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3ODVWLF�VFLQWLOODWRUV� �36��DUH�VXFFHVVIXOO\
XVHG� WR�GHWHFW� WKH� IXQGDPHQWDO� SDUWLFOHV� LQ
WKH� PRGHUQ� KLJK�HQHUJ\� SK\VLFV� �+(3�� H[�
SHULPHQWV�� 7KH� ZRUOG� SURGXFWLRQ� RI� WKRVH
LQH[SHQVLYH� DQG� HIILFLHQW� VFLQWLOODWLRQ
FRXQWHUV� LV� LQFUHPHQWHG�DQQXDOO\�DOPRVW�E\
������ +RZHYHU�� GHVSLWH� RI� VXFK� KLJK� SUR�
GXFWLRQ�UDWHV��WKH�QHHG�IRU�SODVWLF�VFLQWLOOD�
WRUV� LQFUHDVHV� HYHU\� \HDU�� 7KLV� LV� GXH� WR� D
WUHQG� WR� FRQWLQXRXV� LQFUHDVH� LQ� HQHUJLHV� RI
SDUWLFOHV�WR�EH�H[SORUHG�DQG�GHYHORSPHQW�RI
PRUH� DQG� PRUH� FRPSOH[� DQG� PXOWL�SXUSRVH
GHVLJQV� RI� GHWHFWRUV�� ,Q� WKH� ODUJHVW� VDQG�
ZLFK� W\SH� GHWHFWRUV� QRZ� LQ� XVH� DQG� XQGHU
FRQVWUXFWLRQ� �ZLWK� FHOOXODU� RU� SODQDU� VWUXF�
WXUH��� WKH� QXPEHU� RI� HOHPHQWDU\� VFLQWLOOD�
WLRQ� FRXQWHUV� VKDSHG� DV� ORQJ�OHQJWK� SODWHV�
VKHHWV�� RU� EORFNV� FDQ� DWWDLQ� WHQV� DQG� KXQ�
GUHGV� RI� WKRXVDQGV�� 6R�� IRU� H[DPSOH�� WKH
GHWHFWRU� &06� �&RPSDFW�0XRQ� 6ROHQRLG�� LQ�

FOXGHV� DERXW� ������ WLOHV� RI� ����� P�� WRWDO
DUHD� DQG� ��� WRQV� ZHLJKW� >�@�� $ERXW� VDPH
QXPEHU� RI� 36� LV� LQFOXGHG� LQ� GHWHFWRU� /+&
�/DUJH�+DGURQ�&ROOLGHU��>�@��7KH�FDORULPHWHU
$7/$6� �$� 7RURLGDO� /DUJH� +DGURQ� &ROOLGHU
$SSDUDWXV��LV�FRPSOHWHO\�PDGH�IURP�36�DQG
LQFOXGHV� ������� WLOHV� ZLWK� WKH� ZHLJKW� H[�
FHHGLQJ����WRQV�>�@�

7KH�KLJK�WUDQVSDUHQFH�LV�DQ�HVVHQWLDO�UH�
TXLUHPHQW�WR�36�DW�WKHLU�XVH�LQ�+(3�H[SHUL�
PHQWV�� 7KLV� LV� HVSHFLDOO\� LPSRUWDQW� LQ� FDO�
RULPHWU\� DW�PHDVXULQJ� WKH� HQHUJ\� RI� SDUWL�
FOHV� LQ� D� KDGURQ� VKRZHU� ZKLFK� LV� SDVVLQJ
WKURXJK�ZLGH�VWULSV�RI�ODUJH�VL]HG�36��1DWX�
UDOO\��RQO\�D�YHU\�KLJK�WUDQVSDUHQFH�RI�VXFK
ODUJH�VL]HG� VFLQWLOODWRU� �OHQJWK� XS� WR� �� P�
FDQ� SURYLGH� D� KRPRJHQHRXV� OLJKW� FROOHFWLRQ
DQG� D� KLJK� HQHUJ\� UHVROXWLRQ� RI� WKH� GHWHF�
WRU��1RZ��QRQH�RI�WKH�NQRZQ�36�PHHWV�DGH�
TXDWHO\� WKH�KLJK� WUDQVSDUHQFH� UHTXLUHPHQW�
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7KH�EXON�DWWHQXDWLRQ� OHQJWK�RI� OLJKW� �%$/�
LQ�ODUJH�VL]HG�GRPHVWLF�SURGXFWLRQ�36��836�
���$��DV�ZHOO�DV� LQ�WKH�EHVW�IRUHLJQ�DQDORJ
�%&������ %,&521�� YDULHV� ZLWKLQ� OLPLWV� RI
����XS�WR�����°P��,Q�D���WR���P�ORQJ�VFLQ�
WLOODWLRQ�FRXQWHU��WKH�RSWLFDO�SDWK�OHQJWK�RI
OLJKW�JHQHUDWHG�WKHUHLQ�ZLOO�EH�DOUHDG\�FRP�
SDUDEOH�WR�%$/��DQG�WKH�OLJKW�DW�36�RXWSXW
LV� YHU\� IDLQW�� 7KXV�� DQ� LQVXIILFLHQWO\� KLJK
WUDQVSDUHQFH� RI� D� VFLQWLOODWRU� FDQ� UHVWULFW
LWV�DSSOLFDELOLW\�HVVHQWLDOO\��7KLV�IDFW�IRUFHV
WR�VHDUFK�IRU�WKH�QHZ�GHVLJQV��SHUPLWWLQJ�WR
UDLVH� WUDQVSDUHQFH�DQG� OLJKW�FROOHFWLRQ�HIIL�
FLHQF\� LQ�36� DQG� WKXV� WR� SURYLGH� WKHLU�XVH
LQ�WKH�PRGHUQ�DQG�IXWXUH�+(3�GHVLJQV�

(VWLPDWLRQV� RI� RSWLFDO� ORVV� LQ� 36� HYL�
GHQFH�WKDW�SRWHQWLDO�RSSRUWXQLWLHV�RI�36�DUH
IDU� IURP�EHLQJ� H[KDXVWHG�� ,Q� IDFW��DW�DEVR�
OXWH�DEVHQFH� RI� LPSXULWLHV�DQG�DQ� LGHDO�PL�
FURVWUXFWXUH�RI�D�SRO\PHU�PDWUL[��WKH�FDOFX�
ODWHG�ORVV�OHYHO�LQ�36�LV�VHYHUDO�WLPHV�EHORZ
WKH�ORVV�OLPLW�LQ�UHDO�36�>�@��6XFK�D�GLVFUHS�
DQF\�LV�GXH�ILUVW�WR�WKH�DEVRUELQJ�LPSXULWLHV
XVXDOO\� SUHVHQW� LQ� D� FHUWDLQ� DPRXQW� LQ� WKH
SRO\PHU� PDWHULDO�� DQG� VHFRQG�� WR� YDULRXV
NLQGV� RI� VFDWWHULQJ� FHQWHUV� �VWUXFWXUDO� GH�
IHFWV�� LQFOXVLRQV�� SRURVLW\�� HWF���� FDXVHG� E\
GHYLDWLRQV� IURP� WKH� SRO\PHU� V\QWKHVLV� FRQ�
GLWLRQV��7KRVH�WZR�OLJKW�DWWHQXDWLQJ�IDFWRUV
LQ� RSWLFDOO\� WUDQVSDUHQW� SRO\PHUV� DUH� RE�
MHFWV�RI�QXPHURXV�VWXGLHV��7KH�PDQXIDFWXU�
LQJ� WHFKQRORJ\� RI� ODUJH�VL]HG� SRO\VW\UHQH
VFLQWLOODWRUV� �836����$�� GHVLJQHG� UHFHQWO\
DW� WKH� ,QVWLWXWH� RI� VFLQWLOODWLRQ� PDWHULDOV
�,60$�� .KDUNLY�� 8NUDLQH�� SURYLGHV� D� �
PHWHU�WUDQVSDUHQFH�WKDW�H[FHHGV�WKH�IRUPHU
WUDQVSDUHQFH� OHYHO� E\� D� IDFWRU� RI� �� RU� ����
6XFK�D�VXEVWDQWLDO�WUDQVSDUHQFH�LQFUHDVH�EH�
FDPH� SRVVLEOH� GXH� WR� WKH� VROXWLRQ� RI� VRPH
SUREOHPV�DVVRFLDWHG�ZLWK�WKH�DEVRUSWLRQ�ORVV
LQ� 36� >�@�� 7KH� SXUSRVH� RI� WKLV� ZRUN� LV� WR
VHDUFK�IRU�ZD\V�WR�GHFUHDVH�WKH�RSWLFDO� ORVV
LQ�36�GXH�WR�VFDWWHULQJ�

,W� LV� NQRZQ� WKDW� RSWLFDOO\� WUDQVSDUHQW
DQG� H[SOLFLWO\�DPRUSKRXV�SRO\PHUV�SRO\VW\�
UHQH� �367��� SRO\YLQ\O� WROXHQH�� SRO\PHWK\O
PHWKDFU\ODWH� �300$�� VKRZ� RQO\� D� VOLJKW
VFDWWHULQJ�LQHVVHQWLDO�IRU�PDQ\�DSSOLFDWLRQV�
+RZHYHU�� WKH� WUDQVSDUHQFH� WKHUHRI� GHSHQGV
WR�D�JUHDW�H[WHQW�RQ�WKH�OLJKW�ORVV�FDXVHG�E\
WKH�VFDWWHULQJ��DV�WKH�DPRUSKRXV�SKDVH�RI�D
SRO\PHU�PDWUL[�LV�QRW�KRPRJHQHRXV�HQRXJK�
0RUHRYHU�� WKH� SRO\PHU� FDQ� FRQWDLQ� IRUHLJQ
VXEVWDQFHV� �GXVW�� PHWDO� LRQV�� GLVVROYHG�H��DQG� SRUHV� �RI� ���� XS� WR� ��� QP� UDGLXV��
7KXV��WKH�36�SRO\PHU�LV�DV�D�UXOH�D�FRPSRV�
LWH� V\VWHP�ZLWK� GLVWULEXWHG� LQ� LW� ODUJH� DQG
VPDOO� VFDWWHULQJ� FHQWHUV� DV� IRUHLJQ� LPSXUL�
WLHV�DQG�LQWULQVLF�VXSUDPROHFXODU�IHDWXUHV�

,Q�WKLV�ZRUN��WKH�VWXG\�UHVXOWV�RI�RSWLFDO
ORVV� FDXVHG� E\� VFDWWHULQJ� LQ� 36� REWDLQHG
XQGHU�WZR�YDULRXV��DQQHDOLQJ��UHJLPHV�RI�D
SRO\PHU� EORFN�� ,W� LV� VKRZQ� WKDW� WKH� OLJKW
ORVV� LQ�36�FDQ�EH�DOPRVW�KDOYHG�E\�YDU\LQJ
WKH�DQQHDOLQJ�WHPSHUDWXUH�DQG�WLPH�UHJLPH
RI� ODUJH�VL]HG� SRO\VW\UHQH� VFLQWLOODWLRQ
EORFN�� 7KH� REVHUYHG� HIIHFW� LV� H[SODLQHG�� LQ
RXU�RSLQLRQ��E\�GHFUHDVHG� LQWHUQDO��IUR]HQ�
VWUDLQ� OHYHO� RI�PDFURPROHFXOHV� LQ� WKH� EORFN
DQG� UHVXOWLQJ� LPSURYHG� RSWLFDO� LVRWURS\� RI
36��

)RU�WKH�H[SHULPHQWV��WZR�VHULHV�RI�VWDQG�
DUG�36�FRPSRVLWLRQ�VDPSOHV���������367��
���� �� S�73�������� �� 32323��� LQFOXGLQJ
�������RI�SRO\VW\UHQH�DQG�WZR�OXPLQHVFHQW
DGGLWLYHV�� ���� �� S�WHUSKHQ\O� �S�73�� DQG
����� �� SKHQ\OR[D]RO\OEHQ]���� �32323�
ZHUH� XVHG�� 7KH� VDPSOHV� ZHUH� PDGH� RI� WZR
ODUJH�VL]HG� VFLQWLOODWLRQ� EORFNV� SUHSDUHG
XVLQJ� WZR� YDULRXV� SRO\PHUL]DWLRQ� UHJLPHV�
7KH� EDVLF� GLIIHUHQFHV� FRQVLVW� LQ� PD[LPDO
WHPSHUDWXUH�YDOXHV���PD[��DFKLHYDEOH�LQ���VWDQG� LQ� ��QG� FDVHV�� LQ� YDULRXV� KROGLQJ� WLPH
DW��PD[�DQG�DW�JODVV�WUDQVLWLRQ���J�a����&��DV�ZHOO� DV� LQ� WKH� WHPSHUDWXUH�GHFUHDVH�UDWH
QHDU��J��LQ�WKH�ILUVW�PRGH����GHJ�K�ZKLOH�LQVHFRQG������GHJ�K��

7R� GHWHUPLQH� WKH� RI� LQWHJUDWHG� OLJKW
WUDQVPLVVLRQ�FKDUDFWHULVWLFV�RI�WKH�VDPSOHV�
D� GXDO�EHDP� VSKHUH� SKRWRPHWHU� �)06K����
ZDV� XVHG�� 7KH� LQWHQVLWLHV� RI� SDVVHG� DQG
VFDWWHUHG� OLJKW� IOX[HV� �SHU� FHQW� RI� LQFLGHQW
OLJKW�LQWHQVLW\��ZHUH�UHJLVWHUHG��7R�PHDVXUH
WKH� VFDWWHUHG� OLJKW� IOX[�� WKH� GLUHFW� OLJKW
EHDP� ZDV� VKLHOGHG� E\� D� OLJKW� WUDS� �EODFN
YHOYHW��� 7KH� VFDWWHULQJ� LQWHQVLW\� ZDV� GH�
ILQHG�E\�DPRXQW�RI�OLJKW�GHIOHFWHG�IURP�WKH
LQFLGHQW� EHDP� GLUHFWLRQ� E\� DERXW� �����7KH
PHDVXUHPHQWV� ZHUH� FDUULHG� RXW� LQ� VHSDUDWH
VSHFWUDO�UHJLRQV�IURP�����QP�XS�WR�����QP
XVLQJ� OLJKW� ILOWHUV� WUDQVPLVVLRQ� PD[LPD� DW
������������������������������DQG�����QP�
7KH� VDPSOHV� ZHUH� VKDSHG� DV� IODW� SODWHV� RI
��� PP� WKLFNQHVV� ZLWK� SROLVKHG� VXUIDFHV�
7KH�SODWH�VL]H����u��u���PP���ZDV�VHOHFWHG
VR� WKDW� LW� RYHUODSSHG� FRPSOHWHO\� WKH� LQOHW
RSHQLQJ� RI� WKH� SKRWRPHWHU� LQWHJUDWLQJ
VSKHUH�� 7KH� VDPSOHV� ZHUH� IUHH� IURP� LQFOX�
VLRQV�� EXEEOHV� DQG� FUDFNV�� 7KH� SROLVKHG� VXU�
IDFHV� KDG� QR� YLVLEOH� GHIHFWV� �FKLSV�� GHQWV�
HWF���DQG�ZDV�FDUHIXOO\�FOHDQHG�RI�SROLVK�SRZ�
GHU�WUDFHV�DQG�RWKHU�LPSXULWLHV��DQG�WKHQ�SUR�
WHFWHG� E\� D� SRO\HWK\OHQH� ILOP� ��� WR� ��� PP��
7KH�EXON� OLJKW� DWWHQXDWLRQ� OHQJWK�ZDV�PHDV�
XUHG� XVLQJ� D� � SKRWRPHWULF� DSSDUDWXV� ZLWK� D
FDGPLXP� ODVHU� �OPD[� �������QP��� 7KH� VDP�SOHV�IRU�%$/�PHDVXUHPHQWV�ZHUH�VKDSHG�DV
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���°P�ORQJ�F\OLQGHUV��7KH�EXWWV�RI�F\OLQGHUV
ZHUH�SROLVKHG�WKRURXJKO\�

7R�HVWLPDWH�WKH�WRWDO�VSHFWUDO�ORVV�LQ�36�
D�PDWKHPDWLFDO�PRGHO�LQ�WKH�IRUP�RI�D�VLP�
SOH� HTXDWLRQ� ZDV� XVHG�� 7KLV� PRGHO� UHSUH�
VHQWV� WKH� VXP� RI� GLVFUHWH� PDWKHPDWLFDO
PRGHOV��HDFK�RI�ZKLFK�FRUUHVSRQGV�WR�NQRZQ
OLJKW� DWWHQXDWLRQ� PHFKDQLVPV� LQ� RSWLFDO
WUDQVSDUHQW� SRO\PHUV�� 2QH� RI� WKRVH� GH�
VFULEHV�RSWLFDO� ORVV� LQ�YLVLEOH�VSHFWUDO�UDQJH
RI� ORQJ�ZDYHOHQJWK� 89�DEVRUSWLRQ� �WDLO��
ZKLOH�DQRWKHU��WKRVH� LQ�,5�DEVRUSWLRQ�HGJH�
7KH� WKLUG�PRGHO� FRUUHVSRQGV� WR�RSWLFDO� ORVV
DVVRFLDWHG�ZLWK� OLJKW� VFDWWHULQJ��7KLV� HTXD�
WLRQ�FDQ�EH�SUHVHQWHG�DV

E� �EV���EXY���ELU�� ���
ZKHUH�EV� LV�WKH�OLJKW�ORVV�GXH�WR�VFDWWHULQJ�
EXY�DQG�ELU��FRQWULEXWLRQV�WR�WKH�ORVV�DVVRFL�DWHG� ZLWK� HGJHV� 89� DQG� WKH� ,5� DEVRUSWLRQ
EDQGV�� UHVSHFWLYHO\�� +HUH� DQG� IXUWKHU�� WKH
OLJKW� ORVV� LV� FKDUDFWHUL]HG� E\� WKH� DWWHQX�
DWLRQ� LQGH[�E��H[SUHVVHG� LQ�G%�SHU���NP�RI
WKH� OLJKW� SDWK� LQ� D� PHGLXP� DQG� HTXDO� WR
���������%$/Ü��°PÜ�� RU� ������W������°PÜ�
�%$/� LV� WKH� EXON� DWWHQXDWLRQ� OHQJWK�� KDV
GLPHQVLRQDOLW\�RI�FP��W��WKH�H[WLQFWLRQ�FRHI�
ILFLHQW� LQ� FPÜ����8VXDOO\�� WKH� ORVVHV� GXH� WR
DEVRUSWLRQ� �89�DQG� ,5�� DUH�PRGHOHG�E\� H[�
SRQHQWLDO�IXQFWLRQV�>����@�

EXY� �.XY���H[S�&XY�e�O�� ���

ELU� �.LU���H[S�&LU�e�O�� ���
ZKHUH�.XY��.LU� DQG�&XY��&LU� DUH� FRQVWDQWV�7KH� HGJH� RI� 89�DEVRUSWLRQ�� DFFRUGLQJ� WR
FDOFXODWLRQV�DQG�H[SHULPHQWDO�GDWD��FDXVHV�D
WRWDO� ORVV� LQ� WUDQVSDUHQW� SRO\PHUV� QR�PRUH
WKDQ� ���� G%�NP�� ZKLOH� WKH� ORVV� DVVRFLDWHG
ZLWK� WKH� ,5� DEVRUSWLRQ� HGJH� EDQG� GRHV� QRW
H[FHHG� �Ü�� G%�NP� >�@�� ,Q� 7DEOH���� SUH�
VHQWHG� DUH� W\SLFDO� YDOXHV� RI� FRQVWDQWV�.XYDQG�&XY�� LQFOXGHG� LQ� HT����� IRU� SRO\VW\UHQHDQG� SRO\PHWK\O�PHWKDFU\ODWH� >�@� DV�ZHOO� DV
IRU��TXDUW]�JODVV�>�@��7KH�RSWLFDO�ORVV�YDOXHV
LQ� WKHVH�PDWHULDOV� FDOFXODWHG� IRU�O� �����QP
DUH� LQGLFDWHG�� WRR�� 7KH� FRQWULEXWLRQ� IURP
RSWLFDO� ORVV� UHVXOWLQJ� IURP� VFDWWHULQJ� SURS�
HUWLHV�RI�D�PDWHULDO�LV�ZHOO�NQRZQ��WRR��VHH�
H�J��� >�@�� DQG� LV� PRGHOHG� E\� WKH� IROORZLQJ
HTXDWLRQ�

EV� �$�u�O�����%� ���

7KH� ILUVW� LWHP� GHVFULEHV� WKH� 5D\OHLJK
VFDWWHULQJ��VFDWWHULQJ�RQ�VPDOO�LQKRPRJHQHL�
WLHV�G���O������ZKLOH�WKH�VHFRQG�GHILQHV�WKH
0LH�VFDWWHULQJ��VFDWWHULQJ�RQ�ODUJH�SDUWLFOHV
G�t�O��� $� GHHS� SXULILFDWLRQ� RI� LQLWLDO� UDZ
PDWHULDO� DQG� D� KLJK� OHYHO� RI� WKH� SRO\PHU
PDWHULDO� V\QWKHVLV� PDGH� LW� SRVVLEOH� WR� H[�
FOXGH� HVVHQWLDOO\� WKH� 0LH� VFDWWHULQJ�� ,Q
XVXDO� FRQGLWLRQV�� WKH� 5D\OHLJK� VFDWWHULQJ
DVVRFLDWHG� ZLWK� PROHFXODU� OHYHO� LQKRPR�
JHQHLW\�LV�LQHYLWDEOH��7KH�FRQWULEXWLRQ�IURP
WKLV�IDFWRU�RI�OLJKW�DWWHQXDWLRQ��E5D\OHLJK��LVGHILQHG�E\�WKH�ILUVW�LWHP�LQ�HT������3UHFLVLRQ
PHDVXUHPHQWV�RI� ORVV�GXH� WR�5D\OHLJK�VFDW�
WHULQJ� LQ� KLJK�SXULW\� SRO\PHU� ILEHUV� >�@� DW
ZDYHOHQJWK� O� ����� QP� \LHOG� IRU� SRO\VW\�
UHQH� YDOXH� ���� DQG� IRU� 300$�� ��� G%�NP�
7KH� FRQVLGHUDEOH� GLIIHUHQFH� LQ� WKH� PHDVXUHG
YDOXHV�RI�ORVV�LQ�WKHVH�SRO\PHUV��DFFRUGLQJ�WR
>�@�� DFFRXQWV� IRU� D� JUHDW� DQLVRWURSLF� VFDWWHU�
LQJ�LQ�WKH�SRO\VW\UHQH�PDWUL[�FDXVHG�E\�SUHV�
HQFH�RI�EXON\�SKHQ\O�JURXS�LQ�LWV�VWUXFWXUH�

)RU� 36� FRQWDLQLQJ� ����� �� 367�� ���� �
S�73���������32323�DQG�����67�� WKH�DE�
VRUSWLRQ� ORVV� FDXVHG�E\� WKH�SRO\PHU�PDWUL[
LWVHOI�DV�ZHOO�DV�WKH�ORVV�FDXVHG�E\�OXPLQHV�
FHQW� DGGLWLYHV� ����� �� S�73� DQG� ����� �
32323��DQG�VRPHWLPHV�WKH�SUHVHQW�UHVLGXDO
PRQRPHU�VW\UHQH��a����67��KDYH�EHHQ�HVWL�
PDWHG�XVLQJ�H[WUDSRODWLRQ�RI� LQWULQVLF� HOHF�
WURQ�DEVRUSWLRQ��WDLOV��RI�36�FRPSRQHQWV�WR
ORQJ�ZDYHOHQJWK� UHJLRQ� XQGHU� WKH� *DXVV
ODZ�� 8VLQJ� WKH� GDWD� RQ� OLJKW� VFDWWHULQJ� LQ
SRO\VW\UHQH� DW� O� ����� QP� >�@�� ORVV� LQ� 36
GXH� WR� VFDWWHULQJ� IRU� RWKHU� ZDYHOHQJWKV
KDYH�EHHQ�FDOFXODWHG�XVLQJ�HT������7KH�SORWV
FRUUHVSRQGLQJ� WR� FRPSRQHQWV� RI� ORVV� LQ� 36
GXH�WR�89�DEVRUSWLRQ�DQG�5D\OHLJK�VFDWWHU�
LQJ�RYHU�WKH�UDQJH�����WR�����QP�DUH�VKRZQ
LQ�)LJ����

,W� LV� VHHQ� IURP� )LJ���� DQG� 7DEOH���� 36
ZLWK� WKH� �RSWLPXP�� OLJKW� WUDQVPLVVLRQ
FKDUDFWHULVWLFV� LQ� WKH� YLVLEOH� EDQG� VKRXOG
KDYH� WKH�PRVW� SDUW� RI� RSWLFDO� ORVV� SHFXOLDU
WR� WKHP� LQ� FRPSRQHQWV� E5D\OHLJK� DQG� E89�$FFRUGLQJ� WR� WKH� FDOFXODWLRQV�� D� OLPLW� RSWL�

7DEOH���� 3DUDPHWHUV� RI� WKH� H[SRQHQWLDO
IXQFWLRQ� GHVFULELQJ� ORVV� DVVRFLDWHG� ZLWK
89�DEVRUSWLRQ� HGJH� LQ� RSWLFDOO\� WUDQVSDU�
HQW�PHGLD�>����@

3DUDPHWHUV 3RO\VW\UHQH 300$ 4XDUW]
JODVV

z89��G%�NP� ������Ü� �������Ü�� ������Ü�
&89��QP� ����� �������� �������

E89��G%�NP� ��� ���� �
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FDO� ORVV� OHYHO� LQ� WKH� SRO\VW\UHQH� PDWUL[� RI
VFLQWLOODWRU� DW� WKH� ZDYHOHQJWK� RI� HPLVVLRQ
PD[LPXP��O� �����QP��LV�DERXW�����G%�NP
�%$/|���P���

)LJ���� SUHVHQWV� WKH� LQWHJUDWHG� OLJKW
WUDQVPLVVLRQ�GDWD�IRU�RQH�36�VDPSOH�RI�WKH
ILUVW� VHULHV��%HVLGHV� RI� WKH� LQWHJUDWHG� OLJKW
WUDQVPLVVLRQ� �°XUYH� ���� WKH� OLJKW� IOX[� IUDF�
WLRQ�G,� GHIOHFWHG� IURP� WKH� LQLWLDO� GLUHFWLRQ
GXH�WR�VFDWWHULQJ��°XUYH����LV�VKRZQ��

7KH� RSWLFDO� ORVV� GXH� WR� VFDWWHULQJ� ZDV
HVWLPDWHG�IURP�WKH�DWWHQXDWLRQ�LQGH[�EV�

E6� ��������W�������G%�e�NP�� ���
+HUH�� W�Û� LV� WKH�PHGLXP� WXUELGLW\� �H[�

WLQFWLRQ�FRHIILFLHQW� LQ�FPÜ����6LQFH�WKH�WXU�
ELGLW\� LV� D�PHDVXUH� RI� OLJKW� DWWHQXDWLRQ� DW
SDVVLQJ�WKURXJK�PHGLXP��LW�LV�HTXLYDOHQW�WR
WKH�WRWDO�VFDWWHUHG�UDGLDWLRQ��L�H��WKH�H[WLQF�
WLRQ� FRHIILFLHQW� W� DQG� H[SHULPHQWDOO\�PHDV�
XUHG�G,�DUH�LQWHUUHODWHG�E\�D�UHODWLRQ

W� ��G,�e��,V���G[�� ���

)RU� UHVXOWLQJ�RSWLFDO� SDWK�[�� WKH� IROORZ�
LQJ�H[SUHVVLRQ�LV�YDOLG�

OQ�,��e�,V�� �W���[� ���
ZKHUH� ,�� LV� WKH� LQLWLDO� OLJKW� IOX[� LQWHQVLW\�G,�� WKH� LQFLGHQW� OLJKW� HQHUJ\� ORVV� GXH� WR
VFDWWHULQJ�� ,V�� LQWHQVLW\� RI� VFDWWHUHG� OLJKWWUDQVPLVVLRQ�� $W� DQ� DEVROXWH� PHDVXUHPHQW
PHWKRG� XVLQJ� VSKHUH� SKRWRPHWHU�� WKH� VFDW�

WHUHG� OLJKW� WUDQVPLVVLRQ� LQWHQVLW\� ,V� LV� GH�ILQHG� E\� WKH� GLIIHUHQFH� EHWZHHQ� LQWHQVLWLHV
RI�WKH�LQFLGHQW�OLJKW�DQG�WKH�OLJKW�IOX[�IUDF�
WLRQ�GHIOHFWHG�GXH�WR�VFDWWHULQJ�IURP�LWV�LQ�
LWLDO� GLUHFWLRQ�� ,V� �,��Ü�G,�� +DYLQJ� GHWHU�PLQHG�,V�� LW� LV� SRVVLEOH� WR� FDOFXODWH� WKH� H[�
WLQFWLRQ� FRHIILFLHQW� W� IURP�HT�� ���� DQG� WKHQ
WKH�RSWLFDO�ORVV�EV�IURP�HT�������)RU�DOO�SUH�SDUHG�36�VDPSOHV����VDPSOHV�RI�HDFK�VHULHV�
WKH�PHDVXUHPHQWV�RI�LQWHJUDWHG�OLJKW�WUDQV�
PLVVLRQ� DQG� WKH� VFDWWHULQJ�GHIOHFWHG� OLJKW
IOX[�IUDFWLRQ�KDYH�EHHQ�PDGH�XVLQJ�WKH�VSHF�
WURSKRWRPHWHU��$IWHU�GDWD�SURFHVVLQJ��SURILOHV
RI� VSHFWUDO� ORVV� EV�O�� KDYH� EHHQ� UHFHLYHG� IRU36�VDPSOHV�RI�ERWK�VHULHV��)LJ������

7R� HVWLPDWH� WKH� 5D\OHLJK� DQG� lLH� VFDW�
WHULQJ� FRQWULEXWLRQV� WR� WRWDO� OLJKW� VFDWWHU�
LQJ�� WKH� VSHFWUDO� ORVV� EV�O�� ZDV� DQDO\]HGXVLQJ� WKH� DSSUR[LPDWLQJ� IXQFWLRQ� IURP
HT������7KH�EV�O��YDOXHV�PHDVXUHG�IRU�36�VDP�SOHV� RI� WKH� �VW� DQG� �QG� VHULHV�� WUDQVIRUPHG
IURP�OLQHDU�VFDOH�O�WR�VFDOH�OÜ��DUH�VKRZQ�LQ
)LJ�����7KH� VWUDLJKW� OLQHV� FDOFXODWHG� E\� WKH
OHDVW�VTXDUH�PHWKRG�DUH�VKRZQ��WRR��

7R� GHWHUPLQH� WKH� 0LH� VFDWWHULQJ� FRQWUL�
EXWLRQ� WR� WKH� WRWDO� OLJKW� VFDWWHULQJ�� RI� H[�
WUDSRODWLRQ� WKH� VSHFWUDO� GHSHQGHQFH� EV�OÜ��ZDV� H[WUDSRODWHG� WR� WKH� ORQJ�ZDYHOHQJWK
VSHFWUDO�UHJLRQ��7KH�OLQH�VHJPHQW�FXW�RII�RQ
DQ� RUGLQDWHV� D[LV� \LHOGV� WKH� YDOXH� RI� SD�
UDPHWHU�%�GHVFULELQJ�WKH�VFDWWHULQJ� ORVV�RQ
ODUJH�SDUWLFOHV��)URP�WKH�SORW�VORSH��WKH�SD�
UDPHWHU� $� ZDV� GHWHUPLQHG� DQG� WKHQ�� WKH
FRQWULEXWLRQ�WR�RSWLFDO� ORVV�GXH�WR�5D\OHLJK
VFDWWHULQJ� ZDV� FDOFXODWHG� IRU� D� VHOHFWHG� O
YDOXH� DFFRUGLQJ� WR� HT������ $V� LV� VHHQ� IURP
WKH� )LJXUH�� WKH� VSHFWUDO� GHSHQGHQFHV� RI

)LJ�����,QGLFHV�RI�OLJKW�DWWHQXDWLRQ�EHFDXVH�RI
89�DEVRUSWLRQ�DQG�5D\OHLJK�VFDWWHULQJ�LQ�36�
FRQWDLQLQJ� ����� �� 367� ����� VFDWWHULQJ� DQG
DEVRUSWLRQ� LQ� 367� ����� 67� ����� S�73� ����� DQG
32323� ���� SUHVHQW� LQ� WKH� DERYH�PHQWLRQHG
DPRXQWV�

)LJ����� ,QWHJUDWHG� 36� OLJKW� WUDQVPLVVLRQ� ���
DQG�WKH�LQFLGHQW�OLJKW�HQHUJ\�ORVV�GXH�WR�VFDW�
WHULQJ�����
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OLJKW� VFDWWHULQJ�IRU�DOO�36�VDPSOHV�DUH�ZHOO
GHVFULEHG�E\�WKH�VHOHFWHG�IXQFWLRQ��HT�����

:KHQ�FRPSDULQJ�WZR�SORWV�LQ�)LJ�����GLI�
IHUHQW� VORSHV� RI� DSSUR[LPDWLQJ� VWUDLJKW
OLQHV� DW� HVVHQWLDOO\� WKH� VDPH� LQWHUVHFWLRQ
SRLQW� ZLWK� D[LV� E� LV� VHHQ�� ,Q� IDFW�� WKH� SD�
UDPHWHU�$��GHWHUPLQHG�IURP�VORSHV�RI�WKHVH
VWUDLJKW� OLQHV� LQ� )LJ����� KDV� EHHQ� IRXQG� WR
EH����G%�NP�PPÜ��IRU�VDPSOHV�RI���VW�VHULHV
DQG� ��� G%�NP�PPÜ�� IRU� ��QG� RQH�� $FFRUG�
LQJO\�� WKH� FDOFXODWHG� 5D\OHLJK� ORVV� IRU� O
QHDU� WKH� HPLVVLRQ� PD[LPXP� RI� 36� �O� 
����QP��DPRXQWV������G%�NP�IRU�WKH�ILUVW
VHULHV�RI�VDPSOHV�DQG�����G%�NP�IRU�VHFRQG
RQH��7KH�SDUDPHWHU�%�GHILQHG�E\�FXWRII�VHJ�
PHQW� RQ� WKH� E� D[LV� LQ� )LJ���� LV� DERXW
����G%�NP��

7KH� UHVXOWV� RI� PHDVXUHPHQWV� DQG� FRQVH�
TXHQW� FDOFXODWLRQV� RI� VHSDUDWH� VFDWWHULQJ
FRPSRQHQWV� DUH� VKRZQ� LQ� 7DEOH���� 7KH� GH�
WHUPLQDWLRQ�RI�WRWDO�RSWLFDO� ORVV� �EWRWDO��ZDVEDVHG�RQ�PHDVXUHPHQWV�RI�EXON�DWWHQXDWLRQ
OHQJWK� LQ� F\OLQGULFDO� 36� VDPSOHV� XVLQJ� D
ODVHU� DUUDQJHPHQW�� $YHUDJH� %$/� YDOXH� IRU
WKH� ILUVW� VHULHV� VDPSOHV� ZDV� ����� DQG� IRU
VHFRQG� ���� FP�� ,Q� 7DEOH���� SUHVHQWHG� DUH
DOVR�WKH�WRWDO�RSWLFDO� ORVV�EWRWDO�IRU�36�VDP�SOHV� RI� WKH� ERWK� VHULHV� DQG� WKH� RSWLFDO� ORVV

GXH� WR� VFDWWHULQJ� �EV��� GHWHUPLQHG� E\� WKHSKRWRPHWHU� DW� O� ����� QP�� DQG� YDOXHV� RI
LQGLYLGXDO�FRQWULEXWLRQV�WR�RSWLFDO�ORVV�IURP
5D\OHLJK� VFDWWHULQJ� �E5D\OHLJK���� DQG� 0LHVFDWWHULQJ� �E0LH���7KH�DEVRUSWLYH� ORVV��E89��DV� FDOFXODWHG� XVLQJ� HT����� DQG� HT����� DUH
JLYHQ��WRR��

,W� LV� VHHQ� IURP�7DEOH����36� WUDQVSDUHQFH
LV�GHILQHG�WR�D�JUHDWHU�H[WHQW�E\�WKH�OHYHO�RI
ORVV� FDXVHG� E\� OLJKW� VFDWWHULQJ� WKDQ� E\� DE�
VRUSWLYH�ORVV��6R��IRU���VW�VHULHV�RI�VDPSOHV�
ORVVHV� GXH� WR� VFDWWHULQJ� KDYH� PDGH� PRUH
WKDQ� ����� RI� WKH� WRWDO� ORVV�� DQG� IRU� ��QG�
������+RZHYHU��RI�WKH�JUHDWHVW�LQWHUHVW�DUH
WKH� UHVXOWV� RQ� FKDQJH� RI� VHSDUDWH� FRPSR�
QHQWV� RI� OLJKW� VFDWWHULQJ� ORVV� DIWHU� FKDQJH
RI� WKH�36�SRO\PHUL]DWLRQ�PRGH��&KDQJHV� LQ
E0LH�KDYH�QRW�H[FHHGHG�������DQG�5D\OHLJK
ORVV� E5D\OHLJK� KDYH� GHFUHDVHG� DOPRVW� E\� DIDFWRU�RI����

5HJDUGLQJ� LGHQWLFDO� UHTXLUHPHQWV�RI� UDZ
PDWHULDO� SUHSDUDWLRQ� DQG� WKH� VDPH� SXULW\
GHJUHH�RI�WKH�HTXLSPHQW�XVHG��WKH�SRO\PHU�
L]HU�� DPSRXOHV�� URRP�� HWF���� WKH� FRQFHQWUD�
WLRQ�RI�ODUJH�VFDWWHULQJ�FHQWHUV��D�GXVW��IRU�
HLJQ� VXEVWDQFHV� DQG� VR� RQ�� DQG� DEVRUELQJ
LPSXULWLHV�LQ�36�FDQ�EH�DVVXPHG�WR�EH�HTXDO
LQ�ERWK�FDVHV��6XFK�DVVXPSWLRQ�FDQ�H[SODLQ

)LJ�����6SHFWUDO�GHSHQGHQFHV�RI� OLJKW�VFDWWHU�
LQJ�ORVV�EV��OÜ���LQ�36�VDPSOHV�RI�ILUVW�����DQGWKH�VHFRQG�����VHULHV�RI�VDPSOHV�

7DEOH����2SWLFDO� ORVV� LQ�36� VDPSOHV� SUHSDUHG� DW�YDULRXV�KLJK�WHPSHUDWXUH�DQQHDOLQJ� UHJLPHV�RI
SRO\PHUL]DWLRQ�

36 3RO\PHUL]DWLRQ�FRQGLWLRQV 2SWLFDO�ORVV��E��G%�NP�
�PD[���& ([SRVXUH�WLPH

DW��PD[��K
([SRVXUH�WLPH

DW��J��K
EWRWDO EV E5D\OHLJK E0LH E89�

� ��� �� �� ���� ���� ���� ��� ����
� ��� �� �� ���� ��� ��� ��� ���

)LJ�����6SHFWUDO�ORVVHV�GXH�WR�OLJKW�VFDWWHULQJ
LQ�VDPSOHV�36�RI�ILUVW� ����DQG�WKH�VHFRQG����
VHULHV��
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WKH� IDFW� RI� DQ� LQYDULDQFH� RI� WKH� DEVRUSWLYH
ORVV�DQG�ORVV�GXH�WR�0LH�VFDWWHULQJ��$Q�XQ�
H[SHFWHGO\�VWURQJ�LQIOXHQFH�RI�36�SRO\PHUL�
]DWLRQ� FRQGLWLRQV� RQ� 5D\OHLJK� ORVV� FRPSR�
QHQW�FDQ�WHVWLI\�IRU�LWV�VWUXFWXUDO�QDWXUH��,Q
IDFW��DFFRUGLQJ�WR�>������@��WKH�DUUDQJHPHQW
RI� PRQRPHU� XQLWV� LQ� D� PDFURPROHFXOH� DQG
WKH� VSDWLDO� DUUDQJHPHQW� RI� SRO\PHU� FKDLQV
DUH� GHILQHG� E\� WKH� ILQDO� SRO\PHUL]DWLRQ
VWDJH��$Q�LQVXIILFLHQWO\�KLJK�DQQHDOLQJ�WHP�
SHUDWXUH�DQG�LWV�LQVXIILFLHQW�GXUDWLRQ�UHVXOW
LQ�WKH��IUR]HQ��VWUDLQV�RI�PDFURPROHFXOHV�LQ
WKH� SRO\PHU��5HDOO\�� GXULQJ�SRO\PHUL]DWLRQ
RI� WKH� SRO\PHU� EORFN� �EHFDXVH� RI� LQHYLWDEOH
WHPSHUDWXUH� JUDGLHQWV��� KLJK� LQWHUQDO
VWUHVVHV� �FUDPSLQJ�� VKLIW�� VWUHWFKLQJ�� DULVH�
7KHVH� WHQVLRQV� UHOD[� DW� GLIIHUHQW� UDWHV� DQG
WKHLU�GLVWULEXWLRQ�WKURXJK�WKH�ZKROH�YROXPH
LV� H[WUHPHO\� LQKRPRJHQHRXV�� 7KH� PDFUR�
PROHFXOHV� VWUDLQHG�XQGHU� VXFK� VWUHVVHV�ZLOO
IRUP� D� V\VWHP� ZLWK� KLJK� ORFDO� LQKRPR�
JHQHLW\�>������@��7KH�FORWV�DQG�UDUHILFDWLRQV
RI�VXEVWDQFH�ZLOO�DULVH�LQ�WKH�PLFUR�UHJLRQV
RI� WKH� SRO\PHU�PDWUL[�� 2Q� WKH� FRQWUDU\�� D
SURORQJHG� DQQHDOLQJ� DQG� KLJK� HQRXJK� WHP�
SHUDWXUH� �PD[�!��J�� WKH� GHQVLW\� IOXFWXD�WLRQV�DULVLQJ�LQ�WKH�SRO\PHU�EORFN�ZLOO�UHOD[
WR� D� KRPRJHQHRXV� VWDWH� DQG� WKH� VFDWWHULQJ
ORVV�ZLOO�EH�FRQVLGHUDEO\�GURSSHG��$V�LV�VHHQ
IURP� UHVXOWV� RI� WKLV� ZRUN�� HYHQ� D� VOLJKW
�PD[�LQFUHDVH��E\����&��DQG�LQFUHDVH�RI�WKHH[SRVXUH�WLPH�DW��PD[�E\����K�DQG�DW��J�E\�� K� DV� ZHOO� DV� WKH� VORZHUHG� FRROLQJ� RI� WKH
EORFN� KDV� DOORZHG� WR� KDOYH� WKH� RSWLFDO� ORVV
OHYHO�LQ�36�

6R�LQ�WKLV�ZRUN�WKH�HYDOXDWLRQ�RI�LQGLYLG�
XDO� FRQWULEXWLRQV�RI�YDULRXV�PHFKDQLVPV�RI

OLJKW�DWWHQXDWLRQ�LQ�SRO\PHU�PDWUL[�LV�PDGH
DQG�LW�LV�VKRZQ�WKDW�WKH�5D\OHLJK�VFDWWHULQJ
LV� D� GRPLQDQW� FRPSRQHQW�� ,W� LV� H[SHULPHQ�
WDOO\�GHWHUPLQHG�WKDW�E\�YDULDWLRQ�RI�FRQGL�
WLRQV� RI� FDUU\LQJ� RXW� RI� KLJK�WHPSHUDWXUH
DQQHDOLQJ� LQ� WKH� PDNLQJ� SRO\PHUL]DWLRQ� RI
ODUJH�VFLQWLOODWLRQ�EORFN�RQH�PD\�WR�PSURYH
D� ORFDO� KRPRJHQHLW\� RI� 36� JUHDWO\� DQG� WR
UDLVH�LWV�RSWLFDO�WUDQVSDUHQF\�

5HIHUHQFHV
� ���7KH� &RPSDFW� 0XRQ� 6ROHQRLG�� 7HFKQLFDO� 3UR�

SRVDO��&(51�/+&&��������/+&&�3����SULQWHG
LQ�&(51���������

� ���'HVLJQ� RI� /DUJH� +DGURQ� &ROOLGHU�� &(51� ���
����SULQWHG�LQ�&(51��������

� ���7LOH� &DORULPHWHU�� 7HFKQLFDO� 'HVLJQ� 5HSRUW�
&(51�/+&&� ������� /+&&�3���� SULQWHG� LQ
&(51��������

� ���9�6HQFK\VK\Q�� 3RO\VW\UHQH� 6FLQWLOODWRUV� IRU
+LJK� (QHUJ\� 3K\VLFV�� $EVWU��RI� 'U��6FL�
�(QJ���7KHVLV��.KDUNLY��������>LQ�5XVVLDQ@�

� ���%�*ULQHY��9�6HQFK\VK\Q��3ODVWLF�6FLQWLOODWRUV�
$FWD��.KDUNLY��������>LQ�5XVVLDQ@�

� ���)�8UEDFK��-��3K\V��5HY��������������������
� ���)�7�6WRQH��-��$SSO��2SW��������������������
� ���7�.DLQR�� 0�)XMLNL�� .�-LQJXML�� 5HY��(OHFWU�
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FRZ��������>LQ�5XVVLDQ@�
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