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,Q�QRQ�DULG�HQYLURQPHQWV��WKH�HYROXWLRQ�RI�ULYHUV�DQG�IORRGSODLQV�LV�DQ�HFR�PRUSKRG\QDPLF SURFHVV�FRQGLWLRQHG�
E\� ULSDULDQ�YHJHWDWLRQ�G\QDPLFV�DQG�FRQWLQXRXV� IHHGEDFN�DPRQJ�SODQWV��ZDWHU��DQG�VHGLPHQWV��%HFDXVH�RI�
WKHVH�PXWXDO� LQWHUDFWLRQV�� SURSHU� TXDQWLILFDWLRQ� RI� YHJHWDWLRQ� JHRPHWU\� DQG� ELRPDVV� LQ� ULSDULDQ� FRUULGRUV� LV�
QHHGHG� WR� FDUU\� RXW� UHDOLVWLF� HFR�PRUSKRG\QDPLF� IOXYLDO�PRGHOLQJ� DQG� VXSSRUW� WKH�PDQDJHPHQW� RI� ULYHULQH�
HFRV\VWHPV��7KH�XVH�RI�UHPRWH�VHQVLQJ�LQ�ULYHU�VFLHQFHV�KDV�QRWDEO\�LQFUHDVHG�LQ�UHFHQW�\HDUV��HPSKDVL]LQJ�
WKH�DSSOLFDWLRQ�RI�/LJKW�'HWHFWLRQ�$QG�5DQJLQJ��/L'$5��DW�GLIIHUHQW�VFDOHV��IURP�VLQJOH�IOXYLDO�EDUV�XS�WR�ULYHU�
UHDFKHV��1HYHUWKHOHVV�� GHVSLWH� IRUHVWU\� KDYLQJ�D� ORQJ�H[SHULHQFH� LQ� /L'$5�EDVHG� YHJHWDWLRQ� LQYHQWRU\�� WKH�
WUDQVIHU� RI� NQRZOHGJH� WR� HFR�PRUSKRG\QDPLF� DSSOLFDWLRQV� VWLOO� QHHGV� WR� EH� DGGUHVVHG� DSSURSULDWHO\�� 7KH�
SUHVHQW�ZRUN�DLPV�WR�H[SODLQ�ZK\�/L'$5�KDV�VWDUWHG�WR�EH�HPSOR\HG�IRU�YHJHWDWLRQ�LQYHQWRU\�DQG�KRZ�LW�PD\�
VXSSRUW�HFR�PRUSKRG\QDPLF�PRGHOLQJ��$IWHU�LQWURGXFLQJ�WKH�GLIIHUHQW�DSSURDFKHV�WR�SHUIRUPLQJ�SODQW�LQYHQWRU\�
ZLWK�/L'$5�SRLQW�FORXGV��ZH�SUHVHQW� WZR�PHWKRGRORJLHV�WKDW�ZH�KDYH�UHFHQWO\�GHILQHG�WR�PDS�DQG�PHDVXUH�
LQGLYLGXDO�WUHHV�DQG�VKUXEV�DORQJ�ULYHUV�DQG�KLJKOLJKW�WKHLU�VWUHQJWKV�DQG�ZHDNQHVVHV��7KHVH�PHWKRGV�LQWHJUDWH�
WDUJHWHG�ILHOG�PHDVXUHPHQWV�ZLWK�/L'$5�GDWDVHWV�DQG�FDQ�EH�FRPELQHG�LQ�D�VLQJOH�LQQRYDWLYH�SURFHGXUH��%\�
UHIHUULQJ� WR� WKH� 2UFR� 5LYHU� FDVH� LQ� QRUWKZHVW� ,WDO\�� ZH� VKRZ� WKH� SURFHGXUH� DSSOLFDWLRQV�� RSHQLQJ� XS� IRU�
GLVFXVVLRQ�DERXW�IXWXUH�GHYHORSPHQWV�LQ�WKLV�GLUHFWLRQ�

.H\ZRUGV� /L'$5� 3RLQW�FORXGV� 5LSDULDQ�YHJHWDWLRQ��)LHOG�PHDVXUHPHQWV� 5LYHU�PRGHOOLQJ

�� ,1752'8&7,21

3ODQWV�DFWLYHO\�LQIOXHQFH�IOXYLDO�DQG�ULSDULDQ�ODQGVFDSH�HYROXWLRQ��:KHUHYHU�HQYLURQPHQWDO�FRQGLWLRQV�DOORZ�
YHJHWDWLRQ�WR�VHWWOH��SODQWV�LQWHUDFW�ZLWK�ZDWHU�DQG�VHGLPHQWV��DIIHFWLQJ�ZDWHU�IORZ�DQG�VHGLPHQW�SDWWHUQV�ZKLOH�
EHLQJ� VXEMHFWHG� WR� IORRGLQJ�� EXULDO�� XSURRWLQJ�� DQG� WKH� YDULDELOLW\� RI� QXWULHQWV� DQG� VRLO� PRLVWXUH�� (FR�
PRUSKRG\QDPLFV�DWWHPSWV�WR� LQYHVWLJDWH�WKHVH�SURFHVVHV�WKURXJK�ILHOG�REVHUYDWLRQV�DQG�PRGHOV��5HJDUGLQJ�
WKH�ODWWHU��WKH�OLWHUDWXUH�RIIHUV�D�PLVFHOODQHRXV�FROOHFWLRQ��6HYHUDO�DQDO\WLFDO�HFR�PRUSKRG\QDPLF�PRGHOV�KDYH�
EHHQ�GHILQHG�VLQFH�WKH�����V��9HVLSD�HW�DO����������PDLQO\�IRFXVLQJ�RQ�WKH�WLPH�HYROXWLRQ�RI�YHJHWDWLRQ�ELRPDVV�
LQ�UHVSRQVH�WR�K\GURORJLFDO�DQG�WRSRJUDSKLFDO�IRUFLQJ��7KH�GHYHORSPHQW�RI�QXPHULFDO�PRGHOV�LQ�WKLV�GLUHFWLRQ�LV�
UHODWLYHO\�UHFHQW�DQG�VWLOO�DW� LWV�HDUO\�VWDJH��6RPH�VRIWZDUH�DFFRXQWV�IRU�WKH�DGGLWLRQDO�IORZ�UHVLVWDQFH�GXH�WR
SODQWV� LI� D�PDS�RI� YHJHWDWLRQ� IHDWXUHV� DQG�D� ODZ� WR� FRPSXWH� WKH� URXJKQHVV� FRHIILFLHQWV� DUH� SURYLGHG� �H�J���
-lUYHOl���������$�IHZ�ZRUNV�KDYH�DOVR�HQFRPSDVVHG�WKH�IHHGEDFN�EHWZHHQ�YHJHWDWLRQ�DQG�PRUSKRG\QDPLFV�
E\�FRXSOLQJ�WKH�XQGHUO\LQJ�DOJRULWKP�ZLWK�RWKHU PRGXOHV�DFFRXQWLQJ�IRU�YHJHWDWLRQ�G\QDPLFV��YDQ�2RUVFKRW�HW�
DO���������.OHLQKDQV�HW�DO���������

*HQHUDOO\�� WKH� ZRUNV�PHQWLRQHG� DERYH� IRFXV� RQ� LGHDO� RU� DOPRVW�UHDO� ULYHUV� VLQFH� WUDQVODWLQJ� WKHP� LQWR�
TXDQWLWDWLYH�HFR�PRUSKRG\QDPLF� WRROV�ZRXOG� UHTXLUH�DQ�HIIRUW� WR�HVWLPDWH�YHJHWDWLRQ�ELRPDVV� �IRU�DQDO\WLFDO�
PRGHOV�� DQG� JHRPHWU\� �IRU� QXPHULFDO� PRGHOV�� DQG� SURYLGH� PDSV� RI� WKHVH� HVWLPDWHV�� )LHOG� VXUYH\V� DORQH�
�WUDGLWLRQDOO\�WKH�GDWD�VRXUFH�RI�YHJHWDWLRQ�IHDWXUHV��DUH�LQVXIILFLHQW�IRU�WKLV�WDVN��

7R�DGGUHVV�WKH�QHHG�IRU�TXDQWLWDWLYH��VSDWLDOO\�FRQWLQXRXV�GDWD��UHPRWH�VHQVLQJ��56��KDV�VWDUWHG�WR�UHSODFH�
RU�DFFRPSDQ\�ILHOG�VXUYH\V�LQ�WKH�ODVW�GHFDGHV��7KH�XVH�RI�56�WR�VXSSRUW�ULYHU�DQG�ULSDULDQ�VFLHQFHV�KDV�UHFHQWO\�
ZLGHQHG�E\�DGGUHVVLQJ�WKH�FKDUDFWHUL]DWLRQ�RI�YHJHWDWLRQ��VHGLPHQWV��DQG�ZDWHU�UHVRXUFHV�DW�YDULRXV�VSDWLDO�
VFDOHV�� 56� LV� JHQHUDOO\� PRUH� FRVW�HIIHFWLYH� WKDQ� ILHOG� DFWLYLWLHV�� HQDEOLQJ� WKH� FRYHUDJH� RI� ODUJHU� DUHDV��
1HYHUWKHOHVV��WKH�H[WHQW�RI�56�DGYDQWDJH�UDWKHU�WKDQ�ILHOG�DFWLYLWLHV�VWURQJO\�GHSHQGV�RQ�WKH�FKRVHQ�WHFKQLTXH��
DQG�LW�GHPDQGV�FRPSXWDWLRQDO�HIIRUW�DQG�WKH�NQRZOHGJH RU�GHYHORSPHQW�RI�SURSHU�WRROV�IRU�GDWD�DQDO\VLV��

7KH�SUHVHQW�ZRUN�H[SORUHV�WKH�SRVVLELOLW\�RI�LQWHJUDWLQJ�ILHOG�GDWD�ZLWK�56�WR�VXSSRUW�HFR�PRUSKRG\QDPLF�
PRGHOLQJ��)RU�WKLV�SXUSRVH��LW�UHYLHZV�WKH�UHFHQW�HIIRUWV�PDGH�LQ�WKLV�GLUHFWLRQ�E\�/DWHOOD�HW�DO���������DQG�WKH�
IROORZLQJ�UHVHDUFK��7KH�UHPDLQGHU�RI�WKH�PDQXVFULSW�LV�RUJDQL]HG�DV�IROORZV��6HFWLRQ���H[SODLQV�WKH�FKRLFH�RI�D�
SDUWLFXODU�56�WHFKQLTXH��� FDOOHG�/LJKW�'HWHFWLRQ�DQG�5DQJLQJ��/L'$5���� IRU�ULSDULDQ�VWXGLHV��WKH�GLIIHUHQW�ZD\V�
WR SHUIRUP�YHJHWDWLRQ� LQYHQWRU\�EDVHG�RQ�/L'$5�GDWD��DQG�WKH�PHWKRGV�WR�GHDO�ZLWK�ELRPDVV�DQG�JHRPHWU\�
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HVWLPDWLRQ�RI�PDWXUH�WUHHV�DQG�VKUXEV��UHVSHFWLYHO\��6HFWLRQ���SUHVHQWV�D�FDVH�VWXG\�UHSRUWLQJ�VRPH�H[DPSOHV�
RI�WKH�RXWFRPHV�GHULYLQJ�IURP�WKH�WZR�GHVFULEHG�PHWKRGV��6HFWLRQ���IXUWKHU�GLVFXVVHV�VRPH�FUXFLDO�DVSHFWV�RI�
WKH�SUHVHQWHG�DSSURDFKHV��7KH�ILQDO�SXUSRVH�LV�WR�SURYLGH�DQ�RYHUDOO�SLFWXUH�RI�WKH�GHYHORSHG�WRROV�DQG�SRLQW�
RXW�WKH�UHPDLQLQJ�RSHQ�LVVXHV��KRSLQJ�WR�VWLPXODWH�D�EURDGHU�GLVFXVVLRQ�DERXW�WKH�SRWHQWLDO�DSSOLFDWLRQ�RI�/L'$5�
GDWD�IRU�ULSDULDQ�PRGHOLQJ�DQG�PDQDJHPHQW�

�� 0(7+2'6

��� 6HOHFWLQJ�WKH�UHPRWH�VHQVLQJ�WHFKQLTXH

'HVSLWH� WKH� ODUJH� YDULHW\� RI� DYDLODEOH�56� GDWD� DQG� WRROV�� ZH� IRFXVHG RQ� /LJKW� 'HWHFWLRQ� DQG�5DQJLQJ�
�/L'$5��PRXQWHG�RQ�DLUERUQH�ODVHU�VFDQQHUV��$/6���$�JRRG�FRPSURPLVH�EHWZHHQ�WKH�DUHDO�H[WHQW�DQG�VSDWLDO�
UHVROXWLRQ�WKLV�WHFKQRORJ\�RIIHUV�GURYH�WKLV�FKRLFH��)RU�LQVWDQFH��VDWHOOLWH�LPDJHU\�PD\�FRYHU�XS�WR�WKH�JOREDO�
VFDOH��EXW� WKH� IUHHO\�DYDLODEOH�GDWDVHWV�JHQHUDOO\�KDYH�D�FRDUVH� UHVROXWLRQ��2Q� WKH�FRQWUDU\�� WHUUHVWULDO� ODVHU�
VFDQQHUV� \LHOG� YHU\� KLJK�UHVROXWLRQ� GDWD� EXW� FRYHU� FLUFXPVFULEHG� DUHDV�� 0RUHRYHU�� GXH� WR� JRYHUQPHQWDO�
PRQLWRULQJ�SODQV��/L'$5�GDWD�FRYHUDJH�LV�UDSLGO\�LQFUHDVLQJ�DW�WKH�UHJLRQDO�QDWLRQDO�VFDOH��

/L'$5�UHWXUQV�VSDWLDO�GLVWDQFHV�E\�FRPSXWLQJ�WKH�HODSVHG�WLPH�EHWZHHQ�WKH�HPLVVLRQ�RI�DQ�HOHFWURPDJQHWLF�
VLJQDO� DQG� LWV� UHFHSWLRQ� DIWHU� UHIOHFWLRQ� IURP� D� WDUJHW� VXUIDFH�� /L'$5� GDWDVHWV� JHQHUDOO\� FRQVLVW� RI� D�
JHRUHIHUHQFHG�SRLQW�FORXG�GHVFULELQJ�WKH�JURXQG�DQG�DOO�WKH�REMHFWV�VWDQGLQJ�RQ�LW��/L'$5�VHQVRUV�DUH�ODEHOHG�
DV�UHG RU�JUHHQ GHSHQGLQJ�RQ�WKH�ZDYHOHQJWK�RI�WKHLU�HPLWWHG�VLJQDOV�DQG�WKH�FDSDELOLW\�RI�SHQHWUDWLQJ�ZDWHU��
5HG�/L'$5V�DUH�FKHDSHU�DQG�PRUH�FRPPRQ��DOEHLW�HQWLUHO\�DEVRUEHG�E\�ZDWHU��,Q�RXU�UHVHDUFK��ZH�XVHG�UHG�
/L'$5V�VLQFH�WKHLU�OLPLWDWLRQV�GR�QRW�KDPSHU�ULSDULDQ�YHJHWDWLRQ�PDSSLQJ��ZKLFK�ZDV�RXU�SULPDU\�JRDO��

+LVWRULFDOO\��/L'$5�KDV�EHHQ�H[SORLWHG�H[WHQVLYHO\� LQ� IRUHVWU\�� ,WV�SRWHQWLDO LQ� WKLV� ILHOG� LV� UHODWHG� WR� WKH�
SDUWLDO�UHIOHFWLRQ�RI�WKH�HOHFWURPDJQHWLF�VLJQDO�IURP�SODQWV��UHVXOWLQJ�LQ�WKH�WKUHH�GLPHQVLRQDO�GHVFULSWLRQ�RI�WKH�
IRUHVW�VWUXFWXUHV��ZKLFK��LQVWHDG��LV�QRW�SURYLGHG�E\�PRVW�RI�WKH�RWKHU�56�WHFKQLTXHV��+RZHYHU��WKH�NQRZOHGJH�
WUDQVIHU�IURP�IRUHVWU\�WR�ULYHU�VFLHQFHV�LV�VWLOO� LQ�LWV�LQIDQF\��$OWKRXJK�WKH�XVH�RI�/L'$5�IRU�ULSDULDQ�YHJHWDWLRQ�
VWXGLHV�KDV� VWHDGLO\� LQFUHDVHG�VLQFH� WKH�����V� �&DUERQQHDX�DQG�3LpJD\�� ������+X\OHQEURHFN�HW� DO��� ������
3LHJD\�HW�DO����������RQO\�D�IHZ�ZRUNV�KDYH�DGGUHVVHG�YHJHWDWLRQ�PDSSLQJ��H�J���/DWHOOD�HW�DO����������ELRPDVV�
HVWLPDWLRQ��&DUWLVDQR�HW�DO���������/DWHOOD�HW�DO���������+X\OHQEURHFN�HW�DO���������DQG�URXJKQHVV�GHILQLWLRQ��H�J���
6WUDDWVPD�DQG�%DSWLVW��������

��� )RUHVW LQYHQWRU\�DSSURDFKHV

)RUHVW LQYHQWRU\ IURP�/L'$5�GDWD�FDQ�EH�FDUULHG�RXW WKURXJK WZR�RSSRVLQJ�DSSURDFKHV��QDPHO\�WKH�DUHD�
EDVHG DQG� LQGLYLGXDO�WUHH�EDVHG PHWKRGV �<X�HW�DO�� ������ ERWK�JHQHUDWLQJ DFFXUDWH�UHVXOWV�ZKHQ�FDOLEUDWHG�
ZLWK�JURXQG�GDWD �'XQFDQVRQ�DQG�'XED\DK��������

7KH�DUHD�EDVHG DSSURDFK�JHQHUDOO\�\LHOGV�YHJHWDWLRQ� IHDWXUHV�DYHUDJHG�DW� WKH�VWDQG� OHYHO�� VXFK�DV� WKH�
EDVDO� DUHD�� RYHUDOO� YROXPH� DQG� ELRPDVV�� DQG� WKH�PHDQ� FDQRS\� KHLJKW�� 6XFK� LQIRUPDWLRQ� LV� UHWULHYHG� IURP�
UHJUHVVLRQV�EHWZHHQ�/L'$5�KHLJKW�SHUFHQWLOHV�DQG�ILHOG�GDWD��,Q�WKH�FDVH�RI�ULSDULDQ�DSSOLFDWLRQV��ZH�IRXQG�WKH�
DUHD�EDVHG�PHWKRG�KHOSIXO�ZKHQHYHU�ORZ�GHQVLW\�/L'$5�GDWDVHWV��L�H���UHVROXWLRQ�RI���SRLQWVuP�� RU�OHVV��DUH�
DYDLODEOH�� 7R� WKH� EHVW� RI� RXU� NQRZOHGJH�� /DWHOOD� HW� DO�� �������ZHUH� WKH� ILUVW� WR� XVH� WKLV� WR� FDOLEUDWH� DQ�HFR�
PRUSKRG\QDPLF� PRGHO� IRU� ULSDULDQ� FRUULGRUV DIWHU� HVWLPDWLQJ� YHJHWDWLRQ� ELRPDVV�� 5HO\LQJ� RQ� ORZ�GHQVLW\�
GDWDVHWV� DQG� DQ� DUHD�EDVHG� DSSURDFK�� WKH\ SURYLGH� WKH� DSSUR[LPDWHG� ULSDULDQ� ELRPDVV� GLVWULEXWLRQ� DQG�
DYHUDJHG�YHJHWDWHG�IHDWXUHV�LQ�D�UHODWLYHO\�IDVW�DQG�OLWWOH�GHPDQGLQJ�ZD\��QHHGLQJ�OLWWOH�FRPSXWDWLRQDO�HIIRUW�DQG�
VRPH� ILHOG�PHDVXUHPHQWV��1HYHUWKHOHVV�� WKLV�PHWKRG DOVR� VKRZV VRPH� OLPLWDWLRQV�� �L�� WKH� ORZ�SRLQW� GHQVLW\�
IRUFHV� WKH�XVH�RI� WZR�GLPHQVLRQDO�/L'$5�SURGXFWV� �H�J��� WKH�FDQRS\�KHLJKW�PRGHO��&+0��QRW� OHYHUDJLQJ� WKH�
WKUHH�GLPHQVLRQDOLW\�RI�WKH�SRLQW�FORXG���LL��QR�LQIRUPDWLRQ�DERXW�WKH�VWHP�GHQVLW\ �L�H���QXPEHU�RI�VWHPV�SHU�XQLW�
DUHD��FDQ�EH�REWDLQHG���LLL��WKH�&+0�GRHV�QRW�GHVFULEH�XQGHUVWRU\�YHJHWDWLRQ�DQG��LY��MXYHQLOH�SODQWV�DUH�KDUGO\�
GHWHFWHG�LI�WKH�GDWDVHW�KDV�D�FRDUVH�UHVROXWLRQ��,Q�OLJKW�RI�WKHVH�FRQVLGHUDWLRQV��ZH�PD\�VWDWH�WKDW�WKH�UDQJH�RI�
HFR�PRUSKRG\QDPLF� DSSOLFDWLRQV� UHPDLQV� OLPLWHG�� VXLWDEOH� IRU� VLPSOH� DQDO\WLFDO� PRGHOV� WKDW� UHTXLUH� RYHUDOO�
ELRPDVV�DV�LQSXW��VXFK�DV LQ /DWHOOD�HW�DO�������� RU�VLPLODU�ZRUNV��H�J�� 0XQHHSHHUDNXO�HW�DO���������3HURQD�HW�
DO���������

$V�PHQWLRQHG�DERYH��DGYDQFHG�QXPHULFDO�HFR�PRUSKRG\QDPLF�PRGHOV�UHTXLUH�LQIRUPDWLRQ DW�WKH�LQGLYLGXDO�
SODQW OHYHO��)RU�LQVWDQFH��WKH�GHILQLWLRQ�RI�D�URXJKQHVV�PDS�UHOLHV�RQ�WKH�NQRZOHGJH�RI�VWHP�GHQVLW\�DQG�SODQW�
JHRPHWU\�� ZKLOH� WKH� VHWWLQJ� FRPSXWDWLRQDO� URXWLQH DFFRXQWLQJ� IRU� YHJHWDWLRQ� G\QDPLFV� UHOLHV� RQ YHJHWDWLRQ�
DUUDQJHPHQW DW�D�VSHFLILF WLPH� 7KH�VHFRQG�DSSURDFK��GHILQHG�DV� LQGLYLGXDO�WUHH�EDVHG��PLJKW�DGGUHVV�WKHVH�
QHHGV�E\�FROOHFWLQJ LQIRUPDWLRQ� IRU�HDFK�SODQW�DQG�GHULYLQJ WKH�RWKHU�DWWULEXWHV� WKURXJK�FDOLEUDWHG�DOORPHWULF�
PRGHOV� 7KH�IROORZLQJ�WZR�VHFWLRQV�GHVFULEH�WKH�ODWHVW GHYHORSPHQWV�RI�WUHH�DQG�VKUXE�PDSSLQJ�EDVHG�RQ�WKLV�
DSSURDFK��
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��� 0HWKRG����GHDOLQJ�ZLWK�PDWXUH�WUHHV

$IWHU�GHWHFWLQJ�WKH�LQGLYLGXDO�WUHHV�ZLWKLQ�D�JLYHQ�DUHD��LQGLYLGXDO WUHH�EDVHG�LQYHQWRULHV�SURYLGH��DPRQJ�
RWKHUV� WKH�VWHP�GHQVLW\��ZKLFK�LV�D�FUXFLDO�YDULDEOH�IRU�HFR�PRUSKRG\QDPLF�PRGHOV� %\�H[DPLQLQJ�WKH�OLWHUDWXUH��
ZH�IRXQG�RXW�WKDW�PRVW�RI�WKH PHWKRGV�IRU�LQGLYLGXDO�WUHH�GHWHFWLRQ��,7'�RU�LQGLYLGXDO�FURZQ�GHWHFWLRQ�,7&��ZRUN�
VLPLODUO\�E\�LQWHUSRODWLQJ�WKH�ILUVW�UHWXUQV�RI�WKH�/L'$5�FORXGV�LQWR�D�FDQRS\�KHLJKW�PRGHO��&+0��DQG�ODEHOLQJ�
WKH SHDNV�RI WKH�LQWHUSRODWHG�VXUIDFH�DV�LQGLYLGXDO�WUHHV��7KH�DFFXUDF\�RI�WKHVH�PHWKRGV�ODUJHO\�GHSHQGV�RQ�
WKH�JULG�VL]H�RI�WKH�&+0�VLQFH�FRDUVH�JULGV�DUH�DVVRFLDWHG�ZLWK�H[FHVVLYH�SHDN�VPRRWKLQJ��ZKHUHDV�WRR�ILQH�
JULGV�DUH�DIIHFWHG�E\�QRLVH��,Q�DGGLWLRQ��WUHH�VSHFLHV�VWURQJO\�LPSDFW�GHWHFWLRQ�DFFXUDF\��0RVW RI�WKHVH�PRGHOV�
KDYH�EHHQ�GHYHORSHG�IRU�FRQLIHURXV�IRUHVWV��IDYRUHG�E\�WKH�FRQLFDO�VKDSH�RI�WUHHV�DQG�WKH�UHGXFHG�SUHVHQFH�RI�
XQGHUVWRU\�YHJHWDWLRQ��+RZHYHU��WKH\�DUH�OHVV�VXLWDEOH IRU�DSSOLFDWLRQV�DORQJ�ULYHUV�LQ�WHPSHUDWH�FOLPDWHV�ZKHUH�
YHJHWDWLRQ�PRVWO\�EHORQJV� WR�GHFLGXRXV�VSHFLHV�� ,QGHHG�� WKH� URXQGHG�DQG�RYHUODSSLQJ�FURZQV�RI�GHFLGXRXV�
WUHHV�SUHYHQW�WKH�IRUPDWLRQ�RI�XQLYRFDO�SHDNV�LQ�WKH�&+0��DQG�WKH�ORFDO�KHLJKW�PD[LPD�PLJKW�QRW�FRUUHVSRQG�WR�
LQGLYLGXDOV��

/DWHOOD�HW�DO���������SURSRVHG�D�QHZ�DOJRULWKP�OHYHUDJLQJ�WKH�IXOO�WKUHH�GLPHQVLRQDOLW\�RI�/L'$5�GDWDVHWV�
WR�RYHUFRPH WKLV�OLPLWDWLRQ��$OWKRXJK�RWKHU�ZRUNV�KDYH�DWWHPSWHG�WR�OHDYH�EHKLQG�WKH�&+0�LQWHUSRODWLRQ��WKLV�
DOJRULWKP�LQQRYDWLYHO\�UHOLHV�RQ�WKH�DVVXPSWLRQ�WKDW�WKH�SRLQW�FORXG�EHFRPHV�GHQVHU�LQ�FRUUHVSRQGHQFH�ZLWK�
WKH�WUHH�FHQWHU��7KLV�DVVXPSWLRQ�KDV�IRXQG�FRQILUPDWLRQV�ERWK�LQ�WKH�OLWHUDWXUH��5DKPDQ�DQG�*RUWH��������DQG�
LQ�GDWD�YLVXDOL]DWLRQ� :H�KHUH�VKRUWO\�GHVFULEH�WKH�ZRUNIORZ� EXW�PRUH�GHWDLOV�FDQ�EH�IRXQG�LQ�WKH�RULJLQDO�ZRUN��
)LUVWO\��WKH�DOJRULWKP�DSSOLHV�ILOWHUV�WR�UHPRYH�RXWOLHUV�DQG�SRLQWV�DVVRFLDWHG�ZLWK�JUDVVHV�DQG�EXVKHV�IURP�WKH�
LQSXW�FORXG��6HFRQGO\��LW�PRYHV�IURP�VSDFH�WR�IUHTXHQF\�GRPDLQ�WR�ILQG�WKH�RSWLPDO�VL]H�RI�WKH�QHLJKERUKRRG�IRU�
HDFK� SRLQW�� ,W� XVHV� WKH� RSWLPDO� QHLJKERUKRRG� VL]H� WR� FRPSXWH� WKH� DUHDO� SRLQW� GHQVLW\��ZKRVH� ORFDO�PD[LPD�
UHSUHVHQW� LQGLYLGXDO� VWHPV��7KLUGO\�� LW� VLPLODUO\� GHWHUPLQHV� WKH� W\SLFDO� VSDFLQJ�DPRQJ� WUHHV�DQG� UHPRYHV�DOO�
WKRVH�VWHPV�WRR�FORVH�WR�RQH�DQRWKHU��)LQDOO\��LW�GHWHFWV�WKH�WUHHWRSV�DV�WKH�KLJKHVW�FORVHVW�SRLQWV�ZLWK�UHVSHFW�
WR�WKH�LGHQWLILHG�VWHPV�DQG�HYHQWXDOO\�UHPRYHV�DQWKURSLF�REMHFWV��������������

7KH�PHWKRG DFKLHYHV�KLJK�SHUIRUPDQFH�ERWK�LQ�SODQWDWLRQV�DQG�ZLOG�VWDQGV��5HFDOO��SUHFLVLRQ��DQG�)�VFRUH�
PHWULFV�DUH�DOZD\V�KLJKHU� WKDQ����� IRU�SRLQWV�FORXGV�KDYLQJ�DW� OHDVW���SRLQWVuP����DQG� WKH�SRVLWLRQ�HUURU� LV�
JHQHUDOO\� FRPSDUDEOH� ZLWK� WKH� SUHFLVLRQ� RI� WKH� PHDVXULQJ� LQVWUXPHQWDWLRQ�� ,W KDV� GHDOW� ZLWK� XQGHUVWRU\�
YHJHWDWLRQ�� XQOLNH� WKH� &+0�EDVHG� RQHV�� 0RUHRYHU�� LW� LV� H[SHFWHG� WR� SHUIRUP� ZHOO� DOVR� LQ� FRQLIHURXV� WUHHV�
EHFDXVH�RI�LWV�XQGHUO\LQJ�DVVXPSWLRQ��,W�KDV�DOUHDG\�VKRZQ�KLJK�DFFXUDF\�ZKHQ�DSSOLHG�WR�QRQ�/L'$5�FORXGV��
VXFK�DV�SKRWRJUDPPHWULF�RQHV��HVSHFLDOO\�ZLWK�PXOWL�WHPSRUDO�GDWDVHWV� �%HOFRUH�DQG�/DWHOOD��XQGHU� UHYLHZ���
WKHUHIRUH�RIIHULQJ D�EURDGHU UDQJH�RI�DSSOLFDWLRQV�WKDQ�&+0�EDVHG�PHWKRGV��)XUWKHUPRUH��WKH�PHWKRG�LV�KLJKO\�
YHUVDWLOH��)RU�LQVWDQFH� WKH�DOJRULWKP�JHQHUDWHV�WUHH�JHRPHWU\ PDSV� RU LW�FDQ�EH�FRXSOHG�ZLWK�D�SURFHGXUH WR�
DVVRFLDWH� WKH� WUHH� IHDWXUHV ZLWK�PHVK�QRGHV�DQG�SURYLGH�DOO� WKH� LQSXW� UHTXLUHG�E\�K\GURG\QDPLF�PRGHOV� IRU�
URXJKQHVV�FRPSXWDWLRQ�

'HVSLWH�WKH�QXPHURXV�SRWHQWLDOLWLHV� WKH�PHWKRG�DOVR�KDV�VRPH�ZHDNQHVVHV�WR�FRQVLGHU�IRU�SURSHU�XVDJH��
:H�UHPDUN�WKDW�WKH�KLJKHU�WKH�QRPLQDO�SRLQW�GHQVLW\��WKH�KLJKHU�WKH�DFFXUDF\�DQG�WKH�FRPSXWDWLRQDO�WLPH��PDNLQJ�
LW�OHVV�FRPSHWLWLYH�ZKHUHYHU�&+0�EDVHG�PHWKRGV��ZKLFK�DUH�JHQHUDOO\�TXLWH�IDVW��SHUIRUP�ZHOO��)LQDOO\��ZRUNLQJ�
RQ�WKH�ZKROH�FORXG�DOVR�WUDQVODWHV�LQWR�D�QHHG�IRU�SDUDOOHOL]DWLRQ�ZKHQ�DSSOLHG�WR�ODUJH�FORXGV�UHTXLULQJ�D�SDUWLWLRQ�
RI�WKH�VWXG\�VLWH�LQ�WKH�FDVH�RI�ODUJH�GDWDVHWV�EHIRUH�LWV�DSSOLFDWLRQ�

��� 0HWKRG����LQFOXGLQJ�VKUXEV�DQG�EXVKHV

7KH� KLJK� GLVWXUEDQFH� DVVRFLDWHG� ZLWK K\GURORJLFDO� IOXFWXDWLRQV� DQG� IORRGLQJ FDXVHV� D� SHULRGLFDO�
UHMXYHQDWLRQ� RI� YHJHWDWLRQ� LQ� ULSDULDQ� DUHDV�� 7KH� ELRPDVV� RI� \RXQJ� WUHHV DQG� EXVKHV� LV� JHQHUDOO\� QRW�
FRQFHQWUDWHG�LQ�D�VWHP�EXW�PRUH�KRPRJHQRXVO\�GLVWULEXWHG�ZLWKLQ�WKH�SODQW�YROXPH��6KUXEV�DQG�EXVKHV�PD\�
KDYH�KLJK VWHP GHQVLW\��RU�WKHLU�ELRPDVV�PD\ EH�PDLQO\�FRPSRVHG RI IROLDJH�DQG�WKLQ�EUDQFKHV��)XUWKHUPRUH��
RIWHQ�WKHVH�SODQWV�DUH�QRW�DUUDQJHG�DV�LVRODWHG�LQGLYLGXDOV�EXW�FOXVWHUHG��7KHVH�IHDWXUHV�DUH�QRW�FRQVLVWHQW�ZLWK�
WKH�XQGHUO\LQJ�DVVXPSWLRQ�RI�WKH�DOJRULWKP�SUHVHQWHG�LQ�6HFWLRQ���� �L�H���LQFUHDVLQJ�SRLQW�GHQVLW\�WRZDUGV�WKH�
SODQW�FHQWHU���ZKRVH�DSSOLFDWLRQ�LV��WKHUHIRUH��VXLWDEOH�IRU�DGXOW�WUHHV�RQO\�

7R�DGGUHVV�WKH�FULWLFDOLWLHV�DERYH�� LQYHQWRU\�EDVHG�RQ�/L'$5�GDWDVHWV�VKRXOG�ZRUN�GLUHFWO\�RQ�WKH�SODQW�
JHRPHWU\�DQG�EH�IOH[LEOH�HQRXJK�WR�FRQVLGHU�LVRODWHG�LQGLYLGXDOV�DQG�FOXVWHUV��7R�WKH�EHVW�RI�RXU�NQRZOHGJH��
ZH�ZHUH� WKH� ILUVW� WR SURSRVH� D� VROXWLRQ� LQ� WKLV� GLUHFWLRQ VR� IDU��:H� DGDSWHG� DQG�PHUJHG� GLIIHUHQW� OLWHUDWXUH�
PHWKRGV�WR�GHILQH�D�VWUDWHJ\�WR�UHWULHYH�WKH�KHLJKW��FURVV�VHFWLRQDO�DUHD��DQG�YROXPH�RI�DQ�LQGLYLGXDO�SODQW�E\�
LWHUDWLYHO\�ZRUNLQJ�RQ�VOLFHV�RI�WKH�LQSXW�SRLQW�FORXG��/DWHU��ZH HPEHGGHG�WKLV�PHWKRG�LQ�D�EURDGHU�SURFHGXUH�WR�
DSSO\�ELRPDVV�HVWLPDWLRQ�WR�H[WHQGHG�DUHDV��VXFK�DV�D�ULYHU�UHDFK��7KH�QHZ�SURFHGXUH�JHQHUDWHV�D�VKUXE�PDVN�
E\�SURFHVVLQJ�5*%�LPDJHU\�DQG�H[FOXGLQJ�WKH�PDWXUH�WUHHV�LGHQWLILHG�E\�WKH�PHWKRG�H[SODLQHG�LQ�6HFWLRQ������
6XEVHTXHQWO\��WKH�SURFHGXUH�GHWHFWV WKH LQGLYLGXDOV�DQG�WKH�FOXVWHUV�IURP�WKH�VKUXE�PDVN��FOLSV�WKH�LQSXW�SRLQW�
FORXG�DFFRUGLQJ�WR�WKHP��DQG�DSSOLHV�WKH�PHWKRG�WR�UHWULHYH�WKH�SODQW��RU�FOXVWHU��JHRPHWU\��)LQDOO\��LW�FDUULHV�
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RXW�ELRPDVV�EXGJHW�DQG�UHSUHVHQWDWLRQ�RYHU�PDSV�E\�XVLQJ�WKH�ELRPDVV�EXON�GHQVLW\�GHULYLQJ�IURP�RXU�ILHOG�
PHDVXUHPHQWV�

7KH�SURFHGXUH�VXSSRUWV�DXWRPDWHG�ELRPDVV�DQG�FDUERQ�EXGJHWV�RYHU�H[WHQGHG�DUHDV UHTXLULQJ�WDUJHWHG�
ILHOG�REVHUYDWLRQV��'HVSLWH�LWV�FRPSXWDWLRQDO�HIIRUW��LW�DOORZV�RYHUFRPLQJ�WKH�ODERU�GHPDQGHG�E\�H[WHQVLYH�ILHOG�
VXUYH\V� DQG� YLVXDO� LQVSHFWLRQ� RI� UHPRWH� VHQVLQJ� LPDJHU\�� UHVXOWLQJ� LQ PRUH� FRVW�HIIHFWLYH� DQG VSDWLDOO\�
FRQWLQXRXV�LQIRUPDWLRQ�WR�EH�XVHG�LQ�HFR�PRUSKRG\QDPLF�PRGHOLQJ�

$OVR�LQ�WKLV�FDVH��ZHDNQHVVHV�PXVW�EH�DFNQRZOHGJHG��:H�DSSOLHG�WKH�SURFHGXUH�WR�D�KLJK�UHVROXWLRQ�SRLQW�
FORXG� ��� SRLQWVuP����� EXW� WKH� OHDI�RII� FRQGLWLRQV� RI� RXU GDWDVHW PD\� KDYH� KDPSHUHG� WKH� JHRPHWULFDO�
UHFRQVWUXFWLRQ�RI�WKH�VPDOOHVW�SODQWV��0RUHRYHU��ZH�KDG�WR�PHDVXUH�ELRPDVV�EXON�GHQVLW\�FRQVLVWHQWO\�ZLWK�WKH�
UHFRQVWUXFWLRQ� RI� /L'$5�GHULYHG� JHRPHWULHV� VLQFH� WKH� OLWHUDWXUH� GRHV� QRW� SURYLGH� WKLV� NLQG� RI� LQIRUPDWLRQ��
7KHUHIRUH��WKH�UDQJH�RI�DSSOLFDELOLW\�RI�WKH�SURFHGXUH�GHSHQGV�RQ�WKH�SRVVLELOLW\�RI UHWULHYLQJ �IURP�OLWHUDWXUH�RU�
LQ�WKH�ILHOG��EXON�GHQVLW\�YDOXHV�WR�FRQYHUW�WKH�HVWLPDWHG�YROXPHV�LQ�ELRPDVV DQG�DFTXLVLWLRQ�FRQGLWLRQV��7KHVH�
ODWWHU�PDLQO\�FRQVLVW�RI�WKH�QRPLQDO�SRLQW�GHQVLW\��VLQFH�WKH�IHZHU�WKH�SRLQWV�UHSUHVHQWLQJ�D�VKUXE��WKH�ZRUVW�WKH�
SODQW�JHRPHWULFDO�UHFRQVWUXFWLRQ DQG�WKH�SUHVHQFH�RI�IROLDJH��SUHIHUULQJ�OHDI�RQ�FRQGLWLRQV�

�� &$6(�678'<

��� 7KH�2UFR�5LYHU VLWH

:H�KHUH�SURYLGH�DQ�H[DPSOH�RI�WKH�SUHVHQWHG�PHWKRGRORJLHV�E\�UHIHUULQJ WR�WKH�PHDVXUHPHQWV�DQG�GDWD�
DQDO\VLV FDUULHG�RXW� LQ� WKH�2UFR�5LYHU�DFWLYH�FKDQQHOV�DQG� IORRGSODLQ� LQ�QRUWKZHVW� ,WDO\��7KH�2UFR�5LYHU� LV�D�
ZDQGHULQJ�JUDYHO�EHG�ULYHU�FKDUDFWHUL]HG�E\�DQ�DOSLQH�DQG�KLJK�HQHUJ\�EHKDYLRU��,W�LV�DSSUR[LPDWHO\����NP�ORQJ�
DQG�KDV�D�FDWFKPHQW�DUHD�RI�����NP���VSULQJLQJ�IURP�WKH�*UDQ�3DUDGLVR�PDVVLI�DQG�HQGLQJ�DW�WKH�FRQIOXHQFH�
ZLWK�WKH�3R�5LYHU�QHDUE\�WKH�WRZQ�RI�&KLYDVVR� 7KH�VWXG\�VLWH�LV�FHQWHUHG�DW�1������
������ (�����
�����DQG�
VWUHWFKHV�IRU�PRUH�WKDQ����NP�IURP�WKH�WRZQ�RI�&XRUJQp�XQWLO�WKH�FRQIOXHQFH�ZLWK�WKH�3R�5LYHU �)LJXUH�� $�%��

)LJXUH����7KH�VWXG\�VLWH�LV�ORFDWHG�LQ�QRUWKZHVW�,WDO\��$� DQG�FRPSULVHV D�UHDFK�RI�WKH�2UFR 5LYHU��%��WKDW�KDYH�
EHHQ�VXUYH\HG�WKURXJK�/L'$5�DQG�ILHOG�PHDVXUHPHQWV��VXFK�DV�SODQW YROXPH�DQG�ZHLJKW�HVWLPDWLRQ �&�'���

+XPDQ� SUHVHQFH� LQ� WKH� 2UFR� 5LYHU� IORRGSODLQ� LV� PDLQO\� UHODWHG� WR� VLOYLFXOWXUH�� IDUPLQJ�� GDPPLQJ�� DQG�
PLQLQJ�� +RZHYHU�� WKH� ULYHU� VWLOO� H[KLELWV� KLJKO\� G\QDPLF� EHKDYLRU� ZLWK� D� PRGHUDWH� DQQXDO� PLJUDWLRQ� UDWH
�DSSUR[LPDWHO\����Pu\U���� 7KH�IORRGSODLQ LV�JHQHUDOO\�IODW�RU�YHU\�JHQWOH��H[FHSW�FORVH�WR�WKH�ULYHUEDQNV� 7KH�
PHDQ�EHG�VORSH�LV������ DQG�'�� LV�������P�

%HDULQJ� FRDUVH� VHGLPHQWV� DUH� IRXQG� ZLWKLQ� DQG� FORVH� WR� WKH� DFWLYH� FKDQQHO�V��� GHVSLWH� EHLQJ� UDUHO\�
VXEVWLWXWHG� E\� VDQG� GHSRVLWV� FRORQL]HG� E\� KHUEDFHRXV� VSHFLHV�� -XYHQLOH� GHFLGXRXV� LQGLYLGXDOV� RI� DVSHQV�
�3RSXOXV�WUHPXOD /���3RSXOXV�DOED /���3RSXOXV�QLJUD /���DQG�ZLOORZV��6DOL[�DOED /���6DOL[�SXUSXUHD /����SHULRGLFDOO\�
GLVWXUEHG�E\�IORRGLQJ��FRORQL]H�WKH�ULYHU�EDUV��0RYLQJ�LQODQG��PDWXUH�ZLOORZV�DQG�DVSHQV�VWDQG�LQ�WKH�IORRGSODLQ��
WRJHWKHU�ZLWK�ROG�EODFN�ORFXVWV��5RELQLD�SVHXGRDFDFLD /����(XURSHDQ�RDNV��4XHUFXV�UREXU /����DQG�KRUQEHDPV�
�&DUSLQXV�EHWXOXV /����6RPH� IRUHVW VWDQGV�EHORQJ� WR� FRPPHUFLDO� SODQWDWLRQV�ZLWK� WUHHV�RI� WKH�VDPH�FRKRUWV�
DUUDQJHG� DFFRUGLQJ� WR� UHJXODU� SDWWHUQV�� +RZHYHU�� ZLOG� SDWFKHV� RI� WUHHV� RI� GLIIHUHQW� VL]HV� DQG� DJHV� ZLWK�
RYHUODSSLQJ�FURZQV�DQG�XQGHUVWRU\ YHJHWDWLRQ�RFFXS\�PRVW�RI�WKH�DUHD�
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��� $LUERUQH�ODVHU�VFDQQHU�GDWD

7KH�,WDOLDQ�1DWLRQDO�&RXQFLO�RI�5HVHDUFK�± 5HVHDUFK�,QVWLWXWH�IRU�*HR�+\GURORJLFDO�3URWHFWLRQ��&15�,53,�
RI�7RULQR FDUULHG�RXW�WZR�DLUERUQH�ODVHU�VFDQQHU��$/6��/L'$5�FDPSDLJQV�RQ����)HEUXDU\������DQG����0DUFK�
�����

&15�,53,�GHVLJQHG�WKH�WZR�VXUYH\V�WR�EH�SRWHQWLDOO\�LGHQWLFDO�LQ�HTXLSPHQW�VHWXS��FRYHUHG�DUHDV��DFKLHYHG�
UHVROXWLRQ�� DQG� HQYLURQPHQWDO� FRQGLWLRQV�� 7KH\� XVHG� D� /LWH0DSSHU� ����� LQVWDOOHG� RQ� D� 32'� '$57� DQG�
JXDUDQWHHG�D�UDZ�FRYHUDJH�HTXDO�WR���SRLQWVuP����%HLQJ�ZLQWHU��ERWK�WKH�VXUYH\V�ZHUH�FDUULHG�RXW�LQ�OHDI�RII�
FRQGLWLRQV��7KH�FDPSDLJQV�\LHOG�JHRUHIHUHQFHG�SRLQW�FORXGV�DQG�5*%�RUWKRSKRWRV�ZLWK�D�SL[HO� UHVROXWLRQ�RI�
�����P��)XUWKHU�GHWDLOV FDQ�EH�IRXQG�LQ /DWHOOD�HW�DO���������

��� )LHOG�PHDVXUHPHQWV

'XULQJ�WKH�ILUVW�/L'$5�FDPSDLJQ��ZH�SHUIRUPHG�WUHH�LQYHQWRU\�IRU�UDQGRP�VWDQGV�ZLWKLQ�WKH�VWXG\�DUHD��:H�
UHFRUGHG� WKH� WUHH� SRVLWLRQ� HPSOR\LQJ�D�5HDO�7LPH�.LQHPDWLF�*OREDO�3RVLWLRQLQJ�6\VWHP� �57.�*36���PRGHO�
529(5�/(,&$�������DQG�*166�VPDUW�DQWHQQD��7KH�SRVLWLRQ�HUURU�ZDV�DSSUR[LPDWHO\�����P�EHFDXVH�RI�WKH�
UHGXFHG�VLJQDO�� UHTXLULQJ�D�FURVV�FKHFN�ZLWK�D�YLVXDO� LQVSHFWLRQ�RI� WKH�FRPSDQLRQ�RUWKRSKRWRV�RI� WKH�/L'$5�
SRLQW� FORXGV�� 7KH� LQYHQWRU\� DOVR� FRPSULVHG� PHDVXUHPHQWV� RI� WKH� WUHH� KHLJKW� WKURXJK� D� ODVHU� UDQJHILQGHU�
�7UXSXOVH����5�� /DVHU�7HFKQRORJ\��&HQWHQQLDO��&RORUDGR��86$�� DQG�GLDPHWHU� DW� EUHDVW� KHLJKW� �'%+�� ZLWK�
PHDVXULQJ�WDSH�RI�������P�SUHFLVLRQ��7KHVH�PHDVXUHPHQWV�DOORZHG�XV�WR�UHJUHVV�DOORPHWULF�UHODWLRQVKLSV�WR�
GHWHUPLQH�WUHH�YROXPH�ZKHQHYHU�HLWKHU�WKH�KHLJKW�RU�WKH�'%+�LV�NQRZQ�

,Q�DGGLWLRQ��ZH�FDPH�EDFN�LQWR�WKH�ILHOG�RQ����0D\������WR�SHUIRUP�DQ�LQYHQWRU\�RI�HLJKWHHQ�VHOHFWHG�VKUXEV�
EHORQJLQJ�WR�WKH�WZR�PRVW�FRPPRQ�VSHFLHV�IRXQG�RQ�2UFR�ULYHU�EDUV��WHQ�DVSHQV��3RSXOXV�WUHPXOD /���DQG�HLJKW�
ZKLWH� ZLOORZV� �6DOL[� DOED /����:H�PHDVXUHG� WUHH� KHLJKW� �JUDGXDWHG� URGV ZLWK� �����P� SUHFLVLRQ�� DQG� FURVV�
VHFWLRQDO�DUHD��PHDVXULQJ�WDSH�ZLWK�������P�SUHFLVLRQ��DFFRUGLQJ�WR�D�UHSHDWDEOH�DQG�VWUDLJKWIRUZDUG SURFHGXUH�
WR�FRPSXWH�WKH�RYHUDOO�SODQW�YROXPH �)LJXUH���&�'���$IWHU�FXWWLQJ��ZH�ZHLJKWHG�HDFK�LQGLYLGXDO�ZLWK�D�SRUWDEOH�
VFDOH��������NJ�SUHFLVLRQ��WR�GHWHUPLQH�WKH�DERYHJURXQG�ELRPDVV�DQG�WKH�ELRPDVV�EXON�GHQVLW\��

��� 0HWKRGRORJ\�RXWFRPHV

)LJXUH� � VKRZV� DQ� H[DPSOH� RI� WKH�PHWKRGRORJ\¶V� RXWFRPH� IRU D� VXEVHW� RI WKH� VWXG\� VLWH� %\� GHDOLQJ�
VHSDUDWHO\�ZLWK�WUHHV�DQG�VKUXEV��WKH�SURFHGXUH�FDQ JHQHUDWH�D�PDS�RI�WKH�DUHDO�ELRPDVV�ZLWKLQ�WKH�LQYHVWLJDWHG�
DUHD� ,Q� WKLV� H[DPSOH�� WKH� FRPSDULVRQ� EHWZHHQ� WKH� ELRPDVV�PDSV� IRU� ����� DQG� ����� DQG� WKH� DVVRFLDWHG�
ELRPDVV�EXGJHWV�DOORZHG�XV�WR�XQGHUVWDQG�WKH�YHJHWDWLRQ�G\QDPLFV�WKDW�RFFXUUHG�LQ�WKH�FRQVLGHUHG�SHULRG��3DUW�
RI� WKH� ELRPDVV� GLVDSSHDUHG� EHFDXVH� RI IOXYLDO� SURFHVVHV�� VXFK� DV� HURVLRQ� DQG� IORRGLQJ�� 6RPH� WUHHV�ZHUH�
LQVWHDG�UHPRYHG WR�OHDYH�VSDFH�IRU�GLUW�URDGV��+RZHYHU��YHJHWDWLRQ�JURZWK�DOVR�RFFXUUHG�LQ�WKH�OHVV�GLVWXUEHG�
]RQHV��SDUWLDOO\�RXWEDODQFLQJ�WKH�ELRPDVV�ORVV��7KH�ELRPDVV�EXGJHW�IXUWKHU�FRQILUPV�WKLV�IDFW�E\�LQGLFDWLQJ�D�
ULVH� LQ� WKH� RYHUDOO� ELRPDVV� IURP� ���������� 0J WR� ���������� 0J�� 7KH� DQDO\VLV� PD\� DOVR� EH� UHILQHG� E\�
FRQVLGHULQJ�WUHHV�DQG�VKUXEV�VHSDUDWHO\��,Q�WKLV�FDVH��ZH�REVHUYH�D�ULVH�RI�������DQG�������IRU�WUHH�ELRPDVV�
DQG�RFFXSLHG�DUHD��UHVSHFWLYHO\��ZKLOH�ZH�VHH�D�ELRPDVV�LQFUHPHQW�RI������IRU�VKUXE�ELRPDVV�DVVRFLDWHG�ZLWK�
D�GUDPDWLF� UHGXFWLRQ�RI� WKH�RFFXSLHG�DUHD�HTXDO� WR� �������7KHVH�EXGJHWV�� FRXSOHG ZLWK�PDS�YLVXDOL]DWLRQ��
FOHDUO\�LQGLFDWH�WKDW�WKH HQODUJHPHQW�RI WUHH�FURZQV�DQG�WKH�JURZWK�RI LQGLYLGXDOV LGHQWLILHG�DV�VKUXEV�LQ������
DQG WUHHV�LQ����� RXWEDODQFHG�WKH�WUHH UHPRYDO�GXH�WR�GLUW�URDGV��7KH\�DOVR�KLJKOLJKW�WKH�GUDPDWLF�LQIOXHQFH�RI�
ULYHU�SURFHVVHV�WR VKUXE�ELRPDVV�ORVV��DOWKRXJK�WKLV�ZDV�XWWHUO\�FRPSHQVDWHG�DQG�H[FHHGHG�E\�WKH�SODQW�JURZWK��
7KLV�EHKDYLRU LV�W\SLFDO�RI�ULSDULDQ�SLRQHHU�VSHFLHV��ZKRVH�IDVW�JURZWK�UDWH��HVSHFLDOO\�GXULQJ�WKH�ILUVW�VWDJHV�RI�
WKH�OLIH�F\FOH� DOORZV�ULYHU�EDUV�FRORQL]DWLRQ�ZLWKLQ�WKH�ZLQGRZV�RI�RSSRUWXQLW\�RFFXUULQJ�DPRQJ�IORRGV�

� 7KH�GLDPHWHU�DW�EUHDVW�KHLJKW��'%+��LV D�VWDQGDUG�LQGLFDWLRQ�RI WUHH�VL]H DQG�LV FRQYHQWLRQDOO\�PHDVXUHG�DW���� P�IURP�WKH�JURXQG�
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����� ,$+5��8VHG�ZLWK�SHUPLVVLRQ���,661�/����������

)LJXUH� ��� )RU� D� VXEVHW� RI� WKH� VWXG\� VLWH �$��� WKH� SURFHGXUH� EHJLQV� ZLWK WUHHWRS� GHWHFWLRQ� �%�� DQG� FURZQ�
VHJPHQWDWLRQ��%���/DWHU��LW�SURGXFHV�D�ELQDU\�PDVN�UHSUHVHQWLQJ�VKUXEV��&� DQG�FRPSXWHV�WKH�WUHH�DQG�VKUXE�
ELRPDVV��$Q�H[DPSOH RI�WKH�DUHDO�ELRPDVV�PDS�IRU����� �(� DQG����� �)��

�� ',6&866,21

2XU� DQDO\VLV� UHYHDOHG� WKDW� WKH� JRRGQHVV� RI� WKH� YHJHWDWLRQ�PDSSLQJ� LV� SDUWLDOO\� UHODWHG� WR� WKH� LQWULQVLF�
IHDWXUHV�RI�WKH�LQYHVWLJDWHG�SODQW�VSHFLHV�DQG�LWV�DJH�DQG�WKDW�WKHVH�IHDWXUHV�VKRXOG�GULYH�WKH�FKRLFH�RI�WKH�PRVW�
VXLWDEOH�LQYHQWRU\�PHWKRG��

7KH� LQGLYLGXDO� WUHH� GHWHFWLRQ� DOJRULWKP� ZRUNV� EHWWHU� IRU� SODQWV� KDYLQJ� OLJQHRXV� VWHPV�� SUHIHUDEO\� ZLWK�
PRGHUDWH� VWHP�GHQVLW\��7KHUHIRUH�� LWV� DSSOLFDWLRQ� VKRXOG� FRYHU�DUHDV�ZLWK�PDWXUH� YHJHWDWLRQ��7KH� OLWHUDWXUH�
RIIHUV�DOORPHWULF�UHODWLRQVKLSV�IRU�DGXOW�WUHHV�WR�GHULYH�SODQW�GLDPHWHU�IURP�WKH�/L'$5�GHULYHG�KHLJKWV��+HQFH��
ELRPDVV�HVWLPDWLRQ�LV�VWUDLJKWIRUZDUG�LI�DVVXPLQJ�WKH�WUHH�JHRPHWU\�FRQVLVWHQW�ZLWK�D�F\OLQGHU�KDYLQJ�WKH�VDPH�
GLDPHWHU�DV�WKH�'%+��:H�DOVR�DVVRFLDWHG�WUHH�JHRPHWU\�ZLWK�%DSWLVW ������ HTXDWLRQ�LQ�HFR�PRUSKRG\QDPLF�
DQG� K\GUDXOLF� QXPHULFDO� PRGHOV� WR� FRPSXWH� WKH� UHODWHG� URXJKQHVV�� %DSWLVW� ������� DSSUR[LPDWHV SODQWV� DV�
F\OLQGHUV�RI�JLYHQ�ULJLGLW\��DQG�WKLV�DVVXPSWLRQ�HDVLO\�KROGV�IRU�PDWXUH�WUHHV��

)RU�\RXQJHU�WUHHV�DQG�EXVKHV��FRPSDULQJ�ILHOG�PHDVXUHG�JHRPHWULFDO�IHDWXUHV�ZLWK WKH�YDOXHV�REWDLQHG�
E\�/L'$5�GDWD�GHPRQVWUDWHG�WKH�IHDVLELOLW\�RI�WKH�JHRPHWULFDO�UHFRQVWUXFWLRQ�RI�YHJHWDWLRQ�IURP�SRLQW�FORXGV��,Q�
WKLV�FDVH��YROXPH�WR�ELRPDVV�FRQYHUVLRQ�UHOLHV�RQ�EXON�GHQVLWLHV�WKDW�PXVW�EH�HVWLPDWHG�LQ�WKH�ILHOG�WKURXJK�D�
SURFHGXUH�WKDW�UHFDOOV�WKH�VOLFLQJ�FDUULHG�RXW�E\�WKH�XQGHUO\LQJ�DOJRULWKP��6KUXE�UHODWHG�URXJKQHVV�HVWLPDWLRQ�LV�
OLNHO\�EHWWHU�GHVFULEHG�E\�ODZV�RWKHU�WKDQ�%DSWLVW���������VXFK�DV�WKRVH�FRQVLGHULQJ WKH�SODQW�OHDI�DUHD�LQGH[�
�/$,���H�J���%R[�HW�DO���������
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,Q�WKH�SUHVHQW�YHUVLRQ��WKH�SURFHGXUH�HVWLPDWHV�DOO�WKH�QRQ�VXEPHUJHG�DERYHJURXQG�ELRPDVV��H[FOXGLQJ�
JUDVV�VSHFLHV� DQG�LW�LV�FXVWRPL]DEOH� )RU�LQVWDQFH��LW PLJKW�EH�XSGDWHG�WR�GHDO�ZLWK�PXOWLVSHFWUDO�LPDJHU\�DQG�
PHDVXUH�YHJHWDWLRQ�ELRPDVV�EDVHG�RQ SDUWLFXODU�VSHFWUDO�LQGLFHV��VXFK�DV�WKH�1RUPDOL]HG�'LIIHUHQFH�9HJHWDWLRQ�
,QGH[� �1'9,���:KHUHDV� JUDVV� ELRPDVV�PLJKW� EH� RYHUORRNHG� IRU� ODUJH�VFDOH� FDUERQ� EXGJHWV�� WKH� VXJJHVWHG�
XSGDWH�VKRXOG�EH�FRQVLGHUHG�IRU�JHQHUDWLQJ�URXJKQHVV�PDSV�

7KH�UDQJH�RI�DSSOLFDELOLW\�RI� WKH�SURSRVHG�SURFHGXUH� LQ� WKLV�FXUUHQW�YHUVLRQ� LV� IURP�ERUHDO� WR� WHPSHUDWH�
FOLPDWHV��OLNHO\�UHTXLULQJ�PRGLILFDWLRQV�RWKHUZLVH��)RU�LQVWDQFH��ELRPDVV�HVWLPDWLRQ�IRU�HTXDWRULDO�DQG�WURSLFDO�
IRUHVWV� PLJKW� UHO\� RQ� JHRPHWULFDO� UHFRQVWUXFWLRQ� RQO\� UHJDUGOHVV� RI� WKH� YHJHWDWLRQ� DJH� WR� RYHUFRPH� WKH�
GLIILFXOWLHV�RI�GHWHFWLQJ�LQGLYLGXDO�SODQWV�LQ�PXOWLOD\HUHG��IDVW�JURZLQJ��DQG�LQWHUODFLQJ�YHJHWDWLRQ�

7KH�SRWHQWLDO�RI�$/6�VXUYH\V� LQ�PDSSLQJ�DQG�PRGHOLQJ� WKH�YHJHWDWLRQ� LV�KLJK��DQG� IXWXUH� UHVHDUFK�FDQ�
DGGUHVV�WKH�H[LVWLQJ�VKRUWFRPLQJV��7KH�SODQW�KHLJKW�XQGHU�HVWLPDWLRQ�W\SLFDO�RI�$/6�FDQ�EH�FRPSHQVDWHG�E\�
FDOLEUDWLQJ�PRGHOV�EDVHG�RQ�ILHOG�PHDVXUHPHQW��)RU�LQVWDQFH��ZH�UHJUHVVHG�D�YROXPH�FRUUHFWLRQ�IDFWRU��)LHOG�
EDVHG�FDOLEUDWLRQ�RI�/L'$5�GHULYHG�PHWULFV�LV FRPPRQ�LQ IRUHVWU\��<X�HW�DO���������DQG�HQDEOHV�XV�WR�LPSOHPHQW�
YHJHWDWLRQ�DQDO\VLV�RYHU�H[WHQGHG�DUHDV�ZLWK�OLWWOH�HIIRUW��7KLV�DFWLYLW\�ZRXOG�QRW�KDYH�EHHQ�IHDVLEOH�ZLWK�ILHOG�
VXUYH\V� RQO\� EXW� LW� GRHV� QHHG� WR� EH� JURXQGHG� RQ� ILHOG� GDWD�� 7KHUHIRUH�� ZH� FRQVLGHU� UHPRWH� VHQVLQJ�
FRPSOHPHQWDU\�DQG�QRW�D�UHSODFHPHQW�IRU ILHOG�DFWLYLWLHV�

�� &21&/86,216

(FR�PRUSKRG\QDPLF�PRGHOV�UHTXLUH�LQIRUPDWLRQ�DERXW�SODQW�JHRPHWU\��VSDWLDO�DUUDQJHPHQW��DQG�ELRPDVV�
WR� FRPSXWH� UHDOLVWLF� URXJKQHVV� DQG� VHW� URXWLQHV� IRU� YHJHWDWLRQ� G\QDPLFV� DQG� WKHLU� LQIOXHQFH� RQ� WKH�
PRUSKRORJLFDO�HYROXWLRQ�RI�ULYHU�IORRGSODLQV��7KLV�ZRUN�VKRUWO\�GHVFULEHV�WKH�UHFHQW�HIIRUWV�PDGH WR�DGGUHVV�WKH�
XVH�RI�UHPRWH�VHQVLQJ�GDWD�WR�SURYLGH�WKLV�LQIRUPDWLRQ�IRU�FRQWLQXRXV�DQG�H[WHQGHG�GRPDLQV��,W�IRFXVHV�RQ�/LJKW�
'HWHFWLRQ�$QG�5DQJLQJ� �/L'$5�� VLQFH�DLUERUQH� ODVHU� VFDQQHU� /L'$5� WHFKQRORJ\�RIIHUV� D� JRRG� FRPSURPLVH�
EHWZHHQ�VSDWLDO�UHVROXWLRQ�DQG�DUHDO�FRYHUDJH��DQG�WKH�DYDLODELOLW\�RI�LWV�GDWDVHWV�LV�LQFUHDVLQJ�IDVW��$OWKRXJK�
WKH�SUHVHQWHG�WHFKQLTXHV�DUH�VWLOO�DW�WKHLU�HDUO\�VWDJH��WKH\�RIIHU�D�VWDUWLQJ�SRLQW�WR�PHUJH�IRUHVWU\�DQG�K\GUDXOLF�
NQRZOHGJH�WR�VWXG\�ULSDULDQ�FRUULGRUV��%\�H[SODLQLQJ�WKHLU�XQGHUO\LQJ�ZRUNIORZV�DQG�KLJKOLJKWLQJ�WKHLU�VWUHQJWKV�
DQG�ZHDNQHVVHV��ZH�SURYLGHG�DQ�RYHUDOO�SLFWXUH�RI�XVLQJ�SRLQW�FORXGV�DV�LQSXW�IRU�HFR�PRUSKRG\QDPLF�VWXGLHV��
)LQDOO\�� ZH� JDYH� VRPH� LQVLJKWV� DERXW� WKH� IXWXUH� FKDOOHQJHV� WR� DGGUHVV� WKH� LPSURYHPHQW� RI� WKH� SUHVHQWHG�
PHWKRGV�ZKLOH�LQWHJUDWLQJ�GLIIHUHQW�GDWD�VRXUFHV�DQG�SURFHVVLQJ�WHFKQLTXHV�

�� $&.12:/('*(0(176

7KH�DXWKRUV�DUH�JUDWHIXO�WR�WKH�*0* � *HRKD]DUG�0RQLWRULQJ�*URXS�RI�&15 � ,53,��,WDO\��WKDW SURGXFHG�
DQG�SURYLGHG�WKH�DLUERUQH�ODVHU�VFDQQHU�GDWD�XVHG�LQ�RXU�H[DPSOHV�

�� 5()(5(1&(6

%DSWLVW��0�-���������0RGHOOLQJ�IORRGSODLQ�ELRJHRPRUSKRORJ\��3K�'��WKHVLV��'HOIW�8QLYHUVLW\�RI�7HFKQRORJ\�
%HOFRUH��(���DQG�/DWHOOD��0�� �XQGHU� UHYLHZ�� 5LSDULDQ�HFRV\VWHPV�PDSSLQJ�DW� ILQH�VFDOH��D�GHQVLW\�DSSURDFK�

EDVHG�RQ�PXOWL�WHPSRUDO�8$9�SKRWRJUDPPHWULF�SRLQW�FORXGV���5HPRWH�6HQVLQJ�LQ�(FRORJ\�DQG�&RQVHUYDWLRQ�
%R[��:���-lUYHOl��-���DQG�9lVWLOl��.����������)ORZ�UHVLVWDQFH�RI�IORRGSODLQ�YHJHWDWLRQ�PL[WXUHV�IRU�PRGHOOLQJ�ULYHU�

IORZV� -RXUQDO�RI�+\GURORJ\� ������������
&DUERQQHDX��3���DQG�3LpJD\��+���(GV����������� )OXYLDO�UHPRWH�VHQVLQJ�IRU�VFLHQFH�DQG�PDQDJHPHQW��-RKQ�:LOH\�

	�6RQV�
&DUWLVDQR��5���0DWWLROL��:���&RURQD��3���0XJQR]]D��*��6���6DEDWWL��0���)HUUDUL��%�������DQG *LXOLDUHOOL��'����������

$VVHVVLQJ� DQG� PDSSLQJ� ELRPDVV� SRWHQWLDO� SURGXFWLYLW\� IURP� SRSODU�GRPLQDWHG� ULSDULDQ� IRUHVWV�� $� FDVH�
VWXG\� %LRPDVV�DQG�ELRHQHUJ\� ������������

'XQFDQVRQ��/���DQG�'XED\DK��5����������0RQLWRULQJ�LQGLYLGXDO�WUHHǦEDVHG�FKDQJH�ZLWK�DLUERUQH�OLGDU� (FRORJ\�
DQG�HYROXWLRQ� � ����������������

+X\OHQEURHFN��/���/DVOLHU��0���'XIRXU��6���*HRUJHV��%���/HMHXQH��3���DQG�0LFKH]��$����������8VLQJ�UHPRWH�VHQVLQJ�
WR�FKDUDFWHUL]H� ULSDULDQ�YHJHWDWLRQ��$�UHYLHZ�RI�DYDLODEOH� WRROV�DQG�SHUVSHFWLYHV� IRU�PDQDJHUV� -RXUQDO�RI�
HQYLURQPHQWDO�PDQDJHPHQW� ���� �������

+X\OHQEURHFN��/��� /DWWH��1��� /HMHXQH��3���*HRUJHV��%���&ODHVVHQV��+��� DQG 0LFKH]��$�� ��������:KDW�)DFWRUV�
6KDSH�6SDWLDO� 'LVWULEXWLRQ� RI� %LRPDVV� LQ�5LSDULDQ� )RUHVWV"� ,QVLJKWV� IURP� D� /L'$5�6XUYH\� RYHU� D� /DUJH�
$UHD� )RUHVWV� �� ���� ����

-lUYHOl��-����������'HWHUPLQDWLRQ�RI�IORZ�UHVLVWDQFH�FDXVHG�E\�QRQ�VXEPHUJHG�ZRRG\ YHJHWDWLRQ� ,QWHUQDWLRQDO�
-RXUQDO�RI�5LYHU�%DVLQ�0DQDJHPHQW� ������ ��±����

.OHLQKDQV��0�*���GH�9ULHV��%���%UDDW��/���DQG�YDQ�2RUVFKRW��0����������/LYLQJ�ODQGVFDSHV��0XGG\�DQG�YHJHWDWHG�
IORRGSODLQ�HIIHFWV�RQ�IOXYLDO�SDWWHUQ�LQ�DQ�LQFLVHG�ULYHU� (DUWK�VXUIDFH�SURFHVVHV�DQG�ODQGIRUPV� �� ����� �����
�����
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����� ,$+5��8VHG�ZLWK�SHUPLVVLRQ���,661�/����������

/DWHOOD��0���%HUWDJQL��0�%���9H]]D��3���DQG�&DPSRUHDOH��&����������$Q�LQWHJUDWHG�PHWKRGRORJ\�WR�VWXG\�ULSDULDQ�
YHJHWDWLRQ�G\QDPLFV��)URP�ILHOG�GDWD�WR�LPSDFW�PRGHOLQJ��-RXUQDO�RI�$GYDQFHV�LQ�0RGHOLQJ�(DUWK�6\VWHPV��
�� �����H����06�������

/DWHOOD��0���6ROD��)���DQG�&DPSRUHDOH��&�� ��������$�'HQVLW\�%DVHG�$OJRULWKP� IRU� WKH�'HWHFWLRQ�RI� ,QGLYLGXDO�
7UHHV�IURP�/L'$5�'DWD��5HPRWH�6HQVLQJ���� ���������

0XQHHSHHUDNXO��5���5LQDOGR��$���	�5RGULJXH]Ǧ,WXUEH��,����������(IIHFWV�RI�ULYHU�IORZ�VFDOLQJ�SURSHUWLHV�RQ�ULSDULDQ�
ZLGWK�DQG�YHJHWDWLRQ�ELRPDVV� :DWHU�UHVRXUFHV�UHVHDUFK� �� ������

YDQ� 2RUVFKRW�� 0��� .OHLQKDQV�� 0��� *HHUOLQJ�� *��� DQG� 0LGGHONRRS�� +�� �������� 'LVWLQFW� SDWWHUQV� RI� LQWHUDFWLRQ�
EHWZHHQ�YHJHWDWLRQ�DQG�PRUSKRG\QDPLFV� (DUWK�6XUIDFH�3URFHVVHV�DQG�/DQGIRUPV� ������� ��������

3HURQD��3���0ROQDU��3���6DYLQD��0���	�%XUODQGR��3����������$Q�REVHUYDWLRQǦEDVHG�VWRFKDVWLF�PRGHO�IRU�VHGLPHQW�
DQG�YHJHWDWLRQ�G\QDPLFV�LQ�WKH�IORRGSODLQ�RI�DQ�DOSLQH�EUDLGHG�ULYHU� :DWHU�5HVRXUFHV�5HVHDUFK� �� ����

3LpJD\��+���$UQDXG��)���%HOOHWWL��%���%HUWUDQG��0���%L]]L��6���&DUERQQHDX��3�������DQG�6ODWHU��/����������5HPRWHO\�
VHQVHG� ULYHUV� LQ� WKH� $QWKURSRFHQH�� 6WDWH� RI� WKH� DUW� DQG� SURVSHFWV� (DUWK� 6XUIDFH� 3URFHVVHV� DQG�
/DQGIRUPV� ����������������

5DKPDQ��0�=�$��� DQG�*RUWH�� %�� �������� ,QGLYLGXDO� WUHH� GHWHFWLRQ� EDVHG� RQ� GHQVLWLHV� RI� KLJK� SRLQWV� RI� KLJK�
UHVROXWLRQ�DLUERUQH�/L'$5� *(2%,$����������

6WUDDWVPD�� 0�:��� DQG� %DSWLVW�� 0�-�� �������� )ORRGSODLQ� URXJKQHVV� SDUDPHWHUL]DWLRQ� XVLQJ� DLUERUQH� ODVHU�
VFDQQLQJ�DQG�VSHFWUDO�UHPRWH VHQVLQJ� 5HPRWH�6HQVLQJ�RI�(QYLURQPHQW� �������� ����������

9HVLSD�� 5��� &DPSRUHDOH�� &��� DQG� 5LGROIL�� /�� �������� (IIHFW� RI� ULYHU� IORZ� IOXFWXDWLRQV� RQ� ULSDULDQ� YHJHWDWLRQ�
G\QDPLFV��3URFHVVHV�DQG�PRGHOV� $GYDQFHV�LQ�:DWHU�5HVRXUFHV� ���� ������

<X��;���+\\SSl��-���+RORSDLQHQ��0���	�9DVWDUDQWD��0����������&RPSDULVRQ�RI�DUHD�EDVHG�DQG�LQGLYLGXDO�WUHH�
EDVHG�PHWKRGV�IRU�SUHGLFWLQJ�SORW�OHYHO�IRUHVW�DWWULEXWHV� 5HPRWH�6HQVLQJ� � ���� ����������


