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�6KXEKDP�%KLPUDR�3RWH���3URI��-D\VKUHH�6XU\DZDQVKL

�(PDLO��SRWHVKXEKDP��#JPDLO�FRP
�(PDLO����MD\VKUHHVXU\DZDQVKL�#JPDLO�FRP

���'HSDUWPHQW�RI�$UWLILFLDO�,QWHOOLJHQFH�DQG�'DWD�6FLHQFH�
���$MHHQN\D�'<�3DWLO�6FKRRO�RI�(QJLQHHULQJ��3XQH��0DKDUDVKWUD�,QGLD

$EVWUDFW

7KH�JUDGLQJ�RI�IUXLWV�DQG�YHJHWDEOHV�LV�PRVWO\�GHSHQGHQW�RQ�VXEMHFWLYH�YLVXDO�LQVSHFWLRQ�WHFKQLTXHV�WKDW�
UHTXLUH�ODERU��&RPSXWHUV�DQG�DGYDQFHG�PDFKLQH�OHDUQLQJ�V\VWHPV�FDQ�KHOS�WR�LQYHQW�QRQ�GHVWUXFWLYH�WRROV�
IRU�TXDOLW\�HYDOXDWLRQ�RI�IUXLWV�DQG�YHJHWDEOHV EDVHG�RQ�FRORU��VL]H��VKDSH��WH[WXUH��ULSHQHVV��IUHVKQHVV��DQG�
VXUIDFH�GDPDJH�EDVHG�RQ�FRPSXWHU�YLVLRQ�PHWKRGV��7KH�SDSHU�LV�SUHVHQWLQJ�UHYLHZV�RI�PHWKRGV�XVHG�IRU�
IUXLW�DQG�YHJHWDEOH�JUDGLQJ�� LQFOXGLQJ�FRQYROXWLRQDO�QHXUDO�QHWZRUNV�� WUDQVIHU� OHDUQLQJ��REMHFW�GHWHFWLRQ�
V\VWHPV�� YLVLRQ� WUDQVIRUPHUV�� K\SHUVSHFWUDO� DQG� PXOWLPRGDO� YLVLRQ� WHFKQLTXHV�� DQG� IHZ�VKRW� OHDUQLQJ�
DSSURDFKHV�� 7KH� UHYLHZ� IRFXVHV� RQ� JUDGLQJ� HIIHFWLYHQHVV�� FRPSXWDWLRQ� FRPSOH[LW\�� GDWD� YDULHW\�� DQG�
DOJRULWKPV�UHOLDELOLW\��DQG�LW�VKRZV�WKDW�DOWKRXJK�PDQ\�VWXGLHV�UHSRUW�WKH�DFFXUDF\�OHYHO�KLJKHU�WKDQ�����
ZKLOH�ZRUNLQJ�ZLWK�SDUWLFXODU�GDWDVHWV��PRVW�VWXGLHV�XVHG�SULYDWH�GDWDVHWV��PDNLQJ�WKH�FRPSDULVRQ�RI�UHVXOWV�
EHWZHHQ� YDULRXV� VWXGLHV� LPSRVVLEOH�� ,Q� WKLV� UHJDUG�� WKH� SDSHU� DGGUHVVHV� WKH� LVVXH� RI� D� JDS� EHWZHHQ�
EHQFKPDUNV�DQG�UHDO�OLIH�GHSOR\PHQW�DQG�SURSRVHV�D�IUDPHZRUN�EDVHG�RQ�WKH�JUDGLQJ�SURFHVV�WKDW�LQFOXGHV�
D�FRQILGHQFH�ORFN�PHFKDQLVP�IRU�XQFHUWDLQ�SUHGLFWLRQV�DQG�D�UHOLDEOH�SURWRFRO�IRU�WHVWLQJ�DQG�EHQFKPDUNLQJ�
SHUIRUPDQFHV�RI� WKH�DOJRULWKPV�7KLV�SDSHU� ODFNV�DQ\�H[SHULPHQWDO�GDWD�DV� WKH�SURSRVHG�IUDPHZRUN�DQG�
SURFHGXUHV�DUH�GHVLJQHG�IRU�IXWXUH�DVVHVVPHQW��

.H\ZRUGV�� &RPSXWHU� YLVLRQ�� GHHS� OHDUQLQJ�� HGJH� $,�� H[SODLQDEOH� $,�� IUXLW� TXDOLW\� FODVVLILFDWLRQ��
K\SHUVSHFWUDO�LPDJLQJ��WUDQVIHU�OHDUQLQJ��YLVLRQ�WUDQVIRUPHU

,��,1752'8&7,21

7KH�SXUSRVH�RI�TXDOLW\�FKHFNV�LQ�WKH�IUHVK�SURGXFH�VXSSO\�FKDLQ�LV�WR�HQVXUH�WKDW�SURGXFH�LV�IUHVK��WDVW\��
DQG�VDIH��*UDGLQJ�LV�VWLOO�GRQH�E\�WUDLQHG�LQVSHFWRUV��ZKLFK�UHTXLUHV�WLPH��VNLOO��DQG�VXEMHFWLYLW\��&RPSXWHU�
YLVLRQ�SURYLGHV�D�QRQ�GHVWUXFWLYH�ZD\�RI�PHDVXULQJ�YLVLEOH�FKDUDFWHULVWLFV�WKDW�LQFOXGHV�FRORXU��VL]H��VKDSH��
WH[WXUH��PDWXULW\��DQG�FRDWLQJ�SUREOHPV�

'HHS�OHDUQLQJ�LV�SULPDULO\�UHSODFLQJ�WKH�SUHYLRXVO\�XVHG�KDQG�FUDIWHG�GHVFULSWRUV��$�SUHOLPLQDU\�UHYLHZ�RI�
���VWXGLHV�LQ�DJULFXOWXUH�LQGLFDWHV�WKDW�GHHS�OHDUQLQJ�LV�JHQHUDOO\�PRUH�VXFFHVVIXO�WKDQ�WKH�WUDGLWLRQDO�LPDJH�
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SURFHVVLQJ� PHWKRGV�� $� PRUH� UHFHQW� UHYLHZ� SUHVHQWV� GHHS�OHDUQLQJ� PDFKLQHU\� YLVLRQ� DSSOLHG� WR� WKH�
DVVHVVPHQW�RI�WKH�TXDOLW\�RI�IUXLWV�DQG�YHJHWDEOHV��DQG�JLYHV�YDULRXV�H[DPSOHV�RI�FODVVLILFDWLRQ��GHWHFWLRQ��
DQG�VHJPHQWDWLRQ�RI�WKH�IUXLWV�DQG�YHJHWDEOHV�LPDJHV��PDWXULW\�DVVHVVPHQW��QRQ�GHVWUXFWLYH�HYDOXDWLR�

7KH�UHSRUWHG�DFFXUDF\�LV�VRDULQJ�RQ�YDULRXV�GDWDVHWV�QRZDGD\V��IURP�������WR��������DFURVV�VHYHUDO�IUXLW�
W\SHV�>�@������DYHUDJH�IRU�FODVVLILFDWLRQ�DQG�JUDGLQJ�RQ�RQH�GDWDVHW�ZLWK�VL[�IUXLW�W\SHV�>�@��DQG�IURP����WR�
�����DFFXUDF\�IRU�JRRG�YHUVXV�URWWHQ�FODVVLILFDWLRQ�XVLQJ�D�YLVLRQ�WUDQVIRUPHU�>��@��+RZHYHU��D�V\VWHPDWLF�
UHYLHZ�RI����VFLHQWLILF�SDSHUV�RQ�IUXLW�LQVSHFWLRQ�VKRZHG�WKDW�PRVW�VWXGLHV�XVHG�WKHLU�GDWDVHWV��DQG�WKHUHIRUH�
D�FRPSDULVRQ�RI�PRGHOV�ZDVQ
W�SRVVLEOH�GXH�WR�GLIIHUHQW�GDWDVHWV�DQG�FROOHFWLRQ�FRQGLWLRQV�>�@��7KXV��KLJK�
EHQFKPDUN� DFFXUDF\� GRHVQ
W� QHFHVVDULO\� PHDQ� WKDW� JUDGLQJ� V\VWHP� ZLOO� ZRUN� SURSHUO\� ZKHQ� OLJKWLQJ��
FDPHUD��IUXLW�YDULHW\��RU�EDFNJURXQG�FKDQJHV��

7KH�SDSHU�GLVFXVVHV�GHHS�OHDUQLQJ�JUDGLQJ�ZLWK�DQ�HPSKDVLV�RQ�UREXVWQHVV��HIILFLHQF\��DQG�DSSOLFDWLRQ��
LQVWHDG� RI� DFFXUDF\��7KH� FRQWULEXWLRQV� DUH�� ���� D� WHFKQLFDO� EDFNJURXQG� DQG D� V\VWHPDWLF� FRPSDULVRQ� RI�
UHFHQW� UHYLHZV�DQG�VHOHFWHG�SULPDU\�VWXGLHV�� ���� DQ�HYLGHQFH�EDFNHG�DVVHUWLRQ�DERXW� WKH�EHQFKPDUN�WR�
GHSOR\PHQW�JDS��DQG�����D�JUDGLQJ�IUDPHZRUN�IRFXVHG�RQ�GHSOR\PHQW�DQG�D� WHVWLQJ�PHWKRGRORJ\� WR�EH�
YDOLGDWHG�LQ�WKH�IXWXUH��6HFWLRQ�9,,�JLYHV�DQVZHUV�WR�WKH�UHVHDUFK�TXHVWLRQV��ZKLOH�6HFWLRQV�9,,,±;�SURYLGH�
OLPLWDWLRQV��IXWXUH�ZRUN��DQG�FRQFOXVLRQ��7KH�SDSHU�GHVFULEHV�QR�QHZ�H[SHULPHQWV�

,,��6&23(��5(6($5&+�48(67,216�$1'�0(7+2'

$��6FRSH�DQG�UHVHDUFK�TXHVWLRQV

7KH�SDSHU�GLVFXVVHV�JUDGLQJ�IUXLWV�DQG�YHJHWDEOHV�XVLQJ�WKHLU� LPDJH�GDWD��*UDGLQJ�LQFOXGHV�JUDGH� OHYHO��
ULSHQHVV��IUHVKQHVV�DQG�YLVLEOH�GHIHFWV�RQ�WKH�IUXLWV�DQG�YHJHWDEOHV��5HVHDUFK�TXHVWLRQ�IUDPHZRUN�LQFOXGHV�
ILYH�UHVHDUFK�TXHVWLRQV�WKDW�DOORZ�IRU�WKRURXJK�GDWD�DQDO\VLV�

x 5HVHDUFK�4XHVWLRQ����:KDW�DUH�GLVWLQFWLRQV�SUHVHQW�LQ�TXDOLW\�WDVNV�ZKHQ�XVLQJ�&11��WKH�SKLORVRSK\�
RI�WUDQVIHU�OHDUQLQJ��GHWHFWLRQ�DQG�WUDQVIRUPHU�DUFKLWHFWXUHV"

x 5HVHDUFK�4XHVWLRQ� ���:KDW� DUH� WKH� HIIHFWV� RI� GLYHUVLW\� LQ� GDWDVHWV� DQG� WKH� FRQGLWLRQV� IRU� DFTXLULQJ�
GDWDVHWV�RQ�JHQHUDOL]DWLRQ"

x 5HVHDUFK�4XHVWLRQ����+RZ�LV�D�WUDGH�RII�FUHDWHG�EHWZHHQ�DFFXUDF\��UREXVWQHVV��ODWHQF\��PHPRU\��FRVW��
DQG�H[SODLQDELOLW\"

x 5HVHDUFK�4XHVWLRQ����:KHQ�GR�PXOWL�YLHZ��K\SHU�VSHFWUDO��RU�PXOWL�PRGDO�LQSXWV�\LHOG�DGYDQWDJHV�RYHU�
5*%�LQSXW"

x 5HVHDUFK�4XHVWLRQ����:KDW�SURWRFRO�PHHWV�WKH�UHTXLUHPHQW�RI�GHPRQVWUDWLQJ�GHSOR\PHQW�UREXVWQHVV�
UDWKHU�WKDQ�SHUIRUPDQFH�LQ�EHQFKPDUN�WHVWLQJ"

%��5HYLHZ�PHWKRG

7KLV�DUWLFOH�SURYLGHV� D�QDUUDWLYH�RYHUYLHZ�RI� WKH�SURFHVVHV�RI�GHHS OHDUQLQJ� IUXLW� DQG�YHJHWDEOH�TXDOLW\�
HYDOXDWLRQ�EDVHG�RQ�WKH�IXQFWLRQDOLWLHV�RI�FRPSXWHU�YLVLRQ��7KH�UHOHYDQW�VFLHQWLILF�ZRUNV�ZHUH�GLVFRYHUHG�
WKURXJK�*RRJOH�6FKRODU��,(((�;SORUHU��DQG�VRPH�RWKHU�UHODWHG�RQOLQH�VRXUFHV�RI�VFLHQWLILF�OLWHUDWXUH��7KH�
NH\� WRSLFV� RI� WKH� VHDUFK� ZHUH� IUXLW� TXDOLW\� HYDOXDWLRQ�� GHHS� OHDUQLQJ�� DQG�PRGHUQ�PHWKRGV� RI� TXDOLW\�
HYDOXDWLRQ��7KH�UHYLHZ�SURFHVV�LQYROYHG�WKH�DQDO\WLFDO�DVVHVVPHQW�RI�DSSUR[LPDWHO\�������VHOHFWHG�ZRUNV��
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6RPH�DUWLFOHV�ZHUH�DQDO\]HG�LQ�GHWDLO�ZKLOH�RWKHUV�ZHUH�VWXGLHG�EDVLQJ�RQ�WKHLU�VXPPDULHV��7KH�DUWLFOHV�
KDYH�EHHQ�FKRVHQ�RQ�WKH�EDVLV�RI�WKHLU�UHODWLRQV�WR�WKH�WKHPHV�FRYHUHG�LQ�WKH�WH[W��IRU�LQVWDQFH��WKH�PRGHOV�
RI�GHHS�OHDUQLQJ��WKH�PHWKRGV�RI�TXDOLW\�HYDOXDWLRQ��WKH�FULWHULD�RI�HYDOXDWLRQ��WKH�SUREOHPV�RI�ZRUNLQJ�ZLWK�
GDWDVHWV��DQG�RWKHU�LVVXHV��,W� LV� LPSRUWDQW� WR�PHQWLRQ�WKDW� WKH�DUWLFOH�SUHVHQWV�D�QDUUDWLYH�UHYLHZ�RI�GHHS�
OHDUQLQJ�XVH� DQG� WKDW� WKHUH� LV� QR� DWWHPSW� WR� SHUIRUP�D� V\VWHPDWLF� UHYLHZ�ZKLFK�PHDQV� WKDW� WKHUH� LV� QR�
PHWKRGRORJLFDO�SURWRFRO�FUHDWHG�IRU WKLV�UHYLHZ��'XULQJ�WKH�HYDOXDWLRQ�SURFHVV��VRPH�TXDQWLWDWLYH�UHVXOWV�
ZHUH�REWDLQHG��WKH\�ZHUH�FUHGLWHG�WR�RULJLQDO�ZRUNV��DQG�ZHUH�WKRURXJKO\�DQDO\]HG�NQRZLQJ�WKDW�PHWKRGV�
RI�HYDOXDWLRQ�DQG�H[SHULPHQWDO�GHWDLOV�GLIIHU�D�ORW�DFURVV�

,,,��7(&+1,&$/�%$&.*5281'

$��$FTXLVLWLRQ�DQG�SUHSURFHVVLQJ

7KH�XVH�RI�5*%�FDPHUDV�WDNHV�XS�PRVW�RI�WKH�VWXGLHV�LQYROYLQJ�IUXLW�LQVSHFWLRQ��DFFRXQWLQJ�IRU�����RI�
VWXGLHV��>�@��/('�OLJKWLQJ�LV�XVXDOO\�IRXQG�LQ�LQGXVWULDO�HQYLURQPHQWV��ZKHUHDV�LQ�����RI�VWXGLHV�LPDJHV�
ZHUH�FDSWXUHG�XVLQJ�DPELHQW�OLJKW�>�@��1RUPDO�SUHSURFHVVLQJ�VWHSV�LQFOXGH�UHVL]LQJ��QRUPDOLVDWLRQ��ILOWHULQJ��
WDNLQJ�EDFNJURXQG�RXW�DQG�GDWD�DXJPHQWDWLRQ�>�@��*LYHQ�WKDW�WKH�SUHSURFHVVLQJ�SURFHVVHV�PD\�DOVR�KDYH�DQ�
LQIOXHQFH�RQ�WKH�SHUIRUPDQFH�RI�WKH�PRGHO�EHLQJ�GHYHORSHG��LW�LV�LPSRUWDQW�WR�KDYH�DOO�SUHSURFHVVLQJ�VWHSV�
GRFXPHQWHG��DQG�GDWD�DXJPHQWDWLRQ�DSSOLHG�RQO\�WR�WUDLQLQJ�GDWD�

%��&11V�DQG�WUDQVIHU�OHDUQLQJ

&RQYROXWLRQDO�QHXUDO�QHWZRUNV�ZRUN�RQ�WKH�LPDJHV
�LQSXWV�DQG�DUH�WKH�GHIDXOW�FKRLFH�IRU�FODVVLILFDWLRQ�WDVNV��
3UH�WUDLQHG� QHWZRUNV� FDQ� EH� DGDSWHG� WR� JUDGLQJ� SXUSRVHV� E\� WUDQVIHU� OHDUQLQJ� >��@�� WKH� PRVW� SRSXODU�
QHWZRUNV�LQ�WKH�IUXLW�LQVSHFWLRQ�OLWHUDWXUH�LQFOXGH�5HV1HW��9**��,QFHSWLRQ��DQG�'HQVH1HW�>�@��7KH�XVH�RI�
UHVLGXDO�FRQQHFWLRQV�DOORZV�IRU�WUDLQLQJ�YHU\�GHHS�QHWZRUNV��ZKLFK�LV�GLIILFXOW�RWKHUZLVH�>��@��(IILFLHQW1HW�
HQDEOHV�VFDOLQJ�RI�WKH�QHWZRUN�GHSWK��ZLGWK��DQG�LQSXW�UHVROXWLRQ�DW�D�IL[HG�UDWLR�>��@�DQG�KDV�EHHQ�DSSOLHG�
IRU�IUXLW�JUDGLQJ�>�@�DQG��ZLWK�DWWHQWLRQ�PHFKDQLVPV��IRU�JUDGLQJ�YHJHWDEOHV�>��@��7UDQVIHU�OHDUQLQJ�GRHV�
QRW� QHFHVVDULO\� UHTXLUH� SUH�WUDLQLQJ� RQ� QDWXUDO� LPDJHV�� $OGDNKLO� DQG� $OPXWDLUL� KDYH� WUDLQHG� D� IUXLW�
FODVVLILFDWLRQ�QHXUDO�QHWZRUN�ILUVW�DQG�WUDQVIHUUHG�WKH�PRGHO
V�SDUDPHWHUV�WR�D�VHFRQG�PRGHO�WKDW�SHUIRUPV�
TXDOLW\�JUDGLQJ��WKH\�UHIHU�WR�WKLV�DV�VDPH�GRPDLQ�WUDQVIHU�OHDUQLQJ�>�@�

&��'HWHFWLRQ�DQG�VHJPHQWDWLRQ

7KH�GLVWLQFWLRQ�EHWZHHQ�VHJPHQWDWLRQ�DQG�GHWHFWLRQ�LV�WKDW�VHJPHQWDWLRQ�GLVWLQJXLVKHV�EHWZHHQ�EDFNJURXQG�
DQG�LWHPV�ZKHUHDV�GHWHFWLRQ�LGHQWLILHV�SRVLWLRQV�RI�REMHFWV�RU�GHIHFWV�LQ�WKH�LPDJH�ZLWK�ERXQGLQJ�ER[HV�DQG�
FODVV�ODEHOV��)RU�LQVWDQFH��<2/2�LV�DQ�H[DPSOH�RI�D�VLQJOH�VWDJH�GHWHFWRU�ZKLFK�LV�SHUIRUPLQJ�WKH�GHWHFWLRQ�
WKURXJK�D�VLQJOH�UHJUHVVLRQ�VWHS�RYHU�WKH�LPDJHV�ZKLFK�LV�JRRG�IRU�HQYLURQPHQWV�ZKHUH�ODWHQF\�LV�D�FRQFHUQ��
)RU�H[DPSOH��LPSURYHG�<2/2Y���FLWUXV�GHIHFWV�GHWHFWRU�WUDLQHG�RQ�������RULJLQDO�LPDJHV��������LPDJHV�
DFWXDOO\�XVHG�DIWHU�DXJPHQWDWLRQ��FRYHULQJ�KHDOWK\�RUDQJHV�DQG�IRXU�W\SHV�RI�GLVHDVHV�VKRZHG�LQ�SUDFWLFH�
������P$3#���YDOXH��7KH�DXWKRUV�JLYH�WKHLU�RZQ�DVVHVVPHQW�RI�WKH�OLPLWDWLRQV��RQO\�IRXU�W\SHV�RI�GLVHDVHV�
ZLWKRXW� HQRXJK� TXDQWLW\� RI� LPDJHV� REWDLQHG� LQ� UHDOLW\�ZLWK� GLIIHUHQWLDWLRQ� LQ� OLJKWLQJ� DQG� RYHUODSSLQJ�
OHVLRQV�

'��$WWHQWLRQ�DQG�YLVLRQ�WUDQVIRUPHUV

9LVLRQ�WUDQVIRUPHUV�VHJPHQW�LPDJHV�LQWR�LPDJH�SDWFKHV�ZKLFK DUH�WKHQ�SURFHVVHG�E\�VHOI�DWWHQWLRQ�>��@��
7KH\�FDQ�LQWHUSUHW�WKH�JOREDO�FRQWH[W�EXW��XQOLNH�&11V��WKH\�XVXDOO\�UHTXLUH�D�ODUJH�VFDOH�SUH�WUDLQLQJ��RQ�
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DFFRXQW�RI�QR�DVVXPSWLRQV�EHLQJ�EXLOW�LQ�>��@��2QH�9L7�EDVHG�PRGHO�KDV�DOUHDG\�EHHQ�WUDLQHG�RYHU�D�QXPEHU�
RI�IUXLW�GDWDVHWV�WR�EHWWHU�FODVVLI\�IUXLW�LQWR�JRRG�RU�URWWHQ�>��@�

(��)HZ�VKRW�DQG�YLVLRQ±ODQJXDJH�OHDUQLQJ

)HZ�VKRW�DQG�PHWD�OHDUQLQJ�PHWKRGV�DUH�DLPHG�DW�SUREOHPV�UHODWHG�WR�OLPLWHG�ODEHOLQJ��:KHQ�LW�FRPHV�WR�
ILQH�IUXLW�TXDOLW\�FODVVLILFDWLRQ��RUGLQDO�PHWD�OHDUQLQJ�PDQDJHG�WR�DFKLHYH��������DFFXUDF\��WUDLOLQJ�EHKLQG�
WKH�VFRUH�RI��������REWDLQHG�ZLWK�VWDQGDUG�PHWD�OHDUQLQJ�DQG�WKH�PHDJHU��������JDUQHUHG�E\�IHZ�VKRW�
WUDQVIHU�OHDUQLQJ�>��@��9LVLRQ�ODQJXDJH�PRGHOV�\LHOG�MRLQW�LPDJH�WH[W�UHSUHVHQWDWLRQV�WKDW�KHOS�LPSOHPHQW�
]HUR�VKRW�UHFRJQLWLRQ�>��@��D�PRGHO�WKDW�XVHV�PXOWLSOH�FKDUDFWHULVWLFV�IRU�WKH�SXUSRVH�RI�ODQJXDJH�LPDJH�
FODVVLILFDWLRQ�ZDV�SURSRVHG�WR�LGHQWLI\�IUXLW�TXDOLW\�>��@�

)��6SHFWUDO�DQG�PXOWL�YLHZ�VHQVLQJ

+\SHUVSHFWUDO�LPDJLQJ�FRQYH\V�FHUWDLQ�VSHFWUDO�LQIRUPDWLRQ�DSDUW�IURP�WKH�5*%��:KHQ�FRXSOHG�ZLWK�WKH�
GHHS�OHDUQLQJ�LW�ZDV�UHYLHZHG�ZLWK�UHVSHFW�WR�TXDOLW\�FRQWURO�DQG�LQVSHFWLRQ�RI�GLIIHUHQW�SURGXFWV�DQG�WKHLU�
VDIHW\�>�@��7KH�GDWD�RQ�WKH�XVH�RI�QRQ�GHVWUXFWLYH�LPDJLQJ�DQG�VSHFWURVFRS\�LQ�TXDOLW\�FRQWURO�LV�VXPPDUL]HG�
>�@�� 7KH� VHQVRU� IXVLRQ� RI� GHHS� OHDUQLQJ� LQ� PXOWLPRGDO� IUXLW� HYDOXDWLRQ� KDV� DOVR� EHHQ� UHYLHZHG� >��@��
+RZHYHU��WKH�LPDJHV�WDNHQ�IURP�D�VLQJOH�SRLQW�RI�YLHZ�FDQ�FDSWXUH�RQO\�SDUW�RI�WKH�VXEMHFW�ZKHUHDV�D�PXOWL�
YLHZ�DFTXLVLWLRQ�ZRXOG�UHTXLUH�DGGLWLRQDO�HTXLSPHQW�DQG�FDOLEUDWLRQ�

*��([SODLQDELOLW\�DQG�FRQILGHQFH

*UDG�&$0�JHQHUDWHV�D�PDS�RI�WKH�LPDJH�UHJLRQV�WKDW�SOD\�D�SLYRWDO�UROH�LQ�PDNLQJ�D�FODVV�SUHGLFWLRQ�>��@��
$OWKRXJK�WKH�PDSV�FDQ�UHYHDO�ZKHWKHU�WKH�PRGHO�LV�IRFXVLQJ�RQ�WKH�REMHFW RI�LQWHUHVW�UDWKHU�WKDQ�RQ�WKH�
EDFNJURXQG��WKH\�DUH�TXDOLWDWLYH�DQG��E\�WKHPVHOYHV��DUH�QRW�VXIILFLHQW�WR�SURYH�WKDW�DQ�RXWSXW�LV�FRUUHFW�RU�
IDOVH��,Q�DGGLWLRQ��PRGHUQ�QHWZRUNV�DUH�EDGO\�FDOLEUDWHG��ZKLFK�WUDQVODWHV�LQWR�XQUHOLDEOH�FRQILGHQFH�VFRUHV�
>��@�

+��(YDOXDWLRQ�PHWULFV

,Q�FODVVLILFDWLRQ�SHUIRUPDQFH�ZH�SUHVHQW�DFFXUDF\�PHDVXUHV�� LQFOXGLQJ�SUHFLVLRQ��3��� UHFDOO��5��DQG�)��
VFRUH��DV�ZHOO�DV�FRQIXVLRQ�PDWUL[�IRU�YLVXDOL]LQJ�FODVV�ZLVH�HUURUV��,Q�SDUWLFXODU�

3� �73����73���)3�����5� �73����73���)1�

)�� ���35�����3���5�

ZKHUH�73��)3�DQG�)1�VWDQGV�IRU�WUXH�SRVLWLYHV��IDOVH�SRVLWLYHV�DQG�IDOVH�QHJDWLYHV��/RFDOLVDWLRQ�SHUIRUPDQFH�
LV�UHSUHVHQWHG�E\�LQWHUVHFWLRQ�RYHU�XQLRQ��,R8��PHWULF�WKDW�FRPSDUHV�DUHD�XQGHU�SUHGLFWHG�UHJLRQ�$�DQG�LWV�
UHIHUHQFH�UHJLRQ�%��PHDQ�DYHUDJH�SUHFLVLRQ��P$3��PHDVXUH�WDNHV�LQWR�DFFRXQW�DOO�FODVVHV�DQG�PHDVXUHV�
DUHD�XQGHU�SUHFLVLRQ±UHFDOO�FXUYH�DYHUDJHG�RYHU�DOO�FODVVHV�DW�VSHFLILHG�,R8�YDOXH�

,R8� �_$�ŀ�%_���_$׫� %_����P$3� ����.��Ȉ�$3N ���

&RQWLQXRXV�IHDWXUHV��VXFK�DV�DPRXQW�RI�VXJDU�IRXQG�LQ�IUXLWV�RU�IUXLW�FRORXU�VFRUH��FRXOG�EH�SUHVHQWHG�E\�
PHDQ�DEVROXWH�HUURU��0$(���URRW�PHDQ�VTXDUHG�HUURU��506(��DQG�FRHIILFLHQW�RI�GHWHUPLQDWLRQ�5ð�PHWULF�

0$(� ����Q��Ȉ�_\L�í�ǔL_

506(� �¥>���Q��Ȉ��\L�í�ǔL�ð@
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5ð� ���í�Ȉ��\L�í�ǔL�ð���Ȉ��\L�íܢ��ð

7KH�YDULDEOH�\L�UHSUHVHQWV�WKH�DFWXDO�YDOXHV��ǔL�UHIHUV�WR�WKH�SUHGLFWHG�YDOXHV��DQGܢ��LQGLFDWHV�WKH�DYHUDJH�
DFWXDO�YDOXH��6LQFH�WKH�PHWULFV�DUH�FDOFXODWHG�RQ�GLIIHUHQW�GDWDVHWV��ODEHO�VHWV��DQG�SURWRFROV��ZH�GR�QRW�UDQN�
WKH�VWXGLHV�DFFRUGLQJ�WR WKH�UHSRUWHG�ILJXUHV�

7$%/(�,��48$/,7$7,9(�6800$5<�2)�7(&+1,48(6�)25�352'8&(�*5$',1*

7HFKQLTXH 5ROH�LQ�JUDGLQJ (YLGHQFH�DQG�FDYHDWV

&11�ZLWK�WUDQVIHU�
OHDUQLQJ�>��@

%DVHOLQH�FODVVLILHU�RU�
JUDGHU

5HV1HW�DQG�9**�DUH�FRPPRQ�FKRLFHV�>�@��
UHVXOWV�GHSHQG�RQ�ODEHOOHG�GDWD�DQG�FDSWXUH�
FRQGLWLRQV�

5HV1HW�>��@ 'HHS�EDFNERQH 5HVLGXDO�FRQQHFWLRQV�HDVH�RSWLPLVDWLRQ�RI�
GHHS�QHWZRUNV�

(IILFLHQW1HW�>��@ $FFXUDF\±VL]H�WUDGH�
RII�EDFNERQH

$SSOLHG�WR�IUXLW�>�@�DQG�YHJHWDEOH�>��@�
JUDGLQJ�RQ�VLQJOH�VRXUFH�GDWDVHWV�

<2/2�>��@ /RFDOLVDWLRQ�DQG�GHIHFW�
GHWHFWLRQ

6LQJOH�SDVV�GHWHFWRU��H[DPSOH�ZLWK�VWDWHG�
*38�RQO\�HYLGHQFH�>��@�

9LVLRQ�WUDQVIRUPHU�>��@ *OREDO�FRQWH[W�
EDFNERQH

%HQHILWV�IURP�ODUJH�VFDOH�SUH�WUDLQLQJ��
DSSOLHG�WR�ELQDU\�TXDOLW\�ODEHOV�>��@�

)HZ�VKRW���PHWD�
OHDUQLQJ�>��@

6FDUFH�ODEHO�VHWWLQJV $FFXUDF\�GHSHQGV�VWURQJO\�RQ�WKH�OHDUQLQJ�
UHJLPH�

9LVLRQ±ODQJXDJH�PRGHOV�
>��@

=HUR�VKRW�UHFRJQLWLRQ 3URSRVHG�IRU�IUXLW�TXDOLW\�>��@��IHZ�JUDGLQJ�
VWXGLHV�LQ�WKLV�UHYLHZ�

*UDG�&$0�>��@ 9LVXDO�H[SODQDWLRQ 4XDOLWDWLYH��FKHFNV�DWWHQWLRQ��QRW�
FRUUHFWQHVV�

,9��/,7(5$785(�5(9,(:

7DEOH�,,�FRQWUDVWV�IRXUWHHQ�UHFHQW�UHYLHZV�DORQJ�ZLWK�JRYHUQLQJ�SULPDU\�DUWLFOHV��5RMDV�6DQWHOLFHV�HW�DO��VHW�
WKUHH� DSSOLFDWLRQ� VFHQDULRV�� LQFOXGLQJ� RUFKDUGV�� IRRG� SURFHVVLQJ� VHFWRUV�� DQG� PDUNHWSODFHV� RU� HQG�XVH�
SRLQWV��HDFK�ZLWK�WKHLU�RZQ�YDULRXV�VHW�RI�UHTXLUHPHQWV�>�@��7KH�ILJXUHV�VWDWHG�PD\�EH�FRQVLGHUHG�DV�WKH\�
DSSHDU�LQ�OLWHUDWXUH�DQG�FDQQRW�EH�WUHDWHG�DV�FRPSDUDEOH�WKURXJK�URZV�
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7$%/(�,,��&203$5,621�2)�5(9,(:('�678',(6

5HI����\HDU 6WXG\�W\SH�DQG�UHSRUWHG�ILQGLQJ /LPLWDWLRQ�RU�UHOHYDQFH

>�@����� 6XUYH\��IUXLW�ULSHQHVV�FODVVLILFDWLRQ�0DFKLQH�
DQG�GHHS�OHDUQLQJ�GRPLQDWH�WRS�SHUIRUPLQJ�
PHWKRGV��GHHS�OHDUQLQJ�DYRLGV�FURS�VSHFLILF�
HQJLQHHUHG�IHDWXUHV�

5LSHQHVV�RQO\��QR�VLQJOH�
WHFKQLTXH�VXLWV�DOO�IUXLW�
W\SHV�

>�@����� 6\VWHPDWLF�UHYLHZ��35,60$������IUXLW�LQVSHFWLRQ�
VWXGLHV������±����� 5*%�LQ�����RI�
DSSOLFDWLRQV������RZQ�GDWDVHWV������
EHQFKPDUN�GDWDVHWV��5HV1HW�DQG�9**�ZLWK�
WUDQVIHU�OHDUQLQJ�FRPPRQ�

2SHQ�DFFHVV�MRXUQDO�DUWLFOHV�
RQO\��IUXLW�RQO\��QR�GLUHFW�
FRPSDULVRQ�DFURVV�VWXGLHV�

>�@����� 6XUYH\�RI����GHHS�OHDUQLQJ�VWXGLHV�LQ�
DJULFXOWXUH� 'HHS�OHDUQLQJ�JHQHUDOO\�
RXWSHUIRUPHG�FRPPRQO\�XVHG�LPDJH�SURFHVVLQJ�
WHFKQLTXHV�

%URDG�VFRSH��QRW�JUDGLQJ�
VSHFLILF��SUHGDWHV�YLVLRQ�
WUDQVIRUPHUV�

>�@����� 5HYLHZ��GHHS�OHDUQLQJ�PDFKLQH�YLVLRQ�IRU�
SURGXFH�TXDOLW\� &RYHUV�SURJUHVV��FKDOOHQJHV�
DQG�SURVSHFWV�

&KLQHVH�ODQJXDJH�DUWLFOH��
IXOO�WH[W�QRW�DVVHVVHG�KHUH�

>�@����� 5HYLHZ��GHHS�OHDUQLQJ�IUXLW�DQG�YHJHWDEOH�LPDJH�
DQDO\VLV� &RYHUV�FODVVLILFDWLRQ��GHWHFWLRQ��
VHJPHQWDWLRQ��GDWDVHWV��PHWULFV�DQG�WUHQGV�

,PDJH�DQDO\VLV�EURDGO\��QRW�
JUDGLQJ�VSHFLILF�

>�@����� 5HYLHZ��H[WHUQDO�TXDOLW\�YLD�QRQ�GHVWUXFWLYH�
VHQVLQJ� &RYHUV�JUDGLQJ�FULWHULD��LPDJLQJ�DQG�
VSHFWURVFRSLF�PHWKRGV��SUHSURFHVVLQJ�DQG�
UHSRUWHG�DFFXUDFLHV�

([WHUQDO�TXDOLW\�RQO\��
VHQVLQJ�RULHQWHG��QRW�
GHSOR\PHQW�RULHQWHG�

>�@����� 5HYLHZ��K\SHUVSHFWUDO�LPDJLQJ�ZLWK�GHHS�
OHDUQLQJ� &RYHUV�VDIHW\��LQWHUQDO�DQG�H[WHUQDO�
TXDOLW\��UHSRUWV�DGYDQWDJHV�LQ�DFFXUDF\�DQG�
HIILFLHQF\�

+\SHUVSHFWUDO�RQO\��
SUDFWLFDOLW\�LQ�SURGXFWLRQ�
VWLOO�QHHGV�LPSURYHPHQW�

>�@����� 3ULPDU\�VWXG\��)UXLW9LVLRQ�JUDGLQJ�PRGHO�
�����±�������DFFXUDF\�DFURVV�QLQH�IUXLW�
FDWHJRULHV����IROG�FURVV�YDOLGDWLRQ��

&URVV�YDOLGDWLRQ�ZLWKLQ�
GDWDVHWV��FURVV�FRQGLWLRQ�RU�
GHSOR\PHQW�UHVXOWV�QRW�VWDWHG�
LQ�DEVWUDFW�
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>�@����� 3ULPDU\�VWXG\��(IILFLHQW1HW9���VDPH�GRPDLQ�
WUDQVIHU�OHDUQLQJ�$ERXW���� DYHUDJH�WHVW�
DFFXUDF\�IRU�FODVVLILFDWLRQ�DQG�JUDGLQJ�RQ�VL[�
IUXLWV��)UXLW1HW���DXJPHQWDWLRQ�IRU�FODVV�
LPEDODQFH�

6LQJOH�EHQFKPDUN�GDWDVHW��
GHSOR\PHQW�PHDVXUHV�QRW�
VWDWHG�LQ�DEVWUDFW�

>��@����� 3ULPDU\�VWXG\��JHQHUDO�9L7�PRGHO��PXOWLSOH�IUXLW�
GDWDVHWV� ��±�����DFFXUDF\�IRU�JRRG�YHUVXV�
URWWHQ�FODVVLILFDWLRQ�RQ�PRVW�IUXLWV�

%LQDU\�TXDOLW\�ODEHOV��QR�
JUDGHG�VFDOH�

>��@����� 3ULPDU\�VWXG\��(IILFLHQW1HW�ZLWK�FRRUGLQDWH�DQG�
&%$0�DWWHQWLRQ��YHJHWDEOHV�$ERXW���±����
DFFXUDF\�RQ�VL[�YHJHWDEOHV�ZLWK�WKUHH�JUDGHV�
HDFK��������VXSHUPDUNHW�LPDJHV������WUDLQLQJ�
DQG�����WHVW�LPDJHV�SHU�YHJHWDEOH��

6LQJOH�VRXUFH�DQG�RQH�IL[HG�
VSOLW��KHDGOLQH�DFFXUDF\�
GLIIHUV�EHWZHHQ�WZR�WDEOHV�RI�
WKH�SDSHU���������DQG�
��������

>��@����� 3ULPDU\�VWXG\��<2/2Y���/*'$��FLWUXV�GHIHFWV�
������P$3#���RQ�������RULJLQDO�LPDJHV�
�������DIWHU�DXJPHQWDWLRQ���KHDOWK\�IUXLW�DQG�
IRXU�GLVHDVHV�

)RXU�GLVHDVHV��IHZ�UHDO�
RUFKDUG�OLJKWLQJ�DQG�
RFFOXVLRQ�LPDJHV��*38�RQO\�
�DXWKRUV¶�VWDWHPHQW��

>��@����� 3ULPDU\�VWXG\��RUGLQDO�PHWD�OHDUQLQJ��IHZ�VKRW�
IUXLW�TXDOLW\� �������IHZ�VKRW�DFFXUDF\�YV�
��������PHWD�OHDUQLQJ�DORQH��DQG���������IHZ�
VKRW�WUDQVIHU�OHDUQLQJ��

)HZ�VKRW�UHJLPH��QRW�
GLUHFWO\�FRPSDUDEOH�ZLWK�
IXOO\�VXSHUYLVHG�VWXGLHV�

>��@����� 3UHSULQW��DSSOH�LQVWDQFH�VHJPHQWDWLRQ��LPDJH�
WR�YLGHR�VKLIW� )UDPH�OHYHO�DFFXUDF\�GRHV�QRW�
JXDUDQWHH�VWDEOH�REMHFW�LGHQWLW\��LPDJH�EDVHG�
PHWULFV�RYHUHVWLPDWH�YLGHR�SHUIRUPDQFH�

$SSOHV�RQO\��SUHSULQW��QRW�
SHHU�UHYLHZHG�

7KUHH�WUHQGV�FDQ�EH�LGHQWLILHG��)LUVWO\��WKHUH�LV�FRQVHQVXV�DPRQJ�VWXGLHV�WKDW�D�PRYH�KDV�WDNHQ�SODFH�IURP�
KDQG�HQJLQHHUHG�IHDWXUHV�WR�GHHS�OHDUQLQJ�>�@��>�@��>�@��ZKLFK�KDYH�EHHQ�H[WHQGHG�IURP�5*%�FODVVLILFDWLRQ�
WR�QRQ�GHVWUXFWLYH�DQG�VSHFWUDO�VHQVLQJ�>�@��>�@��6HFRQGO\��PRVW�SDSHUV�GHDOLQJ�ZLWK�&11��(IILFLHQW1HW��9L7�
DQG�<2/2�VSHFLILF�DSSURDFKHV�KDYH�UHSRUWHG�WKHLU�DFFXUDF\�YDU\LQJ�IURP�DSSUR[LPDWHO\�����WR�����RQ�
WKHLU�GDWDVHWV�>�@��>�@��>��@��>��@��>��@��7KLUGO\��ODEHO�VFDUFH�V\VWHPV�VXFK�DV�IHZ�VKRW�OHDUQLQJ�DFKLHYH�ORZHU�
DFFXUDF\�LQ�UHWXUQ�IRU�WKH�HIIRUW�UHTXLUHG�WR�DQQRWDWH�GDWD�ZLWK�ODEHOV�>��@��7KH�OLPLWDWLRQV�REVHUYHG�ZLWKLQ�
WKHVH�VWXGLHV�UHIHU�WR�WKH�VFRSH�RI�GDWDVHWV��ODEHOV�DQG�WHVWLQJ�FRQGLWLRQV�UDWKHU�WKDQ�WKH�PRGHO�DUFKLWHFWXUH�
LWVHOI�
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9��&5,7,&$/�$1$/<6,6�$1'�5(6($5&+�*$3

7KH� DFFXUDF\� RI� EHQFKPDUNV� LV� UHPDUNDEO\� KLJK� DQG� IUHTXHQWO\� FRPHV� FORVH� WR� IROORZLQJ� D� WUHQG� RI�
FRQYHUJHQFH��$�QXPEHU�RI�UHVHDUFK�ZRUNV�LQGLFDWH�����DV�WKH�H[WHQW�RI�DQ�DFKLHYHG�DFFXUDF\�>�@��>�@��>��@��
KRZHYHU�����WR�����DQG�������P$3#���LV�DOVR�UHSRUWHG�>��@�DQG�>��@��$W�WKLV�SRLQW� WKH�GLIIHUHQFH�LQ�
SHUIRUPDQFH�RI�YDULRXV�DUFKLWHFWXUHV�LV�QRW�WHOOLQJ�DERXW�D�PRGHO¶V�RXWFRPH�LQ�D�QHZ�HQYLURQPHQW�

'LIILFXOWLHV�ZLWK�FRPSDULQJ�VWXGLHV�DUH�SRLQWHG�RXW�E\�5RMDV�6DQWHOLFHV�HW�DO���ZKR�VWDWH�WKDW�����RI�WKH�
VWXGLHV�XWLOL]H�SURSULHWDU\�GDWDVHWV��ZKLOH�����UHO\�RQ�EHQFKPDUN�VHWV�LQGLFDWLQJ�WKDW�LW�LV�LPSRVVLEOH�WR�
FRPSDUH�PRGHOV�SURSHUO\�VLQFH�WKH�GDWDVHWV��FRQGLWLRQV�DQG�WDUJHWV�DUH�YDULRXV�>�@��7KH\�DOVR�PHQWLRQ�WKH�
DEVHQFH�RI�DJUHHPHQWV�FRQFHUQLQJ�WKH�EHVW�FRQILJXUDWLRQV�DQG�SURSRVH�WR�HVWDEOLVK�VRPH�XQLIRUP�VWDQGDUGV�
>�@�

7KLV�LQIRUPDWLRQ�LV�VKRZQ�LQ�)LJ����

)LJXUH����)HDWXUHV�RI�WKH����VWXGLHV�SHUWDLQLQJ�WR�IUXLW�HYDOXDWLRQ�DV�UHYLHZHG�LQ�>�@��7KH�SHUFHQWDJH�LV�
GHILQHG�DV�LQ�WKH�UHYLHZ�>�@��FDWHJRULHV�FDQ�H[LVW�WRJHWKHU���GUDZQ�E\�WKH�ZULWHU�

&RQGLWLRQV�PD\�GLIIHU�DPRQJ�VWXGLHV��EXW�PRVW�DUH�FDUULHG�RXW�XQGHU�VWDWLF�FRQGLWLRQV��,QGHHG��PRVW�VWXGLHV�
DUH�FRQGXFWHG�LQ�D�ODE�DQG�ZLWK�VWDWLF�FDSWXUH�>�@��ZKLFK�SRVHV�D�TXHVWLRQ�RI�YDU\LQJ�OLJKW�DQG�RFFOXVLRQ��
$V�QRWHG�E\�:DQJ�HW�DO���WKHLU�GHWHFWRU�GRHV�QRW�FRQWDLQ HQRXJK�UHDO�RUFKDUG�LPDJHV�ZLWK�YDULHG�OLJKWLQJ�
DQG�RYHUODSSLQJ�OHVLRQV�>��@��7HVW�VHWV�FDQ�EH�TXLWH�VPDOO��DV�VKRZQ�E\�D�VWXG\�JLYHQ�LQ�>��@��ZKHUH�WHVWV�
IRU�YHJHWDEOH�HYDOXDWLRQ�RI�����LPDJHV�ZHUH�SHUIRUPHG�XVLQJ�RQH�VRXUFH��

,PDJH�OHYHO�PHWULFV�FDQ�RYHUVWDWH�UHDO�SHUIRUPDQFH�$�$Q�DUWLFOH�WKDW�DQDO\VHG�VHJPHQWDWLRQ�RI�DSSOHV��
SUHVHQWHG� LQ� D� SUHSULQW� IRUPDW�� LQGLFDWHG� WKDW�PRGHOV� EDVHG� RQ� VWLOO� LPDJHV� DQG� UDWHG� E\� FRQYHQWLRQDO�
PHWULFV��DSSHDU�WR�VKRZ�YDU\LQJ�IRUPV�RI�REMHFWV�DV�ZHOO�DV�FRXQWLQJ�PLVWDNHV� LQ�FDVHV�ZKHUH�OLJKW�DQG�
UHIOHFWLRQV�FKDQJH�LQ�WKH�YLGHR�>��@��$OWKRXJK�WKLV�LV�DQ�H[DPSOH�RI�FRPPHUFLDOO\�DYDLODEOH�PDWHULDO��LW�LV�
VWLOO� LQ� WKH�SUH�SHHU� UHYLHZ�SKDVH��ZKLFK�SURYHV� WKDW�KDYLQJ�D�KLJK�EHQFKPDUN�VFRUH�GRHV�QRW�HQVXUH�D�
PRGHO
V�SURSHU�SHUIRUPDQFH�

*HQHUDOL]DWLRQ�WR�GLIIHUHQW�DJULFXOWXUDO�SURGXFWV�LV�FKDOOHQJLQJ��5LSHQHVV�FODVVLILFDWLRQ�VWXGLHV�GHPRQVWUDWH�
WKDW� LW� LV�KDUGO\�SRVVLEOH� WR� UHDFK�D�XQLYHUVDO� VROXWLRQ� WR�DQ\� W\SH�RI� IUXLW� >�@��ZKLOH� IHZ�VKRW�DFFXUDF\�
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GHSHQGV� FRQVLGHUDEO\� RQ� WKH� SDUDGLJP�HPSOR\HG� WR� OHDUQ� >��@��$GYDQFHG� VHQVRUV� KHOS� WR� LQWHQVLI\� WKH�
LQIRUPDWLRQ�EXW��DFFRUGLQJ�WR�H[SHUWV��QHHG�WR�EH�PRUH�SUDFWLFDO�IRU�DJULFXOWXUDO�SURGXFWLRQ�>�@�

5HVHDUFK�LQ�WKH�ILHOG�RI�PDFKLQH�OHDUQLQJ�VXSSRUWV�WKLV�FRQFOXVLRQ��,W�KDV�EHHQ�GHWHUPLQHG WKDW�GHHS�OHDUQLQJ�
QHWZRUNV�FDQ�WDNH�DGYDQWDJH�RI�LUUHOHYDQW�VLJQDOV�VXFK�DV�EDFNJURXQG�LQIRUPDWLRQ�>��@��DQG�LW�LV�FRPPRQ�
IRU�PRGHUQ�QHWZRUNV�WR�EH�LPSURSHUO\�FDOLEUDWHG�>��@��(YHQ�WKRXJK�WKH\�UHIHU�WR�JHQHUDO�NQRZOHGJH�DQG�GR�
QRW�LQYROYH�DQ\�UHVHDUFK�RQ IUXLW�JUDGLQJ��VWXGLHV�VKRXOG�EH�FDUULHG�RXW�WR�GLVFRYHU�ZKHWKHU�WKHVH�ILQGLQJV�
DUH�UHOHYDQW�WR�WKH�JUDGLQJ�SURFHVV�

5HVHDUFK�JDS��3RLQW�HVWDEOLVKHG��GHHS�PRGHOV�VFRUH�YHU\�KLJK�DFFXUDWHO\�RQ�WKH�GDWDVHW�WKH\�DUH�LQWHQGHG��
3RLQW�QRW�FODULILHG��DUWLFOHV�SXEOLVKHG�VHOGRP�WHVW�PRGHOV�RXWVLGH�WKHLU�LQLWLDO�ZRUNLQJ�FRQGLWLRQV�RU�SUHVHQW�
SHUIRUPDQFH�DQG�FRQILGHQFH�SDUDPHWHUV�EHVLGH�WKHLU�DFFXUDF\��ZKLOH�UHVHDUFK�GRQH�FDQQRW�EH�FRPSDUHG�DV�
GLIIHUHQW�GDWDVHWV�DQG�SURFHGXUHV�DUH�DSSOLHG��,PSRUWDQFH��D�JUDGHU�WKDW�ZRUNV�ZHOO�LQ�ODERUDWRU\�FRQGLWLRQV�
PLJKW�EH�SURQH�WR�IDLO�ZLWKRXW�QRWLFH�XQGHU�QHZ�OLJKWLQJ��FXOWLYDU��RU�FDPHUD��WKXV�PLVJUDGLQJ�WKH�SURGXFH�
GXULQJ�LWV�KDUYHVW��PDQXIDFWXULQJ��RU�VHOOLQJ��&RQWULEXWLRQ�RI�WKH�SDSHU��PHWKRGRORJLFDO�IUDPHZRUNV�DQG�
SURWRFROV�SUHVHQWHG�LQ�VHFWLRQ�9,�DLPHG�WR�UHYHDO�DQG�DGGUHVV�WKH�SUREOHP��

9,��352326('�)5$0(:25.�$1'�(9$/8$7,21�35272&2/

7KH� IUDPHZRUN� DQG� SURWRFRO� EHORZ� DUH� WKLV� UHYLHZ¶V� SURSRVDOV�� 7KH\� KDYH� QRW� EHHQ� LPSOHPHQWHG� RU�
YDOLGDWHG�

$��'HSOR\PHQW�RULHQWHG�JUDGLQJ�IUDPHZRUN

7KH� SURSRVHG� SLSHOLQH� LV� RXWOLQHG� LQ� )LJ�� ���$V� WKH� EDVLF� VWUDWHJ\�� 5*%� LPDJLQJ� LV� FKRVHQ�� KRZHYHU��
K\SHUVSHFWUDO� LPJ��PXOWL�YLHZ� LPJ� DQG� RWKHU� VHQVLQJ� RSWLRQV� FDQ� VHUYH� DV� EUDQFKHV��7KHUH� DUH� VHYHUDO�
EDVHOLQH�PRGHOV��&RPSDFW�&11�IRU�EDVHOLQH�PRGHO��5HV1HW�>��@�DQG�(IILFLHQW1HW�>��@��<2/2�>��@�LV�XVHG�
DV� D� ORFDOL]LQJ� DOJRULWKP� DQG� YLVLRQ� WUDQVIRUPHU� >��@� RU�&11±WUDQVIRUPHU� W\SH�PRGHO� FDQ� EH� XVHG� DV�
DGYDQFHG�PRGHO��7KH�IHZ�VKRW�PHWKRG�RU�YLVLRQ±ODQJXDJH�WHFKQLTXH�>��@�FDQ�EH�FRQVLGHUHG�DV�SRVVLEOH�
DGGLWLRQDO�DQV�ZKHQ�HIIHFWLYH�QXPEHU�RI�ODEHOV�LV�ORZ��7KHQ��WKH�HVWLPDWHG�FRQILGHQFH�LV�DFFRPSDQLHG�E\�D�
VDOLHQF\�H[SODQDWLRQ�>��@�WKDW�LV�VHQW�WR�WKH�FRQILGHQFH�JDWH�LQ�RUGHU�WR�VHSDUDWH�WKH�XQWUXVWHG�GDWD�IURP�WKH�
WUXVWHG�GDWD�
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)LJ�����3URSRVHG�GHSOR\PHQW�RULHQWHG�JUDGLQJ�IUDPHZRUN�ZLWK�D�FRQILGHQFH�JDWH�DQG�RSWLRQDO�VHQVLQJ�
EUDQFKHV��RULJLQDO�GLDJUDP��

%��(YDOXDWLRQ�SURWRFRO

)LJ�� �� GHVFULEHV� WKH� SURWRFRO��7DEOH� ,,,� FRQWDLQV� WKH� HYDOXDWLRQ� SDUDPHWHUV��7KH� GDWDVHW�� DV�ZHOO� DV� WKH�
FRPPRGLW\�� GHILQLWLRQ� RI� ODEHOV�� DFTXLVLWLRQ� SURFHGXUH�� GLVWULEXWLRQ� RI� FODVVHV� DQG� OLFHQVH�� KDV� WR� EH�
LQGLFDWHG��,W�LV�XQQHFHVVDU\�WR�VHSDUDWH�GLIIHUHQW�YLHZV�RI�WKH�VDPH�UHDO�IUXLW��UHSHDWLQJ�IUDPHV�DV�ZHOO�DV�
VDPSOHV� RI� RQH� EDWFK� RU� VHVVLRQ� LQWR� WUDLQLQJ� DQG� WHVW� GDWDVHWV� GXH� WR� LQIRUPDWLRQ� OHDNDJH� YLD� QHDU�
GXSOLFDWHV��$GGLWLRQDOO\�WR�LQ�GLVWULEXWLRQ�WUDFNLQJ�GDWD��WKH�WHVW�VHW�FROOHFWHG�LQ�YDULRXV�FRQGLWLRQV�VKRXOG�
EH�ZLWKKHOG�DV�ZHOO�� ,W� LV�DOVR�LPSHUDWLYH�WR� LQIRUP�DERXW� WKH�WUDLQLQJ�FRQILJXUDWLRQ��XVHG�UDQGRP�VHHG��
RSWLPL]HU��OHDUQLQJ�UDWH�VFKHGXOH��VWRSSLQJ�FULWHULRQ��KDUGZDUH�DQG�YHUVLRQ�RI�WKH�PRGHO��7KH�PHWULFV�IROORZ�
WKH�H[SUHVVLRQV�JLYHQ�LQ���������DQG�UHSRUWHG�SHU�FODVV�DQG�SHU�FRQGLWLRQ�DV�WRWDOV�DORQH�GR�QRW�VKRZ�HUURUV�
LQ�PLQRULW\�FODVVHV�RU�QHLJKERULQJ�JUDGHV��7KH�GHSOR\PHQW�UHSRUW�FRQWDLQV�WKH�LQIRUPDWLRQ�DERXW�LQIHUHQFH�
WLPH��WKURXJKSXW���PRGHO�VL]H�DQG�SHDN�PHPRU\�RQ�WKH�WDUJHW�KDUGZDUH�
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)LJ�����3URSRVHG�UHSURGXFLEOH�HYDOXDWLRQ�SURWRFRO��RULJLQDO�GLDJUDP��

7$%/(�,,,��352326('�(9$/8$7,21�',0(16,216

'LPHQVLRQ 0HDVXUHV 3XUSRVH

3UHGLFWLYH�
SHUIRUPDQFH

$FFXUDF\��PDFUR�)���SUHFLVLRQ��UHFDOO��
FRQIXVLRQ�PDWUL[��P$3�,R8��0$(��
506(��5ð

&ODVV�ZLVH�UHVXOWV�H[SRVH�
HUURUV�KLGGHQ�E\�DJJUHJDWH�
DFFXUDF\�

&URVV�FRQGLWLRQ�
UREXVWQHVV

5HVXOWV�RQ�DQ�H[WHUQDO�FRQGLWLRQ�WHVW�VHW��
EUHDNGRZQ�E\�LOOXPLQDWLRQ��EDFNJURXQG��
YLHZSRLQW�DQG�RFFOXVLRQ

7HVWV�GHSHQGHQFH�RQ�
DFTXLVLWLRQ�FRQGLWLRQV�>��@�

&RQILGHQFH�DQG�
FDOLEUDWLRQ

([SHFWHG�FDOLEUDWLRQ�HUURU��DFFXUDF\�
YHUVXV�UHMHFWLRQ�UDWH

6XSSRUWV�URXWLQJ�XQFHUWDLQ�
VDPSOHV�WR�PDQXDO�UHYLHZ�
>��@�
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(IILFLHQF\ /DWHQF\��WKURXJKSXW��PRGHO�VL]H��SHDN�
PHPRU\��KDUGZDUH

(VWDEOLVKHV�GHSOR\PHQW�
IHDVLELOLW\�

([SODLQDELOLW\ 6DOLHQF\�PDSV�RQ�FRUUHFW�DQG�LQFRUUHFW�
FDVHV�>��@

&KHFNV�WKDW�WKH�PRGHO�
DWWHQGV�WR�WKH�SURGXFH��QRW�
WKH�EDFNJURXQG�

5HSURGXFLELOLW\ 6HHGV��RSWLPLVHU��VFKHGXOH��VWRSSLQJ�UXOH��
KDUGZDUH��PRGHO�YHUVLRQ��GDWD�OLFHQFH

$OORZV�RWKHUV�WR�UHSHDW�WKH�
VWXG\�

3ODQQHG�DEODWLRQV�FRYHU�OLJKWLQJ�DQG�FRORXU�WHPSHUDWXUH�FKDQJHV��RFFOXVLRQ��EDFNJURXQG�FOXWWHU��YLHZSRLQW��
LQSXW�UHVROXWLRQ��DXJPHQWDWLRQ��PRGHO�FRPSOH[LW\�DJDLQVW�ODWHQF\��DQG�5*%�RQO\�YHUVXV�PXOWLPRGDO�LQSXW�

9,,��',6&866,21

54���DUFKLWHFWXUHV5HV1HW�DQG�9**�DUH�VWDQGDUG�PRGHOV�LQ�IUXLW�LQVSHFWLRQ�DQG�DUH�ZLGHO\�XVHG��DFFRUGLQJ�
WR�WKH�UHVHDUFK�>�@��7KH�SHUIRUPDQFH�PHWULFV�RI�(IILFLHQW1HW�EDVHG�>�@��>��@��9L7�EDVHG�>��@��DQG�<2/2�
EDVHG� >��@� DSSURDFKHV� VKRZ� DQ� DFFXUDF\� EHWZHHQ� ���� DQG� ���� �RU� ������ P$3#����� 7KH�<2/2�
DSSURDFK�SHUIRUPV�WKH�IXQFWLRQV�RI�GHIHFW�GHWHFWLRQ�DQG�ORFDOLVDWLRQ�ZKLOH�WKH RWKHU�PHWKRGV�DUH�XVHG�LQ�
WKH FODVVLILFDWLRQ�RI� LPDJHV��7KH�PDLQ� UHDVRQ� IRU� WKH� LQDELOLW\�RI� OLWHUDWXUH� WR� UDQN� DUFKLWHFWXUHV� LV� WKDW�
GLIIHUHQW�GDWDVHWV��VSOLWV�DQG�FRQGLWLRQV�DUH�XVHG��DQG�WKHUHIRUH�WKH�PRGHOV�QHHG�WR�EH�FRPSDUHG�GLUHFWO\�
DFFRUGLQJ�WR�RQH�EHQFKPDUN�

54���GDWDEDVHV�DORQJVLGH�FRQGLWLRQV�������RI�UHVHDUFK�UHODWHG�SDSHUV�PHQWLRQHG� WKH�XVH�RI�SURSULHWDU\�
GDWDVHWV�>�@��DV�ZHOO�DV�KDYLQJ�VKRZQ�WKDW�WKHUH�LV�QR�XQLYHUVDO�PHWKRG�WKDW�ZRXOG�ZRUN�SURSHUO\�RQ�DOO�WKH�
W\SHV�RI�IUXLW�SHU�VH��7KHUHIRUH��WKH�UHVXOWV�WHQG QRW�WR�EH�JHQHUDOL]HG�GXH�WR�WKH�IDFW�WKDW�SULPDU\�DXWKRUV�
WKHPVHOYHV�DFNQRZOHGJH�WKDW�LW�LV�FUXFLDO�WR�KDYH�D�GLIIHUHQW�OLJKWLQJ�GXULQJ�H[SHULPHQWV�>��@��:RUN�GRQH�
LQ�RWKHU�GDWDEDVHV�DQG�XQGHU�YDULRXV�FRQGLWLRQV�KDV�YLWDO�LPSRUWDQFH�IRU�IROORZLQJ�WKH�SURWRFROV�

54���WUDGHRIIV���7KH�VRXUFHV�WKDW�ZHUH�DQDO\]HG�ZLWKLQ�WKLV�VHFWLRQ�GR�QRW�SURYLGH�D�V\VWHPDWLF�IUDPHZRUN�
IRU�FDOFXODWLQJ�WUDGHRIIV�LQYROYHG�LQ�WKH�SURFHVV�RI�DFKLHYLQJ�D�JRRG�EDODQFH�EHWZHHQ�DFFXUDF\��UHOLDELOLW\��
VSHHG��UHVSRQVLYHQHVV��FRVWV�DQG�H[SODLQDELOLW\��VLQFH�DFFXUDF\�DQG�UHVXOWV�GLIIHU�VLJQLILFDQWO\�IURP�VRXUFH�
WR�VRXUFH�ZKLOH�HYHQ�WKH�EHVW�SHUIRUPLQJ�GHWHFWRUV�SURYLGH�UHVXOWV�PHDVXUHG�RQ�WKH�EDVLV�RI�*38�>�@��RQH�
PRUH�IDFW�WR�SURYH�WKH�LGHD�LV�WKDW�WKH�EHVW�GHWHFWRU�SURYLGHV�UHVXOWV�RQO\ LQ�WHUPV�RI�LWV�SHUIRUPDQFH�RQ�
PDFKLQH�OHDUQLQJ�SODWIRUP�>��@��3URILOLQJ�DQG�FDOLEUDWLRQ�SURFHVVHV�SUHVHQWHG�LQ�WDEOH�,,,�KHOS�WR�SURYLGH�
WKH�NQRZOHGJH�WKDW�LV�DEVHQW�

54�� �PRGDOLWLHV���%\�PHDQV� RI� XVLQJ� K\SHUVSHFWUDO� LPDJLQJ� DORQJ�ZLWK� GHHS� OHDUQLQJ� WHFKQRORJ\� LW� LV�
SRVVLEOH�WR�HYDOXDWH�H[WHUQDO

54���3URWRFRO���6HFWLRQ���VXJJHVWV�D�SURWRFRO�FRQVLVWLQJ�RI�WKH�IROORZLQJ��OHDNDJH�VDIH�VSOLWWLQJ��H[WHUQDO�
FRQGLWLRQ�WHVWLQJ��UREXVWQHVV�DEODWLRQV��FDOLEUDWLRQ�DQG�GHSOR\PHQW�SURILOLQJ��+RZHYHU��WKH�XVHIXOQHVV�RI
WKH�SURWRFRO�KDV�QRW�EHHQ�YHULILHG�\HW�

8VH� FDVHV��2UFKDUGV��SURFHVVLQJ� OLQHV� DQG� UHWDLOHU� VHWWLQJV�KDYH�GLIIHUHQW� WHFKQLFDO� UHTXLUHPHQWV��:KLOH�
FRQILGHQFH�JDWH�LV�DSSOLFDEOH�LQ�KLJK�WKURXJKSXW�OLQHV�ZLWK�PDQXDO�UHYLHZ�ODQH��VFHQDULRV�ZLWK�GLIIHUHQW�



Ь«ĺīŪıôϙ͑ϠϙIŜŜŪôϙ͔ϙϼ�ôŕťôıæôŘϱièťĺæôŘϙ͑͏͕͑Ͻ ϼ�ŕôèĖÍīϙIŜŜŪôϙ͐ϽϙϙϙϙϙϙϙϙϙϙϙI��bϡϙ͒͐͒͘ϱ͓͕͐͗ϙϼiĲīĖĲôϽ

�V""ϱ͑͏͕͑ϱ͏͏͐͏͕ иϙ �i"FI«��X�F�ϙVi��b�[ϙi>ϙ"I«(��(ϙ"I��I�[Ib( иϙſſſϟæĤîîĤĺŪŘĲÍīϟĺŘČ иϙϙ͐ ͐͑

OLJKWLQJ�FRQGLWLRQV�VXFK�DV�UHWDLO�DQG�RUFKDUGV�SODFH�PXFK�PRUH�HPSKDVLV�RQ�UREXVWQHVV�WHVWV��7KLV�UDWLRQDOH�
LV�WKH�DXWKRU
V�YLHZSRLQW�UDWKHU�WKDQ�WKH�FRQFOXVLRQ�RI�WKH�DERYH�PHQWLRQHG�SXEOLFDWLRQV�

9,,,��/,0,7$7,216�$1'�7+5($76�72�9$/,',7<

7KH�SXUSRVH�RI�WKLV�QDUUDWLYH�UHYLHZ�LV�QRW�WR�XQGHUWDNH�D�V\VWHPDWLF�UHYLHZ��KRZHYHU��LW�VKRXOG�EH�QRWHG�
WKDW� WKH�VHOHFWLRQ�RI�VWXGLHV�ZDV�ELDVHG�WRZDUG�WKRVH�WKDW�SUHVHQWHG�KLJK�DFFXUDF\��ZKLFK�UHVXOWHG�LQ����
SXEOLFDWLRQV�EHLQJ�OLVWHG�LQ� WDEOH����+HQFH��RQO\�DEVWUDFWV�� UHYLHZV�RU�VXPPDULHV�RI� WKH�SULPDU\�VWXGLHV�
ZHUH� XVHG�� LQVWHDG� RI� RULJLQDO� VRXUFHV��$GGLWLRQDOO\�� LW� VKRXOG� EH� RXWOLQHG� WKDW� RQH� VWXG\� LV� LQ�&KLQHVH�
ODQJXDJH��DQG�RQH�VWXG\�LV�D�SUHSULQW��0RUHRYHU�� LW�VKRXOG�Eɟ�VWUHVVHG�WKDW� WKH�ILJXUHV�KDYH�DSSHDUHG�LQ�
GLIIHUHQW�H[SHULPHQWV�VHWWLQJV�DQG�WKHUHIRUH�DUH�QRW�VXEMHFW�WR�FRPSDULVRQ��:KDW�LV�PRUH��WKH�IUDPHZRUN�
GHVFULEHG� LV� \HW� XQGHUGHYHORSHG�� DQG� QR� UHVXOWV� DUH� DYDLODEOH� FRQFHUQLQJ� SHUIRUPDQFH�� ODWHQF\� DQG�
GXUDELOLW\�RI�VXFK�IUDPHZRUN��:KLOH�WKH�TXDOLW\�JUDGHV�DSSHDU�WR�EH�VXEMHFWLYH��LW�VKRXOG�EH�UHDIILUPHG�WKDW�
5*%�LPDJHV�FDQQRW�PHDVXUH�FHUWDLQ�LQWHUQDO�FKDUDFWHULVWLFV��EHFDXVH�RI�WKLV�WKH�JDS�EHWZHHQ�EHQFKPDUN�
FRQGLWLRQV�DQG�WKRVH�DSSOLHG�LQ�UHDO�WLPH�LV�DQ�LQIHUUHG�RQH�DQG�QHHGV�IXUWKHU�PHDVXUHPHQW�

,;��)8785(�5(6($5&+�',5(&7,216

7KLV�PHWKRGRORJ\�FRXOG�DOVR�KDYH�EHHQ�DSSOLHG�WR�D�VSHFLDOO\�GHVLJQHG�PXOWL�FRQGLWLRQ�GDWDVHW�WR�GHWHUPLQH�
WKH�GHJUHH�RI�VXFFHVV�RI�FRPSHWLWRUV�DV�ZHOO�DV�WR�FRQVLGHU�YDULRXV�DGGLWLRQDO�UHVHDUFK�GLUHFWLRQV��VXFK�DV�
DGDSWDWLRQ�DFURVV�WKH�GRPDLQV��VHOI�VXSHUYLVHG�OHDUQLQJ��DQG�DFWLYH�OHDUQLQJ�ZLWK�OLPLWHG�DQQRWDWLRQ��PRGHO�
FRPSUHVVLRQ�WKURXJK�NQRZOHGJH�GLVWLOODWLRQ�������TXDQWL]DWLRQ�������DQG�RWKHU�WHFKQRORJLHV�IRU�FRPSUHVVHG�
PRGHO�GHSOR\PHQW�LQWR�WKH�HGJH�GHYLFHV��LPSURYHPHQW�RI�DOJRULWKPV WR�FRPELQH�5*%�DQG�K\SHUVSHFWUDO�
GDWD��FUHDWLQJ�PXOWL�YLHZ�IUDPHZRUNV�WR�SURGXFH��'�PRGHOV�RI�SURGXFH�VDPSOHV��XQFHUWDLQW\�HYDOXDWLRQ��
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