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5LQJ�LPDJLQJ x&HUHQNRY GHWHFWRUV �5,&+� DUH D ZHOO GHYHORSHG WHFKQLTXH�

IRU LGHQWLI\LQJ KLJK�VSHHG FKDUJHG SDUWLFOHV� ,Q D W\SLFDO DSSOLFDWLRQ� WKH

QXPEHU RI x&HUHQNRY SKRWRQV GHWHFWHG DQG WKHLU FKDUDFWHULVWLF DQJXODU GLV�

WULEXWLRQ DUH H[SORLWHG WR GHWHUPLQH WKH SDUWLFOH
V VSHHG Y  pF� 7KLV LQIRU�

PDWLRQ LV XVXDOO\ FRPELQHG ZLWK PRPHQWXP PHDVXUHPHQWV WR HVWLPDWH WKH

SDUWLFOH
V PDVV DQG� KHQFH� LWV LGHQWLW\� 5,&+ GHWHFWRUV XVH VSKHULFDO PLU�

URUV RU RWKHU RSWLFV WR IRFXV x&HUHQNRY SKRWRQV HPLWWHG IURP FKDUJHG WUDFNV

DW D JLYHQ GLUHFWLRQ LQ VSDFH WR D SRLQW RQ WKH GHWHFWRU� 3KRWRQV IURP D

SDUWLFXODU WUDFN IRUP D FLUFXODU SDWWHUQ RQ WKH LPDJH SODQH� 7KH FHQWHUV

RI WKHVH ULQJV DUH UHODWHG WR WKH GLUHFWLRQ RI FKDUJHG WUDFNV� WKH UDGLXV DQG

QXPEHU RI SKRWRQV GHWHFWHG GHSHQG RQ p RI WKH WUDFN�

,Q PDQ\ H[SHULPHQWV� SK\VLFV REMHFWLYHV PRWLYDWH VHDUFKLQJ IRU KHDYLHU�

UHODWLYHO\ UDUH SDUWLFOHV DJDLQVW EDFNJURXQGV RI OLJKWHU SDUWLFOHV RI D JLYHQ

PRPHQWXP UDQJH �VXFK DV ?WDJJLQJ� NDRQV DPRQJVW SLRQV�� 7KH SDWWHUQ�

UHFRJQLWLRQ�GDWD�DQDO\VLV VWUDWHJ\ LQ WKHVH FDVHV LQYROYHV GHPRQVWUDWLQJ D

UHODWLYH ODFN RI SKRWRQV GHWHFWHG LQ ULQJV VXUURXQGLQJ WKH FKDUJHG WUDFN�

WKDW ZRXOG EH FKDUDFWHULVWLF RI WKH KHDYLHU� ORZHU�p SDUWLFOH EHLQJ VRXJKW�

,Q VLWXDWLRQV ZKHUH RQH LV LQWHUHVWHG LQ KLJKO\ UHODWLYLVWLF SDUWLFOHV� p | ��
x&HUHQNRY GHWHFWRUV RoHU DWWUDFWLYH SRVVLELOLWLHV IRU FKDUJHG�SDUWLFOH WUDFNLQJ�

LQ DGGLWLRQ WR WKHLU WUDGLWLRQDO UROHV LQ SDUWLFOH�LGHQWLpFDWLRQ� )XQGDPHQ�

WDOO\� D 5,&+ GHWHFWRU PHDVXUHV WKH GLUHFWLRQV RI GHWHFWHG SKRWRQV� %\

pQGLQJ ULQJV LQ WKH SDWWHUQV RI GHWHFWHG SKRWRQV� WKH SDUHQW WUDFN GLUHF�

WLRQ FDQ EH LQIHUUHG IURP NQRZOHGJH RI WKH ULQJ FHQWHU� :KHQ FRPELQHG

ZLWK SUHFLVH YHUWH[ WUDFNLQJ DQG DQ DQDO\]LQJ PDJQHW� IRU H[DPSOH� D 5,&+

e:R UN VXSSR UWH G LQ SD UW E\ 8 6 ' 2(
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WUDFNHU FRXOG DOORZ PHDVXUHPHQWV RI PRPHQWD RI UHODWLYLVWLF SDUWLFOHV ZLWK

OLWWOH RU QR RWKHU SRVW�PDJQHW WUDFNLQJ LQIRUPDWLRQ E\ FRPSDULQJ WUDFN GL�

UHFWLRQV EHIRUH �YHUWH[ WUDFNLQJ� DQG DIWHU �5,&+� WKH PDJQHW� �0DWFKLQJ

WUDFN VHJPHQWV IURP D YHUWH[ WUDFNHU DQG D 5,&+ FRXOG EH DFFRPSOLVKHG LQ

WKH QRQ�EHQG SODQH ZLWK UHODWLYHO\ IHZ RU QR WUDGLWLRQDO WUDFNLQJ FKDPEHUV��

5,&+ GHWHFWRUV DUH FDSDEOH RI SURYLGLQJ UHODWLYHO\ ?QRQ�LQYDVLYH� PHD�

VXUHPHQWV RI FKDUJHG WUDFNV RYHU VLJQLpFDQW UHJLRQV RI VROLG DQJOH EHFDXVH

RQO\ WKH UDGLDWRU PHGLXP DQG VRPH RSWLFV QHHG EH SODFHG LQ WKH SDWKV RI

WKH SDUWLFOHV� SKRWRQ GHWHFWRUV FDQ EH PRYHG RXW RI WKH ZD\ ZLWK DSSURSUL�

DWH RSWLFDO GHVLJQV� WKXV SRWHQWLDOO\ UHGXFLQJ WKH PDWHULDO� ERWK DFWLYH DQG

LQDFWLYH� WKDW PXVW EH WUDYHUVHG E\ SDUWLFOHV� 6RPH RI WKH IDFWRUV WKDW FRXOG

PDNH 5,&+ GHWHFWRUV DWWUDFWLYH DV WUDFNLQJ V\VWHPV LQFOXGH�

s 5,&+ GHWHFWRUV DUH FDSDEOH RI GHWHUPLQLQJ WUDFN GLUHFWLRQV WR EHWWHU
WKDQ D IUDFWLRQ RI D PLOOL�UDGLDQ JLYHQ UHDVRQDEO\ ODUJH QXPEHUV RI

GHWHFWHG SKRWRQV �GHWHFWLQJ PRUH WKDQ �� SKRWR�HOHFWURQV SHU p } �
WUDFN LV D UHDOLVWLF JRDO LQ PRGHUQ 5,&+ GHWHFWRUV�� D ZHOO�GHVLJQHG RS�

WLFDO V\VWHP� DQG PRGHUDWH GLVSHUVLRQ LQ WKH UDGLDWLQJ PHGLXP� 7KLV

UHVROXWLRQ LV FRPSDUDEOH WR W\SLFDO PXOWL�ZLUH GULIW FKDPEHU V\VWHPV

RSHUDWLQJ DW DWPRVSKHULF SUHVVXUH�

s $ 5,&+ WUDFNHU LV LQVHQVLWLYH WR KLJKO\ LRQL]LQJ� UHODWLYHO\ VORZO\ PRY�
LQJ QXFOHDU IUDJPHQWV�

s ,Q KLJK�UDWH HQYLURQPHQWV ZKHUH ZLUH�FKDPEHU DJLQJ LV D FRQVLGHUD�
WLRQ� WKH QRQ�LQYDVLYH QDWXUH RI x&HUHQNRY GHWHFWLRQ DQG ?SL[HO� RUJD�

QL]DWLRQ FRPPRQO\ HPSOR\HG LQ SKRWRQ GHWHFWRUV PD\ SURYLGH GLVWLQFW

DGYDQWDJHV RYHU GULIW FKDPEHUV FRQVWUXFWHG ZLWK ORQJ DQRGH ZLUHV�

s ,Q ODUJH� PXOWL�SDUWLFOH VSHFWURPHWHUV WKDW PXVW HPSOR\ 5,&+ GHWHF�
WRUV IRU SDUWLFOH LGHQWLpFDWLRQ� RYHUDOO V\VWHP FRVW DQG FRPSOH[LW\ PD\

EH UHGXFHG LI WKH 5,&+ DOVR SURYLGHV VRPH FKDUJHG�SDUWLFOH WUDFNLQJ

LQIRUPDWLRQ�

7R UHDOL]H WKH SRWHQWLDO RI 5,&+ GHWHFWRUV LQ FKDUJHG SDUWLFOH WUDFNLQJ

DSSOLFDWLRQV� LW LV GHVLUDEOH WR pQG QHZ SDWWHUQ�UHFRJQLWLRQ DOJRULWKPV IRU

HYHQW WULJJHULQJ DQG UHFRQVWUXFWLRQ WKDW HrFLHQWO\ pQG x&HUHQNRY ULQJV DQG

WKHLU FHQWHUV ZLWKRXW DX[LOLDU\ WUDFNLQJ LQIRUPDWLRQ� :H VXJJHVW KHUH RQH

SRVVLEOH DOJRULWKP IRU GRLQJ WKLV�

� 'XDO�5LQJ $OJRU LWKP

&RQVLGHU D 5,&+ ZKHUH WKH RSWLFDO V\VWHP FDQ EH FKDUDFWHUL]HG E\ D IRFDO

OHQJWK I � 3KRWRQV UDGLDWHG IURP D FKDUJHG WUDFN DW D x&HUHQNRY DQJOH v x&

�



IRUP D FLUFOH RI UDGLXV 5  Iv x& DW WKH GHWHFWRU�
� 7KH ORFXV RI SRVVLEOH WUDFN

GLUHFWLRQV_x&HUHQNRY ULQJ FHQWHUV_WKDW FRXOG KDYH JHQHUDWHG RQH RI WKH

SKRWRQV RQ WKH x&HUHQNRY ULQJ LV DOVR D FLUFOH RI UDGLXV 5� EXW RQH FHQWHUHG

RQ WKH SRVLWLRQ RI WKH GHWHFWHG SKRWRQ�

:H QH[W LPDJLQH VXSHULPSRVLQJ FLUFOHV RI UDGLXV 5 FHQWHUHG RQ HYHU\

GHWHFWHG SKRWRQ DV VKRZQ VFKHPDWLFDOO\ LQ )LJXUH �� 7KH FLUFOHV FURVV DW

YDULRXV SRLQWV LQVLGH D UDGLXV �5 IURP WKH WUXH WUDFN FHQWHU� EXW DOO FLUFOHV

LQWHUVHFW RU QHDUO\ LQWHUVHFW DW WKH DFWXDO WUDFN FHQWHU� FUHDWLQJ D KLJK GHQVLW\

RI OLQHV RU SL[HOV GHVFULELQJ WKHP DW WKLV RQH SRLQW� :H SURSRVH DQ DOJRULWKP

WR JHQHUDWH DQG GHWHFW VXFK VLQJXODULWLHV DV D ZD\ WR UHFRJQL]H x&HUHQNRY ULQJV

DQG WR GHWHUPLQH WKHLU FHQWHUV� 7KLV DOJRULWKP UHOLHV RQ LQIRUPDWLRQ IURP

GHWHFWHG SKRWRQ LQIRUPDWLRQ DORQH�

)LJXUH �� ,GHDOL]HG UHSUHVHQWDWLRQ RI FLUFOHV RI UDGLXV 5  Iv x& FHQWHUHG RQ

HDFK RI D VHW RI x&HUHQNRY SKRWRQ KLWV IURP D VLQJOH WUDFN�

:H FDOO WKH FLUFOHV FHQWHUHG RQ HDFK GHWHFWHG SKRWRQ WKH ?GXDO UHSUH�

VHQWDWLRQ� RI WKH x&HUHQNRY SKRWRQ ?KLW�� 7KH VSDFH RQ ZKLFK WKH\ DUH

VXSHULPSRVHG LV FDOOHG WKH ?GXDO VSDFH�� 7KHUH DUH GXDO UHSUHVHQWDWLRQV

IRU HYHU\ SRVVLEOH x&HUHQNRY UDGLXV �RU YDOXH RI p DERYH x&HUHQNRY WKUHVK�

ROG�� +RZHYHU� WKH H[LVWHQFH RI WKH OLPLWLQJ YDOXH p � �� WKH LPSRUWDQFH

RI KLJKO\ UHODWLYLVWLF SDUWLFOHV LQ PDQ\ DSSOLFDWLRQV� DQG WKH IDFW WKDW WKHVH

WUDFNV KDYH WKH ODUJHVW QXPEHU RI x&HUHQNRY SKRWRQV� PHDQ WKDW RQO\ WKH

�,Q D F WXD O SUD F WLF H � Y D ULR XV R SWLF D O H oH F WV PD \ GLVWR UW ULQJ SD WWH UQV IUR P LGH D O F LU�
F OH V� 7 KH GLVWR UWH G VKD SH V F D Q EH F R PSXWH G LQ SD UWLF XOD U F D VH V D QG XVH G D V WKH ED VLV IR U
WH PSOD WH V H PSOR \ H G E\ WKH SD WWH UQ�UH F R J QLWLR Q D OJ R ULWKP SUH VH QWH G EH OR Z �
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GXDO UHSUHVHQWLRQV IRU p } � QHHG EH FRQVLGHUHG LQ SUDFWLFH�� 7KH QXPEHU
RI LQWHUVHFWLRQV DERYH EDFNJURXQG LQ D SHDN IRXQG LQ WKH GXDO VSDFH VKRXOG

HTXDO WKH QXPEHU RI SKRWRQV GHWHFWHG RQ WKH x&HUHQNRY ULQJ ZKLFK FHQWHUV RQ

WKH SHDN� $V ZLOO EH VKRZQ LQ ZKDW IROORZV� SHDNV RU FOXVWHUV LQ GXDO VSDFH

DUH D UREXVW LQGLFDWRU RI WUXH x&HUHQNRY ULQJV DVVRFLDWHG ZLWK UHODWLYLVWLF

WUDFNV�

� $Q , PSOHPHQWDWLRQ RI WKH 'XDO�5LQJ $OJRU LWKP

7R DQDO\]H WKH HrFDF\ RI WKLV ?GXDO�ULQJ� DOJRULWKP� ZH FRQVLGHU D GHWHFWRU

LPDJH SODQH GLYLGHG LQWR FHOOV RI HTXDO DFFHSWDQFH D LQ YHUWLFDO DQG KRUL]RQWDO

SKRWRQ GLUHFWLRQV v9 � v+ DV LQGLFDWHG LQ )LJXUH �� ,Q PRVW SUDFWLFDO FDVHV�
x&HUHQNRY ULQJV ZLOO DSSHDU DV FLUFOHV LQ WKLV VSDFH ZLWK UDGLL JLYHQ E\

v x&�p�  X�p�v�

ZKHUH WKH OLPLWLQJ�YDOXH RI WKH x&HUHQNRY DQJOH IRU p � � LV UHSUHVHQWHG E\

v� DQG WKH IXQFWLRQ X� ZKLFK GHVFULEHV WKH UHODWLYH VL]H RI WKH x&HUHQNRY ULQJ

DQG UHODWLYH QXPEHUV RI GHWHFWHG SKRWRQV� 7KH UHODWLYH x&HUHQNRY UDGLXV X

LV UHODWHG WR WKH SDUWLFOH
V VSHHG DQG SURSHUWLHV RI WKH 5,&+ E\
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)LJXUH �� 'HWHFWRU LPDJH SODQH� 'HWHFWHG SKRWRQV DUH UHSUHVHQWHG DV UHG

VTXDUHV RU FHOOV RI VL]H D�

$V DQ H[DPSOH� WKH +(5$�% H[SHULPHQW >�@ HPSOR\V D 5,&+ GHWHFWRU

WR WDJ NDRQV LQ D &3 �YLRODWLRQ H[SHULPHQW LQYROYLQJ %�SDUWLFOHV SURGXFHG

E\ KLJK HQHUJ\ SURWRQV VWULNLQJ D p[HG ZLUH WDUJHW� 7KH +(5$�% 5,&+

GHWHFWV SKRWRQV ZLWK PXOWL�DQRGH SKRWRPXOWLSOLHUV KDYLQJ WZR GLoHUHQW FHOO�

VL]HV� D } ���� � PU� XVHV &�)�� JDV IRU WKH x&HUHQNRY UDGLDWRU ZKLFK JLYHV

v�  �� PU� DQG LV H[SHFWHG WR GHWHFW 1� } �� SKRWRQV SHU ?p  �� WUDFN�
'LVSHUVLRQ LQ WKH UDGLDWRU JDV DQG RSWLFDO HUURUV DUH H[SHFWHG WR OHDG WR DQ

506 GLUHFWLRQ HUURU RI � x& } ��� PU SHU GHWHFWHG SKRWRQ�
7KH VLPSOHVW LPSOHPHQWDWLRQ RI WKH GXDO�ULQJ DOJRULWKP LV WR FKRRVH D

GXDO VSDFH KDYLQJ WKH VDPH GLPHQVLRQV DQG FHOO�VL]H DV WKH GHWHFWRU LPDJH

SODQH� 7HPSODWHV FDQ WKHQ EH FRQVWUXFWHG IRU WKH GXDO�UHSUHVHQWDWLRQV RI

HDFK SKRWRQ KLW DQG FKRLFH RI X� ODEHOHG E\ X7 � :KHQ WKH FHOO VL]H LV ODUJHU

WKDQ WKH 506 VSUHDG LQ x&HUHQNRY DQJOHV �D ! � x&� WKHQ XQLW ZHLJKWV FDQ

EH DVVLJQHG WR FHOOV O\LQJ RQ WKH ORFXV RI SRVVLEOH WUDFN FHQWHUV DQG D VLPSOH

VHDUFK DOJRULWKP FDQ EH XVHG WR pQG WKRVH FHOOV� :H FDOO WKH VHW RI FHOOV FORVHVW

WR D FLUFOH RI UDGLXV X7 v� FHQWHUHG RQ WKH RULJLQ WKH ?GXDO WHPSODWH��
� ,Q

WKH LQWHUHVW RI VLPSOLFLW\� WKH DOJRULWKP XVHG LQ WKH SUHVHQW DQDO\VLV pQGV

FHOOV IRU WKH GXDO WHPSODWH E\ VHDUFKLQJ LQ VLQJOH KRUL]RQWDO RU YHUWLFDO VWHSV�

7KLV DOJRULWKP SURYLGHV D UHDVRQDEO\ XQLIRUP FHOO GHQVLW\ RYHU WKH IXOO GXDO

�:H KD Y H VWXGLH G VH D UF K D OJ R ULWKPV Z KH UH R QO\ D VLQJ OH VWH S LQ H LWKH U v9 R U v+ LV WD N H Q
IR U pQGLQJ F H OOV LQ WKH GXD O WH PSOD WH D QG D OJ R ULWKPV Z KH UH GLD J R QD O VWH SV Mcv9 M  Mcv+ M  
� D UH D OOR Z H G� ,W LV D OVR SR VVLEOH WR Z H LJ KW WKH F H OOV LQ WKH GXD O�UH SUH VH QWD WLR Q D F F R UGLQJ
WR SR VLWLR Q R Q WKH F LUF OH � 7 KH UH D SSH D U WR EH GLoH UH QW D GY D QWD J H V D QG GLVD GY D QWD J H V WR
H D F K R I WKH VH F KR LF H V�

�



)LJXUH �� 'XDO WHPSODWH ZLWK D UDGLXV FRUUHVSRQGLQJ WR �� FHOOV JHQHUDWHG

E\ WDNLQJ VLQJOH KRUL]RQWDO RU YHUWLFDO VWHSV LQ VHTXHQFH WR pQG FHOOV FORVHVW

WR WKH JHQHUDWLQJ FLUFOH�

WHPSODWH� EXW WKH WRWDO QXPEHU RI FHOOV LQ WKH WHPSODWH LV VRPHZKDW ODUJHU

WKDQ �}X7 v� D� $ W\SLFDO GXDO WHPSODWH KDYLQJ D ?UDGLXV� RI �� FHOOV LV

VKRZQ LQ )LJXUH ��

2QFH D WHPSODWH LV JHQHUDWHG IRU D JLYHQ X7 � DSSOLFDWLRQ RI WKH GXDO�ULQJ

DOJRULWKP VLPSO\ LQYROYHV LQFUHPHQWLQJ HYHU\ FHOO LQ WKH GXDO VSDFH O\LQJ

RQ D WHPSODWH RI VRPH KLW E\ RQH FRXQW IRU HYHU\ GHWHFWHG SKRWRQ� ,I WKH

FKRLFH RI X7 PDWFKHV WKH DFWXDO X IRU VRPH VHW RI 1K LW GHWHFWHG SKRWRQV

EHORQJLQJ WR D VLQJOH WUDFN� WKHQ RQH RI WKH FHOOV LQ WKH GXDO VSDFH_WKH RQH

FRUUHVSRQGLQJ WR WKH WUDFN FHQWHU_ZLOO EH LQFUHPHQWHG E\ 1K LW FRXQWV SOXV

SRVVLEOH EDFNJURXQG IURP RWKHU x&HUHQNRY ULQJV� &OXVWHU�pQGLQJ WHFKQLTXHV

FDQ EH XVHG WR pQG SHDNV LQ WKH GXDO VSDFH ZKLFK ZLOO FRUUHVSRQG WR WKH

WUDFNV LQ WKH JLYHQ HYHQW ZLWK YDOXHV RI X LQ WKH YLFLQLW\ RI X7 �

7KH YLDELOLW\ RI WKLV DOJRULWKP GHSHQGV RQ WKH VWDWLVWLFDO VLJQLpFDQFH RI

WUXH FOXVWHUV FRPSDUHG WR FKDQFH RYHUODSV RI GXDO WHPSODWHV IURP XQFRUUH�

ODWHG SKRWRQ KLWV� ,W LV FOHDU WKDW WKLV PHWKRG LV PRVW VHQVLWLYH WR WUDFNV

ZLWK p } � �FRUUHVSRQGLQJ WR X } �� EHFDXVH 1K LW ZLOO EH ODUJHVW DQG WKH

GHWHFWHG SKRWRQV DUH IXUWKHVW DZD\ IURP WKH SHDN LQ GXDO VSDFH FRUUHVSRQG�

LQJ WR WKHLU WUDFN FHQWHU� ZKLFK VKRXOG WHQG WR UHGXFH EDFNJURXQGV DQG IDOVH

FOXVWHUV� HYHQ WKRXJK WKH QXPEHU RI WHPSODWH FHOOV EHLQJ DGGHG WR WKH GXDO

VSDFH IRU HDFK SKRWRQ KLW LV ODUJHVW�

7R EHWWHU GHVFULEH WKH GXDO�ULQJ DOJRULWKP� ZH DSSO\ LW KHUH WR D VHW

RI IRXU WUDFNV ZLWK SDUDPHWHUV DV JLYHQ LQ 7DEOH �� 7KH FHOO VL]H XVHG LV

�



7UDFN S v+ v9 X

�*H9� �PU� �PU�

PXRQ �� � ���� �����

SLRQ �� �� �� �����

SLRQ �� �� ��� �����

SLRQ � ��� ��� �����

7DEOH �� 7UDFNV XVHG LQ VLPXODWLRQ GHVFULEHG KHUH�

D  � PU DQG WKH OLPLWLQJ x&HUHQNRY DQJOH LV WDNHQ WR EH v�  ���� PU�

3KRWRQ KLWV ZHUH JHQHUDWHG UDQGRPO\ IRU WKHVH WUDFNV DVVXPLQJ WKH OLPLWLQJ

PHDQ QXPEHU WR EH 1�  �� DQG WKH 506 DQJOH HUURU IRU HDFK SKRWRQ WR

EH � x&  ��� PU�

7KH SDWWHUQ RI SKRWRQ KLWV LV VKRZQ LQ )LJXUH �� $ WRWDO RI ��� SKRWRQ

KLWV ZHUH JHQHUDWHG IRU WKH IRXU WUDFNV LQGLFDWHG LQ 7DEOH �� ,W LV QRW UHDOO\

PHDQLQJIXO WR DVN ZKLFK SKRWRQV DUH DVVRFLDWHG ZLWK ZKLFK WUDFN� 7KH SURE�

DELOLW\ GLVWULEXWLRQ IRU DOO WUDFNV LV LQWHJUDWHG RYHU DOO FHOOV RQ WKH GHWHFWRU

LPDJH SODQH� 2QO\ WKHQ DUH UDQGRP QXPEHUV FKRVHQ WR GHFLGH ZKLFK FHOOV

DUH KLW� 7KXV� D JLYHQ KLW FHOO FRXOG EH ?VKDUHG� E\ PRUH WKDQ RQH WUDFN�

'XDO VSDFHV IRU WKH SKRWRQ KLWV VKRZQ LQ )LJXUH � ZHUH FRQVWUXFWHG IRU

X7  ������ ZKLFK FRUUHVSRQGV WR WKH PHDQ YHORFLW\ RI WKH WKUHH KLJKHVW�

VSHHG WUDFNV� DQG IRU X7  ������ ZKLFK FRUUHVSRQGV WR WKH ORZHVW�PRPHQWXP

SLRQ� 7KHVH DUH VKRZQ LQ )LJXUHV � DQG �� UHVSHFWLYHO\� )LJXUH � VKRZV WKUHH

VKDUS SHDNV� FOHDQO\ VHSDUDWHG IURP WKH EDFNJURXQG� FHQWHUHG RQ WKH v9 � v+
FRRUGLQDWHV RI WKH SDUHQW WUDFNV DQG KDYLQJ WKH H[SHFWHG QXPEHU RI FRXQWV

DERYH EDFNJURXQG� 7KH ORZ�PRPHQWXP SLRQ LV QRW YLVLEOH LQ WKLV pJXUH�

:KHQ WKH GXDO WHPSODWH LV ?WXQHG� IRU ORZHU VSHHG� DV LQ )LJXUH �� WKH

KLJK�VSHHG SHDNV GLVDSSHDU DQG WKH ORZ�PRPHQWXP SLRQ VWDQGV ZHOO DERYH

EDFNJURXQG� DOEHLW ZLWK IHZHU WRWDO FRXQWV DV H[SHFWHG IURP WKH x&HUHQNRY

SKRWRQ \LHOG UHODWLRQVKLS ZKLFK VFDOHV DV X��

� ( VWLPDWHV RI 3 HU IRU PDQFH

7KH VKDUS SHDNV HYLGHQW LQ )LJXUHV � DQG � FOHDUO\ LQGLFDWH WKH SRWHQWLDO

RI WKH GXDO�ULQJ DOJRULWKP IRU pQGLQJ x&HUHQNRY ULQJV DQG ULQJ�FHQWHUV IURP

SKRWRQ KLW LQIRUPDWLRQ� DORQH� ,Q WKLV VHFWLRQ� ZH H[SORUH DQDO\WLFDOO\ WKH

VHQVLWLYLW\ RI WKH GXDO�ULQJ DSSURDFK�

7KDW D SHDN VKRXOG IRUP LQ WKH FHOO FRUUHVSRQGLQJ WR WKH WUXH WUDFN

FHQWHU ZLWK 1K LW FRXQWV� RQ DYHUDJH� ZKHQ WKH GXDO WHPSODWH KDV D FRUUHFW

YDOXH RI X7 LV REYLRXV� :H ZDQW WR H[DPLQH WKH FRQGLWLRQV XQGHU ZKLFK

SHDNV DUH YLVLEOH_VWDWLVWLFDOO\ VLJQLpFDQW_RYHU WKH EDFNJURXQG RI GXDO FHOO

HQWULHV IURP XQFRUUHODWHG SKRWRQV RU IURP WHPSODWHV ZKHUH X7 � XWU DFN u X�

�



)LJXUH �� 3KRWRQ KLWV JHQHUDWHG IRU WKH WUDFNV GHVFULEHG LQ 7DEOH ��

$ SHUIHFW FLUFXODU WHPSODWH RI FHOOV RI VL]H D ZRXOG FRQWULEXWH �}X7 v� D

FRXQWV WR WKH GXDO VSDFH IRU HYHU\ SKRWRQ KLW� )RU WKH WHPSODWH�JHQHUDWLQJ

DOJRULWKP XVHG KHUH� ?�}� LQ WKLV H[SUHVVLRQ VKRXOG EH UHSODFHG E\ D IDFWRU

DURXQG �� 7KXV� IRU HYHU\ KLW� ZH H[SHFW �X7 v� D FRXQWV WR EH HQWHUHG LQ

WKH GXDO VSDFH� /HW � UHSUHVHQW WKH DYHUDJH RFFXSDQF\ RI GHWHFWRU FHOOV� WKH

IUDFWLRQ KLW RQ D JLYHQ HYHQW� 7KH DYHUDJH RFFXSDQF\ �DFWXDOO\� WKH PHDQ

QXPEHU RI FRXQWV SHU FHOO� IRU FHOOV LQ WKH GXDO VSDFH ZLOO EH a�  �X7 v�� D�

:H FDQ GHpQH WKH VWDWLVWLFDO VLJQLpFDQFH h RI D SHDN LQ RQH FHOO RI WKH

GXDO VSDFH GXH WR D WUXH x&HUHQNRY ULQJ WR EH WKH QXPEHU RI FRXQWV DERYH

EDFNJURXQG GLYLGHG E\ WKH PHDQ qXFWXDWLRQV LQ WKH EDFNJURXQG� :H DVVXPH

WKH EDFNJURXQG WR EH� D� VPRRWK� DQG E� GHVFULEHG E\ 3RLVVRQ VWDWLVWLFV�

8QGHU WKHVH DVVXPSWLRQV� WKH VLJQLpFDQFH LV h  X�1� 
S
a�� DVVXPLQJ WKH

FRUUHFW� X7  X� WHPSODWH LV XVHG� )RU YDULRXV UHDVRQV� WKH FHOO VL]H DGRSWHG

IRU DSSO\LQJ WKH GXDO�ULQJ DOJRULWKP PD\ GLoHU IURP WKH DFWXDO FHOO VL]H

HPSOR\HG RQ WKH GHWHFWRU SODQH� 7KH REVHUYHG RFFXSDQF\ ZLOO GHSHQG RQ

UXQQLQJ FRQGLWLRQV_WUDFN GHQVLW\ DQG EDFNJURXQG UDWH_DQG WKH FKRLFH RI

FHOO VL]H� 7KH RFFXSDQF\ ZLOO VFDOH OLNH �  ���D D��
�� ZKHUH �� DQG D� UHIHU

WR WKH RFFXSDQF\ DQG FHOO VL]H RQ D ?UHIHUHQFH� GHWHFWRU SODQH� ,QFOXGLQJ

WKLV IDFWRU DOORZV XV WR PDNH SDUDPHWULF VWXGLHV RI WKH VWDWLVWLFDO VLJQLpFDQFH

�



θ

θ

)LJXUH �� 'XDO VSDFH IRU WKH SKRWRQ KLWV VKRZQ LQ )LJXUH � ZLWK WKH SDUDP�

HWHU� X7  ������ 7KH QXPEHU RI FRXQWV SHU FHOO LV SORWWHG YHUVXV WKH v9 � v+
FRRUGLQDWH RI WKH FHOO�

h XQGHU p[HG UXQQLQJ FRQGLWLRQV DFFRUGLQJ WR�

h  
1�S

�v��� D�
X� �

tD�
D

u� �
&OXVWHU�pQGLQJ WHFKQLTXHV PD\ EH WKH EHVW ZD\ WR LGHQWLI\ SHDNV LQ GXDO

VSDFH� LQ ZKLFK FDVH EORFNV RI VHYHUDO FRQWLJXRXV FHOOV PD\ EH VHDUFKHG IRU D

VLJQDO� 7KH VWDWLVWLFDO VLJQLpFDQFH RI SHDNV IRXQG LQ EORFNV RI FHOOV ZLOO EH HV�

VHQWLDOO\ WKH VDPH DV WKDW GHULYHG DERYH EHFDXVH WKH VLJQDO ZLOO VFDOH OLQHDUO\

ZLWK EORFN VL]H� ZKLOH EDFNJURXQG VFDOHV DV WKH DUHD RI WKH EORFN RI FHOOV�

7KH VLJQLpFDQFH� DV GHpQHG KHUH� LV WKH UDWLR RI WKH VLJQDO WR VTXDUH�URRW RI

EDFNJURXQG DQG� WKXV� LV LQYDULDQW WR FOXVWHU VL]H WR D pUVW DSSUR[LPDWLRQ�

6KRXOG WKHUH EH PRUH WKDQ RQH WUDFN�FHQWHU SUHVHQW LQ D JLYHQ FOXVWHU� WKH

QXPEHU RI VLJQDO FRXQWV ZLOO JLYH D FOHDU LQGLFDWLRQ RI WKH RYHUODS�

)RU WKH SDUDPHWHUV XVHG LQ WKLV QRWH� h } ��X� �����b� �� ZKHUH WKH

GHWHFWRU�SODQH RFFXSDQF\ � LV H[SUHVVHG LQ � DQG WKH FHOO VL]H XVHG IRU

WKH DOJRULWKP LV DVVXPHG WR EH WKH VDPH DV WKDW RI WKH UHIHUHQFH GHWHFWRU�

7R HQVXUH JRRG HrFLHQF\ IRU GHWHFWLQJ UHDO WUDFNV DQG ORZ SUREDELOLW\ IRU
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)LJXUH �� 'XDO VSDFH IRU WKH SKRWRQ KLWV VKRZQ LQ )LJXUH � ZLWK WKH SDUDP�

HWHU� X7  ������ 7KH QXPEHU RI FRXQWV SHU FHOO LV SORWWHG YHUVXV WKH v9 � v+
FRRUGLQDWH RI WKH FHOO�

FUHDWLQJ IDOVH WUDFNV� ZH SUREDEO\ ZDQW WR UHTXLUH h 	 �� 7KLV VKRXOG EH

SRVVLEOH IRU KLJK�VSHHG WUDFNV �X } �� DV ORQJ DV WKH RFFXSDQF\ LV OLPLWHG WR
URXJKO\ � � ���� ,I WKH RFFXSDQF\ LV OHVV WKDQ �� IRU WKH SDUDPHWHUV XVHG

KHUH� LW PD\ EH SRVVLEOH WR LGHQWLI\ WUDFN FHQWHUV DW WKH ��� OHYHO IRU YHORFLW\

SDUDPHWHUV DV ORZ DV X 	 � �� ZKLFK FRUUHVSRQGV WR PRPHQWD S 	 ���SWK �

,I WKH UHODWLYH UDGLXV X7 RI WKH GXDO WHPSODWH GRHV QRW H[DFWO\ PDWFK

WKH DFWXDO WUDFN SDUDPHWHU X� D FLUFOH RI UDGLXV v�MX b X7 M IRUPV DURXQG
WKH DFWXDO WUDFN FHQWHU E\ WKH RYHUODSSLQJ WHPSODWHV� :H FDQ HVWLPDWH WKH

QXPEHU RI FRXQWV QRY O LQ FHOOV IRUPLQJ WKLV ?RYHUODS� FLUFOH E\ FDOFXODWLQJ WKH

IUDFWLRQ RI FHOOV RQ D JLYHQ GXDO WHPSODWH ZKLFK DUH ZLWKLQ RQH FHOO GLPHQVLRQ

RI WKH RYHUODS FLUFOH� 7KH UHVXOW LV

QRY O  

S
�

}
1K LW

U
X7D

XMX b X7 Mv�
7KLV H[SUHVVLRQ H[KLELWV D VRPHZKDW VORZHU IDOO�Ro ZLWK GLVWDQFH IURP

WKH DFWXDO WUDFN FHQWHU WKDQ WKH FDVH IRU FRUUHFWO\ WXQHG WHPSODWHV �| � U��
EXW LQGLFDWHV WKDW E\ WKH WLPH WKH UDGLXV DVVXPHG LQ WKH GXDO WHPSODWH

��



GLoHUV IURP WKH WUXH x&HUHQNRY UDGLXV E\ PRUH WKDQ D IHZ FHOO GLPHQVLRQV�

WKH QXPEHU RI HQWULHV LQ RYHUODS FLUFOHV ZLOO GURS WR WKH EDFNJURXQG OHYHO�

RU� DW OHDVW� WR ZHOO EHORZ WKH VLJQDO OHYHO� )RU GXDO WHPSODWHV FORVH WR WKH

FRUUHFW UDGLXV �MXbX7 Mv� | D�� D FOXVWHU WKDW LQFOXGHV WKH RYHUODS FLUFOH ZLOO

KDYH DERXW WKH VDPH VWDWLVWLFDO VLJQLpFDQFH DV WKH WUXH SHDN� DV GLVFXVVHG

SUHYLRXVO\�

7KH HPHUJHQFH RI SHDNV LQ GXDO VSDFH DV X7 LV WXQHG ZDV VWXGLHG E\ DQ

H[SOLFLW FDOFXODWLRQ RI WKH DOJRULWKP IRU D VLQJOH � *H9�F SLRQ �X  ������

XVLQJ WKH SDUDPHWHUV GHVFULEHG SUHYLRXVO\� 7KH FHOO VL]H D DQG OLPLWLQJ
x&HUHQNRY DQJOH v� LPSO\ D ?VWHS VL]H� LQ X7 RI DSSUR[LPDWHO\ ���� XQLWV�

)LJXUH � VKRZV WKH GXDO VSDFH IRU WKLV VLWXDWLRQ ZKHUH X7 ZDV YDULHG RYHU

WKH UDQJH ���� x X7 x � LQ VWHSV RI ����� WKH FHQWUDO YDOXH� ����� ZDV DOVR
FRPSXWHG� 7KH pJXUH VKRZV WKH HPHUJHQFH RI D FOHDU SHDN IURP D ?FUDWHU��

DQG EDFN DJDLQ ZKHQ X7 LV YDULHG E\ RQO\ �D v�� ,QGHHG� WKH FHQWUDO WKUHH

WHPSODWHV� ZKHUH WKH UDGLXV LV LQFUHPHQWHG E\ DERXW ��� FHOO EHWZHHQ WHP�

SODWHV� VKRZ VLJQLpFDQW FKDQJHV LQ WKH VKDSH RI WKH SHDN� FOHDUO\ LQGLFDWLQJ

WKH FRUUHFW YDOXH RI X WR EH VOLJKWO\ EHORZ ����� 7KH FUDWHUV WKDW IRUP ZKHQ

X7 LV GH�WXQHG� HYHQ E\ DV IHZ DV WZR FHOOV� KDYH WKH FKDUDFWHULVWLFV HVWLPDWHG

DERYH�

:H FRQFOXGH WKDW WKH UHVROXWLRQ RI WKH GXDO�ULQJ DOJRULWKP IRU GHWHUPLQ�

LQJ WKH UHODWLYH x&HUHQNRY ULQJ UDGLXV LV

rX �
D

v�

2sLQH GDWD DQDO\VLV WHFKQLTXHV� VXFK DV OLNHOLKRRG pWV DQG�RU FOXVWHU DQDO�

\VHV� WKDW PDNH XVH RI SDWWHUQV IRXQG E\ WKH SUHVHQW DOJRULWKP RU RWKHU

PHDQV� VKRXOG EH DEOH WR UHGXFH WKH HUURU LQ GHWHUPLQLQJ X� DV ZHOO DV XQ�

FHUWDLQWLHV LQ WUDFN GLUHFWLRQV� EHORZ WKH VLQJOH�FHOO OHYHOV GHVFULEHG KHUH�

� $U HDV IRU )XU WKHU :RU N

7KH WZR PDLQ OLQHV RI ZRUN QHHGHG WR SXUVXH WKH GXDO�ULQJ DOJRULWKP IRU

SDWWHUQ UHFRJQLWLRQ LQ 5,&+ V\VWHPV DUH �� WR IXUWKHU UHpQH DQG H[SORUH

WKH DOJRULWKP� DQG �� WR GHYHORS FRPSXWHU FRGHV DQG SRVVLEOH KDUGZDUH

SURFHVVRUV WKDW FDQ FDUU\ RXW WKH DOJRULWKP UDSLGO\�

6RPH RI WKH LVVXHV WKDW FDQ EH VWXGLHG ZLWK PRUH VRSKLVWLFDWHG PRQWH

FDUOR VLPXODWLRQV LQFOXGH WKH HoHFWV RI QHDUE\ WUDFNV DQG SRVVLEOH SDWKRORJ�

LFDO EDFNJURXQGV WKDW PLJKW DULVH XQGHU PRUH UHDOLVWLF PRGHOV RI GHWHFWRU

SHUIRUPDQFH DQG H[SHULPHQWDO FRQGLWLRQV�

7KH DOJRULWKP PLJKW EH LPSURYHG E\ XVLQJ QRQ�LQWHJHU FHOO�ZHLJKWV RU

HYHQ OLNHOLKRRG ZHLJKWLQJ� &HOO�ZHLJKWLQJ VKRXOG LPSURYH WKH VLJQDO�QRLVH

� 7 KH QXPEH U R I F R XQWV D W WKH F H QWH U R I WKH GXD O VSD F H D F WXD OO\ J R H V WR ] H UR LQ WKLV
F D OF XOD WLR Q D W WKH ? ER WWR P� R I WKH F UD WH U�

��



UDWLR� VLJQLpFDQFH RI SHDNV DQG GHWHUPLQDWLRQ RI WUDFN GLUHFWLRQV DQG VSHHG�

0RUH ZRUN LV QHHGHG RQ WKH DFWXDO SHDN�pQGLQJ� $JDLQ� WKHVH SRLQWV FDQ EH

DGGUHVVHG XVLQJ VWDQGDUG PRQWH FDUOR WHFKQLTXHV�

7ULJJHU�SURFHVVRUV EDVHG RQ WKH GXDO�ULQJ DSSURDFK ZRXOG VHHP DWWUDF�

WLYH IRU PDQ\ KLJK�UDWH H[SHULPHQWV WKDW FDQ RU PXVW PDNH XVH RI x&HUHQNRY

GHWHFWRU LQIRUPDWLRQ� 6XFK SURFHVVRUV FRXOG SURYLGH ERWK WUDFNLQJ DQG SDU�

WLFOH LGHQWLpFDWLRQ LQIRUPDWLRQ� 7KH GXDO�ULQJ DOJRULWKP RoHUV WKH SRWHQWLDO

RI YHU\ UDSLG DQG DFFXUDWH GHWHUPLQDWLRQ RI KLJK�VSHHG WUDFN SDUDPHWHUV�

EXW SUHVHQWV VHULRXV FKDOOHQJHV WR KDUGZDUH �DQG VRIWZDUH� GHVLJQHUV EHFDXVH

RI WKH ODUJH QXPEHU RI ?FRQQHFWLRQV� EHWZHHQ WKH GHWHFWRU LPDJH SODQH DQG

WKH WUDFN FHQWHU GXDO VSDFH� ,Q SULQFLSOH� WKH DOJRULWKP LV D YHU\ VLPSOH RQH�

WR�PDQ\� PDQ\�WR�RQH FURVV�EDU VZLWFK IRU HDFK GHVLUHG YDOXH RI X7 � 7KH

SUREOHP LV WKDW ?PDQ\� FDQ HDVLO\ PHDQ RYHU ��� FRQQHFWLRQV SHU FHOO EH�

WZHHQ WZR DUUD\V RI VHYHUDO WKRXVDQG FHOOV HDFK� $ UHODWHG SUREOHP LV WKH

VRIWZDUH LPSOHPHQWDWLRQ QHHGHG WR UHGXFH WKH QXPEHU RI FRPSXWDWLRQ VWHSV

VR WKDW SUDFWLFDO DQDO\VLV FRGHV FDQ EH GHYHORSHG ZKLFK ZLOO QRW VLJQLpFDQWO\

LPSHGH HYHQW UHFRQVWUXFWLRQ�

� &RQFOXVLRQV

:H KDYH GHVFULEHG D VLPSOH DQG SRZHUIXO DOJRULWKP IRU pQGLQJ x&HUHQNRY

ULQJV DPRQJVW RWKHU ULQJV DQG EDFNJURXQGV WKDW XVHV RQO\ WKH SKRWRQ KLW

LQIRUPDWLRQ VXSSOLHG E\ WKH 5,&+ GHWHFWRU� $VVXPLQJ GHWHFWRU SHUIRUPDQFH

FKDUDFWHULVWLFV ZHOO ZLWKLQ WRGD\
V VWDWH�RI�DUW� WKH VWDWLVWLFDO SRZHU RI WKH

PHWKRG VKRXOG SHUPLW HrFLHQW GHWHFWLRQ RI KLJK�VSHHG WUDFNV LQ PRGHUDWHO\

QRLV\ HQYLURQPHQWV ZLWK UHODWLYHO\ IHZ IDOVH WUDFNV�

5HIHU HQFHV

>�@ ([SHULPHQWDO 7HFKQLTXHV RI &KHUHQNRY /LJKW ,PDJLQJ� HGLWHG E\ (�

1DSSL DQG 7� <SVLODQWLV� 1XFO� ,QVWU� 0HWKRGV $ ��� �������

>�@ +(5$�% 7HFKQLFDO 'HVLJQ 5HSRUW� '(6< 5HSRUW '(6<�35&�������

-DQXDU\� �����
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)LJXUH �� 'XDO VSDFH IRU D VLQJOH X  ����� WUDFN FRPSXWHG ZLWK GLoHUHQW

GXDO WHPSODWHV KDYLQJ WKH YDOXHV RI X7 LQGLFDWHG�
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