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$�PHWKRG�RI�WKH�HQHUJ\�VFDOH�FDOLEUDWLRQ�RI�VFLQWLOODWLRQ�GHWHFWRUV�LQ�WKH�SURWRQ�HQHUJ\

UDQJH���WR����0H9�KDV�EHHQ�GHYHORSHG��7KH�PHWKRG�LV�EDVHG�RQ�FRPSDULVRQ�RI�PD[LPD�RI
FDOFXODWHG�DQG�H[SHULPHQWDO�VSHFWUD�RI�UHFRLO�SURWRQV�REWDLQHG�GXH�WR�VFDWWHULQJ�RI�TXDVL�
PRQRFKURPDWLF� QHXWURQV� IURP� WKH� G�7�Q��+H� DQG� G�'�Q��+H� UHDFWLRQV� RQ� K\GURJHQ� QXFOHL
FRQWDLQHG� LQ� WKH� FRQYHUWHU�� 7KH� HQHUJ\� VFDOH� FDOLEUDWLRQ� RI� D� &V,�7O�� GHWHFWRU� KDV� EHHQ
FDUULHG�RXW�XVLQJ�WKH�G�7�Q��+H�UHDFWLRQ��,W�LV�IRXQG�WKDW�WKH�SURWRQ�HQHUJ\�GHSHQGHQFH�RI
WKH�GHWHFWRU�VSHFLILF�OLJKW�\LHOG�KDV�D�VTXDUH�SRO\QRPLDO�IRUP�
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7KH� VFLQWLOODWLRQ� GHWHFWRUV� DUH� ZLGHO\
XVHG� WR� GHWHFW� LRQL]LQJ� UDGLDWLRQ� IRU� VFLHQ�
WLILF� DQG�DSSOLHG�SXUSRVHV� >�@��7KH� VSHFWUDO
FKDUDFWHULVWLFV� RI� VXFK� GHWHFWRUV� GHSHQG� RQ
WKH� HQHUJ\� DQG� W\SH� RI� WKH� UDGLDWLRQ� EHLQJ
GHWHFWHG�DV�ZHOO�DV�RQ�WKH�NLQG�DQG�FRQFHQ�
WUDWLRQ�RI�DFWLYDWLQJ�DGGLWLYHV��PDQXIDFWXU�
LQJ� WHFKQRORJ\�� HWF�� >���@�� 7KHUHIRUH�� WKH
PDQXIDFWXULQJ� DQG� XVDJH� RI� VFLQWLOODWLRQ
GHWHFWRUV�LV�DVVRFLDWHG�ZLWK�WKH�QHFHVVLW\�WR
UHVHDUFK� WKHLU� VSHFWUDO� FKDUDFWHULVWLFV�� LQ
SDUWLFXODU��WKH�UDGLDWLRQ�HQHUJ\�GHSHQGHQFH
RI� WKH� OLJKW� \LHOG��:KHQ� XVLQJ� VXFK� GHWHF�
WRUV� WR� UHJLVWUDWH� FKDUJHG� SDUWLFOHV�� WKH
QRQOLQHDU� FKDUDFWHU� RI� WKH� OLJKW� \LHOG� LV� WR
EH� WDNHQ� LQWR� DFFRXQW��7KDW� QRQOLQHDULW\� LV
LQFUHDVHG�ZLWK� WKH� LQFUHDVLQJ�SDUWLFOH�PDVV
DQG�FKDUJH��7KHUHIRUH��WR�GHWHUPLQH�WKH�HQ�
HUJ\�RI�D�UHJLVWHUHG�SDUWLFOH��LW�LV�QHFHVVDU\
WR�FDOLEUDWH�WKH�HQHUJ\�VFDOH�RI�VFLQWLOODWLRQ

GHWHFWRUV��8VXDOO\��LW�LV�SHUIRUPHG�E\�XVLQJ
WKH�FKDUJHG�SDUWLFOH�DFFHOHUDWRUV�>�Ü�@��%XW
WKHUH� DUH� D� QXPEHU� RI� SUREOHPV� FRQQHFWHG
ZLWK� WKH� DYDLODELOLW\� RI� DFFHOHUDWRUV� KDYLQJ
WKH� QHFHVVDU\� HQHUJ\� UDQJH�� SURYLGLQJ� RI
ORZ�DFFHOHUDWHG�SDUWLFOH�EHDP�LQWHQVLW\��WKH
QHFHVVLW\� WR� SODFH� WKH� GHWHFWRU� LQ� WKH� YDF�
XXP�FKDPEHU��HWF�
:H�KDYH�GHYHORSHG�D�PHWKRG�IRU�WKH�HQ�

HUJ\�VFDOH� FDOLEUDWLRQ�RI�VFLQWLOODWLRQ�GHWHF�
WRUV� XVLQJ� UHFRLO� SURWRQV� HPLWWHG� IURP� WKH
VXUIDFH� RI� WKLQ� K\GURJHQ�FRQWDLQLQJ� FRQ�
YHUWHU� XQGHU� LUUDGLDWLRQ� ZLWK� TXDVL�PRQR�
FKURPDWLF� QHXWURQV� ZLWK� (Q�a���� RU
����0H9��7KH�PHWKRG� LV�EDVHG�RQ�WKH�NLQH�
PDWLF�GHSHQGHQFH�RI�UHFRLO�SURWRQ�HQHUJ\�RQ
WKH� DQJOH� RI� QHXWURQ�RQ�SURWRQ� VFDWWHULQJ
>�@��,Q�WKLV�DSSURDFK��WKH�FDOLEUDWLRQ�LV�FDU�
ULHG� RXW� E\� FRPSDULVRQ� RI� PD[LPD� RI� H[�
SHULPHQWDO� DQG� FDOFXODWHG� VSHFWUD�� 7KH
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PHWKRG� SURYLGHV� WKH� FDOLEUDWLRQ� RI� WKH� GH�
WHFWRU� HQHUJ\� VFDOH� LQ� WKH� UDQJH� RI� SURWRQ
HQHUJ\�(¯� ��Ü���0H9�DQG�KDV�D�QXPEHU�RIDGYDQWDJHV� DV� FRPSDUHG� WR� WKH� WUDGLWLRQDO
FDOLEUDWLRQ� XVLQJ� FKDUJHG� SDUWLFOH� DFFHOHUD�
WRUV��1DPHO\��WKH�VFLQWLOODWLRQ�GHWHFWRU�LV�LQ
WKH� RSHQ�DLU� DQG� WKH�QHFHVVDU\� LQWHQVLW\�RI
UHFRLO� SURWRQV� LV�GHILQHG�E\� WKH�H[SHULPHQW
JHRPHWU\�DQG�SDUDPHWHUV�
7KH�SXUSRVH�RI�WKLV�ZRUN�ZDV�WR�GHYHORS

DQ�HQHUJ\�VFDOH�FDOLEUDWLRQ�PHWKRG�IRU�VFLQ�
WLOODWLRQ�GHWHFWRUV� DW� UHJLVWUDWLRQ� WKH� UHFRLO
SURWRQV� DQG� DOVR� WR� FDUU\� RXW� WKH� HQHUJ\
VFDOH�FDOLEUDWLRQ�RI�D�&V,�7O��GHWHFWRU�
7KH� WHFKQLTXH� RI� UHFRLO� SURWRQ� VSHFWUD

PHDVXUHPHQW� ZDV� UHDOL]HG� EDVLQJ� RQ� WKH
IDVW� QHXWURQ� VRXUFH� �1*������ 16&� .,3(
>�@�� HTXLSSHG� E\� 7L7� DQG� 7L'� WDUJHWV�� 7KH
G�7�Q��+H� RU� G�'�Q��+H� UHDFWLRQ� UXQV� XQGHU
LUUDGLDWLRQ� RI� WKH� WDUJHWV� ZLWK� DFFHOHUDWHG
GHXWHULXP�LRQV��WKXV�SURYLGLQJ�TXDVL�PRQR�
FKURPDWLF� QHXWURQ� EHDPV� ZLWK� (Q�a���� RU����0H9�� UHVSHFWLYHO\�� 7KH� GLUHFWLRQ� RI� DF�
FHOHUDWHG�GHXWHURQ�PRWLRQ�VHWV�WKH�D[LV�UHOD�
WLYH�WR�ZKLFK�WKH�FKDUDFWHULVWLF�DQJOHV�T�DUH
ODLG�RII��7KH�HVFDSH�RI�HDFK�QHXWURQ�RXW�RI
WKH� WDUJHW� LV� DFFRPSDQLHG� E\� WKH� FKDUJHG
SDUWLFOH� HVFDSH� LQ� WKH� RSSRVLWH� GLUHFWLRQ�
7KLV�IDFW�ZDV�XVHG�LQ�RUGHU�WR�GHWHUPLQH�WKH
QHXWURQ� IOX[� E\� WKH� UHJLVWUDWLRQ� RI� DFFRP�
SDQ\LQJ� FKDUJHG� SDUWLFOHV� ��+H� RU� �+H�
XVLQJ�DQ�D�PRQLWRU�ORFDWHG�DW�T� ������>�@�
7KH� GDWD� EHORZ� ZHUH� REWDLQHG� XVLQJ

a���0H9�QHXWURQV� IURP�WKH�G�7�Q��+H� UHDF�
WLRQ�� 7KH� FDOFXODWHG� QHXWURQ� VSHFWUD� IRU
YDULRXV� DQJOHV� T� >�@� DUH� VKRZQ� LQ� )LJ����
7KH�FDOFXODWLRQV�ZHUH�SHUIRUPHG�IRU�WKH�DF�
FHOHUDWHG�GHXWHURQ�HQHUJ\�(G� �����NH9��$VLW� FDQ�EHHQ� VHHQ�� WKH�QHXWURQ� VSHFWUXP�DW
T� ����� KDV� WKH� OHDVW� GLVSHUVLRQ�� 7KHUHIRUH�
DOO� H[SHULPHQWV� ZHUH� FDUULHG� RXW� DW� WKLV
DQJOH�IRU�ZKLFK�WKH�DYHUDJH�QHXWURQ�HQHUJ\
ZDV�HTXDO�WR�(Q� �������0H9��

7KH� H[SHULPHQWDO� OD\RXW� >����@� LV� VKRZQ
VFKHPDWLFDOO\� LQ� )LJ����� 7KH� QHXWURQV� ERP�
EDUG� RUWKRJRQDOO\� D� SRO\HWK\OHQH� GLVN
����PP�GLDPHWHU�DQG���PP�WKLFNQHVV���7KH
UHFRLO� SURWRQV� VFDWWHUHG� DW� WKH� DQJOH� M� WR
WKH�GLUHFWLRQ�RI�QHXWURQ�EHDP�DUH�UHJLVWHUHG
E\� WKH�ULQJ�&V,�7O��GHWHFWRU� �RXWHU�GLDPHWHU
��� PP�� LQQHU� GLDPHWHU� ��� PP� DQG� WKLFN�
QHVV�����PP��FRXSOHG�ZLWK�D�3(0����307�
7KH� H[SHULPHQWV� ZHUH� SHUIRUPHG� RQ� WKH
VSHFWURPHWULF� HTXLSPHQW� GHVLJQHG� LQ� WKH
&klkv� VWDQGDUG� FRXSOHG� ZLWK� D� 3&�FRQ�
WUROOHG� SHDN�DQDO\]HU�$763�86%��.�3��7KH
VSHFWURPHWHU� ZDV� FDOLEUDWHG� XVLQJ� LVRWRSH
VRXUFHV� ��&R� DQG� ���&V� DQG� DOVR� ���� NH9
J�OLQH�REWDLQHG�DW�WKH�QHXWURQ�LUUDGLDWLRQ�RI
D�IOXRURSODVWLF�VDPSOH�DW�(Q�a����0H9�7KH� PHDVXUHPHQW� ZDV� SHUIRUPHG� WZLFH
IRU� HDFK� GLVWDQFH� K� DW� LGHQWLFDO� LQGLFDWLRQV
RI�WKH�D�PRQLWRU��ZLWK�WKH�FRQYHUWHU��HIIHFW
��EDFNJURXQG��DQG�ZLWKRXW�LW��EDFNJURXQG��
7KH� VSHFWUD� RI� UHFRLO� SURWRQV� �HIIHFW�� ZHUH
GHULYHG�E\�VSHFWUXP�VXEWUDFWLRQ��$V�DQ�H[�
DPSOH�� )LJ���� VKRZV� WKH� H[SHULPHQWDO� VSHF�
WUXP� �GRWV�� RI� UHFRLO� SURWRQV� PHDVXUHG� DW
K�  ����PP�� 7KH�PD[LPXP�ZDV� GHILQHG� E\
VPRRWKLQJ�H[SHULPHQWDO�SRLQWV��VHH�)LJ�����
0D[LPD� LQ� H[SHULPHQWDO� VSHFWUD� ZHUH

FRPSDUHG� WR�WKRVH� LQ�WKH�VSHFWUD�FDOFXODWHG
XVLQJ� WKH� PRGHO� GHYHORSHG� LQ� >�����@�� ,Q
WKLV� PRGHO�� WKH� H[SHULPHQWDO� FRQGLWLRQV
ZHUH�VLPXODWHG�E\�WKH�0RQWH�&DUOR�PHWKRG�
$FFRUGLQJ� WR� WKH� �Q�S��UHDFWLRQ� NLQHPDWLFV�
WKH�UHFRLO�SURWRQ�HQHUJ\�(S�LV�UHODWHG�WR�WKHQHXWURQ�HQHUJ\�(Q�DV�>�@�

(S� �(QFRV�M� ���

)LJ����� &DOFXODWHG� QHXWURQ� VSHFWUD� IURP� WKH
G�7�Q��+H�UHDFWLRQ�

)LJ����� 6FKHPDWLF� UHSUHVHQWDWLRQ� RI� H[SHUL�
PHQWDO�OD\RXW�
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ZKHUH�WKH�DQJOH�M�LV�GHILQHG�E\�WKH�UDGLXV�U
DQG�WKH�FRQYHUWHU�GHWHFWRU�GLVWDQFH�K��)LJ�����

7KH� SURWRQ� HQHUJ\� ORVVHV� ZHUH� XVHG� WR
IRUP� WKH�DPSOLWXGH�VSHFWUXP�RI� UHFRLO�SUR�
WRQV�ZKLFK�VLPXODWHG�WKH�H[SHULPHQWDO�VSHF�
WUXP�� %HVLGHV�� WKH� GHWHFWRU� HQHUJ\� UHVROX�
WLRQ�ZDV� WDNHQ� LQWR�DFFRXQW�E\�FRQYROXWLRQ
RI� WKH� FDOFXODWHG� VSHFWUXP� �G1�G(�� ZLWK
WKH�HQHUJ\�UHVROXWLRQ�IXQFWLRQ�RI�WKH�GHWHF�
WRU�J�(Ü(c��
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7KXV��WKH�HQHUJ\�UHVROXWLRQ�RI�WKH�GHWHF�
WRU�LV�IRXQG�DV�D�*DXVVLDQ�
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ZKHUH� WKH� V'� YDOXH� LV� GHWHUPLQHG� H[SHUL�PHQWDOO\�
7KH� UHFRLO� SURWRQ� VSHFWUD� FDOFXODWHG� IRU

WKUHH�K�YDOXHV�DUH�VKRZQ�LQ�)LJ�����7KH�GRWV
DUH� WKH� FDOFXODWHG� VSHFWUXP� RI� UHFRLO� SUR�
WRQV��7KH�VPRRWK�FXUYHV�UHVXOW�IURP�FRQYR�
OXWLRQ� RI� WKLV� VSHFWUXP� ZLWK� *DXVVLDQ� DF�
FRUGLQJ�WR�����DQG�����IRU�SDUDPHWHUV�V'� �������� DQG� ���� 0H9�� 7KH� EHVW� SRVVLEOH� ILW� RI
FDOFXODWHG�DQG�H[SHULPHQWDO�VSHFWUD�ZDV�RE�
WDLQHG�IRU�V'� ���0H9�7KH� GRWV� REWDLQHG� E\� FRPSDULVRQ� RI� H[�
SHULPHQWDO�DQG�FDOFXODWHG�GDWD�DUH�VKRZQ�LQ
)LJ����� 7KH� H[SHULPHQWDO� DQG� FDOFXODWHG
VSHFWUD�RI�UHFRLO�SURWRQV�DUH�REWDLQHG�LQ�WKH
K� UDQJH� ��� WR� ��� PP�� 7KH� FXUYH� FRUUH�
VSRQGV� WR� WKH� SURWRQ� HQHUJ\� GHSHQGHQFH� RI
WKH� OLJKW�\LHOG� IRU� WKH�&V,�7O��GHWHFWRU��7KH
GLUHFW�OLQH�LV�LQGLFDWHG�E\�GRWV�IRU�FRPSDUL�
VRQ��7KH�SURWRQ�HQHUJ\�LV�ODLG�RII�DORQJ�WKH
;� D[LV�� WKH� YDOXHV� IRU� WKH� SRLQWV� DUH� RE�
WDLQHG�E\�GHWHUPLQLQJ�PD[LPD�RI�FDOFXODWHG
UHFRLO� SURWRQ� VSHFWUD�� 7KH� PD[LPD� YDOXHV

IRU� H[SHULPHQWDO� VSHFWUD� LQ� FKDQQHOV� DUH
ODLG�RII�DORQJ�WKH�<�D[LV��7KH�RUGLQDWH�D[LV
FRUUHVSRQGV�WR�WKH�OLJKW�\LHOG�YDOXH�IRU�WKH
&V,�7O�� FU\VWDO� LQ� UHODWLYH� XQLWV�� 7KH� PLQL�
PXP�YDOXH�LQ�WKH�SURWRQ�HQHUJ\�VFDOH�PHDV�
XUHG� DW� K� ���� PP� ZDV� GHWHUPLQHG� E\� J�
EDFNJURXQG�LQGXFHG�E\�WKH�IDVW�QHXWURQV�RQ
FRQVWUXFWLRQDO�PDWHULDOV��7KH�HUURUV�DUH�VWD�
WLVWLFDO�RQHV�RI�H[SHULPHQWDO�VSHFWUD�DQG�LQ�
DFFXUDFLHV� LQ�GHILQLWLRQ�RI�PD[LPD�SRVLWLRQ
LQ� H[SHULPHQWDO� DQG� FDOFXODWHG� VSHFWUD� RI
UHFRLO�SURWRQV�
7KH�GDWD�SUHVHQWHG�LQ�)LJ����FRQILUP�WKH

QRQOLQHDULW\� RI� WKH� HQHUJ\� GHSHQGHQFH� RI
WKH�&V,�7O�� GHWHFWRU� OLJKW� \LHOG�� 7KH� HQHUJ\
VFDOH� FDOLEUDWLRQ� RI� WKH� GHWHFWRU� KDV� EHHQ
FDUULHG� RXW� E\� VTXDUH� SRO\QRPLDO� ILW� ZLWK
WDNLQJ� LQWR� DFFRXQW� WKH� H[SHULPHQWDO� DQG
FDOFXODWHG� HUURUV�� 7KH� H[SHULPHQWDO� WHFK�
QLTXH�DOORZV�WR�LPSURYH�WKH�DFFXUDF\�RI�WKH
H[SHULPHQWDO� GDWD� E\� RSWLPL]DWLRQ� RI� WKH
H[SHULPHQW� JHRPHWU\� DQG� WKH� UHFRLO� SURWRQ
UHJLVWUDWLRQ�PRGHV�� ,Q�DGGLWLRQ��WKH�H[SHUL�
PHQWDO� GDWD� FDQ� EH� REWDLQHG� DW� D� PXFK

)LJ����� ([SHULPHQWDO� VSHFWUXP� RI� UHFRLO� SUR�
WRQV�IRU�K� ����PP�

)LJ�����&DOFXODWHG�UHFRLO�SURWRQ�VSHFWUD�

)LJ�����(QHUJ\�VFDOH�FDOLEUDWLRQ�RI�WKH�&V,�7O�
GHWHFWRU�

9�3�%R]KNR�HW�DO����0HWKRG�IRU�HQHUJ\�VFDOH����
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ORZHU� J�EDFNJURXQG� LQ� WKH� UHFRLO�SURWRQ�HQ�
HUJ\�UDQJH��Ü��0H9�XVLQJ�WKH�G�'�Q��+H�UH�
DFWLRQ�
7R� FRQFOXGH�� DQ� RULJLQDO� PHWKRG� RI� WKH

VFLQWLOODWLRQ� GHWHFWRU� HQHUJ\� VFDOH� FDOLEUD�
WLRQ� E\� XVLQJ� WKH� UHFRLO� SURWRQV� KDV� EHHQ
GHYHORSHG��7KH�PHWKRG�PDNHV� LW�SRVVLEOH�WR
UHVHDUFK� WKH� SURWRQ� HQHUJ\� GHSHQGHQFH� RI
WKH�VFLQWLOODWLRQ�GHWHFWRU� OLJKW�\LHOGV� LQ�WKH
UDQJH� �Ü��� 0H9� RSHUDWLYHO\�� 7KH� HQHUJ\
VFDOH� FDOLEUDWLRQ� RI� D� &V,�7O�� GHWHFWRU� KDV
EHHQ� FDUULHG� RXW� XVLQJ� WKH� G�7�Q��+H� UHDF�
WLRQ�� ,W� ZDV� IRXQG� WKDW� WKH� SURWRQ� HQHUJ\
GHSHQGHQFH� RI� WKH� GHWHFWRU� VSHFLILF� OLJKW
\LHOG�KDV�D�VTXDUH�SRO\QRPLDO�IRUP�

$FNQRZOHGJPHQWV��7KH�DXWKRUV�DUH�JUDWH�
IXO� WR� 'U�6�,�*DONLQ� DQG� 'U�(�)�9RURQNLQ
IRU� WKHLU� KHOS� LQ� SUHSDUDWLRQ� RI� WKH�&V,�7O�
FU\VWDOV� DQG�'U�$�0�.XGLQ� IRU�KLV� FRQVXOW�
DWLRQ�RQ�WKH�VFLQWLOODWRU�OLJKW�\LHOGV�
7KLV� ZRUN� ZDV� VXSSRUWHG� E\� WKH� 6WDWH

)RXQGDWLRQ� IRU� )XQGDPHQWDO� 5HVHDUFKHV� RI
8NUDLQH��JUDQW�1R�)����������

5HIHUHQFHV
� ���%�9�*ULQ\RY��9�'�5\]KLNRY��9�3�6HPLQR]KHQNR�

6FLQWLOODWLRQ�'HWHFWRUV�DQG�5DGLDWLRQ�&RQWURO
6\VWHPV� %DVHG� 7KHUHRQ�� 1DXNRYD� 'XPND�
.\LY��������>LQ�5XVVLDQ@�

� ���5�*ZLQ��5�%�0XUUD\��3K\V��5HY��������SDUW� ,�
�����SDUW�,,�������������

� ���<X�,�8VLNRY�� <X���9\GD\�� *�,�3ULPHQNR� HW
DO��� 3ULERU\� L� 7HNKQ��(NVSHULP��� 1R���� ��
�������

� ���'�5HQNHU�HW�DO���1XFO�,QVWU�0HWK�5HV���$�����
�����������

� ���|�z�*RUS\Q\FK�� |�l�3RYRUR]QLN�� |�|�<DFK�
PHQHY��LQ��7UDQV��,QVW��IRU�1XFO��5HV���.\LY��
1R�������������������>LQ�5XVVLDQ@�

� ���%�9�5\EDNRY�� 9�$�6LGRURY�� )DVW� 1HXWURQ
6SHFWURPHWU\�� HG�� E\� 1�k�9ODVRY�� 3XEO��E\
&KLHI� 'HSW��IRU� 1XFO��(QHUJ\� 8VH�� 0RVFRZ
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