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6WDWH�RI�WKH�DUW DSSURDFKHV WR &KLQHVH ]HUR SURQRXQ UHVROX�
WLRQ DUH VXSHUYLVHG� UHTXLULQJ WUDLQLQJ GRFXPHQWV ZLWK PDQX�
DOO\ UHVROYHG ]HUR SURQRXQV� 7R HOLPLQDWH WKH UHOLDQFH RQ DQ�
QRWDWHG GDWD� ZH SURSRVH DQ XQVXSHUYLVHG DSSURDFK WR WKLV
WDVN� 8QGHUO\LQJ RXU DSSURDFK LV WKH QRYHO LGHD RI HPSOR\�
LQJ D PRGHO WUDLQHG RQ PDQXDOO\ UHVROYHG RYHUW SURQRXQV WR
UHVROYH ]HUR SURQRXQV� ([SHULPHQWDO UHVXOWV RQ WKH 2QWR1RWHV
��� FRUSXV DUH HQFRXUDJLQJ� RXU XQVXSHUYLVHG PRGHO VXU�
SDVVHV LWV VXSHUYLVHG FRXQWHUSDUWV LQ SHUIRUPDQFH�

,QWURGXFWLRQ
$ ]HUR SURQRXQ �=3� LV D JDS LQ D VHQWHQFH WKDW LV IRXQG ZKHQ
D SKRQHWLFDOO\ QXOO IRUP LV XVHG WR UHIHU WR D UHDO�ZRUOG HQWLW\�
$Q DQDSKRULF ]HUR SURQRXQ �$=3� LV D =3 WKDW FRUHIHUV ZLWK
RQH RU PRUH SUHFHGLQJ QRXQ SKUDVHV �13V� LQ WKH DVVRFLDWHG
WH[W� %HORZ LV DQ H[DPSOH WDNHQ IURP WKH &KLQHVH 7UHH%DQN
�&7%�� ZKHUH 
SUR
 LV XVHG WR GHQRWH D =3�
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SUR
 KDV

SURSRVHG WR PHGLDWH WKLV SROLWLFDO FULVLV�

,Q WKLV H[DPSOH� WKH DQWHFHGHQW RI 
SUR
 LV֘㔫ᮃ �5XV�
VLD�� 7KH DELOLW\ WR FRUUHFWO\ LQWHUSUHW =3V LV FUXFLDO WR WKH
DXWRPDWLF SURFHVVLQJ RI SUR�GURS ODQJXDJHV� 1RWH WKDW =3V
ODFN JUDPPDWLFDO DWWULEXWHV HVVHQWLDO IRU RYHUW SURQRXQ UHVR�
OXWLRQ� VXFK DV 1XPEHU DQG *HQGHU� 7KLV PDNHV =3 UHVR�
OXWLRQ PRUH FKDOOHQJLQJ WKDQ RYHUW SURQRXQ UHVROXWLRQ�
=3 UHVROXWLRQ LV FRPSRVHG RI WZR VWHSV� 7KH ÀUVW

VWHS� $=3 LGHQWLÀFDWLRQ� LQYROYHV H[WUDFWLQJ =3V WKDW DUH
DQDSKRULF� 7KH VHFRQG VWHS� $=3 UHVROXWLRQ� DLPV WR LGHQ�
WLI\ DQ DQWHFHGHQW IRU DQ $=3� 6WDWH�RI�WKH�DUW =3 UHVROYHUV
KDYH WDFNOHG ERWK VWHSV LQ D VXSHUYLVHG PDQQHU� WUDLQLQJ D
FODVVLÀHU IRU $=3 LGHQWLÀFDWLRQ DQG DQRWKHU RQH IRU $=3 UHV�
ROXWLRQ �H�J�� =KDR DQG 1J ������� &KHQ DQG 1J ��������
,Q WKLV SDSHU� ZH IRFXV RQ WKH VHFRQG WDVN� $=3 UHVROXWLRQ�

,Q RWKHU ZRUGV� ZH DVVXPH WKDW WKHUH LV D VHSDUDWH SURFHVV WKDW
LGHQWLÀHV $=3V� DQG RXU JRDO LV WR UHVROYH WKH JLYHQ $=3V LQ

&RS\ULJKW � ����� $VVRFLDWLRQ IRU WKH $GYDQFHPHQW RI $UWLÀFLDO
,QWHOOLJHQFH �ZZZ�DDDL�RUJ�� $OO ULJKWV UHVHUYHG�

D GRFXPHQW� 1RWH WKDW WKH WDVN RI $=3 UHVROXWLRQ DORQH LV
E\ QR PHDQV HDV\� IRU LQVWDQFH� JLYHQ JROG�VWDQGDUG $=3V�
VWDWH�RI�WKH�DUW VXSHUYLVHG UHVROYHUV RQO\ DFKLHYH DQ )�VFRUH
RI ����� IRU UHVROYLQJ &KLQHVH $=3V �&KHQ DQG 1J ������
2XU FRQWULEXWLRQ LQ WKLV SDSHU OLHV LQ WKH SURSRVDO RI DQ

XQVXSHUYLVHG ODQJXDJH�LQGHSHQGHQW DSSURDFK WR $=3 UHVR�
OXWLRQ� ,Q RWKHU ZRUGV� RXU DSSURDFK GRHV QRW UHTXLUH DQ\ GDWD
ZLWK PDQXDOO\ UHVROYHG $=3V DQG LV DSSOLFDEOH WR DQ\ ODQ�
JXDJH ZKHUH VXFK DQQRWDWHG GDWD LV QRW UHDGLO\ DYDLODEOH� 8Q�
GHUO\LQJ RXU DSSURDFK LV D QRYHO� XQH[SORUHG K\SRWKHVLV� WR
UHVROYH DQ $=3� ZH FRXOG DSSO\ D PRGHO WUDLQHG RQ PDQXDOO\
UHVROYHG RYHUW SURQRXQV WR UDQN LWV FDQGLGDWH DQWHFHGHQWV� ,Q
RWKHU ZRUGV� ZH UHFDVW XQVXSHUYLVHG $=3 UHVROXWLRQ DV D VX�
SHUYLVHG UDQNLQJ SUREOHP� ZKHUH ZH HPSOR\ WUDLQLQJ GDWD
FRPSRVHG RI PDQXDOO\ UHVROYHG RYHUW SURQRXQV RQO\� ,Q DG�
GLWLRQ� ZH VKRZ KRZ RXU UDQNLQJ PRGHO FDQ EH HQKDQFHG
E\ LQFRUSRUDWLQJ JUDPPDWLFDO FRPSDWLELOLW\ LQIRUPDWLRQ YLD
LQWHJHU OLQHDU SURJUDPPLQJ �,/3�� 5HVXOWV RQ UHVROYLQJ WKH
&KLQHVH $=3V LQ WKH 2QWR1RWHV ��� FRUSXV DUH HQFRXUDJ�
LQJ� RXU XQVXSHUYLVHG DSSURDFK DFKLHYHV UHVXOWV WKDW VXUSDVV
WKRVH DFKLHYHG E\ VWDWH�RI�WKH�DUW VXSHUYLVHG $=3 UHVROYHUV�
7KH UHVW RI WKH SDSHU LV RUJDQL]HG DV IROORZV� $IWHU GLV�

FXVVLQJ UHODWHG ZRUN DQG WKH JUDPPDWLFDO SURSHUWLHV RI &KL�
QHVH RYHUW SURQRXQV� ZH GHVFULEH KRZ ZH WUDLQ RXU UDQNLQJ
PRGHO RQ RYHUW SURQRXQV DQG DSSO\ LW WR UHVROYH $=3V� :H
WKHQ VKRZ KRZ WKH PRGHO FDQ EH HQKDQFHG E\ LQFRUSRUDWLQJ
JUDPPDWLFDO FRPSDWLELOLW\ LQIRUPDWLRQ YLD ,/3� )LQDOO\� ZH
SUHVHQW HYDOXDWLRQ UHVXOWV DQG DQ DQDO\VLV RI WKH HUURUV�

5HODWHG :RUN
&KLQHVH =3 UHVROXWLRQ� (DUO\ DSSURDFKHV WR &KLQHVH =3
UHVROXWLRQ DUH UXOH�EDVHG� &RQYHUVH ������ DSSOLHG +REEV

DOJRULWKP �+REEV ����� WR UHVROYH WKH =3V LQ WKH &7% GRF�
XPHQWV� <HK DQG &KHQ ������ KDQG�HQJLQHHUHG D VHW RI UXOHV
IRU =3 UHVROXWLRQ EDVHG RQ &HQWHULQJ 7KHRU\ �*URV]� -RVKL�
DQG :HLQVWHLQ ������
5HFHQW DSSURDFKHV WR WKLV WDVN DUH EDVHG RQ VXSHUYLVHG

OHDUQLQJ� =KDR DQG 1J ������ DUH WKH ÀUVW WR HPSOR\ D VX�
SHUYLVHG PDFKLQH OHDUQLQJ DSSURDFK WR &KLQHVH =3 UHVR�
OXWLRQ� 7KH\ WUDLQHG DQ $=3 UHVROYHU E\ HPSOR\LQJ D VHW
RI V\QWDFWLF DQG SRVLWLRQDO IHDWXUHV LQ FRPELQDWLRQ ZLWK
D GHFLVLRQ WUHH OHDUQHU� 8QOLNH =KDR DQG 1J� .RQJ DQG
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=KDR ������ HPSOR\HG FRQWH[W�VHQVLWLYH FRQYROXWLRQ WUHH
NHUQHOV �=KRX� .RQJ� DQG =KX ����� WR PRGHO V\QWDFWLF LQ�
IRUPDWLRQ� ([WHQGLQJ =KDR DQG1J
V ������ IHDWXUH VHW� &KHQ
DQG 1J ������ LPSURYHG VXSHUYLVHG &KLQHVH =3 UHVROXWLRQ
E\ SURSRVLQJ QRYHO IHDWXUHV WR FDSWXUH WKH FRQWH[WXDO LQIRU�
PDWLRQ EHWZHHQ FDQGLGDWH DQWHFHGHQWV DQG =3V� 7KH\ DOVR
H[SORLWHG WKH FRUHIHUHQFH OLQNV EHWZHHQ =3V DV EULGJHV WR
ÀQG IDU�DZD\ DQWHFHGHQWV IRU =3V�
=3 UHVROXWLRQ IRU RWKHU ODQJXDJHV� 7KHUH KDYH EHHQ UXOH�
EDVHG DQG VXSHUYLVHG PDFKLQH OHDUQLQJ DSSURDFKHV IRU UH�
VROYLQJ =3V LQ RWKHU ODQJXDJHV� )RU H[DPSOH� WR UHVROYH
=3V LQ 6SDQLVK WH[WV� )HUUiQGH] DQG 3HUDO ������ SURSRVHG
D VHW RI KDQG�FUDIWHG UXOHV WKDW HQFRGH SUHIHUHQFHV IRU
FDQGLGDWH DQWHFHGHQWV� ,Q DGGLWLRQ� VXSHUYLVHG DSSURDFKHV
KDYH EHHQ H[WHQVLYHO\ HPSOR\HG WR UHVROYH =3V LQ .R�
UHDQ �H�J�� +DQ ������� DQG -DSDQHVH �H�J�� 6HNL� )XMLL� DQG
,VKLNDZD ������� ,VR]DNL DQG +LUDR ������� ,LGD� ,QXL� DQG
0DWVXPRWR ������ ������� 0RUH UHFHQWO\� ,LGD DQG 3RH�
VLR ������ KDYH DSSOLHG ,/3 WR UHVROYH -DSDQHVH DQG ,WDOLDQ
=3V� EXW WKHLU JRDO ZKHQ DSSO\LQJ ,/3 LV FRPSOHWHO\ GLIIHUHQW
IURP RXUV� 6SHFLÀFDOO\� WKH\ XVHG ,/3 WR FRRUGLQDWH WKH GHFL�
VLRQV PDGH E\ WZR FODVVLÀHUV WUDLQHG LQ D VXSHUYLVHG PDQQHU
RQ =3 FRUHIHUHQFH DQQRWDWLRQV� RQH IRU =3 GHWHFWLRQ DQG WKH
RWKHU IRU =3 UHVROXWLRQ� ,Q FRQWUDVW� ZH ZLOO VHH LQ D ODWHU VHF�
WLRQ WKDW ZH XVH ,/3 WR FRRUGLQDWH WKH GHFLVLRQV PDGH E\ WZR
GLIIHUHQW FRPSRQHQWV UHJDUGLQJ ZKLFK RYHUW SURQRXQ VKRXOG
EH XVHG WR ÀOO D =3 JDS�
5DQNLQJ IRU FRUHIHUHQFH UHVROXWLRQ� :KLOH ZH DUH WKH
ÀUVW WR UHFDVW XQVXSHUYLVHG $=3 UHVROXWLRQ DV D VXSHUYLVHG
UDQNLQJ WDVN� ZH DUH QRW WKH ÀUVW WR HPSOR\ VXSHUYLVHG
UDQNLQJ IRU FRUHIHUHQFH UHVROXWLRQ� &RQQROO\� %XUJHU� DQG
'D\ ������� ,LGD HW DO� ������� DQG <DQJ HW DO� ������ WUDLQHG
D GHFLVLRQ WUHH�EDVHG SDLUZLVH UDQNHU WKDW UDQNV WZR FDQ�
GLGDWH DQWHFHGHQWV IRU DQ DQDSKRULF 13� $GYDQFHV LQ PD�
FKLQH OHDUQLQJ KDYH HQDEOHG 'HQLV DQG %DOGULGJH ������
����� WR WUDLQ D PD[LPXP HQWURS\ UDQNHU WKDW VLPXOWDQH�
RXVO\ UDQNV DOO WKH FDQGLGDWH DQWHFHGHQWV IRU DQ DQDSKRULF
13� ([WHQGLQJ WKLV LGHD� 5DKPDQ DQG 1J ������ KDYH WUDLQHG
D PRGHO IRU UDQNLQJ WKH SDUWLDO FRUHIHUHQFH FOXVWHUV SUHFHG�
LQJ DQ DQDSKRULF 13�

&KLQHVH 2YHUW 3URQRXQV
$VPHQWLRQHG EHIRUH� RXU DSSURDFK UHOLHV KHDYLO\ RQ &KLQHVH
RYHUW SURQRXQV� 6SHFLÀFDOO\� ZH H[SORLW WHQ SHUVRQDO SUR�
QRXQV� LQFOXGLQJԴ �VLQJXODU \RX��៥ �,��Ҫ �KH��ཌྷ �VKH��
ᅗ �LW��ԴӀ �SOXUDO \RX��៥Ӏ �ZH��ҪӀ �PDVFXOLQH WKH\��
ཌྷӀ �IHPLQLQH WKH\�� DQGᅗӀ �LPSHUVRQDO WKH\�� 7KHVH WHQ
SURQRXQV DUH FKRVHQ EHFDXVH WKH\ KDYH ZHOO�GHÀQHG JUDP�
PDWLFDO DWWULEXWH YDOXHV�
(DFK RI WKH RYHUW SURQRXQV FDQ EH XQLTXHO\ LGHQWLÀHG E\

IRXU JUDPPDWLFDO DWWULEXWHV�1XPEHU�*HQGHU�3HUVRQ� DQG
$QLPDF\� 1XPEHU KDV WZR YDOXHV� VLQJXODU DQG SOXUDO�
*HQGHU KDV WKUHH YDOXHV� QHXWHU� PDVFXOLQH DQG IHPLQLQH�
3HUVRQ KDV WKUHH YDOXHV� ÀUVW� VHFRQG DQG WKLUG� )LQDOO\�$Q�
LPDF\ KDV WZR YDOXHV� DQLPDWH DQG LQDQLPDWH� 7KH DWWULEXWH
YDOXHV DVVRFLDWHG ZLWK HDFK SURQRXQ DUH VKRZQ LQ 7DEOH ��
7KHVH IRXU DWWULEXWHV DUH FUXFLDO EHFDXVH WKH\ DUH XVHG WR UHS�
UHVHQW DQ RYHUW SURQRXQ LQ RXU DSSURDFK�

3URQRXQV 1XPEHU *HQGHU 3HUVRQ $QLPDF\
៥ �,� VLQJXODU QHXWHU ÀUVW DQLPDWH
Դ �\RX� VLQJXODU QHXWHU VHFRQG DQLPDWH
Ҫ �KH� VLQJXODU PDVFXOLQH WKLUG DQLPDWH
ཌྷ �VKH� VLQJXODU IHPLQLQH WKLUG DQLPDWH
ᅗ �LW� VLQJXODU QHXWHU WKLUG LQDQLPDWH
ԴӀ �\RX� SOXUDO QHXWHU VHFRQG DQLPDWH
៥Ӏ �ZH� SOXUDO QHXWHU ÀUVW DQLPDWH
ҪӀ �WKH\� SOXUDO PDVFXOLQH WKLUG DQLPDWH
ཌྷӀ �WKH\� SOXUDO IHPLQLQH WKLUG DQLPDWH
ᅗӀ �WKH\� SOXUDO QHXWHU WKLUG LQDQLPDWH

7DEOH �� &KLQHVH RYHUW SURQRXQ DWWULEXWHV�

5DQNLQJ 0RGHO
,Q WKLV VHFWLRQ� ZH GHVFULEH KRZ ZH ��� WUDLQ D UDQNLQJ PRGHO
WR UDQN FDQGLGDWH DQWHFHGHQWV IRU DQ DQDSKRULF RYHUW SUR�
QRXQ� DQG ��� DSSO\ WKH UHVXOWLQJ PRGHO WR UHVROYH $=3V�

7UDLQLQJ WKH UDQNHU� :H FUHDWH WUDLQLQJ LQVWDQFHV DV IRO�
ORZV� (DFK WUDLQLQJ LQVWDQFH FRUUHVSRQGV WR DQ DQDSKRULF
RYHUW SURQRXQ op DQG RQH RI LWV FDQGLGDWH DQWHFHGHQWV� c�
DQG LV UHSUHVHQWHG XVLQJ WKH �� IHDWXUHV VKRZQ LQ 7DEOH ��
6RPH RI WKHVH IHDWXUHV DUH HPSOR\HG LQ VWDWH�RI�WKH�DUW VX�
SHUYLVHG $=3 UHVROYHUV �=KDR DQG 1J ����� &KHQ DQG 1J
������ ZKLOH RWKHUV DUH FRPPRQO\ XVHG LQ RYHUW SURQRXQ UHV�
ROXWLRQ �H�J�� IHDWXUHV WKDW HQFRGH VHPDQWLF FRPSDWLELOLW\ DQG
DJUHHPHQW LQ 1XPEHU� *HQGHU� 3HUVRQ� DQG $QLPDF\���
6LQFH RXU JRDO LV WR OHDUQ D UDQNHU IRU UDQNLQJ WKH FDQGL�

GDWH DQWHFHGHQWV RI DQ RYHUW SURQRXQ� HDFK VHW RI WUDLQLQJ
LQVWDQFHV FUHDWHG IURP WKH VDPH RYHUW SURQRXQ FRUUHVSRQGV
WR D UDQNLQJ SUREOHP� 7KH TXHVWLRQ� WKHQ� LV� KRZ FDQ ZH DV�
VLJQ D UDQN YDOXH WR HDFK FDQGLGDWH DQWHFHGHQW" 7KH DQVZHU
GHSHQGV RQ WKH DOJRULWKP ZH XVH WR WUDLQ WKH UDQNHU� ,Q RXU
H[SHULPHQWV� ZH XVH <$60(7�� D PD[LPXP HQWURS\�EDVHG
UDQNLQJ WRRONLW� 5HFDOO WKDW <$60(7 FDQ EH XVHG WR WUDLQ D
UDQNLQJ PRGHO WKDW� ZKHQ JLYHQ DQ XQVHHQ UDQNLQJ SUREOHP�
GLVWULEXWHV SUREDELOLW\ PDVV RYHU WKH LQVWDQFHV LQ WKH UDQNLQJ
SUREOHP� ,Q WKH FRQWH[W RI RXU SURQRXQ UHVROXWLRQ SUREOHP�
ZH ZDQW WKH UDQNHU WR JLYH WKRVH LQVWDQFHV FRUUHVSRQGLQJ WR
FRUUHFW DQWHFHGHQWV D KLJKHU SUREDELOLW\ PDVV WKDQ WKRVH FRU�
UHVSRQGLQJ WR LQFRUUHFW DQWHFHGHQWV� $V D UHVXOW� ZH DVVLJQ
UDQN YDOXHV WR WKH WUDLQLQJ LQVWDQFHV DV IROORZV� $VVXPH WKDW
Sop LV WKH VHW RI WUDLQLQJ LQVWDQFHV FUHDWHG IURP op� ,I c LV
D FRUUHFW DQWHFHGHQW RI op� LWV UDQN YDOXH LV 1

|coref | � ZKHUH
|coref | LV WKH QXPEHU RI FDQGLGDWH DQWHFHGHQWV WKDW DUH FRUHI�
HUHQW ZLWK op� 2WKHUZLVH� LWV UDQN YDOXH LV ��
7ZR SRLQWV GHVHUYH PHQWLRQ� )LUVW� WR DYRLG KDYLQJ WR FRQ�

VLGHU D SRWHQWLDOO\ ODUJH QXPEHU RI FDQGLGDWH DQWHFHGHQWV
�DQG WKXV XQQHFHVVDULO\ FRPSOLFDWLQJ WKH UDQNLQJ WDVN�� ZH
FRQVLGHU DOO DQG RQO\ WKRVH13V WKDW DUH DWPRVW WZR VHQWHQFHV
DZD\ IURP DQ RYHUW SURQRXQ WR EH LWV FDQGLGDWH DQWHFHGHQWV��
6HFRQG� ZH FUHDWH WUDLQLQJ LQVWDQFHV IURP DQ RYHUW SURQRXQ

�6LQFH D =3 LV E\ GHÀQLWLRQ D QXOO SURQRXQ� DOO WKH IHDWXUHV WKDW
DUH DSSOLFDEOH WR =3V DUH DOVR DSSOLFDEOH WR RYHUW SURQRXQV�

�KWWS���ZZZ�IMRFK�FRP�<$60(7�KWPO
�2QO\ �� RI WKH RYHUW SURQRXQV GR QRW KDYH DQ\ DQWHFHGHQW LQ

WKH SUHFHGLQJ WZR VHQWHQFHV�
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)HDWXUHV
EH�
WZHHQ c
DQG op
����

WKH VHQWHQFH GLVWDQFH EHWZHHQ c DQG op� WKH VHJPHQW GLVWDQFH EHWZHHQ c DQG op� ZKHUH VHJPHQWV DUH VHSDUDWHG E\ SXQFWX�
DWLRQV� ZKHWKHU c LV WKH FORVHVW 13 WR op� ZKHWKHU c DQG op DUH VLEOLQJV LQ WKH DVVRFLDWHG SDUVH WUHH� WKH IRXU FRQFDWHQDWLRQV
RI 1XPEHU� *HQGHU� 3HUVRQ DQG $QLPDF\ DWWULEXWHV RI c DQG op� ZKHWKHU c LV DOVR D VXEMHFW DQG LWV SUHGLFDWH YHUE LV
LGHQWLFDO ZLWK v� ZKHWKHU c LV WKH QHDUHVW FDQGLGDWH DQWHFHGHQW ZLWK VXEMHFW JUDPPDWLFDO UROH DQG LV VHPDQWLFDOO\ FRPSDW�
LEOH� ZLWK v� LI QRW� ZKHWKHU c LV WKH ÀUVW VHPDQWLFDOO\ FRPSDWLEOH FDQGLGDWH DQWHFHGHQW HQFRXQWHUHG� WKH FRQFDWHQDWLRQ RI
WKH KHDG RI c DQG v� WKH FRQFDWHQDWLRQ RI WKH KHDG RI c� v DQG WKH KHDG RI REMHFW LI H[LVWV� WKH FRQFDWHQDWLRQ RI WKH KHDG RI
c DQG WKH SXQFWXDWLRQ DW WKH HQG RI VHQWHQFH WKDW op LV LQ�

)HDWXUHV
RQ c
����

ZKHWKHU c KDV DQ DQFHVWRU 13� DQG LI VR� ZKHWKHU WKLV 13 LV D GHVFHQGHQW RI c
V ORZHVW DQFHVWRU ,3� ZKHWKHU c KDV DQ DQFHVWRU
93� DQG LI VR� ZKHWKHU WKLV 93 LV D GHVFHQGHQW RI c
V ORZHVW DQFHVWRU ,3� ZKHWKHU c KDV DQ DQFHVWRU &3� WKH JUDPPDWLFDO
UROH RI c� WKH FODXVH W\SH LQ ZKLFK c DSSHDUV� ZKHWKHU c LV DQ DGYHUELDO 13� D WHPSRUDO 13� D SURQRXQ� RU D QDPHG HQWLW\�
ZKHWKHU c LV LQ WKH KHDGOLQH RI WKH WH[W�

)HDWXUHV
RQ op
����

ZKHWKHU v KDV DQ DQFHVWRU 13� DQG LI VR� ZKHWKHU WKLV 13 QRGH LV D GHVFHQGHQW RI v
V ORZHVW DQFHVWRU ,3� ZKHWKHU v KDV
DQ DQFHVWRU 93� DQG LI VR� ZKHWKHU WKLV 93 LV D GHVFHQGHQW RI v
V ORZHVW DQFHVWRU ,3� ZKHWKHU v KDV DQ DQFHVWRU &3� WKH
JUDPPDWLFDO UROH RI op� WKH W\SH RI WKH FODXVH LQ ZKLFK v DSSHDUV� ZKHWKHU op LV WKH ÀUVW RU ODVW WR�EH�UHVROYHG SURQRXQ LQ
WKH VHQWHQFH� ZKHWKHU op LV WKH EHJLQQLQJ RI D VHQWHQFH� ZKHWKHU op LV WKH EHJLQQLQJ RI DQ ,3 FDXVH� ZKHWKHU op LV LQ WKH
KHDGOLQH RI WKH WH[W�

7DEOH �� )HDWXUHV XVHG WR UHSUHVHQW DQ LQVWDQFH� op LV WKH RYHUW SURQRXQ� DQG c LV FDQGLGDWH DQWHFHGHQW� v LV WKH SUHGLFDWH YHUE DIWHU op�

op LQ D WUDLQLQJ WH[W LI DQG RQO\ LI LW VDWLVÀHV WKH IROORZLQJ
FRQGLWLRQV� ��� op LV RQH RI WKH �� RYHUW SURQRXQV GHVFULEHG
LQ WKH SUHYLRXV VHFWLRQ� ��� WKH FORVHVW DQWHFHGHQW RI op LV
DW PRVW WZR VHQWHQFHV DZD\ IURP LW� DQG ��� op LV D VXUIDFH
RU GHHS VXEMHFW LQ WKH FRUUHVSRQGLQJ VHQWHQFH� &RQGLWLRQ ���
HQVXUHV WKDW WKHUH LV VRPHWKLQJ WR UDQN LQ HDFK UDQNLQJ SURE�
OHP �L�H�� QRW DOO LQVWDQFHV KDYH WKH VDPH UDQN�� &RQGLWLRQ ���
LV PRWLYDWHG E\ RXU REVHUYDWLRQ WKDW ������ RI WKH =3V LQ RXU
FRUSXV �L�H�� 2QWR1RWHV ���� DUH VXUIDFH RU GHHS VXEMHFWV� :H
LPSRVH WKLV FRQGLWLRQ VR WKDW WKH UDQNHU FDQ IRFXV LWV HIIRUW
RQ UDQNLQJ RYHUW SURQRXQV WKDW DUH VXEMHFWV��

$SSO\LQJ WKH UDQNHU� $IWHU WUDLQLQJ� ZH FDQ DSSO\ WKH
UDQNHU WR UHVROYH WKH $=3V LQ WKH WHVW VHW� 7KH TXHVWLRQ LV�
VLQFH WKH UDQNHU ZDV WUDLQHG RQ RYHUW SURQRXQV� KRZ FDQ LW
EH DSSOLHG WR UHVROYH $=3V" 6SHFLÀFDOO\� WKH LVVXH LV WKDW
VRPH RI WKH IHDWXUHV WKH UDQNHU HPSOR\V DUH GHULYHG IURP
WKH IRXU JUDPPDWLFDO DWWULEXWHV RI RYHUW SURQRXQV� VR LW ZLOO
QRW EH DSSOLFDEOH WR $=3V DV WKH\ ODFN VXFK DWWULEXWHV�
7R DGGUHVV WKLV LVVXH� ZH H[SORUH D QHZ LGHD� IRU HDFK $=3

zp WR EH UHVROYHG� ZH ÀOO WKH JDS OHIW EHKLQG E\ zp ZLWK DQ
RYHUW SURQRXQ� 7KH TXHVWLRQ� WKHQ� LV� ZKLFK RI WKH �� RYHUW
SURQRXQV VKRXOG ZH XVH WR ÀOO WKH JDS" 7KLV LV QRW D WULYLDO
TXHVWLRQ� LI LW ZHUH HDV\ WR ÀQG WKH ULJKW RYHUW SURQRXQ WR
ÀOO WKH JDS� $=3 UHVROXWLRQ ZRXOG QRW EH PRUH GLIÀFXOW WKDQ
RYHUW SURQRXQ UHVROXWLRQ� +HQFH� UDWKHU WKDQ DWWHPSWLQJ WR
DQVZHU WKLV QRQ�WULYLDO TXHVWLRQ� ZH ÀOO WKH JDS ZLWK HDFK RI
WKH �� RYHUW SURQRXQV� 6SHFLÀFDOO\� IRU HDFK RYHUW SURQRXQ
op� ZH ÀOO WKH JDS ZLWK op DQG WKHQ FUHDWH WHVW LQVWDQFHV LQ
WKH VDPH ZD\ DV WKH WUDLQLQJ LQVWDQFHV� +HQFH� DVVXPLQJ WKDW
zp KDV |C| FDQGLGDWH DQWHFHGHQWV� WKH WRWDO QXPEHU RI WHVW
LQVWDQFHV FUHDWHG IURP zp LV �� × |C|�
%HIRUH DSSO\LQJ WKH UDQNHU WR WKHVH WHVW LQVWDQFHV� ZH

PDNH WKH UDQNHU
V MRE HDVLHU E\ UHGXFLQJ WKH QXPEHU RI WHVW
LQVWDQFHV� 6SHFLÀFDOO\� LQ VRPH RI WKHVH WHVW LQVWDQFHV� WKH
FDQGLGDWH DQWHFHGHQW DQG WKH RYHUW SURQRXQ DUH QRW FRPSDW�

�:H HPSOR\ %HUJVPD DQG /LQ
V DSSURDFK ������ WR FRPSXWH
VHPDQWLF FRPSDWLELOLW\� 6HH WKHLU SDSHU IRU GHWDLOV�

�7KLV LV E\ QR PHDQV D OLPLWDWLRQ RI RXU DSSURDFK� LI ZH ZHUH
JLYHQ D FRUSXV LQ ZKLFK PDQ\ =3V RFFXU DV JUDPPDWLFDO REMHFWV�
ZH FRXOG VLPLODUO\ WUDLQ DQRWKHU UDQNHU RQ RYHUW REMHFWV�

LEOH ZLWK UHVSHFW WR DOO IRXU JUDPPDWLFDO DWWULEXWHV ZH GH�
ÀQHG HDUOLHU �H�J�� FDQGLGDWH DQWHFHGHQW⬉㛥 �WKH FRPSXWHU�
LV LQFRPSDWLEOH ZLWK RYHUW SURQRXQ ԴӀ �SOXUDO \RX� ZLWK
UHVSHFW WR $QLPDF\� 3HUVRQ� DQG 1XPEHU��� 7R SUHYHQW
WKH UDQNHU IURP DVVLJQLQJ QRQ�]HUR SUREDELOLW\ PDVV WR WKHVH
OLQJXLVWLFDOO\ LPSODXVLEOH FDVHV� ZH UHPRYH WKHP DQG DSSO\
WKH UDQNHU WR UDQN WKH UHPDLQLQJ RQHV� :H WKHQ VHOHFW WKH
FDQGLGDWH DQWHFHGHQW DVVRFLDWHG ZLWK WKH PRVW SUREDEOH WHVW
LQVWDQFH FUHDWHG IURP $=3 zp DV LWV DQWHFHGHQW�
$OWKRXJK ZH KDYH VXFFHVVIXOO\ FRQYHUWHG XQVXSHUYLVHG

$=3 UHVROXWLRQ LQWR RYHUW SURQRXQ UHVROXWLRQ DERYH� WKH UHV�
ROXWLRQ SURFHGXUH FDQ EH LPSURYHG IXUWKHU� 7KH LPSURYH�
PHQW LV PRWLYDWHG E\ D SUREOHP ZH REVHUYHG SUHYLRXVO\
�&KHQ DQG 1J ������ DQ $=3 DQG LWV FORVHVW DQWHFHGHQW FDQ
VRPHWLPHV EH IDU DZD\ IURP HDFK RWKHU� WKXV PDNLQJ LW GLI�
ÀFXOW WR FRUUHFWO\ UHVROYH WKH $=3� 7R DGGUHVV WKLV SUREOHP�
ZH HPSOR\ WKH IROORZLQJ UHVROXWLRQ SURFHGXUH LQ RXU H[SHUL�
PHQWV� *LYHQ D WHVW GRFXPHQW� ZH SURFHVV LWV $=3V LQ D OHIW�
WR�ULJKW PDQQHU� $V VRRQ DV ZH UHVROYH DQ $=3 WR D SUHFHG�
LQJ 13 c� ZH ÀOO WKH FRUUHVSRQGLQJ $=3
V JDS ZLWK c� +HQFH�
ZKHQ ZH SURFHVV DQ $=3 zp� DOO RI LWV SUHFHGLQJ $=3V LQ
WKH DVVRFLDWHG WH[W KDYH EHHQ UHVROYHG� ZLWK WKHLU JDSV ÀOOHG
E\ WKH 13V WKH\ DUH UHVROYHG WR� 7R UHVROYH $=3 zp� ZH FUH�
DWH WHVW LQVWDQFHV EHWZHHQ zp DQG LWV FDQGLGDWH DQWHFHGHQWV LQ
WKH VDPH ZD\ DV GHVFULEHG EHIRUH� 7KH RQO\ GLIIHUHQFH LV WKDW
WKH VHW RI FDQGLGDWH DQWHFHGHQWV RI zpPD\ QRZ LQFOXGH WKRVH
13V WKDW DUH XVHG WR ÀOO WKH JDSV RI WKH $=3V UHVROYHG VR IDU�
,Q RWKHU ZRUGV� WKLV LQFUHPHQWDO UHVROXWLRQ SURFHGXUH PD\
LQFUHDVH WKH QXPEHU RI FDQGLGDWH DQWHFHGHQWV �DQG KHQFH WKH
QXPEHU RI WHVW LQVWDQFHV� IRU HDFK $=3 zp� 6RPH RI WKHVH DG�
GLWLRQDO FDQGLGDWH DQWHFHGHQWV DUH FORVHU WR zp WKDQ WKH RULJL�
QDO FDQGLGDWH DQWHFHGHQWV� WKHUHE\ IDFLOLWDWLQJ WKH UHVROXWLRQ
RI zp� ,I WKH UDQNHU UHVROYHV zp WR WKH DGGLWLRQDO FDQGLGDWH
DQWHFHGHQW WKDW ÀOOV WKH JDS OHIW EHKLQG E\� VD\� $=3 zp′� ZH
SRVWSURFHVV WKH RXWSXW E\ UHVROYLQJ zp WR WKH 13 WKDW zp′ LV
UHVROYHG WR��

�:H FRPSXWH WKH DWWULEXWH YDOXHV RI D FDQGLGDWH DQWHFHGHQW
KHXULVWLFDOO\� LQ HVVHQWLDOO\ WKH VDPH ZD\ DV WKHVH YDOXHV DUH FRP�
SXWHG IRU DQ 13 LQ (QJOLVK SURQRXQ UHVROXWLRQ�

�7KLV SRVWSURFHVVLQJ VWHS LV QHHGHG EHFDXVH WKH DGGLWLRQDO FDQ�
GLGDWH DQWHFHGHQWV DUH RQO\ JDS ÀOOHUV�
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(QIRUFLQJ 3URQRXQ�9HUE &RPSDWLELOLW\
5HFDOO WKDW ZKHQ DSSO\LQJ WKH UDQNHU� ZH HQIRUFHG FRPSDW�
LELOLW\ EHWZHHQ DQ RYHUW SURQRXQ DQG WKH DVVRFLDWHG FDQGL�
GDWH DQWHFHGHQW LQ D WHVW LQVWDQFH ZLWK UHVSHFW WR WKH IRXU
JUDPPDWLFDO DWWULEXWHV� $ QDWXUDO TXHVWLRQ LV� FDQ ZH VLPL�
ODUO\ HQIRUFH FRPSDWLELOLW\ EHWZHHQ WKH RYHUW SURQRXQ DQG
LWV JRYHUQLQJ YHUE LQ D WHVW LQVWDQFH ZLWK UHVSHFW WR WKH IRXU
JUDPPDWLFDO DWWULEXWHV" 1RWH WKDW HQIRUFLQJ WKLV SURQRXQ�
YHUE FRPSDWLELOLW\ DPRXQWV WR HQVXULQJ WKDW WKH RYHUW SUR�
QRXQ VDWLVÀHV DOO WKH JUDPPDWLFDO FRQVWUDLQWV WKH JRYHUQLQJ
YHUE SODFHV RQ LWV VXEMHFW��
6RPHZKDW XQIRUWXQDWHO\� PDQ\ &KLQHVH YHUEV SODFH OLW�

WOH RU HYHQ QR JUDPPDWLFDO FRQVWUDLQWV RQ WKHLU VXEMHFW 13V�
0RUH VSHFLÀFDOO\� ZKLOH &KLQHVH YHUEV KDYH WKH VDPH $Q�
LPDF\ DQG *HQGHU FRQVWUDLQWV RQ WKHLU VXEMHFW 13V DV (Q�
JOLVK YHUEV� WKH YDVW PDMRULW\ RI WKHP GR QRW KDYH DQ\1XP�
EHU RU 3HUVRQ FRQVWUDLQWV RQ WKHLU VXEMHFW 13V� 7KH UHDVRQ LV
WKDW &KLQHVH KDV QR PRUSKRORJ\� 7KLV LPSOLHV WKDW WKH IRUP
RI D &KLQHVH YHUE GRHV QRW FKDQJH DV LWV VXEMHFW
V 1XPEHU
DQG 3HUVRQ FKDQJH� )RU H[DPSOH� FRQVLGHU WKH YHUE ᅷᏗ
�DQQRXQFH�� ,W WXUQV RXW WKDW LQ WKLV FDVH� WKH VXEMHFW RIᅷᏗ
�DQQRXQFH� LV XQFRQVWUDLQHG ZLWK UHVSHFW WR QRW RQO\*HQGHU
DQG 3HUVRQ� EXW DOVR $QLPDF\ DQG 1XPEHU�
7KH IDFW WKDW &KLQHVH YHUEV SODFH OLWWOH RU QR JUDPPDW�

LFDO FRQVWUDLQWV RQ WKHLU VXEMHFW 13V VHHPV WR VXJJHVW WKDW
HQIRUFLQJ SURQRXQ�YHUE FRPSDWLELOLW\ LV XQOLNHO\ WR KDYH D
ELJ LPSDFW RQ $=3 UHVROXWLRQ� 1HYHUWKHOHVV� ZH K\SRWKHVL]H
WKDW SURQRXQ�YHUE FRPSDWLELOLW\ FRXOG EH HQIRUFHG LQ D EHW�
WHU ZD\� 6SHFLÀFDOO\� ZH PDNH WKH IROORZLQJ REVHUYDWLRQ�
ZKLOH PDQ\ &KLQHVH YHUEV GR QRW KDYH KDUG JUDPPDWLFDO
FRQVWUDLQWV RQ WKHLU VXEMHFW 13V� PDQ\ RI WKHP KDYH JUDP�
PDWLFDO SUHIHUHQFHV IRU WKHLU VXEMHFW 13V� )RU H[DPSOH� 㾷
އ �UHVROYH� SUHIHUV DQ DQLPDWH VXEMHFW� DQGᠧᡂ �GUHVV XS��
ZKHQ XVHG LQ D &KLQHVH FRQWH[W� SUHIHUV D IHPLQLQH VXEMHFW�
6XFK JUDPPDWLFDO SUHIHUHQFHV FRXOG EH HPSOR\HG DV VRIW
FRQVWUDLQWV ZKHQ HQIRUFLQJ SURQRXQ�YHUE FRPSDWLELOLW\�
7KH TXHVWLRQ� WKHQ� LV� KRZ FDQ ZH REWDLQ WKH JUDPPDWLFDO

SUHIHUHQFHV RI D YHUE" 5DWKHU WKDQ PDQXDOO\ VSHFLI\LQJ VXFK
SUHIHUHQFHV� ZH OHDUQ WKHP IURP D ODUJH� XQDQQRWDWHG FRUSXV�
6SHFLÀFDOO\� IRU HDFK YHUE v WKDW JRYHUQV DQ $=3 LQ RXU WHVW
FRUSXV� ZH ÀUVW FROOHFW IURP WKH &KLQHVH *LJDZRUG FRUSXV
�*UDII DQG &KHQ ����� WKH VHW RI 13V WKDW VHUYH DV WKH VXE�
MHFW RI v� 7KHQ� IRU HDFK SRVVLEOH YDOXH b RI HDFK RI WKH IRXU
JUDPPDWLFDO DWWULEXWHV a� ZH FRPSXWH Pa(b)� WKH SUREDELOLW\
WKDW DQ 13 LQ WKLV VHW KDV b DV LWV YDOXH IRU a� )LQDOO\� ZH XVH
WKH UHVXOWLQJ SUREDELOLWLHV WR UHSUHVHQW D YHUE
V JUDPPDWLFDO
SUHIHUHQFHV IRU LWV VXEMHFW 13�
1RZ WKDW ZH NQRZ KRZ WR FRPSXWH D YHUE
V JUDPPDWLFDO

SUHIHUHQFHV IRU LWV VXEMHFW 13� WKH TXHVWLRQ LV� KRZ FDQ WKH\
EH XVHG DV VRIW FRQVWUDLQWV WR HQIRUFH SURQRXQ�YHUE FRPSDWL�
ELOLW\" 7R DQVZHU WKLV TXHVWLRQ� QRWH WKDW JLYHQ D YHUE v JRY�
HUQLQJ DQ $=3 zp� LWV JUDPPDWLFDO SUHIHUHQFHV WHOO XV ZKLFK
RYHUW SURQRXQ LW SUHIHUV WR XVH WR ÀOO WKH JDS OHIW EHKLQG E\
zp� H�J�� LI v SUHIHUV DQ DQLPDWH� VLQJXODU� DQG QHXWHU VXEMHFW�

�:H IRFXV RQ HQIRUFLQJ VXEMHFW�YHUE FRPSDWLELOLW\ EXW QRW YHUE�
REMHFW FRPSDWLELOLW\ EHFDXVH ������ RI WKH =3V LQ RXU FRUSXV RFFXU
DV VXEMHFWV� ,I ZH ZHUH JLYHQ D FRUSXV LQ ZKLFK PDQ\ =3V RFFXU DV
REMHFWV� ZH FRXOG VLPLODUO\ HQIRUFH YHUE�REMHFW FRPSDWLELOLW\�

LW LPSOLHV WKDW v SUHIHUV WKH JDS WR EH ÀOOHG E\ ៥ �,� RU Դ
�VLQJXODU \RX�� ,Q RWKHU ZRUGV�៥ �,� DQGԴ �VLQJXODU \RX�
DUH PRUH FRPSDWLEOH ZLWK v WKDQ WKH UHPDLQLQJ SURQRXQV�
6R IDU� ZH KDYH VHHQ WKDW JLYHQ DQ $=3
V JDS WR EH ÀOOHG�

D YHUE KDV D SUHIHUHQFH IRU ZKLFK SURQRXQV VKRXOG EH XVHG
WR ÀOO WKH JDS� 7KH TXHVWLRQ� WKHQ� LV� KRZ FDQ D YHUE
V SUHI�
HUHQFH EH XVHG WR LPSURYH $=3 UHVROXWLRQ" %HIRUH DQVZHU�
LQJ WKLV TXHVWLRQ� UHFDOO IURP WKH SUHYLRXV VHFWLRQ WKDW IRU
HDFK $=3 zp LQ WKH WHVW VHW� WKH UDQNHU DVVLJQV D SUREDELOLW\
P (op, c) WR HDFK WHVW LQVWDQFH i(op, c) FUHDWHG IURP zp� ZKHUH
i(op, c) FRUUHVSRQGV WR DQ RYHUW SURQRXQ op WKDW ÀOOV WKH
$=3
V JDS DQG RQH RI LWV FDQGLGDWH DQWHFHGHQWV c� P (op, c)
FDQ EH LQWHUSUHWHG DV WKH UDQNHU
V SUHIHUHQFH IRU VHOHFWLQJ c DV
WKH DQWHFHGHQW RI zp DQG XVLQJ op WR ÀOO WKH JDS OHIW EHKLQG E\
zp� *LYHQ WKDW ERWK WKH UDQNHU DQG WKH JRYHUQLQJ YHUE KDYH
WKHLU RZQ SUHIHUHQFHV IRU WKH SURQRXQ ÀOOLQJ WKH $=3
V JDS�
ZH FRRUGLQDWH WKHLU SUHIHUHQFHV XVLQJ ,/3 E\ GHÀQLQJ DQ RE�
MHFWLYH IXQFWLRQ DV WKH OLQHDU FRPELQDWLRQ RI WKH SUREDELOLWLHV
HQFRGHG LQ WKHVH SUHIHUHQFHV�
%HIRUH GHVFULELQJ WKH REMHFWLYH IXQFWLRQ� OHW XV LQWURGXFH

VRPH QRWDWLRQ� 7KH VHW A = {Num,Gen, Per,Ani} KDV
IRXU HOHPHQWV� ZKLFK FRUUHVSRQG WR1XPEHU�*HQGHU� 3HU�
VRQ DQG $QLPDF\ UHVSHFWLYHO\� :H XVH a WR GHQRWH DQ DW�
WULEXWH LQ A� Va WR GHQRWH WKH VHW RI SRVVLEOH YDOXHV RI a�
opa WR GHQRWH RYHUW SURQRXQ op
V YDOXH IRU DWWULEXWH a� DQG
PR WR GHQRWH WKH VHW RI WKH �� &KLQHVH RYHUW SURQRXQV ZH
HPSOR\� $V GHVFULEHG EHIRUH� IRU HDFK $=3 zp� P (op, c) LV
WKH SUREDELOLW\ WKH UDQNHU DVVLJQV WKH LQVWDQFH FUHDWHG IURP
RYHUW SURQRXQ op DQG FDQGLGDWH DQWHFHGHQW c� DQG Pa(b) LV
WKH SUREDELOLW\ WKDW WKH YDOXH RI DWWULEXWH a LV b DFFRUGLQJ WR
WKH JUDPPDWLFDO SUHIHUHQFHV RI WKH YHUE JRYHUQLQJ zp�
,Q DGGLWLRQ� ZH KDYH WR GHÀQH ELQDU\ LQGLFDWRU YDULDEOHV

ZKRVH YDOXHV DUH WR EH GHWHUPLQHG E\ DQ ,/3 VROYHU� 6SHFLI�
LFDOO\� ZH GHÀQH x(op, c) WR EH D YDULDEOH WKDW WDNHV RQ WKH
YDOXH � LI DQG RQO\ LI WKH VROYHU VHOHFWV c WR EH zp
V DQWHFHGHQW
DQG ÀOOV WKH JDS OHIW EHKLQG E\ zpZLWK op� :H GHÀQH DQRWKHU
YDULDEOH ya(b)� ZKRVH YDOXH LV � LI DQG RQO\ LI WKH VROYHU GH�
FLGHV WKDW WKH JDS OHIW EHKLQG E\ zp VKRXOG EH ÀOOHG E\ DQ
RYHUW SURQRXQ ZKRVH DWWULEXWH a KDV YDOXH b�
)RU HDFK $=3 zp� ZH FUHDWH RQH ,/3 SURJUDP ZKRVH RE�

MHFWLYH IXQFWLRQ LV D OLQHDU FRPELQDWLRQ RI P (op, c) DQG WKH
IRXU SUREDELOLWLHV WKDW HQFRGH D YHUE
V SUHIHUHQFH� PNum(b)�
PGen(b)� PPer(b)� DQG PAni(b)� DV VKRZQ EHORZ�

DUJPD[
op,c

[
∑

op∈PR

∑

c∈C

P (op, c)x(op, c)+

α
∑

b∈VNum

PNum(b)yNum(b) + β
∑

b∈VGen

PGen(b)yGen(b)+

γ
∑

b∈VPer

PPer(b)yPer(b) + δ
∑

b∈VAni

PAni(b)yAni(b)]

���

VXEMHFW WR WKH IROORZLQJ FRQVWUDLQWV�
x(op, c) ∈ {0, 1}, ∀op ∈ PR, ∀c ∈ C ���

∑

op∈PR

∑

c∈C

x(op, c) = 1 ���

ya(b) ∈ {0, 1},∀a ∈ A, ∀b ∈ Va ���
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|a|∑

b=1

ya(b) = 1, ∀a ∈ A ���

yAni(animate) ≥ yGen(masculine) + yGen(feminine) ���

7KH IRXU SDUDPHWHUV� α� β� γ DQG δ� GHQRWH WKH UHODWLYH LP�
SRUWDQFH RI WKH WHUPV LQ WKH REMHFWLYH IXQFWLRQ DQG DUH MRLQWO\
WXQHG WR PD[LPL]H )�VFRUH RQ GHYHORSPHQW GDWD��
&RQVWUDLQWV ��� DQG ��� HQVXUH WKDW x(op, c) DQG ya(b) DUH

ELQDU\ YDOXHV� &RQVWUDLQW ��� HQVXUHV WKDW H[DFWO\ RQH RYHUW
SURQRXQ LV XVHG WR ÀOO WKH $=3
V JDS DQG H[DFWO\ RQH FDQ�
GLGDWH DQWHFHGHQW LV VHOHFWHG DV WKH $=3
V DQWHFHGHQW� &RQ�
VWUDLQW ��� HQVXUHV WKDW WKH RYHUW SURQRXQ XVHG WR ÀOO WKH
$=3
V JDS KDV H[DFWO\ RQH YDOXH IRU HDFK DWWULEXWH� &RQ�
VWUDLQW ��� HQVXUHV WKDW LI WKH RYHUW SURQRXQ VWULQJ LV PDV�
FXOLQH RU IHPLQLQH� WKHQ LW KDV WR EH DQLPDWH�
1RWH WKDW ZH QHHG DQ DGGLWLRQDO FRQVWUDLQW WR HQVXUH WKH

FKRLFH RI op WDNHV LQWR DFFRXQW ERWK WKH UDQNHU
V SUHIHUHQFH
DQG WKH SUHIHUHQFH RI WKH YHUE v JRYHUQLQJ WKH $=3�

∑

opa=b

∑

c∈C

x(op, c) = ya(b), ∀a ∈ A, ∀b ∈ Va ���

&RQVWUDLQW ��� HQVXUHV WKH FRQVLVWHQF\ EHWZHHQ WKH FKRLFH
RI op DQG WKH YDOXH ya(b) IRU HDFK DWWULEXWH a ∈ A� :LWK WKLV
FRQVWUDLQW� v DIIHFWV WKH FKRLFH RI op WKURXJK WKH ODVW IRXU
WHUPV LQ WKH REMHFWLYH IXQFWLRQ DQG WKHUHDIWHU KDV DQ LPSDFW
RQ WKH FKRLFH RI WKH $=3
V DQWHFHGHQW�

(YDOXDWLRQ
([SHULPHQWDO 6HWXS
'DWDVHW� )RU HYDOXDWLRQ� ZH HPSOR\ WKH &KLQHVH SRUWLRQ
RI WKH 2QWR1RWHV ��� FRUSXV WKDW ZDV XVHG LQ WKH RIÀFLDO
&R1//����� VKDUHG WDVN� ,Q WKH &R1//����� GDWD� RQO\ WKH
WUDLQLQJ VHW DQG GHYHORSPHQW VHW FRQWDLQ =3 FRUHIHUHQFH DQ�
QRWDWLRQV� ZKLOH WKH WHVW VHW GRHV QRW��� 7KHUHIRUH� ZH HPSOR\
WKH WUDLQLQJ VHW RI WKH &R1//����� GDWD IRU PRGHO WUDLQ�
LQJ DQG SDUDPHWHU WXQLQJ� DQG SHUIRUP HYDOXDWLRQ RQ WKH
&R1//����� GHYHORSPHQW VHW��� 6WDWLVWLFV RQ WKH GDWDVHWV
DUH VKRZQ LQ 7DEOH �� 7KH GRFXPHQWV LQ WKHVH GDWDVHWV FRPH
IURP VL[ VRXUFHV� LQFOXGLQJ%URDGFDVW 1HZV �%1�� 1HZVZLUH
�1:�� %URDGFDVW &RQYHUVDWLRQ �%&�� 7HOHSKRQH &RQYHUVD�
WLRQ �7&�� :HE %ORJ �:%� DQG 0DJD]LQH �0=��
(YDOXDWLRQ PHDVXUHV� )ROORZLQJ =KDR DQG 1J ������ DQG
&KHQ DQG 1J ������� ZH H[SUHVV WKH UHVXOWV RI $=3 UHVROX�
WLRQ LQ WHUPV RI UHFDOO �5�� SUHFLVLRQ �3� DQG )�VFRUH �)��
(YDOXDWLRQ VHWWLQJ� 6LQFH ZH IRFXV RQ $=3 UHVROXWLRQ� ZH
DVVXPH WKDW JROG $=3V DQG JROG SDUVH WUHHV DUH JLYHQ�

�:H DWWHPSWHG YDOXHV RI �� ����� ����� ����� ����� DQG ���� IRU
HDFK RI WKHVH SDUDPHWHUV�

��$=3 UHVROXWLRQ LV QRW SDUW RI WKH &R1//����� VKDUHG WDVN�
��:H WXQH WKH SDUDPHWHUV �L�H�� α� β� γ DQG δ� DV IROORZV� :H

ÀUVW WUDLQ D UDQNLQJ PRGHO RQ ��� RI WKH WUDLQLQJ GDWD DQG XVH WKH
UHPDLQLQJ ��� IRU SDUDPHWHU WXQLQJ� 7KHQ ZH UHWUDLQ WKH PRGHO RQ
DOO RI WKH WUDLQLQJ GDWD EHIRUH DSSO\LQJ LW WR WKH WHVW GDWD�

7UDLQLQJ 7HVW
'RFXPHQWV ����� ���
6HQWHQFHV ������ �����
:RUGV ������� �������
4XDOLÀHG 2YHUW 3URQRXQV ����� −
$=3V − �����

7DEOH �� 6WDWLVWLFV RQ WKH WUDLQLQJ DQG WHVW VHWV�

5HVXOWV
%DVHOLQH V\VWHPV� :H HPSOR\ WKUHH EDVHOLQH V\VWHPV� ���
=KDR DQG 1J ������� ��� .RQJ DQG =KRX ������� DQG ���
&KHQ DQG 1J ������� $OO WKUHH EDVHOLQH V\VWHPV DUH VXSHU�
YLVHG� PHDQLQJ WKDW WKH\ DUH WUDLQHG RQ GDWD PDQXDOO\ DQQR�
WDWHG ZLWK WKH DQWHFHGHQWV RI $=3V�
7DEOH � VKRZV WKH RYHUDOO VFRUHV �URZ �� DQG WKH SHU�

VRXUFH VFRUHV �URZV � WR ��� 7KH SDUHQWKHVL]HG QXPEHU EH�
VLGH D VRXUFH
V QDPH LV WKH QXPEHU RI $=3V LQ WKDW VRXUFH� $V
ZH FDQ VHH� WKH EHVW�SHUIRUPLQJ EDVHOLQH LV WKH &KHQ DQG 1J
EDVHOLQH� LW VLJQLÀFDQWO\ RXWSHUIRUPV WKH =KDR DQG 1J EDVH�
OLQH DQG WKH .RQJ DQG =KRX EDVHOLQH E\ ���� DQG ���� LQ
)�VFRUH UHVSHFWLYHO\��� )RU SHU�VRXUFH UHVXOWV� WKH &KHQ DQG
1J EDVHOLQH \LHOGV WKH EHVW VFRUHV RQ IRXU VRXUFHV� LW RQO\
XQGHUSHUIRUPV =KDR DQG 1J
V V\VWHP RQ 1: DQG .RQJ DQG
=KRX
V V\VWHP RQ %1�
2XU UDQNHU� 7KH SHUIRUPDQFH RI RXU UDQNHU LV DOVR VKRZQ
LQ 7DEOH �� $OWKRXJK RXU UDQNHU GRHV QRW H[SORLW DQ\ $=3
FRUHIHUHQFH DQQRWDWLRQV� LW VLJQLÀFDQWO\ EHDWV .RQJ DQG
=KRX
V V\VWHP �p < 0.07� DQG =KDR DQG1J
V V\VWHP E\ ����
DQG ���� LQ )�VFRUH UHVSHFWLYHO\� DQG RQO\ VLJQLÀFDQWO\ XQ�
GHUSHUIRUPV WKH &KHQ DQG 1J EDVHOLQH E\ ���� LQ )�VFRUH�
2XU ,/3 PHWKRG� 1H[W� ZH H[DPLQH WKH SHUIRUPDQFH RI
RXU DSSURDFK DIWHU LPSRVLQJ FRQVWUDLQWV YLD ,/3� ,Q FRPSDU�
LVRQ WR WKH UDQNLQJ UHVXOWV� ZH FDQ VHH WKDW DIWHU DSSO\LQJ
,/3� WKH RYHUDOO )�VFRUH LQFUHDVHV VLJQLÀFDQWO\ E\ ����� ,Q
DGGLWLRQ� RXU DSSURDFK EHDWV WKH EHVW EDVHOLQH V\VWHP VLJQLÀ�
FDQWO\ E\ ���� �p < 0.06�� DFKLHYLQJ WKH EHVW RYHUDOO )�VFRUH
RQ WKLV GDWDVHW UHSRUWHG WR GDWH�
:KLOH RXU DSSURDFK
V RYHUDOO )�VFRUH LV VLJQLÀFDQWO\ EHWWHU

WKDQ WKDW RI WKH EHVW EDVHOLQH� LW RXWSHUIRUPV WKH EHVW EDVHOLQH
LQ RQO\ WKUHH RI WKH VL[ VRXUFHV �QDPHO\ :%� %& DQG 7&��
7KHVH UHVXOWV VXJJHVW WKDW IXUWKHU SHUIRUPDQFH JDLQV PLJKW
EH SRVVLEOH LI ZH FRPELQH RXU V\VWHP ZLWK WKH EHVW EDVHOLQH
YLD HQVHPEOH OHDUQLQJ� IRU LQVWDQFH�
,Q DQ DWWHPSW WR EHWWHU XQGHUVWDQG WKH UROH RI MRLQW LQIHU�

HQFH LQ RXU DSSURDFK� ZH FRQGXFW DQ H[SHULPHQW ZKHUH ZH
UHSODFH ,/3 ZLWK D SLSHOLQH DSSURDFK� 6SHFLÀFDOO\� ZH ���
GHWHUPLQH WKH *HQGHU� 1XPEHU� $QLPDF\� RU 3HUVRQ DW�
WULEXWHV RI WKH RYHUW SURQRXQ IRU ÀOOLQJ DQ $=3
V JDS EDVHG
RQ SURQRXQ�YHUE FRPSDWLELOLW\� DQG WKHQ ��� DSSO\ WKH UDQNHU
WR UDQN WKH WHVW LQVWDQFHV FUHDWHG EDVHG RQ WKH JUDPPDWLFDO DW�
WULEXWHV GHWHUPLQHG LQ WKH ÀUVW VWHS� 2XU UHVXOWV VKRZ WKDW WKH
SLSHOLQH PHWKRG VLJQLÀFDQWO\ XQGHUSHUIRUPV RXU DSSURDFK�
LWV )�VFRUH LV RQO\ ������ :H DWWULEXWH WKH SRRU SHUIRUPDQFH

��$OO VLJQLÀFDQFH WHVWV DUH SDLUHG t�WHVWV� 8QOHVV RWKHUZLVH
VWDWHG� p < 0.05�
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%DVHOLQH 6\VWHPV 2XU $SSURDFK
.RQJ DQG =KRX =KDR DQG 1J &KHQ DQG 1J 5DQNLQJ 0RGHO ,/3 0HWKRG

6RXUFH 5 3 ) 5 3 ) 5 3 ) 5 3 ) 5 3 )
2YHUDOO ������ ���� ���� ���� ���� ���� ���� ���� ���� ���� ���� ���� ���� ���� ���� ����
1: ���� ���� ���� ���� ���� ���� ���� ���� ���� ���� ���� ���� ���� ���� ���� ����
0= ����� ���� ���� ���� ���� ���� ���� ���� ���� ���� ���� ���� ���� ���� ���� ����
:% ����� ���� ���� ���� ���� ���� ���� ���� ���� ���� ���� ���� ���� ���� ���� ����
%1 ����� ���� ���� ���� ���� ���� ���� ���� ���� ���� ���� ���� ���� ���� ���� ����
%& ����� ���� ���� ���� ���� ���� ���� ���� ���� ���� ���� ���� ���� ���� ���� ����
7& ����� ���� ���� ���� ���� ���� ���� ���� ���� ���� ���� ���� ���� ���� ���� ����

7DEOH �� 5HVROXWLRQ UHVXOWV RQ WKH WHVW VHW� 7KH VWURQJHVW )�VFRUH LQ HDFK URZ LV EROGIDFHG�

&KHQ DQG 1J 5DQNLQJ 0RGHO ,/3 0HWKRG
5 3 ) 5 3 ) 5 3 )

ZLWKRXW ���� ���� ���� ���� ���� ���� ���� ���� ����
ZLWK ���� ���� ���� ���� ���� ���� ���� ���� ����

7DEOH �� $=3 UHVROXWLRQ UHVXOWV ZLWKRXW DQG ZLWK WKH LP�
SURYHG UHVROXWLRQ SURFHGXUH�

RI WKH SLSHOLQH DSSURDFK WR WKH GLIÀFXOW\ RI FRUUHFWO\ VHOHFW�
LQJ DQ RYHUW SURQRXQ WR ÀOO DQ $=3
V JDS� DV PHQWLRQHG EH�
IRUH� PDQ\ &KLQHVH YHUEV GR QRW KDYH KDUG JUDPPDWLFDO FRQ�
VWUDLQWV RQ WKHLU VXEMHFW 13V�
7R GHWHUPLQH WKH LPSDFW RI WKH LPSURYHG UHVROXWLRQ SURFH�

GXUH� ZKLFK H[SORLWV =3 FRUHIHUHQFH OLQNV� RQ UHVROXWLRQ SHU�
IRUPDQFH� ZH UHSHDW RXU H[SHULPHQWVZLWKRXW XVLQJ LW� 5RZ �
RI 7DEOH � VKRZV WKH RYHUDOO UHVROXWLRQ UHVXOWV RI WKH &KHQ
DQG 1J EDVHOLQH� WKH UDQNLQJ PRGHO� DQG WKH ,/3 PHWKRG
ZLWKRXW XVLQJ WKH LPSURYHG UHVROXWLRQ SURFHGXUH� )RU HDVH
RI FRPSDULVRQ� WKH FRUUHVSRQGLQJ UHVXOWV REWDLQHG ZLWK WKH
LPSURYHG UHVROXWLRQ SURFHGXUH DUH VKRZQ LQ URZ � RI WKH WD�
EOH� $V ZH FDQ VHH� HPSOR\LQJ WKH LPSURYHG SURFHGXUH VLJ�
QLÀFDQWO\ ERRVWV WKH )�VFRUH DFURVV WKH ERDUG�

4XDOLWDWLYH (UURU $QDO\VLV
,Q DQ DWWHPSW WR EHWWHU XQGHUVWDQG RXU DSSURDFK� ZH SHUIRUP
D TXDOLWDWLYH DQDO\VLV RI LWV HUURUV� 2XU DQDO\VLV UHYHDOV WKDW
LW PDNHV WZR PDMRU W\SHV RI HUURUV� DV GLVFXVVHG EHORZ�
,QFRUUHFW FKRLFH RI RYHUW SURQRXQV DV JDS ÀOOHUV� 7R GH�
WHUPLQH ZKLFK RYHUW SURQRXQ op VKRXOG EH XVHG WR ÀOO WKH JDS
RI $=3 zp� ,/3 FRQVLGHUV WKH YHUE v JRYHUQLQJ zp� 7KRXJK v
RIIHUV D VWURQJ KLQW IRU GHWHUPLQLQJ WKH DWWULEXWH YDOXHV RI zp�
WKHUH DUH FLUFXPVWDQFHV ZKHUH ZH PD\ QHHG PRUH FRQWH[WXDO
LQIRUPDWLRQ WR PDNH WKH ULJKW GHFLVLRQ� )LOOLQJ WKH JDS ZLWK
DQ LQFRUUHFW RYHUW SURQRXQ PD\ LQ WXUQ FDXVH WKH zp WR EH
LQFRUUHFWO\ UHVROYHG� DV VKRZQ LQ WKH IROORZLQJ H[DPSOH�
�៥�ᛇᗉ �Դ�Ǆ
SUR�
⼱ 
SUR�
ᑇᅝǄ
�,� PLVV �\RX�� 
SUR�
 KRSH 
SUR�
 DUH VDIH�
7KH ÀUVW VHQWHQFH KDV WZR RYHUW SURQRXQV� ៥ �,� DQG Դ

�VLQJXODU \RX�� ZKHUHDV WKH VHFRQG VHQWHQFH KDV WZR $=3V�
ZKLFK DUH PDUNHG DV 
SUR�
 DQG 
SUR�
 UHVSHFWLYHO\� $V�
VXPH WKDW 
SUR�
 KDV EHHQ FRUUHFWO\ UHVROYHG WR៥ �,�� DQG
WKDW WKH FXUUHQW $=3 WR EH UHVROYHG LV 
SUR�
� $V ZH LQFOXGH
UHVROYHG $=3V DV DGGLWLRQDO FDQGLGDWH DQWHFHGHQWV� WKH FDQ�
GLGDWH DQWHFHGHQWV VHW IRU 
SUR�
 FRQWDLQV WKUHH PHQWLRQV�
L�H��៥ �,��Դ �\RX� DQG 
SUR�
� ZKLFK KDV EHHQ ÀOOHG E\ LWV

FRUHIHUHQWLDO PHQWLRQ� ៥ �,�� 7KH ZRUG JRYHUQLQJ 
SUR�
�
ᑇᅝ �DUH VDIH�� KDV WKH SDUW�RI�VSHHFK 9$� ZKLFK LV D NLQG
RI &KLQHVH YHUE� $FFRUGLQJ WR WKH JROG VWDQGDUG� WKH RYHUW
SURQRXQ WKDW ÀOOV WKH JDS RI 
SUR�
 VKRXOG EH WKH VHFRQG SHU�
VRQԴ �VLQJXODU \RX�� DQG WKH FRUUHFW DQWHFHGHQW IRU 
SUR�

VKRXOG EH Դ �\RX�� +RZHYHU� ,/3 LQFRUUHFWO\ ÀOOV WKH JDS
ZLWK WKH ÀUVW SHUVRQ ៥ �,� DQG PLVWDNHQO\ OLQNV 
SUR�
 WR

SUR�
� 6LQFH 
SUR�

V DQWHFHGHQW LV ៥ �,�� 
SUR�
 LV IXU�
WKHU UHVROYHG WR៥ �,�� 7KH UHDVRQ ZK\ ,/3 PDNHV WKH ZURQJ
GHFLVLRQ LV WKDW JLYHQ WKH YHUE ᑇᅝ �DUH VDIH�� LW KDV QR
SUHIHUHQFH EHWZHHQ XVLQJ D ÀUVW�SHUVRQ SURQRXQ DQG XVLQJ
D VHFRQG�SHUVRQ SURQRXQ WR ÀOO WKH JDS RI 
SUR�
� ,I ,/3
FRXOG SUHIHU D VHFRQG�SHUVRQ SURQRXQ WR D ÀUVW�SHUVRQ SUR�
QRXQ� WKHQ LW PLJKW EH DEOH WR FRUUHFWO\ UHVROYH 
SUR�
� )RU
WKLV WR KDSSHQ� LW PD\ QHHG WR WDNH PRUH FRQWH[W LQWR DFFRXQW�
H�J�� WKH YHUE⼱ �KRSH� EHIRUH 
SUR�
 LQ WKLV H[DPSOH� ,I ,/3
NQHZ WKDW WKH VXEMHFW DIWHU⼱ �KRSH� ZDV PRUH OLNHO\ WR EH
VHFRQG SHUVRQ� LW PLJKW ÀOO WKH JDS RI 
SUR�
 ZLWK D VHFRQG�
SHUVRQ SURQRXQ DQG VXEVHTXHQWO\ UHVROYH 
SUR�
 FRUUHFWO\�

,QFRUUHFW UHVROXWLRQ RI =3V ZLWK ORQJ�GLVWDQFH DQ�
WHFHGHQWV� %HFDXVH $=3V DQG WKHLU FORVHVW DQWHFHGHQWV DUH
XVXDOO\ FORVH WR HDFK RWKHU LQ WKH WUDLQLQJ GDWD� RXU DSSURDFK
KDV DFTXLUHG WKH UHFHQF\ SUHIHUHQFH �L�H�� WKH SUHIHUHQFH IRU
FDQGLGDWH DQWHFHGHQWV WKDW DUH FORVHU WR WKH $=3 XQGHU FRQ�
VLGHUDWLRQ�� 6XFK SUHIHUHQFH KDV FRQWULEXWHG LQ SDUW WR WKH
SRRU UHVROXWLRQ RI $=3V ZKRVH FORVHVW DQWHFHGHQWV DUH IDU
DZD\ IURP WKHP� DV VKRZQ LQ WKH IROORZLQJ H[DPSOH�
�ܿ䞠е�ԡѢ ���ৄ࣫�Ⲛഄ�㽓࣫ッ�Ǆ�㸠ᬓऎ�䲊ሲѢ
�ৄ࣫ও�ˈ
SUR
Ўৄ࣫ওᓓбϾе䬛ᏖПϔǄ
�%DOL 7RZQ� LV ORFDWHG LQ WKH �1RUWKZHVW RI ��7DLSHL� %DVLQ���
�,WV DGPLQLVWUDWLYH DUHD� LV DIÀOLDWHG ZLWK �7DLSHL &RXQW\��

SUR
 LV RQH RI WKH �� WRZQV DQG FLWLHV�
$OWKRXJK RXU DSSURDFK FRUUHFWO\ ÀOOV WKH =3 JDS PDUNHG

DV 
SUR
 ZLWK ᅗ �LW�� LW LQFRUUHFWO\ UHVROYHV LW WR 㸠ᬓऎ
�,WV DGPLQLVWUDWLYH DUHD�� 7KH UHDVRQ LV WKDW WKH FRUUHFW DQ�
WHFHGHQW�ܿ䞠е �%DOL 7RZQ�� LV IDU DZD\ IURP 
SUR
� WKHUH
DUH ÀYH FDQGLGDWH DQWHFHGHQWV EHWZHHQ 
SUR
 DQG ܿ䞠е
�%DOL 7RZQ�� 1RWH� KRZHYHU� WKDW LW LV HDV\ IRU D KXPDQ WR
UHVROYH 
SUR
 WRܿ䞠е �%DOL 7RZQ� EHFDXVH WKH ZKROH SDV�
VDJH LV GLVFXVVLQJܿ䞠е �%DOL 7RZQ�� +HQFH� WR FRUUHFWO\
KDQGOH VXFK FDVHV� RQH PD\ FRQVWUXFW D WRSLF PRGHO RYHU WKH
SDVVDJH DQG DVVLJQ HDFK FDQGLGDWH PHQWLRQ D SULRU SUREDELO�
LW\ VR WKDW WKH UHVXOWLQJ V\VWHP IDYRUV WKH VHOHFWLRQ DV DQ�
WHFHGHQWV WKRVH PHQWLRQV UHSUHVHQWLQJ WKH WRSLFV�
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&RQFOXVLRQV DQG )XWXUH :RUN
:H LQYHVWLJDWHG DQ XQVXSHUYLVHG DSSURDFK WR &KLQHVH ]HUR
SURQRXQ UHVROXWLRQ� H[SORLWLQJ WKH QRYHO LGHD RI WUDLQLQJ D
UDQNHU RQ RYHUW SURQRXQ FRUHIHUHQFH DQQRWDWLRQV DQG HQ�
KDQFLQJ LW ZLWK ,/3 FRQVWUDLQWV� 2XU DSSURDFK DFKLHYHV WKH
EHVW UHVXOW UHSRUWHG WR GDWH RQ WKH 2QWR1RWHV ��� GDWDVHW� ,Q
IXWXUH ZRUN� ZH SODQ WR ��� LPSURYH RXU ,/3 PHWKRG E\ XV�
LQJ DGGLWLRQDO FRQWH[W WR SUHGLFW SURQRXQ DWWULEXWHV� ��� DSSO\
RXU DSSURDFK WR RWKHU SUR�GURS ODQJXDJHV� DQG ��� HYDOXDWH
RXU DSSURDFK RQ DXWRPDWLFDOO\ LGHQWLÀHG $=3V�

$FNQRZOHGJPHQWV
:H WKDQN WKH WKUHH DQRQ\PRXV UHYLHZHUV IRU WKHLU GHWDLOHG
DQG LQVLJKWIXO FRPPHQWV RQ DQ HDUOLHU GUDIW RI WKH SDSHU� 7KLV
ZRUN ZDV VXSSRUWHG LQ SDUW E\ 16) *UDQWV ,,6�������� DQG
,,6��������� $Q\ RSLQLRQV� ÀQGLQJV� FRQFOXVLRQV RU UHFRP�
PHQGDWLRQV H[SUHVVHG LQ WKLV SDSHU DUH WKRVH RI WKH DXWKRUV
DQG GR QRW QHFHVVDULO\ UHÁHFW WKH YLHZV RU RIÀFLDO SROLFLHV�
HLWKHU H[SUHVVHG RU LPSOLHG� RI 16)�

5HIHUHQFHV
%HUJVPD� 6�� DQG /LQ� '� ����� %RRWVWUDSSLQJ SDWK�EDVHG
SURQRXQ UHVROXWLRQ� ,Q 3URFHHGLQJV RI WKH ��VW ,QWHUQDWLRQDO
&RQIHUHQFH RQ &RPSXWDWLRQDO /LQJXLVWLFV DQG WKH ��WK $Q�
QXDO 0HHWLQJ RI WKH $VVRFLDWLRQ IRU &RPSXWDWLRQDO /LQJXLV�
WLFV� �������
&KHQ� &�� DQG 1J� 9� ����� &KLQHVH ]HUR SURQRXQ UHVROXWLRQ�
6RPH UHFHQW DGYDQFHV� ,Q 3URFHHGLQJV RI WKH ���� &RQIHU�
HQFH RQ (PSLULFDO 0HWKRGV LQ 1DWXUDO /DQJXDJH 3URFHVV�
LQJ� �����������
&RQQROO\� '�� %XUJHU� -� '�� DQG 'D\� '� 6� ����� $ PDFKLQH
OHDUQLQJ DSSURDFK WR DQDSKRULF UHIHUHQFH� ,Q 3URFHHGLQJV
RI ,QWHUQDWLRQDO &RQIHUHQFH RQ 1HZ 0HWKRGV LQ /DQJXDJH
3URFHVVLQJ� ���������
&RQYHUVH� 6� ����� 3URQRPLQDO $QDSKRUD 5HVROXWLRQ LQ
&KLQHVH� 3K�'� 'LVVHUWDWLRQ� 8QLYHUVLW\ RI 3HQQV\OYDQLD�
'HQLV� 3�� DQG %DOGULGJH� -� ����� $ UDQNLQJ DSSURDFK WR
SURQRXQ UHVROXWLRQ� ,Q 3URFHHGLQJV RI WKH 7ZHQWLHWK ,QWHU�
QDWLRQDO &RQIHUHQFH RQ $UWLÀFLDO ,QWHOOLJHQFH� �����������
'HQLV� 3�� DQG %DOGULGJH� -� ����� 6SHFLDOL]HG PRGHOV
DQG UDQNLQJ IRU FRUHIHUHQFH UHVROXWLRQ� ,Q 3URFHHGLQJV RI
WKH ���� &RQIHUHQFH RQ (PSLULFDO 0HWKRGV LQ 1DWXUDO /DQ�
JXDJH 3URFHVVLQJ� ���������
)HUUiQGH]� $�� DQG 3HUDO� -� ����� $ FRPSXWDWLRQDO DSSURDFK
WR ]HUR�SURQRXQV LQ 6SDQLVK� ,Q 3URFHHGLQJV RI WKH ��WK $Q�
QXDO 0HHWLQJ RQ $VVRFLDWLRQ IRU &RPSXWDWLRQDO /LQJXLVWLFV�
���������
*UDII� '�� DQG &KHQ� .� ����� &KLQHVH *LJDZRUG� 7HFKQLFDO
UHSRUW� /LQJXLVWLF 'DWD &RQVRUWLXP� 3KLODGHOSKLD� 3$�
*URV]� %� -�� -RVKL� $� .�� DQG:HLQVWHLQ� 6� ����� &HQWHULQJ�
$ IUDPHZRUN IRU PRGHOLQJ WKH ORFDO FRKHUHQFH RI GLVFRXUVH�
&RPSXWDWLRQDO /LQJXLVWLFV ���������������
+DQ� 1��5� ����� .RUHDQ ]HUR SURQRXQV� $QDO\VLV DQG UHV�
ROXWLRQ� 3K�'� 'LVVHUWDWLRQ� 8QLYHUVLW\ RI 3HQQV\OYDQLD�
+REEV� -� ����� 5HVROYLQJ SURQRXQ UHIHUHQFHV� /LQJXD
������������

,LGD� 5�� DQG 3RHVLR�0� ����� $ FURVV�OLQJXDO ,/3 VROXWLRQ WR
]HUR DQDSKRUD UHVROXWLRQ� ,Q 3URFHHGLQJV RI WKH ��WK $QQXDO
0HHWLQJ RI WKH $VVRFLDWLRQ IRU &RPSXWDWLRQDO /LQJXLVWLFV�
+XPDQ /DQJXDJH 7HFKQRORJLHV ��9ROXPH �� ���������
,LGD� 5�� ,QXL� .�� 7DNDPXUD� +�� DQG 0DWVXPRWR� <� �����
,QFRUSRUDWLQJ FRQWH[WXDO FXHV LQ WUDLQDEOH PRGHOV IRU FRUHI�
HUHQFH UHVROXWLRQ� ,Q 3URFHHGLQJV RI WKH ($&/ :RUNVKRS RQ
7KH &RPSXWDWLRQDO 7UHDWPHQW RI $QDSKRUD� �������
,LGD� 5�� ,QXL� .�� DQG 0DWVXPRWR� <� ����� ([SORWLQJ V\Q�
WDFWLF SDWWHUQV DV FOXHV LQ ]HUR�DQDSKRUD UHVROXWLRQ� ,Q 3UR�
FHHGLQJV RI WKH ��VW ,QWHUQDWLRQDO &RQIHUHQFH RQ &RPSXWD�
WLRQDO /LQJXLVWLFV DQG WKH ��WK $QQXDO 0HHWLQJ RI WKH $VVR�
FLDWLRQ IRU &RPSXWDWLRQDO /LQJXLVWLFV� ���������
,LGD� 5�� ,QXL� .�� DQG 0DWVXPRWR� <� ����� =HUR�DQDSKRUD
UHVROXWLRQ E\ OHDUQLQJ ULFK V\QWDFWLF SDWWHUQ IHDWXUHV� $&0
7UDQVDFWLRQV RQ $VLDQ /DQJXDJH ,QIRUPDWLRQ 3URFHVVLQJ
�����$UWLFOH ���
,VR]DNL� +�� DQG +LUDR� 7� ����� -DSDQHVH ]HUR SURQRXQ UHVR�
OXWLRQ EDVHG RQ UDQNLQJ UXOHV DQG PDFKLQH OHDUQLQJ� ,Q 3UR�
FHHGLQJV RI WKH ���� &RQIHUHQFH RQ (PSLULFDO 0HWKRGV LQ
1DWXUDO /DQJXDJH 3URFHVVLQJ� ���������
.RQJ� )�� DQG =KRX� *� ����� $ WUHH NHUQHO�EDVHG XQLÀHG
IUDPHZRUN IRU &KLQHVH ]HUR DQDSKRUD UHVROXWLRQ� ,Q 3UR�
FHHGLQJV RI WKH ���� &RQIHUHQFH RQ (PSLULFDO 0HWKRGV LQ
1DWXUDO /DQJXDJH 3URFHVVLQJ� ���������
5DKPDQ� $�� DQG 1J� 9� ����� 6XSHUYLVHG PRGHOV IRU FRUHI�
HUHQFH UHVROXWLRQ� ,Q 3URFHHGLQJV RI WKH ���� &RQIHUHQFH
RQ (PSLULFDO 0HWKRGV LQ 1DWXUDO /DQJXDJH 3URFHVVLQJ� 9RO�
XPH ��9ROXPH �� ���������
6HNL� .�� )XMLL� $�� DQG ,VKLNDZD� 7� ����� $ SUREDELOLV�
WLF PHWKRG IRU DQDO\]LQJ -DSDQHVH DQDSKRUD LQWHJUDWLQJ ]HUR
SURQRXQ GHWHFWLRQ DQG UHVROXWLRQ� ,Q 3URFHHGLQJV RI WKH
��WK ,QWHUQDWLRQDO &RQIHUHQFH RQ &RPSXWDWLRQDO OLQJXLVWLFV
��9ROXPH �� �����
<DQJ� ;�� =KRX� *�� 6X� -�� DQG 7DQ� &� /� ����� &RUHI�
HUHQFH UHVROXWLRQ XVLQJ FRPSHWLWLYH OHDUQLQJ DSSURDFK� ,Q
3URFHHGLQJV RI WKH ��VW $QQXDO 0HHWLQJ RI WKH $VVRFLDWLRQ
IRU &RPSXWDWLRQDO /LQJXLVWLFV� ���������
<HK� &��/�� DQG &KHQ� <��&� ����� =HUR DQDSKRUD UHVROX�
WLRQ LQ &KLQHVH ZLWK VKDOORZ SDUVLQJ� -RXUQDO RI &KLQHVH
/DQJXDJH DQG &RPSXWLQJ �������������
=KDR� 6�� DQG 1J� +� 7� ����� ,GHQWLÀFDWLRQ DQG UHVROXWLRQ
RI &KLQHVH ]HUR SURQRXQV� $ PDFKLQH OHDUQLQJ DSSURDFK�
,Q 3URFHHGLQJV RI WKH ���� -RLQW &RQIHUHQFH RQ (PSLULFDO
0HWKRGV RQ 1DWXUDO /DQJXDJH 3URFHVVLQJ DQG &RPSXWD�
WLRQDO 1DWXUDO /DQJXDJH /HDUQLQJ� ���������
=KRX� *�� .RQJ� )�� DQG =KX� 4� ����� &RQWH[W�VHQVLWLYH
FRQYROXWLRQ WUHH NHUQHO IRU SURQRXQ UHVROXWLRQ� ,Q 3URFHHG�
LQJV RI WKH �UG ,QWHUQDWLRQDO -RLQW &RQIHUHQFH RQ 1DWXUDO
/DQJXDJH 3URFHVVLQJ� �������
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