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3DXOR $IRQVR GH 2OLYHLUD 6RYLHUR � VRYLHUR#DHU�LWD�EU

,QVWLWXWR 7HFQROyJLFR GH $HURQiXWLFD

��������� � 6mR -RVp GRV &DPSRV� 63� %UD]LO

)iELR +HQULTXH /DPHLUDV 3LQWR � ODPHLUDV#QHWYDOH�FRP�EU

,QVWLWXWR GH $HURQiXWLFD H (VSDoR� 'LYLVmR GH (QVDLRV HP 9{R

��������� � 6mR -RVp GRV &DPSRV� 63� %UD]LO

$EVWUDFW� 7KH PDWKHPDWLFDO PRGHO IRU WZR�GLPHQVLRQDO XQVWHDG\ VRQLF IORZ� EDVHG RQ WKH

FODVVLFDO GLIIXVLRQ HTXDWLRQ ZLWK LPDJLQDU\ FRHIILFLHQW� LV SUHVHQWHG DQG GLVFXVVHG� 7KH PDLQ

SXUSRVH LV WR GHYHORS D ULJRURXV IRUPXODWLRQ LQ RUGHU WR EULQJ LQWR OLJKW WKH FRUUHVSRQGHQFH

EHWZHHQ WKH VRQLF� VXSHUVRQLF DQG VXEVRQLF SDQHO PHWKRG WKHRU\� 6RXUFH DQG GRXEOHW LQWHJUDOV

DUH REWDLQHG DQG /DSODFH WUDQVIRUPDWLRQ GHPRQVWUDWHV WKDW� LQ IDFW� WKH VRXUFH LQWHJUDO LV WKH

VROXWLRQ RI WKH GRXEOHW LQWHJUDO HTXDWLRQ� ,W LV VKRZQ WKDW WKH GRXEOHW�RQO\ IRUPXODWLRQ UHGXFHV

WR D 9ROWHUUD LQWHJUDO HTXDWLRQ RI WKH ILUVW NLQG DQG D QXPHULFDO PHWKRG LV SURSRVHG LQ RUGHU WR

VROYH LW� 7R WKH DXWKRUV
 NQRZOHGJH WKLV LV WKH ILUVW UHSRUWHG VROXWLRQ WR WKH XQVWHDG\ VRQLF WKLQ

DLUIRLO SUREOHP WKURXJK WKH XVH RI GRXEOHW VLQJXODULWLHV� &RPSDULVRQV ZLWK WKH VRXUFH�RQO\

IRUPXODWLRQ DUH VKRZQ IRU WKH SUREOHP RI D IODW SODWH LQ FRPELQHG KDUPRQLF KHDYLQJ DQG SLWFKLQJ

PRWLRQ�

.H\ZRUGV� 8QVWHDG\ DHURG\QDPLFV� 6RQLF IORZ� 3DQHO PHWKRG� /LQHDUL]HG WKHRU\

�� ,1752'8&7,21

,Q VSLWH RI WKH ZHOO�NQRZQ IDFW WKDW DLUIRLO PDWKHPDWLFDO PRGHOV PXVW EH HVVHQWLDOO\

QRQOLQHDU LQ WKH WUDQVRQLF UDQJH� D OLQHDUL]HG WUHDWPHQW DSSHDUV WR EH PHDQLQJIXO ZKHQHYHU WKH

PRWLRQ SUHVHQWV D FHUWDLQ GHJUHH RI XQVWHDGLQHVV DQG ORZ DPSOLWXGH DV KDV EHHQ REVHUYHG E\

%LVSOLQJKRII HW DO ������� 7KH SUHVHQW ZRUN ZDV XQGHUWDNHQ EDVLFDOO\ GXH WR WKH IROORZLQJ

FRQVLGHUDWLRQV� �� 7KH REVHUYDWLRQ E\ *DUULFN ������ WKDW WKH WUHDWPHQW RI OLQHDUL]HG

QRQVWDWLRQDU\ IORZ LQ WKH VRQLF UDQJH VKRXOG QRW EH GLVFRQVLGHUHG� IRU WKLV SURYLGHV D FRQWLQXRXV

EULGJH LQ DQDO\WLFDO UHVXOWV IURP VXEVRQLF WKURXJK WUDQVRQLF WR VXSHUVRQLF VSHHGV� DQG �� WKH

SUHVHQW ZRUN XQLILHV QXPHULFDO PHWKRGV DOUHDG\ SUHVHQWHG IRU VXEVRQLF �6RYLHUR� ����� DQG

VXSHUVRQLF �6RYLHUR 	 5LEHLUR� ����� DLUIRLOV LQ RVFLOODWLQJ FRPSUHVVLEOH IORZ�

6DWLVIDFWRU\ IRUPXODWLRQV IRU WKH SUREOHP RI DQ DLUIRLO LQ XQVWHDG\ VRQLF IORZ LQGXFHG

E\ VPDOO YHUWLFDO KDUPRQLF RVFLOODWLRQV KDYH EHHQ DYDLODEOH VLQFH WKH ����
V� 7KH ZRUN RI 1HOVRQ

	 %HUPDQ ������ IRU WKH SUREOHP LV VLPSOH DQG UHVXOWV LQ D QXPHULFDO TXDGUDWXUH LQYROYLQJ DQ

HOHPHQWDU\ IXQFWLRQ DQG WKH NQRZQ GRZQZDVK GLVWULEXWLRQ DORQJ WKH DLUIRLO FKRUG� ,Q IDFW� WKH

DUELWUDU\� XQVWHDG\ PRWLRQ RI D WKLQ DLUIRLO LQ VRQLF RU VXSHUVRQLF UDQJHV FDQ EH UHSUHVHQWHG E\
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SODFLQJ DQ DSSURSULDWHG VKHHW RI VRXUFHV DORQJ WKH DLUIRLO FKRUG� $OWHUQDWLYHO\� WKH SUREOHP FDQ

EH DQDO\]HG E\ PHDQV RI D /DSODFH WUDQVIRUPDWLRQ LQ WKH LQGHSHQGHQW VWUHDPZLVH YDULDEOH� DV FDQ

EH VHHQ LQ %LVSOLQJKRII HW DO � ������ 'RZHOO HW DO ������ DQG /DQGDKO �������

,Q WKH SUHVHQW LQYHVWLJDWLRQ WKH GLVWXUEDQFH ILHOG FRUUHVSRQGLQJ WR FRPSUHVVLRQ RU

H[SDQVLRQ RYHU DQ DLUIRLO LQ VRQLF IORZ ZLOO EH UHSUHVHQWHG E\ WKH DFWLRQ RI GRXEOHWV� DOWKRXJK

VRXUFHV DORQH PD\ VXIILFH � ZKLFK OHDGV� LQ IDFW� WR WKH XVXDO ZD\ WR WDFNOH WKH SUREOHP�� 7KH

PDWKHPDWLFDO PRGHO IRU WZR�GLPHQVLRQDO XQVWHDG\ WUDQVRQLF IORZ EDVHG RQ WKH FODVVLFDO GLIIXVLRQ

HTXDWLRQ ZLWK LPDJLQDU\ FRHIILFLHQW �0RUVH 	 )HVKEDFK� ����� LV SUHVHQWHG DQG GLVFXVVHG� 7KH

DLP LV WR GHYHORS D ULJRURXV IRUPXODWLRQ WKDW VKRZV WKH FRUUHVSRQGHQFH EHWZHHQ WKH VRQLF IORZ

DQG WKH FODVVLFDO SDQHO PHWKRG WKHRU\� 7KURXJK WKH DSSOLFDWLRQ RI *UHHQ
V WKHRUHP WR WKH GLIIXVLRQ

HTXDWLRQ DQ LQWHJUDO VROXWLRQ LV REWDLQHG� ,W LV VKRZQ WKDW WKH VRXUFH�RQO\ IRUPXODWLRQ LV

HTXLYDOHQW WR WKDW SUHVHQWHG LQ 1HOVRQ 	 %HUPDQ ������ DQG WKDW WKH GRXEOHW�RQO\ IRUPXODWLRQ

UHGXFHV WR D 9ROWHUUD LQWHJUDO HTXDWLRQ RI WKH ILUVW NLQG� 7KH UHODWLRQVKLS EHWZHHQ VRXUFH DQG

GRXEOHW IRUPXODWLRQ LV GHULYHG E\ /DSODFH WUDQVIRUPDWLRQ� ZKLFK GHPRQVWUDWHV WKDW WKH VRXUFH�

RQO\ IRUPXODWLRQ LV D VROXWLRQ WR WKH 9ROWHUUD HTXDWLRQ� )LQDOO\ D QXPHULFDO PHWKRG LV SURSRVHG

LQ RUGHU WR VROYH WKH 9ROWHUUD HTXDWLRQ� 7R WKH DXWKRUV
 NQRZOHGJH WKLV LV WKH ILUVW UHSRUWHG

VROXWLRQ WKDW XVHV GRXEOHW�RQO\ VLQJXODULWLHV� 7KH VROXWLRQ LQYROYHV WKH FRQFHSW RI WKH ILQLWH SDUW

RI DQ LQWHJUDO DQG LWV VWXG\ LV HVVHQWLDO IRU WKH WKUHH�GLPHQVLRQDO WKLQ ZLQJ VROXWLRQ� DV UHSRUWHG

LQ 6RYLHUR 	 3LQWR �������

�� 0$7+(0$7,&$/ 02'(/

,Q D UHIHUHQFH IUDPH WKDW WUDQVODWHV XQLIRUPO\ ZLWK WKH XQGLVWXUEHG IORZ YHORFLW\� 8�

FORVH WR WKH VRXQG VSHHG D � WKH FRPSOH[ YHORFLW\ SHUWXUEDWLRQ SRWHQWLDO 0 GXH WR WKH KDUPRQLF

VPDOO�DPSOLWXGH PRWLRQ RI D WKLQ DLUIRLO PD\ EH GHVFULEHG PDWKHPDWLFDOO\ E\ D OLQHDU GLIIHUHQWLDO

HTXDWLRQ� DV JLYHQ E\ /DQGDKO ������� LQ WKH IUHTXHQF\ GRPDLQ

7KH YHORFLW\ 8 OLHV LQ WKH SRVLWLYH ; GLUHFWLRQ DQG 0 LV PDGH QRQGLPHQVLRQDO UHODWLYH WR 8 DQG

D UHIHUHQFH OHQJWK /� LQ WKH SUHVHQW ZRUN WKH VHPL�FKRUG RI WKH DLUIRLO�

'HILQLQJ QRZ D QHZ FRPSOH[ SRWHQWLDO DV

ZKHUH7 LV WKH DQJXODU IUHTXHQF\ RI WKH PRWLRQ�0 WKH XQGLVWXUEHG IORZ 0DFK QXPEHU� DQG XVLQJ

WKH WUDQVIRUPDWLRQ

WKH JRYHUQLQJ HTXDWLRQ RI WKH SUREOHP� (T� ���� FDQ EH UHZULWWHQ DV WKH FODVVLFDO GLIIXVLRQ HTXDWLRQ
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ZLWK LPDJLQDU\ FRHIILFLHQW�

ZKHUH N  7 / � 8 LV WKH UHGXFHG IUHTXHQF\� (TXDWLRQ ��� LV SDUDEROLF DQG SRVVHVHV VRXUFH� DQG

GRXEOHW�OLNH HOHPHQWDU\ VROXWLRQV�

,Q WKH WUDQVIRUPHG SODQH WKH OLQHDUL]HG ERXQGDU\ FRQGLWLRQ RQ WKH DLUIRLO VXUIDFH LV

ZKHUH K �[� UHSUHVHQWV WKH DLUIRLO VXUIDFH QRQGLPHQVLRQDO YHUWLFDO GLVSODFHPHQW� $IWHU (T� ��� LV

VROYHG IRU 1� VXEMHFWHG WR ERXQGDU\ FRQGLWLRQ ���� WKH FRPSOH[ SUHVVXUH FRHIILFLHQW RQ WKH DLUIRLO

VXUIDFH LV REWDLQHG DV

6LPLODU PDWKHPDWLFDO PRGHOV IRU VXEVRQLF DQG VXSHUVRQLF IORZV OHDGLQJ UHVSHFWLYHO\ WR

WKH +HOPKROW] DQG WR WKH K\SHUEROLF +HOPKROW] HTXDWLRQV DUH SUHVHQWHG LQ 6RYLHUR ������ DQG

6RYLHUR 	 5LEHLUR �������

�� 3$1(/ 0(7+2' )2508/$7,21

&RQVLGHU (T� ���� 7KH HOHPHQWDU\ VRXUFH DQG GRXEOHW �LQ WKH ] GLUHFWLRQ� VROXWLRQV IRU

WKLV HTXDWLRQ DW SRLQW �[�]�� DUH� UHVSHFWLYHO\�

IRU [ ! [ DQG ]HUR RWKHUZLVH� ZKHUH �[ � ] � LV WKH SRVLWLRQ RI WKH VLQJXODULW\� 7KH GRXEOHW
� � �

VROXWLRQ FRPHV IURP WKH ] �GHULYDWLYH RI WKH VRXUFH VROXWLRQ DV LV XVXDO LQ WKH FODVVLFDO SDQHO
�

PHWKRG�
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$SSOLFDWLRQ RI *UHHQ
V WKHRUHP WR WKH GLIIXVLRQ HTXDWLRQ LV ZHOO NQRZQ DQG LV GHVFULEHG

LQ 0RUVH 	 )HVKEDFK ������� )RU DQ DLUIRLO RQ WKH [�D[LV �L�H�� ]  �� ZLWK OHDGLQJ HGJH DW [  ��
�

LW \LHOGV WKH IROORZLQJ LQWHJUDO LGHQWLW\ IRU WKH XSSHU IORZ UHJLRQ �] ! ���

DQG VLPLODUO\ IRU WKH ORZHU UHJLRQ� 1RWLFH WKH DSSHDUDQFH RI VRXUFH DQG GRXEOHW LQWHJUDOV� OLNH LQ

WKH FODVVLFDO LQFRPSUHVVLEOH SDQHO PHWKRG� )RU D VRXUFH�RQO\ IRUPXODWLRQ� RQO\ WKH ILUVW LQWHJUDO

UHPDLQV� SURYLGLQJ D VLPSOH VROXWLRQ WR WKH (T� ��� RQ WKH DLUIRLO VXUIDFH� QDPHO\�

7KLV LV HTXLYDOHQW WR WKH VROXWLRQ RI WKH WKLQ DLUIRLO LQ VPDOO YHUWLFDO KDUPRQLF PRWLRQ

SUHVHQWHG LQ %LVSOLQJKRII HW DO ������ DQG 1HOVRQ 	 %HUPDQ ������� 2QH UHFRJQL]HV )�[ � DV
�

WKH VXUIDFH VRXUFH GHQVLW\ RI WKH ILUVW IXQGDPHQWDO VROXWLRQ� VHH (T� ���� 7KH DERYH VROXWLRQ LV

FRPSOHWHG ZLWK WKH DSSOLFDWLRQ RI WKH ERXQGDU\ FRQGLWLRQ ���� )RU D WKLQ DLUIRLO� WKH GHQVLW\ RI WKH

VRXUFH GLVWULEXWLRQ RYHU WKH FKRUG LV JLYHQ E\

7KLV UHVXOW LV DQDORJRXV WR WKH RQH REWDLQHG IRU WKH WKLQ DLUIRLO WKLFNQHVV SUREOHP LQ VXEVRQLF RU

VXSHUVRQLF VWHDG\ IORZ� 2EVHUYH� KRZHYHU� WKDW WKH DLUIRLO VXUIDFH VORSH� Z�[�� DQG FRQVHTXHQWO\

WKH VRXUFH GHQVLW\ LWVHOI� PD\ EH GLIIHUHQW IRU XSSHU� DQG ORZHU�VXUIDFH VROXWLRQV�

)RU D GRXEOHW�RQO\ IRUPXODWLRQ� RQO\ WKH ODVW LQWHJUDO LQ (T� ��� UHPDLQV� 'LIIHUHQWLDWLRQ

LQ ] DQG LQWURGXFWLRQ RI WKH ERXQGDU\ FRQGLWLRQ ��� RQ WKH OHIW KDQG VLGH OHDG WR

ZKLFK LV D 9ROWHUUD
V LQWHJUDO HTXDWLRQ RI ILUVW NLQG� $JDLQ� RQH UHFRJQL]HV ��[� DV WKH GRXEOHW

GHQVLW\ RI WKH VHFRQG IXQGDPHQWDO VROXWLRQ GHILQHG LQ (T� ���� DQG REWDLQHG IURP
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ZKHUH � LV SODFHG RQ WKH FKRUG DQG 1 LV WDNHQ RQ WKH DLUIRLO VXUIDFH� 7KH LQWHJUDO HTXDWLRQ�

(T������ KDV WKH VDPH IRUP DV IRU WKH VXEVRQLF DLUIRLO FDPEHU SUREOHP� ,Q IDFW� WKH FODVVLFDO GLUHFW

DQG LQYHUVH SUREOHPV RI DLUIRLO WKHRU\ DUH IXOO\ UHWULHYHG IURP (TV� ���� DQG �����

/LNH LQ 6RYLHUR 	 5LEHLUR ������� D UHPDUNDEOH UHVXOW FDQ EH REWDLQHG ZKHQ (T� ����

LV VROYHG E\ /DSODFH WUDQVIRUPDWLRQ� $IWHU LQWURGXFLQJ (T� ���� WKH LQWHJUDO HTXDWLRQ FDQ EH

UHZULWWHQ DV �.UDVQRY HW DO� �����

ZKHUH WKH V\PERO 
 VWDQGV IRU WKH FRQYROXWLRQ SURGXFW� 7DNLQJ WKH /DSODFH WUDQVIRUP RI WKLV

HTXDWLRQ� RQH REWDLQV

ZKHUH 
 LV WKH *DPPD IXQFWLRQ� $Q DFFHVVRU\ ERXQGDU\ FRQGLWLRQ� 1���  �� LV LQWURGXFHG LQ

(T������ 5HDUUDQJLQJ� RQH ILQGV

7KLV UHODWLRQ� DIWHU DQ LQYHUVH /DSODFH WUDQVIRUP� EHFRPHV

UHWXUQLQJ WKH VDPH UHVXOW DV LQ (TV� ���� DQG ����� 7KLV VKRZV WKDW WKH VRXUFH LQWHJUDO LV D VROXWLRQ

WR WKH GRXEOHW HTXDWLRQ ����� ,Q RWKHU ZRUGV� (T� ���� LV WKH WUXH ERXQGDU\ LQWHJUDO HTXDWLRQ

HTXLYDOHQW WR WKH V\VWHP IRUPHG E\ WKH GLIIXVLRQ HTXDWLRQ� (T� ���� DQG WKH ERXQGDU\ FRQGLWLRQ�

(T� ����

�� 180(5,&$/ 62/87,21

,Q RUGHU WR REWDLQ D SDQHO PHWKRG VROXWLRQ IRU WKH GRXEOHW�RQO\ IRUPXODWLRQ � (TV� ����

DQG ���� � WKH [ D[LV EHWZHHQ � DQG � � L�H�� WKH DLUIRLO FKRUG� LV XQLIRUPO\ GLYLGHG LQWR D QXPEHU
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1 RI VPDOO HOHPHQWV� $V LQ FODVVLFDO YRUWH[ ODWWLFH PHWKRG FRQWURO SRLQWV DUH FKRVHQ DW WKH FHQWHU

RI HDFK SDQHO� 'RXEOHW GHQVLW\ �� DQG FRQVHTXHQWO\ 1� LV WDNHQ DV SLHFHZLVH FRQVWDQW DQG WKHLU

YDOXHV DUH GLVFRQWLQXRXV IURP RQH SDQHO WR WKH QH[W DV WKH VROXWLRQ SURFHHGV DORQJ WKH DLUIRLO

FKRUG�

7KH XQLWDU\ LQGXFHG YHORFLW\ D IRU D FRQWURO SRLQW [ � GXH WR D SDQHO H[WHQGLQJ IURP [NM N M

WR [ DQG FRQVWDQW GRXEOHW GHQVLW\ �  � LV ZULWWHQ DVM�� M

DQG PLJKW DVVXPH RQH RI WKH IROORZLQJ FDVHV

,Q RUGHU WR REWDLQ D � WKH ILQLWH�SDUW LQWHJUDO FRQFHSW �+HDVOHW 	 /RPD[� ������ RULJLQDOO\NM

LQWURGXFHG DQG JHQHUDOL]HG E\ +DGDPDUG� PXVW EH HPSOR\HG ZKHQ HYDOXDWLQJ (T� ����� VLQFH

[ � [ � [ � 7KH GLVFUHWL]HG IRUP RI (T� ���� RQ DQ DUELWUDU\ FRQWURO SRLQW L� UHDGVM N M��

7KLV SURFHGXUH LV DSSOLHG IRU HDFK FRQWURO SRLQW XQWLO WKH DLUIRLO WUDLOLQJ HGJH � [  �� LV UHDFKHG�

2EVHUYH WKDW WKH DERYH PHWKRG LV� DV LQ WKH VXSHUVRQLF FDVH � 6RYLHUR 	 5LEHLUR� �����

ULJRURXVO\ HTXLYDOHQW WR WKH DVVHPEO\ RI D OLQHDU PDWUL[ HTXDWLRQ� JLYHQ E\
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ZKHUH >$@ LV WKH LQIOXHQFH FRHIILFLHQW PDWUL[� � LV WKH YHFWRU FRQWDLQLQJ WKH GRXEOHW GHQVLW\ YDOXHV

DW WKH SDQHOV DQG % FRQWDLQV WKH QRUPDO YHORFLW\ FRPSRQHQW� Z� DW HDFK FRQWURO SRLQW� 7KH PDWUL[

>$@ LV ORZHU WULDQJXODU DV D FRQVHTXHQFH RI WKH XSZLQG GHSHQGHQF\ RI VRQLF OLQHDUL]HG

SKHQRPHQD�

�� 5(68/76

7KH GRXEOHW�RQO\ PHWKRG ZDV XVHG WR FRPSXWH WKH WZR EDVLF XQVWHDG\ IORZV DSSOLHG WR

D IODW SODWH� KDUPRQLF KHDYLQJ DQG SLWFKLQJ PRWLRQ� 'XH WR WKH OLQHDULW\ RI WKH PDWKHPDWLFDO

PRGHO� WKHVH WZR VROXWLRQV FDQ EH FRPELQHG WR SURGXFH PRUH FRPSOH[ DLUIRLO PRWLRQV� 7KH

SXUSRVH RI WKH FRPSXWDWLRQV ZHUH WZRIROG� �� WR YDOLGDWH WKH SUHVHQW PHWKRG WKURXJK FRPSDULVRQV

ZLWK SUHYLRXV VROXWLRQV DQG� �� WR HYDOXDWH WKH DFFXUDF\ RI WKH SDQHO PHWKRG VROXWLRQ DQG LWV

GHSHQGHQF\ XSRQ GLVFUHWL]DWLRQ� )RU D FRPSOHWH VWXG\ DERXW FRQYHUJHQFH FRQFHUQLQJ KHDYLQJ�

SLWFKLQJ DQG FRPELQHG PRWLRQV WKH UHDGHU LV UHIHUUHG WR 3LQWR �������

)RU D IODW SODWH LQ KDUPRQLF KHDYH� WKH YHUWLFDO SRVLWLRQV RI DOO LWV SRLQWV YDU\ DFFRUGLQJ

WR

)RU KDUPRQLF SLWFK DURXQG SRLQW [ � WKH DQJOH�RI�DWWDFN YDULHV DFFRUGLQJ WR
S

ZKLFK PHDQV WKDW WKH SODWH VXUIDFH ORFDWLRQ LV JLYHQ E\

7KH OLIW DQG PRPHQW FRHIILFLHQWV IRU WKH DLUIRLO DUH JLYHQ E\

,Q WKH SUHVHQW ZRUN WKH UHIHUHQFH SRLQW� [ � IRU SLWFKLQJ PRPHQW LV WDNHQ DV WKH OHDGLQJ�HGJH RI
UHI

WKH IODW SODWH�

)LJXUH � VKRZV UHDO DQG LPDJLQDU\ SUHVVXUH FRHIILFLHQW GLIIHUHQFHV� �& � & ��
S�ORZHU S�XSSHU

DORQJ WKH SURILOH FKRUG LQ FRPELQHG KHDYLQJ DQG SLWFKLQJ DERXW WKH OHDGLQJ HGJH� 5HVXOWV
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5H�FS� � VRXUFH�RQO\ IRUPXODWLRQ �1HOVRQ 	 %HUPDQ�

,P�FS� � VRXUFH RQO\�IRUPXODWLRQ �1HOVRQ 	 %HUPDQ�

'RXEOHW�RQO\ IRUPXODWLRQ �SUHVHQW ZRUN�

)LJXUH � � 3UHVVXUH FRHIILFLHQW MXPS

REWDLQHG ZLWK ERWK WKH GRXEOHW�RQO\ DQG VRXUFH�RQO\ IRUPXODWLRQV DUH VKRZQ�

,W PXVW EH SRLQWHG RXW WKH VLQJXODU EHKDYLRU RI WKH UHDO SDUW FRHIILFLHQW DW WKH OHDGLQJ

HGJH� ZKLFK LV W\SLFDO RI WKH VXEVRQLF IORZ� DQG WKH QRQ�]HUR SUHVVXUH FRHIILFLHQW MXPS DW WKH

WUDLOLQJ HGJH� ZKLFK LV W\SLFDO RI WKH VXSHUVRQLF RQH� 7KH SDWWHUQ UHSUHVHQWHG E\ )LJ� � LV FRPPRQ

WR DOO FDOFXODWLRQV PDGH IRU UHGXFHG IUHTXHQFLHV UDQJLQJ IURP � WR ��� DV FDQ EH REVHUYHG LQ 3LQWR�

�������

)LJXUHV � DQG � VKRZ UHDO DQG LPDJLQDU\ SDUWV RI OLIW DQG PRPHQW FRHIILFLHQWV

FRPSXWHG E\ WKH GRXEOHW�RQO\ PHWKRG IRU D IODW SODWH LQ FRPELQHG SLWFKLQJ DQG KHDYLQJ PRWLRQ�

7KH ZLGH UDQJH RI IUHTXHQFLHV VKRZQ� QRW DOO RI WKHQ UHDOLVWLF FRQILUPV WKH FRQVLVWHQF\ RI WKH

SURSRVHG QXPHULFDO VFKHPH �$OVR SORWWHG LQ )LJXUHV � DQG � DUH YDOXHV FRPSXWHG E\ 1HOVRQ 	

%HUPDQ REWDLQHG IURP QXPHULFDO LQWHJUDWLRQ RI (T� ���� DQG ERXQGDU\ FRQGLWLRQ� (T����� WKDW LV�

WKH VRXUFH� RQO\ IRUPXODWLRQ� $V FDQ EH REVHUYHG� WKH RYHUDOO DJUHHPHQW LV IDLUO\ JRRG� 6RPH RI

WKH FRPSXWDWLRQV UHTXLUHG DERXW ���� SDQHOV EXW HYHQ WKRVH FDVHV GLG QRW H[FHHG � VHFRQGV RI

&38 WLPH RQ D SHUVRQDO FRPSXWHU �3HQWLXP� ��� 0+]��
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5H �FO� �1HOVRQ 	 %HUPDQ�
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)LJXUH � � /LIW FRHIILFLHQW )LJXUH � � 3LWFKLQJ PRPHQW FRHIILFLHQW

�� &21&/86,21

7KLV ZRUN SUHVHQWV D ULJRURXV IRUPXODWLRQ IRU WKH DSSOLFDWLRQ RI SDQHO PHWKRGV WR

XQVWHDG\ VRQLF IORZ� ,W LV VKRZQ WKDW LQ DQDORJ\ ZLWK VXEVRQLF DQG VXSHUVRQLF IORZV WKHUH LV DOVR

D GRXEOHW VROXWLRQ WR WKH SUREOHP� 7KH ODFN RI LQWHUHVW IRU WKH XVLQJ RI GRXEOHW LV GXH WR WKH

VLPSOLFLW\ RI WKH SUREOHP� ZKDW DOORZV D VRXUFH�RQO\ DSSURDFK DQG SURGXFHV D VROXWLRQ E\

VWUDLJKWIRUZDUG TXDGUDWXUH� :KHUHDV LQ WKH VXEVRQLF FDVH� VRXUFHV DQG GRXEOHWV DUH QHFHVVDU\ WR

VROYH WKH WKLFNQHVV DQG FDPEHU SUREOHPV� UHVSHFWLYHO\� LQ WKH VRQLF UHJLPH HLWKHU RQH RI WKRVH

VLQJXODULWLHV FDQ EH XVHG� ,W KDV EHHQ VKRZQ WKDW WKH VRXUFH DQG GRXEOHW LQWHJUDOV DUH ERWK

VROXWLRQV WR WKH GLIIXVLRQ HTXDWLRQ ZLWK LPDJLQDU\ FRHIILFLHQW DSSOLHG WR DLUIRLO DW VRQLF OLQHDUL]HG

IORZ� 7KH QXPHULFDO LPSOHPHQWDWLRQ RI ERWK IRUPXODWLRQV VKRZHG WKDW WKH GRXEOHW�RQO\ PHWKRG

LV DV DFFXUDWH DQG HIILFLHQW DV WKH VRXUFH PHWKRG�

$FNQRZOHGJHPHQWV

7KH &13T JUDQW ����������� FRQFHGHG WR WKH ILUVW DXWKRU GXULQJ WKH HODERUDWLRQ RI WKH

SUHVHQW UHVHDUFK LV JUHDWO\ DFNQRZOHGJHG�

5()(5(1&(6

%LVSOLQJKRII� 5� /�� $VKOH\� +� DQG +DOIPDQ� 5� /�� ����� $HURHODVWLFLW\� $GGLVRQ�:HVOH\�

5HDGLQJ� 0D�

'RZHOO� (� +� HW DO�� ����� $ 0RGHUQ &RXUVH LQ $HURHODVWLFLW\� 6LMWKRII 	 1RUGKRII� $OSKHQ DDQ

GHQ 5LMQ� 7KH 1HWKHUODQGV�

*DUULFN� ,� (�� ����� 1RVWHDG\ ZLQJ FKDUDFWHULVWLFV� LQ +LJK 6SHHG $HURG\QDPLFV DQG -HW

3URSXOVLRQ� 9RO� �� 6HF� )� HGV $� )� 'RQRYDQ DQG +� 5� /DZUHQFH� 3ULQFHWRQ 8QLYHUVLW\

3UHVV� 3ULQFHWRQ� 1-�

+HDVOHW� 0� $� 	 /RPD[� +�� ����� 6XSHUVRQLF DQG WUDQVRQLF VPDOO SHUWXUEDWLRQ WKHRU\� LQ +LJK

6SHHG $HURG\QDPLFV DQG -HW 3URSXOVLRQ� 9RO� �� 6HF� '� HGV $� )� 'RQRYDQ DQG +� 5�

/DZUHQFH� 3ULQFHWRQ 8QLYHUVLW\ 3UHVV� 3ULQFHWRQ� 1-�

.UDVQRY� 0�� .LVVpOHY� $� DQG 0DNDUHQNR� *�� ����� eTXDWLRQV ,QWHJUDOHV� (GLWLRQV 0LU� 0RVFRX�



/DQGDKO� 0�� ����� 8QVWHDG\ 7UDQVRQLF )ORZ� 3HUJDPRQ 3UHVV� 2[IRUG�

0RUVH� 3� 0� 	 )HVKEDFK� +�� ����� 0HWKRGV RI 7KHRUHWLFDO 3K\VLFV� 3DUW ,� 0F*UDZ�+LOO %RRN

&RPSDQ\� 1HZ <RUN� 1<�

1HOVRQ� +� &� 	 %HUPDQ� -� +�� ����� &DOFXODWLRQV RI WKH IRUFHV DQG PRPHQWV IRU DQ RVFLOODWLQJ

ZLQJ�DLOHURQ FRPELQDWLRQ LQ WZR�GLPHQVLRQDO SRWHQWLDO IORZ DW VRQLF VSHHG� 1$&$ 5 �����

3LQWR� )� +� /�� ����� *HQHUDOL]HG YRUWH[ ODWWLFH PHWKRG IRU VRQLF OLQHDU DQG XQVWHDG\ IORZ

UHJLPH� 0�6F� WKHVLV� ,QVWLWXWR 7HFQROyJLFR GH $HURQiXWLFD� 6mR -RVp GRV &DPSRV� 6mR 3DXOR�

%UD]LO� � LQ 3RUWXJXHVH��

6RYLHUR� 3� $� 2�� ����� *HQHUDOL]HG YRUWH[ ODWWLFH PHWKRG IRU RVFLOODWLQJ WKLQ DLUIRLO LQ VXEVRQLF

IORZ� $,$$ -RXUQDO� 9RO� ��� 1R� ��� SS� ����������

6RYLHUR� 3� $� 2� 	 5LEHLUR� 5� 6�� ����� 3DQHO PHWKRG IRUPXODWLRQ IRU RVFLOODWLQJ DLUIRLOV LQ

VXSHUVRQLF IORZ� $,$$ -RXUQDO� 9RO� ��� 1R� �� SS� ����������

6RYLHUR� 3� $� 2� 	 3LQWR� )� +� /�� ����� 8QVWHDG\ OLIWLQJ VXUIDFH WKHRU\ LQ VRQLF IORZ� WKH

SUREOHP UHYLVLWHG� $,$$ -RXUQDO� 9RO� ��� 1R� �� SS� ��������


