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'HFLVLRQ�PDNLQJ�LQ�ILQDQFH��VXFK�DV�WUDGLQJ�D�SRUWIROLR�RI�GLYHUVH�DVVHWV�� UHTXLUHV� VXIILFLHQW� SUREOHP� GHILQLWLRQ� DQG� PRWLYDWLRQ��,QIRUPDWLRQ� WHFKQRORJ\� GHOLYHUV� D� IORRG� RI� GDWD� WR� GHFLVLRQ�PDNHUV�� UHVXOWLQJ� LQ TXHVWLRQV� RQ� KRZ� WR� OHYHUDJH� WKHP�� 'DWD�PLQLQJ� WHFKQLTXHV�DQG� WRROV� FDQ� DVVLVW� KXPDQV� LQ�DQDO\VLQJ� WKH�PRXQWDLQV�RI�GDWD�DQG�WR�WXUQ�LQIRUPDWLRQ�ORFDWHG�LQ�WKH�GDWD�LQWR�VXFFHVVIXO� GHFLVLRQ� PDNLQJ�� 'DWD� PLQLQJ� LV� DQ� LQWHUDFWLYH� DQG�LWHUDWLYH�SURFHVV�RI�QXPHURXV�VXEWDVNV�DQG�GHFLVLRQV�VXFK�DV�GDWD�VHOHFWLRQ� DQG� SUH�SURFHVVLQJ�� WKH� DSSOLFDWLRQ� RI� GDWD� PLQLQJ�DOJRULWKPV�DQG�DQDO\VLV�RI�WKH�H[WUDFWHG�NQRZOHGJH�)RU�VRSKLVWLFDWHG�GDWD�PLQLQJ�DSSOLFDWLRQV��LW�LV�LPSRUWDQW�WR�WU\� WR� OLPLW� WKH� LQYROYHPHQW� RI� XVHUV LQ� WKH� RYHUDOO�GDWD�PLQLQJ�SURFHVV� WR� WKH� LQFOXVLRQ� RI� H[LVWLQJ� D� SULRUL� NQRZOHGJH� ZKLOH�PDNLQJ� WKLV�SURFHVV�PRUH�DXWRPDWHG�DQG�REMHFWLYH��7KH�SULPDU\�LQWHUHVW�RI�PRVW� XVHUV�RI�GDWD�PLQLQJ�DSSOLFDWLRQV� �WKDW� LV�� WKRVH�ZKR�PD\� ODFN� VXIILFLHQW� NQRZOHGJH�RI�PDWKHPDWLFDO�� F\EHUQHWLF�DQG� VWDWLVWLFDO� WHFKQLTXHV� RU� VXIILFLHQW� WLPH� IRU� GLDORJ� GULYHQ�PRGHOOLQJ� WRROV�� DUH� UHVXOWV�� 6HOI�RUJDQL]LQJ�PRGHOOLQJ� LV� EDVHG�RQ� WKHVH�GHPDQGV� DQG� LV� D� SRZHUIXO�ZD\� WR�JHQHUDWH�PRGHOV�RI�LOO�GHILQHG� SUREOHPV�� )LJXUH� �� LOOXVWUDWHV� D� VSHFWUXP� RI� VHOI�RUJDQL]LQJ�PRGHOOLQJ��7KH�JRDO�RI�VHOI�RUJDQL]LQJ
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���UHJUHVVLRQ�IXQFWLRQV&RPPRQO\�� VWDWLVWLFDOO\�EDVHG� SULQFLSOHV� DUH� XVHG� WR� VHOHFW�SDUDPHWULF� PRGHOV�� ,Q� DGGLWLRQ� WR� VRSKLVWLFDWHG� PHWKRGV� RI�PDWKHPDWLFDO� VWDWLVWLFV�� WKHUH� KDV� EHHQ�PXFK� SXEOLFLW\� UHJDUGLQJ�WKH�DELOLW\�RI�DUWLILFLDO�QHXUDO�QHWZRUNV�WR�OHDUQ�DQG�WR�JHQHUDOL]H�$� VHFRQG� UHJUHVVLRQ�EDVHG� PHWKRG� IRU� PRGHO� VHOI�RUJDQL]DWLRQ� LV� WKH� *URXS� 0HWKRG� RI� 'DWD� +DQGOLQJ� �*0'+���8VLQJ� WKH� *0'+� DOJRULWKP�� SDUDPHWULF� PRGHOV�� VXFK� DV� WLPH�VHULHV�PRGHOV��LQ�WKH�IRUP�RI�PXOWL�LQSXW�VLQJOH�RXWSXW�DQG�PXOWL�LQSXW�PXOWL�RXWSXW� V\VWHPV� �WKDW� LV�� V\VWHPV� RI� HTXDWLRQV�� DUH�DGDSWLYHO\�FUHDWHG�IURP�GDWD�LQ�WKH�IRUP�RI�QHWZRUNV�RI�RSWLPL]HG�WUDQVIHU� IXQFWLRQV� �$FWLYH� 1HXURQV��� ,Q� FRQWUDVW� WR� QHXUDO�QHWZRUNV��WKH�*0'+�DOJRULWKP�ZRUNV�RQ�DQ�LPSRUWDQW�DGGLWLRQDO�SULQFLSOH�� WKDW� RI� LQGXFWLRQ� ,Q� WKLV� FDVH�� WUHH�OLNH� QHWZRUN� LV�JURZQ�IURP�VHHG�LQIRUPDWLRQ��LQSXW�DQG�RXWSXW�YDULDEOHV��IURP�D�VLPSOH�VLQJOH�LQGLYLGXDO��QHXURQ��LQ�DQ�HYROXWLRQDU\�IDVKLRQ�XVLQJ�SDLUZLVH� FRPELQDWLRQ� DQG� VXUYLYDO�RI�WKH�ILWWHVW� VHOHFWLRQ� WR� D�GHVLUHG�ILQDO��QRW�RYHU�VSHFLDOLVHG�EHKDYLRXU��PRGHO���1HLWKHU�WKH�QXPEHU� RI� QHXURQV� DQG� OD\HUV� LQ� WKH� QHWZRUN�� QRU� WKH� DFWXDO�EHKDYLRXU� RI� HDFK� FUHDWHG� QHXURQ� �WUDQVIHU� IXQFWLRQ��� DUH�SUHGHILQHG��,QVWHDG�� WKHVH�DUH�DGMXVWHG�GXULQJ�WKH�SURFHVV�RI�VHOI�RUJDQL]DWLRQ�
���UXOH�EDVHG�PRGHOV�LQ�WKH�IRUP�RI�ELQDU\�RU�IX]]\�ORJLF5XOH�LQGXFWLRQ�IURP�GDWD�XVHV�JHQHWLF�DOJRULWKPV�ZKHUH�WKH�UHSUHVHQWDWLRQ�RI�PRGHOV�LV�LQ�WKH�IDPLOLDU�GLVMXQFWLYH�QRUPDO�IRUP�DV�GLVFXVVHG�LQ�*RRQDWLODNH�>����@��$�VHOI�RUJDQL]LQJ�IX]]\�PRGHO�XVLQJ�WKH�*0'+�DOJRULWKP�PD\�EH�PRUH�XVHIXO�IRU�LOO�GHILQHG�ILQDQFLDO�DSSOLFDWLRQV��H�J���WKH�JHQHUDWLRQ�RI�IX]]\�WUDGLQJ�VLJQDOV�IURP�D�JLYHQ�SRUWIROLR�RI�GDWD�
���FRPSOH[�VWUXFWXUHG�SURFHVV�PRGHOV6HOI�RUJDQL]LQJ�VWUXFWXUHG�PRGHOOLQJ�XVHV�D�V\PEROLF�JHQHUDWLRQ�RI�DSSURSULDWH�PRGHO�VWUXFWXUH��DOJHEUDLF�IRUPXOD�RU�FRPSOH[�SURFHVV�PRGHO��DQG�WKH�RSWLPL]DWLRQ�RU�LGHQWLILFDWLRQ�RI�D�UHODWHG�VHW�RI�SDUDPHWHUV�E\�PHDQV�RI�JHQHWLF�DOJRULWKPV��7KLV�DSSURDFK�DVVXPHV�WKDW�WKH�HOHPHQWDU\�FRPSRQHQWV�DUH�SUHGHILQHG�DQG�VXLWDEOH�IRU�JHQHWLF�FRGLQJ�
��� QRQ�SDUDPHWULF�PRGHOV� �SDWWHUQV��1RQ�SDUDPHWULF�PRGHOV� DUH�VHOHFWHG� IURP� D� JLYHQ� YDULDEOH� VHW� E\� DQDORJXHV� FRPSOH[LQJUHSUHVHQWLQJ�RQH�RU�PRUH�SDWWHUQV�RI�D�WUDMHFWRU\�RI�SDVW�EHKDYLRXU�ZKLFK� DUH� DQDORJRXV� WR� D� FKRVHQ� UHIHUHQFH� SDWWHUQ�� $QDORJXH�FRPSOH[LQJ� LV� EDVHG� RQ� WKH� DVVXPSWLRQ� WKDW� W\SLFDO� VLWXDWLRQV��EHKDYLRXUV��H[LVW�� L�H���HDFK�SHULRG�RI�VWDWH�HYROXWLRQ�IRU�D�JLYHQ�PXOWLGLPHQVLRQDO� WLPH� SURFHVV�PD\� KDYH�RQH�RU�PRUH� DQDORJXHV�LQ�KLVWRU\��,I�WKLV�DVVXPSWLRQ�LV�FRUUHFW��LW�LV�OLNHO\�WKDW�D�SUHGLFWLRQ�FRXOG�EH�REWDLQHG�E\�WUDQVIRUPLQJ�WKH�NQRZQ�FRQWLQXDWLRQV�RI�WKH�KLVWRULFDO� DQDORJXHV�� ,W� LV� HVVHQWLDO� WKDW� WKH� VHDUFK� IRU� DQDORJRXV�SDWWHUQV�LV�QRW�UHVWULFWHG�WR�D�VLQJOH�VWDWH�YDULDEOH��WLPH�VHULHV��EXW�LQFOXGHV� D� VHW� RI� UHSUHVHQWDWLYH� YDULDEOHV� VLPXOWDQHRXVO\� DQG�REMHFWLYHO\��,Q
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IDFW��DQDORJXH�FRPSOH[LQJ�DSSOLHG�WR�ILQDQFLDO�DSSOLFDWLRQV�FRXOG�EH� FRQVLGHUHG� DV� D� NLQG� RI� PXOWLGLPHQVLRQDO�� DXWRPDWHG� DQG�REMHFWLYH�FKDUW�DQDO\VLV�7KLV� SDSHU� GHVFULEHV� WKH� V\QWKHVLV� RI� SDUDPHWULF� PRGHOV�DGDSWLYHO\� FUHDWHG� XVLQJ� *0'+� �������� DQG� QRQ�SDUDPHWULF�PRGHOV� VHOHFWHG� IURP� D� JLYHQ� YDULDEOH� VHW� XVLQJ� DQDORJXH�FRPSOH[LQJ���������DV�SDUW�RI�D�GDWD�PLQLQJ�DSSURDFK�IRU�ILQDQFLDO�DSSOLFDWLRQV�
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7UDGLQJ� V\VWHPV�PD\� EH� XVHG� WR� JHQHUDWH� WUDGLQJ� VLJQDOV�RQ� WKH�EDVLV� RI� SUHGLFWLRQV� RI� DVVHWV� RI� D� JLYHQ� SRUWIROLR�� 6XFK� D�SUHGLFWLYH� V\VWHP� LV� VKRZQ� LQ� )LJXUH� ��� 6HOI�RUJDQL]LQJ� GDWD�PLQLQJ� ZLWK� UHVSHFW� WR� D� SRUWIROLR� WUDGLQJ� V\VWHP� LQYROYHV� WKH�DXWRPDWLF� VHOHFWLRQ� RI� XVHIXO� NQRZOHGJH� IRU� WKH� SXUSRVH� RI�JHQHUDWLQJ� WUDGLQJ� VLJQDOV� IRU� HDFK� SRUWIROLR� FRQWUDFW� EDVHG� RQ�DYDLODEOH�LQIRUPDWLRQ��7KLV�LQIRUPDWLRQ�PLJKW�LQFOXGH�WLPH�VHULHV�RI� YDULDEOHV� RI� WKH� QDWLRQDO� HFRQRP\�� SROLWLFDO� DQG� VRFLDO�VLWXDWLRQV��FXUUHQF\��ZRUOG�WUDGH��HWF�*HQHUDOO\�� RXU� WUDGLQJ� V\VWHP� LV� VSOLW� LQWR� �� SDUWV�� ���� WKH�SUHGLFWLRQ� SURFHVV� DQG� ���� WKH� FRQWURO� SURFHVV�� 7KH� ILUVW� LV�UHVSRQVLEOH� IRU� PRGHOOLQJ� WKH� ZKROH� SRUWIROLR� DV� SDUW� RI� D� YHU\�QRLV\� G\QDPLF� SURFHVV� DQG� IRU� SUHGLFWLQJ� LWV� WLPH�GHSHQGHQW�HYROXWLRQ�� 7KH� FRQWURO� SURFHVV� LQYROYHV� WUDQVIRUPLQJ� WKH�SUHGLFWLRQV�REWDLQHG�E\�WKH�PRGHOOLQJ�SUHGLFWLRQ�FRPSRQHQW�LQWR�WUDGLQJ� VLJQDOV��)LJXUH���RXWOLQHV� WKH�EDVLF�VWUXFWXUH�RI�D� WUDGLQJ�V\VWHP�XWLOLVLQJ�D�VHOI�RUJDQL]LQJ�GDWD�PLQLQJ�DSSURDFK����6(/)�25*$1,=,1*�'$7$�0,1,1*�����'$7$�6(/(&7,21
����� ,1&/86,21�2)�$�35,25, ,1)250$7,21$SSOLFDWLRQV�RI�VHOI�RUJDQL]LQJ�PRGHOOLQJ�IRU�GHVFULELQJ�FRPSOH[�V\VWHPV� KDYH� VKRZQ� WKDW� D� SXUHO\� DXWRPDWLF� DSSURDFK� WR� VHOI�RUJDQL]LQJ� PRGHOV� LV� QRW� QHFHVVDULO\� WKH� PRVW� SURPLVLQJ�DSSURDFK��7KH�DFFXPXODWLRQ�RI�LQIRUPDWLRQ�LPSRUWDQW�WR�GHFLVLRQ�PDNLQJ�² LQ�RXU�FDVH��LQIRUPD�
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M� WLRQ� LPSRUWDQW� WR� WKH� SUHGLFWLRQ� RI� SRUWIROLR� DVVHWV� DQG� WKH�JHQHUDWLRQ�RI� WUDGLQJ� VLJQDOV�² LV�QRW� D� IRUPDO� WDVN�EXW�� UDWKHU�� D�VSHFLDOL]HG�ILQDQFLDO� WDVN��7KHUHIRUH�� LW� LV�DGYLVDEOH�WR�XVH�D�SULRULLQIRUPDWLRQ� DERXW� WKH� V\VWHP� WR� EH� PRGHOOHG�� 7KLV� LQFOXGHV� DQ\�NQRZOHGJH�DERXW�LQSXW�RXWSXW

),*85(� �� %DVLF� VFKHPH� RI� VHOI�RUJDQL]LQJ� PRGHOOLQJ� IRU� WKH� FDVH�ZKLFK�FRQVLGHUV�D�SULRUL LQIRUPDWLRQ�

UHODWLRQVKLSV�� VWUXFWXUDO� LQIRUPDWLRQ� DQG� FDXVDO� UHODWLRQV� ZHOO�NQRZQ� LQ� HFRQRPLFV�� LQFOXGLQJ� NQRZOHGJH� DFFXPXODWHG� IURP�V\VWHPV�UHVHDUFK�E\�PRGHOOLQJ�ODUJH�VFDOH�V\VWHPV��H�J���DQDO\VLV�RI� VWUXFWXUH�� VWDELOLW\�� VHQVLWLYLW\� DQG� GLDJQRVLV� RI�PXOWLFROOLQHDULW\���7KLV�DSSURDFK��LOOXVWUDWHG�LQ�)LJXUH����H[SDQGV�XSRQ�WKH�EDVLF�VFKHPH�RI�VHOI�RUJDQL]LQJ�PRGHOOLQJ�
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$V�D�ILUVW�WDVN��LW�LV�QHFHVVDU\�WR�VHOHFW�D�VHW�RI�YDULDEOHV��DYDLODEOH�LQIRUPDWLRQ��ZKLFK�PD\� KDYH� LQIOXHQFH� RQ� WKH� HYROXWLRQ� RI� WKH�SRUWIROLR� DVVHWV� DQG� ZKLFK� FDQ� EH� REVHUYHG�� PHDVXUHG� RU�WUDQVIRUPHG�XVLQJ�QXPHULFDO�YDOXHV��$�QH[W��YHU\� LPSRUWDQW� DQG�KLJK�SULRULW\�VWHS�LV�WKH�REMHFWLYH�VHOHFWLRQ�RI�HVVHQWLDO�YDULDEOHV��7KLV� LV� HTXLYDOHQW� WR� DQDO\]LQJ� WKH� REVHUYDELOLW\� DQG�FRQWUROODELOLW\�RI�D�JLYHQ�G\QDPLF�V\VWHP��L�H���WR�GHWHUPLQLQJ�WKH�QHFHVVDU\� GLPHQVLRQ� RI� WKH� VWDWH� VSDFH� UHTXLUHG� WR� GHVFULEH� WKH�V\VWHP�,Q� WKH� WKHRU\� RI� VHOI�RUJDQL]LQJ� PRGHOOLQJ�� WKH� VR�FDOOHG�DOJRULWKP� RI� 2EMHFWLYH� 6\VWHPV� $QDO\VLV� �26$�� KDV� EHHQ�GHYHORSHG� DQG� LPSOHPHQWHG�� DQG� LV� GHVFULEHG� LQ�PRUH� GHWDLO� LQ�0DGDOD�DQG�,YDNKQHQNR�>����@��7KH�SXUSRVH�RI�26$�LV�WR�DVVLVW�LQ� WKH�VHOHFWLRQ�RI�QRW�RQO\�WKH�PRGHO�RI�RSWLPDO�FRPSOH[LW\��LQ�WKH� IRUP� RI� D� VLQJOH� HTXDWLRQ�� EXW� DOVR� WKH� RSWLPDO� QXPEHU� RI�HTXDWLRQV�QHFHVVDU\�IRU�GHVFULELQJ�WKH�JLYHQ�G\QDPLF�V\VWHP�DV�D�ZKROH�$QRWKHU�DSSURDFK�WR�UHGXFLQJ�WKH�YDULDEOH�VHW�LV�WKH�FUHDWLRQ�RI�D�PRGHO�QXFOHXV� DFFRUGLQJ� WR�PHWKRGV�SUHVHQWHG� LQ� ,YDNKQHQNR�DQG� 0XHOOHU� >����@�� $� PRGHO� QXFOHXV� UHSUHVHQWV� D� VXEVHW� RI�VLJQLILFDQW� YDULDEOHV� ZKLFK� VSHFLI\� WKH� HVVHQWLDO� G\QDPLF�EHKDYLRXU�RI�WKH�ZKROH�V\VWHP��$OO�UHPDLQLQJ�YDULDEOHV�DUH�RQO\�D�VWDWLF� GHULYDWLRQ� RI� WKH� QXFOHXV�� 7KH� QXFOHXV� LV� FUHDWHG�DXWRPDWLFDOO\�E\�DSSO\LQJ�WKH�DOJRULWKP�RI�26$�WR�VDPSOHV�RI�WKH�GDWD� �VHH�0DGDOD� DQG� ,YDNKQHQNR� >����@���8VLQJ� VHOHFWLRQ�W\SH�*0'+� VRUWLQJ� DOJRULWKPV�� WKH� RSWLPDO� QXPEHU� DQG� ZLGWK� RI�FOXVWHUV�IRU�SDUWLWLRQLQJ�WKH�YDULDEOHV�FDQ�EH�GHULYHG�)LQDOO\�� WKH� *0'+� DOJRULWKP� LWVHOI� SURYLGHV� DQ� HIIHFWLYH�PHWKRG�IRU�VHOHFWLQJ�HVVHQWLDO�YDULDEOHV�E\�XWLOLVLQJ�OLQHDU�PRGHO�FRQVWUXFWLRQ�WHFKQLTXHV��+HUH��YDULDEOHV�VHOHFWHG�IRU�WKH�ODVW�OD\HU�LQ� WKH� PRGHO� LQGLFDWH� DQ� HQVHPEOH� RI� YDULDEOHV� IRU� DQDO\]LQJ�FRQVLVWHQW� SDWWHUQV� LQ� WKH� GDWD�� $OO� WKUHH� DSSURDFKHV� RI� GDWD�UHGXFWLRQ�FDQ�EH�UHDOL]HG�DXWRPDWLFDOO\�
������'DWD�7UDQVIRUPDWLRQ2QH� LPSRUWDQW� DVSHFW� RI� VHOI�RUJDQL]LQJ�PRGHOOLQJ� LQYROYHV� WKH�XVH�RI�H[WHUQDO�LQIRUPDWLRQ��L�H���LQIRUPDWLRQ�QRW�XVHG�IRU�FUHDWLQJ�D�JLYHQ�PRGHO��IRU�WKH�SXUSRVH�RI�REMHFWLYHO\�VHOHFWLQJ�D�PRGHO�RI�RSWLPDO� FRPSOH[LW\�� 7KH� EDVLF� VFKHPH� RI� VHOI�RUJDQL]LQJ�PRGHOOLQJ�LV�VKRZQ�LQ�)LJXUH���
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7KH� W\SLFDO� DSSURDFK� WR� JHQHUDWLQJ� H[WHUQDO� GDWD� LV� WR�VXEGLYLGH�WKH�DYDLODEOH�GDWDVHW�LQWR�VHSDUDWH�VHWV��RQH�RI�ZKLFK�LV�UHWDLQHG� DV� DQ�RXW�RI�VDPSOH� VHW��7KH� GDWD� FDQ�EH�GLYLGHG� HLWKHU�H[SOLFLWO\ E\� XVLQJ� RQH� RI� YDULRXV� VSOLWWLQJ� UXOHV� �ZKLFK� UHGXFHV�WKH�OHQJWK�RI�WKH�DYDLODEOH�WUDLQLQJ�GDWDVHW��RU�LPSOLFLWO\ E\�XVLQJ�FURVV�YDOLGDWLRQ�PHWKRGV�$QRWKHU�ZD\� WR� REWDLQ� H[WHUQDO� LQIRUPDWLRQ� LV� WR� JHQHUDWH� D�WHVWLQJ� VHW� E\� DGGLQJ� DUWLILFLDO� QRLVH� �UDQGRPLVDWLRQ�� WR� WKH�WUDLQLQJ�VHW�RU�E\�GLVFUHWL]LQJ�WKH�WUDLQLQJ�VHW�

�����6(/)�25*$1,=,1*�'$7$�0,1,1*�$/*25,7+06
6HOI�RUJDQL]LQJ�GDWD�PLQLQJ�DOJRULWKPV�SHUIRUP�DXWRPDWLFDOO\��LQ�DQ�REMHFWLYH�ZD\��XVLQJ�WKH�IROORZLQJ�VWHSV��VHH�)LJXUHV���DQG����
$� WKH�JHQHUDWLRQ�RI�DOWHUQDWLYH�PRGHOV�ZLWK�GLIIHUHQW�YDULDEOHV��ZKLFK�UHVXOWV�LQ�JURZLQJ�WKH�FRPSOH[LW\�LQ�HDFK�OD\HU�%� IRU� SDUDPHWULF� PRGHOV�� WKH� HVWLPDWLRQ� RI� XQNQRZQ�SDUDPHWHUV� RI� D� WUDLQLQJ� VHW�� DQG� WKH� YDOLGDWLRQ� RI�SHUIRUPDQFH� EDVHG� RQ� D� WHVWLQJ� VHW� DV�PHDVXUHG� E\� DW� OHDVW�WZR�GLIIHUHQW�FULWHULD�&� WKH�VHOHFWLRQ�RI�EHVW�PRGHOV�LQ�HDFK�SURFHVVHG�OD\HU�EDVHG�RQ�H[WHUQDO�LQIRUPDWLRQ��DQG'� DV� ORQJ� DV� SHUIRUPDQFH� LV� LPSURYLQJ�� WKH� JURZLQJ� RI�FRPSOH[LW\�LQ�HDFK�OD\HU�LV�UHSHDWHG��RWKHUZLVH�D�ILQDO�PRGHO�RI RSWLPDO�FRPSOH[LW\�LV�VHOHFWHG�
7KH� DERYH� VHTXHQFH� RI� VWHSV� JXDUDQWHHV� WKH� REMHFWLYLW\� RI� WKH�VHOHFWLRQ� SURFHVV�� ,WV� DGYDQWDJHV� DUH� SULPDULO\� QRWLFHG� LQ� WKH�PRGHOOLQJ�RI� ODUJH��FRPSOH[�V\VWHPV�ZLWK�PDQ\�YDULDEOHV��!�����,Q� RXU� WUDGLQJ� V\VWHP�� ZH� SHUIRUPHG VHOI�RUJDQL]LQJ� PRGHOOLQJ�IRU�GDWD�PLQLQJ�XVLQJ�WZR�VHSDUDWH�WHFKQLTXHV�

���*0'+�W\SH�QHXUDO�QHWZRUNV�DQG�RU���DQDORJXH�FRPSOH[LQJ�
����� *0'+�7<3( 1(85$/�1(7:25.6
7KH� WUDGLWLRQDO� *0'+� DOJRULWKP� ZDV� GHYHORSHG� E\� $�*��,YDNKQHQNR� LQ� ����� DQG� ZDV� GHVFULEHG� E\� 0DGDOD� DQG�,YDNKQHQNR� >����@�� $� WRRO� ZKLFK� LPSOHPHQWV� *0'+� DQG�DQDORJXH�FRPSOH[LQJ�PHWKRGV�SUHVHQWHG�LQ�WKLV�SDSHU�LV�GHVFULEHG�LQ� /HPNH� >����@�� 7KH�*0'+� DOJRULWKP� XWLOL]HG� KHUH� JHQHUDWHV�DQ�RSWLPL]HG�WUDQVIHU�IXQFWLRQ�DQG�VWUXFWXUH�IRU�HDFK�QHXURQ��7KLV�UHVXOWV� LQ� D� V\QWKHVL]HG� QHWZRUN� WKDW� LV� FRPSRVHG� RI� GLIIHUHQW��QRQ�SUH�GHILQHG� QHXURQV� DQG� WKHLU� FRUUHVSRQGLQJ� WUDQVIHU�IXQFWLRQV� VHOHFWHG� IURP� DOO� SRVVLEOH� OLQHDU� RU� QRQ�OLQHDU�SRO\QRPLDOV�GHVFULEHG�DV�

����������� MLMLMLML [D[D[[D[D[DD[[I ����� 
7KH�DOJRULWKP�HQVXUHV�WKDW�HVVHQWLDO��LQGHSHQGHQW�YDULDEOHV

ZLOO�EH�VHOHFWHG�DQG�WKDW�GHVFULSWLRQV�RI�RSWLPDO�WUDQVIHU�IXQFWLRQV�ZLOO�EH�REWDLQHG��:H�QRWH�WKDW��HYHQ�WKRXJK�QRQ�OLQHDU�PRGHOV�DUH�SHUPLVVLEOH��D�OLQHDU�PRGHO�PD\�EH�VHOHFWHG�DV�RSWLPDO�*0'+� REMHFWLYHO\� VHOHFWV� WKH PRGHO� RI� RSWLPDO� FRPSOH[LW\�XVLQJ� DQ� LQGXFWLYH� DSSURDFK��7KLV� LQFOXGHV� WKH� XVH�RI� WKH� FURVV�YDOLGDWLRQ�PHWKRGV� DV� DQ� DOWHUQDWLYH� WR�H[SOLFLW�GDWD�VXEGLYLVLRQ��)LJXUH���LOOXVWUDWHV�WKH�FUHDWLRQ�RI�D�PRGHO�RI�RSWLPDO�FRPSOH[LW\�XVLQJ� D� PXOWLOD\HUHG� *0'+� DOJRULWKP�� $GGLWLRQDOO\�� WKLV�LQGXFWLYH�DSSURDFK�HQDEOHV�*0'+�WR�RYHUFRPH�VRPH�RI�WKH�PRVW�LPSRUWDQW� SUREOHPV� FRPPRQO\� FRQQHFWHG� ZLWK� WKH� GHVLJQ��GHYHORSPHQW� DQG� DSSOLFDWLRQ� RI� QHXUDO� QHWZRUNV�� )RU� WUDGLQJ�V\VWHPV�WKHVH�DUH�
x 0RGHOV� REWDLQHG� E\�PRVW� QHXUDO� QHWZRUNV� DUH�PRGHOV�ZLWK�LQIRUPDWLRQ�LPSOLFLWO\�GLVWULEXWHG�RYHU�WKH�QHWZRUN��H�J���WKH�LQWHUQDOO\�FRQQHFWLYH� UHSUHVHQWDWLRQ� RI� NQRZOHGJH��� 7KLV�PHDQV�WKDW�WKH�NQRZOHGJH�ZKLFK�UHVLGHV�LQ�VXFK�QHWZRUNV�LV�LQKHUHQWO\� KLGGHQ�� 7KXV�� WKH\� FDQQRW� EH� XVHG� IRU� GDWD�DQDO\VLV�� LQWHUSUHWDWLRQ�� YDOLGDWLRQ� RU� H[SODQDWLRQ� WDVNV�XQOHVV�RQH�XVHV�GHGLFDWHG�NQRZOHGJH�H[WUDFWLRQ�WRROV�x :LWK�QHXUDO�QHWZRUNV��GHYHORSHUV�HVWLPDWH�WKH�VWUXFWXUH�RI�D�QHWZRUN�E\�FKRRVLQJ�WKH�QXPEHU�RI�OD\HUV�LQ�WKH�QHWZRUN�DV�ZHOO� DV� WKH� QXPEHU� RI� QRGHV� DQG� WKH� W\SHV� RI� WUDQVIHU�IXQFWLRQV�� 7KLV� UHTXLUHV� VRPH� NQRZOHGJH� RI� WKH� WKHRU\� RI�QHXUDO�QHWZRUNV�DQG�H[SHULHQFH�LQ�GHYHORSLQJ�QHWZRUNV��7KH�LQWHUQDO� UHSUHVHQWDWLRQ� RI� NQRZOHGJH� GRHV� QRW� VXSSRUW� WKLV�WULDO�DQG�HUURU�SURFHVV�x 1HXUDO� QHWZRUNV� DUH� D� NLQG� RI� VWDWLVWLFDO� HVWLPDWLRQ�� ZKLFK�DUH�VRPHWLPHV�LPSOHPHQWHG�XVLQJ�DOJRULWKPV�WKDW�DUH�VORZHU�DQG� OHVV� HIIHFWLYH� WKDQ� DOJRULWKPV� SURYLGHG� ZLWK� VWDWLVWLFDO�VRIWZDUH�x ,I� QRLVH� LV� FRQVLGHUDEOH� RYHU� D� VKRUW� GDWD� VDPSOH�� WKHVH�PRGHOV� PD\� EHFRPH� RYHUILWWHG� PXOWLYDULDWH� UHJUHVVLRQ�IXQFWLRQV�� +RZHYHU�� JLYHQ� FRPPRQO\�HPSOR\HG� VWUDWHJLHV�IRU� DYRLGLQJ� RYHUILWWLQJ� �VXFK� DV� YDOLGDWLRQ� XVLQJ� RXW�RI�VDPSOH� GDWDVHWV��� WKLV� PD\� QRW� EH� D� SUREOHP�� 6WLOO�� VXFK�VWUDWHJLHV� GR� QRW� QHFHVVDULO\� OHDG� WR� DQ� RSWLPDOO\� FRPSOH[�PRGHO�
$V�DQ�H[DPSOH��ZH�ZLOO�GHVFULEH�WKH�SURFHVV�IRU�SUHGLFWLQJ�%0:�VWRFN�SULFHV�RYHU�RQH�F\FOH�XVLQJ�*0'+�PRGHOOLQJ�DQG�DQDORJXH�FRPSOH[LQJ��$V� D� UHVXOW� RI� WKH� GDWD� VHOHFWLRQ� SURFHVV�� ���� GDLO\�FORVLQJ� SULFHV� IRU� ��� YDULDEOHV� IURP� WKH� *HUPDQ� VWRFN� PDUNHW�ZHUH� FKRVHQ�� 7KHVH� LQFOXGH� WKH� GROODU� H[FKDQJH� UDWH�� WKH� VWRFN�SULFHV� IRU� %0:��9:��$8',�� )RUG�� DQG� 3RUVFKH�� WKH� IROORZLQJ�VWRFN� LQGH[HV�� '$;�� )$=�� DQG� WKH� IROORZLQJ� ILQDQFLDO�FKDUDFWHULVWLFV�� WKH� 'LVFRQW� DQG� /RPEDUG� UDWHV�� 3ULFHV� IRU� DOO� RI�WKHVH�FRYHUHG�WKH�SHULRG�RI�$XJXVW���������WKURXJK�'HFHPEHU����������)URP� WKH�DERYH�GDWD�����REVHUYDWLRQV� FRYHULQJ� WKH�SHULRG�RI�$XJXVW���������WKURXJK�1RYHPEHU����������ZHUH�XVHG�WR�JHQHUDWH�PRGHOV�IRU�SUHGLFWLQJ�YDULDEOHV�RYHU�WKH



�
,,��DIWHU�FUHDWLRQ�RI�DOO�PRGHOV�RI�WKH��� VW�OD\HU,��EHIRUH�PRGHOOLQJ

� � YHFWRU�RI�PHDVXUHG�RU�V\QWKHVL]HG�GDWDI� � +� DOJRULWKP� IRU� FUHDWLRQ� RI� RSWLPL]HG�WUDQVIHU� IXQFWLRQV� DQG� RI� D� QHWZRUNIXQFWLRQ�ZLWK�LQFUHDVLQJ�FRPSOLFDWHGQHVV
,,,��DIWHU�VHOHFWLRQ�RI�D�QXPEHU�RI�EHVW�PRGHOV

� FUHDWHG�QHXURQ�ZLWK�DQ�RSWLPL]HG�WUDQVIHU�IXQFWLRQ�\N IN�YL�YM���$FWLYH�1HXURQ��RUGHU�RI�UHJUHVVLRQ�PRGHO�\N�����QXPEHU�RI�YDULDEOHV�Y�LQ�PRGHO�\N����

��VHOHFWHG�QHXURQ�RI����OD\HU�ZLWK�XQFKDQJHG�WUDQVIHU�IXQFWLRQ� FUHDWHG�QHXURQ�ZLWK�DQ�RSWLPL]HG�WUDQVIHU�IXQFWLRQ�\N  IN�YL�YM���$FWLYH�1HXURQ��RUGHU�RI�UHJUHVVLRQ�PRGHO�\N�����QXPEHU�RI�YDULDEOHV�Y�LQ�PRGHO�\N����9��DIWHU�VHOHFWLRQ�RI�D�QXPEHU�RI�EHVW�PRGHOV 9,��DIWHU�VHOI�LQGXFWHG�VWRS�RI�PRGHOOLQJ��KHUH��DIWHU���OD\HUV��DQG�VHOHFWLRQ�RI�D�EHVW�PRGHO�\

H[SOLFLW�DQDO\WLFDO�DYDLODEOH�RSWLPDO�FRPSOH[�PRGHO��RUGHU�RI�UHJUHVVLRQ�PRGHO����
),*85(����&UHDWLRQ�RI�DQ�RSWLPDO�FRPSOH[�PRGHO�XVLQJ�D�PXOWLOD\HUHG�*0'+�DOJRULWKP�

,9��DIWHU�FUHDWLRQ�RI�DOO�PRGHOV�RI�WKH��QG�OD\HU

v VHOHFWHG�QHXURQ�� QRW�VHOHFWHG�QHXURQ

v VHOHFWHG�QHXURQ�� QRW�VHOHFWHG�QHXURQ



�
GDWH REVHUYDWLRQ SUHGLFWLRQ HUURU��0$'>�@�

1RYHPEHU��������� ��� ����� ����1RYHPEHU��������� ����� ����� ����1RYHPEHU��������� ��� ����� ����'HFHPEHU�������� ��� ����� ����'HFHPEHU�������� ��� ����� ����'HFHPEHU�������� ��� ����� ����'HFHPEHU�������� ��� ����� ����'HFHPEHU�������� ��� ����� ����'HFHPEHU�������� ��� ����� ����'HFHPEHU��������� ��� ����� ����
7$%/(�,��3UHGLFWLRQ�HUURU�IRU�%0:�SHULRG� RI� 1RYHPEHU� ���� ����� WKURXJK 'HFHPEHU� ���� ������1RUPDOL]DWLRQ�DQG�GHQRUPDOL]DWLRQ�RI�WKH�GDWD��DV�DQ�LQWHJUDWHG�SDUW�RI� WKH� RYHUDOO� PRGHOOLQJ� DOJRULWKP�� ZHUH� SHUIRUPHG�� 7KH� LQSXW�YDULDEOH�VHW�FRQVLVWHG�RI�WKH�DERYH�YDULDEOHV�DQG�WKHLU�ODJJHG�VDPSOHV��XS� WR� D� ODJ� RI� ���� IRU� D� WRWDO� RI ���� LQSXWV�� 7KH� RXWSXW� YDULDEOHV�LQFOXGHG�HDFK�RI� WKH����RULJLQDO�YDULDEOHV��7KH�FRPSOHWH�PRGHOOLQJ�SURFHVV� UHVXOWV� LQ� WKH� FUHDWLRQ� DQG� YDOLGDWLRQ� RI� WKRXVDQGV� RI�GLIIHUHQW�PRGHOV�RI�LQFUHDVLQJ�FRPSOH[LW\�7KH�IROORZLQJ�RSWLPDO�PRGHO�ZDV�JHQHUDWHG�IRU�%0: VWRFN�SULFHV�

%0:��  ��������� �����%0:W��� ������'ROODUW�L� �����)RUGW�� �������)RUGW�� �������9:W� �����9:W��ZKHUH�WKH�UHODWLRQ��%0:�� �I^%0:W����'ROODUW����¨�9:W��¨�)RUGW��`�ZDV� FRQVLGHUHG� LPSRUWDQW� IRU� IXUWKHU� DQDO\VLV�� 7KH� SUHGLFWLRQV� IRU�%0:� SULFHV� DUH� VKRZQ� LQ� )LJXUH� ��� 3UHGLFWLRQ� HUURUV� EDVHG� RQ�SHUIRUPDQFH� PHDVXUHG� XVLQJ� PHDQ� DEVROXWH� GHYLDWLRQ� �0$'�� DUH�VKRZQ�LQ�7DEOH����0$'�LV�GHILQHG�DV�

ZKHUH�Y�� UHSUHVHQWV� WKH�DFWXDO�SULFHV��\�� UHSUHVHQWV� WKH�SUHGLFWHG�SULFHV��DQG�3�UHSUHVHQWV�WKH�IRUHFDVW�KRUL]RQ��5HVXOWV�IRU�WKH�RWKHU���RXWSXW�YDULDEOHV�DUH�SUHVHQWHG�LQ�7DEOH���7DEOH���VKRZV�WKH�SUHGLFWLRQ�HUURUV�IRU�DOO����YDULDEOHV�RYHU���DQG����GD\�SHULRGV��6LPLODU�UHVXOWV�ZHUH�REWDLQHG�IRU�RWKHU�GD\V�XVLQJ�XSGDWHG�PRGHOV��)URP�DQ�DQDO\VLV�RI�WKHVH�PRGHOV��ZH�QRWH�WKDW�� DV� H[SHFWHG�� WKHLU� VWUXFWXUH� FKDQJHV� GXH� WR� YDU\LQJ�UHODWLRQVKLSV�EHWZHHQ�YDULDEOHV�
0RGHO�$QG�2XW�2I�6DPSOH�3UHGLFWLRQ

),*85(����*UDSK�RI�WKH�PRGHO�DQG����GD\��H[�DQWH�SUHGLFWLRQV�IRU�%0:�



�

),*85("��5HIHUHQFH�SDWWHUQ�DQG�VHOHFWHG�DQDORJRXV�SDWWHUQV�IRU�D�RQH�GLPHQVLRQDO�SURFHVV�
������$1$/2*8(6�&203/(;,1*$QDORJXHV� FRPSOH[LQJ� ZDV� GHYHORSHG� E\� /RUHQFH� >����@� DQG�ZDV�ILUVW�VXFFHVVIXOO\�DSSOLHG�WR�PHWHRURORJLFDO�IRUHFDVWV��:LWKLQ�WKH� SDVW� IHZ� \HDUV�� LW� KDV� EHHQ� HQKDQFHG� XVLQJ� LQGXFWLYH�� VHOI�RUJDQL]LQJ� WHFKQLTXHV� DQG� DQ� DGYDQFHG� VHOHFWLRQ� SURFHGXUH� WR�PDNH� LW� DSSOLFDEOH� WR� HYROXWLRQDU\� SURFHVVHV�� ,Q� DQDORJXH�FRPSOH[LQJ�� WKH� REVHUYHG� SURFHVV� LWVHOI� LV� XVHG� IRU� IRUHFDVWLQJ��)RUHFDVWV� DUH� QRW� FDOFXODWHG� LQ� WKH� FODVVLFDO� VHQVH� EXW� VHOHFWHG�IURP� D� WDEOH� RI� REVHUYHG� GDWD�� 7KLV�PHWKRG� LV� GHQRWHG� DV� QRQ�SDUDPHWULF�EHFDXVH�WKHUH�LV�QR�QHHG�WR�HVWLPDWH�SDUDPHWHUV��7KH�PDLQ�DVVXPSWLRQV�DUH�
���WKH�V\VWHP�WR�EH�PRGHOOHG�LV�GHVFULEHG�E\�D�PXOWL�GLPHQVLRQDO�SURFHVV����PDQ\�REVHUYDWLRQV�UHSUHVHQWHG�E\�VDPSOHG�GDWD�DUH�DYDLODEOH����WKH�PXOWL�GLPHQVLRQDO�SURFHVV�LV�VXIILFLHQWO\�UHSUHVHQWHG�E\�WKH�VDPSOH�RI�REVHUYDWLRQV��DQG���LW�LV�SRVVLEOH�WKDW�SDVW�EHKDYLRXU�ZLOO�UHSHDW�LQ�IXWXUH�,I�ZH�VXFFHHG�LQ�ILQGLQJ�SDVW�SDWWHUQV�ZKLFK�DUH�DQDORJRXV WR�WKH�PRVW� UHFHQW� �UHIHUHQFH�� SDWWHUQ�� SUHGLFWLRQV� FDQ� EH� DFKLHYHG� E\�DSSO\LQJ�WKH�NQRZQ�FRQWLQXDWLRQ�RI�WKH�DQDORJRXV�SDWWHUQV�WR�WKH�UHIHUHQFH�SDWWHUQ��+RZHYHU��WKLV�UHOD

WLRQVKLS��E\�LWVHOI��LV�RQO\�XVHIXO�IRU�QRQ�HYROXWLRQDU\�SURFHVVHV�:H� ZLOO� QRZ� GHVFULEH� DQ� LQGXFWLYH� VHDUFK� PHWKRG� WKDW� LV�VXLWDEOH�IRU�IRUHFDVWLQJ�PXOWL�GLPHQVLRQDO�HYROXWLRQDU\�SURFHVVHV��VXFK� DV� ILQDQFLDO� SURFHVVHV�� ,Q� FRQMXQFWLRQ� ZLWK� WKLV� JRDO�� D�TXHVWLRQ� DULVHV� UHJDUGLQJ� ZKHWKHU� RU� QRW� LW� LV� HYHQ� SRVVLEOH� WR�VXFFHVVIXOO\� DSSO\� VXFK� D� PHWKRG� WR� IRUHFDVWLQJ� HYROXWLRQDU\�SURFHVVHV��2WKHU�WKDQ�WKH�SKLORVRSKLFDO�VLGH�RI�WKH�TXHVWLRQ��WKHUH�LV� WKH� QHHG� IRU� IRUPDOL]LQJ� WKH� SUREOHP�� )RU� LQVWDQFH�� IRU�HYROXWLRQDU\�SURFHVVHV�

VWDWLRQDULW\�� DV� RQH� LPSRUWDQW� FRQGLWLRQ� RI� WKLV�PHWKRGRORJ\� LV�QRW�IXOILOOHG�,I� LW� LV� SRVVLEOH� WR� HVWLPDWH� WKH�XQNQRZQ�WUHQG� �DQG�SHUKDSV�WKH� VHDVRQDO� HIIHFWV��� WKH� GLIIHUHQFH� EHWZHHQ� WKH� SURFHVV�DQG� LWV�WUHQG�FDQ�EH�XVHG�IRU�DQDORJXH�FRPSOH[LQJ�
'2//$5 %0: YZ $8', )25' 3256&+( )$= '$; ',6&217 /20%$5'��'$<6 ���� ���� ���� ���� ���� ���� ���� ���� � ����'$<6 ���� ���� ���� ���� ���� ���� ���� ���� � ���

7$%/(���0HDQ�ORQJ�WHUP�SUHGLFWLRQ�HUURUV��0$'>�@�



�
+RZHYHU�� VLQFH� WKH� WUHQG� LV� DQ� XQNQRZQ� IXQFWLRQ� RI� WLPH�� WKH�VXEMHFWLYH� VHOHFWLRQ� RI� DQ� DSSURSULDWH� IXQFWLRQ� LV� D� GLIILFXOW�SUREOHP��2QH�REMHFWLYH�VROXWLRQ�LV�PDGH�DYDLODEOH�E\�DSSOLFDWLRQ�RI�WKH�*0'+�DOJRULWKP�WKURXJK�LWV�H[WUDFWLRQ�DQG�WUDQVIRUPDWLRQ�FDSDELOLWLHV��%HFDXVH�RI�WKH�GHSHQGHQF\�RI�DQDORJXH�FRPSOH[LQJ�RQ� WKH� VHOHFWHG� WUHQG� IXQFWLRQ�� LW� ZDV� GHFLGHG� WR� FRQVLGHU� DQ�DOWHUQDWLYH� PHWKRG�� ZKLFK� LV� GHVFULEHG� LQ� WKH� IROORZLQJ� ��VWHS�SURFHGXUH�
��� *HQHUDWLRQ� RI� DOWHUQDWLYH� SDWWHUQV� )RU� D� JLYHQ� UHDO�YDOXHG�P�GLPHQVLRQDO�WLPH�VHULHV�[W  �^[�W ������[PW `��W  ����� �����1� ZLWK�1QXPEHU�RI�REVHUYDWLRQV��WKH�SDWWHUQ�LV�GHILQHG�DV�D�WDEOH�3N�L��RI�NURZV� �REVHUYDWLRQV��� VWDUWLQJ� DW� WLPH� L ZKHUH� N LV� WKH� SDWWHUQ�OHQJWK� DQG� �� ���� ��� �����1�N�� DQG�P LV� WKH�QXPEHU�RI�FROXPQV��YDULDEOHV��8VLQJ� D� VOLGLQJ�ZLQGRZ� WR� JHQHUDWH� WKH� VHW� RI� SRVVLEOH� SDWWHUQV�^3N�L��� L ����1�N��`� ZH�FRPSDUHG�DOO�SRVVLEOH�SDWWHUQV�XVLQJ�D�FHUWDLQ�VLPLODULW\�PHDVXUH��GHILQHG�LQ�VWHS�����ZKLFK�ZDV�FKRVHQ�LQ�DGYDQFH�ZLWK�UHVSHFW�WR�WKH�PRVW�UHFHQW�UHIHUHQFH�SDWWHUQ�3U� �3N �1�N����� )LJXUH� �� VKRZV� WKH� %0:� WLPH� VHULHV� �D� RQH�GLPHQVLRQDO� SURFHVV��� WKH� UHIHUHQFH� SDWWHUQ�� DQG� ILYH� VHOHFWHG�DQDORJRXV�SDWWHUQV�ZLWK�D�SDWWHUQ�OHQJWK�RI���
���7UDQVIRUPDWLRQ�RI�DQDORJXHV)RU�WKH�JLYHQ�UHIHUHQFH�SDWWHUQ�ZLWK�N�REVHUYDWLRQV��RQH�RU�PRUH�DQDORJXHV� SDWWHUQV� PD\� H[LVW� LQ� KLVWRU\��3N�L�_L�-��ZKHUH�-�LV�WKH�VHW�RI�EHVW�DQDORJXHV��)LQDQFLDO�SURFHVVHV�DUH�HYROXWLRQDU\�SURFHVVHV��7KHUHIRUH��DQ\

VLPLODU� SDWWHUQV� UHSUHVHQWLQJ� WKRVH�SURFHVVHV�PD\� KDYH�GLIIHUHQW�PHDQ�YDOXHV��VWDQGDUG�GHYLDWLRQV�DQG�WUHQGV��7KLV�GLIIHUHQFH�FDQ�EH�GHVFULEHG�E\�D�WUDQVIRUPDWLRQ�7���7KHUHIRUH��ZH�KDYH�WR�VHOHFW�WKH� PRVW� VLPLODU� SDWWHUQ� LQ� WKH� SDVW� ZKLOH� VLPLODULW\� PXVW� EH�PHDVXUHG�EHWZHHQ�WKH�UHIHUHQFH�SDWWHUQ�DQG�7L >3N�L�_L�-@ �7KHUH�H[LVW�VHYHUDO�IXQFWLRQV WR�GHVFULEH�WKH�WUDQVIRUPDWLRQ�,��)RU� D� ORFDO� DSSUR[LPDWLRQ� �ZLWK� VPDOO� N� RI� WKH� XQNQRZQ�WUDQVIRUPDWLRQ�7���LW�LV�DGYLVDEOH�WR�FRQVLGHU�WUDQVIRUPHG�SDWWHUQV�7L >3N�L�@� DV� D� OLQHDU� IXQFWLRQ� RI� WKH� SDWWHUQ� 3N�L��� 7KLV� FDQ� EH�GHVFULEHG�DV�

7R�H[SODLQ� VXFK�D� WUDQVIRUPDWLRQ�� OHW�;L EH� WKH�'ROODU�H[FKDQJH�UDWH�� OHW� WKH� UHIHUHQFH�SDWWHUQ�FRQVLVW�RI���VDPSOHV� LQ�'HFHPEHU��DQG�OHW�DQ�DQDORJRXV�SDWWHUQ�KDYH���VDPSOHV�LQ�6HSWHPEHU��,Q�WKLV�FDVH�� WKH� WUDQVIRUPDWLRQ� KDV� WKH� IROORZLQJ� LQWHUSUHWDWLRQ�� WKH�UHIHUHQFH�SDWWHUQ�RI�'HFHPEHU�DUH�HTXDO�WR�D� SOXV�D�SURSRUWLRQDO�SDUW��D���WKDW�LV�HTXDO�WR�WKH�DQDORJRXV�SDWWHUQ�RI�6HSWHPEHU�7KHUHIRUH�� D
RO FDQ� EH� LQWHUSUHWHG� DV� WKH� GLIIHUHQFH� EHWZHHQ�WKH�VWDWHV��KHUH�EHWZHHQ� WKH�SULFHV� LQ�'HFHPEHU�DQG�6HSWHPEHU��DQG�D
�O FDQ�EH� LQWHUSUHWHG�DV�DQ�H[WHQVLRQ� IDFWRU��7KH�XQNQRZQ�ZHLJKWV��D
�O DQG�D
�O� IRU�HDFK�SDWWHUQ��FDQ�EH�HVWLPDWHG�E\�PHDQV�RI�WKH�OHDVW�VTXDUHV�PHWKRG�ZKLFK�SURYLGHV�QRW�RQO\�WKH�XQNQRZQ�ZHLJKWV�EXW�DOVR�WKH�WRWDO�VXP�RI�VTXDUHV� 7KLV�SURYLGHV�XV�ZLWK�D�VLPLODULW\�PHDVXUH�DV�GHVFULEHG�EHORZ�
��� 6HOHFWLRQ� RI� WKH� PRVW� VLPLODU� DQDORJXHV� 'LVWDQFHV� FDQ� EH�PHDVXUHG� E\� VHYHUDO� VLPLODULW\� PHDVXUHV� VXFK� DV� WKH� (XFOLGHDQ�GLVWDQFH�RI�SRLQWV�LQ�WKH�UHIHUHQFH�SDWWHUQ�DQG�DQ�DQDORJXH�RU�E\�RWKHU�PHDVXUHV�RI�GLVWDQFH��,Q�RXU�FDVH��LW� LV�SRVVLEOH�WR�XVH�DV�D�VLPLODULW\�PHDVXUH�WKH WRWDO�VXP�RI�WKH�VTXDUHV REWDLQHG�E\�OHDVW�VTXDUHV� HVWLPDWLRQ� RI� XQNQRZQ� SDUDPHWHUV�� ZKLFK� JLYHV� XV�LQIRUPDWLRQ�UHJDUGLQJ�WKH�VLPLODULW\�EHWZHHQ�WKH�WZR�SDWWHUQV�7KH� DOJRULWKP� UHTXLUHG� IRU� VHOHFWLQJ� DQDORJRXV� SDWWHUQV� LV�QRZ�GHVFULEHG��)RU�WKH�JLYHQ�UHIHUHQFH�SDWWHUQ��LW�LV�QHFHVVDU\�WR�VHOHFW� WKH�PRVW� VLPLODU� SDWWHUQ� 3N�L�_L�-��7KH� VHOHFWLRQ� WDVN� LV� D�IRXU�GLPHQVLRQDO�SUREOHP�ZLWK�WKH�IROORZLQJ�GLPHQVLRQV�),*85(� ��� 3UHGLFWLRQ� LQWHUYDOV� H[SDQGHG� E\� XWLOL]LQJ� DOWHUQDWLYH�PRGHOV�
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),*85(����3ULQFLSOH�RI�WKH�0$&'�LQGLFDWRU�x WKH�VHW�RI�YDULDEOHV�XVHG�x WKH�QXPEHU�RI�DQDORJXHV�VHOHFWHG�x WKH�OHQJWK�N RI�WKH�SDWWHUQ��QXPEHU�RI�OLQHV�XVHG�IRU�HDFK�SDWWHUQ���DQGx WKH�YDOXHV�RI�ZHLJKW�FRHIILFLHQWV�ZLWK�ZKLFK�SDWWHUQV�DUH��FRPSOH[HG��
&URVV�YDOLGDWLRQ� DV� ZHOO� DV� GLIIHUHQW� DSSURDFKHV� WR� GLVFUHWL]LQJ�WKH� VDPSOHV� FDQ� EH� XVHG� DV� QHFHVVDU\� WR� JHQHUDWH� H[WHUQDO�LQIRUPDWLRQ�
���&RPELQLQJ�IRUHFDVWV(DFK� VHOHFWHG� DQDORJXH� LV� XVHG� WR� SURYLGH� D� IRUHFDVW� E\� XVLQJ�FRQWLQXDWLRQ� PHWKRGV�� 7KHVH� IRUHFDVWV� DUH� WKHQ� FRPELQHG��0HWKRGV� IRU� FRPELQLQJ� IRUHFDVWV�KDYH�EHHQ�GHVFULEHG� LQ�&KHQJ�HW�DO��>����@�DQG�:X�DQG�5HKIXVV�>����@�7KH� XQNQRZQ� SUHGLFWLRQV� [1�L  � ^[�1�L�� [�1�L �[P1�L`��L  ���������7��ZKHUH�7� �IRUHFDVW�KRUL]RQ�RI�WKH�P V\VWHPV�YDULDEOHV�FDQ�EH�DVVXPHG�WR�EH�D�OLQHDU�FRPELQDWLRQ�RI�WKH�FRQWLQXDWLRQV�RI�VHOHFWHG�DQDORJRXV�SDWWHUQV��L�H��
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7KH�XQNQRZQ�SDUDPHWHUV�JR��JM��M�- FDQ�EH�HVWLPDWHG�E\�PHDQV�RI�SDUDPHWULF�VHOHFWLRQ�SURFHGXUHV�VXFK�DV�WKH�*0'+�DOJRULWKP��7KH�RQO\�SUREOHP�LV WKH�VPDOO�QXPEHU�RI�REVHUYDWLRQV�DYDLODEOH�IRU�HVWLPDWLQJ�WKH�XQNQRZQ�SDUDPHWHUV�7KHUHIRUH��IRU�YHU\�VPDOO�SDWWHUQ�OHQJWKV�^N�� �����LW�LV�DGYLVDEOH�WR�XVH�WKH�ZHLJKWHG�PHDQ�RI�WKH�VHOHFWHG�FRQWLQXDWLRQV

7KH�ZHLJKWV�PXVW� EH� VHOHFWHG�ZLWK� UHVSHFW� WR� WKH�WUDQVIRUPDWLRQ�7,� KRZHYHU��7KH�DSSOLFDWLRQ�RI�DQDORJXH�FRPSOH[LQJ�WR�D�WUDGLQJ�V\VWHP�LV�GHVFULEHG�QH[W�
���75$',1*�6<67(06
����6<17+(6,6�2I�*HQHUDWHG�3UHGLFWLRQV�,Q�0RGHOLQJ�3UHGLFWLRQ�0RGXOH
,W� LV� WKH�JRDO�RI�VHOI�RUJDQL]LQJ�PRGHOOLQJ� WR�JHQHUDWH�PRGHOV�RI�RSWLPDO� FRPSOH[LW\� LQ� DQ� REMHFWLYH� ZD\�� +RZHYHU�� WKHUH� LV� D�OLPLWHG�QXPEHU�RI�FKRLFHV�IRU�HDFK�RI�WKH�WZR�IROORZLQJ�FDVHV�
���SDUDPHWULF PRGHOV��WKH�FODVV�RI�V\VWHPV�WR�EH�PRGHOHG��OLQHDU�QRQ�OLQHDU���WKH�PD[LPXP�QXPEHU�RI�V\VWHP�G\QDPLFV��WLPH�ODJ��DQG�D�IHZ�SURFHVV�SDUDPHWHUV��DQG���QRQ�SDUDPHWULF PRGHOV��WKH�OHQJWK�RI�SDWWHUQV��WKH�YDULDEOHV�FRQVLGHUHG��DQG�WKH�QXPEHU�RI�EHVW�SDWWHUQV�XVHG�
7KRXJK� D� QXPEHU� RI� PRGHOV� ZLWK� VXIILFLHQW� SHUIRUPDQFH� IRU� D�JLYHQ� GDWD� VDPSOH� PD\� H[LVW�� SDUDPHWULF� DQG� QRQ�SDUDPHWULF�PRGHOV�DUH�RQO\�VLPSOLILHG� UHIOHFWLRQV�RI�HFRQRPLF�UHDOLW\��(DFK�PRGHO� LV� RQO\� DQ� DEVWUDFWLRQ�� D� RQHVLGHG� UHIOHFWLRQ� RI� VRPH�LPSRUWDQW� EHKDYLRXU� RI� HFRQRPLF� UHDOLW\�� $V� VXFK�� DOWHUQDWLYH�SDUDPHWULF� DQG� QRQ�SDUDPHWULF� PRGHOV� FDQ� EH� XVHG� WR� HVWLPDWH�WKH�YDJXHQHVV�RI�SUHGLFWLRQV�%\� DSSO\LQJ� D� QXPEHU� RI� SUHGLFWLRQ� PRGHOV�� ZH� PD\�GHWHUPLQH�WKH�QHHG�WR�GHFUHDVH�RU�LQFUHDVH�WKH�SUHGLFWLRQ�LQWHUYDO�EDVHG� RQ� WKH� IROORZLQJ� JXLGHOLQH�� WKH� VPDOOHU� WKH� LQWHUYDO�� WKH�PRUH�FHUWDLQ�D�SUHGLFWLRQ�VKRXOG�EH��%\�REVHUYLQJ



��
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),*85(���� 6\QWKHVLV�RI�SUHGLFWLYH�LQIRUPDWLRQ�XVLQJ*0'+�D� ODUJH� QXPEHU� RI� VXFK� LQWHUYDOV� RYHU� WLPH�� WKH� PRVW� OLNHO\�SUHGLFWLRQ� RI� SRLQWV� LV� D� FRPELQDWLRQ� �V\QWKHVLV�� RI� WKH�SUHGLFWLRQV�DW�D�JLYHQ�SRLQW�LQ�WLPH��,Q�)LJXUH����VXFK�DQ�LQWHUYDO�LV�VKRZQ�DORQJ�ZLWK�LWV�FRUUHVSRQGLQJ�SUHGLFWLRQV�
����(;75$&7,21�2)�58/(6��75$',1*�6,*1$/6�7KH� VHFRQG� WDVN� LQ� WKH� GHYHORSPHQW�RI� RXU� WUDGLQJ� V\VWHP� LV� WR�XVH� WKH� LQIRUPDWLRQ�H[WUDFWHG�E\� WKH�PRGHOOLQJ�PRGXOH��L�H��� WKH�SUHGLFWLRQV� DQG� WKHLU� LQWHUYDO�RI� XQFHUWDLQW\�� WR� JHQHUDWH� WUDGLQJ�VLJQDOV�8VLQJ� D� ZLGH� VSHFWUXP� RI� PDWKHPDWLFDO� PHWKRGV�� D� ODUJH�QXPEHU� RI� WUDGLQJ� LQGLFDWRUV� KDYH� EHHQ� GHYHORSHG�� 5DWKHU� WKDQ�FUHDWLQJ� D� QHZ� LQGLFDWRU�� ZH� GHFLGHG� WR� FRQVLGHU�PRGLI\LQJ� DQ�H[LVWLQJ�RQH��:H�WHVWHG�WZR�DOWHUQDWLYH�RSWLRQV���� $� PRGLILHG� LQGLFDWRU� EDVHG� RQ� WKH� 0RYLQJ� $YHUDJH�&RQYHUJHQFH�'LYHUJHQFH� �0$&'��LQGLFDWRU��7KLV� LQGLFDWRU�ZDV� FKRVHQ� EHFDXVH� RI� LWV� UHODWLRQVKLS� ZLWK� RXU� RYHUDOO�DSSURDFK����$�FODVVLILFDWLRQ�V\VWHP�FUHDWHG�E\�*0'+�WR�SURGXFH�EX\��KROG�RU�VHOO�VWDWHV��XVLQJ�WKH�RXWSXWV�RI�WKH�SUHGLFWLRQ�PRGXOH�

����� 02',),('�0$&'�,1',&$7257KH� SULQFLSOH� RI� WKH� 0$&'� LQGLFDWRU� LV� GHVFULEHG� DV� IROORZV��ZKHQ� WZR�� GLIIHUHQW�� H[SRQHQWLDOO\�VPRRWKHG� FXUYHV� �D� VKRUWHU�DQG�D�ORQJHU�PRYLQJ�DYHUDJH�RI�WKH�VDPH�VHULHV��FURVV��D�WUDGLQJ�VLJQDO� LV� JHQHUDWHG� �VHH� )LJXUH� ���� $V� ZLWK� RWKHU� LQGLFDWRUV�FRPSXWHG� XVLQJ� KLVWRULFDO� GDWD�� WKH� 0$&'� KDV� RQH� LPSRUWDQW�GLVDGYDQWDJH�� VLQFH�RQO\�KLVWRULFDO�GDWD�DUH�XVHG�� WUDGLQJ�VLJQDOV�ZLOO� WHQG� WR� ODJ� WKH� EHVW� WUDGLQJ� SRLQWV� LQ� WLPH��7KLV� WLPH�GHOD\�PD\�OHDG�WR�VLJQLILFDQW�ORVVHV�%HFDXVH� RI� WKH� WLPH�GHOD\� LQKHUHQW� LQ� WKH�0$&'� LQGLFDWRU��ZH� ZHUH� LQWHUHVWHG� LQ� PLQLPL]LQJ� WKLV� GHOD\� E\� VLPXOWDQHRXVO\�FRQVLGHULQJ�QRW�RQO\�KLVWRULFDO�GDWD�EXW�SUHGLFWLYH�LQIRUPDWLRQ�DV�ZHOO��)RU�H[DPSOH��IRU�WKH�0$&'��D����GD\�PRYLQJ�DYHUDJH�RI�D�WLPH�VHULHV�DW�WLPH�W LV�QRW�H[FOXVLYHO\�FRPSXWHG�RQ�DOO�SDVW�GDWD�EHJLQQLQJ�DW�\W�����5DWKHU��JLYHQ�D�IRUHFDVW�KRUL]RQ�RI���GD\V��LW�LV�FRPSXWHG� RQ� DOO� GDWD� EHJLQQLQJ� DW� \W��� XS� WR� \
W���� ZKHUH� \
W�QUHSUHVHQWV�D�SUHGLFWHG�YDOXH�DQG�\W�P D�KLVWRULFDO�YDOXH�RI�WKH�WLPH�VHULHV�� 7KLV� FDQ� EH� YLHZHG� DV� SUHGLFWLQJ� WKH� LQGLFDWRU� �� GD\V�DKHDG� ZKLOH� VKLIWLQJ� WKH� 0$&'� DQG� VLJQDO� OLQH� WR� WKH� OHIW��3UHGLFWLYH� LQIRUPDWLRQ� DUH�� LQ� WKLV� FDVH�� GDLO\� RXW�RI�VDPSOH�SUHGLFWLRQV� �� GD\V� DKHDG�� 7KHLU� LQWHUYDO� RI� XQFHUWDLQW\� ZDV�FDOFXODWHG�XVLQJ�VHYHUDO
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2ULJLQDO�$QG�3UHGLFWHG�%0:�&XUYHV

),*85(�����0RYLQJ���GD\�RXW�RI�VDPSOH�SUHGLFWLRQV�SUHGLFWLRQ�PRGHOV�EDVHG�RQ�WKH�PHWKRGV�GHVFULEHG�HDUOLHU�1H[W��ZH�DSSOLHG�D�NLQG�RI�ZRUVW�FDVH�DQDO\VLV�ZLWK�UHVSHFW�WR�WKH�LQWHUYDOV�RI�XQFHUWDLQW\��7R�GR�WKLV��ZH�FRQVLGHUHG�WKH�ORZHU�ERUGHU�RI� WKH�SUHGLFWLRQ� LQWHUYDO�IRU� HYDOXDWLQJ�ZKHWKHU�RU�QRW�D�ULVLQJ�WUHQG�ZDV�H[SHFWHG�DQG�YLFH�YHUVD�UHJDUGLQJ�IDOOLQJ�WUHQGV��7KH� PRGLILHG� 0$&'� LQGLFDWRU� �02'0$&'�� ZDV� WKHQ�FDOFXODWHG�IRU�ERWK�FDVHV�EDVHG�RQ�WKH�GDLO\�SUHGLFWHG�DVVHW�FXUYH�DORQJ�ZLWK�LWV�KLVWRULFDO�REVHUYDWLRQV��$V�DQ�DOWHUQDWLYH�DSSURDFK��RQH�PLJKW�FRQVLGHU�FDOFXODWLQJ�WKH�LQGLFDWRU�RQO\�RQFH�HDFK�WLPH�EDVHG�RQ�WKH�V\QWKHVL]HG�SUHGLFWLRQV��,QLWLDO� UHVXOWV�LQGLFDWH�WKDW�WKLV� DSSURDFK�JHQHUDWHV� VLJQDOV�� RQ� DYHUDJH�� �� GD\V� HDUOLHU� WKDQ�WKH� XQPRGLILHG� 0$&'� ZLWKRXW� WKH� SUHGLFWLYH� LQIRUPDWLRQ��3HUIRUPDQFH� UHVXOWV� IRU� WUDGLQJ� GLIIHUHQW� VWRFNV� XVLQJ� WKLV�LQGLFDWRU�DUH�SUHVHQWHG�LQ�6HFWLRQ���
����� 6<17+(6,6�2)�35(',&7,9(�,1)250$7,217KH� SUHYLRXV� PHWKRG� GHVFULEHG� IRU� V\QWKHVL]LQJ� SUHGLFWLYH�LQIRUPDWLRQ� LV� VXLWDEOH� IRU� PLQLPL]LQJ� WKH� WLPH� GHOD\� RI�LQGLFDWRUV� FDOFXODWHG� XVLQJ� KLVWRULFDO� GDWD�� +RZHYHU�� HDFK�LQGLFDWRU� KDV� LWV� RZQ� VWUHQJWK� DQG�ZHDNQHVVHV� GHSHQGLQJ� XSRQ�WKH� VSHFLILFV� RI� WKH� DSSOLFDWLRQ��7KXV�� LW� LV� QHFHVVDU\� IRU� RQH� WR�NQRZ�ZKHQ�WR�XVH�D�VSHFLILF�LQGLFDWRU�LQ�RUGHU�WR�GHULYH�WKH�PRVW�EHQHILW� IURP� LW�� %HFDXVH� RI� WKLV�� ZH� KDYH� GHYHORSHG DQRWKHU�V\QWKHVLV� WHFKQLTXH� IRU� JHQHUDWLQJ� D� WUDGLQJ� VLJQDO��6<17+(6,6��� 7KH� LGHD� ZDV� WR� FRPSXWH� QRW� RQO\� WKH�02'0$&'� LQGLFDWRU� IURP� WKH� SUHGLFWLRQV� EXW� IURP� D� IHZ�DGGLWLRQDO�YDULDEOHV�DV�ZHOO��:H�GHVFULEH�WKHVH�YDULDEOHV�EHORZ�
���35('�² WKH�PRVW�DQWLFLSDWHG�YDOXH�RI�WKH SUHGLFWLRQ� WKDW�LV��IRU�H[DPSOH��WKH��WK�YDOXH�LI�WKH�IRUHFDVW�KRUL]RQ�ZDV���

���36&�² WKH�PRVW�DQWLFLSDWHG�YDOXH�RI�WKH�FRUUHVSRQGLQJSUHGLFWHG�VPRRWKHG�FXUYH� ZKLFK�LV�D�PRYLQJ�DYHUDJH�FDOFXODWHG�SDUWO\�RQ�SUHGLFWHG�DQG�SDUWO\�RQ�KLVWRULFDO�YDOXHV����75(1'�² WKH�DVFHQW�RI�WKH�OLQHDU WUHQG RI�WKH�ORQJ�WHUP�SUHGLFWLRQ�FDOFXODWHG�XVLQJ�WKH�SUHGLFWHG�YDOXHV�H[FOXVLYHO\��DQG���0$'�² WKH�SUHGLFWLRQ�HUURU�EDVHG�RQ�WKHPHDQ�DEVROXWH�GHYLDWLRQ FDOFXODWHG�EDVHG�RQ�WKH�IRUHFDVW�KRUL]RQ�3 DV�VRRQ�DV�WKH�FRUUHVSRQGLQJ�WUXH�YDOXHV�ZHUH�DYDLODEOH��7KLV�LPSOLHV�VWRULQJ�3 SUHGLFWLRQV�IRU�3GD\V�
7KH�DERYH�YDULDEOHV�SOXV�WKH DVVHW FXUYH�LWVHOI��$66(7��SURYLGHG�WKH�LQSXW�YDULDEOHV�WR�D�*0'+�QHWZRUN�PRGHO�IRU�FODVVLILFDWLRQ�DQG� VLJQDO� JHQHUDWLRQ�� 7KH WDUJHW RXWSXW� YDULDEOH� �7$5*(7��ZDV�GHYHORSHG�XVLQJ�D�VPDOO�WUDLQLQJ�GDWD�VHW�IURP�WKH�DYDLODEOH�WLPH�VHULHV�DV�IROORZV��D�EX\�VLJQDO�ZDV�ZHLJKWHG�E\�D����D�VHOO�VLJQDO E\� D� ��� DQG� D� KROG�VLJQDO E\� ]HUR�� 7KH� RQO\� FRQGLWLRQ�SODFHG�RQ�WKH�DSSURDFK�LQYHVWLJDWHG�ZDV�WKDW�WKH�RXWSXW�YDULDEOH�PXVW�FRQVLVW�RI�DW�OHDVW�WZR�GHVLUHG�WUDGHV�RYHU�WKH�WUDLQLQJ�GDWD�VHW� 8VLQJ�WKHVH�LQSXW�DQG�RXWSXW�YDULDEOHV��D�*0'+�PRGHO�ZDV�WUDLQHG� WR� GHFLGH� ZKLFK� FRPELQDWLRQ� RI� YDULDEOHV� ZDV� EHVW� IRU�SUHGLFWLQJ� WKH� EHKDYLRXU� RI� WKH� RXWSXW� YDULDEOH�� )RU� HDFK� QHZ�LQSXW�YHFWRU��WKH�WUDLQHG�PRGHO�ZDV�XVHG�WR�FODVVLI\�WKH�YHFWRU�DV�D�EX\��VHOO�RU�KROG�VLWXDWLRQ��)RU� WKH�%0:�VWRFN�DQG�$66(7� �%0:��WKH�IROORZLQJ�FRPELQDWLRQ�RI�YDULDEOHV�ZDV�JHQHUDWHG�

7$5*(7�  � �������� �� ������0$'� � ������%0:� ��������35('$� VLJQDO� LV� JHQHUDWHG� LI� WKH� DEVROXWH� YDOXH� RI� WKH� 7$5*(7� LV�JUHDWHU�WKDQ�WKH�DEVROXWH�YDOXH�RI�D�WKUHVKROG��DV�IROORZV�
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),*85(�����3UHGLFWLRQ�HUURU��0$'�>�@��RI�D�SUHGLFWRU�ZKLFK�XVHV�DQDORJXH�FRPSOH[LQJ�
%8<� �7$5*(7�!�7+5(6+2/'��6(//� �7$5*(7����7+5(6+2/'�

$V�D� WKUHVKROG��ZH�FKRVH� WKH�YDOXH������7KLV�YDOXH�ZDV�VHOHFWHG�PDLQO\� DV�D� UHVXOW�RI�RXU�DQDO\VLV�RI� WKH�PRGHO
V�DELOLW\� WR�PDNH�UREXVW� FODVVLILFDWLRQV� RYHU� D� ORQJ� WLPH�� )LJXUH� ��� JUDSKLFDOO\�LOOXVWUDWHV�WKLV�V\QWKHVLV�SURFHVV�H[DPSOH�RYHU�RQH�WLPH�SHULRG�$V�LV��WKH�PRGHO�DSSHDUV�WR�EH�DEOH�WR�GHWHFW�VLJQLILFDQW�WUHQGV�FKDQJHV�� ,I� XSGDWHG� GDLO\�� WKH� DGDSWLYH� EHKDYLRXU� RI� WKH� PRGHO�FDQ�EH�DPSOLILHG�E\�UH�ZHLJKWLQJ�WKH�RXWSXW�YDULDEOH�DV�QHFHVVDU\�LQ� RUGHU� WR� EHWWHU� UHIOHFW� DFWXDO� DVVHW� WUHQGV� UHODWLYH� WR� SUHYLRXV�WUHQGV�
���3(5)250$1&(�2)�7+(�75$',1*�6<67(0
,Q� RXU� LQLWLDO� SHUIRUPDQFH� WHVWV��ZH� DSSOLHG� VHOI�RUJDQL]LQJ�GDWD�PLQLQJ� ZLWKRXW� FRQVLGHULQJ� WKH� GDWD� VHOHFWLRQ� VWHSV� PHQWLRQHG�HDUOLHU�� VLQFH� RQO\� D� VPDOO� QXPEHU� RI� WLPH� VHULHV� VDPSOHV� ZHUH�DYDLODEOH�:H�KDYH� WHVWHG��� VWRFNV�RI� WKH�*HUPDQ� FDU� LQGXVWU\� �%0:�DQG�9:�� DV� ZHOO� DV� WKH� 86�'ROODU�'0� H[FKDQJH� UDWH� RYHU� WKH�SHULRG�1RYHPEHU����������WKURXJK�'HFHPEHU�����������DQG�WKH�6	3���� LQGH[� RYHU� WKH� SHULRG� 0DUFK� ���� ����� WKURXJK�'HFHPEHU� ���� ������ $OO� GDWD� FRQVLGHUHG� ZHUH� EDVHG� RQ� GDLO\�FORVLQJ� SULFHV�� 6LQFH� RXU� DSSURDFK� XWLOL]HV� D� V\VWHPDWLF�� GDLO\�DGDSWDWLRQ� DSSURDFK� WR� SUHGLFWLRQ� PRGHOOLQJ� �GXH� WR� WKH� WLPH�YDULDQFHV� RI� ILQDQFLDO� SURFHVVHV�� WKH� WHVWV� SHUIRUPHG� UHSUHVHQW�WUXH��RXW�RI�VDPSOH� UHVXOWV�RYHU� WKH� WHVW�SHULRGV��$OO� WUDGHV�ZHUH�FRPSXWHG�ZLWKRXW� FRPPLVVLRQ� FRVWV� DQG�ZHUH� EDVHG�RQ�FORVLQJ�SULFHV�RQH�GD\�DIWHU�D� WUDGLQJ� VLJQDO�ZDV�JHQHUDWHG��1R�VWRSV�RU�SURILW�WDUJHWV�ZHUH�XVHG�DQG�QR�LQWHUHVW�ZDV�HDUQHG�

7KH� V\QWKHVLV� RI� GLIIHUHQW� PRGHOV� RQ� D� GDLO\� EDVLV� LV� HDVLO\�UHDOL]DEOH��+RZHYHU�� LW� LV� SUDFWLFDOO\� LPSRVVLEOH� WR� VLPXODWH� WKLV�DSSURDFK� H[� SRVW RYHU� D� ORQJ� SHULRG� RI� WLPH� ZLWKRXW� XVLQJ� D�VLPXODWLRQ�DXWRPDWLRQ� WRRO�� 7KHUHIRUH�� RXU� SHUIRUPDQFH� WHVWV�ZHUH� EDVHG� H[FOXVLYHO\� RQ� WKH� SUHGLFWLRQV� RI� GLIIHUHQW� QRQ�SDUDPHWULF�PRGHOV�XVLQJ�DQDORJXH�FRPSOH[LQJ�WHFKQLTXHV�:H� EHJDQ� WKH� PRGHOOLQJ� SURFHVV� E\� XWLOL]LQJ� DGGLWLRQDO�KLVWRULFDO�GDWDVHWV� WR�GHYHORS� WKH� ILUVW�PRGHOV��1H[W��ZH�XSGDWHG�DOO�RI WKH� LQLWLDO�PRGHOV�RQ�D�GDLO\�EDVLV�XVLQJ�HDFK�DVVHW�IRU� WKH�SXUSRVH� RI� VHOHFWLQJ� WKH� PRVW� UHSUHVHQWDWLYH� PDUNHW� VLWXDWLRQV�UHODWLYH� WR� WKH� FXUUHQW� VLWXDWLRQ�� 7KLV� LV� DFFRPSOLVKHG� LPSOLFLWO\�XVLQJ� DQDORJXH� FRPSOH[LQJ� WHFKQLTXHV�� VLQFH� WKH� SURFHVV� RI�FRPSDULQJ�DQDORJRXV�DQG� UHIHUHQFH�SDWWHUQV� UHVXOWV� LQ�HLWKHU� WKH�PDQXDO�RU�DXWRPDWLF�VHOHFWLRQ�RI�UHOHYDQW�PDUNHW�YDULDEOHV�7KH� ILQDO� PRGHOV� ZHUH� XVHG� WR� SUHGLFW� DVVHW� SULFHV� �� GD\V�DKHDG� DQG� WR� JHQHUDWH� WKH� WUDGLQJ� VLJQDOV� DVVRFLDWHG� ZLWK� WKH�SUHGLFWLRQV��)LJXUH����LOOXVWUDWHV���GD\�RXW�RI�VDPSOH�SUHGLFWLRQV�DORQJ�ZLWK�WKH�DFWXDO�DVVHW�SULFHV�IRU�%0:��)LJXUH����SURYLGHV�D�JUDSK� RI� FRUUHVSRQGLQJ� SUHGLFWLRQ� HUURUV�� )LJXUHV� ��� DQG� ���LOOXVWUDWH�SHUIRUPDQFH�UHVXOWV�IRU�%0:��9:�DQG�'ROODU�FRQWUDFWV�XVLQJ�WKH�WKUHH�WUDGLQJ�VLJQDOV�GHVFULEHG�HDUOLHU�7DEOH� �� OLVWV� WKH� WRWDO� UHWXUQV� IRU� WKH� %0:�� 9:�� 'ROODU�FRQWUDFWV�DQG�WKH�SRUWIROLR�XVLQJ�DOO���VWUDWHJLHV�
&21&/86,216
6HOI�RUJDQL]LQJ� GDWD� PLQLQJ� DOJRULWKPV� IRU� D� SRUWIROLR� WUDGLQJ�V\VWHP�ZHUH�SUHVHQWHG�ZKLFK�UHDOL]H�D�SUHGLFWLYH�FRQWURO�VROXWLRQ��7R� REWDLQ� SUHGLFWLRQV� RI� ILQDQFLDO� PDUNHWV� DSSURSULDWH� IRU�GHFLVLRQ�PDNLQJ�� ZH� KDYH� GHYHORSHG� WKH� IROORZLQJ� DSSURDFK� WR�PRGHOOLQJ�



��
%0:�$QG�9:�&ORVH�3ULFHV

5HWXUQV�%0:�6WRFN

5HWXUQV�9:�6WRFN

),*85(���� 3HUIRUPDQFH�UHVXOWV�IURP�WKH�XVH�RI���GLIIHUHQW�VLJQDO�JHQHUDWLRQ�PHWKRGV�
%0 : 99 9 '2/ �/$5 3257)2/,27UDGLQJ�6WUDWHJ\ WLPH�LQ�WKH�PDUNHW�>�@ WRWDO�UHWXUQP WLPH�LQ�WKH�PDUNHW�>�@ WRWDO�UHWXUQ�>�@ WLPH�LQ�WKH�PDUNHW�>�@ WRWDO�UHWXUQ�>�@ WRWDO�UHWXUQ�>�@

%X\	+ROG ������ ���� ������ ���� ������ ����� �����0$&' ����� ���� ����� ����� ����� ����� ����02'0$&' ����� ����� ����� ����� ����� ����� �����6<17+(6,6 ����� ����� ����� ����� ����� ���� �����
7$%/(��� 7RWDO�UHWXUQV�IRU�GLIIHUHQW�WUDGLQJ�VWUDWHJLHV�



��
x *0'+�W\SH�QHXUDO�QHWZRUNV�WR�FUHDWH�RSWLPDOO\�FRPSOH[��SDUDPHWULF�UHJUHVVLRQ�PRGHOV��ZKLFK�DUH�DQDO\WLFDOO\�DYDLODEOH�E\�GHIDXOW��LW�ZDV�VKRZQ�WKDW�WKH�DSSOLFDWLRQ�RI�*0'+�LV�DOVR�EHQHILFLDO�IRU�HIILFLHQW�DQG�V\VWHPDWLF�GDWD�UHGXFWLRQ��V\QWKHVLV�DQG�UXOH�LQGXFWLRQ�WDVNV��x DQDORJXH�FRPSOH[LQJ�DV�D�PHWKRG�IRU�VHOHFWLQJ�VLPLODU�PDUNHW�VLWXDWLRQV�RXW�RI�D�JLYHQ�GDWDVHW�RI�UHSUHVHQWDWLYH�YDULDEOHV��DQGx D�V\QWKHVLV�RI�GLIIHUHQW�PRGHOV�WR�UHIOHFW�WKH�YDJXHQHVV�RI�WKH�IXWXUH�PRUH�DSSURSULDWHO\�
$� VHFRQG� WDVN� RI� WKH� WUDGLQJ� V\VWHP� ZDV� WR� WUDQVIRUP� WKH�SUHGLFWLRQV�PDGH� LQWR� WUDGLQJ� VLJQDOV��:H� WHVWHG� WZR�RSWLRQV� LQ�WKLV�UHJDUG�
x D�PRGLILHG�0$&'�LQGLFDWRU�DQGx D�V\QWKHVLV�RI�VHYHUDO�W\SHV�RI�SUHGLFWLYH�LQIRUPDWLRQ�XVLQJ�*0'+�
,QLWLDO� SHUIRUPDQFH� UHVXOWV� LQGLFDWH� WKDW� WKH� SUHGLFWLRQ� V\VWHP�SUHVHQWHG�DSSHDUV� WR�RXWSHUIRUP�D�EX\�DQG�KROG�VWUDWHJ\�DV�ZHOO�DV�DQ�0$&'�EDVHG�WUDGLQJ�V\VWHP�RYHU�WKH�ORQJ�WHUP�IRU�YDULRXV�DVVHWV��6LQFH�WKH�0$&'�LQGLFDWRU�ZDV�VHOHFWHG�RQO\�DV�DQ�LQLWLDO�H[DPSOH��IXUWKHU�YDOLGDWLRQ

RI� UHVXOWV� ZLOO� LQFOXGH� SHUIRUPDQFH� DQDO\VLV� XVLQJ� D� ODUJHU�VSHFWUXP�RI�LQGLFDWRUV��DVVHWV�DQG�PDUNHWV�2WKHU� GLUHFWLRQV� RI� IXUWKHU� UHVHDUFK� IRU� LPSURYLQJ� WKH�DSSURDFK�SUHVHQWHG�LQ�WKLV�SDSHU�LQFOXGH�
x IXUWKHU�SHUIHFWLRQ�RI�DOJRULWKPV�IRU�DQDORJXH�FRPSOH[LQJ��HVSHFLDOO\�WKH�GHWHUPLQDWLRQ�RI�DSSURSULDWH�SDWWHUQ�OHQJWKV�DQG�VHOHFWLRQ�FULWHULD�x DSSOLFDWLRQ�RI�VHOI�RUJDQL]LQJ�IX]]\�PRGHOOLQJ�WHFKQLTXHV�IRU�LPSURYLQJ�WKH�SUHGLFWLRQ�PRGHOV�DV�ZHOO�DV�WKH�FRQWURO�PRGXOH��DQGx LPSOHPHQWDWLRQ�RI�QHZ��SHUKDSV�IX]]\��FRPELQLQJ�RU�V\QWKHVLV�PHWKRGV�
5()(5(1&(6&KHQJ��:���:DJQHU�� /�� DQG�&��+��/LQ� >����@� �)RUHFDVWLQJ� WKH� ���\HDU�8�6�� 7UHDVXU\� %RQG� ZLWK� D� 6\VWHP� RI� 1HXUDO� 1HWZRUNV���1(8529(�7�-2851$/� 9RO����1R����SS��������*RRQDWLODNH�� 6�� DQG� 5�� )HOGPDQ� >����@� �*HQHWLF� 5XOH� ,QGXFWLRQ� IRU�)LQDQFLDO�'HFLVLRQ�0DNLQJ���LQ�*HQHWLF�$OJRULWKPV�LQ�2SWLPL]DWLRQ��6LPXODWLRQ�� 0RGHOOLQJ� �-� 6WHQGHU� HW� DO��� HGV���� ,26� 3UHVV��$PVWHUGDP��SS����������+DDVGLMN��(�9��HW�DO�>����@��*HQHWLF�$OJRULWKPV�LQ�%XVLQHVV���LQ�*HQHWLF�$OJRULWKPV�LQ�2SWLPL]DWLRQ��6LPXODWLRQ��0RGHOOLQJ��-� 6WHQGHU�HW�DO���HGV����,26�3UHVV��$PVWHUGDP��SS������

'ROODU�'0�&ORVH�3ULFHV

),*85(�����3HUIRUPDQFH�UHVXOWV�IURP�WUDGLQJ�WKH�86�'ROODU�XVLQJ���GLIIHUHQW�VLJQDO�JHQHUDWLRQ�PHWKRGV�



��

,YDNKQHQNR��$�*��DQG�-��$��0XHOOHU�>����@��3DUDPHWULF�DQG�QRQ�SDUDPHWULF�SURFHGXUHV�LQ�H[SHULPHQWDO�V\VWHP�DQDO\VLV��� 6\VWHPV�$QDO\VLV�0RGHOOLQJ�6LPXODWLRQ�9RO�����1R������SS����������/HPNH��)��>����@��6HOI2UJDQL]H��� $�6RIWZDUH�7RRO�IRU�0RGHOOLQJ�DQG�3UHGLFWLRQ�RI�&RPSOH[�6\VWHPV��� 6\VWHPV�$QDO\VLV�0RGHOOLQJ�6LPXODWLRQ� 9RO�����1R������SS�������/RUHQFH��(�1��>����@��$WPRVSKHULF�SUHGLFWDELOLW\�LV�UHYHDOHG�E\�QDWXUDOO\�RFFXUULQJ�DQDORJXHV��� -��$WPRV��6FL�� 9RO����SS����������0DGDOD��+�5��DQG�$�*��,YDNKQHQNR�>����@� ,QGXFWLYH�/HDUQLQJ�$OJRULWKPV�IRU�&RPSOH[�6\VWHPV�0RGHOOLQJ� &5&�3UHVV��%RFD�5DWRQ��)/�:X��/��DQG�6��5HKIXVV�>����@��$Q�$GDSWLYH�&RPPLWWHH �%DVHG�$SSURDFK�WR�7UDGLQJ���LQ�1RQ�OLQHDU�)LQDQFLDO�)RUHFDVWLQJ�3URFHHGLQJV�RI�WKH�)LUVW�,1))&� )LQDQFH�	�7HFKQRORJ\�3XEOLVKLQJ��+D\PDUNHW��9$�



��
)UDQN�/HPNH LV�DQ�LQGHSHQGHQW�VRIWZDUH�GHYHORSHU�VSHFLDOL]HG�LQ�VHOI�RUJDQLVLQJ�PRGHOOLQJ�EDVHG�VROXWLRQV�DQG�LQIRUPDWLRQ�V\VWHPV�IRU�RYHU���\HDUV��+H�KDV�GHYHORSHG�6HOI2UJDQL]H���D� WRRO�ZKLFK�XVHV�DQ�DGYDQFHG�*0'+�DOJRULWKP�DV�ZHOO�DV� WKH�DQDORJXH�FRPSOH[LQJ�PHWKRG� IRU� WKH�PRGHOOLQJ�DQG�SUHGLFWLRQ�RI�FRPSOH[�V\VWHPV��+H�JUDGXDWHG�IURP�WKH�,QVWLWXWH�RI�(OHFWULFDO�(QJLQHHULQJ�DW�+XPEROGW�8QLYHUVLW\�LQ�%HUOLQ�LQ�������6LQFH������KH�ZRUNHG�RQ�VHYHUDO�SUREOHPV�LQ�HFRQRPLFV�DQG�ILQDQFH�VXFK�DV�EDODQFH�VKHHW�SUHGLFWLRQ��VDOHV�SUHGLFWLRQ��VROYHQF\�FKHFNLQJ��DQG�SUHGLFWLYH�FRQWURO�VROXWLRQV�IRU�ILQDQFLDO�PDUNHWV�
-RKDQQ�$GROI�0XHOOHU JUDGXDWHG�IURP� WKH� ,OPHQDX�,QVWLWXWH�RI�(OHFWULFDO�(QJLQHHULQJ�LQ�������+H�REWDLQHG�KLV�3K�'��LQ�(FRQRPLFV�IURP�WKH�,QVWLWXWH�RI�(FRQRPLFV�LQ�%HUOLQ�LQ�������ZLWK�D�IRFXV�RQ�G\QDPLF�PRGHOOLQJ�LQ�HFRQRPLFV��6LQFH�������3URI��0XHOOHU�KDV�EHHQ�ZRUNLQJ�DW�WKH�+RFKVFKXOH�IXHU�7HFKQLN�XQG�:LUWVFKDIW�LQ�'UHVGHQ�LQ�WKH�ILHOG�RI�EXVLQHVV�RULHQWHG�FRPSXWHU�VFLHQFH�


	Self-Organizing Data Mining For A Portfolio Trading System
	Frank Lemke and Johann-Adolf Mueller
	conclusions



