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7KH�OLJKW�FROOHFWLRQ�KDV�EHHQ�VLPXODWHG�LQ�RI�WKH�VKRUW�UDQJH�UDGLDWLRQ�GHWHFWRUV�EDVHG

RQ�&V,�7O� FU\VWDOV�� )RU� GHWHFWLRQ� RI� WKH�;�UD\� DQG� JDPPD�UDGLDWLRQ� LQ� WKH� HQHUJ\� UDQJH
IURP� ���� WR� ��� NH9�� LW� ZDV� IRXQG� WKDW� WKH� VXUIDFH� PDWWLQJ� FDXVHV� D� GHFUHDVHG� OLJKW
FROOHFWLRQ� FRHIILFLHQW�� 7KH� GHFUHDVHG� VFDWWHU� RI� WKH� OLJKW� FROOHFWLRQ� FRHIILFLHQWV� IRU� WKH
GLIIHUHQW� VXUIDFH�SDUWV�ZDV�REVHUYHG��7KH�UDGLDO�GLVWULEXWLRQV�SUDFWLFDOO\�FRLQFLGH� LQ�WKLV
HQHUJ\�UDQJH�ERWK�LQ�FDVH�RI�SROLVKHG�DQG�PDWWHG�VXUIDFHV�GXH�WR�WKH�VDPH�OLJKW�FROOHFWLRQ
FRQGLWLRQV��7KLV�LV�GXH�WR�DQ�LQVLJQLILFDQW�GLIIHUHQFH�LQ�WKH�UDGLDWLRQ�SHQHWUDWLRQ�GHSWK�IRU
YDULRXV� HQHUJLHV� ��Ü���� PP��� 7KH� XVH� RI� WKH� VFLQWLOODWLRQ� HIILFLHQF\� GHSHQGHQFH� RQ� WKH
VFLQWLOODWLRQ�GHSWK�FRRUGLQDWH�LQ�WKH�VLPXODWLRQ�DOORZHG�WR�DSSURDFK�WKH�VLPXODWLRQ�UHVXOWV
WR�WKH�H[SHULPHQWDO�HQHUJ\�GHSHQGHQFHV�RI�WKH�VSHFLILF�OLJKW�RXWSXW��7KLV�PDGH�LW�SRVVLEOH
DOVR� WR� VWXG\� WKH� UHIOHFWRU� LQIOXHQFH� RQ� WKH� FKDUDFWHU� RI� WKH� HQHUJ\� GHSHQGHQFH� RI� WKH
UHODWLYH�VSHFLILF�OLJKW�RXWSXW�
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���,QWURGXFWLRQ
7KH� OLJKW� FROOHFWLRQ� VLPXODWLRQ� LV� RQH� RI

WKH� PDLQ� WRROV� IRU� WKH� SUHGLFWLRQ� RI� WKH
FKDUDFWHULVWLFV�RI�WKH�VFLQWLOODWLRQ�GHWHFWRUV�
1XPHURXV� SURJUDPV� ZKLFK� DOORZ� VXFFHVV�
IXOO\� VLPXODWH� WKH� OLJKW� FROOHFWLRQ� LQ� WKH
YROXPH�VFLQWLOODWRUV�KDYH�EHHQ�GHYHORSHG�UH�
FHQWO\� >�Ü�@�� 7KH� VLPXODWLRQ� YHUVLRQV� DUH
NQRZQ�IRU�WKH�OLJKW�FROOHFWLRQ�VLPXODWLRQ�LQ

WKH� VKRUW�UDQJH� UDGLDWLRQ� GHWHFWRUV� EHLQJ
KHWHURJHQHRXV� VWUXFWXUHV� ZLWK� VLJQLILFDQW
OLJKW�VFDWWHULQJ��7KH�OLJKW�FROOHFWLRQ�VLPXOD�
WLRQ� LQ� VXFK� V\VWHPV� LV� FDUULHG� RXW� DV� IRU
KRPRJHQHRXV� VFLQWLOODWRU� EXW� VSHFLILF� VFDW�
WHULQJ� SURSHUWLHV� RI� WKH� YROXPH� DUH� WDNHQ
LQWR� DFFRXQW� >����@�� 7KH� VLPXODWLRQ� LQ� KHW�
HURJHQHRXV� FROXPQDU� VWUXFWXUH� RI� WKH� VFLQ�
WLOODWLRQ�VFUHHQV�LV�SHUIRUPHG�XQGHU�DFFRXQW
IRU� WKH� ;�UD\� UDGLDWLRQ� SHQHWUDWLRQ� GHSWK
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DQG� WKH� SUHVHQFH� RI� WKH� LQWHUIDFHV� LQ� WKH
PHGLXP� >�@�� 7KH� OLJKW� FROOHFWLRQ� LQ� ;�UD\
GHWHFWRUV�ZLWK�1D,�7O�DQG�&V,�1D�VLQJOH�FU\V�
WDOV� KDV� EHHQ� VLPXODWHG� GHSHQGLQJ� RQ� WKH
GHWHFWRU� GHVLJQ�� WKH� UHIOHFWRU� W\SHV� DQG
VFLQWLOODWRU�VXUIDFH�WUHDWPHQW�>��@�

7KH� NQRZQ� OLJKW� FROOHFWLRQ� VLPXODWLRQ
YHUVLRQV� LQ� WKH�VKRUW�UDQJH�UDGLDWLRQ�GHWHF�
WRUV� GR� QRW� WDNH� LQWR� DFFRXQW� D� QXPEHU� RI
ZHOO�NQRZQ� SHFXOLDULWLHV� WKDW� DUH� REVHUYHG
LQ� H[SHULPHQW�� 7KH� VKRUW�UDQJH� UDGLDWLRQ
GHWHFWRUV� DUH� WKLQ� �PLOOLPHWHUV� RU� VHYHUDO
KXQGUHGV� RI� PLFURPHWHUV��� WKDW� LV� ZK\� WKH
VXUIDFH�HIIHFWV�DUH�RI�D�JUHDW�LPSRUWDQFH�LQ
WKH� VFLQWLOODWRU� UHVSRQVH� JHQHUDWLRQ�� 7KH
FKDQJHV� RI� VFLQWLOODWLRQ� HIILFLHQF\� LQ� WKH
QHDU�VXUIDFH� OD\HUV� DV� FRPSDUHG� WR� WKH�YDO�
XHV� IRU� EXON� VFLQWLOODWRU� SOD\� D� VLJQLILFDQW
UROH� LQ� WKH� VFLQWLOODWRU� UHVSRQVH� IRUPDWLRQ�
7KH� VLJQLILFDQFH� RI� WKH� OLJKW� FROOHFWLRQ� LQ
WKH� IRUPDWLRQ� RI� WKH� VKRUW�UDQJH� UDGLDWLRQ
GHWHFWRU�UHVSRQVH�UHPDLQV�XQGHU�GLVFXVVLRQ�
$�VXEVWDQWLDO�UROH�LQ�WKH�FKDQJH�RI�WKH�VSH�
FLILF� OLJKW� RXWSXW� DV� WKH� UDGLDWLRQ� HQHUJ\
IXQFWLRQ� LV� DVVLJQHG� WR� WKH� OLJKW� FROOHFWLRQ
>��@�� ,W� LV� VKRZQ� >��@� WKDW� WKH� WKH� OLJKW
FROOHFWLRQ�FRHIILFLHQWV�PXVW�EH�FDOFXODWHG�WR
XQGHUVWDQG� WKH� QDWXUH� RI� WKH� OLJKW� RXWSXW
QRQ�SURSRUWLRQDOLW\�LQ�WKH�ORZ�HQHUJ\�UDQJH
RI����Ü���NH9�

7KH�JRDO�RI�WKLV�VWXG\�LV�WR�HYDOXDWH�WKH
OLJKW� FROOHFWLRQ� UROH� LQ� WKH� FKDQJH� RI� VSH�
FLILF�OLJKW�RXWSXW�DV�D�IXQFWLRQ�RI�WKH�UDGLD�
WLRQ� HQHUJ\� IRU� WKH� VKRUW�UDQJH� UDGLDWLRQ
GHWHFWRUV��&V,�7O�LQRUJDQLF�VFLQWLOODWLRQ�FU\V�
WDOV�ZHUH�VHOHFWHG�DV�REMHFWV�IRU�RXU�LQYHVWL�
JDWLRQV�DQG�VLPXODWLRQV��7KHVH�REMHFWV�ZHUH
WKH�VLPSOHVW�DPRQJ�WKH�DONDOL�KDOLGH�VFLQWLO�
ODWRUV��8QOLNH�&V,�1D�RU�1D,�7O�VFLQWLOODWRUV�
WKRVH� DUH� QRQK\JURVFRSLF� DQG� SURYLGH� VLP�
SOHU� FRQGLWLRQV� IRU� FRPSDUDWLYH� DQDO\VLV� RI
WKH�H[SHULPHQWDO�DQG�FDOFXODWHG�GDWD�

���7KH�VFLQWLOODWRU�PRGHO�DQG
VLPXODWLRQ�SULQFLSOHV

7KH� VFLQWLOODWLRQ� GHWHFWRU� ZDV� VLPXODWHG
DV� DQ� RSWLFDO� V\VWHP� FRQVLVWLQJ� RI� D� VHW� RI
WKH� VKHOOV� �VFLQWLOODWRU�� RXWSXW� JODVV��� HDFK
KDYLQJ� D� GLVN� VKDSH�� 7KH� IODW� VXUIDFHV� RI
WKH� GLVNV� ZHUH� LQ� GLUHFW� FRQWDFW�� 'LIIHUHQW
SDUWV�RI�HDFK�VKHOO�VXUIDFH�SRVVLEO\�FRXOG�EH
LQ� FRQWDFW� ZLWK� D�PHGLXP�KDYLQJ� GLIIHUHQW
FKDUDFWHULVWLFV� �DLU�� LPPHUVLRQ�� DQG� UHIOHF�
WRUV��ZLWKRXW�DQ\�UHIOHFWRU��DEVRUEHU��VSHFX�
ODU� UHIOHFWRU�� GLIIXVH� UHIOHFWRU��� 2SWLFDO
FKDUDFWHULVWLFV� RI� WKH� PDWHULDOV� DQG� UHIOHF�
WRUV�ZHUH�WDNHQ�LQWR�DFFRXQW�DV�FRUUHVSRQG�
LQJ� OLJKW� DEVRUSWLRQ� DQG� UHIUDFWLRQ� FRHIIL�
FLHQWV� DQG� WKRVH� RI� UHIOHFWRUV�� DV� UHIOHFWLRQ

IDFWRUV�� UHVSHFWLYHO\�� 0RQWH�&DUOR� VLPXOD�
WLRQV�ZHUH�XVHG�WR�EXLOG�WKH�OLJKW�UD\�WUDFHV
IURP� WKH� VFLQWLOODWLRQ� JHQHUDWLRQ� SRLQWV�
7KH� SRLQWV� RI� WKH� VFLQWLOODWLRQ� HPLVVLRQ� LQ
WKH� VFLQWLOODWRU� WKURXJK� WKH� VXUIDFH� DQG
GHSWK� ZHUH� VHOHFWHG� XQGHU� DFFRXQW� IRU� WKH
GLVWDQFH� IURP� WKH� VRXUFH� DQG� UDGLDWLRQ
SHQHWUDELOLW\��UHVSHFWLYHO\��7KH�OLJKW�UD\�GL�
UHFWLRQ�ZDV�GHILQHG�E\�WKH�LVRWURSLF�UDQGRP
YHFWRU�� 7KLV� YHFWRU� ZDV� VLPXODWHG� E\� WKH
VWDWLVWLFDO� VDPSOLQJ� RI� WKH� SRODU� DQJOH� FR�
VLQH� DQG� RI� WKH� D]LPXWK� DQJOH� FRVLQH� DQG
VLQH��XVLQJ�1HXPDQQ�DOJRULWKP��IROORZHG�E\
WKH� WUDQVIRUPDWLRQ� WKHUHRI� LQWR� WKH� GLUHF�
WLRQ�FRVLQHV�LQ�WKH�&DUWHVLDQ�UHFWDQJXODU�FR�
RUGLQDWHV�>��@��7KH�VKHOO�LQWHUVHFWLRQ�SRLQWV
DQG� WKH� VHTXHQFH� WKHUHRI� ZHUH� GHWHUPLQHG
XVLQJ� VWDQGDUG� >������@� RU� PRGLILHG� DOJR�
ULWKPV�� 7KH� H[SRQHQWLDO� FKDUDFWHU� RI� WKH
OLJKW� DWWHQXDWLRQ� ZDV� WDNHQ� LQWR� DFFRXQW
GXULQJ� WKH� VWDWLVWLFDO� VDPSOLQJ�RI� WKH� OLJKW
DEVRUSWLRQ� LQ� WKH� RSWLFDO� PHGLXP�� 7KH� UH�
IOHFWLRQ�SUREDELOLW\�IURP�WKH�UHIOHFWRU�VXUIDFH
ZDV� GHWHUPLQHG� XVLQJ� WKH� UHIOHFWLRQ� FRHIIL�
FLHQWV�IRU�WKH�VSHFXODU�RU�GLIIXVH�VXUIDFH�

7KH�UHIOHFWLRQ�RU�UHIUDFWLRQ�DW�WKH�RSWLFDO
PHGLXP�ERXQGDULHV�ZHUH�WDNHQ�LQWR�DFFRXQW
DIWHU�GHWHUPLQDWLRQ�RI�WKH�UHIOHFWLRQ�FRHIIL�
FLHQW�DW�WKH�ERXQGDU\��7KH�UHIOHFWLRQ�FRHIIL�
FLHQW�DQG�WKH�DQJOH�RI�UHIOHFWLRQ��UHIUDFWLRQ�
ZHUH�FDOFXODWHG�E\�WKH�)UHVQHO�IRUPXOD��7KH
UHIUDFWLYH� LQGLFHV� DW� WKH� PHGLXP� ERXQGDU\
DQG� WKH� LQFLGHQFH� DQJOH� RQ� WKH� LQWHUIDFHV
ZHUH�WDNHQ�LQWR�DFFRXQW�GXULQJ�WKH�FDOFXOD�
WLRQV��7KH�LQWHUIDFH�FDQ�EH�VPRRWK�RU�URXJK
IRUPHG� RI� WKH� PLFUR�IDFHWV� >��Ü��@�� ,W
VKRXOG� EH� QRWHG� WKDW� WKH� VLPXODWLRQ� SUR�
JUDPV� GHVFULEH� WKH� PLFUR�IDFHW� RULHQWDWLRQ
GLVWULEXWLRQV� XVLQJ� GLIIHUHQW� DSSURDFKHV
�WKH� GLIIXVH� UHIOHFWLRQ�PRGHO� >�@�� WKH� HIIHF�
WLYH� UHIOHFWLYLW\� PRGHO� >�@�� VWULDWHG� PRGHO
>�@��� *HQHUDOO\�� WKH� PLFUR�IDFHW� RULHQWDWLRQ
GLVWULEXWLRQ� RQ� WKH� VXUIDFH� LV� VSHFLILHG� E\
UHODWLYH�SDUDPHWHUV��URXJKQHVV�>�@��HIIHFWLYH
UHIOHFWLYLW\� >�@�� QRUPDO� GLVWULEXWLRQ� ZLWK
WKH� VSHFLILHG� GLVSHUVLRQ� >�@��� 7KH� UHODWLYH
SDUDPHWHUV�UHGXFH�WKH�SUHGLFWLRQ�SRVVLELOLW\
RI� WKH� VFLQWLOODWRU� FKDUDFWHULVWLFV� EDVLQJ� RI
WKH� SHUIRUPHG� VLPXODWLRQ�� 7KXV�� LW� LV� QRW
TXLWH�FOHDU�KRZ�WR�UHDOL]H�LQ�WKH�UHDO�VFLQWLO�
ODWRUV� WKH� RSWLPXP� PLFUR�IDFHW� GLVWULEX�
WLRQV�REWDLQHG�XQGHU�WKH�VLPXODWLRQ��

7KH� PLFUR�IDFHW� GLVWULEXWLRQ� REWDLQHG� LQ
>��@�SURFHHGLQJ�IURP�H[SHULPHQWDO�VWXG\�RI
WKH�UHIOHFWDQFH�GLVWULEXWLRQ�IXQFWLRQV�RI�WKH
VXUIDFHV� WUHDWHG� E\� DEUDVLYHV� ZLWK� YDULRXV
JUDLQ� VL]H� KDV� EHHQ�XVHG� LQ� WKLV�ZRUN��7KH
DSSOLFDWLRQ� RI� WKLV� VXUIDFH� PRGHO� DOORZV� WR
OLQN� WKH� SUHGLFWHG� FKDUDFWHULVWLFV� ZLWK� WKH

9�$�7DUDVRY�HW�DO����/LJKW�FROOHFWLRQ�VLPXODWLRQ�LQ����
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SDUWLFXODU� FRQGLWLRQV� RI� WKH� VXUIDFH� WUHDW�
PHQW��7KLV�UHVXOW�ZDV�FRQILUPHG�H[SHULPHQ�
WDOO\� IRU� ����PPu�� PP� &V,�7O� UHIOHFWRU�
IUHH� VFLQWLOODWRUV� ZLWK� GLIIHUHQW� VXUIDFH
WUHDWPHQW� �)����� )����� )����� )���� DEUD�
VLYHV� ZLWK� DYHUDJH� JUDLQ� VL]H� RI� ��� PP�
���PP�� ��� PP� DQG� ��� PP�� UHVSHFWLYHO\��
7KH� ZKROH� VDPSOH� YROXPH�ZDV� H[FLWHG� XQL�
IRUPO\�E\�����NH9�JDPPD�UDGLDWLRQ�IURP�D
���&V� VRXUFH� WR� UHGXFH� WKH� LQIOXHQFH�RI� WKH
VFLQWLOODWLRQ� HIILFLHQF\� FKDQJH� RI� WKH� VXU�
IDFH�OD\HU�IRU�GLIIHUHQW�WUHDWPHQW�W\SHV�

,Q�WKH�VLPXODWLRQ��WKH�WUDMHFWRU\�RI�HDFK
VFLQWLOODWLRQ�UD\�ZDV�WUDFNHG�IURP�WKH�HPLV�
VLRQ�SRLQW�WR�WKH�H[LW�IURP�WKH�GHWHFWRU�RXW�
SXW�ZLQGRZ�RU� WR� WKH�DEVRUSWLRQ� LQ� WKH�GH�
WHFWRU�YROXPH�RU� LQ�WKH�UHIOHFWRU��7KH�OLJKW
FROOHFWLRQ�FRHIILFLHQW�ZDV�REWDLQHG�DV�D�UDWLR
RI� WKH� QXPEHU� RI� WKH� OLJKW� UD\V� SDVVHG
WKURXJK� WKH� GHWHFWRU� RXWSXW�ZLQGRZ� WR� WKH
QXPEHU�RI�WKH�HPLWWHG�UD\V�IURP�DOO�VFLQWLO�
ODWLRQV��7KH�VSHFLILF�OLJKW�RXWSXW�ZDV�FDOFX�
ODWHG� DV� D� UDWLR� RI� WKH� QXPEHU� RI� GHWHFWHG
UD\V�WR�WKH�HQHUJ\�DEVRUEHG�LQ�WKH�VFLQWLOOD�
WRU��7KH�GHSHQGHQFHV�RI�WKH�OLJKW�FROOHFWLRQ
FRHIILFLHQWV� DQG� WKH� VSHFLILF� OLJKW� RXWSXW
XQGHU� GLIIHUHQW� FRQGLWLRQV� RI� WKH� OLJKW� FRO�
OHFWLRQ� DQG� VFLQWLOODWLRQ� H[FLWDWLRQ� ZHUH
VWXGLHG�� 7KH� VLPXODWLRQ� UHVXOWV� ZHUH� FRP�
SDUHG� ZLWK� WKH� H[SHULPHQWDO� UHVXOWV� UH�
SRUWHG� SUHYLRXVO\� E\� FR�DXWKRUV� RI� WKLV
ZRUN�>������@�

���7KH�VLPXODWLRQ�UHVXOWV�DQG
GLVFXVVLRQ

7KH� UDGLDO� GHSHQGHQFHV� RI� WKH� OLJKW� FRO�
OHFWLRQ�FRHIILFLHQW�DW�WKH�RI�WKH�VKRUW�UDQJH
;�UD\�DQG�JDPPD�UDGLDWLRQ�GHWHFWLRQ�LQ�WKH
HQHUJ\�UDQJH�����WR����NH9�KDYH�EHHQ�VWXG�
LHG��7KH�ORFDO�H[FLWDWLRQ�RI�WKH�VXUIDFH�SDUWV
ZLWK�WKH���PP�VSRW�GLDPHWHU�ZDV�VLPXODWHG
IRU� ����PPu��PP�&V,�7O� VFLQWLOODWRU�� 7KH
GHSWK�H[SRQHQWLDO�VFLQWLOODWLRQ�GLVWULEXWLRQV
ZLWK� WKH� OLQHDU� DEVRUSWLRQ� FRHIILFLHQWV� RI
�����FPÜ�������FPÜ�������FPÜ��DQG����FPÜ�
IRU� WKH� SKRWRQ� HQHUJ\� RI� ���� NH9�� ��� NH9�
����� NH9� DQG� ����� NH9�� UHVSHFWLYHO\�� ZHUH
WDNHQ� LQWR� DFFRXQW� LQ� WKH� VLPXODWLRQ�� 7KH
FU\VWDO� VXUIDFH� OD\HU� LV� H[FLWHG� XQGHU� WKH
VKRUW�UDQJH� UDGLDWLRQ� DEVRUSWLRQ�� )RU� FRP�
SDULVRQ�VDNH��VLPXODWLRQ�ZDV�SHUIRUPHG�IRU
����NH9�J�TXDQWD��ZKHQ�WKH�ZKROH�VFLQWLOOD�
WRU� YROXPH� LV� H[FLWHG�� 7KH� VLPXODWLRQ� ZDV
FDUULHG�RXW�IRU�WKH�SROLVKHG�DQG�JURXQG�UD�
GLDWLRQ� LQSXW� VXUIDFH� RI� WKH� VFLQWLOODWRU�
2WKHU� VXUIDFHV�ZHUH�SROLVKHG��7KH� IDFH� DQG
ODWHUDO�UHIOHFWRUV�ZHUH�DEVHQW��7KH�GLVWULEX�
WLRQ� RI� WKH� PLFUR�IDFHW� QRUPDOV� IRU� WKH

JURXQG� VXUIDFH� FRUUHVSRQGHG� WR� WUHDWPHQW
E\�WKH�)����DEUDVLYH��7KH�UHVXOWV�DUH�VKRZQ
LQ�)LJ����

7KH� VXUIDFH� PDWWLQJ� GHFUHDVHV� WKH� OLJKW
FROOHFWLRQ� FRHIILFLHQW� W�� HVSHFLDOO\� IRU� WKH
FHQWUDO� SDUW� RI� WKH�FU\VWDO�DQG�DW� WKH� VDPH
WLPH� HTXDOL]HV� WKH� UDGLDO� GHSHQGHQFH� RI� W
IRU�DOO�HQHUJ\�YDOXHV��7KH�VWURQJHVW�HTXDOL]�
LQJ�RI� WKH� OLJKW�FROOHFWLRQ�FRHIILFLHQW� LV�RE�
WDLQHG�ZKHQ�GHWHFWLQJ�RI� WKH�����NH9�J� UD�
GLDWLRQ��7KLV�UDGLDWLRQ�HQVXUHV�WKH�XQLIRUP
VFLQWLOODWLRQ�GLVWULEXWLRQ� WKURXJK� WKH�GHSWK
RI�WKH�VSHFLILHG�VFLQWLOODWRU��$W�ORZHU�UDGLD�
WLRQ� HQHUJLHV�� WKH� UDGLDO� GLVWULEXWLRQ� FRLQ�
FLGH�SUDFWLFDOO\�ERWK�LQ�FDVH�RI�SROLVKHG�DQG
JURXQG� VXUIDFH�� 7KLV� PHDQV� WKDW� WKH� OLJKW
FROOHFWLRQ�FRQGLWLRQV�UHPDLQ�WKH�VDPH�LQ�WKH
����WR����NH9�HQHUJ\�UDQJH�GXH�WR�LQVLJQLIL�
FDQW� FKDQJH� RI� WKH� OLJKW� FROOHFWLRQ� FRHIIL�
FLHQW�ZKLOH� WKH� UDGLDWLRQ� SHQHWUDWLRQ� GHSWK
FKDQJHV�IURP���WR�����PP�

7KH� REWDLQHG� UHVXOWV� DUH� FRQILUPHG� E\
WKH� PRUH� GHWDLOHG� VLPXODWLRQ� �XVLQJ� WKH
HPLWWHG� VFLQWLOODWLRQ� FRRUGLQDWHV�� RI� WKH
D[LDO� DQG� UDGLDO� GHSHQGHQFHV� �)LJ������ 7KH
GLIIHUHQFH� RI� WKHVH� GLVWULEXWLRQV� IURP� WKH
SUHYLRXV� RQHV� LV� GXH� WR� WKH� GHSWK� DQG� VXU�
IDFH�SDUW� LQWHJUDWLRQ�RI� WKH� OLJKW�FROOHFWLRQ
FRHIILFLHQWV� LQ� WKH� ILUVW� VLPXODWLRQ� YDULDQW
DQG� WKH� DEVHQFH� RI� VXFK� LQWHJUDWLRQ�GXULQJ
SRLQW�E\�SRLQW� VLPXODWLRQ�� 7KH� ZHDN� UDGLDO
GHSHQGHQFH� RI� WKH� OLJKW� FROOHFWLRQ� FRHIIL�
FLHQW� IRU� WKH� ���� WR� ��� NH9� HQHUJ\� UDQJH
DOORZV� WR�SUHGLFW� WKH�DEVHQFH� RI� WKH�HQHUJ\
GHSHQGHQFH� IRU�ERWK�WKH� OLJKW�FROOHFWLRQ�FR�

)LJ�����5DGLDO�GHSHQGHQFHV�RI�OLJKW�FROOHFWLRQ
FRHIILFLHQW� �W�� IRU� WKH� ���� NH9� ���� �� FXUYHV��
���NH9��������������NH9������������NH9�������
DQG�����NH9� �������� SKRWRQV� IRU� JURXQG�DQG
SROLVKHG� UDGLDWLRQ� LQSXW� VXUIDFH� RI� D
����PPu��PP�&V,�7O�VFLQWLOODWRU�
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HIILFLHQW�DQG�WKH�UHODWLYH�VSHFLILF� OLJKW�RXW�
SXW�ZKHQ� VLPXODWLQJ� WKH� LUUDGLDWLRQ� RI� WKH
ZKROH�VFLQWLOODWRU�VXUIDFH��

7KH�VLPXODWLRQ�UHVXOWV�RI�WKH�VSHFLILF�OLJKW
RXWSXW�FKDQJH�ZLWK�HQHUJ\�FRQILUP�WKLV�SUH�
GLFWLRQ� �)LJ�����XSSHU� FXUYH���7KH� VLPXODWLRQ
ZDV� SHUIRUPHG� IRU� ����PPu�� PP� &V,�7O
VDPSOHV�ZLWK�GLIIXVH�IDFH�DQG�ODWHUDO�UHIOHF�
WRUV� ZKHUH� D� VLJQLILFDQW� GHYLDWLRQ� RI� WKH
VSHFLILF� OLJKW� RXWSXW� �a��� ��� IRU� WKH
���� NH9� HQHUJ\� IURP� LWV� YDOXH� IRU� WKH
���NH9�HQHUJ\�LV�REVHUYHG�>��@��,W�LV�LPSRV�
VLEOH� WR� H[SODLQ� WKH� H[SHULPHQWDO� GHSHQG�
HQFH�RQO\�E\�WKH�FKDQJH�RI�WKH� OLJKW�FROOHF�
WLRQ� FRQGLWLRQV�� ,Q� >��@�� GHSHQGHQFH� RI� WKH
UHODWLYH� OLJKW� RXWSXW� YV�� WKH� VFLQWLOODWLRQ
GHSWK�LV�SURSRVHG�LQ�WKH�IRUP�

/�e�/�� �����H[S���O���[�� ���
ZKHUH�/� LV� WKH� OLJKW�RXWSXW�DW�D�GLVWDQFH�[
IURP�WKH�VXUIDFH��/���WKDW�LQ�WKH�VFLQWLOODWRU
YROXPH��O��WKH�VXUIDFH�OD\HU�SDUDPHWHU��7KH
IRUPXOD�����LV�XVHG�WR�GHVFULEH�WKH�LQIOXHQFH
RI� WKH� GHDG� OD\HU� YDOXH� RQ� WKH� VFLQWLOODWLRQ
HIILFLHQF\�LQ�WKH�IRUP�>��@�

K� �����H[S���[�e�G��� ���
ZKHUH� K� LV� WKH� UHODWLYH� VFLQWLOODWLRQ� HIIL�
FLHQF\�� [�� WKH� VFLQWLOODWLRQ� GHSWK�� G��� WKHGHDG� OD\HU�SDUDPHWHU��7KH� IRUPXOD� ���� SUR�
YLGHV�D�JRRG�DJUHHPHQW�ZLWK�H[SHULPHQW�IRU
&V,�7O�VFLQWLOODWRUV�DW�G�� �����PP�

:KHQ�VLPXODWLQJ�WKH�FKDQJHV�LQ�WKH�UHOD�
WLYH� VSHFLILF� OLJKW� RXWSXW� DV� D� IXQFWLRQ� RI
WKH� HQHUJ\�� WKH� UHODWLRQ� ���� LV� LQFOXGHG� LQ
WKH� VLPXODWLRQ� FRQGLWLRQV�� 7KH� VLPXODWLRQ
UHVXOWV� DUH�SUHVHQWHG� LQ�)LJ���� �WKUHH� ORZHU
FXUYHV��� 6LJQLILFDQW� FKDQJHV� RI� WKH� UHODWLYH
VSHFLILF�OLJKW�RXWSXW�ZKLFK�DSSURDFK�WKH�H[�
SHULPHQWDO�YDOXHV� >��@�DW�G��!�����PPP�DUHREVHUYHG��7KH�UROH�RI�OLJKW�FROOHFWLRQ�LQ�WKH
FKDQJH�RI� WKH� UHODWLYH� VSHFLILF� OLJKW� RXWSXW
LV�VWXGLHG�H[SHULPHQWDOO\�LQ�>��@�XVLQJ�YDUL�
RXV�UHIOHFWLYH�FRDWLQJV��:H�DWWHPSWHG�WR�UH�
SURGXFH� WKRVH� H[SHULPHQWDO� FRQGLWLRQV� LQ
WKH� VLPXODWLRQ�� 7KH� OLJKW� FROOHFWLRQ� IRU
����PPu�� PP� &V,�7O� VDPSOHV� ZDV� VLPX�
ODWHG� LQLWLDOO\� ZLWKRXW� UHIOHFWRU� DQG� WKHQ
ZLWK� GLIIHUHQW� IDFH� UHIOHFWRUV� DW� WKH� VDPH
ODWHUDO� UHIOHFWRU� �7HIORQ� ULQJ��� 7KH� UHIOHF�
WLRQ� FRHIILFLHQWV� IRU� WKH� UHIOHFWRUV�ZHUH� VH�
OHFWHG� LQ� VXFK� D� ZD\� WKDW� WKH� UHODWLRQV� RI
WKH� OLJKW� RXWSXWV� IRU� WKH� ��� NH9� HQHUJ\
ZLWKRXW� UHIOHFWRU� DQG� ZLWK� D� VSHFLILHG� UH�
IOHFWRU�FRUUHVSRQG�WR�WKH�H[SHULPHQWDO�RQHV�
7KH�GHSHQGHQFHV�REWDLQHG�GXULQJ�VLPXODWLRQ
RI� WKH�UHODWLYH� VSHFLILF� OLJKW�RXWSXW�YV�� WKH
HQHUJ\� ZLWKRXW� UHIOHFWRU� DQG� ZLWK� 0\ODU�
7\YHN� DQG� 7HWUDWH[� IDFH� UHIOHFWRUV� DUH
VKRZQ�LQ�)LJ���D��,Q�WKLV�FDVH��WKH�VFLQWLOOD�
WLRQ�HIILFLHQF\�ZDV�FRQVWDQW�RYHU�WKH�ZKROH
VFLQWLOODWRU�YROXPH�

7KH� FKDQJHV� RI� WKH� OLJKW� RXWSXW� &� DQG
VSHFLILF�OLJKW�RXWSXW�'���������DQG�'��������IRU

)LJ�����5DGLDO�GHSHQGHQFHV�RI�OLJKW�FROOHFWLRQ
FRHIILFLHQW��W��IRU�JURXQG�DQG�SROLVKHG�UDGLD�
WLRQ�LQSXW�VXUIDFH�RI�D�����PPu��PP�&V,�7O
VFLQWLOODWRU�� $W� GLIIHUHQW� VFLQWLOODWLRQ� HPLV�
VLRQ�KHLJKW������PP�Ü������FXUYHV�����PP����
���� ����PP� ���� ���� ����PP� ���� ���� RYHU� WKH
OLJKW�RXWSXW�VFLQWLOODWRU�ZLQGRZ�

)LJ����� 7KH� FKDQJH� RI� UHODWLYH� VSHFLILF� OLJKW
RXWSXW� �[�� YV� WKH� UDGLDQW� HQHUJ\� �(�� IRU� D
SROLVKHG� ����PPu�� PP�&V,�7O� VDPSOH� ZLWK
GLIIXVH� ODWHUDO� DQG� IDFH� UHIOHFWRUV� �WHWUDWH[�
IRU�GLIIHUHQW�YDOXHV�RI�WKH�GHDG�OD\HU�SDUDPH�
WHU� G�� XQGHU� LUUDGLDWLRQ� RI� WKH� ZKROH� UDGLD�WLRQ� LQSXW� VXUIDFH� RI� WKH� VFLQWLOODWRU�� �� Ü
G� � ���� Ü� G� ���� PP�� �� Ü� G� ��� �PP�� �� Ü
G� ��PP�
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WKH� ���� NH9� DQG� ��� NH9� HQHUJ\�� UHVSHF�
WLYHO\��DUH�FRPSDUHG� LQ�7DEOH�ZLWK� WKH�VSH�
FLILF�OLJKW�RXWSXW�IRU�WKH����NH9�HQHUJ\�RE�
WDLQHG�E\�VLPXODWLRQ��WKLV�ZRUN��DQG�H[SHUL�
PHQWDOO\� >��@�� ,W� LV� VHHQ� IURP� 7DEOH� DQG
)LJ���D� WKDW� WKH� FDOFXODWHG� UHODWLYH� VSHFLILF
OLJKW�RXWSXWV�'���������DQG�'��������DUH�DOPRVWWKH� VDPH� IRU� DOO� UHIOHFWRU� W\SHV�� 7KH
FKDQJHV� DUH� E\� RUGHU� RI�PDJQLWXGH� VPDOOHU
LQ�FRPSDULVRQ�ZLWK�H[SHULPHQW�>��@��$W�WKH
VDPH� WLPH�� WKH� TXDQWLWDWLYH� GHSHQGHQFH� RI
WKH�OLJKW�RXWSXW�&�RQ�WKH�UHIOHFWRU�PDWHULDO
LV�YHU\�VLPLODU�LQ�WKH�VLPXODWLRQ�DQG�LQ�WKH
H[SHULPHQW�� ,W� LV� SRVVLEOH� WR� DFKLHYH� WKH
FKDQJHV�RI�WKH�UHODWLYH�VSHFLILF�OLJKW�RXWSXW
DSSURDFKLQJ� WKH� H[SHULPHQWDO� RQHV� LQ� WKH
DEVROXWH� PDJQLWXGH� EXW� RSSRVLWH� LQ� VLJQ
ZKHQ� D� GHDG� OD\HU� RI� G�� �����PP� LV� LQ�FOXGHG�LQ�WKH�VLPXODWLRQ�FRQGLWLRQV��)LJ���E��
6XFK�D�VLPXODWLRQ�UHVXOW�LV�TXLWH�SUHGLFWDEOH
DVVXPLQJ�WKH�SURSRVHG�IRUP�RI�WKH�VFLQWLOOD�
WLRQ� HIILFLHQF\� GHSHQGHQFH� RQ� WKH� GHSWK
�IRUPXOD������

,W� LV�YHU\�KDUG� WR�H[SODLQ� WKH�FRQWUDGLF�
WLRQV� EHWZHHQ� WKH� VLPXODWLRQV� DQG� H[SHUL�
PHQWDO� UHVXOWV� >��@�� 2Q� WKH� RQH� KDQG�� WKH
H[LVWHQFH� RI� D� GHDG� OD\HU� LQ�&V,�7O� DQG� WKH

HVWLPDWLRQ� RI� LWV� WKLFNQHVV�ZDV� UHSRUWHG� LQ
>��@��)URP�WKLV�SRLQW�RI�YLHZ��LW�LV�GLIILFXOW
WR� VXSSRVH� WKDW� WKH�GHDG� OD\HU� LV� DEVHQW� LQ
WKH� &V,�7O� VDPSOHV� XVHG� LQ� >��@�� $� VLJQLIL�
FDQW� GHFUHDVH� �a������ RI� WKH� UHODWLYH� VSH�
FLILF� OLJKW�RXWSXW�IRU�����NH9�HQHUJ\�LV�RE�
VHUYHG�IRU�WKH�UHIOHFWRU�IUHH�����PPu��PP
&V,�7O� VDPSOH� �7DEOH��� 7KLV� HYLGHQFHV� WKH
GHDG� OD\HU� SUHVHQFH�� 0RUHRYHU�� D� GLVFUHS�
DQF\�LQ�WKH�H[SHULPHQWDO�UHVXOWV�LV�REVHUYHG
LQ�>��@��7KH�VLJQLILFDQW�GHFUHDVH��a������RI
WKH�VSHFLILF�OLJKW�RXWSXW�IRU�����NH9�HQHUJ\
LV� IRXQG� ZKHQ� FRQVWUXFWLQJ� WKH� VSHFLILF
OLJKW� RXWSXW� GHSHQGHQFH� RQ� WKH� HQHUJ\� IRU
����PPu��PP�&V,�7O�VDPSOH��ZLWK�ORZ�DFWL�
YDWRU� FRQFHQWUDWLRQ�� ZLWK� GLIIXVH� UHIOHFWRU
�7HWUDWH[��� :KHQ� WKH� VDPH� VDPSOH� LQ� WKH
VLPLODU� ZUDSSLQJ� ZLWK� GLIIXVH� UHIOHFWRU
�7HWUDWH[��LV�XVHG�WR�VWXG\�WKH�UHIOHFWRU�LQ�
IOXHQFH��D�VXEVWDQWLDO�LQFUHDVH��a�����RI�WKH
UHODWLYH� VSHFLILF� OLJKW� RXWSXW� IRU� ���� NH9
HQHUJ\�LV�REVHUYHG��6XFK�D�ZLGH�YDULDWLRQ�RI
WKH�VSHFLILF� OLJKW�RXWSXW��a������FDQQRW�EH
H[SODLQHG� E\� FKDQJH� RI� WKH� OLJKW� FROOHFWLRQ
FRQGLWLRQV�� EHFDXVH� WKH\�DUH�SUDFWLFDOO\� WKH
VDPH�LQ�WKHVH�WZR�FDVHV��2Q�WKH�RWKHU�KDQG�
WKH� OLJKW� FROOHFWLRQ� PRGHO� XVHG� KHUH� GRHV

)LJ����� 'HSHQGHQFHV� RI� UHODWLYH� VSHFLILF� OLJKW� RXWSXW� �[�� RQ� WKH� UDGLDQW� HQHUJ\� �(�� IRU� SROLVKHG
����PPu��PP�&V,�7O� VDPSOHV�ZLWKRXW� UHIOHFWRU�DQG�ZLWK�0\ODU� �����7\YHN� ��D��DQG�7HWUDWH[� ��D�
�E��UHIOHFWRUV�LQ�FDVH�RI��D��ODFN�RI�WKH�GHDG�OD\HU��G�� ����E��H[LVWHQFH�RI�WKH�GHDG�OD\HU��G�� �����PP�

7DEOH�� 7KH� FKDQJH� RI� WKH� OLJKW� RXWSXW�&� DQG� WKH� VSHFLILF� OLJKW� RXWSXW�'��������� DQG�'�������� IRU����PPu��PP�&V,�7O� FU\VWDOV� ZLWK� YDULRXV� UHIOHFWRUV� REWDLQHG� LQ� WKH� VLPXODWLRQ� DQG� LQ� WKH
H[SHULPHQW�>��@

5HIOHFWRU &��UHO�XQ� '����������� '����������
&DOFXODW� ([SHU��>��@ &DOFXODW� ([SHU��>��@ &DOFXODW� ([SHU��>��@

$EVHQW ���� ���� Ü��� Ü�� Ü��� ��
0\ODU ���� ���� ���� � Ü��� ��
7\YHN ���� ���� ���� �� Ü��� ��
7HWUDWH[ ���� ���� Ü��� �� Ü��� ��
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QRW� WDNH� LQWR� DFFRXQW� D� QXPEHU� RI� IDFWRUV
WKDW�HIIHFW�WKH�OLJKW�FROOHFWLRQ�LQ�UHDO�FRQGL�
WLRQV��)RU�H[DPSOH�� WKH�FKDQJH�RI� WKH�VFLQ�
WLOODWRU� OXPLQHVFHQFH� VSHFWUXP� H[FLWHG� E\
WKH� VRIW� UDGLDWLRQ� RI� GLIIHUHQW� HQHUJ\� DQG
GHSHQGHQFH�RI�WKH�UHIOHFWRU�UHIOHFWLRQ�FRHIIL�
FLHQWV� RQ� WKH� ZDYHOHQJWK�� 7KH� PRGHO� GRHV
QRW�DOVR�WDNH�LQWR�DFFRXQW�WKH�FKDQJH�RI�WKH
VFLQWLOODWLRQ� GXUDWLRQ� YV�� WKH� UDGLDWLRQ� HQ�
HUJ\�� DV� ZHOO� DV� WKH� FKDQJHV� LQ� WKH� RSWLFDO
FKDUDFWHULVWLFV� RI� WKH� QHDU�VXUIDFH� OD\HUV
�WUDQVSDUHQF\��VFDWWHULQJ�FHQWHUV��UHIUDFWLYH
LQGH[�� IRU� WKH� GLIIHUHQW� VXUIDFH� WUHDWPHQW
FRQGLWLRQV�

���&RQFOXVLRQV
7KH� UDGLDO� GHSHQGHQFHV� RI� WKH� OLJKW� FRO�

OHFWLRQ� FRHIILFLHQW� DW� WKH� GHWHFWLRQ� RI� WKH
;�UD\� DQG� J� UDGLDWLRQ� LQ� WKH����� WR����NH9
HQHUJ\� UDQJH� KDYH� EHHQ� REWDLQHG� ZKHQ
VLPXODWLQJ� WKH� OLJKW�FROOHFWLRQ� LQ� WKH�&V,�7O
GHWHFWRUV�ZLWK�YDULRXV� WUHDWPHQW�RI� WKH�UD�
GLDWLRQ� LQSXW� VXUIDFH�� 7KH� VXUIDFH� PDWWLQJ
UHVXOWV�LQ�D�GHFUHDVHG�OLJKW�FROOHFWLRQ�FRHIIL�
FLHQW� IRU� WKH� LQGLFDWHG�HQHUJ\�YDOXHV�� HVSH�
FLDOO\� IRU� WKH� FHQWUDO� SDUW� RI� WKH� VFLQWLOOD�
WRU��0HDQZKLOH�� WKH� GLVSHUVLRQ� RI� WKH� OLJKW
FROOHFWLRQ�FRHIILFLHQWV�IRU�WKH�GLIIHUHQW�VXU�
IDFH�SDUWV�GHFUHDVHV��7KH�PD[LPXP�HTXDOL]�
LQJ� RI� WKH� OLJKW� FROOHFWLRQ� FRHIILFLHQW� KDV
EHHQ�REWDLQHG�IRU�WKH�GHWHFWLRQ�RI�WKH�SHQH�
WUDWLQJ�J�UDGLDWLRQ�ZKLFK�JLYHV�WKH�XQLIRUP
GHSWK� GLVWULEXWLRQ� RI� WKH� VFLQWLOODWLRQV� LQ
WKH� VSHFLILHG� VFLQWLOODWRU�� 7KH� UDGLDO� GLVWUL�
EXWLRQV� DUH� SUDFWLFDOO\� FRLQFLGHG� IRU� ORZHU
UDGLDWLRQ� HQHUJLHV� ERWK� LQ� FDVH� RI� SROLVKHG
DQG�JURXQG� VXUIDFHV��7KLV� LV� GXH� WR� DOPRVW
WKH� VDPH� OLJKW� FROOHFWLRQ� FRQGLWLRQV� IRU� WKH
����WR����NH9�HQHUJ\�UDQJH�DQG�DSSURSULDWH
FKDQJH� RI� WKH� UDGLDWLRQ� SHQHWUDWLRQ� GHSWK
IURP���WR�����PP�

7KH�ZHDN� UDGLDO� GHSHQGHQFH� RI� WKH� OLJKW
FROOHFWLRQ�FRHIILFLHQW�UHVXOWV�LQ�WKH�FRQVWDQW
UHODWLYH� VSHFLILF� OLJKW� RXWSXW� LQ� WKH� ���� WR
��� NH9� HQHUJ\� UDQJH� ZKHQ� WKH� LUUDGLDWLRQ
RI� WKH� ZKROH� VFLQWLOODWRU� VXUIDFHLV� VLPX�
ODWHG�� 7KLV� GLVDJUHHV� ZLWK� H[LVWLQJ� H[SHUL�
PHQWDO� UHVXOWV�� 7DNLQJ� LQWR� DFFRXQW� WKH
GHDG� OD\HU�DV�D�GHSHQGHQFH�RI�WKH�VFLQWLOOD�
WLRQ�HIILFLHQF\�RQ�WKH�GHSWK�DSSURDFKHV�WKH
VLPXODWLRQ� UHVXOWV� WR� WKH� H[SHULPHQWDO� GH�
SHQGHQFH� RI� WKH� UHODWLYH� VSHFLILF� OLJKW� RXW�
SXW� FKDQJH� RQ� WKH� HQHUJ\��:KHQ� VWXG\LQJ
WKH� UHIOHFWRU� LQIOXHQFH� RQ� WKH� HQHUJ\� GH�
SHQGHQFH� W\SH� RI� WKH� UHODWLYH� VSHFLILF� OLJKW
RXWSXW�� LQVLJQLILFDQW� FKDQJHV� LQ� WKLV� GH�
SHQGHQFH� RQ� WKH� UHIOHFWRU� W\SH� KDYH� EHHQ

DOVR� REWDLQHG��7KHVH� FKDQJHV� LQFUHDVH�ZKHQ
WKH� VFLQWLOODWLRQ� HIILFLHQF\� GHSHQGHQFH� RQ
WKH� VFLQWLOODWLRQ� GHSWK� FRRUGLQDWH� LV� WDNHQ
LQWR� DFFRXQW�� 7KH� VLPXODWLRQ� UHVXOWV� RE�
WDLQHG� LQ� WKLV� SDUWLFXODU� FDVH� DUH� LQFRQVLV�
WHQW�ZLWK�H[SHULPHQWDO�GDWD�DQG�DW�WKH�SUH�
VHQW�WLPH�WKHUH�LV�QR�UHDVRQDEOH�H[SODQDWLRQ
IRU�WKLV�GLIIHUHQFH�
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