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

3URI��1HHODP�-DLQ�

$VVLVWDQW�3URIHVVRU�
'HSDUWPHQW�RI�$UWLILFLDO�,QWHOOLJHQFH�DQG�'DWD�6FLHQFH�(QJLQHHULQJ

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

$EVWUDFW� +RVSLWDOV� SRVVHVV� WKH� QHFHVVDU\� GDWD� IRU� WUDLQLQJ� DFFXUDWH� GLDJQRVWLF� PRGHOV�� EXW� SULYDF\�
UHJXODWLRQV� SUHYHQW� WKLV� IURP� KDSSHQLQJ�� &RPELQLQJ� WKH� DSSURDFK� RI� IHGHUDWHG� OHDUQLQJ� �)/�� ZLWK�
JHQHUDWLYH�PRGHOV�DOORZV�IRU�H[SDQGLQJ�DQG�EDODQFLQJ� WKH� WUDLQLQJ�GDWD�ZLWKRXW� WKH�QHHG� WR�FKDQJH� WKH�
ORFDWLRQ�RI�SDWLHQW�GDWD��+RZHYHU��WKH�JLYHQ�SDSHU�GHVFULEHV�ILYH�UHFHQW�VWXGLHV�LQ�WKH�VSKHUH�RI�FRPELQLQJ�
WKH�DERYH�PHQWLRQHG�VWXGLHV��DQ�DSSURDFK�RI�GLIIHUHQWLDOO\�SULYDWH�IHGHUDWHG�*$1��D�UHYLHZ�RI�WKH�ODWHVW�
DSSURDFKHV�LQ�IHGHUDWHG�JHQHUDWLYH�PRGHOV��DQ�HPSLULFDO�VWXG\�RI�WKH�XVH�RI�IHGHUDWHG�PRGHOV�LQ�FUHDWLQJ�
WDEXODU�GDWD�LQ�WKH�ILHOG�RI�OHXNDHPLD��D�PRGHO�RI�ODWHQW�GLIIXVLRQ�LQVWHDG�RI�XVLQJ�WKH�)/�DSSURDFK�LQ�05,�
RI�WKH�EUDLQ�DQG�D�RQH�VKRW�DSSURDFK�RI�)/�EDVHG�RQ�WKH�XVH�D�IORZ�PRGHO�ZLWK�UHFWLILHG�IORZ��,Q�WKLV�FDVH��
WKH�VWXGLHV�KDYH�EHHQ�FRPSDUHG�DFFRUGLQJ�WR�WKH�W\SH�RI�IHGHUDWLRQ��W\SH�RI�JHQHUDWLYH�PRGHO��DV�ZHOO�DV�WKH�
SUDFWLFH�RI�SULYDF\�DQG�HYDOXDWLRQ��7KH�PDLQ�FRQFOXVLRQ�RI�WKH�FRPSDULVRQ�LV�WKDW�ZKLOH�WKH�ZD\�RI�XVLQJ�
WKH�)/�FKDQJHV�IURP�LWHUDWLYH�RQH�WR�RQH�VKRW�RQH��WKH�W\SHV�RI�HYLGHQFH�XVHG�LQ�SULYDF\�FODLPV�DUH�GLIIHUHQW�
�H�J��IRUPDO�GLIIHUHQWLDO�SULYDF\�RU�DQ\�HPSLULFDO�RU�LQIRUPDWLRQ�

.H\ZRUGV� IHGHUDWHG� OHDUQLQJ��JHQHUDWLYH�PRGHOV��GLIIHUHQWLDO�SULYDF\�� V\QWKHWLF�GDWD��PHGLFDO� LPDJLQJ��
GLIIXVLRQ�PRGHOV�

,QWURGXFWLRQ�

0HGLFDO�0/� UHOLHV� KHDYLO\� RQ� ELJ� KHWHURJHQHRXV GDWDVHWV� WKDW� DUH� OLPLWHG� E\� UHJXODWLRQV� DQG� SROLFLHV�
FRQFHUQLQJ�WKH�FRQILGHQWLDOLW\�RI�KRVSLWDO�GDWD��WKXV�UHTXLULQJ�KRVSLWDOV�WR�UHO\�RQ�ORFDO�UHVRXUFHV��)HGHUDWHG�
OHDUQLQJ��)/��DWWHPSWV�WR�VROYH WKLV�GLOHPPD�WR�VRPH�GHJUHH�E\�DOORZLQJ�ORFDO�WUDLQLQJ�XVLQJ�ORFDO�GDWDVHWV�
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DQG�VKDULQJ�WKH�PRGHO�DQG�LWV�SDUDPHWHUV�LQVWHDG�RI�WKH�RULJLQDO�SDWLHQW�GDWD�>�@��+RZHYHU��)/�E\�LWVHOI�GRHV�
QRW� VROYH� WKH� SUREOHP� RI� GDWD� VFDUFLW\� VLQFH� WKH� GDWD� GLVWULEXWLRQV� DW� GLIIHUHQW� ORFDWLRQV� PD\� GLIIHU��
*HQHUDWLYH�PRGHOOLQJ�PHWKRGV��EHJLQQLQJ�ZLWK�WKH�LQYHQWLRQ�RI�*$1V�>�@��FDQ�LQFUHDVH�ERWK�WKH�VL]H�DQG�
KRPRJHQHLW\�RI�WKH�ORFDO�GDWDVHWV�E\�FUHDWLQJ�QHZ�V\QWKHWLF�VDPSOHV��&RPELQLQJ�WKH�WZR�JLYHV�IHGHUDWHG�
JHQHUDWLYH�PRGHOV��)*0V��

%DVHG�RQ�D�UHFHQW�UHYLHZ�DUWLFOH��WKH�DXWKRUV�SUHVHQW�DQ�RYHUYLHZ�RI�KRZ�JHQHUDWLYH�DGYHUVDULDO�QHWZRUNV�
�*$1V�� DQG� GLIIXVLRQ�PRGHOV� ZHUH� HPSOR\HG� LQ�PHGLFDO� LPDJLQJ� VWXGLHV�� ,Q� WRWDO�� WKH\� VFUHHQHG� ����
UHFRUGV�DQG�LGHQWLILHG����DUWLFOHV�UHODWHG�WR�)*0V��7KHUH�DUH�YDULRXV�IDFWRUV�WKDW�LPSDFW�WKLV�UHVHDUFK�DUHD��
)LUVW�RI�DOO��SULYDF\�LV�RQH�RI�WKH�DVSHFWV�WR�EH�WDNHQ�LQWR�DFFRXQW��DV�WKH�GDWD�REWDLQHG�IURP�LPDJH�JHQHUDWLRQ�
WKURXJK�*$1V�FDQ�FRQWDLQ�LQIRUPDWLRQ�DERXW�WUDLQLQJ�LPDJHV��6HFRQGO\��FRPPXQLFDWLRQ�LV�DQ�LVVXH�WKDW�
PXVW� EH� DGGUHVVHG� EHFDXVH� DQ� LWHUDWLYH� XVH� RI� )HGHUDWHG� /HDUQLQJ� �)/�� UHTXLUHV� D� ODUJHU� QXPEHU� RI�
LWHUDWLRQV��ZKLFK�LQYROYHV�VSHQGLQJ�D�ORW�RI�FDSLWDO�IRU�KRVSLWDOV�XVLQJ�WKHVH�PHWKRGV��6RPH�RI�WKH�ZRUNV�
IRFXVLQJ�RQ� WKH� LPSDFW�RI�SULYDF\�RQ� IHGHUDWHG�*$1V�DUH� >�@� DQG�)HG&6&'�*$1�>��@��7KH� IHGHUDWHG�
HQYLURQPHQW�LV�DOVR�EHLQJ�H[WHQGHG�WR�SHUVRQDOLVHG�PHGLFDO�DXGLR�YLVXDO�PRGHOV�>��@��LQWHUSUHWDEOH�PHGLFDO�
DXGLR�PRGHOV�>��@��DQG�ORQJLWXGLQDO�UHSRUW�JHQHUDWLRQ�>��@��ZKLOH�IRXQGDWLRQDO�PRGHOV DUH�DSSOLHG�WR�FUHDWH�
GLIIHUHQWLDOO\�SULYDWH�V\QWKHWLF�GDWD�WKDW�FRXQWHUV�QRQ�,,'�FOLHQWV�>��@�

5HFHQW�DUWLFOHV�DGGUHVV�WKH�FKDOOHQJHV�GLIIHUHQWO\��PDNLQJ�WKHP�KDUG�WR�DOLJQ�ZLWK�HDFK�RWKHU��$V�VXFK��WKLV�
UHYLHZ�WULHV�WR�DQVZHU�WKUHH�TXHVWLRQV��+RZ�GRHV�WKH�OLWHUDWXUH�RUJDQLVH�IHGHUDWLRQ�DQG�JHQHUDWLRQ"�:KDW�
HYLGHQFH�GR�WKH\�XVH�WR�EDFN�XS�WKHLU�FODLPV�UHJDUGLQJ�SULYDF\"�+RZ�UHOLDEOH�DUH�WKHLU�HYDOXDWLRQV�RI�XWLOLW\"�
7KH�FRQWULEXWLRQV�RI�WKLV�DUWLFOH�DUH�DV�IROORZV��L��$�VWUXFWXUHG�FRPSDULVRQ�RI�ILYH�VWXGLHV��LL��$Q�DQDO\VLV�RI�
KRZ�SULYDF\�DQG�ILGHOLW\�DUH�SUHVHQWHG��LLL��$�FKHFNOLVW�IRU�UHSRUWLQJ�IXWXUH�VWXGLHV��7KH�DUWLFOH�LV�D�UHYLHZ�
RI�WKH�OLWHUDWXUH�DQG�GRHV�QRW�FRQWDLQ�H[SHULPHQWV��7KH�ILJXUHV�FLWHG�DUH�IURP�RULJLQDO�DUWLFOHV�DQG�ZHUH�
REWDLQHG�RQ GLIIHUHQW�EHQFKPDUNV��WKXV�PDNLQJ�LW�LPSRVVLEOH�WR�FRPSDUH�WKHP�GLUHFWO\�

,,��%$&.*5281'

$� )HGHUDWHG�/HDUQLQJ

7KH� FRQFHSW� RI� IHGHUDWHG� DYHUDJLQJ� �)HG$YJ�� >�@� LQYROYHV� WUDLQLQJ� E\� HDFK� FOLHQW� RQ� ORFDO� GDWD� DQG�
DYHUDJLQJ�WKH�ZHLJKWV�UHWXUQHG�IURP�WKH�FOLHQWV�IRU�VHYHUDO�URXQGV��7KXV��ZKHQ�WKH�FOLHQWV�GLIIHU�LQ�WKH�ODEHO�
GLVWULEXWLRQ��LPDJH�SURWRFRO��RU�QXPEHU�RI�VDPSOHV��QRQ�,,'�VLWXDWLRQ���WKH�ORFDO�XSGDWHV�GLYHUJH�IURP�HDFK�
RWKHU��DQG�WKH�SURFHVV�RI�DJJUHJDWLRQ�EHFRPHV�LPSDLUHG��2QH�VKRW�)/�DSSURDFKHV�WKH�SUREOHP�E\�XVLQJ�D�
VLQJOH�H[FKDQJH��ZKLFK�FRPSOLFDWHV�FRQYHUJHQFH�LQ�D�QRQ�,,'�VLWXDWLRQ�

,,,��5(9,(:('�678',(6 %��*HQHUDWLYH�0RGHOV

$�*$1�LV�D� W\SH�RI�QHXUDO�QHWZRUN� WKDW�HPSOR\V�D�JHQHUDWRU�DQG�D�GLVFULPLQDWRU�DQG� WUDLQV� WKH�IRUPHU�
DJDLQVW�WKH�ODWWHU�XQWLO�LW�LV�LPSRVVLEOH�WR�GLVWLQJXLVK�EHWZHHQ�V\QWKHWLF�DQG�UHDO�H[DPSOHV�>�@��7KH�GLIIXVLRQ�
PRGHO�LV�D�SURFHVV�RI�DGGLQJ�QRLVH�WR�WKH�GDWD�VWHS�E\�VWHS�DQG�OHDUQLQJ�KRZ�WR�UHYHUVH�WKH�SURFHVV�

&��3ULYDF\

'LIIHUHQWLDO�SULYDF\�PD\�EH�GHILQHG�IRUPDOO\�ZLWK�D�SDLU��İ��į���ZKLFK�WHOOV�XV�KRZ�PXFK�LPSDFW�RQH�UHFRUG�
KDV�RQ�WKH�RXWSXW��WKH�VPDOOHU�WKH�İ�YDOXH��WKH�PRUH�SURWHFWLRQ�LV�DYDLODEOH��,Q�GHHS�OHDUQLQJ��WKH�WHFKQLTXH�
LV�RIWHQ�DSSOLHG�WKURXJK�JUDGLHQW�FOLSSLQJ�DQG�DGGLQJ�*DXVVLDQ�QRLVH��NHHSLQJ�WUDFN�RI�WKH�DFFXPXODWHG�
ORVVHV� WKURXJK� WKH�PRPHQW� DFFRXQWDQW� >�@��$OWHUQDWLYHO\�� RQH� FDQ� WDNH� DQ� HPSLULFDO� DSSURDFK� WKURXJK�
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PHPEHUVKLS�LQIHUHQFH��DWWULEXWH�LQIHUHQFH��OLNDELOLW\�RU�VLQJOLQJ�RXW�DWWDFNV�DJDLQVW�WKH�UHOHDVHG�GDWDVHW�RU�
E\�DUUDQJLQJ�JHQHUDWHG�VDPSOHV�WR�UHVHPEOH�WUDLQLQJ�VDPSOHV�>��@��%RWK�SDWKV�JLYH�DQVZHUV�WR�GLIIHUHQW�
LQTXLULHV�DQG�\LHOG�GLIIHULQJ�RXWFRPHV�

'��(YDOXDWLQJ�6\QWKHWLF�'DWD�DQG�6LPXODWLQJ�+HWHURJHQHLW\

7R�HYDOXDWH�V\QWKHWLF�GDWD� ILGHOLW\��KRZ�DFFXUDWHO\�LW�FDSWXUHV�UHDO�GDWD�VWDWLVWLFV���XWLOLW\��KRZ�ZHOO� WKH�
PRGHOV� FUHDWHG�XVLQJ� WKLV�GDWD� FDQ�SHUIRUP� UHDO�ZRUOG� WDVNV��� DQG�SULYDF\�DUH� W\SLFDOO\� FRQVLGHUHG� >�@��
,PDJH�DQDO\VLV�RIWHQ�HPSOR\V� WKH�)UpFKHW� ,QFHSWLRQ�'LVWDQFH� �),'���ZKHUH� ORZHU�YDOXHV� LPSO\� WKDW� WKH�
GLVWULEXWLRQV�DUH�FORVHU�>�@��>�@��>�@��,Q�FRQWUDVW��WDEXODU�GDWD�VWXGLHV�LQFOXGH�FRUUHODWLRQ�VLPLODULW\��GLYHUVLW\�
VFRUHV�� DQG� GHWHFWDELOLW\� WHVWV�� ZKHUH� VWDWLVWLFDO� FODVVLILHUV� DUH� DSSOLHG� WR� WKH� GDWD� WR� ILQG� RXW� LI� WKH�
URZV�FROXPQV�FRPH�IURP�WKH�UHDO�RU�V\QWKHWLF�GDWDVHW��LQ�WKLV�VLWXDWLRQ��KLJKHU�GHWHFWLRQ�VFRUHV�GHPRQVWUDWH�
ORZHU� ILGHOLW\� >�@��$V� UHDO� IHGHUDWLRQV� DUH�GLIILFXOW� WR� DFFHVV�� D�PDMRULW\�RI� WKH� VWXGLHV�KDYH� WR� VLPXODWH�
KHWHURJHQHLW\� E\� VSOLWWLQJ� DQ� RULJLQDO� GDWDVHW�� 8VXDOO\�� VRPH� FODVVHV� DUH� JLYHQ� WR� HDFK� FOLHQW�� RU� WKH�
GLVWULEXWLRQ�RI�WKH�FODVVHV�LQ�D�GDWDVHW�LV�JHQHUDWHG�E\�PHDQV�RI�WKH�'LULFKOHW�GLVWULEXWLRQ��DV�LW�ZDV�GRQH�LQ�
>�@�DQG�>�@��,Q�VWXG\�>�@��VKDUGLQJ�SDUWLWLRQLQJ�ZDV�DSSOLHG�WR�WKH�WZR�GDWDVHWV�DQG�RQH�QDWXUDO�IHGHUDWLRQ�LQ�
ZKLFK�HDFK�LQGLYLGXDO�UHJLRQ�ZRUNV�DV�D�FOLHQW��3DUWLWLRQLQJ�LV�LQVWUXPHQWDO�LQ�GUDZLQJ�FRQFOXVLRQV�IURP�
UHVHDUFK�ILQGLQJV��DQG�WKDW�LV�ZK\�LW�KDV�WR�EH�LQFOXGHG�LQ�WKH�GHVFULSWLRQ�

$� 'LIIHUHQWLDOO\�3ULYDWH�)HGHUDWHG�*$1�>�@

$�GLIIHUHQWLDOO\�SULYDWH�IHGHUDWHG�JHQHUDWLYH�DGYHUVDULDO�QHWZRUN�KDV�EHHQ�GHYHORSHG�E\�/L��7RQJ��HW�DO���
ZKLFK� LPSOHPHQWV� ILYH�FRQYROXWLRQ� OD\HUV� LQ�ERWK� WKH�JHQHUDWRU�DQG�GLVFULPLQDWRU�RI� LWV�*$1�PRGHO�DW�
HYHU\�SDUWLFLSDWLQJ�VLWH��+RVSLWDOV�DUH�DUUDQJHG�LQ�RUJDQLVDWLRQV�VXFK�WKDW�RQO\�VRPH�RI�WKHP�FRPPXQLFDWH�
ZLWK�WKH�VHUYHU�GLUHFWO\��/RFDO�GLIIHUHQWLDO�SULYDF\�LV�HQIRUFHG�E\�WUXQFDWLQJ�WKH�GLVFULPLQDWRU¶V�JUDGLHQWV�
DQG�WKHQ�FRUUXSWLQJ�WKHP�ZLWK�*DXVVLDQ�QRLVH�WKDW�GHFUHDVHV�JUDGXDOO\�RYHU�WKH�URXQGV��7KH�HQWLUH��İ��į��
EXGJHW�LV�PRQLWRUHG�XVLQJ�D�PRPHQW�DFFRXQWDQW��7KH�H[SHULPHQWV�XWLOLVH�WKH�01,67�GDWDVHW�DQG�D�&29,'�
&7�GDWDVHW�RI������SDWLHQWV��7KH�VFDOH�RI�QRLVH�EHJLQV�DW����DQG�GHFD\V�E\������HYHU\�URXQG��WKH�*$1�LV�
WUDLQHG� IRU� ���� JOREDO� URXQGV� XVLQJ� ��� ORFDO� HSRFKV� SHU� URXQG�� 7KH� H[SHULPHQWV� HVWDEOLVK� )HG*$1��
)HG'3*$1��DQG�3HU)HG*$1�DV�EDVHOLQH�PRGHOV��$FFRUGLQJ�WR�WKH�DXWKRUV��DW�DQ�İ�YDOXH�RI����WKH�UHVXOWV�
REWDLQHG�ZHUH�LQVLJQLILFDQW�ZKHQ�FRPSDUHG�WR�WKH�RULJLQDO�PRGHO��EXW�DW�DQ�İ�YDOXH�RI���WKH UHVXOWV�ZHUH�
PRGHVWO\�SRRU�ERWK�IRU�WKH�JHQHUDWHG�LPDJHV�DQG�WKH�FRUUHVSRQGLQJ�FODVVLILHU�

%��6XUYH\�RI�)HGHUDWHG�*HQHUDWLYH�0RGHOV�>�@

0DKPRRG�HW�DO��DGKHUH�WR�WKH�35,60$�VWDQGDUG�DQG�FDWHJRULVH�WKH�DXGLHQFH�E\�WKH�JHQHUDWLYH�PHWKRG��
*$1V��GLIIXVLRQ� WHFKQLTXHV��HQFRGHU�GHFRGHU�VWUDWHJLHV�DQG�RWKHUV��7KH� W\SHV�RI�*$1�FRQVWUXFWLRQ�DUH�
IXUWKHU�FODVVLILHG�DFFRUGLQJ�WR�WKH�QDWXUH�RI�WKH�KRVWLQJ�IRU�WKH�WHFKQLTXHV��ZKHWKHU�LW�LV�DQ�HQWLUH�WHFKQRORJ\��
D�VLQJOH�FRPSRQHQW�WHFKQRORJ\��RU�QHLWKHU��7KH�FKDOOHQJHV�KDYH�GLYHUVLILHG�LQWR�)/�RULHQWHG��GDWD�RULHQWHG�
DQG�PRGHO�RULHQWHG��7KH�DXWKRUV�SRLQW�RXW� WKDW� WKH�PDMRULW\�RI� UHVHDUFK�PDNHV�XVH�RI� VLPXODWLRQV�ZLWK�
EHQFKPDUN� GDWDVHWV� DQG� WKDW� WKHUH� DUH� DOPRVW� QR� FOLQLFDO� WULDOV� SHUIRUPHG��7KH� W\SHV� RI�*$1V� RIIHUHG�
LQFOXGH�FOLHQW�VLGH�DORQH��ZLWKRXW�DJJUHJDWLRQ���JHQHUDWRU�DQG�GLVFULPLQDWRU�ERWK�DW�WKH�FOLHQW�DQG�VHUYHU��
RQH�WHFKQRORJ\�EHLQJ�DW� WKH�VHUYHU��DQG�GHFHQWUDOLVHG�DSSURDFKHV�RQ�WKH�EDVLV�RI�SHHU�WR�SHHU�H[FKDQJH��
7KH�DXWKRUV�DOVR�FODVVLI\�GLIIXVLRQV�DFFRUGLQJ�WR�WKH�ORFDWLRQ�RI�V\QWKHWLF�GDWD��ZKLFK�FDQ�EH�DW�WKH�FOLHQWV��
DW� WKH� PDLQ� VHUYHU�� RU� LQ� GHFHQWUDOLVHG� GDWDEDVHV�� 7KH� WKHPHV� GLVFXVVHG� DUH� DXJPHQWDWLRQ�� 05,�
UHFRQVWUXFWLRQ��FURVV�PRGDOLW\�FRQYHUVLRQ��FODVVLILFDWLRQ�DQG�VHJPHQWDWLRQ�
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&��)HGHUDWHG�7DEXODU�6\QWKHVLV�LQ�/HXNDHPLD�>�@

,VVD�HW�DO��DVVHVV� WKH�FRVWV� LQYROYHG� LQ� IHGHUDWLQJ�D�V\QWKHWLF�GDWD�JHQHUDWRU��7KH\� WUDLQ�&7*$1�DQG�
)HG7DE'LII�XVLQJ�GDWD�IURP�������SDWLHQWV�ZLWK�DFXWH�P\HORLG�OHXNDHPLD��HDFK�UHSUHVHQWHG�E\����FOLQLFDO�
IHDWXUHV��ZKLOH�GDWD�LV�GLVWULEXWHG�EHWZHHQ���WR����QRGHV�XWLOLVLQJ�)HG$YJ��DSSO\LQJ�RQH�RI�WKUHH�GDWD�VSOLWV�
�EDODQFHG�� LPEDODQFHG�� DQG� QRQ�,,'��� 7KH\� PHDVXUH� ILGHOLW\� ZLWK� FRUUHODWLRQ�� GLYHUVLW\�� GLVWULEXWLRQ�
GLVWDQFH��DQG�FODVVLILHU�PHWULFV��DQG�HYDOXDWH�SULYDF\�ZLWK�IRXU�DWWDFNV��'3�LV�QRW�HPSOR\HG��'HWHFWDELOLW\�
RI�WKH�JHQHUDWRU�ZLWK�&7*$1�PRYHG�IURP�DQ�$8&�RI�������LQ�WKH�FHQWUDOLVHG�VHWWLQJ�WR�DQ�$8&�RI�����±
�����IRU�IHGHUDWHG�JHQHUDWLRQ��LQGLFDWLQJ�HDVLHU�GHWHFWLRQ�RI�JHQHUDWHG�URZV��)HG7DE'LII�VKRZV�D�KLJK�OHYHO�
RI�GHWHFWDELOLW\�DW�DQ�$8&�RI�a�����HYHQ�LQ�WKH�FHQWUDOLVHG�EDVHOLQH��$XWKRUV�VHH�YHU\�IHZ�FRQVLVWHQW�HIIHFWV�
RI�WKH�QXPEHU�RI�QRGHV�DQG�W\SH RI�VSOLW��LQFOXGLQJ�D�VLQJOH�GDWDVHW�DQG�DEVHQFH�RI�'3�DPRQJ�OLPLWDWLRQV�

'��&$7SKLVKLQJ�>�@

,Q�WKHLU�VWXG\��7UXRQJ�HW�DO��PRYHG�DZD\�IURP�WKH�XVH�RI�LWHUDWLYH�IHGHUDWHG�OHDUQLQJ��)/��DQG�DGRSWHG�D�
V\QWKHWLF�GDWD�DSSURDFK��,Q�WKLV�QHZ�PHWKRG��HDFK�VLWH�WUDLQV�D��'�ODWHQW�GLIIXVLRQ�PRGHO�WKDW�FDQ�SURGXFH�
IRXU�GLIIHUHQW�05,�FRQWUDVW�LPDJHV�DV�ZHOO�DV�D�PDVN�IRU�GHWHFWLQJ�WKH�WXPRXU��GHSHQGLQJ�RQ�WKH�WXPRXU�
W\SH�RU�WKH�PXWDWLRQ�VWDWXV�VHUYHG�DV�WKH�EDVLV�RI�WUDLQLQJ��2QFH�WKH�PRGHOV�DUH�GHYHORSHG��WKH\�DUH�VHQW�WR�
D�FHQWUDO�VHUYHU��ZKLFK�JHQHUDWHV�VDPSOHV�DQG�FUHDWHV�D�VLQJOH�FODVVLILHU��7KH�VWXG\�UHFHLYHG�GDWD�IURP�������
SDWLHQWV�LQ�VHYHQ�KRVSLWDOV�FOLQLFDO�LQVWLWXWLRQV��ZLWK�WKUHH�VLWHV�FRQWULEXWLQJ�GDWD�IRU�PRGHO�WUDLQLQJ�DQG�ILYH�
VLWHV�UHVHUYHG�IRU�WHVWLQJ�WKH�JHQHUDOLVDWLRQ�DELOLWLHV��7KH�DXWRHQFRGHU�FRPSUHVVHV����î���î����YROXPHV�
ZLWK�ILYH�FKDQQHOV�LQWR�DQ��î��î��î���ODWHQW��7KH�ZKROH�WUDLQLQJ�SURFHVV�ZDV�FRQGXFWHG�XVLQJ���$����
*38V�� ,Q� RUGHU� WR� KHLJKWHQ� WKH� GLYHUVLW\� RI� WKH� GDWD� JDWKHUHG�� ������ VDPSOHV� SHU� FODVV� SHU� VLWH� ZHUH�
JHQHUDWHG�� DQG� WKHQ� VRPH� VDPSOHV� WKDW� ZHUH� WRR� FORVH� WR� RWKHUV� ZHUH� HOLPLQDWHG� XVLQJ� WKH� UDGLRPLFV�
GLVWDQFHV��$V�D�UHVXOW��RQO\�������PXWDWHG�DQG�������ZLOGW\SH�VDPSOHV�UHPDLQHG�IRU�WHVWLQJ�

7KH� FODVVLILHU�� ZKLFK� LV� D� UHVLGXDO�8�1HW� FRPELQHG�ZLWK� D�0DPED�PRGXOH�� KDV� EHHQ� WUDLQHG� XVLQJ�
ILYHIROG�FURVV�YDOLGDWLRQ��3HUIRUPLQJ�SRRUO\�RQ�VHSDUDWLQJ�ROLJRGHQGURJOLRPD�IURP�DVWURF\WRPD�DFURVV�DOO�
PHWKRGV�PDQDJHG�WR�\LHOG�������DFFXUDF\�LQ�WKH�FDVH�RI�FHQWUDOLVHG�WUDLQLQJ�DQG�������LQ ERWK�IHGHUDWHG�
DQG�V\QWKHWLF�WUDLQLQJ�LQ�WXPRXU�W\SH�WHVW���

(��2QH�6KRW�)/�ZLWK�)*�5)�DQG�'/.'�>�@

0D�HW�DO��SURSRVH�JHQHUDWLQJ�IHDWXUHV�LQVWHDG�RI�SL[HOV��(DFK�FOLHQW�WUDLQV�D�OLJKW�IHDWXUH�H[WUDFWRU�DQG�
WKHQ� D� UHFWLILHG�IORZ�PRGHO�ZLWK� D� WUDQVIRUPHU� EDFNERQH� RQ� WKH� H[WUDFWHG� IHDWXUHV��7KH� VHUYHU� VDPSOHV�
V\QWKHWLF�IHDWXUHV�DQG�WUDLQV�D�JOREDO�VWXGHQW�E\�GLVWLOOLQJ�ERWK�WKH�RXWSXW�ORJLWV�DQG�DQ�LQWHUPHGLDWH�OD\HU�
RI� WKH� DYHUDJHG� FOLHQW� FODVVLILHUV�� (YDOXDWLRQ� FRYHUV� WXEHUFXORVLV� FKHVW� ;�UD\V�� EUDLQ� WXPRXU�05,� DQG�
+$0������VNLQ�OHVLRQV�ZLWK�WKUHH�FOLHQWV��7KH�H[WUDFWRU�LV�D�VLQJOH��î��FRQYROXWLRQ�ZLWK�D�WDQK�DFWLYDWLRQ�
WUDLQHG�WKURXJK�D�5HV1HW����FODVVLILHU��DQG�WKH�IORZ�PRGHO�LV�D�GLIIXVLRQ�WUDQVIRUPHU��2Q�EUDLQ�WXPRXU�GDWD��
)*�5)�WUDLQHG�LQ������K�DJDLQVW������K�IRU�D�SL[HO�OHYHO�''30�DQG�JHQHUDWHG�RQH�VDPSOH�LQ������V�DJDLQVW�
������V��)RU�SULYDF\��WKH�DXWKRUV�DUJXH�WKDW�WKH�LQIRUPDWLRQ�D�JHQHUDWHG�IHDWXUH�KROGV�DERXW�WKH�LQSXW�FDQQRW�
H[FHHG�ZKDW�WKH�H[WUDFWHG�IHDWXUH�KROGV��DQG�WKH\�PHDVXUH�WKH�/�GLVWDQFH�EHWZHHQ�JHQHUDWHG�DQG�WUDLQLQJ�
VDPSOHV����IHDWXUH�OHYHO�JHQHUDWLRQV�VLW�IDUWKHU�IURP�WKH�WUDLQLQJ�VHW�WKDQ�SL[HO�OHYHO�JHQHUDWLRQ��IRU�H[DPSOH��
�������DJDLQVW��������IRU�RQH�EUDLQ�WXPRXU�FOLHQW��
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7$%/(�, 6800$5<�2)�7+(�5(9,(:('�678',(6

)LJ�����,WHUDWLYH�IHGHUDWLRQ�>�@��>�@�FRPSDUHG�ZLWK�RQH�VKRW�IHGHUDWLRQ�>�@��>�@�

,9��&203$5$7,9(�$1$/<6,6

$� )HGHUDWLRQ�6W\OH

,Q�WKH�VWXGLHV�>�@�DQG�>�@��WKH�FODVVLFDO�LWHUDWLYH�VW\OH�UHPDLQV�LQWDFW��ZLWK�D�WRWDO�RI�����DQG�����URXQGV�
JOREDOO\�� UHVSHFWLYHO\�� ,Q� VWXGLHV� >�@�DQG� >�@�� WKH�PRGHOV�DUH�H[FKDQJHG�RQFH��7KHVH�RQH�VKRW�GHVLJQV�
DOORZ�IRU�FRPPXQLFDWLRQ�HIILFLHQF\��EXW�WKH\�OHDG�WR�WKH�JHQHUDWRU�EHLQJ�D�VLQJOH�SRLQW�RI�IDLOXUH��DV�ODWHU�
WUDLQLQJ�FDQ¶W�UHPHG\�D�SRRUO\�SHUIRUPLQJ�JHQHUDWRU��$GGLWLRQDOO\�� WKH\�VHQG�WKH�WUDLQHG�PRGHO� WR�WKH�
VHUYHU�± LQ�VWXG\�>�@�LW�LV�WKH�JHQHUDWRU�DQG�LQ�VWXG\�>�@�LW�LV�WKH�IORZ�PRGHO�DQG�FODVVLILHU�
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%��8WLOLW\�$JDLQVW�&HQWUDOLVHG�7UDLQLQJ

7$%/(�,,��+($'/,1( 5(68/76�$6�5(3257('��',))(5(17�%(1&+0$5.6�

7KH�PRVW�LPSUHVVLYH�GLIIHUHQFH�FDQ�EH�VHHQ�EHWZHHQ�>�@�DQG�>�@��)RU�H[DPSOH��RQ�WKH�VPDOO�WDEXODU�GDWD��
WKH�JHQHUDWRU�SHUIRUPDQFH�LQ�WKH�IHGHUDWLRQ�SURFHVV�LV�GHFUHDVHG�>�@��ZKLOH�IRU��'�05,��WKH�SHUIRUPDQFH�
RI�WKH�V\QWKHWLF�GDWD�WUDLQHG�FODVVLILHU�LV�RQO\�DERXW����ORZHU�WKDQ�WKH�SHUIRUPDQFH�WKDW�ZDV�DFKLHYHG�ZLWK�
WKH�UHDO�GDWD�>�@��7KHVH�PHWKRGV�XVH�GLIIHUHQW�PHWULFV��GDWD�DQG�WDVNV��VR�WKH�UHDVRQ�RI�WKH�JDS�LV�QRW�RQO\�
WKH PRGDOLW\��KH�UHVHDUFK�LQ�>�@�DFKLHYHV�UHVXOWV�WKDW�DUH�DOPRVW�HTXDO�WR�WKH�FHQWUDOLVHG�RQHV�IRU�FKHVW�;�
UD\V�� ZKLOH� LW� KDV� SHUIRUPDQFH� WKDW� LV� ��� ����� ORZHU� DPRQJ� WKH� UHVXOWV� IRU� EUDLQ� WXPRXU� 05,�� 7KH�
LPSRUWDQFH�RI�WKH�SULYDF\�EXGJHW�LV�LPSRUWDQW�DV�ZHOO��DOVR�UHJDUGLQJ�WKH�UHVXOWV�LQ�>�@��)RU�H[DPSOH��WKH�
WZR�IHGHUDWHG�DSSURDFKHV�LQ�>�@�DFKLHYHG�UHVXOWV�WKDW�DUH�ZLWKLQ����RI�WKRVH�RI�FHQWUDOLVHG�WUDLQLQJ��ZKHUHDV�
WKH�PXOWL�URXQG�)HG$YJ�DSSURDFK�LQ�>�@�ORVW���������,W�LV�SRVVLEOH�WR�QRWH�WKDW�WKH�VXJJHVWHG�PRGHO�KDV�
FRPSHQVDWHG� IRU�PRVW�RI� WKH� ORVV� IURP� WKH� WZR�GDWDVHWV� DQG� UHDFKHG� WKH� VDPH� OHYHO� RI� DFFXUDF\� DV� WKH�
FHQWUDOLVHG�DFFXUDF\�RI�FKHVW�;�UD\�GDWD�

5HI� 5HSRUWHG�UHVXOW

>�@ $FFXUDF\�RQ�V\QWKHWLF�&29,'�&7�DW��İ��į�� �������������������ZLWK���FOLHQW��
�������ZLWK����FOLHQWV��),'��������WR��������

>�@ )HGHUDWLRQ�ORZHUV�ILGHOLW\�VLJQLILFDQWO\��3��������XS�WR�����IRU�&7*$1�DQG�
����IRU�)HG7DE'LII��SULYDF\�PRVWO\�XQFKDQJHG�

>�@ ,'+� DFFXUDF\�� ������ FHQWUDOLVHG� UHDO�� ������ )/�� ������ V\QWKHWLF��$8&�
��������������������

>�@ $FFXUDF\��FHQWUDOLVHG���)HG$YJ���)*�5)���EUDLQ�WXPRXU������������������������
FKHVW�;�UD\������������������������+$0����������������������������
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&��:KDW�7\SH�RI�(YLGHQFH�IRU�3ULYDF\"

2QO\�VWXG\�>�@�JLYHV�D�IRUPDO�DVVXUDQFH��ZKLFK�FOHDUO\�LQGLFDWHV�WKH�WUDGH�RII�LQYROYHG��D�VPDOOHU�İ�WUDQVODWHV�
LQWR� D� GHFUHDVHG� TXDOLW\� RI� WKH� JHQHUDWHG� LPDJHV�� 2WKHU� VWXGLHV� HLWKHU� JLYH� HPSLULFDO� HYLGHQFH� RU� XVH�
DUJXPHQWDWLRQ��6WXG\�>�@�KROGV�WKDW�WKHUH�LV�QR�PHPEHUVKLS�LQIHUHQFH�DQG�D�ORZHU�ULVN�RI�VLQJOLQJ�RXW�DIWHU�
WKH�IHGHUDWLRQ��DOWKRXJK�WKH�RXWSXW�RI�WKH�IHGHUDWHG�&7*$1�WXUQV�RXW�WR�EH�PRUH�GLVWLQJXLVKDEOH�IURP�WKH�
UHDO�H[DPSOHV��VR�PDQ\�RI�WKH�JDLQV�LQ�SULYDF\�PD\�GHULYH�IURP�WKH�VLJQLILFDQFH�RI�UHGXFHG�ILGHOLW\��6WXG\�
>�@�GHPRQVWUDWHV�WKDW�D�PHPEHUVKLS�LQIHUHQFH�UHVXOWLQJ�LQ�UDQGRP�HVWLPDWHV��$8&��������LV�SRVVLEOH�XVLQJ�
WKH�LPDJH�VLPLODULW\�DWWDFN�PHWKRG��ZKLFK�LV�TXLWH�D�VLPSOH�PHWKRG��6WXG\�>�@�UHOLHV�RQ�WKH�DUJXPHQW�RI�
PXWXDO�LQIRUPDWLRQ�DV�ZHOO�DV�RQ�WKH�UHVXOW�RI�WKH�PHPRULVDWLRQ�FKHFN�DQG�DFKLHYHV�DQ�/��GLVWDQFH�WKUHVKROG�
RI������DFFRUGLQJ�WR�>��@��DOWKRXJK�WKLV�LV�LQWHUHVWLQJ��LW�LV�QRW�D�SRVVLEOH�JXDUDQWHH��1HLWKHU�RI�WKH�VWXGLHV�
>�@�DQG�>�@�HPSOR\V�GLIIHUHQWLDO�SULYDF\��KHQFH��WKH\�FDQQRW�SURYLGH�WKH�SULYDF\�XWLOLW\�FXUYH�

'��(YDOXDWLRQ�3UDFWLFH

7KH� ILQGLQJV� FDQ� RQO\� EH� WUXVWHG� WR� D� FHUWDLQ� GHJUHH� GXH� WR� UHFXUUHQW� SUREOHPV�� )LUVWO\�� LQ� >�@�� WKH� WHQ�
V\QWKHWLF�GDWDVHWV�XWLOLVHG�LQ�HDFK�W�WHVW�DSSHDU�WR�EH�JHQHUDWHG�IURP�WKH�VDPH�SUH�WUDLQHG�PRGHO��ZKLFK�
PHDQV�WKDW�VDPSOLQJ�YDULDWLRQ�LV�EHLQJ�MXGJHG�UDWKHU�WKDQ�WKH�YDULDWLRQ�EHWZHHQ�GLIIHUHQW�WUDLQLQJ�SURFHVVHV��
PHDQLQJ�WKDW� LW�FDQ�EH�RYHUHVWLPDWHG��6HFRQGO\�� LQ�>�@�� WKH�FRQFOXVLRQ�WKDW�V\QWKHWLF�DQG�DFWXDO� WUDLQLQJ�
\LHOG�VLPLODU�UHVXOWV�LV�PDGH�GXH�WR�WKH�DEVHQFH�RI�VLJQLILFDQFH�LQ�0F1HPDU�WHVWV��KRZHYHU��KDYLQJ�IRXQG�
QR�GLIIHUHQFH�GRHV�QRW�LPSO\�KDYLQJ�SURYHG�HTXLYDOHQFH��,Q�DGGLWLRQ��LW�FRXOG�VHUYH�DV�D�ZHDNHU�DUJXPHQW�
WKDQ� KDYLQJ� DQ� HVWDEOLVKHG� PDUJLQ� IRU� HTXLYDOHQFH�� 7KLUGO\�� LQ� >�@�� WKH� PXOWL�URXQG� )/� EDVHOLQH
V�
SHUIRUPDQFH�LV�EHORZ�WKH�FHQWUDOLVHG�WRS�SHUIRUPDQFH��IRU�H[DPSOH���������FRPSDUHG�WR��������IRU�EUDLQ�
WXPRXUV���PHDQLQJ�WKDW�WKH�UHVXOWV�SUHVHQWHG�DUH�VRPHKRZ�UHODWHG�WR�WKH�EHQFKPDUN�GLIILFXOW\�IRU�)HG$YJ��
/DVWO\��RQO\�D�IHZ�FOLHQWV�ZHUH�LQYROYHG��WKUHH�LQ�>�@�DQG�>�@���DQG�PRVW�QRQ�,,'�FDVHV�DUH�FRQQHFWHG�WR�
ODEHO�VNHZ�
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(��+DQGOLQJ�+HWHURJHQHLW\

7KHUH� DUH� GLIIHUHQW� DSSURDFKHV� XVHG� IRU� WKH� WUHDWPHQW� RI� QRQ�,,'� GDWD� LQ� WKH� OLWHUDWXUH�� 7KH� VWXG\� >�@�
GLVFXVVHV� WKH� FODVVLILFDWLRQ�RI� LQVWLWXWLRQV�E\�JHRJUDSKLF�SUR[LPLW\� DQG� LQYHVWLJDWHV� WKH�SHUIRUPDQFH�RI�
GLIIHUHQW�ODEHO�VNHZHG�DQG�'LULFKOHW�SDUWLWLRQV��,Q�VWXG\�>�@��WKH�UHVHDUFKHUV�H[DPLQH�WKH�SHUIRUPDQFH�RI�
QRQ�,,'�VSOLWV�EDVHG�RQ�WKH�EDODQFH�DQG�DJH�RI�GLIIHUHQW�SDUWLWLRQV��FRQFOXGLQJ�WKDW�WKH�SHUIRUPDQFH�RI�DOO�
WKUHH�W\SHV�RI�VSOLWV�LV�VLPLODU��,Q�VWXG\�>�@��WKH�DXWKRUV�GHPRQVWUDWH�WKDW�WKH�JHQHUDWRU�IRU�HDFK�VLWH�LV�VSHFLILF�
WR�WKDW�VLWH��7KH�),'�YDOXH�IRU�WKH�VLWH¶V�V\QWKHWLF�GDWD�UHODWLYH�WR�LWV�UHDO�GDWD�LV�DERXW����WR�����ZKLOH�WKH�
YDOXH� ZKHQ� FRPSDULQJ� WKH� GDWD� ZLWK� WKH� RWKHU� VLWHV� LV� XVXDOO\� DERYH� ����� ,Q� VWXG\ >�@�� GLYHUJHQFH� LV�
SHUIRUPHG�IRU�D�WLPH�RI�DJJUHJDWLRQ�XVLQJ�GXDO�OD\HU�GLVWLOODWLRQ��7KH�DXWKRUV�LOOXVWUDWH�WKLV�LGHD�ZLWK�D�W�
61(� SORW� LQGLFDWLQJ� WKDW� WKH� ILQDO� IHDWXUHV� RI� WKH� FOLHQWV� DUH� PHUJHG� DIWHU� WUDLQLQJ�� +HWHURJHQHLW\� LV�
FRQVLGHUHG�LQ�WKH�PXOWL�VLWH�05,�DSSURDFK�RI�VWXG\�>�@�DQG�WKH�QDWXUDOO\�IHGHUDWHG�WXEHUFXORVLV�GDWD�RI�VWXG\�
>�@�

)��7KUHDW�6XUIDFH

)HGHUDWLRQ�DIIHFWV� WKH� LQIRUPDWLRQ� WKDW� OHDYHV�KRVSLWDOV� DQG�� WKXV�� WKDW�ZKLFK�DWWDFNHUV� FDQ�H[SORLW��7KH�
LQIRUPDWLRQ�VXPPDULVHG�LQ�7DEOH�,,,�FRPHV IURP�WKH�IRXU�NH\�VWXGLHV�UHYLHZHG�LQ�WKLV�SDSHU��ZLWK�WKH�WHUP�
�H[SRVXUH��UHSUHVHQWLQJ�WKH�DXWKRUV¶�LQWHUSUHWDWLRQV�RI�WKH�FRQWHQW�UDWKHU�WKDQ�WKHLU�FODLPV��$�VLQJOH�VKRW�
PHWKRGRORJ\�PLQLPLVHV�WKH�WLPH�RI�H[SRVXUH��DQG�WKLV�LV�SRLQWHG�RXW�LQ�>�@�ZKLOH�QRW�QHFHVVDULO\�OLPLWLQJ�
WKH�H[WHQW�RI�H[SRVXUH��WKH�HQWLUH�JHQHUDWRU�EHFRPHV�YLVLEOH�DW�RQFH�VR�WKDW�RQH�DWWDFN�FDQ�H[SRVH�PRUH�WKDQ�
RQH� XSJUDGH� RI� WKH� LWHUDWLYH� )/�� ,WHUDWLYH� WHFKQLTXHV� SURYLGH� REVHUYDWLRQ� RSSRUWXQLWLHV� WKURXJK� PDQ\�
VQDSVKRWV�RI�WKH�PRGHO� :KLFK�ULVN�LV�PRUH�VLJQLILFDQW�LV�DQ�HPSLULFDO�TXHVWLRQ�VLQFH�QRQH�RI�WKH�VWXGLHV�
UHYLHZHG�FDUULHV�RXW�D�FRPSDULVRQ�EHWZHHQ�WKH�WZR�DSSURDFKHV�

7$%/(�,,,��:+$7�/($9(6�7+(�6,7(�$1'�:+(5(�5,6.�6,76

5HI� /HDYHV�WKH�VLWH 0DLQ�H[SRVXUH 0LWLJDWLRQ�UHSRUWHG

>�@ 1RLVHG� GLVFULPLQDWRU�
XSGDWHV��HDFK�URXQG

*UDGLHQW� OHDNDJH� RYHU�
PDQ\�URXQGV

&OLSSLQJ�� *DXVVLDQ� QRLVH��
PRPHQW�DFFRXQWDQW

>�@ 0RGHO� ZHLJKWV�� HDFK�
URXQG

:HLJKW�XSGDWHV�

UHOHDVHG�V\QWKHWLF

URZV

(PSLULFDO�DWWDFN�WHVWV��QR�'3

>�@ 7UDLQHG�JHQHUDWRU��RQFH 0HPRULVDWLRQ� LQ� WKH�
JHQHUDWRU

66,0� DWWDFN�� DXJPHQWDWLRQ��
GURSRXW��FOLSSLQJ

>�@ )ORZ� PRGHO� DQG�
FODVVLILHU��RQFH

0HPRULVDWLRQ� LQ� WKH�
IORZ�PRGHO

)HDWXUH�OHYHO�JHQHUDWLRQ��GLVWDQFH�
FKHFN
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9��23(1�*$36

/DFN�RI�FRQVLVWHQW�EHQFKPDUN��(YHU\�VWXG\�XVHV�LWV�RZQ�GDWDVHWV��VSOLWV�DQG�PHWULFV��WKXV�PDNLQJ�LW�
LPSRVVLEOH�WR�FRQFOXGH�DQ\WKLQJ�DERXW�WKH�UDQNLQJV�IURP�WKH�UHVHDUFK�>�@�

3ULYDF\�DFFXUDF\�WUDGH�RIIV�IRU�XQLTXH�PHWKRGV��6LQFH�WKH�H[SHULPHQWV�LQ�>�@�DQG�>�@�DUH�QRW�EDVHG�
RQ�'3��LW�LV�XQFOHDU�KRZ�PXFK�DFFXUDF\�ZRXOG�KDYH�EHHQ�VDFULILFHG�LI�D�SURSHU�JXDUDQWHH�KDG�EHHQ�DSSOLHG��

)DLWKIXO�KHWHURJHQHLW\��8QOLNH�ODEHO�VNHZ��WKH�GLIIHUHQFHV�EHWZHHQ�VFDQQHUV��SURWRFROV�DQG�SRSXODWLRQV�
DUH�KDUGO\�HYHU�PRGHOOHG��ZKLOH�>�@�HPSKDVLVHV�WKDW�LVVXHV�RI�GHDOLQJ�ZLWK�QRQ�,,'�LQSXW�GDWD�DUH�RQH�RI�WKH�
PDLQ�SUREOHPV�

&OLQLFDO�YDOLGDWLRQ��$FFRUGLQJ�WR�WKH�VXUYH\�>�@��PRVW�RI�WKH�H[LVWLQJ�ZRUN�LV�EDVHG�RQ�VLPXODWLRQV��7KH�
ZRUN�>�@�UHSUHVHQWV�DQ�H[FHSWLRQ��DV�LW�LQFOXGHV�D�SDUW ZLWK�UHDO�PXOWL�LQVWLWXWLRQ�05,�

,QFRQVLVWHQW�FRVW�HYDOXDWLRQ��&RPPXQLFDWLRQ�LV�GHVFULEHG�DV�URXQG�FRPSOH[LW\�LQ�>�@�DQG�DV�WUDLQLQJ�
DQG�LQIHUHQFH�WLPH�LQ�>�@��PDNLQJ�LW�LPSRVVLEOH�WR�PDNH�FRPSDULVRQV�

,PSDUWLDOLW\�DQG�SUHMXGLFH��7KH�VWXG\�>�@�SRLQWV�RXW�WKDW�WKH�XVH�RI�DUWLILFLDO�GDWD�JHQHUDWHG�IURP�ELDVHG�
GDWDVHWV�FRXOG�OHDG�WR�WKH�SUHVHQFH�RI�ELDV�LQ�YDULRXV�DSSOLFDWLRQV��KRZHYHU��WKH�VWXGLHV�FRQGXFWHG�GR�QRW�
UHIHU�WR�WKH�SHUIRUPDQFH�LQ�HDFK�VXEJURXS�RI�WKH�SRSXODWLRQ�

&ODULW\�DQG�FRQILGHQFH��7KH�UHDVRQV�ZK\�D�JHQHUDWRU�SURGXFHV�D�FHUWDLQ�RXWSXW�DUH�VLJQLILFDQW�IRU�WKH�
LPSOHPHQWDWLRQ�RI�WKLV�WHFKQLTXH�LQ�FOLQLFV�>�@��EXW�WKH�PHWKRGV�DQDO\VHG�LQ�WKH�SDSHU�RQO\�SURGXFH�JHQHUDO�
UHVXOWV�

5HZDUGV�DQG�FRQWURO��3XEOLFDWLRQ�>�@�VWDWHV�WKDW�LW�LV�FKDOOHQJLQJ�IRU�YDULRXV�RUJDQLVDWLRQV�WR�DJUHH�RQ�
FROODERUDWLRQ��WKXV��LW�VXJJHVWV�FRPELQLQJ�)/�ZLWK�EORFNFKDLQ�WHFKQRORJ\��DQ�LGHD�WKDW�LV�VWLOO�XQWHVWHG�

&RPSXWDWLRQDO�ZRUN��%XLOGLQJ�D�WKUHH�GLPHQVLRQDO�PRGHO�UHTXLUHV�IRXU�$����JUDSKLFV�SURFHVVLQJ�
XQLWV�DFFRUGLQJ�WR�WKH�DUWLFOH�>�@��ZKLFK�DUH�QRW�DYDLODEOH�LQ�PDQ\�PHGLFDO�LQVWLWXWLRQV��WKH�GHVLJQHUV�
LQ�>�@�DLP�WR�UHVROYH�WKLV�SUREOHP�WKURXJK�WKH�XVH�RI�OLJKW�PRGHOV�

9,��$�5(3257,1*�&+(&./,67

7R�PDNH�IXWXUH�FRPSDULVRQV�SRVVLEOH��VWXGLHV�RI�IHGHUDWHG�V\QWKHWLF�GDWD�VKRXOG�UHSRUW�WKH�LWHPV�LQ�7DEOH�
,9��7KH�FKHFNOLVW�LV�D�SURSRVDO�GHULYHG�IURP�WKH�JDSV�DERYH��QRW�D�YDOLGDWHG�VWDQGDUG�

7$%/(�,9��352326('�5(3257,1*�&+(&./,67

'LPHQVLRQ 5HSRUW

)LGHOLW\ $� GLVWULEXWLRQ�PHWULF� �H�J��� ),'� IRU� LPDJHV�� DQG� D� GHWHFWDELOLW\� WHVW�� SHU� VLWH� DQG�
SRROHG�

8WLOLW\ 'RZQVWUHDP� DFFXUDF\� DJDLQVW� FHQWUDOLVHG� UHDO� GDWD� DQG� VWDQGDUG� )/��ZLWK� D� SUH�
VSHFLILHG�HTXLYDOHQFH�PDUJLQ�DQG�UXQV�UHSHDWHG�DFURVV�WUDLQLQJ�VHHGV�
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3ULYDF\ $� IRUPDO� �İ�� į�� ZKHUH� '3� LV� XVHG�� SOXV� DW� OHDVW� RQH� FDOLEUDWHG� DWWDFN� DQG� D�
PHPRULVDWLRQ�FKHFN�RQ�DQ\�VKDUHG�PRGHO�

&RVW 5RXQGV��E\WHV�WUDQVIHUUHG�DQG�ZDOO�FORFN�WLPH�IRU�FOLHQWV�DQG�VHUYHU�

6HWWLQJ &OLHQW�FRXQW��KHWHURJHQHLW\�W\SH�DQG�WKH�ZHDNHVW�EDVHOLQH�WHVWHG�

7DEOH�9�SURYLGHV�DQ�DSSOLFDWLRQ�RI�WKH�FKHFNOLVW�IRU�DOO�IRXU�NH\�VWXGLHV��7KH�HQWULHV�VKRZ�WKH�DXWKRU¶V�
RZQ�LQWHUSUHWDWLRQ�RI�WKH�OLWHUDWXUH��<�PHDQV�WKHUH�LV�D�UHIHUHQFH��3�PHDQV�WKHUH�LV�VRPH�PHQWLRQ�LQ�
WKH�DUWLFOH�RU�VXSSOHPHQWDU\�PDWHULDO��DQG�1�PHDQV�WKHUH�LV�QR�PHQWLRQ�DW�DOO� 1RW�HYHU\�UHVHDUFK�
VWXG\� FDQQRW� PDNH� LW� WKURXJK� DOO� LWV� UHTXLUHPHQWV�� 7\SLFDOO\�� WKH� UHTXLUHPHQWV� PD\� EH� PLVVLQJ�
SDUWLFXODUV�RI�HTXLYDOHQFH�WHVWLQJ��DQG�WKH�PRVW�FRQFHUQLQJ�RQH�IRU�SDWLHQWV�LV�WKH�DEVHQFH�RI�D�SURSHU�
SULYDF\�JXDUDQWHH�LQ�RQH�VKRW�GLIIXVLRQ�EDVHG�DSSURDFKHV�

7$%/(�9��&+(&./,67�&29(5$*(�2)�35,0$5<�678',(6

,WHP >�@ >�@ >�@ >�@

)RUPDO��İ��į��JXDUDQWHH < 1 1 1

(PSLULFDO�DWWDFN 1 < 3 3

&HQWUDOL]HG�EDVHOLQH < < < <

(TXLYDOHQFH�WHVW 1 1 1 1

&RVW�UHSRUWHG 3 1 3 3
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9,,��$�352326('�(;3(5,0(17$/�35272&2/

7KH�FRPSDULVRQ�VKRZQ�SURYLGHV�D�EDVLV�IRU�FRQFUHWH�UHVHDUFK�WKDW�QR�H[LVWLQJ�VWXGLHV�FDUU\�RXW��7UDLQ�
WKH� VDPH� JHQHUDWRU� RQ� RQH� SXEOLFO\� DYDLODEOH� GDWDEDVH� RI� PHGLFDO� GDWD� XVLQJ� WKUHH� DSSURDFKHV��
FHQWUDOLVHG�WUDLQLQJ��LWHUDWLYH�IHGHUDWLRQ�ZLWK�)HG$YJ�SURWRFRO��DQG�RQH�VKRW�IHGHUDWLRQ��LQ�ZKLFK�WKH�
FOLHQWV�VHQG�WKHLU�JHQHUDWRU�MXVW�RQFH�EHIRUH�UHFHLYLQJ�DQ\�GDWD��'R�HDFK�RI�WKH�DSSURDFKHV�ZLWK�D�
GLIIHUHQWLDO�SULYDF\�PHFKDQLVP�DW�GLIIHUHQW�SULYDF\�EXGJHWV��IRU�H[DPSOH��ZLWK�İ� �������DQG�QR�SULYDF\�
SURWHFWLRQ��8VH�DW�OHDVW�WZR�W\SHV�RI�GDWD�SDUWLWLRQLQJ��VXFK�DV�ODEHO�VNHZ�DQG�'LULFKOHW�VDPSOLQJ��7KH�
UHVHDUFKHUV�PXVW�XVH�VRPH�UDQGRPLVDWLRQ�PHWKRGV�VR�WKDW�WKH�YDULDWLRQV�FRPH�IURP�WUDLQLQJ�DQG�QRW�
PHUHO\�IURP�UDQGRP�GDWD�VHOHFWLRQ��$OO�UHTXLUHG�YDOXHV�PXVW�EH�UHSRUWHG�LQ�7DEOH�,9��7KH�XWLOLW\�RI�
WKH�UHVXOWV�PXVW�EH�HYDOXDWHG�XVLQJ�VRPH�WHVW�RI�HTXLYDOHQFH�LQ�ZKLFK�WKH�WKUHVKROG�IRU�VXFFHVV�VKRXOG�
EH�GHFLGHG�EHIRUH�WKH�H[SHULPHQW�DQG�DW�OHDVW�WZR�SHUFHQWDJH�SRLQWV�PXVW�EH�SURYHQ�WR�KDYH�FOLQLFDO�
EDFNLQJ�

)LJ�����6FKHPDWLF�IUDPHZRUN�RI�WKH�ORFDO�GLIIHUHQWLDO�SULYDF\�IRU�WKH�VHOHFWHG�HGJH�JURXS¶V�ORFDO�PRGHO�

9,,,��/,0,7$7,216�2)�7+,6�5(9,(:

7KLV�UHVHDUFK�SDSHU�KDV�VRPH�UHVWULFWLRQV��,W�GLVFXVVHV�ILYH�VHOHFWHG�VWXGLHV�RQ�WKH�EDVLV�RI�DSSURSULDWHQHVV�
DQG�DYDLODELOLW\��ZLWKRXW�D�V\VWHPDWLF�VHDUFK��ZKLOH�WKH�UHSRUW�>�@�VHUYHV�DV�WKH�EHVW�UHIHUHQFH�LQ�WKH�ILHOG�RI�
VWXG\��7KH�GDWD�LV�SURYLGHG�LQ�LWV�RULJLQDO�IRUP��ZLWK�D�ODFN�RI�UHSOLFDWLRQ�DQG�H[DPLQDWLRQ�RI�DGGLWLRQDO�
QRWHV�DQG�DQQH[HV��UHVXOWLQJ�LQ�GLVUHJDUG�IRU�VRPH�SRLQWV�PHQWLRQHG�WKHUH��7KH�PHDVXUHPHQWV�DQG�GDWDVHWV�
YDU\�DPRQJ�WKH�VWXGLHV��KLQGHULQJ�WKH�DELOLW\�WR�FRQGXFW�D�FRPSDUDWLYH�DQDO\VLV�HIIHFWLYHO\��)LQDOO\��WHUPV�
OLNH�³ZHDN�EHQFKPDUN´�RU�³OLWWOH�SDUWLWLRQ´�DUH�WKH�DXWKRUV¶�SRLQWV�RI�YLHZ�WKDW�FDQ�EH GHEDWHG�
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,;��&21&/86,21

$FFRUGLQJ�WR�UHFHQW�UHVHDUFK��V\QWKHWLF�GDWD�FDQ�EH�HIIHFWLYH�IRU�LWHUDWLYH�IHGHUDWLRQ��HVSHFLDOO\�LQ�FHUWDLQ�
VFHQDULRV�� 6WXGLHV� UHYHDO� WKDW� ZKHQ� JHQHUDWLQJ� IHDWXUH� YDOXHV� �LQVWHDG� RI� LPDJHV��� FRQFHUQV� DERXW�
LQIRUPDWLRQ�ORVV�FDQ�EH�PLQLPLVHG��1RWDEO\��ZKLOH�VRPH�ZRUN�UHOLHV�RQ�IRUPDO�SULYDF\�JXDUDQWHHV��RWKHUV�
PDNH�XVH�RI�KHXULVWLFV��$V�HYDOXDWLRQV�DUH�EDVHG�RQ�VPDOO�FOLHQW�QXPEHUV�DQG�PLJKW�FRQWDLQ�ZHDN�UHIHUHQFH�
SRLQWV��ZKLFK�LQ�WKH�ODWWHU�FDQ�DOVR�EH�PLVVLQJ�DOWRJHWKHU��7KXV��IXUWKHU�SURJUHVV�FDQ�RFFXU�RQO\�LQ�FRQQHFWLRQ�
ZLWK�WKH�LQWURGXFWLRQ�RI�EHQFKPDUNV��SULYDF\�XWLOLW\�JUDSKV�IRU�RQH�VKRW�WHFKQLTXHV��DQG�SDUWLFXODU�UHSRUWLQJ�
SURFHGXUHV�DPHQGLQJ�WKH�FKHFNOLVW�SURSRVHG�KHUH��7KH�QH[W�ORJLFDO�VWHS�DSSHDUV�WR�EH�D�VWXG\�LQYROYLQJ WKH�
VDPH�JHQHUDWRU�WUDLQHG�XQGHU�%<2�DQG�RQH�VKRW�PHWKRGV�DQG�RU�FRQVLGHULQJ�ERWK�FDVHV�RI�WKH�WHFKQRORJ\�
FKDQJLQJ�'3�VWDWXV�

5()(5(1&(6
΀ϭ΁ 6��/L��/��+X��&��6XQ��+��/L��DQG�-��+X��³(QKDQFLQJ PHGLFDO�DVVLVWDQFH�WKURXJK�VHFXUH�IHGHUDWHG�HGJH�

GDWD�DXJPHQWDWLRQ�ZLWK�ORFDO�GLIIHUHQWLDO�SULYDF\�LQ�QRQ�,,'�VFHQDULRV�´�7VLQJKXD�6FL��7HFKQRO���YRO������
QR�����SS�����±�����$SU��������GRL�����������767��������������

΀Ϯ΁ +��0DKPRRG��=��$ODPJLU��6��7��-DYHG��6��.DULP��DQG�0��$ZDLV��³)HGHUDWHG�JHQHUDWLYH�PRGHOV�LQ�PHGLFDO�
LPDJLQJ��&XUUHQW�DGYDQFHV��FKDOOHQJHV��DQG�IXWXUH�GLUHFWLRQV�´�,(((�$FFHVV��YRO������SS������±������
������GRL����������$&&(66��������������

΀ϯ΁ ,��,VDVD��0��&DWDOLQD��*��(SHOGH��1��$JLQDNR��DQG�$��%HULVWDLQ��³6\QWKHWLF�WDEXODU�GDWD�JHQHUDWLRQ�XQGHU�
KRUL]RQWDO�IHGHUDWHG�OHDUQLQJ�HQYLURQPHQWV�LQ�DFXWH�P\HORLG�OHXNDHPLD��&DVH�EDVHG�VLPXODWLRQ�VWXG\�´�
-0,5�0HG��,QIRUPDW���YRO������$UW��QR��H�������������GRL����������������

΀ϰ΁ 1�� &�� '��7UXRQJ� HW� DO��� ³&DWHJRULFDO� DQG� SKHQRW\SLF� LPDJH� V\QWKHWLF� OHDUQLQJ� DV� DQ� DOWHUQDWLYH� WR�
IHGHUDWHG�OHDUQLQJ�´�1DWXUH�&RPPXQ���YRO������$UW��QR��������������GRL����������V����������������]�

΀ϱ΁ <��0D��+��=KDQJ��4��<DQJ��*��/XR�� DQG�<��=KX�� ³$� QHZ�RQH�VKRWIHGHUDWHG� OHDUQLQJ� IUDPHZRUN� IRU�
PHGLFDO�LPDJLQJ�FODVVLILFDWLRQ�ZLWK�IHDWXUH�JXLGHG�UHFWLILHG�IORZ�DQG�NQRZOHGJH�GLVWLOODWLRQ�´�LQ�3URF��
(XU� &RQI��$UWLI��,QWHOO���(&$,���������SS����±�����GRL����������)$,$�������

΀ϲ΁ +��%��0F0DKDQ��(��0RRUH��'��5DPDJH��6��+DPSVRQ�� DQG�%��$�� \�$UFDV�³&RPPXQLFDWLRQ�HIILFLHQW�
OHDUQLQJ�RI�GHHS�QHWZRUNV�IURP�GHFHQWUDOLVHG�GDWD�´�LQ�3URF����WK�,QW��&RQI��$UWLI��,QWHOO��6WDWLVW���������
SS������±�����

΀ϳ΁0��$EDGL� HW� DO��� ³'HHS� OHDUQLQJ� ZLWK� GLIIHUHQWLDO� SULYDF\�´� LQ� 3URF�� $&0 6,*6$&� &RQI�� &RPSXW��
&RPPXQ��6HFXU���������SS�����±����

΀ϴ΁ ,��*RRGIHOORZ�HW�DO���³*HQHUDWLYH�DGYHUVDULDO�QHWV�´�LQ�3URF��$GY��1HXUDO�,QI��3URFHVV��6\VW���������SS��
����±�����

΀ϵ΁ 5��5RPEDFK��$��%ODWWPDQQ��'��/RUHQ]��3��(VVHU��DQG�%��2PPHU�³+LJK�UHVROXWLRQ�LPDJH�V\QWKHVLV�ZLWK�
ODWHQW�GLIIXVLRQ�PRGHOV�´�LQ�3URF��,(((�&9)�&RQI��&RPSXW��9LV��3DWWHUQ�5HFRJQLW���������SS�������±
������

΀ϭϬ΁ 1��&DUOLQL�HW�DO���³([WUDFWLQJ�WUDLQLQJ�GDWD�IURP�GLIIXVLRQ�PRGHOV�´�LQ�3URF����QG�86(1,;�6HFXU��
6\PS���������SS������±�����

΀ϭϭ΁ ;��/LX��&��*RQJ��DQG�4��/LX��³)ORZ�VWUDLJKW�DQG�IDVW��/HDUQLQJ�WR�JHQHUDWH�DQG�WUDQVIHU�GDWD�ZLWK�
UHFWLILHG�IORZ�´�DU;LY������������������

΀ϭϮ΁ +��=KX��5��7RJR��7��2JDZD��DQG�0��+DVH\DPD��³3HUVRQDOL]HG�IHGHUDWHG�OHDUQLQJ�IRU�PHGLFDO�YLVLRQ�
ODQJXDJH� PRGHOV� YLD� HIILFLHQW� ILQH�WXQLQJ� DQG� XQFHUWDLQW\�DZDUH� GLVHQWDQJOHPHQW�´� -�� %LRPHG��
,QIRUPDW���YRO�������$UW��QR���������������
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΀ϭϯ΁ '��%DEXF�DQG�7��)��)RUWLú��³0HG)XVLRQ�/0��([SODLQDEOH� ODUJH� ODQJXDJH�PRGHO� IRU� WUDQVIRUPLQJ�
PHGLFDO� RXWFRPHV� LQ� IHGHUDWHG� OHDUQLQJ�ZLWK� QHXUDO� DUFKLWHFWXUH� VHDUFK� EOXHSULQWV�´� LQ�3URF��(&0/�
3.''�:RUNVKRS�5HVSRQVLEOH�+HDOWKFDUH�8VLQJ�0DFK��/HDUQ���3RUWR��3RUWXJDO��6HS�������

΀ϭϰ΁ +��=KX�HW�DO���³3HUVRQDOLVHG�ORQJLWXGLQDO�PHGLFDO�UHSRUW�JHQHUDWLRQ�YLD�WHPSRUDOO\�DZDUH�IHGHUDWHG�
DGDSWDWLRQ�´�LQ�3URF��,(((�&9)�&RQI��&RPSXW��9LV��3DWWHUQ�5HFRJQLW���&935��������

΀ϭϱ΁ )��$EDFKD��6��*��7HR��/��&��&RUGHLUR��DQG�0��$��0XVWDID��³6\QWKHWLF�GDWD�DLGHG�IHGHUDWHG�OHDUQLQJ�
XVLQJ� IRXQGDWLRQ�PRGHOV�´� LQ�)HGHUDWHG� /HDUQLQJ� LQ� WKH�$JH� RI� )RXQGDWLRQ�0RGHOV²)/� ����� ,QW��
:RUNVKRSV��/HFWXUH�1RWHV�LQ�&RPSXWHU�6FLHQFH��YRO����������&KDP��6ZLW]HUODQG��6SULQJHU�������

΀ϭϲ΁ $�� 5HKPDQ� HW� DO��� ³)HG&6&'�*$1��$� VHFXUH� DQG� FROODERUDWLYH� IUDPHZRUN� IRU� FOLQLFDO� FDQFHU�
GLDJQRVLV�YLD�RSWLPLVHG�IHGHUDWHG�OHDUQLQJ�DQG�*$1�´�%LRPHG��6LJQDO�3URFHVV��&RQWURO��YRO������$UW��
QR���������������

�


