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\ &HQWHU IRU 0XOWLSKDVH 5HVHDUFK� 5HQVVHODHU 3RO\WHFKQLF ,QVWLWXWH

7UR\� 1< ������ 86$

] &HQWUR $WuRPLFR %DULORFKH H ,QVWLWXWR %DOVHLUR� &1($

%DULORFKH� ���� 51� $UJHQWLQD

H�PDLO� D[HO#FDE�FQHD�JRY�DU

5(680(1

/D FRUUHFWD SUHGLFFLuRQ GH OD FRQFHQWUDFLuRQ GH JDV �R IUDFFLuRQ GH YDFurR� FHUFD GH SDUHGHV VuROLGDV HV DuXQ XQ WHPD QR

UHVXHOWR� HQ SDUWH GHELGR D TXH JHQHUDOPHQWH VH SDVD SRU DOWR HO KHFKR GH TXH HVWRV SHUnOHV GHSHQGHQ GH GRV IDFWRUHV

PX\ GLVWLQWRV� D� ODV IXHU]DV TXH DFWuXDQ VREUH ODV EXUEXMDV� \� E� ODV UHVWULFFLRQHV JHRPuHWULFDV LPSXHVWDV SRU OD

IRUPD GH ODV EXUEXMDV� 3URSRQHPRV DTXur XQ PRGHOR GH GRV oXLGRV TXH LQYROXFUD XQ SURPHGLDGR TXH OODPDUHPRV

FHQWUDO �HVWR HV� FRQ XQD IXQFLRQ GH SHVR GHOWLIRUPH ORFDOL]DGD HQ HO FHQWUR GH FDGD EXUEXMD�� \ XQD UHLQWHUSUHWDFLuRQ

\ SRVWSURFHVDPLHQWR GH ORV UHVXOWDGRV REWHQLGRV� (O SURPHGLDGR FHQWUDO VH XWLOL]D VROR SDUD REWHQHU ODV HFXDFLRQHV

SURPHGLDGDV GH OD IDVH GLVSHUVD �EXUEXMDV�� PLHQWUDV TXH OD IDVH FRQWLQXD �OLTXLGR� VH SURPHGLD FRPR HV XVXDO HQ HO

PRGHOR GH GRV oXLGRV WUDGLFLRQDO� XWLOL]DQGR HO DVur OODPDGR LQGLFDGRU GH IDVH� /RV UHVXOWDGRV REWHQLGRV FRQ HVWH PRGHOR

VRQ SRVWSURFHVDGRV SDUD UHLQWURGXFLU OD JHRPHWUurD GH ODV EXUEXMDV� \ DVur REWHQHU YDORUHV TXH UHSUHVHQWDQ FDQWLGDGHV

PHGLEOHV H[SHULPHQWDOPHQWH� /D LGHD FODYH DTXur HV LQWURGXFLU HO HIHFWR GH ORV GRV IDFWRUHV QRPEUDGRV HQ GRV SDVRV

VXFHVLYRV� LQGHSHQGLHQWHV� (O QXHYR PRGHOR SXHGH VHU LPSOHPHQWDGR IuDFLOPHQWH HQ FuRGLJRV GHVDUUROODGRV HQ EDVH DO

PRGHOR GH GRV oXLGRV WUDGLFLRQDO� $O nQDO GH HVWH WUDEDMR VH SUHVHQWDQ FRPSDUDFLRQHV FRQ UHVXOWDGRV H[SHULPHQWDOHV

REWHQLGRV SRU RWURV DXWRUHV >��@� TXH PXHVWUDQ HQ IRUPD HYLGHQWH ODV YHQWDMDV GHO PRGHOR SURSXHVWR�

$%675$&7

7KH DFFXUDWH SUHGLFWLRQ RI YRLG IUDFWLRQ SURnOHV QHDU VROLG ZDOOV XVLQJ WKH WZR�oXLG PRGHO LV VWLOO DQ XQUHVROYHG

LVVXH� 7KHVH SURnOHV UHVXOW IURP WKH FRPELQDWLRQ RI WZR IDFWRUV� D� IRUFHV DFWLQJ RQ WKH EXEEOHV� DQG� E� JHRPHWULF

FRQVWUDLQWV LPSRVHG E\ WKHLU VKDSH� :H SURSRVH KHUHLQ D WZR�oXLG PRGHO WKDW LQYROYHV D FHQWHU�DYHUDJLQJ SURFHGXUH IRU

WKH GLVSHUVH SKDVH� DQG D UHLQWHUSUHWDWLRQ DQG SRVWSURFHVVLQJ RI WKH UHVXOWV REWDLQHG� 7KH FHQWHU�DYHUDJHG DSSURDFK

DYHUDJHV WKH GLVSHUVH SKDVH �EXEEOHV� EDVHG RQ D FHQWHU LQGLFDWRU IXQFWLRQ� ZKLOH XVLQJ WKH VWDQGDUG SKDVH LQGLFDWRU

DYHUDJLQJ IRU WKH FRQWLQXRXV SKDVH �OLTXLG�� 7KH VROXWLRQ nHOGV REWDLQHG DUH WKHQ SRVWSURFHVVHG WR LQWURGXFH WKH

JHRPHWU\ RI WKH EXEEOHV LQ RUGHU WR UHFRYHU WKH YDOXHV WKDW VKRXOG EH UHSUHVHQWDWLYH RI PHDVXUHG nHOGV� 7KH NH\ LGHD

KHUH LV WR VHSDUDWH WKH JHRPHWULF DVSHFW IURP WKH G\QDPLF DVSHFW RI WKH SUREOHP LQWR WZR LQGHSHQGHQW� VXFFHVVLYH

VWHSV� 7KH QHZ PRGHO PD\ EH HDVLO\ LQFRUSRUDWHG LQWR H[LVWLQJ WZR�oXLG PRGHO FRGHV� 5HVXOWV REWDLQHG ZLWK WKH QHZ

PRGHO VKRZLQJ DJUHHPHQW ZLWK H[SHULPHQWDO GDWD >��@ DUH DOVR SUHVHQWHG�
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'HVSLWH QXPHURXV LPSURYHPHQWV WR WKH WZR�oXLG PRGHO IRU HYDOXDWLQJ PXOWLSKDVH oRZV� WKHUH DUH VHYHUDO SUREOHPV

WKDW KDYH QRW \HW EHHQ DGHTXDWHO\ DGGUHVVHG� 2QH RI WKHVH SUREOHPV LV WKH SUHGLFWLRQ RI oRZV QHDU VROLG ZDOOV RU

RWKHU VLWXDWLRQV LQYROYLQJ KLJKO\ ORFDOL]HG FRQFHQWUDWLRQV RI SDUWLFOHV� 7KH GLpFXOWLHV IRXQG LQ PRGHOLQJ VRPH RI WKHVH

VLWXDWLRQV� KRZHYHU� DULVH PRUH IURP D PLVLQWHUSUHWDWLRQ RI WKH UHVXOWV RI WKH WZR�oXLG PRGHO WKDQ IURP VRPH LQKHUHQW

FRPSOH[LW\ LQ WKH VLWXDWLRQ DW KDQG�

&RQVLGHU� IRU H[DPSOH� WKH FDVH RI DQ XSZDUGO\ PRYLQJ oRZ RI D OLTXLG FRQWDLQLQJ PRQR�GLVSHUVHG VSKHULFDO EXEEOHV

QHDU D YHUWLFDO oDW SODWH� $ VKHHW RI EXEEOHV LV REVHUYHG >��@ WR IRUP QHDU WKH ZDOO� ZLWK D YRLG IUDFWLRQ SURnOH WKDW ORRNV

OLNH DQ LQYHUWHG SDUDEROD� 7KHUH LV ]HUR YRLG IUDFWLRQ DW WKH ZDOO� DQG YRLG SHDNLQJ RFFXUV DW DSSUR[LPDWHO\ RQH EXEEOH

UDGLXV IURP LW� 7KLV SURnOH LV WKH UHVXOW RI WKH FRPELQDWLRQ RI WZR IDFWRUV� QDPHO\� D� WKH IRUFHV DFWLQJ RQ WKH EXEEOHV

DQG� E� WKH JHRPHWULF FRQVWUDLQWV LPSRVHG E\ WKH EXEEOH
V VKDSH� 7KH H[SHFWDWLRQ LV WKDW WKH WZR�oXLG PRGHO VKRXOG

JLYH D JRRG DSSUR[LPDWLRQ WR WKH PHDVXUHG SURnOH� 7R WKLV HQG� WKH XVXDO DSSURDFK >�@� >��@� LV WR LQFOXGH ZDOO IRUFHV

LQ WKH WZR�oXLG PRGHO� DQG DGMXVW WKHP WR REWDLQ DJUHHPHQW ZLWK WKH H[SHULPHQWDO UHVXOWV� 7KH ?VWDQGDUG� WZR�oXLG

PRGHO� KRZHYHU� XVHV D SKDVH LQGLFDWRU IXQFWLRQ IRU DYHUDJLQJ WKH GLVSHUVHG SKDVH� KHQFH OHDGLQJ WR D PDWKHPDWLFDO

UHSUHVHQWDWLRQ LQ ZKLFK ERWK IDFWRUV �oRZ G\QDPLFV DQG EXEEOH JHRPHWU\� DUH LQH[WULFDEO\ LQWHUPL[HG� DQG FDQQRW EH

PRGHOHG DQG VROYHG IRU VHSDUDWHO\�

:H SURSRVH KHUHLQ DQ DSSURDFK WKDW LQYROYHV D GLmHUHQW DYHUDJLQJ SURFHGXUH IRU WKH GLVSHUVH SKDVH DQG D UHLQWHU�

SUHWDWLRQ RI WKH UHVXOWV WKDW ZLOO KRSHIXOO\ OHDG WR HDVLHU ZD\V RI SUHGLFWLQJ WKHVH W\SH RI oRZV� $ FHQWHU�DYHUDJHG

DSSURDFK LQYROYHV DYHUDJLQJ WKH GLVSHUVH SKDVH EDVHG RQ WKH GLVSHUVHG SKDVH
V FHQWHU LQGLFDWRU IXQFWLRQ� ZKLOH XVLQJ

WKH SKDVH LQGLFDWRU DYHUDJLQJ IRU WKH FRQWLQXRXV SKDVH �WKH LGHD RI D FHQWHU LQGLFDWRU IXQFWLRQ LV QRW FRPSOHWHO\ QHZ�

DQG YDULDWLRQV RI LW PD\ EH IRXQG LQ WKH OLWHUDWXUH >��@� >��@� >��@� >�@� >�@�� 7KH VROXWLRQ nHOGV REWDLQHG DUH WKHQ

SRVWSURFHVVHG WR LQWURGXFH WKH JHRPHWU\ RI WKH SDUWLFOHV LQ RUGHU WR UHFRYHU WKH YDOXHV WKDW VKRXOG EH UHSUHVHQWDWLYH

RI PHDVXUHG nHOGV� 7KH NH\ LGHD KHUH LV WR VHSDUDWH WKH JHRPHWULF DVSHFW IURP WKH G\QDPLF DVSHFW RI WKH SUREOHP LQWR

WZR LQGHSHQGHQW� VXFFHVVLYH VWHSV�
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:H SUHVHQW KHUH D VKRUW UHYLHZ RI ZKDW ZH PLJKW FDOO WKH ?VWDQGDUG� WZR�oXLG PRGHO IRU GLVSHUVHG oRZV� 7KH WHUP

GLVSHUVHG GHQRWHV D PXOWL�FRPSRQHQW oRZ LQ ZKLFK RQH RI WKH SKDVHV PD\ EH WHUPHG DV FRQWLQXRXV �LQ WKH VHQVH WKDW

DQ\ WZR SRLQWV EHORQJLQJ WR WKLV FRPSRQHQW PD\ EH FRQQHFWHG E\ D FRQWLQXRXV FXUYH O\LQJ HQWLUHO\ LQVLGH LW�� DQG WKH

RWKHU DV GLVSHUVHG �L�H�� FRPSRVHG E\ VHSDUDWH LQGLYLGXDO XQLWV�� ([DPSOHV RI VXFK oRZV DUH� VROLG SDUWLFOHV LQ JDV�

OLTXLG GURSV LQ JDV� EXEEOHV LQ OLTXLG� HWF� ,Q WKH IROORZLQJ ZH ZLOO XVH WKH WHUP SDUWLFOH WR GHQRWH WKH LQGLYLGXDO XQLWV

�L�H�� VROLG SDUWLFOHV� GURSV� RU EXEEOHV�� ,Q WKH IROORZLQJ� XQOHVV RWKHUZLVH VWDWHG� ZH DVVXPH WKDW WKH SDUWLFOHV DUH

VSKHULFDO�

*HQHULF &RQVHUYDWLRQ (TXDWLRQV

7KH FRQVHUYDWLRQ HTXDWLRQV DVVRFLDWHG ZLWK WKH PRWLRQ RI RUGLQDU\ PDWHULDOV FDQ EH SXW LQ WKH JHQHULF IRUP �>�@� [����

#|k

#W
�U c |kX  U c -� |I � ���

ZKHUH | LV WKH GHQVLW\� X LV WKH SKDVLF YHORFLW\� k LV WKH FRQVHUYHG TXDQWLW\� - LV LWV oX[� DQG I LI LWV VRXUFH

GHQVLW\� ,Q PXOWLFRPSRQHQW PDWHULDOV� WKH SUHYLRXV HTXDWLRQV DUH RQO\ YDOLG LQVLGH HDFK FRPSRQHQW� ,Q

DGGLWLRQ� DW WKH LQWHUIDFH EHWZHHQ PDWHULDOV� WKH IROORZLQJ MXPS FRQGLWLRQV PXVW EH IXOnOOHG�

>|k�Xb XL� � -@ c Q  P � ���
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7KHVH JHQHULF HTXDWLRQV PD\ EH VSHFLDOL]HG WR REWDLQ WKH PDVV DQG PRPHQWXP FRQVHUYDWLRQ SULQFLSOHV� E\

PDNLQJ WKH VXVWLWXWLRQV JLYHQ LQ WKH IROORZLQJ WDEOH

3ULQFLSOH k - I P

0DVV � � � �

0RPHQWXP X 7 J P

ZKHUH 7� J DQG P DUH� UHVSHFWLYHO\� WKH VWUHVV WHQVRU� WKH ERG\ IRUFH� DQG WKH LQWHUIDFLDO IRUFH�

7KH 3KDVH ,QGLFDWRU )XQFWLRQ

7KH SKDVH LQGLFDWRU� RU FKDUDFWHULVWLF� IXQFWLRQ� ;N� LV GHnQHG E\�

;N�[� W�  

|
� LI [ � N DW WLPH W�

� RWKHUZLVH�
� ���

7KH IROORZLQJ UHODWLRQ� FDOOHG WRSRORJLFDO HTXDWLRQ� DOVR KROGV �>�@� [������ IRU WKH SKDVH LQGLFDWRU IXQFWLRQ�

#;N

#W
� XL c U;N  � � ���

ZKHUH XL LV WKH LQWHUIDFLDO YHORFLW\�

$YHUDJHG %DODQFH (TXDWLRQV

:H REWDLQ WKH DYHUDJHG EDODQFH HTXDWLRQV E\ WDNLQJ WKH SURGXFW RI WKH JHQHULF FRQVHUYDWLRQ HTXDWLRQ ZLWK

;N � WKHQ SHUIRUPLQJ WKH DYHUDJLQJ SURFHVV� $IWHU VRPH PDQLSXODWLRV ZH REWDLQ�

#;N|k

#W
�U c;N|kXbU c;N-b;N|I  |k

t
#;N

#W
� X c U;N

u
b - c U;N � ���

ZKHUH �� GHQRWHV WKH HQVHPEOH DYHUDJLQJ RSHUDWRU� 8VLQJ WKH WRSRORJLFDO HTXDWLRQ� (T����� ZH FDQ UHGXFH

WKH ULJKW KDQG VLGH RI (T����� WR REWDLQ�

#;N|k

#W
�U c;N|kXbU c;N-b;N|I  >|k�Xb XL�b -@ c U;N � ���

&RQVHUYDWLRQ RI PDVV DQG PRPHQWXP IRU SKDVH N LQ WKH DYHUDJH VHQVH LV WKHUHIRUH H[SUHVVHG DV �>�@�[�����

#mN|N

#W
�U c mN|NXN  bN ���

DQG�

#mN|NXN

#W
�U c mN|NXNXN  bNX

P

NL
�U c mN�7N �7

5H

N
� � mN|NJ �0N � ���

ZKHUH ZH KDYH LQWURGXFHG WKH HQVHPEOH DYHUDJHG YDULDEOHV�

mN  ;N � |N  ;N| mN � XN  ;N|X mN|N � ���

,Q DGGLWLRQ� ZH KDYH GHnQHG WKH PDVV VRXUFH

bN  |�Xb XL� c U;N � ����
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WKH DYHUDJH LQWHUIDFLDO YHORFLW\

X
P

NL
 |X �Xb XL� c U;

N
 b

N
� ����

WKH DYHUDJH VWUHVV WHQVRU

7N  ;N7 mN � ����

WKH LQWHUIDFLDO IRUFH

0N  b7 c U;N � ����

DQG WKH 5H\QROGV VWUHVV WHQVRU

7
5H

N
 b;N

|X�

N
X

�

N
 m

N
� ����

ZKHUH

X
�

N
 Xb XN � ����

7KH PDVV VRXUFH DQG WKH LQWHUIDFLDO IRUFH PXVW REH\ WKH IROORZLQJ PDVV DQG PRPHQWXP MXPS FRQGLWLRQV

;

N

bN  � � ����

DQG

;

N

�0N � X
P

NL
bN�  P � ����

ZKHUH XP
NL
LV WKH LQWHUIDFLDO YHORFLW\ DVVRFLDWHG ZLWK PDVV WUDQVIHU� DQG WKH IRUFH P FRQWDLQV VXUIDFH WHQVLRQ

HmHFWV DQG PXVW EH PRGHOHG IRU HDFK SDUWLFXODU FDVH�

7KH 5DWH RI &KDQJH RI 0DVV DQG 7KH 1XPEHU 'HQVLW\ (TXDWLRQ

)RU WKH W\SH RI oRZV ZH DUH FRQVLGHULQJ� WKH PDVV VRXUFH PD\ EH PRGHOHG DV�

b
G
 bbF  1

���
GP

GW
����

ZKHUH ZH GHQRWH WKH FKDQJH RI PDVV RI WKH SDUWLFOH DV GP

GW
� DQG LQWURGXFH WKH ORFDO SDUWLFOH QXPEHU GHQVLW\�

1
���� 7KLV YDULDEOH FDQ EH FDOFXODWHG XVLQJ WKH IROORZLQJ FRQVHUYDWLRQ HTXDWLRQ�

#1
���

#W
�U c1

���
XG  � � ����

ZKHUH ZH KDYH DVVXPHG QR SDUWLFOH FRDOHVFHQFH RU EUHDN�XS� DQG ZH KDYH SRVWXODWHG WKDW WKH DYHUDJHG

GLVSHUVHG�SKDVH YHORFLW\ PD\ EH XVHG DV WKH SDUWLFOH YHORFLW\�

(TXDWLRQ ����� DORQJ ZLWK WKH PDVV DQG PRPHQWXP FRQVHUYDWLRQ HTXDWLRQV� DUH DOO WKDW ZH QHHG WR VROYH WKH

SUREOHP� SURYLGHG ZH KDYH PRGHOV IRU WKH VWUHVV WHQVRU DQG IRU WKH PDVV� PRPHQWXP� DQG QXPEHU GHQVLW\

VRXUFHV�
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7KH &HQWHU ,QGLFDWRU )XQFWLRQ

7KH FHQWHU LQGLFDWRU IXQFWLRQ� s� LV GHnQHG E\

s�[� W�  

1;

L �

p �[b ]L�W�� ����

ZKHUH 1 LV WKH WRWDO QXPEHU RI SDUWLFOHV LQVLGH WKH ZKROH GRPDLQ l� DQG ]L�W� LV WKH SRVLWLRQ RI WKH FHQWHU

RI WKH LWK SDUWLFOH DW WLPH W� ,QWHJUDWLQJ s RYHU WKH ZKROH GRPDLQ JLYHV WKH WRWDO QXPEHU RI SDUWLFOHV LQ WKH

GRPDLQ DW WLPH W�

=
l

s�[� W�GY  

=
l

1;
L �

p �[b ]L�W�� GY  

1;
L �

=
l

p �[b ]L�W�� GY  1 � ����

1RWH WKDW WKHUH H[LVWV VRPHWKLQJ HTXLYDOHQW WR WKH WRSRORJLFDO HTXDWLRQ IRU s� ,Q IDFW� LI ZH DUH PRYLQJ ZLWK

WKH FHQWHU RI WKH SDUWLFOH� WKHQ WKH WRWDO GHULYDWLYH RI s VKRXOG UHPDLQ QXOO� WKDW LV�

#s

#W
� XS c Us  � � ����

ZKHUH QRZ XS  
G]
GW
LV WKH YHORFLW\ RI WKH FHQWHU RI WKH SDUWLFOH�

5HODWLRQ EHWZHHQ ;G DQG s

:H ORRN IRU D FRQQHFWLRQ EHWZHHQ WKH SKDVH LQGLFDWRU IXQFWLRQ� ;G� DQG WKH FHQWHU LQGLFDWRU IXQFWLRQ� s�

)RU VSKHULFDO SDUWLFOHV� WKH SKDVH LQGLFDWRU IXQFWLRQ FDQ EH ZULWWHQ DV�

;G�[� W�  

1;
L �

+�DL�W�b M[b ]L�W�M� � ����

ZKHUH + LV WKH +HDYLVLGH VWHS IXQFWLRQ� DQG DL DQG ]L DUH� UHVSHFWLYHO\� WKH UDGLXV DQG WKH SRVLWLRQ RI WKH

FHQWHU RI WKH LWK SDUWLFOH� :H FDQ UHZULWH (T���� DV�

;G�[� W�  

1;
L �

+�D�]L� W�b M[b ]L�W�M� �;
�

S
�[� W� � ����

ZKHUH ZH KDYH VSOLW WKH LQVWDQWDQHRXV YDOXH RI WKH SDUWLFOH UDGLXV LQWR D PHDQ YDOXH DQG D SHUWXUEDWLRQ

DL�W�  D�]L� W�b D

�

L
�W�  

=
l

p�[b ]L� D�[� W� G[� D

�

L
�W� � ����

DQG LQWURGXFH WKH FKDUDFWHULVWLF SHUWXUEDWLRQ IXQFWLRQ �

;

�

G
�[� W�  

1;
L �

>+�DL�W�b M[b ]L�W�M�b+�D�]L� W�b M[b ]L�W�M�@ ����

7KLV FKDUDFWHULVWLF SHUWXUEDWLRQ LV D nHOG WKDQ FDQ KDYH WKH GLVFUHWH YDOXHV ��� �� RU �� GHSHQGLQJ RQ WKH
UHODWLRQ EHWZHHQ WKH DFWXDO UDGLXV DL�W� DQG WKH DYHUDJH UDGLXV D�]L� W��
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5HPDUN � ,I ZH ZHUH WR DVVXPH WKDW ERWK UDGLXV� DL�W� DQG D�]L� W�� DUH HTXDO DW DOO WLPHV� IRU DOO WKH SDUWLFOHV

LQ DOO WKH UHDOL]DWLRQV� ZH ZRXOG JHW ; �

G
�[� W�  �� � �[� W� � >ld7@� ZKLFK LV WKH DSSURSULDWH PDWKHPDWLFDO

H[SUHVVLRQ IRU ZKDW LV NQRZQ LQ WKH OLWHUDWXUH DV D PRQRGLVSHUVH PRGHO�

7KH YDULDEOH D�[� W� LV LQ IDFW DQ DYHUDJHG nHOG� ZKLFK LV QR ORQJHU UHODWHG WR D VSHFLnF SDUWLFOH RU UHDOL]DWLRQ�

0DNLQJ WKH DVVXPSWLRQ WKDW WKLV LV D VORZO\ YDU\LQJ nHOG� LQ WKH VHQVH WKDW LW LV DSSUR[LPDWHO\ FRQVWDQW

LQVLGH D EDOO RI UDGLXV D�[� W�� DQG QRWLQJ WKDW WKH +HDYLVLGH IXQFWLRQ DOUHDG\ UHVWULFWV WKH GLVWDQFH M[b ]L�W�M

WR WKLV UDQJH� ZH PD\ DSSUR[LPDWH D�]L� W� E\ D�[� W� DQG PDQLSXODWH WKH OHIW KDQG VLGH RI (T����� WR REWDLQ�

1;

L �

+�D�]L� W�b M[b ]L�W�M�  

1;

L �

+�D�[� W�b M[b ]L�W�M� �;
��

G �[� W�

 

1;

L �

=
l�[�W�

p�z b ]
L
�W�� Gz �;

��

G �[� W�

 

=
l�[�W�

1;
L �

p�z b ]L�W�� Gz �;
��

G �[� W�  

=
l�[�W�

s GY �;
��

G �[� W� � ����

ZKHUH ZH GHnQH WKH GRPDLQ

l�[� W�  Iz M Mz b [M �D�[� W�J � ����

DQG KDYH LQWURGXFHG WKH FKDUDFWHULVWLF HUURU IXQFWLRQ�

;
��

G �[� W�  
1;
L �

+�D�]L� W�b M[b ]L�W�M�b
1;
L �

+�D�[� W�b M[b ]L�W�M� � ����

:H GHnQH WKH YROXPH DYHUDJLQJ RSHUDWRU

I
9
�[� W�  

�

Y

=
l�[�W�

I�z� W� Gz � ����

ZKHUH I LV DQ\ IXQFWLRQ� DQG LQWURGXFH WKH PHDQ YROXPH�

Y�[� W�  Ml�[� W�M  
�{D�

�
� ����

:H PD\ WKHQ UHZULWH (T����� XVLQJ (T����� WR REWDLQ�

;G�[� W�  Y s9 �;�

G�[� W� �;
��

G �[� W� � ����
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ZKHUH WKLV WLPH ZH FKRVH QRW WR VSOLW WKH WHUP LQYROYLQJ U c - LQWR WZR WHUPV DV ZH GLG LQ WKH VWDQGDUG
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YHORFLW\ DV WKH FDUU\LQJ YHORFLW\ RI WKH FRQVHUYDWLRQ HTXDWLRQ IRU WKH QXPEHU GHQVLW\� ZKLFK LQ WKH DEVFHQFH
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$ UHVHPEODQFH WR WKH FRUUHVSRQGLQJ EDODQFH HTXDWLRQ RI WKH VWDQGDUG WZR�oXLG PRGHO LV QRZ DSSDUHQW� 1RWH�

KRZHYHU� WKDW WKH GLYHUJHQFH RI WKH VWUHVV WHQVRU GRHV QRW DSSHDU H[SOLFLWO\ LQ WKH PRPHQWXP HTXDWLRQ� IRU

LW LV DOUHDG\ LQFOXGHG LQ WKH LQWHUQDO IRUFH WHUP� ,s
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5HODWLRQVKLS EHWZHHQ WKH $YHUDJHG 9DULDEOHV

:H VHHN KHUH IRU D ZD\ RI UHFRYHULQJ WKH VWDQGDUG YDOXHV RI WKH PDLQ YDULDEOHV IURP WKH s�DYHUDJHG RQHV�

,Q WKH IROORZLQJ� WKH V\PERO 
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5HPDUN � )ROORZLQJ RWKHU DXWKRUV� ZH FDOO WKLV DVVXPSWLRQ WKH VPDOO SDUWLFOH K\SRWKHVLV� 1RWH KRZHYHU�

WKDW WKLV K\SRWKHVLV LV XVXDOO\ DSSOLHG WR DOO YDULDEOHV� LQFOXGLQJ WKH QXPEHU GHQVLW\� WKH YRLG IUDFWLRQ� DQG

WKH JDV YHORFLWLHV� 7KH NH\ GLmHUHQFH LQ RXU GHULYDWLRQ LV WKDW ZH GR QRW GR WKDW�

7R nQG D UHODWLRQ EHWZHHQ WKH VWDQGDUG DQG WKH PRGLnHG YRLG IUDFWLRQV� ZH DSSO\ WKH HQVHPEOH DYHUDJH

RSHUDWRU WR (T����� � WR REWDLQ�
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$ EXEEO\ oRZ LV D GLVSHUVH oRZ RI VPDOO JDV EXEEOHV LQ D OLTXLG� 2QH RI WKH PDLQ IHDWXUHV RI WKLV W\SH RI

oRZ LV WKH ELJ GLmHUHQFH LQ GHQVLWLHV RI ERWK SKDVHV� WKDW LV |J ~ |O� ZKHUH ZH UHSODFHG WKH VXELQGLFHV G E\
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J� DQG F E\ O� WR VWUHVV WKH IDFW WKDW WKLV LV RQO\ YDOLG IRU EXEEO\ oRZ� ,Q WKH IROORZLQJ� ZH PDNH VXLWDEOH

DSSUR[LPDWLRQV DQG ZULWH D FRPSOHWH PRGHO IRU WKLV W\SH RI oRZ�

5HODWLRQ EHWZHHQ ,QWHUQDO DQG ,QWHUIDFLDO )RUFHV

1HJOHFWLQJ DOO PRYHPHQWV LQVLGH WKH EXEEOH EXW WKRVH GXH WR VORZ H[SDQVLRQV RU FRPSUHVVLRQV� WKH WRWDO
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ZKHUH WKH IRXU IRUFHV DUH� UHVSHFWLYHO\� WKRVH GXH WR YLUWXDO PDVV� OLIW� GUDJ� DQG WXUEXOHQW GLVSHUVLRQ�

7KH YLUWXDO PDVV DFFRXQWV IRU WKH HmHFW RI DFFHOHUDWLRQ RI WKH OLTXLG GLVSODFHG E\ WKH EXEEOHV� DQG FDQ EH
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ZKHUH 6FE LV WKH EXEEOH 6FKPLGW QXPEHU� ZKLFK UHODWHV WKH WXUEXOHQW GLIXVVLYLW\ yW RI D SDVVLYH VFDODU WR

WKH EXEEOH GLmXVLYLW\ yE� 6RPH HYLGHQFH >��@ VKRZV WKDW IRU WKH FDVH RI VPDOO VROLG SDUWLFOHV WKH 6FKPLGW

QXPEHU VKRXOG EH EHWZHHQ ��� DQG ���� ZH KDYH WDNHQ KHUH WKH YDOXH ���� )LQDOO\� LW LV LPSRUWDQW WR WDNH

LQWR DFFRXQW LQ WKH WXUEXOHQW GLVSHUVLRQ IRUFH WKH HmHFW RI WKH DGGLWLRQDO WXUEXOHQFH yEW SURGXFHG E\ WKH

EXEEOHV� ZKLFK DGGV WR WKH HmHFWLYH WXUEXOHQW YLVFRVLW\ yW� ,Q WKLV ZRUN� ZH KDYH FKRVHQ IRU WKLV DGGLWLRQDO

YLVFRVLW\ WKH PRGHO RI 6DWR >��@�
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5HPDUN � 7KHVH IRXU IRUFHV ZHUH RULJLQDOO\ GHYHORSHG IRU WKH VWDQGDUG WZR�oXLG PRGHO� 7KHLU XVH LQ WKH

SUHVHQW WZR�oXLG PRGHO LV QRW� KRZHYHU� DQ ?DSSUR[LPDWLRQ�� :H DUH UHDOO\ FODLPLQJ KHUH WKDW� ZKHWKHU

FRQVFLRXVO\ RU QRW� DOO WKH DXWKRUV ZKR KDYH GHYHORSHG WKHVH IRUFH PRGHOV RYHU WKH \HDUV KDG LQ PLQG RXU

SUHVHQW LQWHUSUHWDWLRQ RI WKH QXPEHU GHQVLW\ �L�H�� 1s����� DOWKRXJK WKH\ SXW WKH UHVXOWDQW IRUFHV LQWR WKH

VWDQGDUG WZR^oXLG PRGHO� ZKLFK KDV UHDOO\ D GLmHUHQW LQWHUSUHWDWLRQ �L�H�� 1 ����� 7KH RULJLQ RI PDQ\ RI WKH

GLpFXOWLHV IRXQG ZKHQ WU\LQJ WR SUHGLFW YRLG IUDFWLRQ SURnOHV QHDU ZDOOV PD\ HDVLO\ EH WUDFHG EDFN WR WKHVH

LQFRQVLVWHQW LQWHUSUHWDWLRQV RI WKH QXPEHU GHQVLW\�

0RPHQWXP (TXDWLRQ IRU WKH 'LVSHUVHG 3KDVH

7DNHQ LQWR DFFRXQW WKH VPDOO GHQVLW\ RI WKH GLVSHUVHG SKDVH� DQG QHJOHFWLQJ DOO PRYHPHQWV LQVLGH WKH EXEEOH

H[FHSW WKRVH GXH WR VORZ H[SDQVLRQ RU FRPSUHVVLRQ� ZH PD\ QHJOHFW DOO WHUPV H[FHSW WKH LQWHUQDO IRUFHV� DQG

VLPSO\ UHZULWH (T����� DV DQ LQWHUQDO VHOI�EDODQFH� WKDW LV
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1XPHULFDO 5HVXOWV

/HW XV QRZ FRQVLGHU WKH FDVH RI DQ XSZDUG WXUEXOHQW EXEEO\ ERXQGDU\ OD\HU DORQJ D YHUWLFDO oDW SODWH�

([SHULPHQWDO UHVXOWV IRU WKLV FDVH KDYH EHHQ REWDLQHG E\ 0RXUVDOL� 0DULH DQG %DWDLOOH >��@� $ VNHWFK RI WKH

H[SHULPHQW LV VKRZQ LQ )LJ��� $LU EXEEOHV DUH LQMHFWHG EHORZ WKH OHDGLQJ HGJH RI WKH SODWH LQWR D XQLIRUP

oRZ RI ZDWHU ZLWK D IUHH�VWUHDP YHORFLW\ RI 8�  ���P V� $OWKRXJK WKH H[SHULPHQW ZDV FDUULHG RXW IRU

WKUHH GLmHUHQW LQOHW YRLG IUDFWLRQV� ZH RQO\ FRQVLGHU KHUH WKH UHVXOWV FRUUHVSRQGLQJ WR WKH FDVH m�  �����

IRU LW LV WKH RQO\ FDVH LQ ZKLFK WKH UDGLXV RI WKH EXEEOHV PD\ EH FRQVLGHUHG XQLIRUP� ZLWK UE 
 ���PP�

7KHVH EXEEOHV ZHUH DOVR REVHUYHG WR EH VOLJKWO\ QRQ�VSKHULFDO� )RXU PHDVXULQJ VWDWLRQV ZHUH GHnQHG� DW

[  ����� ���� ��� DQG ���P� KRZHYHU� RQO\ YRLG IUDFWLRQ SURnOHV IRU WKH WKLUG VWDWLRQ DUH VKRZQ LQ >��@�

,Q RUGHU WR VLPXODWH WKLV oRZ� WKH SURSRVHG PRGHO KDV EHHQ LPSOHPHQWHG LQ WKH PXOWLSKDVH FRGH &)'6KLS0

Y��� >�@� >��@� >��@� ZKLFK ZDV GHYHORSHG DW 5HQVVHODHU 3RO\WHFKQLF ,QVWLWXWH� 7KLV FRGH LV EDVHG RQ WKH VLQJOH�

SKDVH FRGH &)'6+,3�,2:$ >��@� >��@� ZKLFK ZDV GHYHORSHG DW WKH ,RZD ,QVWLWXWH RI +\GUDXOLFV 5HVHDUFK�

7KH OLTXLG VROYHU LV EDVHG RQ WKH )LQLWH $QDO\WLF &RHpFLHQW PHWKRG IRU WKH YHORFLWLHV� ZLWK D SUHVVXUH

FRUUHFWLRQ HTXDWLRQ IRU WKH SUHVVXUH� 7KH JDV VROYHU XVHV D 79' VFKHPH >��@ IRU WKH JDV YHORFLWLHV DQG WKH

EXEEOH QXPEHU GHQVLW\�
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)LJXUH �� 6NHWFK RI WKH H[SHULPHQW

6LQFH &)'6KLS0 LV D �' FRGH� D �' JULG RI ���[��[� ZDV XVHG� IRU D WRWDO RI ����� QRGHV� 'XH WR WKH

V\PPHWU\ RI WKH FDVH� RQO\ WKH ULJKW KDOI RI WKH GRPDLQ ZDV FRQVLGHUHG� $ �' FXW RI WKH JULG DQG D

PDJQLnFDWLRQ RI WKH OHDGLQJ HGJH ]RQH LV VKRZQ LQ )LJ� �� $ nQH GLVFUHWL]DWLRQ DW WKH ZDOO LV UHTXLUHG WR

VLPXODWH WKH OLTXLG ERXQGDU\ OD\HU� EXW LW LV QRW QHHGHG IRU WKH JDV SUREOHP�

,Q WKH SUHVHQW ZRUN� WZR�ZD\ FRXSOLQJ EHWZHHQ JDV DQG OLTXLG VROXWLRQV LV QRW FRQVLGHUHG� &RQVHTXHQWO\�

WKH OLTXLG SUREOHP KDV EHHQ VROYHG nUVW� DQG LWV VROXWLRQ ZDV XVHG WR HYDOXDWH WKH JDV SUREOHP� 7KH WRWDO

&38 WLPH IRU WKH ZKROH SUREOHP ZDV DERXW � KRXUV LQ D &UD\ 7���

7KH OLTXLG SUREOHP PD\ EH FRQVLGHUHG VWDQGDUG� 7KH UHVXOWV REWDLQHG ZLWK WKH N b q PRGHO FRPSDUH YHU\

ZHOO ZLWK WKH UHVXOWV DYDLODEOH IRU WXUEXOHQW ERXQGDU\ OD\HUV� ,VROLQHV RI YHORFLWLHV� SUHVVXUH DQG WXUEXOHQW

TXDQWLWLHV DUH VKRZQ LQ )LJV� � DQG �

7KH LVROLQHV RI s�DYHUDJHG JDV YHORFLWLHV DUH VKRZQ LQ )LJ� �� $V H[SHFWHG� WKH YHUWLFDO JDV YHORFLWLHV DUH

IRXQG WR EH JUHDWHU WKDQ WKH FRUUHVSRQGLQJ OLTXLG YHORFLWLHV GXH WR WKH UHODWLYH ULVH YHORFLWLHV RI WKH EXEEOHV�

7KH KRUL]RQWDO JDV YHORFLWLHV DUH KLJK DQG SRVLWLYH QHDU WKH OHDGLQJ HGJH UHJLRQ� GXH WR WKH ORFDO SUHVVXUH

SHDN� $ERYH WKLV ]RQH� KRZHYHU� WKH OLIW IRUFH SUHYDLOV DQG WKH JDV YHORFLWLHV KDYH UHODWLYHO\ VPDOO QHJDWLYH

YDOXHV� LQGLFDWLQJ WKDW WKH EXEEOHV DUH EHLQJ VORZO\ SXVKHG WRZDUGV WKH ZDOO DV WKH\ ULVH DORQJ WKH SODWH� $V

WKH EXEEOHV DSSURDFK WKH ZDOO� WKH ZDOO GUDJ IRUFH VORZV WKHP GRZQ XQWLO WKH OLIW IRUFH UHYHUVHV VLJQ� WKXV

SUHYHQWLQJ WKH EXEEOHV IURP JHWWLQJ FORVHU WR WKH ZDOO�

7KH s�DYHUDJHG DQG WKH SRVWSURFHVVHG YRLG IUDFWLRQV m
s

J DQG mJ DUH VKRZQ LQ )LJ� �� ,W VKRXOG EH QRWHG

WKDW� LQ FDVHV OLNH WKLV LQ ZKLFK DQ DOPRVW p�IXQFWLRQ OLNH QXPEHU GHQVLW\ SURnOH LV IRXQG� WKH SHDN YDOXH RI

WKH s�DYHUDJHG YRLG IUDFWLRQ VWURQJO\ GHSHQGV RQ WKH JULG VSDFLQJ� WKH SRVWSURFHVVHG YRLG IUDFWLRQ� KRZHYHU�
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)LJXUH �� 'RPDLQ GLVFUHWL]DWLRQ

GRHV QRW�

$OWKRXJK WKH s�DYHUDJHG JDV YHORFLWLHV DQG YRLG IUDFWLRQV DUH UHDOO\ QRW GHnQHG LQ WKH QHDU�ZDOO UHJLRQ �FORVHU

WKDQ RQH EXEEOH UDGLXV� WKH\ KDYH EHHQ DUELWUDULO\ VHW WR ]HUR LQ WKH FDOFXODWLRQV� IRU WKLV PDNHV LW HDV\ WR

FRPSXWH WKH YROXPH DYHUDJHG YDOXHV LQ WKH SRVWSURFHVVLQJ VWHS�

1RWH WKDW WKH YDOXH RI WKH SRVWSURFHVVHG YDULDEOHV DW DQ\ SRLQW WDNHV LQWR DFFRXQW WKH FRQWULEXWLRQ RI DOO

EXEEOHV WKDW FDQ WRXFK WKDW SDUWLFXODU SRLQW� WKXV JLYLQJ D JRRG DSSUR[LPDWLRQ WR WKH YDOXHV WKDW ZRXOG EH

PHDVXUHG XVLQJ DQ\ NLQG RI SRLQW�OLNH SUREH�

7KH SORWV RI OLTXLG DQG JDV YHORFLWLHV DW WKH �UG VWDWLRQ �L�H�� [ ���P� DUH VKRZQ LQ )LJV� � DQG �� %RWK WKH

s�DYHUDJHG DQG WKH SRVWSURFHVVHG YDOXHV DUH SORWWHG IRU WKH JDV YHORFLWLHV� 8QIRUWXQDWHO\� QR JDV YHORFLW\

SURnOHV DUH SUHVHQWHG LQ >��@� VR FRPSDULVRQ DJDLQVW PHDVXUHG YHORFLWLHV LV QRW SRVVLEOH� )LJ� � VKRZ WKDW� IDU

IURP WKH ZDOO� ERWK X
s

J DQG XJ KDYH VLPLODU YDOXHV� DV H[SHFWHG� DQG WKH UHODWLYH YHUWLFDO YHORFLW\ LV FRQVWDQW

DQG HTXDO WR WKH WHUPLQDO ULVH YHORFLW\ RI WKH EXEEOHV LQ D VWDJQDQW oXLG� &ORVH WR WKH ZDOO� KRZHYHU� WKH

EXEEOHV DUH VORZHG GRZQ GXH WR WKH LQFUHDVHG ZDOO GUDJ� 7KH KRUL]RQWDO YHORFLWLHV SORWWHG LQ )LJ� � FOHDUO\

VKRZ WKH HmHFW RI WKH OLIW RQ WKH EXEEOHV� LQFOXGLQJ WKH OLIW UHYHUVDO WKDW RFFXUV FORVH WR WKH ZDOO GXH WR

WKH DFWLRQ RI WKH ZDOO GUDJ� ,Q WKLV FDVH WKH s�DYHUDJHG KRUL]RQWDO YHORFLW\ LV LQGHHG D UHDVRQDEO\ VPRRWK

IXQFWLRQ� DQG WKH GLmHUHQFH EHWZHHQ SUH� DQG SRVWSURFHVVHG YHORFLWLHV LV TXLWH VPDOO�

%RWK PHDVXUHG DQG FDOFXODWHG YRLG IUDFWLRQ SURnOHV DUH VKRZQ LQ )LJ� �� ([FHOOHQW DJUHHPHQW EHWZHHQ

WKH UHVXOWV RI 0RXUVDOL� 0DULH DQG %DWDLOOH� DQG WKH SRVWSURFHVVHG YRLG IUDFWLRQ REWDLQHG ZLWK WKH FRGH

LV HYLGHQW� 2XU LQWHQWLRQ LV QRW� KRZHYHU� WR FODLP WKDW ZH KDYH IRXQG WKH XOWLPDWH PRGHO IRU EXEEOH�

ZDOO LQWHUDFWLRQV� EXW WR VKRZ WKH VLPLODULW\ LQ WKH JHQHUDO VKDSH RI FDOFXODWHG DQG PHDVXUHG YRLG IUDFWLRQ

SURnOHV REWDLQHG E\ DSSO\LQJ RXU SURSRVHG PRGHO� :H PXVW DOZD\V NHHS LQ PLQG WKDW WKH YDOXH RI WKH SHDN

GHSHQGV RQ WKH YDOXHV FKRVHQ IRU WKH FRQVWDQWV XVHG WR PRGHO WKH IRUFHV �L�H�� &90 � &/� &7' DQG &:'��

OHW DORQH WZR�ZD\ FRXSOLQJ HmHFWV� 7KH SUHVHQW UHVXOWV KDYH EHHQ REWDLQHG ZLWK WKH IROORZLQJ VHW RI YDOXHV�

&90  ���� &/  ����� &7'  ���� &:'  ���� 7KH YDOXH RI WKH OLIW FRHpFLHQW &/ ZDV REWDLQHG ZLWK

WKH FRUUHODWLRQ SURSRVHG E\ 7RPL\DPD >��@�

,Q RXU FDOFXODWLRQV� ZH H[SORUHG RWKHU YDOXHV RI WKH WXUEXOHQW GLVSHUVLRQ FRHpFLHQW� UDQJLQJ IURP � WR ����

REWDLQLQJ YDULDWLRQV RI XS WR ��� LQ WKH YDOXH RI WKH YRLG IUDFWLRQ SHDN� 7KH UHVXOWV ZHUH DOVR VHQVLWLYH
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)LJXUH �� ,VROLQHV RI OLTXLG YHORFLW\ DQG SUHVVXUH

WR WKH PRGHO XVHG IRU WKH EXEEOH LQGXFHG WXUEXOHQFH� IRU LW GLUHFWO\ DmHFWV WKH WXUEXOHQW GLVSHUVLRQ IRUFHV

E\ LQFUHDVLQJ WKH HmHFWLYH YLVFRVLW\� 7KH VHQVLWLYLW\ WR WKH RWKHU FRHpFLHQWV VKRXOG DOVR EH H[SORUHG LQ WKH

IXWXUH� 1RWH� KRZHYHU� WKDW RQO\ &:' LV GLUHFWO\ UHODWHG WR WKH SUHVHQFH RI VROLG ZDOOV� DQG WKXV LW FRXOG EH

GHWHUPLQHG E\ FRPSDULVRQ DJDLQVW FDUHIXO PHDVXUHPHQWV RI JDV YHORFLW\ SURnOHV QHDU ZDOOV� 7KH UHVW RI WKH

FRHpFLHQWV� ZKLFK DOVR DZDLW D FDUHIXO GHWHUPLQDWLRQ� DUH UHOHYDQW LQ WKH ZKROH GRPDLQ�

&21&/86,216

$ FHQWHU�DYHUDJHG WZR�oXLG PRGHO KDV EHHQ GHYHORSHG� 7KH PDLQ GLmHUHQFH IURP WKH VWDQGDUG WZR�oXLG

PRGHO LV WKH XVH RI D FHQWHU�LQGLFDWRU IXQFWLRQ LQVWHDG RI WKH XVXDO SKDVH LQGLFDWRU IXQFWLRQ IRU DYHUDJLQJ

SXUSRVHV� DQG D UHLQWHUSUHWDWLRQ RI WKH EXEEOH QXPEHU GHQVLW\�

7KH SUHVHQW PRGHO WDNHV LQWR DFFRXQW VWHHS FKDQJHV LQ EXEEOH FRQFHQWUDWLRQV� DOORZLQJ VWURQJO\ QRQ�OLQHDU

YDULDWLRQV RI WKH QXPEHU GHQVLW\ LQ UHJLRQV VPDOOHU WKDW D EXEEOH GLDPHWHU� 7KLV UHVXOWV LQ D PRGHO FDSDEOH

RI UHSURGXFLQJ YRLG IUDFWLRQ DQG YHORFLW\ SURnOHV QHDU VROLG ZDOOV�

7KH G\QDPLF DQG JHRPHWULF IDFWRUV FRQWULEXWLQJ WR WKH GLVSHUVHG SKDVH VROXWLRQ QHDU VROLG ZDOOV KDYH EHHQ

VXFFHVVIXOO\ VHSDUDWHG LQWR WZR LQGHSHQGHQW� VXFFHVVLYH VWHSV� 7KH nUVW LQYROYHV VROYLQJ WKH SUREOHP IRU WKH

QHZO\ GHnQHG FHQWHU�DYHUDJHG JDV YHORFLWLHV DQG QXPEHU GHQVLWLHV� ZKLOH WKH VHFRQG LV D SXUHO\ JHRPHWULF

SRVWSURFHVVLQJ VWHS IRU UHFRYHULQJ WKH YDOXHV WKDW DUH UHSUHVHQWDWLYH RI PHDVXUHG TXDQWLWLHV�

7KH PRGHO KDV EHHQ FRGHG LQWR DQ H[LVWLQJ VWDQGDUG PXOWLSKDVH FRGH� 7KH PRGLnFDWLRQ UHTXLUHG OLWWOH

HmRUW� EHFDXVH LW UHGXFHV WR DGGLQJ D SRVWSURFHVVLQJ VWHS� ZKLFK LQ IDFW FDQ EH PDGH Rm�OLQH XQOHVV WZR�ZD\

FRXSOLQJ LV UHTXLUHG� 7KH UHVXOWV REWDLQHG KDYH EHHQ FRPSDUHG DJDLQVW H[SHULPHQWDO UHVXOWV REWDLQHG E\

RWKHU DXWKRUV� VKRZLQJ WKDW LW LV LQGHHG D SURPLVLQJ WHFKQLTXH IRU VROYLQJ ZDOO ERXQGHG PXOWLSKDVH oRZV LQ

VLWXDWLRQV LQ ZKLFK WKH VL]H RI WKH EXEEOHV PDNH LW XQUHDVRQDEOH WR WDNH WKHP DV SRLQW SDUWLFOHV�
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$&.12:/('*(0(176

7KLV ZRUN ZDV VSRQVRUHG E\ WKH 2pFH RI 1DYDO 5HVHDUFK XQGHU *UDQW 1���������������� DQG ZDV VXSSRUWHG

LQ SDUW E\ D JUDQW RI +3& WLPH IURP WKH 'R' +3& FHQWHUV $5/ DQG $56&�

7KH DVVLVWDQFH RI )XQGDFLuRQ $QWRUFKDV �$UJHQWLQD� LQ WKLV SURMHFW LV DOVR JUDWHIXOO\ DFNQRZOHGJHG�

5HIHUHQFHV

>�@ $QWDO 6�3�� /DKH\ -U� 5�7�� )ODKHUW\ -�(�� $QDO\VLV RI 3KDVH 'LVWULEXWLRQ LQ )XOO\ 'HYHORSHG /DPLQDU

%XEEO\ 7ZR�3KDVH )ORZ� ,QW� -� 0XOWLSKDVH )ORZ ��� �������� �����

>�@ %LHVKHXYHO $�� *RULVVHQ :�&�0�� 9RLG )UDFWLRQ 'LVWXUEDQFHV LQ D 8QLIRUP %XEEO\ )ORZ� ,QW� -� 0XOWL�

SKDVH )ORZ� ��� �������� �����

>�@ %LHVKHXYHO $�� 6SRHOVWUD 6�� 7KH $GGHG 0DVV &RHpFLHQW RI D 'LVSHUVLRQ RI 6SKHULFDO *DV %XEEOHV LQ

/LTXLG� -� )OXLG 0HFK� ���� �������� �����

>�@ &DUULFD 3� 0�� %RQHWWR )�� 'UHZ '�$�� /DKH\ -U� 5�7� � $ 3RO\GLVSHUVH 0RGHO IRU %XEEO\ 7ZR�3KDVH

)ORZ $URXQG D 6XUIDFH 6KLS� DFFHSWHG IRU SXEOLFDWLRQ LQ ,QW� -� 0XOWLSKDVH )ORZ� �����

>�@ &DUULFD 3� 0�� %RQHWWR )�� 'UHZ '�$�� /DKH\ -U� 5�7� � 7KH ,QWHUDFWLRQ RI %DFNJURXQG 2FHDQ $LU

%XEEOHV ZLWK D 6XUIDFH 6KLS� ,QW� -� 1XP� 0HWK� )OXLGV ��� �������� �����

>�@ 'UHZ '�$�� /DKH\ 5�7� -U�� $SOLFDWLRQ RI *HQHUDO &RQVWLWXWLYH 3ULQFLSOHV WR WKH 'HULYDWLRQ RI 0XOWL�

GLPHQVLRQDO 7ZR�3KDVH )ORZ (TXDWLRQV� ,QW� -� 0XOWLSKDVH )ORZ �� ���� �����

>�@ 'UHZ '�$�� /DKH\ 5�7� -U�� 7KH 9LUWXDO 0DVV DQG /LIW )RUFH RQ D 6SKHUH LQ 5RWDWLQJ DQG 6WUDLQLQJ

,QYLVFLG )ORZ� ,QW� -� 0XOWLSKDVH )ORZ ��� ���� �����

>�@ 'UHZ '�$�� /DKH\ 5�7� -U�� 6RPH 6XSSOHPHQWDO $QDO\VLV RQ WKH 9LUWXDO 0DVV DQG /LIW )RUFH RQ D

6SKHUH LQ 5RWDWLQJ DQG 6WUDLQLQJ ,QYLVFLG )ORZ� ,QW� -� 0XOWLSKDVH )ORZ ��� ����� �����

>�@ 'UHZ '�$�� 3DVVPDQ 6�/�� 7KHRU\ RI PXOWLFRPSRQHQW oXLGV� $SS� 0DWK� 6FL� ���� 6SULQJHU� �����

>��@ ,VKLL 0�� 7KHUPR�)OXLG '\QDPLF 7KHRU\ RI 7ZR�3KDVH )ORZ� (\UROOHV� 3DULV� �����

>��@ ,VKLL 0�� 7ZR�)OXLG 0RGHO IRU 7ZR�3KDVH )ORZ� �QG ,QW� :RUNVKRS RQ 7ZR�3KDVH )ORZ )XQGDPHQWDOV�

5HQVVHODHU 3RO\WHFKQLF ,QVWLWXWH� 7UR\� 1<� �����

>��@ .RFK '�/�� .LQHWLF 7KHRU\ IRU D 0RQRGLVSHUVH *DV�6ROLG 6XVSHQVLRQ� 3K\V� )OXLGV $ �� ����������

�����

>��@ /DKH\ -U� 5�7�� 'UHZ '�$�� 7KH &XUUHQW 6WDWH�RI�WKH�$UW LQ 0RGHOLQJ RI 9DSRU�/LTXLG 7ZR�3KDVH

)ORZV� $60( 3DSHU ���:$�+7���� �����

>��@ /DKH\ -U� 5�7�� /RSH] GH %HUWRGDQR 0�� -RQHV -U� 2�&�� 3KDVH 'LVWULEXWLRQ 3KHQRPHQD LQ &RPSOH[

*HRPHWU\ &RQGXLWV� 1XFOHDU (QJ� DQG 'HVLJQ ���� �������� �����

>��@ /DUUHWHJX\ $�(�� 'UHZ '�$�� &DUULFD 3�0�� %RQHWWR )�� $ 1XPHULFDO 0RGHO IRU 7KUHH 'LPHQVLRQDO 3RO\�

GLVSHUVH %XEEO\ )ORZV DURXQG 6XUIDFH 6KLSV� ,9 :RUOG &RQJUHVV LQ &RPSXWDWLRQDO 0HFKDQLFV� %XHQRV

$LUHV� $UJHQWLQD� -XO\ ����� 3XEOLVKHG LQ &RPSXWDWLRQDO 0HFKDQLFV� 1HZ 7UHQGV DQG $SSOLFDWLRQV� (�

2aQDWH� 6� ,GHOVRKQ �(GV��� &,01(� %DUFHORQD� (VSDaQD� �����

>��@ /RWK (�� 0RGHO RI 7ZR�3KDVH 7XUEXOHQW 'LVSHUVLRQ LQ D 3ODQDU )UHH 6KHDU /D\HU� $,$$ $HURVSDFH

6FLHQFHV 0HHWLQJ� -DQ� �����



�� $�(� /DUUHWHJX\� '�$� 'UHZ� DQG 5�7� /DKH\� -U�

>��@ /RSH] GH %HUWRGDQR 0�� 7XUEXOHQW %XEEO\ 7ZR�3KDVH )ORZ LQ D 7ULDQJXODU 'XFW� 3K�'� 7KHVLV� 5HQV�

VHODHU 3RO\WHFKQLF ,QVWLWXWH� 7UR\� 1<� 86$� �����

>��@ 0RUDJD )�� /DWHUDO )RUFHV RQ 5LJLG 6SKHUHV LQ 7XUEXOHQW 8QLIRUP 6KHDU )ORZ� 3K�'� 7KHVLV� 5HQVVHODHU

3RO\WHFKQLF ,QVWLWXWH� 7UR\� 1<� 86$� �����

>��@ 0RXUVDOL (�� 0DULuH -�/�� %DWDLOOH -�� $Q 8SZDUG 7XUEXOHQW %XEEO\ %RXQGDU\ /D\HU DORQJ D 9HUWLFDO )ODW

3ODWH� ,QW� -� 0XOWLSKDVH )ORZ ��� �������� �����

>��@ 3DUN -�:�� 9RLG :DYH 3URSDJDWLRQ LQ 7ZR�3KDVH )ORZ� 3K�'� 7KHVLV� 5HQVVHODHU 3RO\WHFKQLF ,QVWLWXWH�

7UR\� 1<� 86$� �����

>��@ 3DWHUVRQ (�� +\PDQ 0�� 6WHUQ )�� &DUULFD 3�0� %RQHWWR )�� 'UHZ '�$�� /DKH\ 5�7� -U�� 1HDU DQG

)DU�)LHOG &)' IRU D 1DYDO &RPEDWDQW ,QFOXGLQJ 7KHUPDO�6WUDWLnFDWLRQ DQG 7ZR�)OXLG 0RGHOLQJ� SURF�

��VW 6\PS� RQ 1DYDO +\GURG\QDPLFV� 7URQGKHLP� 1RUZD\� �����

>��@ 6DQJDQL $�6�� 'LGZDQLD $�.�� 'LVSHUVHG 3KDVH 6WUHVV 7HQVRU LQ )ORZV RI %XEEOH /LTXLGV DW /DUJH

5H\QROGV 1XPEHUV� -� )OXLG 0HFK� ���� ������ �����

>��@ 6WHUQ )�� 3DWHUVRQ (�� 7DKDUD <�� &)'6+,3�,2:$� &RPSXWDWLRQDO )OXLG '\QDPLFV 0HWKRG IRU

6XUIDFH�6KLS %RXQGDU\ /D\HUV DQG :DNH DQG :DYH )LHOGV� ,RZD ,QVWLWXWH RI +\GUDXOLF 5HVHDUFK 5HSRUW

���� ,RZD &LW\� 86$� �����

>��@ 6ZHE\ 3�.�� +LJK 5HVROXWLRQ 79' 6FKHPHV 8VLQJ )OX[ /LPLWHUV� LQ /DUJH�6FDOH &RPSXWDWLRQV LQ )OXLG

0HFKDQLFV� $06� 3URYLGHQFH� 5,� 86$� �����

>��@ 6DWR <�� 6DGDWRPL 0�� 6HNRJXFKL .�� 0RPHQWXP DQG +HDW 7UDQVIHU LQ 7ZR�3KDVH %XEEOH )ORZ�,� ,QW�

-� 0XOWLSKDVH )ORZ �� �������� �����

>��@ 7DKDUD <�� 6WHUQ )�� 5RVHQ %�� $Q ,QWHUDFWLYH $SSURDFK IRU &DOFXODWLQJ 6KLS %RXQGDU\ /D\HUV DQG

:DNHV IRU 1RQ]HUR )URXGH 1XPEHU� -� RI &RPS� 3K\V� ��� S� ��� �����

>��@ 7RPL\DPD $�� 6WUXJJOH ZLWK &RPSXWDWLRQDO %XEEOH '\QDPLFV� 7KLUG ,QW� &RQI� RQ 0XOWLSKDVH )ORZV�

,&0)
��� /\RQ� )UDQFH� -XQH ����� �����

>��@ :DQJ 6�.�� 7KUHH�GLPHQVLRQDO 7XUEXOHQFH 6WUXFWXUH 0HDVXUHPHQWV LQ $LU�:DWHU 7ZR�3KDVH )ORZ�

3K�'� 7KHVLV� 5HQVVHODHU 3RO\WHFKQLF ,QVWLWXWH� 7UR\� 1<� �����

>��@ :DQJ 6�.�� /HH 6�-�� -RQHV 2�&�� /DKH\ 5�7� -U�� �' 7XUEXOHQFH 6WUXFWXUH DQG 3KDVH 'LVWULEXWLRQ

0HDVXUHPHQWV LQ %XEEO\ 7ZR�3KDVH )ORZ� ,QW� -� 0XOWLSKDVH )ORZ ��� �������� �����

>��@ =KDQJ '�=�� 3URVSHUHWWL $�� $YHUDJHG (TXDWLRQV IRU ,QYLVFLG 'LVSHUVH 7ZR�3KDVH )ORZ� -� )OXLG 0HFK�

���� �������� �����


