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PD[LPXP�DW�����.�HPLWWHG�ZLWKLQ�WKDW�VSHFWUDO�UHJLRQ�DW� OLQHDU�KHDWLQJ�KDV�EHHQ�IRXQG
WR�EH�D�FRPSOH[�RQH�LQ�VSHFWUDO�FRPSRVLWLRQ�DQG�LQ�WHPSHUDWXUH��8VLQJ�WKH�VHOI�FRQVLVWHQW
KHDWLQJ��WKH�WHPSHUDWXUH�SRVLWLRQV�RI�7/�PD[LPD�FDXVHG�E\�UHOHDVH�RI�FKDUJH�FDUULHUV�IURP
D�VHW�RI�WUDSV�DW�YDULRXV�DFWLYDWLRQ�HQHUJLHV��7KH�UHFRPELQDWLRQ�OXPLQHVFHQFH�REVHUYHG�KDV
EHHQ�VKRZQ�WR�RFFXU�RQO\�DFFRUGLQJ�WR�WKH�VHFRQG�RUGHU�NLQHWLFV��7KH�RFFXSDWLRQ�HIILFLHQF\
RI�VKDOORZ�WUDSV�RI�FKDUJH�FDUULHUV�LV�IRXQG�WR� LQFUHDVH�DIWHU�89�LUUDGLDWLRQ��7KH�DFWLYD�
WLRQ�HQHUJ\�YDOXHV�DQG�HIIHFWLYH�IUHTXHQF\�IDFWRUV�KDYH�EHHQ�GHWHUPLQHG�IRU�VRPH�WUDSV�
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7KH� PDJQHVLXP�DOXPLQXP� VSLQHO� LV� D
FRPSOH[� R[LGH� ZLWK� FXELF� ODWWLFH� RI� )G�P
V\PPHWU\��7KH�XQLW� FHOO� FRQWDLQ����R[\JHQ
DWRPV�IRUPLQJ�D�FORVH�SDFNLQJ��,Q�WKH�VSLQHO
VWUXFWXUH�� FDWLRQV� RFFXS\� ��� RFWDKHGUDO
VLWHV� RI� ��� RQHV� DQG� �� WHWUDKHGUDO� VLWHV� RI
���RQHV��7KH�QDWXUDO�VSLQHO��0J$O�2���LV�D�QRU�PDO�RQH��L�H���WKH�0J���LRQV�RFFXS\�WKH�WHWUDKH�
GUDO� SRVLWLRQV� DQG� $O��� LRQV�� WKH� RFWDKHGUDO
RQHV��7KH� VSLQHO� FU\VWDOV� JURZQ� LQ� ODERUDWRU\
DUH�LQYHUWHG�LQ�SDUW��WKDW�LV��D�FHUWDLQ�QXPEHU
RI� 0J��� LRQV� RFFXSLHV� RFWDKHGUDO� SRVLWLRQV

ZKLOH� WKH� VDPH� QXPEHU� RI� $O���LRQV��WHWUDKH�
GUDO�RQHV�� WKXV�IRUPLQJ�VR�FDOOHG�DQWL�VLWH�GH�
IHFWV�� 7KH� LQYHUVLRQ� SDUDPHWHU� WKDW� FKDUDF�
WHUL]HV�WKH�QXPEHU�RI�DQWL�VLWH�GHIHFWV�DPRXQWV
�����WR������IRU�VWRLFKLRPHWULF�FU\VWDOV�>�@�

%HVLGHV� RI� VWRLFKLRPHWULF� 0J$O�2�� FU\V�WDOV�� WKH� VSLQHO� VWUXFWXUH� LV� IRUPHG� ZKHQ
WKH�DOXPLQXP�R[LGH�FRQWHQW�LV�LQFUHDVHG�XS
WR� ���� PRODU� SDUWV�� L�H��� LQ� 0J2�Q$O�2�
ZKHUH���d�Q�d������7KH�DGGLWLRQ�RI�$O�2��UH�
VXOWV� LQ� RFFXSDWLRQ� RI� WKH� WHWUDKHGUDO� VLWHV

)XQFWLRQDO�0DWHULDOV�����1R��������� �������Û�,QVWLWXWH�IRU�6LQJOH�&U\VWDOV
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E\� $O��� LRQV� DQG� DQ� DGGLWLRQDO� QXPEHU� RI
XQRFFXSLHG�RFWDKHGUDO�VLWHV�DSSHDUV�>�@�
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ZKHUH� \� ��Q�Ü�����Q�������� LV� WKH� QRPLQDO
LQYHUVLRQ� H[WHQW� GXH� WR� WKH� VWRLFKLRPHWU\
GHYLDWLRQ�����D�FDWLRQLF�YDFDQF\��7KH�LQYHU�
VLRQ�H[WHQW�RI�QRQ�VWRLFKLRPHWULF�FU\VWDOV�DW
Q�d�����DPRXQWV������WR������>�@�

,UUDGLDWLRQ� RI� WKH� VSLQHO� FU\VWDOV� ZLWK
;�UD\V�RU�89�OLJKW�UHVXOWV�LQ�UHFKDUJLQJ�RI
WKH�GHIHFWV�DV�ZHOO�DV�LQ�FDSWXULQJ�RI�FKDUJH
FDUULHUV� LQ� WUDSV�� 7KH� FDUULHU� UHOHDVH� IURP
WKH� WUDSV� IROORZHG� E\� UHFRPELQDWLRQ� DW� WKH
HPLVVLRQ� FHQWHUV� FDXVHV� OXPLQHVFHQFH� LQ�89�
JUHHQ��DQG�UHG�VSHFWUDO�UHJLRQV�>�@��7KH�JUHHQ
HPLVVLRQ� LV� EHOLHYHG� WR� EH� DVVRFLDWHG� ZLWK
SURFHVVHV�LQYROYLQJ�PDQJDQHVH�LRQV�SUHVHQW�LQ
WKH�FU\VWDOV�DV�D�QRQ�FRQWUROOHG�LPSXULW\�>�@�
7KLV� HPLVVLRQ� LV� REVHUYHG� LQ� ;�UD\� OXPLQHV�
FHQFH��;5/��VSHFWUD��XQGHU�YDFXXP�89�H[FL�
WDWLRQ��DV�ZHOO�DV�LQ�WKHUPROXPLQHVFHQFH��7/�
DIWHU� LUUDGLDWLRQ� ZLWK� J� TXDQWD�� ;�UD\V�� RU
89�OLJKW��,W�LV�MXVW�7/�WKDW�LV�WKH�PRVW�VHQVL�
WLYH�WR�WKH�UHFRPELQDWLRQ�SURFHVVHV�

7/� LQ� VWRLFKLRPHWULF� VSLQHO� FU\VWDOV�XQGHU
OLQHDU� KHDWLQJ� ZDV� VWXGLHG� LQ� VHYHUDO� ZRUNV
>����@� ZKHUH� WKH� WKHUPDO� JORZ� �7(�� FXUYHV
ZHUH�VKRZQ�WR�KDYH�D�FRPSOH[�FKDUDFWHU�DQG
WR� FRQVLVW� RI� WZR� RU� PRUH� PDLQ� SHDNV�� 7KH
RYHUODSSLQJ� RI� H[SHULPHQWDO� SHDNV� LV� VXFK
WKDW� DWWHPSWV� WR� VHSDUDWH� WKHP�XVLQJ� D� SDU�
WLDO� DQQHDOLQJ� UHVXOWV� RQO\� LQ� D� VKLIW� RI� WKH
UHVXOWLQJ� SHDN� WRZDUGV� KLJKHU� WHPSHUDWXUHV
>�@�� 7KH� VHOI�FRQVLVWHQW� KHDWLQJ�PHWKRG� XVHG
E\�XV�WR�VWXG\�WKH�7/�RI�VWRLFKLRPHWULF�VSLQHO
FU\VWDOV�PDGH�LW�SRVVLEOH�WR�UHYHDO�WKH�FRPSOH[
FKDUDFWHU�RI�JORZ�SHDNV�DV�ZHOO�DV�WR�GHWHUPLQH
WKH�DFWLYDWLRQ�HQHUJ\�DQG�IUHTXHQF\�IDFWRUV�IRU
WUDSV�LQ�VWRLFKLRPHWULF�FU\VWDOV�>�@��

7/� RI� QRQ�VWRLFKLRPHWULF� FU\VWDOV� KDV
EHHQ� QRW� VWXGLHG� HVVHQWLDOO\�� 7KH� FU\VWDO
VWRLFKLRPHWU\� YDULDWLRQV� UHVXOW� LQ� FKDQJHG
ODWWLFH�SDUDPHWHU�DQG� LQ�IRUPDWLRQ�RI�DGGL�
WLRQDO� FDWLRQLF�YDFDQFLHV��7KLV� VKRXOG�FDXVH
FKDQJHV� LQ� WKH�FDSWXULQJ�FHQWHU�SDUDPHWHUV
DQG� VSDWLDO� UHGLVWULEXWLRQ� WKHUHRI�� 7KH� 7/
RI�QRQ�VWRLFKLRPHWULF�FU\VWDOV�DIWHU�89�LUUD�
GLDWLRQ�LQFOXGHV�DOVR�SHDNV�LQ�YLROHW��JUHHQ�
DQG� UHG� VSHFWUDO� UHJLRQV�� WKH� SHDNV�� KRZ�
HYHU�� DUH� VKLIWHG� WRZDUGV� ORZHU� WHPSHUD�
WXUHV�DV�FRPSDUHG�WR�VWRLFKLRPHWULF�FU\VWDOV
>������@�� ,Q� WKLV� ZRUN�� WKH� NLQHWLF� FKDUDF�
WHULVWLFV� KDYH� EHHQ� PHDVXUHG� IRU� 7/� SURF�
HVVHV� FDXVHG� E\� WKH� SUHVHQFH� RI�PDQJDQHVH
LRQV� LQ� 0J2����$O�2�� FU\VWDOV� KDYLQJ� WKHHPLVVLRQ�PD[LPXP�QHDU�����QP�

,W�LV�UDWKHU�GLIILFXOW�WR�REWDLQ�WKH�NLQHWLF
FKDUDFWHULVWLFV�RI�FKDUJH�FDUULHU�WUDSV��DFWL�
YDWLRQ�HQHUJ\��NLQHWLF�RUGHU��IUHTXHQF\�IDF�
WRU�� SURFHHGLQJ� IURP� JORZ� FXUYHV�� VLQFH
WKHUH� LV� QR� ILQLWH� DQDO\WLFDO� VROXWLRQ� IRU� D
7(�FXUYH�DW�OLQHDU�KHDWLQJ��7KH�PHWKRGV�IRU
GHWHUPLQLQJ� WKH� WUDS� SDUDPHWHUV� EDVHG� RQ
FRQVLGHUDWLRQ� RI� WKH� JORZ� FXUYH� VKDSH� DQG
SRVLWLRQ� DVVXPH� DV� D� UXOH� VRPH� DSSUR[LPD�
WLRQV� WKDW� PD\� UHVXOW� LQ� VLJQLILFDQW� HUURUV
DQG� DUH� DSSOLFDEOH� WR� HOHPHQWDU\� LVRODWHG
SHDNV� RQO\�� $QRWKHU� DSSURDFK� FRQVLVWV� LQ
PDWKHPDWLFDO� ILWWLQJ� RI� WKH� JORZ� FXUYH
VKDSH�E\�YDU\LQJ�WKH�NLQHWLF�FKDUDFWHULVWLFV�
$�KLJK�SUHFLVLRQ�ILWWLQJ�FDQ�SURYLGH�WKH�OLJKW
VXP�XQGHU�WKH�FXUYH�EXW�GRHV�QRW�LPSO\�DQ\
SK\VLFDO�PRGHO� RI� WKH� WKHUPDO� JORZ� SURFHVV�
VLQFH� WKH� SKHQRPHQRORJLFDO� FKDUDFWHULVWLFV�
DOWKRXJK� GHILQLQJ� XQLTXHO\� WKH� JORZ� FXUYH�
DUH�QRW�FKDUDFWHUL]HG�XQDPELJXRXVO\�WKHUHE\�
:KHQ�RQH�WUDS�FODVV�DUH�HPSWLHG��WKH�NLQHWLFV
EHFRPHV� RIWHQ� PRUH� FRPSOLFDWHG�� LQFOXGLQJ
WUDQVLWLRQ� IURP� D� �VW� RUGHU� SURFHVV� WR� D� �QG
RUGHU� RQH�� RU� YLFH� YHUVD�� ,Q� VXFK� FDVHV�� WKH
DQDO\VLV�RI�WKH�JORZ�FXUYH�VKDSH�GRHV�QRW�SUR�
YLGH�WKH�VHOHFWLRQ�RI�WKH�SURFHVV�NLQHWLF�RUGHU
DQG�WKH�FDOFXODWLRQ�RI�PDLQ�SDUDPHWHUV�

,Q� WKLV� FRQQHFWLRQ�� WR� ILQG� D� PHDQV� IRU
TXDQWLWDWLYH� GHWHUPLQDWLRQ� RI� SKHQR�
PHQRORJLFDO� FKDUDFWHULVWLFV� VHHPV� WR� EH� RI
LPSRUWDQFH��7KRVH�FKDUDFWHULVWLFV�FDQ�EH�RE�
WDLQHG� XVLQJ� D� PRGLILHG� 7/� PHWKRG�� VR�
FDOOHG� WKH� VHOI�FRQVLVWHG� KHDWLQJ� >������@�
7KH� H[SHULPHQW� FRQVLVWV� LQ� UHDOL]DWLRQ� RI
WKH� VDPSOH� KHDWLQJ� LQ� VXFK� D� PDQQHU� WKDW
WKH�OXPLQHVFHQFH�LQWHQVLW\�UHPDLQV�DW�D�FRQ�
VWDQW� OHYHO� �WKH� FRQVWDQW� VLJQDO� PHWKRG��
7KH�PHWKRG�LV�GHVFULEHG�LQ�GHWDLO�LQ�>�@�

7R�LQWHUSUHW�WKH�UHVXOWV�REWDLQHG��OHW�WKH
EDVLF�UHODWLRQV�EH�FRQVLGHUHG��3URFHHGLQJ�IURP
HTXDWLRQV� GHVFULELQJ� WKH� JORZ� LQWHQVLW\� DV� D
IXQFWLRQ�RI�WHPSHUDWXUH��-�7���WKH�GLIIHUHQWLD�
WLRQ�DQG�DSSURSULDWH�VXEVWLWXWLRQV�JLYH�WKH�H[�
SUHVVLRQV�IRU�WHPSHUDWXUH�GHSHQGHQFH�RI�KHDW�
LQJ� UDWH��E�7��� SURYLGLQJ� D� FRQVWDQW� LQWHQVLW\
YDOXH�-�LQ�WKH�FDVH�RI�WKH��VW�RUGHU�NLQHWLFV

E�7�� �N7�Z( H[S�§̈
©
�� (N7

·̧
¹��

���

ZKLOH�IRU�WKH��QG�RUGHU�NLQHWLFV��
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ZKHUH�7� LV� LQVWDQWDQHRXV� DEVROXWH� WHPSHUD�
WXUH�DW�KHDWLQJ��7��� WKH� LQLWLDO� WHPSHUDWXUHIURP� ZKLFK� WKH� VHOI�FRQVLVWHG� KHDWLQJ
VWDUWV��Z��WKH�IUHTXHQF\�IDFWRU��(��WKH�DFWL�
YDWLRQ� HQHUJ\� RI� WKH� FKDUJH� FDUULHU� UHOHDVH

9�$�.RE\DNRY�HW�DO����.LQHWLF�SDUDPHWHUV�RI�FKDUJH����
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IURP�WKH� WUDSV��N�� WKH�%ROW]PDQQ�FRQVWDQW�
,W� LV� FRQYHQLHQW� WR� SUHVHQW� WKH� (TV����� DQG
����DV�IROORZV�

LQ�WKH�FDVH�RI�WKH��VW�RUGHU�NLQHWLFV
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,W�IROORZV�IURP�����DQG�����WKDW�WKH�WHP�
SHUDWXUH�GHSHQGHQFH�RI�KHDWLQJ�UDWH�SURYLG�
LQJ�WKH�FRQVWDQW�VLJQDO�OHYHO�LV�OLQHDU�LQ�WKH
OQ�E�N7��� �I���N7�� FRRUGLQDWHV�� 7KH� FRUUH�
VSRQGLQJ� VWUDLJKW� OLQH� VORSH�GHILQHV� WKH�DF�
WLYDWLRQ� HQHUJ\� (� LQ� WKH� FDVH� RI� WKH� �VW
RUGHU� NLQHWLFV� RU�(��� IRU� WKH� �QG� RUGHU� NL�
QHWLFV�� &RQWLQXLQJ� WKDW� OLQH� WR� FURVVLQJ
SRLQW� ZLWK� WKH� RUGLQDWH� D[LV�� LW� LV� SRVVLEOH
WR�GHWHUPLQH�WKH�HIIHFWLYH�IUHTXHQF\�IDFWRU�
,I�D�WUDQVLWLRQ�IURP�WKH��VW�RUGHU�WR�WKH��QG
RQH� RU� YLFH� YHUVD� RFFXUV� GXULQJ� WKH�7/�� WKH
SORW� ZLOO� FRQWDLQ� WZR� OLQHDU� VHFWLRQV� FRUUH�
VSRQGLQJ�WR�RQH�DQG�WKH�VDPH�SHDN��)RU�YDUL�
RXV�-L�YDOXHV��WKH�OLQHDU�VHFWLRQV�FRUUHVSRQG�LQJ�WR�WKH��QG�RUGHU�NLQHWLFV�VKRXOG�EH�VKLIWHG
ZKLOH� WKRVH� DQVZHULQJ� WR� WKH� �VW� RQH� VKRXOG
IDOO�RQ�RQH�DQG�WKH�VDPH�VWUDLJKW�OLQH��,Q�WKLV
FDVH��DQ\�DPELJXLW\�LQ�GHWHUPLQDWLRQ�RI�DFWL�
YDWLRQ�HQHUJ\��HIIHFWLYH�IUHTXHQF\�IDFWRU��DQG
WKH� UHOD[DWLRQ� NLQHWLFV� RUGHU� LV� HOLPLQDWHG�
VLQFH� DW� WKH� �VW� RUGHU� NLQHWLFV�� WKH� KHDWLQJ
UHJLPH�SURYLGLQJ�WKH�FRQVWDQW�VLJQDO� OHYHO� LV
LQGHSHQGHQW� RI� WKH� -L� YDOXH�� LQ� FRQWUDVW�� LWGHSHQGV�WKHUHRQ�DW�WKH��QG�NLQHWLF�RUGHU�

7KH� FRQVWDQW� VLJQDO� PHWKRG� �VHOI�FRQVLV�
WHQW�KHDWLQJ��ZDV�UHDOL]HG�XVLQJ�D�VHWXS�GH�
VFULEHG� EHIRUH� >�@�� 7KH� VHWXS� LV� EDVHG� RQ� D
06'��� PRQRFKURPDWRU� ZLWK� ���� QP�PP
UHVROXWLRQ� DQG� LV� FRQWUROOHG� E\� D� 3&� WKDW
SURYLGHV� WKH� 7/� VSHFWUD� DQG� JORZ� FXUYHV
PHDVXUHPHQWV� DW� OLQHDU� KHDWLQJ� DV� ZHOO� DV
WKH� VHOI�FRQVLVWHQW� KHDWLQJ� UHDOL]DWLRQ�� $OO
WKH� UHJLPHV� DUH� UHDOL]HG� XVLQJ� SURJUDPV
FRQWUROOLQJ� WKH� PRQRFKURPDWRU�� KHDWHU�� DV
ZHOO� DV�PHDVXUHPHQWV� LQ� WKH� VHOHFWHG�PRGH
DQG� UHFRUGLQJ� WKH� UHVXOWV�� 7KH� 7/� VSHFWUD
DQG�JORZ�FXUYHV�ZHUH�PHDVXUHG�DW�WKH�VDP�
SOH�KHDWLQJ�UDWH�RI�����.�V�LQ�WKH�IROORZLQJ
VSHFWUDO�UHJLRQV��IRU�UHYLHZ�VSHFWUD������WR
���� QP�� IRU� GHWDLOHG� VWXGLHV�� ���� WR
���� QP�� 7KH� PRQRFKURPDWRU� SDVVLQJ� WLPH
ZDV�DERXW����V�IRU�GHWDLOHG�VSHFWUDO�UDQJHV�
DQG� DERXW� ��� V� IRU� WKH� UHYLHZ� RQH�� :KHQ
PHDVXULQJ� 7/� DQG� JORZ� FXUYHV�� WKH� WHP�
SHUDWXUH� FKDQJH� ZDV� OLQHDU� WR� ZLWKLQ
�������,Q�WKH�VHOI�FRQVLVWHQW�KHDWLQJ�PRGH�

WKH� VDPSOH� HPLVVLRQ� LQWHQVLW\� ZDV� PDLQ�
WDLQHG�DW�WKH�SUHVHW�FRQVWDQW�OHYHO�WR�ZLWKLQ
�� WR� �� �� �XQGHU� DFFRXQW� IRU� QRLVH��� 7KH
WHPSHUDWXUH� ZDV� FRQWUROOHG� E\� D
&KURPHO�$OXPHO� WKHUPRFRXSOH�� 7R� VWXG\
WKH� 7/�� VDPSOHV� RI� �u�u����PP�� ZHUH� FXW
RXW� RI� D� 0J2����$O�2�� VLQJOH� FU\VWDO�� 7KHVDPSOHV� ZHUH� LUUDGLDWHG� ZLWK� ;�UD\V� XVLQJ
DQ� 856���0� XQLW� DW� WKH� YROWDJH� RQ� WKH
%69��&X� WXEH� RI� ��� N9� DQG� WKH� WXEH� FXU�
UHQW� RI� ��� P$�� WKH� VDPSOH� GLVWDQFH� IURP
WKH� WXEH� RXWSXW� ZLQGRZ� EHLQJ� ���� FP�� $
ZDWHU�FRROHG� /'�'�� GHXWHULXP� ODPS� RI
���� :� SRZHU� ZDV� XVHG� DV� WKH� 89� OLJKW
VRXUFH�� WKH� VDPSOH�WR�ODPS� GLVWDQFH� EHLQJ
DOVR�����FP��7KH�VDPSOH�ZDV�FRROHG�ZLWK�DLU
IORZ�� 7KH� LUUDGLDWLRQ� GXUDWLRQ� DW� WKH� JORZ
FXUYH� PHDVXUHPHQWV� DQG� DW� VHOI�FRQVLVWHQW
KHDWLQJ� ZDV� ���� K� ZLWK� ERWK� UDGLDWLRQ
VRXUFHV�

$IWHU�;�UD\� DQG� 89� LUUDGLDWLRQ� RI� QRQ�
VWRLFKLRPHWULF� FU\VWDOV�� D� 7/� PD[LPXP� LQ
JUHHQ� UHJLRQ� LV� REVHUYHG� DW� ���� .�� ,W� LV
DVFULEHG� WR� UHFRPELQDWLRQ� OXPLQHVFHQFH� LQ�
YROYLQJ�0Q���LRQV�WKDW�HQWHU�WKH�VSLQHO�FU\V�
WDO� ODWWLFH�PDLQO\� LQWR�WHWUDKHGUDO�SRVLWLRQV
>�@��7KH�SHDN� LV�D�FRPSOH[�RQH��7KH�H[SDQ�
VLRQ� LQWR� *DXVVLDQV� XVLQJ� 3&� UHYHDOV� WZR
HPLVVLRQ�EDQGV�GLIIHULQJ� LQ�PD[LPXP�SRVL�
WLRQV�DQG� LQWHQVLW\�UDWLRV�GHSHQGLQJ�RQ� WKH
LUUDGLDWLRQ�W\SH��)LJ������7KH�PDLQ�HPLVVLRQ
EDQG�PD[LPXP�GHWHUPLQHG�XVLQJ�WKH�H[SDQ�
VLRQ� FRUUHVSRQG� WR� WKH� SKRWRQ� HQHUJ\� RI
���� H9� DIWHU� 89� LUUDGLDWLRQ� DQG� ����� H9
DIWHU� ;�UD\� RQH�� %HVLGHV�� WKHUH� DUH� ZHDN
EDQGV� ZLWK� ����� DQG� ����� H9� HQHUJ\�� UH�
VSHFWLYHO\�� $IWHU� 89� LUUDGLDWLRQ�� WKH
����� H9� EDQG� FRQWULEXWHV� WR� WKH� PDLQ� 7/
HPLVVLRQ� LQVLJQLILFDQWO\�� $IWHU� ;�UD\� LUUD�

)LJ�����7/� VSHFWUXP�RI� D�0J2����$O�2�� FU\V�WDO� LQ� JORZ� SHDNP� �����.�� DIWHU�89� ���� DQG
;�UD\� ���� LUUDGLDWLRQ� PHDVXUHG� DW� FRQVWDQW
KHDWLQJ�UDWH�
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GLDWLRQ��WKH�EDQG�RYHUODS�DQG�LQWHQVLW\�UDWLR
LV� VXFK� WKDW� WKH� ����� H9� EDQG� FRQWULEXWLRQ
FDQ�EH�UHYHDOHG�E\�PHDVXUHPHQWV��6LQFH�WKH
PDLQ� 7/� EDQGV� DUH� UDWKHU� ZLGH�� WKH� JORZ
FXUYH�PHDVXUHPHQWV� DQG� WKH�VHOI�FRQVLVWHQW
KHDWLQJ�DIWHU�89�DQG�;�UD\�LUUDGLDWLRQ�ZHUH
FDUULHG�RXW�DW�����QP������H9��ZDYHOHQJWK�
WKH� UHJLVWHUHG� VSHFWUXP�ZLGWK� EHLQJ� �� QP�
7KH�PHDVXUHG�JORZ�FXUYHV�DW�OLQHDU�KHDWLQJ
�DW�����QP��DUH�VKRZQ�LQ�)LJ�����)URP�WKRVH
FXUYHV��WKH�FRQVWDQW�VLJQDO�LQWHQVLW\�DW�-�� ���-PD[�� -�� ����-PD[�� DQG� -�� ����-PD[� ZHUHGHWHUPLQHG�

7R� GHWHUPLQHG� WKH� NLQHWLF� SDUDPHWHUV
IURP� WKH� UHVXOWV� PHDVXUHG� XVLQJ� WKH� VHOI�
FRQVLVWHQW� KHDWLQJ�� WKH� SORWV� SUHVHQWHG� LQ
)LJV����DQG���ZHUH�FRQVWUXFWHG��7KH�GHSHQG�
HQFH� LV� UDWKHU� FRPSOH[�� QHYHUWKHOHVV�� WKH
FXUYHV�DUH�VKLIWHG�DW�GLIIHUHQW�YDOXHV�RI�LQ�
LWLDO� OHYHO�� LQGHSHQGHQW� RI� WKH� FXUYH� W\SH�
3URFHHGLQJ� IURP� WKH� SK\VLFDO� SULQFLSOHV� RI
WKH� PHWKRG�� OLQHDU� VHFWLRQV� FDQ� EH� GLVWLQ�
JXLVKHG�� 0RUHRYHU�� QRQH� RI� WKRVH� VHFWLRQV
IDOOV� RQ� WKH� VDPH� OLQH�� 7KLV� HYLGHQFHV� WKDW
WKH�UHFRPELQDWLRQ�SURFHVVHV�DW�7/�DIWHU�ERWK
89� DQG� ;�UD\� LUUDGLDWLRQ� UXQ� DFFRUGLQJ� WR
WKH��QG�NLQHWLF�RUGHU�RQO\��7KH�VDPH�NLQHWLF
RUGHU� ZDV� REVHUYHG� ZKHQ� WKH� JUHHQ� UHJLRQ
7/�RI�WKH� VWRLFKLRPHWULF�VSLQHO�FU\VWDOV�ZDV
VWXGLHG� >�@�� 7KH� LQLWLDO� VLJQDO� OHYHOV� ZHUH
SUHVHW� XQGHU� DVVXPSWLRQ� WKDW� WKHUH� LV� RQO\
RQH�JORZ�SHDN�RU�DW�OHDVW�WKH�LQWHQVLW\�RI�WKH
���� QP�PD[LPXP� LV� WKH� GHILQLQJ� RQH� �)LJ�
����7KH�GHSHQGHQFHV� REWDLQHG� LQ� H[SHULPHQW
DQG� VKRZQ� LQ� )LJV���� DQG� �� HYLGHQFH�� KRZ�
HYHU�� D� UDWKHU� FRPSOH[� VWUXFWXUH� RI� JORZ
FXUYH�WKDW�UHTXLUHV�D�PRUH�GHWDLOHG�DQDO\VLV�

7KH�OLQHDU�VHFWLRQV�FRUUHVSRQGLQJ�WR�SK\VL�
FDO�SULQFLSOHV�RI�WKH�PHWKRG�DUH�REVHUYHG�RQO\
DW� WHPSHUDWXUHV� H[FHHGLQJ� ���� .� DIWHU� ERWK

89� DQG�;�UD\� LUUDGLDWLRQ�� 6LQFH� WKH� SURFHVV
UXQV� DFFRUGLQJ� WR� WKH��QG�NLQHWLF�RUGHU�RQO\�
WKH�WUDQVLWLRQ�IURP�RQH�OLQHDU�VHFWLRQ�WR�RWKHU
RQH� DQVZHUV� WR� WUDQVLWLRQ� IURP�RQH� HPLVVLRQ
PD[LPXP�WR� DQRWKHU��7KH�SRVLWLRQV� RI� WKRVH
PD[LPD� VKRXOG� FRUUHVSRQG� DSSUR[LPDWHO\� WR
WKH� PLGGOH� RI� WKH� FRUUHVSRQGLQJ� OLQHDU� VHF�
WLRQ��7KXV��LW�LV�SRVVLEOH�WR�HVWLPDWH�DSSUR[L�
PDWHO\� WKH� SRVLWLRQV� RI� WZR� PD[LPD�� $IWHU
89� LUUDGLDWLRQ�� WKRVH� DUH� SRVLWLRQHG� DW
���r��� .� DQG� ���r��� .� ZKLOH� DIWHU� ;�UD\
RQH�� DW� ���r���.�DQG����r���.��7KH�GHWHU�
PLQDWLRQ�RI�WKH�����.�PD[LPXP�LV�DIIHFWHG�
DV�PHQWLRQHG� DERYH�� E\� WKH�KLJK�RYHUODS� H[�
WHQW� RI� WKH� HPLVVLRQ� EDQG� ZLWK� WKH� ����� H9
PD[LPXP� KDYLQJ� WKH� KLJKHVW� LQWHQVLW\� DW
WKDW�WHPSHUDWXUH��)LJ�����

/HW� XV� VXSSRVH� WKDW� WKH� JORZ� SHDN� LQ�
FOXGHV�D�PD[LPXP�ZLWK�ORZHU�HPLVVLRQ�WHP�
SHUDWXUH� DQG� ORZHU� LQWHQVLW\� DQG� WKDW� WKH

)LJ�����*ORZ�FXUYHV�RI�D�0J2����$O�2��FU\VWDODW� ���� QP� ZDYHOHQJWK� DIWHU� ��� PLQ� 89� ���
DQG� ;�UD\� ���� LUUDGLDWLRQ� PHDVXUHG� DW� FRQ�
VWDQW�KHDWLQJ�UDWH�

)LJ�����OQ�E�N7��� �I���N7��SORWV�REWDLQHG�XVLQJ
WKH�FRQVWDQW�VLJQDO�PHWKRG�DIWHU�;�UD\�LUUDGLD�
WLRQ� RI� D� 0J2����$O�2�� FU\VWDO�� 6LJQDO� LQWHQ�VLW\�����-PD[���������-PD[���������-PD[�����

)LJ�����OQ�E�N7��� �I���N7��SORWV�REWDLQHG�XVLQJ
WKH� FRQVWDQW� VLJQDO� PHWKRG� DIWHU� 89� LUUDGLD�
WLRQ� RI� D� 0J2����$O�2�� FU\VWDO�� 6LJQDO� LQWHQ�VLW\�����-PD[���������-PD[���������-PD[�����
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SUHVHW� VLJQDO� OHYHOV� IRU� WKH� VHOI�FRQVLVWHQW
KHDWLQJ�FRUUHVSRQG�WR�WKH�KLJKHVW�LQWHQVLW\�
,Q� WKLV� FDVH�� WR�SURYLGH� WKH�FRQVWDQW� VLJQDO
LQWHQVLW\�� WKH� KHDWLQJ� UDWH� VKRXOG� GHFUHDVH
DV� WKH� ORZ�WHPSHUDWXUH� PD[LPXP� LV� HPLW�
WHG��EHFDXVH�WKH�FKDUJH�FDUULHU�UHOHDVH�IURP
WUDSV�ZLWK�ORZHU�DFWLYDWLRQ�HQHUJ\�PDNHV�DQ
DGGLWLRQDO�FRQWULEXWLRQ�WR�WKH�UHFRPELQDWLRQ
HPLVVLRQ� LQWHQVLW\�� 7KH� KHDWLQJ� UDWH� GH�
FUHDVH�ZLOO� FDXVH� QHJDWLYHO\� VORSHG� VHFWLRQV
LQ�WKH�OQ�E�N7��� �I���N7��SORWV��,Q�WKH�FRP�
SHWLQJ� HPLVVLRQ� SURFHVV�� WKH� QHJDWLYH� VORSH
ZLOO� EH� NHSW� XS� WR� WKH� HQG� RI� WKH� ORZ�WHP�
SHUDWXUH� PD[LPXP� HPLVVLRQ�� 7KHUHIRUH�� LW
FDQ�EH� EHOLHYHG� WKDW� WKH� UXQ�RI�GHSHQGHQFH
REVHUYHG� DIWHU� 89� LUUDGLDWLRQ� �)LJ����� DW
WHPSHUDWXUHV� ORZHU� WKDQ� ���� .� HYLGHQFHV
WKH�SUHVHQFH�RI�PD[LPD�LQ�WKDW�WHPSHUDWXUH
UHJLRQ��-XGJLQJ� IURP�RI�PLGGOH�SRLQW�SRVL�
WLRQV�RI�WKH�QHJDWLYH�VORSH�VHFWLRQV��WKH�ORZ�
WHPSHUDWXUH� PD[LPD� FDQ� EH� HVWLPDWHG� WR
FRUUHVSRQG�WR����r���.�DQG����r���.�

$IWHU�;�UD\�LUUDGLDWLRQ��WKH�VKDOORZ�WUDS
RFFXSDWLRQ�HIILFLHQF\�LV�ORZHU�WKDW�DIWHU�89
RQH� �)LJ������DQG�WKH� LQWHQVLW\�UDWLR� LV�PRVW
OLNHO\� GLIIHUHQW�� +RZHYHU�� IURP� )LJ����� WKH
PD[LPD� DW� ���r���.� DQG� ���r��� .� FDQ� EH
VXSSRVHG��7KH�SRVVLEOH�SUHVHQFH�RI�WKRVH�PD[�
LPD�LV�HYLGHQFHG�DOVR�E\�WKH�JORZ�FXUYH�UXQV
�)LJ������7KXV��EDVLQJ�RQ�WKH�UHVXOWV�REWDLQHG
XVLQJ� WKH�VHOI�FRQVLVWHQW�KHDWLQJ�� LW� FRXOG�EH
VWDWHG� WKDW� WKH� JORZ� FXUYH� PHDVXUHG� DW
���� QP� ZDYHOHQJWK� FRQWDLQV� PD[LPD� DW
���r��� .�� ���r��� .�� ���r��� .� DQG
���r���.��$�VHW�RI�FKDUJH�FDUULHU�WUDSV�ZLWK
GLIIHUHQW� DFWLYDWLRQ� HQHUJ\� YDOXHV� FRUUH�
VSRQGV�WR�WKRVH�PD[LPD�

,Q�WKH�FRXUVH�RI�PHDVXUHPHQWV�XVLQJ�WKH
VHOI�FRQVLVWHQW�KHDWLQJ�PHWKRG��WKH�ORZ�WHP�
SHUDWXUH�PD[LPD� FRQWULEXWH� WR� LQWHQVLW\� RI
WKH�SUHVHW�LQLWLDO�OHYHO��7KHUHIRUH��WKH�OLQHDU
VHFWLRQ� OHQJWKV� GHSHQG� RQ� WKH� RYHUODS� H[�
WHQW�� LQWHQVLW\� UDWLR� DQG� ZLGWK� RI� WKH� 7(
SHDNV��,W�LV�VHHQ�IURP�)LJV����DQG���WKDW�WKH
OLQHDU� VHFWLRQV�PDNLQJ� LW� SRVVLEOH� WR� GHWHU�
PLQH� WKH� DFWLYDWLRQ� HQHUJ\� DUH� SUHVHQW� IRU
WKH�KLJK�WHPSHUDWXUH�PD[LPD�RQO\��7KH�DF�
WLYDWLRQ� HQHUJ\� GHWHUPLQHG� IURP� WKH� VORSH
RI� OLQHDU� VHFWLRQV� DIWHU� 89� LUUDGLDWLRQ� IRU
FDUULHUV� UHOHDVHG� IURP� WKH� WUDSV� DQG� LQ�
YROYHG� LQ� UHFRPELQDWLRQ� SURFHVVHV� QHDU
���� .� LV� ����r����� H9�� 1HDU� ���� .�� LW
DPRXQWV� ����r����� H9��:H� IDLOHG� WR� GHWHU�
PLQH�WKH�DFWLYDWLRQ�HQHUJ\�IRU�WKH��QG�KLJK�
WHPSHUDWXUH�PD[LPXP� DIWHU�;�UD\� LUUDGLD�
WLRQ�EHFDXVH�RI�WKH�SUHVHQFH�RI�WKH������H9
PD[LPXP�LQ�WKH�7/�VSHFWUXP�

7KH� HIIHFWLYH� IUHTXHQF\� IDFWRU� IRU� WKH
WUDSV� ZLWK� ����r����� H9� DFWLYDWLRQ� HQHUJ\
DIWHU� 89� DQG� ;�UD\� LUUDGLDWLRQ� DPRXQWV
���WR���������VÜ���$V�WR�WUDSV�ZLWK�����r�����H9
DFWLYDWLRQ�HQHUJ\��LW�LV����WR���������VÜ��

7KXV�� WKH� VWXGLHV� RI� JUHHQ� VSHFWUDO� UH�
JLRQ�7/�LQ�0J2����$O�2��VSLQHO�VLQJOH�FU\V�WDOV�DIWHU�;�UD\JORZ7(�SHDN�REWDLQHG�XQGHU
OLQHDU�KHDWLQJ�LV�D�FRPSOH[�RQH��,W�FRQWDLQV
WZR�HPLVVLRQ�EDQGV�DQG�WKH�7/�LV�GXH�WR�WKH
FKDUJH�FDUULHU�UHOHDVH�IURP�WKH�WUDSV�KDYLQJ
GLIIHUHQW�DFWLYDWLRQ�HQHUJLHV��8VLQJ�WKH�FRQ�
VWDQW�VLJQDO�PHWKRG��WKH�YDOXHV�RI�7(�SHDNV
IRU�YDULRXV�WUDS�W\SHV�KDYH�EHHQ�HVWLPDWHG�
7KH�UHOHDVH�RI�FKDUJH�FDUULHUV�IURP�WUDSV�UH�
VSRQVLEOH�IRU�WKH�UHFRPELQDWLRQ�OXPLQHVFHQFH
LQ�JUHHQ�VSHFWUDO�UHJLRQ�UXQV�DFFRUGLQJ�WR�WKH
�QG�RUGHU�NLQHWLFV�RQO\��7KH�DFWLYDWLRQ�HQHUJ\
YDOXHV� IRU� WUDSV� RI� WKH� VDPH� W\SH� DUH� LQGH�
SHQGHQW� RI� WKH� LUUDGLDWLRQ� W\SH�� 7KH� RFFXSD�
WLRQ�HIILFLHQF\�RI�VKDOORZ�WUDSV�LV�KLJKHU�XQGHU
89�LUUDGLDWLRQ�WKDQ�XQGHU�;�UD\�RQH�

7KH�ZRUN�KDV�EHHQ�FDUULHG�RXW�XQGHU� IL�
QDQFLDO� VXSSRUW� E\� &LYLO� 5HVHDUFK� DQG� 'H�
YHORSPHQW� )RXQGDWLRQ� �86$�� IRU� LQGH�
SHQGHQW� VWDWHV� RI� IRUPHU� 8665� �&5')��
*UDQW� 1R�8(�������� E\� 6FLHQFH� DQG� 7HFK�
QRORJ\� &HQWHU� LQ� 8NUDLQH� �67&8��� *UDQW
1R�������DQG�E\�0LQLVWU\�RI�(GXFDWLRQ�DQG
6FLHQFH�RI�8NUDLQH��3URMHFW�1R���������
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