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6XPPDU\
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� ,QWURGXFWLRQ
(YHU\� OHDUQLQJ�V\VWHP�FDQ�EH�FRQVLGHUHG�DV�D�EODFN�ER[�ZKLFK� WDNHV�SDUWLFXODU� LQSXWV�DQGJHQHUDWHV� RXWSXWV�� +XPDQV� DQG� DQLPDOV� ZRUN� WKLV� ZD\ �� WKH\� UHFHLYH� LQIRUPDWLRQ� IURP� WKHLUVXUURXQGLQJ� HQYLURQPHQW�� DQDO\VH� LW� DQG� JHQHUDWH� QHZ� LQIRUPDWLRQ�� 7KH� KXPDQ� EUDLQ�� ZKLFKHQDEOHV� XV� WR� WUHDW� WKLV� LQIRUPDWLRQ�� LV� WKH� PRVW� SRZHUIXO� OHDUQLQJ� V\VWHP� HYHU� NQRZQ�� $VFRPSXWLQJ� WKHRULHV� EHJDQ� WR� HPHUJH�� WKH� FRPSDULVRQ� EHWZHHQ� WKH�PLQG� DQG� D� FRPSXWHU� EHFDPHFRPPRQO\� XVHG�� ,Q� WKH� ����V�� WKH� VFLHQWLVWV� EHJDQ� WR�ZRUN�RQ� WKLV� FRQFHSW�� 7KHQ�PLPLFNLQJ� WKHKXPDQ�EHKDYLRU�EHFDPH�WKH�QHZ�FKDOOHQJH�IRU�FRPSXWDWLRQDO�VFLHQWLVWV��%\� LPLWDWLQJ� WKH�ZD\� WKHKXPDQ� OHDUQW�� VFLHQWLVWV� JDYH� ELUWK� WR� DUWLILFLDO� LQWHOOLJHQFH�� 7KLV� DSSURDFK� LV� QRW� RQO\� XVHG� LQFRPSXWDWLRQDO�VFLHQFHV�EXW�DOVR�LQ�RWKHU�ILHOGV��VXFK�DV�ELRORJLFDO�VFLHQFHV�7KH� DSSOLFDWLRQ� RI� FRPSXWDWLRQDO�PHWKRGV� WR� ELRORJLFDO� VFLHQFH� VWDUWHG� LQ� WKH� HDUO\� ����V�ZLWK�WKH�ILUVW�GDWD�EDQNV��%LRORJLVWV�DQG�RWKHU�VFLHQWLVWV�UHDOLVHG�WKH�DGYDQWDJHV�RI�XVLQJ�FRPSXWHUVWR�DQDO\VH� WKH�ELRORJLFDO�GDWD��+RZHYHU�� WKH�ELRORJLFDO�V\VWHPV�EHFRPH�PRUH� DQG�PRUH�FRPSOH[�7KH� WRROV� WKDW�XVHG�FRQYHQWLRQDO�DOJRULWKPV�DUH�EHFRPLQJ� XQDEOH� WR�KDQGOH� WKH� ODUJH� DQG� UDSLGO\H[SDQGLQJ� DPRXQW� RI� GDWD� DQG� WKXV� WR� DGGUHVV� UHDO�ZRUOG� SUREOHPV�� %HFDXVH� PDFKLQH� OHDUQLQJDSSURDFKHV� DUH� HIILFLHQW� IRU� GDWD� IRUPDOL]DWLRQ�� VHTXHQFH� DQG� VWUXFWXUHV� DQDO\VLV�� GDWD� LQWHJUDWLRQDQG�ELRORJLFDO�LQWHUSUHWDWLRQ�RI�JHQHWLF�LQIRUPDWLRQ��WKH\�WHQG�WR�GHWKURQHG�WUDGLWLRQQDO�PHWKRGV�
7KH� DLP� RI� WKLV� SDSHU� LV� WR� GHVFULEH� DQG� FRPSDUH� WKH� +XPDQ� /HDUQLQJ� WKHRULHV� DQG� WKH0DFKLQH�/HDUQLQJ�PHWKRGV�DSSOLHG�WR�%LRLQIRUPDWLFV�

� /HDUQLQJ
��� 'HILQLWLRQ

/HDUQLQJ�LV�© DQ�DGDSWDWLYH�SURFHVV�LQ�ZKLFK�WKH�WHQGHQF\�WR�SHUIRUP�D�SDUWLFXODU�EHKDYLRXU�LVFKDQJHG�E\�H[SHULHQFH ª���© 3V\FKRORJ\ ��7KH�6FLHQFH�RI�%HKDYLRU ª��1��5��&DUOVRQ��:��%XVNLVW��*�1��0DUWLQ���
/HDUQLQJ� LV�PXFK�PRUH�FRPSOH[�LQ�KXPDQ�EHLQJV�WKDQ� LQ�DQLPDOV�EHFDXVH�RI� WKH�HPRWLRQDOSDUW�� :KHUHDV� KXPDQV� EHKDYH� LQ� DQ� HPRWLRQDO� ZD\�� DQLPDOV� ZRXOG� UDWKHU� UHDFW� LQVWLQFWLYHO\�1HYHUWKHOHVV�ERWK�OHDUQ�E\�H[SHULHQFH�

7KH\ 7U\�2EVHUYH��UHFHLYH�D�IHHGEDFN��$GDSW�WKHLU�EHKDYLRU���� 3UREOHP�VROYLQJ
/HDUQLQJ� LV�RIWHQ� UHODWHG� WR�SUREOHP�VROYLQJ��$�SUREOHP� LV� D� © VWDWH� RI� DIIDLUV� LQ�ZKLFK�ZHKDYH�D�JRDO�EXW�GR�QRW�KDYH�D�FOHDU�XQGHUVWDQGLQJ�RI�KRZ�LW�FDQ�EH�DWWDLQHGª��+RO\RDN��������

7KH�EDVLF�SULQFLSOH�RI�SUREOHP�VROYLQJ�FDQ�EH�GHVFULEHG�E\�WKH�IROORZLQJ�VFKHPH��
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:KHQ� GHDOLQJ� ZLWK� D� SUREOHP�� ZH� JHQHUDOO\� EXLOG� D� SDWK� WR� UHDFK� WKH� VROXWLRQ� E\� WDNLQJVHYHUDO� DFWLRQV��:H�ILQG�JHQHUDO� UXOHV� �FDOOHG�KHXULVWLFV�� WKDW� DUH�XVHIXO� LQ�JXLGLQJ�RXU� VHDUFK� IRUWKLV� SDWK��7KHVH� UXOHV� WHOO�XV�ZKDW� WR� IRFXV� RQ� DQG�ZKDW� VWUDWHJ\� WR� WDNH��7KHUH� DUH� WZR�ZD\V�RIUHDVRQLQJ �� ZH� FDQ� LQIHU� VSHFLILF� LQVWDQFH� IURP� JHQHUDO� SULQFLSOHV� �GHGXFWLYH� UHDVRQLQJ�� RU� ILQGJHQHUDO�SULQFLSOHV�IURP�VSHFLILF�IDFWV��LQGXFWLYH�UHDVRQLQJ��:KDW� ZH� JHQHUDOO\� GR� LV� FODVVLI\� WKH� GLIIHUHQW� GDWD� DFFRUGLQJ� WR� WKHLU� FKDUDFWHULVWLFV� DVFRQFHSWV��0RVW�WKLQNLQJ�GHDOV�ZLWK�UHODWLRQVKLSV�DQG�LQWHUDFWLRQV�DPRQJ�WKH�FRQFHSWV�DQG�LQYROYHVWKH�PDQLSXODWLRQ�DQG�WKH�FRPELQDWLRQ�RI�WKHVH�FRQFHSWV�
,Q� $UWLILFLDO� ,QWHOOLJHQFH�� VFLHQWLVWV� PLPLF� WKH� KXPDQ� RU� DQLPDO� EHKDYLRU� LQ� EXLOGLQJLQWHOOLJHQW�URERWV��+RZHYHU��LQ�RUGHU�WR�VLPSOLI\�WKH�SURFHVV�WKH\�WHQG�WR�LJQRUH�WKH�HPRWLRQDO�SDUWVWKDW� DIIHFW� KXPDQ� UHDVRQLQJ� DQG� FRQFHQWUDWH� RQ� DXWRPDWLFDOO\� EHKDYLRU�� 7KXV� WKH\� FDQ� SURGXFHOHDUQLQJ�DJHQWV�WKDW�DUH�DEOH�WR�OHDUQ�DQG�GHYHORS�E\�WKHPVHOYHV�
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��� /HDUQLQJ�DOJRULWKPV
³7HOO�PH��,�IRUJHW�6KRZ�PH��,�UHPHPEHU�,QYROYH�PH��,�XQGHUVWDQG�´²&KLQHVH�SURYHUE
,Q� RUGHU� WR� XQGHUVWDQG� KRZ� WKH� OHDUQLQJ� SURFHVV� RFFXUV� LQ� KXPDQ� EHLQJV� DQG� DQLPDOV�VFLHQWLVWV�KDYH�GHYHORSHG�OHDUQLQJ�DOJRULWKPV��6XFK�DOJRULWKPV�H[SODLQ�KRZ�D� OHDUQHU�FKDQJHV�KLVEHKDYLRU� DFFRUGLQJ� WR� WKH� LQSXWV� DQG� IHHGEDFN� KH� UHFHLYHV� IURP� LWV� HQYLURQPHQW��$V�ZH�ZLOO� VHHIXUWKHU�� WKHVH� DOJRULWKPV� DUH� XVHG� DV� ZHOO� LQ� KXPDQ� OHDUQLQJ� DV� LQ� PDFKLQH� OHDUQLQJ�� 7KHVHDOJRULWKPV�FDQ�EH�SODFHG�LQWR�WKUHH�GLIIHUHQW�JURXSV��GHSHQGLQJ�RQ�WKH�IHHGEDFN�WKH�OHDUQHU�UHFHLYHVIURP�LWV�HQYLURQPHQW�

����� 6XSHUYLVHG�/HDUQLQJ
$V�WKH�QDPHV�VXJJHVWV��VXSHUYLVHG�OHDUQLQJ�LQYROYHV�OHDUQLQJ�ZLWK�VRPH�VXSHUYLVLRQ�IURP�DQH[WHUQDO�H[SHUW��7KH�OHDUQHU�LV�WROG�ZKDW�KLV�UHVSRQVH�VKRXOG�EH��+H�WKHQ�FRPSDUHV�KLV�RZQ�UHVSRQVHWR�WKH�DZDLWHG�UHVSRQVH��DQG�DGMXVWV�KLV�LQWHUQDO�EHKDYLRU�LQ�RUGHU�WR�JLYH�WKH�FORVHVW�DQVZHU�WR�WKHWDUJHWHG� UHVSRQVH��7KXV�KH�ZLOO� EH�PRUH� OLNHO\� WR�JLYH� WKH� DSSURSULDWH� UHVSRQVH� WKH� QH[W� WLPH� KHUHFHLYHV�WKH�VDPH�LQSXW�$V�DQ�H[DPSOH��FRQVLGHU�D� VWXGHQW�SDVVLQJ� DQ� H[DP��7KH� H[DP� LV�PDUNHG� DQG� WKH� VWXGHQWQRWLFHV� WKH� TXHVWLRQV� KH� DQVZHUHG� LQFRUUHFWO\�� $IWHU� EHLQJ� VKRZQ� WKH� FRUUHFW� DQVZHUV�� KH� ZLOOUHPHPEHU�WKHP�LQ�RUGHU�WR�VXFFHHG�QH[W�WLPH�6XSHUYLVHG� OHDUQLQJ� LV� VWXGLHG� LQ� PDFKLQH� OHDUQLQJ�� VWDWLVWLFDO� SDWWHUQ� UHFRJQLWLRQ�� DQGDUWLILFLDO�QHXUDO�QHWZRUNV�

����� 8QVXSHUYLVHG�/HDUQLQJ
,Q�XQVXSHUYLVHG�OHDUQLQJ��WKH�OHDUQHU�LVQ¶W�JLYHQ�DQ\�IHHGEDFN�DW�DOO��,QVWHDG��KH�LV�DVNHG�WRREVHUYH� WKH� VLPLODULWLHV� DQG�GLIIHUHQFHV� DPRQJ� WKH� LQSXWV�KH� UHFHLYHV�� DQG� WR� UHSUHVHQW� WKHP� LQ� DPRUH�HIILFLHQW�ZD\� WR�KLPVHOI��DV�FOXVWHUV�RU�FDWHJRULHV�� ,W� LV� LQGHHG�RIWHQO\� HDVLHU� WR�GLYLGH�D�ELJWDVN�LQ�VPDOO�RQHV�LQ�RUGHU�WR�WUHDW�WKHP�VHSDUDWHO\�)RU�H[DPSOH��ZKHQ�ZH� WU\� WR�DVVHPEOH� WKH�SLHFHV�RI�D� MLJVDZ��ZH� ILUVW� JDWKHU� WRJHWKHU� WKHSLHFHV�KDYLQJ�WKH�VDPH�FRORU��WKH�VDPH�IRUP��DQG�VR�RQ��7KHQ�ZH�SXW�WRJHWKHU�WKH�GLIIHUHQWV�SDUWV�LQRUGHU�WR�EXLOG�WKH�HQWLUH�MLJVDZ�2QH�FRQFUHWH�H[DPSOH�LV�WKH�'HFU\SWRQ�3URMHFW�ODXQFKHG�LQ������LQ�)UDQFH��ZKLFK�DLPHG�WREXLOG�D�GDWDEDVH�RI�DOO�NQRZQ�KXPDQ�SURWHLQV�DQG�WR�VHDUFK�WKH�VLPLODULWLHV�EHWZHHQ�WKHP��,Q�RUGHUWR�GHFU\SW� WKH�JHQRPH��WKH�VFLHQWLVWV�VXJJHVWHG�HDFK�RZQHU�RI�D�FRPSXWHU�OHQG�LWV�PDFKLQH� WR� WKHVFLHQFH��7KH�XVHU�KDG�WR�GRZQORDG�D�VPDOO�SURJUDP�WKDW�ZRXOG�UXQ�LQ�EDFNJURXQG�DQG�PDNH�VRPHFDOFXODWLRQV�� 7KHQ� E\� SXWWLQJ� WRJHWKHU� WKH� GDWD� JHQHUDWHG� E\� HDFK� FRPSXWHU� ������� ZHEXVHUVSDUWLFLSDWHG ���� WKH� VFLHQWLVWV� VXFFHHGHG� WR� FRPSDUH� WKH� ���� ���� SURWHLQV� FRQVWLWXWLQJ� WKH� OLYLQJZRUOG� 2WKHU� H[DPSOHV� DUH� WKH� .RKRQHQ� $UWLILFLDO� 1HXUDO� 1HWZRUNV� �.$11V��� LQ� ZKLFK� WKHDOJRULWKPV�VHHN�FOXVWHUV�LQ�WKH�GDWD��DQG�3ULQFLSDO�&RPSRQHQWV�$QDO\VLV��3&$��

����� 5HLQIRUFHPHQW�/HDUQLQJ
³(YHU\ERG\�IDOOV�WKH�ILUVW�WLPH´��7KH�0DWUL[
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5HLQIRUFHPHQW�/HDUQLQJ�LV�D�WKLUG�DOWHUQDWLYH��PXFK�FORVHU�WR�XQVXSHUYLVHG�WKDQ�VXSHUYLVHGOHDUQLQJ�� ,W� FRUUHVSRQGV� WR� WKH� µFDXVH� DQG�HIIHFW¶�PHWKRG�� ,Q� WKLV�PHWKRG�� WKH� OHDUQHU�KDV�QR� FOXHFRQFHUQLQJ�WKH�DFWLRQV�KH�VKRXOG�WDNH��7KXV�KH�WULHV�HYHU\�DFWLRQ�LQ�RUGHU�WR�GLVFRYHU�WKH�RQH�WKDW\LHOGV�WKH�EHVW�UHZDUG��+H�WKHQ�UHFHLYHV�IHHGEDFN�DERXW�WKH�DSSURSULDWHQHVV�RI�KLV�UHVSRQVH�:LWKRXW�NQRZLQJ�LW��ZH�DOO�XVHG�UHLQIRUFHPHQW�OHDUQLQJ�DV�D�FKLOG ��HYHU\�DFWLRQ�D�FKLOG�WDNHVLV�D�WU\��+LV�SDUHQWV�JLYH�KLP�D�IHHGEDFN ��,I�KH�PDNHV�D�PLVWDNH���WKH\�UXPEOH�KLP�VR�WKDW�LW�ZRQ¶WKDSSHQ�DJDLQ��DQG�LI�LW�LV�D�JRRG�LGHD��WKH\�HQFRXUDJH�KLP��7KH�FKLOG�REVHUYHV�LWV�SDUHQWV¶�UHDFWLRQDQG�DGDSWV�LWV�EHKDYLRU�DFFRUGLQJO\�5HLQIRUFHPHQW� OHDUQLQJ� LV� XVHG� LQ� VHYHUDO� ILHOGV�� VXFK� DV� JDPH� SOD\LQJ�� OHDUQLQJ� LQ� D�PLFUR�ZRUOG��RQ�OLQH�FRQWURO��DQG�DXWRQRPRXV�URERW�H[SORUDWLRQ�
� +XPDQ�/HDUQLQJ
��� ,QWURGXFWLRQ

$W�WKH�EHJLQQLQJ�RI� WKH�FHQWXU\��PRVW� OHDUQLQJ� WKHRULVWV�VWLOO�EHOLHYHG�WKDW�FKLOGUHQ�ZHUH�QRWFDSDEOH�RI�FRPSOH[�PHQWDO�DFWLYLWLHV��7KH\�FRQVLGHUHG�QHZERUQ¶V�PLQG�DV�D�EODQN�WDEOH�RQ�ZKLFKHYHU\GD\� OLIH� H[SHULHQFH� ZDV� JUDGXDOO\� LPSUHVVHG�� %XW� VRRQ� WKLV� YLHZ� ZDV� FULWLFL]HG�� 1HZPHWKRGRORJLHV�FDPH�DQG�HQDEOHG�SV\FKRORJLVWV�WR�SURYH�WKDW�VPDOO�FKLOGUHQ�DUH�DEOH�WR�EXLOG�WKHLURZQ�FRQFHSWV�DERXW�WKHLU�VXUURXQGLQJ�HQYLURQPHQW��DV�OLIH�H[SHULHQFH�DFFXPXODWHV���� 7KH�ODZV�RI�KXPDQ�OHDUQLQJ
:KLOH� REVHUYLQJ� KXPDQ� OHDUQLQJ�� OHDUQLQJ� WKHRULVWV� QRWLFHG� VRPH� ODZV� WR� ZKLFK� KXPDQOHDUQLQJ�REH\V��WKDW�WKH\�FDOOHG�³ODZV�RI�OHDUQLQJ´��7KHVH�DUH�OLVWHG�EHORZ��

�� /DZ�RI�HIIHFW ��:H�DUH�OLNHO\�WR�UHSHDW�D�EHKDYLRU�WKDW�IRUPHUO\�OHDGHG�WR�D�VXFFHVV��� /DZ�RI�FDXVDO�UHODWLRQVKLS ��7R�OHDUQ�WKH�UHODWLRQVKLS�EHWZHHQ�DQ�DFWLRQ�DQG�D�UHVXOW��ZH�QHHG�WRVHH�DQ�REYLRXV�FDXVDO�UHODWLRQ�EHWZHHQ�WKHP��� /DZ�RI�FDXVDO�OHDUQLQJ ��:H�WU\�WR�UHSHDW�WKH�EHKDYLRUV�WKDW�KDYH�DQ�REYLRXV�FDXVDO�UHODWLRQ�WRWKH�UHVXOW�ZH�DUH�ZDLWLQJ�IRU��� /DZ�RI�FDXVDO�OHDUQLQJ ��:H�WU\�WR�DYRLG�WKH�DFWLRQV�WKDW�KDYH�DQ�REYLRXV�FDXVDO�UHODWLRQ� WR�DUHVXOW�ZH�GRQ¶W�ZLVK��� /DZ�RI�LQIRUPDWLRQ�IHHGEDFN ��7KH�RXWFRPH�RI�DQ�DFWLRQ�JLYHV�VRPH�LQIRUPDWLRQ�RQ�WKDW�DFWLRQ���� 7KH�PDLQ�KXPDQ�OHDUQLQJ WKHRULHV
6HYHUDO� WKHRULHV� ZHUH� VXJJHVWHG�� WU\LQJ� WR� H[SODLQ� KXPDQ� OHDUQLQJ�� 7KH� PRVW� LPSRUWDQW� DUHGHVFULEHG�LQ�WKLV�VHFWLRQ�

����� &RQVWUXFWLYLVP
,Q� FRQVWUXFWLYLVP� OHDUQLQJ� LV� VHHQ� DV� D� VHDUFK� IRU� PHDQLQJ�� ,W� LV� D� SKLORVSK\� RI� OHDUQLQJZKLFK�VWDWHV�WKDW�HDFK�RI�XV�FRQVWUXFWV�KLV�RZQ�XQGHUVWDQGLQJ��KLV�RZQ�PHQWDO�PRGHOV�RI�WKH�ZRUOG�DFFRUGLQJ� WR� KLV� H[SHULHQFH��:H� GR� QRW� MXVW�PHPRUL]H� DQG� DGDSW� VRPHRQH� HOVH¶V� XQGHUVWDQGLQJ�7KHUHIRUH� OHDUQLQJ� FRQVLVWV� VLPSO\� LQ� DGMXVWLQJ� WKHVH� PHQWDO� PRGHOV� LQ� RUGHU� WR� GHDO� ZLWK� QHZH[SHULHQFHV�

����� %HKDYLRULVP



�

7KH�EHKDYLRULVP�WKHRU\�ZDV�HODERUDWHG�E\�WKH�DPHULFDQ�SV\FKRORJLVWV�-��%��:DWVRQ�DQG�%�)�6NLQQHU�� ,W� RQO\� IRFXVHV� RQ� REVHUYDEOH� EHKDYLRU�� GLVUHJDUGLQJ� PHQWDO� DFWLYLWLHV�� 7KH� VSLULW� LVFRQVLGHUHG�DV�D�EODFN�ER[��$FFRUGLQJ� WR� WKLV� WKHRU\��PHQWDO�VWDWHV�DUH�SDWWHUQV�RI�EHKDYLRU�ZKLFKGRQ¶W�LPSO\�PHQWDO�RU�FRQVFLHQW�VWDWHV��7KHVH�DUH�RQO\�ERG\�PRYHPHQWV�%HKDYLRULVWV� EHOLHYH� WKDW� FRQGLWLRQLQJ� LV� D� XQLYHUVDO� OHDUQLQJ� SURFHVV�� $FFRUGLQJ� WR� WKHEHKDYLRUDO�SDWWHUQ�LW�SURGXFHV� WKHUH�DUH�WZR�W\SHV�RI�FRQGLWLRQQLQJ��$� QDWXUDO� UHIOH[� UHVSRQGLQJ� WR� D� VWLPXOXV� LV� FRQVLGHUHG� DV� FODVVLF� FRQGLWLRQLQJ�� 3DYORY¶VREVHUYDWLRQ�WKDW�GRJV�VDOLYDWH�ZKLOH�HDWLQJ�RU�HYHQ�VHHLQJ�IRRG�LV�RQH�H[DPSOH�$�UHLQIRUFHG�UHVSRQVH� WR�D�VWLPXOXV� LV�FRQVLGHUHG�DV�EHKDYLRUDO�RU�RSHUDQW�FRQGLWLRQLQJ �� ,W� LVOLNHO\�WR�D�IHHGEDFN�V\VWHP ��LI�D�UHVSRQVH�LV�UHZDUGHG�RU�UHLQIRUFHG��LW�EHFRPHV�PRUH�SUREDEOH� LQWKH�IXWXUH�
%HKDYLRULVP�KDV�EHHQ�ZLGHO\�FULWLFL]HG��)RU�LW�GLVUHJDUGV�PHQWDO�DFWLYLWLHV��LW�GRHV�QRW�DFFRXQWIRU�DOO�NLQG�RI�OHDUQLQJ��(YHU\GD\�OLIH�FRQILUPV�WKH�IDFW�WKDW�KXPDQ�EHKDYLRUV�DUH�FDXVHG�E\�PHQWDODFWLYLWLHV��)RU�H[DPSOH��LI�,�EHOLHYH�WKDW�LW¶V�JRQQD�UDLQ�WRGD\��,�ZLOO�WDNH�P\�XPEUHOOD�0RUHRYHU��EHKDYLRULVP�LV�JRLQJ�DURXQG�LQ�FLUFOH ��EHKDYLRULVW�DQDO\VLV�RI�PHQWDO�VWDWHV�LQYROYHVRWKHU�PHQWDO�VWDWHV��7KLV�LV�SDUWLFXODUO\�WUXH�LI�WKH�VXJJHVWHG�DQDO\VLV�LPSOLHV�WKH�DQDO\VHG�EHKDYLRU�)RU�H[DPSOH��³,¶P�HIILFLHQW�EHFDXVH�,¶P�FRPSHWHQW�DQG�,¶P�FRPSHWHQW�EHFDXVH�,¶P�HIILFLHQW´�
+RZHYHU�� EHKDYLRULVP� UHLQIRUFHPHQW� WHFKQLTXHV� FDQ� EH� YHU\� HIIHFWLYH��7KH\� DUH� LQ� SDUWLFXODUXVHG�VXFFHVVIXOO\�LQ�KXPDQ�GLVRUGHUV�VXFK�DV�DXWLVP�DQG�DQWLVRFLDO�EHKDYLRU�

����� /HDUQLQJ�6W\OHV
(DFK�RI�XV�KDV�LWV�RZQ�ZD\�RI�OHDUQLQJ��7KH�OHDUQLQJ�VW\OH�WKHRU\�VWDWHV�WKDW�WKH�TXDQWLW\�RIOHDUQLQJ�E\�HDFK�LQGLYLGXDO�GHSHQGV�PRUH�RQ�WKH�ZD\�WKH�LQGLYLGXDO�OHDUQV��RQ�LWV�RZQ�RU�XQGHU�WKHVXSHUYLVLRQ�RI�VRPHRQH�HOVH���WKDQ�RQ�LWV�LQWHOOLJHQFH�7KLV�WKHRU\�LV�EDVHG�RQ�UHVHDUFK�GHPRQVWUDWLQJ�WKDW�GLIIHUHQW�LQGLYLGXDOV�WHQG�WR�SURFHVV�DQGSHUFHLYH�LQIRUPDWLRQ�GLIIHUHQWO\��DFFRUGLQJ�WR�WKHLU�JURZLQJ�HQYLURQPHQW¶V�UHTXLUHPHQWV�
7KHUH�DUH�JHQHUDOO\�WZR�W\SHV�RI�LQGLYLGXDOV �&RQFUHWH� DQG� DEVWUDFW� SHUFHLYHUV �� &RQFUHWH� SHUFHLYHUV� JHW� LQIRUPDWLRQ� WKURXJK� GLUHFWLQWHUDFWLRQ� ZLWK� WKH� ZRUOG�� $EVWUDFW� SHUFHLYHUV� DUH� WKHRULVWV �� WKH\� WDNH� LQIRUPDWLRQ� LQ� WKURXJKDQDO\VLV�DQG�WKLQNLQJ�$FWLYH� DQG� UHIOHFWLYH� SURFHVVRUV �� $FWLYHV� SURFHVVRUV� XQGHUVWDQG� DQ� H[SHULHQFH� E\LPPHGLDWHO\�SXWWLQJ�LW�LQWR�SUDFWLFH��ZKHUHDV�UHIOHFWLYH�SURFHVVRUV�QHHG�WR�WKLQN�DERXW�LW�

����� 2EVHUYDWLRQDO�/HDUQLQJ
2EVHUYDWLRQDO� OHDUQLQJ�� RU�VRFLDO� OHDUQLQJ� WKHRU\� FRQVLVWV� LQ�PRGLI\LQJ� LWV� RZQ� EHKDYLRUDIWHU�REVHUYLQJ D�PRGHO��7KH�REVHUYHU�ZLOO�LPLWDWH�WKH�PRGHO¶V�EHKDYLRU��LI�KH�ILQGV�LW�DWWUDFWLYH��7KHDIIHFW�LV�FDOOHG�YLFDULRXV�UHLQIRUFHPHQW LI�LW�LV�SRVLWLYH��YLFDULRXV�SXQLVKPHQW RWKHUZLVH�

7KHUH�DUH�IRXU�GLIIHUHQW�ZD\V�RI�OHDUQLQJ�E\�REVHUYDWLRQ �� $WWHQWLRQ ��7KH�REVHUYHU�PXVW�SD\�DWWHQWLRQ�WR�WKHLU�VXUURXQGLQJ�HQYLURQPHQW� 5HWHQWLRQ ��7KH�REVHUYHU�PXVW�LGHQWLI\�WKH�PRGHO¶V�EHKDYLRU�DQG�UHPHPEHU�LW� 3URGXFWLRQ ��7KH�REVHUYHU�PXVW�SURGXFH�VRPH�NLQG�RI�EHKDYLRU��LQWHOOHFWXDO�RU�SK\VLFDO� 0RWLYDWLRQ �� ,Q� JHQHUDO�� WKH� REVHUYHU� ZLOO� UHDFW� RQO\� LI� KH� LV� PRWLYDWHG�� 5HLQIRUFHPHQW� RUSXQLVKPHQW�DUH�SDUWLFXODUO\�HIILFLHQW�LQ�WKLV�SURFHVV�$WWHQWLRQ� DQG� UHWHQWLRQ� KHOS� WKH� REVHUYHU� WR� DFTXLUH� WKH� PRGHO¶V� EHKDYLRU� �� SURGXFWLRQ� DQGPRWLYDWLRQ�KHOS�KLP�WR�FRQWURO�KLV�DFW�



�

:KDW� DQ� LQGLYLGXDO� REVHUYHV� LQIOXHQFHV� KLV� EHKDYLRU� EXW� WKH� LQGLYLGXDO¶V� EHKDYLRU� DOVRLQIOXHQFHV� KLV� HQYLURQPHQW�� 7KHVH� LQIOXHQFHV� DUH� UHFLSURFDO�� 7KXV� WKH� UHODWLRQVKLS� EHWZHHQ� DSHUVRQ��WKH�SHUVRQ¶V�EHKDYLRU�DQG�KLV�HQYLURQPHQW�LV�FDOOHG�UHFLSURFDO�GHWHUPLQLVP �
����� &RPPXQLWLHV�RI�3UDFWLFH��&R3V�

,Q� WKLV� DSSURDFK�� OHDUQLQJ� RFFXUV� ZLWKLQ� FRPPXQLWLHV� WKDW� JDWKHU� WRJHWKHU� SHRSOH� ZKLFKVKDUH�WKH�VDPH�EHOLHIV��:H�DUH�DOO�PRUH�RU�OHVV�LPSOLHG�LQ�VXFK�FRPPXQLWLHV��DW�VFKRRO��DW�ZRUN��HWF�7KLV�DSSURDFK�LV�YHU\�HIILFLHQW�DV�HDFK�PHPEHU�RI�WKH�FRPPXQLW\�EULQJV�DQG�VKDUHV�KLV�NQRZOHGJH�JLYHV�DQG�JHWV�PRWLYDWLRQ��7KLV�NLQG�RI�FRPPXQLWLHV�FDQ�EH�IRXQG� LQ�ELJ�VRFLHWLHV�� VXFK�DV� ,%0�&KDWV��IRUXPV�DQG��3HHU�WR�3HHU�DUH�RWKHU�H[DPSOHV��7KH\�HQDEOH�SHRSOH�KDYLQJ�WKH�VDPH�LQWHUHVWV�WRVKDUH�WKHLU�LGHDV�DQG�JRRGV�
����� %UDLQ�EDVHG�/HDUQLQJ

7KLV�OHDUQLQJ�WKHRU\�LV�EDVHG�RQ�WKH�REVHUYDWLRQ�RI�WKH�EUDLQ��7KH�PDLQ�LGHD�LV�WKDW�WKH�EUDLQLV�D�SDUDOOHO�SURFHVVRU��DEOH�WR�SHUIRUP�VHYHUDO�WDVNV�DW�RQFH��(DFK�EUDLQ�LV�XQLTXH�(YHU\ERG\�OHDUQV��HYHU\WLPH��7KH�VHDUFK�IRU�PHDQLQJ�LQ�HDFK�LQGLYLGXDO�LV�LQQDWH�DQG�UHVXOWVIURP�SDWWHUQLQJ�DQG�HPRWLRQV��&KDOOHQJH�HQKDQFHV�OHDUQLQJ��WKUHDW�LQKLELWV�LW��/HDUQLQJ�LQYROYHV�DVZHOO�IRFXVHG�DWWHQWLRQ�DV�H[WHUQDO�SHUFHSWLRQ��FRQVFLRXV�DQG�XQFRQVFLRXV�SURFHVVHV�%UDLQ�EDVHG� OHDUQLQJ� GLVWLQJXLVKHV� VSDWLDO� PHPRU\� DQG� URWH� PHPRU\�� )DFWV� WKDW� DUHHPEHGGHG�LQ�VSDWLDO�PHPRU\�DUH�WKH�RQH�ZH�XQGHUVWDQG�DW�EHVW�7KUHH� WHFKQLTXHV� DUH� DVVRFLDWHG� ZLWK� EUDLQ�EDVHG� OHDUQLQJ �� RUFKHVWUDWHG� LPPHUVLRQ �WKHOHDUQHU� LV�IXOO\� LPPHUVHG�LQ�WKH�OHDUQLQJ�H[SHULHQFH� ��UHOD[HG�DOHUWQHVV �WKH� OHDUQHU�LV�SODFHG�LQ�DFKDOOHQJLQJ�HQYLURQPHQW�DQG� WULHV� WR�HOLPLQDWH� LWV� IHDUV� ��DFWLYH�SURFHVVLQJ �WKH� OHDUQHU�JHQHUDWHVLQIRUPDWLRQ�E\�DFWLYHO\�ZRUNLQJ�RQ�LW��
��� 7KH�PDLQ�KXPDQ�OHDUQLQJ WKHRULVWV
����� -HDQ�3LDJHW������������

/HDUQLQJ� LV� © WKH� DFTXLVLWLRQ� RI� VSHFLILF� EHKDYLRXU� IRU� KDQGOLQJ� D� SDUWLFXODU� WDVN� LQ� DSDUWLFXODU�FRQWH[W ª �-��3LDJHW��
6ZLVV� ELRORJLVW� DQG� SV\FKRORJLVW� -HDQ� 3LDJHW� LV� UHQRZQHG� IRU� FRQVWUXFWLQJ� D� KLJKO\LQIOXHQWLDO�PRGHO�RI�FKLOG�GHYHORSPHQW�DQG� OHDUQLQJ��+H�HUDGLFDWHG� WKH� µWDEXOD� UDVD¶ YLHZ�RI� WKHFKLOG¶V�PLQG��+H�DIILUPV�WKDW�WKH�FKLOG�GHYHORSPHQW�LQFUHDVHV�FRQWLQXRXVO\�IURP�LQQDWH�UHIOH[HV��WRPDWXUH� DEVWUDFW� WKRXJKWV�� VWDWLQJ� WKDW� WKH� FKLOG¶V� GHYHORSPHQW� JRHV� WKURXJK� WKH� SURJUHVVLYHVRFLDOL]DWLRQ� RI� DQ� LQGLYLGXDO� WKRXJKW�� ILUVW� UHEHO� WR� VRFLDO� DGDSWDWLRQ�� WKHQ� PRUH� DQG� PRUHSHQHWUDWHG�E\�WKH�VXUURXQGLQJ�LQIOXHQFHV�RI�DGXOWV��:KLOH�REVHUYLQJ�FKLOGUHQ��KH�WRWDOO\�UHRUJDQL]HVWKH� NH\� FRQFHSWV� OLQNHG� WR� WKH� FKLOG� GHYHORSPHQW� DQG� H[SODLQV� WKHP� DV� VHYHUDO� VWDJHV� IURPVHQVRULPRWRU�VWDJH�WR�KLJKO\�PHQWDO�DFWLYLWLHV��GXULQJ�ZKLFK�WKH�FKLOG�EXLOGV�FRJQLWLYH�VWUXFWXUHV�

7KHVH�VWDJHV�DUH ��� 6HQVRULPRWRU�VWDJH��ELUWK�����\HDUV�ROG� ��7KH�FKLOG�QHHGV�WR�LQWHUDFW�SK\VLFDOO\�ZLWK�KLV�RU�KHUHQYLURQPHQW�LQ�RUGHU�WR�XQGHUVWDQG�WKH�UHDOLW\��� 3UHRSHUDWLRQDO� VWDJH� �DJHV� ���� �� 7KH� FKLOG� LV� QRW� \HW� FDSDEOH� RI� DEVWUDFW� WKRXJKWV� DQG� VWLOOQHHGV�FRQFUHWH�SK\VLFDO�LQWHUDFWLRQV��� &RQFUHWH� RSHUDWLRQV� �DJHV� ����� �� 7KH� FKLOG� EHJLQV� WR� EXLOG� FRQFHSWV� WKDW� H[SODLQ� KLV� RU� KHUSK\VLFDO�H[SHULPHQWV�



�

�� )RUPDO�RSHUDWLRQV��EHJLQQLQJ�DW�DJHV������� ��7KH�FKLOG�LV�DEOH� WR� WKLQN�FRQFHSWXDOO\��OLNH�DQDGXOW�
����� %�)��6NLQQHU������������

&RQWUDU\� WR� 3LDJHW�� 6NLQQHU� EHOLHYHV� D� FKLOG� OHDUQV� EHWWHU� ZLWK� UHLQIRUFHPHQW�� +LV� WKHRU\VWDWHV�WKDW�LI�D�FKLOG�LV�JUDGXDOO\�UHZDUGHG�IRU�HDFK�VWHSV�KH�GRHV�WRZDUGV�D�VSHFLILHG�JRDO��KH�ZLOOILQDOO\�UHDFK�WKH�ULJKW�VROXWLRQ�
7KH�LGHD�RI�SURJUDPPHG�OHDUQLQJ�VXJJHVWHG�E\�6NLQQHU�EHFDPH�SRSXODU�LQ�HGXFDWLRQ�LQ�WKH����¶V�DQG�����¶V�DQG�LV�VWLOO�XVHG�WRGD\��7KLV�NLQG�RI�SURJUDP�FRQVLVWV�LQ�EUHDNLQJ�D�VSHFLILHG�WDVNLQWR�VPDOO�VWHSV��7KH�FKLOG�UHFHLYHV�LPPHGLDWH�IHHGEDFN�IRU�HDFK�SURJUHVV�EHIRUH�KH�FDQ�SURFHHG�WRWKH�QH[W�VWHS�DQG�HDFK�SURJUHVV�LV�LPPHGLDWHO\�UHZDUGHG��7KLV�PDNHV�WKH�FKLOG�WDNH�DQ�DFWLYH�SDUW�LQKLV�OHDUQLQJ�DQG�OHW�KLP�SURFHHG�DW�KLV�RZQ�SDFH�

����� *DUGQHU�DQG�PXOWLSOH�LQWHOOLJHQFHV
+RZDUG� *DUQHU¶V� WKHRU\� RI� PXOWLSOH� LQWHOOLJHQFHV� ZDV� ILUVW� SXEOLVKHG� LQ� ����� DQGHQFRXQWHUHG�JUHDW�VXFFHVV�LQ�HGXFDWLRQ��*DUGQHU�GRHVQ¶W�EHOLHYH�WKDW�WKHUH�LV�D�JHQHUDO�LQWHOOLJHQFH�EXW�GLVWLQJXLVKHV�HLJKW�GLIIHUHQW�NLQGV�RI�LQWHOOLJHQFH �

� 9HUEDO�/LQJXLVWLF ��7KH�DELOLW\�WR�XVH�ZRUGV�DQG�ODQJXDJH� /RJLFDO�0DWKHPDWLFDO ��7KH�DELOLW\�RI�ORJLFDO�UHDVRQLQJ��RUJDQL]LQJ�WKH�ZRUOG��FRXQWLQJ��7KLV�LVKRZ�3LDJHW�GHILQHV�WKH�QRWLRQ�RI�³LQWHOOLJHQFH´� 9LVXDO�6SDWLDO �� 7KH� DELOLW\� WR� FUHDWH� PHQWDO� LPDJHV� DQG� WR� SHUFHLYH� WKH� ZRUOG� LQ� WKUHHGLPHQVLRQV� %RG\�.LQHVWKHWLF �� 7KH� DELOLW\� WR� XVH� KLV� ERG\� LQ� D�ZLVH�PDQQHU�� WR� H[SUHVV� KLPVHOI� WKURXJKPRYHPHQWV��WR�EH�VNLOOIXO� 0XVLFDO�5K\WKPLF ��7KH�DELOLW\�WR�EH�VHQVLEOH�WR�U\WKP�DQG�PXVLF� ,QWHUSHUVRQDO ��7KH�DELOLW\�WR�FRPPXQLFDWH�ZLWK�RWKHUV� ,QWUDSHUVRQDO ��7KH�DELOLW\�WR�KDYH�D�JRRG�FRPSUHKHQVLRQ�RI�KLPVHOI� 1DWXUDOLVW� �� 7KH� FDSDFLW\� WR� LGHQWLI\� DQG� FODVVLI\� WKH� GLIIHUHQW� IRUPV� DQG� VWUXWXUH� �PLQHUDO�YHJHWDO�RU�DQLPDO�� WKDW�H[LVW� LQ�QDWXUH� �� WKLV�RQH�ZDV�DGGHG�E\�*DUGQHU� WR� WKH�VHYHQ�RWKHUV� LQ�����
����� 9\JRWVN\�DQG�6RFLDO�&RJQLWLRQ

7KH� LPSRUWDQFH� RI� DFWLYH� UROH� LQ� OHDUQLQJ�ZDV� DOVR� HQFRXUDJHG� E\�9\JRWVN\� ��������ZKRZDV�GHHSO\�LQWHUHVWHG�LQ�VRFLDO�HQYLURQPHQW�
7KH� VRFLDO� FRJQLWLRQ� PRGHO� FRQVLGHUV� FXOWXUH� DV� WKH� PDMRU� LQIOXHQFH� RQ� LQGLYLGXDOGHYHORSPHQW�� ,QGHHG�FXOWXUH� H[LVWV�RQO\� LQ� WKH�KXPDQ� VSHFLHV� DQG� HYHU\� KXPDQ�FKLOG� JURZV� LQ� DFXOWXUDO� HQYLURQPHQW�� 7KXV� HYHU\� FKLOG¶V� GHYHORSPHQW� LV� LQIOXHQFHG� E\� WKH� FXOWXUH� LQ� ZKLFK� KHHYROYHV��)LUVW��FKLOGUHQ�DFTXLUH�PRVW�RI� WKHLU�NQRZOHGJH� WKURXJK�FXOWXUH��6HFRQG�� WKH�VXUURXQGLQJFXOWXUH� KDV� DQ� LPSDFW� RQ� WKH�ZD\� WKH� FKLOG� WKLQN��ZKDW�9\JRWVNLDQV� FDOO� WKH�WRROV� RI� LQWHOOHFWXDODGDSWDWLRQ��,Q�EULHI��FXOWXUH�GHWHUPLQHV�ZKDW�WKH�FKLOGUHQ�WKLQN�DERXW�DQG�KRZ�WKH\�WKLQN�
'XULQJ�KLV�GHYHORSPHQW��WKH�FKLOG�OHDUQV�WKURXJK�SUREOHP�VROYLQJ�H[SHULPHQWV�VKDUHG�ZLWKDQ� DGXOW�� /LWWOH� E\� OLWWOH� WKH� UHVSRQVDELOLW\� IRU� JXLGLQJ� WKH� H[SHULPHQW� WUDQVIHUV� WR� WKH� FKLOG�/DQJXDJH� LV�RQH�H[DPSOH�� ,W� LV�XVHG�E\� WKH�DGXOWV� WR� WUDQVPLW�FXOWXUH�GXULQJ� WKH�ILUVW� \HDUV�RI� WKHFKLOG��XQWLO�WKH�FKLOG�LV�DEOH�WR�XVH�LQWHUQDO�ODQJXDJH�WR�JXLGH�KLV�RZQ�EHKDYLRU��2QH�RI�WKH�EHVW�LGHDIURP�9\JRWVN\�LQ�KLV�LQIOXHQFH�RQ�GHYHORSPHQWDO�SV\FKRORJ\�ZDV�KLV�FRQFHSW�RI�D�]RQH�RI�SUR[LPDO



GHYHORSPHQW��,W�UHODWHV�WR�WKH�EDQGZLGWK�EHWZHHQ�ZKDW�D�FKLOG�FDQ�GR�RQ�LWV�RZQ�DQG�ZKDW�KH�FDQQRWGR�ZLWKRXW�VXSHUYLVLRQ�
7KDQNV�WR�WKH�DQDO\VHV�RQ�+XPDQ�/HDUQLQJ��VFLHQWLVWV�ZHUH�DEOH�WR�FRQVWUXFW�QHZ�WHFKQRORJLHVEDVHG�RQ�WKH�KXPDQ�EHKDYLRU�ZKLFK�ZHUH�FRVW�HIILFLHQW�DQG�WLPH�FRQVXPLQJ��0DFKLQH�/HDUQLQJ�LVRQH�RI�WKHP��DQG�VXUHO\�RQH�RI�WKH�PRVW�SRZHUIXO�

� 0DFKLQH�OHDUQLQJ
��� ,QWURGXFWLRQ

7KH� PDLQ� SXUSRVH� RI� 0DFKLQH� /HDUQLQJ� LV� WR� PDNH� D� FRPSXWHU� OHDUQ� IURP� H[SHULHQFH�� ,WHQDEOHV� WKH� FRPSXWHU� WR� DFTXLUH� NQRZOHGJH�� UHDVRQ� ZLWK� WKH� DYDLODEOH� GDWD� WR� SURGXFH� QHZNQRZOHGJH��UHVSRQG�WR�QHZ�VLWXDWLRQV�ZLWKRXW�VXSHUYLVLRQ�DQG�DGDSW�WR�WKH�HQYLURQPHQW�
7KH�PDFKLQH�OHDUQLQJ�PRGHO�JHQHUDOO\�LQYROYHV�IRXU�HOHPHQWV�DQG�JRHV�WKURXJK�WKUHH�SKDVHV�DV�VKRZQ�LQ�WKH�IROORZLQJ�VFKHPH �
/HDUQLQJ(OHPHQW 3HUIRUPDQFH(OHPHQW &ULWLF�(OHPHQW 3UREOHP*HQHUDWRU

6WDUW

7UDLQLQJ�3KDVH �/HDUQLQJ�JHQHUDO�UXOHVXVHG�LQ�H[DPSOHV�RIFRUUHFW�EHKDYLRUV
9DOLGDWLRQ�3KDVH ��&KHFNLQJ�WKH�UXOHV $SSOLFDWLRQ�3KDVH �8VLQJ�WKH�UXOHV�WRUHVSRQG�QHZ�VLWXDWLRQV

1HZO\ � ,I�
7KH�SURFHVV�LQYROYHV�IRXU� 7KH�/HDUQLQJ�(OHPHQW� 7KH�3HUIRUPDQFH�(OHP� 7KH�&ULWLF�(OHPHQW��Z� 7KH�3UREOHPH�*HQHUD
:KLOH� GHVLJQLQJ� DDUH ��WR�ILQG�WKH�FRUUHFW�VRRI�WKH�OHDUQLQJ�V\VWHP ��DQ$� JRRG� OHDUQLQJ�PFRQVLVWHQF\�DQG�DOVR�TXLWH

��� 7KH�QHHG�RI�0DFK
����� /LPLWDWLRQV�RI�WUD

NQRZOLV�VWRU � (O
�OHDUQWHGJHHG

�HOHPHQWV��VKRZQ�LQ�WKH�VFKHPH ���ZKLFK�LPSURYHV�WKH�SURFHVV¶�SHUIRUPDQFHHQW��ZKLFK�GHFLGHV�ZKLFK�DFWLRQV�WR�WDNHKLFK�WHOOV�KRZ�WKH�SURFHVV�LV�GRLQJWRU��ZKLFK�VXJJHVWV�DFWLRQV�WKDW�FRXOG�EULQJ�Q
� OHDUQLQJ� V\VWHP�� WKH� PDLQ� SUREOHPV� JHQHXUFH�RI�H[SHULHQFH����WKH�WUDLQLQJ�GDWD�VHWV�� �G�ILQDOO\�KRZ�WR�PHDVXUH�WKH�SHUIRUPDQFH�RIRGHO� LV� FRPSRVHG� RI� DQ� DFFXUDWH� DQG� HIILF�VLPSOH�WDVNV�
LQH�/HDUQLQJ�LQ�%LRLQIRUPDWLFV
GLWLRQDO�PHWKRGV�LQ�ELRORJLFDO�VFLHQFHV
YDOLGDWLRQ�LV�RN ��FRQWLQXHVH ��JR�EDFN�WR�© 6WDUW ª
��

HZ�H[SHULHQFH
UDOO\� HQFRXQWHUHG� E\� H[SHUWV�WR�GHILQH�WKH�H[DFW�REMHFWLYH�WKH�V\VWHP�LHQW� DJHQW�� YDOXDEOH� RXWSXWV�



��

1RZDGD\V� LW� VHHPV� KDUG� WR� LPDJLQH� WKH� ZRUOG� ZLWKRXW� DQ\� FRPSXWHU�� $W� WKH� WLPH� RI� ROG�IDVKLRQHG� FRPSXWHUV�� VFLHQWLVWV� KDG� WR� FROOHFW� LQIRUPDWLRQ� E\� KDQG� DQG� LQWHUSUHWHG� LW� LQWRNQRZOHGJH��7KLV�PHWKRG�ZDV�TXLWH�WLPH�FRQVXPLQJ�DQG�LQHIILFLHQW��,Q�WKH�����¶V��ZLWK�WKH�FUHDWLRQRI�WKH�+8*2��+XPDQ�*HQRPH�2UJDQL]DWLRQ��3URMHFW��WKH�+*3��+XPDQ�*HQRPH�3URMHFW��DQG�WKHELUWK�RI�,QWHUQHW��WKH�QXPEHU�RI�H[SHULPHQWV�H[SORGHG�DQG�LW�EHFDPH�LPSRVVLEOH�IRU�UHVHDUFKHUV�LQELRLQIRUPDWLFV�WR�GHDO�ZLWK�VXFK�DQ�DPRXQW�RI�H[SHULPHQWDO�GDWD��7KH\�QHHGHG�DXWRPDWLF�V\VWHPVWKDW�FRXOG�SURGXFH�KXPDQ�FRPSUHKHQVLEOH�K\SRWKHVHV�IURP�GDWD�7KXV�VFLHQWLVWV�WXUQHG�WRZDUGV�FRPSXWHUV��DQG�FUHDWHG�SURJUDPV�VXFK�DV�%/$67��������DQG*5$,/���������ZKLFK�SHUPLWWHG�WKH�DXWRPDWLF�WUHDWPHQW�RI�QHZ�GDWD��7KHVH�ZHUH�DPRQJ�WKH�ILUVWH[DPSOHV�RI�PDFKLQH�OHDUQLQJ�LQ�ELRLQIRUPDWLFV�
����� 0DFKLQH�OHDUQLQJ�DQG�%LRLQIRUPDWLFV

2QH� RI� WKH� ILUVW� DSSOLFDWLRQ� GRPDLQV� LQ�PDFKLQH� OHDUQLQJ� ZDV�PROHFXODU� ELRORJ\��0DFKLQHOHDUQLQJ�DSSURDFKHV�SHUIRUP�ZHOO�LQ�GRPDLQV�ZKHUH�WKHUH�LV�D�YDVW�DPRXQW�RI�GDWD�EXW�OLWWOH�WKHRU\DQG� WKLV� LV� H[DFWO\� WKH� VLWXDWLRQ� LQ� PROHFXODU� ELRORJ\� UHVHDUFK�� $QRWKHU� DGYDQWDJH� RI� PDFKLQHOHDUQLQJ�DSSURDFKHV�LV�WKDW� WKH\�FDQ�HDVLO\�EH�DGDSWHG�WR�D�QHZ�HQYLURQPHQW��7KLV� LV� LPSRUWDQW� LQPROHFXODU�ELRORJ\� UHVHDUFK�EHFDXVH�QHZ�GDWD�DUH�JHQHUDWHG�HYHU\�GD\� DQG� LW�PD\�EH�QHFHVVDU\� WRXSGDWH� WKH� LQLWLDO� FRQFHSW� RU� OHDUQLQJ� K\SRWKHVHV��0RUHRYHU�PDFKLQH� OHDUQLQJ�PHWKRGV� DUH� HDVLO\UHYLVDEOH��ZKLFK�LV�FUXFLDO�IRU�JHQHUDWLQJ�DFTXLUH�QHZ�NQRZOHGJH�DQG�PDNH�QHZ�K\SRWKHVLV��ZKLFKFDQ� WKHQ� EH� LQWHUSUHWHG� E\� D� KXPDQ� H[SHUW�� 7KLV� IHHGEDFN� ORRS� EHWZHHQ� LQ� VLOLFR� DQG� LQ� YLYRH[SHULPHQWV�LPSURYHV�WKH�NQRZOHGJH�GLVFRYHU\�SURFHVV�
0DFKLQH� OHDUQLQJ� PHWKRGV� FRYHU� D� ORW� RI� SUREOHPV� LQ� ELRLQIRUPDWLFV�� VXFK� DV� ORJLFSURJUDPPLQJ�� UXOH�H[SODQDWLRQ�� ILQLWH�VWDWH�PDFKLQHV�� GDWD�PLQLQJ�� IXQFWLRQV� V\VWHP�DQG�SUREOHPVROYLQJ�V\VWHPV�

��� 0DFKLQH�OHDUQLQJ�PHWKRGV�LQ�%LRLQIRUPDWLFV
����� &OXVWHULQJ�DQG�FODVVLILFDWLRQ

&OXVWHULQJ�LV�DQ�XQVXSHUYLVHG�PHWKRG� WKDW�RUJDQLVHV� WKH�GDWD� LQWR�FODVVHV�RI�REMHFW�KDYLQJ� WKHVDPH� IHDWXUHV�� 7KHUH� DUH� WZR� PDLQ� FOXVWHULQJ� DOJRULWKPV �� KLHUDUFKLFDO� FOXVWHULQJ �� LQ� ZKLFK� WKHLQSXW�GDWD� LV�JURXSHG� LQ�D�KLHUDUFKLFDO�ZD\ ��N�FOXVWHULQJ� �SDUWLRQLQJ�� ZKHUH�HDFK� LQSXW�REMHFW� LVDVVLJQHG�WR�H[DFWO\�RQH�JURXS�
&ODVVLILFDWLRQ� LV� D� VXSHUYLVHG� PHWKRG� WKDW� FRQVLVWV� LQ� SUHGLFWLQJ� WR� ZKLFK� H[LVWLQJ� JURXSV� DJLYHQ�REHFW�VKRXOG�EHORQJ�
&OXVWHULQJ�DQG�FODVVLIDFWLRQ�DUH�GHVFULSWLYH�DQG� H[SUHVVLYH�DSSURDFKHV� WKDW� JLYH� UHVXOWV�ZKLFKDUH�XQGHUVWDQGDEOH�E\�ELRORJLVWV�
$� ORW� RI FOXVWHULQJ� DQG�FODVVLILFDWLRQ� DOJRULWKPV�KDYH�EHHQ� DSSOLHG� LQ� ELRLQIRUPDWLFV�� VXFK� DV6XSSRUW�9HFWRU�0DFKLQHV�� 'HFLVLRQ� 7UHHV�� +LGGHQ�0DUNRY�0RGHOV�� 1HXUDO� 1HWZRUNV�� 83*0$�6HOI�2UJDQL]LQJ�0DS��3ULQFLSDO�&RPSRQHQW�$QDO\VLV��HWF��:H�VKDOO�VHH�VRPH�RI� WKHP� LQ� WKH�QH[WSDUWV�

����� $UWLILFLDO�1HXUDO�1HWZRUNV
$UWLILFLDO�QHXUDO�QHWZRUNV��$11V��PLPLF�WKH�ELRORJLFDO�QHXUDO�QHWZRUN�RI�WKH�KXPDQ�EUDLQ�7KH�IROORZLQJ�VFKHPH�VKRZV�WKH�FRPSDULVRQ�EHWZHHQ�D�ELRORJLFDO�QHXURQ�DQG�DQ�DUWLILFLDO�QHXURQ�



��

%RWK�ELRORJLFDO�DQG�DUWLILFLDO�QHXURQV�DUH�VLQJOH�XQLW�WKDW�JHQHUDWH�D�VSHFLILF�RXWSXW�IURP�WKHLQIRUPDWLRQ�WKH\�UHFHLYH�DQG�WKDW�DUH�FRQQHFWHG�WR�RWKHU�QHXURQV�,Q�D�ELRORJLFDO�QHXURQ��WKH�GHQGULWHV�DFFHSW�LQSXWV��WKH�VRPD�SURFHVVHV�WKH�LQSXWV��WKH�D[RQWKHQ�WXUQV�WKH�SURFHVVHG�LQSXWV�LQWR�RXWSXWV�DQG�ILQDOO\�WKH�V\QDSVHV�WUDQVPLW�WKH�RXWSXWV�WR�WKH�QH[WQHXURQ�7KH�DUWLILFLDO�QHXURQ�UHFHLYHV�D�YDULDEOH�QXPEHU�RI�LQSXWV�IURP�RWKHU�QHXURQV��$�QXPHULFDOYDOXH�� WKH�ZHLJKW�� ZKLFK� UHSUHVHQWV� WKH� VWUHQJWK� RI� WKH� FRQQH[LRQ� LV� DWWDFKHG� WR� HDFK� LQSXW� �LWFRUUHVSRQGV�WR�WKH�V\QDSVH�LQ�D�ELRORJLFDO�QHXURQ���(DFK�QHXURQ�KDV�DQ�XQLTXH�RXWSXW��ZKLFK�LV�WKHQWUDQVPLWWHG�WR�WKH�QHLJKERULQJ�QHXURQV�
,Q� $11V�� QHXURQV� FRUUHVSRQG� WR� QRGHV�� $Q� $11� LV� D� JUDSK� FRPSRVHG� RI� QRGHV� ZLWKZHLJKWV�DWWDFKHG�WR�WKHP�DQG�OLQNHG�ZLWK�HDFK�RWKHU��7KH�RXWSXW�RI�D�QRGH�GHSHQGV�RQ�WKH�ZHLJKW�RIWKH�GLIIHUHQW�LQSXWV�KH�UHFHLYHV�,Q� UHDOLW\�� DQ�$11� LV� FRPSRVHG� RI� HOHPHQWDU\� SURFHVVRUV� WLJKWO\� FRQQHFWHG� WKDW� ZRUN� LQSDUDOOHO�� (DFK� SURFHVVRU� SHUIRUPV� D� SDUWLFXODU� WDVN� �SUHVHQWHG� DV� WKH� ©7UDQVIHU� IRQFWLRQ ª� LQ� WKHVFKHPH� DERYH�� DQG� WUDQVPLWV� WKH� UHVXOW� WR� WKH� QH[W� SURFHVVRU� LQ� WKH� QHWZRUN�� /HDUQLQJ� LVDFFRPSOLVKHG�E\�DGMXVWLQJ�WKHVH�ZHLJKWV�VR�WKDW�WKH�ZKROH�QHWZRUN�RXWSXWV�WKH�DSSURSULDWH�UHVXOWV�0DQ\�QHXUDO�QHWZRUNV� OHDUQ�XVLQJ�DQ�DOJRULWKP�FDOOHG�EDFNSURSDJDWLRQ��$W� WKH�EHJLQQLQJ�UDQGRP� ZHLJKWV� DUH� DVVRFLDWHG� WR� LWV� QRGHV�� 7KHQ� WKH� QHWZRUN� LV� JLYHQ� DQ� LQSXW� H[DPSOH� DQGFRPSXWHV�WKH�RXWSXW��7KHQ�DQ�RXWSXW�HUURU��WKH�GLIIHUHQFH�EHWZHHQ�WKH�REVHUYHG�DQG�GHVLUHG�RXWSXW�LV�FDOFXODWHG�DQG�WKH�ZHLJKWV�DUH�DGMXVWHG�WR�GHFUHDVH�WKH�HUURU��7KH�SURFHVV�LV� WKHQ�UHSHDWHG�XQWLOWKH�PLQLPXP�HUURU�LV�IRXQG��7KLV�SURFHVV�LV�FDOOHG�³WUDLQLQJ´�
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0RVW�$11V�DUH�PDGH�RI�VHYHUDO�OD\HUV�RI�QRGHV�OLQNLQJ�HDFK�RWKHU��*HQHUDOO\�WKHUH�DUH�WKUHHOD\HUV� LQ� WKH� QHWZRUN �� WKH� LQSXW� OD\HU�� WKH� RXWSXW� OD\HU� DQG� D� KLGGHQ� OD\HU� LQ� EHWZHHQ� WKHP�'HSHQGLQJ� RQ� WKH� LQWHUQDO� RUJDQL]DWLRQ� RI� WKH� QRGHV� LQ� WKH� QHWZRUN¶V� OD\HUV�� WKHUH� DUH� GLIIHUHQWW\SHV�RI�$11V�DUFKLWHFWXUHV�VXFK�DV�WKH�IHHGIRUZDUG�DUFKLWHFWXUH��WKH�UHFXUUHQW�DUFKLWHFWXUH�DQG�WKHOD\HUHG�DUFKLWHFWXUH�
$11V�ZHUH�DPRQJ�WKH�ILUVW�WHFKQLTXHV�DSSOLHG�LQ�ELRORJLFDO�DQDO\VLV��DQG�DPRQJ� WKH�PRVWFRPPRQ�PDFKLQH� OHDUQLQJ� DSSURDFKHV�XVHG� LQ� ELRLQIRUPDWLFV��7KH\� FDQ� LQGHHG� VROYH�PDQ\� UHDO�ZRUOG�SUREOHPV�
7KH� PRVW� LPSRUWDQW� FDUDFWHULVWLF� RI� DQ� $11� LV� LWV� DELOLW\� WR� OHDUQ�� %RWK� VXSHUYLVHG� DQGXQVXSHUYLVHG� OHDUQLQJ� FDQ� EH� XVHG� LQ� DQ�$11 �� ,Q� VXSHUYLVHG� OHDUQLQJ� WKH� XVHU� WULHV� WR� REWDLQ� DVSHFLILHG� RXWSXW� E\� JLYLQJ� WR� WKH�$11� WKH� DZDLWHG� DQVZHUV�� 7KH� QHWZRUN� LV� DEOH� WR� FRPSDUH� LWVUHVXOWV�ZLWK�WKH�DZDLWHG�UHVXOWV�DQG�DGMXVW�WKH�ZHLJKWV�DFFRUGLQJO\��7KH�XVHU�FDQ�WKHQ�FRPSDUH�WKHIDLOXUHV� DQG� VXFFHVV� RQ� WKH� ZKROH� QHWZRUN�� ,Q� XQVXSHUYLVHG� �RU� DXWRPDWLF�� OHDUQLQJ� WKH� QHWZRUNPRGLILHV�WKH�ZHLJKWV�DVVRFLDWHG�WR�LWV�QRGHV�LWVHOI�0RUHRYHU��$11V�DUH�YHU\�IOH[LEOH���7KH\�FDQ�UHSUHVHQW�OLQHDU�DQG�QRQ�OLQHDU�UHODWLRQVKLSV�FRPSXWH�GHWHUPLQLVWLF�RU�SUREDELOLVWLF�RXWSXWV��KDYH�D�DV\QFKURQRXV�RU�V\QFKURQRXV�G\QDPLF��HWF�,Q� DGGLWLRQ�� WKH\� SHUIRUP� ZHOO� ZKHQ� DQDO\VLQJ� GLUW\� GDWD�� ZKLFK� LV� XVHIXO� LQ� ELRORJ\� DVELRPROHFXODU�GDWD�DUH�RIWHQ�QRLV\�
7KH�PDLQ�GUDZEDFN�RI�$11V�LV�WKDW�WKH\�DUH�FRPSOH[�VWDWLVWLFDO�PRGHOV��0RUHRYHU�LW�FDQ�EHKDUG�WR�HYDOXDWH�WKH�DSSURDFKHV�RI�HDFK�QRGHV�DQG�LQ�WKLV�FDVH�LW�PD\�EH�LPSRVVLEOH�WR�YDOLGDWH�WKHQHWZRUN��$W�ODVW��WUDLQLQJ�FDQ�EH�VORZ�
7KHUH�DUH�PDQ\�GLIIHUHQW�W\SHV�RI�$11V��EXW�WKH�PRVW�FRPPRQ�LV�WKH�PXOWLOD\HU�SHUFHSWURQ�7KH�PXOWLOD\HU�SHUFHSWURQ�LV�WKH�PRVW�VLPSOH�DQG�WKH�PRVW�UHQRZQ�DUWLILFDO�QHWZRUN��7KH�VWUXFWXUHLV�YHU\�VLPSOH ��DQ�LQSXW�OD\HU��DQ�RXWSXW�OD\HU�DQG�RQH�RU�PRUH�KLGGHQ�OD\HUV��(DFK�QHXURQ�LV�OLQNHGWR� WKH� QHXURQV� RI� WKH� SUHYLRXV� OD\HU� RQO\�� 7KH� PXOWLOD\HU� SHUFHSWURQ� LV� NQRZQ� DV� D� VXSHUYLVHGQHWZRUN�DV� LW� UHTXLUHV�D�JLYHQ�RXWSXW� LQ�RUGHU� WR� OHDUQ��$�JUDSKLFDO� UHSUHVHQWDWLRQ�RI� D�PXOWLOD\HUSHUFHSWURQ�LV�VKRZQ�EHORZ�

$11V�KDYH� EHHQ�ZLGHO\� XVHG� LQ� WKH� SURWHLQ� VWUXFWXUDO� DQG� IXQFWLRQDO� SUHGLFWLRQ �+LUVW�	6WHUQEHUJ��������4LDQ�	�6HMQRZVNL��������6DVDJDZD�	�7DMLPD��������)DULVHOOL 	�&DVDGLR�������1DNDWD��.��������0DFNOLQ�	�6KDYOLN�������DQG�SURWHLQ�FODVVLILFDWLRQ �:X�HW�� DO��������)HUUDQ�	)HUUDUD��������
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����� +LGGHQ�0DUNRY�0RGHOV
+LGGHQ�0DUNRY�0RGHOV� �+00V�� DUH� JHQHUDO� VWDWLVWLFDO�PRGHOV� IRU� µOLQHDU
� SUREOHPV� OLNHVHTXHQFHV�DQG�KDYH�EHHQ�ZLGHO\�XVHG�LQ�VSHHFK�UHFRJQLWLRQ�VLQFH�WKH�HDUO\�����V��,W�ZDV�LQWURGXFHGLQ�WKH�ELRLQIRUPDWLFV�FRPPXQLW\�LQ�WKH�����V�E\�+DXVVOHU�DQG�.URJK�
:KHQ�GHDOLQJ�ZLWK�GDWD�ZKHUH�WKH�VXFFHVVLRQ�RI�HOHPHQWV�LV�LPSRUWDQW��VXFK�DV�LQ�PROHFXODUELRORJ\�� LW� LV� XVHIXO� WR� KDYH� D� PRGHO� LQ� ZKLFK� WKH� SUREDELOLW\� RI� RQH� HOHPHQW� GHSHQGV� RQ� WKHSUHYLRXV�RQHV��)RU�H[DPSOH��JLYHQ�D�VHTXHQFH�RI�EDVHV��LW�LV�LQWHUHVWLQJ�WR�NQRZ�WKH�SUREDELOLW\�RI�DEDVH�WR�DSSHDU�LQ�WKH�VHTXHQFH��UHJDUGLQJ�WKH�SUHYLRXV�EDVHV�

([DPSOH���D�ILUVW�RUGHU�PDUNRY�FKDLQ�ILJXULQJ�D�'1$�IUDJPHQW��(DFK�EDVH�FDQ�EH�IROORZHG�E\�DQ\RWKHU�EDVH��LQFOXGLQJ�LWVHOI��ZLWK�D�VSHFLILF�SUREDELOLW\�
*HQHUDOO\� +00V� GHULYH� IURP� WKH� ILUVW�RUGHU� 0DUNRY� FKDLQ� WKDW� IRFXVHV� RQO\� RQ� WKHVHTXHQFH�VWDWH� $�0DUNRY�FKDLQ�LV�D�FROOHFWLRQ�RI�VWDWHV�HDFK�DVVRFLDWHG�ZLWK�PHDQLQJIXO�ELRORJLFDOSURSHUWLHV��7KUHH�FDWHJRULHV�RI�VWDWHV�FDQ�EH�IRXQG�LQ�DQ�+00���WKH�PDWFK�VWDWH��WKH�LQVHUWLRQ�VWDWHDQG�WKH�GHOHWLRQ�VWDWH��(DFK�VWDWH�HPLWV�V\PEROV��7KH�SDWK�IURP�RQH�VWDWH�WR�DQRWKHU�LV�DVVRFLDWHG�WRD�SUREDELOLW\��FDOOHG�WUDQVLWLRQ�SUREDELOLW\��,W�LV�SRVVLEOH�WR�FDOFXODWH�WKH�SUREDELOLW\�WKDW�D�VHTXHQFHEHORQJV�WR�D�JLYHQ�PRGHO�E\�REVHUYLQJ�WKH�WUDQVLWLRQV�DSSHDULQJ�LQ�WKLV�VHTXHQFH�WKHQ�E\�ORRNLQJ�DWWKH� PRGHO� WR� REWDLQ� WKH� FRUUHVSRQGLQJ� SUREDELOLWLHV�� 7KH� ILQDO� SUREDELOLW\� LV� WKH� SURGXFW� RI� WKHWUDQVLWLRQ�SUREDELOLWLHV��7KH�ZRUG�³KLGGHQ´�FDUDFWHUL]HV�WKH�IDFW�WKDW�WKH�HPLVVLRQ�RI�D�GDWD�IURP�DVWDWH�LV�UDQGRP�
+00V�KDYH�EHFRPH�SRSXODU�LQ�VHTXHQFH�PRGHOOLQJ�DQG�PXOWLSOH DOLJQPHQW �.DUSOXV�HW��DO���������SURWHLQ�VWUXFWXUH�SUHGLFWLRQ �$VDL�HW��DO���������*ROGPDQ�HW��DO��������� SK\ORJHQHWLF�DQDO\VLV�)HOVHQWHLQ� DQG� &KXUFKLOO�� ������ 7KRUQH� HW�� DO��� ����� DQG� SURILOLQJ�� 3IDP� LV� D� SURWHLQ� GRPDLQGDWDEDVH�FRQVWUXFWHG� IURP�+00V�DQG�PXOWLSOH� VHTXHQFH�DOLJQPHQWV �6RQQKDPPHU�HW�� DO���������7KLV�WHFKQLTXH LV�DOVR�XVHG�LQ�WKH�6:,66�3527����GDWDEDVH�IRU�VHDUFKLQJ�RWKHU�VHTXHQFHV�WKDW�DUHPHPEHUV�RI�WKH�JLYHQ�SURWHLQ�IDPLO\��RU�FRQWDLQ�WKH�JLYHQ�GRPDLQ�

����� 'HFLVLRQ�7UHHV
7KH� GHFLVLRQ� WUHH� ZDV� GHYHORSHG� E\� 4XLQODQ�� ,W� LV� DOVR� NQRZQ� DV� FODVVLILFDWLRQ� WUHH RUUHJUHVVLRQ� WUHH��7KH�GHFLVLRQ� WUHH� LV�D�VXSHUYLVHG� OHDUQLQJ� WHFKQLTXH�� ,W� LV�RQH�RI� WKH�ZLGHO\�XVHGPDFKLQH� OHDUQLQJ� PHWKRG� EHFDXVH� RI� LWV� VLPSOLFLW\� DQG� SUDFWLFDO� DSSURDFK�� 7KH� PRVW� FRPPRQDOJRULWKP�XVHG�WR�EXLOG�D�GHFLVLRQ�WUHH�LV�WKH�,'��DOJRULWKP�
/LNH� D� QRUPDO� WUHH�� D� GHFLVLRQ� WUHH� LV� FRPSRVHG� RI� D� URRW�� EUDQFKHV� DQG� OHDYHV�� 7KH� QRQWHUPLQDO�QRGHV��FDOOHG�GHFLVLRQ�QRGHV��DUH�DVVRFLDWHG�WR�D�TXHVWLRQ��DWWULEXWH���$QVZHUV��YDOXHV��DUHDVVRFLDWHG�WR�WKH�EUDQFKHV�OLQNLQJ�WR�WKH�FKLOGUHQ�RI�D�QRQ�WHUPLQDO�QRGH��7KH�SDWK�IURP�WKH�URRW�WRD�QRGH�FRUUHVSRQGV�WR�D�VHW�RI�TXHVWLRQV�DQG�DQVZHUV��7KH�LWHPV�DWWDFKHG�WR�D�QRQ�WHUPLQDO�QRGH�DUHWKRVH�ZKLFK�FRUUHVSRQG�WR�WKH�VHW�RI�TXHVWLRQV�DQG�DQVZHUV�DORQJ� WKH�SDWK�JRLQJ� IURP�WKH�URRW� WR



��

WKLV�QRGH��7KLV�VHW�RI�TXHVWLRQV�DQG�DQVZHUV�GHWHUPLQHV�D�FRQMXQFWLRQ�RI�DWWULEXWHV�ZKLFK�GHILQHVRQH�SRVVLEOH�H[DPSOH�
([DPSOH� RI� D�'HFLVLRQ� 7UHH� EXLOG� XVLQJ� WKH� ,'�� DOJRULWKP �� 6WDUWLQJ� IURP� D� URXQG� IUXLW� LW� JRHVWURXJK�TXHVWLRQV�VXFK�DV�© LV� WKH� IUXLW�RUDQJH "ª�RU�© LV� WKH� IUXLW� IXUU\ "ª�DQG� ILQDOO\� UHDFKHV� WKHULJKW�DQVZHU��WKDW�LV�© 3HDFK ª�

6RXUFH ��© 0DFKLQH�/HDUQLQJ�±�:K\�DQG�+RZ�H[SODLQHG ª
'HFLVLRQ�WUHHV�DUH�HDV\�WR�XVH��SUDFWLFDO��DQG�SHUIRUP�ZHOO�LQ�QRLV\�HQYLURQPHQWV��+RZHYHU�RYHUILWWLQJ�RI�WKH�GDWD�DQG�RYHUODSSLQJ�LQ�WKH�FODVVHV�PD\�RFFXU��DQG�GHFLVLRQ�WUHVV�FDQ�EH�KDUG�WRRSWLPLVH�
7KH� GHFLVLRQ� WUHHV� DUH� XVHG� LQ� FODVVLI\LQJ� PHPEUDQH� SURWHLQ� VHTXHQFHV� DFFRUGLQJ� WRIXQFWLRQDO� FODVVHV� �6KLPR]RQR�HW�� DO��� ������� SURWHLQ� VWUXFWXUH� SUHGLFWLRQ �&KHUNDXHU� DQG� 6KDYOLN����� ��6HOELJ�HW��DO����������ORFDWLQJ�SURWHLQ�FRGLQJ�JHQHV �6DO]EHUJ��������

����� 6XSSRUW�9HFWRU�0DFKLQHV
7KH�6XSSRUW�9HFWRU�0DFKLQHV��690��PHWKRG�LV�D�NHUQHO�PHWKRG�LQYHQWHG�E\�9��9DSQLN��,WDLPV�DW�FUHDWLQJ�IXQFWLRQV�IURP�D�WUDLQLQJ�GDWD�VHW��7KH�IXQFWLRQV�FDQ�EH�FODVVLILFDWLRQ�IXQFWLRQV�RUJHQHUDO�UHJUHVVLRQ�IXQFWLRQV�*LYHQ�D�WUDLQLQJ�GDWD�VHW��6XSSRUW�9HFWRU�0DFKLQHV�FKRRVH�WKH�K\SRWKHVLV�FRUUHVSRQGLQJ�WRWKH�ODUJHVW�VSKHUH� WKDW�FDQ�EH�LQVFULEHG�LQ� WKH�VSDFH�RI�DOO�SRVVLEOH�K\SRWKHVLV��7KH�ERXQGDULHV�RIWKLV�VSDFH�WKDW�DUH�WDQJHQW�WR�WKH�VSKHUH�GHILQH�WKH�VXSSRUW�YHFWRUV�
690�PHWKRG� LV� D� SRZHUIXO� FODVVLILFDWLRQ� OHDUQLQJ� DSSURDFK� DQG� LV� FODLPHG� WR� RXWSHUIRUPPRVW�RWKHU�DOJRULWKPV��$OWKRXJK�690V�KDYH�JRRG�JHQHUDOLVDWLRQ�SHUIRUPDQFH��WUDLQLQJ�D�ODUJH�GDWDVHW�ZLWK�690V�FDQ�EH�VORZ�



��

(YHQ� WKRXJK�690V� LV�D�QHZ� OHDUQLQJ� WHFKQLTXH�� LW� LV� DOUHDG\� SRSXODU� LQ� WKH�ELRLQIRUPDWLFVUHVHDUFK� DQG� KDV� EHHQ� XVHG� LQ� VHYHUDO� DSSOLFDWLRQV� VXFK� DV� SURWHLQ� IROG� UHFRJQLWLRQ �'LQJ� DQG'XEFKDN�������� FODVVLILFDWLRQ�RI�PLFURDUUD\�GDWD��)XUH\�HW��DO�� ����� DQG�UHFRJQLWLRQ�RI�WUDQVODWLRQLQLWLDWLRQ�VLWHV �=LHQ�HW��DO�� ������ 7KH\�FDQ�DOVR�EH�DSSOLHG�WR�UHJUHVVLRQ��FODVVLILFDWLRQ��DQG�GHQVLW\HVWLPDWLRQ�SUREOHPV�
����� ,QGXFWLYH�/RJLF�3URJUDPPLQJ

,QGXFWLYH� ORJLF� SURJUDPPLQJ� GHULYHV� IURP� LQGXFWLYH� OHDUQLQJ� DQG� ORJLF� SURJUDPPLQJ�� ,WDLPV�WR�GHYHORS�PHWKRGV�WR�LQGXFH�K\SRWKHVLV�IURP�REVHUYDWLRQV�DQG�WR�V\QWKHVL]H�QHZ�NQRZOGHJHIURP�H[SHULHQFH��*LYHQ�EDFNJURXQG�NQRZOHGJH�DQG�H[DPSOHV��WKLV�PHWKRG�ZLOO�SUHGLFW�WKH�VLPSOHVWK\SRWKHVLV��7KHQ�D�VHW�RI�,)�7+(1�UXOHV�FDQ�EH�FUHDWHG�IURP�WKH�K\SRWKHVLV�
%HFDXVH�LQGXFWLYH�ORJLF�SURJUDPPLQJ� WDNHV�WKH�DGYDQWDJHV�RI� LQGXFWLYH�OHDUQLQJ�DQG�ORJLFSURJUDPPLQJ�� LW� LV� FRQVLGHUHG� WR� EH� PRUH� SRZHUIXO� WKDQ� FODVVLFDO� PDFKLQH� OHDUQLQJ� WHFKQLTXHV�0RUHRYHU��WKLV�WHFKQLTXH�LV�HDVLO\�XQGHUVWDQGDEOH�E\�KXPDQV�
7KH�GLVDGYDQWDJH�RI�LQGXFWLYH�ORJLF�SURJUDPPLQJ�LV�WKH�ODFN�RI�SUREDELOLW\�LQ�LWV�UXOHV��7KLVLV�LPSRUWDQW�ZKLOH�VROYLQJ�ELRLQIRUPDWLFV�SUREOHPV�EHFDXVH�RI�WKHLU�KLJK�GHJUHH�RI�XQFHUWDLQW\�
,QGXFWLYH� ORJLF� SURJUDPPLQJ� KDV� EHHQ� DSSOLHG� LQ� VHYHUDO� UHVHDUFK� DUHDV� LQ� ELRLQIRUPDWLFVVXFK�DV�SURWHLQ� VHFRQGDU\� VWUXFWXUH�SUHGLFWLRQ �6WHUQEHUJ�HW�� DO��� ������0XJJOHWRQ��HW�� DO��� ������GUXJ�GHVLJQ �.LQJ�HW��DO��������� DQG�PXWDJHQLFLW\�SUHGLFWLRQ �6ULQLYDVDQ��HW�DO���������

����� .QRZOHGJH�'LVFRYHU\�LQ�'DWDEDVHV
7KH� .QRZOHGJH� 'LVFRYHU\� LQ� 'DWDEDVHV� LV� WKH� H[WUDFWLRQ� RI� XVHIXO� LQIRUPDWLRQ� IURPGDWDEDVHV��,W�LV�EDVHG�RQ�WKH�K\SRWKHVLV�WKDW�XVHIXO�LQIRUPDWLRQ�DUH�KLGGHQ�LQ�WKH�GDWDEDVH��7KH�PDLQLGHD� RI� WKH� PHWKRG� LV� WR� REVHUYH� WKH� GDWDEDVH� DQG� ILQG� VRPH� SDWWHUQV� LQ� WKH� GDWDEDVH� WKDW� DUHXQGHUVWDQGDEOH�E\�H[SHUWV�� ,QWHUSUHWLQJ�DQG�HYDOXDWLQJ�WKHVH�SDWWHUQV�ZLOO� OHDG� WR� WKH�GLVFRYHU\�RIQHZ�NQRZOHGJH�7KLV�WHFKQLTXH�LV�PDLQO\�XVHG�WR�LGHQWLI\�VWUXFWXUDO�UHJXODULWLHV�LQ�SURWHLQV��6X�HW��DO���������FRPSDUH�WRSRORJ\�EDVHG�SURWHLQ�VWUXFWXUH �*LOEHUW�HW��DO���������*LOEHUW�HW��DO����������DQG�LQ�JHQH�H[SUHVVLRQ�PLFURDUUD\�GDWD �=ZHLJHU��������

����� %D\HVLDQ�1HWZRUNV
7KH�ZRUG�© ED\HVLDQ ª�FRPHV�IURP�WKH�5HYHUHQG�%D\HV�DQG�PRUH�SUHFLVHO\�IURP�KLV�IDPRXVWKHRUHP��$�ED\HVLDQ�QHWZRUN�LV�D�SUREDELOLVWLF�JUDSKLFDO�PRGHO�ZKLFK�SHUPLWV�WR�REWDLQ��FDSLWDOL]HDQG�PDNH�XVH�RI�NQRZOHGJH�
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,Q�D�ED\HVLDQ�QHWZRUN��WKH�QRGHV�UHSUHVHQW�SUREDELOLVWLF�YDULDEOHV�DQG�WKH�OLQNV�GHWHUPLQLVWLFRU�SUREDELOLVWLF�UHODWLRQVKLSV�EHWZHHQ�WKHVH�YDULDEOHV��7KH�JUDSK�LV�DF\FOLF ��LW GRHVQ¶W�FRQWDLQV�DQ\ORRS��*LYHQ�D� VHW�RI�FRQGLWLRQDO�DVVHUWLRQV�DERXW� WKH�YDULDEOHV� DQG� D� VHW�RI� SUREDELOLW\� DVVRFLDWHGZLWK�WKHVH�YDULDEOHV��LW�LV�SRVVLEOH�WR�SURGXFH�D�MRLQW�SUREDELOLW\�GLVWULEXWLRQ�IRU�WKH�YDULDEOHV��7KHQE\� LQFRUSRUDWLQJ� WKH� VWDWLVWLFDO� PHWKRGV� LQWR� WKH� QHWZRUN�� WKH� PRGHO� LV� DEOH� WR� PDNH� WKH� EHVWGHFLVLRQ�EDVHG�RQ�WKH�SUREDELOLWLHV�FROOHFWHG�IURP�WKH�UHODWLRQVKLSV�EHWZHHQ�WKH�YDULDEOHV�
/HW¶V�ORRN�DW�D�VLPSOH�H[DPSOH��,PDJLQH�ZH�KDYH�WKH�IROORZLQJ�VHW�RI�DVVHUWLRQV ��� %RE�DQG�%LOO� JR� WR�ZRUN�E\�XVLQJ�GLIIHUHQW�PHDQV� RI� WUDQVSRUW ��%LOO� XVHV� KLV� FDU��ZKLOH�%REWDNHV�WKH�WUDLQ��� %RE�UDUHO\�PLVVHV�KLV�WUDLQ�DQG�WKH�WUDLQ�LV�PRVWO\�RQ�WLPH��H[FHSW�RQ�VWULNLQJ�GD\V��+RZHYHU��DVWULNH�GRHVQ¶W�QHFHVVDU\�LPSO\�WKDW�%RE�ZLOO�EH�ODWH��$QG�D�VWULNH�FDQ�DOVR�GHOD\�%LOO�VLQFH�LW�FDQFDXVH�ERWWOH�QHFNV��� 0RUHRYHU�%LOO� LV� RIWHQ� ODWH�EHFDXVH�KH�GRHVQ¶W�KHDU�KLV�ZDNHU��7KXV� D� VWULNH�GRHVQ¶W� LQFUHDVHPXFK�WKH�SUREDELOLW\�WKDW�KH�FRXOG�EH�ODWH��� ,Q�FDVH�RI�D�VWULNH��%LOO�LV�OHVV�OLNHO\�WR�EH�ODWH�WKDQ�%RE�

7KLV�VHW�RI�DVVHUWLRQV�FRQGXFWV�WR�WKH�IROORZLQJ�JUDSK �

%HFDXVH� D� VWULNH� PD\� FDXVH� %RE¶V� GHOD\��ZH� GUDZ� D� UHODWLRQVKLS� EHWZHHQ� ©6WULNH ª� DQG© %RE�LV� ODWH ª�� ,Q�WKH�FDVH�RI�%LOO��HLWKHU�D�VWULNH�RU�D�ZDNHU�SUREOHP�FDQ�FDXVH�KLV�GHOD\�EXW� WKHSUREDELOLW\� RI� D� ZDNHU� SUREOHP� LV� KLJKHU�� 7KHQ� LI� ZH� DVVRFLDWH� ZHLJKWV� ZLWK� WKH� GLIIHUHQW
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UHODWLRQVKLSV�FRUUHVSRQGLQJ�WR�WKH�SUREDELOLW\�WKDW�LW�RFFXUV��WKH�QHWZRUN�ZLOO�EH�DEOH�WR�WHOO�ZKLFKRQH�RI�%RE�RU�%LOO�ZLOO�EH�PRVW�OLNHO\�WR�EH�ODWH�
2QH�RI�WKH�UHDVRQ�ZK\�ED\HVLDQ�QHWZRUN�DUH�IUHTXHQWO\�XVHG��EHVLGHV�WKHLU�FRQYLYLDOLW\�DQGWKHLU� HIILFLHQF\�� LV� WKHLU� YHUVDWLOLW\�� 0RUHRYHU�� ED\HVLDQ� QHWZRUNV� DUH� DEOH� WR� OHDUQ� DQG� SUHGLFWPLVVLQJ�GDWD�IURP�LQFRPSOHWH�GDWD�VHWV��7KH\�SHUIRUP�ZHOO�ZKHQ�FRPELQLQJ�EDFNJURXQG�NQRZOHGJHDQG�GDWD��7KH\�DYRLG�RYHUILWWLQJ�WKH�GDWD�ZKHQ�GHDOLQJ�ZLWK�D�FRPSXWDWLRQDO�FRPSOH[LW\��SUREOHP�DQG�SURYLGH�VWDQGDUG�RSWLPDO�GHFLVLRQ�PDNLQJ�FRPSDUHG�WR�RWKHU�PDFKLQH�OHDUQLQJ�DSSURFKHV�
1HYHUWKHOHVV��WDUJHW�FRQFHSW�LQ�%D\HVLDQ�QHWZRUNV�PLJKW�QRW�EH�UHSUHVHQWDEOH�
%D\HVLDQ� QHWZRUNV� FDQ� EH� XVHG� WR�PRGHO� WKH� VSOLFH� VLWHV� LQ� D�'1$� VHTXHQFH �&DL� HW�� DO�������� SUHGLFW�SURWHLQ�VHFRQGDU\�VWUXFWXUH �6FKPLGOHU�HW��DO��������� ILQG�JHQHDORJLFDO�UHODWLRQVKLSVEHWZHHQ�LQGLYLGXDOV��HWF�

����� *HQHWLF�$OJRULWKPV
7KLV� DSSURDFK� ZDV� GHYHORSHG� E\� +ROODQG� LQ� ����� DQG� LV� EDVHG� RQ� ELRORJLFDO� HYROXWLRQWKHRU\��*HQHWLF� DOJRULWKPV�PLPLF� VSHFLHV� HYROXWLRQ�� )LUVW� D� SRSXODWLRQ� RI� LQGLYLGXDOV� �WKDW� LV� WKHFDQGLGDWHV�VROXWLRQV�WR�WKH�SUREOHP��LV�UDQGRPO\�FUHDWHG��7KH�LQGLYLGXDOV�DUH�HQFRGHG�DV�ELW�VWULQJV�PDGH�RI�³�´�DQG�³�´��FDOOHG�JHQRW\SHV��'XULQJ�HDFK�LWHUDWLRQ��WKH�SRSXODWLRQ�XQGHUJRHV�PXWDWLRQ�FKDQJHV�LQ�D�VWULQJ��DQG�UHFRPELQDWLRQ��FURVVRYHU�EHWZHHQ�WZR�VWULQJV��SURFHVVHV�WR�DGDSW�WKH�QHZHQYLURQPHQW��%\� IDYRXULQJ� WKH� VXUYLYDO�RI� WKH�PRVW� YDOXDEOH� LQGLYLGXDOV�� K\EULGV�DSSHDU� WKDW� DUHILWWHU� WR� WKH� SUREOHP� WKDQ� WKHLU� SDUHQWV� �H�J��� EHWWHU� VROXWLRQV� WR� WKH� SUREOHP��� 7KXV� WKH� LQLWLDOSRSXODWLRQ�JLYHV�ELUWK�WR�VXFFHVVLYH�JHQHUDWLRQV��WKDW�DUH�FORVHU�DQG�FORVHU�WR�WKH�ULJKW�VROXWLRQ��7KHSURFHVV�LV�UHSHDWHG�XQWLO�WKH�LGHDO�VROXWLRQ�WR�WKH�SUREOHP�LV�IRXQG�

7KH�PDLQ�VWUXFWXUH�RI�D�JHQHWLF�DOJRULWKP�LV�WKH�IROORZLQJ ��� ,QLWLDOL]H�WLPH�� &UHDWH�DQ�LQLWLDO�SRSXODWLRQ��DW�UDQGRP��� (YDOXDWH�KRZ�HDFK�LQGLYLGXDO�DGDSWV�� :KLOH�WKHUH�LV�QR�VDWLVI\LQJ�VROXWLRQ�DQG�WLPH�LV�XQGHU�WLPH�OLPLW��GR ����� ,QFUHPHQW�WLPH���� 6HOHFW�SDUHQWV���� 'HWHUPLQH�QHZERUQV¶�JHQHV�E\�UHFRPELQDWLRQ�RI�SDUHQWDO�JHQHV���� 6XEPLW�WKH�SRSXODWLRQ�WR�FURVVRYHU��PXWDWLRQ�RU�LQYHUVLRQ���� (YDOXDWH�KRZ�HDFK�LQGLYLGXDO�DGDSWV���� 6HOHFW�WKH�VXUYLYDOV�� 'RQH
*HQHWLF� DOJRULWKPV� DUH� VLPSOH� WR� LPSOHPHQW� DQG� DUH� DEOH� WR� VROYH� GLIILFXOW� KLJK�GLPHQVLRQDOSUREOHPV��0RUHRYHU�WKH\�FDQ�KDQGOH�PDQ\�GLIIHUHQW�SUREOHPV��7KDW¶V�ZK\�WKH\�DUH�SRSXODU�DPRQJELRLQIRUPDWLFV�UHVHDUFKHUV�
7KH� RQO\� GLVDGYDQWDJH� RI� JHQHWLF� DOJRULWKP� LV� WKDW� LWV� G\QDPLFV� FDQ� EH� KDUG� WR� XQGHUVWDQGGXULQJ� WKH�SURFHVV�RI�HYROXWLRQ��0RUHRYHU�� ILQGLQJ� WKH� VROXWLRQ�FDQ�EH� VORZ�DQG� WKH� VSHHG�RI� WKHSURFHVV�GHSHQGV�RQ�WKH�TXDOLW\�RI�WKH�DSSOLFDWLRQ�
,Q� ELRLQIRUPDWLFV�� JHQHWLF� DOJRULWKPV� KDYH� EHHQ� ZLGHO\� XVHG� LQ� '1$� IUDJPHQW� DVVHPEO\�3DUVRQV�HW��DO���������&HGHQR��	�9HPXUL��������)LFNHWW��-���	�&LQNRVN\��0������� DQG�LQ�PXOWLSOHPROHFXODU�VHTXHQFH�DOLJQPHQW �=KDQJ�	�:RQJ��������
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��� 0DFKLQH�/HDUQLQJ�LQ�%LRLQIRUPDWLFV���6XFFHVVHV�DQG�FKDOOHQJHV
$V� ZH� ZLOO� VHH� LQ� WKLV� SDUW�� 0DFKLQH� /HDUQLQJ� PHWKRGV� KDYH� EHHQ� VXFFHVIXOO\� DSSOLHG� LQ%LRLQIRUPDWLFV�EXW�VWLOO�QHHG�WR�LPSURYH�

����� 6XFFHVVIXO�DSSOLFDWLRQV�RI�0DFKLQH�/HDUQLQJ�PHWKRGV�LQ�%LRLQIRUPDWLFV
������� ,GHQWLI\LQJ�JHQHV

2QH�RI�WKH�PDLQ�FKDOOHQJH�LQ�WKH�UHFHQW�\HDUV�ZDV�WKH�VHTXHQFLQJ�RI�JHQRPHV��SDUWLFXODUO\WKH�KXPDQ�JHQRPH��7KLV�FRQVLVWV�LQ�LGHQWLI\LQJ�WKH�WKRXVDQGV�RI�JHQHV�ZLWKLQ�HDFK�JHQRPH��0DQ\SURMHFWV��VXFK�DV�WKH�+XPDQ�*HQRPH�3URMHFW��DQG�SURJUDPV�ZHUH�WKHQ�FUHDWHG�LQ�RUGHU� WR�WDNH�XSWKLV�KXJH�FKDOOHQJH��$�SURJUDP�EDVHG�RQ�PDFKLQH� OHDUQLQJ� FDOOHG�*OLPPHU� LV�DEOH� WR� ILQG�DOPRVWHYHU\�JHQHV�LQ�D�JHQRPH�ZLWKRXW�DQ\�KXPDQ�LQWHUYHQWLRQ�������� 3UHGLFWLQJ�GUXJ�DFWLYLW\
:KLOH� GHVLJQLQJ� GUXJV�ZLWK� D� SDUWLFXODU� ELRORJLFDO� DFWLYLW\� RU� LQ� RUGHU� WR� XQGHUVWDQG� WKHPHFKDQLVPV� JRYHUQLQJ� WKH� DFWLYLW\� RI� NQRZQ� GUXJV�� VFLHQWLVWV� QHHG� WR� NQRZ� WKH� UHODWLRQVKLSVEHWZHHQ�WKH�FKHPLFDO�VWUXFWXUH�RI�WKH�GUXJ�DQG�LWV�DFWLYLW\��7KHVH�UHODWLRQVKLSV�DUH�PRVW�RI�WKH�WLPHLPSRVVLEOH�WR�DQDO\VH�PDQXDOO\�EHFDXVH�RI�WKH��'�VKDSHV�LQYROYHG��,QGXFWLYH�/RJLF�3URJUDPPLQJ�EHFDXVH� LW�GLUHFWO\� IRFXVHV�RQ� WKH��'�DQG��'�VWUXFWXUHV�RI� WKH�GUXJV�LQ�DGGLWLRQ� WR� WKHLU�SK\VLFR�FKHPLFDO�SURSHUWLHV��LV�UHQRZQ�IRU�VXFFHVVIXOO\�GLVFRYHULQJ�VXFK�UHODWLRQVKLSV�������� *HQH�H[SUHVVLRQ�DQDO\VLV�LQ�FDQFHU�GLJQRVLV
&ODVVLILFDWLRQ� RI� SDWLHQW� VDPSOHV� LV� FUXFLDO� LQ� FDQFHU� GLDJQRVLV� DQG� WUHDWPHQW� EHFDXVH� WKHWUHDWPHQW�RI�D�FDQFHU�GHSHQGV�RQ�LWV�W\SH��,W�KDV�EHHQ�VXJJHVWHG�WKDW�WKH�DQDO\VLV�RI�JHQH�H[SUHVVLRQLPSOLHG� LQ� FDQFHU� FDQ� JUHDWO\� LPSURYH� FDQFHU� FODVVLILFDWLRQ� DQG� GLDJQRVLV�� 1HXUDO� WUHHV� DQG%D\HVLDQ� QHWZRUNV� KDYH� VKRZQ� JRRG� UHVXOWV� LQ� JHQH� H[SUHVVLRQ� DQDO\VLV�� 1HXUDO WUHHV� FDQDXWRPDWLFDOO\� VHOHFW�DSSURSULDWH�JHQHV�GXULQJ� WKH� OHDUQLQJ�SURFHVV��%D\HVLDQ�QHWZRUNV�DUH� DEOH� WRFDSWXUH� SUREDELOLVWLF� UHODWLRQVKLSV� DPRQJ� JHQH� H[SUHVVLRQV� WKDW� DUH� XQGHUVWDQGDEOH� E\� KXPDQV�7KXV�ERWK�WKHVH�WHFKQLTXHV�DUH�XVHG�LQ�JHQH�H[SUHVVLRQ�DQDO\VLV�

����� &KDOOHQJHV�RI�0DFKLQH�/HDUQLQJ�LQ�%LRLQIRUPDWLFV
������� /HDUQLQJ�LQ�µGLUW\¶�ELRORJLFDO�GDWDEDVHV

7KH�DUULYLQJ�RI�LQWHUQHW�OHW�WKH�SRVVLELOLW\� WR�IUHHO\�GHSRVH�DQG�H[FKDQJH�GDWD�WR�WKH�SXEOLFGRPDLQ� GDWDEDVH�� 7KH� FRQWURO� RI� HUURUV� DQG� TXDOLW\� RI� WKRVH� GDWD� LV� KDUG� WR� GR� DQG� FDQ� OHDG� WRUHGXQGDQF\��6RPH�RI� WKRVH�GDWD�DUH� µGLUW\¶�ELRORJLFDO�GDWD��FDXVHG�E\� H[SHULPHQWDO� HUURUV��ZURQJLQWHUSUHWDWLRQ� E\� ELRORJLVWV�� KXPDQ� HUURU� GXULQJ� WKH� DQQRWDWLRQ� SURFHVV�� RU� QRQ� VWDQGDUGLVHGWHFKQLTXHV� XVHG� LQ� H[SHULPHQW�� 0RVW� ELRLQIRUPDWLFV� UHVHDUFKHUV� KDYH� XVHG� WKH� GDWD� ZLWKRXWFKHFNLQJ�LWV�UHOHYDQF\�7KXV�PDFKLQH�OHDUQLQJ�WHFKQLTXHV�PXVW�EH�UREXVW�WR�WKH�GDWD��HVSHFLDOO\�ZKHQ�OHDUQLQJ�LQ�DµGLUW\¶�HQYLURQPHQW�VXFK�DV�ELRORJLFDO�GDWDEDVHV��7KH\�PXVW�DOVR�DGDSW�WKHLU�OHDUQLQJ�DOJRULWKP�WRDYRLG�RYHUILWWLQJ�WKH�GDWD��$GGLWLRQDOO\� WKH�OHDUQLQJ�DQG�SURFHVV�WLPHV�PXVW�EH�VKRUW�WR�KDQGOH�WKHGDLO\�XSGDWH�RI�ELRORJLFDO�GDWDEDVHV�,W� LV� QHFHVVDU\� WR� ZRUN� DORQJ� ZLWK� ELRORJLVWV� ZKLOH� LQWHUSUHWLQJ� DQG� DQDO\VLQJ� ELRORJLFDOGDWD��VLQFH�WKH�GDWDEDVHV�QHHG�IUHTXHQW�XSGDWHV�LQ�RUGHU�WR�PDLQWDLQ�WKH�GDWD�TXDOLW\��7KXV�WKH�XVH�RI
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PDFKLQH� OHDUQLQJ�PHWKRGV� WR� OHDUQ� LQ� ELRORJLFDO� GDWDEDVHV� KDV� EHFRPH� RQH� RI� WKH� FKDOOHQJHV� IRUELRLQIRUPDWLFV�UHVHDUFK�������� *HQHUDWLYH�YHUVXV�GLVFULPLQDWLYH
0RVW�RI�WKH�K\SRWKHVHV�LQ�ELRORJLFDO�UHVHDUFK�DUH�EDVHG�RQ�H[SHULPHQWDO�GDWD��ZKLFK�KDYH�DKLJK�GHJUHH�RI�XQFHUWDLQW\��7KXV�ELRORJLFDO�UHVHDUFK�KDV�EHFRPH�D�VWDWLVWLFV�GHSHQGDQW�GRPDLQ��$ELRLQIRUPDWLFV�DQDO\VLV�SHUIRUPHG�ZLWKRXW�WKH�XVH�RI�SUREDELOLW\�WKHRULHV�ZLOO�KDYH�D�ORZ�GHJUHH�RIFRQILGHQFH�,Q� WKH� SUHYLRXV� VHFWLRQ�� ,� SUHVHQWHG� VHYHUDO� PDFKLQH� OHDUQLQJ� PHWKRGV�� IURP� JHQHUDWLYHPHWKRGV� �H�J�� +LGGHQ� 0DUNRY� 0RGHOV�� %D\HVLDQ� 1HWZRUNV�� WR� GLVFULPLQDWLYH� PHWKRGV� �H�J�$UWLILFLDO�1HXUDO�1HWZRUNV��*HQHWLF�$OJRULWKPV���7KH�W\SH�RI�PDFKLQH�OHDUQLQJ�EHLQJ�XVHG�GHSHQGVRQ� WKH� OHDUQLQJ� JRDOV�RI� WKH� DSSOLFDWLRQ�� ,W� LV� QHFHVVDU\� WR� FKRRVH� WKH� ULJKW� WHFKQLTXH� LQ� RUGHU� WRLPSURYH�WKH�TXDOLW\�RI�WKH�K\SRWKHVHV�DQG�WKXV�WR�SURYLGH�YDOXDEOH�NQRZOHGJH�������� $SSUR[LPDWLRQ�YHUVXV�H[SODQDWLRQ
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0RVW� RI� WKH� WHFKQLTXHV� DSSOLHG� LQ� ELRLQIRUPDWLFV� XVH� PRUH� WKDQ� RQH� PDFKLQH� OHDUQLQJPHWKRGV��$OWKRXJK�WKH�XVH�RI�VHYHUDO�PHWKRGV�LV�PRUH�HIILFLHQW�WKDQ�D�VLQJOH�DSSURDFK��FRPELQLQJDOO� RI� WKHP� FDQ� EH� GLIILFXOW�� 0RUHRYHU� VXFK� DQ� DSSURDFK� ODFNV� FRKHUHQFH�� EHFDXVH� WKH� OHDUQLQJSURFHVVHV�DQG�RXWSXWV�RI�D�PHWKRG�FDQ�GLIIHU�IURP�RWKHUV�+RZHYHU��RQH�PXOWLSOH�DSSURDFK�KDV�VXFFHHGHG� �� WKH�+LGGHQ�1HXUDO�1HWZRUNV��ZKLFK� LV�DFRPELQDWLRQ� RI� +LGGHQ�0DUNRY�0RGHOV� DQG�1HXUDO� 1HWZRUNV�� 1HYHUWKHOHVV� WKH� GHYHORSPHQW� RIPXOWLSOH�PHWKRGV�LV�VWLOO�D�FKDOOHQJH�WR�WDNH�XS�LQ�ELRLQIRUPDWLFV�������� 7RR�PDQ\�DOJRULWKPV "
7KH�DUULYLQJ�RI�PDFKLQH�OHDUQLQJ�PHWKRGV�LQ�ELRLQIRUPDWLFV�UHDOO\�LPSURYHG�WKH�DQDO\VLV�RIELRORJLFDO�GDWD��+RZHYHU��LQ�RUGHU�WR�ILW�WKH�GLIIHUHQW�GDWD�VHWV��PDQ\�GLIIHUHQW�DOJRULWKPV�KDYH�EHHQFUHDWHG��$QG�LQ�IDFW�WKHUH�DUH�WRR�PDQ\��%LRLQIRUPDWLFV�UHVHDUFKHUV�DUH�QRZ�IDFLQJ�WKH�GLIILFXOW\�WRFKRRVH�WKH�DOJRULWKP�ZKLFK�ZLOO�ILW�DW�EHVW�WKHLU�GDWD�VHWV�$V� %DOGL� DQG� %UXQDN� VWDWH� LQ� WKHLU� ERRN� ©%LRLQIRUPDWLFV �� 7KH� 0DFKLQH� /HDUQLQJ$SSURDFK ª ��³$V�D�UHVXOW��WKH�QHHG�IRU�FRPSXWHU���VWDWLVWLFDO���PDFKLQH�OHDUQLQJ�WHFKQLTXHV�LV�WRGD\VWURQJHU�UDWKHU�WKDQ�ZHDNHU�´
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� &RQFOXVLRQ
0HQ�KDYH�VXFFHHGHG�LQ�EXLOGLQJ�SURGLJLRXV�PDFKLQHV�DQG�DOJRULWKPV�LQ�RUGHU�WR�DXWRPDWH�WKHPDQLSXODWLRQ� DQG� LQWHUSUHWDWLRQ� RI� GDWD�� WKXV� PDNLQJ� LW� IDVW�� LQH[SHQVLYH� DQG� HIILFLHQW�� ,W� ZDVFRPSXOVRU\� DV� UHJDUGLQJ� WKH� KXJH� DPRXQW� RI� GDWD�� 7KLV� VKRZV� WKH� KXPDQ� LQWHOOLJHQFH� DQG� WKHFDSDFLW\�RI�SHRSOH�WR�FUHDWH�DQG�DGDSW�WKHPVHOYH�WR�D�SHUSHWXDO�FKDQJLQJ�HQYLURQPHQW�+RZHYHU��ZH�FDQ�ZRQGHU�LI�ZH�DUH�QRW�JRLQJ� WRR�IDU��$OWKRXJK�ZH�DUH�DEOH� WR�SURGXFH�VPDUWPDFKLQHV�LW�VHHPV�WKDW�ZH�DUH�QRW�OHDUQLQJ�IDVWHU�RU�EHWWHU��%HFDXVH�ZH�DUH�OD]\�E\�QDWXUH��ZH�LQYHQWVPDUW�PDFKLQHV�WKDW�GR�WKH�ZRUN�IRU�XV��2QH�GDQJHU�RI�WKLV�VLWXDWLRQ�LV�WKDW�ZH�EHFRPH�OHVV�VNLOOHGDQG�PRUH�PDFKLQH�GHSHQGDQW��$V�PDFKLQHV�GHYHORS��WKH\�JUDGXDOO\�UHSODFH�RXU�VNLOOV��1RZDGD\V��LWKDV�EHFRPH�PRUH� LPSRUWDQW� WR�NQRZ�KRZ� WR�XVH� DQ� DOJRULWKP� WKDQ� WR� OHDUQ� KRZ� WR� ILQG� LW��:K\LQGHHG�PHPRUL]H�GDWD�RU�IRUPXODV�ZKHQ�PDFKLQHV�FDQ�GR�LW�IRU�XV�"�:LOO� WKH�GD\�FRPH�ZKHQ�ZHGRQ¶W� QHHG� WR� OHDUQ� DQ\PRUH� DQG� WRWDOO\� UHO\� RQ� PDFKLQHV� "� 5HFHQW� \HDUV� KDYH� VKRZQ� WKDWHYHU\WKLQJ� LV�SRVVLEOH� �� LQIRUPDWLFV��QDQRWHFKQRORJ\��DUWLILFLDO� LQWHOOLJHQFH��QHXURVFLHQFH�� JHQHWLFVDQG�ELRLQIRUPDWLFV��HWF��(YHU\WKLQJ�LV�JRLQJ�IDVWHU�WKDQ�ZH�WKLQN��0RUHRYHU��PDFKLQHV�KDYH�PDQ\DGYDQWDJHV�FRPSDUHG�WR�KXPDQV���WKH\�DUH�FKHDS��WKH\�DUH�QHYHU�LOO��VDG�RU�GHSUHVVHG��WKH\�DUH�IDVWDQG�VWHDG\��:LOO�PDFKLQHV�RYHUWDNLQJ�XV�")RUWXQDWHO\� LW� VHHPV� WKDW� ZH� VWLOO� KDYH� WLPH� IRU� WKDW� �� PDFKLQHV� VWLOO� QHHG� PHQ� WR� LPSURYHLQGHHG��$OWKRXJK�WKH\�KDYH�WKH�SRZHU��WKH�VSHHG�DQG�WKH�VWDELOLW\��WKH\�DUH�QRW�\HW�DEOH�WR�WKLQN�RQWKHLU�RZQ��$�VXSHUYLVRU�PXVW�JLYH� LQSXWV��FKHFN� WKH�SURFHVV��HYHQWXDOO\� UHSDUH�EXJV�DQG� LQWHUSUHWWKH�UHVXOWV��7KH�WLPH�ZKHQ�D�PDFKLQH�UHSODFHV�D�EUDLQ�LV�VWLOO�IDU�IURP�WRGD\��:HOO��OHW¶V�KRSH«
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� %LEOLRJUDSK\
%RRNV �
© 3V\FKRORJ\ ��7KH�6FLHQFH�RI�%HKDYLRU ª��1��5��&DUOVRQ��:��%XVNLVW��*��1��0DUWLQ�
:HEVLWHV �
*HQHUDO�'RFXPHQWDWLRQ��
- KWWS���GPR]�RUJ�&RPSXWHUV�$UWLILFLDOB,QWHOOLJHQFH�0DFKLQHB/HDUQLQJ
- KWWS���GPR]�RUJ�&RPSXWHUV�$UWLILFLDOB,QWHOOLJHQFH�1HXUDOB1HWZRUNV
- KWWS���GPR]�RUJ�&RPSXWHUV�$UWLILFLDOB,QWHOOLJHQFH�*HQHWLFB3URJUDPPLQJ
- KWWS���GPR]�RUJ�&RPSXWHUV�$UWLILFLDOB,QWHOOLJHQFH�%HOLHIB1HWZRUNV
- KWWS���FU\VWDO�ELRFKHP�TXHHQVX�FD�IRUVG\NH�ELRLQIRU�KWP�%LRLQIRUPDWLFV���
- KWWS���LKRPH�FXKN�HGX�KN�aE�������ELRLQIRUPDWLFV�KWPO
- KWWS���ZZZ�FQEF�FPX�HGX�5HVHDUFK� KWWS���ZZZ�HUF�FDOWHFK�HGX�5HVHDUFK�SURMBSURIHVVRUV�OHDUQLQJ�VKWPO
- KWWS���GPR]�RUJ�&RPSXWHUV�$UWLILFLDOB,QWHOOLJHQFH�1HXUDOB1HWZRUNV�3HRSOH
- KWWS���ZZZ�DLF�QUO�QDY\�PLO�aDKD�UHVHDUFK�PDFKLQH�OHDUQLQJ�KWPO
- KWWS���ZZZ�GVL�XQLIL�LW�DL�ELR�OHFWXUH�QRWHV�KWPO
- KWWS���ZZZ�LQIRELRJHQ�IU�OLHQV�VHUY�WXWRUELRLQIR�KWPO
- KWWS���ZZZ�LQIRELRJHQ�IU�VHUYLFHV�GHDPEXOXP�IU�ELRLQIRBKLVW�KWPO
5HLQIRUFHPHQW�/HDUQLQJ �� KWWS���ZZZ�FVH�XQVZ�HGX�DX�aV��������UO�LQWURGXFWLRQ�KWPO� KWWS���ZZZ�FV�LQGLDQD�HGX�aJDVVHU�6DOVD�UO�KWPO� KWWS���ZZZ�DQZ�FV�XPDVV�HGX�aULFK�ERRN���QRGH��KWPO&RJQLWLRQ��
- KWWS���ZZZ�UWLV�FRP�QDW�XVHU�MIXOOHUWRQ�VFKRRO�SV\F����SURJUDP�KWP
- KWWS���ZZZ�VFLVP�VEX�DF�XN�LQPDQGZ�UHYLHZ�PO�UHYLHZ�UHY�����KWPO
- KWWS���ZZZ�VFLVP�VEX�DF�XN�LQPDQGZ�UHYLHZ�PO�UHYLHZ�UHY�����KWPO
- KWWS���ZZZ�VFLVP�VEX�DF�XN�LQPDQGZ�UHYLHZ�PO�UHYLHZ�UHY�����KWPO
- KWWS���ZZZ�VFLVP�VEX�DF�XN�LQPDQGZ�UHYLHZ�PO�UHYLHZ�UHY�����KWPO
- KWWS���ZZZ�VFLVP�VEX�DF�XN�LQPDQGZ�UHYLHZ�PO�UHYLHZ�UHY�����KWPO
- KWWS���ZZZ�VFLVP�VEX�DF�XN�LQPDQGZ�UHYLHZ�PO�UHYLHZ�UHY�����KWPO
- KWWS���ZZZ�VFLVP�VEX�DF�XN�LQPDQGZ�UHYLHZ�PO�UHYLHZ�UHY�����KWPO
- KWWS���ZZZ�VFLVP�VEX�DF�XN�LQPDQGZ�UHYLHZ�PO�UHYLHZ�UHY�����KWPO
- KWWS���ZZZ�VFLVP�VEX�DF�XN�LQPDQGZ�UHYLHZ�PO�UHYLHZ�UHY�����KWPO
+XPDQ�/HDUQLQJ �� KWWS���ZZZ�HUF�FDOWHFK�HGX�5HVHDUFK�UHSRUWV�EDUDMDV�IXOO�KWPO� KWWS���ZZZ�IXQGHUVWDQGLQJ�FRP�� KWWS���ZZZ�QDS�HGX�KWPO�KRZSHRSOH��� KWWS���ZZZ�HULFLW�RUJ�GLJHVWV�('2�,5���������VKWPO� KWWS���PLHX[�DSSUHQGUH�IUHH�IU�LQWHOBPXOWLSOHV�KWPO� KWWS���ZZZ�FR�L�O�FRP�FRLO�NQRZOHGJH�JDUGHQ�FRS�LQGH[�VKWPO
+XPDQ�±�0DFKLQHV�,QWHUDFWLRQV��� KWWS���ZZZ�SULQFHWRQ�HGX�aDODLQN�3V\2UI���6���3V\2UI���6��/HF��KWP� KWWS���ZZZ�IDWKRP�FRP�IHDWXUH�������
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http://www.infobiogen.fr/services/deambulum/fr/bioinfo_hist.html
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http://www.erc.caltech.edu/Research/proj_professors/learning.shtml
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� KWWS���ZZZ�SULQFHWRQ�HGX�aDODLQN�3V\2UI���6���3V\2UI���6��/�3-/�KWP
0DFKLQH�OHDUQLQJ��
- KWWS���ZZZ�ELRVV�VDUL�DF�XN�VWXGHQW�QHZSKGGK�KWPO
- KWWS���ZZZ�FVOL�VWDQIRUG�HGX�LFPO�N�FUDIW�KWPO
- KWWS���ZZZ�DLF�QUO�QDY\�PLO�aDKD�UHVHDUFK�PDFKLQH�OHDUQLQJ�KWPO
- KWWS���ZZZ�FV�LDVWDWH�HGX�aKRQDYDU�&RXUVHV�FV����PDFKLQH�OHDUQLQJ�FRXUVHV�KWPO
- KWWS���ZZZ�VRL�FLW\�DF�XN�aHX����SUHVHQWDWLRQV�0DFKLQH/HDUQLQJ
- KWWS���ZZZ�EUF�GFV�JOD�DF�XN�aDFWDQ�SUHVHQWDWLRQV�P\3UHVHQWDWLRQ
- KWWS���ZZZ�HYHU\WKLQJ��FRP�LQGH[�SO"QRGH PDFKLQH���OHDUQLQJ
- KWWS���RVLULV�VXQGHUODQG�DF�XN�FERZZZ�$,�7(;76�0/��VHFW��KWP
- KWWS���RVLULV�VXQGHUODQG�DF�XN�FERZZZ�$,�7(;76�0/��VHFW��KWP
- KWWS���RVLULV�VXQGHUODQG�DF�XN�FERZZZ�$,�7(;76�0/��VHFW��KWP
- KWWS���RVLULV�VXQGHUODQG�DF�XN�FERZZZ�$,�7(;76�0/��VHFW��KWP
- KWWS���ZZZ�LQIM�XOVW�DF�XN�aFEEJ���SDSHUV�FDPGD��B���SGI
- KWWS���FELW�VQX�DF�NU�WXWRULDO������SSW�&%,7B0/B7XWRULDO�SGI
- KWWS���ZZZ�EUF�GFV�JOD�DF�XN�aDFWDQ�SDSHUV�PDFKLQH�SGI
- KWWS���ZZZ�EUF�GFV�JOD�DF�XN�aDFWDQ�SDSHUV�SUHSULQW$3%&�����SGI+LGGHQ�0DUNRY�0RGHOV��
- KWWS���ZZZ�FVH�XFVF�HGX�UHVHDUFK�FRPSELR�KWPOBIRUPDWBSDSHUV�KXJKNURJK���FDELRV�KWPO� KWWS���ZZZ�FV�PFJLOO�FD�aNDOHLJK�ZRUN�KPP�KPPBSDSHU�KWPO� KWWS���ZZZ�HVLO�XQLY�PUV�IU�aGJDXW�&RXUV�KPP�KWPO� KWWS���ZZZ�VIE����XQL�KDOOH�GH�NXUV�KPP�KWPO� KWWS���ZZZ�VIE����XQL�KDOOH�GH�NXUV�KPP�KWPO1HXUDO�1HWZRUNV��
- KWWS���ZZZ�GVL�XQLIL�LW�QHXUDO
- KWWS���ZZZ�GVL�XQLIL�LW�QHXUDO�SRUWDOV�KWPOKWWS���GLU�\DKRR�FRP�6FLHQFH�(QJLQHHULQJ�(OHFWULFDOB(QJLQHHULQJ�1HXUDOB1HWZRUNV
- KWWS���ZZZ�QHXUDOPDFKLQHV�FRP�D[RQ�FRPPXQLFDWLRQ�KWPO
- KWWS���ZZZ�JLVGHYHORSPHQW�QHW�DDUV�DFUV������SV��SV����SI�KWP
- KWWS���KHP�KM�VH�aGH��NOGD�1HXUDO1HWZRUNV�KWP
- KWWS���TEDE�DEHU�DF�XN�UR\�NRKR�NRKRQHQ�KWP
- KWWS���ZZZ�QHXUDOPDFKLQHV�FRP�D[RQ�D[RQ�KWPO
- KWWS���ZZZ�QHXUDOPDFKLQHV�FRP�D[RQ�FVP�KWPO
- KWWS���ZZZ�WUDGLQJVROXWLRQV�FRP�ZHEKHOS�FRQFHSWV�FRQFHSWVBQHXUDO�KWPO
- IWS���IWS�VDV�FRP�SXE�QHXUDO�)$4�KWPO� KWWS���DYDORQ�HSP�RUQO�JRY�aWRX]HWF�%RRN�%RXTXLQ�KWP����
- ZZZ�EDUWK�QHWOLEHUWH�RUJ�LD�QQ�KWPO
- KWWS���ZZZ�QG�FRP�ZHOFRPH�ZKDWLVQQ�KWP%D\HVLDQ�1HWZRUNV��� KWWS���ZZZ�FV�EHUNHOH\�HGX�aPXUSK\N�%D\HV�ED\HV�KWPO� KWWS���ZZZ�PDWK�XQLY�POY�IU�XVHUV�ERXLVVRX�VLWH5%�GHIDXOW�KWP� KWWS���ZZZ�DDDL�RUJ ( “%D\HVLDQ�1HWZRUNV�ZLWKRXW�7HDUV´���Eugene Charniak )

*HQHWLF�3URJUDPPLQJ��
- KWWS���ZZZ�JHQHWLF�SURJUDPPLQJ�RUJ� KWWS���ZZZ�JHQHWLF�SURJUDPPLQJ�FRP�JSDQLPDWHGWXWRULDO�KWPO
- KWWS���ZZZ�SPVL�IU�JDLQLW�KWP.QRZOHGJH�'DWDEDVH�'LVFRYHU\��
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- KWWS���ZZZ�NGFHQWUDO�FRP�5HVRXUFHV�
- KWWS���ZZZ�DFP�RUJ�FURVVURDGV�[UGV����NGG�KWPO6XSSRUW�9HFWRU�0DFKLQHV��.HUQHO�0DFKLQHV��
- KWWS���ZZZ�FV�UKXO�DF�XN�aWKRUH�UHVHDUFKBSDJHV�NHUQHOBPDFKLQHV�KWP� KWWS���ZZZ�NHUQHO�PDFKLQHV�RUJ� KWWS���UHVHDUFK�PLFURVRIW�FRP�XVHUV�MSODWW�VYP�KWPO%LRLQIRUPDWLFV��� KWWS���FU\VWDO�ELRFKHP�TXHHQVX�FD�IRUVG\NH�ELRLQIRU�KWP� KWWS���LQIODPHGJHQH�RUJ�%LRLQIRUPDWLFV�ERG\BELRLQIRUPDWLFV�KWPO� KWWS���ZZZ�LQIRELRJHQ�IU�VHUYLFHV�GHDPEXOXP�IU�ELRLQIRBKLVW�KWPO
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