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�-DQYL�6XEKDVK�3DZDU���5XSDOL�:DJK

�6WXGHQW��351���������%����6HPLQDU�0HQWRU
'HSDUWPHQW�RI�$UWLILFLDO�,QWHOOLJHQFH�DQG�'DWD�6FLHQFH

$MHHQN\D�'<�3DWLO�6FKRRO�RI�(QJLQHHULQJ��3XQH��0DKDUDVKWUD��,QGLD

$EVWUDFW

,OOHJDO�ULYHU�VDQG�PLQLQJ�LV�KDUG�WR�FRQWURO�EHFDXVH�H[WUDFWLRQ�VLWHV�DUH�VFDWWHUHG�DORQJ�ORQJ��UHPRWH�ULYHU�
UHDFKHV�WKDW�FDQQRW�EH�LQVSHFWHG�FRQWLQXRXVO\��7KLV�SDSHU�UHYLHZV�WZHOYH�VWXGLHV�WKDW�XVH�VDWHOOLWH�LPDJHU\��
XQPDQQHG�DHULDO�YHKLFOHV��8$9V���JHRJUDSKLF�LQIRUPDWLRQ�V\VWHPV��*,6��DQG�PDFKLQH�RU�GHHS�OHDUQLQJ�WR�
PRQLWRU�VDQG�PLQLQJ�DQG�FORVHO\�UHODWHG�ULYHUEDQN�RU�PLQLQJ�SURFHVVHV��WRJHWKHU�ZLWK�WZR�UHYLHZV�RI�GHHS�
OHDUQLQJ�FKDQJH�GHWHFWLRQ��DQG�FRPSDUHV�WKHLU�GDWD��PHWKRGV�DQG�SXEOLVKHG�UHVXOWV��7KH�FRPSDULVRQ�VKRZV�
WKDW� H[LVWLQJ� ZRUN� FRQFHQWUDWHV� RQ� GHWHFWLQJ� RU�PHDVXULQJ�PLQLQJ� WKDW� KDV� DOUHDG\� KDSSHQHG�� WKURXJK�
VSHFWUDO�LQGH[�PDSSLQJ� VHJPHQWDWLRQ� RI�PLQLQJ� DUHDV�� GUHGJLQJ�ERDW� GHWHFWLRQ�� VKRUHOLQH� DQDO\VLV� DQG�
8$9�YROXPHWU\��ZKHUHDV�IRUZDUG�ORRNLQJ�ULVN�SUHGLFWLRQ��DQG�WKH�MRLQW�XVH�RI�VDWHOOLWH�DQG�GURQH�GDWD�LQ�D�
OHDUQLQJ�EDVHG�SLSHOLQH�� DUH� UDUHO\� DGGUHVVHG��%XLOGLQJ�RQ� WKLV�JDS��ZH�SURSRVH� D� FRQFHSWXDO� ILYH�OD\HU�
IUDPHZRUN� WKDW� OLQNV� PXOWL�VRXUFH� GDWD� DFTXLVLWLRQ�� SUHSURFHVVLQJ�� GHHS�OHDUQLQJ� GHWHFWLRQ�� PDFKLQH�
OHDUQLQJ�ULVN�PDSSLQJ�DQG�D�*,6�GHFLVLRQ�VXSSRUW�OD\HU�ZLWK�D�8$9�YHULILFDWLRQ�ORRS��DQG�ZH�GHILQH�DQ�
HYDOXDWLRQ�SURWRFRO�WKDW�VHSDUDWHV�WUDLQLQJ�DQG�WHVW�VLWHV�DQG�UHSRUWV�FODVV�ZLVH�PHWULFV��7KH�SDSHU�LV�D�UHYLHZ�
DQG�GHVLJQ�VWXG\��LW�GRHV�QRW�LPSOHPHQW�WKH�IUDPHZRUN��WUDLQ�D�PRGHO�RU�UHSRUW�QHZ�H[SHULPHQWDO�UHVXOWV��
DQG�HYHU\�QXPEHU�TXRWHG�FRPHV�IURP�WKH�FLWHG�ZRUNV��ZKLFK�XVH�GLIIHUHQW�GDWDVHWV�DQG�DUH�QRW�GLUHFWO\�
FRPSDUDEOH�

.H\ZRUGV��LOOHJDO�VDQG�PLQLQJ��UHPRWH�VHQVLQJ��8$9��GHHS�OHDUQLQJ��ULVN�SUHGLFWLRQ��*,6��HQYLURQPHQWDO�
PRQLWRULQJ

,QWURGXFWLRQ

6DQG�DQG�JUDYHO�DUH�DPRQJ�WKH�PRVW�KHDYLO\�H[WUDFWHG�PDWHULDOV�LQ�WKH�ZRUOG��*OREDO�ULYHU�VDQG�H[WUDFWLRQ�
LV�FRPPRQO\�TXRWHG�DW���±���ELOOLRQ�WRQQHV�SHU�\HDU��D�ILJXUH�RULJLQDWLQJ�IURP�81(3�DQG�UHSHDWHG�LQ�UHFHQW�
VWXGLHV�>�@��>�@��DQG�H[WUDFWLRQ�LQ�PDQ\�ULYHUV�QRZ�H[FHHGV�QDWXUDO�UHSOHQLVKPHQW�>�@��>�@��:KHQ�PLQLQJ�LV�
XQUHJXODWHG�RU�XQOLFHQVHG��WKH�GRFXPHQWHG�FRQVHTXHQFHV�LQFOXGH�ULYHUEHG�ORZHULQJ��EDQN�HURVLRQ��IDOOLQJ�
JURXQGZDWHU�OHYHOV��KLJKHU�WXUELGLW\�DQG�GDPDJH�WR�EULGJHV�DQG�RWKHU�VWUXFWXUHV�>�@��>�@��>�@��(QIRUFHPHQW�
LV� GLIILFXOW� EHFDXVH� H[WUDFWLRQ� VLWHV� DUH�QXPHURXV��GLVSHUVHG� DQG�RIWHQ�KDUG� WR� UHDFK�� DQG�EHFDXVH� ILHOG�
VXUYH\V�DUH�FRVWO\�DQG�VSDWLDOO\�GLVFRQWLQXRXV�>�@��>�@�
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5HPRWH�VHQVLQJ�KDV�WKHUHIRUH�EHFRPH�WKH�PDLQ�WRRO�IRU�PRQLWRULQJ��2SWLFDO�DQG�UDGDU�VDWHOOLWHV�SURYLGH�
UHSHDWHG��ZLGH�DUHD�FRYHUDJH�>�@��>�@��8$9V�SURYLGH�FHQWLPHWUH�VFDOH�GHWDLO�DW�VHOHFWHG�VLWHV�>�@��DQG�*,6�
VXSSRUWV�VWRUDJH��RYHUOD\�DQG�FRPPXQLFDWLRQ�RI�UHVXOWV�>�@��>�@��'HHS�OHDUQLQJ�KDV�UHFHQWO\�EHHQ�DGGHG�WR�
WKLV�WRROER[�WR�VHJPHQW�PLQLQJ�DUHDV�DQG�GHWHFW�GUHGJLQJ�YHVVHOV�DXWRPDWLFDOO\�>�@��>�@��>�@��:KDW�WKHVH�
VWXGLHV�PRVWO\�GHOLYHU��KRZHYHU��LV�D�SLFWXUH�RI�PLQLQJ�WKDW�KDV�DOUHDG\�RFFXUUHG��$Q�LQVSHFWLRQ�DJHQF\�ZLWK�
D�OLPLWHG�QXPEHU�RI�ILHOG�WHDPV�ZRXOG�DOVR�EHQHILW�IURP�NQRZLQJ�ZKHUH�PLQLQJ�LV�OLNHO\�WR�RFFXU�QH[W�

7KLV�SDSHU�DGGUHVVHV�WKDW�TXHVWLRQ�DW�WKH�OHYHO�RI�OLWHUDWXUH�DQDO\VLV�DQG�V\VWHP�GHVLJQ��,W�IROORZV�WKH�IRXU�
REMHFWLYHV�RI�WKH�XQGHUO\LQJ�VHPLQDU�SURMHFW���L��WR�UHYLHZ�VDWHOOLWH���GURQH���*,6� DQG�$,�EDVHG�PHWKRGV�IRU�
GHWHFWLQJ�DQG�PRQLWRULQJ�LOOHJDO�VDQG�PLQLQJ��/LWHUDWXUH�5HYLHZ����LL��WR�H[DPLQH�KRZ�VDWHOOLWH��GURQH�DQG�
KLVWRULFDO�RU�JHRJUDSKLFDO� LQIRUPDWLRQ�UHYHDO�PLQLQJ�SDWWHUQV��%DFNJURXQG�DQG�'DWD�6RXUFHV��/LWHUDWXUH�
5HYLHZ��� �LLL�� WR� DVVHVV� ZKLFK� PDFKLQH�OHDUQLQJ� DQG� GHHS�OHDUQLQJ� WHFKQLTXHV� VXLW� GHWHFWLRQ� DQG� ULVN�
SUHGLFWLRQ��/LWHUDWXUH�5HYLHZ��3URSRVHG�&RQFHSWXDO�)UDPHZRUN���DQG��LY��WR�SURSRVH�D�FRQFHSWXDO�*,6�
EDVHG� IUDPHZRUN� IRU� PRQLWRULQJ� DQG� GHFLVLRQ� VXSSRUW� �3URSRVHG� &RQFHSWXDO� )UDPHZRUN�� 3URSRVHG�
(YDOXDWLRQ�3URWRFRO���7KH�FRQWULEXWLRQV�DUH�

� D�VWUXFWXUHG�FRPSDULVRQ�RI�WZHOYH�DSSOLFDWLRQ�VWXGLHV�DQG�WZR�FKDQJH�GHWHFWLRQ�UHYLHZV��ZLWK�WKHLU�
GDWD��PHWKRGV��SXEOLVKHG�UHVXOWV�DQG�OLPLWDWLRQV��7DEOHV�,,�DQG�,,,��

� DQ�LGHQWLILFDWLRQ�RI�WKH�UHVHDUFK�JDS��QDPHO\�OLPLWHG�ULVN�SUHGLFWLRQ�DQG�OLPLWHG�LQWHJUDWLRQ�RI�VDWHOOLWH�
DQG�8$9�GDWD�ZLWK�OHDUQLQJ�EDVHG�PHWKRGV�

� D�ILYH�OD\HU�FRQFHSWXDO�IUDPHZRUN�ZLWK�D�ULVN�SUHGLFWLRQ�IRUPXODWLRQ�DQG�D�8$9�YHULILFDWLRQ�ORRS�
�)LJV���±���7DEOH�,9���DQG

� DQ�HYDOXDWLRQ�SURWRFRO�GHVLJQHG�WR�DYRLG�RSWLPLVWLF�HVWLPDWHV��7DEOH�9,��

7KH�FRQWULEXWLRQ�LV�OLPLWHG�WR�ZKDW�LV�VWDWHG��QR�PRGHO�ZDV�WUDLQHG�DQG�QR�QHZ�DFFXUDF\�ILJXUHV�DUH�UHSRUWHG��
7KH�'LVFXVVLRQ�DQG�/LPLWDWLRQV�VHFWLRQ�FRYHUV�OLPLWDWLRQV�DQG�UHVSRQVLEOH�XVH��DQG�WKH�&RQFOXVLRQ�FORVHV�
WKH�SDSHU�

%DFNJURXQG�DQG�'DWD�6RXUFHV

$��:K\�0RQLWRULQJ�,V�'LIILFXOW

6DQG�SLWV�DUH�RIWHQ�XQGHUZDWHU�DQG�FDQQRW�EH�VHHQ�GLUHFWO\��VR�TXDQWLI\LQJ�H[WUDFWLRQ�WUDGLWLRQDOO\�QHHGV�
EDWK\PHWULF� VXUYH\V� WKDW�DUH�H[SHQVLYH� DQG�VORZ��SDUWLFXODUO\� LQ� ODUJH�PXOWL�FKDQQHO� ULYHUV� >�@��2IILFLDO�
VWDWLVWLFV� FDQ�DOVR�XQGHUVWDWH� H[WUDFWLRQ�ZKHUH� LOOHJDO�PLQLQJ� LV� FRPPRQ�>�@��/HJDOLW\�KDV� WR�EH� MXGJHG�
DJDLQVW�SHUPLWV��LQ�WKH�5RPDQLDQ�FDVH��RQO\����OLFHQFHV�KDG�EHHQ�JUDQWHG�DORQJ�WKH�VWXGLHG�ULYHU�DQG�WKH�
QHDUHVW�OLFHQVHG�VLWH�ZDV�DERXW����NP�IURP�WKH�PLQHG�ORFDWLRQ��DQG�D�VHDUFK�RI�WKH�UHJLRQDO�SHUPLW�GDWDEDVH�
IRU�WKH�*UHHN�WRUUHQW�UHWXUQHG�QR�HQWULHV�>�@��$Q\�SUDFWLFDO�V\VWHP�PXVW�WKHUHIRUH�FRPELQH�LPDJH�DQDO\VLV�
ZLWK�SHUPLW�DQG�OHDVH�UHFRUGV��DQ�DSSURDFK�DOVR�WDNHQ�LQ�D�3ROLVK�VWXG\�WKDW�FRPSDUHG�GHWHFWHG�H[WUDFWLRQ�
ZLWK�SXEOLF�OLFHQVLQJ�GDWDVHWV�>�@�

%��6HQVLQJ�0RGDOLWLHV

7DEOH�,�VXPPDULVHV�WKH�GDWD�VRXUFHV�XVHG�LQ�WKH�UHYLHZHG�VWXGLHV�DQG�)LJ����FRPSDUHV�WKHLU�UHSRUWHG�VSDWLDO�
UHVROXWLRQ�
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2SWLFDO�PXOWLVSHFWUDO�VDWHOOLWHV� /DQGVDW���SURYLGHV�EDQGV�DW����P��DQG�0XNKHUMHH�>�@�VKRZHG�WKDW�VDQGEDQN�
UHJLRQV�FDQ�EH�VHSDUDWHG�XVLQJ�RQO\�WKH�JUHHQ�DQG�WZR�VKRUWZDYH�LQIUDUHG�EDQGV��EXW�WKDW�VDQGEDQNV�VPDOOHU�
WKDQ�D����P�SL[HO�DUH�GLIILFXOW� WR�GHWHFW��6HQWLQHO���SURYLGHV����P�EDQGV�DQG�LV�ZLGHO\�XVHG�IRU�PLQLQJ�
PDSSLQJ�>�@��>�@��2SWLFDO�GDWD�DUH�OLPLWHG�E\�FORXG��VWXGLHV�UHVWULFWHG�WKHPVHOYHV�WR�VFHQHV�ZLWK�OLWWOH�FORXG��
DQG�RQH�H[FOXGHG�WKH�PRQVRRQ�PRQWKV�DOWRJHWKHU�>�@�

5DGDU�VDWHOOLWHV� 6HQWLQHO���UDGDU�RSHUDWHV�WKURXJK�FORXG�DQG�KDV�EHHQ�XVHG�ERWK�IRU�ERDW�GHWHFWLRQ�>�@��>�@�
DQG�IRU� LQWHUIHURPHWULF�VXEVLGHQFH�PDSSLQJ� >�@�� ,WV�JUH\�VFDOH�DPSOLWXGH� LPDJHU\�DQG�FRDUVH�UHVROXWLRQ�
PDNH�LQGLYLGXDO�YHVVHOV�KDUG�WR�LGHQWLI\��VR�.XPDU�HW�DO��XVHG�3ODQHW6FRSH�LPDJHV�DQG�ILHOG�SKRWRJUDSKV�WR�
ODEHO�ERDWV�LQ�6HQWLQHO���VFHQHV�>�@�

9HU\�KLJK�UHVROXWLRQ��9+5��VDWHOOLWHV� 3ODQHW6FRSH��DERXW���P��DQG�6N\6DW�������P��ZHUH�XVHG�WR�GDWH�WKH�
H[FDYDWLRQ�RI�D�ULYHU�EDU�WR�D�ZLQGRZ�RI�DERXW�WZR�ZHHNV��DQG�D�SUH�PLQLQJ�6N\6DW�LPDJH�FRQILUPHG�WKDW�
WKH�H[FDYDWLRQ�GLG�QRW�\HW�H[LVW�>�@�

8$9V� 5HSHDWHG�8$9�IOLJKWV�\LHOG RUWKRPRVDLFV�DQG�GLJLWDO�VXUIDFH�PRGHOV��'60V��ZLWK�D�JURXQG�VDPSOH�
GLVWDQFH��*6'��QHDU�����FP��ZKLFK�DOORZHG�H[FDYDWHG�YROXPHV�WR�EH�FDOFXODWHG�>�@��7KH�VDPH�VWXG\�QRWHV�
WKH�GUDZEDFNV��OLPLWHG�EDWWHU\�OLIH��GLIILFXOW\�IO\LQJ�LQ�ZLQG��UDLQ�RU�IRJ��DLUFUDIW�UHJLVWUDWLRQ�UXOHV��DQG�VPDOO�
FRYHUDJH��������NPð�DQG������±������NPð�SHU�VLWH��>�@�

9ROXQWHHUHG�JHRJUDSKLF�LQIRUPDWLRQ��9*,�� $�ZHE�*,6�SODWIRUP�RQ�WKH�*DGDU�5LYHU�FROOHFWHG�����FLWL]HQ�
UHSRUWV��ZKLFK�ZHUH�FKHFNHG�E\�WHOHSKRQH�DQG�VLWH�YLVLWV��SDUWLFLSDWLRQ�ZDV�VWURQJO\�VNHZHG������PDOH��
>�@�

)LJ�����6SDWLDO�UHVROXWLRQ��JURXQG�VDPSOH�GLVWDQFH��RI�GDWD�VRXUFHV�DV�UHSRUWHG�LQ�WKH�UHYLHZHG�VWXGLHV��8$9�
DQG�6N\6DW�3ODQHW6FRSH� >�@��*DRIHQ��� >�@��6HQWLQHO��� >�@��6HQWLQHO��� >�@� DQG�/DQGVDW� �� >�@��9DOXHV� DUH�
TXRWHG�IURP�WKH�VRXUFHV��UHVROXWLRQ�DORQH�GRHV�QRW�GHWHUPLQH�GHWHFWDELOLW\�
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7DEOH�,��'DWD�VRXUFHV�LQ�WKH�UHYLHZHG�VWXGLHV

6RXUFH 5ROH�LQ�UHYLHZHG�ZRUN 5HSRUWHG�OLPLWDWLRQ

/DQGVDW� �� ��
6HQWLQHO��

,QGH[�PDSSLQJ�� VHJPHQWDWLRQ� >�@��
>�@��>�@

&ORXG��SL[HO�VL]H�KLGHV�VPDOO�IHDWXUHV�>�@

6HQWLQHO�� %RDW�GHWHFWLRQ��,Q6$5�VXEVLGHQFH�
>�@��>�@��>�@

+DUG�WR�LGHQWLI\�VLQJOH�YHVVHOV�>�@

3ODQHW6FRSH��
6N\6DW

'DWLQJ�RI�H[WUDFWLRQ��ODEHO�DLG�>�@��
>�@

1HHG�FORXG�IUHH�VFHQHV�>�@

*DRIHQ�� 6HJPHQWDWLRQ�RI�VDQG�PLQLQJ�DUHDV�
>�@

2QO\�ILYH�LPDJH�SURGXFWV�XVHG�>�@

8$9 9ROXPHV��'60�GLIIHUHQFLQJ�>�@ %DWWHU\��ZHDWKHU��UXOHV��VPDOO�DUHD�>�@

9*, &LWL]HQ�UHSRUWLQJ�>�@ 3DUWLFLSDWLRQ�LPEDODQFH�>�@

/LWHUDWXUH�5HYLHZ

$��6FRSH

7KH�UHYLHZ�FRYHUV�WZHOYH�DSSOLFDWLRQ�VWXGLHV�IURP������WR������WKDW�ZHUH�VHOHFWHG�IRU�WKH�VHPLQDU�SURMHFW�
EHFDXVH� WKH\�XVH�VDWHOOLWH��GURQH��*,6�RU� OHDUQLQJ�EDVHG�PHWKRGV�IRU�VDQG�PLQLQJ�RU�IRU�FORVHO\� UHODWHG�
PLQLQJ� DQG� ULYHUEDQN� SURFHVVHV�� SOXV� WZR� UHYLHZV� RI� GHHS�OHDUQLQJ� FKDQJH� GHWHFWLRQ� >��@�� >��@��7KUHH�
VWXGLHV��PDUNHG���LQ�7DEOHV�,,�DQG�,,,��ZHUH�VXPPDULVHG�IURP�WKHLU�DEVWUDFWV�RU�SXEOLF�GHVFULSWLRQV�RQO\��
7KH�VHOHFWLRQ�LV�QRW�DQ�H[KDXVWLYH�VXUYH\�RI�WKH�ILHOG��DQG�WKH�VWDWHPHQWV�EHORZ�GHVFULEH�RQO\�WKH�FLWHG�
VWXGLHV�

%��6SHFWUDO�,QGH[�DQG�*HRVSDWLDO�$SSURDFKHV

0XNKHUMHH�>�@�GHWHFWV�ULYHU�VDQGEDQNV�ZLWKRXW�ODEHOOHG�GDWD�LQ�WZR�VWHSV��:DWHU�ERGLHV�DUH�IRXQG�ZLWK�WKH�
PRGLILHG�QRUPDOLVHG�GLIIHUHQFH�ZDWHU�LQGH[�

ܫܹܦܰܯ ൌ
ఘಸೝ೐೐೙ ି ఘೄೈ಺ೃభ

ఘಸೝ೐೐೙ ା ఘೄೈ಺ೃభ
ǡ ���

WKHQ�GLODWHG��WKLQQHG�DQG�ILOWHUHG�E\�FRQQHFWHG�FRPSRQHQW�VL]H�VR�WKDW�ORQJ��ULYHU�OLNH�VWUXFWXUHV�UHPDLQ��
KLJK�PLQHUDO�VXUIDFHV�DUH�WKHQ�IRXQG�E\�WKUHVKROGLQJ�D�FRDO�PLQH�LQGH[��DQG�RQO\�WKRVH�QHDU�D�ULYHU�DUH�
NHSW��2Q�/DQGVDW ��VFHQHV�RI�WKH�'DPRGDU�5LYHU��,QGLD��WKH�DYHUDJH�DFFXUDF\��SUHFLVLRQ�DQG�UHFDOO�ZHUH�
���������������DQG��������ZLWK�ORZHU�DFFXUDF\�DQG�)��LQ�0DUFK�DQG�0D\��ZKLFK�WKH�DXWKRU�OLQNV�WR�VRLO�
PRLVWXUH�YDULDWLRQ�LQ�GU\�PRQWKV�>�@��7KH�PHWKRG�GHWHFWV�VDQGEDQNV�UDWKHU�WKDQ�LOOHJDO�PLQLQJ�

6LQJK�HW�DO��>�@�FRPELQHG�1':,�DQG�01':,�VKRUHOLQH�H[WUDFWLRQ�IURP�/DQGVDW�DQG�6HQWLQHO��$�LPDJHU\�
�����±������ZLWK�WKH�'LJLWDO�6KRUHOLQH�$QDO\VLV�6\VWHP�WR�TXDQWLI\�HURVLRQ�DQG�DFFUHWLRQ�DW�LOOHJDO�PLQLQJ�
VLWHV�RQ�WKH�&KDPEDO�5LYHU��(URVLRQ�RFFXUUHG�DW�DOO�LOOHJDO�VLWHV��ZLWK�D�PD[LPXP�RI������P�\HDU��FRPSDUHG�
ZLWK�í����� DQG������P�\HDU� DW� XQPLQHG� VLWHV� >�@��'XDQ� HW� DO�� >��@�� XVHG�02',6��/DQGVDW� DQG�9,,56�
GD\�QLJKW�EDQG�GDWD�WR�PRQLWRU�LOOHJDO�GUHGJLQJ�LQ�/DNH�+RQJ]H��ILQGLQJ�QLJKW�WLPH�OLJKW�GDWD�VXLWDEOH�IRU�
WUDFNLQJ�QLJKW�WLPH�GUHGJLQJ�YHVVHOV�DQG�UHODWLQJ�GUHGJLQJ�VWDJHV�WR�VXVSHQGHG�SDUWLFXODWH�WUHQGV��7KHVH�
DSSURDFKHV�DUH�WUDQVSDUHQW�DQG�QHHG�OLWWOH�WUDLQLQJ�GDWD��EXW�WKH\�GHVFULEH�SDVW�DFWLYLW\�
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&��'HHS�/HDUQLQJ�'HWHFWLRQ�DQG�6HJPHQWDWLRQ

%RDW�EDVHG� GHWHFWLRQ� .XPDU� HW� DO�� >�@� WUDLQHG� D�<2/2Y�O� GHWHFWRU� RQ� ���� 6HQWLQHO��� VFHQHV� RI� WKH�
9LHWQDPHVH�0HNRQJ�'HOWD��ZLWK� ������ DQQRWDWHG� SDWFKHV� FRQWDLQLQJ� ������� ODEHOOHG� ERDWV��7KH�PRGHO�
UHDFKHG�������PHDQ�DYHUDJH�SUHFLVLRQ��P$3��RYHU�WKUHH�ERDW�FODVVHV�DQG�������IRU�WKH�VDQG�GUHGJLQJ�
EDUJH�FODVV�DW�DQ�,R8�WKUHVKROG�RI������DQG�FRXQWV�RI�EDUJHV�ZHUH�FRQYHUWHG�LQWR�H[WUDFWLRQ�EXGJHWV��DERXW�
����0Pñ�LQ�����±������E\�UHJUHVVLRQ�DJDLQVW�ULYHUEHG�LQFLVLRQ�>�@��9X�HW�DO��>�@�UHXVHG�WKLV� LGHD�RQ�WKH�
%DVVDF�5LYHU��GHWHFWHG�����EDUJHV�LQ�����±������DQG�FRXSOHG�WKH�FRXQWV�ZLWK�'HOIW�'�)/2:�VLPXODWLRQV��
FRQFOXGLQJ�WKDW�PLQLQJ�FRQWULEXWHG�����±������RI�WRWDO�ULYHUEHG�LQFLVLRQ��7KHVH�PHWKRGV�WDUJHW�GUHGJLQJ�
YHVVHOV�DQG�GR�QRW�FRYHU�EDQN�RU�EDU�PLQLQJ�

$UHD�VHJPHQWDWLRQ� =KDQJ�HW�DO��>�@�SURSRVHG�D�OLJKWZHLJKW�PXOWL�VFDOH�QHWZRUN��/06�1HW��IRU�ULYHUEDQN�
VDQG�PLQLQJ� DUHDV� LQ� *DRIHQ��� LPDJHU\�� 2Q� WKHLU� EHQFKPDUN� LW� UHDFKHG� ������� RYHUDOO� DFFXUDF\� DQG�
������� P,R8� ZLWK� ����� 0� SDUDPHWHUV�� DJDLQVW� ������� DQG� ������� IRU� 8�1HW� >��@� ZLWK� ������ 0�
SDUDPHWHUV��DERXW�����IHZHU��FRPSXWHG�IURP�WKH�UHSRUWHG�FRXQWV���7KH�GDWDVHW�ZDV�GUDZQ�IURP�ILYH�LPDJH�
SURGXFWV��DQG�DXJPHQWDWLRQ�ZDV�DSSOLHG�EHIRUH�WKH�������VSOLW� >�@��QHDU�GXSOLFDWH�SDWFKHV�PD\�WKHUHIRUH�
DSSHDU�LQ�ERWK�WUDLQLQJ�DQG�WHVW�VHWV��ZKLFK�FRXOG�PDNH�WKH�VFRUHV�RSWLPLVWLF�

6DSXWUD�HW�DO��>�@�FRPSDUHG�ILYH�VHJPHQWDWLRQ�DUFKLWHFWXUHV�RQ����PLQH�VLWHV�DFURVV�FOLPDWH�]RQHV��$�IHDWXUH�
S\UDPLG�QHWZRUN�ZLWK�DQ�,PDJH1HW�SUHWUDLQHG�'HQVH1HW�����HQFRGHU�JDYH�WKH�EHVW�P,R8�����������DKHDG�
RI�8�1HW� ��������� DQG�'HHS/DE9��� ���������� ZKLOH� D�7UDQVIRUPHU�PRGHO� �6HJ)RUPHU�� �������� DQG� D�
JHRVSDWLDO�IRXQGDWLRQ�PRGHO��3ULWKYL����������SHUIRUPHG�IDU�ZRUVH��ZKLFK�WKH�DXWKRUV�DWWULEXWH�WR�WKH�VPDOO�
GDWDVHW��5HG��JUHHQ��EOXH�DQG QHDU�LQIUDUHG�LQSXWV�ZRUNHG�EHVW��DQG�DGGLQJ�1'9,�UHGXFHG�DFFXUDF\��7KH�
QRQ�PLQLQJ� FODVV�PDGH� XS� �������RI� WUDLQLQJ� SL[HOV��PLQLQJ� GLVWXUEDQFH�ZDV� WKH� KDUGHVW� FODVV� �P,R8�
��������� DQG� SHUIRUPDQFH� YDULHG� E\� FOLPDWH� ������� WURSLFDO�� ������ FROG�� >�@�� +HMPDQRZVND� HW� DO�� >�@�
FRPSDUHG�8�1HW�RQ�6HQWLQHO���ZLWK�5DQGRP�)RUHVW��690�DQG�&$57�LQ�*RRJOH�(DUWK�(QJLQH�IRU�D�3ROLVK�
PLQLQJ�UHJLRQ�DQG�REWDLQHG�DQ�RYHUDOO�DFFXUDF\�RI��������IRU�8�1HW�DJDLQVW����������������DQG���������
WKH\�DOVR�VWUHVV�WKDW�DYHUDJHG�SHU�FODVV DFFXUDF\�FDQ�RYHUVWDWH�SHUIRUPDQFH���������DJDLQVW��������RYHUDOO�
IRU�&$57��>�@�

'��8$9�0RQLWRULQJ�DQG�9HULILFDWLRQ

'LDFRQX�HW�DO��>�@�FRPELQHG�UHSHDW�8$9�VXUYH\V�ZLWK�VDWHOOLWH�GDWLQJ��,Q�5RPDQLD��H[FDYDWLRQV�ZHUH�IRXQG�
E\�YLVXDO�FRPSDULVRQ�RI�FRQVHFXWLYH�LPDJHV��GDWHG�WR��±���)HEUXDU\������IURP�3ODQHW6FRSH��DQG�PHDVXUHG�
LQ� WKH� ILHOG� �PD[LPXP� UHPRYHG� YROXPH� ����Pñ��� ,Q�*UHHFH�� GLIIHUHQFLQJ� RI� WZR�8$9�GHULYHG� '60V�
�$XJXVW�DQG�2FWREHU�������JDYH����������Pñ�RI�QHW�ORVV�DQG����������Pñ�RI�ILOO��VR�WKDW����������Pñ�ZHUH�
UHPRYHG�>�@��7KH�DXWKRUV�QRWH�WKDW�IORRGV�FDQ�HUDVH�WUDFHV�RI�PLQLQJ�DQG�WKDW�VDWHOOLWH�UHVROXWLRQ�DQG�ZHDWKHU�
OLPLW�WKH�DSSURDFK��1R�OHDUQLQJ�EDVHG�GHWHFWRU�LV�XVHG��7KH�,,7�.DQSXU±10&*�SURMHFW��FRPELQHG�KLJK�
UHVROXWLRQ�VDWHOOLWH�GDWD��GURQH�VXUYH\V�DQG�PRGHOOLQJ�WR�VWXG\�JHRPRUSKLF�DQG�HFRORJLFDO�HIIHFWV�RI�VDQG�
PLQLQJ�LQ�ODUJH�ULYHUV�>��@�

(��&KDQJH�'HWHFWLRQ�5HYLHZV

%HFDXVH�PLQLQJ�LV�D�WHPSRUDO�SURFHVV��FKDQJH�GHWHFWLRQ�LV�UHOHYDQW��6KDILTXH�HW�DO��>��@�UHYLHZ�VXSHUYLVHG��
XQVXSHUYLVHG�DQG�VHPL�VXSHUYLVHG�GHHS�FKDQJH�GHWHFWLRQ�IRU�6$5��PXOWLVSHFWUDO��K\SHUVSHFWUDO��YHU\�KLJK�
UHVROXWLRQ�DQG�KHWHURJHQHRXV�LPDJHU\��:DQJ�HW�DO��>��@�RUJDQLVH�WKH�ILHOG�E\�OHDUQLQJ�SDUDGLJP�DQG�LGHQWLI\�
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LQFRPSOHWH�VXSHUYLVLRQ��VHOI�VXSHUYLVHG�DQG�IHZ�VKRW�OHDUQLQJ��IRXQGDWLRQ�PRGHOV�DQG�PXOWLPRGDO�GDWD�DV�
SURPLVLQJ�GLUHFWLRQV��ZKLFK�LV�UHOHYDQW�ZKHUH�ODEHOOHG�PLQLQJ�VLWHV�DUH�VFDUFH�

)��3UHGLFWLRQ�2ULHQWHG�:RUN

7KH� RQO\� IRUZDUG�ORRNLQJ� PRGHO� DPRQJ� WKH� UHYLHZHG� VWXGLHV�� E\� 1JX\HQ� DQG� 1JX\HQ� >��@��� XVHV�
$GD%RRVW�� &DW%RRVW�� JUDGLHQW� ERRVWLQJ� DQG� 5DQGRP� )RUHVW� ZLWK� ��� FRQGLWLRQLQJ� IDFWRUV� �WRSRJUDSK\��
FOLPDWH��K\GURORJ\��KXPDQ�DFWLYLW\��DQG�HURVLRQ�SRLQWV�H[WUDFWHG�IURP�/DQGVDW�2/,�LPDJHV�RI������������
DQG������WR�PDS�ULYHUEDQN�HURVLRQ�VXVFHSWLELOLW\�DORQJ�WKH�0HNRQJ�5LYHU��,W�VKRZV�WKDW�HQVHPEOH�PRGHOV�
RQ�UHPRWH�VHQVLQJ�GHULYHG�YDULDEOHV�DUH�D�ZRUNDEOH�ZD\�WR�SURGXFH�VXVFHSWLELOLW\�PDSV��EXW�WKH�SUHGLFWLRQ�
WDUJHW�LV�HURVLRQ�UDWKHU�WKDQ�LOOHJDO�H[WUDFWLRQ��7KH�SURFHVV�EDVHG�VLPXODWLRQV�RI�9X�HW�DO��>�@�HVWLPDWH�WKH�
PRUSKRORJLFDO�LPSDFW�RI�PLQLQJ�WKDW�KDV�RFFXUUHG�UDWKHU�WKDQ�WKH�ORFDWLRQ�RI�IXWXUH�PLQLQJ�

*��6\QWKHVLV�DQG�5HVHDUFK�*DS

7DEOH�,,�OLVWV�WKH�VWXGLHV�DQG�7DEOH�,,,�VKRZV�ZKLFK�GDWD�DQG�PHWKRG�W\SHV�HDFK�UHSRUWV��2QO\�WZR�XVH�8$9�
GDWD��QRQH�LV�UHSRUWHG�WR�FRPELQH�8$9�LPDJHU\�ZLWK�D�OHDUQLQJ�EDVHG�GHWHFWRU��ILYH�XVH�GHHS�OHDUQLQJ��DQG�
WKH�VLQJOH�SUHGLFWLYH�PRGHO�WDUJHWV�HURVLRQ��7KLV�LV�D�VWDWHPHQW�DERXW�WKH�VWXGLHV�UHYLHZHG�KHUH��QRW�DERXW�
WKH�ZKROH�OLWHUDWXUH��7KH�JDS�FDQ�EH�VXPPDULVHG�DV�IROORZV�

�� *���GHWHFWLRQ�DQG�PRQLWRULQJ�GRPLQDWH��SUHGLFWLQJ�IXWXUH�KLJK�ULVN�ORFDWLRQV�LV�UDUHO\�WKH�PDLQ�JRDO�

�� *���VDWHOOLWH�FRYHUDJH�DQG�8$9�GHWDLO�DUH�VHOGRP�FRPELQHG�ZLWKLQ�RQH�OHDUQLQJ�EDVHG�ZRUNIORZ�

�� *��� KLVWRULFDO� GHWHFWLRQV� DQG� JHRJUDSKLFDO� FRQWH[W� DUH� QRW� V\VWHPDWLFDOO\� H[SORLWHG� IRU� KRWVSRW�
SUHGLFWLRQ�

�� *���IHZ�VWXGLHV�FRQQHFW�GHWHFWLRQ�RXWSXWV�WR�SHUPLW�GDWD�DQG�D�GHFLVLRQ�VXSSRUW�LQWHUIDFH��ZLWK�>�@�
DQG�>�@�DV�SDUWLDO�H[FHSWLRQV�

7DEOH�,,��6XPPDU\�RI�WKH�UHYLHZHG�DSSOLFDWLRQ�VWXGLHV��UHVXOWV�DV�SXEOLVKHG��GDWDVHWV�GLIIHU��VR�YDOXHV�DUH�
QRW�FRPSDUDEOH�

5HI���
\HDU

$UHD 'DWD 0HWKRG 5HSRUWHG�
RXWFRPH

/LPLWDWLRQ�Z�U�W��
SUHGLFWLRQ

>��@���
����

/DNH�
+RQJ]H��
&KLQD

/DQGVDW��
02',6��
9,,56�QLJKW�
OLJKWV

'HWHFWLRQ�RI�
GUHGJLQJ�YHVVHOV�
DQG�WXUELGLW\�
WUHQGV

1LJKW�OLJKW�GDWD�
VXLWHG�WR�QLJKW�
GUHGJLQJ

'HWHFWLRQ�DQG�LPSDFW�
RQO\

>�@��
����

'DPRGDU�
5LYHU��,QGLD

/DQGVDW����
6HQWLQHO��$�
WHVWHG

01':,��
PRUSKRORJ\��
PLQH�LQGH[�
WKUHVKROG��QR�
ODEHOV

3UHFLVLRQ���������
UHFDOO��������
DFFXUDF\�������

6DQGEDQNV��QRW�
LOOHJDOLW\�����P�SL[HO��
GU\�PRQWK�GURS

>�@��
����

&KDPEDO�
5LYHU��,QGLD

/DQGVDW��
6HQWLQHO��$��
����±����

1':,�01':,�
VKRUHOLQHV��
'6$6

(URVLRQ�XS�WR������
P�\U�DW�LOOHJDO�VLWHV

+LVWRULF�UDWHV��QR�
OHDUQHG�IRUHFDVW
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5HI���
\HDU

$UHD 'DWD 0HWKRG 5HSRUWHG�
RXWFRPH

/LPLWDWLRQ�Z�U�W��
SUHGLFWLRQ

>�@��
����

%X]ăX 5LYHU�
�5RPDQLD���
.DOOLILWRV�
WRUUHQW�
�*UHHFH�

8$9��
3ODQHW6FRSH��
6N\6DW

5HSHDW�8$9��
'60�
GLIIHUHQFLQJ��
SHUPLW�FKHFN

����Pñ�����������
Pñ�UHPRYHG

6PDOO�VLWHV��PDQXDO�
FRPSDULVRQ��IORRGV�
HUDVH�WUDFHV

>�@��
����

*DGDU�
5LYHU��,UDQ

6HQWLQHO����
9*,�UHSRUWV��
4XLFN%LUG�
EDVHPDS

:HE�*,6��
36,�6%$6�
,Q6$5

����UHSRUWV������
FRUUHFW��PD[�
VXEVLGHQFH�í�����
FP

5HDFWLYH��SDUWLFLSDWLRQ�
LPEDODQFH

>�@��
����

9LHWQDPHVH�
0HNRQJ�
'HOWD

6HQWLQHO���
�����VFHQHV���
3ODQHW6FRSH�
IRU�ODEHOV

<2/2Y�O�ERDW�
GHWHFWLRQ��EXGJHW�
UHJUHVVLRQ

P$3 ������
�EDUJHV�������

'UHGJLQJ�EDUJHV�RQO\

>�@��
����

%DVVDF�
5LYHU��
9LHWQDP

6HQWLQHO�� <2/2Y�O�DQG�
'HOIW�'�)/2:

����EDUJHV������±
������RI�LQFLVLRQ

,PSDFW�RI�SDVW�PLQLQJ

>�@��
����

-LOLQ��
+XQDQ��
&KLQD

*DRIHQ�� /06�1HW�
VHJPHQWDWLRQ

2$���������P,R8
�������������0�
SDUDPHWHUV

6HJPHQWDWLRQ�RQO\��ILYH�
LPDJH�SURGXFWV

>�@��
����

��� PLQHV�
ZRUOGZLGH

6HQWLQHO����
/DQGVDW

)31�ZLWK�
'HQVH1HW����

P,R8������� 1RW�ULYHU�VDQG��
LPEDODQFH��FOLPDWH�
HIIHFWV

>�@��
����

3RODQG 6HQWLQHO���
/�$

8�1HW�YV��5)��
690��&$57��
SHUPLW�RYHUOD\

2$��������YV��
��������5)�

0LQHUDO�H[WUDFWLRQ��QRW�
IRUHFDVW

>��@���
����

0HNRQJ�
5LYHU��
9LHWQDP

/DQGVDW�2/,��
���IDFWRUV

$GD%RRVW��
&DW%RRVW��*%��
5)

(URVLRQ�
VXVFHSWLELOLW\�PDSV

7DUJHW�LV�HURVLRQ

>��@���
����

/DUJH�
,QGLDQ�
ULYHUV

+LJK�UHV��
VDWHOOLWH��GURQH

*HRPRUSKLF�
DVVHVVPHQW��
PRGHOOLQJ

)LQDO�UHSRUW��6HS��
����

$VVHVVPHQW�RULHQWHG

�6XPPDULVHG�IURP�DEVWUDFW�RU�SXEOLF�GHVFULSWLRQ�RQO\��$EEUHYLDWLRQV��2$��RYHUDOO�DFFXUDF\��*%��JUDGLHQW�
ERRVWLQJ��5)��UDQGRP�IRUHVW�
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7DEOH�,,,��'DWD�DQG�PHWKRG�FRYHUDJH�RI�WKH�UHYLHZHG�VWXGLHV��DXWKRU¶V�DVVHVVPHQW�IURP�WKH�FLWHG�ZRUNV�

6WXG\ 2SW� 6$5 8$9 '/ 0/ )FVW�

>��@� �

>�@ �

>�@ �

>�@ � �

>�@ ƕ �

>�@ ƕ � �

>�@ ƕ � �

>�@ � �

>�@ � �

>�@ � � �

>��@� � � ƕ

>��@� � �

��UHSRUWHG��ƕ�SDUWLDO��RSWLFDO�XVHG�DV�EDVH�PDS�RU�ODEHOOLQJ�DLG��IRUHFDVW�RI�HURVLRQ��QRW�PLQLQJ���EODQN��QRW�
UHSRUWHG�LQ�WKH�FLWHG�ZRUN��2SW���RSWLFDO��'/��GHHS�OHDUQLQJ��0/��RWKHU�PDFKLQH�OHDUQLQJ��)FVW���IRUHFDVW�RI�
IXWXUH�ORFDWLRQV�RU�ULVN���$EVWUDFW�RU�GHVFULSWLRQ�RQO\�

3URSRVHG�&RQFHSWXDO�)UDPHZRUN

$��2YHUYLHZ

)LJ����VKRZV�WKH�SURSRVHG�ILYH�OD\HU�IUDPHZRUN��,W�LV�D�GHVLJQ�GHULYHG�IURP�WKH�OLWHUDWXUH�DERYH��LW�KDV�QRW�
EHHQ� LPSOHPHQWHG�� DQG� LWV� FRPSRQHQWV� DUH� FDQGLGDWH� FKRLFHV� WR� EH� WHVWHG�� 6DWHOOLWH� GDWD� SURYLGH�ZLGH��
UHSHDWHG�FRYHUDJH��8$9V�SURYLGH�GHWDLOHG�YHULILFDWLRQ�RI�VHOHFWHG�VLWHV��OHDUQLQJ�EDVHG�GHWHFWRUV�FRQYHUW�
LPDJHU\�LQWR�PLQLQJ�PDSV��D�ULVN�PRGHO�FRQYHUWV�WKH�DFFXPXODWHG�UHFRUG�LQWR�D�IRUZDUG�ORRNLQJ�PDS��DQG�
D�*,6�OD\HU�SUHVHQWV�WKH�UHVXOWV�WR�LQVSHFWRUV��7DEOH�,9�OLVWV�WKH�OD\HUV�ZLWK�WKHLU�LQSXWV��FDQGLGDWH�WHFKQLTXHV�
DQG�WKH�HYLGHQFH�IURP�WKH�UHYLHZHG�ZRUN�
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)LJ�����3URSRVHG�ILYH�OD\HU�FRQFHSWXDO� IUDPHZRUN�IRU�GHWHFWLRQ�� ULVN�SUHGLFWLRQ�DQG�*,6�EDVHG�GHFLVLRQ�
VXSSRUW��DXWKRU¶V�GHVLJQ� QRW�DQ�LPSOHPHQWHG�V\VWHP��

7DEOH�,9��/D\HUV�RI�WKH�SURSRVHG�IUDPHZRUN�DQG�WKHLU�HYLGHQFH�EDVH

/D\HU &DQGLGDWH�WHFKQLTXHV 6XSSRUWLQJ�HYLGHQFH

��$FTXLVLWLRQ 6HQWLQHO���/DQGVDW����6HQWLQHO����
3ODQHW6FRSH�6N\6DW ZKHUH�DYDLODEOH��8$9��
SHUPLWV��KLVWRU\

0XOWL�VRXUFH�XVH�LQ�>�@��>�@��>�@

��
3UHSURFHVVLQJ

&ORXG�PDVNLQJ�DQG�PHGLDQ�FRPSRVLWHV��
6$5�FDOLEUDWLRQ��VSHFNOH�ILOWHULQJ��WHUUDLQ�
FRUUHFWLRQ��8$9�RUWKRPRVDLF�DQG�'60�ZLWK�
*166�FRQWURO

:RUNIORZV�LQ�>�@��>�@��>�@

��'HWHFWLRQ (QFRGHU±GHFRGHU�VHJPHQWDWLRQ��<2/2�W\SH�
ERDW�GHWHFWLRQ�RQ�6$5��EL�WHPSRUDO�FKDQJH
GHWHFWLRQ��LQGH[�UXOHV�DV�D�ODEHO�IUHH�
EDVHOLQH

>�@��>�@±>��@

�� 5LVN�
SUHGLFWLRQ

*ULG�FHOO�IHDWXUHV��UDQGRP�IRUHVW�DQG�
JUDGLHQW�ERRVWLQJ��VSDWLDO�DQG�WHPSRUDO�
YDOLGDWLRQ

(QVHPEOHV�LQ�>��@��>��@��FODVVLFDO�
FODVVLILHUV�LQ�>�@

�� *,6� DQG�
GHFLVLRQ�
VXSSRUW

/D\HUV��SHUPLW�RYHUOD\��SULRULW\�OLVW��
GDVKERDUG��ILHOG�IHHGEDFN

:HE�*,6�GHVLJQ�LQ�>�@��SHUPLW�RYHUOD\�LQ�
>�@��>�@
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%��'HWHFWLRQ�/D\HU��&KRLFH�RI�0RGHOV

7KH� UHYLHZHG� HYLGHQFH� VXSSRUWV� D�PRGXODU� UDWKHU� WKDQ� D� VLQJOH�PRGHO� GHVLJQ�� )RU� VDQG�PLQLQJ� DUHDV��
HQFRGHU±GHFRGHU� &11V� DUH� WKH� EHVW�VXSSRUWHG� RSWLRQ�� 8�1HW� RXWSHUIRUPHG� FODVVLFDO� FODVVLILHUV� >�@�� D�
OLJKWZHLJKW�QHWZRUN�FDPH�FORVH�WR�8�1HW�ZLWK�IDU�IHZHU�SDUDPHWHUV�>�@��DQG�D�IHDWXUH�S\UDPLG�QHWZRUN�ZDV�
EHVW� DPRQJ� ILYH� DUFKLWHFWXUHV� ZKHQ� ODEHOOHG� GDWD� ZHUH� OLPLWHG� >�@�� /DUJH�7UDQVIRUPHU� DQG� IRXQGDWLRQ�
PRGHOV�GLG�QRW�KHOS�LQ�WKDW�VPDOO�GDWD�VHWWLQJ�>�@��VR�WKH\�VKRXOG�QRW�EH�DVVXPHG�WR�EH�EHWWHU��)RU�LQ�FKDQQHO�
GUHGJLQJ��VLQJOH�VWDJH�GHWHFWRUV�RQ�6$5�GDWD�DUH�SURYHQ�>�@��>�@��:KHUH�QR�ODEHOV�H[LVW��LQGH[�EDVHG�UXOHV�
>�@�JLYH�D�EDVHOLQH�DQG�D�ZD\�WR�JHQHUDWH�FDQGLGDWH�ODEHOV��7HPSRUDO�FRPSDULVRQ�RI�HSRFKV�IROORZV�WKH�
FKDQJH�GHWHFWLRQ�OLWHUDWXUH�>��@��>��@�

&��5LVN�3UHGLFWLRQ�/D\HU

:H�SURSRVH�WR�GLYLGH�HDFK�VWXG\�ULYHU�LQWR�FHOOV�L �IRU�H[DPSOH��IL[HG�OHQJWK�UHDFKHV�ZLWK�D�EDQN�EXIIHU��
DQG�WR�WUHDW�ULVN�DV�WKH�SUREDELOLW\�WKDW�PLQLQJ�LV�GHWHFWHG�LQ�D�FHOO�GXULQJ�WKH�QH[W�HSRFK�W����JLYHQ�IHDWXUHV�
REVHUYHG�XS�WR�HSRFK�W�

ݐƸ௜ሺ݌ ൅ ͳሻ ൌ ܲሺݕ௜ሺݐ ൅ ͳሻ ൌ ͳ ȁ ሻሻݐ௜ሺݔ ൌ ఏ݂ሺݔ௜ሺݐሻሻǡ ���

ZKHUH�\L  ���LI�YHULILHG�PLQLQJ�DFWLYLW\�LV�UHFRUGHG�LQ�FHOO�L DQG�Iș LV�D�FODVVLILHU�VXFK�DV�D�UDQGRP�IRUHVW�>��@�
RU�JUDGLHQW�ERRVWLQJ�PRGHO��LPSOHPHQWHG�ZLWK�VWDQGDUG�OLEUDULHV�>��@��7DEOH�9�OLVWV�FDQGLGDWH�IHDWXUHV�DQG�
VWDWHV�ZKLFK�DUH�PRWLYDWHG�E\�FLWHG�ZRUN�DQG�ZKLFK�DUH�K\SRWKHVHV�WR�EH�WHVWHG��3RVLWLYHV�DUH�H[SHFWHG�WR�
EH�UDUH��VR�FODVV�ZHLJKWLQJ�DQG�SUHFLVLRQ±UHFDOO�PHWULFV�DUH�SUHIHUDEOH�WR�RYHUDOO�DFFXUDF\��D�SRLQW�UHLQIRUFHG�
E\�WKH�SL[HO�LPEDODQFH�UHSRUWHG�LQ�>�@�DQG�WKH�DFFXUDF\�GLVFXVVLRQ�LQ�>�@��&HOO�ULVNV�DUH�PDSSHG�WR�FODVVHV�
DFFRUGLQJ�WR�WKH�QXPEHU�RI�FHOOV�WKH�DXWKRULWLHV�FDQ�LQVSHFW�

7DEOH�9��&DQGLGDWH�IHDWXUHV�IRU�WKH�ULVN�PRGHO��SURSRVHG��WR�EH�WHVWHG�

)HDWXUH�JURXS ([DPSOHV %DVLV

'HWHFWLRQ�KLVWRU\ 1XPEHU�DQG�DUHD�RI�SDVW�GHWHFWLRQV��WLPH�VLQFH�ODVW�
GHWHFWLRQ

+\SRWKHVLV

6DQGEDQN� ��
JHRPRUSKRORJ\

6DQGEDQN�H[WHQW�IURP�LQGH[�RU�VHJPHQWDWLRQ��EDQN�
HURVLRQ�RU�DFFUHWLRQ�UDWH

>�@��>�@

9HVVHO�DFWLYLW\ 'HQVLW\�RI�GHWHFWHG�GUHGJLQJ�EDUJHV�IURP�6$5 >�@

6HDVRQ�DQG�IORZ 0RQVRRQ�YV��GU\�VHDVRQ��UDLQIDOO�RU�GLVFKDUJH >�@��>�@

5HJXODWLRQ 'LVWDQFH WR�QHDUHVW�OLFHQVHG�VLWH >�@

$FFHVV���H[SRVXUH 'LVWDQFH�WR�URDGV�DQG�VHWWOHPHQWV +\SRWKHVLV

'��9HULILFDWLRQ�DQG�9ROXPH�(VWLPDWLRQ

'HWHFWLRQV�DQG�KLJK�ULVN�FHOOV�IHHG�D�8$9�WDVN�OLVW��)ROORZLQJ�WKH�UHSHDW�VXUYH\�DSSURDFK�RI�>�@��WKH�QHW�
H[FDYDWHG�YROXPH�EHWZHHQ�WZR�'60V�LV�REWDLQHG�E\�FXW±ILOO�GLIIHUHQFLQJ�

௟ܸ௢௦௦ ൌ σ ȁݖ߂௞ȁܣ௞ǣ ௱௭ೖ ழ ିఛ ǡ ௙ܸ௜௟௟ ൌ σ ௞ǣܣ௞ݖ߂ ௱௭ೖ வ ఛ ǡ ���
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ZLWK�ǻ]N WKH�HOHYDWLRQ�FKDQJH�LQ�SL[HO�N��$ WKH�SL[HO�DUHD��DQG�Ĳ D�PLQLPXP�OHYHO�RI�GHWHFWLRQ�UHIOHFWLQJ�
'60�XQFHUWDLQW\�>��@��7KH�QHW�UHPRYHG�YROXPH�LV�9ORVV í�9ILOO��DV�LQ�>�@��9HULILHG�RXWFRPHV�DUH�UHWXUQHG�DV�
QHZ�ODEHOV��)LJ������ZKLFK�DOVR�SURYLGHV�WKH�JURXQG�WUXWK�WKDW�WKH�ULVN�PRGHO�UHTXLUHV�

)LJ�����3ODQQHG�LPSOHPHQWDWLRQ�ZRUNIORZ��5HDFKHV�DUH�VSOLW�LQWR�WUDLQLQJ�DQG�KHOG�RXW�VHWV�EHIRUH�ODEHOOLQJ�
DQG�DXJPHQWDWLRQ��YHULILHG�RXWFRPHV�IHHG�EDFN�DV�QHZ�ODEHOV�

(��*,6�DQG�'HFLVLRQ�6XSSRUW

7KH�ILIWK�OD\HU�VWRUHV�GHWHFWLRQV��ULVN�FHOOV��SHUPLW�SRO\JRQV�DQG�8$9�SURGXFWV�DV�PDS�OD\HUV��)LJ������$Q�
RSHQ�VRXUFH� VWDFN� RI� WKH� NLQG� XVHG� LQ� >�@� �*HR6HUYHU�� 3RVW*,6� DQG� D� ZHE� FOLHQW�� LV� RQH� IHDVLEOH�
LPSOHPHQWDWLRQ��DQG�LWV�UHSRUW�FKHFNLQJ�SURFHGXUH��WHOHSKRQH�FRQWDFW�DQG�VLWH�YLVLWV�EHIRUH�XVH��VXJJHVWV�
KRZ� FLWL]HQ� UHSRUWV� FRXOG� EH� DGPLWWHG� DV� VXSSOHPHQWDU\� HYLGHQFH��7KH� H[SHFWHG� XVHUV�� WDNHQ� IURP� WKH�
VHPLQDU�VFRSH��DUH�PXQLFLSDO�DQG�GLVWULFW�DXWKRULWLHV��PLQLQJ�DQG�JHRORJ\�GHSDUWPHQWV��SROOXWLRQ�FRQWURO�
DJHQFLHV��SROLFH��GLVDVWHU�PDQDJHPHQW�DXWKRULWLHV�DQG�� ODWHU�� UHJXODWRU\�GDWDEDVHV�KROGLQJ� OHDVH� UHFRUGV��
3UHGLFWHG�ULVN�VKRXOG�EH�UHDG�DV�D�VFUHHQLQJ�DLG�IRU�SULRULWLVLQJ�LQVSHFWLRQ��QRW�DV�HYLGHQFH�RI�DQ�RIIHQFH�

)LJ�����6FKHPDWLF�RI�WKH�SODQQHG�*,6�GDVKERDUG��7KH�ULYHU��FHOOV�DQG�ODEHOV�DUH�V\QWKHWLF�DQG�LOOXVWUDWH�WKH�
OD\RXW�RQO\��WKH\�GR�QRW�UHSUHVHQW�UHVXOWV�RU�UHDO�ORFDWLRQV�

3URSRVHG�(YDOXDWLRQ�3URWRFRO

1R�HYDOXDWLRQ�KDV�EHHQ�FDUULHG�RXW��7KH�SURWRFRO�EHORZ�IL[HV�KRZ�LW�VKRXOG�EH�GRQH�VR�WKDW�WKH�UHVXOWV�DUH�
QRW�LQIODWHG��)LUVW��WUDLQLQJ��YDOLGDWLRQ�DQG�WHVW�GDWD�VKRXOG EH�VHSDUDWHG�E\�ULYHU�UHDFK�DQG�E\�GDWH�EHIRUH�
DXJPHQWDWLRQ�� EHFDXVH� DXJPHQWLQJ� ILUVW� FDQ� SODFH� QHDU�LGHQWLFDO� SDWFKHV� RQ� ERWK� VLGHV� RI� WKH� VSOLW� >�@��
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6HFRQG��WKH�GLYHUVLW\�RI�FOLPDWH�DQG�PLQLQJ�W\SH�PDWWHUV��DV�VKRZQ�E\�WKH�ODUJH�VSUHDG�RI�UHVXOWV�DFURVV
FOLPDWH�]RQHV�LQ�>�@��VR�KHOG�RXW�UHDFKHV�VKRXOG�GLIIHU�IURP�WUDLQLQJ�UHDFKHV��7KLUG��UHSRUWLQJ�VKRXOG�EH�
FODVV�ZLVH��RYHUDOO�DFFXUDF\�FDQ�KLGH�SRRU�PLQRULW\�FODVV�UHVXOWV�>�@��>�@�

)RU�VHJPHQWDWLRQ��SUHFLVLRQ��UHFDOO��)��DQG�LQWHUVHFWLRQ�RYHU�XQLRQ�DUH�FRPSXWHG�IURP�SL[HO�FRXQWV�DV�LQ�
>�@��H�J���,R8� �73��73���)3���)1��DQG�)�� ��73���73���)3���)1���)RU�WKH�ULVN�PRGHO��WKH�PRGHO�LV�WUDLQHG�
RQ�HSRFKV�XS�WR�W DQG�WHVWHG�RQ�HSRFK�W����XVLQJ�KHOG�RXW�UHDFKHV��7DEOH�9,�OLVWV�WKH�GLPHQVLRQV��%HFDXVH�
SXEOLVKHG�VFRUHV�DUH�QRW�FRPSDUDEOH�DFURVV�GDWDVHWV��DQ\�FRPSDULVRQ�VKRXOG�XVH�WKH�VDPH�GDWD�DQG�VSOLWV�

7DEOH�9,��3URSRVHG�HYDOXDWLRQ�GLPHQVLRQV

'LPHQVLRQ 0HDVXUH

6HJPHQWDWLRQ�TXDOLW\ &ODVV�ZLVH�SUHFLVLRQ��UHFDOO��)���,R8 RQ�KHOG�RXW�UHDFKHV�>�@��>�@

%RDW�GHWHFWLRQ 3UHFLVLRQ��UHFDOO��P$3�DW�,R8�����>�@

5LVN�UDQNLQJ 3UHFLVLRQ±UHFDOO� $8&�� SUHFLVLRQ� DQG� UHFDOO� DPRQJ� WKH� WRS�N� FHOOV� IRU� DQ�
LQVSHFWLRQ�EXGJHW�N

&DOLEUDWLRQ $JUHHPHQW�RI�SUHGLFWHG�SUREDELOLW\�ZLWK�REVHUYHG�IUHTXHQF\

*HQHUDOLVDWLRQ 5HVXOWV�E\�FOLPDWH�]RQH��ULYHU�W\SH�DQG�VHDVRQ�>�@

9ROXPH�DFFXUDF\ $JUHHPHQW�RI�'60�GHULYHG�YROXPHV�ZLWK�ILHOG�PHDVXUHPHQW�>�@

%DVHOLQHV ,QGH[�UXOHV�>�@��UDQGRP�IRUHVW�YV��ERRVWLQJ��KLVWRU\�RQO\�PRGHO

2SHUDWLRQDO�YDOXH 6KDUH�RI�LQVSHFWHG�FHOOV�ZLWK�FRQILUPHG�PLQLQJ

'LVFXVVLRQ�DQG�/LPLWDWLRQV

'DWD� VFDUFLW\� DQG� ODEHOV� /DEHOOLQJ� LV� WKH�PDLQ� ERWWOHQHFN�� D� VL[�PRQWK� IXOO�WLPH� HIIRUW�ZDV� QHHGHG� WR�
KDUPRQLVH� ODEHOV� IRU� ��� PLQHV� >�@�� DQG� RQH� VWXG\� QRWHV� WKDW� PDQXDOO\� ODEHOOLQJ� VPDOO� ODQG� FODVVHV� LV�
ODERULRXV�DQG�HUURU�SURQH�>�@��)HZ�VKRW�DQG�VHOI�VXSHUYLVHG�OHDUQLQJ�>��@�DQG ODEHO�IUHH�LQGH[�EDVHOLQHV�>�@�
DUH�SRVVLEOH�PLWLJDWLRQV�EXW�XQWHVWHG�KHUH�

5HVROXWLRQ�DQG�YLVLELOLW\� )HDWXUHV�VPDOOHU�WKDQ�D�SL[HO�DUH�PLVVHG�>�@��YHVVHOV�DUH�KDUG�WR�LGHQWLI\�LQ�6$5�
>�@��IORRGV�PD\�HUDVH�HYLGHQFH�>�@��DQG�ERDW�FRXQWLQJ�GRHV�QRW�FDSWXUH�EDQN�RU�EDU�PLQLQJ�>�@��'HWHFWLRQ�
RI�LOOHJDOLW\�XOWLPDWHO\�GHSHQGV�RQ�SHUPLW�GDWD�

3UHGLFWLRQ�WDUJHW�DQG�FLUFXODULW\� /DEHOV�GHULYHG�IURP�SDVW�GHWHFWLRQV�UHIOHFW�ZKHUH�PLQLQJ�ZDV�REVHUYDEOH��
VR�D�ULVN�PRGHO�PD\�OHDUQ�WKH�YLVLELOLW\�RI�PLQLQJ�UDWKHU�WKDQ�LWV�RFFXUUHQFH��&HOOV�ZLWK�QR�UHFRUGHG�PLQLQJ�
DUH�QRW�SURYHQ�IUHH�RI�LW��5LVN�HVWLPDWHV�VKRXOG�WKHUHIRUH�EH�YDOLGDWHG�SURVSHFWLYHO\�DJDLQVW�ILHOG�RXWFRPHV�

5HVSRQVLEOH� XVH� &LWL]HQ� UHSRUWLQJ� VKRZHG� GHPRJUDSKLF� LPEDODQFH� >�@�� IDOVH� SRVLWLYHV� FDQ� EXUGHQ�
LQVSHFWRUV�DQG�FRPPXQLWLHV��DQG�HQIRUFHPHQW�UHTXLUHV�HYLGHQFH�WKDW�PHHWV�OHJDO�VWDQGDUGV��IRU�ZKLFK�8$9�
EDVHG�PHDVXUHPHQW�ZLWK�JURXQG�FRQWURO�LV�PRUH�VXLWDEOH�WKDQ�PRGHO�RXWSXW�>�@��8$9�RSHUDWLRQ�DOVR�FDUULHV�
UHJLVWUDWLRQ�DQG�OLFHQVLQJ�GXWLHV�>�@�

6RXUFH� LQFRQVLVWHQFLHV� ,Q� >�@�� WKH� UHSRUWHG� FRPSOHWHQHVV�� FRUUHFWQHVV� DQG� TXDOLW\� ��������� ��������
��������GR�QRW�IROORZ�IURP�WKH�VWDWHG�FRXQWV�DQG�IRUPXODV������WUXH�SRVLWLYHV�����IDOVH�SRVLWLYHV�DQG����
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IDOVH�QHJDWLYHV�JLYH����������������DQG��������UHVSHFWLYHO\��:H�WKHUHIRUH�TXRWH�RQO\�WKH�FRXQWV��,Q�>�@��
RQH�FDSWLRQ�JLYHV�GLIIHUHQW�VXUYH\�GDWHV�IURP�WKH�WH[W��ZH�XVH�WKH�WH[W�

&RQFOXVLRQ

7KLV�SDSHU�FRPSDUHG�WZHOYH�VWXGLHV�RQ�VDWHOOLWH���8$9���*,6� DQG�OHDUQLQJ�EDVHG�PRQLWRULQJ�RI�VDQG�PLQLQJ�
DQG� UHODWHG�SURFHVVHV��7KH\�VKRZ� WKDW�GHWHFWLRQ�DQG�VHJPHQWDWLRQ�DUH�PDWXUH�HQRXJK� WR�EH�XVHIXO�� WKDW�
8$9V�JLYH�UHOLDEOH�VLWH�OHYHO�YROXPHV��DQG�WKDW�IRUZDUG�ORRNLQJ�ULVN�SUHGLFWLRQ�DQG�LQWHJUDWHG�VDWHOOLWH±
8$9�OHDUQLQJ�SLSHOLQHV�UHPDLQ�ODUJHO\�XQH[SORUHG��:H�SURSRVHG�D�ILYH�OD\HU�FRQFHSWXDO�IUDPHZRUN��D�ULVN�
IRUPXODWLRQ�� D� YHULILFDWLRQ� ORRS� DQG� DQ� HYDOXDWLRQ� SURWRFRO� WKDW� DYRLGV� FRPPRQ� VRXUFHV� RI� RSWLPLVWLF�
UHVXOWV��7KH� IUDPHZRUN� LV�D�GHVLJQ�RQO\��QR�PRGHO�ZDV� WUDLQHG��QR�DFFXUDF\� LV� FODLPHG��DQG�DOO�TXRWHG�
YDOXHV�EHORQJ�WR�WKH�RULJLQDO�VWXGLHV��7KH�QH[W�VWDJH�LV�WR�VHOHFW�VWXG\�UHDFKHV��DVVHPEOH�YHULILHG�ODEHOV�DQG�
SHUPLW�GDWD��LPSOHPHQW�WKH�GHWHFWLRQ�EDVHOLQHV��DQG�WHVW�ZKHWKHU�WKH�SURSRVHG�IHDWXUHV�SUHGLFW�ZKHUH�PLQLQJ�
LV�GHWHFWHG�QH[W��UHSRUWLQJ�KHOG�RXW�UHVXOWV�DQG�QHJDWLYH�ILQGLQJV�DV�ZHOO�DV�SRVLWLYH�RQHV�

5HIHUHQFHV

�� 6��6LQJK��*��0HUDM��3��.XPDU��6��.��6LQJK��6��.DQJD��%��$��-RKQVRQ��'��.��3UDMDSDW��-��'HEQDWK��DQG�
'��6DKDULDK��³'HFRGLQJ�&KDPEDO�5LYHU� VKRUHOLQH� WUDQVIRUPDWLRQV��$�FRPSUHKHQVLYH�DQDO\VLV�XVLQJ�
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