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<WWULXP� VWDELOL]HG� ]LUFRQLD� ILQG� XVH� LQ
YDULRXV� LQGXVWULDO� ILHOGV� DV� WUDQVIRUPDWLRQ�
KDUGHQHG� SURGXFWV�� FDWDO\VWV� DQG� FDWDO\VW
VXSSRUWV�� IXHO� FHOOV�� WKHUPDO�EDUULHUV��EXII�
HULQJ�� RSWLFDO� FRDWLQJV�� HWF�� >�Ü�@�� ,Q� FRXQ�
WULHV�ZKHUH�DWRPLF�SRZHU�LV�XVHG�ZLGHO\��WKH
PDWUL[� IXHOV� >��@�� DFWLQRLG� WUDQVPXWDWLRQ
WDUJHWV� >��@��PDWULFHV� IRU�UDGLRDFWLYH�ZDVWH
LQVXODWLRQ� >��@� EDVHG� RQ� ]LUFRQLD� DUH
VHDUFKHG�IRU��7KH�HIIRUWV�RI�UHVHDUFKHUV�DUH
GLUHFWHG� WR� SUHSDUDWLRQ� RI� QRQ�DJJORPHU�
DWHG�� KLJKO\� GLVSHUVHG�� UHODWLYHO\� LQH[SHQ�
VLYH� SRZGHUV�ZLWK� WKH� SDUWLFOHV� RI� UHTXLUHG
SKDVH�FRPSRVLWLRQ��KRPRJHQHRXV�LQ�VL]H�DQG

VKDSH�� $� JUHDW� DWWHQWLRQ� LV� JLYHQ� WR� VR�
FDOOHG� �VRIW�� SRZGHUV� SUHSDUHG� E\� �ZHW�
WHFKQLTXHV� �SUHFLSLWDWLRQ� IURP� VROXWLRQV�
K\GURO\VLV�� K\GURWKHUPDO� V\QWKHVLV�� VRO�JHO
PHWKRG�� HWF���� $FFRUGLQJ� WR� >�Ü�@�� VXFK
SRZGHUV� VKRZ� WKH� FRKHUHQW� VFDWWHULQJ� UH�
JLRQV� �&65�� VL]H� IURP� �� WR� ��� QP�� �SUL�
PDU\��SDUWLFOHV�IURP����WR����QP��DJJORP�
HUDWHV� DQG� FRQJORPHUDWHV� IURP� ���� QP� WR
���PP��7KH�SRZGHUV�SUHSDUHG�E\�K\GURWKHU�
PDO� DQG� VROYRWKHUPDO� WHFKQLTXHV� H[KLELW
EHVW� PRUSKRORJLF� FKDUDFWHULVWLFV�� KRZHYHU�
WKRVH� DUH� UHODWLYHO\� H[SHQVLYH� DQG� GLIILFXOW
LQ� UHDOL]DWLRQ�� 7KH� MRLQW� SUHFLSLWDWLRQ� WHFK�
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QLTXH�RI�SRRUO\�VROXEOH�FRPSRXQGV�FRPELQHV
D� VXIILFLHQWO\� KLJK� TXDOLW\� RI� WKH� SRZGHUV
EHLQJ� SUHSDUHG� DQG� UHDVRQDEOH� UHDOL]DWLRQ
FRVWV�� 7KH� SXUSRVHV� RI� WKLV� ZRUN� ZHUH� WR
VWXG\�WKH�PRUSKRORJ\�DQG�FRPSDFWLELOLW\�RI
WHWUDJRQDO� ]LUFRQLD� SRZGHUV� V\QWKHVL]HG
GXULQJ� WKHUPDO� GHFRPSRVLWLRQ� RI� ]LUFRQLXP
DQG� \WWULXP� K\GUR[LGHV� SUHSDUHG� E\� MRLQW
SUHFLSLWDWLRQ� IURP� D� FRUUHVSRQGLQJ� PL[WXUH
RI�QLWUDWH�VROXWLRQV�

7KH� WHWUDJRQDO� ]LUFRQLD� ZDV� V\QWKHVL]HG
GXULQJ� WKHUPDO�GHFRPSRVLWLRQ�RI� ]LUFRQLXP
DQG� \WWULXP� K\GUR[LGHV� SUHSDUHG� E\� MRLQW
SUHFLSLWDWLRQ�IURP�D�PL[WXUH�RI�DTXHRXV�VR�
OXWLRQV�� <WWULXP� QLWUDWH� RI� WKHLQ� VDOWV� ZDV
REWDLQHG�E\�QLWULF�DFLG�WUHDWPHQW�RI�\WWULXP
R[LGH� <�2�� DQG� ]LUFRQLXP� QLWUDWH�� E\� WKHVLPLODU� WUHDWPHQW� RI� ]LUFRQLXP� K\GUR[LGH
SUHSDUHG�E\�K\GURO\VLV�RI�]LUFRQLXP�VXOIDWH
=U�62�����+�2�� 7KH� ]LUFRQLXP� DQG� \WWULXPQLWUDWH� VROXWLRQV� ZHUH� PL[HG� WRJHWKHU� DQG
WKH� SUHFLSLWDWLRQ� ZDV� FDUULHG� RXW� XVLQJ
��� �� DPPRQLXP� K\GUR[LGH� VROXWLRQ�� 7KH
SUHFLSLWDWH�ZDV�GULHG�IRU����WR����K�DW���Ü
���&�DQG� WKHQ�JURXQG� LQ� D� EDOO�PLOO� DW� WKH
SRZGHU�PLOOLQJ� EDOOV� ZHLJKW� UDWLR� RI� �����
7KH� K\GUR[LGH� SUHFLSLWDWH�ZDV� KHDW� WUHDWHG
DW� ���� DQG� ����&� IRU� ���� WR� ����� K�� 7KH
]LUFRQLXP�DQG�\WWULXP�QLWUDWHV�ZHUH�XVHG�LQ
D�UDWLRQ�SURYLGLQJ�WKH�REWDLQLQJ�RI�]LUFRQLD
FRPSULVLQJ� ����ZW����\WWULD� DIWHU� WKH� SUH�
FLSLWDWH�KHDW�GHFRPSRVLWLRQ�

7R� VWXG\� WKH� SURFHVVHV� RFFXUULQJ� GXULQJ
WKH�SUHFLSLWDWH�KHDW� WUHDWPHQW�� WKH� WKHUPR�
JUDYLPHWULF�GLIIHUHQWLDO� WKHUPDO� DQDO\VLV
�7*�'7$�� ZDV� DSSOLHG� XVLQJ� D� 4�����'
GHULYDWRJUDSK� LQ� WKH� WHPSHUDWXUH� LQWHUYDO
��� WR� �����&� DW� WKH� KHDWLQJ� UDWH� RI
���&�PLQ�� 7KH� SKDVH� FRPSRVLWLRQ� RI� WKH
KHDW�WUHDWHG� SUHFLSLWDWH� ZDV� GHWHUPLQHG� E\
;�UD\�SKDVH�DQDO\VLV��;3$��XVLQJ�D�'521�
���� GLIIUDFWRPHWHU� �&X�.D�� DQG� WKH� DYHUDJHVL]H� RI� WKH� &65� ZDV� FDOFXODWHG� IURP� WKH
KDOI�KHLJKW�ZLGWK��E��RI�WKH�PDLQ�;�UD\�OLQH
>��@�� 7KH� VSHFLPHQV� ZHUH� IRUPHG� IURP� WKH
SRZGHU�E\�D[LDO�FRPSDFWLRQ��7KH�VDPSOH�DS�
SDUHQW�GHQVLW\�ZDV�PHDVXUHG�E\�K\GURVWDWLF
ZHLJKLQJ�� 7KH� WHWUDJRQDO� ]LUFRQLD� SRZGHU
PRUSKRORJ\� ZDV� VWXGLHG� XVLQJ� D� 7HVOD�%&�
���� WUDQVPLVVLRQ� HOHFWURQ� PLFURVFRSH
�����N9�DFFHOHUDWLQJ�YROWDJH���7KH�SRZGHUV
GLVSHUVHG�LQ�ZDWHU�ZHUH�FDSWXUHG�E\�DQ�DFH�
W\O� FHOOXORVH� ILOP� WKDW� ZDV� XVHG� DV� D� VXE�
VWUDWH��7KH�ORFDO�SRZGHU�VWDWH��FU\VWDOOLQH�RU
DPRUSKRXV��ZDV�H[DPLQHG�E\�PLFUR�GLIIUDF�
WLRQ�PHWKRG�

7KH� GULHG� SUHFLSLWDWH� FRQVLVWHG� RI� VRIW
SRURXV� IRUPDWLRQV� RI� ��� WR� ��� PP� VL]H�
$IWHU� WKH� JULQGLQJ�� WKHUH�ZDV� D� ILQH�ZKLWH

SRZGHU�� 7KH� 7*�'7$� GDWD� RQ� WKH� SRZGHU
PDWHULDO� DUH� SUHVHQWHG� LQ� )LJ����� 7KH� '7$
FXUYH�VKRZV�WZR�H[WUHPHV�FRUUHVSRQGLQJ�WR
RQH� HQGRWKHUPLF� DQG� RQH� H[RWKHUPLF� SURF�
HVV�� $Q� LQWHQVH� HQGRWKHUPLF� SHDN� DSSHDUV
ZLWKLQ� WKH� ��� WR� ����&� WHPSHUDWXUH� UDQJH
ZLWK� D� PLQLPXP� DW� ����&�� 7KH� PD[LPXP
ZHLJKW� ORVV� FRUUHVSRQGLQJ� WR� WKH� VWHHSO\
GURSSLQJ�VHFWLRQ�RI�WKH�7*�FXUYH��)LJ�����LV
REVHUYHG�LQ�WKH����Ü����&�LQWHUYDO�DQG�FRU�
UHVSRQGV�WR�WKH�HQGRWKHUPLF�'7$�SHDN��$Q
LQIOHFWLRQ�SRLQW�LV�LQ�WKH�7*�FXUYH�DW�����&
FRUUHVSRQGLQJ� WR� WKH� '7*� FXUYH� H[WUHPH�
7KH� ZHLJKW� ORVV� GHFUHDVHV� FRQVLGHUDEO\� LQ
WKH�PLOGO\� VORSLQJ� VHFWLRQ� RI� WKH� 7*� FXUYH
ZLWKLQ� WKH� ���Ü����&� LQWHUYDO� DQG� LV� VXE�
VWDQWLDOO\� RYHU� LQ� WKH� ���Ü�����&� UDQJH�
7KH� H[RWKHUPLF� HIIHFW� LQ� WKH� '7$� FXUYH
ZLWKLQ� WKH� ���Ü����&� LQWHUYDO� SHDNHG� DW
����&� LV� FKDUDFWHUL]HG� E\� D� VXEVWDQWLDOO\
FRQVWDQW� VDPSOH� ZHLJKW� �)LJ����� 7*� FXUYH��
1R� HIIHFWV� DUH� REVHUYHG� LQ� WKH� '7$� FXUYH
DERYH�����&�DQG�LQ�7*�DQG�'7*�RQHV�DERYH
����&�

7KH�;3$�H[DPLQDWLRQ�RI�WKH�GU\�SUHFLSL�
WDWH�KHDW�WUHDWHG�DW�����&�IRU������K�VKRZV
KDORV� W\SLFDO�RI�DPRUSKRXV�VWDWH� IRUPLQJ�D
EDFNJURXQG�IRU�VHYHUDO�ZLGHQHG�;�UD\�OLQHV�
7KH� ILUVW�KLJK�LQWHQVLW\�KDOR�KDYLQJ�DQ�DS�
SUHFLDEOH� PD[LPXP� DW� ��Ü���� OLHV� ZLWKLQ
WKH���Ü���� DQJXODU� UDQJH��7KH� VHFRQG�KDOR
DUUDQJHG� ZLWKLQ� WKH� ��Ü���� LQWHUYDO� KDV� D
ORZ� LQWHQVLW\� DQG� D� ZHDO�PD[LPXP� DW� ��Ü
�����7KH�KDORV�KDYH�EHHQ�HVWDEOLVKHG�EHIRUH
WR�FRUUHVSRQG�WR�DPRUSKRXV�]LUFRQLD�IRUPHG
GXH� WR� WKHUPDO� GHFRPSRVLWLRQ� RI� ]LUFRQLXP

)LJ�����7*�'7$�UHVXOWV� IRU� D� SRZGHUHG�PL[�
WXUH�RI�]LUFRQLXP�DQG�\WWULXP�K\GUR[LGHV�
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K\GUR[LGH�>��@�DQG�FDUERQDWH�>��@��7KH�;�UD\
OLQHV� VHHQ�DJDLQVW� WKH�KDOR�EDFNJURXQG�FRU�
UHVSRQG� WR�WHWUDJRQDO�]LUFRQLD��7KH�GLIIUDF�
WLRQ�SDWWHUQ�RI�GU\�SUHFLSLWDWH�KHDW� WUHDWHG
DW� ����&� IRU� ���� K� VKRZV�QR� KDORV� DQG� WKH
WHWUDJRQDO� ]LUFRQLD� OLQHV� REVHUYHG� LQ� WKH
DERYH�PHQWLRQHG�FDVH�VKRZ�DQ� LQFUHDVHG� LQ�
WHQVLW\��7KH�&65�VL]H�LV���r��QP�

7KXV�� WKH� SUHFLSLWDWH� KHDW� WUHDWPHQW� LQ
WKH����WR�����&�UDQJH�FDXVHV�WKH�K\GUR[LGH
GHFRPSRVLWLRQ� DQG� DPRUSKRXV� ]LUFRQLD� IRU�
PDWLRQ�� 7KH� FU\VWDOOL]DWLRQ� RI� WHWUDJRQDO
]LUFRQLD�VWDUWV�DW�����&�DQG�LV�FRPSOHWHG�DW
����&�

7KH� PRUSKRORJ\� RI� WKH� WHWUDJRQDO� ]LU�
FRQLD� SRZGHU� VR� REWDLQHG� ZDV� H[DPLQHG
XVLQJ� WUDQVPLVVLRQ� HOHFWURQ� PLFURVFRS\
�7(0���7KH�PDWHULDO� LV�D�SRZGHU�FRQVLVWLQJ
PDLQO\�RI�ODUJH�HOOLSVRLGDO�FRQJORPHUDWHV�RI
���� WR���PP�VL]H� �)LJ���D���7KH�PLQRU� IUDF�
WLRQ� LV� SUHVHQWHG� E\� PHGLXP� VL]H� ����� WR
��PP�� DJJORPHUDWHV� RI� SUHGRPLQDQWO\� LU�
UHJXODU� VKDSH�� %RWK� FRQJORPHUDWHV� DQG� DJ�
JORPHUDWHV�FRQVLVW�RI��SULPDU\�SDUWLFOHV��RI
��� WR� ��� QP� VL]H� �)LJ���E��� 7KH� �SULPDU\
SDUWLFOHV�� VKRZ� D� URXQGHG� RU� LUUHJXODU
VKDSH� DQG� FRQVLVW� RI� RQH� RU� PRUH� FU\VWDOV�
7KXV�� WKH� &65� VL]H� LV� FORVH� WR� WKDW� RI� WKH
VPDOOHVW� �SULPDU\� SDUWLFOHV��� 7KH� V\QWKH�
VL]HG� PDWHULDO� LV� WKXV� D� ILQHO\� GLVSHUVHG
SRZGHU� FKDUDFWHUL]HG� E\� DW� OHDVW� WKUHH� RU�
GHULQJ� OHYHOV� �FRQJORPHUDWHV�� DJJORPHUDWHV�
DQG��SULPDU\�SDUWLFOHV���

7KH� FRPSDFWLELOLW\� LV� DPRQJ� WKH� LPSRU�
WDQW�FKDUDFWHULVWLFV�RI�SRZGHUV�GHILQLQJ�WKH
SUDFWLFDO�XVH�WKHUHRI��,Q�)LJ�����WKH�GHSHQG�
HQFH�RI�UHODWLYH�GHQVLW\�RQ�WKH�XQLD[LDO�FROG
FRPSDFWLRQ�SUHVVXUH� IRU� WHWUDJRQDO�]LUFRQLD
SRZGHUV� LV� SUHVHQWHG�� $V� WKH� FRPSDFWLRQ
SUHVVXUH�LQFUHDVHV�IURP����WR�����03D��WKH
UHODWLYH� GHQVLW\� JRHV� XS� IURP� ��� WR� �����

7KH�GHSHQGHQFH�LV�GHVFULEHG�ZHOO�HQRXJK�E\
WKH�HTXDWLRQ�>�@

UUHO� �POQ3���U��
ZKHUH�UUHO� LV� WKH� UHODWLYH�GHQVLW\�� SHU� FHQW�3�� WKH� XQLD[LDO� FROG� FRPSDFWLRQ� SUHVVXUH�
03D��P�DQG�U���FRQVWDQWV��6LPLODUO\�WR�>����@�LW� KDV� EHHQ� IRXQG� WKDW� DV� WKH� FRPSDFWLRQ
SUHVVXUH� LQFUHDVHV�� WKH�VSHFLPHQV�YROXPH�GH�
FUHDVH�GXH�WR�SDUWLDO�GLVUXSWLRQ�RI�WKH�SRZGHU
FRQJORPHUDWHV�DQG�OLNHO\�DJJORPHUDWHV�

,Q�>�@��]LUFRQLXP�DQG�\WWULXP�K\GUR[LGHV
ZHUH� FR�SUHFLSLWDWHG� E\� DTXHRXV� DPPRQLD
IURP� PL[HG� ]LUFRQLXP� R[\FKORULGH� DQG� \W�
WULXP� QLWUDWH� VROXWLRQV�� 'HVSLWH� RI� GLIIHU�
HQFH�LQ�WKH�LQLWLDO�VDOWV��WKH�UHVXOWV�REWDLQHG
DUH� VRPHZKDW� VLPLODU� WR� RXU� RQHV�� $FFRUG�
LQJ�WR�WKH�7*�'7$�GDWD��WKH�SRVLWLRQ�RI�WKH
HQGRWKHUPLF� SHDN� FRUUHVSRQGLQJ� WR� WKHUPDO
GHFRPSRVLWLRQ�RI�K\GUR[LGHV�LV�VXEVWDQWLDOO\
LGHQWLFDO�ZLWK� WKDW� IRXQG� E\�XV��7KH�PD[L�
PXP� ZHLJKW� ORVV� FRUUHVSRQGV� WR� WKDW� H[�
WUHPH��WRR��+RZHYHU��WKH�LQIOHFWLRQ�SRLQW�LQ
WKH� 7*� FXUYH� LV� REVHUYHG� DW� ����&�� 7KH

)LJ�����7UDQVPLVVLRQ�HOHFWURQ�PLFURVFRS\�RI�WHWUDJRQDO�]LUFRQLD�SRZGHU�� FRQJORPHUDWHV�DQG�DJJORPHU�
DWHV��D��DQG�SULPDU\�SDUWLFOHV���E��

)LJ����� 5HODWLYH� GHQVLW\� RI� VDPSOHV� SUHSDUHG
IURP�WHWUDJRQDO�]LUFRQLD�SRZGHU�DV�D�IXQFWLRQ
RI�XQLD[LDO�FROG�FRPSDFWLRQ�SUHVVXUH�
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ZHLJKW� ORVV� FRQWLQXHV� XS� WR� �����&�� 7KH
H[RWKHUPLF� HIIHFW� LQ� WKH� '7$� FXUYH� FRUUH�
VSRQGLQJ� WR� FU\VWDOOL]DWLRQ� OLHV� ZLWKLQ� ���
WR�����&�UDQJH�DQG�LV�SHDNHG�DW�����&��7KH
7*�'7$� UHVXOWV� EHLQJ� VLPLODU�� WKH� SRZGHU
SKDVH� FRPSRVLWLRQ� GLIIHUV� FRQVLGHUDEO\�
$IWHU�WKH�KHDW�WUHDWPHQW�DW�����&��WKH�SRZ�
GHU�FRQWDLQV����WR����YRO����RI�PRQRFOLQLF
]LUFRQLD� DORQJ� ZLWK� FXELF� DQG� WHWUDJRQDO
PRGLILFDWLRQV�� ,Q� RXU� FDVH�� WKH� SRZGHU� LV
REWDLQHG�WKDW�FRQWDLQV�QR�PRQRFOLQLF�R[LGH�
7KH�SRZGHUV�REWDLQHG�LQ�>�@�DUH�HDV\�WR�GLV�
UXSWLRQ��VLPLODU�WR�RXU�RQHV��WKDW�LV��VKRZ�D
�IULDELOLW\� HIIHFW��� 7KH� �SULPDU\� SDUWLFOHV�
DUH� ��� WR� ��� QP� LQ� GLDPHWHU�� WKDW� LV� FORVH
WR�RXU�UHVXOWV�

7KH�WHWUDJRQDO�]LUFRQLD�SRZGHUV�REWDLQHG
E\� MRLQW� SUHFLSLWDWLRQ� LQ� >�@� KDG� WKH� &65
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