������

����(QF\FORSHGLD� RI� /DVHU� 3K\VLFV� DQG� 7HFKQRO�
RJ\��KWWS���ZZZ�US��SKRWRQLFV�FRP�HQF\FORSH�
GLDBQHZ�KWPO�

����5XWLOH�� 2SWLFDO� *UDGH� 7L2�� 6LQJOH� &U\VWDO�KWWS���ZZZ�PWLFU\VWDO�FRP�
����'�(�0RUWRQ�� &KDUDFWHUL]LQJ�2SWLFDO� 7KLQ� ILOPV

�,,���KWWS���ZZZ�GHQWRQYDFXXP�FRP�Q�SDSHU�
����9�0�=RORWDUHY�� 9�1�0RUR]RY�� (�9�6PLUQRYD�

2SWLFDO� &RQVWDQWV� RI� 1DWXUDO� DQG� 7HFKQLFDO
(QYLURQPHQWV�� $� 5HIHUHQFH� %RRN�� .KLPLD�
/HQLQJUDG��������>LQ�5XVVLDQ@�

����6�9�*LOV�� 7K�� 'LPRJHURQWDNLV�� *�%X\WDHUW� HW
DO��� -��$SSO��3K\V��� ���� ��������� �������
KWWS���G[�GRL�RUJ��������������������

7DEOH��5�O�� YDOXHV� IRU� WKH� LQYHVWLJDWHG� EDFN� VXUIDFH� UHIOHFWRUV� ZLWK� WKH� RSWLPXP� WKLFNQHVV� RI
WUDQVSDUHQW�R[LGHV�LQ�WKH�ZDYHOHQJWK�UDQJH�����dOd�����PP

5HIOHFWRU $O 6L2��$O 7L2��$O
O2;RSW�PD[��PP ���� ���� ����

Q�� ������5������y5��������� ����y���� ����y���� ����y����
Q�� ������5������y5��������� ����y���� ����y���� ����y����

)LJ����� 5�O�� GHSHQGHQFHV� IRU� 6L2��$O� DQG� 7L2��$O
EDFN�VXUIDFH�UHIOHFWRUV�ZLWK�O2;RSW � �O2;RSW�PD[�DV�ZHOO
DV�IRU�$O�UHIOHFWRU��O2;� ����DW�Q�� �����DQG�Q�� �����
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