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$ /DQJPXLU PRQROD\HU RQ DQ DLU�ZDWHU LQWHUIDFH LV DQ LQWHUHVW�

LQJ V\VWHP RXW RI PDQ\ VXSUDPROHFXODU DVVHPEOLHV LQ WKH VHQVH WKDW

LW HQDEOHV RQH WR FRQYHQLHQWO\ LQYHVWLJDWH VXUIDFH UHDFWLYLW\ DQGPR�

OHFXODU VWUXFWXUH E\ YDU\LQJ SDFNLQJ GHQVLW\ RI FRQVWLWXHQW DPSKL�

SKLOLF PROHFXOHV >.LP HW DO�� ����@� 6XFK SURSHUWLHV DUH HVVHQWLDO

LQIRUPDWLRQ LQ RUGHU WR KDUYHVW XVHIXO IXQFWLRQV IURP PRUH FRP�

SOH[ VXSUDPROHFXODU V\VWHPV KDYLQJ PROHFXODU DUUD\V LQ ��GLPHQ�

VLRQV� )XQFWLRQDO DQG VWDEOH /DQJPXLU PRQROD\HUV FDQ EH GLUHFWO\

GHSRVLWHG LQWR PXOWLOD\HUHG /DQJPXLU�%ORGJHWW �/%� ILOPV� ZKLFK

KDYH EHHQ LQYHVWLJDWHG H[WHQVLYHO\ IRU SRWHQWLDO DSSOLFDWLRQV WR FKHP�

LFDO DQG ELRORJLFDO VHQVRUV� SKRWRQ RU HOHFWURQ GHYLFHV� VHOHFWLYH

PHPEUDQHV� DQG UHDFWLRQ RU LPPRELOL]DWLRQ VXEVWUDWHV >6ZDOHQ� �����

9LMHQGUD� ����@�

3URSHUWLHV RI /DQJPXLUPRQROD\HUV DUH LQ JHQHUDO GHSHQGHQW XSRQ

WKH SK\VLFRFKHPLFDO QDWXUH RI FRQVWLWXHQW PROHFXOHV RI ZKLFK WKH

OLEUDU\ LQFOXGHV OLSLGV� V\QWKHWLF SRO\PHUV� DQG ELRORJLFDO PDFUR�

PROHFXOHV >&KRL HW DO�� ����@�2WKHU NH\ IDFWRUV DUH RUGHU DQG RUJDQL�

]DWLRQ LQ ��GLPHQVLRQDO VXUIDFHV ZKLFK RIWHQ GLIIHUHQWLDWH SURSHUWLHV

RI WKH VXUIDFHV IURP WKRVH RI EXON VWUXFWXUHV PDGH RI LGHQWLFDO PD�

WHULDOV >3H]URQ HW DO�� ����� :KLWHVLGHV HW DO�� ����@� 2QH FDQ HDVLO\

IRUP FORVH�SDFNHG PROHFXODU VWUXFWXUHV RI DSSURSULDWH PROHFXOHV

WKDW DUH VRPHWLPHV LPSRVVLEOH WR DFKLHYH E\ RWKHU WHFKQLTXHV�

:H KDYH EHHQ LQWHUHVWHG LQ VXUIDFH UHDFWLYLW\ RI FORVH�SDFNHG DF�

LGLF /DQJPXLU PRQROD\HUV ZLWK WR[LF ELYDOHQW PHWDOOLF VSHFLHV >3H�

WURY HW DO�� ����� $KQ HW DO�� ����� ����� +\XQ HW DO�� ����@� 6XU�

IDFH DGVRUSWLYLW\ RI PDQ\ PHWDOOLF LRQV ZDV IRXQG WR GHYLDWH PXFK

IURP EXON DGVRUSWLYLW\ >.LP� ����@� ,Q WKLV VWXG\� ZH SUHVHQW QHZ

UHVXOWV RQ LRQ VHSDUDWLRQ RXW RI DTXHRXV VROXWLRQV FRQWDLQLQJ ELQDU\

PHWDOOLF LRQ VSHFLHV� ZKLFK LV PRUH PHDQLQJIXO IRU UHDO SURFHVVHV

LQYROYLQJ PXOWLFRPSRQHQWV� 5HVXOWV VKRZ WKDW LRQ DGVRUSWLRQ LQ

ELQDU\ V\VWHPV FDQ EHPXFK GLIIHUHQW IURP WKDW LQ SXUH V\VWHPV SUH�

YLRXVO\ VWXGLHG� GHSHQGLQJ RQ WKH QDWXUH RI PHWDOOLF VSHFLHV�
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7KH SUHSDUDWLRQ RI /DQJPXLU PRQROD\HUV ZDV GRQH RQ .69�

PLQLWURXJK �)LQODQG� PDGH RI WHIORQ� 6WHDULF DFLGV >&+��&+����
&22+� $OGULFK� �����@ GLVVROYHG LQ FKORURIRUP DW WKH FRQFHQWUD�

WLRQ RI ��−�0ZHUH GLVSHUVHG RQ WKH DLU�ZDWHU LQWHUIDFH RI WKH WURXJK

E\ XVLQJ D PLFURV\ULQJH� &ORVH�SDFNHG /DQJPXLU PRQROD\HUV ZHUH

REWDLQHG E\ FRPSUHVVLQJ WKH EDUULHUV V\PPHWULFDOO\ XQWLO WKH VXUIDFH

SUHVVXUH �Π� P1�P� PHDVXUHG ZLWK D :LOKHOP\ SODWH DSSURDFKHG

��P1�P� &DUER[\OLF DFLG JURXSV H[SRVHG DW WKH PRQROD\HU VXU�

IDFH ZHUH WKH DGVRUSWLRQ VLWHV DYDOLDEOH WR PHWDOOLF LRQV IRU IXUWKHU

H[SHULPHQWV�

7KH VXE�VROXWLRQ FRQWDLQV ELQDU\ KHDY\ PHWDOOLF FRPSRQHQWV RI

ZKLFK RQH FDWLRQLF FRPSRQHQW LV IURP &D&O�� DQG WKH RWKHU LV IURP

3E&O�� &X&O�� &U&O�� RU =Q&O� �SXUFKDVHGIURP )OXND� ���������

6ROYHQW XVHG ZDV GHLRQL]HG ZDWHU GLVWLOOHG DQG ILOWHUHG E\ D0LOO�4

ZDWHU SXULILHU DQG LWV LQLWLDO UHVLVWLYLW\ ZDV ��0ΩÂFP� 7KH FRQ�

FHQWUDWLRQ RI FDOFLXP LRQV ZDV KHOG DW ��−�0 DQG WKDW RI WKH RWKHU

FRPSRQHQW ZDV YDULHG� 7KH S+ RI WKH PL[WXUH VXE�VROXWLRQ ZDV

DGMXVWHG E\ DGGLQJ �P0 DTXHRXV VROXWLRQ RI +&O RU 1D2+ DW ���

WKURXJKRXW WKH H[SHULPHQWV� :H ZDLWHG FD� ��PLQ XQWLO WKH HTXL�

OLEULXP EHWZHHQ WKH /DQJPXLU PRQROD\HUV DQG WKH ELQDU\ PHWDOOLF

VXE�VROXWLRQV ZDV DWWDLQHG�
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7KHQ WKH PRQROD\HUV ZHUH FDUHIXOO\ VNLPPHG ZLWK D &D)� SODWH

�:LOPDG� ��î��î�PP� VR WKDW WKH DEVRUSWLRQ LQWHQVLWLHV RI WKH

VLJQDWXUH EDQGV LQ )7,5 �)RXULHU WUDQVIRUP LQIUDUHG� VSHFWUD GH�

SHQGHG RQO\ RQ WKH QXPEHU GHQVLW\ UDWKHU WKDQ WKH PROHFXODU RULHQ�

WDWLRQ RI WKH IXQFWLRQDO JURXSV >9LMHQGUD� ����@� 6DPSOHV ZHUH DQ�

DO\]HG ZLWK DQ )7,5 VSHFWURPHWHU �%LR�5DG )76 ���� 7KH WUDQV�

PLVVLRQ VSHFWUD ZHUH FROOHFWHG DW WKH UHVROXWLRQ RI � FP−� E\ DGGLQJ

��� VFDQV� $OO H[SHULPHQWV ZHUH GRQH DW WKH WHPSHUDWXUH RI �� R&�

(;3(5,0(17$/ 5(68/76 $1' $1$/<6(6

�� 6XUIDFH ,VRWKHUPV

7KH UHODWLRQV EHWZHHQ WKH VXUIDFH SUHVVXUH �Π� DQG WKH PHDQ PR�
OHFXODU DUHD �00$� c��PROHFXOH� LQGLFDWH WKH SURJUHVV RI PRQR�
OD\HU SKDVH RQ WKH DLU�ZDWHU LQWHUIDFH DV WKH PRQROD\HU LV FRP�
SUHVVHG E\ WKH EDUULHUV� 7KH VXUIDFH LVRWKHUP SURYLGHV XVHIXO LQ�
IRUPDWLRQ DV IROORZV� )LUVW� LW HQDEOHV RQH WR LPSOLFLWO\ XQGHUVWDQG
LI WKH VWHDULF DFLG PROHFXOHV RQ WKH DLU�ZDWHU LQWHUIDFH DUH LQ JDV�
HRXV� OLTXLG�H[SDQGHG� OLTXLG�FRQGHQVHG� RU VROLG�OLNH VWDWH ZLWK GH�
FUHDVLQJ 00$ DV VKRZQ LQ )LJ� � >6KLQ HW DO�� ����@� ,Q WKH VROLG�
OLNH VWDWH� WKH VWHDULF DFLGPRQROD\HU LV NQRZQ WR RUJDQL]H LQ D FORVH�
SDFNHG IDVKLRQ DQG LWV00$ LV DERXW ��c��PROHFXOH >9RJHO� ����@�
6HFRQG� WKH DGVRUSWLRQ RI PHWDOOLF LRQV WR WKH VXUIDFH RI WKH VWHDULF
DFLG PRQROD\HU FDQ EH GHGXFHG� ,RQ DGVRUSWLRQ RFFXUV DW WKH WHU�

)LJ� �� 6XUIDFH LVRWKHUPV RI VWHDULF DFLG PRQROD\HUV RQ FDOFLXP�

OHDG DTXHRXV VXE�VROXWLRQ �S+ ���� &D ��−� PRO�O��

)LJ� �� &RPSOH[DWLRQ RI ELYDOHQW LRQV ZLWK VWHDUDWH PROHFXOHV�

)LJ� �� 6XUIDFH LVRWKHUPV RI VWHDULF DFLG PRQROD\HUV RQ FDOFLXP�

FKURPLXP DTXHRXV VXE�VROXWLRQ �S+ ���� &D ��−�PRO�O��

)LJ� �� 6XUIDFH LVRWKHUPV RI VWHDULF DFLG PRQROD\HUV RQ FDOFLXP�

FRSSHU DTXHRXV VXE�VROXWLRQ �S+ ���� &D ��−� PRO�O��

PLQDO FDUER[\OLF DFLG JURXSV RI WKH PRQROD\HU DV SURWRQV DUH GLV�
VRFLDWHG� GHSHQGLQJ RQ WKH VXUURXQGLQJ FRQGLWLRQV OLNH LRQLF FRQ�
FHQWUDWLRQV� :KHQ WKH ELYDOHQW PHWDOOLF LRQV DUH DGVRUEHG� WKH � � �
FRPSOH[DWLRQ ZLWK DFLGLF PROHFXOHV LV NQRZQ WR EH IDYRUHG �)LJ� ���
7KH� �� FRPSOH[DWLRQPDNHV WKH LQWHUPROHFXODU GLVWDQFH D ELW VKRUWHU
DQG FRQVHTXHQWO\ WKH 00$V DW WKH VDPH VXUIDFH SUHVVXUHV EHFRPH
UHGXFHG FRPSDUHG WR WKRVH RI SXUHO\ RU OHVV DFLGLF PRQROD\HU DV
GHPRQVWUDWHG LQ )LJV� �� ���� 7KH VXUIDFH LVRWKHUPV RI ELQDU\ V\V�
WHPV VXFK DV FDOFLXP�OHDG� FDOFLXP�FKURPLXP� FDOFLXP�FRSSHU� DQG
FDOFLXP�]LQF DUH VKRZQ LQ )LJV� �� ���� :KHQ WKH VXUIDFH SUHVVXUH
LV KLJKHU WKDQ ��P0�P LQ WKHVH )LJXUHV� 00$V DUH FD� ��c��PR�
OHFXOH� 7KHUHIRUH� LW FDQ EH LQIHUUHG WKDW WKH PRQROD\HUV DUH FORVHO\
SDFNHG LQ WKH VROLG�OLNH VWDWH� ,Q )LJ� �� ZKHQ WKH OHDG FRQFHQWUD�
WLRQ LV ��−�0� WKH LVRWKHUP LV QHDUO\ LGHQWLFDO WR WKDW RI WKH SXUHO\
DFLGLF PRQROD\HU RQ GHLRQL]HG ZDWHU� HYHQ LI WKH FDOFLXP FRQFHQ�
WUDWLRQ LV SUHVHQW DV PXFK DV ��−�0� 7KLV LPSOLHV WKDW QR PHWDOOLF
LRQV DUH DGVRUEHG WR WKH VWHDULF DFLG PRQROD\HU� $V WKH OHDG FRQ�
FHQWUDWLRQ LQFUHDVHV� WKH OLTXLG�FRQGHQVHG VWDWH GLVDSSHDUV DQG WKH
PRQROD\HU XQGHUJRHV D GLUHFW WUDQVLWLRQ IURP WKH OLTXLG�H[SDQGHG
VWDWH WR WKH VROLG�OLNH VWDWH� ZKLFK LQGLFDWHV WKDW PHWDOOLF LRQV DUH
DGVRUEHG� ,W LV PRVW SUREDEOH WKDW OHDG LRQV� QRW FDOFLXP LRQV� DUH
DGVRUEHG EHFDXVH FDOFLXP LRQV ZHUH EDUHO\ DGVRUEHG HYHQ ZKHQ
WKH OHDG FRQFHQWUDWLRQ ZDV VPDOOHU DW ��−�0� :KHQ WKH OHDG FRQ�
FHQWUDWLRQ ZDV LQFUHDVHG WR ��−�0� WKH OLTXLG�FRQGHQVHG VWDWHV FRP�
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SOHWHO\ GLVDSSHDUHG� IURP ZKLFK RQH FRXOG LQIHU WKDW WKH DGVRUSWLRQ

RI OHDG LRQV ZDV VDWXUDWHG DQG WKH PRQROD\HU ZDV LQ WKH IRUP RI

SXUH VDOW� 6LPLODU EHKDYLRUV RI WKH VXUIDFH LVRWKHUPV ZHUH DOVR RE�

VHUYHG IRU RWKHU ELQDU\ PL[WXUH VROXWLRQV VXFK DV FDOFLXP�FKUR�

PLXP �)LJ� ��� FDOFLXP�FRSSHU �)LJ� ��� DQG FDOFLXP�]LQF V\VWHPV

�)LJ� ���

�� )7,5 5HVXOWV

4XDQWLWDWLYH LQIRUPDWLRQ RQ KRZ PXFK LRQV DUH DGVRUEHG RQ WKH

VWHDULF DFLG PRQROD\HU LV QRW SRVVLEOH WR REWDLQ IURP WKH VXUIDFH

LVRWKHUP PHDVXUHPHQWV� 7KH )7,5 VSHFWUD FDQ SURYLGH RQH ZLWK

VXFK TXDQWLWDWLYH LQIRUPDWLRQ� 7KH )7,5 VSHFWUD REWDLQHG IRU HDFK

ELQDU\ PHWDOOLF LRQLF V\VWHP ZLWK YDU\LQJ LRQLF FRQFHQWUDWLRQ DUH

JLYHQ LQ )LJV� ����

7KH VSHFWUD FRQWDLQ DV\PPHWULFPHWK\O VWUHWFKLQJ �ν
D
&+��� DV\P�

PHWULF PHWK\OHQH VWUHWFKLQJ �ν
D
&+��� V\PPHWULF PHWK\OHQH VWUHWFK�

LQJ �ν
V
&+��� FDUERQ\O VWUHWFKLQJ �ν& 2�� DV\PPHWULF FDUER[\ODWH

VWUHWFKLQJ �ν
D
&22−�� DQG PHWK\OHQH VFLVVRULQJ VWUHWFKLQJ �δ&+��

EDQGV >&ROWKXS HW DO�� ����� .LPXUD HW DO�� ����� 0DUVKEDQNV HW

DO�� ����@� 7KH EDQG DVVLJQPHQWV DQG WKH FRUUHVSRQGLQJ SHDN SRVL�

WLRQV DUH VXPPDUL]HG LQ 7DEOH ��

7KH VLJQDWXUH EDQGV XVHIXO IRU LGHQWLI\LQJ WKH DGVRUEHG LRQV DQG

WKHLU DPRXQWV DUH FDUERQ\O DQG FDUER[\ODWH VWUHWFKLQJ EDQGV UDQJ�

LQJ IURP FD� ����� FP−� WR ����� FP−�� 7KH FDUERQ\O EDQG VWDQGV

IRU SURWRQDWHG FDUER[\OLF DFLGV DQG WKH FDUER[\ODWH EDQG IRU FDU�

ER[\O VDOWV� (VSHFLDOO\� WKH ODWWHU EDQG LV IRXQG WR EH GLIIHUHQW LQ LWV

SHDN SRVLWLRQ GHSHQGLQJ RQ WKH QDWXUH RI DGVRUEHG LRQ VSHFLHV DV

VKRZQ LQ WKH ILJXUHV DQG WKH WDEOH� )RU WKH FDOFLXP�OHDG V\VWHP �)LJ�

��� WKH SHDN LQWHQVLW\ RI WKH DV\PPHWULF FDUER[\ODWH VWUHWFKLQJ EDQG

������ FP−�� LQFUHDVHV ZLWK WKH OHDG FRQFHQWUDWLRQ LQ WKH VXE�VROX�

WLRQ ><DPDXFKL HW DO�� ����@� 7KH FDUERQ\O VWUHWFKLQJ EDQG VKRZV D

VLPXOWDQHRXV GHFUHDVH� :KHQ WKH OHDG FRQFHQWUDWLRQ LV YHU\ ORZ�

WKHUH H[LVW D ODUJH FDUERQ\O VWUHWFKLQJ EDQG DQG D VPDOO FDUER[\ODWH

VWUHWFKLQJ EDQG IRU FDOFLXP� LQGLFDWLQJ WKDW WKH PRQROD\HU LV PRVWO\

DFLGLF ZLWK VPDOO SRUWLRQ RI FDOFLXP VDOW� :KHQ WKH OHDG LRQ FRQ�

FHQWUDWLRQ LV �î��−�0� WKH FDUER[\ODWH VWUHWFKLQJ EDQG IRU OHDG DS�

SHDUV� LQGLFDWLQJ WKH DGVRUSWLRQ RI OHDG LRQV EHJLQV WR RFFXU� 7KH

FRPSOH[DWLRQ RI WKH PRQROD\HU ZLWK OHDG LRQV LV FRPSOHWHG ZKHQ

WKHLU FRQFHQWUDWLRQ UHDFKHV �î ��−�0�

2WKHU ELQDU\ PHWDOOLF VROXWLRQV RI FDOFLXP�FKURPLXP �)LJ� ���

FDOFLXP�FRSSHU �)LJ� ��� DQG FDOFLXP�]LQF �)LJ� �� V\VWHPV VKRZ

EDVLFDOO\ VLPLODU WUHQGV LQ VSHFWUDO FKDQJH ZLWK LQFUHDVLQJ FRQFHQWUD�

WLRQ RI WKH FRXQWHUSDUW LRQ� 7KHVH )7,5 UHVXOWV SURYH WKDW WKH DERYH�

PHQWLRQHG LQIHUHQFHV IURP WKH VXUIDFH LVRWKHUPV DUH TXDOLWDWLYHO\

YDOLG�

)LJ� �� 6XUIDFH LVRWKHUPV RI VWHDULF DFLG PRQROD\HUV RQ FDOFLXP�

]LQF LRQLF DTXHRXV VXE�VROXWLRQ �S+ ���� &D ��−�PRO�O��

7DEOH �� %DQG DVVLJQPHQWV RI )7,5 VSHFWUD

3HDN 1RWDWLRQ 3HDN SRVLWLRQ �FP−��

$V\PPHWULF PHWK\O VWUHWFKLQJ ν
D
&+� ������

$V\PPHWULF PHWK\OHQH VWUHWFKLQJ ν
V
&+� ������

$\PPHWULF PHWK\OHQH VWUHWFKLQJ ν
V
&+� ������

&DUERQ\O VWUHWFKLQJ ν& 2 ������

��&22��3E� ����

��&22��&U� ����

$V\PPHWULF FDUER[\ODWH ν
D
&22− ��&22��&X� ����

VWUHWFKLQJ ��&22��=Q� ����

��&22��&D� �����

��&22��&D� ����

6\PPHWULF FDUER[\ODWH VWUHWFKLQJ ν
V
&22− ���������

0HWK\OHQH VFLVVRULQJ δ&+� ���������

�&+� � SURJUHVVLRQ ���������

&22+ EHQGLQJ E&22+ ������

)LJ� �� )7,5 WUDQVPLVVLRQ VSHFWUD IRU FDOFLXP�OHDG LRQ DGVRUSWLRQ
�S+ ���� &D ��−� PRO�O��

)LJ� �� )7,5 WUDQVPLVVLRQ VSHFWUD IRU FDOFLXP�FKURPLXP LRQ DG�

VRUSWLRQ �S+ ���� &D ��−�PRO�O��
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,W VKRXOG EH QRWHG WKDW WKH SHDN LQWHQVLW\ DQG WKH VKDSH RI WKH

FRUUHVSRQGLQJ FDUER[\ODWH EDQG DUH TXLWH GLIIHUHQW IRU WKH FDVHV VWXG�

LHG� ,Q RUGHU WR JHW TXDQWLWDWLYH DPRXQWV RI DGVRUEHG VSHFLHV ZH QHHG

WR GHFRQYROXWH WKH RYHUODSSHG SHDNV WKURXJK WKH VSHFWUDO DQDO\VHV�

DV VKRZQ LQ )LJ� ��� VR WKDW VRXQG YDOXHV RI LQGLYLGXDO SHDN DUHDV

DUH REWDLQHG IRU IXUWKHU FRPSRVLWLRQDO DQDO\VHV DV GHWDLOHG LQ WKH

QH[W VHFWLRQ�

�� &RPSRVLWLRQDO $QDO\VHV RI $GVRUEHG ,RQV

7KH LQWHQVLW\ UDWLR RI WKH DV\PPHWULF FDUER[\ODWH VWUHWFKLQJ EDQG

WR WKH FDUERQ\O VWUHWFKLQJ EDQG LQGLFDWHV WKH DGVRUEHG DPRXQW RI

WKH VSHFLILF LRQ� +RZHYHU� VLQFH WKH VHQVLWLYLW\ RI WKH LQGLYLGXDO EDQG

WR WKH ,5 EHDP YDULHV� WKH UDWLR LWVHOI LV QRW D VRXQG YDOXH RI WKH LRQLF

FRPSRVLWLRQ >&ROWKXS HW DO�� ����� $KQ HW DO�� ����@� 7KXV RQH QHHGV

WR QRUPDOL]H HDFK EDQG LQWHQVLW\ ZLWK LWV ,5 VHQVLWLYLW\�

:KHWKHU WKH PROHFXOHV LQ WKH VDPSOH DUH LQ DFLG IRUP RU LQ VDOW

IRUP� HDFK VWHDULF PROHFXOH KDV �� PHWK\OHQH ��&+��� XQLWV� 7KHUH�

IRUH� RQH FDQ XVH WKH PHWK\OHQH VWUHWFKLQJ EDQG DV DQ LQWHUQDO UH�

IHUHQFH IRU WKH FDOLEUDWLRQ� +HUH ZH LQWURGXFH WKH UHODWLYH VHQVLWLY�

LW\ αL RI HDFK EDQG L WR WKH PHWK\OHQH VWUHWFKLQJ EDQG� DV IROORZV�

���

ZKHUH $L LV WKH LQWHQVLW\ DUHD RI WKH FDUERQ\O EDQG ZKHQ WKH VDP�

SOH LV LQ SXUH DFLG IRUP �L �� DQG WKDW RI WKH DV\PPHWULF FDUER[\�

ODWH EDQG ZKHQ SXUH FDOFLXP VDOW �L �� RU RWKHU PHWDO¶V SXUH VDOW

�L ���$&+�
LV WKDW RI WKH DV\PPHWULFPHWK\OHQH VWUHWFKLQJ EDQG ������

FP−��� $V D UHIHUHQFH� ZH FKRRVH WKLV DV\PPHWULF PHWK\OHQH VWUHWFK�

LQJ EDQG� WKH ODUJHVW EDQG LQ WKH VSHFWUD� LQ RUGHU WR PLQLPL]H WKH

LQIOXHQFH RI SHDNV QRLVHV� 7KH FDOFXODWHG YDOXHV RI αL DUH JLYHQ LQ

αL
= $L

$&+�

����������

)LJ� �� )7,5 WUDQVPLVVLRQ VSHFWUD IRU FDOFLXP�FRSSHU LRQ DGVRUS�

WLRQ �S+ ���� &D ��−�PRO�O��

)LJ� �� )7,5 WUDQVPLVVLRQ VSHFWUD IRU FDOFLXP�]LQF LRQ DGVRUSWLRQ
�S+ ���� &D ��−�PRO�O��

)LJ� ��� 3HDN GHFRQYROXWLRQ RI )7,5 VSHFWUD�

7DEOH �� 5HODWLYH VHQVLWLYLW\ WR ,5 EHDP

,RQ α� �DFLG� α� �VDOW�

3E�� ����� �����

&X�� ����� �����

&D�� ����� �����

&U�� ����� �����

=Q�� ����� �����
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.RUHDQ -� &KHP� (QJ��9RO� ��� 1R� ��

7DEOH �� 7KH YDOXH RI α� LV ������������ UHJDUGOHVV RI PHWDO LRQ

VSHFLHV SUHVHQW LQ WKH VXE�VROXWLRQ� %\ FRQWUDVW� WKH YDOXH RI αL≠� LV

GLIIHUHQW GHSHQGLQJ RQPHWDO LRQ VSHFLHV� WKDW LV� ����� IRU OHDG LRQV�

����� IRU FKURPLXP LRQV� ����� IRU FDOFLXP LRQV� ����� IRU FRSSHU

LRQV� DQG ����� IRU ]LQF LRQV �7DEOH ��� 7KHUHE\� WKH LRQLF FRPSRVL�

WLRQ LQ WKH VDPSOH ΦL LV UHODWHG WR WKH UHODWLYH VHQVLWLYLW\ αL DV IRO�

ORZV�

���

+HUH� ZH DVVXPHG WKDW WKH UHODWLYH VHQVLWLYLW\ REWDLQHG IURP SXUH

VDPSOHV �DFLG RU VDOW� SUHVHUYH LWV YDOXHV LQ WKH PL[WXUH VDPSOHV� $L

LQ WKH QXPHUDWRU LV WKH FRUUHVSRQGLQJ SHDN LQWHQVLW\ LQ WKH PL[WXUH�

WKDW LV� WKH FDUERQ\O EDQG LQWHQVLW\ �LQGLFDWLYH RI DFLG IRUP� ZKHQ

L � DQG WKH DV\PPHWULF FDUER[\ODWH EDQG LQWHQVLW\ �LQGLFDWLYH RI

VDOW IRUP� ZKHQ L � DQG ��

6XUIDFH LRQ DGVRUSWLRQ WR WKH VWHDULF DFLG PRQROD\HU LV SUHVHQWHG

LQ )LJ� �� DJDLQVW WKH OHDG FRQFHQWUDWLRQ ZLWK D IL[HG FDOFLXP FRQ�

FHQWUDWLRQ ���−�0� DW S+ ���� $W ORZHU OHDG FRQFHQWUDWLRQV WKH PR�

QROD\HU LV ODUJHO\ LQ DFLGLF IRUP� SDUWO\ ZLWK FDOFLXP VDOW� $V WKH

OHDG FRQFHQWUDWLRQ LQFUHDVHV� FDOFLXP LRQV DUH GHVRUEHG ILUVW IURP

WKH PRQROD\HU DQG WKHQ SURWRQV ZKLOH OHDG LRQV VWDUW WR DGVRUE� 7KH

KDOI VXUIDFH FRYHUDJH RI OHDG LRQV LV DW WKH FRQFHQWUDWLRQ RI FD� �î

��−�0DQG WKH IXOO FRYHUDJH LV DW WKH FRQFHQWUDWLRQ RI �î��−�0�

6LPLODU WUHQGV DUH DOVR REVHUYDEOH IRU RWKHU V\VWHPV DV VKRZQ LQ

)LJV� ������ +RZHYHU� WKH FKDUDFWHULVWLF YDOXHV DUH TXLWH GLIIHUHQW�

WKDW LV� WKH FRQFHQWUDWLRQV IRU KDOI DQG IXOO FRYHUDJHV RI WKH FRXQ�

WHUSDUW LRQV DUH� UHVSHFWLYHO\� FD� ���î��−�0DQG ��−�0 IRU WKH FDO�

FLXP�FKURPLXP V\VWHP� �î��−�0 DQG �î��−�0 IRU WKH FDOFLXP�

FRSSHU V\VWHP� DQG �î��−�0DQG ��−�0 IRU WKH FDOFLXP�]LQF V\V�

WHP�

7+(25(7,&$/02'(//,1* )25

685)$&( ,21 $'62537,21

7R GHVFULEH VXUIDFH LRQ DGVRUSWLRQ� ZH DSSO\ D PRGHO WKDW FRQ�

VLGHUV FRPSHWLWLYH LRQ DGVRUSWLRQ WR D ��GLPHQVLRQDO FKDUJHG PR�

QROD\HU VXUIDFH� 7KH UHDFWLRQ RI FRPSHWLWLYH LRQ DGVRUSWLRQ FDQ EH

GHSLFWHG E\ WKH IROORZLQJ HTXLOLEULD FRQWDLQLQJ IDWW\ DFLG DQG LWV

FRPSOH[ ZLWK ELYDOHQW PHWDO LRQV�

���

ZKHUH +� GHQRWHV SURWRQV� DQG $�� DQG %�� GHQRWH PHWDO LRQV� .+�

ΦL
= αL

−�

$L

αL

−�
$L∑

�������������������

5
− +++
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)LJ� ��� ,RQ DGVRUSWLRQ GDWD �V\PEROV� FRPSDUHG WR PRGHO FDOFX�

ODWLRQV �OLQHV� IRU WKH FDOFLXP�OHDG ELQDU\ V\VWHP�

)LJ� ��� ,RQ DGVRUSWLRQ GDWD �V\PEROV� FRPSDUHG WR PRGHO FDOFX�

ODWLRQV �OLQHV� IRU WKH FDOFLXP�FKURPLXP ELQDU\ V\VWHP�

)LJ� ��� ,RQ DGVRUSWLRQ GDWD �V\PEROV� FRPSDUHG WR PRGHO FDOFX�

ODWLRQV �OLQHV� IRU WKH FDOFLXP�FRSSHU ELQDU\ V\VWHP�

)LJ� ��� ,RQ DGVRUSWLRQ GDWD �V\PEROV� FRPSDUHG WR PRGHO FDOFX�
ODWLRQV �OLQHV� IRU WKH FDOFLXP�]LQF ELQDU\ V\VWHP�



��� 7� <� .LP HW DO�

1RYHPEHU� ����

.$� DQG .% LQGLFDWH WKH FRUUHVSRQGLQJ VXUIDFH ELQGLQJ FRQVWDQWV�

7KH V\VWHP FRQWDLQV IRXU GLIIHUHQW FRPSRQHQWV LQ WKH PRQROD\HUV�

5− �GHSURWRQDWHG VWHDULF DFLG�� 5+ �VWHDULF DFLG�� 5�$ �FDOFLXP VDOW��

DQG5�% �RWKHUPHWDO VDOW�� +HUH ZH DVVXPH WKDW WKHUH H[LVWV WKH � � �

PHWDO FRPSOH[ RQO\�7KH V\QFKURWURQ;�UD\ VWXG\ >%ORFK HW DO�� ����@

VXJJHVWV WKDW WKH QXPEHU UDWLR RI DGVRUEHG PDQJDQHVH LRQV WR VWHDU�

DWH PROHFXOHV LV ��� DW PD[LPXP� 7KXV� HYHQ LI RQH SUHVXPHV � � �

FRPSOH[� WKH QXPEHU RI VWHDUDWH PROHFXOHV LV WZLFH WKH QXPEHU RI

PHWDO LRQV DW WKH FRPSOHWH VXUIDFH FRYHUDJH RI ELYDOHQW LRQV� :H

DOVR FRQVLGHUHG WKH � � � FRPSOH[DWLRQ LQWR WKLV PRGHO� EXW LWV HIIHFW

ZDV QHJOLJLEOH� +HQFH� ZH FRQVLGHU WKH � � � FRPSOH[DWLRQ SODXVL�

EOH DV IDU DV WKH PRGHO ILWWLQJ LV LQ QHHG� 7KH DERYH UHDFWLRQ HTXLOLE�

ULD FRUUHVSRQG WR WKH IROORZLQJ HTXDWLRQV XVLQJ VXUIDFH LRQ DFWLYLWLHV�

���

ZKHUH D+ GHQRWHV WKH VXUIDFH LRQ DFWLYLW\ RI SURWRQV� D$ DQG D% GHQRWH

WKRVH RI FDOFLXP DQG RWKHU PHWDO LRQ VSHFLHV DGVRUEHG DW VXUIDFH

ODWWLFH VLWHV �5−�� UHVSHFWLYHO\� D� GHQRWHV WKDW RI HPSW\ VLWHV� D+
V� D$

V�

DQG D%
V UHSUHVHQW WKH VXE�VXUIDFH LRQ DFWLYLWLHV DW WKH RXWHU +HOP�

KROW] SODQH� ZKLFK GLIIHU IURP WKH EXON LRQ DFWLYLWLHV GXH WR HOHFWUR�

VWDWLF LQWHUDFWLRQ RI FKDUJHGPRQROD\HUV ZLWK GLVVROYHG LRQV� +HQFH�

ZHPDNH XVH RI DFWLYLWLHV LQVWHDG RI PROH IUDFWLRQV LQ RUGHU WR DFFHVV

QRQLGHDOLW\ LQ LRQ DGVRUSWLRQ >%ORFK HW DO�� ����� $KQ HW DO�� ����@�

7KH VXUIDFH LRQ DFWLYLWLHV DUH REWDLQHG E\ DSSO\LQJ WKH )ORU\�+XJ�

JLQV PRGHO WR WKH VXUIDFH ODWWLFHV� 7KH DUHD IUDFWLRQ φL RI WKH FRP�

SRQHQW L LQ WKH /DQJPXLU PRQROD\HUV LV GHILQHG DV IROORZV�

RU ���

ZKHUH QL DQG \L LQGLFDWH� UHVSHFWLYHO\� WKH QXPEHU RI VXUIDFH LRQ VSH�

FLHV L DQG WKH VXUIDFH PROH IUDFWLRQ RI L� SL LV WKH SDUDPHWHU RI VXU�

IDFH DJJUHJDWLRQ� KHUH S� S+ � DQG S$ S% � EHFDXVH ELYDOHQW PHWDO

LRQV RFFXS\ WZR VWHDUDWH ODWWLFHV� %\ LQWURGXFLQJ WKH )ORU\�+XJ�

JLQV ELQDU\ LQWHUDFWLRQ SDUDPHWHU χLM� ZH FDQ GHVFULEH WKH LQWHUDF�

WLRQ EHWZHHQ DGVRUEHG LRQV� KHQFH WKH QRQLGHDO LRQPL[LQJ EHKDYLRUV�

7KH *LEEV HQHUJ\ RI PL[LQJ ∆*P FRQVLGHULQJ WKH HQWURS\ RI PL[�

LQJ DQG WKH HQHUJHWLF LQWHUDFWLRQ LV GHULYHG DV IROORZV >.XUDWD� ����@�

���

ZKHUH 5 LV JDV FRQVWDQW DQG 7 LV WKH DEVROXWH WHPSHUDWXUH� :KHQ

WKH )ORU\�+XJJLQV ELQDU\ LQWHUDFWLRQ SDUDPHWHU χLM LV SRVLWLYH� LW LP�

SOLHV GH�PL[LQJ RI WKH WZR FRPSRQHQWV� %\ FRQWUDVW� QHJDWLYH QRQ�

LGHDOLW\ LPSOLHV ZHOO�PL[LQJ� $Q HTXLYDOHQW H[SUHVVLRQ RI (T� ���

IRU WKH DFWLYLWLHV LV JLYHQ LQ (T� ����

���

$PRQJ χ2+� χ2$� χ2%� DQG χ$%� WKRVH ZKLFK GHILQH LQWHUDFWLRQV RI

+�� $��� DQG %�� ZLWK XQRFFXSLHG ODWWLFH VLWHV �χ2+� χ2$� DQG χ2%�

DUH DVVXPHG WR EH QHJOLJLEOH IRU VLPSOLILFDWLRQ� :LWK WKLV DVVXPS�

WLRQ WKH DFWLYLWLHV D�� D+� D$� DQG D% DUH DV IROORZV�

���

���

����

����

ZKHUH γL LQGLFDWHV WKH VXUIDFH LRQ DFWLYLW\ FRHIILFLHQW RI FRPSRQHQW L�
%\ UHDUUDQJLQJ (TV� ��� DQG ��������� RQH FDQ REWDLQ WKH IROORZ�

LQJ PRGLILHG /DQJPXLU LVRWKHUPV IRU VXUIDFH LRQ DGVRUSWLRQ�

����

����

����

����

ZKHUH

+HUH� φL LQGLFDWHV WKH VXUIDFH FRYHUDJH RI WKH FRPSRQHQW L LQ WKH

/DQJPXLU PRQROD\HUV�

7KH VXE�VXUIDFH LRQ FRQFHQWUDWLRQV� DQG KHQFH WKH VXE�VXUIDFH

LRQ DFWLYLWLHV� DUH GHSHQGHQW XSRQ HOHFWURVWDWLF LQWHUDFWLRQ H[HUWHG

E\ WKH FKDUJHG SRUWLRQ �φ�� RI WKH PRQROD\HU� 7R DFFRPPRGDWH WKLV

HIIHFW WKH *RX\�&KDSPDQ GLIIXVH OD\HU HTXDWLRQ >6KUDXQHU� �����

$GDPVRQ� ����@ IRU WKH DV\PPHWULF � �� HOHFWURO\WH VROXWLRQ LV VROYHG

DQDO\WLFDOO\ ZLWK RQH GLPHQVLRQDO HOHFWULFDO SRWHQWLDO Ψ�[� LQ WKH
[�GLUHFWLRQ�

����

����

+HUH� &+� &$� &%� DQG &1 GHQRWH WKH EXON PRODU FRQFHQWUDWLRQ RI

SURWRQV� FDOFLXP� RWKHU PHWDO LRQ VSHFLHV� DQG DQLRQV �&1 &+��&$�

�&%� LQ WKH VXE�VROXWLRQ� , LV WKH LRQLF VWUHQJWK RI WKH DTXHRXV VXE�

VROXWLRQ �&, &+��&$��&%��κ LV WKH LQYHUVH'HE\H OHQJWK DV GHILQHG
E\ χ� ��)�,�εεR57� ZKHUH ) LV )DUDGD\ FRQVWDQW� ε LV WKH GLHOHFWULF
FRQVWDQW RI ZDWHU� DQG εR LV WKH SHUPLWWLYLW\ RI YDFXXP VSDFH�Ψ���
LV WKH VXUIDFH SRWHQWLDO DW [ �� L�H�� WKH RXWHU +HOPKROW] SODQH� 7KHQ

WKH VXE�VXUIDFH LRQ FRQFHQWUDWLRQV DUH GHVFULEHG DV IROORZV�

����

����
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.RUHDQ -� &KHP� (QJ��9RO� ��� 1R� ��

����

7KHUHIRUH� ZKHQ WKH VROXWLRQ LV GLOXWH� WKH VXE�VXUIDFH LRQ DFWLYLWLHV
DUH

����

Ψ��� FDQ EH VROYHG E\ XVLQJ WKH VXUIDFH FKDUJH GHQVLW\ σ εε��GΨ�
G[�_[ � WKDW LV UHODWHG WR φ� E\ WKH *UDKDP HTXDWLRQ ZKLFK LV σ 
−TΓφ� >%ORFK DQG <XQ� ����@� ZKHUH Γ−� ��c��PROHFXOH� L�H�� WKH
00$ RI WKH FORVH�SDFNHG VWHDUDWH PROHFXOHV DW Π �� P1�P�

����

%\ VROYLQJ FRXSOHG (TV� ���������� ���� DQG WKH *UDKDP HTXDWLRQ
E\ DQ LWHUDWLYH PHWKRG� RQH FDQ REWDLQ φ�� φ+� φ$� φ%� Ψ���� DQG σ
ZLWK SDUDPHWHUV .+� .$� .%� χ+$� χ+%� DQG χ$%�
:KHUHDV /DQJPXLU PRQROD\HUV DUH SDUWLDOO\ FKDUJHG �φ� LV OHVV

WKDQ FD� ����� FROODSVHG ILOP VDPSOHV DUH FRPSOHWHO\ QHXWUDOL]HG GXU�
LQJ WKH VDPSOLQJ SURFHGXUH� +HQFH� ZH PDGH D SODXVLEOH FRUUHF�
WLRQ E\ LQWURGXFLQJ WKH DVVXPSWLRQ WKDW WKH DGGLWLRQDO LRQ DGVRUS�
WLRQ LV GHWHUPLQHG E\ WKH UHODWLYH LRQ FRQFHQWUDWLRQ LQ WKH GLIIXVH
OD\HU� 7KHQ� WKH PHWDO LRQ VXUIDFH FRYHUDJHΦL RI WKH VDPSOHG ILOPV
FDQ EH JLYHQ�

����

ZKHUH ΓL LV WKH LQWHJUDWHG LRQ GHQVLW\ LQ WKH GLIIXVH OD\HU IURP [ �
WR ��κ−�

����

0HWDO LRQ FRPSRVLWLRQ LQ WKH VDPSOHG ILOP DV FDOFXODWHG E\ (T� ����
LV QRZ FRPSDUHG WR WKDW REWDLQHG E\ (T� ��� WKURXJK WKH )7,5 DQ�
DO\VHV�

',6&866,21

)LWWHG UHVXOWV RI WKLV HOHFWURFKHPLFDO�WKHUPRG\QDPLF PRGHO WR
WKH H[SHULPHQW GDWD DUH LQGLFDWHG E\ OLQHV LQ )LJV� ������ 7KHPRGHO
LQFOXGHV VL[ SDUDPHWHUV .+� .$ �RU .&D�� .%� χ+$ �RU χ+&D�� χ+%� DQG

χ$% �RU χ&D%�� $PRQJ WKHVH ZH FKRRVH .% DQG χ+% DV FRQWURO SDUD�
PHWHUV E\ FRQVLGHULQJ WKH IROORZLQJ DVSHFWV� $OO V\VWHPV VWXGLHG
FRPPRQO\ FRQWDLQ SURWRQV DQG FDOFLXP LRQV DQG KHQFH WKHLU FKDU�
DFWHULVWLF YDOXHV FDQ EH IL[HG SODXVLEO\ IRU VLPSOLFLW\� 7KXV� WKH YDOXH
RI .+ LV IL[HG DW D OLWHUDWXUH YDOXH RI ����î��

� IRU WKH EXON GXH WR
ODFN RI GDWD IRU WKH ��GLPHQVLRQDO VXUIDFHV >%ORFK DQG <XQ� ����@�
.$ �RU .&D� DQG χ+$ �RU χ+&D� ZHUH SUHGHWHUPLQHG WKURXJK VHSDUDWH
H[SHULPHQWV IRU WKH SURWRQ�FDOFLXP V\VWHP DQG WKH\ DUH IL[HG DW
���î��� DQG −����� UHVSHFWLYHO\ >+\XQ HW DO�� ����@� $PRQJ WKH
UHPDLQLQJ WKUHH SDUDPHWHUV χ$% �RU χ&D%� LV IRXQG WR EH OLWWOH LP�
SRUWDQW IRU PRGHO FDOFXODWLRQV� 7KLV LV UHDVRQDEOH EHFDXVH FDOFLXP
LRQV DUH PHUHO\ DGVRUEHG IRU WKH V\VWHPV LQYHVWLJDWHG DV WKH )7,5
UHVXOWV PDQLIHVW DQG WKH PL[LQJ FKDUDFWHULVWLFV RI FDOFLXP LRQV ZLWK
RWKHU PHWDOOLF LRQ VSHFLHV DUH PLQLPDOO\ LQIOXHQWLDO� χ&D3E LV GHWHU�
PLQHG WR EH ��� WKURXJK VHSDUDWH H[SHULPHQWV IRU WKH FDOFOXP�OHDG
V\VWHP DW D KLJKHU S+ RI ��� DW ZKLFK SURWRQV DUH QHJOLJLEO\ DG�
VRUEHG� 7KHQ WKLV YDOXH ����� LV DOVR DSSOLHG WR RWKHUχ&D%SDUDPHWHUV�
0RGHO FDOFXODWLRQV DUH VWURQJO\ GHSHQGHQW XSRQ FKDQJHV LQ .%

DQG χ+%� 7KH IRUPHU SDUDPHWHU GHWHUPLQHV WKH EUHDNWKURXJK SRLQW
DQG WKH ODWWHU GRHV WKH VORSH RI WKH FXUYH� 7KH PRGHO ILWWLQJV DUH LQ
UHDVRQDEOH DJUHHPHQW ZLWK WKH H[SHULPHQWDO FRPSRVLWLRQ GDWD� 7KH
UHVXOWV RI ILWWLQJ DUH VXPPDUL]HG LQ 7DEOH �� ,Q WKH FDVH RI WKH FDO�
FLXP�OHDG V\VWHP� WKH YDOXH RI OHDG LRQ ELQGLQJ FRQVWDQW �.3E� LV
���î��� WKDW LV LQ WKH VDPH RUGHU WR WKDW IRU WKH SXUH OHDG VROXWLRQ
����î����� 7KH YDOXH RI ELQDU\ LQWHUDFWLRQ SDUDPHWHU χ+3E LV ����
WKDW LV VRPHZKDW LQFUHDVHG IURP ���� IRU WKH SXUH VROXWLRQ� LQGLFDW�
LQJ GH�PL[LQJ LV VOLJKWO\ HQKDQFHG LQ WKH SUHVHQFH RI FDOFLXP LRQV
WKRXJK PHUHO\ DGVRUEHG� 7KH FDOFLXP�FRSSHU V\VWHP VKRZV WKH
LGHQWLFDO FKDUDFWHULVWLFV DV WKH SXUH FRSSHU V\VWHP� %\ FRQWUDVW� WKH
FDOFLXP�FKURPLXP V\VWHP VKRZV .&U RI ���î��

� UHGXFHG PXFK
E\ D IDFWRU RI ���� FRPSDUHG WR WKH SXUH FKURPLXP V\VWHP� χ+&U LV
LQFUHGLEO\ LQFUHDVHG WR ��� �GH�PL[LQJ� IURP ���� �QHDUO\ LGHDO PL[�
LQJ�� 7KH FDOFLXP�]LQF V\VWHP VLPLODUO\ VKRZV .=Q RI ���î��

� UH�
GXFHG E\ D IDFWRU RI FD� �� DQG LQFUHDVHG χ+=Q RI ���� IURP �����
$V D UHVXOW� E\ DGGLQJ PHUHO\ DGVRUELQJ FDOFLXP LRQV LQWR WKH VXE�
VROXWLRQ� VXUIDFH LRQ ELQGLQJ LV LQFUHDVLQJO\ VXSSUHVVHG LQ WKH RUGHU
RI OHDG� ]LQF� DQG FKURPLXP� ,QWHUHVWLQJO\� FRSSHU DQG OHDG RI ZKLFK
ELQGLQJV DUH OHVV DIIHFWHG KDYH KLJKHU 3DXOLQJ HOHFWURQHJDWLYLWLHV RI
��� DQG ���� UHVSHFWLYHO\� ZKLOH ]LQF DQG FKURPLXP RI ZKLFK ELQGLQJ
LV PXFK VXSSUHVVHG KDYH D ORZHU HOHFWURQHJDWLYLW\ RI ���� ZKLFK LV
FORVHU WR ��� IRU FDOFLXP� ,W PLJKW EH LQIHUUHG WKDW WKH DGGLWLRQ RI
ORZ HOHFWURQHJDWLYH FDOFLXP PDNHV SURWRQV PRUH VWURQJO\ ERXQG
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7DEOH �� 3DUDPHWHU YDOXHV RI LRQ VSHFLHV

,RQ
(OHFWUR�

QHJDWLYLW\

%XON %LQDU\ VROXWLRQ 3XUH VROXWLRQ

%LQGLQJ

FRQVWDQW .%

%LQGLQJ

FRQVWDQW .%

0L[LQJ

SDUDPHWHU χ+%

0L[LQJ

SDUDPHWHU χ&D%

%LQGLQJ

FRQVWDQW .%

0L[LQJ

SDUDPHWHU χ+%

3E�� ��� ����î��� ���î��� ��� ��� ���î��� ����

&U�� ��� ����î��� ���î��� ��� ��� ���î��� ����

&X�� ��� ����î��� ���î��� ���� ��� ���î��� ����

=Q�� ��� ����î��� ���î��� ��� ��� ���î��� ����

&D�� ��� ���î��� ���î��� −���� � ���î��� −����
+� ��� ����î��� � � � � �

��� 3DUDPHWHUV IRU FDOFLXP DUH SUHGHWHUPLQHG IURP SXUH VROXWLRQ DQG XVHG IRU PRGHO FDOFXODWLRQV IRU ELQDU\ VROXWLRQV�

��� %XON ELQGLQJ FRQVWDQW RI SURWRQV .+ LV XVHG IRU IXUWKHU FDOFXODWLRQV�



��� 7� <� .LP HW DO�

1RYHPEHU� ����

WR WKH VXUIDFH ZKHQ ORZ HOHFWURQHJDWLYH PHWDOOLF LRQLF VSHFLHV DUH

FRPSHWLQJ� $OWKRXJK ULJRURXV FKHPLFDO DQDO\VHV QHHG WR EH GRQH

IXUWKHU� LRQ DGVRUSWLRQ IURPPXOWLFRPSRQHQW LRQLF VROXWLRQV WR DFLGLF

/DQJPXLU PRQROD\HUV FDQ EH TXLWH GLIIHUHQW IURP WKH FDVH RI SXUH

LRQLF VROXWLRQV DQG WKH HOHFWURQHJDWLYLWLHV RI WKH PHWDOOLF VSHFLHV

LQYROYHG SOD\ D UROH� DW OHDVW IRU WKH V\VWHPV LQYHVWLJDWHG�

&21&/86,216

7KH FDSDELOLW\ RI WKH FORVHO\ SDFNHG VWHDULF DFLG PRQROD\HU VXU�

IDFHV IRU VHSDUDWLRQ RI WR[LF PHWDO LRQV RXW RI ELQDU\ LRQLF VROX�

WLRQV VXFK DV FDOFLXP�OHDG� FDOFLXP�FKURPLXP� FDOFLXP�FRSSHU� DQG

FDOFLXP�]LQF DTXHRXV V\VWHPV ZDV HYDOXDWHG ERWK HPSLULFDOO\ DQG

WKHRUHWLFDOO\� 7KH DIILQLWLHV RI WKH PRQROD\HU ILOPV WR WR[LF PHWDO

LRQV ZHUH DQDO\]HG E\ XVLQJ )RXULHU WUDQVIRUP LQIUDUHG VSHFWUR�

VFRS\� $ PRGHO FRQVLGHULQJ ERWK WKH HOHFWURFKHPLFDO DQG WKHUPR�

G\QDPLF DVSHFWVZDV DOVR DSSOLHG WR TXDQWLI\ WKH VXUIDFH LRQ DIILQLWLHV�

$V D UHVXOW� VXUIDFH ELQGLQJ FRQVWDQWV ZHUH IRXQG WR EH ���î����

IRU OHDG LRQV� ���î��� IRU FKURPLXP LRQV� ���î��� IRU FRSSHU LRQV�

DQG �î��� IRU ]LQF LRQV� UHVSHFWLYHO\� DW S+ ���� /HDG� FKURPLXP�

FRSSHU� ]LQF LRQV ZHUH VHSDUDWHG PRUH HIILFLHQWO\ IURP WKH PL[HG

LRQLF VROXWLRQV E\ WKH IDFWRUV RI FD� ������� ������� ������ DQG ����

UHVSHFWLYHO\� FRPSDUHG WR FDOFLXP LRQV RI ZKLFK ELQGLQJ FRQVWDQW

LV ���î���� ,QWHUHVWLQJO\� ZKHQ FRPSDUHG WR FRUUHVSRQGLQJ SXUH

LRQLF V\VWHPV� FRSSHU DQG OHDG LRQV ZHUH VHSDUDWHG DV PXFK� ZKLOH

FKURPLXP DQG ]LQF LRQV ZHUH OHVV E\ WKH IDFWRU RI ��� DQG ��� UH�

VSHFWLYHO\� ,W FDQ EH FRQFOXGHG WKDW VXUIDFH LRQ ELQGLQJ FDSDELOLW\

IRU ELQDU\ LRQLF VROXWLRQV FDQ EH PXFK GLIIHUHQW IURP WKDW IRU SXUH

LRQLF VROXWLRQV�

$&.12:/('*(0(17

7KLV ZRUN ZDV VXSSRUWHG E\ WKH .RUHD 6FLHQFH DQG (QJLQHHU�

LQJ )RXQGDWLRQ �����������������

120(1&/$785(

D� � DFWLYLW\ RI YDFDQW ODWWLFH VLWH

DL � DFWLYLW\ RI FRPSRQHQW L LQ WKH PRQROD\HU �L �� ��

DL
V � VROXWLRQ LRQ DFWLYLW\ DW VXE�VXUIDFH �RXWHU +HOPKROW] SODQH�

&L � EXON LRQ FRQFHQWUDWLRQ� 0 >PRO�/@

&L
V � VXUIDFH LRQ FRQFHQWUDWLRQ DW LQWHUIDFLDO GLIIXVH OD\HU �[ ���

>0@

&1 � WRWDO EXON FRQFHQWUDWLRQ RI DQLRQV >0@

∆*P � *LEEV IUHH HQHUJ\ RI PL[LQJ SHU PROHFXOH >-@

) � IDUDGD\ FRQVWDQW >������ &�PRO@

, � LRQLF VWUHQJWK RI DTXHRXV VXE�VROXWLRQ >0@

.L � LRQ DGVRUSWLRQ �RU ELQGLQJ� FRQVWDQW� GLPHQVLRQOHVV

QL � QXPEHU RI PROHFXOHV RI FRPSRQHQW L LQ WKH PRQROD\HU

SL � GHJUHH RI DJJUHJDWLRQ RI FRPSRQHQW L LQ WKH PRQROD\HU

T � HOHFWURQ FKDUJH �����î��−�� &

5 � &+��&+��Q&22
−

7 � DEVROXWH WHPSHUDWXUH >.@

[ � FRRUGLQDWH RI RQH�GLPHQVLRQDO GLIIXVH OD\HU

[L
V � PROH IUDFWLRQ RI L LRQ DW VXE�VXUIDFH

\L � PROH IUDFWLRQ RI FRPSRQHQW L DW PRQROD\HU VXUIDFH

] � YDOHQF\ RI LRQ

*UHHN /HWWHUV

α � UHODWLYH VHQVLWLYLW\

β � IXQFWLRQ GHILQLWLRQ

Γ � VXUIDFH GHQVLW\ RI WKH VXUIDFWDQW PRQROD\HU LQ WKH OLTXLG

FRQGHQVHG VWDWH� Γ−� ��� QP��PROHFXOH

ΓL � VXUIDFH GHQVLW\ RI L LRQ LQ WKH GLIIXVH OD\HU >PRO�P�@

γL � DFWLYLW\ FRHIILFLHQW RI FRPSRQHQW L LQ WKH PRQROD\HU

ε � GLHOHFWULF FRQVWDQW RI ZDWHU

ε� � SHUPLWLYLW\ RI YDFXXP

κ−� � 'HE\H OHQJWK >P@

µ � FRQWULEXWLRQ IURP GLSRODU RULHQWDWLRQ WR WKH PHDVXUHG VXU�

IDFH SRWHQWLDO

ν � QXPEHU RI WKH QHDUHVW QHLJKERUV WR D JLYH ODWWLFH

σ � VXUIDFH FKDUJH GHQVLW\ RI WKH PRQROD\HU

ΦL � DUHD IUDFWLRQ RI FRPSRQHQW L LQ WKH /% ILOP

φL � DUHD IUDFWLRQ RI FRPSRQHQW L LQ WKH /DQJPXLU PRQROD\HU

χLM � )ORU\�+XJJLQV ELQDU\ LQWHUDFWLRQ SDUDPHWHU

Ψ�[� � VXUIDFH SRWHQWLDO GXH WR HOHFWURVWDWLF LQWHUDFWLRQ >9@

Ψ� � VXUIDFH SRWHQWLDO DW [ �

5()(5(1&(6

$GDPVRQ� $�:�� ³3K\VLFDO &KHPLVWU\ RI 6XUIDFHV�́ �WK HG�� :LOH\ ,Q�

WHUVFLHQFH�1HZ <RUN �������

$KQ�'� -� DQG )UDQVHV� (� ,�� ³,QWHUDFWLRQV RI&KDUJHG/DQJPXLU0RQR�

OD\HUV ZLWK 'LVVROYHG ,RQV�́ -� &KHP� 3K\V�� ��� ���� �������

$KQ� '� -� DQG )UDQVHV� (� ,�� ³,RQ $GVRUSWLRQ DQG ,RQ ([FKDQJH LQ 8O�

WUDWKLQ )LOPV RI )DWW\ $FLGV�́ $,&K( -RXUQDO� ��� ���� �������

$KQ� '� -� DQG )UDQVHV� (� ,�� ³2ULHQWDWLRQV RI &KDLQ $[HV DQG 7UDQVL�

WLRQ0RPHQWV LQ /DQJPXLU�%ORGJHWW0RQROD\HUV 'HWHUPLQHG E\

3RODUL]HG )7,5�$75 6SHFWURVFRS\�́ -� 3K\V� &KHP�� ��� ����

�������

%ORFK� -�0� DQG<XQ�:�%�� ³&RQGHQVDWLRQ RI0RQRYDOHQW DQG'LYD�

OHQW 0HWDO ,RQV RQ D /DQJPXLU 0RQROD\HU�́ 3K\V� 5HY� $� ��� ���

�������

%ORFK� -�0�� <XQ� :�%�� <DQJ� ;�� 5DPDQDWKDQ� 0�� 0RQWDQR� 3� $�

DQG &DSDVVR� &�� ³$GVRUSWLRQ RI &RXQWHULRQV WR D 6WHDUDWH 0RQR�

OD\HU 6SUHDG DW WKH:DWHU�DLU ,QWHUIDFH� $ 6\QFKURWURQ;�UD\ 6WXG\�́

3K\V� 5HY� /HWW�� ��� ���� �������

&KRL� -�:��1DP�<� 6��2K�%� .��$KQ�'� -� DQG/HH�:�+�� ³)DEULFD�

WLRQ RI 3URWHLQ$GVRUEHG2UJDQLF /%)LOP E\ (OHFWURSKRUHWLF 6HGL�

PHQWDWLRQ 7HFKQLTXH DQG$QDO\VLV RI0RUSKRUORJ\ E\ XVLQJ$)0�́

0RO� &U\VW� DQG /LT� &U\VW�� ���� ��� �������

&ROWKXS� 1�%�� 'DO\� /�+� DQG:LEHUOH\� 6� (�� ³,QWURGXFWLRQ WR ,QIUD�

UHG DQG 5DPDQ 6SHFWURVFRS\�́ �UG HG�� $FDGHPLF 3UHVV� 1HZ<RUN

�������

+\XQ� -�<�� /HH�*� 6��.LP�7�<� DQG$KQ�'� -�� ³6HOHFWLYLW\ RI+HDY\

0HWDO ,RQV DW $FLGLF 6XSUDPROHFXODU 6XUIDFHV�́ .RUHDQ -� &KHP�

(QJ�� ��� � �������

.LP�'�� ³6WDWLVWLFDO &RQGHQVDWLRQ$GVRUSWLRQ ,VRWKHUPV RI*DV0ROH�

FXOHV$GVRUEHG RQ3RURXV$GVRUEHQWV� 6XUIDFH0RQROD\HU$GVRUS�

WLRQ ,VRWKHUPV DQG +\VWHUHVLV 3KHQRPHQD�́ .RUHDQ -� &KHP� (QJ��

��� ��� �������

.LPXUD�)��8PHPXUD� -� DQG7DNHQDND�7�� ³)7,5�$756WXGLHVRQ/DQJ�

PXLU�%ORGJHWW )LOPVRI6WHDULF$FLGZLWK���0RQROD\HU�́ /DQJPXLU�

�� �� �������

.XUDWD� 0�� ³7KHUPRG\QDPLF RI 3RO\PHU 6ROXWLRQ�́ 1HZ <RUN� +DU�



,RQ 6HSDUDWLRQ RI %LQDU\ 0HWDOOLF $TXHRXV 6ROXWLRQV DW $FLGLF /DQJPXLU 0RQROD\HU 6XUIDFHV ���

.RUHDQ -� &KHP� (QJ��9RO� ��� 1R� ��

ZRRG$FDGHPLF 3XEOLVKHUV �������

.LP� 6� 5�� &KRL� 6� $� DQG .LP� -�'�� ³7KH0RQROD\HU %HKDYLRU DQG

7UDQVIHU &KDUDFWHULVWLF RI 3KRVSKROLSLGV DW WKH $LU�:DWHU ,QWHUIDFH�́

.RUHDQ -� &KHP� (QJ�� ��� �� �������

/|VFKH�0��+HOP�&��0DWWHUV�+�'� DQG0|KZDOG� +�� ³)RUPDWLRQRI

/DQJPXLU�%ORGJHWW )LOPVYLD(OHFWURVWDWLF&RQWURO RI WKH/LSLG�:DWHU

,QWHUIDFH�́ 7KLQ 6ROLG )LOPV� ���� �� �������

0DUVKEDQNV� 7�/��$KQ�'� -� DQG )UDQFHV� (� ,�� ³7UDQVSRUW DQG ,RQ([�

FKDQJH LQ /DQJPXLU�%ORGJHWW )LOP� :DWHU 7UDQVSRUW DQG )LOP 0L�

FURVWUXFWXUH E\ $WWHQXDWHG 7RWDO 5HIOHFWDQFH )RXULHU 7UDQVIRUP ,Q�

IUDUHG 6SHFWURVFRS\�́ /DQJPXLU� ��� ��� �������

0DWVXEDUD� $�� 0DWXXUD� 5� DQG .LPL]XND� +�� %XOO� &KHP� 6RF� -SQ��

��� ��� �������

0XPE\� 6� -� DQG6ZDOHQ� -�'�� ³2ULHQWDWLRQ RI3RO\�RFWDGHF\OPHWDFU\�

ODWH� DQG 3RO\�RFWDGHF\O DFU\ODWH� LQ /DQJPXLU�%ORGJHWW 0RQROD\�

HUV ,QYHVWLJDWHG E\ 3RODUL]HG ,QIUDUHG 6SHFWURVFRS\�́ 0DFURPRO�

HFXOHV� ��� ���� �������

3HWURY� -� $�� .XOHII� ,� DQG 3ODWLNDQRY� '�� ³1HXWURQ$FWLYDWLRQ$QDO\�

VLV RI0HWDO ,RQV LQ /DQJPXLU�%ORGJHWW 0XOWLOD\HUV RI $UDFKLGLF

$FLG�́ -� &ROORLG ,QWHUIDFH 6FL�� ��� �� �������

3H]URQ� (�� &ODHVVRQ� 3�0�� %HUJ� -�0� DQG 9ROOJDUGW� '�� ³6WDELOLW\ RI

$UFKLGLF $FLG 0RQROD\HUV RQ $TXHRXV 6DOW 6ROXWLRQV�́ -� &ROORLG

,QWHUIDFH 6FL�� ���� ��� �������

5DEROW� -� )�� %XUQV� )� &�� 6FKORWWHU� 1� (� DQG 6ZDOHQ� -� '�� ³$QLVRWUR�

SLF 2ULHQWDWLRQ LQ0ROHFXODU 0RQROD\HUV E\ ,QIUDUHG 6SHFWURVFRS\�́

-� &KHP� 3K\V�� ��� ��� �������

6KUDXQHU�$EUDKDP�³*HQHUDOL]HG*RX\�&KDSPDQ3RWHQWLDO RI&KDUJHG

3KRVSKROLSLG 0HPEUDQHV ZLWK 'LYDOHQW &DWLRQV�́ -� 0DWK� %LR�� ��

��� �������

6KLQ� 6��:DQJ�=�*� DQG5LFH�6� $�� ³$Q ,QWHUSUHWDWLRQRI WKH0XOWLSOH

)OXLG�)OXLG 7UDQVLWLRQV LQ /LTXLG 6XSSRUWHG $PSKLSKLOH 0RQROD\�

HUV�́ -� &KHP� 3K\V�� ��� ���� �������

9LMHQGUD� .�$�� ³/DQJPXLU�%ORGJHWW )LOPV�́ 3K\VLFV 7RGD\� -XQH� ��

�������

9RJHO�9LROD DQG&KULVWRI�:|OO� ³7ZR�'LPHQVLRQDO 6WUXFWXUH RI6LQJOH

/DQJPXLU�%ORGJHWW )LOPV 'HSRVLWHG RQ 1REOH 0HWDO 6LQJOH &U\V�

WDOV 6WXGLHG ZLWK /(('�́ -� &KHP� 3K\V�� ��� ���� �������

:KLWHVLGHV� *�0�� 0DWKLDV� -� 3� DQG 6HWR� &� 7�� ³0ROHFXODU 6HOI�$V�

VHPEO\ DQG1DQRFKHPLVWU\� $&KHPLFDO 6WUDWHJ\ IRU WKH 6\QWKHVLV

RI 1DQRVWUXFWXUHV�́ 6FLHQFH� ���� ���� �������

<DPDXFKL� $��0DWVXEDUD� $�� .LP]XND� +� DQG$ERRG� /�*�� ³'LIIHU�

HQWLDO (IIHFW RI 6RGLXP DQG 3RWDVVLXP RQ &DOFLXP $GVRUSWLRQ WR

6WHDULF$FLG0RQROD\HUV�́ %LRFKLP� %LRSK\V�$FWD����� ��� �������


