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�$EVWUDFW±� $� FRQFHUQ� WKDW� UHVHDUFKHUV� XVXDOO\� IDFH� LQ� GLIIHUHQW� DSSOLFDWLRQV� RI� $UWLILFLDO�1HXUDO�
1HWZRUN� �$11�� LV� GHWHUPLQDWLRQ� RI� WKH� VL]H� RI� HIIHFWLYH� GRPDLQ� LQ� WLPH� VHULHV�� ,Q� WKLV� SDSHU��
IUDFWDO� DQDO\VLV� ZDV� XVHG� RQ� JURXQGZDWHU� GHSWK� WLPH� VHULHV� WR� GHWHUPLQH� WKH� VL]H� RI� HIIHFWLYH�
GRPDLQ� LQ� WKH� VHULHV� LQ� DQ� REVHUYDWLRQ� ZHOO� LQ� 8QLRQ� &RXQW\�� 1HZ� -HUVH\�� 8�6�� 7KH� YDULDWLRQ�
PHWKRG� ZDV� DSSOLHG� WR� WKH� VHWV� FRQVLGHULQJ� GLIIHUHQW� GRPDLQV� RI� ���� ���� ���� ���� ����� DQG� ����
SUHFHGLQJ� GD\V� DQG� WKH� IUDFWDO� GLPHQVLRQ� ZDV� GHWHUPLQHG�� 7KH� IUDFWDO� GLPHQVLRQ� UHPDLQHG�
FRQVWDQW� �������ZKHQ� WKH� OHQJWK� RI� WKH� GRPDLQ� GHFUHDVHG� EHORZ� ��� GD\V��'DWD� VHWV� LQ� GLIIHUHQW�
GRPDLQV�ZHUH� IHG� WR�D�)HHG�)RUZDUG�%DFN�3URSDJDWLRQ�$11�ZLWK�RQH�KLGGHQ�OD\HU�DQG�WKH� WKH�
JURXQGZDWHU�GHSWKV�ZHUH�IRUHFDVWHG��5RRW�0HDQ�6TXDUH�(UURU��506(��DQG�WKH�FRUUHODWLRQ�IDFWRU�
�5�� RI�HVWLPDWHG�DQG�REVHUYHG�JURXQGZDWHU�GHSWKV�IRU�DOO�GRPDLQV�ZHUH�GHWHUPLQHG��,Q�JHQHUDO��
JURXQGZDWHU�GHSWK� IRUHFDVW� LPSURYHG�� DV� HYLGHQFHG�E\� ORZHU�506(V�DQG� KLJKHU�5�V��ZKHQ� WKH�
GRPDLQ�OHQJWK�LQFUHDVHG�IURP����WR������+RZHYHU�����GD\V�ZDV�VHOHFWHG�DV�WKH�HIIHFWLYH�GRPDLQ�
EHFDXVH�WKH�LPSURYHPHQW�ZDV�OHVV�WKDQ����EH\RQG�WKDW��)RUHFDVWHG�JURXQGZDWHU�GHSWKV�XWLOL]LQJ�
PHDVXUHG�GDLO\�GDWD��VHW�����DQG�GDWD�DYHUDJHG�RYHU�WKH�HIIHFWLYH�GRPDLQ��VHW�����ZHUH�FRPSDUHG��
,W�ZDV�SRVWXODWHG� WKDW� WKH�PRUH� DFFXUDWH�QDWXUH�RI� WKH�PHDVXUHG�GDLO\�GDWD�ZDV� WKH� UHDVRQ� IRU� D�
EHWWHU� IRUHFDVW�ZLWK� ORZHU�506(���������P�FRPSDUHG� WR�������P� LQ� VHW�����+RZHYHU��D�PDMRU�
GUDZEDFN�ZDV�WKH�VL]H�RI�WKH�LQSXW�GDWD�LQ�WKLV�VHW�ZKLFK�ZDV����WLPHV�WKH�VL]H�RI�WKH�LQSXW�GDWD�LQ�
VHW�����D�IDFWRU�WKDW�PD\�LQFUHDVH�WKH�FRPSXWDWLRQDO�HIIRUW�XQSUHGLFWDEO\��+HQFH��LW�ZDV�FRQFOXGHG�
WKDW�IUDFWDO�DQDO\VLV�PD\�EH�VXFFHVVIXOO\�XWLOL]HG�WR�ORZHU�WKH�VL]H�RI�LQSXW�GDWD�VHWV�FRQVLGHUDEO\��
ZKLOH�PDLQWDLQLQJ�WKH�HIIHFWLYH�LQIRUPDWLRQ�LQ�WKH�GDWD�VHW�������������.H\ZRUGV±�1HXUDO�QHWZRUNV��JURXQGZDWHU�GHSWK��IRUHFDVW��IUDFWDO�DQDO\VLV��� ���,1752'8&7,21��*URXQGZDWHU�LV�RQH�RI�WKH�PDMRU�VRXUFHV�RI�VXSSO\�IRU�GRPHVWLF��LQGXVWULDO��DQG�DJULFXOWXUDO�SXUSRVHV��,Q�

VRPH� DUHDV� JURXQGZDWHU� LV� WKH� RQO\� GHSHQGDEOH� VRXUFH� RI� VXSSO\�� ZKLOH� LQ� RWKHU� UHJLRQV� LW� LV� FKRVHQ�
EHFDXVH�RI�LWV�DYDLODELOLW\�>�@��*URXQGZDWHU�PRGHOV�SURYLGH�D�VFLHQWLILF�DQG�SUHGLFWLYH�WRRO�IRU�GHWHUPLQLQJ�
DSSURSULDWH� VROXWLRQV� WR� ZDWHU� DOORFDWLRQ�� VXUIDFH� ZDWHU±JURXQGZDWHU� LQWHUDFWLRQ� >�@�� ODQGVFDSH�
PDQDJHPHQW�RU� WKH� LPSDFW�RI�QHZ�GHYHORSPHQW�VFHQDULRV��)RU�PDQ\�SUDFWLFDO�SUREOHPV�RI�JURXQGZDWHU�
K\GURORJ\��VXFK�DV�DTXLIHU�GHYHORSPHQW��FRQWDPLQDWHG�DTXLIHU�UHPHGLDWLRQ��RU�SHUIRUPDQFH�DVVHVVPHQW�RI�
SODQQHG�ZDWHU�VXSSO\�SURMHFWV��LW�LV�QHFHVVDU\�WR�SUHGLFW�WKH�ZDWHU�WDEOH�DQG�LWV�IOXFWXDWLRQ�GXULQJ�WKH�\HDU��
:KLOH�GHSOHWLRQ�RI�JURXQGZDWHU�VXSSOLHV��FRQIOLFWV�EHWZHHQ�JURXQGZDWHU�DQG�VXUIDFH�ZDWHU�XVHUV��DQG�WKH�
SRWHQWLDO� IRU� JURXQGZDWHU� FRQWDPLQDWLRQ� DUH� FRQFHUQV� WKDW� ZLOO� EHFRPH� LQFUHDVLQJO\� LPSRUWDQW� LQ� DQ\�
EDVLQ�� WKH� FRQVHTXHQFHV� RI� DTXLIHU� GHSOHWLRQ� FDQ� OHDG� WR� ORFDO�ZDWHU� UDWLRQLQJ�� H[FHVVLYH� UHGXFWLRQV� LQ�
\LHOGV�� ZHOOV� JRLQJ� GU\� RU� SURGXFLQJ� HUUDWLF� JURXQGZDWHU� TXDOLW\� FKDQJHV�� &KDQJHV� LQ� IORZ� SDWWHUQV� RI�
JURXQG�ZDWHU�PD\�DOVR�UHVXOW��IRU�H[DPSOH��LQ�WKH�LQIORZ�RI�SRRUHU�TXDOLW\�ZDWHU�DQG�VHD�ZDWHU�LQWUXVLRQ�LQ�

5HFHLYHG�E\�WKH�HGLWRUV�0DUFK����������$FFHSWHG�2FWREHU�����������
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FRDVWDO�DUHDV��%HORZ�QRUPDO�JURXQGZDWHU�UHFKDUJH�WR�FUHHNV�DQG�VWUHDPV�GXULQJ�ORZ�IORZ�SHULRGV�FRXOG�
UHVXOW�LQ�UHGXFHG�VXSSOLHV�IRU�VXUIDFH�ZDWHU�VRXUFHV��7KHUHIRUH��FRQWLQXRXV�JURXQGZDWHU�OHYHO�PRQLWRULQJ�
LV� H[WUHPHO\� LPSRUWDQW��*URXQGZDWHU� OHYHOV�� LI� IRUHFDVWHG�ZHOO� LQ� DGYDQFH��PD\�KHOS� WKH� DGPLQLVWUDWRUV�
SODQ�JURXQGZDWHU�XWLOL]DWLRQ�PRUH�HIIHFWLYHO\��$OVR��IRU�WKH�RYHUDOO�GHYHORSPHQW�RI�WKH�EDVLQ��D�FRQWLQXRXV�
IRUHFDVW� RI� WKH� JURXQGZDWHU� OHYHO� LV� UHTXLUHG� WR� HIIHFWLYHO\� XVH� DQ\� VLPXODWLRQ� PRGHO� IRU� ZDWHU�
PDQDJHPHQW�>����@���

*URXQGZDWHU�V\VWHPV�SRVVHVV�IHDWXUHV�RI�FRPSOH[LW\��QRQ�OLQHDULW\��PXOWL�VFDOH�DQG�UDQGRPLFLW\��DOO�
LQIOXHQFHG� E\� QDWXUDO�DQWKURSLF� IDFWRUV�� ZKLFK� PDNH� SUHGLFWLRQV� KLJKO\� FRPSOLFDWHG�� ,Q� IDFW�� ZKHQ�
VXIILFLHQW�GDWD�DUH�XQDYDLODEOH��DQG�REWDLQLQJ�DFFXUDWH�SUHGLFWLRQV� LV�PRUH� LPSRUWDQW� WKDQ�XQGHUVWDQGLQJ�
WKH�DFWXDO�SK\VLFV�RI� WKH�VLWXDWLRQ��HPSLULFDO�PRGHOV� UHPDLQ�D�JRRG�DOWHUQDWLYH�PHWKRG�DQG�FDQ�SURYLGH�
XVHIXO� UHVXOWV�ZLWKRXW� WKH� UHTXLUHPHQW�RI� FRVWO\� FDOLEUDWLRQ� WLPH� >�@��7R�GDWH�� D�ZLGH�YDULHW\�RI�PRGHOV�
KDYH�EHHQ�GHYHORSHG�DQG�DSSOLHG�IRU�JURXQGZDWHU�IRUHFDVWLQJ�>�@��7KHVH�PRGHOV�FDQ�EH�FDWHJRUL]HG�LQWR�
HPSLULFDO� WLPH� VHULHV�PRGHOV� DQG� SK\VLFDO� GHVFULSWLYH�PRGHOV�� (PSLULFDO� WLPH� VHULHV�PRGHOV� KDYH� EHHQ�
ZLGHO\�XVHG�IRU�JURXQGZDWHU�OHYHO�PRGHOLQJ��>�@��3K\VLFV�EDVHG�PRGHOV�SUDFWLFDOO\�UHTXLUH�HQRUPRXV�GDWD��
LQ�SDUWLFXODU��GDWD�SHUWDLQLQJ�WR�VRLO�SK\VLFDO�SURSHUWLHV�RI�WKH�XQVDWXUDWHG�]RQH��WKDW�LV�JHQHUDOO\�GLIILFXOW�
RU�H[SHQVLYH��WR�VLPXODWH�ZDWHU�WDEOH�IOXFWXDWLRQV�>�@���

,Q� YLHZ� RI� WKHVH� IDFWRUV�� D� VWRFKDVWLF�PRGHO� EDVHG� RQ� FHUWDLQ� REVHUYDWLRQ� GDWD� UHTXLUHV� QR� VSHFLDO�
H[SHULPHQWV�DQG�EULQJV�HQRUPRXV�FRQYHQLHQFH�WR�WKH�SUHGLFWLRQ�RI�UHJLRQDO�VFDOH�JURXQGZDWHU�OHYHOV�>�@��
,Q� IDFW�� IOXFWXDWLRQV� RI� JURXQGZDWHU� OHYHOV� DUH� W\SLFDOO\� QRQOLQHDU� DQG� KHQFH�� PDQ\� K\GURORJLVWV� KDYH�
DWWHPSWHG�WR�XVH�PRGHUQ�VWDWLVWLFDO�PRGHOV�DQG�WHFKQLTXHV�LQ�ZDWHU�UHVRXUFHV�IRUHFDVWLQJ��LQFOXGLQJ�$11��
LQ�UHFHQW�\HDUV�>����@��$OWKRXJK�$11�ZDV�ILUVW�GHYHORSHG�LQ�������LW�ZDV�QRW�HPSOR\HG�LQ�ZDWHU�VFLHQFH�
XQWLO�WKH�����V��$11�KDV�EHHQ�SURYHQ�WR�EH�YHU\�HIIHFWLYH�LQ�PRGHOLQJ�YLUWXDOO\�DQ\�QRQOLQHDU�IXQFWLRQ�WR�
DQ�DUELWUDU\�GHJUHH�RI�DFFXUDF\��,W�FRYHUV�D�ZLGH�UDQJH�RI�DSSOLFDWLRQV�LQYROYLQJ�K\GURORJLF�DQDO\VHV�DQG�
SUHGLFWLRQV��DQG�WKH�HYDOXDWLRQ�RI�ZDWHU�TXDOLW\�>��������@��7KH�PDLQ�DGYDQWDJH�RI�$11�RYHU�WUDGLWLRQDO�
PHWKRGV�LV�WKDW�LW�GRHV�QRW�UHTXLUH�WKH�FRPSOH[�QDWXUH�RI�WKH�XQGHUO\LQJ�SURFHVVHV�XQGHU�FRQVLGHUDWLRQ�WR�
EH�H[SOLFLWO\�GHVFULEHG�LQ�D�PDWKHPDWLFDO�IRUP��D�IHDWXUH�WKDW�PDNHV�$11�DQ�DWWUDFWLYH�WRRO�IRU�PRGHOLQJ�
ZDWHU�WDEOH�IOXFWXDWLRQV�>��������@��

0RVW�RI�WKH�SXEOLVKHG�$11�PRGHOV�KDYH�EHHQ�UHVWULFWHG�LQ�WKHLU�XVH�RZLQJ�WR�WKHLU�FRPSOH[�VWUXFWXUH�
DQG�DOJRULWKP�>���������@��$PRQJ�GLIIHUHQW� VWUXFWXUHV��%DFN�3URSDJDWLRQ�$11��%3$11��KDV�D�VLPSOHU�
VWUXFWXUH�DQG�DOJRULWKP�DQG�KDV�EHHQ�DSSOLHG�ZLGHO\�LQ�VXUIDFH�ZDWHU��JURXQGZDWHU��DQG�RWKHU�ILHOGV�ZLWK�
HQFRXUDJLQJ�UHVXOWV��WKRXJK�LW�KDV�VRPH�GHIHFWV�>���������������@��,Q�SDUWLFXODU��%3$11�KDV�EHHQ�DSSOLHG�WR�
DULG�DQG�VHPL�DULG�DUHDV�RI�ZHVWHUQ�-LOLQ�SURYLQFH�LQ�&KLQD��7KH�VLPXODWLRQ�UHVXOWV�LQGLFDWHG�WKDW�%3$11�
ZDV�DFFXUDWH�LQ�UHSURGXFLQJ��ILWWLQJ��WKH�JURXQGZDWHU�OHYHOV�>��@��

$ FRQFHUQ�WKDW�UHVHDUFKHUV�XVXDOO\�IDFH�LQ�GLIIHUHQW�DSSOLFDWLRQV�RI�$11V�LV�GHWHUPLQDWLRQ�RI�WKH�VL]H�
RI�HIIHFWLYH�GRPDLQ�LQ�WLPH�VHULHV�>��@��7KH�PDLQ�DSSURDFK�WR�DGGUHVV�WKLV�FRQFHUQ�KDV�EHHQ�WULDO�DQG�HUURU�
>��@�� ,W� LV�ZHOO�NQRZQ�WKDW� WKH�VFDOH� LQYDULDQFH� LV� WKH� LQWULQVLF�SURSHUW\�RI�VRPH�LUUHJXODU�VWUXFWXUHV�DQG�
SDWWHUQV�SRVVHVVLQJ�VHOI�VLPLODULW\�RQ�FHUWDLQ�VSDFH�DQG�WLPH�VFDOHV�>������@��7KLV�IDFW�LV�XWLOL]HG�LQ�IUDFWDO�
DQDO\VLV� WR� GHWHFW� WKH� VFDOH� LQYDULDQFH� LQ� D� SDUWLFXODU�GDWD� VHW��:KHQ� DQDO\]LQJ� HPSLULFDO� GDWD� IRU� VFDOH�
LQYDULDQFH�ZLWK�IUDFWDO�WKHRU\��VRPH�DSSURDFKHV�KDYH�EHHQ�SURSRVHG�WR�HVWLPDWH�WKH�GLPHQVLRQ�RI�WKH�GDWD�
VHW��D�GLPHQVLRQ�WKDW�PD\�EH�LQWHUSUHWHG�DV�WKH�GHJUHH�RI�LUUHJXODULW\�E\�ZKLFK�WKH�VHW�LV�GLVWULEXWHG�>��@��

,Q�WKLV�SDSHU��D�FRPELQDWLRQ�RI�IUDFWDO�DQDO\VLV�DQG�DUWLILFLDO�QHXUDO�QHWZRUN�ZDV�DSSOLHG�WR�IRUHFDVW�
JURXQGZDWHU�GHSWK��)UDFWDO�DQDO\VLV�ZDV�XVHG�RQ�JURXQGZDWHU�GHSWK�WLPH�VHULHV�WR�GHWHUPLQH� WKH�VL]H�RI�
HIIHFWLYH� GRPDLQ� LQ� WKH� VHULHV�� 7KH� HIIHFWLYH� GRPDLQ� ZDV� WKHQ� XVHG� LQ� D� %3$11� WR� RSWLPL]H� LWV�
SHUIRUPDQFH�LQ�IRUHFDVWLQJ�JURXQGZDWHU�GHSWK�LQ�DQ�REVHUYDWLRQ�ZHOO�LQ�8QLRQ�&RXQW\��1HZ�-HUVH\��8�6��
,Q�RUGHU� WR�GHWHUPLQH� WKH�HIIHFWLYHQHVV�RI� WKLV� FRPELQDWLRQ��GLIIHUHQW�GRPDLQV�RI� WKH�VHULHV�ZHUH� IHG�DV�
LQSXWV�WR�WKH�$11�DQG�WKH�UHVXOWV�ZHUH�FRPSDUHG��
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1HXUDO� QHWZRUNV� KDYH� JRQH� WKURXJK� WZR�PDMRU� GHYHORSPHQW� SHULRGV�� WKH� HDUO\� ��¶V�� DQG� WKH�PLG� ��¶V��
7KH\�ZHUH�D�NH\�GHYHORSPHQW�LQ�WKH�ILHOG�RI�PDFKLQH�OHDUQLQJ��$UWLILFLDO�1HXUDO�1HWZRUNV�ZHUH�LQVSLUHG�
E\�ELRORJLFDO�ILQGLQJV�UHODWLQJ�WR�WKH�EHKDYLRU�RI�WKH�EUDLQ�DV�D�QHWZRUN�RI�XQLWV�FDOOHG�QHXURQV�>��@��

7KH� IXQGDPHQWDO� EXLOGLQJ� EORFN� LQ� DQ� $UWLILFLDO� 1HXUDO� 1HWZRUN� LV� WKH� PDWKHPDWLFDO� PRGHO� RI� D�
QHXURQ�DV�VKRZQ�LQ�)LJ�����7KH�WKUHH�EDVLF�FRPSRQHQWV�RI�DQ�DUWLILFLDO�QHXURQ�DUH��
��� 7KH�V\QDSVHV�RU�FRQQHFWLQJ�OLQNV�WKDW�SURYLGH�ZHLJKWV��ZM� WR�WKH�LQSXW�YDOXHV��[M IRU�DOO�QRGHV��M� �������P���
��� $Q�DGGHU�WKDW�VXPV�WKH�ZHLJKWHG�LQSXW�YDOXHV�WR�FRPSXWH�WKH�LQSXW�WR�WKH�DFWLYDWLRQ�IXQFWLRQ��
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ZKHUH� Z� LV� FDOOHG� WKH� ELDV� �QRW� WR� EH� FRQIXVHG� ZLWK� VWDWLVWLFDO� ELDV� LQ� SUHGLFWLRQ� RU� HVWLPDWLRQ��� D�
QXPHULFDO�YDOXH�DVVRFLDWHG�ZLWK�HDFK�QHXURQ��,W�LV�FRQYHQLHQW�WR�WKLQN�RI�WKH�ELDV�DV�WKH�ZHLJKW�IRU�DQ�LQSXW�
[� ZKRVH�YDOXH�LV�DOZD\V�HTXDO�WR�RQH���
��� $Q�DFWLYDWLRQ� IXQFWLRQ�J� �DOVR�FDOOHG� VTXDVKLQJ� IXQFWLRQ��PDSV�Y� WR�J�Y��� D�PRQRWRQH� IXQFWLRQ� WKDW�

UHSUHVHQWV�WKH�RXWSXW�YDOXH�RI�WKH�QHXURQ��
�

)LJ�����6FKHPDWLFV�RI�D�PDWKHPDWLFDO�PRGHO�RI�D�QHXURQ� )LJ�����'LDJUDP�RI�D�IHHG�IRUZDUG�EDFN�SURSDJDWLRQ�QHWZRUN�
D��1HWZRUN�DUFKLWHFWXUH��

:KLOH�WKHUH�DUH�QXPHURXV�GLIIHUHQW�$11�DUFKLWHFWXUHV�WKDW�KDYH�EHHQ�VWXGLHG�E\�UHVHDUFKHUV��WKH�PRVW�
VXFFHVVIXO�DSSOLFDWLRQV�LQ�GDWD�PLQLQJ�KDYH�EHHQ�PXOWLOD\HU�IHHGIRUZDUG�QHWZRUNV��)LJXUH���LV�D�GLDJUDP�
IRU�WKLV�DUFKLWHFWXUH�>��@���
��� )HHG� IRUZDUG� EDFN� SURSDJDWLRQ� �))%3�� QHXUDO� QHWZRUN�� 7UDLQLQJ� DQ� $11� LV� D� PDWKHPDWLFDO�
H[HUFLVH�WKDW�RSWLPL]HV�DOO�RI�WKH�$11¶V�ZHLJKWV�DQG�WKUHVKROG�YDOXHV��XVLQJ�VRPH�IUDFWLRQ�RI�WKH�DYDLODEOH�
GDWD��2SWLPL]DWLRQ�URXWLQHV�FDQ�EH�XVHG�WR�GHWHUPLQH�WKH�LGHDO�QXPEHU�RI�XQLWV�LQ�WKH�KLGGHQ�OD\HU�DQG�WKH�
QDWXUH�RI�WKHLU�WUDQVIHU�IXQFWLRQV�>��@��7KH�SUHVHQW�VWXG\�HPSOR\HG�D�VWDQGDUG�EDFN�SURSDJDWLRQ�DOJRULWKP�
IRU� WUDLQLQJ�� DQG� WKH� QXPEHU� RI� KLGGHQ� QHXURQV� LV� RSWLPL]HG� E\� D� WULDO� DQG� HUURU� SURFHGXUH�� ,Q� WKHVH�
QHWZRUNV�� WKHUH� LV�DQ� LQSXW� OD\HU�FRQVLVWLQJ�RI�QRGHV� WKDW� VLPSO\�DFFHSW� WKH� LQSXW�YDOXHV�DQG�VXFFHVVLYH�
OD\HUV� RI� QRGHV� WKDW� DUH� QHXURQV� DV� GHSLFWHG� LQ� )LJ�� ��� 7KH� RXWSXWV� RI� QHXURQV� LQ� D� OD\HU� DUH� LQSXWV� WR�
QHXURQV� LQ�WKH�QH[W�OD\HU��7KH�ODVW�OD\HU� LV�FDOOHG� WKH�RXWSXW� OD\HU��/D\HUV�EHWZHHQ�WKH� LQSXW�DQG�RXWSXW�
OD\HUV�DUH�NQRZQ�DV�KLGGHQ�OD\HUV���
��� (YDOXDWLRQ� FULWHULD��5RRW�0HDQ� 6TXDUH� (UURU� �506(�� FULWHULRQ� LV� XVHG� E\� UHVHDUFKHUV� LQ� RUGHU� WR�
HYDOXDWH�WKH�HIIHFWLYHQHVV�RI�HDFK�QHWZRUN�LQ�LWV�DELOLW\�WR�PDNH�SUHFLVH�SUHGLFWLRQV�>��@��,W�LV�FDOFXODWHG�E\�
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:KHUH� L\ LV� WKH� REVHUYHG� GDWD�� L\Ö LV� WKH� FDOFXODWHG� GDWD�� DQG� 1 LV� WKH� QXPEHU� RI� REVHUYDWLRQV��
4XDOLWDWLYHO\�VSHDNLQJ��506(�UHIOHFWV�WKH�GLVFUHSDQF\�EHWZHHQ�WKH�REVHUYHG�DQG�FDOFXODWHG�YDOXHV��7KH�
ORZHU�WKH�506(��WKH�PRUH�DFFXUDWH�WKH�SUHGLFWLRQ��� ���)5$&7$/�$1$/<6,6��
7KH�IUDFWDO�FRQFHSW��ILUVW�GHYHORSHG�E\�0DQGHOEURW��������ZKR�FRLQHG�WKH�WHUP�IURP�WKH�/DWLQ�DGMHFWLYH�
³IUDFWXV´�� SURYLGHV� D� XVHIXO� WRRO� WR� TXDQWLI\� WKH� LQKHUHQW� LUUHJXODULW\� RI� SKHQRPHQD� )UDFWDOV� DUH� RIWHQ�
VWXGLHG�ZLWK� WKH� DLG� RI� IUDFWDO� GLPHQVLRQ� 7KHUH� DUH�PDQ\�PHWKRGV� DYDLODEOH� IRU� HVWLPDWLQJ� WKH� IUDFWDO�
GLPHQVLRQ�RI�D�GDWD�VHW��7KH�PRVW�SRSXODU�RQHV�IRU�DVVLJQLQJ�IUDFWDO�GLPHQVLRQV�WR�WLPH�VHULHV�DUH�WKH�ER[�
FRXQWLQJ�PHWKRG��UHVFDOHG�UDQJH�DQDO\VLV��DQG�YDULDWLRQ�PHWKRG��)URP�WKHVH�WKUHH��WKH�YDULDWLRQ�PHWKRG�LV�
YHU\�JRRG�IRU�WLPH�VHULHV�DQDO\VHV�>��@��'XEXF�HW�DO��GHVFULEHG�WKH�YDULDWLRQ�PHWKRG�DV�D�PHWKRG�WKDW�JLYHV�
PRUH�DFFXUDWH�UHVXOWV�WKDQ�WKH�VWDQGDUG�ER[�FRXQWLQJ�PHWKRG��DV�ZHOO�DV�EHLQJ�PRUH�UREXVW�DQG�HIILFLHQW�
>��@��7KH�PHWKRG�XVHV� FRYHULQJV�EXLOW�RXW�RI� LQWHUYDOV�H � UDWKHU� WKDQ�ER[HV��$�YHU\� VLPSOH� H[DPSOH�RI�
FRYHULQJ�D�FXUYH�FRQVWUXFWHG�E\�WKH�YDULDWLRQ�PHWKRG�LV�VKRZQ�LQ�)LJ�����7KH�FRYHULQJ�LV�FRQVWUXFWHG�E\�
GHWHUPLQLQJ�RVFLOODWLRQV�DW�LQWHUYDO�SRLQWV�DORQJ�WKH�FXUYH��,I�WKH�FXUYH�LV�ODEHOHG�[ �W�� WKH�RVFLOODWLRQ�DW�D�
SRLQW�[ �W�� LV�VLPSO\���� ��PLQ��PD[����� � WWH [[W[9 � IRU� ��� �� HHW ��� WW � ����
7KLV�FRUUHVSRQGV�WR�WKH�KHLJKW�RI�WKH�FRYHU�VKRZQ�LQ�)LJ�����7KH�LQWHUYDO�VSDQ�H � JLYHV�WKH�VFDOH�DW�ZKLFK�
RQH�PHDVXUHV�WKH�RVFLOODWLRQV��PXFK�VLPLODU�WR�WKH�VSDQ�RI�ER[HV�LQ�WKH�ER[�FRXQWLQJ�PHWKRG��)RU�D�FHUWDLQ�H WKH�FRYHUDJH�VXUIDFH�DUHD��IRXQG�E\�LQWHJUDWLQJ�9 RYHU�WKH�FXUYH��LV�NQRZQ�DV�WKH�YDULDWLRQ�RI�[� DQG�LV�
GHQRWHG�9 �H ���2EYLRXVO\��WKH�GHSHQGHQFH�RI�9 �H � WR� H LV�VXFK�WKDW�DV� H GHFUHDVHV��VR�GRHV�9 � �H � ,Q�
RUGHU� WR� ILQG� WKH� IUDFWDO� GLPHQVLRQ�� WKH� UDWH� DW� ZKLFK� WKH� DUHD�� 9 ��H � GHFUHDVHV� DV� H WHQGV� WR� � LV�
FDOFXODWHG�� 7KH� DSSURDFK� WR� GHULYH� IUDFWDO� GLPHQVLRQ� LV� D� PDWKHPDWLFDO� SURFHGXUH� H[SODLQHG� LQ� WKH�
UHIHUHQFHV��,W�WXUQV�RXW�WKDW�D�ORJ�ORJ�SORW�RI� HHH ������ �YV9 JLYHV�WKH�IUDFWDO�GLPHQVLRQ�DV�LWV�VORSH�>������@���

)LJ�����$�W\SLFDO�FRYHULQJ�IRU�DQ�DUELWUDU\�UHFRUG�E\�YDULDWLRQ�PHWKRG�>��@�
�� 678'<�$5($��

8QLRQ�&RXQW\�:HOO��ZHOO�����������LV�ORFDWHG�LQ�1HZ�-HUVH\��86��6LWH��������������������ZLWK��� ��
�� QRUWK�ODWLWXGH�DQG��� �� �� HDVW�ORQJLWXGH��7KH�ZHOO�GHSWK�LV�����IW�DQG�JURXQG�VXUIDFH�HOHYDWLRQ�LV�
������ IW� DERYH� PHDQ� VHD� OHYHO�� 7KH� ZHOO� ZDV� FRPSOHWHG� LQ� �(DUO\� 0HVR]RLF� EDVLQ� DTXLIHUV��

7LPH�

[�W��
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)HEUXDU\������������������������������������������������,-67��7UDQVDFWLRQV�RI�&LYLO�DQG�(QYLURQPHQWDO�(QJLQHHULQJ��9ROXPH�����1XPEHU�&��

���
�1���(5/0=&��LQ�WKH�86�QDWLRQDO�DTXLIHU��)LJ������7KH�GDLO\�GDWD�DUH�UHFRUGHG�E\�86*6�IRU�D�SHULRG�RI�
���\HDUV��IURP������WR�������H[FHSW�IRU�DQ���\HDU�JDS�������WR�������>��@��,Q�WKLV�SDSHU�D�FRPELQDWLRQ�RI�
IUDFWDO� GLPHQVLRQ� �YDULDWLRQ� PHWKRG�� ZLWK� $11� �)HHG)RUZDUG� %DFNSURSDJDWLRQ�� ZDV� XVHG� WR� IRUHFDVW�
JURXQGZDWHU�GHSWKV�UHFRUGHG�LQ�WKH�ZHOO���

)LJ�����/RFDWLRQ�RI�8QLRQ�&RXQW\�:HOO�LQ�1HZ�-HUVH\��86�
� ���02'(/�6758&785(��

D��,QSXW�YHFWRU�VHOHFWLRQ��
2QH�RI�WKH�PRVW�LPSRUWDQW�VWHSV�LQ�WKH�PRGHO�GHYHORSPHQW�SURFHVV�LV�WKH�GHWHUPLQDWLRQ�RI�VLJQLILFDQW�LQSXW�
YDULDEOHV�DQG�WKH�HIIHFWLYH�GRPDLQ�RI�HDFK�SDUDPHWHU��8VXDOO\��QRW�DOO�RI�WKH�SRWHQWLDO�LQSXW�YDULDEOHV�ZLOO�
EH�HTXDOO\�LQIRUPDWLYH�VLQFH�VRPH�PD\�EH�FRUUHODWHG��QRLV\��RU�KDYH�QR�VLJQLILFDQW�UHODWLRQVKLS�ZLWK�WKH�
RXWSXW�YDULDEOH�EHLQJ�PRGHOHG�>��@��*HQHUDOO\��VRPH�GHJUHH�RI�D SULRUL�NQRZOHGJH�LV�XVHG�WR�VSHFLI\�WKH�
LQLWLDO�VHW�RI�FDQGLGDWH�LQSXWV�>������@��$OWKRXJK�D SULRUL�LGHQWLILFDWLRQ�LV�ZLGHO\�XVHG�LQ�PDQ\�DSSOLFDWLRQV�
DQG�LV�QHFHVVDU\�WR�GHILQH�D�FDQGLGDWH�VHW�RI�LQSXWV��LW�LV�GHSHQGHQW�RQ�DQ�H[SHUW¶V�NQRZOHGJH��DQG�KHQFH��LV�
YHU\�VXEMHFWLYH�DQG�FDVH�GHSHQGHQW��:KHQ�WKH�UHODWLRQVKLS�WR�EH�PRGHOHG�LV�QRW�ZHOO�XQGHUVWRRG��WKHQ�DQ�
DQDO\WLFDO�WHFKQLTXH��VXFK�DV�3ULQFLSDO�$[HV�&RPSRQHQW��LV�RIWHQ�HPSOR\HG�>�����@���

,Q�WKLV�SDSHU��GDLO\�GHSWK�WR�JURXQGZDWHU�ZDV�XVHG�DV�WKH�LQSXW��7KH�IUDFWDO�GLPHQVLRQ�RI�PHDVXUHG�
GDWD�ZDV�XVHG�WR�HYDOXDWH�WKH�HIIHFWLYH�GRPDLQ��7ZR�VHWV�RI�GDWD��PHDVXUHG�GDLO\�GDWD��VHW�����DQG�GDWD�
DYHUDJHG�RYHU�WKH�HIIHFWLYH�GRPDLQ��VHW�����ZHUH�XVHG�WR�IRUHFDVW�JURXQGZDWHU�GHSWKV����
E��+LGGHQ�QHXURQV�RSWLPL]DWLRQ��

,Q�RUGHU�WR�HQVXUH�JRRG�JHQHUDOL]DWLRQ�DELOLW\�E\�DQ�$11�PRGHO��D�QXPEHU�RI�HPSLULFDO�UHODWLRQVKLSV�
EHWZHHQ�WKH�QXPEHU�RI�WUDLQLQJ�VDPSOHV�DQG�WKH�QXPEHU�RI�FRQQHFWLRQ�ZHLJKWV�KDYH�EHHQ�VXJJHVWHG�LQ�WKH�
OLWHUDWXUH�>��@��+RZHYHU��QHWZRUN�JHRPHWU\�LV�JHQHUDOO\�KLJKO\�SUREOHP�GHSHQGHQW�DQG�WKHVH�JXLGHOLQHV�GR�
QRW�HQVXUH�RSWLPDO�QHWZRUN�JHRPHWU\��ZKHUH�RSWLPDOLW\�LV�GHILQHG�DV�WKH�VPDOOHVW�QHWZRUN�WKDW�DGHTXDWHO\�
FDSWXUHV�WKH�UHODWLRQVKLSV�LQ� WKH�WUDLQLQJ�GDWD��SULQFLSOH�RI�3DUVLPRQ\��� ,Q�DGGLWLRQ�� WKHUH�LV�TXLWH�D�KLJK�
YDULDELOLW\�LQ�WKH�QXPEHU�RI�KLGGHQ�QRGHV�VXJJHVWHG�E\�YDULRXV�UXOHV��:KLOH�UHVHDUFK�LV�EHLQJ�FRQGXFWHG�LQ�
WKLV� GLUHFWLRQ� E\� WKH� VFLHQWLVWV� ZRUNLQJ� LQ� $11V�� LW� PD\� EH� QRWHG� WKDW� WUDGLWLRQDOO\�� RSWLPDO� QHWZRUN�
JHRPHWULHV�KDYH�EHHQ�IRXQG�E\�WULDO�DQG�HUURU�>��@���

,Q� WKLV� SDSHU�� WKH� QXPEHU� RI� KLGGHQ� OD\HUV� LQ� WKH� QHWZRUN�� ZKLFK� LV� UHVSRQVLEOH� IRU� FDSWXULQJ� WKH�
G\QDPLF� DQG� FRPSOH[� UHODWLRQVKLS� EHWZHHQ� LQSXW� DQG�RXWSXW� YDULDEOHV��ZDV� LGHQWLILHG�E\� YDULRXV� WULDOV��
7KH�WULDO�DQG�HUURU�SURFHGXUH�VWDUWHG�ZLWK�RQH�KLGGHQ�OD\HU�LQLWLDOO\��DQG�WKH�QXPEHU�RI�KLGGHQ�OD\HUV�ZDV�

/RFDWLRQ�RI�8QLRQ�&RXQW\�:HOO
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���
LQFUHDVHG�XS�WR���ZLWK�D�VWHS�VL]H�RI���LQ�HDFK�WULDO��)RU�HDFK�VHW�RI�KLGGHQ�OD\HUV��WKH�QHWZRUN�ZDV�WUDLQHG�
LQ�EDWFK�PRGH�WR�PLQLPL]H�WKH�PHDQ�VTXDUH�HUURU�DW�WKH�RXWSXW�OD\HU��7KH�WUDLQLQJ�ZDV�VWRSSHG�ZKHQ�WKHUH�
ZDV�QR�VLJQLILFDQW�LPSURYHPHQW�LQ�WKH�HIILFLHQF\��DQG�WKH�PRGHO�ZDV�WKHQ�WHVWHG�IRU�LWV�JHQHUDO�SURSHUWLHV����F��,QWHUQDO�SDUDPHWHUV�RI�WKH�PRGHO��

$ VLJPRLG� IXQFWLRQ� ZDV� XVHG� DV� WKH� DFWLYDWLRQ� IXQFWLRQ� LQ� ERWK� KLGGHQ� DQG� RXWSXW� OD\HUV�� $V� WKH�
VLJPRLG�WUDQVIHU�IXQFWLRQ�KDV�EHHQ�XVHG�LQ�WKH�PRGHO��WKH�LQSXW�RXWSXW�GDWD�KDYH�EHHQ�VFDOHG�DSSURSULDWHO\�
WR�IDOO�ZLWKLQ�WKH�IXQFWLRQ�OLPLWV��$�VWDQGDUG�EDFN�SURSDJDWLRQ�DOJRULWKP�KDV�EHHQ�HPSOR\HG�WR�HVWLPDWH�
WKH� QHWZRUN� SDUDPHWHUV� >��@�� 7KH� OHDUQLQJ� UDWH� ZDV� KHOG� FRQVWDQW� WKURXJKRXW� WUDLQLQJ� LQ� WKH� VWDQGDUG�
VWHHSHVW�GHVFHQW��EDFN�SURSDJDWLRQ��SURFHVV��� �� 5(68/76��
0RQLWRUHG�GDLO\�JURXQGZDWHU�GHSWKV�LQ�WKH�8QLRQ�&RXQW\�:HOO�IURP�0DU������WR�0DU������DUH�VKRZQ�LQ�
)LJ����DV�D�WLPH�VHULHV��7KH�IOXFWXDWLQJ�QDWXUH�RI�WKH�GDWD�UHIOHFWV�D�IUDFWDO�FKDUDFWHU�ZKLFK�KDV�DQ�DYHUDJH��
PLQLPXP�� PD[LPXP�� DQG� VWDQGDUG� GHYLDWLRQ� RI� �����P� �����P� ������P� DQG� ������P� UHVSHFWLYHO\��
9DULDWLRQ�PHWKRG�ZDV�DSSOLHG�WR�WKH�GDWD�VHW�FRQVLGHULQJ�GLIIHUHQW�GRPDLQV�RI����������������������DQG�����
SUHFHGLQJ�GD\V� DQG� WKH� IUDFWDO� GLPHQVLRQV�ZHUH� GHWHUPLQHG� �7DEOH� ���� )LJXUH� �� VKRZV� D� W\SLFDO� IUDFWDO�
GLPHQVLRQ� GHWHUPLQDWLRQ� FXUYH� IRU� D� GRPDLQ� RI� ��� GD\V�� $V� VKRZQ� RQ� 7DEOH� ��� WKH� IUDFWDO� GLPHQVLRQ�
UHPDLQHG�FRQVWDQW������� ZKHQ�WKH�OHQJWK�RI�WKH�GRPDLQ�GHFUHDVHG�EHORZ����GD\V���

'DWD�VHWV�LQ�GLIIHUHQW�GRPDLQV�ZHUH�IHG�WR�$11�DQG�JURXQGZDWHU�GHSWK�ZDV�IRUHFDVWHG��)LJXUHV�������
DQG���GHSLFW�HVWLPDWHG�YHUVXV�REVHUYHG�JURXQGZDWHU�GHSWKV�IRU�D����\HDU�SHULRG�FRQVLGHULQJ�WKH�GRPDLQV�
RI� ���� ���� DQG� ���� SUHFHGLQJ� GD\V�� UHVSHFWLYHO\��5RRW�0HDQ�6TXDUH�(UURU� �506(�� DQG� WKH� FRUUHODWLRQ�
IDFWRU��5�� RI�WKH�HVWLPDWHG�DQG�REVHUYHG�JURXQGZDWHU�GHSWKV�IRU�DOO�GRPDLQV�DUH�DOVR�SUHVHQWHG�LQ�7DEOH�
���,Q�JHQHUDO��ZKHQ�WKH�GRPDLQ�OHQJWK�LQFUHDVHG�IURP����WR������JURXQGZDWHU�GHSWK�IRUHFDVW�ZDV�LPSURYHG�
DV�HYLGHQFHG�E\�WKH�ORZHU�506(V�����������FRPSDUHG�WR����������P� DQG�KLJKHU�5�V ���������FRPSDUHG�
WR� ���������� +RZHYHU�� WKH� LPSURYHPHQW� ZDV� OHVV� WKDQ� ��� EH\RQG� WKH� GRPDLQ� OHQJWK� RI� ��� GD\V�� DQ�
DFKLHYHPHQW�ZKLFK�PD\�QRW�RIIVHW�WKH�GUDZEDFNV��

�&RPSDULQJ�7DEOHV���DQG����WKH�GDWD�LQ�WKH����GD\�GRPDLQ�ZDV�VHOHFWHG�DV�WKH�HIIHFWLYH�GDWD�ZKLFK�
UHTXLUHG�D�UHDVRQDEOH�FRPSXWDWLRQDO�HIIRUW�DQG�\LHOGHG�DQ�DFFHSWDEOH�5� ��������� DQG�506(�����������
P���,W�ZDV�FRQFOXGHG�WKDW�IUDFWDO�GLPHQVLRQ�PD\�EH�VXFFHVVIXOO\�XWLOL]HG�WR�ORZHU�WKH�VL]H�RI�LQSXW�GDWD�VHWV�
FRQVLGHUDEO\��ZKLOH�PDLQWDLQLQJ�WKH�HIIHFWLYH�LQIRUPDWLRQ�LQ�WKH�GDWD�VHW��7KH�FDOFXODWHG�HIIHFWLYH�GRPDLQ�
���� GD\V�� DJUHHV� ZHOO� ZLWK� WKH� HIIHFWLYH� GRPDLQ� RI� D� IHZ� PRQWKV� UHSRUWHG� E\� RWKHU� UHVHDUFKHUV� RQ�
JURXQGZDWHU�GHSWK�WLPH�VHULHV��

6WDWLVWLFDO�SDUDPHWHUV�RI�WUDLQLQJ�DQG�WHVWLQJ�WKH�QHWZRUN�ZLWK�WKH�WZR�GDWD�VHWV�FRQVLGHULQJ�GLIIHUHQW�
QXPEHUV�RI�KLGGHQ�OD\HUV�DUH�VKRZQ�LQ�7DEOH����$V�VKRZQ��HUURUV�DUH�ERXQG�WR�DFFHSWDEOH�YDOXHV��OHVV�WKDQ�
������ DQG�W\SLFDOO\�VPDOOHU�LQ�ORZHU�QXPEHUV�RI�KLGGHQ�OD\HUV�IRU�ERWK�GDWD�VHWV��1R�RYHU�IORZLQJ�ZDV�
REVHUYHG�LQ�HLWKHU�VHWV�RI�GDWD�DQG�LW�ZDV�FRQFOXGHG�WKDW�GDWD�ZLWK�RQH�KLGGHQ�OD\HU�ZDV�VXIILFLHQW�IRU�WKH�
DFFXUDF\�RI�WKH�QHWZRUN��

&RPSDULVRQ�RI�WKH�HVWLPDWHG�GDWD��EDVHG�RQ�GDWD�DYHUDJHG�RYHU�WKH�HIIHFWLYH�GRPDLQ��VHW�����DQG�WKH�
REVHUYHG�GDWD�LV�VKRZQ�LQ�)LJ������6LPLODU�FRPSDULVRQ�IRU�WKH�HVWLPDWHG�GDWD��EDVHG�RQ�GDLO\�GDWD�LQ�WKH�
HIIHFWLYH�GRPDLQ��VHW�����DQG�WKH�REVHUYHG�GDWD�ZDV�VKRZQ�LQ�)LJ�����&RPSDULQJ�)LJV����DQG�����LW�ZDV�
SRVWXODWHG� WKDW� WKH� PRUH� DFFXUDWH� QDWXUH� RI� GDWD� VHW� ��� �VKRZQ� LQ� )LJ�� ��� ZDV� WKH� UHDVRQ� IRU� D� EHWWHU�
SUHGLFWLRQ�ZLWK�D�ORZHU�506(���������P�FRPSDUHG�WR�������P���+RZHYHU��RQH�PDMRU�GUDZEDFN�ZDV�WKH�
VL]H�RI�WKH�LQSXW�GDWD�LQ�VHW����ZKLFK�ZDV����WLPHV�WKH�VL]H�RI�WKH�LQSXW�GDWD�LQ�VHW�����D�IDFWRU�WKDW�PD\�
LQFUHDVH� WKH� FRPSXWDWLRQDO� HIIRUW� XQSUHGLFWDEO\�� +HQFH�� LW� ZDV� FRQFOXGHG� WKDW� IUDFWDO� DQDO\VLV� PD\� EH�
VXFFHVVIXOO\�XWLOL]HG� WR� ORZHU� WKH�VL]H�RI� LQSXW�GDWD�VHWV�FRQVLGHUDEO\��ZKLOH�\LHOGLQJ�DFFHSWDEOH�506(�
������� P� LQ� RXU� FDVH�� DV� ZHOO�� ,Q� RWKHU� ZRUGV�� WKH� SURSRVHG� PHWKRG� PD\� EH� XWLOL]HG� WR� IRUHFDVW�



$ FRPELQDWLRQ�RI�IUDFWDO�DQDO\VLV�DQG�DUWLILFLDO«��
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���
JURXQGZDWHU�GHSWK�HIIHFWLYHO\��+RZHYHU�� IXUWKHU� UHVHDUFK� VHHPV�QHFHVVDU\�EHIRUH� WKH�DSSOLFDWLRQ�RI� WKH�
PHWKRG�WR�RWKHU�GDWD�VHWV���

)LJ�����2EVHUYHG�JURXQGZDWHU�GHSWK�LQ�8QLRQ�&RXQW\�:HOO�
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)LJ�����&RPSDULVRQ�RI�WKH�HVWLPDWHG�GDWD��EDVHG�RQ�GDLO\�GDWD�LQ�WKH����GD\�GRPDLQ��DQG�REVHUYHG�GDWD��
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)LJ�����&RPSDULVRQ�RI�WKH�HVWLPDWHG�GDWD��EDVHG�RQ�GDLO\�GDWD�LQ�WKH�HIIHFWLYH�GRPDLQ��VHW�����DQG�REVHUYHG�GDWD�
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)LJ�����&RPSDULVRQ�RI�WKH�HVWLPDWHG�GDWD��EDVHG�RQ�GDLO\�GDWD�LQ�WKH�����GD\�GRPDLQ��DQG�REVHUYHG�GDWD�
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REVHUYHG�GDWD

HVWLPDWHG�GDWD

)LJ������&RPSDULVRQ�RI�WKH�HVWLPDWHG�GDWD��EDVHG�RQ�GDWD���DYHUDJHG�RYHU�WKH�HIIHFWLYH�GRPDLQ��VHW�����DQG�REVHUYHG�GDWD�
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DQG�����SUHFHGLQJ�GD\V�DQG�WKH�IUDFWDO�GLPHQVLRQ�ZDV�GHWHUPLQHG��)UDFWDO�GLPHQVLRQ�UHPDLQHG�FRQVWDQW�
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GRPDLQ� DQG� XWLOL]HG� LQ� WKH�$11� WR� HQKDQFH� LWV� SHUIRUPDQFH�� 7KLV� FRPELQDWLRQ� RI� IUDFWDO� DQDO\VLV� DQG�
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