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3KDVH FKDQJH LV D YHU\ FRPSOH[ SK\VLFDO SKHQRPHQRQ WKDW JRYHUQV D ORW RI LQGXVWULDO VLWXDWLRQV� 'XH WR

WKH LQKHUHQW GLpFXOWLHV WKDW DULVH LQ PDQXIDFWXULQJ DFWLYLWLHV WKH\ QHHG D QXPHULFDO WUHDWPHQW XVLQJ PRGHOV

WR SUHGLFW WKH EHKDYLRU RI WKH GLmHUHQW SKDVHV LQYROYHG LQ WKH SURFHVV� +LVWRULFDOO\� VROLGLnFDWLRQ SUREOHPV

ZHUH VROYHG FRQVLGHULQJ RQO\ WKH VROXWLRQ RI DQ HQHUJ\ EDODQFH ZLWK LVRWKHUPDO SKDVH FKDQJH LQFOXGLQJ FRQ�

GXFWLRQ DQG RU FRQYHFWLRQ LQ WKH PDWHULDO� 1RZDGD\V FRPSXWDWLRQDO oXLG G\QDPLFV �&)'� LV EHFRPLQJ

D ZHOO�VXLWHG QXPHULFDO WHFKQLTXH WR LQYHVWLJDWH DOO NLQG RI WUDQVSRUW SKHQRPHQD� HVSHFLDOO\ ZKHQ FRXSOHG

nHOGV DUH LQYROYHG� 7KLV WUHQG KDV DGGUHVVHG WKH UHVHDUFK LQ VROLGLnFDWLRQ SUREOHPV WRZDUGV WKH VROXWLRQ

RI PRGHOV FRPELQLQJ LQFRPSUHVVLEOH 1DYLHU�6WRNHV HTXDWLRQV FRXSOHG ZLWK KHDW DQG PDVV WUDQVIHU LQFOXGLQJ

SKDVH FKDQJH� ,Q WKLV ZRUN ZH SUHVHQW D SKDVHZLVH GLVFRQWLQXRXV QXPHULFDO LQWHJUDWLRQ PHWKRG WR VROYH

WKHUPDO SKDVH FKDQJH SUREOHPV LQ D IDVW DQG DFFXUDWH ZD\� 7KLV PHWKRGRORJ\ ZDV H[WHQGHG WR FRXSOHG oXLG

oRZ� HQHUJ\ EDODQFH DQG VSHFLHV WUDQVSRUW ZLWK VXFFHVV� )XWXUH WUHQGV DUH RULHQWHG WRZDUGV WKH DSSOLFDWLRQ

RI WKLV PHWKRGRORJ\ WR PXOWLFRPSRQHQWV DOOR\ VROLGLnFDWLRQ ZLWK PDFURVHJUHJDWLRQ�
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7KH FRPSXWDWLRQDO PRGHOLQJ LQ PHWDOOXUJLFDO SURFHVV LV EHFRPLQJ PRUH DQG PRUH DWWUDFWLYH GXULQJ WKH ODVW

GHFDGH PDLQO\ EHFDXVH WKH GLpFXOWLHV WR PDNH REVHUYDWLRQV RI oXLG oRZ LQVLGH PROGV� WKH IDFW WKDW WKH PROGV

DQG WKH PROWHQ PHWDO DUH RSDTXH� WKH WHPSHUDWXUHV DUH YHU\ KLJK DQG WKH FRQGLWLRQV DUH KLJKO\ WUDQVLHQW

DQG ULVN\� 7KHUHIRUH� &)' LV XVXDOO\ WKH PRVW HFRQRPLFDO DQG SUDFWLFDO ZD\ WR JHW LQIRUPDWLRQ DERXW

ZKDW LV JRLQJ RQ LQVLGH D FDVWLQJ GHYLFH DQG LW LV RIWHQ WKH RQO\ IHDVLEOH ZD\� %HVLGHV WKHVH WHFKQLFDO DQG

HFRQRPLFDO UHDVRQV WKHUH DUH VRPH RWKHUV UHODWHG ZLWK WKH PDWKHPDWLFDO FRPSOH[LW\ WR WUHDW LQGXVWULDO VFDOH

VROLGLnFDWLRQ SUREOHPV� $EVRUSWLRQ RU UHOHDVH RI ODWHQW KHDW PDNHV SKDVH FKDQJH SUREOHPV QRQOLQHDU DQG

H[DFW VROXWLRQV DUH RQO\ UHVWULFWHG WR IHZ SUREOHPV LQYROYLQJ SXUH VXEVWDQFHV LQ YHU\ VLPSOH GRPDLQV� 7KH

LQDELOLW\ RI WKHVH VROXWLRQV WR DGGUHVV PXOWLGLPHQVLRQDO HmHFWV� QRQ�GLVFUHWH RU QRQ�LVRWKHUPDO SKDVH FKDQJH�

DGYHFWLRQ GRPLQDWHG VLWXDWLRQV� KDV PRYHG WKH DWWHQWLRQ WRZDUGV QXPHULFDO SURFHGXUHV� ,Q WKHUPDO SKDVH

FKDQJH SUREOHPV LW LV YHU\ SRSXODU WR GLYLGH WKH QXPHULFDO PHWKRGV LQ WZR PDLQ PHWKRGRORJLHV� PXOWLSOH

UHJLRQ RU YDULDEOH JULG PHWKRGV� ZKHUH LQGHSHQGHQW FRQVHUYDWLRQ HTXDWLRQV IRU HDFK SKDVH DUH IRUPXODWHG

DQG WKH\ DUH FRXSOHG E\ ERXQGDU\ FRQGLWLRQV DW WKH LQWHUIDFH� DQG VLQJOH UHJLRQ RU n[HG JULG IRUPXODWLRQ

WKDW DUH JHQHUDOO\ GHYHORSHG IURP YROXPH�DYHUDJHG WHFKQLTXHV EDVHG RQ FODVVLFDO PL[WXUH WKHRU\ RU E\ D

FRQWLQXXP IRUPXODWLRQ� 7KH\ HOLPLQDWH WKH QHHG IRU VHSDUDWH SKDVH FRQVHUYDWLRQ HTXDWLRQV SURGXFLQJ RQH
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SKDVH IRUP PRGHOV IRU WKH PL[WXUH� ,Q WKH VROLGLnFDWLRQ RI LQGXVWULDO DOOR\ WKH VHYHUDO GLmHUHQW VXEVWDQFHV

DUH JHQHUDOO\ DGGHG WR LPSURYH WKH TXDOLW\ RI WKH FDVW \LHOG� 7KLV PXOWLFRPSRQHQW PL[WXUH SURPRWHV D

SKDVH FKDQJH WKDW FRYHUV D WHPSHUDWXUH UDQJH ZLWK D EHKDYLRU WKDW GHSHQGV RQ SKDVH FKDQJH HQYLURQPHQW�

FRPSRVLWLRQ DQG WKHUPRG\QDPLF GHVFULSWLRQV RI VSHFLnF SKDVH WUDQVIRUPDWLRQ� $VVXPLQJ QR SKDVH WUDQVLWLRQ

LQ WKH VROLGLnFDWLRQ SURFHVV ZH IRFXV RQO\ RQ OLTXLG�VROLG SKDVH FKDQJH RFFXUULQJ LQ D UHJLRQ FDOOHG PXVK\

]RQH ZKHUH ERWK SKDVHV DUH SUHVHQW� 7KLV ]RQH LV RIWHQ IRUPHG E\ VROLG GHQGULWHV DQG LQWHUGHQGULWLF OLTXLG

WKDW VHSDUDWHV WKH IXOO\ VROLGLnHG DQG PHOWHG UHJLRQV DV D SHUPHDEOH FU\VWDOOLQH�OLNH PDWUL[ FRH[LVWLQJ ZLWK

WKH OLTXLG SKDVH� 'HQGULWHV JURZ QDWXUDOO\ GXH WR D QXFOHDWLRQ PHFKDQLVP ZLWK DQ LQKHUHQW VFDOH RI WKH

RUGHU RI �� xP DQG ZLWK D KLJKO\ LUUHJXODU PRUSKRORJ\� 7KLV IDFW PDNHV WKH VLQJOH GRPDLQ WHFKQLTXHV PRUH

DWWUDFWLYH� (DUO\ DWWHPSWV WR WUHDW FRQGXFWLRQ SKDVH FKDQJH SUREOHPV XVLQJ FRQWLQXXP IRUPXODWLRQ KDYH

VKRZQ WR EH VXFFHVIXO� %HQQRQ DQG ,QFURSHUD� KDYH H[WHQGHG LWV DSSOLFDWLRQ WR DGYHFWLRQ GRPLQDWHG oRZV

FRXSOLQJ PRPHQWXP� KHDW DQG VSHFLHV WUDQVIHU LQ ELQDU\ DOOR\� VWDUWLQJ D YHU\ LQWHUHVWLQJ VFLHQWLnF GLVFXVVLRQ

DERXW PDWKHPDWLFDO PRGHOLQJ RI WKHVH SKHQRPHQD� &RQVLGHUDWLRQV DERXW PXOWLSKDVH UHJLRQ PRUSKRORJ\ DQG

UHODWLYH SKDVH YHORFLWLHV ZHUH DGGUHVVHG LQ WKLV SDSHU� 2WKHUV VLQJOH GRPDLQ PRGHOV RI ELQDU\ VROLGLnFDWLRQ

KDYH SUHVHQWHG LQ UHFHQW \HDUV� 9ROOHU DQG 3UDNDVK� DQG 9ROOHU HW DO��� KDYH XVHG WKLV IRUPXODWLRQ IRU

FRXSOLQJ PRPHQWXP� HQHUJ\ DQG PDVV WUDQVIHU LQ VROLGLnFDWLRQ SUREOHPV� 7KH\ KDYH IRFXVHG WKHLU DWWHQWLRQ

LQ GLmHUHQW ZD\V WR PRGHO WKH LQWHUIDFH LQWHUDFWLRQ DVVXPLQJ GLmHUHQW PRUSKRORJ\ IRU VROLG DQG OLTXLG

SKDVHV� %HFNHUPDQQ DQG 9LVNDQWD� FKRVH WR FLWH YROXPH�DYHUDJLQJ OLWHUDWXUH LQVWHDG RI PL[WXUH OLWHUDWXUH

DV D MXVWLnFDWLRQ IRU WKH FRQVHUYDWLRQ HTXDWLRQV DVVRFLDWHG ZLWK LQGLYLGXDO SKDVHV� *DQHVDQ DQG 3RLULHU�

KDYH EHJXQ D IUXLWIXO GLVFXVVLRQ VLQFH WKH\ VWDWHG WKDW ERWK DSSURDFKHV� YROXPH�DYHUDJHG DQG FRQWLQXXP

IRUPXODWLRQ� ZHUH TXLWH GLmHUHQW� 3UHVFRWW HW DO�� KDYH GHPRQVWUDWHG WKDW WKH WZR PRGHOV \LHOG HVVHQWLDOO\

HTXLYDOHQW UHVXOWV� :KLOH FRQWLQXXP IRUPXODWLRQ LV TXHVWLRQDEOH E\ WKH ZD\ LQ ZKLFK SKDVH LQWHUDFWLRQV

VRXUFH WHUPV DSSHDU� DOVR LW VKRXOG EH PHQWLRQHG WKDW YROXPH�DYHUDJHG DSSURDFK QHHGV VRPH DGGLWLRQDO

LQIRUPDWLRQ WR EH VXSSOLHG FRQFHUQLQJ ZLWK WKH WUHDWPHQW RI PDWKHPDWLFDO RSHUDWRUV DSSOLHG WR YROXPH�

DYHUDJHG TXDQWLWLHV� 2WKHU H[SOLFLW JRDO RI FRQWLQXXP IRUPXODWLRQ LV WKDW UHODWHG WR SXW WKH FRQVHUYDWLRQ

HTXDWLRQV LQ D VLQJOH�SKDVH �PL[WXUH� IRUP DGGLQJ VRXUFH WHUPV WR DUULYH WR WKH ULJKW EDODQFH HTXDWLRQV�

7KLV PHWKRGRORJ\ PDNHV FRQWLQXXP IRUPXODWLRQ YHU\ VXLWDEOH WR EH VROYHG E\ VWDQGDUG &)' FRGHV DQG

WR FODULI\ WKH SK\VLFDO PHDQLQJ RI WKH GLmHUHQW WHUPV� 2Q WKH RWKHU KDQG WKH YROXPH�DYHUDJHG DSSURDFK

JHQHUDOO\ DUULYHV WR D PRPHQWXP WUDQVIHU HTXDWLRQ H[SUHVVHG LQ WHUPV RI OLTXLG SKDVH YHORFLW\ LQVWHDG RI

PL[WXUH YHORFLW\� 0RUHRYHU� WKH GRPLQDQW SK\VLFDO PHFKDQLVPV JRYHUQLQJ oXLG oRZ LQ WKH PXVK\ ]RQH DUH

TXLWH GLmHUHQW IURP WKRVH EHORQJLQJ WR WKH ZKROH OLTXLG UHJLRQ� VR WKH FRQWLQXXP IRUPXODWLRQ QHHGV VRPH

FULWHULD IRU QHJOHFWLQJ RU UHWDLQLQJ WHUPV DFFRUGLQJ WR WKH SKDVH LQYROYHG� ,Q WKLV ZRUN D VSHFLDO QXPHULFDO

LQWHJUDWLRQ PHWKRG EDVHG RQ WHPSHUDWXUH PRGHO LV LQWURGXFHG LQ RUGHU WR DYRLG VRPH RI WKH GLpFXOWLHV

LQWURGXFHG E\ WKH GLVFRQWLQXLWLHV SUHVHQWHG LQ PRVW RI WKH n[HG JULG SKDVH FKDQJH IRUPXODWLRQV� ,Q WKLV ZD\

LW LV SRVVLEOH WR JHW WKH H[DFW MDFRELDQ PDWUL[ RI WKH 1HZWRQ VFKHPH UHWDLQLQJ WKH TXDGUDWLF FRQYHUJHQFH

UDWH� 7KLV VWUDWHJ\ ZDV H[WHQGHG WR LQFOXGH WKH VROXWLRQ RI WKHUPDOO\ FRXSOHG oXLG oRZ ZLWK SKDVH FKDQJH

DQG LW KDV VKRZQ WR EH YHU\ HpFLHQW LQ VHYHUDO WHVWV� $QRWKHU LPSRUWDQW UHPDUN LV DERXW WKH UREXVWQHVV RI

WKLV VWUDWHJ\ WR VROYH QRW RQO\ PXVK\ SKDVH FKDQJH� DOVR DOPRVW LVRWKHUPDO SKDVH FKDQJH SUREOHPV� 7KLV LGHD

ZDV RULJLQDOO\ SUHVHQWHG DV D GLVFRQWLQXRXV LQWHJUDWLRQ VFKHPH E\ 6WHYHQ� WR VROYH 3RLVVRQ HTXDWLRQ ZLWK

GLVFRQWLQXRXV FRHpFLHQWV DQG ODWHO\ E\ &ULYHOOL HW DO�� DQG 6WRUWL�� IRU LVRWKHUPDO SKDVH FKDQJH SUREOHPV�

,Q UHFHQW SDSHUV )DFKLQRWWL HW DO����� KDYH DGRSWHG WKLV WHFKQLTXH WR VROYH WKH FRQGXFWLYH DQG�RU FRQYHFWLYH

KHDW HTXDWLRQ ZLWK LVRWKHUPDO RU PXVK\ SKDVH FKDQJH� RULHQWHG WR FRQWLQXRXV FDVWLQJ SURFHVVHV� ,Q WKHVH

ODVW WZR SDSHUV WKH DXWKRUV KDYH DGRSWHG DQ H[DFW LQWHJUDWLRQ VFKHPH RQO\ RYHU WKH SKDVH FKDQJH WHUPV� :H

HPSKDVL]H WKDW WKH FHQWUDO FRQWULEXWLRQ RI WKLV SDSHU LV DURXQG WKH SKDVHZLVH QXPHULFDO LQWHJUDWLRQ WR VROYH

LQFRPSUHVVLEOH 1DYLHU�6WRNHV HTXDWLRQV DXJPHQWHG E\ PXVK\ RU DOPRVW LVRWKHUPDO SKDVH FKDQJH HTXDWLRQ

LQ D PRQROLWKLF ZD\� 7KH OD\RXW RI WKLV SDSHU LV DV IROORZ� WKH VHFRQG VHFWLRQ LQWURGXFHV WKH PDWKHPDWLFDO

PRGHO XVHG IRU WKH VROLGLnFDWLRQ SURFHVV� 7KH WKLUG VHFWLRQ GHDOV ZLWK WKH QXPHULFDO GLVFUHWL]DWLRQ RI WKH

SUREOHP DQG WKH IROORZLQJ VKRZV SDUWLFXODUO\ GHWDLOV DERXW WKH SKDVHZLVH QXPHULFDO LQWHJUDWLRQ PHWKRG�

)LQDOO\ QXPHULFDO UHVXOWV DQG FRQFOXVLRQV DUH SUHVHQWHG�
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7KH FRQVHUYDWLRQ HTXDWLRQV KDYH EHHQ GHULYHG RQ WKH EDVLV RI D FRQWLQXXP PRGHO IRU ELQDU\ DOOR\�� ,Q WKH

FRQWLQXXP PRGHO FODVVLFDO PL[WXUH WKHRU\ LV XVHG WR GHYHORS WKH JRYHUQLQJ HTXDWLRQV IRU WKH HQWLUH GRPDLQ�

7KH XQNQRZQ YDULDEOHV RI WKHVH VLQJOH�SKDVH PRGHOV DUH XVXDOO\ WKH PL[WXUH SURSHUWLHV�

&RQVHUYDWLRQ HTXDWLRQV� 7DNLQJ WKH VDPH DVVXPSWLRQV DV LQ WKH SDSHU RI %HQQRQ DQG ,QFURSHUD� ZH

DUULYH WR WKH IROORZLQJ VHW RI FRQVHUYDWLRQ HTXDWLRQV�

0DVV FRQVHUYDWLRQ

#

#W
|�Uc�|X�  � ���

0RPHQWXP FRQVHUYDWLRQ

|�#X
#W
� X c UX�bU c }  b|Jcn7 �7 b 7��b |Jcn&�Fb F��b xO.

b�

S �Xb XV�

}  bS,� �xq�X� � q�X�  �

�
�UX� �UX�7 � � x  IVxV � IOxO ���

KDYLQJ FRQVLGHUHG HTXDO GHQVLW\ YDOXHV IRU ERWK VROLG DQG OLTXLG SKDVHV DQG WKH IROORZLQJ DVVXPSWLRQV�

�� WKHUH DUH RQO\ WZR SKDVHV� OLTXLG DQG VROLG�

�� FRQVWDQW SKDVH GHQVLWLHV�

�� VROLG PDWUL[ LV IUHH RI LQWHUQDO VWUHVV �

�� VROLG PDWUL[ WUDQVODWHV DW D SUHVFULEHG YHORFLW\ XV�

�� YLVFRXV VWUHVV IURP ORFDO GHQVLW\ JUDGLHQWV DUH QHJOLJLEOH U�
|
|O
�  ��

�� WKH oXLG LV DVVXPHG WR EHKDYH DV 1HZWRQLDQ ZLWK x DV WKH G\QDPLF YLVFRVLW\�

(YHQ WKRXJK WKH WXUEXOHQFH SOD\V D FHQWUDO UROH LQ WKH GHnQLWLRQ RI WUDQVSRUW SURSHUWLHV KHUH ZH QHJOHFWV

LWV LQoXHQFH DVVXPLQJ D ODPLQDU YLVFRVLW\ IRU WKH OLTXLG SKDVH xO 7KH PDWHULDO VROLGLnFDWLRQ WKDW WDNHV SODFH

ZLWKLQ WKH PXVK\ ]RQH SURGXFHV D GHFUHPHQW RI WKH PL[WXUH YHORFLW\� 7KLV HmHFW PD\ EH PRGHOHG DVVXPLQJ

DQ DXJPHQWHG YLVFRVLW\ IRU WKH VROLG SKDVH RU WUHDWLQJ WKH PXVK\ UHJLRQ DV D SRURXV PHGLXP� :KLOH LQ

WKH IRUPHU FDVH WKH VROLG SKDVH YLVFRVLW\ LV HQODUJHG E\ D IDFWRU IPXVK\ UHODWLYH WR WKH OLTXLG YLVFRVLW\� LQ

WKH ODWWHU RQH WKH PRUSKRORJ\ RI WKH PXVK\ UHJLRQ LV FKDUDFWHUL]HG E\ D SHUPHDELOLW\ WHQVRU .S REWDLQHG

E\ H[SHULPHQWDO HYLGHQFHV� (YHQ WKRXJK WKH LQFRPSUHVVLELOLW\ K\SRWKHVLV GRHV QRW DOORZ GHQVLW\ YDULDWLRQV�

WKHVH PD\ EH LQFRUSRUDWHG DV EXR\DQF\ IRUFHV LQ WKH PRPHQWXP HTXDWLRQV� ,Q WKLV ZRUN WKH %RXVVLQHVT

OLQHDU WKHRU\ LV XVHG WR DFFRXQW IRU WKH FRQWUDFWLRQ DQG WKH H[SDQVLRQ RI WKH PDWHULDO GXH WR ORFDO WKHUPDO

DQG VROXWDO JUDGLHQWV� cn7 DQG cn& UHSUHVHQW WKH WKHUPDO DQG VROXWDO YROXPHWULF H[SDQVLRQ FRHpFLHQWV

DQG 7
�� F� UHSUHVHQW WKH WHPSHUDWXUH DQG WKH VROXWDO FRQFHQWUDWLRQ UHIHUHQFH YDOXHV XVHG IRU WKH FRQVWDQW

GHQVLW\ FRPSXWDWLRQ�
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(QHUJ\ FRQVHUYDWLRQ

#
#W
7 �Uc�X7 �  Uc� �

|&S
U7 �b /

&S
� #
#W
IO �Uc�XVIO�� ���

�  IV�V � IO�O ���

ZKHUH� IRU VLPSOLFLW\� ZH KDYH DVVXPHG WKDW ERWK SKDVHV KDYH WKH VDPH GHQVLW\ DQG VSHFLnF KHDW �|V  

|O  |�&SV  &SO  &S� ZLWK FRQVWDQW YDOXHV� $OVR ZH KDYH XVHG WKH DVVXPSWLRQ RI VDWXUDWHG V\VWHPV

�IV � IO  �� ZLWK � UHSUHVHQWLQJ WKH PL[WXUH FRQGXFWLYLW\�

6SHFLHV FRQVHUYDWLRQ

#

#W
F�Uc�XFO�  Uc�IO'O�OUFO � IV'VUFV� �Uc��FO b F�XV� ���

&ORVXUH HTXDWLRQV� ,Q RUGHU WR FRPSOHWH WKH PDWKHPDWLFDO PRGHO LW LV QHFHVDU\ WR LQWURGXFH WKH FORVXUH

HTXDWLRQV�

7KHUPRG\QDPLF HTXLOLEULXP DW LQWHUIDFH

)LUVW� ZH QHHG VRPH UHODWLRQVKLSV EHWZHHQ WHPSHUDWXUH DQG FRQFHQWUDWLRQ JLYHQ E\ H[SHULPHQWDO HYL�

GHQFHV� ,Q ELQDU\ V\VWHPV LW LV YHU\ FRPPRQ WR XVH D WKHUPRG\QDPLF HTXLOLEULXP GLDJUDP WKDW DOORZV WR

UHODWH VROLG DQG OLTXLG VROXWH FRQFHQWUDWLRQV ZLWK WHPSHUDWXUH DV�

FO  FO�7 �  
F

��IV�NSb��
� FV  FV�7 �  NSFO � 7O  7P �PO F ���

ZKHUH NS LV WKH SDUWLWLRQ FRHpFLHQW� PO LV WKH OLTXLGXV OLQH VORSH DQG F LV WKH VROXWH FRQFHQWUDWLRQ LQ WKH

ELQDU\ PL[WXUH� 2Q WKH RWKHU KDQG LW LV QHFHVVDU\ WR LQWURGXFH VRPH ODZ IRU WKH VROLG IUDFWLRQ LQ WHUPV RI

WHPSHUDWXUH DQG FRQFHQWUDWLRQV� :KLOH OHYHU UXOH LV SUHIHUUHG LQ WKRVH VLWXDWLRQV ZLWK KLJK EDFN GLmXVLRQ

LQ WKH VROLG SKDVH �W\SLFDO RI LURQ FDUERQ V\VWHPV�� 6FKHLO ODZ PD\ EH XVHG LQ WKH RWKHU H[WUHPH VLWXDWLRQ�

ZKHUH WKH DVVXPSWLRQ LV QR VROLG SKDVH GLmXVLRQ ZLWK SHUIHFW PL[LQJ LQ WKH OLTXLG SKDVH� ,Q WKH IRUPHU FDVH

WKH H[SUHVVLRQ IRU WKH OLTXLG IUDFWLRQ LV DV IROORZV�

IO  �b �
�bNS

7b7O
7b7P

 �b IV ���

0XVK\ UHJLRQ WUHDWPHQW

)RU VROYLQJ LQFRPSUHVVLEOH 1DYLHU�6WRNHV DSSOLHG WR VROLGLnFDWLRQ SUREOHPV� LW LV QHFHVVDU\ WR LQFOXGH

VRPH QXPHULFDO VWUDWHJ\ WR WUHDW WKH LQoXHQFH RI PDWHULDO VROLGLnFDWLRQ RYHU WKH YHORFLW\ nHOG� ([SHULPHQWDO

HYLGHQFHV VKRZ WKDW WKH oRZ LQ WKH YLFLQLW\ RI WKH SKDVH FKDQJH UHJLRQ LV LQGXFHG WR DGRSW WKH VROLG

SKDVH YHORFLW\� 7R GR WKLV� VHYHUDO DXWKRUV SUHIHU WR FKRRVH D YHU\ ODUJH YLVFRVLW\ YDOXH IRU WKH VROLG SKDVH

�DXJPHQWHG YLVFRVLW\� ZKLOH RWKHUV SUHIHU WR UHVWULFW WKH YHORFLW\ nHOG DVVXPLQJ WKDW WKLV UHJLRQ LV VLPLODU WR

D SRURXV PHGLXP� FKDUDFWHUL]HG E\ D SHUPHDELOLW\ WHQVRU� :KLOH LQ WKH IRUPHU WKH VROLG YLVFRVLW\ LV GHnQHG

DV xV  IPXVK\ xO� LQ WKH ODWHU WKH GHnQLWLRQ RI WKH SHUPHDELOLW\ WHQVRU IROORZV WKH .DUPDQ�.R]HQ\ ODZ�

,Q WKLV SDSHU ZH KDYH DGRSWHG DQ LVRWURSLF WHQVRU FKDUDFWHUL]HG E\
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ZKHUH �GGHQG { ����P� UHSUHVHQWV WKH GHQGULWLF VHFRQGDU\ DUP VSDFLQJ�
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7KH LQFRPSUHVVLEOH 1DYLHU�6WRNHV HTXDWLRQV FRXSOHG ZLWK HQHUJ\ DQG VSHFLHV FRQVHUYDWLRQ HTXDWLRQV ZLWK

PXVK\ SKDVH FKDQJH DUH VSDWLDOO\ GLVFUHWL]HG E\ nQLWH HOHPHQWV� $V LW LV YHU\ ZHOO NQRZQ WKH LQFRPSUHVVLELOLW\

DQG DGYHFWLRQ WHUPV SOD\ D FUXFLDO UROH LQ nQGLQJ WKH QXPHULFDO VROXWLRQ WR WKH PDWKHPDWLFDO PRGHO SUHVHQWHG

LQ WKH DERYH VHFWLRQ� 7KH IRUPHU LV UHVSRQVLEOH IRU QXPHULFDO LQVWDELOLWLHV LQ WKH SUHVVXUH nHOG SURGXFLQJ

FKHFNHUERDUG PRGHV LQ WKH VROXWLRQ WKDW PD\ EH DYRLGHG XVLQJ DQ DGHTXDWH SDLU RI LQWHUSRODWLRQ IXQFWLRQV

IRU YHORFLWLHV DQG SUHVVXUH� +LVWRULFDOO\ WKH &)' VFLHQWLnF FRPPXQLW\ KDV DGRSWHG PL[HG HOHPHQWV WR

VROYH LQFRPSUHVVLEOH 1DYLHU�6WRNHV HTXDWLRQV DW ORZ 5H\QROGV QXPEHU� QHHGLQJ WKH XVDJH RI VRPH QXPHULFDO

VWDELOL]DWLRQ RQ WKH YHORFLW\ nHOG WR DFKLHYH UHDVRQDEOH UHVXOWV ZKHQ XVLQJ *DOHUNLQ PHWKRG DW KLJK 5H\QROGV

QXPEHUV� 'XULQJ WKH ODVW GHFDGH WKHUH LV D VWURQJ WHQGHQF\ WR XVH HTXDO RUGHU LQWHUSRODWLRQ IXQFWLRQV ZLWK

VRPH VWDELOL]DWLRQ LQ RUGHU WR FLUFXPYHQW ERWK QXPHULFDO LQVWDELOLWLHV� LQFRPSUHVVLELOLW\ PRGHV DQG DGYHFWLRQ

GRPLQDWHG oRZV� $PRQJ WKH ODUJH DPRXQW RI VWDELOL]HG HTXDO RUGHU QXPHULFDO VFKHPHV WKH 683*�363*��

VHHPV WR EH YHU\ HmHFWLYH� VLPSOH DQG UREXVW DQG GXH WR WKHVH UHDVRQV LW ZDV DGRSWHG IRU WKLV ZRUN� )RU

WKH HQHUJ\ DQG VSHFLHV EDODQFHV ZH KDYH FKRVHQ DQ 683* nQLWH HOHPHQW PHWKRG��� ,Q WKH QH[W VHFWLRQV ZH

GHVFULEH LQ PRUH GHWDLOV DQ HpFLHQW DQG DFFXUDWH PHWKRG WR VROYH QRW RQO\ VLQJOH�SKDVH FKDQJH SUREOHPV

EXW DOVR FRXSOHG VROLGLnFDWLRQ SUREOHPV�

3+$6(:,6( 180(5,&$/ ,17(*5$7,21

$V ZH KDYH PHQWLRQHG LQ WKH LQWURGXFWLRQ� LQ WKLV SDSHU ZH SUHVHQW D IDVW DQG DFFXUDWH PHWKRGRORJ\ WR

VROYH PXVK\ SKDVH FKDQJH SUREOHPV EDVHG RQ WHPSHUDWXUH PRGHO� 7KLV WHFKQLTXH ZDV HVSHFLDOO\ GHVLJQHG WR

WUHDW QRQ�LVRWKHUPDO SUREOHPV EXW DOVR LW KDV VKRZQ WR EH YHU\ UREXVW WR VROYH D EURDG UDQJH RI VLWXDWLRQV

LQFOXGLQJ YHU\ WKLQ PXVK\ ]RQH SUREOHPV� 7KLV VWUDWHJ\ LV FODVVLnHG DV D n[HG JULG PHWKRG EXW LQ VRPH VHQVH

LW ZRUNV OLNH D YDULDEOH JULG PHWKRG DGGLQJ WKH FRQWULEXWLRQ RI HDFK SKDVH LQ D VHSDUDWH ZD\� +HUH ZH H[WHQG

WKLV WHFKQLTXH XVLQJ D QXPHULFDO TXDGUDWXUH LQWHJUDWLRQPHWKRG ZHOO VXLWHG WR PRVW RI WKH nQLWH HOHPHQW FRGHV

DQG WKLV GLVFRQWLQXRXV LQWHJUDWLRQ LV DSSOLHG WR WKH FRXSOHG PRPHQWXP� KHDW DQG PDVV WUDQVIHU HTXDWLRQV�

6R� LW LV SRVVLEOH WR XVH WKH YHU\ DWWUDFWLYH IHDWXUHV RI WKLV WHFKQLTXH WR VROYH FRXSOHG nHOG SUREOHPV ZKHUH

PDWHULDO SURSHUWLHV FRXOG KDYH VKDUS YDULDWLRQV LQVLGH WKRVH HOHPHQW ZLWK PRUH WKDQ RQH SKDVH� ,Q WKH QH[W

VHFWLRQ ZH SUHVHQW GHWDLOV DERXW WKLV VWUDWHJ\ DSSOLHG WR WKHUPDO SUREOHPV ZLWK PXVK\ SKDVH FKDQJH� 7KH

H[WHQVLRQ RI WKLV PHWKRGRORJ\ WR VROYH FRXSOHG LQFRPSUHVVLEOH 1DYLHU�6WRNHV HTXDWLRQV ZLWK WKHUPDO SKDVH

FKDQJH� W\SLFDO PRGHO RI D ORW RI LQGXVWULDO FDVWLQJ SURFHVVHV LV VWUDLJKWIRUZDUG�

7KH WKHUPDO SKDVH FKDQJH FDVH ZLWK FRQGXFWLRQ DQG FRQYHFWLRQ� 7KH DSSOLFDWLRQ RI WKH SKDVHZLVH

GLVFRQWLQXRXV LQWHJUDWLRQ PHWKRG IRU WKH VROXWLRQ RI WKHUPDO SKDVH FKDQJH SUREOHPV FRQVLVWV RI GLYLGLQJ WKH

HOHPHQW LQWHJUDWLRQ GRPDLQ LQ VHYHUDO HOHPHQW VXEGRPDLQV DFFRUGLQJ WR WKH GLVWULEXWLRQ RI SKDVHV ZLWKLQ

WKH HOHPHQW� ,Q WKLV ZRUN ZH KDYH UHVWULFWHG WKH PHWKRGRORJ\ RQO\ WR WULDQJXODU W\SH HOHPHQWV DQG WKH

H[WHQVLRQ WR WHWUDKHGUDO HOHPHQWV LV VWUDLJKWIRUZDUG� ,Q HDFK LWHUDWLRQ WKH QRGDO VROLG IUDFWLRQ RI HDFK

HOHPHQW LV FRPSXWHG DQG WKH FRUUHVSRQGLQJ FDVH LV GHWHFWHG� )LJXUH � VKRZV RQH H[DPSOH IRU HDFK GLmHUHQW

VLWXDWLRQ WDNHQ LQWR DFFRXQW LQ WKLV GHYHORSPHQW� ,Q WKLV nJXUH WKH RULJLQDO WULDQJXODU HOHPHQW RI QRGHV
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)LJXUH �� 3KDVHZLVH QXPHULFDO LQWHJUDWLRQ�

$�%�& LV DQDO\]HG DFFRUGLQJ WR WKH QXPEHU RI LQWHUIDFHV FURVVLQJ WKURXJK WKH HOHPHQW GRPDLQ� 7KH QRWDWLRQ

>,-.@ UHSUHVHQWV WKH QXPEHU RI LQWHUIDFH�HGJH LQWHUVHFWLRQV DW HDFK HGJH� IRU H[DPSOH >���@ UHSUHVHQWV RQH

LQWHUVHFWLRQ DW WKH nUVW HGJH� WZR DW WKH VHFRQG DQG QR LQWHUVHFWLRQ DW WKH WKLUG HGJH� 7ZR GLmHUHQW LQWHUIDFHV

FDQQRW LQWHUVHFW DQ HGJH DW WKH VDPH SRLQW� 6R� EHIRUH FRPSXWLQJ WKH FRQWULEXWLRQ RI HDFK HOHPHQW D VSHFLDO

URXWLQH LGHQWLnHV WKH FRUUHVSRQGLQJ FDVH DFFRUGLQJ WR WKH QRGDO VROLG IUDFWLRQ� 7R GR WKLV LW LV QHFHVVDU\ WR

FRPSXWH WKH LQWHUVHFWLRQ FRRUGLQDWHV DW HDFK WULDQJOH HGJH ZLWK WKH VROLGXV DQG OLTXLGXV OLQH FRPLQJ IURP

WKH WKHUPRG\QDPLF HTXLOLEULXP GLDJUDP� 7KLV LV HTXLYDOHQW WR PDS WKH WULDQJOH WR WKLV GLDJUDP� 7KHQ WKH

LQWHUVHFWLRQV DULVH IURP HTXDOL]LQJ WKH OLTXLGXV RU VROLGXV OLQH ZLWK WKH HGJH OLQH�

7KH IROORZLQJ VWHS FRQVLVWV RI GLYLGLQJ WKH RULJLQDO WULDQJXODU GRPDLQ LQ VHYHUDO RQH SKDVH WULDQJXODU

VXEGRPDLQV� $W WKLV VWDJH HDFK TXDGUDQJOH LV GLYLGHG LQ WZR WULDQJOHV DQG HDFK SHQWDJRQ LV GLYLGHG LQ

WKUHH WULDQJOHV� VR RQO\ WULDQJXODU UHJLRQV DUH LQYROYHG LQ WKH QXPHULFDO LQWHJUDWLRQ WDVN� 2QFH WKH FDVH LV

LGHQWLnHG� WKH FRQWULEXWLRQ RI WKH RULJLQDO HOHPHQW WR WKH MDFRELDQ PDWUL[ DQG WKH UHVLGXDO YHFWRU LV FRPSXWHG

DV WKH VXP RI VHYHUDO FRQWULEXWLRQV� HDFK RQH FRPLQJ IURP VLQJOH�SKDVH WULDQJXODU VXEGRPDLQV� 7KHQ WKH

WKHUPDO UHVLGXDO FRPSXWDWLRQ LV HTXLYDOHQW WR�
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ZLWK 1H WKH QXPEHU RI HOHPHQWV LQ WKH ZKROH PHVK� 1H� WKH QXPEHU RI WULDQJXODU VXEGRPDLQV LQVLGH HDFK

RULJLQDO HOHPHQW� aZ7 WKH SHUWXUEHG ZHLJKW IXQFWLRQ RI WKH WKHUPDO HTXDWLRQ DFFRUGLQJ WR 683* IRUPXODWLRQ
��

DQG lH� WKH WULDQJXODU VXEGRPDLQ� ,Q RUGHU WR DGDSW WKLV FRPSXWDWLRQ WR VWDQGDUG nQLWH HOHPHQW FRGHV� ZH

QHHG WR XVH RQO\ LQIRUPDWLRQ LQYROYLQJ QRGHV RI HDFK WULDQJXODU VXEGRPDLQ ��� �� � � �� DQG nQDOO\ DGG WKHLU

FRQWULEXWLRQV WR WKH QRGHV RI WKH RULJLQDO WULDQJXODU HOHPHQW �$�%�&� �VHH nJXUH ��� 7R GR WKLV ZH GHnQH
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D YDULDEOH FKDQJH EHWZHHQ WKH RULJLQDO FRRUGLQDWHV DQG WKRVH EHORQJLQJ WR HDFK WULDQJXODU VXEGRPDLQ� /HW

[  >[� \@ EH D JLYHQ SRLQW LQWHULRU WR WKH RULJLQDO HOHPHQW DQG EHORQJLQJ WR RQO\ RQH RI WKH VXEGRPDLQV

VKRZQ LQ nJXUH �� 7KLV SRLQW PD\ EH SODFHG LQ WHUPV RI WKH RULJLQDO VKDSH IXQFWLRQV Z RU LQ WHUPV RI WKRVH

FRUUHVSRQGLQJ WR WKH VXEGRPDLQ MXVW PHQWLRQHG Ze� 6R�
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ZKHUH [$�%�& DQG [����� DUH WKH VSDWLDO FRRUGLQDWHV RI ERWK� WKH RULJLQDO WULDQJOH DQG WKH WULDQJXODU VXEGRPDLQ

�VHH nJXUH ��� 7KH MDFRELDQ PDWUL[ LV FRPSXWHG DV WKH GHULYDWLYH RI WKH HDFK QRGDO UHVLGXH ����� UHVSHFW

WR HDFK QRGDO WHPSHUDWXUH XVLQJ DOVR WKH SKDVHZLVH VWUDWHJ\ DQG WKH WUDQVIRUPDWLRQV ����� DQG ����� DERYH

SUHVHQWHG�

180(5,&$/ (;$03/(6

,Q RUGHU WR FKHFN WKH HpFLHQF\ DQG DFFXUDF\ RI WKH SUHVHQW PHWKRG ZH KDYH GRQH VHYHUDO WHVWV ZLWK

VXFHVV� ,Q WKLV ZRUN ZH LQFOXGH RQO\ VRPH RI WKHP�

6WHDG\ ��' D[LV\PPHWULF PXVK\ SKDVH FKDQJH SUREOHP ZLWK FRQYHFWLRQ �&RQWLQXRXV &DVWLQJ

3UREOHP�� 7KLV H[DPSOH LV GHYRWHG WR WKH QXPHULFDO VLPXODWLRQ RI D URXQG ELOOHW REWDLQHG E\ FRQWLQXRXV

FDVWLQJ SURFHVVLQJ� 7KH SUREOHP LV GHVFULEHG LQ WKH XSSHU OHIW SORW RI nJXUH �� 7KH OLTXLG PHWDO LV SRXUHG LQWR

DQ RSHQ PRXOG WKURXJK D QR]]OH� 7KLV ZDWHU�FRROHG PRXOG H[WUDFWV HQRXJK KHDW IURP WKH OLTXLG� VROLGLI\LQJ

DQ H[WHUQDO WKLQ VKHOO� ZKLFK LV FDSDEOH RI FRQWDLQLQJ WKH PHOW LQVLGH� )LJXUH � VKRZV RQ WKH XSSHU OHIW WKH

PDLQ JHRPHWULFDO SDUDPHWHUV� DW WKH SULPDU\ FRROLQJ ]RQH WKH PROWHQ PHWDO LV SRXUHG WKURXJK D QR]]OH RI

UV UDGLXV DQG VXGGHQO\ WKH oRZ LV H[SDQGHG nOOLQJ WKH ZKROH PRXOG GLDPHWHU 'P� $W WKH ZDOO WKH VWUDQG

LV LQ FRQWDFW ZLWK D FRRSHU PRXOG FRROHG E\ FRXQWHUoRZ ZDWHU� ZKRVH OHQJWK LV /P� 6HYHUDO ZDWHU VSUD\V�

IROORZHG E\ UROOLQJ XQWLO WKH FRPSOHWH VHFWLRQ VROLGLnHV UHSUHVHQW WKH VHFRQGDU\ FRROLQJ ]RQH� 7KLV SURFHVV LV

FRQVLGHUHG VWDWLRQDU\� 7KH VKDGLQJ DUHD FRUUHVSRQGV WR WKH VLPXODWHG OHQJWK �/V�� )ROORZLQJ WR WKH ULJKW ZH

KDYH LQFOXGHG WKH PDLQ ERXQGDU\ FRQGLWLRQV RI WKLV SUREOHP� ZKHUH DW WKH LQOHW QR]]OH WHPSHUDWXUH LV n[HG

WR 7LQ  �����
R
& DQG DW WKH PHQLVFXV� FHQWHUOLQH DQG DW WKH RXWOHW WKH QRUPDO GHULYDWLYH RI WHPSHUDWXUH

LV QHJOLJLEOH� $W WKH PRXOG ZDOO ZH KDYH DVVXPHG D KHDW oRZ UHPRYDO JLYHQ E\ D KHDW oX[ ODZ VLPLODU WR

6DYDJH�3ULWFKDUG
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)LJXUH �� ([DPSOH � � 3UREOHP GHnQLWLRQ�

ZLWK ]>P@ WKH D[LDO FRRUGLQDWH DQG XV  8�  ����>P V@ WKH FDVWLQJ YHORFLW\� :H KDYH XVHG WKH IROORZLQJ

FRQVWDQW YDOXHV� $  ������d ��� � &  ������d ��� � %  ������ d ��� � '  �������d ��� � DGMXVWHG E\

H[SHULPHQWDO PHDVXUHPHQWV WR WDNH LQWR DFFRXQW WKH DLU JDS IRUPDWLRQ LQ WKLV ]RQH� $W WKH ZDWHU VSUD\V D

FRQYHFWLYH ERXQGDU\ FRQGLWLRQ LV LPSRVHG� ZLWK D nOP FRHpFLHQW KVSUD\ DQG D ZDWHU H[WHUQDO WHPSHUDWXUH

RI 7DPE�

3DUWLFXODUO\� WKH PDWHULDO FRQVLVWV RI D ��� ZW� FDUERQ FRQWHQW VWHHO� ZLWK WKH IROORZLQJ SURSHUWLHV�

|  ����NJ P�� �O  �V  ��: �P.�� &S  ���- �NJ.�� /  ���� ���- NJ� 7V  ����
R
&� 7O  ����

R
&�

7P  ����
R
&� KVSUD\  ���: �P�

.� DQG 7DPE  ��
R
& 7KH IROORZLQJ JHRPHWULFDO GDWD ZHUH XVHG� 8LQ  

������P V� 'P  �d �����P� UV  ����P� /P  ���P DQG /V  ���P�

7KHUPDO FRQGXFWLYLW\� GHQVLW\ DQG KHDW FDSDFLW\ DUH DVVXPHG FRQVWDQW IRU WKH FXUUHQW DSSOLFDWLRQ� 7KH

GRPDLQ RI DQDO\VLV LV H[WHQGHG IURP WKH WRS XQWLO D VPDOO GLVWDQFH EHORZ WKH PRXOG� DV LW LV VKRZQ E\ WKH

VKDGLQJ DUHD LQ nJXUH ��

/HW XV UHPDUN WKDW WKH FRPSOHWH VROLGLnFDWLRQ RI WKH ELOOHW LV H[SHFWHG WR RFFXU DW D GLVWDQFH JUHDWHU WKDQ

�� P IURP WKH ERWWRP RI WKH PRXOG� :H XVH D VWUXFWXUHG PHVK RI ���� WULDQJOHV� ���� QRGHV� ,W LV GHQVHU

DW WKH FRQWRXU� HVSHFLDOO\ QH[W WR WKH PRXOG� 7KH FRPSXWHG WHPSHUDWXUH nHOG XVLQJ WKH 683* IRUPXODWLRQ

LV GHSLFWHG DV LVRFXUYHV LQ ORZHU OHIW SORW RI nJXUH � � )LJXUH � SORWV DW WKH XSSHU ULJKW SDUW WKH D[LDO

GLVWULEXWLRQ RI WHPSHUDWXUH DW H[WHUQDO UDGLXV� MXVW O\LQJ RQ WKH PRXOG ZDOO DQG WKH ZDWHU VSUD\V� 0D[LPXP

GLmHUHQFHV RI � R& EHWZHHQ WKLV WHFKQLTXHV DQG DQ VWDQGDUG PHWKRG�� ZHUH IRXQG� /RZHU ULJKW SORW RI nJXUH

� VKRZV WKH FRQYHUJHQFH UDWH IRU WKH VWDQGDUG FRGH �QDPHG ROG� DQG WKH QHZ PHWKRGRORJ\ SUHVHQWHG LQ WKLV

SDSHU� ,Q OHVV WKDQ �� LWHUDWLRQV WKH UHVLGXDO KDV GHFUHDVHG PRUH WKDQ �� RUGHUV RI PDJQLWXGH ZKLOH WKH ROG

YHUVLRQ GHPDQGV PRUH WKDQ ��� LWHUDWLRQV� 7KHVH UHVXOWV DUH LQ YHU\ JRRG DJUHHPHQW ZLWK WKRVH REWDLQHG

E\ )DFKLQRWWL HW�DO�� XVLQJ DQ H[DFW LQWHJUDWLRQ VFKHPH� )RU VROYLQJ WKLV SUREOHP WKH n[HG YHORFLW\ nHOG

ZDV REWDLQHG SUHYLRXVO\ E\ VROYLQJ WKH LQFRPSUHVVLEOH 1DYLHU�6WRNHV HTXDWLRQV ZLWK n[HG WHPSHUDWXUH DQG

FRQFHQWUDWLRQ� 7KH ERXQGDU\ FRQGLWLRQV IRU WKH LQOHW DQG RXWOHW YHORFLWLHV FRPELQHG ZLWK WKH FDVWLQJ VSHHG
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)LJXUH �� ([DPSOH � � 6ROLGLnFDWLRQ IURQW PRWLRQ�

XV  8� VDWLVnHG WKH PDVV EDODQFH� 7KLV YHORFLW\ nHOG LV NHSW IUR]HQ GXULQJ WKH WHPSHUDWXUH FRPSXWDWLRQ�

6ROLGLnFDWLRQ LQ DQ LQJRW FDVW PROG E\ 1DYLHU�6WRNHV HTXDWLRQV FRXSOHG ZLWK PXVK\ SKDVH

FKDQJH PRGHO� 7KLV WHVW SUREOHP� SURSRVHG E\ 9ROOHU 	 3UDNDVK�� FRQVLVWV RI IUHH]LQJ DQ LQLWLDOO\ OLTXLG

PDWHULDO LQ D WKHUPDO VTXDUH FDYLW\ RI VL]H ��d�� XQGHU QDWXUDO FRQYHFWLRQ� ,QLWLDOO\ WKH FDYLW\ LV FRPSOHWHO\

nOOHG ZLWK OLTXLG PDWHULDO DW 7�  7K  ��� ! 7O  ��� DQG WKH WHPSHUDWXUH RI WKH OHIW ZDOO LV GHFUHDVHG WR

7F  b��� � 7V  b���� NHHSLQJ LQVXODWHG WKH WRS DQG ERWWRP FDYLW\ ZDOOV� 6R� D SKDVH FKDQJH LV VHW XS�

:KLOH WKH VROLGXV OLQH VKRZV DQ DOPRVW SODQDU VKDSH WKH GHIRUPDWLRQ RI WKH OLTXLGXV OLQH LV PRUH SURQRXQFHG

GXH WR FRQYHFWLYH HmHFWV� 7KH WKHUPDO JUDGLHQW SURPRWHV WKH HVWDEOLVKPHQW RI EXR\DQF\ IRUFHV LQ WKH JUDYLW\

GLUHFWLRQ DQG WKLV SKHQRPHQRQ LQGXFHV PRUH FRQYHFWLRQ WKDW HQKDQFHV WKH GHIRUPDWLRQ� HVSHFLDOO\ LQ WKH

ORZHU ZDOO PDNLQJ WKH EXOJH DW WKH ERWWRP PRUH DFXWH� 7KLV H[DPSOH ZDV VROYHG E\ 9ROOHU HW DO��� RQ D VHW

RI VHYHUDO JULGV IURP ��d �� WR ��d �� XQLIRUP PHVKHV ZLWK D n[HG WLPH VWHS RI cW  �� VHFRQGV XQWLO WR D

nQDO WLPH RI W  ���� VHFRQGV� ,Q WKDW SDSHU WKH DXWKRUV UHSRUWHG WKDW LQ HDFK WLPH VWHS DOPRVW �� LWHUDWLRQV

ZHUH XVHG WR VROYH WKH GLVFUHWL]HG HTXDWLRQV ZLWKRXW XQGHU UHOD[DWLRQ� 7KH\ KDYH XVHG D 6,03/( DOJRULWKP

RXWOLQHG E\ 3DWDQNDU�� LPSOHPHQWHG RQ 3KRHQLFV FRGH� 7KH PDLQ SDUDPHWHUV ZHUH WDNHQ IURP WKH UHIHUHQFH��

7KH SHUIRUPDQFH RI RXU PHWKRGRORJ\ ZDV VXFFHVVIXO� ZLWK D YHU\ IDVW FRQYHUJHQFH UDWH RI DERXW � LWHUDWLRQV

SHU WLPH VWHS XVLQJ OLQHVHDUFKLQJ DQG EDFNWUDFNLQJ� :H KDYH GRQH VHYHUDO VLPXODWLRQV XVLQJ GLmHUHQW JULG

VL]HV DQG WLPH VWHSV LQ RUGHU WR GHWHUPLQH WKH LQoXHQFH RI WKH GLVFUHWL]DWLRQ RYHU WKH UHVXOWV� )LJXUH �

VKRZV WKH WLPH HYROXWLRQ RI WKH VROLG DQG OLTXLG LQWHUIDFHV DW IRXU GLmHUHQW WLPHV� W  ���V� ���V� ���V DQG

W  ����V XVLQJ LQ WKLV SDUWLFXODU FDVH cW  �� DQG K  � ��� 7KHVH UHVXOWV DUH TXDOLWDWLYHO\ LQ D JRRG

DJUHHPHQW ZLWK WKRVH SUHVHQWHG E\ 9ROOHU HW�DO�� 0RUH GHWDLOV DERXW WKH SK\VLFDO PHDQLQJ RI WKHVH UHVXOWV

PD\ EH IRXQG LQ��� +HUH� ZH DUH RQO\ LQWHUHVWHG LQ WKH FRPSDULVRQ RI ERWK UHVXOWV ZLWK HPSKDVLV RQ DFFXUDF\

DQG FRQYHUJHQFH UDWH�

6ROLGLnFDWLRQ RI D ELQDU\ DOOR\ LQ D VWDWLF FDVW PROG� 7KH ODVW SUREOHP LQFOXGHG LQ WKLV SDSHU ZDV

DOVR SURSRVHG E\ 9ROOHU HW DO� LQ ����� ,W FRQVLVWV RI WKH VROLGLnFDWLRQ RI D ELQDU\ DOOR\ LQ D VWDWLF FDVW PROG

ZKHUH WKH PDLQ JRDO LV WKH SUHGLFWLRQ RI WKH nQDO PDFURVHJUHJDWLRQ SDWWHUQ� 7KH GHnQLWLRQ RI WKLV SUREOHP LV
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)LJXUH �� ([DPSOH � � %LQDU\ DOOR\ VROLGLnFDWLRQ LQ D VWDWLF FDVW PROG�

VLPLODU WR WKDW RI WKH SUHYLRXV H[DPSOH EXW KHUH ZH DOORZ WKH VROXWH FRQFHQWUDWLRQ WR FKDQJH LQ WLPH GXULQJ

WKH VROLGLnFDWLRQ� $FFRUGLQJ WR WKH 9ROOHU SDSHU KHUH ZH KDYH XVHG D FROXPQDU GHQGULWLF UHSUHVHQWDWLRQ RI WKH

PXVK\ ]RQH �PRGHO % LQ WKDW SDSHU�� 'XH WR WKHUPDO QDWXUDO FRQYHFWLRQ LW nUVW DSSHDUV D FRXQWHUFORFNZLVH

PRWLRQ WKDW LQWHUDFWV ZLWK WKH VROLGLnFDWLRQ IURQW GHIRUPLQJ LWV VKDSH� 7KH WKHUPRG\QDPLF HTXLOLEULXP

IRUFHV WKH VROXWH WR UHMHFW IURP VROLG SKDVH WR OLTXLG SKDVH DQG WKH oXLG oRZ WUDQVSRUW WKHP WR RWKHU ]RQHV

LQ WKH OLTXLG GRPDLQ� $IWHU DSSUR[LPDWHO\ ��� VHFRQGV D VHFRQGDU\ YRUWH[ DW WKH ERWWRP RI WKH FDYLW\� FORVH

WR WKH PXVK\�OLTXLG LQWHUIDFH� LV LQLWLDWHG SURGXFLQJ D ODWHU FKDQJH LQ WKH oRZ PRWLRQ� 7KLV IDFW EHFRPHV

HYLGHQW DW ��� VHFRQGV ZKHUH WKH oRZ LV FRPSOHWHO\ FORFNZLVH� 7KLV HmHFW ZDV SUHGLFWHG LQ WKH RULJLQDO

9ROOHU SDSHU DQG LW ZDV UHSURGXFHG ODWHU E\ VHYHUDO DXWKRUV� 3K\VLFDOO\ DW WKH LQLWLDO VWDJH WKH WKHUPDO

EXR\DQF\ IRUFHV DUH WKH PDLQ FDXVH RI PRWLRQ EHLQJ GRPLQDQW RYHU WKH VROXWDO RQHV� $IWHU ��� VHFRQGV

WKH VROXWH UHMHFWLRQ DW WKH LQWHUIDFH WDNHQ LQWR DFFRXQW E\ WKLV PRGHO SURGXFHV VROXWDO EXR\DQF\ IRUFHV WKDW

FRXQWHUEDODQFH DQG RYHULPSRVH WKH WKHUPDO RQH� 7KLV H[DPSOH DOORZV WKH FRGH WHVWLQJ LQ VLWXDWLRQV ZKHUH

GRXEOH GLmXVLRQ SOD\V DQ LPSRUWDQW UROH DQG WKH PXVK\ ]RQH DFWV OLNH D SRURXV PHGLD� )LJXUH � SORWV WKH

PDFURVHJUHJDWLRQ SDWWHUQ DW W ���� VHFRQGV EHLQJ WKLV UHVXOW LQ JRRG DJUHHPHQW ZLWK 9ROOHU RQH��

&21&/86,216

7KLV SDSHU KDV SUHVHQWHG DQ QXPHULFDO LQWHJUDWLRQ PHWKRG EDVHG RQ D SKDVHZLVH FULWHULRQ WR VROYH

VROLGLnFDWLRQ SUREOHPV FRXSOHG ZLWK oXLG oRZ� ,WV HpFLHQF\ KDV EHHQ SURYHG WKURXJK VHYHUDO H[DPSOHV�

:H ZLVK WR UHPDUN WKDW WKH GLVFRQWLQXLW\ LQ WKH PRGHO FRHpFLHQWV LV QRW RQO\ D GUDZEDFN IRU WKH KHDW

HTXDWLRQ� DOVR IRU WKH oRZ PRWLRQ� 6R� WKH UHVXOWV LQFOXGHG LQ WKLV ZRUN FRQnUP WKH VXFFHVV RI WKLV VWUDWHJ\

IRU VROLGLnFDWLRQ PRGHOV WKDW LQFRUSRUDWH DOVR WKH oXLG oRZ� 7KLV VWUDWHJ\ SURPLVHV WR EH DQ LQWHUHVWLQJ

SRVVLELOLW\ WR DFFRXQW IRU FRXSOHG nHOG ZLWK PXVK\ RU QHDUO\ LVRWKHUPDO SKDVH FKDQJH DV LQ WKH FDVH RI

WKHUPRPHFKDQLFDO LQWHUDFWLRQ EHWZHHQ WKH PRXOG DQG WKH VROLGLnHG PDWHULDO RU LQ WKH PDFURVHJUHJDWLRQ

DQDO\VLV RI FDVWLQJ SURFHVV�

$&.12:/('*(0(176

7KH DXWKRUV ZLVK WR H[SUHVV WKHLU JUDWLWXGH WR &RQVHMR 1DFLRQDO GH ,QYHVWLJDFLRQHV &LHQWurnFDV \ 7uHFQLFDV

�FRQLFHW� $UJHQWLQD� IRU LWV nQDQFLDO VXSSRUW�
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