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$�ZHOO�NQRZQ� FRQFHSW� LQ�GHYHORSPHQW� RI
HQYLURQPHQW�IULHQGO\� HQHUJ\� VXSSO\LQJ
WHFKQRORJLHV� LV� WR� XVH� VRODU� EDWWHULHV� �6%�
FRQVLVWLQJ� RI� SKRWRYROWDLF� FRQYHUWHUV� �39&�
LQ� WKH� FRQGLWLRQV� RI� FRQFHQWUDWHG� VRODU� UD�
GLDWLRQ�>�Ü�@��6XFK�39&�LQFOXGH��LQ�SDUWLFX�
ODU�� PXOWL�MXQFWLRQ� SKRWRYROWDLF� FRQYHUWHUV
�0-�6L�39&�� FRQVLVWLQJ� RI� D�PRQROLWKLF� VHW
�PRUH� WKDQ� ���� RI� VLQJOH�FU\VWDO� VLOLFRQ
SODQH�SDUDOOHO� YHUWLFDO� GLRGH� FHOOV� �9'&�
ZLWK�S�Q�MXQFWLRQV�RULHQWHG�SHUSHQGLFXODU�WR
WKH�OLJKW�UHFHLYLQJ�VXUIDFH�DQG�FRQQHFWHG�LQ
VHULHV� E\� WKH�PHWDO� LQWHUOD\HUV� EHWZHHQ� WKH
DSSURSULDWH� SODQHV� RI� DGMDFHQW� 9'&� >����@�
$�0-�6L�39&�ZLWK�9'&�LV�VKRZQ�VFKHPDWL�
FDOO\�LQ�)LJ����
7KH� HVVHQWLDO� DGYDQWDJHV� RI� FRQVLGHUHG

W\SH� 0-� 6L�39&� LQ� WKH� FRQFHQWUDWHG� VRODU
UDGLDWLRQ�FRQGLWLRQV�LQ�FRPSDULVRQ�ZLWK�VLQ�
JOH�MXQFWLRQ��6-��VLQJOH�FU\VWDO�6L�39&�EDVHG
RQ� WKH� GLRGH� VWUXFWXUH� SDUDOOHO� WR� WKH� OLJKW
UHFHLYLQJ� VXUIDFH�� LQFOXGH� D� SRWHQWLDO� FDSD�
ELOLW\�RI�PXFK�PRUH�HIIHFWLYH�FRQYHUVLRQ�RI
WKLV� UDGLDWLRQ� LQWR� HOHFWULF� HQHUJ\�DQG�JHQ�

HUDWLRQ� D� ��Ü��� WLPHV� KLJKHU� RXWSXW� YROW�
DJH��$W�PDQXIDFWXULQJ�RI�0-�6L�39&�FRUUH�
VSRQGLQJ�WR�WKDW�VKRZQ�LQ�)LJ�����WKH�UDWKHU
H[SHQVLYH� SKRWROLWKRJUDSK\� SURFHVV� LV� XQ�
QHFHVVDU\�� VLQFH�� XQOLNH� WKH�6-�6L�39&�� WKH
FUHVWHG� RU� VFUHHQ� FXUUHQW� FROOHFWLQJ� HOHF�
WURGH� ZLWK� QDUURZ� DQG� WKLQ� �a��� PP�
VWUHDN\� HOHPHQWV� GLYLGHG� E\� WKH� JDSV� OHVV
WKDQ���PP�LV�DEVHQW�RQ�WKHLU�OLJKW�UHFHLYLQJ
VXUIDFH�>�@�
$W�WKH�VDPH�WLPH��D�VHULRXV�ODFN�LV�LQKHU�

HQW�LQ�0-�6L�39&�ZLWK�9'&�DV�ZHOO�DV�LQ�6-
6L�39&��,W�FRQVLVW�LQ�GHFUHDVLQJ�OLJKW�UHFHLY�
LQJ� VXUIDFH� LUUDGLDQFH�p� ZKHQ� WKH� DQJOH� D
RI� VRODU� UDGLDWLRQ� LQFLGHQFH� LQFUHDVHV�� WKDW
GHFUHDVH� EHLQJ� LQ� DFFRUGDQFH� ZLWK� WKH� ZHOO
NQRZQ�>�@�UDWLR�(� �(�FRVD��ZKHUH�p��LV�WKH39&� OLJKW� UHFHLYLQJ� VXUIDFH� LUUDGLDQFH� DW
WKH�QRUPDO�OLJKW�LQFLGHQFH��D�� ����VLWXDWLRQ�È��LQ�)LJ������7KDW�LV�ZK\�DW�39&�RSHUDWLQJ
LQ� WKH� FRQFHQWUDWHG� VRODU� UDGLDWLRQ� FRQGL�
WLRQV��WKH�HQVXULQJ�RI�WKH�FRQFHQWUDWLQJ�V\V�
WHP��&6��DXWRPDWLF�6XQ�SRVLWLRQ�WUDFNLQJ�LV
HVSHFLDOO\� QHFHVVDU\� IRU� WKH� PD[LPXP� UH�

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

)XQFWLRQDO�PDWHULDOV������������� ���



GXFWLRQ�RI�UDGLDWLRQ�HQHUJ\�ORVVHV��+HUH�ZH
GR� QRW� FRQVLGHU� WKH� OXPLQHVFHQW� FRQFHQWUD�
WRUV�ZKLFK�DUH�VWLOO�IDU�IURP�SUDFWLFDO�DSSOL�
FDWLRQ�DQG�DUH�DW�WKH�GHYHORSPHQW�VWDJH�>�@�
+RZHYHU�� HYHQ� LQ� FDVH� RI� LGHDO� &6� RULHQWD�
WLRQ�� WKH� VRODU� UDGLDWLRQ� FRQFHQWUDWHG� E\
OHQVHV�� DV� ZHOO� DV� OLQHDU�� SRO\KHGUDO� RU
URXQG� UHIOHFWRUV�� LV� DOZD\V� LQFLGHQW� RQWR
39&�OLJKW�UHFHLYLQJ�VXUIDFH�DW�WKH�DQJOH�D�!��
DW� ORZ� �&�d����� DQG� PRGHUDWH� ������&��
������FRQFHQWUDWLRQ�OHYHOV�&�>�@�
)RU�0-�6L�39&�ZLWK�9'&�� �VLWXDWLRQ� �E�

DQG� �F�� LQ�)LJ������ WKDW� IDFW�PXVW� LQIOXHQFH
PXFK� PRUH� QHJDWLYHO\� WKH� HIILFLHQF\� DQG
RXWSXW� SRZHU� LQ� FRPSDULVRQ� ZLWK� 6-� 6L�
39&��7KH�GLIIHUHQFH��LQ�RXU�RSLQLRQ��FDQ�EH
FDXVHG� E\� DQ� HVVHQWLDO� UHGXFWLRQ� RI� VRODU
HQHUJ\� ORVVHV�DW�WKH�LQWHUDFWLRQ�ZLWK�6-�6L�
39&� EDFN� VXUIDFH� GXH� WR� KLJKO\� HIIHFWLYH
GRXEOH�OD\HU� R[LGH�PHWDO� W\SH� EDFN� VXUIDFH
UHIOHFWRU� >�����@� GHYHORSHG� WR� GDWH� IRU� 6-
6L�39&�� ZKLOH� DW� NQRZQ� 0-� 6L�39&� ZLWK
9'&� �)LJ������ VLPLODU� W\SH� UHIOHFWRUV� DORQJ
LQWHUQDO� VXUIDFHV� RI� 9'&� VLOLFRQ� EDVLV� DUH
DEVHQW��7KHUHIRUH��LQ�0-�6L�39&�EHLQJ�FRQ�
VLGHUHG� ZLWK� UHDO� JHRPHWULFDO� GLPHQVLRQV
W39&|����PP�DQG�W6L|����PP��WKH�ORQJ�ZDYHVRODU�UDGLDWLRQ�FRPSRQHQW�RI��������WR������
��O��������PP�� ZKLFK� LV� SKRWRHOHFWULFDOO\
DFWLYH� IRU� FU\VWDOOLQH� VLOLFRQ� DQG� FKDUDF�
WHUL]HG� E\� WKH� IXOO� DEVRUSWLRQ� OHQJWK
t����t������ WR� ������PP� >��@� DQG�PD[LPDO

SKRWRQ� IOX[� GHQVLW\� >�@�� ZKHQ� SDVVLQJ
WKURXJK�9'&�FDQ�ORVH�HQHUJ\�EHFDXVH�RI�LQ�
VXIILFLHQW�OLJKW�UHIOHFWLRQ�FRHIILFLHQW�5�IURP
WKH�PHQWLRQHG�PHWDO� VXUIDFHV� �VLWXDWLRQ� �E�
DQG� �F�� LQ� )LJ������ $W� WKH� VDPH� WLPH�� WKH
LQIOXHQFH�RI�WKDW�SURFHVV�RQ�0-�6L�39&�RXW�
SXW� SDUDPHWHUV� KDV� EHHQ� QRW� LQYHVWLJDWHG
XQWLO� QRZ�� ,Q� WKLV� FRQQHFWLRQ�� WKLV�ZRUN� LV
DLPHG�DW�WKH�VWXG\�RI�WKDW�SUREOHP�WR�HOXFL�
GDWH� WKH� H[SHGLHQF\� DQG� VXEVWDQWLDWH� WKH
ZD\� WR� LQFUHDVH� WKH� UHIOHFWLYLW\� RI� LQWHUQDO
YHUWLFDO�9'&�ERXQGDULHV�LQ�0-�6L�39&�
:H� KDYH� FRQILUPHG� WKH� FRQVLGHUDEOH� LQ�

IOXHQFH�RI�VXFK�VRODU�UDGLDWLRQ�HQHUJ\�ORVVHV
PHFKDQLVP� RQ� WKH� HIILFLHQF\� RI� FRQVLGHUHG
0-�6L�39&�E\� H[SHULPHQWDO� GHSHQGHQFHV�RI
D�VKRUW�FLUFXLW�FXUUHQW�,6&�DQG�RSHQ�FLUFXLWYROWDJH�82&�RQ�WKH�DQJOH�D�IRU�0-�6L�39&�7KH� H[SHULPHQWDO� YDOXHV� RI� ,6&� DQG� 82&ZHUH� GHWHUPLQHG� DW� DQ� HUURU� QRW� H[FHHGLQJ
����E\�PHDVXULQJ�DQG�DQDO\WLFDO�SURFHVVLQJ
RI�ORDGLQJ�LOOXPLQDWHG�FXUUHQW�YROWDJH�FKDU�
DFWHULVWLFV� PHWKRG� VLPLODU� WR� WKDW� XVHG� EH�
IRUH� >��@� LQ� WKH�UHVHDUFK�RI�6-�6L�39&�RXW�
SXW�DQG�GLRGH�SDUDPHWHUV��7KH� HIILFLHQF\�K
LV� UHODWHG� WR� WKH�PHQWLRQHG�RXWSXW�SDUDPH�
WHUV�DV�>��@

K�I�,6&82&�� ���
)LJ���� �FXUYHV� �� DQG� ��� SUHVHQWV� WKHVH

GHSHQGHQFHV� IRU� RQH� RI� LQYHVWLJDWHG�0-�6L�

)LJ����� &URVV�VHFWLRQ� RI� l-� 6L�39&� RI
W39&�|�����PP� WKLFNQHVV� ZLWK� YHUWLFDO� GLRGHFHOOV� RI� Q��¯�S�� W\SH� �VFKHPDWLF� LPDJH��� ��
VROLG�PHWDO� HOHFWURGH�����S��FRQGXFWLYLW\� VLOL�
FRQ� OD\HU� RI� OHVV� WKDQ� ��PP� WKLFNQHVV����� S�
W\SH� FRQGXFWLYLW\� VLOLFRQ� OD\HU� RI
W6L�|�����PP� WKLFNQHVV�� ��� Q��FRQGXFWLYLW\
VLOLFRQ� OD\HU� RI� OHVV� WKDQ���PP� WKLFNQHVV�� ��
PHWDO� OD\HU� RI� WP�|����PP� WKLFNQHVV� �RWKHUGHVLJQDWLRQV�DV�LQ�WH[W��

)LJ����� ([SHULPHQWDO� ���� ��� DQG� WKHRUHWLFDO
��Ü��� GHSHQGHQFHV� IRU� QRUPDOL]HG� YDOXHV� RI
VKRUW� FLUFXLW� FXUUHQW� ������� ��� DQG� RSHQ� FLU�
FXLW�YROWDJH�����������YV�OLJKW�LQFLGHQFH�DQJOH
D�RQ�0-�6L�39&�ZLWK�Q��¯�S��W\SH�9'&�OLJKW
UHFHLYLQJ�VXUIDFH�DW�WKH�OLJKW�UHIOHFWLRQ�FRHI�
ILFLHQWV�DW�PHWDO�VLOLFRQ�ERXQGDULHV�5� ������
���DQG�5� ������ �������������� �&XUYH���FRUUH�
VSRQGV� WR� ERWK� FRVD� IXQFWLRQ� DV� ZHOO� DV
,6&QRUP�D�� GHSHQGHQFH� DW� 5� ��� EHFDXVH
,6&QRUP�D�5 �� �FRVD�
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39&�DIWHU�QRUPDOL]DWLRQ�RI�HDFK�PHQWLRQHG
RXWSXW�SDUDPHWHUV�WR�LWV�PD[LPXP�YDOXH�DW
D�� ����:KHQ�FRPSDULQJ�WKH�FXUYH���FRUUH�
VSRQGLQJ� WR� GHSHQGHQFH� ,6&QRUP�D��� ZLWK� WKH
FXUYH� �� IRU� FRVD�� DW�D������� WKHVH� GHSHQG�
HQFHV� SUDFWLFDOO\� FRLQFLGH�� WKXV� HYLGHQFLQJ
WKH� GLUHFW� SURSRUWLRQDOLW\� EHWZHHQ� ,6&� DQGFRVD�VLPLODU�WR�WKH�GHSHQGHQFH�IRU�0-�6L�39&
SKRWRUHFHLYLQJ� VXUIDFH� LUUDGLDQFH� p�� 7KHUH�
IRUH��IRU�FRQVLGHUHG�0-�6L�39&�DW�D�������

,6&�I�(�FRVD� ���
WKDW�LV�HTXLYDOHQW�WR�UHODWLRQVKLS�>��@

,6&�I������56L�1�FRVD�I������56L�1� ���
ZKHUH�1�� LV� WKH� QXPEHU� RI� SKRWRQV� RXW� RIZDYHOHQJWK� UDQJH� SKRWRHOHFWULFDOO\� DFWLYH
IRU�FU\VWDOOLQH�VLOLFRQ�HQWHULQJ�SHU�XQLW�WLPH
WKH�XQLW�39&�OLJKW�UHFHLYLQJ�VXUIDFH�DUHD�DW
D�� ����VLWXDWLRQ��È��LQ�)LJ������1��WKH�VDPH
EXW� DW� D�!��� �VLWXDWLRQV� �E�� DQG� �F�� LQ
)LJ������56L�� WKH� OLJKW� UHIOHFWLRQ� FRHIILFLHQWIURP�IURQWDO�VXUIDFH��VLOLFRQ��RI�0-�6L�39&
IRU�WKH�DSSURSULDWH�ZDYHOHQJWK�LQWHUYDO�
+RZHYHU��DW�D�!�D�
|�����WKH�,6&QRUP�D��PDJ�

QLWXGH� GHFUHDVHV� DSSUHFLDEO\� LQ� FRPSDULVRQ
ZLWK�FRVD�� DQG�DW�D�!�D�
|����� WKH� VSHFLILHGGLIIHUHQFH� EHFRPHV� HVSHFLDOO\� FRQVLGHUDEOH�
7KH�FKDUDFWHU�RI�G82&QRUP�D��e�GD�YDULDWLRQ�LQ
���d�D���D�
� DQG� D�
���D���D�
� UDQJHV� FRUUH�ODWHV�ZHOO�ZLWK�WKDW�REVHUYHG�IRU�G,6&QRUP�D��e�GD�
EXW�DW�WKH�D�!�D�
��WKH�G82&QRUP�D��e�GD�EHFRPHV
VLJQLILFDQWO\�ODUJHU�WKDQ�_G,6&QRUP�D��e�GD_�LQ�DE�
VROXWH�YDOXH�
7R�HVWDEOLVK�WKH�UHODWLRQVKLS�EHWZHHQ�WKH

SHFXOLDULWLHV� RI� UDGLDWLRQ� LQWHUDFWLRQ� ZLWK
PHWDO�VLOLFRQ�YHUWLFDO�LQWHUIDFHV�LQ�9'&�DQG
YDOXHV� RI� FULWLFDO� DQJOHV� D�
� DQG� D�
�� WZRFKDUDFWHULVWLF�UHODWLRQV�EHWZHHQ�WKH�OLJKW�LQ�
FLGHQFH�DQJOH�RQ�0-�6L�39&�OLJKW�UHFHLYLQJ
VXUIDFH� DQG� OLJKW� UHIUDFWLRQ� DQJOH� LQ� VLOLFRQ
ZHUH� FDOFXODWHG� IRU� VLWXDWLRQV� �E�� DQG� �F�� LQ
)LJ�����$V� LV� VHHQ� IURP�)LJ����� WKH� VLWXDWLRQ
�E��FRUUHVSRQGV�WR�WKH�OLPLWLQJ�FDVH�RI�VLQJOH
LQWHUDFWLRQ�RI�OLJKW�EHDP�SHQHWUDWLQJ�WKH�9'&
ZLWK� PHWDO�VLOLFRQ� LQWHUIDFH� �D� �D��� E� �E���$W�IXUWKHU�D� LQFUHDVH�IURP�D��XS�WR�D���DQGWKXV� E� LQFUHDVH� IURP� E�� XS� WR� E��� WKH� OLJKWEHDP�RQH�IROG�UHIOHFWHG�DQG�ZHDNHQHG�GXH�WR
SDUWLDO� DEVRUSWLRQ� LQ� PHWDO� �5�d����� >��@� LQ
$O�6L� DQG��������O��������PP�FDVH��EHJLQV� WR
FRRSHUDWH�IRU�WKH�VWLOO�JUHDWHU�SDUW�ZLWK�RS�
SRVLWH� PHWDO�VLOLFRQ� LQWHUIDFH�� 7KH� EHDP
IUDFWLRQ� LQWHUDFWLQJ� ZLWK� WKH� VHFRQG� LQWHU�

IDFH� DQG� UHIOHFWHG� IURP� LW� �ZLWK� WKH� DGGL�
WLRQDO�ORVVHV��LQFUHDVHV��
$FFRUGLQJ�WR�)LJ�����VLWXDWLRQ��E��

VLQE�� �
W6L

�W39&� ���W6L� ���e���
���

7R� ILQG� VLQD��� ZH� XVH� WKH� UHODWLRQ� VLQD�� 
Q6L�O�VLQE��� ZKHUH� Q6L�O�� LV� WKH� UHIUDFWLYHLQGH[�IRU�VLOLFRQ�GHSHQGLQJ�RQ�WKH�UDGLDWLRQ
ZDYHOHQJWK�
7KH�FDOFXODWLRQ�XVLQJ�Q6L� �����IRU��������O�������PP� >��@� KDV� VKRZQ� WKDW� LQ� FDVH

W39&�|�����PP�DQG�W6L�|�����PP�WKH�FRUUHVSRQG�LQJ� DQJOHV� DPRXQW� �E��|�������� D�� �|�������$V� LV� VHHQ� IURP�)LJ����� LQ� VLWXDWLRQ� �F�� WKH
$%&� WULDQJOH� LV� VLPLODU� WR� D�$c%c&�RQH� ÈQG
W39&� �_%&_�_{c&_�� WKXV�� _%&_� ��_{c&_� 
�����W39&��7KHQ

VLQE�� �
W6L

§©��
�e���W39&� ���W6L� ·¹

��e���
���

6LPLODUO\�� IRU� VLQD�� DQG� VLQE��� XVLQJ� ���ZH�JHW�E��|��������D��|�����&RPSDULQJ� WKH� FDOFXODWHG� DQJOHV
D��|������� DQG� D��|����� ZLWK� H[SHULPHQWDOYDOXHV�D�
�|�����DQG�D�
�|������LW�LV�SRVVLEOHWR� FRQFOXGH� ZKDW� IROORZV�� :KHQ� SDVVLQJ
IURP�RQH�IROG�WR�WZR�IROG�OLJKW�UHIOHFWLRQ�DW
WKH�PHWDO�VLOLFRQ�LQWHUIDFHV�LQ�D�0-�6L�39&
�D� �D�
��VLWXDWLRQ��E�� LQ�)LJ������WKH�DSSUH�FLDEOH� GHYLDWLRQ� RI� ,6&QRUP�D�� GHSHQGHQFH
�FXUYH���LQ�)LJ�����IURP�WKDW�IRU�FRVD��FXUYH
�� LQ� )LJ����� LV� UHDOO\� FRQQHFWHG�ZLWK� HVVHQ�
WLDOO\� LQFUHDVLQJ� ORVVHV� RI� ORQJ�ZDYH� SKR�
WRDFWLYH� VRODU� UDGLDWLRQ� FRPSRQHQW� HQHUJ\
GXH�WR�LWV�DEVRUSWLRQ�LQ�PHWDO��,W� LV�WR�QRWH
WKDW� WKLV� LV� UHVXOWHG� LQ� D� GHFUHDVHG� SKRWR�
YROWDLF� FRQYHUWHU� HIILFLHQF\� QRW� RQO\� GL�
UHFWO\� DFFRUGLQJ� WR� ����� EXW� DOVR�GXH� WR� WKH
GHYLFH� KHDWLQJ� DW� WKH� H[SHQVH� RI� UDGLDWLRQ
HQHUJ\�DEVRUEHG�LQ�PHWDO�>��@�
5HGXFWLRQ� RI� D�
� LQ� FRPSDULVRQ� ZLWK� D�FDQ� EH� H[SODLQHG� E\� WKH� IDFW� WKDW� LQ� FDVH� RI

OLJKW� LQFLGHQFH� IURP� DLU� HQYLURQPHQW� RQ�0-
6L�39&�VLOLFRQ�VXUIDFH�DW� � �D�!�M%� �DUFWJQ6L�ZKHUH�M{� LV� WKH�%UHZVWHU� DQJOH� >�@��ZKLFKPDNHV� ������ IRU� Q6L� ������� WKH� 56L� �VHH(T������ EHJLQV� WR� LQFUHDVH� VKDUSO\� IURP
56L�|������ >��@�ZKLFK� UHPDLQHG� HVVHQWLDOO\
XQFKDQJHG�DW�O�!�����PP�>�����@�XS�WR�56L� ������ DW�D� ������ $V� LV� VHHQ� IURP� )LJ���
ZKHUH� WKH� YHUWLFDO� GRWWHG� OLQH� FRUUHVSRQGV
WR� WKH�%UHZVWHU�DQJOH� IRU� VLOLFRQ�� LW� LV� MXVW
WKH� DERYH�PHQWLRQHG� HIIHFW� RI� UDSLG�56L� LQ�
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FUHDVH� WKDW� FDXVHV� LQFUHDVLQJ� UDWH� RI
,6&QRUP�D��DQG�82&QRUP�D��GURS�DW�D�!��D�
�
,Q�WKH�D�
�d�D�d�M%�UDQJH��WKH�EHKDYLRU�RI82&QRUP�D��IXQFWLRQ��FXUYH���LQ�)LJ������LV�H[�

SODLQHG�DV�IROORZV��$FFRUGLQJ�WR�>�����@

82&�|�0$N7
H OQ-6&-� �

���

ZKHUH� l� LV� WKH� QXPEHU� RI� LQ�VHULHV� FRQ�
QHFWHG� 9'&� LQFOXGHG� LQ� 0-� 6L�39&� VWUXF�
WXUH�� $�� WKH� GLRGH� LGHDOLW\� IDFWRU�� N�� WKH
%ROW]PDQQ� FRQVWDQW�� 7�� WHPSHUDWXUH�� H�
HOHFWURQ� FKDUJH�� -��� WKH� GLRGH� VDWXUDWLRQFXUUHQW�GHQVLW\��,Q�WKH�ULJKW�SDUW�RI�(T�����
RQO\� -6&� GHSHQGV� RQ� D�� 7KHUHIRUH�� WDNLQJLQWR�DFFRXQW�����DQG������LQ�DEVHQFH�RI�UDGLD�
WLRQ� HQHUJ\� ORVVHV� GXH� WR� DEVRUSWLRQ� LQ
PHWDO� LQVLGH� WKH�0-�6L�39&� �5� �����(T����
FDQ�EH�WUDQVIRUPHG�WR�WKH�IRUP

82&�D�5 ��|�0$N7
H OQ-6&

PD[FRVD
-� � ���

ZKHUH�-6&PD[�LV�WKH�VKRUW�FLUFXLW�FXUUHQW�GHQ�
VLW\�DW�D�� ���7DNLQJ�LQWR�DFFRXQW�WKH�QRUPDOL]DWLRQ�RI
RXWSXW�SDUDPHWHUV�LQWURGXFHG�EHIRUH��

82&QRUP�D�5 ��|�
82&�D�5 �
82&PD[

� 

 �OQ-6&
PD[���OQFRVD���OQ-�
OQ-6&PD[���OQ-�

�

���

ZKHUH�82&PD[ �LV�WKH�RSHQ�FLUFXLW�YROWDJH�DW�D�� ���
,I�WKH�FXUUHQW�GHQVLWLHV�LQ�����DUH�SUHVHQWHG�DV
-6&PD[� ���Ü[��$�FP�� DQG� -�� ���Ü[��$�FP��
ZKHUH� [�� DQG� [�� DUH� DQ\� SRVLWLYH� QXPEHUV�
DQG� [����[�� �WKDW� FRUUHVSRQGV� WR� WKH� UHDO
UDWLR�RI�-6&PD[�DQG�-��YDOXHV�>������@��ZH�JHW

82&QRUP�D�5 ��|����� OQFRVD
����[����[���

���

7KH�FXUYH���LQ�)LJ����FRUUHVSRQGV�WR�(T����
DW�[��Ü�[�� �������L�H��DW�-6&PD[� ��������Ü��$�FP�
�[�� �������DQG�-�� ��������Ü��$�FP�� �[�� �������DV�ZDV�HVWDEOLVKHG�E\�XV� LQ�DQDO\WLFDO�SURF�
HVVLQJ� RI� H[SHULPHQWDO� ORDGLQJ� LOOXPLQDWHG
FXUUHQW�YROWDJH� FKDUDFWHULVWLFV� RI� LQYHVWL�
JDWHG�0-�6L�39&��$V�LV�VHHQ�IURP�FRPSDUL�
VRQ� RI� WKDW� FXUYH� ZLWK� WKH� FXUYH� �� LQ� WKH
VDPH� )LJXUH� IRU� H[SHULPHQWDO�82&QRUP�D�� GH�
SHQGHQFH�� VWDUWLQJ� IURP� D�!�D�
� WKH� ODWWHU

GHFUHDVHV� ZLWK� D� LQFUHDVH� IDVWHU� WKDQ� DF�
FRUGLQJ� WR� ����� ,W� LV� REYLRXVO\� WKDW� WKHVH
GLVWLQFWLRQV� FRQILUP� WKH� QHJDWLYH� LQIOXHQFH
RI� PHWDO�VLOLFRQ� ERXQGDULHV� LQVLGH� WKH� 0-
6L�39&� RQ� WKH� HIILFLHQF\� RI� VXFK� W\SH� GH�
YLFHV� GXH� WR� WKHLU� LQVXIILFLHQW� UHIOHFWLYLW\
�5������� 7KLV� LQIOXHQFH� FDQ� EH� WDNHQ� LQWR
FRQVLGHUDWLRQ�LQ�82&QRUP�D��GHSHQGHQFH�DW�5��
��LQ�WKH�IROORZLQJ�ZD\�

82&QRUP�D�5���|�����OQ>I�5�D�FRVD@����[����[�� �
����

ZKHUH�����I�5�D������LV�WKH�FRUUHFWLRQ�IXQF�
WLRQ� WDNLQJ� LQWR� FRQVLGHUDWLRQ� WKH� UHDO� YDO�
XHV�RI�5������ZKLFK��DV�LV�HVWDEOLVKHG�LQ�WKLV
ZRUN��LV�GHVFULEHG�DV
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7KH� ILUVW� LWHP� LQ� ����� WDNHV� LQWR� FRQVLG�

HUDWLRQ�WKH�ORVVHV�HQHUJ\�RI�UDGLDWLRQ�HQWHU�
LQJ� WKH�0-�6L�39&�RQO\�DV�D�UHVXOW�RI�RQH�
IROG� LQLWLDO� LQWHUDFWLRQ� RI� WKDW� UDGLDWLRQ
ZLWK� PHWDO� LQVLGH� WKH� GHYLFH�� 7KH� VHFRQG
LWHP�WDNHV�LQWR�FRQVLGHUDWLRQ�DGGLWLRQDO�HQ�
HUJ\� ORVVHV� LQVLGH� WKH� GHYLFH� FDXVHG� E\� WKH
UHSHDWHG� LQWHUDFWLRQ� RI� WKH� UDGLDWLRQ� UHVLG�
XDO�IUDFWLRQ�DIWHU�WKH�ILUVW�LQWHUDFWLRQ�ZLWK
PHWDO�� ,W� LV� QDWXUDO� WKDW� DW� D�����D�� WKLVFRPSRQHQW� VKRXOG� EH� HTXDO� WR� ]HUR� DQG�� LQ
WKLV� FRQQHFWLRQ�� WKH�YDOXH�FRUUHVSRQGLQJ� WR
LW�� IRU� SK\VLFDO� UHDVRQV�� VKRXOG� EH� WDNHQ
LQWR�FRQVLGHUDWLRQ�RQO\�DW�D�
�d�D�d�M{�,W�IROORZV�IURP�WKH�DERYH�WKDW�DW�D�t�D�
�WKH�FRUUHFWLRQ�IXQFWLRQ�I�5�D��LV�OHVV�WKDQ��
DQG� GHFUHDVHV� QRW� RQO\� DV� D� LQFUHDVHV�� EXW
DOVR�DV�5�GHFUHDVHV��7KXV��ORZHU�H[SHULPHQ�
WDO�YDOXHV�RI�,6&QRUP�D���FXUYH���LQ�)LJ�����DQG
82&QRUP�D�� �FXUYH� �� LQ� )LJ����� LQ� FRPSDULVRQ
ZLWK� ,6&QRUP�D�5 �� �FXUYH� �� LQ� )LJ����� DQG
82&QRUP�D�5 �� �FXUYH� �� LQ� )LJ����� DW� D�!�D�

FDQ� EH� H[SODLQHG� LQ� IDFW� E\� WKH� QHJDWLYH
LQIOXHQFH� RI� PHWDO�VLOLFRQ� ERXQGDULHV� LQ�
VLGH� 0-� 6L�39&� GXH� WR� WKHLU� LQVXIILFLHQW
UHIOHFWLYLW\�� ,W� LV� SRVVLEOH� WR� VKRZ� WKDW� DW
[��Ü�[�� �������WKH�IXQFWLRQ�82&QRUP�D�5����WKH
FXUYH��� LQ� WKH� LQVHW�RI�)LJ������ LV� FRLQFLGHV
ZHOO�ZLWK�WKH�H[SHULPHQWDO�82&QRUP�D��GHSHQG�
HQFH��FXUYH���LQ�)LJ�����DW�5� ������

9�5�.RSDFK�HW�DO����1HZ�DSSURDFK�WR�WKH�HIILFLHQF\����
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7KH� DFFRXQWLQJ� IRU� 5����� LQIOXHQFH� RQ
H[SHULPHQWDO� ,6&QRUP�D�� YDOXHV� LV� FRQQHFWHG
ZLWK�I�5�D��IXQFWLRQ�E\�WKH�UHODWLRQVKLS

,6&QRUP�D�5��� �
,6&�D�5��
,6&PD[

�|�I�5�D�FRVD� ����

ZKHUH�,6&PD[ �LV�WKH�VKRUW�FLUFXLW�FXUUHQW�DW�D�� ���
$V� IROORZV� IURP� )LJ����� WKH� SRLQWV� RI� WKH
FXUYH� �� FRUUHVSRQGLQJ� WR� ����� DW� 5� �����
FRLQFLGH�ZHOO�ZLWK�H[SHULPHQWDO�,6&QRUP�D��GH�
SHQGHQFH� SUHVHQWHG� E\� WKH� FXUYH� ��� 1RWH
WKDW�DW�WKH�VLQJOH�OLJKW�UHIOHFWLRQ�FRHIILFLHQW
5� �������WKH�HIIHFWLYH�UHIOHFWLRQ�FRHIILFLHQW
LQ� FDVH� RI� GRXEOH� OLJKW� UHIOHFWLRQ
5())�|�5��|������DQG�LW�FRUUHVSRQGV�WR�VRODUUDGLDWLRQ� HQHUJ\� ORVVHV� GXH� WR� DEVRUSWLRQ
H[FHHGLQJ�������,W�IROORZV�WKDW�HOLPLQDWLRQ
RI� VXFK� ORVVHV� VKRXOG� DOORZ� WR� LQFUHDVH� WKH
HIILFLHQF\�RI�FRQVLGHUHG�0-�6L�39&�W\SH�DS�
SUR[LPDWHO\�E\�D�IDFWRU�RI�����
7KH�DERYH�UHVXOWV�LQGLFDWH�D�SRVVLELOLW\�RI

HIILFLHQF\�LQFUHDVH�IRU�0-�6L�39&�ZLWK�9'&
E\� DSSUR[LPDWLQJ� WR� �� WKH� �������O��
�����PP� VRODU� UDGLDWLRQ� UHIOHFWLRQ� FRHIIL�
FLHQW� DW� YHUWLFDO� ERXQGDULHV� RI� WKHVH� FHOOV
LQVLGH� 0-� 6L�39&�� ,W� LV� SRVVLEOH� E\� XVLQJ
WKH� VLQJOH�OD\HU� UHIOHFWRUV� RI� WUDQVSDUHQW
WLQ�GRSHG� ,Q�2�� R[LGH�RI�Q��W\SH�FRQGXFWLY�LW\��,72��>��@��,Q�WKH�����d�O�d�����PP�ZDYH�
OHQJWK� UDQJH�� WKH� H[WLQFWLRQ� IDFWRU� RI� WKLV
PDWHULDO� F� ������� >������@� DW� LWV� VSHVLILF
UHVLVWDQFH� U�a���Ü�y��Ü��:�FP�� 7KDW� LV�� WKH
OLJKW�HQHUJ\�ORVVHV�GXH�WR�KHDW�UHOHDVH�LQVLGH
WKH� ,72� DUH� UDWKHU� VPDOO� DW� UHODWLYHO\� ORZ
VSHFLILF�UHVLVWDQFH�RI�WKH�FRQVLGHUHG�PDWHULDO�
7KHUHIRUH�� LW� LV�SRVVLEOH�WR�VSHDN�DERXW�SUDF�
WLFDOO\�IXOO�LQWHUQDO�OLJKW�UHIOHFWLRQ�LQVLGH�0-
6L�39&� IURP� ,72�6L� LQWHUIDFH� DW� OLJKW� LQFL�
GHQFH�DQJOHV�J� �����Ü�E�RQ�WKH�FRUUHVSRQGLQJ
ERXQGDU\� �)LJ������ H[FHHGLQJ� JPLQ� DUFVLQ�Q,72�Q6L���|������ZKHUH�Q,72�|�����LV�WKH,72� UHIUDFWLYH� LQGH[� DW� WKH� LQGLFDWHG� YDOXHV
RI�U�DQG�����d�O�d�����PP�>��@�
7KH�UHDO�J�YDOXHV�VDWLVI\�WR�UHDWLRQ

�������EPD[��d��J� �������E��d����� ����
ZKHUH� EPD[� �DUFVLQ���Q6L��� $W� Q6L� �����
EPD[�|��������ZH�JHW�������d�J�d�����$FFRUGLQJ�WR� >��@��HIIHFW�RI�IXOO� LQWHUQDO
UHIOHFWLRQ� LV� FDXVHG� E\� ZDYH� SURFHVVHV� LQ
,72� OD\HU� ZLWK� D� WKLFNQHVV� QRW� H[FHHGLQJ
RQH�OLJKW�ZDYHOHQJWK��7KHUHIRUH��RQ�WKH�RQH
KDQG�� WR� VXSSUHVV� WKH� UDGLDWLRQ� HQHUJ\
ORVVHV� ZKLFK� PD\� EH� DVVRFLDWHG� ZLWK� SHQH�

WUDWLRQ� RI� D� SDUW� RI� WKH� UDGLDWLRQ� HQHUJ\
LQWR�PHWDO�FRQWDFWLQJ�ZLWK�,72��DQG�RQ�WKH
RWKHU�KDQG��WR�PLQLPL]H�WKH�,72�OD\HU�UHVLV�
WDQFH� WR� WKH� FXUUHQW� SDVVLQJ� WKHUHWKURXJK�
WKH� WKLFNQHVV� W,72� RI� WKLV� OD\HU� VKRXOG� EHH[SHULPHQWDOO\� RSWLPL]HG� LQ� WKH� UDQJH� RI
YDOXHV���PP���W,72�����PP�7KH� FRQWULEXWLRQ� RI� ,72� OD\HU� VHULHV� UH�
VLVWDQFH� 56,72
 � LQ� YHUWLFDO� GLRGH� FHOO� VHULHV
UHVLVWDQFH�569'&
 � SHU� XQLW� RI� LWV� DUHD� �EHLQJ
SHUSHQGLFXODU� WR� WKH� GLUHFWLRQ� RI� FXUUHQW
WKURXJK� WKH� 0-� 6L�39&�� FDQ� EH� FDOFXODWHG
XVLQJ� WKH� UDWLR� 56,72
 � �5,72
 W,72� �� ZKHUH
5,72
 �LV�ORQJLWXGLQDO�UHVLVWDQFH�RI�D�KRPRJH�
QHRXVO\� WKLFN� ,72� OD\HU� KDYLQJ� WKH� VTXDUH
IRUP�� $W� 5,72
 �d�����:���� ZKDW� LV� W\SLFDO
IRU�U�a���Ü��WR���Ü��:�FP�>��@��DQG�W,72�����PP�
ZH� JHW� 56,72
 �d�����Ü��:�FP��� WKDW� LV�� DS�
SUR[LPDWHO\� ILYH� RUGHUV� RI� PDJQLWXGH� OHVV
WKDQ�569'&
 �RI�LQYHVWLJDWHG�0-�6L�39&�ZLWK�
RXW� ,72� LQWHUOD\HUV�� 7KH� ODWWHU� VKRZV� WKDW
WKH� XVH� RI� VLQJOH�OD\HU� ,72� UHIOHFWRUV� ZLWK
��PP���W,72�����PP�LQ�WKH�0-�6L�39&�VWUXF�WXUH�VKRXOG�QRW�FRQWULEXWH�QHJDWLYHO\�WR�WKH
GHYLFH�HIILFLHQF\�
%HVLGHV�� LW� LV� NQRZQ� >��Ü��@� WKDW� WKH

PRGHUQ� GHSRVLWLRQ� PHWKRGV� RI� ,72� ILOPV
ZLWK� VXEPLFURPHWHU� DQG� PLFURPHWHU� WKLFN�
QHVV�� LQFOXGLQJ� SXOYHUL]DWLRQ� IROORZHG� E\
S\URO\VLV�� DOORZ� WR� UHDOL]H� WKH� DSSURSULDWH

)LJ����� &URVV�VHFWLRQ� RI� l-� 6L�39&� RI
W39&�|�����PP� WKLFNQHVV� ZLWK� ,72� UHIOHFWRUVEHORQJLQJ� WR� 9'&� VWUXFWXUH� RI� Q��¯�S�� W\SH
�VFKHPDWLF�LPDJH������VROLG�PHWDO�HOHFWURGH����
S��FRQGXFWLYLW\� VLOLFRQ� OD\HU� RI� OHVV� WKDQ
��PP�WKLFNQHVV�����S�W\SH�FRQGXFWLYLW\�VLOLFRQ
OD\HU�RI�W6L�|�����PP�WKLFNQHVV�����Q��FRQGXF�
WLYLW\� VLOLFRQ� OD\HU� RI� OHVV� WKDQ� �� PP� WKLFN�
QHVV�����PHWDO�OD\HU�RI�WP�|����PP�WKLFNQHVV�
���,72�UHIOHFWRUV�RI�����W,72�����PP�WKLFNQHVV�RWKHU�GHVLJQDWLRQV�DV�LQ�WH[W��
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SURFHVV� DW� WHPSHUDWXUHV� EHORZ� ����&�� 7KLV
DJUHHV�ZHOO�ZLWK�WKH�FRQFHSW�RI�VLQJOH�FU\V�
WDO� VLOLFRQ� 39&� SURGXFWLRQ� WHFKQRORJ\� DF�
FRUGLQJ� WR� ZKLFK� WKH� KLJKHVW� WHPSHUDWXUH
RSHUDWLRQ� VKRXOG� EH� WKH� PDQXIDFWXULQJ� RI
VXEPLFURQ�KLJKO\�GRSHG�Q��6L�DQG�S��6L�OD\�
HUV� UHDOL]HG�� DV� D� UXOH�� DW� ���� WR� �����&
>������@�� 7KXV�� WKH� HIILFLHQF\� LQFUHDVH� �DS�
SUR[LPDWHO\� E\� D� IDFWRU� RI� ����� RI� PXOWL�
MXQFWLRQ� VLOLFRQ� SKRWRYROWDLF� FRQYHUWHUV
ZLWK�YHUWLFDO�GLRGH�FHOOV�SHUVSHFWLYH�IRU�XVH
LQ� FRQFHQWUDWHG� VRODU� UDGLDWLRQ� FRQGLWLRQV
FDQ� EH� DFKLHYHG� XVLQJ� VLQJOH�OD\HU� ,72� UH�
IOHFWRUV� RI� �� PP���W,72�����PP� WKLFNQHVVDORQJ�WKH�YHUWLFDO�ERXQGDULHV�RI�WKHVH�FHOOV�

5HIHUHQFHV
� ���:�+RIIPDQQ�� 6�7HVNH�� �6RODU� *HQHUDWLRQ�

6RODU� HOHFWULFLW\� IRU� RYHU� RQH� ELOOLRQ� SHRSOH
DQG� WZR� PLOOLRQ� MREV� E\� ������� 6HSW�� �����
(XURSHDQ� 3KRWRYROWDLF� ,QGXVWU\� $VVRFLDWLRQ
�(3,$���%UXVVHOV��%HOJLXP���*UHHQSHDFH�,QWHU�
QDWLRQDO��$PVWHUGDP��1HWKHUODQGV��������

� ���$�:�%ODNHUV�� -�6PHOWLN�� LQ�� 3URF��RI� �QG
:RUOG� &RQI��DQG� ([KLELWLRQ� RQ� 3KRWRYROWDLF
6RODU�(QHUJ\�&RQYHUVLRQ��-XO\�������������9L�
HQQD��$XVWULD���������S������

� ���3�-�9HUOLQGHQ��LQ��3UDFWLFDO�+DQGERRN�RI�3KR�
WRYROWDLFV�� )XQGDPHQWDOV� DQG� $SSOLFDWLRQV�
HG�� E\� 7�0DUNYDUW� DQG� /�&DVWDQHU�� (OVHYLHU
6FLHQFH� /WG��� .LGOLQJWRQ�� 2[IRUG� �������
S�����

� ���0RVHUEDHU� 5HZULWLQJ� WKH� )XWXUH�� &U\VWDOOLQH
6RODU�6LOLFRQ��F�6L��9HUWLFDO�
KWWS���ZZZ�PRVHUEDHU�FRP�SYBWHFKQRORJ\�DVS�

� ���(�*�*XN�� 9�%�6KXPDQ�� 0�=�6KZDUW]�� LQ�
3URF��RI� ��WK� (XURS��3KRWRYROWDLF� 6RODU� (Q�
HUJ\�&RQI���-XQH����-XO\����������%DUFHORQD�
6SDLQ���������S�����

� ���*�6�/DQGVEHUJ��2SWLFV��1DXND��0RVFRZ�������
>LQ�5XVVLDQ@�

� ���$�-�&KDWWHQ��.�:�-�%DUQKDP��%�)�%X[WRQ�HW
DO��� LQ�� 3URF��RI� ��WK� (XURS��3KRWRYROWDLF
6RODU�(QHUJ\�&RQI���2FWREHU��������������0X�
QLFK��*HUPDQ\���������S�����

� ���9�0�$QGUHHY�� 9�$�*ULOLNKHV�� 9�'�5XP\DQW�
VHY��3KRWRYROWDLF�&RQYHUVLRQ�RI�6RODU�&RQFHQ�
WUDWHG�5DGLDWLRQ��1DXND��/HQLQJUDG��������>LQ
5XVVLDQ@�

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

����9�5�.RSDFK��0�9�.LULFKHQNR��6�9�6KUDPNR�HW
DO���)XQFWLRQDO�0DWHULDOV������������������

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

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

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

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

����9�$�.L]HO�� /LJKW� 5HIUDFWLRQ� �6HULHV� �3K\VLFV
DQG�7HFKQRORJ\�RI�6SHFWUDO�$QDO\VLV���1DXND�
0RVFRZ��������>LQ�5XVVLDQ@�

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

����5�%��+�7DKDU�� 7�%DQ�� <�2K\D� HW� DO��� -��$SSO�
3K\V�������������������

����'�(�0RUWRQ��$�'LQFD�� ,RQ�DVVLVWHG�'HSRVLWLRQ
RI� (�JXQ� (YDSRUDWHG� ,72� )LOPV� DW� /RZ�6XE�
VWUDWH� 7HPSHUDWXUHV�� KWWS���ZZZ�GHQWRQ�
YDFXXP�FRP�Q�SDSHU�

����&KDUDFWHUL]DWLRQ�RI�(OHFWURFKURPLF�'HYLFHV�E\
6SHFWURVFRSLF�(OOLSVRPHWU\�� ,72�2SWLFDO� &RQ�
VWDQWV��KWWS���ZZZ�MRELQ\YRQ�FRP�

����.�/�&KRSUD�� 6�5�'DV�� 7KLQ� )LOP� 6RODU� &HOOV�
3OHQXP�3UHVV��1HZ�<RUN��������

����$�0�/LVWUDWHQNR��5DGLRWHNKQLND��1R���������
�������>LQ�5XVVLDQ@�

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