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�$EVWUDFW±�+\GURORJLFDO� IRUHFDVWLQJ� LV�RQH� WKH�PRVW� LPSRUWDQW� LVVXHV� LQ�ZDWHU� UHVRXUFHV� V\VWHPV�
ZKLFK� KHOSV� LQ� GHDOLQJ� ZLWK� WKH� UHDO� WLPH� RSHUDWLRQ�� IORRG� DQG� GURXJKW� ZDUQLQJ�� DQG� LUULJDWLRQ�
VFKHGXOLQJ��5HFHQW�VWXGLHV�KDYH�VXJJHVWHG�WKDW�WKH�XVH�RI�GDWD�IXVLRQ�DSSURDFK�LQVWHDG�RI�XVLQJ�D�
VLQJOH� IRUHFDVW� DSSURDFK� PD\� LPSURYH� WKH� K\GURORJLFDO� IRUHFDVW� VNLOO�� 7KLV� SDSHU� SUHVHQWV� D�
FRPSDUDWLYH�DVVHVVPHQW�RI� ILYH�GLIIHUHQW�PHWKRGV�RI�GDWD� IXVLRQV� LQFOXGLQJ�VLPSOH�DQG�ZHLJKWHG�
DYHUDJLQJ�� UHO\LQJ� RQ� WKH� XVHU¶V� H[SHULHQFH�� DUWLILFLDO� QHXUDO� QHWZRUNV�� DQG� HUURU� DQDO\VLV�� E\�
DSSO\LQJ� WKHP� LQ� WZR� UHDO� FDVH� VWXGLHV�� 0XOWLSOH� OLQHDU� UHJUHVVLRQ�� QRQ�SDUDPHWULF� .�QHDUHVW�
QHLJKERXU� UHJUHVVLRQ�� FRQYHQWLRQDO� PXOWLOD\HU� SHUFHSWURQ�� DQG� DQ� DUWLILFLDO� QHXUDO� QHWZRUN�
LPSURYHG� IRU� H[WUHPH�YDOXH� IRUHFDVWLQJ� DUH� XVHG� DV� LQGLYLGXDO� IRUHFDVWLQJ�PHWKRGV� DW� HDFK� FDVH�
VWXG\��&RQYHQWLRQDO�GDWD�IXVLQJ�PHWKRGV�DV�ZHOO�DV�D�QHZ�SURSRVHG�VWDWLVWLFDO�PHWKRG�EDVHG�RQ�WKH�
QRQ�SDUDPHWULF�.� QHDUHVW�QHLJKERU�PRGHO�DUH�XVHG� IRU�K\GURORJLFDO� IRUHFDVWLQJ��5HVXOWV�RI�GDWD�
IXVLRQ�DSSURDFK�LQ�WZR�FRQWUDVWLQJ�FDVH�VWXGLHV�DUH�WKRURXJKO\�DQDO\]HG�DQG�GLVFXVVHG��7KH�UHVXOWV�
GHPRQVWUDWH�WKDW�WKH�XVH�RI�GDWD�IXVLRQ�FRXOG�VLJQLILFDQWO\� LPSURYH�IRUHFDVWV�LQ�FRPSDULVRQ�ZLWK�
WKH� XVH� RI� VLQJH�PRGHOV�� $V� D� UHVXOW� RI� WKLV� VWXG\�� LW� LV� FRQFOXGHG� WKDW� WLPH�YDU\LQJ� FRPELQLQJ�
PHWKRGV�ZKLFK�EHQHILW�IURP�WKH�XVH�RI�UHDO�WLPH�SUHGLFWRUV�LQ�WKHLU�IXVLRQ�SURFHGXUH�FRXOG�EH�PRUH�
SURPLVLQJ�WKDQ�RWKHUV��$OVR��GDWD�IXVLRQ�E\�.�11�PHWKRG�RXWSHUIRUPV�FRQYHQWLRQDO�PHWKRGV�E\�
LPSURYLQJ� IRUHFDVWV� WKURXJK� GHFUHDVLQJ� WKH� EDQGZLGWK� RI� HQVHPEOH� IRUHFDVW� DQG� HUURU� RI� SRLQW�
IRUHFDVW�LQ�ERWK�FDVH�VWXGLHV�������������.H\ZRUGV±�'DWD�IXVLRQ��QHDUHVW�QHLJKERXU�PHWKRG��VWUHDPIORZ�IRUHFDVWLQJ��=D\DQGH�UXG�5LYHU��5HG�5LYHU��� ���,1752'8&7,21��'DWD�IXVLRQ�LV�DQ�HPHUJLQJ�DUHD�RI�UHVHDUFK�WKDW�FRYHUV�D�EURDG�VSHFWUXP�RI�DSSOLFDWLRQ�DUHDV�UDQJLQJ�IURP�

RFHDQ�VXUYHLOODQFH�� VWUDWHJLF�ZDUQLQJ��DQG�PHGLFDO�GLDJQRVLV�>�@��7KH�SULQFLSDO�REMHFWLYH�RI�GDWD� IXVLRQ��
ZKLFK� LV� WKH� SURFHVV� RI� FRPELQLQJ� RU� DPDOJDPDWLQJ� LQIRUPDWLRQ� IURP� PXOWLSOH� VHQVRUV� DQG�RU� GDWD�
VRXUFHV��LV�WR�SURYLGH�D�VROXWLRQ�WKDW�LV�HLWKHU�PRUH�DFFXUDWH�DFFRUGLQJ�WR�VRPH�PHDVXUH�RI�HYDOXDWLRQ��RU�
DOORZV�RQH�WR�PDNH�DGGLWLRQDO�LQIHUHQFHV�DERYH�DQG�EH\RQG�WKRVH�WKDW�FRXOG�EH�DFKLHYHG�WKURXJK�WKH�XVH�
RI�VLQJOH�VRXUFH�GDWD�DORQH�>�@��'DWD�IXVLRQ�SURYLGHV�QHZ�PRGHOLQJ�RSSRUWXQLWLHV� LQ�WKH�ZDWHU�UHVRXUFHV�
DQG�K\GURORJ\�ILHOGV��2SHUDWLRQDO�K\GURORJLFDO�IRUHFDVWLQJ��LQ�SDUWLFXODU��PLJKW�EHQHILW�IURP�WKH�DELOLW\�WR�
FRPELQH� LQIRUPDWLRQ� GHULYHG� IURP� PXOWLSOH� VRXUFHV�� VXFK� DV� WKH� LQGLYLGXDO� RXWSXWV� IURP� GLIIHUHQW�
IRUHFDVWLQJ�PRGHOV��'DWD�IXVLRQ�UHVHDUFKHV�DUH�GLYLGHG�LQWR�WZR�ERDUG�JURXSV��7KH�ILUVW�WDNHV�WKH�YLHZ�WKDW�
GDWD� IXVLRQ� LV� WKH�DPDOJDPDWLRQ�RI� UDZ� LQIRUPDWLRQ� WR�SURGXFH� DQ�RXWSXW��ZKLOH� WKH� VHFRQG�DGYRFDWH� D�
PRUH� JHQHUDOL]HG� YLHZ� RI� GDWD� IXVLRQ� LQ�ZKLFK� ERWK� UDZ� DQG� SURFHVVHG� LQIRUPDWLRQ� FDQ� EH� IXVHG� LQWR�
XVHIXO�RXWSXWV�LQFOXGLQJ�KLJKHU�OHYHO�GHFLVLRQ���

5HFHQWO\��UHVHDUFKHV�VXFK�DV�6HH�DQG�$EUDKDUW�>�@��$EUDKDUW�DQG�6HH�>�@��DQG�6KX�DQG�%XUQ�>�@�KDYH�
XVHG� PRGHO�IXVLRQ� DSSURDFKHV� LQ� K\GURORJLFDO� HQJLQHHULQJ�� 6HH� DQG� $EUDKDUW� >�@� XVHG� GDWD� IXVLRQ�
DSSURDFK� IRU�FRQWLQXRXV� ULYHU� OHYHO� IRUHFDVWLQJ�ZKHUH�GDWD� IXVLRQ�ZDV� WKH�DPDOJDPDWLRQ�RI� LQIRUPDWLRQ�
5HFHLYHG�E\�WKH�HGLWRUV�'HFHPEHU�����������$FFHSWHG�6HSWHPEHU�����������
&RUUHVSRQGLQJ�DXWKRU�
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IURP�PXOWLSOH�VHQVRUV�DQG�GLIIHUHQW�GDWD�VRXUFHV��$EUDKDUW�DQG�6HH�>�@�HYDOXDWHG�VL[�GDWD�IXVLRQ�VWUDWHJLHV�
DQG�IRXQG�WKDW�GDWD�IXVLRQ�E\�DQ�$UWLILFLDO�1HXUDO�1HWZRUN��$11��PRGHO�SURYLGHG�WKH�EHVW�VROXWLRQ��6KX�
DQG�%XUQ�>�@�DSSOLHG�DUWLILFLDO�QHXUDO�QHWZRUN�HQVHPEOHV�LQ�SRROHG�IORRG�IUHTXHQF\�DQDO\VLV�IRU�HVWLPDWLQJ�
WKH�LQGH[�IORRG�DQG�WKH����\HDU�IORRG�TXLQWLOHV��7KH�GDWD�IXVLRQ�PHWKRG�ZDV�XVHG�WR�FRPELQH�LQGLYLGXDO�
$11�PRGHOV�LQ�RUGHU�WR�HQKDQFH�WKH�ILQDO�HVWLPDWLRQ���

7KLV�SDSHU�SURYLGHV�D�FRPSDUDWLYH�DVVHVVPHQW�RI�ILYH�JHQHUDO�PHWKRGV�RI�GDWD�IXVLRQ�LQ�K\GURORJLFDO�
IRUHFDVWLQJ��)XUWKHUPRUH��D�QHZ�VWDWLVWLFDO�PHWKRG�EDVHG�RQ�WKH�QRQ�SDUDPHWULF�.�QHDUHVW�QHLJKERXU��.�
11��VLPXODWLRQ�LV�SURSRVHG�IRU�WKH�SXUSRVH�RI�GDWD�IXVLRQ��$SSOLFDWLRQ�RI�WKHVH�PHWKRGV�LV�WHVWHG�LQ�WZR�
FRQWUDVWLQJ�FDVH�VWXGLHV�RI�ORQJ�WHUP�DQG�VKRUW�WHUP�K\GURORJLFDO�IRUHFDVWLQJ��

'DWD�IXVLRQ�LV�DQ�HPHUJLQJ�DUHD�RI�UHVHDUFK�WKDW�FRYHUV�D�EURDG�VSHFWUXP�RI�DSSOLFDWLRQ�DUHDV�UDQJLQJ�
IURP� RFHDQ� VXUYHLOODQFH�� VWUDWHJLF� ZDUQLQJ�� DQG�PHGLFDO� GLDJQRVLV� >�@�� 7KH� SULQFLSDO� REMHFWLYH� RI� GDWD�
IXVLRQ��ZKLFK�LV�WKH�SURFHVV�RI�FRPELQLQJ�RU�DPDOJDPDWLQJ�LQIRUPDWLRQ�IURP�PXOWLSOH�VHQVRUV�DQG�RU�GDWD�
VRXUFHV��LV�WR�SURYLGH�D�VROXWLRQ�WKDW�LV�HLWKHU�PRUH�DFFXUDWH�DFFRUGLQJ�WR�VRPH�PHDVXUH�RI�HYDOXDWLRQ��RU�
DOORZV�RQH�WR�PDNH�DGGLWLRQDO�LQIHUHQFHV�DERYH�DQG�EH\RQG�WKRVH�WKDW�FRXOG�EH�DFKLHYHG�WKURXJK�WKH�XVH�
RI�VLQJOH�VRXUFH�GDWD�DORQH�>�@��'DWD�IXVLRQ�SURYLGHV�QHZ�PRGHOLQJ�RSSRUWXQLWLHV� LQ�WKH�ZDWHU�UHVRXUFHV�
DQG�K\GURORJ\�ILHOGV��2SHUDWLRQDO�K\GURORJLFDO�IRUHFDVWLQJ��LQ�SDUWLFXODU��PLJKW�EHQHILW�IURP�WKH�DELOLW\�WR�
FRPELQH� LQIRUPDWLRQ� GHULYHG� IURP� PXOWLSOH� VRXUFHV�� VXFK� DV� WKH� LQGLYLGXDO� RXWSXWV� IURP� GLIIHUHQW�
IRUHFDVWLQJ�PRGHOV��'DWD�IXVLRQ�UHVHDUFKHV�DUH�GLYLGHG�LQWR�WZR�ERDUG�JURXSV��7KH�ILUVW�WDNHV�WKH�YLHZ�WKDW�
GDWD� IXVLRQ� LV� WKH�DPDOJDPDWLRQ�RI� UDZ� LQIRUPDWLRQ� WR�SURGXFH� DQ�RXWSXW��ZKLOH� WKH� VHFRQG�DGYRFDWH� D�
PRUH� JHQHUDOL]HG� YLHZ� RI� GDWD� IXVLRQ� LQ�ZKLFK� ERWK� UDZ� DQG� SURFHVVHG� LQIRUPDWLRQ� FDQ� EH� IXVHG� LQWR�
XVHIXO�RXWSXWV�LQFOXGLQJ�KLJKHU�OHYHO�GHFLVLRQ���

5HFHQWO\��UHVHDUFKHV�VXFK�DV�6HH�DQG�$EUDKDUW�>�@��$EUDKDUW�DQG�6HH�>�@��DQG�6KX�DQG�%XUQ�>�@�KDYH�
XVHG� PRGHO�IXVLRQ� DSSURDFKHV� LQ� K\GURORJLFDO� HQJLQHHULQJ�� 6HH� DQG� $EUDKDUW� >�@� XVHG� GDWD� IXVLRQ�
DSSURDFK� IRU�FRQWLQXRXV� ULYHU� OHYHO� IRUHFDVWLQJ�ZKHUH�GDWD� IXVLRQ�ZDV� WKH�DPDOJDPDWLRQ�RI� LQIRUPDWLRQ�
IURP�PXOWLSOH�VHQVRUV�DQG�GLIIHUHQW�GDWD�VRXUFHV��$EUDKDUW�DQG�6HH�>�@�HYDOXDWHG�VL[�GDWD�IXVLRQ�VWUDWHJLHV�
DQG�IRXQG�WKDW�GDWD�IXVLRQ�E\�DQ�$UWLILFLDO�1HXUDO�1HWZRUN��$11��PRGHO�SURYLGHG�WKH�EHVW�VROXWLRQ��6KX�
DQG�%XUQ�>�@�DSSOLHG�DUWLILFLDO�QHXUDO�QHWZRUN�HQVHPEOHV�LQ�SRROHG�IORRG�IUHTXHQF\�DQDO\VLV�IRU�HVWLPDWLQJ�
WKH�LQGH[�IORRG�DQG�WKH����\HDU�IORRG�TXLQWLOHV��7KH�GDWD�IXVLRQ�PHWKRG�ZDV�XVHG�WR�FRPELQH�LQGLYLGXDO�
$11�PRGHOV�LQ�RUGHU�WR�HQKDQFH�WKH�ILQDO�HVWLPDWLRQ���

7KLV�SDSHU�SURYLGHV�D�FRPSDUDWLYH�DVVHVVPHQW�RI�ILYH�JHQHUDO�PHWKRGV�RI�GDWD�IXVLRQ�LQ�K\GURORJLFDO�
IRUHFDVWLQJ��)XUWKHUPRUH��D�QHZ�VWDWLVWLFDO�PHWKRG�EDVHG�RQ�WKH�QRQ�SDUDPHWULF�.�QHDUHVW�QHLJKERXU��.�
11��VLPXODWLRQ�LV�SURSRVHG�IRU�WKH�SXUSRVH�RI�GDWD�IXVLRQ��$SSOLFDWLRQ�RI�WKHVH�PHWKRGV�LV�WHVWHG�LQ�WZR�
FRQWUDVWLQJ�FDVH�VWXGLHV�RI�ORQJ�WHUP�DQG�VKRUW�WHUP�K\GURORJLFDO�IRUHFDVWLQJ��
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7KH�JHQHUDO�HTXDWLRQ�RI�D�K\GURORJLFDO�HYHQW�IRUHFDVWLQJ�PRGHO�LV��� QL;I\ LLL �����Ö � � H �����
ZKHUH� ;  YHFWRU�RI�SUHGLFWRUV�� \Ö  IRUHFDVW�YDULDEOH��H  PRGHO�HUURU�DQG�Q  QXPEHU�RI�REVHUYDWLRQ�
GDWD��,Q�WKH�FDVH�RI�XVLQJ�PXOWLSOH�PRGHOV�WR�IRUHFDVW \ � DQG�FRQVLGHULQJ�VLPLODU�SUHGLFWRUV��(T������LV�
FKDQJHG�WR�WKH�IROORZLQJ�PDWUL[�IRUP��
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ZKHUH�P  QXPEHU�RI�IRUHFDVW�PRGHOV�XVHG�WR�HVWLPDWH�\��� > @<�  PDWUL[�RI�HVWLPDWLRQV�RI�\ SURYLGHG�E\�
GLIIHUHQW�LQGLYLGXDO�PRGHOV��8VLQJ�WKH�GDWD�IXVLRQ�DSSURDFK�� > @<� LV�VXP�XS�WR�D�XQLTXH�HVWLPDWLRQ�RI� \Ö �
7KH� IROORZLQJ� SDUDJUDSKV� GHVFULEH� VRPH� RI� WKH� JHQHUDO� PHWKRGV� RI� GDWD� IXVLRQ�� SUHVHQWHG� DQG�
LPSOHPHQWHG�E\�GLIIHUHQW�UHVHDUFKHUV��� �D��6LPSOH�DQG�ZHLJKWHG�DYHUDJLQJ�PHWKRGV��0'��DQG�0'����/LQHDU� FRPELQDWLRQ�RI� WKH� RXWSXWV�RI� HQVHPEOH�PHPEHUV� LV�RQH�RI� WKH�PRVW�SRSXODU� DSSURDFKHV� IRU�
FRPELQLQJ�GLIIHUHQW�RXWSXWV��$�VLQJOH�RXWSXW�FDQ�EH�FUHDWHG�IURP�WKH�FRPELQDWLRQ�RI�WKH�RXWSXWV�RI�D�VHW�RI�
PRGHOV� YLD� VLPSOH� DYHUDJLQJ�� RU� D�ZHLJKWHG�DYHUDJH�PHWKRG� WKDW� FRQVLGHUV� WKH� UHODWLYH�SHUIRUPDQFH�RI�
HDFK�PRGHO��&RPELQLQJ�XVLQJ�VLPSOH�DYHUDJH�LV�GHILQHG�DV���
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� 'HVSLWH� LWV� VLPSOLFLW\�� WKH� VLPSOH� DYHUDJLQJ�PHWKRG� VXIIHUV� IURP� WKH� SUREOHP� RI� FRQVLGHULQJ� HTXDO�
ZHLJKWV� IRU� LQGLYLGXDO�PRGHOV�� 2EYLRXVO\�� WKH� GLIIHUHQFH� LQ� WKH� UHOLDELOLW\� RI� LQGLYLGXDO�PRGHOV� LV� QRW�
FRQVLGHUHG�LQ�VLPSOH�DYHUDJLQJ�DV�DOO�RI�WKHP�DUH�DVVLJQHG�E\�VLPLODU�ZHLJKWV�LQ�WKLV�GDWD�IXVLRQ�PHWKRG��
7R�RYHUFRPH�WKLV�VKRUWFRPLQJ��WKH�PHWKRG�RI�ZHLJKWHG�DYHUDJLQJ�DOVR�NQRZQ�DV�VWDFNLQJ�PLJKW�EH�XVHG��
7KLV�PHWKRG�LV�SUHVHQWHG�E\�WKH�IROORZLQJ�HTXDWLRQ��
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�ZKHUH��F  WKH�ZHLJKW�RI�HDFK�LQGLYLGXDO�PRGHO��8QGHU�³VWDFNLQJ´�DQ�DGGLWLRQDO�DWWHPSW�LV�XVHG�WR�OHDUQ�
KRZ�WR�FRPELQH�WKH�PRGHOV�E\�WXQLQJ�WKH�F ZHLJKWV�RYHU�WKH�FDOLEUDWLRQ�GDWD��7R�GHULYH�F ZHLJKWV��6KX�DQG�
%XUQ�>�@�VXJJHVWHG�PLQLPL]LQJ�WKH�IROORZLQJ�IXQFWLRQ����
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7KH�VWDFNLQJ�PHWKRG�XVHV�FRQVWDQW�ZHLJKWV�RYHU�WKH�WLPH�SHULRG�RI�WKH�FDOLEUDWLRQ�GDWD�VHW�ZKLFK�UHGXFHV�
WKH� IOH[LELOLW\� RI� WKH� PHWKRG� LQ� IDFLQJ� GLIIHUHQW� K\GURFOLPDWRORJLFDO� VLWXDWLRQV� WKDW� D� V\VWHP� PLJKW�
H[SHULHQFH�GXULQJ�LWV�RSHUDWLRQ�����E��5HO\LQJ�RQ�WKH�XVHU
V�H[SHULHQFH��0'���� ,Q�WKLV�PHWKRG��DW�HDFK�VWHS�RI�GHFLVLRQ�PDNLQJ��LQVWHDG�RI�FRPELQLQJ�RXWSXWV�RI�GLIIHUHQW�PRGHOV�WKH�
UHVXOW�RI�MXVW�RQH�PRGHO�LV�VHOHFWHG��UHO\LQJ�RQ�WKH�H[SHULHQFH�RI� WKH�ODVW�VWHS��2EYLRXVO\� WKLV�PHWKRG�LV�
OLPLWHG�WR�FDVHV�RI�WLPH�VHULHV�IRUHFDVWLQJ�ZKHUH�SUHGLFWRUV�DUH�ZHOO�FRUUHODWHG��8VLQJ�WKLV�PHWKRG�PLJKW�
QRW�EH�VXLWDEOH�IRU�HYHQW�IRUHFDVWLQJ�����F��8VLQJ��HPSLULFDO��PRGHOV�VXFK�DV�DUWLILFLDO�QHXUDO�QHWZRUNV��0'���� (PSLULFDO�PRGHOV�� SDUWLFXODUO\� DUWLILFLDO� QHXUDO� QHWZRUNV� �$11V�� DUH� NQRZQ� DV� SRZHUIXO� WRROV� IRU�
IXQFWLRQ�PDSSLQJ��6HH�DQG�$EUDKDUW� >�@�KDYH�VXJJHVWHG�WKH�XVH�RI�$11V�DV�D�GDWD�IXVLRQ�PHWKRG��7KH�
JHQHUDO�IRUP�RI�WKLV�PHWKRG�LV����
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:KHUH�J LV�D�QRQ�OLQHDU�IXQFWLRQ�ZKLFK�PDSV�RXWSXWV�RI�GLIIHUHQW�LQGLYLGXDO� IRUHFDVW�PRGHOV�WR�D�VLQJOH�
RXWSXW�RI� L\Ö XVLQJ�DQ�$11�PRGHO��/LNH�PRVW� HPSLULFDO�PHWKRGV�� WKLV�PHWKRG� VXIIHUV� IURP� WKH� ODFN�RI�
VWDWLVWLFDO�VHQVH�LQ�WKH�PHFKDQLVP�RI�GDWD�SURFHVVLQJ����G���0HWKRG�RI�HUURU�DQDO\VLV��0'���� ,Q�WKLV�PHWKRG��WKH�KLVWRULFDO�IRUHFDVWLQJ�HUURU�RI�LQGLYLGXDO�PRGHOV�LV�DQDO\]HG�WR�HQKDQFH�WKH�FXUUHQW�
IRUHFDVW�HUURU��$�FRPPRQ�IRUP�RI�WKLV�PHWKRG�LV�SUHVHQWHG�DV�WKH�IROORZLQJ�HTXDWLRQ���
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� ZKHUH�� LPH  WKH�HUURU�RI�PWK�PRGHO� LQ� LWK� IRUHFDVW��(  VHW�RI� HUURUV�RI�GLIIHUHQW�PRGHOV� DQG�J  D�
PDSSLQJ�IXQFWLRQ�VXFK�DV�DQ�$11�PRGHO��3HUIRUPDQFH�RI�WKLV�PHWKRG�LV�OLPLWHG�WR�WKH�DELOLW\�RI�IXQFWLRQ�
PDSSLQJ�E\�J PRGHO��� �� '$7$�)86,21�86,1*�.�11�0(7+2'��
7KH�UHFRJQLWLRQ�RI�WKH�QRQOLQHDULW\�RI�WKH�XQGHUO\LQJ�G\QDPLFV�RI�K\GURORJLFDO�SURFHVVHV�KDV�VSXUUHG�WKH�
JURZWK� RI� QRQSDUDPHWULF� PHWKRGV� LQ� WHVWLQJ� VWUHDPIORZ� FKDUDFWHULVWLFV� >�@� DV� ZHOO� DV� K\GURORJLFDO�
IRUHFDVWLQJ�� 1RQSDUDPHWULF� HVWLPDWLRQ� RI� SUREDELOLW\� GHQVLWLHV� DQG� UHJUHVVLRQ� IXQFWLRQV� DUH� SXUVXHG�
WKURXJK�ZHLJKWHG� ORFDO� DYHUDJHV� RI� WKH� GHSHQGHQW� YDULDEOH��7KLV� LV� WKH� IRXQGDWLRQ� IRU� QHDUHVW� QHLJKERU�
PHWKRGV��.�1HDUHVW�1HLJKERXU��.� 11��PHWKRGV�XVH�WKH�VLPLODULW\��QHLJKERXUKRRG��EHWZHHQ�REVHUYDWLRQV�
RI� SUHGLFWRUV� DQG� VLPLODU� VHWV� RI� KLVWRULFDO� REVHUYDWLRQV� �VXFFHVVRUV�� WR� REWDLQ� WKH� EHVW� HVWLPDWH� IRU� D�
GHSHQGHQW�YDULDEOH���

)RU�HDFK�LQVWDQW�W� OHW� > @M; �M ������«��QXPEHU�RI�REVHUYHG�GDWD��EH�D�3�GLPHQVLRQDO�IHDWXUH�YHFWRU�
RI�SDVW�UHFRUGV��$�IHDWXUH�YHFWRU�LV�D�YHFWRU�WKDW�VXPPDUL]HV�WKH�SDVW�KLVWRU\�LQ�D�VPDOOHU�GLPHQVLRQ�YHFWRU�
RI�REVHUYDWLRQV�WKDW�FRQWDLQV�PRVW�RI�WKH�LQIRUPDWLRQ�UHOHYDQW�WR�WKH�IRUHFDVW��7R�HVWLPDWH�WKH�GHSHQGHQW�
YDULDEOH� LQ� WLPH� W� W\ � WKH�.�11�PHWKRG� LPSRVHV� D�PHWULF� RQ� IHDWXUH� YHFWRUV� WR� ILQG� WKH� VHW� RI�. SDVW�
QHDUHVW�QHLJKERUV�RI� > @M; �

7KH�. YHFWRUV�RI�SDVW�REVHUYDWLRQV�KDYLQJ�WKH�PLQLPXP�QRUP�DPRQJ�DOO�FDQGLGDWHV�DUH�REWDLQHG��7KH�
GLVWDQFH�EHWZHHQ� WKH�FXUUHQW� DQG�KLVWRULFDO� FRQGLWLRQ� LV� FDOFXODWHG�E\� WKH�(XFOLGLDQ� >�@�RU�0DKDODQRELV�
GLVWDQFH�>�@��EHWZHHQ�FXUUHQW�DQG�KLVWRULFDO�SUHGLFWRUV��7KH�PRVW�ZLGHO\�XVHG�PHWULF�WR�LGHQWLI\�QHLJKERUV�
LV�WKH�(XFOLGHDQ�QRUP��ZKLFK��IRU�D�3�GLPHQVLRQDO�IHDWXUH�YHFWRU��LV�FDOFXODWHG�DV��

��
���

�
��� ��������� SMSWSMWMWWM [[Z[[Z[[Z'LV ����� �����ZKHUH��Z  WKH�ZHLJKW�RI�SUHGLFWRUV�LQ�FDOFXODWLQJ�WKH�GLVWDQFH�EHWZHHQ�WKH�FXUUHQW�YDOXH�RI�SUHGLFWRUV�DQG�

WKH� QHLJKERUV��7KH� IRUHFDVW� LV� WKHQ�REWDLQHG� DV� D�ZHLJKWHG� DYHUDJH�RI� WKH� QHDUHVW� QHLJKERUV�� VXFK� WKDW�
JUHDWHU� ZHLJKW� LV� DVVLJQHG� WR� WKH� QHDUHU� QHLJKERUV�� $� NHUQHO� IXQFWLRQ� SURSRVHG� E\� /DOO� 	6KDUPD� >�@�
GHILQHV�WKH�ZHLJKWV��OHDGLQJ�WR�D�.�11�UHJUHVVLRQ�HVWLPDWH�RI���
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)HEUXDU\�������������������������������������������������������������������������������,UDQLDQ�-RXUQDO�RI�6FLHQFH�	�7HFKQRORJ\��9ROXPH�����1XPEHU�%��

��
ZKHUH�L LV�WKH�RUGHU�RI�WKH�QHDUHVW�QHLJKERUV�LQ�ZKLFK�WKH�QHDUHVW�KDYH�WKH�ORZHVW�RUGHU��L ��WR�.� ��DQG�\LLV� WKH�PDJQLWXGH�RI� QHDUHVW� QHLJKERU� L� 7KH�ZHLJKWV� DQG� WKH�QXPEHU�RI� WKH�QHLJKERUV� WKDW�SURGXFH� WKH�
ORZHVW�PHDQ� VTXDUH� HUURU� RI� WKH� IRUHFDVWLQJ� DUH� IRXQG� E\� FRPSXWLQJ� WKH� HUURU� IRU� DOO� FRPELQDWLRQV� RI�
ZHLJKWV�DQG�. YDOXHV��IURP���WR�Q����WKURXJK�*HQHUDOL]HG�&URVV�9DOLGDWLRQ��*&9��RI�WKH�FDOLEUDWLRQ�GDWD�
VHW��ZKLFK�LV�GHILQHG�DV�>�@���
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�
ZKHUH�H LV�WKH�HUURU�EHWZHHQ�REVHUYHG�DQG�SUHGLFWHG�GDWD��Q LV�WKH�QXPEHU�RI�GDWD��DQG�M LV�WKH�RUGHU�RI�WKH�
QHDUHVW�QHLJKERUV�EDVHG�RQ�WKHLU�GLVWDQFH�IURP�WKH�FXUUHQW�FRQGLWLRQ�LQ�ZKLFK�WKH�QHDUHVW�KDYH�WKH�ORZHVW�
RUGHU��7KH�*&9�VFRUH�IXQFWLRQ�LV�XVHG�WR�FKRRVH�ERWK�. DQG�WKH�ZHLJKWV�RI�WKH�SUHGLFWRUV��7KH�ZHLJKWV�RI�
HDFK�SUHGLFWRU�FRQWURO�WKH�GLVWDQFH�EHWZHHQ�WKH�VXFFHVVRUV�DQG�WKH�FXUUHQW�FRQGLWLRQ�DQG�VXEVHTXHQWO\�WKH�
HUURU�RI�IRUHFDVWLQJ��3DUDPHWHU�. DQG�WKH�ZHLJKWV�WKDW�SURYLGH�WKH�PLQLPXP�*&9�DUH�VHOHFWHG���

8VLQJ�WKH�FRQFHSW�RI�.�11� DQ�DOJRULWKPLF�SURFHGXUH�LV�SURSRVHG�IRU�GDWD�IXVLRQ�DV�IROORZV��0'�����
��� 8VH�P LQGLYLGXDO�IRUHFDVW�PRGHOV�WR�SURGXFH� PQ u IRUHFDVWV��ZKHUH�Q LV�WKH�QXPEHU�RI�REVHUYHG�

GDWD�XVHG�IRU�FDOLEUDWLRQ������ (YDOXDWH� LQGLYLGXDO� IRUHFDVWLQJ� PRGHOV� LQ� DOO� Q IRUHFDVW� H[SHULHQFHV�� &RPSXWH� WKH� PDWUL[� RI�> @ > @
PQLMD$
u

 � ZKHUH� � LMD LI�PWK� PRGHO� UHVXOWV� LQ� WKH� EHVW� IRUHFDVW� GXULQJ� LWK� H[SHULHQFH��
RWKHUZLVH� � LMD �

��� $W�WKH�SUHVHQW�WLPH��W� FRPSXWH�P IRUHFDVWV�RI� W\ � XVLQJ�P LQGLYLGXDO�IRUHFDVW�PRGHOV�DQG�GHYHORS�
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��� 8VH� HTXDWLRQ� �� WR� ILQG� WKH� GLVWDQFH� EHWZHHQ� SUHVHQW� WLPH� SUHGLFWRUV�� > @W; � DQG� WKH� KLVWRULFDO�
SUHGLFWRUV�� > @M; � 'HWHUPLQH� WKH� QHDUHVW� QHLJKERUV� IURP�Q VHWV� RI� REVHUYHG� GDWD�� VXFK� WKDW� WKH�
VPDOOHU�GLVWDQFH�LV�DVVLJQHG�WR�WKH�QHDUHVW�QHLJKERXU����

��� )RUHFDVW�WKH�GHSHQGHQW�YDULDEOH�E\�WKH�IROORZLQJ�HTXDWLRQ�
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�
ZKHUH� L WKH�RUGHU� RI� WKH�QHDUHVW� QHLJKERUV� LQ�ZKLFK� WKH� QHDUHVW� KDYH� WKH� ORZHVW� RUGHU� �L �� WR�.���. 
QXPEHU� RI� QHDUHVW� QHLJKERXUV� REWDLQHG� WKURXJK� WKH� JHQHUDOL]HG� FURVV� YDOLGDWLRQ� �*&9��� � DQG� LI  WKH�
PDJQLWXGH�RI�QHDUHVW�QHLJKERU�L��
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,UDQLDQ�-RXUQDO�RI�6FLHQFH�	�7HFKQRORJ\��9ROXPH�����1XPEHU�%���������������������������������������������������������������������������)HEUXDU\������

��
���'(9(/230(17�2)�,1',9,'8$/�)25(&$67,1*�02'(/6��D��/LQHDU�PXOWLSOH�UHJUHVVLRQ�DQG�.�11�UHJUHVVLRQ�PRGHOV��/05��DQG�.�11���/LQHDU� 0XOWLSOH� 5HJUHVVLRQ� �0/5�� LV� D� PXOWLYDULDWH� PHWKRG� RI� IRUHFDVWLQJ� ZKLFK� HVWLPDWHV� XQNQRZQ�FRHIILFLHQWV�RI�SUHGLFWRUV�E\�SHUIRUPLQJ�D�OHDVW�VTXDUHV�ILW��,Q�WKLV�VWXG\��WKH�OLQHDU�PXOWLSOH�UHJUHVVLRQ�LV�DSSOLHG�DV�D�IRUHFDVWLQJ�PHWKRG�LQ�WKH�IROORZLQJ�IRUP��� F[D[D[D\ SS ���� ����� �����

�
ZKHUH�� S[WR[�  S SUHGLFWRUV� RI� GHSHQGHQW� YDULDEOH� \ � SDWRD�  FRHIILFLHQWV� RI� SUHGLFWRUV�� DQG� F 
FRQVWDQW�RI�WKH�PRGHO��)XUWKHUPRUH��D�QRQ�SDUDPHWULF�UHJUHVVLRQ�PRGHO��.�11� LV�XVHG�DV�GHVFULEHG�LQ�WKH�
SUHYLRXV�VHFWLRQ�E\�HTXDWLRQV���WR�������
E��&RQYHQWLRQDO�DQG�HQKDQFHG�PXOWLOD\HU�SHUFHSWURQ�PRGHO��0/3�DQG�0/3�(���

7KH�DSSOLFDWLRQ�RI�WKH�DUWLILFLDO�QHXUDO�QHWZRUNV�LQ�K\GURORJ\�KDV�JURZQ�UDSLGO\�LQ�UHFHQW�\HDUV��7KH�
$11�DSSURDFK�LV�DQ�HIIHFWLYH�DQG�HIILFLHQW�ZD\�WR�PRGHO�IRUHFDVWLQJ�SUREOHPV��7KUHH��OD\HU�IHHG�IRUZDUG�
QHWZRUNV� DUH� NQRZQ� DV� WKH� QHWZRUNV� WKDW� DUH� FDSDEOH� RI� DSSUR[LPDWLQJ� DQ\� FRQWLQXRXV� LQSXW�RXWSXW�
PDSSLQJ�� 7KH� PXOWL�OD\HU� IHHG�IRUZDUG� QHWZRUN� XVHV� VXSHUYLVHG� WUDLQLQJ� SURFHGXUH� WKDW� FRQVLVWV� RI�
SURYLGLQJ�LQSXW�RXWSXW�H[DPSOHV�WR�WKH�QHWZRUN�DQG�PLQLPL]LQJ�WKH�HUURU�IXQFWLRQ�(� ZKLFK�LV�H[SUHVVHG�
DV�IROORZV��
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�
ZKHUH�Q LV�WKH�QXPEHU�RI�LQSXW�RXWSXW�GDWD�VHWV��DQG� S\

� DQG� S\ DUH�WKH�REVHUYHG�DQG�IRUHFDVWHG�RXWSXW�RI�
WKH�SWK�VHW�UHVSHFWLYHO\��,Q�WKH�EDFN�SURSDJDWLRQ��%3��WUDLQLQJ�PHWKRG��( LV�PLQLPL]HG�XVLQJ�WKH�VWHHSHVW�
GHVFHQW�PHWKRG��

&RXOLEDO\�HW�DO�>��@�DSSOLHG�D�GLIIHUHQW�IRUP�RI�SHUIRUPDQFH�IXQFWLRQ�NQRZQ�DV�SHDN�IORZ�ORZ�IORZ�
FULWHULRQ��3/&��WR�LPSURYH�WKH�DELOLW\�RI�WKH�PRGHO�LQ�H[WUHPH�YDOXH�IRUHFDVWLQJ��7KH�3/&�IRU�DQ�LQSXW�VHW�
N LV�VSHFLILHG�DV���

NN /33/& u ������ZKHUH�3N LV�WKH�SHDN�IORZ�FULWHULRQ�JLYHQ�E\��
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ZKHUH�QS LV�WKH�QXPEHU�RI�SHDN�IORZV�JUHDWHU�WKDQ�RQH�WKLUG�RI�WKH�PHDQ�SHDN�IORZ�REVHUYHG�� S4 DQG� S4Ö
DUH�UHVSHFWLYHO\�WKH�REVHUYHG�DQG�WKH�FRPSXWHG�IORZV��DQG�/N LV�WKH�ORZ�IORZ�FULWHULRQ��ZKLFK�LV�JLYHQ�E\�
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)HEUXDU\�������������������������������������������������������������������������������,UDQLDQ�-RXUQDO�RI�6FLHQFH�	�7HFKQRORJ\��9ROXPH�����1XPEHU�%��

��
ZKHUH�QL LV�WKH�QXPEHU�RI�ORZ�IORZV�ORZHU�WKDQ�RQH�WKLUG�RI�WKH�PHDQ�ORZ�IORZ�REVHUYHG��DQG�4O DQG� OL4Ö
DUH�WKH�REVHUYHG�DQG�WKH�FRPSXWHG�IORZV��UHVSHFWLYHO\��7KH�SN SURYLGHV�D�PRUH�DFFXUDWH�PHDVXUH�RI� WKH�
PRGHO�SHUIRUPDQFH� WKDQ� WKH�(T�� ����� IRU� WKH�SHDN� IORZ�SHULRGV��ZKHUHDV� WKH�/N LV D�EHWWHU�SHUIRUPDQFH�
LQGLFWRU�IRU�WKH�ORZ�IORZ�SHULRG��7KUHH�OD\HU�IHHGIRUZDUG�QHWZRUNV�WUDLQHG�E\�(TV�������DQG������DUH�XVHG�
LQ�WKLV�VWXG\����

7KH� VFKHPDWLF� RI� WKH� SURFHGXUH� IRU� GDWD� IXVLRQ�� LQGLYLGXDO�PRGHOV� XVHG� LQ� WKH� SURFHGXUH�� DQG� WKH�
PHWKRGV�RI�GDWD�IXVLRQ�DUH�VKRZQ�LQ�)LJ������

�

+\GURFOLPDWRORJLFDO�
3UHGLFWRUV

0/5

.�11

0/3

(�0/3

2XWSXW��

2XWSXW��

2XWSXW��

2XWSXW��

0'�

0'�

0'�

0'�

0'�

0'�

)RUHFDVW��

)RUHFDVW��

)RUHFDVW��

)RUHFDVW��

)RUHFDVW��

)RUHFDVW��

�)LJ������7KH�VFKHPDWLF�RI�WKH�SURFHGXUH�XVHG�LQ�WKLV�VWXG\�
�

�� &$6(�678'<�,���6($621$/�675($0)/2:�)25(&$67,1*�
�

D���6WXG\�DUHD�DQG�GDWD��
=D\DQGHK�UXG� 5LYHU� LV� WKH� PDLQ� VXUIDFH� UHVRXUFH� IRU� LUULJDWLRQ� GHPDQGV� LQ� WKH� FHQWUDO� SDUW� RI� ,UDQ��
HVSHFLDOO\� WKH� ,VIDKDQ� PHWURSROLWDQ� DUHD� >��@�� 7KH� =D\DQGHK�UXG� UHVHUYRLU� FRQWUROV� WKH� VWUHDPIORZ�
XSVWUHDP�RI�,VIDKDQ��,W� LV�WKH� ODUJHVW�VXUIDFH�UHVHUYRLU�RQ�WKH�ULYHU�ZLWK�D�YROXPH�RI������PLOOLRQ�FXELF�
PHWHUV��7KH�ORFDWLRQ�RI�WKH�=D\DQGHK�UXG�UHVHUYRLU�LV�VKRZQ�LQ�)LJ�����7RWDO�DQQXDO�DYHUDJH�LQIORZ�WR�WKH�
=D\DQGHK�UXG� UHVHUYRLU� LV� DERXW� �����PLOOLRQ� FXELF�PHWHUV�� RI� ZKLFK�� DQ� DYHUDJH� DQQXDO� IORZ� RI� ����
PLOOLRQ� FXELF�PHWHUV� LV� WUDQVIHUUHG� IURP� WKH� DGMDFHQW� .DURRQ� 5LYHU� EDVLQ�� 6HDVRQDO� LQIORZ� GDWD� WR� WKH�
=D\DQGHK�UXG�UHVHUYRLU�IRU�D����\HDU�SHULRG�IURP������WR������DUH�XVHG�LQ�WKLV�VWXG\��6WUHDPIORZ�IURP�
$SULO�WR�6HSWHPEHU��VSULQJ�DQG�VXPPHU�VWUHDPIORZ���ZKLFK�LV�UHVXOW�RI��WKH�ZLQWHU�VQRZ�SDFN�LV�XVHG�DV�D�
SUHGLFWHG�YDULDEOH�LQ�WKLV�VWXG\��5HFHQWO\��WKH�HIIHFW�RI�ODUJH�VFDOH�FOLPDWH�VLJQDOV�VXFK�DV�(162�DQG�1$2�
KDYH�EHHQ�FRQVLGHUHG�DV� WKH�IRUFLQJ�IDFWRUV�RQ�WKH�FOLPDWH�RI� ,UDQ�>��@�� �7KH�1RUWK�$WODQWLF�2VFLOODWLRQ�
FOLPDWH� VLJQDO�� 1$2�� ZKLFK� VHHPV� WR� EH� HIIHFWLYH� IRU� SUHGLFWLQJ� FOLPDWH� YDULDWLRQV� RI� WKH� FHQWUDO� DQG�
VRXWKHUQ� SDUWV� RI� ,UDQ�� LV� FRQVLGHUHG� DV� D� SUHGLFWRU� RI� =D\DQGHK�UXG�5LYHU� VWUHDPIORZ� >��@��7KH�1RUWK�
$WODQWLF�2VFLOODWLRQ��1$2��LQYROYHV�D�QHJDWLYH�FRUUHODWLRQ�LQ�ZLQWHU�PRQWKV�EHWZHHQ�VHD�OHYHO�SUHVVXUHV�
LQ�WKH�VXEWURSLFDO�$WODQWLF�KLJK�DQG�WKH�,FHODQGLF�ORZ��,W� LQGH[�LV�WKH�GLIIHUHQFH�EHWZHHQ�QRUPDOL]HG�VHD�
OHYHO�SUHVVXUH�RYHU�WKH�$]RUHV�DQG�,FHODQG��7KH�XVXDO�LQGH[�LV�JLYHQ�E\�WKH�'HFHPEHU�WR�0DUFK�DYHUDJH�RI�
WKLV�PHDVXUH� >��@�� 7KHUH� LV� D� VLJQLILFDQW� UHODWLRQVKLS� EHWZHHQ� DYHUDJHG�'HFHPEHU� WR�0DUFK�1$2� DQG�
VSULQJ��$SULO�WR�-XQH��VWUHDPIORZ���,Q�WKLV�VWXG\�1$2�DV�ZHOO�DV�VQRZ�EXGJHW�DQG�ZLQWHU�VWUHDPIORZ��DUH�
XVHG�DV�SUHGLFWRUV�RI�VSULQJ�DQG�VXPPHU�VWUHDPIORZ����
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)LJ�����7KH�ORFDWLRQ�PDS�RI�=D\DQGHK�UXG�ULYHU�DQG�=D\DQGHK�UXG�UHVHUYRLU��
E��7KH�UHVXOWV�RI�IRUHFDVWLQJ�LQ�FDVH�VWXG\�,���

7KH�UHVXOWV�RI�DSSO\LQJ�LQGLYLGXDO�PRGHOV�DV�ZHOO�DV�WKH�GDWD�IXVLRQ�PHWKRGV�DUH�VKRZQ�LQ�7DEOH���DQG�
7DEOH����UHVSHFWLYHO\��LQ�FURVV�YDOLGDWLRQ�DQDO\VLV�IRU�WHVWLQJ�WKH�PRGHOV�RQ�GDWD�QRW�XVHG�LQ�WKH�FDOLEUDWLRQ���
$V� VKRZQ� LQ� 7DEOH� ��� 0/3� KDV� UHVXOWHG� LQ� WKH� EHVW� SRLQW� IRUHFDVW� DV� LW� KDV� SURYLGHG� IRUHFDVWV� ZLWK�
PLQLPXP� URRW� PHDQ� VTXDUH� HUURU� �506(��� SHUFHQW� RI� YROXPH� HUURU� ��9(��� DQG� PD[LPXP� OLQHDU�
FRUUHODWLRQ�EHWZHHQ�WKH�REVHUYHG�DQG�IRUHFDVW�GDWD��&255���7KLV�PHDQV�WKDW��DOWKRXJK�0/3�(�LV�D�EHWWHU�
PRGHO�LQ�H[WUHPH�YDOXH�IRUHFDVWLQJ��0/3�RXWSHUIRUPV�WKH�RWKHU�PRGHOV�DFFRUGLQJ�WR�WKH�RYHUDOO�IRUHFDVW�
RI�QRUPDO�DQG�H[WUHPH�YDOXHV���0/3�KDV�UHVXOWHG�LQ�506(���9(��DQG�&255��HTXDO�WR�����������DQG�����
UHVSHFWLYHO\���

'DWD�IXVLRQ�PHWKRGV�KDYH�LPSURYHG�WKH�UHVXOWV�RI�LQGLYLGXDO�PRGHOV�DV�GHPRQVWUDWHG�LQ�7DEOH����7KH�
EHVW�IRUHFDVW�LV�REWDLQHG�E\�0'��DV�LW�KDV�UHVXOWHG�LQ�506(���9(��DQG�&255�HTXDO�WR���������DQG�������
,W�PHDQV� WKDW� WKH� GDWD� IXVLRQ� DSSURDFK�KDV� LPSURYHG� WKH� DFFXUDF\�RI� SRLQW� IRUHFDVW� E\������ ���� DQG����
SHUFHQW��DFFRUGLQJ�WR�506(���9(��DQG�&255�VWDWLVWLFV��UHVSHFWLYHO\���

0D[LPXP� DQG� PLQLPXP� VHDVRQDO� VWUHDPIORZ� YROXPH� LQ� WKH� ILUVW� VWXG\� DUH� �����0&0� DQG� ����
0&0� ZKLFK�KDYH�EHHQ�REVHUYHG�LQ�\HDUV�������DQG�������UHVSHFWLYHO\��0/3�KDV�IRUHFDVWHG�GHSHQGHQW�
YDULDEOHV�LQ�WKRVH�\HDUV�DV������DQG�����0&0� 7KH�VHDVRQDO�VWUHDPIORZ�YROXPHV�DW�WKH�VDPH�\HDUV�DUH�
IRUHFDVWHG� DV� �����0&0� DQG����0&0� XVLQJ�GDWD� IXVLRQ� DSSURDFK��7KLV� VKRZV� WKDW� LQ� WKH� ILUVW� VWXG\��
LQGLYLGXDO� PRGHOV� ZHUH� PRUH� VXFFHVVIXO� WKDQ� GDWD� IXVLRQ� PHWKRGV� LQ� WKH� FDVH� RI� IRUHFDVWLQJ� H[WUHPH�
YDOXHV�����

0HWKRGV�RI�0'��DQG�0'��KDYH�UHVXOWHG�LQ�WKH�EHVW�IRUHFDVWV�DPRQJ�RWKHUV��0'��DQG�0'��EHQHILW�
IURP�XVLQJ�FXUUHQW�WLPH�SUHGLFWRUV� LQ�DGGLWLRQ�WR� WKH�RXWSXW�RI�VLQJOH�PRGHOV�DV�ZHOO�DV�WLPHO\�G\QDPLF�
ZHLJKWLQJ�RI�WKH�VLQJOH�PRGHOV�LQ�WKHLU�IXVLRQ�SURFHGXUH��7KHVH�EHQHILWV�DUH�PRVW�OLNHO\�WKH�UHDVRQV�IRU�WKH�
VXSUHPDF\�RI�WKHVH�WZR�PHWKRGV����� 7DEOH����7KH�FURVV�YDOLGDWLRQ�UHVXOWV�RI�IRUHFDVWLQJ�=D\DQGHK�UXG�VWUHDPIORZ�XVLQJ�LQGLYLGXDO�PRGHOV�� &URVV�YDOLGDWLRQ�0RGHOV� 506(� �9(� &255�

0/5� ��� ����� �����
.�11� ��� ����� �����
0/3� ��� ����� �����
0/3�(� ��� ����� �����
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��
7DEOH����7KH�UHVXOW�RI�GDWD�IXVLRQ�LQ�IRUHFDVWLQJ�=D\DQGHK�UXG�VWUHDPIORZ�XVLQJ�GLIIHUHQW�PHWKRGV�� &URVV�YDOLGDWLRQ�0HWKRGV� 506(� �9(� &255�

0'�� ��� ��� �����
0'�� ��� ��� �����
0'�� ��� ��� �����
0'�� ��� ��� �����
0'�� ��� ��� �����
0'�� ��� ��� �����

)XUWKHUPRUH��WKH�PD[LPXP�DQG�WKH�PLQLPXP�HVWLPDWLRQ�RI�WKH�SUHGLFWHG�YDULDEOH�GHYHORSHG�E\�0'��DV�
ZHOO�DV�ZKDW�LV�GHYHORSHG�E\�WKH�RWKHU�PHWKRGV�DUH�VKRZQ�LQ�)LJ�����7KH�GLIIHUHQFH�EHWZHHQ�WKH�PD[LPXP�
DQG� WKH� PLQLPXP� HVWLPDWLRQV�� ZKLFK� LV� WKH� EDQGZLGWK� RI� WKH� HVWLPDWHG� YDULDEOHV�� JLYHV� XV� VFHQHV� RI�
UHOLDELOLW\� LQ�RSHUDWLRQDO� IRUHFDVWV��$V�VKRZQ�LQ�)LJ����� WKH�EDQGZLGWK�RI�IRUHFDVW�GHYHORSHG�E\�0'��LV�
QDUURZHU� WKDQ� ZKDW� LV� SURYLGHG� E\� WKH� RWKHU� PHWKRGV�� 7KH� DYHUDJH� VWDWLVWLF� RI� ¸̧¹

·¨̈©
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\\ PLQPD[ ÖÖ �ZKHUH�

PD[Ö\ DQG� PLQÖ\ DUH�WKH�PD[LPXP�DQG�WKH�PLQLPXP�HVWLPDWLRQV�RI�GHSHQGHQW�YDULDEOH��UHVSHFWLYHO\��DQG�\ LV�
WKH�REVHUYHG�YDOXH�RI�WKH�GHSHQGHQW�YDULDEOH��LV�FDOFXODWHG�DV������SHUFHQW�XVLQJ�WKH�0'��PHWKRG��$OVR��
XVLQJ�WKH�0'��PHWKRG����RXW�RI����REVHUYHG�GDWD�DUH�RXW�RI�WKH�UDQJH�RI�WKH�EDQGZLGWK�SURYLGHG�LQ�)LJ��
�E��7KH�VDPH�VWDWLVWLF�IRU�WKH�0'��WR�0'��PHWKRGV�LV������SHUFHQW��8VLQJ�0'��DQG�0'��PHWKRGV����RXW�
RI�WKH����REVHUYHG�GDWD�DUH�RXW�RI�WKH�UDQJH�RI�IRUHFDVWV�DV�VKRZQ�LQ�)LJ���D��7KH�UHVXOWV�LQGLFDWH�WKDW�0'��
LV� D� EHWWHU� PRGHO� LQ� SURYLGLQJ� HQVHPEOH� IRUHFDVWV� ZLWK� QDUURZHU� EDQGV�� UHVXOWLQJ� LQ� PRUH� UHOLDEOH�
HVWLPDWLRQ�������
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UHVXOWHG�E\�GDWD�IXVLRQ

PD[LPXP�HVWLPDWLRQ

PLQLPXP�HVWLPDWLRQ

DFWXDO�YDOXH

�E��
)LJ�����7KH�EDQGZLGWK�RI�WKH�IRUHFDVWV�GHYHORSHG�E\�0'��WR�0'���D���DQG�0'���E��LQ�FDVH�VWXG\�,�



0��$]PL�HW�DO���

,UDQLDQ�-RXUQDO�RI�6FLHQFH�	�7HFKQRORJ\��9ROXPH�����1XPEHU�%���������������������������������������������������������������������������)HEUXDU\������

��
:KHUH�PHWKRGV�RI�0'��WR�0'��FRXOG�QRW�PDNH�D�SUHIHUHQFH�EHWZHHQ�LQGLYLGXDO�PRGHOV�LQ�UHDO�WLPH�

IRUHFDVWLQJ�� 0'�� LV� DEOH� WR� DSSO\� D� VHOHFWLYH� FKRLFH� DPRQJ� WKH� LQGLYLGXDO� PRGHOV� E\� DVVHVVLQJ� WKH�
H[SHULHQFH� RI� SUHYLRXV� IRUHFDVWV�� ,W� VKRXOG� EH� QRWLFHG� WKDW� LQ� FRQWUDVW� ZLWK� WKH� 0'�� PHWKRG�� 0'��
FRQVLGHUV�QRW�RQO\�WKH�IRUHFDVW�H[SHULHQFHG�LQ�WKH�SUHYLRXV�WLPH�VWHS��EXW�DOVR�WKH�IRUHFDVWV�H[SHULHQFHG�LQ�
WKH� KLVWRU\� RI� DSSOLFDWLRQ� RI� WKH� LQGLYLGXDO� PRGHOV�� 7KLV� LV� WKH� UHDVRQ� IRU� WKH� VXSUHPDF\� RI� 0'�� LQ�
SURYLGLQJ�HQVHPEOH�IRUHFDVWV�ZLWK�D�PLQLPXP�ELDV�DQG�QDUURZHU�EDQG����

��� &$6(�678'<�,,��)/22'�3($.�',6&+$5*(�)25(&$67,1*��)ORRGLQJ�RI� WKH�5HG�5LYHU� LQ�0DQLWRED��&DQDGD�� W\SLFDOO\� UHVXOWV� IURP�VQRZPHOW��RIWHQ� LQ�FRPELQDWLRQ�
ZLWK� VSULQJ� SUHFLSLWDWLRQ� HYHQWV��7KH� QDWXUH� RI� WKH� UHG� ULYHU��ZLWK� LWV� KHDGZDWHU� LQ� WKH�86$�� UHVXOWV� LQ�
FRQVLGHUDEOH�ZDUQLQJ�RI�SHQGLQJ�IORRG�HYHQWV�ZLWKLQ�WKH�&DQDGLDQ�SRUWLRQ�RI�WKH�ZDWHUVKHG�>��@���7KH�ORZ�
VORSH�RI� WKH� UHG�ULYHU�FKDQQHO��DQG�WKH�FRQVHTXHQW� ORZ�ZDWHU�YHORFLWLHV�� IDFLOLWDWHV�DGYDQFHG�ZDUQLQJ�RI�
IORRG�FRQGLWLRQV��0DMRU�IORRG�HYHQWV�LQ�WKH�5HG�5LYHU�YDOOH\�RFFXUUHG�LQ������������DQG�������LQ�DGGLWLRQ�
WR�WKH������IORRG��,Q�������WKH�UHG�ULYHU�H[SHULHQFHG�D�PDMRU�IORRG��ZKLFK�KDV�LQFUHDVHG�WKH�QHHG�IRU�IORRG�
IRUHFDVWLQJ�LQ�WKH�UHJLRQ��

0DMRU�FDVXDO�SDUDPHWHUV�RI�WKH�UHG�ULYHU�IORRG��EDVHG�RQ�SUHYLRXV�IORRG�VWXGLHV��DUH�>��@�����LQGH[�RI�
VRLO� PRLVWXUH� DW� IUHH]H�XS� WKH� SUHYLRXV� DXWXPQ�� EDVHG� RQ� ZHLJKWHG� EDVLQ� SUHFLSLWDWLRQ� IURP� 0D\� WR�
2FWREHU�� ���$YHUDJH�GHJUHH�GD\V� SHU� GD\� DW�*UDQG�)RUNV� GXULQJ� WKH� DFWLYH�PHOW� SHULRG�� ���7RWDO� EDVLQ�
SUHFLSLWDWLRQ�IURP���1RYHPEHU�RI�WKH�SUHYLRXV�\HDU�WR�WKH�VWDUW�RI�DFWLYH��PHOW�GXULQJ�WKH�IORRG�\HDU�����
7RWDO�EDVLQ�SUHFLSLWDWLRQ�IURP�WKH�VWDUW�RI�DFWLYH�VSULQJ�PHOWV�WR�WKH�GDWH�RI�WKH�VSULQJ�FUHVW�DW�WKH�(PHUVRQ��
DQG����WKH�,QGH[�RI�WKH�VRXWK�QRUWK�WLPH�SKDVLQJ�RI�WKH�UXQRII�EDVHG�RQ�WKH�SHUFHQWDJH�RI�WULEXWDU\�SHDNV�
H[SHULHQFHG�RQ�WKH�GDWH�RI�WKH�PDLQVWUHDP�SHDN�DW�VSHFLILF�SRLQWV�IURP�+DOVWDG�WR�WKH�&LW\�RI�:LQQLSHJ�
�SHUFHQW�RI�ZRUVW�SRVVLEOH���7KH����\HDUV�RI�DQQXDO�SHDN�GLVFKDUJH�GDWD�IURP������WR������DUH�XVHG�IRU�
PRGHO�FDOLEUDWLRQ�DQG����\HDUV�RI�GDWD�IURP������WR������DUH�XVHG�IRU�PRGHO�YDOLGDWLRQ���D��7KH�UHVXOWV�RI�IRUHFDVWLQJ�LQ�FDVH�VWXG\�,,�� 5HVXOWV�RI�IORRG�IRUHFDVWLQJ�LQ�WKH�5HG�5LYHU�XVLQJ�WKH�LQGLYLGXDO�PRGHOV�DUH�VKRZQ�LQ�7DEOH����7KH�
UHVXOWV�DUH�VKRZQ�LQ�ERWK�FDOLEUDWLRQ�DQG�YDOLGDWLRQ��$V�LW�LV�GHPRQVWUDWHG�LQ�WKH�WDEOH��FRQYHQWLRQDO�0/3�
DQG�HQKDQFHG�0/3��0/3�(��PRGHOV�KDYH�UHVXOWHG�LQ�WKH�EHVW�IRUHFDVWV�DV�WKH\�SURYLGHG�IRUHFDVWV�ZLWK�
PLQLPXP�506(�DQG��9(�DQG�PD[LPXP�&255��&RQYHQWLRQDO�0/3�LV�EHWWHU�WKDQ�0/3�(�LQ�FDOLEUDWLRQ��
ZKHUHDV�0/3�(�LV�D�EHWWHU�PRGHO�LQ�YDOLGDWLRQ��0LQLPXP�506(�DQG���9(��DQG�PD[LPXP�&255�LQ�WKH�
YDOLGDWLRQ�GDWD�VHW�DUH�REWDLQHG�E\�0/3�(��ZKLFK�DUH��������DQG������UHVSHFWLYHO\��7KLV�PLJKW�EH�EHFDXVH�
RI�H[WUHPH�YDOXHV�RFFXUULQJ�LQ�WKH�YDOLGDWLRQ�SHULRG�RI�WKH�IORRG�GDWD��� 7DEOH����7KH�UHVXOWV�RI�IRUHFDVWLQJ�WKH�5HG�ULYHU�IORRGV�XVLQJ�LQGLYLGXDO�PRGHOV��� &DOLEUDWLRQ�� 9DOLGDWLRQ�0RGHOV� 506(� �9(� &255� 506(� �9(� &255�

0/5� ��� ����� ����� � ����� �����
.�11� ��� ����� ����� ��� ����� �����
0/3� ���� ����� ����� � ����� �����
0/3�(� ���� ����� ����� � ��� �����

5HVXOWV�RI�GDWD�IXVLRQ�XVLQJ���GLIIHUHQW�PHWKRGV�DUH�VKRZQ�LQ�7DEOH����$V�GHPRQVWUDWHG�LQ�WKLV�WDEOH��WKH�
RYHUDOO�DFFXUDF\�RI�WKH�IRUHFDVW�KDV�EHHQ�VLJQLILFDQWO\�LPSURYHG��7KH�UHVXOWV�RI�0'��DUH�EHWWHU�WKDQ�RWKHUV�
DV�LW�SURYLGHV�IRUHFDVW�ZLWK�PLQLPXP�506(�DQG��9(��DQG�0D[LPXP�&255��0'��UHVXOWHG�LQ�506(��
�9(��DQG�&255�HTXDO� WR��������DQG�������7KLV�PHDQV� WKDW� WKH�GDWD�IXVLRQ�DSSURDFK�KDV� LPSURYHG� WKH�
DFFXUDF\�RI�SRLQW�IRUHFDVW�E\����DQG���SHUFHQW��DFFRUGLQJ�WR��9(��DQG�&255�VWDWLVWLFV��UHVSHFWLYHO\���

7KH�EDQGZLGWK�RI�IRUHFDVWV�XVLQJ�0'��WKURXJK�0'��DV�ZHOO�DV�0'��LV�VKRZQ�LQ�)LJ�����7KH�DYHUDJH�
VWDWLVWLF� RI� ¸̧¹
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\\ PLQPD[ ÖÖ �DV� GLVFXVVHG� LQ� D� SUHYLRXV� FDVH� VWXG\�� LV� FDOFXODWHG� DV������SHUFHQW�XVLQJ� WKH�
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��
0'��PHWKRG��8VLQJ�0'��PHWKRG����RXW�RI����REVHUYHG�GDWD�DUH�RXW�RI�UDQJH�RI�WKH�EDQGZLGWK�SURYLGHG�
LQ� )LJ�� �E�� 7KH� VDPH� VWDWLVWLF� IRU� WKH� 0'�� WR� 0'�� PHWKRGV� LV� ������ SHUFHQW�� 8VLQJ� 0'�� WR� 0'��
PHWKRGV����RXW�RI����REVHUYHG�GDWD� DUH�RXW�RI� WKH� UDQJH�RI� IRUHFDVWV�DV�VKRZQ� LQ�)LJ���E�� �7KH� UHVXOWV�
LQGLFDWH�WKDW�0'��LV�D�EHWWHU�PRGHO�LQ�SURYLGLQJ�HQVHPEOH�IRUHFDVWV�ZLWK�QDUURZHU�EDQGV��� 7DEOH����7KH�UHVXOW�RI�GDWD�IXVLRQ�PHWKRGV�IRU�IORRG�IRUHFDVWLQJ�LQ�WKH�5HG�ULYHU�� &DOLEUDWLRQ�� 9DOLGDWLRQ�0HWKRGV� 506(� �9(� &255� 506(� �9(� &255�
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UHVXOWHG�E\�GDWD�IXVLRQ

�E��)LJ�����7KH�EDQGZLGWK�RI�WKH�IRUHFDVWV�GHYHORSHG�E\�0'��WR�0'���D���DQG�0'���E��LQ�FDVH�VWXG\�,,��
���6800$5<�$1'�&21&/86,21��7KLV� SDSHU� LQYHVWLJDWHG� WKH� DSSOLFDWLRQ� RI�PXOWL�GDWD� IXVLRQ� DSSURDFK� LQWR� WKH� K\GURORJLFDO� IRUHFDVWLQJ�

XVLQJ�VL[�PHWKRGV��LQFOXGLQJ�D�QHZ�PHWKRG�EDVHG�RQ�WKH�.�QHDUHVW�QHLJKERXU�DOJRULWKP���7ZR�VWDWLVWLFDO�
DQG�WZR�HPSLULFDO�PRGHOV�ZHUH�XVHG�WR�IRUHFDVW�VHDVRQDO�LQIORZ�WR�WKH�=\DQGHK�UXG�UHVHUYRLU�LQ�,UDQ�DQG�
IORRG�GLVFKDUJH�LQ�WKH�5HG�5LYHU��&DQDGD��0XOWLSOH�OLQHDU�UHJUHVVLRQ��QRQ�SDUDPHWULF�.�QHDUHVW�QHLJKERXU�



0��$]PL�HW�DO���

,UDQLDQ�-RXUQDO�RI�6FLHQFH�	�7HFKQRORJ\��9ROXPH�����1XPEHU�%���������������������������������������������������������������������������)HEUXDU\������

��
UHJUHVVLRQ�� FRQYHQWLRQDO� PXOWLOD\HU� SHUFHSWURQ�� DQG� DQ� DUWLILFLDO� QHXUDO� QHWZRUN� LPSURYHG� IRU� H[WUHPH�
YDOXH�IRUHFDVWLQJ�ZDV�XVHG�IRU�WKLV�SXUSRVH��7KH�LPSURYHG�DFFXUDF\�RI�IRUHFDVWV�UHVXOWHG�E\�GDWD�IXVLRQ�
PHWKRGV� FRQILUPHG� WKDW� WKH� FRPELQHG� IRUHFDVWV� RXWSHUIRUP� IRUHFDVWV� RI� LQGLYLGXDO�PRGHOV� LQ� ERWK� FDVH�
VWXGLHV�� $QRWKHU� DLP� RI� WKH� SDSHU� ZDV� WR� H[DPLQH� WKH� DELOLW\� RI� WKH� SURSRVHG�.�11�EDVHG�PHWKRG� LQ�
FRPSDULVRQ�ZLWK�WKH�RWKHU�PHWKRGV��7KH�UHVXOWV�GHPRQVWUDWHG�WKDW�WKH�SURSRVHG�PHWKRG�RXWSHUIRUPV�RWKHU�
PHWKRGV� LQ� ERWK� FDVHV�� $OVR�� WKH� PHWKRG� EDVHG� RQ� WKH� DQDO\VLV� RI� SUHYLRXV� IRUHFDVW� HUURUV� ZDV�
GLVWLQJXLVKHG�DV�DQRWKHU�JRRG�PHWKRG�LQ�GDWD�IXVLRQ��,W�LV�FRQFOXGHG�WKDW�WLPH�YDU\LQJ�FRPELQLQJ�PHWKRGV�
ZKLFK�EHQHILW�IURP�WKH�XVH�RI�UHDO�WLPH�SUHGLFWRUV�LQ�WKHLU�IXVLRQ�SURFHGXUH�FRXOG�EH�PRUH�SURPLVLQJ�WKDQ�
RWKHUV��)XUWKHUPRUH��.�11�LPSURYHG�WKH�UHOLDELOLW\�RI�UHDO�WLPH�IRUHFDVWV�E\�GHFUHDVLQJ�WKH�EDQGZLGWK�RI�
WKH� HQVHPEOH� IRUHFDVW� LQ� ERWK� FDVHV�� 7KH� SURSRVHG� .�11�EDVHG� PHWKRG� KDV� WKH� SRWHQWLDO� WR� VXP� XS�
LQGLYLGXDO�PRGHOV�LQ�D�SUREDELOLVWLF�PDQQHU��ZKLFK�FRXOG�EH�FRQVLGHUHG�LQ�IXWXUH�VWXGLHV��

�
5()(5(1&(6��

��� +DOO��'��/����������0DWKHPDWLFDO�WHFKQLTXHV�LQ�PXOWLVHQVRU�GDWD�IXVLRQ� $UWHFK�+RXVH��%RVWRQ��0$��
��� 'DVDUDWK\�� %�� 9�� �������� 6HQVRU� IXVLRQ� SRWHQWLDO� H[SORLWDWLRQ�,QQRYDWLYH� DUFKLWHFKWXUHV� DQG� LOOXVWUDWLYH�

DSSOLFDWLRQV��3URFHHGLQJV�RI�WKH�,(((� 9RO������SS����������
��� 6HH��/��	�$EUDKDUW��5��-����������0XOWL�PRGHO�GDWD�IXVLRQ�IRU�K\GURORJLFDO�IRUHFDVWLQJ��&RPSXW��*HRVFL�������SS��

���±������
��� $EUDKDUW�5��	�/��6HH����������0XOWL�PRGHO�GDWD�IXVLRQ�IRU�ULYHU�IORZ�IRUHFDVWLQJ��DQ�YDOXDWLRQ�RI�VL[�DOWHUQDWLYH�

PHWKRGV�EDVHG�RQ�WZR�FRQWUDVWLQJ�FDWFKPHQWV��+\GURORJ\�DQG�(DUWK�6\VWHP�6FLHQFHV� 9RO�����1R�����SS������
�����

��� 6KX�� &�� 	� %XUQ�� '�� +�� �������� $UWLILFLDO� QHXUDO� QHWZRUN� HQVHPEOHV� DQG� WKHLU� DSSOLFDWLRQ� LQ� SRROHG� IORRG�
IUHTXHQF\�DQDO\VLV��:DWHU�5HVRXU��5HV���9RO�����:�������

��� $NVR\�� +�� �������� +\GURORJLFDO� YDULDELOLW\� RI� WKH� (XURSHDQ� SDUW� RI� 7XUNH\�� ,UDQLDQ� -RXUQDO� RI� 6FLHQFH� 	�
7HFKQRORJ\��7UDQVDFWLRQ�%��(QJLQHHULQJ� 9RO������1R��%���SS�����������

��� .DUOVVRQ��0��	�<DNRZLW]��6�� ��������1HDUHVW�QHLJKERU�PHWKRGV� IRU�QRQSDUDPHWULF� UDLQIDOO�UXQRII� IRUHFDVWLQJ��
:DWHU�5HVRXU��5HV�� 9RO������1R�����SS�������������

��� <DWHV�� '��� *DQJRSDGK\D\�� 6��� 5DMDJRSDODQ�� %�� 	� 6WU]HSHN�� .�� �������� $� WHFKQLTXH� IRU� JHQHUDWLQJ� UHJLRQDO�
FOLPDWH� VFHQDULRV� XVLQJ� D� QHDUHVW� QHLJKERU� DOJRULWKP�� :DWHU� 5HVRXU�� 5HV��� 9RO�� ���� 1R�� ��� ������
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