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7KLV� SDSHU� DGGUHVVHV� WKH� SUREOHP� RI� RQ�OLQH� GLDJQRVLV� RI� FDYLWDWLRQ� LQ�
FHQWULIXJDO�SXPSV��7KH�SDSHU�LQWURGXFHV�DQ�DSSOLFDWLRQ�RI�WKH�2SHQ�3UHGLFWLRQ�
6\VWHP� �236�� WR� FDYLWDWLRQ� GLDJQRVLV�� 7KH� DSSOLFDWLRQ� RI� 236� UHVXOWV� LQ� DQ�
DOJRULWKPLF� IUDPHZRUN� IRU� GLDJQRVLV� RI� FDYLWDWLRQ� LQ� FHQWULIXJDO� SXPSV�� 7KH�
GLDJQRVLV�LV�EDVHG�RQ�UHSHDWHG�HYDOXDWLRQ�RI�D�GDWD�VFDQ�SURYLGLQJ�IXOO�UHFRUG�
RI� LQSXW� VLJQDOV� ZKLFK� DUH� REVHUYHG� IRU� D� IL[HG� VKRUW� SHULRG� RI� WLPH��
([SHULPHQWDO� YHULILFDWLRQ� RI� WKH� DOJRULWKPLF� IUDPHZRUN� DQG� WKH� SURSRVHG�
PHWKRGRORJ\� SURYHG� WKDW� D� FRQGLWLRQ� PRQLWRULQJ� V\VWHP� EXLOW� XSRQ� WKHP� LV�
FDSDEOH�RI�GLDJQRVLQJ�D�ZLGH�UDQJH�RI�FDYLWDWLRQ�FRQGLWLRQV�WKDW�FDQ�RFFXU�LQ�D�
FHQWULIXJDO�SXPS��LQFOXGLQJ�WKH�YHU\�HDUO\�LQFLSLHQW�FDYLWDWLRQ��

�
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�
3XPS�LV�SUREDEO\�WKH�PRVW�ZLGHVSUHDG�YDULHW\�RI�PDFKLQHU\�LQ�WKH�ZRUOG��3XPSLQJ�
V\VWHPV�� HLWKHU� GLUHFWO\� RU� LQGLUHFWO\�� DUH� DQ� HVVHQWLDO� SDUW� RI� HYHU\� EXVLQHVV�
WKURXJKRXW�WKH�ZRUOG��$V�DQ�XOWLPDWH�LOOXVWUDWLRQ��D�W\SLFDO�FKHPLFDO�SODQW�XWLOL]HV�RQ�
DYHUDJH�RQH�SXPS�SHU�HDFK�HPSOR\HH��+HQQHFNH���������,W�KDV�EHHQ�HVWLPDWHG�WKDW�
QHDUO\�����RI�WKH�HQHUJ\�JHQHUDWHG�JOREDOO\�LV�GHYRWHG�WR�GULYLQJ�SXPSLQJ�V\VWHPV�
�+DUW�� ������� 3UREDEO\� WKH� KLJKHVW� SHUFHQWDJH� RI� SXPSV� XVHG� LQ� LQGXVWU\� LV�
DFFRXQWHG� WR� FHQWULIXJDO� SXPSV�� 7KH\� DUH� UHODWLYHO\� VLPSOH�� LQH[SHQVLYH� DQG�
JHQHUDOO\�YHU\�UHOLDEOH�SLHFHV�RI�HTXLSPHQW��1HYHUWKHOHVV��WKH�FRQVHTXHQFHV�RI�WKHLU�
XQH[SHFWHG� IDLOXUH� LQFOXGH� FRVWO\� PDFKLQHU\� UHSDLU�� H[WHQGHG� SURFHVV� GRZQWLPH��
KHDOWK�DQG�VDIHW\�SUREOHPV��LQFUHDVHG�VFUDS�OHYHOV��DQG�ORVV�RI�VDOHV��)RU�WKLV�UHDVRQ��
DQ�LQFUHDVLQJ�LQWHUHVW�LQ�LPSURYHG�PDLQWHQDQFH�UHJLPHV�FDQ�EH�QRWLFHG�DPRQJ�SXPS�
RSHUDWRUV��

7KH� WUDGLWLRQDO� PDFKLQHU\� PDLQWHQDQFH� DSSURDFKHV� LQFOXGH� UHDFWLYH� DQG�
SUHYHQWLYH� UHJLPHV� �'D\�� �������7KH� IRUPHU� UHOLHV� XSRQ� DOORZLQJ� WKH� PDFKLQH� WR�
EUHDN�GRZQ�EHIRUH�EHLQJ�PDLQWDLQHG��,Q�VSLWH�RI�WKH�IDFW�WKDW�LW�KDV�SURYHG�WR�EH�WKH�
PRVW�H[SHQVLYH�RSWLRQ��LW�LV�VWLOO�ZLGHVSUHDG�DPRQJ�PDQ\�LQGXVWULHV��7KH�SUHYHQWLYH�
PDLQWHQDQFH�PRGH��ZKHUHE\�WKH�PDLQWHQDQFH�LV�EDVHG�XSRQ�VSHFLILF�WLPH�LQWHUYDOV��
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FDQ� OHDG� WR�VDYLQJV�RYHU� WKH�UHDFWLYH�UHJLPH��KRZHYHU�� LW� LV�QRW�DQ�HIIHFWLYH�XVH�RI�
PDLQWHQDQFH� UHVRXUFHV� DV� ZRUN� LV� XQGHUWDNHQ� UHJDUGOHVV� RI� WKH� FRQGLWLRQ� RI� WKH�
HTXLSPHQW�� 3UHGLFWLYH� RU� FRQGLWLRQ�EDVHG� PDLQWHQDQFH� �&%0�� LV� EDVHG� XSRQ�
PRQLWRULQJ�RI�FRQGLWLRQ�RI�WKH�HTXLSPHQW�DQG�GHWHUPLQLQJ�ZKHWKHU�FRUUHFWLYH�DFWLRQ�
LV�QHHGHG��%\�GHWHFWLQJ�WKH�HDUO\�VWDJHV�RI�D�IDXOW��PDLQWHQDQFH�FDQ�EH�VFKHGXOHG�LQ�
DGYDQFH� WR� FRLQFLGH� ZLWK� SODQQHG� SURGXFWLRQ� VWRSV�� 7KH� FRQGLWLRQ�EDVHG�
PDLQWHQDQFH� DSSURDFK� UHOLHV� RQ� WHFKQLTXHV� RI� PDFKLQHU\� GLDJQRVWLFV�� 0DQ\� GDWD�
DFTXLVLWLRQ�DQG�DQDO\VLV�WHFKQLTXHV�KDYH�EHHQ�GHYHORSHG�IRU�PDFKLQHU\�GLDJQRVWLFV��
6RPH� RI� WKHP� UHO\� RQ� SHULRGLF� GDWD� FROOHFWLRQ� FDUULHG� RXW� E\� PHDQV� RI� SRUWDEOH�
LQVWUXPHQWV�DQG�VXEVHTXHQW�EDWFK�PRGH�GDWD�LQWHUSUHWDWLRQ��+RZHYHU��WKH�IRFXV�KDV�
EHHQ� RQ� VFKHPHV� WKDW� SURYLGH� RQ�OLQH�� FRQWLQXRXV� PRQLWRULQJ� DQG� GLDJQRVLV� RI�
HTXLSPHQW�� ,PSURYHPHQWV� LQ� VHQVRU� WHFKQRORJLHV� DQG� PDVV� SURGXFWLRQ� RI� D� ZLGH�
YDULHW\� RI� VHQVRUV� KDYH� HQDEOHG� DSSOLFDWLRQ� RI� RQ�OLQH�PDFKLQHU\� GLDJQRVWLFV� WR� D�
ZLGH�UDQJH�RI�HTXLSPHQW�ZKHUH�VXFK�WHFKQLTXHV�ZRXOG�EH�WKRXJKW�WRR�H[SHQVLYH�MXVW�
D�FRXSOH�RI�\HDUV�DJR��

$OWKRXJK� WKH� WHFKQLTXHV�RI�&%0�UHO\�RQ� WKH�DELOLW\� WR�GHWHFW�HDUO\� VWDJHV�RI� D�
SRVVLEOH� IDLOXUH� RI� HTXLSPHQW�� IXUWKHU� EHQHILWV� ZRXOG� FHUWDLQO\� HPHUJH� ZLWK� WKH�
DELOLW\� WR� FRQWURO� WKH� ZRUNLQJ� UHJLPH� RI� WKH� HTXLSPHQW� LQ� VXFK� D� ZD\� WKDW� WKH�
SRWHQWLDO� IRU� RFFXUUHQFH� RI� IDLOXUH� LV� PLQLPL]HG�� ,Q� WKH� FDVH� RI� SXPSV�� WKH� PRVW�
IUHTXHQW� IDLOXUHV� DUH� EHDULQJ� DQG� VHDO� IDLOXUHV� �0DUVFKHU�� ������� 2QH� RI� WKH� PRVW�
LPSRUWDQW� URRW� FDXVHV� RI� EHDULQJ� DQG� VHDO� IDLOXUHV� LV� SUHVHQFH� RI� FDYLWDWLRQ� LQ� D�
SXPS��7KH�ZRUG�FDYLWDWLRQ� UHIHUV� WR� IRUPDWLRQ�RI� YDSRU�EXEEOHV� LQ� UHJLRQV�RI� ORZ�
SUHVVXUH� ZLWKLQ� WKH� IORZ� ILHOG� RI� D� OLTXLG� �%UHQQHQ�� ������� ,Q� WKH� FRQWH[W� RI�
WXUERPDFKLQHU\��FDYLWDWLRQ�LV�JHQHUDOO\�FRQVLGHUHG�XQGHVLUDEOH��%HVLGHV�RI�WKH�HIIHFW�
RQ�OLIH�RI�EHDULQJV�DQG�VHDOV��FDYLWDWLRQ�FDXVHV�JUDGXDO�HURVLRQ�RI�LQWHUQDO�VXUIDFHV�RI�
D� SXPS�� 7KLV� PD\� UHVXOW� LQ� DQ� XQH[SHFWHG� SXPS� IDLOXUH� ZLWK� SRVVLEOH� GLVDVWURXV�
FRQVHTXHQFHV��

7KLV�SDSHU�LV�RUJDQL]HG�DV�IROORZV��6HFWLRQ���JLYHV�D�EULHI�RYHUYLHZ�RI�SULQFLSDO�
DSSURDFKHV� WR� FDYLWDWLRQ� GLDJQRVLV�� ,W� GLVWLQJXLVKHV� WZR� VHQVRU� FDWHJRULHV� WKDW�
GHWHUPLQH� ZKHWKHU� WKH� GLDJQRVLV� ZLOO� EH� LQWUXVLYH� RU� QRQ�LQWUXVLYH�� 6HFWLRQ� ��
LQWURGXFHV� D� QRQ�LQWUXVLYH�ZD\�RI� FDYLWDWLRQ�GLDJQRVLV� EDVHG�RQ�YLEUDWLRQ� VHQVRUV¶�
GDWD�� ,W� GHVFULEHV� DQ� H[SHULPHQWDO� VHWXS� ZH� KDYH� XVHG�� GHILQHV� D� VWUXFWXUH� RI�
PHDVXUHG� GDWD� DQG� RXWOLQHV� D� ZD\� LQ� ZKLFK� WKH� SKHQRPHQRQ� RI� FDYLWDWLRQ� PD\�
UHIOHFW�LQ�WKH�GDWD��$�VXPPDU\�RI�SULQFLSDO�TXHVWLRQV�WR�EH�DQVZHUHG�E\�GDWD�PLQLQJ�
LV�SURYLGHG�DW�WKH�HQG�RI�WKH�VHFWLRQ��6HFWLRQ���LQWURGXFHV�2SHQ�3UHGLFWLRQ�6\VWHP�−�
WKH� WRRO�XVHG� IRU�SURFHVVLQJ�DQG�HYDOXDWLRQ�RI� WKH�PHDVXUHG�GDWD��7KH�VHFWLRQ�DOVR�
WKHRUHWLFDOO\�GLVFXVVHV�PHWKRGV�UHOHYDQW�WR�GRPDLQV�ZLWK�RUGLQDO�FODVVLILFDWLRQV�DQG�
SRVVLEO\� GHSHQGHQW� VDPSOHV�� 6HFWLRQ� �� VXPPDUL]HV� UHDFKHG� UHVXOWV� DQG� WULHV� WR�
DQVZHU�TXHVWLRQV�UDLVHG�HDUOLHU�LQ�6HFWLRQ����,Q�FRQFOXVLRQ��WKH�SURSRVHG�DOJRULWKPLF�
IUDPHZRUN�IRU�GLDJQRVLV�RI�FDYLWDWLRQ�LQ�FHQWULIXJDO�SXPSV�LV�UHFDSLWXODWHG��
�
����35,1&,3$/�$3352$&+(6�72�&$9,7$7,21�',$*126,6�
�
4XLWH� UHFHQWO\�� ILUVW� FRPPHUFLDOO\� DYDLODEOH� V\VWHPV�KDYH� DSSHDUHG� WKDW� UHIOHFW� WKH�
WUHQG�RI� LQWHJUDWLRQ�RI�SXPSLQJ� V\VWHP�FRQWURO�DQG�FRQGLWLRQ�PRQLWRULQJ� �6WDYDOH��
�������+HUH��WKH�DELOLW\�WR�HVWLPDWH�WKH�SUHVHQFH�RI�FDYLWDWLRQ�LQ�D�SXPS�LV�EDVHG�RQ�
WKH� NQRZOHGJH� RI� SDUDPHWHUV� RI� WKH� SXPSLQJ� SURFHVV�� HVSHFLDOO\� WKH� SUHVVXUH� LQ�
SXPS� VXFWLRQ�� 6LQFH� WKH� SKHQRPHQRQ� RI� FDYLWDWLRQ� LV� FORVHO\� FRQQHFWHG� ZLWK�
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SUHVVXUH� ILHOG� LQ� WKH� SXPS�� WKH� GHFLVLRQ� WR� XVH� VXFK� LQIRUPDWLRQ� IRU� HVWLPDWLRQ� RI�
FDYLWDWLRQ� LV� ORJLFDO��7KH�PDMRU�GLVDGYDQWDJH�RI� WKH�XVH�RI�SUHVVXUH� LQIRUPDWLRQ� LV�
WKH�IDFW�WKDW�SUHVVXUH�VHQVRUV�DUH�FRQVLGHUHG�LQWUXVLYH��L�H���FRPH�LQWR�WRXFK�ZLWK�WKH�
SXPSHG� IOXLG��7DSSLQJ�VXFK� VHQVRUV� LQWR� WKH�SLSHZRUN�RI� WKH�SXPSLQJ�DSSOLFDWLRQ�
LQFUHDVHV�WKH�SRWHQWLDO�ULVN�RI�OHDNDJH��)RU�WKDW�UHDVRQ��VXFK�VHQVRUV�PXVW�EH�DYRLGHG�
LQ� VRPH� DSSOLFDWLRQV� LQYROYLQJ� SXPSLQJ� RI� GDQJHURXV� IOXLGV��7KLV� GLVTXDOLILHV� WKH�
VROXWLRQV�XVLQJ�VXFK�VHQVRUV�IURP�XQLYHUVDO�DSSOLFDWLRQ��

7KH� DWWHQWLRQ� RI� WKH� LQGXVWU\� SRLQWV� WRZDUGV� QRQ�LQWUXVLYH� VHQVRUV�� 9LEUDWLRQ�
VHQVRUV�SOD\�D�GRPLQDQW�UROH�DPRQJ�WKHP��%HVLGHV�RI�EHLQJ�D�VRXUFH�RI�LQIRUPDWLRQ�
IRU� GHWHFWLRQ� RI� FDYLWDWLRQ�� WKH\� DUH� FDSDEOH� RI� SURYLGLQJ� LQIRUPDWLRQ� WKDW� FDQ� EH�
XVHG� IRU� GLDJQRVLV� RI� D� ZLGH� UDQJH� RI� URWDWLQJ� PDFKLQHU\� IDXOWV� �:KLWH�� �������
8QGHUVWDQGLQJ� UHODWLRQVKLS� EHWZHHQ� SUHVVXUH� SXOVDWLRQ� LQ� SXPSV� DQG� PHFKDQLFDO�
RVFLOODWLRQ� RI� VROLG� SXPS� SDUWV� FUHDWHV� D� EDFNJURXQG� IRU� WKH� XVH� RI� SXPS� FDVLQJ�
YLEUDWLRQ� DV� D� VRXUFH� RI� LQIRUPDWLRQ� IRU� FDYLWDWLRQ� GLDJQRVLV�� 7KLV� SDSHU� VWXGLHV�
SRVVLELOLW\� RI� LQGLUHFW� GHWHFWLRQ� RI� FDYLWDWLRQ� IURP� PHFKDQLFDO� YLEUDWLRQV�� WKH�
UHVXOWLQJ�GLDJQRVLV�VFKHPH�PXVW�UHO\�H[FOXVLYHO\�RQ�LQIRUPDWLRQ�IURP�QRQ�LQWUXVLYH�
VHQVRUV�RI�WKLV�W\SH��
�
����9,%5$7,21�6(16256¶�'$7$�
�
�����&DYLWDWLRQ�5HVHDUFK�6HWXSV�
�
7KH� UHVHDUFK� RI� FDYLWDWLRQ� GLDJQRVLV� PHWKRGV� UHTXLUHV� D� UHSUHVHQWDWLYH� DPRXQW� RI�
H[SHULPHQWDO�GDWD��7KH�GDWD�PXVW�FRYHU�D�ZLGH�UDQJH�RI�RSHUDWLQJ�FRQGLWLRQV�RI�WKH�
SXPS� DQG� YDULRXV� GHJUHHV� RI� FDYLWDWLRQ�� $OWKRXJK� GDWD� FROOHFWHG� RQ� D� UHDO�ZRUOG�
V\VWHP�ZRXOG�EH�RI�KLJKHVW�YDOXH��WKHUH�DUH�QXPHURXV�UHDVRQV�ZK\�WKLV�NLQG�RI�GDWD�
LV�QRUPDOO\�XQUHDFKDEOH������HFRQRPLFDO�DQG�VDIHW\�UHDVRQV������FRQWUROOLQJ�WKH�UHDO�
ZRUOG�V\VWHP�GHOLEHUDWHO\�LQ�RUGHU�WR�FRYHU�D�ZLGH�UDQJH�RI�RSHUDWLQJ�FRQGLWLRQV�LV�
XVXDOO\� QRW� DOORZDEOH�� ���� ILWWLQJ� WKH� QHFHVVDU\� LQVWUXPHQWDWLRQ� WR� WKH� UHDO�ZRUOG�
V\VWHP�PD\�EH�GLIILFXOW�RU�HYHQ� LPSRVVLEOH�� ���� WKH�FDYLWDWLRQ�FRQGLWLRQ�SUHVHQW� LQ�
WKH�SXPS�GXULQJ�H[SHULPHQWV�LV�XVXDOO\�QRW�NQRZQ�ZLWK�D�VXIILFLHQW�DFFXUDF\�DV�WKLV�
PRVWO\� UHTXLUHV� D� VSHFLDOO\� PRGLILHG� SXPS� WKDW� DOORZV� YLVXDO� REVHUYDWLRQ� RI� WKH�
LQVLGH�RI�WKH�SXPS��

&RQVHTXHQWO\��LQ�PDQ\�FDVHV��SXUSRVH�EXLOW�H[SHULPHQWDO�VHWXSV�DUH�HPSOR\HG�WR�
SURYLGH� WKH� GDWD� QHHGHG� IRU� UHVHDUFK�� 7KH� VHWXS� FDQ� EH� GLYLGHG� LQWR� IRXU� PDLQ�
VXEV\VWHPV�� WKH� SXPS� �PRGLILHG� E\� D� WUDQVSDUHQW� PDWHULDO� DOORZLQJ� YLVXDO�
REVHUYDWLRQ�RI�FDYLWDWLRQ���WKH�PRWRU��HQHUJL]HG�HLWKHU�GLUHFWO\�E\�PDLQV�SRZHU�OLQH�
RU�E\�YDULDEOH� IUHTXHQF\�GULYH��� WKH� IORZ� ORRS�DQG� WKH�GDWD�DFTXLVLWLRQ�HTXLSPHQW��
)ROORZLQJ�VLJQDOV�ZHUH�VHQVHG�DQG�UHFRUGHG��IORZ�UDWH��SUHVVXUHV�LQ�ERWK�VXFWLRQ�DQG�
GLVFKDUJH�� WHPSHUDWXUH�RI�WKH�SXPSHG�IOXLG��VKDIW�URWDWLRQ�IUHTXHQF\��7KHVH�VLJQDOV�
ZHUH�XVHG�WR�FRQWURO�WKH�H[SHULPHQWV�DQG�WKH\�FRXOG�QRW�EH�XVHG�GXULQJ�D�GLDJQRVLV�
SKDVH��9LEUDWLRQ�VLJQDOV�ZHUH�VHQVHG�E\�DFFHOHURPHWHUV�DWWDFKHG�WR�WKH�FDVLQJ�RI�WKH�
GLDJQRVHG�SXPS��)RU�DOO�H[SHULPHQWV��WZR�DFFHOHURPHWHUV�ZHUH�XVHG�VLPXOWDQHRXVO\��
7KH\� ZHUH� SRVLWLRQHG� RQ� WKH� FDVLQJ� RI� WKH� UHVSHFWLYH� H[SHULPHQWDO� SXPS�� LQ�
PXWXDOO\�SHUSHQGLFXODU�GLUHFWLRQV��2QH�RI�WKH�VHQVRUV�ZDV�DGMXVWHG�LQ�WKH�GLUHFWLRQ�
RI� WKH� SXPS� VKDIW� D[LV� �GHQRWHG� DV� D[LDO��� WKH� RWKHU� LQ� WKH� GLUHFWLRQ� UDGLDO� WR� WKH�
SXPS�VKDIW�D[LV��GHQRWHG�DV�UDGLDO���$�GHWDLOHG�GHVFULSWLRQ�RI�WKH�VHWXS�HPSOR\HG�LQ�
SUHVHQWHG�H[SHULPHQWV�LV�JLYHQ�LQ��)OHN���������
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$�W\SLFDO�H[SHULPHQW��SHUIRUPHG�ZLWK� WKH�DLP�RI�REWDLQLQJ�GDWD�UHOHYDQW� WR� WKH�

SKHQRPHQRQ� RI� FDYLWDWLRQ�� HVWDEOLVKHV� YDULRXV� OHYHOV� RI� FDYLWDWLRQ� LQ� D� V\VWHP�
RSHUDWLQJ� XQGHU� FHUWDLQ� FRQGLWLRQV�� ,W� LV� LPSRUWDQW� WR� LQYHVWLJDWH� FDYLWDWLRQ� LQ� D�
V\VWHP� ZRUNLQJ� DW� D� �IXOO�� UDQJH� RI� RSHUDWLQJ� SRLQWV�� 7KH� RSHUDWLQJ� SRLQW� RI� WKH�
V\VWHP�LV�GHVFULEHG�E\�WKH�IORZ�UDWH�4��WKH�WRWDO�KHDG�ULVH�+�DQG�WKH�VKDIW�URWDWLQJ�
IUHTXHQF\� Ω�� ,W� LV� VHW� E\� D� WKURWWOLQJ� YDOYH� LQ� WKH� GLVFKDUJH� SLSH�� 6HYHULW\� RI�
FDYLWDWLRQ� LQ� WKH�SXPS� LV� VHW� HLWKHU� E\� D� WKURWWOLQJ� YDOYH� LQ� WKH� VXFWLRQ�SLSH� �RSHQ�
WDQN�VHWXS��RU�E\�PRGLILFDWLRQ�RI�SUHVVXUH�DERYH� OLTXLG�VXUIDFH� LQ� WKH� WDQN��FORVHG�
WDQN�VHWXS���
�
�����'DWD��3UHSURFHVVLQJ�3KDVH��)HDWXUH�([WUDFWLRQ�
�
7KH� YLEUDWLRQ� RI� D� FHQWULIXJDO� SXPS� FDVLQJ� LV� JRYHUQHG� E\� QXPHURXV� H[FLWDWLRQ�
IRUFHV�DFWLQJ�DW�GLIIHUHQW�IUHTXHQFLHV��SXPS�VKDIW�LPEDODQFH��PLVDOLJQPHQW��LPSHOOHU�
EODGH�SDVVLQJ�SXOVDWLRQ��EHDULQJV��FDYLWDWLRQ��HWF��0DQ\�GLIIHUHQW�WHFKQLTXHV�DUH�XVHG�
WR� KHOS� WKH� HYDOXDWLRQ� RI� YLEUDWLRQ� VLJQDOV�� 7KH� VLPSOHVW� SRVVLELOLWLHV� LQFOXGH�
HYDOXDWLRQ� RI� DPSOLWXGH� LQIRUPDWLRQ� LQ� WLPH�GRPDLQ� VLJQDO�� +RZHYHU�� VLJQDOV� RI�
SHULRGLFDO�QDWXUH�W\SLFDOO\�UHTXLUH�DQDO\VLV�LQ�WKH�IUHTXHQF\�GRPDLQ��7KH�HPHUJHQFH�
RI�GLJLWDO�VLJQDO�SURFHVVLQJ�WHFKQLTXHV��HVSHFLDOO\�WKH�)DVW�)RXULHU�7UDQVIRUP��))7��
DOJRULWKP�� EHFDPH� WKH� GULYLQJ� IRUFH� EHKLQG� WKH� ZLGH� VSUHDG� RI� IUHTXHQF\�GRPDLQ�
DQDO\VLV�WHFKQLTXHV��

�)OHN�� ������ SURSRVHV� GLVWLQJXLVKLQJ� IHDWXUHV� RI� IROORZLQJ� W\SHV�� ���� SRZHU�
VSHFWUDO�GHQVLW\�RI�IUHTXHQF\�EDQG�\��GHQRWHG�DV�SVG\���WKH�QXPEHU�RI�EDQGV�GHSHQGV�
RQ�IUHTXHQF\�UHVROXWLRQ�RI�WKH�SHULRGRJUDP��LQ�WKLV�SDSHU�ZH�XVH�PDLQO\����EDQGV�RI�
∆I≈���+]��FRUUHVSRQGLQJ�WR�D�����OLQH�))7�ZLWK�VDPSOLQJ�IUHTXHQF\�≈���N+]��EXW�
RWKHU�VHWWLQJV�ZHUH�DOVR�WHVWHG������DPSOLWXGH�RI�WKH�ILUVW��]�KDUPRQLF�FRPSRQHQWV�RI�
VKDIW�URWDWLRQ�IUHTXHQF\��ZKHUH�]�LV�QXPEHU�RI�LPSHOOHU�EODGHV��GHQRWHG�DV�USPQ���LQ�
SXPSV�ZLWK���EODGHV���IHDWXUHV������IUHTXHQF\�RI�URWDWLRQ�RI�SXPS�VKDIW��GHQRWHG�DV�
IU���

)LYH� RUGLQDO� FDYLWDWLRQ� FODVVHV� FDQ� EH� GLVWLQJXLVKHG�� �� ±� QRUPDO� FRQGLWLRQ� �QR�
EXEEOHV�����±�LQFLSLHQW�FDYLWDWLRQ��YHU\�ILUVW�EXEEOHV�����±�WLS�YRUWH[�FDYLWDWLRQ��D�WLQ\�
VWUHDP�RI�EXEEOHV��� ��±�PRGHUDWH� FDYLWDWLRQ� �D� FRQWLQXRXV� VWUHDP�RI�EXEEOHV��� ��±�
VHYHUH� FDYLWDWLRQ� �VHYHUH� EXEEOHV�� EODGH� FDYLWDWLRQ��� 7KH� FODVVHV� DUH� DVVLJQHG� RQ�
EDVLV�RI�YLVXDO�REVHUYDWLRQV�GXULQJ�WKH�H[SHULPHQWV��
�
�����'DWD�8QGHUVWDQGLQJ���9LVXDOL]DWLRQ�
�
7KH�LQIOXHQFH�RI�WKH�SKHQRPHQRQ�RI�FDYLWDWLRQ�RQ�YLEUDWLRQ�RI�SXPS�FDVLQJ�FDQ�EH�
EHWWHU� XQGHUVWRRG�ZLWK� DLG� RI� YLVXDOL]DWLRQ��+DYLQJ� WKH� H[FLWDWLRQ� IRUFHV� DQG� WKHLU�
HIIHFWV� GHFRPSRVHG� LQWR� D� SHULRGLF� FRPSRQHQW� �UHODWHG� WR� WKH� VKDIW� URWDWLRQ�
IUHTXHQF\��DQG�D�UDQGRP�FRPSRQHQW� �H�J���FDYLWDWLRQ��� WKH� IROORZLQJ�YLVXDOL]DWLRQV�
FDQ�EH�FDUULHG�RXW��

)LJXUH� �� VKRZV� H[DPSOHV� RI� SHULRGRJUDPV� RI� SXPS� FDVLQJ� YLEUDWLRQ� XQGHU�
YDU\LQJ� FDYLWDWLRQ� FRQGLWLRQV��$OWKRXJK�SDUWLFXODU� IUHTXHQFLHV� DQG� WKH� VFDOH�RI� WKH�
SKHQRPHQD� QHFHVVDULO\� GLIIHU� DPRQJ� GLIIHUHQW� SXPSV�� WKH� ILJXUHV� GHPRQVWUDWH�
LQIOXHQFH�RI� FDYLWDWLRQ�RQ�SVG\� DWWULEXWHV� DW� GLIIHUHQW� RSHUDWLQJ�SRLQWV��1RWH� WKDW� D�
FRQVWUXFWHG�FODVVLILHU�KDV�WR�GHWHFW�FDYLWDWLRQ�ZKLOH�QRW�NQRZLQJ�WKH�DFWXDO�RSHUDWLQJ�
SRLQW��
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)LJXUH���±�&RPSDULVRQ�RI�SHULRGRJUDPV�RI�SXPS�FDVLQJ�YLEUDWLRQ�XQGHU�YDU\LQJ�
FDYLWDWLRQ�FRQGLWLRQV��)LJXUHV��D��DQG��E��VKRZ�SHULRGRJUDPV�IRU�WZR�GLIIHUHQW�
RSHUDWLRQ�SRLQWV��EHORZ�WKH�IORZ�UDWH�RI�WKH�EHVW�HIILFLHQF\�SRLQW�DQG�DW�WKH�EHVW�

HIILFLHQF\�SRLQW���
�
:H� KDYH� DOVR� XVHG� 5DGYL]� WHFKQLTXH� RI� PXOWLGLPHQVLRQDO� YLVXDOL]DWLRQ�

LPSOHPHQWHG�LQ�WKH�SUHSURFHVVLQJ�WRRO�6XPDWUD77��6WHSDQNRYD�HW�DO����������5DGYL]�
�+RIPDQ�HW�DO���������DWWDFKHV�WR�HDFK�GDWD�SRLQW�IL[HG�VSULQJV�HDFK�RI�ZKLFK�LV�DOVR�
DWWDFKHG�DW�SRLQWV�DURXQG�D�FLUFOH��7KH�VSULQJV�UHSUHVHQW�GLPHQVLRQV�RI�WKH�GDWD��WKH�
VSULQJ� IRUFH� IRU� HDFK� VSULQJ� LV� WKH�YDOXH�RI� WKH�GDWD�SRLQW� IRU� WKDW� GLPHQVLRQ��7KH�
GDWD�SRLQWV�DUH�GLVSOD\HG�DW�WKH�SRVLWLRQ�ZKHUH�WKH�VXP�RI�WKH�VSULQJ�IRUFHV�LV�]HUR��
L�H���SRLQWV�ZKLFK�KDYH�RQH�RU�WZR�FRRUGLQDWH�YDOXHV�JUHDWHU�WKDQ�WKH�RWKHUV�OLH�FORVHU�
WR�WKRVH�GLPHQVLRQV��7KH�UHVXOWV�FDQ�EH�VHHQ�LQ�)LJXUH����
�
�����3ULQFLSDO�4XHVWLRQV�7R�%H�$QVZHUHG�
�
7KH�PDLQ�JRDO�RI�WKH�LQWHOOLJHQW�GHFLVLRQ�PDNLQJ�V\VWHP�GHVLJQ�LV�WR�SURYLGH�D�WRRO�
DOORZLQJ� UHOLDEOH� DQG� QRQ�LQWUXVLYH� RQ�OLQH� GLDJQRVLV� RI� FDYLWDWLRQ� LQ� FHQWULIXJDO�
SXPSV��:LWKLQ� WKLV� SURFHVV�� IROORZLQJ� SULQFLSDO� TXHVWLRQV� UHJDUGLQJ� VSHFLILF� WDVN�
FKDUDFWHULVWLFV�VKRXOG�EH�DQVZHUHG��
−� :KDW�LV�WKH�RSWLPDO�SODFHPHQW�RI�WKH�YLEUDWLRQ�VHQVRUV"�+RZ�PDQ\�RI�WKHP�RQH�

KDV�WR�XVH��D�PLQLPXP�QXPEHU�RI�VHQVRUV�VKRXOG�EH�XVHG�WR�VDYH�HTXLSPHQW�DQG�
LQVWDOODWLRQ�FRVW�"�

−� :KDW� LV� WKH� LQIOXHQFH� RI� QXPEHU� �DQG� WKXV� UHVROXWLRQ�� RI� WKH� SRZHU� VSHFWUDO�
GHQVLW\� IHDWXUHV"� &DQ� ZH� GHDO� ZLWK� D� ODUJH� QXPEHU� RI� IHDWXUHV� KDYLQJ� RQO\� D�
OLPLWHG�QXPEHU�RI�WUDLQLQJ�H[DPSOHV"�

−� +RZ� VKRXOG� ZH� GHDO� ZLWK� WKH� PHDVXUHG� GDWD"� &DQ� ZH� LQFUHDVH� D� QXPEHU� RI�
WUDLQLQJ� LQVWDQFHV� E\� JHQHUDWLQJ� PRUH� H[DPSOHV� IURP� D� VLQJOH� �ORQJHU�� VLJQDO�
PHDVXUHG� XQGHU� FRQVWDQW� FRQGLWLRQV"� :KDW� LV� WKH� GHSHQGHQFH� DPRQJ� VLJQDOV�
PHDVXUHG�XQGHU�VLPLODU�FRQGLWLRQV��VLPLODU�RSHUDWLQJ�SRLQWV�"�

−� &ODVV�YDOXHV�DUH�RUGHUHG��&DQ�ZH�EHQHILW�IURP�WKLV�RUGHULQJ"�
−� +RZ� VKRXOG� ZH� HYDOXDWH� WKH� UHVXOWLQJ� V\VWHP� DQG� ZKDW� LV� DQ� RSWLPDO� VFRULQJ�

IXQFWLRQ�ZKHQ� GHYHORSLQJ� D�PRGHO"� 6KDOO�ZH� XVH� FODVVLILFDWLRQ� DFFXUDF\� RQO\��
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GLVWLQJXLVK�VHYHULW\�RI�PLVFODVVLILFDWLRQV�RU�UHO\�RQ�UHJUHVVLRQ�FULWHULD��H�J���PHDQ�
VTXDUHG�HUURU��06(��"�
�

� �
�D�� �E��

�
)LJXUH���±�5DGYL]�±�FODVV�GLVWULEXWLRQ�LQ�D�PXOWLGLPHQVLRQDO�DWWULEXWH�VSDFH�±�WKH�

PRUH�VHYHUH�FDYLWDWLRQ�WKH�GDUNHU�SRLQWV��)LJXUH��D��GHPRQVWUDWHV�DELOLW\�RI�USPQ�
IHDWXUHV�WR�GLVWLQJXLVK�VHYHUH�FDYLWDWLRQ��)LJXUH��E��VKRZV�VWURQJ�GHSHQGHQFH�DPRQJ�
FDYLWDWLRQ��IORZ�DQG�SUHVVXUHV��WKHVH�VHQVRUV�DUH�QRW�DYDLODEOH�LQ�D�UHDO�RSHUDWLRQ���

�
����&$9,$7,21�',$*126,6�6&+(0(6�
�
�����2SHQ�3UHGLFWLRQ�6\VWHP�±�([SHULPHQWDO�(QYLURQPHQW�
�
2SHQ� 3UHGLFWLRQ� 6\VWHP� �236�� LV� D� SUHGLFWLRQ� WRRO� RIIHULQJ� D� VROXWLRQ� WR� D� ZLGH�
UDQJH�RI�SUHGLFWLRQ�SUREOHPV��,WV�PDLQ�IRFXV�LV�RQ�PXOWLYDULDWH�WLPH�VHULHV�SUHGLFWLRQ�
SUREOHPV� ZLWK� SUDFWLFDO� DSSOLFDWLRQV� EULQJLQJ� FRVW� UHGXFWLRQ� LQ� XWLOLW\� FRPSDQLHV�
�JDV�� ZDWHU�� KHDW�� HOHFWULFLW\��� +RZHYHU�� LWV� SUHGLFWLYH� PHWKRGRORJ\� �.RXW� HW� DO���
������ FDQ� EH� XQGHUVWRRG� DV� IXOO\� JHQHUDO� DQG� DEOH� WR� VROYH� ERWK� UHJUHVVLRQ� DQG�
FODVVLILFDWLRQ� WDVNV�� 7KH� LPSOHPHQWHG� GDWD� PDQDJHPHQW� VWUXFWXUHV� HQDEOH� GDWD�
FRPSUHVVLRQ�� GDWD� ILOWHULQJ�� VSHFLDO� EXLOW�LQ� WUDQVIRUPDWLRQV�� SUREOHP� GHILQLWLRQ�
VHSDUDWHG�IURP�SUHSURFHVVLQJ�RI�LQGLYLGXDO�PRGHOV�RU�PHWD�OHDUQLQJ��7KHVH�IHDWXUHV�
PDNH�236�D�VXLWDEOH�WRRO�IRU�SURFHVVLQJ�DQG�HYDOXDWLRQ�RI�WKH�SXPS�GDWD��
�
�����$YDLODEOH�'DWD��$SSOLHG�0HWKRGV�
�
7KH�DQDO\VLV�DQG�UHVXOWV�SUHVHQWHG�LQ�WKLV�SDSHU�GHDO�ZLWK�PHDVXUHPHQWV�SHUIRUPHG�
E\�2QG HM�)OHN�RQ�'XUFR�0DUN� ,,,��.���î����SXPS� LQ�&OHYHODQG��2KLR��86$�� ,Q�
RUGHU� WR� DQVZHU� WKH�TXHVWLRQV� VXPPDUL]HG� LQ� VXEVHFWLRQ������ D� QXPEHU�RI� GDWDVHWV�
EDVHG� RQ� WKHVH� PHDVXUHPHQWV� ZHUH� JHQHUDWHG� DQG� SURFHVVHG�� 6HYHUDO� GLPHQVLRQV�
WKDW�GLVWLQJXLVK�EHWZHHQ�WKH�GDWDVHWV�FDQ�EH�LGHQWLILHG������WKH�GDWD�VRXUFH�LV�D[LDO��
UDGLDO� RU� FRPELQDWLRQ� RI� ERWK� VHQVRUV�� ���� WKH� QXPEHU� RI� IHDWXUHV� YDULHV� ZLWK� WKH�
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VHOHFWHG� SRZHU� VSHFWUDO� GHQVLW\� EDQGZLGWK� ±� ��� DQG� ��� EDQGV� ZHUH� XVHG�� ���� WKH�
WKUHH�SKDVH� DV\QFKURQRXV� HOHFWULF� PRWRU� FDQ� EH� HQHUJL]HG� HLWKHU� E\� GLUHFW� PDLQV�
SRZHU� OLQH� RU� YDULDEOH� IUHTXHQF\� GULYH� �9)'��� ,W� IROORZV� WKDW� �î�î� ��� GLIIHUHQW�
GDWDVHWV�ZHUH�FODVVLILHG�DQG�FRPSDUHG��

7KH� 236� RIIHUV� VHYHUDO� FODVVLILHUV� DQG� SUHGLFWRUV� WR� EH� DSSOLHG�� ,W� FRQWDLQV�
GHFLVLRQ� WUHH� �'7�� DQG� UDQGRP� IRUHVW� �5)�� FODVVLILHUV� DV� ZHOO� DV� QHXUDO� QHWZRUNV�
�11��DQG�VXSSRUW�YHFWRU�PDFKLQHV��690���'7V�DQG�WKHLU�YLVXDOL]DWLRQ�JLYH�D�EDVLF�
XQGHUVWDQGLQJ�RI� IHDWXUH� LPSRUWDQFH� DQG�SUREOHP�FRPSOH[LW\��ZKLOH�5)�DQG�690�
DUH� WHFKQLTXHV� ZHOO�NQRZQ� WR� GHDO� ZLWK� GDWDVHWV� GHVFULEHG� E\� D� ODUJH� QXPEHU� RI�
IHDWXUHV� UHJDUGLQJ� D� QXPEHU� RI� DYDLODEOH� LQVWDQFHV�� $SSOLFDWLRQ� RI� 11V� JLYHV� D�
FKDQFH�WR�UHIHUHQFH�WKH�UHVXOWV�SHUIRUPHG�LQ��)OHN��������RQ�RWKHU�WZR�SXPSV��7KHVH�
IRXU�DOJRULWKPV�ZHUH�DSSOLHG�WR�WKH�GDWDVHWV�GHVFULEHG�LQ�WKH�SUHYLRXV�SDUDJUDSK��

7KH� IROORZLQJ� WZR�VXEVHFWLRQV�GHVFULEH� IXQGDPHQWDO�DSSURDFKHV� WR�D� ILQDO� WDVN�
GHILQLWLRQ� FRQVLGHULQJ� DSSDUHQW� FODVV� RUGLQDOLW\� DQG� GHSHQGHQFH� DPRQJ� PHDVXUHG�
LQVWDQFHV��
�
�����(YDOXDWLQJ�'HSHQGHQW�6DPSOHV�±�'HDOLQJ�ZLWK�%ORFNV�DQG�6HULHV�
�
7KH�PRVW�RIWHQ�XVHG�HYDOXDWLRQ�PHWKRGV� �KROG�RXW��1� IROG�FURVV�YDOLGDWLRQ�� OHDYH�
RQH�RXW�� ERRWVWUDSSLQJ�� VXSSRVH� D� UHSUHVHQWDWLYH� GDWDVHW� RQ� WKHLU� LQSXW� DV� ZHOO� DV�
LQGHSHQGHQW� LQVWDQFHV�� $W� WKH� VDPH� WLPH�� WKH\� VXSSRVH� WKDW� DOO� WKH� LQVWDQFHV� DUH�
GUDZQ� ZLWK� D� FRQVWDQW� GLVWULEXWLRQ� DQG� WKDW� WKH� IXWXUH� LQVWDQFHV� ZLOO� NHHS� WKLV�
GLVWULEXWLRQ�� 7KHVH� DVVXPSWLRQV� DUH� YLRODWHG� LQ� PDQ\� SUDFWLFDO� GRPDLQV�� $�
PRWLYDWLRQDO�H[DPSOH�ZKLFK�WULHV�WR�ILQG�RXW�ZKHWKHU�WKH�GDWDVHW�LV�UHSUHVHQWDWLYH�LV�
DV�IROORZV��/HW�XV�KDYH�D�FRPSDQ\�SURGXFLQJ�SXPSV��7KH�FRPSDQ\�SURGXFHV�WKUHH�
GLIIHUHQW�SXPSV�DQG�ZLVKHV�WR�HTXLS�WKHP�ZLWK�D�GLDJQRVWLF�WRRO�WKDW�LV�DEOH�WR�GHWHFW�
WKHLU�IDXOW�VWDWHV��7KH�IDXOW�VWDWH�PRGHO�LV�EDVHG�RQ�WKH�GDWD�PHDVXUHG�RQ�SXPSV��EXW�
PHDVXUHPHQWV�DUH�H[SHQVLYH��,V�LW�QHFHVVDU\�WR�PHDVXUH�DOO�WKH�SXPSV"�$Q�DGYLVDEOH�
DSSURDFK�WR�ILQG�LW�RXW�FRXOG�EH�WR�PHDVXUH�WZR�SXPSV�RQO\��7KH�ILUVW�PRGHO�FDQ�EH�
WUDLQHG�RQ�WKH�GDWD�IURP�WKH�ILUVW�SXPS�DQG�WHVWHG�RQ�WKH�GDWD�IURP�WKH�VHFRQG�SXPS��
WKH� VHFRQG� PRGHO� YLFH� YHUVD��:KHQ� ERWK� WKH� PRGHOV� JLYH� VDWLVIDFWRU\� HUURU� UDWHV�
WKHUH�LV�D�VROLG�FKDQFH�WKDW�WKH�UHVXOWLQJ�PRGHO��EDVHG�RQ�GDWD�IURP�ERWK�WKH�SXPSV��
FDQ� EH� YDOLG� DOVR� IRU� WKH� WKLUG� SXPS�� 2WKHU� DSSURDFK�� ZKLFK� ILUVW� PL[HV�
PHDVXUHPHQWV�IURP�ERWK�WKH�SXPSV�DQG�WKHQ�VSOLWV�WKHP�UDQGRPO\�EHWZHHQ�WUDLQLQJ�
DQG�WHVWLQJ�VXEVHWV��LV�SUREDEO\�QRW�D�JRRG�LQGLFDWRU�RI�SHUIRUPDQFH�RQ�D�IXWXUH�GDWD�
IURP�D�GLIIHUHQW�SXPS��

8QGHU� RXU� GHVLJQ� RI� H[SHULPHQWV�� D� UHSUHVHQWDWLYH� WUDLQLQJ� GDWD� VHW� KDV� WR� EH�
PHDVXUHG�IRU�HDFK�W\SH�RI�SXPS�WR�EH�GLDJQRVHG��'LIIHUHQFHV�EHWZHHQ�SXPS�W\SHV�
DUH� LQGLVSHQVDEOH�� D� JHQHUDO� FDYLWDWLRQ� PRGHO� ZRXOG� EH� LQDFFXUDWH�� 7KH� SURSRVHG�
PHWKRG� UHOLHV� RQ� D� VWDQGDUG� SXPS� SHUIRUPDQFH� WHVWLQJ� SURFHGXUH� FDUULHG� RXW� E\�
SXPS�PDQXIDFWXUHUV�ZLWK�YLUWXDOO\�HYHU\�W\SH�RI�SXPS�SURGXFHG��,W�KDV�EHHQ�VKRZQ�
LQ��)OHN��������WKDW�VXFK�SHUIRUPDQFH�WHVWLQJ�LV�FDSDEOH�RI�SURGXFLQJ�GDWD�FRYHULQJ�
WKH�ZKROH�UDQJH�RI�RSHUDWLQJ�FRQGLWLRQV��

7KH� GDWDVHW� FDQ� DOVR� FRQWDLQ� GHSHQGHQW� LQVWDQFHV�� 7KLV� SKHQRPHQRQ� RIWHQ�
DSSHDUV�ZKHQ�GHDOLQJ�ZLWK�WLPH�VHULHV�PHDVXUHPHQWV��ZKHUH�GHSHQGHQFH��H[SUHVVHG�
LQ� WHUPV� RI� FRYDULDQFH�� EHWZHHQ� LWK� DQG� L±MWK� LQVWDQFH� GHSHQGV� RQO\� RQ� M� DQG�
DSSURDFKHV� �� DV� M�→�∞�� �%XUPDQ� HW� DO��� ������ SURSRVHV� D� PRGLILFDWLRQ� RI� FURVV�
YDOLGDWLRQ� FDOOHG� K�EORFN� FURVV�YDOLGDWLRQ�� )RU� HDFK� LQVWDQFH� L� LW� LV� QHFHVVDU\� WR�
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UHPRYH� LW� IURP� WKH� WUDLQLQJ� GDWD� DORQJ� ZLWK� K� LQVWDQFHV� RQ� HDFK� VLGH� RI� WKH� LWK�
REVHUYDWLRQ��7KH�PRGHO�LV�WUDLQHG�RQ�WKH�UHGXFHG�VHW�DQG�WHVWHG�RQ�WKH�LWK�LQVWDQFH��
7KLV�DSSURDFK�UHGXFHV�WR�OHDYH�RQH�RXW�PHWKRG�ZKHQ�K ���$�VOLJKWO\�PRGLILHG�KY�
EORFN�FURVV�YDOLGDWLRQ�FDQ�EH�IRXQG�LQ��5DFLQH���������

:LWKLQ� SXPS�PHDVXUHPHQWV�� LW� LV� QRW� SRVVLEOH� WR� VHW� DQG�PHDVXUH� DQ� DUELWUDU\�
QXPEHU� RI� RSHUDWLQJ� FRQGLWLRQV� �WLPH� DQG� FRVW� UHDVRQV�� OLPLWHG� QXPEHU� RI� YDOYH�
SRVLWLRQV�� HWF���� 7KH� PHDVXUHPHQWV� XVXDOO\� FRQVLVW� RI� VHYHUDO� VHULHV�� LQ� ZKLFK� ZH�
VWDUW� LQ� WKH� QRUPDO� VWDWH� DQG� JUDGXDOO\� VWLPXODWH�PRUH� VHYHUH� FDYLWDWLRQ� OHYHOV�� ,Q�
RUGHU� WR� LQFUHDVH�D�QXPEHU�RI� WUDLQLQJ�H[DPSOHV��ZH�JHQHUDWH�VHYHUDO� LQVWDQFHV�����
IRU�HYHU\�VLQJOH�RSHUDWLQJ�SRLQW��$�ORQJHU�VFDQ�LV�VXEGLYLGHG�LQWR�WLPH�VORWV�WKDW�DUH�
SURFHVVHG� VHSDUDWHO\�� 7KHVH� WUDLQLQJ� H[DPSOHV� DUH� VXUHO\� GHSHQGHQW� DQG� PXVW� EH�
WUHDWHG�LQ�DQ�DSSURDFK�DQDORJLFDO�WR�WKH�EORFN�FURVV�YDOLGDWLRQ�GHVFULEHG�DERYH��ZH�
GHQRWH� LW� RQH�EORFN�RXW�� 2%2��� 'HSHQGHQFH� DPRQJ� QHLJKERULQJ� VWDWHV� LQ� D� VHULHV�
FDQ�EH�VWXGLHG�LQ�DQ�DSSURDFK�ZKHUH�D�VLQJOH�VHULHV�PDNHV�D�VLQJOH�IROG�LQ�WKH�IUDPH�
RI�FURVV�YDOLGDWLRQ��GHQRWHG�DV�RQH�VHULHV�RXW��262���
�
�����2UGLQDO�&ODVVLILFDWLRQ�
�
6WDQGDUG� FODVVLILFDWLRQ� DOJRULWKPV� DVVXPH� WKDW� WKH� FODVV� YDOXHV� DUH� XQRUGHUHG�� L�H���
GR�QRW�H[KLELW�DQ\�QDWXUDO�RUGHU��7KH\�WUHDW�WKH�FODVV�DWWULEXWH�DV�D�QRPLQDO�TXDQWLW\�
±� D� VHW� RI� XQRUGHUHG� YDOXHV�� &RQVHTXHQWO\�� WKH\� FDQQRW�PDNH� XVH� RI� WKH� RUGHULQJ�
LQIRUPDWLRQ���)UDQN�DQG�+DOO��������SURSRVHG�D�VLPSOH�PHWKRG�WKDW�HQDEOHV�VWDQGDUG�
FODVVLILFDWLRQ�DOJRULWKPV� WR�PDNH�XVH�RI�RUGHULQJ�LQIRUPDWLRQ�LQ�FODVV�DWWULEXWHV��,Q�
WKHLU�DSSURDFK�D�WDVN�LV�WUDQVIRUPHG�WR�D�VHULHV�RI�ELQDU\�FODVV�VXEWDVNV�WKDW�HQFRGH�
WKH�RUGHULQJ�RI�WKH�RUGLQDO�FODVV��7KH�GDWD�LV�ILUVW�WUDQVIRUPHG�IURP�D�N�FODVV�RUGLQDO�
WDVN� �FODVV� DWWULEXWH� &� ZLWK� YDOXHV� Y��� «�� YN�� WR� N��� ELQDU\� VXEWDVNV�� ZKHUH� L�WK�
ELQDU\� DWWULEXWH� UHSUHVHQWV� WKH� WHVW� &!YL�� 7KLV� FRGLQJ� LV� VLPLODU� WR� D� WKHUPRPHWHU�
FRGH�XVHG�LQ�QHXUDO�QHWZRUNV��ZKLFK�HQFRGHV�LQWR�N�ELQDU\�DWWULEXWHV��6PLWK���������
,Q�WKH�QH[W�VWHS��N���SUREDELOLVWLF�PRGHOV�DUH�OHDUQW�DQG�XVHG�WR�HVWLPDWH�SUREDELOLWLHV�
RI�WKH�N�RULJLQDO�RUGLQDO�FODVVHV��3�Y�� ��3�&!Y����∀ L ���«��N����3�YL� 3�&!YL�������
3�&!YL����3�YN� ��3�&!YN������7KH�FODVV�ZLWK�PD[LPXP�SUREDELOLW\�LV�DVVLJQHG�WR�WKH�
LQVWDQFH��

/HDUQLQJ� WR� SUHGLFW� RUGLQDO� FODVVHV� FDQ� DOVR� EH� UHSKUDVHG� DV� WKH� UHJUHVVLRQ�
SUREOHP��7KH�FODVV�ODEHOV�GHILQHG�LQ�VXEVHFWLRQ�����FDQ�EH�HLWKHU�XVHG�LPPHGLDWHO\�
RU� WKH\�FDQ�EH�SUHSURFHVVHG�SULRU� WR� OHDUQLQJ��:H� IROORZHG� WKH� VHFRQG�RSWLRQ�� WKH�
JUDGHV� WUDQVIRUPDWLRQ� �.UDPHU� HW� DO��� ������� ZKLFK� GHSHQGV� DOVR� RQ� IUDFWLRQV� RI�
YDOXHV�EHORQJLQJ� WR�WKH�LQGLYLGXDO�FODVVHV��ZDV�FDUULHG�RXW��,Q�WKLV�SDSHU��ZH�DSSO\�
WKH� RUGLQDO� DSSURDFK� �GHQRWHG� DV� 25'�� DOWRJHWKHU� ZLWK� WKH� VWDQGDUG� XQRUGHUHG�
FODVVLILFDWLRQ��GHQRWHG�DV��&��DQG�UHJUHVVLRQ��GHQRWHG�DV�5(*���
�
����5($&+('�5(68/76�
�
7KH�GHVLJQ�RI�H[SHULPHQWV�SUHVHQWHG�LQ� WKH�SUHYLRXV�FKDSWHU�UHVXOWV�LQ����GLIIHUHQW�
ZD\V�RI�SURFHVVLQJ�RI�HDFK�RI�WKH�SURSRVHG�GDWDVHWV��DOJRULWKP�[��&��25'�RU�5(*�
[�2%2�RU�262���,Q�RUGHU�WR�EH�DEOH�WR�HYDOXDWH�DQG�FRPSDUH�DOO�WKH�DSSURDFKHV��WKH�
RXWSXWV�RI�WKH�PRGHOV�ZHUH�DOZD\V�WUDQVIRUPHG�LQWR���FULVS�FODVVHV�ILUVW�DQG�WKHQ�WKH�
FODVVLILFDWLRQ� DFFXUDF\� ZDV� FDOFXODWHG�� 6LJQLILFDQFH� RI� GLIIHUHQFHV� DPRQJ� WKH�
LQGLYLGXDO�DSSURDFKHV�ZDV�HYDOXDWHG�E\�0F1HPDU¶V� WHVW��7KHUH�ZHUH� WZR�GLIIHUHQW�
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,QWHOOLJHQW�'LDJQRVLV�DQG�/HDUQLQJ�LQ�&HQWULIXJDO�3XPSV�

�

��
W\SHV� RI� FODVVLILFDWLRQ� HUURUV� GHILQHG�� 7KH� ILUVW� W\SH� VLPSO\� LQYROYHV� DOO�
PLVFODVVLILFDWLRQV��(UURU�RFFXUV�ZKHQHYHU�WKH�GHVLUHG�FODVV�GRHV�QRW�DJUHH�ZLWK�WKH�
JHQHUDWHG�FODVVLILFDWLRQ��7KH�VHFRQG�W\SH�SD\V�DWWHQWLRQ�WR�VR�FDOOHG�KDUG�HUURUV�RQO\��
7KHVH�KDUG�HUURUV�GR�QRW�RFFXU�ZKHQHYHU�WKH�PRGHO�PLVFODVVLILHV�DQ�LQVWDQFH�LQWR�LWV�
QHLJKERULQJ�FODVV��7KH�GHWHFWLRQ�UDWH�RI�HDFK�PRGHO�ZDV�DOVR�FRQVLGHUHG��DELOLW\�WR�
GLVWLQJXLVK�WKH�QRUPDO�VWDWH�IRUP�DQ�DUELWUDU\�FDYLWDWLRQ�OHYHO���

7DEOH� �� VKRZV� D� IUDJPHQW� RI� WKH� ILQDO� UHVXOW� WDEOH��7KH� UHVXOWV� SURYHG� WKDW� WKH�
D[LDO� SODFHPHQW� RI� WKH� YLEUDWLRQ� VHQVRU� JLYHV� D� VOLJKWO\� EHWWHU� DELOLW\� WR� GLDJQRVH�
FDYLWDWLRQ�� 0RUHRYHU�� FRPELQLQJ� WKH� D[LDO� DQG� UDGLDO� GDWD� GRHV� QRW� KHOS� WR�
VLJQLILFDQWO\� LQFUHDVH� WKLV�DELOLW\��7KH� IUDPHZRUN�GRHV�QRW� VHHP� WR�EH� VHQVLWLYH� WR�
WKH�WHVWHG�FKDQJHV�RI�SRZHU�VSHFWUDO�GHQVLW\�EDQGZLGWK��ZH�UHFRPPHQG�WR�GHDO�ZLWK�
���SVG\� IHDWXUHV�DV�EHWWHU�SRUWDELOLW\�WR�YDULRXV�SXPSV�LV�DVVXPHG��7KH�DSSOLFDWLRQ�
RI� 9)'� EULQJV� DQRWKHU� GHJUHH� RI� IUHHGRP� LQWR� WKH� V\VWHP� DQG� VOLJKWO\� GHFUHDVHV�
UHOLDELOLW\�RI�IDXOW�GLDJQRVLV��5)V�SURYHG�WR�EH�WKH�PRVW�VXLWDEOH�OHDUQLQJ�DOJRULWKP��
6XUSULVLQJO\��690V�JDYH�ZRUVH� UHVXOWV� WKDQ�ERWK�5)V� DQG�11V��8WLOL]DWLRQ�RI� WKH�
RUGHULQJ� LQIRUPDWLRQ� VLJQLILFDQWO\� LQFUHDVHV� FODVVLILFDWLRQ� DFFXUDF\� RI� '7V� DQG�
690V��EXW�GR�QRW�KHOS�WR�LPSURYH�5)�FODVVLILHUV��$V�IRU�11V��25'�DSSURDFK�KHOSHG�
WR�LQFUHDVH�RYHUDOO�DFFXUDF\��5(*�DSSURDFK�ZDV�EHWWHU�FRQVLGHULQJ�KDUG�HUURUV�RQO\��
2%2�FURVV�YDOLGDWLRQ�UHVXOWV�LQ�UHDVRQDEO\�PRUH�RSWLPLVWLF�DFFXUDF\�HVWLPDWHV�WKDQ�
262��7KH�UHVXOWV�ZHUH�GLVFXVVHG�ZLWK�D�GRPDLQ�H[SHUW�ZKR�UHJDUGV�WKH�ILUVW�VRUW�RI�
HVWLPDWHV�DV�RSWLPLVWLFDOO\�ELDVHG�ZKLOH�WKH�VHFRQG�RQH�LV�ELDVHG�SHVVLPLVWLFDOO\�DV�LW�
OHDYHV�RXW�D�FHUWDLQ�SDUW�RI�WKH�SODQH�ZKHUH�D�SXPS�RSHUDWLQJ�SRLQW�FDQ�EH�VHW��
�

7DEOH���±�$Q�RYHUYLHZ�RI�UHVXOWV�UHDFKHG�E\�5)V�RQ�WKH�PDLQV�D[LDO�DQG�UDGLDO�
GDWDVHWV�ZLWK���� SRZHU� VSHFWUDO� GHQVLW\� EDQGV��7KH� LQGLYLGXDO� FHOOV� VKRZ� HUURU� RI�
FODVVLILFDWLRQ� >�@�� �� GHQRWHV� D� GLIIHUHQFH� RQ� ����� OHYHO� RI� VLJQLILFDQFH� EHWZHHQ�
FRUUHVSRQGLQJ�WHVWV�RQ�D[LDO�DQG�UDGLDO�GDWD��

D[LDO� UDGLDO�0HWKRG?'DWD� DOO� KDUG�� GHW� DOO� KDUG� GHW�
�&��2%2� ����� �� ���� ����� ���� ����
�&��262� ����� ���� ����� ������ ����� ������
25'��2%2� ����� ���� ���� ����� ����� ����
25'��262� ����� ���� ����� ������ ����� ������

�
����&21&/86,216�
�
7KH� SUHVHQWHG� DSSURDFK� UHVXOWV� LQ� DQ� DOJRULWKPLF� IUDPHZRUN� IRU� GLDJQRVLV� RI�
FDYLWDWLRQ�LQ�FHQWULIXJDO�SXPSV��7KH�GLDJQRVLV�LV�EDVHG�RQ�UHSHDWHG�HYDOXDWLRQ�RI�D�
GDWD�VFDQ�EDVHG�RQ�DQ�D[LDO�YLEUDWLRQ�VHQVRU�VDPSOHG�IRU�D�IL[HG�VKRUW�SHULRG�RI�WLPH��
6LJQDO� LV�GHFRPSRVHG� LQWR�SHULRGLF�DQG�UDQGRP�FRPSRQHQWV�� WKH�PHWKRGRORJ\�FDQ�
GHDO� ZLWK� D� ODUJH� QXPEHU� RI� SRZHU� VSHFWUDO� GHQVLW\� IHDWXUHV� ZKLFK� JXDUDQWHHV� LWV�
JHQHUDO�DSSOLFDELOLW\�WR�YDULRXV�SXPS�W\SHV��7KH�SURSRVHG�GLDJQRVLV�VFKHPH�FRQVLVWV�
RI�WKH�IROORZLQJ�RSHUDWLRQV��VLJQDO�VHQVLQJ��VLJQDO�SUH�SURFHVVLQJ��IHDWXUH�H[WUDFWLRQ��
FODVVLILFDWLRQ�DQG�SUHVHQWDWLRQ�RI�GLDJQRVLV��7KH�GLDJQRVLV�FDQ�EH�SUHVHQWHG�HLWKHU�DV�
D� FULVS� FODVVLILFDWLRQ� ��&� RU� 5(*� DSSURDFK��� HVWLPDWHG� DV� D� UHDO� QXPEHU� �5(*�
DSSURDFK�DJDLQ��RU�LQ�D�IRUP�RI�D�SUREDELOLW\�YHFWRU��25'�DSSURDFK���

([SHULPHQWDO� YHULILFDWLRQ� RI� WKH� DOJRULWKPLF� IUDPHZRUN� DQG� WKH� SURSRVHG�
PHWKRGRORJ\� VXJJHVWHG� WKDW� D� FRQGLWLRQ� PRQLWRULQJ� V\VWHP� EXLOW� XSRQ� WKHP� LV�
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FDSDEOH� RI� GLDJQRVLQJ� D� ZLGH� UDQJH� RI� FDYLWDWLRQ� FRQGLWLRQV� WKDW� FDQ� RFFXU� LQ� D�
FHQWULIXJDO� SXPS�� LQFOXGLQJ� WKH� YHU\� HDUO\� LQFLSLHQW� FDYLWDWLRQ�� ,W� FDQ� EH� WXQHG� WR�
LQGLYLGXDO�SXPS�W\SHV�E\�PHDQV�RI�D�VWDQGDUG�SXPS�SHUIRUPDQFH�WHVWLQJ�SURFHGXUH�
RQO\�� 7KLV� UHSUHVHQWV� QR� H[WUD� HIIRUW� VLQFH� WKLV� SURFHGXUH� LV� D� SDUW� RI� FRPPRQ�
SUDFWLFH� H[HUFLVHG� WKURXJKRXW� WKH� SXPS� PDQXIDFWXULQJ� LQGXVWU\�� 7KH� IXWXUH� ZRUN�
OLHV� LQ� D� YHULILFDWLRQ� RI� WKH� SURSRVHG� IUDPHZRUN� RQ� D� ZLGHU� UDQJH� RI� SXPS� W\SHV�
LQFOXGLQJ�WKH�H[WHQVLRQ�WR�SXPS�YDULHWLHV�RWKHU�WKDQ�FHQWULIXJDO�SXPSV��
�
$FNQRZOHGJPHQWV�
�
7KLV� UHVHDUFK� ZRUN� ZDV� VXSSRUWHG� E\� WKH� UHVHDUFK� SURJUDP�'HFLVLRQ�0DNLQJ� DQG�
&RQWURO� LQ� 0DQXIDFWXULQJ� �060� ����������� IXQGHG� E\� WKH� &]HFK� 0LQLVWU\� RI�
(GXFDWLRQ��
�
�
����5()(5(1&(6�
�
���%UHQQHQ��&��(��&DYLWDWLRQ�DQG�%XEEOH�'\QDPLFV��2[IRUG�8QLYHUVLW\�3UHVV��������
���%XUPDQ��3���&KRZ��(���1RODQ��'��$�&URVV�9DOLGDWRU\�0HWKRG�)RU�'HSHQGHQW�'DWD��%LRPHWULND�����SS��

���������������
���'D\��0��-��&RQGLWLRQ�0RQLWRULQJ�RI�)OXLG�6\VWHPV�−�7KH�&RPSOHWH�$SSURDFK��,Q�SURFHHGLQJV�RI�WKH�

)LIWK� ,QWHUQDWLRQDO� &RQIHUHQFH� RQ� 3URILWDEOH� &RQGLWLRQ� 0RQLWRULQJ� −� )OXLGV� DQG� 0DFKLQHU\�

3HUIRUPDQFH�0RQLWRULQJ��+DUURJDWH��8�.���%+5�*URXS��SS�����������������
��� )OHN�� 2�� 'LDJQRVLV� RI� &DYLWDWLRQ� LQ� &HQWULIXJDO� 3XPSV�� 3K'�� 7KHVLV�� &]HFK� 7HFKQLFDO� 8QLYHUVLW\��

'HSDUWPHQW�RI�&\EHUQHWLFV������S���������
��� )UDQN�� (��� +DOO�� 0�� $� 6LPSOH� $SSURDFK� WR� 2UGLQDO� &ODVVLILFDWLRQ�� 3URFHHGLQJV� RI� WKH� (XURSHDQ�

&RQIHUHQFH�RQ�0DFKLQH�/HDUQLQJ��)UHLEXUJ��*HUPDQ\��6SULQJHU�9HUODJ��SS�����������������
���+DUW��5��-��3XPSV�DQG�7KHLU�6\VWHPV�±�$�&KDQJLQJ�,QGXVWU\��3URFHHGLQJV�RI���WK�,QWHUQDWLRQDO�3XPS�

8VHUV�6\PSRVLXP��+RXVWRQ��7;��8�6�$���SS�����������������
���+HQQHFNH��)��:��5HOLDELOLW\�RI�3XPSV�LQ�&KHPLFDO�,QGXVWU\��3URFHHGLQJV�RI�3XPS�8VHUV�,QWHUQDWLRQDO�

)RUXP��.DUOVUXKH��*HUPDQ\��������
���+RIIPDQ��3���*ULQVWHLQ��*���0DU[��.���*URVVH�� ,���6WDQOH\��(��'1$�9LVXDO�DQG�$QDO\WLF�'DWD�0LQLQJ��

,(((�9LVXDOL]DWLRQ�
���3URFHHGLQJV��SS�����������3KRHQL[��$=��������
��� .RXW�� -��� .OpPD�� -��� 9HMPHOND�� 0�� 3UHGLFWLYH� 6\VWHP� IRU� 0XOWLYDULDWH� 7LPH� 6HULHV�� 7R� DSSHDU� DW�

(XURSHDQ�0HHWLQJV�RQ�&\EHUQHWLFV�DQG�6\VWHPV�5HVHDUFK��(0&65���9LHQQD��������
����0DUVFKHU��:��'��$YRLGLQJ�)DLOXUHV� LQ�&HQWULIXJDO�3XPSV��3URFHHGLQJV�RI���WK� ,QWHUQDWLRQDO�3XPS�

8VHUV�6\PSRVLXP��+RXVWRQ��7;��8�6�$���SS�����������������
���� .UDPHU�� 6��� :LGPHU�� *��� 3IDKULQJHU�� %��� GH� *URHYH�� 0�� 3UHGLFWLRQ� RI� 2UGLQDO� &ODVVHV� 8VLQJ�

5HJUHVVLRQ�7UHHV��)XQGDPHQWD�,QIRUPDWLFD�����������������������
����2SHQ�3UHGLFWLRQ�6\VWHP��KWWS���RSV�FHUWLFRQ�F]��
����5DFLQH�� -��$�&RQVLVWHQW�&URVV�9DOLGDWRU\�0HWKRG�)RU�'HSHQGHQW�'DWD��KY�%ORFN�&URVV�9DOLGDWLRQ��

-RXUQDO�RI�(FRQRPHWULFV��1RYHPEHU�������
����6PLWK��0��1HXUDO�QHWZRUNV�IRU�6WDWLVWLFDO�0RGHOLQJ��%RVWRQ��,QWHUQDWLRQDO�7KRPVRQ�&RPSXWHU�3UHVV��

������
���� 6WDYDOH�� $�� (�� 6PDUW� 3XPSLQJ� 6\VWHPV�� 7KH� 7LPH� LV� 1RZ�� ,77� ,QGXVWULHV�� )OXLG� 7HFKQRORJ\�

&RUSRUDWLRQ�� ,QGXVWULDO� 3XPSV� *URXS�� KWWS���ZZZ�JRXOGVSXPSV�FRP�GRZQORDGBILOHV��
�7HFKQHZV�WLPHBLVBQRZ�SGI��������

����âW SiQNRYi��2���$XEUHFKW��3���.RXED��=���0LNãRYVNê��3��3UHSURFHVVLQJ�IRU�'DWD�0LQLQJ�DQG�'HFLVLRQ�
6XSSRUW��,Q��'DWD�0LQLQJ�DQG�'HFLVLRQ�6XSSRUW��,QWHJUDWLRQ�DQG�&ROODERUDWLRQ��'RUGUHFKW���.OXZHU�
$FDGHPLF�3XEOLVKHUV��SS�����������������

����:KLWH��*��'��,QWURGXFWLRQ�WR�0DFKLQH�9LEUDWLRQ��3UHGLFW�'/,��������


