
3UREDELOLVWLF 0DWUL[ )DFWRUL]DWLRQ

5XVODQ 6DODNKXWGLQRY DQG $QGUL\ 0QLK
'HSDUWPHQW RI &RPSXWHU 6FLHQFH� 8QLYHUVLW\ RI 7RURQWR

� .LQJ¶V &ROOHJH 5G� 0�6 �*�� &DQDGD
UVDODNKX�DPQLK #FV�WRURQWR�HGX

$EVWUDFW

0DQ\ H[LVWLQJ DSSURDFKHV WR FROODERUDWLYH ¿OWHULQJ FDQ QHLWKHU KDQGOH YHU\ ODUJH
GDWDVHWV QRU HDVLO\ GHDO ZLWK XVHUV ZKR KDYH YHU\ IHZ UDWLQJV� ,Q WKLV SDSHU ZH
SUHVHQW WKH 3UREDELOLVWLF 0DWUL[ )DFWRUL]DWLRQ �30)� PRGHO ZKLFK VFDOHV OLQHDUO\
ZLWK WKH QXPEHU RI REVHUYDWLRQV DQG� PRUH LPSRUWDQWO\� SHUIRUPV ZHOO RQ WKH
ODUJH� VSDUVH� DQG YHU\ LPEDODQFHG 1HWÀL[ GDWDVHW� :H IXUWKHU H[WHQG WKH 30)
PRGHO WR LQFOXGH DQ DGDSWLYH SULRU RQ WKH PRGHO SDUDPHWHUV DQG VKRZ KRZ WKH
PRGHO FDSDFLW\ FDQ EH FRQWUROOHG DXWRPDWLFDOO\� )LQDOO\� ZH LQWURGXFH D FRQ�
VWUDLQHG YHUVLRQ RI WKH 30) PRGHO WKDW LV EDVHG RQ WKH DVVXPSWLRQ WKDW XVHUV ZKR
KDYH UDWHG VLPLODU VHWV RI PRYLHV DUH OLNHO\ WR KDYH VLPLODU SUHIHUHQFHV� 7KH UHVXOW�
LQJ PRGHO LV DEOH WR JHQHUDOL]H FRQVLGHUDEO\ EHWWHU IRU XVHUV ZLWK YHU\ IHZ UDWLQJV�
:KHQ WKH SUHGLFWLRQV RI PXOWLSOH 30) PRGHOV DUH OLQHDUO\ FRPELQHG ZLWK WKH
SUHGLFWLRQV RI 5HVWULFWHG %ROW]PDQQ 0DFKLQHV PRGHOV� ZH DFKLHYH DQ HUURU UDWH
RI ������� WKDW LV QHDUO\ �� EHWWHU WKDQ WKH VFRUH RI 1HWÀL[¶V RZQ V\VWHP�

� ,QWURGXFWLRQ

2QH RI WKH PRVW SRSXODU DSSURDFKHV WR FROODERUDWLYH ¿OWHULQJ LV EDVHG RQ ORZ�GLPHQVLRQDO IDFWRU
PRGHOV� 7KH LGHD EHKLQG VXFK PRGHOV LV WKDW DWWLWXGHV RU SUHIHUHQFHV RI D XVHU DUH GHWHUPLQHG E\
D VPDOO QXPEHU RI XQREVHUYHG IDFWRUV� ,Q D OLQHDU IDFWRU PRGHO� D XVHU¶V SUHIHUHQFHV DUH PRGHOHG
E\ OLQHDUO\ FRPELQLQJ LWHP IDFWRU YHFWRUV XVLQJ XVHU�VSHFL¿F FRHI¿FLHQWV� )RU H[DPSOH� IRU XVHUV
DQG PRYLHV� WKH SUHIHUHQFHPDWUL[ LV JLYHQ E\ WKH SURGXFW RI DQ XVHU FRHI¿FLHQW
PDWUL[ DQG D IDFWRU PDWUL[ >�@� 7UDLQLQJ VXFK D PRGHO DPRXQWV WR ¿QGLQJ WKH EHVW
UDQN� DSSUR[LPDWLRQ WR WKH REVHUYHG WDUJHW PDWUL[ XQGHU WKH JLYHQ ORVV IXQFWLRQ�

$ YDULHW\ RI SUREDELOLVWLF IDFWRU�EDVHG PRGHOV KDV EHHQ SURSRVHG UHFHQWO\ >�� �� �@� $OO WKHVH PRGHOV
FDQ EH YLHZHG DV JUDSKLFDO PRGHOV LQ ZKLFK KLGGHQ IDFWRU YDULDEOHV KDYH GLUHFWHG FRQQHFWLRQV WR
YDULDEOHV WKDW UHSUHVHQW XVHU UDWLQJV� 7KH PDMRU GUDZEDFN RI VXFK PRGHOV LV WKDW H[DFW LQIHUHQFH LV
LQWUDFWDEOH >��@� ZKLFK PHDQV WKDW SRWHQWLDOO\ VORZ RU LQDFFXUDWH DSSUR[LPDWLRQV DUH UHTXLUHG IRU
FRPSXWLQJ WKH SRVWHULRU GLVWULEXWLRQ RYHU KLGGHQ IDFWRUV LQ VXFK PRGHOV�

/RZ�UDQN DSSUR[LPDWLRQV EDVHG RQ PLQLPL]LQJ WKH VXP�VTXDUHG GLVWDQFH FDQ EH IRXQG XVLQJ 6LQ�
JXODU 9DOXH 'HFRPSRVLWLRQ �69'�� 69' ¿QGV WKH PDWUL[ RI WKH JLYHQ UDQN ZKLFK PLQ�
LPL]HV WKH VXP�VTXDUHG GLVWDQFH WR WKH WDUJHW PDWUL[ � 6LQFH PRVW UHDO�ZRUOG GDWDVHWV DUH VSDUVH�
PRVW HQWULHV LQ ZLOO EH PLVVLQJ� ,Q WKRVH FDVHV� WKH VXP�VTXDUHG GLVWDQFH LV FRPSXWHG RQO\ IRU
WKH REVHUYHG HQWULHV RI WKH WDUJHW PDWUL[ � $V VKRZQ E\ >�@� WKLV VHHPLQJO\ PLQRU PRGL¿FDWLRQ
UHVXOWV LQ D GLI¿FXOW QRQ�FRQYH[ RSWLPL]DWLRQ SUREOHP ZKLFK FDQQRW EH VROYHG XVLQJ VWDQGDUG 69'
LPSOHPHQWDWLRQV�

,QVWHDG RI FRQVWUDLQLQJ WKH UDQN RI WKH DSSUR[LPDWLRQ PDWUL[ � L�H� WKH QXPEHU RI IDFWRUV�
>��@ SURSRVHG SHQDOL]LQJ WKH QRUPV RI DQG � /HDUQLQJ LQ WKLV PRGHO� KRZHYHU� UHTXLUHV VROY�
LQJ D VSDUVH VHPL�GH¿QLWH SURJUDP �6'3�� PDNLQJ WKLV DSSURDFK LQIHDVLEOH IRU GDWDVHWV FRQWDLQLQJ
PLOOLRQV RI REVHUYDWLRQV�

�
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)LJXUH �� 7KH OHIW SDQHO VKRZV WKH JUDSKLFDO PRGHO IRU 3UREDELOLVWLF 0DWUL[ )DFWRUL]DWLRQ �30)�� 7KH ULJKW
SDQHO VKRZV WKH JUDSKLFDO PRGHO IRU FRQVWUDLQHG 30)�

0DQ\ RI WKH FROODERUDWLYH ¿OWHULQJ DOJRULWKPV PHQWLRQHG DERYH KDYH EHHQ DSSOLHG WR PRGHOOLQJ
XVHU UDWLQJV RQ WKH 1HWÀL[ 3UL]H GDWDVHW WKDW FRQWDLQV ������� XVHUV� ������ PRYLHV� DQG RYHU ���
PLOOLRQ REVHUYDWLRQV �XVHU�PRYLH�UDWLQJ WULSOHV�� +RZHYHU� QRQH RI WKHVH PHWKRGV KDYH SURYHG WR
EH SDUWLFXODUO\ VXFFHVVIXO IRU WZR UHDVRQV� )LUVW� QRQH RI WKH DERYH�PHQWLRQHG DSSURDFKHV� H[FHSW
IRU WKH PDWUL[�IDFWRUL]DWLRQ�EDVHG RQHV� VFDOH ZHOO WR ODUJH GDWDVHWV� 6HFRQG� PRVW RI WKH H[LVWLQJ
DOJRULWKPV KDYH WURXEOHPDNLQJ DFFXUDWH SUHGLFWLRQV IRU XVHUV ZKR KDYH YHU\ IHZ UDWLQJV� $ FRPPRQ
SUDFWLFH LQ WKH FROODERUDWLYH ¿OWHULQJ FRPPXQLW\ LV WR UHPRYH DOO XVHUV ZLWK IHZHU WKDQ VRPHPLQLPDO
QXPEHU RI UDWLQJV� &RQVHTXHQWO\� WKH UHVXOWV UHSRUWHG RQ WKH VWDQGDUG GDWDVHWV� VXFK DV 0RYLH/HQV
DQG (DFK0RYLH� WKHQ VHHP LPSUHVVLYH EHFDXVH WKH PRVW GLI¿FXOW FDVHV KDYH EHHQ UHPRYHG� )RU
H[DPSOH� WKH 1HWÀL[ GDWDVHW LV YHU\ LPEDODQFHG� ZLWK ³LQIUHTXHQW´ XVHUV UDWLQJ OHVV WKDQ � PRYLHV�
ZKLOH ³IUHTXHQW´ XVHUV UDWLQJ RYHU ������ PRYLHV� +RZHYHU� VLQFH WKH VWDQGDUGL]HG WHVW VHW LQFOXGHV
WKH FRPSOHWH UDQJH RI XVHUV� WKH 1HWÀL[ GDWDVHW SURYLGHV D PXFK PRUH UHDOLVWLF DQG XVHIXO EHQFKPDUN
IRU FROODERUDWLYH ¿OWHULQJ DOJRULWKPV�

7KH JRDO RI WKLV SDSHU LV WR SUHVHQW SUREDELOLVWLF DOJRULWKPV WKDW VFDOH OLQHDUO\ ZLWK WKH QXPEHU RI
REVHUYDWLRQV DQG SHUIRUP ZHOO RQ YHU\ VSDUVH DQG LPEDODQFHG GDWDVHWV� VXFK DV WKH 1HWÀL[ GDWDVHW�
,Q 6HFWLRQ � ZH SUHVHQW WKH 3UREDELOLVWLF 0DWUL[ )DFWRUL]DWLRQ �30)� PRGHO WKDW PRGHOV WKH XVHU
SUHIHUHQFH PDWUL[ DV D SURGXFW RI WZR ORZHU�UDQN XVHU DQG PRYLH PDWULFHV� ,Q 6HFWLRQ �� ZH H[WHQG
WKH 30) PRGHO WR LQFOXGH DGDSWLYH SULRUV RYHU WKH PRYLH DQG XVHU IHDWXUH YHFWRUV DQG VKRZ KRZ
WKHVH SULRUV FDQ EH XVHG WR FRQWURO PRGHO FRPSOH[LW\ DXWRPDWLFDOO\� ,Q 6HFWLRQ � ZH LQWURGXFH D
FRQVWUDLQHG YHUVLRQ RI WKH 30) PRGHO WKDW LV EDVHG RQ WKH DVVXPSWLRQ WKDW XVHUV ZKR UDWH VLPLODU
VHWV RI PRYLHV KDYH VLPLODU SUHIHUHQFHV� ,Q 6HFWLRQ � ZH UHSRUW WKH H[SHULPHQWDO UHVXOWV WKDW VKRZ
WKDW 30) FRQVLGHUDEO\ RXWSHUIRUPV VWDQGDUG 69' PRGHOV� :H DOVR VKRZ WKDW FRQVWUDLQHG 30) DQG
30) ZLWK OHDUQDEOH SULRUV LPSURYH PRGHO SHUIRUPDQFH VLJQL¿FDQWO\� 2XU UHVXOWV GHPRQVWUDWH WKDW
FRQVWUDLQHG 30) LV HVSHFLDOO\ HIIHFWLYH DW PDNLQJ EHWWHU SUHGLFWLRQV IRU XVHUV ZLWK IHZ UDWLQJV�

� 3UREDELOLVWLF 0DWUL[ )DFWRUL]DWLRQ �30)�

6XSSRVH ZH KDYH PRYLHV� XVHUV� DQG LQWHJHU UDWLQJ YDOXHV IURP � WR �� /HW UHSUHVHQW
WKH UDWLQJ RI XVHU IRU PRYLH � DQG EH ODWHQW XVHU DQG PRYLH IHDWXUH
PDWULFHV� ZLWK FROXPQ YHFWRUV DQG UHSUHVHQWLQJ XVHU�VSHFL¿F DQG PRYLH�VSHFL¿F ODWHQW IHDWXUH
YHFWRUV UHVSHFWLYHO\� 6LQFH PRGHO SHUIRUPDQFH LV PHDVXUHG E\ FRPSXWLQJ WKH URRW PHDQ VTXDUHG
HUURU �506(� RQ WKH WHVW VHW ZH ¿UVW DGRSW D SUREDELOLVWLF OLQHDU PRGHO ZLWK *DXVVLDQ REVHUYDWLRQ
QRLVH �VHH ¿J� �� OHIW SDQHO�� :H GH¿QH WKH FRQGLWLRQDO GLVWULEXWLRQ RYHU WKH REVHUYHG UDWLQJV DV

���

ZKHUH LV WKH SUREDELOLW\ GHQVLW\ IXQFWLRQ RI WKH *DXVVLDQ GLVWULEXWLRQ ZLWK PHDQ DQG
YDULDQFH � DQG LV WKH LQGLFDWRU IXQFWLRQ WKDW LV HTXDO WR � LI XVHU UDWHG PRYLH DQG HTXDO WR

�5HDO�YDOXHG UDWLQJV FDQ EH KDQGOHG MXVW DV HDVLO\ E\ WKH PRGHOV GHVFULEHG LQ WKLV SDSHU�

�



� RWKHUZLVH� :H DOVR SODFH ]HUR�PHDQ VSKHULFDO *DXVVLDQ SULRUV >�� ��@ RQ XVHU DQG PRYLH IHDWXUH
YHFWRUV�

���

7KH ORJ RI WKH SRVWHULRU GLVWULEXWLRQ RYHU WKH XVHU DQG PRYLH IHDWXUHV LV JLYHQ E\

���

ZKHUH LV D FRQVWDQW WKDW GRHV QRW GHSHQG RQ WKH SDUDPHWHUV� 0D[LPL]LQJ WKH ORJ�SRVWHULRU RYHU
PRYLH DQG XVHU IHDWXUHV ZLWK K\SHUSDUDPHWHUV �L�H� WKH REVHUYDWLRQ QRLVH YDULDQFH DQG SULRU YDUL�
DQFHV� NHSW ¿[HG LV HTXLYDOHQW WR PLQLPL]LQJ WKH VXP�RI�VTXDUHG�HUURUV REMHFWLYH IXQFWLRQ ZLWK
TXDGUDWLF UHJXODUL]DWLRQ WHUPV�

���

ZKHUH � � DQG GHQRWHV WKH )UREHQLXV QRUP� $ ORFDO PLQLPXP
RI WKH REMHFWLYH IXQFWLRQ JLYHQ E\ (T� � FDQ EH IRXQG E\ SHUIRUPLQJ JUDGLHQW GHVFHQW LQ DQG �
1RWH WKDW WKLV PRGHO FDQ EH YLHZHG DV D SUREDELOLVWLF H[WHQVLRQ RI WKH 69' PRGHO� VLQFH LI DOO UDWLQJV
KDYH EHHQ REVHUYHG� WKH REMHFWLYH JLYHQ E\ (T� � UHGXFHV WR WKH 69' REMHFWLYH LQ WKH OLPLW RI SULRU
YDULDQFHV JRLQJ WR LQ¿QLW\�

,Q RXU H[SHULPHQWV� LQVWHDG RI XVLQJ D VLPSOH OLQHDU�*DXVVLDQ PRGHO� ZKLFK FDQ PDNH SUHGLFWLRQV
RXWVLGH RI WKH UDQJH RI YDOLG UDWLQJ YDOXHV� WKH GRW SURGXFW EHWZHHQ XVHU� DQG PRYLH�VSHFL¿F IHDWXUH
YHFWRUV LV SDVVHG WKURXJK WKH ORJLVWLF IXQFWLRQ � ZKLFK ERXQGV WKH UDQJH RI
SUHGLFWLRQV�

���

:H PDS WKH UDWLQJV WR WKH LQWHUYDO XVLQJ WKH IXQFWLRQ � VR
WKDW WKH UDQJH RI YDOLG UDWLQJ YDOXHV PDWFKHV WKH UDQJH RI SUHGLFWLRQV RXU PRGHO PDNHV� 0LQLPL]LQJ
WKH REMHFWLYH IXQFWLRQ JLYHQ DERYH XVLQJ VWHHSHVW GHVFHQW WDNHV WLPH OLQHDU LQ WKH QXPEHU RI REVHU�
YDWLRQV� $ VLPSOH LPSOHPHQWDWLRQ RI WKLV DOJRULWKP LQ 0DWODE DOORZV XV WR PDNH RQH VZHHS WKURXJK
WKH HQWLUH 1HWÀL[ GDWDVHW LQ OHVV WKDQ DQ KRXU ZKHQ WKH PRGHO EHLQJ WUDLQHG KDV �� IDFWRUV�

� $XWRPDWLF &RPSOH[LW\ &RQWURO IRU 30) 0RGHOV

&DSDFLW\ FRQWURO LV HVVHQWLDO WR PDNLQJ 30) PRGHOV JHQHUDOL]H ZHOO� *LYHQ VXI¿FLHQWO\ PDQ\ IDF�
WRUV� D 30) PRGHO FDQ DSSUR[LPDWH DQ\ JLYHQ PDWUL[ DUELWUDULO\ ZHOO� 7KH VLPSOHVW ZD\ WR FRQWURO
WKH FDSDFLW\ RI D 30) PRGHO LV E\ FKDQJLQJ WKH GLPHQVLRQDOLW\ RI IHDWXUH YHFWRUV� +RZHYHU� ZKHQ
WKH GDWDVHW LV XQEDODQFHG� L�H� WKH QXPEHU RI REVHUYDWLRQV GLIIHUV VLJQL¿FDQWO\ DPRQJ GLIIHUHQW URZV
RU FROXPQV� WKLV DSSURDFK IDLOV� VLQFH DQ\ VLQJOH QXPEHU RI IHDWXUH GLPHQVLRQV ZLOO EH WRR KLJK IRU
VRPH IHDWXUH YHFWRUV DQG WRR ORZ IRU RWKHUV� 5HJXODUL]DWLRQ SDUDPHWHUV VXFK DV DQG GH¿QHG
DERYH SURYLGH D PRUH ÀH[LEOH DSSURDFK WR UHJXODUL]DWLRQ� 3HUKDSV WKH VLPSOHVW ZD\ WR ¿QG VXLWDEOH
YDOXHV IRU WKHVH SDUDPHWHUV LV WR FRQVLGHU D VHW RI UHDVRQDEOH SDUDPHWHU YDOXHV� WUDLQ D PRGHO IRU HDFK
VHWWLQJ RI WKH SDUDPHWHUV LQ WKH VHW� DQG FKRRVH WKH PRGHO WKDW SHUIRUPV EHVW RQ WKH YDOLGDWLRQ VHW�
7KH PDLQ GUDZEDFN RI WKLV DSSURDFK LV WKDW LW LV FRPSXWDWLRQDOO\ H[SHQVLYH� VLQFH LQVWHDG RI WUDLQLQJ
D VLQJOH PRGHO ZH KDYH WR WUDLQ D PXOWLWXGH RI PRGHOV� :H ZLOO VKRZ WKDW WKH PHWKRG SURSRVHG E\
>�@� RULJLQDOO\ DSSOLHG WR QHXUDO QHWZRUNV� FDQ EH XVHG WR GHWHUPLQH VXLWDEOH YDOXHV IRU WKH UHJXODU�
L]DWLRQ SDUDPHWHUV RI D 30) PRGHO DXWRPDWLFDOO\ ZLWKRXW VLJQL¿FDQWO\ DIIHFWLQJ WKH WLPH QHHGHG WR
WUDLQ WKH PRGHO�

�



$V VKRZQ DERYH� WKH SUREOHPRI DSSUR[LPDWLQJ DPDWUL[ LQ WKH VHQVH E\ D SURGXFW RI WZR ORZ�UDQN
PDWULFHV WKDW DUH UHJXODUL]HG E\ SHQDOL]LQJ WKHLU )UREHQLXV QRUP FDQ EH YLHZHG DV 0$3 HVWLPDWLRQ
LQ D SUREDELOLVWLF PRGHO ZLWK VSKHULFDO *DXVVLDQ SULRUV RQ WKH URZV RI WKH ORZ�UDQN PDWULFHV� 7KH
FRPSOH[LW\ RI WKH PRGHO LV FRQWUROOHG E\ WKH K\SHUSDUDPHWHUV� WKH QRLVH YDULDQFH DQG WKH WKH
SDUDPHWHUV RI WKH SULRUV � DQG DERYH�� ,QWURGXFLQJ SULRUV IRU WKH K\SHUSDUDPHWHUV DQG PD[L�
PL]LQJ WKH ORJ�SRVWHULRU RI WKH PRGHO RYHU ERWK SDUDPHWHUV DQG K\SHUSDUDPHWHUV DV VXJJHVWHG LQ >�@
DOORZV PRGHO FRPSOH[LW\ WR EH FRQWUROOHG DXWRPDWLFDOO\ EDVHG RQ WKH WUDLQLQJ GDWD� 8VLQJ VSKHULFDO
SULRUV IRU XVHU DQG PRYLH IHDWXUH YHFWRUV LQ WKLV IUDPHZRUN OHDGV WR WKH VWDQGDUG IRUP RI 30) ZLWK

DQG FKRVHQ DXWRPDWLFDOO\� 7KLV DSSURDFK WR UHJXODUL]DWLRQ DOORZV XV WR XVH PHWKRGV WKDW
DUH PRUH VRSKLVWLFDWHG WKDQ WKH VLPSOH SHQDOL]DWLRQ RI WKH )UREHQLXV QRUP RI WKH IHDWXUH PDWULFHV�
)RU H[DPSOH� ZH FDQ XVH SULRUV ZLWK GLDJRQDO RU HYHQ IXOO FRYDULDQFH PDWULFHV DV ZHOO DV DGMXVWDEOH
PHDQV IRU WKH IHDWXUH YHFWRUV� 0L[WXUH RI *DXVVLDQV SULRUV FDQ DOVR EH KDQGOHG TXLWH HDVLO\�

,Q VXPPDU\� ZH ¿QG D SRLQW HVWLPDWH RI SDUDPHWHUV DQG K\SHUSDUDPHWHUV E\ PD[LPL]LQJ WKH ORJ�
SRVWHULRU JLYHQ E\

���

ZKHUH DQG DUH WKH K\SHUSDUDPHWHUV IRU WKH SULRUV RYHU XVHU DQG PRYLH IHDWXUH YHFWRUV UH�
VSHFWLYHO\ DQG LV D FRQVWDQW WKDW GRHV QRW GHSHQG RQ WKH SDUDPHWHUV RU K\SHUSDUDPHWHUV�

:KHQ WKH SULRU LV *DXVVLDQ� WKH RSWLPDO K\SHUSDUDPHWHUV FDQ EH IRXQG LQ FORVHG IRUP LI WKH PRYLH
DQG XVHU IHDWXUH YHFWRUV DUH NHSW ¿[HG� 7KXV WR VLPSOLI\ OHDUQLQJ ZH DOWHUQDWH EHWZHHQ RSWLPL]LQJ
WKH K\SHUSDUDPHWHUV DQG XSGDWLQJ WKH IHDWXUH YHFWRUV XVLQJ VWHHSHVW DVFHQW ZLWK WKH YDOXHV RI K\�
SHUSDUDPHWHUV ¿[HG� :KHQ WKH SULRU LV D PL[WXUH RI *DXVVLDQV� WKH K\SHUSDUDPHWHUV FDQ EH XSGDWHG
E\ SHUIRUPLQJ D VLQJOH VWHS RI (0� ,Q DOO RI RXU H[SHULPHQWV ZH XVHG LPSURSHU SULRUV IRU WKH K\�
SHUSDUDPHWHUV� EXW LW LV HDV\ WR H[WHQG WKH FORVHG IRUP XSGDWHV WR KDQGOH FRQMXJDWH SULRUV IRU WKH
K\SHUSDUDPHWHUV�

� &RQVWUDLQHG 30)

2QFH D 30)PRGHO KDV EHHQ ¿WWHG� XVHUV ZLWK YHU\ IHZ UDWLQJV ZLOO KDYH IHDWXUH YHFWRUV WKDW DUH FORVH
WR WKH SULRU PHDQ� RU WKH DYHUDJH XVHU� VR WKH SUHGLFWHG UDWLQJV IRU WKRVH XVHUV ZLOO EH FORVH WR WKH
PRYLH DYHUDJH UDWLQJV� ,Q WKLV VHFWLRQ ZH LQWURGXFH DQ DGGLWLRQDO ZD\ RI FRQVWUDLQLQJ XVHU�VSHFL¿F
IHDWXUH YHFWRUV WKDW KDV D VWURQJ HIIHFW RQ LQIUHTXHQW XVHUV�

/HW EH D ODWHQW VLPLODULW\ FRQVWUDLQW PDWUL[� :H GH¿QH WKH IHDWXUH YHFWRU IRU XVHU DV�

���

ZKHUH LV WKH REVHUYHG LQGLFDWRU PDWUL[ ZLWK WDNLQJ RQ YDOXH � LI XVHU UDWHG PRYLH DQG �
RWKHUZLVH�� ,QWXLWLYHO\� WKH FROXPQ RI WKH PDWUL[ FDSWXUHV WKH HIIHFW RI D XVHU KDYLQJ UDWHG D
SDUWLFXODU PRYLH KDV RQ WKH SULRU PHDQ RI WKH XVHU¶V IHDWXUH YHFWRU� $V D UHVXOW� XVHUV WKDW KDYH VHHQ
WKH VDPH �RU VLPLODU� PRYLHV ZLOO KDYH VLPLODU SULRU GLVWULEXWLRQV IRU WKHLU IHDWXUH YHFWRUV� 1RWH WKDW

FDQ EH VHHQ DV WKH RIIVHW DGGHG WR WKH PHDQ RI WKH SULRU GLVWULEXWLRQ WR JHW WKH IHDWXUH YHFWRU
IRU WKH XVHU � ,Q WKH XQFRQVWUDLQHG 30) PRGHO DQG DUH HTXDO EHFDXVH WKH SULRU PHDQ LV ¿[HG
DW ]HUR �VHH ¿J� ��� :H QRZ GH¿QH WKH FRQGLWLRQDO GLVWULEXWLRQ RYHU WKH REVHUYHG UDWLQJV DV

���

:H UHJXODUL]H WKH ODWHQW VLPLODULW\ FRQVWUDLQW PDWUL[ E\ SODFLQJ D ]HUR�PHDQ VSKHULFDO *DXVVLDQ
SULRU RQ LW�

���

�,I QR UDWLQJ LQIRUPDWLRQ LV DYDLODEOH DERXW VRPH XVHU � L�H� DOO HQWULHV RI YHFWRU DUH ]HUR� WKH YDOXH RI WKH
UDWLR LQ (T� � LV VHW WR ]HUR�

�
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7KH 1HWÀL[ 'DWDVHW��' ��'

)LJXUH �� /HIW SDQHO� 3HUIRUPDQFH RI 69'� 30) DQG 30) ZLWK DGDSWLYH SULRUV� XVLQJ ��' IHDWXUH YHFWRUV� RQ
WKH IXOO 1HWÀL[ YDOLGDWLRQ GDWD� 5LJKW SDQHO� 3HUIRUPDQFH RI 69'� 3UREDELOLVWLF 0DWUL[ )DFWRUL]DWLRQ �30)�
DQG FRQVWUDLQHG 30)� XVLQJ ��' IHDWXUH YHFWRUV� RQ WKH YDOLGDWLRQ GDWD� 7KH \�D[LV GLVSOD\V 506( �URRW PHDQ
VTXDUHG HUURU�� DQG WKH [�D[LV VKRZV WKH QXPEHU RI HSRFKV� RU SDVVHV� WKURXJK WKH HQWLUH WUDLQLQJ GDWDVHW�

$V ZLWK WKH 30) PRGHO� PD[LPL]LQJ WKH ORJ�SRVWHULRU LV HTXLYDOHQW WR PLQLPL]LQJ WKH VXP�RI�
VTXDUHG HUURUV IXQFWLRQ ZLWK TXDGUDWLF UHJXODUL]DWLRQ WHUPV�

����

ZLWK � � DQG � :H FDQ WKHQ SHUIRUP JUDGLHQW GHVFHQW LQ �
� DQG WR PLQLPL]H WKH REMHFWLYH IXQFWLRQ JLYHQ E\ (T� ��� 7KH WUDLQLQJ WLPH IRU WKH FRQVWUDLQHG

30) PRGHO VFDOHV OLQHDUO\ ZLWK WKH QXPEHU RI REVHUYDWLRQV� ZKLFK DOORZV IRU D IDVW DQG VLPSOH
LPSOHPHQWDWLRQ� $V ZH VKRZ LQ RXU H[SHULPHQWDO UHVXOWV VHFWLRQ� WKLV PRGHO SHUIRUPV FRQVLGHUDEO\
EHWWHU WKDQ D VLPSOH XQFRQVWUDLQHG 30) PRGHO� HVSHFLDOO\ RQ LQIUHTXHQW XVHUV�

� ([SHULPHQWDO 5HVXOWV

��� 'HVFULSWLRQ RI WKH 1HWÀL[ 'DWD

$FFRUGLQJ WR 1HWÀL[� WKH GDWD ZHUH FROOHFWHG EHWZHHQ 2FWREHU ���� DQG 'HFHPEHU ���� DQG UHSUH�
VHQW WKH GLVWULEXWLRQ RI DOO UDWLQJV 1HWÀL[ REWDLQHG GXULQJ WKLV SHULRG� 7KH WUDLQLQJ GDWDVHW FRQVLVWV
RI ����������� UDWLQJV IURP ������� UDQGRPO\�FKRVHQ� DQRQ\PRXV XVHUV RQ ������ PRYLH WLWOHV�
$V SDUW RI WKH WUDLQLQJ GDWD� 1HWÀL[ DOVR SURYLGHV YDOLGDWLRQ GDWD� FRQWDLQLQJ ��������� UDWLQJV� ,Q
DGGLWLRQ WR WKH WUDLQLQJ DQG YDOLGDWLRQ GDWD� 1HWÀL[ DOVR SURYLGHV D WHVW VHW FRQWDLQLQJ ���������
XVHU�PRYLH SDLUV ZLWK WKH UDWLQJV ZLWKKHOG� 7KH SDLUV ZHUH VHOHFWHG IURP WKH PRVW UHFHQW UDWLQJV IRU
D VXEVHW RI WKH XVHUV LQ WKH WUDLQLQJ GDWDVHW� 7R UHGXFH WKH XQLQWHQWLRQDO RYHU¿WWLQJ WR WKH WHVW VHW WKDW
SODJXHV PDQ\ HPSLULFDO FRPSDULVRQV LQ WKH PDFKLQH OHDUQLQJ OLWHUDWXUH� SHUIRUPDQFH LV DVVHVVHG E\
VXEPLWWLQJ SUHGLFWHG UDWLQJV WR 1HWÀL[ ZKR WKHQ SRVW WKH URRW PHDQ VTXDUHG HUURU �506(� RQ DQ
XQNQRZQ KDOI RI WKH WHVW VHW� $V D EDVHOLQH� 1HWÀL[ SURYLGHG WKH WHVW VFRUH RI LWV RZQ V\VWHP WUDLQHG
RQ WKH VDPH GDWD� ZKLFK LV �������

7R SURYLGH DGGLWLRQDO LQVLJKW LQWR WKH SHUIRUPDQFH RI GLIIHUHQW DOJRULWKPV ZH FUHDWHG D VPDOOHU DQG
PXFK PRUH GLI¿FXOW GDWDVHW IURP WKH 1HWÀL[ GDWD E\ UDQGRPO\ VHOHFWLQJ ������ XVHUV DQG ����
PRYLHV� 7KH WR\ GDWDVHW FRQWDLQV ��������� WUDLQLQJ DQG ����� YDOLGDWLRQ XVHU�PRYLH SDLUV� 2YHU
��� RI WKH XVHUV LQ WKH WUDLQLQJ GDWDVHW KDYH OHVV WKDQ �� UDWLQJV�

��� 'HWDLOV RI 7UDLQLQJ

7R VSHHG�XS WKH WUDLQLQJ� LQVWHDG RI SHUIRUPLQJ EDWFK OHDUQLQJ ZH VXEGLYLGHG WKH 1HWÀL[ GDWD LQWR
PLQL�EDWFKHV RI VL]H ������� �XVHU�PRYLH�UDWLQJ WULSOHV�� DQG XSGDWHG WKH IHDWXUH YHFWRUV DIWHU HDFK

�



PLQL�EDWFK� $IWHU WU\LQJ YDULRXV YDOXHV IRU WKH OHDUQLQJ UDWH DQG PRPHQWXP DQG H[SHULPHQWLQJ ZLWK
YDULRXV YDOXHV RI � ZH FKRVH WR XVH D OHDUQLQJ UDWH RI ������ DQG D PRPHQWXP RI ���� DV WKLV VHWWLQJ
RI SDUDPHWHUV ZRUNHG ZHOO IRU DOO YDOXHV RI ZH KDYH WULHG�

��� 5HVXOWV IRU 30) ZLWK $GDSWLYH 3ULRUV

7R HYDOXDWH WKH SHUIRUPDQFH RI 30) PRGHOV ZLWK DGDSWLYH SULRUV ZH XVHG PRGHOV ZLWK ��' IHDWXUHV�
7KLV GLPHQVLRQDOLW\ ZDV FKRVHQ LQ RUGHU WR GHPRQVWUDWH WKDW HYHQ ZKHQ WKH GLPHQVLRQDOLW\ RI IHD�
WXUHV LV UHODWLYHO\ ORZ� 69'�OLNH PRGHOV FDQ VWLOO RYHU¿W DQG WKDW WKHUH DUH VRPH SHUIRUPDQFH JDLQV
WR EH KDG E\ UHJXODUL]LQJ VXFK PRGHOV DXWRPDWLFDOO\� :H FRPSDUHG DQ 69' PRGHO� WZR ¿[HG�SULRU
30) PRGHOV� DQG WZR 30) PRGHOV ZLWK DGDSWLYH SULRUV� 7KH 69' PRGHO ZDV WUDLQHG WR PLQLPL]H
WKH VXP�VTXDUHG GLVWDQFH RQO\ WR WKH REVHUYHG HQWULHV RI WKH WDUJHW PDWUL[� 7KH IHDWXUH YHFWRUV RI
WKH 69' PRGHO ZHUH QRW UHJXODUL]HG LQ DQ\ ZD\� 7KH WZR ¿[HG�SULRU 30) PRGHOV GLIIHUHG LQ WKHLU
UHJXODUL]DWLRQ SDUDPHWHUV� RQH �30)�� KDG DQG � ZKLOH WKH RWKHU �30)��
KDG DQG � 7KH ¿UVW 30) PRGHO ZLWK DGDSWLYH SULRUV �30)$�� KDG *DXV�
VLDQ SULRUV ZLWK VSKHULFDO FRYDULDQFH PDWULFHV RQ XVHU DQG PRYLH IHDWXUH YHFWRUV� ZKLOH WKH VHFRQG
PRGHO �30)$�� KDG GLDJRQDO FRYDULDQFH PDWULFHV� ,Q ERWK FDVHV� WKH DGDSWLYH SULRUV KDG DGMXVWDEOH
PHDQV� 3ULRU SDUDPHWHUV DQG QRLVH FRYDULDQFHV ZHUH XSGDWHG DIWHU HYHU\ �� DQG ��� IHDWXUH PDWUL[
XSGDWHV UHVSHFWLYHO\� 7KH PRGHOV ZHUH FRPSDUHG EDVHG RQ WKH 506( RQ WKH YDOLGDWLRQ VHW�

7KH UHVXOWV RI WKH FRPSDULVRQ DUH VKRZQ RQ )LJXUH � �OHIW SDQHO�� 1RWH WKDW WKH FXUYH IRU WKH 30)
PRGHO ZLWK VSKHULFDO FRYDULDQFHV LV QRW VKRZQ VLQFH LW LV YLUWXDOO\ LGHQWLFDO WR WKH FXUYH IRU WKH PRGHO
ZLWK GLDJRQDO FRYDULDQFHV� &RPSDULQJ PRGHOV EDVHG RQ WKH ORZHVW 506( DFKLHYHG RYHU WKH WLPH RI
WUDLQLQJ� ZH VHH WKDW WKH 69' PRGHO GRHV DOPRVW DV ZHOO DV WKH PRGHUDWHO\ UHJXODUL]HG 30) PRGHO
�30)�� ������� YV� ������� EHIRUH RYHU¿WWLQJ EDGO\ WRZDUGV WKH HQG RI WUDLQLQJ� :KLOH 30)�
GRHV QRW RYHU¿W� LW FOHDUO\ XQGHU¿WV VLQFH LW UHDFKHV WKH 506( RI RQO\ ������� 7KH PRGHOV ZLWK
DGDSWLYH SULRUV FOHDUO\ RXWSHUIRUP WKH FRPSHWLQJ PRGHOV� DFKLHYLQJ WKH 506( RI ������ �GLDJRQDO
FRYDULDQFHV� DQG ������ �VSKHULFDO FRYDULDQFHV�� 7KHVH UHVXOWV VXJJHVW WKDW DXWRPDWLF UHJXODUL]DWLRQ
WKURXJK DGDSWLYH SULRUV ZRUNV ZHOO LQ SUDFWLFH� 0RUHRYHU� RXU SUHOLPLQDU\ UHVXOWV IRU PRGHOV ZLWK
KLJKHU�GLPHQVLRQDO IHDWXUH YHFWRUV VXJJHVW WKDW WKH JDS LQ SHUIRUPDQFH GXH WR WKH XVH RI DGDSWLYH
SULRUV LV OLNHO\ WR JURZ DV WKH GLPHQVLRQDOLW\ RI IHDWXUH YHFWRUV LQFUHDVHV� :KLOH WKH XVH RI GLDJRQDO
FRYDULDQFHPDWULFHV GLG QRW OHDG WR D VLJQL¿FDQW LPSURYHPHQW RYHU WKH VSKHULFDO FRYDULDQFHPDWULFHV�
GLDJRQDO FRYDULDQFHV PLJKW EH ZHOO�VXLWHG IRU DXWRPDWLFDOO\ UHJXODUL]LQJ WKH JUHHG\ YHUVLRQ RI WKH
30) WUDLQLQJ DOJRULWKP� ZKHUH IHDWXUH YHFWRUV DUH OHDUQHG RQH GLPHQVLRQ DW D WLPH�

��� 5HVXOWV IRU &RQVWUDLQHG 30)

)RU H[SHULPHQWV LQYROYLQJ FRQVWUDLQHG 30) PRGHOV� ZH XVHG ��' IHDWXUHV � � VLQFH WKLV
FKRLFH UHVXOWHG LQ WKH EHVW PRGHO SHUIRUPDQFH RQ WKH YDOLGDWLRQ VHW� 9DOXHV RI LQ WKH UDQJH RI

SURGXFH VLPLODU UHVXOWV� 3HUIRUPDQFH UHVXOWV RI 69'� 30)� DQG FRQVWUDLQHG 30) RQ WKH
WR\ GDWDVHW DUH VKRZQ RQ )LJXUH �� 7KH IHDWXUH YHFWRUV ZHUH LQLWLDOL]HG WR WKH VDPH YDOXHV LQ DOO
WKUHH PRGHOV� )RU ERWK 30) DQG FRQVWUDLQHG 30) PRGHOV WKH UHJXODUL]DWLRQ SDUDPHWHUV ZHUH VHW WR

� ,W LV FOHDU WKDW WKH VLPSOH 69' PRGHO RYHU¿WV KHDYLO\� 7KH FRQ�
VWUDLQHG 30) PRGHO SHUIRUPVPXFK EHWWHU DQG FRQYHUJHV FRQVLGHUDEO\ IDVWHU WKDQ WKH XQFRQVWUDLQHG
30) PRGHO� )LJXUH � �ULJKW SDQHO� VKRZV WKH HIIHFW RI FRQVWUDLQLQJ XVHU�VSHFL¿F IHDWXUHV RQ WKH
SUHGLFWLRQV IRU LQIUHTXHQW XVHUV� 3HUIRUPDQFH RI WKH 30) PRGHO IRU D JURXS RI XVHUV WKDW KDYH IHZHU
WKDQ � UDWLQJV LQ WKH WUDLQLQJ GDWDVHWV LV YLUWXDOO\ LGHQWLFDO WR WKDW RI WKH PRYLH DYHUDJH DOJRULWKP WKDW
DOZD\V SUHGLFWV WKH DYHUDJH UDWLQJ RI HDFK PRYLH� 7KH FRQVWUDLQHG 30) PRGHO� KRZHYHU� SHUIRUPV
FRQVLGHUDEO\ EHWWHU RQ XVHUV ZLWK IHZ UDWLQJV� $V WKH QXPEHU RI UDWLQJV LQFUHDVHV� ERWK 30) DQG
FRQVWUDLQHG 30) H[KLELW VLPLODU SHUIRUPDQFH�

2QH RWKHU LQWHUHVWLQJ DVSHFW RI WKH FRQVWUDLQHG 30)PRGHO LV WKDW HYHQ LI ZH NQRZ RQO\ ZKDW PRYLHV
WKH XVHU KDV UDWHG� EXW GR QRW NQRZ WKH YDOXHV RI WKH UDWLQJV� WKH PRGHO FDQ PDNH EHWWHU SUHGLFWLRQV
WKDQ WKH PRYLH DYHUDJHPRGHO� )RU WKH WR\ GDWDVHW� ZH UDQGRPO\ VDPSOHG DQ DGGLWLRQDO ������ XVHUV�
DQG IRU HDFK RI WKH XVHUV FRPSLOHG D OLVW RI PRYLHV WKH XVHU KDV UDWHG DQG WKHQ GLVFDUGHG WKH DFWXDO
UDWLQJV� 7KH FRQVWUDLQHG 30) PRGHO DFKLHYHG D 506( RI ������ RQ WKH YDOLGDWLRQ VHW FRPSDUHG
WR D 506( RI ������ IRU WKH VLPSOH PRYLH DYHUDJH PRGHO� 7KLV H[SHULPHQW VWURQJO\ VXJJHVWV WKDW
NQRZLQJ RQO\ ZKLFK PRYLHV D XVHU UDWHG� EXW QRW WKH DFWXDO UDWLQJV� FDQ VWLOO KHOS XV WR PRGHO WKDW
XVHU¶V SUHIHUHQFHV EHWWHU�

�
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7R\ 'DWDVHW

)LJXUH �� /HIW SDQHO� 3HUIRUPDQFH RI 69'� 3UREDELOLVWLF 0DWUL[ )DFWRUL]DWLRQ �30)� DQG FRQVWUDLQHG 30) RQ
WKH YDOLGDWLRQ GDWD� 7KH \�D[LV GLVSOD\V 506( �URRW PHDQ VTXDUHG HUURU�� DQG WKH [�D[LV VKRZV WKH QXPEHU RI
HSRFKV� RU SDVVHV� WKURXJK WKH HQWLUH WUDLQLQJ GDWDVHW� 5LJKW SDQHO� 3HUIRUPDQFH RI FRQVWUDLQHG 30)� 30)� DQG
WKH PRYLH DYHUDJH DOJRULWKP WKDW DOZD\V SUHGLFWV WKH DYHUDJH UDWLQJ RI HDFK PRYLH� 7KH XVHUV ZHUH JURXSHG E\
WKH QXPEHU RI REVHUYHG UDWLQJV LQ WKH WUDLQLQJ GDWD�
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&RQVWUDLQHG�30)�
�XVLQJ�7HVW�UDWHG�XQUDWHG�LG�

&RQVWUDLQHG�
30)

)LJXUH �� /HIW SDQHO� 3HUIRUPDQFH RI FRQVWUDLQHG 30)� 30)� DQG WKH PRYLH DYHUDJH DOJRULWKP WKDW DOZD\V
SUHGLFWV WKH DYHUDJH UDWLQJ RI HDFK PRYLH� 7KH XVHUV ZHUH JURXSHG E\ WKH QXPEHU RI REVHUYHG UDWLQJ LQ WKH WUDLQ�
LQJ GDWD� ZLWK WKH [�D[LV VKRZLQJ WKRVH JURXSV� DQG WKH \�D[LV GLVSOD\LQJ 506( RQ WKH IXOO 1HWÀL[ YDOLGDWLRQ
GDWD IRU HDFK VXFK JURXS� 0LGGOH SDQHO� 'LVWULEXWLRQ RI XVHUV LQ WKH WUDLQLQJ GDWDVHW� 5LJKW SDQHO� 3HUIRUPDQFH
RI FRQVWUDLQHG 30) DQG FRQVWUDLQHG 30) WKDW PDNHV XVH RI DQ DGGLWLRQDO UDWHG�XQUDWHG LQIRUPDWLRQ REWDLQHG
IURP WKH WHVW GDWDVHW�

3HUIRUPDQFH UHVXOWV RQ WKH IXOO 1HWÀL[ GDWDVHW DUH VLPLODU WR WKH UHVXOWV RQ WKH WR\ GDWDVHW� )RU ERWK
WKH 30) DQG FRQVWUDLQHG 30) PRGHOV WKH UHJXODUL]DWLRQ SDUDPHWHUV ZHUH VHW WR

� )LJXUH � �ULJKW SDQHO� VKRZV WKDW FRQVWUDLQHG 30) VLJQL¿FDQWO\ RXWSHUIRUPV WKH
XQFRQVWUDLQHG 30) PRGHO� DFKLHYLQJ D 506( RI � $ VLPSOH 69' DFKLHYHV D 506( RI DERXW
������ DQG DIWHU DERXW �� HSRFKV EHJLQV WR RYHU¿W� )LJXUH � �OHIW SDQHO� VKRZV WKDW WKH FRQVWUDLQHG
30) PRGHO LV DEOH WR JHQHUDOL]H FRQVLGHUDEO\ EHWWHU IRU XVHUV ZLWK YHU\ IHZ UDWLQJV� 1RWH WKDW RYHU
��� RI XVHUV LQ WKH WUDLQLQJ GDWDVHW KDYH IHZHU WKDQ �� UDWLQJV� $V WKH QXPEHU RI UDWLQJV LQFUHDVHV�
WKH HIIHFW IURP WKH RIIVHW LQ (T� � GLPLQLVKHV� DQG ERWK 30) DQG FRQVWUDLQHG 30) DFKLHYH VLPLODU
SHUIRUPDQFH�

7KHUH LV D PRUH VXEWOH VRXUFH RI LQIRUPDWLRQ LQ WKH 1HWÀL[ GDWDVHW� 1HWÀL[ WHOOV XV LQ DGYDQFH ZKLFK
XVHU�PRYLH SDLUV RFFXU LQ WKH WHVW VHW� VR ZH KDYH DQ DGGLWLRQDO FDWHJRU\� PRYLHV WKDW ZHUH YLHZHG
EXW IRU ZKLFK WKH UDWLQJ LV XQNQRZQ� 7KLV LV D YDOXDEOH VRXUFH RI LQIRUPDWLRQ DERXW XVHUV ZKR RFFXU
VHYHUDO WLPHV LQ WKH WHVW VHW� HVSHFLDOO\ LI WKH\ KDYH RQO\ D VPDOO QXPEHU RI UDWLQJV LQ WKH WUDLQLQJ VHW�
7KH FRQVWUDLQHG 30) PRGHO FDQ HDVLO\ WDNH WKLV LQIRUPDWLRQ LQWR DFFRXQW� )LJXUH � �ULJKW SDQHO�
VKRZV WKDW WKLV DGGLWLRQDO VRXUFH RI LQIRUPDWLRQ IXUWKHU LPSURYHV PRGHO SHUIRUPDQFH�

:KHQ ZH OLQHDUO\ FRPELQH WKH SUHGLFWLRQV RI 30)� 30) ZLWK D OHDUQDEOH SULRU� DQG FRQVWUDLQHG
30)� ZH DFKLHYH DQ HUURU UDWH RI ������ RQ WKH WHVW VHW� :KHQ WKH SUHGLFWLRQV RI PXOWLSOH 30)
PRGHOV DUH OLQHDUO\ FRPELQHG ZLWK WKH SUHGLFWLRQV RI PXOWLSOH 5%0 PRGHOV� UHFHQWO\ LQWURGXFHG
E\ >�@� ZH DFKLHYH DQ HUURU UDWH RI ������� WKDW LV QHDUO\ �� EHWWHU WKDQ WKH VFRUH RI 1HWÀL[¶V RZQ
V\VWHP�

�



� 6XPPDU\ DQG 'LVFXVVLRQ

,Q WKLV SDSHU ZH SUHVHQWHG 3UREDELOLVWLF 0DWUL[ )DFWRUL]DWLRQ �30)� DQG LWV WZR GHULYDWLYHV� 30)
ZLWK D OHDUQDEOH SULRU DQG FRQVWUDLQHG 30)� :H DOVR GHPRQVWUDWHG WKDW WKHVH PRGHOV FDQ EH HI¿�
FLHQWO\ WUDLQHG DQG VXFFHVVIXOO\ DSSOLHG WR D ODUJH GDWDVHW FRQWDLQLQJ RYHU ��� PLOOLRQ PRYLH UDWLQJV�

(I¿FLHQF\ LQ WUDLQLQJ 30) PRGHOV FRPHV IURP ¿QGLQJ RQO\ SRLQW HVWLPDWHV RI PRGHO SDUDPHWHUV
DQG K\SHUSDUDPHWHUV� LQVWHDG RI LQIHUULQJ WKH IXOO SRVWHULRU GLVWULEXWLRQ RYHU WKHP� ,I ZH ZHUH WR
WDNH D IXOO\ %D\HVLDQ DSSURDFK� ZH ZRXOG SXW K\SHUSULRUV RYHU WKH K\SHUSDUDPHWHUV DQG UHVRUW WR
0&0& PHWKRGV >�@ WR SHUIRUP LQIHUHQFH� :KLOH WKLV DSSURDFK LV FRPSXWDWLRQDOO\ PRUH H[SHQVLYH�
SUHOLPLQDU\ UHVXOWV VWURQJO\ VXJJHVW WKDW D IXOO\ %D\HVLDQ WUHDWPHQW RI WKH SUHVHQWHG 30) PRGHOV
ZRXOG OHDG WR D VLJQL¿FDQW LQFUHDVH LQ SUHGLFWLYH DFFXUDF\�

$FNQRZOHGJPHQWV

:H WKDQN 9LQRG 1DLU DQG *HRIIUH\ +LQWRQ IRU PDQ\ KHOSIXO GLVFXVVLRQV� 7KLV UHVHDUFK ZDV VXS�
SRUWHG E\ 16(5&�

5HIHUHQFHV

>�@ 'HOEHUW 'XHFN DQG %UHQGDQ )UH\� 3UREDELOLVWLF VSDUVH PDWUL[ IDFWRUL]DWLRQ� 7HFKQLFDO 5HSRUW 36, 75
��������� 'HSW� RI &RPSXWHU 6FLHQFH� 8QLYHUVLW\ RI 7RURQWR� �����

>�@ 7KRPDV +RIPDQQ� 3UREDELOLVWLF ODWHQW VHPDQWLF DQDO\VLV� ,Q 3URFHHGLQJV RI WKH ��WK &RQIHUHQFH RQ
8QFHUWDLQW\ LQ $,� SDJHV ���±���� 6DQ )UDQVLVFR� &DOLIRUQLD� ����� 0RUJDQ .DXIPDQQ�

>�@ %HQMDPLQ 0DUOLQ� 0RGHOLQJ XVHU UDWLQJ SUR¿OHV IRU FROODERUDWLYH ¿OWHULQJ� ,Q 6HEDVWLDQ 7KUXQ�
/DZUHQFH .� 6DXO� DQG %HUQKDUG 6FK�RONRSI� HGLWRUV� 1,36� 0,7 3UHVV� �����

>�@ %HQMDPLQ 0DUOLQ DQG 5LFKDUG 6� =HPHO� 7KH PXOWLSOH PXOWLSOLFDWLYH IDFWRU PRGHO IRU FROODERUDWLYH ¿OWHU�
LQJ� ,Q0DFKLQH /HDUQLQJ� 3URFHHGLQJV RI WKH 7ZHQW\�¿UVW ,QWHUQDWLRQDO &RQIHUHQFH �,&0/ ������ %DQII�
$OEHUWD� &DQDGD� -XO\ ���� ����� $&0� �����

>�@ 5DGIRUG 0� 1HDO� 3UREDELOLVWLF LQIHUHQFH XVLQJ 0DUNRY FKDLQ 0RQWH &DUOR PHWKRGV� 7HFKQLFDO 5HSRUW
&5*�75������ 'HSDUWPHQW RI &RPSXWHU 6FLHQFH� 8QLYHUVLW\ RI 7RURQWR� 6HSWHPEHU �����

>�@ 6� -� 1RZODQ DQG *� (� +LQWRQ� 6LPSOLI\LQJ QHXUDO QHWZRUNV E\ VRIW ZHLJKW�VKDULQJ� 1HXUDO &RPSXWDWLRQ�
�����±���� �����

>�@ -DVRQ '� 0� 5HQQLH DQG 1DWKDQ 6UHEUR� )DVW PD[LPXP PDUJLQ PDWUL[ IDFWRUL]DWLRQ IRU FROODERUDWLYH
SUHGLFWLRQ� ,Q /XF 'H 5DHGW DQG 6WHIDQ :UREHO� HGLWRUV� 0DFKLQH /HDUQLQJ� 3URFHHGLQJV RI WKH 7ZHQW\�
6HFRQG ,QWHUQDWLRQDO &RQIHUHQFH �,&0/ ������ %RQQ� *HUPDQ\� $XJXVW ����� ����� SDJHV ���±����
$&0� �����

>�@ 5XVODQ 6DODNKXWGLQRY� $QGUL\ 0QLK� DQG *HRIIUH\ +LQWRQ� 5HVWULFWHG %ROW]PDQQ PDFKLQHV IRU FROODER�
UDWLYH ¿OWHULQJ� ,Q0DFKLQH /HDUQLQJ� 3URFHHGLQJV RI WKH 7ZHQW\�IRXUWK ,QWHUQDWLRQDO &RQIHUHQFH �,&0/
������ $&0� �����

>�@ 1DWKDQ 6UHEUR DQG 7RPPL -DDNNROD� :HLJKWHG ORZ�UDQN DSSUR[LPDWLRQV� ,Q 7RP )DZFHWW DQG 1LQD
0LVKUD� HGLWRUV�0DFKLQH /HDUQLQJ� 3URFHHGLQJV RI WKH 7ZHQWLHWK ,QWHUQDWLRQDO &RQIHUHQFH �,&0/ ������
$XJXVW ������ ����� :DVKLQJWRQ� '&� 86$� SDJHV ���±���� $$$, 3UHVV� �����

>��@ 1DWKDQ 6UHEUR� -DVRQ '� 0� 5HQQLH� DQG 7RPPL -DDNNROD� 0D[LPXP�PDUJLQ PDWUL[ IDFWRUL]DWLRQ� ,Q
$GYDQFHV LQ 1HXUDO ,QIRUPDWLRQ 3URFHVVLQJ 6\VWHPV� �����

>��@ 0LFKDHO (� 7LSSLQJ DQG &KULVWRSKHU 0� %LVKRS� 3UREDELOLVWLF SULQFLSDO FRPSRQHQW DQDO\VLV� 7HFKQLFDO
5HSRUW 1&5*�������� 1HXUDO &RPSXWLQJ 5HVHDUFK *URXS� $VWRQ 8QLYHUVLW\� 6HSWHPEHU �����

>��@ 0D[ :HOOLQJ� 0LFKDO 5RVHQ�=YL� DQG *HRIIUH\ +LQWRQ� ([SRQHQWLDO IDPLO\ KDUPRQLXPV ZLWK DQ DSSOLFD�
WLRQ WR LQIRUPDWLRQ UHWULHYDO� ,Q 1,36 ��� SDJHV ����±����� &DPEULGJH� 0$� ����� 0,7 3UHVV�

�


