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7KH IORZ RI LPPLVFLEOH IOXLG SKDVHV LQ SRURXV PHGLD LV LQYROYHG

LQ PDQ\ GLVSODFHPHQW SURFHVVHV� VXFK DV RLO UHFRYHU\� JURXQGZDWHU

FRQWDPLQDWLRQ� DQG GLVSHUVLRQ RI WR[LF FKHPLFDOV LQ VRLO� 7KH WLPH

KLVWRU\ RI WKH LQWUDPHGLD VSDWLDO VDWXUDWLRQ GLVWULEXWLRQ RI HDFK SKDVH

LV HVVHQWLDO IRU GHVFULELQJ WKH VWRUDJH DQG WUDQVSRUW RI IOXLGV LQ SR�

URXV PHGLD�

,Q JHQHUDO� ZKHQ WZR�SKDVH LPPLVFLEOH IOXLGV DUH IORZLQJ LQ SR�

URXV PHGLD� XQVWDEOH IORZ �YLVFRXV ILQJHULQJ� PD\ UHVXOW GXH WR WKH

UHJLPH ZKHUH RQH IOXLG LV OHVV YLVFRXV WKDQ WKH RWKHU� 7KH FULWHULD

RQ IOXLG LQVWDELOLW\ UHVXOW IURP YLVFRVLW\� LQWHUIDFLDO WHQVLRQ DQG SUR�

SHUWLHV RI PHGLD� 7KH GLVSODFHPHQW RI LPPLVFLEOH IOXLGV LV RI LP�

SRUWDQFH LQ PDQ\ SURFHVVHV DV PHQWLRQHG DERYH� ,Q WKRVH DUHDV� DQ

XQGHUVWDQGLQJ RI WKH UHOHYDQW PHFKDQLVPV LV HVVHQWLDO IRU WKH VWRU�

DJH DQG WKH WUDQVSRUW RI IOXLGV LQ SRURXV PHGLD� 7KUHH GLIIHUHQW DS�

SURDFKHV >&KXRNH HW DO�� ����� :LOOHPVHQ� ����� 3DWHUVRQ� ����@

DUH JLYHQ WR GHVFULEH WKH PHFKDQLVPV OLQNHG WR WKH GLVSODFHPHQW RI

WZR LPPLVFLEOH IOXLGV� 8QOLNH SUHYLRXV WKHRUHWLFDO DSSURDFKHV� WKH

IRUPHU SDSHU >.LP DQG &KXQJ� ����@ LV EDVHG RQ D VWRFKDVWLF PRG�

HO� ,Q WKLV PRGHO D SRURXV PHGLXP LV FRQVLGHUHG WR EH HTXLYDOHQW WR

D QHWZRUN RI XQLIRUP FDSLOODULHV DQG IORZ RFFXUV ZLWKLQ D UDQGRP

PLFURVFRSLF FDSLOODU\ QHWZRUN� 7KH IRUPHU SDSHU LV FKLHIO\ FRQ�

FHUQHG ZLWK WKH G\QDPLF IOXLG EHKDYLRU WKDW WDNHV SODFH LQ D SRURXV

PHGLXP� $Q DQDO\WLFDO H[SUHVVLRQ LV GHYHORSHG DQG FDQ GHVFULEH

IOXLG VDWXUDWLRQ GLVWULEXWLRQ WKDW DJUHHV TXDOLWDWLYHO\ ZLWK WKDW VHHQ

LQ H[SHULPHQW� 6XFK VDWXUDWLRQ GLVWULEXWLRQV LQ RSWLFDOO\ GHQVH PHGLD

DUH GLIILFXOW WR DFTXLUH EHFDXVH RI WKH LQDFFHVVLELOLW\ WR FRQYHQWLRQDO

PHDVXUHPHQW SUREHV�

6HYHUDO PHWKRGV KDYH EHHQ XVHG� KRZHYHU� IRU VWXG\LQJ IOXLG VDW�

XUDWLRQ GLVWULEXWLRQV GXULQJ IOXLG GLVSODFHPHQW SURFHVVHV� 0LFUR�

ZDYH DEVRUSWLRQ >3DUVRQ� ����@ DQG UHVLVWLYLW\ PHDVXUHPHQW >/HYHU�

HWWH� ����@ SURYLGH DUHD�DYHUDJH IOXLG VDWXUDWLRQ� 7UDQVSDUHQW SR�

URXV PRGHOV >9DQ 0HXUV� ����@ VKRZ WKH PRWLRQ RI WKH IOXLG LQ�

WHUIDFH� HYHQ WKRXJK WKH\ GR QRW JLYH TXDQWLWDWLYH GDWD� 5HFHQWO\�

UDGLRLVRWRSH WUDFLQJ E\ *DPPD &DPHUD >&DVWHOODQD HW DO�� �����

+XDQJ� ����@ JLYHV WZR�GLPHQVLRQDO SURMHFWLRQV RI WKH IOXLG VDWX�

UDWLRQ GLVWULEXWLRQ� 1RQH RI WKHVH PHWKRGV SURYLGHV WKH GHWDLOHG LQ�

IRUPDWLRQ UHTXLUHG IRU D FRQFOXVLYH VWXG\ RI DQ LPPLVFLEOH IOXLGV

GLVSODFHPHQW SURFHVV� ,Q FRPSDULVRQ WR WKHVH WUDGLWLRQDO WHFKQLTXHV�

;�UD\ &RPSXWHG 7RPRJUDSK\ �ZH FDOO WKLV &7 KHUHDIWHU� LV D IDVW

DQG DFFXUDWH WHFKQLTXH ZKLFK FDQ RIIHU XQSUHFHGHQWHG LQIRUPDWLRQ

DERXW IOXLG VDWXUDWLRQ GLVWULEXWLRQV LQ SRURXV PHGLD GXULQJ GLV�

SODFHPHQW SURFHVVHV� DV ZHOO DV LQIRUPDWLRQ DERXW URFN VWUXFWXUHV

FRUUHVSRQGLQJ WR ORFDO UHJLRQV ZLWKLQ SRURXV PHGLD� :DQJ DQG FR�

ZRUNHUV >����� ����@ ZHUH WKH ILUVW WR DSSO\ PHGLFDO ;�UD\ WRPRJ�

UDSK\ WR VWXG\ IOXLGPRWLRQ LQ RLO UHFRYHU\ UHVHDUFK�:HOOLQJWRQ DQG

9LQHJDU >����@ RI 6KHOO UHYLHZHG WKUHH�GLPHQVLRQDO PHDVXUHPHQW

RI URFN GHQVLW\� SRURVLW\� LWV UHOHYDQFH WR URFN PHFKDQLFV� FRUUHOD�

WLRQ RI FRUH ORJV ZLWK ZHOO ORJV� DQG RWKHU SHWURSK\VLFDO DSSOLFD�

WLRQV� )ODQQHU\ HW DO� >����@ KDYH UHSRUWHG RQ PLFUR ;�UD\ &7 IRU

LPDJLQJ LQGLYLGXDO SRUHV ZLWK D SL[HO VL]H RI ���µP� 0RUH UH�

FHQWO\PDJQHWLF UHVRQDQFH LPDJLQJ >9LQHJDU� �����&KHQ HW DO�� ����@

KDV EHHQ XVHG WR VWXG\ IORZ EHKDYLRU LQ D SRURXV PHGLXP� $PRQJ

WKH IOXLG IORZ SUREOHPV WKDW FDQ EH VWXGLHG ZLWK &7 DUH WZR�SKDVH

UHODWLYH SHUPHDELOLW\� GLVSHUVLRQ� YLVFRXV ILQJHULQJ� WUDSSHG RLO VDW�

XUDWLRQ� DQG LPELELWLRQ� &RPSXWHUL]HG 7RPRJUDSK\ FDQ JHQHUDWH

G\QDPLF WKUHH�GLPHQVLRQDO LPDJHV RI WZR�SKDVH VDWXUDWLRQV DQG

SURYLGHV TXDQWLWDWLYH LQIRUPDWLRQ RI WLPH HYROXWLRQ RI IOXLG VDWXUD�

WLRQ DW HDFK SRVLWLRQ� 7KXV� WKH XVH RI &7 PDNHV FKDUDFWHUL]DWLRQ

RI WZR�SKDVH GLVSODFHPHQW KLVWRU\ LQ RSWLFDOO\ GHQVH SRURXV PHGLD

SRVVLEOH� 7KLV ZRUN UHODWHV IOXLG VDWXUDWLRQ GDWD WR WKH RQH�GLPHQ�

VLRQDOPRGHO RI LPPLVFLEOH IOXLGV IORZ GHYHORSHG LQ WKH IRUPHU SDSHU
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�� ;�UD\ &RPSXWHG 7RPRJUDSK\

$Q (0, &7 ���� WUDQVYHUVH D[LDO WRPRJUDSK\ V\VWHP XVHG IRU

WKH H[SHULPHQW LV D VHFRQG�JHQHUDWLRQ VFDQQHU �(0,0HGLFDO /LP�

LWHG� 6ORXJK� 8�.��� $ WRPRJUDSKLF VHFWLRQ� QRPLQDOO\ �î��−�P

WKLFN� LV VFDQQHG E\ XVLQJ ;�UD\V DQG WKH UHVXOWLQJ SLFWXUH LV GLV�

SODFHG RQ D YLGHR PRQLWRU� 7KH V\VWHP FRYHUV WKH IXOO UDQJH RI ;�

UD\ DEVRUSWLRQ FRHIILFLHQWV RI PDWHULDOV QRUPDOO\ IRXQG LQ WKH KXPDQ

ERG\� 7KH UDQJH ZKLFK LV OLQHDU� H[WHQGV RQ DQ (0, VFDOH ZKHUH

ZDWHU LV ]HUR DQG DLU DQG ERQH DUH−��� DQG ����� UHVSHFWLYHO\� (0,
QXPEHU LV GHILQHG DV

���

ZKHUH µ DQG µ
ZDWHU

DUH OLQHDU DWWHQXDWLRQ FRHIILFLHQW DQG DWWHQXDWLRQ

FRHIILFLHQW RI ZDWHU� UHVSHFWLYHO\� $ VFDQ ILHOG RI �����Pî�����P

LV GLYLGHG LQWR D ���î��� PDWUL[ RI SLFWXUH HOHPHQWV �SL[HOV� RI

����î��−�P E\ ����î��−�P� 7KH ;�UD\ WXEH LV XVXDOO\ RSHUDWHG

DW ���.H9 DQG ��P$ DQG WKH GHWHFWRU DVVHPEO\ LV FRPSULVHG RI

�� GHWHFWRUV� HDFK FRPELQLQJ D GRSHG VRGLXP LRGLGH VFLQWLOODWLRQ

FU\VWDO SKRWRPXOWLSOLHU� 7KH (0, VFDQQHU VRIWZDUH SHUIRUPV DXWR�

PDWLF VFDQ VHTXHQFH FRQWURO� FRQFXUUHQW GDWD DFTXLVLWLRQ� LPDJH GLV�

SOD\ DQG DQQRWDWLRQ DQG DXWRPDWLF WUDQVIHU WR DPDJQHWLF WDSH� 7KHVH

&7�JHQHUDWHGPDJQHWLF WDSHV ZHUH WKHQ WUDQVIHUUHG WR D PLFURFRP�

SXWHU ZKHUH WKH IOXLG VDWXUDWLRQV ZHUH FRPSXWHG�

�� 7KH 3UHSDUDWLRQ RI 3RURXV 0HGLXP $VVHPEO\

$ TXDVL�RQH GLPHQVLRQDO SRURXV PHGLXP ZDV FRQVWUXFWHG IURP

�� VKHHWV RI :KDWPDQ 1XPEHU � ILOWHU SDSHU� 5RXQG ILOWHU SDSHUV

�GLDPHWHU ����P� ZHUH FXW LQWR UHFWDQJXODU VKDSHV �����î����P�

DQG VLOLFRQH UXEEHU DGKHVLYH ZDV HYHQO\ DSSOLHG WR IRXU HGJHV� 7KH

ILOWHU SDSHUV ZHUH SODFHG WRJHWKHU VR WKDW WKH WKLFNQHVV RI UHVXOWLQJ

SRURXV PHGLXP ZDV DSSUR[LPDWHO\ ������� P�

7KH ZKROH DVVHPEO\ ZDV SXW LQ D YDFXXP RYHQ ���PP+J� IRU

��PLQXWHV VR WKDW VLOLFRQH VHDO GHYHORSHG VRPH GHJUHH RI FXUH� 7KH

SRURXV PHGLXP ZDV WKHQ UHPRYHG IURP WKH YDFXXP RYHQ DQG SXW

EHWZHHQ VWHHO SODWHV KDYLQJ WKH GLPHQVLRQ RI ����î����î������P�

$ ����� NJ IRUFH E\ SUHVV �3DVDGHQD +\GUDXOLFV ,QF�� (O 0RQWH�

&$�� ZDV DSSOLHG IRU ��KRXUV WR IXOO\ FXUH WKH VLOLFRQH UXEEHU VHDO�

5XEEHU JDVNHWV ZHUH DOVR IL[HG RQ WKH IRXU HGJHV RI WKH IXOO\ FXUHG

SRURXV PHGLXP �����î����î������P� WR SUHYHQW OHDNDJH RI IOXLG

GXULQJ WKH GLVSODFHPHQW H[SHULPHQWV� 7KH SRURXV PHGLXP KDYLQJ

WKH UXEEHU JDVNHWV ZDV WKHQ VLOLFRQHG WR 39& SODWH DQG DVVHPEOHG

WR NHHS WKH JDS RI ������P� 7KH VLOLFRQH UXEEHU ZDV FRPSOHWHO\

FXUHG IRU �� KRXUV WR VHFXUH WKH OHDNDJH RI IOXLG�

7KH 39& SODWH ZDV PRXQWHG RQ D SRVLWLRQLQJ MLJ RQ WKH &7PD�

FKLQH DQG LW ZDV VFDQQHG LQ WKH GU\ VWDWH WR DVVXPH VWUXFWXUDO XQL�

IRUPLW\� 7KH XQLIRUP GLVWULEXWLRQ RI ;�UD\ DWWHQXDWLRQ FRHIILFLHQW

ZLWK UHVSHFW WR GLVWDQFH SURYHG WKDW WKH FHOOXORVLF EHG FRQVLVWHG RI

D KRPRJHQHRXV SRURXV VWUXFWXUH� 7KH SRURVLW\ RI FHOOXORVLF EHG GH�

WHUPLQHG E\ H[SHULPHQW LV WR EH ���� ,W LV DVVXPHG WKDW WKH YRLG IUDF�

WLRQ RI HDFK SRURXV PHGLD LV FRQVWDQW DQG LQGHSHQGHQW RI IOXLG RF�

FXS\LQJ LW�

�� )OXLG�'LVSODFHPHQW ([SHULPHQWV

7KH SUHUHTXLVLWHV IRU IOXLGV XVHG LQ GLVSODFHPHQW H[SHULPHQWV

DUH� ��� 7KHUH PXVW EH LPPLVFLELOLW\ EHWZHHQ GLVSODFHG IOXLGV DQG

GLVSODFLQJ IOXLGV� ��� 7KH FRQWDFW DQJOH RI WKH OLTXLGV ZLWK FHOOXORVH

PXVW EH QHDU �� GHJUHHV VR DV WR PLQLPL]H FDSLOODULW\� 7KH LPPLV�

FLEOH IOXLGV XVHG ZHUH ZDWHU FRQWDLQLQJ ����ZW� VXFURVH �GLVSODF�

LQJ IOXLG� DQG GHF\O DOFRKRO �GLVSODFHG IOXLG�� &7 H[SHULPHQWV RQO\

GLIIHUHQWLDWH EHWZHHQ IOXLGV LI GLVSODFLQJ IOXLG KDV KLJKHU DWWHQXD�

WLRQ WKDQ GLVSODFHG IOXLG� ����ZW� VXFURVH VROXWLRQ ZDV WDJJHGZLWK

���0., VROXWLRQ WR LQFUHDVH LWV ;�UD\ DWWHQXDWLRQ FRHIILFLHQW� 7KLV

FRQFHQWUDWLRQ JDYH RSWLPDO FRQWUDVW ZLWK GHF\O DOFRKRO DQG PLQL�

PL]HG EHDP KDUGHQLQJ�

:KHQ ����ZW� VXFURVH VROXWLRQ �YLVFRVLW\ ����� F3 DW ���� R&�

GLVSODFHG GHF\O DOFRKRO �YLVFRVLW\ ����� F3 DW ���� R&� VDWXUDWHG

LQ SRUH VWUXFWXUH� YLVFRVLW\ GLIIHUHQFH EHWZHHQ WZR IOXLGV ZDV ����F3

�ZH FDOO WKLV FDVH ]HUR YLVFRVLW\ GLIIHUHQFH KHUHDIWHU�� 7KH YLVFRVLW\

RI ZDWHU ZDV PRGLILHG E\ VXFURVH� 'HF\O DOFRKRO ZDV VHOHFWHG DV

GLVSODFHG IOXLG EHFDXVH LWV YLVFRVLW\ ZDV HTXLYDOHQW WR VXFURVH VR�

OXWLRQ DQG KDG D QHDU QHXWUDO ZHWWDELOLW\ WR FHOOXORVH� 'HF\O DOFRKRO

LV DOVR LPPLVFLEOH ZLWK ZDWHU�

)LJ� � VKRZV WKH &7 H[SHULPHQWDO OD\RXW� 'LVSODFHPHQW H[SHUL�

PHQWV ZHUH FDUULHG RXW E\ PRXQWLQJ FHOOXORVLF SRURXV PHGLXP EH�

WZHHQ WZR FLUFXODU SODWHV RI SRO\�YLQ\O FKORULGH� VKRZQ LQ )LJ� ��

)RU DVVHPEOLQJ RI WKH SRURXV EHG FDUH ZDV WDNHQ WR HQVXUH WKDW WKH

JDS EHWZHHQ WZR SODWHV ZDV PDLQWDLQHG FRQVWDQW E\ XVLQJ SRO\HWK�

\OHQH VSDFHUV� 1\ORQ EROWV �WUDQVSDUHQW WR;�UD\� VHFXUHG WKHVH SODWHV�

3RVLWLRQLQJ DUUDQJHPHQWZDV XVHG WR SODFH DEVRUEHQWPRXQWLQJ IUDPH

H[DFWO\ ZLWKLQ WKH WRPRJUDSKLF SODQH RI WKH &7 VFDQQHU� $IWHU WKH

DEVRUEHQW PRXQWLQJ IUDPH ZDV FHQWHUHG LQ WKH &7 VFDQQHU� GU\ FHO�

OXORVLF SRURXV PHGLXP ZDV ILUVW VFDQQHG WR HQVXUH WKH KRPRJHQH�

LW\ RI SRURXV VWUXFWXUH LQVLGH WKH EHG� 7HQ SRUH YROXPHV RI GLV�

���
µ −µZDWHU

µZDWHU

�������������������×

)LJ� �� 6FKHPDWLF GLDJUDP RI H[SHULPHQWDO VHWXS�

)LJ� �� $EVRUEHQW PRXQWLQJ IUDPH RI SRO\�YLQ\O FKORULGH� �GLPHQ�

VLRQ LQ FP��
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SODFHG IOXLGV ZHUH LQMHFWHG WR VDWXUDWH WKH SRURXV PHGLXP DIWHU HYD�

FXDWLRQ� 8QLIRUP VDWXUDWLRQ RI SRURXV PHGLXP ZDV FRQILUPHG E\

&7 LPDJH EHIRUH GLVSODFHPHQW H[SHULPHQW� $ GLVSODFLQJ IOXLG ZDV

LQMHFWHG DW � IORZ UDWHV� VXFK DV ����� FP��PLQ� ���� FP��PLQ� DQG

����FP��PLQ� 7KH LPDJH GDWDZHUH WDNHQ DW HYHU\ �� VHFRQGV GXULQJ

GLVSODFHPHQW H[SHULPHQWV� (LJKW LPDJH GDWD ZHUH VHOHFWHG IURP

HDFK IORZ UDWH WR FRQILUP WKHRU\� 7KH ORFDO ;�UD\ DWWHQXDWLRQ FR�

HIILFLHQW ZDV UHFRUGHG IRU HDFK SL[HO SRVLWLRQ RI WKH LPDJH� $OO YRO�

XPHWULF IORZV ZHUH YHULILHG E\ PRQLWRULQJ WKH YROXPH RI IOXLG LQ D

JUDGXDWHG F\OLQGHU� $GMXVWLQJ WKH KHLJKW RI RXWOHW WXEH UHOLHYHG JUDY�

LW\ HIIHFW� )RU WKH FRQYHUVLRQ RI &7GDWD LQWR VDWXUDWLRQ IUDFWLRQ �GLV�

SODFLQJ�GLVSODFHG IOXLG FRPSRVLWLRQ�� WKH DWWHQXDWLRQ FRHIILFLHQW GLV�

WULEXWLRQV WR IOXLGV ZHUH GHWHUPLQHG RYHU D FURVV�VHFWLRQ RI FHOOXOR�

VLF SRURXV EHG� 7KH PDJQLWXGH RI WKH PLQRU IOXFWXDWLRQV LQ WKH &7

GDWD ZDV PHDVXUHG DQG FRPSDUHG WR WKH H[SHFWHG &7 VFDQQHU QRLVH

DQG�RU SRURVLW\ YDULDWLRQ�
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$ WZR�SKDVH GLVSODFHPHQW H[SHULPHQW UHTXLUHV WZR NLQGV RI UH�

IHUHQFH LPDJH GDWD LQ RUGHU WR FRPSXWH WKH VDWXUDWLRQ IUDFWLRQ� 2QH

LV WDNHQ IURP WKH FHOOXORVLF SRURXV PHGLXP VDWXUDWHG RQO\ ZLWK GLV�

SODFLQJ IOXLG DQG WKH RWKHU ZLWK RQO\ GLVSODFHG IOXLG� 7KH OLQHDU DW�

WHQXDWLRQ FRHIILFLHQW RI D VSHFLILF YR[HO �YROXPH HOHPHQW� �L� M� �)LJ�

��� µL� M� LV D OLQHDU FRPELQDWLRQ RI WKH DWWHQXDWLRQ FRHIILFLHQWV RI DOO

H[LVWLQJ FRPSRQHQWV

µL� M ��−φL� M� µFHOOXORVH�φL� Mµ� RU � ���

ZKHUHφL� M LV WKH YRLG IUDFWLRQ RI WKH YROXPH HOHPHQW �L� M��µ� RU � VWDQGV

IRU WKH DWWHQXDWLRQ FRHIILFLHQW RI WKH GLVSODFLQJ IOXLG �VXEVFULSW ��

RU GLVSODFHG IOXLG �VXEVFULSW ��� :KHQ HDFK SRURXV PHGLXP LV VDW�

XUDWHG ZLWK WKH GLVSODFLQJ DQG GLVSODFHG IOXLG UHVSHFWLYHO\� WKH DW�

WHQXDWLRQ FRHIILFLHQWV IRU WKH YR[HO �L� M� DUH�

µ�� FHOOXORVH ��−φL� M�µFHOOXORVH�φL� Mµ� ���

µ�� FHOOXORVH ��−φL� M�µFHOOXORVH�φL� Mµ� ���

7KH DWWHQXDWLRQ FRHIILFLHQW IRU WKH VDPH YR[HO ZKHQ WKH SRURXV PH�

GLXP QRZ FRQWDLQV ERWK IOXLGV LV�

µL� M ��−φL� M�µFHOOXORVH�φL� M[L� Mµ��φL� M��− [L� M�µ� ���

&RPELQLQJ WKH DERYH HTXDWLRQV� DQ HTXDWLRQ IRU WKH VDWXUDWLRQ RI

WKH GLVSODFLQJ IOXLG LV REWDLQHG�

���

(T� ��� LV WKH IXQGDPHQWDO UHODWLRQVKLS WKDW OLQNV WKH DWWHQXDWLRQ FR�

HIILFLHQWV WR IOXLG VDWXUDWLRQV� 7R FDOFXODWH WKH VDWXUDWLRQ IUDFWLRQ DF�

FXUDWHO\� WKH DWWHQXDWLRQ FRHIILFLHQW GLVWULEXWLRQ RIµ�� FHOOXORVH DQGµ�� FHOOXORVH

ZDV FKHFNHG RYHU WKH FURVV�VHFWLRQ RI WKH SRURXV PHGLXP� 7KH HI�

IHFW RI EHDP KDUGHQLQJ �WKH LQFUHDVH RI ;�UD\ DYHUDJH HQHUJ\ GXU�

LQJ WKH SDVVDJH WKURXJK WKH PDWHULDO WKDW UHVXOWV IURP WKH ODUJHU DW�

WHQXDWLRQ RI WKH ORZHU HQHUJ\ SDUW RI WKH EHDP� ZDV VKRZQ WR EH

QHJOLJLEOH� )URP WKH GLIIHUHQFH EHWZHHQ µ�� FHOOXORVH DQG µ�� FHOOXORVH DQG

WKH SUHFLVLRQ LQ ZKLFK WKHVH QXPEHUV FDQ EH REWDLQHG� LW LV VKRZQ

WKDW WKH IOXLG VDWXUDWLRQ FDQ EH REWDLQHG ZLWKLQ DERXW ����� HUURU

UDQJH� ([SHULPHQWDO UHVXOWV VKRZHG D SURQRXQFHG YDULDWLRQ RI ;�

UD\ DWWHQXDWLRQ QXPEHUV DORQJ WKH GLUHFWLRQ RI RYHUDOO GLVSODFHPHQW

DQG QHJOLJLEOH YDULDWLRQV LQ RWKHU GLUHFWLRQV� 7KHUHIRUH� IORZ WRRN

SODFH PDLQO\ LQ RQH GLUHFWLRQ DQG WKH VDWXUDWLRQV ZHUH FRPSXWHG

E\ WDNLQJ WKH DYHUDJH;�UD\ QXPEHUV RI WKH FHQWUDO �� SL[HOV UHJLRQ�

,Q WKH IROORZLQJ SDUDJUDSKV WKH VWHSV WDNHQ WR UHGXFH LPDJH GDWD

WR SK\VLFDO GLVSHUVLRQ FRHIILFLHQWV DUH GLVFXVVHG� 7KHVH VWHSV LQFOXGH

HVWLPDWLQJ ORFDO IOXLGV VDWXUDWLRQ DORQJ WKH SRVLWLRQ RI IORZ GLUHF�

WLRQ� GLIIHUHQWLDWLQJ VDWXUDWLRQ�GLVWDQFH GDWD DQG H[WUDFWLQJ 3����[� W� 

−∂Φ:�∂[ ρ����[� W��0 �ZH H[SUHVV WKLV WHUP DV 3��� KHUHDIWHU� DORQJ

WKH SRVLWLRQ D[LV >VHH (T� ����� .LP DQG &KXQJ� ����@� ,Q WKH VLP�

SOHVW LQWHUSUHWDWLRQ� WKH DYHUDJH GLVSODFHPHQW UDWH β DQG WKH GLVSHU�
VLRQ FRQVWDQW ' FDQ EH GHWHUPLQHG IURP WKH ILUVW PRPHQW DQG VH�

FRQGPRPHQW RI WKH GLVWULEXWLRQ RI 3��� DORQJ WKH SRVLWLRQ D[LV� 7KH

ILUVW PRPHQW LV GHILQHG E\�

���

DOVR ZH KDYH�

���

LQ ZKLFK β LV WKH DYHUDJH GLVSODFHPHQW UDWH DQG LV HDVLO\ GHWHU�

PLQHG IURP �[! DQG RSWLPDO WLPH�

7KH VHFRQG PRPHQW LV GHILQHG E\�

���

$ GLVSHUVLRQ FRHIILFLHQW ' FDQ EH FRPSXWHG E\�

����

(;3(5,0(17$/ 5(68/76 $1' ',6&866,216

7KH OLTXLG�OLTXLG FRQWDFW DQJOH �WDNHQ WKURXJK ZDWHU� ZDV PHDV�

XUHG RQ FHOORSKDQH ILOP DQG IRXQG WR EH �� GHJUHHV� 7KXV� DOO H[�

SHULPHQWV ZHUH GHVLJQHG VR WKDW FDSLOODULW\ HIIHFWV ZRXOG EH PLQL�

PDO� 9LVFRVLW\ GLIIHUHQFHV DQG IOXLG GLVSODFHPHQW UDWHV ZRXOG EH

WKH SULQFLSDO YDULDEOHV�

$YHUDJH (0, QXPEHU RI GHF\O DOFRKRO VDWXUDWHG FHOOXORVLF EHG

DQG VXFURVH VROXWLRQ VDWXUDWHG EHG ZHUH VKRZQ DV ���� DQG ������

[L M, = µL M, −µ� FHOOXORVH,

µ� FHOOXORVH, −µ� FHOOXORVH,
�����������������������������������������
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)LJ� ��$ YR[HO �L� M� RI ZKROH REMHFW FRQVLVWV RI FHOOXORVLF DEVRUEHQW

LQ FHQWHU DQG SODVWLF SODWHV LQ ERWK VLGHV�
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UHVSHFWLYHO\� 7KH GLIIHUHQFH EHWZHHQ GHF\O DOFRKRO DQG VXFURVH GDWD

�(0, ������ LV SURSRUWLRQDO WR WKH IUDFWLRQ RI GHF\O DOFRKRO LQ WKH

SRURXV VWUXFWXUH� /RFDO IOXLG VDWXUDWLRQ DORQJ WKH SRVLWLRQ FDQ EH

DFFXUDWHO\ HVWLPDWHG E\ XVLQJ WKH FDOLEUDWLRQ GDWD DQG (T� ����

�� *UD\ 6FDOH ,PDJHV

,Q )LJ� � D JUD\ VFDOH LPDJH RI &7 ZDV JLYHQ IRU H[SHULPHQW LQ

ZKLFK VXFURVH VROXWLRQ GLVSODFHG GHF\O DOFRKRO IRU WKH IORZ UDWH RI

���� >FP��PLQ@� 7KLV LV W\SLFDO RI DOO LPDJH GDWD XVHG LQ GLVSODFH�

PHQW H[SHULPHQWV� ,W LV VHHQ WKDW WKH LQWHUIDFH EHWZHHQ GLVSODFHG

DQG GLVSODFLQJ IOXLG LV IODW DQG WKDW WKHUH LV YHU\ OLWWOH WHQGHQF\ IRU

D IOXLG SURMHFWLRQ �RU ILQJHU WR IRUP�� 7KXV� WKH FHQWUDO �� SL[HOV

VHFWLRQ LQ IORZ GLUHFWLRQ FDQ EH IXOO\ UHSUHVHQWDWLYH RI WKH GLVSODFH�

PHQW H[SHULPHQW�

�� 'LVSODFLQJ )OXLG 6DWXUDWLRQV DV D )XQFWLRQ RI 3RVLWLRQ

)LJV� ��D����F� VKRZ GLVSODFLQJ IOXLG VDWXUDWLRQ IUDFWLRQ DV D IXQF�

WLRQ RI SRVLWLRQ DW GLIIHUHQW WLPH ZLWK LQFUHDVLQJ IOXLG GLVSODFHPHQW

UDWH� 'LVWDQFH LVPHDVXUHG LQ SL[HOV� HDFK SL[HO EHLQJ ����PPZLGH�

7KHVH ILJXUHV DUH WKH IXQGDPHQWDO SORWV RXW RI ZKLFK GLVSHUVLRQ FR�

HIILFLHQWV FDQ EH XOWLPDWHO\ HVWLPDWHG� ,QFUHDVLQJ GLVSODFHPHQW UDWH

EURDGHQV WKH VDWXUDWLRQ ]RQH RI GLVSODFLQJ IOXLG� )RU D JLYHQ GLV�

SODFHPHQW UDWH� SDUWLFXODUO\ LQ )LJ� ��F�� LW LV HYLGHQW WKDW DW ORQJHU

WLPHV WKH EURDGHQLQJ RI WKH ]RQH RFFXUV EHWZHHQ GLVSODFLQJ DQG

GLVSODFHG IOXLG� ,W LV DOVR REVHUYHG WKDW WKH GLVSODFLQJ IOXLG GRHV QRW

HYHQ DW YHU\ ODUJH WLPH GLVSODFH DOO RI WKH GLVSODFHG IOXLG IURP WKH

SRURXV PHGLD� 7KLV UHVLGXDO VDWXUDWLRQ LV REVHUYHG LQ )LJ� ��D����F�

WR EH ���� VDWXUDWLRQ IUDFWLRQ DQG LV LQGHSHQGHQW RI GLVSODFHPHQW

UDWH�

��)UDFWLRQDO &RQFHQWUDWLRQ RI 0LFURVFRSLF ,QWHUIDFHV DW D 3R�

VLWLRQ [

(T� ���� >WKH VDPH HTXDWLRQ DV (T� ����� .LP DQG &KXQJ� ����@

GHILQHG ρ����[� W� DV WKH FRQFHQWUDWLRQ RI PLFURVFRSLF LQWHUIDFHV� 3���

FDQ EH GHWHUPLQHG GLUHFWO\ IURP H[SHULPHQWDO GDWD� 6LQFH 3��� LV GH�

ILQHG DV 3��� −∂Φ:�∂[ DW W� WKHQ WKH VORSHV LQ )LJ� � JLYH 3��� DV D

IXQFWLRQ RI SRVLWLRQ�

����

6LQFH D FRPSOHWH WKHRUHWLFDO GHVFULSWLRQ H[LVWV IRU WKH FDVH RI YLV�

FRVLW\ GLIIHUHQFH HTXDO WR ]HUR >.LP DQG &KXQJ� ����@� WKH VSDWLDO

YDULDWLRQ RI 3��� FDQ DOVR EH GHWHUPLQHG� ,Q )LJ� ��D���F�� WKH IUDF�

WLRQDO FRQFHQWUDWLRQ RI PLFURVFRSLF LQWHUIDFHV� 3��� KDV EHHQ SORWWHG

DV D IXQFWLRQ RI SRVLWLRQ IRU WKH WKUHH GLIIHUHQW IORZ UDWHV� 3��� LV DQ

LQGLFDWLRQ RI WKH VSDWLDO GLVWULEXWLRQ RI WKH IUDFWLRQ RI PLFURVFRSLF
ρ �( )

[ W,( ) = 0

�π'W( )���
���������������������H[S − [ +βW( )�

�'W
�������������������

)LJ� �� *UD\ VFDOH LPDJH RI VXFURVH VROXWLRQ ����0., GRSHG� GLV�

SODFLQJ GHF\O DOFRKRO DW WKH IORZ UDWH RI ���� FP��PLQ �ZKLWH
DUHD PHDQV VXFURVH VROXWLRQ��

)LJ� �� 7KH YDULDWLRQ RI VDWXUDWLRQ IUDFWLRQ DORQJ ZLWK GLVWDQFH DW

GLIIHUHQW WLPH LQWHUYDO �LQ FDVH RI ]HUR YLVFRVLW\ GLIIHUHQFH�
�D� ����� FP��PLQ �E� ���� FP��PLQ �F� ���� FP��PLQ�
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LQWHUIDFHV� 7KH ZLGWK RI WKLV GLVWULEXWLRQ� ZKLFK ORRNV JDXVVLDQ� GH�

SHQGV RQ WLPH DQG LV D PHDVXUH RI WKH XQGHUO\LQJ VSUHDGLQJ SKH�

QRPHQD DVVRFLDWHG ZLWK WKH UDQGRP ZDONLQJ RI WKH LQGLYLGXDO PL�

FURVFRSLF LQWHUIDFHV�

�� &DOFXODWLRQ RI $YHUDJH 'LVSODFHPHQW 5DWH

7KH DYHUDJH GLVSODFHPHQW UDWH� β FDQ EH GHWHUPLQHG IURP WKH

GDWD LQ D QXPEHU RI ZD\V� 7KURXJK WKHVH GHWHUPLQDWLRQV RQH FDQ

)LJ� �� )UDFWLRQDO FRQFHQWUDWLRQ RIPLFURVFRSLF LQWHUIDFHV DV D IXQF�
WLRQ RI GLVWDQFH �LQ FDVH RI ]HUR YLVFRVLW\ GLIIHUHQFH� �D� �����

FP��PLQ� W ��PLQ �E� ���� FP��PLQ� W �PLQ �F� ���� FP��
PLQ� W ��� PLQ�

7DEOH �� $YHUDJH GLVSODFHPHQW UDWH� βî��� >FP�VHF@

0HWKRG

([SHULPHQWDO IORZ UDWH� 4

�����

>FP��PLQ@

����

>FP��PLQ@

����

>FP��PLQ@

)URP LQWHJUDWLRQ RI 3���

� SRVLWLRQ SORWV

���� ��� ���

)URP 4�HIIHFWLYH DUHD ���� ��� ���

7DEOH �� 7KH FRPSDULVRQ RI GLVSHUVLRQ FRHIILFLHQWV E\ GDWD DQDO�
\VLV ZLWK WKRVH E\ WKHRUHWLFDO FXUYH ILWWLQJ� ' >FP��VHF@

0HWKRG

([SHULPHQWDO IORZ UDWH� 4

�����

>FP��PLQ@

����

>FP��PLQ@

����

>FP��PLQ@

)URP GDWD DQDO\VLV RI 3���

� SRVLWLRQ SORWV

����î��−� ����î��−� ����î��−�

)URP WKHRUHWLFDO

FXUYH ILWWLQJ

����î��−� ����î��−� ���î��−�

FKHFN WKH H[SHULPHQWDO UHVXOWV IRU LQWHUQDO FRQVLVWHQF\� 7KH H[SHUL�

PHQWDO IORZ UDWH 4 ZDV PHDVXUHG LQ HDFK H[SHULPHQW DQG KHOG FRQ�

VWDQW� +RZHYHU� WKH GDWD VKRZQ GR QRW UHIOHFW WKH FRPSOHWH DUHD RI

GLVSODFHPHQW �H�J�� WKH HGJH UHJLRQV DUH QRW LQFOXGHG� DQG WKXV WKH

H[SHULPHQWDO 4 GRHV QRW DOZD\V H[DFWO\ DSSO\�

7KH DYHUDJH GLVSODFHPHQW UDWH FDQ EH GHWHUPLQHG PRVW DSSUR�

SULDWHO\ IURP 3��� � SRVLWLRQ SORW �)LJ� ��� 7KH TXDQWLW\ β LV JLYHQ ILUVW

PRPHQW PHWKRG E\ (T� ��� DQG (T� ���� )RU HDFK RI WKH )LJ� � WKLV

LQWHJUDO KDV EHHQ GHWHUPLQHG DQG β YDOXHV DUH JLYHQ LQ 7DEOH ��

7KHUH LV D GLIIHUHQFH EHWZHHQ β GHULYHG IURP H[SHULPHQWDO 4

DQG β GHULYHG IURP 3��� � SRVLWLRQ SORWV� )RU WKH FDVH RI KLJK IORZ

UDWH H[SHULPHQWV ZKHUH SUHVVXUH JUDGLHQW LV WKH JUHDWHVW� LUUHJXODULWLHV

LQ WKH IORZ �DW WKH HGJHV IRU H[DPSOH� DFFRXQW IRU WKLV GLVFUHSDQF\�

�� 'HWHUPLQDWLRQ RI 'LVSHUVLRQ &RHIILFLHQWV

(T� ���� IRUPV WKH WKHRUHWLFDO EDVLV IRU WKH UHODWLRQVKLS DPRQJ

ρ����[� W�� WKH FRQFHQWUDWLRQ RI PLFURVFRSLF LQWHUIDFHV� SRVLWLRQ DQG

WLPH� )RU WKH FDVH RI HTXDO YLVFRVLWLHV� D GLVSHUVLRQ FRHIILFLHQW PD\

EH XQDPELJXRXVO\ GHGXFHG IURP WKH H[SHULPHQWDO GDWD� 8VLQJ 3��� �

SRVLWLRQ SORWV DV VKRZQ LQ )LJ� �� GLVSHUVLRQ FRHIILFLHQW� ' FDQ EH

GHWHUPLQHG IURP D VHFRQG PRPHQW PHWKRG E\ (T� ��� DQG (T� ����

IRU WKUHH GLIIHUHQW IORZ UDWHV� 7KHVH GDWD WRJHWKHU ZLWK H[SHULPHQ�

WDO IORZ UDWHV DUH JLYHQ 7DEOH ��

8VLQJ H[SHULPHQWDOO\ GHWHUPLQHG SDUDPHWHUV �β DQG'� DQG XVLQJ

(T� ���� >WKH VDPH HTXDWLRQ DV (T� ����� .LP DQG &KXQJ� ����@�

WKHRUHWLFDO FXUYHV RI IOXLG VDWXUDWLRQ ZHUH JHQHUDWHG DV D IXQFWLRQ

RI WLPH DQG SRVLWLRQ IRU WKUHH GLIIHUHQW IORZ UDWHV�

����

7KHVH WKHRUHWLFDOO\ GHULYHG FXUYHV ZHUH WKHQ VXSHULPSRVHG RYHU

WKH H[SHULPHQWDO GDWD SRLQWV LQ )LJ� �� 3RLQWV LQGLFDWH H[SHULPHQWDO

GDWD� ZKLOH WKH VROLG OLQH UHSUHVHQWV (T� ����� $W IORZ UDWH RI �����

>FP��PLQ@� WKHUH ZDV JRRG DJUHHPHQW EHWZHHQ WKH H[SHULPHQWDO

DQG WKHRUHWLFDO UHVXOWV� 7KH ILWWHG DYHUDJH GLVSHUVLRQ FRHIILFLHQW �' 

����î��−�� ILWV WKH H[SHULPHQWDO GDWD DGHTXDWHO\ DW WKHVH GLVSODFH�
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�
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PHQW UDWHV� 7KH VDPH GLVSHUVLRQ FRHIILFLHQW ZDV XVHG RYHU D FRQ�

VLGHUDEOH UDQJH RI GLVSODFHPHQW DQG WLPH� )RU H[SHULPHQWDO UDQJH

RI IORZ UDWH� DOO WKH GDWD DUH ZHOO GHVFULEHG LQ WHUPV RI D FRQVWDQW

GLVSHUVLRQ FRHIILFLHQW DQG WKXV DQ HIIRUW ZDV PDGH WR TXDQWLI\ WKH

FORVHQHVV RI WKH ILW EHWZHHQ GDWD DQG WKHRU\� 7KH YDULDQFH ZDV

FKHFNHG DW WKH GLIIHUHQW WLPHV IRU WKUHH IORZ UDWHV FRQVLGHUHG� $W

IORZ UDWH RI ����� >FP��PLQ@ WKH YDULDQFH DIWHU WKH LQMHFWLRQ RI ����

FP� RI IOXLG �ILUVW GDWD VHW� ZDV DERXW WKH VDPH DV DIWHU WKH LQMHFWLRQ

RI ���� FP� RI IOXLG �HLJKWK GDWD VHW�� $OVR� WKH YDULDQFHV DW KLJKHU

IORZ UDWHV ZHUH VRPHZKDW KLJKHU EXW LQ WKH VDPH UDQJH DQG KDG

WKH VDPH FRQVWDQF\ ZLWK GHJUHH RI GLVSODFHPHQW� 7KHVH ZHUH JHQ�

HUDO REVHUYDWLRQV LQ DOO H[SHULPHQWDO UDQJHV RI IORZ UDWH� 7KH ILWWHG

DYHUDJH GLVSHUVLRQ FRHIILFLHQWV DUH UHSRUWHG LQ 7DEOH � IRU WKH WKUHH

IORZ H[SHULPHQWV� $ )LFNLDQ GLVSHUVLRQ FRHIILFLHQW LV� WKHUHIRUH�

DSSURSULDWH IRU WKH GHVFULSWLRQ RI LPPLVFLEOH GLVSODFHPHQW LQ D UDQ�

GRP SRURXV PHGLD�

��'LVSHUVLRQ &RHIILFLHQW DV D )XQFWLRQ RI 'LVSODFHPHQW 5DWH

)LJ� � VKRZV GLVSHUVLRQ FRHIILFLHQW ' DV D IXQFWLRQ RI GLVSODFH�

PHQW UDWH β� 7KH UHODWLRQVKLS DV SUHGLFWHG E\ WKHRU\ LV OLQHDU�

����

7KH YDOXH RI GLVSHUVLRQ FRHIILFLHQW FDQ EH XVHG WR FDOFXODWH WKH OHQJWK

RI D MXPS RU VHJPHQW� ,W LV NQRZQ WKDW WKH YRLG IUDFWLRQ FDQ EH H[�

SUHVVHG DV�

����

(OLPLQDWLQJ 0 DQG UF IURP (T� ���� E\ XVLQJ (T� �����

����

7KH OHQJWK RI D MXPS FDQ WKXV EH FDOFXODWHG IURP WKH DERYH HTXD�

WLRQ� )ORZV PHDVXUHPHQWV DQG 'DUF\¶V ODZ SUHGLFW WKDW UF LV RI WKH

RUGHU RI ��PLFURQV� ZKLFK LV DOVR FRQILUPHG E\ 6(0SKRWRPLFUR�

JUDSK �)LJ� ��� 7KLV JLYHV 0�$ WR EH DERXW ������ SHU XQLW DUHD RI

SRURXV EHG� 7KH YDOXH RI OS REWDLQHG ZDV �����î��−�P� $W ILUVW

JODQFH WKLV MXPS OHQJWK DSSHDUV WR EH WRR KLJK� 7KLV LV WKH UHVXOW RI

WKH DVVXPSWLRQ WKDW UHVWULFWV DOO RI WKH SRURXV GRPDLQV RI WKH SDSHU

WR FDSLOODULHV H[LVWLQJ LQ D VLQJOH GLUHFWLRQ� ,W LV PXFK PRUH UHDVRQ�

DEOH WR DVVXPH WKDW WKH SRUH YROXPH LV LVRWURSLF LQ DOO FRRUGLQDWH

GLUHFWLRQV� 6LQFH PRWLRQ LV UHVWULFWHG WR RQH GLUHFWLRQ WKHUH ZLOO EH

D MXPS RQO\ LQ WKH IORZ GLUHFWLRQ [� 7KH SRUHV LQ WKH GLUHFWLRQV SHU�

SHQGLFXODU WR WKH IORZ GLUHFWLRQ DSSHDU DV GHDG HQG SRUHV� RFFXS\

YROXPH EXW GR QRW DGYDQFH WKH LQWHUIDFH� 7KH UHVLGXDO WUDSSHG YRO�

XPH LV SDUW RI WKHVH SRUHV� ,I WKLV LV WUXH WKHQ WKH OHQJWK RI VHJPHQW

VKRXOG EH ����î��−�P� 7KH YDOXH DSSHDUV WR EH RI UHDVRQDEOH GL�

PHQVLRQ SURYLGLQJ VXLWDEOHPLFURVFRSLF VWHSV RI VXIILFLHQW IUHTXHQF\

VR WKDW D VWDWLVWLFDO DSSURDFK WR WKH GLVSODFHPHQW SKHQRPHQD DSSHDUV

ZDUUDQWHG�

&21&/86,216
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)LJ� ��7KH FRPSDULVRQ RI H[SHULPHQWDO GDWD SRLQWV ZLWK WKHRUHWL�

FDOO\ GHULYHG FXUYH DW WKH IORZ UDWH RI ����� FP��PLQ�

)LJ� �� 'LVSHUVLRQ FRHIILFLHQW YHUVXV GLVSODFHPHQW UDWH�
)LJ� �� 6FDQQLQJ HOHFWURQ SKRWRPLFURJUDSK RI :KDWPDQ QXPEHU

� ILOWHU SDSHU�



��� .��+� .LP DQG &��+� &KXQJ

1RYHPEHU� ����

&RPSXWHG 7RPRJUDSK\ LV VKRZQ WR EH D TXDQWLWDWLYH DQG QRQ�

GHVWUXFWLYH WHFKQLTXH IRU WUDFNLQJ IOXLG GLVSODFHPHQW SURFHVV LQ FHO�

OXORVLF SRURXV PHGLD� ,I LPPLVFLEOH GLVSODFHPHQW RFFXUUHG ZLWK IOX�

LGV KDYLQJ LGHQWLFDO YLVFRVLWLHV� WKH LQWHUIDFH EHWZHHQ WKH IOXLGV ZDV

GLVSHUVHG DFFRUGLQJ WR DQ LGHDOL]HG )LFNLDQ SURFHVV� 8VLQJ WKH PHWK�

RG RI PRPHQWV ZH GHWHUPLQHG GLVSHUVLRQ FRHIILFLHQWV LQ DOO GLUHF�

WLRQV� ,W ZDV FRQILUPHG WKDW WKH GLVSHUVLRQ FRHIILFLHQW ZDV D OLQHDU

IXQFWLRQ RI WKH IORZ UDWH� 7KHVH DUH FRQVLVWHQW ZLWK WKH WKHRUHWLFDO

PRGHO RI UDQGRP ZDON LQ IRUPHU SDSHU�

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

7KLV ZRUN ZDV VXSSRUWHG �LQ SDUW� E\ WKH 7DHJX 8QLYHUVLW\ 5H�

VHDUFK *UDQW� �����

120(1&/$785(

$ � XQLW DUHD RI SRURXV EHG >P�@

' � GLVSHUVLRQ FRHIILFLHQW >P��V@

OS � OHQJWK RI D MXPS >P@

0 � WRWDO QXPEHU RI FDSLOODULHV >QXPEHU@

3����[� W� � IUDFWLRQDO FRQFHQWUDWLRQ RI PLFURVFRSLF LQWHUIDFHV EH�

WZHHQ [ DQG [�G[ DW WLPH W >�@

4 � YROXPHWULF IORZ UDWH >P��V@

UF � UDGLXV RI D FDSLOODU\ >P@

W � WLPH >V@

[ � IORZ GLUHFWLRQ >P@

[L� M � VDWXUDWLRQ IUDFWLRQ RI GLVSODFLQJ IOXLGZKLFK RFFXSLHV WKH

YRLG VSDFH RI YR[HO �L� M� >�@

*UHHN /HWWHUV

β � DYHUDJH GLVSODFHPHQW YHORFLW\ DWZKLFK DOO WKH LQWHUIDFHV

PRYH >P�V@

µ � OLQHDU DWWHQXDWLRQ FRHIILFLHQW >�@

µZDWHU � DWWHQXDWLRQ FRHIILFLHQW RI ZDWHU >�@

µL� M � DWWHQXDWLRQ FRHIILFLHQW RI D VSHFLILF YR[HO �L� M� >�@

µ� � DWWHQXDWLRQ FRHIILFLHQW RI GLVSODFLQJ IOXLG >�@

µ� � DWWHQXDWLRQ FRHIILFLHQW RI GLVSODFHG IOXLG >�@

µ�� FHOOXORVH � DWWHQXDWLRQ FRHIILFLHQW RI SRURXV FHOOXORVH ILOOHG ZLWK

GLVSODFLQJ IOXLG LQ YR[HO �L� M� >�@

µ�� FHOOXORVH � DWWHQXDWLRQ FRHIILFLHQW RI SRURXV FHOOXORVH ILOOHGZLWK GLV�

SODFHG IOXLG LQ YR[HO �L� M� >�@

ρ����[� W� � WKH FRQFHQWUDWLRQ RI PLFURVFRSLF LQWHUIDFH EHWZHHQ [

DQG [�G[ DW WLPH W >QXPEHU�P@

φ � SRURVLW\ RI WKH FHOOXORVLF SRURXV EHG >�@

φL� M � WKH YRLG IUDFWLRQ RI WKH YROXPH HOHPHQW �L� M� >�@

Φ: � IOXLG VDWXUDWLRQ >�@

5()(5(1&(6

&DVWHOODQD� )� 6�� 6SHQFHU� -� /� DQG &DUWRODQR� $�� ³$SSOLFDWLRQ RI WKH

*DPPD&DPHUD WR 6WXGLHV RI )ORZ DQG0L[LQJ LQ5HDFWRU 9HVVHOV�́

,QG� (QJ� &KHP� )XQG�� ��� ��� �������

&KHQ�6��4LQ�)��.LP�.��+� DQG:DWVRQ�$�7�� ³105,PDJLQJRI0XO�

WLSKDVH )ORZ LQ 3RURXV 0HGLD�́ $,&K( -�� ������ ��� �������

&KXRNH� 5� /�� 9DQ0HXUV� 3� DQG 9DQ GHU 3RHO� &�� ´7KH ,QVWDELOLW\ RI

6ORZ� ,PPLVFLEOH� 9LVFRXV /LTXLG�/LTXLG 'LVSODFHPHQWV LQ 3HUPH�

DEOH0HGLD�́ 7UDQV� $,0(� ���� ��� �������

)ODQQHU\� %� 3�� 'HFNPDQ� +�:�� 5REHUJH� :�*� DQG 'DPLFR� .� /��

³7KUHH�'LPHQVLRQDO ;�UD\ 0LFURWRPRJUDSK\�́ 6FLHQFH� ���� ����

�������

+XDQJ�<�%�� ´*DPPD&DPHUD ,PDJLQJ RI2LO'LVSODFHPHQW LQ 3RURXV

0HGLD DQG ,WV LQWHUSUHWDWLRQ E\ 3HUFRODWLRQ 7KHRU\�́ 3K�'�'LVVHUWD�

WLRQ�&ROXPELD 8QLYHUVLW\� 1HZ <RUN �������

.LP� .��+� DQG &KXQJ� &��+�� ³$ 6WRFKDVWLF $QDO\VLV RQ WKH )ORZ RI

7ZR,PPLVFLEOH)OXLGV LQ3RURXV0HGLD�7KH&DVHZKHQ WKH9LVFRV�

LWLHV RI WKH )OXLGV $UH (TXDO�́ .RUHDQ -� &KHP� (QJ�� VXEPLWWHG

�������

/HYHUHWWH�0�&�� ´)ORZ RI2LO�:DWHU0L[WXUHV WKURXJK8QFRQVROLGDWHG

6DQGV�́ 7UDQV $,0(� ���� ��� �������

3DUVRQ� 5�:�� ´0LFURZDYH $OWHUQDWLRQ � $ 1HZ 7RRO IRU 0RQLWRULQJ

6DWXUDWLRQ LQ /DERUDWRU\ )ORRGLQJ ([SHULPHQWV�́ 6RF� 3HW� (QJ� -��

��� ��� �������

3DWHUVRQ�/�� ´'LIIXVLRQ�/LPLWHG$JJUHJDWLRQDQG7ZR�)OXLG'LVSODFH�

PHQWV LQ 3RURXV0HGLD�́ 3K\V� 5HY� /HWW�� ������� ���� �������

9DQ0HXUV� 3�� ³7KH XVH RI 7UDQVSDUHQW 7KUHH�'LPHQVLRQDO0RGHOV IRU

6WXG\LQJ WKH0HFKDQLVPV RI )ORZ 3URFHVV LQ 2LO 5HVHUYRLUV�́ 7UDQV

$,0(� ���� ��� �������

9LQHJDU�+� -�� ´;�5D\ &7 DQG105,PDJLQJ RI5RFNV�́ -� RI 3HW� 7HFK��

0DUFK� ��� �������

:DQJ� 6�<�� ³&RPSXWHU $VVLVWHG 7RPRJUDSK\ DQG ,WV $SSOLFDWLRQ LQ

WKH 6WXG\ RI 0XOWLSKDVH )ORZ 7KURXJK 3RURXV 0HGLD�́ 3K�'� 'LV�

VHUWDWLRQ� &ROXPELD 8QLYHUVLW\� 1HZ <RUN �������

:DQJ� 6� <�� $\UDO� 6�� &DVWHOODQD� )� 6� DQG *U\WH� &� &�� ³5HFRQVWUXF�

WLRQ RI2LO 6DWXUDWLRQ'LVWULEXWLRQ+LVWRULHV'XULQJ ,PPLVFLEOH /LT�

XLG�/LTXLG 'LVSODFHPHQW E\ &RPSXWHU�$VVLVWHG 7RPRJUDSK\�́

$,&K( -�� ��� ��� �������

:HOOLQJWRQ� 6� /� DQG9LQHJDU�+� -�� ³&76WXGLHV RI 6XUIDFWDQW�,QGXFHG

&2� 0RELOLW\ &RQWURO�́ 63( ������ �������

:LOOHPVHQ� -� )�� ³)ORZ 7KURXJK 3RURXV0DWHULDOV�́ 6FKOHPEHUJHU�'ROO

5HVHDUFK 3UHSULQW �������


