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6LQJOH�FHOO VHTXHQFLQJ DOORZVPHDVXULQJ LQGLYLGXDO FHOOV¶ PROHFXODU IHDWXUHV DQG WKHLU UHVSRQVHV WR SHU�
WXUEDWLRQV� 8QGHUVWDQGLQJ ZKLFK FHOOV UHVSRQG WR D SDUWLFXODU SHUWXUEDWLRQ DQG KRZ WKHVH UHVSRQVHV
YDU\ DFURVV SRSXODWLRQV FDQ EH XVHG WR� IRU H[DPSOH� LPSURYH YDFFLQH LPPXQRJHQLFLW\� +RZHYHU�
DQ H[KDXVWLYH H[SORUDWLRQ RI VLQJOH�FHOO SHUWXUEDWLRQ UHVSRQVHV LQ HYHU\ SRSXODWLRQ LV XVXDOO\ H[SHUL�
PHQWDOO\ XQIHDVLEOH� 6HYHUDO PDFKLQH OHDUQLQJ PRGHOV KDYH EHHQ GHYHORSHG WR SUHGLFW SHUWXUEDWLRQ
UHVSRQVHV� EXW WKH\ DUH OLPLWHG WR VLQJOH�PRGDOLW\ GDWD� 6LQJOH�PRGDOLW\ GDWD DORQH� VXFK DV RQO\ WUDQ�
VFULSWRPLFV� LV QRW VXLWHG WR FDSWXUH DOO FHOO UHVSRQVHV DFFXUDWHO\� )RU H[DPSOH� WKH LGHQWLILFDWLRQ RI
LPPXQH UHVSRQVHV UHTXLUHV WUDQVFULSWRPLF DQG SURWHRPLF PHDVXUHPHQWV� +HUH� ZH LQWURGXFH FHOO3�
09,� D PHWKRG EXLOW WR SUHGLFW SHUWXUEDWLRQ UHVSRQVHV IURP PXOWL�PRGDOLW\ GDWD� 009, FRPELQHV WKH
VLQJOH�FHOO GDWD PRGHOLQJ IURP VF9, >��@ ZLWK D PL[WXUH�RI�H[SHUWV SRVWHULRU LQWHJUDWLRQ >��@� WR DOORZ IRU
PXOWL�PRGDOLW\ LQSXW GDWD� ,Q WKLV ZRUN� ZH YDOLGDWH FHOO309, IRU LPPXQH UHVSRQVH SUHGLFWLRQ RI DGMX�
YDQWV DFURVV SRSXODWLRQV� 7KH PRGHO LV WUDLQHG RQ WZR�PRGDOLW\ &,7(�VHT GDWD FRQWDLQLQJ JHQH DQG
SURWHLQ PHDVXUHPHQWV IURP WKUHH GLIIHUHQW SRSXODWLRQV� :H VKRZ WKDW FHOO309, FDQ PRGHO ERWK PRGDO�
LWLHV RI WKH &,7(�VHT GDWD ZLWKRXW LQIRUPDWLRQ ORVV LQ HLWKHU PRGDOLW\ DQG SUHGLFW LPPXQH UHVSRQVHV ZLWK
D KLJK FRUUHODWLRQ WR WKH REVHUYHG UHVSRQVHV DFURVV GLIIHUHQW SRSXODWLRQV� +HQFH� FHOO309, LV WKH ILUVW
PRGHO WR FDSWXUH DQG SUHGLFW LPPXQH UHVSRQVH IRU PXOWL�PRGDOLW\ GDWD ZLWK WKH SRWHQWLDO WR EH DSSOLHG
IRU RWKHU SHUWXUEDWLRQV� VXFK DV GUXJV�
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$ FHQWUDO PHDQV RI VWXG\LQJ FHOOXODU QHWZRUNV LV WR REVHUYH FHOO VWDWH FKDQJHV DIWHU SHUWXUEDWLRQV� 3HU�
WXUEDWLRQV GHVFULEH D IXQFWLRQDO DOWHUDWLRQ WR D ELRORJLFDO V\VWHP WKURXJK DQ H[WHUQDO HYHQW VXFK DV
JHQH NQRFNGRZQV RU RWKHU VWLPXOL� H�J�� GUXJV >��@� 8QGHUVWDQGLQJ WKH VLQJOH�FHOO UHVSRQVHV WR SHUWXU�
EDWLRQV FDQ EH KHOSIXO LQ YDULRXV FRQWH[WV� )RU H[DPSOH� JHQH NQRFNRXWV FDQ LGHQWLI\ FHOOXODU SDWKZD\V
WKDW SURYLGH WKH EDVLV IRU PDQ\ ELRORJLFDO SURFHVVHV� VXFK DV WLVVXH UHSDLU� )XUWKHUPRUH� UHFRUGLQJ FHOO
UHVSRQVHV WR VWLPXOL� H�J�� GUXJV� FDQ KHOS GHYHORS FRPELQDWLRQ WKHUDS\ WUHDWPHQWV >��@ RU JLYH LQVLJKW
LQWR WKH JHQH H[SUHVVLRQ YDULDELOLW\� 5HFRUGLQJ JHQH H[SUHVVLRQ FKDQJHV XQGHU SHUWXUEDWLRQV FDQ KHOS
LGHQWLI\ FHOO VXEVHWV WKDW JHW DFWLYDWHG IURP H�J�� YDFFLQDWLRQV�

$Q LQWHUHVWLQJ REVHUYDWLRQ LQ VLQJOH�FHOO SHUWXUEDWLRQ H[SHULPHQWV LV WKDW GLIIHUHQW SRSXODWLRQ JURXSV
GR QRW QHFHVVDULO\ VKRZ VLPLODU FHOOXODU UHVSRQVHV WR YDFFLQDWLRQV >��@� +HUH� WKH WHUP SRSXODWLRQ JURXS
GHILQHV D JURXS RI SHRSOH OLYLQJ LQ DQ HQYLURQPHQW ZLWK WKH VDPH XUEDQ VHWWLQJ� L�H�� �L� XUEDQ�GXWFK� �LL�
XUEDQ�6HQHJDOHVH� �LLL� UXUDO 6HQHJDOHVH� 5HVHDUFK VXJJHVWV WKDW DGMXYDQWV PLJKW EH UHVSRQVLEOH IRU
WKH YDULDWLRQ LQ YDFFLQH HIILFLHQF\ DFURVV SRSXODWLRQ JURXSV >��@� $GMXYDQWV DUH YDFFLQDWLRQ FRPSRQHQWV
WKDW HQKDQFH WKH LPPXQH UHVSRQVH WR WKH DQWLJHQ E\ DFWLYDWLQJ VSHFLILF FHOO VXEVHWV� )RU H[DPSOH� ZH
REVHUYHG WKDW FHOO W\SH UHVSRQVHV WR WKH YDFFLQH DGMXYDQW 0RQRSKRVSKRU\O /LSLG $ �03/� DUH GLVWLQFW
DFURVV SRSXODWLRQV �)LJXUH ����� 7KH GLVWLQFW LPPXQH DFWLYDWLRQ SDWWHUQ VXJJHVWV WKDW YDFFLQH FRPSR�
QHQWV� LQFOXGLQJ DGMXYDQW� FDQ EH IXUWKHU PRGLILHG WR HQVXUH FRPSDUDEOH HIILFDF\ DFURVV SRSXODWLRQV
>��@�

)LJXUH ���� &HOO VXEVHW DFWLYDWLRQ UHVSRQVH WR 03/ $ DFURVV SRSXODWLRQV� 5HVSRQVH WR 0RQRSKRVSKRU\O /LSLG $ �03/�
VWLPXODWLRQ DFURVV SRSXODWLRQ JURXSV �UXUDO 6HQHJDOHVH� XUEDQ 6HQHJDOHVH DQG XUEDQ GXWFK�� &\WRNLQH�SURGXFLQJ FHOOV ZHUH
VHOHFWHG DQG WKHQ HPEHGGHG XVLQJ W61( GLPHQVLRQDOLW\ UHGXFWLRQ� 7KH FRORU LQGLFDWHV WKH GHQVLW\ RI WKH GDWD SRLQWV� ZLWK OLJKWHU
JUHHQ LQGLFDWLQJ D KLJKHU GHQVLW\ RI FHOOV�

$ FRPPRQ FKDOOHQJH IRU SHUWXUEDWLRQ H[SHULPHQWV LV WKHLU QHHG IRU ODUJH�VFDOH HYLGHQFH� )RU LQ�
VWDQFH� ILQGLQJ WKH RSWLPDO DGMXYDQW IRU D SRSXODWLRQ JURXS UHTXLUHV UHFRUGLQJ WKH UHVSRQVHV RI PDQ\
LQGLYLGXDOV LQ D VSHFLILF SRSXODWLRQ JURXS WR GUDZ D YDOLG FRQFOXVLRQ� 'XH WR WKH PDLQO\ REVHUYDWLRQDO
QDWXUH DQG FRVW LQWHQVLW\ RI VLQJOH�FHOO VWXGLHV� ODUJH�VFDOH H[SHULPHQWV DUH XVXDOO\ LQIHDVLEOH� 7KHUH�
IRUH� LQVWHDG RI EDVLQJ WKH DGMXYDQW VHOHFWLRQ RQ SXUHO\ H[SHULPHQWDO PHDVXUHPHQWV� RQH FRXOG HP�
SOR\ FRPSXWDWLRQDO PHWKRGV� VXFK DV SHUWXUEDWLRQ PRGHOLQJ WR JHQHUDOL]H VLQJOH�FHOO UHVSRQVHV DFURVV
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SRSXODWLRQ JURXSV� &RPSXWDWLRQDO PRGHOV ZRXOG RYHUFRPH WKH QHHG IRU ODUJH�VFDOH SHUWXUEDWLRQ H[�
SHULPHQWV� UHGXFLQJ WKH QXPEHU RI H[SHULPHQWDO VFUHHQLQJV QHHGHG�

$ VXFFHVVIXO SHUWXUEDWLRQ PRGHO PXVW EH DEOH WR DGGUHVV GLIIHUHQW SUHGLFWLRQ VFHQDULRV� VXFK DV
RXW�RI�GLVWULEXWLRQ �22'� SUHGLFWLRQ� 22' SUHGLFWLRQ GHVFULEHV VLWXDWLRQV ZKHUH WKH SUHGLFWHG SHUWXU�
EDWLRQ LV XQNQRZQ DQG GLIIHUHQW IURP WKH WUDLQLQJ GDWD� ,Q WKLV ZRUN ZH GLVWLQJXLVK EHWZHHQ WZR 22'
SUHGLFWLRQ VFHQDULRV� H[WUDSRODWLRQ WR RWKHU DGMXYDQWV �)LJXUH ���D� DQG H[WUDSRODWLRQ WR QRYHO SRSX�
ODWLRQ JURXSV �)LJXUH ���E�� )LJXUH ��� LOOXVWUDWHV WKH WZR VFHQDULRV IRU WKUHH SRSXODWLRQ JURXSV DQG
WZR DGMXYDQWV �XQSHUWXUEHG �$� DQG SHUWXUEHG �%��� )RU WKH ILUVW VFHQDULR �)LJXUH ���D�� WKH SHUWXUEHG
GDWD IURP WKH RUDQJH SRSXODWLRQ JURXS LV OHIW RXW GXULQJ WUDLQLQJ� 7KH DLP LV WR SUHGLFW FHOO UHVSRQVHV
RI WKH RUDQJH SRSXODWLRQ JURXS XQGHU SHUWXUEDWLRQ� VR IRU WKH UHG DGMXYDQW� 7KLV UHTXLUHV H[WUDSRODWLRQ
IURP XQSHUWXUEHG WR SHUWXUEHG FHOO UHVSRQVHV JLYHQ WKH UHVSRQVHV IURP WKH REVHUYHG� JUHHQ DQG EOXH�
SRSXODWLRQ JURXSV� )LJXUH ���E VKRZV WKH VHFRQG VFHQDULR LQ ZKLFK WKH RUDQJH SRSXODWLRQ JURXS LV OHIW
RXW HQWLUHO\ GXULQJ WUDLQLQJ� 7KH JRDO LV WR SUHGLFW QRYHO SRSXODWLRQ JURXS UHVSRQVHV E\ H[WUDSRODWLRQ
IURP NQRZQ SRSXODWLRQ JURXS UHVSRQVHV� %RWK VFHQDULRV GHVFULEH YDULDWLRQV RI 22' SUHGLFWLRQ WKDW
FDQ EH XVHG WR SUHVHOHFW VHYHUDO SURPLVLQJ DGMXYDQWV� ZKLFK FRXOG WKHQ EH YDOLGDWHG H[SHULPHQWDOO\�
22' SUHGLFWLRQ FDQ SRWHQWLDOO\ UHGXFH WKH UHTXLUHG QXPEHU RI H[SHULPHQWDO VFUHHQV GUDVWLFDOO\ >��@�

�D� ([WUDSRODWLRQ WR RWKHU DGMXYDQWV �E� ([WUDSRODWLRQ WR QRYHO SRSXODWLRQ JURXSV

)LJXUH ���� 7ZR VFHQDULRV IRU RXW�RI�GLVWULEXWLRQ SUHGLFWLRQ WKDW DUH DGGUHVVHG LQ WKLV ZRUN� ,Q WKLV WKHVLV 22' SUHGLFWLRQ
ZLOO EH SHUIRUPHG RYHU WKUHH SRSXODWLRQ JURXSV DQG WZR DGMXYDQWV UHSUHVHQWLQJ WKH XQSHUWXUEHG DQG SHUWXUEHG FRQGLWLRQ� 7KH
WDVN LV WR SUHGLFW WKH UHVSRQVH RI WKH XQVHHQ SRSXODWLRQ JURXS GHSLFWHG ZLWK D TXHVWLRQ PDUN� 6XEILJXUH �D� VKRZV WKH WDVN RI
SUHGLFWLQJ WKH SHUWXUEHG FHOO DFWLYLW\ JLYHQ WKH XQSHUWXUEHG FHOO UHVSRQVH DQG NQRZLQJ WKH SHUWXUEHG DFWLYDWLRQ RI WKH JUHHQ DQG
EOXH SRSXODWLRQ JURXSV DQG �E� LOOXVWUDWHV WKH SUHGLFWLRQ RI FHOO DFWLYLW\ IRU D XQNQRZQ SRSXODWLRQ JURXS�

&XUUHQWO\� RQO\ D KDQGIXO RI WKH PRUH WKDQ � ��� DYDLODEOH WRROV IRU VLQJOH�FHOO GDWD DQDO\VLV �VFUQD�
WRROV�RUJ� FDQ EH XVHG IRU SHUWXUEDWLRQ SUHGLFWLRQ >��@� 7KUHH H[DPSOHV RI SHUWXUEDWLRQ SUHGLFWLRQ PRG�
HOV DUH VF*HQ >��@� WU9$( >��@ DQG &3$ >��@� VF*HQ >��@ LV RQH RI WKH HDUOLHVW PHWKRGV WR SUHGLFW
VLQJOH�FHOO SHUWXUEDWLRQ UHVSRQVHV XVLQJ D YDULDWLRQDO DXWRHQFRGHU �9$(� DUFKLWHFWXUH� $ PDMRU OLPL�
WDWLRQ RI VF*HQ LV WKDW LW LV UHVWULFWHG WR RQH�WR�RQH SUHGLFWLRQ� 7KDW PHDQV VF*HQ LV RQO\ VXLWHG WR
SUHGLFW RQH NLQG RI SHUWXUEDWLRQV� 3UHGLFWLQJ QHZ SHUWXUEDWLRQV UHTXLUHV UHWUDLQLQJ WKH PRGHO DQG FDO�
FODWLQJ D QHZ GLIIHUHQFH YHFWRU ZLWKRXW SURILWLQJ IURP WKH LQIRUPDWLRQ RI WKH SUHYLRXV SHUWXUEDWLRQ� WU9$(
�WUDQVIRUPHU 9$(� >��@ RYHUFRPHV WKH SUREOHP RI RQH�WR�RQH SUHGLFWLRQV E\ XVLQJ D FRQGLWLRQDO 9$(
WR LQWHJUDWH LQIRUPDWLRQ RI PXOWLSOH SHUWXUEDWLRQV LQWR RQH ODWHQW VSDFH� DOORZLQJ IRU Q�WR�Q SUHGLFWLRQV�
$ SUREOHP ZLWK WU9$( LV WKDW WKH PRGHO LV HQWLUHO\ EODFN�ER[HG� OLPLWLQJ LWV LQWHUSUHWDELOLW\� 7KDW PHDQV
LQWHUSUHWDWLRQ RI WKH ODWHQW VSDFH IRU IXUWKHU UHVHDUFK �H�J�� GLIIHUHQWLDO H[SUHVVLRQ RU YLVXDOL]DWLRQ� RU
PDQLSXODWLRQ LV LPSRVVLEOH� $ QHZ 9$(�EDVHGPHWKRG� &3$ �&RPSRVLWLRQDO 3HUWXUEDWLRQ $XWRHQFRGHU�
>��@� DFKLHYHV LQWHUSUHWDELOLW\ E\ GHFRPSRVLQJ WKH ODWHQW VSDFH WKURXJK DGYHUVDULDO WUDLQLQJ� DOORZLQJ
LW IOH[LEOH UHFRPELQDWLRQ LQ WKH ODWHQW DUHD� +RZHYHU� &3$ GRHV QRW VXSSRUW QRYHO SUHGLFWLRQV �H�J��
SUHGLFWLQJ QHZ GUXJV� EHFDXVH RI WKH QHFHVVLW\ WR OHDUQ HPEHGGLQJV IRU WKH ODWHQW VSDFH UHFRPELQD�
WLRQ� )LQDOO\� D FRPPRQ OLPLWDWLRQ RI DOO WKUHH PRGHOV �VF*HQ� WU9$( DQG &3$� LV WKDW WKH\ RQO\ VXSSRUW
VLQJOH�PRGDOLW\ GDWD LQSXW� LJQRULQJ LPSRUWDQW LQIRUPDWLRQ DFFHVVLEOH WKURXJK PXOWL�PRGDOLW\ GDWD�

0XOWL�PRGDOLW\� VXFK DV &,7(�VHT� GDWD FDQ RIWHQ FKDUDFWHUL]H D FHOO¶V LGHQWLW\ EHWWHU� HVSHFLDOO\
LQ LPPXQH UHVSRQVHV� )RU H[DPSOH� SURWHLQ GDWD LV QHFHVVDU\ WR GLVWLQJXLVK IXQFWLRQDOO\ GLVWLQFW FDWH�
JRULHV RI LPPXQH FHOOV WKDW DUH VLPLODU RQ D WUDQVFULSWRPLF OHYHO� )XUWKHUPRUH� LPPXQH FHOOV DUH VWXGLHG
XVLQJ F\WRPHWU\ ZKLFK DQDO\]HV WKH H[SUHVVLRQ RI SURWHLQV RQ WKH VXUIDFH RI WKH FHOOV� +HQFH� SURWHLQ
GDWD LV EHQHILFLDO� RU HYHQ HVVHQWLDO� WR OHYHUDJH NQRZOHGJH DERXW LPPXQH UHVSRQVHV VXFK DV LQIHF�
WLRQV DQG YDFFLQDWLRQV >�@� 2Q WKH RWKHU KDQG� SURWHLQ GDWD DORQH LV LQVXIILFLHQW EHFDXVH SURWHRPH�ZLGH
PHDVXUHPHQWV UHTXLUH D SUHVHOHFWLRQ RI SURWHLQV DQG D PRQRFORQDO DQWLERG\ WR WDUJHW WKH HSLWRSH RI
WKH SURWHLQV� 7KH SUHVHOHFWLRQ ZRXOG ELDV WKH DQDO\VLV WRZDUG D VSHFLILF FROOHFWLRQ RI SURWHLQV� PLVV
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���� 5HVHDUFK TXHVWLRQV �

KHWHURJHQHLW\� DQG ELDV WRZDUGV SUHH[LVWLQJ NQRZOHGJH� )RU H[DPSOH� VSHFLILF FHOO SRSXODWLRQV VXFK
DV &'��DQG &'��7 FHOOV FDQ RQO\ EH GHWHFWHG WKURXJK D FRPELQDWLRQ RI SURWHLQ DQG WUDQVFULSWRPH
GDWD PHDVXUHPHQWV >�@� 7KXV� LW LV QHFHVVDU\ WR DFFRXQW IRU ERWK WUDQVFULSWRPH DQG SURWHRPH GDWD WR
XQGHUVWDQG LPPXQH FHOO UHVSRQVHV EHVW�

&XUUHQOW\� WRWDO9, >�@ DQG VF00 >��@ DUH WKH FXUUHQWO\ PRVW SURPLVLQJ VLQJOH�FHOO PXOWL�PRGDOLW\ PRG�
HOV EDVHG RQ D 9$( DUFKLWHFWXUH� 7RWDO9, >�@ LV GHVLJQHG IRU LQWHJUDWLRQ RI PXOWL�PRGDOLWLHV EXW VXIIHUV
IURP D µEODFN�ER[¶ QDWXUH PDNLQJ WKH SUHGLFWLRQ RI QHZ SHUWXUEDWLRQV GLIILFXOW� 2Q WKH RWKHU KDQG� VF00
>��@ PRGHOV PRGDOLWLHV VHSDUDWHO\ EHIRUH MRLQLQJ WKHP WR OHDUQ FRPPRQ IHDWXUHV ZKLFK LPSURYHV LWV
LQWHUSUHWDELOLW\ DQG HQDEOHV FURVV�PRGDOLW\ SUHGLFWLRQ� 1HYHUWKHOHVV� QHLWKHU RI WKHVH WZR PRGHOV ZHUH
GHVLJQHG IRU SHUWXUEDWLRQ PRGHOOLQJ DQG SUHGLFWLRQ�

7KXV� DW WKH PRPHQW WKHUH DUH QR VLQJOH�FHOO PRGHOV WKDW FRPELQH SHUWXUEDWLRQ PRGHOOLQJ ZLWK PXOWL�
PRGDOLW\ GDWD LQWHJUDWLRQ� ,Q WKLV ZRUN ZH LQWURGXFH FHOO309,� D VLQJOH�FHOO 3HUWXUEDWLRQ SUHGLFWLRQ
PRGHO RQ 0XOWL�PRGDO GDWD ZLWK YDULDWLRQDO ,QIHUHQFH� FHOO309, LV EDVHG RQ VF9, >��@ DQG 009$(
>��@ IRU LQWHJUDWLRQ DQG SUHGLFWLRQ RI PXOWL�PRGDOLW\ GDWD� :H ZLOO XVH FHOO309, WR DQVZHU WKH UHVHDUFK
TXHVWLRQV LQWURGXFHG LQ WKH IROORZLQJ VHFWLRQ�

���� 5HVHDUFK TXHVWLRQV
7KH PDLQ UHVHDUFK TXHVWLRQ LV GHILQHG DV�

+RZ ZHOO FDQ ZH PRGHO LPPXQH UHVSRQVHV DFURVV SRSXODWLRQV ZLWK &,7(�VHT GDWD"

7KLV LV IXUWKHU GLYLGHG LQWR WKH IROORZLQJ VXE�TXHVWLRQ�

54 �� +RZ GRHV PXOWL�PRGDOLW\ LQIRUPDWLRQ LPSDFW WKH PRGHOOLQJ DQG SUHGLFWLRQ SHUIRUPDQFH"

54 �� 7R ZKDW H[WHQG FDQ ZH SUHGLFW UHVSRQVHV IRU XQVHHQ SHUWXUEDWLRQV DFURVV SRSXODWLRQV"

)LUVW� ZH FRPSDUH WKH SHUIRUPDQFH RI WKUHH PRGHOV WKDW DUH HLWKHU EDVHG RQ VLQJOH� RU PXOWL�PRGDOLW\
LQIRUPDWLRQ WR XQGHUVWDQG ZKHWKHU WKH DGGLWLRQDO SURWHLQV GDWD LQFUHDVHV WKH SHUIRUPDQFH RI D PRGHO�
$IWHU WKDW� WKH VHFRQG TXHVWLRQ DLPV WR H[SORUH LI D PRGHO FDQ JHQHUDOL]H DV IDU DV WR JHQHUDWH QHZ
GDWD RU PDNH SUHGLFWLRQ RI XQVHHQ UHVSRQVHV� 7KLV LV UHODWHG WR WKH WZR VFHQDULRV VKRZQ LQ )LJXUH ���
DQG DQVZHU WKH IROORZLQJ WZR FRXQWHUIDFWXDO TXHVWLRQV�

� :KDW ZRXOG KDYH KDSSHQHG LI SRSXODWLRQ � KDG UHFHLYHG DGMXYDQW %� LQVWHDG RI DGMXYDQW $"
�)LJXUH ���D�

� *LYHQ WKH UHVSRQVH IURP SRSXODWLRQ � DQG � WR DGMXYDQW $� KRZ ZRXOG SRSXODWLRQ � UHVSRQG WR
DGMXYDQW %" �)LJXUH ���E�





�
3UHOLPLQDULHV

7KLV WKHVLV IRFXVHV RQ HPSOR\LQJ WHFKQLTXHV IURP JHQHUDWLYH PRGHOOLQJ DQG GHHS OHDUQLQJ WR WKH SURE�
OHP GRPDLQ RI PRGHOOLQJ DQG SUHGLFWLQJ LPPXQH UHVSRQVHV XVLQJ VLQJOH�FHOO GDWD� ,Q WKLV FKDSWHU� ZH
ZLOO ILUVW PRWLYDWH ZK\ JHQHUDWLYH PRGHOOLQJ DQG VSHFLILFDOO\� GHHS JHQHUDWLYH PRGHOOLQJ ZLWK YDULDWLRQDO
DXWRHQFRGHU LV VXLWHG IRU VLQJOH�FHOO SHUWXUEDWLRQ PRGHOOLQJ� 7KHQ� ZH SURYLGH DQ RYHUYLHZ DERXW WKH
PRVW UHOHYDQW WHFKQLTXHV RI GHHS JHQHUDWLYH PRGHOOLQJ ZLWK IRFXV RQ 9$(V� 7KH WKHRU\ LQ WKLV FKDSWHU
LV QHFHVVDU\ WR XQGHUVWDQG WKH PRGHOOLQJ FKRLFHV LQ WKH QH[W FKDSWHU�

���� 6LQJOH�FHOO JHQHUDWLYH PRGHOOLQJ
6LQJOH�FHOO JHQHUDWLYH PRGHOOLQJ LV LQVSLUHG E\ WKH VXFFHVV RI 'HHS *HQHUDWLYH 0RGHOV �'*0V� LQ
FODVVLFDO FRPSXWHU YLVLRQ DSSOLFDWLRQV� $V WKH QDPH VXJJHVW� '*0V FRPELQH JHQHUDWLYH PRGHOOLQJ ZLWK
GHHS OHDUQLQJ� 7KH JHQHUDWLYH PRGHOOLQJ SDUW LV UHVSRQVLEOH IRU FDSWXULQJ WKH XQGHUO\LQJ GLVWULEXWLRQ RI
WKH GDWD SRLQWV ZKLFK LV XVHIXO IRU 22' SUHGLFWLRQ� +RZHYHU� ZLWKRXW H[WHQGLQJ JHQHUDWLYH PRGHOV WR
WKH '/ GRPDLQ WKH\ ZRXOG QRW EH VXLWHG WR FDSWXUH GLVWULEXWLRQV RI ODUJH GDWD TXDQWLWLHV� OLNH LW LV WKH
FDVH IRU VLQJOH�FHOO GDWD� 7KHUHIRUH� GR '*0V H[WHQG JHQHUDWLYH PRGHOV ZLWK QHXUDO QHWZRUNV �11V��
7KH WZR '*0 DUFKLWHFWXUHV WKDW KDYH SURYHQ PRVW VXFFHVVIXO LQ WKH FRPSXWHU YLVLRQ �&9� GRPDLQ DUH�
*HQHUDWLYH $GYHUVDULDO 1HWZRUNV �*$1� DQG 9DULDWLRQDO $XWRHQFRGHUV �9$(�� 'HVSLWH WKH VXFFHVV RI
*$1V LQ &9 >��@ WKHLU DGDSWLRQ WR WKH VLQJOH�FHOO ELRORJ\ GRPDLQ LV PRUH FKDOOHQJLQJ WKDQ H[SHFWHG�
7KH ILUVW FKDOOHQJH LV WKDW *$1V DUH XVXDOO\ OHVV LQWHUSUHWDEOH WKDQ 9$(V� EHFDXVH WKH ODWHQW YHFWRU
LQ *$1V LV LV QRW OHDUQHG EXW XVXDOO\ UHSUHVHQWV QRLVH IURP D *DXVVLDQ >�@� 7KHUHIRUH� WKHUH LV QR
LPPHGLDWH ZD\ RI WUDFLQJ EDFN WKH UHSUHVHQWDWLRQ RI HDFK REVHUYDWLRQ LQ WKH ODWHQW �LQSXW QRLVH� VSDFH�
&RPSDUHG WR WKDW� 9$(V KDYH D EHWWHU LQWHUSUHWDELOLW\ EHFDXVH WKH ODWHQW VSDFH LV IRUFHG WR UHVHPEOH D
SULRU GLVWULEXWLRQ �RIWHQ LVRWURSLF *DXVVLDQ GLVWULEXWLRQ� WKDW HQDEOHV GLVHQWDQJOHPHQW >��@� 7KH VHFRQG
FKDOOHQJH LV WKH LQFRRSHUDWLRQ RI SULRU NQRZOHGJH LQWR WKH ODWHQW VSDFH� $JDLQ� WKLV LV HDVLHU IRU 9$(V
EHFDXVH RI WKHLU ODWHQW VSDFH OHDUQLQJ LQVWHDG RI WKH QRLVH VWUXFWXUH LQ *$1V� )LQDOO\� LW LV PRUH GLIILFXOW
WR SURYLGH D PHWULFV RI KRZ ³UHDOLVWLF´ D JHQHUDWHG GDWD SRLQW LV� 7KHUHIRUH� LW PLJKW EH KDUGHU WR MXVWLI\
WKH XVH RI *$1V LQ PDQ\ RWKHU ELRORJLFDO DSSOLFDWLRQV� +HQFH� 9$(V DUH WKH PRVW VXLWDEOH '*0 IRU
VLQJOH�FHOO PRGHOOLQJ�

���� 'HHS *HQHUDWLYH PRGHOV
*HQHUDWLYH PRGHOOLQJ LV D XQVXSHUYLVHG OHDUQLQJ DSSURDFK WKDW H[SOLFLWO\ PRGHOV WKH XQGHUO\LQJ MRLQW
GLVWULEXWLRQ ൮�൶� ൷� EHWZHHQ REVHUYHG ൶ DQG XQREVHUYHG GDWD SRLQWV ൷� /HDUQLQJ WKH WUXH GLVWULEXWLRQ RI
WKH GDWD SRLQWV ൶ UHTXLUHV PD[LPL]LQJ WKH PDUJLQDO OLNHOLKRRG

PD[ ORJ൮�൶�  PD[ ORJᔈ൮�൶� ൸�ൣ࿺  PD[ ORJᔈ൮�൶ ࣐ ൸�൮�൸�ൣ൸ �����

(TXDWLRQ ��� VKRZV WKDW FRPSXWLQJ WKH PD[LPXPPDUJLQDO RI GDWD GLVWULEXWLRQ ൶ UHTXLUHV LQWHJUDWLQJ
RYHU WKH OLNHOLKRRG ൮�൶ ࣐ ൸� DQG SULRU ൮�൸�� 7KLV LV SUREOHPDWLF EHFDXVH FDOFXODWLQJ WKH FRQFUHWH LQWHUYDO
LV RIWHQ LQWUDFWDEOH� $QRWKHU WHFKQLTXH� 9DULDWLRQDO ,QIHUHQFH �9,� >�@ DYRLGV WKH FRPSXWDWLRQ RI WKH

�



� �� 3UHOLPLQDULHV

LQWUDFWDEOH SRVWHULRU E\ LQWURGXFLQJ D YDULDWLRQDO SRVWHULRU ൯ WKDW UHVHPEOHV WKH WUXH SRVWHULRU ൮ DV FORVHO\
DV SRVVLEOH� 7KXV� LQVWHDG RI UHO\LQJ RQ DQ DQDO\WLFDO HYDOXDWLRQ 9, WXUQV WKH FRPSXWDWLRQ RI LQWHJUDOV
LQWR DQ RSWLPLVDWLRQ SUREOHP�

9DULDWLRQDO $XWRHQFRGHU
$ UHPDLQLQJ SUREOHP LV WKDW 9, LQ JHQHUDWLYH PRGHOV LV QRW HIILFLHQW HQRXJK WR KLJK�GLPHQVLRQDO GDWD
GLVWULEXWLRQV� 7KHUHIRUH� .LQJPD DQG :HOOLQJ SURSRVHG WKH 9DULDWLRQDO $XWRHQFRGHU �9$(� DV D ZD\ RI
SHUIRUPLQJ LQIHUHQFH LQ D HIILFLHQW ZD\� 7KH 9$( RYHUFRPHV WKH SUREOHP RI HVWLPDWLQJ WKH ORJ�OLNHOLKRRG
DQG SRVWHULRU GLVWULEXWLRQ E\ XVLQJ QHXUDO QHWZRUNV �11V� DQG VWRFKDVWLF JUDGLHQW GHVFHQW �6*'� >��@�
0RUH VSHFLILFDOO\� D 9$( FRQVLVWV RI WZR 11V� DQ (QFRGHU DQG D 'HFRGHU� 7KH HQFRGHU LV GHQRWHG
E\ ൯ጓ�൸ ࣐ ൶�� ൯ጓ�൸ ࣐ ൶� LV DOVR UHIHUUHG WR DV YDULDWLRQDO SRVWHULRU� 7KH YDULDWLRQDO SRVWHULRU LV XVHG
DV DQ DSSUR[LPDWLRQ RI WKH WUXH SRVWHULRU ZKHQ FDOFXODWLQJ WUXH SRVWHULRU LV LQWUDFWDEOH� $V VKRZQ LQ
)LJXUH ���� WKH HQFRGHU UHFHLYHV GDWD ൶ DQG RXWSXWV SDUDPHWHUV ࿾፳ DQG စ፳ WKDW HVWLPDWH WKH ODWHQW
VSDFH ൸� 7KH ODWHQW VSDFH ൸ LV OHDUQHG WR UHVHPEOH D SULRU GLVWULEXWLRQ ൮�൸�� 7KH SULRU GLVWULEXWLRQ LV
FKRVHQ GHSHQGLQJ RQ WKH PRGHOOLQJ SXUSRVH EXW D FRPPRQ FKRLFH LV D LVRWURSLF *DXVVLDQ ඳ��� ߸�
EHFDXVH LW FDQ EHVW OHDUQ D UHSUHVHQWDWLRQ VXFK WKDW IHDWXUHV DUH LQGHSHQGHQW RI HDFK RWKHU� ,Q FDVH RI
D JDXVVLDQ YDULDWLRQDO DSSUR[LPDWLRQJ WKH HQFRGHU OHDUQV WKH PHDQ ࿾፳ WR EH FORVH WR ]HUR DQG YDULDQFH
စ፳ WR D GLDJRQDO RQH�YDULDQFH PDWUL[� 7KH VHFRQG 11 FRPSRQHQW LV WKH GHFRGHU ൮ጆ�൶�።� ࣐ ൸�� ,WV LQSXW
LV D VDPSOHG ODWHQW UHSUHVHQWDWLRQ ൸ DQG LWV RXWSXW LV D UHFRQVWUXFWLRQ RI WKH LQSXW GDWD ൶ᖣ� 7KH JRDO RI
WKH GHFRGHU LV WR HIIHFWLYHO\ UHFRQVWUXFW WKH LQSXW ൶ XVLQJ WKH ORJ�OLNHOLKRRG ൮ጓ�൶ ࣐ ൸� RI WKH GDWD JLYHQ
D VDPSOH IURP WKH YDULDWLRQDO SRVWHULRU�

)LJXUH ���� &RPSXWDWLRQDO 6FKHPDWLFV RI 9DULDWLRQDO $XWRHQFRGHU �9$(�� *UH\ FRORUHG QRGHV UHSUHVHQW REVHUYHG LQSXWV�
7KH HQFRGHU UHFHLYHV D LQSXW ፱ WR FRPSXWH WKH PHDQ ᎙ᑫ�፱� DQG YDULDQFH ᎟ᑫ�፱� GHVFULELQJ WKH YDULDWLRQDO SRVWHULRU GLVWULEXWLRQ
፪ᐋ�፳ ࣐ ፱�� 7KHQ� WKH GHFRGHU FRPSXWHV WKH PHDQ ᎙ᑩ�፳� DQG YDULDQFH ᎟ᑩ�፳� IRU WKH OLNHOLKRRG GLVWULEXWLRQ ፩᏾�፱ ࣐ ፳� JLYHQ VRPH
VDPSOHG ODWHQW VSDFH ፳� ,QVSLUHG IURP )LJXUH � LQ >��@�

/RVV IXQFWLRQ
7KH PD[LPL]DWLRQ RI WKH ORJ�OLNHKRRG �(TXDWLRQ ���� FDQ EH UHZULWWHQ LQWR D FRPELQDWLRQ RI WKH YDULD�
WLRQDO ORZHU ERXQG RQ WKH PDUJLQDO OLNHOLKRRG RI WKH GDWD ൶ DQG WKH .XOOEDFN /HLEOHU �./� 'LYHUJHQFH
>��@ EHWZHHQ WKH DSSUR[LPDWH DQG WUXH SRVWHULRU�

ORJ൮᎕�൶�።�� �͒�ͅ�ߺ  ൶�።�� � ൉ፊፋ�൯ጓ�൸ ࣐ ൶�።�� ࣐࣐ ൮ጆ�൶�።� ࣐ ൸�� �����

7KH ILUVW WHUP LQ WKH HTXDWLRQ LV WKH YDULDWLRQDO ORZHU ERXQG DQG WKH VHFRQG WHUP WKH ./ GLYHUJHQFH�
%HFDXVH WKH ./ GLYHUJHQFH LV QRQ�QHJDWLYH WKH JRDO LV WR PD[LPL]H WKH ORZHU ERXQG Z�U�W� WR WKH
ORJ�OLNHOLKRRG� 0RUHRYHU� WKH YDULDWLRQDO ORZHU ERXQG IURP (TXDWLRQ ��� FDQ EH UHZULWWHQ Z�U�W WR WKH
YDULDWLRQDO ͒ DQG JHQHUDWLYH SDUDPHWHUV ͅ�

�͒�ͅ�ߺ ൶�።��  ฻፪ᒣ�፳࣐፱� ᓂORJ ൯Ꭻ�൸ ࣐ ൶� � ORJ൮᎕�൶� ൸�ᓆ

൸�൯ጓ�൉ፊፋࢿ  ࣐ ൶�።�� ࣐࣐ ൮ጆ�൸�� � ฻፪ᒣ�፳࣐፱�ᑚ�� ᓂORJ൮᎕�൶
�።� ࣐ ൸�ᓆ

�����

1RWH WKDW ZKHQ SKUDVLQJ (TXDWLRQ ��� DV D ORVV IXQFWLRQ IRU 9$( WUDLQLQJ WKH DLP LV WR PLQLPL]H WKH
QHJDWLYH ORZHU ERXQG�

ࢿ �͒�ͅ�ߺ ൶�።��  ൉ፊፋ�൯ጓ�൸ ࣐ ൶�።�� ࣐࣐ ൮ጆ�൸�� ࢿ ฻፪ᒣ�፳࣐፱�ᑚ�� ᓂORJ൮᎕�൶
�።� ࣐ ൸�ᓆ �����

7KH ILUVW WHUP RI WKH ORVV IXQFWLRQV� WKH ./ 'LYHUJHQFH� HQFRXUDJHV UREXVWQHVV WR VPDOO SHUWXUED�
WLRQV DORQJ WKH ODWHQW PDQLIROG E\ PDWFKLQJ D OHDUQHG DSSUR[LPDWLRQ IURP WKH HQFRGHU ൯ጓ�൸ ࣐ ൶�።� WR



���� 'HHS *HQHUDWLYH PRGHOV �

VRPH FKRVHQ SULRU ൮ጆ�൸�� &KRRVLQJ D FRQMXJDWH SULRU RYHU ൸ PDNHV WKH LQWHJUDWLRQ RI WKH ORVV IXQF�
WLRQ WUDFWDEOH� $ FRPPRQ FKRLFH IRU WKH SULRU LV WKH ,VRWURSLF *DXVVLDQ GLVWULEXWLRQ ඳ��� ߸� ZLWK ]HUR
PHDQ DQG D GLDJRQDO RQH�YDULDQFH PDWUL[� 7KH DGYDQWDJH RI WKLV LV WKDW LW IRUFHV LQGHSHQGHQFH DFURVV
IHDWXUHV LQ WKH ODWHQW VSDFH >��@�

7KH VHFRQG WHUP RI (TXDWLRQ ��� LV WKH UHFRQVWUXFWLRQ ORVV �5/� DQG GHVFULEHV KRZ DFFXUDWHO\ WKH
RXWSXW UHSOLFDWHV WKH LQSXW� $ FRPPRQ PHWULF IRU WKLV LQ WKH VLQJOH�FHOO GRPDLQ LV WKH GLVWULEXWLRQ �=HUR
,QIODWHG� 1HJDWLYH %LQRPLDO ��=,�1%� RU 3RLVVRQ GLVWULEXWLRQ >��@�

&RQGLWLRQDO 9DULDWLRQDO $XWRHQFRGHU
7KH PDLQ FRQWULEXWLRQ RI WKH 9$( LV WR OHDUQ D PHDQLQJIXO UHSUHVHQWDWLRQ RI WKH ORZ�GLPHQVLRQDO VSDFH�
$OWKRXJK WKLV ODWHQW UHSUHVHQWDWLRQ FDQ EH XVHG WR JHQHUDWH IHDVLEOH VDPSOHV� WKH FODVVLF 9$( IUDPH�
ZRUN GRHV QRW SURYLGH FRQWURO RQ WKH RXWSXW WR EH JHQHUDWHG >�@� 7KH &RQGLWLRQDO 9DULDWLRQDO $XWRHQ�
FRGHU �&9$(� >��@ PRGLILHV WKH 9$( WR DGGUHVV WKLV OLPLWDWLRQ� )LJXUH ��� VKRZV WKDW WKH &9$( PRGHO
UHFHLYHV LQIRUPDWLRQ DERXW WKH LQSXWV GDWD FRQGLWLRQ ൢ LQ DGGLWLRQ WR WKH LQSXW GDWD ൶� $GGLQJ H[WUD
FRQGLWLRQDO LQIRUPDWLRQ WR WKH HQFRGHU DQG GHFRGHU IRUFHV WKH PRGHOOHG GLVWULEXWLRQV WR EH FRQGLWLRQHG�
7KLV SURYLGHV WKH PRGHO WKH FDSDELOLW\ WR OHDUQ RQH�WR�PDQ\ PDSSLQJV�

)LJXUH ���� &RPSXWDWLRQDO 6FKHPDWLFV RI &RQGLWLRQDO 9DULDWLRQDO $XWRHQFRGHU �&9$(�� *UH\ FRORUHG QRGHV UHSUHVHQW RE�
VHUYHG LQSXWV� 7KH HQFRGHU UHFHLYHV D LQSXW ፱ DQG FRYDULDWH ፜ WR FRPSXWH WKH PHDQ ᎙ᑫ�፱ ࣐ ፜� DQG YDULDQFH ᎟ᑫ�፱ ࣐ ፜� GHVFULELQJ
WKH YDULDWLRQDO SRVWHULRU GLVWULEXWLRQ ፪ᐋ�፳ ࣐ ፱� ፜�� 7KHQ� WKH GHFRGHU FRPSXWHV WKH PHDQ ᎙ᑩ�፳ ࣐ ፜� DQG YDULDQFH ᎟ᑩ�፳ ࣐ ፜� IRU WKH
OLNHOLKRRG GLVWULEXWLRQ ፩᏾�፱ ࣐ ፳� ፜� JLYHQ VRPH VDPSOHG ODWHQW VSDFH ፳ DQG FRYDULDWH ፜� ,QVSLUHG IURP )LJXUH � LQ >��@�

7KH REMHFWLYH IXQFWLRQ RI WKH &9$( LV WKH VDPH DV 9$(V REMHFWLYH IXQFWLRQ �(TXDWLRQ ���� ZLWK
DGGLWLRQDO FRQGLWLRQDO LQIRUPDWLRQ ൢ�

൉ፊፋ�൯ጓ�൸ ࣐ ൶�።�� ൢ�።�� ࣐࣐ ൮ጆ�൸ ࣐ ൢ�።��� ࢿ ฻፪ᒣ�፳࣐፱�ᑚ�� ᓂORJ൮᎕�൶
�።� ࣐ ൸� ൢ�።��ᓆ �����

0XOWL�PRGDO 9$(V
7KH FODVVLFDO 9$( IUDPHZRUNV DUH OLPLWHG WR UHFRQVWUXFWLRQ RI RQH GDWD PRGDOLW\ ൶ IURP WKH ODWHQW VSDFH
൸� DV VKRZQ LQ )LJXUH ���D� ([WHQGLQJ WKH 9$( WR LQIHU D MRLQW ODWHQW VSDFH UHSUHVHQWDWLRQ RI DOO LQSXW
PRGDOLWLHV ZRXOG DOORZ WKH PRGHO WR UHFRQVWUXFW ൧ GDWD PRGDOLWLHV ൶ኻ� ���൶። �)LJXUH ���E� >��@�

൶

൸

�D� 9DULDWLRQDO $XWRHQFRGHU

൸

൶ኻ ���
൶።

�E� 0XOWL�PRGDOLW\ 9$(

)LJXUH ���� /DWHQW YDULDEOH PRGHO UHSUHVHQWDWLRQ RI VLQJOH� DQG PXOWL�PRGDOLW\ 9$(� /DWHQW YDULDEOH PRGHO RI D �D� VLQJOH�
PRGDOLW\ 9$( VKRZLQJ WKH UHODWLRQ EHWZHHQ WKH REVHUYHG YDULDEOH� ፱� DQG WKH XQREVHUYHG� ODWHQW YDULDEOH� ፳ DQG E� PXOWL�PRGDOLW\
9$( ZKHUH WKH ODWHQW VSDFH ፳ FRQWDLQV LQIRUPDWLRQ DERXW PXOWLSOH ። GDWD RXWSXWV ፱Ꮃ� ���� ፱ᑚ�

)LJXUH ��� VKRZV WZR GLIIHUHQW DSSURDFKHV WKDW FDQ EH XVHG IRU PXOWL�PRGDOLW\ PRGHOOLQJ LQ 9$(V�
7KH DUFKLWHFWXUH LQ )LJXUH ���D LV FDOOHG MRLQW PXOWL�PRGDO 9$(� ,Q WKLV PRGHO WKH HQFRGHU JHWV WKH
PXOWL�PRGDOLW\ LQIRUPDWLRQ DV D FRQFDWHQDWLRQ� 7KLV DSSURDFK LV IRU H[DPSOH HPSOR\HG LQ WRWDO9, >�@�
$ FRPPRQ OLPLWDWLRQ RI UHSUHVHQWLQJ WKH GLIIHUHQW PRGDOLWLHV ZLWK D VLQJOH SRVWHULRU LV WKDW LW PLJKW OHDG



�� �� 3UHOLPLQDULHV

WR XQZLOOLQJ PDVNLQJ RI LQIRUPDWLRQ IURP RQH PRGDOLW\ GXH WR WKH GRPLQDQFH RI DQRWKHU PRGDOLW\ >��@�
7R RYHUFRPH WKLV SUREOHP 6KL HW DO� SURSRVH D 0L[WXUH�RI�([SHUWV 9DULDWLRQDO $XWRHQFRGHU �009$(� LQ
ZKLFK HDFK PRGDOLW\ LV PRGHOOHG E\ D VHSHUDWH 9$( SDLU� (DFK HQFRGHU HVWLPDWHV WKH PRGDOLW\ VSHFLILF
SDUDPHWHUV IRU WKH 0R( SRVWHULRU GLVWULEXWLRQ LQGHSHQGHQWO\ DQG WKHQ PL[HV WKHP XVLQJ PL[WXUH�RI�
H[SHUWV �0R(�� )LJXUH ���E VKRZV WKH EDVLF DUFKLWHFWXUH RI WKH 009$( PRGHO ZKLFK LV DOVR XVHG E\
VF00 >��@�

�D� -RLQW PXOWL�PRGDO 9$(

�E� 0R( PXOWL�PRGDO 9$(

)LJXUH ���� &RPSXWDWLRQDO 6FKHPDWLFV RI WZR PXOWL�PRGDOLW\ 9$( �009$(� IUDPHZRUNV� *UH\ FRORUHG QRGHV UHSUHVHQW
REVHUYHG LQSXWV� %RWK 009$( IUDPHZRUNV DUH LOOXVWUDWHG IRU WZR�PRGDOLW\ GDWD EXW FDQ EH H[WHQGHG WR PRUH WKDQ WZR PRGDOLWLHV�
%RWK LQVSLUHG IURP )LJXUH � LQ >��@� D� -RLQW PXOWL�PRGDO 9$(� WKLV IUDPHZRUN LV XVHG E\ WRWDO9, >�@� 7KH HQFRGHU UHFHLYHV
WKH FRQFDWLQDWHG WZR�PRGDOLW\ LQSXW ፱Ꮃ� ፱Ꮄ WR FRPSXWH WKH PHDQ ᎙ᑫ�፱Ꮃ� ፱Ꮄ� DQG YDULDQFH ᎟ᑫ�፱Ꮃ� ፱Ꮄ� GHVFULELQJ WKH YDULDWLRQDO
SRVWHULRU GLVWULEXWLRQ ፪ᐋ�፳ ࣐ ፱Ꮃ� ፱Ꮄ�� 7KHQ� HDFK PRGDOLWLHV GHFRGHU FRPSXWHV WKH PHDQ ᎙ᑩᑚ �፳� DQG YDULDQFH ᎟ᑩᑚ �፳� IRU WKH
PRGDOLW\ ። OLNHOLKRRG GLVWULEXWLRQ ፩᏾�፱ᑚ ࣐ ፳� JLYHQ VRPH VDPSOHG ODWHQW VSDFH ፳� E� 0R( PXOWL�PRGDO 9$(� IUDPHZRUN LQWURGXFHG
E\ >��@ DQG XVHG E\ VF00 >��@� 7KH GLIIHUHQFH WR D� LV WKDW WKH LQSXW ፱Ꮃ DQG ፱Ꮄ LV QRW FRQFDWLQDWHG EHFDXVH HDFK PRGDOLW\ KDV
D VHSHUDWH 9$( SDLU� (DFK PRGDOLW\ HQFRGHU OHDUQV WKH PRGDOLW\ VSHFLILF PHDQ ᎙ᑫᑚ �፱ᑚ� DQG YDULDQFH ᎟ᑫᑚ �፱ᑚ� EHIRUH MRLQLQJ WKH
SRVWHULRU ZLWK 0R(� 7KH JHQHUDWLYH SURFHVV LV HTXLYDOHQW WR �D��

0L[WXUH�RI�H[SHUWV PXOWLPRGDO 9$(
7KH 0R( PXOWLPRGDO 9$( �009$(� E\ 6KL HW DO� DLPV WR OHDUQ D PXOWL�PRGDO JHQHUDWLYH PRGHO

൮ጓ�൸� ൶ኻࣣፌ�  ൮�൸�
ፌ

ᔨ
፦

൮᎕ᑞ�൶፦ ࣐ ൸� �����

ZLWK ൫  �� ���� ൒ PRGDOLWLHV� ൮�൸� SULRU DQG ൮᎕ᑞ�൶፦ ࣐ ൸� OLNHOLKRRG RI HDFK ൫WK PRGDOLW\� )LJXUH
���E VKRZV DQ H[DPSOH RI D 009$( IRU ൒  � ZLWK D HQFRGHU�GHFRGHU SDLUV IRU HDFK PRGDOLW\� 7KH
HQFRGHU SDUDPHWHUL]HV WKH YDULDWLRQDO SRVWHULRU ൯Ꭻᑞ�൸ ࣐ ൶፦� DQG WKH GHFRGHU WKH OLNHOLKRRG ൮᎕ᑞ�൶፦ ࣐ ൸�
RI WKH ൫�WK PRGDOLW\� 7R MRLQWO\ OHDUQ WKH YDULDWLRQDO SRVWHULRU DFURVV PRGDOLWLHV WKH YDULDWLRQDO SRVWHULRU
LV IDFWRUL]HG ZLWK D 0R(

൮ጓ�൸ ࣐ ൶ኻࣣፌ�  
ፌ

ᔤ
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ZLWK ࿳፦  
ኻ
ፌ
�

(TXLYDOHQWO\ DV WR WKH 9$(� WKH WUDLQLQJ REMHFWLYH RI WKH 009$( LV WR PD[LPL]H WKH PDUJLQDO OLNHOL�
KRRG ൮�൶ኻࣣፌ� WKURXJK RSWLPL]DWLRQ RI WKH (/%2
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/LNH LQ WKH 9$( ORVV IXQFWLRQ �(TXDWLRQ ���� WKH ILUVW WHUP UHIHUV WR WKH UHFRQVWUXFWLRQ ORVV DQG WKH
VHFRQG WHUP HQIRUFHV WKH UHJXODUL]DWLRQ RI WKH YDULDWLRQ SRVWHULRU WKURXJK WKH SULRU� 'LIIHUHQWO\ WR 9$(�
WKH SULRU ൮�]� LV GHILQHG DV D /DSODFLDQ GLVWULEXWLRQ EHFDXVH LW KDV D KHDYLHU WDLO DQG WKXV� FDQ ILW RXWOLHUV
EHWWHU WKDQ WKH LVRWURSLF *DXVVLDQ SULRU >��@� 7KH PHDQ RI WKH /DSODFLDQ SULRU LV VHW WR ]HUR DQG WKH
VFDOLQJ FRQVWUDLQHG WKDW LV OHDUQ IURP WKH GDWD WKURXJK 6*'� 1RWH WKDW WKH DXWKRUV 6KL HW DO� RI WKH
009$( DUH SURSRVLQJ PRUH DGYDQFHG ORVV IXQFWLRQV� VXFK DV WKH GRXEO\ UHSDUDPHWHUL]HG JUDGLHQW
HVWLPDWRU >��@� EXW LQ WKLV UHSRUW ZH DUH IRFXVLQJ RQ (TXDWLRQ ��� DV KDV EHHQ XVHG LQ WKH VF00 PRGHO�

7KH PDLQ DGYDQWDJH RI 009$( LV WKDW WKH 0R( YDULDWLRQDO SRVWHULRU OHDUQV D PXOWL�PRGDO JHQHUDWLYH
PRGHO WKDW VDWLVILHV WKH IROORZLQJ IRXU FULWHULD�

�� /DWHQW )DFWRUL]DWLRQ� /DWHQW VSDFH FDSWXUHV VKDUHG DQG SULYDWH PRGDOLW\ LQIRUPDWLRQ�

�� &RKHUHQW -RLQW *HQHUDWLRQ� *HQHUDWLRQ RI GLIIHUHQW PRGDOLWLHV LV SRVVLEOH VXFK WKDW WKH\ DUH FR�
KHUHQW LQ VKDUHG LQIRUPDWLRQ�

�� &RKHUHQW &URVV *HQHUDWLRQ� *HQHUDWLRQ RI GDWD IRU PRGDOLWLHV GLIIHUHQW WR WKH LQSXW�

�� 6\QHUJ\� 4XDOLW\ RI WKH JHQHUDWLYH PRGHO LPSURYHV ZKHQ WUDLQHG RYHU PXOWLSOH PRGDOLWLHV UDWKHU
WKDQ MXVW D VLQJOH PRGDOLW\�

7KHVH IRXU FULWHULD� HVSHFLDOO\ ODWHQW IDFWRUL]DWLRQ DQG V\QHUJ\� DUH KHOSIXO IRU WKH SHUWXUEDWLRQ SUH�
GLFWLRQ WDVNV IRU WKLV ZRUN�





�
0RGHOV

7KH SUHYLRXV FKDSWHU VXPPDUL]HG WKH UHOHYDQW EDFNJURXQG LQIRUPDWLRQ WR XQGHUVWDQG WKH PRGHOV HP�
SOR\HG LQ WKLV ZRUN� 0RUH VSHFLILFDOO\� ZH XVH VF9, >��@� DV D VLQJOH�PRGDOLW\ PRGHO DQG WRWDO9, DQG
FHOO309, IRU PXOWL�PRGDOLW\ PRGHOLQJ� %RWK VF9, DQG WRWDO9,� DUH LQLWLDOO\ GHVLJQHG IRU LQWHJUDWLRQ UDWKHU
WKDQ WKH SUHGLFWLRQ RI SHUWXUEDWLRQ HIIHFWV� 7KHUHIRUH� ZH DGDSWHG WKHP WR DFFRPPRGDWH SHUWXUED�
WLRQ SUHGLFWLRQ� $IWHU WKDW� ZH SUHVHQW RXU PRGHO FHOO309,� FHOO309, LV D PXOWL�PRGDOLW\ PRGHO XVLQJ
YDULDWLRQDO LQIHUHQFH GHVLJQHG H[SOLFLWO\ WR SUHGLFW SHUWXUEDWLRQ HIIHFWV IRU VLQJOH�FHOO GDWD�

���� &RPPRQ PRGHOOLQJ IHDWXUHV
$OO PRGHOV IROORZ WKH &9$( IUDPHZRUN �VHH 6HFWLRQ ����� )LUVW� HYHU\ PRGHO LQIHUV WKH YDULDWLRQDO SRV�
WHULRU ൮�൸ ࣐ ൉� ൢ� DQG WKHQ OHDUQV WKH OLNHOLKRRG GLVWULEXWLRQ ൮�൉ ࣐ ൸� ൢ� ZKHUH ൸ UHSUHVHQWV WKH VDPSOHG
ODWHQW VSDFH� 7KH LQSXW GDWD ൉  ^൶፧፠� ൷፧፭` FRQWDLQV WKH FRXQW GDWD IRU 51$ ൶ DQG SURWHLQ ൷PRGDOLW\ IRU
HDFK FHOO ൬ DFURVV DOO JHQHV ൦ RU SURWHLQV ൲� )XUWKHUPRUH� WKH PRGHO UHFHLYHV WKH FDWHJRULFDO FRYDULDWH
LQIRUPDWLRQ ൢ፧  ^ൢ፧ኻ� ���� ൢ፧።` IRU ൧ GLIIHUHQW FRYDULDWHV� 7KH FDWHJRULFDO FRYDULDWHV SURYLGH LQIRUPDWLRQ
DERXW WKH FHOO EHLQJ XVHG DV LQSXW� L�H�� FHOO W\SH� SRSXODWLRQ JURXS� RU SHUWXUEDWLRQ� $OO PRGHOV HVWL�
PDWH WKH OLNHOLKRRG GLVWULEXWLRQ RI WKH 51$ GDWD ൮�൶፧ ࣐ ൸፧� ൢ፧� ൪፧� ZLWK D QHJDWLYH ELQRPLDO GLVWULEXWLRQ
൓േ�࿾� ࿺� ZKHUH ࿺ GHILQHV WKH SUREDELOLW\ RI VXFFHVV RU IDLOXUH DQG ࿾ GHFLGHV ZKHWKHU ࿺ LV D VXFFHVV RU
IDLOXUH� 3UHYLRXV UHVHDUFK VKRZHG WKDW WKH QHJDWLYH ELQRPLDO GLVWULEXWLRQ FRXOG PRGHO RYHU�GLVSHUVLRQ
DQG KDQGOH WKH OLPLWHG VHQVLWLYLW\ RI JHQH H[SUHVVLRQ GDWD WKH EHVW >��@� 1RWH WKDW WKH 51$ OLNHOLKRRG
GDWD LQ HDFK PRGHO LV LQIOXHQFHG E\ DQ 51$ VL]H PRGHOLQJ IDFWRU �፧߻ DOVR FDOOHG OLEUDU\ VL]H� 7KH OLEUDU\
VL]H UHSUHVHQWV WKH VXP RI DPSOLILHG P51$ PROHFXOHV SHU FHOO� ,QLWLDOO\� WKH 51$ OLEUDU\ VL]H LQ VF9,
DQG WRWDO9, ZDV PRGHOHG DV D ODWHQW IDFWRU WKDW LV VDPSOHG IURP D /RJ1RUPDO GLVWULEXWLRQ ඳ�࿾� စኼ��
+RZHYHU� LQ WKH PRVW UHFHQW LPSOHPHQWDWLRQ� WKH OLEUDU\ VL]H LV WUHDWHG DV REVHUYHG DQG VHW WR WKH WRWDO
8QLTXH 0ROHFXODU ,GHQWLILHU �80,� FRXQW RI 51$� 7KH IROORZLQJ VHFWLRQV LQWURGXFH WKH WHFKQLFDO GHWDLOV
RI WKH VLQJOH� DQG PXOWL�PRGDOLW\ PRGHO�

���� 6LQJOH�0RGDOLW\ 0RGHO
7KH VLQJOH�PRGDOLW\ PRGHO RQO\ UHFHLYHV LQIRUPDWLRQ IURP RQH PRGDOLW\� WKH JHQH H[SUHVVLRQ ൶�

6LQJOH�FHOO 9DULDWLRQDO ,QIHUHQFH �VF9,� PRGHO
VF9, >��@ GHILQHV D IXOO\ SUREDELOLVWLF DSSURDFK GHYHORSHG IRU WKH QRUPDOL]DWLRQ DQG DQDO\VLV RI VF51$�
VHT GDWD� 7KH PRGHO WDNHV DV LQSXW UDZ FRXQW GDWD ൶፧፠ ZLWK ൬ FHOOV DQG ൦ JHQHV DQG FDWHJRULFDO
FRYDULDWHV ൢ፧�

)LJXUH ��� VKRZV WKH QHXUDO QHWZRUN DUFKLWHFWXUH RI VF9, DQG (TXDWLRQ ��� D VLPSOLILHG YHUVLRQ RI
WKH LQIHUHQFH SURFHVV� VF9, XVHV D 9$( IUDPHZRUN E\ ILUVW OHDUQLQJ WKH YDULDWLRQDO SRVWHULRU ൮�൸፧� ORJ ൪ ࣐
൶፧� ൢ፧� DQG WKHQ JHQHUDWLYH PRGHO RI WKH VF51$�VHT GDWD ൮�൶፧ ࣐ ൸፧� ൢ፧� ൪፧�� 'XULQJ WKH LQIHUHQFH SUR�
FHVV� WKH YDULDWLRQDO SRVWHULRU LV DSSUR[LPDWHG E\ WZR PRGHOLQJ FRPSRQHQWV� �� 51$ VL]H IDFWRU ൪ DQG
�� ODWHQW VSDFH ൸� %RWK PRGHOLQJ FRPSRQHQWV FRQVLVW RI DQ HQFRGHU QHWZRUN WKDW UHFHLYHV WKH JHQH
H[SUHVVLRQ FRXQWV ൶፧፠ DQG FDWHJRULFDO FRYDULDWHV ൢ፧� )LUVW� WKH 51$ VL]H IDFWRU ൪� DOVR UHIHUUHG WR DV

��



�� �� 0RGHOV

)LJXUH ���� 6FKHPDWLF RI QHXUDO QHWZRUN DUFKLWHFWXUH RI VF9, >��@� VF9, OHDUQV WKH SDUDPHWHUV IRU WKH 51$ OLNHOLKRRG PRG�
HOOLQJ� 7KH HQFRGHU OHDUQV D FHOO VSHFLILF ODWHQW VSDFH UHSUHVHQWDWLRQ ፳ᑟ IRU WKH JHQH H[SUHVVLRQ GDWD ፱ᑟ DQG FDWHJRULFDO FRYDUL�
DWHV ፜ᑟ� $IWHU WKDW WKH VDPSOHG ODWHQW VSDFH ፳ᑟ� WRJHWKHU ZLWK WKH 51$ VL]H PRGHOOLQJ IDFWRU DQG FDWHJRULFDO FRYDULDWHV� DUH ILW
WR WKH GHFRGHU ፃᑡ WR OHDUQ WKH SDUDPHWHUV ፩ᑟ WR PRGHO WKH 51$ OLNHOLKRRG GLVWULEXWLRQ�

WKH QXLVDQFH IDFWRU� LV PRGHOHG DV DQ REVHUYHG IDFWRU GHSHQGLQJ RQ WKH 51$ GDWD ൶፧ DQG FDWHJRULFDO
FRYDULDWHV ൢ፧� 1H[W� WKH HQFRGHU QHWZRUN ൊ፳ OHDUQV D ORZHU�GLPHQVLRQDO ODWHQW VSDFH ൸፧ IRU HDFK FHOO
൬� 7KH LQIHUHQFH SURFHVV FDQ EH VXPPDUL]HG E\�

࿾፳� စ፳  ൥ፄᑫ�൶፧፠� ൢ፧�
൸፧ ࣩ ൓�࿾፳� စ፳�
߻ ࣩ ൯�߻፧ ࣐ ൶፧� ൢ፧�

�����

%RWK WKH SULRU DQG SRVWHULRU GLVWULEXWLRQV IROORZ D ORJLVWLF QRUPDO GLVWULEXWLRQඳ��� �� ZLWK ]HUR PHDQ
DQG VWDQGDUG GHYLDWLRQ �� 1H[W� WKH JHQHUDWLYH SURFHVV XVHV WKH 51$ VL]H IDFWRU DQG ODWHQW VSDFH WR
DSSUR[LPDWH WKH SDUDPHWHUV RI WKH OLNHOLKRRG GLVWULEXWLRQ ൮�൶፧ ࣐ ൸፧� ൢ፧� ൪፧�� $V PHQWLRQHG SUHYLRXVO\�
ZH XVH D QHJDWLYH ELQRPLDO GLVWULEXWLRQ IRU WKH OLNHOLKRRG PRGHOLQJ LQVWHDG RI WKH ]HUR�LQIODWHG QHJDWLYH
ELQRPLDO �=,1%� XVHG LQ WKH RULJLQDO ZRUN >��@ EHFDXVH FXUUHQW UHVHDUFK VKRZV WKDW WKH =,1% GLVWULEXWLRQ
RYHU�UHSUHVHQWV ]HUR FRXQWV >��@� 7KH JHQHUDWLYH SURFHVV LV VXPPDUL]HG LQ (TXDWLRQ ���� )LUVW WZR
GHFRGHU QHWZRUNV� WKH ILUVW QHWZRUN �൉፩፱� DSSUR[LPDWHV WKH H[SHFWHG IUHTXHQF\ ൮፧ DQG WKH VHFRQG
QHWZRUN �൉፡� PRGHOV WKH GURSRXW ဂ፧ LQ HDFK FHOO VHSDUDWHO\� 7KH VHFRQG QHWZRUN ൉፡ LV QRW QHFHVVDU\
IRU WKH ൓േ OLNHOLKRRG PRGHOLQJ� 7KHUHIRUH� ൉፡ LV FRORUHG LQ JUH\ LQ )LJXUH ��� DQG QRW LQFOXGHG LQ
HTXDWLRQ ���� 7KH JHQHUDWLYH SURFHVV FDQ EH VXPPDUL]HG DV IROORZV�

൮፧  ൥ፃᑡ�൸፧� ൢ፧�
൶ˁ፧ ࣩ ൓േ�߻፧൮፧� ࿺፠�
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ZLWK ࿺ GHQRWLQJ D JHQH�VSHFLILF LQYHUVH GLVSHUVLRQ IDFWRU�

���� 0XOWL�0RGDOLW\ 0RGHOV
7KH PXOWL�PRGDOLW\ PRGHOV ZH XVH IRU SUHGLFWLQJ LPPXQH UHVSRQVHV RQ &,7(�VHT GDWD DUH FHOO309,
DQG WRWDO9,� 7RWDO9, >�@ LV DQ H[WHQVLRQ RI WKH VF9, PRGHO WR DQDO\]H DQG LQWHJUDWH &,7(�VHT GDWD�
7KLV ZRUN XVHV DQ DGDSWLRQ RI WRWDO9, WR EHQFKPDUN FHOO309,� FHOO309, H[WHQGV VF9, WR WKH PXOWL�
PRGDOLW\ GRPDLQ E\ PL[WXUH�RI�H[SHUWV SRVWHULRU LQWHJUDWLRQ� 7KH PDLQ GLIIHUHQFH EHWZHHQ WKH WRWDO9,
DQG FHOO309, LV WKHLU WHFKQLTXH RI UHSUHVHQWLQJ WKH PRGDOLWLHV LQ WKH SRVWHULRU� 7RWDO9, XVHV D VLQJOH�
HQFRGHU IRU ERWK PRGDOLWLHV DQG MRLQWO\ PRGHOV WKHP LQ WKH SRVWHULRU VSDFH� 2Q WKH RWKHU KDQG� FHOO309,
HQFRGHV HDFK PRGDOLW\ ZLWK D VHSDUDWH HQFRGHU�GHFRGHU SDLU� ,Q WKDW ZD\� FHOO309, ILUVW UHSUHVHQWV
WKH PRGDOLWLHV VHSDUDWHO\ LQ WKH ODWHQW VSDFH DQG WKHQ SHUIRUPV 0R( SRVWHULRU LQWHJUDWLRQ IRU D MRLQW



���� 0XOWL�0RGDOLW\ 0RGHOV ��

SRVWHULRU UHSUHVHQWDWLRQ >��@� ,Q VXPPDU\� ERWK PRGHOV FRQVLGHU WKDW 51$ DQG SURWHLQ PHDVXUHPHQWV
DUH JHQHUDWHG IURP WKH VDPH ODWHQW VSDFH RI FHOOV� +RZHYHU� WRWDO9, DVVXPHV WKDW 51$ DQG SURWHLQ
PHDVXUHPHQWV KDYH WKH VDPH ODWHQW VSDFH FKDUDFWHULVWLFV ZKLOH FHOO309, PRGHOV VKDUHG DQG LQGLYLGXDO
ODWHQW VSDFH IHDWXUHV IRU 51$ DQG SURWHLQ PHDVXUHPHQWV�

7RWDO9,
7RWDO9, XVHV D SUREDELOLVWLF DSSURDFK WR OHDUQ D MRLQW UHSUHVHQWDWLRQ RI SDLUHG WUDQVFULSWRPH DQG SURWHLQ
PHDVXUHPHQWV LQ VLQJOH FHOOV� )LJXUH ��� VKRZV WKH QHXUDO QHWZRUN DUFKLWHFWXUH RI WRWDO9,�

)LJXUH ���� 6FKHPDWLF RI QHXUDO QHWZRUN DUFKLWHFWXUH RI WRWDO9, >�@ WRWDO9, OHDUQV WKH SDUDPHWHUV IRU WKH 51$ DQG SURWHLQ
OLNHOLKRRG PRGHOOLQJ� 7KH HQFRGHU OHDUQV D FHOO VSHFLILF MRLQW ODWHQW VSDFH UHSUHVHQWDWLRQ ፳ᑟ RYHU WKH JHQH ፱ᑟ DQG SURWHLQ H[SUHV�
VLRQ GDWD ፲ᑟ DQG FDWHJRULFDO FRYDULDWHV ፜ᑟ� $IWHU WKDW WKH JHQH GHFRGHU OHDUQV WKH 51$ OLNHOLKRRG GLVWULEXWLRQ DQG WKH SURWHLQ
GHFRGHU WKH SURWHLQ OLNHOLKRRG GLVWULEXWLRQ� (DFK GHFRGHU UHFHLYHV WKH ODWHQW VSDFH ፳ᑟ DQG FDWHJRULFDO FRYDULDWHV ፜ᑅ DV LQSXW�
+RZHYHU� WKH JHQH GHFRGHU PRGHOV WKH 51$ OLNHKRRG WRJHWKHU ZLWK WKH 51$ VL]H PRGHOOLQJ IDFWRU ᑟ߻ DQG WKH SURWHLQ GHFRGHU
LQ FRPELQDWLRQ ZLWK WKH SURWHLQ EDFNJURXQG ᎏ�

7KH LQSXW WR WRWDO9, LV D FRQFDWHQDWLRQ RI 51$ ൶፧� SURWHLQ XQLTXH PROHFXODU LGHQWLILHV �80,� FRXQWV
൷፧ PDWULFHV DQG FDWHJRULFDO FRYDULDWHV ൢ፧� )LUVW 7RWDO9, LQIHUV D ORZ�GLPHQVLRQDO FHOO UHSUHVHQWDWLRQ
൯�൸፧ ࣐ ൶፧� ൷፧� ൢ፧� DQG WKH 51$ VL]H IDFWRU ൯�൪፧ ࣐ ൶፧� ൷፧� ൢ፧� �(TXDWLRQ �����

࿾፳� စ፳  ൥ፄᑫ�൶፧� ൷፧� ൢ፧�
൸፧ ࣩ ൓�࿾፳� စ፳�
߻ ࣩ ൯�߻፧ ࣐ ൶፧� ൢ፧�

�����

7KH JHQHUDWLYH SURFHVV RI 7RWDO9, FRQVLVWV RI OHDUQLQJ WKH SURWHLQ EDFNJURXQG GLVWULEXWLRQ ൯�࿴፧ ࣐
൷፧� ൢ፧� DQG OLNHOLKRRG GLVWULEXWLRQ �(TXDWLRQ ����� 7RWDO9, OHDUQV VHSDUDWH OLNHOLKRRG GLVWULEXWLRQV IRU
HDFK JHQH ൦ �൮�൶፧ ࣐ ൸፧� ൪፧� ൢ፧� DQG HDFK SURWHLQ ൲ �൮�൷፧ ࣐ ൸፧� ࿴፧� ൢ፧��� PRGHOOHG E\ D QHJDWLYH ELQRPLDO
DQG QHJDWLYH ELQRPLDO PL[WXUH UHVSHFWLYHO\�

࿴፧ ࣩ ൯�࿴፧ ࣐ ൷፧� ൢ፧�
࿳፧� ဂ፧  ൥ፃᑥ�൸፧� ൢ፧�

൴፧ ࣩ േ൤൰൬൭൳൪൪൧�ဂ፧�
൶ˁ፧ ࣩ ൓േ�߻፧൮፧� ࿺፠�
൷ˁ፧ ࣩ ൓േ�൴፧� ࿴፧ � �� ࢿ ൴፧�࿴፧࿳፧� တ፭�

�����



�� �� 0RGHOV

)LJXUH ���� 6FKHPDWLF RI QHXUDO QHWZRUN DUFKLWHFWXUH RI FHOO309,� FHOO309, OHDUQV WKH SDUDPHWHUV IRU WKH 51$ DQG SURWHLQ
OLNHOLKRRG PRGHOOLQJ ZLWK VHSDUDWH HQFRGHU�GHFRGHU SDLUV DQG D PL[WXUH�RI�H[SHUWV ODWHQW VSDFH MRLQLQJ� 7KH 51$ HQFRGHU�
GHFRGHU SDLU �ፄᑏ DQG ፃᑏ� LV FRORUHG LQ JUHHQ DQG PRGHOV WKH 51$ OLNHOLKRRG WRJHWKHU ZLWK WKH 51$ OLEUDU\ VL]H IDFWRU �߻ 7KH
SURWHLQ HQFRGHU�GHFRGHU SDLU �ፄᑐ DQG ፃᑐ� LV FRORUHG LQ EOXH OHDUQLQJ WKH SURWHLQ OLNHOLKRRG GLVWULEXWLRQ WRJHWKHU ZLWK WKH SURWHLQ
VL]H IDFWRU ፩�

FHOO309,
FHOO309, LV GHYHORSHG IRU SUHGLFWLQJ SHUWXUEDWLRQV XVLQJPXOWL�PRGDOLW\ GDWD� VSHFLILFDOO\ &,7(�VHT GDWD�
7KH XQGHUO\LQJ LGHD IRU FHOO309, LV WR DOORZ DFFXUDWH UHSUHVHQWDWLRQ RI VKDUHG DQG SULYDWH IHDWXUHV
RI WKH SDLUHG WUDQVFULSWRPH DQG SURWHLQ PHDVXUHPHQWV� 7KDW PHDQV FHOO309, VKRXOG RYHUFRPH WKH
DVVXPSWLRQ RI WRWDO9, WKDW ERWK PRGDOLWLHV FDQ EH UHGXFHG WR D FRPPRQ ODWHQW IHDWXUH VSDFH�

$ JHQHUDWLYH PRGHOLQJ DSSURDFK WR OHDUQLQJ VKDUHG DQG SULYDWH LQIRUPDWLRQ LV WKH 009$( �VHH
6HFWLRQ ����� 7KH SULQFLSOH RI 009$( LQ WKH VLQJOH�FHOO GRPDLQ KDV EHHQ SURYHQ VXFFHVVIXO IRU WKH
FURVV�PRGDOLW\ SUHGLFWLRQ RI &,7(�VHT GDWD LQ VF00 >��@� ,Q WKLV ZRUN� ZH XVH WKH 0R( LQWHJUDWLRQ IURP
009$( ZLWK WKH SUREDELOLVWLF PRGHOLQJ RI &,7(�VHT GDWD�

)LJXUH ��� VKRZV WKH DUFKLWHFWXUH RI FHOO309,� FHOO309, FRQVLVWV RI WZR 9$( SDLUV� RQH IRU HDFK
PRGDOLW\� (DFK 9$( SDLU LV HTXLYDOHQW WR D VF9, FRPSRQHQW �)LJXUH ���� ZLWKRXW WKH GURSRXW GHRFHU
൉፡� $V H[SODLQHG LQ VHFWLRQ ��� WKH VF9, FRPSRQHQW FRQVLVWV RI DQ HQFRGHU�GHFRGHU SDLU PRGHOLQJ
WKH ODWHQW VSDFH ൸ DQG D VFDOLQJ IDFWRU �߻ DOVR FDOOHG OLEUDU\ VL]H� FHOO309, XVHV D VFDOLQJ IDFWRU IRU
ERWK 51$ DQG SURWHLQ PRGDOLW\ EHFDXVH /RSH] HW DO� VKRZHG WKDW WKH OLEUDU\ VL]H KDG D VLJQLILFDQW
FRQWULEXWLRQ WR WKH VXSHULRU SHUIRUPDQFH RI VF9,� )RU WKH 51$ H[SUHVVLRQ� WKH VFDOLQJ IDFWRU DJDLQ
UHSUHVHQWV WKH VFDOLQJ RI WKH 51$ H[SUHVVLRQ ߻ ZKLOH WKH VFDOLQJ IDFWRU IRU WKH SURWHLQ UHSUHVHQWV WKH
SURWHLQ VFDOLQJ ൮� 'XULQJ WKH PRGHO GHYHORSPHQW� ZH DOVR FRQVLGHUHG PRGHOLQJ WKH SURWHLQ EDFNJURXQG
�ZLWK WKH WRWDO9, GHFRGHU�� EXW WKH UHVXOWV VKRZHG WKDW SURWHLQ VFDOLQJ SHUIRUPHG EHWWHU� 7R VXPPDUL]H�
WKH 9$( SDLU IRU WKH 51$ H[SUHVVLRQ �ൊ፠ DQG ൉፠� LV FRQQHFWHG ZLWK DQ 51$ VL]H PRGHOLQJ FRPSRQHQW�
HTXLYDOHQW WR WKH FRPSRQHQW LQ VF9,� 7KH SURWHLQ H[SUHVVLRQ 9$( SDLU �ൊ፩ DQG ൉፩� LV FRQQHFWHG WR D
SURWHLQ VL]H PRGHOLQJ FRPSRQHQW LQVSLUHG E\ WKH VF9, 51$ VL]H PRGHOLQJ FRPSRQHQW LQVWHDG RI WKH
SURWHLQ EDFNJURXQG PRGHOLQJ FRPSRQHQW LQ WRWDO9,�

7KH HQFRGHU RI HDFK PRGDOLW\ FRPSRQHQW OHDUQV D ODWHQW VSDFH DSSUR[LPDWLRQ RI WKH JLYHQ PRGDOLW\�
7KDW PHDQV� WKH 51$ HQFRGHU ൊ፱ DSSUR[LPDWHV WKH SRVWHULRU IRU WKH 51$ ൯�൸፧ ࣐ ൶፧� ൢ፧� DQG WKH SURWHLQ
HQFRGHU ൊ፲ IRU WKH SURWHLQ H[SUHVVLRQ ൯�൸፧ ࣐ ൷፧� ൢ፧�� 7KHQ WKH 0R( LQWHJUDWLRQ LV XVHG WR DSSUR[LPDWH
D FRPPRQ ODWHQW VSDFH LQWHJUDWLQJ WKH VKDUHG DQG VLQJOH FKDUDFWHULVWLFV� E\



���� 0XOWL�0RGDOLW\ 0RGHOV ��

൯Ꭻ�൸፧ ࣐ ൶፧� ൷፧� ൢ፧�  
�
�
�൯�൸፱ ࣐ ൶፧� ൢ፧� � ൯�൸፲ ࣐ ൷፧� ൢ፧�� �����

,Q FHOO309, ERWK WKH /DSODFH DQG LVRWURSLF QRUPDO JDXVVLDQ KDYH EHHQ WULHG IRU WKH SULRU DQG SRV�
WHULRU GLVWULEXWLRQ� /DSODFH KDV D KHDYLHU WDLO DQG LV KHQFH H[SHFWHG WR ILW RXWOLHUV EHWWHU� +RZHYHU� RXU
UHVXOWV VKRZHG WKDW D LVRWURSLF QRUPDO JDXVVLDQ SULRU VOLJKWO\ RXWSHUIRUPHG WKH /DSODFH SULRU� 7KHUH�
IRUH� FHOO309, LV XVHG ZLWK D LVRWURSLF *DXVVLDQ IRU WKH H[SHULPHQW LQ WKLV ZRUN� %HVLGHV WKDW� WKH 51$
൯�߻ ࣐ ൶፧� ൢ፧� DQG SURWHLQ VL]H PRGHOOLQJ IDFWRUV ൯�൮ ࣐ ൶፧� ൢ፧� DUH OHDUQHG GXULQJ WKH LQIHUHQFH SURFHVV�

࿾፱� စ፱  ൥ፄᑩ�൶፧� ൢ፧�
࿾፲� စ፲  ൥ፄᑪ�൷፧� ൢ፧�
࿾� စ  ൒൭ൊ�൯�൸፱ ࣐ ൶፧� ൢ፧�� ൯�൸፲ ࣐ ൷፧� ൢ፧��
൸፧ ࣩ ൓�࿾� စ�
߻ ࣩ ൯�߻፧ ࣐ ൶፧� ൢ፧�
൮ ࣩ ൯�൮፧ ࣐ ൷፧� ൢ፧�

�����

/DVWO\� GXULQJ WKH LQIHUHQFH SURFHVV WKH 0R( DSSUR[LPDWHG ODWHQW VSDFH LV XVHG WR OHDUQ ERWK WKH
51$ DQG SURWHLQ GHFRGHU IRU UHFRQVWUXFWLRQ� FHOO309, XVHV D QHJDWLYH ELQRPLDO GLVWULEXWLRQ IRU ERWK
WKH 51$ DQG SURWHLQ OLNHOLKRRG GLVWULEXWLRQ�

൮൶፧  ൥ፃᑩ�൸፧� ൢ፧�
൮൷፧  ൥ፃᑪ�൸፧� ൢ፧�
൶ˁ፧ ࣩ ൓േ�߻፧൮፧� ࿺፠�
൷ˁ፧ ࣩ ൓േ�߻፧൮፧� ࿺፭�

�����

ZLWK ࿺ GHQRWLQJ D JHQH� ൦ RU SURWHLQ ൲ VSHFLILF LQYHUVH GLVSHUVLRQ IDFWRU� 1RWH WKDW� WKH 0R( LQWH�
JUDWLRQ PDNHV LW SRVVLEOH WR RSWLPL]H D FRPPRQ (/%2 YDOXH �(TXDWLRQ ���� IRU FHOO309, LQVWHDG RI DQ
(/%2 YDOXH SHU PRGDOLW\�





�
([SHULPHQWDO VHWXS

7KH SUHYLRXV FKDSWHU H[SODLQHG WKH DUFKLWHFWXUH RI WKH VLQJOH� DQG PXOWL�PRGDOLWLHV PRGHOV ZH XVH IRU
SHUWXUEDWLRQ SUHGLFWLRQ� ,Q WKLV FKDSWHU� ZH ILUVW LQWURGXFH WKH JHQHUDO SLSHOLQH IRU RXU DSSURDFK� DIWHU
ZKLFK ZH JR LQWR PRUH GHWDLO DERXW HDFK RI WKH IRXU VWHSV WKDW PDNH XS WKH SLSHOLQH�

���� *HQHUDO 6WUXFWXUH
)LJXUH ��� LOOXVWUDWHV WKH JHQHUDO VWUXFWXUH IRU LPPXQH UHVSRQVH SUHGLFWLRQ� :H H[HFXWH WKH IROORZLQJ
VWHSV�

�� 'DWD� )LUVW� ZH SUHSURFHVV WKH GDWD�

�� 7UDLQLQJ� 7KHQ WKH SUHSURFHVVHG GDWD LV VXEVHWWHG DFFRUGLQJ WR RQH RI WKH WKUHH WUDLQLQJ VFHQDU�
LRV� $IWHU GDWD VXEVHWWLQJ� RQH RI WKH PRGHOV �VHH 6HFWLRQ �� LV WUDLQHG IRU ��� HSRFKV�

�� 5HFRQVWUXFWLRQ� 7KH WUDLQHG PRGHO LV XVHG WR VDPSOH UHFRQVWUXFWLRQV RI WKH JHQH H[SUHVVLRQ
൝ᖣ DQG IRU PXOWL�PRGDOLW\ PRGHOV RI WKH SURWHLQ H[SUHVVLRQ FRXQW ൞ᖣ� 7KHUH DUH WKUHH GLIIHUHQW
VDPSOLQJ VWUDWHJLHV WKDW ZH DUH XVLQJ� D� SRVWHULRU� E� SULRU DQG F� WUDQVIHU SUHGLFWLYH VDPSOLQJ�
(DFK VDPSOH ൬፬ፚ፦፩፥፞ UHSUHVHQWV WKH UHFRQVWUXFWHG H[SUHVVLRQ RI RQH FHOO�

�� (YDOXDWLRQ� /DVWO\� ZH HYDOXDWH WKH VDPSOHG JHQH RU SURWHLQ H[SUHVVLRQV RI WKH PRGHOV� 7KH
HYDOXDWLRQ PDLQO\ IRFXVHV RQ L� WKH DELOLW\ RI WKH PRGHO WR ILW &,7(�VHT GDWD� LL� KRZ ZHOO WKH PRGHOV
FDQ UHFRQVWUXFW DQG SUHGLFW JHQH H[SUHVVLRQV � L�H� HYDOXDWLQJ LI WKHUH LV DQ DGGHG EHQHILW RI
PXOWL�PRGDOLW\ LQIRUPDWLRQ LQVWHDG RI VLQJOH�PRGDOLW\ LQIRUPDWLRQ� DQG LLL� FRPSDULQJPXOWL�PRGDOLW\
PRGHOV RQ WKHLU SHUIRUPDQFH IRU SURWHLQ UHFRQVWUXFWLRQ�

)LJXUH ���� 6FKHPDWLF RI WKH LPPXQH UHVSRQVH PRGHOOLQJ SURFHVV� )LUVW� WKH GDWD LV SUH�SURFHVVHG DQG WKHQ VSOLW LQWR
WUDLQLQJ DQG WHVW VHW DFFRUGLQJ RQH RI WKH WUDLQLQJ VFHQDULRV� 7KHQ RQH RI WKH WKUHH PRGHOV� VF9,� WRWDO9, RU FHOO309,� LV WUDLQHG�
1H[W� D SUHGLFWLYH VDPSOLQJ VFHQDULR LV XVHG WR OHDUQ WKH 51$ RU SURWHLQ OLNHOLKRRG WR UHWULHYH ፧ VDPSOHV IRU 51$ ፱ᑟ RU SURWHLQ
H[SUHVVLRQV ፲ᑟ� /DVWO\� WKH H[SUHVVLRQV DUH HYDOXDWHG XVLQJ FRUUHODWLRQ DQG KLJKO\ YDULDEOH JHQH FRXQW PHDVXUHPHQWV�

��



�� �� ([SHULPHQWDO VHWXS

���� 'DWDVHW DQG SUHSURFHVVLQJ
7KLV ZRUN UHTXLUHV D PXOWL�PRGDOLW\ GDWDVHW PHDVXULQJ LPPXQH UHVSRQVHV IRU GLIIHUHQW DGMXYDQW FRQ�
GLWLRQV DFURVV SRSXODWLRQV� 7KHUHIRUH� WKLV ZRUN XVHV &,7(�VHT GDWD FRQWDLQLQJ PHDVXUHPHQWV IRU
WUDQVFULSWRPLFV DQG SURWHLQ DFURVV HDFK FHOO� 7KH &,7(�VHT GDWDVHW LV XQSXEOLVKHG DW WKH PRPHQW RI
ZULWLQJ� ,Q WRWDO WKH F]L GDWDVHW FRQVLVWV RI �� ��� FHOOV� ��� SURWHLQV DQG ����� JHQHV DQG ODEHO DQQR�
WDWLRQV DERXW WKH H�L� FHOO W\SH RU SRSXODWLRQ RULJLQ RI WKH FHOO� 7KH VXSSOHPHQWDU\ PHWKRGV $�� SURYLGH
D PRUH GHWDLOHG GHVFULSWLRQ RI WKH VLQJOH�FHOO VHTXHQFLQJ DQDO\VLV DQG DQQRWDWLRQ SURFHVV RI WKH F]L
GDWD� (YHU\ FHOO LV DQQRWDWHG IRU�

� 3RSXODWLRQ JURXSV�

�� '.� 'DNDU �XUEDQ 6HQHJDO�
�� 57� 5LFKDUG�7ROO �UXUDO 6HQHJDO�
�� /'� /HLGHQ �XUEDQ (XURSHDQ�

� 3HUWXUEDWLRQ�

$� XQSHUWXUEHG� PHGLXP
%� SHUWXUEHG� 30$�,RQRP\FLQ �DEEUHYLDWLRQ� 3,�

� ,QGLYLGXDOV� HDFK SRSXODWLRQ JURXS KDV WZR LQGLGXDOV �'.  '.���'.��� /'  /'���� /'����
57  57��� 57����

� &HOO W\SH� %� &'�7� &'�7� '&� 0RQRF\WH� 1.� QRQ�FRQYHQWLRQDO 7 FHOOV �DEEUHYLDWLRQ� 2WKHU7� �
3ODWHOHW

6HH 6XSSOHPHQWDU\ 7DEOH %�� IRU WKH H[DFW QXPEHU RI FHOOV DYDLODEOH IRU HDFK FDWHJRU\ RI DQQRWDWLRQ�
(DFK DQQRWDWLRQ FDWHJRU\ FDQ EH XVHG DV D FRYDULDWH ൢ GXULQJ WUDLQLQJ� +RZHYHU� LQ WKLV ZRUN� ZH IRFXV
RQ H[SORULQJ WKH FRQGLWLRQLQJ RI WKH PRGHO XVLQJ WKH SRSXODWLRQ JURXSV� SHUWXUEDWLRQ� DQG FHOO W\SHV DV
FRYDULDWHV� :H GR QRW FRQGLWLRQ RQ LQGLYLGXDOV EHFDXVH RI WKH OLPLWHG DPRXQW RI GDWD�

3UHSURFHVVLQJ
%HIRUH WUDLQLQJ WKH PRGHO� WKH GDWD LV SUHSURFHVVHG �)LJXUH ����� 7KH SUHSURFHVVLQJ HQVXUHV WKH UH�
PRYDO RI ORZO\ H[SUHVVHG JHQHV DQG RWKHU RXWOLHUV� 7KLV SUHSURFHVVLQJ VWHS KHOSV WKH PRGHO LGHQWLI\
LPSRUWDQW IHDWXUHV ZLWKRXW EDVLQJ LWV SUHGLFWLRQ DELOLW\ RQ RXWOLHUV� WKH IXQFWLRQV XVHG IRU SUHSURFHVVLQJ
DUH IURP WKH VFDQS\ SDFNDJH�

7KH SUHSURFHVVLQJ FRQVLVWV RI WKUHH VWHSV�

�� )LUVW� DOO ORZ FRXQW JHQHV DUH ILOWHUHG RXW �DOO JHQHV ZLWK D FRXQW ORZHU WKDQ �� ZLWK WKH ILO�
WHUBJHQHV IXQFWLRQ�

�� $OO WRS ���� KLJKO\ YDULDEOH JHQHV DUH VHOHFWHG ZLWK WKH KLJKO\BYDULDEOHBJHQHV IXQFWLRQ�
6HOHFWLQJ KLJKO\ YDULDEOH JHQHV DOORZV ILQGLQJ WKH JHQHV WKDW FRQWULEXWH WKH PRVW WR FHOO�WR�FHOO
YDULDWLRQ� +LJKO\�YDULDEOH JHQH VHOHFWLRQ LV HVVHQWLDO IRU WKHPRGHO WR PRUH HDVLO\ FDSWXUH YDULDWLRQ
DQG GHILQH WKH IHDWXUHV WKDW ZLOO EH WKH PRVW YDULDEOH EHWZHHQ WKH SHUWXUEDWLRQ FRQGLWLRQV�

�� /DVWO\� LQ FDVH DQ\ JHQH PDUNHUV WKDW EHORQJ WR D SURWHLQ PDUNHU ZHUH UHPRYHG DUH DGGHG EDFN
LQWR WKH GDWD�

���� 7UDLQLQJ
7KH PRGHO WUDLQLQJ SURFHHGV DFFRUGLQJ WR RQH RI WKH WKUHH GLIIHUHQW WUDLQLQJ VFHQDULRV LQ )LJXUH ����
$ WUDLQLQJ VFHQDULR GHILQHV WKH VXEVHW RI WKH GDWD XVHG IRU WUDLQLQJ DQG UHODWHV WR D SUHGLFWLRQ WDVN�
7KH ILUVW WUDLQLQJ VFHQDULR H[FOXGHV QR GDWD VXEVHW �)LJXUH ���D�� 7KDW PHDQV� WKH PRGHO KDV VHHQ
VDPSOHV RI HDFK FRYDULDWH FRQGLWLRQ LQIRUPDWLRQ GXULQJ WUDLQLQJ� 7UDLQLQJ VFHQDULR � FDQ HYDOXDWH WKH
PRGHO¶V FDSDFLW\ WR OHDUQ WKH GDWD¶V XQGHUO\LQJ VWUXFWXUH� ,Q WKLV ZRUN� ZH DOVR XVH WUDLQLQJ VFHQDULR � WR
H[SORUH XQGHU ZKLFK WUDLQLQJ FRQGLWLRQV D PRGHOV SHUIRUPDQFH PLJKW LPSURYH� )RU H[DPSOH� KRZ GRHV
WKH FRPELQDWLRQ RI FRYDULDWHV LQIOXHQFH WKH PRGHO SHUIRUPDQFH" )RU WKH VHFRQG WUDLQLQJ VFHQDULR� WKH



���� 7UDLQLQJ ��

FHOOV RI RQH SHUWXUEHG SRSXODWLRQ JURXS DUH ZLWKKHOG �)LJXUH ���E�� 7UDLQLQJ VFHQDULR � SURYLGHV WKH
EDVLV IRU 22' VFHQDULR � �)LJXUH ���D�� H[WUDSRODWLRQ WR SHUWXUEHG FRQGLWLRQV� 0RUH VSHFLILFDOO\� WUDLQLQJ
VFHQDULR � LQYHVWLJDWHV WKH PRGHO¶V DELOLW\ WR JHQHUDOL]H SHUWXUEDWLRQ UHVSRQVHV DFURVV SRSXODWLRQV�
/DVWO\� WKH WKLUG WUDLQLQJ VFHQDULR LV XVHG IRU 22' VFHQDULR � �)LJXUH ���E�� H[SORULQJ H[WUDSRODWLRQ WR
QHZ SRSXODWLRQ JURXSV �)LJXUH ���F�� )RU WKLV VFHQDULR �� WKH GDWD SRLQWV RI RQH HQWLUH SRSXODWLRQ JURXS
DUH OHIW RXW GXULQJ WUDLQLQJ� +HQFH� GXULQJ UHFRQVWUXFWLRQ� WKH PRGHO PXVW JHQHUDOL]H WR DQ XQNQRZQ
SRSXODWLRQ JURXS JLYHQ WKH UHVSRQVHV IURP RWKHU SRSXODWLRQ JURXSV�

�D� 7UDLQLQJ 6FHQDULR � �E� 7UDLQLQJ 6FHQDULR � �F� 7UDLQLQJ VFHQDULR �

)LJXUH ���� 7KUHH GLIIHUHQW WUDLQLQJ VFHQDULRV XVHG IRU WKH H[SHULPHQWV� 7KH GDWDVHW FRQVLVWV RI WKUHH SRSXODWLRQ JURXSV
ZLWK HDFK WZR LQGLYLGXDOV DQG WZR SHUWXUEDWLRQ DGMXYDQWV �JUH\ DQG UHG�� (DFK WUDLQLQJ VFHQDULR LQFOXGHV D VHOHFWLRQ RI WKH GDWD
VHW� �D� 7UDLQLQJ VFHQDULR � LQFOXGHV UHVSRQVHV IURP DOO LQGLYLGXDOV WR HYHU\ DGMXYDQW� �E� ,Q WUDLQLQJ VFHQDULR � WKH LQGLYLGXDO
UHVSRQVHV RI RQH SRSXODWLRQ JURXS �LQ WKLV FDVH SRSXODWLRQ JURXS � WR WKH SHUWXUEHG DGMXYDQW %� DUH H[FOXGHG� �F� ,Q WUDLQLQJ
VFHQDULR � DOO LQGLYLGXDOV RI RQH SRSXODWLRQ JURXS DUH H[FOXGHG�

$V PHQWLRQHG SUHYLRXVO\� EHFDXVH RI WKH OLPLWHG DPRXQW RI GDWD� ZH XVH SRSXODWLRQ JURXSV UDWKHU
WKDQ LQGLYLGXDOV IRU WKH FRYDULDWH FRQGLWLRQLQJ RI WKH PRGHOV� %\ WKDW� ZH DVVXPH WKDW YDULDWLRQ DFURVV
SRSXODWLRQ JURXSV LV KLJKHU WKDQ YDULDWLRQ DFURVV LQGLYLGXDOV�

6LQJOH�&HOO 9DULDWLRQDO ,QIHUHQFH 7RROER[
7KH VLQJOH�FHOO YDULDWLRQDO LQIHUHQFH WRROER[ �VFYL�WRROV� LV D SDFNDJH IRU SUREDELOLVWLF PRGHOOLQJ RI
VLQJOH�FHOO RPLFV GDWD *D\RVR HW DO� VFYL�WRROV SURYLGH D FROOHFWLRQ RI PRGHOV �H�J� VF9, >��@ DQG WR�
WDO9, >�@� ZLWK WKH VDPH LQWHUIDFH DQG EDVH FRPSRQHQW VWUXFWXUH IRU SUREDELOLVWLF PRGHO GHYHORSPHQW�
7KH VWDQGDUG LQWHUIDFH DFURVV PRGHOV DOORZV IRU UHXVH RI PRGHO FRPSRQHQWV� DQG IXUWKHU GHYHORSPHQW
RI GRZQVWUHDP WDVNV LV SRVVLEOH� ,Q WKLV ZRUN� ZH PRGLILHG WKH VF9, DQG WRWDO9, PRGHO LPSOHPHQWDWLRQ
DQG EXLOW WKH FHOO309, PRGHO XVLQJ WKH VFYL�WRROV IUDPHZRUN�

)LJXUH ���� $EVWUDFW VWUXFWXUH RI VFYL�WRROV XVHG LQ WKLV ZRUN� 7KH LPSOHPHQWDWLRQ IROORZV WKH VFYL�WRROV VWUXFWXUH ZLWK PRGHOV�
PRGXOHV DQG EDVH FRPSRQHQWV� 7KH ER[HV UHSUHVHQW FODVVHV DQG WKH LWHPV LQ WKH ER[HV¶ IXQFWLRQDOLWLHV� 7KH JUHHQ FRPSRQHQWV
RU IXQFWLRQV DUH H[WHQVLRQV LPSOHPHQWHG LQ WKH FRQWH[W RI WKLV ZRUN� DQG WKH RWKHUV DUH UHXVHG IURP VFYL�WRROV� 7KH LOOXVWUDWLRQ LV
LQVSLUHG E\ )LJXUH � LQ >�@�

)LJXUH ��� VKRZV WKH VFYL�WRROV FRPSRQHQWV XVHG LQ WKLV ZRUN� ZKHUH WKH JUHHQ�FRORUHG SDUWV UHIHU WR
QHZ LPSOHPHQWDWLRQ FRPSRQHQWV� 7KH WKUHH HOHPHQWV IURP VFYL�WRROV XVHG IRU RXU LPSOHPHQWDWLRQV DUH
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WKH L� PRGHO� LL� PRGXOH DQG EDVH FRPSRQHQWV� 7KH EDVH FRPSRQHQWV DUH WKH ORZHVW OHYHO VWUXF�
WXUHV� GHILQLQJ WKH QHXUDO QHWZRUN HOHPHQWV� LQFOXGLQJ WKHLU IRUZDUG SDVVHV H�L� HQFRGHU DQG GHFRGHU
QHWZRUNV� 1H[W� WKH PRGXOH FRPSRQHQW LPSOHPHQWV WKH YDULDWLRQDO LQIHUHQFH� GHILQLQJ WKH LQIHUHQFH
�HQFRGHU� DQG JHQHUDWLYH SURFHVV �GHFRGHU�� 7KH KLJKHVW�OHYHO HOHPHQWV DUH WKH PRGHO FODVVHV� GHILQ�
LQJ DFWLRQV RQ WKH ORZHU�OHYHO FRPSRQHQWV VXFK DV WUDLQLQJ� VXEVHTXHQW DQDO\VLV� DQG HYDOXDWLRQ VWHSV
RQ WKH WUDLQHG PRGHO� ,Q WKLV ZRUN� ZH GHILQH WKUHH GLIIHUHQW PRGHOV�

�� VF9,� 7KH VF9, PRGHO XVHV WKH 9$( PRGXOH �VFYL�PRGXOH�YDH� ZLWK WKH (QFRGHU DQG 'H�
FRGHU6&9, IURP WKH EDVH FRPSRQHQWV FODVV� ,Q WKH PRGHO FODVV ZH LPSOHPHQW WKH SULRU DQG
WUDQVIHU SUHGLFWLYH VDPSOLQJ SURFHGXUH DQG UHXVH WKH DOUHDG\ H[LVWLQJ SRVWHULRU SUHGLFWLYH VDP�
SOLQJ SURFHGXUH�

�� 7RWDO9,� 6LPLODUO\� WR VF9,� WRWDO9, LPSOHPHQWV WKH 727$/9$( PRGXOH ZKLFK LQWHJUDWHV WKH (Q�
FRGHU7RWDO9, DQG 'HFRGHU7RWDO9,� $JDLQ� WKH SRVWHULRU SUHGLFWLYH VDPSOLQJ SURFHGXUH IRU
7RWDO9, LV DOUHDG\ GHILQHG� EXW WKH SULRU DQG WUDQVIHU SUHGLFWLYH VDPSOLQJ DUH QHZO\ LPSOHPHQWHG�

�� FHOO309,� 7KH FHOO309,PRGHO LV D QHZ FRPSRQHQW WKDW XVHV WKH XVHV WKH FHOO309,9$(PRGXOH�
,Q WKH FHOO309,9$( PRGXOH WKH MRLQW SRVWHULRU LQWHJUDWLRQ ZLWK WKH ORVV IXQFWLRQ�

/DVWO\� DOO PRGHOV FDQ EH WUDLQHG XVLQJ WKH PXOWLSOH SUH�FRGHG ORZHU OHYHO FRPSRQHQWV VXFK DV
7UDLQLQJ3ODQ� $QQ'DWD0DQDJHU DQG 0L[LQV� 7KHVH SUHGHILQHG FRPSRQHQWV DOORZ IRU IOH[LEOH WUDLQLQJ
DQG DGMXVWPHQW RI WKH PRGHO� 3OHDVH UHIHU WR WKH SDSHU IURP *D\RVR HW DO� IRU PRUH GHWDLOV DERXW WKH
VFYL�WRROV SDFNDJH�

7UDLQLQJ DQG PRGHO SDUDPHWHUV
:H XVHG WKH IROORZLQJ WUDLQLQJ SDUDPHWHUV�

� 1U� HSRFKV� ���

� 7UDLQLQJ VHW VL]H� ���

� 9DOLGDWLRQ VHW VL]H� ���

� 1U� HSRFKV EHWZHHQ YDOLGDWLRQ FKHFN� ��

$GGLWLRQDOO\ ZH XVHG WKH IROORZLQJ PRGHO SDUDPHWHUV�

� 1U� ODWHQW GLPHQVLRQV� ��

� 1U� KLGGHQ OD\HUV� �

� 1U� QRGHV KLGGHQ OD\HU� ���

� 'URSRXW� ���

� %DWFK VL]H� ���

���� 6DPSOLQJ UHFRQVWUXFWLRQV
7KH PRGHO DLPV WR SUHGLFW JHQH H[SUHVVLRQ DQG SURWHLQ FRXQWV RI SRSXODWLRQ JURXSV WR D JLYHQ SHU�
WXUEDWLRQ� PRUH VSHFLILFDOO\ DGMXYDQW� 2QH ZD\ WR SUHGLFW UHVSRQVHV LV E\ VDPSOLQJ D UHFRQVWUXFWLRQ
൶ᖣ IURP WKH OLNHOLKRRG ൮ጆ�൶ ࣐ ൸�� 7KLV VHFWLRQ� ZH ZLOO LQWURGXFH WKUHH GLIIHUHQW WHFKQLTXHV WR VDPSOH
UHFRQVWUXFWLRQV IURP WKH PRGHO� SRVWHULRU� SULRU DQG WUDQVIHU SUHGLFWLYH VDPSOLQJ� $IWHU WKDW� VHFWLRQ
��� SURYLGHV DQ RYHUYLHZ RI PDWULFHV XVHG WR HYDOXDWH WKH TXDOLW\ RI WKH SUHGLFWHG UHVSRQVHV�

3RVWHULRU SUHGLFWLYH VDPSOLQJ
3RVWHULRU SUHGLFWLYH VDPSOLQJ DLPV WR UHFRQVWUXFW WKH LQSXW GDWD ൶ DV FORVHO\ DV SRVVLEOH� )LJXUH ���
VKRZV WKH SRVWHULRU SUHGLFWLYH VDPSOLQJ SURFHGXUH�

�� )LUVW� WKH LQSXW GDWD ൶ DQG FRUUHVSRQGLQJ FRQGLWLRQV ൢ DUH SDVVHG WR WKH HQFRGHU�



���� 6DPSOLQJ UHFRQVWUXFWLRQV ��

�� 7KH HQFRGHU UHWXUQV WKH ࿾ DQG စ RI WKH LQSXW GDWD VSHFLILF SRVWHULRU GLVWULEXWLRQ ൯ጓ�൸ ࣐ ൶��

�� $ VDPSOH IURP WKH ODWHQW VSDFH VSHFLILF GLVWULEXWLRQ LV REWDLQHG� ൸ ࣩ ൓�࿾� စ��

�� 7KH HQFRGHU UHFHLYHV WKH ODWHQW VSDFH VDPSOH ൸ DQG FRQGLWLRQV ൢ WR PRGHO WKH OLNHOLKRRG ൮ጆ�൶ ࣐ ൸��

�� ൬ VDPSOHV DUH REWDLQHG IURP WKH OLNHOLKRRG UHSUHVHQWLQJ WKH UHFRQVWUXFWHG GDWD ൝ᖣ�

3RVWHULRU SUHGLFWLYH VDPSOLQJ LV XVHG WR SHUIRUP SRVWHULRU SUHGLFWLYH FKHFNV �33&V�� 33&V DUH XVHG
WR YDOLGDWH WKH ILW RI D %D\HVLDQ PRGHO E\ FRPSDULQJ WKH VDPSOHG UHFRQVWUXFWLRQ WR REVHUYHG GDWD >�@
1RWH WKDW 33&V GR QRW SURYLGH LQVLJKW LQWR KRZ PXFK WKH PRGHO KDV OHDUQHG WR JHQHUDOL]H SRSXODWLRQ
JURXS UHVSRQVHV EHFDXVH WKH\ KDYH LQIRUPDWLRQ IURP DOO WKH DYDLODEOH GDWD�

)LJXUH ���� 3RVWHULRU SUHGLFWLYH VDPSOLQJ� %DVHG RQ WKH GDWD ፗ DQG FDWHJRULFDO FRYDULDWH ፜ VSHFLILF ODWHQW VSDFH ፳� WKH GHFRGHU
OHDUQV WKH OLNHOLKRRG GLVWULEXWLRQ WR UHFRQVWUXFW GDWD ፗᖤ�

7UDQVIHU SUHGLFWLYH VDPSOLQJ
,GHDOO\� WKH PRGHO VKRXOG DQVZHU FRXQWHUIDFWXDO TXHVWLRQV OLNH WKRVH LQWURGXFHG LQ 6HFWLRQ ���� )RU
H[DPSOH� ZH ZDQW WR SUHGLFW WKH SHUWXUEHG UHVSRQVH IURP D SRSXODWLRQ JLYHQ WKH XQSHUWXUEHG UHVSRQVH�
,Q WKDW FDVH� SRVWHULRU SUHGLFWLYH VDPSOLQJ LV QRW DSSOLFDEOH EHFDXVH LW UHTXLUHV GDWD LQSXW RI WKH WR EH
SUHGLFWHG UHVSRQVH� ZKLFK LV QRW DYDLODEOH� ,QVWHDG D UHFRQVWUXFWLRQ FDQ EH VDPSOHG XVLQJ WUDQVIHU
SUHGLFWLYH VDPSOLQJ RU SULRU SUHGLFWLYH VDPSOLQJ �6HFWLRQ �����

)LJXUH ��� LOOXVWUDWHV WKH IORZ IRU WUDQVIHU SUHGLFWLYH VDPSOLQJ� 1RWH WKDW WKH GLIIHUHQFH WR SRVWHULRU
SUHGLFWLYH VDPSOLQJ LV WKDW WKH FRQGLWLRQ ODEHOV ൢ DUH DGMXVWHG ZKHQ SDVVHG WR WKH GHFRGHU� ,Q )LJXUH
��� WKLV LV LOOXVWUDWHG WKURXJK WKH FRORU GLIIHUHQFH� 1RWH WKDW QRW DOO FRYDULDWHV LQ WKH FRQGLWLRQ QHHG
WR EH FKDQJHG� ,Q WKLV ZRUN� WKH FRQGLWLRQV DUH XVXDOO\ DGMXVWHG IRU WKH SHUWXUEDWLRQ FRYDULDWH� IURP
XQSHUWXUEHG WR SHUWXUEHG� )RU H[DPSOH� JLYHQ WKH XQSHUWXUEHG JHQH H[SUHVVLRQ RI D SRSXODWLRQ �� WKH
PRGHO ZLOO SUHGLFW WKH SHUWXUEHG JHQH H[SUHVVLRQ RI WKH SRSXODWLRQ ��

6XPPDUL]LQJ WKH WUDQVIHU SUHGLFWLYH VDPSOLQJ SURFHHGV DV IROORZV�

�� )LUVW� WKH LQSXW GDWD ൶ DQG FRUUHVSRQGLQJ FRQGLWLRQV ൢ DUH SDVVHG WR WKH HQFRGHU�

�� 7KH HQFRGHU UHWXUQV WKH ࿾ DQG စ RI WKH LQSXW GDWD VSHFLILF SRVWHULRU GLVWULEXWLRQ ൯ጓ�൸ ࣐ ൶��

�� $ VDPSOH IURP WKH ODWHQW VSDFH VSHFLILF GLVWULEXWLRQ LV REWDLQHG� ൸ ࣩ ൓�࿾� စ��

�� 7KH FRYDULDWHV RI LQWHUHVW� H�J� SHUWXUEDWLRQV� DUH DGMXVWHG LQ WKH FRQGLWLRQV ൢ UHVXOWLQJ LQ ൢᖣ�

�� 7KH HQFRGHU UHFHLYHV WKH ODWHQW VSDFH VDPSOH ൸ DQG DGMXVWHG FDWHJRULFDO FRYDULDWHV ൢᖣ WR PRGHO
WKH OLNHOLKRRG ൮ጆ�൶ ࣐ ൸��

�� ൬ VDPSOHV DUH REWDLQHG IURP WKH OLNHOLKRRG UHSUHVHQWLQJ WKH UHFRQVWUXFWHG GDWD ൝ᖣ�

1RWH WKDW WKH WUDQVIHU SUHGLFWLYH VDPSOLQJ RQO\ GLIIHUV IURP WKH SRVWHULRU SUHGLFWLYH VDPSOLQJ LQ WKH
DGGLWLRQDO VWHS �� ZKHUH WKH FRQGLWLRQV DUH DGMXVWHG�

3ULRU SUHGLFWLYH VDPSOLQJ
$V PHQWLRQHG LQ WKH SUHYLRXV VHFWLRQ� WKH SULRU SUHGLFWLYH VDPSOLQJ RIIHUV DQRWKHU SRVVLELOLW\ WR UH�
FRQVWUXFW JHQH H[SUHVVLRQV RI SUHYLRXVO\ XQVHHQ FRQGLWLRQV� %HVLGHV WKDW� VDPSOLQJ IURP WKH SULRU
HYDOXDWHV KRZ VXLWDEOH WKH SULRU LV WR UHSUHVHQW WKH GDWD VHW� $V VKRZQ LQ )LJXUH ��� WKLV VDPSOLQJ
SURFHGXUH RQO\ UHTXLUHV WKH GHFRGHU QHWZRUN� 7KDW PHDQV� ൸ LV VDPSOHG IURP WKH SULRU GLVWULEXWLRQ ൮�൸�
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)LJXUH ���� 7UDQVIHU SUHGLFWLYH VDPSOLQJ� 7KH ODWHQW VSDFH LV VDPSOHG JLYHQ WKH GDWD ፗ DQG FDWHJRULFDO FRYDULDWH ፜� 7KHQ WKH
FDWHJRULFDO FRYDULDWH JHWV DGMXVWHG ፜ᖤ WR UHSURGXFH GDWD ፱ᖤ ZKLFK LV GLIIHUHQW WR WKH LQSXW GDWD ፱�

LQVWHDG RI WKH YDULDWLRQDO SRVWHULRU ൯ጓ�൸ ࣐ ൶�� ,Q WKH FDVH RI VF9, DQG WRWDO9, WKH SULRU GLVWULEXWLRQ ZRXOG
EH WKH LVRWURSLF QRUPDO *DXVVLDQ GLVWULEXWLRQ DQG IRU 009$( WKH /DSODFH GLVWULEXWLRQ�

7KH VWHSV IRU WKH SULRU SUHGLFWLYH GLVWULEXWLRQ DUH�

�� 6DPSOH IURP WKH SULRU GLVWULEXWLRQ� ൸ ࣩ ൮�൸� DQG VHW WKH 51$ VL]H IDFWRU ൪፧ WR D FRQVWDQW

�� 7KH HQFRGHU UHFHLYHV WKH ODWHQW VSDFH VDPSOH ൸ DQG FDWHJRULFDO FRYDULDWHV ൢ RI LQWHUHVW WR UHFRQ�
VWUXFW WR PRGHO WKH OLNHOLKRRG ൮ጆ�൶ ࣐ ൸��

�� ൬ VDPSOHV DUH REWDLQHG IURP WKH OLNHOLKRRG UHSUHVHQWLQJ WKH UHFRQVWUXFWHG GDWD ൝ᖣ�

)LJXUH ���� 3ULRU SUHGLFWLYH VDPSOLQJ� 7KH GHFRGHU SUHGLFWV GDWD ፱ IURP WKH ODWHQW VSDFH� VDPSOHG IURP WKH SULRU GLVWULEXWLRQ
፩�፳�� DQG FDWHJRULFDO FRYDULDWH LQIRUPDWLRQ ፜�

���� (YDOXDWLRQ PHWULFV
7R XQGHUVWDQG KRZ UHOLDEOH WKH PRGHOV SUHGLFWLRQV DUH� WKH PRGHOV DUH HYDOXDWHG RQ WKHLU ORVV YDOXHV
DQG TXDOLW\ RI VDPSOHG UHFRQVWUXFWLRQ WKURXJK FRUUHODWLRQ DQG KLJKO\ YDULDEOH JHQH FRXQW SUHGLFWLRQ�

/RVV DQG ./ GLYHUJHQFH
7KH WUDLQLQJ DQG YDOLGDWLRQ ORVVHV RI WKH L� (/%2� LL� 5HFRQVWUXFWLRQ ORVV �5/� DQG LLL� ./ GLYHUJHQFH
�./'�� 7KH YDOLGDWLRQ ORVV LV FDOFXODWHG RQ ��� RI WKH GDWD QRW LQFOXGHG GXULQJ WUDLQLQJ� :H H[SHFW WKH
(/%2 DQG 5/ WR GHFUHDVH GXULQJ PRGHO WUDLQLQJ VKRZLQJ WKDW WKH PRGHO OHDUQV WR UHSUHVHQW WKH GDWD
EHWWHU� )RU WKH ./ GLYHUJHQFH� LV LW FRPPRQ WR ILUVW ULVH DV WKH PRGHO FDQ VXEVWDQWLDOO\ LPSURYH LWV ORVV
E\ UHGXFLQJ WKH (/%2 DQG 5/� 7KHQ� RQO\ DIWHU VRPH HSRFKV WKH PRGHO EULQJV WKH SRVWHULRU GLVWULEXWLRQ
FORVHU WR WKH SULRU GLVWULEXWLRQ WR UHGXFH WKH ./ GLYHUJHQFH� 1RWH WKDW WKHVH YDOXHV GR QRW QHFHVVDULO\
SURYLGH LQVLJKW LQWR WKH TXDOLW\ RI WKH PRGHO¶V SHUIRUPDQFH EXW DUH XVHG WR YDOLGDWH WKDW WKH PRGHO LV
WUDLQLQJ ZLWKRXW RYHUILWWLQJ�

&RUUHODWLRQ
7R HYDOXDWH KRZ ZHOO WKH SUHGLFWHG GDWD ILWV WKH IHDWXUHV RI WKH RULJLQDO GDWD ZH FDOFXODWH WKH FRUUHODWLRQ�
0RUH VSHFLILFDOO\� WKH 6SHDUPDQ¶V UKR FRUUHODWLRQ LV FDOFXODWHG� 7KH 6SHDUPDQ¶V UKR LV VXLWDEOH EHFDXVH
LW DFFRXQWV IRU QRQ�OLQHDU UHODWLRQVKLSV LQ WKH H[SUHVVLRQ YDOXHV� ,I WKH FRUUHODWLRQ LV QRQ�]HUR WKHQ WKDW
PHDQV WKDW WKH JHQHV DUH FR�UHJXODWHG� ,Q FDVH� WKH FRUUHODWLRQ LV ��� WKH SUHGLFWHG GDWD ILWV WKH RULJLQDO
GDWD PRVW DFFXUDWHO\�

*LYHQ WKH WUXH ൶፭፫፮፞፧፠ DQG SUHGLFWHG ൶፩፫፞፝፧፠ JHQH RU SURWHLQ H[SUHVVLRQ SURILOH ZLWK ൬ QXPEHU RI FHOOV
DQG ൦ QXPEHU RI JHQHV RU ൮ QXPEHU RI SURWHLQV� :H ZDQW WR FRPSDUH WKH JHQH DQG SURWHLQ H[SUHVVLRQ



���� ,PSOHPHQWDWLRQ ��

IRU HDFK JHQH RU SURWHLQ LQVWHDG RI FHOOV EHFDXVH FHOO PHDVXUHPHQWV DUH XQSDLUHG ZKLOH JHQHV DUH
SDLUHG� 7KHUHIRUH� WKH PHDQ DQG YDULDQFH DUH FDOFXODWHG DFURVV DOO FHOOV� UHVXOWLQJ LQ WZR ൦ ORQJ PHDQ
DQG YDULDQFH DUUD\V� $IWHU WKDW ZH FDOFXODWH WKH SDLUZLVH FRUUHODWLRQ EHWZHHQ WKH WUXH DQG SUHGLFWHG
PHDQ RU YDULDQFH DUUD\V�

ൢ൭൰൰᎙�൶፭፫፮፞� ൶፩፫፞፝�  ൢ൭൰൰ ᗕ൫൤ൠ൬፧�൶፭፫፮፞፧፠ ��൫൤ൠ൬፧�൶
፩፫፞፝
፧፠ ᗖ �����

ൢ൭൰൰᎟�൶፭፫፮፞� ൶፩፫፞፝�  ൢ൭൰൰ ᗕ൴ൠ൰፧�൶፭፫፮፞፧፠ �� ൴ൠ൰፧�൶
፩፫፞፝
፧፠ ᗖ �����

)RU WKH SURWHLQ FRUUHODWLRQ (TXDWLRQV ��� DQG ��� ZRXOG EH FDOFXODWHG IRU WKH SURWHLQV ൲ LQVWHDG RI
JHQHV ൦�

&RPPRQ KLJKO\ YDULDEOH JHQH FRXQW
&RPSDULQJ WKH VHOHFWLRQ RI KLJKO\ YDULDEOH JHQHV �KYJ� IURP WKH WUXH DQG SUHGLFWHG JHQH H[SUHVVLRQ
FRXQWV SURYLGHV LQVLJKW DERXW ZKHWKHU WKH PRGHO OHDUQV ZKLFK FHOOV KDYH WKH PRVW LQIOXHQFH� 7KH
KLJKHU WKH QXPEHU RI FRPPRQ KYJ WKH EHWWHU WKH PRGHO FDSWXUHV ZKLFK JHQHV FRQWULEXWH PRVW WR WKH
JHQH H[SUHVVLRQ SURILOH� )RU WKH FRPSDULVRQ WKH ���� PRVW KLJKO\ YDULDEOH JHQHV DUH VHOHFWHG IURP
WKH WUXH DQG SUHGLFWHG FRXQW PDWUL[ DQG WKH QXPEHU RI FRPPRQ KYJ FDOFXODWHG� LJQRULQJ WKH KYJ UDQN�

���� ,PSOHPHQWDWLRQ
7KH PRGHO ZDV LPSOHPHQWHG XVLQJ 3\WKRQ ��� ZLWK 3\7RUFK DQG WKH VFYL�WRROV SDFNDJH >�@� )RU GDWD
SUHSDUDWLRQ DQG SUHSURFHVVLQJ WKH DQQRWDWHG GDWDVHW IRUPDW >��@ DQG VFDQS\ SDFNDJH ZDV XVHG�





�
5HVXOWV

7KH HYDOXDWLRQ IRFXVHV RQ FRPSDULQJ WKH SHUIRUPDQFH EHWZHHQ VLQJOH� DQG PXOWL�PRGDOLW\ PRGHOV �54
�� DV ZHOO DV WKH FRPSOH[LW\ RI JHQHUDOL]DWLRQ WKDW LV SRVVLEOH �54 ��� 7R DQVZHU WKH VHFRQG TXHVWLRQ
�54 �� ZH SHUIRUP H[SHULPHQWV DFFRUGLQJ WR WKH WKUHH WUDLQLQJ VFHQDULRV �VHH 6HFWLRQ ����� HDFK HYDOX�
DWLQJ WKH PRGHOV IRU D GLIIHUHQW JHQHUDOL]DWLRQ FRPSOH[LW\� :H FRQVLGHU WKDW WUDLQLQJ VFHQDULR � UHTXLUHV
D PLQRU JHQHUDOL]DWLRQ� DQG WUDLQLQJ VFHQDULR � UHTXLUHV WKH KLJKHVW JHQHUDOL]DWLRQ� )XUWKHUPRUH� PRGHO
SHUIRUPDQFHV EHWZHHQ L� VLQJOH� DQG PXOWL�PRGDOLW\ PRGHOV DQG LL� PXOWL�PRGDOLW\ PRGHOV �WRWDO9, DQG
FHOO309,� DUH FRPSDUHG� $OO H[SHULPHQWV ZLWK VF9, RQO\ LQFOXGH WKH JHQH GDWD� ZKLOH H[SHULPHQWV ZLWK
WRWDO9, DQG FHOO309, ILW WKH JHQH DQG SURWHLQ FRXQWV� 7KH HYDOXDWLRQ PHWULFHV IURP 6HFWLRQ ��� DUH XVHG
IRU H[SHULPHQWV HYDOXDWLRQ�

���� FHOO309, EHVW ILWV WKH &,7(�VHT GDWD
�7UDLQLQJ VFHQDULR ��
7UDLQLQJ VFHQDULR � GRHV QRW HYDOXDWH WKH PRGHOV¶ DELOLW\ WR JHQHUDOL]H WR XQVHHQ FRYDULDWHV EHFDXVH
DOO FRYDULDWH FRPELQDWLRQV DUH LQFOXGHG LQ WKH WUDLQLQJ GDWD VHW �)LJXUH ���D�� $V QR JHQHUDOL]DWLRQ
LV UHTXLUHG� WUDLQLQJ VFHQDULR � FKHFNV KRZ ZHOO WKH PRGHOV ILW WKH GDWD VHW DQG KRZ FHUWDLQ WUDLQLQJ
FRQGLWLRQV LQIOXHQFH WKH PRGHO SHUIRUPDQFH�

7KH SHUIRUPDQFH RI SUREDELOLVWLF PRGHOV� VXFK DV VF9,� WRWDO9, DQG FHOO309,� GHSHQGV RQ KRZ ZHOO
WKH\ ILW WKH XQGHUO\LQJ GDWD GLVWULEXWLRQ� 9DOLGDWLRQ RI WKH PRGHO SHUIRUPDQFH LQ WUDLQLQJ VFHQDULR � XVHV
WKH ORVV YDOXHV DQG SRVWHULRU SUHGLFWLYH VDPSOLQJ� )LUVW RI DOO� WKH ILQDO WUDLQLQJ DQG YDOLGDWLRQ ORVVHV DUH
PXFK ORZHU WKDQ WKH LQLWLDO YDOXHV PHDQLQJ WKDW WKH PRGHO OHDUQHG D FRPSUHVVLRQ RI WKH XQGHUO\LQJ GDWD
GLVWULEXWLRQ �6XSSOHPHQWDU\ )LJXUHV &��� &�� DQG &���� $GGLWLRQDOO\� WKH WUDLQLQJ DQG YDOLGDWLRQ YDOXHV
GLG QRW VWDUW WR VSUHDG DSDUW DJDLQ� VXJJHVWLQJ WKDW QR RYHUILWWLQJ RFFXUUHG� 1RWH WKDW� WKH ILQDO (/%2
�6XSSOHPHQWDU\ )LJXUH &��D�� 5/ �6XSSOHPHQWDU\ )LJXUH &��E� DQG ./�GLYHUJHQFH �6XSSOHPHQWDU\
)LJXUH &��F� RI WKH WKUHH PRGHO LV ORZHVW IRU RXU PRGHO �FHOO 309,�� 7KXV� WKH UHVXOWV LQGLFDWH WKDW DOO
PRGHOV OHDUQHG WR ILW �SDUW RI� WKH GDWD�

$IWHU YHULI\LQJ WKDW WKH PRGHOV KDYH OHDUQHG VRPHWKLQJ� WKH IROORZLQJ VHFWLRQV ZLOO XVH WKH SRVWHULRU
SUHGLFWLYH VDPSOLQJ WR DQDO\]H WKH TXDOLW\ RI ILW PRUH LQ GHWDLO�

3RVWHULRU SUHGLFWLYH VDPSOLQJ SHUIRUPV EHVW ZKHQ FRQGLWLRQLQJ RQ WZR FRYDUL�
DWHV
7KH FRUUHODWLRQ EHWZHHQ WKH SRVWHULRU SUHGLFWLYH VDPSOHG DQG DFWXDO JHQH DQG SURWHLQ H[SUHVVLRQ LQ�
GLFDWHV KRZ ZHOO HDFK PRGHO ILWV WKH GDWD �)LJXUH ����� )RU 7UDLQLQJ VFHQDULR � ZH FDOFXODWH WKH FRUUH�
ODWLRQ IRU IRXU GLIIHUHQW UXQ VHWWLQJV� ,Q WKH ILUVW UXQ VHWWLQJ� WKH PRGHOV XVH WKUHH GLIIHUHQW FDWHJRULFDO
FRYDULDWHV DQG� IRU WKH RWKHU WKUHH� D FRPELQDWLRQ RI WZR FDWHJRULFDO FRYDULDWHV� )LJXUH ���D VKRZV WKH
FRUUHODWLRQ PHDQ YDOXHV IRU WKH WUXH DQG VDPSOH JHQH DQG SURWHLQ YDOXHV IRU HDFK UXQ VHWWLQJ LQ 7DEOH
%��� 7RJHWKHU ZLWK WKH FRUUHODWLRQ YDULDQFH �6XSSOHPHQWDU\ )LJXUHV &��D DQG &��E� WKLV LQGLFDWHV RI
KRZ ZHOO WKH PHDQ�YDULDQFH UHODWLRQVKLS DFURVV JHQHV LV SUHVHUYHG�

��
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)LJXUH ��� VKRZV FRUUHODWLRQ PHDQ EHWZHHQ WKH SUHGLFWHG DQG WUXH JHQH H[SUHVVLRQ XQGHU SRVWHULRU
SUHGLFWLYH VDPSOLQJ� 7KH FRUUHODWLRQ PHDQ LV FDOFXODWHG IRU DOO FHOOV ZLWK WKH VDPH SRSXODWLRQ JURXS�
DGMXYDQW DQG FHOO�W\SH DQQRWDWLRQ �VHH 6XSSOHPHQWDU\ 7DEOH %�� IRU YDOXHV�� )LJXUH ��� VKRZV WKDW WKH
DYHUDJH FRUUHODWLRQ PHDQ LV DSSUR[LPDWHO\ HTXLYDOHQW �������ࢿ���� EXW QRW WKH VSUHDG RI WKH FRUUHODWLRQ
PHDQ YDOXHV� 7KH FRUUHODWLRQ PHDQ VSUHDG LV WKH KLJKHVW IRU WKUHH FDWHJRULFDO FRYDULDWHV DQG WKH
OHDVW ZKHQ WUDLQLQJ ZLWK SRSXODWLRQ JURXS DQG DGMXYDQW DV FRYDULDWHV� 7KH FRUUHODWLRQ YDULDQFH KDV
DSSUR[LPDWHO\ WKH VDPH DYHUDJH RI ��� ࢿ ���� DQG D VLPLODU VSUHDG RI ���� ࢿ ����� :H FDQ FRQFOXGH
IURP WKH KLJK FRUUHODWLRQ YDOXHV WKDW DOO PRGHOV FDQ UHSOLFDWH JHQH H[SUHVVLRQ GDWD ZLWK WKHLU PDLQWDLQHG
SURSHUWLHV� 6WLOO� WKH FRYDULDWH FRPELQDWLRQ RI SRSXODWLRQ JURXS DQG DGMXYDQW RXWSHUIRUPV WKH RWKHU
FRPELQDWLRQV�

�D� 51$ �E� SURWHLQ

)LJXUH ���� %R[SORW VKRZLQJ WKH FRUUHODWLRQ PHDQ IRU SRVWHULRU SUHGLFWLYH VDPSOLQJ IRU HDFK PRGHO DFURVV IRXU UXQ
VHWWLQJ �WUDLQLQJ VFHQDULR ��� 7KH FRUUHODWLRQ PHDQ LV FDOFXODWHG DFURVV DOO FHOOV ZLWK WKH VDPH SRSXODWLRQ JURXS� FHOO W\SH DQG
DGMXYDQWV FRPELQDWLRQ ��� FRUUHODWLRQ PHDQV�� 7KH FRUUHODWLRQ PHDQV DUH FOXVWHUHG SHU UXQ VHWWLQJV� (DFK UXQ VHWWLQJV GLIIHUV
IURP HDFK RWKHU LQ WKH QXPEHU RI FRYDULDWHV WKH PRGHO LV FRQGLWLRQHG RQ �7DEOH %���� 6XEILJXUH �D� VKRZV WKH FRUUHODWLRQ PHDQ
IRU WKH 51$ H[SUHVVLRQ VDPSOLQJ DQG �E� IRU SURWHLQ H[SUHVVLRQ VDPSOLQJ�

)LJXUH ���E VKRZV WKH FRUUHODWLRQ PHDQ EHWZHHQ WKH SUHGLFWHG DQG WUXH SURWHLQ PHDVXUHPHQWV XQ�
GHU SRVWHULRU SUHGLFWLYH VDPSOLQJ� 7KH FRUUHODWLRQ PHDQ GLIIHUHQFH RI SURWHLQ H[SUHVVLRQ UHFRQVWUXFWLRQ
LV PXFK KLJKHU WKDQ IRU WKH 51$ �VHH 6XSSOHPHQWDU\ 7DEOH %�� IRU YDOXHV�� )RU FHOO309, WKH DYHUDJH
FRUUHODWLRQ PHDQ IRU SURWHLQ UHFRQVWUXFWLRQ LV VOLJKWO\ KLJKHU �ࣩ ���� WR ���� WKDQ IRU 51$ UHFRQVWUXFWLRQ�
2Q WKH RWKHU KDQG� WKH DYHUDJH FRUUHODWLRQ PHDQ IRU WRWDO9, LV PXFK ORZHU ���� WR ������ /LNHZLVH� WKH
DYHUDJH FRUUHODWLRQ YDULDQFH RI WRWDO9, LV ZRUVH ���ࢿ� WR �����ࢿ WKDQ IRU FHOO309, �ࣩ ����� �6XSSOH�
PHQWDU\ )LJXUH &���� ,Q FRQWUDVW� WKH VSUHDG RI WKH FRUUHODWLRQ PHDQ YDOXHV LV HTXLYDOHQW WR WKH 51$
H[SUHVVLRQ UHFRQVWUXFWLRQ VSUHDG ����� WR ����� IRU ERWK FHOO309, DQG WRWDO9,� 2YHUDOO� WKH UHVXOWV VKRZ
WKDW FHOO309, FOHDUO\ RXWSHUIRUPV WRWDO9, LQ WKH UHFRQVWUXFWLRQ RI SURWHLQ PHDVXUHPHQWV�

7KH TXDOLW\ RI ILW DQG WKH QXPEHU RI FHOOV IRU WUDLQLQJ DYDLODEOH DUH SRVLWLYHO\
FRUUHODWHG�
7KH GDWDVHW FRQWDLQV FHOO PHDVXUHPHQWV IURP YDULRXV FRQGLWLRQV� L�H� SRSXODWLRQ JURXSV� FHOO W\SHV
DQG DGMXYDQW SHUWXUEDWLRQV� 'XH WR SRWHQWLDO YDULDWLRQ RI H[SUHVVLRQ YDOXHV DFURVV FHOOV� VSHFLILFDOO\
UHJDUGLQJ WKH FRQGLWLRQV� LW FDQ EH WKDW WKH PRGHO ILWV VRPH SDUWV RI WKH GDWD EHWWHU WKDQ RWKHUV� +HQFH�
KHUH ZH DUH LQWHUHVWHG LQ GLIIHUHQWLDWLQJ EHWZHHQ OHVV DQG PRUH IDYRUDEOH FRQGLWLRQV IRU PRGHO OHDUQLQJ�
0RUH VSHFLILFDOO\� ZH DGGUHVVHG WKH TXHVWLRQV� �� ,V WKH PRGHOLQJ SURFHVV RI VRPH VXE�FRQGLWLRQV
HDVLHU WKDQ IRU RWKHUV" $QG �� KRZ GRHV WKH QXPEHU RI FDWHJRULFDO FRYDULDWH FRQGLWLRQV LPSDFW WKH
PRGHOLQJ SURFHVV" 7KLV LQIRUPDWLRQ ZLOO RSWLPL]H WKH PRGHOLQJ SURFHVV IRU WUDLQLQJ VFHQDULRV � DQG �
WR LQFUHDVH WKH SUHGLFWLRQ DFFXUDF\�

,Q 6HFWLRQ ��� ZH VKRZHG WKDW WKH FRUUHODWLRQ PHDQ IRU 51$ UHFRQVWUXFWLRQ XVLQJ 336 KDV RYHUDOO



���� FHOO309, LV VXLWHG IRU SUHGLFWLQJ SURWHLQ PHDVXUHPHQWV DQG WUDQVFULSWRPH GDWD ��

JRRG SHUIRUPDQFH� $W WKH VDPH WLPH� )LJXUH ���D VKRZHG D ODUJH VSUHDG ZLWK RXWOLHUV� 7R LGHQWLI\
ZKHWKHU WKHVH RXWOLHUV KDYH WKH VDPH RULJLQ ZH SORWWHG WKH FRUUHODWLRQ PHDQ IURP FHOO309, WUDLQHG
ZLWK FRQGLWLRQLQJ RQ DOO FRYDULDWHV �UXQ VHWWLQJ RQH� IRU DOO FRYDULDWHV LQ )LJXUH ���� )LJXUHV ���D DQG
���E VKRZ WKH SRSXODWLRQ JURXS¶V LQIOXHQFH DQG DGMXYDQW LQIOXHQFH RQ WKH FRUUHODWLRQ PHDQ LV PLQLPDO�
+RZHYHU� )LJXUH ���F VKRZV WKDW WKH FRUUHODWLRQ PHDQ IRU WKH VHSHUDWH FHOO W\SHV LV ORZHU IRU 3ODWHOHW
�DURXQG ���� DQG WKH RWKHU FHOO W\SHV �DOO KLJKHU WKDQ ����� $ SRVVLEOH UHDVRQ IRU WKLV FRXOG EH WKDW3ODWHOHW
DUH XQGHUUHSUHVHQWHG LQ WKH GDWDVHW PDNLQJ XS RQO\ DSSUR[LPDWHO\ ���� ���� FHOOV� RI WKH GDWD �7DEOH
""�� 7KH WUHQG RI OHVV UHSUHVHQWHG FRQGLWLRQV KDYLQJ D ORZHU FRUUHODWLRQ PHDQ FDQ DOVR EH REVHUYHG
IRU WKH RWKHU FRQGLWLRQV EXW WR D ORZHU H[WHQW� )RU H[DPSOH� 57 KDV D VOLJKWO\ ORZHU FRUUHODWLRQ PHDQ
WKDQ '. DQG /'� :KHQ FRPSDULQJ WKDW ZLWK WKH DPRXQW RI GDWD SRLQWV DYDLODEOH� 57 LV OHVV UHSUHVHQWHG
LQ WKH GDWD �DERXW ��� � � ��� QU� RI FHOOV� WKDQ /' DQG '. �DERXW ��� �/'� �� ��� DQG '.� �� ���
QU� RI FHOOV� � 7KH VDPH UHODWLRQ EHWZHHQ WKH QXPEHU RI FHOOV DQG FRUUHODWLRQ PHDQ KROGV IRU VF9, DQG
WRWDO9, �6XSSOHPHQWDU\ 7DEOH %���

�D� �E� �F�

)LJXUH ���� 7KH QXPEHU RI DYDLODEOH FHOOV SHU FDWHJRULFDO FRQGLWLRQ LPSDFW WKH FRUUHODWLRQ PHDQ� 3RVWHULRU SUHGLFWLYH
VDPSOLQJ UHVXOWV IURP FHOO309, XQGHU UXQ VHWWLQJ RQH LQ WUDLQLQJ VFHQDULR RQH� )RU HDFK FRQGLWLRQ WKH FRUUHODWLRQ PHDQ LV
FDFOXDWHG DFURVV DOO FHOOV ���N� DYHUDJHG DFURVV WKH FRQGLWLRQV RI WKH FDWHJRULFDO FRYDULDWHV RI LQWHUHVW ��D� 3RSXODWLRQ JURXS� �E�
$GMXYDQW RU �F� &HOO W\SH��

$GGLWLRQDOO\� WKH SUHYLRXV VHFWLRQ GHPRQVWUDWHV WKDW WKH 336 DOVR YDULHV IRU WKH QXPEHU RI FDWHJRU�
LFDO FRYDULDWHV WKH PRGHO LV WUDLQHG RQ� :H VXPPDUL]HG WKDW WKH FRUUHODWLRQ PHDQ DQG YDULDQFH DUH
RYHUDOO EHWWHU IRU WUDLQLQJ ZLWK WZR FRYDULDWHV LQVWHDG RI WKUHH� )URP WKH SUHYLRXV DQG WKLV VHFWLRQ� ZH
FDQ VHH WKDW WKH FRUUHODWLRQ PHDQ DQG YDULDQFH LV KLJKHVW WKH PRUH FHOOV DUH DYDLODEOH IRU WKH WUDLQLQJ
FRQGLWLRQ� +HQFH� WKH PRGHO¶V TXDOLW\ RI ILW LPSURYHV ZKHQ PRUH FHOOV DUH DYDLODEOH IRU D WUDLQLQJ FRQ�
GLWLRQ� 7KH VDPH UHODWLRQ EHWZHHQ WKH QXPEHU RI FHOOV DQG FRUUHODWLRQ PHDQ KROGV IRU VF9, DQG WRWDO9,
�6XSSOHPHQWDU\ 7DEOH %���

���� FHOO309, LV VXLWHG IRU SUHGLFWLQJ SURWHLQ PHDVXUHPHQWV DQG
WUDQVFULSWRPH GDWD

�7UDLQLQJ VFHQDULR � DQG ��
7KH SUHYLRXV VHFWLRQ VKRZV WKDW DOO PRGHOV ILW WKH &,7(�VHT GDWD EXW WKDW FHOO309, PRGHOV WKH JHQH DQG
SURWHLQ H[SUHVVLRQ WKH EHVW� 0RUHRYHU� WKH UHVXOWV VKRZ WKDW WKH DPRXQW RI DYDLODEOH GDWD LQIOXHQFHV
WKH ILW� )RU H[DPSOH� ZH VKRZHG WKDW WKH PRGHO ILWV FHOO W\SHV ZLWK IHZHU GDWD PHDVXUHPHQWV �L�H�
3ODWHOHW FHOOV� OHVV ZHOO DQG WKDW FRQGLWLRQLQJ RQ PRUH FRYDULDWHV ൢ GHFUHDVHV WKH PRGHO¶V ILW WR WKH
GDWD� 7KHUHIRUH� WKH PRGHOV LQ WUDLQLQJ VFHQDULRV � DQG � DUH RQO\ FRQGLWLRQHG RQ WKH SRSXODWLRQ JURXS
DQG DGMXYDQW EHFDXVH WKHUH LV QRW HQRXJK GDWD WR LQFOXGH PRUH FRYDULDWHV� %\ OLPLWLQJ WKH QXPEHU RI
FDWHJRULFDO FRYDULDWH FRQGLWLRQV� ZH KRSH WR LQFUHDVH WKH GDWD DYDLODELOLW\ SHU FRQGLWLRQ DQG RYHUFRPH
LQDFFXUDWH JHQHUDOL]DWLRQ DQG XQFHUWDLQW\ HPHUJLQJ IURP OLWWOH GDWD DYDLODELOLW\�

7KLV VHFWLRQ DLPV WR DQVZHU WKH UHVHDUFK TXHVWLRQV SRVHG LQ WKH EHJLQQLQJ� 7R ZKDW H[WHQW FDQ ZH
SUHGLFW UHVSRQVHV IRU XQVHHQ SHUWXUEDWLRQV DFURVV SRSXODWLRQV" �54 �� DQG +RZ GRHV PXOWL�PRGDOLW\
LQIRUPDWLRQ LPSDFW WKH PRGHOOLQJ DQG SUHGLFWLRQ SHUIRUPDQFH" �54 ��� )RU TXHVWLRQ 54 � ZH IRFXV RQ
WKH GLIIHUHQFH LQ SUHGLFWLRQ SHUIRUPDQFH EHWZHHQ WUDLQLQJ VFHQDULRV � DQG �� )XUWKHUPRUH� IRU WKH VHF�
RQG UHVHDUFK TXHVWLRQ� ZH ZLOO DQDO\]H WKH SUHGLFWLRQ RI VLQJOH�YV PXOWL�PRGDOLW\ PRGHOV DQG EHWZHHQ
WKH PXOWL�PRGDOLW\ PRGHOV� %HFDXVH ZH DUH LQWHUHVWHG LQ WKH SUHGLFWLRQ SHUIRUPDQFH� ZH ZLOO XVH SULRU
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DQG WUDQVIHU SUHGLFWLYH VDPSOLQJ LQVWHDG RI SRVWHULRU SUHGLFWLYH LQ WKH SUHYLRXV VHFWLRQ�

/LEUDU\ VL]H LV DQ LPSRUWDQW FRPSRQHQW IRU PRGHOOLQJ WKH GDWD
7KH OLEUDU\ VL]H IDFWRU LV D QXLVDQFH IDFWRU WKDW LQIOXHQFHV WKH OLNHOLKRRG GLVWULEXWLRQ RI WKH 51$ ൯�൶፧ ࣐
൸፧� �፧߻ ൢ፧� DQG SURWHLQ ൯�൷፧ ࣐ ൸፧� ൮፧� ൢ፧� GDWD� )RU SRVWHULRU DQG WUDQVIHU SUHGLFWLYH VDPSOLQJ� WKH OLEUDU\
VL]H LV HVWLPDWHG IURP WKH GDWD SDVVHG WR WKH HQFRGHU� 1R VXFK HVWLPDWLRQ FDQ EH PDGH IRU SULRU
SUHGLFWLYH VDPSOLQJ EHFDXVH QR GDWD LV SDVVHG WR WKH HQFRGHU� 7KHUHIRUH� WKH OLEUDU\ VL]H LV PDQXDOO\
VHW WR D FRQVWDQW YDOXH �VHH 6HFWLRQ ����� 7KH VL]H RI WKH OLEUDU\ IDFWRU LQIOXHQFHV KRZ ZHOO WKH OLNHOLKRRG
GLVWULEXWLRQ GHVFULEHV WKH DFWXDO XQGHUO\LQJ GLVWULEXWLRQ RI WKH GDWD�

)LJXUH ��� LOOXVWUDWHV WKH HIIHFW RI WKH 51$ RU SURWHLQ OLEUDU\ VL]H RQ WKH DYHUDJH DQG VWDQGDUG
GHYLDWLRQ RI WKH UHVSHFWLYH SUHGLFWLRQV� 7KH FRUUHODWLRQ PHDQ RI WKH SUHGLFWLRQV IRU OLEUDU\ VL]HV RI �� ��
�� � DQG �� DUH VKRZQ� )LJXUH ���D VKRZV KRZ WKH 51$ VL]H IDFWRU ߻ HIIHFWV WKH FRUUHODWLRQ PHDQ� )LUVW�
QRWH WKDW WKH FRUUHODWLRQ PHDQ RI VF9, DQG FHOO309, LV KLJKHU WKDQ IRU WRWDO9,� 7KDW PHDQV� VF9, DQG
FHOO309, DUH VXSHULRU DW PRGHOLQJ WKH 51$ OLNHOLKRRG GLVWULEXWLRQ� )XUWKHUPRUH� )LJXUH ���D LOOXVWUDWHV
WKDW LQFUHDVLQJ OLEUDU\ VL]H WR �� LQFUHDVHV WKH FRUUHODWLRQ PHDQ DQG GHFUHDVHV WKH FRUUHODWLRQ YDULDQFH
IRU DOO PRGHOV �6XSSOHPHQWDU\ 7DEOH %���� 7KH DYHUDJH FRUUHODWLRQ YDOXH IRU VF9, DQG FHOO309, VKRZV
D VWHHSHU LQFUHDVH WKDQ IRU WRWDO9,� PHDQLQJ VF9, DQG FHOO309, 51$ OLNHOLKRRG GLVWULEXWLRQ DUH PRUH
VWURQJO\ LQIOXHQFHG E\ WKH OLEUDU\ VL]H IDFWRU� $GGLWLRQDOO\� )LJXUH ���E VKRZV WKH LQIOXHQFH RI WKH SURWHLQ
VL]H IDFWRU IRU WKH SURWHLQ OLNHOLKRRG PRGHOOLQJ RI FHOO309,� )LUVW� WKH VWDUWLQJ FRUUHODWLRQ PHDQ YDOXH
LV KLJKHU IRU SURWHLQV �ࣩ ����� WKDQ IRU 51$ �ࣩ ������ $W WKH VDPH WLPH� WKH VWDQGDUG GHYLDWLRQ RI
WKH FRUUHODWLRQ PHDQ LV DOPRVW GRXEOH DV KLJK FRPSDUHG WR 51$� DERXW ࣩ ���� IRU SURWHLQ DQG 51$
�ࣩ ������ 7KH KLJKHU VWDQGDUG GHYLDWLRQ RI WKH FRUUHODWLRQ PHDQ PLJKW LPSO\ WKDW SURWHLQ IHDWXUHV DUH
PRUH GLVWLQFW IURP HDFK RWKHU HYHQ WKRXJK WKH XQGHUO\LQJ GLVWULEXWLRQ RI VRPH SURWHLQ PHDVXUHPHQWV LV
HDVLHU WR FDSWXUH� 3RWHQWLDOO\ GXH WR WKH OHVV DYDLODEOH QXPEHU RI 80, SURWHLQV RU EHFDXVH SURWHLQ GDWD LV
OHVV VSDUVH WKDQ 51$� 0RUHRYHU� WKH EHVW SHUIRUPDQFH DFFRUGLQJ WR WKH FRUUHODWLRQ YDOXH LV DW D OLEUDU\
VL]H RI � DQG ��� +HQFH� WR DYRLG RYHUILWWLQJ� WKH OLEUDU\ VL]H IRU WKH 51$ DQG SURWHLQ UHFRQVWUXFWLRQ LV
VHW WR � IRU SULRU SUHGLFWLYH VDPSOLQJ�

�D� JHQH H[SUHVVLRQ UHFRQVWUXFWLRQ �E� SURWHLQ PHDVXUHPHQW UHFRQVWUXFWLRQ�

)LJXUH ���� ,QIOXHQFH RI WKH OLEUDU\ VL]H RI 51$ ߻ DQG SURWHLQ ፩ RQ WKH DYHUDJH FRUUHODWLRQ PHDQ DQG YDULDQFH RI WKH
SULRU SUHGLFWLYH VDPSOLQJ SHUIRUPDQFH� 0RGHOV� VF9, �\HOORZ�� FHOO309, �JUHHQ� DQG WRWDO9, �UHG�� 7KH DYHUDJH �FURVV� DQG
YDULDQFH �OLQH DW FURVV� RI WKH FRUUHODWLRQ PHDQ IRU WKH OLEUDU\ VL]H YDOXHV RI ኺ� ኻ� ኾ� ዁� ኻኺ� 7KH UHVXOWV DUH FDOFXODWHG IRU DOO GDWD
SRLQWV IRU �D� JHQH H[SUHVVLRQ DQG �E� SURWHLQ H[SUHVVLRQ UHFRQVWUXFWLRQ�

7UDQVIHU SUHGLFWLYH VDPSOLQJ HQDEOHV 22' SUHGLFWLRQ RI SHUWXUEHG JHQH H[SUHV�
VLRQ
:H XVH WUDLQLQJ VFHQDULR � WR DQVZHU WKH VHFRQG UHVHDUFK TXHVWLRQ DERXW KRZ ZHOO WKH PRGHOV FDQ
H[WUDSRODWH WR QHZ DGMXYDQWV� LQ WKLV FDVH WKH SHUWXUEHG FRQGLWLRQ �DGMXYDQW 3,�� 7DEOH %�� VKRZV WKH
WUDLQLQJ FRQGLWLRQV IRU WUDLQLQJ VFHQDULR �� 7KH PRGHO FRYDULDWHV DUH WKH SRSXODWLRQ JURXS DQG DGMXYDQW�
$V VKRZQ LQ 7DEOH %�� WKH SHUWXUEHG GDWD RI HDFK SRSXODWLRQ JURXS ZDV RQFH OHIW RXW� UHSUHVHQWLQJ WKH
22' FRQGLWLRQ� 7KH PRGHOV DELOLW\ WR H[WUDSRODWH WR QHZ FRQGLWLRQV LV PHDVXUHG E\ WKH SUHGLFWLRQ
SHUIRUPDQFH RI WKH OHIW�RXW SHUWXUEHG JHQH DQG SURWHLQ H[SUHVVLRQ�

)LJXUH ��� VKRZV WKH ER[SORWV RI WKH FRUUHODWLRQ PHDQ FDOFXODWHG EHWZHHQ WKH WUXH DQG SULRU RU



���� FHOO309, LV VXLWHG IRU SUHGLFWLQJ SURWHLQ PHDVXUHPHQWV DQG WUDQVFULSWRPH GDWD ��

WUDQVIHU SUHGLFWLYH VDPSOHG JHQH H[SUHVVLRQ IRU WKH H[FOXGHG GDWD VXEVHW� SHUWXUEHG FRQGLWLRQ �3,� RI
HDFK SRSXODWLRQ JURXS� 6XEILJXUH ���D� VKRZV WKH FRUUHODWLRQ PHDQ IRU WKH SULRU SUHGLFWLYH VDPSOHV DQG
E� IRU WKH WUDQVIHU SUHGLFWLYH VDPSOHV� 7KH FRUUHODWLRQ PHDQ LV KLJKHU IRU WUDQVIHU SUHGLFWLYH VDPSOLQJ
�ࣩ ��� ࢿ ����� WKDQ SULRU SUHGLFWLYH VDPSOLQJ �ࣩ ���� ࢿ ��� &RPSDUHG WR WKDW� ZKHQ SUHGLFWLQJ IRU
WKH XQSHUWXUEHG FRQGLWLRQ WKDW ZDV LQFOXGHG LQ WKH GDWD GXULQJ WUDLQLQJ� WKH SULRU SUHGLFWLYH VDPSOLQJ
�ࣩ ��� ࢿ ����� RXWSHUIRUPV WKH SUHGLFWLYH WUDQVIHU VDPSOLQJ �ࣩ ��� ࢿ ����� VHH 7DEOH %��� 7KXV� RQO\
WUDQVIHU SUHGLFWLYH VDPSOLQJ LV VXLWDEOH IRU SUHGLFWLQJ WKH JHQH H[SUHVVLRQ UHVSRQVHV IRU QHZ DGMXYDQWV�

)LJXUH ��� VKRZV QR UHPDUNDEOH GLIIHUHQFH DFURVV SRSXODWLRQV RU PRGHOV ZKHQ SHUIRUPLQJ 22'
SUHGLFWLRQ� 0RUH VSHFLILFDOO\� WKH GLIIHUHQFH EHWZHHQ FRUUHODWLRQ PHDQV IRU HDFK SRSXODWLRQ JURXS LV DW
PRVW ���� IRU SULRU DQG WUDQVIHU SUHGLFWLYH VDPSOLQJ� )URP WKH UHVXOWV� ZH FDQ QRW FRQFOXGH ZKHWKHU WKH
JHQHUDOL]DWLRQ DFURVV $IULFDQ SRSXODWLRQ JURXSV �'. DQG 57� LV EHWWHU WKDQ WKH (XURSHDQ SRSXODWLRQ
JURXS �/'��

/DVWO\� )LJXUH ��� VKRZV WKDW ZKLOH VF9, VOLJKWO\ RXWSHUIRUPV WRWDO9, DQG FHOO309, IRU WUDQVIHU SUHGLF�
WLYH VDPSOLQJ� LW SHUIRUPV HTXLYDOHQW IRU WKH SULRU SUHGLFWLYH VDPSOLQJ� 7KDW PHDQV WKDW VLQJOH�PRGDOLW\
GDWD LV VXIILFLHQW IRU SUHGLFWLQJ JHQH H[SUHVVLRQ YDOXHV�

)LJXUH ���� %R[SORW VKRZLQJ WKH FRUUHODWLRQ PHDQ EHWZHHQ WKH WUXH DQG SULRU DQG WUDQVIHU SUHGLFWLYH VDPSOHG JHQH
H[SUHVVLRQ IRU WKH 22' SHUWXUEHG SRSXODWLRQ JURXSV �WUDLQLQJ VFHQDULR ��� 7KH FRUUHODWLRQ PHDQ LV FDOFXODWHG DFURVV
DOO FHOOV ZLWK WKH VDPH SRSXODWLRQ JURXS� HLWKHU '.� /' RU 57� DQG DGMXYDQW� 3, �� GDWD SRLQWV SHU PRGHO�� )RU HDFK OHIW RXW
SRSXODWLRQ JURXS WKH FRUUHODWLRQ PHDQ RI HYHU\ PRGHO �VF9,� OHIW� WRWDO9,� PLGGOH� FHOO309,� ULJKW� LV VKRZQ� 6XEILJXUH �D� VKRZV
WKH FRUUHODWLRQ PHDQ IRU WKH SULRU SUHGLFWLYH VDPSOLQJ DQG �E� IRU WUDQVIHU SUHGLFWLYH VDPSOLQJ�

FHOO309, RXWSHUIRUPV WRWDO9, IRU SURWHLQ PHDVXUHPHQW SUHGLFWLRQ
7KH PXOWL�PRGDOLW\ PRGHOV� WRWDO9, DQG FHOO390,� DUH DGGLWLRQDOO\ FRPSDUHG RQ WKHLU SURWHLQ H[SUHVVLRQ
SUHGLFWLRQ SHUIRUPDQFH XVLQJ WUDLQLQJ VFHQDULR �� )LJXUH ��� VKRZV WKH DYHUDJH FRUUHODWLRQ PHDQ
YDOXHV IRU WKH UHFRQVWUXFWLRQ RI SURWHLQ PHDVXUHPHQWV IRU WKH SULRU DQG WUDQVIHU SUHGLFWLYH GLVWULEXWLRQ
�VHH 6XSSOHPHQWDU\ 7DEOH %��� IRU H[DFW YDOXHV��

)LJXUH ��� VKRZV WKDW FHOO309, FOHDUO\ SUHGLFWV WKH SURWHLQ PHDVXUHPHQWV EHWWHU WKDQ WRWDO9, IRU
ERWK� SULRU DQG WUDQVIHU SUHGLFWLYH VDPSOLQJ� 7KH FRUUHODWLRQ PHDQ DYHUDJH IRU FHOO309, �ࣩ ���� LV
DOPRVW IRXU WLPHV DV PXFK DV IRU 7RWDO9, �ࣩ ������ &RPSDUHG WR WKH JHQH H[SUHVVLRQ SUHGLFWLRQ �6HFWLRQ
����� WKHUH LV QR VLJQLILFDQW GLIIHUHQFH EHWZHHQ WKH SUHGLFWLRQ TXDOLW\ RI SULRU DQG WUDQVIHU SUHGLFWLYH
VDPSOLQJ� $GGLWLRQDOO\� WKH FRUUHODWLRQ PHDQ GLIIHUHQFH EHWZHHQ WKH QRQ�22' �PHGLXP� DQG 22'
SUHGLFWLRQ �3,� VFHQDULR LV QRW DV ODUJH DV IRU WKH JHQH H[SUHVVLRQ� 0RVW LQWHUHVWLQJO\� WKH FRUUHODWLRQ
PHDQ IRU WKH 22' LV VOLJKWO\ ODUJHU WKDQ IRU WKH QRQ�22' SUHGLFWLRQ� /DVWO\� WKHUH LV QR QRWLFHDEOH
GLIIHUHQFH LQ WKH UHFRQVWUXFWLRQ TXDOLW\ DFURVV SRSXODWLRQV� HTXLYDOHQW WR ZKDW KDV EHHQ REVHUYHG IRU
WKH JHQH H[SUHVVLRQ SUHGLFWLRQ �)LJXUH ����� $JDLQ D VLPLODU WUHQG FDQ EH REVHUYHG IRU WKH FRUUHODWLRQ
YDULDQFH�

3UHGLFWLQJ H[SUHVVLRQ UDQNV LV EHWWHU WKDQ FRXQW SUHGLFWLRQ
,Q WKLV VHFWLRQ ZH DUH LQWHUHVWHG LQ LQYHVWLJDWLQJ WKH JHQH�WR�JHQH FRUUHODWLRQ EHWZHHQ WKH SUHGLFWHG
DQG RULJLQDO H[SUHVVLRQ LQVWHDG RI FRPSDULQJ WKH FRUUHODWLRQ PHDQ RI FRQGLWLRQV� :H DUH SUHGLFWLQJ



�� �� 5HVXOWV
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)LJXUH ���� %R[SORW VKRZLQJ WKH FRUUHODWLRQ PHDQ EHWZHHQ WKH WUXH DQG SULRU DQG WUDQVIHU SUHGLFWLYH VDPSOHG SURWHLQ
H[SUHVVLRQ IRU WKH 22' SHUWXUEHG SRSXODWLRQ JURXSV �WUDLQLQJ VFHQDULR ��� 7KH FRUUHODWLRQ PHDQ LV FDOFXODWHG DFURVV DOO
FHOOV ZLWK WKH VDPH SRSXODWLRQ JURXS� HLWKHU '.� /' RU 57� DQG DGMXYDQW� 3, �� GDWD SRLQWV�� )RU HDFK OHIW RXW SRSXODWLRQ JURXS
WKH FRUUHODWLRQ PHDQ RI HYHU\ PRGHO �VF9,� OHIW� WRWDO9,� PLGGOH� FHOO309,� ULJKW� LV VKRZQ� 6XEILJXUH �D� VKRZV WKH FRUUHODWLRQ
PHDQ IRU WKH SULRU SUHGLFWLYH VDPSOLQJ DQG �E� IRU WUDQVIHU SUHGLFWLYH VDPSOLQJ�

WKH SHUWXUEHG JHQH H[SUHVVLRQ YDOXHV ZLWK FHOO309, XVLQJ WUDQVIHU SUHGLFWLYH VDPSOLQJ DQG WKH WUDLQLQJ
VFHQDULR ZLWK SRSXODWLRQ JURXS /' H[FOXGHG EHFDXVH WKLV KDV SHUIRUPHG EHVW IRU H[WUDSRODWLRQ RI QHZ
DGMXYDQWV�

:KHQ SORWWLQJ WKH FRUUHODWLRQ YDOXHV RI RULJLQDO DQG UHFRQVWUXFWHG DJDLQVW HDFK RWKHU ZH REVHUYHG
WKDW WKHUH LV RQH RXWOLHU ZLWK DOPRVW WKUHH WLPHV DV KLJK H[SUHVVLRQ YDOXH FRPSDUHG WR WKH RWKHU JHQHV�
7KH JHQHV WKDW DUH VDPSOHG WRR KLJKO\ DUH HLWKHU 0$/$7� RU )7+�� %HFDXVH WKH JHQHV KDYH D KLJKHU
FRXQW WKDQ WKH RWKHU JHQHV FHOO309, VHHPV WR RYHUUHSUHVHQW WKHP DV ZHOO LQ WKH PRGHOOLQJ SURFHVV� ,Q
)LJXUH ���E WKH JHQHV 0$/$7� RU )7+� WR SURYLGH D EHWWHU RYHUYLHZ RI WKH RWKHU JHQHV�

)LJXUH ���D VKRZV WKDW WKH KLJKHU WKH RULJLQDO FRXQW YDOXH LV WKH PRUH WKH YDOXH RI WKH SUHGLFWHG
JHQH H[SUHVVLRQ JHWV RYHUHVWLPDWHG� :KLOH WKH SUHGLFWLRQ RI WKH H[DFW YDOXH VHHPV WR JHW KDUGHU ZLWK
KLJKHU H[SUHVVHG JHQHV� )LJXUH ���E VKRZV WKDW WKH UDQN JHWV HTXDOO\ ZHOO SUHGLFWHG DFURVV DOO JHQH
H[SUHVVLRQ VL]HV� 7KXV� FHOO309, HVWLPDWHV WKH JHQH H[SUHVVLRQ UDQNV EHWWHU WKDQ WKH DFWXDOO JHQH
H[SUHVVLRQ YDOXHV�

�D� �E�

)LJXUH ���� &RUUHODWLRQ EHWZHHQ SUHGLFWHG DQG RULJLQDO JHQH H[SUHVVLRQ YDOXHV DQG UDQNV �7UDLQLQJ VFHQDULR ��� 7KH
SUHGLFWHG SHUWXUEHG YDOXHV DUH HLWKHU WUDQVIHU SUHGLFWLYH VDPSOHG IURP WKH WUDLQLQJ SRSXODWLRQ JURXS ZLWK /' H[FOXGHG� 7KH OHIW
SORW VKRZV WKH FRUUHODWLRQ RI WKH JHQH H[SUHVVLRQ YDOXHV �D� DQG WKH ULJKW WKH JHQH H[SUHVVLRQ UDQNV �E��



���� FHOO309, LV VXLWHG IRU SUHGLFWLQJ SURWHLQ PHDVXUHPHQWV DQG WUDQVFULSWRPH GDWD ��

7DEOH ���� &RPPRQ KLJKO\ YDULDEOH JHQH �IURP ����� IRU WUDQVIHU SUHGLFWLYH VDPSOLQJ ZLWK OHIW RXW /' SRSXODWLRQ JURXS�

$GMXYDQW '. /' 57
PHGLXP ��� ��� ���
3, ��� ��� ���

22' SUHGLFWLRQ RI 51$ H[SUHVVLRQ GRHV QRW ZRUN IRU QRYHO SRSXODWLRQ JURXSV
7KH HYDOXDWLRQ RI WKH PRGHOV IRU H[WUDSRODWLRQ WR DGMXYDQWV VKRZV WKDW WUDQVIHU SUHGLFWLYH VDPSOLQJ
LV EHVW VXLWHG IRU 22' SUHGLFWLRQ DQG WKDW FHOO309, RXWSHUIRUPV WKH RWKHU PRGHOV� ,Q DGGLWLRQ WR WKH
H[WUDSRODWLRQ WR DGMXYDQWV WKH 22' SUHGLFWLRQ SHUIRUPDQFH LV HYDOXDWHG RQ WKH DELOLW\ WR H[WUDSRODWH WR
QRYHO SRSXODWLRQ JURXSV� )RU WKH 22' SUHGLFWLRQ HYDOXDWLRQ IRU QRYHO SRSXODWLRQ JURXSV ZH WUDLQHG WKH
PRGHOV ZLWK WKH WUDLQLQJ VHW H[FOXGLQJ RQH SRSXODWLRQ JURXS DW D WLPH� 7R EH DEOH WR SHUIRUP SUHGLFWLRQ
IRU QHZ SRSXODWLRQ JURXSV WKH SRSXODWLRQ JURXSV DUH QRW LQFOXGHG DV FDWHJRULFDO FRYDULDWHV� ,QVWHDG
WKH PRGHOV DUH WUDLQHG ZLWK FDWHJRULFDO FRYDULDWHV� �� DGMXYDQW DQG FHOO W\SH DQG �� RQO\ DGMXYDQW� 7KH
)LJXUHV LQ WKLV UHSRUW VKRZ WKH UHVXOWV IRU WKH VHFRQG FRQGLWLRQLQJ� RQO\ RQ DGMXYDQWV� WR EH DEOH WR
FRPSDUH LW WR WKH SUHYLRXV UHVXOWV WKDW KDYH DOVR QRW EHHQ FRQGLWLRQHG RQ WKH FHOO W\SH� $IWHU WUDLQLQJ
WKH FRUUHODWLRQ PHDQ DQG YDULDQFH IRU WKH SUHGLFWLRQ RI WKH SHUWXUEHG JHQH DQG SURWHLQ H[SUHVVLRQ RI WKH
ZLWKKHOG SRSXODWLRQ JURXS DUH FDOFXODWHG� +HUH ZH VKRZ WKH FRUUHODWLRQ YDOXHV IURP SULRU DQG WUDQVIHU
SUHGLFWLYH VDPSOLQJ IRU FHOO309,�

)LJXUH ��� VKRZV WKH FRUUHODWLRQ PHDQ RI WKH SHUWXUEHG 51$ H[SUHVVLRQ IRU HDFK H[FOXGHG SRS�
XODWLRQ JURXS �VHH 6XSSOHPHQWDU\ 7DEOH %��� IRU WKH DYHUDJH FRUUHODWLRQ PHDQ YDOXHV RI DOO PRGHOV��
)LJXUH ��� VKRZV WKDW WKH SUHGLFWLRQ XVLQJ SULRU SUHGLFWLYH VDPSOLQJ LV KLJKHU WKDQ IRU WUDQVIHU SUHGLF�
WLYH VDPSOLQJ DQG WKDW WKH FRUUHODWLRQ PHDQ IRU /' LV KLJKHVW DQG IRU '. WKH ORZHVW IRU ERWK VDPSOLQJ
VFHQDULRV� 1RWH WKDW WKH FRUUHODWLRQ YDOXHV IRU PHGLXP DQG 3, FRQGLWLRQ DUH DSSUR[LPDWHO\ HTXLYDOHQW
�VHH 7DEOH %����� 7KDW PHDQV WKH PRGHO GRHV QRW VHHP WR OHDUQ D GLIIHUHQFH ZKHQ RQO\ FRQGLWLRQLQJ
RQ DGMXYDQWV� $V PHQWLRQHG EHIRUH ZH DOVR WUDLQHG WKH PRGHOV XVLQJ WZR FRQGLWLRQLQJ IDFWRUV� FHOO W\SH
DQG DGMXYDQW� :KHQ FRQGLWLRQLQJ RQ DGMXYDQW DQG FHOO W\SH WKH FRUUHODWLRQ PHDQ LV KLJKHU IRU ODUJHU
FHOO W\SHV VXFK DV % FHOOV �ࣩ ������ &'�7�ࣩ ������ DQG &'�7 �ࣩ ������ FHOOV� +RZHYHU� RYHUDOO WKH
FRUUHODWLRQ PHDQ IRU WKLV 22' SUHGLFWLRQ LV PXFK VPDOOHU WKDQ IRU WKH H[WUDSRODWLRQ WR QHZ DGMXYDQWV�
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)LJXUH ���� &RUUHODWLRQ PHDQ RI FHOO309, IRU JHQH H[SUHVVLRQ �WUDLQLQJ VFHQDULR ��� &RPSDULVRQ RI WKH FRUUHODWLRQ PHDQ
IRU HDFK H[FOXGHG SRSXODWLRQ JURXS JLYHQ D� SULRU SUHGLFWLYH VDPSOLQJ DQG E� WUDQVIHU SUHGLFWLYH VDPSOLQJ�

1H[W� )LJXUH ��� LOOXVWUDWHV ZKHWKHU H[WUDSRODWLRQ WR D SRSXODWLRQ JURXS FDQ LV EHWWHU WKDQ WR DQRWKHU
DQG LI SULRU RU WUDQVIHU SUHGLFWLYH VDPSOLQJ LV EHWWHU VXLWHG IRU WKLV 22' SUHGLFWLRQ� )LJXUH ��� VKRZV
KLJKHU FRUUHODWLRQ PHDQ YDOXHV DUH DFKLHYHG ZLWK SULRU SUHGLFWLYH VDPSOLQJ �ࣩ ������ %HVLGHV WKDW WKH
FRUUHODWLRQ PHDQV GLIIHU DW PRVW ���� DFURVV SRSXODWLRQ JURXSV� )XUWKHUPRUH� FHOO309, DFKLHYHV D
KLJKHU FRUUHODWLRQ PHDQ IRU WKH SUHGLFWLRQ RI SURWHLQ H[SUHVVLRQV FRPSDUHG WR WRWDO9, ��� ࢿ ���� 1RWH
WKDW WKHUH LV DJDLQ QR SHUIRUPDQFH GLIIHUHQFH EHWZHHQ WKH SUHGLFWLRQ RI SHUWXUEHG DQG XQSHUWXUEHG
H[SUHVVLRQV� 7KXV� WKH H[WUDSRODWLRQ RI QRYHO SRSXODWLRQ JURXSV SURWHLQ H[SUHVVLRQV LV SRVVLEOH ZLWK
FHOO309, XVLQJ SULRU SUHGLFWLYH VDPSOLQJ�
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)LJXUH ���� &RUUHODWLRQ PHDQ RI FHOO309, IRU SURWHLQ H[SUHVVLRQ �WUDLQLQJ VFHQDULR ��� &RPSDULVRQ RI WKH FRUUHODWLRQ PHDQ
IRU HDFK H[FOXGHG SRSXODWLRQ JURXS JLYHQ D� SULRU SUHGLFWLYH VDPSOLQJ DQG E� WUDQVIHU SUHGLFWLYH VDPSOLQJ�
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&XUUHQWO\� QR FRPSXWDWLRQDO PHWKRG FDQ SUHGLFW SHUWXUEDWLRQV IRU PXOWL�PRGDO VLQJOH�FHOO GDWD� 7KHUH�
IRUH� ZH GHVLJQHG FHOO309, WR PRGHO DQG SUHGLFW LPPXQH UHVSRQVHV DFURVV SRSXODWLRQV JLYHQ PXOWL�
PRGDO VLQJOH�FHOO GDWD� 0RUH VSHFLILFDOO\� WKH JRDO ZDV WR HYDOXDWH WKH SUHGLFWLRQ SHUIRUPDQFH RI FHOO3�
09, WR DQVZHU FRXQWHUIDFWXDO TXHVWLRQV DQG ZKHWKHU PXOWL�PRGDOLW\ LQIRUPDWLRQ LPSURYHV WKH PRGHOLQJ
FRPSDUHG WR VLQJOH�PRGDOLW\� FHOO309, ZDV HYDOXDWHG RQ &,7(�VHT GDWD WR SUHGLFW LPPXQH UHVSRQVHV
DFURVV SRSXODWLRQV� 7KH UHVXOWV VKRZ WKDW FHOO309, FDQ PRGHO DQG SUHGLFW SHUWXUEHG JHQH DQG SUR�
WHLQ FRXQWV� 1HYHUWKHOHVV� DQDO\VLV LQGLFDWHV WKDW LQIRUPDWLRQ DERXW D SRSXODWLRQ�VSHFLILF UHVSRQVH
LPSURYHV SUHGLFWLRQ SHUIRUPDQFH� ,Q WKLV VHFWLRQ� ZH ZLOO GLVFXVV VRPH RI WKH UHVXOWV LQ PRUH GHWDLO DQG
FRPSDUH RXU UHVXOWV WR UHODWHG UHVHDUFK�

���� 2XW�RI�GLVWULEXWLRQ SUHGLFWLRQ
7KH ILUVW IRFXV RI WKLV ZRUN ZDV WR LQYHVWLJDWH ZKHWKHU WKH PRGHOV FDQ SHUIRUP 22' SUHGLFWLRQ �4���
0RUH VSHFLILFDOO\� ZH FRQVLGHU WZR 22' SUHGLFWLRQ VFHQDULRV� HDFK UHSUHVHQWLQJ D GLIIHUHQW GHJUHH RI
JHQHUDOL]DWLRQ� �� H[WUDSRODWLRQ WR DGMXYDQWV DQG �� H[WUDSRODWLRQ WR QRYHO SRSXODWLRQ JURXSV�

7KH 22' SUHGLFWLRQ IRU WKH ILUVW VFHQDULR LV OHVV FRPSOH[ WKDQ IRU WKH VHFRQG VFHQDULR EHFDXVH WKH
WUDLQLQJ GDWD VHW LQFOXGHG DW OHDVW WKH XQSHUWXUEHG FRQGLWLRQV RI WKH SRSXODWLRQ JURXSV� )RU WKH ILUVW 22'
SUHGLFWLRQ VFHQDULR� FHOO309, FRXOG DFFXUDWHO\ SUHGLFW ERWK WKH JHQH H[SUHVVLRQ DQG SURWHLQ H[SUHVVLRQ
ZLWK WUDQVIHU SUHGLFWLYH VDPSOLQJ� +RZHYHU� FHOO309, IDLOHG WR SUHGLFW WKH PHDVXUHPHQWV ZLWK SULRU
SUHGLFWLYH VDPSOLQJ� 7KDW PHDQV� SUHGLFWLRQ LV LPSRVVLEOH ZLWKRXW DQ\ ODWHQW VSDFH LQIRUPDWLRQ DERXW
WKH WR�EH�SUHGLFWHG PHDVXUHPHQW�

:H FDQPDNH D VLPLODU REVHUYDWLRQ ZKHQ ORRNLQJ DW WKH UHVXOWV IRU WKH VHFRQG VLWXDWLRQ� H[WUDSRODWLRQ
WR QRYHO SRSXODWLRQ JURXSV� ,Q WKH VHFRQG 22' VFHQDULR� JHQH H[SUHVVLRQ SUHGLFWLRQ ZDV LPSRVVLEOH
IRU HLWKHU SULRU RU WUDQVIHU SUHGLFWLYH VDPSOLQJ� 7KLV FRQILUPV RXU SUHYLRXV VWDWHPHQW WKDW ODWHQW VSDFH
LQIRUPDWLRQ LV QHFHVVDU\ IRU SUHGLFWLRQ� *HQHUDOO\� LW LV D NQRZQ SUREOHP WKDW 22' SUHGLFWLRQ IRU HQWLUHO\
QHZ GDWD GLVWULEXWLRQ LV GLIILFXOW� 7KHUHIRUH� PDQ\ PRGHOV� VXFK DV &3$ >��@� IRFXV RQ 22' SUHGLFWLRQ
IRU WKH ILUVW DQG QRW WKH VHFRQG VFHQDULR� )RU H[DPSOH� &3$ SUHGLFWV GUXJ UHVSRQVHV IRU QHZ GRVDJHV
EXW QRW QHZ GUXJV� +RZHYHU� WKHUH LV QR FRPSDULVRQ EHWZHHQ WKH VXFFHVV RI 22' SUHGLFWLRQ IRU JHQHV
FRPSDUHG WR SURWHLQV� %\ ORRNLQJ LQWR WKH UHDVRQV IRU WKLV GLIIHUHQFH� RQH PLJKW EH DEOH WR LGHQWLI\ WKH
SUREOHP SRLQW DQG SRWHQWLDOO\ LPSURYH WKH JHQH H[SUHVVLRQ 22' SUHGLFWLRQ�

,QWHUHVWLQJO\� ZKLOH 22' SUHGLFWLRQ ZDV XQVXFFHVVIXO IRU JHQH H[SUHVVLRQ SUHGLFWLRQ� LW ZDV SRVVLEOH
WR SUHGLFW SURWHLQV� 7KH VXFFHVVIXO SUHGLFWLRQ RI SURWHLQV FRXOG EH GXH WR YDULRXV UHDVRQV� )RU H[DPSOH�
LW PLJKW EH WKDW SURWHLQ H[SUHVVLRQ UHVSRQVHV UHTXLUH OHVV FRPSOH[ GLVWULEXWLRQV EHFDXVH WKHUH DUH
IHZHU SURWHLQV ����� FRPSDUHG WR JHQHV �� ���� LQ WKH WUDLQLQJ GDWD� )XUWKHUPRUH� SURWHLQ GDWD LV PRUH
H[SUHVVLYH �OHVV VSDUVH�� ZKLFK FRXOG LPSURYH WKH PRGHOLQJ RI WKH GDWD DV WKH PDQ\ ]HUR FRXQWV LQ 51$
GDWD SURYLGH RQH RI WKH PDLQ GLIILFXOWLHV LQ VLQJOH�FHOO PRGHOLQJ� /DVWO\� SRSXODWLRQ JURXSV PLJKW KDYH
PRUH VLPLODU SURWHLQ H[SUHVVLRQV WKDQ JHQH H[SUHVVLRQV DQG� WKHUHIRUH� HDVLHU WR PRGHO� +RZHYHU�
D PRUH GHWDLOHG LQYHVWLJDWLRQ RI WKH 22' SUHGLFWLRQ IRU JHQHV FRPSDUHG WR SURWHLQV LV UHTXLUHG� %\
ORRNLQJ LQWR WKH UHDVRQV IRU WKLV GLIIHUHQFH� RQHPLJKW EH DEOH WR LGHQWLI\ WKH SUREOHP SRLQW DQG SRWHQWLDOO\
LPSURYH WKH JHQH H[SUHVVLRQ 22' SUHGLFWLRQ�

��
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���� 6LQJOH� YV PXOWL�PRGDOLW\ LQIRUPDWLRQ
7KH VHFRQG UHVHDUFK TXHVWLRQ �54 �� DGGUHVVHV WKH LPSDFW RI PXOWL�PRGDOLW\ LQIRUPDWLRQ RQ LPPXQH
UHVSRQVH PRGHOLQJ� 7R HYDOXDWH WKH LQIOXHQFH RI PXOWL�PRGDOLW\ LQIRUPDWLRQ� ZH FRPSDUH WKH PRGHOLQJ
TXDOLW\ RI WKH JHQH H[SUHVVLRQ GDWD DV WKLV FDQ EH PRGHOHG E\ ERWK WKH VLQJOH�PRGDOLW\ �VF9,� DQG PXOWL�
PRGDOLW\ �WRWDO9, DQG FHOO309,� PRGHOV� :H K\SRWKHVL]H WKDW LPPXQH UHVSRQVH PRGHOLQJ LV EHWWHU IRU
PXOWL�PRGDOLW\ PRGHOV WKDQ VLQJOH�PRGDOLW\ PRGHOV �+�� EHFDXVH WKH SURWHRPLFV GDWD DGGV LQIRUPDWLRQ
XQDYDLODEOH IURP WUDQVFULSWRPLF PHDVXUHPHQWV DORQH�

7KH UHVXOWV LQGLFDWH WKDW VF9,� WRWDO9, DQG FHOO309, PRGHO WKH JHQH H[SUHVVLRQ UHVSRQVHV HTXDOO\
ZHOO� JLYHQ SRVWHULRU SUHGLFWLYH VDPSOLQJ �)LJXUH ���� &���� 7KLV LV LQ OLQH ZLWK UHVXOWV UHSRUWHG LQ >�@
ZKHUH WKH SRVWHULRU SUHGLFWLYH VDPSOLQJ UHVXOWV LQ D UHODWLYH ORJ�OLNHOLKRRG IRU 51$ GDWD IRU ERWK WRWDO9,
DQG VF9,� %HFDXVH RI WKH DOUHDG\ KLJK SUHGLFWLRQ SHUIRUPDQFH IRU JHQH H[SUHVVLRQ PHDVXUHPHQWV� LW
LV XQFOHDU ZKHWKHU WKH SUHGLFWLRQ EHQHILWV IURP DGGLWLRQDO PRGDOLW\ LQIRUPDWLRQ� VXFK DV SURWHLQ GDWD�
7KHUHIRUH� ZH FXUUHQWO\ GR QRW KDYH HQRXJK HYLGHQFH WR UHMHFW RU DFFHSW RXU K\SRWKHVLV DERXW WKH
DGGHG YDOXH RI PXOWL�PRGDO GDWD �+��� )XUWKHU H[SHULPHQWV FRXOG KHOS WR XQGHUVWDQG WKH LQIOXHQFH RI
PXOWL�PRGDO GDWD RQ WKH PRGHO SUHGLFWLRQ� )RU H[DPSOH� RQH FRXOG LQWURGXFH QRLVH WR WKH 51$ GDWDVHW�
L�H�� E\ UHPRYLQJ D JHQH IURP WKH 51$ GDWD DQG VKXIIOLQJ WKH GDWD� DQG WKHQ SUHGLFW WKH H[SUHVVLRQ ZLWK
DQG ZLWKRXW WKH LQIRUPDWLRQ RI SURWHLQ GDWD� ,I WKH SURWHLQ GDWD VXSSRUWV 51$ H[SUHVVLRQ SUHGLFWLRQ�
WKHQ WKH SUHGLFWLRQ TXDOLW\ VKRXOG EH KLJKHU ZLWK WKH SURWHLQ GDWD�

$OWKRXJK ZH FDQ QRW SURYLGH FOHDU HYLGHQFH WKDW PXOWL�PRGDO GDWD EHQHILWV WKH SUHGLFWLRQ RI JHQH
H[SUHVVLRQ �+��� WKH DELOLW\ RI FHOO309, WR SUHGLFW SURWHLQ FRXQWV LQ FRQMXQFWLRQ ZLWK JHQH H[SUHVVLRQ LV
KLJKO\ YDOXDEOH� )RU H[DPSOH� FRQVLGHULQJ WKDW SURWHLQ PHDVXUHPHQWV DUH UHOHYDQW IRU DQQRWDWLRQ RI FHOO
W\SHV� ZKLFK LQIRUPDWLRQ LV XVHG WR WUDLQ DOO PRGHOV� WKH PXOWL�PRGDOLW\ PRGHOV SURYLGH WKH DGYDQWDJH
RI UHFRQVWUXFWLQJ WKHVH SURWHLQ FRXQWV IRU JHQH H[SUHVVLRQ DFURVV SRSXODWLRQV FRPSDUHG WR VLQJOH�
PRGDOLW\ PRGHOV�

���� 3URWHLQ PHDVXUHPHQWV
2XU UHVXOWV LOOXVWUDWH WKDW FHOO309, SUHGLFWV SURWHLQ FRXQWV PRUH DFFXUDWHO\ WKDQ JHQH H[SUHVVLRQV� 7KLV
REVHUYDWLRQ LV QRW VXUSULVLQJ EHFDXVH SURWHLQV DUH SUH�VHOHFWHG E\ WKHLU UHSUHVHQWDWLRQ RI WKH LPPXQH
HIIHFWV� 7KHUHIRUH� LW LV HDVLHU IRU WKH PRGHO WR VXPPDUL]H WKH IHDWXUHV LQ D ORZ�GLPHQVLRQDO VSDFH�

,QWHUHVWLQJO\� RXU UHVXOWV VKRZ WKDW WRWDO9, SHUIRUPV OHVV ZHOO DW SURWHLQ PRGHOLQJ WKDQ JHQH PRG�
HOOLQJ� :KHQ FRPSDULQJ RXU UHVXOWV ZLWK WKH RULJLQDO UHVXOWV IURP >�@ ZH VHH WKH VDPH REVHUYDWLRQ�
QDPHO\ WKDW JHQHV KDYH D KLJKHU SRVWHULRU SUHGLFWLYH PHDQ WKDQ SURWHLQV �([WHQGHG 'DWD )LJ� �D�E�G
LQ >�@�� 7KH LQIHULRU SHUIRUPDQFH RI WRWDO9, IRU SURWHLQ PRGHOLQJ FRPSDUHG WR JHQH PRGHOLQJ VXJJHVW
WKDW WRWDO9, FDQ QRW FDSWXUH WKH SURWHLQ IHDWXUHV DV ZHOO LQ WKH ODWHQW VSDFH DV WKH JHQH H[SUHVVLRQ
IHDWXUHV� 7KLV PLJKW LPSO\ WKDW WRWDO9, FDQ IDLOV WR FDSWXUH WKH GLVWLQFW UDQJH YDOXHV RI JHQH DQG SURWHLQ
H[SUHVVLRQ�

2Q WKH RWKHU KDQG� WKH FURVV�PRGDO SUHGLFWLRQ IURP SURWHLQ�SURWHLQ RU WUDQVFULSWRPH�SURWHLQ LQ >��@
VKRZV D VLPLODU KLJK FRUUHODWLRQ �)LJXUH �J LQ >��@� DV LQ RXU UHVXOWV IRU FHOO309,� +HQFH� WKH UHVXOWV
VXJJHVW WKDW WKH 0R( LQWHJUDWLRQ IURP 009$( >��@ KDV D EHWWHU ODWHQW VSDFH LQWHJUDWLRQ IRU PXOWL�
PRGDOLWLHV WKDQ WKH MRLQW SRVWHULRU PRGHOLQJ DSSURDFK LQ WRWDO9,�

���� /LEUDU\ VL]H
7KH OLEUDU\ VL]H DSSUR[LPDWHV WKH UHODWLYH VL]H RI D FHOO EHFDXVH WKH QXPEHU RI 51$ WUDQVFULSWV DQG
SURWHLQ PROHFXOHV VFDOHV ZLWK WKH VL]H RI D FHOO >��@� %RWK VF9, DQG WRWDO9,� XVH WKH OLEUDU\ VL]H IRU
VF51$�VHT GDWD PRGHOLQJ DV D QXLVDQFH IDFWRU UHIOHFWLQJ D FRPELQDWLRQ RI VHTXHQFLQJ GHSWK DQG FHOO
VL]H� +RZHYHU� >�@ KDYH GHFLGHG DJDLQVW WDNLQJ SURWHLQ OLEUDU\ VL]HV LQWR DFFRXQW EHFDXVH WKH\ EHOLHYH
WKDW WKH ELDVHG VDPSOLQJ SURFHGXUHV IRU SURWHLQV GR QRW DSSUR[LPDWH WKH UHODWLYH VL]H RI D FHOO� ,Q
FHOO309, ZH GHFLGHG WR PRGHO WKH OLEUDU\ VL]H IRU SURWHLQV EHFDXVH RI WKH VLJQLILFDQW FRQVHTXHQFH LW
KDG RQ WKH TXDOLW\ RI 51$ PRGHOLQJ UHSRUWHG LQ >��@ DQG FDQ EH REVHUYHG LQ )LJXUH ���D� &RQVLGHULQJ
WKH UHVXOWV IURP >�@ �6XSSOHPHQWDU\ )LJXUH �� LQ >�@� VKRZ WKDW WKH LPSDFW RI WKH SURWHLQ VL]H OLEUDU\
GLIIHUV SHU FHOO W\SH� PHDQLQJ WKDW WKH SURWHLQ OLEUDU\ VL]H YDOXH KDV PRUH LPSDFW RQ VRPH FHOO W\SHV
WKDQ RWKHUV� ,QYHVWLJDWLQJ ZKLFK FHOO W\SHV DUH PRVW DFFXUDWHO\ UHSUHVHQWHG IRU WKH SURWHLQ OLEUDU\ VL]H
FRXOG IXUWKHU LPSURYH WKH SUHGLFWLRQ RI SURWHLQ H[SUHVVLRQ LQ FHOO309,�



���� ,QWHUSUHWDELOLW\ ��

���� ,QWHUSUHWDELOLW\
&XUUHQWO\� FHOO309, LV PDLQO\ HYDOXDWHG RQ WKH TXDOLW\ RI WKH GHFRGHU RXWSXW� 7R LQFUHDVH WKH FRQILGHQFH
DERXW FHOO309,V SHUIRUPDQFH� L�H�� LQ DQVZHULQJ FRXQWHUIDFWXDO TXHVWLRQV� LW LV QHFHVVDU\ WR FRQVLGHU
ZKLFK XQGHUO\LQJ IHDWXUHV WKH PRGHO OHDUQV� +RZHYHU� D FRPPRQ SUREOHP ZLWK 9$(�EDVHG PRGHOV
LV WKHLU EODFN�ER[ EHKDYLRU� OLPLWLQJ WKH LQWHUSUHWDWLRQ RI WKH ODWHQW VSDFH� 7KH OLPLWHG LQWHUSUHWDWLRQ RI
WKH ODWHQW VSDFH PDNHV LW KDUG WR REVHUYH UHSUHVHQWHG IHDWXUHV LQ WKH ODWHQW VSDFH� &RQVHTXHQWO\�
WKH DELOLW\ WR XVH D PHWKRG¶V SDUDPHWHUV RU DSSO\ WKHP LQ IXUWKHU GRZQVWUHDP DQDO\VLV LV UHVWULFWHG�
,QFUHDVLQJ WKH LQWHUSUHWDELOLW\ RI WKH ODWHQW VSDFH LV HVVHQWLDO WR HQKDQFH WKH FRQILGHQFH LQ D PRGHO¶V
SHUIRUPDQFH DQG XVH LW WR GLUHFWO\ RU LQGLUHFWO\ DQVZHU TXHVWLRQV OLNH� µ:KLFK FHOO W\SH UHVSRQGV WKH
PRVW WR SHUWXUEDWLRQ"¶ RU µ:KLFK FHOO W\SH UHVSRQVHV YDU\ DFURVV SRSXODWLRQ JURXSV"¶ 7KXV� DQDO\]LQJ
WKH LQWHUSUHWDELOLW\ RI WKH ODWHQW VSDFH ZRXOG LQFUHDVH FRQILGHQFH LQ WKH SHUIRUPDQFH RI FHOO309,�

'LVHQWDQJOHPHQW LV RQH FRPPRQ ZD\ WR LPSURYH WKH ODWHQW VSDFH¶V LQWHUSUHWDELOLW\� ,Q D GLVHQWDQ�
JOHG ODWHQW VSDFH� D VLQJOH GLPHQVLRQ LV OLQNHG WR D VLQJOH JHQHUDWLYH IHDWXUH >��@� FHOO309, GLVHQWDQJOHV
ODWHQW IHDWXUHV E\ DSSUR[LPDWLQJ DQ LVRWURSLF *DXVVLDQ RU /DSODFH SULRU� %RWK SULRUV DUH LQYDULDQW WR
URWDWLRQ DQG WKHUHIRUH HQFRXUDJH WKH ODWHQW YDULDEOHV WR WDNH RQ D PHDQLQJIXO UHSUHVHQWDWLRQ >��@� )URP
WKH ORZ ./ GLYHUJHQFH RI FHOO309, �6XSSOHPHQWDU\ )LJXUH &��F� ZH FDQ DVVXPH WKDW WKH SULRU LV DS�
SUR[LPDWHG VXIILFLHQWO\ FORVH LQ WKH ODWHQW VSDFH VXJJHVWLQJ GLVHQWDQJOHG IHDWXUHV� 1HYHUWKHOHVV� WKH
SUREOHP UHPDLQV WKDW ZH GR QRW NQRZ ZKDW IHDWXUHV D ODWHQW GLPHQVLRQ UHSUHVHQWV� 8QGHUVWDQGLQJ
ZKLFK VRXUFHV RI YDULDWLRQ DUH GLVHQWDQJOHG LQ WKH ODWHQW VSDFH ZRXOG QRW RQO\ LPSURYH WKH WUXVW LQ
FHOO309, EXW DOVR PDNH LW HDVLHU WR SHUIRUP SUHGLFWLRQ WDVNV� $GGLWLRQDOO\� LW FRXOG KHOS XV OHDUQ PRUH
DERXW WKH XQGHUO\LQJ ELRORJ\ E\ FRPSDULQJ VKDUHG DQG SULYDWH IHDWXUHV EHWZHHQ WKH GRPDLQV�

���� %HQFKPDUNLQJ
$W WKH PRPHQW� WKHUH DUH QR PRGHOV WKDW SHUIRUP SHUWXUEDWLRQ SUHGLFWLRQ RQ PXOWL�PRGDOLW\ GDWD� 7KHUH
DUH� KRZHYHU� PRGHOV WKDW HLWKHU LQWHJUDWH PXOWL�PRGDOLWLHV �H�J� WRWDO9, >�@�� FURVV�SUHGLFW PRGDOLWLHV
�H�J� VF00 >��@� RU SUHGLFW SHUWXUEDWLRQV RQ VLQJOH�PRGDOLW\ GDWD �H�J� &3$ >��@� FKHP&3$ >��@��
+HQFH� DQ\ PRGHO UHTXLUHV DQ DGMXVWPHQW WR EH DGHTXDWH DV EHQFKPDUNLQJ PRGHO�

:H GHFLGHG WR EHQFKPDUN FHOO309, DJDLQVW WKH &9$( YHUVLRQV RI VF9, DQG WRWDO9, ZLWK QHZ LP�
SOHPHQWDWLRQV IRU WKH SULRU DQG WUDQVIHU SUHGLFWLYH VDPSOLQJ WR SUHGLFW XQVHHQ FHOO UHVSRQVHV� 1RWH
WKDW QHLWKHU RI WKHVH PRGHOV DUH RULJLQDOO\ PDGH IRU SUHGLFWLQJ XQVHHQ SHUWXUEDWLRQV� ZKLFK FRXOG EH D
SRWHQWLDO UHDVRQ IRU H�L� WRWDO9,V LQIHULRU SHUIRUPDQFH IRU SURWHLQ SUHGLFWLRQ� 1HYHUWKHOHVV� RXU UHVXOWV
VKRZ WKDW FHOO309, DOVR RXWSHUIRUPHG WRWDO9, IRU WKH SRVWHULRU SUHGLFWLYH VDPSOLQJ� D WDVN WRWDO9, ZDV
GHVLJQHG IRU�

:H DOVR FRQVLGHUHG EHQFKPDUNLQJ FHOO309, DJDLQVW WKH RWKHU PRGHOV PHQWLRQHG DERYH� &3$
VHHPHG PRVW SURPLVLQJ� EXW LW FDQ SUHGLFW UHVSRQVHV WR XQVHHQ GUXJ GRVDJHV UDWKHU WKDQ QHZ GUXJV�
7KLV UHVWULFWLRQ LV GXH WR WKH HPEHGGLQJV WKDW &3$ XVHV� ,I D GUXJ FRPELQDWLRQ ZDV QRW SUHVHQW GXU�
LQJ WUDLQLQJ� WKH PRGHO GLG QRW FUHDWH DQ HPEHGGLQJ IRU WKH FRPELQDWLRQ� KHQFH� LW FDQQRW SUHGLFW WKLV
FRPELQDWLRQ ODWHU RQ� &RQVHTXHQWO\� DGMXVWLQJ &3$ IRU EHQFKPDUNLQJ ZRXOG UHTXLUH PXOWL�PRGDOLW\ LQWH�
JUDWLRQ DQG FKDQJLQJ WKH HPEHGGLQJV WR DOORZ IRU XQVHHQ SHUWXUEDWLRQ SUHGLFLWLRQ� 1H[W� ZH FRQVLGHUHG
FKHP&3$� ZKLFK EXLOGV RQ WRS RI &3$� FKHP&3$ DLPV WR SUHGLFW XQVHHQ FRPSRXQGV� +RZHYHU� FKHP�
&3$ GRHV QRW LQWHJUDWH PXOWL�PRGDOLW\ GDWD� DQG LWV SXUSRVH RI HQFRGLQJ D GUXJ¶V PROHFXODU VWUXFWXUH LV
QRW UHTXLUHG IRU WKH JRDO RI WKLV ZRUN� )XUWKHUPRUH� VF00 LV DQ H[WHQVLRQ RI 009$( ZLWKRXW EHLQJ DEOH
WR PRGHO WKH VSHFLILF ELRORJLFDO IDFWRUV RI 51$ DQG SURWHLQ� &RQVLGHULQJ WKH OLEUDU\ VL]H¶V DGYDQWDJH
RQ WKH PRGHOLQJ SURFHVV DV GHVFULEHG LQ >��@ DQG VKRZQ LQ )LJXUH ��� ZH GHFLGHG WKDW EHQFKPDUNLQJ
DJDLQVW PRGHOV LQFOXGLQJ WKLV IDFWRU LV PRUH YDOXDEOH� 1HYHUWKHOHVV� LW ZRXOG EH LQWHUHVWLQJ WR VXSSRUW
WKH K\SRWKHVLV RI WKH OLEUDU\ VL]H E\ EHQFKPDUNLQJ FHOO309, DJDLQVW VF00�

���� /LPLWDWLRQV
7KH JHQHUDOL]DELOLW\ RI WKH UHVXOWV LV OLPLWHG EHFDXVH DOO H[SHULPHQWV DUH FRQGXFWHG ZLWK WKH VDPH
GDWDVHW �VHH 6HFWLRQ ����� 7KLV GDWDVHW KDV VRPH SLWIDOOV� )LUVW� WKH GDWDVHW LV UHODWLYHO\ VPDOO LQ WKDW
LW RQO\ LQFOXGHV WZR LQGLYLGXDOV IRU HDFK SRSXODWLRQ JURXS� 2XU UHVXOWV VXJJHVW WKDW WKH PRGHOLQJ DQG
SUHGLFWLRQ SHUIRUPDQFH ZRXOG LPSURYH ZLWK PRUH GDWD SRLQWV SHU SRSXODWLRQ JURXS� 6HFRQGO\� WKH GDWD
VHW LQFOXGHV RQO\ RQH SHUWXUEHG FRQGLWLRQ� 7UDLQLQJ ZLWK D GDWDVHW WKDW LQFOXGHV PRUH SHUWXUEDWLRQ
PHDVXUHPHQWV LV UHTXLUHG WR DQDO\]H WKH 22' SUHGLFWLRQ SHUIRUPDQFH EHWWHU� /DVWO\� DOO GDWD ZDV



�� �� 'LVFXVVLRQ

PHDVXUHG LQ RQH ODE� 7KDW PHDQV WKH PRGHO OHDUQV IURP KRPRJHQRXV GDWD� OLNHO\ QRW FRQWDLQLQJ EDWFK
HIIHFWV� 7HVWLQJ KRZ ZHOO WKH PRGHO FDQ JHQHUDOL]H SHUWXUEDWLRQV IURP D KHWHURJHQRXV GDWDVHW ZRXOG EH
LQWHUHVWLQJ IRU IXUWKHU YDOLGDWLRQ� ,I WKLV LV VXFFHVVIXO� WKHQ WKLV SURYLGHV DQ RSSRUWXQLW\ IRU WKH PRGHO WR
WUDLQ ZLWK PRUH GDWD� H�L� PRUH LQGLYLGXDOV SHU SRSXODWLRQ JURXS� $OWKRXJK WUDLQLQJ FHOO309, RQ D ODUJHU
GDWDVHW RU D FRPELQDWLRQ RI GLIIHUHQW GDWDVHWV ZRXOG LQFUHDVH WKH FRQILGHQFH LQ WKH PRGHO¶V SUHGLFWLRQ
SHUIRUPDQFH� WKH FXUUHQW UHVXOWV GR QRW VXJJHVW WKDW WKH PRGHO FDQ QRW GR WKDW�

:H SUHGLFW DOO 22' SUHGLFWLRQ VFHQDULRV IRU SRSXODWLRQ JURXS� LJQRULQJ LQGLYLGXDOV LQ WKH GDWD VHW�
7KDW PHDQV� ZH LPSOLFLWO\ DVVXPH WKDW LQGLYLGXDO GLIIHUHQFHV ZLWKLQ RQH SRSXODWLRQ JURXS DUH PRUH
GLPLQXWLYH WKDQ DFURVV SRSXODWLRQ JURXSV� ,GHDOO\� RQH VKRXOG DFFRXQW IRU LQGLYLGXDO GLIIHUHQFHV DV
ZHOO� +RZHYHU� LQ WKLV ZRUN� ZH GHFLGHG DJDLQVW PRGHOLQJ LQGLYLGXDO GLIIHUHQFHV GXH WR WKH ODFN RI LQ�
GLYLGXDO GDWD SRLQWV SHU SRSXODWLRQ JURXS� :KLOH WKLV DVVXPSWLRQ PLJKW LPSDFW WKH PRGHOLQJ� ZKLFK
ZRXOG LPSDFW WKH JHQHUDOL]DWLRQ� UHVHDUFK VXJJHVWV WKDW LPPXQH UHVSRQVHV YDU\ PRUH DFURVV SRSXOD�
WLRQV WKDQ ZLWKLQ�

/DVWO\� DOO PRGHOV XVH WKH VDPH K\SHUSDUDPHWHUV IRU DOO WUDLQLQJ VFHQDULRV �VHH 6HFWLRQ ����� 7KHVH
SDUDPHWHU YDOXHV DUH EDVHG RQ WKH VXJJHVWLRQV LQ >��@ DQG >�@� $OWKRXJK ZH VKRZ WKDW FHOO309, ILWV
WKH GDWD ZLWK WKHVH SDUDPHWHU YDOXHV� ZH EHOLHYH WKDW WKH PRGHO SHUIRUPDQFH FDQ EH IXUWKHU LPSURYHG
ZLWK D VSHFLILF K\SHUSDUDPHWHU VHOHFWLRQ� (VSHFLDOO\� WKH RSWLPL]DWLRQ RI ODWHQW GLPHQVLRQV VL]H FDQ EH
FULWLDO ZKHQ WUDLQLQJ 9$( EDVHG IUDPHZRUNV �>��@� >�@� >�@��



�
)XWXUH ZRUN

7KH H[SHULPHQWDO UHVXOWV DQG GLVFXVVLRQ LQ WKLV ZRUN VXJJHVW YDULRXV RSSRUWXQLWLHV IRU IXWXUH UHVHDUFK
LQ GLIIHUHQW GLUHFWLRQV� ,Q WKLV VHFWLRQ� ZH ZLOO SLFN XS VRPH RI WKHVH GLUHFWLRQV DQG SURSRVH VSHFLILF
DGMXVWPHQWV WKDW FRXOG OHDG WR LPSURYHPHQWV RU DGGLWLRQV WR FHOO309,�

���� /RVV IXQFWLRQ RI FHOO309,
$V GHVFULEHG LQ WKH PHWKRGV �6HFWLRQ ""�� FHOO309,ZDV LPSOHPHQWHG ZLWK WKH EDVLF (/%2 ORVV IXQFWLRQ
�(TXDWLRQ ����� +RZHYHU� >��@ VKRZ WKDW D PRUH DFFXUDWH MRLQW SRVWHULRU FDQ EH OHDUQHG XVLQJ WKH GRXEO\
UHSDUDPHWHUL]HG JUDGLHQW �'5H*� HVWLPDWRU� 7KH '5H* HVWLPDWRU >��@ RIIHUV D WLJKWHU ORZHU ERXQG
�ZLWK D ORZHU YDULDQFH JUDGLHQW HVWLPDWRU� FRPSDUHG WR WKH (/%2 ORVV XVHG LQ WKLV ZRUN� $Q LPSURYHG
ORZHU ERXQG HVWLPDWH PLJKW PDNH LW SRVVLEOH WR UHSUHVHQW WKH GLIIHUHQW XQGHUO\LQJ GLVWULEXWLRQV RI WKH
SRSXODWLRQ JURXSV EHWWHU�

���� &URVV JHQHUDWLRQ IRU 22' SUHGLFWLRQ
&XUUHQWO\� FHOO309,XVHV DQ H[SHUW IRU HDFK PRGDOLW\ WR SHUIRUP PXOWL�PRGDOLW\ SUHGLFWLRQ� 7KDW PHDQV
WKH MRLQW ODWHQW SRVWHULRU VSDFH FDSWXUHV VKDUHG DQG LQGLYLGXDO IHDWXUHV IURP 51$ DQG SURWHLQ PHDVXUH�
PHQWV� ,QVWHDG RI PRGHOLQJ WKH IHDWXUHV RI WKH 51$ DQG SURWHLQ PHDVXUHPHQWV� LW ZRXOG EH LQWHUHVWLQJ
WR FRQVLGHU PRGHOLQJ WKH SRSXODWLRQ JURXS�VSHFLILF UHVSRQVHV� 7R PRGHO SRSXODWLRQ� JURXS�VSHFLILF UH�
VSRQVHV FHOO309, ZRXOG XVH DQ HQFRGHU�GHFRGHU SDLU SHU SRSXODWLRQ JURXS LQVWHDG RI GDWD PRGDOLW\�
$Q H[SHUW SHU SRSXODLWRQ JURXS ZRXOG DOORZ FRQVLGHULQJ LQGLYLGXDO GLIIHUHQFHV DV ZH FRXOG ILW WKH LQGLYLG�
XDOV DV FRYDULDWHV� 7KH VLQJOH�FHOO LQSXW GDWD FRXOG HLWKHU EH FRQFDWHQDWHG �IROORZLQJ WRWDO9, DSSURDFK�
RU UHVWULFWHG WR RQH GDWD PRGDOLW\� VXFK DV 51$ PHDVXUHPHQWV� :KHQ SUHGLFWLQJ JHQH H[SUHVVLRQ
UHVSRQVHV� WKH ODWWHU ZRXOG EH VXIILFLHQW DV ZH KDYH VKRZQ WKDW UHFRQVWUXFWLRQ RI JHQH H[SUHVVLRQV
GRHV VHHP WR SHUIRUP HTXDOO\ ZHOO ZLWKRXW SURWHLQ LQIRUPDWLRQ� ,Q ERWK VLWXDWLRQV� WKH JRDO ZRXOG EH
WR PRGHO WKH VKDUHG DQG LQGLYLGXDO IHDWXUHV RI WKH SRSXODWLRQ JURXSV UDWKHU WKDQ WKH 51$ DQG SURWHLQ
PRGDOLWLHV� )ROORZLQJ WKLV DSSURDFK� FURVV�JHQHUDWLRQ FRXOG EH XVHG IRU 22' SUHGLFWLRQ RI SRSXODWLRQ
JURXS UHVSRQVHV�

���� 'LVHQWDQJOHPHQW
'LVHQWDQJOHPHQW LV HVVHQWLDO WR LQFUHDVH WKH WUXVW DQG SUHGLFWLRQ SHUIRUPDQFH RI FHOO309,� +HUH ZH
VXJJHVW WZR DSSURDFKHV WR LQFUHDVH GLVHQWDQJOHPHQW LQ WKH ODWHQW VSDFH�

EHWD�9$(
$ FRPPRQ ZD\ WR JLYH WKH OHDUQLQJ RI GLVHQWDQJOHG UHSUHVHQWDWLRQV PRUH ZHLJKW FDQ EH DFKLHYHG
E\ FKDQJLQJ WKH 9$( FRPSRQHQWV RI WKH FHOO309, PRGHO WR D ࿴�9$( >��@� ࿴�9$( >��@ XVHV WKH ࿴
K\SHUSDUDPHWHU LQ LWV ORVV IXQFWLRQ WR UHVWULFW WKH HQFRGLQJ FDSDFLW\ RI WKH ODWHQW VSDFH� ,Q WKDW ZD\� ࿴
HQFRXUDJHV WKH IDFWRUL]DWLRQ RI WKH ERWWOHQHFN� KHQFH� FRQWUROOLQJ WKH ODWHQW RYHUODS EHWZHHQ HDFK GDWD
SRLQW�

��



�� �� )XWXUH ZRUN

$GYHUVDULDO OHDUQLQJ
$QRWKHU ZD\ WR LPSURYH GLVHQWDQJOHPHQW LV WR IROORZ DQ DGYHUVDULDO DSSURDFK >��@� DV KDV EHHQ GRQH
LQ &3$ >��@� $GYHUVDULDO OHDUQLQJ PHWKRGV LQYROYH WZR QHWZRUNV� WKH JHQHUDWLYH QHWZRUN WULHV WR OHDUQ D
IHDWXUH PDS IURP WKH LQSXW GDWD LQ VXFK D ZD\ WKDW WKH GLVFULPLQDWLYH QHWZRUN FDQQRW SUHGLFW WKH GRPDLQ
W\SH JLYHQ WKH RXWSXW RI WKH JHQHUDWLYH QHWZRUN� ,Q WKDW ZD\� WKH JHQHUDWLYH QHWZRUN OHDUQV WR DOLJQ
GRPDLQ JDSV LQ WKH IHDWXUH OHYHO� :H VXJJHVW DGGLQJ D GLVFULPLQDWLYH QHWZRUN IRU HDFK FDWHJRULFDO
FRYDULDWH WR HQKDQFH WKH GLVHQWDQJOHPHQW RI IHDWXUHV DFURVV WKH FDWHJRULFDO FRYDULDWHV LQ WKH ODWHQW
VSDFH� %HVLGHV WKH LQFUHDVH LQ GLVHQWDQJOHPHQW� WKH DGYHUVDULDO ORVV RI HDFK GLVFULPLQDWLYH QHWZRUN
ZRXOG SURYLGH LQVLJKW LQWR WKH ODWHQW VSDFH GLVHQWDQJOHPHQW DQG KHQFH� LQFUHDVH WKH WUXVW LQ FHOO309,�

���� %LRORJLFDO UHOHYDQFH
FHOO309,ZDV GHVLJQHG WR H[WUDSRODWH LPPXQH UHVSRQVHV IURP SRSXODWLRQ JURXSV WR QRYHO DGMXYDQWV RU
SRSXODWLRQ JURXSV WR UHGXFH WKH QHHG IRU ODUJH�VFDOH VLQJOH�FHOO SHUWXUEDWLRQ H[SHULPHQWV� 7KH UHVXOWV
VKRZ WKDW WKH SUHGLFWLRQ RI SHUWXUEHG JHQH DQG SURWHLQ PHDVXUHPHQWV FDQ EH LQIHUUHG IURP RWKHU SRSX�
ODWLRQ JURXSV� JLYHQ WKH XQSHUWXUEHG PHDVXUHPHQWV� +HUH ZH ZDQW WR GLVFXVV VRPH UHDO�OLIH VFHQDULRV
LQ ZKLFK WKH PRGHO FRXOG EH XVHG�

$QQRWDWLRQ RI GDWD
FHOO309,LV EDVHG RQ WKH 009$( PRGHO� ZKLFK DOORZV IRU D FURVV�PRGDO JHQHUDWLRQ� *LYHQ WKH GDWD
IURP RQH PRGDOLW\� WKH PRGHO FDQ JHQHUDWH GDWD IURP D GLIIHUHQW PRGDOLW\� $ FURVV�PRGDO JHQHUDWLRQ
KDV QRW EHHQ LQ WKH VFRSH RI WKLV UHVHDUFK EXW FRXOG EH XVHG WR DQQRWDWH GDWD E\ SUHGLFWLQJ SURWHLQ
H[SUHVVLRQ IURP JHQH PHDVXUHPHQWV� )RU H[DPSOH� WR SUHGLFW SURWHLQ H[SUHVVLRQV RI FHOO SRSXODWLRQV
WKDW UHTXLUH WKH FRPELQDWLRQ RI SURWHLQ DQG WUDQVFULSWRPH GDWD �H�L� &'�� DQG &'��7� IRU DQQRWDWLRQ�

6SHHG XS DGMXYDQW GHYHORSPHQW
7HVWLQJ DGMXYDQWV LQ FOLQLFDO WULDOV IRU DSSURYDO FDQ WDNH XS WR \HDUV� &XUUHQW VXJJHVWLRQV WR VSHHG
XS WKH GHYHORSPHQW SLSHOLQH LV WR SURFHHG LQ VPDOO WULDOV VXFK WKDW XQVXFFHVVIXO DGMXYDQWV FDQ EH
HOLPLQDWHG HDUO\ RQ >��@� 0RGHOV� VXFK DV FHOO309,� WKDW FDQ SUHGLFW WKH UHVSRQVH RI DGMXYDQWV FDQ EH
XVHG WR VHW XS D K\SRWKHVLV DERXW WKH DGMXYDQW UHVSRQVHV LQ D QHZ SRSXODWLRQ JURXS DQG KHQFH� RIIHU
D SUHVHOHFWLRQ RI SRWHQWLDOO\ PRUH HIIHFWLYH DGMXYDQWV� 3UHVHOHFWLRQ LQFUHDVH WKH GHYHORSPHQW VSHHG RI
YDFFLQH DGMXYDQWV

2WKHU DSSOLFDWLRQ ILHOGV
,W VKRXOG DOVR EH LQYHVWLJDWHG ZKHWKHU FHOO309, FDQ SUHGLFW RWKHU SHUWXUEDWLRQ UHVSRQVHV� )RU H[DPSOH�
FDQ FHOO309,SUHGLFW UHVSRQVHV WR GUXJV RU HYHQ GUXJ FRPELQDWLRQV" %HVLGHV WKDW� FHOO309, VKRXOG
EH WHVWHG RQ PXOWL�PRGDOLW\ WKDW DUH QRW &,7(�VHT PHDVXUHPHQWV� )RU H[DPSOH� DQRWKHU WZR PRGDOLW\
GDWD FRPELQDWLRQ ZRXOG EH PXOWLRPH GDWD FRQWDLQLQJ WKH VLQJOH�FHOO $7$&�VHT �VF$7$&�VHT� DQG JHQH
H[SUHVVLRQ PHDVXUHPHQWV� 0RUHRYHU� SUHGLFWLRQ IRU PRUH WKDQ WZR�PRGDOLW\ GDWD ZRXOG EH LQWHUHVWLQJ�
2QH FRXOG FRPELQH 51$� SURWHLQ� DQG $7$& PHDVXUHPHQWV RU LQWHJUDWH VSDWLDO LQIRUPDWLRQ� 7KH ODWWHU
FRXOG LPSURYH WKH XQGHUVWDQGLQJ RI SHUWXUEDWLRQV DV WLVVXH IXQFWLRQV WKDW DUH VSDWLDOO\ FORVH WR HDFK
RWKHU PLJKW EH LPSDFWHG >��@�



�
&RQFOXVLRQ

7KLV UHVHDUFK DLPHG WR LQYHVWLJDWH KRZ ZHOO LPPXQH UHVSRQVHV DFURVV SRSXODWLRQV FDQ EH PRGHOOHG
ZLWK &,7(�VHT GDWD� $W WKH PRPHQW WKHUH DUH QR VLQJOH�FHOO PRGHOV WKDW FDQ FDSWXUH SHUWXUEDWLRQV IURP
PXOWL�PRGDOLW\ GDWD� 7KHUHIRUH� ZH SURSRVHG FHOO309, ZKLFK FRPELQHV VF9, ZLWK PL[WXUH�RI�H[SHUWV
LQWHJUDWLRQ RI WKH SRVWHULRU WR PRGHO LPPXQH UHVSRQVHV DFURVV SRSXODWLRQV� :H VKRZHG WKDW FHOO309,
ILWV WKH &,7(�VHT WKH EHVW ZLWKRXW DQ\ LQIRUPDWLRQ ORVV IRU HLWKHU PRGDOLW\� JHQH RU SURWHLQV� DQG WKDW
LW FDQ EH XVHG WR H[WUDSRODWH WR DGMXYDQW UHVSRQVHV DFURVV SRSXODWLRQ JURXSV ZLWK WUDQVIHU SUHGLFWLYH
VDPSOLQJ� 7R EHWWHU XQGHUVWDQG WKH SRWHQWLDOV RI FHOO309, LW LV LPSRUWDQW WR YDOLGDWH FHOO309, ZLWK PRUH
GDWD DQG HYDOXDWH WKH ODWHQW VSDFH GLVWULEXWLRQ�

��





"
6XSSOHPHQWDU\ PHWKRGV

$��� 6LQJOH�FHOO 51$ DQDO\VLV
3UHSURFHVVLQJ
7KH JHQH H[SUHVVLRQ GDWD ZDV PDSSHG ZLWK FHOOUDQJHU ����� WR *5&K�� KXPDQ JHQRPH UHIHUHQFH
���;�GLVWULEXWHG �����$ YHUVLRQ�� )HDWXUH UHIHUHQFH ZDV DOVR LQFOXGHG LQ WKH FHOOUDQJHU WR SURFHVV
)HDWXUH %DUFRGH GDWD� 'URSOHW FRQWDLQLQJ FHOOV ZHUH FDOOHG XVLQJ HPSW\'URSV IURP 'URSOHW8WLOV 5
SDFNDJH� /RZ�TXDOLW\ FHOOV ZHUH ILOWHUHG RXW XVLQJ DGDSWLYH WKUHVKROGV RI � PHGLDQ DEVROXWH GHYLDWLRQ
�0$'� IRU WKH QXPEHU RI 80,� QXPEHU RI JHQHV� DQG SURSRUWLRQ RI PLWRFKRQGULDO JHQHV� &HOO KDVKHV
ZHUH WKHQ GHPXOWLSOH[HG XVLQJ KDVKHG'URSV�

'DWD DQQRWDWLRQ
'DWD QRUPDOL]DWLRQ DQG SUHSURFHVVLQJ ZHUH SHUIRUPHG XVLQJ WKH 6HXUDW 9� ZRUNIORZ� *HQH H[SUHV�
VLRQ DQG $'7 GDWD ZHUH QRUPDOLVHG XVLQJ VFWUDQVIRUP Y� DQG GVE� UHVSHFWLYHO\� 7RS ����� KLJKO\
YDULDEOH JHQHV DQG DOO $'7 IHDWXUHV ZHUH XVHG LQ GLPHQVLRQDOLW\ UHGXFWLRQ XVLQJ 3&$� �� SULQFLSDO
FRPSRQHQWV IURP HDFK PRGDOLW\ ZDV XVHG DV LQSXW IRU PXOWL�PRGDO QHDUHVW QHLJKERU DQDO\VLV XVLQJ
)LQG0XOWL0RGDO1HLJKERUV� 7KH UHVXOWLQJ PXOWL�PRGDO JUDSK ZDV WKHQ XVHG IRU /RXYDLQ FOXVWHULQJ DQG
80$3 GLPHQVLRQDOLW\ UHGXFWLRQ� 7R DQQRWDWH FHOO SRSXODWLRQV� ZH SHUIRUPHG PDUNHU JHQH DQDO\VLV
XVLQJ WKH :LOFR[RQ WHVW DQG DOVR YLVXDOLVHG WKH H[SUHVVLRQ RI PDUNHU JHQH DQG $'7 IURP $]LPXWK¶V
+XPDQ 3%0& UHIHUHQFH GDWD� &HOOV ZHUH WKHQ DQQRWDWHG LQ GLIIHUHQW OHYHO RI GHWDLOV IROORZLQJ ERWK WKH
/� DQG /� FHOO W\SH DQQRWDWLRQ DV VKRZQ LQ $]LPXWK

��
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6XSSOHPHQWDU\ WDEOHV

%��� 'DWDVHW

7DEOH %��� 2YHUYLHZ RI GLIIHUHQWLDOO\ H[SUHVVHG JHQHV SUHVHQW LQ F]L GDWD EHIRUH DQG DIWHU SUHSURFHVVLQJ VWHS�

&HOO W\SH 'LIIHUHQWLDOO\ H[SUHVVHG JHQHV
%HIRUH SUHSURFHVVLQJ $IWHU SUHSURFHVVLQJ

% ���� ����
&'�7 ���� ����
&'�7 ���� ����
'& ���� ���
0RQRF\WH ���� ����
1. ���� ����
2WKHU7 ���� ����
3ODWHOHW ��� ��

7DEOH %��� 1XPEHU RI FHOOV SHU FRQGLWLRQ�

&HOO W\SH '. /' 57 7RWDO
PHGLXP 3, PHGLXP 3, PHGLXP 3, PHGLXP 3,

% ��� ��� ��� ��� ��� ��� ��� ���
&'�7 ���� ���� ���� ���� ���� ��� ���� ����
&'�7 ���� ���� ���� ��� ��� ��� ���� ����
'& ��� �� �� �� �� �� ��� ���
0RQRF\WH ��� ��� ��� ��� ��� �� ���� ���
1. ��� ��� ��� ��� ��� ��� ���� ����
2WKHU7 ���� ��� ��� ��� ��� �� ���� ���
3ODWHOHW �� �� �� �� �� �� ��� ��

���� ���� ���� ���� ���� ���� ����� �����
����� ����� ���� �����

��



�� %� 6XSSOHPHQWDU\ WDEOHV

%��� 7UDLQLQJ VFHQDULR �

7DEOH %��� 2YHUYLHZ RI WKH FDWHJRULFDO FRYDULDWH VHOHFWLRQ IRU HDFK UXQ LQ WUDLQLQJ VFHQDULR �� (DFK URZ LQGLFDWHV ZKLFK FDWHJRULFDO
FRYDULDWHV WKH UXQ ZDV FRQGLWLRQHG RQ� E\ ፗ�

5XQ &DWHJRULFDO FRYDULDWHV
3RSXODWLRQ JURXS $GMXYDQW &HOO W\SH

� ; ; ;
� ; ;
� ; ;
� ; ;

7DEOH %��� 51$ H[SUHVVLRQ SRVWHULRU SUHGLFWLYH VDPSOLQJ

VF9, 7RWDO9, 009,
&RUU PHDQ &RUU YDU &RUU PHDQ &RUU YDU &RUU PHDQ &RUU YDU

�� 3*� $'-� &7 $YHUDJH ���� ���� ���� ���� ���� ����
6WG ��� ���� ��� ���� ��� ���

�� 3*� &7 $YHUDJH ���� ���� ���� ���� ���� ����
6WG ���� ���� ���� ���� ���� ����

�� 3*� $'- $YHUDJH ���� ���� ���� ���� ���� ����
6WG � ���� � ���� � ����

�� &7� $'- $YHUDJH ���� ���� ���� ���� ���� ����
6WG ���� ���� ���� ���� ���� ����

7DEOH %��� 3URWHLQ H[SUHVVLRQ

7RWDO9, 009,
&RUU PHDQ &RUU YDU &RUU PHDQ &RUU YDU

�� 3*� $'-� &7 $YHUDJH ���� ����� ���� ����
6WG ���� ���� ���� ����

�� 3*� &7 $YHUDJH ���� ����� � ����
6WG ���� ���� � ����

�� 3*� $'- $YHUDJH ���� ����� � ����
6WG ���� ���� � �

�� &7� $'- $YHUDJH ���� ����� � ����
6WG ���� ���� � ����

7DEOH %��� &RUUHODWLRQ PHDQ IRU HDFK FRQGLWLRQ IURP WKH FDWHJRULFDO FRYDULDWHV �3RSXODWLRQ JURXS� $GMXYDQW� &HOO W\SH�� 3RVWHULRU
SUHGLFWLYH VDPSOLQJ KDV EHHQ XVHG IRU WKH DQDO\VLV� 9DOXHV VXSSRUWLQJ )LJXUH ""�

&RQGLWLRQ� &7 VF9, 7RWDO9, 009,
% ��� ��� ���
&'�7 ��� ��� ���
&'�7 ��� ��� ���
'& ��� ��� ���
0RQRF\WH ��� ��� ���
1. ��� ��� ���
2WKHU7 ��� ��� ���
3ODWHOHW ��� ��� ���

&RQGLWLRQ� $GMXYDQW VF9, 7RWDO9, 009,
PHGLXP ��� ��� ���
3, ��� ��� ���
&RQGLWLRQ�
3RSXODWLRQ JURXS VF9, 7RWDO9, 009,

HXURSHDQ ��� ��� ���
DIULFDQ�XUEDQ ��� ��� ���
DIULFDQ�UXUDO ��� ��� ���



%��� 7UDLQLQJ VFHQDULR � ��

7DEOH %��� /LEUDU\ VL]H YDOXHV�

/LEUDU\ VL]H VF9, 7RWDO9, 009,
0HDQ 9DU 0HDQ 9DU 0HDQ 9DU

� ���� ��� 1D1 1D1 ���� ����
� ���� ���� ���� ���� ���� ����
� ���� ���� ��� ���� ���� ����
� ���� ���� ����� ���� ���� ���
�� ���� ���� ���� ���� ���� ����

/LEUDU\ VL]H 009,
0HDQ 9DU

� ���� ����
� ���� ����
� ���� ����
� ���� ����
�� ���� ����

%��� 7UDLQLQJ VFHQDULR �
7DEOH %��� $OO UXQV IRU WUDLQLQJ VFHQDULR � ZLWK UXQ VHWWLQJ ኻ IURP 7DEOH %��� (YHU\ WLPH WKH SHUWXUEHG GDWDVHW RI D SRSXODWLRQ
JURXS LV H[FOXGHG�

5XQ ([FOXGHG GDWD VXEVHW
3RSXODWLRQ JURXS $GMXYDQW &HOO W\SH

�
/' 3,
'. 3,
57 3,

7DEOH %��� $YHUDJHG FRUUHODWLRQ PHDQ IRU WKH OHIW RXW SRSXODWLRQ JURXS

VF9, 7RWDO9, 009,
0HGLXP 3, 0HGLXP 3, 0HGLXP 3,

57
3RVWHULRU ���� 1D1 ���� 1D1 ���� 1D1
3ULRU ���� ���� ���� ���� ����� ����

7UDQVIHU ���� ���� ���� ��� ���� ����

'.
3RVWHULRU ���� 1D1 ���� 1D1 ���� 1D1
3ULRU ���� ����� ���� ��� ���� �����

7UDQVIHU ���� ���� ���� ���� ��� ���

/'
3RVWHULRU ���� 1D1 ���� 1D1 ���� 1D1
3ULRU ���� � ���� � ���� �

7UDQVIHU ���� ���� ���� ���� ���� ����

7DEOH %���� $YHUDJH FRUUHODWLRQ PHDQ RI SURWHLQ UHFRQVWUXFWLRQ IRU WUDLQLQJ VFHQDULR �� 7KH PRGHO ZDV WUDLQHG ZLWK FDWHJRULFDO
FRYDULDWHV SRSXODWLRQ JURXS DQG DGMXYDQW ZLWK GDWD H[FOXGLQJ WKH SHUWXUEHG LQGLYLGXDOV RI RQH SRSXODWLRQ JURXS DW D WLPH�

7RWDO9, 009,
0HGLXP 3, 0HGLXP 3,

57� 3, 3ULRU ��� ���� ��� ����
7UDQVIHU ���� ���� ���� ����

'.� 3, 3ULRU ���� ���� ���� ����
7UDQVIHU ���� ���� ���� ����

/'� 3, 3ULRU ���� ��� ���� ����
7UDQVIHU ���� ���� ��� ���

%��� 7UDLQLQJ VFHQDULR �



�� %� 6XSSOHPHQWDU\ WDEOHV

7DEOH %���� &RUUHODWLRQ PHDQ IRU HDFK H[FOXGHG SRSXODWLRQ JURXS IRU 51$ H[SUHVVLRQ

VF9, 7RWDO9, 009,
0HGLXP 3, 0HGLXP 3, 0HGLXP 3,

57 3ULRU ���� ���� ���� ���� ���� ����
7UDQVIHU ���� ���� ���� ���� ���� ����

'. 3ULRU ���� ���� ���� ���� ���� ����
7UDQVIHU ���� ���� ���� ���� ���� ����

/' 3ULRU ���� ���� ���� ���� ���� ����
7UDQVIHU ���� ���� ���� ���� ����� �����

7DEOH %���� &RUUHODWLRQ PHDQ IRU HDFK H[FOXGHG SRSXODWLRQ JURXS IRU SURWHLQ H[SUHVVLRQ

7RWDO9, 009,
0HGLXP 3, 0HGLXP 3,

57 3ULRU ���� ���� ���� ����
7UDQVIHU ���� ���� ���� ����

'. 3ULRU ���� ���� ���� ����
7UDQVIHU ���� ���� ���� ����

/' 3ULRU ���� ���� ���� ����
7UDQVIHU ���� ���� ���� ����
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6XSSOHPHQWDU\ )LJXUHV
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�� &� 6XSSOHPHQWDU\ )LJXUHV

&��� 'DWDVHW

�D� 3DWLHQW ,' FRORULQJ� %OXH  '.��� 2UDQJH  
'.��� *UHHQ  /'���� 5HG  /'���� 3XUSOH  
57��� %URZQ  57����

�E� &RQGLWLRQ FRORULQJ� %OXH  3,� 2UDQJH  
PHGLXP�

�F� *URXS FRORULQJ� %OXH  '.� 2UDQJH  /'�
*UHHQ  57�

�G� $QQRWDWLRQ /� FRORULQJ� �H� $QQRWDWLRQ /� FRORULQJ�

)LJXUH &��� 80$3 RI F]L GDWD IRU ILYH GLIIHUHQW FRORULQJ FRQGLWLRQV�



&��� 7UDLQLQJ VFHQDULR � ��

&��� 7UDLQLQJ VFHQDULR �

�D� �E� �F�

)LJXUH &��� )LQDO WUDLQLQJ DQG YDOLGDWLRQ ORVVHV IRU VF9,� WRWDO9, DQG 009,� /RVVHV IURP WUDLQLQJ VFHQDULR RQH� UXQ VHWWLQJ �
�7DEOH %���� 7KH ORVVHV YLVXDOL]HG DUH� D� (/%2 ORVV� E� 5HFRQVWUXFWLRQ ORVV DQG F� ./ GLYHUJHQFH�

�D� VF9, �E� 7RWDO9, �F� 009,

)LJXUH &��� &RPSDULVRQ RI WUDLQ DQG YDOLGDWLRQ (/%2 IRU DOO WKUHH PRGHOV� $OO PRGHOV KDYH EHHQ WUDLQHG XQGHU 7UDLQLQJ VFHQDULR
� ZLWK WKUHH FDWHJRULFDO FRYDULDWHV� SRSXODWLRQ JURXS� FHOO W\SH DQG DGMXYDQW�

�D� VF9, �E� 7RWDO9, �F� 009,

)LJXUH &��� &RPSDULVRQ RI WUDLQ DQG YDOLGDWLRQ 5/ IRU DOO WKUHH PRGHOV� $OO PRGHOV KDYH EHHQ WUDLQHG XQGHU 7UDLQLQJ VFHQDULR �
ZLWK WKUHH FDWHJRULFDO FRYDULDWHV� SRSXODWLRQ JURXS� FHOO W\SH DQG DGMXYDQW�



�� &� 6XSSOHPHQWDU\ )LJXUHV

�D� VF9, �E� 7RWDO9, �F� 009,

)LJXUH &��� &RPSDULVRQ RI WUDLQ DQG YDOLGDWLRQ ./ GLYHUJHQFH IRU DOO WKUHH PRGHOV� $OO PRGHOV KDYH EHHQ WUDLQHG XQGHU 7UDLQLQJ
VFHQDULR � ZLWK WKUHH FDWHJRULFDO FRYDULDWHV� SRSXODWLRQ JURXS� FHOO W\SH DQG DGMXYDQW�

�D� �E�

)LJXUH &��� %R[SORW VKRZLQJ WKH FRUUHODWLRQ YDULDQFH IRU SRVWHULRU SUHGLFWLYH VDPSOLQJ IRU HDFK PRGHO DFURVV IRXU UXQ
VHWWLQJ �WUDLQLQJ VFHQDULR ��� 7KH FRUUHODWLRQ YDULDQFH LV FDOFXODWHG DFURVV DOO FHOOV ZLWK WKH VDPH SRSXODWLRQ JURXS� FHOO W\SH
DQG DGMXYDQWV ��� GDWD SRLQWV�� 7KH FRUUHODWLRQ PHDQV DUH FOXVWHUHG SHU UXQ VHWWLQJV� (DFK UXQ VHWWLQJV GLIIHUV IURP HDFK RWKHU
LQ WKH QXPEHU RI FRYDULDWHV WKH PRGHO LV FRQGLWLRQHG RQ �7DEOH %���� 6XEILJXUH �D� VKRZV WKH FRUUHODWLRQ PHDQ IRU WKH 51$
H[SUHVVLRQ VDPSOLQJ DQG �E� IRU SURWHLQ H[SUHVVLRQ VDPSOLQJ�



%LEOLRJUDSK\
>�@ 'DYLG 0� %OHL� $OS .XFXNHOELU� DQG -RQ '� 0F$XOLIIH� ³9DULDWLRQDO ,QIHUHQFH� $ 5HYLHZ IRU 6WDWLV�

WLFLDQV´� ,Q� -RXUQDO RI WKH $PHULFDQ 6WDWLVWLFDO $VVRFLDWLRQ ������� �$SU� ������ SS� ���±����
GRL� ������������������������������ XUO� KWWSV���GRL�RUJ���������)���������
�������������

>�@ ;L &KHQ HW DO� ³,QIR*$1� ,QWHUSUHWDEOH 5HSUHVHQWDWLRQ /HDUQLQJ E\ ,QIRUPDWLRQ 0D[LPL]LQJ *HQ�
HUDWLYH $GYHUVDULDO 1HWV´� ,Q� �-XQH ������

>�@ &DUO 'RHUVFK� ³7XWRULDO RQ 9DULDWLRQDO $XWRHQFRGHUV´� ,Q� ������� GRL� ���������$5;,9������
������ XUO� KWWSV���DU[LY�RUJ�DEV������������

>�@ *|NFHQ (UDVODQ HW DO� ³6LQJOH�FHOO 51$�VHT GHQRLVLQJ XVLQJ D GHHS FRXQW DXWRHQFRGHU´� ,Q� 1D�
WXUH &RPPXQLFDWLRQV �� �-DQ� ������ S� ���� GRL� ��������V������������������

>�@ $OOLVRQ *DODVVLH DQG $QGUHZ /LQN� ³3URWHRPLF FRQWULEXWLRQV WR RXU XQGHUVWDQGLQJ RI YDFFLQH DQG
LPPXQH UHVSRQVHV´� ,Q� 3URWHRPLFV� &OLQLFDO DSSOLFDWLRQV � �'HF� ������ SS� ���±���� GRL� ���
�����SUFD�����������

>�@ $GDP *D\RVR HW DO� ³$ 3\WKRQ OLEUDU\ IRU SUREDELOLVWLF DQDO\VLV RI VLQJOH�FHOO RPLFV GDWD´� ,Q�
1DWXUH %LRWHFKQRORJ\ �)HE� ������ LVVQ� ���������� GRL� ��������V����������������Z�
XUO� KWWSV���GRL�RUJ���������V����������������Z�

>�@ $GDP *D\RVR HW DO� ³-RLQW SUREDELOLVWLF PRGHOLQJ RI VLQJOH�FHOO PXOWL�RPLF GDWD ZLWK WRWDO9,´� ,Q�
1DWXUH 0HWKRGV �� �0DU� ������ SS� �±��� GRL� ��������V����������������[�

>�@ $QGUHZ *HOPDQ� ;LDR�OL 0HQJ� DQG +DO 6WHUQ� ³3RVWHULRU 3UHGLFWLYH $VVHVVPHQW RI 0RGHO )LWQHVV
9LD 5HDOL]HG 'LVFUHSDQFLHV´� ,Q� 6WDW� 6LQ � �$SU� ������

>�@ <XKDQ +DR HW DO� ³,QWHJUDWHG DQDO\VLV RI PXOWLPRGDO VLQJOH�FHOO GDWD´� ,Q� &HOO ������ �������
����±�����H��� LVVQ� ���������� GRL� KWWSV���GRL�RUJ���������M�FHOO���������
���� XUO� KWWSV���ZZZ�VFLHQFHGLUHFW�FRP�VFLHQFH�DUWLFOH�SLL�6�����������������

>��@ /HRQ +HW]HO HW DO� ³3UHGLFWLQJ VLQJOH�FHOO SHUWXUEDWLRQ UHVSRQVHV IRU XQVHHQ GUXJV´� ,Q� �$SU�
������

>��@ ,ULQD +LJJLQV HW DO� ³EHWD�9$(� /HDUQLQJ %DVLF 9LVXDO &RQFHSWV ZLWK D &RQVWUDLQHG 9DULDWLRQDO
)UDPHZRUN´� ,Q� ,&/5� �����

>��@ <XJH -L HW DO� ³0DFKLQH OHDUQLQJ IRU SHUWXUEDWLRQDO VLQJOH�FHOO RPLFV´� ,Q� &HOO 6\VWHPV �� �-XQH
������ SS� ���±���� GRL� ��������M�FHOV�������������

>��@ 9LFWRULD -LDQJ HW DO� ³3HUIRUPDQFH RI URWDYLUXV YDFFLQHV LQ GHYHORSHG DQG GHYHORSLQJ FRXQWULHV´�
,Q� +XPDQ YDFFLQHV � �-XO\ ������ SS� ���±��� GRL� ��������KY�����������

>��@ 'LHGHULN .LQJPD DQG0D[:HOOLQJ� ³$Q ,QWURGXFWLRQ WR 9DULDWLRQDO $XWRHQFRGHUV´� ,Q� �-XQH ������
>��@ 'LHGHULN 3 .LQJPD DQG 0D[:HOOLQJ� ³$XWR�(QFRGLQJ 9DULDWLRQDO %D\HV´� ,Q� ������� DU;LY� �����

���� >VWDW�0/@�
>��@ 6RORPRQ .XOOEDFN DQG 5LFKDUG /HLEOHU� ³2Q ,QIRUPDWLRQ DQG 6XIILFLHQF\´� ,Q� $QQDOV RI 0DWKH�

PDWLFDO 6WDWLVWLFV �� �0DU� ������ SS� ��±��� GRL� ��������DRPV������������
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