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$EVWUDFW−$ QXPHULFDO DQDO\VLV KDV EHHQ SHUIRUPHG WR LQYHVWLJDWH WKH FKDUDFWHULVWLFV RI WZR�GLPHQVLRQDO WUDQVLHQW

EORRG IORZV LQWHUDFWLQJ ZLWK WKH OHDIOHW PRWLRQ LQ D ELOHDIOHW PHFKDQLFDO KHDUW YDOYH ZLWK GLIIHUHQW PD[LPXP RSHQLQJ

DQJOHV� ORFDWHG LQ WKH DRUWLF SRVLWLRQ� +HUH� IRU RQH F\FOH RI KHDUWEHDW WKH DQDO\VLV KDV EHHQ FDUULHG RXW LQ WKH OLJKW RI

IOXLG�VWUXFWXUH LQWHUDFWLRQ VLQFH WKH EORRG IORZ DQG WKH OHDIOHW PRWLRQ DUH FRXSOHG ZLWK HDFK RWKHU� %ORRG KDV EHHQ

DVVXPHG WR EH D 1HZWRQLDQ DQG QRQ�1HZWRQLDQ IOXLG� ZKHUH WKH &DUUHDX PRGHO KDV EHHQ XVHG IRU WKH VLPXODWLRQ RI

QRQ�1HZWRQLDQ IOXLG� 3K\VLRORJLF YHQWULFXODU DQG DRUWLF SUHVVXUH ZDYHIRUPV KDYH EHHQ XVHG DV IORZ ERXQGDU\

FRQGLWLRQV DW WKH YHQWULFOH DQG WKH DRUWD� $ ILQLWH YROXPH FRPSXWDWLRQDO IOXLG G\QDPLFV FRGH DQG D ILQLWH HOHPHQW

VWUXFWXUH G\QDPLFV FRGH KDYH EHHQ XVHG FRQFXUUHQWO\ WR VROYH WKH IORZ DQG WKH VWUXFWXUH HTXDWLRQV� UHVSHFWLYHO\� ZKHUH

WKH WZR HTXDWLRQV DUH VWURQJO\ FRXSOHG� )ORZ ILHOGV� OHDIOHW EHKDYLRU� DQG VKHDU VWUHVVHV ZLWK WLPH KDYH EHHQ REWDLQHG�

$OVR WKH GLVFKDUJH DQG WKH UHJXUJLWDWLRQ IORZ UDWHV KDYH EHHQ FDOFXODWHG� 7KH PD[LPXP VKHDU VWUHVV� DQ LPSRUWDQW LVVXH

IRU YDOYH KHPRG\QDPLF DQDO\VLV� KDV EHHQ IRXQG LQ WKH YLFLQLW\ RI WKH FRQWDFW SRLQW ZKHUH D OHDIOHW FRQWDFWV ZLWK

KRXVLQJ LQ WKH ILQDO VWDJH RI WKH FORVLQJ SKDVH�

.H\ ZRUGV� 0HFKDQLFDO +HDUW 9DOYH �0+9�� +HPRG\QDPLFV� )OXLG�6WUXFWXUH ,QWHUDFWLRQ� %ORRG )ORZ� 3XOVDWLOH )ORZ� 6KHDU

6WUHVV
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$ KHDUW LV D WZR�VLGHG SXPS UHVSRQVLEOH IRU FLUFXODWLQJ EORRG

WKURXJKRXW D ERG\� ,QVLGH D KHDUW LQ D KXPDQ ERG\ WKHUH DUH IRXU

FKDPEHUV DQG HDFK VLGH KDV WZR RI WKHP� 7KH XSSHU FKDPEHUV DUH

FDOOHG WKH DWULD� DQG WKH ORZHU FKDPEHUV DUH WKH YHQWULFOHV� $ KHDUW

KDV IRXU GLIIHUHQW FDUGLDF YDOYHV� WULFXVSLG YDOYH �ULJKW DWULXP�ULJKW

YHQWULFOH�� SXOPRQDU\ YDOYH �ULJKW YHQWULFOH�SXOPRQDU\ DUWHU\�� PLWUDO

YDOYH �OHIW DWULXP�OHIW YHQWULFOH� DQG DRUWLF YDOYH �OHIW YHQWULFOH�PDLQ

DUWHU\�� 7KH IRXU YDOYHV DFW DV RQH�ZD\ GRRUV EHWZHHQ WKH FKDP�

EHUV� 7KHVH YDOYHV DOORZ IRUZDUG IORZ DQGSUHYHQW EDFNIORZ RI EORRG

PRYLQJ WKURXJK WKH KHDUW�

+HDOWK\ YDOYH OHDIOHWV DUH IRUPHG IURP WKLQ DQG SOLDEOH WLVVXHV

WKDW RSHQ DQG FORVH DV WKH KHDUW FRQWUDFWV DQG UHOD[HV� +RZHYHU�

KHDUW YDOYHV FDQ EH DEQRUPDOO\ IRUPHG FRQJHQLWDOO\� $QG WKH\ FDQ

EH GDPDJHG RU VFDUUHG E\ UKHXPDWLF IHYHU� LQIHFWLRQ� LQKHULWHG FRQGL�

WLRQV� DJLQJ DQG KHDUW DWWDFNV� 7KH DRUWLF DQG PLWUDO YDOYHV DUH WKH

RQHV PRVW RIWHQ DIIHFWHG� $EQRUPDO KHDUW YDOYHV ZLOO FDXVH WKH KHDUW

WR ZRUN KDUGHU WR SXPS WKH UHTXLUHG DPRXQW RI EORRG WKURXJK WKH

ERG\� 7KLV H[FHVV ZRUN FDQ ZHDNHQ WKH KHDUW� FDXVLQJ LW WR HQODUJH

DQG LQFXU YDULRXV V\PSWRPV� 6RPH RI WKHVH V\PSWRPV LQFOXGH FKHVW

SDLQ� VKRUWQHVV RI EUHDWK� GL]]LQHVV� IDLQWLQJ� FKURQLF WLUHGQHVV� DQG

VZHOOLQJ RI WKH IHHW DQG OHJV�

,Q VRPH FDVHV LW LV SRVVLEOH WR UHSDLU D YDOYH E\ SHUIRUPLQJ D VXU�

JLFDO SURFHGXUH FDOOHG YDOYRWRP\� YDOYXORSODVW\� RU YDOYH UHSDLU� %XW

LI D YDOYH LV VR VHULRXVO\ GHIRUPHG RU GLVHDVHG� LW PXVW EH UHPRYHG

DQG UHSODFHG ZLWK D SURVWKHWLF �DUWLILFLDO� KHDUW YDOYH� 7KHUH DUH WZR

PDLQ W\SHV RI DUWLILFLDO YDOYHV� ELRSURVWKHVHV DQGPHFKDQLFDO YDOYHV�

)LUVWO\� ELRSURVWKHVHV RU ELRSURVWKHWLF YDOYHV DUH PDGH RI ELRORJL�

FDO WLVVXH �KXPDQ RU WUHDWHG DQLPDO WLVVXHV�� 6HFRQGO\� PHFKDQLFDO

YDOYHV DUH PDGH RI PHWDO� FDUERQ� DQG�RU V\QWKHWLFV� %LOHDIOHW PH�

FKDQLFDO KHDUW YDOYHV �0+9� DUH WKHPRVW FRPPRQO\ LPSODQWHG SURV�

WKHWLF KHDUW YDOYHV �)LJ� ��� $OWKRXJK WKHVH YDOYHV DUH GXUDEOH� SDWLHQWV

UHTXLUH DQWLFRDJXODWLRQ WKHUDS\ WR SUHYHQW WKURPERVLV DQG WKURP�

ERHPEROLVP�

:KHQ WKH YDOYH LV IXOO\ RSHQHG� KLJK YHORFLW\ MHWV WKURXJK WKH

JDS EHWZHHQ WKH OHDIOHWV FDQ EH UHDGLO\ GHWHFWHG ERWK LQ YLYR DQG LQ

YLWUR >&KDQGUDQ� ����D� :RR HW DO�� ����� +DVHQNDP HW DO�� �����

1\JDDUG HW DO�� ����@� 7KH OHDIOHWV DFW DV DQ REVWUXFWLRQ WR WKH EORRG

IORZ WKURXJK WKH YDOYH DQG WKLV� FRXSOHG ZLWK WKH KLJK YHORFLW\ MHWV

WKURXJK WKH OHDIOHWV� FDXVHV HOHYDWHG VKHDU VWUHVVHV ZKLFK PD\ FDXVH

UHG EORRG FHOO GDPDJH RU SODWHOHW DFWLYDWLRQ >+DVHQNDP HW DO�� �����

+XQJ HW DO�� ����� /HYHUHWW HW DO�� �����:RR HW DO�� ����@� 7RJHWKHU

ZLWK KLJK VKHDU VWUHVV� LQFUHDVHG FRDJXODWLRQ FDXVHG E\ EORRG VWDJ�

QDQF\ LQ FRQWDFW ZLWK WKH DUWHU\ ZDOOV PD\ \LHOG WKURPERVLV DQG

WKURPERHPEROLVP� ZKLFK VKRXOG EH DYRLGHG LQ SDWLHQWV ZLWK D SURV�

WKHWLF KHDUW YDOYH LPSODQW� $Q LPSURYHPHQW RI YDOYH GHVLJQ UHTXLUHV

)LJ� �� %LOHDIOHW PHFKDQLFDO KHDUW YDOYH �0+9��
�D� ELUG¶V�H\H YLHZ� �E� VLGH YLHZ RI LQVWDOOHG0+9 LQ WKH DRUWD
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D GHWDLOHG XQGHUVWDQGLQJ RI WKHVH V\VWHP SURSHUWLHV DQG IXUWKHU VXE�

VWDQWLDO UHVHDUFK� $QDO\VLV RI WKH IORZ ILHOG DURXQG WKH YDOYH PD\

LGHQWLI\ WKH DUHDV RI IORZ GLVWXUEDQFH DQG WKH DUHDV RI VWDVLV FORVH

WR WKH YDOYH� DQG WKLV LQIRUPDWLRQ FDQ WKHQ EH XVHG WR LPSURYH FXU�

UHQW YDOYH GHVLJQV�

0RVW RI WKH UHVHDUFK KDV EHHQ SHUIRUPHG WKURXJK LQ YLWUR H[SHU�

LPHQWDO VWXGLHV VLQFH LQ YLYR H[SHULPHQWDO LQYHVWLJDWLRQV DUH H[WUHPH�

O\ GLIILFXOW� $OWKRXJK PDQ\ LPSRUWDQW DVSHFWV RI KHPRG\QDPLF DRU�

WLF EORRG IORZ KDYH EHHQ LQYHVWLJDWHG LQ H[SHULPHQWDO VWXGLHV >6DO�

ODP HW DO�� ����� <RJDQDWKDQ HW DO�� ����� 6NDODN HW DO�� ����� 5RV�

VHDQ HW DO�� ����� 7LOOPDQ HW DO�� ����� &KDQGUDQ HW DO�� ����E� F�

)DUDKLIDU HW DO�� ����� *URVV HW DO�� ����� )DWHUPL HW DO�� ����� 6LNDU�

VNLF HW DO�� ����@� WKH\ ODFN VSDWLDO UHVROXWLRQ� KDYH SUREOHPV DQDO\]�

LQJ WUDQVLHQW SKHQRPHQD RU SDUWLDOO\ ODFN WKH GHWDLOHG REVHUYDWLRQ

RI WKHRUHWLFDOO\ LQWHUHVWLQJ YDULDEOHV FUXFLDO IRU H[WHQGHG WKHRUHWLFDO

PRGHOLQJ EHFDXVH LW LV GLIILFXOW WR PHDVXUH WKHP�

$QDO\VLV RI FRPSXWDWLRQDO IOXLG G\QDPLFV �&)'� LV DQ DOWHUQD�

WLYH WRRO WKDW FDQ EH XVHG WR LQYHVWLJDWH WKH FRPSOH[ IORZ SDWWHUQV

ZLWKLQ WKH YDOYH DQG WKH IORZ GRZQVWUHDP RI KHDUW YDOYHV� 2QFH D

&)' PRGHO LV GHILQHG DQG YDOLGDWHG� VPDOO FKDQJHV FDQ EH PDGH

WR RQH GHVLJQ SDUDPHWHU� VXFK DV WKH OHDIOHW�RSHQLQJ DQJOH� DQG WKH

HIIHFW RI WKLV DOWHUDWLRQ RQ WKH IORZ ILHOG FDQ EH WKRURXJKO\ LQYHVWL�

JDWHG�

0DQ\ UHVHDUFKHUV KDYH SHUIRUPHG LQYHVWLJDWLRQV RQ WKH IORZ ILHOG

DURXQG WKH ELOHDIOHW PHFKDQLFDO KHDUW YDOYHV XVLQJ &)' DQDO\VLV

>0F4XHHQ HW DO�� ����� 6WHYHQVRQ HW DO�� ����� .LQJ� ����� .LQJ HW

DO�� ����� &HUUROD]D HW DO�� ����� .UDIF]\N HW DO�� ����� *RNKDOH HW

DO�� ����� ,PDHGD HW DO�� ����@� 3UHYLRXV VWXGLHV KDYH HLWKHU LJQRUHG

WKH HIIHFWV RI YDOYH OHDIOHW PRWLRQ RU DSSUR[LPDWHG LW XVLQJ VLPSOL�

ILHG DVVXPSWLRQV� DOWKRXJK WKH ELOHDIOHW PHFKDQLFDO KHDUW YDOYH F\FOL�

FDOO\ SHUIRUPV DQ RSHQ�DQG�FORVH SURFHVV E\ WKH KHDUWEHDW� 7KHUH�

IRUH� WKH\ FDQQRW KDYH GHSLFWHG FOHDUO\ WKH IORZ ILHOG DQG WKH OHDI�

OHW PRWLRQ IRU D FRPSOHWH FDUGLDF F\FOH� 7R REWDLQ UHOLDEOH UHVXOWV�

IOXLGVWUXFWXUH LQWHUDFWLRQ EHWZHHQ WKH EORRG IORZ DQG WKH OHDIOHWV

PRWLRQ KDV WR EH LQFOXGHG�

7KH DLP RI WKLV SDSHU LV WR RYHUFRPH WKH VKRUWFRPLQJV RI SUHYL�

RXV VWXGLHV ZKHUH WKH OHDIOHW PRWLRQ KDV EHHQ LJQRUHG RU VLPSOL�

ILHG� DQG WR LQYHVWLJDWH WKH FKDUDFWHULVWLFV RI WKH EORRG IORZ DQG WKH

OHDIOHW PRWLRQ LQ WKH ELOHDIOHW PHFKDQLFDO KHDUW YDOYHV LQ WKH DRUWLF

SRVLWLRQ E\ IOXLG�VWUXFWXUH LQWHUDFWLRQ DQDO\VLV� ,Q WKLV VWXG\ WZR�

GLPHQVLRQDO� SXOVDWLOH IORZV KDYH EHHQ VLPXODWHG LQ WKH YDOYHV ZLWK

GLIIHUHQW PD[LPXP RSHQLQJ DQJOHV� $ ILQLWH YROXPH FRPSXWDWLRQDO

IOXLG G\QDPLFV FRGH DQG D ILQLWH HOHPHQW VWUXFWXUH G\QDPLFV FRGH

KDYH EHHQ XVHG FRQFXUUHQWO\ WR VROYH WKH IORZ DQG VWUXFWXUH HTXD�

WLRQV� UHVSHFWLYHO\� WR LQYHVWLJDWH WKH LQWHUDFWLRQ EHWZHHQ WKH EORRG

IORZ DQG OHDIOHW� %ORRG KDV EHHQ DVVXPHG WR EH D QRQ�1HZWRQLDQ

DQG1HZWRQLDQ IOXLGZLWK &DUUHDXPRGHO� $OO FDOFXODWLRQV KDYH EHHQ

SHUIRUPHG IRU RQH F\FOH RI KHDUWEHDW�

0$7+(0$7,&$/02'(/,1*

7KH JRYHUQLQJ HTXDWLRQV IRU IOXLG DQG VWUXFWXUH KDYH EHHQ FRQ�

VLGHUHG VLPXOWDQHRXVO\ WR REWDLQ WKH IORZ ILHOG DQG WKH OHDIOHW EH�

KDYLRU IRU DQ RSHQ�DQG�FORVHG FDUGLDF F\FOH� 7KH IROORZLQJ DUH DV�

VXPHG WR VLPSOLI\ WKH JRYHUQLQJ HTXDWLRQV� 7KH EORRG LV D KRPR�

JHQHRXV LQFRPSUHVVLEOH IOXLG� 7KH GHQVLW\ RI IOXLG LV FRQVWDQW DQG

WKH IORZ LV ODPLQDU >-HRQJ HW DO�� ����@�

�� *RYHUQLQJ (TXDWLRQV IRU %ORRG )ORZ

7KH JRYHUQLQJ HTXDWLRQV IRU EORRG IORZ DUH WKH FRQWLQXLW\ HTXD�

WLRQ DQG WKH 1DYLHU�6WRNHV HTXDWLRQ IRU DQ LQFRPSUHVVLEOH IOXLG�

ZKLFK FDQ EH ZULWWHQ LQ D VWURQJ FRQVHUYDWLRQ IRUP LQ FXUYLOLQHDU

FRRUGLQDWHV DV IROORZV�

���

���

ZKHUH XL LV WKH &DUWHVLDQ YHORFLW\ FRPSRQHQW� [L LV WKH &DUWHVLDQ

FRRUGLQDWH� 8M LV WKH YHORFLW\ FRPSRQHQW LQ WKH ξM GLUHFWLRQ �FRQWUD�

YDULDQW YHORFLW\ FRPSRQHQW�� DQG - LV WKH FRRUGLQDWH WUDQVIRUPDWLRQ

-DFRELDQ� )XUWKHU�

[� [� [� \� [� ]� ξ� ξ� ξ� η� ξ� ζ ���

���

ZKHUH� ∂ξM�∂W UHSUHVHQWV WKH JULG YHORFLW\� VR WKDW WKH DERYH IRUPX�

ODWLRQ LV LQ DQ (XOHULDQ�/DJUDQJLDQ IUDPH�

�� *RYHUQLQJ (TXDWLRQ IRU 6WUXFWXUDO '\QDPLFV

7KH ILQLWH HOHPHQW IRUPXODWLRQ RI WKH VWUXFWXUDO G\QDPLFV HTXD�

WLRQ FDQ EH JHQHUDOO\ ZULWWHQ LQ D OLQHDU IRUP DV IROORZV�

>0@^TÂÂ`�>&@^TÂ`�>.@^T` ^)` ���

ZKHUH ^T �̀ >0@� >&@� >.@ DQG ^)` DUH WKH GLVSODFHPHQW YHFWRU� WKH

PDVV PDWUL[� WKH GDPSLQJ PDWUL[� WKH VWLIIQHVV PDWUL[� DQG WKH IRUFH

YHFWRU FDXVHG E\ WKH IOXLG G\QDPLF ORDG DQG VKHDU VWUHVVHV� UHVSHF�

WLYHO\�

���D�

���E�

���F�

���G�

ZKHUH 1L� ρV� µV DQG 'LM DUH WKH VKDSH IXQFWLRQ� WKH GHQVLW\ RI WKH

VWUXFWXUH� WKH GDPSLQJ SDUDPHWHU DQG WKH HODVWLFLW\ PDWUL[� %L LV UH�

ODWHG WR 1L WKURXJK D OLQHDU RSHUDWRU�

%L /LM1M ���

1HZPDUN¶V VFKHPH LV DSSOLHG WR VROYH WKH DERYH (T� ���� )RU NQRZQ

YDOXHV RI T� TÂ� TÂÂ DW �Q−��WK WLPH VWHS� ZH KDYH

���

ZKHUH ^(` FRPSULVHV DOO WKH WHUPV RI TQ−�� TÂQ−� DQG TÂÂQ−��

�� &RXSOLQJ RI )OXLG DQG 6WUXFWXUH

,Q (T� ��� RI IOXLG G\QDPLFV� WKH VWUXFWXUDO HIIHFW FRPHV LQWR SOD\

RQO\ WKURXJK WKH JULG YHORFLW\ WHUP� 7KLV VHFWLRQ ZLOO GLVFXVV WKH

LPSOLFLW FRXSOLQJ SURFHGXUH� ,W LV NQRZQ WKDW DW WKH IOXLG�VWUXFWXUH

LQWHUIDFH� IOXLG YHORFLW\ LV DOZD\V HTXDO WR WKH VWUXFWXUH YHORFLW\ DQG
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7UDQVLHQW %ORRG )ORZ LQ 0+9V ZLWK 'LIIHUHQW 0D[LPXP 2SHQLQJ $QJOHV XVLQJ )OXLG�6WUXFWXUH ,QWHUDFWLRQ 0HWKRG ���
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WKH FRQWUDYDULDQW YHORFLW\ FRPSRQHQW LQ WKH (XOHULDQ�/DJUDQJLDQ

IRUPXODWLRQ LV ]HUR�

���

,I ^T È LV WKH YHORFLW\ RI VWUXFWXUH DW WKH IOXLG�VWUXFWXUH LQWHUIDFH�

WKHQ

���

2Q WKH RWKHU KDQG� (T� ��� FDQ EH H[SUHVVHG LQ WKH IROORZLQJ SHU�

WXUEDWLRQ IRUP�

^TÂ 
̀E >,&@^S 
̀E ����

,Q YLHZ RI (T� ���� ZH KDYH

����

ZKHUH >,&@ DQG ^S È DUH WKH LQIOXHQFH FRHIILFLHQW ><DQJ HW DO�� ����@

DQG WKH SUHVVXUH DW WKH IOXLG�VWUXFWXUH LQWHUIDFH� UHVSHFWLYHO\� :KHQ

(T� ���� LV VXEVWLWXWHG LQWR WKH SUHVVXUH JUDGLHQW WHUP RI WKH SUHV�

VXUH FRUUHFWLRQ HTXDWLRQ� WKH UHVXOWLQJ HTXDWLRQ GHSHQGV RQO\ RQ

IORZ YDULDEOHV�

,Q WKH SURFHVV RI QXPHULFDO FDOFXODWLRQ IOXLG YHORFLWLHV DQG SUHV�

VXUHV DUH FRPSXWHG DW HDFK WLPH VWHS VROYLQJ WKH 1DYLHU�6WRNHV PR�

PHQWXP DQG FRQWLQXLW\ HTXDWLRQV� 7KH IOXLG DQG VWUXFWXUDO G\QDP�

LFV PRGHOV DQG WKH IOXLG�VWUXFWXUH LQWHUDFWLRQ PHWKRG DUH HPEHG�

GHG LQ WKH LWHUDWLYH SURFHGXUH� ,Q WKH SURFHVV RI WKH IOXLG�VWUXFWXUH

LQWHUDFWLRQ IOXLG IRUFHV RQ WKH YDOYH DUH XVHG WR FRPSXWH OHDIOHW PR�

WLRQ GXULQJ HDFK LWHUDWLRQ� 2Q WKH FRQWUDU\� WKH OHDIOHW VXUIDFH YH�

ORFLW\ LV LPSRVHG RQ WKH IOXLG LQ WKH DOWHUHG IORZ GRPDLQ GXULQJ WKH

QH[W LWHUDWLRQ� ZKLFK PHDQV WKDW WKH IOXLG�VWUXFWXUH LQWHUIDFH LV PRY�

LQJ� )OXLG YHORFLWLHV DQG SUHVVXUHV DUH RQFH DJDLQ FRPSXWHG DQG WKH

XSGDWHG IOXLG IRUFHV RQ WKH OHDIOHW DUH DSSOLHG DV ERXQGDU\ FRQGL�

WLRQV RI WKH VWUXFWXUH �OHDIOHW�� 7KLV SURFHVV FRQWLQXHV XQWLO ERWK WKH

IORZ YDULDEOHV DQG VWUXFWXUDO EHKDYLRU FRQYHUJH WR HTXLOLEULXP YDO�

XHV� 7KH QXPHULFDO FRPSXWDWLRQ WKHQ SURFHHGV WR WKH QH[W WLPH VWHS

DQG WKH HQWLUH SURFHGXUH LV UHSHDWHG� 7KH ULJRURXV VFKHPH HQVXUHV

IXOO\ FRXSOHG IORZ DQG VWUXFWXUDO VROXWLRQV DW HDFK WLPH VWHS� $ WLPH

DFFXUDWH� EDFNZDUG (XOHU� XSZLQG GLIIHUHQFLQJ 6,03/(& VFKHPH

KDV EHHQ XVHG LQ WKH IORZ VROYHU�

180(5,&$/ $1$/<6,6

8VLQJ WKH IOXLG�VWUXFWXUH LQWHUDFWLRQ PHWKRG� WZR�GLPHQVLRQDO

SXOVDWLOH EORRG IORZV LQWHUDFWLQJ ZLWK WKH OHDIOHW PRWLRQ KDYH EHHQ

DQDO\]HG QXPHULFDOO\ LQ ELOHDIOHW PHFKDQLFDO KHDUW YDOYHV �6W� -XGH

0HGLFDO� LQVWDOOHG LQ DRUWLF SRVLWLRQ� $OWKRXJK WKH 0+9 LV JHR�

PHWULFDOO\ WKUHH�GLPHQVLRQDO� WKH EORRG IORZ KDV EHHQ DVVXPHG WR

EH WZR�GLPHQVLRQDO VLQFH WKH WZR OHDIOHWV RI WKH0+9 DUH RI SODQH

VKDSH DQG WKH FDOFXODWLRQ IRU WKUHH�GLPHQVLRQDO WUDQVLHQW VLPXOD�

WLRQ UHTXLUHV D FRQVLGHUDEOH DPRXQW RI FDOFXODWLRQ WLPH� :H ZLOO

KDQGOH WKH DQDO\VLV IRU WKUHH�GLPHQVLRQ JHRPHWU\ ODWHU� ,QYHVWLJD�

WLRQ KDV EHHQ FDUULHG RXW ZLWK WKH JRYHUQLQJ HTXDWLRQV IRU EORRG

IORZ DQG OHDIOHW EHKDYLRU� UHVSHFWLYHO\� WRJHWKHU ZLWK DQ DX[LOLDU\

HTXDWLRQ ZKLFK LV FRXSOHG ZLWK WKH DERYH HTXDWLRQV� 7R VROYH WKHVH

HTXDWLRQV� D FRPPHUFLDO VRIWZDUH SDFNDJH &)'�$&(� YHU� ��� DQG

)(0675(66 �DGG�RQPRGXOH IRU&)'�$&(� D ILQLWH HOHPHQW VWUXF�

WXUDO DQDO\VLV PRGXOH� KDYH EHHQ DGRSWHG�

&DOFXODWLRQV IRU IRXU FDVHV KDYH EHHQ FDUULHG RXW DV VKRZQ LQ

7DEOH �� ,Q FDVHV �a�� WKH EORRG KDV EHHQ DVVXPHG WR EH 1HZWR�

QLDQ IOXLG DQG WKH RSHQLQJ DQJOHV KDYH EHHQ VHW WR EH ��R≤θ≤��R�
��R≤θ≤��R DQG ��R≤θ≤��R� UHVSHFWLYHO\� 'HWDLOHG ILJXUHV RI WKH GLI�
IHUHQW OHDIOHW�RSHQLQJ DQJOHV LQ WKHVH FDVHV DUH VKRZQ LQ )LJ� ��+LQJH

SRLQW PHDQLQJ URWDWLRQ D[LV RI OHDIOHW LV GHQRWHG LQ )LJ� ��G�� 7KH

DFWXDO DQJOH RI FORVXUH EHFRPHV QRW θ
PLQ
 ��R EXW θ

PLQ
 ��R VLQFH WKH

JDS ���µP� EHWZHHQ WKH OHDIOHW DQG KRXVLQJ H[LVWV ZKHQ WKH OHDIOHW
LV IXOO\ FORVHG� 7KHUHIRUH� UHYHUVH IORZ �OHDNDJH IORZ� WRZDUG YHQ�

WULFOH LV FDXVHG ZKHQ WKH OHDIOHW LV FORVHG�

)RU 1HZWRQLDQ IOXLG� LQ WKH FDVHV �a� WKH GHQVLW\ ρ LV ��� NJ�

P� DQG WKH G\QDPLF YLVFRVLW\ µ LV ���î��−� NJ�PÂV� 7KH FDVH � KDV

EHHQ FRQVLGHUHG ZLWK WKH RSHQLQJ DQJOH ��R≤θ≤��R DQG ZLWK QRQ�
1HZWRQLDQ IOXLG RI WKH &DUUHDX PRGHO DV IROORZV�
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7DEOH �� &ODVVLILFDWLRQ RI WKH FDOFXODWHG FDVHV

&ODVVLILFDWLRQ )OXLG 2SHQLQJ DQJOH

FDVH � 1HZWRQLDQ IOXLG ��R≤θ≤��R

FDVH � 1HZWRQLDQ IOXLG ��R≤θ≤��R

FDVH � 1HZWRQLDQ IOXLG ��R≤θ≤��R

FDVH � 1RQ�1HZWRQLDQ IOXLG ��R≤θ≤8�R

)LJ� �� 2SHQLQJ DQJOHV LQ GLIIHUHQW FDVHV DQG KLQJH SRLQW�
�D� FDVH � ���R≤θ≤��R�� �E� FDVH � ���R≤θ≤��R�� �F� FDVH �
���R≤θ≤��R�� �G� +LQJH SRLQW

)LJ� �� 3UHVVXUH ZDYHIRUPV XVHG DV WKH ERXQGDU\ FRQGLWLRQV�
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ZKHUHµ� ������NJ�PÂV�µ∞ ���î��
−� NJ�PÂV� Q �������. �������

D �� DQG WKH VKHDU UDWH � 7KH GHQVLW\ LV WKH VDPH DV

WKDW RI D 1HZWRQLDQ IOXLG�
7KH GLDPHWHU RI DQ DRUWLF EORRG YHVVHO KDV EHHQ DVVXPHG WR EH

����PP� 7KH JHRPHWU\ RI WKH GRZQVWUHDP UHJLRQ RI 0+9 KDV

EHHQ DGRSWHG IURP WKH 6LQXV RI 9DOVDOYD PRGHO VXJJHVWHG E\ 6ZDQ�

VRQ HW DO� >����@� 7KH SUHVVXUH ZDYHIRUPV� PHDVXUHG LQ YLWUR >7KX�

EULNDU HW DO�� ����D� E@ LQ WKH YHQWULFOH DQG WKH DRUWD ZLWK �� EHDWV

SHU PLQXWH� KDYH EHHQ XVHG DV SUHVVXUH ERXQGDU\ FRQGLWLRQV IRU WKH

QXPHULFDO FDOFXODWLRQ �)LJ� ��� $W WKH YHVVHO VXUIDFH QR VOLS FRQGL�

WLRQ KDV EHHQ JLYHQ IRU WKH EORRG IORZ DQG DW WKH OHDIOHW VXUIDFH WKH

YHORFLW\ RI WKH EORRG LV LGHQWLFDO WR WKDW RI WKH OHDIOHW VXUIDFH� 7KH

FXUUHQW QXPHULFDO FDOFXODWLRQ KDV LQFOXGHG ���� FHOOV DQG KDV HP�

SOR\HG WKH WLPH VWHS RI ������V� ,W KDV WDNHQ DERXW �� KRXUV �LQ HDFK

FDVH� WR FRQYHUJHZLWK D 3& RI 3HQWLXP ,,, ��� DQG ���0%5$0�

5(68/76 $1' ',6&866,21

9HORFLWLHV ILHOGV DQG VKHDU VWUHVV FRQWRXUV LQ WKUHH GLIIHUHQW FDVHV

DUH GHSLFWHG LQ )LJ� �� ,Q HDFK SORW YHORFLW\ ILHOGV DUH GHVFULEHG LQ

WKH XSSHU SDUW DQG WKH VKHDU VWUHVV LQ WKH ORZHU SDUW� 7KH OHDIOHW PR�

µ =µ∞ + µ�
−µ∞( ) �+ .γÂ( )D[ ]Q

−� D⁄⋅

γÂ = ∂X
∂\
������ +∂Y

∂[
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 

)LJ� �� 9HORFLW\ ILHOGV DQG VKHDU VWUHVV FRQWRXUV �009� 0DJQLWXGH RI PD[LPXP YHORFLW\� 066� 0D[LPXP VKHDU VWUHVV��

�D� FDVH � ���R≤θ≤��R� 1HZWRQLDQ IOXLG�� �E� FDVH � ���R≤θ≤��R� 1HZWRQLDQ IOXLG�� �F� FDVH � ���R≤θ≤��R� QRQ�1HZWRQLDQ IOXLG�



7UDQVLHQW %ORRG )ORZ LQ 0+9V ZLWK 'LIIHUHQW 0D[LPXP 2SHQLQJ $QJOHV XVLQJ )OXLG�6WUXFWXUH ,QWHUDFWLRQ 0HWKRG ���

.RUHDQ -� &KHP� (QJ��9RO� ��� 1R� ��

WLRQ FDQ EH GLYLGHG LQWR IRXU GXUDWLRQV� RSHQLQJ SKDVH� RSHQHG SKDVH�

FORVLQJ SKDVH DQG FORVHG SKDVH� 3ORWV LQ WKH ILJXUH� IURP WKH OHIW WR

WKH ULJKW� FRUUHVSRQG WR WKH RSHQLQJ SKDVH� WKH HQG VWDJH RI RSHQ�

LQJ SKDVH DUULYLQJ DW WKH PD[LPXP RSHQLQJ DQJOH� WKH HQG VWDJH RI

RSHQHG SKDVH PHDQLQJ WKH VWDUWLQJ SRLQW RI FORVLQJ SKDVH DQG WKH

ILQDO VWDJH RI FORVLQJ SKDVH� UHVSHFWLYHO\� ,Q WKH RSHQLQJ SKDVH �WKH

ILUVW FROXPQ� RI WKH WKUHH FDVHV� WKH IORZV EHWZHHQ D OHDIOHW DQG KRXV�

LQJ� KDYLQJ DOPRVW XQLIRUP YHORFLWLHV� DUH IDVWHU WKDQ WKRVH EHWZHHQ

WKH WZR OHDIOHWV� 7KLV LV GLIIHUHQW IURP WKH UHVXOW RI RWKHU UHVHDUFK�

HUV ZKR UHSRUWHG WKUHH MHW�OLNH IDVW IORZV IRXQG GRZQVWUHDP RI WKH

OHDIOHWV RQ WKH DVVXPSWLRQ RI LJQRUHG RU VLPSOLILHG OHDIOHWV PRWLRQ�

,Q WKH VHFRQG FROXPQ� WKH VWUHDP RI RXWHU VLGH RI WKH WZR OHDI�

OHWV LQ WKH FDVH � ZLWK θ
PD[
 ��R WLOWV WRZDUG WKH VLQXV FDYLW\ PRUH

WKDQ WKDW LQ WKH FDVH � ZLWK θ
PD[
 ��R� %HFDXVH RI ODUJH PD[LPXP

RSHQLQJ DQJOH� WKH IORZ LQ WKH FDVH � UHVXOWV LQ ODUJHU UHFLUFXODWLRQ

LQ WKH VLQXV FDYLW\ FRPSDUHG ZLWK WKH FDVH �� ,Q WKH WKLUG FROXPQ�

UHYHUVH IORZV VWDUW WR RFFXU GRZQVWUHDP RI WKH OHDIOHW DQG SURSD�

JDWH WR WKH ZKROH IORZ GRPDLQ DVVRFLDWHG ZLWK WKH YHQWULFXODU GLDV�

WROH� 7KH VWDUWLQJ WLPH RI WKH FORVLQJ SKDVH LQ WKH FDVH � ZLWK θ
PD[
 

��R LV ����� V� DQG WKDW LQ WKH FDVH � ZLWK θ
PD[
 ��R LV ����� V� 7KLV

VKRZV WKDW WKH VPDOOHU WKH PD[LPXP RSHQLQJ DQJOH LV� WKH HDUOLHU

WKH FORVLQJ SKDVH VWDUWV�

,Q WKH ILQDO VWDJH �WKH IRXUWK FROXPQ� RI WKH FORVLQJ SKDVH� MHW�

OLNH IORZ LV IRXQG EHWZHHQ WKH OHDIOHW DQG KRXVLQJ �PDUNHG LQ WKH

ILJXUH� LQ DOO WKH FDVHV� 7KH PDJQLWXGHV RI WKH PD[LPXP YHORFLW\

�009� LQ WKLV UHJLRQ DUH GHQRWHG LQ WKH ILJXUH� +HUH� WKH PDJQL�

WXGH RI WKH PD[LPXP YHORFLW\ LQ WKH ILQDO VWDJH RI WKH FORVLQJ SKDVH

LV LPPHQVHO\ ODUJHU WKDQ WKDW RI RWKHU SKDVHV� 7KH IORZ ILHOGV IRU

1HZWRQLDQ DQG QRQ�1HZWRQLDQ IOXLG DUH VLPLODU WR HDFK RWKHU�

7KH H[WHQW RI EORRG FHOO GDPDJH LV D IXQFWLRQ RI ERWK WKH PDJQL�

WXGH RI VKHDU VWUHVVHV DFWLQJ RQ EORRG FRUSXVFOHV DQG WKHLU H[SR�

VXUH WLPH WR VKHDU ILHOGV� )XUWKHUPRUH� SODWHOHWV KDYH D ORZHU WRO�

HUDQFH WR VKHDU VWUHVV FRPSDUHG WR UHG EORRG FHOOV� 7KHUHIRUH� GDP�

DJH WR WKHVH SODWHOHWV FDXVHG E\ VKHDU VWUHVV PD\ EH DQ LPSRUWDQW

IDFWRU IRU WKH LQLWLDWLRQ RI WKURPERHPEROLF FRPSOLFDWLRQV� 7KHPDJ�

QLWXGHV RI WKH VKHDU VWUHVV �066� KDYH EHHQ FDOFXODWHG DQG GHSLFWHG

LQ WKH ILJXUH� ,Q WKH ILQDO VWDJH RI WKH FORVLQJ SKDVH DQ LPPHQVHO\

ODUJH YDOXH RI PD[LPXP VKHDU VWUHVV LV IRXQG LQ WKH YLFLQLW\ RI WKH

FRQWDFW SRLQW ZKHUH D OHDIOHW FRQWDFWV ZLWK WKH KRXVLQJ� (VSHFLDOO\�

IRU QRQ�1HZWRQLDQ IOXLG WKH PD[LPXP VKHDU VWUHVV LV PXFK ODUJHU

WKDQ WKDW RI D 1HZWRQLDQ IOXLG� 1RWH WKDW ERWK WKH SRVLWLRQ DQG WKH

WLPH FRUUHVSRQGLQJ WR WKH PD[LPXP VKHDU VWUHVV LQ WKH IORZ ILHOG

GXULQJ RQH F\FOH DUH H[DFWO\ LGHQWLFDO WR WKRVH FRUUHVSRQGLQJ WR WKH

PD[LPXP YHORFLW\�

&KDQJHV LQ OHDIOHW DQJOH� OHDIOHW DQJXODU YHORFLW\� EORRG IORZ UDWH�

WKH PD[LPXP YHORFLW\ DQGPD[LPXP VKHDU VWUHVV LQ WKH EORRG IORZ

GXULQJ RQH F\FOH DUH VKRZQ LQ )LJ� �� 7KH SUHVVXUH ZDYHIRUP DGRSW�

HG IRU ERXQGDU\ FRQGLWLRQV JLYHQ LQ )LJ� � LV VKRZQ DJDLQ LQ )LJ� ��D�

IRU WKH FRQYHQLHQFH RI FRPSDULVRQ� 7KH YHQWULFOH V\VWROH VWDUWV DW

W ����� V DQG WKH YHQWULFOH GLDVWROH DW W ���� V� 9DULDWLRQV RI WKH

RSHQLQJ DQJOH DQG WKH OHDIOHW DQJXODU YHORFLW\ DUH VKRZQ LQ )LJ� ��E�

DQG )LJ� ��F��

7KH VPDOOHU WKHPD[LPXP RSHQLQJ DQJOH LV� WKH HDUOLHU WKH FORVLQJ

SKDVH LV VWDUWHG DQG ILQLVKHG� 7KH FORVLQJ SKDVH LQ FDVH � LV ����� V≤
W≤������ LQ FDVH �� ����� V≤W≤������ LQ FDVH �� ����� V≤W≤������ LQ
FDVH �� ����� V≤W≤������:KHQ WKH OHDIOHW VWDUWV WR FRQWDFW ZLWK WKH

KRXVLQJ� D VPDOO ERXQFH RI WKH OHDIOHW WDNHV SODFH EHFDXVH RI WKH

LQHUWLD HIIHFW RI WKH OHDIOHW PRWLRQ �)LJ� �F�� $OWKRXJK WKH YHQWULFOH

GLDVWROH VWDUWV DW W ���� V� WKH FORVLQJ SKDVH VWDUWV ODWHU� ,W FDQ EH

QRWHG WKDW WKHUH LV D WLPH GHOD\ EHWZHHQ WKH YHQWULFOH GLDVWROH DQG

)LJ� �� /HDIOHW EHKDYLRU� IORZ UDWH� DQG WKH PD[LPXP YHORFLW\ DQG

VKHDU VWUHVV�
�D� 3UHVVXUH ZDYHIRUPV RI YHQWULFOH DQG DRUWD� �E� /HDIOHW RSHQ�
LQJ DQJOH� �F� /HDIOHW DQJXODU YHORFLW\� �G� 9ROXPHWULF IORZ UDWH�
�H� 0D[LPXP YHORFLW\� �I� 0D[LPXP VKHDU VWUHVV
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WKH VWDUW RI FORVLQJ SKDVH LQ DOO FDVHV� 7KH DQJXODU YHORFLW\ RI WKH

OHDIOHW DW WKH ILQDO VWDJH RI WKH FORVLQJ SKDVH LV FRQVLGHUDEO\ ODUJHU

WKDQ WKDW RI WKH RSHQLQJ SKDVH LQ DOO FDVHV� 7KH ODUJHU WKH PD[L�

PXP RSHQLQJ DQJOH RI WKH OHDIOHW LV� WKH IDVWHU WKH DQJXODU YHORFLW\

RI OHDIOHW LV LQ WKH FORVLQJ SKDVH� 7KH OHDIOHW EHKDYLRUV LQ 1HZWR�

QLDQ DQG QRQ�1HZWRQLDQ FDVHV DUH JHQHUDOO\ VLPLODU WR HDFK RWKHU�

9ROXPHWULF IORZ UDWHV KDYH EHHQ FDOFXODWHG DQG VKRZQ LQ )LJ�

��G�� 7KH IORZ UDWHV LQFUHDVH UDSLGO\ ZLWK YHQWULFOH V\VWROH DQG GH�

FUHDVH VORZO\ ZLWK YHQWULFOH GLDVWROH� 5HYHUVH IORZ QDPHG ³FORVLQJ

UHJXUJLWDWLRQ´ H[LVWV GXULQJ WKH FORVLQJ SKDVH� 'LVFKDUJH IORZ UDWHV�

FORVLQJ UHJXUJLWDWLRQ IORZ UDWHV DQG QHW IORZ UDWHV GXULQJ RQH F\FOH

KDYH EHHQ VKRZQ LQ 7DEOH �� $OWKRXJK WKH GLVFKDUJH IORZ UDWH LQ

FDVH � LV WKH ODUJHVW RI DOO WKH FDVHV� WKH QHW IORZ UDWH� 4
QHW
LQ FDVH �

LV WKH ODUJHVW EHFDXVH WKH FORVLQJ UHJXUJLWDWLRQ IORZ UDWH LV IDLUO\

ODUJH LQ FDVH �� 7KH SURILOHV RI WKH PD[LPXP YHORFLW\ DQG PD[L�

PXP VKHDU VWUHVV LQ WKH UHJLRQ RI EORRG IORZPRQLWRUHG DW HDFK WLPH

VWHS GXULQJ RQH F\FOH DUH VKRZQ LQ )LJ� ��H� DQG )LJ� ��I�� 7KH WLPH

DW ZKLFK WKH PD[LPXP VKHDU VWUHVV LV REVHUYHG LV H[DFWO\ WKH VDPH

DV WKDW RI WKH PD[LPXP YHORFLW\� 7KLV WLPH LV LGHQWLILHG WR EH LQ WKH

HQG VWDJH RI WKH FORVLQJ SKDVH� DQG WKHPDJQLWXGHV RI ERWK WKH PD[�

LPXP YHORFLW\ DQGPD[LPXP VKHDU VWUHVV DUH LPPHQVHO\ ODUJHU� 7KH

PD[LPXP VKHDU VWUHVV LV TXLWH D ELW ODUJHU LQ WKH QRQ�1HZWRQLDQ

FDVH� 7KLV LQWHUSUHWDWLRQ FRUUHVSRQGV H[DFWO\ ZLWK WKH DFFRXQW JLYHQ

EHIRUH LQ DVVRFLDWLRQ ZLWK )LJ� ��

&21&/86,216

7KH FXUUHQW VWXG\ KDV QXPHULFDOO\ LQYHVWLJDWHG EORRG IORZ WKURXJK

ELOHDIOHW PHFKDQLFDO KHDUW YDOYHV� +HUH� WKH OHDIOHW EHKDYLRU DVVRFL�

DWHG ZLWK WKH EORRG IORZ KDV DOVR EHHQ DQDO\]HG E\ XVLQJ D IOXLG�

VWUXFWXUH LQWHUDFWLRQ PHWKRG� $ ILQLWH YROXPH FRPSXWDWLRQDO IOXLG

G\QDPLFV FRGH DQG D ILQLWH HOHPHQW VWUXFWXUH G\QDPLFV FRGH KDYH

EHHQ XVHG FRQFXUUHQWO\ WR VROYH WKH IORZ DQG VWUXFWXUH HTXDWLRQV�

UHVSHFWLYHO\� VLQFH WKH EORRG IORZ DQG OHDIOHW PRWLRQ DUH VWURQJO\

FRXSOHG�

7ZR�GLPHQVLRQDO� SXOVDWLOH EORRG IORZV KDYH EHHQ VLPXODWHG LQ

YDOYHV ZLWK GLIIHUHQW PD[LPXP RSHQLQJ DQJOHV DQG EORRG KDV EHHQ

DVVXPHG WR EH QRQ�1HZWRQLDQ DQG 1HZWRQLDQ IOXLG �ZLWK &DUUHDX

PRGHO�� $OO FDOFXODWLRQV KDYH EHHQ SHUIRUPHG GXULQJ RQH F\FOH RI

KHDUWEHDW� )ORZ ILHOGV� OHDIOHW EHKDYLRU� DQG VKHDU VWUHVVHV ZLWK WLPH

KDYH EHHQ REWDLQHG DQG GLVFKDUJH IORZ UDWH DQG UHJXUJLWDWLRQ IORZ

UDWH KDYH EHHQ FDOFXODWHG� ,Q WKH HQG RI WKH FORVLQJ SKDVH� WKH PD[�

LPXP VKHDU VWUHVVHV� DQ LPSRUWDQW LVVXH IRU YDOYH KHPRG\QDPLF

DQDO\VLV� KDYH EHHQ IRXQG DURXQG WKH OHDIOHW DQG QHDU WKH KRXVLQJ�

7KH SUHVHQW UHVHDUFK KDV VKRZQ WKH FDSDELOLW\ WR GHVFULEH WKH FKD�

UDFWHULVWLFV RI WKH EORRG IORZ DQG OHDIOHW PRWLRQ� DQG WR RYHUFRPH

WKH VKRUWFRPLQJV RI SUHYLRXV VWXGLHV ZKHUH WKH HIIHFW RI OHDIOHW PR�

WLRQ KDV EHHQ LJQRUHG RU DSSUR[LPDWHG E\ VLPSOLILHG DVVXPSWLRQV�

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

7KLV VWXG\ZDV ILQDQFLDOO\ VXSSRUWHG E\ WKH.RUHD5HVHDUFK )RXQ�

GDWLRQ �3URMHFW QXPEHU� .5)��������)������)������

5()(5(1&(6

&HUUROD]D�0��+HUUHUD�0��%HUULRV�5� DQG$QQLFFKLDULFR�:�� ³$&RP�

SDULVRQ RI WKH +\GURG\QDPLFDO %HKDYLRXU RI 7KUHH +HDUW $RUWLF

3URVWKHVHV E\ 1XPHULFDO 0HWKRGV�́ -� 0HGLFLQH (QJLQHHULQJ DQG

7HFKQRORJ\ �������

&KDQGUDQ� -�%�� ³3XOVDWLOH )ORZ3DVW D 6W� -XGH0HGLFDO %LOHDIOHW +HDUW�́

-� 7KRUDF� &DUGLRYDVF� 6XUJ�� ��� ��� �����D��

&KDQGUDQ�.�%�� &DEHO� *�1��.KDOLJKL� %� DQG&KHQ� &� -�� ³/DVHU$Q�

HPRPHWHU 0HDVXUHPHQWV RI 3XOVDWLOH )ORZ 3DVW $RUWLF 9DOYH 3URV�

WKHVHV�́ -� %LRPHFKDQLFV� ������� ��� �����E��

&KDQGUDQ�.�0��.KDOLJKL� %� DQG&KHQ�&� -�� ³([SHULPHQWDO 6WXG\ RI

3K\VLRORJLFDO 3XOVDWLOH )ORZ 3DVW 9DOYH 3URVWKHVH LQ D 0RGHO RI

+XPDQ $RUWD�� 7LOLQJ 'LVF 9DOYHV DQG WKH (IIHFW RI 2ULHQWDWLRQ�́ -�

%LRPHFKDQLFV� ������� ��� �����F��

)DUDKLIDU� '�� &DVVRW� )� DQG%RGDUG� +�� ³9HORFLW\ 3URILOHV LQ WKH:HDN

RI 7ZR3URVWKHWLF+HDUW 9DOYHV8VLQJ D 1HZ&DUGLRYDVFXODU 6LPX�

ODWRU�́ -� %LRPHFKDQLFV� ������� ��� �������

)DWHUPL� 5� 6� DQG &KDQGUDQ� .�%�� ³$Q LQ 9LWUR 6WXG\ RI WKH 6W� -XGH

0HGLFDO DQG(GZDUGV'XURPHGLFV%LOHDIOHW 9DOYH8VLQJ /DVHU$Q�

HPRPHWU\�́ -� %LRPHFK� (QJ�� ���� ��� �������

*RNKDOH� 9�9�� 7DQQHU� 5� -� DQG %LVFKRII� .� %�� ³)( 6ROXWLRQ IRU WKH

1DYLHU�6WRNHV(TXDWLRQV IRU D �'6WHDG\ )ORZ WKURXJKD6HFWLRQ RI

D &DQLQH $RUWD 0RGHO�́ -� %LRPHFKDQLFV� ��� ��� �������

*URVV� -�0�� 6KHUPHU� &�'� DQG +ZDQJ� 1�+� &�� ³9RUWH[ 6KHGGLQJ

LQ %LOHDIOHW +HDUW 9DOYH 3URVWKHVHV�́ 7UDQV� $P� 6RF� $UWLI� ,QWHUQ�

2UJDQV� ��� ��� �������

+DVHQNDP� -�0��0\JDDUG�+��*LHUVLHSHQ�0��5HXO� +� DQG6WRGNLOGH�

-RUJHQVHQ�+�� ³7XUEXOHQW 6WUHVV0HDVXUHPHQWV'RZQVWUHDPRI 6L[

0HFKDQLFDO $RUWLF 9DOYHV LQ D 3XOVDWLOH )ORZ0RGHO�́ -� %LRPHFKDQ�

LFV� ��� ��� �������

,PDHGD� .� DQG *RRGPDQ� )�� ³$QDO\VLV RI 1RQ�OLQHDU 3XOVDWLOH )ORZ

LQ $UWHULHV�́ -� %LRPHFKDQLFV� ������ ���� �������

-HRQJ� <� 6� DQG .DQJ� ,� 6�� ³3XOVDWLOH )ORZV LQ 6WHQRVHG %ORRG 9HV�

VHOV�́ .RUHDQ -� &KHP� (QJ�� ��� ��� �������

.LQJ�0� -�� ³&RPSXWDWLRQDO DQG ([SHULPHQWDO 6WXGLHV RI )ORZ WKURXJK

D %LOHDIOHW 0HFKDQLFDO +HDUW 9DOYH�́ 3K�'� 7KHVLV� 8QLYHUVLW\ RI

/HHGV� 8. �������

.LQJ�0� -��&RUGHQ� -�� 'DYLG� 7�� DQG)LVKHU� -�� ³$7KUHH�'LPHQVLRQDO�

7LPH�'HSHQGHQW $QDO\VLV RI )ORZ WKURXJK D %LOHDIOHW 0HFKDQLFDO

+HDUW 9DOYH� &RPSDULVRQ RI ([SHULPHQWDO DQG 1XPHULFDO 5HVXOWV�́

-� %LRPHFKDQLFV� ������ ��� �������

.LQJ�0� -��'DYLG�7� DQG)LVKHU� -�� ³$Q ,QLWLDO3DUDPHWULF6WXG\ RI)OXLG

)ORZ WKURXJK %LOHDIOHW 0HFKDQLFDO +HDUW 9DOYHV 8VLQJ &RPSXWD�

WLRQDO )OXLG '\QDPLFV�́ -� (QJ� 0HG�� ���� �� �������

.UDIF]\N�0��&HUUROD]D�0�� 6FKXO]�0� DQG5DQN�(�� ³$QDO\VLV RI �'

7UDQVLHQW %ORRG )ORZ3DVVLQJ WKURXJK DQ$UWLILFLDO $RUWLF 9DOYH E\

/DWWLFH�%ROW]PDQQ0HWKRGV�́ -� %LRPHFKDQLFV� ��� ��� �������

0F4XHHQ� '�0� DQG 3HVNLQ� &�� ³&RPSXWHU�$VVLVWHG 'HVLJQ RI %XW�

7DEOH �� %ORRG IORZ UDWH SHU RQH F\FOH >XQLW � P��V@

4GLV 4UHJ �4UHJ�4GLVî����� 4QHW

&DVH � �����H��� �����H��� ������ �����H���

&DVH � �����H��� �����H��� ������ �����H���

&DVH � �����H��� �����H��� ������� �����H���

&DVH � �����H��� �����H��� ������� �����H���

4GLV� GLVFKDUJH IORZ UDWH� 4UHJ� UHJXUJLWDWLRQ IORZ UDWH� 4QHW� QHW IORZ

UDWH�



7UDQVLHQW %ORRG )ORZ LQ 0+9V ZLWK 'LIIHUHQW 0D[LPXP 2SHQLQJ $QJOHV XVLQJ )OXLG�6WUXFWXUH ,QWHUDFWLRQ 0HWKRG ���

.RUHDQ -� &KHP� (QJ��9RO� ��� 1R� ��

WHUIO\ %LOHDIOHW 0HFKDQLFDO +HDUW 9DOYHV IRU WKH 0LWUDO 3RVLWLRQ�́ -�

&RPSXW� )OXLGV� ��� ��� �������

1\JDDUG� +�� 3DXOVHQ� 3� .�� +DVHQNDQ� -� 0�� 3HGHUVHQ� (� 0� DQG

5RYVLQJ� ³7XUEXOHQW6WUHVVHV'RZQVWUHDPRI7KUHH0HFKDQLFDO$RU�

WLF 9DOYH 3URVWKHVHV LQ+XPDQ%HLQJV�́ -� 7KRUDF� &DUGLRYDV� 6XUJ��

���� ��� �������

5RVVHDQ� (� 3� 0�� 9DQ GH 9HQ $� 3� &�� 9DQ 6WHHQKRYHQ� $� $� DQG

6HURR� -�0�� ³'HVLJQ RI D 6\VWHP IRU WKH $FFHOHUDWHG /RDGLQJ RI

+HDUW 9DOYH 3URVWKHVHV�́ -� %LRPHFKDQLFV� ������ ��� �������

6DOODP� /�$�� 6KDZ� $� DQG %DLQ�:�+�� ³([SHULPHQWDO (YDOXDWLRQ RI

0HFKDQLFDO+HPRO\VLVZLWK6WDUU�(GZDUGV�.D\�6KLOH\ DQG%MRUNB

6KLOH\ 9DOYHV�́ 6FDQ� -� 7KRUDF� &DUGLRYDV� 6XUJ�� ��� ��� �������

6LNDUVNLF� '� /�� 6WHLQ� 3� DQG 9DEOH� 0�� ³$ 0DWKHPDWLFDO 0RGHO IRU

$RUWLF 9DOYH 9LEUDWLRQ�́ -� %LRPHFKDQLFV� ������� ��� �������

6NDODN�5�� ³)LQLWH(OHPHQWV LQ%LRIOXLG0HFKDQLFV� )($QDO\VLV LQ%LR�

PHFKDQLFV�́ �������

6WHYHQVRQ� '� 0� DQG <RJDQDWKDQ� $� 3�� ³1XPHULFDO 6LPXODWLRQ RI

6WHDG\7XUEXOHQW)ORZWKURXJK7ULOHDIOHW$RUWLF+HDUW9DOYHV�,�&RP�

SXWDWLRQDO 6FKHPH DQG0HWKRGRORJ\�́ -� %LRPHFKDQLFV� ������� ���

�������

6ZDQVRQ� :�0� DQG &ODUN� 5� (�� ³'LPHQVLRQV DQG *HRPHWULF 5HOD�

WLRQVKLSV RI WKH+XPDQ$RUWLF9DOYH DV D )XQFWLRQ RI 3UHVVXUH�́ &LU�

5HV�� ��� ��� �������

7KXEULNDU�0� -�� 6HOLP� *�� 5RELFVHN� )� DQG )RZOHU� %�� ³(IIHFW RI WKH

6LQXV *HRPHWU\ RQ WKH '\QDPLFV RI %LRSURVWKHWLF +HDUW 9DOYHV

�DEVWUDFW��́ $QQ� %LRPHG� (QJ�� ��� 6� �����D��

7KXEULNDU�0� -�� 6HOLP� *�� 5RELFVHN� )� DQG )RZOHU� %�� ³(IIHFW RI WKH

6LQXV *HRPHWU\ RQ WKH '\QDPLFV RI %LRSURVWKHWLF +HDUW 9DOYHV

�DEVWUDFW��́ 3URFHHGLQJVRI WKH��WK$QQXDO ,QWHUQDWLRQDO&RQIHUHQFH

RI WKH ,((( (QJLQHHULQJ LQ0HGLFLQH DQG %LRORJ\ 6RFLHW\� $PVWHU�

GDP� 7KH 1HWKHUODQGV� SJ� �� 1RYHPEHU �����E��

7LOOPDQ� :�� 5HXO� +�� +HUROG� 0�� %UXVV� .�+� DQG 9DQ *LOVH� -�� ³,Q

9LWUR:DOO 6KHDU 0HDVXUHPHQWV DW $RUWLF 9DOYH 3URVWKHVHV�́ -� %LR�

PHFKDQLFV� ������ ��� �������

:RR� <� 5� DQG <RJDQDWKDQ� $� 3�� ³3XOVDWLOH )ORZ 9HORFLW\ DQG 6KHDU

6WUHVV 0HDVXUHPHQWV RQ WKH 6W� -XGH 9DOYH 3URVWKHVLV�́ 6FDQG� -�

7KRUDF� &DUGLRYDVF� 6XUJ�� ��� �� �������

<DQJ�+�4� DQG0DNKLMDQL�9� %� ³$6WURQJO\ &RXSOHG3UHVVXUH�%DVHG

&)'$JURLWKP IRU )OXLG�6WUXFWXUH ,QWHUDFWLRQ�́ 3URFHHGLQJ RI ��QG

$HURVSDFH6FLHQFHV0HHWLQJ DQG([KLELW�5HQR�19�$,$$��������

�������

<RJDQDWKDQ�$� 3��&RUHRUDQ�:�+� DQG+DUULVRQ�(�&�� ³,Q9LWUR9HORF�

LW\ 0HDVXUHPHQWV LQ WKH 9LFLQLW\ RI $RUWLF 3URVWKHVHV�́ -� %LRPH�

FKDQLFV� ��� ��� �������


