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:DWHU LV WKH YLWDO HOHPHQW RI QDWXUH� %XW ZKHQ ZDWHU LV WRR DEXQGDQW� WRR VFDUFH RU WRR FRQWDPLQDWHG� OLIH

LWVHOI FDQ EH DW VWDNH� 7KLV WKHVLV GHDOV ZLWK WKH WKLUG DVSHFW� WKDW RI FRQWDPLQDWLRQ� :KHQ PDQNLQG GRHV QRW

OLYH LQ KDUPRQ\ ZLWK WKH VXUURXQGLQJ ZDWHU� LW FDQ EHFRPH D WKUHDW QRW RQO\ WR QDWXUH� EXW DOVR WR PDQNLQG�

$W VFKRRO ZH DOO OHDUQHG WKDW WKH DQFLHQW HPSLUH RI 0HVRSRWDPLD IHOO EHFDXVH SRRU LUULJDWLRQ PDGH WKH ODQG

EUDFNLVK� 1RZDGD\V PDQNLQG LV VWLOO FDSDEOH RI GLVUXSWLQJ WKH YHU\ HFRV\VWHPV KH OLYHV LQ� DQG DW D IDVWHU

SDFH� 7KH ZDWHU TXDOLW\ LQ WKH $UDO /DNH IRU LQVWDQFH KDV SOXPPHWHG WR D OLIH�WKUHDWHQLQJ OHYHO LQ WKH VKRUW

SHULRG RI WKH H[LVWHQFH RI WKH 8665� )RU GHFDGHV SRLVRQRXV LQVHFWLFLGHV ZDVKHG DZD\ IURP WKH FRWWRQ

SODQWDWLRQV LQ FHQWUDO $VLD DQG HQGHG XS LQ WKH EHG RI WKLV ODNH� 3UHVHQWO\ WKH ODNH LV GU\LQJ XS DQG WKH EHG

VHGLPHQWV� ZLWK WKHLU DGKHUHG FRQWDPLQDQWV� FDQ EORZ DZD\ IUHHO\ ZLWK WKH ZLQG� &RQVHTXHQWO\ PDQ\

FKLOGUHQ DUH ERUQ WKHUH QRZDGD\V ZLWK GHIRUPHG OLPEV� $SSDUHQWO\ PDQNLQG RQO\ OHDUQV IURP WKH SDVW� WKDW

PDQNLQG GRHV QRW OHDUQ IURP WKH SDVW�

$OWKRXJK� IRUWXQDWHO\� WKH QHHG WR GHDO ZLWK WKLV SODQHW¶V �ZDWHU� DVVHWV LQ D VXVWDLQDEOH ZD\ KDV EHHQ

UHFRJQLVHG E\ PDQ\ QRZDGD\V� WKH HYHU�JURZLQJ SRSXODWLRQ� WKH ODFN RI QDWXUDO �ZDWHU� UHVRXUFHV DQG WKH

VRFLDO LQHTXDOLW\ PDNH WKHVH NLQGV RI SUREOHPV YHU\ KDUG WR WDFNOH� 6ROXWLRQV WR WKHVH SUREOHPV ZLOO DOZD\V

EH D PL[ RI VRFLDO� HFRQRPLFDO� HFRORJLFDO DQG WHFKQLFDO PHDVXUHV
�
� 7KH FRQVWUXFWLRQ RI DQ LQWHJUDO ZDWHU

PDQDJHPHQW VROXWLRQ� FRPSULVLQJ DOO WKHVH ILHOGV RI H[SHUWLVH� FDQ EH FRPSDUHG ZLWK WKH EXLOGLQJ RI D

5RPDQ DUF EULGJH� HYHU\ VLQJOH VWRQH KDV WR EH SUHVHQW WR PDNH WKH EULGJH FRPSOHWH� :LWK RQH VLQJOH VWRQH

PLVVLQJ WKH DUF ZLOO QRW VWDQG� $ UHFRJQLVDEOH SLHFH RI WKLV EULGJH LV FDOOHG WKH NH\�VWRQH� +HUH WKH DQDORJ\

RI DUF EULGJH EXLOGLQJ ZLWK WKH FRQVWUXFWLRQ RI LQWHJUDO VROXWLRQV VKRXOG HQG� QR ILHOG RI ZDWHU TXDOLW\

PDQDJHPHQW VKRXOG EH FRQVLGHUHG PRUH LPSRUWDQW WKDQ DQRWKHU� %XW FXUUHQWO\ VRPH DVSHFWV RI LQWHJUDO

ZDWHU PDQDJHPHQW GR QHHG PRUH DWWHQWLRQ WKDQ WKH\ JHW� �+HDY\ PHWDOV DQG V\QWKHWLF RUJDQLFV DUH DOVR D

JURZLQJ SUREOHP� GHVHUYLQJ IDU PRUH DWWHQWLRQ WKDQ WKH\¶YH UHFHLYHG� +RZHYHU� LQVXIILFLHQW UHVHDUFK KDV

EHHQ GRQH RQ WKHP���
�
� , KRSH P\ WKHVLV ILOOV LQ DQRWKHU WLQ\ VSRW LQ WKLV ILHOG�

,Q P\ WKHVLV , FRQVWUXFWHG D QHZ UHVXVSHQVLRQ PRGHO IRU FRKHVLYH VHGLPHQWV DQG , DOVR LQWHJUDWHG LW LQWR

WKH PRGHOOLQJ HQYLURQPHQW RI 'HOIW�'�:$4� $SDUW IURP WKH UHFRJQLVHG QHHG IRU JUHDWHU XQGHUVWDQGLQJ RI

WKH IXQGDPHQWDO EHKDYLRXU RI KHDY\ PHWDOV� , EHOLHYH PRGHOOLQJ ZLOO SOD\ D PRUH GRPLQDQW UROH LQ ZDWHU

PDQDJHPHQW LQ WKH IXWXUH WKDQ PDQ\ VXVSHFW� 'HVSLWH JURZLQJ HQYLURQPHQWDO DZDUHQHVV DQG VXVWDLQDEOH

GHYHORSPHQW� PDQNLQG ZLOO FRQWLQXHV WR H[SORLW QDWXUH� $PRQJ RWKHUV� WKH HYHU�LQFUHDVLQJ SRSXODWLRQ DQG

WKH VWHDG\ GHSOHWLRQ RI QDWXUDO UHVRXUFHV DFFRXQW IRU WKLV� $FFRUGLQJO\ WKH ZD\ LQ ZKLFK ZH �ZLOO� H[SORLW

WKH HDUWK ZLOO WHQG WR WKH QDWXUDO OLPLWV RI WKLV V\VWHP� $QG RQFH ZH DUH RQ WKH IULQJH RI WKH QDWXUDO OLPLWV�

VRPH PLQGOHVV DFWLRQV PD\ OHDG WR LQVWDELOLW\ RI LW� ,I ZH ZDQW WR SUHYHQW VXFK HYHQWV� ZH VKDOO KDYH WR

LQFUHDVH RXU DZDUHQHVV DQG NQRZOHGJH RI WKH QDWXUDO V\VWHP� 0RQLWRULQJ DQG VLPXODWLQJ DUH LQGLVSHQVDEOH

WRROV IRU LQFUHDVLQJ RXU XQGHUVWDQGLQJ� (YHQ LI WKH PRGHO VLPXODWLRQV FDQQRW EH XVHG WR JLYH SUHGLFWLRQV�

GXH WR WKH YDVW XQFHUWDLQWLHV LQ DOO WKH SDUDPHWHUV� WKH\ FDQ VWLOO EH XVHG WR JHW D IHHOLQJ IRU WKH V\VWHP� 7KLV

LQVLJKW ZDV RQH RI P\ PRWLYHV LQ GHGLFDWLQJ P\VHOI WR ZULWLQJ WKLV WKHVLV� DSDUW IURP P\ OLNLQJ IRU SK\VLFDO�

PDWKHPDWLFDO DQG FRPSXWDWLRQDO PRGHOOLQJ RII FRXUVH�

�
(�J� 0F&XOO\� 3DWULFN� 6LOHQFHG ULYHUV � WKH HFRORJ\ DQG SROLWLFV RI ODUJH GDPV� /RQGHQ� =HG� �����

�
*OHLFK� 3�+�� $� 6LQJK DQG +� 6KL ����� (PHUJLQJ WKUHDWV WR WKH ZRUOG¶V IUHVKZDWHU UHVRXUFHV� $ UHSRUW RI WKH 3DFLILF ,QVWLWXWH LQ

GHYHORSPHQW� HQYLURQPHQW DQG VHFXULW\� 2DNODQG� &DOLIRUQLD�
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$ QHZ RQH GLPHQVLRQDO YHUWLFDO ZDWHU EHG PRGHO VXLWDEOH IRU �ORQJ�WHUP� ZDWHU TXDOLW\ PRGHOOLQJ LQ WKH

'HOIW�'�:$4 VRIWZDUH SDFNDJH LV GHYHORSHG DQG WHVWHG� 7KLV PRGHO FRQVLVWV RI D FRQVROLGDWLRQ PRGXOH

DQG DQ HURVLRQ PRGXOH �ILJXUH ,�� $ QHZ HURVLRQ IRUPXODWLRQ LV SURSRVHG� DOORZLQJ RQO\ HURVLRQ ZKHQ WKH

DFWXDO EHG VKHDU VWUHVV H[FHHGV WKH DFWXDO \LHOG VWUHQJWK� 7KH EHG VKHDU VWUHVV LV FRQVLGHUHG D VWRFKDVWLF

YDULDEOH ZLWK D 5D\OHLJK GLVWULEXWLRQ DQG WKH DFWXDO \LHOG VWUHQJWK LV UHODWHG WR WKH GHQVLW\ DQG WKH FRKHVLRQ

DV SURSRVHG E\ 0HUFNHOEDFK >����@� 7KH YHUWLFDO GLVWULEXWLRQ RI WKH GHQVLW\ FDQ EH FRPSXWHG E\ WKH

FRQVROLGDWLRQ PRGXOH� ZKLFK FRQVLVWV RI D QHZ� IDVW SDUDPHWHULVDWLRQ RI WKH ILQLWH VWUDLQ FRQVROLGDWLRQ

HTXDWLRQ RI *LEVRQ >����@ ZLWK WKH FRQVWLWXWLYH UHODWLRQV RI 0HUFNHOEDFK >����@� )RU WKH VZHOOLQJ GXH WR

HURVLRQ� RWKHU FRQVWLWXWLYH UHODWLRQV DUH SURSRVHG� 7KH FRQVROLGDWLRQ PRGXOH KDV VXFFHVVIXOO\ EHHQ YDOLGDWHG

RQ D FRQVROLGDWLRQ H[SHULPHQW E\ .XLMSHU HW DO� >����@� $ QHZ PHWKRG WR GHWHUPLQH D UHSURGXFLEOH

µPHDVXUH¶ RI WKH SK\VLFDO FRQVROLGDWLRQ SDUDPHWHUV KDV EHHQ SURSRVHG� 7KH WRWDO ZDWHU EHG PRGHO KDV

VXFFHVVIXOO\ EHHQ YDOLGDWHG RQ HURVLRQ H[SHULPHQWV LQ D URWDWLQJ DQQXODU IOXPH E\ .XLMSHU HW DO� >����@� :H

FDQ FRQFOXGH WKDW WKH FRPELQDWLRQ RI D SDUDPHWHULVHG FRQVROLGDWLRQ PRGXOH DQG WKH QHZ HURVLRQ

IRUPXODWLRQ LV YHU\ SURPLVLQJ� 3K\VLFDO DQG QXPHULFDO FRPSOLFDWLRQV RI WKH PRGHO DUH DOVR GLVFXVVHG�

'(/)7�'�:$4

&+ � 5HTXLUHPHQWV DQG OLPLWDWLRQV

��'9 :$7(5 %(' 02'(/
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)LJXUH ,� 6HW�XS RI WKH VWXG\ �UHSRUW�



21 7+( (526,21 $1' &2162/,'$7,21 2) &2+(6,9( 6(',0(176 Y

������

,Q ZDWHU TXDOLW\ PRGHOOLQJ� HURVLRQ DQG GHSRVLWLRQ RI FRKHVLYH VHGLPHQWV DUH SURFHVVHV RI SDUDPRXQW

LPSRUWDQFH� �L� FRKHVLYH VHGLPHQWV FRQWURO WKH OLJKW SHUPLVVLYLW\ DQG �LL� WKH\ DUH WKH PDMRU FDUULHUV IRU

KHDY\ PHWDOV� 7KH FRQFHQWUDWLRQ RI FRKHVLYH VHGLPHQWV LQ WKH ZDWHU LV WR D ODUJH H[WHQW FRQWUROOHG E\ HURVLRQ

DQG GHSRVLWLRQ EHKDYLRXU� )RU LQVWDQFH� WKH RSHQLQJ RI WKH +DULQJYOLHW 6OXLFHV LQ WKH 1HWKHUODQGV� ZKLFK LV

FXUUHQWO\ FRQVLGHUHG� PD\ OHDG WR UHVXVSHQVLRQ RI VHYHUHO\ SROOXWHG FRKHVLYH VHGLPHQWV GHSRVLWHG LQ WKH

VL[WLHV DIWHU WKH FORVXUH RI WKH WLGDO EDVLQ� 7KH FXUUHQWO\ PRVW ZLGHO\ XVHG HURVLRQ PRGHOV DUH SRRUO\ EDVHG

RQ SK\VLFDO SULQFLSOHV DQG ODFN WKH DELOLW\ WR GHVFULEH HURVLRQ RI WKH FRQVROLGDWHG VHGLPHQW EHG DW LQFUHDVHG

VKHDU VWUHVVHV H�J� GXULQJ D VWRUP� 0RUH DGYDQFHG PRGHOV H[LVW� EXW WKHVH DUH WRR VORZ IRU ORQJ WHUP ZDWHU

TXDOLW\ PRGHOOLQJ� 7KHUH LV D QHHG IRU D QHZ PRGHOOLQJ DSSURDFK WKDW LV ERWK IDVW DQG DFFXUDWH�

7KH DLP RI WKLV VWXG\ LV WR GHYHORS DQG WHVW D QHZ RQH GLPHQVLRQDO ���'9 �ZDWHU EHG PRGHO VXLWDEOH IRU

ORQJ WHUP ZDWHU TXDOLW\ PRGHOOLQJ� 7KLV PRGHO LV VXLWDEOH IRU ORQJ�WHUP ZDWHU TXDOLW\ PRGHOOLQJ� 7KH PRGHO

FRQVLVWV RI �D� D QHZ HURVLRQ IRUPXODWLRQ DQG �E� D QHZ IDVW FRQVROLGDWLRQ PRGHO� ,Q RUGHU WR XVH WKH QHZ

PRGHO IRU ZDWHU TXDOLW\ PRGHOOLQJ� LW LV LPSOHPHQWHG LQ WKH 'HOIW�'�:$4 PRGHOOLQJ VRIWZDUH� %HVLGHV WKH

QHZ ��'9 ZDWHU EHG� WKH H[LVWLQJ ZDWHU EHG PRGHO (&20�6(' RI +\GUR4XDO LV WHVWHG LQ WKLV WKHVLV�

7KH QHZ ZDWHU EHG PRGHO ZLOO RQO\ GHDO ZLWK HURVLRQ RI FRKHVLYH EHGV� WKH FOD\ IUDFWLRQ LV DW OHDVW �� �

DQG LV PXFK ODUJHU WKDQ WKH VDQG IUDFWLRQ� 7KH ��'9 ZDWHU EHG WDNHV RQO\ LQWR DFFRXQW VXUIDFH HURVLRQ�

HQWUDLQPHQW RI KLJK FRQFHQWUDWHG PXG VXVSHQVLRQV �!��� PJ�O� DQG PDVV HURVLRQ GXH WR YHU\ KLJK EHG VKHDU

VWUHVVHV ZLOO QRW EH GHDOW ZLWK� %LRORJLFDO DFWLYLW\ ZLOO QRW EH WDNHQ LQWR DFFRXQW�

$ QHZ HURVLRQ IRUPXODWLRQ LV SURSRVHG WKDW UHJDUGV WKH EHG VKHDU VWUHVV DV D VWRFKDVWLF YDULDEOH DQG

DOORZV HURVLRQ RQO\ ZKHQ WKH DFWXDO EHG VKHDU VWUHVV H[FHHGV WKH DFWXDO \LHOG VWUHQJWK DW WKH LQWHUIDFH�

0HUFNHOEDFK >����@ JLYHV D IRUPXODWLRQ WKDW UHODWHV WKH DFWXDO \LHOG VWUHQJWK WR WKH GHQVLW\ DQG WKH

FRKHVLRQ� )RU WKH WLPH DQG GHSWK GHSHQGHQW FRKHVLRQ QR PRGHO LV DYDLODEOH� IRU WKH FRQVROLGDWLRQ WKHUH LV�

7KH YHUWLFDO GLVWULEXWLRQ RI WKH GHQVLW\ FDQ EH FRPSXWHG IDVW E\ WKH QHZ FRQVROLGDWLRQ PRGXOH� 7KLV

PRGXOH LV EDVHG RQ WKH ILQLWH VWUDLQ FRQVROLGDWLRQ HTXDWLRQ RI *LEVRQ >����@� 7KLV GLIIHUHQWLDO HTXDWLRQ FDQ

GHVFULEH WKH GHQVLW\� WKH HIIHFWLYH VWUHVV DQG WKH SHUPHDELOLW\ DV D IXQFWLRQ RI WLPH DQG GHSWK� 7R SUHYHQW

PRYLQJ ERXQGDU\ FRQGLWLRQV� PDWHULDO FRRUGLQDWHV DUH XVHG� ,Q RUGHU WR VROYH WKLV QRQ�OLQHDU GLIIHUHQWLDO

HTXDWLRQ� FRQVWLWXWLYH UHODWLRQV UHODWLQJ WKH HIIHFWLYH VWUHVV� WKH GHQVLW\ DQG WKH SHUPHDELOLW\ KDYH WR EH

VXEVWLWXWHG� ,Q WKH YLUJLQ ORDGLQJ UHJLPH� WKH IUDFWDO UHODWLRQV RI 0HUFNHOEDFK >����@ DUH EH XVHG� :KHQ

HURVLRQ RFFXUV KRZHYHU� WKH FRQVROLGDWHG PDWHULDO H[SHULHQFHV D VWUHVV UHOLHI DQG WKH EHG VZHOOV� $ VHSDUDWH

FRQVWLWXWLYH UHODWLRQ LV QHFHVVDU\ IRU WKLV UHORDGLQJ UHJLPH� $ IHZ VLPSOH UHODWLRQV IRU WKLV UHJLPH DUH JLYHQ

EDVHG RQ OLWHUDWXUH�

7KH *LEVRQ HTXDWLRQ KDV EHHQ VROYHG ZLWK D QHZ� IDVW SDUDPHWHULVDWLRQ� FRQVLVWLQJ RI D )RXULHU VHULHV� ,W

FRQWDLQV RQO\ WKH FRQVWLWXWLYH UHODWLRQV IRU YLUJLQ ORDGLQJ� 7KH SDUDPHWHULVDWLRQ GRHV QRW WDNH LQWR DFFRXQW

WKH QRQ�OLQHDU DGYHFWLRQ WHUPV RI WKH GLIIHUHQWLDO HTXDWLRQ� ZKLFK DUH RI WKH VDPH RUGHU DV WKH RWKHU WHUPV�

7KH HIIHFWV RI ODUJH VWUDLQV DUH VWLOO SUHVHQW LQ WKH SDUDPHWHULVDWLRQ� EHFDXVH WKH SDUDPHWHULVDWLRQ LV ZULWWHQ

LQ WHUPV RI WKH PDWHULDO FRRUGLQDWHV� 7KLV PRGHO KDV EHHQ FRPSDUHG ZLWK QXPHULFDO UHVXOWV IRU WKH FDVH RI

FRQVROLGDWLRQ H[SHULPHQW LQ D VHWWOLQJ FROXPQ� 7KH SDUDPHWHULVDWLRQ JLYHV JRRG UHVXOWV� EXW QHDU WKH

LQWHUIDFH LW XQGHUHVWLPDWHV WKH GHQVLWLHV�

7KH SDUDPHWHULVHG FRQVROLGDWLRQ PRGHO KDV VXFFHVVIXOO\ EHHQ YDOLGDWHG RQ FRQVROLGDWLRQ H[SHULPHQWV

SHUIRUPHG LQ D VHWWOLQJ FROXPQ E\ .XLMSHU HW DO� >����@� 7KH WKUHH FRQVROLGDWLRQ SDUDPHWHUV FDQ EH REWDLQHG

IURP WKH PHDVXUHPHQWV E\ D PHWKRG JLYHQ E\ 0HUFNHOEDFK >����@� $Q LPSURYHG PHWKRG LV SURSRVHG�

JLYLQJ DQ REMHFWLYH� UHSURGXFLEOH DQG SK\VLFDOO\ EDVHG UDQJH RI YDOXHV RI WKH FRQVROLGDWLRQ SDUDPHWHUV�

:LWK WKLV ZKROH UDQJH RI FRPELQDWLRQV UHDVRQDEOH UHVXOWV RI WKH GHQVLW\ SURILOHV DQG WKH ORZHULQJ RI WKH

LQWHUIDFH FDQ EH REWDLQHG� $FFRUGLQJO\� LW LV QRW SRVVLEOH WR GHWHUPLQH WKH YDOXH RI D SDUDPHWHU� ,W LV FOHDU
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WKRXJK WKDW WKH FRQVROLGDWLRQ SDUDPHWHUV VKRXOG DOZD\V EH DGGUHVVHG DV D VHW� QRW DV LQGLYLGXDO YDOXHV� 7R

GHWHUPLQH LI D VHW FDQ JLYH JRRG UHVXOWV� WKH VHWWOLQJ FROXPQ VKRXOG EH VLPXODWHG ZLWK WKH SDUDPHWHULVDWLRQ

WKDW JLYHV UHVXOWV WKDW DUH MXVW DV JRRG DV D QXPHULFDO PRGHO� $ VHQVLWLYLW\ DQDO\VLV KDV EHHQ SHUIRUPHG RQ

WKH FRQVROLGDWLRQ PRGHO� 7KH PRGHO LV YHU\ VHQVLWLYH WR WKH IUDFWDO GLPHQVLRQ� 7KH SDUDPHWHULVDWLRQ LV OHVV

VHQVLWLYH WR WKH RWKHU HPSLULFDO SDUDPHWHUV�

7KH ��'9 ZDWHU EHG PRGHO KDV EHHQ LPSOHPHQWHG LQ 'HOIW�'�:$4� 7KH �'9�ZDWHUEHG PRGHO FRQVLVWV

RI WZR PRGXOHV ZLWK GLIIHUHQW WLPH VFDOHV� DQ HURVLRQ PRGXOH ZLWK WKH VDPH WLPH VFDOH DV 'HOIW�'�:$4�

DQG D FRQVROLGDWLRQ PRGXOH ZLWK D ODUJHU WLPH VFDOH� 7KH FRQVROLGDWLRQ WLPH VWHS VKRXOG EH FKRVHQ DV ODUJH

DV SRVVLEOH� EHFDXVH WKLV PRGXOH UHTXLUHV PRVW RI WKH FRPSXWDWLRQ WLPH� $ VHW�XS RI WKH ��'9 ZDWHU EHG

PRGHO LV SURSRVHG DOORZLQJ WKH WZR PRGXOHV WR KDYH GLIIHUHQW WLPH VWHSV� $ WHPSRUDU\ VHGLPHQW FDFKH LV

QHHGHG IRU WKLV FRQILJXUDWLRQ� DFFRXQWLQJ IRU WKH HURVLRQ DQG GHSRVLWLRQ XQWLO WKH FRQVROLGDWLRQ PRGXOH LV

DFWLYDWHG� 7KH SURJUHVVLRQ RI WKH HURVLRQ LV FDOFXODWHG E\ LWHUDWLRQ DW WLPH VWHSV RI D IHZ VHFRQGV� $Q H[DFW

EXW GLIILFXOW PHWKRG LV DOVR PHQWLRQHG� EXW QRW LPSOHPHQWHG LQ WKH ��'9 ZDWHU EHG PRGHO \HW�

7KH SURILOHV RI WKH EHG SURSHUWLHV DV FDOFXODWHG E\ WKH FRQVROLGDWLRQ� KDYH WR EH VDPSOHG WR VWRUH WKHP

LQ WKH FRPSXWHU� $ IHZ PHWKRGV DUH WUHDWHG� $ VLJPD FRRUGLQDWH V\VWHP LV FKRVHQ� ZLWK D FRQVWDQW QXPEHU

RI VDPSOLQJ SRLQWV LV LQ WLPH� (YHU\ WLPH PDWHULDO LV UHPRYHG E\ HURVLRQ RU DGGHG E\ GHSRVLWLRQ� WKH EHG

SURILOHV KDYH WR EH UHGLVWULEXWHG� WKHUHE\ LQWHUSRODWLQJ WKH SURILOHV OLQHDUO\� 7KLV OHDGV WR VPDOO HUURUV LI WKH

UHVROXWLRQ LV WRR ORZ� 7KH FRQVROLGDWLRQ WLPH VWHS SRVHV UHVWULFWLRQV RQ WKH UHTXLUHG QXPEHU RI )RXULHU

FRPSRQHQWV LQ WKH FRQVROLGDWLRQ SDUDPHWHULVDWLRQ� $ FRQVHUYDWLYH UXOH RI WKXPE KDV EHHQ GHULYHG E\

H[DPLQLQJ D SURILOH ZLWK VWHHS GHQVLW\ JUDGLHQWV�

7KH QHZ ��'9 ZDWHU EHG PRGHO KDV EHHQ YDOLGDWHG RQ VKRUW WHUP HURVLRQ H[SHULPHQWV SHUIRUPHG LQ D

URWDWLQJ DQQXODU IOXPH E\ .XLMSHU HW DO� >����@� 7KHVH HURVLRQ H[SHULPHQWV KDYH EHHQ SHUIRUPHG RQ WKH

VDPH EHGV WKDW ZHUH PHDVXUHG LQ WKH FRQVROLGDWLRQ H[SHULPHQWV XVHG WR YDOLGDWH WKH SDUDPHWHULVDWLRQ� ,Q WKH

URWDWLQJ DQQXODU IOXPH WZR H[SHULPHQWV KDYH EHHQ SHUIRUPHG� RQH DIWHU RQH GD\ RI FRQVROLGDWLRQ DQG RQH

DIWHU VHYHQ GD\V RI FRQVROLGDWLRQ� 7KH ��'9 ZDWHU EHG PRGHO FDQ VLPXODWH WKH UHVXOWV IURP WKH DQQXODU

IOXPH H[SHULPHQW ZHOO� �L� WKH VLPXODWLRQV VKRZ WKH VDPH FKDUDFWHULVWLF H[SRQHQWLDO GHFD\ HYROXWLRQ RI WKH

HURGHG PDWHULDO KHLJKW� �LL� WKH PRGHO FDQ EH FDOLEUDWHG JRRG LQ D TXDOLWDWLYH VHQVH DQG �LLL� WKH GHFUHDVH LQ

WKH HURGLELOLW\ EHWZHHQ RQH DQG VHYHQ GD\V RI FRQVROLGDWLRQ FDQ EH VLPXODWHG ZLWK WKH FRQVROLGDWLRQ DV WKH

RQO\ VWUHQJWKHQLQJ SURFHVV� 1R WLPH GHSHQGHQW IXQFWLRQ IRU WKH FRKHVLRQ LV QHFHVVDU\� ,Q WKH HURVLRQ PRGHOV

XVHG FXUUHQWO\� D WLPH KLVWRU\ RI WKH EHG VHGLPHQW KDV WR EH µUHPHPEHUHG¶ WR GHWHUPLQH WKH HURGLELOLW\� ,Q WKH

��'9 ZDWHU EHG PRGHO WKH KLVWRU\ LV VWRUHG LQ WKH VKDSH RI WKH GHQVLW\ SURILOH ZKLFK LV FDOFXODWHG E\ WKH

FRQVROLGDWLRQ PRGXOH� :H FDQ FRQFOXGH WKDW WKH FRPELQDWLRQ RI WKH SDUDPHWHULVHG FRQVROLGDWLRQ PRGXOH DQG

WKH HURVLRQ PRGXOH LQ WKH ��'9 ZDWHU EHG LV SURPLVLQJ� 7KH PRGHO GRHV DOVR KDYH VRPH PLQRU

FRPSOLFDWLRQV KRZHYHU� ZKLFK FDQ EH GLYLGHG LQ SK\VLFDO SUREOHPV DQG QXPHULFDO SUREOHPV� $ IHZ

VROXWLRQV DUH SURSRVHG IRU WKH QXPHULFDO SUREOHPV�

7KH ��'9 ZDWHU EHG PRGHO QHHGV HLJKW SK\VLFDO LQSXW SDUDPHWHUV� 7KH WKUHH FRQVROLGDWLRQ SDUDPHWHUV

FDQ EH GHWHUPLQHG IURP VWDQGDUG FRQVROLGDWLRQ H[SHULPHQWV LQ D VHWWOLQJ FROXPQ� 7KH RWKHU ILYH SK\VLFDO

SDUDPHWHUV KDYH WR EH GHWHUPLQHG E\ PHDQV RI QXPHULFDO H[SHULPHQWV �WULDO DQG HUURU�� 1R VWDQGDUGLVHG

ODERUDWRU\ WHVWV DUH \HW DYDLODEOH� 7KHVH ILYH SDUDPHWHUV JRYHUQ VZHOOLQJ� FRKHVLRQ� JHRWHFKQLFDO

FRHIILFLHQWV� HURVLRQ UDWH� DQG WKH VFDOH RI WKH SUREDELOLW\ GLVWULEXWLRQ RI WKH EHG VKHDU VWUHVV� 7KH PRGHO

UHVXOWV DUH VHQVLWLYH WR IRXU RI WKHVH SDUDPHWHUV� $FFRUGLQJO\ PRUH UHVHDUFK LV QHHGHG RQ WKHVH SDUDPHWHUV�

7KLV PDNHV WKH ��'9 ZDWHU EHG QRW \HW IXOO\ DSSOLFDEOH IRU HQJLQHHULQJ SXUSRVHV�

7KH ��'9 ZDWHU EHG PRGHO KDV QRW \HW EHHQ DSSOLHG WR ORQJ WHUP ZDWHU TXDOLW\ SUREOHPV IRU ZKLFK LW LV

GHVLJQHG� $ UHFRPPHQGDWLRQ LV WR FRPSDUH ORQJ WHUP UXQV WR ILHOG GDWD DQG WR UHVXOWV IURP ROG OD\HU PRGHOV�

,Q WKH VKRUW WHUP YDOLGDWLRQ VLPXODWLRQV RI WKH ��'9 ZDWHU EHG PRGHO� WKH HURVLRQ LV JRYHUQHG E\ WKH WDLO

RI WKH 5D\OHLJK SUREDELOLW\ GLVWULEXWLRQ RI WKH DFWXDO ORFDO EHG VKHDU VWUHVV� $FFRUGLQJO\ WKH VWRFKDVWLF

QDWXUH RI EHG VKHDU VWUHVV JRYHUQV HURVLRQ� 7KHVH ILQGLQJV FRUURERUDWH HDUOLHU ILQGLQJV PHQWLRQLQJ WKDW

WXUEXOHQW EXUVWV JRYHUQ WKH HURVLRQ�
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����� 0HWKRGRORJ\ IRU GHWHUPLQDWLRQ RI HIIHFWLYH VWUHVV SDUDPHWHU���������������������������������������������������
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��� (&206(' ���������������������������������������������������������������������������������������������������������������������������������������

����� 'HWHUPLQDWLRQ (&206(' SDUDPHWHUV��������������������������������������������������������������������������������������

����� 5HVXOWV (&206(' WHVWLQJ�������������������������������������������������������������������������������������������������������

��� 'HSWK YDU\LQJ FULWLFDO VKHDU VWUHVV����������������������������������������������������������������������������������������������������

��� (URVLRQ PRGHO ZLWK SUREDELOLW\ GLVWULEXWLRQ RI WKH EHG VKHDU VWUHVV ������������������������������������������������

����� ,QSXW ������������������������������������������������������������������������������������������������������������������������������������������

����� 9DOLGDWLRQ DQG VHQVLWLYLW\ DQDO\VLV HVWLPDWHG SDUDPHWHUV ��������������������������������������������������������

����� 9DOLGDWLRQ DQG VHQVLWLYLW\ DQDO\VLV FRQVROLGDWLRQ SDUDPHWHUV ��������������������������������������������������

����� 1XPHULFDO DVSHFWV ���������������������������������������������������������������������������������������������������������������������

��� 6XPPDU\ �������������������������������������������������������������������������������������������������������������������������������������������

� &RQFOXVLRQV DQG UHFRPPHQGDWLRQV���������������������������������������������������������������������������������������������������

��� &RQFOXVLRQV���������������������������������������������������������������������������������������������������������������������������������������

��� 5HFRPPHQGDWLRQV�����������������������������������������������������������������������������������������������������������������������������

5HIHUHQFHV 	 /LVW RI V\PEROV ��������������������������������������������������������������������������������������������������������������������

$FNQRZOHGJHPHQWV �������������������������������������������������������������������������������������������������������������������������������������
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,Q ZDWHU TXDOLW\ PRGHOOLQJ� HURVLRQ DQG GHSRVLWLRQ RI FRKHVLYH VHGLPHQWV DUH SURFHVVHV RI SDUDPRXQW

LPSRUWDQFH� 7KH FRQFHQWUDWLRQ RI FRKHVLYH VHGLPHQWV LQ WKH ZDWHU FROXPQ KDV D YHU\ GHFLVLYH LQIOXHQFH RQ

IHDWXUHV WKDW FDQ GLUHFWO\ EH UHJDUGHG DV D PHDVXUH IRU WKH ZDWHU TXDOLW\� 7KH ILUVW LPSRUWDQW SDUDPHWHU LV WKH

OLJKW SHUPLVVLYLW\� $Q LQFUHDVHG WXUELGLW\ OHDGV WR D UHGXFHG ELRORJLFDO DFWLYLW\� ZKLFK LQ WXUQ DIIHFWV WKH

QXWULHQW�FKDLQ� 6HFRQG� FRKHVLYH VHGLPHQWV DUH WKH PDMRU FDUULHUV IRU KHDY\ PHWDOV >0HKWD� ����@� 7KH

HOHFWURPDJQHWLF QDWXUH RI WKH VHGLPHQWV OHDGV WR D KLJK DGKHVLRQ RI KHDY\ PHWDOV WR WKH FOD\ SDUWLFOHV RU

IORFV� 7KXV WKH VSUHDGLQJ RI VXVSHQGHG FRKHVLYH VHGLPHQWV FRQWUROV WKH GLVSHUVLRQ RI KHDY\ PHWDOV�

7KH FRQFHQWUDWLRQ RI FRKHVLYH VHGLPHQWV� KRZHYHU� LV QRW RQO\ FRQWUROOHG E\ HURVLRQ DQG GHSRVLWLRQ

EHKDYLRXU� )DU IURP ULYHULQH VRXUFHV DQG VLQNV RI PDWHULDO� DQG LQ WKH DEVHQFH RI VLJQLILFDQW ELRORJLFDO

SURGXFWLRQ� HURVLRQ LV WKH PDMRU VRXUFH IRU VXVSHQGHG SDUWLFOHV LQ WKH ZDWHU FROXPQ >6DQIRUG HW DO�� ����@�

(URVLRQ RI FRKHVLYH VHGLPHQWV LV RQH RI WKH PRVW VWXGLHG DVSHFWV RI ILQH VHGLPHQW WUDQVSRUW�

([SHULPHQWV LQFOXGH ODERUDWRU\ �IOXPH� WHVWV� LQ VLWX �IOXPH� H[SHULPHQWV DQG ILHOG REVHUYDWLRQV� 7KLV

UHVHDUFK VWDUWHG RYHU �� \HDUV DJR� ZKHQ (LQVWHLQ MU� HQFRXUDJHG KLV SXSLOV .URQH DQG 3DUWKHQLDGHV WR

LQLWLDWH WKH VWXG\ RI WKH EHKDYLRXU RI HURGLQJ PXG� .URQHCV GHSRVLWLRQ IRUPXOD DQG 3DUWKHQLDGHV
 HURVLRQ

IRUPXOD DUH VWLOO ZLGHO\ XVHG QRZDGD\V� 6LQFH WKHQ� D ODUJH DPRXQW RI �H[SHULPHQWDO� UHVHDUFK LQ WKH ILHOG RI

FRKHVLYH VHGLPHQWV KDV EHHQ FDUULHG RXW� EXW QR XQLYHUVDO HURVLRQ IRUPXOD LV NQRZQ \HW� 7KHUHIRUH� HURVLRQ

PRGHOOLQJ KDV VWLOO D VWURQJ HPSLULFDO WUDGLWLRQ� $FFRUGLQJO\� WKH FXUUHQWO\ PRVW ZLGHO\ XVHG HURVLRQ�

UHVXVSHQVLRQ PRGHOV JLYH WKH HURVLRQ UDWH DV D IXQFWLRQ RI WKH H[FHVV EHG VKHDU VWUHVV DQG XS WR � HPSLULFDO

PDWHULDO FRHIILFLHQWV >0HKWD� ����@� ,Q WKLV DSSURDFK WKH H[FHVV EHG VKHDU VWUHVV LV GHILQHG DV WKH FXUUHQW

�DQG ZDYH� LQGXFHG ERWWRP VKHDU VWUHVV PLQXV D FULWLFDO VKHDU VWUHVV EHORZ ZKLFK QR HURVLRQ RFFXUV� 7KH

HPSLULFDO FRHIILFLHQWV DUH GHWHUPLQHG E\ ILWWLQJ WKH PRGHOV WR VKRUW�WHUP HURVLRQ H[SHULPHQWV� 7KHVH

IRUPXODWLRQV KRZHYHU DUH SRRUO\ EDVHG RQ SK\VLFDO SULQFLSOHV� 7KH FXUUHQW HURVLRQ DQG GHSRVLWLRQ PRGHOV

IRU FRKHVLYH VHGLPHQWV GR QRW DOZD\V JLYH DQ DFFXUDWH GHVFULSWLRQ RI WKH H[FKDQJH RI FRKHVLYH VHGLPHQW

EHWZHHQ WKH ZDWHU FROXPQ DQG WKH EHG� 7KHVH IRUPXODWLRQV ODFN HVSHFLDOO\ WKH DELOLW\ WR GHVFULEH HURVLRQ RI

FRKHVLYH VHGLPHQWV DW WKH FRQVROLGDWHG EHG DW LQFUHDVHG VKHDU VWUHVVHV H�J� GXULQJ D VWRUP�

:KHQ LW LV WKH LQWHQWLRQ HLWKHU WR PRGHO HURVLRQ DQG VHGLPHQWDWLRQ SDWWHUQV� RU WR LQWHJUDWH WKHVH SDWWHUQV

LQ RUGHU WR PRGHO PRUSKRORJLFDO FKDQJHV RQ WKH ORQJ WHUP� WKH FXUUHQW DSSURDFKHV DUH VDWLVIDFWRU\� (URVLRQ

DQG GHSRVLWLRQ DOWHUQDWH DQG WKHUHIRUH SHDNV LQ VHGLPHQW IOX[HV DUH VPRRWKHG RXW LQ WLPH� 7KH HIIHFW RI

VHYHUH FRQGLWLRQV LV DYHUDJHG RXW� 9DQ /HGGHQ >����@ VKRZV WKDW VLPSOH PRGHOV DUH DEOH WR SUHGLFW WKH ORQJ�

WHUP HYROXWLRQ RI WKH EDWK\PHWU\ RI HVWXDULHV DQG WLGDO EDVLQV IDLUO\ ZHOO LQ D TXDOLWDWLYH ZD\�

7KHUH LV FRQFHUQ KRZHYHU� ZKHWKHU WKH FXUUHQW DSSURDFKHV DUH DGHTXDWH IRU ZDWHU TXDOLW\ SUREOHPV�

ZKHUH PRGHOOLQJ WKH VHDVRQDO YDULDWLRQV LQ VHGLPHQW FRQFHQWUDWLRQV LQ WKH ZDWHU LV LPSRUWDQW� :KHQ LW LV WKH

LQWHQWLRQ WR PRGHO WKH ZDWHU TXDOLW\� SHDNV LQ VHGLPHQW IOX[HV DUH YHU\ LPSRUWDQW� +LJK UHVXVSHQVLRQ IOX[HV

GXULQJ D IHZ GD\V UHVXOW LQ D UHGXFHG OLJKW SHUPLVVLYLW\ RU WKH UHVXVSHQVLRQ RI KHDY\ PHWDOV DQG FDQ

VXEVHTXHQWO\ UHVXOW LQ VHYHUH VWDUYDWLRQ RI SODQWV DQG DQLPDOV� )RU LQVWDQFH� WKH RSHQLQJ RI WKH +DULQJYOLHW

6OXLFHV LQ WKH 1HWKHUODQGV� ZKLFK LV FXUUHQWO\ FRQVLGHUHG� PD\ OHDG WR UHVXVSHQVLRQ RI VHYHUHO\ SROOXWHG

FRKHVLYH VHGLPHQWV GHSRVLWHG LQ WKH VHYHQWLHV DIWHU WKH FORVXUH RI WKH WLGDO EDVLQ� )RU ZDWHU TXDOLW\ LVVXHV

HSLVRGLF HYHQWV DUH PRUH LPSRUWDQW WKDQ IRU PRUSKRORJ\� 7R SUHGLFW WKH LPSOLFDWLRQV RI HSLVRGLF HYHQWV

VXIILFLHQWO\� WKH PRGHOV VKRXOG DFFRXQW IRU WKH VHGLPHQW EDODQFH PRUH UHDOLVWLFDOO\� 7KH EHG EHKDYLRXU

VKRXOG QRW RQO\ GHSHQG RQ WKH EHG VKHDU VWUHVV� EXW DOVR RQ WKH KLVWRU\ RI WKH VHGLPHQW� ,QFRUSRUDWLQJ D WUXH

G\QDPLF EHG UHTXLUHV D VWUHQJWK IRUPXODWLRQ E\ PRGHOOLQJ ERWK WKH IRUPDWLRQ DQG WKH HYROXWLRQ RI WKH

VHGLPHQW OD\HUV RQ�LQ WKH EHG DV D IXQFWLRQ RI WLPH DQG GHSWK�

,W LV SRVVLEOH WR LQFOXGH VRPH KLVWRU\ RI WKH FRQVROLGDWHG ZDWHUEHG E\ PRGHOOLQJ WKH HPSLULFDO

FRHIILFLHQWV DV D IXQFWLRQ RI HLWKHU GHSWK >6DQIRUG HW DO�� ����@ RU WLPH >+\GUR4XDO� ����@� 7KHVH
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IRUPXODWLRQV� ZLWK YDU\LQJ FRHIILFLHQWV� DUH DEOH WR GHVFULEH HURVLRQ H[SHULPHQWV� +RZHYHU� LW KDV \HW WR EH

SURYHQ WKDW WKH\ DUH DEOH WR JLYH D JRRG GHVFULSWLRQ RI WKH VHGLPHQW H[FKDQJH IOX[HV RYHU ORQJ SHULRGV RI

WLPH� LQFOXGLQJ VRPH VHYHUH EHG VKHDU VWUHVV HYHQWV� 0RUHRYHU� WKH YDOXHV DVVLJQHG WR WKH SDUDPHWHUV LQ HDFK

OD\HU ODFN D SK\VLFDO EDVLV� 7KXV WKHUH LV D QHHG IRU D QHZ PRGHOOLQJ DSSURDFK�

7KH WLPH GHSHQGHQW HYROXWLRQ RI D FRKHVLYH EHG FDQ EH GHVFULEHG E\ WKH *LEVRQ ILQLWH VWUDLQ

FRQVROLGDWLRQ HTXDWLRQ >*LEVRQ� ����@� 7KLV PRGHO JLYHV D IXOO GHVFULSWLRQ RI WKH GHQVLW\� WKH SHUPHDELOLW\

DQG WKH HIIHFWLYH VWUHVV LQ D VHGLPHQW EHG DV D IXQFWLRQ RI ERWK GHSWK DQG WLPH� 7KLV FRQVROLGDWLRQ PRGHO

UHTXLUHV PDWHULDO IXQFWLRQV WKDW LQWHUUHODWH WKH GHQVLW\� WKH SHUPHDELOLW\ DQG WKH HIIHFWLYH VWUHVV� )RU WKH

DSSOLFDWLRQ FRQVLGHUHG LQ WKLV WKHVLV� WKHVH PDWHULDO IXQFWLRQV VKRXOG SDUWLFXODUO\ EH YDOLG LQ WKH IOXII\

VHGLPHQW OD\HUV WKDW DUH IRUPHG E\ GHSRVLWLRQ RQ WKH ZDWHUEHG� 0HUNHOEDFK >����@ KDV GHULYHG DQG

VXFFHVVIXOO\ WHVWHG D VHW RI PDWHULDO IXQFWLRQV EDVHG RQ D IUDFWDO GHVFULSWLRQ RI PXG� :LWK WKLV NQRZOHGJH� LW

VKRXOG EH SRVVLEOH� DW OHDVW LQ WKHRU\� WR JLYH D �IXOO� SURFHVV EDVHG GHVFULSWLRQ RI WKH VHGLPHQW H[FKDQJH

SURFHVVHV� 7KLV GHVFULSWLRQ VKRXOG WKHQ UHSODFH WKH FXUUHQW HPSLULFDO HURVLRQ PRGHOV�

$LP� 7KH DLP RI WKLV VWXG\ LV WR GHYHORS DQG WHVW D QHZ RQH GLPHQVLRQDO YHUWLFDO ZDWHU EHG PRGHO

�KHUHDIWHU UHIHUUHG WR DV ��'9 ZDWHU EHG PRGHO� VXLWDEOH IRU �ORQJ�WHUP� ZDWHU TXDOLW\ PRGHOOLQJ� 7KH ��'9

ZDWHU EHG PRGHO VKRXOG EH EDVHG RQ D VWUHQJWKHQLQJ PRGXOH� WKDW ZLOO FRQVLVW RI D SDUDPHWHULVDWLRQ RI WKH

H[DFW FRQVROLGDWLRQ HTXDWLRQ� DQG D QHZ HURVLRQ PRGXOH �ILJXUH ����� 7KH WLPH VFDOHV RI WKHVH WZR PRGXOHV

DUH GLIIHUHQW DQG D JRRG LQWHUDFWLRQ EHWZHHQ WKHVH PRGXOHV KDV WR EH FRQVWUXFWHG� 7KH ��'9 ZDWHU EHG

PRGHO ZLOO EH LQFRUSRUDWHG LQ WKH ZDWHU TXDOLW\ SDUW �:$4� LQ WKH 'HOIW�' VRIWZDUH HQYLURQPHQW� +HUHLQ

WKH PRGHO VKRXOG EH DEOH WR PDNH DFFXUDWH SUHGLFWLRQV ZLWKLQ D UHDVRQDEOH FDOFXODWLRQ WLPH� %\

LQFRUSRUDWLQJ WKH ��'9 ZDWHU EHG PRGHO LQWR 'HOIW�'�:$4� FRKHVLYH VHGLPHQW FDQ LPPHGLDWHO\ EH GHDOW

ZLWK LQ D WKUHH GLPHQVLRQDO ZD\�

%HVLGHV WKH ��'9 ZDWHU EHG PRGHO� WKH ZDWHU EHG PRGHO (&206(' RI +\GUR4XDO LV DOVR WHVWHG�

'(/)7�'�:$4

&+ � 5HTXLUHPHQWV DQG OLPLWDWLRQV

��'9 :$7(5 %(' 02'(/

(526,21 02'8/(

&+ � 'HVFULSWLRQ

&+ � 'HVFULSWLRQ

&2162/',$7,21 02'8/(

&+ � 'HVFULSWLRQ &+ � 9DOLGDWLRQ

&+ � 9DOLGDWLRQ

&+ � &RQFOXVLRQV

%(' &20326,7,21 DQG UHFRPPHQGDWLRQV

&+ � 5HTXLUHPHQWV

DQG OLPLWDWLRQV

H
UR
V
LR
Q

G
H
S
R
V
LW
LR
Q

� �

)LJXUH ���� 7KH ��'9 ZDWHU EHG PRGHO DQG LWV PRGXOHV
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)UDPHZRUN VWXG\� $ODQ %OXPEHUJ DQG 3DUPHVKZDU /� 6KUHVWD RI +\GURTXDO LQ 1HZ <RUN WRRN WKH

LQLWLDWLYH IRU D MRLQW VWXG\ E\ +\GUR4XDO �1HZ <RUN� DQG :/ _ 'HOIW +\GUDXOLFV WR H[SORUH WKH PRVW

DSSURSULDWH DSSURDFK IRU D QHZ FRKHVLYH VHGLPHQW EHG PRGHO� DQG LI SURPLVLQJ� WR GHYHORS WKLV QHZ EHG

PRGHO� 7KH ZDWHU TXDOLW\ SDUW :$4 RI WKH 'HOIW�' PRGHOOLQJ HQYLURQPHQW �VHH FKDSWHU �� RI :/ _ 'HOIW

+\GUDXOLFV GRHV QRW XVH D FRQVROLGDWLRQ PRGXOH DW SUHVHQW� 6LPSOH HPSLULFDO HURVLRQ IRUPXODWLRQV DUH XVHG

ZLWK D WZR�OD\HU V\VWHP DOORZLQJ RQO\ VPDOO YDULDWLRQ RI WKH SDUDPHWHUV LQ GHSWK� $W +\GUR4XDO� WKH

FRPSXWDWLRQDO PRGHOOLQJ HQYLURQPHQW (&20�6(' LV XVHG� &XUUHQWO\ D VHGLPHQW PRGXOH LV LPSOHPHQWHG LQ

WKLV VRIWZDUH SDFNDJH ZLWK D VR�FDOOHG EHG DUPRXULQJ PRGXOH �RU FRQVROLGDWLRQ PRGXOH� ZLWK D WLPH

SDUDPHWHU WKDW GHVFULEHV WKDW WKH VHGLPHQW EHFRPHV LQFUHDVLQJO\ OHVV HURGDEOH� (YHQWXDOO\ WKH VHGLPHQW

IRUPV SDUW RI WKH IXOO\ FRQVROLGDWHG EHG DQG LV QRW HURGDEOH DQ\PRUH XQGHU QRUPDO IORZ FRQGLWLRQV�

7KLV 0�6F� SURMHFW LV DOVR D SDUW RI D ODUJHU :/ _ 'HOIW +\GUDXOLFV SURMHFW� 6/,.� 7KLV :/ SURMHFW LV

FDOOHG ³GHYHORSPHQW EHG PRGHO´ DQG LV IRFXVVHG RQ DQ LPSURYHG XQGHUVWDQGLQJ RI WKH FKHPLFDO� SK\VLFDO

DQG ELRORJLFDO SURFHVVHV LQ WKH ZDWHUEHG� ,Q WKH ORQJ UXQ DOO WKHVH SURFHVVHV VKRXOG EH LQWHJUDWHG LQ RQH EHG

PRGHO�

6HW XS RI WKLV UHSRUW� )LJXUH ��� VKRZV D VFKHPDWLF UHSUHVHQWDWLRQ RI WKH VHW�XS RI WKLV VWXG\� ,W DOVR

VKRZV ZKDW LQIRUPDWLRQ LV JDLQHG IURP OLWHUDWXUH DQG ZKDW LQIRUPDWLRQ LV QHZ� 7KH UHTXLUHPHQWV DQG WKH

OLPLWDWLRQV RI WKH PRGHO DUH WUHDWHG LQ FKDSWHU �� 7KHVH UHTXLUHPHQWV DQG OLPLWDWLRQV DUH GXH WR WKH

LPEHGGLQJ LQ 'HOIW�'�:$4 DQG GXH WR WKH EHG FRPSRVLWLRQ� ,Q FKDSWHU �� D OLWHUDWXUH VWXG\ LV SHUIRUPHG RQ

HURVLRQ� 6HYHUDO H[LVWLQJ PRGHOV DUH GHVFULEHG DW LQFUHDVLQJ FRPSOH[LW\� $W WKH HQG RI WKH FKDSWHU D QHZ�

DSSURSULDWH IRUPXODWLRQ IRU WKH HURVLRQ IRUPXODWLRQ LV GHULYHG� &KDSWHU � GHDOV ZLWK WKH *LEVRQ ILQLWH VWUDLQ

FRQVROLGDWLRQ HTXDWLRQ� ZKLFK GHVFULEHV WKH WLPH DQG GHSWK GHSHQGHQW EHKDYLRXU RI WKH HIIHFWLYH VWUHVV� WKH

SHUPHDELOLW\ DQG WKH GHQVLW\ LQ WKH PXG EHG� 7KLV QRQ�OLQHDU GLIIHUHQWLDO HTXDWLRQ FDQ EH VROYHG XVLQJ WKH

FRQVWLWXWLYH UHODWLRQV RI 0HUFNHOEDFK >����@� WKDW UHODWH WKH HIIHFWLYH VWUHVV� WKH SHUPHDELOLW\ DQG WKH GHQVLW\

WR HDFK RWKHU� )RU WKH UHORDGLQJ UHJLPH RWKHU FRQVWLWXWLYH UHODWLRQV DUH QHFHVVDU\� $ IHZ VLPSOH FRQVWLWXWLYH

UHODWLRQV IRU UHORDGLQJ ZLOO EH JLYHQ� EDVHG RQ VLPLODULW\ ZLWK UHVXOWV IURP OLWHUDWXUH� 1H[W� D VLPSOH DQG IDVW

SDUDPHWHULVDWLRQ RI WKLV FRQVROLGDWLRQ PRGHO LV GHULYHG� 7KLV SDUDPHWHULVDWLRQ LV FRPSDUHG WR QXPHULFDO

UHVXOWV IRU WKH FDVH RI D FRQVROLGDWLRQ H[SHULPHQW LQ D VHWWOLQJ FROXPQ� &KDSWHU � HODERUDWHV RQ WKH

LPSOHPHQWDWLRQ RI WKH HURVLRQ DQG FRQVROLGDWLRQ PRGXOHV RI WKH ��'9 ZDWHU EHG PRGHO LQ WKH FRPSXWHU

FRGH DQG WKH QXPHULFDO GLIILFXOWLHV UHVXOWLQJ IURP WKDW� ,Q FKDSWHU �� WKH FRQVROLGDWLRQ PRGXOH RI WKH ��'9

ZDWHU EHG PRGHO LV YDOLGDWHG XVLQJ D FRQVROLGDWLRQ H[SHULPHQW >.XLMSHU HW DO�� ����@� 7KLV H[SHULPHQW KDV

EHHQ SHUIRUPHG RQ WKH VDPH EHG WKDW KDV EHHQ H[SRVHG WR DQ HURVLRQ H[SHULPHQW LQ D URWDWLQJ DQQXODU IOXPH�

7KH SDUDPHWHULVDWLRQ LV DOVR FRPSDUHG WR QXPHULFDO UHVXOWV RQ WKH VDPH GDWD VHW� ,Q FKDSWHU � WKH URWDWLQJ

DQQXODU IOXPH HURVLRQ H[SHULPHQW RI >.XLMSHU HW DO�� ����@ LV XVHG WR YDOLGDWH WKH HQWLUH ��'9 ZDWHU EHG

PRGHO� &KDSWHU � FRQWDLQV WKH FRQFOXVLRQV DQG UHFRPPHQGDWLRQV�

/DVW EXW QRW OHDVW D IHZ UHPDUNV DERXW WKH OD\�RXW RI WKLV UHSRUW� :KHQ , UHIHU WR DQ DUWLFOH ZKLFK ,

FRQVXOWHG P\VHOI� , XVH VTXDUH EUDFNHWV >@� EXW ZKHQ , UHIHU WR DQ SLHFH RI OLWHUDWXUH , GLG QRW UHDG P\VHOI� ,

XVH URXQG EUDFNHWV ��� $QG� YHU\ LPSRUWDQW� WKLV WKHVLV FRQWDLQV TXLWH D ORW RI SDJHV� 7R UHPHG\ WKLV

VKRUWFRPLQJ� QRWH WKDW HYHU\ FKDSWHU FRQWDLQV D VXPPDU\ DW WKH HQG�
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��'9 :$7(5 %(' 02'(/

� 5HTXLUHPHQWV DQG OLPLWDWLRQV ��'9 ZDWHU EHG PRGHO

��� OLWHUDWXUH %HG FRPSRVLWLRQ

������� OLWHUDWXUH 5HTXLUHPHQWV IURP LPEHGGLQJ LQ 'HOIW��'�:$4

��� QHZ 6HW�XS ��'9 ZDWHU EHG PRGHO

(526,21 02'8/(

� 'HVFULSWLRQ HURVLRQ

������� OLWHUDWXUH 6WXG\ RI HURVLRQ H[SHULPHQWV DQG W\SHV RI HURVLRQ

������� OLWHUDWXUH 6WXG\ RI H[LVWLQJ HURVLRQ PRGHOV DW LQFUHDVLQJ

FRPSOH[LW\� VLPSOH IRUPXODWLRQV � LPSOLFDWLRQV�

OD\HUHG PRGHOV� WLPH GHSHQGHQF\� UHODWLRQ WR GHQVLW\

��� OLWHUDWXUH 'HVFULSWLRQ (&20�6('

��� QHZ (URVLRQ PRGHO� EHG VKHDU VWUHVV LV D VWRFKDVWLF YDULDEOH�

RQO\ HURVLRQ LI DFWXDO EHG VKHDU VWUHVV H[FHHGV EHG VWUHQJWK

��� OLWHUDWXUH 6WUHQJWK IRUPXODWLRQV DV IXQFWLRQ RI GHQVLW\ DQG

FRKHVLRQ E\ >0HUFNHOEDFK� ����@

&2162/,'$7,21 02'8/(

� 'HVFULSWLRQ FRQVROLGDWLRQ PRGXOH

������� OLWHUDWXUH &RQVROLGDWLRQ HTXDWLRQ *LEVRQ >����@ � FRQVWLWXWLYH

UHODWLRQV IRU YLUJLQ ORDGLQJ E\ >0HUFNHOEDFK� ����@

��� QHZ� YLD )RUPXODWLRQ FRQVWLWXWLYH UHODWLRQV IRU VZHOOLQJ EDVHG RQ

OLWHUDWXUH VLPLODULW\ ZLWK UHODWLRQV IURP OLWHUDWXUH

��� QHZ 3DUDPHWHULVDWLRQ RI �VLPSOLILHG� *LEVRQ HTXDWLRQ

��� QHZ &RPSDULVRQ SDUDPHWHULVDWLRQ WR QXPHULFDO UHVXOWV

� 9DOLGDWLRQ FRQVROGLGDWLRQ PRGXOH

������� QHZ� YLD 'HWHUPLQLQJ SHUPHDELOLW\ SDUDPHWHU . N DQG HIIHFWLYH VWUHVV

OLWHUDWXUH SDUDPHWHU . V� DSSOLFDWLRQ RI QHZ PHWKRG WR

JDLQ D UHSURGXFLEOH UHVXOW� /DUJH VHW RI SDUDPHWHUV ZRUNV�

������� QHZ 6LPXODWLRQ H[SHULPHQWDO UHVXOWV >NXLMSHU HW DO�� ����@ ZLWK

SDUDPHWHULVDWLRQ DQG QXPHULFDO PRGHO

��� QHZ 6HQVLWLYLW\ DQDO\VLV SDUDPHWHULVDWLRQ

� 'HVFULSWLRQ ��'9 ZDWHU EHG PRGHO

������� QHZ &RPPXQLFDWLRQ HURVLRQ DQG FRQVROLGDWLRQ PRGXOH

��� QHZ 9HUWLFDO UHVROXWLRQ

��� QHZ )RXULHU FRPSRQHQWV

� 9DOLGDWLRQ ��'9 ZDWHU EHG PRGHO

��� OLWHUDWXUH 5RWDWLQJ DQQXODU IOXPH H[SHULPHQW >.XLMSHU HW DO�� ����@

��� QHZ 7HVWLQJ RI (&20�6('

��� QHZ 9DOLGDWLRQ DQG VHQVLWLYLW\ DQDO\VLV ZLWK SK\VLFDO SDUDPHWHUV

��� QHZ 9DOLGDWLRQ DQG VHQVLWLYLW\ DQDO\VLV ZLWK QXPHULFDO SDUDPHWHUV

� &RQFOXVLRQV DQG UHFRPPHQGDWLRQV ��'9 ZDWHU EHG PRGHO

����� QHZ &RQFOXVLRQ DQG UHFRPPHQGDWLRQV SK\VLFDO SDUDPHWHUV

����� QHZ &RQFOXVLRQ DQG UHFRPPHQGDWLRQV QXPHULFDO SDUDPHWHUV

��� QHZ &RQFOXVLRQ DQG UHFRPPHQGDWLRQV (&20�6('
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)LJXUH ���� 6FKHPDWLF SUHVHQWDWLRQ RI WKH FRQWHQWV RI WKH SUHVHQW VWXG\�
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:LWK ZDWHU TXDOLW\ LVVXHV� RQH KDV WR GHDO ZLWK DJJUHJDWLRQ OHYHOV WKDW UDQJH RYHU VHYHUDO RUGHUV RI

PDJQLWXGH� WKH EHKDYLRXU RI FRKHVLYH VHGLPHQWV ZLWK UHVSHFW WR KHDY\ PHWDOV DW QDQRPHWUH VFDOH DIIHFWV

SROLF\ GHFLVLRQV RQ D QDWLRQDO DQG D JOREDO OHYHO �ILJXUH ����� )RU ZDWHU TXDOLW\ PRGHOOLQJ� RQH FDQQRW WDNH

LQWR DFFRXQW DOO WKH UHOHYDQW SURFHVVHV RQ DOO WKH OHYHOV RI DJJUHJDWLRQ� VLQFH WKLV ZRXOG OHDG WR DQ HQRUPRXV

DPRXQW RI FRPSXWDWLRQV� ³$ PRGHO LV D VLPSOLILFDWLRQ RI D SDUW RI UHDOLW\ IRU D FHUWDLQ SXUSRVH�´ >%DWWMHV HW

DO�� ����@ 7KH QXPEHU RI VLPSOLILFDWLRQV LQ WKH ��'9 ZDWHU EHG PRGHO GHSHQGV RQ WKH SXUSRVH RI WKH PRGHO�

7KH JRDO RI WKLV WKHVLV LV WR GHYHORS D PRGHO WKDW FDQ GHDO ZLWK VHDVRQDO YDULDWLRQV LQ FRKHVLYH VHGLPHQW

FRQFHQWUDWLRQV LQ RSHQ ZDWHU V\VWHPV IRU ZDWHU TXDOLW\ SXUSRVHV� 7KLV FKDSWHU GHDOV ZLWK WKH OLPLWDWLRQV RI

WKLV PRGHO� 7KH PRVW LPSRUWDQW TXHVWLRQ DULVLQJ LV� LV LW SRVVLEOH WR GHDO ZLWK DOO WKH FRKHVLYH VHGLPHQW

SURFHVVHV QHFHVVDU\ IRU ZDWHU TXDOLW\ HQJLQHHULQJ"

7KH SURFHVVHV QHFHVVDU\ IURP WKH HQYLURQPHQWDO HQJLQHHUV¶ SRLQW RI YLHZ VKRXOG EH UHWULHYHG IURP WKH

HQYLURQPHQWDO HQJLQHHUV WKHPVHOYHV� 7KHUHIRUH D TXHVWLRQQDLUH KDV EHHQ VHQW WR HQYLURQPHQWDO HQJLQHHUV

IURP +\GUR4XDO DQG :/ _ 'HOIW +\GUDXOLFV� WZR ZRUOG OHDGHUV LQ HQYLURQPHQWDO PRGHOOLQJ� 2Q WKH EDVLV RI

WKH UHVSRQVHV WR WKLV TXHVWLRQQDLUH� RULJLQDOO\ HQFORVHG LQ >:LQWHUZHUS� ����@� WKH UHTXLUHPHQWV RI WKH QHZ

EHG PRGHO KDYH EHHQ DVVHPEOHG� ,W WXUQV RXW WKDW LW LV QRW SRVVLEOH �\HW� WR GHDO ZLWK DOO WKH GHPDQGV IURP

WKH TXHVWLRQQDLUH� VLQFH WKH DYDLODEOH NQRZOHGJH DQG FRPSXWHU UHVRXUFHV DUH QRW VXIILFLHQW�

:LQWHUZHUS >����@ IRU LQVWDQFH KDV DOUHDG\ GHYHORSHG D YHU\ VRSKLVWLFDWHG ��'9 ZDWHU EHG PRGHO� 7KLV

PRGHO FRQWDLQV HTXDWLRQV IRU WKH WXUEXOHQW NLQHWLF HQHUJ\ EDODQFH� IORFFXODWLRQ� KLQGHUHG VHWWOLQJ DQG

FRQVROLGDWLRQ� 7KLV PRGHO FDQ YHU\ ZHOO EH DSSOLHG WR VLPXODWH WKH ��'9 EHKDYLRXU RI D EHG IRU D SHULRG XS

WR D IHZ WLGDO F\FOHV� )RU PRGHOOLQJ VHDVRQDO YDULDWLRQV KRZHYHU� LW UHTXLUHV WRR PXFK FDOFXODWLRQ WLPH�

7KHUHIRUH WKH QXPEHU RI SURFHVVHV LQ WKH QHZ ��'9 ZDWHU EHG PRGHO KDV WR EH VPDOOHU WKDQ LQ WKLV PRGHO�

$W SUHVHQW� ZDWHU TXDOLW\ PRGHOV DOUHDG\ FRQWDLQ HURVLRQ PRGHOV� 7KHVH PRGHOV DUH WUHDWHG LQ FKDSWHU ��

7KH\ DUH YHU\ IDVW� EXW WKH\ FRQWDLQ WRR IHZ SK\VLFDO SURFHVVHV WR JLYH DQ DFFXUDWH GHVFULSWLRQ RI WKH HURVLRQ

EHKDYLRXU� 7KH QXPEHU RI SURFHVVHV LQ WKH QHZ ��'9 ZDWHU EHG PRGHO KDV WR ODUJHU WKDQ LQ WKHVH PRGHOV�

%RWK WKH PRGHO RI :LQWHUZHUS >����@ DQG WKH FXUUHQWO\ XVHG HURVLRQ IRUPXODWLRQV� DUH QRW YHU\ XVHIXO

IRU PRGHOOLQJ VHDVRQDO YDULDWLRQV� 7KH\ DUH HLWKHU WRR VORZ RU WRR LQDFFXUDWH� 7KHUH LV D QHHG IRU D QHZ ��

'9 ZDWHU EHG PRGHO WKDW FRQWDLQV PRUH SK\VLFV WKDQ WKH HURVLRQ PRGHOV XVHG DW SUHVHQW� DQG LV IDVWHU WKDQ

WKH PRGHO RI :LQWHUZHUS >����@� 7KHUHIRUH� WKH ��'9 ZDWHU EHG PRGHO GHULYHG LQ WKLV VWXG\ ZLOO FRQWDLQ

WKH PLQLPXP QXPEHU RI SURFHVVHV QHFHVVDU\ WR PRGHO VHDVRQDO YDULDWLRQV� FRQVROLGDWLRQ DQG HURVLRQ�

7KLV FKDSWHU ZLOO WUHDW WKH UHODWLRQ RI WKH ��'9 ZDWHU EHG PRGHO WR WKH DJJUHJDWLRQ OHYHOV RI ILJXUH ���� )LUVW

WKH OLPLWDWLRQV IURP WKH ORZHU VFDOH OHYHOV� WKH EHG FRPSRVLWLRQ� ZLOO EH WUHDWHG LQ VHFWLRQ ���� 7KHQ WKH

UHTXLUHPHQWV UHVXOWLQJ IURP LQFRUSRUDWLRQ LQ WKH 'HOIW�'�ZDWHU TXDOLW\ PRGHOOLQJ V\VWHP ZLOO EH GLVFXVVHG

LQ VHFWLRQ ���� 7KLV PRGHOOLQJ IUDPHZRUN SRVHV VRPH OLPLWDWLRQV ZLWK UHVSHFW WR WKH UHVROXWLRQ LQ ERWK WLPH

DQG VSDFH� 7KH OLPLWDWLRQV IURP WKH ORZHU DQG KLJKHU DJJUHJDWLRQ OHYHOV OHDYH VRPH UHPDLQLQJ VSDFH IRU WKH

��'9 ZDWHU EHG PRGHO� ,Q VHFWLRQ ��� D VHW XS IRU WKH ��'9 ZDWHU EHG PRGHO ZLOO EH SURSRVHG� $ VXPPDU\

FRQFOXGHV WKLV FKDSWHU�



21 7+( (526,21 $1' &2162/,'$7,21 2) &2+(6,9( 6(',0(176 &+$37(5 � 5(48,5(0(176 $1' /,0,7$7,216 �

)LJXUH ���� $JJUHJDWLRQ OHYHOV ZDWHU TXDOLW\ PRGHOOLQJ�
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7KH HOHPHQWV RI WKH ZDWHUEHG DUH� QRQ FRKHVLYH VHGLPHQWV� JDV� FRKHVLYH VHGLPHQWV� ZDWHU DQG RUJDQLF

PDWWHU� 1RW DOO WKHVH HOHPHQWV ZLOO EH PRGHOOHG� ,Q RUGHU WR XQGHUVWDQG WKH LPSOLFDWLRQV RI WKHVH

VLPSOLILFDWLRQV� D EULHI GHVFULSWLRQ ZLOO EH JLYHQ RI DOO EHG HOHPHQWV EHIRUH GLVFDUGLQJ VRPH RI WKHP� 7KH

GHVFULSWLRQ RI WKH FRKHVLYH VHGLPHQW DOVR H[SODLQV ZK\ FRKHVLYH VHGLPHQWV DUH WKH PDMRU FDUULHUV IRU KHDY\

PHWDOV�

������ ������ ���!������"��	�

7KH QRQ�FRKHVLYH VHGLPHQWV� VDQG DQG VLOW FRQVLVW RI UHODWLYHO\ ODUJH SDUWLFOHV� 7KH VL]H RI VLOW UDQJHV IURP �

PP WR �� PP DQG VDQG LV GHILQHG DV WKH SDUWLFOHV EHWZHHQ �� PP DQG � PP >/DPEH� ����@� 7KH GHSRVLWLRQ

DQG HURVLRQ RI WKHVH SDUWLFOHV IRU D JLYHQ FXUUHQW FRQGLWLRQ LV VHQVLWLYH WR WKH GLDPHWHU RI WKHVH SDUWLFOHV�

/DUJH SDUWLFOHV DUH RQO\ WUDQVSRUWHG DW VHYHUH FXUUHQW FRQGLWLRQV� VPDOOHU SDUWLFOHV DUH HURGHG DW OHVV VHYHUH

FRQGLWLRQV DQG VHWWOH PRUH VORZO\� 7KH FOD\V DQG VLOWV� WKH VPDOOHVW SDUWLFOHV� VHWWOH RQO\ LQ YHU\ TXLHVFHQW

FRQGLWLRQV� 7KLV PHDQV WKDW LQ RSHQ ZDWHU V\VWHPV VSDWLDO VHJUHJDWLRQ RFFXUV ZLWK UHVSHFW WR WKH GLDPHWHU�

7KLV VHJUHJDWLRQ LV TXLWH YLVLEOH LQ ODNHV RULJLQDWLQJ IURP GDPPLQJ D ULYHU �H�J +DULQJYOLHW LQ WKH

1HWKHUODQGV�� &RDUVH VHGLPHQWV GHSRVLW QHDU WKH ULYHU� WKH VXVSHQGHG VHGLPHQWV GHSRVLW QHDU WKH GDP� ,Q

WLGDO EDVLQV WKLV VHJUHJDWLRQ KDSSHQV DV ZHOO� 7KH VDQGV GHSRVLW QHDU WKH HQWUDQFH RI WKH VHD� WKH FOD\V VHWWOH

DW WKH KHDG >9DQ /HGGHQ� ����@� 7KLV PHDQV WKDW ZKHQ PRGHOOLQJ WKH ZDWHUEHG RI D ODUJH DUHD ZLWK D RQH�

GLPHQVLRQDO YHUWLFDO PRGHO� GLIIHUHQW PRGHOV VKRXOG EH DSSOLHG WR GLIIHUHQW DUHDV LQ WKH ULYHU EDVLQ� 7KLV LV D

YHU\ LPSRUWDQW IHDWXUH IRU WKH ODUJHU OHYHOV RI DJJUHJDWLRQ� 7KH ��'9 ZDWHU EHG PRGHO FDQ RQO\ EH DSSOLHG

LQ WKH PXGG\ DUHDV�

������ #��

*DV LQ WKH EHG �PHWKDQH� UHVXOWV IURP GHFRPSRVLWLRQ RI RUJDQLF PDWWHU� 7KH JDV FDQ EH SUHVHQW LQ WKH EHG

ERWK DV EXEEOHV DQG DV LQGLYLGXDO PROHFXOHV GLVVROYHG LQ WKH SRUH ZDWHU� &KHPLFDO GHFRPSRVLWLRQ SURFHVVHV

DUH UHVSRQVLEOH IRU WKH SURGXFWLRQ RI WKHVH JDVHV� 7KH PHFKDQLFDO EHKDYLRXU RI JDV EXEEOHV LV QRW

VWUDLJKWIRUZDUG� %XEEOHV FDQ DEVRUE JDV GLVVROYHG LQ WKH SRUH ZDWHU DQG FDQ PHUJH ZLWK RWKHU EXEEOHV�

%XEEOHV FDQ HYHQ H[SORGH DQG PDNH WKH JDV GLVVROYH LQ WKH SRUH ZDWHU DJDLQ� 7KH JDV EXEEOHV DUH

UHVSRQVLEOH IRU GHOD\LQJ WKH FRQVROLGDWLRQ RI D PXG EHG� 7KH\ LQWURGXFH DQ H[WUD UHVLVWDQFH WR WKH ZDWHU

IOX[HV� EHFDXVH WKH\ UHGXFH WKH SRUH ZDWHU YROXPH� 6HFRQG WKH\ OHDG WR D VPDOOHU EXON ZHLJKW RI WKH EHG�

UHVXOWLQJ LQ D VPDOOHU VHOI�ZHLJKW FRPSDFWLRQ� 7KH EHG PD\ HYHQ ULVH ZKHQ D ODUJH DPRXQW RI JDV LV

SURGXFHG >9DQ .HVWHUHQ� SHUV� FRP�@� 7KLUGO\ LW KDV D VWURQJ HIIHFW RQ WKH VWUHVV�VWUDLQ EHKDYLRXU RI WKH EHG�

7KH FRPSUHVVLELOLW\ RI WKH SRUH ZDWHU LQFUHDVHV WUHPHQGRXVO\ ZKHQ LW FRQWDLQV JDV EXEEOHV� /LFN >����@

LQYHVWLJDWHG WKH HIIHFWV RI WKH SUHVHQFH RI JDV RQ WKH HURGLELOLW\� ³)RU UHFRQVWUXFWHG VHGLPHQWV DW

DSSUR[LPDWHO\ ���& WKH HIIHFWV RI JDV ZHUH WR GHFUHDVH WKH GHQVLW\ E\ XS WR ���� WR LQFUHDVH WKH HURVLRQ UDWH

E\ DV PXFK DV D IDFWRU ��� DQG WR GHFUHDVH WKH FULWLFDO VKHDU VWUHVV IRU HURVLRQ E\ DV PXFK DV D IDFWRU ��

FRPSDUHG ZLWK VHGLPHQWV ZLWK QR JDV SUHVHQW�´

����$� %� ���!������"��	���

&RKHVLYH VHGLPHQWV FRQVLVW RI FOD\ SDUWLFOHV � � � PP� DQG RUJDQLF PDWWHU� 7KH RUJDQLF PDWWHU LV GHJUDGHG DV

WLPH SDVVHV� ³7KH ERXQGDU\ EHWZHHQ FRKHVLYH DQG FRKHVLRQOHVV VHGLPHQW LV� XQIRUWXQDWHO\� QRW FOHDUO\

GHILQHG DQG JHQHUDOO\ YDULHV ZLWK WKH W\SH RI PDWHULDO� +RZHYHU� GRPLQDQFH RI LQWHU�SDUWLFOH FRKHVLRQ RYHU

�
$OO LQIRUPDWLRQ RQ FRKHVLYH VHGLPHQWV ZLWKRXW UHIHUHQFHV LV IURP >/DPEH� ����@
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JUDYLWDWLRQDO IRUFH LQFUHDVHV ZLWK GHFUHDVLQJ SDUWLFOH VL]H� 7KXV WKH HIIHFWV RI FRKHVLRQ RQ WKH EHKDYLRXU RI

FOD\V LV PXFK PRUH SURQRXQFHG WKDQ RQ VLOWV� DQG� LQ IDFW� FRKHVLRQ LQ FOD\H\ PXGV LV SULPDULO\ GXH WR WKH

SUHVHQFH RI FOD\�VL]HG VHGLPHQW�´>0HKWD� ����@ $ VDQG�PXG PL[WXUH LV FRKHVLYH ZKHQ LW FRQVLVWV RI D EOHQG

RI FOD\� VLOW DQG ILQH VDQG ZLWK D FOD\ SHUFHQWDJH ! � ����� ZKLOH D QRQ�FRKHVLYH PL[WXUH LV FRPSULVHG RI

FOD\� VLOW DQG VDQG ZLWK D FOD\ SHUFHQWDJH � �� >9DQ /HGGHQ� ����@�

7KH VXVSHQGHG FOD\ SDUWLFOHV FDQ FOXVWHU LQWR DJJUHJDWHV RU IORFV� WKLV LV FDOOHG IORFFXODWLRQ� )ORFV DUH

IRUPHG LQ WKH ZDWHU FROXPQ ZKHQ FRKHVLYH SDUWLFOHV FROOLGH UHSHDWHGO\� &ROOLVLRQ PHFKDQLVPV LQFOXGH

%URZQLDQ PRWLRQ� GLIIHUHQWLDO VHWWOLQJ DQG FXUUHQW VKHDU� 7KH VL]H RI WKH IORFV FDQ EH XS WR D IHZ ��� PP�

7KH VHWWOLQJ YHORFLW\ RI WKHVH IORFV LV VHYHUDO RUGHUV RI PDJQLWXGH ODUJHU WKDQ WKH VHWWOLQJ YHORFLW\ RI WKH

LQGLYLGXDO SDUWLFOHV� 7KH UHVXOW RI WKH IORFFXODWLQJ EHKDYLRXU LV WKDW WKH EHG LV EXLOG ZLWK DJJUHJDWHV DV

HOHPHQWDU\ SLHFHV UDWKHU WKDQ LQGLYLGXDO SDUWLFOHV� 7KLV LQIOXHQFHV WKH EHKDYLRXU RI WKH EHG� %RWK WKH

SURSHUWLHV RI WKH FRKHVLYH VHGLPHQW DQG WKH ZDWHU LQIOXHQFH WKH UDWH DQG ILQDO GHJUHH RI IORFFXODWLRQ�

7KH FOD\ SDUWLFOHV FRQWDLQ PLQHUDOV ZLWK D QHJDWLYH HOHFWURPDJQHWLF FKDUJH� $ FOD\ SDUWLFOH DWWUDFWV LRQV

WR QHXWUDOLVH WKLV QHW FKDUJH� 6LQFH WKHVH DWWUDFWHG LRQV �FDWLRQV� DUH XVXDOO\ ZHDNO\ KHOG RQ WKH SDUWLFOH

VXUIDFH DQG FDQ EH UHDGLO\ UHSODFHG E\ RWKHU LRQV� WKH\ DUH FDOOHG H[FKDQJHDEOH LRQV� 7KH LRQV FDQ DOVR EH

UHSODFHG ZLWK �SRLVRQRXV� KHDY\ PHWDO LRQV� &OHDQ IORFV FDQ VORZO\ DGVRUE KHDY\ PHWDOV IURP WKH

VXUURXQGLQJ ZDWHU E\ GLIIXVLRQ H[FKDQJH RI WKH H[FKDQJHDEOH LRQV� /LNHZLVH� FRQWDPLQDWHG IORFV FDQ DOVR

UHOHDVH WKH DEVRUEHG KHDY\ PHWDO LRQV WR WKH VXUURXQGLQJ FOHDQ ZDWHU� 7KLV SURSHUW\ RI FRKHVLYH VHGLPHQWV

DFFRXQWV IRU WKH YLWDO LPSRUWDQFH RI FRKHVLYH VHGLPHQWV IRU ZDWHU TXDOLW\ LVVXHV�

%RWK WKH FOD\ PLQHUDO DQG WKH FDWLRQV K\GUDWH� SLFN XS ZDWHU� 7KH H[FKDQJHDEOH LRQV ZLWK WKHLU VKHOOV RI

ZDWHU DUH WRR ODUJH WR ILW LQWR D VLQJOH OD\HU RQ WKH VXUIDFH RI WKH PLQHUDOV� 6R WKH LRQV ZLWK WKHLU

VXUURXQGLQJ ZDWHU DUH IRUFHG WR PRYH DZD\ IURP WKH PLQHUDO VXUIDFH WR SRVLWLRQV RI HTXLOLEULXP� 7KLV

HTXLOLEULXP VLWXDWLRQ LV GHWHUPLQHG E\ WKH DWWUDFWLRQ RI WKH LRQV WR WKH PLQHUDO VXUIDFH DQG WHQGHQF\ WR PRYH

DZD\ IURP HDFK RWKHU EHFDXVH RI WKHLU WKHUPDO HQHUJLHV� 7KLV ILOP RI ZDWHU DWWDFKHG WR WKH SDUWLFOHV LQ WKLV

IDVKLRQ LV FDOOHG WKH GRXEOH OD\HU� &RQVHTXHQWO\ WKH IORFV �DQG VRLO� FRQWDLQ ODUJH SHUFHQWDJHV RI ZDWHU� 7KH

SUHVHQFH RI WKLV GRXEOH OD\HU SUHYHQWV WKH FOD\ SDUWLFOHV IURP WRXFKLQJ HDFK RWKHU� 6RPH W\SHV RI FOD\

SDUWLFOHV FDQ ELQG PXFK ZDWHU� VRPH RWKHUV� OLNH NDROLWH� FDQQRW� 7KLV PHDQV WKDW DW D FHUWDLQ YROXPH

IUDFWLRQ RI FOD\ VRPH FOD\�ZDWHU PL[WXUHV VWLOO EHKDYH DV D IOXLG� ZKHUHDV RWKHUV EHKDYH DV D JHO DOUHDG\� 7KH

VSHFLILF VXUIDFH RI WKH VHGLPHQW� WKH VXUIDFH DUHD RI D SDUWLFOH SHU XQLW PDVV� GHWHUPLQHV WKLV SURSHUW\ RI

VHGLPHQW� 7KH VSHFLILF VXUIDFH LV D IDLUO\ JRRG PHDVXUH RI WKH VXUIDFH SHU XQLW FKDUJH WKDW GHWHUPLQHV KRZ

PXFK ZDWHU D SDUWLFOH FDQ KROG LQ WKH GRXEOH OD\HU�

7KH FOD\ SDUWLFOHV �ZLWK WKHLU GRXEOH OD\HU� H[HUW WZR FRXQWHUDFWLQJ IRUFHV RQ HDFK RWKHU� 6LQFH WKH

QHJDWLYH FKDUJH RQ D FOD\ SDUWLFOH LV EDODQFHG E\ WKH FDWLRQV LQ WKH GRXEOH OD\HU� WZR DGYDQFLQJ SDUWLFOHV

EHJLQ WR UHSHO HDFK RWKHU ZKHQ WKHLU GRXEOH OD\HUV FRPH LQ FRQWDFW ZLWK HDFK RWKHU� 7KLV UHSHOOLQJ IRUFH LV

VWURQJO\ GHSHQGHQW RQ WKH FKDUDFWHULVWLFV RI WKH IOXLG� )RU WKH VPDOO SDUWLFOHV DQG DW VKRUW GLVWDQFHV� WKHVH

HOHFWURPDJQHWLF IRUFHV DUH RI WKH VDPH RUGHU DV WKH 9DQ GHU :DDOV IRUFHV� %\ WKH 9DQ GHU :DDOV IRUFH� RU WKH

VHFRQGDU\ ELQGLQJ IRUFH� WKDW DFWV EHWZHHQ DOO DGMDFHQW SLHFHV RI PDWWHU� WKH SDUWLFOHV DWWUDFW HDFK RWKHU� 7KLV

IRUFH LV LQGHSHQGHQW RI WKH FKDUDFWHULVWLFV RI WKH IOXLG EHWZHHQ WKH SDUWLFOHV� :KHQ WKH DWWUDFWLYH IRUFH LV

ODUJHU WKDQ WKH UHSXOVLYH IRUFH� WKH SDUWLFOHV IORFFXODWH� RWKHUZLVH WKH\ GLVSHUVH� 7KH UHVXOW RI WKHVH WZR

DQWDJRQLVWLF IRUFHV LV WKDW FOD\ SDUWLFOHV DWWUDFW HDFK RWKHU ZKHQ WKH\ DUH YHU\ FORVH� EXW WKH\ UHSHO HDFK

RWKHU ZKHQ WKH\ DUH OHVV FORVH� ZLWK WKH FRQVHTXHQFH WKDW WKH SDUWLFOHV DUH IRUFHG WR FOXVWHU LQWR DJJUHJDWHV

ZKHQ WKH VXVSHQVLRQ UHDFKHV D FULWLFDO FRQFHQWUDWLRQ�

7KH FOD\ SDUWLFOHV KDYH WKH VKDSH RI VPDOO SODWHV UDWKHU WKDQ VSKHUHV� $OWKRXJK WKH RYHUDOO FKDUJH RI WKH

PLQHUDOV LV QHJDWLYH� WKH FOD\ SDUWLFOHV DUH FKDUJHG SRVLWLYH QHDU WKH WLSV RI WKH SODWHV� +HQFH WKH SURSHUWLHV

RI DJJUHJDWHV� DQG DFFRUGLQJO\ WKH SURSHUWLHV RI WKH GHSRVLWHG EHG� FDQ FKDQJH E\ D UHDUUDQJHPHQW RI WKH

SDUWLFOHV� 7KH ZDWHU PROHFXOHV� ZKLFK DUH GLSROHV� FDQ UHDUUDQJH DV ZHOO� :KHQ IRU LQVWDQFH D KLJK

FRQFHQWUDWHG PL[WXUH KDV EHHQ VWLUUHG DQG UHPDLQV XQWRXFKHG IRU D SHULRG RI WLPH� WKH ZDWHU PROHFXOHV� WKH

SDUWLFOHV DQG DJJUHJDWHV UHDUUDQJH DQG WKH HOHFWURPDJQHWLF IRUFHV FDQ VWDUW WR GHYHORS VWURQJHU PXWXDO
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ERQGV� $V D UHVXOW RI WKLV� WKH YLVFRVLW\ RI WKH PL[WXUH LQFUHDVHV� %\ VKDNLQJ RU VWLUULQJ RI WKH PL[WXUH WKHVH

ERQGV DUH EURNHQ DQG WKH PL[WXUH EHFRPHV OHVV YLVFRXV DJDLQ� 7KLV HIIHFW LV NQRZQ DV WKL[RWURS\�

����&� ��	���

7KH ZDWHU LQ WKH SRUHV ILOOV XS WKH VSDFH EHWZHHQ WKH VHGLPHQW SDUWLFOHV� 7KH VXEVWDQFHV GLVVROYHG LQ WKH

ZDWHU LQIOXHQFH WKH GRXEOH OD\HU� WKHUHIRUH WKH FKDUDFWHULVWLFV RI WKH ZDWHU KDYH D VWURQJ LQIOXHQFH RQ WKH

IORFFXODWLQJ EHKDYLRXU� 7KH WHQGHQF\ WRZDUGV IORFFXODWLRQ LV XVXDOO\ FDXVHG E\ DQ LQFUHDVH RI WKH HOHFWURO\WH

�FDWLRQ� FRQFHQWUDWLRQV� WKH LRQ YDODQFH DQG WKH WHPSHUDWXUH� RU E\ GHFUHDVLQJ WKH GLHOHFWULF FRQVWDQW� VL]H RI

K\GUDWHG LRQ� S+ DQG DQLRQ DGVRUSWLRQ�

7KH SRVLWLYH LRQV LQ WKH ZDWHU UHVSRQVLEOH IRU IORFFXODWLRQ FDQ RULJLQDWH IURP GLVVROYHG VDOWV RU DFLGV�

DFLGV FRQWDLQ +
�
�LRQV DQG VDOWV FRQWDLQ SRVLWLYH FKDUJHG PLQHUDOV� :KHQ IRU LQVWDQFH IUHVK ULYHULQH ZDWHU�

FDUU\LQJ VXVSHQGHG VHGLPHQWV� IORZV LQWR DQ EUDFNLVK HVWXDU\� WKH VHGLPHQW GHSRVLWV UHODWLYHO\ TXLFNO\ E\

IRUPDWLRQ RI IORFV DV D UHVXOW RI WKH HIIHFWV GHVFULEHG DERYH� 7KH IORFFXODWLRQ LQ ZDVWH ZDWHU WUHDWPHQW

SODQWV LV JHQHUDWHG E\ DGGLWLRQ RI PLQHUDOV�

7KH YDOHQFH �DPRXQW RI FKDUJH� RI WKH PLQHUDOV GHWHUPLQHV WKH WKLFNQHVV RI WKH GRXEOH OD\HU QHFHVVDU\

IRU WKH QHXWUDOLVLQJ WKH FKDUJH� IRU LQVWDQFH 1D
�
YV� $O

��
� 7KLV SURSHUW\ LV PHDVXUHG DV 6$5 �6RGLXP

$GVRUSWLRQ 5DWLR�� :KHQ WKH GRXEOH OD\HU LV WKLQQHU �GXH WR LRQV ZLWK D ODUJHU FKDUJH�� WKH SDUWLFOHV DWWUDFW

HDFK RWKHU IDVWHU ZKHQ WKH\ DUH VWLOO LQ WKH VXVSHQVLRQ SKDVH� $FFRUGLQJO\� WKH ZDWHU KDV OHVV WLPH WR HVFDSH

ZKHQ DJJUHJDWHV DUH IRUPHG DQG DERXW WKH VDPH DPRXQW RI ZDWHU FDQ EH HQFORVHG LQVLGH WKH DJJUHJDWH DV

ZKHQ WKH GRXEOH OD\HU ZHUH WKLFNHU�

7KH ODWWLFH VWUXFWXUH RI D IORF GHSHQGV RQ WKH FKDUDFWHULVWLFV RI WKH IOXLG DV ZHOO� ,Q IUHVK ZDWHU WKH IORFV

DUH IRUPHG LQ WKH SHUSHQGLFXODU µHGJH�WR�IDFH¶ FRQILJXUDWLRQ� 7KH SRVLWLYH FKDUJHG WLSV RI WKH SODWHV DWWDFK

WR WKH QHJDWLYH FKDUJHG VXUIDFH DUHD RI WKH SODWHV� 7KLV UHVXOWV LQ YHU\ ORZ�ZHLJKW IORFV� ,Q VDOW ZDWHU WKH

FRQILJXUDWLRQ VKRZV PXFK PRUH SDUDOOHOLVP EHWZHHQ DGMDFHQW SDUWLFOHV� VR WKH IORFV KDYH D KLJKHU VHOI�

ZHLJKW�

����'� (����)�������	�!�	�

%LRORJLFDO DFWLYLW\ KDV D KHDY\ HIIHFW RQ WKH EHG GXH WR WXUEDWLRQ� EXUURZLQJ� H[FUHWLRQ� DQG VR IRUWK� 5HFHQW

UHVHDUFK IRU LQVWDQFH E\ GH %URXZHU >����@ RI WKH 'XWFK ,QVWLWXWH IRU (FRORJLFDO 5HVHDUFK �1,22�

FRQFOXGHV WKDW DOJDH SOD\ D YHU\ FUXFLDO UROH LQ WKH VHGLPHQW EDODQFH RI D ULYHU GHOWD� 7KH WRS RI D PXG OD\HU

FDQ WHDP ZLWK GLDWRPV� ZKLFK KDYH D ODUJH LQIOXHQFH RQ WKH HURGLELOLW\ RI WKH EHG� 'LDWRPV DUH PRQRFHOOXODU

DOJDH ZLWK D VLOLFD FRDW� 7KH FRQFOXVLRQV DUH EDVHG RQ H[SHULPHQWV RQ PXG ZLWK GLDWRPV LQ WKH ODERUDWRU\

DQG RQ ILHOG LQYHVWLJDWLRQV LQ WKH :HVWHUVFKHOGH� WKH 2RVWHUVFKHOGH� WKH (HPV�'ROODUG LQ WKH 1HWKHUODQGV� LQ

WKH PRXWK RI WKH %ULWLVK ULYHU +XPEHU� DQG LQ WKH WLGDO DUHDV DW WKH FRDVWV RI 6FRWODQG DQG )UDQFH� ,Q DOO

WKHVH ORFDWLRQV PDWV RI GLDWRPV SOD\ WKH VDPH FUXFLDO UROH� ,Q WKH VSULQJ WLPH WKH\ SUROLIHUDWH DQG EHFRPH

UDPSDQW� 'XULQJ WKH VXEVHTXHQW WKUHH WR IRXU PRQWKV WKH\ FRYHU XS WKH WLGDO IODWV PDNLQJ HURVLRQ GLIILFXOW�

7KH ELRORJLFDO DOJDH PDWV IRUP D YHU\ VPRRWK RU VOLSSHU\ VKHHW RQ WRS RI WKH PXG� WKDW KDUGO\ DOORZV WKH

ZDYHV DQG WKH FXUUHQWV WR JHW KROG RI WKH VHGLPHQW� 0RUHRYHU� WKH DOJDH VKHHWV WUDS VXVSHQGHG VHGLPHQW

IURP WKH ZDWHU� &RQVHTXHQWO\� ZLWKLQ D SHULRG RI D \HDU WKH EHG FDQ UDLVH XS WR � FHQWLPHWUHV�

$W WKH VWDUW RI WKH VXPPHU WKH VKHHW LV GLVWXUEHG E\ ZRUPV� VQDLOV� VKULPSV DQG VKHOOILVK WKDW GHYRXU WKH

DOJDH DQG EXUURZ LQWR WKH VHGLPHQW� 7KHVH RUJDQLVPV DOVR PDNH FUDFNV DQG KROHV LQ WKH EHG� 7KHVH

LUUHJXODULWLHV DUH ZHDN VSRWV LQ WKH PXG OD\HU DQG OHDG WR D GLVWRUWLRQ RI WKH IORZ SDWWHUQ� $FFRUGLQJO\ WKH\

VWLPXODWH HURVLRQ� :KHQ WKH GLDWRPV DUH DOPRVW JRQH� WKH VDPH ZDYH DQG FXUUHQW FRQGLWLRQV WKDW GLG QRW

FDXVH DQ\ HURVLRQ LQ WKH VSULQJ WLPH� ZLOO UHVXOW LQ VHYHUH UHVXVSHQVLRQ� >9RRUPROHQ� ����@

�
$OO LQIRUPDWLRQ RQ ZDWHU ZLWKRXW UHIHUHQFHV LV IURP >/DPEH� ����@
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(QYLURQPHQWDO HQJLQHHUV KDYH WKH IROORZLQJ UHTXLUHPHQWV IRU D QHZ EHG PRGHO� 7KH PRGHO VKRXOG EH DEOH

WR GHDO ZLWK ERWK VDQG DQG PXG EHGV� ,Q ULYHU EDVLQV WKH VHGLPHQW FRQVLVWV PDLQO\ RI PXG �FOD\ DQG VLOW� DQG

LQ WKH VHGLPHQW LQ WKH :DGGHQ 6HD FRQVLVWV RI VDQG�PXG PL[WXUHV� 0RUHRYHU� WKH VHGLPHQWV LQ WKH DUHDV RI

DSSOLFDWLRQ DUH ULFK LQ RUJDQLF FRPSRXQGV� (QJLQHHUV ZRXOG DOVR OLNH WR LQFOXGH WKH HIIHFWV RI FKHPLVWU\

�UHGR[SURFHVVHV DQG SUHFLSLWDWLRQ� DQG WKH DERYH PHQWLRQHG ELRORJLFDO DFWLYLW\ LQ WKH IRUPXODWLRQV IRU

HURVLRQ DQG FRQVROLGDWLRQ�

����-� ��"�	�	����

:LWK UHVSHFW WR WKH FRPSRVLWLRQ RI WKH EHG� WKH IRFXV RI WKH ��'9 ZDWHU EHG PRGHO LV RQ FRKHVLYH VHGLPHQW

PL[WXUHV� 7KLV LPSOLHV WKDW WKH YROXPH RI WKH FOD\ IUDFWLRQ LV DW OHDVW �� � DQG FDQ EH YHU\ KLJK� XS WR ��

� RU VR� 7KH HIIHFWV RI RUJDQLF PDWHULDO� ELRORJLFDO DFWLYLW\� FKHPLFDO SURFHVVHV DQG JDV RQ WKH SK\VLFDO

EHKDYLRXU �FRQVROLGDWLRQ DQG HURVLRQ� RI WKH EHG ZLOO QRW EH FRQVLGHUHG H[SOLFLWO\� VLQFH WKH SURFHVV

NQRZOHGJH DQG WKH DYDLODEOH FRPSXWHU SRZHU DUH QRW VXIILFLHQW \HW�

!�%� "�
��������&�
��%&'(�)

7KH ��'9 ZDWHU EHG PRGHO ZLOO EH LQFRUSRUDWHG LQ D FRPSXWDWLRQDO PRGHOOLQJ V\VWHP WKDW FDQ VLPXODWH WKH

ZDWHU PRWLRQ DQG WKH DVVRFLDWHG VSUHDGLQJ RI VXEVWDQFHV� 6XFK D PRGHOOLQJ V\VWHP LV 'HOIW�' �VHH DQQH[

����� $FFRUGLQJO\ WKH ��'9 ZDWHU EHG PRGHO ZLOO EH LPPHGLDWHO\ DSSOLFDEOH IRU WKUHH GLPHQVLRQDO

HQJLQHHULQJ SXUSRVHV� 'HOIW�' LV RQH RI WKH IHZ �IRXU� PRVW ZLGHO\ XVHG HQJLQHHULQJ VRIWZDUH

HQYLURQPHQWV IRU DTXDWLF V\VWHPV LQ WKH ZRUOG� 7KH 86 JHRORJLFDO 6XUYH\ UHFHQWO\ WRRN WKH LQLWLDWLYH IRU DQ

RSHQ VRXUFH VHGLPHQW PRGHO� WR FRPELQH WKH OHDGLQJ PRGHOV LQ WKH ZRUOG�
�
,I WKH ��'9 ZDWHU EHG PRGHO

SHUIRUPV DGHTXDWHO\ LQ 'HOIW�'�:$4� LW PLJKW EH XVHIXO IRU WKLV RSHQ VRXUFH PRGHO DV ZHOO�

��$��� .�������.//����	��������	$���.�

7KH PRGHO LV WR EH DSSOLHG LQ ERWK ORZ G\QDPLF RSHQ ZDWHU V\VWHPV� VXFK DV ODNHV DQG UHVHUYRLUV� DQG LQ

KLJK G\QDPLF HQYLURQPHQWV VXFK DV ULYHUV� HVWXDULHV� ED\V� RFHDQV DQG FRDVWDO DUHDV� ([DPSOHV RI RSHQ

ZDWHU V\VWHPV LQ WKH 1HWKHUODQGV DUH� HVWXDULQH DQG GHOWD V\VWHPV DV WKH 5KLQH GHOWD� FRDVWDO VHDV DV WKH

:DGGHQ 6HD� ULYHU VHGLPHQWDWLRQ EDVLQV DV /DNH .HWHO�,-VVHO DQG GUDLQDJH ZDWHU V\VWHPV �SROGHU ERVRP

ZDWHUV DQG EURRNV��

7\SLFDO YDOXHV RI WKH SK\VLFDO SDUDPHWHUV LQ WKHVH DSSOLFDWLRQV DUH OLVWHG EHORZ� 7KH QHZ ��'9 ZDWHU

EHG PRGHO LV H[SHFWHG E\ HQYLURQPHQWDO HQJLQHHUV WR EH DEOH WR KDQGOH WKHVH VLWXDWLRQV�

� :DWHU FROXPQ FRQFHQWUDWLRQV YDU\ IURP WHQV RI PJ�O WR WKRXVDQGV RI PJ�O�

� :DWHU GHSWKV UDQJH IURP � P ± �� P

� )ORZ YHORFLWLHV UDQJH IURP ��� P�V ± � P�V

� 0D[LPXP ZDYH KHLJKWV DQG SHULRGV DUH JHQHUDOO\ OHVV WKDQ ��� P DQG � V

� 7\SLFDO VHGLPHQWDWLRQ UDWHV UDQJH IURP ������ JFP
��
G
��
�ODFXVWULQH HQYLURQPHQWV� WR ���� JFP

��
G
��

�HVWXDULQH DQG QHDU VKRUH HQYLURQPHQWV�

� (URVLRQ UDWHV DUH RI WKH RUGHU RI ������� JFP
��
G
��
�PP�GP�\HDU� WR ���� JFP

��
G
��
� �JURVV PP�

FP�GD\�� :KHQ UHSUHVHQWHG DV DQ LQFUHDVH RI WKH FRQFHQWUDWLRQ LQ D �� P ZDWHU FROXPQ� � PP RI

HURVLRQ HTXDOV DERXW ��
��
P Â ��� NJ�P

�
� �� P  ��� PJ�O�

�
KWWS���ZRRGVKROH�HU�XVJV�JRY�SURMHFW�SDJHV�VHGLPHQW�WUDQVSRUW�
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2EVHUYDWLRQV LQ HVWXDULHV VXJJHVW WKH LPSRUWDQFH RI IOXLG PXG OD\HUV� ³:LWK FRQWLQXRXV $'&3� &7'

UHJLVWUDWLRQ LQ D WLGDO DUHD RQH REVHUYHV D UHVXVSHQVLRQ RI PDWHULDO LQWR WKH ORZHU PHWHU RI WKH ZDWHU FROXPQ

ZLWKLQ KDOI DQ KRXU� RIWHQ ULJKW DIWHU WKH WXUQ RI WKH WLGH UDWKHU WKDQ DW WKH KLJKHVW ZDWHU YHORFLWLHV� 7KLV

UHVXVSHQGHG PDWHULDO VHWWOHV ZLWKLQ KDOI DQ KRXU DW VODFN WLGHV DV ZHOO�´ >3RVWPD� ����@� µ$V WKH VSULQJ QHDS

WLGDO F\FOH SURJUHVVHV� WKH UHVXVSHQVLRQ VHWWOHV WKURXJK WKH ZDWHU FROXPQ VR WKDW FRQFHQWUDWLRQV LQ WKH XSSHU

SDUW RI WKH ZDWHU FROXPQ GHFUHDVH ZKLOH FRQFHQWUDWLRQV QHDU WKH EHG LQFUHDVH� 7KXV WKH VWUDWLILFDWLRQ LQ WKH

VXVSHQVLRQ EHFRPHV PRUH SURQRXQFHG� $W WLPHV ZKHQ WKH FXUUHQWV DUH ZHDN� WKH QHDU�EHG OD\HUV EHFRPH

VWDWLRQDU\ RQ WKH EHG� EXW DUH UHGLVSHUVHG RQ WKH VXFFHHGLQJ WLGH� $V QHDS WLGH DSSURDFKHV� VWDWLRQDU\

VXVSHQVLRQV SHUVLVW SURJUHVVLYHO\ ORQJHU LQWR WKH VXFFHHGLQJ WLGDO F\FOH� ERWK DV D UHVXOW RI WKH W\SLFDOO\

ORZHU EHG VKHDU VWUHVV QHDU QHDS WLGH DQG KLJKHU VKHDU VWUHQJWK GXH WR VHWWOLQJ DQG FRQVROLGDWLRQ� 7KHVH

REVHUYDWLRQV ���� HPSKDVLVH WKH FULWLFDO QHHG WR GHWHFW DQG TXDQWLI\ WKH QHDU�EHG VHGLPHQW WUDQVSRUW JRYHUQHG

E\ WKH PRWLRQ RI KLJK GHQVLW\ IOXLG PXG OD\HUV� ,Q WKH PDMRULW\ RI HVWXDULDO DQG FRDVWDO HQYLURQPHQWV LQ

ZKLFK PHDVXUDEOH UDWHV RI FRKHVLYH VHGLPHQW WUDQVSRUW RFFXU� LW LV QRW XQXVXDO WR ILQG WKDW D VLJQLILFDQW

SRUWLRQ RI WKH WUDQVSRUW LV LQ IDFW FRQILQHG WR WKH QHDU�EHG UHJLRQ� SDUWLFXODUO\ LQ DUHDV RI ORZ FXUUHQW VSHHGV

RU ZKHQ WKH IORZ UHJLPH LV ZDYH GRPLQDWHG� 7KH UDWLR E RI WKH QHDU EHG FRQFHQWUDWLRQ WR GHSWK�PHDQ

FRQFHQWUDWLRQ LV ZHOO DERYH XQLW\ LQ WKHVH FDVHV�¶ >0HKWD� ����@

7KH ��'9 ZDWHU EHG PRGHO ZLOO EH OLPLWHG WR DSSOLFDWLRQV ZLWK ORZ�FRQFHQWUDWHG VXVSHQVLRQV LQ WKH

ZDWHU FROXPQ RI D IHZ �� PJ�O XS WR VHYHUDO ��� PJ�O� $W KLJKHU FRQFHQWUDWLRQV VHGLPHQW�WXUEXOHQFH

LQWHUDFWLRQV� WKH DERYH PHQWLRQHG VHGLPHQW�GULYHQ GHQVLW\ FXUUHQWV �WXUELGLW\ FXUUHQWV�� IRUPDWLRQ RI �WKLFN�

OD\HUV RI IOXLG PXG DQG QRQ�1HZWRQLDQ HIIHFWV VWDUW WR SOD\ D UROH� 7KHVH HIIHFWV LQIOXHQFH ERWK WKH HURVLRQ

SURFHVV DQG WKH VWUHQJWKHQLQJ SURFHVV� 7KH H[WHQGHG PRGHO RI :LQWHUZHUS >����@ PHQWLRQHG LQ VHFWLRQ ���

FDQ GHDO ZLWK WKHVH SURFHVVHV�

��$��� %� ���!������"��	����	��������	$���.�

$ IHZ IHDWXUHV RI 'HOIW�'�:$4 ZLWK UHVSHFW WR FRKHVLYH VHGLPHQWV DUH�

� $OO DOJDH DUH FRQVLGHUHG WR EH ���� FRKHVLYH VHGLPHQW� $FFRUGLQJO\ DOJDH FDQ EH WUDQVSRUWHG ZLWK

WKH ZDWHU IORZ DV VXVSHQGHG VHGLPHQWV�

� 7KUHH VL]H IUDFWLRQV RU FRPSRQHQWV� ZLWK LQGHSHQGHQW IORFFXODWLRQ DQG VHWWOLQJ YHORFLWLHV� FDQ EH

XVHG WR UHSUHVHQW SDUWLFXODWH LQRUJDQLF PDWWHU�

� 3DUWLFXODWH RUJDQLF PDWWHU FDQ EH UHSUHVHQWHG E\ IRXU FRPSRQHQWV� QDPHO\ GHWULWXV FDUERQ� RWKHU

RUJDQLF FDUERQ� FDUERQ LQ GLDWRPV� FDUERQ LQ QRQ�GLDWRP DOJDH �*UHHQ��

� 7KH VHYHQ SDUWLFXODWH VXEVWDQFHV LQ WKH ZDWHU FROXPQ DUH XVHG WR FDOFXODWH WKH OLJKW FRQGLWLRQV ZKLFK

LQIOXHQFH DOJDH JURZWK�

� 7KH EHG VHGLPHQW LV PRGHOOHG DV D WZR�OD\HU V\VWHP� (DFK OD\HU LV KRPRJHQHRXV �ZHOO PL[HG�� 7KH

WZR OD\HUV FDQ KDYH GLIIHUHQW FRPSRVLWLRQV RI WKH VHYHQ VXEVWDQFHV� 7KH GHQVLW\ RI D OD\HU LV YDULDEOH

GHSHQGLQJ RQ WKH VHGLPHQW OD\HU FRPSRVLWLRQ� ZKLFK LV DOVR YDULDEOH� 7KH SRURVLW\ ZLWKLQ D JLYHQ

OD\HU LV FRQVWDQW �XVHU GHILQHG��

� $ WKLUG �GHHSHU� OD\HU H[LVWV �EXW LV QRW H[SOLFLWO\ PRGHOOHG� ZKLFK FDQ VXSSO\ VHGLPHQW IRU XSZDUG

VHGLPHQW WUDQVSRUW �GLJJLQJ��

� 7KH HURVLRQ UDWH IURP WKH WRS OD\HU RI WKH EHG LV GHWHUPLQHG XVLQJ WKH HPSLULFDO HURVLRQ IRUPXOD RI

3DUWKHQLDGHV �VHH FKDSWHU ��� 7KLV HURVLRQ UDWH IRUPXODWLRQ ZLOO EH UHSODFHG E\ WKH ��'9 ZDWHU EHG

PRGHO�
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7KH WLPH UHVROXWLRQ RI WKH ��'9 ZDWHU EHG PXVW EH FRXSOHG WR WKH WLPH IUDPH RI 'HOIW�'�:$4 LQ ZKLFK WKH

PRGHO ZLOO EH LQFRUSRUDWHG� 7\SLFDO WLPH VWHSV IRU WKH K\GURG\QDPLF VLPXODWLRQV DUH LQ WKH RUGHU RI VHFRQGV

WR PLQXWHV ��� V ± ��� V�� 7KHVH WLPH VWHSV DUH QHFHVVDU\ WR DFFRXQW IRU WKH SURSDJDWLRQ RI ZDYHV SURSHUO\�

7KH :$4�PRGXOH FDQ XVH DQ\ WLPH VWHS WKDW LV DQ LQWHJHU PXOWLSOH RU DQ LQWHJHU GLYLGHU RI WKH

K\GURG\QDPLF WLPH VWHS� +RZHYHU� D WLPH VWHS DV VPDOO DV WKH )/2: WLPHVWHS LV QRW PHDQLQJIXO LQ WKH

SURFHVV�EDVHG :$4 PRGHOOLQJ HQYLURQPHQW� EHFDXVH WKH DFWXDO GLVSODFHPHQWV RI WKH ZDWHU GR QRW FKDQJH DV

IDVW DV WKH SURSDJDWLRQ RI WKH ZDYHV� 2IWHQ WLPH VWHSV LQ WKH RUGHU RI � KRXU RU HYHQ � GD\ �:DGGHQ 6HD�

1HWKHUODQGV� DUH VXIILFLHQW WR PRGHO WKH SUREOHPV WR EH VROYHG� :$4 DYHUDJHV WKH KLJK WLPH�UHVROXWLRQ

RXWSXW IURP )/2: WR WKH VPDOOHU UHVROXWLRQ RI WKH :$4 WLPH VWHSV� 7KH VHGLPHQWDWLRQ DQG HURVLRQ DUH

DFFRXQWHG IRU LQ WKLV :$4 WLPH IUDPH�

7KH ��'9 ZDWHU EHG PRGHO FRQVLVWV RI DQ HURVLRQ PRGXOH DQG D FRQVROLGDWLRQ PRGXOH� 7KH WLPH IUDPH

RI WKH HURVLRQ PRGXOH KDV WR EH WKH VDPH DV WKH :$4 WLPH IUDPH� 5HVXVSHQVLRQ DQG GHSRVLWLRQ ZLOO KDYH WR

EH DFFRXQWHG IRU LQ HYHU\ :$4 WLPH VWHS� 7KH WLPH IUDPH RI WKH FRQVROLGDWLRQ KRZHYHU VWLOO KDV WR EH

GHILQHG LQ WHUPV RI WKH :$4 IUDPH� 7KH FRQVROLGDWLRQ SURFHVV KDV ODUJH WLPH VFDOHV ZLWK UHVSHFW WR WKH

H[FKDQJH RI VHGLPHQW ZLWK WKH EHG� WLPH VWHSV XS WR GD\V PD\ EH VXIILFLHQW� ,Q FKDSWHU � WKH UHODWLRQ

EHWZHHQ WKHVH WLPH VFDOHV ZLOO EH GHDOW ZLWK�

7KH VLPXODWLRQ WLPH FDQ DPRXQW WR PXOWLSOH \HDUV DQG VRPHWLPHV HYHQ GHFDGHV� 7\SLFDO WLPH VFDOHV WKDW

FDQ RFFXU LQ WKH ��'9 ZDWHU EHG PRGHO DUH LQWHUWLGDO �GLXUQDO�VHPL�GLXUQDO�� VSULQJ�QHDS YDULDWLRQV�

VHDVRQDO YDULDWLRQV DQG ULYHU IORRGV DQG GUDLQDJH HYHQW� %HG UHVSRQVH �VHGLPHQWDWLRQ DQG HURVLRQ� VKRXOG

EH PRGHOOHG WKURXJKRXW WKHVH F\FOHV� DQG QHW HIIHFWV VKRXOG EH DFFXPXODWHG IRU WKH VLPXODWLRQ WLPH�

��$�&� 1/�	���������	��������	$���.�

7KH ��'9 ZDWHU EHG PRGXOH ZLOO EH LQFRUSRUDWHG LQ WKH 'HOIW�'�V\VWHP� 7KH KRUL]RQWDO UHVROXWLRQ RI WKH

'HOIW�' ZDWHU PRWLRQ UDQJHV IURP �� WR ����¶V RI PHWUHV� 7KH :$4 PRGXOH FDQ EH XVHG IRU DQ\

JHRJUDSKLF DUHD ZKHUH WKH )/2: PRGXOH LV DSSOLHG� 7KH JULGV RI 'HOIW�' DQG :$4 GR QRW KDYH WR EH WKH

VDPH� 7KH ZDWHU PRWLRQ UHTXLUHV VPDOO JULG FHOOV� ZKHUH IRU WKH ZDWHU TXDOLW\ �DQG DFFRUGLQJO\ WKH EHG

H[FKDQJH SURFHVVHV� ODUJHU JULG FHOOV DUH VXIILFLHQW� 7KH ZDWHUEHG FDQ KDYH WKH VDPH HURVLRQ DQG

FRQVROLGDWLRQ SURSHUWLHV RYHU D ODUJH JHRJUDSKLFDO DUHD �D WLGDO IODW IRU LQVWDQFH�� 6R GHDOLQJ ZLWK RQH VLQJOH

EHG SURILOH LQ D ODUJH DUHD FDQ EH SK\VLFDOO\ VXIILFLHQW� 'HOIW�' RIIHUV WKH RSWLRQ WR FRYHU WKH ZDWHU PRWLRQ

JULG ZLWK D :$4 JULG ZLWK D FRDUVHU �DQG LUUHJXODU� VSDWLDO UHVROXWLRQ� 7KLV LV FDOOHG DJJUHJDWLRQ� 7KHVH

ODUJHU DUHDV DUH FDOOHG VHJPHQWV� ,Q WKLV ZD\ WKH WLPH FRQVXPLQJ FDOFXODWLRQV RI WKH ZDWHUEHG DQG WKH

VSUHDGLQJ RI WKH VXEVWDQFHV DUH RQO\ FDUULHG RXW ZKHQ LW LV UHDOO\ QHFHVVDU\�

7KH YHUWLFDO UHVROXWLRQ RI WKH K\GURG\QDPLF PRWLRQ LQ WKH ZDWHU FROXPQ LV LQ WKH RUGHU �� VLJPD�OD\HUV

�ERXQGDU\ ILWWHG OD\HUV�� 7KHVH ZDWHU PRWLRQ OD\HUV FDQ EH DJJUHJDWHG LQWR D VPDOOHU QXPEHU RI ZDWHU

TXDOLW\ OD\HUV� +HQFH :$4 FDQ DOVR KDQGOH WKUHH�GLPHQVLRQDO SUREOHPV� (YHU\ ZDWHU TXDOLW\ SURFHVV�

VXEURXWLQH LV FDOOHG XSRQ IURP HYHU\ :$4 JULG FHOO� $ JULG FHOO LV RQH RI WKH OD\HUV DERYH D VHJPHQW� $

QXPEHU RI FULWHULD DWWDFKHG WR HDFK FHOO PDNHV D µPDVN¶ SRVVLEOH WR WKH DSSOLFDWLRQ RI WKH VXEURXWLQHV� 7KH

UHDHUDWLRQ SURFHVVHV IRU LQVWDQFH DUH VROHO\ FDOOHG XSRQ IURP ZDWHU VXUIDFH FHOOV� /LNHZLVH WKH FRQVROLGDWLRQ

PRGXOH ZLOO RQO\ EH FDOOHG XSRQ IURP ERWWRP FHOOV� 7KH ��'9 ZDWHU EHG VXEURXWLQH KRZHYHU LV XQDZDUH RI

WKH QXPEHU RI JULG FHOOV IURP ZKLFK LW LV FDOOHG XSRQ� 'XH WR WKH RQH�GLPHQVLRQDO QDWXUH RI WKH HTXDWLRQV

WKLV GRHV QRW KDYH DQ\ FRPSOLFDWLRQV� QRU VKRXOG LW KDYH� 6R UHGXFWLRQ RI WKH :$4 PRGHO WR WKH ��' RU ��'

FDVH LV DQ RSWLRQ� 2Q WKH RWKHU KDQG� WKH LQFRUSRUDWLRQ RI WKH ��'9 ZDWHU EHG PRGHO IRU HDFK KRUL]RQWDO EHG

FHOO E\ :$4� PDNHV LW DXWRPDWLFDOO\ D WKUHH GLPHQVLRQDO EHG PRGHO�

7KH UHTXLUHG YHUWLFDO GLVFUHWL]DWLRQ RI WKH EHG LV LQ WKH RUGHU RI PP WR GP�
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(QYLURQPHQWDO HQJLQHHUV H[SHFW WKH PRGHO WR SURYLGH WKH IROORZLQJ SDUDPHWHUV DV D IXQFWLRQ RI GHSWK DQG

WLPH� GLVWULEXWLRQ RI GU\ GHQVLW\ RU VLPLODU SDUDPHWHUV� HURVLRQ UDWH FRHIILFLHQWV �H�J� FULWLFDO VKHDU VWUHVV IRU

HURVLRQ DQG HURVLRQ UDWH SDUDPHWHU�� SHUPHDELOLW\� SRUH ZDWHU IORZV DQG VHGLPHQW FRPSRVLWLRQ �FOD\� RUJ�

PDWWHU� HWF��� )XUWKHUPRUH� WKH EDVLF UHTXLUHPHQW RI WKH ��'9 ZDWHU EHG PRGXOH LV WKDW LW LV PDVV FRQVHUYLQJ�

��&��� 1�	��/����3���	�4���"����

7KH EHG PRGHO LV EDVHG RQ WZR FRPSRQHQWV� DQ HURVLRQ PRGXOH DQG D FRQVROLGDWLRQ PRGXOH� 'LIIHUHQW

SURFHVVHV ZLWK GLIIHUHQW WLPH VFDOHV JRYHUQ WKHVH WZR PRGXOHV� 7KH SURSRVHG VHW�XS RI WKH ��'9 ZDWHUEHG

PRGHO LV VKRZQ LQ ILJXUH ����

��&�$� +������"�����

(URVLRQ LV LQLWLDWHG E\ WKH WXUEXOHQFH RI WKH ZDWHU QHDU WKH EHG DQG WKH VKHDU VWUHVV GXH WR WKH YHORFLW\

JUDGLHQW LQ WKH ERXQGDU\ OD\HU� 7KH WXUEXOHQFH OHYHO QHDU WKH EHG LV DOVR UHSUHVHQWHG DV D VKHDU VWUHVV� :KHQ

WKH WRWDO VKHDU VWUHVV LQFUHDVHV� WKH HURVLRQ LQFUHDVHV� 7KH UDWH RI HURVLRQ GHSHQGV IXUWKHUPRUH RQ WKH W\SH RI

FRQVWLWXHQW� 6DQG HURGHV SDUWLFOH E\ SDUWLFOH� *HQHUDO UXOHV DUH DYDLODEOH UHODWLQJ WKH UDWH RI HURVLRQ WR IOXLG

DQG JUDLQ SURSHUWLHV E\ PHDQV RI WKH 6KLHOGV SDUDPHWHU� 7KH 6KLHOGV SDUDPHWHU LV D GLPHQVLRQOHVV UHODWLRQ

EHWZHHQ WKH VXEPHUJHG ZHLJKW RI D SDUWLFOH DQG WKH EHG VKHDU VWUHVV� 7KH HURGHG VDQG FDQ EH WUDQVSRUWHG

HLWKHU DV EHG ORDG RU DV VXVSHQGHG ORDG� 7KH HURVLRQ RI VDQG GURSV GUDPDWLFDOO\ ZKHQ D VPDOO SHUFHQWDJH

�RUGHU ��� RI FRKHVLYH VHGLPHQWV LV DGGHG� 6LQFH VDQG LV QRW FRQVLGHUHG LQ WKLV PRGHO� LQ WKH IROORZLQJ WKH

HURVLRQ RI PXG ZLOO EH GHVFULEHG�

7KH EHKDYLRXU RI HURGLQJ PXG GLIIHUV IURP WKH EHKDYLRXU RI VDQG� 0XG HURGHV HLWKHU SDUWLFOH E\

SDUWLFOH� DJJUHJDWH E\ DJJUHJDWH RU FKXQN E\ FKXQN >3DUWKHQLDGHV� ����@� 7KH FKXQNV WUDYHO D VKRUW WLPH DV

EHG ORDG DQG PHDQZKLOH GLVLQWHJUDWH� 7KH VPDOO FOD\ SDUWLFOHV GLVVROYH LQ WKH ZDWHU DERYH� 7KDW PHDQV WKDW

DQ HURGLQJ PXGEHG GRHV QRW KDYH D EHGORDG OD\HU� 2QO\ UHFHQWO\ WKHRUHWLFDO DQG H[SHULPHQWDO UXOHV UHODWLQJ

WKH UDWH RI HURVLRQ WR IOXLG DQG VHGLPHQW SURSHUWLHV KDYH EHHQ GHULYHG >9DQ .HVWHUHQ� ����@� >/LFN� ����@�

7KH EHKDYLRXU RI WKH EHG FDQ EH FRQVLGHUHG DV FRKHVLYH ZKHQ LW FRQWDLQV DERXW �� � FOD\ RU PRUH�
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'HOIW�'�:$4

WLPH VFDOH� GD\V � GHFDGHV

VSDWLDO VFDOH� ULYHUV� HVWXDULHV� ODNHV� HWF�

WLPH� HURVLRQ�GHSRVLWLRQ IOX[HV 	 EHG VKHDU VWUHVV

QXPHULFDO ��'9 :$7(5 %(' 02'(/

SDUDPHWHUV &+ � 'HVFULSWLRQ

&+ � 9DOLGDWLRQ

�WLPH VWHS &+ � &RQFOXVLRQV DQG UHFRPPHQGDWLRQV

�UHVROXWLRQ

�HWF� WLPH VFDOH� KRXU � KRXUV

VSDWLDO VFDOH� DYHUDJHG RYHU :$4 VHJPHQW � ��� P

�UHVROXWLRQ

�HWF� (526,21 02'8/(

&+ � 'HVFULSWLRQ

WLPH VFDOH� KRXU � KRXUV

VSDWLDO VFDOH� DYHUDJHG RYHU :$4 VHJPHQW � ��� P

&2162/',$7,21 02'8/( QHW

&+ � 'HVFULSWLRQ � VHGLPHQWDWLRQ

&+ � 9DOLGDWLRQ � HURVLRQ

PDWHULDO WLPH VFDOH� GD\V � PRQWKV

SURSHUWLHV VSDWLDO VFDOH� ORFDO ���'9�

SURILOHV RI

� .N� .V� ' %(' &20326,7,21 � GHQVLW\

�I JHO � HIIHFWLYH VWUHVV

�U Z WLPH VFDOH� GD\V � PRQWKV � HWF�

� HWF� VSDWLDO VFDOH� � FP

PRGHO RU PRGXOH LQIRUPDWLRQ FRPPXQLFDWLRQ

)LJXUH ���� 6HW�XS ��'9 ZDWHU EHG PRGHO ZLWK VHSDUDWH HURVLRQ DQG FRQVROLGDWLRQ PRGXOHV

(URVLRQ E\ FXUUHQWV DQG ZDYHV LV WR EH FRQVLGHUHG� 7KH HURVLRQ PHFKDQLVPV FDQ EH GLVFULPLQDWHG RQ WKH

EDVLV RI WKH UDWLR RI WKH WLPH VFDOH RI WKH IRUFLQJ DQG WKH WLPH VFDOH RI WKH DGDSWDWLRQ RI WKH EHG� :KHQ WKH

IRUFLQJ LV TXLFN ZLWK UHVSHFW WR WKH DGDSWDWLRQ� WKH VLWXDWLRQ LV FDOOHG XQGUDLQHG� :KHQ WKH IRUFLQJ LV VORZ�

WKDW LV ZKHQ WKH EHG KDV WKH WLPH WR FRPSHQVDWH ZDWHU SUHVVXUH JUDGLHQWV� LW LV FDOOHG GUDLQHG� 0XGG\ EHGV

FDQ EH HURGHG E\ WKH IROORZLQJ PDLQ PHFKDQLVPV�
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� 7KURXJK GUDLQHG VXUIDFH HURVLRQ E\ WKH ZDYH DQG FXUUHQW LQGXFHG EHG VKHDU VWUHVVHV� 1RWH WKDW ZKHQ

ZDYHV SOD\ D UROH� WKH ZDYH�LQGXFHG VKHDU VWUHVVHV DUH RIWHQ DW OHDVW RQH RUGHU RI PDJQLWXGH ODUJHU

WKDQ IORZ�LQGXFHG VKHDU VWUHVVHV� 7KLV NLQG RI HURVLRQ LV UHIHUUHG WR DV GUDLQHG� EHFDXVH WKH PDWHULDO

KDV WLPH WR DGMXVW WR WKH IOXLG IRUFLQJ EHIRUH LW LV HURGHG�

� 7KURXJK OLTXHIDFWLRQ RI WKH EHG E\ WKH F\FOLFDO ZDYH ORDGV� 7KLV NLQG RI HURVLRQ LV UHIHUUHG WR DV

XQGUDLQHG EXON HURVLRQ� ,W LV D KLJKO\ FRPSOLFDWHG SURFHVV� ZKLFK UHTXLUHV PRGHOOLQJ RI WKH VWUHVV

KLVWRU\ RI WKH EHG DV ZHOO� EHFDXVH F\FOLFDO ORDGLQJ FDQ DOVR UHVXOW LQ D VWUHQJWKHQLQJ RI WKH EHG

�ZKHQ VWUHVV OHYHOV DUH EHORZ WKH FULWLFDO VWDWH OLQH��

� %\ PHDQV RI PDVV HURVLRQ RI ZDYH DQG FXUUHQW LQGXFHG EHG VKHDU VWUHVVHV� :KHQ WKH EHG VKHDU

VWUHVVHV DUH VR ODUJH WKDW WKH\ H[FHHG WKH XQGUDLQHG \LHOG VWUHQJWK RI WKH PDWHULDO� ZKROH FKXQNV RI

EHG PDWHULDO DUH ORRVHQHG IURP WKH EHG�

7KH PRGHO LV WR EH DSSOLHG IRU DOO RSHQ ZDWHU V\VWHPV� 7KLV LPSOLHV ORZ DQG KLJK G\QDPLF FRQGLWLRQV ZLWK

UHVSHFW WR IORZ DQG ZDYH DFWLRQ� ,W LV SURSRVHG KRZHYHU WR OLPLW WKH ��'9 ZDWHU EHG PRGHO WR IORZ� DQG

ZDYH�LQGXFHG VXUIDFH HURVLRQ SURFHVVHV� EHFDXVH WKH OLTXHIDFWLRQ DQG PDVV HURVLRQ DUH QRW ZHOO

XQGHUVWRRG \HW� 7KH HURVLRQ PRGHO ZLOO EH GHDOW ZLWK LQ FKDSWHU ��

��&�&� %��������	����"�����

$ EHG FDQ JDLQ UHVLVWDQFH DJDLQVW HURVLRQ E\ GLIIHUHQW VWUHQJWKHQLQJ PHFKDQLVPV� *HQHUDO PHFKDQLVPV

LQFOXGH WKH SUHVHQFH RI SURWHFWLQJ VKHHWV RI DOJDH DQG DUPRXULQJ �ILQHU VHGLPHQWV HURGH� OHDYLQJ WKH FRDUVHU

VHGLPHQWV EHKLQG RU FRDUVHU VHGLPHQWV GHSRVLW� WKXV SURWHFWLQJ WKH XQGHUO\LQJ ILQHU VHGLPHQWV�� %HFDXVH WKH

��'9 ZDWHU EHG PRGHO ZLOO RQO\ EH GHDOLQJ ZLWK PXGG\ EHGV DQG WKH HIIHFWV RI ELRORJLFDO DFWLYLW\ DUH

GLVFDUGHG� WKH DERYH JHQHUDO HIIHFWV FDQ EH QHJOHFWHG� )RU D PXGG\ EHG WZR DGGLWLRQDO VWUHQJWKHQLQJ

SURFHVVHV DUH UHVSRQVLEOH�

� 7KH PXGG\ EHG FDQ FRQVROLGDWH� 'XULQJ FRQVROLGDWLRQ� WKH ZDWHU FRQWHQW GHFUHDVHV E\ VHOI�ZHLJKW

FRPSDFWLRQ RI WKH VWUXFWXUH� WKHUHE\ LQFUHDVLQJ WKH HIIHFWLYH VWUHVVHV DQG WKH GHQVLWLHV� 7KH *LEVRQ

ILQLWH VWUDLQ FRQVROLGDWLRQ HTXDWLRQ FDQ GHVFULEH WKLV SURFHVV� 5HFHQW ZRUN RI 0HUFNHOEDFK >����@

UHVXOWHG LQ D VHW RI FRQVWLWXWLYH HTXDWLRQV WKDW FDQ EH XVHG WR VROYH WKH *LEVRQ HTXDWLRQ�

� (YHQ ZLWKRXW FRQVROLGDWLRQ WKH VWUHQJWK FDQ LQFUHDVH >0HUFNHOEDFK� ����@� 7KH WUXH FRKHVLRQ FDQ

GHYHORS E\ VWUHQJWKHQLQJ RI WKH SK\VLFR�FKHPLFDO LQWHU�SDUWLFOH RU LQWHU�DJJUHJDWH ERQGV� 7KLV HIIHFW

LV NQRZQ DV WKL[RWURS\ �VHH VHFWLRQ ������� 7KLV FDQ KDSSHQ E\ GHFUHDVLQJ WKH GLVWDQFH EHWZHHQ WKH

SDUWLFOHV DQG WKHUHE\ LQFUHDVLQJ WKH 9DQ GHU :DDOV IRUFHV� 2U WKLV FDQ KDSSHQ E\ ORFDO UHVWUXFWXULQJ

DORQJ WKH VXUIDFH RI WKH DJJUHJDWHV VR WKDW WKH TXDOLW\ RI WKH ERQGV EHWZHHQ WKH VXUIDFHV LQFUHDVHV�

%RQGV LQDFWLYH ZLWK UHVSHFW WR WKH HIIHFWLYH VWUHVV OHYHO FDQ EHFRPH DFWLYH �WKLV KDSSHQV DIWHU

XQORDGLQJ GXH WR HURVLRQ��

)RU WKH VWUHQJWKHQLQJ GXH WR FRQVROLGDWLRQ D PRGHO H[LVWV� IRU WKH VWUHQJWKHQLQJ GXH WR WKL[RWURS\ QR PRGHO

H[LVWV \HW� 7KHUHIRUH WKH PDLQ VWUHQJWKHQLQJ LQ WKH ��'9 ZDWHU EHG PRGHO ZLOO EH GXH WR WKH

FRQVROLGDWLRQ HTXDWLRQ� &KDSWHU � GHDOV ZLWK WKH FRQVROLGDWLRQ PRGHO� )RU WKH WKL[RWURS\ DQ �HVWLPDWHG�

HPSLULFDO IRUPXOD FDQ EH XVHG WR FDOLEUDWH WKH ��'9 ZDWHU EHG PRGHO�

7KH *LEVRQ HTXDWLRQ RI FRQVROLGDWLRQ JLYHV D FRQWLQXXP SURILOH RI WKH EHG� ,Q WKH EHG QR VRUWLQJ RFFXUV�

VLQFH WKH EHG LV D YROXPH�ILOOLQJ QHWZRUN� $FFRUGLQJO\� RQH VL]H IUDFWLRQ LV VXIILFLHQW WR GHVFULEH WKH

FRQVROLGDWLRQ� WKHUHIRUH WKH ��'9 ZDWHU EHG PRGHO ZLOO RQO\ GHDO ZLWK RQH VL]H IUDFWLRQ �RI PXG�� 7KH ��

'9 ZDWHU EHG PRGHO FDQ WKHUHIRUH QRW SURYLGH WKH VHGLPHQW FRPSRVLWLRQ UHTXLUHG E\ WKH HQYLURQPHQWDO

HQJLQHHUV� 7KHUHIRUH WKLV FRPSRVLWLRQ KDV WR EH PRGHOOHG ZLWK WKH FXUUHQW OD\HU DSSURDFK RI :$4� 7KH

FXUUHQW OD\HU PRGHO RI :$4 KDV WR EH XVHG QH[W WR WKH QHZ ��'9 ZDWHU EHG PRGHO WR PRGHO WKH

FRPSRVLWLRQ RI WKH EHG� 7KH ��'9 ZDWHU EHG PRGHO ZLOO WKHQ RQO\ SURYLGH WKH HURVLRQ UDWHV� WKH OD\HU

V\VWHP ZLOO NHHS WUDFN RI WKH VHGLPHQW FRPSRVLWLRQ� :$4 FDQ GHDO ZLWK WKUHH LQRUJDQLF DQG IRXU RUJDQLF

FRPSRXQGV� 7KHUHIRUH WKH GHSRVLWLRQ IOX[HV RI WKH FRPSRXQGV KDYH WR EH PHUJHG ZKHQ JRLQJ IURP WKH
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ZDWHU FROXPQ WR WKH ��'9 ZDWHU EHG PRGXOH� $QG ZKHQ HURVLRQ RFFXUV� WKH WRWDO VHGLPHQW IOX[ KDV WR EH

GLVWULEXWHG RYHU WKH YDULRXV IUDFWLRQV DJDLQ� :$4 DOUHDG\ FRQWDLQV IXQFWLRQV WKDW FDQ SURYLGH IRU WKLV >'HOIW

+\GUDXOLFV� ����@�

!�-� ������

� 7KH DLP RI WKH VWXG\ LV WR GHYHORS DQG WHVW D RQH GLPHQVLRQDO ���'9� ZDWHU EHG PRGHO� VXLWDEOH IRU

�ORQJ WHUP� ZDWHU TXDOLW\ PRGHOOLQJ� 7KH FXUUHQW HURVLRQ PRGHOV KDYH WZR PDMRU GLVDGYDQWDJHV�

7KH\ DUH HLWKHU WRR WLPH FRQVXPLQJ� EHFDXVH WKH\ FRQWDLQ WRR PXFK SK\VLFDO SURFHVVHV RU WKH\ DUH

QRW DFFXUDWH HQRXJK� EHFDXVH WKH\ FRQWDLQ WRR IHZ SK\VLFDO SURFHVVHV� 7KH QHZ ��'9 ZDWHU EHG

PRGHO ZLOO DYRLG WKH VKRUWFRPLQJV RI WKHVH WZR PRGHOV� ,W FRQWDLQV WKH PLQLPXP QXPEHU RI

SURFHVVHV QHFHVVDU\ WR PRGHO VHDVRQDO YDULDWLRQV� HURVLRQ DQG FRQVROLGDWLRQ�

� 7KH ��'9 ZDWHU EHG PRGHO KDV WKH IROORZLQJ OLPLWDWLRQV ZLWK UHVSHFW WR WKH FRPSRVLWLRQ� WKH HIIHFWV

RI RUJDQLF PDWHULDO� ELRORJLFDO DFWLYLW\� FKHPLFDO SURFHVVHV DQG JDV RQ WKH SK\VLFDO EHKDYLRXU

�FRQVROLGDWLRQ DQG HURVLRQ� RI WKH EHG ZLOO QRW EH FRQVLGHUHG� 7KHVH SURSHUWLHV FDQ KDYH D ODUJH

LQIOXHQFH RQ WKH HURVLRQ FKDUDFWHULVWLFV KRZHYHU� )XUWKHUPRUH� WKH EHG PDWHULDO LV FRQVLGHUHG ��� �

FRKHVLYH� DW OHDVW ���� � RI WKH YROXPH LV FOD\ >9DQ /HGGHQ� ����@�

� 7KH DSSOLFDWLRQV DUH ERWK ORZ�G\QDPLF HQYLURQPHQWV �ODNHV� UHVHUYRLUV� DQG KLJK�G\QDPLF

HQYLURQPHQWV �ULYHUV� HVWXDULHV� RFHDQV DQG FRDVWDO DUHDV�� 7KH ��'9 ZDWHU EHG PRGHO LV EH OLPLWHG

WR DSSOLFDWLRQV ZLWK ORZ�FRQFHQWUDWHG VXVSHQVLRQV RI D IHZ �� PJ�O XS WR VHYHUDO ��� PJ�O� +LQGHUHG

VHWWOLQJ DQG IOXLG PXG ZLOO QRW EH WDNHQ LQWR DFFRXQW�

� 7KH ��'9 ZDWHU EHG PRGHO LV LQFRUSRUDWHG LQ WKH 'HOIW�' VRIWZDUH HQYLURQPHQW WKDW FDQ EH XVHG LQ

WKHVH DUHDV� $FFRUGLQJO\ WKH ��'9 ZDWHU EHG PRGHO LV LPPHGLDWHO\ DSSOLFDEOH IRU WKUHH GLPHQVLRQDO

HQJLQHHULQJ SUREOHPV� 7KLV VRIWZDUH HQYLURQPHQW SXWV VRPH UHVWULFWLRQV RQ WKH VSDWLDO VWHS DQG WKH

WLPH UHVROXWLRQ�

� 7KH RXWSXW RI WKH ��'9 ZDWHUEHG PRGXOH WR 'HOIW�'�:$4 VKRXOG SURYLGH WKH IROORZLQJ SDUDPHWHUV

DV D IXQFWLRQ RI GHSWK DQG WLPH� GU\ GHQVLW\ RU D VLPLODU YDULDEOH� HURVLRQ UDWH FRHIILFLHQWV �IRU

LQVWDQFH FULWLFDO VKHDU VWUHVV IRU HURVLRQ DQG HURVLRQ UDWH SDUDPHWHU�� VL]H GLVWULEXWLRQ DQG

SHUPHDELOLW\� $ YHU\ LPSRUWDQW UHTXLUHPHQW LV WKDW WKH EHG PRGHO VKRXOG EH PDVV FRQVHUYLQJ�

� 7KH ��'9 ZDWHU EHG PRGHO FRQVLVWV RI DQ HURVLRQ PRGXOH DQG D VWUHQJWKHQLQJ PRGXOH� ,Q WKH HURVLRQ

PRGXOH ZH OLPLW RXUVHOYHV WR IORZ� DQG ZDYH�LQGXFHG VXUIDFH HURVLRQ SURFHVVHV� 0DVV HURVLRQ DQG

OLTXHIDFWLRQ DUH QRW FRQVLGHUHG�

� 7KH JRYHUQLQJ SURFHVVHV IRU WKH VWUHQJWKHQLQJ PRGXOH DUH FRQVROLGDWLRQ DQG FRKHVLRQ� 7KH JURZWK

RI WUXH FRKHVLRQ �WKL[RWURS\� FDQQRW EH PRGHOOHG� EXW LW FDQ EH LQFRUSRUDWHG E\ PHDQV RI DQ

HPSLULFDO IRUPXOD WR FDOLEUDWH WKH PRGHO� 7KH FRQVROLGDWLRQ FDQ EH LQFRUSRUDWHG DV D SURFHVV�

� 7KH FRQVROLGDWLRQ PRGXOH FDQ RQO\ KDQGOH RQH VL]H IUDFWLRQ RQO\� DOWKRXJK HQYLURQPHQWDO HQJLQHHUV

FRQVLGHU WKH VL]H�GLVWULEXWLRQ RI FRKHVLYH DQG QRQ�FRKHVLYH IUDFWLRQV YHU\ LPSRUWDQW� 7KH FXUUHQW

:$4 OD\HU IRUPXODWLRQ FDQ XVHG IRU WKLV� 7KHUHIRUH WKH FXUUHQW OD\HU PRGHO RI :$4 KDV WR EH XVHG

WRJHWKHU ZLWK WKH QHZ ��'9 ZDWHU EHG PRGHO� ,Q WKLV FRPELQDWLRQ� WKH QHZ ��'9 ZDWHU EHG PRGHO

SURYLGHV IRU WKH HURVLRQ UDWH� ZKLOH WKH OD\HU PRGHO UHPHPEHUV WKH FRPSRVLWLRQ RI WKH EHG�
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7KH DLP RI WKLV FKDSWHU LV WR ILQG RU GHULYH DQ HURVLRQ IRUPXODWLRQ WKDW LV FDSDEOH RI GHDOLQJ ZLWK VHDVRQDO

YDULDWLRQV� 7R DFKLHYH WKLV� D WRXU ZLOO EH PDGH RI H[LVWLQJ HURVLRQ PRGHOV� ,W ZLOO GHDO ZLWK WKH PRGHOV DW

LQFUHDVLQJ FRPSOH[LW\� XQWLO DQ DSSURSULDWH PRGHO LV IRXQG�

&RQVLGHULQJ WKH LPSRUWDQFH RI H[SHULPHQWV� WKHLU PHWKRGV DQG WKHLU FKDUDFWHULVWLF UHVXOWV ZLOO EH VKRUWO\

GHDOW ZLWK LQ VHFWLRQ ���� 6HFWLRQ ��� JLYHV WKH GLIIHUHQW HURVLRQ W\SHV WKDW KDYH EHHQ GLVFHUQHG� 6HFWLRQ ���

OLVWV WKH EDVLF HURVLRQ PRGHOV� 7KH LPSOLFDWLRQV RI WKHVH VLPSOH PRGHOV ZLOO EH GHDOW ZLWK LQ VHFWLRQ ���� 7KH

OD\HUHG DSSURDFK LV GLVFXVVHG LQ WKH VHFWLRQ DIWHU WKDW� ,Q VHFWLRQ ��� WLPH GHSHQGHQF\ RI WKH HURVLRQ

SDUDPHWHUV RI WKH OD\HUV ZLOO EH LQWURGXFHG WR DFFRXQW IRU WKH VKRUWFRPLQJV RI WKH OD\HUHG PRGHO� $ PRUH

IXQGDPHQWDO DQG SK\VLFDOO\ EDVHG DSSURDFK WR GHDO ZLWK WKH WLPH GHSHQGHQF\ RI HURVLRQ LV SRVVLEOH�

KRZHYHU� 7KHUHIRUH� WKH HURVLRQ ZLOO KDYH WR EH GHVFULEHG DV D IXQFWLRQ RI WKH WLPH GHSHQGHQW GHQVLW\ DQG

WKH WLPH GHSHQGHQW FRKHVLRQ� 7KH WLPH GHSHQGHQW EHKDYLRXU RI WKH GHQVLW\ FDQ EH PRGHOOHG ZLWK WKH *LEVRQ

HTXDWLRQ RI FRQVROLGDWLRQ� ZKLFK ZLOO EH JLYHQ LQ WKH QH[W FKDSWHU� 6RPH H[DPSOHV WKDW UHODWH HURVLRQ UDWH

VROHO\ WR GHQVLW\ ZLOO IROORZ LQ VHFWLRQ ���� ,Q VHFWLRQ ���� WKH XVH RI VWRFKDVWLF SDUDPHWHUV� UDWKHU WKDQ WKH

GHWHUPLQLVWLF RQHV JHQHUDOO\ XVHG� ZLOO EH H[SORUHG� $ PRGHO ZLWK WKH EHG VKHDU VWUHVV DV D VWRFKDVWLF

YDULDEOH LV SURSRVHG� 7KLV PRGHO QHHGV D GHVFULSWLRQ RI WKH DFWXDO EHG VWUHQJWK LQ WHUPV RI WKH GHQVLW\ DQG

WKH WKL[RWURS\� WKDW ZLOO EH JLYHQ LQ WKH QH[W WR ODVW VHFWLRQ� $ VXPPDU\ FRQFOXGHV WKLV FKDSWHU�

%��� .��	�����/$�������	

$OO PDWKHPDWLFDO DQG FRPSXWDWLRQDO HURVLRQ PRGHOV KDYH WR EH YDOLGDWHG RU FDOLEUDWHG RQ H[WHQVLYH

H[SHULPHQWDO GDWD� ([SHULPHQWV DUH DQG ZLOO EH WKH YHU\ EDVLV IRU DOO WKH FRKHVLYH VHGLPHQW PRGHOV� $ IHZ

W\SHV RI ODERUDWRU\ PHDVXUHPHQWV H[LVW� )LUVW WKHUH LV WKH IOXPH WHVW �VHFWLRQ ������� $ VLPSOH EXW DOVR ZLGHO\

XVHG PHWKRG LV WKH VKDNHU �VHFWLRQ ������� $ UHFHQW GHYHORSPHQW LV 6HGIOXPH �VHFWLRQ ������� 7KH HURVLRQ

H[SHULPHQWV KDYH LQ FRPPRQ WKDW WKH\ FDQ RQO\ EH XVHG WR LQYHVWLJDWH WKH HURVLYH EHKDYLRXU RI QDWXUDO

DQG�RU UHFRQVWUXFWHG PXG EHGV RQ VKRUW WLPH VFDOHV�

$����� 5�)�������"��	��	

7ZR W\SHV RI UHJXODU IOXPH WHVWV DUH DYDLODEOH� D URWDWLQJ DQQXODU IOXPH DQG D VWUDLJKW IOXPH� $ EHG RQ WKH

ERWWRP RI D IOXPH �VHH DQQH[ ���� LV H[SRVHG WR D VKHDU VWUHVV WLPH VHULHV� 7KLV EHG FDQ EH D GHSRVLWHG EHG�

REWDLQHG E\ DOORZLQJ D ZHOO�PL[HG VXVSHQVLRQ ZLWK D KLJK FRQFHQWUDWLRQ WR FRQVROLGDWH IRU D FHUWDLQ SHULRG

RI WLPH� RU D SODFHG EHG� 7KH HURVLRQ UDWH DQG WKH WRWDO HURGHG PDVV FDQ EH GHWHUPLQHG IURP WKH

FRQFHQWUDWLRQ LQ WKH ZDWHU� ZKLFK LV PHDVXUHG�

2IWHQ� D VHULHV RI VWHSZLVH LQFUHPHQWV RI EHG VKHDU VWUHVV LV LPSRVHG RQ WKH EHG� 7KH HURVLRQ UDWH DW D

VSHFLILF EHG VKHDU VWUHVV LV YHU\ ODUJH MXVW DIWHU DSSOLFDWLRQ RI D QHZ VKHDU VWUHVV� DIWHU ZKLFK WKH HURVLRQ UDWH

GHFUHDVHV WR D FRQVWDQW YDOXH RU EHFRPHV ]HUR� %\ WKH WLPH WKH HURVLRQ UDWH LV FRQVWDQW RU ]HUR� WKH VKHDU

VWUHVV LV DJDLQ VWHSZLVH LQFUHDVHG� 7KH WLPH VFDOH RI WKH HURVLRQ DW D FHUWDLQ VKHDU VWUHVV LV �� PLQ >6DQIRUG�

����@ WR � KRXU >+\GUR4XDO� ����@� 7KH EHKDYLRXU RI WKH HURVLRQ UDWH DW D VLQJOH OHYHO RI WKH EHG VKHDU

VWUHVV FDQ DW ILUVW VLJKW EH GHVFULEHG E\ DQ H[SRQHQWLDO GHFD\ IXQFWLRQ�

$ VLPLODU LQVWUXPHQW LV WKH 6HD &DURXVVHO >6DQIRUG HW DO�� ����@� D VXEPHUVLEOH URWDWLQJ DQQXODU IOXPH� ,W

FDQ EH XVHG WR SHUIRUP LQ VLWX HURVLRQ WHVWV RQ WKH DFWXDO ZDWHU EHG�

�
7KLV FKDSWHU FRQWDLQV SDVVDJHV IURP 6DQIRUG HW DO� >����@� 0HKWD >����@ DQG 3RVWPD >����@ DQG VRPH �IUDJPHQWV RI�

VHQWHQFHV RI RWKHU ZRUN IURP WKH OLVW RI UHIHUHQFHV�
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7KH 6KDNHU �7VDL DQG /LFN� ����� LV D SRUWDEOH GHYLFH WKDW FDQ EH XVHG ERWK LQ WKH ODERUDWRU\ DQG LQ WKH ILHOG

�VHH DQQH[ ����� $ F\OLQGHU LV SDUWLDOO\ ILOOHG ZLWK VHGLPHQW E\ UHFRQVWUXFWLQJ D VHGLPHQW VSHFLPHQ� E\

DOORZLQJ D ZHOO�PL[HG VXVSHQVLRQ ZLWK D KLJK FRQFHQWUDWLRQ WR FRQVROLGDWH IRU D FHUWDLQ SHULRG RI WLPH RU E\

LQVHUWLQJ DQ LQ VLWX FRUH� 7KH ORZHU SDUW RI WKH FROXPQ LV WKHQ ILOOHG ZLWK D VHGLPHQW µEHG¶� WKH XSSHU SDUW

ZLWK ZDWHU� $Q RVFLOODWLQJ JULG RVFLOODWHV XS DQG GRZQ LQ WKH ZDWHU LQ WKH XSSHU SDUW RI WKH 6KDNHU DQG

FUHDWHV WXUEXOHQFH� 7KH WXUEXOHQFH JHQHUDWHG� DQG WKHUHIRUH WKH DPRXQW RI VHGLPHQW UHVXVSHQGHG� LV D

IXQFWLRQ RI WKH VSHHG DW ZKLFK WKH JULG LQ WKH 6KDNHU RVFLOODWHV� 7KH VKDNHU DSSDUDWXV LV FDOLEUDWHG WR

ODERUDWRU\ DQQXODU IOXPH H[SHULPHQWV XVLQJ WKH FRQFHSW RI µHTXLYDOHQW VKHDU VWUHVV¶� 7KH SUHPLVH LV WKDW

ZKHQ WKH IOXPH DQG WKH VKDNHU SURGXFH WKH VDPH FRQFHQWUDWLRQV XQGHU WKH VDPH HQYLURQPHQWDO FRQGLWLRQV�

WKH VKHDU VWUHVVHV QHHGHG WR SURGXFH WKHVH FRQFHQWUDWLRQV DUH HTXLYDOHQW� 6KDNHU VWXGLHV KDYH EHHQ

FRQGXFWHG LQ DW OHDVW WZHOYH GLIIHUHQW DTXDWLF V\VWHPV DQG WKH UHVXOWV REWDLQHG IURP WKHVH VWXGLHV KDYH EHHQ

XVHG LQ D QXPEHU RI PRGHOOLQJ HIIRUWV �VHH DQQH[ ���� >+\GUR4XDO� ����@� 7KH VKDNHU VWXGLHV LQGLFDWH WKH

SUHVHQFH RI D VR�FDOOHG UHVXVSHQVLRQ SRWHQWLDO� WKH FRQFHSW WKDW DW D FHUWDLQ VKHDU VWUHVV RQO\ D ILQLWH DPRXQW

RI VHGLPHQW FDQ UHVXVSHQG�

$���$� 1�����"�

³6HGIOXPH LV HVVHQWLDOO\ D VWUDLJKW IOXPH WKDW KDV D WHVW VHFWLRQ ZLWK DQ RSHQ ERWWRP WKURXJK ZKLFK D FRULQJ

WXEH FRQWDLQLQJ VHGLPHQW FDQ EH LQVHUWHG� 7KH FRULQJ WXEH KDV D UHFWDQJXODU FURVV�VHFWLRQ� �� FP E\ �� FP�

DQG LV JHQHUDOO\ �� WR ��� FP LQ OHQJWK �VHH DQQH[ ����� $V WKH VHGLPHQW DW WKH ZDWHU�LQWHUIDFH LV HURGHG E\

WKH IORZ WKURXJK WKH WHVW VHFWLRQ� WKH VHGLPHQWV LQ WKH FRULQJ WXEH DUH PRYHG XSZDUGV E\ WKH RSHUDWRU E\

PHDQV RI D SLVWRQ DQG D MDFN LQVLGH WKH FRULQJ WXEH� 7KLV LV GRQH DW VXFK D UDWH WKDW WKH VHGLPHQW ZDWHU�

LQWHUIDFH LV DW WKH VDPH OHYHO ZLWK WKH ERWWRP RI WKH WHVW DQG LQOHW VHFWLRQV DW DOO WLPHV� 7KH VKHDU VWUHVV DW WKH

VHGLPHQW�ZDWHU LQWHUIDFH LV D NQRZQ IXQFWLRQ RI WKH IORZ UDWH DQG FDQ EH YDULHG E\ FKDQJLQJ WKH IORZ UDWH�

+LJK VKHDU VWUHVVHV� XS WR �� 3D� FDQ EH DSSOLHG� ,Q WKLV PDQQHU� HURVLRQ UDWHV FDQ EH PHDVXUHG DV D IXQFWLRQ

RI GHSWK LQ WKH VHGLPHQWV ZLWK VKHDU VWUHVV DV D SDUDPHWHU� )RU ODERUDWRU\ WHVWV� VHGLPHQWV DUH SRXUHG LQWR

WKH FRUH DQG WKHQ DOORZHG WR FRQVROLGDWH IRU YDULRXV SHULRGV RI WLPH EHIRUH HURVLRQ WHVWV DUH LQLWLDWHG� ,Q

ILHOG WHVWV� UHODWLYHO\ XQGLVWXUEHG VHGLPHQW FRUHV FDQ EH REWDLQHG E\ PHDQV RI D GLYHU RU E\ PHDQV RI D ORQJ

SROH IURP D VKLS� 7HVWV DUH LQLWLDWHG DOPRVW LPPHGLDWHO\ DIWHU WKH FRUHV DUH WDNHQ� )RU GHWDLOV RI WKH

DSSDUDWXV� WHVW SURFHGXUH� RU SURFHGXUHV IRU REWDLQLQJ FRUHV� VHH �0F1HLO HW DO�������´ >-RQHV HW DO�� ����@

%�!� .��	������$�	

'HVSLWH WKH ODUJH DPRXQW RI �H[SHULPHQWDO� UHVHDUFK LQ WKH ILHOG RI FRKHVLYH VHGLPHQWV� QR XQLYHUVDO HURVLRQ

IRUPXOD �IUDPHZRUN� LV NQRZQ \HW� 7KHUH LV JHQHUDO DJUHHPHQW KRZHYHU WKDW WKH EHG VKHDU VWUHVV FDXVHG E\

ZDYHV DQG FXUUHQWV LV WKH JHQHUDO IDFWRU FDXVLQJ HURVLRQ� 0RUHRYHU� WKUHH PDLQ PRGHV RI HURVLRQ KDYH EHHQ

GLVFHUQHG� $ GLVWLQFWLRQ KDV EHHQ PDGH EHWZHHQ VXUIDFH HURVLRQ �L�H� UHVXVSHQVLRQ�� PDVV HURVLRQ DQG UH�

HQWUDLQPHQW >0HKWD� ����@�

³7KH GHSRVLWLRQ RI FOD\ FDQ EH FRQVLGHUHG DV WKH WUDQVLWLRQ IURP D GLOXWH VXVSHQVLRQ WR D KLJK

FRQFHQWUDWHG PXG VXVSHQVLRQ �+&06� ZLWK 1HZWRQLDQ EHKDYLRXU DQG LQFUHDVHG YLVFRVLW\ �ILJXUH ����� 'XH

WR WKH VHOI�ZHLJKW RI D +&06�OD\HU� ZDWHU PD\ EH H[SHOOHG LI WKH IORZ FRQGLWLRQV ZLWKLQ WKH +&06 OD\HU

DUH VXIILFLHQWO\ FDOP� $W OHVV FDOP FRQGLWLRQV KRZHYHU WKH VHGLPHQW FDQ PRYH WR WKH GLOXWH VXVSHQVLRQ DJDLQ

E\ UH�HQWUDLQPHQW� 7KH +&06�OD\HU ZLOO FRPSDFW XQWLO WKH JHOOLQJ SRLQW LV UHDFKHG DW ZKLFK D YROXPH�

ILOOLQJ QHWZRUN LV IRUPHG� DQG HIIHFWLYH VWUHVVHV VWDUW WR GHYHORS� 7KH OD\HU FRQVROLGDWHV DQG FRQFXUUHQWO\

GHYHORSV VWUHQJWK� $OWKRXJK EHLQJ YHU\ VRIW DQG IOXLGOLNH� WKH EHKDYLRXU RI WKH FRQVROLGDWLQJ OD\HUV FKDQJHG

IURP 1HZWRQLDQ WR QRQ�1HZWRQLDQ� :LWK WKH SDVVDJH RI WLPH WKH FRQVROLGDWLQJ �VRIW� EHG WXUQV LQWR D VWLII�
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VHWWOHG EHG� %RWK EHGV PD\ EH HURGHG LI WKH EHG VKHDU VWUHVVHV DUH VXIILFLHQWO\ KLJK� VR WKDW WKH FRKHVLYH

VHGLPHQW LV UHVXVSHQGHG�´ >0HUFNHOEDFK ����@

6XVSHQVLRQ LQ +RUL]RQWDO 7UDQVSRUW
! !

'HSRVLWLRQ 5H�HQWUDLQPHQW 5HVXVSHQVLRQ 5HVXVSHQVLRQ

+LJK &RQFHQWUDWHG 0XG 6XVSHQVLRQ

+&06 ! &RQVROLGDWLQJ 0XG
%HG

&0% ! 6HWWOHG %HG

)LJXUH ���� 3K\VLFDO VWDWHV DQG SURFHVVHV JRYHUQLQJ HVWXDULQH FRKHVLYH VHGLPHQW WUDQVSRUW �DIWHU 0HKWD� �����

³:KHQ WKH EHG VKHDU VWUHVV EHFRPHV ODUJH� RU ZKHQ UDSLGO\ DFFHOHUDWLQJ IORZV RFFXU� WKH FRQVROLGDWLQJ

VHWWOHG EHG PD\ IDLO DW VRPH SODQH EHORZ WKH VXUIDFH DQG FOXPSV RI PDWHULDO DUH PDVV HURGHG� 0DVV HURVLRQ

LV GRPLQDQW LQ DUHDV RI VWURQJ WLGDO FXUUHQWV DQG DOVR XQGHU VWRUP�JHQHUDWHG IORZV�´ >0HKWD� ����@ 7KLV W\SH

RI HURVLRQ LV VWURQJO\ JRYHUQHG E\ WKH LQWHUQDO SUHVVXUH IOXFWXDWLRQV LQ WKH EHG� DQG OHVV E\ WKH EHG VKHDU

VWUHVVHV >'H :LW� ����@� 7KLV HURVLRQ W\SH ZLOO QRW EH GHDOW ZLWK LQ WKLV WKHVLV� DV DUJXHG LQ FKDSWHU ��

,Q WKH PDVV DQG VXUIDFH HURVLRQ PRGH� WKH VLWH�VSHFLILF VHGLPHQW FKDUDFWHULVWLFV� DV ZHOO DV WKH PDQQHU

LQ ZKLFK D GHSRVLW LV IRUPHG� FRQWURO WKH UHVLVWDQFH WR HURVLRQ� :KHQ UH�HQWUDLQPHQW RFFXUV KRZHYHU� WKH

HURVLRQ LV QRW OLPLWHG E\ WKH VHGLPHQW SURSHUWLHV� 7KH FDUU\LQJ FDSDFLW\ RI WKH IOXLG LV WKH RQO\ OLPLWLQJ

IDFWRU LQ WKH HURVLRQ SURFHVV� 7KLV W\SH RI HURVLRQ GRPLQDWHV LQ YHU\ VRIW VHGLPHQWV� JHQHUDOO\ UHIHUUHG WR DV

IOXLG PXG� 7KH SUHVHQFH RI IOXLG PXG FDQ H[SODLQ WKH ODUJH �E� IDFWRU EHWZHHQ WKH FRQFHQWUDWLRQV LQ ZDWHU

FROXPQ DQG WKH FRQFHQWUDWLRQV QHDU WKH EHG DV PHQWLRQHG LQ WKH REVHUYDWLRQV DERYH� (QWUDLQPHQW PRGHOV

KDYH EHHQ GHYHORSHG WKDW FDOFXODWH WKH HQWUDLQPHQW RI D IOXLG PXG OD\HU E\ PHDQV RI D WXUEXOHQW NLQHWLF

HQHUJ\ EDODQFH >:LQWHUZHUS� ����@� +H SUHGLFWV WKDW D �� FP WKLFN IOXLG PXG OD\HU ZLWK D FRQFHQWUDWLRQ RI

��� WR ��� NJ�P
�
ZLOO EH HURGHG ZLWKLQ RQH KRXU� &RQVHTXHQWO\ ZH FDQ FRQFOXGH WKDW HQWUDLQPHQW LV D

SURFHVV ZLWK YHU\ VKRUW WLPH VFDOHV� 7KDW PHDQV WKDW HQWUDLQPHQW PRGHOV DUH QRW RI SDUWLFXODU LQWHUHVW IRU

PRGHOOLQJ VHDVRQDO YDULDWLRQV� %XW HQWUDLQPHQW GRHV KDSSHQ HYHU\ WLGDO F\FOH� VR LW FDQQRW EH GLVFDUGHG� $

YHU\ VLPSOH HQWUDLQPHQW RU HURVLRQ IRUPXODWLRQ IRU KLJK FRQFHQWUDWHG PXG VXVSHQVLRQV ZLOO EH XVHG LQ WKH

��'9 ZDWHUEHG PRGHO� ,Q FKDSWHU � WKLV FKRLFH ZLOO EH HODERUDWHG RQ� 7KH HURVLRQ PRGHO WKDW ZLOO EH

VHDUFKHG LQ WKH UHPDLQLQJ SDUW RI WKLV FKDSWHU VKRXOG SURYLGH IRUPXODWLRQV IRU WKH VXUIDFH HURVLRQ�

6XUIDFH HURVLRQ �UHVXVSHQVLRQ� W\SLFDOO\ RFFXUV DW ORZ WR PRGHUDWH YDOXHV RI WKH H[FHVV VKHDU VWUHVV DQG

LV SUHYDOHQW LQ HVWXDULHV VXEMHFW WR FXUUHQWV RI ORZ WR PRGHUDWH VWUHQJWK� 7KHUH DUH WZR W\SHV RI VXUIDFH

HURVLRQ� ³/DERUDWRU\ H[SHULPHQWV �3DUFKXUH DQG 0HKWD� ����� 7VDL DQG /LFN� ����� *UDKDP HW DO�� �����

DQG ILHOG VWXGLHV �+DZOH\� ����� $PRV HW DO�� ����� KDYH UHYHDOHG WKDW RQO\ D ILQLWH DPRXQW RI VHGLPHQW FDQ

EH UHVXVSHQGHG IURP D FRKHVLYH EHG H[SRVHG WR D FRQVWDQW VKHDU VWUHVV DV D UHVXOW RI DUPRXULQJ

�FRQVROLGDWLRQ�� 7KH DPRXQW RI ILQH�JUDLQHG VHGLPHQW UHVXVSHQGHG IURP D FRKHVLYH VHGLPHQW EHG LV JLYHQ E\

�*DLODQL HW DO�� ����� WKH HURVLRQ SRWHQWLDO H�´ >+\GUR4XDO� ����@ �VHH DQQH[ ����� 7KLV EHKDYLRXU LV

FKDUDFWHULVWLF RI HURVLRQ W\SH , ZKHUH WKH HURVLRQ LV OLPLWHG ZLWK UHVSHFW WR WKH HURGHG GHSWK� ,Q HURVLRQ W\SH

, WKH VWUHQJWK RI WKH EHG LQFUHDVHV ZLWK GHSWK� $IWHU VRPH HURVLRQ KDV RFFXUUHG� WKH UHVLVWDQFH WR HURVLRQ RI

WKH XSSHU H[SRVHG OD\HU EHFRPHV WRR ODUJH� $FFRUGLQJO\ WKH HURVLRQ UHGXFHV GUDPDWLFDOO\ RU PLJKW HYHQ

VWRS� $OWHUQDWLYHO\� WKH HURVLRQ FDQ EH XQOLPLWHG ZLWK UHVSHFW WR WKH HURGHG GHSWK �W\SH ,,��

6DQIRUG HW DO� >����@ KDYH VKRZQ WKDW WKH GLIIHUHQFH EHWZHHQ HURVLRQ W\SHV , DQG ,, LV UHODWHG ERWK WR WKH

WLPH UDWH RI FKDQJH RI WKH IRUFLQJ �EHG VKHDU VWUHVV� DQG WR WKH GHSWK UDWH RI FKDQJH RI D UHVLVWDQFH �WKH
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FULWLFDO VKHDU VWUHVV�� 7KH HURVLRQ LV D EDODQFH EHWZHHQ LQFUHPHQWDO LQFUHDVHV LQ ERWWRP VKHDU VWUHVV DQG

LQFUHPHQWDO LQFUHDVHV LQ WKH UHVLVWDQFH WR HURVLRQ� +HQFH WKH VDPH EHG FDQ H[KLELW W\SH , HURVLRQ� W\SH ,,

HURVLRQ RU VRPHWKLQJ LQ EHWZHHQ� ,I WKH LQWHUYDO RYHU ZKLFK HDFK VXFFHVVLYH VKHDU VWUHVV LV DSSOLHG LV VKRUW

FRPSDUHG WR WKH VHGLPHQW GHSOHWLRQ WLPH VFDOH RI WKH EHG� WKH HURVLRQ ZLOO DSSHDU WR EH W\SH ,� ,I WKH LQWHUYDO

LV ORQJ� WKH HURVLRQ ZLOO DSSHDU WR EH W\SH ,,� $FFRUGLQJO\� VXUIDFH HURVLRQ W\SH LV QRW D SK\VLFDO SURSHUW\�

EXW DQ DSSDUHQW EHKDYLRXU GXH WR PRUH IXQGDPHQWDO SK\VLFV EHKLQG WKH HURVLRQ SURFHVV� 7KLV LQVLJKW LV D

ILUVW VWHS WR D XQLILHG HURVLRQ WKHRU\�

$ IHZ H[DPSOHV RI WKH HURVLRQ W\SHV , DQG ,, ZLOO EH JLYHQ� 6DQIRUG HW DO� >����@ SUHGLFW WKDW XQGHU WLGDO

IRUFLQJ� ZKLFK LV D VORZ FKDQJH RI WKH EHG VKHDU VWUHVV� WKH HURVLRQ LV RI W\SH , DQG WKH HURVLRQ UDWH LV

PD[LPDO DW WKH PD[LPDO DFFHOHUDWLRQ RI WKH WLGH� UDWKHU WKDQ GXULQJ WKH PD[LPDO VKHDU VWUHVVHV� 7KLV LV LQ

DFFRUGDQFH ZLWK WKH REVHUYDWLRQV PHQWLRQHG LQ VHFWLRQ ������ 8QGHU D ZDYH IRUFLQJ� ZKLFK LV D IDVW FKDQJH

RI WKH VKHDU VWUHVV� WKH HURVLRQ LV RI W\SH ,, DQG WKH HURVLRQ UDWH LV PD[LPDO DW WKH SHDN RI WKH VKHDU VWUHVVHV�

,Q WKH DQQXODU IOXPH H[SHULPHQW RI .XLMSHU >����@� ZKHUH VXFFHVVLYH VWHSZLVH LQFUHPHQWV LQ WKH EHG VKHDU

VWUHVV ZHUH DSSOLHG� WKH LQ�EHWZHHQ EHKDYLRXU LV VKRZQ �VHH FKDSWHU ��� 7KH HURVLRQ UDWH LV UHGXFLQJ IRU D

FHUWDLQ SHULRG RI WLPH �RUGHU � KRXU�� DQG WKHQ EHFRPHV FRQVWDQW ZLWK D ORZ UDWH� ,W WHQGV WR D VWUDLJKW OLQH�

WR D FRQVWDQW HURVLRQ UDWH� 7KLV VXJJHVWV HTXLOLEULXP EHWZHHQ HQWUDLQPHQW DQG VRIWHQLQJ RI WKH EHG�

%�%� �	������	��������
	

7KH WZR HURVLRQ PRGHV DYDLODEOH IRU VXUIDFH HURVLRQ� W\SH , DQG W\SH ,,� RIWHQ DUH PRGHOOHG ZLWK GLIIHUHQW�

IUHTXHQWO\ LQFRPSDWLEOH IRUPXODWLRQV� )RU UHODWLYHO\ GHQVH� FRQVROLGDWHG EHGV �ZDWHU RU PRLVWXUH FRQWHQW

ZHOO EHORZ ����� ZLWK XQLIRUP SURSHUWLHV D ZLGHO\ XVHG IRUPXODWLRQ LV WKH �DGDSWHG� $ULDWKXUDL�

3DUWKHQLDGHV HURVLRQ IRUPXODWLRQ�
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ZKHUH ( LV WKH PDVV HURVLRQ IOX[ >NJ�P
�
�V@� 0 LV DQ HURVLRQ FRHIILFLHQW >NJ�P

�
�V@� W E LV WKH EHG VKHDU VWUHVV�

W FU LV WKH FULWLFDO VKHDU VWUHQJWK� Q LV DQ H[SRQHQW RIWHQ VHW WR � DQG + LV WKH +HDYLVLGH VWHS IXQFWLRQ
�
� 7KLV

IRUPXOD VD\V WKDW WKH HURVLRQ GRHV QRW VWDUW XQWLO WKH FULWLFDO YDOXH W FU RI WKH EHG VKHDU VWUHVV LV H[FHHGHG�

:KHQ WKLV WKUHVKROG LV H[FHHGHG� WKH HURVLRQ UDWH LQFUHDVHV OLQHDUO\ ZLWK WKH VKHDU VWUHVV VXUSOXV W E � W FU �

7KH HURVLRQ SDUDPHWHU 0 KDV WR EH GHWHUPLQHG HPSLULFDOO\� ,WV YDOXHV UDQJH IURP ��
��
WR ��

��
>NJ�P

�
�V@

>:LQWHUZHUS� ����@� $QRWKHU FRPPRQO\ XVHG IRUPXODWLRQ LV DQ H[SRQHQWLDO IRUP� 7KLV HTXDWLRQ GHVFULEHV

WKH QHW HURVLRQ RI VRIW �ZDWHU FRQWHQW ZHOO DERYH ����
�
� SDUWLDOO\ FRQVROLGDWHG EHGV�

� �I E FU E FU� � � �� � � � � �
E

��� � �	 
 � � �����

ZKHUH HI LV WKH IORF HURVLRQ UDWH DQG D DQG E DUH HPSLULFDO FRHIILFLHQWV >0HKWD� ����@�

:LWK FRQVWDQW SDUDPHWHUV� WKH DERYH HTXDWLRQV GHVFULEH HURVLRQ RI W\SH ,,� :KHQ WKH SDUDPHWHUV DUH

YDULDEOH ZLWK GHSWK RU ZKHQ WKH HURVLRQ LV VHW WR ]HUR ZKHQ D FHUWDLQ DPRXQW RI PDWHULDO KDV EHHQ HURGHG

�DIWHU WKH FOHDQ EHG DVVXPSWLRQ�� WKH HTXDWLRQV FDQ EH XVHG WR PRGHO W\SH ,� 9DQ .HVWHUHQ >����@ GHYHORSHG

D PRGHO WKDW JLYHV WKH HURVLRQ UDWH LQ FDVH RI DQ HTXLOLEULXP EHWZHHQ HQWUDLQPHQW DQG VRIWHQLQJ RI WKH EHG�

,W LQFOXGHV WKH WLPH VFDOH RI WKH VZHOOLQJ RI WKH EHG� WKDW LV RQH RI WKH WZR GRPLQDQW WLPH VFDOHV DFFRUGLQJ WR

6DQIRUG HW DO� >����@� �7KH RWKHU LPSRUWDQW WLPH VFDOH LV WKH WLPH VFDOH RI WKH IRUFLQJ�� 7KH PRGHO RI 9DQ

.HVWHUHQ GHVFULEHV WKH VXUIDFH HURVLRQ W\SH LQ EHWZHHQ W\SH , DQG W\SH ,, EHKDYLRXU DQG LV YDOLG IRU D

KRPRJHQRXV PXG OD\HU ZLWK XQLIRUP GHQVLW\ RQO\�

� � �
�

�
� � � �

�

��
� �

� �
�
7KH ZDWHU FRQWHQW LV GHILQHG E\ WKH ZHLJKW RI WKH ZDWHU GLYLGHG E\ ZHLJKW RI VRLO LQ D VRLO HOHPHQW >/DPEH HW DO�� ����@
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ZKHUH UG LV WKH GU\ EHG GHQVLW\� FY LV WKH FRQVROLGDWLRQ FRHIILFLHQW IURP WKH *LEVRQ HTXDWLRQ RI

FRQVROLGDWLRQ� HFU WKH FULWLFDO ZDWHU FRQWHQW RI WKH VHGLPHQW DW ZKLFK LW FDQ EH HQWUDLQHG� G�� LV WKH

PHGLDQ IORF VL]H DW GHSRVLWLRQ DQG W\ LV WKH DFWXDO XQGUDLQHG \LHOG VWUHQJWK� 7KLV HTXDWLRQ ORRNV OLNH

HTXDWLRQ ���� 7KH HURVLRQ UDWH FRHIILFLHQW 0 LV QRW FRQVWDQW� EXW LV D IXQFWLRQ RI GHSWK EHFDXVH W\ LV D

IXQFWLRQ RI GHSWK�

7KLV H[SUHVVLRQ LV EDVHG RQ D IHZ VLPSOH SK\VLFDO REVHUYDWLRQV� )LUVW WKH SURJUHVVLRQ [ RI D VZHOOLQJ

IURQW LQ WKH EHG LQ P�V FDQ EH GHVFULEHG E\� � 	Y� � RQ WKH EDVLV RI D VLPSOLILFDWLRQ RI WKH

FRQVROLGDWLRQ HTXDWLRQ� 7KLV OHDGV WR D GRZQZDUG FHOHULW\ RI WKH VZHOOLQJ IURQW RI

G[ GW F [ F [Y Y |S � � 7KH HURVLRQ UDWH LV OLPLWHG E\ WKH SURJUHVVLRQ RI WKLV VZHOOLQJ IURQW� EHFDXVH

RQO\ DJJUHJDWHV LQ WKH GLODWHG ]RQH RI WKH EHG DERYH WKH VZHOOLQJ IURQW FDQ EH HURGHG� 0RUHRYHU WKLV

UHODWLRQ LV RQO\ YDOLG ZKHQ WKH VZHOOLQJ IURQW KDV WKH WLPH WR SHQHWUDWH LQWR WKH EHG� ,Q WKH SHULRG RI RQH

ZDYH IRU LQVWDQFH� WKLV LV QRW WKH FDVH� 6HFRQG� WKH HURGDEOH GHSWK ZLOO EH FRQVWUDLQHG E\ WKH DJJUHJDWH

VL]H� 7KH HURGDEOH GHSWK LV DW OHDVW �� WLPHV WKH PHGLDQ DJJUHJDWH VL]H SOXV LQWHUPHGLDWH ZDWHU LQ RUGHU

WR DSSO\ D FRQWLQXXP DSSURDFK� '] G HFU �� �� � $QG WKLUG� WKH HURGDEOH SDUW RI WKH EHG DERYH WKH

VZHOOLQJ IURQW FDQ GHVFULEHG E\ WKH OLQHDU UHODWLRQVKLS �
 � E FU \ FU� � �� � � �� � � � � )RU GHWDLOV VHH
>9DQ .HVWHUHQ� ����@

:KHQ ZH SHUIRUP D UHGXFWLR DG DEVXUGXP IRU WKH HTXDWLRQV ��� DQG ��� � ZH VHH WKDW WKH HURVLRQ UDWH

FRQWLQXHV WR LQFUHDVH LI WKH EHG VKHDU VWUHVVHV LQFUHDVH� 2EYLRXVO\ WKLV FDQQRW EH WUXH� 7KH IROORZLQJ UHDVRQV

DFFRXQW IRU WKLV� 7KH OLPLWHG SHUPHDELOLW\ RI WKH VHGLPHQW GRHV QRW DOORZ WKH PDWHULDO WR EH WDNHQ DZD\ DW

DQ\ ODUJH UDWH� :KHQ D SDUW RI WKH EHG HURGHV� WKH UHPDLQLQJ EHG ZLOO VZHOO GXH WR WKH UHGXFWLRQ RI WKH ORDG�

7KH VZHOOLQJ IURQW RI WKH SODQH ZKHUH WKH HIIHFWLYH VWUHVVHV DUH ]HUR� KDV D ILQLWH VSHHG RI SHQHWUDWLQJ LQWR

WKH EHG� $V ORQJ DV WKH H[FHVV SRUH SUHVVXUHV GXH WR WKH HURVLRQ KDYH QRW GLVVLSDWHG \HW� WKH VHGLPHQWV ZLOO

EH H[SRVHG WR QHJDWLYH H[FHVV SRUH SUHVVXUHV� WKH VHGLPHQW ZLOO EH VXFNHG �RQ�WR WKH EHG� 7KLV ZLOO UHVXOW LQ

DQ HURVLRQ UDWH LQFUHDVLQJO\ VPDOOHU ZLWK LQFUHDVLQJ EHG VKHDU VWUHVV� 0RUHRYHU� WKH HQWUDLQPHQW UDWH RI WKH

IOXLG LV OLPLWHG� $QG WKLUG� DQRWKHU HURVLRQ PRGH ZLOO RFFXU ZKHQ WKH VKHDU VWUHVVHV EHFRPH WRR ODUJH� PDVV

HURVLRQ� 0DVV HURVLRQ FDQ EH GHVFULEHG DSSUR[LPDWHO\ E\ DQ H[SUHVVLRQ RI WKH IRUP RI HTXDWLRQ ��� �EXW

ZLWK RWKHU FRHIILFLHQWV�� 0DVV HURVLRQ IDOOV EH\RQG WKH VFRSH RI WKLV VWXG\�

³$OO JHQHUDO HURVLRQ IRUPXODWLRQV DERYH KDYH SDUDPHWHUV WKDW W\SLFDOO\ DUH VHW HPSLULFDOO\� WKURXJK

ODERUDWRU\ HURVLRQ WHVWV� LQ VLWX WHVWV RU ODUJH VFDOH REVHUYDWLRQDO GDWD� +RZHYHU� LQWHUSUHWDWLRQ RI WKH GDWD LV

RIWHQ DW OHDVW SDUWLDOO\ VXEMHFWLYH� DQG IUHTXHQWO\ WKH UHVXOWV DUH VSHFLILF WR D SK\VLFDO FRQILJXUDWLRQ DQG WLPH

KLVWRU\ RI WKH SURFHGXUH XVHG� )RU H[DPSOH� VRPH UHVHDUFKHV GHILQH W FU DV WKH VWUHVV DW ZKLFK �WKH VOLJKWHVW�

LQLWLDWLRQ RI PRWLRQ ILUVW RFFXUV� VRPH GHILQH LW DV WKH VWUHVV DW ZKLFK VLJQLILFDQW HURVLRQ ILUVW RFFXUV �D

VSHFLILF HURVLRQ UDWH GHILQHG LQ DGYDQFH�� VRPH GHILQH LW E\ H[WUDSRODWLQJ HURVLRQ UDWH YV� VWUHVV GDWD EDFN WR

]HUR HURVLRQ DQG VRPH GHILQH DQ HQWLUH GHSWK VHTXHQFH RI LQFUHDVLQJ FULWLFDO VWUHVVHV�

6LPLODUO\� WKH HURVLRQ 0 RU IORF HURVLRQ UDWH HI DW D JLYHQ DSSOLHG VKHDU VWUHVV FDQ EH GHILQHG LQ PDQ\

ZD\V� 6RPH GHILQH LW DV WKH LQLWLDO HURVLRQ UDWH DIWHU DSSOLFDWLRQ RI D QHZ VWUHVV� RWKHUV DV WKH HURVLRQ UDWH

DIWHU VRPH LQLWLDO UHVSRQVH SHULRG KDV SDVVHG� DQG RWKHUV DV WKH DYHUDJH HURVLRQ UDWH GXULQJ WKH SHULRG RI

DSSOLFDWLRQ� 7KHVH GLIIHUHQFHV FDQ OHDG WR VLJQLILFDQW GLIIHUHQFHV EHWZHHQ GHULYHG SDUDPHWHUV� HYHQ ZKHQ

WHVWV DUH SHUIRUPHG ZLWK WKH VDPH VHGLPHQWV�´>6DQIRUG HW DO�� ����@�

7KH ODFN RI FRQVHQVXV RQ D EDVLF PDWKHPDWLFDO GHVFULSWLRQ� DQG RQ WKH ZD\ WR REWDLQ WKH HPSLULFDO

SDUDPHWHUV� EHWUD\V D ODFN RI XQGHUVWDQGLQJ RI WKH XQGHUO\LQJ SK\VLFV� 1RW ZLWK VWDQGLQJ WKHVH

VKRUWFRPLQJV� FDQ WKHVH PRGHOV EH XVHG LQ HQJLQHHULQJ SUDFWLVH" 7KLV ZLOO EH GHDOW ZLWK LQ WKH QH[W VHFWLRQ�
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:KHQ XVLQJ WKH EDVLF HURVLRQ PRGHOV� DV PHQWLRQHG LQ WKH SUHYLRXV VHFWLRQ� LW LV GLIILFXOW WR VLPXODWH

VHDVRQDO YDULDWLRQV� :KHQ D FRQVWDQW HURVLRQ FRHIILFLHQW DQG D FRQVWDQW FULWLFDO VKHDU VWUHVV DUH XVHG� WKH

SRWHQWLDO UHVXVSHQVLRQ LV XQOLPLWHG� DQG ZLWK FRPPRQ FRHIILFLHQWV DOVR SUHWW\ IDVW DV VRRQ DV WKH FULWLFDO

VKHDU VWUHVV LV H[FHHGHG� 8VLQJ WKH µFOHDQ ERWWRP DVVXPSWLRQ¶ PD\ VROYH WKLV� 7KH ZDWHUEHG LQ VXFK D PRGHO

VWDUWV DV D µURFN¶ ERWWRP� 1R HURVLRQ LV SRVVLEOH DW WKH VWDUW RI D VLPXODWLRQ� ,Q WKH FRXUVH RI WLPH� VXVSHQGHG

VHGLPHQW IURP WKH ZDWHU FROXPQ FDQ VHWWOH RQ WRS RI WKLV URFN EHG� 7KLV GHSRVLWHG OD\HU RI HURGDEOH PDWHULDO

LV DYDLODEOH IRU HURVLRQ� ,I LQ DQ DUHD WKH FULWLFDO VKHDU VWUHVV LV H[FHHGHG KRZHYHU� DOO WKH DYDLODEOH PDWHULDO

LQ WKLV DUHD LV DOPRVW LPPHGLDWHO\ HURGHG� :KHQ IRU LQVWDQFH LQ WKHVH FOHDQ ERWWRP DUHDV PDWHULDO LV

GHSRVLWHG GXULQJ VODFN WLGH� DOO RI WKLV PDWHULDO PD\ LPPHGLDWHO\ EH WDNHQ DZD\ LQ RWKHU SKDVHV RI WKH WLGH�

+HQFH WKH PRGHO UHVXOWV VKRZ RQO\ VSDWLDOO\ QHW VHGLPHQWDWLRQ DUHDV DQG FOHDQ ERWWRP DUHDV� ,I WKH GRPLQDQW

IRUFHV UHVSRQVLEOH IRU HURVLRQ LQFUHDVH �WKH QHDS WLGH EHFRPHV VSULQJ WLGH RU WKH ZHDWKHU EHFRPHV PRUH

ZLQG\� WKLV UHVXOWV LQ D VOLJKW LQFUHDVH RI WKH DUHDV ZLWK UHVXVSHQVLRQ� 7KH LQVWDQWDQHRXV UHVXVSHQVLRQ FDQ

EH WHPSHUHG E\ XVLQJ YHU\ VPDOO FRHIILFLHQWV �FRPSDUHG WR OLWHUDWXUH�� %HLQJ WKH RQO\ UHPHG\� WKLV LV

JHQHUDOO\ GRQH LQ VHDVRQDO PRGHOV�

,Q UHDOLW\� LQ PDQ\ DUHDV WKHUH LV DQ HTXLOLEULXP EHWZHHQ VHGLPHQWDWLRQ DQG UHVXVSHQVLRQ� 2QO\ SDUW RI

WKH DYDLODEOH VHGLPHQW HURGHV ZKHQ WKH VKHDU VWUHVV H[FHHGV WKH FULWLFDO VKHDU VWUHVV� 7KHVH HTXLOLEULXP

DUHDV ZLOO VKRZ VRPH QHW VHGLPHQWDWLRQ RQ QHDS WLGHV DQG LQ TXLHW VXPPHU FRQGLWLRQV DQG VRPH QHW

UHVXVSHQVLRQ RQ VSULQJ WLGHV DQG LQ PRUH VWRUP\ ZLQWHU FRQGLWLRQV� (YHQ ZKHQ YHU\ KLJK VKHDU VWUHVVHV DFW

RQ WKHVH EHGV� QRW DOO VHGLPHQW ZLOO EH UHVXVSHQGHG LQVWDQWDQHRXVO\� 7KH GHHSHU PDWHULDO PLJKW QRW EH

VXEMHFW WR HURVLRQ LPPHGLDWHO\� +RZHYHU� ZKHQ WKLV PDWHULDO OLHV RQ WRS IRU D ZKLOH� LW ZLOO VZHOO DQG

HYHQWXDOO\ EHFRPHV DYDLODEOH WR HURVLRQ� 7KLV VHFRQGDU\ HURVLRQ UDWH LV PXFK VPDOOHU WKDQ WKH LQLWLDO HURVLRQ

UDWH KRZHYHU� :KHQ WKH EDVLF PRGHOV DUH XVHG IRU WKHVH DUHDV� WKH HURVLRQ FDQQRW EH SUHGLFWHG DFFXUDWHO\�

7KH UHVXVSHQVLRQ ZLOO HLWKHU EH WRR KLJK� EHFDXVH WKH GHHSHU PDWHULDO LV WUHDWHG WKH VDPH ZD\ DV WKH PRUH

HURGDEOH \RXQJHU PDWHULDO� RU EH WRR ORZ EHFDXVH RQ D FOHDU ERWWRP QR VHFRQGDU\ HURVLRQ WDNHV SODFH� +HQFH

WKH DSSURDFK ZLWK FRQVWDQW SDUDPHWHUV VKRXOG EH UHSODFHG E\ DQ DSSURDFK ZLWK GHSWK YDU\LQJ SDUDPHWHUV�

:KHQ XVLQJ WKH EDVLF PRGHOV IRU ORQJ WHUP PRUSKRORJ\� WKH UHVXOWV FDQ EH UHDVRQDEOH� 7KH

PRUSKRORJLFDO EHKDYLRXU RI HVWXDULHV RIWHQ GHSHQGV RQ QRQ�FRKHVLYH DV ZHOO DV FRKHVLYH VHGLPHQWV� 9DQ

/HGGHQ >����@ FUHDWHG D PRGHO E\ VLPXOWDQHRXVO\ WDNLQJ LQWR DFFRXQW EHG OHYHO FKDQJHV GXH WR VDQG DQG

PXG WUDQVSRUW DQG E\ LQFOXGLQJ VSDWLDO DQG WHPSRUDO YDULDWLRQV RI WKH EHG FRPSRVLWLRQ� ,Q WKLV PRGHO� WKH

PXG UHVXVSHQVLRQ IRUPXODWLRQ LV WKH DGDSWHG 3DUWKHQLDGHV HURVLRQ HTXDWLRQ� 7KH PRGHO UHVXOWV IRU D SHULRG

RI VHYHUDO GHFDGHV VKRZ WZR SURSDJDWLQJ GHSRVLWLRQ ZDYHV IRU VDQG DQG PXG� UHVSHFWLYHO\� 7KH UHVXOWV DUH

FRPSDUHG TXDOLWDWLYHO\ ZLWK ILHOG GDWD IURP WKH 5KLQH�0HXVH HVWXDU\ LQ WKH 1HWKHUODQGV� DQ HVWXDU\ LQ

ZKLFK WKH WLGH LV VWURQJO\ UHGXFHG GXH WR KXPDQ LQWHUIHUHQFH� 7KH REVHUYDWLRQV VKRZ VLPLODU PRUSKRORJLFDO

FKDUDFWHULVWLFV� ZKLFK LQGLFDWHV WKDW WKH PRGHO LV D VWHS IRUZDUG RQ WKH ZD\ WR D EHWWHU XQGHUVWDQGLQJ RI WKH

PRUSKRORJLFDO EHKDYLRXU RI VDQG�PXG HVWXDULHV�

6XPPDULVLQJ� ,I RQH KDV D WLGDO DUHD ZLWK D EHG WKDW ODUJHO\ FRQVLVWV RI HURGDEOH PDWHULDO �H[FHSW IRU H�J�

VRPH VDQG\� JUDYHOO\ RU URFN\ FDQDOV ZLWK KLJK ZDWHU YHORFLWLHV�� WKHQ WKH RQO\ ZD\ DW SUHVHQW RI PRGHOOLQJ

VHDVRQDO YDULDWLRQV DQG HSLVRGLF HYHQWV LV WR DGMXVW WKH FRHIILFLHQWV LQ VXFK D ZD\ WKDW WKH QRQ�FDQDO ]RQHV

�DUHDV ZLWK ORZHVW YHORFLWLHV� DUH QHW VHGLPHQWDWLRQ DUHDV� )RU ZDWHU TXDOLW\ LVVXHV� WKH FXUUHQW IRUPXODWLRQV

DUH QRW VXIILFLHQW WR PRGHO WKH HIIHFWV RI HSLVRGLF HYHQWV DQG VHDVRQDO YDULDWLRQV� )RU RWKHU SXUSRVHV� H�J�

ORQJ WHUP PRUSKRORJ\� HSLVRGLF HYHQWV KDYH OHVV HIIHFW DQG WKH FXUUHQW HTXDWLRQV FDQ EH VXIILFLHQW�

7KHUHIRUH D QHZ PRGHOOLQJ DSSURDFK LV QHFHVVDU\ IRU ZDWHU TXDOLW\ SXUSRVHV�
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7KH XVH RI GHSWK YDU\LQJ SDUDPHWHUV FDQ EH LQWURGXFHG WR UHPHG\ WKH VKRUWFRPLQJV RI WKH EDVLF HURVLRQ

PRGHOV� 7KH EHG KDV WR EH GLVFUHWL]HG LQWR VHYHUDO OD\HUV� ZKHUH HDFK GHHSHU OD\HU KDV D ODUJHU UHVLVWDQFH

DJDLQVW HURVLRQ� 6XFK D PRGHO FDQ DFFRXQW IRU DQ HTXLOLEULXP EHG ZKHUH DOWHUQDWHO\ GHSRVLWLRQ DQG

UHVXVSHQVLRQ WDNHV SODFH� ZLWKRXW D FOHDQ ERWWRP LQ WKH SHULRG LQ EHWZHHQ� 'LIIHUHQW W\SHV RI OD\HUV DUH

SRVVLEOH� ZLWK DQ (XOHULDQ FRRUGLQDWH V\VWHP� ZLWK D /DJUDQJH FRRUGLQDWH V\VWHP DQG ZLWK D PDWHULDO

FRRUGLQDWH V\VWHP� VHH >*LEVRQ� ����@� 0RUHRYHU� WKH GHVFULSWLRQ RI WKH OD\HUV FDQ EH FRQWLQXRXV RU

GLVFUHWH�

([DPSOH �� $ OD\HUHG DSSURDFK LV XVHG LQ WKH EHG PRGHO RI 'HOIW�'�:$4� 7KH V\VWHP FRQVLVWV RI WZR IXOO\

PL[HG LQGHSHQGHQW OD\HUV �D PXOWLSOH OD\HU V\VWHP LV FXUUHQWO\ XQGHU FRQVWUXFWLRQ�� (DFK RI WKHVH OD\HUV

KDV WR EH DVVLJQHG D FULWLFDO VKHDU VWUHVV DQG DQ HURVLRQ UDWH FRHIILFLHQW E\ WKH XVHU� 0RUHRYHU� HDFK RI

WKHVH OD\HUV NHHSV WUDFN RI LWV RZQ FRPSRVLWLRQ RI WKH WKUHH SRVVLEOH VHGLPHQW IUDFWLRQV� 6HGLPHQW FDQ

PRYH IURP RQH OD\HU WR DQRWKHU GHSHQGLQJ RQ WKH WKLFNQHVV RI WKH OD\HUV� RQ WKH XVHU�GHILQHG LQWHU�OD\HU

IOX[HV DQG RQ WKH OD\HU PRGH� 7ZR PRGHV RI WKH OD\HU WKLFNQHVV DUH SRVVLEOH� ,I D IL[HG OD\HU WKLFNQHVV LV

FKRVHQ� OD\HU � LV DOZD\V H[SRVHG WR WKH ZDWHUEHG LQWHUIDFH �/DJUDQJH DSSURDFK�� $ VHGLPHQW IOX[ IURP

WKLV WRS OD\HU WR WKH ZDWHU FROXPQ LV HTXDO WR WKH VHGLPHQW IOX[ IURP WKH VHFRQG OD\HU WR WKH ILUVW OD\HU�

5HVXVSHQVLRQ LV RQO\ SRVVLEOH LI OD\HU � FRQWDLQV VHGLPHQW� ,I D YDULDEOH OD\HU WKLFNQHVV LV FKRVHQ� DQ\

OD\HU FDQ EH H[SRVHG WR WKH ZDWHU �(XOHULDQ DSSURDFK�� %\ GHILQLWLRQ WKHUH DUH QR IOX[HV EHWZHHQ WKH

OD\HUV� XQOHVV WKH XVHU VSHFLILHV IOX[HV� 5HVXVSHQVLRQ DQG GHSRVLWLRQ RFFXU DW WKH H[SRVHG OD\HU�

5HVXVSHQVLRQ LV WKHUHIRUH RQO\ SRVVLEOH LI DW OHDVW RQH RI WKH OD\HUV FRQWDLQV VHGLPHQW�

,Q ERWK PRGHV RI WKH OD\HU WKLFNQHVV� D WKLUG �QWK� GLJJLQJ OD\HU FDQ EH XVHG WR EXU\ VHGLPHQW IURP

WKH OD\HUV RXW RI WKH :$4�V\VWHP RU WR GLJ VHGLPHQW LQWR WKH :$4�V\VWHP� 7KLV WKLUG OD\HU LV QRW

PRGHOOHG� RQO\ WKH IOX[HV ZLWK WKH RWKHU OD\HUV DUH DUH PRGHOOHG� ,Q WKH FOHDU ERWWRP DVVXPSWLRQ� WKH

IOX[HV IURP WKHVH OD\HU XSZDUGV DUH ]HUR�

7KH PDMRU VKRUWFRPLQJ RI 'HOIW�'�:$4 DQG VLPLODU V\VWHPV LV RI FRXUVH WKDW WKH DVVLJQPHQW RI YDOXHV RI

WKH SDUDPHWHUV WR WKH OD\HUV LV UDWKHU VXEMHFWLYH� $ VROXWLRQ IRU WKLV ZRXOG EH WR PHDVXUH WKH HURGLELOLW\ RI

WKH VHGLPHQW �LQ WKH ILHOG� DQG XVH WKHVH GDWD LQ WKH PRGHO�

([DPSOH �� -RQHV DQG /LFN >����@ KDYH FUHDWHG D JHQHUDO PXOWLSOH OD\HU PRGHO� ,Q WKHLU PRGHO WKHUH DUH QR

VHGLPHQW IOX[HV EHWZHHQ WKHVH OD\HUV� 7KH\ FDQ GHILQH WKH HURVLRQ UDWH RI WKH YDULRXV OD\HUV

H[SHULPHQWDOO\ E\ PHDQV RI WKH QHZ H[SHULPHQWDO 6HGIOXPH LQVWUXPHQW DV GHVFULEHG LQ VHFWLRQ ������

7KH PHDVXUHPHQW UHVXOWV RI WKLV IDFLOLW\ FDQ EH LPSRUWHG LQWR WKH VRIWZDUH GLUHFWO\� 7KH SURSHUWLHV RI WKH

QXPHULFDO OD\HUV DUH DVVLJQHG DFFRUGLQJ WR WKH PHDVXUHPHQWV� 7KLV DSSURDFK LV YHU\ XVHIXO� DQG KDV

EHHQ VXFFHVVIXOO\ DSSOLHG WR D UHDO ULYHU �ORZHU )R[ 5LYHU LQ WKH 86$�� ,W GRHV QRW LQFRUSRUDWH WKH

FRQVROLGDWLRQ RI WKH EHG KRZHYHU� 7KHUHIRUH WKH HURGLQJ EHKDYLRXU RI IXWXUH GHSRVLWV FDQQRW EH

PRGHOOHG LQ WKLV DSSURDFK� ,W LV RQO\ HTXLSSHG WR FDOFXODWH WKH HURVLRQ RI DQ H[LVWLQJ EHG� ,W GRHV KDYH DQ

DUPRXULQJ PRGHO WKRXJK WR DFFRXQW IRU WKH VWUHQJWKHQLQJ EHKDYLRXU RI IXWXUH GHSRVLWV RI VHGLPHQWV

FRDUVHU WKDQ PXG�

7KH FRUUHVSRQGHQFH EHWZHHQ WKH OD\HUHG PHWKRGV LV WKDW WKH SDUDPHWHUV RI HDFK OD\HU KDYH WR EH GHWHUPLQHG

HLWKHU H[SHULPHQWDOO\ RU VXEMHFWLYHO\� :LWK WKHVH DSSURDFKHV LW LV SRVVLEOH WR JLYH D JRRG GHVFULSWLRQ RI WKH

HURVLRQ RI WKH PDWHULDO SUHVHQW LQ WKH EHG DW WKH PRPHQW D VLPXODWLRQ VWDUWV� +RZHYHU� GHVSLWH WKH IDFW WKDW

WKHVH PRGHOV ZLWK HPSLULFDOO\ GHWHUPLQHG SDUDPHWHUV FDQ GHVFULEH HURVLRQ H[SHULPHQWV DFFXUDWHO\� WKH\ VWLOO

DUH QRW DEOH WR GHVFULEH WKH HURVLRQDO EHKDYLRXU RI IXWXUH GHSRVLWV� $OWHUQDWLQJ HURVLRQ DQG GHSRVLWLRQ

WKHUHIRUH FDQQRW EH DFFRXQWHG IRU� EHFDXVH WKH DVVLJQPHQW RI WKH SDUDPHWHUV WR QHZ OD\HUV FDQQRW EH
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SHUIRUPHG RQ D SK\VLFDO EDVLV� 6RPH ZD\ RU DQRWKHU D WLPH SDUDPHWHU KDV WR EH LQFOXGHG WKDW DFFRXQWV IRU

WKH GHFUHDVH LQ HURGLELOLW\ RI �IXWXUH� GHSRVLWV LQ WLPH� ,Q WKH QH[W VHFWLRQ WKLV UHTXLUHPHQW ZLOO EH H[SORUHG�

%�1� 0���������	��������
	�,�����������$�������

+RZ FDQ ZH LQFOXGH WKH WLPH GHSHQGHQF\ RI WKH HURVLRQDO EHKDYLRXU RI WKH VHGLPHQW" 7KH ILUVW RSWLRQ WR

GHDO ZLWK WKH WLPH GHSHQGHQF\ ZRXOG EH WR ILQG RXW KRZ WKH HURVLRQ SDUDPHWHUV WKHPVHOYHV FKDQJH LQ WKH

FRXUVH RI WLPH� 6RPH KDYH WULHG WR FUHDWH D PRGHO WKLV ZD\� ,Q WKHVH DSSURDFKHV� WKH HURVLRQ SDUDPHWHU 0

JHQHUDOO\ GHFUHDVHV DQG WKH FULWLFDO VKHDU VWUHVV LQFUHDVHV ZLWK LQFUHDVLQJ VLWH H[SRVXUH� $Q H[DPSOH RI VXFK

D PRGHO LV IRXQG LQ (&206('
�
� >+\GUR4XDO� ����@�

([DPSOH ��
��
,Q WKH EHG PRGHO RI /LFN HW DO� >+\GUR4XDO� ����@ ZKLFK LV LQFRUSRUDWHG LQ WKH (&20�6('

PRGHO� WKH HURVLRQ SDUDPHWHU 0 LV D IXQFWLRQ RI WLPH� ([SHULPHQWV VXJJHVW WKDW WKH UHVXVSHQVLRQ

SRWHQWLDO LQWR WKH ZDWHU FROXPQ LV QRW UHVXVSHQGHG LQVWDQWDQHRXVO\ EXW RYHU D WLPH LQWHUYDO

DSSUR[LPDWHO\ RQH KRXU �7VDL HQ /LFN� ����� 0DF,QW\UH������� 7KH UHVXVSHQVLRQ UDWH �SHU XQLW WLPH� LV

WKXV JLYHQ E\
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ZKHUH H LV WKH UHVXVSHQVLRQ SRWHQWLDO �NJ�P
�
�� D� LV DQ HPSLULFDO VHGLPHQW \LHOG FRHIILFLHQW� 7H LV WKH

SHULRG RYHU ZKLFK WKH HURVLRQ SRWHQWLDO LV HURGHG �§���� VHF�� = LV DQ HPSLULFDO VHGLPHQW DJH

FRHIILFLHQW WR H[SUHVV WKH HIIHFWV RI DUPRXULQJ DQG FRQVROLGDWLRQ RI WKH VHGLPHQW� WE LV EHG VKHDU VWUHVV

�3D�� WFU LV FULWLFDO VKHDU VWUHVV IRU HURVLRQ �3D�� DQG Q LV D FRHIILFLHQW GHSHQGLQJ XSRQ WKH GHSRVLWLRQDO

HQYLURQPHQW �Q § � WR ��� 2QFH WKH DPRXQW H KDV EHHQ UHVXVSHQGHG� ( LV VHW WR ]HUR XQWLO DGGLWLRQDO

VHGLPHQW LV GHSRVLWHG DQG DYDLODEOH IRU UHVXVSHQVLRQ RU XQWLO WKH VKHDU VWUHVV LQFUHDVHV �*DLODQL HW HO��

������ )RUPXODWLRQ ��� ORRNV OLNH WKH 3DUWKHQLDGHV IRUPXODWLRQ ��� ZKHQ WKH HURVLRQ UDWH FRHIILFLHQW 0

HTXDOV D� �7H �=�

7R VLPXODWH WKH HIIHFWV RI VHTXHQWLDO GHSRVLWLRQ DQG HURVLRQ UHDOLVWLFDOO\� DQG WKH VXEVHTXHQW FKDQJH LQ

EHG SURSHUWLHV VXFK DV WKLFNQHVV DQG HURGLELOLW\ FKDUDFWHULVWLFV� D YHUWLFDOO\ VHJPHQWHG PRGHO RI WKH

FRKHVLYH VHGLPHQW EHG LV FRQVWUXFWHG DV VKRZQ LQ $QQH[ ���� 7KLV LV DFKLHYHG E\ GLVFUHWL]LQJ WKH

VHGLPHQW LQWR VHYHQ OD\HUV� (DFK OD\HU RI WKH EHG LV FKDUDFWHULVHG E\ D XQLTXH GU\ EHG GHQVLW\ �UG �� D

FULWLFDO VKHDU VWUHVV IRU HURVLRQ �WFU� DQG DQ LQLWLDO WKLFNQHVV� 7KH WLPH DIWHU GHSRVLWLRQ IRU HDFK OD\HU

LQFUHDVHV OLQHDUO\ IURP RQH GD\ DW WKH VXUIDFH� ZKLFK LV FRPSRVHG RI IUHVKO\ GHSRVLWHG PDWHULDO� WR

VHYHQ GD\V LQ WKH ERWWRP OD\HU� $IWHU HDFK GD\� WKH DPRXQW RI VHGLPHQW IURP D FHUWDLQ OD\HU PRYHV WR WKH

OD\HU EHQHDWK� 'XULQJ WKLV SURFHVV� WKH VHGLPHQW EHFRPHV ROGHU� 3UHYLRXV ODERUDWRU\ UHVXOWV �7VDL HQ

/LFN� ����� 0DF,QW\UH HW HO������� KDYH LQGLFDWHG WKDW FRQVROLGDWLRQ HIIHFWV RQ UHVXVSHQVLRQ DUH

PLQLPDO DIWHU VHYHQ GD\V RI GHSRVLWLRQ� KHQFH GHSRVLWHG VHGLPHQWV PRUH WKDQ VHYHQ GD\V ROG DUH

DVVXPHG WR EH VHYHQ GD\V ROG� 7KH VHGLPHQWV LQ WKH �
WK
OD\HU GR QRW VKLIW WR D ORZHU OD\HU� 7KH VHGLPHQW

DJH FRHIILFLHQW = LQ WKH UHVXVSHQVLRQ SRWHQWLDO HTXDWLRQ ����� LQFUHDVHV ZLWK WLPH DFFRUGLQJ WR

>+\GUR4XDO� ����@�

  �G

P� �
�����

ZKHUH 7G LV WLPH DIWHU GHSRVLWLRQ DQG ZLWK P § ��� IRU TXLHW FRQGLWLRQV DQG P § � IRU G\QDPLF

FRQGLWLRQV� $QRWKHU IRUPXODWLRQ� XVHG E\ >9HOOHX[� ����@ LV

� �P

G� ������ �����

�
KWWS���ZZZ�K\GURTXDO�FRP�+\GUR�HFRPVHG�LQGH[�KWP

��
7KLV VHFWLRQ FRQWDLQV SDVVDJHV IURP $ SULPHU IRU (FRPVHG� +\GUR4XDO �����
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:KHQ = LV DQ H[SRQHQWLDO IXQFWLRQ RI WKH WLPH DIWHU GHSRVLWLRQ DV LQ ������ LW FDQ YDU\ IURP ��� WR ���

7KH HURVLRQ SRWHQWLDO HTXDWLRQ FRQWDLQV D FRHIILFLHQW =� RU D ZLWKRXW VWUDLJKWIRUZDUG GLPHQVLRQV� WKH

GLPHQVLRQV FKDQJH ZKHQ WKH SRZHU P RYHU 7G FKDQJHV� 7KLV NLQG RI EHKDYLRXU RI FRHIILFLHQWV LV DOZD\V

GXH WR D ODFN RI SK\VLFDO EDFNJURXQG DQG VKRXOG EH SUHYHQWHG�

,Q (&20�6(' WKH HURVLRQ FRHIILFLHQW D� DQG WKH DJH 7G RI WKH PDWHULDO LQ WKH OD\HU GHWHUPLQH WKH

HURVLRQ UDWH FRHIILFLHQW 0� 7KH FRHIILFLHQW D� LV WKH VDPH IRU HYHU\ OD\HU� EXW WKH DJH 7G FDQ EH DGMXVWHG

IRU HDFK OD\HU VHSDUDWHO\ E\ WKH XVHU� ,Q WKH PRGHO� HYHU\ GD\ WKH PDWHULDO VKLIWV IURP RQH OD\HU WR WKH

QH[W� 7KH DFWXDO DJH RI WKH PDWHULDO JLYHQ E\ WKHVH VKLIWV LV QRW UHODWHG WR WKH DJH 7G WKDW JRYHUQV WKH

HURVLRQ FRHIILFLHQW 0� 7KH DJH 7G RI HYHU\ OD\HU FDQ EH DVVLJQHG DQ\ YDOXH� LW LV QRW UHODWHG WR WKH DFWXDO

DJH RI WKH PDWHULDO� 7KLV ZD\ DQ\ GHSWK YDULDEOH GLVWULEXWLRQ RI WKH YDOXH RI HURVLRQ SRWHQWLDO FDQ EH

XVHG�

7KH OD\HUHG EHG PRGHO FRQVHUYHV PDVV� ZLWK UHVXVSHQVLRQ DQG GHSRVLWLRQ IOX[HV RFFXUULQJ RQO\ DW

H[SRVHG EHG OHYHO� 'XULQJ WKH FRXUVH RI WKH VLPXODWLRQ� WKH EHG PRGHO DFFRXQWV IRU FKDQJHV LQ

WKLFNQHVV� WKH PDVV RI FRKHVLYH DQG QRQ�FRKHVLYH VHGLPHQWV LQ HDFK OD\HU� UHVXOWLQJ IURP UHVXVSHQVLRQ

DQG GHSRVLWLRQ DW WKH VHGLPHQW�ZDWHU LQWHUIDFH� :KHQ WKH HURVLRQ GHSOHWHV RQH OD\HU LQ D FHUWDLQ WLPH

VWHS� QR RWKHU OD\HU FDQ EH HURGHG LQ WKDW WLPHVWHS� (&20�6(' DFFRXQWV IRU GHSRVLWLRQ DQG HURVLRQ DW

WLPH VWHSV RI DERXW � KRXU�

7KH (&20�6(' DSSURDFK LV VWLOO QRW DEOH WR SUHGLFW VHDVRQDO YDULDWLRQV LQ WKH VXVSHQGHG VHGLPHQW

FRQFHQWUDWLRQV� :LWK � OD\HUV LW LV SRVVLEOH WR VLPXODWH WKH EHKDYLRXU RI WKH EHG GXULQJ D VLQJOH WLGH DV

PHQWLRQHG LQ WKH REVHUYDWLRQV DERYH� ³+RZHYHU� VSULQJ QHDS WLGH F\FOHV ODVW �� GD\V� 7KH � QHDS GD\V ZLOO

UHVXOW LQ QHW VHGLPHQWDWLRQ RQ WKH EHG� 'XH WR WKH ��GD\ KLVWRU\ LQ (&206('� DOO WKLV VHGLPHQW KDV WKH

VDPH SURSHUWLHV DIWHU � GD\V� &RQVHTXHQWO\� IRU WKH VSULQJ WLGH SDUW WKH ERWWRP ZLOO DFW DV D FOHDU ERWWRP�

2QO\ E\ H[SDQGLQJ WKH (&20�6(' DSSURDFK WR D KLVWRU\ RI �� GD\V� D VSULQJ±QHDS WLGH F\FOH EHKDYLRXU IRU

VHGLPHQW WRZDUGV DQG IURP WKH ERWWRP FDQ EH REWDLQHG� 7KH VDPH KROGV IRU VHDVRQV� 2QO\ E\ H[SDQGLQJ WKH

KLVWRU\ WR ��� GD\V� D \HDU F\FOH FDQ EH PRGHOOHG ZLWK UHVSHFW WR WUDQVSRUW WR DQG IURP WKH ERWWRP� :LWKRXW

VXFK D ��� GD\V KLVWRU\ WKH RQO\ VHDVRQDO HIIHFW LV WKDW DW VHDVRQV ZLWK KLJKHU VKHDU VWUHVVHV D ODUJHU

SHUFHQWDJH RI ULYHU LQSXW UHPDLQV LQ VXVSHQVLRQ OLNH ZLWK WKH EDVLF PRGHOV GHVFULEHG LQ VHFWLRQ ���� (&20�

6(' PD\ ODFN WKH LQVWDQWDQHRXV UHVXVSHQVLRQ RI WKH VPDOO DUHDV WKDW EHFRPH FOHDQ DW KLJK VKHDU VWUHVVHV LQ

WKH 3DUWKHQLDGHV DSSURDFK� 7KDW GHSHQGV RQ WKH VHWWLQJ RI WKH FRHIILFLHQWV RI WKH ��GD\V RU RYHU OD\HU´�

DQDORJRXV WR WKH GLJJLQJ OD\HU LQ 'HOIW�'�:$4 >3RVWPD� ����@

7R SUHGLFW ORQJ WHUP YDULDWLRQV� RQH QHHGV D OD\HU FRQILJXUDWLRQ WKDW DFFRXQWV IRU WKH DJH RI WKH

VHGLPHQWV DV ORQJ DV WKH VLPXODWLRQV� $Q RSWLRQ LV WR XVH D VHSDUDWH OD\HU IRU HDFK GHSRVLWLRQ LQWHUYDO� DV E\

>6KUHVWD HW DO� ����@ LQ WKH QH[W H[DPSOH� +RZHYHU� WKLV REYLRXVO\ OHDGV WR DQ HQRUPRXV DPRXQW RI OD\HUV�

([DPSOH �� ³'XULQJ HDFK VXFFHHGLQJ WLPHVWHS RI WKH VLPXODWLRQ� HLWKHU HURVLRQ RU GHSRVLWLRQ RFFXUV�

GHSHQGLQJ RQ WKH VKHDU VWUHVV RQ WKH EHG� ,I GHSRVLWLRQ RFFXUV� WKHQ VHGLPHQW LV GHSRVLWHG LQ OD\HUV RI

QHZ PDWHULDO IRU HDFK LQWHUYDO� HDFK OD\HU FKDUDFWHULVHG E\ XQLTXH EXON GHQVLW\� VKHDU VWUHQJWK�

HURGLELOLW\ FKDUDFWHULVWLFV DQG WKLFNQHVV �VHH DQQH[ ����� :KHQ WKH VKHDU VWUHVV LV LPSRVHG RQ WKH EHG

VXUIDFH H[FHHGV WKH VKHDU VWUHQJWK RI WKH H[SRVHG GHSRVLWHG OD\HUV� HURVLRQ RFFXUV� HLWKHU DV PDVV

HURVLRQ RI DQ HQWLUH OD\HU �RU OD\HUV� RU VXUIDFH HURVLRQ RI D SDUW RI D OD\HU� ,Q WKH PRGHO� PDVV HURVLRQ LV

GHILQHG DV EXON HURVLRQ HQ PDVVH� RI WKH VHGLPHQW IURP WKH WRSPRVW OD\HU� GRZQZDUG WR WKH QH[W WR ODVW

OD\HU RI QHZO\ GHSRVLWHG PDWHULDO� 7KH ODVW OD\HU RI WKH QHZO\ GHSRVLWHG PDWHULDO LV WKHQ VXEMHFW WR

VXUIDFH HURVLRQ� GHILQHG DV SDUWLFOH E\ SDUWLFOH UHVXVSHQVLRQ IURP WKH EHG� 7KLV SURFHVV SURFHHGV

GRZQZDUG WKRXJK OD\HUV RI WKH RULJLQDO EHG� VR ORQJ DV WKH VKHDU VWUHVV LPSRVHG H[FHHGV WKH FULWLFDO

VKHDU VWUHVV DW HDFK HURGDEOH OD\HUV XQWLO WKH FHVVDWLRQ RI WKH HURVLRQ� 'XULQJ HDFK WLPHVWHS� LI WKH

HURVLRQ GHSWK LV FRPSXWHG WR EH JUHDWHU WKDQ WKH GHSWK RI WKH OD\HU� WKHQ VXUIDFH HURVLRQ IRU WKH QH[W

OD\HU EHFRPHV D IXQFWLRQ RI WKH ORFDO FULWLFDO VKHDU VWUHVVHV DQG WKH IUDFWLRQ RI WLPH UHPDLQLQJ LQ D JLYHQ
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VLPXODWLRQ VWHS� ,I WKH HURVLRQ GHSWK LV OHVV WKDQ WKH GHSWK RI WKH OD\HU� WKHQ VXUIDFH HURVLRQ VWRSV� DQG

WKH QHZ WKLFNQHVV RI WKH SDUWLDOO\ HURGHG OD\HU LV FRPSXWHG� ���� $IWHU DSSOLFDWLRQ WR 6RXWK 6DQ

)UDQFLVFR %D\ KH FRQFOXGHV WKDW µWKH FRPSDULVRQ RI SUHGLFWHG DQG REVHUYHG YDOXHV RI VRPH NH\

YDULDEOHV LQGLFDWH UHDVRQDEOH SHUIRUPDQFH RI WKH PRGHO� EXW DOVR VXJJHVW D QHHG WR HYDOXDWH FHUWDLQ

OLPLWDWLRQV FRQVLGHUDWLRQV LQKHUHQW LQ PRGHOOLQJ UHDOLVWLF HQYLURQPHQWDO VLWXDWLRQV� ���� 7KH SURFHVV RI

PDVV DQG VXUIDFH HURVLRQ QHHG WR EH IXUWKHU LQYHVWLJDWHG LQ WKH ODERUDWRU\ IRU GLIIHUHQW VHGLPHQW W\SHV

DQG VKHDU VWUHQJWKV� 6XFK WHVWV FDQ SURYLGH WKH GDWD QHHGHG WR GHVFULEH VRLO HURGLELOLW\ FKDUDFWHULVWLFV

VXFK DV HURVLRQ UDWH FRHIILFLHQWV DQG FULWLFDO VKHDU VWUHVVHV IRU VHGLPHQWV WKDW DUH UHSUHVHQWDWLYH RI

VSHFLILF VXUIDFH ZDWHU V\VWHPV�´

7ZR UHPDUNV ZLOO EH PDGH ZLWK UHVSHFW WR WKLV H[DPSOH� )LUVW� D VXJJHVWLRQ WR LPSURYH WKH DERYH PRGHO ZLWK

D OD\HU IRU HDFK GHSRVLWLRQ LQWHUYDO ZRXOG EH D QHZ NLQG RI OD\HU�V\VWHP� 2QH FRXOG IRU LQVWDQFH XVH OD\HUV

UHVSHFWLYHO\ FRQWDLQLQJ WKH VHGLPHQW GHSRVLWHG GXULQJ WKH ODVW ������������� HWF� GD\V�
��
$ VPDOO SUREOHP KDV

WR EH DFFRXQWHG IRU KRZHYHU� D JRRG UHGLVWULEXWLRQ RI WKH PDWHULDO RYHU WKH OD\HUV GXULQJ HYHU\ WLPHVWHS KDV

WR EH IRUPXODWHG� �)RU LQVWDQFH ZKHQ GHDOLQJ ZLWK D � GD\ OD\HU RQ WRS RI DQ � GD\ OD\HU� PRYH ��� RI WKH �

GD\ OD\HU WR WKH � GD\ OD\HU HYHU\ GD\� RU PRYH WKH � GD\ OD\HU DV D ZKROH WR WKH � GD\ OD\HU HYHU\ � GD\V��

7KH QXPEHU RI OD\HUV LV UHGXFHG GUDVWLFDOO\ WKLV ZD\�

6HFRQG� HYHQ ZLWK WKLV VRSKLVWLFDWHG OD\HU PRGHO� WKH HURVLRQ SDUDPHWHUV RI WKH OD\HUV FDQQRW EH

DVVLJQHG YDOXHV LQ D SK\VLFDOO\ EDVHG PDQQHU� 7KH DSSURDFK VWLOO ODFNV SK\VLFDO EDFNJURXQG� 7KLV LV DOVR

UHPDUNHG E\ >6KUHVWD HW DO� ����@� 7KLV VKRUWFRPLQJ LV LQKHUHQW WR WKH IDFW WKDW WKH HURVLRQ SDUDPHWHUV DUH

QRW IXQGDPHQWDO FRHIILFLHQWV� EXW PHUHO\ DSSDUHQW SURSHUWLHV RI WKH EHG� :KDW DUH WKH RSWLRQV WR VROYH WKLV

SUREOHP RI WKH FXUUHQW HURVLRQ PRGHOV" 7KLV ZLOO EH GHDOW ZLWK LQ WKH QH[W VHFWLRQ�

%�2� 3�������
��������$�������

7KH EDVLF LPSRUWDQW QRWLRQ IRU D VHW�XS RI D QHZ HURVLRQ PRGHO ZLWK D SK\VLFDO EDVLV LV WKDW DQ\ PRGHO RQ

DQ\ OHYHO RI DJJUHJDWLRQ ZLOO QHHG WKH HPSLULFDO SDUDPHWHUV� 7KH SDUDPHWHUV DUH D IXQFWLRQ RI SURFHVVHV RQ D

VPDOOHU OHYHO RI DJJUHJDWLRQ �VHH ILJXUH ����� 7KH FRHIILFLHQWV LQ WKH FXUUHQW HURVLRQ PRGHOV �H�J� 0� WFU� D��

DUH �EXW� DSSDUHQW SURSHUWLHV RI WKH VHGLPHQW� $ GHVFULSWLRQ RI WKH FXUUHQW HURVLRQ SDUDPHWHUV LQ WHUPV RI WKH

XQGHUO\LQJ SK\VLFV LV QHFHVVDU\ WR JLYH D EHWWHU GHVFULSWLRQ RI WKH HURVLRQ� 7KH SDUDPHWHUV LQ WKH FXUUHQW

PRGHOV VKRXOG EH VHHQ DV D SDUDPHWHULVDWLRQ RI WKHVH SURFHVVHV RQ D VPDOOHU VFDOH� %XW FXUUHQWO\ WKHUH LV QR

FRQQHFWLRQ EHWZHHQ WKH HURVLRQ SDUDPHWHUV DQG WKH JRYHUQLQJ SK\VLFV RQ D VPDOOHU OHYHO RI DJJUHJDWLRQ� 7KH

HURVLRQ SDUDPHWHUV DUH GHWHUPLQHG HPSLULFDOO\� 7KHUHIRUH WKH FXUUHQW HURVLRQ PRGHOV DUH DFWXDOO\ PHUHO\

µEHKDYLRXU EDVHG PRGHOV¶� 7KH SDUDPHWHUV DUH WXQHG WR GHVFULEH ZKDW LV KDSSHQLQJ� UDWKHU WKDQ H[SODLQLQJ

LW� 7KHUHIRUH WKH IRUHFDVWLQJ YDOXH RI WKH PRGHOV VKRXOG QRW EH YDOXHG WRR KLJK� 7KH\ ZLOO KDYH WR EH

UHSODFHG E\ PRGHOV WKDW JLYH D PRUH IXQGDPHQWDO GHVFULSWLRQ RI WKH EHG� µSURFHVV EDVHG PRGHOV¶�

7KHVH SURFHVV EDVHG PRGHOV GHDO ZLWK WKLV SK\VLFV RQ VPDOOHU VFDOHV RI WLPH DQG VSDFH� RQ D VPDOOHU

OHYHO RI DJJUHJDWLRQ� �)URP ILHOG WHVWV DV ZHOO DV IURP ODERUDWRU\ WHVWV ZLWK 6HGIOXPH� LW KDV EHHQ

GHWHUPLQHG WKDW HURVLRQ UDWHV GHSHQG RQ DW OHDVW WKH IROORZLQJ SDUDPHWHUV �EHVLGHV WKH DSSOLHG EHG VKHDU

VWUHVV�� EXON GHQVLW\� DYHUDJH SDUWLFOH VL]H� SDUWLFOH VL]H GLVWULEXWLRQ� PLQHUDORJ\� RUJDQLF FRQWHQW� YROXPH RI

JDV FRQWDLQHG LQ WKH VHGLPHQW� VDOLQLW\ RI SRUH ZDWHU DQG WLPH DIWHU GHSRVLWLRQ� >/LFN� ����@� 2WKHU

IXQGDPHQWDO EHG SURSHUWLHV PLJKW EH� HIIHFWLYH VWUHVV� FRKHVLYHQHVV �WKL[RWURS\�� FUDFNV SHU XQLW RI VXUIDFH�

XQUHPROGHG \LHOG VWUHQJWK DQG ELRORJLFDO GLVWXUEDQFH�DFWLYLW\�

2QH VKRXOG UHDOLVH WKDW WKH 
IXQGDPHQWDO
 SDUDPHWHUV WKDW DUH QHFHVVDU\ WR GHVFULEH WKH EHG� DUH DSSDUHQW

SURSHUWLHV RQ WKHLU WXUQ DV ZHOO� 7KHVH EHG SURSHUWLHV FDQ EH GHVFULEHG DV D IXQFWLRQ RI SURFHVVHV RQ DQ HYHQ

��

,Q FDVH HYHQ WKLV UHVXOWV LQ WRR ODUJH D QXPEHU RI OD\HUV� D VHULHV ZLWK D ODUJHU EDVH QXPEHU FDQ EH XVHG� H�J�

��������������� RU ������������� GD\V�
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VPDOOHU OHYHO RI DJJUHJDWLRQ� 7KH GHVFULSWLRQ RQ WKHVH VPDOOHU OHYHOV RI DJJUHJDWLRQ GHDOV ZLWK LQGLYLGXDO

IORFV DQG LQGLYLGXDO FUDFNV� 7KHVH YHU\ VPDOO OHYHOV ZLOO QRW EH GHDOW ZLWK FXUUHQWO\� 7KH SURFHVV RQ WKHVH

VPDOO OHYHOV DUH SDUDPHWHULVHG LQ WKH 
IXQGDPHQWDO
 EHG SURSHUWLHV DW D ODUJHU VFDOH OHYHO�

8VLQJ WKH FRQFHSW RI DJJUHJDWLRQ OHYHOV� WKHUH WZR VWHSV DUH UHTXLUHG WR GHVFULEH WKH HURVLYH EHKDYLRXU

RI WKH EHG� 7KH ILUVW LV WR ILQG RXW WKH UHODWLRQ EHWZHHQ WKH IXQGDPHQWDO EHG SURSHUWLHV DQG WKH HURGLELOLW\�

7KH VHFRQG VWHS LV WR GHVFULEH WKHVH EHG SURSHUWLHV DV IXQFWLRQV RI WLPH DQG GHSWK� ,W LV H[SHFWHG WR EH HDVLHU

WR GHWHUPLQH WKH WLPH DQG GHSWK GHSHQGHQFH RI WKHVH IXQGDPHQWDO SDUDPHWHUV WKDQ RI WKH GHSHQGHQFH RI WKH

HURVLRQ SDUDPHWHUV�

7KH SURFHVV EDVHG PRGHOV UHTXLUH D GHVFULSWLRQ RI ERWK WKH FRQVROLGDWLRQ SURFHVV DQG WKH WLPH

GHYHORSPHQW RI WKL[RWURS\ �FRKHVLRQ�� �)RU EHQWRQLWH� � PP TXDUW] �QRW FRKHVLYH�� DQG SUREDEO\ RWKHU ILQH�

JUDLQHG� YHU\ FRKHVLYH VHGLPHQWV� WKH HIIHFWV RI JHOODWLRQ � WKL[RWURS\� DUH VLJQLILFDQW DQG QHHG WR EH

FRQVLGHUHG� )RU WKHVH VHGLPHQWV� WKH SDUDPHWHUV DUH GHSHQGHQW RQ WKH WLPH DIWHU GHSRVLWLRQ DQG� PRUH

JHQHUDOO\� RQ WKH VWUDLQ UDWH KLVWRU\ RI WKH VHGLPHQWV� $V ZLWK VRLOV� WKLV LV D FRPSOH[ SURFHVV DQG QHHGV

IXUWKHU LQYHVWLJDWLRQ� >/LFN� ����@� +RZHYHU� LW LV DOUHDG\ SRVVLEOH WR GHVFULEH WKH WLPH GHSHQGHQW EHKDYLRXU

RI D IHZ RI WKH VWUDLQ UDWH KLVWRU\ SURSHUWLHV DV D IXQFWLRQ RI WLPH DQG GHSWK� 7KH *LEVRQ ILQLWH VWUDLQ

FRQVROLGDWLRQ HTXDWLRQ �VHH WKH QH[W FKDSWHU� LV DEOH WR GHVFULEH WKH HIIHFWLYH VWUHVV� WKH GHQVLW\ DQG WKH

SHUPHDELOLW\ DV D IXQFWLRQ RI WLPH� 7KH PDLQ LQYHVWLJDWLRQ RI WKLV FKDSWHU LV WR GHULYH DQ HURVLRQ PRGHO WKDW

KDV WKLV VWUDLQ UDWH KLVWRU\ DV LQSXW IRU WKH HURVLRQ� 7KUHH H[DPSOHV ZLOO EH JLYHQ RI UHVHDUFK WKDW UHODWHV WKH

HURVLRQ FRHIILFLHQWV WR WKH GHQVLW\� %XW /LFN DOVR PHQWLRQV WKDW FRKHVLRQ LV DQRWKHU YHU\ LPSRUWDQW

SDUDPHWHU� 7KH LQIOXHQFH RI FRKHVLRQ LV QRW NQRZQ \HW� QRU LWV WLPH GHSHQGHQF\� $Q DVVXPSWLRQ KDV WR EH

PDGH IRU WKLV FRKHVLRQ VR WKDW LW FDQ EH XVHG WR FDOLEUDWH WKH �'9�ZDWHUEHG PRGHO�

([DPSOH �� *RYLQGDUDMX HW DO� >����@ XVH WKH IROORZLQJ IRUPXODWLRQ

� � ��	�E FU

FU

FU G�
��

��
�
�� �

� �

�
� ��E

������

ZKHUH UG LV WKH GU\ GHQVLW\ DQG D DQG E DUH HPSLULFDO FRHIILFLHQWV WKDW KDYH EHHQ REWDLQHG IURP

ODERUDWRU\ H[SHULPHQWV �0LJQLRW ������ 2ZHQ ������ IRXQG D  ����Â��
��
DQG E ���� DQG 7KRUQ DQG

3DUVRQV ������ IRXQG D  ����Â��
��
DQG E  ���� >0HKWD ����@� 7KH HURVLRQ FRHIILFLHQW 0 LV VWLOO

SUHVHQW LQ WKLV DSSURDFK� EXW WKH FULWLFDO VKHDU VWUHVV LV IRUPXODWHG DV D IXQFWLRQ RI D PRUH IXQGDPHQWDO

EHG SURSHUW\� WKH GU\ GHQVLW\� 7KH QXPEHU RI FRHIILFLHQWV KDV LQFUHDVHG KRZHYHU IURP � WR �� +RZHYHU�

D DQG E DUH D SDUDPHWHULVDWLRQ RI SURFHVVHV RQ D VPDOOHU OHYHO RI DJJUHJDWLRQ� �1RWH WKDW WKH

GLPHQVLRQV RI D FKDQJH ZKHQ E FKDQJHV��

([DPSOH �� 6DQIRUG HW DO� >����@ KDYH WULHG WR GHWHUPLQH WKH FRQWLQXRXV GHSWK YDULDWLRQ RI WKH HURVLRQ

SDUDPHWHUV E\ H[WHQVLYH DQDO\VLV RI WKH UHVXOWV RI DQ HURVLRQ H[SHULPHQW LQ DQ DQQXODU IOXPH� 7KH\ WU\ WR

UHFRQVWUXFW WKHVH FRQWLQXRXV SURILOHV ZLWKRXW NQRZLQJ WKH EHG SURSHUWLHV DV D IXQFWLRQ RI GHSWK� 7KH\

SUHVHQW DQ HURVLRQ IRUPXODWLRQ WKDW WKH\ FRQVLGHU D ILUVW VWHS WRZDUGV D XQLILHG HURVLRQ WKHRU\ IRU ILQH

VHGLPHQWV� ,W UHDGV�

� 
 
 � 
 ��	� 
 
V V E FU E FU FU FU� � � � � � �� � � � � � � � � �� � � �� � � �� � � � ��
�����

ZKHUH J LV WKH UDWH RI LQFUHDVH RI WKH FULWLFDO GHQVLW\ IRU HURVLRQ WFU ZLWK GHSWK� E LV D ORFDO FRHIILFLHQW

>P�V�3D@� UV LV WKH VHGLPHQW GHQVLW\� IV LV WKH YROXPH IUDFWLRQ RI VHGLPHQW DQG WFU LV WKH FULWLFDO VKHDU

VWUHVV IRU HURVLRQ� ,Q WKHLU PRGHO� WKH FKDQJH LQ WKH HURVLRQ UDWH FRHIILFLHQW 0 LV DWWULEXWHG VROHO\ WR WKH

FKDQJHV LQ GHQVLW\� 7KH FULWLFDO VKHDU VWUHVV LV VHW HTXDO WR WKH DSSOLHG EHG VKHDU VWUHVV ZKHQ WKH

HURGDEOH PDWHULDO KDV EHHQ GHSOHWHG�

7KH\ UHFRQVWUXFW WKH HURVLRQ UDWH FRHIILFLHQW 0 DQG WKH FULWLFDO VKHDU VWUHVV DV D IXQFWLRQ RI WKH WRWDO

HURGHG PDVV P� UDWKHU WKDQ WKH HURGHG GHSWK ]� 7KHLU UHVXOWV VKRZ D VPRRWK FRQVLVWHQW LQFUHDVH RI WFU DV

WKH WRWDO HURGHG PDVV P LQFUHDVHV� 7KH UDWH RI LQFUHDVH LQ WFU�P� LV PRVW UDSLG DW ORZ YDOXHV RI P� MXVW
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EHORZ WKH LQLWLDO VHGLPHQW VXUIDFH� 7KH FULWLFDO VKHDU VWUHVV SURILOHV DSSURDFK WFU � IRU QRQ�]HUR YDOXHV

RI P� 7KH\ EHOLHYH WKDW WKDW DQRPDO\ LV GXH WR WKH SUHVHQFH RI D µIORF¶ RU µIOXII¶ OD\HU�

0 LQFUHDVHV UDSLGO\ ZLWK LQFUHDVLQJ P MXVW EHORZ WKH VHGLPHQW VXUIDFH� EXW WKHQ WHQGV WR OHYHO RXW RU

GHFUHDVH� 7KH\ DVVXPHG WKDW WKH FKDQJHV LQ 0 ZHUH GXH WR FKDQJHV LQ IV� 7KLV PHDQV WKDW WKH UHODWLRQ

0� P� VKRXOG EH RI WKH VDPH IRUP DV WKH UHODWLRQ WFU�P�� 8VLQJ VXFK D UHODWLRQ FOHDUO\ RYHUHVWLPDWHV WKH

0 DW ODUJHU P WKRXJK� $FFRUGLQJO\� WKH\ FRQFOXGH WKDW WKHLU DVVXPSWLRQ RI D OLQHDU LQFUHDVH RI 0 ZLWK IV

ZDV WKH ZHDNHVW SRLQW RI WKHLU PRGHO�GDWD FRPSDULVRQ DQG LW QHHGV IXUWKHU VWXG\� 7KLV PD\ LQGLFDWH D

OHVV WKDQ OLQHDU GHSHQGHQFH� RU LW PD\ VLJQLI\ WKDW VRPH RWKHU VRXUFH RI YDULDELOLW\ KDV EHHQ QHJOHFWHG� ,W

FDQ IRU LQVWDQFH VLJQLI\ WKDW WKH FRHIILFLHQW E LV QRW FRQVWDQW� EXW GHFUHDVHV ZLWK LQFUHDVLQJ WFU� 2U WKDW

WKH PXOWLSOH�JUDLQ VL]HV KDYH DQ LQIOXHQFH� 2U WKH DUPRXULQJ GXH WR QRQ�QHJOLJLEOH VDQG IUDFWLRQ LQ WKHLU

H[SHULPHQWV�

,Q WKH DERYH H[DPSOH RQH DWWHPSWV WR UHODWH WKH HURVLRQ FRHIILFLHQW WR WKH GHQVLW\ ZLWKRXW PHDVXULQJ WKH

GHQVLW\ SURILOHV� ,W LV PRVW OLNHO\ WKDW VXFK DQ LQFRPSOHWH DSSURDFK ZLOO QRW VXFFHHG� 7KH QXPEHU RI

XQNQRZQ SDUDPHWHUV LV WRR KLJK� RQH KDV WR GHWHUPLQH ERWK WKH FRHIILFLHQWV DQG WKH GHQVLW\ GLVWULEXWLRQ

IURP RQO\ HURVLRQ H[SHULPHQWV� /LFN HW DO� GR PHDVXUH ERWK WKH HURVLRQ EHKDYLRXU DQG EHG SURSHUWLHV�

([DPSOH �� >/LFN HW DO� ����@ LQYHVWLJDWHG WKH UHODWLRQ EHWZHHQ WKH HURVLRQ UDWH DQG YDULRXV VHGLPHQW

SURSHUWLHV ZLWK ODERUDWRU\ DQG ILHOG WHVWV ZLWK 6HGIOXPH� 7KH\ DOVR PHDVXUHG WKH GHQVLW\ SURILOHV RI WKH

VDPSOHV WKH\ H[SRVHG WR 6HGIOXPH� $ JUDSK RI WKH UHVXOWV FDQ EH VHHQ LQ ILJXUH ���� 7KH\ UHSRUW D

UHODWLRQ EHWZHHQ HURVLRQ DQG EXON SURSHUWLHV RI WKH IRUP
PQ

E�� ��� �����

ZKHUH � E LV WKH ERWWRP VKHDU VWUHVV� U LV WKH EXON GHQVLW\ �YDU\LQJ ZLWK WLPH DQG GHSWK� DQG $� Q DQG P

DUH HPSLULFDO SDUDPHWHUV� 7KHVH FRHIILFLHQWV DUH GLIIHUHQW IRU HDFK GLIIHUHQW VHGLPHQW DQG GHSHQG RQ WKH

EXON SURSHUWLHV SDUWLFOH VL]H� RUJDQLF FRQWHQW� YROXPH RI JDV� VDOLQLW\ DQG WLPH DIWHU GHSRVLWLRQ� ,Q WKLV

DSSURDFK WKH HURVLRQ UDWH FRHIILFLHQW 0 IURP HTXDWLRQ ��� LV VXEGLYLGHG LQWR U
P
DQG D FRHIILFLHQW $�

1RWH WKDW WKLV DSSURDFK GRHV QRW FRQWDLQ D FULWLFDO HURVLRQ FRHIILFLHQWV W FU � /LFN HW DO� GR QRW EHOLHYH LQ

WKH H[LVWHQFH RI D FULWLFDO VKHDU VWUHVV� WKH\ GHILQH LW DV WKH EHG VKHDU VWUHVV DW ZKLFK DQ HURVLRQ UDWH RI

��
��
FP�V RFFXUV �DSSUR[� � PP LQ �� PLQXWHV��

)LJXUH ���� (URVLRQ UDWHV DV D IXQFWLRQ RI GU\ GHQVLW\ PHDVXUHG ZLWK 6HGIOXPH� /HIW IUDPH GHSHQGHQFH RQ XQLIRUP SDUWLFOH VL]H �PP�

DW VKHDU VWUHVV RI ��� 1�P� DQG ULJKW IUDPH GHSHQGHQFH RQ EHG VKHDU VWUHVVHV �1�P�� DQG OHIW� >/LFN� ����@
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7KH UHODWLRQV EHWZHHQ WKH HURVLRQ UDWH LQ >FP�V@ DQG WKH EXON GHQVLW\ LQ WKH VHPL�ORJ SORW RI ILJXUH

��� DUH VWUDLJKW OLQHV� 7KH HURVLRQ UDWH LV SORWWHG LQ ORJ VFDOH� WKH EXON GHQVLW\ RQ D OLQHDU VFDOH� /LQHV

WKDW DUH VWUDLJKW LQ D VHPL�ORJ SORW FDQ EH GHVFULEHG E\ DQ H[SRQHQWLDO IXQFWLRQ� :KHQ GLIIHUHQW EHG

VKHDU VWUHVVHV DUH DSSOLHG WKH OLQHV LQ WKH ILJXUH VKLIW� EXW WKH\ NHHS WKH VDPH VORSH� 7KLV LQGLFDWHV WKH

SUHVHQFH RI VKHDU VWUHVV GHSHQGHQW IDFWRU� $FFRUGLQJO\� WKH IRUPXOD IRU WKLV EHKDYLRXU LV

� �� � E

Q

E� � ����� �����

DQG QRW WKH SRZHU�ODZ DV JLYHQ E\ /LFN LQ HTXDWLRQ ���� 3UREDEO\ WKH GDWD DUH FRUUHFW� DQG WKH IRUPXOD LV

QRW� $Q\ZD\� WKH HURVLRQ UDWH FDQ EH UHODWHG WR WKH EXON GHQVLW\�

7KH UHVHDUFK LQ WKH DERYH H[DPSOHV \LHOGHG HURVLRQ WHVWV RQ VDPSOHV ZLWK NQRZQ SURSHUWLHV DQG UHODWLRQV

EHWZHHQ WKH HURGLELOLW\ DQG WKH GHQVLW\ ZHUH GHULYHG �PHDVXUHG HURVLRQ WHVW UHVXOWV � PHDVXUHG GHQVLW\

SURILOHV: HURGLELOLW\ UHODWLRQV�� 7KH DERYH H[DPSOHV GR QRW JLYH D XQLYHUVDO UHODWLRQ \HW� EXW WKH\ GR JLYH

KRSH LQ ILQGLQJ VXFK D UHODWLRQ EHWZHHQ WKH HURVLRQ FRHIILFLHQW DQG WKH IXQGDPHQWDO EHG SURSHUWLHV LQ WKH

QHDU IXWXUH� 6LQFH WKHUH DUH QR EHWWHU UHVXOWV NQRZQ \HW� WKHVH LQFRPSOHWH UHODWLRQV ZLOO KDYH WR EH XVHG� 7KH

JRDO RI WKLV WKHVLV LV WR JR WKH RWKHU ZD\ URXQG� :LWK WKH VROXWLRQ RI WKH GHQVLW\ SURILOH E\ WKH FRQVROLGDWLRQ

HTXDWLRQ� WKH EHG VKHDU VWUHQJWK SURILOH FDQ EH FRQVWUXFWHG� 7KLV SURILOH ZLOO EH XVHG LQ DQ DWWHPSW WR

VLPXODWH HURVLRQ H[SHULPHQWV �FDOFXODWHG GHQVLW\ SURILOHV � DVVXPSWLRQ IRU HURGLELOLW\ UHODWLRQV :

FDOFXODWHG HURVLRQ WHVW UHVXOWV��

%�4� �����	����$������	

$�6��� 7�	����	�����	�� ��	�����	������	 ��4���� ����	���

0RVW RI WKH FODVVLFDO HURVLRQ IRUPXODWLRQV WU\ WR JLYH D GHWHUPLQLVWLF GHVFULSWLRQ RI WKH HURVLRQ SURFHVV� 7KH

EHG VKHDU VWUHVV KRZHYHU� WKH JHQHUDO IDFWRU FDXVLQJ HURVLRQ� LV D VWRFKDVWLF YDULDEOH� 7KH EHG VKHDU VWUHVV LV

GXH WR FXUUHQW VKHDU DQG WXUEXOHQFH� )RU FDOFXODWLQJ WKH KRUL]RQWDO IRUFH RQ D FXUUHQW RYHU D ODUJH DUHD �DV LQ

'HOIW�'�IORZ�� WKH ORFDO WXUEXOHQFH SHDNV FDQ EH DYHUDJHG RXW� %XW ZKHQ XVLQJ EHG VKHDU VWUHVV WR FDOFXODWH

WKH HURVLRQ RI EHG PDWHULDO� LW LV QRW FRUUHFW WR XVH RQH YDOXH RI WKH EHG VKHDU VWUHVV E\ DYHUDJLQJ RXW ORFDO

SHDNV� 7KH UHODWLRQ EHWZHHQ WKH HURVLRQ DQG WKH EHG VKHDU VWUHVV LV QRW QHFHVVDULO\ OLQHDU� 7KHUHIRUH ORFDO

SHDNV FDQ EH UHVSRQVLEOH IRU D PRUH WKDQ DYHUDJH VKDUH RI WKH HURVLRQ� ³7KH VWRFKDVWLF EHKDYLRXU RI

WXUEXOHQFH LV SUREDEO\ DQ LPSRUWDQW DVSHFW LQ WKH SKHQRPHQRORJLFDO GHVFULSWLRQ RI HURVLRQ� 7KH HURVLRQ

SURFHVV VHHPV WR EH GHWHUPLQHG ODUJHO\ E\ EXUVW�LQGXFHG DFFHOHUDWLRQV LQ WKH WXUEXOHQW ERXQGDU\ OD\HU� 7KLV

HIIHFW� KRZHYHU� FRXOG QRW EH TXDQWLILHG XS WLOO QRZ >:LQWHUZHUS� ����@´ $ IHZ H[DPSOHV RI FRKHVLYH

VHGLPHQW WKHRULHV WKDW WDNH LQWR FRQVLGHUDWLRQ WKH SUREDELOLVWLF QDWXUH ZLOO EH WUHDWHG�

([DPSOH �� 3DUWKHQLDGHV >����@ DOUHDG\ UHFRJQLVHG WKH SUREDELOLVWLF QDWXUH RI HURVLRQ� +H WULHG WR JLYH D

GHVFULSWLRQ RI WKH HURVLRQ UDWH E\ XVLQJ D VWDWLVWLFDO GLVWULEXWLRQ IXQFWLRQ RI WKH EHG VKHDU� 7KHUHIRUH KH

DVVXPHG WKDW WKH LQVWDQWDQHRXV� ORFDO VKHDU VWUHVV W� RQ WKH EHG KDV D QRUPDO GLVWULEXWLRQ ZLWK PHDQ WE

DQG VWDQGDUG GHYLDWLRQ WEÂKE� +H DVVXPHG WKH PHDQ VWUHVV WE WR EH JLYHQ E\ WKH FRPPRQ PHWKRGV IRU WKH

EHG VKHDU VWUHVV� 7KH DFWXDO VKHDU VWUHVV RQ WKH EHG FDQ EHFRPH YHU\ ODUJH� EXW WKH YHU\ ODUJH VKHDU

VWUHVVHV DFW RQO\ IRU D VKRUW SHULRG RI WLPH DQG RQ D VPDOO DUHD�

7KH GLVWULEXWLRQ RI WKH LQWHU�SDUWLFOH FRKHVLYH IRUFHV LV QDUURZ HQRXJK FRPSDUHG WR WKH VSUHDG RI

WKH VKHDU VWUHVV WE VR WKDW WKH VWUHQJWK FDQ EH FRQVLGHUHG DV FRQVWDQW� 7KH LQWHU�SDUWLFOH IRUFHV & GXH WR

WKH FRKHVLRQ ZHUH DVVXPHG FRQVWDQW DQG SURSRUWLRQDO WR WKH FRKHVLRQ F� 7KH PD[LPXP WHQVLOH VWUHVV

VPD[ LQGXFHG E\ IORZ DW WKH MRLQWV RI WKH FOD\ SDUWLFOHV RU ZLWKLQ WKH SDUWLFOHV WKHPVHOYHV� ZDV WDNHQ

SURSRUWLRQDO WR WKH ORFDO VKHDU VWUHVV W��+H XVHG
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DV D FULWHULRQ IRU HURVLRQ� LQ ZKLFK N LV DQ RYHUDOO SURSRUWLRQDOLW\ IDFWRU� $VVXPLQJ D QRUPDO GLVWULEXWLRQ

IRU WKH EHG VKHDU VWUHVV� WKH IROORZLQJ JHQHUDO HTXDWLRQ IRU WKH HURVLRQ UDWH ZDV GHULYHG�
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LQ ZKLFK S LV D SUREDELOLW\� ' LV WKH DYHUDJH GLDPHWHU RI HURGHG SDUWLFOHV RU FOD\ FOXVWHUV� $ LV D

GLPHQVLRQOHVV FRHIILFLHQW DFFRXQWLQJ IRU WKH VKDSH RI WKH HURGHG IORFV� UE LV WKH EXON GHQVLW\ RI DQ

LQGLYLGXDO HURGHG SDUWLFOH ���� W�W�� LV WKH WLPH UHTXLUHG IRU D VWUHVV VPD[ ! & WR DFW IRU WKH UHPRYDO RI D

SDUWLFOH� Z LV D GXPP\ YDULDEOH DQG ( LV WKH HURVLRQ UDWH LQ NJ�P
�
�V� 7KH SURGXFW 0 LV D IXQFWLRQ RI WKH

VRLO SURSHUWLHV ZKLOH K� GHSHQGV RQ WKH EHG VXUIDFH FRQILJXUDWLRQ DQG WKH IORZ FRQGLWLRQV� 7KXV� WKH

IORZ SDUDPHWHUV DQG WKH VRLO SURSHUWLHV KDYH EHHQ GLVWLQFWO\ VHSDUDWHG� 7KH LQWHJUDO LQ ���� �VWDQGDUG

HUURU IXQFWLRQ� LV QHHGHG EHFDXVH WKH EHG VKHDU VWUHVV FDQ EH ERWK SRVLWLYH DQG QHJDWLYH LQ D QRUPDO

GLVWULEXWLRQ ZKLOH WKH IDLOXUH DW PLFUR OHYHO LV GHSHQGHQW RQ WKH DEVROXWH YDOXH RI WKH EHG VKHDU VWUHVV

RQO\�

([DPSOH ��� 7KH HURVLRQ IRUPXODWLRQ ��� LV DOVR EDVHG RQ D SUREDELOLVWLF DSSURDFK� ³7KH UDWH SURFHVV

WKHRU\� GHYHORSHG RULJLQDOO\ IRU FKHPLFDO UHDFWLRQ UDWHV� KDV VLQFH EHHQ LQWHUSUHWHG KHXULVWLFDOO\ WR

H[SODLQ WKH G\QDPLFV RI D YDULHW\ RI SDUWLFXODWH V\VWHPV XQGHUJRLQJ WLPH�GHSHQGHQW GHIRUPDWLRQ

LQFOXGLQJ VRLO FUHHS DQG HURVLRQ� :LWK UHIHUHQFH WR HURVLRQ� IORZ�LQGXFHG VKHDU GHIRUPV WKH DJJUHJDWHV

DW WKH EHG VXUIDFH� DQG LI GXH WR WKLV SURFHVV� DOO WKH LQWHU�SDUWLFOH ERQGV FRQQHFWLQJ DQ DJJUHJDWH WR LWV

QHLJKERXUV DUH UXSWXUHG� WKH DJJUHJDWH ZLOO EH HQWUDLQHG� $ ERQG LV EURNHQ ZKHQ D FHUWDLQ PLQLPXP RU

WKUHVKROG LQWHUQDO ERQG HQHUJ\ LV H[FHHGHG� 7KH VKHDU VWUHVV DQG WKH ERQG VWUHQJWK DUH ERWK VWRFKDVWLF

YDULDEOHV� VLQFH WKH VWUHVV YDULHV WHPSRUDOO\ DW D JLYHQ VLWH� ZKLOH WKH VWUHQJWK H[KLELWV D VSDWLDO

GLVWULEXWLRQ DW D JLYHQ GHJUHH RI FRQVROLGDWLRQ� 7KH WKUHVKROG HQHUJ\ FRQFHSW WKXV OHQGV LWVHOI WR D

SUREDELOLVWLF GHVFULSWLRQ DQG WKH HURVLRQ UDWH H[SUHVVLRQ UHODWLQJ WKH QDWXUDO ORJDULWKP RI WKH IORF

HURVLRQ UDWH HI WR WKH H[FHVV VKHDU VWUHVV XOWLPDWHO\ UHVXOWV� WKH SURSRUWLRQDOLW\ IDFWRU EHLQJ WHPSHUDWXUH

GHSHQGHQW GXH WR WKH LQIOXHQFH RI WHPSHUDWXUH RQ HOHFWUR�FKHPLFDO ERQG VWUHQJWK� $QDO\VLV RI WKH

H[SHULPHQWDO UHVXOWV� DIWHU VXFFHVVIXO DWWHPSWV WR REWDLQ D QRQ�GLPHQVLRQDO H[SUHVVLRQ RI WKH IRUP RI

HTXDWLRQ ���� \LHOGHG D EHVW�ILW UHODWLRQVKLS RI WKH IRUP OQ H � H I  D ¥�W ± WE��´ >3DUFKXUH� ����@ $V

DOUHDG\ PHQWLRQHG� WKLV UHODWLRQ LV YDOLG IRU YHU\ VRIW PXG�

([DPSOH ��� 7KH UDWH RI GHSRVLWLRQ LV JHQHUDOO\ GHVFULEHG E\ >:/ _ 'HOIW +\GUDXOLFV� ����@

' Z F3V � ������

ZKHUH ZV�F� LV WKH �KLQGHUHG� VHWWOLQJ YHORFLW\� F LV WKH FRQFHQWUDWLRQ DQG 3 LV WKH SUREDELOLW\ RI

GHSRVLWLRQ� 3 UHSUHVHQWV WKH IUDFWLRQ �RI WLPH� WKDW WKH DFWXDO EHG VKHDU VWUHVV H[FHHGV WKH FULWLFDO VKHDU

VWUHVV IRU GHSRVLWLRQ� :KHQ WKHUH LV QR EHG VKHDU VWUHVV DW DOO� LQ D ODNH IRU LQVWDQFH� DOO WKH VHGLPHQW

GHSRVLWV �3 ��� :KHQ WKH DYHUDJH EHG VKHDU VWUHVV LV YHU\ ODUJH ZLWK UHVSHFW WR WKH FULWLFDO VKHDU

VWUHQJWK IRU GHSRVLWLRQ WG� QR VHGLPHQW GHSRVLWV DW DOO �3 ��� :KHQ DVVXPLQJ D OLQHDU UHODWLRQVKLS

EHWZHHQ 3 DQG WKH EHG VKHDU VWUHV� LQ WKH LQWHUYDO W WE G� �.URQH� �����
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ZKHUH + LV WKH +HDYLVLGH IXQFWLRQ DQG ' LV WKH GHSRVLWLRQ UDWH LQ NJ�P
�
�V� )RU VHGLPHQW SDUWLFOHV ODUJHU

WKDQ ��� PP *HVVOHU ������ VKRZHG WKDW WKH SUREDELOLW\ IXQFWLRQ RI GLVWULEXWLRQ 3 FRXOG EH GHVFULEHG

ZLWK D *DXVVLDQ GLVWULEXWLRQ� RU HUURU IXQFWLRQ
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ZKHUH V LV WKH VWDQGDUG GHYLDWLRQ IRU WKH VWUHVV YDULDWLRQ ZKLFK *HVVOHU GHWHUPLQHG WR EH DERXW ����� 7R

GHWHUPLQH 3�WE� WKH *DXVVLDQ GLVWULEXWLRQ KDV WR EH LQWHJUDWHG� $Q DQDO\WLFDO IRUPXODWLRQ �HUURU �

������� RI WKLV LQWHJUDO LV DYDLODEOH� VR WKH PRGHO LV UHDGLO\ DSSOLFDEOH IRU LQFRUSRUDWLRQ LQ

FRPSXWDWLRQDO PRGHOV >-RQHV HW DO�� PD\ ����@�

$�6��� ������/�/������������"�������	 �5�����) ����	�4�	�������	 ��4���� ����	���

7KH DERYH PRGHO RI 3DUWKHQLDGHV ������ JDYH PH WKH DVSLUDWLRQ WR FRQVWUXFW D PRGHO ZLWK D VLPLODU� EXW

VLPSOHU LQWHJUDO IRUPXODWLRQ� , DVVXPH D 5D\OHLJK GLVWULEXWLRQ IRU WKH DFWXDO EHG VKHDU VWUHVV W� DW RQH

PRPHQW LQ WLPH DQG DW RQH LQILQLWHVLPDO DUHD RI WKH EHG� $Q DGYDQWDJH RI WKH 5D\OHLJK GLVWULEXWLRQ LV WKDW LW

GRHV QRW DOORZ QHJDWLYH EHG VKHDU VWUHVV WR DFW� 6R ZH RQO\ KDYH WR GHDO ZLWK D SUREDELOLW\ RI H[FHHGHQFH DW

RQH VLGH RI WKH EHG VKHDU VWUHVV VSHFWUXP� 7KLV PDNHV WKH HYDOXDWLRQ RI WKH SUREDELOLW\ H[FHHGHQFH IXQFWLRQ

HDVLHU� $ SURSHUW\ RI WKH 5D\OHLJK GLVWULEXWLRQ LV WKDW LW FRQWDLQV RQO\ RQH DUJXPHQW� WKH VWDQGDUG GHYLDWLRQ

LV IXOO\ GHSHQGHQW RQ WKH DYHUDJH �IL[HG YDULDQFH�� $ GLVDGYDQWDJH RI WKLV LV WKDW WKH WXUEXOHQFH ILHOG PLJKW

QRW EH ILWWHG DFFXUDWHO\� $Q DGYDQWDJH RI WKLV LV� KRZHYHU� WKDW RQO\ RQH SDUDPHWHU KDV WR EH HVWLPDWHG ZKHQ

QR GDWD RI WKH WXUEXOHQFH ILHOG DUH DYDLODEOH� �7KLV UHGXFHV WKH FKDQFH RI ODUJH PLVWDNHV��

,Q RUGHU WR XVH WKH 5D\OHLJK GLVWULEXWLRQ� WKH UHJXODUO\ XVHG EHG VKHDU VWUHVV WE LV KDV WR EH UHODWHG WR WKH

VFDOH SDUDPHWHU �DYHUDJH P� RI WKH 5D\OHLJK GLVWULEXWLRQ� 7KH UHJXODUO\ XVHG EHG VKHDU VWUHVV WE LV QRW

QHFHVVDULO\ HTXDO WR WKH DYHUDJH RI WKH 5D\OHLJK GLVWULEXWLRQ �PRGDO YDOXH RU UPV�YDOXH PLJKW DOVR EH

SRVVLEOH�� $ FRHIILFLHQW D LV SURSRVHG WR UHODWH WKH UHJXODUO\ XVHG EHG VKHDU VWUHVV WE WR WKH VFDOH SDUDPHWHU P

RI WKH 5D\OHLJK GLVWULEXWLRQ� P  òÂWEÂ¥�S �D�� ZKHUH P LV WKH DYHUDJH RI WKH 5D\OHLJK GLVWULEXWLRQ�

7KH 5D\OHLJK GLVWULEXWLRQ FDQ EH XVHG WR IRUPXODWH D IDLOXUH FULWHULRQ IRU WKH EHG� 7KLV FULWHULRQ UHDGV DV

IROORZV� HURVLRQ FDQ RQO\ RFFXU ZKHQ WKH DFWXDO EHG VKHDU VWUHVV W� �DW RQH SRLQW DW RQH PRPHQW LQ WLPH�

H[FHHGV WKH DFWXDO VWUHQJWK W\ RI WKH EHG� 7KH DFWXDO VWUHQJWK W\ LV QRW WKH FULWLFDO VKHDU VWUHVV WFU� EXW LW LV WKH

SDUWLDOO\ GUDLQHG \LHOG VKHDU VWUHVV� 7KLV DFWXDO VWUHQJWK LV DW OHDVW HTXDO WR WKH FULWLFDO VKHDU VWUHVV DQG

JHQHUDOO\ �PXFK� KLJKHU� 7KLV XQUHPROGHG \LHOG VWUHQJWK FDQ EH FDOFXODWHG DV D IXQFWLRQ RI WKH GHQVLW\� WKH

HIIHFWLYH VWUHVV DQG WKH FRKHVLRQ� 7KH DFWXDO VWUHQJWK W\ LV FRQVLGHUHG D GHWHUPLQLVWLF YDULDEOH� 7KH

H[SHFWDWLRQ LV WKDW WKH YDULDWLRQ LQ WKH VWUHQJWK RI WKH EHG LV PXFK VPDOOHU WKDQ WKH YDULDWLRQ LQ WKH ORFDO

DFWXDO EHG VKHDU VWUHVV DW RQH PRPHQW LQ WLPH�

2QFH WKH DERYH HURVLRQ FULWHULRQ DOORZV HURVLRQ� WKH EHG LV DVVXPHG WR EH HURGHG ZLWK HURVLRQ UDWH 0�

7KH HURVLRQ UDWH 0 LV GHWHUPLQHG E\ WKH HQWUDLQPHQW UDWH RI WKH IOXLG DQG WKH SHUPHDELOLW\ RI WKH VHGLPHQW�

,W GHVFULEHV KRZ IDVW D SDUWLFOH FDQ EH ORRVHQHG IURP WKH EHG DQG DEGXFWHG E\ WKH IOXLG� SURYLGHG WKH ORFDO

VKHDU VWUHVV H[FHHGV WKH ORFDO EHG VWUHQJWK� 0 LV D IXQFWLRQ RI ERWK WKH EHG SURSHUWLHV �SHUPHDELOLW\� DQG WKH

IOXLG SURSHUWLHV �HQWUDLQPHQW UDWH�� ,W VKRXOG EH SRVVLEOH WR JLYH D IRUPXODWLRQ RI 0 LQ WHUPV RI WKHVH

SDUDPHWHUV� 7KH DUJXPHQW RI WKH 5D\OHLJK IXQFWLRQ LV DOVR D IXQFWLRQ RI ERWK D IOXLG SURSHUW\ �DYHUDJH EHG

VKHDU VWUHVV� DQG D EHG SURSHUW\ �\LHOG VWUHQJWK�� 7KH FODVVLFDO GLVWLQFWLRQ EHWZHHQ EHG DQG IOXLG IDFWRUV LV

QRW SUHVHQW LQ WKLV PRGHO�

7KH UHVXOWLQJ QHZ HURVLRQ PRGHO UHDGV�
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ZKHUH ( LV WKH HURVLRQ UDWH LQ NJ�P
�
�V� D LV D VFDOH SDUDPHWHU RI WKH 5D\OHLJK GLVWULEXWLRQ� WE LV WKH UHJXODUO\

XVHG EHG VKHDU VWUHVV LQ 3D� 0 LV WKH HURVLRQ UDWH LQ NJ�P
�
�V SURYLGHG WKH ORFDO VKHDU VWUHVV W� �DW RQH SRLQW DW

RQH PRQHQW LQ WLPH LQ 3D� H[FHHGV WKH ORFDO EHG VWUHQJWK W\ �LQ 3D�� )LJXUH ��� VKRZV D JUDSK RI WKH

5D\OHLJK GLVWULEXWLRQ IRU D  ���� ,Q WKLV FDVH WKH UHJXODUO\ XVHG EHG VKHDU VWUHVV WE HTXDOV WKH PRVW SUREDEOH
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YDOXH �PRGDO YDOXH� RI WKH DFWXDO EHG VKHDU VWUHVV W� �WKH YDOXH DW WKH SHDN RI WKH GLVWULEXWLRQ� ,I D ZHUH

HTXDO WR S��� WKH UHJXODUO\ XVHG EHG VKHDU VWUHVV WE ZRXOG EH HTXDO WR WKH DYHUDJH P RI WKH 5D\OHLJK

GLVWULEXWLRQ� 7KH SDUDPHWHUV D DQG 0 KDYH WR EH ILWWHG RQ H[SHULPHQWDO GDWD�

,Q DQ HURVLRQ WHVW� ZKHUH WKH EHG VKHDU VWUHVV LV VWHSZLVH LQFUHDVHG� WKH EHKDYLRXU RI WKLV HTXDWLRQ LV DV

IROORZV� $V HURVLRQ SURJUHVVHV DW D FRQVWDQW EHG VKHDU VWUHVV� WKH DFWXDO \LHOG VWUHQJWK DW WKH LQWHUIDFH

LQFUHDVHV� DFFRUGLQJO\ S DQG WKH HURVLRQ UDWH EHFRPH VPDOOHU� :KHQ WKH EHG VKHDU VWUHVV LV VWHSZLVH

LQFUHDVHG DJDLQ� S DQG WKH HURVLRQ UDWH VXGGHQO\ LQFUHDVH DJDLQ� DIWHU ZKLFK LW ZLOO VORZO\ EHJLQ WR GHFUHDVH

DJDLQ�

7KH EHKDYLRXU RI ���� LV IXQGDPHQWDOO\ GLIIHUHQW IURP WKH IRUPXODWLRQV JHQHUDOO\ XVHG� :LWK HTXDWLRQ

���� WKH HURVLRQ UDWH LQFUHDVHV LI WKH GHILFLW EHG VKHDU VWUHVV GHFUHDVHV� ZKLOH ZLWK WKH FODVVLFDO HTXDWLRQV

���� WR ���� WKH HURVLRQ UDWH LQFUHDVHV LI WKH H[FHVV EHG VKHDU VWUHVV LQFUHDVHV� $ VHFRQG GLIIHUHQFH LV WKDW

ZKHQ ZH SHUIRUP D UHGXFWLRQ DG DEVXUGXP RI ����� ZH VHH WKDW WKH HURVLRQ UDWH LV OLPLWHG WR 0� :LWK WKH

FODVVLFDO HTXDWLRQV� KRZHYHU� WKH HURVLRQ UDWH NHHSV RQ LQFUHDVLQJ LI WKH EHG VKHDU VWUHVV LQFUHDVHV DQG RWKHU

IRUPXODWLRQV �EXON HURVLRQ� KDYH WR EH XVHG�
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)LJXUH ���� (URVLRQ UDWHV DV D IXQFWLRQ RI WKH

DFWXDO \LHOG VWUHQJWK W\ DQG WKH

UHJXODUO\ XVHG EHG VKHDU VWUHVV

WE ZLWK D ���

%�5� �������
��	����	���		

0HUFNHOEDFK >����@ GHULYHG D UHODWLRQVKLS EHWZHHQ WKH YROXPH IUDFWLRQ RI PXG I DQG WKH XQGUDLQHG

SULQFLSDO \LHOG VKHDU VWUHVV WF LQ WHUPV RI PLFURVFRSLF SURSHUWLHV �ZKLFK ZLOO QRW EH GHVFULEHG KHUH�� 7KH

XQGUDLQHG SULQFLSDO \LHOG VWUHVV WF LV WKH \LHOG VWUHVV LQ WKH IDLOXUH OD\HU �IRU ZKLFK DQ\ RULHQWDWLRQ LV

SRVVLEOH�� ZKLOH WKH \LHOG VWUHVV W\ LV WKH \LHOG VWUHVV SDUDOOHO WR WKH EHG� 7KHVH WZR VWUHVVHV DUH LQWHUUHODWHG

E\ WKH 0RKU FLUFOH� 7KLV IRUPXODWLRQ RI WF LV EDVHG RQ D IUDFWDO GHVFULSWLRQ RI WKH PDWHULDO DW WKH PLFUR�OHYHO�

7KLV \LHOG VWUHVV WF DFWV LQ WKH IDLOXUH SODQH DQG UHDGV�

� � � � 	VF D R� � �� � � �
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ZKHUH F¶D LV WKH WUXH FRKHVLRQ� I LV WKH YROXPH IUDFWLRQ RI PXG� MC LV WKH DQJOH RI LQWHUQDO IULFWLRQ� .� LV WKH

FRHIILFLHQW RI ODWHUDO VWUHVV� .V�� LV D HPSLULFDO SDUDPHWHU GHVFULELQJ FUHHS DQG VZHOO DQG VC� LV WKH HIIHFWLYH

VWUHVV� 7KLV IRUPXOD ORRNV VLPLODU WR WKH 0RKU�&RXORPE IDLOXUH FULWHULRQ

�
	� ��F �� ������

ZKHUH F LV WKH FRKHVLRQ DQG Z LV D FRHIILFLHQW� 7KH ILUVW WHUP LQ ���� LV WKH FRKHVLRQ GXH WR WKL[RWURS\� WKH

VHFRQG WHUP LV WKH FRKHVLRQ GXH WR SUH�VWUHVVLQJ �RYHUFRQVROLGDWLRQ� DQG WKH WKLUG WHUP LV WKH HIIHFWLYH VWUHVV

SDUW� 7KH ILUVW WZR WHUPV DFFRXQW IRU WKH FRKHVLRQ F LQ WKH 0RKU�&RXORPE FULWHULRQ �������
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7KH ILUVW WHUP LQ ���� UHSUHVHQWV WKH LQWHU�DJJUHJDWH VWUHQJWK� 7KH RWKHU WZR WHUPV GHVFULEH WKH LQWHU�

SDUWLFOH ERQGV� 1RWH WKDW WKH ILUVW LQWHU�SDUWLFOH ERQG WHUP �WKH VHFRQG WHUP� LV SDUW RI WKH FRKHVLRQ� ZKLOH

WKH VHFRQG LQWHU�SDUWLFOH WHUP �WKH WKLUG WHUP� LV WKH HIIHFWLYH VWUHVV WHUP LQ ������� 5HODWLRQ ������ PD\ QRW

EH FRPSOHWH� VLQFH LW LV GHULYHG E\ VLPSO\ DGGLQJ WKH LQWHU SDUWLFOH VWUHQJWK ZLWKLQ WKH PXG DJJUHJDWHV DQG

WKH LQWHU DJJUHJDWH VWUHQJWK� 6WUHQJWKV KRZHYHU� FDQQRW VLPSO\ EH DGGHG� :H VKRXOG ILUVW NQRZ WKH PRGH RI

IDLOXUH DW WKH PLFUR OHYHO� GR WKH LQWHU�SDUWLFOH DQG WKH LQWHU�DJJUHJDWH VWUHQJWK DFW SDUDOOHO RU VHULDO" 'HVSLWH

WKLV REMHFWLRQ� 0HUFNHOEDFK ZDV DEOH WR GHVFULEH PHDVXUHG VWUHQJWK SURILOHV ZLWK ������ � 7KH PRGHO LV

WKHUHIRUH FRQVLGHUHG DSSOLFDEOH�

7KH WHUP F¶DI LV D IXQFWLRQ RI SK\VLFR�FKHPLFDO SURSHUWLHV� 0HUFNHOEDFK DVVXPHG WKH HIIHFWV RI WKH

LQWHU�DJJUHJDWH VWUHQJWK F¶D WR EH OLQHDU ZLWK WKH YROXPH IUDFWLRQ RI PXG I� +HQFH� WKHUH LV DOVR SK\VLFDO

VWUHQJWKHQLQJ RI WKH FRKHVLRQ GXH WR WKH LQFUHDVH LQ WKH YROXPH IUDFWLRQV RI PXG I� F¶D VWDQGV IRU WKH

LQFUHDVH LQ WUXH FRKHVLRQ GXH WR WKH GHYHORSPHQW RI ERQGV EHWZHHQ WKH DJJUHJDWHV� 7KH LQFUHDVH RI WKH

VWUHQJWK RI WKH ERQGV F¶D LQ WLPH LV JHQHUDOO\ UHIHUUHG WR DV DJHLQJ RU WKL[RWURS\� ,W FDQ EH VHHQ DV WKH

FKHPLFDO LQFUHDVH LQ VWUHQJWK �H�J� E\ HOHFWURPDJQHWLF IRUFHV� VHH VHFWLRQ ������� 7KH GHWHUPLQDWLRQ RI WKH

WLPH GHSHQGHQW SDUDPHWHU F¶D�W� GHVFULELQJ WKH JURZWK RI WKH FRKHVLRQ LV KDUG WR GHILQH DQG LV WKHUHIRUH

VRPHZKDW DPELJXRXV� 'HWHUPLQLQJ WKH SURGXFW F¶DI RQ WKH ORQJ WHUP LV DOVR FRPSOLFDWHG E\ WKH FUHHS

HIIHFW� ZKLFK DFFRXQWV IRU DQ LQFUHDVH RI FRKHVLRQ DV ZHOO� ,Q 0HUFNHOEDFK >����@ DQ LQFUHDVH RI � 3D�GD\ LV

PHQWLRQHG IRU F¶DI IRU SHULRGV XS WR �� GD\V�

7KH XQGUDLQHG SULQFLSDO \LHOG VWUHVV W F DFWV LQ WKH SODQH RI IDLOXUH� 7KH RULHQWDWLRQ RI WKLV IDLOXUH SODQH

GHSHQGV RQ WKH UDWLRV EHWZHHQ WKH WKUHH VWUHVVHV LQ WKH WKUHH LQGHSHQGHQW GLUHFWLRQV� ,Q D PXG OD\HU WKHUH LV

QR GLVWLQFWLRQ EHWZHHQ WKH WZR VWUHVVHV LQ WKH KRUL]RQWDO SODQH� 7KDW PHDQV WKDW WKHUH DUH WZR RSWLRQV OHIW�

0HUFNHOEDFK >����@ GHULYHG WKH UHODWLRQ EHWZHHQ WKH \LHOG VWUHVV W F LQ WKH SODQH RI IDLOXUH DQG WKH \LHOG

VWUHVV LQ WKH KRUL]RQWDO SODQH E\ PHDQV RI WKH FLUFOH RI 0RKU� 7KH IROORZLQJ WZR RSWLRQV H[LVW�
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ZKHUH V¶Y LV WKH YHUWLFDO HIIHFWLYH VWUHVV� 7KH SUHFLVH IRUPXODWLRQ GHSHQGV RQ WKH UDWLR RI WKH KRUL]RQWDO DQG

WKH YHUWLFDO SODLQ VWUHVVHV .�� 7KLV UDWLR LV QRW YHU\ ZHOO NQRZQ LQ WKH ILHOG� 7KLV LQWURGXFHV D ODUJH

XQFHUWDLQW\� $ VHFRQG VRXUFH RI XQFHUWDLQW\ LV WKDW LQ HTXDWLRQ ���� WKH EHG VKHDU VWUHVV WE ZLOO EH FRPSDUHG

WR W\� 7KH EHG VKHDU VWUHVV LV QRW YHU\ ZHOO NQRZQ HLWKHU� )RU WKHVH UHDVRQV LW LV QRW FRQVLGHUHG QHFHVVDU\ WR

SHUIRUP D UHILQHPHQW WR ���� DV LQ ���� DQG ���� 7KHUHIRUH WKH PDLQ UHODWLRQ ������ ZLOO EH XVHG�

6RPH VLPSOLILFDWLRQV FDQ EH DSSOLHG WR HTXDWLRQ ����� 7KH PRGHO ZLOO EH XVHG WR FDOFXODWH WKH DFWXDO

\LHOG VWUHQJWK DW WKH LQWHUIDFH� $W WKLV OHYHO WKH HIIHFWLYH VWUHVVHV DUH DOPRVW ]HUR �RQO\ WKH VHOI�ZHLJKW RI RQH

IORF�� VR WKH HIIHFWLYH VWUHVV WHUP FDQ EH GLVFDUGHG� :KHQ VXEVWLWXWLQJ WKH FRQVWLWXWLYH UHODWLRQ RI

0HUFNHOEDFK>����@ VCY  .VI
Q
± .V�� § �: .V�� .VI

Q
� ������ EHFRPHV�
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ZKHUH .V LV DQ HPSLULFDO HIIHFWLYH VWUHVV FRHIILFLHQW� 7KH DQJOH RI LQWHUQDO IULFWLRQ YDULHV EHWZHHQ �� DQG ���

>/DPEH� ����@� DQG .� YDULHV EHWZHHQ ��� DQG �� 7KDW PHDQV WKDW WDQMC����.���� LV RI RUGHU �� 6LQFH

VCY  .VI
Q
LQ WKH YLUJLQ ORDGLQJ UHJLPH� WKH VHFRQG \LHOG VWUHQJWK WHUP IURP ���� VFDOHV ZLWK WKH HIIHFWLYH

VWUHVV� 1HDU WKH LQWHUIDFH WKH HIIHFWLYH VWUHVVHV DUH ]HUR� VR WKH WHUP VCY  .VI
Q
LV YHU\ VPDOO DW WKH LQWHUIDFH�

7KH FRKHVLRQ WHUP F¶DI GRPLQDWHV WKHUH� 7KH \LHOG VWUHQJWK QHDU WKH LQWHUIDFH LV RI SDUDPRXQW LPSRUWDQFH

IRU WKH FDOFXODWLRQ RI WKH HURVLRQ� 7KDW PHDQV WKDW WKH XQGUDLQHG \LHOG VWUHQJWK WHUP ZLWK WKH ODUJHVW

XQFHUWDLQW\� WKH FRKHVLRQ WHUP� ZLOO KDYH WKH GRPLQDQW LQIOXHQFH RQ WKH HURVLRQ FKDUDFWHULVWLFV� 7KH WHUP
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VCY  .VI
Q
FDQ EH FDOFXODWHG YHU\ ZHOO� EXW WKLV WHUP LV QRW YHU\ LPSRUWDQW QHDU WKH LQWHUIDFH� 2QO\ ZKHQ ROG

OD\HUV ZLWK D KLJK GHQVLW\ DUH H[SRVHG WR HURVLRQ DW WKH WRS� FDQ WKLV WHUP KDYH D VLJQLILFDQW LQIOXHQFH�

%��6� ������

7KH DLP RI WKLV FKDSWHU ZDV WR ILQG RU GHULYH DQ HURVLRQ IRUPXOD WKDW LV FDSDEOH RI GHDOLQJ ZLWK VHDVRQDO

YDULDWLRQV� 'HVSLWH ORWV RI UHVHDUFK� HURVLRQ RI FRKHVLYH EHGV LV QRW \HW D ZHOO XQGHUVWRRG SKHQRPHQRQ�

(URVLRQ H[SHULPHQWV DUH YHU\ LPSRUWDQW DQG D IHZ W\SHV DUH GLVFXVVHG� $ �OLWHUDWXUH� VWXG\ KDV EHHQ PDGH RI

WKH GLIIHUHQW HURVLRQ W\SHV� 9HU\ VRIW EHGV WKDW KDYH MXVW EHHQ GHSRVLWHG� DOVR NQRZQ DV IOXLG PXG� FDQ EH UH�

HQWUDLQHG� 7KH FRQVROLGDWLQJ DQG VHWWOHG EHG FDQ EH VXEMHFW WR PDVV HURVLRQ ZKHQ WKH EHG VKHDU VWUHVV

EHFRPHV YHU\ ODUJH� +RZHYHU� PDVV HURVLRQ LV QRW GHDOW ZLWK LQ WKLV WKHVLV� WKH EHG ZLOO VROHO\ EH H[SRVHG WR

VXUIDFH HURVLRQ� 6XUIDFH HURVLRQ FDQ EH OLPLWHG �W\SH ,�� RU XQOLPLWHG �W\SH ,,� ZLWK UHVSHFW WR GHSWK� 5HFHQW

UHVHDUFK VWDWHV WKDW WKH VXUIDFH HURVLRQ W\SH LV GHSHQGHQW RQ WKH UDWLR EHWZHHQ WKH FKDUDFWHULVWLF WLPH VFDOH

RI WKH IRUFLQJ DQG WKDW RI WKH EHG� 7KLV LQVLJKW PDNHV LW SRVVLEOH WR PHUJH VXUIDFH HURVLRQ W\SH , DQG ,,�

7KH EDVLF HURVLRQ HTXDWLRQV IRU VXUIDFH HURVLRQ FRQWDLQ DQ HURVLRQ FRHIILFLHQW DQG D FULWLFDO VKHDU VWUHVV�

,W WXUQV RXW WKDW WKHUH LV QR JHQHUDO DJUHHPHQW RQ ZKLFK IRUPXODWLRQ WR XVH� QRU RQ WKH ZD\ WR GHWHUPLQH WKH

SDUDPHWHUV UHTXLUHG IRU WKHVH IRUPXODWLRQV� :KHQ WKH JHQHUDO HURVLRQ HTXDWLRQV DUH QHYHUWKHOHVV DSSOLHG LQ

RUGHU WR PRGHO VHDVRQDO YDULDWLRQV LQ VHGLPHQW FRQFHQWUDWLRQV� LW WXUQV RXW WKDW WKH\ DUH QRW DEOH WR GHVFULEH

DQ HTXLOLEULXP EHG� 7KH PRGHO UHVXOWV VKRZ HLWKHU D EHG ZLWK QHW GHSRVLWLRQ� RU D EHG ZKHUH WKH HQWLUH

FRPSXWDWLRQDO EHG KDV EHHQ GHSOHWHG �D FOHDQ ERWWRP�� ,Q UHDOLW\� HTXLOLEULXP EHGV RFFXU� ZKHUH DOWHUQDWHO\

HURVLRQ DQG GHSRVLWLRQ FDQ RFFXU ZLWKRXW D FOHDQ URFN EHG LQ EHWZHHQ� 7KH PRGHO ZH DUH ORRNLQJ IRU VKRXOG

EH DEOH WR GHDO ZLWK VXFK D EHG�

$ ZLGHO\ XVHG UHPHG\ IRU WKH LQDSSURSULDWH EHKDYLRXU RI WKH EDVLF HURVLRQ PRGHOV LV WR XVH D EHG WKDW

FRQVLVWV RI OD\HUV WKDW EHFRPH PRUH UHVLVWDQW WR HURVLRQ DW ODUJHU GHSWK� 7KH QXPEHU RI OD\HUV LV GLUHFWO\

OLQNHG WR WKH 
PHPRU\
 RI WKH PRGHO� 6R PRGHOOLQJ VHDVRQDO YDULDWLRQV ZLWK D UHJXODU DSSURDFK ZLOO UHTXLUH

WKH XVH RI D KXJH QXPEHU RI OD\HUV� 8VLQJ D VHW RI OD\HUV LQ ZKLFK HDFK GHHSHU OD\HU FRYHUV D ORQJHU SHULRG

RI WLPH ����� ���� ���� ���� GD\V HWF�� FDQ UHPHG\ WKLV� 0RUHRYHU� WKH DVVLJQPHQW RI WKH HURVLRQ SDUDPHWHUV

WR WKH OD\HUV FDQ RQO\ EH SHUIRUPHG HPSLULFDOO\ RU LQ D VXEMHFWLYH PDQQHU� (YHQ LI VXFK DQ DSSURDFK FDQ EH

XVHG WR VLPXODWH HURVLRQ WHVWV� WKH HURVLYH EHKDYLRXU RI IXWXUH GHSRVLWV FDQQRW EH PRGHOOHG� $ WLPH

SDUDPHWHU KDV WR EH LQFOXGHG WR DFFRXQW IRU WKLV� 7KH ILUVW RSWLRQ LV WR PDNH WKH HURVLRQ SDUDPHWHUV LWVHOI D

IXQFWLRQ RI WLPH� 6LQFH WKH HURVLRQ SDUDPHWHUV DUH QRW IXQGDPHQWDO EHG FRHIILFLHQWV� WKLV ZLOO QRW EH D

SURPLVLQJ DSSURDFK� $ EHWWHU DSSURDFK LV �L� WR ILQG RXW ZKDW WKH UHODWLRQ LV EHWZHHQ WKH HURVLRQ SDUDPHWHUV

DQG IXQGDPHQWDO EHG SURSHUWLHV� DQG �LL� GHVFULEH WKHVH IXQGDPHQWDO EHG SURSHUWLHV DV D IXQFWLRQ RI WLPH DQG

GHSWK�

:LWK UHVSHFW WR �L�� DIWHU D ORW RI H[SHULPHQWV >/LFN� ����@ FRQFOXGHV WKDW WKH HURVLYH EHKDYLRXU RI PXGV

LV ODUJHO\ GHSHQGHQW �DPRQJ RWKHUV� RQ �D� WKH EXON GHQVLW\ DQG �E� WKH HIIHFWV RI JHOODWLRQ �WKL[RWURS\��

:LWK WKH *LEVRQ HTXDWLRQ RI FRQVROLGDWLRQ� LW LV SRVVLEOH WR GHVFULEH WKH EXON GHQVLW\ SURILOH DV D IXQFWLRQ RI

WLPH DQG GHSWK� 1R PRGHO LV �\HW� DYDLODEOH IRU WKH WKL[RWURS\ KRZHYHU� VR WKLV HIIHFW KDV WR EH GHWHUPLQHG

HPSLULFDOO\� 7KH WKL[RWURS\ FDQ EH XVHG WR FDOLEUDWH WKH �'9�ZDWHUEHG PRGHO KRZHYHU�

:LWK UHVSHFW WR �LL�� VRPH HURVLRQ PRGHOV WKDW UHODWH WKH HURVLRQ WR WKH GHQVLW\ DOUHDG\ H[LVW� 7KHVH

PRGHOV GR QRW KDYH D SK\VLFDO EDVLV KRZHYHU� 7KHUHIRUH� D QHZ HURVLRQ IRUPXODWLRQ LV SURSRVHG� 7KLV

IRUPXODWLRQ UHJDUGV WKH DFWXDO EHG VKHDU VWUHVV WR DW RQH PRPHQW LQ WLPH DV D VWRFKDVWLF YDULDEOH ZLWK D

5D\OHLJK GLVWULEXWLRQ� UDWKHU WKDQ WKH GHWHUPLQLVWLF EHG VKHDU VWUHVV WE UHJXODUO\ XVHG� ,Q WKLV IRUPXODWLRQ�

HURVLRQ RQO\ RFFXUV ZKHQ WKH DFWXDO VWUHQJWK W\ LV VPDOOHU WKDQ WKH DFWXDO EHG VKHDU VWUHVV W�� 7KH DFWXDO

VWUHQJWK W\ FDQ EH UHODWHG WR WKH GHQVLW\ DQG WKH WKL[RWURS\ ZLWK D PRGHO SURSRVHG E\ 0HUFNHOEDFK >����@�

&RPELQLQJ WKH *LEVRQ HTXDWLRQ RI FRQVROLGDWLRQ ZLWK WKLV QHZ HURVLRQ PRGHO� PLJKW OHDG WR D QHZ XVHIXO ��

'9 ZDWHU EHG PRGHO� ,Q WKH QH[W FKDSWHU D FRQVROLGDWLRQ PRGHO LV GHYHORSHG IRU WKLV DLP�
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*� 7��	�
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,Q WKLV FKDSWHU D FRQVROLGDWLRQ PRGHO ZLOO EH GHULYHG XVLQJ ILQLWH VWUDLQ FRQVROLGDWLRQ WKHRU\ RI *LEVRQ

>���� 	 ����@� ,Q VHFWLRQ ��� WKH JRYHUQLQJ GLIIHUHQWLDO HTXDWLRQ LV GHVFULEHG� 7KLV GLIIHUHQWLDO HTXDWLRQ

QHHGV FRQVWLWXWLYH UHODWLRQV LQ RUGHU WR EH VROYHG� 7KHVH DUH WUHDWHG LQ VHFWLRQ ���� 7KH FRQVWLWXWLYH UHODWLRQV

RI 0HUFNHOEDFK >����@ DUH XVHG LQ WKH YLUJLQ ORDGLQJ UHJLPH� $ IHZ PRGHOV ZLOO EH SUHVHQWHG IRU WKH

UHORDGLQJ UHJLPH� 7KH UHVXOWLQJ PRGHO FDQ FDOFXODWH WKH GHQVLW\ DV IXQFWLRQ RI WLPH DQG GHSWK� ,Q VHFWLRQ ���

WKH QXPHULFDO VROXWLRQ LV GLVFXVVHG� )DVW SDUDPHWHULVDWLRQ PHWKRGV LQ JHQHUDO DUH GHVFULEHG LQ VHFWLRQ ���

2QH QHZ� IDVW SDUDPHWHULVDWLRQ� SURSRVHG E\ 0HUFNHOEDFK >����@� LV GHDOW ZLWK LQ VHFWLRQ ���� 7KLV

SDUDPHWHULVDWLRQ ZLOO EH FRPSDUHG WR WKH H[DFW QXPHULFDO VROXWLRQ� $ VXPPDU\ LV IRXQG DW WKH HQG RI WKLV

FKDSWHU�

*��� ���	����#�������������	�
������

*LEVRQ >����@ GHULYHG D RQH�GLPHQVLRQDO YHUWLFDO ���'9� FRQVROLGDWLRQ HTXDWLRQ LQ PDWHULDO FRRUGLQDWHV

WLPH W DQG PDWHULDO GHSWK ] �ZLWK WKH ULJLG ERWWRP RI FRQVROLGDWLQJ OD\HU DW ]  � � DQG WKH YRLG UDWLR H DV WKH

GHSHQGHQW YDULDEOH� ,W JLYHV D FRQWLQXXP GHVFULSWLRQ RI WKH EHG DQG LV YDOLG IRU RQH VHGLPHQW IUDFWLRQ RQO\�

,W FRQWDLQV DQ DGYHFWLRQ WHUP DQG D GLIIXVLRQ WHUP�
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,Q WKLV GLIIHUHQWLDO HTXDWLRQ N UHSUHVHQWV WKH SHUPHDELOLW\� VCY WKH YHUWLFDO HIIHFWLYH VWUHVV �WRWDO VWUHVV PLQXV

ZDWHU SUHVVXUH�� ' WKH UHODWLYH GHQVLW\ RI WKH VHGLPHQW PDWHULDO DQG UZ WKH GHQVLW\ RI ZDWHU� $ IHZ

DVVXPSWLRQV KDYH EHHQ PDGH WR GHULYH WKLV HTXDWLRQ� 7KHVH DUH�

� 7KH FRQVROLGDWLRQ SURFHVV LV D RQH GLPHQVLRQDO YHUWLFDO SURFHVV

� 7KH SRUH ZDWHU DQG WKH VROLGV DUH LQFRPSUHVVLEOH DQG WKH\ DUH ERWK KRPRJHQHRXV LQ FRPSRVLWLRQ�

� 7KH FRQVROLGDWLQJ OD\HU LV IXOO\ VDWXUDWHG

� 7KH HIIHFWLYH VWUHVV� L�H� WKH GLIIHUHQFH EHWZHHQ WKH WRWDO VWUHVV DQG WKH SRUH ZDWHU SUHVVXUH� FRQWUROV WKH

VWUDLQV

� ,QHUWLD HIIHFWV DUH QHJOLJLEOH

� 7KH SRUH ZDWHU IORZ UHODWLYH WR WKH SDUWLFOHV FDQ EH PRGHOOHG E\ 'DUF\¶V ODZ�

0HUFNHOEDFK >����@ VKRZHG WKDW UHZULWLQJ WKLV HTXDWLRQ XVLQJ WKH YROXPH IUDFWLRQ RI PXG

� �
�

�

� � �����

DV WKH GHSHQGHQW YDULDEOH UDWKHU WKDQ WKH YRLG UDWLR H JLYHV D VLPSOHU SDUWLDO GLIIHUHQWLDO HTXDWLRQ
��
�

��

�

�

�
�

�

�

�
�
�	

�	 

�

� 

�


Z

Y� �
�
��

�
��
�� � �
�




�����

ZKHUH ] LV WKH (XOHULDQ FRRUGLQDWH� 7KH *LEVRQ HTXDWLRQ FDQ EH REWDLQHG E\ XVLQJ WKH IROORZLQJ

UHODWLRQVKLSV�

0DVV EDODQFH�
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��
6LOOV ������ DOUHDG\ H[SUHVVHG WKLV HTXDWLRQ LQ WHUPV RI WKH YDULDEOH Q� ZKLFK LV WKH VDPH DV I�
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ZLWK WKH HIIHFWLYH µVHWWOLQJ YHORFLW\¶ YV LQ WKH FRQVROLGDWLQJ EHG�

� �
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,Q RUGHU WR VROYH WKH *LEVRQ PRGHO� D UHODWLRQ EHWZHHQ WKH HIIHFWLYH VWUHVV VCY� WKH SHUPHDELOLW\ N DQG WKH

YROXPH IUDFWLRQ RI PXG I LV QHFHVVDU\� 7KHVH DUH FDOOHG FRQVWLWXWLYH UHODWLRQV� 7KHVH ZLOO EH GHDOW ZLWK LQ

WKH QH[W VHFWLRQ� 7KH DERYH µVHWWOLQJ YHORFLW\¶ YV LQ WKH EHG FDQ EH GHULYHG IURP WKH IROORZLQJ UHODWLRQVKLSV�

7KH YHUWLFDO IRUFH HTXLOLEULXP �ZLWK UV DV WKH GHQVLW\ RI WKH VHGLPHQW PDWHULDO DQG UZ DV WKH GHQVLW\ RI

ZDWHU� UHDGV�

�
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7KH JHQHUDOLVHG 'DUF\ ODZ IRU SRUH ZDWHU IORZ UHODWLYH WR WKH SDUWLFOHV �ZLWK SH DV WKH H[FHVV SRUH SUHVVXUH

DQG YI DV WKH HIIHFWLYH IOXLG YHORFLW\�� UHDGV �
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� �� �V I� �� � �� � �����

(IIHFWLYH VWUHVV SULQFLSOH �ZLWK SK DV WKH K\GURVWDWLF ZDWHU SUHVVXUH��

	 	 	Y Y Y H K� � �� � � � �
 
 �����

,I LW LV DVVXPHG WKDW WKH HIIHFWLYH VWUHVVHV DUH ]HUR� WKHQ WKH GLIIXVLRQ WHUP GURSV RXW RI ������ ,I WKLV LV

VXEVWLWXWHG LQ ������ WKH UHVXOWLQJ HTXDWLRQ ����� LV VLPLODU WR .\QFK¶V VHGLPHQWDWLRQ WKHRU\ >����@� SURYLGHG

DQ DSSURSULDWH IRUPXODWLRQ RI WKH SHUPHDELOLW\ N LV FKRVHQ� (TXDWLRQ ����� ZLWKRXW WKH GLIIXVLRQ WHUP LV D

ZDYH HTXDWLRQ ZKHUH WKH FKDUDFWHULVWLF YHORFLW\ LV D IXQFWLRQ RI WKH GHQVLW\� 2QO\ RQH ERXQGDU\ FRQGLWLRQ

FDQ EH LPSRVHG DW WKH XSSHU ERXQGDU\� 7R SUHYHQW VHGLPHQW IURP VHWWOLQJ WKURXJK WKH ULJLG ERWWRP DQG

EH\RQG LQ WKLV PRGHO� WKH FKDUDFWHULVWLF YHORFLW\ KDV WR DSSURDFK ]HUR QHDU WKH ULJLG ERWWRP� .\QFK XVHV D

UHODWLRQ RI WKH IRUP YV D�I�I��
E
WR DFFRXQW IRU WKLV� 7KLV �LPSOLFLW� IRUPXODWLRQ RI N�I� UHGXFHV YV WR ]HUR LI

WKH FRQFHQWUDWLRQ DSSURDFKHV I�� ,Q WKH VXVSHQVLRQ SKDVH WKH GHQVLWLHV DUH VWLOO EHORZ WKH VWUXFWXUDO GHQVLW\�

7KH FOD\ SDUWLFOHV GR QRW IRUP D YROXPH�ILOOLQJ QHWZRUN WKHUH� )RU WKLV SKDVH .\QFK¶V VHGLPHQWDWLRQ WKHRU\

KDV RULJLQDOO\ EHHQ GHYHORSHG�

7KH IRUPXODWLRQ RI N XVHG LQ WKH KLQGHUHG VHWWOLQJ UHJLPH �H�J� HTXDWLRQ ����� LV GLIIHUHQW WKDQ WKH

IRUPXODWLRQ RI N LQ WKH FRQVROLGDWLQJ EHG� ,Q WKH IRUPXODWLRQV RI N YDOLG IRU WKH FRQVROLGDWLQJ EHG� YV GRHV

QRW UHGXFH WR ]HUR LI WKH FRQFHQWUDWLRQV EHFRPH KLJK� 8VLQJ VXFK D IRUPXODWLRQ DQG GLVFDUGLQJ WKH HIIHFWLYH

VWUHVV WHUP LQ ����� DW WKH VDPH WLPH� ZRXOG DOORZ WKH VHGLPHQW WR VHWWOH WKURXJK WKH ULJLG ERWWRP DQG

EH\RQG� &RQVHTXHQWO\� ZKHQ IRU N D IRUPXODWLRQ LV XVHG WKDW LV YDOLG LQ WKH FRQVROLGDWLQJ EHG� WKH PRGHO

FDQQRW EH XVHG ZLWKRXW WKH HIIHFWLYH VWUHVV WHUP LQ HTXDWLRQ ������ :KHQ WKH GLIIXVLRQ LV LQFOXGHG� D VHFRQG

ERXQGDU\ FRQGLWLRQ FDQ EH LPSRVHG DW WKH ORZHU ERXQGDU\ RI WKH EHG� 7KLV ERXQGDU\ FRQGLWLRQ SUHYHQWV

VHGLPHQW IURP VHWWOLQJ WKURXJK WKH ULJLG ERWWRP DQG EH\RQG�

,W LV DOVR SRVVLEOH WR FRPELQH PDVV EDODQFH ����� ZLWK WZR VHSDUDWH UHODWLRQV IRU N� RQH YDOLG IRU WKH

FRQVROLGDWLQJ EHG DW OHYHOV ZKHUH I LV ODUJHU WKDQ WKH VWUXFWXUDO YROXPH �HIIHFWLYH VWUHVVHV SUHVHQW� DQG D

KLQGHUHG VHWWOLQJ IRUPXODWLRQ DW WKH OHYHOV ZKHUH I LV VPDOOHU WKDQ IJHO �QR HIIHFWLYH VWUHVVHV SUHVHQW�� 7KHQ

RQH VLQJOH PRGHO FDQ EH XVHG IURP WKH LQWHUIDFH ZDWHU�DLU GRZQ WR WKH ULJLG ERWWRP RI WKH ZDWHUEHG�

0HUFNHOEDFK >����@ SUHSDUHG D QXPHULFDO PRGHO LQ (XOHULDQ FRRUGLQDWHV LQ WKLV IDVKLRQ� ,W FDQ EH XVHG WR

VLPXODWH WKH VHWWOLQJ EHKDYLRXU LQ DQ HQWLUH VHWWOLQJ FROXPQ H[SHULPHQW� :LQWHUZHUS >����@ DOVR SUHSDUHG D

PRGHO OLNH WKLV� LQFOXGLQJ IRUPXODWLRQV IRU WXUEXOHQFH DQG IORFFXODWLRQ� WKDW FDQ EH XVHG WR VLPXODWH WKH

EHKDYLRXU RI PXG GXULQJ D SHULRG XS WR D IHZ WLGDO F\FOHV�

+RZHYHU� KLJK FRQFHQWUDWHG PXG VXVSHQVLRQV LQ ZKLFK .\QFK
V WKHRU\ LV YDOLG DUH QRW DFFRXQWHG IRU LQ

WKH SUHVHQW ��'9 ZDWHU EHG PRGHO �FKDSWHU ��� $FFRUGLQJO\� D FOHDU GLVWLQFWLRQ LV PDGH EHWZHHQ WKH EHG DQG
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WKH ZDWHU� ZLWKRXW DQ\ KLQGHUHG VHWWOLQJ DERYH� 2QH IRUPXODWLRQ IRU N FDQ EH XVHG WKDW LV YDOLG LQ WKH

ZDWHUEHG RQO\� 7KLV HTXDWLRQ ZLOO EH GHVFULEHG LQ WKH QH[W VHFWLRQ�

2Q WKH RWKHU KDQG� WKH ��'9 PRGHO UHGXFHV WR 7HU]DJKL¶V FRQVROLGDWLRQ WKHRU\ ZKHQ FDQFHOOLQJ WKH

DGYHFWLRQ WHUP DQG OLQHDULVLQJ WKH UHVXOW� 7HU]DJKL¶V FRQVROLGDWLRQ WKHRU\ GHVFULEHV LQILQLWHVLPDO VWUDLQ

FRQVROLGDWLRQ� ZKHUHDV *LEVRQ¶V HTXDWLRQ GHVFULEHV ILQLWH VWUDLQ FRQVROLGDWLRQ� 7HU]DJKL¶V WKHRU\ GRHV QRW

DFFRXQW IRU WKH HIIHFW RI WKH UHGXFHG SRUH YROXPH GXH WR FRQVROLGDWLRQ RQ WKH JHRPHWU\ DQG SHUPHDELOLW\ RI

WKH EHG� ,W DVVXPHV D FRQVWDQW SHUPHDELOLW\ DQG FDQ WKHUHIRUH KDQGOH RQO\ VPDOO VWUDLQV� 7KLV WKHRU\ LV XVHIXO

WR GHVFULEH WKH WLPH GHSHQGHQW EHKDYLRXU LQ FRQVROLGDWHG FOD\V� 7KLV WKHRU\ LV QRW VXLWDEOH IRU IUHVKO\

GHSRVLWHG PXG EHGV� VLQFH ODUJH VWUDLQV PD\ RFFXU� 7KH PRUH JHQHUDO FRQVROLGDWLRQ PRGHO E\ *LEVRQ LV

PRUH DSSURSULDWH�

:KHQ VROYLQJ WKH *LEVRQ HTXDWLRQ LQ WKH (XOHULDQ FRRUGLQDWH V\VWHP� RQH LV FRQIURQWHG ZLWK D PRYLQJ

ZDWHU�PXG LQWHUIDFH� ,Q D PDWHULDO �/DJUDQJLDQ� FRRUGLQDWH V\VWHP� WKH ZDWHU�PXG LQWHUIDFH LV IL[HG LQ WLPH�

7KH PDWHULDO FRRUGLQDWHV �]��WP� UHODWH WR WKH (XOHULDQ FRRUGLQDWHV �]�W� DV

 �� � 
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7KH DVVRFLDWHG WUDQVIRUPDWLRQ UXOHV DUH�
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DQG �XVLQJ HTXDWLRQ ����� IRU � �� 	 �
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1RWLFH WKDW WKH UHDO WLPH W DQG WKH PDWHULDO WLPH WP DUH HTXDO� EXW WKDW WKHLU LPSOLFDWLRQ LV TXLWH GLIIHUHQW� ,Q

WKH SDUWLDO GHULYDWLYH ZLWK UHVSHFW WR WP LQ ������� QRW RQO\ WKH GHULYDWLYH ZLWK UHVSHFW WR WKH UHDO WLPH W LV

LQFOXGHG� EXW DOVR WKH UDWH RI FKDQJH GXH WR WKH FKDQJLQJ SRVLWLRQ RI WKH µREVHUYHU¶�
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2QH QHHGV LQLWLDO DQG ERXQGDU\ FRQGLWLRQV WR VROYH WKLV� 7KH LQLWLDO FRQGLWLRQ FDQ EH DQ\ GHQVLW\ SURILOH �RU

HIIHFWLYH VWUHVV SURILOH��
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7KH ILUVW ERXQGDU\ FRQGLWLRQ LV WKDW WKH ZDWHUEHG LV DVVXPHG WR KDYH D ULJLG DQG LPSHUPHDEOH ERWWRP�
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7KH VHFRQG ERXQGDU\ FRQGLWLRQ LV WKDW WKH HIIHFWLYH VWUHVVHV DUH DVVXPHG WR EH ]HUR DW WKH LQWHUIDFH�

� � LY 		 	 ��� ����
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ZKHUH ]L LV WKH EHG�ZDWHU LQWHUIDFH�
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*LEVRQ¶V DGYHFWLRQ�GLIIXVLRQ�HTXDWLRQ FRQWDLQV WKUHH GHSHQGHQW YDULDEOHV� I� N DQG V
Y� ,Q RUGHU WR VROYH WKH

*LEVRQ HTXDWLRQ� UHODWLRQV IRU WKH HIIHFWLYH VWUHVV V
Y DQG WKH SHUPHDELOLW\ N DUH QHFHVVDU\� 0HDVXUHG ILHOG

DQG ODERUDWRU\ GDWD LQ WKH YLUJLQ ORDGLQJ UHJLPH �VHH VHFWLRQ ������ DUH NQRZQ WR EH PRUH RU OHVV DGHTXDWHO\

ILWWHG E\ D ZLGH YDULHW\ RI HPSLULFDO UHODWLRQVKLSV� 7KHVH UHODWLRQV XVXDOO\ FRQWDLQ WZR DQG VRPHWLPHV HYHQ

PRUH HPSLULFDO SDUDPHWHUV �GHSHQGHQW RQ WKH ZD\ RI SORWWLQJ� WKH RIIVHW� WKH VORSH DQG VRPHWLPHV WKH

FXUYDWXUH�� )RU D VXPPDU\ RI WKHVH UHODWLRQV VHH 'HQ +DDQ ������� $ YHU\ FRPPRQ DSSURDFK DVVXPHV D

OLQHDU UHODWLRQ EHWZHHQ WKH YRLG UDWLR DQG WKH QDWXUDO ORJDULWKP RI WKH HIIHFWLYH VWUHVV >/DPEH � ����@�
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ZKHUH &F LV WKH FRPSUHVVLRQ LQGH[� H� LV WKH UHIHUHQFH YRLG UDWLR� VCY�� LV WKH UHIHUHQFH HIIHFWLYH VWUHVV DQG

'VCY�� LV WKH HIIHFWLYH VWUHVV ZLWK UHVSHFW WR WKLV UHIHUHQFH VWUHVV�

.UDQHQEXUJ >����@ SURSRVHG D QHZ DSSURDFK WR WKH FRQVWLWXWLYH UHODWLRQV� IXUWKHU HODERUDWHG E\

0HUFNHOEDFK >����@� 2Q WKH EDVLV RI D IUDFWDO DQDO\VLV RI PXG DQG RI D VHULHV RI H[SHULPHQWV RQ VRIW PXGV�

KH GHULYHG D QHZ VHW RI FRQVWLWXWLYH HTXDWLRQV WKDW UHODWH ERWK WKH HIIHFWLYH VWUHVV DQG WKH SHUPHDELOLW\ WR WKH

YROXPH IUDFWLRQ RI PXG I� :KHQ VROYLQJ WKH *LEVRQ HTXDWLRQ� RQH FDQ XVH WKH IROORZLQJ FRQVWLWXWLYH

HTXDWLRQV� ZKHUH .V� .N DQG ' DUH HPSLULFDO FRHIILFLHQWV�
��

	 � �V V V VY

Q� � � �'
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ZKHUH Q �����'�� 7KHVH UHODWLRQV DUH VLPSOH SRZHU ODZV� EXW WKH SDUDPHWHUV .V� .N DQG ' GR KDYH D EHWWHU

WKHRUHWLFDO EDFNJURXQG� .V DQG .N DUH D IXQFWLRQ RI DOO NLQGV RI PLFURVFRSLF SURSHUWLHV RI PXG �H�J ERQG

VWUHQJWK� YLVFRVLW\� WKDW FDQQRW EH GHWHUPLQHG WKHPVHOYHV� 7KHVH PLFURVFRSLF SURSHUWLHV DUH OXPSHG LQWR WKH

EXON YDULDEOHV .V DQG .N WKDW FDQ EH GHWHUPLQHG HPSLULFDOO\� +HQFH WKH\ GR JLYH DQ LQVLJKW LQ WKH QDWXUH RI

PXG� 0HUFNHOEDFK >����@ DOVR SUHVHQWV D ZD\ RI GHWHUPLQLQJ WKHVH SDUDPHWHUV E\ FRQVROLGDWLRQ

H[SHULPHQWV ZLWK D VXVSHQVLRQ LQ D VHWWOLQJ FROXPQ� 7KHVH PHWKRGV ZLOO GHVFULEHG DQG DSSOLHG LQ FKDSWHU ��

' LV WKH IUDFWDO GLPHQVLRQ RI D PXG DQG UDQJHV WKHRUHWLFDOO\ IURP � WR � �SODWH WR VSKHUH�� ,Q WKH ZDWHU

SKDVH KRZHYHU� ' KDV EHHQ REVHUYHG WR UDQJH IURP ��� WR ���� &RPPRQO\ REVHUYHG IUDFWDO GLPHQVLRQV LQ WKH

EHG YDU\ IURP ��� WR ��� >:LQWHUZHUS� ����@ �PDNLQJ WKH SRZHU Q UDQJH IURP � WR ���� 7KH IUDFWDO

GLPHQVLRQV ' IRU WKH SHUPHDELOLW\ DQG WKH HIIHFWLYH VWUHVV DUH WKHRUHWLFDOO\ WKH VDPH� EXW LQ SUDFWLFH WKH\

FDQ EH GLIIHUHQW�

7KH YDULDEOH .V�� GHVFULEHV FUHHS DQG UHOD[DWLRQ SURFHVVHV� ,W DFFRXQWV IRU WKH HIIHFW ZKHQ HIIHFWLYH

VWUHVV GHFUHDVHV ZKLOH WKH GHQVLW\ �I� GRHV QRW� RU� ZKHQ WKH GHQVLW\ LQFUHDVHV� ZKLOH WKH HIIHFWLYH VWUHVV

GRHV QRW� +RZHYHU� .V�� FDQ DOVR EH DSSOLHG WR GHVFULEH RYHU�FRQVROLGDWLRQ SURFHVVHV LQ IXOO\ SODVWLF

PDWHULDO� 7KHQ .V�� VWDQGV IRU WKH SUH�FRPSUHVVLRQ OHYHO �VHH QH[W VHFWLRQ�� WKH HIIHFWLYH VWUHVVHV GURS� EXW

WKH GHQVLW\ GRHV QRW VKRZ D FRUUHVSRQGLQJ GHFUHDVH�

&RPELQLQJ *LEVRQ¶V DGYHFWLRQ�GLIIXVLRQ HTXDWLRQ ZLWK WKH DERYH FRQVWLWXWLYH HTXDWLRQV� JLYHV D QRQ�

OLQHDU SDUWLDO GLIIHUHQWLDO HTXDWLRQ ZLWK RQO\ I �RU V
Y RU N� DV WKH GHSHQGHQW YDULDEOH� 7KH UHVXOWLQJ HTXDWLRQ

LV WKH VWDULQJ SRLQW IRU WKH SDUDPHWHULVDWLRQ� VHH VHFWLRQ ����

��
1RWH WKDW WKHVH FRQVWLWXWLYH UHODWLRQV DUH OHVV DGYDQFHG WKDQ WKH GHWDLOHG FRQVROLGDWLRQ SURFHVV GHVFULSWLRQ JLYHQ LQ

VHFWLRQ ���
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7KH *LEVRQ HTXDWLRQ GHDOV ZLWK WKH HIIHFWV RI WKH FRQVROLGDWLRQ DVSHFWV RI WKH EHG� ZKLOH WKH FKRLFH RI D

FRQVWLWXWLYH PDWHULDO PRGHO GHWHUPLQHV WKH FRPSXWHG FRQVROLGDWLRQ EHKDYLRXU RI WKH EHG� 7KH IUDFWDO

UHODWLRQV EHWZHHQ WKH VWUHVV OHYHOV DQG WKH YROXPH IUDFWLRQ RI PXG �HTXDWLRQ ���� DQG ����� DUH RQO\ YDOLG LQ

WKH YLUJLQ ORDGLQJ UHJLPH� 7KHVH IUDFWDO UHODWLRQV DUH QRUPDOO\ FDOOHG WKH 9&/ �9LUJLQ &RPSUHVVLRQ /LQH��

,Q WKH YLUJLQ ORDGLQJ UHJLPH PDWHULDO KDV RQO\ EHHQ VXEMHFW WR VWUHVV OHYHOV LQFUHDVLQJ LQ WLPH GXULQJ LWV

SUHVHQFH LQ WKH EHG� QHYHU WR D GHFUHDVH LQ WKH VWUHVV OHYHO� $ FRQVROLGDWLRQ WHVW FDQ EH PRGHOOHG ZLWK WKH

�YLUJLQ� IUDFWDO UHODWLRQ TXLWH ZHOO� ,Q WKH ��'9 ZDWHUEHG KRZHYHU� HURVLRQ DQG GHSRVLWLRQ RFFXU DOWHUQDWHO\�

:KHQ HURVLRQ DQG GHSRVLWLRQ RFFXU DOO WKH WLPH� FRQVROLGDWLRQ RI WKH EHG LV DOWHUQDWHG E\ VZHOO� 7KH IUDFWDO

UHODWLRQV DUH QRW YDOLG IRU VZHOO� :KDW KDSSHQV ZKHQ WKH EHG VZHOOV"

(URVLRQ RI D WRS OD\HU OHDGV WR WRWDO VWUHVV UHOLHI RI WKH GHHSHU OD\HUV RI WKH EHG� 7KLV UHVXOWV DIWHU VRPH

WLPH LQ VZHOOLQJ RU H[SDQVLRQ RI WKH EHG �QHJDWLYH FRQVROLGDWLRQ�� 7KLV VZHOOLQJ GRHV QRW KDSSHQ

LPPHGLDWHO\� VLQFH WKH IORZ RI SRUH ZDWHU LV WLPH�OLPLWHG GXH WR WKH UHVLVWDQFH RI WKH IORZ WKURXJK WKH

PDWHULDO� ,QLWLDOO\� WKH SRUH SUHVVXUHV FDUU\ WKH IXOO ORDG DQG WKH HIIHFWLYH VWUHVV GRHV QRW FKDQJH� ,Q WKH FDVH

RI HURVLRQ WKH µORDG¶ LV QHJDWLYH DQG KHQFH WKH SRUH SUHVVXUHV DUH QHJDWLYH� :DWHU IORZV LQWR WKH EHG GXH WR

WKH SUHVVXUH JUDGLHQW WKDW UHVXOWV IURP WKH QHJDWLYH H[FHVV SRUH SUHVVXUHV� 7KH H[FHVV SRUH SUHVVXUHV

GLVVLSDWH DQG DIWHU VRPH WLPH WKH H[FHVV SRUH SUHVVXUHV DUH JRQH� &RQVHTXHQWO\ WKH HIIHFWLYH VWUHVVHV KDYH

GHFUHDVHG DJDLQ WR DQ HTXLOLEULXP OHYHO DQG FDUU\ WKH IXOO ORDG� 7KH VWUXFWXUH KRZHYHU� GRHV QRW FKDQJH EDFN

WR LWV RULJLQDO VWDWH� WKH GHQVLW\ GRHV QRW UHJDLQ WKH YDOXH LW KDG ZKHQ LW ILUVW H[SHULHQFHG WKHVH HIIHFWLYH

VWUHVV OHYHOV�

7KLV EHKDYLRXU FDQ EH H[SODLQHG DV IROORZV� 7KH GHIRUPDWLRQV GXH WR WKH FRQVROLGDWLRQ DUH ODUJHO\

SODVWLF� WKH\ RFFXU GXH WR UHDUUDQJHPHQW RI WKH VWUXFWXUH LQWR D PRUH FRPSDFW VWDWH� 7KH QXPEHU RI SODFHV

ZKHUH SDUWLFOHV WRXFK HDFK RWKHU �ERQGV� SHU XQLW DUHD LQFUHDVHV WKLV ZD\� 7KH GLIIHUHQFH RI SUHVHQW VWUHVV

OHYHO DQG KLVWRULF VWUHVV OHYHO LV µUHPHPEHUHG¶ E\ WKH QXPEHU RI WKHVH ERQGV� :KHQ D GURS RI WKH VWUHVV

OHYHOV RFFXUV� WKH QXPEHU RI ERQGV UHPDLQV WKH VDPH� ZKHUHDV WKH IUDFWLRQ RI HIIHFWLYH ERQGV IDOOV EDFN� 7KH

SDUWLFOHV ZLOO QRW FRPH FORVHU WR HDFK RWKHU XQWLO WKH\ H[SHULHQFH VWUHVV OHYHOV KLJKHU WKDQ WKRVH PHW EHIRUH�

2QO\ ZKHQ WKH VWUHVV OHYHOV H[FHHG WKH PD[LPXP KLVWRULF VWUHVV OHYHO DJDLQ� WKH FRQVROLGDWLRQ SURFHHGV DQG

WKH GHQVLW\ VWDUWV WR LQFUHDVH DJDLQ�

$ JUDSK RI PHDVXUHPHQWV RI WKH HIIHFW RI F\FOLF ORDGLQJ RQ WKH HIIHFWLYH VWUHVV OHYHO DQG WKH GHQVLW\ LV

JLYHQ LQ ILJXUH ���� ,W LV VHHQ WKDW WKHUH DUH GLIIHUHQW EUDQFKHV ZLWK GLIIHUHQW VORSHV LQ WKH H�ORJ�V
Y� VWDWH

SODQH� 7KHVH EUDQFKHV DUH FDOOHG VWUHVV SDWKV� 7KH OLQH %') LV WKH YLUJLQ ORDGLQJ FXUYH� 7KH OLQHV $%� &'

DQG () DUH WKH UHORDGLQJ EUDQFKHV� ,Q WKH WKUHH SRLQWV %� ' DQG ) WKH UHORDGLQJ OLQHV PHHW WKH YLUJLQ ORDGLQJ

FXUYH� ,I WKH H�ORJ�V
Y� VWDWH SDVVHV WKHVH SRLQWV� WKH FRPSUHVVLELOLW\ VXGGHQO\ GURSV EDFN IURP WKH UHORDGLQJ

YDOXH �&V� WR WKH 9&/ YDOXH �&F�� :KHQ WKH ORDG RQ PDWHULDO LQFUHDVHV DQG GHFUHDVHV DOO WKH WLPH� WKH �V
Y� H�

VWDWH LQ WKH EHG PRYHV XS DQG GRZQ RYHU WKH 9&/ OLQH DQG WKH VZHOO OLQHV� $W HDFK VWUHVV OHYHO WKHUH DUH

PRUH YDOXHV RI WKH GHQVLW\ SRVVLEOH� :H FDQ FRQFOXGH WKDW WKH UHODWLRQ EHWZHHQ WKH YRLG UDWLR DQG WKH

HIIHFWLYH VWUHVV OHYHOV LQ WKH FDVH RI VZHOO LV GLIIHUHQW IURP WKH UHODWLRQ DW WKH 9&/� 7KH EHKDYLRXU RI WKH EHG

FDQQRW EH GHVFULEHG ZLWK WKH UHODWLRQV ������ DQG ������ DORQH� $ VHSDUDWH FRQVWLWXWLYH PRGHO IRU WKH

UHORDGLQJ SDUW RI WKH UHJLPH LV QHFHVVDU\ WR GHVFULEH WKH EHKDYLRXU RI WKH EHG�
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)LJXUH ���� &\FOLF ORDGLQJ RI PXG�FOD\ >/DPEH� ���� S����@ �/� � H[SODQDWLRQ �5�

0DWHULDO PRGHOV IRU F\FOLF ORDGLQJ DUH GLYHUVH DQG WKH NQRZOHGJH LV OHVV GHYHORSHG� 6RPH NQRZOHGJH LV

DYDLODEOH KRZHYHU� 2IWHQ WKH UHODWLRQ EHWZHHQ WKH YRLG UDWLR DQG WKH ORJDULWKP RI WKH HIIHFWLYH VWUHVV LV

OLQHDU DFFRUGLQJ WR HTXDWLRQ ������ LQ WKH YLUJLQ ORDGLQJ UHJLPH� 2IWHQ D OLQHDU UHODWLRQ LV DVVXPHG EHWZHHQ

WKH YRLG UDWLR DQG WKH ORJDULWKP RI WKH HIIHFWLYH VWUHVV LQ WKH UHORDGLQJ UHJLPH DV ZHOO >9DQ .HVWHUHQ >����@�

,Q ILJXUH ��� RQH FDQ VHH WKDW ERWK WKH YLUJLQ DQG WKH UHORDGLQJ EUDQFKHV DUH DOPRVW VWUDLJKW OLQHV LQ WKH H�

ORJ�V
Y� SODQH� 7KH VORSH RI WKH UHORDGLQJ OLQH LV FDOOHG WKH VZHOO LQGH[ &V� *HQHUDOO\ &F LV D DERXW IDFWRU � WR

� KLJKHU WKDQ &V >9DQ .HVWHUHQ� SHUV� FRP�@�

7R GHVFULEH WKH EHG� D IRUPXODWLRQ RI WKH WZR EUDQFKHV LQ WKH VWUHVV�GHQVLW\ SODQH LV QHFHVVDU\� 6LQFH

IUDFWDO UHODWLRQ ������ LV XVHG� ZKLFK LV JLYHQ LQ WKH I�VCY SODQH� WKH UHODWLRQV YDOLG IRU UHORDGLQJ ZLOO EH

JLYHQ LQ WKHVH SDUDPHWHUV DV ZHOO� 'LIIHUHQW PRGHOV DUH SRVVLEOH WR GHVFULEH WKH EHKDYLRXU RI WKH EHG LQ WKH

VWLII UHORDGLQJ UHJLPH� 7ZR H[WUHPH PRGHOV DUH SRVVLEOH� 7KH\ DVVXPH WKH PDWHULDO WR EH �L� IXOO\ HODVWLF

ZKHQ WKH VDPH FRQVWLWXWLYH UHODWLRQ LV XVHG IRU WKH YLUJLQ ORDGLQJ UHJLPH� RU �LL� WKH\ DVVXPH LW WR EH IXOO\

SODVWLF� ZKHQ WKH GHQVLW\ LV QHYHU DOORZHG WR GHFUHDVH�

,Q UHDOLW\ WKH PDWHULDO ZLOO EH QHLWKHU IXOO\ SODVWLF� QRU IXOO\ HODVWLF� 7KH PDWHULDO ZLOO VZHOO� EXW ZLWK D

VPDOOHU VWLIIQHVV WKDQ DW ILUVW FRPSUHVVLRQ� 7KH EHG ZLOO QRW VZHOO WR LW RULJLQDO GHQVLW\� 7KH VWLIIQHVV DW VZHOO

LV WRR VPDOO WR DVVXPH DQ LQILQLWH GV
Y�GI DQG WKH GLIIHUHQFH EHWZHHQ WKH VWLIIQHVV DW VZHOO DQG WKH VWLIIQHVV

DW FRPSUHVVLRQ LV ODUJH HQRXJK WR UHTXLUH D VHSDUDWH FRQVWLWXWLYH PRGHO IRU ERWK WKH YLUJLQ ORDGLQJ DQG WKH

XQORDGLQJ UHJLPH� 0RGHOV WKDW DFFRXQW IRU WKLV ZLOO EH FKRVHQ OLQHDU �RQ ORJ VFDOH� IRU UHDVRQV RI VLPSOLFLW\�

DQDORJRXV WR WKH PDWHULDO PRGHOV IRU YLUJLQ ORDGLQJ� ,Q WKHVH PRUH OLQHDU PDWHULDO PRGHOV WZR VWDWH YDULDEOHV

DUH QHFHVVDU\� ZKHUHDV IRU WKH WZR H[WUHPH PRGHOV �L� DQG �LL� RQO\ RQH YDULDEOH LV QHFHVVDU\ WR GHVFULEH WKH

VWDWH RI WKH EHG �HLWKHU V
Y RU I� WKH RWKHU FDQ EH GHWHUPLQHG ZLWK ������ 7KH PRGHOV IRU WKH UHORDGLQJ FXUYH

UHTXLUH LQIRUPDWLRQ RI WZR NLQGV� )LUVW� WKH UDWLR EHWZHHQ WKH VWLIIQHVV RI WKH YLUJLQ ORDGLQJ EUDQFK DQG WKH

UHORDGLQJ EUDQFK LV UHTXLUHG� 6HFRQG WKH VZHOO VWDWH PRGHO KDV WR LQFOXGH WKH SRLQW ZKHUH LW GLYHUJHV IURP

WKH YLUJLQ ORDGLQJ FXUYH� WKH SRLQW �V
Y�PD[� I PD[�� ZKHUH V
Y�PD[ DQG IPD[ DUH UHVSHFWLYHO\ WKH HIIHFWLYH VWUHVV

DQG GHQVLW\ DW WKH LQWHUVHFWLRQ RI WKH YLUJLQ ORDGLQJ FXUYH DQG WKH VZHOO FXUYH� 6LQFH WKH SRLQW LV RQ WKH

YLUJLQ ORDGLQJ FXUYH� V
Y�PD[  .VI
Q
PD[ KROGV� DQG RQH SDUDPHWHU LV VXIILFLHQW WR GHVFULEH WKLV SRLQW� :LWK WKH

WZR SDUDPHWHUV V
Y DQG IPD[� WKH VWDWH RI WKH EHG LV WRWDOO\ GHVFULEHG� V
Y� PD[ DQG I FDQ EH GHWHUPLQHG ZLWK

������ DQG WKH IRUPXODWLRQ IRU WKH UHORDGLQJ EUDQFK�

$ IHZ XVHIXO GHVFULSWLRQV DUH DYDLODEOH IRU WKH OLQHDU VZHOO PRGHOV� �LLL� WKH UHORDGLQJ EUDQFK LV OLQHDU LQ

WKH H�ORJ�V
Y� SODQH� �LY� LQ WKH ORJ�I��ORJ�V
Y� SODQH RU �Y� LQ WKH I�V
Y SODQH� 7KHVH GHVFULSWLRQV OHDG WR

GLIIHUHQW PRGHOV� $OO WKHVH PRGHOV KDYH WKH EDVLF OLQHDU PRGHO FRQFHSW WKDW FDQ EH ZULWWHQ DV DQ H[SOLFLW
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IXQFWLRQ I  �V CY�I PD[� ZKHUH I PD[ LV WKH GHQVLW\ DW WKH LQWHUVHFWLRQ RI WKH YLUJLQ ORDGLQJ FXUYH DQG WKH VZHOO

FXUYH DQG V
Y LV WKH HIIHFWLYH VWUHVV�

$ SDUDPHWHU JHQHUDOO\ XVHG WR µUHPHPEHU¶ WKH ORDG KLVWRU\� LV WKH UDWLR RI WKH HIIHFWLYH PD[LPXP SDVW

FRQVROLGDWLRQ VWUHVV DW D FHUWDLQ PDWHULDO OHYHO WR WKH FXUUHQW HIIHFWLYH VWUHVVHV� ,W LV FDOOHG WKH 2YHU

&RQVROLGDWLRQ 5DWLR �2&5�� 2&5 LV ODUJHU WKDQ RQH LQ WKH UHORDGLQJ UHJLPH DQG RQH LQ WKH YLUJLQ ORDGLQJ

UHJLPH� >/DPEH� ����@

��� Y Y� 	 	�PD[


 
 ������

,Q ILJXUH ��� WKH HIIHFWLYH VWUHVV RQ WKH VDPSOH LQ WKH ILHOG ZDV ��� N1�P
�
� ZKLOH WKH PD[LPXP VWUHVV LW HYHU

H[SHULHQFHG ZDV ��� N1�P
�
� VR 2&5  �������  ���� �SRLQW %�� :KHQ 2&5 DQG V
Y DUH NQRZQ� V
Y� PD[ FDQ

EH GHWHUPLQHG ZLWK ������ DQG IPD[ FDQ EH GHWHUPLQHG ZLWK �������

L� )XOO\ HODVWLF� 7KH ILUVW PRGHO DVVXPHV WKDW WKH VWLIIQHVV DW VZHOO LV WKH VDPH DV WKH VWLIIQHVV DW YLUJLQ

FRPSUHVVLRQ� )UDFWDO UHODWLRQ ������ LV FRQVLGHUHG YDOLG LQ ERWK WKH YLUJLQ ORDGLQJ UHJLPH DQG LQ WKH VZHOOLQJ

UHJLPH� 7KH PRGHO ZLOO DOZD\V UHVXOW LQ WKH VDPH HTXLOLEULXP FRQGLWLRQ� LUUHVSHFWLYH LI WKH LQLWLDO FRQGLWLRQ

LV EHORZ RU DERYH WKLV HTXLOLEULXP SURILOH� 7KH EHG GRHV QRW KDYH D PHPRU\ RI LWV KLVWRULF ORDGV� 7KLV FDQ

OHDG WR YHU\ XQUHDOLVWLF UHVXOWV� RI ZKLFK RQH FDQ VHH DQ H[DPSOH LQ ILJXUHV ��� DQG ����

,Q ILJXUHV ��� DQG ��� WKH UHVXOWV DUH LQFOXGHG RI WKH EHKDYLRXU RI WKH FRQVROLGDWLRQ ZLWK DQ DUWLILFLDO

RYHU�FRQVROLGDWHG LQLWLDO FRQGLWLRQ� 7KLV DUWLILFLDO LQLWLDO FRQGLWLRQ LV D XQLIRUP HIIHFWLYH VWUHVV DQG D

XQLIRUP GHQVLW\ RYHU WKH HQWLUH GHSWK RI WKH VHWWOLQJ FROXPQ� 7KLV VWURQJO\ RYHU�FRQVROLGDWHG EHG ZDV

DOORZHG WR FRQVROLGDWH ZLWK WKH VDPH FRQVWLWXWLYH UHODWLRQ IRU YLUJLQ DQG UHORDGLQJ� 2QH FDQ VHH WKDW WKH EHG

UHWXUQV WR WKH HTXLOLEULXP FRQGLWLRQ DVVRFLDWHG ZLWK WKH FRQVROLGDWLRQ RI IUHVK GHSRVLWHG PDWHULDO� 7KH

LQWHUIDFH KHLJKW RI WKH EHG ULVHV ZLWK ���� $ IXOO\ HODVWLF PRGHO LV REYLRXVO\ QRW DSSURSULDWH�
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)LJXUH ��� �/�� 7KH EHKDYLRXU RI WKH HIIHFWLYH VWUHVV LQ D VHWWOLQJ FROXPQ ZLWK RYHU�FRQVROLGDWHG PDWHULDO ZLWKRXW D µPHPRU\¶

�HODVWLF��

)LJXUH ��� �5�� 7KH EHKDYLRXU RI WKH YROXPH IUDFWLRQ RI PXG LQ D VHWWOLQJ FROXPQ ZLWK RYHU�FRQVROLGDWHG PDWHULDO ZLWKRXW D

µPHPRU\¶ �HODVWLF��

LL� )XOO\ SODVWLF� 7KH VWLIIQHVV RI VZHOO LV PXFK ODUJHU WKDQ WKH VWLIIQHVV RI FRPSUHVVLRQ� ,Q ILJXUH ��� RQH

FDQ VHH UHVXOWV IURP H[SHULPHQWV� WKH UHORDGLQJ FXUYHV �$%� &' DQG () LQ ILJXUH ���� DUH PXFK VWHHSHU

�'V
Y�'H ODUJHU� WKDQ WKH YLUJLQDO�ORDGLQJ FXUYH �%') LQ ILJXUH ����� 7KLV FDQ EH PRGHOOHG E\ DVVXPLQJ DQ

LQILQLWHO\ ODUJH 'V
Y�'I �$%� &' DQG () KRUL]RQWDO LQ ILJXUH ����� :KHQ ZH DVVXPH WKLV� WKH FRPSDFWLRQ

GXH WR FRQVROLGDWLRQ LV ��� � SODVWLF� ,Q WKLV FDVH WKH OHYHO RI FRPSDFWLRQ LV D GLUHFW PHDVXUH RI KLVWRULF

VWUHVV OHYHOV� 7KH QHJOHFW RI WKLV VZHOO FDQ EH DFFHSWDEOH LI WKH WLPH VFDOH RI HURVLRQ LV PXFK VPDOOHU WKDQ

WKDW RI WKH VZHOOLQJ �RU LI WKH HURVLRQ LV VPDOO�� 7KLV LV WKH FDVH ZKHQ WKH EHG GRHV QRW KDYH WKH WLPH WR



21 7+( (526,21 $1' &2162/,'$7,21 2) &2+(6,9( 6(',0(176 &+$37(5 � &2162/,'$7,21 ��

DGMXVW WR D QHZ VLWXDWLRQ EHFDXVH WKH SUHYLRXV VWUHVV OHYHO LV UHVWRUHG E\ VHGLPHQWDWLRQ� :KHQ QHJOHFWLQJ

VZHOO� WKH PXG YROXPH DW D FHUWDLQ PDWHULDO OHYHO ] QHYHU GHFUHDVHV� ZKLOH WKH VWUHVV OHYHOV GR GHFUHDVH�

7KHUHIRUH DFFRXQWLQJ IRU WKH KLVWRU\ LV IDLUO\ VLPSOH� 7KH YROXPH IUDFWLRQ RI PXG RQO\ LQFUHDVHV ZKHQ WKH

VWUHVV OHYHOV DUH KLJK HQRXJK WR FRPSDFW LW �KLJKHU WKDQ WKH PD[LPXP SDVW KLVWRULF VWUHVV�� :KHQ WKH VWUHVV

OHYHOV DUH WRR ORZ� LW VLPSO\ NHHSV LWV ROG GHQVLW\� 2QH FDQ XVH WKH YDULDEOH .V�� IRU WKLV SXUSRVH� ,Q WKLV

DSSURDFK .V��  2&5�V
Y LV WKH OHYHO RI SUH�VWUHVVLQJ� .V�� UHPHPEHUV WKH GLIIHUHQFH EHWZHHQ WKH SUHVHQW

VWUHVV OHYHO DQG WKH PD[LPDO VWUHVV OHYHO LQ KLVWRU\� &RQVWLWXWLYH UHODWLRQ ������ LV VWLOO YDOLG XVLQJ WKH

YDULDEOH .V�� RQO\ IRU RYHU FRQVROLGDWLRQ� 7KLV PRGHO FRQWDLQV WKH WKUHH VWDWH YDULDEOHV V
Y � I DQG .V��� 7KHVH

WKUHH YDOXHV DUH QRW LQGHSHQGHQW� RQO\ � RI WKHVH � YDULDEOHV KDYH WR EH FKRVHQ WR UHSUHVHQW WKH EHG� WKH WKLUG

FDQ EH FDOFXODWHG� ,Q WHUPV RI SK\VLFV� V
Y DQG I DUH WKH PRVW XVHIXO SDUDPHWHUV� 7KHUHIRUH� LQ WKH PRGHO WKH

VWUHVV DQG WKH YROXPH RI PXG DUH XVHG UDWKHU WKDQ WKH OHYHO RI SUH�VWUHVVLQJ� 7KH WRWDO IXOO\ SODVWLF

FRQVWLWXWLYH PRGHO EHFRPHV�
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Q

� ��� � �



� ������

,Q ILJXUH ��� DQG ��� RQH FDQ VHH WKH EHKDYLRXU RI D VXVSHQVLRQ LQ D VHWWOLQJ FROXPQ ZLWK IXOO\ HODVWLF �����

DQG IXOO\ SODVWLF ����� EHKDYLRXU� :KHQ UHODWLRQ ������ LV XVHG IRU ERWK WKH YLUJLQ ORDGLQJ UHJLPH DQG WKH

XQORDGLQJ UHJLPH� WKH GHQVLW\ QHDU WKH LQWHUIDFH GHFUHDVHV WR YDOXHV EHORZ WKH VWUXFWXUDO GHQVLW\� ,Q UHDOLW\

WKLV GRHV QRW KDSSHQ� :LWK WKH IXOO\ SODVWLF PRGHO WKH LQWHUIDFH EHWZHHQ WKH LQLWLDO SURILOH �HLWKHU VXVSHQVLRQ

RU FRQVROLGDWLQJ PXG EHG� DQG WKH FOHDU ZDWHU DERYH LW LV YHU\ VKDUS�
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)LJXUH ��� �5�� 7KH EHKDYLRXU RI WKH YROXPH IUDFWLRQ RI PXG LQ D VHWWOLQJ FROXPQ ZLWK IXOO\ HODVWLF PDWHULDO�

,Q UHDOLW\ WKH PDWHULDO ZLOO QHLWKHU EHKDYH IXOO\ SODVWLF� QRW IXOO\ HODVWLF� 7KHUHIRUH� WKUHH PRGHOV DUH

GLVFXVVHG WKDW DOORZ WKH PDWHULDO WR VZHOO SDUWLDOO\� )RU UHDVRQV RI VLPSOLFLW\� WKHVH PRGHOV ZLOO EH VWUDLJKW

OLQHV RQ �VHPL� ORJ VFDOH� 7KH PRGHOV DUH� �LLL� OLQHDU LQ WKH H�ORJ�V 
 Y� SODQH� �LY� OLQHDU LQ WKH ORJ�I��ORJ�V
Y�

SODQH RU �Y� OLQHDU LQ WKH I�V 
 Y SODQH�

LLL� /LQHDU LQ H�ORJ�VV
Y� SODQH� 7KH VORSH RI WKH UHORDGLQJ UHODWLRQV FDQ EH DVVXPHG OLQHDU LQ WKH �H�

ORJ�V
Y���SODQH �OLQHV $%� &' DQG () LQ ILJXUH ����� DV LQ HTXDWLRQ ����� /DPEH >����@ VKRZV HYLGHQFH WKDW

VXJJHVWV WKDW WKHUH LV D OLQHDU UHODWLRQ EHWZHHQ WKH YRLG UDWLRQ DQG WKH ORJDULWKP RI WKH HIIHFWLYH VWUHVV� ERWK

LQ WKH YLUJLQ ORDGLQJ UHJLPH DQG LQ WKH UHORDGLQJ UHJLPH� 7KH UDWLR I EHWZHHQ &F DQG &V LV DERXW � WR �

DFFRUGLQJ WR 9DQ .HVWHUHQ >SHUV� FRP�@� 7KH EDVLF PRGHO FRQFHSW LV�
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:H FDQ VHH WKDW LI WKH HIIHFWLYH VWUHVVHV EHFRPH YHU\ VPDOO� WKH YROXPH IUDFWLRQ RI PXG GRHV QRW UHGXFH WR

]HUR� 6R ZKHQ D GHHSHU OD\HU EHFRPHV WKH H[SRVHG LQWHUIDFH �ZKHUH WKH HIIHFWLYH VWUHVV LV ]HUR�� WKH GHQVLW\

ZLOO QRW UHGXFH WR IJHO� �,I WKH HIIHFWLYH VWUHVV EHFRPHV � 3D RU VPDOOHU� ORJ�V
Y� EHFRPHV ]HUR RU HYHQ

QHJDWLYH� $QG ZKHQ V
Y DSSURDFKHV ]HUR� ORJ�V
Y� DSSURDFKHV ��� OHDGLQJ WR I �� 7KLV UHGXFWLRQ RI I ZDV QRW
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PHW LQ WKH VLPXODWLRQV RI FKDSWHU � KRZHYHU� $ QXPHULFDO H[DPSOH FDQ LOOXVWUDWH WKLV� ZKHQ WKH HIIHFWLYH

VWUHVVHV DUH RQO\ ���Å RI WKH PD[LPXP VWUHVVHV V
Y�PD[ DQG ' ���� I �IPD[ � V
Y�  ���IPD[��

,Q ILJXUH ��� DQG ��� ZH FDQ VHH WKDW WKH UHORDGLQJ EUDQFKHV OHDG WR KLJKHU GHQVLWLHV LI WKH HIIHFWLYH

VWUHVVHV DUH ORZHU WKDQ VCY� PD[ DQG JHQHUDOO\ OHDG WR ORZHU GHQVLWLHV LI WKH HIIHFWLYH VWUHVVHV DUH KLJKHU WKDQ

VCY� PD[� )RU RQH OLQH� I �� WKLV GRHV QRW KROG� LW OHDGV WR KLJKHU GHQVLWLHV ERWK LQ WKH UHORDGLQJ DQG LQ WKH

YLUJLQ ORDGLQJ UHJLPH� 7KLV PHDQV WKDW ZH FDQQRW VLPSO\ XVH WKH PD[LPXP RI ���� DQG ���� WR FRPSXWH WKH

YROXPH IUDFWLRQ RI PXG�

LY� /LQHDU LQ ORJ�II� �ORJ�VV
Y� SODQH� 7KH VORSH RI WKH UHORDGLQJ UHODWLRQV FDQ EH DVVXPHG OLQHDU LQ WKH

�ORJ�I��ORJ�V
Y���SODQH �ILJXUH ��� DQG ����� MXVW OLNH WKH PDWHULDO UHODWLRQV RI 0HUFNHOEDFK >����@� 7KH IDFW

WKDW ������ LV XVHG IRU WKH YLUJLQ FRPSUHVVLRQ OLQH� PDNHV WKH FKRLFH RI D 0HUFNHOEDFK�OLNH UHODWLRQ IRU WKH

UHORDGLQJ FXUYH YHU\ ORJLFDO� /DPEH >����@ JLYHV D VLPLODU IXQFWLRQ IRU ERWK YLUJLQ ORDGLQJ DQG UHORDGLQJ DV

ZHOO� 7KH EDVLF PRGHO FRQFHSW LV
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Y�PD[�� 6LQFH HTXDWLRQ

���� DOZD\V OHDGV WR ODUJHU YDOXHV RI I LQ WKH UHORDGLQJ UHJLPH DQG DOZD\V WR VPDOOHU RI I YDOXHV LQ WKH
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:KHQ WKH HIIHFWLYH VWUHVVHV UHGXFH WR ]HUR� WKH YROXPH IUDFWLRQ RI PXG EHFRPHV ]HUR DV ZHOO� 7KDW PHDQV

WKDW ZLWK WKLV FRQVWLWXWLYH PRGHO WKH YROXPH IUDFWLRQ RI PXG DW WKH LQWHUIDFH� ZKHUH WKH HIIHFWLYH VWUHVV LV

DOZD\V ]HUR� LV DOZD\V WKH VDPH� 6LQFH WKH GHQVLW\ DW WKH LQWHUIDFH GHWHUPLQHV WKH HURVLRQ UDWH� WKLV UHORDGLQJ

PRGHO ZLOO QRW OHDG WR ORZHU HURVLRQ UDWHV RI ROGHU PDWHULDO� 7KLV PRGHO LV QRW YHU\ XVHIXO� DOWKRXJK LW ZRXOG

EH ORJLFDO WR XVH LW WRJHWKHU ZLWK WKH YLUJLQ FRQVWLWXWLYH UHODWLRQVKLSV WKDW DUH DOVR OLQHDU LQ WKH �ORJ�I��

ORJ�V
Y�� SODQH�
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,Q WKLV PRGHO WKH GHQVLW\ GRHV QRW UHGXFH WR ]HUR LI WKH HIIHFWLYH VWUHVVHV DUH XVHG� -XVW OLNH ZLWK PRGHO ,,,�

ZLWK WKLV PRGHO LW LV QRW SRVVLEOH WR XVH WKH PD[LPXP RI ���� DQG ���� WR FRPSXWH WKH YROXPH IUDFWLRQ RI

PXG� $OO WKH UHORDGLQJ OLQHV �ZLWK ILQLWH I� LQ ILJXUH ���� OHDG WR KLJKHU GHQVLWLHV LQ WKH YLUJLQ ORDGLQJ
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&RQFOXVLRQ� 7ZR VLPSOH VZHOO PRGHOV DQG WKUHH OLQHDU VZHOO PRGHOV KDYH EHHQ WUHDWHG LQ WKLV VHFWLRQ� 7KH

VLPSOH VZHOO PRGHOV VLPSOLI\ WKH EHKDYLRXU RI VZHOO WRR PXFK WR EH XVHIXO� 6ZHOO PRGHO �LY� FDQ QRW EH

XVHG� VLQFH LW DOZD\V UHGXFHV WKH GHQVLW\ WR ]HUR DW WKH LQWHUIDFH� $FFRUGLQJO\ VZHOO PRGHO �LLL� DQG �Y�

UHPDLQ� 0RGHO �Y� FRXOG WKHRUHWLFDOO\ DOVR UHGXFH WKH GHQVLW\ WR ]HUR DW WKH LQWHUIDFH DOO WKH WLPH� EXW LQ

QRUPDO VLWXDWLRQV LW GRHV QRW VKRZ VXFK EHKDYLRXU� $FFRUGLQJO\� VZHOO PRGHO �LL� LV WKHRUHWLFDOO\ WKH VDIHVW

PRGHO WR XVH� ,Q SUDFWLFDO VLWXDWLRQV ERWK PRGHO �LLL� DQG �Y� FDQ EH XVHG�

,Q FKDSWHU � WKH ��'9 ZDWHUEHG PRGHO LV EH YDOLGDWHG� 7KH HIIHFW RI WKH H[WUHPH VZHOO PRGHOV �L� DQG

�LL� LV VKRZQ WKHUH WR H[SORUH WKH OLPLWV RI WKH ��'9 ZDWHU EHG PRGHO� )RU YDOLGDWLRQ DQG FDOLEUDWLRQ WKH

XVHIXO OLQHDU VZHOO PRGHOV �LLL� DQG �Y� DUH EH DSSOLHG�

*�%� &�������������
�����������

7KH ��'9 *LEVRQ HTXDWLRQ FDQ EH VROYHG LQ D QXPEHU RI ZD\V� 7KH DSSURDFK LV GHSHQGHQW RQ WKH W\SH RI

FDOFXODWLRQ RQH ZDQWV WR PDNH� 7KH W\SH RI FDOFXODWLRQ GHSHQGV RQ WKH DSSOLFDWLRQ�

7KH *LEVRQ HTXDWLRQ KDV EHHQ VROYHG QXPHULFDOO\ E\ 0HUFNHOEDFK >����@� ERWK IRU WKH FRQVROLGDWLQJ

EHG DQG WKH KLQGHUHG VHWWOLQJ UHJLPH� 7KH UHVXOWV GHVFULEH WKH PHDVXUHG SURILOHV RI D VHWWOLQJ H[SHULPHQW

YHU\ ZHOO DW D YHUWLFDO UHVROXWLRQ RI D IHZ PP� 7R DVVXUH VWDELOLW\ ZLWK WKH H[SOLFLW PHWKRG XVHG� D WLPH VWHS

RI D IHZ VHFRQGV ZDV QHFHVVDU\� $FFRUGLQJO\� WKH FDOFXODWLRQ RI D ���FP VHWWOLQJ FROXPQ IRU D SHULRG RI ���

GD\V WDNHV DERXW DQ KRXU� ,W LV YHU\ ZHOO VXLWHG IRU PRGHOOLQJ WKH H[SHULPHQWDO UHVXOWV RI D VLQJOH VHWWOLQJ

FROXPQ�

$QRWKHU DSSOLFDWLRQ RI D IXOO QXPHULFDO VROXWLRQ WR WKH *LEVRQ HTXDWLRQ FRXOG EH WR GHWHUPLQH WKH

FRQVROLGDWLRQ LQ D PXG GHSRW� 7KH PXG SURSHUWLHV DUH WKH VDPH DW HYHU\ ORFDWLRQ LQ WKH GHSRW� VR D VLQJOH

�'9 FDOFXODWLRQ LV VXIILFLHQW WR GHWHUPLQH WKH EHKDYLRXU RI WKH ZKROH GHSRW� 7KH XVH RI D WLPH FRQVXPLQJ

QXPHULFDO PHWKRG LV QRW D GLVDGYDQWDJH KHUH� 9DQ .HVWHUHQ HQ .XLMSHU RI :/ _ 'HOIW +\GUDXOLFV PDGH WKH

QXPHULFDO PRGHO 'HO&RQ WKDW FDQ DFFRXQW IRU WKLV LQ PDWHULDO FRRUGLQDWHV� $ QHZ VHSDUDWH VHW RI Q PDWHULDO

FRRUGLQDWHV ZLWK FRQVWDQW SHUPHDELOLW\ LV LQWURGXFHG IRU HYHU\ GHSRVLWLRQ WKDW RFFXUV RQ WRS RI WKH GHSRW�

(DFK GHSRVLWLRQ HYHQW ZLOO WKHUHIRUH LQFUHDVH WKH QXPEHU RI JULG SRLQWV� 7KH ERXQGDU\ FRQGLWLRQV EHWZHHQ

DOO WKH OD\HUV DUH DFFRXQWHG IRU RI FRXUVH� ,Q D PXG�GHSRW QRW RIWHQ QHZ PDWHULDO LV DGGHG RQ WRS RI WKH

PDWHULDO DOUHDG\ SUHVHQW LQ WKH GHSRW� VR WKH QXPEHU RI VHSDUDWH OD\HUV LV OLPLWHG�

7KH QXPHULFDO PHWKRGV DERYH ZLOO QRW EH YHU\ XVHIXO IRU WKH DOWHUQDWLQJ HURVLRQ DQG GHSRVLWLRQ WKDW WKH

�'9�ZDWHUEHG PRGHO KDV WR GHDO ZLWK� :KHQ FRQVLGHULQJ D FRPSOH[ UHDO HVWXDU\ IRU LQVWDQFH� D QXPHULFDO

VROXWLRQ LV IDU IURP SUDFWLFDO� WKH GLIIHUHQW FXUUHQW FRQGLWLRQV DQG WKH VSDWLDO VHJUHJDWLRQ RI WKH VHGLPHQW

PDNH WKH XVH RI PXOWLSOH ��'9 FDOFXODWLRQV DFURVV WKH HVWXDU\ QHFHVVDU\� &DOFXODWLQJ WKH VHGLPHQW H[FKDQJH

SURFHVVHV ZLWK WKH EHG LQ HDFK JULGSRLQW RI D ODUJH VFDOH� ORQJ�WHUP PRGHO QXPHULFDOO\� UHTXLUHV ORWV RI

FDOFXODWLRQ WLPH� +HUH WKH XVH RI D IDVW SDUDPHWHULVDWLRQ ZRXOG EH D EHWWHU FKRLFH� ,Q WKH QH[W SDUW RI WKLV

FKDSWHU D IDVW SDUDPHWHULVDWLRQ LV GHULYHG� 7KH UHVXOWV RI WKH QXPHULFDO PRGHO RI 0HUFNHOEDFK DUH FRPSDUHG

WR WKH UHVXOWV RI WKLV SDUDPHWHULVDWLRQ LQ RUGHU WR MXGJH LI WKH SDUDPHWHULVDWLRQ EHKDYHV UHDOLVWLFDOO\�

*�*� &�	��		����$�������	�����������	

7KH IXOO ��'9 *LEVRQ HTXDWLRQ FDQ EH SDUDPHWHULVHG LQ RUGHU WR EH DEOH WR GHVFULEH TXLFNO\ WKH FKDQJHV LQ

WKH ZDWHUEHG EHWZHHQ WZR GHSRVLWLRQ SHULRGV� 7KHVH SDUDPHWHULVDWLRQV ZLOO GHDO ZLWK WKH EHG LQ PDWHULDO

FRRUGLQDWHV WR SUHYHQW PRYLQJ ERXQGDULHV� %XW D SDUDPHWHULVDWLRQ FDQQRW DFFRXQW IRU �LUUHJXODU SDWWHUQV RI�

UHSHDWLQJ SHULRGV RI HURVLRQ DQG GHSRVLWLRQ� VLQFH WKH VHGLPHQW IOX[HV DIIHFW WKH GRPDLQ RQ ZKLFK WKH

SDUDPHWHULVDWLRQ KROGV� �2QO\ D FRQVWDQW GHSRVLWLRQ IOX[ PLJKW EH SDUDPHWHULVHG�� 7KHUHIRUH DIWHU HDFK

GHSRVLWLRQ DQG HURVLRQ SHULRG WKH DQDO\WLFDO VROXWLRQV KDYH WR EH DGMXVWHG RU UHGHWHUPLQHG� (URVLRQ DQG

GHSRVLWLRQ KDYH VKRUW WLPH VFDOHV ZLWK UHVSHFW WR HURVLRQ� 7KHUHIRUH WKH DGMXVWPHQW PXVW KDSSHQ DW WLPH

VFDOHV WKDW DUH VKRUW ZLWK UHVSHFW ZLWK WKH WLPH VFDOH IRU FRQVROLGDWLRQ�
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%HVLGHV WKH LUUHJXODU HURVLRQ DQG GHSRVLWLRQ SDWWHUQ� WKH SDUDPHWHULVDWLRQ KDV WR EH DEOH WR GHDO ZLWK DQ\

LQLWLDO FRQGLWLRQ� 7KH DQDO\WLFDO VROXWLRQV WKHUHIRUH FRQVLVW RI D VHULHV WKDW KDYH WR EH VXSHUSRVHG WR

GHWHUPLQH WKH VROXWLRQ� 0DQ\ GLIIHUHQW VHULHV DUH SRVVLEOH� WR QDPH D IHZ� SHUWXUEDWLRQ PHWKRG

�SRO\QRPLDOV�� %HVVHO VHULHV� )RXULHU VHULHV DQG FRQYROXWLRQ VHULHV �'XKDPHO PHWKRG��

2QH RSWLRQ LV WR UHJDUG WKH HQWLUH FRQVROLGDWLQJ EHG DV RQH VLQJOH OD\HU� (YHU\ WLPH VHGLPHQW GHSRVLWV�

WKH LQLWLDO FRQGLWLRQV FKDQJH DV ZHOO DV WKH GRPDLQ� &RQVHTXHQWO\� WKH DQDO\WLFDO VROXWLRQ KDV WR EH DGDSWHG

WR WKH QHZ LQLWLDO FRQGLWLRQ� 7KXV WKH PRGHO LV GLYLGHG LQWR WKH WLPH GRPDLQ WR FRYHU HDFK GHSRVLWLRQ SHULRG�

%HFDXVH WKH HQWLUH EHG KDV WR EH LQFRUSRUDWHG LQ RQH VROXWLRQ� D ODUJH QXPEHU RI �)RXULHU� FRPSRQHQWV PLJKW

EH QHFHVVDU\ ZKHQ WKH HIIHFWLYH VWUHVV SURILOH LV QRW VPRRWK� EXW FRQWDLQV VKDUS JUDGLHQWV�

$ VHFRQG RSWLRQ LV WR FRQVLGHU WKH EHG DV RQH OD\HU DQG WR GHDO ZLWK HYHU\ VHGLPHQWDWLRQ�HURVLRQ SHULRG

LQ D VHSDUDWH VROXWLRQ E\ WKH PHWKRG RI FRQYROXWLRQ� ,Q WKLV PHWKRG WKH LQLWLDO FRQGLWLRQ RI WKH ILUVW WLPHVWHS

KDV WR EH WKH HTXLOLEULXP VLWXDWLRQ� 7KH HIIHFW RI WKH H[WUD ORDG RI D VLQJOH GHSRVLWLRQ RU WKH HIIHFW RI WKH

UHGXFWLRQ RI ORDG E\ D VLQJOH HURVLRQ� FDQ EH DFFRXQWHG IRU E\ D VLQJOH VROXWLRQ VWDUWLQJ DW WKH PRPHQW WKH

ORDG LV DSSOLHG� 7KLV VROXWLRQV KROGV IRU WKH LQWHUIDFH PDWHULDO KHLJKW DW WKH PRPHQW RI HURVLRQ� 7KH PRGHO LV

GLYLGHG LQ WKH VSDFH GRPDLQ DQG WKH WLPH GRPDLQ WR FRYHU HDFK GHSRVLWLRQ� 7KLV VLQJOH VROXWLRQ ZLOO KDYH DQ

HYHUODVWLQJ HIIHFW RQ WKH EHG DQG PXVW EH NHSW LQ WKH FRPSXWHU PHPRU\ XQWLO WKH HQG RI WKH VLPXODWLRQ�

%HFDXVH LW ZLOO ODVW IRUHYHU� DQG EHFDXVH WKH H[WUD ORDG LW WDNHV FDUH RI LV YHU\ VPRRWK �LW LV D EORFN IXQFWLRQ��

WKLV VROXWLRQ FDQ EH UHSUHVHQWHG E\ RQH WHUP RQO\� :KHQ WLPH LQFUHDVHV WKH QXPEHU RI GHSRVLWLRQV DQG

HURVLRQ SHULRGV WKDW KDYH SDVVHG LQFUHDVHV DQG WKHUHIRUH WKH QXPEHU RI VROXWLRQV WKDW KDYH WR EH FDUULHG

DORQJ LQFUHDVHV� :KHQ IRU LQVWDQFH D SHULRG RI �� \HDUV LV WR EH VLPXODWHG ZLWK FRQVROLGDWLRQ VWHSV RI �

KRXU� DW WKH HQG WKH QXPEHU RI VROXWLRQV ZLOO EH LQ WKH RUGHU RI �������� 'XH WR WKH ODUJH UHOD[DWLRQ WLPHV RI

WKHVH VROXWLRQV� WKH\ FDQQRW EH GLVFDUGHG DW D VSHFLILF PRPHQW LQ WLPH� ,W WDNHV IRU LQVWDQFH LQ WKH RUGHU RI

��� \HDUV WR UHGXFH WKH HIIHFW RI D VLQJOH VROXWLRQ WR ��� +HQFH WKH PRGHO ZLOO UXQ VORZHU ZKHQ WLPH SDVVHV�

7KLV FDQ SHUKDSV EH UHPHGLHG E\ PHUJLQJ ROG VROXWLRQV� $QRWKHU SUREOHP LV WKDW WKH SDUW RI WKH GRPDLQ RQ

ZKLFK D VLQJOH VROXWLRQ KROGV� LV LQ WLPH DIIHFWHG E\ HURVLRQ� ,I ILUVW HURVLRQ RFFXUV DQG WKHQ GHSRVLWLRQ� D

FHUWDLQ VROXWLRQ ZLOO RQO\ EH YDOLG XS WR WKH OHYHO ZKHUH WKH HURVLRQ SURJUHVVHG� ,Q WKH XSSHU SDUW RI WKH EHG�

WKDW KDV EHHQ IRUPHG E\ GHSRVLWLRQV DIWHU WKH PRPHQW D SDUWLFXODU VROXWLRQ VWDUWHG� WKH SDUWLFXODU VROXWLRQ

ZLOO QRW EH YDOLG DW DOO� 7KHUHIRUH IRU HYHU\ VROXWLRQ �L� WKH VWDUWLQJ PRPHQW� �LL� WKH ORDG LW UHSUHVHQWV� �LLL�

LWV LQLWLDO GRPDLQ DQG �LY� LWV FXUUHQW GRPDLQ KDYH WR EH UHPHPEHUHG� 7KLV OHDGV WR D ODUJH XVH RI PHPRU\�

7KLV DSSURDFK ZLOO EH GLVFDUGHG DV ZHOO�

$ WKLUG ZD\ WR GHDO ZLWK WKLV DQDO\WLFDO VROXWLRQ LV WR XVH D PXOWLOD\HU V\VWHP� ,Q WKLV DSSURDFK� IRU

LQVWDQFH� HYHU\ VHGLPHQWDWLRQ SHULRG ZRXOG UHVXOW LQ D VHSDUDWH OD\HU� 7KH PRGHO LV GLYLGHG LQ WKH VSDFH

GRPDLQ WR FRYHU HDFK GHSRVLWLRQ OD\HU UDWKHU WKDQ WR FRYHU HDFK GHSRVLWLRQ SHULRG� 7KLV UHVXOWV LQ

FRPSOLFDWHG ERXQGDU\ FRQGLWLRQV RI WKH OD\HUV� $Q LQWHUIDFH FULWHULRQ KDV WR EH PHW EHWZHHQ WZR VXFFHVVLYH

OD\HUV� WKH ERWWRP FRQGLWLRQ RI D JLYHQ OD\HU VKRXOG EH HTXDO WR WKH XSSHU ERXQGDU\ FRQGLWLRQ RI WKH OD\HU

EHORZ� 7KLV UHVXOWV LQ D V\VWHP RI Q �� HTXDWLRQV �ZKHUH Q  QXPEHU RI OD\HUV�� )RU HYHU\ OD\HU� D VHSDUDWH

VHW RI FRHIILFLHQWV KDV WR EH FDOFXODWHG WR FRQVWUXFW D VHSDUDWH VROXWLRQ� 7KHVH FRHIILFLHQWV FDQQRW EH

GHWHUPLQHG E\ VWDUWLQJ ZLWK WKH WRS �RU ERWWRP OD\HU� OD\HU DQG VXFFHVVLYHO\ GHWHUPLQLQJ WKH VROXWLRQ RI WKH

OD\HUV EHORZ� 7KH VROXWLRQ RI D JLYHQ OD\HU LV GHWHUPLQHG ERWK E\ WKH VROXWLRQ LQ WKH OD\HU DERYH LW DQG LQ WKH

OD\HU EHORZ LW� +HQFH D ODUJH OLQHDU V\VWHP KDV WR EH VROYHG DQG OLQHDU V\VWHPV DUH NQRZQ WR FRQVXPH D ORW

RI FRPSXWDWLRQDO WLPH� 7KH QXPEHU RI WHUPV FDQ EH YHU\ VPDOO KRZHYHU �� WR �� ZKHQ DQ DSSURSULDWH VHULHV

LV FKRVHQ �QRW D )RXULHU VHULHV�� EHFDXVH LQVLGH RQH OD\HU WKH VROXWLRQ LV YHU\ VPRRWK� 'HVSLWH WKLV

DGYDQWDJH� WKLV DSSURDFK LV DOVR H[SHFWHG WR UHVXOW LQ D ODUJHU QXPEHU RI FDOFXODWLRQV WKDQ WKH VLQJOH OD\HU

V\VWHP DQG LV WKHUHIRUH GLVFDUGHG�

%RWK WKH PXOWLOD\HU V\VWHP DQG WKH FRQYROXWLRQ DSSURDFK DUH QRW DSSURSULDWH� 7KHUHIRUH WKH VLQJOH OD\HU

RSWLRQ ZLOO IXUWKHU EH HODERUDWHG RQ�
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7KH *LEVRQ HTXDWLRQ KDV EHHQ GHULYHG LQ VHFWLRQ ���� 7KLV GLIIHUHQWLDO HTXDWLRQ LV YDOLG ERWK LQ WKH ZDWHU

FROXPQ DQG LQ WKH FRQVROLGDWLQJ EHG� 'LIIHUHQW IRUPXODWLRQV IRU WKH µSHUPHDELOLW\¶ KDYH WR EH XVHG LQ WKHVH

WZR UHJLPHV LQ WKH YHUWLFDO� ,Q WKLV VHFWLRQ DQ DQDO\WLFDO VROXWLRQ ZLOO EH VRXJKW IRU WKH *LEVRQ HTXDWLRQ�

7KLV SDUDPHWHULVDWLRQ ZLOO RQO\ EH XVHG LQ WKH FRQVROLGDWLQJ EHG� QRW LQ WKH ZDWHU FROXPQ� 7KHUHIRUH WKH

FRQVWLWXWLYH PDWHULDO UHODWLRQV RI VHFWLRQ ��� FDQ EH XVHG� WKDW DUH YDOLG IRU FRQFHQWUDWLRQV DERYH WKH JHOOLQJ

SRLQW �VWUXFWXUDO GHQVLW\� RQO\�

,Q WKH FRQVROLGDWLQJ EHG WKH *LEVRQ HTXDWLRQ LV YDOLG ERWK LQ WKH YLUJLQ ORDGLQJ UHJLPH DQG LQ WKH

UHORDGLQJ UHJLPH� :KHQ WKH FRQVWLWXWLYH UHODWLRQV RI 0HUFNHOEDFK ������ DQG ������ DUH VXEVWLWXWHG KRZHYHU�

WKH UHVXOW LV RQO\ DSSOLFDEOH WR WKH YLUJLQ ORDGLQJ UHJLPH� ,W FDQ WKHUHIRUH RQO\ EH XVHG WR GHVFULEH WKH

EHKDYLRXU RI FRQVROLGDWLQJ PDWHULDO� QRW WKH EHKDYLRXU RI VZHOOLQJ PDWHULDO� :KHQ WKH *LEVRQ HTXDWLRQ

VKRXOG EH DSSOLFDEOH WR ERWK YLUJLQ DQG UHORDGLQJ� D FRQVWLWXWLYH UHODWLRQ WKDW LV YDOLG LQ ERWK WKHVH UHJLPHV

VKRXOG EH VXEVWLWXWHG� ,Q VHFWLRQ ��� LW ZDV VKRZQ WKDW WKH UHODWLRQV IRU UHORDGLQJ DUH GLIIHUHQW IURP WKRVH RI

YLUJLQ ORDGLQJ� 8QIRUWXQDWHO\ VXFK D FRPSOHWH UHODWLRQ GRHV QRW H[LVW DW SUHVHQW� 7KHUHIRUH D PXG EHG

DOWHUQDWHO\ H[SRVHG WR HURVLRQ DQG GHSRVLWLRQ FDQQRW EH GHVFULEHG ZLWK RQH VLQJOH GLIIHUHQWLDO HTXDWLRQ ZLWK

RQH VWDWH YDULDEOH� ,W IROORZV WKDW D JHQHUDO SDUDPHWHULVDWLRQ RI WKH GLIIHUHQWLDO HTXDWLRQ LV QRW SRVVLEOH� ,Q

RUGHU WR EH DEOH WR PDNH D SDUDPHWHULVDWLRQ GHVSLWH WKHVH SUREOHPV� WKH PRGHO ZLOO EH VSOLW LQ WZR SDUWV� �L�

7KH *LEVRQ GLIIHUHQWLDO HTXDWLRQ ZLOO EH FDOFXODWHG ZLWK RQO\ WKH FRQVWLWXWLYH UHODWLRQV IRU YLUJLQ ORDGLQJ�

7KH HIIHFWLYH VWUHVVHV DUH WDNHQ DV WKH GHSHQGHQW VWDWH YDULDEOH �WKH YROXPH IUDFWLRQ RI PXG I RU WKH

SHUPHDELOLW\ N ZRXOG DOVR KDYH EHHQ SRVVLEOH�� 7KLV UHVXOWV LQ D QRQ�OLQHDU SDUWLDO GLIIHUHQWLDO HTXDWLRQ ZLWK

RQH GHSHQGHQW YDULDEOH� 7KH SDUDPHWHULVHG VROXWLRQ RI WKLV GLIIHUHQWLDO HTXDWLRQ JLYHV WKH HIIHFWLYH VWUHVV

SURILOH� �LL� :LWK WKLV HIIHFWLYH VWUHVV SURILOH� WKH GHQVLW\ ZLOO EH FDOFXODWHG XVLQJ WKH FRQVWLWXWLYH UHODWLRQV

IRU UHORDGLQJ� 7R SHUIRUP VWHS �L�� WKH FRQVWLWXWLYH HTXDWLRQV ���� DQG ���� KDYH WR EH UHZULWWHQ� 7KLV JLYHV
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ZKHUH WKH VXEVFULSW L VWDQGV IRU EHG�ZDWHU LQWHUIDFH� ,Q WKH FDVH RI D VLQJOH OD\HU� WKH ERXQGDU\ FRQGLWLRQV

IRU *LEVRQ HTXDWLRQ ������ DUH ������ DQG ������� 7KH ILUVW ERXQGDU\ FRQGLWLRQ LPSOLHV WKDW WKH OD\HU KDV D

ULJLG DQG LPSHUPHDEOH ERWWRP� VR WKH VHWWOLQJ YHORFLW\ LV ]HUR WKHUH�
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7KH VHFRQG ERXQGDU\ FRQGLWLRQ ������ LPSOLHV WKDW WKH HIIHFWLYH VWUHVVHV DW WKH LQWHUIDFH DUH ��

	 Y P P	 	
 �� � �� � � � ������

7KH FRPSOH[LW\ RI WKH SUREOHP LV UHGXFHG LI WKH GHYLDWLRQ RI WKH DFWXDO VWUHVV IURP WKH HTXLOLEULXP VWUHVV LV

FRQVLGHUHG LQVWHDG RI WKH DFWXDO HIIHFWLYH VWUHVV LWVHOI� ,Q WKH VWDWLRQDU\ FDVH �	 �Y P	

 � � � ZKLFK LPSOLHV

	 	 � �  Y H Y V Z L� ��


 


f
� � � � �� � � � ������

7KH GHYLDWLRQ RI WKH DFWXDO HIIHFWLYH VWUHVV VCY IURP WKH HTXLOLEULXP VWUHVV VCY�� HTXDOV WKH H[FHVV ZDWHU

SUHVVXUH SH� $ ODVW VWHS WR VLPSOLI\ WKH GLIIHUHQWLDO HTXDWLRQ LV WR UHZULWH WKH SUREOHP LQ D GLPHQVLRQOHVV

GHSWK FRRUGLQDWH [ DQG D WLPH FRRUGLQDWH W�
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1RWLFH WKH SUHVHQFH RI WKH �VWLOO� XQNQRZQ VWUHVV 	 Y



LQ WKH GLIIHUHQWLDO HTXDWLRQ EHVLGHV WKH FRHIILFLHQWV $�

DQG $� GXH WR ZKLFK WKH GLPHQVLRQOHVV WLPH � LV QRW FRQVWDQW ZLWK GHSWK�

&�'��� 9��"�	����	���

8S WR WKLV SRLQW QR IXUWKHU VLPSOLILFDWLRQV RU DVVXPSWLRQV KDYH EHHQ PDGH� 7KH UHVXOWLQJ GLIIHUHQWLDO

HTXDWLRQ ���� LQ QRQ�GLPHQVLRQDO PDWHULDO FRRUGLQDWHV LV QRQ�OLQHDU� 7KH FRHIILFLHQWV $� DQG $� WR WKH

DGYHFWLRQ WHUPV LQ ������ DUH IXQFWLRQV RI WKH XQNQRZQ DQG GHSWK YDULDEOH HIIHFWLYH VWUHVV VCY� $IWHU D

WLPHVWHS GW WKH HIIHFWLYH VWUHVVHV KDYH FKDQJHG DQG WKHUHIRUH WKH FRHIILFLHQWV ZLOO KDYH FKDQJHG�

$FFRUGLQJO\ WKH DQDO\WLFDO VROXWLRQ ZLOO EH GLIIHUHQW DIWHU D WLPH VWHS GW� 7KDW PHDQV WKDW DQ H[SOLFLW

DQDO\WLFDO VROXWLRQ FDQQRW EH FRQVWUXFWHG E\ XVLQJ WKH LQLWLDO FRQGLWLRQV�
��
&RQVHTXHQWO\� ZH FDQ FRQFOXGH

WKDW ILQGLQJ DQ DQDO\WLFDO VROXWLRQ LV GLIILFXOW DQG VRPH VLPSOLILFDWLRQV KDYH WR EH PDGH� )LUVW RI DOO� WKH QRQ�

OLQHDULW\ KDV WR EH RYHUFRPH� 7KHUHIRUH WKH WZR QRQ�OLQHDU DGYHFWLRQ WHUPV ZLOO EH LJQRUHG IRU UHDVRQV RI

VLPSOLFLW\� 7KH UHPDLQLQJ WHUPV RI ���� DUH
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7KLV GLIIHUHQWLDO HTXDWLRQ LV WKH VWDUWLQJ SRLQW IRU WKH SDUDPHWHULVDWLRQ� 7KH ERXQGDU\ FRQGLWLRQV DUH JLYHQ

E\�

�H � ���� � � � � �� � �1HXPDQQ ERXQGDU\ FRQGLWLRQ� ������

��
$Q LPSOLFLW VROXWLRQ FRXOG EH SRVVLEOH� H�J� WKH FXUYH VCY�WP� ZLWK WKH FXUYH ]�WP��
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� � � �� � �'LULFKOHW ERXQGDU\ FRQGLWLRQ� ������

7KH LQLWLDO FRQGLWLRQ LV JLYHQ E\
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7KH SUREOHP UHVHPEOHV WKH FODVVLFDO FRQVROLGDWLRQ HTXDWLRQ� 7KH VROXWLRQ WR WKLV SUREOHP LV IRXQG LQ DOO

NLQGV RI OLWHUDWXUH� IRU LQVWDQFH %DUHQGV >����@� ,W FDQ EH GHULYHG XVLQJ WKH PHWKRG RI VHSDUDWLRQ RI

YDULDEOHV� 7KH VROXWLRQ UHDGV�
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ZKHUH WKH FRHIILFLHQWV DUH
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7KH QXPEHU RI )RXULHU FRPSRQHQWV ZLOO EH GLVFXVVHG LQ FKDSWHU �� 7KH HIIHFWLYH VWUHVV LQ WKH QRQ�

GLPHQVLRQDO WLPH W �HTXDWLRQ ����� LV DVVXPHG FRQVWDQW DQG HTXDO WR WKH KLJKHVW SRVVLEOH HTXLOLEULXP VWUHVV

LQ WKH EHG� VCY VCY�UHS �UV�UZ�J]L�

$QDO\WLFDO FRHIILFLHQWV IN DUH RQO\ DYDLODEOH IRU DQDO\WLFDO SURILOHV� )RU WKH LQLWLDO FRQGLWLRQ LQ D VHWWOLQJ

FROXPQ IRU H[DPSOH� ZKHUH LQLWLDOO\ WKH H[FHVV SRUH SUHVVXUHV FDUU\ WKH IXOO ORDG VCY�� �HTXDWLRQ ������ WKH

FRHIILFLHQWV FDQ GH GHWHUPLQHG DQDO\WLFDOO\�
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,Q :$4 WKH SURILOHV DUH VXEMHFW WR DOWHUQDWLQJ HURVLRQ DQG GHSRVLWLRQ� 7KH SURILOHV FDQ WKHUHIRUH KDYH DQ\

VKDSH� &RQVHTXHQWO\� WKH FRHIILFLHQWV DUH FDOFXODWHG E\ QXPHULFDO LQWHJUDWLRQ XVLQJ WKH WUDSH]RLGDO UXOH IRU

LQWHJUDWLRQ�

7KH ODVW VWHSV WR REWDLQ WKH VROXWLRQ IRU WKH HIIHFWLYH VWUHVV LV WR UHYHUW VROXWLRQ ������ WR GLPHQVLRQDO

YDULDEOHV DQG VXEWUDFW WKH �GLPHQVLRQDO� VROXWLRQ IURP WKH VWHDG\ VWDWH VROXWLRQ�

7KH HIIHFWLYH VWUHVVHV DUH D IXQFWLRQ RI WKH GLPHQVLRQOHVV WLPH SDUDPHWHU L DQG WKH QRQ�GLPHQVLRQDO

SDUDPHWHU [� 7KH WLPH SDUDPHWHU W LWVHOI LV D IXQFWLRQ RI QXPHULF FRHIILFLHQWV DQG RI WKH HIIHFWLYH VWUHVV

VCY�[�W�� 7KHUHIRUH WKH SDUDPHWHULVDWLRQ LV LQ IDFW QRQ�OLQHDU DV ZHOO� 1HDU WKH LQWHUIDFH� WKH HIIHFWLYH VWUHVV

VCY�[�W� LV VPDOOHU DQG DFFRUGLQJO\ WKH GLPHQVLRQOHVV GHFD\ WLPH � LV ODUJHU �HTXDWLRQ ������ $

UHSUHVHQWDWLYH YDOXH RI WKH HIIHFWLYH VWUHVV LQ ���� KDV WR EH FKRVHQ WR XVH WKH SDUDPHWHULVDWLRQ� ,I WKH VCY �

SURILOH LV DOUHDG\ FORVH WR WKH VWHDG\ VWDWH VROXWLRQ� WKH PD[LPXP HTXLOLEULXP VWUHVV LQ WKH OD\HU VCY  �UV�

UZ�J]L FDQ EH XVHG�

7KH HYROXWLRQ RI WKH HIIHFWLYH VWUHVV SURILOHV FDQ EH FDOFXODWHG ZLWK WKH SDUDPHWHULVDWLRQ LQ WKH YLUJLQ

ORDGLQJ UHJLPH� ,Q WKH UHORDGLQJ UHJLPH LW LV QRW YDOLG� EHFDXVH WKH PRGHO LV GHULYHG E\ VXEVWLWXWLQJ WKH

FRQVWLWXWLYH UHODWLRQV RI 0HUFNHOEDFK� ZKLFK DUH RQO\ YDOLG LQ WKH YLUJLQ ORDGLQJ UHJLPH� 6LQFH QR EHWWHU

SDUDPHWHULVDWLRQ KDV EHHQ GHULYHG� WKH FXUUHQW SDUDPHWHULVDWLRQ LV XVHG WR FDOFXODWH WKH HIIHFWLYH VWUHVV ERWK

LQ WKH YLUJLQ DQG LQ WKH UHORDGLQJ UHJLPH� ,Q WKH YLUJLQ ORDGLQJ UHJLPH WKH GHQVLW\ DVVRFLDWHG ZLWK WKH

HIIHFWLYH VWUHVV OHYHO LV FDOFXODWHG E\ HTXDWLRQ ����� LQ WKH UHORDGLQJ UHJLPH RQH RI WKH OLQHDU RU SODVWLF

FRQVWLWXWLYH UHODWLRQV IRU UHORDGLQJ IURP VHFWLRQ ����� LV XVHG�

&�'�$� %�"/���������/��"�	����	����������"����������	���������		���)�����"���:/��"��	

,Q WKLV VHFWLRQ WKH YDOLGLW\ RI WKH SDUDPHWHULVDWLRQ LV DVVHVVHG� 7KH EHKDYLRXU LQ D VHWWOLQJ FROXPQ LV

VLPXODWHG ZLWK WKH QXPHULFDO PRGHO RI 0HUFNHOEDFK >����@ DQG WKH SDUDPHWHULVDWLRQ �ZLWK WKH DVVXPSWLRQ

WKDW VCY  �UV�UZ�J]L LQ HTXDWLRQ ������ 7KH UHVXOWV IRU WKH HIIHFWLYH VWUHVV DQG WKH YROXPH IUDFWLRQ RI PXG DUH
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FRPSDUHG LQ ILJXUH ���� WR ����� ,Q ILJXUH ���� DQG ���� WKH GLIIHUHQFH EHWZHHQ WKH QXPHULFDO VROXWLRQ DQG

WKH DQDO\WLFDO VROXWLRQ LV VKRZQ DQG LQ ILJXUHV ���� DQG ���� WKH UDWLR EHWZHHQ WKH QXPHULFDO VROXWLRQ DQG

WKH SDUDPHWHULVDWLRQ�
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)LJXUH ���� �/�� 7KH HIIHFWLYH VWUHVV SURILOHV LQ UHDO FRRUGLQDWHV DW GLIIHUHQW PRPHQWV LQ WLPH E\ WKH QXPHULFDO VROXWLRQ �UHG� DQG WKH

SDUDPHWHULVDWLRQ �EOXH��

)LJXUH ���� �5�� 7KH SURILOH RI WKH YROXPH IUDFWLRQ RI PXG LQ *LEVRQ PDWHULDO FRRUGLQDWHV DW GLIIHUHQW PRPHQWV LQ WLPH E\ WKH

QXPHULFDO VROXWLRQ �UHG� DQG WKH SDUDPHWHULVDWLRQ �EOXH��

)URP WKH UHVXOWV ZH FRQFOXGH WKDW WKH SDUDPHWHULVDWLRQ JLYHV UHDVRQDEOH UHVXOWV� 7KH GLIIHUHQFH EHWZHHQ

WKH QXPHULFDO VROXWLRQ DQG WKH SDUDPHWHULVDWLRQ LV ODUJHVW QHDU WKH LQWHUIDFH� +HUH� WKH HIIHFWLYH VWUHVVHV DQG

WKH GHQVLW\ DUH XQGHUHVWLPDWHG E\ WKH SDUDPHWHULVDWLRQ� 7KLV LV LQ DFFRUGDQFH ZLWK WKH QXPHULFDO ILQGLQJV RI

*LEVRQ >����@� $FFRUGLQJO\� WKH GHQVLW\ DQG WKH DVVRFLDWHG VKHDU VWUHQJWK �HTXDWLRQ ����� ZLOO EH

XQGHUHVWLPDWHG� 7KDW LV LQFRQYHQLHQW VLQFH WKH SDUDPHWHULVDWLRQ VKRXOG HVSHFLDOO\ EH YDOLG QHDU WKH

LQWHUIDFH� DV LW LV XVHG WR FDOFXODWH WKH UHVXVSHQVLRQ IURP WKH EHG E\ PHDQV RI WKH GHQVLW\ DW WKH LQWHUIDFH�

7KH GLIIHUHQFH EHWZHHQ WKH QXPHULFDO VROXWLRQ DQG WKH SDUDPHWHULVDWLRQ LV GXH WR WKH GHOHWLRQ RI WKH

QRQ�OLQHDU DGYHFWLRQ WHUPV� 7KHUHIRUH DQ DQDO\VLV RI WKH GLIIHUHQW WHUPV LQ WKH HTXDWLRQ ���� ZLOO EH FDUULHG

RXW WR ILQG RXW KRZ WKH YDULRXV WHUPV FRQWULEXWH WR WKH GLIIHUHQWLDO HTXDWLRQ� 7KH IXOO QXPHULFDO VROXWLRQ LV

VXEVWLWXWHG LQ WKH GLIIHUHQWLDO HTXDWLRQ �GLIIHUHQWLDWHG GLVFUHWHO\�� 7KH SDUDPHWHULVDWLRQ �ZLWK WZR )RXULHU

FRPSRQHQWV� LV VXEVWLWXWHG LQ ���� DV ZHOO �GLIIHUHQWLDWHG DQDO\WLFDOO\�� (YHQ WKRXJK WKH DGYHFWLRQ WHUPV DUH

QRW LQFOXGHG LQ WKH SDUDPHWHULVDWLRQ� LW LV VWLOO SRVVLEOH WR FDOFXODWH WKHVH WHUPV ZLWK WKH VROXWLRQ RI WKH

SDUDPHWHULVDWLRQ�� 7KH UHVXOWV DUH FRPSDUHG LQ ILJXUHV ���� WR �����
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)LJXUH ���� �/�� 7KH HIIHFWLYH VWUHVV SURILOH LQ *LEVRQ PDWHULDO FRRUGLQDWHV DW GLIIHUHQW PRPHQWV LQ WLPH E\ WKH QXPHULFDO VROXWLRQ

�UHG� DQG WKH SDUDPHWHULVDWLRQ �EOXH��

)LJXUH ���� �5�� 7KH SURILOH RI WKH YROXPH IUDFWLRQ RI PXG LQ *LEVRQ PDWHULDO FRRUGLQDWHV DW GLIIHUHQW PRPHQWV LQ WLPH E\ WKH

QXPHULFDO VROXWLRQ �UHG� DQG WKH SDUDPHWHULVDWLRQ �EOXH��
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 = 1e−012 m/s)

T=20 days 
T=30 days 
T=40 days 
T=50 days 
T=60 days 
T=70 days 
T=80 days 
T=90 days 
T=100 days

)LJXUH ���� �/�� 7KH GLIIHUHQFH EHWZHHQ WKH HIIHFWLYH VWUHVV SURILOHV LQ *LEVRQ PDWHULDO FRRUGLQDWHV DW GLIIHUHQW PRPHQWV LQ WLPH DV

REWDLQHG E\ WKH QXPHULFDO VROXWLRQ DQG WKH SDUDPHWHULVDWLRQ�

)LJXUH ���� �5�� 7KH GLIIHUHQFH EHWZHHQ WKH SURILOHV RI WKH YROXPH IUDFWLRQ RI PXG LQ *LEVRQ PDWHULDO FRRUGLQDWHV DW GLIIHUHQW

PRPHQWV LQ WLPH DV REWDLQHG E\ WKH QXPHULFDO VROXWLRQ DQG WKH SDUDPHWHULVDWLRQ�
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)LJXUH ���� �/�� 7KH UDWLR EHWZHHQ WKH HIIHFWLYH VWUHVV SURILOHV LQ *LEVRQ PDWHULDO FRRUGLQDWHV DW GLIIHUHQW PRPHQWV LQ WLPH DV

REWDLQHG E\ WKH QXPHULFDO VROXWLRQ DQG WKH SDUDPHWHULVDWLRQ�

)LJXUH ���� �5�� 7KH UDWLR EHWZHHQ WKH SURILOHV RI WKH YROXPH IUDFWLRQ RI PXG LQ *LEVRQ PDWHULDO FRRUGLQDWHV DW GLIIHUHQW PRPHQWV LQ

WLPH DV REWDLQHG E\ WKH QXPHULFDO VROXWLRQ DQG WKH SDUDPHWHULVDWLRQ�
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)LJXUH ���� �/�� 7KH VHFRQG �VTXDUHG DGYHFWLRQ� WHUP LQ HTXDWLRQ ���� LQ *LEVRQ PDWHULDO FRRUGLQDWHV DW GLIIHUHQW PRPHQWV LQ WLPH

DV REWDLQHG E\ WKH QXPHULFDO VROXWLRQ �UHG  SRVLWLYH� DQG WKH SDUDPHWHULVDWLRQ �EOXH  SRVLWLYH��

)LJXUH ���� �5�� 7KH WKLUG �DGYHFWLRQ� WHUP LQ HTXDWLRQ ���� LQ *LEVRQ PDWHULDO FRRUGLQDWHV DW GLIIHUHQW PRPHQWV LQ WLPH DV

REWDLQHG E\ WKH QXPHULFDO VROXWLRQ �SLQN  QHJDWLYH� DQG WKH SDUDPHWHULVDWLRQ �OLJKW EOXH  QHJDWLYH��

)URP ILJXUHV ���� WR ���� ZH FDQ FRQFOXGH WKDW WKH WZR QRQ�OLQHDU DGYHFWLRQ WHUPV DUH HTXDOO\

LPSRUWDQW� WKH\ DUH RI WKH VDPH RUGHU RI PDJQLWXGH� 2QO\ DW WKH VWDUW RI WKH FRQVROLGDWLRQ WKH VTXDUHG

DGYHFWLRQ WHUP �QR� �� LV RQH RUGHU RI PDJQLWXGH VPDOOHU WKDQ WKH OLQHDU DGYHFWLRQ WHUP �QR� ��� 7KH UDWLR

EHWZHHQ WKHVH WZR QRQ�OLQHDU DGYHFWLRQ WHUPV FDQ DOVR EH HVWLPDWHG EH DQDO\WLFDOO\�
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,Q WKH LQLWLDO VWDJH RI FRQVROLGDWLRQ� WKH HIIHFWLYH VWUHVVHV DUH DOPRVW ]HUR DQG WKH H[FHVV SRUH SUHVVXUHV FDUU\

DOO WKH ZHLJKW VCY��� &RQVHTXHQWO\ WKH JUDGLHQW � ���H FDQ EH HVWLPDWHG DV

� �� � � � �� � � � � �H H V Z L� � �� �� � � � ������
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:KHQ WKLV LV VXEVWLWXWHG LQ ����� WKLV OHDGV WR D UDWLR RI XQLW\ EHWZHHQ WKH WZR DGYHFWLRQ WHUPV� WKH\ DUH

HTXDOO\ LPSRUWDQW LQ WKH LQLWLDO PRPHQWV RI FRQVROLGDWLRQ� 7KLV PHDQV WKDW ERWK WHUPV KDYH WR EH GHDOW ZLWK

ZKHQ DQ DWWHPSW LV PDGH WR LPSURYH WKH SDUDPHWHULVDWLRQ�
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)LJXUH ���� �/�� 7KH VHFRQG � WKLUG �DGYHFWLRQ� WHUPV LQ HTXDWLRQ ���� LQ *LEVRQ PDWHULDO FRRUGLQDWHV DW GLIIHUHQW PRPHQWV LQ WLPH

DV REWDLQHG E\ WKH QXPHULFDO VROXWLRQ �SLQN  QHJDWLYH� DQG WKH SDUDPHWHULVDWLRQ �OLJKW EOXH  QHJDWLYH��

)LJXUH ���� �5�� 7KH IRXUWK �GLIIXVLRQ� WHUP LQ HTXDWLRQ ���� LQ *LEVRQ PDWHULDO FRRUGLQDWHV DW GLIIHUHQW PRPHQWV LQ WLPH DV

REWDLQHG E\ WKH QXPHULFDO VROXWLRQ �UHG  SRVLWLYH� SLQN  QHJDWLYH� DQG WKH SDUDPHWHULVDWLRQ �EOXH  SRVLWLYH��

)URP ILJXUH ���� DQG ���� ZH FDQ FRQFOXGH WKDW WKH GLIIXVLRQ WHUP LV JHQHUDOO\ RI WKH VDPH RUGHU RI

PDJQLWXGH DV WKH WZR DGYHFWLRQ WHUPV �DYHUDJHG RYHU WKH YHUWLFDO�� +RZHYHU� QHDU WKH ULJLG ERWWRP WKH

GLIIXVLRQ WHUP LV PRUH LPSRUWDQW WKDQ WKH DGYHFWLRQ WHUP� EXW QHDU WKH LQWHUIDFH WKH DGYHFWLRQ WHUPV DUH

PRUH LPSRUWDQW� :H FDQ H[SODLQ WKLV EHKDYLRXU� WKH DGYHFWLRQ WHUP VFDOHV ZLWK WKH OD\HU KHLJKW G ZKLOH WKH

GLIIXVLRQ WHUP VFDOHV ZLWK G
�
� 7KLV PHDQV WKDW WKH DGYHFWLRQ WHUP LV LPSRUWDQW QHDU WKH LQWHUIDFH DQG RQ

VKRUW WLPH�VFDOHV� ,Q WKH SDUDPHWHULVDWLRQ� WKH GLIIXVLRQ WHUP KDV WKH VDPH VLJQ RYHU WKH HQWLUH EHG GRPDLQ�

1HDU WKH LQWHUIDFH WKH GLIIXVLRQ WHUP EHFRPHV VHYHUDO RUGHUV RI PDJQLWXGH VPDOOHU WKDQ WKH DGYHFWLRQ WHUPV�

,Q WKH QXPHULFDO VROXWLRQ KRZHYHU� WKH GLIIXVLRQ WHUP JHWV WKH RSSRVLWH VLJQ QHDU WKH LQWHUIDFH DQG LV RI WKH

VDPH RUGHU DV WKH DGYHFWLRQ WHUPV RYHU WKH HQWLUH YHUWLFDO�

7KH IDFW WKDW WKH SDUDPHWHULVDWLRQ XQGHUHVWLPDWHV WKH GHQVLW\ QHDU WKH LQWHUIDFH PLJKW FDXVH D SUREOHP

IRU WKH �'9�ZDWHUEHG PRGHO� 1HDU WKH LQWHUIDFH WKH GHQVLW\ LV YHU\ LPSRUWDQW IRU SUHGLFWLQJ WKH HURVLRQDO

EHKDYLRXU� 7KH DGYHFWLRQ WHUPV� ZKLFK DFFRXQW IRU WKH KLJKHU GHQVLW\ QHDU WKH LQWHUIDFH� DUH PRUH SURPLQHQW

LQ WKH LQLWLDO PRPHQWV RI FRQVROLGDWLRQ� 3DUDPHWHULVDWLRQ ���� ZLOO DOZD\V UXQ IRU VKRUW SHULRGV W� D QHZ

)RXULHU VHULHV KDV WR EH FRQVWUXFWHG DIWHU HYHU\ VLQJOH GHSRVLWLRQ RU HURVLRQ SHULRG WKDW DIIHFWV WKH GRPDLQ RI

WKH SDUDPHWHULVDWLRQ� 'HSRVLWLRQ DQG HURVLRQ RFFXU YHU\ RIWHQ ZLWK UHVSHFW WR WKH WLPH VFDOH RI WKH

FRQVROLGDWLRQ� 7KHUHIRUH D QHZ VROXWLRQ KDV WR EH FRQVWUXFWHG ORQJ EHIRUH WKH FRQVROLGDWLRQ SURFHVV UHDFKHV

LWV HTXLOLEULXP VLWXDWLRQ� 6R WKH DGYHFWLRQ WHUPV UHPDLQ LPSRUWDQW LQ HYHU\ WLPHVWHS�

1HDU WKH LQWHUIDFH WKH FRQVROLGDWLRQ KDV WZR HIIHFWV� )LUVW WKH )RXULHU VHULHV DFFRXQWV IRU WKH

VWUHQJWKHQLQJ RI WKH IUHVKO\ GHSRVLWHG OD\HUV� 6HFRQG� LW DFFRXQWV IRU WKH VZHOOLQJ RI WKH EHG QHDU WKH

LQWHUIDFH LQ WKH FDVH RI HURVLRQ� ZKHUH WKH GHFUHDVH RI WKH HIIHFWLYH VWUHVV LV FDOFXODWHG ZLWK WKH YLUJLQ

FRPSUHVVLRQ FRQVWLWXWLYH UHODWLRQ �EHFDXVH RQO\ WKLV UHODWLRQ ZDV VXEVWLWXWHG LQ WKH GLIIHUHQWLDO HTXDWLRQ��

7KH DVVRFLDWHG GHFUHDVH LQ WKH GHQVLW\ ZLOO EH GHWHUPLQHG ZLWK D UHORDGLQJ PRGHO� 6LQFH WKH DGYHFWLRQ WHUPV

DUH LPSRUWDQW QHDU WKH LQWHUIDFH� WKH VNLSSLQJ RI WKH DGYHFWLRQ WHUPV ZLOO KDYH D ODUJH LQIOXHQFH ERWK RQ WKH

VZHOOLQJ RI WKH EHG DQG RQ WKH VWUHQJWKHQLQJ RI IUHVKO\ GHSRVLWHG OD\HUV� 7KHVH HIIHFWV RI WKH VNLSSLQJ RI WKH

DGYHFWLRQ WHUP ZLOO EH SUHVHQW GXULQJ WKH HQWLUH VLPXODWLRQ�
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� 2QH FDQ GHVFULEH WKH WLPH DQG GHSWK GHSHQGHQFH RI WKH GHQVLW\� WKH SHUPHDELOLW\ DQG WKH HIIHFWLYH VWUHVV

LQ D ZDWHUEHG ZLWK WKH *LEVRQ ILQLWH VWUDLQ FRQVROLGDWLRQ HTXDWLRQ� :KHQ UHZULWLQJ WKH PRGHO LQ *LEVRQ

PDWHULDO FRRUGLQDWHV LQVWHDG RI (XOHULDQ FRRUGLQDWHV� WKH ERXQGDULHV GR QRW PRYH ZKHQ WKH VHGLPHQW LQ

WKH ZDWHUEHG VHWWOHV�

� &RQVWLWXWLYH UHODWLRQV� ZKLFK UHODWH WKH SHUPHDELOLW\� WKH GHQVLW\ DQG WKH HIIHFWLYH VWUHVV WR HDFK RWKHU

DUH QHFHVVDU\ WR VROYH WKH *LEVRQ PRGHO� 7KH FRQVWLWXWLYH UHODWLRQV RI 0HUFNHOEDFK LQ WHUPV RI WKH

YROXPH IUDFWLRQ RI PXG DQG EDVHG RQ D IUDFWDO GHVFULSWLRQ RI FOD\ IORFV� FDQ EH XVHG LQ WKH YLUJLQ

ORDGLQJ UHJLPH� 6XEVWLWXWLQJ WKHVH PRGHOV LQ WKH *LEVRQ HTXDWLRQ UHVXOWV LQ D QRQ�OLQHDU GLIIHUHQWLDO

HTXDWLRQ�

� 7KH ZDWHUEHG ZLOO QRW RQO\ FRQVROLGDWH� EXW ZLOO DOVR VZHOO GXH WR HURVLRQ DQG VXEVHTXHQW UHGXFWLRQ RI

WKH VHOI�ZHLJKW ORDG LQ WKH GHHSHU OD\HUV� )RU WKLV UHORDGLQJ UHJLPH RWKHU FRQVWLWXWLYH PRGHOV DUH

QHFHVVDU\ WKDQ WKH UHODWLRQV RI 0HUFNHOEDFK� *HQHUDOO\� WKH VWLIIQHVV LQ WKH UHORDGLQJ UHJLPH LV D IDFWRU �

WR � KLJKHU WKDQ WKH VWLIIQHVV LQ WKH YLUJLQ ORDGLQJ UHJLPH� :KHQ LQ WKH UHORDGLQJ UHJLPH WKH VDPH

FRQVWLWXWLYH UHODWLRQ LV XVHG DV LQ WKH YLUJLQ UHJLPH �IXOO\ HODVWLF PDWHULDO�� WKH EHG GRHV QRW KDYH D

PHPRU\ RI KLVWRULF ORDGV� 7KLV FDQ UHVXOW LQ VWUDQJH EHKDYLRXU� $FFRXQWLQJ IRU WKH KLVWRU\ RI ORDGLQJ LV

FHUWDLQO\ QHFHVVDU\� $ IHZ PRGHOV� ZKLFK DUH OLQHDU RQ QRUPDO RU ORJ VFDOH� DUH PHQWLRQHG WKDW GR WDNH

LQWR DFFRXQW WKH VZHOO� 7KH\ UHVHPEOH WKH FRQVWLWXWLYH UHODWLRQV RI 0HUFNHOEDFK DQG RWKHU FRPPRQ

FRQVWLWXWLYH UHODWLRQV�

� 7KH *LEVRQ PRGHO ZLWK WKH FRQVWLWXWLYH UHODWLRQV FDQ EH VROYHG E\ GLUHFW QXPHULFDO LQWHJUDWLRQ ZLWK

WLPH VWHSV RI WKH RUGHU RI VHFRQGV DQG D VSDWLDO UHVROXWLRQ RI D IHZ PP� )RU WKH SXUSRVH RI WKH �'9

ZDWHUEHG WKLV PHWKRG LV WRR WLPH FRQVXPLQJ� $ IDVW SDUDPHWHULVDWLRQ PHWKRG LV IDYRXUDEOH� 6XFK D

PHWKRG ZLOO FRQVLVW RI VRPH NLQG RI PDWKHPDWLFDO VHULHV WKDW DOORZV DQ\ LQLWLDO FRQGLWLRQ RI WKH EHG

SURILOH�

� ,Q DQ DQDO\WLFDO VROXWLRQ LW LV QRW SRVVLEOH WR XVH GLIIHUHQW FRQVWLWXWLYH UHODWLRQV IRU ERWK YLUJLQ ORDGLQJ

DQG UHORDGLQJ� 7KHUHIRUH RQO\ WKH 0HUFNHOEDFK HTXDWLRQV IRU YLUJLQ ORDGLQJ ZLOO EH VXEVWLWXWHG�

� 7KH UHVXOWLQJ GLIIHUHQWLDO HTXDWLRQ FDQ EH VLPSOLILHG ZKHQ UHZULWLQJ LW LQ WHUPV RI WKH H[FHVV SRUH ZDWHU

SUHVVXUH DQG XVLQJ QRQ�GLPHQVLRQDO PDWHULDO FRRUGLQDWHV� ,W FRQWDLQV IRXU WHUPV� RQH WLPH�GHSHQGHQW

WHUP� WZR QRQ�OLQHDU DGYHFWLRQ WHUPV DQG D GLIIXVLRQ WHUP� 7KLV PRGHO LV WRR FRPSOH[ WR ILQG D

SDUDPHWHULVDWLRQ� )RU UHDVRQV RI VLPSOLFLW\ WKH WZR QRQ�OLQHDU DGYHFWLRQ WHUPV DUH QHJOHFWHG� :LWKRXW

WKHVH DGYHFWLRQ WHUPV WKH PRGHO LV VWLOO D ILQLWH VWUDLQ FRQVROLGDWLRQ PRGHO� VLQFH WKH PRGHO LV ZULWWHQ LQ

WHUPV RI PDWHULDO FRRUGLQDWHV� 7KH UHVXOWLQJ PRGHO LV D VWDQGDUG GLIIXVLRQ HTXDWLRQ ZLWK WZR WHUPV� IRU

ZKLFK UHDGLO\ D JHQHUDO VROXWLRQ LV DYDLODEOH� D )RXULHU VHULHV� LQ ZKLFK HDFK WHUP GHFD\V�

� 7KH SDUDPHWHULVDWLRQ KDV EHHQ FRPSDUHG WR WKH VROXWLRQ RI WKH QXPHULFDO PRGHO SUHSDUHG E\

0HUFNHOEDFK >����@ IRU WKH VHWWOLQJ LQ D VHWWOLQJ FROXPQ� 7KH UHVXOWV IRU WKH HIIHFWLYH VWUHVV DQG WKH

GHQVLW\ DUH SUHVHQWHG LQ UHDO DQG LQ PDWHULDO FRRUGLQDWHV� 7KH GLIIHUHQFH DQG WKH UDWLR EHWZHHQ WKH

VROXWLRQV DUH DOVR SUHVHQWHG� 7KH UHVXOWV ORRN UHDVRQDEOH� EXW WKH SDUDPHWHULVHG PRGHO XQGHUHVWLPDWHV

WKH GHQVLWLHV DQG HIIHFWLYH VWUHVVHV QHDU WKH LQWHUIDFH� &RQVHTXHQWO\� WKH ��'9 ZDWHUEHG PRGHO ZLOO

XQGHUSUHGLFW WKH VWUHQJWKHQLQJ RI WKH EHG DQG ZLOO RYHUUDWH WKH UHVXVSHQVLRQ�

� 7KH GLIIHUHQW WHUPV LQ WKH GLIIHUHQWLDO HTXDWLRQ KDYH DOVR EHHQ FRPSDUHG� 7KH WZR DGYHFWLRQ WHUPV DUH

HTXDOO\ LPSRUWDQW� 7KH VXP RI WKH WZR DGYHFWLRQ WHUPV DQG WKH GLIIXVLRQ WHUP DUH HTXDOO\ LPSRUWDQW�

WKH\ DUH RI WKH VDPH RUGHU RI PDJQLWXGH LQ WKH HQWLUH EHG� :KHQ RQH ZRXOG DWWHPSW WR WDNH WKHP LQWR

DFFRXQW LQ D SDUDPHWHULVDWLRQ� RQH ZRXOG KDYH WR GHDO ZLWK ERWK RI WKH DGYHFWLRQ WHUPV�

� ,W LV FRQFOXGHG WKDW WKH SDUDPHWHULVDWLRQ GHYHORSHG VKRZV UHDVRQDEOH DJUHHPHQW ZLWK WKH QXPHULFDO

UHVXOWV� 1HJOHFWLQJ WKH DGYHFWLRQ WHUPV UHVXOWV LQ D ORZHU GHQVLW\ QHDU WKH LQWHUIDFH WKDQ LQ UHDOLW\

KRZHYHU� 0RUHRYHU� WKH EHKDYLRXU GXULQJ UHORDGLQJ LQ WKH FDVH RI HURVLRQ LV QRW SURSHUO\ DFFRXQWHG IRU�
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,Q FKDSWHU � WKH UHTXLUHPHQWV RI WKH ��'9 ZDWHU EHG PRGHO DUH IRUPXODWHG� WKH ZDWHUEHG PRGHO FRQVLVWV RI

DQ HURVLRQ PRGXOH DQG D FRQVROLGDWLRQ PRGXOH� 7KH HURVLRQ PRGXOH KDV EHHQ WUHDWHG LQ FKDSWHU �� 7KH

FRQVROLGDWLRQ PRGXOH KDV EHHQ GHULYHG LQ FKDSWHU � DQG LV YDOLGDWHG LQ FKDSWHU �� ,Q WKLV FKDSWHU WKH UHODWLRQ

EHWZHHQ WKH WZR PRGXOHV DQG WKHLU UHODWLRQ WR WKH ��'9 ZDWHU EHG PRGHO LV WUHDWHG �ILJXUH �����

'HOIW�'�:$4

WLPH� HURVLRQ�GHSRVLWLRQ IOX[HV 	 EHG VKHDU VWUHVV

QXPHULFDO ��'9 :$7(5 %(' 02'(/

SDUDPHWHUV &+ � 'HVFULSWLRQ

&+ � 9DOLGDWLRQ

�WLPH VWHS &+ � &RQFOXVLRQV DQG UHFRPPHQGDWLRQV

�UHVROXWLRQ

�HWF� (526,21 02'8/(

&+ � 'HVFULSWLRQ

&2162/,'$7,21 02'8/( QHW

&+ � 'HVFULSWLRQ � VHGLPHQWDWLRQ

&+ � 9DOLGDWLRQ � HURVLRQ

PDWHULDO

SURSHUWLHV

SURILOHV RI

� .N� .V� ' � GHQVLW\

�I JHO � HIIHFWLYH VWUHVV

�U Z � HWF�

� HWF�

PRGHO RU PRGXOH LQIRUPDWLRQ FRPPXQLFDWLRQ

)LJXUH ���� 5HODWLRQ RI WKH GLIIHUHQW PRGXOHV RI WKH ��'9 ZDWHU EHG PRGHO

7KH HURVLRQ DQG WKH FRQVROLGDWLRQ KDYH GLIIHUHQW WLPH VFDOHV� 7KH WLPH VFDOH RI WKH FRQVROLGDWLRQ

PRGXOH LV H[SHFWHG WR EH ORQJHU WKDQ WKH WLPH VFDOH RI WKH HURVLRQ PRGXOH� 8VLQJ GLIIHUHQW WLPH VWHSV IRU

WKHVH WZR PRGXOHV PLJKW UHVXOW LQ D PLQLPLVDWLRQ RI WKH FDOFXODWLRQ WLPH� EHFDXVH WKH FRQVROLGDWLRQ PRGXOH

FRQVXPHV PRVW RI WKH FRPSXWDWLRQ WLPH� 7KHUHIRUH D FRQILJXUDWLRQ LV SURSRVHG LQ VHFWLRQ ��� WKDW DOORZV WKH

HURVLRQ DQG WKH FRQVROLGDWLRQ PRGXOH WR KDYH GLIIHUHQW WLPH VWHSV�

6HFWLRQ ��� GHDOV ZLWK WKH VHW�XS RI WKH HQWLUH ��'9 ZDWHUEHG PRGHO� 7KH LQSXW SDUDPHWHUV DUH OLVWHG LQ

ILJXUH ���� VRUWHG E\ WKH IXQFWLRQ WKH\ KDYH LQ WKH H[FKDQJH RI LQIRUPDWLRQ EHWZHHQ WKH PRGXOHV DFFRUGLQJ

WR ILJXUH ���� $ SURJUDP VWUXFWXUH GLDJUDP LV SUHVHQWHG DV ZHOO �ILJXUH ����� VKRZLQJ WKH VHTXHQWLDO

�SURFHGXUDO� UHODWLRQ EHWZHHQ WKH PRGXOHV�

,Q VHFWLRQ ��� WKH YHUWLFDO VSDWLDO UHSUHVHQWDWLRQ RI WKH EHG LV GLVFXVVHG� $ IHZ QXPHULFDO �GLVFUHWH�

FRRUGLQDWH V\VWHPV DUH SUHVHQWHG� $ VR�FDOOHG VLJPD�FRRUGLQDWH V\VWHP LV FKRVHQ� 7KLV V\VWHP GHDOV ZLWK
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HURVLRQ DQG GHSRVLWLRQ E\ PHDQV RI UHGLVWULEXWLRQ� 7KLV UHGLVWULEXWLRQ DQG WKH DVVRFLDWHG FRPSOLFDWLRQV� DUH

GHDOW ZLWK LQ VHFWLRQ ����� DQG ������

,Q VHFWLRQ ��� WKH WHPSRUDO UHVROXWLRQ RI WKH FRQVROLGDWLRQ PRGXOH LV GLVFXVVHG� 7KH WLPH VWHS RI WKH

FRQVROLGDWLRQ LQIOXHQFHV WKH UHTXLUHG QXPEHU RI )RXULHU FRPSRQHQWV LQ WKH SDUDPHWHULVHG FRQVROLGDWLRQ

PRGHO� $ VXPPDU\ FRQFOXGHV WKLV FKDSWHU
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7KH ��'9 ZDWHU EHG PRGHO FRQVLVWV RI D VHSDUDWH HURVLRQ DQG GHSRVLWLRQ PRGHO� 7KH WLPH VWHSV RI WKHVH

PRGHOV PD\ GLIIHU� 7KH WLPH VFDOHV RI WKH SURFHVVHV GHWHUPLQH WKH UHODWLRQ EHWZHHQ WKH WLPH VWHSV�

� 7KH ��'9 ZDWHU EHG PRGHO LV LQFRUSRUDWHG LQ 'HOIW�'�:$4� 7KH LQWHUYDOV IRU GHSRVLWLRQ DQG HURVLRQ

VJHQHUDOO\ XVHG LQ 'HOIW�'�:$4 DUH �� PLQXWHV WR � KRXU�

� 7KH WLPH VFDOH IRU GHSRVLWLRQ FDQ EH HVWLPDWHG E\ PHDQV RI WKH VHWWOLQJ YHORFLW\� WKDW LV LQ WKH RUGHU RI

��
��
P�V �SDUWLFOHV� WR ��

��
P�V �ODUJH IORFV�� $OO WKH VHGLPHQW LQ D ���PHWHU ZDWHU FROXPQ ZLOO WKHUHIRUH

VHWWOH ZLWKLQ � WR ��� KRXUV� :KHQ WKHUH LV D ODUJH UDWLR EHWZHHQ WKH FRQFHQWUDWLRQV QHDU WKH EHG DQG WKH

GHSWK PHDQ FRQFHQWUDWLRQ� WKH VHGLPHQW FDQ VHWWOH PXFK IDVWHU� +LQGHUHG VHWWOLQJ HIIHFWV FDQ LQFUHDVH WKH

WLPH VFDOHV KRZHYHU�

� 7KH WLPH VFDOH IRU HURVLRQ LV �� PLQXWHV WR RQH KRXU� :KHQ WKH EHG VKHDU VWUHVV LV LQFUHDVHG� WKH HURVLRQ

UDWH LV LQLWLDOO\ YHU\ KLJK� DIWHU ZKLFK LW H[SRQHQWLDOO\ GHFUHDVHV WR D FRQVWDQW HURVLRQ UDWH� ZKLFK LW

UHDFKHV DIWHU DERXW � KRXU�

� 7KH WLPH VFDOH IRU FRQVROLGDWLRQ LV ODUJHU WKDQ WKH WLPH VFDOH IRU HURVLRQ DQG GHSRVLWLRQ� 7KH

SDUDPHWHULVHG FRQVROLGDWLRQ PRGHO KDV EHHQ GHULYHG E\ GLVFDUGLQJ WKH QRQ�OLQHDU DGYHFWLRQ WHUPV IURP

WKH IXOO GLIIHUHQWLDO HTXDWLRQ� 7KH WLPH VFDOH RI WKLV PRGHO LV WKHQ JLYHQ E\�

Q
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6XEVWLWXWLRQ RI UHSUHVHQWDWLYH YDOXHV JLYHV D WLPH VFDOH 7 RI RQH WR VHYHUDO GD\V� ,Q WKH WLPH VFDOH WKH

WKLFNQHVV RI WKH EHG LV SUHVHQW WR WKH SRZHU �� 7KDW PHDQV WKDW WKH EHG ZLOO FRQVROLGDWH PXFK IDVWHU LI

WKH EHG LV YHU\ WKLQ� 7KH WLPH VFDOH RI WKH DGYHFWLRQ WHUPV LV PXFK VPDOOHU WKDQ WKH WLPH VFDOH RI WKH

GLIIXVLRQ WHUP� ³:H REVHUYH IURP WKH IXOO GLIIHUHQWLDO HTXDWLRQ WKDW WZR WLPH VFDOHV 7F IRU FRQVROLGDWLRQ

FDQ EH GHILQHG� GHWHUPLQHG E\ WKH SHUPHDELOLW\ WHUP �DGYHFWLRQ WHUP� DQG E\ WKH FRQVROLGDWLRQ

�GLIIXVLRQ� WHUP� 7KH ILUVW WLPH VFDOH DPRXQWV WR 7F�S G�'I ZKHUH G LV WKH WKLFNQHVV RI WKH IOXLG PXG

OD\HU� DQG WKH VHFRQG WLPH VFDOH WR 7F�G G
�
�*F� LQ ZKLFK *F�G �.N.V����Q�JUZ LV WKH FRQVROLGDWLRQ

FRHIILFLHQW� ,Q JHQHUDO WKH FRQVROLGDWLRQ UDWH LV JRYHUQHG E\ 7F�S H[FHSW SRVVLEO\ IRU YHU\ SHUPHDEOH RU

YHU\ WKLQ OD\HUV RI IOXLG PXG� ZKHQ 7F�G PD\ EHFRPH VPDOOHU WKDQ 7F�S� 7KLV LV LOOXVWUDWHG ZLWK D

QXPHULFDO H[DPSOH IRU D ��� P WKLFN OD\HU RI IOXLG PXG ZLWK DQ LQLWLDO FRQFHQWUDWLRQ RI ��� J�O� ,I ZH

WDNH .N �Â��
���
� *F �Â��

��
P

�
�V DQG Q ����� ZH ILQG WKDW 7F�S  �� KRXUV DQG 7F�G LV �� GD\V� 7KLV PHDQV

WKDW GXULQJ VODFN WLGH �D SHULRG RI DERXW � KRXU� DOUHDG\ FRQVLGHUDEOH FRQVROLGDWLRQ FDQ WDNH SODFH�

SRVVLEO\ ZLWK VRPH VWUHQJWK GHYHORSPHQW� DIIHFWLQJ WKH UHVXVSHQVLRQ RI WKH IOXLG PXG OD\HU DQG WKH

WXUEXOHQFH SURGXFWLRQ DW WKH ZDWHU� IOXLG PXG LQWHUIDFH�´ >:LQWHUZHUS� ����@� 0RUHRYHU� WKH WLPH VFDOH

7 LV QRW XQLIRUP RYHU WKH YHUWLFDO� 1HDU WKH LQWHUIDFH WKH FRQVROLGDWLRQ ZLOO EH PXFK IDVWHU� 7KLV IDVW

FRQVROLGDWLRQ LV QRW DFFRXQWHG IRU LQ WKH ��'9 ZDWHU EHG PRGHO GXH WR WKH DEVHQFH RI WKH DGYHFWLRQ

�SHUPHDELOLW\� WHUPV DQG WKH DVVXPSWLRQ RI D FRQVWDQW HIIHFWLYH VWUHVV LQ ���� 6R LQ WKH ��'9 ZDWHU EHG

PRGHO WKH FRQVROLGDWLRQ WLPH VFDOH LV PXFK ORQJHU WKDQ WKH WLPH VFDOH RI HURVLRQ DQG GHSRVLWLRQ�
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&RQVROLGDWLRQ �LQ WKH SDUDPHWHULVDWLRQ PRGHO� LV D PXFK VORZHU SURFHVV WKDQ HURVLRQ DQG GHSRVLWLRQ� 7KH

SDUDPHWHULVHG FRQVROLGDWLRQ PRGHO KDV D WLPH VFDOH RI WKH RUGHU RI GD\V� &RQVHTXHQWO\ FRQVROLGDWLRQ RI WKH

EHG LV QHJOLJLEOH RQ WKH WLPH VFDOH RI KRXUV W\SLFDO IRU WKH HURVLRQ DQG GHSRVLWLRQ IOX[HV� 7KHUHIRUH LW LV

H[SHFWHG WKDW LW LV SK\VLFDOO\ QRW QHFHVVDU\ WR GHDO ZLWK WKH FRQVROLGDWLRQ PRGHO LQ WKH WLPH VWHS RI :$4

�KHUHDIWHU FDOOHG GHOW�� LQ ZKLFK HURVLRQ DQG GHSRVLWLRQ DUH DFFRXQWHG IRU� $ VPDOO FRQVROLGDWLRQ WLPH VWHS

OHDGV WR D FRQVLGHUDEOH LQFUHDVH LQ FDOFXODWLRQV WLPH� 7KHUHIRUH WKH FRQVROLGDWLRQ WLPH VWHS �KHUHDIWHU FDOOHG

GHOWF� VKRXOG EH FKRVHQ DV ODUJH DV SRVVLEOH LQ RUGHU WR PLQLPLVH FDOFXODWLRQ WLPH� &KDSWHU � LQYHVWLJDWHV

ZKHWKHU WKLV OHDGV WR JRRG UHVXOWV ZKHQ GHDOLQJ ZLWK HURVLRQ DQG VHGLPHQWDWLRQ�

)LJXUH ���� 'LIIHUHQW WLPH VFDOHV IRU GHDOLQJ ZLWK VHGLPHQWDWLRQ� HURVLRQ DQG FRQVROLGDWLRQ� )RU D GHWDLO RI RQH FRQVROLGDWLRQ WLPH

VWHS VHH ILJXUH ��� �UHVVXP LV WKH HURVLRQ FDFKH� VHGVXP LV WKH GHSRVLWLRQ FDFKH��

)LJXUH ��� VKRZV WKH QHZO\ SURSRVHG LQWHUDFWLRQ EHWZHHQ WKH HURVLRQ�GHSRVLWLRQ DQG WKH FRQVROLGDWLRQ�

7KH FXPXODWLYH HURVLRQ DQG GHSRVLWLRQ GXULQJ D FRQVROLGDWLRQ WLPH VWHS ZLOO EH VWRUHG LQ D FDFKH YDULDEOH LQ

:$4� 7ZR GLIIHUHQW FDFKHV DUH QHFHVVDU\ WR GHDO ZLWK WKH FXPXODWLYH FKDQJHV� DQ HURVLRQ FDFKH UHVVXP DQG

D GHSRVLWLRQ FDFKH VHGVXP� ,I WKH HURVLRQ FDFKH LV DV ODUJH DV WKH GHSRVLWLRQ FDFKH� WKH DPRXQW RI PDWHULDO LQ

WKH EHG KDV QRW FKDQJHG� 7KH GHQVLW\ SURILOH KDV EHHQ FKDQJHG LQ WKLV FDVH KRZHYHU� 7KH GHQVLW\ LQ WKH

XSSHU UHVVXP SDUW KDV YDQLVKHG DQG KDV EHHQ UHSODFHG E\ D OD\HU VHGVXP ZLWK WKH ORZ GHQVLW\ IJHO� 7KH

TXDQWLW\ VHGVXP RI WKH PDWHULDO LQ WKH GHSRVLWLRQ FDFKH PD\ EH VXEMHFW WR HQWUDLQPHQW LI HURVLRQ RFFXUV LQ

WKH VDPH FRQVROLGDWLRQ WLPH VWHS LQ ZKLFK GHSRVLWLRQ KDV RFFXUUHG �VHH ILJXUH ��� DQG ����
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7KH FRQVROLGDWLRQ SHULRG LV QRW D IL[HG WLPH LQWHUYDO� $ IL[HG FRQVROLGDWLRQ WLPH VWHS PD\ OHDG WR XQQDWXUDO

HURVLRQ EHKDYLRXU� :KHQ WKH FRQVROLGDWLRQ RFFXUV LQ WKH PLGGOH RI DQ HURVLRQ SHULRG IRU LQVWDQFH� WKH

HURGLELOLW\ VXGGHQO\ GHFUHDVHV� $ IHZ SUHOLPLQDU\ FDOFXODWLRQV ZLWK WKH ��'9 ZDWHU EHG PRGHO ZLWK D IL[HG

FRQVROLGDWLRQ SHULRG VKRZHG WKDW WKH IROORZLQJ KDSSHQV� 7KH �QXPHULFDO� SHULRG IRU FRQVROLGDWLRQ DQG WKH

SHULRG RI WKH WUDQVLWLRQ IURP GHSRVLWLRQ WR HURVLRQ �GXH WR WKH VHPLGLXUQDO WLGH� FDQ LQWHUDFW DQG OHDG WR

DUWLILFLDO KLJKHU KDUPRQLFV LQ WKH UHVXVSHQVLRQ EHKDYLRXU� 7KHUHIRUH LW LV SURSRVHG WKDW WKH FRQVROLGDWLRQ

VKRXOG RQO\ EH DSSOLHG DW WKH WUDQVLWLRQ IURP D SHULRG RI GHSRVLWLRQ WR D SHULRG RI HURVLRQ� 7KH ��'9 ZDWHU

EHG PRGXOH GHWHUPLQHV ZKHQ VXFK D FRQVROLGDWLRQ 
HYHQW
 WDNHV SODFH�

)LJXUH ���� (QWUDLQPHQW� HURVLRQ DQG GHSRVLWLRQ GXULQJ RQH FRQVROLGDWLRQ WLPH VWHS� )RU D GHWDLO RI RQH :$4 WLPH VWHS VHH ILJXUH

����

$ PD[LPXP WLPH VWHS GHOWFPD[ VKRXOG EH WDNHQ LQWR DFFRXQW IRU WKH FRQVROLGDWLRQ SHULRG GHOWF� ,Q D

ODNH IRU LQVWDQFH� HURVLRQ DOPRVW QHYHU KDSSHQV� ,I WKH WLPH VWHS IRU FRQVROLGDWLRQ LQ WKH ��'9 ZDWHU EHG

PRGXOH ZRXOG EH HTXDO WR WKH GHSRVLWLRQ ± HURVLRQ LQWHUYDO� WKLV ZRXOG UHVXOW LQ YHU\ ODUJH FRQVROLGDWLRQ

WLPH VWHSV� &RQVHTXHQWO\� D KXJH DPRXQW RI PDWHULDO ZRXOG DFFXPXODWH LQ WKH GHSRVLWLRQ FDFKH� DQG DOO WKLV

PDWHULDO ZRXOG QRW DJH� 7KHUHIRUH WKH ��'9 ZDWHU EHG PRGXOH ZLOO DFWLYDWH WKH FRQVROLGDWLRQ PRGXOH DW

OHDVW HYHU\ SHULRG GHOWFPD[�

$ PLQLPXP WLPH VWHS GHOWFPLQ VKRXOG EH WDNHQ LQWR DFFRXQW DV ZHOO IRU WKH FRQVROLGDWLRQ SHULRG GHOWF�

7KH WUDQVLWLRQ IURP HURVLRQ WR GHSRVLWLRQ FDQ DOVR RFFXU WRR RIWHQ� :KLOH D YHU\ VKRUW FRQVROLGDWLRQ WLPH

VWHS GRHV QRW OHDG WR LQFRUUHFW SK\VLFDO EHKDYLRXU� LW UHTXLUHV WRR PXFK FDOFXODWLRQ WLPH� ,W DOVR UHTXLUHV WKH

XVH RI PRUH )RXULHU FRPSRQHQWV DQG VDPSOLQJ SRLQWV �VHH VHFWLRQ ����� 7KHUHIRUH WKH FRQVROLGDWLRQ PRGXOH

ZLOO RQO\ EH DFWLYDWHG LI DW OHDVW D SHULRG GHOWFPLQ KDV SDVVHG VLQFH WKH ODVW FRQVROLGDWLRQ 
HYHQW
� ,Q DQ



21 7+( (526,21 $1' &2162/,'$7,21 2) &2+(6,9( 6(',0(176 &+$37(5 � ,03/(0(17$7,21 ��

HVWXDU\ IRU LQVWDQFH� WKH FXUUHQW VSHHGV RQ WLGDO IODWV FDQ EH YHU\ ORZ� :KHQ WKH DVVRFLDWHG EHG VKHDU

VWUHVVHV DUH DOPRVW HTXDO WR WKH FULWLFDO VKHDU VWUHVV DQG ZKHQ WKH EHG VKHDU VWUHVVHV IOXFWXDWH VORZO\ LQ WLPH�

HURVLRQ DQG GHSRVLWLRQ SHULRGV FDQ DOWHUQDWH YHU\ IUHTXHQWO\ �HYHU\ RWKHU GHOW DW PRVW�� %RWK WKH SURSRVHG

OLPLWDWLRQV GHOWFPLQ DQG GHOWFPD[ KDYH EHHQ LPSOHPHQWHG LQ WKH ��'9 ZDWHU EHG PRGHO�

7KH PRPHQWV LQ WLPH DW ZKLFK FRQVROLGDWLRQ LV DFFRXQWHG IRU� ZLOO EH GLIIHUHQW IRU HYHU\ VHJPHQW� ,Q WKH

ODNH PHQWLRQHG DERYH� FRQVROLGDWLRQ PLJKW EH QHFHVVDU\ PRUH RIWHQ QHDU WKH HQWUDQFH RI D ULYHU WKDQ LQ WKH

TXLHW PLGGOH SDUW� ,Q WKH HVWXDU\ PHQWLRQHG DERYH� FRQVROLGDWLRQ ZLOO EH DFFRXQWHG IRU PRUH RIWHQ RQ WKH

WLGDO IODWV WKDQ LQ WKH PDLQ FKDQQHOV� 0RUHRYHU� WKH WXUQ RI WKH WLGH ZLOO QRW KDSSHQ DW WKH VDPH PRPHQW LQ

WLPH LQ WKH HQWLUH HVWXDU\�

7KH DFWXDO FRQVROLGDWLRQ WLPH VWHS LV DOZD\V D PXOWLSOH RI GHOW� ZKLOH GHOWFPLQ DQG GHOWFPD[ DUH QRW

QHFHVVDULO\ D PXOWLSOH RI GHOW� 7KHUHIRUH FRQVROLGDWLRQ LV DFFRXQWHG IRU WKH ILUVW PXOWLSOH RI GHOW DIWHU

GHOWFPLQ DQG GHOWFPD[ KDYH SDVVHG�

$OO PDWHULDO LQ WKH GHSRVLWLRQ FDFKH VHGVXP LV DVVXPHG WR EH GHSRVLWHG DW WKH PRPHQW RI WKH SUHYLRXV

FRQVROLGDWLRQ HYHQW� 7KH DJH IRU DOO WKH VHGLPHQW LQ WKH FDFKH LV WKH VDPH� $FFRUGLQJO\� VHGLPHQW WKDW ZDV

GHSRVLWHG DW WKH YHU\ PRPHQW EHIRUH WKH QHZ FRQVROLGDWLRQ 
HYHQW
 VWDUWHG� ZLOO DOVR EH VXEMHFW WR WKLV ORQJ

FRQVROLGDWLRQ SHULRG� ,Q FKDSWHU � LW ZDV VKRZQ� KRZHYHU� WKDW WKH SDUDPHWHULVHG FRQVROLGDWLRQ PRGXOH

XQGHUHVWLPDWHV WKH GHQVLW\ QHDU WKH LQWHUIDFH� 7KH ORQJHU FRQVROLGDWLRQ WLPHV IRU WKH FDFKH VHGVXP LQFUHDVHV

WKH GHQVLW\ QHDU WKH LQWHUIDFH DQG FDQ SHUKDSV FRPSHQVDWH WKLV VKRUWFRPLQJ�

'���&� �.��	�"���	�/

:LWKLQ RQH WLPH VWHS GHOW ERWK HURVLRQ DQG GHSRVLWLRQ KDYH WR EH GHDOW ZLWK E\ WKH ��'9 ZDWHU EHG PRGXOH�

,Q WKH SK\VLFDO ZRUOG HURVLRQ DQG GHSRVLWLRQ JHQHUDOO\ GR QRW RFFXU VLPXOWDQHRXVO\ >3DUWKHQLDGHV� ����@� ,Q

WKH :$4 PRGHO HURVLRQ DQG GHSRVLWLRQ GR QRW RFFXU VLPXOWDQHRXVO\ HLWKHU� %XW ZKHQ D GHOW WLPH VWHS LV

UHODWLYHO\ ORQJ� WKH SK\VLFDO WUDQVLWLRQ IURP DQ HURVLRQ SHULRG WR D GHSRVLWLRQ SHULRG FDQ RFFXU ZLWKLQ RQH

WLPH VWHS� &RQVHTXHQWO\ WKH ��'9 ZDWHU EHG UHFHLYHV WKH VHGLPHQW WKDW KDV EHHQ GHSRVLWHG WKH SUHYLRXV WLPH

VWHS� DV ZHOO DV WKH EHG VKHDU VWUHVV WKDW OHDGV WR HURVLRQ LQ WKH FRPLQJ WLPHVWHS�

:LWKLQ RQH WLPHVWHS GHOW� VHGLPHQW LV GHSRVLWHG DW WKH VWDUW RI WKH WLPH VWHS� 7KLV IOX[ LV GHWHUPLQHG E\

WKH :$4 ZDWHU�VHGLPHQW IOX[ HTXDWLRQV RI WKH SUHYLRXV WLPH VWHS� 7KH HURVLRQ UDWH LV WKHQ GHWHUPLQHG E\

WKH VWUHQJWK SURILOH RI WKH EHG� 7KLV SURILOH FRQVLVWV RI WKH UHPDLQLQJ SDUW RI WKH FRQVROLGDWLQJ EHG SOXV WKH

IUHVKO\ GHSRVLWHG PDWHULDO VHGVXP RQ WRS RI LW �VHH ILJXUH ���� :KHQ HURVLRQ RFFXUV ZLWKLQ GHOW� ILUVW WKH

IUHVKO\ GHSRVLWHG PDWHULDO VHGVXP LV HQWUDLQHG� 7KLV PDWHULDO LV D JHO DQG RQO\ KDV �VRPH� FRKHVLRQ DQG QR

HIIHFWLYH VWUHVVHV \HW� $FFRUGLQJO\ LW KDV D ODUJH� EXW ILQLWH HURVLRQ UDWH DQG KHQFH D VKRUW� EXW QRQ�QHJOLJLEOH

WLPH LQWHUYDO LV UHTXLUHG� 2QO\ ZKHQ DOO RI WKLV IUHVK PDWHULDO KDV EHHQ HURGHG� FDQ WKH SUHYLRXVO\ FDOFXODWHG

FRQVROLGDWLQJ EHG VWDUW WR HURGH� )RU WKLV SDUW RI WKH SURILOH WKH HURVLRQ IRUPXODWLRQ ���� LV XVHG� 7KH

FXPXODWLYH HURVLRQ RI WKH SUHYLRXVO\ FDOFXODWHG FRQVROLGDWLQJ EHG LV VWRUHG LQ WKH YDULDEOH UHVVXP�

&RQFOXGLQJ� WZR VXFFHVVLYH VWHSV KDYH WR EH PDGH ZLWKLQ RQH VLQJOH :$4 WLPHVWHS� 7KHVH VWHSV �L� DFFRXQW

IRU WKH HQWUDLQPHQW RI WKH IUHVKO\ GHSRVLWHG PDWHULDO DQG �LL� WDNH FDUH RI WKH HURVLRQ RI WKH FRQVROLGDWHG EHG

LQ WKH UHPDLQLQJ SDUW RI WKH :$4�WLPHVWHS�

2QFH WKH FRQVROLGDWHG EHG VWDUWV WR HURGH� WKH UDWH RI HURVLRQ GHSHQGV RQ WKH SURJUHVVLRQ RI WKH HURVLRQ

LWVHOI� :LWK SURJUHVVLQJ HURVLRQ� WKH PDWHULDO EHFRPHV VWURQJHU DQG VWURQJHU� 7KH WRWDO HURVLRQ KDV WR EH

FDOFXODWHG E\ LQWHJUDWLQJ WKH HURVLRQ�GHSWK GHSHQGHQW HURVLRQ UDWH RYHU WKH :$4 WLPH VWHS GHOW� 7KH

VWUHQJWK RI WKH H[SRVHG WRS OD\HU FDQ EH XVHG WR FDOFXODWH WKH HURVLRQ UDWH RI WKH H[SRVHG WRS OD\HU� 8VLQJ

WKLV HURVLRQ UDWH WR FDOFXODWH WKH WRWDO UHVXVSHQVLRQ RI WKH EHG GXULQJ GHOW PD\ UHVXOW LQ RYHU UDWLQJ RI WKH

UHVXVSHQVLRQ� VLQFH WKH HURVLRQ UDWH GHFUHDVHV ZLWK SURJUHVVLQJ HURVLRQ �VHH ILJXUH ����� 7KH DVVRFLDWHG

GHFD\ LQ WKH HURVLRQ UDWH PD\ EH VR IDVW� WKDW LW LV QRW FRUUHFW WR DVVXPH WKDW LW LV FRQVWDQW GXULQJ RQH VWHS

GHOW� $FFRUGLQJO\ LW LV QHFHVVDU\ WR FDOFXODWH WKH HURVLRQ ZLWK VPDOOHU WLPH VWHSV WKDQ GHOW� (URVLRQ KDV WR EH

DFFRXQWHG IRU ZLWK D WKLUG WLPH VFDOH� EHVLGHV GHOW DQG WLPHF� 7KH WLPH VWHS E\ ZKLFK WKH HURVLRQ LV
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FDOFXODWHG LV GHOW(� 7KH QXPEHU RI WLPH VWHSV QRW( LV GHWHUPLQHG E\ GLYLGLQJ WKH SDUW RI WKH WLPHVWHS GHOW

WKDW UHPDLQV DIWHU HQWUDLQPHQW E\ GHOW( �QRW( � LQ ILJXUH �����

)LJXUH ���� (QWUDLQPHQW� HURVLRQ DQG GHSRVLWLRQ GXULQJ RQH :$4 WLPH VWHS� )RU D GHWDLO RI RQH RI WKH QRW( WLPH VWHSV VHH ILJXUH ����

7KH HURVLRQ UDWH YDULHV ZLWK GHSWK� 7ZR RSWLRQV DUH DYDLODEOH WR FDOFXODWH WKH HURVLRQ� ��� DQ LWHUDWLYH

PHWKRG DQG ��� DQ DQDO\WLFDO PHWKRG� %RWK PHWKRGV DUH ZULWWHQ LQ WKH PDWHULDO FRRUGLQDWH V\VWHP ]�

$FFRUGLQJO\� WKH HURVLRQ UDWH ( LQ >NJ�P��V@ KDV WR EH UHZULWWHQ LQ D FKDQJH LQ WKH PDWHULDO KHLJKW '] LQ

>P�V@ E\

']  �(�]�GW�UV�

�� :LWKLQ RQH RI WKH VPDOO HURVLRQ WLPH VWHSV GHOW(� D IHZ LWHUDWLRQV DUH QHFHVVDU\ WR FDOFXODWH WKH

SURJUHVVLRQ RI WKH HURVLRQ �VHH ILJXUH ����� 3UHOLPLQDU\ WHVWV ZLWK WKH ��'9 ZDWHUEHG PRGHO VKRZHG WKDW

WZR LWHUDWLRQV DUH VXIILFLHQW� 7KH UHDVRQ IRU WKLV LV WKDW WKH SURILOH LV OLQHDU EHWZHHQ WZR VDPSOLQJ SRLQWV

�VHH VHFWLRQ ����� $ FXUYHG SURILOH ZRXOG KDYH QHHGHG PRUH LWHUDWLRQV� 7KH ZRUNLQJ RI WKH LWHUDWLRQ

SURFHGXUH LV DV IROORZV�

2Q WKH KRUL]RQWDO D[LV LQ ILJXUH ��� WKH HURVLRQ UDWH ( LV GHSLFWHG DV D IXQFWLRQ RI GHSWK� 7KLV

HURVLRQ UDWH SURILOH LV FDOFXODWHG E\ PHDQV RI WKH GHQVLW\ SURILOH� WKH FRKHVLRQ SURILOH DQG WKH EHG VKHDU

VWUHVV SURILOH �ZLWK HTXDWLRQ ���� DQG ������ 7KH HURVLRQ UDWH (� LV WKH HURVLRQ UDWH DW WKH XSSHUPRVW

H[SRVHG OD\HU� 7KH PDWHULDO FR�RUGLQDWH ] RI WKLV XSSHUPRVW H[SRVHG OD\HU DW ZKLFK (�]� (�� LV

] ]LQWHUIDFH�UHVVXP�G]HWD� WKLV HTXDOV WKH SUHVHQW LQWHUIDFH KHLJKW �]LQWHUIDFH� PLQXV WKH HURVLRQ WKDW KDV

DOUHDG\ RFFXUUHG LQ WKH SUHYLRXV :$4 WLPH VWHSV �UHVVXP� DQG PLQXV WKH HURVLRQ G]HWD WKDW KDV DOUHDG\

RFFXUUHG LQ HDUOLHU VWHSV GHOW( RI WKH FXUUHQW :$4 WLPH VWHS �VHH ILJXUH ����� 7KH IRUPXODWLRQ �(�]�GW�

WKDW FDOFXODWHV WKH HURVLRQ GHSWK� KDV WR EH LQWHJUDWHG� 7KLV LQWHJUDO LV HYDOXDWHG VLPSO\ E\ (XOHUV

PHWKRG� 7KDW LV PXOWLSO\LQJ WKH HURVLRQ UDWH ( ZLWK WKH WLPH VWHS GHOW(� &RQVHTXHQWO\� WKH HURVLRQ UDWH

(� DW WKH WRS JLYHV WKH HURVLRQ GHSWK ']� (�ÂGHOW(�UV� 7KLV HURVLRQ GHSWK ']�� LV XVHG DV DQ XSSHU JXHVV

RI WKH DFWXDO HURVLRQ GHSWK ']� 7KH QHZ PDWHULDO KHLJKW FRUUHVSRQGLQJ ZLWK WKLV XSSHU JXHVV RI WKH

HURVLRQ GHSWK UHDGV� ]  ]LQWHUIDFH�UHVVXP�G]HWD�']�� 1H[W� WKH HURVLRQ UDWH (� DW WKH HVWLPDWHG XSSHU QHZ



21 7+( (526,21 $1' &2162/,'$7,21 2) &2+(6,9( 6(',0(176 &+$37(5 � ,03/(0(17$7,21 ��

PDWHULDO KHLJKW FDQ WKHQ EH FDOFXODWHG� 7KLV HURVLRQ UDWH (� LV ORZHU WKDQ WKH HURVLRQ UDWH (� RI FRXUVH�

VLQFH GHHSHU PDWHULDO LV VWURQJHU� 7KH HURVLRQ UDWH (� FDQ EH XVHG DV D ORZHU JXHVV RI WKH DFWXDO HURVLRQ

GHSWK� ']� (�ÂGHOW(�UV� 7KH DYHUDJH RI WKH XSSHU JXHVV ']� DQG WKH ORZHU ']� LV FRQVLGHUHG WR EH WKH

DFWXDO HURVLRQ GHSWK ']  �']�� ']�����

�� ,W LV DOVR SRVVLEOH WR FDOFXODWH WKH H[DFW HURVLRQ GHSWK ZLWKRXW XVLQJ WKH VXEGLYLVLRQ RI GHOW LQWR WLPH

VWHSV GHOW(� 7KH SURJUHVVLRQ RI WKH HURVLRQ FDQ EH FDOFXODWHG DQDO\WLFDOO\ IRU WKH ZKROH :$4 WLPH VWHS

GHOW� 6LQFH WKH WKH (�SURILOH LV OLQHDU EHWZHHQ WZR VXFFHVVLYH VDPSOLQJ SRLQWV� ( D]�E� ,Q WKLV UHODWLRQ�

D DQG E FDQ EH GHWHUPLQHG E\ VXEVWLWXWLRQ RI WKH FR�RUGLQDWHV RI WKH VDPSOLQJ SRLQWV �(L �]L� DQG �(L��

�]L��� DW ERWK HQGV RI WKH OLQH� 7KLV OHDGV WR�
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LQWHUIDFH
� � � �

�� � �����

7KH VROXWLRQ WR WKLV HTXDWLRQ� ZLWK WKH LQWHUIDFH KHLJKW ]LQWHUIDFH ]� DW WKH VWDUW RI WKH WLPH VWHS UHDGV

 LQWHUIDFH � � � ��
E
D

E
D

�	� � � ���� �����

7KLV VROXWLRQ LV RQO\ YDOLG EHWZHHQ WZR VXFFHVVLYH VDPSOLQJ SRLQWV� :KHQ WKH HURVLRQ SDVVHV D

VDPSOLQJ SRLQW� WKH FRHIILFLHQWV D DQG E FKDQJH� DV ZHOO DV WKH ERXQGDU\ FRQGLWLRQ ]�� ,Q WKH ILUVW VHFRQG

RI GHOW WKLV ERXQGDU\ FRQGLWLRQ UHDGV ]�  ]LQWHUIDFH�UHVVXP�UHV� :KHQ WKH HURVLRQ SDVVHV D VDPSOLQJ SRLQW�

WKH ERXQGDU\ FRQGLWLRQ EHFRPHV ]�  ]L�� �� ]LQWHUIDFH�UHVVXP�UHV�� 6R ZKHQ XVLQJ WKLV H[DFW PHWKRG� RQH

KDV WR NHHS WUDFN RI WKH SURJUHVVLRQ RI WKH HURVLRQ LQ UHODWLRQ WR WKH VDPSOLQJ SRLQWV� 7KLV LV WLPH

FRQVXPLQJ DQG QHHGV PXFK HIIRUW WR LPSOHPHQW� %HFDXVH WKH ��'9 ZDWHU EHG LV XQGHU GHYHORSPHQW�

WKLV H[DFW PHWKRG KDV QRW \HW EHHQ LPSOHPHQWHG� 7KH VLPSOH LWHUDWLYH PHWKRG PHQWLRQHG DERYH LV XVHG�

)LJXUH ���� (URVLRQ RI WKH FRQVROLGDWHG EHG GXULQJ D WLPH VWHS GHOW( �DIWHU HQWUDLQPHQW RI VHGVXP��
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7KH ��'9 ZDWHU EHG PRGHO FRQVLVWV RI WKUHH PRGXOHV� WKH HURVLRQ PRGXOH� WKH FRQVROLGDWLRQ PRGXOH DQG WKH

PDLQ ��'9 ZDWHU EHG PRGXOH LWVHOI �ILJXUH ����� 7KH HQYHORSLQJ 'HOIW�'�:$4 VRIWZDUH FDQ EH VHHQ DV D

IRXUWK PRGXOH� 7KHVH GLIIHUHQW PRGXOHV KDYH WR FRPPXQLFDWH ZLWK HDFK RWKHU �ILJXUH ����� 7KH

FRPPXQLFDWLRQ LV SHUIRUPHG E\ H[FKDQJLQJ YDULDEOHV� 7KHVH YDULDEOHV DUH OLVWHG LQ VHFWLRQ ������ 7KH

VHTXHQWLDO �SURFHGXUDO� VHW�XS RI WKH PRGHO LV SUHVHQWHG LQ VHFWLRQ ������

'����� 3���4���������

$OO LQIRUPDWLRQ SUHVHQW LQ WKH ��'9 ZDWHU EHG PRGHO KDV EHHQ FOXVWHUHG LQ IRXU PDLQ JURXSV� 7KH

SDUDPHWHUV RI HDFK JURXS DUH PDLQO\ UHODWHG WR HDFK RWKHU E\ WKH ZD\ LQ ZKLFK WKH\ DUH XVHG� DV LQSXW E\ WKH

XVHU� RU DV RXWSXW WR WKH XVHU �JOREDO YDULDEOHV�� RU LQVWUXPHQWDO LQ FDOFXODWLQJ RWKHU SDUDPHWHUV �ORFDO

YDULDEOHV LQ WKH ��'9 ZDWHU EHG PRGXOH� �VHH ILJXUH ����� 7KH IRXU JURXSV KDYH EHHQ GLYLGHG LQWR

VXEJURXSV� WKDW DUH JURXSHG DFFRUGLQJ WR WKH SDUDPHWHUV WKH\ UHSUHVHQW� $OO WKH JURXSV DQG WKHLU SDUDPHWHUV

DUH VKRZQ LQ ILJXUH ����

�� 7KH PDWHULDO SURSHUWLHV DUH UHTXLUHG DV LQSXW E\ WKH XVHU� 7KH FULWLFDO VKHDU VWUHVV WFU IRU HURVLRQ LV

UHTXLUHG DV DQ LQSXW SDUDPHWHU� ZKLOH WKH HURVLRQ IRUPXODWLRQ XVHG LQ WKH ��'9 ZDWHU EHG PRGHO

�HTXDWLRQ ����� XVHG GRHV QRW FRQWDLQ VXFK D FULWLFDO VKHDU VWUHVV� 7KH FULWLFDO VKHDU VWUHVV IRU HURVLRQ LV

QHYHU WKH OHVV DSSOLHG� 2QH UHDVRQ LV WR PDNH D FOHDU GLVWLQFWLRQ EHWZHHQ HURVLRQ DQG GHSRVLWLRQ SHULRGV�

QHFHVVDU\ IRU GHWHUPLQLQJ ZKHQ FRQVROLGDWLRQ KDV WR EH DSSOLHG� 7KH VHFRQG UHDVRQ LV WR PDNH WKH ��'9

ZDWHU EHG PRGHO FRPSDWLEOH WR WKH FXUUHQW HURVLRQ PRGHO LQ 'HOIW�'�:$4� WKH GLIIHUHQFHV EHWZHHQ WKH

UHVXOWV FDQ WKHQ RQO\ EH DWWULEXWHG WR GLIIHUHQW HURVLRQ UDWHV DQG QRW WR WKH GXUDWLRQ RI WKH HURVLRQ�

�� 1XPHULFDO SURSHUWLHV DUH UHTXLUHG DV LQSXW E\ WKH XVHU� 0RQLWRULQJ VHJPHQWV DUH WKH VHJPHQWV LQ ZKLFK

WKH XVHU FDQ PRQLWRU DOO WKH IOX[HV DQG SURFHVVHV� ,Q WKHVH VHJPHQWV WKH EHG SURILOHV DUH WR EH VDYHG IRU

HYHU\ FRQVROLGDWLRQ WLPH VWHS� $ VHJPHQW FRQVLVWV RI DOO OD\HUV LQ RQH 'HOIW�'�:$4 JULG FHOO� 7KH RWKHU

SDUDPHWHUV RI JURXS � KDYH EHHQ H[SODLQHG LQ WKH SUHYLRXV VHFWLRQ�

�� 7KH EHG SDUDPHWHUV DUH LQVWUXPHQWDO LQ FDOFXODWLQJ RWKHU SDUDPHWHUV� 7KH\ FDQ EH JLYHQ DV RXWSXW WR WKH

XVHU LQ WKH PRQLWRULQJ VHJPHQWV� 7KH XVHU LV VWURQJO\ UHFRPPHQGHG WR PRQLWRU DW OHDVW RQH SURILOH WR

HQVXUH WKDW QR HUURUV KDYH EHHQ PDGH LQ WKH LQSXW SDUDPHWHUV �H�J� UHVROXWLRQ DQG WLPH VWHS GHOW(�� 7KLV

SURILOH VKRXOG EH FKRVHQ DW WKH ORFDWLRQ ZKHUH WKH HURVLRQ DQG GHSRVLWLRQ G\QDPLFV LV PRVW VHYHUH� 7KH

SURILOHV DUH GLIIHUHQW IRU HDFK VHJPHQW� (YHQ ZKHQ WKH EHG SURSHUWLHV DUH WKH VDPH IRU HDFK VHJPHQW� WKH

VHGLPHQW IOX[HV PD\ GLIIHU LQ HDFK VHJPHQW DQG WKHQ VHSDUDWH SURILOHV DUH QHFHVVDU\�
��

��
6RPH RI WKH SDUDPHWHUV LQ ILJXUH ��� FDQ EH GLIIHUHQW IRU HDFK VHJPHQW� RWKHUV VKRXOG EH WKH VDPH IRU DOO

WKH VHJPHQWV LQ WKH HQWLUH 'HOIW�'�:$4 PRGHO JULG� 7KH ODWWHU JURXS LQFOXGHV GHOWFPLQ� GHOWFPD[� QRQ�

QRN� WLPH DQG GHOW� ,Q WKH FRGH D FKHFN LV SHUIRUPHG IRU WKH SDUDPHWHUV WKDW QHHG WR EH WKH VDPH� �DV ZHOO DV

IRU QRN � QRQ� VHH VHFWLRQ �����

��
7KH :$4 XVHU LQWHUIDFH RIIHUV WKH XVHU WKH RSWLRQ WR GHILQH WKH SURSHUWLHV WKDW DUH YDOLG IRU WKH HQWLUH

PRGHO� )RU DOO VHJPHQWV� GHIDXOW YDOXHV DUH WR EH JLYHQ� 7KHVH YDOXHV DUH GHWHUPLQHG LQ WKH FRPLQJ FKDSWHUV�

WKDW FRQWDLQ WKH YDOLGDWLRQ RI WKH FRQVROLGDWLRQ PRGXOH DQG WKH YDOLGDWLRQ RI WKH HURVLRQ PRGXOH�

��
)RU DOO WKH LQGHSHQGHQW EHG YDULDEOHV D SURILOH LV VWRUHG� 7KHVH YDULDEOHV DUH ]� V CY� ]� I� I PD[ DQG FCD �WKH ODWWHU LI

WLPH GHSHQGHQW�� 7KH \LHOG VWUHVV W\ LV QRW DQ LQGHSHQGHQW YDULDEOH� VLQFH LW FDQ EH FDOFXODWHG IURP WKH YROXPH IUDFWLRQ

RI PXG I DQG WKH FRKHVLRQ FCD� ,W LV QRW QHFHVVDU\ WR VWRUH WKH SURILOH RI WKLV YDULDEOH� 7KH YDOXH RI WKH \LHOG VWUHVV FDQ
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$W WKH VWDUW RI WKH VLPXODWLRQ LQLWLDO SURILOHV KDYH WR EH JLYHQ� 7KH XVHU KDV WR SURYLGH WKH DPRXQW RI

PDWHULDO LQ WKH EHG DW WKH VWDUW RI WKH VLPXODWLRQ�
��
7KH DPRXQW RI PDWHULDO SUHVHQW LQ WKH EHG HTXDOV WKH

KLJKHVW PDWHULDO FR�RUGLQDWH ]� 7KLV SDUDPHWHU ZLOO RQO\ FKDQJH ZKHQ PDWHULDO LV HURGHG RU GHSRVLWHG�

7KLV OHDGV WR WKH FRQFOXVLRQ WKDW WKH PRGHO GRHV QRW KDYH FLUFXODU DVVLJQPHQWV UHVXOWLQJ LQ FXPXODWLYH

HUURUV RI WKH PDVV SUHVHQW LQ WKH EHG� :KHQ DOO WKH PDWHULDO LQ WKH EHG KDV EHHQ HURGHG� WKH FRPSXWDWLRQ

VWRSV� $ µFOHDQ ERWWRP¶ LV QRW \HW SRVVLEOH LQ WKH ��'9 ZDWHU EHG PRGHO�
��

7KH ��'9 ZDWHU EHG PRGHO ZRUNV ZLWK 6,�XQLWV� ZKHUH HURVLRQ DQG GHSRVLWLRQ DUH DSSOLHG LQ PHWHUV

RI PDWHULDO KHLJKW SHU VHFRQG >P�V@� ZKLOH 'HOIW�'�:$4 XVHV IOX[HV LQ >NJ�P
�
�V@� 7KLV UHTXLUHV VRPH

H[WUD YDULDEOHV LQ WKH FRGH�
��
([WUD YDULDEOHV DUH DOVR QHHGHG LQ WKH FRGH WR DFFRXQW IRU WKH SURSHU

DFWLYDWLRQ RI WKH FRQVROLGDWLRQ PRGXOH�
��

�� 7KH WLPH� WKH EHG VKHDU VWUHVV
��
DQG WKH VHGLPHQW IOX[HV DUH RXWSXW WR WKH XVHU� :$4 SDVVHV WKH JOREDO

PRGHO WLPH WR WKH ��'9 ZDWHU EHG PRGHO DV ZHOO DV WKH PDJQLWXGH RI WKH SUHVHQW WLPHVWHS�

:$4 DFFRXQWV IRU � GLIIHUHQW FRKHVLYH IUDFWLRQV� VL[ RUJDQLF DQG WKUHH LQRUJDQLF� 7KH RUJDQLF

PDWHULDO� L�H� DOJDH� LV PRGHOOHG DV D FRPSRQHQW RI WKH VHGLPHQW� $FFRUGLQJO\� WKH\ DUH VXEMHFW WR

GHSRVLWLRQ DQG UHVXVSHQVLRQ� 7KH ��'9 ZDWHU EHG PRGHO KRZHYHU UHTXLUHV D XQLIRUP EHG ZLWK XQLIRUP

SURSHUWLHV� +HQFH WKHVH � IUDFWLRQV KDYH WR EH PHUJHG LQWR D VLQJOH IOX[ �RU RQH VKRXOG RQO\ XVH RQH

IUDFWLRQ�� :$4 FRQWDLQV VSHFLDO IXQFWLRQV IRU WKLV PHUJLQJ� :KHQ PDWHULDO HURGHV� WKH HURGHG PDWHULDO

KDV XQLIRUP SURSHUWLHV� 7KLV PDWHULDO KDV WR EH GLVWULEXWHG RYHU WKH YDULRXV IUDFWLRQV DJDLQ� 7KH

GLVWULEXWLRQ RI VHGLPHQW RYHU WKH IUDFWLRQV LV QRW FRQVWDQW LQ :$4� 7KH IUDFWLRQV DUH GHWHUPLQHG IURP

WKH DYHUDJH SURSHUWLHV RI WKH HURGLQJ OD\HU� 7KH ��'9 ZDWHU EHG PRGHO GRHV QRW DFFRXQW IRU WKH

GLVWULEXWLRQ RYHU WKH IUDFWLRQV� 7KH FXUUHQW OD\HU PRGHO RI :$4 VKRXOG EH XVHG WRJHWKHU ZLWK WKH �'9�

ZDWHUEHG PRGHO WR JLYH WKLV GLVWULEXWLRQ�

DOVR EH HYDOXDWHG LQ WKH HURVLRQ PRGXOH DW WKH PRPHQW LW LV QHHGHG� 6LQFH FRPSXWDWLRQ WLPH LV VFDUFHU WKDQ PHPRU\ LQ

'HOIW�'�:$4� D SURILOH RI W\ ZLOO EH FDOFXODWHG WKRXJK� ,W LV IDVWHU WR FDOFXODWH W\ RQFH DQG IRU WKH HQWLUH EHG� WKDQ WR

HYDOXDWH LW HYHU\ WLPH LQ WKH HURVLRQ PRGXOH� 2WKHU SDUDPHWHUV VXFK DV WKH GHQVLW\ DQG WKH UHDO FRRUGLQDWHV ] DUH QRW

FDOFXODWHG DW DOO� VLQFH WKHVH SDUDPHWHUV DUH QRW QHFHVVDU\ LQ WKH HURVLRQ PRGXOH�

��
7KLV PDWHULDO LV JLYHQ E\ WKH PDVV LQ D VHJPHQW �WKH PDVV LQ OD\HU � ,06��:$4 )RUWUDQ QDPH� DQG WKH PDVV LQ OD\HU

� ,06� �LG��� DQG WKH VXUIDFH VXUI �LG�� RI D VHJPHQW� 7KH PDWHULDO KHLJKW LV WKHQ FDOFXODWHG DV �,06� � ,06�� � VXUI �UV�

7KH PRGHO FDOFXODWHV WKH HTXLOLEULXP SURILOHV DVVRFLDWHG ZLWK WKLV DPRXQW RI PDWHULDO� ,W PLJKW EH D ZLVK RI XVHUV WR XVH

LQLWLDO SURILOHV VR WKDW WKH\ DUH HTXDO WR WKH SURILOHV DW WKH HQG RI D SUHYLRXV VLPXODWLRQ� 2U WR XVH SURILOHV PHDVXUHG LQ

WKH ILHOG RU ODERUDWRU\� )RU WKLV RSWLRQ WKH XVHU ZLOO KDYH WR PDNH FKDQJHV LQ WKH ��'9 ZDWHU EHG FRGH KRZHYHU�

��
0DNH VXUH WKDW HQRXJK VHGLPHQW LV DYDLODEOH LQ WKH VHJPHQW� %XW GR QRW SXW WRR PXFK VHGLPHQW LQ WKH EHG LQLWLDOO\

KRZHYHU� VLQFH WKDW ZRXOG UHGXFH WKH UHVROXWLRQ RI WKH EHG �VHH VHFWLRQ ����

��
'HIW�'�:$4 JLYHV WKH HURVLRQ DQG GHSRVLWLRQ IOX[HV LQ >J�P��G@� 7KH ��'9 ZDWHU EHG PRGHO DSSOLHV ZDWHU�EHG

H[FKDQJH UDWHV LQ P�V �1�%� PDWHULDO KHLJKW SHU VHFRQG�� 7KHUHIRUH WKH :$4 LQ�RXWSXW SDUDPHWHUV IVHG'0 �:$4

)RUWUDQ QDPH� DQG IUHV'0 �LG�� LQ >NJ�P��V@ DUH QRW XVHG LQVLGH WKH ��'9 ZDWHU EHG PRGHO� 7KH SDUDPHWHUV UHV �:$4

)RUWUDQ QDPH� DQG VHG �LG�� LQ >P�V@ DUH XVHG�

��
7KH SDUDPHWHUV WDXROG �)RUWUDQ QDPH�� WKH EHG VKHDU VWUHVV WE LQ WKH SUHYLRXV WLPHVWHS� DQG GHOWF DUH XVHG WR DFFRXQW

IRU WKH ULJKW FRQVROLGDWLRQ WLPH VWHS� 7KH\ ZLOO EH FRPSDUHG ZLWK UHVSHFWLYHO\ WE �)RUWUDQ QDPH� WDX� 	 WFU �)RUWUDQ

QDPH� WFU'0� DQG GHOWFPLQ 	 GHOWFPD[�

��
7KH SDUDPHWHUV PLQGHS �:$4 )RUWUDQ QDPH� DQG GHSWK �LG�� DUH LQFOXGHG WR DFFRXQW IRU WKH XQFHUWDLQWLHV LQ WKH

IRUPXODWLRQV RI WKH EHG VKHDU VWUHVV WDX� ,Q VHJPHQWV ZLWK D VPDOO ZDWHU GHSWK� WKH EHG VKHDU VWUHVV PD\ QRW EH

FDOFXODWHG DFFXUDWHO\� 0RUHRYHU� LQ VHJPHQWV ZLWK D VPDOO ZDWHU GHSWK� HURVLRQ ZLOO LPPHGLDWHO\ OHDG WR KLJK

FRQFHQWUDWLRQV� )RU WKHVH WZR UHDVRQV� HURVLRQ LV QRW DOORZHG WR RFFXU LQ VHJPHQWV ZLWK D VPDOO ZDWHU GHSWK�



21 7+( (526,21 $1' &2162/,'$7,21 2) &2+(6,9( 6(',0(176 &+$37(5 � ,03/(0(17$7,21 ��

1R� *URXS� 6\PERO RU 8QLWV� 'HVFULSWLRQ�

)RUWUDQ QDPH

, 0DWHULDO SURSHUWLHV

, D *HQHUDO SURSHUWLHV UV NJ�P� GHQVLW\ RI EHG PDWHULDO

UZ NJ�P� GHQVLW\ RI SRUH ZDWHU

IJHO P��P� VWUXFWXUDO YROXPH IUDFWLRQ RI PXG

, E 6WUHQJWKHQLQJ SURSHUWLHV .N P�V HPSLULFDO SHUPHDELOLW\ SDUDPHWHU

.V 3D HPSLULFDO HIIHFWLYH VWUHVV SDUDPHWHU

' � IUDFWDO GLPHQVLRQ

I � UDWLR RI VWLIIQHVV DW UHORDGLQJ DQG 9&/

VZHOOLQJ � VZHOOLQJ PRGHO

FCD 3D FRKHVLRQ SDUDPHWHU �FCD  FCD �WLPH�"�

MC GHJ DQJOH RI LQWHUQDO IULFWLRQ

.� � FRHIILFLHQW RI ODWHUDO IULFWLRQ

, F (URVLRQ SURSHUWLHV 0  ZH  I NJ�P��V HURVLRQ UDWH � HQWUDLQPHQW UDWH

WFU 3D FULWLFDO VKHDU VWUHVV IRU HURVLRQ

,, 1XPHULFDO SURSHUWLHV

,, D &RQVROLGDWLRQ QRQ � QXPEHU RI VDPSOLQJ SRLQWV

QRN � QXPEHU RI )RXULHU FRPSRQHQWV

GHOWFPLQ G PLQLPXP WLPH VWHS IRU FRQVROLGDWLRQ

GHOWFPD[ G PD[LPXP WLPH VWHS IRU FRQVROLGDWLRQ

,, E (URVLRQ GHOW( � WLPHVWHS IRU LWHUDWLYH FDOFXODWLRQ

RI HURVLRQ RI FRQVROLGDWHG SURILOH

,, F 0RQRWRULQJ �QR �� QR ��«� � PRQLWRULQJ VHJPHQWV

,,, %HG UHSUHVHQWDWLRQ

,,, D 3URILOHV ]�]� P PDWHULDO KHLJKW

I�]� P��P� YROXPH IUDFWLRQ RI PXG

IPD[�]� P��P� PD[LPXP YROXPH IUDFWLRQ RI PXG �2&5 ��

W\�]� 3D EHG \LHOG VWUHQJWK

VCY�]� 3D HIIHFWLYH VWUHVV

FCD�]� 3D &RKHVLRQ

,,, E ,QLWLDO FRQGLWLRQV ,06�� ,06� J DPRXQW RI PDWHULDO LQ VHJPHQW DW VWDUW

VXUI P� VXUIDFH RI VHJPHQW

,,, F &KDQJHV WR VHGVXP P VHGLPHQWDWLRQ FDFKH GXULQJ WLPHF

GRPDLQ RI SURILOHV UHVVXP P HURVLRQ FDFKH GXULQJ WLPHF

VHG P�V VHGLPHQWDWLRQ IOX[ GXULQJ GHOW a )VHG'0

UHV P�V HURVLRQ IOX[ GXULQJ GHOW a )UHV'0

,,, G 9DOLGLW\ RI FKDQJHV WR WDXROG 3D EHG VKHDU VWUHVV LQ SUHYLRXV WLPH VWHS

GRPDLQ RI SURILOHV GHOWF VHF WLPH VLQFH ODVW FRQVROLGDWLRQ

,9 7LPH DQG IOX[HV

,9 D 7LPH WLPH VHF WLPH LQ VLPXODWLRQ

GHOW GD\ FXUUHQW WLPH VWHS IRU GHSRVLWLRQ DQG HURVLRQ

9, E ,PSRVHG �IRUFLQJ RI� WE 3D EHG VKHDU VWUHVV

VHGLPHQW IOX[HV IVHG'0 J�P��G VHGLPHQWDWLRQ IOX[

GHSWK P ZDWHU GHSWK LQ VHJPHQW

PLQGHS P PLQLPXP ZDWHU GHSWK IRU HURVLRQ WR RFFXU

,9 F (URVLRQ IUHV'0 J�P��G HURVLRQ IOX[

)LJXUH ���� ,QSXW SDUDPHWHUV
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$ VHTXHQWLDO �SURFHGXUDO� 3URJUDP 6WUXFWXUH 'LDJUDP �36'� RI WKH ��'9 ZDWHU EHG PRGHO LV SUHVHQWHG LQ

ILJXUH ���� 7KH LQIRUPDWLRQ WKDW VKRXOG EH SDVVHG WR HDFK PRGXOH LV SUHVHQWHG LQ WKH OHIW FROXPQ� 7KH RXWSXW

IURP HDFK PRGXOH LV DOVR JLYHQ LQ WKH OLVW�

,QSXW� 3URFHVV� 2XWSXW�

'HOIW�'�:$4

,�,, )RU DOO WLPHVWHSV GR �,,, D�

,,, E �! ��'9 ZDWHU EHG PRGXOH �,,, F�

,9 D�E ,9 F

��'9 ZDWHU EHG PRGXOH

, 5HDG LQSXW SDUDPHWHUV ZLWK XVH RI WKH LQSXW SRLQWHUV �,,, D�

,, &KHFN IRU HUURUV LQ LQSXW �,,, F�

,9 D ,QLWLDOLVH SDUDPHWHUV WKDW DUH WKH VDPH IRU HYHU\ VHJPHQW ,9 F

,9 E 2QFH� ,QLWLDOLVH SDUDPHWHUV WKDW DUH WKH VDPH IRU HYHU\ WLPHVWHS DQG HYHU\ VHJPHQW

2QFH� DOORFDWH WKH SURILOHV DQG RWKHU ORFDO SDUDPHWHUV

)RU DOO VHJPHQWV ZLWK D EHG GR

,QLWLDOLVH SDUDPHWHUV WKDW FDQ EH GLIIHUHQW IRU HYHU\ VHJPHQW

2QFH� ,QLWLDOLVH SDUDPHWHUV WKDW DUH WKH VDPH IRU HYHU\ WLPHVWHS

DQG FDQ EH GLIIHUHQW IRU HYHU\ VHJPHQW�

2QFH� DFFRXQW IRU LQLWLDO FRQGLWLRQV LQ SURILOH

LI �L� WKH ODVW FRQVROLGDWLRQ ZDV ORQJHU DJR WKDQ GHOWFPD[ 25

LI �LL� GXULQJ WKH SUHYLRXV WLPHVWHS GHSRVLWLRQ RFFXUHG

$1' WKLV WLPHVWHS HURVLRQ RFFXUV

$1' DQG WKH ODVW FRQVROLGDWLRQ ZDV QRW VKRUWHU DJR WKDQ GHOWFPLQ

�! &RQVROLGDWLRQ PRGXOH

�VDYH WKH SURILOHV IRU WKH PRQLWRULQJ VHJPHQWV�

�! (URVLRQ�GHSRVLWLRQ PRGXOH

$FFRXQW IRU LQFUHPHQW LQ WKH LQSXW SRLQWHUV

&RQVROLGDWLRQ 0RGXOH

, D $FFRXQW IRU FDFKHG HURVLRQ UHVVXP DQG VHGLPHQWDWLRQ VHGVXP E\ UHGLVWULEXWLRQ ,,, D

, E 6HW FDFKHG HURVLRQ UHVVXP DQG VHGLPHQWDWLRQ VHGVXP WR ]HUR ,,, F

,, D 'HWHUPLQH ILQDO HTXLOLEULXP SURILOH DQG H[FHVV SRUH SUHVVXUH SURILOH SH�]HWD�

,,, E )RXULHU WUDQVIRUP WKH SURILOH SH�]HWD�

,,, F &RQVWUXFW QHZ SH�]HWD� SURILOH DIWHU FRQVROGLDWLRQ GXULQJ SHULRG WLPHF ZLWK )RXULHU VHULHV

,,, G 'HWHUPLQH QHZ V�]HWD� SURILOH

,9 D 'HWHUPLQH QHZ SKLPD[�]HWD� SURILOH DIWHU WKDW SKL�]HWD� SURILOH ZLWK WKH VZHOOLQJ PRGHO

,9 E 'HWHUPLQH FD�]HWD� SURILOH

'HWHUPLQH W\�]HWD� SURILOH

(RVLRQ�GHSRVLWLRQ 0RGXOH

G]HWD  �� UHV  �

, D &DOFXODWH HQWUDLQPHQW G]HWDBHQWUDLQ >P@ RI FDFKH VHGVXP ,,, F

, F &DOFXODWH WLPH GHOWUHV LV OHIW GXULQJ WKLV WLPHVWHS GHOW DIWHU HQWUDLQPHQW SHULRG ,9 F

,, E LI �GHOWUHV ! ��

,,, D )RU DOO WLPH VWHSV GHOW( GR

,9 D FDOFXODWH HURVLRQ G]HWD� >P@ LQ ILUVW LWHUDWLRQ

,9 E LI �UHVVXP � G]HWD� � G]HWD ! WRWDO EHG KHLJKW � �! TXLW

FDOFXODWH HURVLRQ G]HWD� >P@ LQ VHFRQG LWHUDWLRQ

G]HWD  G]HWD� �G]HWD� � G]HWD�� �� >P@

LI �UHVVXP � G]HWD ! WRWDO EHG KHLJKW � �! TXLW

UHVVXP  UHVVXP � G]HWD >P@

UHV �G]HWD � G]HWDBHQWUDLQ� �GHOW >P�V@

)LJXUH ���� 6HW�XS RI WKH ��'9 ZDWHU EHG PRGHO
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7KH UHSUHVHQWDWLRQ RI WKH SURILOHV RI WKH EHG SURSHUWLHV LQ WKH FRPSXWHU FDQQRW EH FRQWLQXRXV IRU REYLRXV

UHDVRQV� 7KH FRQWLQXRXV DQDO\WLFDO IXQFWLRQV DUH VDPSOHG DW D ILQLWH QXPEHU RI LQWHUYDOV WR JDLQ WKHVH

SURILOHV� 7KH PHWKRG RI VDPSOLQJ DQG WKH DFFRPSDQ\LQJ FRPSOLFDWLRQV ZLOO EH GLVFXVVHG LQ VHFWLRQ ������

'�$��� 9����/��������"/���)

7KH SDUDPHWHULVDWLRQ JLYHV D FRQWLQXRXV GHVFULSWLRQ RI WKH EHG� 7KLV FRQWLQXRXV UHSUHVHQWDWLRQ PXVW EH

WUDQVIRUPHG LQWR D GLVFUHWH SURILOH IRU QXPHULFDO FRPSXWDWLRQV� 6DPSOLQJ WKH FRQWLQXRXV UHSUHVHQWDWLRQ DW

DQ DGHTXDWH UHVROXWLRQ ZLWK Q SRLQWV DFFRXQWV IRU WKLV� ,Q WKH GLVFUHWH QXPHULFDO PRGHO� WKH EHG LV SUHVHQWHG

E\ D VHW RI Q YDOXHV FRQWDLQLQJ DOO WKH LQIRUPDWLRQ RI WKH �SURILOHV RI WKH� GLIIHUHQW SDUDPHWHUV LQ WKH EHG�

 � 	 � �  � 	 � �  � 	 � �� � � � � � � � � � � � �� � � � � � � � � � � � ����� � � � � � �
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7KLV VHW KROGV IRU D ILQLWH QXPEHU RI VDPSOLQJ SRLQWV LQ WKH YHUWLFDO GLUHFWLRQ� UHIHUUHG WR DV OD\HUV LQ WKLV

VHFWLRQ�
��
7KH SURSHUWLHV DUH DVVLJQHG WR WKH VDPSOLQJ SRLQWV WKHPVHOYHV UDWKHU WKDQ WR WKH LQWHUYDOV LQ

EHWZHHQ� 7KH YDOXHV EHWZHHQ WKH VDPSOLQJ SRLQWV DUH LQWHUSRODWHG�

7KH ORZHVW VDPSOLQJ SRLQW FRLQFLGHV ZLWK WKH ULJLG ERWWRP� WKH KLJKHVW ZLWK WKH LQWHUIDFH EHWZHHQ WKH

ZDWHU DQG WKH EHG� ,Q UHDOLW\ KRZHYHU WKH YDOXHV DSSO\ WR LQWHUYDOV� :KHQ WUDQVIRUPLQJ EHWZHHQ WKH UHDO DQG

WKH PDWHULDO FR�RUGLQDWH V\VWHPV� WKLV OHDGV WR D SUREOHP� WKH QXPEHU RI VDPSOLQJ SRLQWV LV RQH ODUJHU WKDQ

WKH QXPEHU RI LQWHUYDOV LQ EHWZHHQ� 7UDQVIRUPLQJ DOO EXW WKH XSSHU VDPSOLQJ SRLQWV VROYHV WKLV� 7KLV UHODWLRQ

EHWZHHQ WKH VDPSOLQJ FRRUGLQDWHV LQ UHDO DQG PDWHULDO FRRUGLQDWHV LQ GLVFUHWH IRUP� GHULYHG IURP WKH

FRQWLQXRXV FR�RUGLQDWH V\VWHP WUDQVIRUPDWLRQ �HTXDWLRQ ������ UHDGV �VHH ILJXUH �����
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)LJXUH ���� 5HODWLRQ UHDO DQG PDWHULDO FRRUGLQDWH V\VWHP� VXEMHFW WR GHSRVLWLRQ�

��
'R QRW FRQIXVH WKHVH OD\HUV ZLWK WKH GRPDLQV RQ ZKLFK WKH SDUDPHWHULVDWLRQV DUH YDOLG DV GHVFULEHG LQ VHFWLRQ ��� QRU

ZLWK WKH OD\HU DSSURDFK RI GHDOLQJ ZLWK WKH EHG DV GHVFULEHG LQ FKDSWHU ��



21 7+( (526,21 $1' &2162/,'$7,21 2) &2+(6,9( 6(',0(176 &+$37(5 � ,03/(0(17$7,21 ��

'�$��� 1�"/���)������)��	���

7KH EHG LV GLVFUHWL]HG LQWR D ILQLWH QXPEHU �RUGHU ���� RI VDPSOLQJ SRLQWV� :KHQ VHGLPHQWDWLRQ DQG HURVLRQ

RFFXU� WKH KHLJKW RI WKH EHG FKDQJHV DQG WKHUHE\ WKH QXPEHU DQG�RU FRQILJXUDWLRQ RI WKH OD\HUV� 6HYHUDO

RSWLRQV H[LVW IRU GHDOLQJ ZLWK WKH OD\HUV� $ ILUVW FKRLFH KDV WR EH PDGH DV WR ZKHWKHU D IL[HG QXPEHU RI

OD\HUV ZLOO EH XVHG RU D YDULDEOH QXPEHU� $ VHFRQG FKRLFH LV ZKHWKHU RU QRW HTXLGLVWDQW OD\HUV DUH XVHG� $OO

SRVVLEOH RSWLRQV DUH YLVXDOLVHG LQ ILJXUH ���� 7KH SURV DQG FRQV RI WKHVH RSWLRQV ZLOO EH OLVWHG LQ WDEOH ����

1a 1b 2a 2b 3a 3b 4 1a 1b 2a 2b 3a 3b 4 1a 1b 2a 2b 3a 3b 4 1a 1b 2a 2b 3a 3b 4 1a 1b 2a 2b 3a 3b 4 1a 1b 2a 2b 3a 3b 4 1a 1b 2a 2b 3a 3b 4 1a 1b 2a 2b 3a 3b 4 
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← fixed no of layers → ← variable no of layers

← variable ∆ζ →

0 0.05 0.1 0.15 0.2 0.25

Deposition 1

Deposition 2

Deposition 3

Volume fraction of mud φ [m3/m3]
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)LJXUH ���� 3RVVLEOH VDPSOLQJ FRQILJXUDWLRQ W\SHV�

�� $ XQLIRUP VSDWLDO VWHS FDQ EH FRPELQHG ZLWK D IL[HG QXPEHU RI OD\HUV�

D 7KH EHG FDQ EH GHVFULEHG LQ WHUPV RI D QRQ�DOORFDWDEOH µ(XOHULDQ V\VWHP¶� ,Q WKLV RSWLRQ DOO WKH

OD\HUV KDYH WR EH SUHVHQW DW WKH VWDUW RI WKH FDOFXODWLRQ� +HQFH� DQ HVWLPDWLRQ RI WKH PD[LPXP

RFFXUULQJ PDWHULDO KHLJKW KDV WR EH PDGH LQ DGYDQFH RI D VLPXODWLRQ� :KHQ GHSRVLWLRQ RQ WKH EHG

ZRXOG LQFUHDVH WKH DPRXQW RI PDWHULDO RQ WKH EHG PRUH WKDQ H[SHFWHG� WKH XSSHU SDUW RI WKH EHG

IDOOV RXW RI WKH FR�RUGLQDWH V\VWHP� $QG ZKHQ WKH DPRXQW RI PDWHULDO GRHV QRW LQFUHDVH DV PXFK DV

H[SHFWHG� PDQ\ VDPSOLQJ SRLQWV DUH QHYHU XVHG DQG \HW VWLOO UHTXLUH FRPSXWDWLRQDO VWRUDJH VSDFH�

7KH QXPHULFDO PRGHO RI 0HUFNHOEDFK LV ZULWWHQ LQ WKLV W\SH RI FR�RUGLQDWH V\VWHP �LQ UHDO

FRRUGLQDWHV KRZHYHU� QRW LQ PDWHULDO FRRUGLQDWHV�� )RU WKH PRGHOOLQJ RI D VHWWOLQJ FROXPQ� WKLV

PHWKRG FDQ EH YHU\ XVHIXO� VLQFH WKH DPRXQW RI PDWHULDO LQ WKH FROXPQ GRHV QRW FKDQJH� ,Q WKH ��

'9 ZDWHU EHG PRGHO DOWHUQDWLQJ SHULRGV RI HURVLRQ DQG GHSRVLWLRQ RFFXU� OHDGLQJ WR D IOXFWXDWLQJ

EHG WKLFNQHVV� $FFRUGLQJO\ WKLV LV QRW D XVHIXO RSWLRQ�

E 7KH EHG FDQ EH UHSUHVHQWHG E\ D VR�FDOOHG VLJPD FR�RUGLQDWH V\VWHP� DV XVHG IRU H[DPSOH LQ

'HOIW�' IORZ WR FDOFXODWH WKH ZDWHU PRWLRQ� 7KH FR�RUGLQDWH V\VWHP µEUHDWKHV¶ EHWZHHQ WKH WRS RI

WKH PDWHULDO KHLJKW� ZKLFK FKDQJHV LQ WLPH� DQG LWV ERWWRP� :KHQ PDWHULDO LV UHPRYHG RU DGGHG WR

WKH EHG �WR WKH PDWHULDO KHLJKW�� DOO WKH VDPSOLQJ SRLQWV KDYH WR EH UHGLVWULEXWHG XQLIRUPO\ RYHU WKH

HQWLUH PDWHULDO KHLJKW� 7KLV UHGLVWULEXWLRQ LV SHUIRUPHG E\ PHDQV RI LQWHUSRODWLRQ DQG WKDW LV WLPH

FRQVXPLQJ�
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�� $ YDULDEOH VSDFH VWHS FDQ EH FRPELQHG ZLWK D IL[HG QXPEHU RI OD\HUV� $ IHZ XVHIXO FRQILJXUDWLRQV DUH

SRVVLEOH�

D 7KH XSSHU OD\HU 
EUHDWKHV
 ZLWK WKH HURVLRQ DQG GHSRVLWLRQ� :KHQ WKH XSSHU OD\HU EHFRPHV WRR WKLFN�

RU ZKHQ HURVLRQ GHSOHWHV WKH XSSHU OD\HU� PDWHULDO KDV WR EH UHGLVWULEXWHG� $ FRPSOLFDWLRQ LV WKDW D

GHFLVLRQ FULWHULRQ KDV WR EH IRUPXODWHG IRU WKH OHQJWK RI WKH WLPH LQWHUYDOV DIWHU ZKLFK UHGLVWULEXWLRQ

KDV WR EH SHUIRUPHG�

E $ VLJPD�FR�RUGLQDWH V\VWHP ZLWK D VSDWLDO VWHS WKDW LV VPDOO QHDU WKH LQWHUIDFH DQG ODUJH QHDU WKH

ULJLG EHG FDQ EH XVHG� :LWK D PLQLPXP DPRXQW RI OD\HUV� D PD[LPXP DFFXUDF\ RI WKH SURILOH FDQ

EH REWDLQHG ZKHUH LW LV PRVW XVHIXO� 1HDU WKH LQWHUIDFH� WKH JUDGLHQWV LQ WKH GHQVLW\ SURILOH DUH WKH

ODUJHVW� 0RUHRYHU� DW WKH LQWHUIDFH DOO WKH HURVLRQ DQG GHSRVLWLRQ IOX[HV KDYH WR EH DFFRXQWHG IRU�

SRVVLEO\ OHDGLQJ WR VWHSZLVH JUDGLHQWV� 'HVSLWH WKLV DGYDQWDJH� WKLV RSWLRQ PD\ QRW KDYH D SRVLWLYH

LQIOXHQFH RQ WKH DFFXUDF\ RI WKH )RXULHU FRPSRQHQWV� GXH WR WKH ODUJH VWHSV QHDU WKH ULJLG ERWWRP�

�� :KHQ D YDULDEOH VSDFH VWHS LV FRPELQHG ZLWK YDULDEOH QXPEHU RI OD\HUV� WKH FKDQJHV LQ WKH GHQVLW\ QHDU

WKH LQWHUIDFH GXH WR FRQVROLGDWLRQ PLJKW EH UHSUHVHQWHG YHU\ DFFXUDWHO\ ZLWK DQ DFFHSWDEOH QXPEHU RI

OD\HUV �VHH VHFWLRQ �������

D $ VLQJOH OD\HU IRU HYHU\ GHSRVLWLRQ FDQ EH FKRVHQ� VR WKH SURILOH FDQ EH YHU\ DFFXUDWH� 7KH QXPEHU

RI OD\HUV PD\ EHFRPH YHU\ ODUJH LQ WKLV PHWKRG OHDGLQJ WR ODUJH PHPRU\ XVDJH�

E $OO WKH OD\HUV KDYH WKH VDPH WKLFNQHVV� H[FHSW IRU WKH XSSHUPRVW OD\HU� 7KLV OD\HU DGMXVWV LWV KHLJKW

WR WKH DYDLODEOH VHGLPHQWV� LW VKULQNV ZKHQ HURVLRQ RFFXUV DQG LW JURZWKV ZKHQ GHSRVLWLRQ RFFXUV�

:KHQ WKH KHLJKW RI WKLV OD\HU EHFRPHV HTXDO WR WKH KHLJKW RI WKH RWKHUV� D QHZ XSSHUPRVW OD\HU ZLOO

EH DGGHG�

�� $ XQLIRUP VSDFH VWHS FDQ EH FRPELQHG ZLWK WKH YDULDEOH QXPEHU RI OD\HUV� DQ DOORFDWDEOH µ(XOHULDQ

V\VWHP¶� ,Q WKLV PHWKRG QR QHZ OD\HU ZLOO EH DGGHG XQWLO WKH SUHYLRXV OD\HU LV ILOOHG ZLWK VHGLPHQW� $

GLVFUHWH QXPEHU RI IL[HG LQWHUYDOV FDQ QHYHU PDWFK WKH PDWHULDO KHLJKW KRZHYHU� HVSHFLDOO\ ZKHQ WKH

QXPEHU RI OD\HUV LV QRW YHU\ ODUJH� 'XH WR WKLV� QHDU WKH ZDWHU�EHG LQWHUIDFH VRPH VPDOO URXQGLQJ RII

HUURUV DOZD\V RFFXU� 7KH WRS RI WKH KLJKHVW OD\HU ZLOO DOZD\V UHDFK DERYH WKDQ WKH DFWXDO EHG� 7KLV OHDGV

WR D UHGXFHG DFFXUDF\ QHDU WKH ZDWHU�EHG LQWHUIDFH� 1HDU WKH ZDWHU�EHG LQWHUIDFH KRZHYHU� DFFXUDF\ LV

PRVW UHTXLUHG� VR WKLV RSWLRQ LV QRW YHU\ XVHIXO�

:KHQ WKH OD\HUV YDU\ LQ WKLFNQHVV ��	� DJDLQVW �	� LQ ILJXUH ����� WKH GHWHUPLQDWLRQ RI WKH )RXULHU

FRPSRQHQWV EHFRPHV OHVV DFFXUDWH� 2QH WKLFN OD\HU DW WKH HQG RI WKH GRPDLQ FDQ OHDG WR D UHODWLYH ODUJH

HUURU LQ WKH QXPHULFDO HYDOXDWLRQ RI WKH LQWHJUDO �WUDSH]RLGDO UXOH�� 7KH UHFRQVWUXFWLRQ RI WKH SURILOH LV YHU\

VHQVLWLYH WR VPDOO FKDQJHV LQ WKH PDLQ )RXULHU FRPSRQHQWV� )RU LQVWDQFH HYHQ XVLQJ WKH UHFWDQJXODU GLVFUHWH

LQWHJUDWLRQ UXOH� LQVWHDG RI WKH WUDSH]RLGDO GLVFUHWH LQWHJUDWLRQ UXOH DW D UHVROXWLRQ RI ��� VDPSOLQJ SRLQWV

GRHV QRW JLYH UHDVRQDEOH DQVZHUV� 6R XVLQJ D YDULDEOH VSDWLDO UHVROXWLRQ FDQ VSRLO WKH ZKROH

SDUDPHWHULVDWLRQ� 0RUHRYHU� WKH LQWHJUDOV WKDW DUH XVHG WR FDOFXODWH WKH )RXULHU FRPSRQHQWV ZLOO FRQWDLQ

PRUH RSHUDWLRQV ZKHQ D YDULDEOH '] VWHS LV XVHG� (YHU\ PXOWLSOLFDWLRQ UHDGV SR� LÂFRV�S�N�����[L�Â'[ L ZKLOH

ZLWK DQ HTXLGLVWDQW VSDWLDO VWHS� WKH DQVZHU IN FDQ VLPSO\ EH PXOWLSOLHG LQ RQH RSHUDWLRQ E\ '[� 6R WKH PRGHO

EHFRPHV VORZHU WKDQ D PRGHO XVLQJ HTXLGLVWDQW OD\HUV� 7KLUG� WKH FRPSXWDWLRQDO VSDFH UHTXLUHG ZLOO

LQFUHDVH� EHFDXVH D '] SURILOH KDV WR EH VWRUHG EHVLGHV RWKHU SURILOHV �I� VCY HWF���

:KHQ D YDULDEOH QXPEHU RI OD\HUV LV FKRVHQ ��	� DJDLQVW �	� LQ ILJXUH ����� WKH FDOFXODWLRQ WLPH

QHHGHG GRHV QRW UHPDLQ FRQVWDQW WKURXJKRXW D VLPXODWLRQ� 6LQFH WKH QXPEHU RI )RXULHU FRPSRQHQWV LV

GLUHFWO\ FRXSOHG WR WKH QXPEHU RI OD\HUV� DV ZH ZLOO VHH LQ VHFWLRQ ���� WKH QXPEHU RI )RXULHU FRPSRQHQWV

ZLOO IOXFWXDWH DV ZHOO� $V D UHVXOW RI WKLV� RQH FDQQRW SURSHUO\ HVWLPDWH LQ DGYDQFH WKH DPRXQW RI FRPSXWHU

WLPH WKH PRGHO ZLOO QHHG �HVSHFLDOO\ ZKHQ WKH PRGHO FRYHUV D ORQJHU SHULRG��

$ YHU\ LPSRUWDQW FULWHULRQ LV WKH DELOLW\ RI WKH PRGHO WR EH PDVV FRQVHUYLQJ� 7KH FR�RUGLQDWH V\VWHP LV

QRW RQO\ D UHIHUHQFH V\VWHP� LW LV DOVR WKH VWRUDJH SODFH IRU PDWHULDO� WKH XSSHUPRVW FR�RUGLQDWH HTXDOV WKH

PDWHULDO KHLJKW �ZKLFK LV WKH DYDLODEOH VHGLPHQW�� $ IHZ RSWLRQV FDQQRW H[DFWO\ ILW WKH PDWHULDO KHLJKW DQG

KDYH WR EH GLVFDUGHG� �D DQG �� 7KH DFFXUDF\ RI WKH HURVLRQ ZLOO EH GHWHUPLQHG E\ WKH DFFXUDF\ RI WKH
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V\VWHP XVHG WR UHSUHVHQW WKH SURILOH QHDU WKH LQWHUIDFH� 2SWLRQ �D LV WKHUHIRUH DOVR GLVFDUGHG� 2SWLRQ �E LV

MXVW DV JRRG DV �D� EXW LW KDV D VPDOOHU QXPEHU RI OD\HUV� VR �D FDQ EH GLVFDUGHG� 7KH WKUHH UHPDLQLQJ

RSWLRQV DUH ZRUWK IXUWKHU FRQVLGHUDWLRQ� �E� �E DQG �E�

$ IL[HG QXPEHU RI HTXLGLVWDQW OD\HUV ZLOO EH FKRVHQ ��E�� VLQFH WKLV RSWLRQ KDV D VWHDG\ FDOFXODWLRQ WLPH�

DQ HDV\ DQG IDVW )RXULHU WUDQVIRUPDWLRQ DQG LV HDV\ WR LPSOHPHQW� 7KH PRVW LPSRUWDQW GLVDGYDQWDJH LV WKH

QHFHVVDU\ UHGLVWULEXWLRQ RI WKH VDPSOLQJ OHYHOV DIWHU HDFK GHSRVLWLRQ HYHQW� 7KH WZR RWKHU UHPDLQLQJ RSWLRQV

PD\ EH LQYHVWLJDWHG DV ZHOO IURP D FRPSXWDWLRQDO SRLQW RI YLHZ� )URP DQ HQJLQHHULQJ SRLQW RI YLHZ

KRZHYHU LW LV QR XVH WR VSHQG D ORW RI WLPH RQ RSWLPLVLQJ WKH GLVFUHWH UHSUHVHQWDWLRQ� 7KH ��'9 ZDWHU EHG

PRGHO LV VWLOO UHVHDUFK VRIWZDUH� VLQFH LW KDV QRW EHHQ IXOO\ WHVWHG \HW� 3UREDEO\ WKH PDMRULW\ RI WKH

XQFHUWDLQW\ LV LQ WKH SK\VLFV DQG QRW LQ WKH QXPHULFV�

/D\HU W\SH �D �E �D �E �D �E �

/D\HU WKLFNQHVV XQLIRUP" \ \ Q Q Q Q \
1XPEHU RI OD\HUV FRQVWDQW" \ \ \ \ Q Q Q
&ULWHULD
$FFXUDF\ )RXULHU WUDQVIRUPDWLRQ � � � � R R �
6SHHG� )RXULHU WUDQVIRUPDWLRQ � � � � � � �
6SHHG� 5HGLVWULEXWLRQ � � R � � � �
0HPRU\ XVH � � � � � � �
3UHGLFWDELOLW\� 6WHDG\ FDOFXODWLRQ WLPH � � � � � � �
)DLOXUH FKDQFH� ([SORVLRQ FDOFXODWLRQ
�WLPH�

� � � � � � �

$FFXUDF\ SURILOH QHDU LQWHUIDFH � R � � � � �
'LIILFXOW\ LPSOHPHQWDWLRQ R � � � � � R

7DEOH ��� 3URV DQG FRQV RI SRVVLEOH VDPSOLQJ FRQILJXUDWLRQV

'�$�$� 5����	�4�	������	������"��	�	��������������

:KHQ VHGLPHQWDWLRQ DQG HURVLRQ RFFXU� WKH GRPDLQ RI WKH SDUDPHWHULVDWLRQ FKDQJHV� 2QH RU PRUH VDPSOLQJ

SRLQWV PD\ GLVDSSHDU GXH WR WKLV HURVLRQ DQG ZKHQ �VXEVHTXHQWO\� PDWHULDO LV GHSRVLWHG� VDPSOLQJ SRLQWV

KDYH WR GHVFULEH WKLV H[WHQVLRQ RI WKH GRPDLQ DV ZHOO� 1RUPDOO\ HURVLRQ DQG GHSRVLWLRQ GR QRW RFFXU DW WKH

VDPH WLPH >3DUWKHQLDGHV� ����@� %HFDXVH WKH FRQVROLGDWLRQ WLPH VWHS WLPHF FDQ EH PXFK ODUJHU WKDQ WKH

HURVLRQ WLPH VWHS GHOW� QHW HURVLRQ DQG GHSRVLWLRQ FDQ KDSSHQ GXULQJ D FRQVROLGDWLRQ WLPHVWHS LQ WKH ��'9

ZDWHU EHG PRGHO� 6R ERWK VHGVXP DQG UHVVXP KDYH WR EH DFFRXQWHG IRU�

7KH VDPSOLQJ FRQILJXUDWLRQ FKRVHQ LQ WKH SUHYLRXV VHFWLRQ GHDOV ZLWK FKDQJHV LQ WKH GRPDLQ E\ PHDQV

RI UHGLVWULEXWLRQ� 7KH PHWKRG RI GHDOLQJ ZLWK WKH UHGLVWULEXWLRQ GXH WR HURVLRQ DQG GHSRVLWLRQ LV GHVFULEHG

EHORZ DQG LV LOOXVWUDWHG LQ ILJXUH ����� 7KUHH VXFFHVVLYH VWHSV KDYH WR EH SHUIRUPHG WR FRQVWUXFW WKH QHZ

SURILOH IURP WKH ROG SURILOH DQG WKH GHSRVLWLRQ DQG HURVLRQ FDFKH�

�� :KHQ PDWHULDO LV HURGHG� WKH UHPDLQLQJ PDWHULDO KHLJKW LV UHGLVWULEXWHG RYHU WKH VDPH QXPEHU RI

VDPSOLQJ SRLQWV� 7KH SURSHUWLHV " �L L L L L \ L D L�  � 	 � �� � � � �


PD[� � �� � �PDWHULDO KHLJKW OHYHO� YROXPH�IUDFWLRQ
RI PXG� HIIHFWLYH VWUHVV� YROXPH IUDFWLRQ ZLWK 2&5 �� XQGUDLQHG \LHOG VWUHQJWK DQG FRKHVLRQ� DGKHUHG

WR WKH PDWHULDO KHLJKW DUH LQWHUSRODWHG �OLQHDUO\� WR WKLV QHZ KHLJKW ]LQWHUIDFH � UHVVXP�

" " " " " " "Q W Q Q W� � � � �� � � � � �! " � � � � � � � �! "� ����� � ����� �


�
�

�����

�� 6HGLPHQWDWLRQ OHDGV WR D QHZ OD\HU RQ WRS RI WKH EHG ZLWK HQWLUHO\ XQLIRUP SURSHUWLHV �FRUUHVSRQGLQJ

ZLWK WKH JHOOLQJ PDWHULDO�� 2QH SRLQW LV DGGHG WR DOO WKH DUUD\V WKDW FRQWDLQ WKH EHG SURSHUWLHV� 7KLV VHW

FRQWDLQV WKH JHO SURSHUWLHV� 7KH UHVXOWLQJ VHW LV
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�� 7KLV VHW LV RQFH DJDLQ LQWHUSRODWHG WR D VHW FRQWDLQLQJ Q HTXLGLVWDQW VDPSOLQJ SRLQWV�
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:KHQ RQO\ HURVLRQ RFFXUV� RQO\ WKH VWHSV � DQG � DUH WKH SHUIRUPHG� WKH VHFRQG VWHS IURP W WR W LV QRW

VNLSSHG� /LNHZLVH� ZKHQ RQO\ GHSRVLWLRQ RFFXUV� RQO\ WKH VWHSV �DQG � DUH SHUIRUPHG� WKH ILUVW IURP W WR W

VWHS LV VNLSSHG� :KHQ ERWK HURVLRQ DQG GHSRVLWLRQ RFFXU LQ RQH FRQVROLGDWLRQ WLPH VWHS� ERWK VWHSV DUH

SHUIRUPHG� 7KLV W\SH RI UHGLVWULEXWLRQ LV QRW RSWLPDO IRU ERWK HURVLRQ DQG GHSRVLWLRQ� WZR VXFFHVVLYH WLPH�

FRQVXPLQJ UHGLVWULEXWLRQV KDYH WR EH SHUIRUPHG� 7KLV DSSURDFK FDQ FHUWDLQO\ EH LPSURYHG� E\ FRQVWUXFWLQJ

RQH LQWHUPHGLDWH SURILOH DW W WKDW DFFRXQWV IRU ERWK HURVLRQ DQG FRQVROLGDWLRQ� 7KLV PHDQV LQWURGXFLQJ D

QHZ VDPSOLQJ SRLQW DW WKH OHYHO ZKHUH WKH HURVLRQ VWRSV DQG D VHFRQG QHZ SRLQW DW WKH OHYHO XS WR ZKHUH WKH

EHG UHDFKHV DIWHU GHSRVLWLRQ� 7KLV SURILOH FDQ WKHQ EH GHDOW ZLWK LQ RQH VLQJOH UHGLVWULEXWLRQ� 6LQFH HURVLRQ

DQG GHSRVLWLRQ GR QRW RFFXU YHU\ RIWHQ ZLWKLQ RQH FRQVROLGDWLRQ WLPH VWHS� WKH VLPSOH PHWKRG DERYH LV

SUHIHUUHG�

)LJXUH ����� 5HGLVWULEXWLRQ RI

PDWHULDO WR

DFFRXQW IRU

VHGLPHQWDWLRQ DQG

HURVLRQ

'�$�&� ��������	�/���	���

)RU UHDVRQV RI VLPSOLFLW\� WKH UHGLVWULEXWLRQ LV SHUIRUPHG E\ PHDQV RI OLQHDU LQWHUSRODWLRQ� 7KLV FDQ UHVXOW LQ

LQWHUSRODWLRQ LQDFFXUDFLHV� :KHQ D GHSRVLWLRQ RFFXUV RQ WRS RI D EHG ZLWK D KLJK GHQVLW\ QHDU WKH LQWHUIDFH�

WKH GHQVLW\ QHDU WKH LQWHUIDFH FDQQRW DOZD\V EH UHSUHVHQWHG SURSHUO\ �VHH ILJXUH ���� ZLWK WKH GHQVLW\ SURILOH

DV H[DPSOH�� :KHQ D GHSRVLWLRQ HYHQW RFFXUV WKDW LV PXFK VPDOOHU WKDQ WKH VSDWLDO UHVROXWLRQ� WKH DYHUDJH

H[LVWLQJ GHQVLW\ FDQ GHFUHDVH DIWHU UHGLVWULEXWLRQ� 7KLV ZLOO UHVXOW LQ DQ RYHUHVWLPDWLRQ RI WKH HURVLRQ UDWH�

:KHQ D GHSRVLWLRQ RFFXUV WKDW LV RI WKH VDPH RUGHU DV WKH UHVROXWLRQ� WKH GHQVLW\ RI WKH IUHVKO\ GHSRVLWHG

SDUW ZLOO EH RYHUHVWLPDWHG� UHVXOWLQJ LQ DQ XQGHUHVWLPDWLRQ RI WKH HURVLRQ UDWH� 2QO\ ZKHQ WKH VSDWLDO

UHVROXWLRQ LV PXFK ILQHU WKDQ WKH GHSRVLWLRQ� FDQ WKH GHQVLW\ EH UHSUHVHQWHG DFFXUDWHO\
��
�

��
&KRRVLQJ FXELF RU VSOLQH LQWHUSRODWLRQ FDQ UHPHG\ WKH DERYH SKHQRPHQRQ� $Q DWWHPSW KDV EHHQ PDGH WR XVH WKLV NLQG
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:LWK VRPH URXJK YDOXHV RI WKH GHSRVLWLRQ UDWH DQG WKH EHG WKLFNQHVV� DQ HVWLPDWH RI WKH UDWLR EHWZHHQ

WKH UHVROXWLRQ DQG WKH GHSRVLWLRQ UDWH FDQ EH JLYHQ� :H DVVXPH D �� P ZDWHU FROXPQ� 7KH FRQFHQWUDWLRQV LQ

WKLV FROXPQ DUH� DFFRUGLQJ WR WKH UHTXLUHPHQWV FKDSWHU �� �� PJ�O WR ��� PJ�O� :KHQ DOO WKH VHGLPHQW LQ WKLV

FROXPQ VHWWOHV� WKLV OHDGV WR DQ DPRXQW RI PDWHULDO '] �LQ PDWHULDO FRRUGLQDWHV ZLWK UV  ���� NJ�P
�
� RQ WRS

RI WKH EHG RI �� WR ��� PP� 7KH WLPH VFDOH RI WKLV VHWWOLQJ FDQ DOVR EH HVWLPDWHG� 7KH VHWWOLQJ YHORFLW\ LV

RUGHU ��
��
P�V �FOD\ SDUWLFOHV� WR ��

��
P�V �ODUJH IORFV�� 7KH VHGLPHQW ZLOO WKHUHIRUH VHWWOH ZLWKLQ � WR ���

KRXUV� ZKLOH WKH WLPH VWHS RI WKH FRQVROLGDWLRQ LV LQ WKH RUGHU RI RQH GD\� 7KHUHIRUH DOPRVW DOO WKH VHGLPHQW

ZLOO VHWWOH ZLWKLQ RQH WLPHVWHS RI WKH FRQVROLGDWLRQ DQG WKH '] DERYH LV WKH TXDQWLW\ ZH KDYH WR GHDO ZLWK LQ

WKH UHGLVWULEXWLRQ� :KHQ ZH DVVXPH D EHG RI �� FP ZLWK D FRQFHQWUDWLRQ RI ��� NJ�P
�
� WKH EHG KDV D

PDWHULDO KHLJKW RI DERXW � FP� 7KH UHVROXWLRQ DQG WKH GHSRVLWLRQ DUH RI WKH VDPH RUGHU LI QRQ  �� PP � ���

WR ���� PP  ��� WR ����� 7KH UHVROXWLRQ LQ WKH EHG LQ WKH ��'9 ZDWHUEHG PRGHO LV JHQHUDOO\ LQ WKH RUGHU RI

�� WR ���� VR ERWK PHQWLRQHG LQDFFXUDFLHV LQ WKH GHQVLW\ FDQ RFFXU� 8VLQJ D UHVROXWLRQ RI ���� VDPSOLQJ

SRLQWV RU RYHU LV YHU\ WLPH FRQVXPLQJ DQG LV QRW UHFRPPHQGHG�

7KH XVHU VKRXOG DOZD\V EH DZDUH RI WKH FRQVHTXHQFHV RI WKH VSDWLDO UHVROXWLRQ� &KRRVLQJ D VPDOO QXPEHU RI

VDPSOLQJ SRLQWV ZLOO PDNH WKH PRGHO YHU\ IDVW� EXW LW FDQ UHVXOW LQ VHYHUH HUURUV� 6RPH HUURUV DUH GXH WR WKH

UHGLVWUXEXWLRQ GHVFULEHG DERYH� 2WKHU SUREOHPV DUH GXH WR WKH QXPEHU RI )RXULHU FRPSRQHQWV� 7KLV ZLOO EH

GHVFULEHG LQ WKH QH[W VHFWLRQ�

)LJXUH ����� (IIHFWV RI

OLQHDU

UHGLVWULEXW

LRQ RI

PDWHULDO

RQ

SURILOHV

RI LQWHUSRODWLRQ XVLQJ DQ LQWHUSRODWLRQ IXQFWLRQ IURP WKH 9LVXDO )RUWDQ ,06/ :LQGRZV OLEUDU\ �WKDW FDQQRW EH XVHG LQ

:$4� VLQFH :$4 KDV WR EH FRPSLODEOH RQ 8QL[ SODWIRUPV DV ZHOO�� 7KH UHVXOW ZDV D YHU\ 
JUDVV\
 SURILOH� VRPHWLPHV

HYHQ ZLWK LQILQLWH YDOXHV� %HWWHU UHVXOWV PLJKW EH SRVVLEOH ZKHQ LPSOHPHQWLQJ DQRWKHU VSOLQH LQWHUSRODWLRQ PHWKRG� <HW

WKLV PHWKRG LV QRW H[SORUHG IXUWKHU� VLQFH LW LV D YHU\ WLPH FRQVXPLQJ SUREOHP� :LWKLQ WKH VFRSH RI WKLV VWXG\ LW QRW

FRQVLGHUHG D ZRUWKZKLOH LPSURYHPHQW RI WKH ��'9 ZDWHU EHG PRGHO� 7KH PRGHO LV EDVHG RQ D ORW RI DVVXPSWLRQV DQG

VLPSOLILFDWLRQV DQG� PRUH LPSRUWDQWO\� LW LV RQO\ D UHVHDUFK YHUVLRQ�

$ VWHSZLVH LQWHUSRODWLRQ PHWKRG PLJKW DOVR EH XVHG WR SUHYHQW WKH DYHUDJH GHQVLW\ HLWKHU IURP LQFUHDVLQJ RU IURP

GHFUHDVLQJ� 7KH HUURUV LQ WKH GHQVLWLHV ZLOO EH ODUJHU WKDQ WKH HUURUV LQ WKH OLQHDU LQWHUSRODWLRQ� %XW DW OHDVW RQH NQRZV

WKDW WKH UHVXOWV DUH HLWKHU WRR KLJK RU WRR ORZ� 7KH PHWKRG ZLWK WKH OLQHDU LQWHUSRODWLRQ LV SUHIHUUHG� IRU LW JLYHV VPDOOHU

HUURUV�
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,Q WKH SDUDPHWHULVDWLRQ VROXWLRQ WR WKH FRQVROLGDWLRQ WKH VROXWLRQ LV IRUPHG E\ D VHULHV �HTXDWLRQ ������
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7KLV SDUDPHWHULVDWLRQ FDQ EHFRPH LQDFFXUDWH RU XQVWDEOH GXH WR WKH SUHVHQFH RI RVFLOODWLRQV� 7KH

RVFLOODWLRQV GLVWRUW WKH SURILOHV� :KHQ D SURILOH ZLWK RVFLOODWLRQV LV SUHVHQW LQ WKH PRGHO� WKH RVFLOODWLRQV ZLOO

JURZ H[SRQHQWLDOO\ DIWHU HYHU\ QHZ FDOFXODWLRQ RI WKH FRQVROLGDWLRQ E\ PHDQV RI HT� ������� 7KH DPSOLWXGH

RI WKH KDUPRQLF FRPSRQHQW LQ ������ ZLWK WKH VDPH µZDYH QXPEHU¶ DV WKH RVFLOODWLRQV� ZLOO JURZ HYHU\ WLPH

WKH SURILOH LV )RXULHU WUDQVIRUPHG� 7KLV OHDGV WR ODUJHU DPSOLWXGH RI WKH RVFLOODWLRQ ZLWK WKDW VSHFLILF µZDYH

QXPEHU¶� ZKLFK LQ WXUQ OHDGV WR D ODUJHU DPSOLWXGH RI WKH )RXULHU FRPSRQHQW� 7KLV LV D SRVLWLYH IHHG�EDFN

ORRS� OHDGLQJ WR LQVWDELOLW\� 7KLV SUREOHP DQG WKH ZD\ WR SUHYHQW LW DUH WUHDWHG LQ WKLV VHFWLRQ�

)LUVW� LQ WKH DQDO\WLFDO SDUDPHWHULVDWLRQ DSSURDFK� YHU\ VPDOO WLPH VWHSV W IRU FRQVROLGDWLRQ DUH QRW

SRVVLEOH� 7KH VROXWLRQ RI WKH *LEVRQ FRQVROLGDWLRQ HTXDWLRQ LV D VXSHUSRVLWLRQ RI DQ LQILQLWH QXPEHU RI

GHFD\LQJ KDUPRQLF VROXWLRQV� ,Q PDWKHPDWLFDO WHUPV� WKH FRPSOHWH VHULHV IRUPV DQ H[DFW VROXWLRQ RI WKH

SUREOHP� ,Q UHDOLW\ KRZHYHU� RQH FDQ RQO\ GHDO ZLWK D ILQLWH QXPEHU RI FRPSRQHQWV� :KHQ RQH WDNHV WRR IHZ

WHUPV LQWR DFFRXQW� LQDFFXUDWH DQG RVFLOODWLQJ VROXWLRQV FDQ RFFXU� HVSHFLDOO\ QHDU VSRWV ZLWK VKDUS

JUDGLHQWV� �VHH DQQH[ ��� IRU DQ H[DPSOH�� 7KLV HIIHFW SOD\V D UROH QHDU WKH HGJHV RI WKH EHG �H�J� WKH

XQGHUO\LQJ ULJLG�LPSHUPHDEOH ERWWRP DQG QHDU WKH ZDWHU�LQWHUIDFH� RU ZKHQ PDWHULDO DW WKH JHOOLQJ SRLQW LV

GHSRVLWHG RQ D FRQVROLGDWHG EHG� OHDGLQJ WR D VWHS LQ WKH GHQVLW\ SURILOH� 7KH RVFLOODWLRQV LQ WKH VWUHVV DQG

GHQVLW\ SURILOHV OHDG WR HURVLRQ UDWHV IOXFWXDWLQJ RYHU WKH YHUWLFDO QHDU WKH VXUIDFH� 7KLV VKRXOG EH SUHYHQWHG�

7KH RVFLOODWLRQV DULVH RQO\ ZKHQ GHDOLQJ ZLWK WRR IHZ WHUPV LQ ������� 7KH QXPEHU RI WHUPV WKDW LV

VXIILFLHQW� GHSHQGV RQ WKH GHFD\ RI WKH H[SRQHQWLDO WLPH IDFWRU H[S��S
�
�N�����

�
W� LQ HTXDWLRQ �������

� ,Q WKH FDVH WKDW WKH WLPH IDFWRU H[S��S
�
�N�����

�
W� LQ HTXDWLRQ ������ LV RQH �W ��� WKH RVFLOODWLRQV ZLOO

RFFXU ZLWK DQ\ QXPEHU RI WHUPV� :KHQ LQWURGXFLQJ PRUH WHUPV� WKH DUHD RYHU ZKLFK WKH RVFLOODWLRQV

DUH SUHVHQW EHFRPHV VPDOOHU �FRQFHQWUDWHG QHDU WKH VKDUS JUDGLHQWV�� EXW WKH RVFLOODWLRQ SHDNV

WKHPVHOYHV EHFRPH ODUJHU� :KHQ D ODUJH QXPEHU RI WHUPV DUH XVHG� WKH SURILOH ZLOO ORRN VRPHZKDW

OLNH DQ µ$PHULFDQ IRRWEDOO JRDO¶ �+�� 7KLV LV NQRZQ DV WKH *LEEV HIIHFW�

� :KHQ ZH ZDQW WR FDOFXODWH WKH EHG DIWHU D YHU\ ORQJ WLPH� WKH WLPH IDFWRU EHFRPHV ]HUR DQG QR WHUP

LV QHFHVVDU\ DW DOO�

� (TXDWLRQ ������ ZLOO EH XVHG WR FDOFXODWH WKH H[FHVV SRUH SUHVVXUH SURILOH DIWHU VRPH WLPH W� ,Q WKLV

FDVH WKH XVH RI D VXIILFLHQWO\ ODUJH� EXW ILQLWH QXPEHU RI WHUPV FDQ SUHYHQW WKH RFFXUUHQFH RI

RVFLOODWLRQ FRPSOHWHO\� )RU WKH WLPH VWHSV LQ WKH ��'9 ZDWHU EHG PRGHO WKH WLPH WHUP ZLOO KDYH WR EH

VHW EHWZHHQ � DQG � DQG DFFRUGLQJO\ WKH UHTXLUHG QXPEHU RI WHUPV ZLOO EH EHWZHHQ LQILQLWH DQG ]HUR�

:KHQ WKH GHFD\ RI WKH WHUPV LQFUHDVHV� WKH UHTXLUHG QXPEHU RI WHUPV GURSV�

7KH GHFD\ RI WKH WHUPV GHSHQGV RQ WKH WLPH IDFWRU W� ,Q HTXDWLRQ ������ ZH FDQ VHH WKDW WKH WLPH VWHS W

JRYHUQV WKLV GHFD\� 6PDOOHU WLPH VWHSV OHDG WR D VPDOOHU GHFD\� %XW LQ HTXDWLRQ ������ ZH FDQ DOVR VHH WKDW

WKH GHFD\ LV DIIHFWHG E\ WKH WKLFNQHVV VTXDUHG RI WKH FRQVROLGDWLQJ EHG �W �� ]L
��
�� WKH HIIHFWLYH VWUHVV� DQG E\

WKH FRPELQDWLRQ RI WKH PDWHULDO FRHIILFLHQWV DV ZHOO� ,Q WKH PRGHO WKH UHODWLRQ VCY�PD[  �UV�UZ�J]L LV XVHG� 6R

WKH SDUDPHWHU W LV GHSHQGHQW RQ ]L DV W � � ]L �
����Q��Q�

�

+RZ PDQ\ WHUPV GR ZH QHHG" :KDW ZH GR NQRZ DERXW WKH RVFLOODWLRQ LV WKDW HDFK WHUP N GHFD\V ZLWK D

LWV RZQ IDFWRU LQ ������� DQG WKDW WKH VPDOOHU WHUPV GHFD\ PRVW TXLFNO\� 7KH RVFLOODWLRQ LV WKH UHVXOW RI D VXP

DOO WKH WHUPV� LQ ZKLFK QRW RQO\ WKH KLJKHVW RUGHU WHUPV �N ���� PDWWHU� 7KH UHODWLRQ EHWZHHQ WKH QXPEHU RI

)RXULHU FRPSRQHQWV QRN DQG WKH W�VWHSV RQ WKH YHUJH RI RVFLOODWLRQ KDV EHHQ LQYHVWLJDWHG� $ VHYHUH WHVW LV
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XVHG� D SURILOH ZLWK RQH XQLIRUP GHQVLW\ LQ WKH XSSHU KDOI DQG VHFRQG KLJKHU XQLIRUP GHQVLW\ LQ WKH ORZHU

KDOI� 7KH WUDQVLWLRQ EHWZHHQ WKHVH GHQVLWLHV LV D MXPS� 7KH UHVXOWV RI WKH SURILOHV FDQ EH VHHQ LQ DQQH[ ��� WR

���� ,Q WKH WDEOH ���� WKH FRPELQDWLRQ RI IDFWRUV IRU ZKLFK WKH RVFLOODWLRQ HIIHFW FRXOG MXVW YLVXDOO\ EH

GLVFHUQHG KDV EHHQ JDWKHUHG� �7KH FULWHULRQ WKDW WKH RVFLOODWLRQ KDG WR EH YLVLEOH LV D TXDOLWDWLYH DQG

VXEMHFWLYH FULWHULRQ� EXW LW LV XVHIXO��

�S
�
ÂQRN

�
ÂW W >�@ 7LPH >VHF@ 7LPH >KRXUV@ 1XPEHU RI )RXULHU FRPSRQHQWV QRN QRN

�
>�@

��� WR � ����(��� ������ ��� � WR � �� WR ��

��� WR � ����(��� ����� �� �� WR �� ��� WR ���

��� WR � ����(��� ���� � �� WR �� ���� WR ����

��� WR � ����(��� ��� ��� ��� WR ��� ������ WR �����

7DEOH ���� FRPELQDWLRQ RI IDFWRUV DW YHUJH RI SUHVHQFH RI RVFLOODWLRQ�

7KH FRQFOXVLRQ RQH FDQ GUDZ IURP WDEOH ��� LV WKDW LQ RUGHU WR SUHYHQW RVFLOODWLRQV� WKH DUJXPHQW RI WKH

H[SRQHQWLDO GHFD\ IXQFWLRQ LQ ������ VKRXOG EH ��� WR � IRU WKH WHUP ZLWK WKH KLJKHVW QXPEHU N� 7KH

DVVRFLDWHG GHFD\ IRU WKH VPDOOHVW FRPSRQHQW GXULQJ RQH WLPH VWHS LV LQ WKH RUGHU RI �� �H[S������ ���� DQG

H[S���� ������� 6LQFH IRU ODUJH N �N�����§ N� ZH FDQ DOVR VD\ WKDW W WLPHV WKH QXPEHU RI )RXULHU FRPSRQHQWV

QRN VKRXOG EH ��� WR �� 7KLV OHDGV WR WKH IROORZLQJ FRQVHUYDWLYH UXOH RI WKXPE VWDELOLW\ FULWHULRQ�

��� � �� ��� ������

)RU SUREOHPV ZLWKRXW VWHHS JUDGLHQWV� WKH QXPEHU RI )RXULHU FRPSRQHQWV FRXOG EH VPDOOHU ZLWKRXW ZRUU\LQJ

DERXW RVFLOODWLRQV�

7KH QXPEHU RI )RXULHU FRPSRQHQWV QRN GHSHQGV RQ WKH GLPHQVLRQOHVV WLPH W� 7KH QXPEHU RI )RXULHU

FRPSRQHQWV VKRXOG EH FKRVHQ WR PHHW ������ EDVHG RQ WKH YDOXH RI WKLV SDUDPHWHU W� 7KLV SDUDPHWHU LV

JRYHUQHG E\ �L� WKH PLQLPXP WLPH VWHS RI WKH FRQVROLGDWLRQ GHOWFPLQ� �LL� WKH PD[LPXP H[SHFWHG PDWHULDO

OD\HU KHLJKW ]L DQG �LLL� WKH FRHIILFLHQWV .N� .V DQG '� 7KH YDOXHV RI WKHVH SDUDPHWHUV KDYH WR EH NQRZQ WR

GHWHUPLQH W DQG� VXEVHTXHQWO\� QRN� 7KH SDUDPHWHUV GHOWFPLQ� .N� .V DQG ' DUH IL[HG� 7KH PDWHULDO KHLJKW ]L

KRZHYHU� FKDQJHV GXULQJ WKH VLPXODWLRQ� 7KHUHIRUH� D PD[LPXP YDOXH RI WKLV SDUDPHWHU KDV WR EH HVWLPDWHG

WR GHWHUPLQH QRN� ,I WKH HVWLPDWH RI WKH PDWHULDO KHLJKW LV WRR ORZ� WKH FRPSXWDWLRQ FDQ EHFRPH XQVWDEOH� $

QLFH H[DPSOH RI WKLV LV� ZKHQ VHGLPHQWDWLRQ RFFXUV DW D ODUJH DQG FRQVWDQW UDWH IRU D ORQJ SHULRG� ,Q WKLV FDVH

WKH SDUDPHWHU W GHFUHDVH LQ WLPH DFFRUGLQJ WR

�
  � �

� �
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/LNHZLVH� WKH UHTXLUHG QXPEHU RI )RXULHU FRPSRQHQWV LQFUHDVHV LQ WLPH�

7KH QXPEHU RI )RXULHU FRPSRQHQWV QRN FDQQRW EH FKRVHQ IUHHO\ WR PHHW ����� 7KH QXPEHU RI

FRPSRQHQWV QRN VKRXOG DOZD\V EH HTXDO WR RU OHVV WKDQ WZLFH WKH QXPEHU RI GLVFUHWH SRLQWV QRQ LQ RUGHU WR

JHW PHDQLQJIXO )RXULHU FRPSRQHQWV� 7KH UHDVRQ IRU WKLV LV WKDW HYDOXDWLQJ WKH )RXULHU FRHIILFLHQW IN IRU D

VSHFLILF FRPSRQHQW� WKH LQWHJUDO ������ VKRXOG SURYLGH DW OHDVW WZR VDPSOLQJ SRLQWV IRU HDFK ZKROH �FR�VLQXV

FRV�S�N�����[�� 7KH KLJKHVW µIUHTXHQF\¶ IRU ZKLFK WKLV RFFXUV LV WKH 1\TXLVW IUHTXHQF\�

7KH VROXWLRQV RI WKH FRQVROLGDWLRQ HTXDWLRQ DUH V\PPHWULFDO ZLWK UHVSHFW WR WKH ULJLG ERWWRP� +HQFH WKH

FRHIILFLHQWV DUH GHWHUPLQHG ZLWK DQ LPDJLQDU\ FRQWLQXDWLRQ RI WKH SURILOH EHORZ WKH ULJLG ERWWRP�

$FFRUGLQJO\ WKH QXPEHU RI GLVFUHWH SRLQWV LV WKXV WZLFH WKH QXPEHU RI VDPSOLQJ SRLQWV QRQ� &RQVHTXHQWO\

WKH QXPEHU RI )RXULHU FRPSRQHQWV QRN VKRXOG DOZD\V EH OHVV WKDQ RU HTXDO WR WKH QXPEHU RI VDPSOLQJ SRLQWV

QRQ�

��� ���� ������

7KH DERYH PHDQV WKDW LQ RUGHU WR GHWHUPLQH WKH FRQVROLGDWLRQ VROXWLRQ� DQ\ VPDOO WLPH VWHS LV SRVVLEOH

DQG DQ\ FRPELQDWLRQ RI SDUDPHWHUV LV SRVVLEOH� SURYLGHG D VXIILFLHQW QXPEHU RI )RXULHU FRPSRQHQWV LV XVHG�

DQG DFFRUGLQJO\ D VXIILFLHQW QXPEHU RI VDPSOLQJ SRLQWV� 7KLV OHDGV WR DQ LQFUHDVHG DPRXQW RI FDOFXODWLRQ

WLPH� SRVVLEO\ FRQIOLFWLQJ ZLWK WKH ILUVW SXUSRVH RI PDNLQJ D PRGHO IDVW ZLWK UHVSHFW WR QXPHULFDO VROXWLRQV�
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7KH FDOFXODWLRQ WLPH LQFUHDVHV PRUH WKDQ OLQHDUO\ ZLWK WKH QXPEHU RI VDPSOLQJ SRLQWV� $ PRUH H[DFW UHODWLRQ

ZLOO EH JLYHQ LQ FKDSWHU �� ZKHUH WKH ��'9 ZDWHU EHG PRGHO ZLOO EH YDOLGDWHG�

-�-� ������

� 7KH ��'9 ZDWHUEHG PRGHO FRQVLVWV RI WKUHH PRGXOHV� D GHSRVLWLRQ DQG HURVLRQ PRGXOH� D

FRQVROLGDWLRQ PRGXOH DQG WKH HQYHORSLQJ ��'9 ZDWHU EHG PRGXOH� 7KH HURVLRQ� GHSRVLWLRQ DQG

FRQVROLGDWLRQ SURFHVVHV KDYH GLIIHUHQW WLPH VFDOHV� 7KH WLPH VFDOH RI WKH GLIIXVLRQ WHUP LQ WKH *LEVRQ

HTXDWLRQ LV LQ WKH RUGHU RI D IHZ GD\V� ZKLFK LV PXFK ORQJHU WKDQ WKH WLPH VFDOH RI WKH HURVLRQ DQG

GHSRVLWLRQ� ZKLFK DUH LQ WKH RUGHU RI KRXUV� 7KH WLPH VFDOH RI WKH DGYHFWLRQ WHUP LQ WKH FRQVROLGDWLRQ

HTXDWLRQ LV D IHZ KRXUV DV ZHOO� $FFRUGLQJO\ DOUHDG\ FRQVLGHUDEOH VWUHQJWKHQLQJ FDQ RFFXU GXULQJ

VODFN WLGH �D SHULRG RI DERXW � KRXU�� 7KH DGYHFWLRQ WHUP LV QRW SUHVHQW LQ WKH SDUDPHWHULVDWLRQ

KRZHYHU� 7KHUHIRUH� LQ RUGHU WR PLQLPLVH FDOFXODWLRQ WLPH� WKH FRQVROLGDWLRQ FDQ EH VROYHG LQ D

SK\VLFDOO\ FRUUHFW PDQQHU DW D ORQJHU WLPH VWHS WKDQ WKH WLPH VWHS XVHG WR DFFRXQW IRU HURVLRQ DQG

GHSRVLWLRQ� 6LQFH WKH FRQVROLGDWLRQ LV QXPHULFDOO\ DQ H[SHQVLYH SURFHVV� WKLV LV YHU\ XVHIXO�

� $Q LPSOHPHQWDWLRQ �FRQILJXUDWLRQ� RI WKH GLIIHUHQW PRGXOHV LV SURSRVHG WKDW DOORZV HURVLRQ DQG

FRQVROLGDWLRQ FRPSXWDWLRQV WR KDYH GLIIHUHQW WLPH VWHSV� 7KLV OHDGV WR VRPH FRPSOLFDWLRQV KRZHYHU�

7KH HURVLRQ DQG GHSRVLWLRQ LQ WKH ��'9 ZDWHU EHG PRGHO KDYH WR EH FRPSXWHG PRUH RIWHQ WKDQ WKH

FRQVROLGDWLRQ PRGXOH� 7KH FXPXODWLYH HURVLRQ IURP WKH GHQVLW\ DQG HIIHFWLYH VWUHVV SURILOHV DQG WKH

FXPXODWLYH GHSRVLWLRQ� KDYH WR EH VWRUHG LQ D FDFKH EHIRUH WKH FRQVROLGDWLRQ PRGXOH FDQ DFFRXQW IRU

WKHP� 7KH FDFKHG GHSRVLWLRQ LV VXEMHFW WR HQWUDLQPHQW ZKHQ LW KDV QRW \HW EHHQ H[SRVHG WR

FRQVROLGDWLRQ�

� 7KH FRQVROLGDWLRQ WLPH VWHS LV QRW IL[HG� &RQVROLGDWLRQ LV RQO\ DFWLYDWHG ZKHQ D WUDQVLWLRQ IURP

GHSRVLWLRQ WR HURVLRQ RFFXUV� ,Q D ODNH IRU LQVWDQFH� HURVLRQ DOPRVW QHYHU RFFXUV� VR D PD[LPXP

FRQVROLGDWLRQ WLPH VWHS KDV WR EH DFFRXQWHG IRU� 7R RSWLPLVH WKH FDOFXODWLRQ SURFHGXUH� D PLQLPXP

WLPH VWHS IRU WKH FRQVROLGDWLRQ KDV WR EH WDNHQ LQWR DFFRXQW�

� 7KH HURVLRQ UDWH GXULQJ D :$4 WLPH VWHS DQG WKH SURJUHVVLRQ RI WKH HURVLRQ LV GHWHUPLQHG E\ PHDQV

RI DQ LWHUDWLRQ SURFHVV XVLQJ VPDOOHU WLPH VWHSV WKDQ WKH :$4 WLPHVWHS�

� 7KH SURILOHV RI WKH EHG SURSHUWLHV KDYH WR EH VDPSOHG WR VWRUH WKHP LQ WKH FRPSXWHU� $ VDPSOLQJ

V\VWHP ZLWK D IL[HG QXPEHU RI VDPSOLQJ SRLQWV DQG HTXLGLVWDQW VSDWLDO VWHSV LQ PDWHULDO FRRUGLQDWHV LV

FKRVHQ� ,W UHVHPEOHV WKH VLJPD�FRRUGLQDWH V\VWHP RI 'HOIW�'�IORZ� 7KLV V\VWHP LV HDV\ WR LPSOHPHQW

DQG NHHSV WKH VDPH FDOFXODWLRQ WLPH GXULQJ DQ HQWLUH VLPXODWLRQ� $ GLVDGYDQWDJH LV WKDW HYHU\ WLPH

HURVLRQ RU GHSRVLWLRQ WDNHV SODFH� DOO WKH VDPSOLQJ SRLQWV KDYH WR EH UHGLVWULEXWHG RYHU WKH QHZ

PDWHULDO KHLJKW� $W WKH VDPH WLPH WKH SURILOHV RI WKH GHQVLW\� WKH HIIHFWLYH VWUHVV DQG WKH RWKHU

SDUDPHWHUV KDYH WR EH LQWHUSRODWHG OLQHDUO\� 7KLV LV WLPH FRQVXPLQJ� 0RUHRYHU� WKH OLQHDU

LQWHUSRODWLRQ FDQ DIIHFW WKH DYHUDJH SURSHUWLHV QHDU WKH LQWHUIDFH LI WKH VDPSOLQJ UHVROXWLRQ LV WRR

FRDUVH� 7KH LQIOXHQFH RI WKLV HIIHFW LV QRW NQRZQ \HW� 7KH FRQVWDQW QXPEHU RI VDPSOLQJ SRLQWV

GHPDQGV WKDW ZKHQ DVVHVVLQJ WKH VSDWLDO UHVROXWLRQ� WKH DPRXQW RI PDWHULDO LQ WKH V\VWHP KDV WR EH

HVWLPDWHG� 7KH XVHU VKRXOG DOZD\V EH DZDUH RI WKLV�

� 7KH VROXWLRQ RI WKH FRQVROLGDWLRQ HTXDWLRQ LV ZULWWHQ DV D )RXULHU VHULHV� :KHQ WRR OLWWOH FRPSRQHQWV

DUH XVHG� WKH SURILOHV VKRZ RVFLOODWLRQV DQG EHFRPH XQVWDEOH� 2Q WKH EDVLV RI D QXPHULFDO H[SHULPHQW

IRU D VWHHS LQLWLDO GHQVLW\ JUDGLHQW� D VWDELOLW\ FULWHULRQ LV IRUPXODWHG� ZKHQ WKH QXPEHU RI )RXULHU

FRPSRQHQWV WLPHV WKH QRQ�GLPHQVLRQDO WLPH SDUDPHWHU W LV PRUH WKDQ ���� RVFLOODWLRQV ZLOO QRW RFFXU�

7KH SDUDPHWHU W LQFUHDVHV ZKHQ �L� WKH WLPH VWHSV RI WKH FRQVROLGDWLRQ LQFUHDVH� �LL� ZKHQ WKH DPRXQW

RI PDWHULDO ]L LQ WKH EHG GHFUHDVHV DQG �LLL� ZKHQ DQRWKHU FRPELQDWLRQ RI WKH SDUDPHWHUV .N� .V� DQG

' LV FKRVHQ� 7KH QXPEHU RI )RXULHU FRPSRQHQWV VKRXOG QRW H[FHHG WKH QXPEHU RI VDPSOLQJ SRLQWV�
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7KLV FKDSWHU KDV WZR DLPV� 7KH ILUVW LV WR YDOLGDWH WKH FRQVROLGDWLRQ PRGHO WKDW KDV EHHQ GHULYHG LQ WKH

SUHYLRXV FKDSWHU� 7KH VHFRQG LV WR SHUIRUP D VHQVLWLYLW\ DQDO\VLV RI WKLV PRGHO� 7KH PRGHO LV YDOLGDWHG XVLQJ

GDWD IURP D FRQVROLGDWLRQ H[SHULPHQW WKDW ZDV SHUIRUPHG RQ WKH VDPH PXG RQ ZKLFK DQ HURVLRQ H[SHULPHQW

KDV EHHQ SHUIRUPHG� 7KH UHVXOWV DQG FRQFOXVLRQV IURP WKH FRQVROLGDWLRQ H[SHULPHQW DUH XVHG ZKHQ WHVWLQJ

WKH HURVLRQ PRGHO LQ WKH QH[W FKDSWHU�

,Q WKLV FKDSWHU PXFK DWWHQWLRQ LV SDLG WR WKH GHWHUPLQDWLRQ RI WKH LQSXW SDUDPHWHUV RI WKH �'9�ZDWHUEHG

PRGHO� 7KH LQSXW SDUDPHWHUV DUH WKH HPSLULFDO FRHIILFLHQWV LQ WKH FRQVWLWXWLYH UHODWLRQV RI 0HUFNHOEDFK

EDVHG RQ D IUDFWDO GHVFULSWLRQ RI PXG� +H DOVR JDYH D PHWKRG WR GHWHUPLQH WKHVH SDUDPHWHUV� )URP KLV VWXG\

LW LV NQRZQ WKDW WKH SURSRVHG PHWKRG WR GHWHUPLQH WKH SDUDPHWHUV ZRUNV� UHSUHVHQWDWLYH YDOXHV RI WKH

SDUDPHWHUV FDQ EH REWDLQHG DQG LW LV SRVVLEOH WR GHVFULEH WKH GHYHORSPHQW RI WKH GHQVLW\ SURILOHV LQ WLPH

ZLWK WKHVH SDUDPHWHUV� 7KURXJK WKLV� WKH YDOLGLW\ RI WKH WKHRU\ RI WKH IUDFWDO GHVFULSWLRQ RI WKH PDWHULDO KDV

EHHQ FRUURERUDWHG� 7KH DLP RI WKLV VWXG\ KRZHYHU� LV WR FUHDWH D JHQHULF PRGHO IRU HQJLQHHULQJ SXUSRVHV

ZLWK D ZLGH ILHOG RI DSSOLFDWLRQ� )RU WKHVH NLQGV RI DSSOLFDWLRQV� NQRZOHGJH DERXW WKH YDULDWLRQ LQ

SDUDPHWHUV LV LQGLVSHQVDEOH DV ZHOO� 7KHUHIRUH DQ H[WHQVLYH DQDO\VLV RI WKH GDWD ZDV FRQVLGHUHG XVHIXO� 7KH

SXUSRVH RI WKLV H[WHQVLYH DQDO\VLV LV WR MXGJH ZKHWKHU WKH SDUDPHWHUV FDQ EH REWDLQHG HDVLO\� 7KH

PHDVXUHPHQWV RI 0HUFNHOEDFK >����@ DUH YHU\ DFFXUDWH DQG SUHFLVH� ZKHUHDV WKH PHDVXUHPHQWV RI .XLMSHU

>����@� ZKLFK DUH XVHG LQ WKLV VWXG\� DUH OHVV DFFXUDWH DQG OHVV SUHFLVH� ,Q HQJLQHHULQJ SUDFWLFHV

PHDVXUHPHQWV DUH RIWHQ SHUIRUPHG ZLWK D OLPLWHG DFFXUDF\� ZKLOH WKH PRGHO ZLOO EH XVHG LQ WKLV YHU\

HQJLQHHULQJ SUDFWLVH� $QRWKHU SXUSRVH RI WKH H[WHQVLYH GDWD DQDO\VLV LV WR DVVHVV ZKHWKHU WKH SDUDPHWHUV

REWDLQHG WKLV ZD\ DUH DFFXUDWH DQG UHOLDEOH�

7KH PRGHO SDUDPHWHUV PD\ YDU\ LQ D QXPEHU RI ZD\V� YDULDWLRQ EHFDXVH RI GLIIHUHQW NLQGV RI PXG�

YDULDWLRQ GXH WR HUURUV LQ WKH PHWKRG RI GHWHUPLQDWLRQ� DQG LQWULQVLF PD[LPXP DFFXUDF\� 7KH YDULDWLRQ

EHWZHHQ GLIIHUHQW NLQGV RI PXG FDQQRW EH GHWHUPLQHG DFFXUDWHO\ DW SUHVHQW� VLQFH RQO\ D IHZ NLQGV RI PXG

KDYH \HW EHHQ DQDO\VHG ZLWK WKH IUDFWDO GHVFULSWLRQ� $ ILUVW FRPSDULVRQ FDQ EH PDGH ZLWK WKH UHVXOWV IURP

0HUFNHOEDFK >����@ KRZHYHU� 7KH YDULDWLRQ LQ WKH SDUDPHWHUV GXH WR WKH PHWKRG RI GHWHUPLQDWLRQ LV WKH

PDLQ LVVXH LQ WKLV FKDSWHU� 7KH LQWULQVLF LQDFFXUDF\ LV GXH WR VRPH VLPSOLILFDWLRQV RI UHDOLW\ LQ WKH IUDFWDO

PRGHO �QR JDV� QR ELRORJLFDO DFWLYLW\� QR WKL[RWURS\� QRW WRR PXFK VDQG�VLOW�� +HQFH WKH SDUDPHWHUV FDQ QHYHU

EH GHWHUPLQHG ZLWK ���� DFFXUDF\� 7KLV LQWULQVLF YDULDWLRQ FDQ EH MXGJHG E\ PRGHOOLQJ WKH H[SHULPHQWDO

UHVXOWV ZLWK WKH ILWWHG SDUDPHWHUV�

7KH VWUXFWXUH RI WKLV FKDSWHU LV DV IROORZV� )LUVW WKH H[SHULPHQWV WKDW KDYH EHHQ SHUIRUPHG DUH GHVFULEHG�

7KHQ� VXFFHVVLYHO\� WKH SHUPHDELOLW\ SDUDPHWHUV� WKH HIIHFWLYH VWUHVV SDUDPHWHUV DQG WKH \LHOG VWUHVV

SDUDPHWHUV DUH GHWHUPLQHG� :LWK WKHVH SDUDPHWHUV� WKH UHVXOWV RI WKH SDUDPHWHULVDWLRQ DQG WKH QXPHULFDO

FRQVROLGDWLRQ PRGHO FDQ EH FRPSDUHG ZLWK WKH UHVXOWV RI WKH FRQVROLGDWLRQ WHVWV� 2QFH WKH SDUDPHWHUV DV

ZHOO DV WKHLU YDULDWLRQ DUH NQRZQ� WKH HURVLRQ WHVWV FDQ EH PRGHOOHG DV GHVFULEHG LQ WKH QH[W FKDSWHU� :LWK

WKH NQRZOHGJH RI WKH YDULDWLRQ RI WKH SDUDPHWHUV� D ZHOO IRXQGHG VHQVLWLYLW\ DQDO\VLV FDQ EH SHUIRUPHG� $

VXPPDU\ FRQFOXGHV WKLV FKDSWHU�

1��� ��	�������	��������$��$�����	

9DULRXV FKHPLFDO DQG SK\VLFDO SURSHUWLHV RI WKH VHGLPHQW KDYH EHHQ PHDVXUHG EHIRUH WKH HURVLRQ WHVWV LQ WKH

URWDWLQJ DQQXODU IOXPH DW :/ _ 'HOIW +\GUDXOLFV� 7KH VHGLPHQW SURSHUWLHV DUH HQFORVHG LQ DQQH[ ���� 7ZR

WHVWV KDYH EHHQ SHUIRUPHG WKDW FDQ EH XVHG WR GHWHUPLQH WKH SDUDPHWHUV RI WKH IUDFWDO GHVFULSWLRQ RI PXG�

)LUVW� WKH UHPROGHG VKHDU VWUHQJWK KDV EHHQ PHDVXUHG ZLWK D URWR�YLVFRPHWHU� :LWK D UHODWLRQ GHULYHG E\

.UDQHQEXUJ >����@� WKHVH GDWD FDQ EH XVHG WR GHWHUPLQH WKH IUDFWDO GLPHQVLRQ '� 6HFRQG� WKH FRQVROLGDWLRQ
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EHKDYLRXU RI WKH VHGLPHQW KDV EHHQ VWXGLHG� %HFDXVH RI SUDFWLFDO FRQVLGHUDWLRQV� WKH FRQVROLGDWLRQ RI WKH

VHGLPHQW OD\HU ZDV VWXGLHG LQ D VHSDUDWH FROXPQ� DQG QRW LQ WKH IOXPH ZKHUH LW KDV EHHQ H[SRVHG WR HURVLRQ�

$IWHU WKRURXJK PL[LQJ� WKH VHWWOLQJ FROXPQ LV ILOOHG WR D KHLJKW RI ��� P �ZLWK DQ LQLWLDO FRQFHQWUDWLRQ RI F  

�� NJ�P
�
IRU WKH ILUVW DQG �� NJ�P

�
IRU WKH VHFRQG H[SHULPHQW� WKLV HTXDOV D PDWHULDO KHLJKW RI ]  K Â F � UV  

���� P�  ��� D �� NJ�P
�
� � ����� NJ�P

�
�  ��� D ��� ��

��
P PDWHULDO�� 7ZR W\SHV RI PHDVXUHPHQWV KDYH EHHQ

SHUIRUPHG LQ WKLV H[SHULPHQW�

,Q WKLV FRQVROLGDWLRQ H[SHULPHQW� WKH KHLJKW RI WKH LQWHUIDFH EHWZHHQ WKH VXVSHQVLRQ DQG WKH FOHDU ZDWHU

DERYH KDV EHHQ PHDVXUHG DV D IXQFWLRQ RI WLPH� 7KH KHLJKW RI WKH VHGLPHQW�ZDWHU LQWHUIDFH LV GHWHUPLQHG E\

YLVXDO REVHUYDWLRQ� 7KLV LQWHUIDFH LV VKDUS DQG FDQ EH PHDVXUHG DFFXUDWHO\ E\ YLVXDO REVHUYDWLRQ �HUURU LQ

WKH RUGHU RI WKH PHQLVFXV KHLJKW � ��� PP�� )URP WKLV GDWD� WKH SHUPHDELOLW\ SDUDPHWHU .N DQG WKH IUDFWDO

GLPHQVLRQ ' DUH REWDLQHG LQ VHFWLRQ ���� 7KH GU\ GHQVLW\ SURILOH ZLWKLQ WKH EHG KDV EHHQ PHDVXUHG DV ZHOO�
��

)URP WKLV GDWD WKH HIIHFWLYH VWUHVV SDUDPHWHU �V DQG WKH IUDFWDO GLPHQVLRQ ' ZLOO EH REWDLQHG LQ VHFWLRQ

����

1�!� �������
���

*����� ;�	 �����)�������	�"���	�������/��"�	��

7KH IUDFWDO GLPHQVLRQ DQG WKH SHUPHDELOLW\ SDUDPHWHU .N FDQ EH REWDLQHG IURP WKH VHWWOLQJ GDWD E\ SORWWLQJ

WKH LQWHUIDFH KHLJKW YHUVXV WKH WLPH RQ GRXEOH ORJDULWKPLF SDSHU >0HUFNHOEDFK� ����@� 7KH VORSH RI WKH OLQH

FDQ EH UHODWHG WR WKH IUDFWDO GLPHQVLRQ DQG WKH SRVLWLRQ RI WKH OLQH WR WKH SHUPHDELOLW\ SDUDPHWHU� 7KH

UHODWLRQ E\ ZKLFK WKHVH SDUDPHWHUV FDQ EH GHWHUPLQHG LV D VLPSOLILFDWLRQ RI WKH *LEVRQ HTXDWLRQ� 7KH

DVVXPSWLRQ IRU WKLV VLPSOLILFDWLRQ LV WKDW GXULQJ WKH LQLWLDO FRQVROLGDWLRQ SURFHVV� WKH HIIHFWV RI HIIHFWLYH

VWUHVV DUH QHJOLJLEOH� 7KH *LEVRQ HTXDWLRQ FDQ WKHQ EH VLPSOLILHG E\ GLVFDUGLQJ WKH GLIIXVLRQ WHUP �WKH RQO\

WHUP FRQWDLQLQJ WKH HIIHFWLYH VWUHVV�� 6XEVWLWXWLRQ RI WKH SHUPHDELOLW\ UHODWLRQ N .NI
Q
\LHOGV�

� �
��

�
�

��

�	
� �N

Q� � ��� � ��

�����

7KLV UHVXOW LV D QRQ�OLQHDU FRQYHFWLRQ HTXDWLRQ� VLPLODU WR .\QFK¶V >����@ VHGLPHQWDWLRQ HTXDWLRQ� 7KLV

HTXDWLRQ FDQ EH VROYHG XVLQJ WKH PHWKRG RI FKDUDFWHULVWLFV� 7KH VROXWLRQ FDQ EH GHSLFWHG LQ D .\QFK�SORW�

WKDW ORRNV VLPLODU WR ILJXUH ��� �EXW WKHQ ZLWK WKH FKDUDFWHULVWLFV LQFOXGHG�� ,Q RUGHU WR MXGJH ZKHQ WKH

VLPSOLILFDWLRQ ��� LV YDOLG� WKH VHWWOLQJ EHKDYLRXU ZLOO EH GHVFULEHG VKRUWO\ E\ PHDQV RI WKLV ILJXUH�

,QLWLDOO\ WZR GLVFRQWLQXLWLHV DUH RIWHQ
��
REVHUYHG� WKH LQWHUIDFH EHWZHHQ WKH RYHUO\LQJ ZDWHU DQG WKH

VXVSHQVLRQ DQG WKH LQWHUIDFH EHWZHHQ WKH VXVSHQVLRQ DQG WKH EHG� 7R WKH OHIW RI ILJXUH ��� WKH ZKROH

VHGLPHQW�ZDWHU PL[WXUH LV VWLOO LQ WKH VXVSHQVLRQ SKDVH� 7KH VXVSHQVLRQ VHWWOHV LQLWLDOO\ ZLWK WKH VDPH

YHORFLW\ RYHU WKH YHUWLFDO� $V D UHVXOW D EHG VWDUWV WR IRUP QHDU WKH ULJLG ERWWRP RI WKH FROXPQ� LQ WKH ORZHU

SDUWV WKH GHQVLW\ DOUHDG\ H[FHHGV WKH JHOOLQJ SRLQW� ZKLOH WKH UHVW RI WKH FROXPQ LV VWLOO LQ VXVSHQVLRQ SKDVH�

7KLV LV WKH ILUVW LQWHUIDFH� $W WKH VDPH WLPH� DOO WKH VHGLPHQW GLVDSSHDUV IURP WKH XSSHU SDUW RI WKH FROXPQ

E\ WKH VHWWOLQJ RI WKH VHGLPHQW� 7KH ZDWHU EHFRPHV FOHDU WKHUH� 7KLV LV WKH VHFRQG LQWHUIDFH�

��
³7KH GU\ GHQVLW\ LV PHDVXUHG ZLWK D SUREH WKDW GHWHFWV WKH DWWHQXDWLRQ RI DQ DFRXVWLF VLJQDO GXH WR WKH SUHVHQFH RI WKH

VHGLPHQW �PDVV�� 7KH WUDQVGXFHUV DUH VKDSHG DV VPDOO F\OLQGHUV ZLWK D GLDPHWHU RI �� PP DQG D WKLFNQHVV RI ��� PP�

7KH YHUWLFDO UHVROXWLRQ LV DERXW � PP� 7KH SURILOH LV PHDVXUHG E\ ORZHULQJ WKH WUDQVPLWWHU DQG UHFHLYHU LQWR WKH

VHGLPHQW OD\HU� 'XULQJ WKH VXFFHVVLYH PHDVXUHPHQWV D ORZHULQJ RI WKH VHGLPHQW�ZDWHU LQWHUIDFH LV REVHUYHG DW WKH

ORFDWLRQ RI WKH PHDVXUHPHQWV� 7KLV DIIHFWV PDLQO\ WKH FRQFHQWUDWLRQ LQ WKH WRS OD\HU� 7KH PHDVXUHPHQWV DUH SHUIRUPHG

GXULQJ WKH FRQVROLGDWLRQ SHULRG RI � GD\V� ���� %HFDXVH RI WKH VL]H RI WKH WUDQVGXFHUV WKH PHDVXUHPHQWV LQ WKH XSSHU IHZ

PLOOLPHWUHV RI WKH OD\HU DUH XQUHOLDEOH�´ .XLMSHU >����@�
��
,I WKH LQLWLDO GHQVLW\ LV KLJKHU WKDQ D FHUWDLQ GHQVLW\� RQO\ RQH LQWHUIDFH LV SUHVHQW IURP WKH EHJLQQLQJ RI WKH

H[SHULPHQWV DFFRUGLQJ WR .UDQHQEXUJ >����@�
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Time [min.]

0.05

0.35
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consolidating bed

water

↔ t
1

↔ t
2

1 and 7 days of consolidation D = 2.59 Kk =1.7e−012 m/s

data 1 day consolidation     
data 7 day consolidation     
data used in least square fit
least square fit             
interface bed−suspension     

)LJXUH ��� � $YHUDJH H[DPSOH RI D OHDVW VTXDUH ILW RI WKH LQWHUIDFH YV� WLPH WR GHWHUPLQH WKH .N DQG '�

'XULQJ WKH SHULRG W  � WR W  W� WKH VROXWLRQ RI WKH XSSHU �VXVSHQVLRQ� SDUW RI WKH GHQVLW\ SURILOH LV VWLOO

GHWHUPLQHG E\ WKH KLQGHUHG VHWWOLQJ IRUPXODWLRQ� ZKLFK LV QRW LQFRUSRUDWHG LQ WKH SHUPHDELOLW\ IXQFWLRQ XVHG

WR GHULYH ���� &RQVHTXHQWO\ HTXDWLRQ ��� LV QRW YDOLG IRU W � W�� 7KH WZR LQWHUIDFHV PHHW DW WLPH W  W�� DIWHU

ZKLFK RQH VLQJOH GLVFRQWLQXLW\ UHPDLQV� EHWZHHQ WKH ZDWHU DQG WKH EHG� $W W  W� WKH HQWLUH VXVSHQVLRQ KDV

UHDFKHG LWV JHOOLQJ SRLQW �VWUXFWXUDO GHQVLW\�� )URP WKDW PRPHQW RQ� DOO WKH VHGLPHQW LQ WKH VHWWOLQJ FROXPQ LV

SUHVHQW LQ WKH FRQVROLGDWLQJ EHG� EXW WKH HIIHFWLYH VWUHVVHV LQ WKH EHG DUH VWLOO VPDOO �W � W��� )URP W  W� WR W  

W� WKH VROXWLRQ RI WKH GHQVLW\ SURILOH LV GHWHUPLQHG E\ ���� 7KH VROXWLRQ IRU W ! W� RQ LV LQGHSHQGHQW RI WKH

LQLWLDO FRQGLWLRQV� 7KH HIIHFWLYH VWUHVVHV VWDUW WR EHFRPH GRPLQDQW DW W ! W�� (TXDWLRQ ��� KDV EHHQ GHULYHG E\

QHJOHFWLQJ WKH HIIHFWLYH VWUHVV WHUPV� VR HTXDWLRQ ��� LV QRW YDOLG IRU W ! W�� $FFRUGLQJO\� WKH SHULRG W� � W � W�

LV FRQVLGHUHG WKH LQLWLDO SKDVH RI FRQVROLGDWLRQ ZKHQ WKH DSSUR[LPDWLRQ RI WKH *LEVRQ HTXDWLRQ WR GHWHUPLQH

WKH SDUDPHWHUV ' DQG .N LV YDOLG� )RU WKH LQWHUIDFH KHLJKW DV D IXQFWLRQ RI WLPH IRU WKH SHULRG W� � W � W�� DQ

DQDO\WLFDO VROXWLRQ KDV EHHQ GHULYHG E\ 0HUFNHOEDFK >����@� ,W UHDGV�
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$FFRUGLQJ WR WKLV HTXDWLRQ� SORWWLQJ WKH LQWHUIDFH KHLJKW YV� WLPH RQ D GRXEOH ORJ SDSHU UHVXOWV LQ D VWUDLJKW
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:KHQ SORWWLQJ WKH GDWD RQ GRXEOH ORJ SDSHU� WKH VORSH RI WKH VWUDLJKW OLQH WKURXJK WKH GDWD� 5� HTXDOV ���Q�
��
�

7KLV PHDQV WKDW ' FDQ EH GHWHUPLQHG DFFRUGLQJ WR

�
�

�
�

�

�

� �

� � �����

)XUWKHUPRUH� WKH SHUPHDELOLW\ SDUDPHWHU .N FDQ EH GHWHUPLQHG E\ VXEVWLWXWLRQ RI D VLQJOH PHDVXUHPHQW �K�W�

LQ ���� 7ZR FRPSOLFDWLRQV DUH PHW LQ WKLV DSSURDFK KRZHYHU� ZKHQ GRHV WKH WUDQVLWLRQ IURP WKH �KLQGHUHG�

VHWWOLQJ UHJLPH WR WKH DFWXDO FRQVROLGDWLRQ UHJLPH �W�� RFFXU� DQG ZKHQ DUH WKH HIIHFWLYH VWUHVVHV QR ORQJHU

QHJOLJLEOH �W��"

$W WKH WLPH RI REVHUYDWLRQ RI WKH ILUVW GDWD SRLQWV� WKH VHWWOLQJ FROXPQ LV VWLOO LQ WKH VXVSHQVLRQ SKDVH DQG

WKH PHWKRG WR GHWHUPLQH WKH SDUDPHWHUV LV QRW YDOLG� 7KH DSSURDFK LV YDOLG D VKRUW SHULRG DIWHU WKH PRPHQW

ZKHQ WKH LQWHUIDFH EHWZHHQ WKH ZDWHU DQG WKH VXVSHQVLRQ DQG WKH LQWHUIDFH EHWZHHQ WKH VXVSHQVLRQ DQG WKH

FRQVROLGDWLQJ EHG UHDFK HDFK RWKHU �W��� 7KH LQWHUIDFH EHWZHHQ WKH VXVSHQVLRQ DQG WKH FRQVROLGDWLQJ EHG

KRZHYHU� KDV QRW EHHQ PHDVXUHG� 2IWHQ WKLV LQWHUIDFH FDQQRW EH PHDVXUHG E\ YLVXDO REVHUYDWLRQ� VLQFH WKH

GHHSHU SDUWV RI WKH VHWWOLQJ FROXPQ DUH YHU\ WXUELG� 0RUHRYHU� WKLV LQWHUIDFH LV QRW VKDUS DW DOO�
��
6R HYHQ

ZKHQ ZH FDQ PHDVXUH WKLV LQWHUIDFH E\ PHDQV RI YLVXDO REVHUYDWLRQ� WKH HUURU LV TXLWH ODUJH� $Q HFKR

VRXQGHU� OHDGOLQH >0HKWD� ����@ RU D UDGLRDFWLYH GHYLFH VKRXOG EH XVHG WR PHDVXUH WKLV DFFXUDWHO\� 7KHVH

NLQGV RI PHDVXUHPHQWV DUH YHU\ H[SHQVLYH WKRXJK� 7KLV PHDQV WKDW JHQHUDOO\ ZH GR QRW DFFXUDWHO\ NQRZ W��

7KH PHWKRG WR GHWHUPLQH WKH SHUPHDELOLW\ SDUDPHWHUV LV YDOLG XQWLO WKH HIIHFWLYH VWUHVVHV DUH QR ORQJHU

QHJOLJLEOH� 7KH HIIHFWLYH VWUHVVHV VWDUW WR EHFRPH VLJQLILFDQW DW W § W� � $W WKH WLPH RI WKH REVHUYDWLRQ RI WKH

ODVW GDWD SRLQWV� WKH LQWHUIDFH ORFDWLRQ KDUGO\ FKDQJHV DQ\ PRUH� 7KH VHGLPHQW ZDWHU LQWHUIDFH FKDQJHV RQO\

����� P LQ WKH SHULRG EHWZHHQ � GD\ DQG � GD\V DIWHU WKH VWDUW RI WKH FRQVROLGDWLRQ� ZKLFK LV OHVV WKDQ �� RI

WKH WRWDO YDULDWLRQ �§ ZDWHU GHSWK�� %\ WKHQ WKH VHGLPHQW KDV IRUPHG DQ DOPRVW IXOO\ FRQVROLGDWHG EHG ZKHUH

WKH HIIHFWLYH VWUHVVHV DUH QR ORQJHU QHJOLJLEOH� +HQFH WKH GHYHORSPHQW RI WKH HIIHFWLYH VWUHVVHV DUH QRW

UHIOHFWHG LQ WKH LQWHUIDFH KHLJKW� 7KLV PHDQV WKDW ZH JHQHUDOO\ GR QRW NQRZ W� DFFXUDWHO\ HLWKHU�

6XPPDULVHG� 7KH GDWD FRYHU D ORQJHU SHULRG WKDQ WKH SHULRG WKDW LV QHHGHG �RU UDWKHU DOORZHG� IRU WKH

GHWHUPLQDWLRQ RI WKH SDUDPHWHUV� 7KXV WKH DSSUR[LPDWLRQ RI WKH *LEVRQ HTXDWLRQ LV YDOLG IRU VRPH RI WKH

GDWD SRLQWV LQ WKH PLGGOH RI WKH PHDVXUHPHQW VHULHV� ,W LV QRW GLUHFWO\ FOHDU ZKLFK GDWD SRLQWV VKRXOG EH

LQFRUSRUDWHG LQ WKH DQDO\VLV� :KHQ ILWWLQJ WKH GDWD SRLQWV RQ GRXEOH ORJDULWKPLF SDSHU E\ D VWUDLJKW OLQH� WKLV

OLQH VKRXOG EH EDVHG RQ VRPH RI WKH PLGGOH GDWD SRLQWV� %XW WKH FKRLFH RI OHDYLQJ RXW DQRWKHU GDWD SRLQW DW

HLWKHU HQG RI WKH GDWD VHULHV RU QRW� LQIOXHQFHV WKH VORSH DQG WKH RIIVHW RI WKH OLQH� GLIIHUHQW OLQHV DUH

SRVVLEOH� 7KLV LPSOLHV WKDW LI GLIIHUHQW SHRSOH GHWHUPLQH WKH SHUPHDELOLW\ SDUDPHWHUV RQ WKH VDPH

��
, SHUIRUPHG VRPH H[SHULPHQWV LQ D VHWWOLQJ FROXPQ DV ZHOO� 7KH JRDO RI WKLV ZDV WR JHW D IHHOLQJ IRU WKH UHDO EHKDYLRXU

RI PXG� , REVHUYHG D IHZ WKLQJV� )LUVW WKH LQWHUIDFH EHWZHHQ WKH VXVSHQVLRQ DQG WKH VHWWOHG EHG FDQQRW EH REVHUYHG E\

PHDQV RI FRORXU� 6HFRQG� WKH VXVSHQVLRQ SDUW DQG WKH FRQVROLGDWHG EHG FDQ EH GLVFHUQHG E\ PHDQV RI ILQH µSDWWHUQ¶ DW

WKH JODVV RXWHU ZDOO RI WKH FROXPQ� ,Q WKH VXVSHQVLRQ PDQ\ ILQH FKDQQHOV DQG LUUHJXODULWLHV FDQ EH VHHQ� ZKHUHDV WKH

FRQVROLGDWHG EHG ORRNV KRPRJHQHRXV� 7KH DFFXUDF\ RI WKLV GLVWLQFWLRQ LV LQ WKH RUGHU RI D IHZ FP� +RZHYHU� WKLV LV RQO\

REVHUYHG ZKHQ WKH FROXPQ LV QRW H[SRVHG WR VPDOO YLEUDWLRQV� 7KLUG� DW WKH WUDQVLWLRQ EHWZHHQ WKHVH WZR REVHUYHG

UHJLPHV� ODUJHU FDQDOV �GLDPHWHU RUGHU � PP� GHYHORS� VWHDGLO\ JURZLQJ XSZDUGV� 7KH XSZDUG YHORFLWLHV LQ WKHVH

FKDQQHOV LV DW OHDVW HTXDO WR WKH XSZDUG YHORFLWLHV RI WKH PRYLQJ VHGLPHQW SDUWLFOHV LQ WKH FKDQQHOV� WKDW KDYH EHHQ

HVWLPDWHG WR WUDYHO LQ WKH RUGHU RI D IHZ PP SHU VHFRQG� 7KH ODUJHVW FKDQQHOV VRPHWLPHV HYHQ UHDFKHG WKH LQWHUIDFH

EHWZHHQ WKH VXVSHQVLRQ DQG WKH FOHDU ZDWHU� $V WKH FKDQQHOV GHYHORS XSZDUGV� WKH VSHHG LQ WKHVH FKDQQHOV GURSV�

6XFFHVVLYHO\ QHZ FKDQQHOV DUH LQLWLDWHG DW D KLJKHU OHYHOV� RIWHQ XVLQJ �SDUWV RI � WKH URXWH RI WKH HDUOLHU FKDQQHOV WKDW

KDYH JRQH RXW RI XVH� &KDQQHOV VWD\ SUHVHQW LQ WKH FRQVROLGDWLQJ EHG DIWHU WKH\ KDYH VWRSSHG WR WUDQVSRUW ZDWHU� 7KLV

REYLRXVO\ OHDGV WR D ODUJHU SHUPHDELOLW\ RI WKH EHG WKDQ SUHGLFWHG E\ WKH IUDFWDO WKHRU\� %XW ZKHQ H[SRVHG WR VPDOO

YLEUDWLRQV �DV RQ D GHVN�� WKH FKDQQHOV FDQQRW EH VHHQ� 6R LQ HVWXDULQH EHGV WKH IUDFWDO DSSURDFK ZLOO EH PRUH YDOLG WKDQ

LQ WKH ODERUDWRU\� 0RUHRYHU� ZKHQ WKH ZDWHU DERYH WKH EHG KDV EHFRPH SHUIHFWO\ FOHDU �DIWHU � GD\�� DW WKH LQWHUIDFH

EHWZHHQ WKH EHG DQG WKH ZDWHU ORWV RI VPDOO FUDWHUV FDQ EH REVHUYHG� 7KH FKDQQHOV WKHUHIRUH QRW RQO\ GHYHORS QH[W WR WKH

RXWHU ZDOO RI WKH FROXPQ� ZKHUH WKH\ FDQ DFWXDOO\ EH VHHQ� EXW SUREDEO\ DOVR RYHU WKH HQWLUH FURVV�VHFWLRQ RI WKH FROXPQ�

0\ K\SRWKHVLV LV WKDW FKDQQHOV VWDUW WR GHYHORS DW WKH LQWHUIDFH EHWZHHQ WKH VXVSHQVLRQ DQG WKH EHG� 7KH IRUPLQJ RI D

YROXPH�ILOOLQJ QHWZRUN OHDGV WR VKDUS JUDGLHQWV LQ WKH SHUPHDELOLW\ UHVXOWLQJ LQ VKDUS JUDGLHQWV LQ WKH SRUH SUHVVXUH�

7KLV FDQ OHDG WR ORFDO IDLOXUH RI WKH VWUXFWXUH�
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PHDVXUHPHQWV� WKH UHVXOWV ZLOO EH GLIIHUHQW� $ IRUPDO SURFHGXUH LV QHHGHG WKDW ZLOO JXDUDQWHH WKH

UHSURGXFLELOLW\ RI WKH UHVXOWV� 6XFK D PHWKRG ZLOO EH SURSRVHG LQ VHFWLRQ ������ )LUVW RQH ILWWLQJ FDVH ZLOO EH

JLYHQ DV LOOXVWUDWLRQ�

$ UHSUHVHQWDWLYH ILW RI WKH GDWD FDQ EH VHHQ LQ ILJXUH ���� 7KH PRPHQW RI JHOOLQJ W� RI WKH EHG�VXVSHQVLRQ

DQG WKH VXVSHQVLRQ�ZDWHU LQWHUIDFH DW WKDW WLPH FDQ EH FDOFXODWHG RQFH WKH SHUPHDELOLW\ SDUDPHWHU DQG WKH

IUDFWDO GLPHQVLRQ DUH GHWHUPLQHG E\ D OHDVW VTXDUH ILW �VHH 0HUFNHOEDFK >����@�� 7KLV LQWHUVHFWLRQ VKRXOG EH

RQ WKH OHIW SDUW RI WKH OHDVW VTXDUH ILW� $V RQH FDQ VHH WKLV KROGV IRU WKLV ILW� 2Q WKH ULJKW VLGH RI WKH JUDSK RQH

FDQ VHH WKDW WKH GDWD SRLQWV WHQG WR D KRUL]RQWDO OLQH� WKH EHG LV LQ LWV ILQDO VWDJH RI FRQVROLGDWLRQ �W ! W�� 7KH

GHULYDWLYH ZLWK UHVSHFW WR WLPH LQ WKH *LEVRQ HTXDWLRQ LV ]HUR� 7KH DSSUR[LPDWLRQ RI WKH *LEVRQ HTXDWLRQ WR

GHWHUPLQH WKH SDUDPHWHUV ' DQG .N LV QRW YDOLG DQ\ PRUH LQ WKLV SDUW RI WKH JUDSK� 2QH FDQ VHH WKDW DOO WKH

GDWD SRLQWV WKDW DUH LQFOXGHG LQ WKH OHDVW VTXDUH ILW� DUH LQGHHG RQ WKH VWUDLJKW OLQH� 0RUHRYHU� RQH FDQ VHH

WKDW WKH GDWD SRLQWV ZKHUH WKH EHG LV LQ LWV ILQDO SKDVH DUH QRW RQ WKH OLQH DQ\ PRUH�

7KH SDUDPHWHUV DV GHWHUPLQHG E\ WKLV ILW DUH ' ���� DQG .N ���Â��
���

P�V� 7KH\ DUH LQ WKH VDPH RUGHU

RI PDJQLWXGH DV WKH SDUDPHWHUV IRXQG E\ 0HUFNHOEDFK >����@� ZKR IRXQG ' ���� WR ���� DQG YDOXHV RI .V

LQ WKH RUGHU RI �Â��
���

WR �Â��
���

P�V �VHH WDEOH ����� :LWK WKLV VLQJOH ILW� RQH FDQ FRQFOXGH WKDW LW LV SRVVLEOH

WR GHWHUPLQH WKH SDUDPHWHUV ' DQG .N RQ WKH EDVLV RI RQH VLPSOH REVHUYDWLRQ RI WKH VHWWOLQJ RI WKH LQWHUIDFH

LQ D VHWWOLQJ FROXPQ� %XW RWKHU ILWV PLJKW DOVR OHDG WR JRRG UHVXOWV� +HQFH WKH QH[W TXHVWLRQ LV ZKHWKHU WKHVH

YDOXHV DUH DFFXUDWH DQG UHOLDEOH�

*����� 3���	�������/��"�	��8�"��	�/�������	��,������	�

%\ ILWWLQJ D VLQJOH OLQH� UHSUHVHQWDWLYH YDOXHV IRU ' DQG .N FDQ EH REWDLQHG� %XW DV DUJXHG LQ WKH LQWURGXFWLRQ

RI WKLV FKDSWHU� WKLV LV D QHZ WHFKQLTXH DQG LW LV YHU\ XVHIXO WR KDYH LQIRUPDWLRQ RI WKH YDULDWLRQ RI WKLV

SDUDPHWHUV DV ZHOO� $ PHWKRG WR DFFRXQW IRU WKLV LV WR JHQHUDWH D ODUJH QXPEHU RI YDOLG OHDVW VTXDUH OLQHV

DXWRPDWLFDOO\�
��
(DFK RI WKHVH OLQHV UHVXOWV LQ D GLIIHUHQW FRPELQDWLRQ RI ' DQG .N� 7KLV VHW �' �.N� FDQ EH

XVHG DV DQ HVWLPDWH RI WKH GLVWULEXWLRQ RI ' DQG .N� ,W JLYHV DQ LQGLFDWLRQ RI WKH SRVVLEOH UDQJH RI WKH

SDUDPHWHUV� $ PHWKRG KDV WR EH IRXQG WR JHQHUDWH VHWV RQ ZKLFK OHDVW VTXDUH ILWV FDQ EH EDVHG�

$Q RSWLRQ LV WR JHQHUDWH DOO SRVVLEOH FRPELQDWLRQV RI OHDYLQJ RXW DQ DUELWUDU\ QXPEHU RI WKH ILUVW DQG�RU

ODVW GDWD SRLQWV RI WKH PHDVXUHPHQW VHULHV� 7KLV PHWKRG LV EDVHG RQ WKH NQRZOHGJH WKDW WKH DSSURDFK LV RQO\

YDOLG IRU D VHW RI GDWD SRLQWV LQ WKH PLGGOH RI WKH UDQJH� �7R DFFRXQW IRU WKH HUURUV LQ WKH GDWD VHW� RQH FRXOG

DOVR ILW OLQHV IRU DOO FRPELQDWLRQV RI OHDYLQJ RXW �������Q UDQGRP FKRVHQ GDWD SRLQWV� 7KLV PHWKRG IURP

VWDWLVWLFV LV NQRZQ DV WKH %RRWVWUDS PHWKRG�� +RZHYHU� DW OHDVW WZR SRLQWV DUH QHHGHG WR GHWHUPLQH D OLQH LQ

D SODQH� /LQHV ILWWHG RQ RQO\ WZR GDWD SRLQWV� KRZHYHU� FDQ OHDG WR XQUHDOLVWLF UHVXOWV WKDW DUH LPPHGLDWHO\

VHHQ WR EH LQYDOLG� 7KHUHIRUH WKH UHTXLUHPHQW LV XVHG WKDW DW OHDVW WKUHH GDWD SRLQWV VKRXOG EH XVHG IRU D

�� $ GDWD VHW � � � � � �� �� $ � � � $ $ $Q

7

Q

7
� ��� � ���� � � � � FDQ EH GHVFULEHG E\ D UHODWLRQ

$ � �
S� � � 7KLV UHODWLRQ FDQ EH ZULWWHQ DV D OLQHDU UHODWLRQ ZKHQ WDNLQJ WKH QDWXUDO ORJDULWKP RI ERWK VLGHV�

� ���� ��� ��� ���$ � � � � � % � & �
S� � � � � � � �

+HUHLQ WKH GDWD VHW � �& %� LV NQRZQ DQG WKH VHW � � � �� � � �� � ���� KDV WR EH GHWHUPLQHG� 7KLV UHODWLRQ FDQ

EH ZULWWHQ LQ PDWUL[ IRUP�

% � & �� � � % &
�

�
% � ��

�
��
�
��
� ��

7KH OHDVW VTXDUH VROXWLRQ RI WKLV SUREOHP LV >/D\� ����@�

� �� % � � � � � � � %7 7 7 7� � �
��

7KH LQYHUVH FDOFXODWLRQ FDQ EH FDUULHG RXW E\ 0DWODE YHU\ IDVW�
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VLQJOH OLQH� (YHQ WKLV UHTXLUHPHQW� WKRXJK� FDQ OHDG WR YHU\ XQUHDOLVWLF ILWV� 7KHVH ILWV ZLOO EH RPLWWHG RQ WKH

EDVLV RI YLVXDO LQVSHFWLRQ� 6RPH H[DPSOHV RI WKHVH XQUHDOLVWLF ILWV FDQ EH VHHQ LQ DQQH[ ����

7KH VHWWOLQJ RI WKH LQWHUIDFH KDV EHHQ PHDVXUHG IRU D RQH GD\ SHULRG DQG D VHYHQ GD\ SHULRG VHSDUDWHO\

�DOWKRXJK D RQH GD\ H[SHULPHQW LV DOVR D SDUW RI D VHYHQ GD\ H[SHULPHQW�� 7KH ILUVW H[SHULPHQW FRYHUV ��

REVHUYDWLRQV DQG WKH VHFRQG ��� 7KH GDWD FRYHULQJ WKH ILUVW GD\ RI WKHVH WZR VHSDUDWH PHDVXUHPHQWV VKRXOG

FRLQFLGH� EXW WKH\ VKRZ D UHODWLYHO\ ODUJH YDULDWLRQ� 7KLV GLIIHUHQFH EHWZHHQ WKHVH WZR PHDVXUHPHQWV FDQ EH

XVHG DV DQ HVWLPDWH RI WKH H[SHULPHQWDO HUURUV� 7R DFFRXQW IRU WKLV� D WKLUG VHW LV DVVHPEOHG E\ MRLQLQJ WKH

UHVXOWV RI WKH WZR H[SHULPHQWV �ZLWK �� � ��  �� REVHUYDWLRQV�� 7KH GLVWULEXWLRQ RI ' DQG .N ZLOO EH

REWDLQHG IRU WKH � DQG � GD\ H[SHULPHQW WRJHWKHU DQG VHSDUDWHO\� 7KLV UHVXOWV LQ WKUHH SDLUV RI SDUDPHWHUV

�VHH 7DEOH �����

([SHULPHQW 1XPEHU RI REVHUYDWLRQV 1XPEHU RI SRVVLEOH OHDVW VTXDUH ILWV

� GD\ FRQVROLGDWLRQ �� ���

� GD\ FRQVROLGDWLRQ �� ���

� DQG � GD\ FRQVROLGDWLRQ �� ���

7DEOH ���

,Q ILJXUH ��� RQH FDQ VHH RQH RI WKHVH JHQHUDWHG ILWV� �1RWH WKDW ERWK D[HV DUH RQ ORJ VFDOH�� 7KH GDWD RI

WKH � DQG � GD\ H[SHULPHQW KDYH EHHQ XVHG ERWK LQ WKLV ILW� QLQH GDWD SRLQWV KDYH EHHQ GLVFDUGHG RQ WKH OHIW

VLGH DQG VHYHQ RQ WKH ULJKW VLGH� 7KH UHVXOWV RI DOO WKH ILWV DUH GHSLFWHG LQ ILJXUH ��� DQG ����

7KH SDUDPHWHUV KDYH EHHQ GHWHUPLQHG IRU DOO ��� SRVVLEOH ZD\V RI OHDYLQJ RXW RI GDWD SRLQWV DW WKH VWDUW

DQG HQG RI WKH VHULHV� 7KH DYHUDJH YDOXHV RI .N  �Â��
���

P�V DQG ' ���� VKRZ JRRG DJUHHPHQW ZLWK WKH

SDUDPHWHU YDOXHV WKDW DUH GHWHUPLQHG E\ 0HUFNHOEDFK� ZKR IRXQG ' ���� WR ���� DQG YDOXHV RI .V LQ WKH

RUGHU RI �Â��
���

WR �Â��
���

P�V �WDEOH ����� 0RUHRYHU� WKH PRGDO YDOXHV �WKH YDOXHV QHDU WKH SHDN RI WKH

GLVWULEXWLRQV RU WKH PRVW IUHTXHQW YDOXHV� DUH LQ WKH VDPH RUGHU �ILJXUH ����� 7KH YDOXHV RI WKH SDUDPHWHUV

KRZHYHU VKRZ D ODUJH YDULDWLRQ� (VSHFLDOO\ WKH YDULDWLRQ LQ WKH SHUPHDELOLW\ SDUDPHWHU LV ODUJH� 7KH

VHQVLWLYLW\ RI WKH SHUPHDELOLW\ SDUDPHWHU WR WKH IUDFWDO GLPHQVLRQ LV KLJK� 7KLV ZDV DOUHDG\ UHFRJQLVHG E\

0HUFNHOEDFK DQG FDQ EH REVHUYHG IURP KLV UHVXOWV RI KLV &7 VHULHV DV ZHOO �WDEOH ����� 0RUHRYHU� WKH IUDFWDO

GLPHQVLRQ GRHV OLH LQ WKH WKHRUHWLFDO H[SHFWHG UDQJH LQ WKH EHG RI DERXW ��� WR ��� DFFRUGLQJ WR :LQWHUZHUS

>����@�

([SHULPHQW P �'� V �'� P �.N� V �ORJ�.N ��
��

P�V P�V

.XLMSHU >����@ ± FXUUHQW DQDO\VLV ���� ���� � WR �Â��
���

��
���

0HUFNHOEDFK >����@ &6 VHULHV ���� ���Â��
���

0HUFNHOEDFK >����@ &7 VHULHV E\ SHUPHDELOLW\ GDWD ���� ���Â��
���

0HUFNHOEDFK >����@ &7 VHULHV IURP VHWWOLQJ LQWHUIDFH ���� ���Â��
���

0HUFNHOEDFK >����@ '7 VHULHV ���� ���Â��
���

0HUFNHOEDFK >����@ 7RZQVHQG 	 0F 9D\ ���� ����Â��
���

7DEOH ��� 6WDWLVWLFDO SURSHUWLHV �DYHUDJH P DQG VWDQGDUG GHYLDWLRQ V� RI WKH UHVXOWV RI WKH DOO WKH OHDVW VTXDUH ILWV RI WKH LQWHUIDFH

YV� WLPH WR GHWHUPLQH WKH .N DQG '

7KH UDQJH RI WKH SDUDPHWHUV REWDLQHG LV ODUJH� :KDW YDOXH FDQ ZH FRQVLGHU WR EH UHSUHVHQWDWLYH" 7KH

PRGDO YDOXHV LQ ILJXUH ��� JLYH WKH ILW ZLWK WKH KLJKHVW SUREDELOLW\ RI EHLQJ ILWWHG LQ D VLQJOH OHDVW VTXDUH ILW

SURFHGXUH� 7KHUHIRUH WKH UHFRPPHQGDWLRQ LV WR XVH WKH PRGDO YDOXH RI WKH GLVWULEXWLRQ RI ' DQG WKH

��
7KH VWDQGDUG GHYLDWLRQ V RI ORJ�.N� LV V ���� $QG ��

���
§����� 7KLV PHDQV WKDW WKH VWDQGDUG GHYLDWLRQ LV ��� RUGHUV RI

PDJQLWXGH DQG WKDW �� � RI WKH GDWD OLH ZLWKLQ D IDFWRU ���� RI WKH DYHUDJH YDOXH� ��
���
���

���
� 1RWH WKDW WKH FRQVWLWXWLYH

UHODWLRQ FDQ DOVR EH ZULWWHQ LQ D ZD\ WKDW OHDGV WR D PXFK VPDOOHU YDULDWLRQ LQ WKH SDUDPHWHUV� 7KH SDUDPHWHU .N
���Q

VKRZV D PXFK VPDOOHU YDULDWLRQ WKDQ .N� N  .N I
�Q
 �.N

��Q
I�

�Q
�
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FRUUHVSRQGLQJ .N �VHH ILJXUH ���� DV WKH PDWHULDO SDUDPHWHUV DQG QRW WKH DYHUDJH YDOXHV� ' ���� LV

UHFRPPHQGHG� 7KLV SHDN YDOXH LV LQGHSHQGHQW RI WKH SHUVRQ ZKR SHUIRUPV WKH DQDO\VLV� DQG LQGHSHQGHQW RI

WKH QXPEHU RI GDWD SRLQWV XVHG �GLVFDUGHG� LQ WKH DQDO\VLV� 7KHUHIRUH LW FRPSOLHV ZLWK WKH FULWHULRQ RI

UHSURGXFLELOLW\ RI WKH DQDO\VLV� ,W VKRXOG EH FKHFNHG WKRXJK WKDW WKH OLQH FRUUHVSRQGLQJ WR WKH SHDN YDOXH

ORRNV VDWLVIDFWRU\ RQ ORJ�ORJ VFDOH� 7KH OHDVW VTXDUH H[DPSOH LQ ILJXUH ��� KDV D IUDFWDO GLPHQVLRQ HTXDO WR

WKH SHDN YDOXH �' ����� DQG GRHV LQGHHG ORRN VDWLVIDFWRU\�
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)LJXUH ��� � +LVWRJUDP RI WKH UHVXOWV RI WKH DOO WKH OHDVW VTXDUH ILWV RI WKH LQWHUIDFH YV� WLPH E\ .XLMSHU HW DO� >����@ WR GHWHUPLQH WKH

.N DQG ' �� DQG � GD\ H[SHULPHQW WRJHWKHU�� 0RGDO YDOXH RI IUDFWDO GLPHQVLRQ LV ' �����

7KH JUDSKV ZLWK DOO WKH OHDVW VTXDUH ILWV KDYH EHHQ LQVSHFWHG LQGLYLGXDOO\� )RU PRVW RI WKHVH JUDSKV� WKH

SRLQW ZKHUH WKH VXVSHQVLRQ SKDVH GLVDSSHDUV EHWZHHQ WKH IUHVK ZDWHU DQG WKH FRQVROLGDWLQJ EHG �W��� LV RQ

WKH OHDVW VTXDUH OLQH� 7KH YHU\ ORZ YDOXHV RI WKH SHUPHDELOLW\ SDUDPHWHUV FRUUHVSRQG ZLWK WKH FDVH ZKHUH

RQO\ WKH SRLQWV RQ WKH YHU\ ULJKW VLGH RU WKH SRLQWV RQ WKH YHU\ OHIW VLGH DUH ILWWHG� 7KHVH OLQHV DUH YHU\ IODW�

WKH\ OHDG WR D ORZ SHUPHDELOLW\ SDUDPHWHU DQG D KLJK IUDFWDO GLPHQVLRQ� �)RU H[WUHPH H[DPSOHV VHH DQQH[

����� 7KH IHZ YHU\ KLJK YDOXHV RI WKH SHUPHDELOLW\ SDUDPHWHU FRUUHVSRQG ZLWK FDVHV ZKHUH RQO\ � WR � SRLQWV

RI WKH PLGGOH SDUW RI WKH JUDSK KDYH EHHQ ILWWHG� 7KH VPDOO HUURUV LQ WKHVH REVHUYDWLRQV FDQ OHDG WR YHU\

VWHHS� RGG OLQHV �VHH DQQH[ �����

7KH JUDSKV RI WKH GLVWULEXWLRQV VXJJHVW WKDW RQH FDQ XVH WKH VWDWLVWLFDOO\ GHULYHG DYHUDJH RU WKH PRGDO

YDOXH �PRVW IUHTXHQW YDOXH� RI HDFK SDUDPHWHU� 7KLV LV QRW WUXH� EHFDXVH WKH YDOXHV RI SHUPHDELOLW\

SDUDPHWHU DQG WKH IUDFWDO GLPHQVLRQ IURP D VLQJOH ILW DUH FRXSOHG WR HDFK RWKHU� 7KLV FDQ EH VHHQ LQ ILJXUH

���� ,Q WKLV ILJXUH HYHU\ SRLQW UHSUHVHQWV WKH YDOXHV �.N �'� REWDLQHG IURP RQH VLQJOH ILW� 6PDOO YDOXHV RI WKH

IUDFWDO GLPHQVLRQ DUH DFFRPSDQLHG E\ ODUJH YDOXHV RI WKH SHUPHDELOLW\ SDUDPHWHU DQG YLFH YHUVD� 7KH

FRPELQDWLRQ �.N �'� WR UHSUHVHQW WKH GDWD� VKRXOG ILW WKLV UHODWLRQVKLS� 7KLV UHODWLRQVKLS LV QRW RQH ZLWK D

SK\VLFDO EDVLV KRZHYHU� $OO SRVVLEOH OLQHV WKURXJK WKH PDVV FHQWUH SRLQW RI WKH GDWD � � �� 	 REH\ WKLV

UHODWLRQVKLS� D VWHHSHU OLQH �ODUJHU '� ZLOO KDYH D KLJKHU LQWHUVHFWLRQ ZLWK WKH ORJ�K� D[LV� OHDGLQJ WR D

VPDOOHU .N� %HFDXVH RI WKH ORJ VFDOHV� D VPDOO FKDQJH LQ WKH VORSH RI WKH OLQHV LV DFFRPSDQLHG E\ D ODUJH

FKDQJH LQ .N� 0RUHRYHU� WKH SDUDPHWHU Q �����'� JRYHUQV WKH VORSH� 6LQFH ' LV FORVH WR �� D VPDOO FKDQJH LQ

' LV DFFRPSDQLHG E\ D ODUJH FKDQJH LQ Q� 7KHVH HIIHFWV DFFRXQW IRU ODUJH YDULDWLRQ LQ .N� +RZHYHU� QRW DOO

WKH ILWWHG OLQHV JR WKURXJK WKH SRLQW � � �� 	 � 6RPH OLQHV ILW PDLQO\ WKH GDWD SRLQWV ZLWK WKH ORZ LQWHUIDFH

KHLJKW DW ��� PLQXWHV RU PRUH� 2WKHU OLQHV PDLQO\ ILW WKH GDWD SRLQWV ZLWK WKH LQWHUIDFH KHLJKW RI DOPRVW ��

FP LQ WKH ILUVW KRXU� 7KH XSZDUG RU GRZQZDUG VKLIW RI WKHVH ILWWHG OLQHV LV PXFK VPDOOHU WKDQ RQH RUGHU RI

PDJQLWXGH �OHVV WKDQ �� FP� DQG KHQFH WKLV ZLOO QRW VLJQLILFDQWO\ DIIHFW WKH SRVLWLRQ RI WKH SDLUV .N DQG ' WR

WKH VROLG OLQH LQ ILJXUH ���� 1RWH WKDW WKH SDUDPHWHUV REWDLQHG E\ 0HUFNHOEDFK >����@ DUH DOVR FORVH WR WKLV

OLQH�
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)LJXUH ��� � 5HODWLRQ SHUPHDELOLW\ N DQG I IRU YDULRXV VHWV ' DQG .N
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7KH UHODWLRQ EHWZHHQ WKH SHUPHDELOLW\ N DQG I KDV EHHQ SORWWHG LQ ILJXUH ��� IRU GLIIHUHQW FRPELQDWLRQV

RI ' DQG .N�IURP ILJXUH ���� 7KH ORZHU WKH IUDFWDO GLPHQVLRQ� WKH PRUH JUDGXDO WKH LQFUHDVH RI WKH

SHUPHDELOLW\ ZLWK I� 7KH KLJKHU WKH IUDFWDO GLPHQVLRQ WKH KLJKHU WKH SHUPHDELOLW\ DW WKH JHOOLQJ SRLQW� $OO

WKH OLQHV LQWHUVHFW DW GHQVLWLHV MXVW DERYH WKH JHOOLQJ SRLQW IJHO� ZKLFK LV ���� WR ����� 7KDW PHDQV WKDW WKH

FKRLFH RI D VHW ' DQG .N GRHV QRW PDWWHU PXFK LQ WKLV UHJLPH� 7KDW LV FRQYHQLHQW VLQFH WKH �'9�ZDWHUEHG

PRGHO XVHV WKH GHQVLW\ QHDU WKH LQWHUIDFH WR FDOFXODWH WKH HURVLRQ UDWH� $W WKH JHOOLQJ SRLQWV DQG DW KLJKHU

YROXPH IUDFWLRQV RI PXG ����� KRZHYHU� WKH SHUPHDELOLW\ FDQ FKDQJH E\ RQH RU PRUH RUGHUV RI PDJQLWXGH�

1�%� .���������	���		

*�$��� ;�	 �����)�������	�"���	������������	�!���	����/��"�	�

7KH HIIHFWLYH VWUHVV SDUDPHWHUV FDQ EH REWDLQHG E\ FRQVLGHULQJ WKH HTXLOLEULXP VROXWLRQ RI WKH *LEVRQ

HTXDWLRQ� �� �	 � � � 7KLV VLPSOLILFDWLRQ LV YDOLG DW WKH ILQDO VWDJH RI FRQVROLGDWLRQ RQO\� WKDW LV ZHOO SDVW

W  W�� 0HUFNHOEDFK >����@ KDV GHULYHG DQ DQDO\WLFDO VROXWLRQ RI WKH UHODWLRQVKLS EHWZHHQ WKH KHLJKW EHORZ

WKH ILQDO LQWHUIDFH DQG WKH GHQVLW\ LQ VWHDG\ VWDWH�
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$FFRUGLQJ WR WKLV HTXDWLRQ� SORWWLQJ WKH GLVWDQFH EHORZ WKH LQWHUIDFH YV� WKH GHQVLW\ RQ D GRXEOH ORJ SDSHU

UHVXOWV LQ D VWUDLJKW OLQH�
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:KHQ SORWWLQJ �K�]� YV� I RQ GRXEOH ORJ SDSHU� WKH VORSH RI WKH VWUDLJKW OLQH WKURXJK WKH GDWD� 5� HTXDOV

� � � � �� �� �� � � .V FDQ EH GHWHUPLQHG E\ VXEVWLWXWLQJ RQH SDLU �K�]�I�� 7KUHH GLIILFXOWLHV DULVH ZKHQ

DSSO\LQJ WKLV PHWKRG�

)LUVW� WKH PHDVXUHPHQWV RI �� KRXUV DQG ODWHU FDQQRW EH GLVFULPLQDWHG FOHDUO\ LQ ILJXUH ���� 7KH

PHDVXUHPHQW DW ��� KRXUV GRHV QRW GHSLFW WKH SURILOH ZLWK WKH KLJKHVW GHQVLWLHV� DV RQH ZRXOG H[SHFW� 7KLV

VXJJHVWV WKDW WKH DFFXUDF\ RI WKH PHDVXUHPHQWV LV QRW YHU\ JRRG� 7KH DFFXUDF\ LV LQ WKH RUGHU RI

�� �G G � ��� ��� ��� � 2QH H[SODQDWLRQ IRU WKH GLIIHUHQFHV EHWZHHQ WKH SURILOHV LV WKDW DOO SURILOHV RI

�� KRXUV DQG ODWHU DUH LQ WKH HTXLOLEULXP VLWXDWLRQ DQG WKDW WKH GLIIHUHQFHV DUH RQO\ GXH WR PHDVXUHPHQW

HUURUV� $QRWKHU H[SODQDWLRQ LV WKDW VRPH RI WKH SURILOHV DUH QRW \HW DW HTXLOLEULXP DQG WKDW WKH GLIIHUHQFH LV

�SDUWO\� GXH WR WKH H[FHVV SRUH SUHVVXUHV� 7KH GHQVLWLHV RI WKH SURILOHV RI �� DQG �� KRXUV DUH LQGHHG ORZHU

WKDQ WKH GHQVLWLHV RI WKH RWKHU SURILOHV� VR WKH\ FDQ VWLOO KDYH ODUJHU H[FHVV SRUH SUHVVXUHV WKDQ WKH RWKHUV�

7KH TXHVWLRQ WKDW QHHGV WR EH DQVZHUHG LV� :KDW PRPHQW LQ WLPH FDQ EH FRQVLGHUHG DV WKH ILQDO VWDJH RI WKH

FRQVROLGDWLRQ" 7KH WLPH VFDOH RI WKH FRQVROLGDWLRQ LV �VHH HTXDWLRQ �����

�
�

� � �

Z L

N

'

UHS

'
�

� �

� 

	V

�

� � �����

:LWK DQ HVWLPDWH IRU WKH SDUDPHWHUV �' ����� .V �Â��
���
3D� .N �Â��

�
P�V� ]L ��� P Â �� NJ �P

�
� ���� NJ

�P
�
 ��� PP DQG VCUHS �UV ± UZ� Â J Â ]L � WKH WLPH VFDOH RI WKH FRQVROLGDWLRQ DPRXQWV WR 7 § �Â��

�
VHF� § ��

KU� 7KH ILUVW WHUP LQ WKH VROXWLRQ VHULHV RI WKH SDUDPHWHULVDWLRQ �HTXDWLRQ ����� GHFD\V ZLWK

���� � � �� S
�

� 	 � � � ����� � �� � 	 � 7KH RWKHUV WHUPV GHFD\ IDVWHU� 7KDW PHDQV WKDW DIWHU �� KRXUV DERXW ��

� RI WKH FRQVROLGDWLRQ KDV EHHQ DFKLHYHG� DIWHU �� KRXUV FD� ���� DQG DIWHU �� KRXUV ���� $W �� KRXUV� WKH

H[FHVV SRUH SUHVVXUHV DUH DERXW HTXDO WR WKH HUURU LQ WKH PHDVXUHPHQWV� 7KHUHIRUH� WKH SURILOH FDQ EH
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FRQVLGHUHG WR EH LQ WKH ILQDO VWDJH RI FRQVROLGDWLRQ DIWHU DERXW �� KRXUV� 7KXV DOO WKH GDWD SRLQWV H[FHSW WKH

RQHV DW � DQG �� KRXUV FDQ EH XVHG WR GHWHUPLQH WKH HIIHFWLYH VWUHVV SDUDPHWHU DQG WKH IUDFWDO GLPHQVLRQ�
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)LJXUH ��� � 0HDVXUHPHQWV E\ .XLMSHU HW DO� >����@ RI GHQVLW\ SURILOHV DW UHJXODU LQWHUYDOV RI � PP�

$ VHFRQG FRPSOLFDWLRQ LV WKDW WKH HTXLOLEULXP SURILOH DV GHVFULEHG E\ WKH *LEVRQ HTXDWLRQ DQG WKH

FRQVWLWXWLYH UHODWLRQV RI 0HUFNHOEDFK >����@ VKRZV D OLQHDU LQFUHDVH RI WKH HIIHFWLYH VWUHVV ZLWK GHSWK DQG D

VPRRWK FXUYHG GHQVLW\ SURILOH ZLWKRXW LQIOHFWLRQ SRLQWV� 0RUHRYHU� WKH GHQVLW\ JUDGLHQW QHDU WKH ULJLG

ERWWRP LV DOPRVW ]HUR� 7KH PHDVXUHG SURILOHV KRZHYHU VKRZ D GHQVLW\ SURILOH ZLWK D WDLO ZLWK D YHU\ KLJK

GHQVLW\ QHDU WKH ULJLG ERWWRP �DQG WKXV DQ LQIOHFWLRQ SRLQW�� 0RUHRYHU WKH JUDGLHQW QHDU WKH ULJLG ERWWRP LV

YHU\ ODUJH� 6XFK EHKDYLRXU FDQ EH H[SODLQHG E\ WKH SUHVHQFH RI VDQG� DFFRUGLQJ WR 0HUFNHOEDFK >����@� 7KH

FRPSRVLWLRQ RI WKH VHGLPHQW KDV EHHQ GHWHUPLQHG LQ .XLMSHU >����@� ,QGHHG� WKH FRPSRVLWLRQ VKRZV D TXDUW]

SHUFHQWDJH RI �� �� 6DQG LV NQRZQ WR KDYH D PXFK KLJKHU VHWWOLQJ VSHHG WKDQ PXG �DJJUHJDWHV�� 'XULQJ WKH

FRQVROLGDWLRQ WKH VDQG VHJUHJDWHV IURP WKH PXG DQG IRUPV D VDQG OD\HU QHDU WKH ULJLG ERWWRP �VHJUHJDWLRQ LV

GHSHQGHQW RQ WKH LQLWLDO FRQGLWLRQ WKRXJK�� 2Q WRS RI WKLV VDQG OD\HU WKH FRQVROLGDWLQJ PXG SURILOH VWDUWV WR

IRUP� 7KHUHIRUH WKH ORZHU SDUWV RI WKH GHQVLW\ SURILOHV VKRXOG EH QHJOHFWHG ZKHQ GHWHUPLQLQJ WKH HIIHFWLYH

VWUHVV SDUDPHWHUV� +RZHYHU� WKH VDQG SDUWLFOHV KDYH D VL]H GLVWULEXWLRQ �TXDUW] FDQ HYHQ EH SUHVHQW LQ WKH VLOW

UDQJH�� 7KHUHIRUH� QRW DOO WKH VDQG ZLOO VHWWOH VR IDVW WR IRUP D VDQG OD\HU EHORZ WKH FOD\ OD\HU� 6RPH VDQG

SDUWLFOHV DUH VPDOO DQG ZLOO EHFRPH SDUW RI WKH FRQVROLGDWLQJ PXG EHG� 7KHUHIRUH WKH KHLJKW RI WKH VDQG

OD\HU LV QRW LPPHGLDWHO\ FOHDU� $FFRUGLQJO\� LW LV QRW FOHDU KRZ PDQ\ GDWD SRLQWV KDYH WR EH GLVFDUGHG RQ WKLV

VLGH RI WKH PHDVXUHPHQW VHULHV� 0RVW QDWXUDO VHGLPHQWV FRQWDLQ VRPH VDQG� DQG WKLV SUREOHP LV PHW LQ PRVW

HQJLQHHULQJ FDVHV >9DQ /HGGHQ� ����@�

7KH WKLUG FRPSOLFDWLRQ LV WKDW WKH HTXLOLEULXP SURILOH DV GHVFULEHG E\ WKH *LEVRQ HTXDWLRQ DQG WKH

FRQVWLWXWLYH UHODWLRQV RI 0HUFNHOEDFK >����@ VKRZV D VWHHS JUDGLHQW LQ WKH GHQVLW\ SURILOH QHDU WKH LQWHUIDFH�

7KH PHDVXUHPHQWV RI WKH GHQVLW\ LQ .XLMSHU >����@ KDYH EHHQ SHUIRUPHG DW IL[HG OHYHOV� 7KDW PHDQV WKDW

VRPH RI WKH PHDVXUHPHQWV ZHUH SHUIRUPHG MXVW EHORZ� RWKHUV MXVW DERYH WKH LQWHUIDFH� 7KH OHYHO RI WKH

LQWHUIDFH LV QRW LPPHGLDWHO\ FOHDU LQ WKHVH H[SHULPHQWV� LW LV RQO\ NQRZQ LQ EHWZHHQ WZR VXFFHVVLYH OHYHOV�

7KHUHIRUH WKH LQWHUIDFH KHLJKW LV UHWULHYHG IURP WKH PHDVXUHPHQWV RI WKH VHWWOLQJ RI WKH LQWHUIDFH� 'XH WR WKH

ODUJH JUDGLHQW LQ WKH GHQVLW\ QHDU WKH LQWHUIDFH� D VPDOO FKDQJH LQ WKH PHDVXUHPHQW OHYHO ZLOO DOZD\V EH

DFFRPSDQLHG E\ D ODUJH FKDQJH LQ WKH GHQVLW\� $GGLWLRQDOO\� WKH PHDVXUHPHQWV QHDU WKH LQWHUIDFH DUH
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XQUHOLDEOH GXH WR WKH PHDVXULQJ GHYLFH� 7KH H[SHFWHG ODUJH HUURUV QHDU WKH LQWHUIDFH DUH LQGHHG UHIOHFWHG LQ

WKH GDWD� 7KH LQWHUIDFH KHLJKW DW WKH ILQDO VWDJH RI FRQVROLGDWLRQ LV ��� FP� ZKLOH WKH KLJKHVW PHDVXUHPHQW

KDV EHHQ GRQH DW ��� FP� 0RUHRYHU� WKH GHQVLW\ PHDVXUHPHQWV RI WKH HTXLOLEULXP SURILOH DW WKH WRS UDQJH

IURP ��� WR ��� >NJ�P
�
@ �VHH WDEOH ����� 0HDVXULQJ WKH YHU\ VPDOO GHQVLWLHV QHDU WKH LQWHUIDFH LV GLIILFXOW� DV

FDQ DOVR EH VHHQ LQ 0HUFNHOEDFK >����@� 7KLV SUREOHP ZLOO EH PHW LQ PRVW HQJLQHHULQJ FDVHV�

&RQVROLGDWLRQ WLPH >KRXUV@ �� �� ��� ���

'U\ GHQVLW\ DW WRS >NJ�P
�
@ ��� ��� ��� ���

7DEOH ���

)LJXUH ��� VKRZV D UHSUHVHQWDWLYH ILW� �1RWH WKDW ERWK D[HV DUH RQ ORJ VFDOH�� 7KH IL[HG OHYHOV DW ZKLFK

WKH PHDVXUHPHQWV KDYH EHHQ SHUIRUPHG �VHH ILJXUH ����� DUH QRW SUHVHQW LQ WKLV ILJXUH� VLQFH WKH DFWXDO

LQWHUIDFH KHLJKW LV XVHG IRU HDFK VHULHV� 7KLV LQWHUIDFH KHLJKW KDV EHHQ UHWULHYHG IURP WKH LQWHUIDFH VHWWOLQJ

PHDVXUHPHQWV� ,Q WKLV ILW HLJKW GDWD SRLQWV QHDU WKH LQWHUIDFH KDYH EHHQ QHJOHFWHG DV ZHOO DV WKH WZHOYH GDWD

SRLQWV RI WKH IRXU ORZHVW OHYHOV�

7KH SDUDPHWHUV REWDLQHG WKLV ZD\ DUH .N ���Â��
�
P�V DQG ' ����� 7KH\ DUH QRW LQ WKH VDPH RUGHU RI

PDJQLWXGH DV WKH RQHV PHQWLRQHG LQ 0HUFNHOEDFK >����@ �WDEOH ����� 7KH IUDFWDO GLPHQVLRQ LV QRW YHU\ FORVH

HLWKHU WR WKH IUDFWDO GLPHQVLRQ DV GHWHUPLQHG E\ WKH VHWWOLQJ RI WKH LQWHUIDFH KHLJKW LQ VHFWLRQ ���� 7KH

HQYHORSH RI WKH PLGGOH SDUW RI WKH GDWD� WKH PRVW UHSUHVHQWDWLYH SDUW� ORRNV OLNH D WUDSH]RLG� ZLWK VLGHV

FRUUHVSRQGLQJ WR D IUDFWDO GLPHQVLRQ RI DERXW ���� 7KDW YDOXH LV PRUH LQ DJUHHPHQW ZLWK WKH IUDFWDO

GLPHQVLRQ IRU WKH SHUPHDELOLW\� $ WUDSH]RLG FRUUHVSRQGLQJ ZLWK D IUDFWDO GLPHQVLRQ RI ' ����� WKH YDOXH

GHWHUPLQHG IURP WKH SHUPHDELOLW\ H[SHULPHQW� LV DOVR GHSLFWHG�
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T =  50 hrs                               
T =  72 hrs                               
T = 151 hrs                               
T = 168 hrs                               
data used in least square fit             
least square fit D =2.4 Kσ=4e+004 Pa

trapezoid with boundaries D=2.5           
trapezoid with boundaries D=2.59          

)LJXUH ���� $YHUDJH H[DPSOH RI D OHDVW VTXDUH ILW RI WKH GHQVLW\ YV� KHLJKW WR GHWHUPLQH .
V
DQG '�
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*�$��� 3���	�������/��"�	��8�"��	�/�������	��,������	�

:H QRZ NQRZ WKDW WKH GDWD VHW VKRXOG EH FXW RII DW RQH VLGH EHFDXVH RI WKH SUHVHQFH RI VDQG DQG RQ WKH RWKHU

VLGH EHFDXVH RI ODUJH XQFHUWDLQWLHV LQ WKH PHDVXUHPHQWV QHDU WKH LQWHUIDFH� +RZHYHU� LW LV QRW GLUHFWO\ FOHDU

ZKLFK GDWD SRLQWV VKRXOG EH LQFRUSRUDWHG LQ WKH DQDO\VLV DQG ZKLFK VKRXOG QRW� 7KXV� ZKHQ ILWWLQJ WKH GDWD

SRLQWV RQ GRXEOH ORJDULWKPLF SDSHU E\ D VWUDLJKW OLQH� WKLV OLQH VKRXOG EH EDVHG RQ VRPH RI WKH FHQWUDO GDWD

SRLQWV� %XW WKH FKRLFH RI OHDYLQJ RXW RWKHU GDWD SRLQWV DW HLWKHU HQG RU QRW� LQIOXHQFHV WKH VORSH DQG WKH

RIIVHW RI WKH OLQH� GLIIHUHQW OLQHV DUH SRVVLEOH� �:KHQ FRQVLGHULQJ WKDW WKH GDWD SRLQWV KDYH DQ HUURU DV ZHOO�

LQGLFDWHG E\ WKH GLIIHUHQFH EHWZHHQ WKH GLIIHUHQW PHDVXUHG SURILOHV� UHSODFLQJ DOO WKH GDWD SRLQWV E\ RQH

VLQJOH OLQH LV HYHQ OHVV YDOLG�� 7KLV LV WKH VDPH FDVH DV ZLWK WKH SHUPHDELOLW\ SDUDPHWHU� $FFRUGLQJO\� DOVR

IRU WKH HIIHFWLYH VWUHVV SDUDPHWHU PDQ\ OHDVW VTXDUH ILWV DUH JHQHUDWHG DXWRPDWLFDOO\ E\ OHDYLQJ RXW GDWD

SRLQWV DW HLWKHU VLGH RI WKH GDWD VHW� )RU HYHU\ ILW DQRWKHU FRPELQDWLRQ RI GDWD SRLQWV LV OHIW RXW� 7KLV PHWKRG

JLYHV D UHSURGXFLEOH UHVXOW� D NLQG RI ILQJHUSULQW RU VSHFWUXP� )RXU SURILOHV DUH FRQVLGHUHG� 7KHUHIRUH WKH

FKRLFH LV WKDW DW OHDVW � GDWD SRLQW VKRXOG EH LQFRUSRUDWHG LQ WKH DXWRPDWLF DQDO\VLV� � PHDVXUHPHQWV DW RQH

OHYHO DQG � DW D VHFRQG OHYHO�
��
7KLV UHVXOWV LQ ��� SDLUV �.V �'� �7DEOH ����� 7KH UHVXOWV RI DOO WKH ILWV DUH

GHSLFWHG LQ ILJXUH ��� DQG ����

([SHULPHQW >.XLMSHU HW DO�� ����@ 1XPEHU RI REVHUYDWLRQV 1XPEHU RI OHDVW VTXDUH ILWV

� GD\ FRQVROLGDWLRQ ZLWK

7  >��� ��� ���� ���@ >KRXU@

� PRPHQWV LQ WLPH [ �� OHYHOV  

�� REVHUYDWLRQV

���

7DEOH ���

7KH SDUDPHWHUV KDYH EHHQ GHWHUPLQHG IRU DOO ��� SRVVLEOH ILWV RI OHDYLQJ RXW RI GDWD SRLQWV DW WKH

EHJLQQLQJ DQG HQG RI WKH VHULHV� 7KH DYHUDJH YDOXHV RI .
V
DQG ' �WDEOH ���� GR QRW VKRZ JRRG DJUHHPHQW

ZLWK WKH SDUDPHWHUV WKDW ZHUH GHWHUPLQHG E\ 0HUFNHOEDFK� WKH HIIHFWLYH VWUHVV SDUDPHWHUV DQG ' DUH PXFK

WRR ORZ� 7KH YDOXHV QHDU WKH SHDN RI WKH GLVWULEXWLRQV DUH KLJKHU WKDQ WKH DYHUDJHV �ILJXUH ����� 7KH PRGDO

YDOXH RI ' LQ ILJXUH ��� �WKH YDOXH DW WKH SHDN RI WKH GLVWULEXWLRQ RU WKH PRVW SUREDEOH YDOXH� FDQ EH

UHJDUGHG DV WKH ILW ZLWK WKH KLJKHVW SUREDELOLW\ RI EHLQJ ILWWHG LQ D VLQJOH OHDVW VTXDUH ILW SURFHGXUH DQG FDQ

WKHUHIRUH EH FRQVLGHUHG PRUH UHSUHVHQWDWLYH WKDQ WKH DYHUDJH�

([SHULPHQW P �'� V �'� P �.
V
� V �ORJ�.

V
��

��

3D 3D

.XLMSHU >����@ ���� ���� ���Â��
�

��
����

0HUFNHOEDFK >����@ &6 VHULHV ���� ���Â��
�

0HUFNHOEDFK >����@ &7 VHULHV , ���� ���Â��
�

0HUFNHOEDFK >����@ &7 VHULHV ,, ���� ���Â��
�

0HUFNHOEDFK >����@ '7 VHULHV ���� ���Â��
�

0HUFNHOEDFK >����@ 7RZQVHQG 	 0F 9D\ ���� ���Â��
�

7DEOH ��� 6WDWLVWLFDO SURSHUWLHV �DYHUDJH P DQG VWDQGDUG GHYLDWLRQ V� RI WKH UHVXOWV RI WKH DOO WKH OHDVW VTXDUH ILWV RI WKH GHQVLW\ YV�

KHLJKW WR GHWHUPLQH .
V
DQG '

��
'XH WR 0DWODE FRQVWUDLQWV WKH GDWD VHW LV RUGHUHG DW LQFUHDVLQJ GHQVLWLHV� UDWKHU WKDQ DW LQFUHDVLQJ GLVWDQFH IURP WKH

LQWHUIDFH� 6LQFH WKH GHQVLW\ DW RQH OHYHO FDQ EH KLJKHU WKHQ DW WKH SUHYLRXV� WKH PLQLPDO QXPEHU RI � GDWD SRLQWV GRHV QRW

QHFHVVDULO\ UHVXOW LQ D FRQILJXUDWLRQ ZKHUH � GDWD SRLQWV DW RQH OHYHO DQG � DW DQ DGMRLQLQJ OHYHO DUH XVHG� $ ��� RU HYHQ

D ����� FRQILJXUDWLRQ LV DOVR SRVVLEOH�
��
7KH VWDQGDUG GHYLDWLRQ 	 RI ORJ�.

V
� LV V ����� $QG ��

����
§ �� 7KLV PHDQV WKDW WKH VWDQGDUG GHYLDWLRQ LV ���� RUGHUV

RI PDJQLWXGH DQG WKDW �� � RI WKH GDWD OLH ZLWKLQ D IDFWRU � RI WKH DYHUDJH YDOXH� ����Â��
�
��Â��

�
� 1RWH WKDW WKH

FRQVWLWXWLYH UHODWLRQ FDQ DOVR EH ZULWWHQ LQ D ZD\ WKDW OHDGV WR D PXFK VPDOOHU YDULDWLRQ LQ WKH SDUDPHWHUV� 7KH SDUDPHWHU

.
V

���Q
VKRZV D PXFK VPDOOHU YDULDWLRQ WKDQ .

V
� V CY  .V

I Q
 �.

V

��Q
I�

Q
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7KHRUHWLFDOO\ WKH IUDFWDO GLPHQVLRQ VKRXOG EH WKH VDPH IRU WKH SHUPHDELOLW\ DQG WKH HIIHFWLYH VWUHVV�

7KLV LV REYLRXVO\ QRW WKH FDVH KHUH� $ WUDSH]RLG ZLWK VORSHV ZLWK D IUDFWDO GLPHQVLRQ RI ��� KDV EHHQ SORWWHG

LQ ILJXUH ���� 7KHVH OLQHV KDYH WKH VDPH VORSH DV WKH VLGHV RI WKH PLGGOH SDUW RI WKH GDWD EORFN� ZKLFK

UHVHPEOHV D WUDSH]RLG� 7KH PLGGOH SDUW RI WKH GDWD LV WKH PRVW UHSUHVHQWDWLYH� 7KHVH OLQHV ORRN VDWLVIDFWRU\

DV ZHOO� DQG KDYH D IUDFWDO GLPHQVLRQ WKDW LV FORVHU WR WKH IUDFWDO GLPHQVLRQ IRU WKH SHUPHDELOLW\ �' ������

+HQFH WKH IUDFWDO GLPHQVLRQV FDQ FHUWDLQO\ EH HTXDO� +RZHYHU� WKH YDOXH RI ��� GRHV QRW DSSHDU LQ WKH

VWDWLVWLFDO DQDO\VLV RI WKH HIIHFWLYH VWUHVV WKRXJK� 7KH FRQFOXVLRQ RQH FDQ GUDZ IURP WKLV LV WKDW WKH GHQVLW\

GDWD DUH WRR EDG WR GHWHUPLQH WKH HIIHFWLYH VWUHVV SDUDPHWHUV DFFXUDWHO\ �RU WKDW WKH SURSRVHG SURFHGXUH LV

QRW YHU\ DSSURSULDWH��

:KHQ D PRGHO LV XVHG WKDW DOORZV ' WR EH GLIIHUHQW IRU WKH SHUPHDELOLW\ DQG WKH HIIHFWLYH VWUHVV� WKH

UHFRPPHQGDWLRQ LV WR XVH WKH PRGDO YDOXH RI ' DQG WKH DVVRFLDWHG YDOXH RI .V� DV ZDV WKH UHFRPPHQGDWLRQ

ZLWK WKH SHUPHDELOLW\� :KHQ D PRGHO LV XVHG WKDW UHTXLUHV D VLQJOH IUDFWDO GLPHQVLRQ� VLPXODWLRQV ZLWK

GLIIHUHQW IUDFWDO GLPHQVLRQV KDYH WR EH SHUIRUPHG WR NQRZ ZKDW ' ILWV WKH H[SHULPHQW EHVW� 7KHVH

VLPXODWLRQV ZLOO EH SHUIRUPHG LQ VHFWLRQV ��� DQG ��� RI WKLV FKDSWHU�

7KH JUDSKV FRUUHVSRQGLQJ ZLWK DOO WKH OHDVW VTXDUH ILWV KDYH EHHQ LQVSHFWHG LQGLYLGXDOO\� 7KH �YHU\� ORZ

YDOXHV RI WKH HIIHFWLYH VWUHVV SDUDPHWHU �RUGHU RI ��� 3D� FRUUHVSRQG ZLWK WKH FDVH ZKHUH RQO\ WKH SRLQWV

QHDU WKH ERWWRP RI WKH VHWWOLQJ FROXPQ KDYH EHHQ ILWWHG� 7KHVH ILWV DUH WKH OHDVW UHSUHVHQWDWLYH� WKH\ ILW RQO\

WKH GDWD SRLQWV FRQWDLQLQJ VDQG� 7KHVH OLQHV DUH WRR IODW� WKH\ OHDG WR D ORZ HIIHFWLYH VWUHVV SDUDPHWHU DQG D

ORZ IUDFWDO GLPHQVLRQ �IRU H[DPSOHV VHH DQQH[ ����� 6RPH RWKHU H[WUHPHO\ ORZ YDOXHV RI WKH HIIHFWLYH VWUHVV

SDUDPHWHU FRUUHVSRQG ZLWK FDVHV ZKHUH RQO\ � WR � GDWD SRLQWV RI WKH PLGGOH SDUW RI WKH JUDSK KDYH EHHQ

ILWWHG� (UURUV LQ WKHVH REVHUYDWLRQV FDQ OHDG WR YHU\ XQUHDOLVWLF OLQHV �VHH DQQH[ �����

$V ZLWK .N� WKH JUDSKV RI WKH GLVWULEXWLRQV VXJJHVW WKDW RQH FDQ XVH WKH LQGLYLGXDO VWDWLVWLFDOO\ GHULYHG

DYHUDJH YDOXHV RI WKH SDUDPHWHUV� 7KLV LV QRW WUXH� EHFDXVH WKH YDOXHV RI .V DQG ' IURP D VLQJOH ILW DUH

FRXSOHG WR HDFK RWKHU �ILJXUH ����� 7KH FRPELQDWLRQ �.V�'� WKDW ZLOO UHSUHVHQW WKH GDWD� VKRXOG EH FKRVHQ WR

ILW WKLV UHODWLRQVKLS� 7KLV UHODWLRQ GHVFULEHV PHUHO\ DOO SRVVLEOH OLQHV WKURXJK WKH PDVV FHQWUH RI WKH GDWD

� � �� 
� � DQG GRHV QRW KDYH D SK\VLFDO EDVLV� 1RWH WKDW WKH SDUDPHWHUV REWDLQHG E\ 0HUFNHOEDFK >����@ DUH

DOVR FORVH WR WKLV OLQH�
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)LJXUH ���� +LVWRJUDP RI UHVXOWV RI WKH DOO WKH OHDVW VTXDUH ILWV RI WKH GHQVLW\ YV� KHLJKW E\ .XLMSHU HW DO� >����@ WR GHWHUPLQH WKH

.
V
DQG '

7KH UHODWLRQ EHWZHHQ WKH HIIHFWLYH VWUHVV VCY DQG I KDV EHHQ SORWWHG LQ ILJXUH ��� IRU GLIIHUHQW

FRPELQDWLRQV RI ' DQG .V IURP ILJXUH ����7KH ORZHU WKH IUDFWDO GLPHQVLRQ� WKH PRUH JUDGXDO WKH LQFUHDVH RI

WKH HIIHFWLYH VWUHVV ZLWK I� 7KH ORZHU WKH IUDFWDO GLPHQVLRQ WKH KLJKHU WKH HIIHFWLYH VWUHVV DW WKH JHOOLQJ

SRLQW� $OO WKH OLQHV LQWHUVHFW DW DERXW I ���� 7KDW PHDQV WKDW WKH FKRLFH RI D VHW ' DQG .V GRHV QRW PDWWHU

PXFK LQ WKLV UHJLPH�
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pairs (Kσ, D) of all lines through (φ=0.15, h=0.48)

parameters Merckelbach [2000]                               

)LJXUH ���� 5HODWLRQ EHWZHHQ .
V
DQG ' RI HDFK ILW
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D=2.3, Kσ= 2e4    Pa

D=2.4, Kσ= 8e4    Pa

D=2.5, Kσ= 3e5    Pa

D=2.6, Kσ= 4e6    Pa

D=2.7, Kσ= 1e8    Pa

D=2.8, Kσ= 1e11   Pa

)LJXUH ��� � 5HODWLRQ HIIHFWLYH VWUHVV VCY DQG I IRU YDULRXV VHWV ' DQG .V
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1�*� 8��
��	���		

7KH URWR�YLVFRPHWHU WHVWV FDQ DOVR EH XVHG WR GHWHUPLQH WKH IUDFWDO GLPHQVLRQ� .UDQHQEXUJ >����@ SURSRVHV

WKH IROORZLQJ UHODWLRQ

� �\ \

Q�� �����

0RUHRYHU� 0HUFNHOEDFK >����@ VKRZHG WKDW WKH \LHOG VWUHVV LV� IRU D ODUJH SDUW� GHWHUPLQHG E\ WKH HIIHFWLYH

VWUHVV� 7KH IUDFWDO GLPHQVLRQ �LQ Q� LQ WKH DERYH HTXDWLRQ PLJKW UHVXOW IURP WKLV GHSHQGHQFH�

([SHULPHQWV ZLWK WKH URWR�YLVFRPHWHU KDYH EHHQ SHUIRUPHG DW YDULRXV FRQFHQWUDWLRQV E\ .XLMSHU HW DO�

>����@� VRPH RI ZKLFK DUH EHORZ WKH JHOOLQJ SRLQW� 7KH DERYH UHODWLRQ KRZHYHU� LV RQO\ YDOLG DERYH WKH

JHOOLQJ SRLQW� 6LQFH WKH JHOOLQJ SRLQW LV QRW H[DFWO\ NQRZQ� LW LV QRW SRVVLEOH WR MXGJH EHIRUHKDQG ZKLFK GDWD

SRLQWV WR XVH LQ WKH OHDVW VTXDUH ILW DQG ZKLFK QRW� 7KHUHIRUH� WKH VDPH SURFHGXUH KDV EHHQ XVHG DV ZLWK WKH

SHUPHDELOLW\ DQG WKH HIIHFWLYH VWUHVV SDUDPHWHU� )RU DOO SRVVLEOH FRPELQDWLRQV RI OHDYLQJ RXW GDWD SRLQWV ZLWK

WKH ORZHVW FRQFHQWUDWLRQV� OHDVW VTXDUH ILWV DUH JHQHUDWHG DXWRPDWLFDOO\ �ZLWK D PLQLPXP RI � SRLQW SHU ILW��

$ FKDUDFWHULVWLF ILW LV VKRZQ LQ ILJXUH �����

$OO WKH VHWV RI WKH UHPROGHG \LHOG VWUHVV SDUDPHWHU .\ DQG WKH IUDFWDO GLPHQVLRQ ' DUH VKRZQ LQ ILJXUH

����� 7KHVH SDUDPHWHU DUH FRXSOHG� DV ZLWK WKH SHUPHDELOLW\ DQG WKH HIIHFWLYH VWUHVV SDUDPHWHU� 2QH FDQQRW

DUELWUDULO\ VHOHFW DYHUDJH YDOXHV� 7KH IUDFWDO GLPHQVLRQ DV REWDLQHG E\ WKH URWR�YLVFRPHWHU WHVWV DUH LQ WKH

VDPH RUGHU DV WKH SDUDPHWHUV GHULYHG E\ WKH RWKHU PHWKRGV�
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)LJXUH ���� �/�� ([DPSOH RI D OHDVW VTXDUH ILW RI WKH UHPROGHG \LHOG VWUHQJWK YV� YROXPH IUDFWLRQ RI PXG WR GHWHUPLQH ' DQG .\ >3D@

)LJXUH ���� �5�� 5HODWLRQ EHWZHHQ ' DQG .\ RI HDFK ILW

1�-� ����
�����������	�
�������,����$�������	����

7KH HIIHFWLYH VWUHVV SDUDPHWHU .V� WKH SHUPHDELOLW\ SDUDPHWHU .N DQG WKH IUDFWDO GLPHQVLRQ ' DV GHWHUPLQHG

LQ WKH SUHYLRXV VHFWLRQV� VKRZ D ODUJH YDULDWLRQ� 7KH EHVW FRPELQDWLRQ RI WKHVH SDUDPHWHUV LV GHWHUPLQHG E\

LQYHVWLJDWLQJ ZKDW FRPELQDWLRQ RI SDUDPHWHUV FDQ GHVFULEH WKH GHYHORSPHQW RI WKH GHQVLW\ SURILOH DQG WKH

LQWHUIDFH KHLJKW EHVW� 7KHVH H[SHULPHQWV DUH GRQH ZLWK WKH SDUDPHWHULVDWLRQ PRGHO LQ WKLV VHFWLRQ DQG ZLWK

WKH QXPHULFDO PRGHO RI 0HUFNHOEDFK LQ WKH QH[W VHFWLRQ� )RU UHDVRQV RI FRQYHQLHQFH IUDFWDO GLPHQVLRQV

URXQGHG WR RQH GHFLPDO ����� ����«� ���� DUH XVHG� ,Q ILJXUHV ���� DQG ���� RQH FDQ VHH WKH UHVXOWV REWDLQHG

ZLWK �DERXW� WKH PRGDO YDOXH RI ' REWDLQHG IURP WKH SHUPHDELOLW\� '  ����
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data 
model

0 50 100 150 200 250 300 350 400 450 500
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Dry density ρ
d
 [kg/m3]
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−−−−−−−
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ρ
d,initial

   Measurements and parameterisation Kσ=4⋅10e6, K
k
=8⋅10−12, D=2.6 

data 4 [hr]             
data 24 [hr]            
data 50 [hr]            
data 72 [hr]            
data 151 [hr]           
data 168 [hr]           
model 0.25 0.5 1 2 [hr] 
model 4 [hr]            
model 24 [hr]           
model 50 72 151 168 [hr]

)LJXUH ���� �/�� &RPSDULVRQ GDWD RI LQWHUIDFH KHLJKW >.XLMSHU� ����@ ZLWK SDUDPHWHULVDWLRQ PRGHO WR ILQG WKH SDUDPHWHUV RI WKH

VHGLPHQW �.N >P�V@ DQG .V >3D@��

)LJXUH ���� �5�� &RPSDULVRQ GDWD RI GHQVLW\ SURILOHV >.XLMSHU� ����@ ZLWK SDUDPHWHULVDWLRQ PRGHO WR ILQG WKH SDUDPHWHUV RI WKH

VHGLPHQW �.N >P�V@ DQG .V >3D@��

7KH DERYH UHVXOWV ORRN UHDVRQDEOH� +RZHYHU� VRPH PRUH FRPELQDWLRQV �.V� .N� '� DUH VHOHFWHG DQG

DSSOLHG� )RU D QXPEHU RI FRPELQDWLRQV RI WKH IUDFWDO GLPHQVLRQ '� WKH EHVW YDOXHV RI .V DQG .N DUH EH

GHWHUPLQHG E\ PHDQV RI WULDO DQG HUURU� 7KH EHVW FRPELQDWLRQV DUH VHOHFWHG E\ YLVXDO LQVSHFWLRQ DQG QR

TXDQWLWDWLYH FULWHULRQ LV XVHG� 1RW DOO WKHVH ILJXUHV DUH HQFORVHG KRZHYHU� RQO\ WKH EHVW ILWV DUH SUHVHQWHG�

7KH EHVW UHVXOWV IRU WKH GHQVLW\ SURILOHV �WDEOH ���� DUH VKRZQ LQ DQQH[ ��� DQG WKH EHVW UHVXOWV IRU WKH

LQWHUIDFH KHLJKWV �WDEOH ���� DUH VKRZQ LQ DQQH[ ���� ,W WXUQV RXW WKDW ZLWK D VLQJOH IUDFWDO GLPHQVLRQ '� ERWK

.N DQG .V DUH VOLJKWO\ ORZHU IRU D EHVW ILW RI WKH LQWHUIDFH KHLJKW WKDQ IRU D EHVW ILW RI WKH GHQVLW\ SURILOHV� )RU

DOO FRPELQDWLRQV RI WDEOH ��� WKH UHODWLRQV EHWZHHQ WKH IUDFWDO GLPHQVLRQ DQG WKH HIIHFWLYH VWUHVV DQG WKH

SHUPHDELOLW\ SDUDPHWHU DUH VKRZQ LQ ILJXUHV ��� DQG ����

6LPXODWLRQ � � � � � �

.N P�V ���Â��
���

���Â��
���

���Â��
���

���Â��
���

���Â��
���

���Â��
��

.V 3D ���Â��
��

���Â��
�

���Â��
�

���Â��
�

���Â��
�

���Â��
�

' ��� ��� ��� ��� ��� ���

7DEOH ��� %HVW FRPELQDWLRQV RI SDUDPHWHU IRU WKH RSWLPDO PRGHOOLQJ RI WKH GHQVLW\ SURILOHV >.XLMSHU HW DO�� ����@

6LPXODWLRQ � � � �� �� ��

.N P�V ���Â��
���

���Â��
���

���Â��
���

���Â��
���

���Â��
��

���Â��
��

.V 3D ���Â��
��

���Â��
�

���Â��
�

���Â��
�

���Â��
�

���Â��
�

' ��� ��� ��� ��� ��� ���

7DEOH ��� %HVW FRPELQDWLRQV RI SDUDPHWHU IRU WKH RSWLPDO PRGHOOLQJ RI WKH LQWHUIDFH KHLJKW >.XLMSHU HW DO�� ����@
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:KHQ LQVSHFWLQJ DOO WKH UHVXOWV PHQWLRQHG DERYH� LW WXUQV RXW WKDW WKH GHQVLW\ SURILOHV DQG WKH LQWHUIDFH

KHLJKW FDQ EH PRGHOOHG ZLWK UHDVRQDEOH DFFXUDF\ ZLWK D IUDFWDO GLPHQVLRQ UDQJLQJ IURP ��� WR ���� SURYLGHG

WKH DSSURSULDWH YDOXHV RI .V DQG .N DUH XVHG�
��
7KH ILUVW WKRXJKW PLJKW EH WKDW WKLV LV QRW UHDVVXULQJ IRU WKH

YDOLGLW\ RI WKH *LEVRQ PRGHO ZLWK WKH 0HUFNHOEDFK FRQVWLWXWLYH UHODWLRQV� +RZHYHU� DOO WKHVH FRPELQDWLRQV

RI �'� .V� DQG �'�.N� DUH FORVH WR WKH �H[WUDSRODWHG� OLQHV RI ILJXUH ��� DQG ���� 7KLV PHDQV WKDW DOO WKH

FRPELQDWLRQV WKDW FDQ GHVFULEH WKH GHYHORSPHQW RI WKH EHG� DUH FRPELQDWLRQV WKDW FRXOG EH REWDLQHG ZLWK

WKH µORJ�ORJ¶ ILWWLQJ SURFHGXUH� 7KXV WKH *LEVRQ�0HUFNHOEDFK PRGHO LV FRUURERUDWHG� EXW WKH FRQVROLGDWLRQ

LV QRW YHU\ VHQVLWLYH ZLWK UHVSHFW WR WKH IUDFWDO GLPHQVLRQ� 7KH TXHVWLRQ LV ZKHWKHU WKLV ODFN RI VHQVLWLYLW\ LV

LQKHUHQW WR WKH *LEVRQ�0HUFNHOEDFK PRGHO RU GXH WR WKH VLPSOLILFDWLRQV PDGH LQ WKH SDUDPHWHULVDWLRQ� 7KLV

TXHVWLRQ ZLOO EH DQVZHUHG LQ WKH QH[W VHFWLRQ�

1�1� ����
�����������	�
�������,�����������
�����


1XPHULFDO VLPXODWLRQV DUH FDUULHG RXW ZLWK WKH FRPELQDWLRQV RI SDUDPHWHUV REWDLQHG LQ VHFWLRQ ���� 7U\LQJ

WR ILQG WKH ULJKW FRPELQDWLRQV RI SDUDPHWHUV E\ PHDQV RI WULDO DQG HUURU LV WRR WLPH FRQVXPLQJ IRU WKH

QXPHULFDO VLPXODWLRQV� 7KH QXPHULFDO PRGHO ZLOO EH XVHG ERWK ZLWK RQH IUDFWLRQ �RQO\ FRKHVLYH VHGLPHQWV�

DV ZHOO DV ZLWK WZR IUDFWLRQV �ERWK VDQG DQG PXG�� 7KH QXPHULFDO PRGHO FDQ GHDO ZLWK GLIIHUHQW IUDFWDO

GLPHQVLRQV IRU WKH SHUPHDELOLW\ DQG WKH HIIHFWLYH VWUHVV� 7KH\ ZLOO EH FKRVHQ HTXDO KRZHYHU� WR EH DEOH WR

FRPSDUH WKH UHVXOWV WR WKH UHVXOWV RI WKH SDUDPHWHULVDWLRQ� ,Q ILJXUHV ���� DQG ���� RQH FDQ VHH WKH UHVXOWV

REWDLQHG ZLWK WKH PRGDO YDOXHV LQ WKH GLVWULEXWLRQ WKH PDWHULDO SDUDPHWHUV� '  ���� 7KH UHVXOWV IRU DOO WKH

FRPELQDWLRQV IURP WDEOH ��� FDQ EH VHHQ LQ ILJXUH DQQH[ ��� DQG ���� 7KH SURFHVV SDUDPHWHUV IRU WKH

VLPXODWLRQV DUH OLVWHG LQ WDEOH ����

3DUDPHWHU 6\PERO 9DOXHV XQLWV

)UDFWDO GLPHQVLRQ ' &RPELQDWLRQ �

3HUPHDELOLW\ SDUDPHWHU .N )URP P�V

(IIHFWLYH VWUHVV SDUDPHWHU .V WDEOH ��� 1�P
�

9HUWLFDO UHVROXWLRQ '[ ��� PP

7LPH VWHS 'W � V

'HQVLW\ RI VHGLPHQW PDWHULDO UV ���� NJ�P
�

'HQVLW\ RI SRUH ZDWHU UZ ���� NJ�P
�

9ROXPH IUDFWLRQ RI PXG DW JHOOLQJ SRLQW IJHO ���� P
�
�P

�

)LQH VHGLPHQW IUDFWLRQ IVI %RWK ��� DQG � P
�
�P

�

6HWWOLQJ YHORFLW\ FRKHVLYH IUDFWLRQ ZV �Â��
��

P�V

6HWWOLQJ YHORFLW\ QRQ�FRKHVLYH IUDFWLRQ ZV �Â��
��

P�V

+LQGHUHG VHWWOLQJ IRUPXODWLRQ 1RQH

�&RPSXWDWLRQ WLPH RQ :/ 81,; VHUYHU � PLQ��

7DEOH ��� 3DUDPHWHUV XVHG LQ WKH UXQV ZLWK WKH QXPHULFDO FRQVROLGDWLRQ PRGHO

7KH VHWWOLQJ RI WKH LQWHUIDFH FDQQRW EH PRGHOOHG HDVLO\ ZLWK WKH QXPHULFDO PRGHO� 7KH KHLJKW RI WKH

LQWHUIDFH LV VHYHUHO\ DIIHFWHG E\ WKH IRUPXODWLRQ LQ WKH KLQGHUHG VHWWOLQJ UHJLPH� 7KH KLQGHUHG VHWWOLQJ

UHJLPH LV QRW LQYHVWLJDWHG LQ WKLV WKHVLV� 7KHUHIRUH WKH UHVXOWV RI WKH LQWHUIDFH KHLJKW DV D IXQFWLRQ RI WLPH DUH

QRW LQFOXGHG �DOWKRXJK WKH\ ZHUH SUHVHQWHG ZLWK WKH SDUDPHWHULVDWLRQ PRGHO��

��
7KH IDFW WKDW WKH SURILOHV DQG LQWHUIDFH KHLJKWV FDQ EH GHVFULEHG ZLWK SDUDPHWHUV ZLWK D ZLGH UDQJH� VXJJHVWV WKDW WKHUH

PD\ EH D FRPELQDWLRQ RI WKHVH SDUDPHWHUV WKDW LV FRQVWDQW� $ ILUVW K\SRWKHVLV ZRXOG EH WKDW WKH WLPH VFDOH 7 �HTXDWLRQ

����� LV FRQVWDQW� 7KLV LV QRW WKH FDVH KRZHYHU� 7KLV WLPH VFDOH VOLJKWO\ GHFUHDVHV ZLWK LQFUHDVLQJ IUDFWDO GLPHQVLRQ� ,Q

WKH GHQVLW\ SURILOH UHVXOWV LQ DQQH[ ��� RQH FDQ VHH WKH SUHVHQFH RI RVFLOODWLRQV� 7KLV LV GXH WR WKH GHFUHDVH LQ WKH

SDUDPHWHU 7 �HTXDWLRQ �����
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)RU WKH WZR IUDFWLRQ PRGHO� D SHUFHQWDJH RI VDQG RI ��� KDV EHHQ XVHG� 7KLV LV ORZHU WKDQ WKH �� �

TXDUW] WKH VHGLPHQW FRQWDLQV� 7KH TXDUW] KDV D VL]H GLVWULEXWLRQ WKRXJK� :LWK D ODUJHU SHUFHQWDJH RI VDQG LW

WXUQHG RXW QRW WR EH SRVVLEOH WR REWDLQ UHDVRQDEOH UHVXOWV� 7ZR SKHQRPHQD FDQ DFFRXQW IRU WKLV� )LUVW� WKH

VPDOOHU TXDUW] SDUWLFOHV ZLOO QRW VHSDUDWH IURP WKH FRKHVLYH VHGLPHQWV LQ WKH ZDWHU FROXPQ� 7KH\ DUH LQ WKH

VLOW UDQJH DQG DUH HQFORVHG LQ WKH FOD\ IORFV� 6HFRQG� 0HUFNHOEDFK KDV REVHUYHG WKDW ZKHQ ILOOLQJ WKH VHWWOLQJ

FROXPQ ZLWK VHGLPHQW� WKH ODUJHU TXDUW] SDUWLFOHV ZLOO UHPDLQ LQ WKH EXFNHW IURP ZKLFK WKH FROXPQ LV ILOOHG�

%RWK WKH QXPHULFDO PRGHO ZLWK RQH IUDFWLRQ� DV WKH RQH ZLWK WZR IUDFWLRQV FDQ GHVFULEH WKH SURILOHV ZHOO

ZLWK ' UDQJLQJ IURP ��� WR ���� +HQFH WKLV ODFN RI VHQVLWLYLW\� DOVR IRXQG LQ WKH SDUDPHWHULVDWLRQ� LV LQKHUHQW

WR WKH *LEVRQ�0HUFNHOEDFK PRGHO� 7KH FRQFOXVLRQ RQH FDQ GUDZ IURP WKLV LV WKDW WKH IUDFWDO GLPHQVLRQ DQG

WKH HPSLULFDO SDUDPHWHUV FDQQRW EH GHWHUPLQHG YHU\ DFFXUDWHO\� ,W LV QR XVH WR VSHQG PXFK WLPH GHWHUPLQLQJ

WKH SDUDPHWHUV E\ ILWWLQJ GDWD SRLQWV YHU\ DFFXUDWHO\� )LWWLQJ RQH OLQH LV VXIILFLHQW� 0RUHRYHU� RQH VKRXOG

DOZD\V EH DZDUH RI WKH IDFW WKDW SUHFLVH UHSUHVHQWDWLYH YDOXHV RI '� .N DQG .V GR QRW H[LVW� $ YDOXH IRU '

ZLWK WKUHH VLJQLILFDQW GLJLWV ZLOO EH VXIILFLHQW� DQG D YDOXH RI WZR GLJLWV ZLOO EH VXIILFLHQW IRU WKH HPSLULFDO

SDUDPHWHUV� )LQDOO\� WKH SDUDPHWHUV VKRXOG DOZD\V EH DGGUHVVHG DV D VHW� QRW DV VHSDUDWH YDOXHV�

&RUUHVSRQGLQJO\ D FKRVHQ VHW RI WKH SDUDPHWHUV VKRXOG DOZD\V EH FKHFNHG E\ PHDQV RI VLPXODWLRQV ZLWK WKH

SDUDPHWHULVDWLRQ RU WKH QXPHULFDO PRGHO� :KDW KDSSHQV LI RQH FKRRVHV D VHW RI SDUDPHWHUV WKDW GHYLDWHV D

OLWWOH IURP D FRPELQDWLRQ WKDW JLYHV JRRG UHVXOWV" 7KDW TXHVWLRQ ZLOO EH HODERUDWHG RQ LQ WKH QH[W VHFWLRQ�
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Measurements and numerical 1 fraction model with Kσ=4⋅10e6, K
k
=8⋅10−12, D=2.6 

data 4 [hr]         
data 24 [hr]        
data 50 [hr]        
data 72 [hr]        
data 151 [hr]       
data 168 [hr]       
num. model 0 1 [hr] 
num. model 4 [hr]   
num. model 24 [hr]  
num. model 50 + [hr]
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   Measurements and numerical 2 fractions model with Kσ=4⋅10e6, K
k
=8⋅10−12, D=2.6 

data 4 [hr]         
data 24 [hr]        
data 50 [hr]        
data 72 [hr]        
data 151 [hr]       
data 168 [hr]       
num. model 0 1 [hr] 
num. model 4 [hr]   
num. model 24 [hr]  
num. model 50 + [hr]

)LJXUH ���� �/�� &RPSDULVRQ GDWD RI GHQVLW\ SURILOHV >.XLMSHU HW DO�� ����@ ZLWK QXPHULFDO PRGHO ZLWK RQH IUDFWLRQ� �.N >P�V@ DQG .V

>3D@�

)LJXUH ���� �5�� &RPSDULVRQ GDWD RI GHQVLW\ SURILOHV >.XLMSHU HW DO�� ����@ ZLWK QXPHULFDO PRGHO ZLWK WZR IUDFWLRQV� �.N >P�V@ DQG

.V >3D@�

1�2� ���	�������

,Q WKH DERYH VHFWLRQV LW WXUQHG RXW WKDW WKH HPSLULFDO SDUDPHWHUV FDQQRW EH GHWHUPLQHG YHU\ DFFXUDWHO\�

0RUHRYHU� LW ZDV VKRZQ WKDW WKH PRGHO FRXOG SURGXFH UHDVRQDEOH UHVXOWV ZLWK D ZLGH UDQJH RI YDOXHV RI WKH

SDUDPHWHUV� 'HVSLWH WKH ZLGH UDQJH� WKH SDUDPHWHUV FDQQRW EH FKRVHQ IUHHO\� 7KH SDUDPHWHUV DUH FRXSOHG WR

HDFK RWKHU� 2QO\ LI D VHW �'� .N .V � URXJKO\ DJUHHV ZLWK D VSHFLILF UHODWLRQ LW FDQ EH XVHG WR VLPXODWH WKH

PHDVXUHG UHVXOWV� +RZ ZLOO WKH UHVXOWV EH DIIHFWHG LI WKLV UHODWLRQ LV QRW IXOILOOHG" 7KLV ZLOO EH LQYHVWLJDWHG

E\ FKDQJLQJ WKH SDUDPHWHUV RQH DW D WLPH IURP D SURSHU VHW� 7KH UHVXOWV IRU WKH IUDFWDO GLPHQVLRQ� WKH

SDUDPHWHU WR ZKLFK WKH PRGHO LV PRVW VHQVLWLYH� FDQ EH VHHQ LQ ILJXUH ���� DQG ����� 7KH UHVXOWV IRU WKH

HPSLULFDO SDUDPHWHUV FDQ EH VHHQ LQ DQQH[ ��� DQG ����
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)URP DOO WKH VHQVLWLYLW\ DQDO\VHV RQH FDQ FRQFOXGH WKH IROORZLQJ� :KHQ WKH IUDFWDO GLPHQVLRQ LV

LQFUHDVHG RU GHFUHDVHG ZLWK E\ ���� �NHHSLQJ .V DQG .N FRQVWDQW�� WKH PRGHO UHVXOWV DUH QRW DFFHSWDEOH DQ\

PRUH� 7KH VWDQGDUG GHYLDWLRQ IURP WKH SDUDPHWHUV WKDW ZHUH GHWHUPLQHG IURP WKH H[SHULPHQWDO UHVXOWV ZHUH

���� IRU WKH SHUPHDELOLW\ DQG ���� IRU WKH HIIHFWLYH VWUHVV� 7KH DSSOLHG YDULDWLRQ RI ���� LQ WKH IUDFWDO

GLPHQVLRQ LV VPDOOHU WKDQ WKH VWDQGDUG GHYLDWLRQ RI WKH H[SHULPHQWDO UHVXOWV� &RQVHTXHQWO\ RQH FDQ

FRQFOXGH WKDW WKH PRGHO LV YHU\ VHQVLWLYH ZLWK UHVSHFW WR WKH IUDFWDO GLPHQVLRQ� ERWK ZLWK UHVSHFW WR WKH

VKDSH RI WKH SURILOH DQG WKH WLPH VFDOH�

7KH PRGHO LV OHVV VHQVLWLYH WR WKH RWKHU HPSLULFDO SDUDPHWHUV� :KHQ .V RU .N DUH GRXEOHG RU KDOYHG� WKH

UHVXOWV DUH VWLOO UHDVRQDEOH DQG VRPHWLPHV HYHQ JRRG� %XW WKH UHVXOWV EHFRPH XQDFFHSWDEOH LI WKH SDUDPHWHUV

DUH FKDQJHG E\ D IDFWRU �� .V KDV WKH PDLQ LQIOXHQFH RQ WKH �ILQDO HTXLOLEULXP� SURILOH VKDSH� ZKLOH .N KDV

WKH PDLQ LQIOXHQFH RQ WKH UDWH RI WKH FRQVROLGDWLRQ SURFHVV� 7KLV EHKDYLRXU FDQ EH H[SODLQHG� �L� 7KH VKDSH

RI WKH ILQDO SURILOH LV DFWXDOO\ RQO\ D IXQFWLRQ RI HIIHFWLYH VWUHVV SDUDPHWHU� 7KH ILQDO HIIHFWLYH VWUHVV SURILOH

LQFUHDVHV OLQHDUO\ IURP � DW WKH WRS WR �UV�UZ�J]L DW WKH ERWWRP� 7KH GHQVLW\ SURILOH LV UHODWHG WR WKLV HIIHFWLYH

VWUHVV SURILOH E\ I �VCY�.V�
��Q
� 7KLV UHODWLRQ FRQWDLQV RQO\ WKH HIIHFWLYH VWUHVV SDUDPHWHU� �LL� 7KH UDWH RI

FRQVROLGDWLRQ LV PRUH VHQVLWLYH WR WKH SHUPHDELOLW\ SDUDPHWHU WKDQ WR WKH HIIHFWLYH VWUHVV SDUDPHWHU� 7KLV FDQ

EH H[SODLQHG DV ZHOO� EHFDXVH WKH WLPH VFDOH RI WKH FRQVROLGDWLRQ� � � � �Z L N

'

UHS

'� � � � ��  	V

� � � �� � FRQWDLQV

WKH HIIHFWLYH VWUHVV SDUDPHWHU WR WKH SRZHU ���'� § ��� DQG WKH SHUPHDELOLW\ SDUDPHWHU WR WKH SRZHU ��
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   Measurements and parameterisation Kσ=4000000, K
k
=8e−012, D=2.55

data 4 [hr]             
data 24 [hr]            
data 50 [hr]            
data 72 [hr]            
data 151 [hr]           
data 168 [hr]           
model 0.25 0.5 1 2 [hr] 
model 4 [hr]            
model 24 [hr]           
model 50 72 151 168 [hr]
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   Measurements and parameterisation Kσ=4000000, K
k
=8e−012, D=2.65

data 4 [hr]             
data 24 [hr]            
data 50 [hr]            
data 72 [hr]            
data 151 [hr]           
data 168 [hr]           
model 0.25 0.5 1 2 [hr] 
model 4 [hr]            
model 24 [hr]           
model 50 72 151 168 [hr]

)LJXUH ���� �/�� 5HVXOWV IRU D VOLJKW ORZHU IUDFWDO GLPHQVLRQ� ����� WKHQ WKH UHVXOWV LQ ILJXUH ���� ZLWK ' ��� �.N >P�V@ DQG .V >3D@�

)LJXUH ���� �5�� 5HVXOWV IRU D VOLJKW KLJKHU IUDFWDO GLPHQVLRQ� ����� WKHQ WKH UHVXOWV LQ ILJXUH ���� ZLWK ' ��� �.N >P�V@ DQG .V >3D@�

1�4� �������

� 7KH SDUDPHWHULVDWLRQ FRQVROLGDWLRQ PRGHO DV GHULYHG LQ FKDSWHU � LV DEOH WR JLYH D SURSHU GHVFULSWLRQ

RI WKH FRQVROLGDWLRQ H[SHULPHQWV�

� 0HUFNHOEDFK >����@ SUHVHQWHG D PHWKRG WR REWDLQ WKH SDUDPHWHUV QHHGHG IRU WKLV PRGHO E\ ILWWLQJ WKH

PHDVXUHPHQWV RI D VHWWOLQJ H[SHULPHQW LQ D VHWWOLQJ FROXPQ WR D GRXEOH ORJDULWKPLF VFDOH� $

UHSUHVHQWDWLYH VHW RI WKH SDUDPHWHUV FDQ EH REWDLQHG E\ SHUIRUPLQJ D ILWWLQJ SURFHGXUH�

� 7KH ILWWLQJ SURFHGXUH KRZHYHU� FDQQRW VLPSO\ EH SHUIRUPHG RQ DOO WKH PHDVXUHG GDWD SRLQWV� 7KH

SK\VLFDO OLPLWDWLRQV IRU ZKLFK WKH ILWWLQJ SURFHGXUH KROGV� SXW D FRQVWUDLQW RQ WKH QXPEHU RI GDWD

SRLQWV WKDW VKRXOG EH XVHG LQ D VLQJOH ILW� 0RUHRYHU� WKH VHW RI GDWD SRLQWV WKDW VKRXOG EH XVHG LV QRW

DFFXUDWHO\ NQRZQ LQ DGYDQFH� 7KDW PHDQV WKDW PXOWLSOH ILWV DUH SRVVLEOH� HDFK UHVXOWLQJ LQ D GLIIHUHQW
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VHW RI SDUDPHWHUV� &RQVHTXHQWO\� LI GLIIHUHQW HQJLQHHUV SHUIRUP WKH ILWWLQJ SURFHGXUH� WKH UHVXOWV IRU

WKH YDOXHV RI WKH SDUDPHWHUV ZLOO EH GLIIHUHQW� $ PHWKRG LV QHHGHG WKDW SURGXFHV DQ REMHFWLYH DQG

UHSURGXFLEOH RXWSXW� 3HUIRUPLQJ PXOWLSOH LQGHSHQGHQW ILWWLQJ SURFHGXUHV RQ GRXEOH ORJ VFDOH RQ WKHVH

PHDVXUHPHQWV FDQ EH VXFK DQ REMHFWLYH PHWKRG�

� 7KH ILUVW UHVXOW IURP WKLV SURFHGXUH LV WKDW LW WXUQV RXW WKDW D YDOXH RI ' LV DOZD\V DFFRPSDQLHG E\ D

VSHFLILF YDOXH RI .V� 7KH VDPH KROGV IRU ' DQG .N

� 7KH VHFRQG UHVXOW IURP WKLV SURFHGXUH LV WKDW WKH GLVWULEXWLRQ RI DOO WKH YDOXHV RI ' REWDLQHG E\ WKH

PXOWLSOH LQGHSHQGHQW ILWWLQJ SURFHGXUHV \LHOGV D XQLTXH VSHFWUXP RI WKH GLVWULEXWLRQ RI '� D NLQG RI

ILQJHUSULQW� ,I WKH IUDFWDO GLPHQVLRQ IRU WKH SHUPHDELOLW\ DQG WKH HIIHFWLYH VWUHVV DUH DOORZHG EH

GLIIHUHQW LQ D FRQVROLGDWLRQ PRGHO� WKH UHFRPPHQGDWLRQ LV WR XVH WKH PRGDO YDOXHV RI ' LQ WKHVH

VSHFWUD DV WKH UHSUHVHQWDWLYH YDOXHV RI '� DQG WKH FRUUHVSRQGLQJ YDOXHV RI .N DQG .V� 7KH PRGDO

YDOXH RI ' JLYHV WKH OLQH ZLWK WKH KLJKHVW SUREDELOLW\ RI EHLQJ ILWWHG�

� 7KLUG� WKH SDUDPHWHUV REWDLQHG IURP WKHVH PXOWLSOH ILWWLQJ SURFHGXUHV VKRZ D ZLGH YDULDWLRQ� 7KHUH

LV QRW YHU\ JRRG DJUHHPHQW EHWZHHQ �L� WKH IUDFWDO GLPHQVLRQ RI WKH SHUPHDELOLW\ DQG WKH IUDFWDO

GLPHQVLRQ RI WKH HIIHFWLYH VWUHVV� �LL� WKH ORZHVW DQG KLJKHVW YDOXH RI WKH IUDFWDO GLPHQVLRQ IRU HLWKHU

WKH SHUPHDELOLW\ DQG WKH HIIHFWLYH VWUHVV �ODUJH VWDQGDUG GHYLDWLRQ� DQG �LLL� WKH IUDFWDO GLPHQVLRQ

IURP WKLV H[SHULPHQW DQG WKH YDOXHV REWDLQHG E\ 0HUFNHOEDFK >����@�

� 7R LQYHVWLJDWH SRLQWV �L� DQG �LL� VLPXODWLRQV KDYH EHHQ SHUIRUPHG ZLWK WKH SDUDPHWHULVDWLRQ PRGHO RI

FKDSWHU � DQG ZLWK WKH QXPHULFDO PRGHO RI 0HUFNHOEDFK� ,W WXUQV RXW WKDW WKH SDUDPHWHULVDWLRQ JLYHV

UHVXOWV WKDW DUH MXVW DV JRRG DV WKH UHVXOWV RI WKH PRUH FRPSOHWH QXPHULFDO DSSURDFK�

� ,W DOVR VKRZV WKDW WKH PRGHO LV YHU\ VHQVLWLYH WR WKH IUDFWDO GLPHQVLRQ� DQG OHVV VHQVLWLYH WR WKH RWKHU

HPSLULFDO SDUDPHWHUV�

� 7KLV VHQVLWLYLW\ GRHV QRW LPSO\ WKDW WKH SDUDPHWHUV KDYH D VSHFLILF YDOXH� )XUWKHU VLPXODWLRQV �ZLWK

ERWK WKH SDUDPHWHULVDWLRQ DQG WKH QXPHULFDO PRGHO� KDYH VKRZQ WKDW WKH PRGHO FDQ SURYLGH

UHDVRQDEOH UHVXOWV ZLWK WKH IUDFWDO GLPHQVLRQV UDQJLQJ IURP ��� WR ���� ,Q RUGHU WR DFKLHYH WKLV

DSSDUHQW LQVHQVLWLYLW\� WKH HPSLULFDO SDUDPHWHUV KDG WR EH FKDQJHG E\ VHYHUDO RUGHUV RI PDJQLWXGH�

ZKHQ ' LV LQFUHDVHG IURP ��� WR ���� .N KDV WR UDQJH IURP ��
��
WR ��

���
P�V DQG .V IURP ��

�
WR ��

��
SD

WR JHW UHDVRQDEOH UHVXOWV� 7KHUHIRUH WKH WKUHH FRQVROLGDWLRQ SDUDPHWHUV VKRXOG DOZD\V EH DGGUHVVHG DV

D VHW �'� .N .V�� DQG QHYHU DV LQGLYLGXDO YDOXHV�

� 7KH VHWV RI SDUDPHWHUV �'� .N .V� WKDW JDYH D JRRG GHVFULSWLRQ RI WKH UHVXOWV LQ WKH VLPXODWLRQV REH\

WKH VDPH UHODWLRQ �'� .N� DQG �'� .N� DV IRXQG LQ WKH PXOWLSOH ILWWLQJ SURFHGXUH�

� )RU XVH RI WKH FRQVROLGDWLRQ PRGHO LQ WKH �'9�ZDWHUEHG PRGHO D VLQJOH VHW �'� .N .V� KDV WR EH

FKRVHQ WR UHSUHVHQW WKH EHG� $ VHW �'� .N .V� WKDW ZLOO EH FKRVHQ WR UHSUHVHQW WKH ZDWHUEHG VKRXOG

DOZD\V EH YHULILHG E\ PHDQV RI WKH SDUDPHWHULVDWLRQ PRGHO RU WKH QXPHULFDO PRGHO�
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7KLV FKDSWHU KDV WZR DLPV� 7KH ILUVW LV WR YDOLGDWH WKH �'9�ZDWHUEHG HURVLRQ�FRQVROLGDWLRQ PRGHO WKDW KDV

EHHQ GHULYHG LQ WKH SUHYLRXV FKDSWHUV WRJHWKHU ZLWK DV WKH (&20�6(' ��OD\HU PRGHO� 7KH VHFRQG DLP LV WR

SHUIRUP D VHQVLWLYLW\ DQDO\VLV RI WKH ��'9 ZDWHU EHG PRGHO� 7KH HURVLRQ PRGHO LV YDOLGDWHG XVLQJ GDWD RI DQ

HURVLRQ H[SHULPHQW� ,Q WKLV H[SHULPHQW WKH HURVLYH EHKDYLRXU RI QDWXUDO PXG IURP ODNH .HWHOPHHU LQ WKH

1HWKHUODQGV KDV EHHQ LQYHVWLJDWHG XQGHU YDULRXV VWHDG\ IORZ FRQGLWLRQV� $ URWDWLQJ DQQXODU IOXPH LV XVHG WR

TXDQWLI\ WKH SDUDPHWHUV JRYHUQLQJ WKHVH SURFHVVHV� 9DULRXV SK\VLFR�FKHPLFDO SURSHUWLHV RI WKH VHGLPHQW

IURP ODNH .HWHOPHHU KDYH EHHQ PHDVXUHG �VHH DQQH[ ����� &RQVROLGDWLRQ H[SHULPHQWV KDYH EHHQ SHUIRUPHG

RQ WKLV PXG DV ZHOO �FKDSWHU ���

7KH HURVLRQ H[SHULPHQW DUH GHVFULEHG LQ VHFWLRQ ���� ,Q VHFWLRQ ��� WKH EHKDYLRXU RI WKH VLPSOH JHQHUDO

HURVLRQ HTXDWLRQ RI 3DUWKHQLDGHV LV JLYHQ DV LOOXVWUDWLRQ� 7KH UHVXOWV RI WKH ��OD\HU PRGHO RI (&206(' DUH

GLVFXVVHG LQ VHFWLRQ ���� $IWHU WKDW WKH PRGHOV WKDW XVH WKH FRQVROLGDWLRQ DV VWUHQJWKHQLQJ PHFKDQLVP DUH

WUHDWHG� VWDUWLQJ ZLWK D VLPSOH PRGHO LQ VHFWLRQ ���� ,Q VHFWLRQ ��� WKH �'9�ZDWHUEHG PRGHO LV YDOLGDWHG DQG

D VHQVLWLYLW\ DQDO\VLV LV SHUIRUPHG� $ VXPPDU\ FRQFOXGHV WKLV FKDSWHU�

2��� ����
���
�����/$�������

-����� �����/	�������	 ����������:/��"��	�<=��>/���	����?��@@AB

$Q HURVLRQ H[SHULPHQW ZDV FDUULHG RXW LQ D URWDWLQJ DQQXODU IOXPH ZLWK D ZDWHU GHSWK RI �� FP� D ZLGWK RI

�� FP DQG D PHDQ GLDPHWHU RI ��� P� $ FLUFXODU OLG DW WKH VXUIDFH GULYHV WKH ZDWHU� ,Q RUGHU WRW PLQLPLVH WKH

HIIHFW RI VHFRQGDU\ FXUUHQWV QHDU WKH ERWWRP� WKH FKDQQHO LWVHOI LV URWDWHG LQ WKH RSSRVLWH GLUHFWLRQ� 7KH EHG

VKHDU VWUHVVHV LQ WKH DQQXODU IOXPH DUH FDOFXODWHG ZLWK DQ H[SUHVVLRQ DV GHULYHG E\ 0HKWD DQG 3DUWKHQLDGHV

������� ZKHUH 
� DQG 
� DUH WKH DQJXODU YHORFLWLHV RI WKH OLG DQG WKH FKDQQHO� U LV WKH PHDQ UDGLXV DQG D� E

DUH FRHIILFLHQWV �D ����� DQG E ���� ��

� �EE �� �� 

� �� �����

7KH HURVLRQDO EHKDYLRXU RI D VHGLPHQW OD\HU RQ WKH ERWWRP RI WKH DQQXODU IOXPH LV GHWHUPLQHG E\

LQFUHDVLQJ WKH EHG VKHDU VWUHVV LQ VXFFHVVLYH VWHSV RI � RU � KRXUV� 7KH VXFFHVVLYH YDOXHV RI WKH EHG VKHDU

VWUHVV ZKLFK ZHUH LPSRVHG RQ WKH EHG DUH� ����� ���� ����� ����� ����� ����� ���� DQG ���� 3D� 7KHVH YDOXHV

DUH UHSUHVHQWDWLYH IRU WKH YDOXHV RI WKH EHG VKHDU VWUHVV LQ UHDO ZDWHU V\VWHPV LQ DYHUDJH FRQGLWLRQV�

7KH HURVLRQ LV PHDVXUHG E\ GHWHUPLQLQJ WKH FRQFHQWUDWLRQ RI FRKHVLYH VHGLPHQW LQ WKH IOXPH HYHU\ ��

VHFRQGV� 7KH VHGLPHQW LV SXPSHG IURP WKH IOXPH DW PLG GHSWK ����� P DERYH WKH ERWWRP RI WKH FKDQQHO� DQG

OHG WKURXJK D VPDOO FHOO ZLWK D GLDPHWHU RI � PP LQ ZKLFK WKH OLJKW DGVRUSWLRQ LV PHDVXUHG� 7KH VXVSHQVLRQ

LV UHWXUQHG WR WKH IOXPH DW DQ HOHYDWLRQ RI ���� P� $W UHJXODU WLPH LQWHUYDOV� VDPSOHV DUH WDNHQ IURP WKH

IOXPH WR FDOLEUDWH WKH RSWLFDO SUREH�

7ZR WHVWV ZHUH FDUULHG RXW WR GHWHUPLQH WKH HURVLRQDO FKDUDFWHULVWLFV RI WKH VHGLPHQW� 7KH ILUVW

H[SHULPHQW LV SHUIRUPHG RQ D VHGLPHQW OD\HU ZLWK D FRQVROLGDWLRQ SHULRG RI RQH GD\ UHVXOWLQJ LQ D OD\HU

WKLFNQHVV RI ����� P� 2QH GD\ DIWHU WKH VWDUW RI WKH FRQVROLGDWLRQ WKH GU\ GHQVLW\ QHDU WKH LQWHUIDFH QHDU WKH

VXUIDFH DPRXQWV WR ��� NJ�P
�
�VHH FKDSWHU ��� ,Q WKH VHFRQG FDVH WKH FRQVROLGDWLRQ SHULRG DPRXQWV WR VHYHQ

GD\V UHVXOWLQJ LQ D VHGLPHQW OD\HU RI ����� P� $IWHU WKHVH � GD\V WKH GU\ GHQVLW\ QHDU WKH LQWHUIDFH LV

LQFUHDVHG WR ��� NJ�P
�
� 7KH VHGLPHQW EHGV DUH IRUPHG E\ GHSRVLWLRQ LQ VWLOO ZDWHU �LQ WKH H[SHULPHQWDO

IOXPH� DIWHU D PL[LQJ SHULRG RI DSSUR[LPDWHO\ �� KRXUV� 7KH FRQFHQWUDWLRQ RI WKH LQLWLDO VXVSHQVLRQ LV ��

NJ�P
�
IRU WKH ILUVW DQG �� NJ�P

�
IRU WKH VHFRQG HURVLRQ H[SHULPHQW�
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7KH UHVXOWV RI WKH URWDWLQJ DQQXODU IOXPH H[SHULPHQW FDQ EH VHHQ LQ ILJXUH ���� 7KH EHG KDV EHHQ H[SRVHG WR

D VWHSZLVH LQFUHDVLQJ VHULHV RI EHG VKHDU VWUHVVHV� 7KH EHKDYLRXU RI WKH HURVLRQ UDWH DW HDFK YDOXH RI WKH EHG

VKHDU VWUHVV VKRZV WKH VDPH SDWWHUQ� 'LUHFWO\ DIWHU HDFK VWHSZLVH LQFUHDVH LQ WKH VKHDU VWUHVV� WKH UDWH RI

HURVLRQ LV ODUJH� 1H[W� WKH HURVLRQ UDWH JUDGXDOO\ GHFUHDVHV WR D ORZ DQG DOPRVW FRQVWDQW YDOXH �WKH VORSH RI

IRU LQVWDQFH WKH OLQH $�% LQ WKH OHIW WRS IUDPH RI ILJXUH ����� :KHQ WKLV DOPRVW FRQVWDQW UDWH ZRXOG EH

EHFRPH ]HUR �L�H� LI WKH OLQH $�% ZHUH D KRUL]RQWDO OLQH�� WKH ILQDO HURGHG PDWHULDO KHLJKW ] ZRXOG EH UHIHUUHG

WR DV WKH HURVLRQ SRWHQWLDO H �VHH VHFWLRQ ����� ,Q ILJXUH ��� OLQH $�% FOHDUO\ GRHV QRW EHFRPH KRUL]RQWDO� VR

QR HURVLRQ SRWHQWLDO FDQ EH GLVFHUQHG�

7KH DOPRVW FRQVWDQW HURVLRQ UDWH LQGLFDWHV WKDW VRPH NLQG RI VWDWLRQDU\ VLWXDWLRQ KDV EHHQ UHDFKHG� 7KLV

G\QDPLF HTXLOLEULXP HURVLRQ LV QRW GXH WR D G\QDPLF HTXLOLEULXP EHWZHHQ HURVLRQ DQG GHSRVLWLRQ� EXW LV

RQO\ GHWHUPLQHG E\ WKH VZHOOLQJ RI WKH EHG DQG WKH EHG VKHDU VWUHVV� 9DQ .HVWHUHQ >����@ GHULYHG DQ

HTXDWLRQ WKDW GHVFULEHV WKH UDWH RI WKLV HTXLOLEULXP HURVLRQ �VHH VHFWLRQ ����� ,Q WKH ��GD\ H[SHULPHQW WKH ODVW

DSSOLHG EHG VKHDU VWUHVV ����� 3D� KDV EHHQ DSSOLHG WR WKH EHG IRU D ORQJHU SHULRG RI WLPH WKDQ IRU WKH RWKHU

EHG VKHDU VWUHVVHV� +HUH ZH FDQ PRVW FOHDUO\ VHH WKDW WKH HURVLRQ UDWH VORZO\ GHFUHDVHV DV WKH HURVLRQ

SURJUHVVHV DQG EHFRPHV DOPRVW FRQVWDQW DW WKH HQG RI WKH H[SHULPHQW �$�%��
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)LJXUH ���� 5HVXOWV IURP HURVLRQ H[SHULPHQW >.XLMSHU HW DO�� ����@ LQ URWDWLQJ DQQXODU IOXPH�
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:KHQ DQ DOPRVW FRQVWDQW HURVLRQ UDWH KDV EHHQ UHDFKHG DW D FHUWDLQ OHYHO RI WKH EHG VKHDU VWUHVV� WKH

VKHDU VWUHVV LV VWHSZLVH LQFUHDVHG DJDLQ� 7KH KLJKHU VWUHVV OHYHO IRUFHV WKH HURVLRQ WR VWDUW DJDLQ ZLWK WKH

VDPH SDWWHUQ� 7KH EHKDYLRXU GXULQJ HDFK VWHS RI WKH EHG VKHDU VWUHVV FDQ DW ILUVW VLJKW EH GHVFULEHG E\ DQ

H[SRQHQWLDO GHFD\ IXQFWLRQ RI WKH HURVLRQ UDWH DW HDFK OHYHO RI WKH EHG VKHDU VWUHVV >6DQIRUG HW DO� ����@� 7KH

WLPH VFDOH RI WKLV H[SRQHQWLDO IXQFWLRQ LV LQ WKH RUGHU RI RQH KRXU�

7R GHWHUPLQH WKH WLPH GHSHQGHQW HURVLRQ EHKDYLRXU RI WKH VHGLPHQW� WZR HURVLRQ H[SHULPHQWV KDYH EHHQ

FDUULHG RXW� 7KH ILUVW HURVLRQ H[SHULPHQW KDV EHHQ SHUIRUPHG DIWHU � GD\ RI FRQVROLGDWLRQ DQG WKH VHFRQG

H[SHULPHQW DIWHU � GD\V RI FRQVROLGDWLRQ� 7KH ILQDO HURVLRQ LQ WKH H[SHULPHQW DIWHU � GD\V RI FRQVROLGDWLRQ LV

PRUH WKDQ � WLPHV VPDOOHU WKDQ WKH ILQDO HURVLRQ DIWHU � GD\ RI FRQVROLGDWLRQ� 7KH ��GD\ H[SHULPHQW ODVWHG

ORQJHU KRZHYHU� 7KLV FDQ EH DWWULEXWHG WR WKH PHWKRG XVHG LQ WKH H[SHULPHQWV� :KHQ WKH HURVLRQ UDWH

UHDFKHG DQ DOPRVW FRQVWDQW DQG ORZ YDOXH� D QHZ VKHDU VWUHVV ZDV DSSOLHG� $IWHU � GD\V RI FRQVROLGDWLRQ�

WKLV DOPRVW FRQVWDQW UDWH LV UHDFKHG HDUOLHU WKDQ DIWHU � GD\ RI FRQVROLGDWLRQ� 7KLV DFFRXQWV IRU WKH VKRUWHU

GXUDWLRQ RI WKH HURVLRQ H[SHULPHQW� :KHQ �OLQHDUO\� H[WUDSRODWLQJ WKH UHVXOWV DIWHU � GD\V RI FRQVROLGDWLRQ WR

WKH H[SHULPHQW DIWHU � GD\ RI FRQVROLGDWLRQ� WKH ILQDO HURVLRQ LV DOVR DERXW WZR WLPHV VPDOOHU�

7KH GLIIHUHQFHV LQ WKH ILQDO HURVLRQ DIWHU � DQG � GD\V RI FRQVROLGDWLRQ DV PHQWLRQHG DERYH FDQ EH

DWWULEXWHG WR WZR VWUHQJWKHQLQJ PHFKDQLVPV� FRQVROLGDWLRQ DQG WKL[RWURS\� 7KH GLIIHUHQFHV LQ LQSXW

SDUDPHWHUV RI WKH PRGHO VKRXOG UHIOHFW WKHVH GLIIHUHQFHV LQ WKH HURVLRQ�
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)LJXUH ��� �/�� 5HVXOWV IURP 3DUWKHQLDGHV HURVLRQ HTXDWLRQ ��� ZLWK Q �� FRQVWDQW 0 DQG FRQVWDQW WF�

)LJXUH ��� �5�� 5HVXOWV IURP 3DUWKHQLDGHV HURVLRQ HTXDWLRQ ��� ZLWK Q �� FRQVWDQW 0 DQG FRQVWDQW WF�

7KH UHVXOWV ZLWK WKH IRUPXOD RI 3DUWKHQLDGHV �HTXDWLRQ ���� DUH VKRZQ LQ ILJXUH ���� 7KH\ DUH PDLQO\

HQFORVHG LQ WKLV UHSRUW WR LOOXVWUDWH WKH LQFUHDVH LQ FDSDELOLWLHV RI WKH PRUH VRSKLVWLFDWHG PRGHOV LQ WKH

UHPDLQLQJ SDUW RI WKLV FKDSWHU� 2QO\ WKH FDOFXODWLRQV ZLWK WKH 3DUWKHQLDGHV HTXDWLRQ DIWHU � GD\ RI

FRQVROLGDWLRQ DUH VKRZQ� 7KH FDOFXODWLRQV DIWHU � GD\V RI FRQVROLGDWLRQ DUH H[DFWO\ WKH VDPH� VLQFH WKLV

PRGHO GRHV QRW KDYH DQ\ WLPH GHSHQGHQF\ LQFOXGHG� �7KH H[SHULPHQWDO UHVXOWV DUH LQFOXGHG IRU ERWK � DQG �

GD\V RI FRQVROLGDWLRQ�� 7KH PRVW VWULNLQJ IHDWXUH RI WKH FODVVLFDO HURVLRQ IRUPXODWLRQ LV WKDW WKH HURVLRQ UDWH

GRHV QRW GHFUHDVH ZKHQ WKH HURGHG PDVV LQFUHDVHV� 7KH GDWD WHQG WRZDUGV D VWDWLRQDU\ HTXLOLEULXP VLWXDWLRQ

ZLWK D ORZ HURVLRQ UDWH� ZKLOH WKH 3DUWKHQLDGHV HTXDWLRQ GRHV QRW WHQG WRZDUGV DQ\ NLQG RI HTXLOLEULXP

VLWXDWLRQ DW DOO� %\ DSSO\LQJ WKH VR�FDOOHG HURVLRQ SRWHQWLDO RU µFOHDQ EHG DVVXPSWLRQ¶ WR WKH 3DUWKHQLDGHV

DSSURDFK� WKH HURVLRQ UDWH FDQ EH VHW WR ]HUR DW D FHUWDLQ VWDJH RI WKH HURVLRQ� 7KHQ WKH VWHHS OLQHV VXGGHQO\
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WXUQ KRUL]RQWDO� 7KLV ZLOO XQGHUHVWLPDWH WKH HURGHG PDVV DIWHU D ORQJ SHULRG RI WLPH� VLQFH LQ WKH H[SHULPHQW

WKH HURVLRQ UDWH GRHV QRW EHFRPH ]HUR RQ WKH ORQJ WHUP�

$QRWKHU LPSRUWDQW IHDWXUH LV WKDW WKH PRGHO LV VHQVLWLYH WR WKH HURVLRQ UDWH SDUDPHWHU 0� (YHU\ FKDQJH LQ

0 LV UHIOHFWHG ���� LQ WKH UHVXOWV� PXOWLSO\LQJ 0 E\ � OHDGV WR WZLFH WKH HURGHG PDVV� 1RW PXFK LV NQRZQ

DERXW WKH YDOXH RI 0� LQ WKH OLWHUDWXUH LW LV IRXQG WKDW LWV YDOXH UDQJHV IURP ��
��
WR ��

��
NJ�P

�
�V >:LQWHUZHUS�

����@� 6LQFH WKLV IDFWRU ���� ZLOO EH UHIOHFWHG ��� � LQ WKH UHVXOWV� RQH FDQ LPPHGLDWHO\ FRQFOXGH WKDW WKH

3DUWKHQLDGHV IRUPXOD LV QRW YHU\ XVHIXO IRU ORQJ WHUP ZDWHU TXDOLW\ HQJLQHHULQJ� ,Q VHFWLRQV ��� WR ��� EHWWHU

HURVLRQ PRGHOV DUH SUHVHQWHG�

2�%� .7���.&���

-�$��� ��	�"���	����+%2;1+��/��"�	��

7R UHSURGXFH WKH WLPH VHULHV RI WKH DQQXODU IOXPH H[SHULPHQWV ZLWK (&20�6('� WKH SDUDPHWHUV RI WKH

HURVLRQ SRWHQWLDO HTXDWLRQ ��� KDYH WR EH GHWHUPLQHG� 7KH HURVLRQ SRWHQWLDO H LV WKH PD[LPXP DPRXQW RI

PDWHULDO WKDW FDQ HURGH DW D FHUWDLQ EHG VKHDU VWUHVV� )RU WKH VDNH RI FRQYHQLHQFH WKH HTXDWLRQ LV UHSHDWHG

KHUH�
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� �
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ZKHUH D� LV DQ HPSLULFDO VHGLPHQW \LHOG FRHIILFLHQW� = LV DQ HPSLULFDO VHGLPHQW DJH FRHIILFLHQW� WE LV WKH EHG

VKHDU VWUHVV� DQG WFU LV WKH FULWLFDO EHG VKHDU VWUHVV IRU HURVLRQ� ,Q WKH GDWD WKH SUHVHQFH RI DQ HURVLRQ

SRWHQWLDO H FDQQRW EH REVHUYHG� +RZ FDQ ZH ILW WKH SDUDPHWHU RI WKH HURVLRQ SRWHQWLDO LI LW LV QRW SUHVHQW" 7R

EH DEOH WR GHWHUPLQH WKH SDUDPHWHUV WKH DVVXPSWLRQ LV PDGH WKDW WKH HURVLRQ SRWHQWLDO HTXDOV WKH KLJKHVW

PHDVXUHG HURGHG PDVV DW D FHUWDLQ EHG VKHDU VWUHVV �LQGHSHQGHQW RI WKH GXUDWLRQ RI WKH H[SHULPHQW� ZKLFK LV

GLVFXVVHG ODWHU RQ��

)RU WKH WLPH GHSHQGHQW VHGLPHQW DJH FRHIILFLHQW = WKH HTXDWLRQ = 7G
P
LV XVHG� LQ ZKLFK 7G LV HLWKHU �

GD\ RU � GD\V� 7KH FULWLFDO VKHDU VWUHVV IRU HURVLRQ WFU LV �TXLWH DUELWUDULO\� IL[HG DW ��� 3D� 7KH WKUHH

SDUDPHWHUV D�� P DQG Q UHPDLQ WR EH GHWHUPLQHG E\ ILWWLQJ WR WKH HURVLRQ H[SHULPHQW PHDVXUHPHQWV� 7KHVH

SDUDPHWHUV DUH ILWWHG WR WKH �� GDWD SRLQWV WKDW DUH DYDLODEOH� � GD\V WLPHV � GLIIHUHQW EHG VKHDU VWUHVVHV�
��

WFU D� 7G P Q 506 HUURU

ILW LQGLYLGXDOO\ >1�P
�
@ >aPJ�FP

�
@ >GD\@ >�@ >�@ >NJ�P�@

� GD\ FRQVROLGDWLRQ ��� ����� � ���� ��� ������

� GD\V FRQVROLGDWLRQ ��� ����� � ���� ��� ������

ILW WRJHWKHU

� GD\ FRQVROLGDWLRQ ��� ����� � ���� � ������

� GD\V FRQVROLGDWLRQ ��� ����� � ���� � ������

%RWK ��� ����� � ���� � ������

7DEOH ��� 3DUDPHWHUV (&206(' DSSURDFK

��
7KH (&206(' PRGHO KDV QRW EHHQ YDOLGDWHG ZLWK WKH DFWXDO (&206(' )2575$1 FRGH� 7KLV ZLOO EH H[SODLQHG LQ

LQ DQQH[ ����
��
$W +\GUR4XDO� WKH FXVWRP LV WR FKRRVH � QLFH UHSUHVHQWDWLYH �LQWHUSRODWHG� GDWD SRLQWV DQG FDOFXODWH WKH FRHIILFLHQWV

DQDO\WLFDOO\� , SUHIHU WR LQFRUSRUDWH DOO WKH GDWD SRLQWV E\ PHDQV RI D OHDVW VTXDUH ILW WR GHWHUPLQH WKH SDUDPHWHUV� 7KH �

DQG � GD\ H[SHULPHQWV DUH ILWWHG ERWK LQGLYLGXDOO\ DQG WRJHWKHU� P KDV WR EH WKH VDPH IRU WKH � DQG � GD\ H[SHULPHQW�

7KH RWKHU WZR SDUDPHWHUV� D� DQG Q� PD\ WXUQ RXW WR EH GLIIHUHQW ZKHQ WKH ��GD\ GDWD DQG WKH ��GD\ GDWD DUH ILWWHG

VHSDUDWHO\� EXW WKH\ KDYH WR EH WKH VDPH IRU WKH � DQG � GD\ H[SHULPHQW ZKHQ WKH\ DUH XVHG LQ WKH PRGHO�
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7KH UHVXOWV RI WKH ILWWLQJ RI WKH SDUDPHWHUV DUH VKRZQ LQ ILJXUHV ��� DQG ��� DQG LQ WDEOH ���� ,W WXUQV RXW

WKDW GHVSLWH WKH IDFW WKDW LQ ERWK H[SHULPHQWV WKH VDPH PXG ZDV LQYROYHG �DW GLIIHUHQW PRPHQWV LQ WLPH�� WKH

SDUDPHWHUV D� DQG Q DUH GLIIHUHQW IRU WKH WZR H[SHULPHQWV� 7KH H[SRQHQW Q GHFUHDVHV ZLWK WLPH DQG WKH

HURVLRQ FRHIILFLHQW D� LQFUHDVHV ZLWK WLPH� 7KDW PHDQV WKDW HYHQ RQ D VLQJOH VLWH WKH HURVLRQ SRWHQWLDO

IRUPXOD ��� �ZLWK FRQVWDQW Q� LV QRW FDSDEOH RI GHVFULELQJ WKH UHVXVSHQVLRQ UDWH SUHFLVHO\� 7KH GDWD RI WKH

LQGLYLGXDO H[SHULPHQWV KRZHYHU� FDQ EH ILWWHG WR D KLJK DFFXUDF\ ZLWK WKLV IRUPXOD�

7KH YDOXH RI WKH SDUDPHWHU Q KDV EHHQ GHWHUPLQHG DW DERXW � IURP WKH ILWV� DQG P LV DERXW ���� 7KH UXOH

RI WKXPE RI +\GUR4XDO LV WKDW P  ��� IRU PXG GHSRVLWHG LQ TXLHW FRQGLWLRQV� P  � IRU PXG GHSRVLWHG LQ

G\QDPLF FRQGLWLRQV DQG Q  � WR �� 7KDW PHDQV WKDW WKH SDUDPHWHUV LQ WDEOH ��� DUH LQ DFFRUGDQFH ZLWK WKH

YDOXHV JHQHUDOO\ XVHG ZKHQ WKH ILWWHG YDOXH RI P FRUUHVSRQGV WR WKH G\QDPLF FRQGLWLRQV FDVH� 7KLV PD\ EH

H[SODLQHG E\ WKH IDFW WKDW WKH EHG KDV EHHQ IRUPHG LQVLGH WKH DQQXODU IOXPH DIWHU VHYHUH PL[LQJ� DSSDUHQWO\

UHVXOWLQJ LQ WKH W\SH RI IORFV WKDW DUH JHQHUDOO\ SUHVHQW LQ G\QDPLF FRQGLWLRQV�
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)LJXUH ��� �/�� )LWWLQJ UHVXVSHQVLRQ SRWHQWLDO H DIWHU � GD\ RI FRQVROLGDWLRQ

)LJXUH ��� �5�� )LWWLQJ UHVXVSHQVLRQ SRWHQWLDO H DIWHU � GD\V RI FRQVROLGDWLRQ

-�$��� 5����	��+%2;1+��	��	��)

7KH UHVXOWV RI WKH WLPH VHULHV SURGXFHG E\ (&206(' FDQ EH VHHQ LQ ILJXUH ���� 7KH UHVXOWV ILW WKH

H[SHULPHQWDO GDWD TXLWH ZHOO LQ DQ RYHUDOO VHQVH� EXW WKH\ UHSURGXFH WKH GHWDLOV RQO\ WR D VPDOO GHJUHH� 7KUHH

PDMRU W\SHV RI GLIIHUHQFHV FDQ EH REVHUYHG EHWZHHQ WKH UHVXOWV DQG WKH GDWD�

�� )LUVW� WKH EHKDYLRXU RI WKH GDWD RI WKH H[SHULPHQWDO IOXPH GRHV QRW VXJJHVW WKDW HDFK VKHDU VWUHVV DOORZV

RQO\ D FHUWDLQ PD[LPXP HURVLRQ WR RFFXU � 7KH HURVLRQ UDWH WHQGV WRZDUGV D FRQVWDQW EXW ORZ YDOXH VR

QR UHVXVSHQVLRQ SRWHQWLDO FDQ EH GLVFHUQHG� 7KLV KDV WZR LPSOLFDWLRQV IRU WKH UHVXOWV RI (&206('
��
�

7KH UHVXVSHQVLRQ SRWHQWLDO FRHIILFLHQWV KDYH EHHQ GHWHUPLQHG E\ DVVXPLQJ WKDW WKH KLJKHVW PHDVXUHG

YROXPH RI HURGHG PDVV DW D FHUWDLQ EHG VKHDU VWUHVV LV HTXDO WR WKH UHVXVSHQVLRQ SRWHQWLDO� ,Q UHDOLW\ WKH

HURVLRQ FRQWLQXHV DOO WKH WLPH� $FFRUGLQJO\ WKH YDOXHV RI WKH SDUDPHWHUV DUH DIIHFWHG E\ WKH GXUDWLRQ RI

WKH H[SHULPHQW� :KHQ WKH SDUDPHWHUV DUH ILWWHG WR WKH GDWD ZLWK WKH DVVXPSWLRQ WKDW WKH KLJKHVW

RFFXUULQJ HURVLRQ DW D FHUWDLQ EHG VKHDU VWUHVV HTXDOV WKH HURVLRQ SRWHQWLDO� D ORQJHU GXUDWLRQ RI WKH

��
7KLV KDV DOVR LPSOLFDWLRQV IRU DQ H[SRQHQWLDO GHFD\ GHVFULSWLRQ RI WKH HURVLRQ UDWH� $Q H[SRQHQWLDO GHFD\ UDWH

IRUPXODWLRQ KDV OHDGV WR D ILQLWH DPRXQW RI HURVLRQ DV ZHOO� VR LW ZLOO QRW EH YDOLG LQ WKH ORQJ UXQ�
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DSSOLFDWLRQ RI D FHUWDLQ EHG VKHDU VWUHVV RQ WKH EHG ZLOO UHVXOW LQ DQ LQFUHDVH RI WKH DVVRFLDWHG HURVLRQ

SRWHQWLDO�
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)LJXUH ���� 5HVXOWV IURP (&20�6(' PRGHO �ZLWK GHWDLO RI UHVXOWV DIWHU � GD\V RI FRQVROLGDWLRQ LQ ULJKW IUDPH�

,Q WKH H[SHULPHQWV� WKH HURVLRQ UDWHV VKRZ D ORZ DQG DOPRVW FRQVWDQW YDOXH DW WKH HQG RI WKH DSSOLFDWLRQ

RI D FHUWDLQ EHG VKHDU VWUHVV� 7KLV LPSOLHV WKDW WKH HURVLRQ ZRXOG SURJUHVV HYHQ IXUWKHU LI WKH H[SHULPHQW

ZRXOG EH FRQWLQXHG IRU D ORQJHU SHULRG� ,Q (&206(' WKLV VHFRQGDU\ HURVLRQ� WKH HURVLRQ DIWHU WKH

HURVLRQ SRWHQWLDO KDV EHHQ GHSOHWHG� LV QHJOHFWHG� &RQVHTXHQWO\ WKH PRGHO ZLOO XQGHUHVWLPDWH WKH HURGHG

PDVV LI WKH EHG VKHDU VWUHVV DFWV RQ WKH EHG IRU D SHULRG ORQJHU WKDQ WKH GXUDWLRQ RI WKH H[SHULPHQW�

�� $ VHFRQG VKRUWFRPLQJ LV WKDW (&206(' GRHV QRW UHSURGXFH WKH HURGHG PDVV DV D IXQFWLRQ RI WLPH

DFFXUDWHO\ DW D FHUWDLQ OHYHO RI WKH EHG VKHDU VWUHVV� (&206(' ZLOO DOORZ WKH HURVLRQ UDWH WR UHVXVSHQG

WRR TXLFNO\� 7ZR SKHQRPHQD DFFRXQW IRU WKLV�

�

��

��

��

��

���

� � � � � �

H[SRQHQWLDO

OLQHDU� UDWH GHWHUP LQHG E\ HURVLRQ SRWHQWLDO

OLQHDU� UDWH GHWHUP LQHG E\ HURVLRQ SRWHQWLDO

OLQHDU� UDWH GHWHUP LQHG E\ UHPDLQLQJ HURVLRQ SRWHQWLDO

WLPHVFDOH 7H ����������	��	�
�

WLPH

�

GLIIHUHQFH

(&20�6('

DQG

H[SRQHQWLDO

PRGHO

)LJXUH ���� %HKDYLRXU H[SRQHQWLDO GHFD\ RI HURVLRQ UDWH (�
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)LUVW� (&206(' DVVXPHV D OLQHDU HURVLRQ UDWH ( H�7H XQWLO WKH HURVLRQ SRWHQWLDO KDV EHHQ UHDFKHG� )RU

7H D YDOXH LQ WKH RUGHU RI RQH KRXU LV FKRVHQ� ,Q WKH H[SHULPHQWV WKH HURVLRQ RI WKH UHPDLQLQJ SDUW RI WKH

HURVLRQ SRWHQWLDO H FDQ LQLWLDOO\ EH GHVFULEHG ZLWK D QHJDWLYH H[SRQHQWLDO IXQFWLRQ ZLWK D WLPH VFDOH RI

DERXW RQH KRXU� 7KH YDOXH RI 7H  � KRXU LQ (&206(' LV LQ DFFRUGDQFH ZLWK WKH WLPH VFDOH RI WKH

H[SHULPHQWV LI 7H LV PHDQW WR UHSUHVHQW WKH WDQJHQW RI WKH H[SRQHQWLDO GHFD\ RI WKH HURVLRQ UDWH� 7KH

DVVXPSWLRQ RI DQ H[SRQHQWLDO GHFD\ IXQFWLRQ LPSOLHV WKDW LQ UHDOLW\ DIWHU D SHULRG RI �7H WKH HURVLRQ

SRWHQWLDO H KDV EHHQ UHDFKHG� DERXW � � RI WKH HURVLRQ SRWHQWLDO LV OHIW DIWHU �7H� 0RUHRYHU� DIWHU RQH

SHULRG 7H RQO\ �� � RI WKH HURVLRQ SRWHQWLDO H LV HURGHG �ILJXUH ����� ZKLOH (&206(' ZLOO DOUHDG\

KDYH HURGHG WKH IXOO HURVLRQ SRWHQWLDO H DIWHU WKLV SHULRG� $IWHU D SHULRG 7H WKHUHIRUH� (&20�6(' KDV

DOUHDG\ HURGHG WKH IXOO HURVLRQ SRWHQWLDO H DQG JLYHV DQ HURVLRQ UDWH ( RI ]HUR� ,Q WKH H[SRQHQWLDO PRGHO�

WKH HURVLRQ SRWHQWLDO H LV QRW \HW GHSOHWHG DQG WKH HURVLRQ UDWH ( LV QRW \HW ]HUR� 7KH GLIIHUHQFH EHWZHHQ

HURGHG PDVV JLYHQ E\ (&206(' DQG WKH HURGHG PDVV LQ WKH H[SRQHQWLDO PRGHO ZLOO WKHUHIRUH EH HTXDO

WR WKH DFWXDO UHPDLQLQJ HURVLRQ SRWHQWLDO LQ WKH H[SRQHQWLDO GHFD\ IXQFWLRQ �VHH ILJXUH �����

6HFRQG� ZKHQ D PDMRU SRUWLRQ RI WKH HURVLRQ SRWHQWLDO H KDV DOUHDG\ EHHQ HURGHG DW SUHYLRXV� ORZHU

VKHDU VWUHVVHV �ZKLFK LV RIWHQ WKH FDVH�� WKH OLQHDULVDWLRQ RI WKH H[SRQHQWLDO GHFD\ IXQFWLRQ VKRZV HYHQ

PRUH VKRUWFRPLQJV� (&206(' HURGHV WKH UHPDLQLQJ SDUW RI WKH HURVLRQ SRWHQWLDO DW D UDWH EDVHG RQ WKH

WRWDO UHVXVSHQVLRQ SRWHQWLDO� :KHQ D SDUW RI WKH UHVXVSHQVLRQ SRWHQWLDO KDV DOUHDG\ EHHQ HURGHG DW

SUHYLRXV� ORZHU VKHDU VWUHVVHV� WKH HURVLRQ UDWH VKRXOG EH GHWHUPLQHG IURP WKH UHPDLQLQJ HURVLRQ

SRWHQWLDO DV FDQ EH VHHQ LQ ILJXUH ���� 7KLV UHPDLQLQJ HURVLRQ SRWHQWLDO OHDGV WR D ORZHU HURVLRQ UDWH

( H�7H WKDQ WKH LQLWLDO HURVLRQ UDWH�
��
:KHQ WKH EHG VKHDU VWUHVVHV DUH KLJK� WKH DEVROXWH HUURU RI XVLQJ

DQ HURVLRQ UDWH EDVHG RQ WKH WRWDO UHVXVSHQVLRQ SRWHQWLDO UDWKHU WKDQ WKH UHPDLQLQJ� ZLOO EH ODUJHU� $IWHU

RQH SHULRG 7H WKH UHODWLYH HUURU EHWZHHQ (&206(' DQG WKH H[SRQHQWLDO GHFD\ IXQFWLRQ LV LQLWLDOO\ ��

�� DIWHU ZKLFK LV JUDGXDOO\ GURSV� 7KH DEVROXWH HUURU LV WKLV WKH UHODWLYH HUURU WLPHV WKH HURVLRQ

SRWHQWLDO� ZKLFK LQFUHDVHV ZLWK WKH EHG VKHDU VWUHVV VTXDUHG�

�� 7KH WKLUG VKRUWFRPLQJ RI (&206(' LV WKDW WKH HURVLRQ SRWHQWLDO RI WKH RQH GD\ H[SHULPHQW DQG WKH

HURVLRQ SRWHQWLDO RI WKH VHYHQ GD\V H[SHULPHQW FDQQRW ERWK EH ILWWHG DFFXUDWHO\ E\ RQH VHW RI SDUDPHWHUV

RI WKH HURVLRQ SRWHQWLDO HTXDWLRQ� 7KH HURVLRQ SRWHQWLDO RI WKH ��GD\�ROG PDWHULDO LV XQGHUHVWLPDWHG DQG

WKH HURVLRQ SRWHQWLDO RI WKH RQH�GD\�ROG PDWHULDO LV RYHUHVWLPDWHG� 7KDW PHDQV WKDW WKH PRGHO ZLOO

RYHUHVWLPDWH FRQFHQWUDWLRQV ZKHQ HURVLRQ DQG GHSRVLWLRQ DOWHUQDWH YHU\ IUHTXHQWO\� OHVV PDWHULDO ZLOO EH

DOORZHG WR FRQVROLGDWH WKDQ LQ UHDOLW\ DQG RQFH PDWHULDO KDV EHHQ DOORZHG WR FRQVROLGDWH IRU VHYHQ GD\V�

WKH PRGHO ZLOO EH WRR UHOXFWDQW WR JLYH LW EDFN WR WKH ZDWHU FROXPQ�

��
7KLV ORZHU HURVLRQ UDWH FDQQRW EH DWWULEXWHG WR D WLPH VFDOH LQFUHDVLQJ LQ WLPH� 7KH WLPH VFDOH 7 RI DQ\ H[SRQHQWLDO

GHFD\ GRHV QRW FKDQJH LQ WLPH� DQ H[SRQHQWLDO GHFD\ IXQFWLRQ LV D V\VWHP ZLWKRXW D PHPRU\�
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7KH DQQXODU IOXPH H[SHULPHQW FDQ DOVR EH PRGHOOHG ZLWK PRGHO ���� WKDW JLYHV D UHODWLRQ EHWZHHQ WKH

GHQVLW\ DQG WKH HURGLELOLW\ E\ XVLQJ D YDULDEOH FULWLFDO EHG VKHDU VWUHVV

� �FU FU

Q�� �����

ZKHUH I LV WKH YROXPH IUDFWLRQ RI PXG� FDOFXODWHG E\ WKH FRQVROLGDWLRQ PRGHO �ZLWK VZHOOLQJ SDUDPHWHU I ��

7KH PRVW ORJLFDO DSSURDFK ZRXOG EH WR XVH WKH VDPH SRZHU Q DV WKH SRZHU XVHG IRU �L� WKH FRQVWLWXWLYH

UHODWLRQ EHWZHHQ WKH YROXPH IUDFWLRQ RI PXG� WKH SHUPHDELOLW\ DQG WKH HIIHFWLYH VWUHVV RU �LL� WKH IUDFWDO

GLPHQVLRQ IRXQG IRU WKH \LHOG VWUHVV LQ VHFWLRQ ���� :LWK D IUDFWDO GLPHQVLRQ RI 'FU ��� LW LV SRVVLEOH WR JLYH

UHDVRQDEOH UHVXOWV WKDW GR VKRZ WKH FKDUDFWHULVWLF H[SRQHQWLDO EHKDYLRXU DW HDFK EHG VKHDU VWUHVV� 7KH

UHVXVSHQVLRQ DW ORZHU EHG VKHDU VWUHVVHV LV RYHUUDWHG WKRXJK� 7KH UHVXOWV DUH VHQVLWLYH WR WKH SDUDPHWHU .FU�

:LWK D IUDFWDO GLPHQVLRQ RI ��� DQG ��� LW LV DOVR SRVVLEOH WR JLYH UHDVRQDEOH UHVXOWV� SURYLGHG DQ DSSURSULDWH

YDOXH RI .FU LV FKRVHQ� �7KLV UHVHPEOHV WKH UHODWLRQ EHWZHHQ .N� .V DQG ' IRXQG LQ FKDSWHU �� ZKHUH WKH

PHDVXUHPHQWV FRXOG EH UHSURGXFHG DW DOO IUDFWDO GLPHQVLRQV UDQJLQJ IURP ��� WR ���� SURYLGHG DSSURSULDWH

YDOXHV RI .N DQG .V ZHUH FKRVHQ��
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)LJXUH ���� 5HVXOWV IURP HURVLRQ PRGHO ZLWK FULWLFDO VKHDU VWUHVV DV IXQFWLRQ RI GHQVLW\ DIWHU � GD\ RI FRQVROLGDWLRQ� ,QIOXHQFH RI .\

DQG '\�

)LJXUH ���� 5HVXOWV IURP HURVLRQ PRGHO ZLWK FULWLFDO VKHDU VWUHVV DV IXQFWLRQ RI GHQVLW\ DIWHU � GD\ RI FRQVROLGDWLRQ� ,QIOXHQFH RI

VZHOOLQJ SDUDPHWHU I�

7KH UHVXOWV IRU WKH ��GD\ H[SHULPHQW DUH QRW LQFOXGHG� 7KH RQO\ DJHLQJ SURFHVV WKDW DFFRXQWV IRU WKH

GLIIHUHQFH EHWZHHQ WKH ��GD\ H[SHULPHQW DQG WKH ��GD\ H[SHULPHQW LV WKH FRQVROLGDWLRQ� E\ PHDQV RI

FKDQJHV LQ WKH GHQVLW\ SURILOH� 7KH LQIOXHQFH RI WKH FRQVROLGDWLRQ PRGHO RQ WKH HURVLRQ UHVXOWV LV QRW

LQYHVWLJDWHG XQWLO WKH QH[W VHFWLRQ� ZKHUH D PRUH SK\VLFDOO\ EDVHG PRGHO� DOVR XVLQJ WKH FRQVROLGDWLRQ RI WKH

EHG� LV LQYHVWLJDWHG� 7KH LQIOXHQFH RI WKH VZHOOLQJ RI WKH EHG LV LQYHVWLJDWHG WKRXJK� ,Q ILJXUH ��� WKH UHVXOWV

IRU GLIIHUHQW YDOXHV RI WKH VZHOOLQJ SDUDPHWHU I DUH VKRZQ �VHH VHFWLRQ �������
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-�'��� 7�/�	

,Q FKDSWHU � DQ HURVLRQ PRGHO ZDV SURSRVHG XVLQJ D 5D\OHLJK SUREDELOLW\ GLVWULEXWLRQ RI WKH EHG VKHDU

VWUHVV� )RU WKH VDNH RI FRQYHQLHQFH LW LV UHSHDWHG KHUH�

� �� � � �\
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ZKHUH D DQG 0 DUH XQNQRZQ FRHIILFLHQWV� WE LV WKH EHG VKHDU VWUHVV� ( LV WKH HURVLRQ UDWH LQ NJ�P
�
�V� DQG S LV

WKH SUREDELOLW\ WKDW WKH DFWXDO EHG VKHDU VWUHVV W� LV ODUJHU WKDQ WKH DFWXDO EHG VKHDU VWUHQJWK RI WKH EHG W\�

ZKLFK LV JLYHQ E\

� � � �V\ D

Q
� � �� � �
 ��	 
 � ��

� �� � �����

$OO WKH SDUDPHWHUV WKDW DUH XVHG DV LQSXW WR WKH �'9�ZDWHUEHG PRGHO �VHFWLRQ ���� DUH OLVWHG LQ WDEOH ����

7KH FRQVROLGDWLRQ SDUDPHWHUV KDYH EHHQ GHWHUPLQHG IURP WKH FRQVROLGDWLRQ H[SHULPHQWV LQ WKH SUHYLRXV

FKDSWHU� 6RPH RWKHU SK\VLFDO SDUDPHWHUV LQ WKH HURVLRQ PRGHO FDQQRW EH GHWHUPLQHG H[SHULPHQWDOO\� 7KHVH

SDUDPHWHUV DUH WKH FRKHVLRQ FCD�]�W�� WKH UDWLR I EHWZHHQ WKH VWLIIQHVV DW YLUJLQ DQG UHORDGLQJ DQG WKH HURVLRQ

UDWH FRHIILFLHQW 0 ZHÂIÂUV� 6LQFH WKHVH SDUDPHWHUV DUH QRW NQRZQ� WKH VHQVLWLYLW\ RI WKH HURVLRQ�

FRQVROLGDWLRQ PRGHO LV LQYHVWLJDWHG ZLWK UHVSHFW WR WKHVH SDUDPHWHUV� 7KHVH SDUDPHWHUV FDQ EH XVHG WR

FDOLEUDWH WKH PRGHO� 7KH FKRLFH RI DSSURSULDWH YDOXHV RI WKHVH SDUDPHWHUV LV GLVFXVVHG LQ WKLV VHFWLRQ EHIRUH

VLPXODWLRQV DUH SHUIRUPHG�

1R WKHRUHWLFDO UHODWLRQVKLS LV DYDLODEOH IRU WKH HURVLRQ UDWH FRHIILFLHQW 0� 7KLV SDUDPHWHU LV IRU VXUH QRW

ODUJHU WKDQ WKH SURGXFW RI WKH HQWUDLQPHQW UDWH ZH� LI WKH EHG ZHUH IOXLG PXG� DQG WKH FRQFHQWUDWLRQ RI WKH

HQWUDLQHG IOXLG UVÂIJHO� :LQWHUZHUS DQG .UDQHQEXUJ >����@ KDYH LQYHVWLJDWHG WKH LQLWLDO HQWUDLQPHQW UDWH ZH

RI D IOXLG PXG OD\HU� ERWK QXPHULFDOO\ DQG E\ PHDQV RI H[SHULPHQWV� 7KH\ IRXQG IRU ZH YDOXHV UDQJLQJ IURP

�Â��
��
WR �Â��

��
P�V MXVW DIWHU WKH VWDUW RI DQ H[SHULPHQW� :LWK D YROXPH IUDFWLRQ RI PXG RI IJHO ���� WKLV

UHVXOWV URXJKO\ LQ DQ HURVLRQ FRHIILFLHQW 0 RI ��� WR ���� NJ�P
�
�V� 7KLV LV KLJKHU WKDQ WKH YDOXHV RI ��

��
WR

��
±�
NJ�P

�
�V IRXQG JHQHUDOO\ >:LQWHUZHUS� ����@� 7KH 0 LQ WKH 3DUWKHQLDGHV HTXDWLRQ LV WKH QHW HURVLRQ UDWH

�LQFOXGLQJ WKH HIIHFWV RI WKH SUREDELOLW\ GLVWULEXWLRQ RI WKH EHG VKHDU VWUHVV�� ZKLOH WKH 0 XVHG LQ HURVLRQ

PRGHO ��� GHVFULEHV WKH UHVXVSHQVLRQ UDWH SURYLGHG WKH EHG VKHDU VWUHVV H[FHHGV WKH EHG \LHOG VWUHVV�

7KHUHIRUH WKH 0 XVHG LQ WKLV PRGHO LV H[SHFWHG WR EH KLJKHU WKDQ WKH WUDGLWLRQDO 0� 7KH FDOLEUDWLRQ UXQV DUH

SHUIRUPHG �DUELWUDULO\� ZLWK D YDOXH RI ZH �Â��
±�
P�V � 0 | ��� NJ�P

�
�V�� 7R JHW D QRWLRQ RI WKH VHQVLWLYLW\ RI

WKH UHVXOWV WR 0� FRPSXWDWLRQV ZLWK RWKHU YDOXHV RI 0� UDQJLQJ E\ D IHZ RUGHUV PDJQLWXGH� DUH DOVR

SHUIRUPHG� (URVLRQ IRUPXODWLRQ ��� FRQWDLQV DQRWKHU SDUDPHWHU EHVLGHV 0� )RU WKH VFDOH SDUDPHWHU D RI WKH

5D\OHLJK SUREDELOLW\ GLVWULEXWLRQ� DUELWUDULO\� D YDOXH RI ��� LV FKRVHQ� :LWK WKLV YDOXH WKH UHJXODUO\ XVHG EHG

VKHDU VWUHVV WE HTXDOV WKH PRGDO YDOXH �PRVW SUREDEOH YDOXH� RI WKH DFWXDO EHG VKHDU VWUHVV W��

7KH UDWLR I EHWZHHQ WKH VWLIIQHVV DW YLUJLQ DQG DW UHORDGLQJ FRPSUHVVLRQ LV LQ WKH UDQJH RI � WR � �9DQ

.HVWHUHQ� SHUV� FRP��� 7KH VHQVLWLYLW\ RI WKH PRGHO ZLWK UHVSHFW WR I LV LQYHVWLJDWHG� YDOXHV RI I UDQJLQJ IURP

� WR � DUH XVHG� 7KH LQIOXHQFH RI WKH W\SH RI VZHOOLQJ PRGHO LV DOVR H[DPLQHG� 7KH WZR OLQHDU VZHOOLQJ

PRGHOV SURSRVHG LQ FKDSWHU � DUH WHVWHG� 7KH VZHOOLQJ EHKDYLRXU DFFRUGLQJ WR WKHVH PRGHOV ZLOO DOZD\V JLYH

UHVXOWV WKDW DUH EHWZHHQ WKH UHVXOWV IRU IXOO\ HODVWLF EHKDYLRXU �UHORDGLQJ DFFRUGLQJ WR WKH YLUJLQ ORDGLQJ

FXUYH� DQG IXOO\ SODVWLF EHKDYLRXU �I f�� 7KHVH HQYHORSLQJ PRGHOV DUH DOVR WHVWHG�

7ZR SURFHVVHV DUH UHVSRQVLEOH IRU WKH VWUHQJWKHQLQJ RI WKH VHGLPHQW LQ WLPH DFFRUGLQJ WR HTXDWLRQ �����

�L� WKH LQFUHDVH LQ SK\VLFDO VWUHQJWK E\ FRQVROLGDWLRQ �GHQVLW\� DQG �LL� WKH LQFUHDVH LQ FKHPLFDO VWUHQJWK

�FRKHVLRQ�WKL[RWURS\�� 7KH WLPH GHSHQGHQW EHKDYLRXU RI WKH FRKHVLRQ LV QRW NQRZQ� 7KH FRKHVLRQ WHUP RI
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���� UHDGV FCDI� %RWK WKH LQFUHDVH LQ I GXH WR WKH FRQVROLGDWLRQ DQG WKH LQFUHDVH LQ WKH FRKHVLRQ SDUDPHWHU

FCD OHDG WR DQ LQFUHDVH RI WKH FRKHVLRQ� 0HUFNHOEDFK >����@ PHQWLRQV D GDLO\ LQFUHDVH RI WKH FRKHVLRQ FCDI

RI DERXW RI � 3D�GD\ IRU SHULRGV XS WR �� GD\V� ,Q WKH WLPH VFDOHV RI WKLV H[SHULPHQW� � WR � GD\V� WKLV OHDGV

WR FRKHVLRQ RI RQO\ � WR � 3D� 7KH YROXPH IUDFWLRQ RI PXG I LV LQ WKH RUGHU RI ���� VR FCD LV LQ WKH RUGHU RI

VHYHUDO WLPHV �� 3D� 6LQFH 0HUFNHOEDFK XVHV DQ DYHUDJH I IRU WKH HQWLUH EHG� KH GRHV QRW LQGLFDWH ZKLFK SDUW

RI WKLV GDLO\ LQFUHDVH LV GXH WR WKH FRQVROLGDWLRQ� DQG ZKLFK SDUW LV GXH WR WKH LQFUHDVH RI FCD 7KHUHIRUH WKH

DVVXPSWLRQ LV PDGH KHUH WKDW WKH HQWLUH LQFUHDVH LQ FCDI LV GXH WR FRQVROLGDWLRQ�

7KH HURVLRQ LV PRGHOOHG ZLWK GLIIHUHQW FRQVWDQW YDOXHV IRU WKH FRKHVLRQ SDUDPHWHU FCD �VHYHUDO WLPHV ��

3D� WR VHH ZKDW WKH LQIOXHQFH RI WKH FRQVROLGDWLRQ LV RQ WKH HURGLELOLW\� LQFOXGLQJ WKH VFHQDULR FCD �� 7KH

GHFUHDVH LQ HURGLELOLW\ WKDW FDQQRW EH DWWULEXWHG WR WKH FRQVROLGDWLRQ HIIHFW� FRXOG EH IRXQG �FDOLEUDWHG� E\

PDNLQJ FCD DQ DSSURSULDWH IXQFWLRQ RI WLPH�

7KH RQO\ VWUHQJWKHQLQJ PHFKDQLVP LQ WKH �'9�ZDWHUEHG PRGHO LV QRZ WKH LQFUHDVH LQ WKH GHQVLW\ GXH WR

WKH FRQVROLGDWLRQ� LW LV WKH RQO\ SURFHVV WKDW FDQ DFFRXQW IRU WKH GHFUHDVH LQ HURGLELOLW\ EHWZHHQ WKH RQH�GD\

DQG WKH VHYHQ�GD\ H[SHULPHQW� 7KH YDOXHV RI WKH FRQVROLGDWLRQ SDUDPHWHUV .N� .V DQG ' DUH NQRZQ IURP WKH

YDOLGDWLRQ RI WKH FRQVROLGDWLRQ PRGHO LQ WKH SUHYLRXV VHFWLRQ� 7KH\ VKRXOG QRW EH XVHG WR FDOLEUDWH WKH

PRGHO� 7KH VHQVLWLYLW\ RI WKH FRQVROLGDWLRQ PRGHO WR WKH FRQVROLGDWLRQ SDUDPHWHUV KDV EHHQ LQYHVWLJDWHG LQ

FKDSWHU � DV ZHOO� 7KHVH UHVXOWV DUH XVHG WR SHUIRUP D IRXQGHG VHQVLWLYLW\ DQDO\VLV RI WKH �'9�ZDWHUEHG

PRGHO�

3DUDPHWHU 6\PERO 9DOXHV 8QLWV

'HQVLW\ RI VHGLPHQW PDWHULDO UV ���� NJ�P
�

'HQVLW\ RI SRUH ZDWHU UZ ���� NJ�P
�

9ROXPH IUDFWLRQ RI PXG DW JHOOLQJ SRLQW IJHO ���� P
�
�P

�

(IIHFWLYH VWUHVV SDUDPHWHU .V �Â��
�

1�P
�

3HUPHDELOLW\ SDUDPHWHU .N �Â��
���

P�V

)UDFWDO GLPHQVLRQ ' ��� �

5DWLR RI VZHOOLQJ VWLIIQHVV WR YLUJLQ FRPSUHVVLRQ VWLIIQHVV ) � �

6ZHOOLQJ PRGHO 'ORJ�VCY�� 'H FRQVW�

&RKHVLRQ FCD �� 1�P
�

$QJOH RI LQWHUQDO IULFWLRQ MC ���� GHJU

&RHIILFLHQW RI ODWHUDO VWUHVV .� ���� �

(QWUDLQPHQW UDWH �(URVLRQ UDWH 0  ZHÂIÂUV� ZH �Â��
±�

P�V

6FDOH SDUDPHWHU IRU 5D\OHLJK GLVWULEXWLRQ �ZLWK DYHUDJH P  òÂWEÂ¥�S �D� D ��� �

&ULWLFDO VKHDU VWUHVV IRU HURVLRQ WFU ��� 1�P
�

1XPEHU RI VDPSOLQJ SRLQWV QRQ �� �

1XPEHU RI )RXULHU FRPSRQHQWV QRN �� �

7LPH VWHS FRQVROLGDWLRQ � PD[LPXP WLPHVWHS IRU FRQVROLGDWLRQ

GHOWFPD[�

GHOWF � PLQ�

7LPH VWHS IRU HURVLRQ DQG GHSRVLWLRQ �'HOIW�'�:$4 WLPHVWHS� GHOW � PLQ�

7LPH VWHS HURVLRQ FDOFXODWLRQ GHOW( � VHF�

7DEOH ��� 3DUDPHWHUV XVHG LQ WKH UXQV ZLWK WKH FRQVROLGDWLRQ� HURVLRQ PRGHO

7KH SHUPHDELOLW\ SDUDPHWHU .N KDV WKH PDLQ LQIOXHQFH RQ WKH VSHHG RI WKH FRQVROLGDWLRQ� 7KH HIIHFWLYH

VWUHVV SDUDPHWHU .V KDV WKH PDLQ LQIOXHQFH RQ WKH VKDSH RI WKH SURILOH� 7KH H[SHFWDWLRQ LV WKDW WKH VKDSH RI

WKH SURILOH ZLOO KDYH WKH PDLQ LQIOXHQFH RQ WKH HURVLRQDO EHKDYLRXU� +HQFH WKH FRQVROLGDWLRQ SDUDPHWHUV DUH

FKRVHQ WR JLYH WKH EHVW GHVFULSWLRQ RI WKH GHQVLW\ SURILOHV� RQH RI WKH FRPELQDWLRQV IURP WDEOH ��� LV XVHG

�DQG QRW WDEOH ����� 7KH LQIOXHQFH RI WKH FRQVROLGDWLRQ SDUDPHWHUV LV LQYHVWLJDWHG E\ XVLQJ WKH VDPH VHW RI
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SDUDPHWHUV WKDW ZDV XVHG WR SHUIRUP WKH VHQVLWLYLW\ DQDO\VLV RI WKH FRQVROLGDWLRQ ZLWK ' ��� �DQQH[ ��� DQG

����� 7R FRPSDUH WKHVH UHVXOWV ZLWK WKH RWKHU YDOLGDWLRQ UXQV� D IUDFWDO GLPHQVLRQ RI ��� LV FKRVHQ�

$ VLPSOH FDOFXODWLRQ LQ FKDSWHU � LQGLFDWHG WKDW RQO\ �� � RI WKH H[FHVV SRUH SUHVVXUHV DUH OHIW DIWHU ��

KRXUV RI FRQVROLGDWLRQ� 7KLV DPRXQW LV LQ WKH VDPH UDQJH DV WKH HUURU �RU GLIIHUHQFH� EHWZHHQ WKH PHDVXUHG

GHQVLW\ SURILOHV LQ ILJXUH ���� 7R FDOFXODWH WKHVH GHQVLW\ GLIIHUHQFHV� WKH FRQVROLGDWLRQ SDUDPHWHUV KDYH WR EH

JLYHQ D YDOXH� 7KHVH YDOXHV DUH FKRVHQ DFFRUGLQJ WR WKH ILQGLQJV LQ WKH SUHYLRXV FKDSWHU� ,W ZDV VKRZQ WKDW

WKH FRQVROLGDWLRQ PRGHO FDQ JLYH UHDVRQDEOH UHVXOWV ZLWK D ZLGH UDQJ RI YDOXHV RI WKH SDUDPHWHUV '� .V DQG

.N � SURYLGHG WKH SDUDPHWHUV DUH DUUDQJHG LQWR VSHFLILF VHWV �$QQH[ ����� $OO WKHVH FRPSXWDWLRQV JLYH

VPDOOHU GLIIHUHQFHV EHWZHHQ WKH SURILOHV DW �� KRXU DQG ODWHU� WKDQ WKH PHDVXUHPHQWV �DQQH[ ����� 6R WKH

LQIOXHQFH RI WKH FRQVROLGDWLRQ ZLOO EH VPDOOHU WKDQ H[SHFWHG IURP WKH GHQVLW\ PHDVXUHPHQWV� 7KH VPDOO

GLIIHUHQFHV EHWZHHQ WKH SURILOHV DW �� KRXU DQG � GD\V� PHDQV WKDW HYHQ EHIRUH ZH KDYH SHUIRUPHG DQ\

VLPXODWLRQ RI WKH HURVLRQ� ZH FDQ DOUHDG\ FRQFOXGH WKDW FRQVROLGDWLRQ ZLOO QRW KDYH PXFK HIIHFW RQ WKH

HURGLELOLW\� 7KH VLPXODWLRQV LQ WKLV FKDSWHU VKRZ KRZ VPDOO WKH LQIOXHQFH RI WKH GHQVLW\ GLIIHUHQFHV LV�

-�'��� 3�����	�������������	�!�	�������������	�"�	���/��"�	��

)LUVW WKH LQIOXHQFH RI WKH HVWLPDWHG SDUDPHWHUV I� .���I
� F
D� D DQG 0 ZHÂIÂUV LQ WDEOH ��� LV LQYHVWLJDWHG� LQ

WKH QH[W VHFWLRQ WKH LQIOXHQFH RI WKH FRQVROLGDWLRQ SDUDPHWHUV LV LQYHVWLJDWHG� 7KH YDOLGDWLRQ UXQV KDYH EHHQ

SHUIRUPHG IRU WKH ��GD\ H[SHULPHQW RQO\� 7KH RQO\ DJHLQJ PHFKDQLVP WKDW FDQ DFFRXQW IRU WKH GLIIHUHQW

GHFUHDVH LQ HURGLELOLW\ EHWZHHQ � DQG � GD\ LV WKH FRQVROLGDWLRQ� 7KH FRQVROLGDWLRQ DIIHFWV WKH YDOLGDWLRQ

UXQV IRU DOO WKH SDUDPHWHUV WKH VDPH ZD\� $FFRUGLQJO\ LW LV QR XVH WR SHUIRUP WKH VLPXODWLRQV WZLFH� 7KH

HURVLRQ H[SHULPHQW DIWHU RQH GD\ RI FRQVROLGDWLRQ ZDV DSSOLHG IRU �� KRXUV� WKH HURVLRQ H[SHULPHQW DIWHU

VHYHQ GD\V RI FRQVROLGDWLRQ IRU RQO\ �� KRXUV� 7KH RQH�GD\ H[SHULPHQW LV WKHUHIRUH FRQVLGHUHG PRUH XVHIXO

IRU YDOLGDWLRQ� 7KH HIIHFW RI WKH FRQVROLGDWLRQ LV LQYHVWLJDWHG VHSDUDWHO\�

7KH UHVXOWV IRU GLIIHUHQW YDOXHV RI WKH SDUDPHWHUV I� 0�D � .���M
 DQG F
D FDQ EH VHHQ ILJXUHV ���� WR �����

)URP WKHVH ZH FDQ FRQFOXGH WKDW WKH ��'9 ZDWHU EHG PRGHO FDQ JLYH UHDVRQDEOH DQVZHUV IRU D ZHOO FKRVHQ

VHW RI SDUDPHWHUV� $QG� YHU\ LPSRUWDQW� WKH FKDUDFWHULVWLF H[SRQHQWLDO EHKDYLRXU LV SUHVHQW LQ WKH UHVXOWV�

)URP WKH ILJXUH ZH FDQ FRQFOXGH WKDW HURGLELOLW\ LQFUHDVHV LI WKH FRKHVLRQ SDUDPHWHU FCD GHFUHDVHV� LI WKH

HQWUDLQPHQW UDWH ZH �a 0� LQFUHDVHV� LI WKH VZHOOLQJ RI WKH EHG LQFUHDVHV �SDUDPHWHU I GHFUHDVHV�� LI WKH DQJOH

RI LQWHUQDO IULFWLRQ MC GHFUHDVHV� RU LI WKH DYHUDJH EHG VKHDU VWUHVV LQFUHDVHV� *RRG UHVXOWV FDQ EH REWDLQHG

ZLWK PDQ\ FRPELQDWLRQV RI WKH SDUDPHWHUV� 7ZR RQH WKHVH JRRG UHVXOWV DUH VKRZQ LQ WKLV VHFWLRQ �RQH ZLWK

FCD �� LQ ILJXUH ���� DQG WKH RWKHU LQ ILJXUH ������

$ JRRG UHVXOW LV REWDLQHG ZLWK D ORZ YDOXH RI I �I �� DQG ZLWK D KLJK YDOXH RI ZH �ZH �Â��
��
P�V�� 7KHVH

YDOXHV DUH FORVH WR WKH OLPLWV RI WKH UDQJH RI YDOXHV WKDW DUH SK\VLFDOO\ MXVWLILDEOH IRU WKHVH SDUDPHWHUV� 7KH

XVH RI YDOXHV WKDW DUH PRUH LQ WKH FHQWUH RI WKHLU UHVSHFWLYH UDQJHV �D ORZHU YDOXH RI ZH DQG D KLJKHU YDOXH RI

I� JLYHV D WRR ORZ HURGHG PDVV DFFRUGLQJ WR WKH ILJXUHV� FCD DQG MCFDQ EH XVHG WR FRPSHQVDWH IRU WKLV ORZHU

HURGLELOLW\� 8VLQJ D ORZHU YDOXH RI FCD RU MC LW PLJKW EH SRVVLEOH WR JLYH D UHDVRQDEOH DQVZHU IRU RWKHU

FRPELQDWLRQV RI WKH WKUHH PHQWLRQHG SDUDPHWHUV� ,Q ILJXUH ���� IRU LQVWDQFH� WKH SDUDPHWHU MC LV XVHG WR WXQH

WKH GDWD ZLWK I ��

&RKHVLRQ FCD

)LJXUH ���� VKRZV WKDW WKH �'9�ZDWHUEHG PRGHO LV TXLWH VHQVLWLYH WR WKH FRKHVLRQ FCD� $Q LQFUHPHQW RI � 3D

LQ FCD OHDGV WR D GHFUHDVH RI WKH HURGHG PDVV RI DERXW ��� PP RI PDWHULDO� ,I FCD  � WKH HURVLRQ SURJUHVVHV

DOPRVW OLQHDUO\ ZLWK D UDWH RI ��Â��
��
P�Â����� NJ�P

�
� � �����Â���� V�  �Â��

��
NJ�P

�
�V� 7KLV OLQH OLPLWV WKH

UHVXOWV IRU WKH FRKHVLRQ SDUDPHWHU RQ WKH OHIW VLGH� VLQFH FCD � LV WKH VPDOOHVW YDOXH RI WKH FRKHVLRQ� 7KLV

RSWLRQ UHVHPEOHV QHJDWLRQ RI WKH ILUVW WHUP LQ HTXDWLRQ ���� $OVR QRWH WKDW FCD KDUGO\ LQIOXHQFHV WKH VORSH DW

WKH HQG RI WKH VLPXODWLRQ�
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model w
e
=1⋅10+1 m/s

model w
e
=1⋅10−1 m/s

model w
e
=1⋅10−3 m/s

model w
e
=1⋅10−5 m/s

model w
e
=1⋅10−7 m/s

data                      

)LJXUH ���� �/�� 5HVXOWV ��'9 ZDWHU EHG PRGHO DIWHU � GD\ RI FRQVROLGDWLRQ� ,QIOXHQFH RI FRKHVLRQ SDUDPHWHU FCD�

)LJXUH ���� �5�� 5HVXOWV ��'9 ZDWHU EHG PRGHO DIWHU � GD\ RI FRQVROLGDWLRQ� ,QIOXHQFH RI HQWUDLQPHQW UDWH ZH� �ZLWK 0 ZHÂIÂUV �

(URVLRQ UDWH 0

,Q ILJXUH ���� RQH FDQ VHH WKH UHVXOWV RI FDOFXODWLRQV SHUIRUPHG ZLWK GLIIHUHQW YDOXHV RI WKH HURVLRQ

SDUDPHWHU 0 ZHÂIÂUV� :H FDQ FRQFOXGH WKDW WKH WRWDO HURGHG PDVV LV QRW VHQVLWLYH WR WKH HQWUDLQPHQW UDWH

FRHIILFLHQW ZH� 0XOWLSO\LQJ 0 E\ D IDFWRU �� PDNHV WKH ILQDO HURVLRQ RQO\ YDU\ E\ D FRQVWDQW DPRXQW RI

DERXW ��� PP RI PDWHULDO KHLJKW� WKH HURVLRQ UDWH LV RQO\ DIIHFWHG E\ WKH QDWXUDO ORJDULWKP RI WKLV SDUDPHWHU�

6LQFH QR WKHRUHWLFDO UHODWLRQVKLS LV DYDLODEOH IRU WKLV SDUDPHWHU� LW LV YHU\ FRQYHQLHQW WKDW WKH PRGHO UHVXOWV

DUH QRW VHYHUHO\ DIIHFWHG E\ DQRWKHU FKRLFH RI WKLV SDUDPHWHU� 7KH DUWLILFLDO VWHSZLVH LQFUHDVH YLVLEOH DW W �

KRXUV DW ZH �Â��
�
P�V LV GXH WR D WRR VPDOO YDOXH IRU GHOW( �VHH VHFWLRQ ������ DQG LV QRW GXH WR WKH YHU\ KLJK

YDOXH RI WKH HURVLRQ UDWH SDUDPHWHU�

6FDOH SDUDPHWHU D RI WKH 5D\OHLJK SUREDELOLW\ GLVWULEXWLRQ

)LJXUH ���� VKRZV WKH HIIHFW RI WKH DYHUDJH YDOXH RI WKH EHG VKHDU VWUHVV RQ WKH HURVLRQ� ,I D LV ORZHU� WKDW LV

LI WKH DYHUDJH EHG VKHDU VWUHVV P  òÂWEÂ¥�S �D� LV KLJKHU� WKH HURVLRQ UDWH LV KLJKHU� 'RXEOLQJ RI D DOPRVW

KDOYHV WKH HURVLRQ�

*HQHUDO JHRWHFKQLFDO SDUDPHWHUV .R DQG MC

7KH PRGHO UHVXOWV IRU GLIIHUHQW YDOXHV RI WKH DQJOH RI LQWHUQDO IULFWLRQ DQG WKH FRHIILFLHQW RI ODWHUDO VWUHVV DUH

VKRZQ LQ ILJXUH ����� 6LQFH HTXDWLRQ ��� FRQWDLQV WKHVH SDUDPHWHUV LQ RQH IDFWRU ����.��VLQMC� GLIIHUHQW

YDOXHV IRU WKLV IDFWRU UDWKHU WKDQ IRU WKH LQGLYLGXDO SDUDPHWHUV DUH XVHG LQ WKH YDOLGDWLRQ UXQV� 7KH PD[LPXP

RI WKH SURGXFW ����.��VLQMC LV REWDLQHG DW MC �� DQG .� � DQG WKH PLQLPXP DW MC � �ZKHQ WKH VHFRQG WHUP

LV WRWDOO\ VNLSSHG LQ HTXDWLRQ ����� 7KH UXQV IRU WKHVH WZR FRPELQDWLRQV ZLOO HQYHORS WKH UHVXOWV IRU DOO RWKHU

FRPELQDWLRQV� :LWKLQ WKHVH HQYHORSHV� WKH PRGHO LV TXLWH VHQVLWLYH WR WKH JHRWHFKQLFDO SDUDPHWHUV�
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model α=0.13   
model α=0.25   
model α=0.50   
model α=1.00   
model α=2.00   
data                

0 1 2 3 4 5 6
0
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1

1.2

τ
y
/τ

b

prob. dens. func.α=0.13  
prob. dens. func.α=0.25  
prob. dens. func.α=0.50  
prob. dens. func.α=1.00  
prob. dens. func.α=2.00  
prob. distr. func. α=0.13
prob. distr. func. α=0.25
prob. distr. func. α=0.50
prob. distr. func. α=1.00
prob. distr. func. α=2.00

)LJXUH ���� �/�� 5HVXOWV ��'9 ZDWHU EHG PRGHO DIWHU � GD\ RI FRQVROLGDWLRQ� ,QIOXHQFH RI WKH VFDOH SDUDPHWHU D RI WKH 5D\OHLJK

SUREDELOLW\ GLVWULEXWLRQ�

)LJXUH ���� �5�� 5D\OHLJK SUREDELOLW\ GLVWULEXWLRQ IRU GLIIHUHQW YDOXHV RI LWV VFDOH SDUDPHWHU D�
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model K
0
=0.75, φ’ =0° 

model K
0
=0.75, φ’ =10°

model K
0
=0.75, φ’ =20°

model K
0
=0.75, φ’ =30°

model K
0
=0.75, φ’ =40°

model K
0
=3.00, φ’ =40°

data                          
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data                                                           
100 % elastic (only virgin loading curve)                      
swel model ∆ φ/ ∆ σ

v
 =const.  f = 1         

swel model ∆ φ/ ∆ σ
v
 =const.  f = 2,3,4,5,10

swel model ∆ e/ ∆ logσ
v
 =const.  f = 1         

swel model ∆ e/ ∆ logσ
v
 =const.  f = 2,3,4,5,10

100 % plastic f=∞                                         

)LJXUH ���� �/�� 5HVXOWV ��'9 ZDWHU EHG PRGHO DIWHU � GD\ RI FRQVROLGDWLRQ� ,QIOXHQFH RI .� DQG M�

)LJXUH ���� �/�� 5HVXOWV ��'9 ZDWHU EHG PRGHO DIWHU � GD\ RI FRQVROLGDWLRQ� ,QIOXHQFH RI VZHOOLQJ SDUDPHWHU I DQG VZHOOLQJ PRGHO�

6ZHOOLQJ EHKDYLRXU

,Q ILJXUH ���� RQH FDQ VHH WKDW WKH VZHOOLQJ SDUDPHWHU I KDV D ODUJH LQIOXHQFH RQ WKH HURVLRQ� 7KH FXUYHV IRU

WKH GLIIHUHQW YDOXHV RI I OLH EHWZHHQ WKH FXUYHV IRU I f DQG WKH FXUYH XVLQJ WKH YLUJLQ ORDGLQJ UHODWLRQ LQ WKH

UHORDGLQJ UHJLPH� :H DOVR VHH WKDW WKH VDPH YDOXH RI I KDV GLIIHUHQW LPSOLFDWLRQV IRU HDFK VZHOOLQJ PRGHO�

7KH VZHOOLQJ PRGHO WKDW LV OLQHDU LQ WKH I�VCY SODQH� QHHGV D ORZHU I WR JLYH WKH VDPH VZHOOLQJ QHDU WKH

LQWHUIDFH�

,I WKH UHORDGLQJ FXUYH LV WKH VDPH DV WKH XQORDGLQJ FXUYH �SLQN OLQH�� WKH UHVXOWV KDUGO\ VKRZ WKH

FKDUDFWHULVWLF H[SRQHQWLDO EHKDYLRXU DIWHU HDFK VWHS LQ WKH EHG VKHDU VWUHVV� 7KH HURVLRQ SURJUHVVHV DOPRVW

OLQHDUO\ ZLWK DQ HURVLRQ UDWH RI ��Â��
��
P������ NJ�P

�
���Â���� VHFRQGV�  �Â��

��
NJ�P

�
�V� :KHQ ZH

FRPSDUH WKLV WR WKH HURVLRQ UDWH FRHIILFLHQW 0  UVÂIÂZH  ����� NJ�P
�
�V�������Â��

��
P�V�  �Â��

��
NJ�P

�
�V�

ZH VHH WKDW WKH SUREDELOLW\ WE ! W\ LQ HTXDWLRQ ��� �5D\OHLJK GLVWULEXWLRQ� LV REYLRXVO\ YHU\ VPDOO� LQ WKH

RUGHU RI ������ 7KH EHG VWUHQJWK DW WKH LQWHUIDFH LV LQGHHG DOPRVW � 3D ZKHQ WKH EHG EHKDYHV IXOO\ SODVWLF�
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6R HURVLRQ VWLOO RFFXUV ZKHQ WKH DFWXDO EHG \LHOG VWUHQJWK LV DW OHDVW DERXW � WLPHV WKH DYHUDJH EHG VKHDU

VWUHVV �WE ���� PD[LPDOO\�� :KHQ WKH EHG LV ��� � HODVWLF� WKH \LHOG VWUHQJWK DW WKH VXUIDFH LV DERXW ���� 3D

GXULQJ WKH HQWLUH VLPXODWLRQ� VR WKH EHG VWUHQJWK LV � WR � WLPHV WKH DYHUDJH EHG VKHDU VWUHVV� 7KDW PHDQV WKDW

WKH HURVLRQ LV DFWXDOO\ VROHO\ JRYHUQHG E\ WKH �YHU\� WDLO RI WKH 5D\OHLJK GLVWULEXWLRQ� 7KH WXUEXOHQW EXUVW LQ

WKH ZDWHU DUH RI SDUDPRXQW LPSRUWDQFH WR WKH HURVLRQ� $FFRUGLQJO\ LW LV YHU\ IRUWXQDWH WKDW HYHQ WKH VLPSOH

5D\OHLJK GLVWULEXWLRQ DVVXPHG JLYHV JRRG UHVXOWV�

7KH LQIOXHQFH RI WKH VZHOOLQJ RQ WKH EHG SURILOHV FDQ EH VWXGLHG LQ ILJXUHV ���� WR ����� 7KH UHVXOWV IRU

WKH IXOO\ SODVWLF PRGHO� WKH IXOO\ HODVWLF PRGHO DQG WKH WZR VZHOO PRGHOV DUH HQFORVHG� )RU WKH OLQHDU VZHOO

PRGHOV� WKH UHVXOWV FRUUHVSRQGLQJ ZLWK WKH OLQHV FORVHVW WR WKH GDWD LQ ILJXUH ���� DUH FKRVHQ� ,Q WKH OHIW SDQH

RI HDFK VHW RI WZR ILJXUHV� WKH GHQVLW\ SURILOHV DUH GLVSOD\HG DW UHJXODU LQWHUYDOV RI RQH KRXU� ,Q WKH ULJKW

SDQH WKH GHQVLW\ �FRORXU VKDGLQJ� LV GHSLFWHG DV DQ DOPRVW FRQWLQXRXV IXQFWLRQ RI WLPH �KRUL]RQWDO D[LV� DQG

GHSWK �YHUWLFDO D[LV�� (DFK OLQH LQ WKH OHIW SDQH FRUUHVSRQGV ZLWK RQH YHUWLFDO OLQH DW H[DFWO\ D ZKROH KRXU LQ

WKH ULJKW SDQH� 7KH ILJXUH XVH PDWHULDO FRRUGLQDWHV� LQ ZKLFK WKH VZHOOLQJ GRHV QRW OHDG WR D ULVH RI WKH

LQWHUIDFH� 7KH VZHOOLQJ LV YLVLEOH DV D GHFUHDVH LQ WKH GHQVLW\�VKDGLQJ�

:LWK D IXOO\ SODVWLF PRGHO �ILJ� ���� DQG ������ DOO WKH OLQHV LQ WKH OHIW SDQHV DUH DOPRVW RQ WRS RI HDFK

RWKHU� 1HDU WKH ULJLG ERWWRP WKH\ DUH QRW� VLQFH WKH FRQVROLGDWLRQ VWLOO SURJUHVVHV LQ WKH ILUVW PRPHQWV RI WKH

H[SHULPHQW�

:KHQ D IXOO\ HODVWLF PRGHO LV XVHG �ILJ� ���� DQG ������ WKH GHQVLW\ QHDU WKH LQWHUIDFH LV DOPRVW HTXDO WR

WKH JHOOLQJ GHQVLW\ DOO WKH WLPH� 7KLV OHDGV WR KLJK HURVLRQ UDWHV� &RQVHTXHQWO\ WKH HQWLUH EHG LV WRWDOO\

HURGHG EHIRUH WKH HQG RI WKH VLPXODWLRQV� DIWHU �� KRXUV�

:LWK WKH OLQHDU VZHOOLQJ PRGHOV� WKH EHKDYLRXU LV EHWZHHQ WKH EHKDYLRXU RI WKH IXOO\ SODVWLF DQG WKH

IXOO\ HODVWLF PRGHO� 7ZR VFHQDULRV DUH GHSLFWHG ZKHUH WKH DPRXQW RI HURVLRQ LV DOPRVW WKH VDPH� 7KH VKDSH

RI WKH GHQVLW\ SURILOHV LV GLIIHUHQW IRU HDFK VZHOOLQJ PRGHO� 7KH PRGHO ³OLQHDU LQ WKH ORJ�VCY��H SODQH´

�ILJXUH ���� DQG ����� OHDGV WR D ODUJHU GHFUHDVH LQ WKH GHQVLW\ LQ WKH GHHSHU SDUWV RI WKH EHG� 7KH PRGHO

³OLQHDU LQ WKH ORJ�VCY��H SODQH´ GRHV QRW OHDG WR I IJHO DW WKH WRS DOO WKH WLPH� DV ZDV PHQWLRQHG LQ VHFWLRQ

������ 6R LW FDQ EH XVHG�
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)LJXUH ���� �/�� 'HQVLW\ SURILOHV DW LQWHUYDOV RI RQH KRXU DIWHU � GD\ RI FRQVROLGDWLRQ� 8VH RI IXOO\ SODVWLF PRGHO�

)LJXUH ���� �5�� :DWHU EHG DIWHU � GD\ RI FRQVROLGDWLRQ� 8VH RI IXOO\ SODVWLF PRGHO�
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)LJXUH ���� �/�� 'HQVLW\ SURILOHV DW LQWHUYDOV RI RQH KRXU DIWHU � GD\ RI FRQVROLGDWLRQ� 8VH RI VZHOOLQJ PRGHO ZKHUH

'VCY� 'I FRQVWDQW LQ WKH UHORDGLQJ UHJLPH DQG I ��

)LJXUH ���� �5�� :DWHU EHG DIWHU � GD\ RI FRQVROLGDWLRQ� 8VH RI VZHOOLQJ PRGHO ZKHUH 'VCY� 'I FRQVWDQW LQ WKH UHORDGLQJ UHJLPH DQG

I ��
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)LJXUH ���� �/�� 'HQVLW\ SURILOHV DW LQWHUYDOV RI RQH KRXU DIWHU � GD\ RI FRQVROLGDWLRQ� 8VH RI VZHOOLQJ PRGHO ZKHUH

'ORJ�VCY�� 'H FRQVWDQW LQ WKH UHORDGLQJ UHJLPH DQG I ��

)LJXUH ���� �5�� :DWHU EHG DIWHU � GD\ RI FRQVROLGDWLRQ� 8VH RI VZHOOLQJ PRGHO ZKHUH 'ORJ�VCY�� 'H FRQVWDQW LQ WKH UHORDGLQJ

UHJLPH DQG I ��
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)LJXUH ���� �/�� 'HQVLW\ SURILOHV DW LQWHUYDOV RI RQH KRXU DIWHU � GD\ RI FRQVROLGDWLRQ� 8VH RI IXOO\ HODVWLF PRGHO�

)LJXUH ���� �5�� :DWHU EHG DIWHU � GD\ RI FRQVROLGDWLRQ� 8VH RI IXOO\ HODVWLF PRGHO�

-�'�$� 3�����	�������������	�!�	��������������������	����/��"�	��

7KH HIIHFW RI WKH FRQVROLGDWLRQ RQ WKH WLPH GHSHQGHQW GHFUHDVH LQ WKH HURGLELOLW\ KDV EHHQ HVWDEOLVKHG� %RWK

WKH ��GD\ H[SHULPHQW DQG WKH ��GD\ H[SHULPHQW DUH PRGHOOHG� ,Q ILJXUH ���� ZH FDQ VHH WKDW WKH HURVLRQ LV

YHU\ VHQVLWLYH WR WKH IUDFWDO GLPHQVLRQ� DV GLVFXVVHG LQ FKDSWHU �� ,Q ILJXUH ���� WKH UHVXOWV FDQ EH VHHQ IRU

WKH SHUPHDELOLW\ SDUDPHWHU DQG LQ ILJXUH ���� WKH UHVXOWV IRU WKH HIIHFWLYH VWUHVV SDUDPHWHU� 7KH UHIHUHQFH

FDVH �' ���� .N ���Â��
���

P�V� .V ���Â��
�
3D� GRHV QRW VKRZ WKH VDPH GHFUHDVH LQ WKH HURGLELOLW\ DV WKH

H[SHULPHQW� 7KLV FDQ EH DWWULEXWHG WR WKH VPDOO GLIIHUHQFH EHWZHHQ WKH SURILOHV DIWHU � DQG � GD\V RI

FRQVROLGDWLRQ� 7KH GLIIHUHQFHV EHWZHHQ WKH SURILOHV DIWHU � DQG � GD\V RI FRQVROLGDWLRQ FDQ EH VHHQ LQ DQQH[

��� DQG ���� �7KH YDOXHV RI ILYH WLPHV .N DQG .V IURP WDEOH ��� DUH QRW XVHG� VLQFH WKHVH OHDG WR WKH VDPH

UHVXOWV DV WZLFH WKH UHIHUHQFH YDOXHV��

,Q ILJXUH ���� ZH VHH WKDW D VPDOOHU YDOXH RI .N OHDGV WR ODUJHU GLIIHUHQFH EHWZHHQ WKH � DQG � GD\

UHVXOWV� %RWK WKH � GD\ DQG � GD\ HURVLRQ LQFUHDVHV� RQO\ WKH � GD\ HURVLRQ LQFUHDVHV IDVWHU� )RU KDOI .N� WKH

UHVXOWV DIWHU � GD\V GR QRW FKDQJH DQ\ PRUH ZKHQ .N LV LQFUHDVHG� 7KLV LV GXH WR WKH IDFW WKDW WKH SURILOH LV

DOUHDG\ LQ HTXLOLEULXP VLWXDWLRQ DW KDOI WKH UHIHUHQFH YDOXH RI .N DIWHU � GD\V� 7KH IDFW WKDW WKH VSHHG RI WKH

FRQVROLGDWLRQ LV PDLQO\ D IXQFWLRQ RI WKH SHUPHDELOLW\ SDUDPHWHU DFFRXQWV IRU WKLV�

,Q ILJXUH ���� ZH FDQ VHH WKDW ZKHQ LQFUHDVLQJ WKH .V WR ���Â��
�
3D� ZKLFK LV WZLFH UHIHUHQFH YDOXH RI

.V� WKH ��GD\ DQG � GD\ UHVXOWV DUH DOPRVW RQ WRS RI HDFK RWKHU� :KHQ D VPDOOHU YDOXH RI .V LV XVHG WKDQ WKH

UHIHUHQFH YDOXH� WKH PRGHO JLYHV D ODUJHU GLIIHUHQFH EHWZHHQ WKH UHVXOWV DIWHU � GD\ DQG DIWHU � GD\V� $ YDOXH

RI RQH ILIWK RI WKH UHIHUHQFH YDOXH RI .V GRHV VKRZ WKH PHDVXUHG GHFUHDVH LQ WKH HURGLELOLW\�

7KH UHIHUHQFH FDVH �' ���� .N ���Â��
���

P�V� .V ���Â��
�
3D� LV WKH VHW WKDW ZDV EHVW DEOH WR SUHGLFW WKH

PHDVXUHG GHQVLW\ SURILOHV LQ FKDSWHU �� 7KLV VHW LV QRW WKH EHVW VHW IRU WKH HURVLRQ KRZHYHU� :LWK RQH ILIWK RI

WKH HIIHFWLYH VWUHVV SDUDPHWHU� .V ���Â��
�
3D� WKH UHVXOWV IRU WKH HURVLRQ DUH EHWWHU� WKH GHFUHDVH LQ

HURGLELOLW\ EHWZHHQ RQH DQG VHYHQ GD\V RI FRQVROLGDWLRQ FDQ EH GHVFULEHG ZLWK WKH ��'9 ZDWHU EHG PRGHO�

7KH GHQVLW\ DQG HIIHFWLYH VWUHVV SURILOHV ZLWK WKLV YDOXH RI .V 3D FDQ EH VHHQ LQ ILJXUHV ���� WR �����



21 7+( (526,21 $1' &2162/,'$7,21 2) &2+(6,9( 6(',0(176 &+$37(5 � 9$/,'$7,21 (526,21 02'(/ ���

0 3 6 9 12 15 18 21 24
0

0.5

1

1.5

2

2.5

3
x 10

−3

E
ro

de
d 

m
at

er
ia

l h
ei

gt
h 

∆ζ
 [m

]

Time [hour]

model 1 day K
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=1.6⋅10−12 m/s

model 1 day K
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=4.0⋅10−12 m/s

model 1 day K
k
=8.0⋅10−12 m/s

model 1 day K
k
=1.6⋅10−11 m/s

model 7 day K
k
=1.6⋅10−12 m/s

model 7 day K
k
=4.0⋅10−12 m/s

model 7 day K
k
=8.0⋅10−12 m/s

model 7 day K
k
=1.6⋅10−11 m/s

data                                

)LJXUH ���� � 5HVXOWV ��'9 ZDWHU EHG PRGHO DIWHU � DQG � GD\V RI FRQVROLGDWLRQ� ,QIOXHQFH RI .N� �5HIHUHQFH FDVH .N �Â��
��� P�V�
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model 1 day Kσ=8.0⋅105 Pa

model 1 day Kσ=2.0⋅106 Pa

model 1 day Kσ=4.0⋅106 Pa

model 1 day Kσ=8.0⋅106 Pa

model 7 day Kσ=8.0⋅105 Pa

model 7 day Kσ=2.0⋅106 Pa

model 7 day Kσ=4.0⋅106 Pa

model 7 day Kσ=8.0⋅106 Pa

data                                

)LJXUH ���� � 5HVXOWV ��'9 ZDWHU EHG PRGHO DIWHU � DQG � GD\V RI FRQVROLGDWLRQ� ,QIOXHQFH RI .V��5HIHUHQFH FDVH .V �Â��
� 3D�
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model D=2.55        
model D=2.60        
model D=2.65        
data                

)LJXUH ���� � 5HVXOWV ��'9 ZDWHU EHG PRGHO DIWHU � DQG � GD\V RI FRQVROLGDWLRQ� ,QIOXHQFH RI '� �5HIHUHQFH FDVH ' ����
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)LJXUH ���� �/�� 'HQVLW\ SURILOHV DW LQWHUYDOV RI RQH KRXU DIWHU � GD\ RI FRQVROLGDWLRQ� ' ���� .N ���Â��
���� .V ���Â��

�

)LJXUH ���� �5�� 'HQVLW\ SURILOHV DIWHU � GD\ RI FRQVROLGDWLRQ� ' ���� .N ���Â��
���� .V ���Â��

�

0.04 0.06 0.08 0.1 0.12 0.14 0.16
0

1

2

3

4

5

6

x 10
−3

G
ib

so
n 

he
ig

th
 ζ

 [m
]

Volume fraction of mud φ [m3/m3]

)LJXUH ���� �/�� 'HQVLW\ SURILOHV DW LQWHUYDOV RI RQH KRXU DIWHU � GD\V RI FRQVROLGDWLRQ� ' ���� .N ���Â��
���� .V ���Â��

�

)LJXUH ���� �5�� 'HQVLW\ SURILOHV DIWHU � GD\V RI FRQVROLGDWLRQ� ' ���� .N ���Â��
���� .V ���Â��

�

-�'�&� ��"��������/��	�

,QIOXHQFH VSDWLDO UHVROXWLRQ �QRQ�

,Q FKDSWHU � WKH LQIOXHQFH RI WKH GHSRVLWLRQ RQ WKH VSDWLDO UHVROXWLRQ KDV EHHQ PHQWLRQHG DOUHDG\� ,I D WKLQ

OD\HU ZLWK D ORZ GHQVLW\ �IJHO� GHSRVLWV RQ WRS RI D SURILOH ZLWK D KLJK GHQVLW\� WKH DYHUDJH GHQVLW\ QHDU WKH

LQWHUIDFH FDQ EH DIIHFWHG� 7R FKHFN WKLV EHKDYLRXU� VPDOO SHULRGV RI GHSRVLWLRQ �� PLQXWHV� DUH LQFRUSRUDWHG

EHWZHHQ WZR VXFFHVVLYH YDOXHV RI WKH EHG VKHDU VWUHVV� 7KH GHSRVLWLRQV GXULQJ WKHVH VKRUW SHULRGV DUH LQ WKH

RUGHU RI ��
��
P RI PDWHULDO KHLJKW� 'XULQJ WKH ILUVW GHSRVLWLRQ SHULRGV WKLV DPRXQW RI PDWHULDO LV VPDOOHU� IRU

WKH FRQFHQWUDWLRQV LQ WKH DQQXODU IOXPH DUH VWLOO ORZ� 7KH UHVROXWLRQ LV DERXW '] ]L �QRQ  � PP ��� |��
��
P

DQG LQFUHDVHV VOLJKWO\ ZKHQ PRUH PDWHULDO LV HURGHG� 7KH UHVROXWLRQ LV YHU\ FRDUVH ZLWK UHVSHFW WR WKH

GHSRVLWLRQV� 7KH DPRXQW RI GHSRVLWLRQ LQ WKHVH WHVWV LV YHU\ VPDOO� 6R LI WKH PRGHO FDQ VWDQG WKLV GHSRVLWLRQ

WHVW� LW FDQ YHU\ OLNHO\ VWDQG DQ\ DOWHUQDWLRQ RI HURVLRQ DQG GHSRVLWLRQ�
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data               
model deltE = 60 s 
model deltE = 30 s 
model deltE = 15 s 
model deltE = 6 s  
model deltE = 3 s  
model deltE < 1.5 s
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data       
model n=13 
model n=25 
model n=50 
model n=100
model n=200

)LJXUH ���� �/�� 5HVXOWV ��'9 ZDWHU EHG PRGHO DIWHU � GD\ RI FRQVROLGDWLRQ� ,QIOXHQFH RI QXPEHU RI VDPSOLQJ SRLQWV QRQ� �'DVKHG

ZLWK SHULRGV RI GHSRVLWLRQ �� PLQ�� EHIRUH HDFK VXFFHVVLYH VWHS RI WKH EHG VKHDU VWUHVV� VROLG OLQH ZLWKRXW GHSRVLWLRQ��

)LJXUH ���� �5�� 5HVXOWV ��'9 ZDWHU EHG PRGHO DIWHU � GD\ RI FRQVROLGDWLRQ� ,QIOXHQFH RI WLPH VWHS GHOW(� �'DVKHG ZLWK SHULRGV RI

GHSRVLWLRQ �� PLQ�� EHIRUH HDFK VXFFHVVLYH VWHS RI WKH EHG VKHDU VWUHVV� VROLG OLQH ZLWKRXW GHSRVLWLRQ��

7KH UHVXOWV FDQ EH VHHQ LQ ILJXUH ����� :H VHH WKDW WKH UHVXOWV ZLWKRXW GHSRVLWLRQ �FRQWLQXRXV HURVLRQ� DUH

RQO\ VOLJKWO\ LQIOXHQFHG E\ WKH QXPEHU RI VDPSOLQJ SRLQWV� 2QO\ ZKHQ WKH UHVROXWLRQ LV YHU\ FRDUVH� �� RU ��

VDPSOLQJ SRLQWV� WKH GLIIHUHQFHV EHFRPH VLJQLILFDQW� :KHQ WKH ��PLQXWH SHULRGV RI GHSRVLWLRQ DUH SUHVHQW�

WKH UHVXOWV DUH DOUHDG\ VLJQLILFDQWO\ GLIIHUHQW IURP WKH UHVXOWV ZLWKRXW GHSRVLWLRQ� 7KH UHVXOWV VKRXOG EH WKH

VDPH� LUUHVSHFWLYH LI GHSRVLWLRQ RFFXUV RU QRW� 7KH DPRXQW RI GHSRVLWLRQ� ��
��
P� LV YHU\ VPDOO DQG GRHV QRW

VLJQLILFDQWO\ LQIOXHQFH WKH HURVLRQ LQ UHDOLW\� 6R LW LV WKH YHUWLFDO UHVROXWLRQ WKDW LV UHVSRQVLEOH IRU WKH

LQIOXHQFH RQ WKH UHSUHVHQWDWLRQ RI WKH GHQVLW\ QHDU WKH LQWHUIDFH� 7KH VWHSZLVH LQFUHDVH LQ WKH HURGHG PDVV DW

Q �� 	 ��� LV GXH WR D WRR VPDOO WLPHVWHS GHOW( �VHH QH[W VXEVHFWLRQ�� )RUWXQDWHO\� ZH DOVR VHH WKDW IRU ���

VDPSOLQJ SRLQWV� GHSRVLWLRQ GRHV QRW KDYH DQ\ LQIOXHQFH DW DOO� VLQFH WKH OLQHV ZLWK DQG ZLWKRXW GHSRVLWLRQ

DUH SHUIHFWO\ RQ WRS RI HDFK RWKHU� 7KH OLQHV ZLWK DQG ZLWKRXW GHSRVLWLRQ DUH RQ WRS RI HDFK RWKHU� 6R LW LV

SRVVLEOH WR DYRLG WKH QXPHULFDO SUREOHPV RI WKH VSDWLDO UHVROXWLRQ� 7KH PRGHO LV TXLWH VORZ WKRXJK ZLWK ���

VDPSOLQJ SRLQWV�

7KH UHVXOWV LQ ILJXUH ���� DUH REWDLQHG ZLWK I �� 7KH H[SHFWDWLRQ LV WKDW WKH VDPSOLQJ UHVROXWLRQ ZLOO

DIIHFW WKH UHVXOWV PRUH LI WKH EHG LV DVVXPHG IXOO\ SODVWLF �I ��� 7KH GHQVLWLHV MXVW EHORZ WKH LQWHUIDFH ZLOO

EH KLJKHU WKHQ DQG WKLV ZLOO OHDG WR WKH KLJKHVW VWHSV DQG WKH VWHHSHVW JUDGLHQWV� 0RUH VDPSOLQJ SRLQWV PLJKW

EH UHTXLUHG WR JHW D VWDEOH VROXWLRQ ZLWK D IXOO\ SODVWLF EHG�

,QIOXHQFH WLPH VWHS GHOW(

7KH LQIOXHQFH RI WKH WLPH VWHS GHOW( FDQ EH VHHQ LQ ILJXUH ����� -XVW OLNH ZLWK WKH VSDWLDO UHVROXWLRQ� WKH

HIIHFWV RI GHOW( LV LQYHVWLJDWHG E\ DOORZLQJ � PLQXWHV RI GHSRVLWLRQ MXVW EHIRUH D VWHS LQ WKH EHG VKHDU VWUHVV�

:KHQ WKLV WLPH VWHS LV FKRVHQ WRR ODUJH� WKH EHKDYLRXU RI WKH HURVLRQ FDQ EH YHU\ VWUDQJH� DIWHU HDFK SHULRG

RI GHSRVLWLRQ� WKH HURVLRQ UDWH LV DOPRVW LQILQLWH �YHUWLFDO OLQH�� DIWHU ZKLFK LW LPPHGLDWHO\ GURSV WR D YHU\

ORZ YDOXH �KRUL]RQWDO OLQH�� 7KH FXUYH ORRNV OLNH D VWDLUFDVH� :KHQ WKH WLPHVWHS GHOW( LV VPDOO HQRXJK� WKH

HURVLRQ UHJDLQV WKH FKDUDFWHULVWLF H[SRQHQWLDO EHKDYLRXU�

7KH UHVXOWV IRU DOO WLPH VWHSV VPDOOHU WKDQ ��� VHFRQGV DUH RQ WKH VDPH OLQH� 6R ZKHQ FKRRVLQJ D

VXIILFLHQWO\ VPDOO WLPH VWHS� QR QXPHULFDO LQDFFXUDFLHV RFFXU� 7KH FXUYH LV VWLOO GLIIHUHQW IURP WKH FXUYH

ZLWKRXW GHSRVLWLRQ WKRXJK� 7KLV LV GXH WR D WRR VPDOO QXPEHU RI VDPSOLQJ SRLQWV �Q ��� VHH SUHYLRXV

VXEVHFWLRQ�� $ YHU\ XQH[SHFWHG UHVXOW LV WKDW WKH FXUYH ZLWK D WLPH VWHS RI ��� VHFRQGV LV EHWZHHQ WKH UHVXOWV

IRU � VHFRQGV DQG � VHFRQGV� �2QH ZRXOG H[SHFW WKH UHVXOWV IRU ��� VHFRQGV WR EH XQGHU WKH FXUYH IRU �



21 7+( (526,21 $1' &2162/,'$7,21 2) &2+(6,9( 6(',0(176 &+$37(5 � 9$/,'$7,21 (526,21 02'(/ ���

VHFRQGV�� :H DOVR VHH WKDW LI RQO\ HURVLRQ RFFXUV� D WLPH VWHS RI �� VHFRQGV GRHV QRW OHDG WR DQ\ SUREOHP� 6R

ZLWK D VXIILFLHQWO\ VPDOO WLPHVWHS GHOW( LW LV SRVVLEOH WR DYRLG QXPHULFDO SUREOHPV�

,QIOXHQFH FRQVROLGDWLRQ WLPH VWHS GHOW&

7KH UHVXOWV RI WKH PRGHO DUH DOVR GHSHQGHQW RQ WKH WLPH VWHS RI WKH FRQVROLGDWLRQ� 7KH GHSHQGHQFH RQ WKH

WLPH VWHS FDQ EH DWWULEXWHG WR WKH VZHOOLQJ EHKDYLRXU� ,I WKH WLPHVWHS IRU FRQVROLGDWLRQ GHOW& LV LQFUHDVHG

IURP � PLQXWHV WR �� PLQXWHV WKH HURGHG PDVV GHFUHDVHV �� � �ILJXUH ������ 7KH HURVLRQ GXULQJ WKH ILUVW �

PLQXWHV RI WKH �� PLQXWH WLPH VWHS LV WKH VDPH DV ZKHQ D ILYH PLQXWH WLPH VWHS LV XVHG� 7KH VZHOOLQJ GXH WR

WKLV � PLQXWH HURVLRQ LV QRW LPPHGLDWHO\ DFFRXQWHG IRU LQ WKH �� PLQXWH WLPH VWHS� &RQVHTXHQWO\ WKH HURVLRQ

GXULQJ WKH �� VXFFHVVLYH PLQXWHV RI WKH WLPH VWHS LV FDOFXODWHG DV LI WKH VZHOOLQJ EHKDYLRXU RI WKH EHG ZHUH

LQILQLWHO\ VWLII� :H KDYH DOUHDG\ VHHQ WKDW LI WKH EHG EHKDYHV IXOO\ SODVWLF �ILJXUH ������ WKH HURVLRQ UDWH

UHGXFHV� 7R DFFRXQW IRU WKH WLPHVWHS GHSHQGHQF\ RI WKH UHVXOWV� WKH YDOXHV IRU WKH HURVLRQ SDUDPHWHUV ZRXOG

KDYH WR EH FKDQJHG ZKHQHYHU WKH WLPH VWHS ZRXOG EH FKDQJHG ZKHQ FDOLEUDWLQJ WKH PRGHO�
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)LJXUH ���� �/�� 5HVXOWV ��'9 ZDWHU EHG PRGHO DIWHU � GD\ RI FRQVROLGDWLRQ� ,QIOXHQFH RI FRQVROLGDWLRQ WLPH VWHS GHOW&� �'DVKHG OLQH

HURGHG PDWHULDO KHLJKW DQG VROLG OLQH HURGHG PDWHULDO KHLJKW � UHVVXP � VHGVXP�

)LJXUH ���� �5�� 5HVXOWV ��'9 ZDWHU EHG PRGHO DIWHU � GD\ RI FRQVROLGDWLRQ ZLWK :$4 WLPH VWHS GHOW �� PLQ� ,QIOXHQFH RI

FRQVROLGDWLRQ WLPH VWHS GHOW&� �'DVKHG OLQH HURGHG PDWHULDO KHLJKW DQG VROLG OLQH HURGHG PDWHULDO KHLJKW � UHVVXP �

VHGVXP�

7KH H[SHFWDWLRQ ZDV WKDW EHFDXVH WKH WLPH VFDOH RI WKH FRQVROLGDWLRQ LV YHU\ ODUJH� WKH LQIOXHQFH RI WKH

FRQVROLGDWLRQ DQG VZHOOLQJ FRXOG EH QHJOHFWHG RQ WLPH VFDOHV VPDOOHU WKDQ RQH KRXU� ,W WXUQV RXW WKDW WKH

FRQVROLGDWLRQ GXULQJ WKH VKRUW WLPH VWHSV FDQ FHUWDLQO\ QRW EH QHJOHFWHG� )LUVW� WKH VPDOO EHG KHLJKW LQ WKH

DQQXODU IOXPH �� PP PDWHULDO KHLJKW� FDQ OHDG WR WKH VKRUW WLPH VFDOH RI WKH FRQVROLGDWLRQ �7��]L
�
��

)XUWKHUPRUH� FRQVROLGDWLRQ QHDU WKH LQWHUIDFH LV IDVWHU WKDQ LQ WKH GHHSHU SDUWV RI WKH EHG� ,Q WKH GHHSHU SDUWV

WKH HIIHFWLYH VWUHVV QHHGV PRUH WLPH WR HYROYH WR WKH ILQDO HTXLOLEULXP VWUHVV� 1HDU WKH LQWHUIDFH WKH HIIHFWLYH

VWUHVV LV DOPRVW LQVWDQWDQHRXV DW WKH HTXLOLEULXP OHYHO� WKH ERXQGDU\ FRQGLWLRQ VCY � DSSOLHV LQVWDQWDQHRXVO\

WR WKH LQWHUIDFH DQG DOPRVW LQVWDQWDQHRXVO\ WR WKH UHJLRQ MXVW EHORZ�

8VLQJ D ORQJHU WLPH VWHS IRU FRQVROLGDWLRQ WKDQ WKH :$4 WLPHVWHS� UHVHPEOHV PRGHOOLQJ WKH EHG SODVWLF

IRU PRVW RI WKH WLPH� ,I IRU LQVWDQFH WKH :$4 WLPH VWHSV LV � PLQXWHV DQG WKH FRQVROLGDWLRQ WLPH VWHS LV RQH

KRXU� WKH EHG EHKDYHV SODVWLF IRU ����� SDUW RI WKH WLPH VWHSV� :KHQ FRQVROLGDWLRQ LV DSSOLHG� WKH EHG

VXGGHQO\ EHKDYHV QRQ�SODVWLF IRU RQH PRPHQW� 7KLV OHDGV WR ZHLUG DUWLILFLDO EHKDYLRXU RI WKH HURVLRQ� $V D

UHVXOW WKH FKDUDFWHULVWLF H[SRQHQWLDO GHFD\ RI WKH HURVLRQ UDWH QRW RQO\ RFFXUV ZKHQ WKH EHG VKHDU VWUHVV

VXGGHQO\ LQFUHDVHV� EXW DOVR ZKHQ WKH EHG \LHOG VWUHVV VXGGHQO\ GHFUHDVHV E\ WKH VZHOO� $ IXOO\ SODVWLF
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UHORDGLQJ EHKDYLRXU DOO WKH WLPH FDQ VROYH WKLV DQRPDO\� 7KHQ WKH EHG EHKDYHV WKH VDPH DOO WKH WLPH�

LUUHVSHFWLYH RI WKH WLPLQJ RI WKH FRQVROLGDWLRQ� ,Q WKH YDOLGDWLRQ UXQV KRZHYHU� D YDOXH RI I � OHDGV WR

DFFHSWDEOH UHVXOWV� ZKLOH I f OHDGV WR WRR OLWWOH HURVLRQ� 6R WKH RWKHU HURVLRQ SDUDPHWHUV KDYH WR EH FKDQJHG

WR PDNH WKH ILQDO HURVLRQ WKH VDPH DV LQ WKH H[SHULPHQWV� +HQFH D FDOLEUDWLRQ KDV EHHQ SHUIRUPHG IRU I ��

7KH YDOXH RI .V� ZKLFK FRXOG VLPXODWH WKH WLPH GHSHQGHQW HURGLELOLW\ FRUUHFWO\� LV XVHG� ,Q ILJXUH ���� RQH

FDQ VHH WKDW LW LV SRVVLEOH WR UXQ WKH PRGHO VXFFHVVIXOO\ ZLWK RQO\ IXOO\ SODVWLF PDWHULDO� :H DOVR VHH WKDW WKH

FRQVROLGDWLRQ WLPH VWHS VWLOO LQIOXHQFHV WKH HURVLRQ� HYHQ LI VZHOO LV QHJOHFWHG� 7KLV LV GXH WR WKH QXPHULFDO

DVSHFWV RI WKH UHGLVWULEXWLRQ� 0RUH VDPSOLQJ SRLQWV FDQ VROYH WKLV� 7KH GHQVLW\ DQG HIIHFWLYH VWUHVV SURILOHV

IRU GHOW& � PLQ� FDQ EH VHHQ LQ ILJXUHV ���� WR �����
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)LJXUH ����� 5HVXOWV ��'9 ZDWHU EHG PRGHO DIWHU � GD\ RI FRQVROLGDWLRQ� FDOLEUDWHG ZLWK I �� .V �Â��
� 3D DQG MC �Û�
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)LJXUH ���� �/�� (IIHFWLYH VWUHVV SURILOHV DW LQWHUYDOV RI � KRXU DIWHU � GD\ RI FRQVROLGDWLRQ� FDOLEUDWHG ZLWK I �� .V �Â��
� 3D� MC �Û�

)LJXUH ���� �5�� 'HQVLW\ SURILOHV DW LQWHUYDOV RI RQH KRXU DIWHU � GD\ RI FRQVROLGDWLRQ� FDOLEUDWHG ZLWK I �� .V �Â��
� 3D DQG MC �Û�
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)LJXUH ���� �/�� (IIHFWLYH VWUHVV SURILOHV DW LQWHUYDOV RI � KRXU DIWHU � GD\ RI FRQVROLGDWLRQ� FDOLEUDWHG ZLWK I �� .V �Â��
� 3D� MC �Û�

)LJXUH ���� �5�� 'HQVLW\ SURILOHV DW LQWHUYDOV RI RQH KRXU DIWHU � GD\ RI FRQVROLGDWLRQ� FDOLEUDWHG ZLWK I �� .V �Â��
� 3D DQG MC �Û�

,QIOXHQFH RWKHU QXPHULFDO SDUDPHWHUV

$V ZH FDQ VHH LQ ILJXUHV ���� DQG ���� WKH ZDWHU TXDOLW\ WLPHVWHS GHOW RI :$4 KDUGO\ LQIOXHQFHV WKH UHVXOWV�

7KH QXPEHU RI )RXULHU FRPSRQHQWV GRHV QRW LQIOXHQFH WKH UHVXOWV HLWKHU� (YHQ WKH XVH RI RQO\ )RXULHU

FRPSRQHQW �VWLOO VWDEOH DFFRUGLQJ WR HTXDWLRQ ���� DW D WLPH VWHS RI � PLQXWHV� KDUGO\ LQIOXHQFHV WKH UHVXOWV�

2SWLPDO SDUDPHWHU VHWWLQJ

7DEOH ���� ZKLFK FRQWDLQHG WKH YDOXHV RI WKH LQSXW SDUDPHWHUV� LV UHSHDWHG KHUH ZLWK WKH UHFRPPHQGHG

YDOXHV� $ IXOO\ SODVWLF PRGHO LV FKRVHQ WR DYRLG SUREOHPV ZLWK WKH FRQVROLGDWLRQ WLPH VWHS� 1RWH WKDW RWKHU

FRPELQDWLRQV RI SDUDPHWHUV FRXOG DOVR EH XVHG WR FDOLEUDWH WKH PRGHO�

3DUDPHWHU 6\PERO 9DOXHV 8QLWV

'HQVLW\ RI VHGLPHQW PDWHULDO UV ���� NJ�P
�

'HQVLW\ RI SRUH ZDWHU UZ ���� NJ�P
�

9ROXPH IUDFWLRQ RI PXG DW JHOOLQJ SRLQW IJHO ���� P
�
�P

�

(IIHFWLYH VWUHVV SDUDPHWHU .
V

�Â��
�

1�P
�

3HUPHDELOLW\ SDUDPHWHU .N �Â��
���

P�V

)UDFWDO GLPHQVLRQ ' ��� �

5DWLR RI VZHOOLQJ VWLIIQHVV WR YLUJLQ FRPSUHVVLRQ VWLIIQHVV I � �

6ZHOOLQJ PRGHO IXOO\ SODVWLF

&RKHVLRQ FC
D

�� 1�P
�

$QJOH RI LQWHUQDO IULFWLRQ MC � GHJU

&RHIILFLHQW RI ODWHUDO VWUHVV .
�

���� �

(QWUDLQPHQW UDWH �(URVLRQ UDWH 0  ZHÂIÂUV� ZH �Â��
±�

P�V

6FDOH SDUDPHWHU IRU 5D\OHLJK GLVWULEXWLRQ �ZLWK DYHUDJH P  òÂWEÂ¥�S �D� D ��� �

&ULWLFDO VKHDU VWUHVV IRU HURVLRQ WFU ��� 1�P
�

1XPEHU RI VDPSOLQJ SRLQWV 1RQ �� �

1XPEHU RI )RXULHU FRPSRQHQWV 1RN �� �

7LPH VWHS FRQVROLGDWLRQ � PD[LPXP WLPHVWHS IRU FRQVROLGDWLRQ GHOWFPD[� 'HOWF � PLQ�

7LPH VWHS IRU HURVLRQ DQG GHSRVLWLRQ �'HOIW�'�:$4 WLPHVWHS� 'HOW � PLQ�

7LPH VWHS HURVLRQ FDOFXODWLRQ 'HOW( � VHF�

7DEOH ��� 3DUDPHWHUV XVHG LQ WKH UXQV ZLWK WKH FRQVROLGDWLRQ� HURVLRQ PRGHO
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2�1� ������

� 'LIIHUHQW HURVLRQ PRGHOV KDYH EHHQ WHVWHG LQ WKLV FKDSWHU� $OO RI WKHVH PRGHOV JLYH UHVXOWV WKDW DUH LQ

WKH VDPH UDQJH DV WKH GDWD� EXW DOO RI WKHVH PRGHOV KDYH VKRUWFRPLQJV DV ZHOO�

� 7KH PRGHOV DUH WHVWHG ZLWK WKH PHDVXUHPHQWV RI DQ HURVLRQ H[SHULPHQW LQ DQ DQQXODU IOXPH� $

FRKHVLYH VHGLPHQW EHG ZDV H[SRVHG WR D VHULHV RI VWHSZLVH LQFUHDVLQJ EHG VKHDU VWUHVVHV� 7KH

EHKDYLRXU RI WKH PHDVXUHPHQWV DIWHU DSSOLFDWLRQ RI HDFK QHZ EHG VKHDU VWUHVV VKRZV WKH VDPH

FKDUDFWHULVWLF EHKDYLRXU� ,PPHGLDWHO\ DIWHU WKH VWHSZLVH LQFUHDVH RI WKH EHG VKHDU VWUHVV� WKH HURVLRQ

UDWH LV YHU\ KLJK� $IWHU WKDW WKH HURVLRQ UDWH JUDGXDOO\ GHFUHDVHV WR D ORZHU DQG DOPRVW FRQVWDQW YDOXH

�VHFRQGDU\ HURVLRQ�� 7KLV EHKDYLRXU FDQ URXJKO\ EH GHVFULEHG ZLWK DQ H[SRQHQWLDO GHFD\ IXQFWLRQ

ZLWK D WLPH VFDOH RI � KRXU� ([SHULPHQWV KDYH EHHQ SHUIRUPHG DIWHU � GD\ RI FRQVROLGDWLRQ DQG DIWHU

� GD\V RI FRQVROLGDWLRQ� WR DVVHVV WKH WLPH GHSHQGHQW EHKDYLRXU RI WKH VWUHQJWKHQLQJ RI WKH VHGLPHQW�

7KH HURVLRQ H[SHULPHQW DIWHU RQH GD\ RI FRQVROLGDWLRQ ODVWHG �� KRXUV� WKH RQH DIWHU � GD\V RI

FRQVROLGDWLRQ ODVWHG �� KRXUV�

� 7KH FODVVLFDO 3DUWKHQLDGHV HURVLRQ IRUPXOD GRHV QRW WHQG WRZDUGV DQ\ �G\QDPLF� HTXLOLEULXP

VLWXDWLRQ DW DOO DV WKH HURVLRQ LQFUHDVHV� 7KH HURVLRQ NHHSV RQ LQFUHDVLQJ DW WKH VDPH UDWH� 3RVLQJ RI

DQ HURVLRQ OLPLW FDQ UHPHG\ WKLV EHKDYLRXU� EXW WKLV OHDGV WR YHU\ XQQDWXUDO EHKDYLRXU� 0RUHRYHU� WKH

UHVXOWV DUH GHSHQGHQW RQ WKH HURVLRQ UDWH FRHIILFLHQW 0� 6LQFH QRW PXFK LV NQRZQ DERXW 0� RQH FDQ

FRQFOXGH WKDW WKH 3DUWKHQLDGHV IRUPXOD LV QRW XVHIXO IRU ORQJ WHUP ZDWHU TXDOLW\ HQJLQHHULQJ�

� 7KH (&206(' PRGHO XVHV WKH FRQFHSW RI DQ HURVLRQ SRWHQWLDO� DW D FHUWDLQ EHG VKHDU VWUHVV RQO\ D

ILQLWH DPRXQW RI PDWHULDO FDQ UHVXVSHQG� 7KH GDWD GR QRW VKRZ WKH SUHVHQFH RI VXFK HURVLRQ SRWHQWLDO�

VR WKH DVVXPSWLRQ LV XVHG WKDW WKH KLJKHVW RFFXUULQJ HURVLRQ DW D FHUWDLQ EHG VKHDU VWUHVV LV WKH

HURVLRQ SRWHQWLDO� 7KLV DVVXPSWLRQ OHDGV WR SDUDPHWHUV GHSHQGLQJ RQ WKH OHQJWK RI WKH HURVLRQ

H[SHULPHQW DQG WR XQGHUSUHGLFWLRQ RI WKH HURGHG PDVV DW ORQJ WLPH VFDOHV�

� $ VHFRQG VKRUWFRPLQJ RI (&206(' LV WKDW LW HURGHV WKH HURVLRQ SRWHQWLDO WRR IDVW� LW DOORZV WKH

WRWDO HURVLRQ SRWHQWLDO WR UHVXVSHQG ZLWKLQ DQ KRXU� ZKLOH WKH H[SRQHQWLDO GHFD\ IXQFWLRQ UHOHDVHV WKH

PXG GXULQJ WKUHH KRXUV� (&206(' ZLOO WKHUHIRUH RYHU UDWH WKH HURGHG PDVV DW VKRUW WLPH VFDOHV DQG

DW KLJK EHG VKHDU VWUHVVHV� FRQVHTXHQWO\ RYHU UDWLQJ WKH UHVLGHQFH WLPHV LQ WKH ZDWHU DQG WKH

GLVSODFHPHQWV RI WKH FRKHVLYH VHGLPHQWV E\ WKH FXUUHQWV�

� $ WKLUG VKRUWFRPLQJ RI (&206(' LV WKDW LW FDQ DJH PDWHULDO RQO\ IRU VHYHQ GD\V� $IWHU � ZHHN DOO

WKH VHGLPHQW ZLOO EH WUHDWHG HTXDOO\ DQG WKH PRGHO ZLOO VKRZ WKH XQZDQWHG 
FOHDQ�EHG
 EHKDYLRXU�

� $Q HURVLRQ PRGHO WKDW XVHV D FULWLFDO VKHDU VWUHVV DV D IXQFWLRQ RI WKH GHQVLW\ VKRZV WKH FKDUDFWHULVWLF

H[SRQHQWLDO EHKDYLRXU� 7KH UHVXOWV DUH JRRG ZKHQ DSSURSULDWH YDOXHV RI WKH SDUDPHWHUV DUH FKRVHQ�

7KH PRGHO RYHU UDWHV WKH HURVLRQ UDWHV DW VPDOO EHG VKHDU VWUHVVHV DQG LV YHU\ VHQVLWLYH WR WKH

SDUDPHWHUV�

� 7KH QHZ �'9�ZDWHUEHG PRGHO WKDW WDNHV LQWR DFFRXQW WKH SUREDELOLW\ GLVWULEXWLRQ RI WKH EHG VKHDU

VWUHVVHV KDV DOVR EHHQ WHVWHG� 7KLV PRGHO FDQ VLPXODWH WKH FKDUDFWHULVWLF EHKDYLRXU RI WKH DQQXODU

IOXPH HURVLRQ H[SHULPHQW ZHOO� �L� WKH VLPXODWLRQV VKRZ WKH VDPH FKDUDFWHULVWLF H[SRQHQWLDO GHFD\

EHKDYLRXU� �LL� WKH UHVXOWV FDQ EH FDOLEUDWHG JRRG LQ D TXDOLWDWLYH VHQVH DQG �LLL� WKH GHFUHDVH LQ WKH

HURGLELOLW\ DIWHU RQH DQG VHYHQ GD\V RI FRQVROLGDWLRQ FDQ EH VLPXODWHG ZLWK WKH FRQVROLGDWLRQ DV WKH

RQO\ VWUHQJWKHQLQJ SURFHVV� +RZHYHU� ORZHU YDOXHV RI WKH HIIHFWLYH VWUHVV SDUDPHWHU WKDQ IRXQG LQ WKH

YDOLGDWLRQ RI WKH FRQVROLGDWLRQ PRGXOH DUH QHFHVVDU\� 1R WLPH GHSHQGHQW IXQFWLRQ IRU WKH FRKHVLRQ LV

QHFHVVDU\ WR FDOLEUDWH WKH PRGHO� 7KLV GRHV QRW LPSO\ WKDW WKH FRKHVLRQ SDUDPHWHU LV QRW WLPH

GHSHQGHQW�

� :H FDQ FRQFOXGH WKDW WKH FRPELQDWLRQ RI WKH QHZ SDUDPHWHULVHG FRQVROLGDWLRQ PRGXOH DQG WKH QHZ

HURVLRQ PRGXOH LQ WKH ��'9 ZDWHU EHG LV SURPLVLQJ� 7KH PRGHO GRHV DOVR KDYH VRPH PLQRU

FRPSOLFDWLRQV KRZHYHU� 7KHVH FDQ EH GLYLGHG LQ SK\VLFDO SUREOHPV DQG QXPHULFDO SUREOHPV�
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� 7KH PRGHO QHHGV YDOXHV IRU ILYH SK\VLFDO SDUDPHWHUV �RWKHU WKDQ WKH FRKHVLRQ SDUDPHWHUV� DV LQSXW�

FRKHVLRQ SDUDPHWHU �FRQVWDQW�� VZHOOLQJ EHKDYLRXU� HURVLRQ UDWH FRHIILFLHQW 0� WKH VKDSH RI WKH

5D\OHLJK GLVWULEXWLRQ DQG JHQHUDO JHRWHFKQLFDO SDUDPHWHUV� 7KHVH FDQQRW EH GHWHUPLQHG IURP

H[SHULPHQWV DV KDV EHHQ GRQH LQ WKH FDVH RI WKH FRQVROLGDWLRQ SDUDPHWHUV� 7KH FRKHVLRQ SDUDPHWHU LV

DVVXPHG FRQVWDQW� :LWK D SURSHU FKRLFH RI WKHVH SDUDPHWHUV LW LV SRVVLEOH WR DFKLHYH D JRRG ILW WR WKH

H[SHULPHQWDO GDWD�

� 7KH VHQVLWLYLW\ RI WKH �'9�ZDWHUEHG PRGHO KDV EHHQ LQYHVWLJDWHG DV ZHOO� )RU HYHU\ SDUDPHWHU D

PHDQ YDOXH LV HVWLPDWHG� 1H[W� PDQ\ VLPXODWLRQV KDYH EHHQ SHUIRUPHG� FKDQJLQJ WKH SDUDPHWHUV RQH

E\ RQH� )RU DOO WKH SDUDPHWHUV �DOPRVW� WKH ZKROH UDQJH RI SK\VLFDOO\ MXVWLILDEOH YDOXHV KDV EHHQ

WHVWHG� 7KH UHVXOWV VKRZ WKDW WKH PRGHO LV DOVR TXLWH VHQVLWLYH WR WKH SDUDPHWHUV� H[FHSW IRU WKH

HURVLRQ UDWH� 7RJHWKHU ZLWK WKH IDFW WKDW QR PHWKRG \HW H[LVWV WR GHWHUPLQH WKH YDOXHV RI WKH DERYH

PHQWLRQHG ILYH LQSXW SDUDPHWHUV� WKLV LPSOLHV WKDW WKH PRGHO LV QRW \HW DSSOLFDEOH IRU HQJLQHHULQJ

SXUSRVHV�

� ,I WKH SURSRVHG HURVLRQ IRUPXODWLRQV LV SK\VLFDOO\ FRUUHFW� DQ LPSRUWDQW IHDWXUH RI HURVLRQ KDV EHHQ

FRUURERUDWHG� 7KLV HURVLRQ IRUPXODWLRQ DOORZV RQO\ HURVLRQ ZKHQ WKH DFWXDO EHG VKHDU VWUHVV H[FHHGV

WKH DFWXDO EHG VKHDU VWUHQJWK� 7KH HURVLRQ RI WKH EHG LV FDOFXODWHG E\ PHDQV RI DQ HQWUDLQPHQW UDWH

PXOWLSOLHG E\ WKH SUREDELOLW\ WKDW WKH DFWXDO EHG VKHDU VWUHVV H[FHHGV WKH DFWXDO EHG VKHDU VWUHQJWK� ,Q

DOO WKH UXQV WKLV SUREDELOLW\ LV LQ WKH RUGHU RI ��� 7KDW PHDQV WKDW WKH HURVLRQ RI WKH EHG LV DFWXDOO\

JRYHUQHG E\ WKH �YHU\� WDLO RI WKH SUREDELOLW\ GLVWULEXWLRQ RI WKH EHG VKHDU VWUHVV� 7KH WXUEXOHQW EXUVWV

LQ WKH IORZ ILHOG FRQWURO WKH HURVLRQ� QRW WKH DYHUDJH EHG VKHDU VWUHVV FXUUHQWO\ XVHG LQ PRGHOV�

� 7KH QXPHULFDO DVSHFWV FDQ KDYH D ODUJH LQIOXHQFH RQ WKH PRGHO UHVXOWV DV ZHOO� 7KHVH SDUDPHWHUV

LQFOXGH WKH VSDWLDO UHVROXWLRQ� WKH WLPH VWHS IRU FRQVROLGDWLRQ GHOW& DQG WKH WLPH VWHS IRU WKH LWHUDWLYH

FDOFXODWLRQ RI WKH HURVLRQ GHOW(� 7KH 'HOIW�'�:$4 WLPH VWHS GHOW GRHV QRW KDYH DQ LQIOXHQFH� QRU

GRHV WKH QXPEHU RI )RXULHU FRPSRQHQWV� 7KH SUREOHPV ZLWK WKH VSDWLDO UHVROXWLRQ DQG WKH WLPH VWHS

GHOW( FDQ EH DYRLGHG E\ XVLQJ HQRXJK VDPSOLQJ SRLQWV DQG D VXIILFLHQWO\ VPDOO WLPH VWHS GHOW(� 7KLV

PDNHV WKH PRGHO VORZHU KRZHYHU�

� 7KH LQIOXHQFH RI WKH FRQVROLGDWLRQ WLPH VWHS FDQ EH UHPHGLHG DV ZHOO� 7KH WLPH VFDOH RI WKH

FRQVROLGDWLRQ LV VKRUWHU �QHDU WKH LQWHUIDFH� WKDQ H[SHFWHG� :KHQ ODUJH WLPH VWHSV IRU WKH

FRQVROLGDWLRQ DUH XVHG� WKLV KDV WKH VDPH HIIHFW DV QHJOHFWLQJ WKH VZHOOLQJ EHKDYLRXU GXULQJ WKLV

WLPHVWHS� 7KH VZHOOLQJ LV RQO\ DFFRXQWHG IRU DW WKH WUDQVLWLRQ IURP RQH WLPH VWHS WR WKH QH[W� 'XULQJ

WKH FRQVROLGDWLRQ WLPH VWHS WKH PDWHULDO LV IXOO\ SODVWLF� 8VLQJ GLIIHUHQW WLPH VWHSV IRU FRQVROLGDWLRQ

DQG HURVLRQ ZLOO WKHUHIRUH UHVXOW LQ DOWHUQDWLQJ VZHOOLQJ DQG SODVWLF EHKDYLRXU� 7KLV OHDGV WR ZHLUG

DQG DUWLILFLDO RVFLOODWLRQV LQ WKH HURVLRQ� 7KLV HIIHFW FDQ EH SUHYHQWHG E\ XVLQJ D IXOO\ SODVWLF PDWHULDO

PRGHO DOO WKH WLPH� ,W LV SRVVLEOH WR FDOLEUDWH WKH PRGHO ZLWK D IXOO\ SODVWLF EHG SHUIHFWO\ ZLWK RQH VHW

RI SDUDPHWHUV IRU ERWK WKH ��GD\ DQG WKH ��GD\ H[SHULPHQW�
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7KH DLP RI WKLV VWXG\ LV WR GHYHORS DQG WHVW D RQH GLPHQVLRQDO YHUWLFDO ���'9� ZDWHU EHG PRGHO VXLWDEOH IRU

ORQJ WHUP ZDWHU TXDOLW\ PRGHOOLQJ� 7KH PRGHO FRPELQHV D QHZ FRQVROLGDWLRQ PRGXOH DQG D QHZ HURVLRQ

PRGXOH� ,W LV LPSOHPHQWHG LQ WKH 'HOIW�'�:$4 PRGHOOLQJ VRIWZDUH SDFNDJH� LQ RUGHU WR PDNH LW DSSOLFDEOH

IRU ORQJ WHUP ZDWHU TXDOLW\ HQJLQHHULQJ SXUSRVHV� 7KH PRGHO VKRXOG EH DEOH WR VLPXODWH WHVW FDVHV ZLWKLQ

UHDVRQDEOH FDOFXODWLRQ WLPH�

$Q LQWHUDFWLRQ RI WKH FRQVROLGDWLRQ PRGXOH DQG WKH HURVLRQ PRGXOH LV SURSRVHG� VXLWDEOH IRU ORQJ WHUP

FDOFXODWLRQV DW PLQLPDO FDOFXODWLRQ WLPH� 7KLV QHZ ��'9 ZDWHU EHG PRGHO KDV EHHQ YDOLGDWHG DJDLQVW VKRUW

WHUP SK\VLFDO HURVLRQ H[SHULPHQWV� 7KHVH H[SHULPHQWV FRQVLVW RI VHSDUDWH FRQVROLGDWLRQ DQG HURVLRQ SKDVHV�

:LWK WKH FRQVROLGDWLRQ H[SHULPHQW� WKH VWDQG�DORQH FRQVROLGDWLRQ PRGXOH KDV VXFFHVVIXOO\ EHHQ YDOLGDWHG�

DQG ZLWK WKH HURVLRQ H[SHULPHQW WKH HQWLUH ��'9 ZDWHU EHG PRGXOH KDV EHHQ VXFFHVVIXOO\ YDOLGDWHG�

7KH QHZ PRGHO KDV EHHQ YDOLGDWHG RQ HURVLRQ H[SHULPHQWV SHUIRUPHG LQ D URWDWLQJ DQQXODU IOXPH LQ D

ODERUDWRU\� ,Q WKLV IOXPH WZR H[SHULPHQWV KDYH EHHQ SHUIRUPHG� RQH DIWHU RQH GD\ RI FRQVROLGDWLRQ DQG RQH

DIWHU VHYHQ GD\V RI FRQVROLGDWLRQ� 7KH ��'9 ZDWHU EHG PRGHO FDQ VLPXODWH WKH UHVXOWV IURP WKH DQQXODU

IOXPH H[SHULPHQW ZHOO� �L� WKH VLPXODWLRQV VKRZ WKH VDPH FKDUDFWHULVWLF H[SRQHQWLDO GHFD\ HYROXWLRQ RI WKH

HURGHG PDWHULDO KHLJKW� �LL� WKH PRGHO FDQ EH FDOLEUDWHG JRRG LQ D TXDOLWDWLYH VHQVH DQG �LLL� WKH GHFUHDVH LQ

WKH HURGLELOLW\ EHWZHHQ RQH DQG VHYHQ GD\V RI FRQVROLGDWLRQ FDQ EH VLPXODWHG ZLWK WKH FRQVROLGDWLRQ DV WKH

RQO\ VWUHQJWKHQLQJ SURFHVV� 1R WLPH GHSHQGHQW IXQFWLRQ IRU WKH FRKHVLRQ LV QHFHVVDU\� ,Q WKH HURVLRQ PRGHOV

XVHG FXUUHQWO\� D WLPH KLVWRU\ RI WKH EHG VHGLPHQW KDV WR EH µUHPHPEHUHG¶ WR GHWHUPLQH WKH HURGLELOLW\� ,Q WKH

��'9 ZDWHU EHG PRGHO WKH KLVWRU\ LV VWRUHG LQ WKH VKDSH RI WKH GHQVLW\ SURILOH ZKLFK LV FDOFXODWHG E\ WKH

FRQVROLGDWLRQ PRGXOH� :H FDQ FRQFOXGH WKDW WKH FRPELQDWLRQ RI WKH SDUDPHWHULVHG FRQVROLGDWLRQ PRGXOH

DQG WKH HURVLRQ PRGXOH LQ WKH ��'9 ZDWHU EHG LV SURPLVLQJ�

7KH PRGHO GRHV DOVR KDYH VRPH PLQRU FRPSOLFDWLRQV KRZHYHU� ZKLFK FDQ EH GLYLGHG LQ SK\VLFDO

SUREOHPV DQG QXPHULFDO SUREOHPV� ,Q WKH VHFWLRQ UHFRPPHQGDWLRQV VROXWLRQV ZLOO EH SURSRVHG IRU WKHVH

SUREOHPV�

7KH ��'9 ZDWHU EHG PRGHO QHHGV HLJKW SK\VLFDO LQSXW SDUDPHWHUV� 7KH WKUHH FRQVROLGDWLRQ SDUDPHWHUV

FDQ EH GHWHUPLQHG IURP VWDQGDUG FRQVROLGDWLRQ H[SHULPHQWV LQ D VHWWOLQJ FROXPQ� $ PHWKRG LV SURSRVHG WR

JHW DQ REMHFWLYH DQG UHSURGXFLEOH PHDVXUH RI WKHVH SDUDPHWHUV� 7KH RWKHU ILYH SK\VLFDO SDUDPHWHUV KDYH WR

EH GHWHUPLQHG E\ PHDQV RI QXPHULFDO H[SHULPHQWV �WULDO DQG HUURU�� 1R VWDQGDUGLVHG ODERUDWRU\ WHVWV DUH \HW

DYDLODEOH� 7KHVH ILYH SDUDPHWHUV JRYHUQ VZHOOLQJ� FRKHVLRQ� JHRWHFKQLFDO FRHIILFLHQWV� HURVLRQ UDWH� DQG WKH

VFDOH RI WKH SUREDELOLW\ GLVWULEXWLRQ RI WKH EHG VKHDU VWUHVV� 7KH PRGHO UHVXOWV DUH VHQVLWLYH WR IRXU RI WKHVH

SDUDPHWHUV� 7KLV PDNH WKH ��'9 ZDWHU EHG QRW \HW IXOO\ DSSOLFDEOH IRU HQJLQHHULQJ SXUSRVHV�

,Q WKH VKRUW WHUP YDOLGDWLRQ VLPXODWLRQV RI WKH ��'9 ZDWHU EHG PRGHO� WKH HURVLRQ LV JRYHUQHG E\ WDLO RI

WKH 5D\OHLJK SUREDELOLW\ GLVWULEXWLRQ RI WKH DFWXDO ORFDO EHG VKHDU VWUHVV� $FFRUGLQJO\ WKH VWRFKDVWLF QDWXUH

RI EHG VKHDU VWUHVV JRYHUQV HURVLRQ� 7KHVH ILQGLQJV FRUURERUDWH HDUOLHU ILQGLQJV PHQWLRQLQJ WKDW WXUEXOHQW

EXUVWV JRYHUQ WKH HURVLRQ�

4�!� "������������	

9DOLGDWLRQ RQ ORQJ WHUP� $OWKRXJK WKH QHZ ��'9 ZDWHU EHG PRGHO KDV VXFFHVVIXOO\ EHHQ YDOLGDWHG RQ

VKRUW WHUP HURVLRQ H[SHULPHQWV� LW KDV QRW \HW EHHQ DSSOLHG WR WKH ORQJ WHUP ZDWHU TXDOLW\ PRGHOOLQJ
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SUREOHPV IRU ZKLFK LW KDV EHHQ GHYHORSHG� $Q LPSRUWDQW UHFRPPHQGDWLRQ LV WR FRQWLQXH WKLV VWXG\ E\

DSSO\LQJ WKH QHZ PRGHO IRU ORQJ WHUP ZDWHU TXDOLW\ VLPXODWLRQV� 7KHVH VLPXODWLRQV VKRXOG �L� EH FRPSDUHG

WR ORQJ WHUP ZDWHU TXDOLW\ ILHOG GDWD DQG �LL� WR UHVXOWV REWDLQHG ZLWK WKH ROG 'HOIW�'�:$4 OD\HU PRGHO� $

IHZ TXHVWLRQV QHHG WR EH DQVZHUHG� 'RHV WKH QHZ PRGHO ODFN WKH VKRUWFRPLQJ RI WKH ROG PRGHO� L�H� FDQ WKH

FKDUDFWHULVWLFV RI WKH RSHQ ZDWHU V\VWHP EH VLPXODWHG ZLWK WKH QHZ PRGHO" $QG LV LW SRVVLEOH WR UXQ WKH ��

'9 ZDWHU EHG PRGHO DW UHDVRQDEOH FDOFXODWLRQ WLPHV ZLWK D VXIILFLHQW QXPEHU RI VDPSOLQJ SRLQWV DQG ZLWK

DQ DSSURSULDWH FRQVROLGDWLRQ WLPH VWHS�

0RUH UHVHDUFK VZHOOLQJ EHKDYLRXU� 7KH FRQVWLWXWLYH UHODWLRQV IRU VZHOOLQJ XVHG LQ WKLV VWXG\ FRQWDLQ D

SDUDPHWHU I WKDW GHWHUPLQHV WKH VZHOOLQJ RI WKH EHG DW HURVLRQ� $W SUHVHQW I LV HVWLPDWHG� $ VZHOOLQJ

H[SHULPHQW LV QHHGHG WR PHDVXUH I� �L� WR YDOLGDWH WKH ��'9 ZDWHU EHG PRGHO ZLWK D FRUUHFW YDOXH RI I�

HVSHFLDOO\ DW GHQVLWLHV QHDU WKH JHOOLQJ SRLQW� DQG �LL� WR ILQG DQ �H[SHULPHQWDO� SURFHGXUH WR GHWHUPLQH I IRU

HQJLQHHULQJ SXUSRVHV� ,W PLJKW EH FRQVLGHUHG WR PHDVXUH WKH GHQVLW\ SURILOHV LQ WKH DQQXODU IOXPH

LPPHGLDWHO\ DIWHU WKH HQG RI WKH HURVLRQ H[SHULPHQW DV ZHOO DV ODWHU RQ� 7KHVH PLJKW JLYH XVHIXO LQIRUPDWLRQ

DERXW WKH �WLPH VFDOHV RI WKH� VZHOOLQJ EHKDYLRXU RI WKH EHG�

0RUH UHVHDUFK FRKHVLRQ� $Q H[SHULPHQW�DO SURFHGXUH� LV QHHGHG WR PHDVXUH WKH FRKHVLRQ SDUDPHWHU�

ZKLFK LV SRVVLEO\ WLPH GHSHQGHQW�

0RUH UHVHDUFK DFWXDO EHG VKHDU VWUHVV GLVWULEXWLRQ� &XUUHQWO\ D YHU\ VLPSOH 5D\OHLJK SUREDELOLW\

GLVWULEXWLRQ IXQFWLRQ LV DVVXPHG IRU WKH EHG VKHDU VWUHVV� $OWKRXJK JRRG UHVXOWV DUH REWDLQHG ZLWK WKLV

DVVXPSWLRQ� LW KDV QRW EHHQ YDOLGDWHG� 0RUHRYHU� WKH SDUDPHWHU D� ZKLFK UHODWHV WKH VFDOH SDUDPHWHU RI WKH

5D\OHLJK GLVWULEXWLRQ WR WKH UHJXODUO\ XVHG EHG VKHDU VWUHVV WE� LV FXUUHQWO\ HVWLPDWHG� $Q H[SHULPHQW�DO

SURFHGXUH� LV QHHGHG WR PHDVXUH D� �L� WR YDOLGDWH WKH ��'9 ZDWHU EHG PRGHO ZLWK WKH FRUUHFW YDOXH RI D DQG

�LL� WR IRUPXODWH DQ PHWKRG WR GHWHUPLQH D IRU HQJLQHHULQJ SXUSRVHV�

,QFOXGH VWRFKDVWLF QDWXUH EHG VWUHQJWK� 7KH HIIHFWV RI ELRWXUEDWLRQ� FUDFNV DQG DOJDH PDWV DUH

FXUUHQWO\ RPLWWHG LQ WKH HURVLRQ IRUPXODWLRQ� , WKLQN WKHVH HIIHFWV FDQ EH LQFOXGHG LQ WKH HURVLRQ IRUPXODWLRQ�

,Q WKH HURVLRQ IRUPXODWLRQ� WKH VWUHQJWK RI WKH EHG W\ LV FRQVLGHUHG D GHWHUPLQLVWLF SDUDPHWHU DW SUHVHQW� ,I

WKLV SDUDPHWHU ZRXOG DOVR EH FRQVLGHUHG D VWRFKDVWLF YDULDEOH� WKH HIIHFWV RI ELRWXUEDWLRQ� FUDFNV DQG DOJDH

PDWV RQ WKH VWUHQJWK PLJKW EH LQFOXGHG LQ WKH VWDWLVWLFDO SDUDPHWHUV RI WKH SUREDELOLW\ GLVWULEXWLRQ RI W\

�YDULDQFH� DYHUDJH��

8VH HURVLRQ UDWH SDUDPHWHU IRU FDOLEUDWLRQ� 7KH HURVLRQ UDWH SDUDPHWHU 0 VWLOO ODFNV D SUHFLVH

IRUPXODWLRQ LQ WHUPV RI IRU LQVWDQFH WKH HQWUDLQPHQW DQG VZHOOLQJ RI WKH EHG� 7KH ��'9 ZDWHU EHG PRGHO LV

QRW VHQVLWLYH WR WKH HURVLRQ UDWH SDUDPHWHU 0 �DW OHDVW LQ FDVH RI WKH OD\HUHG EHG SUHVHQW LQ WKH DQQXODU IOXPH�

ZKLFK LV HURVLRQ W\SH ,�� 7KHUHIRUH LW LV UHFRPPHQGHG WR FRQFHQWUDWH IXWXUH UHVHDUFK RQ WKH RWKHU SK\VLFDO

SDUDPHWHUV DQG XVH WKH HURVLRQ UDWH SDUDPHWHU 0 IRU FDOLEUDWLRQ RI WKH ��'9 ZDWHUEHG PRGHO RQO\�

&UHDWH QXPHULFDO FRQVROLGDWLRQ PRGXOH IRU UHVHDUFK SXUSRVHV� ,W LV UHFRPPHQGHG LV WR PDNH DQ

H[WHQGHG ��'9 ZDWHU EHG PRGHO ZLWK D IXOO\ QXPHULFDO FRQVROLGDWLRQ PRGXOH IRU UHVHDUFK SXUSRVHV� LQVWHDG

RI WKH SDUDPHWHULVHG FRQVROLGDWLRQ PRGHO XVHG DW SUHVHQW� 7KH UHVXOWV REWDLQHG ZLWK WKH IXOO QXPHULFDO ZDWHU

EHG PRGHO KDYH WR EH FRPSDUHG WR WKH UHVXOWV REWDLQHG ZLWK WKH FXUUHQW ��'9 ZDWHU EHG PRGHO� 7KH

LQIOXHQFH RI WKH QHJOHFWLQJ RI WKH DGYHFWLRQ WHUPV LQ WKH SDUDPHWHULVHG FRQVROLGDWLRQ PRGHO KDV WR EH

GHWHUPLQHG� 6HFRQG� WKH QXPHULFDO PRGHO FDQ DFFRXQW IRU WKH VZHOOLQJ EHKDYLRXU LQ D PRUH IRUPDO ZD\ WKDQ

LQ WKH FXUUHQW ��'9 ZDWHU EHG PRGHO� 7KLUG� LQ WKH ORQJ UXQ� D IXOO QXPHULFDO PRGHO ZLOO EH XVHIXO IRU ORQJ

WHUP ZDWHU TXDOLW\ PRGHOOLQJ� IRU LQ WKH IXWXUH WKH FRPSXWHUV ZLOO EH IDVWHU DQG IDVWHU�

,PSOHPHQW EHWWHU FRRUGLQDWH VDPSOLQJ V\VWHP� 7KH FXUUHQW ��'9 ZDWHU EHG PRGHO LV QRW FDSDEOH RI

GHDOLQJ ZLWK DOWHUQDWLQJ HURVLRQ DQG GHSRVLWLRQ LQ D UHOLDEOH ZD\ ZLWK D VPDOO QXPEHU RI VDPSOLQJ SRLQWV�

7KH UHVROXWLRQ QHDU WKH LQWHUIDFH UHTXLUHV PRUH DWWHQWLRQ WKDQ LQ WKH FXUUHQW PRGHO� 8VLQJ KLJK UHVROXWLRQ

IRU WKH HQWLUH EHG LV QRW DQ RSWLRQ� 7KLV ZLOO PDNH WKH ��'9 ZDWHU EHG PRGHO WRR VORZ� $ UHFRPPHQGDWLRQ LV

WR LPSOHPHQW DQ DJJUHJDWHG FRRUGLQDWH V\VWHP� D VHFRQG VHW RI VDPSOLQJ SRLQWV KDV WR EH LQWURGXFHG

EHWZHHQ WKH WZR KLJKHVW VDPSOLQJ SRLQWV WR EH DEOH WR UHSUHVHQW WKH VPDOO FKDQJHV LQ WKH GHQVLW\ SURILOH QHDU

WKH EHG DFFXUDWHO\� 7KHVH VDPSOLQJ SRLQWV ZLOO QRW QHFHVVDULO\ EH XVHG LQ WKH )RXULHU WUDQVIRUPDWLRQ RI WKH
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SURILOH� 2WKHU VDPSOLQJ PHWKRGV� ZKLFK DUH SUREDEO\ PRUH HIILFLHQW WKDQ WKH VLJPD FRRUGLQDWH V\VWHP XVHG

DW SUHVHQW� VKRXOG DOVR EH H[SORUHG� 7KH RSWLRQ WR GHDO ZLWK D µFOHDQ EHG¶ VKRXOG DOVR EH LPSOHPHQWHG LQ WKH

PRGHO� 7KH FXUUHQW ��'9 ZDWHU EHG PRGHO GRHV QRW DOORZ D FOHDQ EHG DW SUHVHQW�

,PSOHPHQW EHWWHU FDOFXODWLRQ HURVLRQ SURJUHVVLRQ� &XUUHQWO\ DQ LWHUDWLYH PHWKRG LV XVHG IRU WKH

FDOFXODWLRQ RI WKH SURJUHVVLRQ RI WKH HURVLRQ� $Q DQDO\WLFDO DSSURDFK KDV DOVR EHHQ SURSRVHG� $

UHFRPPHQGDWLRQ LV WR LPSOHPHQW WKLV VHFRQG IRUPXODWLRQ DQG WHVW LW�

([SORUH EHVW FRPELQDWLRQ FRQVROLGDWLRQ WLPH VWHS� EHG WKLFNQHVV DQG QXPEHU RI VDPSOLQJ SRLQWV�

7KH ��'9 ZDWHUEHG PRGHO FRQVLVWV RI D VHSDUDWH FRQVROLGDWLRQ DQG HURVLRQ PRGXOH� $ FRQILJXUDWLRQ IRU

WKHVH WZR PRGXOHV KDV EHHQ SURSRVHG� DOORZLQJ ODUJHU WLPH VWHSV IRU WKH FRQVROLGDWLRQ WKDQ IRU WKH HURVLRQ�

,Q WKH YDOLGDWLRQ RI WKH VKRUW�WHUP HURVLRQ H[SHULPHQW LQ WKH DQQXODU IOXPH KRZHYHU� WKH WLPH VFDOH RI WKH

FRQVROLGDWLRQ WXUQHG RXW WR EH YHU\ VPDOO� MXVW DV VPDOO DV WKH HURVLRQ WLPH VFDOH� $ K\SRWKHVLV LV WKDW WKLV LV

GXH WR WKH YHU\ WKLQ ZDWHU EHG SUHVHQW LQ WKH DQQXODU IOXPH� VLQFH WKH WLPH VFDOH RI WKH FRQVROLGDWLRQ LV

SURSRUWLRQDO WR WKH VTXDUHG EHG �PDWHULDO� WKLFNQHVV� /DUJHU WLPH VWHSV IRU WKH FRQVROLGDWLRQ� ZKLFK OHDG WR D

UHGXFWLRQ RI WKH FDOFXODWLRQ WLPH� FDQ EH XVHG ZKHQ D WKLFNHU ZDWHU EHG LV SUHVHQW LQ WKH PRGHO� $ WKLFNHU

EHG ZLOO UHTXLUH �L� PRUH VDPSOLQJ SRLQWV WR JDLQ WKH VDPH UHVROXWLRQ EXW �LL� OHVV )RXULHU FRPSRQHQWV� 7KH

UHTXLUHG QXPEHU RI VDPSOLQJ SRLQWV PLJKW EH UHGXFHG ZKHQ D QHZ FRRUGLQDWH VDPSOLQJ V\VWHP KDV EHHQ

LPSOHPHQWHG �DV UHFRPPHQGHG�� ,Q SUDFWLFDO VLWXDWLRQV KRZHYHU� D WKLFN ZDWHU EHG PLJKW QRW DOZD\V EH

SUHVHQW� 7KHUHIRUH DQ RSWLPDO FRPELQDWLRQ RI WKH �UHTXLUHG� EHG WKLFNQHVV� WKH QXPEHU RI VDPSOLQJ SRLQWV

DQG WKH WLPH VWHS IRU FRQVROLGDWLRQ KDV WR EH IRXQG� LQ RUGHU WR PDNH WKH QHZ PRGHO IDVW HQRXJK WR EH

VXLWDEOH IRU ORQJ WHUP ZDWHU TXDOLW\ SXUSRVHV�

'HDOLQJ ZLWK GLIIHUHQW VHGLPHQW SDUWLFOH VL]H FODVVHV E\ XVLQJ WKH FXUUHQW 'HOIW�'�:$4 OD\HU

PRGHO� ,W LV UHFRPPHQGHG WR XVH WKH FXUUHQW :$4 OD\HU DSSURDFK QH[W WR WKH QHZ ��'9 ZDWHU EHG PRGXOH�

,Q WKLV DSSURDFK� WKH QHZ PRGHO SURYLGHV IRU WKH HURVLRQ UDWHV DQG WKH ROG 'HOIW�'�:$4 OD\HU PRGHO GHDOV

ZLWK WKH �KLVWRU\ RI WKH� VL]H GLVWULEXWLRQV RI WKH VHGLPHQWV�

,QFOXGH ZDYH HIIHFWV� ,Q SUDFWLFDO VLWXDWLRQV� WKH UHVXVSHQVLRQ RI FRKHVLYH VHGLPHQWV GXULQJ VWRUPV LV

WR D ODUJH H[WHQW FRQWUROOHG E\ WKH SUHVVXUH IOXFWXDWLRQV GXH WR WKH ZDYHV� QRW E\ WKH EHG VKHDU VWUHVVHV�

&XUUHQWO\ WKHVH HIIHFWV DUH QRW SUHVHQW LQ WKH ��'9 ZDWHU EHG PRGHO� 7KHVH HIIHFWV VKRXOG EH LQFRUSRUDWHG�

'HDOLQJ ZLWK VSDWLDO LQKRPRJHQLW\� ,Q SUDFWLFDO VLWXDWLRQV LQ RSHQ ZDWHU V\VWHPV� VSDWLDO VHJUHJDWLRQ

RFFXUV ZLWK UHVSHFW WR WKH VHGLPHQW W\SH DQG WKH VHGLPHQW VL]H FODVV� 7KH QHZ ��'9 ZDWHU EHG PRGHO FDQ

RQO\ EH DSSOLHG WR DUHDV ZLWK D PXGG\ EHG� ,Q 'HOIW�'�:$4 D V\VWHP VKRXOG EH LQFRUSRUDWHG WR GHDO ZLWK

GLIIHUHQW W\SHV RI ZDWHU EHG PRGHOV DW GLIIHUHQW PRPHQWV LQ WLPH DQG DW GLIIHUHQW ORFDWLRQV� ,W VKRXOG EH

SRVVLEOH WR XVH D VHSDUDWH VDQG HURVLRQ PRGHO QH[W WR WKH ��'9 ZDWHU EHG PRGHO�

0RGLI\ (&20�6('� 7KH (&20�6(' PRGHO RI +\GURTXDO KDV DOVR EHHQ WHVWHG LQ WKLV WKHVLV� 7KH

UHVXOWV ILW WKH H[SHULPHQWDO GDWD TXLWH ZHOO LQ DQ RYHUDOO VHQVH� EXW WKH\ UHSURGXFH WKH GHWDLOV RQO\ WR D VPDOO

GHJUHH� 0RUHRYHU� WKH � OD\HUV FXUUHQWO\ XVHG LQ (&20�6(' DUH QRW VXIILFLHQW IRU ORQJ WHUP ZDWHU TXDOLW\

PRGHOOLQJ� $ IHZ LPSURYHPHQWV DUH UHFRPPHQGHG WR PDNH (&20�6(' D PRUH SRZHUIXO PRGHO� $ ILUVW

UHFRPPHQGDWLRQ LV WR UHSODFH WKH FXUUHQW ��GD\ OD\HU V\VWHP E\ D PRUH DGYDQFHG OD\HU V\VWHP� $ OD\HU

V\VWHP LQ ZKLFK HDFK GHHSHU OD\HU FRYHUV D ORQJHU SHULRG VKRXOG EH XVHG� ���� ���� ���� ���� GD\V HWF�

0DUNRY FKDLQV FRXOG EH XVHG WR VKLIW WKH PDWHULDO WR GHHSHU OD\HUV� $ VHFRQG UHFRPPHQGDWLRQ LV WR PRGLI\

WKH HURVLRQ UDWH IRUPXODWLRQ IRU WKH UDQJH ZKHQ WKH HURVLRQ SRWHQWLDO KDV QRW \HW EHHQ UHDFKHG� 7KH HURVLRQ

UDWH VKRXOG EH GHWHUPLQHG E\ GLYLGLQJ WKH UHPDLQLQJ HURVLRQ SRWHQWLDO E\ WKH WLPH VFDOH� QRW E\ GLYLGLQJ WKH

WRWDO HURVLRQ SRWHQWLDO E\ WKH WLPH VFDOH� $ WKLUG UHFRPPHQGDWLRQ LV WR PDNH WKLV WLPH VFDOH� ZKLFK LV

FXUUHQWO\ IL[HG DW � KRXU� HGLWDEOH E\ WKH XVHU� $ IRXUWK UHFRPPHQGDWLRQ LV WR DGMXVW WKH PRGHO WR DOORZ IRU

VHFRQGDU\ HURVLRQ IRU WKH UDQJH ZKHQ WKH HURVLRQ SRWHQWLDO KDV DOUHDG\ EHHQ UHDFKHG� &XUUHQWO\ WKH HURVLRQ

UDWH LV VHW WR ]HUR ZKHQ WKH HURVLRQ SRWHQWLDO KDV EHHQ GHSOHWHG�
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%DUHQGV� )�%�-� ����� 7KHRU\ RI FRQVROLGDWLRQ� *HR'HOIW�

%DWWMHV -�$�� 1� %RRLM� 0�$� +RRLPHLMHU �����0RGHOYRUPLQJ� FROOHJHKDQGOHLGLQJ� 78'HOIW� �'XWFK�

%URXZHU� -� ����� '\QDPLFV LQ H[WUDFHOOXODU FDUERK\GUDWH SURGXFWLRQ E\ PDULQH EHQWKLF GLDWRPV� 1HWKHUODQGV ,QVWLWXWH RI (FRORJ\�

,6%1 �������������

*LEVRQ� 5� (� � *� /� (QJODQG� 	 0�-�/� +XVVH\� ����� 7KH WKHRU\ RI RQH�GLPHQVLRQDO VDWXUDWHG FOD\V� ,� )LQLWH QRQOLQHDU

FRQVROLGDWLRQ RI WKLQ KRPRJHQHRXV OD\HUV� *pRWHFKLTXH� -�� ��� ��������

*LEVRQ� 5� (� � 5� /� 6FKLIIPDQ� 	 .�:� &DUJLOO� ����� 7KH WKHRU\ RI RQH�GLPHQVLRQDO VDWXUDWHG FOD\V� ,,� )LQLWH QRQOLQHDU

FRQVROLGDWLRQ RI WKLFN KRPRJHQHRXV OD\HUV� &DQ� *HRWHFK� -�� ��� ��������

*RYLQGDUDMX� 5�6�� 6� 5DPLUHGG\JDUL� 3� 6KUHVWD� /� 5RLJ� ����� &RQWLQXXP EHG PRGHO IRU HVWXDULQH VHGLPHQWV EDVHG RQ QRQ�OLQHDU

FRQVROLGDWLRQ WKHRU\� -RXUQDO RI +\GUDXOLF (QJLQHHULQJ� 0DUFK ����� ���������

+\GUR4XDO ����� $ SULPHU IRU (&206('� YHUVLRQ���� 8VHU 0DQXDO�+\GUR4XDO�

-RQHV� &� DQG :� /LFN� PD\ ����� 6('=/- VHGLPHQW WUDQVSRUW PRGHO� 'HSDUWPHQW RI PHFKDQLFDO DQG HQYLURQPHQWDO HQJLQHHULQJ�

8QLYHUVLW\ RI &DOLIRUQLD�

-RQHV� &� DQG :� /LFN� MXQH ����� 6HGLPHQW HURVLRQ UDWHV� WKHLU PHDVXUHPHQW DQG XVH LQ PRGHOOLQJ� 7H[DV $	0 'UHGJLQJ 6HPLQDU

:('$� 7$08 DQG 3,$1& FRQIHUHQFH�

.HVWHUHQ :�*�0� YDQ� -�0� &RUQHOLVVH� &� .XLMSHU� -XO\ ����� '\QDVWDU %HG PRGHO� %HG VWUHQJWK� OLTXHIDFWLRQ DQG HURVLRQ�

&RKHVLYH VHGLPHQWV VHULHV UHSRUW ��� 5LMNVZDWHUVWDDW 	 :/_ 'HOIW +\GUDXOLFV

.UDQHQEXUJ� &� ����� 7KH IUDFWDO VWUXFWXUH RI FRKHVLYH VHGLPHQW DJJUHJDWHV� (VWXDULQH� &RDVWDO DQG 6KHOI VFLHQFH� ��� ��������

.UDQHQEXUJ� &� 	 -�&� :LQWHUZHUS� ����� (URVLRQ RI IOXLG PXG OD\HUV� ,� (QWUDLQPHQW PRGHO� -RXUQDO RI +\GUDXOLF (QJLQHHULQJ�

-XQH ����� ��������

.UDQHQEXUJ� &� ����� +LQGHUHG VHWWOLQJ DQG FRQVROLGDWLRQ RI PXG � DQDO\WLFDO UHVXOWV� 7HFKQ� UHSRUW QR� ������ 'HOIW 8QLYHUVLW\ RI

7HFKQRORJ\

.XLMSHU &�� -�0� &RUQHOLVVH�� -�&� :LQWHUZHUS� 1RYHPEHU ����� (URVLRQ DQG GHSRVLWLRQ FKDUDFWHULVWLFV RI QDWXUDO PXGV� 6HGLPHQWV

IURP NHWHOPHHU� &RKHVLYH VHGLPHQWV VHULHV UHSRUW ��� 5LMNVZDWHUVWDDW 	 'HOIW +\GUDXOLFV�

.\QFK� *�-� ����� $ WKHRU\ RI VHGLPHQWDWLRQ� 7UDQV )DUDGD\ 6RF�� �� � ��������

/DPEH� 7� :�� 5�9� :KLWPDQ� ����� 6RLO PHFKDQLFV� 6, YHUVLRQ� 6HULHV LQ VRLO HQJLQHHULQJ� -RKQ :LOH\ 	 6RQV�

/D\� 'DYLG &� ����� /LQHDU DOJHEUD DQGV LWV DSSOLFDWLRQV� $GGLVRQ�:HVOH\ 3XEOLVKLQJ &RPSDQ\�

/HGGHQ 0�� =� %� :DQJ� ����� 6DQG�PXG PRUSKR�G\QDPLFV LQ DQ HVWXDU\� 5LYHU� &RDVWDO DQG (VWXDULQH 0RUSKRG\QDPLFV

&RQIHUHQFH 5&(0���� �,$+5�� -DSDQ�

/HGGHQ� 0�� :� YDQ .HVWHUHQ ����� $ FODVVLILFDWLRQ IRU HURVLRQ EHKDYLRXU RI VDQG�PXG PL[WXUHV� ,Q SUHSDUDWLRQ IRU SXEOLFDWLRQ�

/LFN� :�� -� 0F1HLO� ����� (IIHFWV RI VHGLPHQW EXON SURSHUWLHV RQ HURVLRQ UDWHV� 7KH 6FLHQFH RI WKH 7RWDO (QYLURQPHQW ��� �������

������

0HKWD� $� -�� (� -� +D\WHU� 5� %� .URQH� 	 $� 0� 7HHWHU� ����� &RKHVLYH VHGLPHQW WUDQVSRUW� ,� 3URFHVV 'HVFULSWLRQ� -� +\GU� (QJ��

������� ����������

0HUNHOEDFK� /� ����� &RQVROLGDWLRQ DQG VWUHQJWK HYROXWLRQ RI VRIW PXG OD\HUV� �3K' WKHVLV� &RPPXQLFDWLRQV RQ +\GUDXOLF DQG

*HRWHFKQLFDO (QJLQHHULQJ� UHSRUW ����� 'HOIW 8QLYHUVLW\ RI 7HFKQRORJ\�

0HUNHOEDFK� /� ����� 1RWH RQ SDUDPHWHULVDWLRQ RI *LEVRQ¶V FRQVROLGDWLRQ HTXDWLRQ� ,QWHUQDO PHPR :/ _ 'HOIW +\GUDXOLFV�

0HUNHOEDFK� /� ����� &RQVROLGDWLRQ WKHRU\ DQG UKHRORJ\ RI PXG� $ OLWHUDWXUH VXUYH\� 7HFKQ� UHSRUW QR� ����� 'HOIW 8QLYHUVLW\ RI

7HFKQRORJ\�

0RUJDQ� -�6� -�/� 6FKRQIHOGHU� ����� 3URJUDPPLQJ LQ )RUWUDQ ������ &RPSXWLQJ 6HUYLFHV 'HSDUWPHQW� 7KH 8QLYHUVLW\ RI /LYHUSRRO�

3DUFKXUH� 0�7�� $�-� 0HKWD� ����� (URVLRQ RI VRIW FRKHVLYH VHGLPHQW GHSRVLWV� -RXUQDO RI +\GUDXOLF (QJLQHHULQJ� 2FWREHU ����� ����

����������

3DUWKHQLDGHV� (� ����� (URVLRQ DQG GHSRVLWLRQ RI FRKHVLYH VRLOV� -RXUQDO RI WKH K\GUDXOLFV GLYLVLRQ� 3URFHHGLQJV RI WKH $6&(�

-DQXDU\ ����� ��������

3RVWPD� /� ����� 1RWH RQ WKH WHVWLQJ RI (FRPVHG IURP *HUEHQ� ,QWHUQDO PHPR :/ _ 'HOIW +\GUDXOLFV�

6DQIRUG� /� 3�� -� 3��<� 0DD� ����� $ XQLILHG HURVLRQ IRUPXODWLRQ IRU ILQH VHGLPHQWV�0DULQH *HRORJ\ ���� �����

6KUHVWD� 3�/�� *�7� 2UORE� �����0XOWLSKDVH 'LVWULEXWLRQ RI &RKHVLYH 6HGLPHQWV DQG KHDY\ PHWDOV LQ (VWXDULQH 6\VWHPV� -RXUQDO RI

(QYLURQPHQWDO (QJLQHHULQJ� $XJXVW ���� �������
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9HOOHX[� 0�� ����� /RZHU )R[ 5LYHU � *UHHQ ED\ 5HPHGLDO ,QYHVWLJDWLRQ DQG IHDVLELOLW\ 6WXG\� 'HYHORSPHQW DQG DSSOLFDWLRQ RI D

3&% 7UDQVSRUW 0RGHO IRU WKH /RZHU )R[ 5LYHU�:LVFRQVLQ 'HSDUWPHQW RI 1DWXUDO UHVRXUFHV UHSRUW� -XQH ��WK ���� >IURP�

ZZZ�GQU�VWDWH�ZL�XV�RUJ�ZDWHU�ZP�ORZHUIR[�ULIV�PRGHOGRFV@

9RRUPROHQ 6� ����� 6XLNHU LQ GH PRGGHU� 'LDWRPHHQ ]LMQ FUXFLDDO LQ HFRV\VWHHP YDQ ULYLHUGHOWD¶V� 15& KDQGHOVEODG� NDWHUQ

ZHWHQVFKDS� � PUW ����� �'XWFK QHZVSDSHU DUWLFOH�

:LQWHUZHUS� -�&� ����� )ORZ LQGXFHG HURVLRQ RI FRKHVLYH EHGV� &RKHVLYH VHGLPHQWV VHULHV UHSRUW ��� 5LMNVZDWHUVWDDW 	 :/_ 'HOIW

+\GUDXOLFV

:LQWHUZHUS� -�&� ����� 3URMHFW SODQ� GHYHORSPHQW EHG PRGHO� =��������:/ _ 'HOIW +\GUDXOLFV�

:LQWHUZHUS� -�&� 	 &� .UDQHQEXUJ� ����� (URVLRQ RI IOXLG PXG OD\HUV� ,� (QWUDLQPHQW PRGHO� -RXUQDO RI +\GUDXOLF (QJLQHHULQJ�

-XQH ����� ��������

:LQWHUZHUS� -�&� 	 &� .UDQHQEXUJ� ����� (URVLRQ RI IOXLG PXG OD\HUV� ,,� ([SHULPHQWV DQG PRGHO YDOLGDWLRQ� -RXUQDO RI +\GUDXOLF

(QJLQHHULQJ� -XQH ����� ��������

:LW� 3�-� ����� /LTXHIDFWLRQ RI FRKHVLYH VHGLPHQWV FDXVHG E\ ZDYHV� �3K' WKHVLV� &RPPXQLFDWLRQV RQ +\GUDXOLF DQG *HRWHFKQLFDO

(QJLQHHULQJ� UHSRUW ����� 'HOIW 8QLYHUVLW\ RI 7HFKQRORJ\�

:/ _ 'HOIW +\GUXDOLFV� ����� 'HOIW�'�:$4� YHUVLRQ ����� 8VHU 0DQXDO�

,QWHUQHWVLWHV�

KWWS���ZZZ�ZOGHOIW�QO�VRIW�G�G�LQGH[�KWPO

KWWS���ZRRGVKROH�HU�XVJV�JRY�SURMHFW�SDJHV�VHGLPHQW�WUDQVSRUW�

KWWS���ZZZ�K\GURTXDO�FRP�+\GUR�HFRPVHG�LQGH[�KWP



21 7+( (526,21 $1' &2162/,'$7,21 2) &2+(6,9( 6(',0(176 /,67 2) 6<0%2/6 ���

0�	�����	����
	

/DWLQ V\PEROV

6\PERO 8QLWV 'HVFULSWLRQ

D� a HPSLULFDO HURVLRQ FRHIILFLHQW LQ (&206('

FCD 3D FRKHVLRQ SDUDPHWHU

F 3D FRKHVLRQ

FY P
�
�V FRQVROLGDWLRQ FRHIILFLHQW

&F � FRPSUHVVLELOLW\ LQGH[

&V � VZHOO LQGH[

' � IUDFWDO GLPHQVLRQ

' P�V GHSRVLWLRQ

G�� P PHGLDQ GLDPHWHU RI DJJUHJDWH

GHOW V :$4 WLPH VWHS

GHOW& V FRQVROLGDWLRQ WLPH VWHS

GHOWFPLQ V PD[LPXP FRQVROLGDWLRQ WLPH VWHS

GHOWFPD[ V PLQLPXP FRQVROLGDWLRQ WLPH VWHS

GHOW( V HURVLRQ LWHUDWLRQ WLPH VWHS

H � YRLG UDWLR

( P�V HURVLRQ UDWH

I � UDWLR EHWZHHQ VWLIIQHVV DW YLUJLQ ORDGLQJ DQG DW UHORDGLQJ

IN � DPSOLWXGH RI )RXULHU FRPSRQHQW

J P�V
�

JUDYLW\ DFFHOHUDWLRQ

K P ZDWHU GHSWK

K P KHLJKW RI EHG

+�[� � +HDYLVLGH VWHS IXQFWLRQ� �� LI [��� � LI [!��

N P�V SHUPHDELOLW\

N � )RXULHU QXPEHU

.N P�V HPSLULFDO SDUDPHWHU LQ SHUPHDELOLW\ UHODWLRQVKLS

.V 3D HPSLULFDO SDUDPHWHU LQ HIIHFWLYH VWUHVV UHODWLRQVKLS

.V�� 3D H[FHVV HIIHFWLYH VWUHVV� RYHUFRQVROLGDWLRQ

.� � FRHIILFLHQW RI ODWHUDO VWUHVV

PY P
�
�1 FRPSUHVVLELOLW\ RI JUDQXODU VNHOHWRQ

0 NJ�P
�
�V HPSLULFDO HURVLRQ UDWH FRHIILFLHQW

Q �����'� � H[SRQHQW LQ IUDFWDO FRQVWLWXWLYH UHODWLRQV 0HUFNHOEDFK >����@

QRN � QXPEHU RI )RXULHU FRPSRQHQWV

QRQ � QXPEHU RI VDPSOLQJ SRLQWV

2&5 � UDWLR RI PD[LPXP SDVW FRQVROLGDWLRQ VWUHVV DQG FXUUHQW VWUHVV

S 3D SRUH ZDWHU SUHVVXUH

SH 3D H[FHVV SRUH ZDWHU SUHVVXUH

S� 3D LQLWLDO H[FHVV SRUH ZDWHU SUHVVXUH

3 � SUREDELOLW\ RI GHSRVLWLRQ

UHVVXP P HURVLRQ FDFKH

VHGVXP P VHGLPHQWDWLRQ FDFKH

W V WLPH

WP V PDWHULDO WLPH

7 V WLPH VFDOH RI SDUDPHWHULVHG FRQVROLGDWLRQ PRGHO

7H V WLPH VFDOH IRU GHSOHWLRQ RI UHVXVSHQVLRQ SRWHQWLDO LQ (&206('
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X P�V ZDWHU YHORFLW\

YV P�V VHWWOLQJ YHORFLW\

Y 3D HPSLULFDO WLPH GHSHQGHQW µFRKHVLRQ¶

Z 3D�3D HPSLULFDO WDQJHQW RI DQJOH RI LQWHUQDO IULFWLRQ

ZH � HQWUDLQPHQW YHORFLW\

] P (XOHULDQ FRRUGLQDWH

= a HPSLULFDO DJH FRHIILFLHQW LQ (&206('

*UHHN V\PEROV

6\PERO 8QLWV 'HVFULSWLRQ

G P OD\HU WKLFNQHVV

H NJ�P
�

UHVXVSHQVLRQ SRWHQWLDO LQ (&206('

' �UV�UV��UZ � UHODWLYH GHQVLW\ RI VHGLPHQW PDWHULDO

 P PDWHULDO FRRUGLQDWH

 L P PDWHULDO FRRUGLQDWH RI OD\HU KHLJKW

� P
�
�V �HGG\� YLVFRVLW\ RI ZDWHU

[ P�P GLPHQVLRQOHVV PDWHULDO FRRUGLQDWH

[ L P�P GLPHQVLRQOHVV OD\HU KHLJKW LQ PDWHULDO FRRUGLQDWH

UZ NJ�P
�

ZDWHU GHQVLW\

UV NJ�P
�

VHGLPHQW PDWHULDO GHQVLW\

UG NJ�P
�

GU\ GHQVLW\

UE NJ�P
�

EXON GHQVLW\

VCY 3D HIIHFWLYH VWUHVV

VCY�PD[ 3D PD[LPXP SDVW FRQVROLGDWLRQ HIIHFWLYH VWUHVV

VY 3D WRWDO VWUHVV

W V�V GLPHQVLRQOHVV PDWHULDO WLPH

W E 3D EHG VKHDU VWUHVV

W F 3D FULWLFDO EHG VKHDU VWUHVV IRU HURVLRQ

� G 3D FULWLFDO EHG VKHDU VWUHVV IRU GHSRVLWLRQ

� \ 3D \LHOG VKHDU VWUHVV

W F 3D SULQFLSDO \LHOG VKHDU VWUHVV

� 

GHJ DQJOH RI LQWHUQDO IULFWLRQ

I P
�
�P

�
YROXPH IUDFWLRQ RI PXG

IPD[ P
�
�P

�
PD[LPXP SDVW FRQVROLGDWLRQ YROXPH IUDFWLRQ RI PXG
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7KLV WKHVLV KDV EHHQ ZULWWHQ DW WKH :/ _ 'HOIW +\GUDXOLFV RIILFHV� ZKHUH , HQMR\HG WKH KHOS RI PDQ\

ZRQGHUIXO FROOHDJXHV� -DQ YDQ %HHN DQG /HR 3RVWPD KHOSHG PH YHU\ ZHOO WR LPSOHPHQW WKH ��'9 ZDWHU EHG

PRGHO LQWR WKH 'HOIW�'�:$4 FRGH� ,¶P DOVR YHU\ JUDWHIXO WR :DOWKHU YDQ .HVWHUHQ IRU HQWKXVLDVWLFDOO\

GHEDWLQJ ZLWK PH DERXW WKH SK\VLFV RI HURVLRQ DQG FRQVROLGDWLRQ� $QG WR -RKQ &RUQHOLVVH IRU GLJJLQJ LQWR

KLV KXJH GLJLWDO DUFKLYH RI DOO H[SHULPHQWDO WHVWV GRQH DW 'HOIW +\GUDXOLFV LQ WKH SDVW� :LWKRXW WKH URWDWLQJ

DQQXODU PHDVXUHPHQWV� GDWLQJ EDFN WR ����� P\ WKHVLV FRXOG QRW KDYH EHHQ ZULWWHQ� , DOVR KDG D JUHDW WLPH

ZLWK /XFDV 0HUFNHOEDFK ZKR KHOSHG PH HQWKXVLDVWLFDOO\ WR OHDUQ HYHU\WKLQJ DERXW FRQVROLGDWLRQ� 0RUHRYHU�

KH DOVR SURYLGHG PH ZLWK P\ RZQ VHWWOLQJ FROXPQ WR JHW D IHHOLQJ IRU UHDO PXG� EHVLGHV WKH GLJLWDO PXG ,

KDYH EHHQ ZRUNLQJ RQ� /DVW EXW QRW OHDVW , ZRXOG OLNH WR WKDQN +DQ :LQWHUZHUS IRU DOO WKH NQRZOHGJH DQG

OLWHUDWXUH KH SURYLGHG PH ZLWK DQG IRU NHHSLQJ PH RQ WKH PDLQ WUDFN� +H DOVR HQFRXUDJHG PH WR VSHQG VRPH

PRUH WLPH RQ WKH ��'9 ZDWHU EHG PRGHO ZKHQ LW GLGQ¶W ZRUN DFFRUGLQJ WR SODQ� UHVXOWLQJ LQ WKH ZRUNLQJ DQG

SURPLVLQJ PRGHO SUHVHQW QRZ� $QG ODVW EXW QRW OHDVW , ZDQW WR VD\ , KDG D JRRG WLPH ZLWK DOO WKH RWKHU

JUDGXDWLRQ VWXGHQWV DW :/ _ 'HOIW +\GUDXOLFV� ZLWK ZKRP , VSHQW PRVW RI WKH WLPH�

, ZRXOG DOVR OLNH WR WKDQN 3URI� %DWWMHV� 3URI� %DUHQGV DQG -XOLH 3LHWU]DN IRU WKHLU YDOXDEOH FRPPHQW RQ

P\ WKHVLV� DV ZHOO DV IRU WKH LQVSLULQJ OHFWXUHV , UHFHLYHG IURP WKHP LQ WKH SDVW \HDUV� ODUGHG ZLWK PDQ\ QLFH

H[SHULPHQWV� PRYLHV DQG H[DPSOHV IURP HQJLQHHULQJ SUDFWLFH�

'XULQJ P\ JUDGXDWLRQ SHULRG� , DOVR VSHQW D FRXSOH RI ZHHNV DW WKH +\GUR4XDO RIILFHV LQ 1HZ <RUN� ,

ZRXOG OLNH WR WKDQN :/ _ 'HOIW +\GUDXOLFV IRU PDNLQJ WKLV YLVLW SRVVLEOH DQG DOO WKH PDJQLILFHQW SHRSOH DW

+\GUR4XDO IRU WKH ZRQGHUIXO WLPH , VSHQW WKHUH� , ZRXOG OLNH WR WKDQN 3DUPHVKZDU 6KUHWVD LQ SDUWLFXODU IRU

KLV HQFRXUDJLQJ VSLULW DQG KLV XVHIXO DGYLFH DQG 6HDQ 2¶QHLO IRU RXU QLFH GLVFXVVLRQV�

, QHHG QRW WR VD\ WKDW ,
P DOVR YHU\ JUDWHIXO WR *HUGD� <W]HQ %UDP� &DUROLQH� :RXWHU� DQG RWKHU IULHQGV

IRU VXSSRUWLQJ PH�
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'HOIW�' �KWWS���ZZZ�ZOGHOIW�QO�VRIW�G�G�LQGH[�KWPO� LV D �'��' LQWHJUDWHG PRGHOOLQJ HQYLURQPHQW

FUHDWHG E\ :/ _ 'HOIW +\GUDXOLFV IRU� +\GURG\QDPLFV �)/2:�� :DYHV �:$9(�� 6HGLPHQW WUDQVSRUW �6('��

0RUSKRORJ\ �025�� :DWHU TXDOLW\ �:$4� DQG (FRORJ\ �(&2�� 7KH )/2: PRGXOH RI 'HOIW�' LV D PXOWL�

GLPHQVLRQDO ��' RU �'� K\GURG\QDPLF DQG WUDQVSRUW VLPXODWLRQ SURJUDP ZKLFK FDOFXODWHV QRQ�VWHDG\ IORZ

DQG WUDQVSRUW SKHQRPHQD UHVXOWLQJ IURP WLGDO DQG PHWHRURORJLFDO IRUFLQJ RQ D FXUYLOLQHDU� ERXQGDU\ ILWWHG

JULG� ,W FDOFXODWHV WKH ZDWHUPRWLRQ LQ HYHU\ JULGSRLQW RI WKH PRGHO� XVLQJ WKH EDWK\PHWU\ DQG

ERXQGDU\�LQLWLDO FRQGLWLRQV� 7KH UHVXOWLQJ SDUDPHWHUV DUH WKH YHORFLW\
&

X � WKH ERWWRP VKHDU VWUHVV
&

W � WKH

ZDWHU OHYHO K DQG WKH HGG\ YLVFRVLW\ HGG\
�
� � 7KH RSWLRQDO 'HOIW�'�:$9( PRGXOH FDOFXODWHV WKH ZDYH

KHLJKWV DQG WKHLU HIIHFWV RQ WKH ZDWHU PRWLRQ� 7KH 025 PRGXOH RI 'HOIW�' IXOO\ LQWHJUDWHV WKH HIIHFWV RI

ZDYHV� FXUUHQWV DQG VHGLPHQW WUDQVSRUW RQ PRUSKRORJLFDO GHYHORSPHQWV� ,W LV GHVLJQHG WR VLPXODWH WKH

PRUSKRG\QDPLF EHKDYLRXU RI ULYHUV� HVWXDULHV DQG FRDVWV RQ WLPH�VFDOHV RI GD\V WR \HDUV LQYROYLQJ FRPSOH[

LQWHUDFWLRQV EHWZHHQ ZDYHV� FXUUHQWV� VHGLPHQW WUDQVSRUW DQG EDWK\PHWU\� 7KH :DWHU 4XDOLW\ PRGXOH :$4

RI 'HOIW�' LV D JHQHUDO ZDWHU TXDOLW\ SURJUDP FDSDEOH RI GHVFULELQJ D YHU\ ZLGH UDQJH RI ZDWHU TXDOLW\

SURFHVVHV� ,W FDQ DOVR EH XVHG WR PRGHO YDULRXV RUJDQLF DQG LQRUJDQLF VXVSHQGHG DQG EHG VHGLPHQWV DQG WKH

DVVRFLDWHG VXEVWDQFHV�

7KH FRGH RI :$4 DQG ODUJH SDUWV RI '�' DUH VWLOO ZULWWHQ LQ ROG )RUWUDQ IRUPDWV� )RUWUDQ ��� )RUWUDQ ��

DQG VRPHWLPHV HYHQ )RUWUDQ ��� 8SGDWLQJ WKHVH FRGHV WR WKH PRVW UHFHQW VWDQGDUG RI )RUWUDQ �� LV D

WUHPHQGRXV ZRUN ZLWK OLWWOH GLUHFW UHYHQXHV� 1HZ DGGLWLRQV WR ROG SURJUDPV WKHUHIRUH KDYH WKH KDQGLFDS WKDW

WKH\ QHHG WR EH ZULWWHQ LQ ROG VWDQGDUG FRPSDWLEOH IRUPDW WR SUHYHQW WKHP IURP EHLQJ LQFRPSDWLEOH ZLWK DQG

XQFRPSLODEOH RQ ROG SODWIRUPV� 6SHFLDO XVHIXO IHDWXUHV IURP WKH )RUWUDQ �� VWDQGDUG WKHUHIRUH FDQQRW EH

EHQHILWHG IURP DW WKH OLQN EHWZHHQ WKH H[LVWLQJ FRGH DQG WKH QHZ DGGLWLRQV� 7KHVH IHDWXUHV DUH WKH UXQ WLPH

DOORFDWLRQ RI DUUD\V� WKH VSHFLDO DUUD\�PDQLSXODWLRQ IXQFWLRQV DQG WKH VKDULQJ RI YDULDEOHV�IXQFWLRQV E\

PHDQV RI PRGXOHV� ,QVLGH WKH QHZ DGGLWLRQV WKHVH VSHFLDO IHDWXUHV FDQ EH XVHG KRZHYHU� $ IXUWKHU

UHTXLUHPHQW LV WKDW IL[HG IRUPDW )RUWUDQ LV XVHG� WKDW FDQQRW EH PL[HG IUHHO\ ZLWK WKH PRUH UHFHQW IUHH

IRUPDW )RWUDQ ZLWKLQ RQH ILOH�

,Q WKH 'HOIW�' PRGHO� FRPSXWDWLRQDO SURFHVVRU WLPH LV PRUH VFDUFH WKDQ PHPRU\� ,Q RUGHU WR EH

HFRQRPLFDO ZLWK PHPRU\� SURSHUWLHV ZKLFK UHPDLQ FRQVWDQW RU SURSHUWLHV WKDW FDQ EH GHULYHG IURP RWKHU

SURSHUWLHV� VKRXOG UDWKHU EH FDOFXODWHG RQFH DQG VWRUHG LQ PHPRU\ WKDQ EH FDOFXODWHG HYHU\ WLPH� 7KH

FRPSXWHU FRGH FDQ EH RSWLPLVHG E\ DFFRXQWLQJ IRU WKLV�

����/�!��



21 7+( (526,21 $1' &2162/,'$7,21 2) &2+(6,9( 6(',0(176 $QQH[

$QQXODU IOXPH >.XLMSHU� ����@

����/�%��



21 7+( (526,21 $1' &2162/,'$7,21 2) &2+(6,9( 6(',0(176 $QQH[

� 6HGIOXPH >/LFN� ����@

� 6KDNHU >ZZZ�OLPQR�FRP�SXEV�&RQIBSUHVHQW�'H3LQWR�,$*/5���

HURVLRQ�SGI @ ����/�%�!
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/D\HU PRGHO ZLWK D OD\HU IRU HYHU\ VLQJOH GHSRVLWLRQ HYHQW�

>6KUHVWD� ����@
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1 and 7 days of consolidation D = 2.9762 Kk =3.4036e−169

data 1 and 7 day consolidation
data used in least square fit 
least square fit              
interface bed−suspension      
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1 and 7 days of consolidation D = 2.9676 Kk =4.3988e−089

data 1 and 7 day consolidation
data used in least square fit 
least square fit              
interface bed−suspension      
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water

7 days of consolidation D = 2.3131 Kk =9.9896e−009

data                         
data used in least square fit
least square fit             
interface bed−suspension     

6RPH DXWRPDWLFDOO\ JHQHUDWHG OHDVW VTXDUH ILWV OHDG WR YHU\ RGG

OLQHV� 7KH XSSHU WZR H[DPSOHV DERYH VKRZ WKH VWUDQJH OLQHV WKDW

UHVXOW IURP QHJOHFWLQJ WRR PDQ\ GDWD SRLQWV IURP RQH VLGH RI WKH

GDWD VHW� 1RWH WKH H[WUHPHO\ ORZ YDOXHV RI WKH SHUPHDELOLW\

SDUDPHWHU�

7KH WKLUG H[DPSOH VKRZV WKH VWUDQJH OLQHV WKDW UHVXOW IURP

QHJOHFWLQJ WRR PDQ\ GDWD SRLQWV� 7KH HUURUV LQ WKH LQGLYLGXDO GDWD

SRLQWV WHQG WR KDYH WRR ODUJH DQ LQIOXHQFH LQ WKH VORSH RI WKH OLQH�

1RWH WKH H[WUHPHO\ ORZ YDOXHV RI WKH IUDFWDO GLPHQVLRQ LQ WKH XSSHU

ILJXUH� 7KHVH RGG ILWV DUH ILOWHUHG RXW E\ KDQG�
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least square fit             

6RPH DXWRPDWLFDOO\ JHQHUDWHG OHDVW VTXDUH ILWV OHDG WR YHU\ RGG

OLQHV� 7KH XSSHU H[DPSOHV VKRZ WKH VWUDQJH OLQHV WKDW UHVXOW IURP

QHJOHFWLQJ WRR PDQ\ GDWD SRLQWV� 7KH HUURUV LQ WKH LQGLYLGXDO GDWD

SRLQWV WHQG WR KDYH WRR ODUJH DQ LQIOXHQFH LQ WKH VORSH RI WKH OLQH�

1RWH WKH H[WUHPHO\ ORZ YDOXH RI WKH HIIHFWLYH VWUHVV SDUDPHWHU DQG

WKH LPSRVVLEOH IUDFWDO GLPHQVLRQ� 7KLV RGG ILW LV ILOWHUHG RXW E\

KDQG�

7KH ORZHU H[DPSOHV VKRZ WKH OLQHV WKDW UHVXOW IURP QHJOHFWLQJ

PDQ\ GDWD SRLQWV IURP RQH VLGH RI WKH GDWD VHW� 1RWH WKH YHU\ ORZ

YDOXHV RI WKH HIIHFWLYH VWUHVV SDUDPHWHU� 7KHVH ILWV KRZHYHU� ZKHUH

WKH ODUJHVW QXPEHU RI GDWD SRLQWV IURP RQH VLGH ZDV QHJOHFWHG�

ZHUH QRW FRQVLGHUHG WRR RGG WR ILOWHU WKHP RXW E\ KDQG�
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   Measurements and parameterisation with Kσ=2⋅10e4, K
k
=2⋅10−9, D=2.3 

data 4 [hr]             
data 24 [hr]            
data 50 [hr]            
data 72 [hr]            
data 151 [hr]           
data 168 [hr]           
model 0.25 0.5 1 2 [hr] 
model 4 [hr]            
model 24 [hr]           
model 50 72 151 168 [hr]
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   Measurements and parameterisation Kσ=8⋅10e4, K
k
=7⋅10−10, D=2.4 

data 4 [hr]             
data 24 [hr]            
data 50 [hr]            
data 72 [hr]            
data 151 [hr]           
data 168 [hr]           
model 0.25 0.5 1 2 [hr] 
model 4 [hr]            
model 24 [hr]           
model 50 72 151 168 [hr]
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   Measurements and parameterisation Kσ=3⋅10e5, K
k
=1⋅10−10, D=2.5 

data 4 [hr]             
data 24 [hr]            
data 50 [hr]            
data 72 [hr]            
data 151 [hr]           
data 168 [hr]           
model 0.25 0.5 1 2 [hr] 
model 4 [hr]            
model 24 [hr]           
model 50 72 151 168 [hr]
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   Measurements and parameterisation Kσ=4⋅10e6, K
k
=8⋅10−12, D=2.6 

data 4 [hr]             
data 24 [hr]            
data 50 [hr]            
data 72 [hr]            
data 151 [hr]           
data 168 [hr]           
model 0.25 0.5 1 2 [hr] 
model 4 [hr]            
model 24 [hr]           
model 50 72 151 168 [hr]
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   Measurements and parameterisation Kσ=1⋅10e8, K
k
=1⋅10−13, D=2.7 

data 4 [hr]             
data 24 [hr]            
data 50 [hr]            
data 72 [hr]            
data 151 [hr]           
data 168 [hr]           
model 0.25 0.5 1 2 [hr] 
model 4 [hr]            
model 24 [hr]           
model 50 72 151 168 [hr]
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   Measurements and parameterisation Kσ=1⋅10e11, K
k
=2⋅10−17, D=2.8 

data 4 [hr]             
data 24 [hr]            
data 50 [hr]            
data 72 [hr]            
data 151 [hr]           
data 168 [hr]           
model 0.25 0.5 1 2 [hr] 
model 4 [hr]            
model 24 [hr]           
model 50 72 151 168 [hr]

&RPSDULVRQ GDWD RI GHQVLW\ SURILOHV ZLWK SDUDPHWHULVDWLRQ PRGHO WR ILQG

WKH SDUDPHWHUV RI WKH VHGLPHQW �VLPXODWLRQV ��� � ��� � ��� LQ WDEOH �����

6KDSH PDLQO\ GHWHUPLQHG E\ .V� 7KH SURILOHV EHFRPH VWHHSHU ZLWK

LQFUHDVLQJ ' DQG .V� �7KH RVFLOODWLRQV IRU 7  ���� KU ZLWK '  ��� DUH

GXH WR WKH XVH RI D WRR VPDOO QXPEHU RI )RXULHU FRPSRQHQWV��

����/�1�*
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data 
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&RPSDULVRQ GDWD RI LQWHUIDFH KHLJKW ZLWK SDUDPHWHULVDWLRQ PRGHO

WR ILQG WKH SDUDPHWHUV RI WKH VHGLPHQW �VLPXODWLRQV ����� � ���� �

��� LQ WDEOH ����� )LQDO KHLJKW PDLQO\ GHWHUPLQHG E\ .V DQG VORSH

DQG FXUYDWXUH PDLQO\ E\ .N�
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   Measurements and numerical 1 fraction model with Kσ=2⋅10e4, K
k
=2⋅10−9, D=2.3 

data 4 [hr]         
data 24 [hr]        
data 50 [hr]        
data 72 [hr]        
data 151 [hr]       
data 168 [hr]       
num. model 0 1 [hr] 
num. model 4 [hr]   
num. model 24 [hr]  
num. model 50 + [hr]
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Measurements and numerical 1 fraction model with Kσ=8⋅10e4, K
k
=7⋅10−10, D=2.4 

data 4 [hr]         
data 24 [hr]        
data 50 [hr]        
data 72 [hr]        
data 151 [hr]       
data 168 [hr]       
num. model 0 1 [hr] 
num. model 4 [hr]   
num. model 24 [hr]  
num. model 50 + [hr]
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Measurements and numerical 1 fraction model with Kσ=3⋅10e5, K
k
=1⋅10−10, D=2.5 

data 4 [hr]         
data 24 [hr]        
data 50 [hr]        
data 72 [hr]        
data 151 [hr]       
data 168 [hr]       
num. model 0 1 [hr] 
num. model 4 [hr]   
num. model 24 [hr]  
num. model 50 + [hr]

0 50 100 150 200 250 300 350 400 450 500
0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1

H
ei

gh
t [

m
]

Dry density ρ
d
 [kg/m3]

clay
−−−−−−−
sand

ρ
d,initial

Measurements and numerical 1 fraction model with Kσ=4⋅10e6, K
k
=8⋅10−12, D=2.6 

data 4 [hr]         
data 24 [hr]        
data 50 [hr]        
data 72 [hr]        
data 151 [hr]       
data 168 [hr]       
num. model 0 1 [hr] 
num. model 4 [hr]   
num. model 24 [hr]  
num. model 50 + [hr]
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Measurements and numerical 1 fraction model with Kσ=1⋅10e8, K
k
=1⋅10−13, D=2.7 

data 4 [hr]         
data 24 [hr]        
data 50 [hr]        
data 72 [hr]        
data 151 [hr]       
data 168 [hr]       
num. model 0 1 [hr] 
num. model 4 [hr]   
num. model 24 [hr]  
num. model 50 + [hr]
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Measurements and numerical 1 fraction model with Kσ=1⋅10e11, K
k
=2⋅10−17, D=2.8 

data 4 [hr]         
data 24 [hr]        
data 50 [hr]        
data 72 [hr]        
data 151 [hr]       
data 168 [hr]       
num. model 0 1 [hr] 
num. model 4 [hr]   
num. model 24 [hr]  
num. model 50 + [hr]

&RPSDULVRQ GDWD RI LQWHUIDFH KHLJKW ZLWK QXPHULFDO PRGHO ZLWK

RQH IUDFWLRQ� �VLPXODWLRQV ��� � ��� � ��� LQ WDEOH ����
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Measurements and numerical 2 fractions model with Kσ=2⋅10e4, K
k
=2⋅10−9, D=2.3 

data 4 [hr]         
data 24 [hr]        
data 50 [hr]        
data 72 [hr]        
data 151 [hr]       
data 168 [hr]       
num. model 0 1 [hr] 
num. model 4 [hr]   
num. model 24 [hr]  
num. model 50 + [hr]
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Measurements and numerical 2 fractions model with Kσ=8⋅10e4, K
k
=7⋅10−10, D=2.4 

data 4 [hr]         
data 24 [hr]        
data 50 [hr]        
data 72 [hr]        
data 151 [hr]       
data 168 [hr]       
num. model 0 1 [hr] 
num. model 4 [hr]   
num. model 24 [hr]  
num. model 50 + [hr]
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Measurements and numerical 2 fractions model with Kσ=3⋅10e5, K
k
=1⋅10−10, D=2.5 

data 4 [hr]         
data 24 [hr]        
data 50 [hr]        
data 72 [hr]        
data 151 [hr]       
data 168 [hr]       
num. model 0 1 [hr] 
num. model 4 [hr]   
num. model 24 [hr]  
num. model 50 + [hr]
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   Measurements and numerical 2 fractions model with Kσ=4⋅10e6, K
k
=8⋅10−12, D=2.6 

data 4 [hr]         
data 24 [hr]        
data 50 [hr]        
data 72 [hr]        
data 151 [hr]       
data 168 [hr]       
num. model 0 1 [hr] 
num. model 4 [hr]   
num. model 24 [hr]  
num. model 50 + [hr]
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   Measurements and numerical 2 fractions model with Kσ=1⋅10e8, K
k
=1⋅10−13, D=2.7 

data 4 [hr]         
data 24 [hr]        
data 50 [hr]        
data 72 [hr]        
data 151 [hr]       
data 168 [hr]       
num. model 0 1 [hr] 
num. model 4 [hr]   
num. model 24 [hr]  
num. model 50 + [hr]
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   Measurements and numerical 2 fractions model with Kσ=1⋅10e11, K
k
=2⋅10−17, D=2.8 

data 4 [hr]         
data 24 [hr]        
data 50 [hr]        
data 72 [hr]        
data 151 [hr]       
data 168 [hr]       
num. model 0 1 [hr] 
num. model 4 [hr]   
num. model 24 [hr]  
num. model 50 + [hr]

&RPSDULVRQ GDWD RI LQWHUIDFH KHLJKW ZLWK QXPHULFDO PRGHO ZLWK

WZR IUDFWLRQV� �VLPXODWLRQV ��� � ��� � ��� LQ WDEOH ����
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   Measurements and parameterisation Kσ=4000000, K
k
=1.6e−012, D=2.6

data 4 [hr]             
data 24 [hr]            
data 50 [hr]            
data 72 [hr]            
data 151 [hr]           
data 168 [hr]           
model 0.25 0.5 1 2 [hr] 
model 4 [hr]            
model 24 [hr]           
model 50 72 151 168 [hr]
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   Measurements and parameterisation Kσ=4000000, K
k
=4e−012, D=2.6

data 4 [hr]             
data 24 [hr]            
data 50 [hr]            
data 72 [hr]            
data 151 [hr]           
data 168 [hr]           
model 0.25 0.5 1 2 [hr] 
model 4 [hr]            
model 24 [hr]           
model 50 72 151 168 [hr]
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   Measurements and parameterisation Kσ=4000000, K
k
=8e−012, D=2.6

data 4 [hr]             
data 24 [hr]            
data 50 [hr]            
data 72 [hr]            
data 151 [hr]           
data 168 [hr]           
model 0.25 0.5 1 2 [hr] 
model 4 [hr]            
model 24 [hr]           
model 50 72 151 168 [hr]
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   Measurements and parameterisation Kσ=4000000, K
k
=1.6e−011, D=2.6

data 4 [hr]             
data 24 [hr]            
data 50 [hr]            
data 72 [hr]            
data 151 [hr]           
data 168 [hr]           
model 0.25 0.5 1 2 [hr] 
model 4 [hr]            
model 24 [hr]           
model 50 72 151 168 [hr]
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   Measurements and parameterisation Kσ=4000000, K
k
=4e−011, D=2.6

data 4 [hr]             
data 24 [hr]            
data 50 [hr]            
data 72 [hr]            
data 151 [hr]           
data 168 [hr]           
model 0.25 0.5 1 2 [hr] 
model 4 [hr]            
model 24 [hr]           
model 50 72 151 168 [hr]

6HQVLWLYLW\ DQDO\VLV RI SHUPHDELOLW\ SDUDPHWHU�

8SSHU ILJXUHV� ������� WLPHV .N IRU EHVW ILW

8SSHU ILJXUH� EHVW ILW .N

/RZHU ILJXUHV� ������� WLPHV .N IRU EHVW ILW
����/�1�4
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   Measurements and parameterisation Kσ=800000, K
k
=8e−012, D=2.6

data 4 [hr]             
data 24 [hr]            
data 50 [hr]            
data 72 [hr]            
data 151 [hr]           
data 168 [hr]           
model 0.25 0.5 1 2 [hr] 
model 4 [hr]            
model 24 [hr]           
model 50 72 151 168 [hr]
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   Measurements and parameterisation Kσ=2000000, K
k
=8e−012, D=2.6

data 4 [hr]             
data 24 [hr]            
data 50 [hr]            
data 72 [hr]            
data 151 [hr]           
data 168 [hr]           
model 0.25 0.5 1 2 [hr] 
model 4 [hr]            
model 24 [hr]           
model 50 72 151 168 [hr]
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   Measurements and parameterisation Kσ=4000000, K
k
=8e−012, D=2.6

data 4 [hr]             
data 24 [hr]            
data 50 [hr]            
data 72 [hr]            
data 151 [hr]           
data 168 [hr]           
model 0.25 0.5 1 2 [hr] 
model 4 [hr]            
model 24 [hr]           
model 50 72 151 168 [hr]
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   Measurements and parameterisation Kσ=8000000, K
k
=8e−012, D=2.6

data 4 [hr]             
data 24 [hr]            
data 50 [hr]            
data 72 [hr]            
data 151 [hr]           
data 168 [hr]           
model 0.25 0.5 1 2 [hr] 
model 4 [hr]            
model 24 [hr]           
model 50 72 151 168 [hr]
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   Measurements and parameterisation Kσ=20000000, K
k
=8e−012, D=2.6

data 4 [hr]             
data 24 [hr]            
data 50 [hr]            
data 72 [hr]            
data 151 [hr]           
data 168 [hr]           
model 0.25 0.5 1 2 [hr] 
model 4 [hr]            
model 24 [hr]           
model 50 72 151 168 [hr]

6HQVLWLYLW\ DQDO\VLV RI SHUPHDELOLW\ SDUDPHWHU�

8SSHU ILJXUHV� ������� WLPHV .V IRU EHVW ILW

8SSHU ILJXUH� EHVW ILW .V

/RZHU ILJXUHV� ������� WLPHV .V IRU EHVW ILW
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,Q RUGHU WR WHVW WKH EHG PRGHO RI (&206(' DQG 'HOIW�'�:$4 ZLWK WKH DQQXODU IOXPH GDWD� WKH WLPH

VHULHV RI WKH EHG VKHDUV VWUHVV KDYH WR EH UHSURGXFHG� ,W LV QRW �KDUGO\� SRVVLEOH WR WDNH WKH FRKHVLYH EHG

FRGH RXW RI WKHVH SURJUDPV DQG JHQHUDWH WKLV WLPH VHULHV PDQXDOO\� +HQFH WKH IXOO SURJUDPV KDYH WR EH XVHG

WR FRPPXQLFDWH ZLWK WKH EHG SDUW� 7R FUHDWH WKLV WLPH VHULHV� WKH FRUUHVSRQGLQJ YHORFLW\ GLVWULEXWLRQ KDV WR

EH JHQHUDWHG� 7KLV FDQ EH DFKLHYHG E\ LPSRVLQJ WKH DSSURSULDWH GLVFKDUJHV DW WKH ERXQGDULHV�

$ JULG ZLWK FLUFXODU ERXQGDU\ FRQGLWLRQV� QHFHVVDU\ IRU PRGHOOLQJ DQ DQQXODU IOXPH� LV QRW SUHVHQW LQ

WKHVH SURJUDPV DQG LV YHU\ KDUG WR UHDOLVH LQ DQ\ PRGHO� 1RW RQO\ WKH ERXQGDU\ FRQGLWLRQV RI WKH ZDWHU

PRWLRQ ZRXOG KDYH WR EH FLUFXODU� VDOLQLW\� WHPSHUDWXUH DQG FRKHVLYH VHGLPHQW ERXQGDU\ FRQGLWLRQV ZRXOG

KDYH WR EH PHW DV ZHOO� 0RUHRYHU� WKH RQO\ ZD\ WR IRUFH WKH IOXLG LQ D FLUFXODU JULG LV WR LPSRVH DQ

DSSURSULDWH V\QRSWLF ZLQG RQ WRS RI WKH JULG� *LYHQ DOO WKHVH SUREOHPV� DQ RUGLQDU\ ORQJ FKDQQHO ZLOO EH

XVHG� 7KLV PHDQV WKDW DQ\ IORZ QHFHVVDU\ IRU LPSRVLQJ D VKHDU VWUHVV RQ WKH EHG ZLOO UHVXOW LQ WKH DEGXFWLRQ

RI DOO WKH HURGHG VHGLPHQW� 6LQFH WKH FRQFHQWUDWLRQ RI WKH VHGLPHQW LQ WKH H[SHULPHQWDO DQQXODU IOXPH GRHV

QRW LQIOXHQFH WKH HURVLYH EHKDYLRXU RI WKH EHG� LW FDQ EH QHJOHFWHG� 9HU\ FRQYHQLHQW�

(YHQ LQ WKLV VWUDLJKW FKDQQHO LW SURYHV WR EH YHU\ KDUG WR UHSURGXFH D WLPH VHULHV RI WKH EHG VKHDU VWUHVV�

7KH EHG VKHDU VWUHVV KDV WR EH UHSURGXFHG PHUHO\ E\ JLYLQJ WKH ULJKW GLVFKDUJHV DW WKH ERXQGDULHV DV LQSXW�

$Q HUURU RI VD\ ��� LQ WKH EHG VKHDU VWUHVV FDQ QRW EH DYRLGHG� 7KH EHG VKHDU VWUHVV IRU FXUUHQWV RQO\ �QR

ZDYHV� LQ� IRU H[DPSOH� (&206(' FDQ EH FDOFXODWHG XVLQJ WKH 3UDQGWO�9RQ .DUPDQ ORJDULWKPLF YHORFLW\

SURILOH�
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ZKHUH N§��� LV WKH 9RQ .DUPDQ FRHIILFLHQW� X LV WKH VKHDU YHORFLW\� X LV WKH UHVXOWDQW QHDU EHG YHORFLW\� ] LV

WKH GHSWK DW WKH FHQWHU RI WKH ERWWRPPRVW OD\HU DQG ]� LV WKH IULFWLRQ VSHFLILHG DV LQSXW WR WKH PRGHO� 7KH EHG

VKHDU VWUHVV LQ (&206(' LV FDOFXODWHG E\ XVLQJ WKH YHORFLW\ LQ WKH ORZHVW RI WKH �� OD\HUV� ]  K��� ZKHUH

K LV WKH WRWDO GHSWK� +RZHYHU� LQ RUGHU WR UHODWH WKH EHG VKHDU VWUHVV WR WKH GLVFKDUJH� ZKLFK LV LPSRVHG DW WKH

ERXQGDU\ FRQGLWLRQ� RQH KDV WR NQRZ WKH UHODWLRQ EHWZHHQ WKH DYHUDJH YHORFLW\ LQ WKH YHUWLFDO DQG WKH EHG

VKHDU VWUHVV� 7KH GHILQLWLRQ RI WKH DYHUDJH YHORFLW\
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FRPELQHG ZLWK WKH YHORFLW\ SURILOH
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,Q WKH ILJXUH EHORZ RQH FDQ VHH WKH UHVXOWV RI DQ (&206(' UXQ� 7KH GLVFKDUJHV DW WKH ERXQGDU\

FRQGLWLRQV ZHUH VWHSZLVH LQFUHDVHG LQ RUGHU WR JHW D VWHSZLVH LQFUHDVLQJ EHG VKHDU VWUHVV� +RZHYHU� WKH WLPH

VFDOH RI WKH H[SHULPHQW� �� KRXUV� LV YHU\ VKRUW ZLWK UHVSHFW WR WKH SKHQRPHQD (&206(' �DQG 'HOIW�'�

:$4� KDV EHHQ GHVLJQHG IRU� :KHQ WKH GLVFKDUJH DW WKH ERXQGDU\ FRQGLWLRQ LV LQVWDQWDQHRXVO\ LQFUHDVHG WR

DFFRXQW IRU WKH VWHSZLVH�LQFUHDVLQJ EHG VKHDU VWUHVV� WKH PRGHO GRHV QRW UHSURGXFH WKH VKHDU VWUHVV

DFFXUDWHO\� 7KH VKHDU VWUHVV DQG WKH YHORFLW\ VKRZ VHYHUH RVFLOODWLRQV� 7KHVH RVFLOODWLRQV� DQG HVSHFLDOO\ WKH

KHDY\ SHDNV� LQIOXHQFH WKH HURVLRQ SRWHQWLDO� ,Q ILJXUH EHORZ� RQH FDQ VHH WKH VPRRWK VLQXV RVFLOODWLRQV DV

SURGXFHG E\ WKH ZDWHU PRWLRQ DQG WKH RQHV DYHUDJHG RXW RYHU � KRXU WR GHDO ZLWK WKH VHGLPHQW WUDQVSRUW�

7KH HURVLRQ LQ WKLV JUDSK GRHV VKRZ WKH ULJKW EHKDYLRXU� LW LQFUHDVHV PRUH RU OHVV OLQHDUO\ XQWLO WKH HURVLRQ

SRWHQWLDO LV UHDFKHG�
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KRXU

7R DYRLG

WKH HIIHFW RI WKHVH RVFLOODWLRQV� WKH (&206(' PRGHO KDV EHHQ WHVWHG ZLWK D VKHDU VWUHVV WKDW ZDV DOORZHG WR

LQFUHDVH OLQHDUO\ RYHU D SHULRG RI RQH KRXU� ,Q WKDW DSSURDFK WKH RVFLOODWLRQV GLG QRW RFFXU� %XW WKLV DSSURDFK

FDQ QRW EH XVHG WR UHSURGXFH WKH WLPH VHULHV RI WKH H[SHULPHQWV� ,W WXUQV RXW KRZHYHU WKDW WKH PRGHO JLYHV

WKH VDPH YDOXHV RI WKH HURVLRQ DV SUHGLFWHG E\ HURVLRQ SRWHQWLDO HTXDWLRQV� 7KH HTXDWLRQV WKXV KDYH EHHQ

LPSOHPHQWHG FRUUHFWO\� DV ZDV WR EH H[SHFWHG� 7KH WHVWLQJ WKHUHIRUH FDQ EH FDUULHG RXW RQ WKH HTXDWLRQ LWVHOI

UDWKHU WKDQ LQ (&206('�

'HOIW�'�:$4 RIIHUV WKH RSWLRQ WR LPSRVH WKH EHG VKHDU VWUHVVHV PDQXDOO\� LQGHSHQGHQW RI WKH IORZ

YHORFLWLHV� 7KLV RSWLRQ� WRJHWKHU ZLWK VWDJQDQW ZDWHU� KDV EHHQ XVHG WR WHVW WKH ��'9 ZDWHU EHG PRGHO�
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