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5HFHLYHG�6HSWHPEHU���������
,RQ� LPSODQWDWLRQ�ZLWK� VXOIXU� DV�ZHOO� DV� WKH� VWUXFWXUDO� VWXGLHV� E\� VFDQQLQJ� HOHFWURQLF

PLFURVFRS\�KDYH�EHHQ�SHUIRUPHG�IRU�&X�36�,�VXSHULRQLF�FU\VWDOV��8VLQJ�WHPSHUDWXUH�LVRDE�VRUSWLRQ�H[DPLQDWLRQV�RI�WKH�RSWLFDO�DEVRUSWLRQ�HGJH��WKH�LQIOXHQFH�RI�LRQ�LPSODQWDWLRQ�DQG
DQQHDOLQJ�RQ�WKH�SKDVH�WUDQVLWLRQV�KDYH�EHHQ�VWXGLHG��'HSHQGHQFHV�RI�WKH�WHPSHUDWXUH�DQG
WKH� WHPSHUDWXUH� LQWHUYDO� RI� WKH� VXSHULRQLF� SKDVH� WUDQVLWLRQ� RQ� WKH� IOXHQFH� YDOXH� KDYH� EHHQ
REWDLQHGV�
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���,QWURGXFWLRQ
&X�36�,� FRPSRXQGV� ZLWK� WKH� DUJ\URGLWHVWUXFWXUH� DUH� FKDUDFWHUL]HG� E\� KLJK� LRQLF

FRQGXFWLYLW\� GXH� WR� WKH� IHDWXUHV� RI� FU\VWDO
ODWWLFH� VWUXFWXUH� >�Ü�@�� $W� URRP� WHPSHUD�
WXUH�� &X�36�,� FU\VWDOV� EHORQJ� WR� WKH� FXELFV\QJRQ\� �)�

BB
�P� VSDFH� JURXS�� >�@�� $V� WKH

WHPSHUDWXUH� GHFUHDVHV�� WZR� SKDVH� WUDQVL�
WLRQV� �37�� RFFXU�� RQH� RI� ZKLFK� DW� 7,,� ����r���.�LV�WKH�VWUXFWXUDO�VHFRQG�RUGHU�37
�DFFRPSDQLHG� E\� WKH� V\PPHWU\� FKDQJH
)�
BB
�Po)�

BB
�F��� ZKLOH� WKH� VHFRQG� DW� 7,� 

����r���.�LV�VLPXOWDQHRXVO\�D�VXSHULRQLF�DQG
IHUURHODVWLF� ILUVW�RUGHU� 37� �DFFRPSDQLHG� E\
WKH� V\PPHWU\� FKDQJH�)�

BB
�Fo&F�� >����@��$V� D

UHVXOW�RI�SUHYLRXV�LQYHVWLJDWLRQV��LW� LV�VKRZQ
WKDW� WKH� DUJ\URGLWH� VWUXFWXUH� FU\VWDOV� DUH
FKDUDFWHUL]HG�QRW� RQO\�E\�KLJK� LRQLF� FRQGXF�
WLYLW\� EXW� DOVR� SRVVHVV� IHUURHODVWLF� DQG� QRQ�
OLQHDU� RSWLFDO� SURSHUWLHV� >�Ü��@�� $W� SUHVHQW�

WKHLU� VWUXFWXUDO�� HOHFWULFDO�� DFRXVWLF�� FDO�
RULPHWULF� DQG� VRPH� RSWLFDO� SURSHUWLHV� KDYH
EHHQ� VWXGLHG� LQ� GHWDLO� >�������Ü��@�� (OHFWUR�
FKHPLFDO� VHQVRUV�� VROLG� HOHFWURO\WH� HQHUJ\
VRXUFHV�� RSWLFDO� WHPSHUDWXUH� DQG� K\GURVWDWL�
FDO� SUHVVXUH� UHOD\V�XVLQJ� WKHVH� FU\VWDOV�KDYH
EHHQ� GHYHORSHG� >��@�

,RQ� LPSODQWDWLRQ�DV�D�PHWKRG�RI� LPSXULW\
DWRPV�LQFRUSRUDWLRQ�EHFDPH�ORQJ�DJR�WKH�WUD�
GLWLRQDO� DQG� KLJK�HIIHFWLYH� PHWKRG� WR� YDU\
WKH� SURSHUWLHV� RI� VROLG� VWDWH�PDWHULDOV�� WKDW�
LQ� WXUQ�� KDV� SURYLGHG� IDVW� GHYHORSPHQW� RI
PLFUR�� DQG� RSWRHOHFWURQLFV�� %RWK� IURP� WKH
IXQGDPHQWDO�DQG�DSSOLHG�SRLQW�RI�YLHZ�� LW� LV
RI�LQWHUHVW�WR�LQYHVWLJDWH�WKH�VWUXFWXUH�PRGL�
ILFDWLRQ� XQGHU� H[WHUQDO� IDFWRUV�� QDPHO\�� WKH
HIIHFWV�RI�LPSODQWDWLRQ�RQ�IXQGDPHQWDO�FKDU�
DFWHULVWLFV� RI� VXSHULRQLF� FRQGXFWRUV�� ,Q� WKLV
FRQQHFWLRQ��WKH�DLP�RI�WKLV�SDSHU�LV�WR�VWXG\
WKH� LQIOXHQFH� RI� LRQ� LPSODQWDWLRQ� RQ� SKDVH
WUDQVLWLRQV�LQ�&X�36�,�VXSHULRQLF�FU\VWDOV�

)XQFWLRQDO�0DWHULDOV�����1R��������� �������Û�67&��,QVWLWXWH�IRU�6LQJOH�&U\VWDOV�

�� )XQFWLRQDO�PDWHULDOV�������������



���([SHULPHQWDO
7KH� V\QWKHVLV� RI�&X�36�,� FRPSRXQG�ZDVFDUULHG�RXW�DV�IROORZV�>�����@��6SHFLDO�SXULW\

&X�� 3�� 6�� DQG� &X,� ZHUH� FKDUJHG� LQWR� D
TXDUW]� DPSRXOH� WKDW� ZDV� WKHQ� SXPSHG� RXW
GRZQ� WR� ��Ü�� 3D�� KHDWHG� DW� ���� .� GXULQJ
��� KRXUV�� WKHQ� WKH� WHPSHUDWXUH� ZDV� HOH�
YDWHG� XS� WR� ���� .� DQG� PDLQWDLQHG� GXULQJ
��� KRXUV�� )XUWKHU��&X�36�,� VLQJOH� FU\VWDOVZHUH�JURZQ�LQ�WKRVH�DPSRXOHV�XVLQJ�FKHPL�
FDO� YDSRU� WUDQVSRUW� PHWKRG�� &X,� LQ� DQ
DPRXQW�RI���Ü���PJ�SHU���FP�� RI� WKH� DP�
SRXOH� IUHH� YROXPH� ZDV� XVHG� DV� WKH� WUDQV�
SRUWLQJ�DJHQW��7KH�WHPSHUDWXUHV�RI�HYDSRUD�
WLRQ�]RQH�DQG�FU\VWDOOL]DWLRQ�]RQH�ZHUH�NHSW
DW� ���� .� DQG� ���� .�� UHVSHFWLYHO\�� 7KH
JURZQ� &X�36�,� VLQJOH� FU\VWDOV� KDYH� WKH
VKDSH� RI� SODQH�SDUDOOHO� SODWHV� ��u�u��PP��
RU�GLVWRUWHG�WHWUDKHGURQV���u�u��PP���

)RU� LPSODQWDWLRQ�� WKH� H[SHULPHQWDO� VHW�
XS�ZLWK�PDJQHWLF�VHSDUDWLRQ�DQG�UHJXODWLYH
DFFHOHUDWLQJ� YROWDJH� IURP����N9� WR�����N9
����u��Ü�� 7RUU�� ZDV� XVHG�� 7KH� LQFLGHQFH
DQJOH�ZDV������WKH�LRQ�HQHUJ\�����NH9��,P�
SODQWDWLRQ� RI� &X�36�,� FU\VWDOV� ZDV� SHU�IRUPHG�XVLQJ�WKH���6��LVRWRSH�REWDLQHG�LQ�D
JDVHRXV� VWDWH� IURP� VXOIXU� SRZGHU� KHDWHG
DERYH� ����&� DQG� HQWHUHG� LQWR� WKH� LRQLF
VRXUFH�� )ROORZLQJ� WKH� LPSODQWDWLRQ�� WKH
VDPSOHV�ZHUH�DQQHDOHG�LQ�YDFXXP�IRU���K�DW
����� ����� DQG� ����&�� $� 7(6&$1� 5(0
9(*$�76����00� VFDQQLQJ� HOHFWURQ�PLFUR�
VFRSH��6(0��ZDV�XVHG�IRU�WKH�PRUSKRORJLFDO
H[DPLQDWLRQV�� 7KH� LVRDEVRUSWLRQ� VWXGLHV� RI
RSWLFDO� DEVRUSWLRQ� HGJH� ZKLFK� FRQVLVWHG� LQ
GHWHUPLQDWLRQ�RI� WKH�HQHUJ\�SRVLWLRQ�RI�RS�
WLFDO�DEVRUSWLRQ�HGJH�(JD�7��DW�IL[HG�YDOXHVRI�DEVRUSWLRQ�FRHIILFLHQW�D�DQG�WHPSHUDWXUH
7�� ZHUH� SHUIRUPHG� XVLQJ� D�0'5��� JUDWLQJ
PRQRFKURPDWRU� LQ� WKH� ��Ü���� .� WHPSHUD�

)LJ����� 6(0� LPDJH� RI� WKH� LPSODQWHG� &X�36�,� FU\VWDOV� �DW� �u�����LRQV�FP�� IOXHQFH�� LQ� GLIIHUHQW
VFDOHV�DW�GLIIHUHQW�PDJQLILFDWLRQV��D��u����E��u�����F��u�����G��u����
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WXUH�UDQJH��DQ��875(;��FU\RVWDW�ZDV�XVHG
IRU�ORZ�WHPSHUDWXUH�LQYHVWLJDWLRQV�>��@��

���5HVXOWV�DQG�GLVFXVVLRQ
7KH� VWUXFWXUH� RI� LPSODQWHG� &X�36�,FU\VWDOV� ZDV� VWXGLHG� XVLQJ� WKH� 6(0� WHFK�

QLTXH�� 7KH� PLFURFU\VWDOV� RI� �� WR� ��� PP
VL]H�ZHUH� IRXQG�WR� EH� IRUPHG�RQ� WKH� VDP�
SOH� VXUIDFH� DV� D� UHVXOW� RI�&X�36�,� FU\VWDOLPSODQWDWLRQ� DW� ������� LRQ�FP�� IOXHQFH
�)LJ������ 7KH� VR� IRUPHG� LQGXFHG� VWUXFWXUDO
GHIHFWV� FDQ� EH� GLVWLQJXLVKHG� IURP� WKH
SURSHU� JURZWK� GHIHFWV� EHLQJ� PLFURFU\VWDOV
RI����WR�����PP�VL]H��7KH�;�UD\�VWXGLHV�RI
XQLPSODQWHG� DQG� LPSODQWHG� &X�36�,� FU\V�WDOV� KDYH� VKRZQ� WKDW� D� FU\VWDO� VWUXFWXUH
W\SLFDO� RI� WKH� XQLPSODQWHG� &X�36�,� FRP�SRXQG� LV� SUHVHQWHG� LQ� WKH� LPSODQWHG� VDP�
SOHV��$�JRRG� DJUHHPHQW� EHWZHHQ� WKH�;�UD\
VWXG\� UHVXOWV� RI� WKH� FXELF� ODWWLFH� SDUDPH�
WHUV�DQG�UHIHUHQFH�GDWD�>��@�ZDV�IRXQG�

7KH� WHPSHUDWXUH� LVRDEVRUSWLRQ� VWXGLHV
RI� RSWLFDO� DEVRUSWLRQ� HGJH� DOORZHG� XV� WR
VWXG\� WKH� LRQ� LPSODQWDWLRQ� HIIHFW� RQ� WKH
WHPSHUDWXUH� RI� VXSHULRQLF� 37� DW� 7� �7,�ZKLFK� VLPXOWDQHRXVO\� LV� IHUURHODVWLF�� DV
ZHOO� DV� RQ� WKH� UHDOL]DWLRQ� RI� VXSHULRQLF
DQG�IHUURHODVWLF� VWDWH��$W� WKH�WHPSHUDWXUH
LQFUHDVH� LQ� WKH� ��Ü���� .� UDQJH�� WKH� HQ�
HUJ\� SRVLWLRQ� RI� RSWLFDO� DEVRUSWLRQ� HGJH
(JD� UHPDLQV� DOPRVW� XQFKDQJHG�� LQ� WKHUDQJH�RI�ILUVW�RUGHU�37��LQ�WKH����Ü����.
WHPSHUDWXUH�LQWHUYDO���D�VWHS�RI�(JD� LV�RE�VHUYHG� �G(JD�G7�!����� DW� 7�!����� .�� DQRQOLQHDU� GHFUHDVH� RI� (JD� LV� REVHUYHG�� LQWKH�UDQJH�RI� WKH�VHFRQG�RUGHU�37��D�VOLJKW

YDULDWLRQ� LQ� WKH� QRQOLQHDULW\� VORSH� RI� WKH
(JD�7��EHLQJ�UHYHDOHG� �)LJ������ ,Q�WKH�UDQJHRI� WKH� ILUVW�RUGHU� VXSHULRQLF� 37� DW� 7� �7,�WKH� WHPSHUDWXUH� K\VWHUHVLV� LV� REVHUYHG�� WKH
37�WHPSHUDWXUH�ZDV�GHWHUPLQHG� LQ� WKH�KHDW�
LQJ�PRGH�

%DVLQJ�RQ�WKH�H[SHULPHQWDO�GDWD��ZH�KDYH
FRQVWUXFWHG� WHPSHUDWXUH� GHSHQGHQFHV� RI� WKH
'(JD�YDULDWLRQ�DW�WKH�37��)LJ�����GHWHUPLQHGDV�WKH�(JD� LQFUHPHQW� LQ�WKH� ORZ�WHPSHUDWXUHSKDVH��7���7,,��ZLWK�UHVSHFW�WR�WKH�KLJK�WHP�SHUDWXUH�RQH��7�!�7,,��

'(JD�7�� �(J�OD �7����(J�KD �7�� ���

ZKHUH�(J�OD �7�� LV� WKH� DEVRUSWLRQ� HGJH� HQHUJ\
SRVLWLRQ� LQ� WKH� ORZ�WHPSHUDWXUH� SKDVH�
(J�KD �7��� WKH� VLPLODU� YDOXH� REWDLQHG� E\� WKH
H[WUDSRODWLRQ�RI�WKH�H[SHULPHQWDO�YDOXHV�IRU
WKH�KLJK�WHPSHUDWXUH�SKDVH�WR� WKH� ORZ�WHP�
SHUDWXUH� UDQJH�� 7KH� (J�KD �7�� YDOXHV� LQ� WKH
ORZ�WHPSHUDWXUH� SKDVH� ZHUH� FDOFXODWHG
XVLQJ�WKH�NQRZQ�UHODWLRQ�>��@

(JD�7�� �(JD������6JDNT(ª«¬
�

H[S�T(�e�7�����
º»¼
� ���

ZKHUH� (JD���� LV� WKH� DEVRUSWLRQ� HGJH� HQHUJ\
SRVLWLRQ� DW� ]HUR� WHPSHUDWXUH��6JD�� D� GLPHQ�
VLRQOHVV�FRQVWDQW�RI�LQWHUDFWLRQ��T(��WKH�(LQ�VWHLQ� WHPSHUDWXUH� FRUUHVSRQGLQJ� WR� WKH� DY�
HUDJH� IUHTXHQF\� RI� SKRQRQ� H[FLWDWLRQV� LQ� D
V\VWHP�RI�QRQ�LQWHUDFWLQJ�RVFLOODWRUV�

)LJ���� DOVR� SUHVHQWV� WKH� WHPSHUDWXUH
GHSHQGHQFHV� RI� WKH� WHPSHUDWXUH� GHULYD�

)LJ�����7HPSHUDWXUH�GHSHQGHQFHV�RI�(JD� �D� ����FPÜ��� IRU� WKH� XQLPSODQWHG� ���� DQG� LP�
SODQWHG�&X�36�,�FU\VWDOV�DW�WKH�GLIIHUHQW�IOX�
HQFH�YDOXHV��LRQV�FP������Ü�����������Ü��������
�� Ü� �������� 7KH� LQVHW� VKRZV� WKH� IOXHQFH� GH�
SHQGHQFHV� RI� WKH� WHPSHUDWXUH� ���� DQG� RI� WKH
WHPSHUDWXUH�LQWHUYDO�����RI�VXSHULRQLF�37�IRU
WKH�LPSODQWHG�&X�36�,�FU\VWDOV�

)LJ�����7HPSHUDWXUH�GHSHQGHQFHV�RI�'(JD�DW�WKH37�IRU�XQLPSODQWHG�����DQG�LPSODQWHG�&X�36�,FU\VWDOV�DW�GLIIHUHQW�IOXHQFH�YDOXHV� �LRQV�FP���
�� Ü� �������� �� Ü� �������� �� Ü�������� 7KH� LQVHW
VKRZV� WKH� WHPSHUDWXUH� GHSHQGHQFHV
_G�'(JD��G7_� IRU� WKH� XQLPSODQWHG� DQG� LP�SODQWHG�&X�36�,�FU\VWDOV�

,�3�6WXGHQ\DN�HW�DO����,QIOXHQFH�RI�LRQ�LPSODQWDWLRQ����
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WLYH� RI� WKH� DEVRUSWLRQ� HGJH� HQHUJ\� SRVLWLRQ
YDULDWLRQ�LQGXFHG�E\�WKH�37�RUGHU�SDUDPHWHU
ZKLFK�FRUUHVSRQGV�WR�WKH�WHPSHUDWXUH�EHKDYLRU
RI�WKH�DQRPDORXV�SDUW�RI�VSHFLILF�KHDW�FDSDFLW\�
7KH�WHPSHUDWXUH�GHSHQGHQFHV�RI�_G�'(JD��G7_�UH�
YHDO� D� PD[LPXP� DW� WKH� ILUVW�RUGHU� 37� ZKLFK
DUH�QDUURZHG�ZLWK�IOXHQFH�LQFUHDVLQJ�

7KH�LRQ�LPSODQWDWLRQ�RI�&X�36�,�FU\VWDOV�LVVKRZQ� WR� UHVXOW� DW� ILUVW� LQ� D� WHPSHUDWXUH� LQ�
FUHDVLQJ�RI�WKH�ILUVW�RUGHU�VXSHULRQLF�37�DW�7
 �7,� IURP� ���� .� WR� ���� .� �IRU� WKH� FU\VWDOLPSODQWHG� DW� WKH� IOXHQFH� RI� �u�����LRQV�FP��
�)LJ������ $V� WKH� IOXHQFH� LQFUHDVHV� XS� WR
�������LRQV�FP��� WKH� 37� WHPSHUDWXUH� UHPDLQV
DOPRVW� XQFKDQJHG�� DQG� WKHQ� GHFUHDVHV� WR
����.�DW�WKH�IOXHQFH�YDOXH�RI��������LRQV�FP��
0HDQZKLOH�� WKH� 37� WHPSHUDWXUH� LQWHUYDO� EH�
FRPHV� QDUURZHG� IURP� ���.� WR� ��.� WKXV� HYL�
GHQFLQJ� D� VWUXFWXUDO� RUGHULQJ� RI� WKH� FU\VWDO
ODWWLFH�GXH�WR�WKH�LRQ�LPSODQWDWLRQ��

7KH� LQIOXHQFH� RI� LVRFKURQRXV� DQQHDOLQJ
RQ� WKH� 37� LQ� &X�36�,� VLQJOH� FU\VWDOV� LP�SODQWHG� DW� WKH� IOXHQFH� RI� �������LRQV�FP�
KDV� EHHQ� VWXGLHG�� ,W� LV� VKRZQ� WKDW� DV� WKH
DQQHDOLQJ� WHPSHUDWXUH� LQFUHDVHV� WKH� WHP�
SHUDWXUH�RI�ILUVW�RUGHU�37�DW�7� �7,�UHPDLQVHVVHQWLDOO\� FRQVWDQW� ZKLOH� LWV� WHPSHUDWXUH
LQWHUYDO� DW� WKH� DQQHDOLQJ� WHPSHUDWXUHV
ORZHU�WKDQ�����&�LV�XQFKDQJHG�EXW�DW�WKRVH
H[FHHGLQJ�����&��LQFUHDVHV�VKDUSO\��7KH�ODW�
WHU�LQGLFDWHV�WKDW�DW�WKH�DQQHDOLQJ�WHPSHUD�
WXUHV� DERYH�����&�� WKH�GLVRUGHULQJ�RI� FU\V�
WDO�ODWWLFH�LV�REVHUYHG�ZKLFK�LV�DFFRPSDQLHG
E\�H[SDQGLQJ�WHPSHUDWXUH�LQWHUYDO�RI�DERYH�
PHQWLRQHG�37�

���&RQFOXVLRQ
7R�FRQFOXGH��&X�36�,�VLQJOH�FU\VWDOV�ZHUHJURZQ� XVLQJ� FKHPLFDO� YDSRU� WUDQVSRUW

PHWKRG��7KH�LPSODQWDWLRQ�RI�&X�36�,�VLQJOHFU\VWDOV�ZDV�FDUULHG�RXW�DW�GLIIHUHQW�IOXHQFH
YDOXHV�XVLQJ���6�� LVRWRSH�� LRQ�HQHUJ\�EHLQJ
����NH9��7KH�VWUXFWXUH�LQYHVWLJDWLRQV�XVLQJ
VFDQQLQJ� HOHFWURQLF� PLFURVFRS\� DOORZHG� XV
WR�ILQG�RXW�RQ�WKH�VXUIDFH�RI�LPSODQWHG�VDP�
SOHV�WKH�LQGXFHG�VWUXFWXUDO�GHIHFWV��QDPHO\�
�� WR� ��� PP� VL]H� PLFURFU\VWDOV�� 7KH� YDUL�
DWLRQV� RI� WKH� VXSHULRQLF�37� WHPSHUDWXUH� DV
ZHOO� DV� LWV� WHPSHUDWXUH� LQWHUYDO� GXH� WR� WKH
LRQ�LPSODQWDWLRQ�KDYH�EHHQ�VWXGLHG��:LWKLQ
WKH� IUDPHZRUN� RI� (LQVWHLQ� PRGHO�� WKH
FKDQJHV�LQ�WKH�HQHUJ\�SRVLWLRQ�RI�DEVRUSWLRQ
HGJH� '(JD� DQG� LWV� WHPSHUDWXUH� GHULYDWLYHG�'(JD��G7�� LQGXFHG� E\� WKH� 37� RUGHU� SD�UDPHWHU� KDYH� EHHQ� FDOFXODWHG�� ,W� VKRXOG� EH
QRWHG�WKDW�WKH�PD[LPXP�REVHUYHG�LQ�WKH�WKH
ILUVW�RUGHU�37�UDQJH�LQ�WKH�WHPSHUDWXUH�GH�
SHQGHQFHV��� _G�'(JD��G7_� FRUUHVSRQGV� WR� WKHWHPSHUDWXUH� EHKDYLRU� RI� WKH� VSHFLILF� KHDW
FDSDFLW\� DQRPDORXV� SDUW�� 7KH� LPSODQWDWLRQ
RI�&X�36�,� VXSHULRQLF� FRQGXFWRUV� E\� VXOIXULRQV� UHVXOWV� LQ� WKH� VWUXFWXUDO� RUGHULQJ� RI
FU\VWDO� ODWWLFH�� ZKLOH� WKH� LVRFKURQRXV� DQ�
QHDOLQJ�FDXVHV�LWV�GLVRUGHULQJ�

$NQRZOHGJPHQWV�� 7KLV� ZRUN� ZDV� VXS�
SRUWHG�E\�WKH�6ORYDN�5HVHDUFK�DQG�'HYHORS�
PHQW�$JHQF\�XQGHU�WKH�FRQWUDFW�1R�6.�8$�
�������DQG�0LQLVWU\�RI�(GXFDWLRQ�DQG�6FL�
HQFH� RI� 8NUDLQH� XQGHU� WKH� FRQWUDFW
1R�0���������

5HIHUHQFHV
� ���:�)�.XKV�� 5�1LWVFKH�� .�6FKHXQHPDQQ��0DW�
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