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'DYRU 3HWULQRYLü

)DFXOW\ RI (OHFWULFDO (QJLQHHULQJ DQG &RPSXWLQJ� 8QLYHUVLW\ RI =DJUHE� &URDWLD

$%675$&7

$ PHWKRG RI LQWHU�IUDPH WUDQVIRUP FRGLQJ RI /LQH 6SHFWUXP

)UHTXHQFLHV �/6)� XVLQJ WKH 'LVFUHWH :DYHOHW 7UDQVIRUP LV

SUHVHQWHG LQ WKLV SDSHU� (DFK FRPSRQHQW RI WKH /6)V �RU RI WKHLU

OLQHDU WUDQVIRUP� LV WUHDWHG VHSDUDWHO\ DQG LV GHFRPSRVHG LQWR D

VHW RI VXEEDQG VLJQDOV XVLQJ WKH QRQXQLIRUP ILOWHU EDQN�

6XEEDQG VLJQDOV DUH TXDQWL]HG DQG FRGHG LQGHSHQGHQWO\� %\ WKH

DSSURSULDWH FKRLFH RI WKH PRWKHU :DYHOHW� VXEEDQG VLJQDO ZLWK

WKH ORZHVW UDWH FRPSULVHV PRVW RI WKH /6) ZDYHIRUP HQHUJ\�

)LOWHU EDQN HIIHFWLYHO\ GHFRUUHODWHV WKH LQSXW VLJQDO� HQDEOLQJ

PRUH HIILFLHQW TXDQWL]DWLRQ RI WKH VXEEDQG VLJQDOV� $ VXLWDEOH

ZHLJKWHG (XFOLGHDQ GLVWDQFH PHDVXUH LQ WKH :DYHOHW GRPDLQ LV

SURSRVHG� GHILQLQJ RSWLPDO VWDWLF RU G\QDPLF ELW DOORFDWLRQ RI

WKH VXEEDQG VLJQDOV� ,W LV VKRZQ WKDW WKH DYHUDJH ELW UDWH IRU

FRGLQJ RI WKH '&7 WUDQVIRUPHG /6)V FDQ EH UHGXFHG E\ ��� ELWV

SHU YHFWRU FRPSRQHQW E\ XVLQJ D YHU\ VLPSOH :DYHOHW� 7KH WRWDO

GHOD\ GXH WR LQWHU�IUDPH FRGLQJ LV RQO\ �� PV WKDW LV DFFHSWDEOH

HYHQ IRU D PHGLXP ELW UDWH VSHHFK FRGHUV�

���,1752'8&7,21

,Q VSHHFK FRGLQJ� VSHHFK VLJQDO LV XVXDOO\ GHFRPSRVHG LQWR WZR

SDUWV� WKH HQYHORSH RI WKH VKRUW WLPH VSHHFK VSHFWUXP� DQG WKH

UHVLGXDO H[FLWDWLRQ VLJQDO� 'HFRPSRVLWLRQ LV SHUIRUPHG XVLQJ WKH

OLQHDU SUHGLFWLRQ PHWKRG� UHVXOWLQJ LQ D VHW RI FRHIILFLHQWV RI DQ

DOO�SROH ILOWHU UHSUHVHQWLQJ WKH VKRUW�WLPH VSHFWUXP HQYHORSH�

2QH RI WKH PRVW SRSXODU SDUDPHWHU VHWV IRU ILOWHU UHSUHVHQWDWLRQ

DUH WKH OLQH VSHFWUXP IUHTXHQFLHV �/6)�� ILUVW LQWURGXFHG E\

,WDNXUD DQG 6XJDPXUD >�@�

'XH WR WKH QRQ�VWDWLRQDU\ EHKDYLRU RI WKH VSHHFK VLJQDO� OLQHDU

SUHGLFWLRQ FDQ EH HPSOR\HG DFFXUDWHO\ RQO\ RYHU D VKRUW WLPH

SHULRG NQRZQ DV D IUDPH� �� � �� PV ORQJ� 7KH SDUDPHWHUV RI

WKH VSHFWUXP HQYHORSH PXVW EH VDPSOHG DW OHDVW RQFH GXULQJ WKLV

SHULRG� WR FDSWXUH SHUFHSWXDOO\ LPSRUWDQW VSHFWUDO WUDQVLWLRQV�

2Q WKH RWKHU KDQG� WKH VSHHFK VSHFWUXP LV VORZO\ YDU\LQJ PRVW

RI WKH WLPH DQG PD\ H[KLELW VWDWLRQDULW\ H[WHQGLQJ RYHU DV PXFK

DV D IHZ KXQGUHG PV� ,Q D W\SLFDO VSHHFK FRGHU� VSHFWUXP

HQYHORSH LV HVWLPDWHG DQG WUDQVPLWWHG HYHU\ �� WR �� PV�

LUUHVSHFWLYHO\ RI WKH FXUUHQW VSHFWUDO YDULDWLRQV� VR WKH

SDUDPHWHUV RI VXFFHVVLYH VSHFWUXP HVWLPDWHV PD\ EH KLJKO\

FRUUHODWHG�

,Q DSSOLFDWLRQV ZKHUH DQDO\VLV WLPH �GHOD\� FDQ EH H[WHQGHG WR

VHYHUDO IUDPHV� WKH LQWHU�IUDPH FRUUHODWLRQ FDQ EH H[SORLWHG WR

UHGXFH WKH DYHUDJH ELW�UDWH IRU VSHFWUXP HQYHORSH FRGLQJ�

9DULRXV WHFKQLTXHV KDYH EHHQ GHYHORSHG WR UHPRYH WKH

LQWHU�IUDPH UHGXQGDQF\ LQ VPRRWKO\ YDU\LQJ VHJPHQWV RI

VSHHFK� 7KH YHFWRU SUHGLFWLYH FRGLQJ PHWKRG� RULJLQDOO\

GHYHORSHG IRU FRGLQJ RI D EORFNHG VFDODU SURFHVV >�@� ZDV ODWHU

DSSOLHG WR WKH VZLWFKHG DGDSWLYH LQWHU�IUDPH YHFWRU SUHGLFWLRQ

IRU FRGLQJ RI WKH /3& SDUDPHWHU YHFWRUV >�@� 2WKHU DSSURDFKHV

VXFK DV VHJPHQW TXDQWL]DWLRQ DQG PDWUL[ TXDQWL]DWLRQ >�@

HQFRGH VHYHUDO VXFFHVVLYH SDUDPHWHU YHFWRUV DV D VLQJOH HQWLW\�

7KH\ UHSUHVHQW D JHQHUDOL]DWLRQ RI WKH YHFWRU TXDQWL]DWLRQ

WHFKQLTXH� ZKHUH WKH FRGHERRN HQWULHV DUH PDWULFHV FRQVLVWLQJ RI

D VSHFWUDO YHFWRU VHTXHQFH� $OWKRXJK WKH FRPSUHVVLRQ UDWLRV

RIIHUHG E\ WKHVH PHWKRGV DUH VLJQLILFDQW� WKH FRGHERRN VL]H DQG

FRPSOH[LW\ DUH SURKLELWLYH IRU WKH UHDO�WLPH LPSOHPHQWDWLRQV�

$QRWKHU SRVVLELOLW\ RI H[SORLWLQJ WKH LQWHU�IUDPH FRUUHODWLRQ LV

E\ HPSOR\LQJ WUDQVIRUP FRGLQJ� 7KH VHTXHQFH RI WKH

3�GLPHQVLRQDO SDUDPHWHU YHFWRUV �H�J� /6)V� LV WUHDWHG DV D VHW

RI 3 WLPH�YDU\LQJ VLJQDOV �RQH VLJQDO IRU HDFK YHFWRU

FRPSRQHQW�� DQG WUDQVIRUPHG WR WKH SDUDPHWHU 
IUHTXHQF\


GRPDLQ XVLQJ DQ\ VXLWDEOH OLQHDU WUDQVIRUP� 4XDQWL]DWLRQ RI WKH

GHFRUUHODWHG WUDQVIRUP FRHIILFLHQWV UHVXOWV LQ D ORZHU DYHUDJH

VSHFWUDO GLVWRUWLRQ IRU D JLYHQ ELW UDWH� GXH WR WUDQVIRUP JDLQ�

$SSOLFDWLRQ RI WKH WZR GLPHQVLRQDO 'LVFUHWH &RVLQH 7UDQVIRUP

��'�'&7� SHUIRUPHG RQ D IL[HG EORFN RI VXFFHVVLYH /6)

YHFWRUV ZDV LQYHVWLJDWHG LQ >�@� ,W ZDV IRXQG WKDW HYHQ EHWWHU

UHVXOWV FRXOG EH REWDLQHG LI WKH WUDQVIRUP LV SHUIRUPHG DIWHU WKH

VHJPHQWDWLRQ SURFHVV� VR WKH WUDQVIRUP VL]H �DFURVV WLPH�

GHSHQGV RQ WKH DFWXDO VHJPHQW OHQJWK� $ VHJPHQW LV D EORFN RI

IUDPHV ZLWK VLPLODU VSHFWUXP SDWWHUQ� ,Q >�@� WKH SHUIRUPDQFH RI

WZR OLQHDU WUDQVIRUPV� '&7 DQG WKH .DUKXQHQ�/RHYH 7UDQVIRUP

�./7� IRU VHJPHQWHG �DGDSWLYH VL]H� SDUDPHWULF VSHHFK FRGLQJ

ZDV LQYHVWLJDWHG� 6XFK WUDQVIRUP VL]H DGDSWDWLRQ LV RQO\

PLPLFNLQJ WKH QDWXUDO EHKDYLRU RI WKH :DYHOHWV� EHWWHU WLPH

UHVROXWLRQ IRU VKRUWHU HYHQWV DQG EHWWHU IUHTXHQF\ UHVROXWLRQ IRU

ORQJHU HYHQWV� ,W KDV EHHQ FRQILUPHG E\ VHYHUDO VWXGLHV WKDW

:DYHOHW GHFRPSRVLWLRQ LV PXFK FORVHU WR WKH KXPDQ VSHHFK

SURGXFWLRQ DQG SHUFHSWLRQ� 7KHUHIRUH� WKH DSSURDFK RI XVLQJ

:DYHOHWV DV D WLPH�IUHTXHQF\ DQDO\VLV�V\QWKHVLV WHFKQLTXH IRU

LQWHU�IUDPH GHFRUUHODWLRQ RI VSHFWUXP SDUDPHWHU YHFWRUV VHHPV

YHU\ DSSHDOLQJ� 7KH PHWKRG RI /6) FRGLQJ LQ :DYHOHW GRPDLQ

LV SUHVHQWHG LQ WKLV SDSHU� DORQJ ZLWK VRPH SUHOLPLQDU\ UHVXOWV

YHULI\LQJ LWV HIIHFWLYHQHVV�

���',67257,21�0($685(�$1'�/6)
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%HIRUH DQ\ GLVFXVVLRQ RI WKH /6) FRGLQJ LWVHOI� WKH DSSURSULDWH

GLVWRUWLRQ PHDVXUH PXVW ILUVWO\ EH LQWURGXFHG� GHILQLQJ WKH

RSWLPDO ELW DOORFDWLRQ DQG HQDEOLQJ REMHFWLYH HYDOXDWLRQ RI WKH

UHVXOWV� 6SHFWUDO GLVWRUWLRQ PHDVXUH LV FRPPRQO\ XVHG DV D

PHDVXUH RI V\VWHP SHUIRUPDQFH GHILQHG DV LQ ����
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ZKHUH � �Z
Q

6 LV WKH XQTXDQWL]HG DQG � �ZQ6
�

LV WKH TXDQWL]HG

SRZHU VSHFWUXP RI WKH Q�WK VSHHFK IUDPH� 1I LV WKH WRWDO QXPEHU

RI IUDPHV� ,W KDV EHHQ VKRZQ LQ VHYHUDO VWXGLHV� WKDW ZKHQHYHU

'6 GURSV EHORZ �G%�� WKH LQWURGXFHG GLVWRUWLRQ LV SHUFHSWXDOO\

DOPRVW QHJOLJLEOH� ,Q SUDFWLFH� IRU WKH TXDQWL]HU GHVLJQ� DQ

DSSUR[LPDWLRQ RI '6 LV XVHG� EDVHG RQ ZHLJKWHG VTXDUHG

(XFOLGHDQ GLVWDQFH �:('�� GQ

�� EHWZHHQ WKH XQTDXQWL]HG DQG

WKH TXDQWL]HG /6) YHFWRUV� QQ
Ö[[ DQG �
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:Q LV WKH GLDJRQDO ZHLJKWLQJ PDWUL[� ZKLFK PD\ GHSHQG RQ [Q�

ZKLOH N LV WKH IDFWRU RI SURSRUWLRQDOLW\� ,Q WKLV VWXG\� WKH ,QYHUVH

+DUPRQLF 0HDQ :HLJKWV ZHUH XVHG GXH WR WKHLU JRRG

DSSUR[LPDWLRQ RI WKH '6 PHDVXUH�

'XH WR WKH RUGHULQJ SURSHUW\ RI WKH /6) YHFWRU FRPSRQHQWV� WKH

QHLJKERULQJ /6) SDUDPHWHUV ZLWKLQ D IUDPH �YHFWRU� DUH KLJKO\

FRUUHODWHG >�@� %\ UHPRYLQJ WKLV LQWUD�IUDPH FRUUHODWLRQ� WKH

TXDQWL]DWLRQ RI WKH /6) SDUDPHWHUV FDQ EH LPSURYHG� 7KLV FDQ

EH GRQH E\ WUDQVIRUPLQJ WKH 3�GLPHQVLRQDO /6) YHFWRU [Q LQWR D

QHZ 3�GLPHQVLRQDO YHFWRU \Q XVLQJ DQ\ VXLWDEOH 3[3 LQYHUWDEOH

WUDQVIRUP PDWUL[ $ �H�J� GLIIHUHQFH /6) IUHTXHQFLHV� '&7 RU

./7�� DFFRUGLQJ WR WKH H[SUHVVLRQ ����
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,W FDQ EH VKRZQ WKDW WKH :(' EHWZHHQ QQ
Ö[[ DQG EDVHG RQ

PDWUL[ :Q LV LGHQWLFDO WR :(' EHWZHHQ WUDQVIRUPHG YHFWRUV

QQ
Ö\\ DQG EDVHG RQ WKH WUDQVIRUPHG ZHLJKWLQJ PDWUL[ 9Q DV LQ�
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0DWUL[ 9Q LV V\PPHWULFDO EXW JHQHUDOO\ QRW GLDJRQDO� +RZHYHU�

LI WKH TXDQWL]DWLRQ HUURUV RI GLIIHUHQW FRPSRQHQWV RI \Q DUH QRW

FRUUHODWHG� RQO\ WKH GLDJRQDO HOHPHQWV RI 9Q QHHG WR EH

FRQVLGHUHG LQ HYDOXDWLRQ RI WKH PHDQ YDOXH RI GQ

��
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(DFK FRPSRQHQW RI WKH WUDQVIRUPHG /6) YHFWRU LV WUHDWHG

VHSDUDWHO\ DV D WLPH�YDU\LQJ ZDYHIRUP DQG LV GHFRPSRVHG LQWR

:DYHOHW FRHIILFLHQWV XVLQJ WKH 'LVFUHWH :DYHOHW 7UDQVIRUP

�':7�� ,I WKH FRQVHFXWLYH WUDQVIRUPHG /6) YHFWRUV \Q DUH

SODFHG WRJHWKHU LQWR D PDWUL[ < ZLWK 3 URZV DQG 1I FROXPQV�

WKHQ WKH ':7 WUDQVIRUP DQG LWV LQYHUVH FDQ EH H[SUHVVHG E\ WKH

FRQYHQWLRQDO OLQHDU RSHUDWRU QRWDWLRQ DV LQ ����
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0DWULFHV == ÖDQG KROG XQTXDQWL]HG DQG TXDQWL]HG ':7

FRHIILFLHQWV� UHVSHFWLYHO\� 7KH URZV RI WKH WUDQVIRUP PDWUL[ %�

DV ZHOO DV WKH FROXPQV RI %��� KROG EDVLV YHFWRUV� ZKLFK DUH

DFWXDOO\ GLODWHG DQG WUDQVODWHG :DYHOHW DQG 6FDOLQJ IXQFWLRQV�

$OWKRXJK WKLV GHILQLWLRQ LV PDWKHPDWLFDOO\ FRPSOHWH� LW GRHV QRW

LPSO\ WKH SRVVLEOH RI WKH UHDO�WLPH LPSOHPHQWDWLRQ UHTXLUHG IRU

FRGLQJ DSSOLFDWLRQV�

$ YHU\ VLPSOH DQG HIILFLHQW UHDOL]DWLRQ RI WKH ':7 LV EDVHG RQ D

QRQXQLIRUP PXOWLUDWH ILOWHU EDQN� DV VKRZQ LQ )LJXUH �� )RU WKH

SURSRVHG PHWKRG� ':7 RI WKH VHTXHQFH RI WKH WUDQVIRUPHG /6)

YHFWRUV \Q LV SHUIRUPHG XVLQJ 3 LQGHSHQGHQW LGHQWLFDO ILOWHU

EDQNV� HDFK GHFRPSRVLQJ RQH RI WKH YHFWRU FRPSRQHQWV� \��Q�

XS WR \3�Q�� $QDO\VLV ILOWHU EDQN FRUUHVSRQGLQJ WR WKH ':7

WUDQVIRUP RI WKH FRPSRQHQW L LV VKRZQ RQ WKH OHIW VLGH RI WKH

)LJXUH ��� ZKLOH WKH V\QWKHVLV EDQN FRUUHVSRQGLQJ WR WKH LQYHUVH

':7� LV VKRZQ RQ WKH ULJKW� )RU D - OHYHO ':7� WKH LQSXW VLJQDO

LV GHFRPSRVHG LQWR -�� VXEEDQG VLJQDOV� RQH DSSUR[LPDWLRQ

VLJQDO D- DQG - GHWDLO VLJQDOV� G-� G-��� ��� G�� 7KHVH VLJQDOV

FRUUHVSRQG WR WKH ':7 FRHIILFLHQWV LQ PDWUL[ =� $OO WKH VLJQDOV

DUH FULWLFDOO\ VDPSOHG� L�H� WKH WRWDO QXPEHU RI VDPSOHV RQ DOO RI

WKH -�� RXWSXWV LV LGHQWLFDO WR WKH WRWDO QXPEHU RI VDPSOHV DW WKH

LQSXW RI WKH DQDO\VLV EDQN LQ D JLYHQ SHULRG RI WLPH� ,Q WKH

V\QWKHVLV EDQN� WKH VXEEDQG VLJQDOV DUH FRPELQHG EDFN WRJHWKHU�

,I WKH ILOWHUV +��]� DQG )��]� DUH FKRVHQ WR VDWLVI\ HTXDWLRQ ����

/
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DQG LI +��]� DQG )��]� DUH GHULYHG IURP +��]� DQG )��]� DV LQ �

�]�+�]�)��]�)�]�+ ���� �� � ���

WKHQ WKH SHUIHFW UHFRQVWUXFWLRQ FRQGLWLRQ LV VDWLVILHG� DQG WKH

UHVXOWLQJ V\QWKHVL]HG VLJQDO LV RQO\ WKH GHOD\HG YHUVLRQ RI WKH

VLJQDO DW WKH LQSXW� 7KH WRWDO GHOD\ HTXDOV WR ��-���/ VDPSOHV�

ZKHUH / LV WKH GHOD\ RI D VLQJOH OHYHO DQDO\VLV�V\QWKHVLV EDQN�

&DXVDO DQG VWDEOH ),5 ORZSDVV�KLJKSDVV ILOWHU SDLUV VDWLVI\LQJ

��� DQG ��� DUH NQRZQ DV ELRUWKRJRQDO ILOWHUV DQG :DYHOHWV

FRUUHVSRQGLQJ WR WKHVH ILOWHUV DUH NQRZQ DV ELRUWKRJRQDO

:DYHOHWV� 7KHVH :DYHOHWV ZHUH HPSOR\HG LQ WKLV VWXG\ GXH WR

WKHLU VLPSOLFLW\ DQG HIILFLHQF\�

7KH EDVLF LGHD RI WKH SURSRVHG /6) :DYHOHW FRGLQJ PHWKRG LV

LQ WKH IDFW WKDW LQVWHDG RI WKH GLUHFW TXDQWL]DWLRQ RI WKH YHFWRU \Q�

-�� VXEEDQG VLJQDOV RI HDFK RI WKH 3 DQDO\VLV EDQNV DUH
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)LJXUH �� 0XOWLUDWH ILOWHU EDQN UHDOL]DWLRQ RI D ��OHYHO 'LVFUHWH :DYHOHW 7UDQVIRUP DQG LWV LQYHUVH �RUGHU /�



TXDQWL]HG� FRGHG DQG WUDQVPLWWHG� ,W ZDV H[SHFWHG WKDW GXH WR

WKH WUDQVIRUP JDLQ� WKH VDPH DYHUDJH VSHFWUDO GLVWRUWLRQ FRXOG EH

DFKLHYHG XVLQJ WKH ORZHU ELW UDWH� 7KH SXUSRVH RI WKH VWXG\ ZDV

WR ILQG RXW WKH VXLWDEOH ELRUWKRJRQDO :DYHOHWV WKDW UHVXOW ZLWK

WKH PD[LPXP FRPSUHVVLRQ RI WKH WUDQVIRUPHG /6) YHFWRU� ZLWK

WKH PLQLPXP LQWURGXFHG GHOD\�

���',67257,21�0($685(�$1'�%,7
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$OWKRXJK WKH ELRUWKRJRQDO :DYHOHWV H[KLELW PDQ\ JRRG

IHDWXUHV� WKH\ DOVR KDYH RQH VLJQLILFDQW GUDZEDFN� ':7 XVLQJ

WKH ELRUWKRJRQDO :DYHOHWV LV QHLWKHU RUWKRQRUPDO� QRU

RUWKRJRQDO WUDQVIRUPDWLRQ� ,W LV RQO\ LQYHUWDEOH� 7R IXOILOO WKH

VSHFWUDO GLVWRUWLRQ UHTXLUHPHQW� WKH :(' GLVWRUWLRQ PHDVXUH�

GQ
�
� EHWZHHQ

QQ
Ö\\ DQG PXVW EH WUDQVODWHG LQWR WKH :DYHOHW

GRPDLQ� LQ RUGHU WR GHILQH KRZ DFFXUDWHO\ HDFK RI WKH VXEEDQG

VLJQDOV IRU HDFK RI WKH YHFWRU FRPSRQHQWV PXVW EH TXDQWL]HG�

':7 WUDQVIRUPV WKH URZV RI PDWUL[ <� <� WR <3� LQWR WKH URZV

RI WKH PDWUL[ =� =� WR =S� ZKHUH HDFK URZ <L FRUUHVSRQGV WR WKH

RQH RI WKH 3 FRPSRQHQWV RI WKH YHFWRU VHTXHQFH \Q LQ WLPH� $

QHZ :DYHOHW GRPDLQ :('� HL
�
� EHWZHHQ WKH XQTXDQWL]HG DQG

WKH TXDQWL]HG ':7 FRHIILFLHQWV LQ URZV L RI WKH

PDWULFHV == ÖDQG LV LQWURGXFHG DQG GHILQHG DV IROORZV�
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,W LV REYLRXV WKDW WKH RUGHU RI VXPPDWLRQ LV FKDQJHG� :(' H L
�
LV

WKH GLVWRUWLRQ WKURXJK WLPH WKDW LV ILQDOO\ VXPPHG XS IRU DOO RI

WKH 3 YHFWRU FRPSRQHQWV� ZKLOH GQ
�
LV WKH GLVWRUWLRQ DFURVV WKH

YHFWRU WKDW LV VXPPHG XS IRU DOO RI WKH 1I YHFWRUV� :HLJKWLQJ

PDWUL[ 8L FDQ EH IRXQG DV LQ ����
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ZKHUH Y�LL XS WR Y1ILL DUH WKH GLDJRQDO HOHPHQWV ORFDWHG RQ WKH

SRVLWLRQ �L�L� RI WKH ZHLJKWLQJ PDWULFHV 9� XS WR 91I� %
��
LV WKH

LQYHUVH ':7 PDWUL[� $V LW ZDV VWUHVVHG EHIRUH� LI WKH

TXDQWL]DWLRQ HUURUV RI GLIIHUHQW ':7 FRHIILFLHQWV LQ PDWUL[ =

DUH QRW FRUUHODWHG� RQO\ WKH GLDJRQDO HOHPHQWV RI 8L QHHG WR EH

FRQVLGHUHG� 7KH ILQDO VWHS LQ WKH SURFHGXUH LV WR UHFRJQL]H

ZKLFK GLDJRQDO HOHPHQWV FRUUHVSRQG WR HDFK RI WKH VXEEDQG

VLJQDO ZHLJKWV WKURXJK WLPH�

%\ HYDOXDWLQJ ���� D VLPSOHU IRUPXODWLRQ RI WKH VXEEDQG ZHLJKWV

FDQ EH JLYHQ� WKDW LV PXFK FORVHU WR WKH FRQFHSW RI WKH ILOWHU

EDQN UHDOL]DWLRQ� )LUVWO\� WZR URZ YHFWRUV PXVW EH GHILQHG� WKH

LQSXW YHFWRU > @1ILLLL�L YY
a

� 9 � ZKHUH Y�LL XS WR Y1ILL DUH WKH

ZHLJKWV GHVFULEHG DV DERYH� DQG WKH RXWSXW YHFWRU

> @L1I1I��LL XX
a

� 8 � ZKHUH XL�� XS WR XL1I1I DUH WKH GLDJRQDO

HOHPHQWV RI 8L� 2XWSXW YHFWRU FDQ EH VSOLW LQWR -�� VXE�YHFWRUV �

> @ > @ > @ > @> @�LG�LG-LG-LD-L
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ZKHUH HDFK VXE�YHFWRU FRUUHVSRQGV WR RQH RI WKH VXEEDQG

VLJQDOV� DL-� GL-� GL-�������GL�� 7KHVH ZHLJKWLQJ YHFWRUV DUH RI

GLIIHUHQW OHQJWKV WKDW DUH GLUHFWO\ SURSRUWLRQDO WR WKH UDWHV RI WKH

FRUUHVSRQGLQJ VXEEDQG VLJQDOV � LD-

a
8 DQG LG-

a
8 DUH WKH VKRUWHVW

DQG �LG

a
8 LV WKH ORQJHVW�� ),5 ZHLJKWLQJ ILOWHUV +:VE�]� DUH

GHILQHG QH[W� 7KH\ DUH GHULYHG IURP WKH LPSXOVH UHVSRQVHV RI

WKH ILOWHU EDQN V\QWKHVLV ILOWHUV +6VE�]� E\ VTXDULQJ HDFK RI WKH

LPSXOVH UHVSRQVH FRHIILFLHQWV�
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ZKHUH 1VE LV WKH V\QWKHVLV ILOWHU RUGHU IRU WKH VXEEDQG VE�

6XEEDQG VLJQDO ZHLJKWV LD-
a
8 � LG-

a
8 XS WR �LG

a
8 DUH IRXQG E\

ILOWHULQJ WKH ZHLJKWLQJ VLJQDO L
a
9 ZLWK WKH FRUUHVSRQGLQJ

ZHLJKWLQJ ILOWHUV +:D-� +:G-� XS WR +:G� DQG ILQDOO\ GHFLPDWLQJ

WKH ILOWHU RXWSXW E\ WKH VDPH IDFWRU WKDW LV XVHG IRU VXEEDQG

VLJQDO GHFLPDWLRQ�

$ VSHFLDO FDVH RI ZHLJKWLQJ LV WKH VWDWLF ZHLJKWLQJ IRU ZKLFK DOO

WKH HOHPHQWV RI L
a
9 DUH LGHQWLFDO� L1ILLLL�LL� 9YYY     � �

6LQFH WKH LQSXW YHFWRU LV FRQVWDQW� WKH ILOWHU RXWSXWV GHWHUPLQLQJ

WKH VXEEDQG ZHLJKWV ZLOO DOVR EH FRQVWDQW DQG FDQ EH IRXQG E\

PXOWLSO\LQJ WKH FRPSRQHQW ZHLJKW L9 ZLWK HDFK RI WKH VXEEDQG

ZHLJKWLQJ IDFWRUV VE8 � 6XEEDQG ZHLJKWLQJ IDFWRUV DUH HTXDO WR

WKH '& UHVSRQVHV RI WKH ZHLJKWLQJ ILOWHUV�
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ZKHUH VE D-� G-� G-�������G�� )DFWRUV VE8 DUH GLIIHUHQW IRU HDFK RI

WKH VXEEDQG VLJQDOV DQG GHSHQG RQ WKH FKRVHQ :DYHOHW W\SH�

)RU ELRUWKRJRQDO :DYHOHWV XVHG LQ WKLV VWXG\ WKHVH ZHLJKWLQJ

IDFWRUV YDULHG IURP ����� WR ��� DQG DUH GLUHFW FRQVHTXHQFH RI

WKHLU QRQRUWKRJRQDOLW\� 2QFH WKH ZHLJKWLQJ LQ WKH :DYHOHW

GRPDLQ LV HVWDEOLVKHG� WKH RSWLPDO ELW DOORFDWLRQ FDQ EH

GHWHUPLQHG XVLQJ DQ\ FRQYHQWLRQDO WHFKQLTXH� )RU WKH VWDWLF ELW

DVVLJQPHQW� WKH DYHUDJH GLVWRUWLRQ ': VKRXOG EH PLQLPL]HG �
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ZKHUH VE�LO LV WKH YDULDQFH RI WKH VXEEDQG VLJQDO VE DQG

�E� VE�LVE�LV LV WKH YDULDQFH�QRUPDOL]HG PLQLPXP PHDQ VTXDUHG

HUURU LQFXUUHG LQ TXDQWL]LQJ WKH VXEEDQG VLJQDO VE ZLWK E L�VE ELWV�

DOO IRU WKH ILOWHU EDQN L� VE8 LV WKH QRUPDOL]HG ZHLJKWLQJ IDFWRU

JLYHQ E\�
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7KH PLQLPL]DWLRQ LV SHUIRUPHG E\ YDU\LQJ EL�VE ZLWK WKH DYHUDJH

QXPEHU RI ELWV SHU /6) YHFWRU FRPSRQHQW� E � DV WKH FRQVWUDLQW�
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7KH SURSRVHG /6) :DYHOHW FRGLQJ WHFKQLTXH ZDV HYDOXDWHG RQ

D OLPLWHG GDWDEDVH ZLWK WKH DQDO\VLV SDUDPHWHUV JLYHQ LQ 7DEOH ��

/6) YHFWRUV ZHUH LQWUD�IUDPH GHFRUUHODWHG XVLQJ '&7� 2SWLPDO

VFDODU /OR\G�0D[ TXDQWL]DWLRQ ZDV SHUIRUPHG RQ WKHVH

WUDQVIRUPHG YHFWRUV DQG WKH DYHUDJH VSHFWUDO GLVWRUWLRQ '
V
ZDV

FDOFXODWHG DV D IXQFWLRQ RI DYHUDJH ELW UDWH SHU YHFWRU

FRPSRQHQW �GHQRWHG DV QR LQWHU�IUDPH FRGLQJ RQ )LJXUH ����

'LVWRUWLRQ RI �G% ZDV REWDLQHG ZLWK WKH DYHUDJH ELW UDWH RI ����

ELWV� 8QTXDQWL]HG '&7 WUDQVIRUPHG YHFWRUV ZHUH

LQWHU�IUDPH GHFRUUHODWHG XVLQJ ':7 ZLWK �� GLIIHUHQW

ELRUWKRJRQDO :DYHOHWV �FXUUHQWO\ VXSSRUWHG E\ WKH 0DWODE

:DYHOHW WRROER[�� $OO :DYHOHWV ZHUH WHVWHG IRU GHFRPSRVLWLRQ

OHYHOV IURP - � WR - �� 7KH WUDQVIRUP FRHIILFLHQWV ZHUH VFDODU

TXDQWL]HG XVLQJ WKH RSWLPDO /OR\G 0D[ DOJRULWKP� ZLWK VWDWLF

ELW DVVLJQPHQW �VDPH IRU DOO IUDPHV� DFFRUGLQJ WR ����� 7KH

H[DPSOH RI RQH FOXVWHU DVVLJQPHQW PDWUL[ LV JLYHQ LQ 7DEOH ��

6SHDNHUV � � PDOH VSHDNHU 6DPSO� IU�� ����� +]

6HQWHQFHV� �� QRQVHQVH )UDPH UDWH� ����� +]

� RI IUDPHV� ���� :LQGRZ� ����PV

3UHHPSKDV� ������ /3& RUGHU� ��

7DEOH �� ([SHULPHQWDO FRQGLWLRQV
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7DEOH �� ([DPSOH RI WKH FOXVWHU DOORFDWLRQ PDWUL[ IRU 
ELRU���
�

IRU G%��������E�-    
V

'DQG�

- EHVW 
ELRU���
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7DEOH �� $YHUDJH ELW UDWH UHGXFWLRQ SHU YHFWRU FRPSRQHQW� E'

'
V
ZDV FDOFXODWHG IRU HDFK RI WKH �� GLIIHUHQW :DYHOHW

FRPELQDWLRQV DQG IRU �� GLIIHUHQW DYHUDJH ELW UDWHV� 7KUHH RI

WKHVH �� FRPELQDWLRQV DUH VKRZQ LQ )LJXUH ��� IRU - �� 7KH EHVW

DQG WKH ZRUVW UHVXOWV DUH VXPPDUL]HG LQ WKH 7DEOH �� IRU HDFK

GHFRPSRVLWLRQ OHYHO� ,W LV REYLRXV WKDW WKH EHVW UHVXOWV DUH

REWDLQHG ZLWK WKH PRVW VRSKLVWLFDWHG :DYHOHW �
ELRU���
�� EXW WKH

UHVXOWV DFKLHYHG ZLWK D YHU\ VLPSOH :DYHOHW� 
ELRU���
� DUH RQO\

VOLJKWO\ LQIHULRU� 7ZR OHYHO GHFRPSRVLWLRQ XVLQJ 
ELRU���


GHFUHDVHV ELW UDWH IURP ���� WR ����� ZKLOH WKH WRWDO LQWURGXFHG

GHOD\ LV RQO\ � IUDPHV �LW LQFOXGHV ERWK DQDO\VLV DQG V\QWKHVLV

GHOD\V�� ,W LV DOVR ZRUWKZKLOH WR PHQWLRQ WKDW WKH WZR OHYHO ':7

ZLWK 
ELRU���
 UHTXLUHV LQ DYHUDJH RQO\ ��� DGGLWLRQV� ���� VKLIWV

DQG � PXOWLSOLFDWLRQ SHU LQSXW YHFWRU FRPSRQHQW� VR LW

UHSUHVHQWV FRPSXWDWLRQDOO\ H[FHOOHQW VROXWLRQ� 7KH UHVXOWV DOVR

GHPRQVWUDWH WKDW IRU VWDWLF ELW DVVLJQPHQW XVLQJ PRUH WKHQ �

GHFRPSRVLWLRQ OHYHOV UHVXOWV LQ RQO\ PLQRU ELW UDWH UHGXFWLRQ�

���&21&/86,21

$ PHWKRG RI /6) LQWHU�IUDPH FRGLQJ XVLQJ WKH 'LVFUHWH :DYHOHW

7UDQVIRUP ZDV SURSRVHG LQ WKLV SDSHU� 7KH PHWKRG FDQ EH

DSSOLHG HLWKHU WR /6) YHFWRU GLUHFWO\ RU WR DQ\ YHUVLRQ RI

OLQHDUO\ WUDQVIRUPHG /6) YHFWRU� WKHUHIRUH WKH LQWUD�IUDPH

FRGLQJ FDQ DOVR EH XWLOL]HG� $Q HIILFLHQW UHDO�WLPH UHDOL]DWLRQ LV

VXJJHVWHG� EDVHG RQ WKH VHW RI WKH QRQXQLIRUP ILOWHU EDQNV� $

WUDQVIRUPDWLRQ SURFHGXUH IRU WKH ZHLJKWHG (XFOLGHDQ GLVWDQFH

PHDVXUH EHWZHHQ /6)V LV GHVFULEHG� HQDEOLQJ RSWLPDO ELW

DOORFDWLRQ LQ WKH :DYHOHW GRPDLQ� ,W ZDV VKRZQ WKDW HYHQ ZLWK

WKH VWDWLF ELW DVVLJQPHQW DQG VFDODU TXDQWL]DWLRQ� WKH DYHUDJH ELW

UDWH IRU /6) FRGLQJ FDQ EH UHGXFHG E\ DSSUR[LPDWHO\ ��� ELWV

SHU /6) FRPSRQHQW� FRPSDUHG WR WKH FDVH ZLWKRXW LQWHU�IUDPH

FRGLQJ� 6LQFH WKH VXEEDQGV DUH TXDQWL]HG LQGHSHQGHQWO\� WKH

TXDQWL]DWLRQ HUURUV DUH ORFDOL]HG ZLWKLQ WKH EDQG� VR DQ\

SHUFHSWXDOO\ VLJQLILFDQW VXEEDQG FDQ EH HPSKDVL]HG� 7KH

SURSRVHG PHWKRG LV DOVR YHU\ FRPSXWDWLRQDOO\ HIILFLHQW�

���5()(5(1&(6

�� ,WDNXUD�)� ³/LQH VSHFWUXP UHSUHVHQWDWLRQ RI OLQHDU

SUHGLFWRU FRHIILFLHQWV RI VSHHFK VLJQDOV�´ -� $FRXVW� 6RF�

$P� 9RO���� 6XSSOHPHQW 1R��� ����� S 6���

�� &XSHUPDQ�9�� *HUVKR�$� ³9HFWRU 3UHGLFWLYH &RGLQJ RI

6SHHFK DW �� NELW�V´� ,((( 7UDQV�&20���� 1R��� ����

���� �����

�� <RQJ�0�� 'DYLGVRQ�*�� *HUVKR�$� ³(QFRGLQJ RI /3&

6SHFWUDO 3DUDPHWHUV 8VLQJ 6ZLWFKHG�$GDSWLYH

,QWHUIUDPH 9HFWRU 3UHGLFWLRQ ´� 3URF� ,((( ,&$663�

9RO�� �������� �����

�� +RQGD�0�� 6KLNDUL�<� ³9HU\ /RZ�%LW�5DWH 6SHHFK

&RGLQJ´ LQ )XUXL DQG 6RQGKL� $GYDQFHV LQ 6SHHFK

&RGLQJ� 0�'HNNHU� �����

�� )DUYDUGLQ�1�� /DURLD�5� ³(IILFLHQW (QFRGLQJ RI 6SHHFK

/63 3DUDPHWHUV 8VLQJ WKH 'LVFUHWH &RVLQH

7UDQVIRUPDWLRQ´� 3URF� ,((( ,&$663� �������� �����

�� 0XGXJDPXZD�'�-�� %UDGOH\�$�%� ³2SWLPDO 7UDQVIRUP

IRU 6HJPHQWHG 3DUDPHWULF 6SHHFK &RGLQJ´� 3URF� ,(((

,&$663� ������ �����
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)LJXUH �� $YHUDJH VSHFWUDO GLVWRUWLRQ DV IXQFWLRQ RI DYHUDJH ELW

UDWH� ZLWK DQG ZLWKRXW :DYHOHW LQWHU�IUDPH FRGLQJ� - �


