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5HFHLYHG�-XQH���������
7KH�SRVVLELOLW\� RI� OLJKW� VFDWWHULQJ� LQYHVWLJDWLRQ� LQ�QDQRFU\VWDOOLQH�6L&� ILOPV�KDV� EHHQ

VWXGLHG�� 7KH� VFDWWHULQJ� W\SH� DQG� ZDYHOHQJWK� UDQJHV� ZKHUH� WKH� DEVRUSWLRQ� RU� VFDWWHULQJ
SUHYDLOV� KDYH� EHHQ� GHWHUPLQHG�� 7KH� SDUWLFOH� VL]HV� FDOFXODWHG� IURP� VFDWWHULQJ� VSHFWUD� ���
DQG� ��� QP�� DJUHH� ZHOO� ZLWK� 6L&� FU\VWDOOLWH� VL]HV� HVWLPDWHG� IURP� WKH� VWUXFWXUH� DQDO\VLV
GDWD�
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7KH� SUHVHQW�GD\� FORVH� DWWHQWLRQ� WR
QDQRFU\VWDOOLQH� REMHFWV� LV� GXH� WR� WKH� IDFW
WKDW� SURSHUWLHV� RI� QDQRVWUXFWXUHV� DUH
XQLTXH� DQG� UDWKHU� GLIIHUHQW� IURP� WKRVH� RI
VLQJOH�FU\VWDOV��$�VSHFLDO�LQWHUHVW�LV�SDLG�WR
QDQRFU\VWDO� VLOLFRQ� FDUELGH� ILOPV� REWDLQDEOH
E\�GLUHFW�LRQLF�GHSRVLWLRQ�>�@��7KH�KLJK�VWD�
ELOLW\�RI�RSWLFDO�SURSHUWLHV�RI�VLOLFRQ�FDUELGH
ILOPV� KDV� PDGH� LW� SRVVLEOH� WR� GHYHORS� RQ
EDVLV� RI� WKHVH� ILOPV� DQ� RSWLFDO� WHPSHUDWXUH
VHQVRU�ZKLFK� LV�YHU\�SURPLVLQJ�IRU�DSSOLFD�
WLRQ� LQ� WKH� ILHOG� RI� KLJK�WHPSHUDWXUH� RSWR�
HOHFWURQLFV� >�@�� +RZHYHU�� H[SHULPHQWV� ZLWK
GHSRVLWLRQ� RI� VLOLFRQ� FDUELGH� ILOPV� ZLWK
WKLFNQHVV� H[FHHGLQJ���PP�KDYH� GHWHFWHG� DQ
LUUHJXODU� UHIOHFWLYLW\� RI� WKH� ILOPV� LQ� XOWUD�
YLROHW� DQG� YLVLEOH� VSHFWUDO� UHJLRQV�� $V� VXS�
SRVHG� LQ� >�@�� WKH�HIIHFW�RI�UHIOHFWLYLW\�GHWH�
ULRUDWLRQ�PD\�EH�FDXVHG�E\�UHVLGXDO�VWUHVVHV
LQ�WKH�QF�6L&�VWUXFWXUHV� WKDW�DULVH�DW�GHSR�
VLWLRQ�RI� ILOPV�XQGHU�VWXG\�RQWR�$O�2��VXE�VWUDWHV�� 6XFK� VWUHVVHV� PD\� UHVXOW� LQ� VWUXF�
WXUDO�LQKRPRJHQHLWLHV�DQG�SUHFRQGLWLRQV�IRU
OLJKW� VFDWWHULQJ� DQG� LQWHUIHUHQFH� FXUYH
PRGXODWLRQ��2Q�WKH�RWKHU�KDQG��VLOLFRQ�FDU�

ELGH�ILOPV�FRQVLVW�RI�DUHDV�ZLWK�6L&�FU\VWDOV
RI� QDQRPHWHU� GLPHQVLRQV�� 7KHVH� SDUWLFOHV
FDXVH� ERWK� OLJKW� DEVRUSWLRQ� DQG� OLJKW� VFDW�
WHULQJ�� ZKHUHE\� FRQWULEXWLRQ� RI� VFDWWHULQJ
WR�H[WLQFWLRQ�FRHIILFLHQW�KDV�EHHQ�XQGHUHVWL�
PDWHG� SUHYLRXVO\�� )RU� WKHVH� UHDVRQV�� WKH
SXUSRVH� RI� WKLV� SDSHU� LQFOXGHV� DQ� H[SHUL�
PHQWDO�PHDVXUHPHQW� RI� VFDWWHULQJ�HIIHFW� LQ
VLOLFRQ� FDUELGH� ILOPV�� E\� VSHFWURSKRWRPHWU\
WHFKQLTXHV�� DQG� UHYHDO� RI� VSHFWUDO� EDQGV
ZKHUH�GRPLQDWLQJ�LV�RQH�RU�DQRWKHU�W\SH�RI
OLJKW�VFDWWHULQJ�
7KH�VWXG\�REMHFWV�ZHUH�VDPSOHV�RI�VLOLFRQ

FDUELGH� ILOPV�REWDLQHG�E\�GLUHFW� LRQ�GHSRVL�
WLRQ�� 7KH� LQIOXHQFH� RI� VDSSKLUH� VXEVWUDWH
WHPSHUDWXUH�DQG�RI�GHSRVLWHG�LRQ�HQHUJ\�RQ
VWUXFWXUH� DQG� PRUSKRORJ\� RI� WKLQ� ILOPV
KDYH� EHHQ� VWXGLHG� LQ� IXOO� GHWDLO� LQ� >����@�
)RU� WKH� PHDVXUHPHQWV�� ILOPV� RI� ,� DQG� ,,
VHULHV� �GLIIHULQJ� LQ� VWUXFWXUH�� ZHUH� WDNHQ�
6WUXFWXUDOO\�� WKH� 6HULHV� ,� ILOPV� ZHUH� FRP�
SRVHG� RI� QDQRFU\VWDO� SRO\W\SHV� RI� �&�6L&�
��5�6L&�DQG�FDUERQ��DOO�RI�DYHUDJH�VL]H�5�a
��� QP�� 7KH� VHULHV� ,,� ILOPV� FRQWDLQHG
QDQRFU\VWDO� SRO\W\SHV� RI� �&�6L&� DQG� VLOLFRQ�
ZLWK�DPRUSKRXV�GLVRUGHUHG�DUHDV�
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7KH� VSHFWUDO� DQG� SKRWRPHWULF� FKDUDF�
WHULVWLFV� RI� WKH� VDPSOHV� ZHUH� PHDVXUHG� LQ
ERWK� WUDQVPLWWLQJ� DQG� UHIOHFWHG� OLJKW�XVLQJ
D�3HUNLQ�(OPHU�/DPEGD���� VSHFWURSKRWRPH�
WHU�SURYLGHG�ZLWK�DQ� LQWHJUDWLQJ�VSKHUH�� LQ
RUGHU�WR�HYDOXDWH�WKH�GLIIXVH�UDGLDWLRQ�FRP�
SRQHQW�� 7KH� GLIIXVH� UHIOHFWLRQ� VSHFWUD
�PHDVXUHG�ZLWK�UHVSHFW�WR�SULPDU\�VWDQGDUG
VDPSOH�� ZHUH� VXEVHTXHQWO\� XVHG� LQ� FDOFXOD�
WLRQV�RI�H[WLQFWLRQ�IDFWRUV�
7KH�OLJKW�IOX[�DWWHQXDWLRQ�LQ�DQ�RSWLFDOO\

LQKRPRJHQHRXV� PHGLXP� LV� NQRZQ� WR� EH� D
JHQHUDO� UHVXOW� RI� OLJKW� VFDWWHULQJ� DQG� DE�
VRUSWLRQ� HIIHFWV� >�@�� ,I� GLPHQVLRQV� RI� LQKR�
PRJHQHLWLHV��VXFK�DV�QDQRFU\VWDOOLWHV�LQ�RXU
FDVH��DUH�FRQVLGHUDEO\�OHVV�WKDQ�WKH�UHOHYDQW
ZDYHOHQJWK�DQG�VSDFHV�EHWZHHQ�SDUWLFOHV�DUH
UDWKHU� ODUJH�WKH� OLJKW� IOX[�SDVVLQJ�WKURXJK
WKH� OD\HU� RI� QF�6L&� ILOP�PXVW� XQGHUJR� WKH
5D\OHLJK� VFDWWHULQJ�� 6XFK� DQ� DVVXPSWLRQ
ZLOO�EH�TXLWH�FRUUHFW� LI� �D��GLDPHWHU�RI�SDU�
WLFOHV� GRHV� QRW� H[FHHG� ����� ZDYHOHQJWK� RI
LQFLGHQW� OLJKW�DQG� �E�� WKH�SDUWLFOHV�DUH�VSD�
WLDOO\� GLVWULEXWHG� LV� D� GLVRUGHUHG� PDQQHU
>�@�� ,Q� WKH� 5D\OHLJK� VFDWWHULQJ� HIIHFW�� WKH
GLIIXVHG� OLJKW� LQWHQVLW\� LV� SURSRUWLRQDO� WR
OÜ���$V� WR� LQKRPRJHQHLWLHV� RI� RWKHU�GLPHQ�
VLRQV�� TXLWH� YDOLG� LV� GHSHQGHQFH� ,�a�OÜS�
ZKHUH�S����� LV� UHGXFLQJ�ZLWK� LQFUHDVLQJ�GL�
PHQVLRQV� RI� LQKRPRJHQHLWLHV� >�@�� ,Q� UHDO
FDVHV�� WKHUH� PD\� VRPHWLPHV� DULVH� VSHFLILF
DUHDV� ZLWK� D� JUHDW� QXPEHU� RI� QDQRFU\VWDOV
ZKLFK� FDQ� EH� UHJDUGHG� WR� DV� PDFUR�LQFOX�
VLRQV�RI�D�VL]H�DERXW�O��+HUH��WKH�VFDWWHULQJ
HIIHFWV� FDQ� EH� GHVFULEHG� XVLQJ� HLWKHU� 0LH
WKHRU\� RU� GLIIUDFWLRQ� VFDWWHULQJ� WKHRU\� >�@�
,Q� JHQHUDO� FDVH�� WKH� RSWLFDO� FRHIILFLHQW� RI
OLJKW� DWWHQXDWLRQ� FRUUHFWV� IRU� ERWK� HIIHFWV
RI�OLJKW�DEVRUSWLRQ�DQG�VFDWWHULQJ��,Q�>�@��LW
LV� VKRZQ�� KRZHYHU�� WKDW� LI� SUHYDLOLQJ� SDUW
LQ� OLJKW� WUDQVPLVVLRQ� WKURXJK� RSWLFDOO\� LQ�
KRPRJHQHRXV� PHGLXP� LV� SOD\HG� E\� DEVRUS�
WLRQ� HIIHFW�� WKH� H[WLQFWLRQ� VSHFWUXP� VKRXOG
EH� SURSRUWLRQDO� WR� OÜ��� ,Q� WKH� FDVH� RI� SUH�
GRPLQDQW� 5D\OHLJK� VFDWWHULQJ�� WKH� H[WLQF�
WLRQ�VSHFWUXP�LV�SURSRUWLRQDO�WR�OÜ���+HQFH�
RQ�PHHWLQJ� WKH� FRQGLWLRQV� RI� OLJKW� VFDWWHU�
LQJ� DQG� DEVRUSWLRQ�� HTXDWLRQ� IRU� RSWLFDO
GHQVLW\�IDFWRU�FDQ�EH�ZULWWHQ�DV

OJ��e7�� �'O� �%O�S� ���

ZKHUH�Sd���DQG�%� LV�D�SDUDPHWHU�ZKLFK�GH�
SHQGV� RQ� QDQRSDUWLFOH� GLPHQVLRQV� DQG� RQ� H
IDFWRU�� 7KXV�� IRU� 5D\OHLJK� VFDWWHULQJ�� %� 
��S�U�>�H�Ü�����H�����@�G� >�@�� ZKHUH� U� LV� WKH
QDQRSDUWLFOH�UDGLXV��H��GLHOHFWULF�FRQVWDQW�RI

6L&�ILOP��G�Ü�WKH�6L&�ILOP�WKLFNQHVV��8VLQJ
HTXDWLRQ� ����� RQH� FDQ�REWDLQ� WKH� H[SUHVVLRQ
WR�HYDOXDWH�WKH�FRHIILFLHQW�S�

OQ�'O�� �OQ%���SOQ�O��� ���
/LQHDULW\� DQG� YDOXH� RI� FRHIILFLHQW� S� LQ

OQ'O�DQG�OQO�FRRUGLQDWHV�DUH�WKH�PDLQ�FULWH�ULD� IRU� WKH� SUHVHQFH� RI� VFDWWHULQJ� FHQWHUV
�QDQRFU\VWDOV���7KLV�IDFW�FDQ�DOVR�EH�XVHG�WR
UHYHDO� D� UHODWLRQVKLS� EHWZHHQ� OLJKW� DEVRUS�
WLRQ� DQG� VFDWWHULQJ� IDFWRUV�� (TXDWLRQ� ���
PDNHV�LW�SRVVLEOH�WR�GHWHUPLQH�QRW�RQO\�WKH
W\SH� RI� VFDWWHULQJ� LWVHOI�� EXW� D� UHOHYDQW
ZDYHOHQJWK�UDQJHV�ZKHUH�WKH�SUHYDLOLQJ�IDF�
WRU� LV� HLWKHU� OLJKW� DEVRUSWLRQ�RU� VFDWWHULQJ�
)LJ�� �� UHSUHVHQWV� WKH� OQ�'O�� �I�OQ�O��� GH�SHQGHQFH� IRU� VDPSOHV� RI� 6L&� ILOPV�� ERWK� ,
DQG� ,,� VHULHV�� )RU� WKH� ,� VHULHV� VDPSOH� ZLWK
DERXW����QP�FU\VWDOOLWHV��WKH�FXUYH���LV�FDO�
FXODWHG�XVLQJ�(TV�� �������XQGHU�DVVXPSWLRQ
RI� WKH� 5D\OHLJK� VFDWWHULQJ�� 7KH� FDOFXODWHG
SORW� LV� VHHQ� WR� FRLQFLGH� ZLWK� WKH� VWUDLJKW�
HQHG� VHFWLRQ� �D�Ü�E�� RI� WKH� H[SHULPHQWDO
FXUYH�� 7KH� FDOFXODWHG� SRZHU� LQGH[� S�|���
+HQFH�� WKHUH�PXVW� H[LVW� DQ� DUHD� RI� H[WLQF�
WLRQ� FRHIILFLHQW� GHSHQGHQFH� ZKHUH� WKH
5D\OHLJK� VFDWWHULQJ� HIIHFW� WDNHV� SODFH�� 7KH
VHFRQG�VWUDLJKWHQHG�VHFWLRQ�RI�H[SHULPHQWDO
FXUYH� FRUUHVSRQGV� WR� SDUWLFOH� VL]H� �DERXW
���QP�� DQG� WR� VRPHZKDW�PRGLILHG�YDOXH�RI
�S���VXFK�DV� �|�������7KH�FDOFXODWHG�SDUWLFOH
VL]HV�����QP�DQG����QP��DUH�LQ�JRRG�DJUHH�
PHQW� ZLWK� 6L&� FU\VWDOOLWH� VL]H� HVWLPDWHG
IURP�WKH�VWUXFWXUH�PHDVXUHPHQWV��$V�WR�WKH
ORQJ�ZDYH�UDQJH��S�|�����LW�LV�WKH�DEVRUSWLRQ
IDFWRU�FDQ�EH�DVVXPH�WR�SUHYDLO�
7KH� VHFRQG� FXUYH� LQGLFDWHV� SUHVHQFH� RI

DEVRUSWLRQ��S�|����DQG�DEVHQFH�RI�VFDWWHULQJ�

)LJ�����'HSHQGHQFHV�RI�ORJDULWKP�RI�WKH�RSWL�
FDO�GHQVLW\�RI�WKH�6L&�ILOPV�RQ�WKH�ORJDULWKP
RI�WKH�ZDYHOHQJWK�RI�OLJKW�
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,Q� YLVLEOH� DQG� XOWUD�YLROHW� VSHFWUDO� UHJLRQV�
DQ� XQXVXDO� FKDUDFWHU� RI� UHIOHFWLRQ� VSHFWUD
ZDV�DOVR�REVHUYHG��7KXV��ZLWKLQ�VSHFWUDO�UH�
JLRQ� EHORZ�����QP�� D� GUDPDWLF�GURS� RI� UH�
IOHFWLRQ� FRHIILFLHQW� LV� REVHUYHG� IRU� VLOLFRQ
FDUELGH� ILOPV�� 6XFK� D� GURS� LV� H[SODLQHG� LQ
>�@�DV�D�UHVXOW�RI�OLJKW�VFDWWHULQJ��VR�DV�WKH
VKRUWHU� DUH� WKH�ZDYHOHQJWKV�� WKH� JUHDWHU� LV
VFDWWHULQJ� HIIHFW� WKDW� UHVXOWV� HYHQWXDOO\� LQ
GHFUHDVHG�UHIOHFWLRQ�
7KXV��DSSOLFDWLRQ�RI�PRGHUQ�VSHFWURVFRS\

WHFKQLTXHV� XVLQJ� DQ� LQWHJUDWLQJ� VSKHUH� WR
DVVHVV� WKH� GLIIXVH� FRPSRQHQW� RI� UDGLDWLRQ
SURYLGHV�D�IXUWKHU�VWXG\�RI�OLJKW�VFDWWHULQJ
HIIHFWV�� 8VLQJ� PXWXDOO\� FRPSOHPHQWLQJ
PHWKRGV�RI�GLIIXVH�UHIOHFWLRQ�DQG�WUDQVPLV�
VLRQ��RQH�FDQ�GHWHUPLQH�WKH�VSHFWUDO�UHJLRQV
ZKHUH� RQH� RU� DQRWKHU� W\SH� RI� OLJKW� VFDWWHU�
LQJ�SUHGRPLQDWHV��7KLV�PHWKRGRORJ\� FDQ�EH
DSSOLHG�WR� LGHQWLI\�WKH�VFDWWHULQJ�W\SHV�DQG
WR� UHYHDO� LQWHUUHODWLRQ� EHWZHHQ� DEVRUSWLRQ

DQG� VFDWWHULQJ� LQ� FRPSOH[� QDQRFU\VWDOOLQH
VLOLFRQ�FDUELGH�ILOPV�
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