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$EVWUDFW)URP� DQ� HQJLQHHULQJ� SRLQW� RI� YLHZ�� WKH� HIIHFW� RI� OLJKW� LQWHQVLW\� GLVWULEXWLRQ� RQ� WKH�VWDELOLW\� RI� JURZWK� UDWH VKRXOG� EH� WDNHQ� LQWR� DFFRXQW� LQ� GHVLJQLQJ� HIIHFWLYH�SKRWRELRUHDFWRUV�DQG�VXVWDLQLQJ�VWDEOH�JURZWK�UDWHV��,Q�WKH�H[SHULPHQWV GHVFULEHG�KHUH��LQ�RUGHU�WR�NHHS�RSHUDWLRQDO�SDUDPHWHUV�DW�DQ�DOPRVW�FRQVWDQW�OHYHO��D�VHPL�FRQWLQXRXV�FXOWXUH�PHWKRG�ZDV�GHYHORSHG�IRU�FXOWLYDWLRQ�RI�SKRWRV\QWKHWLF FHOOV�XQGHU�GHILQHG�OLJKW�LQWHQVLW\� GLVWULEXWLRQV� ,Q WKH� VHPL�FRQWLQXRXV� FXOWXUH�� D� SRUWLRQ� RI� FXOWXUH� EURWK�FRQWDLQLQJ� JURZQ� FHOOV� ZDV� UHSHDWHGO\� UHSODFHG� ZLWK� WKH� IUHVK� PHGLXP� DW� D�SUHGHWHUPLQHG� WLPH� LQWHUYDO� WR�PDLQWDLQ� WKH� FHOO� FRQFHQWUDWLRQ� DQG� WKH� YROXPH�RI� WKH�EURWK�FRQVWDQW�DW�WKHLU�LQLWLDO�YDOXHV��8QGHU� LOOXPLQDWLRQ� IURP�RQH�DQG�ERWK� VLGHV� SKRWRV\QWKHWLF� FHOOV�ZHUH�FXOWLYDWHG� LQ�D�IODW�SODWH�SKRWRELRUHDFWRU ZLWK�YDULRXV�OLJKW�SDWK�OHQJWKV��7KH�UHVXOWV�REWDLQHG VKRZHG�WKDW�VWDELOLW\ RI�WKH�JURZWK�UDWH�VWURQJO\�GHSHQGHG�RQ�WKH�GLVWULEXWLRQ�RI�OLJKW�LQWHQVLW\�DQG� WKH� UDWLR� RI� OLJKW� LQWHQVLW\� LQ� WKH� LOOXPLQDWHG� WR� WKDW� LQ� WKH� GDUN� ]RQH� LQVLGH� D�SKRWRELRUHDFWRU�� 7KHVH� SDUDPHWHUV� VKRXOG� EH� WDNHQ� LQWR� FRQVLGHUDWLRQ IRU� VWDEOH�FXOWLYDWLRQ�RI�SKRWRV\QWKHWLF�FHOOV�
.H\ZRUGV� 3KRWRELRUHDFWRU��6WDELOLW\�RI�JURZWK�UDWH��/LJKW�LQWHQVLW\�GLVWULEXWLRQ��6HPL�FRQWLQXRXV�FXOWLYDWLRQ


 � &RUUHVSRQGLQJ�DXWKRU��(�PDLO�DGGUHVV��NDWRK#NREH�X�DF�MS

,QWURGXFWLRQ,Q� GHVLJQLQJ� HIIHFWLYH� SKRWRELRUHDFWRUV� DQG�VXVWDLQLQJ� VWDEOH� JURZWK� RI� SKRWRV\QWKHWLF�FHOOV�� RSWLPL]DWLRQ� RI� OLJKW� GHSHQGHQW� YDULD�EOHV� LQ� UHDFWRUV� LV� HVVHQWLDO�� DV�ZHOO DV�RWKHU�YDULDEOHV�� VXFK� DV� WHPSHUDWXUH�� S+�� '2��FRPSRQHQWV� RI� PHGLD� DQG� WUDQVSRUW� SURSHU�WLHV� XVHG� LQ� FXOWXUH� RI� JHQHUDO� PLFURRUJD�QLVPV�� 7KHVH� OLJKW� GHSHQGHQW� YDULDEOHV� DUH�WKH�LQFLGHQW�OLJKW�LQWHQVLW\��WKH�GLVWULEXWLRQ�RI�HPLWWHG� OLJKW� ZDYHOHQJWK�� WKH� OLJKW� LQWHQVLW\�GLVWULEXWLRQ�� OLJKW� VFDWWHULQJ� DQG� OLJKW�GDUN�F\FOHV�LQ�WKH�SKRWRELRUHDFWRUV��7KH�FKDOOHQJH�

LV� WKH�GHVLJQ�RI�HIIHFWLYH�SKRWRELRUHDFWRUV�WR�LQFUHDVH WKH�SURGXFWLYLW\�DQG�\LHOG RI�SKRWR�V\QWKHWLF�FHOOV�RU� WKHLU�YDOXDEOH�SURGXFWV��7R�DFKLHYH�WKHVH�JRDOV��LW�LV�QHFHVVDU\ WR�RSHUDWH�SKRWRELRUHDFWRUV� XQGHU� UHODWLYHO\� KLJK� FHOO�FRQFHQWUDWLRQV�DQG�DOVR�KLJKHU�OLJKW�LQWHQVLW\��,W� LV� FOHDU� WKDW� WKH� JURZWK� UDWH� DQG� SUR�GXFWLYLW\� RI� SKRWRV\QWKHWLF� FHOOV� FDQ� EH�HVWLPDWHG� EDVHG� RQ� VXLWDEOH� PRGHOV� XVLQJ�WKHVH� IHUPHQWDWLRQ� FRQGLWLRQV� DQG� JHRPHWU\�RI� UHDFWRUV�� ,Q� PRVW� FDVHV� WKH� DYHUDJH� OLJKW�LQWHQVLW\�� ZKLFK� LV� FDOFXODWHG� IURP� PRGHOHTXDWLRQV�LQ�YDULRXV�W\SHV�RI�SKRWRELRUHDFWRU
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>��� ��� �� DQG� �@�� LV� XVXDOO\� XVHG� DV� D OLJKW�GHSHQGHQW� YDULDEOH�� ZKLOH� WKH� HIIHFWV RI� WKH�OLJKW� LQWHQVLW\� GLVWULEXWLRQ� DQG� OLJKW� VFDW�WHULQJ�DUH�UDUHO\�FRQVLGHUHG >�@��)XUWKHUPRUH��PRVW�RI�WKHVH�NLQHWLF�GDWD�ZHUH�GHWHUPLQHG�DW�ORZ� FHOO� FRQFHQWUDWLRQV� LQ� SKRWRELRUHDFWRUV�ZLWK� VKRUW� OLJKW� SDWK� OHQJWKV� WR� VXSSO\� D�FRQVWDQW� LQWHQVLW\� RI� OLJKW� WR� FHOOV >�@��7KXV��LOOXPLQDWLRQ� FRQGLWLRQV� LQ� SUDFWLFDO� SKRWR�ELRUHDFWRUV�PD\�EH�TXLWH�GLIIHUHQW�IURP�WKRVH�LQ� ZKLFK� WKH� NLQHWLF� GDWD� ZHUH� REWDLQHG�� ,Q�EDWFK�FXOWXUHV��IRU�H[DPSOH��WKH�DYHUDJH�OLJKW�LQWHQVLW\� DQG� GLVWULEXWLRQ�� DV� ZHOO� DV� FRQ�GLWLRQV� LQ WKH� FXOWXUH� PHGLD�� FKDQJH� FRQ�WLQXRXVO\� ZLWK� WKH� FHOO� FRQFHQWUDWLRQ�� FRP�SOLFDWLQJ� WKH� UHVXOWV� DQG� UHGXFLQJ� WKHLU�UHOLDELOLW\�� 7R� RYHUFRPH� WKHVH� SUREOHPV�NLQHWLF� GDWD� PD\� EH� REWDLQHG� E\� FRQWLQXRXV�FXOWXUH�� EXW� WKLV� LV� D� WHGLRXV� DSSURDFK�� ,Q�FRQWLQXRXV� FXOWXUH�� VSHFLDO� HTXLSPHQW� PXVW�EH� XVHG� DQG� ORQJHU� WLPHV� DUH� QHFHVVDU\� WR�DWWDLQ� VWHDG\� VWDWH� FRQGLWLRQV�� 7KXV�� WKH�DSSURDFK� LV� WLPH� DQG� FRVW� FRQVXPLQJ�� DQG�VRPHWLPHV�� LQ� DGGLWLRQ�� VXIIHUV� IURP� FRQ�WDPLQDWLRQ�SUREOHPV�,Q� SUHYLRXV� ZRUN >�@� DV� DQ� DOWHUQDWLYH WR�FRQWLQXRXV� FXOWXUH�� ZH� SURSRVHG� D� VHPL�FRQWLQXRXV� FXOWLYDWLRQ� PHWKRG� WR� REWDLQ�NLQHWLF� GDWD� XQGHU� DOPRVW� FRQVWDQW� FRQGL�WLRQV� %\� WKLV�PHWKRG� WKH HIIHFW� RI� GLVWULEX�WLRQ� RI� OLJKW� LQWHQVLW\� RQ� WKH� VWDELOLW\� RI�JURZWK� UDWH� XQGHU� YDULRXV� RSHUDWLRQDO� FRQ�GLWLRQV� ZLWK� VLQJOH� VLGH� LOOXPLQDWLRQ� LQ� IODW�SODWH� SKRWRELRUHDFWRUV� ZDV� VWXGLHG�� ,Q� WKH�SUHVHQW� ZRUN� GLIIHUHQW� LOOXPLQDWLRQ� FRQGL�WLRQV� ZKLFK� FRUUHVSRQG� WR� YDULRXV� W\SHV� RI�OLJKW� LQWHQVLW\� GLVWULEXWLRQV�� ZHUH� DSSOLHG� WR�VHPL�FRQWLQXRXV� FXOWLYDWLRQ� RI� SKRWRV\QWKH�WLF�FHOOV�DW�UHODWLYHO\�KLJK�FHOO�FRQFHQWUDWLRQV��,W�ZDV�FRQILUPHG�WKDW� WKH�UDWLR�RI�LQFLGHQW� WR�WUDQVPLWWHG� OLJKW� LQWHQVLWLHV� LQ� WKH IODW� SODWH�SKRWRELRUHDFWRU� FRXOG EH� XVHG� DV� D XVHIXO�SDUDPHWHU� WR� HVWLPDWH� FRQGLWLRQV� IRU� VWDEOH�JURZWK� DOWKRXJK WKHUH� DUH� VHYHUDO� FDVHV�ZKHUH� WKLV� SDUDPHWHU� IDLOHG WR� H[SODLQ� WKH�VWDELOLW\�RI�JURZWK UDWH�

0$7(5,$/6�$1'�0(7+2'60DWHULDOV�DQG�PLFURRUJDQLVP5KRGREDFWHU� FDSVXODWXV 67����� >�@�� D NLQG�JLIW�IURP�'U��6��7DNDNXZD�DW�.\RWR�:RPHQ
V�8QLYHUVLW\�� ZDV� XVHG�� 7KLV VWUDLQ� LV� D� K\�GURJHQDVH� GHILFLHQW� PXWDQW� GHULYHG� IURP� 5��FDSVXODWXV %������ DQG� FDQ QRW� DVVLPLODWH�FDUERQ� GLR[LGH�� ,Q� DGGLWLRQ�� LW� FDQQRW� DV�VLPLODWH� QLWURJHQ� JDV� LQ� WKH� SUHVHQFH� RI�DPPRQLXP� LRQ�� ,W� ZDV SUHFXOWXUHG� DQDHUR�ELFDOO\� LQ� 5&9 PHGLXP� ���� FP��� S+ �����FRQWDLQLQJ� ����P0� �1+��� 62� DQG� ���P0�'� /�PDODWH� DV� VROH� QLWURJHQ� DQG� FDUERQ�VRXUFHV��UHVSHFWLYHO\��DQG�WKH�IROORZLQJ�EDVDO�VDOWV�� ��� �0� )H62��� ���� P0� 0J62��� ����P0� &D&O��� ���� �0� WKLDPLQH�+&O�� ��� �0�('7$�� ��� P0� SRWDVVLXP� SKRVSKDWH� EXIIHU��S+� ������ DQG� WUDFH� HOHPHQWV� �0Q�� %RUDWH��&X�� =Q�� DQG�0R�� >��@� $� VFUHZ�FDSSHG� WHVW�WXEH� ���� FP��� FRPSOHWHO\� ILOOHG� ZLWK� WKH�FXOWXUH� PHGLXP� ZDV� LQRFXODWHG� ZLWK� 5��FDSVXODWXV DQG LQFXEDWHG� LQ� D� JODVV�VLGHG�ZDWHU�EDWK�DW���Û&�XQGHU�LOOXPLQDWLRQ�ZLWK�D�KDORJHQ� ODPS� ���� :�� 7RVKLED�� -DSDQ� 7KH�LQFLGHQW� LQWHQVLW\� ZDV� FD���� P:�FP�� 7KHFHOOV� ZHUH� KDUYHVWHG� E\� FHQWULIXJDWLRQ� DW�������îJ� IRU����PLQ�DQG�UHVXVSHQGHG� LQ� WKH�VHPL�FRQWLQXRXV� DSSDUDWXV� VKRZQ� EHORZ�FRQWDLQLQJ�WKH�5&9�PHGLXP�)LJXUH�� VKRZV�WKH�VFKHPDWLF�GLDJUDP�RI�WKH�VHPL�FRQWLQXRXV� FXOWLYDWLRQ� V\VWHP� XVHG� LQ�WKH�SUHVHQW�ZRUN� $�IODW�SODWH�SKRWRELRUHDFWRU��KHLJKW� ���� FP�� ZLGWK� ���� FP�� WKLFNQHVV� ���PP��ZRUNLQJ�YROXPH ����FP���ZDV�XVHG�IRU�FXOWLYDWLRQ� RI� 5� FDSVXODWXV 67����� XQGHU�LOOXPLQDWLRQ�ZLWK�WKH�KDORJHQ�ODPS�IURP�RQH�VLGH DQG ERWK� VLGHV�� 7KH� LQFLGHQW� OLJKW�LQWHQVLW\� ZDV PHDVXUHG� ZLWK� D� WKHUPRSLOH�SKRWRVHQVRU� >�@ DQG� WKH� DYHUDJHG� YDOXH�ZDV�XVHG� DV� WKH� LQFLGHQW� LQWHQVLW\� RQ� WKHLOOXPLQDWHG� VXUIDFH�� ,Q� VHPL�FRQWLQXRXV�FXOWXUH��D�SDUW�RI�WKH�FXOWXUH�EURWK�FRQWDLQLQJ�JURZQ�FHOOV�ZDV�UHSHDWHGO\�UHSODFHG�ZLWK�WKH�IUHVK�5&9�PHGLXP�DW� D� SUHGHWHUPLQHG� WLPH�
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LQWHUYDO� ���� � ���PLQ�� WR� NHHS� WKH� FHOO� FRQ�FHQWUDWLRQ� DQG� WKH� YROXPH� RI� WKH� EURWK�FRQVWDQW�DW� WKHLU� LQLWLDO�YDOXHV��$W� WKH�HQG�RI�HDFK� F\FOH� RI� FXOWLYDWLRQ� WKH�FHOO� FRQFHQWUD�WLRQ�ZDV� GHWHUPLQHG� IURP� WKH� DEVRUEDQFH�RI�WKH�FXOWXUH�EURWK�DW�����QP��DQG� WKH�YROXPH�RI�WKH�PHGLXP�WR�EH�UHSODFHG�ZDV�FDOFXODWHG��)RU� H[DPSOH�� ZKHQ� WKH� FHOO� FRQFHQWUDWLRQ�LQFUHDVHG� [� ��� [�� ����� �� [�� RI� WKH� FXOWXUH�EURWK�ZDV�ZLWKGUDZQ�DQG�WKH�VDPH�YROXPH�RI�WKH� IUHVK� PHGLXP� ZDV� DGGHG�� %HIRUH� DQG�DIWHU� WKH� UHSODFHPHQW�� WKH�FXOWXUH�PHGLXP�LQ�WKH� SKRWRELRUHDFWRU� ZDV� PL[HG� E\� EXEEOLQJ�1���DQG�WKH�FHOO�FRQFHQWUDWLRQ�ZDV�PHDVXUHG�'XULQJ� FXOWLYDWLRQ� F\FOHV� WKH� PHGLXP� ZDV�PL[HG� RQO\� E\� QDWXUDO� FRQYHFWLRQ� DQG� QR�VHGLPHQWDWLRQ� RI� FHOOV� ZDV� REVHUYHG�� 7R�DYRLG�SHQHWUDWLRQ�RI�2� LQWR�WKH�FXOWXUH�EURWK��WKH� UHDFWRU� DQG� WKH� UHVHUYRLU� RI� WKH� IUHVK�PHGLXP�ZHUH�VHDOHG�E\�1��

)LJXUH� �� 6FKHPDWLF� GLDJUDP� RI� VHPL�FRQWLQXRXV�FXOWLYDWLRQ�V\VWHP
(VWLPDWLRQ�RI�OLJKW�LQWHQVLW\�GLVWULEXWLRQ7KH�OLJKW�LQWHQVLW\�GLVWULEXWLRQ�ZDV�HVWLPDWHG�IURP� WKH� IROORZLQJ� HTXDWLRQ� JLYHQ� LQ� RXU�SUHYLRXV�ZRUN >�@��7KH� DWWHQXDWLRQ�RI� LQWHQ�VLW\�RI D�SRO\FKURPDWLF� OLJKW VRXUFH� LV�JLYHQ�DV� WKH� VXP� RI� WKH� DWWHQXDWLRQ� RI� HDFK�

ZDYHOHQJWK�O�
+  .��
. � .� �� +��O ����H EGNN �O%.

O¦ ���
ZKHUH� , LV� WKH� OLJKW� LQWHQVLW\� RI� SRO\�FKURPDWLF� OLJKW� DW� D� OLJKW� SDWK� OHQJWK� /�� ,��OWKH� LQWHQVLW\� RI� LQFLGHQW� OLJKW� RI� WKH�ZDYHOHQJWK�O��/� WKH�GLVWDQFH� IURP� WKH� OLJKW�VRXUFH�WR� WKH�LO�OXPLQDWHG�VXUIDFH��H FHOO�O WKHH[WLQFWLRQ� FRHIILFLHQW� RI� FHOO� DW�O DQG�& WKH�FHOO� FRQFHQWUDWLRQ�� 7KH� SUHGLFWHG� GLVWULEX�WLRQV� VKRZHG� JRRG� DJUHHPHQW� ZLWK� WKH�PHDVXUHG� RQHV� XQGHU� WKH� H[SHULPHQWDO� FRQ�GLWLRQV HPSOR\HG� >�@�� 7KH� DYHUDJH� OLJKW�LQWHQVLW\� ZDV� REWDLQHG� E\� GLYLGLQJ� WKH�LQWHJUDWHG� YDOXH� RI� WKH� OLJKW� LQWHQVLW\�GLVWULEXWLRQ�DORQJ�WKH�OLJKW�SDWK�OHQJWK�E\�WKH�OLJKW�SDWK�OHQJWK�RI�WKH�SKRWRELRUHDFWRU�
5(68/76�$1'�',6&866,216HPL �FRQWLQXRXV� FXOWLYDWLRQ PHWKRG)URP�WKH�LQFUHPHQW�RI� WKH�FHOO�FRQFHQWUDWLRQ�LQ�HDFK�F\FOH��WKH�VSHFLILF�JURZWK UDWH�FDQ�EH�FDOFXODWHG� 7KH� VSHFLILF� JURZWK� UDWH� RI� WKH�FHOO ZDV�REWDLQHG�IURP�WKH�LQFUHDVH�LQ�WKH�FHOOFRQFHQWUDWLRQ GXULQJ RQH F\FOH GLYLGHG

)LJXUH��� 7LPH�FRXUVHV�RI�FHOO�FRQFHQWUDWLRQ�LQ�VHPL�FRQWLQXRXV�FXOWLYDWLRQ
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E\ WKH LQLWLDO�FHOO�FRQFHQWUDWLRQ�DQG�WLPH�IRU�WKH�RQH�F\FOH� )LJXUH�� VKRZV�WLPH�FRXUVHV RI�WKH� FHOO� FRQFHQWUDWLRQ� LQ� VHPL�FRQWLQXRXV�FXOWXUHV DW� WKH� YDULRXV� DYHUDJH� OLJKW�LQWHQVLWLHV��,DYH��$V�PHQWLRQHG DERYH��XQGHU�VRPH�RSHUDWLRQDOFRQGLWLRQV� XVLQJ� RQH� VLGH� LOOXPLQDWLRQ�� WKH�VSHFLILF� JURZWK� UDWH� ZDV� IROORZHG� E\� UDSLG�GHFUHDVH�� ,Q� WKH� SUHVHQW� ZRUN�� YDULRXV FRQ�GLWLRQV� RI� LOOXPLQDWLRQ� ZHUH� DSSOLHG� WR�DVFHUWDLQ� ZKLFK SDUDPHWHUV DUH� PDLQO\� UHV�SRQVLEOH�IRU�WKH�VWDELOLW\�RI�JURZWK�UDWH�
5HODWLRQVKLS� EHWZHHQ� DYHUDJH� OLJKW� LQWHQ�VLW\�DQG�VSHFLILF�JURZWK�UDWH)LJXUH � VKRZV� WKH� UHODWLRQVKLS�EHWZHHQ� WKH�DYHUDJH� OLJKW� LQWHQVLW\� DQG� WKH� VSHFLILF�JURZWK� UDWH� REWDLQHG� LQ� WKH� IODW� SODWH� SKRWR�ELRUHDFWRU� ZLWK� WKH� OLJKW� SDWK� OHQJWK� RI� ����FP��(DFK�EDU�VKRZV�WKH�VWDQGDUG�HUURU�RI�WKH�H[SHULPHQWDO� YDOXHV�� 7KH� RSHQ� FLUFOHV� VKRZ�WKH� YDOXHV� RI� WKH� VSHFLILF� JURZWK� UDWH��ZKHQ�WKH VSHFLILF� JURZWK� UDWH� LV� NHSW� VWDEOH� RYHU�WKH�HQWLUH�SHULRG�RI�FXOWLYDWLRQ��2Q�WKH�RWKHU�KDQG�� WKH� FORVHG� FLUFOHV� VKRZ� WKH� YDOXHV��ZKHQ�WKH�XQH[SHFWHG�GHFUHDVH�LQ�WKH�VSHFLILF�JURZWK�UDWH�ZDV�REVHUYHG�7KH�VROLG�FXUYH�LQ�)LJXUH � VKRZV�D�0RQRG�W\SH� HTXDWLRQ� REWDLQHG� IURP� WKH� GDWD� VKRZQ�DV�RSHQ�V\PEROV�E\�WKH�QRQ�OLQHDU�UHJUHVVLRQ�PHWKRG
P  ����� � ,DYH����� � ,DYH
ZKHUH���DQG�,DYH DUH WKH�VSHFLILF�JURZWK�UDWH�DQG� WKH� DYHUDJH� OLJKW� LQWHQVLW\�� UHVSHFWLYHO\��7KH� H[SHULPHQWDO� GDWD� DJUHHG� ZHOO� ZLWK� WKH�FXUYH� REWDLQHG� IURP� (T�� ���� LUUHVSHFWLYH� RI�WKH� FHOO� FRQFHQWUDWLRQV� ������ ����� DQG� ����PJ�FP���DW�OHDVW�ZLWKLQ�WKH�LQLWLDO���KRXUV��$V�PHQWLRQHG� E\�PDQ\� UHVHDUFKHUV�� WKH� DYHUDJH�OLJKW� LQWHQVLW\� LV� D� XVHIXO� DQG� HVVHQWLDO�SDUDPHWHU� IRU� HVWLPDWLRQ� RI� WKH� VSHFLILF�JURZWK� UDWH� LQ�SKRWRELRUHDFWRU�GHVLJQ�� EXW� LW�

GRHV� QRW� DOZD\V DVVXUH� WKDW� D� VWDEOH� JURZWK�UDWH� LV� UHWDLQHG� GXULQJ� D� ORQJ� SHULRG� RI�FXOWLYDWLRQ�� ,Q�)LJXUH ��� RSHQ� V\PEROV� VKRZ�WKH� VSHFLILF� JURZWK� UDWH�� ZKHQ� FRQVWDQW�JURZWK� UDWH� ZDV� REVHUYHG�� DQG� WKH� FORVHG�V\PEROV� VKRZ� WKRVH� ZLWK� WKH� XQH[SHFWHG�GHFUHDVH�DIWHU�����KRXUV�

)LJXUH��� 7KH� UHODWLRQVKLS� EHWZHHQ� WKH� DYHUDJH� OLJKW�LQWHQVLW\�DQG�WKH�VSHFLILF�JURZWK�UDWH
,OOXPLQDWLRQ IURP�RQH�6LGH$V�VKRZQ� LQ�)LJXUH����XQGHU� LOOXPLQDWLRQ�RI�,DYH  � ���� P:�FP� WKH� VSHFLILF� JURZWK� UDWH�ZDV DOPRVW�FRQVWDQW�DW�DERXW����� K�� RYHU WKH�HQWLUH� SHULRG� RI� FXOWLYDWLRQ DW� WKH� FHOO�FRQFHQWUDWLRQ� RI� ���� PJ�FP��� 2Q� WKH� RWKHU�KDQG��DW�D�FHOO�FRQFHQWUDWLRQ�RI������PJ�FP���WKH VSHFLILF�JURZWK�UDWH�RI�DERXW ���� K�� ZDV�REVHUYHG� RQO\� IRU WKH� LQLWLDO� �� KRXUV��6XEVHTXHQWO\�� D� GHFUHDVH LQ� WKH� VSHFLILF�JURZWK� UDWH� ZLWK� WKH� FXOWLYDWLRQ� WLPH� ZDV�QRWHG�� 7KLV� XQH[SHFWHG� GHFUHDVH� LQ� WKH�VSHFLILF�JURZWK�UDWH�ZDV�DOVR�REVHUYHG�LQ�WKH�5� FDSVXODWXV 67�����FXOWXUH�XQGHU�WKH�VDPH�FRQGLWLRQV�ZLWK�DJLWDWLRQ�E\�D�VWLUUHU��GDWD�QRW�VKRZQ��� (YHQ� DW� WKH� FHOO� FRQFHQWUDWLRQ� RI�

���
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����� PJ�FP��� WKH� JURZWK� UDWH� GLG� QRW�GHFUHDVH� XQGHU� LOOXPLQDWLRQ� RI� ,DYH  � �����P:�FP� �LQFLGHQW� OLJKW� LQWHQVLW\� ,�  � ����P:�FP���� ZKLOH� LW� GHFUHDVHG� DW� WKH� FHOO�FRQFHQWUDWLRQ� RI� ���� PJ�FP� �,�  � ����P:�FP����*HQHUDOO\��ZH�H[SHFW�WKDW�D�VWDEOH�VSHFLILF�JURZWK�UDWH�FDQ�EH�PDLQWDLQHG�XQGHU�FRQVWDQW�OLJKW�LQWHQVLW\�ZLWK�VXIILFLHQW�VXSSO\�RI� QXWULHQWV� DQG� RWKHU� HVVHQWLDO� PDWHULDOV��7KHVH� UHVXOWV�� KRZHYHU�� VXJJHVW� WKDW� FHOO�JURZWK�PD\�EH� LQKLELWHG�E\�RWKHU� IDFWRUV� ,Q�RUGHU�WR�GLVFRYHU�WKH�UHDVRQ�IRU�WKH�REVHUYHG�LQVWDELOLW\�� D� VHULHV� RI� H[SHULPHQWV� ZLWK� GLI�IHUHQW� RSHUDWLRQDO FRQGLWLRQV� ZHUH� FDUULHG�RXW� ,Q� WKLV� ZRUN�� ZH� KDYH� IRFXVHG� RQ� WKH�GLVWULEXWLRQ� RI� WKH OLJKW� LQWHQVLW\� XVLQJ�YDULRXV�LOOXPLQDWLRQ�JHRPHWULHV�

)LJXUH� �� 7LPH� FRXUVHV� RI� VSHFLILF� JURZWK� UDWH� LQ�VHPL�FRQWLQXRXV�FXOWLYDWLRQ
,OOXPLQDWLRQ IURP�ERWK�6LGHV,Q�WKHVH�VHULHV�RI�H[SHULPHQWV��WKH�FXOWLYDWLRQ�YHVVHO ZDV� LOOXPLQDWHG� IURP� ERWK� VLGHV� DQG�WKH� DYHUDJH� OLJKW� LQWHQVLW\� LQVLGH� WKH� UHDFWRU�

ZDV�FDOFXODWHG�E\�VXPPLQJ WKH�DYHUDJH�OLJKW�LQWHQVLW\�IURP�HDFK�VLQJOH�OLJKW�VRXUFH�$V� VKRZQ� LQ�)LJXUH��� ZLWK�DQ DYHUDJH� OLJKW�LQWHQVLW\� RI� ,DYH  � ���� DQG� ����� P:�FP�SURYLGHG� E\� ERWK� VLGHV� WKH� VSHFLILF� JURZWK�UDWH� ZDV DOPRVW� FRQVWDQW� DW� DERXW� ���� DQG������K�� RYHU WKH� HQWLUH�SHULRG�RI� FXOWLYDWLRQDW� FHOO� FRQFHQWUDWLRQV RI� ���� DQG� ����� PJ�FP��� UHVSHFWLYHO\��2Q WKH� RWKHU� KDQG�� DW� WKHFHOO� FRQFHQWUDWLRQ� RI� ����� PJ�FP� DQG,DYH �����WKH VSHFLILF�JURZWK�UDWH�RI�DERXW ����K�� ZDV�REVHUYHG�RQO\�IRU WKH�LQLWLDO���KRXUV��DQG�DJDLQ�IROORZHG�D�GHFUHDVH LQ�WKH�VSHFLILF�JURZWK�UDWH�ZLWK�WKH�FXOWLYDWLRQ�WLPH�

)LJXUH� ��� 7LPH� FRXUVHV� RI� VSHFLILF� JURZWK� UDWH� LQ�VHPL�FRQWLQXRXV�FXOWLYDWLRQ �,OOXPLQDWLRQ��ERWK�VLGHV�
(IIHFW� RI� UDWLR� RI� LQFLGHQW� WR� WUDQVPLWWHG�OLJKW�LQWHQVLWLHV�LQ�YDULRXV�FRQGLWLRQV�RI�LO�OXPLQDWLRQ7KHVH� UHVXOWV LPSO\� WKDW� WKH�UDWLR�RI� LQFLGHQW�WR� WUDQVPLWWHG OLJKW� LQWHQVLW\� FDQ� EH� XVHG� WR�HVWLPDWH� WKH� VWDELOLW\ RI� JURZWK� UDWH� LQ� RI�SKRWRV\QWKHWLF FHOO FXOWXUHV�� )LJXUH� � VKRZV�WKH� OLJKW� LQWHQVLW\� GLVWULEXWLRQV� LQ� VLQJOH�
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VLGHG LOOXPLQDWLRQ� FDOFXODWHG� XVLQJ� (T�� ����IRU�WKH�H[SHULPHQWDO�FRQGLWLRQV LQ�WKLV ZRUN�,Q� WZR� FDVHV� LQ� ZKLFK� D� GHFUHDVH� LQ� WKH�VSHFLILF� JURZWK� UDWH� ZDV� REVHUYHG�� WKH� UDWLR�RI� LQFLGHQW� WR� WUDQVPLWWHG� OLJKW� LQWHQVLWLHV� LQ�WKH IODW�SODWH�SKRWRELRUHDFWRU ZDV�ODUJHU�WKDQ�����VROLG�OLQHV���8QGHU�WKHVH�FRQGLWLRQV��FHOOV�SDVV� WKURXJK� OLJKW� DQG� GDUN� LOOXPLQDWHG�SRUWLRQV� ZLWK� ODUJH� GLIIHUHQFHV� LQ� WKH� LQ�WHQVLW\�� 2Q� WKH� RWKHU� KDQG�� DW� WKH� FHOO� FRQ�FHQWUDWLRQ� RI� ���� PJ�FP� WKLV� UDWLR� LV� ����LUUHVSHFWLYH� WKH� LQFLGHQW� OLJKW� LQWHQVLW\� DQG�GHFUHDVH� LQ� WKH� VSHFLILF� JURZWK� UDWH�ZDV QRW�REVHUYHG�

)LJXUH� ��� /LJKW� LQWHQVLW\� GLVWULEXWLRQ� LOOXPLQDWLRQ�IURP�RQH�VLGH
7KXV�� WKH� UDWLR� RI� WKH� OLJKW� LQWHQVLW\� LQ� WKH�OLJKW� SRUWLRQ� WR� WKDW� LQ� WKH� GDUN� SRUWLRQ��ZKLFK�UHIOHFWV�WKH�OLJKW�LQWHQVLW\�GLVWULEXWLRQ��VHHPV� WR� DIIHFW� WKLV� SKHQRPHQRQ� 8QGHU� WKH�LQFLGHQW� OLJKW� LQWHQVLW\� RI� ���� P:�FP���KRZHYHU�� D� GHFUHDVH� LQ� WKH� JURZWK� UDWH� ZDV�QRW� REVHUYHG� HYHQ� DW� UDWLRV� !���� �DW WKH� FHOO�FRQFHQWUDWLRQ� RI� �����PJ�FP���� DV� VKRZQ� LQ�)LJXUH ��� DQG� WKXV� WKHUH� PD\� EH� D� VSHFLILF�

WKUHVKROG� YDOXH� RI� LQFLGHQW� OLJKW� LQWHQVLW\� DW�ZKLFK�WKLV�SKHQRPHQRQ�RFFXUV�+RZHYHU�� LQ� ERWK� VLGH� LOOXPLQDWLRQ� LQ� ORZHU�YDOXHV� RI� WKH� UDWLR�� DQ� XQVWDEOH� JURZWK UDWH�ZDV� REVHUYHG�� 7KLV� PD\� EH� FDXVHG� E\� WKH�KLJKHU� OHYHO� RI� OLJKW� LQWHQVLW\� LQVLGH� RI� WKH�UHDFWRU�� 7KH� SK\VLRORJLFDO� UHDVRQ� IRU� WKLV�SKHQRPHQRQ� LV� VWLOO� XQNQRZQ�� EXW� WKH�FRQGLWLRQV� VWDWHG� DERYH� ZLOO� EH� RIWHQ�HQFRXQWHUHG� LQ� SKRWRELRUHDFWRUV� RSHUDWHG�XQGHU�KLJK�FHOO�FRQFHQWUDWLRQV�7KHVH� UHVXOWV� LPSO\� WKDW� ZH� KDYH� WR� SD\�DWWHQWLRQ�� QRW� RQO\� WR� WKH� HIIHFWV� RI� WKH�DYHUDJH� OLJKW� LQWHQVLW\ DQG� GLVWULEXWLRQ� RI�OLJKW� LQWHQVLW\�� EXW� DOVR� WR� WKH� UDWLR� RI� OLJKW�LQWHQVLWLHV� DW� OLJKW� DQG� GDUN� SRVLWLRQV� WR�PDLQWDLQ� VWDEOH� JURZWK RI� SKRWRV\QWKHWLF�FHOOV�
(IIHFW� RI� SUHFXOWXUH� FRQGLWLRQV� RQ� WKH�VWDELOLW\�RI�JURZWK�UDWH(IIHFWV� RI� SUHFXOWLYDWLRQ� XQGHU� YDULRXV� OLJKW�LQWHQVLWLHV� ZHUH� VWXGLHG E\� VHPL� FRQWLQXRXV�FXOWLYDWLRQ�LQ�WKH IODW�SODWH�SKRWRELRUHDFWRU�

)LJXUH����7LPH�FRXUVH�RI�VSHFLILF�JURZWK�UDWH�LQ�VHPL�FRQWLQXRXV�FXOWLYDWLRQ �2SHUDWLRQDO�FRQGLWLRQ�LQ�VHPL�FRQWLQXRXV� VWDWH�� ,�  ����P:�FP���&  �����PJ�PO�/ ����PP��,��,W ����



<HJDQL��<RVKLPXUD��.DWVXGD� .DWRK

,UDQLDQ�-RXUQDO�RI�&KHPLFDO�(QJLQHHULQJ��9RO���� 1R��� ��

,Q� DOO� SUHYLRXV� H[SHULPHQWV�� WKH� VXSSOLHG�LQFLGHQW� OLJKW� LQWHQVLW\� LQ� SUHFXOWLYDWLRQ�ZDV�DERXW����P:�FP��EXW�LQ�WKLV�H[SHULPHQW�WKH�LQFLGHQW�OLJKW�LQWHQVLW\�ZDV�YDULHG�IURP�����WR������ P:�FP� DQG� DIWHU� ��� KRXUV�� WKH� FHOOV�ZHUH� KDUYHVWHG� E\� FHQWULIXJDWLRQ� DQG� UHVXV�SHQGHG� LQ� D� VHPL�FRQWLQXRXV� DSSDUDWXV�� 7KH�UHVXOWV�� VKRZQ� LQ� )LJXUH� ��� VKRZ� WKDW� WKH�HIIHFW� RI� GLIIHUHQW� SUHFXOWXUH� FRQGLWLRQV� RQ�WKH�VWDELOLW\�RI�JURZWK�UDWH�LV�QHJOLJLEOH�
&21&/86,21,Q� WKH� SUHVHQW� ZRUN�� ZH� GHYHORSHG� D� QHZ�VHPL�FRQWLQXRXV�FXOWLYDWLRQ�PHWKRG�WR�HDVLO\�REVHUYH� JURZWK� FKDUDFWHULVWLFV� RI� SKRWR�V\QWKHWLF�FHOOV�XQGHU�GHILQHG�GLVWULEXWLRQV�RI�OLJKW� LQWHQVLW\�� :H� IRXQG� WKDW� WKH UDWLR� RI�LQFLGHQW� DQG� WUDQVPLWWHG� OLJKW� LQWHQVLWLHV� LQ�WKH IODW� SODWH� SKRWRELRUHDFWRU DIIHFWV� WKH�VWDELOLW\�RI�FHOO�JURZWK RI�5��FDSVXODWXV��DQG�WKLV� SKHQRPHQRQ� PXVW� EH� FRQVLGHUHG� IRU�GHVLJQ� RI� WKH� VWDEOH� EDWFK� DQG� FRQWLQXRXV�FXOWLYDWLRQ�RI�SKRWRV\QWKHWLF�FHOOV��+RZHYHU��XQGHU� VRPH� RWKHU� FRQGLWLRQV�� VXFK� DV� ERWK�VLGH� LOOXPLQDWLRQV�� WKLV� UDWLR� FDQQRW� H[SODLQ�WKH� LQVWDELOLW\� RI� JURZWK� UDWH�� DQG RWKHU�RSHUDWLRQDO� SDUDPHWHUV� RU� SK\VLRORJLFDO� FKD�UDFWHULVWLFV� RI� SKRWRV\QWKHWLF� FHOOV� PXVW� EH�FRQVLGHUHG� IRU� HVWLPDWLRQ� RI� JURZWK� FKDUDF�WHULVWLFV�
5HIHUHQFHV�� &RUQHW�� -� )��� $OELRO�� -� 0RGHOLQJ� SKRWR�KHWHURWURSKLF�JURZWK�NLQHWLFV�RI�5KRGRVSLULO�OXP UXEUXP LQ� UHFWDQJXODU�SKRWRELRUHDFWRUV��%LRWHFKQRO��3URJ���������������±������ )HUQiQGH]��)� *��$���&DPDFKR��)��*���3pUH]��-�� $�� 6��� 6HYLOOD�� -��0�� )��� *ULPD�� (��0� $�PRGHO�IRU�OLJKW�GLVWULEXWLRQ�DQG�DYHUDJH�VRODU�LUUDGLDQFH� LQVLGH� RXWGRRU� WXEXODU� SKRWR �ELRUHDFWRUV� IRU� WKH� PLFURDOJDO� PDVV� FXOWXUH ��%LRWHFKQRO��%LRHQJ���������������±������ .DWVXGD�� 7��� $ULPRWR�� 7��� ,JDUDVKL�� .��$]XPD�� 0��� .DWR�� -��� 7DNDNXZD�� 6��� 2R �VKLPD��+� /LJKW� LQWHQVLW\� GLVWULEXWLRQ� LQ� WKH�H[WHUQDOO\� LOOXPLQDWHG� F\OLQGULFDO� SKRWR �

ELRUHDFWRU� DQG� LWV� DSSOLFDWLRQ� WR� K\GURJHQ�SURGXFWLRQ� E\� 5KRGREDFWHU FDSVXODWXV��%LRFKHP� (QJ� -��������������±������ .DWVXGD��7���)XMLL��1���7DNDWD��1���2RVKLPD��+���.DWRK��6��/LJKW�DWWHQXDWLRQ�LQ�VXVSHQVLRQ�RI� WKH� SXUSOH� EDFWHULXP� 5KRGREDFWHUFDSVXODWXV DQG� WKH� JUHHQ� DOJD� &KODP\GR�PRQDV UHLQKDUGWLL��-��&KHP��(QJ��-SQ����������������±������ .DWVXGD��7���<HJDQL�5���)XMLL�1���,JDUDVKL�.���<RVKLPXUD� DQG� .DWRK�� 6�� (IIHFW� RI� /LJKW�,QWHQVLW\� 'LVWULEXWLRQ� RQ� *URZWK� RI� 5RGR�EDFWHU FDSVXODWXV�� %LRWHFKQRO� 3URJ�� ��������������������� /HH�� +� <��� (ULFNVRQ�� /�� (��� <DQJ�� 6�� 6�.LQHWLFV� DQG� ELRHQHUJHWLFV� RI� OLJKW �OLPLWHG�SKRWRDXWRWURSKLF� JURZWK� RI� 6SLUXOLQD SODW�HQVLV�� %LRWHFKQRO�� %LRHQJ�� ������ ���� ���±������ 6XK�� ,� 6��� /HH�� 6�� %�� $� OLJKW� GLVWULEXWLRQ�PRGHO� IRU� DQ� LQWHUQDOO\� UDGLDWLQJ� SKRWR �ELRUHDFWRU�� %LRWHFKQRO�� %LRHQJ�� ������ �������±������ 7DNDNXZD�� 6��� 2GRP�� -�� 0��� :DOO�� -�� '��+\GURJHQ� XSWDNH� GHILFLHQW� PXWDQWV� RI� 5KR�GRSVHXGRPRQDV FDSVXODWD��$UFK��0LFURELRO���������������±����� 7\JDQNRY�� $� $��� /DXULQDYLFKHQH�� 7�� 9�(IIHFWV�RI�LOOXPLQDWLRQ�DQG�S+�RQ�WKH�JURZWK�UDWH�DQG�QLWURJHQDVH�DFWLYLW\�RI� 5KRGREDFWHUFDSVXODWXV JURZQ� ZLWK� RU� ZLWKRXW� PRO\E�GHQXP��0LFURELRO���������������±������� :HDYHU�� 3�� )��� :DOO�� -�� '��� *HVW�� +��&KDUDFWHUL]DWLRQ�RI�5KRGRSVHXGRPRQDV FDS�VXODWD��$UFK��0LFURELRO����������������±����


