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JHRUJH#ELRPHG�DEGQ�DF�XN�

$EVWUDFW� 6WDFN ILOWHUV DUH D FODVV RI QRQ�OLQHDU VSDWLDO RSHUDWRUV XVHG IRU WKH VXSSUHVVLRQ RI

QRLVH LQ VLJQDOV� ,Q WKLV ZRUN WKHLU GHVLJQ LV IRUPXODWHG DV DQ RSWLPLVDWLRQ SUREOHP DQG D

PHWKRG WKDW XVHV *HQHWLF $OJRULWKPV �*$V� WR SHUIRUP WKH FRQILJXUDWLRQ LV H[SODLQHG� %HFDXVH

RI LWV FRPSXWDWLRQDO FRPSOH[LW\ WKH SURFHVV KDV EHHQ LPSOHPHQWHG DV D GLVWULEXWHG SDUDOOHO *$

XVLQJ WKH 3DUDOOHO 9LUWXDO 0DFKLQH �390� VRIWZDUH� :H SUHVHQW WKH UHVXOWV RI DSSO\LQJ RXU

VWDFN ILOWHUV WR WKH UHVWRUDWLRQ RI PDJQHWLF UHVRQDQFH �05� LPDJHV FRUUXSWHG ZLWK XQLIRUP� XQ�

FRUHOODWHG� QRLVH VKRZLQJ LPSURYHG VWDWLVWLFDO SHUIRUPDQFH FRPSDUHG ZLWK WKH PHGLDQ ILOWHU DQG

LQGLFDWLQJ EHWWHU UHWHQWLRQ RI LPDJH GHWDLOV� 7KH HIILFLHQF\ RI WKH SDUDOOHO LPSOHPHQWDWLRQ LV

H[DPLQHG� DGGUHVVLQJ ERWK DOJRULWKPLF DQG GDWD GHFRPSRVLWLRQ� VKRZLQJ WKDW H[HFXWLRQ WLPHV

FDQ EH VLJQLILFDQWO\ UHGXFHG E\ GLVWULEXWLQJ WKH WDVN DFURVV D QHWZRUN RI KHWHURJHQHRXV

SURFHVVRUV�

.H\ :RUGV� 'LVWULEXWHG &RPSXWDWLRQ� *HQHWLF $OJRULWKPV� 6WDFN )LOWHUV� ,PDJH 3URFHVVLQJ

&DWHJRULHV� '���� *���� *���� *�� ,�

� ,QWURGXFWLRQ

6WDFN ILOWHUV DUH DGDSWLYH� QRQ OLQHDU� VSDWLDO RSHUDWRUV WKDW FDQ SHUIRUP ZHOO LQ

VXSSUHVVLQJ QRLVH� 7KHLU PDLQ DGYDQWDJHV DUH WKHLU DELOLW\ WR DGDSW WR GLIIHUHQW W\SHV RI

QRLVH DQG WKHLU JHQHUDOLW\� 6WDFN ILOWHUV DUH VXSHUVHWV RI PRUSKRORJLFDO RSHUDWRUV DQG

UDQN RUGHU ILOWHUV� 7KHLU PDLQ GUDZEDFN LV WKH FRPSXWDWLRQDO FRPSOH[LW\ RI WKHLU

FRQILJXUDWLRQ� $V ZLOO EH VKRZQ� WKLV FRPSOH[LW\� LQ WKH JHQHUDO FDVH� LV RI WKH RUGHU RI

D GRXEOH H[SRQHQWLDO�
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HTXDWLRQV GHQRWH WKH 25 DQG $1' RSHUDWRUV UHVSHFWLYHO\�

��� 6WDFN )LOWHU $SSOLFDWLRQ

$ JHQHUDOLVHG GLJLWDO ILOWHU DSSOLHV D PDWKHPDWLFDO SURFHVV WR D FROOHFWLRQ RI RQH RU

PRUH LQSXW VDPSOHV SURGXFLQJ RQH RU PRUH RXWSXW YDOXHV� :KHQ DSSOLHG WR D H[WHQGHG

VHTXHQFH RI LQSXW VDPSOHV� WKH GRPDLQ RYHU ZKLFK WKH ILOWHU LV DSSOLHG LV GHILQHG DV WKH

UHJLRQ RI VXSSRUW �RU ZLQGRZ� RI WKH ILOWHU� 7KH VWDJHV RI DSSO\LQJ D VWDFN ILOWHU

RSHUDWRU DUH GHVFULEHG E\ >:HQGW HW DO� ��� 0DUDJRV DQG 6FKDIHU ��@ DV�

�L� $Q 1�SRLQW GLVFUHWH VLJQDO �KDYLQJ LQWHJHU YDOXHV VDPSOHG IURP { }�� �� ����0 − LV
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ZKHUH E KDV YDOXHV ^�� � 0` GUDZQ IURP WKH FXUUHQW UHJLRQ RI VXSSRUW�
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6XPPLQJ DOO WKH UHVXOWLQJ GHFRPSRVHG ELQDU\ VHTXHQFHV SURGXFHV WKH RULJLQDO

VLJQDO� 7KLV WKUHVKROG GHFRPSRVLWLRQ LV IRUPDOLVHG LQWR�

( )( ) ( )
& &

5 7 5 M IRU DOO 5 M LQ 5
E

E

0

=
=

−

∑
�

�

(T� �

�LLL� (DFK RI WKH Q�ELW ELQDU\ YHFWRUV SURGXFHG E\ WKH DSSOLFDWLRQ RI 7E LV

LQGHSHQGHQWO\ LQSXW WR WKH %RROHDQ IXQFWLRQ I VDWLVI\LQJ WKH FRQGLWLRQV LQ (T� ��

�LY� )LQDOO\� DOO WKH RXWSXWV RI WKH %RROHDQ IXQFWLRQ DUH VXPPHG� XQGHU WKH
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PHGLDQ ILOWHU LV RI WKH IRUP�
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UHJLRQ RI VXSSRUW RI WKH ILOWHU� WKH SURGXFWV DUH $1'V DQG WKH VXPPDWLRQV DUH 25V�

7KH OHIWPRVW FROXPQ UHSUHVHQWV WKH WKUHVKROGLQJ YDOXHV DQG WKH ULJKWPRVW FROXPQ WKH

UHVXOW RI DSSO\LQJ WKH %RROHDQ IXQFWLRQ WR WKH WKUHVKROG GHFRPSRVHG VLJQDOV� )RU D

WKUHVKROG RI �� [�  �� [�  � DQG [�  �� UHVXOWLQJ LQ I  ��� � ��� � ���� � � � � �

� � XQGHU WKH ORJLF GHILQLWLRQV DERYH�

7KH RXWSXW RI WKH ILOWHU LV WKH DULWKPHWLF VXP RI WKH LQGLYLGXDO RXWSXWV RI WKH

%RROHDQ IXQFWLRQ IRU DOO WKH ELQDU\ VHTXHQFHV UHVXOWLQJ IURP WKH WKUHVKROG

GHFRPSRVLWLRQ RI WKH LQSXW VLJQDO� L�H� �� � � � �  ���
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7KUHVKROGV 'HFRPSRVHG

6LJQDOV

$FWLRQ RI )LOWHU

$FWLRQ RI %RROHDQ

)XQFWLRQ

)LOWHU :LQGRZ

)LJXUH �� 2QH GLPHQVLRQDO PHGLDQ ILOWHU H[SUHVVHG DV D VWDFN ILOWHU VHTXHQFH

7KHUH DUH � GLVFUHWH FRPELQDWLRQV [�� [�� [�� [�[�� [�[�� [�[�� [�[��[� DQG DQ\ U ��dU d��

RI WKHVH WHUPV FDQ EH VHOHFWHG DQG FRPELQHG WR IRUP D VLQJOH S%)� 7KHUHIRUH WKHUH DUH

�� S%IV RI � LQGHSHQGHQW YDULDEOHV GXH WR WKH SHUPXWDWLRQ RI RUGHU DQG JURXSLQJ�

���� S%IV RI � YDULDEOHV DQG PRUH WKDQ �
��

�DQG WKHUHIRUH VWDFN ILOWHUV� RI � YDULDEOHV�

)RU D ILOWHU RI ZLQGRZ VL]H Q SL[HOV� >(T� �@ VXJJHVWV DQ XSSHU OLPLW RI �� �
Q − SRVVLEOH
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VWDFN ILOWHUV� +RZHYHU D VPDOOHU QXPEHU LV VXJJHVWHG DV PRUH WKDQ RQH H[SUHVVLRQ�

GHULYHG IURP >(T� �@� FDQ EH VLPSOLILHG WR WKH VDPH ILQDO IXQFWLRQ� 7DNLQJ WKLV LQWR

DFFRXQW� D ORZHU OLPLW KDV EHHQ GHULYHG ZKLFK VWDWHV WKDW WKH QXPEHU RI VWDFN ILOWHUV 6
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LPDJH� 6HYHUDO HUURU IXQFWLRQV WKDW FDQ EH XVHG DV REMHFWLYH IXQFWLRQV KDYH EHHQ
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ZKHUH Q LV WKH QXPEHU RI SL[HOV RYHU ZKLFK WKH FDOFXODWLRQ LV SHUIRUPHG�

� &RQILJXUDWLRQ 2I 6WDFN )LOWHUV

��� &RQILJXUDWLRQ DV DQ 2SWLPLVDWLRQ 3UREOHP

7KH JHQHUDOLVHG DOJRULWKP XVHG IRU GHVLJQ LV�

�L� JLYHQ DQ LGHDO LPDJH DQG D FRUUHVSRQGLQJ LPDJH FRUUXSWHG ZLWK D VSHFLILF W\SH RI

QRLVH� VHOHFW D WUDLQLQJ ZLQGRZ�

�LL� FRQILJXUH D VWDFN ILOWHU E\ PLQLPLVLQJ WKH REMHFWLYH IXQFWLRQ RYHU WKH WUDLQLQJ

ZLQGRZ RI WKH LGHDO DQG WKH ILOWHUHG QRLV\ LPDJH�

,Q SUHYLRXV LPDJH LQWHUSUHWDWLRQ WDVNV >'HOLEDVLV DQG 8QGULOO ��� 8QGULOO HW DO� ���

'HOLEDVLV HW DO� ��@ ZH KDYH IRXQG *HQHWLF $OJRULWKPV �*$V� WR EH DQ HIIHFWLYH

PHFKDQLVP WR UHVROYH ODUJH VFDOH RSWLPLVDWLRQ SUREOHPV� PRUH WLPH�HIILFLHQW WKDQ

H[KDXVWLYH VHDUFK� ZLWK D UHSRUWHG VXSHULRULW\ >+LOO DQG 7D\ORU ��@ RYHU VLPXODWHG

DQQHDOLQJ DSSURDFKHV�

*$V DUH DGDSWLYH PHWKRGV LQVSLUHG IURP WKH HYROXWLRQ RI VSHFLHV ZKLFK FDQ EH XVHG LQ

IXQFWLRQ RSWLPLVDWLRQ RU PDFKLQH OHDUQLQJ SUREOHPV� 7KH 'DUZLQLDQ WKHRU\ RI

HYROXWLRQ SURYLGHV DQ LQWHUDFWLRQ EHWZHHQ WKH JHQHWLF PDWHULDO RI DQ RUJDQLVP RU

LQGLYLGXDO� FDOOHG JHQRW\SH� DQG LWV SKHQRW\SLF H[SUHVVLRQ �VHW RI REVHUYDEOH

FKDUDFWHULVWLFV�� FDOOHG SKHQRW\SH� 7KH JHQRW\SH FRQVLVWV RI D SRSXODWLRQ RI
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FKURPRVRPHV� HDFK RI ZKLFK FRQVLVWV RI D QXPEHU RI JHQHV� ,Q D *$ EDVHG

RSWLPLVDWLRQ ZH HQFRGH HDFK RI WKH YDULDEOHV DV ELQDU\ VWULQJV �JHQHV�� GHILQH DQ

REMHFWLYH IXQFWLRQ ZKLFK GHWHUPLQHV RXU JRRGQHVV�RI�ILW DQG DOORZ SULQFLSOHV RI

JHQHWLF HYROXWLRQ� JHQHUDOO\ OLPLWHG WR VHOHFWLRQ RI WKH QXPEHU RI RIIVSULQJ� JHQH�

VHJPHQW FURVVRYHU DQG PXWDWLRQ WR HVWDEOLVK D QHZ FKURPRVRPH �LQGLYLGXDO� ZKLFK

ZKHQ LQSXW WR WKH REMHFWLYH IXQFWLRQ SURYLGHV WKH EHVW VROXWLRQ� 7KH FRQFDWHQDWLRQ RI

ELQDU\ VWULQJV GHILQLQJ D VHW RI YDULDEOHV� H�J� DQ ��ELW VWULQJ WR GHILQH D YDULDEOH ZLWK

YDOXHV ������ �DQG LQ WKLV LQVWDQFH WKHLU LQWHUDFWLRQ� LV WKH FKURPRVRPH ZKLFK

XQGHUJRHV JHQHWLF GHYHORSPHQW� 7KH V\VWHP LV QRUPDOO\ SULPHG E\ D UDQGRP VHOHFWLRQ

RI DURXQG ��� FKURPRVRPHV �RIWHQ FRQVWUDLQHG WR SURGXFH UHDOLVWLF SUDFWLFDO

LQVWDQFHV� DQG DOORZHG WR HYROYH IRU DW OHDVW ��� JHQHUDWLRQV�

��� &RGLQJ WKH %RROHDQ )XQFWLRQ LQWR D &KURPRVRPH

7KH FKDOOHQJH RI VWDFN ILOWHU GHVLJQ LV GHWHUPLQLQJ ZKLFK S%I WR XVH� >(T� �@ JLYHV

D JRRG LGHD RI KRZ VXFK D FRGLQJ FDQ EH SHUIRUPHG� :H ILUVW FRQVWUXFW HYHU\ SRVVLEOH

WHUP RI WKH IXQFWLRQ� (DFK RI WKH � �
Q − WHUPV RI >(T� �@ LV D SURGXFW RI VHOHFWHG LQSXW

YDULDEOHV �ZKHUH Q LV WKH QXPEHU RI SL[HOV LQ WKH ZLQGRZ�� 7KH L
WK

WHUP LV WKH SURGXFW

RI WKH LQSXW YDULDEOHV [
M
IRU ZKLFK WKH M

WK

ELW RI WKH L
WK
WHUP HTXDOV RQH� ,Q WKH PHGLDQ

H[DPSOH RI >(T � @� �
�
� � ��� VHSDUDWH FRPELQDWLRQV RI WKH � LQSXW YDULDEOHV DUH

SRVVLEOH� ,Q WKH FKRVHQ IXQFWLRQ WKH �L ��
WK
WHUP KDV SL  � DQG ELWV � DQG � VHW WR ��

2QO\ � RXW RI WKH SRVVLEOH � WHUPV KDV SL VHW WR �� 6WRULQJ WKHVH IDFWRUV LQ D

FKURPRVRPH LV D QDWXUDO ZD\ WR SURFHHG DV WKH LQIRUPDWLRQ LV DOUHDG\ LQ ELQDU\ IRUP�

��� *HQHWLF 2SHUDWRUV

7KH LPSOHPHQWDWLRQ RI JHQHWLF RSHUDWRUV LV VWUDLJKWIRUZDUG DQG YHU\ PXFK DV

GHVFULEHG LQ >*ROGEHUJ ��@�

�D� 6HOHFWLRQ GHWHUPLQHV ZKLFK LQGLYLGXDOV ZLOO VXUYLYH DQG SURGXFH RIIVSULQJ DQG

ZKLFK ZLOO SHULVK� ,W LV FRQWUROOHG E\ ILWQHVV� GHWHUPLQHG IURP WKH REMHFWLYH

IXQFWLRQ� DQG FDQ DOVR GHWHUPLQH KRZ PDQ\ RIIVSULQJ DUH SURGXFHG� 7\SLFDOO\ D

ILWQHVV FXW�RII LV HVWDEOLVKHG DQG ODUJHU QXPEHUV RI RIIVSULQJ� UDQGRPO\

GHWHUPLQHG� DUH JLYHQ WR WKH ILWWHVW LQGLYLGXDOV�

�E� &URVVRYHU LV WKH ZKHUH WZR FKURPRVRPHV H[FKDQJH HTXDOO\ VL]HG JHQH VHJPHQWV�

6HYHUDO GLIIHUHQW YHUVLRQV RI FURVVRYHU ZHUH WHVWHG� LQYROYLQJ RQH�DQG WZR�

EUHDNSRLQWV LQ WKH FKURPRVRPH DV ZHOO DV XQLIRUP FURVVRYHU ZKHUH DQ\ ELW IURP D

SDUHQW FKURPRVRPH FDQ VZLWFK WR DQ\ SRVLWLRQ LQ WKH RIIVSULQJ ZLWK YDULDEOH

H[FKDQJH SUREDELOLWLHV� 7KH UHVXOWV VKRZHG D VLJQLILFDQW GLIIHUHQFH LQ

FRQYHUJHQFH VSHHG LQ IDYRXU RI XQLIRUP FURVVRYHU� EXW QR GLIIHUHQFHV LQ WKH

PLQLPLVDWLRQ DFKLHYHG�

�F� 0XWDWLRQ DFWV XSRQ WKH FKURPRVRPH E\ UDQGRPO\ FKDQJLQJ WKH YDOXH RI

LQGLYLGXDO ELWV� ZLWK D SUREDELOLW\ FKRVHQ ZLWKLQ D UDQJH IURP ���� WR ������ 7KH
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HQFRGHG PDVN LV PXWDWHG E\ UDQGRPO\ VHOHFWLQJ D SDLU RI GLIIHUHQW YDOXHG ELWV DQG

H[FKDQJLQJ WKHP�

�G� %LWZLVH ORFDO VHDUFK� DV GHVFULEHG LQ >*ROGEHUJ ��@� ZDV DSSOLHG WR WKH EHVW

FKURPRVRPH� HYHU\ �� JHQHUDWLRQV� DIWHU WKH ��
WK

JHQHUDWLRQ� ,Q WKLV RSHUDWLRQ ZH

IRFXV RQ D VLQJOH FKURPRVRPH DQG E\ DSSO\LQJ PXWDWLRQV VHH LI DQ HYHQ EHWWHU

VROXWLRQ FDQ EH HVWDEOLVKHG� 7KLV LV DQDORJRXV WR ILUVW DOORZLQJ WKH *$ WR ILQG D

UHJLRQDO RSWLPXP� WKHQ VHHLQJ LI D QHDUE\ ORFDO RSWLPXP FDQ EH IRXQG� 7KH

UHDVRQ IRU WKLV GHOD\HG DSSOLFDWLRQ LV WKDW ZH LQLWLDWH ORFDO VHDUFK RQO\ DIWHU WKH

SRSXODWLRQ KDV FRQYHUJHG DURXQG D PLQLPXP FDQGLGDWH�

��� 7KH 2YHUDOO $OJRULWKP

2XU LPSOHPHQWDWLRQ RI D V\VWHP IRU VWDFN ILOWHU GHVLJQ XVLQJ VHULDO *$V LV VHHQ LQ

>)LJ� �@� H[SUHVVHG DV SVHXGR�FRGH�

��� &RPSXWDWLRQDO &RPSOH[LW\

2SWLPLVHG *$ EDVHG FRQILJXUDWLRQ RI D � u � VWDFN ILOWHU UHTXLUHV D PLQLPXP RI ����

REMHFWLYH IXQFWLRQ HYDOXDWLRQV RYHU D �� u �� SL[HO LPDJH WUDLQLQJ ZLQGRZ� (DFK WDNHV

DURXQG ��� VHFRQGV RQ D 681 6SDUFVWDWLRQ ������ )RU RXU H[SHULPHQWV WKLV WUDLQLQJ

ZLQGRZ UHSUHVHQWHG ����WK RI WKH WRWDO LPDJH WR EH ILOWHUHG� 7KH *$ KDV DQ DYHUDJH RI

��� JHQHUDWLRQV ZLWK D SRSXODWLRQ RI ��� FKURPRVRPHV� ZKLFK UHTXLUHV ������

IXQFWLRQ HYDOXDWLRQV� KHQFH DURXQG � KRXU ZLOO EH QHHGHG IRU RXU ILOWHUV WR EH

HVWDEOLVKHG� 2QFH GHVLJQHG WKH DSSOLFDWLRQ LV VLPSOH� EHLQJ D VHTXHQFH RI WKUHVKROGLQJ

RSHUDWLRQV�

)LJXUH �� 6HULDO *$ DOJRULWKP

� 3DUDOOHOLVDWLRQ $SSURDFK

7KH ELRORJLFDO PHWDSKRU WKDW KDV PRWLYDWHG JHQHWLF VHDUFK LV WKDW LQ QDWXUH PLOOLRQV RI

LQGLYLGXDOV H[LVW LQ SDUDOOHO� $V H[SHFWHG *$V DUH KLJKO\ SDUDOOHOLVDEOH DOJRULWKPV� ZHOO

LQLWLDOLVH ILUVW JHQHUDWLRQ UDQGRPO\

ZKLOH�QRW WHUPLQDWLRQBFRQGLWLRQ� UHSHDW IRU HDFK FKURPRVRPH F

�� VLPSOLI\ F

�� FRQVWUXFW WKH %RROHDQ IXQFWLRQ WKDW F GHILQHV

�� ILOWHU WKH ZLQGRZ RI WKH QRLV\ LPDJH ZLWK WKH UHVXOWLQJ VWDFN ILOWHU 6
�� FDOFXODWH WKH REMHFWLYH IXQFWLRQ DV DQ LPDJH TXDOLW\ PHDVXUH

EHWZHHQ WKH LGHDO LPDJH DQG WKH ILOWHUHG LPDJH

�� LI�VSHFLILFBFRQGLWLRQ� DSSO\ ORFDO VHDUFK VWDUWLQJ IURP F

�� DSSO\ VHOHFWLRQ DOJRULWKP

�� DSSO\ FURVVRYHU DQG PXWDWLRQ WR SURGXFH QHZBJHQHUDWLRQ
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VFDOHDEOH DV WKH DPRXQW RI FRPSXWDWLRQ LQFUHDVHV� 6LQFH WKH SUREOHPV DWWDFNHG E\ *$V

DUH QRQ�SRO\QRPLDO WLPH RSWLPLVDWLRQV �13 SUREOHPV� DQG RIWHQ KLJKO\ FRPSOH[�

H[HFXWLRQ RI VHULDO *$V FDQ EH YHU\ OHQJWK\� 7KH DERYH KDV HQFRXUDJHG UHVHDUFKHUV WR

GHVLJQ SDUDOOHO LPSOHPHQWDWLRQ RI *$V�

&HQWUDOLVHG ,PSOHPHQWDWLRQV >%LDQFKLQL DQG %URZQ ��@ IROORZ WKH SKLORVRSK\ RI

FRQYHQWLRQDO VHULDO *$V� 7KH PDVWHU SURFHVVRU SHUIRUPV VHOHFWLRQ DQG VHQGV SDLUV RI

LQGLYLGXDOV WR WKH VODYH SURFHVVRUV� 7KH\ FRQFXUUHQWO\ DSSO\ FURVVRYHU DQG PXWDWLRQ

RSHUDWRUV DQG FDOFXODWH WKH ILWQHVV RI HDFK LQGLYLGXDO� 7KH QHZ LQGLYLGXDOV DUH VHQW EDFN

WR WKH PDVWHU SURFHVVRU� 3DUW RI WKH FRPSXWDWLRQ �VHOHFWLRQ� FDQQRW EH GRQH LQ SDUDOOHO�

EXW IRU QRUPDO SUREOHPV WKLV GRHV QRW LPSRVH D JUHDW RYHUKHDG VLQFH WKH FRPSXWDWLRQ

RI ILWQHVV LV PXFK OHQJWKLHU WKDQ DQ\ RWKHU RSHUDWLRQ� 7KH PDLQ GLVDGYDQWDJH RI WKLV

LPSOHPHQWDWLRQ LV WKH SURVSHFW RI H[FHVVLYH FRPPXQLFDWLRQ FDXVLQJ D ERWWOHQHFN DW WKH

PDVWHU SURFHVVRU� $QRWKHU GUDZEDFN LV WKH IDFW WKDW WKH PDVWHU SURFHVVRU LV LGOH ZKLOH

WKH VODYHV DUH FRPSXWLQJ FKURPRVRPHV© ILWQHVV� 7KLV FDQ EH UHVROYHG E\ KDYLQJ WKH

PDVWHU SURFHVVRU ZRUNLQJ RQ D VXEVHW RI WKH SRSXODWLRQ DIWHU VHQGLQJ WKH UHVW RI WKH

FKURPRVRPHV WR WKH VODYHV�

'LVWULEXWHG ,PSOHPHQWDWLRQV XWLOLVH WKH RUJDQLVDWLRQ RI GLVWULEXWHG PHPRU\

DUFKLWHFWXUHV� $ QXPEHU RI SURFHVVRUV UXQ FRPSOHWHO\ LQGHSHQGHQW *$V �ZLWK

LQGHSHQGHQW SRSXODWLRQV� RSHUDWRUV HWF��� &RPPXQLFDWLRQ KDSSHQV SHULRGLFDOO\ ZKHQ

SURFHVVRUV VHQG WR WKHLU QHLJKERXUV WKHLU N EHVW LQGLYLGXDOV ZKLFK DUH WKHQ LQVHUWHG

LQWR WKH QHZ SRSXODWLRQV� 7KLV PLJUDWLRQ DOORZV VXE�SRSXODWLRQV WR VKDUH JHQHWLF

PDWHULDO >:KLWOH\ DQG 6WDUNZHDWKHU ��@� 7KH WRSRORJ\ GHILQLQJ LQWHUFRQQHFWLRQV

EHWZHHQ VXE�SRSXODWLRQV LV TXLWH DUELWUDU\�

:H KDYH H[DPLQHG ERWK DSSURDFKHV� $OORZLQJ LQGHSHQGHQW VXEVHWV RI JHQHWLF PDWHULDO

WR HYROYH� ZLWK WKH SRROLQJ RI WKH EHVW LQGLYLGXDOV� >'HOLEDVLV ��@� IRXQG WKDW WKH XVH RI

PXOWLSOH SURFHVVRUV WR SURPRWH WKH GHYHORSPHQW RI LQLWLDOO\ VHSDUDWHG SRSXODWLRQV

IDLOHG WR SURGXFH DQ\ JHQHWLF LPSURYHPHQW� WKHUHIRUH ZH DUH FRQFHUQHG VROHO\ ZLWK

UHGXFLQJ WKH WLPH WR DFKLHYH D FDQGLGDWH VROXWLRQ� 7KH FHQWUDOLVHG LPSOHPHQWDWLRQ

DSSURDFK KDV WKHUHIRUH EHHQ DGRSWHG WKURXJKRXW�

��� $OJRULWKPLF 'HFRPSRVLWLRQ

6HOHFWLRQ �VWHS � RI WKH VHULDO DOJRULWKP�� DQG FURVVRYHU DQG PXWDWLRQ �VWHS �� WDNH

QHJOLJLEOH WLPH FRPSDUHG ZLWK WKH HYDOXDWLRQ RI WKH ILWQHVV IXQFWLRQ ZKLFK LQYROYHV

VLPSOLI\LQJ WKH FKURPRVRPH �VWHS ��� ILOWHULQJ WKH WUDLQLQJ LPDJH ZLQGRZ �VWHS �� DQG

FDOFXODWLQJ WKH 0$( E\ FRPSDULQJ WKH UHVWRUHG DQG WKH RULJLQDO ZLQGRZ �VWHS ��� 7KH

HYDOXDWLRQ LV FDUULHG RXW VHSDUDWHO\ IRU HDFK FKURPRVRPH LQ WKH SRSXODWLRQ DOORZLQJ

SDUDOOHOLVDWLRQ�

2XU VSHFLILF FRPSXWLQJ UHVRXUFHV FRQVLVW RI D QHWZRUN RI LQKRPRJHQHRXV 81,;

ZRUNVWDWLRQV >7DE� �@� 7KH 3DUDOOHO 9LUWXDO 0DFKLQH>6XQGHUDP HW DO� ��@ �390�

VRIWZDUH ZDV XVHG DV D FRPPXQLFDWLRQ KDUQHVV EHWZHHQ ZRUNVWDWLRQV� XWLOLVLQJ D

PDVWHU SURJUDP WKDW DVVLJQV WDVNV WR VODYH SURJUDPV UXQQLQJ RQ D VLQJOH SURFHVVRU DQG

OLPLWLQJ FRPPXQLFDWLRQ WR EH EHWZHHQ VODYHV DQG PDVWHU�
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0RGHO 3HUIRUPDQFH ,QGH[ 1R� RI 6\VWHPV

6/& ��� �

,3& ��� �

,3; ��� �

&ODVVLF /; ��� �

6SDUF ���� ��� �

6SDUF ����� ��� �

6SDUF ����� ��� �

7DEOH ��� 1HWZRUN 3URFHVVRU 3HUIRUPDQFH 'HWDLOV

7KH *$ PDVWHU SURJUDP SHUIRUPV WKH IROORZLQJ�

x FDOFXODWHV WKH WDEOH RI WKUHVKROG GHFRPSRVLWLRQV IRU WKH WUDLQLQJ LPDJH ZLQGRZ

x LI �ILUVWBJHQHUDWLRQ� FUHDWH Q FKURPRVRPHV UDQGRPO\ HOVH DSSO\ JHQHWLF RSHUDWRUV

WR FUHDWH WKH QH[WBJHQHUDWLRQ

x DVVLJQ WKH Q ILWQHVV HYDOXDWLRQ WDVNV WR WKH N SURFHVVRUV DQG FROOHFW WKH UHVXOWV

x LI QRW�WHUPLQDWLRQ� JRWR VHFRQG VWHS

7KH DVVLJQPHQW DOJRULWKP� DVVXPLQJ Q WDVNV DQG N SURFHVVRUV� LV VKRZQ LQ >)LJ� �@�

)LJXUH �� 7DVN DVVLJQPHQW WR VODYH SURFHVVRUV

7KH IDFWRUV WKDW DIIHFW WKH HIILFLHQF\ RI WKLV DOJRULWKP DUH�

�L� WKH UDWLR RI FRPPXQLFDWLRQ WR XVHIXO FRPSXWDWLRQ SHUIRUPHG E\ WKH VODYH

SURJUDP�

�LL� WKH ODWHQF\ RI WKH QHWZRUN LQ GHVSDWFKLQJ D PHVVDJH�

�LLL� DQ\ ORDG LPEDODQFH EHWZHHQ WKH VODYH SURFHVVRUV�

�LY� WKH UHODWLYH SURSRUWLRQV RI SDUDOOHO WR VHULDO FRGH�

7KH ILUVW IDFWRU LV DIIHFWHG E\ WKH FRPSOH[LW\ RI WKH WDVN DQG WKH DPRXQW RI GDWD WKDW

QHHGV WR EH WUDQVIHUUHG EHWZHHQ PDVWHU DQG VODYH� 7KH GDWD SDFNHW WUDQVIHUUHG LV WKH

FKURPRVRPH� DORQJ ZLWK WKH LGHQWLW\ RI WKH LQGLYLGXDO ZLWKLQ WKH SRSXODWLRQ� 7KH GDWD

WKDW WKH VODYHV UHWXUQ WR WKH PDVWHU LV D UHDO QXPEHU �WKH YDOXH RI WKH ILWQHVV IXQFWLRQ��

WKH LQGLYLGXDO©V LGHQWLW\ DQG WKH VLPSOLILHG FKURPRVRPH� WKHUHIRUH WKH FRPPXQLFDWLRQ

LQWHUYDOV DUH VPDOO UHODWLYH WR WKH FRPSXWDWLRQ SHUIRUPHG E\ WKH VODYH�

DVVLJQ WKH ILUVW N RI Q WDVNV WR N VODYH SURJUDPV

L  N

ZKLOH�L � Q�N��� GR

^

OLVWHQ IRU UHVXOW IURP D VODYH V

LI�UHVSRQVH� GHVSDWFK UHVXOW

^

VHW WDVNBLQGH[ L� L��

LI� L� Q� DVVLJQ WDVN L WR VODYH V

`

`
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$OWKRXJK WKH REMHFWLYH IXQFWLRQ HYDOXDWLRQ �WKH HOHPHQWDO SURFHVV� FDQ YDU\ E\ DW

OHDVW D IDFWRU RI � EHWZHHQ WKH IDVWHVW DQG VORZHVW V\VWHPV >7DE� �@� WKH SDUDOOHOLVDWLRQ

LV HIILFLHQW LQ UHVSHFW RI ORDG EDODQFLQJ �WKLUG IDFWRU� EHWZHHQ VODYH SURFHVVRUV VLQFH

WKH QXPEHU RI LQGLYLGXDO WDVNV Q �WKH SRSXODWLRQ RI FKURPRVRPHV LQ D JHQHUDWLRQ� LV

QRUPDOO\ PXFK ODUJHU WKDQ WKH QXPEHU RI VODYH SURJUDPV N� 7\SLFDO YDOXHV IRU Q DQG N

DUH ������ DQG ���� UHVSHFWLYHO\� ,W LV WKLV KLJK WDVN�WR�SURFHVVRU UDWLR WKDW DOORZV WKH

LQFRUSRUDWLRQ RI SURFHVVRUV ZLWK ZLGHO\ GLIIHULQJ SRZHUV� $V N DSSURDFKHV Q WKH

ZKROH SURFHVV LV OLPLWHG E\ WKH VORZHVW VODYH SURFHVVRU�

��� 'DWD 'HFRPSRVLWLRQ

7KH DERYH DSSURDFK ZRXOG EH VXIILFLHQW WR VLJQLILFDQWO\ DFFHOHUDWH D ZLGH UDQJH RI *$

DSSOLFDWLRQV 7KH RQO\ FRQGLWLRQ LV WKDW WKH JHQHWLF RSHUDWRUV WKHPVHOYHV WDNH

QHJOLJLEOH WLPH FRPSDUHG WR WKH ILWQHVV IXQFWLRQ HYDOXDWLRQV� 6WHS � RI WKH RYHUDOO

DOJRULWKP� ORFDO VHDUFK� UHTXLUHV D ODUJH QXPEHU RI IXQFWLRQ HYDOXDWLRQV� EXW WKH

DSSURDFK RI DOJRULWKPLF GHFRPSRVLWLRQ FDQQRW EH DSSOLHG KHUH VLQFH HDFK VWHS RI WKH

RSHUDWRU GHSHQGV RQ WKH UHVXOW RI WKH SUHYLRXV VWHS� ,Q WKH JHQHUDO FDVH WKLV SUREOHP

FDQQRW EH HDVLO\ UHVROYHG EXW� DV LQ PDQ\ LPDJH SURFHVVLQJ WDVNV� ZH FDQ XVH GDWD

GHFRPSRVLWLRQ GLYLGLQJ WKH LPDJH LQWR Q HTXDO VHFWLRQV� DVVLJQLQJ HDFK VHFWLRQ WR D

GLIIHUHQW VODYH� 7KH GUDZEDFN RI GDWD GHFRPSRVLWLRQ LV WKDW WKH FRPSXWDWLRQ

SHUIRUPHG E\ HDFK VODYH LV QRZ PXFK VPDOOHU� WKXV� LI WKH WUDQVIHU RI GDWD SHU WDVN LV

WKH VDPH� WKH FRPPXQLFDWLRQ RYHUKHDG ZLOO LQFUHDVH�

:H LQLWLDOO\ EURDGFDVW WR HYHU\ VODYH WKH FKURPRVRPH WR ZKLFK ORFDO VHDUFK ZLOO

EH DSSOLHG >)LJ� �@� DQG WKHQ WUDQVIHU WKH LQGH[ RI WKH ELW RI WKH FKURPRVRPH WKDW QHHGV

WR EH PXWDWHG� 7KH RQO\ RWKHU GDWD WKDW LV WUDQVIHUUHG LV D IODJ LQGLFDWLQJ ZKHWKHU WKH

SUHYLRXV PXWDWLRQ ZDV VXFFHVVIXO DQG WKLV RXWFRPH ZLOO EH UHWDLQHG� RU GLVFDUGHG� $W

WKH VDPH WLPH D FRS\ RI WKH FKURPRVRPH LV XSGDWHG� 7KH GLVWULEXWHG DOJRULWKP LV QRZ

FRPSOHWH�

)LJ �� 3DUDOOHO *$ DOJRULWKP

� EURDGFDVW WR DOO VODYHV� FKURPRVRPH� QXPEHU RI HTXDOO\

VL]HG LPDJH VHFWLRQV Q �

SUHYLRXVBILWQHVV� ILWQHVV� NHHSBSUHYLRXV� WUXH

IRU ELW  � WR DOOBELWVBLQBFKURPRVRPH GR ^

� DVVLJQ WKH ILUVW N WDVNV WR WKH N VODYH SURJUDPV �

L  N

ZKLOH �L � Q�N��� GR ^

� OLVWHQ IRU D UHVXOW IURP D VODYH V � ^

L� L��

LI �L � Q� WKHQ

DVVLJQ WDVN L WR VODYH V�

UHFHLYH�V�ELW�NHHSBSUHYLRXV�

ILWQHVV� ILWQHVV�UHVXOW ` `

LI ILWQHVV EHWWHUBWKDQ SUHYLRXVBILWQHVV WKHQ

NHHSBSUHYLRXV� IDOVH HOVH

VDYH UHFHQWBPXWDWLRQ WR WKH ORFDO FRS\ ^

NHHSBSUHYLRXV� WUXH

GLVFDUG UHFHQWBPXWDWLRQ `
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,Q WKLV ZD\ WKH DPRXQW RI GDWD WKDW QHHGV WR EH WUDQVIHUUHG LV PLQLPLVHG DQG WKH PDLQ

GHWULPHQWDO IDFWRUV WKDW UHPDLQ DUH WKH QHWZRUN©V ODWHQF\ DQG ORDG LPEDODQFH�

� 5HVXOWV $QG 'LVFXVVLRQ

��� 3HUIRUPDQFH RI 6WDFN )LOWHUV

>)LJ� �@ LQGLFDWHV GHWDLO IURP D WUDQVYHUVH VHFWLRQ 05 LPDJH RI WKH EUDLQ VKRZLQJ SDUW

RI WKH FHUHEHOOXP DQG EUDLQ VWHP� 7KH RULJLQDO LPDJH ���� u ��� SL[HOV� KDV EHHQ

FRUUXSWHG E\ DGGLQJ XQLIRUP XQFRUUHODWHG QRLVH ZLWK ��� SUREDELOLW\� DQG ILOWHUHG

LPDJHV SURGXFHG E\ XVLQJ D � u � PHGLDQ DQG D � u � VWDFN ILOWHU GHVLJQHG RQ D

DUELWUDULO\ SODFHG �� u �� SL[HO ZLQGRZ� :H FKRRVH WKH PHGLDQ VLQFH WKLV LV RIWHQ WKH

ILOWHU�RI�FKRLFH ZKHUH XQFRUUHODWHG QRLVH UHPRYDO DQG LPDJH�IHDWXUH UHWHQWLRQ LV

UHTXLUHG�

2ULJLQDO 2ULJLQDO � ��� QRLVH

0HGLDQ � [ � VWDFN ILOWHU

)LJXUH �� 6WDFN DQG PHGLDQ ILOWHU DSSOLHG WR DQ 05 LPDJH RI WKH EUDLQ �FRQWDLQLQJ

SDUWV RI FHUHEUXP� EUDLQ VWHP DQG FHUHEHOOXP� FRUUXSWHG ZLWK ��� QRLVH

,Q >)LJ� �@ ZH FRPSDUH WKH SHUIRUPDQFH �LQ WHUPV RI 0$(� IRU GLIIHUHQW QRLVH

SUREDELOLWLHV� 6WDFN ILOWHUV RXWSHUIRUP WKH PHGLDQ ILOWHU DW DOO QRLVH OHYHOV XS WR ����

6LQFH WKH 0$( LV D JOREDO LQGH[ DQG PD\ QRW EH D JRRG LQGLFDWRU RI ORFDO YLVXDO

TXDOLW\� WKH SUHVHUYDWLRQ RI ILQH GHWDLO LQ UHVWRUHG LPDJH XVLQJ D VWDFN ILOWHU LV VKRZQ DW

%
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WKH DUURZHG SRLQWV LQ >)LJ� �@� >)LJ �@ VKRZV SRLQW % LQ JUHDWHU GHWDLO�

��� ��� ��� ��� ���

1RLVH

�

�

�

�

�

�

�

0
H
D
Q
$
E
V
R
OX
WH

(
UU
R
U
�S
L[
H
O
Y
D
OX
H
V
�

0HGLDQ

6WDFN

)LJXUH �� 9DULDWLRQ RI 0HDQ $EVROXWH (UURU �0$(� ZLWK QRLVH OHYHO IRU VWDFN DQG

PHGLDQ ILOWHUV �RULJLQDO LPDJH FRQWDLQV YDOXHV � � ����

2ULJLQDO 5HFRYHU\ E\ 0HGLDQ )LOWHU 5HFRYHU\ E\ 6WDFN )LOWHU

)LJ �� &RPSDULVRQ RI UHJLRQ % �ILJXUH �� E\ PHGLDQ DQG VWDFN ILOWHU

��� 'LVWULEXWLQJ 7KH 'HVLJQ 3URFHVV $FURVV $ 1HWZRUN

:H QRZ H[DPLQH WKH HIILFLHQF\ RI RXU DOJRULWKP XVLQJ GLVWULEXWHG SDUDOOHO FRPSXWLQJ�

>)LJ� �@ VKRZV WKH VSHHG�XS IDFWRUV IRU WKH DOJRULWKPLF GHFRPSRVLWLRQ DV D IXQFWLRQ RI

FRPSXWDWLRQDO SRZHU� 'XH WR WKH LQ�KRPRJHQHLW\ RI RXU V\VWHPV� ZH GHILQH WKH

GLVWULEXWHG V\VWHP©V WRWDO SRZHU LQ XQLWV RI D PLG�UDQJH SURFHVVRU� WKH 681

6SDUF6WDWLRQ ������ 2XU UHIHUHQFH SRLQW LV FKRVHQ WR EH D VHULDO LPSOHPHQWDWLRQ RQ

WKLV V\VWHP�

,GHDOO\ WKH VSHHGXS IDFWRU VKRXOG HTXDWH WR WKH FRPSXWDWLRQDO XQLWV DSSOLHG� 7KLV LV

VKRZQ E\ WKH GRWWHG OLQH LQ >)LJ �@� $V H[WUD SURFHVVRUV >7DE� �@� UDQNHG LQ RUGHU RI

SRZHU� DUH LQWURGXFHG WKH VSHHG�XS IDFWRU LQFUHDVHV XQLIRUPO\� EXW DW OHVV WKDQ WKH

LGHDO UDWH� 7KH FRPPXQLFDWLRQ RYHUKHDG LV LQGHSHQGHQW RI WKH QXPEHU RI ZRUNVWDWLRQV
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DQG LQKRPRJHQHLW\ RI SURFHVVLQJ SRZHU GRHV QRW DIIHFW SHUIRUPDQFH DV ORQJ DV WKH

QXPEHU RI VODYH SURFHVVRUV LV PXFK OHVV WKDQ WKH QXPEHU RI WDVNV �WKH SRSXODWLRQ RI

HDFK JHQHUDWLRQ�� $ JUDGXDO OHYHOOLQJ RII DSSHDUV ZKHQ WKH FRPSXWDWLRQDO SRZHU

H[FHHGV � XQLWV DQG PRUH VORZ PDFKLQHV DUH LQWURGXFHG IROORZHG E\ D GRZQ�WXUQ DW

DURXQG � XQLWV� 7KLV LV FDXVHG E\ D ORDG LPEDODQFH GXH WR WKH LQFUHDVHG QXPEHU RI

SURFHVVRUV� DV ZHOO DV WKH LQIOXHQFH RI WKH QRQ�SDUDOOHOLVDEOH FRPSRQHQWV RI

FRPSXWDWLRQ�

� � � � � �

7RWDO &RPSXWDWLRQDO 3RZHU �6XQ ����� XQLWV�

�

�

�

�

�

6
S
H
H
G
�X
S
)
D
F
WR
U

LGHDO VSHHG�XS

DOJRULWKPLF GHFRPSRVLWLRQ

)LJXUH �� 6SHHG�XS SHUIRUPDQFH RI WKH SDUDOOHO GLVWULEXWHG *$

7KH HIILFLHQF\ RI WKH GDWD GHFRPSRVLWLRQ DOJRULWKP �XVHG RQO\ E\ ORFDO VHDUFK� LV

DOVR VKRZQ LQ WKH FURVV�KDWFKHG VHFWLRQ RI >)LJ� �@� 7KH LQLWLDO VHFWLRQ RI WKH JUDSK LV

GRPLQDWHG E\ WKH UHODWLYHO\ KLJK FRPPXQLFDWLRQ RYHUKHDG RI LQWURGXFLQJ DGGLWLRQDO

SURFHVVRUV� $V PRUH SURFHVVRUV DUH DGGHG� WKHLU LQKRPRJHQHLW\ JLYHV ULVH WR ORDG

LPEDODQFH �LQ RWKHU ZRUGV WKH IDVWHU FRPSXWHUV ZDLW IRU WKH VORZHU� DQG WKLV IDFWRU

EHFRPHV GRPLQDQW� 7KH VSHHG�XS IDFWRU UHDFKHV D SODWHDX DQG WKHQ GHFUHDVHV� 7KH

GHWDLOHG SHUIRUPDQFH RI GDWD GHFRPSRVLWLRQ ZLOO GHSHQG RQ WKH QXPEHU RI LPDJH

UHJLRQV FKRVHQ� $ PD[LPXP VSHHGXS H[LVWV ZKHQ WKH LPDJH LV SDUWLWLRQHG LQWR � HTXDO

UHJLRQV� GHFUHDVHV ZKHQ IHZHU DUH XVHG �JUHDWHU ORDG LPEDODQFH DFURVV SURFHVVRUV�

DQG DOVR GHFUHDVHV IRU PRUH WKDQ � UHJLRQV DV FRPPXQLFDWLRQ RYHUKHDGV EHFRPH

GRPLQDQW� 7KLV LV VKRZQ E\ WKH VKDGHG HQYHORSH LQ >)LJ �@ ZKHUH WKH XSSHU ERXQG

UHSUHVHQWV � HTXDO LPDJH UHJLRQV DQG WKH ORZHU ERXQG GHVFULEHV WKH SHUIRUPDQFH IRU

�� DQG � UHJLRQV DV H[SODLQHG DERYH�

7KH DOJRULWKP ZH XVH KDV HDFK IRUP RI GHFRPSRVLWLRQ� LQ SURSRUWLRQV GHSHQGHQW

RQ WKH *$ IRUPXODWLRQ� WKHUHIRUH WKH ILQDO VSHHG�XS >)LJ� �@ ZLOO OLH EHWZHHQ WKH XSSHU

DOJRULWKPLF GHFRPSRVLWLRQ FXUYH DQG WKH GDWD GHFRPSRVLWLRQ FXUYH DSSURSULDWH WR WKH

FKRVHQ QXPEHU RI LPDJH UHJLRQV� 6LQFH WKH *$ ORFDO VHDUFK LV LQWURGXFHG RQO\ DIWHU D

GHILQHG SHULRG DQG DW LQWHUYDOV WKHUHDIWHU� WKH ILQDO RXWFRPH ZLOO EH GRPLQDWHG E\

DOJRULWKPLF GHFRPSRVLWLRQ� ,Q RXU ZRUNVWDWLRQ FRQILJXUDWLRQ WKH W\SLFDO WLPH UHTXLUHG

IRU WKH GHVLJQ RI D ILOWHU LV UHGXFHG IURP � KRXU WR DURXQG �� PLQXWHV�

� � UHJLRQV � ��

� UHJLRQV

GDWD GHFRPSRVLWLRQ
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� &RQFOXVLRQV

7KH GHVLJQ RI VWDFN ILOWHUV IRU QRLVH VXSSUHVVLRQ XVLQJ JHQHWLF DOJRULWKPV LV GHVFULEHG

DQG LW LV VKRZQ WKDW WKH DPRXQW RI FRPSXWDWLRQ UHTXLUHG WR FRQILJXUH HYHQ VPDOO ILOWHUV

LV VXEVWDQWLDO� 6LQFH *$V SURYLGH D UREXVW PHWKRG RI ILOWHU FRQILJXUDWLRQ� FDSDEOH RI

LQFRUSRUDWLQJ DUELWUDULO\ FRPSOH[ REMHFWLYH IXQFWLRQV� ZH KDYH GHYHORSHG D V\VWHP

WKDW DOORZV D KHWHURJHQHRXV FOXVWHU RI ZRUNVWDWLRQV� RSHUDWLQJ LQ SDUDOOHO� WR DFKLHYH

WKLV SURFHVV LQ DFFHSWDEOH WLPH� 3HUIRUPDQFH LPSURYHPHQW IDFWRUV RI XS WR �� XVLQJ ��

V\VWHPV� DUH REVHUYHG� 5HVXOWV DUH SUHVHQWHG IRU D SUDFWLFDO H[DPSOH GUDZQ IURP

PHGLFDO LPDJLQJ VKRZLQJ WKDW WKH VWDFN ILOWHU KDV DQ LPSURYHG SHUIRUPDQFH FRPSDUHG

WR WKH PHGLDQ ILOWHU� 7KH FRPSXWLQJ QHWZRUN ZH KDYH XVHG LV W\SLFDO RI WKRVH XVHG LQ

DFDGHPLF DQG UHVHDUFK FRPPXQLWLHV�

� 5HIHUHQFHV

>*LOEHUW ��@ *LOEHUW (�� ¦/DWWLFH�WKHRUHWLF SURSHUWLHV RI IURQWDO VZLWFKLQJ IXQFWLRQV§� -RXUQDO RI
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