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7DEOH
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7TDEOH

7TDEOH
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6XSSOLHUV RI &)' FRGHV

&RPSDULVRQ RI FRGHV:- FDSDELOLWLHYV
&RPSDULVRQ RI FRGHV:- QXPHULFDO WUHDWPHQW
ODLQ IHDWXUHVY DQG FDSDELOLWLHV RI $67(&
1XPHULFDO PHWKRGVY HPSOR\HG LQ $67(&

1RUPDO YDOXH IRU FDQLQH FDUGLRYDVFXODU SDUDFP
6XPPDU\ Rl DGYDQWDJHYVY DQG GLVDGYDQWDJHV RI W
Rl SDUWLDO GLIIHUHQWLDO HTXDWLRQ JULG JHQHUD
6XPPDU\ Rl QXPHULFDO UHVHDUFK RQ EORRG IORZ L
6XPPDU\ Rl H[SHULPHQWDO WHFKQLTXHV IRU VWXG\
LQ DUWHULHYV

6XPPDU\ RI PDWHULDO FRQVWDQWYV IRU WKH SRO\QR
IXQFWLRQ

)JORZ SDUDPHWHUV LQYHVWLJDWHG

/IREDWLRQ DQG VL]H RI WKH VHSDUDWLRQ UHJLRQ
/REDWLRQ RI VHSDUDWLRQ ]JRQH IRU VWHDG\ IORZ
&RPSDULVRQ RI 1HZWRQLDQ DQG QRQ 1HZWRQLDQ I¢
IRUZDUG IORZ YHORFLW\ DQG PD[LPXP UHYHUVHG 10|
DW VLWH PP EHKLQG WKH IORZ GLYLGHU
&RPSDULVRQ RI 1HZWRQLDQ DQG QRQ 1HZWRQLDQ I
PLQLPXP DQG WLPH DYHUDJHG VKHDU VWUHVVHV RQ
GLYLGHU ZDOOV DW VLWHV $ ' DQG )

OD[LPXP IRUZDUG IORZ YHORFLW\ PD[LPXP UHYHUVH
PD[LPXP VHFRQGDU\ IORZ YHORFLW\ DW WKH OHYHO
LQ PRGHOV $ DQG % GXULQJ D FDUGLDF F\FOH
OD[LPXP PLQLPXP DQG WLPH DYHUDJHG ZDOO VKHDU

Rl PRGHOV $ DQG % RYHU D FDUGLDF F\FOH
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/,67 2) ),*85(6

SBDUWLFOH SDWKV LQ WKH PHGLDQ SODQH RI D URXC

DW L"H DG 4
5HODWLRQVKLS EHWZHHQ $67(& DVVRFLDWHG GDWI|
DQG SRVW SURFHVVRU

OHVK XVHG LQ $67(&

7KH LWHUDWLYH VFKHPH ZLWKLQ D F\FOH

ODMRU RUJDQV LQ WKH FLUFXODWLRQ

ODMRU EUDQFKHV RI WKH FDQLQH DUWHULDO WUHH
,GHDOLVHG JHRPHWU\ Rl KXPDQ FDURWLG DUWHU\ E

&DVWV RI D KXPDQ UHQDO DUWHU\ DQG E DRUWL

7TUDFLQJV RI FDQLQH LOLR IHPRUDO ELIXUFDWLRQV
*HRPHWULF SDUDPHWHUV RI D ELIXUFDWLRQ

/IRJLF EUHDNGRZQ RI JULG JHQHUDWLRQ PHWKRGV
*HQHUDWLRQ RI D FXUYLOLQHDU FRRUGLQDWH V\VW

%ORFN VWUXFWXUH IRU DQ + &DUWHVLDQ PHVK WI

SBRLQW FRUUHVSRQGHQFH DW EORFN LQWHUIDFHYV
BQVWUXFWXUHG PHVK D WULDQJOH PHVK E TXDC
BUHVVXUH DQG YHORFLW\ ZDYHIRUPV LQ YDULRXV D
$ $VFHQGLQJ DRUWD % 7TKRUDFLF DRUWD & §
JHPRUDO DUWHU\ ( 6DSKHQRXV DUWHU\
ORGHOV RI DUWHULDO HOHPHQWY IURP ZKLFK D FRQ
D VHIJPHQW ZLWK D FRQWLQXRXV RXWIORZ QR RU

EUDQFKHYV E ELIXUFDWLRQ VHJPHQW F SDWKRC

9DULDWLRQ RI DSSDUHQW YLVFRVLW\ RI KXPDQ EOR
VKHDU

5HODWLRQVKLS EHWZHHQ YLVFRVLW\ DQG UDWH RI
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YJLIXUH
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YJLIXUH
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JLIXUH

Y)LIXUH
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EORRG FHOO VXVSHQGHG LQ WKHLU RZQ DQWLFRDJ:
f& IRU YDULRXVY KHPDWRFULW
5KHRJUDP IRU GLITHUHQW W\SHV Rl IORZ EHKDYLRXI
FRQVWDQW SUHVVXUH DQG WHPSHUDWXUH
&RPSDULVRQ RI D 1HZWRQLDQ DQG D YLVFRHODVWL
IORZ RYHU D ZKROH F\FOH DW PP EHKLQG D f 7
JODVV PRGHO ZLWK URXQGHG FRUQHUV 7KH HQWUL
DQRG WKH IORZ WDAWH UDWLR
&RPSDULVRQ RI D 1HZWRQLDQ DQG D YLVFRHODVWL
IORZ RYHU D ZKROH F\FOH DW PP EHKLQG D f 7
HODVWLF VLOLFRQ UXEEHU PRGHO ZLWK VKDUS FRU
FRQGLWLRQV WKH VDPH DV WKRVH LQ )LJ
6FKHPDWLF LOOXVWUDWLRQ RI WKH VWUXFWXUH RI
BULQFLSOH RI 'RSSOHU XOWUDVRXQG
BULQFLSOH RI /IDVHU 'RSSOHU DQHPRPHWHU
" VWUXFWXUDO EORFN
*ULG JHQHUDWLRQ SURFHGXUH LQ 623+,$%

'"HILQLWLRQ RI JHQHUDO ELIXUFDWLRQ JHRPHWU\

*ULG JHQHUDWLRQ SURFHGXUH IRU D JHQHUDO " E
JORZ FKDUW RI WKH JULG JHQHUDWLRQ URXWLQH
*ULG FRQILIJXUDWLRQ RI D 7 %LIXUFDWLRQ

*ULG FRQILIJXUDWLRQ RI D FXUYHG EUDQFK

*ULG FRQILIJXUDWLRQ RI D FDQLQH IHPRUDO ELIXUF|
*ULG FRQILIJXUDWLRQ RI D KXPDQ FDURWLG ELIXUFL

"\QDPLF QRQ 1HZWRQLDQ YLVFRVLW\ RI KXPDQ EORI
RI DWf &
$ IHHGEDFN V\VWHP RI WZR IXQFWLRQDO XQLWYV

&RPSDULVRQ RI FRPSXWHG SUHVVXUH GLDPHWHU F>
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WLFN JUDIW 3 DQG PHDVXUHG YDOXHV RI +RZ O

,OOXVWUDWLRQ RI WKH PRYLQJ ZDOO WUHDWPHQW

&RPSDULVRQ EHWZHHQ WKHRUHWLFDO VROXWLRQ 3

R RR IRU IXO0O\ GHYHORSHG IORZ LQ D VWUDLJKW

D 1HZWRQLDQ DQG E QRQ 1HZWRQLDQ IOXLG

&RPSDULVRQ RI VKHDU UDWH EHWZHHQ D 1HZWRQLD

QRQ 1HZWRQLDQ R R R IOXLG

3UHVVXUH JUDGLHQW ERXQGDU\ FRQGLWLRQ
&RPSDULVRQ EHWZHHQ WKHRUHWLFDO VROXWLRQ 3

R RR IRU SXOVDWLOH IORZ LQ D ULJLG WXEH RYH

5HODWLRQ RI IORZ 4 DQG ZDOO VKHDU UDWH 6 W

JUDGLHQW 3

'LDPHWHU SUHVVXUH FXUYH IRU WKH VLOLFRQH PRG

&RPSDULVRQ EHWZHHQ FDOFXODWLRQ 3 DQG H[SHI

IRU XQVWHDG\ IORZ LQ DQ HODVWLF WXEH RYHU WK

&RPSDULVRQ RI ZDOO VKHDU VWUHVV IRU D ULJLG W

HODVWLF WXEH R R R

%LIXUFDWLRQ JHRPHWU\

$[LDO YHORFLW\ SURILOHV LQ WKH PDLQ WXEH IRU

$[LDO YHORFLW\ SURILOHV LQ WKH EUDQFK WXEH IR

&RPSDULVRQ RI D[LDO YHORFLW\ SURILOHV ZLWK Wt

&RPSDULVRQ RI D[LDO YHORFLW\ SURILOHVY EHWZHH

:DOO VKHDU VWUHVVY DORQJ WKH ERWWRP ZDOO RI \

:DOO VKHDU VWUHVV DORQJ WKH GLYLGHU ZDOO RI |

:DOO VKHDU VWUHVVY DORQJ WKH XSVWUHDP ZDOO R

:DOO VKHDU VWUHVV DORQJ WKH GLYLGHU ZDOO RI |

3XOVDWLQJ SUHVVXUH JUDGLHQW DW WKH LQOHW

&RPSDULVRQ RI D[LDO YHORFLW\ SURILOHV LQ WKH
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8 FDOFXODWLRQ * t f PHDVXUHPHQW

&RPSDULVRQ RI D[LDO YHORFLW\ SURILOHV LQ WKH
8 FDOFXODWLRQ * t f PHDVXUHPHQW

:DOO VKHDU VWUHVV DORQJ WKH ERWWRP ZDOO :O
ZDOO

DQG WKH GLYLGHU ZDOO DW WKUHH SKD)

f DQG f

7THPSRUDO YDULDWLRQ RI WKH VL]H RI WKH VHSDUD\

D PDLQ WXEH DQG E EUDQFK WXEH
J)LQLWH HOHPHQW VXEGLYLVLRQ RI WKH 7 ELIXUFEL
)XOO\ GHYHORSHG YHORFLW\ SURILOHV FDOFXODWH:
VROXWLRQ
'"HILQLWLRQ RI FURVV VHFWLRQDO SRVLWLRQV ZKHU
DUH SUHVHQWHG

$[LDO YHORFLW\ SURILOHY LQ WKH SODQH RI V\PPH\
WKH D[LV RI WKH PDLQ WXEH DW f DQG

SODQH DW VSHFLILHG SKDVH DQJOHYV

f WR WKt
BHFRQGDU\ YHORFLW\ YHFWRU ILHOG DW GLIIHUHQW
PD[LPXP DQG PLQLPXP IORZ UDWHYV

BHFRQGDU\ YHORFLW\ SURILOHV DW GLIIHUHQW FUR
PD[LPXP DQG PLQLPXP IORZ UDWHYV

:DOO VKHDU VWUHVV DORQJ WKH RXWHU ZDOO :0 |
DW VSHFLILHG SKDVH DQJOHV

:DOO VKHDU VWUHVV YV SKDVH DQJOH DW WKH RXWt
ZDOO DW GLIIHUHQW FURVV VHFWLRQV RI WKH ELIXL
&RPSDULVRQ RI D[LDO YHORFLW\ SURILOHV EHWZHH:
QRQ 1HZWRQLDQ IOXLG LQ D V\PPHWU\ SODQH DQG
SODQH

&RPSDULVRQ RI ZDOO VKHDU VWUHVV EHWZHHQ 1HZ\
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IHZWRQLDQ I10XLG DW VSHFLILHG SKDVH DQJOHYV

&RPSDULVRQ RI WLPH YDU\LQJ ZDOO VKHDU VWUHVV
DQG QRQ 1HZWRQLDQ IOXLG

&RPSDULVRQ EHWZHHQ FDOFXODWLRQV DQG PHDVXL
SURILOHV LQ WKH ELIXUFDWLRQ SODQH PP XSVWU}

GRZQVWUHDP RI WKH IORZ GLYLGHU IRU D WKH 1H

DQG E WKH QRQ 1HZWRQLDQ IOXLG
6FKHPDWLF LOOXVWUDWLRQ DQG WKUHH GLPHQVLRC
WKH WZR FDQLQH LOLR IHPRUDO ELIXUFDWLRQ PRG
$YHUDJH FDQLQH YHORFLW\ SXOVH ZDYHIRUP XQGHL
&DOFXODWHG D[LDO YHORFLW\ SURILOHV DW WKH H
WXEH GLDPHWHUV ORQJ

OHDVXUHG DYHUDJH YHORFLW\ ZDYHIRUPV DQG LQVYV
D[LDO YHORFLW\ SURILOHV LQ PRGHOV $ DQG %
'HILQLWLRQ RI SXOVH SKDVHV ZKHUH QXPHULFDO Uk
$[LDO YHORFLW\ SURILOHV LQ WKH ELIXUFDWLRQ SC
IRXU GLIIHUHQW SKDVHV $S %S &S DQG 'S GXULQJ
$[LDO YHORFLW\ SURILOHV LQ WKH ELIXUFDWLRQ SC
IRXU GLIIHUHQW SKDVHV $S %S &S DQG 'S GXULQJ
7KUHH GLPHQVLRQDO UHSUHVHQWDWLRQ RI D[LDO Y
VHFWLRQV SHUSHQGLFXODU WR WKH ELIXUFDWLRQ
Rl PRGHO $ GXULQJ D FDUGLDF F\FOH
7KUHH GLPHQVLRQDO UHSUHVHQWDWLRQ RI D[LDO Y
VHFWLRQV SHUSHQGLFXODU WR WKH ELIXUFDWLRQ
Rl PRGHO % GXULQJ D FDUGLDF F\FOH
BHFRQGDU\ YHORFLW\ YHFWRU ILHOG DW GLIIHUHQW
ELIXUFDWLRQ PRGHO $ GXULQJ D FDUGLDF F\FOH

6HFRQGDU\ YHORFLW\ YHFWRU ILHOG DW GLIITHUHQW
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ELIXUFDWLRQ PRGHO % GXULQJ D FDUGLDF F\FOH
:DOO VKHDU VWUHVV YV SKDVH DW VHOHFWHG VLWH
:DOO VKHDU VWUHVV YV SKDVH DW VHOHFWHG VLWH
:DOO VKHDU VWUHVV DORQJ WKH RXWHU zZDOO R R
GLYLGHU ZDOO RI PRGHO % DW VSHFLILHG SKEC
'XUDWLRQ RI IORZ UHYHUVDO LQ WKH RXWHU FRUQH
GHILQHG SRLQWVY RYHU D FDUGLDF F\FOH
&RPSDULVRQ RI D[LDO YHORFLW\ SURILOHV LQ WKH
Rl PRGHO $ EHWZHHQ W\SH s DQG W\SH R R R
IORZ FRQGLWLRQV

&RPSDULVRQ RI WLPH YDU\LQJ ZDOO VKHPU VWUHVV
DQG W\SR R R XSVWUHDP ERXQGDU\ FRQGLWLRQV
&RPSDULVRQ RI D[LDO YHORFLW\ SURILOHV LQ WKH
RI PRGHO $ EHWZHHQ 1HZWRQLDQ * DQG QRQ 1HZ
IOXLG

&RPSDULVRQ RI D[LDO YHORFLW\ SURILOHV LQ WKH
RI PRGHO % EHWZHHQ 1HZWRQLDQ * DQG QRQ 1HZ
IOXLG

&RPSDULVRQ RI WLPH YDU\LQJ ZDOO VKHDU VWUHVV
3 DQG QRQ 1HZWRQLDQ f % IOXLG DW VHOHFWH
LQ PRGHO $

&RPSDULVRQ RI WLPH YDU\LQJ ZDOO VKHDU VWUHVV
3 DQG QRQ 1HZWRQLDQ tf % IOXLG DW VHOHFWH
LQ PRGHO %

&RPSDULVRQ EHWZHHQ FDOFXODWLRQV 3 DQG PHD
D[LDO YHORFLW\ SURILOHV DW VLWHYV RYHU D FD
7KH ULJKW KDQG VLGH LV WKH RXWHU ZDOO DQG Wt

IORZ GLYLGHU VLGH



)LIXUH

JLIXUH

JLIXUH (

JLIXUH (

&RPSDULVRQ EHWZHHQ FDOFXODWLRQV 3 DQG PHD
D[LDO YHORFLW\ SURILOHYVY DW VLWHV RYHU D FD
7KH ULJKW KDQG VLGH LV WKH RXWHU ZDOO DQG WHEK
IORZ GLYLGHU VLGH

&RPSDULVRQ EHWZHHQ FDOFXODWLRQV 3 DQG PHD
VHFRQGDU\ YHORFLW\ SURILOHYVY LQ WKH ELIXUFDWL
Rl WKH IORZ GLYLBWYHU DLWBIUGLDF F\FOH IRU PRGH(
ULJKW KDQG VLGH LV WKH RXWHU ZDOO DQG WKH Ot
IORZ GLYLGHU VLGH

BUHVVXUH FRQWRXUV LQ WKH ELIXUFDWLRQ SODQH
E PLQLPXP IORZ UDWHV

'"LVWULEXWLRQ RI SUHVVXUH RQ WKH ZDOO DW GLIIF

IRU WKH D PD[LPXP DQG E PLQLPXP IORZ UDWHYV



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

, ZLVK WR DFNQRZOHGJH ZLWK JUDWHIXO WKDQNV WK
JRXQGDWLRQ IRU WKLY SURMHFW DQG WKH VXSSRUW RI WKF

IRU D VXSHUFRPSXWHU JUDQW

O\ VSHFLDO WKDQNV DUH GXH WR P\ VXSHUYLVRU 3URI
KHOS DGYLFH DQG HQFRXUDJHPHQW JHQHURXVO\ JLYHQ WK

SURMHFW

0\ VLQFHUH WKDQNV DOVR JR WR 'U & - + -RQHV DQG 'U
PXFK YDOXHG VXJJHVWLRQV DQG GLVFXVVLRQV GXULQJ WKH

FLDOO\ IRU VXSSO\LQJ GHWDLOHG H[SHULPHQWDO GDWD

$OVR VSHFLDO WKDQNV DUH GXH WR 'U $ %XUQV ZKR k
RQ SURJUDPPLQJ DQG FRPSXWLQJ DQG 'U 5' /RQVGDOH ZK

VRIWZDUH $67(& DQG SURYLGHG PXFK KHOS RQ XVLQJ WKH F

, DSSUHFLDWH YHU\ PXFK WKH KHOSIXO VXJJHVWLRQV JL)
VRQ %URZQ 8QLYHUVLW\ DQG WKH LQWHUHVWLQJ GLVFXVVL

LQ /RQGRQ

J)LQDOO\ , ZRXOG OLNH WR H[SUHVV P\ VSHFLDO WKDQNV
KLV XQGHUVWDQGLQJ SDWLHQFH DQG YDULRXV VXSSRUW D

WHQW HQFRXUDJHPHQW DQG VXSSRUW WKURXJKRXW WKH \HI



(&/$5%$7,21

, JUDQW SRZHUV Rl GLVFUHWLRQ WR WKH 8QLYHUVLW\ /LE
EH FRSLHG LQ ZKROH RU LQ SDUW ZLWKRXW IXUWKHU UHIH
FRYHUV RQO\ VLQJOH FRSLHV PDGH IRU VWXG\ SXUSRVHV V)

DFNQRZOHGJHPHQW



$%6758&7

$ PDMRU PHGLFDO SUREOHP LQ WKH FLUFXODWRU\ V\VWH
RI DWKHURVFOHURVLY DQG WKURPERVLYVY LQ DUWHULDO EHQG
HIDFW PHFKDQLVP UHPDLQV XQFOHDU LW KDV EHHQ VXJJHV
QDPLFV SOD\V DQ LPSRUWDQW UROH 7TKHUHIRUH GHWDLOH
DQG KHPRG\QDPLF VWUHVVHYV LQ DUWHULDO ELIXUFDWLRQV |

,Q DGGLWLR Q@ WHRGQ YLMBRULPHQWY QXPHULFDO VLPXODW
IORZ LQ DUWHULDO ELIXUFDWLRQ PRGHOV DOVR FRQWULEXW
IORZ SDWWHUQV DQG VKHDU VWUHVYV GLVWULEXWLRQV LQ WK
WR FODULI\ WKH OLQN EHWZHHQ I10OXLG G\QDPLFV DQG DWKHI

7KH SUREOHP RI EORRG IORZ LQ DQ DUWHULDO ELIXUFD)
FDWLQJ IDFWRUV IRXU RI WKHP DUH FRQVLGHUHG WR EH LP
GLPHQVLRQDO JHRPHWU\ RI WKH ELIXUFDWLRQ LL WKH SX
WKH QRQ 1HZWRQLDQ FKDUDFWHU RI WKH EORRG DQG LY V
ZDOO ,Q WKLV GLVVHUWDWLRQ D IXO0O DQDO\WLFDO WUHDW
ELIXUFDWLRQV LV SUHVHQWHG 7KH LQFRPSUHVVLEOH ' WL
HTXDWLRQV DUH HPSOR\HG WR GHVFULEH WKH IORZ DQG D
ZKLFK KDV DQ XQVWUXFWXUHG ILQLWH HOHPHQW PHVK LV D
,Q WKH SUHGLFWLRQV WKH QRQ 1HZWRQLDQ FKDUDFWHULV\
DFFRXQW DQG WKHLU HIIHFWV RQ ELIXUFDWLRQ IORZ ILHOG
DFFRPPRGDWLQJ WKH YHVVHO ZDOO FRPSOLDQFH DUH DOVR
SURDFK LV SURSRVHG LQ ZKLFK WKH IORZ HTXDWLRQV DQG
VHSDUDWHO\ ZLWKLQ D WLPH VWHS EXW DUH FRXSOHG LQ W
GLWLRQV RI WKH IRUPHU DUH XSGDWHG WKURXJK WKH VROX!
LV YDOLG SURYLGHG WKDW WKH ZDOO PRYHPHQW LV PXFK Vi
DQG WKH IORZ LV JHQHUDOO\ SDUDOOHO WR WKH ZDOO ,W KI
ODU WXEH )RU ELIXUFDWLRQ SUHGLFWLRQV KRZHYHU WKH "

$ FRPSUHKHQVLYH UDQJH RI FRGH YDOLGDWLRQ H[HUFLVE
IRU 7 ELIXUFDWLRQV 7KH SUHGLFWLRQV DUH SURYHG UHOL
OLVKHG ODERUDWRU\ PHDVXUHPHQWYV

)LQDOO\ QXPHULFDO SUHGLFWLRQV IRU SK\VLRORJLFDO |
FDWLRQV DUH SHUIRUPHG LQ ZKLFK WKH WUXH ELIXUFDWLR
DUH YDOLGDWHG DJDLQVWL.QVRKHYEREVWUBFPERQWDEYR IDU REWDL
GHPRQVWUDWHG WKDW WKH SUHVHQWHG QXPHULFDO PRGHO
WKH QHZ JHQHUDWLRQ RI VXSHU FRPSXWHUV FDQ EH XVHG D
IRU GHWDLOHG DQDO\VLV Rl EORRG IORZ LQ DUWHULDO ELI
GLVWHQVLELOLW\ RI WKH DUWHULDO ZDOO LQ WKH ELIXUFD\
DQ DQDO\VLV

6RPH Rl WKH PDWHULDO SXEOLVKHG GXULQJ WKH FRXUVH
$SSHQGL[ )



&U

G$

G9

)¢

+¢

/L

5H
6L M
\W

WS

X¢

120(1&/$785(

&URVV VHFWLRQDO DUHD
:DYH VSHHG

&RXUDQW Q@XPESHU
8QGHIRUPHG YHVVHO GLDPHWHU
9HVVHO GLDPHWHU

&RQWURO VXUIDFH DUHD

&RQWURO YROXPH
<RXQJ-V PRGXOXV
/JRQIJLWXGLQDO IRUFH

JUHTXHQF\

%RG\ IRUFH

8QGHIRUPHG YHVVHO ZDOO WKLENQHVYV
9HVVHO ZDOO WKLFNQHVYV
BHFRQG LQYDULDQW RI VWUDLQ UDWH WHQVRU
7XUEXOHQW HQHUJ\
8QGHIRUPHG YHVVHO OHQJWK
9HVVHO OHQJWK
ODVV IORZ UDWH

BWDWLF SUHVVXUH

&HOO 3HFOHWFQXPEHU
9ROXPH IORZ UDWH

UDGLXV

5H\QROGV QBX-PEHU
BWUDLQ UDWH WHQVRU

7LPH

3XOVH WLPH

9HORFLW\

6¢M



XY Z 9HORFLW\ FRPSRQHQWYV LQ IORZV

L &RRUGLQDWHYV

[\] &DUWHVLDQ FRRUGLQDWHV LQ ' IORZV

*UHHN 6\PEROV

D ‘:RPHUVOH\ QXPEHU D |

DT 3DUHQW WR ODUJHU GDXJKWHU YHVVHO DQJOH
Dz 3DUHQW WR VPDOOHU GDXJKWHU YHVVHO DQJOH

6KHDU UDWH
LM .URQHFNHU GHOWD

$W 7LPH VWHS

WLMN$SOWHUQDWLQJ XQLW WHQVRU

TXUEXOHQW GLVVLSDWLRQ UDWH

H
$ :DYH OHQJWK
S

"\QDPLF YLVFRVLW\

9 9HFWRU GLIIHUHQWLDO RSHUDWRU

Y.LQHPDWLF YLVFRVLW\
&XUYLOLQHDU FRRUGLQDWHYV
S "HQV LW\

"M 6WUHVV WHQVRU

U 6KHDU VWUHVYV
3 *HQHULF VFDODU
X $QJXODU IUHTXHQF\

6 XEVFULSWYV

S3DUHQW YHVVHO RI ELIXUFDWLRQ PRGHOV

/[DUJHU GDXJKWHU YHVVHO RI

ELIXUFDWLRQ PRGHOV



6PDOOHU GDXJKWHU YHVVHO RI

$R %LIXUFDWLRQ DSH]

HIl (ITHFWLYH

LMN *HQHULF FRPSRQHQWYV
/ /IDPLQDU

1 1HZWRQLDQ

Q1 1RQ 1HZWRQLDOQ

RVW 2VFLOODWRU\

VW 6WHDG\
7 7TXUEXOHQW
Z :DOO

6 XSHUVFULSWYV

Q *HQHULF WLPH VWHS

ELIXUFDWLRQ PRGHOV

7LPH DYHUDJHG RU FURVV VHFWLRQDO DYHUDJHG



&+3$37(5
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$WKHURVFOHURVLY LV D ZLGHVSUHDG GLVHDVH DFFRXQWL
LQ WKH LQGXVWULDOLVHG ZRUOG W FDXVHV PXFK GLVDEO
SDLQ IDLQWLQJ VSHOOV OHJ FUDPSV KHDUW DWWDFNV VW
FRPSOLFDWHG GLVHDVH DIIHFWV RQO\ VSHFLILF DUWHULHV D
YHVVHOV 7KH VHOHFWLYH ORFDOLVDWLRQ RI DWKHURVFOHL
WKHUH LV DQ LPSRUWDQW UHODWLRQVKLS EHWZHHQ WKH G|
WKH EORRG IORZLQJ WKURXJK WKH DUWHULHV )XUWKHUPRL

DFWHULVWLFV LQ WKRVH PRVW FRPPRQO\ GLVHDVHG UHJLRQ\

$WKHURVFOHURWLF SODTXHV KDYH EHHQ IRXQG WR RFF.
ODUJH DQG PHGLXP VL]JHG DUWHULHV VXFK DV WKH DEGRPL
IHPRUDO FRURQDU\ DQG FDURWLG DUWHULHV EXW WR EH PF
SUHYDOHQW LQ UHJLRQV RI EUDQFKLQJ DQG VKDUS EFXUYDWX
DUH H[SHFWHG %ORRG IORZ LQ VXFK UHJLRQV UHPDLQV Q
WDLOHG XQGHUVWDQGLQJ DW SUHVHQW 7KLV LV LQ SDUW G
KLJKO\ XQVWHDG\ DQG SDVVHV WKURXJK YHVVHOV ZKLFK DU
HWU\ DQG LQ WKHLU YLVFR HODVWLF QDWXUH IXUWKHUPRU
$Q DGGLWLRQDO LPSRUWDQW IDFWRU LV D ODFN RI WHFKQ]
LQYHVWLIJDWLRQ RI DUMMHUVYLERVWVEIORRIE MXEAZWDQWLDO SURJU
PDGH WKURXJK ODERUDWRU\ PRGHO VWXGLHV XVLQJ /DVHU
YLVXDOLVDWLRQ WHFKQLTXHV WKHVH XVXDOO\ LQYROYH VR
DV LGHDOLVHG JHRPHWU\ VWHDG\ IORZ ULJLG ZDOO DQG 1H
EH TXHVWLRQDEOH LQ DUWHULDO ELIXUFDWLRQ IORZ 6LPLOI
PRVW SUHYLRXV QXPHULFDO VLPXODWLRQV +RZHYHU WKH O

WHFKQLTXHY DQG D QHZ JHQHUDWLRQ RI VXSHUFRPSXWHUV



VR LQYHVWLIJDWH WKLV IORZ SUREOHP PRUH UHDOLVWLFDOO
LV E\ PDNLQJ XVH RI WKHVH WRROV WR PRGHO PRUH FOR
DUWHULDO ELIXUFDWLRQV DQG WKXV WR SURYLG® FIRPREDUL
PHDVXUHPHQWY DV ZHOO DV WERMHE@ GRE®DNV@®DHEWHZRXOG K
UHGXFH WKH IQHNGY[BHULPHQWY ORUHRYHU WKH GHWDLOHG
REWDLQHG PD\ FRQWULEXWH WR D EHWWHU XQGHUVWDQGLQ.

WKH SURFHVV RI DWKHURVFOHURVLYV

+(02'<1%$0,&6 $1' $7+(526&/(526,6

&DUGLRYDVFXODU GLVHDVH UHPDLQV WKH PDMRU FDXVH |
$FFRUGLQJ WR VWDWLVWLFV PRUH SHRSOH LQ WKH 8. GLH
FDXVH 7KH GLVHDVH LWVHOI LV PRVW I[UHTXHQWO\ FDXVHG E
SURFHVV Rl WKH GHYHORSPHQW RI DWKHURVFOHURWLF OHVLI
ODWLRQ RI PDWHULDOV LQ WKH LQWLPDO OD\HU Rl DUWHULH"
FRQQHFWLYH WLVVXH FRPSRQHQWYV RI WKH YHVVHO ZDOO 7
LV XVXDOO\ VHHQ PLFURVFRSLFDOO\ DV D ILEURXV SODTXH
PXVFOH FHOOV ODUJH DPRXQWVY Rl FRQQHFWLYH WLVVXH O
Rl WLVVXH GHEULV IRDP FHOOV DQG VSDFHV IURP OLSLG
OHVLRQV PD\ OHDG WR QDUURZLQJ VWHQRVHV DQG KDUGH
FDQ SURJUHVV WR PRUH FRPSOH[ SODTXHV ZKLFK UHVXOW L

DV PHGLD WKLQQLQJ HODVWLF WLVVXH ORVV DQG IUDJPHQW

$WKHURVFOHURVLY LV D KLJKO\ ORFDOLVHG GLVHDVH ZKL
FHQWUDO DUWHULHV LQFOXGLQJ WKH DRUWD WKH FRURQLCL
WKH ODUJH DUWHULHV RI WKH XSSHU OHJ UDWKHU WKDQ W
QRW QRUPDOO\ VHHQ LQ FHUWDLQ RWKHU DUWHULHYVY H J W
PDPPDU\ DQG LQWHUFRVWDO DUWHULHV JXUWKHUPRUH Wk

ZLWKLQ WKH DIIHFWHG YHVVHOV LV DOVR YHU\ IRFDO LW



DRUWD LV VHYHUHO\ DIIHFWHG ZKHUHDV WKH WKRUDFLF DR
&ODUNVRQ ,Q WKH FRURQDU\ DUWHULHVY OHVLRQV DU
ZDOOV RI WKH ELIXUFDWLRQ VLWH ZKLOH WKH LQQHU ZDOOV
DUH OHIW IUHH 6YLQGODQG DQG :DOORH 6XFK D GLVYV
DWKHURVFOHURWLF OHVLRQVY FDQ DOVR EH QRWLFHG LQ WK
RXWHU ZDOO RI WKH LQWHUQDO FDURWLG VLQXV LQWLPDO S
ZDOOV RI WKH ELIXUFDWLRQ DV ZHOO DV WKH DSH[ RI WKH

UHJLRQV .X DQG *LGGHQV

7KH VHOHFWLYH ORFDOLVDWLRQ RI DWKHURVFOHURWLF O
IXUFDWLRQVY DQG JHRPHWULFDO FRQWRUWHG UHJLRQV DV W
YLGHG D SULPDU\ PRWLYDWLRQ IRU WKH UHVXUJHQFH RI LQW
%HVLGHYVY ELRFKHPLFDO DQG F\WRORJLFDO IDFWRUV YDULR?
KDYH EHHQ SURSRVHG WR FRUUHODWH WKH GHYHORSPHQW I
FRQGLWLRQV LQ WKH DUWHULDO V\VWHP $ OLVW RI WKHVFE
ZLWK VHQHVFHQFH DUWHULDO K\SHUWHQVLRQ WXUEXOHQF

VHSDUDWLRQ

$JLQJ LV DVVRFLDWHG ZLWK WKH DUWHULDO KDUGHQLQJ
DWKHURVFOHURVLYV LV XELTXLWRXV DQG LQFUHDVHV LQ VHY!
WKH IDFW WKDW LQ PDQ DQG SUREDEO\ LQ PRVW DQLPDOV
LQFUHDVHY ZLWK DJH ZKLOH DW WKH VDPH WLPH HODVWLF Z
WKH PXFK VWLIIHU FROODJHQ $FFRUGLQJ WR WKH IXQGDPHQ
LQHYLWDEOH WKDW WKH SXOVDWLOH DUWHULDO IORZ LQ WKt
FKDQJHV VXFK DV WKH ZHOO NQRZQ DXJPHQWDWLRQ RI S
WZHHQ SHDN V\VWROLF DQG HQG GLDVWROLF DUWHULDO SU}

GRHV QRW SRLQW WR DJLQJ DV D QHFHVVDU\ GHWHUPLQDQMW

DWKHURVFOHURVLYV



+\SHUWHQVLRQ KDV EHHQ UHODWHG WR FOLQLFDO FRPSOL
SDUWLFXODUO\ LQ FRURQDU\ DUWHU\ GLVHDVH 'DZEHU
UROH RI EORRG SUHVVXUH IURP D IOXLG PHFKDQLFV YLHZSI
WLPH LW ZDV WKRXJKW WKDW EORRG DUWHULDO ZDOO OLSL
GULYHQ EXON IORZ SURFHVV EXW ODWHU H[SHULPHQWDO
LPSRUWDQFH RI VXFK D SUHVVXUH HIIHFW 7TKH LQFUHDVHC
VRFLDWHG DOWHUDWLRQ RI YHORFLW\ ZDYHIRUP DQG LQFU
K\SRWKHVLVHG WR EH LPSRUWDQW $ VWURQJHU VXJJHVWLH
PHDQ EORRG SUHVVXUH SOD\V D PDMRU UROH GXH WR LWV I
SRWHQWLDO ULVN IDFWRU 1HUHP DQG /HYHVJXH W KD
HOHYDWLRQ RI DRUWLF SUHVVXUH GLVWRUWY WKH JHRPHW!I
ZKHUH DQJOHV RI EUDQFKLQJ DUH PDUNHGO\ FKDQJHG )U\
HITHFW RI FKDQJLQJ D UHODWLYHO\ ZHOO EHKDYHG IORZ ILH
WXRXV RQH ZKLFK ZRXOG UHVXOW LQ D VLIJQLILFDQW DOWHL

G\QDPLFV FKDUDFWHULVWLFYV

7XUEXOHQFH KDV DOVR EHHQ SRVWXODWHG DV D SRVVLEC
DQG 6FKZDUW] 'HVRORZVNL HW DO LQ YLWWREGYHY LER\
PRGHO ELIXUFDWQRQWHRDNG\ FRDUDFWDWLRQ H[SHULPHQWYV
WKLV VXJIJHVWLRQ )LUVW PHDVXUHPHQWY LQ VHYHUDO DUMW
GLFDWLRQ RI WXUEXOHQW IORZ RYHU D SK\WVLRORJLFDO UDQ
GLYLVLRQ UDWLRVY %KDUDGYDM HW DQ Y LSMIRVDWXLOW KIDRZR]
SHULPHQWYV XVLQJ ODVHU 'RSSQBUY BOROVRIBHVRISSDEG XOWUD
VWXGLHV RI FDURWLG DUWHULHY LQ QRUPDO KXPDQ VXEMHEF
DQG *LGGHQV HW DO JLQGLQJV VKRZ WKDW VWURQJ V
QRUPDO FDURWLG ELIXUFDWLRQV H[LVW ZKLOH WXUEXOHQF
EHHQ VXJJHVWHG E\ VHYHUDO DXWKRUV WKDW WXUEXOHQF}

VLWHV RI HDUO\ SODTXH IRUPDWLRQ



)ORZ VHSDUDWLRQ KDV EHHQ UHJDUGHG DV D SULPDU\ Kt
DWHG ZLWK OHVLRQ GHYHORSPHQW )R[ DQG +XJK W
Rl ORFDO IORZ VHSDUDWLRQ DW DUWHULDO EUDQFK SRLQWYV
JRQHV RI VWDVLV WR IRUP 7KH EORRGVWUHDP VWDJQDWH
DQG ILEULQ WR IRUP D PHVK DW WKH ZDOO LQ ZKLFK OLSLG
HYHQWXDOO\ FRDOHVFH WR IRUP DWKHURPDWRXV SODTXHV
FKRVHQ LQ WKLV VWXG\ ZHUH QRW UHSUHVHQWDWLYH RI W\S
VIVWHP &RQVHTXHQWO\ VHYHUH DGYHUVH SUHVVXUH JUDGL
WKHVH H[SHULPHQWY ZKLFK H[FHVVLYHO\ DFFHQWXDWHG 10|
SDUHG ZLWK DQWLFLSDWHG EHKDYLRXU LQ WKH YDVFXODU
VHSDUDWLRQ PD\ ZHOO LQIOXHQFH OHVLRQ GHYHORSPHQW :
UHVXOWV RI WKLV VWXG\ VKRXOG QRW EH LQWHUSUHWHG D

DUWHULDO IORZ FRQGLWLRQV *HVVQHU

:DOO VKHDU VWUHVVHV KDYH UHFHLYHG PRVW DWWHQWLRC
DV DQ LPSRUWDQW IDFWRU LQ WKH SDWKRJHQHVLV RI DWKHI
KDYH EHHQ SRVWXODWHG IURP WKLV SRLQW RI YLHZ WKRYV
LL ORZ ZDOO VKHDU VWUHVV DQG LLL ZDOO VKHDU VWUH
WLPH )U\ GHPRQVWUDWHG WKDW H[WUHPHO\ KLJK
VXOW LQ DFWXDO PHFKDQLFDO GDPDJH WR WKH HQGRWKHOL
LQFUHDVH SHUPHDELOLW\ WR OLSLG WKXV KH VXJJHVWHG V
HDUO\ DWKHURPD 7KLV YLHZ ZDV VXSSRUWHG E\ REVHUYDW!|
GLHW DQLPDOV +RZHYHU VXEVHTXHQW H[SHULPHQWYV IRXQG
VKHDU UHTXLUHG IRU PHFKDQLFDO GDPDJH WR WKH DUWHULL
FLUFXODWLRQ &DUR DQG FR ZRUNHUYV VWXGLHG
DWKHURPD LQ D ODUJH QXPEHU RI KXPDQ DQG FDQLQH VXEM
OHVLRQV RFFXU SUHIHUHQWLDOO\ LQ UHJLRQV ZKHUH DUWHL
EH UHODWLYHO\ ORZ ZKLOH WKH GHYHORSPHQW RI OHVLRQV

UHJLRQV ZKHUH zZDOO VKHDU UDWH LV H[SHFWHG WR EH KLJ



PXFK VXSSRUW IURP RWKHU ODERUDWRU\ DQG WKHRUHWLFDC

.MDHUQHV HW DO W VXIIHVWYVY WKDW WKH GHYHOF
FLDWHG ZLWK VKHDU GHSHQGHQW PDVV WUDQVSRUW SKHQR
GXH WR WKH PRWLRQ RI EORRG 7KH H[SODQDWLRQ RI WKL\
RI PDWHULDO LQ WKH ZDOO LV LQ SDUW GXH WR DOWHUDWLR

LQDGHTXDWH HIIOX][ RI PDWHULDO IURP WKH ZDOO WR EORR(

7KH ORZ VKHDU VWUHVV K\SRWKHVLV LV DOVR VXSSRUWH
IORZ LQ D VFDOH PRGHO RI WKH KXPDQ FDURWLG ELIXUFDWLF
7TKHVH VWXGLHVY QRW RQO\ FRQILUPHG HDUOLHU ILQGLQJV W
WR IRUP LQ DUHD RI ORZ UDWKHU WKDQ KLJK ZDOO VKHDU
PDUNHG RVFLOODWLRQ LQ WKH GLUHFWLRQ RI ZDOO VKHDU \
7KLYV SURSRVDO KDV QRZ EHHQ JHQHUDOO\ DFFHSWHG DOW

QLVPV DUH QRW \HW FOHDUO\ HVWDEOLVKHG

7KH PHFKDQLVPV E\ ZKLFK KHPRG\QDPLF IDFWRUV LQIOXH
DWKHURVFOHURVLY KDYH EHHQ VWXGLHG LQ D QXPEHU RI O
WKHRULHY RI DWKHURJHQHVLYV DUH L HQGRWKHOLDO LQM
HOQGRJHQRXV FKROHVWHURO $OWKRXJK VRPH IRUP RI LQMX
PD\ UHVXOW LQ WUDXPDWLF DQHXU\WWP GLVVHFWLRQ DQG WK
RI PDVV WUDQVIHU IURP DUWHULDO ZDOO WR EORRG PD\ DFF
LQ UHJLRQV ZLWK FRQVWDQW ORZ ZDOO VKHDU VWUHVV Qt
TXDWHO\ H[SODLQV WKH FRPSOH[ VHW RI H[SHULPHQWDO DQ
DWKHURVFOHURVLYV +RZHYHU SDUWV RI HDFK RI WKHVH Wk
RWKHU IDFWRU ZKLFK LV FRQVWDQWO\ SUHVHQW LQ WKH Dl
DFFRXQW IRU VXFK FRPSOLFDWHG SKHQRPHQD (YLGHQFH
IDFWRU LV WKH KHPRG\QDPLF VWUHVYV DVVRFLDWHG ZLWK D
WDLOHG VWXG\ RI IORZ SDWWHUQV DQG VKHDU VWUHVV GLV)

EHFRPHV KLJKO\ GHVLUDEOH



*(1(5%$/ )($785(6 2) $57(5,%/ %,)85&%$7,21 )/2:

JORZV DW ELIXUFDWLRQV KDYH EHHQ VWXGLHG E\ QXPHU
SHULPHQWDOO\ DQG QXPHULFDOO\ HJ 2 -%ULHQ DQG
X DQG *LGGHQV DQG 3HUNWROG HW DO DQG
WXUHV Rl ELIXUFDWLRQ IORZ ZKLFK DUH UHOHYDQW WR IORz
DV IROORZV
D KLJKO\ XQVWHDG\ IORZV
E VXEVWDQWLDOO\ WKUHH GLPHQVLRQDO ZLWK VHFRQGI
F IORZ VHSDUDWLRQ LQ WKH EUDQFK ZLWK ORZHU PHDQ
G LQFUHDVLQJO\ GLVWXUEHG IORZ DV EUDQFK DQJOH LQ
H FRQVLGHUDEO\ KLJKHU ZDOO VKHDU VWUHVV DW WKH
WKH RXWHU ZDOO
JLIXUH LOOXVWUDWHY WKH IORZ GLVWULEXWLRQ VHSDUD
LQ WKH PHGLDQ SODQH RI D f JODVV PRGHO 7 MXQFWLRQ Z
XSVWUHDP 5H\QROGV QXPEHU 5H RI D@®G: D I0BDIGLYE VLR
VSLUDO VHFRQGDU\ IORZV DQG VHSDUDWLRQ ]JRQHV DUH FOH
JRQH LQ WKH PDLQ WXEH DW WKH HQWU\ RI WKH GDXJKWHU
FRUQHU VHSDUDWLRQ JRQH DW WKH HQWU\ RI WKH VLGH EU

RFFXU LQ WKH DUWHULDO FLUFXODWLRQ

7KH IORZ SDWWHUQV DW WKH ELIXUFDWLRQ DQG WKH IRUF
WLRQ UHJLRQV DUH VWURQJO\ LQIOXHQFHG E\ WKH GHWDLOH
YHVVHO GLDPHWHUV EUDQFKLQJ DQJOH DQG WKH VKDSH RI V
PDQLIHVWHG WKURXJK WKH 5H\QROGYV QXPEHU IORZ GLYLVLEF
SXOVDWLOH QDWXUH RI WKH IORZ L H WKH VKDSH RI WKH |
SOLWXGH DQG IUHTXHQF\ RI WKH SXOVDWLRQ W LV WKHUHI

ELIXUFDWLRQ JHRPHWU\ SXOVH ZDYHIRUP XSVWUHDP ERXQ



VWHDP UHVLVWDQFHVY SK\VLRORJLFDOO\ DFFXUDWHO\ W VKRXOG DC
IXOO\ WKUHH GLPHQVLRQDO PRGHOOLQJ RI WKH IORZ XQGHU SXOVDW
HVYVHQWLDO GXH WR WKH SUHVHQFH RI WKH QRQ QHJOLJLEOH WKUH
VXFK DV VHFRQGDU\ IORZ LQ WKH ELIXUFDWLQJ DQG FXUYHG UHJLRC(
VWHDG\ QDWXUH Rl WKH DUWHULDO IORZ ,Q DGGLWLRQ WKHUH DUH
ZKLFK PD\ KDYH LQIOXHQFHV RQ WKH IORZ DW ELIXUFDWLRQV L H \
EORRG YHVVHO ZDOO DQG WKH QRQ 1HZWRQLDQ YLVFRVLW\ RI WKH
SUHYLRXV VWXGLHV WKH\ ZHUH UHJDUGHG DV "VHFRQG RUGHUu IDF
QHIJOHFWHG +RZHYHU UHFHQW H[SHULPHQWDO UHVXOWY ORUDYHF
DQG /LHSVEK WHQG WR LQGLFDWH WKDW ZDOO FRPSOLDQFH DQ
EHKDYLRXU PD\ ZHOO EH LPSRUWDQW IDFWRUV LQ WKH XQGHUVWD
FDWLRQ IORZV 7R H[SORUH WKHLU HIIHFWV IXUWKHU WKH GLVWHQ
DQG WKH QRQ 1HZWRQLDQ HIIHFWV RI WKH EORRG PXVW EH DFFRPF

PRGHOOLQJ RI WKHVH IORZV

)LJ 3DUWLFDO SDWKV LQ WKH PHGLDQ SODQH RI D URXQGH!

5H DQAL 4 JURP .DUH@RDO



02'(/ '(6&5,37,21 $1' ,76 9%/,',7<

7KH EDVLF HTXDWLRQV UHTXLUHG IRU PRGHOOLQJ IOXLG |
VHUYDWLRQ RI PDVV DQG PRPHQWXP WKH FRQVWLWXWLYH
FKDQLFDO SURSHUWLHV RI WKH PDWHULDO DQG LI KHDW WU
LQYROYHG WKH HQHUJ\ DQG UHDFWLRQ UDWH HTXDWLRQV 7
FRQGLWLRQV DUH DOO WKDW DUH QHHGHG IRU D QXPHULFDO

HPDWLFDO PRGHO IRU D VSHFLILF SUREOHP WKH HTXDWLRQ'

JREXVLQJ XSRQ WKH SUREOHP RI EORRG IORZ LQ DUWHUL
IHDWXUHV RI WKH IORZ KDYH EHHQ GHVFULEHG LQ WKH SUHFL!
WKDW GHVSLWH WKH H[LVWHQFH RI VXFK FRPSOH[ SKHQRPHC
IORZ EORRG IORZ LQ DUWHULDO ELIXUFDWLRQV FDQ EH UH
KXPDQ FLUFXODWRU\ VAVWHP WKH GXUDWLRQ RI D KHDUWEHL

WXUEXOHQW IORZ /LHSVFK

$OVR HPSKDVLVHG LQ WKH SUHYLRXV VHFWLRQ LV WKH QH
WKUHH GLPHQVLRQDO QDWXUH RI WKH ELIXUFDWLRQ JHRPH
IORZ 7KLY GHPDQGV WKH WUHDWPHQW RI WKH IXO0 WKUHFE
IDYLHU 6WRNHV HTXDWLRQV $V IRU WKH ELIXUFDWLRQ JH
ELIXUFDWLRQ ZDV DGRSWHG ILUVW IRU FRGH YDOLGDWLRQ
H[SHULPHQWDO GDWD IRU VXFK D ELIXUFDWLRQ ZDV DYDLOD!
WKH 7 ELIXUFDWLRQ JHRPHWULHV XVHG LQ WKLV VWXG\ ZHU
LQ WKH H[SHULPHQW )RU WKH PRGHOOLQJ RI SK\VLRORJLFD
FDWLRQV JHRPHWULHV RI WKH WZR ELIXUFDWLRQ PRGHOV
GDWD IURIPOQOWHPHRDVXUHPHQWY -RQHV HW DO LQ ZKLFK |
% PRGH XOWUDVRXQG LPDJHV RI WKH FURVV VHFWLRQV RI V
GDXJKWHU YHVVHOV DQG WKH RULJLQ RI ERWK YHVVHOV ZH

PHWULFDO GDWD PHDVXUHG IURP SKRWRJUDSKV ZHUH XVHG



WKHNMBWH GHVFULEHG LQ FKDSWHU

%ORRG IORZ LQ DUWHULHYV LV SXOVDWLOH ZLWK LQVWDQV
VXUH YDU\LQJ GXULQJ D FDUGLDF F\FOH DFFRUGLQJ WR WKF
KHQ GHDOLQJ ZLWK IORZV LQ LGHDOLVHG 7 ELIXUFDWLRQV
VXUH JUDGLHQW ZDV VXSHULPSRVHG RQ D VWHDG\ IORZ WR
KHQ FDQLQH IHPRUDO ELIXUFDWLRQ IORZV ZHUH WUHDWHG
ORFLW\ ZDYHIRUP ZHUH HPSOR\HG 2QH ZDV DQ DYHUDJHG Y
DUWHULHY DQRWKHYLZBYHWKH PHDVXUHG XSVWUHDP RI HDF

PRGHOV

7ZR GLPHQVLRQOHVY SDUDPHWHUV KDYH EHHQ FRQVLVWH

WR FKDUDFWHULVH WKH IORZ WKH\ DUH GHILQHG DV IROORZ

WLSDOSHRCEJFH

LQHY
5H\QROGV QXPEHU
YLVRRKRUFHS

WUDQVLHQW LQHEWLDO IRUFH
‘RPHUVOH\ QXPEHU 3
9 YLR¥V IRUFH s\

G EHLQJ WKH SDUHQW Y&H WKHD WsULIPHP BWHUDJHG YHORFLW)\ L
YHVVHO@KH IOXLG SWRMLBNQDPLF YLVERANKIHVDQDRGDU IUHTXHQ
WKH SXOVDWLQJ IORZ ,Q WKH FDQLQH IHPRUDO ELIXUFDWLF

QXPEHU ZDV DERXW DQG WKH :RPHUVOH\ QXPEHU DURXQG

%ORRG LV D VXVSHQVLRQ RI D YDULHW\ RI FHOOV LQ DQ D
,Q ODUJH EORRG YHVVHOV LW LV UHDVRQDEOH WR FRQVLGH
SUHVVLEOH I0XLG %XW EORRG LV QRW JHQHUDOO\ 1HZWRC(

VKHDU UDWH :KLOH DW YHU\ KLJK VKHDU UDWHYV ! 6



1HZWRQLDQ EXW DW ORZ VKHDU UDWHV WKH YLVFRVLW\ RI E
Rl VKHDU UDWH $FWXDOO\ LQ ODUJH DUWHULHV VXFK KLJK
UHODWLYH VKRUW SDUW RI WKH F\FOH SHULRG DQG LQ DGG
ZDOO &RQVHTXHQWO\ LW LV PRUH DSSURSULDWH WR WUHDW
BHYHUDO IXQFWLRQDO IRUPV IRU FRQVWLWXWLYH HTXDWLRQ
WKH QRQ 1HZWRQLDQ EHKDYLRXU RI EORRG :DOEXUQ DQG
DQG 6DZDGD 5RGNLHZLF] HW DO $PRQJ WKHVH W

ZDV FRQVLGHUHG WR EH PRUH DSSURSULDWH DQG ZDV WKHU

7KH DUWHULDO ZDOO LV DQLVRWURSLF DQG YLVFRHODVW
UDGLDO GLODWDWLRQ RI ODUJH DUWHULHV LV XS WR Zt
LV YHU\ VPDOO EHFDXVH Rl WKH WHWKHULQJ Rl YHVVHOV WR
YDULHW\ RI PDWKHPDWLFDO PRGHOV IRU WKH PHFKDQLFDO
KDYH EHHQ GHULYHG XQGHU YDULRXV DVVXPSWLRQV $PRQ
VWUDLQ HQHUJ\ IXQFWLRQV GHULYHG IURP ILQLWH QRQOLQF
ZHUH FODLPHG WR EH RQH RI WKH VLPSOHVW DQG PRVW DF
WKH DUWHULDO ZDOO LV DVVXPHG WR EH KRPRJHQHRXV LQ
HODVWLF 7KHVH DVVXPSWLRQV KDYH EHHQ SURYHQ YDOLG Z
SUHVVXUH UDQJH )XQJ HW DO +RZ DQG &ODUNH
IRUP Rl VWUDLQ HQHUJ\ IXQFWLRQ ZDV DGRSWHG LQ WKLYV
DSSURDFK WR LQFRUSRUDWH WKLV LQ WKH IOXLG IORZ PRG
IORZ HTXDWLRQV DQG ZDOO GLVSODFHPHQW HTXDWLRQ DUH
VWHS EXW DUH FRQQHFWHG LQ WHUPV RI SUHVVXUH DQG EF
WLDO SURFHGXUHV RI WKLV DSSURDFK FDQ EH VXPPDULVHG
L VROYH WKH IORZ HTXDWLRQV DV LI WKH ZDOO LV ULJLG
IURP L DV ORDGLQJ RQ WKH ZDOO DQG VROYH WKH VWUH
UDGLDO GLVSODFHPHQW RI WKH ZDOO LLL WKH UHVXOW F
WKH QHZ ERXQGDU\ SRVLWLRQ IRU L 7KLV DSSURDFK LV

PRYHPHQW LV PXFK VORZHU WKDQ WKDW RI WKH IOXLG DQG V



WKADOO $W WKH SUHVHQW VWDJH KRZHYHU WKLV DSSURDF
VWUDLJKW FLUFXODU WXEH 'XH WR WKH LQVXIILFLHQW PHPI
; 03 ZKLFK KDV EHHQ UHSODFHG E\ &219(; DQG WKH WLP

VWXG\ DSSOLFDWLRQV WR ELIXUFDWLRQ JHRPHWU\ ZLOO EH

2%-(8&76 2) 5(6($58&+

'XH WR WKH SRWHQWLDO LPSRUWDQFH RI DUWHULDO EOR
VWUHVV LQ DWKHURJHQHVLV WKLV UHVHDUFK IRFXVHV RQ JI
IRUPDWLRQ RQ IORZ KHOG DQG ZDOO VKHDU VWUHVV GLVWU
DUWHULDO ELIXUFDWLRQ PRGHOV E\ PHDQV RI FRPSXWDWLR

7KH PDLQ SXUSRVHV RI WKH UHVHDUFK PD\ WKHQ EH VWDWH

D WR FRQVWUXFW D SXUSRVH EXLOW PRGXOH WR EH DE
DUELWUDU\ WKUHH GLPHQVLRQDO DUWHULDO ELIXUFDW|
XVHU LQSXW

E WR LQFRUSRUDWH WKH QRQ 1HZWRQLDQ YLVFRVLW\ R
DQG WR LQYHVWLIJDWH LWV HIIHFWV RQ D ELIXUFDWLRQ

F WR H[SORUH WKH SRVVLELOLW\ RI LQFRUSRUDWLQJ ZCL
IOXLG KRZ PRGHOOLQJ FRGH

G WR FDUU\ RXW D ZLGH UDQJH RI FRGH YDOLGDWLRQ F
7 ELIXUFDWLRQV XQGHU YDULRXV KRZ FRQGLWLRQV E\
UHOLDEOH /'$ PHDVXUHPHQWYV

H WR SURYLGH SUHGULEFWLHRQGC@PM DHFRRUDO ELIXUFDWLRQ
PHQWY RI -RQHV HW DO DQG KHQFH WR YDOLGDWH WKFE

WKH H[SHULPHQWDO RQHYV

DQG LQ DGGLWLRQ

I WR SURYLGH ZDOO VKHDU VWUHVV GLVWUUEXWLRRYV ZK



,Q GRLQJ VR LW ZRXOG KHOS
J WR UHGXFH WKG® QUMRBVRUHPHQWYV
K WR DFTXLUH D EHWWHU XQGHUVWDQGLQJ RI WKH URO|

IRUPDWLRQ RI DWKHURVFOHURVLYV

0(7+2'2/2*< $1' 675$7(*< (03/2<("

7KH SUREOHP RI EORRG IORZ LQ DUWHULDO ELIXUFDWLRC
IDFWRUV VXFK DV FRPSOH[ ' JHRPHWU\ SXOVDWLOLW\ Z
1HZWRQLDQ YLVFRVLW\ )XOO LQFRUSRUDWLRQ RI DOO WKHYV
WHGLRXV FRPSXWDWLRQDO WDVN DQG QR RQH KDV \HW DFK
QXPHULFDO VWXGLHV LW LV SRVVLEOH WR LVRODWH HDFK RC
LQGLYLGXDO DQG FRPELQHG LQIOXHQFH RQ WKH IORZ ILHOG

PDNH WKH PRGHO PRUH FORVH WR UHDOLW\ 7KLV LV WKH UD

JURP WKH QXPHULFDO VLPXODWLRQ SRLQW RI YLHZ VHYHL
WKH VROXWLRQ RI IORZ HTXDWLRQV Rl ZKLFK WKH ILQLWH
PHWKRG DQG WKH ILQLWH HOHPHQW )( PHWKRG DUH WKH
PDMRU DGYDQWDJH RI )( PHWKRGV LV WKHLU DELOLW\ WR F
DQG KLJKO\ QRQ XQLIRUP JULGY 7KHUHIRUH WKH DSSOLFDW
WR IORZ SUREOHPV RI FRPSOH[ ' JHRPHWULHV ZLWK KLJK Y
EH PRUH DSSURSULDWH IHYHUWKHOHVY WKH FRVW RI LQY|
WKHY LQWURGXFH LQ WLPH GHSHQGHQW IORZV LV TXLWH SU
)9 PHWKRGV DUH PRUH HIILFLHQW LQ WKHLU XVH RI FRPSXW
OHVV DPHQDEOH WR LUUHJXODUO\ VKDSHG JHRPHWULHV $0O
WLRQ FDQ EH XVHG WR JRRG HIIHFW RQ VRPH VLPSOH SURE
RI FRPSOH[ JHRPHWULHYV LV IDU PRUH GLIILFXOW 7R PDNH I

SXWDWLRQDO HFRQRP\ DQG JHRPHWULFDO IOH[LELOLW\ LW



IHDWXUHV RI ERWK )( DQG )9 PHWKRGV LQ RQH 7KH QHZO\ Ut
GHYHORSHG DW 8.%($ SURYLGHG VXFK D XQLTXH FRPELQDW
HITLFLHQF\ RI )9 VROXWLRQ PHWKRGV LW KDV DQ XQVWUXFYV
ELOLW\N RI D )( VIVWHP 7KLV XQXVXDO IHDWXUH KDV PDGH L\
WKH FXUUHQW DSSOLFDWLRQ DOWKRXJK LW GRHV QRW KDY

FDSDELOLW\

$Q DOWHUQDWLYH FRGH LV )/ : ' IURP $(5( +DUZHOO ,W
QRQ RUWKRJRQDO ERG\ ILWWHG FRRUGLQDWHV $OWKRXJK
DFFRPPRGDWLQJ DOPRVW DOO WKH IHDWXUHV RI WKH IORZ S
HDUOLHU YHUVLRQ DW WKH WLPH WKLV UHVHDUFK VWDUWHZC
JHRPHWULHV XQOHVV KLJKO\ LGHDOLVHG <HW VLQFH )/
PDUNHW OHDGHUV LQ )9 FRGHV DQG HVSHFLDOO\ LQ RXU UH
(QJLQHHULQJ 5HVHDUFK &HQWHU &LW\ 8QLYHUVLW\ &ROOLC
H[SHULHQFH RI XVLQJ WKLV FRGH IRU YDULRXV SUREOHPV LQ
DV ZHOO DV WXUEXOHQW IORZV HJ &LRIDOR DQG &ROOLQV
LW ZRXOG EH Rl LQWHUHVW IRU YDOLGDWLRQ SXUSRVHV WR
GDWD XVLQJ )/2: ' DV D EDVLV IRU FRGH WR FRGH FRPSDUL
VHDUFK $67(& ZDV XVHG IRU VROYLQJ WKH IORZ SUREOHP Z

XVHG DW WKH LQLWLDO VWDJH RI FRGH YDOLGDWLRQ VHH F

7KH VWUDWHJ\ Rl WKH DQDO\VLVY IROORZHG D ORJLFDO SU
SUHKHQVLYH UDQJH Rl FRGH YDOLGDWLRQ H[HUFLVHV ZDV ¢
ZLWK SUHGLFWLRQV RI IXOO\ GHYHORSHG IORZ LQ D VWUDL.
1HZWRQLDQ YLVFRVLW\ LL SXOVDWLOLW\ RI IORZ DQG L
LQWR DFFRXQW LQ WXUQ LQ RUGHU WR WHVW WKH FRGH:V
FDVHV DQG WKH DFFXUDF\ Rl SUHGLFWLRQV FKHFNHG WKU]
ZLWK HVWDEOLVKHG DQDO\WLFDO VROXWLRQV DQG ODERUDYV

ORZHG E\ LQYHVWLJDWLRQV RI ERWK VWHDG\ DQG SXOVDWLC



7 ELIXUFDWLRQ XQGHU YDULRXV IORZ FRQGLWLRQV DQG W
DJDLQVW SXEOLVKHG /'$ PHDVXUHPHQWY 7KHVH UHVXOWV Z
WKH UHOLDELOLW\ RI WKH QXPHULFDO SUHGLFWLRQV EXW LC
WKH ELIXUFDWLRQ IORZ ILHOG DQG ZDOO VKHDU VWUHVV GL
EDVLF IORZ SDUDPHWHUYV 7TKHQ WKH LQYHVWLJIJDWLRQ SURI
7 ELIXUFDWLRQ RI FLUFXODU FURVV VHFWLRQ ZLWK L 1HZYV
IOXLG WKHVH UHVXOWV ZRXOG UHYHDO WKH LPSRUWDQFH
DQG WKH HIIHFWV RI IORZ SXOVDWLOLW\ DQG QRQ 1HZWRQLD
WUXH SK\WLRORJLFDO IORZV LQ FDQLQH IHPRUDO ELIXUFDW
LOQIRUPDWLRQ RQ IORZ ILHOG DQG ZDOO VKHDU VWUHVV ZHU
YHORFLW\ SURILOHV ZHUH YDOLGDWHG E\ PHDQV RILQXDQWL

YLYRHDVXUHPHQWY REWDLQHG E\ -RQHV HW DO

$00 FDOFXODWLRQV SUHVHQWHG LQ WKLV GLVVHUWDWLF
&5%< ; 03 ZKLOH SUH DQG SRVW SURFHVVLQJ ZHUH SHUI

WLRQV DW WKH &LW\ 8QLYHUVLW\
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7KH IORZ RI EORRG WKURXJK DQ DUWHULDO ELIXUFDWLRQ
D WLPH GHSHQGHQW WKUHH GLPHQVLRQDO LQFRPSUHVVLEOF
WKH EDVLF HTXDWLRQV DUH LQWURGXFHG DQG WKH FXUUH(
RGV IRU VROYLQJ WKHVH HTXDWLRQV LQFOXGLQJ GLVFUHWI
VFKHPHY WLPH GLIIHUHQFLQJ VFKHPHYVY DQG SUHVVXUH YHOR
VXPPDULVHG 7KLV LV IROORZHG E\ DQ LQWURGXFWLRQ DQG
DYDLODEOH &) FRPSXWDWLRQDO I10XLG G\QDPLFV VRIWZD

$67(& LV GHVFULEHG LQ GHWDLO

*29(51,1* (48%$7,216

ORGHOOLQJ IOXLG IORZ UHTXLUHV WKH VLPXOWDQHRXV V
WLRQ SULQFLSOHV QDPHO\ WKRVH RI FRQWLQXLW\ DQG PRP]
WHQVRU QRWDWLRQ ZLWK VXPPDWLRQ RYHU UHSHDWHG LQ¢

PRPHQWXP HTXDWLRQV PD\ EH H[SUHVVHG DV

gSJ GA

DQG
G G G
GW SXL DALSXYT 8L o

6LQFH QR KHDW WUDQVIHU LV LQYROYHG LQ WKLV SDUWLFXO
FDQ EH RPLWWHG ,Q WKHVH HTXDWLRQV LT LV WKH YHORFL
FRRUGLCDWWKH IOXLG:-\D WWWMRONLWYUHVYVY WHQVRU DQG ) WKH ER

FRQVLVWY PDLQO\ RI LQHUWLDO IRUFH GXH WR JUDYLWDWL



QHJOLJLEOH LQ DQDO\WLQJ EORRG IORZ LQ DUWHULHYV

JRU D IHZWRQLDQ IOXLG ZLWK D FRQVWDQW YLVFF
WHQDRMY JLYHQ E\

Ral™ S6LG1 6NN LM

ZKHUH# LV WKH .URQHFNHU GHOWD 6 M WKH VWUDLQ UDWH W

6 GXL GXM?
LM ?G[MG [ M

DQG $ WKH PDWHULDO FRQVWDQW 6LQFH WKH IOXLG LV DVV

FRQGLWLRQ RI LQFRREUHVV UHGKPMHY (TQ WR WKH IRUP

LM SLMG M 6LM

VXEVWLWXWLQJ WKHVH LQWR (TQ WKH JRYHUQLQJ HTX|

IHZWRQLDQ IOXLG DUH REWDLQHG

GXM
G[A
DQG
G XL GS S G XW
aGWw SG[L GBMGI[M
JRU "' IORZV (TQV DQG FRPSULVH IRXU HTXDWLR

DEOHV L H WKUHH YHORFLW\ FRPSRQHQWY DQG SUHVVXUI

LQLWLDO DQG ERXQGDU\ FRQGLWLRQV WKHVH HTXDWLRQV DI

$V PHQWLRQHG LQ &KDSWHU EORRG LV QRW D 1HZWRQL

D FRQVWDQW EXW YDULHV ZLWK WKH VWUDLQ UDWH 7R DF



EHKDYLRXU RI EORRG WKH 1HZWRQLDQ HTXDWLRQ FDQ EI

VHH $SSHQGL[ $

FULM S6IM 6LM
ZKHUWHLY D IXQFWLRQ RI - 3 WKH VHFRQG LQYDULDQW RI WKF
- ?6LM 6 A
6XEVWLWXWLQJ (TQ LQWR (TQ ZH REWDLQ D VHW R

DQ LQFRPSUHVVLEOH QRQ 1HZWRQLDQ IOXLG

2XL
GIL
DQG
G X~ GX* GS G 772 GXL GX
GW G[®MG[L S G[M
7R VROYH (TQV DQG WKH FRQVWLWXWLYH HTXDWL

EHKDYLRXU RI WKH EORRG PXVW EH VSHFLILHG 'HWDLOV DE
RI WKH EORRG DQG LWV LQFRUSRUDWLRQ LQ WKH IORZ HTXL

DQG UHVSHFWLYHO\

7KHVH JRYHUQLQJ HTXDWLRQV DUH FRPSOH[ QRQ OLQHDL
WLRQV 7KH QXPHULFDO DSSURDFKHV IRU VROYLQJ WKHVH H

VXFFHHGLQJ VHFWLRQV

', 6&5(7,6%$7,21 0(7+2'6

6SDWLDO '"LVFUHWLVDWLRQ

OHWKRGV XVHG WR GLVFUpWLVp WKH IORZ JRYHUQLQJ HT
YLGHG LQWR WKUHH FDWHJRULHYV D ILQLWH GLIIHUHQFH Il

HOHPHQW PHWKRGV DQG F VSHFWUDO PHWKRGYV



)LQLWH GLIIHUHQFH DQG ILQLWH YROXPH PHWKRGV KDYH
GLIIHU VOLJKWO\ LQ WKH PHWKRGRORJ\ XVHG 7KH XVXDO S
HQFH PHWKRGV LV WR DSSUR[LPDWH WKH GHULYDWLYHV LQ (
7D\ORU VHULHV 7KXV WKH XQNQRZQV Rl WKH UHVXOWLQJ DO
WKH YDOXHV RI WKH IORZ YDULDEOHV DW GLVFUHWH SRLQWYV
QLWH YROXPH PHWKRGVY LQ ZKLFK WKH FRPSXWDWLRQDO GR
RI QRQ RYHUODSSLQJ FRQWURO YROXPHV DQG WKH GLIIHUH
RYHU HDFK FRQWURO YROXPH HQVXULQJ GLVFUHWH FRQVHU
HQHUJ\ 7R HYDOXDWH WKH UHTXLUHG LQWHJUDOV LQ WKH IF
GXUHV RU SURILOH DVVXPSWLRQV H[SUHVVLQJ WKH YDULDWL
JULG SRLQWV DUH QHHGHG 7KH UHVXOWLQJ GLVFUHWH HTX

DOJHEUDLF HTXDWLRQV FRQWDLQLQJ WKH YDOXHV Rl IORZ YI

2QH RI WKH PRVW DWWUDFWLYH IHDWXUHYV RI WKH ILQLW
PHWKRGV LV WKDW WKH\ DUH HDV\ WR XQGHUVWDQG DQG OH
LQWHUSUHWDWLRQV )RU WKLV UHDVRQ DQG WKHLU UHODWL
QRZ E\ IDU WKH PRVW SRSXODU PHWKRGV LQ &)' +RZHYHU
RI WKH ILQLWH GLIITHUHQFH PHWKRGY RQ D UHJXODU FRRUG
DPHQDEOH WR LUUHJXODU VKDSHG JHRPHWULHYVY DV WKH UF
FOLQHG ERXQGDULHV RQ D &DUWHVLDQ JULG LV QRW FRQYH
SDUWLDOO\ RYHUFRPH E\ WKH LQWURGXFWLRQ RI ERG\ ILWW

HYHQ VR DFFXUDWH UHSUHVHQWDWLRQ RI FRPSOH[ JHRPHW!

JLQLWH HOHPHQW PHWKRGY VXEGLYLGH WKH FRPSXWDWLEF
PHQWY ZKLFK FRXOG EH WULDQJOHV RU TXDGULODWHUDOV L(
LQ ' (DFK IORZ YDULDEOH LV DSSUR[LPDWHG E\ D -VKDSH IX
WLRQ DQG WKH GLVFUHWLVHG HTXDWLRQV DUH XVXDOO\ GHI
SULQFLSOH RU WKH *DOHUNLQ PHWKRG ZKLFK LV D VSHFLDO

UHVLGXDOV



JLOQLWH HOHPHQW PHWKRGV ZHUH RULJLQDOO\ GHYHORSHC
LQ VWUXFWXUDO PHFKDQLFVY EXW ZHUH UDSLGO\ H[SDQGHG |
XObuoOo\ WKH\ DUH UHFHLYLQJ LQFUHDVHG DWWHQWLRQ LQ &
PDMRU DGYDQWDJH RI ILQLWH HOHPHQW PHWKRGV LV WKHLU
LWLHY VR WKDW LUUHJXODU JHRPHWULHY FDQ EH WUHDWHG
PHWKRGYVY DUH FRPSXWDWLRQDOO\ YHU\ H[SHQVLYH IRU WKH
WKH JOREDO PDWULFHVY LOQWURGXFHG $OWKRXJK *UHVKR
WKH ILQLWH HOHPHQW DOJRULWKP IRU VROYLQJ WKH WLPH G|
6WRNHV HTXDWLRQV WKH FRPSXWHU FRGH SURGXFHG ZDV \
VWDQGDUG ILQLWH GLIIHUHQFH FRGHYV ORUHRYHU KLJK RU

PRGHO FKDQJHVY FDQ EH FXPEHUVRPH WR LPSOHPHQW

6SHFWUDO PHWKRGY DUH FKDUDFWHULVHG E\ WKH H[SDQV
D WUXQFDWHG VHULHV RI JOREDO SRO\QRPLDOV $Q HVVHQV
LV WKH FKRLFH RI H[SDQVLRQ IXQFWLRQV ZKLFK PXVW EH D
FRQGLWLRQV RI WKH SUREOHP )RU H[DPSOH )RXULHU VHU
SUREOHPV ZLWK SHULRGLF ERXQGDU\ FRQGLWLRQV ZKLOH
FDVH QRUPDOLVHG WR >3 @ WKH DSSURSULDWH FODVV RI

PLDOV VXFK DV &KHE\WKHY DQG /HIHQGUH IXQFWLRQV

I1XPHULFDO VSHFWUDO PHWKRGV IRU SDUWLDO GLIIHUHQV
GHYHORSHG E\ PHWHRURORJLVWY 7KHVH PHWKRGV XVHG LQ
DUH QRZ WHUPHG VSHFWUDO *DOHUNLQ PHWKRGV LQ ZKLFK
WKH WHFKQLTXHVY XVHG LQ FODVVLFDO DQDO\WLV DQG WKH
H[SDQVLRQ FRHIILFLHQWY :LWK WKH DGYHQW RI FRPSXWHUYV
PHWKRG 38 VSHFWUDO FROORFDWLRQ WHFKQLTXH 3 KDV EHHQ

2UV]DJ LQ ZKLFK WKH XQNQRZQV DUH WKH YDOXHV

SRLQWY DQG WKH VHULHV H[SDQVLRQ LV XVHG VROHO\ IRU



GHULYDWLYHYV

6SHFWUDO PHWKRGY KDYH EHFRPH WKH SUHYDLOLQJ WRR
7KH\ DUH PRUH DFFXUDWH WKDQ FRPSDUDEO\ UHVROYHG ILQL
DOJRULWKPVY EXW SURYH FRUUHVSRQGLQJO\ PRUH GLIILFXOV
FRQGLWLRQV DQG XVXDOO\ UHTXLUH PRUH RSHUDWLRQV SH

SUHVHQW WLPH WKHLU DSSOLFDWLRQV KDYH EHHQ PRVWO\ U

7TUHDWPHQW RI $GYHFWLRQ

7KH PDLQ FRQVLGHUDWLRQ LQ WKH GHULYDWLRQ RI WKH (
IRUPXODWLRQ RI WKH DGYHFWLRQ DQG GLIIXVLRQ WHUPV |V
DGYHFWLRQ GLIIXVLRQ GLVFUHWLVDWLRQ VFKHPH KDV D GLU
RI WKH VROXWLRQ DQG WKH FRQYHUJHQFH RI WKH SUREOHP
7KXV LW LV HVVHQWLDO WR FKRRVH DQ DSSURSULDWH DGYF

OHDGV WR VWDEOH DQG DFFXUDWH UHVXOWY ZLWK JULGV RI

7KH HVWDEOLVKHG PHWKRGV VXFK DV WKH FHQWUDO Gl
VFKHPH K\EULG VFKHPH 6SDOGLQJ DQG WKH SRZHU C
KDYH WKHLU RZQ GUDZEDFNV LQ WHUPV RI DFEXUDF\ DC
GLIIHUHQFLQJ VFKHPH LV OLNHO\ WR JLYH D SK\VLFDOO\ XQUH
WKH FHOO 3HFOMMW QXPEHUFHHGYV $OWKRXJK LW LV LQ SUL
WR UHILQH WK FLYL §PXD@WLBQR X JK WKLV VWUDWHJI\ LV Q
SUDFWLFDO SUREOHPV $ UHPHG\ IRU WKLV LV WKH XSZLQG
WKDW WKLV VFKHPH FDXVHV VHYHUH IDOVH GLIIXVLRQ $Q DC
ZKLFK LV D FRPELQDWLRQ Rl WKH FHQWUDO GLIIHUHQFLQJ DC
GLIIHUHQFLQJ VFRB3PH ZKHXBG XSZLQG VFKMBPM ZKHEXW VWLOO
FDQ QRW HOLPLQDWH IDOVH GLIIXVLRQ HUURUV 7KXV D QXF
EHHQ SURSRVHG IRU SUHYHQWLQJ fZLJJOHV:- ZKLOH PLQLPLV]

PD\ EH VXPPDULVHG DV IROORZYV



D Y6NHZ XSZLQG: VFKHPHVY EDVHG RQ WKH FRQFHSW RI
GLUHFWLRQ RI WKH YHORFLW\ YHFWRU LV XVHG LQ REWDLQLQ
VWUHDP 6LPLODU WHFKQLTXHYVY DUH YfPDVV IORZ ZHLIJKWHG
TYHFWRU XSVWUHDP:- /LOOLQJWRQ DQRG TERXQGHG VNH
SHWWD

E +LJKHU RUGHU VFKHPHV VXFK DV WKH VHFRQG RUGHL
XSZLQG EDVHG RQ WKH TXDGUDWLF XSVWUHDP LQWHUSRODMW
WKH T+HUPLWLDQSRO\QRPLDO:-VFKHPH *ODVV DQG 5RGL
5XELQ DQG *UDYHV .XPDU

F OHWKRGV EDVHG RQ D ORFDOO\ HIDFW VROXWLRQ RI W
DV WKH TORFDOO\ DQDO\WLFDO PHWKRG:- :RQJ DQG 5DLWKE
DQG WKH fILQLWH DQDO\WLFDO PHWKRG:- &KHQ HW DO

G ORGLILHG FHQWUDO GLIITHUHQFLQJ VFKHPHYVY VXFK DV

DQG 121',) +HGEHUJ

$ ODUJH QXPEHU RI FRPSDUDWLYH VWXGLHV KDV EHHQ F|
UHVXOWY DUH VXPPDULVHG E\ 3DWDQNDU +H FRQFOXC
RI D VDWLVIDFWRU\ DGYHFWLRQ GLIIXVLRQ VFKHPH VWLOO L
/IRZHU RUGHU VFKHPHV VXFK DV XSZLQG RU K\EULG DUH VWD
YROYH VHYHUH IDOVH GLIIXVLRQ +LJKHU RUGHU VFKHPHV V)
GLIIXVLRQ EXW SURGXFH QRQSK\WWLFDO RYHUVKRRWY DQG X(
ODWLRQV DQG GLYHUJHQFH $OVR KLJKHU RUGHU VFKHPHV
FRPSXWDWLRQDO FRPSOH[LW\ 3 RQH ZD\ RI KDQGOLQJ WKLYV
DSSURDFK: HPSOR\HG E\ %XUQV DQG :LONHYV ZKHUH W

VRUEHG LQWR WKH VRXUFH WHUP RQ WKH ULJKW KDQG VLGH



7LPH '"LITHUHQFLQJ 6FKHPHYV

JRU WUDQVLHQW SUREOHPV WKH WLPH GHULYDWLYH RI W
HQWLDO HTXDWLRQV FDQ EH DSSUR[LPDWHG LQ PDQ\ ZD\V

YDULDEOWH ZULWWHQ LQ WKH IRUP

WKHQ WKH GLVFUHWLVHG IRUP FDQ EH JHQHUDOLVHG DV
¢tQ O B LQ
$W \ L Z L

7KH TXDQWLW RYHG WR GHQRWH WKH OHYHO R[ LPSOLFLWQI
JLYHV WKH IXO0O\ LPJOLFLWIIMWAKWHMPH&UDQN 1LFROVRQ VFKHP

UHGXFHVY WR WKH IXOO\ H[SOLFLW VFKHPH W LV NQRZQ
WKH &UDQN 1LFROVRQ VFKHPHY DUH XVXDOO\ FRQVLGHUHG L
PDWKHPDWLFDO VHQVH ZKLOH WKH H[SOLFLW VFKHPH LV VX

FULWHULRQ ZKLFK FDQ EH H[SUHVVHG DV

& U

sfésw
ZKHUSHULY WKH &RXUDQWWEXPEHOHULW\ RI SURSDJDWLRQ LQ

VROXWLRWKH ZLGWK RI WKH VP DEOVWHKM VP HR/HK VIMHEG

&20387%$7,21 $/*25,7+06

7KH DYDLODEOH PHWKRGY IRU VROYLQJ IORZ HTXDWLRQV
EHLQJ EDVHG RQ SULPLWLYH YDULDEOHVY RU YRUWLFLW\ 7K
VWUHDP IXQFWLRQ KDYH EHHQ UDWKHU SRSXODU LQ WZR G
ORQJ WLPH 7KH HVVHQWLDO IHDWXUH RI WKLV DSSURDFK 1
DSSHDUDQFH WKXV LQVWHDG RI GHDOLQJ ZLWK WKH FRQWL
WXP HTXDWLRQV RQO\ WZR HTXDWLRQV QHHG WR EH VROYHC(

DQG YRUWLFLW\ +RZHYHU WKLV PHWKRG KDV GLIILFXOWLH



YRUWLFLW\ ERXQGDU\ FRQGLWLRQV DW VKDUS FRUQHUV DQG
GLPHQVLRQDO VLWXDWLRQV IRU ZKLFK D VWUHDP IXQFWLR
DWWHQWLRQ KDV WXUQHG WR IRUPXODWLRQV EDVHG RQ WKt

YHORFLW\ FRPSRQHQWY DQG SUHVVXUH

$ QXPEHU RI FXUUHQWO\ HPSOR\HG YHORFLW\ SUHVVXUH |
IURP WKH 6,03/( SURFHGXUH ZKLFK ZDV ILUVW LQWURGXFHG
(VWHQWLDOO\ WKH 6,03/( PHWKRG LV EDVHG RQ D WZ
LQ ZKLFK D JXHVVHG SUHVVXUH ILHOG LV LQWURGXFHG LQ
HYDOXDWH YHORFLWLHY DQG WKHQ D SUHVVXUH FRUUHFWL!
FRQWLQXLW\ XQGHU FHUWDLQ VLPSOLILFDWLRQV LV VROYH
+RZHYHU WKH RULJLQDO 6,03/( PHWKRG LV UDWKHU VORZ WF
XQGHU UHOD[DWLRQ 7KXV D QXPEHU RI PRUH HIILFLHQW YD
GHYHORSHG DQG DUH RXWOLQHG DV IROORZLQJ

D 6,03/(5 PHWKRG 3DWDQNDU LQ ZKLFK DQ HJ
VROYHG IRU WKH HYDOXDWLRQ RI SUHVVXUH ,W KDV EHHQ I
WKDQ 6,03/(

E 6,03/(67 PHWKRG 6SDOGLQJ ZKLFK LV EDVHG RQ
PHQW RI FRQYHFWLYH DQG LPSOLFLW WUHDWPHQW RI GLIIX
HTXDWLRQV

F 6,03/(& PHWKRG 9DQ 'RRUPDDO DQG 5DLWKE\ Z
VLVWHQW XQGHU UHOD[DWLRQ IRU WKH PRPHQWXP DQG SUH
VKRZQ WR DOORZ IDVWHU FRQYHUJHQFH IRU SUREOHPV GRP
DQG GUDJ IRUFHV )RU D QXPEHU RI PRGHO SUREOHPV LW KI
6,03/( WR VHOHFWLRQ RI XQGHU UHOD[DWLRQ IDFWRUV %XU

G 3,62 PHWKRG ,VVD LQ ZKLFK DQ DGGLWLRQDO St
LV SHUIRUPHG DW HDFK LWHUDWLRQ WR LPSURYH WKH VROX)
ZKLOH PDLQWDLQLQJ FRQWLQXLW\ )RU WUDQVLHQW SUREOH

LWHUDWLYH DOJRULWKP EXW UHTXLUHV DQ DFFXUDWH VRO>



2Q WKH ZKROH LW KDV SURYHG WR EH IDVWHU WKDQ 6,03,
LQ ZKLFK WKH IORZ ILHOG YDULHV PDUNHGO\ DW HDFK VWHS
GHSHQGHQW IORZV &LRIDOR DQG &ROOLQV

H 3,62& PHWKRG LQ ZKLFK WKH VLPLODU PRGLILFDW

SOLHG WR 3,62

7R VROYH WKH OLQHDULVHG PRPHQWXP HTXDWLRQV DQG
WLRQV WKH *DXVV 6HLGHO SRLQW E\ SRLQW RU OLQH E\ O
PRQO\ XVHG +RZHYHU WKHVH PHWKRGVY FRQYHUJH YHU\ VOR
QXPEHU RI JULG SRLQWV DUH LQYROYHG $Q DOWHUQDWLYH
VLRQDO GLVFUHWLVDWLRQ HTXDWLRQV LV WKH 6WURQJO\ ,P
E\ 6WRQH ZKLFK KDV EHHQ IRXQG PRUH UHOLDEOH IRU
SUREOHPVY HVSHFLDOO\ WKRVH ZLWK PDQ\ LQWHUQDO EORFN
SHULHQFH KDV DOVR VKRZQ WKDW LW LV EHVW WR VROYH WK
D KLJKHU GHJUHH RI DFFXUDF\ WKDQ WKH RWKHU HTXDWLRQ
LQJ WKH SUHVVXUH FRUUHFWLRQ HTXDWLRQ LV V\PPHWULF
JUDGLHQW 3&* PHWKRG PD\ EH DSSOLHG .LJKWOH\ DQG -
WKDW D VLPSOH LQFRPSOHWH &KROHVN\ SUHFRQGLWLRQLQJ

HIILFLHQF\ DQG UHOLDELOLW\ RQ ERWK VFDODU DQG YHFWRL

$ QXPEHU RI QHZ WHFKQLTXHV KDYH UHFHQWO\ EHHQ SUR:!
HIWHQVLRQV RI WKH BWRQH-V PHWKRG /LQ KDV SURSF
SDUDPHWHUV WR DFFHOHUDWH WKH FRQYHUJHQFH Rl 6WRQH-
ODWHG E\ 6FKQHLGHU DQG =HGDQ DQG 3HULF WKH
BWRQH-V PHWKRG LV UHSODFHG E\ D QLQH GLDJRQDO PDWUL
PHWKRGY DUH DSSOLFDEOH WR WKH GLVFUHWLVDWLRQ IRUPX
PDWULFHV WKH\ DUH DOVR VKRZQ WR EH PRUH HIILFLHQW 2z
VIVWHPV DV ZHOO ,Q D VHULHV RI SDSHUV WKH XVH RI PX

LOWURGXFHG B3KLOOLSY DQG 6FKPLGW GHVFULEHG WK



VRYLQJ WKH GLIIXVLRQ HTXDWLRQV 2QH XVHIXO DVSHFW R
WKDW LW DOORZV ORFDO JULG UHILQHPHQW LQ WKH UHJLRC
GXFWLRQ RI ORFDO JULG UHILQHPHQW LQ WKH VROXWLRQ RI
GHPRQVWUDWHG E\ 3KLOOLSVY DQG 6FKPLGW D 7KH\ DO\

PXOWLJULG WHFKQLTXH IRU UHFLUFXODWLQJ IORZV 3KLOOLSES

$9$,/$%/( &20387(5 &2'(6

L, QWURGXFWLRQ

&RPSXWDWLRQDO IOXLG G\QDPLFV &)' KDV EHHQ XVHG IF
DERXW 'LWK WKH UDSLG GHYHORSPHQW RI FRPSXWHU KD
PDMRU WHFKQLTXH DUHD 8S WR QRZ D QXPEHU RI &)' FRPS)
SURGXFHG EDVHG RQ HLWKHU ILQLWH GLIITHUHQFH ILQLWH YI
ZLWK YDULRXV QXPHULFDO IHDWXUHV DQG YDU\LQJ GHJUHHYV
WKLY VHFWLRQ D FRPSDULVRQ RI VRPH RI WKH PRVW SRSX
FRPPHUFLDOO\ DYDLODEOH LV SUHVHQWHG 3DUWLFXODU HP!

ZDV XVHG WKURXJKRXW WKLV UHVHDUFK

&RPSDULVRQ RI &)' &RGHV

$ OLVW RI VRPH Rl WKH PRVW SRSXODUO\ DYDLODEOH &)
&6 )/2: ' )/8(17 $67(& 67%$5&' ),5( ),'$3 3 )/275%$1 DQG
)($7 DOO KDYLQJ WKUHH GLPHQVLRQDO FDSDELOLW\ 7DEOH
FRPSXWHU SURJUDPV 7KH PRGHOOLQJ FDSDELOLWLHV DQG
SURJUDPV DUH FRPSDUHG LQ 7DEOH DQG 7DEOH UHVSH
LQFRPSUHVVLEOH ODPLQDU IORZV ZLWK D 1HZWRQLDQ IOXLG
JHQHUDOO\ UHJDUGHG DV D YHU\ EDVLF UHTXLUHPHQW IRU D
WUHDWHG E\ DOPRVW DOO WKHVH FRGHV +HQFH RQO\ WKH

WLHV VXFK DV WUDQVLHQW QRQ 1HZNWR @G WPKHO \@ X PSHKUDLVAH



IHDWEKV RI WKH FRGHV DUH FRPSDUHG

&2'( 7<3( 6833/,(5 &28175<
3+2(1,&6 )9 &+$0 8.
VA )9 &)'6 +DUZHOO 8.
)/8(17 )9 &5($5( ,QF 86%
$67(& +\EULG &)'6 +DUZHOO 8
67%$5 &' +\EULG ﬁggifﬁcﬂNLRQD%.
).5( )9 $9/ 1,67 $8675,%
)'$3 Y YOXLG '\QDPLFV 86%

QW
3)/275%1 )( 3'$ (QIJLQHHULQJI86S
)($7 )( 1XFOHDU (OHFWBLF

)( J)LQLWH HOHPHQW FRGH

)9 JLQLWH YROXPH FRGH
+\EULG (VVHQWLDOO\ )9 EXW RIIHULQJ XQVWUXFWX I
PHVK
7DEOH 6XSSOLHUV RI &)' &RGHV

,Q ERWK ILQLWH HOHPHQW DQG ILQLWH GLIIHUHQFH PHWK
WLRQ GHSHQGV QRW RQO\ RQ WKH IRUPXODWLRQ RI WKH FRQ
DOVR RQ WKH ILQHQHVV RI WKH PHVK DQG WKH PHVK GLVWUL
GLIIHUHQW SURJUDP LV KDUG WR TXDQWLI\ DQG LQ 7DEOH
FXUDF\ RI WKH DGYHFWLRQ VFKHPHV HPSOR\HG 7KH FRVW R
GLIILFXOW WR TXDQWLI\ DV LW WHQGVY WR EH SUREOHP GHS

*HQHUDOO\ ILQLWH HOHPHQW FRGHV XVLQJ GLUHFW VROXWL

7KH DGYHQW RI VXSHUFRPSXWHUV ZLWK WKHLU YHFWRU SU
LQJ FDSDELOLWLHYVY KDV PDGH VRPH LPSDFW RQ KRZ FRPSXW
DOJRULWKPY DUH GHVLIQHG 7R REWDLQ WKH EHVW SHUIRUF
SXWHUV VRPH RI WKH FRGHVY KDYH EHHQ VSHFLILFDOO\ WDLC(

KLJK GHJUHH RI YHFWRULVDWLRQ 7KLV LQIRUPDWLRQ LV DO



&2'( 3+2(1,86 )/ :° )/8(17  $67(& 67$5&  ),5( ),'$3 3 )/275%1 )($7

3K\ WLFDO PRGHO

7XUEXOHQW Y
7UDQVLHQW Y ;
&RPSUHVVLEOH 9 : . .
1RQ HZWRQDLQ ; 9 : ; :
7ZR SKDVH ; : : : : ;
%X R\DQW Y 9
3RURXV PHGLD 9 Y 9 u
&RPEXVWLRQ 9 Y
&KHPLFDO UHDFWLRQ Y ; ;
YUHH VXUIDFH 9 ; ;
([WUD VFDODUV Y 9 ; ;
*ULG

)9 )9 )9 )9 )9 )9 )( )( )(
7\SH Rl JULG 6 6 6 86 86 86 86 86 86
%RG\ ILWWHG
FRRUGLQDWHYV Y 1% 1% 1% 18 19 1%
/IRFDO JULG
UHILQHPHQW ; ; ; Y Y
DGDSWLYH JULGGLQJ Y : ; ;
)9 JLQLWH YROXPH 6 6WUXFWXUHG
)( JLQWH HOHPHQW 86 8QVWUXFWXUHG

7TDEOH &RPSDULVRQ RI FRGHV: FDSDELOLWLHYV



$SsDUW IURP WKH IORZ VROYHUV WKHPVHOYHV WKHLU SUF
LWLHY DUH DOVR LPSRUWDQW $00 WKH FRGHV OLVWHG KHU

FDSDELOLW\ DQG JUDSKLFV SDFNDJH EXW WKHLU HDVH RI XV

&2'( $'9(&7,21 $&8&85%&< 62/87,21 0(7+2'6
6&+(0(
3+2(1,&6 +\EULG VW ,WHUDWLYH
8SZLQG
) o +\EULG OvW QG ,WHUDWLYH
8SZLQG
+8:
48,&.
&21'))
)/18(17 48,&. VWQG L WHUDWLYH
$67(& +\EULG VW , WHUDWLYH
8SZLQG
68
+68
&21'))
67%5 &' oYW QG ,WHQ[WL9J
), 5( JWHUDWLYH
),'$3 *DOHUNLQ VW
3)/275%1 HTXDO
) (87 ,WHUDWL 8
«&21'")) PRGLILHG FHQWUDO GLIIHUHQFLQJ VFKHPH
+68 K\EULG VNHZ XSZLQG VFKHPH
+8: VHFRQG RUGHU XSZLQG VFKHPH
48,8&. WKLUG RUGHU XSZLQG VFKHPH
68 VNHZ XSZLQG VFKHPH

7TDEOH &RPSDULVRQ RI FRGHV: QXPHULFDO WUHDWFE



"HWDLOV RI $67 (&

*HQHUDO IHDWXUHYVY DQG FDSDELOLWLHYVY RI WKH FRGH

7KH $67(& FRGH ZDV GHYHORSHG IRU PRGHOOLQJ IOXLG G
SK\VLFDO SKHQRPHQD LQ FRPSOH[ JHRPHWULHY 7KH HTXDWL
VLQJOH SKDVH IORZ DUH VROYHG RQ D ILQLWH HOHPHQW PHYV
ULFDO IOH[LELOLW\ +RZHYHU WKH GLVFUHWH HTXDWLRQV DI
DSSURDFK VR WKDW WKH FRGH DYRLGV WKH KHDY\ XVDJH R/
FKDUDFWHULVHVY FODVVLFDO WKUHH GLPHQVLRQDO ILQLWH H
WXUHYVY DQG FDSDELOLWLHV DUH VXPPDULVHG LQ 7DEOH 1

LQ WKH FRGH DUH RXWOLQHG LQ 7DEOH

3K\ WVLFDO ORGHm®V /DPLQDU IORZ
7TXUEXOHQW IMREFP RGHO

E ,QFRPSUHVVLEOH
&RPSUHVVLEOH IRU ODFK QXPEHUYV
F 6WHDG\
7UDQVLHQW
G %XR\DQW %RXVVLQHVT DSSUR[LPDWLRQ
RU IXOO\ FRPSHVVLEOH
H &RQGXFWLRQ LQ VROLGYV

| 8VHU GHILQHG HTXDWLRQV IRU VFDODUYV

*HRPHWU\ D " RU

E 8QVWUXFWXUHG PHVK FRQVLVWV RI
DUELWUDULO\ VKDSHG QRGH HOHPHQWYV

F %RXQGDULHV
6ROLG UHJILROQ
,QOHW
2XWOHW
7KLQ VXUIDFH
6\PPHWU\ SODQH

G S3RURXV PHGLD

7TDEOH ODLQ IHDWXUHVY DQG FDSDELOLWLHV RI $67(.



)LJ

D )LQLWH YROXPH GLVFUHWLVDWLRQ QRQ VWDJJHU]
H[FHSW IRU SUHVVXUH
E 7UHDWPHQW RI DGYHFWHEQLG
8SZLQG
&21'))
+\EULG VNHZ XSZLQG
F 3UHVVXUH FRUUHFWLRQ HTQ VROYHU &RQMXJDWH
$OJHEUDLF PXOWLJULG
G 2WKHU WUDQVSRUW HTQV VROYHU $OJHEUDLF PX
*DXVV VHLGHO
H 7LPH GLIIHUHQFLQJ )XOO\ LPSOLFLW
| 9HORFLW\ SUHVVXUH FRXSOLQJ 6,03/(
7DEOH 1XPHULFDO PHWKRGV HPSOR\HG LQ $67(&
5(67%$57
5HODWLRQVKLS EHWZHHQ $67(& DVVRFLDWHG GLC
WKH SUH DQG SRVW SURFHVVRU



$67(& LWVHOI LV D IORZ VROYHU DQG LW LV VXSSRUWHG |
DQG D SRVW SURFHVVRU -$63(5 DOO GHYHORSHG LQ 8.$($
WR XVH WKH SDFNDJH LQYROYHV ILUVWO\ UXQQLQJ WKH PHVK
VSHFLI\LQJ WKH JHRPHWU\ WRJHWKHU ZLWK DQ LQLWLDO YD
JXHVV IRU WKH VROXWLRQ 7R UXQ $67(& DQ DGGLWLRQDO S
IRU FKRRVLQJ RSWLRQV DQG JHQHUDOO\ GLUHFWLQJ WKH FL
XVHU VXSSOLHG )RUWUDQ VXEURXWLQHV PD\ EH UHTXLUHG
DGGLWLRQV WR WKH PRGHO $IWHU UXQQLQJ $67(& DQ RXW
SURYLGH GLDJQRVWLF PHVVDJHV IURP WKH FRGH LQFOXGLQ
D GXPS ILOH LV JHQHUDWHG ZKLFK FRQWDLQV ILQDO YDOXHYV
IRUPDW DV WKH LQLWLDO YDOXHV ILOH 7KXV WKLV GXPS IL(
WKH FRGH 2QFH D VROXWLRQ LV REWDLQHG SLFWXUHV RI

UXQQLQJ WKH SRVW SURFHVVRU XVLQJ WKH PHVK DQG ILQDO

7KH PHVK DQG GLVFUHWLVDWLRQ

$67(& KDV DQ XQVWUXFWXUHG PHVK ZKLFK FRQVLVWYV RI
LQ ' DQG QRGH EORFNV LQ ' $V VKRZQ LQ )LJ LQ
YROXPH DURXQG HDFK QRGH LV GHILQHG E\ MRLQLQJ WKH P
HYHU\ HOHPHQW ORYLQJ WR ' WKH UHJLRQ LV VSOLW LQWF
HDFK HOHPHQW WKH SRLQWYV DW WKH PLGSRLQW RI HDFK HG
Rl WKH IRXU QRGHV RQ HDFK IDFH DQG DW WKH FHQWUH F
IRUPLQJ WKH HOHPHQW DUH MRLQHG WR FRQVWUXFW D FRQ
ZKLFK HQFORVHV WKH QRGDO FRQWURO YROXPH 7KH IRXU S
WKH FRQWURO VXUIDFH QHHG QRW EH FRSODQDU WKH IDFH I
ZKHQ WKH VXUIDFH LV QRW SODQDU $OWKRXJK HDFK HOHPHC
WKDW WKHUH LV QR UHVWULFWLRQ UHJDUGLQJ WKH QXPEHU |

QRGH EHORQJV



&2 1752/ YR O XPH

)LJ OHVK XVHG LQ $67(&

,Q $67(& WKH 1DYLHU 6WRNHYV HTXDWLRQV DUH ZULWWHQ
YROXPH LQWHJUDOV DUH DSSUR[LPDWHG E\ DVVXPLQJ WKDW V
RYHU WKH FRQWURO YROXPH HTXDOV WKH QRGDO YDOXH +RZ
LV FRQYHUWHG WR D VXUIDFH LQWHJUDO RI SUHVVXUH XVLQJ
VXUIDFH LQWHJUDOV DUH HYDOXDWHG E\ VXPPLQJ RYHU WKF
VKRZQ LQ )LJ 2Q HDFK IDFH WKH SUHVVXUH LV DVVXPHC
SUHVVXUHV DW WKH WZR QRGHV ZKRVH FRQWURO YROXPHV D!
FDOFXODWLQJ IOX[HVY WKURXJK HDFK IDFH RQO\ QRGHV EHOF
WKH IDFH OLHV DUH XVHG )RU WKH GLIIXVLYH IOX[] WKH JUDG
IURP WKH QRGDO YDOXHV DURXQG WKH HOHPHQW FRQWDLQLC
WKH DGYHFWLYH IOX[ WKURXJK D IDFH FHQWUDO GLIIHUHQF
QXPEHU ZLWK D SURSRUWLRQ RI XSZLQGLQJ HPSOR\HG
HIFHHG WZR $ IRUP RI VWUHDPOLQH XSZLQGLQJ LV XVHG WR
WKH IORZ OLHVY DW DQ DQJOH WR WKH PHVK 7KH IORZ WKUR.
WKH DGMDFHQW QRGDO YHORFLWLHV E\ HPSOR\LQJ WKH LQW

&KRZ



&DOFXODWLRQ SURFHGXUH

,Q $67(& WKH SURFHGXUH IRU VROYLQJ WKH GLVFUHWH
EDVHG RQ WKH 6,03/( PHWKRG $V VKRZQ LQ )LJ HDFK F\I

RXWHU LWHUDWLRQV HDFK RI ZKLFK FRQWDLQV WKH IROORZ

67(3 6ROYH WKH OLQHDULVHG PRPHQWXP HTXDWLRQV WR
PDWLRQ RI X Y Z UHGXFLQJ WKH HUURUV LQ WKHVH HTXDW

67(3 5HGXFH WKH PD[LPXP FRQWLQXLW\ HUURU E\ D VSHI
PXOWDQHRXVO\ XSGDWH WKH SUHVVXUH S DFFRUGLQJ WR W
UHTXLUHG WR HQVXUH PDVV FRQVHUYDWLRQ

67(3 6ROYH WKH WHPSHUDWXUH DQG WXUEXOHQFH HTXDYV
SURYH HVWLPDWHYV RI 7 N DQG H DJDLQ UHGXFLQJ WKH HUL
$OVR VROYH WKH VFDODU HTXDWLRQV WR LPSURYH HVWLPD

FDOFXODWHG

7KHVH LWHUDWLRQV ZLOO FHDVH LI RQH RI WKH IROORZLC

D 7KH PD[LPXP YHORFXWIRFRKBQHHLWHUDWLRQ WR WKH Q
VPDOOHWYWYKDQ PDOO IUDFWLRQ GHIDXOW RI D W\SLFDO
OHP DQG WKH PD[LPXP FRQWLQXLW\ HUURU VPDOOHU WKDQ
YHORFLW\ ILHOG DQG FDQ EH VHW DV D VPDOO IUDFWLRQ Gl
D W\SLFDO WLPH VFDOH IRU WKH SUREOHP

E 7KH PD[LPXP YHORBXWIRFKBQMHLWHUDWLRQ WR WKH Q
VPDOOHU WKDQ D XVHU VSHFLILHG SURSRUWLRQ RI WKH YHO|

F 7KH QXPEHU RI LWHUDWLRQV UHDFKHV WKH PD[LPXP (
FDQ DOVR EH VSHFLILHG E\ WKH XVHU
&RQYHUJHQFH RI WHPSHUDWXUH DQG RWKHU VFDODU YDULDLE
ZD\ 2QFH YHORFLWLHY DQG WKHVH RWKHU VFDODU YDULDE(

RQFH WKH PD[LPXP QXPEHU RI LWHUDWLRQV KDYH EHHQ SHU



DQG WKH FRGH WKHQ SURFHHGV WR WKH QH[W F\FOH LQ WULIL

LILHG ILQLVKLQJ WLPH LV DFKLHYHG RU WR WKH VWRS LQ D

'LWKLQ HDFK RI WKH DERYH GHVFULEHG VWHSV WKHUH DU
&RQYHUJHQFH ZLWKLQ LWHUDWLRQV LV DOVR PRQLWRUHG )F
LV VROYHG E\ D GLDJRQDOO\ SUHFRQGLWLRQHG FRQMXJDWH
PLQHVY WKH PD[LPXP XROKH RVIKH PHVK IROORZLQJ WKH PRPHQ
VROXWLRQ DQG WKHQ SHUIRUPV FRQMXJDWH JUDGLHQW VZt
JHQFH LV D VSHFLILHG IUDFWLRQ GHIDXOW RI WKH RULJ
QXPEHU RI VZHHSVY GHIDXOW ZKLFK FDQ EH SHUIRUPHC
SURFHGXUH FHDVHV 7KH VDPH DSSURDFK LV DGRSWHG IRU
PHQWXP DQG VFDODU HTXDWLRQV EXW KHUH WKH VFKHPH F
IROORZHG E\ VHYHUDO VZHHSV RI 625 7TKHVH VZHHSV DLPV
UHVLGXDO E\ D VSHFLILHG IDFWRU GHIDXOW IURP LWV F
D PD[LPXP QXPEHU RI VZHHSV WKDW FDQ EH SHUIRUPHG E\ \

7TKHVH YDOXHV FDQ DOVR EH GHWHUPLQHG E\ WKH XVHU

6XFFHVVLYH 2YHU 5HOD[DWLRQ



) LJ 7KH LWHUDWLYH VFKHPH ZLWKLQ D F\FOH



&+$37(5

/,7(5$785( 6859(<
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W ZDV SRLQWHG RXW LQ FKDSWHU WKDW WR LQYHVWL
DQDO\WLFDOO\ WKHUH DUH IRXU PDMRU IDFWRUV ZKLFK QHI
WKUHH GLPHQVLRQDOLW\ RI WKH ELIXUFDWLRQ WKH SXOVD\
WKH GLVWHQVLELOLW\ Rl WKH DUWHULDO ZDOO DQG WKH
EORRG ,Q WKLV FKDSWHU ERWK HQJLQHHULQJ DQG PHGLF
FDUHIXOO\ VXUYH\HG ,W LQFOXGHV GHVFULSWLRQ RI JHRPH
DQDWRPLFDO DQG RU XOWUDVRQLF 'RSSOHU DQG UDGLRORJL
RSPHQWYV LQ QXPHULFDO JULG JHQHUDWLRQ SDUWLFXODUO\
RYHUYLHZ Rl FXUUHQW XQGHUVWDQGLQJ RI EORRG IORZ LQ
WLRQV ,Q DGGLWLRQ WKH YLVFRXV EHKDYLRXU RI EORRG
RI EORRG YHVVHOV DV ZHOO DV WKHLU PDWKHPDWLFDO PR
RI FRPSOHWHQHVY D EULHI GHVFULSWLRQ RI H[SHULPHQWDC

EORRG IORZ LQ DUWHULHYV LV JLYHQ LQ WKH ODVW VHFWLRQ

*(20(75< 2) $57(5,%$/ %,)85&%$7,216

,Q RUGHU WR VLPXODWH KHPRG\QDPLF SKHQRPHQD LQ D¢
PHULFDOO\ WKH JHRPHWU\ FKRVHQ EHFRPHV WKH ILUVW FRC
WU\ Rl DUWHULHV E\ PHDQV Rl DQDWRPLFDO VXUJHU\ XOWUI
WHFKQLTXHV DUH GLVFXVVHG LQ WKLV VHFWLRQ (OHPHQWYV
VI\VWHP DUH VXPPDULVHG DW WKH EHJLQQLQJ RI WKH VHFWL
SO\LQJ WKH UHTXLUHG EDFNJURXQG IRU XQGHUVWDQGLQJ Wk
WKH GLVVHUWDWLRQ )LQDOO\ WKH LPSRUWDQFH RI PRGHO

JHRPHWU\ DQG LWV LQIOXHQFHY RQ ORFDO GHWDLOHG IORZ



6WUXFWXUH DQG 3K\WWLRORJ\ RI $UWHULHYV

7KH FLUFXODWRU\ VIVWHP RI WKH KXPDQ ERG\ FRQVLVW
WZR FRPSRQHQWY WKH SXOPRQDU\ DQG V\VWHPLF FLUFXOI
FLUFXODWLRQ DUH VKRZQ LQ )LJ 7KH KHDUW FRPSRVH
OHIW DWULXP DQG WZR YHQWULFOHV ULJKW DQG OHIW YHC
VIQFKURQLVHG SXOVDWLOH SXPSV LQ VHULHV 7KH SXOPRQEL
WKH ULJKW YHQWULFOH DQG WUDQVPLWVY EORR&2RDOE WR O.
VXSSO\ RI IUHVK R[\JHQ WDNH SODFH 7KH V\VWHPLF FLUFX(
WKH OHIW YHQWULFOH LV UHVSRQVLEOH IRU WKH VXSSO\ RI
WLVVXHV Rl WKH ERG\ DQG WKXV FDQ EH FRQVLGHUHG DV \
PHQWYV RI WKH ERG\ 7KH WUDQVPLVVLRQ Rl EORRG WKURXJ

LPSRUWDQW SDUWV RI WKLV FLUFXODWLRQ

$ VWULNLQJ FKDUDFWHULVWLF RI WKH FLUFXODWRU\ V\VW
%ORRG PXVW IORZ WKURXJK PDQ\ EHQGYV ELIXUFDWLRQV WL
LWV MRXUQH\ 7KH DUWHULDO WUHH FRPSULVHV RI YHVVHOV
ZKLFK VXFFHVVLYHO\ EUDQFK LQWR VPDOOHU YHVVHOV 7KH
DQG LWV PDLQ EUDQFKHV LV LOOXVWUDWHG LQ )LJ DQG
JLYHQ LQ 7DEOH 7KH DRUWD RULJLQDWHYV LQ WKH OHIW Y
LQLWLDO SDUW LV UHODWLYHO\ VWUDLJKW IRU DERXW FP D
W WKHQ FXUYHV DERXW f WKH YDRUWLF DUFK:- EUDQFKI

OLPEV 7KH DRUWLF DUFK LV WDSHUHG FXUYHG DQG WZL

SODQH 7KH DRUWD WKHQ SXUVXHV D IDLUO\ VWUDLJKW FRXU

WR WKH DEGRPHQ DQG OHJV JLYLQJ RIlI IXUWKHU EUDQFKH
VLPLODUO\ DUH FXUYHG DQG EUDQFKHG LQ D FRPSOLFDWHG
DUH UHODWLYHO\ IHZ VWUDLJKW VHJIJPHQWY RI DUWHU\ ZLWI

PHFKDQLFV RI ORQJ VWUDLJKW WXEHV FDQ EH DSSOLHG



+HDG

,QWURFURQLRO

)L J ODMRU RUJDQV LQ WKH FLUFXODWLRQ

JURP 'LQQDU



IDFLDO

)LJ ODMRU EUDQFKHV RI WKH FDQLQH DUWHULDO

JURP OF'RQDOG



$VFHQGLQJ

6LWH DRUWD

,QWHUQDO GLDPHWHU GM FPp

:DOO WKLENQHVV EP
K G
JHQJIWK FP

$SSUR[LPDWH FURVV VHFRRLRQDO DUHD

7RWDO YDVFXODU FURVV NMFWLRQDO
DUHD DW HDFK OHYHO

3HDN EORRG YHORFLW\ FP V

OHDQ EORRG YHORFLW\ FPVa

5H\QROGV QXPEHU SHDN
D KHDUW UDWH +]

&DOFXODWHG EDYH VSHH® V
OHDVXUHG ZD¥H VSHHG FP V

<RXQJ-V PRGXOXV 1P [ OWU

JURP & * &DUR 7 - 3FGOF\ DQG : $ 6HHG

0DLQ

'HVFHQGBBGRPLQDPMPRUDO&DURWLG ' QIHULREXOPRQDU\

RUWD DRUWD DUWHU\ DUWHU\$UWHULROBLOODUYHQXOH YHQD FDYOWUWHU\

T OHFKD QL&D URBIL RMOH/ FXQDAX SHEBWLILERTR I\ @K WVRPH UOHBILFDO DQG 7THFKQLFDO 3XEOLVKHUV

7TDEOH 1RUPDO YDOXHV IRU FDQLQH FDUGLRYDVFXOWUDSDUDPHWHUYV

/IRQ

)U.



%LIXUFDWLRQ *HRPHWU\

7KH KXPDQ FLUFXODWRU\ VIVWHP FRQVLVWYV RI PDQ\ DQDV
EUDQFKHV ZLWK YDULRXV EUDQFK DQJOHV GLDPHWHU UDWI
YHVVHO DQG SDUHQW DQG GDXJKWHU YHVVHO FXUYDWXUH
IXUFDWLRQV KDYH EHHQ VWXGLHG E\ D QXPEHU RI LQYHVWL.
LPSRUWDQFH PXFK RI WKH ZRUN KDV EHHQ GHYRWHG WR W|
XSRQ D VWXG\ Rl ELSODQDU DQJLRJUDPV %KDUDGYDM HW D!
HUDJH- JHRPHWU\ Rl WKH KXPDQ DGXOW FDURWLG ELIXUFDW
DQG SOH[LJODV PRGHOV $V GHSLFWHG LQ )LJ WKH FDUR\V
RI D PDLQ EUDQFK QDPHO\ WKH FRPPRQ FDURWLG DUWHU\ Z
LQWR WZR EUDQFKHV WKH LQWHUQDO DQG H[WHUQDO FDUR\
DUWHU\ LV FKDUDFWHULVHG E\ D ZLGHQLQJ LQ LWV PRVW S
EXOE 7ZR DVVXPSWLRQV ZHUH PDGH LQ WKLV PRGHO D V
VLQXV DUH FLUFXODU LQ FURVV VHFWLRQ E WKH SDUHQW D
VDPH SODQH DW WKH ELIXUFDWLRQ B5HQHPDQ HW DO
'RSSOHU V\VWHP WR PHDVXUH WKH UHODWLYH GLDPHWHU FKI
FDUGLDF F\FOH LQ \RXQJ DQG ROG SUHVXPHG KHDOWK\ VXEN
WKH LQWHUQDO DQG FRPPRQ FDURWLG DUWHU\ ZDV GHWHU
LPDJHU\ $ PRUH H[KDXVWLYH VWXG\ ZDV XQGHUWDNHQ E\
WKLV VWXG\ D FRPSOHWH VHW RI WKH FRPPRQ LQWHUQDO I
ORFDWLRQV WKH ELIXUFDWLRQ DQJOHV DQG LQIRUPDWLRQ
JLYHQ LQ WHUPV RI PHDQ YDOXHV DQG VWDQGDUG GHYLDWL
7KHVH GDWD DUH YDOXDEOH LQ FRQVWUXFWLQJ D WKUHH GL

ELIXUFDWLRQ IRU ERWK H[SHULPHQWDO DQG QXPHULFDO VW

%LIXUFDWLRQ JHRPHWULHY DW RWKHU VLWHV KDYH EHHQ
WKDQ WKH FDURWLG DUWHU\ ELIXUFDWLRQ &DVWV RI WKH K

DUFK DUH VKRZQ LQ )LJ D E ,W LV LPSRUWDQW WR HPS



JHRPHWULFDO GLIIHUHQFHYVY EHWZHHQ WKH ELIXUFDWLRQV D
UDWKHU ODUJH LQGLYLGXDO YDULDWLR®YY PEPROW KVEEF KXYDQ L
-RQHV HW DO VWXGLHG WKH JHRPHWU\ RI DQG IORZ LQ W
RI HLJKW PRQJUHO GRJV ZHLJKLQJ IURP N ,Q WKLV VW
ZHUH PHDVXUHG IURP SKRWRJUDSKV % PRGH XOWUDVRXQG |
RI WKH XSVWUHDP SDUHQW DQG ERWK GRZQVWUHDP GDXJKW
ERWK YHVVHOV DW WKH ELIXUFDWLRQ ZHUH DOVR SKRWRJUL
$00 SKRWRJUDSKV ZHUH VI\QFKURQLVHG WR WKH WLPH RI SH

SKRWRJUDSKLF SULQWYV LW ZDV IRXQG WKDW WKH SDUHQW '

IURP f DQG WKH SDUHQW WR VPDOOHU GDXJKWHU DQJOF
WKH SDUHQW YHVVHOV YDULHG IURP WR PP DQG WKH U]
GDXJKWHU YHVVHO GLDPHWHUYV IURP WR 7TKHVH GHPF

YDULDWLRQV LQ EUDQFKLQJ DQJOHV DQG VXSHUILFLDO JHRPH!
JHRPHWULHV VKRZQ LQ )LJ ZHUH DGRSWHG LQ WKH IORZ Sl

&KDSWHU

yLJ ,GHDOLVHG JHRPHWU\ RI KXPDQ FDURWLG DUWHU



)LJ 7UDFLQJYV RI FDQLQH LOLR IHPRUDO ELIXUFDWLRQYV

JURP -RQ@HW DO



*HRPHWULF (IIHFWV 2Q )ORZ ,Q %LIXUFDWLRQV

7KH GHSHQGHQFH RI IORZ SDWWHUQV DQG SUHVVXUH RQ (
EHHQ H[DPLQHG E\ VHYHUDO DXWKRUV )RXU VSHFLILF JHRPHYV
FDWLRQ ZHUH IRXQG WR LQIOXHQFH WKH GHWDLOHG IORZ ILF

LQ )L DUH GHVFULEHG EHORZ

)ORZ

yLJ *HRPHWULF SDUDPHWHUV RI D ELIXUFDWLRQ

$W JLYHQ GRZQVWUHDP ERXQGDU\ FRQGLWLRQV DC
FRQVWULFWLRQ RU YDVRGLODWLRQ WKH DUHD UDWLRV RI G|

LQIOXHQFH WKH IORZ SDUWLWLRQ EHWZHHQ WZR EUDQFKHYV
QLILFDQW HIIHFW RQ WKH H[LVWHQFH RI IORZ VHSDUDWLRQ LQ
DV ZHOO DV WKH ORFDO SUHVVXUH FKDQJHV &KR HW DO

WKDW IRU D JLYHQ 5H\QROGYV QXPEHU WKHUH LV D FULWLFDC

A
/ Wy
ZKHUH $ LV DQ HPSLULFDO FRQVWDQW (TQ VHUYHYVY DV D

ZLWK DQG ZLWKRXW VHSDUDWLRQ

L $W D JLYHQ EUDQFK IORZ UDWH UDWLR A DQG XS



EHU SUHVVXUH FKDQJH FRHQLWKHQSWUHQW YHVVHO LQ WKH
ULVHV ZLWK WKH LQFUHDVH R? EUD GQAKRIB/QDOH

$SH[ 6RPH ELIXUFDWLRQV VXFK DV WKH DRUWR LOLI
DSH[HVY ZKHUHDV RWKHUV KDYH PRUH URXQGHG RQHV *UHDW
EO\ DVVRFLDWHG ZLWK OHVV UHIOHFWLRQ RI D[LDO DQG SHU
]JRQH DQG WKH RXWHU ZDOOV RSSRVLWH WKH DSH[ ODOFROI
DSH[ ZKLFK LV RIIVHW IURP WKH D[LV RI WKH SDUHQW YHVVF
PHWU\ LQ WKH IORZ ILHOG DQG SURPRWHYV LQFUHDVHG VHFR

5X 5 6KDUS FXUYDWXUHV RI WKH RXWHU ZDOOV PD\ HQF

VHSDUDWLRQ DQG FDXVH ODUJH VHFRQGDU\ YHORFLWLHV

*5 ' *(1(5$7,21 7(&+1,48(6

,QWURGXFWLRQ

JRU WKH DSSOLFDWLRQ WR PRGHOOLQJ RI D ELIXUFDWLEF
OHP LV FUXFLDO VLQFH WKH FRPSOH[ ERXQGDU\ VKDSHV R
UHSUHVHQWHG DV DFFXUDWHO\ DV SRVVLEOH HQVXULQJ WK
WURGXFHG 1XPHULFDO JULG JHQHUDWLRQ KDV QRZ EHFRPH
LQ WKH QXPHULFDO VROXWLRQ RI SDUWLDO GLIITHUHQWLDO H
JLRQV 9HU\ VXEVWDQWLDO SURJUHVV KDV EHHQ ZLWQHVVHG
RU VR $ FRPSUHKHQVLYH VXUYH\ RI SURFHGXUHYV DQG DSS¢
7TKRPSVRW DO DQG D QXPEHU RI FRQIHUHQFHYVY VSHFLILFEL
QXPHULFDO JULG JHQHUDWLRQ KDYH EHHQ KHOG 7KRPSVRQ

JHQHUDO VXUYH\V KDYH EHHQ JLYHQ E\ 7KRPSVRQ DQG

'LWK WKH LQWURGXFWLRQ RI ERXQGDU\ ILWWHG FXUYLOL

HUDWHG WR PDLQWDLQ FRRUGLQDWH OLQHV FRLQFLGHQW ZL



MRGHVY FDQ EH ZULWWHQ WKDW DUH DSSOLFDEOH WR JHQHUDC
RI VSHFLDO SURFHGXUHV DW WKH ERXQGDULHV +RZHYHU W
RI PDNLQJ WKH FRPSXWDWLRQDO GRPDLQ PRUH FRPSOLFDWH
GLQDWH WUDQVIRUPDWLRQ %URDGO\ VSHDNLQJ QXPHULFDO
SULPDU\ FDWHJRULHYV DOJHEUDLF PHWKRGV DQG SDUWLDO
$ ORJLF EUHDNGRZQ RI WKHVH DSSURDFKHV LV LOOXVWUDW H(

RI WKHVH PHWKRGV LV JLYHQ LQ WKH IROORZLQJ VHFWLRQV

VSHFLDO FDVH

)LJ /RJLF EUHDNGRZQ RI JULG JHQHUDWLRQ PHWKRGYV



$OJHEUDLF OHWKRGYV

$OJHEUDLF PHVK JHQHUDWLRQ PHWKRGVY DUH WKRVH LQ
GHWHUPLQHG E\ LQWHUSRODWLRQ DPRQJ ERXQGDULHV DQG
JHEUDLF JULG JHQHUDWLRQ GLVWLQJXLVKHV LWVHOI IURP R\
JLHV E\ WKH DELOLW\ WR SURYLGH D GLUHFW IXQFWLRQDO
WUDQVIRUPDWLRQ EHWZHHQ WKH FRPSXWDWLRQDO DQG SK\\
WHUSRODWLRQ PHWKRGV XVHG LQ DOJHEUDLF JULG JHQHUD

XQL GLUHFWLRQDO DQG E PXOWL GLUHFWLRQDO

8QL GLUHFWLRQDO LQWHUSRODWLRQ PHDQV WKDW WKH L
HDU FRRUGLQDWH GLUHFWLRQ RQO\ WKHUHIRUH LW LV IXQC
VLPSOHVW RQH LV /DJUDQJLDQ LQWHUSRODWLRQ ZKLFK PDW
+HUPLWH PHWKRG LV DQRWKHU W\SH RI XQL GLUHFWLRQDO
EOH Rl PDWFKLQJ ERWK IXQFWLRQ DQG ILUVW GHULYDWLYH
GLUHFWLRQDO FRQVWUXFWLRQ LV WKH PXOWL VXUIDFH SUR
VWUXFWHG IURP DQ LQWHUSRODWLRQ RI D VSHFLILHG YHFWR
LVDWLRQ DW HDFK LQWHUSRODWLRQ SRLQW LQ RUGHU WR F
VR WKDW WKH ERXQGDULHV DUH PDWFKHG 7KH FKLHI FKDUL
SURFHGXUH LV WKH LQWURGXFWLRQ RI LOQOWHUPHGLDWH VXU
RXWHU ERXQGDULHV 7KH +HUPLWH DQG /DJUDQJLDQ LQWHUS

RI WKH PXOWL VXUIDFH SURFHGXUH

0OXOWL GLUHFWLRQDO LQWHUSRODWLRQ LQYROYHV LQWHU
DORQJ FXUYHV RU VXUIDFHVY UDWKHU WKDQ DPRQJ SRLQW YI
WUDQVILQLWH LQWHUSRODWLRQ ZKLFK LV JHQHUDWHG E\ FR
ODWLRQ ZLWK %RROHDQ VXPV 7UDQVILQLWH LQWHUSRODWL
QXPEHU RI SRLQWV ,W ZDV LQWURGXFHG E\ *RUGRQ DQG 7

XVHG LQ VHYHUDO SDSHUV IRU ERWK WZR GLPHQVLRQDO 8\



WUHH GLPHQVLRQDO (ULNVVRQ JULG JHQHUDWLRQ

2QH RI WKH PDMRU DGYDQWDJHV RI DOJHEUDLF PHWKRGYV
PHVK LV SHUIRUPHG GLUHFWO\ DQG LV FRPSXWDWLRQDOO\ Y
DOORZ WKH H[SOLFLW FRQWURO RI JULG SRLQW VSDFLQJ 8

GR QRW SRVVHVV LQKHUHQW VPRRWKLQJ SURSHUWLHYVY GLVF

3buwLDO 'LITHUHQWLDO (TXDWLRQ OHWKRGYV

3bUWLDO GLIITHUHQWLDO HTXDWLRQ V\VWHPV DUH JULG Jt
WKH JULGYV DUH WKH VROXWLRQ RI D VHW RI SDUWLDO GLIIH
WKHU VSOLW LQWR VXE FDWHJRULHVY HQWLWOHG K\SHUEROLF

UHIOHFW WKH W\SH RI SDUWLDO GLIITHUHQWLDO HTXDWLRQ X

'KHQ RQO\ RQH ERXQGDU\ LV VSHFLILHG K\SHUEROLF SDL
PD\ EH XVHG WR REWDLQ D JULG E\ VSDWLDOO\ PDUFKLQJ IU
LQKHUHQW HIILFLHQF\ RI WKH PHWKRG LV GXH WR WKH XVH R

VSDFH ,Q WZR GLPHQVLRQV WKH SULPDU\ VI\VWHP LV JLYHQ

[L[Y 9L9U

[L\UM [99L Y
ZKHUH 8 ... U LV WKH VSHFLILHG -DFRELDQ ZKLFK FRPHV I
UHIHUHQFH JULG 7KH QXPHULFDO VROXWLRQ RI (TQ LV
LQJ WULGLDJRQDO VROXWLRQV FDQ EH XVHG LI DQ DSSURSU
ZKLFK PDNHVY WKH K\SHUEROLF JULG JHQHUDWLRQ IDVWHU V
FXVVHG ODWHU E\ RQH RU WZR RUGHUV RI PDJQLWXGH $ |
WKH K\SHUEROLF V\VWHP ZDV PDGH E\ 6WDULXV DQG W
RUWKRJRQDO JULGY 7ZDV SUHVHQWHG E\ 6WHJHU DQG 6RUHC
PHWKRGY KRZHYHU DUH DSSOLFDEOH RQO\ WR FHUWDLQ FEL

DU\ LV VSHFLILHG EXW WKH VXUURXQGLQJ RXWHU ERXQGDU\



(OOLSWLF PHWKRGV SURGXFH D JULG E\ WKH VROXWLRQ |
WLDO HTXDWLRQ 7KHVH PHWKRGV KDYH FHUWDLQ DGYDQWD
RI boO HOOLSWLF PHWKRGV WUHDW WKH JHQHUDO FDVH RI
UDWKHU WKDQ WKH FDVH RI RQO\ RQH VSHFLILHG ERXQGDU\
WKHVH PHWKRGV LV VPRRWK LQ WKH VHQVH RI GHULYDWLYH
GLVFRQWLQXLWLHY DUH QRW SURSDJDWHG LQWR WKH ILHOG

JXDUDQWHH D RQH WR RQH PDSSLQJ EHWZHHQ WKH SK\VLFDO

7KH HOOLSWLF JHQHUDWLRQ V\WVWHP LV PRUH SRSXODU
WR WKH SUHYLRXVO\ GHVFULEHG PHULWYV DQG LWV IOH[LEOL}
GLITHUHQW W\SHV RI HTXDWLRQV KDYH EHHQ FRQVLGHUHG L
EXW WKH PRVW ZLGHO\ XVHG LV WKH 3RLVVRQ HTXDWL!

VAIVWHP RI 3RLVVRQ HTXDWLRQV LV

LI7 ... YW..11 3 ...L 9L
9[[79\\79]]% 4~ ... L& 9L ATA
&[T &\\7 &]] 3~&L 9L

ZKHUH 3 4 DQG 5 DUH SUHVFULEHG IXQFWLRQV WKDW DUH H
7KHUH DUH VHYHUDO ZD\V WR GHWHUPLQH WKHVH FRQWURO
D $WWUDFWLRQ WR FRRUGLQDWH OLQHV SRLQWYV
E $WWUDFWLRQ WR OLQHV SRLQWV LQ VSDFH
F (YDOXDWLRQ DORQJ D FRRUGLQDWH OLQH
G (YDOXDWLRQ RQ D FRRUGLQDWH VXUIDFH
H (YDOXDWLRQ IURP ERXQGDU\ SRLQW GLVWULEXWLRQ
| ,WHUDWLYH GHWHUPLQDWLRQ

7KHVH DSSURDFKHYV DUH GLVFXVVHG LQ GHWDLO LQ 7KRPSVR

7R VROYH (TQ WRIJHWKHU ZLWK WKH FRQWURO IXQF)
RI QXPHULFDO DOJRULWKPV KDYH EHHQ XVHG LQFOXGLQJ St

UHOD[DWLRQ 625 DSSUR[LPDWH IDFWRULVDWLRQ DQG DOWE



VFKHPHVY 7KH FRQYHUJHQFH FDQ EH DFFHOHUDWHG E\ XVI
JRUVH\ DQG %LOOLQJ JRU JHQHUDO FRQILJXUDWLRQV
YHQLHQW WR FRGH DQG KDV EHHQ IRXQG WR EH UDSLG DQG
HOOLSWLF JHQHUDWLRQ V\WWHPV KDYH EHHQ PDGH E\ PDQ\ U
DO ODVWLQ DQG 7KRPSVRQ +DXVHU DQG 7D\ORU

HOOLSWLF VA\VWHP FDQ DOVR EH DSSOLHG DV D VPRRWKHU WF

SDUDEROLF PHVK JHQHUDWLRQ HTXDWLRQV DUH XVXDOO\ G
OLVDWLRQ RI HOOLSWLF HTXDWLRQV KLOH DWWHPSWLQJ
SURSHUWLHY RI WKH HOOLSWLF DSSURDFK WKLV PHWKRG L(
FHGXUH RI WKH K\SHUEROLF PHWKRGYV ,Q FRQWUDVW WR
ERXQGDU\ FDQ EH VSHFLILHG ,Q FRPSDULVRQ ZLWK HOOLSW
DUH JHQHUDOO\ ZHDN DQG GLIILFXOW 7KH SDUDEROLF DSSI

OLPLWHG UDQJH RI UHODWLYHO\ VLPSOH JHRPHWULHY 1DND!

7KH SDUWLDO GLIIHUHQWLDO HTXDWLRQ JULG JHQHUDWLR
EH VXPPDULVHG DV LQ 7DEOH W VKRXOG EH VWUHVVHG K
Rl WKH PRVW KLJKO\ GHVLUDEOH SURSHUWLHV LQ UHJDUG WR
FRRUGLQDWH V\WWHP PDNHV WKH DSSOLFDWLRQ Rl ERXQGDL
ZDUG HQDEOHV PXFK PRUH HIILFLHQW WHFKQLTXHV WR EH D
GHJUHH Rl YHFWRULVDWLRQ RQ VXSHUFRPSXWHUV 2Q WKH
IURP RUWKRJRQDOLW\ ZLOO LQWURGXFH WUXQFDWLRQ HUUF
WKXV UHGXFH WKH DFFXUDF\ RI D QXPHULFDO DSSUR[LPDWL
JHQHUDOO\ DSSOLFDEOH WR DQ\ WZR GLPHQVLRQDO GRPDLQ
LPSRVVLEOH WR DFKLHYH LQ WKUHH GLPHQVLRQV 7KHUHIR
JULGV ZKLFK DUH QHDUO\ RUWKRJRQDO ZLWK WKH FRQGLWL

OHDVW SDUWLDOO\ VDWLVILHG



AOHWKRGV  \SHUEROLF (OOLSWLF 3DUDEROLF
BURSHUWLHV  AA

I1XPEHUV RI
ERXQGDULHYV RQH DOO WZR
VSHFLILHG

QR JXDUDQWHH QR JXDUDQWHH
&RQWLQXLW\ SURSDJDWH JXDUDQWHH SURSDJDWH
GLVFRQWLQXLW\ GLVFRQWLQXLW\
QHDU QHDU

UDQWHH
2UWKRJIRQDOIWD Q 2UWKRJRQDOLMIWKRJIRQDOLW\

20H WR RQH VRPH

PDSSLOJ QR JIXDUDQWHH \/oowpy QR JXDUDQWHH
QR LWHUDWLRQWHUDWLRQ QR LWHUDWLRQ

6ROXWLROQ WULGLDJRQD®5 $. HwW DO WULGLDJRQDO

DOJRULWKP VROXWLRQ VROXWLROQ

IDVW VORZ IDVW
"ULG ZHDNHVW VWURQJIHVW
FRQWURO Q ZHDNHU

7TDEOH 6XPPDU\ RI DGYDQWDJHY DQG GLVDGYDQWDJHV RI W

SDUWLDO GLIITHUHQWLDO HTXDWLRQ JULG JHQHUDWL

6SHFLDO 7HFKQLTXHV )RU ,UUHJXODU *HRPHWULHYV

,Q WKH DERYH VHFWLRQV WKH PDLQ DSSURDFKHV WR W|
PHVKHY KDYH EHHQ GLVFXVVHG ,W LV FOHDU WKDW VWUXFYV
IURP DOJHEUDLF PHWKRGV RU SDUWLDO GLIITHUHQWLDO HTXD
HDU FRRUGLQDWHYV 2QH ZD\ RI YLHZLQJ WKLV LV WKDW LQ
GRPDLQ LV PDSSHG RQ WR D UHFWDQJOH LQ WKH FRPSXWD!

yLJ +RZHYHU IRU UHDOLVWLF JHRPHWULHYVY SDUWLFXODUC
ELIXUFDWLRQV FRQFHUQHG KHUH LW LV YHU\ GLIILFXOW WF
WKH HQWLUH SK\WLFDO GRPDLQ WUDQVIHUUHG WR D VLQJOH
VSHFLDO WHFKQLTXHYV DUH UHTXLUHG IRU JULGGLQJ WKUHH (
WLRQV 7ZR PHWKRGV DUH QRZ SRSXODU IRU WKLV SXUSRV

XQVWUXFWXUHG PHVK JHQHUDWLRQ



S KXWLFDO G RP DLRQ FRPSXWDWLROQDO G R P DL Q

)LJ *HQHUDWLRQ RI D FXUYLOLQHDU'FRRUGLQDWH V

yLJ %ORFN VWUXFWXUH IRU DQ + &DUWHVLDQ PHVI



0XOWL EORFN JULGYV

7KH PXOWL EORFN FRQFHSW LV WR VHJPHQW WKH SK\VL|
EORFNV ZLWK JULGY EHLQJ JHQHUDWHG LQ HDFK EORFN )L
LQJ RQH JOREDO FXUYLOLQHDU FRRUGLQDWH VA\VWHP VHYHLI
FROQVWUXFWHG DQG FRQQHFWHG WRJIJHWKHU 7KLV FRQFHSW
HUIXO 7KH DUUDQJHPHQW RI EORFNV GHILQHV KRZ WKH ORF
DQG WKH UHVXOWLQJ FRQQHFWLYLWLHY EHWZHHQ WKH ORF
JULG WRSRORJ\ ,W LV SRVVLEOH WR FRQVWUXFW D ZLGH U
JLYHQ FRQILIJXUDWLRQ ,Q SDUWLFXODU LW LV SRVVLEOH WHF
DUH LGHDOO\ VXLWHG IRU HDFK FRPSRQHQW RI WKH FRQILJ
QDWH VA\VWHPV DUH DOORZHG LQ HDFK EORFN 7KLV LV DQ L
DQG FRQVWUXFWLRQ RI KLJK TXDOLW\ PHWKRGV ORUHRYHL
QRW UHVWULFWHG WR DQ\ SDUWLFXODU JULG JHQHUDWLRQ
SRLQWYVY FDQ EH SHUIRUPHG XVLQJ HLWKHU DOJHEUDLF RU H

WLRQ PHWKRGYV

2QH RI WKH PDMRU FRQFHUQV LQ JHQHUDWLQJ PXOWL EC
Rl JULG SRLQWVY DW EORFN LQWHUIDFHVY ,W LV LPSRUWDQV
ZKLFK EORFN LQWHUIDFHV PXVW VDWLVI\ L H WKH JULG SR
WZR DGMDFHQW EORFNV PXVW EH FRQWLQXRXV FD8HDOVR
EH HQIRUFHG DW WKH EORFN LQWHUIDFHV VXFK DV L VOR
FRQWLQXLW\ 60ORSH FRQWLQXLW\ DW EORFN LQWHUIDFHV F|
HLWKHU WUDQVILQLWH LQWHUSRODWLRQ RU DQ HOOLSWLF V
+RZHYHU WR DFKLHYH FRPSOHWH FRQWLQXLW\ DW EORFN L
SRLQWV RQ ERXQGDULHY PXVW HYROYH DV SDUW RI WKH VRO
SRLQWYV ,W LV WKHUHIRUH QRW SRVVLEOH WR VROYH IRU

EDVLVY EXW UDWKHU PHVKHV LQ DOO EORFNV PXVW EH JHQH!

T&RQWLQXLW\:- LV XVHG KHUH LQ WKH VHQVH RI FRUUHVSRQGHQFH UD
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yLJ 3RLQW FRUUHVSRQGHQFH DW EORFN LQWHL

7KH PXOWL EORFN DSSURDFK LV D YHU\ SRSXODU PHWKR
JULGVY WR FRPSOH[ JHRPHWULFDO VKDSHVY W KDV EHHQ DSS
WKUHH GLPHQVLRQDO JHRPHWULHY H J OLNL DQG 7DJDJL
"HDWKHULOO DQG 6KDZ ,W KDV DOVR EHHQ LPSOH
YHUVLRQ RI )/2: ' GLVFXVVHG LQ $OWKRXJIK WKH FRQ
PHVK LV DWWUDFWLYH IURP D PHVK JHQHUDWLRQ YLHZ SRLQ
FRPSOH[LWLHY DUH LQWURGXFHG LQ WKH GDWD KDQGOLQJ [
PHVK SRLQWY 7KLV DGGHG FRPSOH[LW\ LV DOVR FDUULHG RY

WKH IORZ HTXDWLRQV

8QVWUXFWXUHG JULGYV

$Q DOWHUQDWLYH DSSURDFK WR FRPSOH[ JHRPHWULHV LV
GRPDLQ LQWR DQ XQVWUXFWXUHG DVVHPEO\ RI FRPSXWDWLR
Rl DQ XQVWUXFWXUHG PHVK LV WKDW WKH QXPEHU RI FHOOV
QRGH RI WKH PHVK LV QRW FRQVWDQWQVMWUXKRZYH® PHNKH V
JHQHUDOO\ FRPSRVHG RI WULDQJOHV RU DUELWUDU\ TXDGULC
WHWUDKHGUD RU HLJKW QRGH EULFNV LQ WKUHH GLPHQVLRC
QRUPDOO\ DGRSWHG WR JHQHUDWH XQVWUXFWXUHG WULDQJX

QD\ RU WKH DGYDQFLQJ IURQW DSSURDFKHV DV GLVFEXVVHG L



) LJ BQVWUXFWXUHG PHVK D WULDQJOH PHVK E TXD

7KH SULQFLSDO DGYDQWDJH RI WKH XQVWUXFWXUHG PHVE
SRZHUIXO WRRO IRU GLVFUHWLVLQJ GRPDLQV RI FRPSOH[ VK
SRVVLELOLW\ RI LQFRUSRUDWLQJ DGDSWLYLW\ GLVFXVVHG
VXFK D PHVK LV SRRUO\ RUGHUHG DQG LV WKHUHIRUH OHVV I
DOJRULWKPY DQG YHFWRULVHG FRPSXWHUYV ,Q DGGLWLRQ
FRPSXWHU WLPH DQG VWRUDJH DV ZHOO DV PXFK PRUH LQYR(

WKDQ GRHV WKH VWUXFWXUHG PHVK

$GDSWLYH *ULGGLQJ

,Q YDULRXV LPSRUWDQW SK\VLFDO SKHQRPHQD WKHUH LV
ZKLFK LV FKDQJLQJ UDSLGO\ DW VRPH XQSUHGLFWDEOH ORF
LQ WLPH DV ZHOO :LWK IL[HG JULGV VXFK SKHQRPHQD DUH
WXUHG LQ QXPHULFDO VLPXODWLRQV 7KHUH DUH DOVR FDVH
QRW IL[HG EXW DUH WLPH GHSHQGHQW DQG PRYH LQ UHVSR
ILHOG RU VROXWLRQ 7KLV LV DQ LPSRUWDQW LVVXH KHUH \
GLVWHQVLEOH GXULQJ WKH FDUGLDF F\FOH E\ WKH SUHVVXUH
ZDOO E\ WKH EORRG ,Q WKHVH FLUFXPVWDQFHV WKHUH LV

HUDWLRQ WHFKQLTXHVY FDSDEOH RI PRYLQJ RU SRVLWLRQLQ.



WKIHHDWXUHYVY RI WKH SK\WLFDO ILHOG 7KLV UHTXLUHPHQW KI

DGDSWLYH PHVK JHQHUDWLRQ LQ ZKLFK WKH PHVK JHQHUDWR

JURP D VLPSOLVWLF YLHZSRLQW PHVK DGDSWLYLW\ LQYRC(
2QH LV WR VHW XS DGDSWLYLW\ FULWHULD L H WR FKRRVH
WLRQ WR ZKLFK PHVK SRLQWYVY VKRXOG EH FRQFHQWUDWHG §
HPSOR\HG WR PRYH RU DGDSW WKH PHVK $GDSWLYLW\ FUL!'
DVVHVVPHQW RI WKH HUURU LQ WKH VROXWLRQ RI WKH IOR
WR GHWHFW IHDWXUHV RI WKH IORZ ILHOG 7KHVH HVWLPDW
WKH IORZ HTXDWLRQV WR EH VROYHG +HQFH WKH FKRLFH
DGDSWLYLW\ FULWHULD KDYH EHHQ IRUPXODWHG LW LV QHFI
GRPDLQ VR DV WR DFKLHYH D EHWWHU UHVROXWLRQ RI WKt}
HUURU LQ WKH VROXWLRQ 7KHUH DUH WKUHH EDVLF VWUDW|

UHGLVWULEXWLRQ RI D IL[HG QXPEHU RI SRLQWYV
ORFDO UHILQHPHQW RI D IL[HG VHW RI SRLQWYV

ORFDO LQFUHDVH LQ DOJRULWKP RUGHU

7KH GHYHORSPHQW DQG DSSOLFDWLRQ RI DGDSWLYH JUL
(LVHPDQ DQG (ULHEDFKHU 7KH DERYH GHVFULEHG DGEL
G\QDPLFDOO\ FRXSOHG ZLWK WKH VROXWLRQ )RU D SUREOHF
DU\ DGDSWLYH PHVKLQJ LV GHVLUDEOH EXW QRW QHFHVVDU
ERXQGDULHYVY WKHQ D VLPSOHU WUHDWPHQW FDQ EH PDGH
WLYLW\ FULWHULRQ HTXDWLRQV IRU WKH PRYHPHQW RI WKH
7KH VLPSOHVW SURFHGXUH LV WR UHJHQHUDWH WKH FRRUG
XVLQJ WKH QHZ ERXQGDU\ ORFDWLRQV ZKLFK DUH HLWKHU P
WLRQV RI SDUDPHWHUV RI WKH SK\VLFDO SUREOHP 7KH VRO
DW HDFK WLPH VWHS WKXV LV GRQH VHSDUDWHO\ I[URP WKH
$OWHUQDWLYHO\ WKH HTXDWLRQV IRU WKH FRRUGLQDWH V\\

Rl SK\VLFDO VROXWLRQ HTXDWLRQV DQG WKH HQWLUH VHW R



DW HDFK WLPH VWHS 7KH LQFRUSRUDWLRQ RI WKH PRYLQJ
ULWKP LQ JHQHUDO LV WKH VDPH UHJDUGOHVYV RI WKH UHD\
HIDPSOHV RI JULGY IROORZLQJ ERXQGDU\ PRWLRQV DUH FLWI
6LQFH WKH WLPH GHULYDWLYH RI WKH -DFRELDQ IRU WKH FF

SK\WVLFDO WR FRPSXWDWLRQDO GRPDLQ LV LQWURGXFHG PRI

+DYLQJ UHYLHZHG WKH JHRPHWU\ RI DUWHULDO ELIXUFDWI
LFDO JULG JHQHUDWLRQ WHFKQLTXHVY WKH UHPDLQGHU RI W

WKH I10XLG G\QDPLFVY DVSHFW RI WKH DUWHULDO ELIXUFDWLF

/22" )l2: ,1 $57(5,(6

L LQWURGXFWLRQ

%ORRG LV SXPSHG IURP WKH OHIW YHQWULFOH LQWR WK
UK\WKPLF FRQWUDFWLRQV Rl WKH KHDUW 7KLV DGGHG EORR
DQG UHVXOWV LQ IORZ Rl EORRG DORQJ WKH DRUWD DQG WK!
$W DQ\ JLYHQ SRLQW WKH SUHVVXUH DQG YHORFLW\ FKDQJF
IORZ LV SXOVDWLOH DQG DVVRFLDWHG ZLWK WKH SURSDJDW|
VKRZV W\SLFDO SUHVVXUH DQG IORZ YHORFLWLHV DW YDULF
VIVWHP RI D GRJ WKH FRPSOLFDWHG ZDYHIRUPV DQG WKHLL
7KH FRPSOHWH FDUGLRYDVFXODU V\VWHP LV IDU WRR FRPS
FRPSUHKHQVLYH DQDO\WLFDO WUHDWPHQW DQG WKH SXUSR

LQYHVWLIJDWH VSHFLILF DVSHFWV RI LQWHUHVW

$Q H[WHQVLYH DFFRXQW RI WKH KLVWRULFDO GHYHORSP
FLUFXODWLRQ RI EORRG LV JLYHQ E\ )LVKPDQ DQG 5LFKDUG)
DEOH DFKLHYHPHQW LQ PRGHUQ FRQFHSWLRQ RI WKH FLUFXC
:LOOLDP +DUYH\ ,Q KLV ERRN SXEOLVKHG LQ I

SULQFLSOH RI EORRG FLUFXODWLRQ EDVHG RQ TXDQWLW



) LJ BUHVVXUH DQG YHORFLW\ ZDYHIRUPV LQ YDULRXV DU
$ $VFHQGLQJ DRUWD % 7TKRUDFLF DRUWD & $EGRPLQD

JHPRUDO DUWHU\ ( 6DSKHQRXV DUWHU\ JURP OF'RQDC

HIWUDSRODWLRQV $QRWKHU ODQGPDUN ZDV WKH ILUVW PH
PDGH E\ +DOHYV ZKR DOVR GHYHORSHG TXDQWLWDWLYH F
Rl WKH KHDUW DUWHULDO GLPHQVLRQV DQG IORZ YHORFLWLI
DQG +DOHV ZDV SDUWO\ TXDQWLWDWLYH LW GLG QRW FRQWD!
EH QRZ UHJDUGHG DV IOXLG RU VROLG PHFKDQLFV 7KH ILUVW
IORZ ZDV E\ (XOHU +H GHYHORSHG WKH RQH GLPHQVLRQ
IORZ Rl DQ LQFRPSUHVVLEOH IOXLG LQ DQ HODVWLF WXEH +
FRQVHUYDWLRQ RI PDVV DQG WKH HTXDWLRQV RI PRWLRQ
QRQOLQHDU ODZ UHODWLQJ WKH SUHVVXUH DW DQ\ SRLQW LG
VHEWLRQDO DUHD +RZHYHU KH ZDV QRW DEOH WR GHYHOR:
PHWKRG RI FKDUDFWHULVWLFV ZKLFK LV ZHOO VXLWHG WR WK

QRW NQRZQ LQ (XOHU:-V WLPH 7KH YHORFLW\ RI SURSDJDWLR



ZDV ILUVW GHULYHG E\ <RXQJ DQG ZDV IXUWKHU GHYHO
RWKHUV +RZHYHU RQO\ UHFHQWO\ KDYH WKH GHWDLOV RI
DWWUDFW DWWHQWLRQ 6WDUWLQJ IURP WKH ZRUN RI :RPF

WKH SXOVH ZDYH SURSDJDWLRQ FDOFXODWLRQV KDYH
JLYHQ PRUH FRPSOHWH DQG SUHFLVH XQGHUVWDQGLQJ ,Q
WKH QXPHULFDO SUHGLFWLRQV Rl EORRG IORZ WKURXJK ELI
GHYHORSHG E\ VROYLQJ QXPHULFDOO\ WKH 1DYLHU 6WRNHYV
GHYHORSPHQW RI WKHVH QXPHULFDO PHWKRGV DQG WKH UH
WKLY VXEMHFW ZLOO EH JLYHQ LQ WKH VHFWLRQV EHORZ )L

LQ WKH PHDVXUHPHQW RI EORRG IORZ LQ DUWHULHYV ZLOO EF

$UWHULDO :DYH 3URSDJDWLRQ

,Q WKH HDUOLHU WKHRUHWLFDO VWXGLHVY WZR PDMRU P
LQ WKH PDWKHPDWLFDO DQDO\WVLYVY RI ZDYH SURSDJDWLRQ L
EDVHG RQ WKH OLQHDULVHG 1DYLHU 6WRNHV HTXDWLRQV IR

RWKHU RQ WKH PHWKRG RI FKDUDFWHULVWLFV

,Q WKH ILUVW FDVH WKH SULQFLSOH DVVXPSWLRQV DUH
DUH VPDOO FRPSDUHG WR WKH ZDYH VSHHG E WKH VWUDLC
EORRG LV D 1HZWRQLDQ LQFRPSUHVVLEOH IOXLG G WKH FF
WKH 1DYLHU 6WRNHYVY HTXDWLRQV PD\ EH QHJOHFWHG DQG I
LV OLQHDU 8QGHU WKHVH DVVXPSWLRQV WKH 1DYLHU 6WRI
IRU RQH GLPHQVLRQDO IORZ FDQ EH OLQHDULVHG WKH UHVX
WR WKRVH IRU HOHFWULF WUDQVPLVVLRQ OLQHV SBUHVVXUL
DQDORJRXV WR YROWDJH DQG FXUUHQW UHVSHFWLYHO\

s Q s

G[ 3 o Bv

G[3 4YL)J(GLS$%1N

ZKHUH $ UHSUHVHQWYV WKH FURVV VHFWLRQDO DUHD [ WKH

IORZ UHVLVWDQFH SHU XQLW OHQJWK RI WKH DUWHU\ *S DSE¢



ORJWK DQG UHVXOWY IURP RXWIORZ WKURXJK VPDOO EUDQFK
VDWLRQ WKHRU\ RULJLQDWHG IURP WKH ODWH 'V HJ OF'

GHYHORSHG DQG DSSOLHG E\ PDQ\ UHVHDUFKHUV

,Q WKH VHFRQG FDVH WKH IORZ LV WUHDWHG DV TXDVL R
OLQHDU WHUPV RI WKH HTXDWLRQV DUH UHWDLQHG 7KH EDV
FKDUDFWHULVWLFV DUH

7KH FRQWLQXLW\ HTXDWLRQ

G$ G $
B B X L 9 R

7KH PRPHQWXP HTXDWLRQ

G X GX GS
GWA G S G

DQRG WKH WKLUG HTXDWLRQ

$ $ S 1 W

ZKHUH $ LV WKH FURVV VHFWLRQDO DUHD [ WKH D[LDO FRRL
ORFLW\ RILB®RRGVYHHSDJH WKURXJK WKH ZDOO SHU XQLW OH
WKH UHVXOWDQW RI DOO ORQJLWXGLQDO ERG\ DQG GLVVLS
FKDUDFWHULVWLFV (TQV DQG DUH ZULWWHQ DV D ¢
HTXDWLRQV DORQJ IDPLOLHV RI FKDU G VEMWX VRV LEKHUW FZILW k
WKH ORFDO <RXQJ-V?HOBREFIKMHVIHF HTXDWLRQV DUH VXLWDEOF
FDO LOQOWHJUDWLRQ E\ FRPSXWHU /DPEHUW ZDV WKH ILU
EORRG IORZ $ VLJQLILFDQW GHYHORSPHQW RI WKH PHWKRC
E\ $QOLNHU HW DO LQ ZKLFK D PDMRU FDQLQH DUWHU
E\ D WDSHUHG HODVWLF WXEH ZLWK EUDQFKHV VLPXODWHG |
GHSHQGVY RQ ERWK SUHVVXUH DQG IORZ DOVR WKH HIITHFW\

DFFRXQW

ODQ\ DGYDQWDJHYVY DUH DVVRFLDWHG ZLWK WKH XVH RI WK

SHUSRVLWLRQ RI SDUWLDO VROXWLRQV LPPHGLDWHO\ \LHOG



R )RXULHU VHULHVY DQG WKH DQDORJ\ RI WKH PDWKHPDWL|
HOHFWULF WUDQVPLVVLRQ OLQH PDNHVY DYDLODEOH WKH ULF
ILHOG +RZHYHU WKH DVVXPSWLRQV UHTXLUHG IRU OLQHDUI
DQG PD\ ZHOO LQWURGXFH HUURUV 7KH WKHRU\ EDVHG RQ
HIWUHPHO\ YHUVDWLOH DQG QRQ XQLIRUPLWLHV RI FURVV V
RI WKH EORRG YHVVHO RU WKH HIIHFWV RI HIWHUQDO IRUF|
FXOWLHV 2QH RI WKH SUREOHPV LV WKDW WKH FDOFXODWI
SHULRGLF VWDWH KDV EHHQ UHDFKHG ZKLFK PLJKW PDNH W
EXW LW PXVW EH DGPLWWHG WKDW WKLV FDQ EH HDVLO\ RYI

GD\ FRPSXWHUV

W FDQ EH VHHQ IURP WKH DERYH GLVFXVVLRQ WKDW WKH
RQ OLQHDULVDWLRQ RI WKH HTXDWLRQV DQG WKH RWKHU RQ
FRPSOHPHQW HDFK RWKHU 7KH\ DUH QRW RQO\ DSSOLFDEO}
WUHH EXW FDQ DOVR EH DSSOLHG HLWKHU VHSDUDWHO\ RU
WHULDO V\VWHP 2QH RI WKH EHVW FXUUHQWO\ DYDLODEOH
BWHWWOHU HW DO 7KLV PRGHO ZDV GHYHORSHG IRU W
IORZ SXOVHV SURSDJDWLQJ LQ WKH DUWHULDO V\VWHP EDVF
DUWHULDO FRQGXLW FRXOG EH UHSUHVHQWHG E\ D FRPELQD
7KHVH W\SHV DUH D VHJPHQWV ZLWK QR RU RQO\ VPDOO VLI
VHIJPHQWY DQG F SDWKRORJLFDO VHJPHQW DV VKRZQ LQ
WKH ILUVW W\SH WKH SXOVH SURSDJDWLRQ ZDV FDOFXODW
FKDUDFWHULVWLFV DQG D ILUVW RUGHU LQWHJUDWLRQ )RU
WKHRU\ ZDV XWLOLVHG 7KH VWDQGDUG FDVH IRU WKH KXPD
IURP WKH KHDUW WR WKH IRRW ZLWK HLJKW PDMRU EUDQFK
GDWD DQG SUHVFULELQJ WKH HMHFWLRQ SDWWHUQ IURP WK
SHUPLWWHG D PRUH UHDOLVWLF VLPXODWLRQ RI ELIXUFDWLR

SUHYLRXVO\



$SSOLFDWLRQV RI ERWK OLQHDU DQG QRQOLQHDU WKHRU
SUHW WKH DUWHULDO V\WWHP KDYH EHHQ QXPHURXV H J OF'
&DURW DO &RPSDULVRQV ZLWK H[SHULPHQWY KDYH VKRZQ
FKDUDFWHULVWLF IHDWXUHV RI WKH SURSDJDWLRQ RI WKH SL
XODU DUWHULDO V\WVWHP FDQ EH H[SODLQHG HLWKHU TXDQWL
WKHRULHV +RZHYHU LW VKRXOG EH ERUQ LQ PLQG WKDW L
WUHDWHG DV RQH GLPHQVLRQDO 7KLV LPSOLHV WKDW RQO\
DQG YHORFLW\ DW D JLYHQ FURVV VHFWLRQ DUH FDOFXODW*F

LQIRUPDWLRQ LV QRW REWDLQDEOH

yLJ ORGHOV RI DUWHULDO HOHPHQWYVY IURP ZKLFK D FRQ(
PHQW ZLWK D FRQWLQXRXV RXWIORZ QR RU RQO\ VPDOO VL

VHIPHQW F SDWKRORJLFDO VHJPHQW



JORZ $W $UWHULDO %LIXUFDWLRQV

,Q WKH DQDO\VLV RI ZDYH SURSDJDWLRQ LQ DQ DUWHULD
WHUQ LV QRW RI VSHFLILF LQWHUHVW +RZHYHU RWKHU SK\V|
GHSHQGHQW RQ WKH ORFDO IORZ EHKDYLRXU LQ WKH YLFLQL
H[DPSOH PDQ\ VWXGLHV KDYH VXJJHVWHG WKDW ORFDO IOXL
WKH GLVWULEXWLRQ RI ZDOO VKHDU VWUHVV RU SUHVVXUH S«
URVLV DQG WKURPERVLVY 7KLV KDV OHG WR D QXPEHU RI W
LQYHVWLIJDWLRQV RI WKH ORFDO IORZ SDWWHUQV LQ UHJLRC

WLRQV

2YHU WKH SDVW GHFDGH FRQVLGHUDEOH SURJUHVV KDV
XODWLRQ RI EORRG IORZ WKURXJK DUWHULDO ELIXUFDWLRQ
UHVHDUFK LV VXPPDULVHG LQ 7DEOH ,Q WKHVH VWXGLHYV \
PDGH WKH EORRG LV KRPRJHQHRXV LQFRPSUHVVLEOH DQG

ODPLQDU VWDWLRQDU\ DQG LVRWKHUPDO WKH YHVVHO ZDOC

SUHOLPLQDU\ QXPHULFDO VWXGLHV ZHHW ®SBOUIRUPHG E\ 2
RQ WZR GLPHQVLRQDO XQVWHDG\ IORZ WKURXJK VA\PPHWULF
LW\ VWUHDP IXQFWLRQ PHWKRG 7KLY DOJRULWKP KDV VRPI
GLVFXVVHG SUHYLRXVO\ KDV EHHQ UDWKHU SRSXODU IRU WZ
VRPH WLPH $V ZDV SRLQWHG RXW WKH SUHVVXUH PDNHV QF
HTXDWLRQV QHHG WR EH VROYHG WR REWDLQ WKH VWUHDP |
WKH PDMRU VKRUWFRPLQJ RI WKH PHWKRG LV LWV LQDSSURS
VLWXDWLRQV IRU ZKLFK D VWUHDP IXQFWLRQ GRHV QRW HJ[L
WR PHWKRGV WKDW XVH WKH VR FDOOHG SULPLWLYH YDULD
SRQHQWYV DQG SUHVVXUH 7KHVH SURFHGXUHV ZHUH DGRSWI
7TDEOH LQ ZKLFK WKH IORZ SDWWHUQV YHORFLWLHV SUFL

IRU VWHDG\ DQG RU XQVWHDG\ IORZ ZHUH FRPSXWHG XVLQJ



SHIHUHQFH *HRPHWU\ 7\SH RI )ORZPHULFDO OHWKRGYV

2.-%ULHQ HW DO' < W\SH 8QVWHDG\9RUWLFLW\ 6WUHDP
)XFWLRQ

2-%ULHQ (KUOLFKW\SH 8QVWHDG\9RUWLFLW\ 6WUHDP
)XFEWLRQ

I[LHSVFK ORUDYHFW\SH 6WHDG\ JLQLWH 'LITHUHQFH

BHUNWROG +LORBRHUURWL@BQVWHDG\)LQLWH (OHPHQW

5LQGHW DO " &DURWLG/ X JLQLWH HOHPHQW

.KRGDGDGL HW'DOW\SH 8QVWHDG\)LQLWH 'LIITHUHQFH

LOOH " 6\PPHWUGWHDG\ JLQLWH (OHPHQW
'LQQDHW DO "7 W\SH 8QVWHDG\)LQLWH 'LITHUHQFH
5LQGHWV DO ' &DURWL®GWHDG\ JLQLWH (OHPHQW

BHUNWROG SHWHUN\SH 8QVWHDG\)LQLWH (OHPHQW

SHUNWIRW GDO " aDURWL@BQVWHDG\)LQLWH (OHPHQW

SHUNWIRW GD O " aDURWL@BQVWHDG\)LQLWH (OHPHQW

7TDEOH 6XPPDU\ RI QXPHULFDO UHVHDUFK RQ EORRG IORZ



HOHPHQW WHFKQLTXHV 7KHVH LQYHVWLJDWLRQV KDYH VHUY]
WLRQ DQG YRUWH[ PRWLRQ DQG KDYH SURYLGHG QXPHULFDO
RI ZDOO VKHDU VWUHVV DQG SUHVVXUH ZKLFK PD\ TX@OLWDW

YLYR

W VKRXOG EH QRWHG WKDW PRVW RI WKH SUHYLRXV QX
VWULFWHG WR WZR GLPHQVLRQV 7KUHH GLPHQVLRQDO PR
GXH WR WKH DEVHQFH Rl QRQ QHJOLJLEOH WKUHH GLPHQVL
RQGDU\ IORZV LQ D WZR GLPHQVLRQDO FDVH 2QO\ LQ WKH |
GLPHQVLRQDO VLPXODWLRQV EHFRPH SRVVLEOH $V DQ LQLW
D WKUHH GLPHQVLRQDO PDWKHPDWLFDO PRGHO RI VWHDG\ I
WLRQ E\ XVLQJ WKH ILQLWH HOHPHQW PHWKRG 1HYHUWKHO
ORQJ D FRPSXWDWLRQDO WLPH WKXV SURKLELWLQJ IRU WKt
GHYHORSPHQW $QRWKHU FRPSXWDWLRQ VFKHPH EDVHG RQ |
SUHVHQWHG E\ 'LQQDU HW DO ,Q DQ DSSOLFDWLRQ WR
Rl UHFWDQJXODU FURVV VHFWLRQ WKH VXJJHVWHG VFKHPH
FRPSDUHG ZLWK WKH ILQLWH HOHPHQW PHWKRG 7KLV PHWI
UDWKHU VLPSOH JHRPHWULHY 7KH PRGHOOLQJ RI SXOVDWLC
GLPHQVLRQDO ELIXUFDWLRQ ZLWK D FRPSOH[ JHRPHWU\ KDV
LV PDLQO\ EHFDXVH WKH FRPSOH[LW\ Rl WKH JHRPHWU\ FRPE
WXUH RI WKH IORZ QRW RQO\ FUHDWHYV GLIILEXOWLHV LQ JHQ
PHVK EXW DOVR UHVXOWV LQ D ODUJH GHPDQG LQ FRPSXWHL
D KLJKO\ YHFWRULVHG IOXLG G\QDPLFV FRGH DQG D GHGLFI
WLRQ RI VXFK D SUREOHP EHFRPH SUDFWLFDEOH +RZHYHU
SRZHU KDYH SHUPLWWHG ILQLWH HOHPHQW PHWKRGV WR EH
RlI \HDUV WKUHH GLPHQVLRQDO VLPXODWLRQV KDYH EHHQ St
IRU VWHDG\ IORZ LQ D FDURWLG ELIXUFDWLRQ XVLQJ WKH ¢
PHWKRG 3HUNWROG DQG 3HWHU IRU SXOVDWLOH IORZ

DQRG 3HUNWROG DQG 5HVFK IRU SXOVDWLOH IORZ LQ D



B XVLQJ WKH QHZO\ GHYHORSHG SUHVVXUH FRUUHFWLRQ IL¢
SHUFRPSXWHUV 7R WKH DXWKRU:-V NQRZOHGJH QR ELIXUFD
FDUULHG RXW ZLWK WKH QRQ 1HZWRQLDQ FKDUDFWHU RI W

GLVWHQVLELOLW\ WDNHQ LQWR DFFRXQW

5+(2/2*,&%$/ 3523(57,(6 2) %/22"

,OQWURGXFWLRQ

7KH UKHRORJLFDO SURSHUWLHY RI EORRG DQG LWV FRQV!
LQ WKH SK\WVLRORJ\ RI WKH EORRG FLUFXODWLRQ ([WHQVLY
PLODWLRQ RI WKH PHFKDQLFDO SURSHUWLHV RI EORRG DQG
VA\VWHP RI KXPDQ DQG DQLPDOV <HW HYHQ QRZ ZLWK WKH F
HTXLSPHQW DQG PHWKRGY DYDLODEOH WKHUH LV VWLOO PX!

HIWUHPHO\ FRPSOLFDWHG I10XLG

$Q 2XWOLQH RI %ORRG 5KHRORJ\

+XPDQ EORRG LV D VXVSHQVLRQ RI D YDULHW\ RI FHOOV L
SODVPD ZKLFK FRQWDLQV DERXW ZDWHU E\ ZHLJKW <
RUDJDQLF VXEVWDQFHV DQG RWKHU RUJDQLF VXEVWDQFH
HVVHQWLDOO\ DOO UHG FHOOV HU\WKURF\WHV ZLWK ZKLWF
F\WHV DQG SODWHOHWY PDNLQJ XS OHVV WKDQ RI WKH W
FHOOV DUH VPDOO QXPEHULQJ DERXW PLOOLRQ PP DQG V

RI WKH EORRG YROXPH +XPDQ UHG FHOOV KDYH D ELFRQ
ZLWK D GLDPHWHR (RHQV DQG )XQJ EXW WKH\ DUH IOH|
WR SDVV HDVLO\ WKURXJK FDSLOODULHV RI DERXW RQH KD
ZKLWH FHOOV DQG SODWHOHWYVY DUH QRUPDOO\ QRW QXPH!
G\QDPLFV EHKDYLRXU RI EORRG EXW SODWHOHWY SOD\ D VI

RI EORRG FORWY DV ZHOO DV EHLQJ LQYROYHG LQ WKH OD



DWKHURVFOHURVLYV

7KH PHFKDQLFDO SURSHUWLHYVY RI EORRG DUH GHWHUPLQ
UKHRORJLFDO SURSHUWLHV RI WKH UHG FHOOV DQG WKH
LOQGLYLGXDO FHOOV LQ WKH FLUFXODWLRQ 30DVPD LV D
DQRG LV LQFRPSUHVVLEOH 7KH GHQVLWYI R BQDBVWKDW RI
UHG FHOQV [.J P ZKLOH ZKROH EORRG KDV D GHQVLW\ EH

[ .J P 1RUPDO SODVPD EHKDYHV OLNH D KRPRJHQHRX
ZLWK YLVFRVLW\ RI .J PV DW ERG\ WHPSHUDWXUH f& &
DO WV YLVFRVLW\ YDULHV ZLWK WHPSHUDWXUH LQ WKF
WHU :KROH EORRG KRZHYHU FDQ QRW EH DVVXPHG DV 1HZW
RI VXVSHQGHG FHOOV 7KH H[SHULPHQWDO UHVXOWYV LQ )LJ
DUH EDVHG RQ VHYHUDO VWXGLHV ZLWK KXPDQ EORRG VKRZ
YLVFRVLW\ ZLWK UDWH RI VKHDU W LV IRXQG WKDW WKH
FRPHVY LQVLIJQLILFDQW ZKHQ WKH VKHDU UDWH LV JUHDWHU W
YLVFRVLW\ DSSURDFKHYV DQ DPV\®R.IWRWLHHRYBONH DV WKH VKH
UDWH GHFUHDVHV WKH DSSDUHQW YLVFRVLW\ LQFUHDVHV VOF

6 LW ULVHV H[WUHPHO\ VWHHSO\

7KH YLVFRVLW\ RI EORRG DOVR GHSHQGY VWURQJO\ RQ W
FHOOV KHPDWRFULW DV VKRZQ LQ )LJ $W KHPDWRFUL!
VLRQV RI UHG FHOOV LQ SODVPD EHKDYH OLNH D 1HZWRQLDQ
WKH\ KDYH D KLJKHU YLVFRVLW\ WKDQ SODVPD $V WKH KHF
GRHV WKH YLVFRVLW\ RI WKH VXVSHQVLRQV LQFUHDVH EXW

LV UHYHDOHG

$V RXWOLQHG LQ WKH IRUHJRLQJ EORRG LV D YHU\ FRP S(
ZLWK VKHDU UDWHV KHPDWRFULW DV ZHOO DV WHPSHUDWX

VWDWH LI DQ\ ,Q ODUJH EORRG YHVVHOV LW LV UHDVRQDE(¢



JHQHRXV LQFRPSUHVVLEOH IOXLG W LV XQLYHUVDOO\ DJUHEL
! 6 EORRG FDQ EH DVVXPHG DV 1HZWRQLDQ EXW DW
FRVLW\ RI EORRG GHFUHDVHV ZLWK WKH LQFUHDVH RI VKHDU
VXFK KLJK VKHDU UDWHVY RFFXU RQO\ GXULQJ D UHODWLYHO\
DQG LQ DGGLWLRQ SUHGRPLQEDQWO\ FORVH WR WKH ZDOO

QLHQFH EORRG KDV EHHQ DVVXPHG WR EH IHZWRQLDQ LW
FRQYHUVH SRVWXODWLRQ WKDW EORRG EHKDYHV FRPSUHK
IOXLG DQG RQO\ IRU D SDUW RI WKH WLPH SHULRG DQG LQ D
DV D 1HZWRQLDQ IOXLG 5RGNLHZLF] HW DO 7TKXV DQ I
HTXDWLRQ IRU WKH YLVFRXV EHKDYLRXU RI ZKROH EORRG LV
HOOLQJ RI EORRG IORZ LQ ODUJH DUWHULHYVY O9DULRXV SURSI

ZLOO EH GLVFXVVHG LQ WKH QH[W VHFWLRQ

)LJ O9DULDWLRQ RI DSSDUHQW YLVFRVLW\ RI KXPD

ZLWK UDWH RI VKHDU JURP :KLWPRUH



yLJ 5HODWLRQVKLS EHWZHHQ YLVFRVLW\ DQG UDWH RI V

VXVSHQGHG LQ WKHLU RZQ DQWLFRDJXODWHG SODVPD DW f
JURP % URIRANDO
7TKH &RQVWLWXWLYH (TXDWLRQ

$V ZDV GHVFULEHG LQ WKH ODVW VHFWLRQ WKH EHKDY
QRQ 1HZWRQLDQ LWV YLVFRVLW\ GHFUHDVLQJ ZLWK DQ LQF
EHKDYLRXU LV W\SLFDO RI D SVHXGRSODVWLF IOXLG ORUHRY
ORDGLQJ FRQGLWLRQV WKDW ZKROH EORRG H[KLELWV D \LHO
IRUFH LV QHFHVVDU\ LQ RUGHU WR LQLWLDWH IORZ &RNHOF
%LQJKDP SODVWLF EHKDYLRXU +RZHYHU LW VKRXOG EH SRL

IRU EORRG LV HIWUHPHO\ VPDOO RQQ\MRA WKIHPRUGHU RI

6HYHUDO IXQFWLRQDO IRUPV IRU FRQVWLWXWLYH HTXDWL
WKH QRQ 1HZWRQLDQ EHKDYLRXU RI EORRG VXFK DV WKH J

PRGHO &DVVRQ PRGHO ELYLVFRVLW\ PRGHO DQG :DOEXUQ



D 3RZHU ODZz

$ JHQHUDO SRZHU ODZ FDQ EH H[SUHVVHG LQ WKH IRUP

7 PLQ

ZKHUH U VKHDU VWUHVYV
VKHDU UDWH
P FRQVLVWHQF\ LQGH]
UL QRQ 1HZWRQLDQ LQGH]
3DUDPHWHUV P DQG Q DUH DVVXPHG WR EH FRQVWDQW IRU D
FKHPLFDO FRPSRVLWLRQ 7R DOORZ IRU WKH SUHVHQFH RI

HTXDWLRQ FDQ HDVLO\ EH PRGLILHG

7 7N PAQ

ZKHUHLY WKH \LHOG VWUHVV

E %LQIJKDP PRGHO

,Q WKLY FDVH WKH UHODWLRQ EHWZHHQ VKHDU VWUHVV LC

U 7Na9 Lo ! 7\
7T

ZKHUHLY D FRQVWDQW 7KLV UHODWLRQRWKISDVYYVLOQUQW R U R X\KT!

RULJLQ

F &DVVRQ PRGHO
7KLV PRGHO DWWHPSWV WR GHVFULEH ERWK WKH \LHOG
SODVWLF IOXLG DQG WKH SVHXGRSODVWLF EHKDYLRXU DV V

UHODWLRQ IRU &DVVRQ:V IOXLG KDV WKH IRUP

VW 3IK YOOO0! wy

w7\



yLJ 5KHRJUDP IRU GLIITHUHQW W\SHV RI IORZ EHKDYLRXL

SUHVVXUH DQG WHPSHUDWXUH

W ZDV GHULYHG IRU SLIJPHQW RLO VXVSHQVLRQ RI SULQWLQJ

FDQ EH ZULWWHQ LQ WKH IROORZLQJ ZD\

7 7\ a 19 0 ! WA

w? 7\
7KH ILUVW SDUW LV D %LQJKDP:-V IOXLG EHKDYLRXU WKH VI

UHODWLRQ EHWZHHQ VKHDU VWUHVV DQG VKHDU UDWH W LV

ODZ ZLWK D \LHOG VWUHVV

G %LYLVFRVLW\ PRGHO
7KLV LV D PRGLILHG %LQJKDP PRGHO GHYHORSHG IRU PRC

EHKDYLRXU IRU VOXUULHYVY 1DNDPXUD DQG 6DZDGD 7KH



WKH ELYLVFRVLW\ PRGHO LV ZULWWHQ DV IROORZV

7LM >E+ 7\ V. %ILM 7 A TF
7LM £0% 7\9 7F HL &
ZKHUH LM FRPSRQHQW RI WKH GHYLDWRULF VWUHVV W

LM L M FRPSRQHQW RI WKH GHIRUPDWLRQ UDWH WHQV
+H $SODVWLF YLVFRVLW\

7 73

UF D FRQVWDQW ZKLFK LV FKRVHQ VXFK DV WR VDWLV

+%\1=QF

7KH GLIITHUHQFH EHWZHHQ %LQJKDP PRGHO DQG ELYLVFR
WKH YHORFLW\ JUDGLHQW WHQGVY WR ]J]HUR WKH DSSDUHQW

LQILQLWH LQ D %LQJKDP EXW KDV D ILQLWH YDOXH LQ D ELY

H :DOEXUQ DQG 6FKQHFN PRGHO

7KLV LV D PRGLILHG JHQHUDO SRZHU ODZ WR DFFRXQW IR/
LQIOXHQFH EORRG IORZ EHKDYLRXU %\ SHUIRUPLQJ D PXOV
WKH YLVFRPHWULF GDWD REWDLQHG IURP DQWLFRDJXODWH (
6FKQHFN IRXQG DQ HPSLULFDO FRQVWLWXWLYH HTXDW

GHSHQGV XSRQ VKHDU UDWH KHPDWRFULW DQG WRWDO SUF

U &OHF +OHFA730%0+ O F +

ZKHWH? FRQVWEPQW 3D tV
&z ,FRQVWE2QW
& FRQVWDQW &
&? FRQVWDQW J
+ KHPDWRFULW

730% WKH WRWDO SURWHLQ PLQXV DOEXPLQ J



$PRQJ WKH ILYH UKHRORJLFDO PRGHOV RI EORRG &DVVR

PRVW SRSXODU RQH LQ WKH SDVW ODQ\ LQYHVWLIJDWRUV
&KLHQ HW DO KDYH XVHG WKLV HTXDWLRQ ZLWK D

FHVV &DVVRQ PRGHO LV YDOLG IRU VWHDG\ IORZ DQG VLPSO
UDWH WHQVRU FDQ EH FDOFXODWHG LQ SULRU 1HYHUWKHOH
Rl EDVLF HTXDWLRQ RI &DVVRQ PRGHO LV FKDQJHG YHU\ PXF
LQ D IOXLG DQG WKH VKHDU VWUHVV FDQ QRW EH ZULWWH
UDWHYV 6R HIIRUWY KDYH WR EH PDGH WR ILQG D PRUH DS
WKH ORZ VKHDU UDWH UHJLRQ 7KH ELYLVFRVLW\ PRGHO LV
VKHDU VWUHVV FDQ EH ZULWWHQ H[SOLFLWO\ W ZDV GHPR
UDWHV RI DERXW 3 6 WKH FDOFXODWHG YHORFLW\ S

FRVLW\ PRGHO DJUHH ZLWK WKH PHDVXUHG RQH YHU\ ZHOO !

+RZHYHU LQ HLWKHU &DVVRQ RU ELYLVFRVLW\ PRGHO D
EH SRLQWHG RXW WKDW WKH \LHOG VWUHVV IRU ZKROH EOF
VXUHG RQO\ XQGHU VWDWLF ORDGLQJ FRQGLWLRQV 7KLV Et
WKH LOQOWHUDFWLRQV EHWZHHQ WKH SURWHLQ ILEULQRJHQ DC
EHHQ UDLVHG UHJDUGLQJ WKH H[LVWHQFH RI WKH \LHOG VWL
LV DOWKRXJK IOXLG YHORFLWLHY DQG YHORFLW\ JUDGLHQW)\
RVFLOODWLQJ IORZ WKHUH LV SUREDEO\ QRW HQRXJK WLPH
,Q DGGLWLRQ WR WKLV DV PHQWLRQHG HDUOLHU WKH \LHOG
YLUWXDOO\ FRQVWDQW 7KXV RQ EDODQFH D PRUH DSSURS

HTXDWLRQ ZRXOG EH WKH JHQHUDO SRZHU ODZ

%DVHG RQ D SRZHU ODZ IXQFWLRQDO IRUP FRQWDLQLQJ
WHQF\ LQGH[ DQG D QRQ 1HZWRQLDQ LQGH[ WKH :DOEXUQ Dt
GHYHORSHG ,QVWHDG RI KDYLQJ RQO\ RQH LQGHSHQGHQW
DQG 6 PRGHO LQFOXGHV WZR DGGLWLRQDO LQGHSHQGHQW

DQG 730%$ $SSOLFDWLRQ WR WKH SXOVDWLOH IORZ LQ D FR



EDVHG RQ WKH : DQG 6 PRGHO DUH QRW RQO\ LQ FRQIRUPLYV
UHVXOWV EXW DUH DOVR FORVHU WR WKH DFWXDO VLWXDWL
HOV 1HYHUWKHOHVV LW VKRXOG EH VWUHVVHG WKDW WKLYV
SDUWV RI WKH IORZ KHOG ZKHUH WKH VKHDU UDWHYV DUH YHU
DW WKH ORZ VKHDU UDWH H[SHULPHQWDO IDFLOLW\ 7KHUHIF

FROQVWLWXWLYH HTXDWLRQV RI EORRG LV VWLOO QHHGHG

7KH (IIHFWV Rl 1RQ3MHZWRQLDQ &KDUDFWHULVWLFV RQ

JORZV

,Q PRVW RI WKH SUHYLRXV VWXGLHV SXUH 1HZWRQLDQ E
VXPHG VLQFH WKH QRQ 1HZWRQLDQ EHKDYLRXU RI EORRG Kl
f{VHFRQG RUGHU:- HIIHFW RQ DUWHULDO ELIXUFDWLRQ IORZ
EHHQ PXFK OHVV H[WHQVLYHO\ VWXGLHG WKDQ WKH RWKHU
DWWHQWLRQ LV EHLQJ SDLG WR WKHP DQG WKH\ PD\ KDYH \

Rl WKH ELIXUFDWLRQ Rl JUHDWHVW LQWHUHVW

ORUDYHF DQG /LHSVFK VWXGLHG WKH GLIIHUHQFHV L«
WRQLDQ DQG QRQ 1HZWRQLDQ IOXLGV LQ D VLPSOLILHG WKL
KXPDQ UHQDO DUWHU\ ELIXUFDWLRQ XQGHU ERWK VWHDG\ I
VWXG\ DTXHRXV JO\FHULQH ZDV XVHG DV WKH 1HZWRQLDQ 10
Rl SRO\DFU\ODPLGH DV WKH QRQ 1HZWRQLDQ 7KH YHORFLW
GLVWDO WR L H XSVWUHDP DQG GRZQVWUHDP RI WKH ELI)
D /DVHU 'RSSOHU DQHPRPHWHU ,W ZDV IRXQG WKDW GLII
SDWWHUQV LQ 1HZWRQLDQ DQG QRQ 1HZWRQLDQ IOXLGV RFF
VHSDUDWLRQ DQG UHYHUVH IORZ DQG IRU YHVVHO GLDPHWH!
Rl QRQ 1HZWRQLDQ EHKDYLRXU XSRQ YHORFLW\ GLVWULEXW

VLIQLILFDQW



1RQ 1HZWRQLDQ HIIHFWYV RQ DUWHULDO ELIXUFDWLRQ 1IC
JDWHG E\ .X DQG /LHSVFK 7KH PRGHO XVHG IRU WKL
f 7 ELIXUFDWLRQ ZLWK ULJLG DQG HODVWLF ZDOOV $TXH
YLVFRHODVWLF VHSDUDQ PL[WXUH ZHUH XVHG DV 1HZWRQLCL
UHVSHFWLYHO\ JORZ YLVXDOLVDWLRQ VWXGLHV ZHUH GRQF
WKH SODQH RI WKH ELIXUFDWLRQ DQG WKH YHORFLW\ GLVYV
VWHDG\ DQG SXOVDWLOH IORZV ZLWK D /'$ 7KLV VWXG\ IXU
WLDO GLIIHUHQFHYVY LQ WKH IORZ EHKDYLRXU RI WKH 1HZWRQ
HVSHFLDOO\ EHKLQG WKH ELIXUFDWLRQ LQ WKH PDLQ WXEH
VHSDUDWLRQ VWDUWHG VHH )LJ KDW LV PRUH DQRW
IORZ GLYLGHU ZDV REVHUYHG ZKHQ XVLQJ D QRQ 1HZWRQLD
UXEEHU PRGHO DV VKRZQ LQ )LJ $00 WKHVH UHVXOWYV
IHZWRQLDQ IORZ EHKDYLRXU FDQQRW EH QHJOHFWHG HYHC
FRQFOXGHG WKHUHIRUH WKDW LW LV QHFHVVDU\ WR DFFRF

VWXGLHV



$&48(286 */<&(52/ 62/87,21 $&48(286 6(3%$5%1 0,;785(

U P3DV T P3DV

yLJ &RPSDULVRQ RI D 1HZWRQLDQ DQG D YLVFRHODVWLI
RYHU D ZKROH F\FOH DW PP EHKLQG D f 7TMXQFWLRQ RI D

FRUQHUV 7KH HQWUDQFH 5H\QROGV QXPEHUWZ 4XxDQG WKH 10}
JURP /LHSVFK

yLJ &RPSDULVRQ RI D 1HZWRQLDQ DQG D YLVFRHODVWLF
RYHU D ZKROH F\FOH DW PP EHKLQG D f 7 MXQFWLRQ RI
PRGHO ZLWK VKDUS FRUQHUV 7KH IORZ FRQGLWLRQV WKH V

JURP /LHSVEFK



7+( 0(&+$1,8&%/ 3523(57,(6 2) %/22' 9(66(/6

,OQWURGXFWLRQ

JRU WKH SXUSRVH RI EORRG IORZ DQDO\WVLYV LW LV HVVE
DQG YLVFRHOPDIVWHHLBMOMIRRG YHVVHOV DV ZHOO DV WKH LQWH!
WKH EORRG DQG WKH EORRG YHVVHO 7KH PHFKDQLFDO SU
EHHQ H[WHQVLYHO\ VWXGLHG IRU PDQ\ \HDUV ([SHULPHQWD
WKH QRQOLQHDULW\ RI WKH VWUHVYVY VWUDLQ UHODWLRQVKL
WLPH GHSHQGHQW EHKDYLRXU VXFK DV K\WWHUHVLV FUHH:
PHFKDQLFDO SURSHUWLHYV PXVW KDYH D VWUXFWXUDO EDVL'
RI WKH EORRG YHVVHO DQG LWV FRUUHODWLRQ ZLWK WKH Pl
YDULRXVY PDWKHPDWLFDO H[SUHVVLRQV RI WKH VWUHVV VWU
DQG DVVHVVHG 7KH HIIHFWV RI ZDOO GLVWHQVLELOLW\ RQ I

DGGUHVVHG

7KH 6WUXFWXUH DQG &RPSRVLWLRQ RI WKH %ORRG 9H

%ORRG YHVVHOV DUH YLVFRHODVWLF LQKRPRIJHQHRXV P X
PDLQO\ FRPSRVHG RI IRXU W\SHV RI WLVVXH LQ YDULRXV S
LQJ HODVWLQ DQG FROODJHQ ILEUHV DQG VPRRWK PXVFO|
7KH HQGRWKHOLDO OLQLQJ LV WKH LQQHUPRVW OD\HU RI W}
WDFW ZLWK WKH IORZLQJ EORRG W SURYLGHV D VPRRWK
SHUPHDELOLW\ WR YDULRXV VXEVWDQFHY FDUULHG LQ WKH
FROQOWULEXWH WR WKH HODVWLF SURSHUWLHYV RI WKH ZDOO

RI WKLV PRQRFHOO OD\HU FDQ EH RPLWWHG IURP WKH GLV

(ODVWLFLW\ $ UHYHUVLEOH VWUHVV VWUDLQ EHKDYLRXU
9LVFRHODVWLFLW\ +DYLQJ ERWK YLVFRXV DQG HODVWLF SURSHUWLF



IRUPDQFH (ODVWLQ ILEUHV DUH SURWHLQ VXEVWDQFHV UXI
HIWHQVLEOH ,Q VWUHWFKLQJ RI XS WR DERXW WKHLU RU
IROORZ +RRNH:-V ODZ +RZHYHU IRU H[WHQVLRQV EH\RQG W
KLJKO\ QRQOLQHDU 7KH UDQJH RI <RXQJ-V PRGXOXWRRI WKFE

[ 11 P &ROODJHQ ILEUHV DUH DOVR SURWHLQ VXEVWDQFH\
KDYLQJ DQ HODVWLF PRGXOXV RWWKH RWGHAKRIEHKDYLRXU
Rl FROODJHQ LV QRQ +RRNHDQ DQG H[KLELWVY VRPH SODVW
ILEUHV DUH DUUDQJHG LQ WKH ZDOO ZLWK D GHJUHH RI VODI
WULEXWH WR WKH HODVWLF EHKDYLRXU XQWLO VRPH VWUH\
FRQFOXGHG WKDW DW VPDOO GLVSODFHPHQW RI WKH YHVVH
UROH ZKLOH WKH FROODJHQ ILEUHV GR QRW LQWHUIHUH I
ODUJH WKH SHUIRUPDQFH RI WKH ZDOO LV GRPLQDWHG E\ WK
SULPDU\ IXQFWLRQ RI WKH PXVFOHV LV WR SURYLGH DFWLY!
SK\WLRORJLFDO FRQWURO DQG WKHUHE\ FKDQJH WKH GLDPH
PRGXOXV YDULHKYV LORPLQ WKH SDVVLYH VWDWHQMRKH[DFWLYH
VWDWH

(QGRWKHOLXP
,17,0% %DVDO OHPEUDQH

&RQQHFWLYH 7LVVXH

,QWHUQDO (ODVWLF
OHPEUDQH

6PRRWK OXVFOH

&HOOV
0o(',$
$XWRQRPLF 1HUYHYV
&RQQHFWLYH 7LVVXH
$'9(17,7,%

yLJ 6FKHPDWLF LOOXVWUDWLRQ RI WKH VWUXFWXUF



7KHVH FRPSRQHQWY DUH DUUDQJHG LQ WKUHH FRQFHQWU
WKH PHGLD DQG WKH DGYHQWLWLD VHH )LJ 7KH LQWLI
RI HQGRWKHOLXP ZLWK D WKLQ OD\HU RI HODVWLQ DQG FRO
IRUPV WKH ODUJH SDUW RI WKH YHVVHO FRQVLVWV RI WLJ
PXVFOH FHOOV O\LQJ EHWZHHQ WKHP 7KH PHFKDQLFDO SUR
PLQHG PDLQO\ E\ WKH FRQQHFWLYH WLVVXH DQG WKH VPRR
DGYHQWLWLD FRQVLVWYV Rl HODVWLQ DQG FROODJHQ ILEUHV
WLVVXHV 7KH DGYHQWLWLD DQG WKH RXWHU SDUW RI WKH

VPDOO EORRG YHVVHOV YDVD 9DVRUXP O\PSKDWLFV DQG

7KH IRUFHV ZKLFK GHIRUP WKH HODVWLF ZDOOV RI| DUWH!
VKHDU VWUHVV H[HUWHG E\ WKH EORRG WKH WHQVLRQ GHYFt
DQG WHWKHULQJ LPSRVHG E\ VXUURXQGLQJ WLVVXH 7TKH P

FRQVWLWXHQWY YDU\ ZLWK PDQ\ IDFWRUV EXW PDLQO\ ZLW

ODWKHPDWLFDO 5HSUHVHQWDWLRQV RI WKH 6WUHVV 6W

$ SURSHU PDWKHPDWLFDO GHVFULSWLRQ RI WKH PHFKDC
ULDO ZDOO LV HVVHQWLDO WR WKH LQYHVWLJDWLRQ RI WKH
YDULHW\ Rl PDWKHPDWLFDO H[SUHVVLRQV KDV EHHQ GHULYH
DUWHULDO ZDOO EHKDYLRXU VXFK DV PHPEUDQH WKLEN VK
DQG QRQOLQHDU 7KHVH YDULRXV GHVFULSWLRQV FDQ DOVR
DQG WULD[LDO PRGHOV DFFRUGLQJ WR WKH QXPEHU RI PRG
WKH H[SUHVVLRQ ,I D XQLD[LDO PRGHO LV SRVWXODWHG W
LQ WKH UDGLDO UDWKHU WKDQ WKH ORQJLWXGLQDO GLUHFW
ORQJLWXGLQDO ZDOO PRWLRQV PRUH WKDQ UDGLDO PRYHPH
LFDO SURSHUWLHY RI DUWHULHYV DUH FRPPRQO\ GHILQHG LQ

LV WKH IUDFWLRQDO FKDQJH RI OXPLQDO FURVVY VHFWLRQDO



SUHVV XUH
G$
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7KH <RXQJ:-V PRGXOXV IRU FLUFXPIHUHQWLDO VWUHWFK LV F

$SL GHG DO
$GH G Gz

ZKHUMSIEV WKH FKDQJH LQ LQWHUQDO S3HHVWKXKKH RR UNKH YRIQ €
FKDQJH LQ WKH H[WHUQD G HY HSW WX HG L QRHW DD O DGLLD RHKWIH U
3RLVVRQ: -V UDWLR NQRZQ WR KDYH WKH YDOXH RI I WKH
ZDOOHG LWV ZD®O WKLENQ@HYV VPDOO FRP SO0 UBGGMLOX

GHODUH DSSUR[LPDWHO\ HTXDO ,Q WKHVH FLUFXPVWDQFHV (

$G B G O D

G$S (K
%\ VXEVWLWXWLQJ (TQ LQWR (TQ DQG QRWH WKDW
G$ G$G $G
a$aGS G $S -.S AT A

,Q WKH FDVH RI D PDWHULY @QHROLZIKEPK HHRPSDUHG ZLWK 1

DSSUR[LPDWHO\ HTXLYDOHQW WR

© (A"K G

7KHVH HTXDWLRQV KDYH EHHQ H[WHQVLYHO\ DSSOLHG LQ EF
ULHV Rl DUWHULDO ZDYH SURSDJDWLRQ OF'RQDOG *RU
WKH LQYHVWLJDWLRQ RI EORRG IORZ LQ D WKUHH GLPHQVLR

KRZHYHU VXFK D XQLD[LDO HODVWLF PRGHO LV QRW DGHTXI

7KH ZzDOO PRWLRQ RI EORRG YHVVHOV LV QRW RQH GLPH
WKDW ZKHQ VXEMHFWHG WR SK\WWLRORJLFDO ORDGV DQ DUW
HQWLDOO\ E\ ZKHQ DQ DUWHU\N LV H[FLVHG LW VKRUWRH!
GXULQJ WKH KHDUWEHDW WKH ORQJLWXGLQDO GHIRUPDWLR

WR GHVFULEH WKH ELD[LDO DQG WULD[LDO GHIRUPDWLRQYV



FOVVLILHG DV VPDOO VWUDLQ DQDO\VLYV LQFUHPHQWDO DQ

DQDO\VLV

,Q WKH VPDOO VWUDLQ DQG LQFUHPHQWDO DQDO\VLV WKH
H[SUHVVHG DV D IXQFWLRQ RI VWUDLQV $ GLIIHUHQW DSSU
IXQFWLRQ LV XVHG IRU ILQLWH QRQOLQHDU HODVWLF GHIRUTJ
YDULHW\ RI IRUPV Rl WKH VWUDLQ HQHUJ\ IXQFWLRQV KDYH
VHQWLDOO\ RQO\ WZR VFKRROV RI WKRXJKW RQH XVHV SRO

'HVOH\ ZKLOH WKH RWKHU XVHV H[SRQHQWLDO IXC(
'HPLUD\ )XQJ ,Q WKH WZR GLPHQVLRQ
HQWLDO DQG ORQJLWXGLQDO FDVH SMK® VWUD U®QHFQHIRIQ IXIG

VWUDWLQYQE]] $ IRUPSRI* DGYRFDWHG E\ WKH SRO\QRPLDO K

A $D %DE&E 'D[ (D E )DE *E

ZKHUBI (JJE (]] DQG $ % * DUH PDWHULDO FRQVWDQ
FRQVWDQWY IRUP VKRZQ LQ (TQ LV WKH VLPSOHVW SR
QRQOLQHDU WKHRU\ ,I WKH IRXUWK GHJUHH WHUPV DUH L
VWDQWY LQFUHDVHV WR 3DWHO DQG 9DLVKQDY KDYH

WKH IXQFWLRQ LV QRW PXFK LPSURYHG E\ WKH LQFOXVLRQ |

7KH IRUP RI HISRQHQWLDO IXQFWLRQ SUHIHUUHG E\ PRVW

RQG DSSURDFK LV WKH IROORZLQJ

S :: LHIS¥DJZ (J3 zDB1k (1]

D ~(JJ(]] *(3J (11 7

ZKHUH & P DQG D D GLPHQVLRQOHVY DUH PDWHULDO F

$VVXPH WKH PDWHULDO LV LVRWURSLF DQG OLQHDUO\ HODVWLF

%DVHG RQ WKH XVH RI WKH OLQHDU VPDOO VWUDLQ WKHRU\ WR GHVFU
$VVXPH WKH ZRUN GRQH LQ GHIRUPLQJ DQ HODVWLF LV VWRUHG DV

SUHVVHG DV D IXQFWLRQ RI VWUDLQV RQO\



(JJ (]] DUH VWUDLQV FRUUHVSRQGLQJ WR D SDLU &I DUELW

6]

%WRWK WKHVH IXQFWLRQV FDQ EH XVHG , I WKH VHYHQ FF
FKRVHQ E\ XWLOLVLQJ WKH HTXLOLEULXP HTXDWLRQV IRU L
ZDOO UDGLXV U DQG ZDOO WKLFNQHVV K VXEMHFWHG WR
ORQJLWXGLQDO IRUFH 1 WRIJHWKHU ZLWK WKH DVVXPSWLRC

ORZLQJ H[SUHVVLRQVY FDQ EH GHULYHG IRU GHWDLO VHH $S

3 - >D $ (EP ~$ (E %E )E D %E )E @
|  LUUKEp> * YD E & %D )D (D E

%D (Dt

7KH *UHHQ:-V VWUDLQV DUH GHILQHG DV

ZKHUH U DUH GHIRUPHG PLG ZDOO YDh@UXY XdQE&EH ORHUPRIAVMK PDC
ZDOO UDGLXV DQG OHQJWK 2QFH WKH PDWHULDO FRQVWDQW
FDQ EH XVHG WR SUHGLFW WKH VWUHVVHV DQG WKH SULQFI

RI SUHVVXUH DQG ORQJLWXGLQDO IRUFH

7KHVH PRGHOV EDVHG RQ HLWKHU SRO\QRPLDO RU H[SRQ
DSSOLHG WR WKH VWXG\ RI WKH PHFKDQLFDO SURSHUWLHYV
WKH GRJ DRUWD 3DWHO DQG 9DLVKQDY HW D/DEHLOW DUWEFE
DUWHULDO SURVWKHVHV +RZ DQG &ODUNH JRU WKH

IXQFWLRQ WKH FRQVWDQ@MWH &&HWRWHUPBLQBIG E\ D PRGLILHG

9ROXPH RI WKH PDWHULDO GRHV QRW FKDQJH XQGHU DOO VWDWHV R



QRQOLQHDU OHDVW VTXDUHV DOJRULWKP 3 E\ PLQLPLVLQJ W
GLIIHUHQFHY EHWZHHQ WKH H[SHULPHQWDO DQG WKHRUHWL
WKH RUGLQDU\ OHDVW VTXDUH SURFHGXUH LV VXIILFLHQW

WKH WKLUG RUGHU SRO\VQRPLDO IXQFWLRQ LV DGHTXDWH W
H[SHULPHQWDO GDWD LW LV VLPSOHU EXW FDQ EH DSSOLHC
7KH H[SRQHQWLDO IRUP KDV WKH RYHUDOO VPDOOHU FRHIIL
SUHIHUUHG LI RQH ZLVKHV WR VWXG\ WKH V\VWHPDWLF FKDQ

WR VRPH RWKHU IDFWRUYV

7KH (IIHFWV Rl :DOO 'LVWHQVLELOLW\ RQ %LIXUFDWLRQ

$PRQJ WKH IRXU PDMRU IDFWRUV ZKLFK LQIOXHQFH WKH I
FDWLRQV GLVWHQVLELOLW\ RI WKH DUWHULDO zZDOO KDV EI
HITHFW LQ PRVW RI WKH SUHYLRXV ZRUN (YHQ VR LW LV ZH
DQ LPSRUWDQW IDFWRU LQ SXOVHG ZDYH SURSDJDWLRQ 6RF
KDYH VKRZQ WKH GLIIHUHQFHYVY EHWZHHQ ULJLG DQG HODVWLF
IORZ J/LHSVFK LQYHVWLIDWHG WKH SXOVDWLOH IORZ LQ
WXEH ERWK WKHRUHWLFDOO\ DQG H[SHULPHQWDOO\ &RPSDI
LQ D ULJLG DQG DQ HODVWLF WXEH VKRZHG WKDW WKH PDIJL
WKH HODVWLF PRGHO ,QYHVWLJIJDWLRQV RQ ELIXUFDWLRQV
HW DO IRU KXPDQ UHQDO DUWHULHV DQG .X DQG |
GHJUHH 7 MXQFWLRQ PRGHO ,W ZDV REVHUYHG WKDW WKH
QHIJDWLYH YHORFLWLHYVY DQG WKH VL]H RI VHFRQGDU\ IORZ U
WKH VKHDU VWUHVVHV ZHUH UHGXFHG E\ XS WR GHSHQGI
ZDOO $00 WKHVH GHPRQVWUDWHG WKH IDFW WKDW ZDOO HC

IDFWRU LQ WKH XQGHUVWDQGLQJ RI ELIXUFDWLRQ IORZV
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%/22' Y/2: ,1 $57(5,(6

L QWURGXFWLRQ

7KH VWXG\ RI EORRG IORZ WKURXJK DUWHULDO ELIXUFD)
SRVHV 2QH LV WR JLYH D TXDQWLWDWLYH GHVFULSWLRQ R
EXWLRQ 7KH RWKHU RI JUHDW SRWHQWLDO LPSRUWDQFH Il
GLVHDVH LV WR REWDLQ GHWDLOHG GLVWULEXWLRQ RI ZD
WR WKH HDUO\ RQVHW RI DWKHURVFOHURVLY ,Q WKLV VHFW
UHQWO\ XVHG IRU VXFK SXUSRVHV DUH VXUYH\HG 7TKHVH 1
VXFK DV /DVHU '"RSSOHU DQHPRPHWU\ DQG 'RSSOHU XOWUDYV
LW\ PHDVXUHPHQW 'HYLFHV IRU PHDVXULQJ ZDOO VKHDU VWI

LQ PHDVXULQJ LWLDFKFDWBHWHOMR GLVFXVVHG

9HORFLW\ OHDVXUHPHQW

ODQ\ PHDVXUHPHQW VA\VWHPV KDYH EHHQ GHYHORSHG WF
IORZ DQG YHORFLW\ GLVWULEXWLRQ JRU D ORQJ WLPH PHF
WKH SULQFLSDO PHDQV RI PHDVXULQJ IOXLG YHORFLW\ )RU I
LQ FRQMXQFWLRQ ZLWK VWDWLF SUREHV KDYH EHHQ XVHG L
KRW ZLUH RU KRW ILOP GHYLFHV LQ PHDVXULQJ LQVWDQWD(
ZLUH DQG KRW ILOP DQHPRPHWU\ KDV SURYLGHG PXFK TXD
IOXLG YHORFLW\ LWV DSSOLFDWLRQ KDV EHHQ VXEVWDQWL
IORZV RI ORZ WHPSHUDWXUH ORZ VSHHG DQG ORZ WXUEXOL
RI UHFLUFXODWLRQ 1HZ PHDVXULQJ WHFKQLTXHV 3 XOWUDYV
8 FDQ RYHUFRPH DOO RI WKHVH OLPLWDWLRQV EHFDXVH XC
GR QRW GLVWXUE WKH IORZ WKLV TXDOLW\ LV GHVFULEHG
LQYDVLYH: $Q RSWLFDO PHWKRG 3 /DVHU 'RSSOHU DQHPRP

D ZLGH DSSOLFDWLRQ LQ PHDVXULQJ YHORFQWILBWQBERILQHV L



PRGHO VWXGLHV 9DULRXV 'RSSOHU 8OWUDVRXQG WHFKQLT

DQG H[WHQVLYHOL Q SSIOMAXGLWR DQG FOLQLFDO GLDJQRVHYV

,Q DGGLWLRQ WR YHORFLW\ PHDVXUHPHQW WHFKQLTXHYV
KDYH DOVR SOD\HG DQ LPSRUWDQW UROH LQ REWDLQLQJ D
LOQWHUHVW 7KH PHWKRGVY QRUPDOO\ XVHG DUH FRORXULQ.
DQG K\GURJHQ EXEEOH WHFKQLTXHV $ VXPPDU\ RI H[SHULP}

UHQWO\ IRU WKH VWXG\ RI IORZ SDWWHUQV LQ ELIXUFDWLRC

JORZ 9LVXDOLVDWLRQ 9HORFLW\ OHDVXUHPHQW

OHWKRGV $XWKRUV DQG OHWKRGV $XWKRUV DQG

SHIHUHQFHYV SHIHUHQFHYV
+\GURJH®@ KD UD GMWD MD O D I'$ .KRGDGMHGWL DO
%XEEOHX DQG *LGGHQV X DQG *LGGHQV

%KDUDGWYWDMDO E

&RORXULQBWHKEHQV 'RSSOHU .X HW DO
6WUHDPOLODHOFROP DQG 5BODMKUDVRXEHDHP B DO
-RQHYW DO
$GGLQJ )HXHUVWWL@O +RW ILOP 6FKXCHW DO
3DUWLFOHYV +RW ZLUH 20VRQ

.DULQ@RW DO $QHPRPHWHIHUHRW DO

7TDEOH 6XPPDU\ RI HITSHULPHQWDO WHFKQLTXHV IRU VYV

SDWWHUQV LQ DUWHULHYV



'"RSSOHU XOWUDVRXQG WHFKQLTXHYV

'RSSOHU XOWUDVRXQG WHFKQLTXH KDV VKRZQ IXQGDPHOQ\

VHDUFK DQLPDOV DQG IRU GLDJQRVLV LQ KXPDQ VXEMHFWYV

, WV PDLQ DGYDQWDJHV DUH DV IROORZLQJ

D ,W LV QRQ LQYDVLYH ZLWK QR VXUJHU\ QR FDWKHW
WUDXPD WR GLVWXUE WKH V\VWHP EHLQJ PHDVXUHG

E ,W SURYLGHV UH O DMWY YYHRHRO/KAXHPIHQHMY R1 EORRG SU
EORRG IORZ YHORFLW\ DQG G\QDPLF FKDQJHV RI YHVVHO GL

F ,W HQDEOHV GLDJQRVLV RI DUWHULDO RFFOXVLYH GL

G ,W LV UHODWLYHO\ LQH[SHQVLYH DQG UHOLDEOH DQC

BULQFLSOHV RI '"RSSOHU XOWUDVRXQG

+LVWRULFDOO\ WKH 'RSSOHU HIIHFW ZDV ILUVW REVHUYH!
+H IRXQG WKDW WKH DSSDUHQW IUHTXHQF\ RI D FRQVWDQW
RQ WKH PRWLRQ RI ERWK WKH VRXUFH DQG WKH UHFHLYHU
EHLQJ UHGXFHG ZLWK WLPH WKH UHFHLYHG IUHTXHQF\ LV JlI

DQRG YLFH YHUVD

7KH XVH RI WUDQVFXWDQHRXV 'RSSOHU XOWUDVRXQG IRL

YHORFLW\ ZDV ILUVW UHSRUWHG E\ 6DWRPXUD DQG VXI
HJ %DNHU HW DO 6WHJDOO HW DO 7KH SULQF
XOWUDVRXQG V\VWHP LV EDVHG LV VKRZQ LQ )LJ ,Q LWV

ZKLFK KRXVHV FR SODQDU HPLWWLQJ DQG UHFHLYLQJ FU\VW
FU\VWDO 7 VHQGVY D EHDP RI XOWUDVRXQG ZKLFK LV EDFENV
WKH EORRG FHOOV PRYLQJ ZLWKLQ WKH YHVVHO 7KH UHFH
WKLV VFDWWHUHG XOWUDVRQLF SRZHU ZLWK D VKLIW LQ IU

'RSSOHU VKLIW $ LV JLYHQ E\
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"KHUH LV WKH WUDQVP XWW HWK HJ M FOORRGFEW\ Rl EORRG FHOC
YHORFLW\ RI VRXQG LQ EORRG :KHQ XOWUDVRXQG LV LQF
'RSSOHU VKLIW IUHTXHQFLHV LV JHQHUDWHG FRUUHVSRQGLC

WKH YHVVHO 7RIPRPVWKHY VSHFWUXP VSHFLDOO\ GHVLJQHC

SURFHVVRUV DUH XVHG

"HYHORSPHQW DQG DSSOLFDWLRQV RI "RSSOHU XOWL

7KH ILUVW 'RSSOHU WHFKQLTXH XVHG WR GHWHFW EORRG
&: XOWUDVRXQG ZKLFK LV VWLOO ZLGHO\ XVHG LQ WKH FC
'RSSOHU WKH WUDQVPLWWLQJ DQG UHFHLYLQJ FU\VWDOV D
SUREH SODFHG RQ WKH VXEMHFW-V VNLQ DV VKRZQ LQ )LJ
DQG UHFHSWLRQ RI XOWUDVRXQG VLJQDOV DUH FRQWLQXRX'
ODUJH DQG EORRG FHOOV WUDYHO DW GLIIHUHQW YHORFLWI
WUXP RI 'RSSOHU IUHTXHQFLHV LV SURGXFHG XKIWRPUREOH
WKLV VSHFWUXP 7KUHH WHFKQLTXHV KDYH EHHQ XVHG IRU

]JHUR FURVVLQJ GHWHFWRU WKH DYHUDJH IUHTXHQF\ PHWHU

yLJ 3ULQFLSOH RI 'RSSOHU XOWUDVRXQG



7KH ILUVW DSSOLFDWLRQ RI 'RSSOHU XOWUDVRXQG WHFK(
WHULDO GLVHDVH ZDV SHUIRHMWHDBOE\ §WHDSQA@HFVYEOH ZDV VL
WKH FRXUVH RI DQ DUWHU\ ZDV WUDFHG DORQJ WKH OLPE Z
VXGGHQ FKDQJHV LQ WKH FKDUDFWHULVWLFV RI WKH VLJQDC
SUHVVLRQ RI WKH OLPE SURGXFHG FKDQJHV LQ WKH GLVWD
FKDQJHV ZHUH GLIIHUHQW LQ QRUPDO DQG LQ RFFOXGHG YH
HQEURXJK 7KH QH[W VWHS ZDV WKH GLVFRYHU\ WKDW
OHJ PHDVXUHG ZLWK D 'RSSOHU GHWHFWRU LQ FRQMXQFWLI
VHHPV WR FRUUHODWH ZLWK WKHHMHYHO R KHW REVH U YHHZL
WKDW WKH EORRG SUHVVXUH DW WKH DQNOH GLG QRW DOW
KHDOWK\ VWDWH EXW LQ GLVHDVH LW IHOO VXEVWDQWLDOO)

LPPHGLDWHO\ DIWHU H[HUFLVH

21 WKH RUJDQV WKDW UHTXLUH H[DPLQDWLRQ IRU YDVFXO
KDSV WKH PRVW LQDFFHVVLEOH ZKLOH DW WKH VDPH WLPH E
.DOPDQWRQ DO KDYH HIWHQVLYHO\ HISORLWHG WKH XVH
ORFLPHWHU IRU WKH GLDJQRVLV RI ULJKW YHQWULFXODU Gl
DQG FDWKHWHULVHG SUREHV )XUWKHU 7XQVWDOO 3HGRH
SDWWHUQ UHFRJQLWLRQ WHFKQLTXHVY %\ PDNLQJ GLUHFWLR
DUWHU\ IORZ SDWWHUQV KH DFKLHYHG DQ DFFXUDF\ LQ W
SHWHQFH 6XEVHTXHQWO\ )LW]JHUDOG DQG KLV FROOHDJXH\

SDWWHUQ UHFRJQLWLRQ PHWKRGV WR WKH VWXG\ RI FRURQ

+RZHYHU VLPSOH &: 'RSSOHU V\VWHPV DUH XQDEOH WR
EHWZHHQ WKH SUREH DQG WKH PRYLQJ WDUJHW 7KLV KDV \
FDWLRQ WR PHDVXULQJ YHORFLW\ SURILOHVY HVSHFLDOO\ LQ
PRUH VRSKLVWLFDWHG WHFKQLTXHY KDV EHHQ GHYHORSHG \
WKH WDUJHW WR EH PHDVXUHG VLPXOWDQHRXVO\ 7KH ILUV!

3: 'RSSOHU GHYHORSHG LQGHSHQGHQWO\ E\ )ODKHUW\ DC



QHD DQG /HJHU DQG :HOOV ,Q D 3: 'RSSOHU SXO
DUH WUDQVPLWWHG DW D UHJXODU IUHTXHQF\ DQG UHFHLYH¢
UHFHLYLQJ UHWXUQLQJ VLJQDOV ZLWKLQ D OLPLWHG WLPH V
PHQW FRXOG LQYHVWLJDWH IORZ LQ D QDUURZ VSDWLDO UDQ
LQ PHDVXUHPHQW RI WKH LQVWDQWDQHRXV YHORFLW\ SURIL
WKURXJK WKH FDUGLDF F\FOHW MO SHHQHREBXHODDO 9LHOL

HW DO ,W KDV DOVR EHHQ DGGHG WR D % PRGH XOWUDVI
FRPELQHG DQDWRPLFDO LPDJLQJ DE® IDBZ GDWILP SRHLMIDQ B/V
OLPLWDWLRQ RI WKH 3: 'RSSOHU PHWKRG LV WKDW WKH PDJ[L
PHDVXUHG DW DQ\ SDUWLFXODU UDQJH LV UHVWULFWHG E\ C
WLWLRQ IUHTXHQF\ 7KHUHIRUH LW LV RIWHQ FRPELQHG ZLV

IUHTXHQFLHV

/IDVHU "RSSOHU DQHPRPHWU\ [/'$

/'$ KDV XQGHUJRQH FRQVLGHUDEOH GHYHORSPHQW VLQF!
LOQWURGXFHG E\ <HK DQG &XPPLQV IRU YHORFLW\ PHDV>
SDUWLFOHV VXVSHQGHG LQ D IORZLQJ IOXLG $OWKRXJK D Q.
WHPV DQG GLIIHUHQW IULQJH PRGHVY KDYH EHHQ XVHG LQ /'$
VKRZQ LQ )LJ FRQVLVWYV RI D ODVHU OLJKW VRXUFH RSV

FROOHFW OLJKW D SKRWRGHWHFWRU DQG D VLJQDO SURFHYV

yLJ BULQFLSOH RI /DVHU '"RSSOHU DQHPRPHWHL



7KH ODVHU LV D VRXUFH RI FRKHUHQW OLJKW RI DSSURE
VSOLW LQWR WZR SDUWV ZKLFK FURVV WR IRUP D IULQJH JU
ZKHUH YHORFLW\ PHDVXUHPHQWY DUH UHTXLUHG 7TUDFHU ¢
WKURXJK WKH IULQJH JULG VHQG RXW D GLIIHUHQW ITUHTXHC
VFDWWHUHG UDGLDWLRQ RU IURP IULQJH FRQVLGHUDWLRQV
I[IUHTXHQF\ GLIITHUHQFH RI WKH WZR VFDWWHUHG EHDPV DQC

FDQ EH GHULYHG DV IROORZV

- VL
Q,
ZKHUH "!' LV WKH DQJOH EHWZHHQ WKH LQFLGHQW EHDPYV $
EHDPV BRGY WKH PHDVXUHG YHORFLW\ FRPSRQHQW 7TKH Sk
WKH IUHTXHQF\ GLITHUHQFH DQG FRQYHUWYV WKH RSWLFDO VL

LV SURFHVVHG E\ DQ DSSURSULDWH VLIJQDO SURFHVVLQJ DU

7KH DGYDQWDJH RI WKH /'$ OLHV LQ LWV KLJK WHPSRUD
7KH PHDVXULQJ YROXPH FDQ EH WP D GHSH Q&KID®I R WKH IRF
EHDP GLVWDQFHV 7KLV RSWLFDO PHWKRG LV OLQHDU DQG
FDOLEUDWLRQ LV QHFHVVDU\ DQG WKH IORZ LV QRW GLVWX

/'$ VIVWHPV KDYH EHHQ GHYHORSHG ZKLFK DOORZ WKH W
FRPSRQHQWVY WR EH PHDVXUHG VLPXOWDQHRXVO\ 7KHUHIR
DQG PRUH LQ WKH SODFH RI KRW ZLUHV IRU TXDQWLWDWLYF
YHORFLW\ HVSHFLDOO\ IRU FRPSOH[ IORZV LQYROYLQJ KLJK

FLUFXODWLRQ

7KH DFFXUDF\ RI WKH /'$ GHSHQGY PDLQO\ RQ WKH DFFXI
RI WKH LOOXPLQDWLQJ OLJKW IUHTXHQF\ WKH GHVLJQ RI W

PHDVXUHPHQW RI WKH 'RSSOHU VKLIW IUHTXHQF\



0DQ\ DWWHPSWV KDYH EHHQ PDGH ZLWK /'$ WR LQYHVWLJ
ILHOG LQ DUWHULDO ELIXUFDWLRQV ,W KDV VKRZQ JUHDW I
YHORFLW\ SURILOHW QQYPR\EXREL D\Q GEXW LV QRV) DYSPHEL FDEOH
VXUHPHQW 'XUVW HW DO 7KLV LV EHFDXVH RQH RI Wk
WKH RSHUDWLRQ RI /'$ LV D WUDQVSDUHQW PHGLXP ZLWK |
WUDFHU SDUWLFOHV $OWKRXJK LW ZDV GHPRQVWUDWHG W|
WDLQHG IURP WKH ODVHU OLJKW VFDWWHUHG E\ UHG FHOOV
Rl WKH VLJQDO GLPLQLVKHG ZLWK LQFUHDVLQJ KHPDWRFUL
LH D KHPDWRFULW RI PHDVXUDEOH VLJQDOV FRXOG QR)
LQVLGH GLDPHWHU JUHDWHUPWKEQHDRBNQGW FDQ EH FRQFO
LQ JHQHUDO /'$ LV XQOLNHO\ WR EH RI DQ\ YDOXHQLYLWRH V

RU LQ ZKROH EORRG IORZLQJ LQ JODVV WXEHYV

:DOO 6KHDU 6WUHVY OHDVXUHPHQW

$FFXUDWH PHDVXUHPHQWYVY RI ZDOO VKHDU VWUHVV DW
GLPHQVLRQDO IORZ ILHOG DUH LQGHHG GLIILFXOW 6R IDU
SRVVLEOH WR PHDVXUH ZDOO VKHDU VWUHVV DFFIXQ DM/ MR\ D\
RULQ YLWKIRV LV EHFDXVH L WKH YHORFLW\ JUDGLHQW YD
ERXQGDU\ ODPHU QHDU WKH DUWHULDO ZDOO VR DQ\ SUREH
HPEHGGHG LQ WKH ZDOO DQ\ SURWXEHUDQFH FDQ VLJQLILF
WLRQ RI VKHDU VWUHVV LL WKH ZDOO VKHDU SUREH PXV\
IUHTXHQFLHV WKDQ D YHORFLW\ SUREH DQG LLL WKH zZDC
GLUHFWLRQ ZKHQ WKH DYHUDJH DQG FHQWUH OLQH YHORFLYV
KDV D SKDVH OHDG RYHU WKRVH YHORFLWLHV WKXV WKH S|

DUH PRUH SURQRXQFHG WKDQ LQ YHORFLW\ PHDVXUHPHQW

,Q JHQHUDO Z7ZDOO VKHDU VWUHVV LV PHDVXUHG LQ WZR Z

ZLWK D KRW ILOP VKHDU SUREH /LQJ HW DO RU DQ F

I XW] LL WR HVWLPDWH LW E\ PHDVXULQJ WKH YHOTF



DQG H[WUDSRODWLQJ LW WR JHUR DW WKH ZDOO 7KH IRUPF}
OD\HU W\SH IORZ H[LVWV LQ WKH QHLJKERXUKRRG RI WKH VH
UHVSRQVH WKLV LVVXH LV GLVFXVVHG LQ GHWDLO E\ 3HGO
VWHDG\ IORZ VWXGLHY )RU WKH ODWWHU DSSURDFK VDPS(
DULVH DQG HYHQ ZKHQ WKH YHORFLW\ SURILOH LV NQRZQ T
WR HVWLPDWH ZDOO VKHDU LV QRWRULRXVO\ LQDFFXUDWH

HUURUV LQ WKH ORFDWLRQ RI WKH H[DFW ZDOO SRVLWLRQ |
FDQ QRW EH PDGH DV FORVH WR WKH ZDOO DV GHVLUHG E

DGHTXDWH 'RSSOHU VLJQDO

$ SUHYLRXV VWXG\ RI VWHDG\ IORZ LQ D FDURWLG ELIXU
DO E VKRZHG WKDW WKH PHWKRG IRU HVWLPDWLQJ ZDO
VXUHG YHORFLW\ SURILOHYVY JDYH YDOXHV ZLWKLQ RI WKF
LQ WKH FRPPRQ FDURWLG DUWHU\ SUR[LPDO WR WKH ELIXU
DWWHPSWV KDYH EHHQ PDGH WR GHULYH XQVWHDG\ ZDOO V
RI QHDU ZDOO YHORFLWLHV .X HW DO VWXGLHG WKH L
LQ D ULJLG FDURWLG ELIXUFDWLRQ XQGHU SXOVDWLOH IOR:
REWDLQHG WKH WLPH YDU\LQJ ZDOO VKHDU UDWH LQ D FRP
ELIXUFDWLRQ 6LQFH WKH FDVW ZDOO LV LQ PRWLRQ WKUR>
YDULDWLRQ RI WKH GLVWDQFH IURP WKH YHORFLPHWHU VD

ZDV REWDLQHG IURP /'9 PHDVXUHPHQWYV RI WKH YHORFLW\ R
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7KH HPSOR\HG FRPSXWHU FRGH $67(& KDV WKUHH GLPHQ
FDSDELOLWLHYV DQG DQ XQVWUXFWXUHG ILQLWH HOHPHQW P
LQJ ZLWK WKH WKUHH GLPHQVLRQDO ELIXUFDWLRQ JHRPHW!
PRUH VXLWHG DQG URERWLF IRU WKH FXUUHQW DSSOLFDWL!
WR EH LPSURYHG )LUVWO\ WKH SUH SURFHVVRU 3 PHVK JH
VWUDLJKWIRUZDUG LQ XVH HVSHFLDOO\ IRU FRPSOH[ ELIXU
JUHDW GHDO RI LQSXW GDWD IRU ZKLFK FDUHIXO SUHSDUDYV
QHFHVVDU\ KDYH WR EH GRQH EHIRUHKDQG 6HFRQGO\ DW \
$67(& GLG QRW KDYH QRQ 1HZWRQLDQ PRGHOOLQJ FDSDELC
RI LPSOHPHQWLQJ WKLV LQ WKH FRGH GR H[LVW )LQDOO\
OHPV ZLWK PRYLQJ ERXQGDULHV ,Q WKLV FKDSWHU LPSUR
SHFWV DUH GHVFULEHG ,W FRQWDLQV WKH GHYHORSPHQW
JULG JHQHUDWLRQ URXWLQH IRU JHQHUDO ELIXUFDWLRQ JH
QRQ 1HZWRQLDQ PRGHO DQG D SUHOLPLQDU\ VFKHPH WR L

FRPSOLDQFH

*5 ' *(1(5$7,21 )25 *(1(58%/ ' % ,)85&%$7,21

*(20(75,(6

OHVK *HQHUDWLRQ 3URFHGXUH LQ 623+,% ROG

623+,$ LV D VHPL DXWRPDWLF LQWHUDFWLYH PHVK JHQHL
ILQLWH HOHPHQW PHVK IRU XVH ZLWK WKH $67(& %HIRUH X\
RI WKH VWUXFWXUH WR EH PRGHOOHG VKRXOG EH GLYLGH

HDFK RI WKHVH PXVW KDYH VL[ VLGHV ZKLFK FDQ EH D SOD



JHRPHWU\ RI HDFK EORFN LV GHILQHG E\ WZHQW\ SRLQWYV
VWUXFWXUDO SRLQW DUH WKH HLJKW "FRUQHUVHu DQG WKH '
WKDW DOWKRXJK WKH WHUP "FRUQHUp LV XVHG KHUH WKHVH
JULG JHQHUDWLRQ SURFHGXUH LV LOOXVWUDWHG LQ )LJ
VWUXFWXUDO SRLQWY DUH UHDG LQWR WKH URXWLQH WR OF
RI WKH EORFN LV UHTXHVWHG WR JHQHUDWH WKH EORFN VW
RJ\' HDFK EORFN KDV LWV RZQ ORFDO QRGH QXPEHULQJ V\VYV
ZRUNLQJ DQWL FORFNZLVH IURP ERWWRP WR WRS WKHQ WK

WKH ILUVW WZR FRUQHUV

ORFDO QRGH QXPEHU
JOREDO QRGH QXPEHU

yLJ " VWUXFWXUDO EORFN

)LJ DOVR VKRZV W.KHD[HW¥ IRU WKH ORFDO QRGH V\VWH
QRW KDYH WR EH WKH VDPH\DV]MWKM JORHEDXE GLYLVLRQ RI Wi
LV EDVHG RQ WKH QXPEHU RI HOHPHQW@GGHUXEWH®R QY EKHF
DUH VSHFLILHG E\ WKH XVHU 1RWH WKDW ZKHUH WZR EORFN
HOHPHQWY DW WKH FRPPRQ HGJH PXVW EH WKH VDPH LQ RU
FRQWLQXRXV 7KH HGJH RI HDFK EORFN LV VXEGLYLGHG HLW
XQGHU WKH FRQWURO RI D ZHLJKWLQJ IDFWRU %RXQGDU\ FR

WR VSHFLI\ ERXQGDU\ FRQGLWLRQV LQ WKH PHVK ,Q $67(&



)LJ *ULG JHQHUDWLRQ SURFHGXUH LQ 623+,%



XQLTXH QDPH DQG D FRUUHVSRQGLQJ 12% QXPEHU /LVWHG
SULRULW\ WKH VWDQGDUG ERXQGDU\ FRQGLWLRQ SDWFKHYV
RXWOHW V\PPHWU\ OLQHY DQG V\PPHWU\ SODQHV +DYLQJ Jt
ZKLFK VSHFLI\ WKH FRPSOHWH PHVK JHRPHWU\ DUH VDYHG L

PDW $Q LQLWLDO YDOXHV ILOH LV DOVR SURGXFHG DIWHU WK

yLJ '"HILQLWLRQ RI JHQHUDO ELIXUFDWLRQ JHRPF

"HILQLWLRQ RI *HQHUDO %LIXUFDWLRQ *HRPHWULHYV

$ ELIXUFDWLRQ FRQVLVWY RI WKUHH YHVVHOV ZKLFK LQWH
LQJ WKH JHRPHWU\ IRU D JHQHUDO ELIXUFDWLRQ WZR DVVXP
DUH FLUFXODU LQ FURVV VHFWLRQ DQG LL LQWHUVHFWLRQ |
YHVVHOV DUH QRW VPRRWKHG ,I WKH ELIXUFDWLRQ LV SODQI
VHOV DUH LQ WKH VDPH SODQH D ORFDO YLHZ RI WKH ELIXUF]
SODQH FDQ EH LOOXVWUDWHG DV )LJ ,Q VXFK D FDVH WK
LV GHILQHG E\ WKH YHVVHO GLDPHWHUS DW KWHKH UBPUIFEF ROQQ O
DL D DQG WKH UHODWLYH SRVOWRER®Q RHWHKM \DSEHH WKH
LQWHUVHFWLRQ RI WKH WZR GDXJKWHU EHVWKEVIOREHNO DJB

6LQFH WKH YHVVHOV DUH DVVXPHG WR EH FLUFXODU XVLQJ V

1XPEHU RI %RXQGDU\



HTXDWLRQ RI D F\OLQGHU DQG WKH IRUPXODH IRU FRRUGLQ
RPHWULHV LQ WKH ELIXUFDWLRQ DUHD FDQ EH PDWKHPDWLF

SDUHQW YHVVHO

"N'a UL UL

GAXIJKWHU YHVVHO 1R O

>\ VRV FT[ | [ VLQ@ T]z Uz

AXIKWHU YHVVHO 1R

>\ \FCRDZ [ [VIDR z ¥ U

ZKHUH W DQG PHLQJ WKH UDGLXV RI HDFK YHVVHO ,QWHUVI
YHVVHO DQG GDXJKWHU YHVVHO 1R O FDQ EH GHVFULEHG E\

VLPXOWDQHRXVO\ 6ROYLQJ WKH FRXSOHG HTXDWLRQV WZR

[ K \ X \FRYO *“ - \ U oT U VE® [

6LQFH WKH LQWHUVHFWLRQ DUHD RI LOQWHUHVW LV RQ WKH O
WKH VPDOOHU URRW LV WKHQ FKRVHQ +HQFH SRLQWV DW

DQG GDXJKWHU YHVVHO 1R O DUH JLYHQ E\

[ [Xx M 9R a RRI/| \M UT LT U VLQ FT

“\ U \ Q

6LPLODUO\ SRLQWV DW WKH LOWHUVHFWLRQ EHWZHHQ SDU}

REWDLQHG

[ X \' \ FRV D?MAWUT Ul U VL
] 1] _U \

SRLQWYVY DW WKH LOQWHUVHFWLRQ EHWZHHQ WZR GDXJKWHU Y
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ZKHUH
&? FRML3FRD
&z VIDPFRY ? VIOQFRM
&[ VLQ © SDVLQ
JURP )LJ UHODWLRQMKLEY EFHWEKHHBRDDVLF NQRZQ JHRPH!

FDQ EH GHULYHG

[R [$R a X $FRIV

9R \ $F x V)

ZKHUH
GG VLI® 3 VL
DUFWD @ Q
FR 8 GG FRY
&

VLQ OL

$ A

3RVLWLRQV RI WKH WZR$YRR%DBHU DERLR\EM GHWHUPLQHG

[$L [$R X$ FRV >FRV © "$RVYL®D G @ VLQ RQ

[$2 [$R R, FRG >FRBVG \$R2$x1VLQ @ DLQ

I1RWH WKDW WKH ELIXUFDWLRQ LV DVVXPHG WR EH SODC

UHODWLRQV ,I WKH ELIXUFDWLRQ LV QRQ SODQDU L H \



ROH RI WKH GDXJKWHU YHVVHOV WKHQ WKH SODQH VKRZQ L
WKH SODQH ZKHUH WKH SDUHQW DQG RQH RI WKH GDXJKWE
GDXJKWHU YHVVHO LV GUDZQ DV LWV SURMHFWLRQ RQ WKH
H{WUD FRRUGLQDWH WUDQVIRUPDWLRQ VKRXOG EH SHUIRUP

DQ DQJOH WR WKH ELIXUFDWLRQ SODQH

7KH 3XUSRVH EXLOW 5RXWLQH

,Q WKH SUHYLRXV VHFWLRQ ELIXUFDWLRQ JHRPHWU\ DW
GHVFULEHG PDWKHPDWLFDOO\ $ FRPSOHWH GHILQLWLRQ RI
VKRXOG DOVR LQFOXGH LQIRUPDWLRQ RQ YDULDWLRQ RI Gl
DV WKHLU OHQJWK ,Q WKLV VHFWLRQ D SXUSRVH EXLOW |
LQJ WKH XVHU LQSXW IRU WKH PHVK JHQHUDWRU 623+,% LV
SURFHGXUH IRU D ELIXUFDWLRQ ZLWK FRQVWDQW SDUHQW L
SUHVHQWHG ILUVW LW LV WKHQ H[WHQGHG WR WKH FDVH Z|

WR FKDQJH

yLJ D VKRZV WKH V\PPHWU\ SODQH RI D ELIXUFDWLRQ
DPHWHUV 3RVSWLRRYGRRWKHU SRLQWV DW LQWHUVHFWLRQ!
XVLQJ UHODWLRQV GHULYHG LQ WKH ODVW VHFWLRQ )LUVW
LQWR VL[ SDUWV HDFK RI ZKLFK FDQ EH UHSUHVHQWHG DV

SbuUw WKH IROORZLQJ WZR VWHSV DUH SHUIRUPHG

6WHS 6SOLW HDFK SDUW LQWR WKUHH EORFNV DV LOOX\
EORFN VDWLVILHY WKH UHTXLUHPHQW IRU D VWUXFWXUDO E
HLIJKW FRUQHUV WKH JHRPHWU\ EHLQJ GHILQHG E\ WZHQW\
6WHS 6SHFLI\ VXEGLYLVLRQ UHTXLUHPHQWY IRU HDFK
QXPEHUV RI HOHPHQWY DW EORFN LQWHUIDFHVY DUH ZHOO PD
GLVWULEXWH ILQHU JULGY QHDU WKH ZDOO LQ WKH D[LDO G|

WKH EUDQFKLQJ



) LJ *ULG JHQHUDWLRQ SURFHGXUH IRU D JHQHUDO

6LQFH WKHVH WZR VWHSVY KDYH WR EH UHSHDWHG IRU HDI
WLQH ZDV ZULWWHQ WR SHUIRUP WKHVH DXWRPDWLFDOO\ DQ
7KLV VXEURXWLQH DOORZV YHVVHO GLDPHWHU WR FKDQJH O
WKH YDULDWLRQV Rl YHVVHO GLDPHWHUYV DUH QRQ OLQHDU
LOQWR VPDOOHU SDUWV ZLWKLQ ZKLFK D OLQHDU YDULDWLRQ
FUXGH IRU ELIXUFDWLRQV KDYLQJ FXUYHG EUDQFKHV RU QRQ
IRUH D VWDQGDUG VXEURXWLQH WR JHQHUDWH JULG IRU D |
FDQ EH FDOOHG ZKHUHYHU D FXUYHG VHJPHQW H[LVWV $ IXL

VLGHU WKH XVH RI D SRO\QRPLDO IXQFWLRQ IRU WKH GHVFUI

%WRXQGDU\ FRQGLWLRQ SDWFKHV IRU HDFK EORFN IROORZ
EORFNQ )LJ E KDV D PD[LPXP RI WZR W\SHV RI SDWFKHV

DQG LL D VI\PPHWU\ SODQH DQG DQ LQOHW RU RXWOHW GH



LQW®DO VHIJPHQW RU LQFOXGHV DQ\ LQOHWY RU RXWOHWYV
WLRQ SDWFKHV PRUH FRQYHQLHQWO\ D VSHFLDO QXPEHULQ

EORFNV KDYLQJ WKH VDPH W\SHV RI ERXQGDU\ FRQGLWLRQ S

7KH IORZ FKDUW RI WKH URXWLQH LV LOOXVWUDWHG LQ
JHRPHWULF GDWD DQG SURGXFHVY DOO QHFHVVDU\ LQIRUPDW
HUDWRU 623+,% %\ XVLQJ WKLV URXWLQH WRJIJHWKHU ZLWK
XVHU LQSXW LV VLIQLILFDQWO\ UHGXFHG $SSOLFDWLRQV W

DUH SUHVHQWHG LQ WKH IROORZLQJ VHFWLRQ

$SSOLFDWLRQV

,Q RUGHU WR GHPRQVWUDWH WKH DSSOLFDELOLW\ RI WKt
RSHG DSSOLFDWLRQV WR D YDULHW\ RI ELIXUFDWLRQ JHRP
LQFOXGH LGHDOLVHG f 7 ELIXUFDWLRQV FXUYHG EUDQFKFE
DQG KXPDQ FDURWLG ELIXUFDWLKRRZ\PRGHOVYUL)EJFRQILIXUDW

f 7 ELIXUFDWLRQ LQ ZKLFK GLDPHWHUV RI WKH PDLQ DQG
DQG NHSW FRQVWDQW )LJ LOOXVWUDWHY WKH JULG FRQ
KDYLQJ D FXUYHG DQJOH WHRZF WKH JULG FRQILIXUDWLRQ
IHPRUDO ELIXUFDWLRQ ZKLFK KDV D GLDPHWHU UDWLR
VHOV DQG f DQG f ELIXUFDWLRQ DQJOHV IURP SDUHQW W
SDUHQW WR VPDOOHU GDXJKWHU YHVVHOV UHVSHFWLYHO\
HDFK YHVVHO LV FRQVWDQW )LJ VKRZV WKH JULG FRQIL:

ELIXUFDWLRQ PRGHO ZLWK YDULDEOH GLDPHWHUV IRU WKH

,Q DOO WKHVH DSSOLFDWLRQV RQO\ WKH EDVLF GHILQHG
GLDPHWHUV DQG ELIXUFDWLRQ DQJOHV ZHUH VXSSOLHG E\ \
DUH VXLWDEOH IRU XVH ZLWK ILQLWH YROXPH DQG ILQLWH F
W LV GHPRQVWUDWHG WKDW WKH PHVK JHQHUDWLRQ URXYV

DQG HIILFLHQW WRRO LQ WKH JULG JHQHUDWLRQ RI D FRQV



JHRPHWU\ +RZHYHU D IXUWKHU VWXG\ FRQFHUQLQJ WKH VPR

DUHDYV VWLOO QHHGYVY WR EH GRQH

)LJ YORZ FKDUW RI WKH JULG JHQHUDWLRQ URXWLQH



) LJ *ULG FRQILIXUDWLRQ RI D 7 ELIXUFDWLRQ

)L J *ULG FRQILIJXUDWLRQ RI D FXUYHG EUDQFK



) LJ *ULG FRQILIXUDWLRQ RI D FDQLQH IHPRUDO EL

)LJ *ULG FRQILIJXUDWLRQ RI D KXPDQ FDURWLG ELIXUFDWLRQ P R



,03/(0(17%$7,21 2) 121 1(:721,%$1 02"'(/

7KH PRPHQWXP HTXDWLRQV IRU DQ LQFRPSUHVVLEOH QRC
WURGXFHG LQ FKDSWHU (TQ ZKHUH WKH YLVERVLW\
Rl WKH VHFRQG LQYDULDQW RI WKH VWUDLQ UDWH WHQVRU
VHUYDWLRQ HTXDWLRQV DUH ZULWWHQ LQ WKH LQWHJUDO IF
DSSO\LQJ WKHP WR LQGLYLGXDO FRQWURO YROXPHV 7KH L¢

HTXDWLRQV FDQ EH H[SUHVVHG DV

SA XG9 3S XX,G% T93G9 TSHIId9X ,G$

ZKHWHV WKH YHORFLW\ YHFWRU G$ DQG G9 WKH HOHPHQWYV
FRQWURO YROXPH UHY¥B8 MWO\H HHI\FWIOYGH YLVFRVLW\ 6LQFH $

WKN 3 WWXUEXOHQFH PRGHO LW LV PRUH JHQHUDO WR GHILQ

GHMM +/ G7

ZKHUHLEHLQJ WKH ODPLQDU YLVFRVLW\ IKWKK MWXEPEROWQ QW

FRVLW\ ZKLFK LV FDOFXODWHG IURP

N
$U & U3

ZLWKIMD FRQVWDQWBWKH WXUEXOHQW HQHUJ\ DQG GLVVLSDWI
WXUEXOHQW PRGHOOLQJ LV RI QR LQWHUHVW KHUH QRWH W
LYV ODPLQDU RU MAVEXIW DM G XVHG IURP WIKBQIBRFRXVYDOXF
E\ VHWWLQJ QRQ JHNRQYWEKHNVNQRWLDO YDOXHV ILOH RU XVH
WLQH WKH ORFDO WXUEXOHQW YLVFRVLW\ FDQ EH SUHVFUL
7KLV IHDWXUH KDV EHHQ XWLOLVHG WR DFFRPPRGDWH WKH
GHWDLOHG SURFHGXUHV DUH DV IROORZV

D o6HW W KXNI MS|



E 6HW FRQVWDQW ER0OGHIDXOWMKXY 3 SN ?
F 8VH WKH FRQVWLWXWLYH HTXDWLRQ RI - WR FDOF
YLVFRVLQV\DLQG VIHW? SQ 1?
G 6MW \MIL[ S
BWHSY E G DUH LPSOHPHQWHG LQ D XVHU VXSSOLHG VXE
HU\ LWHUDWLRQ LPPHGLDWHO\ DIWHU WKH VFDODU YDULDEO
QRQ 1HZWRQLDQ YLVFRVLW\ LV VSHFLILHG DQG FDOFXODWH

UDWH

2QH TXHVWLRQ DULVHV KHUH LV WKDW RI WKH FRQVWLW X\
S - VKRXOG EH XVHG " 7KLV TXHVWLRQ KDV EHHQ DGGUHVV
UKHRORJLFDO PRGHOV RI EORRG ZHUH GLVFXVVHG LQ GHWD
ODZ H[SUHVVLRQ ZDV FRQVLGHUHG WR EH PRUH DSSURSULDW

IRU LQVWDQFH WKH UHODWLRQVKLS EHWZHHQVVXHDHQ VBAXUHV

w P_JJ.

ZLWK P DQG Q EHLQJ FRQVWDQWY +HQFH WKH QRQ 1HZWRQ

DV
10Q 1 3Q 1GLO

JRU D VLPSOH VKHDU IORZ WKH VKHDU UDWH LV

,Q WKLV FDVH DOO RWKKBUY YARPIS/KQEQ® WRH VHFRQG LQYDU

VKHDU UDWH WHSMRGYV RQO\ RQ 6

6R WKDW IURP (TQ ZH KDYH



7KXV IRU JHQHUDO ' RU ' IORZV (TQ PD\ EH PRGLILHG

+Q1 QLK P\ +0Q

ZKHUH H[SUHVVHG LQ D ' &DUWHVLDQ FRRUGLQDWH VA\VWHP

G X < GY < GZ GX GY\
G[ ?2G\ 2?2 G] M G\ G

GZ GY GX GZ
O - | O | L

I1RWH WKDW WKH VLPLODU DSSURDFK FDQ DOVR EH DSSOLHG

HOV H J WKH JHQHUDO IRUP RI WKH &DVVRQ UHODWLRQ PD

SN

6+($5 5$7( Vv

yLJ "\QDPLF QRQ 1HZWRQLDQ YLVFRVLW\ Rl KXPDQ EORR

RI DW f&



yLJ VKRZV WKH G\QDPLF IORZ FXUYH RI KXPDQ EORRG 7

DWwW fé& ILHSVFK DQG ORUDYHF 7KH H[SHULPHQWDO G
SRZHU ODZ UHODWLRQ RI (TQ DQG WKH WZR FRQVWDQW
Q 6XEVWLWXWLQJ WKHVH LQWR (TQ \LHOGV WKH
EORRG
+ - \ - f 3D V
(TQ LV YDOLG ZKHQ A DQG UDWKHU VPDOO 2Q WK

LV VXIILFLHQWO\ ODUJH WKH EORRG YLVFRVLW\ LV FRQVWD
(TQ WR WKH 1HZWRQDRD®RMTWADIMQWQ GHSHQGY RQ WKH

+ )RU QRUPDO EORRG ZLWK D GRUPDO K[SPDWRHEQWEBO UHV)>
VKRZHG WKDW WKH WUDQVLWLRQ SRLQWQLDWHI RBXQOBPLF YL\
LW\ DSSURDFKHG DQ DV\PSWRWLF YDOXH RI 3DV 7KH )l

VSHFLILFDWLRQ RI QRQ 1HZWRQLDQ YLVFRVLW\ LV OLVWHG L

,18&25325%$7,21 2) 7+( &203/,%$17 :$1/1

7R VROYH WKH IORZ ILHOG LQ DQ DUWHULDO ELIXUFDWLF
UDWKHU FRPSOH[ SUREOHP VLQFH LW FRXSOHV WKH PRGHO(
WKH DUWHULDO ZDOO DQG WKH PRGHOOLQJ RI IOXLG IORZ
DV D IHHGEDFN VA\VWHP RI WZR IXQFWLRQDO FRPSRQHQWYV L
WKH ORZHU EORFN DUWHULDO ZDOO LV UHJDUGHG DV D FRQ(
VKDSH )RU D JLYHQ XSVWUHDP IORZ FRQGLWLRQ WKH IOXLG
DQRG YHORFLWLHY DQG VWUHVVHV LQFOXGLQJ QRUPDO VWUH
REWDLQHG 7KLV VWUHVV GLVWULEXWLRQ PD\ WKHQ EH DSS

ZDOO ZKLFK FDQ EH UHJDUGHG DV DQ HODVWLF RU D YLVFRI



WH XSSHU EORFN 8VLQJ WKH WKHRU\ RI VROLG PHFKDQLFV
IRU WKH DUWHULDO ZDOO FDQ EH GHULYHG DQG ZDOO GLVSOI
VXOWV DUH WKHQ XVHG WR GHWHUPLQH WKH ERXQGDU\ FRQG
UHSUHVHQWHG E\ WKH ORZHU EORFN 7KLV F\FOH VKRXOG EF

VROXWLRQ LV DFKLHYHG 7KHQ WKH FDOFXODWLRQ FDQ SURT

yLJ $ IHHGEDFN V\VWHP RI WZR IXQFWLRQDO XQ

6XFK D IXOO\ FRXSOHG WUHDWPHQW LV DQ LGHDO ZD\ WR I
ZDOO LQ WKH IOXLG IORZ PRGHOOLQJ DQG KDV EHHQ DSSOLHC(
\VLVY +RZHYHU ZKHQ DSSOLHG WR WKUHH GLPHQVLRQDO IOR
JUHDW FRPSXWDWLRQDO GLIILFXOWLHY $ IXOO\ FRXSOHG VL
D VROLG PHFKDQLFY FRGH DQG D IOXLG G\QDPLFV FRGH LQW
LPSRUWDQFH RI WKLV PHUJH KDV EHHQ UHDOLVHG UHFHQWO\
RSHG VR IDU 6LQFH WKH HIIHFW RI ZDOO FRPSOLDQFH RQ 10
GubzQ UHVHDUFKHUV:- DWWHQWLRQ RQO\ UHFHQWO\ YHU\ OL\
IURP H[SHULPHQWDO VWXGLHV LW LV WKRXJKW UHDVRQDEOH
D UDWKHU VLPSOLILHG zZzD\ EHIRUH D FRPSUHKHQVLYH DSSURD
WKH RQO\ QXPHULFDO VWXG\ RQ DUWHULDO ELIXUFDWLRQ IOR

LQJ WDNHQ LQWR DFFRXQW LV WKDW RI 5HXGHULQN LQ .



ZDV XVHG IRU IORZ DQDO\VLY LQ D GLVWHQVLEOH PRGHO RI
7KH FDOFXODWLRQ ZDV SHUIRUPHG LQ WKUHH VHTXHQWLDO
GLVWULEXWLRQ XVLQJ D RQH GLPHQVLRQDO PRGHO IRU ZDYF
ZDOO PRWLRQ GXH WR WKLV SUHVVXUH GLVWULEXWLRQ DQG
WKH ZDOO PRWLRQ SUHVFULEHG DV ERXQGDU\ FRQGLWLRQV
EH YDOLG LI WKH SUHVVXUH GLVWULEXWLRQ LV PDLQO\ GH¢
EXW QRW RQ ORFDO IOXLG IORZ HIIHFWV 7KLV SRLQW LV G
GLVWULEXWLRQ I[URP WKH WKUHH GLPHQVLRQDO IORZ HTXD
FRPSDUHG ZLWK WKH RQH IURP WKH RQH GLPHQVLRQDO DQTI
VLPSOLILHG FRXSOHG VFKHPH LV SURSRVHG IRU WKH LQFRU:

'"HWDLOV RI WKLV DSSURDFK DUH GHVFULEHG LQ WKH IROOR.

ODWKHPDWLFDO ORGHO RI WKH $UWHULDO :DOO

7KH DUWHULDO ZDOO LV DVVXPHG WR EH LVRWURSLF LQ
HODVWLF DQG FDQ EH PRGHOOHG DV D WKLQ ZDOOHG F\OLC
WLRQ $V GLVFXVVHG LQ FKDSWHU WKH WKLUG RUGHU SR
FDQ EH DSSOLHG WR GHVFULEH WKH VWUHVV VWUDLQ UHOD
DVVXPSWLRQV DQG WZR H[SUHVVLRQV ZKLFK UHODWH WKH *
DQG ORQJLWXGLQDO ZLWK LQQHU ZDOO SUHVVXUH 3 DQG ¢
GHULYHG VHH (TQ &RQVLGHULQJ WKH IDFW WKDW LQ
GLQDO PRYHPHQW RI WKH YHVVHO ZDOO LQ ODUJH DUWHULI
SXOPRQDU\ DUWHU\ DQG WKH DVFHQGLQJ DRUWD 3HWDO H!
VXPHG KHUH WKDW WKH ORQJLWXGLQDO ZDOO PRWLRQ LV Q

WR D VLPSOLILHG IRUP RI (TQ

3 >'D $ : D $D@

) WWK % O D 3 MMA-

ZKHUH $ % ' ( DUH PDWHULDO FRQVWDQWY ZKLFK DUH GHUI



KDQG U DUH GHIRUPHG PLG ZDOO UDGLXVY DQG ZDOO WKLFN

HQWLDO *UHHQ:-V VWUDLQ GHILQHG DV

5

/IHWLDQ6L GHQRWH WKH RULJLQDO XQGHIRUPHG PLG ZDOO
QHVV )JURP WKH DVVXPSWLRQ RI LQFRPSUHVVLELOLW\ WKH
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NQRZQ LW PD\ EH NRWYBG\IRWYHQ SUHVVXUH 3 6XEVHTXHQ
WXGLQDO IRUFH ) DW WKH VDPH SUHVVXUH FDQ EH REWDLC
(TQ FDQ EH FRQYHUWHG LQWR D SRO\QRPLDO IXQFWLR

DQG GLDPHWHU ZLWKLQ WKH SK\WWLRORJLFDO SUHVVXUH UDQ
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ZKHUH LV WKH PHDQ V\WWHPLF SUHVVXUHLRIWKH B1LD PQWHU

3 7KLV UHODWLRQ LV XVHG WR DSSUR[LPDWH YHVVHO GLODYV

7R REWDLQ WKH SRO\QRPLDO IXQFWLRQ RI (TQ W K H

WR EH NQRZQ )RU WKLV SXUSRVH D QXPEHU RI H[SHULPHQW



PDMRU UHVXOWY DUH VXPPDULVHG LQ 7DEOH 8VLQJ WKH |

E\ +RZ DQG &ODUNH D WKLUG RUGHU SRO\QRPLDO IXQF
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$3 &ODUNH I
58& $ SDEELW FDURWLG DUWHU\
51/, SDEELW OHIW LOLDF
51/ % SDEELW ORZHU DRUWD
58 $ S5DEELW XSSHU DRUWD
$ 3 $UWHULDO SURVWKHVHV ZLWK LQWHUQDO GLDPHWHU EHWZH

7TDEOH 6XPPDU\ RI PDWHULDO FRQVWDQWYV IRU WKH SRO

HQHUJ\ IXQFWLRQ

yLJ &RPSDULVRQ RI FRPSXWHG SUHVVXUH GLDPHWHL

PP WKLFN JUDIW 3 DQG PHDVXUHG YDOXHV Rl +RZ



7TUHDWPHQW RI ORYLQJ :DOO

2YHU D SXOVDWLOH F\FOH WKH PRWLRQ RI DUWHULDO ZD
LV SUHGLFWHG XVLQJ WKH SUHVVXUH GLDPHWHU UHODWLRQ"'
7KLV LV RQO\ RQH DVSHFW RI WKH SUREOHP WKH UHPDLQC

DFFRPPRGDWH WKH ZDOO PRYHPHQW LQ WKH IORZ PRGHOOL

6ROYLQJ WKH IORZ ILHOG ZLWK D GLVWHQVLEOH ZDOO UF
SHQGHQW EHFDXVH RI WKH ZDOO PRYHV 7KHUH DUH WZR E
HPSOR\HG

D 5HGLVWULEXWLRQ RI D IL[HG QXPEHU RI JULG SRLQWYV

ZDOO ORFDWLRQV

E /RFDO JULG HQKDQFHPHQW DFFRUGLQJ WR ZDOO PRYF
,Q DSSURDFK D QHDU ZDOO SRLQWYVY DUH UHGLVWULEXWHG
DQG GLODWLRQ RI WKH DUWHULDO zZDOO $V D FRQVHTXHQF
SRLQWY DUH UHGXFHG RU LQFUHDVHG 7KLV DSSURDFK KDV
WKH FRPSXWHU VWRUDJH DQG WLPH GXULQJ WKH VROXWLRC
LQ GDWD VWUXFWXUH 7KH GLVDGYDQWDJH LV WKH SRVVLE
VNHZHG ,Q DSSURDFK E JULG SRLQWY DUH DGGHG ORFDC
SUDFWLFDO DGYDQWDJH RI WKLY PHWKRG LV WKDW WKH RUI
%XW WKH FRPSXWHU VWRUDJH DQG WLPH LQFUHDVH ZLWK W

FRGLQJ DQG GDWD VWUXFWXUH DUH GLIILFXOW

1RZ WXUQLQJ WR WKH IOXLG IORZ VROYHU $67(& LW LV V
HUDWRU DQG WKH JHRPHWU\ GDWD DUH UHDG DQG SURFHVVE
FDOFXODWLRQ 6XFK D FRGH VWUXFWXUH GRHV QRW DOORZ
IXOO\ LPSOHPHQWHG ZLWKLQ D SUDFWLFDO WLPH VFDOH +R
RULJLQDO JULG VWUXFWXUH LV XQFKDQJHG LV TXLWH XVHIX

E ZDV XVHG IRU $67(& 5DWKHU WKDQ DGGLQJ JULG SRLQW



WKH ZDOO ERXQGDU\ RQ D SUH JHQHUDWHG PHVK DFFRUGLC
7TKHUHIRUH WKH ERXQGDU\ SRLOQWY RQ WKH ZDOO DUH WLPH
ZDOO DW WKLV WLPH VWHS PD\ EH HLWKHU LQVLGH RU RXW
VWHS 7KRVH SRLQWV LQVLGH WKH ZzDOO DUH WUHDWHG DV |

WUHDWHG DV VROLG UHJLRQ
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yLJ ,OOXVWUDWLRQ RI WKH PRYLQJ ZDOO WUHD'

%HIRUH XVLQJ WKLV DSSURDFK JULGV DUH JHQHUDWHG E
LPXP SRVLWLRQ DQG WKH NQRZQ PLQLPXP SRVLWLRQ RI WK
yLJ EHWZHHQ WKH PLQLPXP DQG WKH HVWLPDWHG PD[LP]
ILQH JULGY DUH JHQHUDWHG LQ RUGHU WR UHGXFH HUURUYV L
WLRQV GXULQJ WKH WUDQVLHQW F\FOH &DOFXODWLRQV VWD!
ZKLFK FRUUHVSRQGV WR WKH ORZHVW SUHVVXUH $W HDFK W
WLRQV DUH VROYHG ILUVW DQG SUHVVXUHV RQ WKH ZDOO DU
FURVV VHFWLRQ WKHQ WKH GHIRUPHG YHVVHO GLDPHWHUV D
GLDPHWHU UHODWLRQVKLS $FFRUGLQJ WR WKH YDULDWLRQ

DULHVY DUH PRYHG DQG IORZ HTXDWLRQV DUH VROYHG XQGHU



7KLV F\FOH LV FDUULHG RXW XQWLO D FRQYHUJHG VROXWLF

SURFHHG WR WKH QH[W WLPH VWHS

6XFK D WUHDWPHQW LV FRXSOHG VLQFH WKH SUHVVXUH X
SODFHPHQW LV WKH RQH REWDLQHG IURP WKH LQVWDQWDQHF
7KH PDMRU VLPSOLILFDWLRQV PDGH KHUH DUH L WKH ORQ
LV QHJOLJLEOH DQG LL WKH UDGLDO GLVSODFHPHQW LV X
D SRO\QRPLDO IXQFWLRQ XVXDOO\ LQ UG RUGHU RI WKH
WKH ZDOO 7KLV PRYLQJ ZDOO WUHDWPHQW LV YDOLG SURYI
ZDOO LV PXFK VORZHU WKDQ WKDW RI WKH IOXLG DQG LL
YHU\ ILQH 7KH IRUPHU LV JHQHUDOO\ WUXH EHFDXVH W\
GLDPHWHU DV D SXOVH SDVVHV DUH RQO\ DERXW * ILIKW
LV XVHU FRQWUROODEOH 7KH GLVDGYDQWDJH RI WKLV WUH
PHVK RFFXSLHV D ODUJH DPRXQW RI FRPSXWHU PHPRU\ HVS

JHRPHWU\ LV FRQFHUQHG
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,Q DOO QXPHULFDO SUHGLFWLYH ZRUN RQH TXHVWLRQ
DFFXUDWH DQG UHOLDEOH DUH WKH SUHGLFWLRQV " 7R DQ
WKRURXJKO\ DOO WKH SRVVLEOH VRXUFHV RI HUURU ,Q SU
WKHUH DUH PDLQO\ WKUHH VRXUFHV RI HUURU WKH\ DUH
LL WKH GLVFUHWLVDWLRQ PHWKRG DQG LLL WKH QXPHUI
ELIXUFDWLRQ IORZ XQGHU FRQVLGHUDWLRQ WKH YDOLGLW\
GLVFXVVHG LQ FXKPGWHQFH WKH IORZ LV ODPLQDU IRU ZKLF¥k
HTXDWLRQV LQYROYH QR HPSLULFLVP WKH DFFXUDF\ Rl WKE
LQ D JRRG RUGHU 7KH PDJQLWXGH RI WKH GLVFUHWLVDWLR
WKH GLVFUHWLVDWLRQ DSSURDFK DQG WKH PHVK GHQVLW\
HLWKHU XVLQJ D KLJKHU RUGHU GLVFUHWLVDWLRQ IRUPXOD ¢
HUURU RU UHILQLQJ WKH JULG ,QIRUPDWLRQ RQ WKH IRUP
DQG WKH ODWHU LV SUREOHP GHSHQGHQW ZKLFK ZLOO EH GF
LFDO SUHGLFWLRQV 7KH HUURUV DVVRFLDWHG ZLWK WKH Q>

E\ WKH FRQYHUJHQF\ FULWHULD

$SDUW IURP DFFXUDF\ FRQVLGHUDWLRQ RI WKHVH NLQGV
PLQOG WKDW QR FRGHV DUH JXDUDQWHHG WR JLYH UHDVRQDI
NLQGV RI SUREOHPYV DW DQ\ GLITHUHQW OHYHOV HYHQ ZLWK
IRUH H[WHUQDO FRGH YDOLGDWLRQ IRU D SDUWLFXODU SUF
GHVLUDEOH ,Q JHQHUDO FRGH YDOLGDWLRQ H[HUFLVHV PD\
D FRPSDULVRQ ZLWK WKH DQDO\WLFDO VROXWLRQ LI RQ
E FRPSDULVRQ ZLWK ODERUDWRU\ GDWD VHW XS VSHFLIL
F FRGH WR FRGH FRPSDULVRQ

G FRPSDULVRQ ZLWK D ZLGH UDQJH RI DSSOLFDWLRQ HJI



,Q WKLV FKDSWHU D FRPSUHKHQVLYH UDQJH RI FRGH YDOLC
IURP WKH VLPSOH SUREOHP Rl VWHDG\ IORZ LQ D ULJLG WXE]
ZLWK WKH QRQ 1HZWRQLDQ YLVFRVLW\ WKH SXOVDWLOLW\ ¥
WKH ZDOO EHLQJ WDNHQ LQWR DFFRXQW LQ WXUQ 7R WHVW
FDWLRQ IORZ FRQILIXUDWLRQ FRPSXWDWLRQDO UHVXOWV Il
ERWK VWHDG\ DQG SXOVDWLOH IORZ FRQGLWLRQV ZHUH YDOL
PHDVXUHPHQWY ORUHRYHU FRPSDULVRQ ZLWK DQ DOWHUQD
SHUIRUPHG 7KLV ZDV IROORZHG E\ D FRPSOHWH VHW RI SUF
D ' f ELIXUFDWLRQ ZLWK D 1HZWRQLDQ DQG D QRQ 1HZWR
(IIHFWV RI ' JHRPHWU\ SXOVDWLOLW\ DQG QRQ 1HZWRQLDQ
LQGLYLGXDOO\ DQG WKH UHVXOWVY ZHUH FRPSDUHG ZLWK SX
.X DQG /LHSVFK $00 SUHGLFWLRQV SUHVHQWHG LQ WK

ZLWK $67(& FRGH XQOHVV RWKHUZLVH VWDWHG
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7KUHH GLPHQVLRQDO 6WHDG\ )ORZ ,Q D 5LJLG &LUFXOD

'LWK D 1HZWRQLDQ DQG E 1RQ 1HZWRQLDQ )OXLG

$W WKH EHJLQ RI WKLV UHVHDUFK WKH $67(& FRGH ZDV
QRQ 1HZWRQLDQ IOXLG IORZ 7R WHVW WKH LPSOHPHQWDWLR
GHVFULEHG LQ WKH SUHFHGLQJ FKDSWHU VLPSOH SUREOHPYV
FLUFXODU WXEH ZLWK L 1HZWRQLDQ DQG LL QRQ 1HZWR
WKH UHVXOWYV ZHUH FRPSDUHG ZLWK DQDO\RWH EQOGVYR® KW HRQ
ZKLFK LV Rl WKH VDPH RUGHU DV WKRVH Rl ODUJH DUWHULHYV
ZKLFK LV ZLWKLQ WKH SK\WLRORJLFDO IORZ UDQJH 7KH
HOHPHQWY LQ WKH UDGLDO GLUHFWLRQ DQG HOHPHQWYV
LQOHW RI WKH WXEH LQ D[LDO GLUHFWLRQ D IXOO\ GHYHORS

ZKLOH ERWK VHFRQGDU\ YHORFLW\ FRPSRQHQWYV ZHUH VHW |



RXWOHW zZzDV DVVXPHG WR EH JHUR 6LQFH IORZ DW WKH LQO
YHORFLW\ SURILOH DW WKH RXWOHW KDG WR EH WKH VDPH
WKH 1HZWRQLDQ I10XLG FDVH FRPSXWHG YHORFLW\ SURILO

ZLWK WKH +DJHQ 3RLVHXLOOH VROXWLRQ JLYHQ E\

ZKHUH U LV WKH UDGLBOLSRWKWLRURWDVWEHFWLRQDO DYHUDJ
VKRZQ LQ )LJ D DQ H[FHOOHQW DJUHHPHQW ZDV DFKLHYFL

HUURU RI DQG WKH PD[LPXP HUURU RI

JRU D QRQ 1HZWRQLDQ IOXLG REH\LQJ WWN $REEVU GHNZHOR

YHORFLW\ SURILOH LV JLYHQ E\

8VLQJ D EORRG OLIRH IOXL@®ALGWK FRPSDULVRQ EHWZHHQ |
ODWLRQV DQG (TQ ZDV PDGH kY VRKRHQHUQRWY RFFXUUH

QRW H[FHRGWKH DYHUDJH YHORFLW\

7KH YHORFLW\ JUDGLHQW RU VKHDU UDWH IRU ERWK 1H
IOXLG ZzDV DOVR FDOFXODWHG DQG FRPSDUHG LQ )LJ $V
JRHV I[URP JHUR DW WKH WXEH D[LV ZKHUH WKH IOXLG YHORF
DW WKH ZzDbOO ZKHUH WKH IOXLG YHORFLW\ LV ]JHUR )RU WKH
D ]JHUR VKHDU UDWH J]RQH LV IRUPHG QHDU WKH WXEH D[LV C

ZDOO LV KLJKHU WKDQ WKDW RI WKH 1HZWRQLDQ I0OXLG



00

yLJ
I XO O\

IOXLG

&RPSDULVRQ EHWZHHQ WKHRUHWLFDO VROXWLRQ 3 L

GHYHORSHG IORZ LQ D VWUDLJKW WXEH ZLWK D 1HZWHF

yLJ &RPSDULVRQ RI VKHDU UDWH EHWZHHQ D 1HZWR

DQG D QRQ 1HZWRQLDQ R R R IOXLG



7KUHH GLPHQVLRQDO 3XOVDWLOH )ORZ ,Q D 5LJLG &LUI

"LWK 1HZWRQLDQ )OXLG

JROORZLQJ WKH VWHDG\ IORZ SUHGLFWLRQ SUHVHQWHG 1
RI SXOVDWLOH IORZ LQ D WXEH RI VDPH GLDPHWHU ZDV SHUI
DFKLHYHG E\ VXSHULPSRVLQJ D VLQXVRLGDO RVFLOODWLQJ I

YDULDWLRQ RI SUHVVXUH JUDGLHQW DW WKH LQOHW ZDV JLY

3

83 FRV ul 3D P
ZKHUH | WKH IUHTXHQF\ RI SXOVDWLRQ ZDV FRQVWDQW D\
UDPHWHU GHILQHA&NDW BDV HTXDO WR DQG WKH DYHUD.
QXPEHU ZDV $W WKH LQOHW RI WKH WXEH SUHVVXUH JUD

ZDV LPSRVHG ,Q $67(& WKH SUHVVXUH JUDGLHQW ERXQGDU\

DV VHH )LJ

G3B
3Q O 3Qa3Q[($['7G[

ZKHUH § - VWDQGYV IRU HOHPHRWR W \H OMPH Q@ U HDAG MDBHPW W
$[ LV WKH GLVWDQFH EHWZHHQ WKH LQOHW DQG DGEMDFHQW
LV DQ XQGHU UHOD[DWLRQ IDFWRU 7KH OHQJWK RI WKH WXE
GLDPHWHU EHFDXVH WKH HVWLPDWHG HQWU\ OHQHWK DFFR

5H GZDV DERXW G &DOFXODWLRQ ZDR/P EDBWHH G\RRWVIR
LQ HDFK F\FOH IRUW\ QRQXQLIRUP WLPH VWHSV ZHUH XVHG
DW WKH RXWOHW RI WKH WXEH ZHUH FRPSDUHG ZLWK WKH I
RPHUVOH\ IRU GHWDLOV VHH $SSHQGL[ ' $V VKRZQ
DJUHHPHQW LV DFKLHYHG (UURUV RFFXUUHG ZHUH QRW ODU.
PHDQ D[LDO YHORFLW\ )LJ LOOXVWUDWHY WKH SUHVVXUH
ZDOO VKHDU UDWH YHUVXV WLPH JLYLQJ DQ LQGLFDWLRQ F
WKLV FDVH WKH SKDVH ODJ RI WKH IORZ UDWH LV DERXW f

LV DERXW f
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yLJ BUHVVXUH JUDGLHQW ERXQGDU\ FRQGLWLR(

s 2 OP V 8

yLJ &RPSDULVRQ EHWZHHQ WKHRUHWLFDO VROXWLRQ 3

IRU SXOVDWLOH IORZ LQ D ULJLG WXEH RYHU D ZKROH F\FOH



yLJ 5HODWLRQ RI IORZ 4 DQG ZDOO VKHDU UDWH

WR WKH SUHVVXUH JUDGLHQW 3

7KUHH GLPHQVLRQDO 3XOVDWLOH )ORZ ,Q DQ (ODVWLF &

'LWK 1HZWRQLDQ )OXLG

7R PDNH DQ LQLWLDO LQYHVWLIJDWLRQ RQ WKH HIIHFW R :
LQ DQ HODVWLF WXEH ZDV FDOFXODWHG XVLQJ WKH PRYLQJ ¢
obvw FKDSWHU 7KH HODVWLF WXEH DGRSWHG LQ WKH FDOF
XVHG LQ WKH WKHRUHWLFDO DQG H[SHMWPBOWIZE MUMXBKR I /
WXEH ZLWK DQ LQQHUPBLD@®GE WHUODRIO WKPPNQBIVVPBGH R
VLOLFRQH UXEEHU ©6LO*HO 7TKH SUHVVXUH GLDPHWHU F>
VKRZQ LQ )LJW H[SDQGYV DSSUR[LPDWHO\ LQ GLDPHWHU G

H[SHULPHQW

7KH SXOVDWLOH IORZ FRQGLWLRQV LQ WKH HODVWLF WX
WKH ULJLG FDVH GLVFXVVHG LQ WKH ODVW VHFWLRQ 6LQFH
SOH[LJODV WXEH ZDV XVHG DV WKH UXQ LQ WXEH IRU WKH

D[LDO YHORFLW\ SURILOHV IRU WKH ULJLG WXEH ZHUH WKHQ



FRQGLWLRQ IRU WKH HODVWLF WXEH &DOFXODWHG YHORFLW
H[SHULPHQWDO GDWHDWRID/QHBWFKf LQWHUYDOV 7KH PHDVXUF
WDNHQ DW U 5 DQG HYHU\ f $V LV VHI
DIJUHHPHQW EHWZHHQ WKH FDOFXODWLRQ DQG WKH PHDVXUH
GLVFUHSDQFLHVY FDQ EH REVHUYHG WKH SUHGLFWHG YHORF
PHDVXUHPHQWY GXULQJ IORZ DFFHOHUDWLRQGEHWZHEHNY DKM
ORZHU GXULQJ IORZ GHFHOHUDWLRQ HVSHFLDOO\ DW SKDVH
DUH GLIILFXOW WR H[SODLQ VLQFH WKH\ PD\ ZHOO LQYROYH 1

HUURUV ZKLFK ZHUH UHSRUWHG WR EH RI WKH PHDVXUHP

,Q )LJ WKH D[LDO YHORFLW\ SURILOHV Rl WKH HODVWLF |
WKRVH RI WKH ULJLG PRGHO 7KH UHVXOWY DUH SUHVHQWHG
LVRQ VKRZV WKDW LQ JHQHUDO WKHUH LV QR VLJQLILFDQW
SURILOHV LQ WKH ULJLG DQG WKH HODVWLF WXEHV 'XULQJ IC
LQ WKH HODVWLF WXEH DUH VOLJKWO\ ORZHU WKDQ WKRVH

PDLQO\ IURP WKH FURVV VHFWLRQDO DUHD H[SDQVLRQ RI WK

yLJ BUHVVXUH GLDPHWHU FXUYH IRU WKH VLOLFRC



) LJ &RPSDULVRQ EHWZHHQ FDOFXODWLRQ 3 DQG HI[SI

VWHDG\ IORZ LQ DQ HODVWLF WXEH

yLJ &RPSDULVRQ RI YHORFLW\ SURILOHYV LQ D ULJLG 3 D¢
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7ZR '"LPHQVLRQDO 6WHDG\ )ORZ ,Q $ 73%LIXUFDWLRQ

$V D ILUVW VWHS WRZDUGV WKH PRGHOOLQJ RI DUWHULL
SK\WVLRORJLFDO VLWXDWLRQ VWHDG\ IORZ WKURXJK DQ LGH
ULJLG ZDOO ZDV VWXGLHG XQGHU YDULRXVY IORZ SDUDPHWH!
EUDQFK WR PDLQ WXEH IORZ UDWH UDWLR IXPHULFDO UH\
DJDLQVW SXEOLVKHG /'$ PHDVXUHPHQWYVY RI /LHSVFK HW DO

WR EH UHOLDEOH

UA4U3BUREOHP GHILQLWLRQ DQG JULG UHVROXWLRQ WHVWYV

JRU FRGH YDOLGDWLRQ SXUSRVH WKH ELIXUFDWLRQ JH
DGRSWHG LQ WKH H[SHULPHQWDO VWXG\ ZHUH UHSURGXFHG
yLJ DQRG 7DEOH BULRU WHVWY ZHUH FDUULHG RXW IRU
WULEXWLRQV L H [ [ DQG [ LQ RUGHU WR GHWHI
SHVXOWY RI WKHVH FDOFXODWLRQV LQGLFDWHG WKDW D [
PD[LPXP D[LDO YHORFLW\ GELWKLWEH\NLQHU JUZIGWR QWK H
FRDUVHU JULG +RZHYHU WR PDNH D TXDQWLWDWLYH FRPSD
WKH [ JULG zZDV VHOHFWHG ZKLFK ZDV QRQ XQLIRUPO\ G|
WKH UDSLG VvVSDWLDO YDULDWLRQV RI IORZ SDUDPHWHUYV DUR
$67(& WUHDWV D WZR GLPHQVLRQDO SUREOHP DV D WKUHH
UHVWULFWHG EHWZHHQ WZR V\PPHWULF SODQHV WKH DFWX

HOHPHQWY DQG QRGHV :LWK WKLV PHVK D W\SLFDO |

TXLUHG VHFRQGY RQ D &5%< ; 03

,Q WKLV VLPXODWLRQ WKH IOXLG ZDV GLVWLOOHG ZDWH

O .J P DQG D G\QDPLF YLVFRVLWY RRV JRUaWKH XSVWUH

,Q VHFWLRQV DQG WKH WHUP "WXEHu KDV D ' PHDQLQJ
ZRUG "FKDQQHOu



ERXQGDU\ FRQGLWLRQ D IXO0O\ GHYHORSHG D[LDO YHORFLW\
LW\ ZHUH VSHFLILHG DW WKH LQOHW 6LQFH WKH [ H[LW ZD\V\
IXOO\ GHYHORSHG IORZ ZLWK VSHFLILHG IORZ SDUWLWLRQL(
\ H[LW SUHVVXUH zZDV DVVXPHG WR EH ]JHUR 1R VOLS FRQG

ULJLG ZDOO

&DVH 1R 5H 4 4R

)y LJ %LIXUFDWLRQ JHRFPBHWOM )ORZ SDUDPHWHUV LQYHVWI

UaV&RPSDULVRQ RI FDOFXODWHG DQG PHDVXUHG YHORFLW!

I1XPHULFDO FDOFXODWLRQV ZHUH SHUIRUPHG IRU DOO FDV
EH QRWLFHG WKDW FDVHV DQG KDYH WKH VDPH EUDQF
UDWLR EXW GLIITHUHQW 5H\QROGYVY QXPEHU ZKLOH FDVHYV
5H\QROGYV QXPEHU EXW GLIIHUHQW IORZ UDWH UDWLR 5HVXO

LQGLFDWLRQ RI KRZ WKH IORZ ILHOG LV LQIOXHMAHGRE\ WKH V

LIV DQG SUHVHQW WKH D[LDO YHORFLW\ SURILOHY)\
WXEH UHVSHFWLYHO\ IRU FDVHYV W R ,W LV REVHUYHG WKI
VLPLODU LQ DOO FDVHV EXW IRU KLJKHU 5H\QROGYV QXPEHUV

ERWWRP ZDOO RI WKH PDLQ WXEH DUH PRUH SURQRXQFHG



yLJ

&% (

$[LDO YHORFLW\ SURILOHV LQ WKH PDLQ W)
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yLJ $[LDO YHORFLW\ SURILOHV LQ WKH EUDQFK WXEH



DORQJ WKH XSVWUHDP ZDOO RI WKH EUDQFK H[SDQGV LQ OF
QXPEHU ZLWK WKH 4AQFRIKIMDA/ W HRSDUDWLRQ LQ WKH PDLQ WX
ELIXUFDWLRQ JURZVY UHPDUNDEO\ ZKLOH WKH VHSDUDWLRQ
QDUURZHU DQG PRYHV VOLJKWO\ XSZDUGV 5HVXOWYV RI WKH
DUDWLRQ J]RQH DUH VXPPDULVHG LQ 7DEOH 7TKHVH UHVX

DJUHHPHQW ZLWK WKH PHDVXUHPHQWYV

7R YDOLGDWH WKH SUHGLFWLYH UHVXOWY D TXDQWLWD
DQG PHDVXUHPHQWYV ZDV SHUIRUPHG ,Q )LJ WKH FDOFXO
DUH FRPSDUHG ZLWK WKH /'$ PHDVXUHPHQWY IRU FDVH , W
D YHU\ JRRG DJUHHPHQW EHWZHHQ WKH FDOFXODWLRQV DQC
LQ WKH PDLQ WXEH WKH D[LDO YHORFLW\ SURILOHV ZHUH SL
GLIITHUHQFHV DUH IRXQG LQ WKH EUDQFKLQJ WXEH 7KLV P

WKUHH GLPHQVLRQDO HIIHFWV RI WKH WXEH XVHG LQ WKH H

$ IXUWKHU TXDQWLWDWLYH FRPSDULVRQ ZDV PDGH ZLWK D
DV SUHVHQWHG LQ )LJ W LV GHPRQVWUDWHG WKDW W
$67(& DQG )/ : ' DUH FRQVLVWHQW +RZHYHU WKHLU FRPSX
GLITHUHQW JRU WKLV FDVH WKH &38 WLPH ZLWK $67(& ZD

WKDQ ZLWK )/

:DOO VKHDU VWUHVYV

JRU DQ LQFRPSUHVVLEOH IOXLG WKH

VKHDU VWUHVV LV JLYHQ E\

XW_
?9 _ZDOO



ODLQ 7XEH

&RVH 1R 5H 4Z 2X 6HSDUDWLRQ FRHOIDWWDFKPHQWLPXP :LGWK
SRLQW
A ;U o+ Voo+

QR VHSDUDWLR® VHSDUDWLRQ

%JDQFK

&DVH 1R 5H 4Z 2X 6HSDUDWLRQ FRIMWWDFKPHQBLPXP :LGWK
3RLQW
<V + <U + 'V +

7TDEOH /IRFDWLRQ DQG VL]H RI WKH VHSDUDWLRQ Ul



) LJ &RPSDULVRQ RI D[LDO YHORFLW\ BHBVIXWUHHW QWK WK

BBB $67(&
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yLJ &RPSDULVRQ RI D[LDO YHORFLW\ SURNINQHWEHWZHHQ



ZKHUDHW GHQRWHV WKH WDQJHQWLDO YHORFLW\ Q LV WKH Q
1XPHULFDO UHVXOWV RI ZDOO VKHDU VWUHVV DUH SORWWH
QRQ GLPHQVLRQDOLVHG LQ WHUPV RI WKH IXO0O\ GHYHORSH
IRU HDFK FDVH $ORQJ WKH ERWWRP ZDOO RI WKH PDLQ WXE
XSVWUHDP SRVLWLRQV LV FRQVWDQW LQGLFDWLQJ WKDW Wk
QRW EHHQ GLVWXUEHG E\ WKH GRZQVWUHDP ELIXUFDWLRQ
FRUQHU RI WKH ELIXUFDWLRQ VKHDU VWUHVV GURSV DEUXS
ZKLFK LV QHJDWLYH H[FHSW IRU WKH ILUVW FDVH ZKHUH 10
5H\QROGV QXPEHU LQFUHDVHV WKH UHJLRQ RI QHJDWLYH \
D VDPH 5H\QROGV QXPEHU LQFUHDVHG IORZ LQ WKH EUDQI
ZDOO VKHDU $W WKH GLYLGHU ZDOO RI WKH PDLQ WXEH )L
LV SRVLWLYH DQG WKH PD[LPXP ¥D®XH LVLVWRK QKWW QFUHDYV
5H\QROGYV QXPEHU WKH YDOXH RI ZDOO VKHDU VWUHVV ULV
EHU LQFUHDVHG IORZ LQ WKH EUDQFK UHVXOWV LQ D GHFU
$W WKH XSVWUHDP ZDOO RI WKH EUDQFK )LJ WKH ZDOC
ORZ ZLWK DQ DYHUDJH YDOXH ZHOO EHORZ JHUR 7KH VKHD
JHUR OLQH DW WZR SRLQWYV H[FHSW IRU WKH ODVW FDVH ZKkt
LOQGLFDWLQJ WKH H[WHQW RI IORZ VHSDUDWLRQ DORQJ WKH
LWV GHSHQGHQFH XSRQ WKH IORZ SDUDPHWHUV 7KH LQIOX
EUDQFK IORZ UDWH RQ WKH YDOXH RI ZDOO VKHDU VWUHVV
ZKLFK LV JHQHUDOO\ WKH VDPH DV REVHUYHG DW WKH ERWYV
WKH GLYLGHU ZDOO Rl WKH EUDQFK )LJ WKH VKHDU VWL
WLRQDOO\ SRVLWLYH $V WKH 5H\QROGV QXPEHU LQFUHDVH
JRU D VDPH 5H\QROGV QXPEHU LQFUHDVHG IORZ LQ WKH EU
FUHDVH LQ ZDOO VKHDU :KHQ FRQVLGHULQJ WKH ELIXUFDWL
WKH PLQLPXP VKHDU VWUHVV RQ WKH XSVWUHDP ZDOO RI W
WKDW RQ WKH ERWWRP ZDOO Rl WKH PDLQ WXEH ZKLOH WK
GLYLGHU ZDOO Rl WKH EUDQFK LV DERXW WKH VDPH DV WKDYV

WXEH IRU VPDOO EUDQFK IORZ UDWH EXW DUH VLJQLILFDQW
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:DOO VKHDU VWUHVY DW WKH GLYLGHU ZDOO RI WKH EUDRQ

yLJ



7ZR "LPHQVLRQDO 3XOVDWLOH )ORZ ,Q $ 73%LIXUFDWLR

,Q WKH SUHFHGLQJ VHFWLRQ SUHGLFWLRQV IRU VWHDG\
YDOLGDWHG ,Q WKLV VHFWLRQ WKH SXOVDWLOLW\ RI WKH
DQ LQWHQWLRQ RI DVVHVVLQJ WKH FRGH:-V YDOLGLW\ ZKHQ
IORZV 7KH QXPHULFDO UHVXOWVY ZHUH FRPSDUHG ZLWK WKH

E\ . KRGDGDGL HW DO ZKR HIWHQGHG WKH ZRUN R1I /LH

BUREOHP GHILQLWLRQ

7KH VDPH ELIXUFDWLRQ JHRPHWU\ DV LOOXVWUDWHG LQ )
SXOVDWLOH IORZ ZDV DFKLHYHG E\ VXSHULPSRVLQJ D VLQX!
VWHDG\ IORZ DQG WKH IUHTXHQF\ RI SXO VP WLERGH B DWWHDODBA W
IORZ FRQGLWLRQV WKH 5H\QROGV QXPEHU DQG IORZ UDWH
WKH WZR FRQWUROOLQJ SDUDPHWHUV Rl WKH SUHVHQW ELIX
VXUH JUDGLHQW LV DSSOLHG DW WKH LQOHW RI WKH ELIXUF
H[SUHVVHG DV :RPHUVOH\ SDUDPHWHU D DQG WKH DPSOLW X
GXFHG DV DGGLWLRQDO FRQWUROOLQJ IDFWRUV ,Q WKLV FI
DW WKH HQWUDQFH RI WKH BDIQRUWBKW LIFORZD W K ZIDMW LR

NHSW FRQVWDQW DW 7KH YDULDWLRQ RI SUHVVXUH JUI
LQ )LJ ZKLFK ZDV PHDVXUHG XVLQJ WZR LQGXFWLYH SUI
PHWHU DSDUW LQ WKH LQOHW VHFWLRQ RI WKH ELIXUFDWL
RPHUVOH\ SDUDPHWHU ZDV $ JO\FHULQH ZDWHU VROXW

KDYLQJ D GHQVLW\ RIDQG .0 B\QDPLF YLVFRVLW\PRI [O02

JRU WKH XSVWUHDP ERXQGDU\ FRQGLWLRQ WKH WLPH GH
WDLQHG IURP WKH DQDO\WLFDO VROXWLRQ IRU IXO0O\ GHYHO

DW WKH LQOHW )RU DQ LQOHW SUHVVXUH JUDGLHQW RI

GS
8 . VW. RVFRWIW



yLJ 3XOVDWLQJ SUHVVXUH JUDGLHQW DW WKH

WKH LQVWDQWDQHRXY YHORFLW\ SURILOH LV JLYHQ E\

X\ W XVXV & \ W
0vVW A\vg@/ X
.RVF VLQ UIWRNLUIW

QI SA &

ZKHUH

$ FRV fFRVK

& VL 1vLQK

FRM fFRYW
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7KH QRUPDO YHORFLW\ FRPSRQHQW DW WKH LQOHW ZDV DV\
WLRQ ZDV LPSRVHG RQ WKH ULJLG ZDOO $W WKH WZR RXW
D FRQVWDQW IORZ G4%U4VLRQ UBDPMWMLR/SHFLILHG DW WKH [ HI

ZDV SODFHG+t GRZQVWUHDP ZKLOH DW WKH \ HI[LW JHUR SUF

DVVXPHG

&RPSDULVRQ Rl FDOFXODWHG DQG PHDVXUHG YHORFL

JRU WKH SXOVDWLOH IORZ GHILQHG DERYH FDOFXODWLR
JULG ZKLFK ZDV WHVWHG WR EH FDSDEOH RI SURYLGLQJ D .
LQJ D IXOO\ LPSOLFLW WLPH GLITHUHQFLQJ VFKHPH RQH SX

WLPH VWHSV ZKLFK ZHUH XQHYHQO\ VSDFHG WR DFFRXQW
JUDGLHQWY 7KH FDOFXODWLRQ ZDV FRQWLQXHG XQWLO D
IRU ZKLFK DERXW F\FOHV ZHUH QHHGHG LQ WKLV FDVH 5
Rl WKH ELIXUFDWLRQ DQG GLIIHUHQW SKDVHV RI WKH F\FOH
VXUHPHQWYV )LJ SUHVHQWYVY WKH FRPSDULVRQ RI D[LDO
WXEH ,W LV REVHUYHG WKDW DW WKH OHDGLQJ HGJH RI W
DJUHHPHQW LV JHQHUDOO\ JRRG DQG D WHQGHQF\ IRU UHYF
DQJOHV EHWZHHQ f DQG f $W WKH WUDLOLQJ HGJH RI
DQG GRZQVWUHDP [ + WKH DJUHHPHQW LV YHU\ JRRG
SHULRG RI IORZ VHSDUDWLRQ FRUUHVSRQGLQJ WR SKDVH
ZKHUH QXPHULFDO UHVXOWV KDYH VOLJKWO\ RYHUSUHGLFW!
UHGHYHORSV IXUWKHU GRZQVWUHDP RI WKH VHSDUDWLRQ ]F

DQG FRPSXWHG YHORFLW\ SURILOHV IRU WKH ZKROH F\FOH

&RPSDULVRQ RI D[LDO YHORFLW\ SURILOHV LQ WKH EUDQ

$W WKH EHJLQQLQJ RI WKH EUDQFKLQJ \ + JRRG DJUHHI



) LJ &RPSDULVRQ RI D[LDO YHORFLW\ SURILOHV LQ V

8 FDOFXODWLRQ f f 1+ PHDVXUHPHQW
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)LJ &RPSDULVRQ RI D[LDO YHORFLW\ SURILOHV LQ

8 FDOFXODWLRQ f % f PHDVXUHPHQW



WKWXEH WKURXJKRXW WKH F\FOH $V WKH IORZ PRYHV GRZQ
LV LQVLGH WKH VHSDUDWLRQ ]J]RQH IRU PRVW SDUW RI WKH
IRU SKDVH DQJOHV EHWZHHQ f DQG f 7KH SURILOHV 1D

EUDQFK DUH LQ H[FHOOHQW DJUHHPHQW IRU WKH ZKROH F\F

JURP WKHVH FRPSDULVRQV LW PD\ EH FRQFOXGHG WKDW
KDV EHHQ SUHGLFWHG YHU\ ZHOO ©6PDOO GLVFUHSDQFLHV LC
ZKHUH IORZ VHSDUDWLRQV H[LVW 7KHVH PD\ ODUJHO\ GXH
IHFWV RI WKH ELIXUFDWLQJ IORZ DQG SHUKDSV UDWKHU VO
ERXQGDU\ FRQGLWLRQV XVHG LQ WKH SUHGLFWLRQ DV ZHO(
ZHUH HVWLPDWHG WR EH DURXQG DW FORVH ZDOO SRVLYV
ZKHUH +RZHYHU WKH GLIIHUHQFHV IRXQG KHUH DUH PXFK O
SUHGLFWLRQVY DOVR SUHVHQWHG E\ .KRGDGDGL HW DO

ZHUH VLJQLILFDQWO\ H[DJJHUDWHG

:DOO VKHDU VWUHVYV

:bOO VKHDU VWUHVVHY DORQJ WKH ERWWRP ZDOO RI WKH
VLGH ZDOOV : DQG WKH GLYLGLQJ ZDOOV : DUH SUHVH
SKDVH DQJOHYV f f DQG f 3ULQFLSDOO\ LW VKRZV WK
VWHDG\ IORZ VWXGLHV L H LQ WKH YLFLQLW\ RI WKH OHDG
WuUuDLOLQJ SRLQW PDUNHG DV H HGJHV RI WKH ELIXUFDWLR(
ERWWRP ZDOO RI WKH PDLQ WXEH RSSRVLWH WKH WUDLOLQ.
SRLQWYVY PDUNHG DV D DQG E DQG RQ WKH XSVWUHDP VLGH
PDUNHG DV G WKH VKHDU VWUHVV LV ORZ +RZHYHU WKH
WKH PLQLPXP ZDOO VKHDU VWUHVV YDU\ GXULQJ WKH SXOVD!
SHDN VKHDU VWUHVV RQ WKH GLYLGHU ZDOO : 1I8XFWXDW]
DQG WKH PLQLPXP VKHDU VWUHVV RQ WKH ERWWRP ZDOO :C

2 241 P
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:DOO VKHDU VWUHVYV DORQJ WKH ERWWRP ZDOO

DQG WKH GLYLGHU ZDOO

DW WKUHH SKDVH DQJOHV

: 0

f

WKH XSVWUH

f DQG f



(INTHFWV RI SXOVDWLRQ

7KH YHORFLW\ SURILOHV GLVFXVVHG DERYH VKRZ WKDW \
WDEOLVKHG LQ WKH ELIXUFDWLRQ 2QH LV ORFDWHG RQ WK
RSSRVLWH RI WKH VLGH EUDQFK DQG WKH RWKHU DORQJ WK
7KLV ILQGLQJ LV LQ FRQIRUPLW\ ZLWK WKH VWHDG\ IORZ UH\
WLRQV .KRGDGDGL HW DO 7KH SUHGLFWLRQV DOVR LQ
HIWHQW Rl WKHVH VHSDUDWLRQ UHJLRQV YDU\ ZLWKLQ D F\F(
HITHFW Rl WKH SXOVDWLQJ SUHVVXUH JUDGLHQW RQ WKH WZR
ORFDWLRQ RI WKH VHSDUDWLRQ DQG UHDWWDFKPHQW SRLQYV
REWDLQHG IURP WKH QXPHULFDO SUHGLFWLRQV DUH SORWW
LQ )LJIV D DQG E UHVSHFWLYHO\ 7KH ILIJXUHV VKRZ
RI WKHVH ORFDWLRQV ZLWKLQ D F\FOH DV FRPSDUHG ZLWK
DUH VXPPDULVHG LQ 7DEOH $W ]JHUR SKDVH DQJOH D VPD
GRZQVWUHDP RI WKH ELIXUFDWLRQ LQ WKH PDLQ WXEH W
DOPRVW GLVDSSHDUHG DW DURXQG f )J)RU SKDVH DQJOHV E
VHSDUDWLRQ LV QRWLFHG LQ WKH PDLQ WXEH 2Q WKH RWK
WKH VLGH EUDQFK H[LVWYV WKURXJKRXW WKH FWIOH V ISIHRXRIG

WKH WZR VHSDUDWLRQ ]JRQHVY DUH ODUJHVW

ODLQ 7XEH %UDQFK
6HSDUDWLRQ BRDOQWWDFKPHQWUDWLRQ SRIIDOMWDFKPHQW
3BRLQW 3RLQW
yVo+ ;U o+ <V o+ <U +

7TDEOH /IRFDWLRQ RI VHSDUDWLRQ ]JRQH IRU VWHDG\ IORZ



XW>GHJ@

6 3 3 6HSDUDWLRQ SRLQW R

53 3 SHDWWDFKPHQW SRLQW Y

yLJ 7THPSRUDO YDULDWLRQ RI WKH ORFDWLRQ DQG VL]

JRQHV LQ D PDLQ WXEH DQG E EUDQFK WXEH



7KH HIIHFW RI WKH SXOVDWLRQ RQ ZDOO VKHDU VWUHVYV |
W LV LQGLFDWHG WKDW WKH PD[LPXP DQG PLQLPXP ZDOO VK
D F\FOH 7KLV VXJJHVWYV WKH LPSRUWDQFH RI WDNLQJ WKH ¢

DFFRXQW ZKHQ WKH WLPH YDU\LQJ ZDOO VKHDU LV RI VSHFL

,Q VXPPDU\ DOWKRXJK VRPH EDVLF IHDWXUHV RI IORZ DUH
DQRG SXOVDWLOH IORZVY WKH UHVXOWY SUHVHQWHG KHUH VK
YHORFLW\ SURILOHV XSVWUHDP RI WKH ELIXUFDWLRQ DUH W
$FFRUGLQJ WR :RPHUVOH\ WKHRU\ WKH\ DUH LQWLPDWHO\ L
UDPHWHU L H :RPHUVOH\ SDUDPHWB WHDXOCOWD ULUEUP RD & XHYX
SURILOHVY 6HFRQG SXOVDWLOH IORZ FKDQJHV WKH ORFDWL
UHJLRQV 'XULQJ SDUW RI IORZ DFFHOHUDWLRQ SRVLWLYH I(
WXEH EHKLQG WKH EUDQFK SUHYHQWLQJ WKH IRUPDWLRQ
UHJLRQ H[LVWLQJ LQ VWHDG\ IORZ 'XULQJ ODWHU IORZ GHI
KDYH JURZQ UHPDUNDEO\ ODUJHU DERXW JUHDWHU LQ C
RI WKH PDLQ WXEH RSSRVLWH WKHUBRWH®LY.IQGCWHKH YGGH E
DV FRPSDUHG ZLWK VWHDG\ IORZ 7TKLUG ZDOO VKHDU VWU
F\FOH 'XULQJ IORZ DFFHOHUDWLRQ WKH PDI[LPXP ZDOO VK

XSVWUHDP RI WKH ELIXUFDWLRQ LV DSSUR[LPDWHO\ JUHDW
ODUJH SDUW WR WKH IDFW WKDW WKH VWHDG\ IORZ SURILOH

SURILOHV YDU\ LQ WLPH



7KUHH "LPHQVLRQDO 3XOVDWLOH )ORZ ,Q $ 7 % LIXUFDWLRQ

+DYLQJ YDOLGDWHG QXPHULFDO UHVXOWV IRU ERWK VWt
' ELIXUFDWLRQ FRGH YDOLGDWLRQ H[HUFLVHV SURFHHGHG
WDO GDWD XVHG LQ WKLV VHFWLRQ ZHUH WKRVH RI .X DQG
VIVWHPDWLF VWXG\ RQ SXOVDWLOH IORZ LQ D ' 7 ELIXUFDV
1HZWRQLDQ YLVFRVLW\ DQG ZDOO HODVWLFLW\ LQYHVWLJDV
WKH ' SUHGLFWLRQV DJDLQVW ODERUDWRU\ PHDVXUHPHQWYV
DUH WR SUHVHQW WKH WKUHH GLPHQVLRQDO FKDUDFWHULVYV
LQ GHWDLO WKH HIIHFW RI QRQ 1HZWRQLDQ YLVFRVLW\ RQ

VWUHVV Q DGGLWLRQ SUHVVXUH GLVWULEXWLRQV LQ WKH

DQG DUH SUHVHQWHG LQ $SSHQGLJ (

4U3UREOHP GHILQLWLRQ

JRU WKH f 7 ELIXUFDWLRQ PRGHO WUHDWHG KHUH WKH
ZDVPP DQG WKDW RI WKH EUDQFK WXEH ZDV PP 7TKH ELIX
FRUQHU WKLV EHLQJ WKH RQO\ GLIITHUHQFH WR WKH H[SHULI
FDWLRQ HGJH ZDV VOLJKWO\ URXQGHG 7KH HOHPHQW GLYL
LV LOOXVWUDWHG LQ )LJ 6LQFH WKH IORZ LV V\PPHWULTF
ZDV FRQVLGHUHG 7KH DSSOLHG ILQLWH HOHPHQW FRPSXWD

HLIKW QRGH ' EORFNV DQG D WRWDO RI QRGHYV

&DOFXODWLRQV ZHUH SHUIRUPHG XQGHU WKH SXOVDWLO
WKH H[SHULPHQWDO VWXG\ L H DQ DYHUDJH XSVWUHDP 5H
VDWLOH SUHVVXUH DPSOLWXGH RI 3D P DQG D :RPHUVOH
VLQH SUHVVXUH ZDYH 7KH IORZ UDWH LQ WKH VLGH EUDQFFk
UDWH JRU WKH 1HZWRQLDQ IOXLG D DTXHRXV JO\FHULC

R .J P DQG D YLVFRVLW\ RI .J PV ZDV XVHG )RU W



IOXLG D VHSDUDQ JO\FHULQH VROXWLRQ ZLWK D YDULDEOH Y

ODbz DV U ZDV HPSOR\HG

8QGHU WKH VLQXVRLGDO SUHVVXUH JUDGLHQW IXOO\ GHY
LRXV SKDVHV LQ D ORQJ VWUDLJKW WXEH ZHUH FDOFXODWHG
$V VKRZQ LQ )LJ WKH FHQWHUOLQH YHORFLWLHV DUH E
DERXW f 7KHVH YHORFLW\ SURILOHY ZHUH WKHQ XVHG DV \
ERXQGDU\ FRQGLWLRQ LQ WKH PDLQ WXEH )RU WKH GRZQV
IXOO\ GHYHORSHG IORZ ZLWK D FRQVWDQW IORZ GLYLVLRQ UI
Rl WKH VLGH EUDQFK ZKLFK ZDV WLPHV LWV GLDPHWHU OF

QRW VKRZ WKH ZKROH OHQJWK RI WKLY EUDQFK IRU WKH VDN

DVVXPHG DW WKH RWKHU RXWOHW $ WRWDO RI  WLPH VWHS
DQG WKH FDOFXODWLRQ ZDV FRQWLQXHG IRU F\FOHV ZKHL
(DFK WLPH VWHS UHTXLUHG DERXW LWHUDWLRQV WR

WRRN VHFRQGY RQ D &5%$< ; 03

yLJ J)LQLWH HOHPHQW VXEGLYLVLRQ RI WKH ' 7 ELI



D

) LJ )XOO\ GHYHORSHG YHORFLW\ SURILOHYV FDO FXIIHG X
',9,'(5 :$//
352;,0%/ : 67%@ /
$ F'o( 77 a
287(5 :$//
yLJ '"HILQLWLRQ RI FURVV VHFWLRQDO SRVLWLRQV ZK

UHVXOWY DUH SUHVHQWHG

'"HVFULSWLRQ RI YHORFLW\ ILHOG

yLJ JLYHV WKH FURVV VHFWLRQDO SRVLWLRQV ZKHUH
VHQWHG 7KH GLDJUDP GHILQHV WZR ORFDWLRQV SUR[LPDO
$ % DQG IRXU ORFDWLRQV GLVWDO WR WKH ELIXUFDWLRQ
YHORFLW\ SURILOHVY DW WKHVH ORFDWLRQV LQ WKH SODQH R
SODQH WKURXJK WKH D[LV RI WKH PDLQ WXEH SHUSHQGLFXC
DQG WKH SODQH WKURXJK WKH D[LV RI PDLQ WXEH DW f Vv

LOOXVWUDWHG DW VSHFLILHG SKDVH DQJOHV GXULQJ WKH S>



BBB PV

%



) LJ $[LDO YHORFLW\ SURILOHYV LQ WKH SODQH RI V\PF
WKURXJK WKH D[LV RI WKH PDLQ WXEH DW f DQC

ELIXUFDWLRQ SODQH DW VSHFLILHG SKDVH DQJOH

7KH D[LDO YHORFLW\ SURILOHV XSVWUHDP Rl WKH EUDQFK
LV\PPHWULF RYHU WKH ZKROH F\FOH ,PPHGLDWHO\ DIWHU Wk
YDU\ JUHDWO\ 1HDU WKH GLYLGHU ZDOO UHODWLYHO\ KLJK L
LW\ JUDGLHQWY FDQ EH REVHUYHG 7KLV VKLIWLQJ RI PDVV
UHVXOWV IURP WKH EUDQFKLQJ HIIHFW $0ORQJ WKH RXWHU
UDWHG IORZ LV VHHQ 7KLV VHSDUDWLRQ JRQH RXWOLQHG L
SODQH H[SDQGV DQG FRQWUDFWV GXULQJ WKH SXOVDWLOH

WKURXJKRXW WKH F\FOH SW>WWH SHDWKBRZD UWLIPWR D[LDO Y



®RFLW\ EHKLQG WKH ILRZ GLYLGHU DW ORFDWLRQ ' LV P
WKHUH DUH XS WR 3 UD V ,Q WKH ELIXUFDWLRQ SODQH IC

5 LQ OHQJWK DORQJ WKH RXWHU ZDOO DQG H[WHQGV XS
WKH SODQH SHUSHQGLFXODU WR WKDW RI WKH ELIXUFDWLRQ
VLGH ZDOOV LV YHU\ VPDOO ZLWK PXFK UHGXFHG UHYHUVH Y
LQ WKH f SODQH IORZ VHSDUDWLRQ DORQJ WKH ZDOO DW V
YLRXV EXW VWLOO VPDOOHU WKDQ WKDW LQ WKH ELIXUFDWL
SKDWHN f IORZ UHYHUVDO LV IRXQG PD[LPXP ZLWK QHJDWL
3 PV ZKLFK LV DERXW Rl WKH IRUZDUG GLUHFWHG YHC
UHJLRQ KDV JURZQ ODUJHU RFFXS\LQJ DERXW 5 LQ OHQJ
LQ WKH ELIXUFDWLRQ SODQH $ORQJ WKH QRQ GLYLGH ZDO(
ZDOOV LQ WKH SHUSHQGLFXODU SODQH VHSDUDWLRQ ]JRQHYV
$W WKH PLQLPXPAWRW UDWHORZ VHSDUDWLRQ UHJLRQ EHFRP|
RFEFXSLHV DERXW 5 LQ OHQJWK DQG 5 LQ WKLENQHVV L¢

IORZ VHSDUDWLRQ LV IRXQG LQ WKH f SODQH DQG WKH SHLI

JURP WKHVH UHVXOWY LW FDQ EH QRWLFHG WKDW XQGHU
WKH IORZ VHSDUDWLRQ ]J]RQH LV FRQILQHG WR D UDWKHU W
ZDOO 7KLV LV PDLQO\ GXH WR WKH VPDOOHU VLGH EUDQFK X
GLDPHWHU .DULQR HW DO KDYH VWXGLHG H[SHULPHQV
PDLQ WXEH GLDPHWHU UDWLR DQG GHPRQVWUDWHG WKDW Z

DPHWHU WKH UHFLUFXODWLRQ JRQH RSSRVLWH WKH VLGH EU

$ VLIJQLILFDQW IHDWXUH RI YLVFRXV ' IORZ LQ D EHQGLC
VHFRQGDU\ PRWLRQ LQ FURVV VWUHDP SODQHV GXH WR WKH
RI PDLQ IORZ VWUHDP GLUHFWLRQ 6HFRQGDU\ IORZ DOVR R
ELIXUFDWLRQ FDQ EH FRQVLGHUHG WR EH FRPSRVHG RI Wz
GLUHFWLRQV )LJV DQG VKRZ WKH VHFRQGDU\ YHORFI

DW GLIIHUHQW FURVYV VHFWLRQV GHILQHG LQ )LJ IRU \



IORZ UDWHYV

D

DW PD[LPXP

IORW UPWH



E DW PLQLPXP IXRZ UPWH

yLJ 6HFRQGDU\ YHORFLW\ YHFWRU ILHOG DW GLIITHUHQW

LPXP DQG PLQLPXP IORZ UDWHYV



6,7( $
VFDOHG WISPHV

D DW PD[LPXP

6,7
6,7(
6,7( )

|ORWE & PpWH

PV



6,7( $ 6,7
VFDOHG WISPHYV

'z
6,7( % 6,.7( (
6,7( & 6,7( )
E DW PLQLPXP IXRZ sUPWH
)LJ 6HFRQGDU\ YHORFLW\ SURILOHV DW GLIIHUHQW FUR)

PXP DQG PLQLPXP IORZ UDWHYV



8SVWUHDP RI WKH ELIXUFDWLRQ DW VLWHYVY $ DQG % VHFF
GLUHFWHG IURP WKH RXWHU ZDOO WRZDUGV WKH EUDQFKLQ.
IOXHQFHY GXH WR IORZ EUDQFKLQJ 7KH VHFRQGDU\ YHORFL
KLIKHU WKDQ WKRVH DW WKH RXWHU ZDOO 1HDU WKH IORZ (
RI WKH ELIXUFDWLRQ DW VLWHV & DQG ' VHFRQGDU\ IORZ L
ZDUGV WKH GLYLGHU ZDOO H[FHSW LQ D VPDOO UHJLRQ QHDL
IORZ LV GLUHFWHG WRZDUGYV WKH RXWHU ZDOO 7KH KLJKH
QHDU WKH IORZ GLYLGHU DW VLWH & UHDFKLQJ DERXW RQF
YHORFLW\ DW WKH VDPH VLWH 'RZQVWUHDP RI WKH ELIXUFI
VKRZV KLJK UHVHPEODQFH WR D '"HDQ W\SH YRUWH[ 1HDU WK
YHORFLWLHY DUH GLUHFWHG WRZDUGV WKH GLYLGHU ZDOO D
FXPIHUHQWLDOO\ EDFN WRZDUGYV WKH RXWHU ZDOO 7KH KLJ
VLWH LV REVHUYHG QHDU WKH VLGH ZDOO EXW LW LV FRQVL
YHORFLWLHY REVHUYHG QHDU WKH IORZ GLYLGHU DW VLWH
VHFRQGDU\ IORZ KDV UHGXFHG LQ VWUHQJWK DV FRPSDUHG :
( 1HDU WKH V\PPHWU\ SODQH VHFRQGDU\ YHORFLWLHYV DUH
ZDOO EXW DUH YHU\ VPDOO LQ PDJQLWXGH QHDU WKH VLGH

IHUHQWLDOO\ WRZDUGYV WKH RXWHU ZDOO VKRZLQJ VRPH UHV

"HVFULSWLRQ RI :DOO VKHDU VWUHVYV

yLJ VKRZV WKH ZDOO VKHDU VWUHVV DORQJ WKH RXWH
ZDOO : DW VSHFLILHG SKDVH DQJOHX!'WS$WfWWHKI HED® 0 ORZH L
VWUHVV GLVWULEXWLRQ DORQJ WKH RXWHU ZDOO :0 LQGLF
WKURXJK WKH FKDQJLQJ VLJQ RI WKH ZDOO VKHDU VWUHVV |
VHSDUDWLRQ SRLQW DQG WKH UHDWWDFKHPHQW SRLQW :D
ZDOO DUH XQLGLUHFWLRQDO DQG KLJK LQ PDJQLWXGH 7KH

9 P RFFXUULQJ DW DERXW RQH KDOI RI D WXEH GLDPHW|
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:DOO VKHDU VWUHVYVY DORQJ WKH RXWHU ZDOO

WKUHH SKDVH DQJOHV f f DQG

f

0]

DQG WKH GLYLGF



$W WKH GHFHOHUDWLRQf SKD¥B® VKHDU VWUHVV GLVWULEXW
WR WKRVH DW WKH SHDN IORZ UDWH EXW ZLWK D VOLJKWO
ORZHU PLQLPXP ZDOO VKHDU VWUHVD (X LFRFDWRG EHWZHHC
& DQG ( $W WKH PLQLPXP IORZ UDWH WKH JRQH RI IORZ VH
PLQLPXP ZzDOO VKHDU VWUHVV LV YHU\ FORVH WR JHUR 7KH
RQ WKH GLYLGOGIU ZAIDPOZKVYFK LV DERXW KDOI RI WKH PD[LPX

VWUHVV DW WKH SHDN IORZ UDWH

O9DULDWLRQV RI WKH ZzDOO VKHDU VWUHVV DW GLIITHUHQW
WKH SXOVDWLOH F\FOH DUH LOOXVWUDWHG LQ )LJ ZKHU
KDYH EHHQ SUHYLRXVO\ GHILQHG LQ )LJ $W WKH XSVwU
ZDOO VKHDU VWUHVV DW WKH EUDQFKLQJ VLGH LV KLJKHU W
WKH IORZ GHYLDWLRQ WRZDUGV WKH EUDQFKLQJ ZDOO W L
VNHZ RI IORZ LV QRW VHHQ REYLRXVO\ LQ WKH YHORFLW\ SUF
D VOLJKW VKLIW LQ IORZ ZRXOG UHVXOW LQ D UHODWLYHO\ C
SHDN ZDOO VKHDU VWUHVV IDW WRGY RFAAXKMWVRQ WKH EUDQFK

DW IORZ DFFHOHUDWLRRWSKDVH DURXQG

$W VLWH ' GLVWDO WR WKH IORZ GLYLGHU WKH SKDVLF
RQ WKH RXWHU DQG WKH GLYLGHU ZDbOOV DUH FRPSOHWHO\
VWUHRYV 9 P RFFXUV RQ WKH GLYLGHU ZDOO DW IORZ
X Wa f WKH VKHDU VWUHVV RQ WKH RXWHU ZDOO LV DSSI
wz 30 O 1 P/RZ DQG QHJIJDWLYH VKHDU VWUHVYVY RQ WKH RXWE
WKURXJKRXW WKH F\FOH GHPRQVWUDWLQJ WKH H[LVWHQFH
HDUO\ IORZ DFFHOHUDWLRQ EHWZHHQ SKDVH DQJOHV f DQC

QDWH

'RZQVWUHDP DW VLWH ) WKH VKHDU VWUHVV RQ WKH RXV

EXW UHPDLQV SRVLWLYH VXJIJHVWLQJ WKDW QR IORZ VHSDU



od ®©1 "

W > (@
6,7( $
\Y
®
s
\
®
yLJ :bOO VKHDU VWUHVV YV SKDVH DQJOH RQ WKH R

GLYLGHU zZzDOOV DW GLIITHUHQW FURVV VHFWLRQV RI1 V



PD[LPXP VKHDU VWUHVV RQ WKH GLYLGHB @W&QVDMV \DLBARKK VY

RI WKH SHDN ZDOO VKHDU VWUHVV IRXQG DW VLWH ' 7Kt
WLPH DYHUDJHG VKHDU VWUHVVHV RQ WKH RXWHU DQG GLYL
VXPPDULVHG DQG FRPSDUHG ZLWK WKRVH RI D QRQ 1HZWRQ

VHFWLRQ

(l1"THFWV RI WKUHH GLPHQVLRQDOLW\

2QH Rl WKH PRVW LPSRUWDQW WKUHH GLPHQVLRQDO SKF
ILHOG LV WKH H[LVWHQFH RI VHFRQGDU\ PRWLRQ $V WKH I
WXEH DQG HQWHU D EUDQFK WKH\ DUH DFFHOHUDWHG E\ FHQ
GLYLGHU VLGH ZKLFK UHVXOWV LQ VHFRQGDU\ IORZV WKDW |
ZDOO LQ WKH ELIXUFDWLRQ SODQH DQG DzZD\ IURP LW DORQ
7KLV SKHQRPHQRQ KDV DOUHDG\ EHHQ VHHQ LQ )LJV DQG
VHFRQGDU\ YHORFLW\ LV IRXQG WR EH DERXW RQH WKLUG |
DW WKH VDPH FURVV VHFWLRQ VXJJHVWLQJ WKH VWUHQJWK
H[SHFWHG WKDW WKLV VHFRQGDU\ IORZ LQ FRQMXQFWLRQ ZL
LQ KHOLFDO W\SH IORZ SDWWHUQV LQ WKH EUDQFKHV DV UH
LHV Rl %KDUDGYDM HW DO D DQG .X HW DO 7KHVH
VHHQ WKURXJK IORZ YLVXDOLVDWLRQV RI WKH WKUHH GLPHQ
IXUFDWLRQ +RZHYHU VXFK IORZ YLVXDOLVDWLRQV IURP QXP

YHU\ GLIILFXOW WR DFKLHYH DW SUHVHQW W LV KRSHG WR

1RWH WKDW WKH SUHVHQFH RI WKH VHFRQGDU\ FLUFXOD
QRW RQO\ DIIHFWV WKH IORZ SDWWHUQV LQ EUDQFKHV EXW
D[LDO YHORFLW\ LQ WKH ELIXUFDWLRQ SODQH UHVXOWLQJ 1
WR WKH GLYLGHU ZDOO DQG D UHGXFWLRQ RI YHORFLW\ D
KDYH D GLUHFW LQIOXHQFH RQ WKH YDOXH RI WKH ZDOO V

REWDLQ H[DFW DQG SUHFLVH IORZ SDWWHUQV DQG VKHDU V



DUWHULHYV LW EHFRPHV HVVHQWLDO WR LQYHVWLJDWH WKH IC

(ITHFWV RI QRQ 1HZWRQLDQ YLVFRVLW\

,Q RUGHU WR LQYHVWLJDWH WKH HIITHFW RI QRQ 1HZWRQI
DQG GLVWULEXWLRQ RI ZDOO VKHDU VWUHVV QXPHULFDO F
D QRQ 1HZWRQLDQ IOXLG XQGHU WKH VDPH SXOVDWLOH IOFR
QRQ 1HZWRQLDQ IOXLG KDV D UHSUHBHQW B W L2KH FYKL \HF\DLOW\
WKH YLVFRVLW\ Rl WKH 1HZWRQLDQ IOXLG XVHG LQ WKH SUH
RI 1HZWRQLDQ DQG QRQ 1HZWRQLDQ UHVXOWV ZHUH PDGH I
WKH SODQH RI ELIXUFDWLRQ DQG WKH SODQH SHUSHQGLFXC
VHOHFWHG FURVV VHFWLRQV RYHU D FRPSOHWH F\FOH ZDO
WKH RXWHU DQG GLYLGHU ZDOOV DW VSHFLILHG SKDVH DQJ

ZDOO VKHDU VWUHVV DW GLIITHUHQW OHYHOV RI WKH ELIXUFL

)LJ VKRZV WKH D[LDO YHORFLW\ SURILOHV LQ D WKH
WKH SHUSHQGLFXODU SODQH DW VLWHV $ ' DQG ) DW GLII
F\FOH 7KH 1HZWRQLDQ YHORFLW\ SURILOHV DUH GUDZQ Zl
WKH QRQ 1HZWRQLDQ ZLWK FLUFOHV ,Q JHQHUDO WKH VKD
EDVLF IHDWXUHV Rl WKH IORZ DSSUR[LPDWHO\ DJUHH EHW?Z
QRQ 1HZWRQLDQ IOXLGVY +RZHYHU FHUWDLQ GLIIHUHQFHV
WKDW WKH QRQ 1HZWRQLDQ IOXLG UHVXOWY LQ EOXQWHG Y
WKLQQLQJ HIIHFW DQG UHGXFHG UHYHUVH IORZ YHORFLW\ L
UHVXOWV VKRZ WKDW LQ WKH QRQ 1HZWRQLDQ FDVH IORZ
WKH SHULRG EHWZHHQ ODWK WORZ DRFG PHGBWHRRI IORZ GH
WLRRW f ZKLFK RFEFXSLHV DERXW Rl WKH ZKROH F\FO
HIWHQW RI WKLV VHSDUDWLRQ ]JRQH LV VLJQLILFDQWO\ UHG

ZDOO LV DERXW RQH KDOI RI WKDW IRXQG LQ WKH 1HZWRQL
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D LQ WKH ELIXUFDWLRQ SODQH
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E LQ WKH SHUSHQGLFXODU SODQH

)L J &RPSDULVRQ RI D[LDO YHORFLW\ SURILOHV EHWZHH
QRQ 1HZWRQLDQ +ff I10XLG LQ D WKH ELIXUFDWLRQ SODQ!]

SODQH



7DEOH JLYHV D VXPPDU\ RI WKH PD[LPXP IRUZDUG IORZ
PD[LPXP UHYHUVHG IORZ YHORFLWLHY DW VLWH PP EHKL:
RQH SXOVDWLOH F\FOH IRU ERWK WKH 1HZWRQLDQ DQG QRQ 1
GLIIHUHQFH GHIC®@BGQDEQ LV DOVR SURYLGHG ,W LV GHPRQV
XQGHU WKH IORZ FRQGLWLRQV VWXGLHG KHUH WKH GLIIHUHQF
ORFLWLHV EHWZHHQ WKH 1HZWRQLDQ DQG QRQ 1HZWRQLDQ IO
WKH UDQJH RI W R EXW WKH GLIIHUHQFH LQ UHYHUVE

LFDQW XS WR

w 0OD[LP XPRUZDUG YHORFLWIWRI[LMP XVP UHYHUVHG YHORFL
lHZWRQLDQQZRQ 80 801 wwu?zz HzwRrRQLD®RRQ
G HJ 1 H WR QL DgQ . 1HZWROQLDGQ

7DEOH &RPSDULVRQ RI 1HZWRQLDQ DQG QRQ 1HZWRQLDQ I¢
ZDUG IORZ YHORFLW\ DQG PD[LPXP UHYHUVHG IORZ YHORFLW

WKH IORZ GLYLGHU

'LVWULEXWLRQV RI ZzDOO VKHDU VWUHVV DORQJ WKH RXWI
ZDOO DUH FRPSDUHG DW WKH SHDN IORZ UDWH IORZ GHI
PXP IORZ UDWH LQ )LJ ZKHUH VROLG OLQH UHSUHVHQWYV

IHZWRQLDQ 10XLG DQG FLUFOHV UHSUHVHQW WKDW RI WKH



JUP VKRZV WKDW LQ WKH QRQ 1HZWRQLDQ FDVH WKH ZDOO V|
ZDOO LV KLJKHU DERXW KLIJKHU LQ DYHUDJH $ORQJ WKH
GLIITIHUHQFH LV QRWLFHG H[FHSW WKDW WKH SHDN VKHDU VW

ZLWK WKH QRQ 1HZWRQLDQ IOXLG

)LJ SUHVHQWY WKH WLPH YDU\LQJ ZDOO VKHDU VWUHV\
ELIXUFDWLRQ RYHU D FRPSOHWH F\FOH $JDLQ WKH VKHDU V
GUDZQ DV VROLG OLQH DQG WKDW RI WKH QRQ 1HZWRQLDQ |
FLUFOHV B8SVWUHDP RI WKH ELIXUFDWLRQ DW VLWH $ WKH VK
EUDQFKLQJ ZDOOV LV KLJKHU ZLWK WKH QRQ 1HZWRQLDQ 10X
DW VLWH ' DQG IXUWKHU GRZQVWUHDP DW VLWH ) WKH VKHDL
FDVH LV KLJKHU RQ WKH RXWHU ZDOO EXW VOLJKWO\ ORZHU R
WKH 1HZWRQLDQ IOXLG &RPSDULVRQ RI WKH PD[LPXP PLQLF

VKHDU VWUHVV RQ WKH RXWHU DQG GLYLGHU ZDOOV DW WKH\

OD[LPXHRv 1 P OLQLPXP 1 P 7LPH RYHUDJHG 1 P

ORFDWERAWR o} Rk 3 HFW R QPR R & HBYW R ALRRVR 0L R O

$

D RQ WKH RXWHU ZDOO

OD[LPXR 1 P OLQLPX# 1 P 7LPH DYHUDJHG 1 P

ORFOWHRAVR QL BBk ¢ HEY R APRVR dHBWRALBA R o LD Q

$

E RQ WKH GLYLGHU ZDOO

7DEOH &RPSDULVRQ RI 1HZWRQLDQ DQG QRQ 1HZWRQLDQ 10
LPXP DQG WLPH DYHUDJHG VKHDU VWUHVV RQ WKH RXWHU DQ

DQG )
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YLJ &RPSDULVRQ RI 1HZWRQLDQ 3 DQG QRQ 1HZWRQLDQ t t % IORZ
VKHDU VWUHVV DORQJ WKH RXWHU ZDOO :0 DQG WKH GLYLGHU ZDOO

DQJOHYV f f DQG f
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yLJ &RPSDULVRQ RI WLPH YDU\LQJ ZDOO VKHDU VWUHVV

1HZWRQLDQ * DQG QRQ 1HZWRQLDQ f t t IOXLG



a8Z &RPSDULVRQ ZLWK /'$ PHDVXUHPHQWYVY RI . X DQG /LHS

7KH FRPSDULVRQ RI WKH FDOFXODWLRQV DQG WKH /'$ P
WR D[LDO YHORFLW\ SURILOHV LQ WKH ELIXUFDWLRQ SODQH
IXUWKHU H[SHULPHQWDO GDWD LV DYDLODEOH ,Q WKH H[SHU
VXUHG LQ WKH SODQH Rl WKH ELIXUFDWLRQ DW PP XSVWUH
WKH IORZ GLYLGHU &RPSDULVRQV RI YHORFLW\ SURILOHV C
yLIV D DQG E IRU WKH 1HZWRQLDQ DQG WKH QRQ 1HZW
8QGHU WKH SXOVDWLOH IORZ FRQGLWLRQV VWXGLHG XSVW
DQJOHV f DQG f DUH YHU\ FORVH WR HDFK RWKHU VR LV '
DQG f 7KHUHIRUH FRPSDULVRQ ZLWK WKH H[SHULPHQW L)

f DQG f RQO\

,Q WKH GLDJUDP QXPHULFDO SUHGLFWLRQV DUH GUDZQ :
PHQWDO GDWD ZLWK WWER®V R MRRIUS f W LV HYGLHQW W
XSVWUHDP YHORFLW\ SURILOHV DJUHH YHU\ ZHOO EHWZHHQ
VXUHPHQWY ZLWK WKH 1HZWRQLDQ IOXLG ,Q WKH QRQ 1HZ
XSVWUHDP YHORFLW\ SURILOHV ZDV QRW PDGH VLQFH WKH H
DEOH 'RZQVWUHDP LQ WKH ELIXUFDWLRQ VRPH GLIIHUHQF}
SUHGLFWHG PD[LPXP YHORFLWLHVY DUH KLJKHU WKDQ WKRVH
ZLWK WKH QRQ 1HZWRQLDQ IOXLG IORZ VHSDUDWLRQ ZDV IR.
LQ WKH SUHGLFWLRQ EXW ZDV VKRZQ WR H[LVW WKURXJKRX
7KHVH GLVFUHSDQFLHV PD\ LQ ODUJH SDUW GXH WR WKH EL
FRUQHU LQ WKH SUHGLFWLRQ DQG URXQGHU FRUQHU LQ WK
PHQWDO VWXG\ .DULQR HW DO KDYH VKRZQ WKDW LQ I
PXFK ODUJHU IORZ UHFLUFXODWLRQ JRQH ZLWK PRUH UDSLG(
WKH ERWWRP ZDOO WKHVH ZRXOG DOVR UHVXOW LQ D UHGX

VHFWLRQV ZKHUH IORZ UHFLUFXODWLRQ LV SUHVHQW



D:LWK WKH 1HZWRQLDQ IOXLG

E :LWK WKH QRQ 1HZWRQLDQ IOXLG

yLJ &RPSDULVRQ EHWZHHQ FDOFXODWLRQV 3 DQ@GONPHDVXUHI
f R IRMW f D[LDO YHORFLW\ SURILOHV LQ WKH ELIXUFDWLRQ .
VWUHDP DQG PP GRZQVWUHDP RI WKH IORZ GLYLGHU IRU D WKH

E WKH QRQ 1HZWRQLDQ IOXLG



6800%5<

W WKLV FKDSWHU D FRPSUHKHQVLYH UDQJH RI FRGH Y
SUHVHQWHG DQG WKH HIIHFWV RI YDULRXV IDFWRUV LQYHYV
DQDO\WLFDO VROXWLRQV DQG WKH SXEOLVKHG /'$ PHDVXUHP
WKH SUHVHQWHG SUHGLFWLYH VFKHPH LV HIILFLHQW DQG Ul
OHPV )HDWXUHV VXFK DV WKH WKUHH GLPHQVLRQDOLW\ RI V
WKH IORZ DQG WKH QRQ 1HZWRQLDQ YLVFRVLW\ RI WKH I0XL
LQ RUGHU WR REWDLQ H[DFW DQG SUHFLVH IORZ SDWWHUQV

LQ DUWHULDO ELIXUFDWLRQ PRGHOV
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Zau,1752'8&7,21

1XPHULFDO SUHGLFWLRQV SUHVHQWHG LQ WKH SUHYLRXV
DOLVHG ELIXUFDWLRQ JHRPHWULHV XQGHU VLQXVRLGDO SX!
FKDSWHU QXPHULFDO UHVXOWV IRU WUXH SK\VLRORJLFDO |
FDWLRQV DUH SUHVHQWHG DQG DQDO\WVHG *HRPHWULHV R
UHIHUUHG DV $ DQG % LQ ODWHU WH[W DGRSWHG LQ WKH
GDWD IURFKIPHRDVXUHPHQWY RI -RQHV HW DO ,Q WKH SUHI
DVVXPHG WR EH L 1HZWRQLDQ DQG LL QRQ 1HZWRQLDQ F
YHVVHO ZDOO EHLQJ ULJLG )RU WKH XSVWUHDP ERXQGDU\ |
LRORJLFDO YHORFLW\ ZDYHIRUP ZHUH HPSOR\HG 2QH ZDV
IRUP LQ FDQLQH DUWHULHVLQS YEMR(HUREPVPWBWXUHG XSVWU!
HDFK ELIXUFDWLRQ PRGHOV 7KH SUHVHQWDWLRQ RI WKH ¢
RQ WKH D[LDO DQG VHFRQGDU\ IORZ YHORFLW\ DQG WKH S
SK\WLFDO XQLWV )XUWKHUPRUH WKH HIIHFWV RI XSVWUH
QRQ 1HZWRQLDQ YLVFRVLW\ RQ WKH ELIXUFDWLRQ IORZ ILH¢
YHVWLIJDWHG &RPSDULVRQ RI QXP H UL® DYOLPSRDH/ IUFH/P HRYOWW LG

ILQDOO\ SUHVHQWHG

352% /(0 '(),1,7,21

%LIXUFDWLRQ *HRPHWU\

7KH WZR ELIXUFDWLRQ PRGHOV DGRSWHG KHUK) ZHWYR EDV

PHDVXUHPHQWY -RQHV HW DO LQ ZKLFK EUDQFKLQJ D



LMJIJHV RI WKH FURVVY VHFWLRQV RI WKH XSVWUHDP SDUHQW
WHU YHVVHOV DQG WKH RULJLQ RI ERWK YHVVHOV ZHUH DO
JHRPHWULFDO GDWD ZHUH PHDVXUHG IURP SKRWRJUDSKHYV
LOOXVWUDWLRQ DQG WKUHH GLPHQVLRQDO UHSUHVHQWDWLF
IXUFDWLRQ PRGHOV ,Q ERWK PRGHOV $ DQG % WKH SDUH
VWUDLIJKW ZLWK WKH ELIXUFDWLRQ O\LQJ LQ RQH SODQH Z
7KHVH DVVXPSWLRQV DUH FRQVLVWHQW ZLWK WKH PHDVXUH
VLPLODU FRQILIJXUDWLRQV DQG GLIIHU RQO\ LQ YHVVHO GLD

GDXJKWHU DQJOH

yLJ DOVR LOOXVWUDWHY WKH VLWHV DW ZKLFK WKH FRI
SUHGLFWLRQV DQG PHDVXUHPHQWY LV SUHVHQWHG ,Q WHUP
VLWHVY WZR GLDPHWHUV XSVWUHDP RI WKH IORZ GLIMWMGMU LQ
WKH OHYHO RI IORZ GLYLGHU LQ WKH ODUJH GDXJKWHU YHV
GLDPHWHUVY GRZQVWUHDP UHVSHFWLYHO\ DQG VLWH LV RC
IORZ GLYLGHU LQ WKH VPDOOHU GDXJKWHU YHVVHO )RU FR
DUH SODFHG DW f WR WKH YHVVHO D[HV VLQFH WKH PHD

SRVLWLRQV

%RXQGDU\ &RQGLWLRQV

7KH FKRLFH RI DSSURSULDWH ERXQGDU\ FRQGLWLRQV L\
SRUWDQW LQ GHWHUPLQLQJ WKH IORZ ILHOG RI LOQWHUHVW
WKH ERXQGDU\ RI WKH IORZ GRPDLQ FRPSULVHV WKUHH W\S|
DQG WKH RXWIORZ ERXQGDULHYVY 6LQFH WKH YHVVHO ZDOO
FRQGLWLRQ ZDV WKHQ YDOLG L H HDFK YHORFLW\ FRPSRC
WKH ELIXUFDWLRQ LQOHW WZR W\SHV RI ERXQGDU\ FRQGLW

7\SH 7LPH GHSHQGHQW YHORFLW\ SURILOHV LQ D VWUDL

RQ DQ DYHUDJH YHORFLW\ ZDYHIRUP LQ FDQLQH DUWHULHYV



)L 24U 6FKHPDLF LOOXVWUDWLRQ DQG WKUHH GLPHQVLRQDO UHSUHVHQWDWLRQ RI WKH

FDQLQH LOLR IHPRUDO ELIXUFDWLRQ PRGHOV



7\SHV ,QVWDQWDQHRXV D[LDO YHORFLW\ SR MLEHRB REWD

VXUHPHQWY DW VLWH

)LJ VKRZV DQ DYHUDJH FDQLQH YHORFLW\ SXOVH ZDYHII
WLRQV ,W ZDV DOORZHG WR GHYHORS LQ D VWUDLJKW WXEH
WKH FRUUHVSRQGLQJ FDOFXODWHG YHORFLW\ SURILOHV DW
LQ )LJ 7KH UHDVRQ IRU FKRRVLQJ WKH WXEH WR EH GLI
WKDQ ORQJ HQRXJK WR EH DEOH WR JHQHUDWH D IXOO\ GHY
VXUHPHQWY WKH SDUHQW DUWHULHV RI WKH WZR ELIXUFDW|
VWUDLJKW DQG ZLWKRXW EUBQBERHWHDMVKIOWUHDP RI WKH ¢
7KH WLPH GHSHQGHQW D[LDO YHORFLWZHUR BWDHWFVKREQ D@
ELIXUFDWLRQ LQOHW ZKLFK LV UHIHORHEGE RRQ B UN KFHR /G3
JRU WKH W\SH LQIORZ ERXQGDU\ FRQGLWLRQ WKH LQVWDC
REWDLQHG IURPYMYMRBVXUHPHQWY ZHUH GLUHFWO\ LPSRVHG
PHDVXUHG DYHUDJH YHORFLW\ ZDYHIRUPV DQG WKHRID[LDO
PRGHOV $ DQG % $V FDQ EH VHHQ WKHVH YHORFLW\ SURIL
,Q VKRXOG EH PHQWLRQHG WKDW IRU ERWK W\SHV RI XSVWU
D[LDO YHORFLWLHV ZHUH VSHFLILHG VHFRQGDU\ YHORFLW\

VXPHG WR EH QHJOLJLEOH

$W WKH RXWIORZ ERXQGDULHV WKHUH DUH JHQHUDOO\ !
WR DVVXPH IXO0\ GHYHORSHG IORZ LL WR DVVXPH D JHUR
DQG LLL WR VSHFLI\ D FRQVWDQW SUHVVXUH 7KH ILUVW V
TXLUHVY WKH IORZ UDWH UDWLR EHWZHHQ WKH WZR EUDQFKH"
OHQIJWK RI WKH VSHFLILHG EUDQFK KDV WR EH ODUJH HQRX.
RWKHU WZR W\SHV DUH PRUH UHDOLVWLF IRU WKH IORZ SURI
WKH FRQVWDQW SUHVVXUH RXWIORZ FRQGLWLRQ LLL ZDV
LQYHVWLIJDWHG ]JHUR SUHVVXUHV ZHUH VSHFLILHG DW ERWK

GLDPHWHUV LQ WHUPV RI SDUHQW YHVVHO GLDPHWHU GRZH(
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yLJ $YHUDJH FDQLQH YHORFLW\ SXOVH ZDYHIRUP XQGHU QRUI

yLJ &DOFXODWHG D[LDO YHORFLW\ SURILOHV DW WKH H[LW RI

UTGLDPHWHUV RRQOWKH SXOVH SHULRG EHWZHHQ 3£_ 3



o|]e

yLJ OHDVXUHG DYHUDJH YHORFLW\ ZDYHIRUPVY DQG LQVWDQWDQF

LDO YHORFLW\ SURILOHV LQ PROGWHONVKSEH DXOWH SHULRG EHWZHHQ



*ULG 5HVROXWLRQ 7HVWYV

,Q RUGHU WR GHWHUPLQH JULG GHSHQGHQFH SUHOLPLQI
RXW IRU ELIXUFDWLRQ PRGHO % XQGHU VWHDG\ IORZ FRQGL
WLRQV L H DQG HOHPHQWY LQ WKH UDGLDO GLUHF\
ODWLRQV LQGLFDWHG WKDW D JULG ZLWK HOHPHQWYV LQ
FRPSURPLVH EHWZHHQ DFFXUDF\ DQG DYDLODEOH FRPSXWH!
HUDJH YHORFLW\ GLIIHUHQFHV ZHUH IRXQG WR EH ZLW]
ZLWK WKH FRDUVHU JULG 6LQFH LQ ERWK ELIXUFDWLRQ P
DVVXPHG WR H[LVW VR WKDW VLPXODWLRQV ZHUH FRQILQHG
7KH UHVXOWLQJ FRPSXWDWLRQDO PHVK FRQVLVWYV RI HLJ

RI QRGHYV

180(5,&%$/ 5(68/76

JORZ SUHGLFWLRQV ZHUH FRQGXFWHG XQGHU WKUHH GLI
SXOVDWLOH XSVWUHDP IORZ FRQGLWLRQ ZLWK D 1HZWRQL
LL WKH W\SH XSVWUHDP IORZ FRQGLWLRQ ZLWK D 1HZWRC

W\ASH XSVWUHDP IORZ FRQGLWLRQ ZLWK D QRQ 1HZWRQLDC(
,Q WKLV VHFWLRQ QXPHULFDO UHVXOWYV IRU VFKHPH LL DL
DQG LLL DUH SUHVHQWHG DQG FRPSDUHG ZLWK WKRVH RI \
ZKHUH HIIHFWV RI WKH XSVWUHDP ERXQGDU\ FRQGLWLRQ DQ

RQ WKH YHORFLW)\ ILHOG DQG ZDOO VKHDU VWUHVV DUH GLV

"KHQ EORRG LV WDNHQ WR EH KRPRJHQHRXV DQG 1HZ\
[O .J P DQG NLQHPDWLF YLVYPR\BLW\ DBHREOWM\ 8Q
GHU WRHYLYROVDWLOH IORZ FRQGLWLRQV W\SH WKH DYF

GHILQHEH DYV ZKHWHLY WKH DYHUDJH IORZ UDWH LQ WKH SD



ZKROH F\FOH ZHUH DQG DQG WKH :RPHUVOH\ SDUDPHWHUV Z
IRU ELIXUFDWLRQ PRGHOV $ DQG % UHVSHFWLYHO\ 7KHVH YDOXHYV

ORJLFDO UDQJH DQG WKHUHIRUH WXUEXOHQW HIIHFWV DUH XQOLNH

9HORFLW\ )LHOG

9HORFLW)\ ILHOGYV DUH SUHVHQWHG IRU WKH WZR ELIXUFDWLRQ PF
Rl DFFHOHUDWHG IORZ $S PD[LPXP SRVLWLYH IORZ %S GHFHOHUD\
LPXP UHYHUVH IORZ 'S DV GHILQH)X JE@ )G VKRZ WKH D[LDO YH
ORFLW\ SURILOHV LQ WKH SODQH RI WKH ELIXUFDWLRQ IRU PRGHOV
WKUHH GLPHQVLRQDO YLHZ RI WKH D[LDO YHORFLW\ DW FURVV VHFV
ELIXUFDWLRQ SODQH DW VLWHYV Z WD \D GH 1S QHGH Q@V B BELADQ A J V

ZKHUH WKH RXWHU ZDOO WKH QRQ GLYLGHU VLGH LV VHHQ IURI

02'(/ % 02'(/ %

yLJ '"HILQLWLRQ RI SXOVH SKDVHV ZKHUH QXPHULFDO U

DUH SUHVHQWHG



)L Z&aZ $[LDO YHORFLW\ SURILOHV LQ WKH ELIXUFDWLRQ SODQH RI

IHUHQW SKDVHV $S %S &S DQG 'S GXULQJ D FDUGLDF F\FOH

PRGHO $ DW

IRXU GLI



yLJ $[LDO YHORFLW\ SURILOHV LQ WKH ELIXUFDWLRQ SODQH RI PRGHO % DW IRXU

IHUHQW SKDVHV $S %S &S DQG 'S GXULQJ D FDUGLDF F\FOH
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)L Zz4\ 7KUHH GLPHQVLRQDO UHSUHVHQWDWLRQ RI D[LDO YHORFL

SHUSHQGLFXODU WR WKH ELIXUFDWLRQ SODQH DW VLWHV Rl PR

F\FOH
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) LJ 7KUHH GLPHQVLRQDO UHSUHVHQWDWLRQ RI D[LDO YHORF

SHUSHQGLFXODU WR WKH ELIXUFDWLRQ SODQH DW VLWHYV Rl1 PR

F\FOH



7KHVH SORWV LQGLFDWH WKDW WKH HVVHQWLDO IHDWXUH
HOV $ DQG % DUH WKH VDPH ,Q WKH SDUHQW YHVVHOV YHOI
E\ WKH IORZ EUDQFKLQJ GRZQVWUHDP 7KH\ VKRZ D VOLJKW
ZDUGV WKH ODUJH GDXJKWHU YHVVHO VLGH EXW RWKHUZLVH
RFEFXUV GXULQJ ODWH GLDVWROH ,Q WKH WZR GDXJKWHU Yt
SRVLWLRQ DQG SKDVH GXULQJ WKH SXOVH F\FOH $W WKH ¢
ODUJHU GDXJKWHU YHVVHOV YHORFLW\ SURILOHV DUH VOLJI
WRZDUGV WKH QRQ GLYLGHU VLGH GXULQJ HDUO\ IORZ DFF
EDFN WR WKH FHQWUH OLQH DQG VKLIW IXUWKHU WRZDUGV
GHFHOHUDWLRQ $V WKH IORZ PRYHV GRZQVWUHDP WKH SHD
Rl WKH YHVVHO DQG QHDU WKH H[LWV YHORFLW\ SURILOHV L
RSHG WLPH GHSHQGHQW ORQJ WXEH SURILOHV 2Q WKH RX\V
YHVVHOV IORZ VHSDUDWLRQ LV QRW IRXQG GXULQJ IORZ DF

ODWH IORZ GHFHOHUDWLRQ MXVW EHIRUH IORZ UHYHUVDO
IORZ UHJLRQV VHSDUDWHG IORZ PD\ QRW DOZD\V H[LVW WKUTI
GHSHQGLQJ ODUJHO\ XSRQ VRPH SK\VLFDO SDUDPHWHUV ZKL
DV 5H\QROGV QXPEHU DQG IORZ ERXQGDU\ FRQGLWLRQV 7K
SUHYLRXV H[SHULPHQWDO REVHUYDWLRQV 5LFKDUGVRQ DQC
7KH VL]H Rl WKLV VHSDUDWLRQ ]JRQH LQ WKH WZR PRG

WKH YHVVHO GLDPHWHU H[WHQGLQJ IURP WKH RXWHU ZDOO R

,Q WKH VPDOOHU GDXJKWHU YHVVHOV YHORFLW\ SURILOF
HDUO\ IORZ DFFHOHUDWLRQ EXW DUH VRRQ VKRZQ WR EH VI
VLGH QHDU WKH EUDQFKLQJ DUHDV 'XULQJ ODWH IORZ GHF
EH REVHUYHG DW WKH OHYHO RI WKH IORZ GLYLGHU 7KLV V
LPXP RI RI WKH YHVVHO GLDPHWHU DORQJ WKH RXWHU ZI
YHVVHO VLGH LQ ERWK FDVHV $V WKH IORZ PRYHV GRZQVWU

WLRQ ]RQH GLHV RXW UDSLGO\ DQG WKH IORZ LV WRWDOO\ U



1HDU WKH RXWOHWY RI WKH VPDOOHU GDXJKWHU YHVVHOV Y|

,Q )LIJV DQG DUH SUHVHQWHG VHFRQGDU\ YHORFLW\ Y
FURVV VHFWLRQV DW SXOVH SKDVHV RI PD[LPXP SRVLWLYH
DQG PD[LPXP UHYHUVHG IORZ &S IRU WKH ELIXUFDWLRQ PR(
7KH ULJKW KDQG VLGH DW HDFK FURVV VHFWLRQ FRUUHVSF
VHHQ WKDW LQ WKH WZR PRGHOV $ DQG % WKH VWUXFWXUH
EDVLFDOO\ WKH VDPH EXW GLIIHUV LQ VRPH GHWDLOV ,Q WE
$ $ ZKLFK LV PP GRZQVWUHDP IURP WKH HQWUDQFH VH
YHU\ VPDOO GXULQJ SRVLWLYH IORZ EXW DUH UHODWLYHO\ C
UHYHUVH IORZ 7KLV UHVXOWY IURP WKH DVVXPSWLRQ RI JHU
DW WKH LQOHW ,Q PRGHO $ ZKHUH WKH 5H\QROGV QXPEHU
% WKH HIIHFW RI WKLV DVVXPSWLRQ LV PRUH REYLRXV +R
DUH VKRZQ WR GLPLQLVK GRZQVWUHDP ,Q IDFW VXFK DQ D¢
WKH DFFHSWHG SURFHGXUH IRU D QXPHULFDO H[SHULPHQW
HIDPSOH LQ &ROOLQYV HYHQ D VXEVWDQWLDO GHOLEHU
VKRZQ UDSLGO\ WR GLIIXVH RXW WR D QHJOLJLEOH HIIHFW W
LQ WKH DOJRULWKP 1HYHUWKHOHVV LW ZRXOG EH SUHIHUD
VHFRQGDU\ DV ZHOO DV D[LDO YHORFLWLHYV IRU DQ XSVWUHL

SRVVLEOH

,Q WKH ODUJHU GDXJKWHU YHVVHOV DW FURVV VHFWLROQ?
WULIXJDO IRUFH LQGXFHVY D VHFRQGDU\ IORZ ZKLFK PRYHV
GLYLGHU ZDOO WR WKH RXWHU ZDOO QRQ GLYLGHU VLGH
EDFN DORQJ WKH V\PPHWU\ SODQH GXULQJ SRVLWLYH IORZ
WKH OHYHO RI %% % DUH ODUJHU WKDQ WKRVH DW & & LQ
VRQ EHWZHHQ WKHP VKRZV WKDW WKH VHFRQGDU\ YRUWLFHY)\
7KH FHQWUH RI WKLY VHFRQGDU\ YRUWH[ LV VLWXDWHG QHEL

FURVV VHFWLRQDO SODQH W PRYHV GRZQ WRZDUGV WKH



PRHVY GRZQVWUHDP ,Q WKH VPDOOHU GDXJKWHU YHVVHO DW FURVV
VHFRQGDU\ YRUWH[ SDWWHUQV DUH IRXQG LQ PRGHO % EXW QR YR
DW WKLV OHYHO LQ PRGHO $ 'XULQJ IORZ UHYHUVDO VHFRQGDU\ YH!

YHVVHOV DUH YHU\ VPDOO

7KH PD[LPXP IRUZDUG IORZ YHORFLW\ PD[LPXP UHYHUVHG IORZ Y
PD[LPXP VHFRQGDU\ IORZ YHORFLW\ DW WKH OHYHO RI IORZ GLYLGHU
% DW GHILQHG SXOVH SKDVHV DUH VXPPDULVHG LQ 7DEOH WV
FDVHV VWXGLHVY IORZ UHYHUVDO DQG VHFRQGDU\ PRWLRQ DW WKH O

PRUH SURQRXQFHG LQ PRGHO % IRU ZKLFK WKH VHFRQGDU\ IORZ YHO

IORZ UDWH LV XS WR Rl WKH PD[LPXP D[LDO YHORFLW\ DW WKH OH
OR [ |RUZRU(I§D[|ORJZ‘|YHUUH[|O\/RHZFRQGD \
YHORFLW\ F HORFLW\ PONZ YHORFLV\?ER[P V
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7TDEOHAU OD[LPXP IRUZDUG IORZ YHORFLW\ PD[LPXP UHYHUVHG IORZ
PD[LPXP VHFRQGDU\ IORZ YHORFLW\ DW WKH OHYHO RI IORZ GLYLGF

GXULQJ D FDUGLDF F\FOH
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yLJ 6HFRQGDU\ YHORFLW\ YHFWRU ILHOG DW GLIITHUHQW |

WLRQ PRGHO $ GXULQJ D FDUGLDF F\FOH
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yLJ 6HFRQGDU\ YHORFLW\ YHFWRU ILHOG DW GLIITHUHQW |

WLRQ PRGHO % GXULQJ D FDUGLDF F\FOH



:DOO 6KHDU 6WUHVYV

:bOO VKHDU VWUHVV LV SUHVHQWHG DW GLIIHUHQW ORFD
GDXJKWHU YHVVHOV LQ ERWK PRGHOV RYHU D FDUGLDF F\F(
ORFDWLRQ LV RQH GLDPHWHU DERYH WKH IORZ GLYLGH
DQG DUH DW WKH GLYLGHU zZDOO RI WKH ODUJHU GDXJK

PP GRZQVWUHDP RI WKH IORZ GLYLGHU UHVSHFWLYHO\ ZK

DW WKH FRUUHVSRQGLQJ OHYHOV DW WKH RXWHU ZDOO QRC(

IRFDWLRQ HISHULHQFHY D VKHDU VWUHVVI1IUPQIRQJ IUR
PRGHO $ DQG 3 WR LQ PRGHO % 7KH SHDN ZDOO VKHDU
DW WKH V\VWROLF DFFHOHUDWLRQ SKDVH ZKLFK OHDGV WKD

WS 7KH ZzDOO VKHDU VWUHVV DW WKH GLYLGHU ZDOO OR
$W ORFDWLRQ WKH PD[LPXP VKHDU VWUHWY U® DPFKGIN OD $Y D (
DQG 1 P LQ PRGHO % RFFXUULQJ DW WKH IORZ GHFHOHUDW

WS EHKLQG WKH SKDVH RI SHDN IORZ UDWH $V IORZ PRY

RI SHDN ZDOO VKHDU VWUHVV GURSYV

$ORQJ WKH RXWHU ZDOO ORFDWLRQYV RI PRGHO $ W
VWUHVV IROORZV WKH SDWWHUQ IRXQG DW ORFDWLRQ E)
)ORZ VHSDUDWLRQ LQ WKLV PRGHO GRHV QRW RFFXU XQWLC
IRUH IORZ UHYHUVDO $W ORFDWLRQ WKH PLQL®XP ZDOO
DQG WKH WLPH DYHUDJHG PHDQ YDOXH RYHU WKH REWHWH F
ZDOO Rl PRGHO % H[KLELWY PRUH UHYHUVDOV RI ZDOO VKHD!
VKHDU VWUHVV UHDFKHY P YIDMXWKRIV\VWROLF DFFHOHUDWLF
IDOOV DQG EHJLQV WR VKLIW LQ WKH QHJDWLYH GLUHFWLRQ
w WS LQGLFDWLQJ WKH EHJLQQLQJ RI IORZ VHSDUDWLTF

VKHDU VWUHVM PV PQG WKH WLPH DYHUDJHG PIHPQ $WOXH LV

3XOVH WLPH



IORPRYHVY GRZQVWUHDP WKH YDOXH RI ZDOO VKHDU VWUHVYV U
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yLJ :DOO VKHDU VWUHVYV YV SKDVH DW VHOHFWHG VLV
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:bDOO VKHDU VWUHVV YV SKDVH DW VHOHFWHG VL'



7KH PD[LPXP PLQLPXP DQG WKH WLPH DYHUDJHG ZDOO V
WLRQV LQ ERWK PRGHOV DUH OLVWHG LQ 7DEOH LQ D C

DUH FRPSDUHG ZLWK WKRVH REWDLQHG IURP D QRQ 1HZWRC(C

yLJ VKRZV WKH VKHDU VWUHVVY DORQJ WKH SDUHQW O
RRR DQG WKH ODUJHU GDXJKWHU GLYLGHU zZDOO [[[ RI
SKDVHV $W WKH SHDN IORZ UDWH WKH VKHDU VWUHVV DOF
RXWHU FRUQHU RI WKH ELIXUFDWLRQ DSSURDFKHYV LQGLFDWI
$ORQJ WKH GLYLGHU ZzDOO UHODWLYHO\ KLJK VKHDU VWUHVYV
DSSHDULQJ LPPHGLDWHO\ DIWHU WKH IORZ GLYLGHU ,W WK}
LQJ ZLWK WKH VKHDU VWUHVV RQ WKH RXWHU ZDOO DW DER:
WKH IORZ GLYLGHU 'XULQJ IORZ GHFHOHUDWLRQ WKH ZDOO
EHFRPHY ORZHU DQG WXUQV WR QHJDWLYH DW W WS 7Kl
RFFXUV DW WKH OHYHO RI WKH IORZ GLYLGHU RQ WKH RXWF
WKH zZzDOO VKHDU VWUHVV LV DW LWV PD[LPXP "XULQJ WKH
ZDOO VKHDU VWUHVY DORQJ ERWK WKH RXWHU DQG WKH GL

VXJIHVWLQJ D WRWDOO\ UHYHUVHG IORZ LQ WKH SDUHQW DC
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yLJ :DOO VKHDU VWUHVYVY DORQJ WKH RXWHU ZDOO R

GLYLGHU zDOO [[[ RI PRGHO % DW VSHFLILHG SKD'
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%LIXUFDWLRQ *HRPHWU\

W LV NQRZQ WKDW LQGLYLGXDO YDULDWLRQV LQ WKH DC
ERWK LQ KXPDQ DQG LQ RWKHU PDPPDOLDQ VSHFLHV DUH UD
FDQLQH IHPRUDO ELIXUFDWLRQ PRGHOV VWXGLHV KHUH DOW
WKH WZR PRGHOV SULQFLSDOO\ DJUHH WKH\ GLIIHU VOLJKW
$V VHHQ IURP )LJ PRGHO $ KDV D VPDOOHU SDUHQW YHV!
SDUHQW WR ODUJHU GDXJKWHU DUHD UDWLR IRU PRGHC
DOVR KDV D VPDOOHU SDUHQW WR ODUJHU GDXJKWHU DQJOH

%

JURP WKH UHVXOWY RI YHORFLW\ ILHOG DQG ZDOO VKHD
VHFWLRQV LW FDQ EH REVHUYHG WKDW ZKLOH WKH HVVHQ
SUR[LPDWHO\ WKH VDPH LQ ERWK PRGHOV WKHUH DUH DW
WKH GXUDWLRQ RI UHYHUVHG IORZ LQ WKH ELIXUFDWLRQ RX'
WZR PRGHOV $V VKRZQ LQ )LJ WKH RXWHU FRUQHU QHD!

HQFHVY PRUH IORZ UHYHUVDOV WKDQ WKDW LQ PRGHO $ $W

IORZ RFFXUV GXULQJ DSSUR[LPDWHO\ RI WKH HQWLUH F\F
PRGHO $ WKH GXUDWLRQ RI UHYHUVHG IORZ LV DERXW RI
OLVWHG LQ 7DEOH VHFRQGDU\ IORZ LV PRUH SURQRXQFH

WR WKH ODUJHU EUDQFKLQJ DQJOH EHWZHHQ WKH SDUHQW |
7KLUG DV D FRQVHTXHQFH RI WKH UHODWLYHO\ VWURQJ VHEF
ILOHVY DW DQG DIWHU WKH OHYHO RI IORZ GLYLGHU LQ PRGHO
GLYLGHU zZzDOO KHQFH UHVXOWLQJ LQ KLJKHU YHORFLW\ JUI

DQG GLYLGHU ZDOOV

+RZHYHU WKHVH GLIIHUHQFHY FDQ LRW EH IXOO\ H[SOD

JHRPHWULFDO GHYLDWLRQ RI WKH WZR PRGHOV 7KH RWKH!I



QRUHG LV WKDW WKHVH FDOFXODWLRQV ZHUH SHUIRUPHG XVLQ.
PHDVXUHG LQ HDFK PRGHOV 7KH GLIIHUHQFH LQ WKHLU IORZ

FRXQWHG DV DQRWKHU UHDVRQ IRU WKHVH

1S
e\
@®BBBBBBB-BBR BRBBH
ORGHO $ ORGHO %
)LJ "XUDWLRQ RI IORZ UHYHUVDO LQ WKH RXWHU FRI

DW GHILQHG SRLQWY RYHU D FDUGLDF F\FOH



8SVWUHDP )ORZ &RQGLWLRQV

W ZDV PHQWLRQHG LQ VHFWLRQ WKDW QXPHULFDO S
XQGHU WZR W\SHV RI XSVWUHDP IORZ FRQGLWLRQV 5HVXO\
FRQFHQWUDWHG RQ WKRVH LRE W DFYHROHIVGX UKH/E QW LW KHG HSHQ G H «
VWUHDP YHORFLW\ SURILOHV W\SH W KDV EHHQ NQRZQ
VWUHVV GLVWULEXWLRQ DUH JRYHUQHG E\ XSVWUHDP IORZ F
QXPEHU :RPHUVOH\ SDUDPHWHU DQG IORZ ZDYHIRUP 7KH H
EHU KDYH EHHQ LQYHVWLJDWHG LQ D 7 ELIXUFDWLRQ XQGHL

FKDSWHU +HUH WKH HIIHFW RI IORZ ZDYHIRUP ZLOO EH HI[D

,Q )LJ GLPHQVLRQOHVYV D[LDO YHORFLW\ SURILQHV RE'
YLYRHDVXUHG IORZ ZDYHIRUP DUH FRPSDUHG ZLWK WKRVH IU
IRUP LQ FDQLQH DUWHULHYV 'XH WR WKH ODUJH DPRXQW R
ZHUH RQO\ PDGH IRU PRGHO $ DW SKDVHV RI D I0ORZ DFFH(
DQG F PD[LPXP UHYHUVHG IORZ ,Q WKH GLDJUDP VROLG (
WDLQHG IUR®R WIKRMRDVXUHG IORZ ZDYHIRREPHQ@W\WHIFOHV UHSU
WKRVH IURP WKH DYHUDJHG IORZ ZDYHIRUP W\SH W LV
ILOHV IURP WKH WZR GLIIHUHQW ZDYHIRUPV GR QRW DJUHH
DYHUDJH IORZ ZDYHIRUP YHORFLW\ SURILOHV DUH PRUH VNI
RZLQJ WR WKH ODUJHU 5H\QROGV QXPEHU DERXW WLPHYV

$V D FRQVHTXHQFH RI WKLV ZDOO VKHDU VWUHVV GLIIHU
RXWHU zZzDOOV DUH PXFK JUHDWHU LQ WKH FDVH RI W\SH ZD
yLJ ZKHUH WKH VKHDU VWUHVV RQ WKH GLYLGHU DQG RX\
WKH SXOVH IUHTXHQF\ DQG WKH VKDSH RI IORZ ZDYHIRUP D
RI zbOO VKHDU VWUHVV LV SUHVHQWHG IRU WKH PDMRU SD
GHFHOHUDWLRQ RQO\ $V VKRZQ LQ WKH ILIXUH WKH SHDN
ZDOO LV VLIQLILFDQWO\ KLJKHU ZKLOH WKH PLQLPXP VKHD

PXFK ORZHU ZKHQ WKH W\SH XSVWUHDP IORZ FRQGLWLRQ



REWDLQ WKH H[DFW LQIRUPDWLRQ RQ IORZ ILHOG DQG ZDOO VKHDU

$
EUDQFKLQJ UWHULHV LQGLYLGXDO IORZ ZDYHIRUP KDV WR EH XVHG

yLJ &RPSDULVRQ RI D[LDO YHORFLW\ SURILOHV LQ WKH ELIXUF
$ EHWZHHQ W\BHR R DQG W\SH 3 XSVWUHDP IORZ FRQGLWLRQV

8PD[ LV WKH PD[LPXP D[LDO YHORFLW\ DW WKH LQOHW
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yLJ &RPSDULVRQ RI WLPH YDU\LQJ ZDOO VKHDW RVRURMVV EHW

DQG W\8H XSVWUHDP IORZ FRQGLWLRQV

:DOO VKHDU VWUHVYV ZDV QRQ GLPHQVLRQDOLVHG ZLWK UHV!

WKH IXOO\ GHYHORSHG IORZ DW WKH LQOHW



1RQ 1HZWRQLDQ 9LVFRVLW\

,Q RUGHU WR LQYHVWLJDWH TXDQWLWDWLYHO\ WKH QRQ
LW\ SURILOHV DQG WKH GLVWULEXWLRQ RI ZDOO VKHDU VWI
ZLWK ERWK 1HZWRQLDQ DQG QRQ 1HZWRQLDQ DVVXPSWLRQ
VDPH SXOVDWLOH IORQ NRRHEDIWXIURIG XSVWUHDP YHORFLW)\ ¢
HDFK ELIXUFDWLRQ PRGHO ,Q WKH QRQ 1HZWRQLDQ FDVH
VLRQ U ZDV XVHG VHH VHFWLRQ IRU GHWDLO
FDOFXODWHG D[LDO YHORFLW\ SURILOHV RI D 1HZWRQLDQ I¢
D QRQ 1HZWRQLDQ IOXLG IRU PRGHOV $ DQG % UHVSHFWLY
LW\ SURILOHV DUH GUDZQ ZLWK VROLG OLQHV DQG WKRVH R
FLUFOHV 7KH FRPSDULVRQV VKRZ UDWKHU PLQRU GLIIHUHC
SURILOHV DUH EOXQWHG LQ WKH QRQ 1HZWRQLDQ FDVH GXH
RI WKH EORRG 7KLV IORZ SKHQRPHQRQ KDV EHHQ GHPRQV
DQG /LHSVFK 3HUNWROG HW DO 7KH PD[LPXP GLIIF

REWDLQHG AW LQ PRGHO $ D& LQ PRGHO %

6LQFH WKH YDULDWLRQ RI ZDOO VKHDU VWUHVV LV RI VS
FRPSDULVRQV RI ZDOO VKHDU VWUHVV EHWZHHQ WKH 1HZWF
IOXLG ZHUH PDGH DQGV VKRZ WKH FRPSDULVRQV DW SXO\
IORZ DFFHOHUDWLRQ E SHDN IORZ UDWH F IORZ GHFHO
YHUVHG IORZ IRU PRGHOV $ DQG % UHVSHFWLYHO\ 6ROLG
VWUHVV RI WKH 1HZWRQLDQ IOXLG DQG FLUFOHV UHSUHVHC
BXUSULVLQJO\ WKH LQIOXHQFH RI QRQ 1HZWRQLDQ YLVEFRVL
WZR FDVHV ,Q PRGHO $ WKH SRVLWLYH ZDOO VKHDU VWU
QHJDWLYH ZDOO VKHDU VWUHVV LV ORZHU LQ WKH QRQ 1HZV
% WKH SHDN ZDOO VKHDU VWUHVV LV UHGXFHG LQ D UHOD\
QRQ 1HZWRQLDQ IOXLG 7KH PD[LPXP PLQLPXP DQG WLPH D

ORFDWLRQV LQ ERWK PRGHOV RYHU D HQWLUH F\FOH DU



v REVHUYHG WKDW IRU WKH QRQ 1HZWRQLDQ I10XLG WKH WLPH DY
LV XS WR KLIKHU LQ PRGHO $ EXW ORZHU LQ PRGHO % WKH

RFFXUULQJ DW ORFDWLRQ LQ PRGHO %

02'(/ $

yLJ &RPSDULVRQ RI D[LDO YHORFLW\ SURILOHV LQ WKH ELIXUF

$ EHWZHHQ 1HZWRQLDQ * DQG QRQ 1HZWRQLDQ R R R IOXLG
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yLJ &RPSDULVRQ RI D[LDO YHORFLW)\ SURILOHV LQ WKH ELIXUF

% EHWZHHQ 1HZWRQLDQ * DQG QRQ 1HZWRQLDQ R R R IOXLG



)L Z2aVT &RPSDULVRQ RI WLPH YDU\LQJ ZDOO VKHDU VWUHVV EHWZH

DQG QRQ 1HZWRQLDQ % £t IOXLG DW VHOHFWHG VLWHV LQ PRGHO



)L ZaVU&RPSDULVRQ RI WLPH YDU\LQJ ZDOO VKHDU VWUHVV EHWZH

DQG QRQ 1HZWRQLDQ %t f % IOXLG DW VHOHFWHG VLWHV LQ PRGHO
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ORFDWLR

E ORGHO %

3 SDUHQW YHVVHO
GLYLGHU ZDOO
RXWHU ZROO

7DEOH &RPSDULVRQ RI 1HZWRQLDQ DQG QRQ 1HZWRQLDQ IORZ

LPXP DQG WLPH DYHUDJHG ZDOO VKHDU VWUHVV DW VHOHFWHG ORFI

RYHU D FDUGLDF F\FOH



7KH VRPHZKDW RSSRVLWH HIIHFWV Rl WKH QRQ 1HZWRQL
VKHDU VWUHVV LQ WKH WZR PRGHOV LQGLFDWH WKDW WKH
VHQVLWLYH WR WKH IORZ FRQGLWLRQV HJ 5H\QROGV QXP
PRGHOV LQYHVWLIJDWHG KHUH DOWKRXJK WKH WLPH DYHUL
GLIIHU JUHDWO\ WKH SHDN 5H\QROGV QXPEHUV GR IRU F
BUHYLRXV QXPHULFDO VWXGLHV $SSH®GH] QHBXKEGDW BMDWIHG
ZKHQ WKH QRQ 1HZWRQLDQ FKDUDFWHULVWLFV RI WKH EOR
DYHUDJH YDOXH RI ZDOO VKHDU VWUHVV WHQGV WR LQFUHD
GHFUHDVH DW KLJK 5H\QROGV QXPEHUV 7KHUHIRUH WKH H
FRVLW\ RQ WKH GLVWULEXWLRQ RI ZDOO VKHDU VWUHVV FD

EH LQYHVWLIJDWHG XQGHU LQGLYLGXDO IORZ FRQGLWLRQV



&203$5,621 :,7+ ,1 9,92 0($685(0(176

7R YHULI\ WKH FRPSXWDWLRQDO UHVXOWY TXDQWLWDWL)
FXODWLRQV LBQ @ LRAHROHV X UHPHQWY ZHUH PDGH 7TKH SUHGLFW
WKH FRPSDULVRQV ZHUH WKRVH REWDLQHG IURP WKH VLPXC
WKHQ YIWPYHRDVXUHG XSVWUHDP IORZ FRQGLWLRQ ZLWK D QRQ
EORRG :KHQ PDNLQJ D FRPSDULVRQ OLNH WKLV WKHUH DU]I

EH WDNHQ LQWR DFFRXQW

J)LUVW RI DOO WKH DUWHULDO ZDOO ZDV WUHDWHG DV U
EORRG YHVVHOV DUH YLVFRHODVWLF $OWKRXJK WKH GHIRU
NQRZQ WR EH LPSRUWDQW LQ ZDYH UHIOHFWLRQ DQG SURSI
ORFLW\ SURILOHY DUH VWLOO XQFOHDU ORVW RI WKH SUHYL
"VHFRQGDU\p HIIHFW +RZHYHU UHFHQW H[SHULPHQWDO LQ

KDYH IRXQG WKDW WKH YHVVHO ZDOO FRPSOLDQFH PLJ
RQ ORFDO ELIXUFDWLRQ IORZV HVSHFLDOO\ ZKHQ LW LV FR

FKDUDFWHU RI WKH EORRG

6HFRQGO\ WKH PHDVXUHPHQWY ZHUH SHUIRUPHG E\ XVLQ
GHYLFH ZKLFK PHDVXUHV WKH YHORFLW\ FRPSRQHQWYV LQ Wk
JOH RI f WR WKH YHVVHO DJ[LV EXW FDOFXODWHYV WKH YH
WKH YHVVHO D[LV 7KLV DVVXPSWLRQ LV OLNHO\ WR JLYH PL)\

IORZV

7KLUGO\ WKHUH DUH XQFHUWDLQWLHY DERXW WKH YHOR
WKH SRVLWLRQ RI WKH PRYLQJ ZDOO LWVHOI LQ WKH PHDVX!

DW WKLV VWDJH FDQ RQO\ EH GRQH ZLWK FDXWLRQ



yLIVZ DQG VKRZ WKH FRPSDULVRQ RI D[LDO YHORFLW\ SURIL
GLFWLRQV 3 DQQ WKHOVXUHPHQWY RRR DW VLWHYV GHILQHG
RYHU D FDUGLDF F\FOH IRU PRGHOV $ DQG % UHVSHFWLYHO\ ,Q HD
VLGH LV WKH RXWHU ZDOO DQG WKH OHIW KDQG VLGH LV WKH IORZ
DW VIUWEHHPRQVWUDWH D YHU\ JRRG DJUHHPHQW EHWZHHQ WKH FD
PHDVXUHPHQWY LQ ERWK PRGHOV LQGLFDWLQJ WKDW XVLQJ WKH L
LW\ SURILOHV PHDVXWHG fDWRVM¥H YHVVHO D[LV DV ERXQGDU\ FRC
WKH LQOHW RUWKRJRQDO WR WKH YHVVHO D[LV LV UHDVRQDEO\ D
SDUHQW YHVVHOV XSVWUHDP RI WKH IORZ GLYLGHU I0ORZ LV HVVHQV

D[LV DQG WKH D[LDO YHORFLW\ JUDGLHQWY DUH VPDOO

*RRG DJUHHPHQW LV DOVR REVHUYHG GXULQJ ODWH GLDVWROH L
DW DOO VLWHV H[FHSW DW VLWH LQ WKH VPDOOHU GDXJKWHU YH
GLFWHG YHORFLW\ SURILOHYVY DUH WRWDOO\ UHYHUVHG GXULQJ SXOV

W ZWZKHUHDV PHDVXUHG SURILOHV DUH VKRZQ WR GLUHFW IRUZDU(

02'(/ $ 02' (/I %

D '"HILQLWLRQ RI SXOVH SKDVHV ZKHUH UHVXOWYVY DUH FRP
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yLJ &RPSDULVRQ EHWZHHQ FDOFXODWLRQV 3 DQG PHDVXUHPHQWVY RRR D
YHORFLW\ SURILOHV DW VLWHYV RYHU D FDUGLDF F\FOH IRU PRGHO $ 7KH ULJKYV

LV WKH RXWHU ZDOO DQG WKH OHIW KDQG VLGH LV WKH IORZ GLYLGHU VLGH



yLJ &RPSDULVRQ EHWZHHQ FDOFXODWLRQV 3 DQG PHDVXUHPHQWY RR

YHORFLW\ SURILOHYVY DW VLWHYV

RYHU D FDUGLDF F\FOH IRU PRGHO % 7KF

LV WKH RXWHU ZDOO DQG WKH OHIW KDQG VLGH LV WKH IORZ GLYLGHU VLGH



,Q SXOVH SKDVHV RI IORZ DFFHOHUDWLRQ DQG HDUO\ 10
VRPH GLIITHUHQFHY DUH QRWLFHG LQ ERWK FDVHV OHDVXUL
WKDQ WKRVH SUHGLFWHG LQ PRGHO $ EXW DUH VRPHZKDW
VXOWY LQ PRGHO % 7KHVH GLVFUHSDQFLHY PD\ LQ ODUJH SI
RI SDUDOOHO IORZ PDGH LQ WKH PHDVXUHPHQWY VLQFH WKI

IXUFDWLRQV DV GLVFXVVHG LQ D SUHYLRXV VHFWLRQ LV Q

$WWHPSW ZDV DOVR PDGH WR FRPSDUH WKH FRPSXWHG
WKHQ YLAHRDVXUHPHQWYV LQ ZKLFK WKH VHFRQGDU\ YHORFLW
WKH D[LV Rl WKH YHVVHO LQ WKH ELIXUFDWLRQ SODQH ZHL
IORZ GLYLGHU 7KLV ZDV DFKLHYHG E\ DQJXODWLQJ WKF
D[LV RI WKH ODUJHU GDXJKWHU YHVVHO VR WKDW WKH VHF
WRZDUGV WKH IORZ GLYLGHU LV UHDGLO\ PHDVXUDEOH &RP.
LQ WKH SODQH RI WKH ELIXQW PRWEHOQ YD WV VEWHVHQWHG LQ )L.
WKH OHIW KDQG VLGH FRUUHVSRQGY WR WKH IORZ GLYLGHLU
WKH RXWHU ZDOO IRUZDUG IORZ EHLQJ WKH IORZ GLUHFWF
WKH IORZ GLYLGHU 7KH ILJXUH VKRZV D JHQHUDOO\ JRRG T
ODWLRQV DQG WKH PHDVXUHPHQW 6HFRQGDU\ YHORFLW)\ S|
IORZ GLYLGHU VLGH H[FHSW GXULQJ HDUO\ IORZ DFFHOHUD
WKH RXWHU ZDOO 6HFRQGDU\ IORZ LQ WKH SODQH RUWKRJ
LV IRXQG WR EH LQVLJQLILFDQW DW WKH OHYHO RI WKH IOR

DQG LQ WKH PHDVXUHPHQWYV
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)LJ &RPSDULVRQ EHWZHHQ FDOFXODWLRQV 3 DQG PH

RQGDU\ YHORFLW\ SURILOHV LQ WKH ELIXUFDWLRQ SODQH DW
RYHU D FDUGLDF F\FOH 7KH ULJKW KDQG VLGH LV WKH RX

LV WKH IORZ GLYLGHU VLGH

6800%$5<

I1XPHULFDO SUHGLFWLRQV RI WKH IORZ DQG VKHDU VWUHV
FDWLRQV ZHUH FDUULHG RXW XQGHU SK\WLRORJLFDO SXOVDYV
WLRQV ZHUH SHUIRUPHG RQ D VXSHUFRPSXWHU &5%$< ; 03

F\FOH WRRN DERXW WZR DQG KDOI KRXUV WLPH VWHSV S|



IXPHULFDO UHVXOWYV VKRZ WKDW LQ WKH WZR FDQLQH IHP
LHG WKH IORZ VHSDUDWLRQ DQG VHFRQGDU\ PRWLRQ DUH |
WKH UHVXOWHG VKHDU VWUHVV GLIIHUHQFHVY EHWZHHQ WKH
WLYHO\ VPDOO ,Q PRGHO % WKH GXUDWLRQ RI IORZ UHYHL
HQWLUH F\FOH DQG WKH VHFRQGDU\ YHORFLW\ DW WKH OHY
RI WKH D[LDO YHORFLW\ DW WKH VDPH VLWH 7KH PDI[LPXP
LQ PRGHO % LV RFEXWULQJ QHDU WKH IORZ GLYLGHU RQ Wt
WKH ORZHVW WLPH DYHUDJHG ZDOO VKHDU VWUHVV LV IRXQ
GDXJKWHU DUWHU\ ,Q ERWK FDVHV LQYHVWLJDWHG KHUH Y
JHQHUDOO\ IROORZ WKHLU IORZ ZDYHIRUPV LQ VKDSH 1R U
VWUHVV LV IRXQG RQ WKH RXWHU ZDOO DV VKRZQ WR EH SUF

FDURWLG DUWHU\ E\ RWKHUV .X HW DO

&RPSDULVRQV EHWZHHQ WKH 1HZWRQLDQ DQG QRQ 1HZWF
WKDW XQGHU WKH IORZ FRQGLWLRQV VWXGLHG WKH QRQ 1
EORRG GR QRW KDYH PDUNHG HIIHFW RQ GHWHUPLQLQJ JHC
+RZHYHU DV IDU DV WKH ZDOO VKHDU VWUHVV LV FRQFHUQI

DUH VLJQLILFDQW

&RPSDULVRQ EHWZHHQ WKH SIUH G LFHROLVRQM PIGWW KHK R Z W
ZKLOH WKHUH LV D UHDVRQDEOH DJUHHPHQW LQ JHQHUDO
7KHVH GLVFUHSDQFLHV PD\ DWWULEXWH WR VHYHUDO IDFWF
YHVVHO ZDOO LQ WKH SUHGLFWLRQ DQG WKH DVVXPSWLRQ
PHDVXUHPHQWY +RZHYHU ZKLFK RI WKHVH IDEFWRUV LV PR
HIWHQW WKH FRPSDULVRQV DUH DIIHFWHG E\ WKHP DUH QR
ILHG E\ IXWXUH QXPHULFDO VWXGLHV ZLWK WKH GLVWHQVL

DFFRPPRGDWHG
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,Q WKH SUHVHQW VWXG\ D IXOO DQDO\WLFDO WUHDWPHQ\
DUWHULDO ELIXUFDWLRQV LV SUHVHQWHG 7KH IORZ LQ DU
DQRG LQFRPSUHVVLEOH WKH EORRG LV L 1HZWRQLDQ DQG
ZDOO EHLQJ ULJLG 8QGHU WKHVH DVVXPSWLRQV WKH WKUH
I1IDYLHU 6WRNHV HTXDWLRQV DUH VROYHG XVLQJ D QHZO\ Gl

ZKLFK DSSOLHV WKH ILQLWH YROXPH PHWKRG RQ DQ XQVWU.

,Q RUGHU WR SURYLGH DFFXUDWH DQG UHOLDEOH QXPHL
H[HUFLVHVY DUH FRQVLGHUHG WR EH HVVHQWLDO )RU WKHVF
EHHQ DGRSWHG L H E\ PHDQV RI FRPSDULVRQ ZLWK L DQ
LPHQWDO GDWD DQG LLL DQ DOWHUQDWLYH FRGH $ YDULL
IORZ FRQGLWLRQV KDV EHHQ WUHDWHG LQ WKLV VWXG\ )LU
KDYH EHHQ FDUULHG RXW IRU IORZ LQ LGHDOLVHG f 7 ELI
VWHDG\ IORZ DW ILYH GLIITHUHQW FRPELQDWLRQV RI 5H\QRO(
WXEH IORZ UDWH UDWLR DV ZHOO DV SXOVDWLOH IORZ GULY
VXUH JUDGLHQW KDYH EHHQ LQYHVWLJDWHG 4XDQWLWDWLY}!
/'$ PHDVXUHPHQWY J/LHSVFK DQG ORUDYHF IRU VWHDG\
ILHSVFK HW DO IRU SXOVDWLOH IORZ KDYH GHPRQVWU
EHWZHHQ WKH QXPHULFDO SUHGLFWLRQV DQG WKH ODERUDV
WKH SXOVDWLOH IORZ FDVH WKH DJUHHPHQW LV IRXQG WR
SUHVHQWHG E\ .KRGDGDGL DQG /LHSVFK HW DO ORUHR
WKH FDOFXODWLRQ REWDLQHG XVLQJ DQ DOWHUQDWLYH FR
WKH UHOLDELOLW\ RI WKH QXPHULFDO SUHGLFWLRQV TKHV
WR REWDLQ WKH H[DFW LQIRUPDWLRQ RQ IORZ ILHOG DQG .

UHJLRQV SXOVDWLOH IORZ FDQ QRW EH VXEVWLWXWHG E\ V



7R LQYHVWLJDWH WKH ' IHDWXUHV RI WKH IORZ DQG W
SXOVDWLOH IORZ LQ D ' 7 ELIXUFDWLRQ KDV EHHQ FDOFX(
QRQ 1HZWRQLDQ IOXLG UHVSHFWLYHO\ 7KH QXPHULFDO UHV
IXUFDWLRQ IORZ LV VXEVWDQWLDOO\ WKUHH GLPHQVLRQDO
YRUWH[ PRWLRQ IRXQG LQ FURVV VWUHDP SODQHV RI WKH [
HITHFW Rl QRQ 1HZWRQLDQ YLVFRVLW\ LW KDV EHHQ VKRZQ
VWXGLHGH DYH 9 GLIIHUHQFHV EHWZHHQ WKH 1HZWI
QRQ 1HZWRQLDQ IORZ RFFXU PDLQO\ LQ WKH UHJLRQ RI IOR:
1HZWRQLDQ IOXLG WKH GXUDWLRQ RI IORZ VHSDUDWLRQ LV
ZHDNHU $V IRU WKH ZDOO VKHDU VWUHVV WKH PD[LPXP VKH
LV VOLIJKWO\ UHGXFHELMERMXM PLQLPXP VKHDU VWUHVV RQ V
VLIJQLILFDQWO\ LQFUHDVHG DERXW LQ WKH QRQ 1HZWRQ
WKH UDWKHU OLPLWHG H[SHULPHQWDO GDWD KDYH GHPRQVYV

UHDVRQDEOH TXDQWLWDWLYH DJUHHPHQW

)LQDOO\ DV D ILUVW VWHS WRZDUGV SURYLGLQJ®RPSDU
YLYRHDVXUHPHQWY EORRG IORZ LQ WUXH FDQLQH IHPRUDO L
SUHGLFWHG XQGHU SK\VLRORJLFDO IORZ FRQGLWLRQV ,QIO
ELIXUFDWLRQ JHRPHWU\ IORZ ZDYHIRUP DQG QRQ 1HZWRQL
YHVWLIJDWHG )URP WKH UHVXOWV REWDLQHG LW FDQ EH FR
GLVWULEXWLRQ RI ZDOO VKHDU VWUHVV LQ EUDQFKLQJ DUWH
WRUV 7R JDLQ D TXDQWLWDWLYH XQGHUVWDQGLQJ RQ WKI
VWUHVV IORZ VWXGLHV KDYH WR EH FDUULHG RXW XVLQJ W}
IORZ FRQGLWLRQV IRU HDFK FDVH &RPSDULVRQV E®WZHHC
YLYRHDVXUHPHQWY KDYH EHHQ PDGH FDXWLRXVO\ :KLOH WK
PHQW LQ JHQHUDO ORFDO GLVFUHSDQFLHV GR H[LVW 7KH
ZDOO DVVXPSWLRQ PDGH LQ WKH SUHGLFWLRQV DQG WKH S

PHDVXUHPHQWY +RZHYHU DW WKLV VWDJH LW LV GLIILFXOYV



IPSRUWDQW 7KLV ZLOO EH FODULILHG E\ IXWXUH VWXGLHV Z

DUWHULDO ZDOO WDNHQ LQWR DFFRXQW

7R LQFRUSRUDWH WKH GLVWHQVLELOLW\ RI WKH ZDOO LC
SURSRVHG DQG WHVWHG LQ D VWUDLJKW HODVWLF WXEH 1H
SURDFK WR ELIXUFDWLRQ JHRPHWULHYVY VHHP WR EH LPSUDFV
RI PHPRU\ UHTXLUHG ,Q IXWXUH VWXGLHY WKH WUDQVLH

DEOH LQ WKH ODWHVW YHUVLRQ RI )/2: ' ZLOO EH DGRSWHG
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$EUDPVRQ ', HG
%ORRG YHVVHOV DQG O\PSKDWLFV 1HZ <RUN $FDGHPLF 3Ll

$QLWVFKNRZ 1
([SHUPHQWDO DUWHULRVFOHURVLY LQ DQLPDOV ,Q $UWHUL
1HZ <RUN ODFPLOODP

$QOLNHU 0 5RFENZHOO 5/ DQG 2JGHQ (

1RQOLQHDU DQDO\WLV RI IORZ SXOVHV DQG VKRFN ZDYHV 1

WLRQ DQG SURSHUWLHV RI PDWKHPDWLFDO PRGHO 3DUW ,,

FOLQLFDO SUREOHPV -RXUQDO RI $SSOLHG ODWKHPDWLFV D
SDUw , Sbuw ,,

$\RULQGH 2 % .RED\DVKL $ 6 DQG OHUDWL -
JLQLWH HODVWLFLW\ DQDO\WLY RI XQDQDHVWKHWLVHG DQG L
LQJV RI WKH %LRPHFKDQLFV 6\PSRVLXP $60(

%DNHU ' : JUDQNOLQ 5 ) DQG (OOLV 50
OLQLDWXUH HOHFWURQLF LQVWUXPHQWY IRU PHGLFDO UHVHI

%DNHU
3XOVHG XOWUDVRQLF 'RSSOHU IORZ VHQVLQJ ,((( 7UDQV 6

%KDUDGYDM % . ODERQ 5 ) DQG *LGGHQV "3 D
6WHDG\ IORZ LQ D PRGHO RI WKH KXPDQ FDURWLG ELIXUFDW
WLRQ -RXUQDO RI %YLRPHFKDQLFV

%KDUDGYDM % . ODERQ 5 ) DQG *LGGHQV "3 E
6WHDG\ IORZ LQ D PRGHO RI WKH KXPDQ FDURWLG ELIXUFDW
DQHPRPHWHU PHDVXUHPHQWY -RXUQDO RI %YLRPHFKDQLFV

%RUQVWHLQ 3
7KH FURVV OLQNLQJ RI FROODJHQ DQG HODVWLQ DQG LWV LQ}
-RXUQDO RI OHGLFLQH

%XUQV $ ' -RQHV ,3 .LJKWOH\ -5 DQG :LONHV 16
7KH LPSOHPHQWDWLRQ RI D ILQLWH GLIIHUHQFH PHWKRG I
IORZV LQ FRPSOH[ JHRPHWULHV 8.$($ 5SHSRUW $(5( &6

WXUQV $ ' -RQHV |, 3 .LIJKWOH\ -5 DQG :LONHV 16
)/2: ' 5HOHDVH 8VHU PDQXDO 8.%(% 5HSRUW



%XQV $ ' DQG :LONHV 1 6
$ ILQLWH GLIIHUHQFH PHWKRG IRU WKH FRPSXWDWLRQ RI |
GLPHQVLRQDO JHRPHWULHV 8.$($ 5HSRUW $(5( 5

&DUR & * )LW] *HUDOG -0 DQG 6FKURWHU 5 &
$WKHURPD DQG DUWHULDO ZDOO VKHDU 2EVHUYDWLRQ FRU!
GHSHQGHQW PDVV WUDQVIHU PHFKDQLVP IRU DWKHURJHQHVL
IRQG %

&DUR & * BHGOH\ 7 - 6FKURWHU 5 & DQG 6HHG : $
7KH PHFKDQLFV RI WKH FLUFXODWLRQ 2[IRUG 8QLYHUVLW\

&DUR & *
$UWHULDO I0XLG PHFKDQLFY DQG DWKHURJHQHVLY B5HFHQW
GLVHDVH

&DVVRQ 1
$ IORZ HTXDWLRQ IRU SLIJPHQW RLO VXVSHQVLRQ RI WKH SU
Rl GLVSHUVH V\VWHPV HG E\ & & OLOO SS 2[IRUG 3

&KHQ & - 1DVHUL 1RVKDW + DQG +R . 6
JLOQOLWH DQDO\WLF QXPHULFDO VROXWLRQ RI KHDW WUDQVIHL
1XPHULFDO +HDW 7UDQVIHU

&KLHQ 6 8VDPL 6 7D\ORU + O IXQGEHUJ -/ DQG *UHJH
(ITHFWV Rl KHPDWRFULW DQG SODVPD SURWHLQV RQ KXPDQ
UDWHV -RXUQDO RI $SSOLHG 3K\VLRORJ\

&KR < | %DFN [/ + DQG &UDZIRUG

([SHULPHQWDO LQYHVWLIJDWLRQ RI EUDQFK IORZ UDWLR DQJ
RQ WKH SUHVVXUH DQG IORZ ILHOGYV LQ DUWHULDO EUDQFK F
%LRPHFKDQLFDO (QJLQHHULQJ

&LRIDOR 0 DQG &ROOLQV 0

7LPH GHSHQGHQW QXPHULFDO VLPXODWLRQ RI WKH VWDUW
IOXLG SDVW D EDFNZDUG IDFLQJ VWHS ,Q 3URF $*$5' 6\F
&)' /LVERQ

&LRIDOR 0 DQG &ROOLQV 0
/DUJH HGG\ VLPXODWLRQ Rl WXUEXOHQW IORZ DQG KHDW WUTL
FKDQQHOV B6XEPLWWHG WR ,QW - 1XP OHWK )OXLGYV

&ODUNVRQ 7 %
$WKHURVFOHURVLV ® VSRQWDQHRXV DQG LQGXFHG ,Q $GYI
E\ 5 3DROHWWL DQG ' .ULWFKHUVN\ 1HZ <RUN DQG /RQGR



&RNHOHW * 5
%LRPHFKDQLFV ,WV IRXQGDWLRQ DQG REMHFWLYHV (G E
0 $QOLNHU S3UHQWLFH +DOO (QJOHZRRG SS

&ROOLQV 0
JLQLWH GLIIHUHQFH DQDO\VLV IRU GHYHORSLQJ ODPLQDU IO
IRUFHG DQG FRPELQHG FRQYHFWLRQ ,QW - 1XP OHWKRGYV

&ROOLQV 0 : DQG &LRIDOR O
&RPSXWDWLRQDO IOXLG G\QDPLFV DQG LWV DSSOLFDWLRQ W
7HFK %LRWHFKQRO

&XYHOLHU & 6HJDO $ DQG YDQ 6WHHQKRYHQ $ $
)LQLWH HOHPHQW PHWKRGYV DQG 1DYLHU 6WRNHV HTXDWLRQ\
SDQ\

'DZEHU 7 5 ORRUH ) ( DQG 0DQQ * 9
&RURQDU\ KHDUW GLVHDVH LQ WKH JUDPLQJKDP VWXG\ $PHL
+HDOWK VXSSO

'"HPLUD\ + -
$ OQORWH RQ WKH HODVWLFLW\ RI VRIW ELRORJLFDO WLVVXHYV

'"HWHUV 2 - %DUJHURQ & % ODUN )) DQG )ULHGPDQ 0 +
OHDVXUHPHQW RI ZDOO PRWLRQ DQG ZDOO VKHDU LQ D FRPS
Rl %LRPHFKDQLFDO (QJLQHHULQJ

'LQQDU 8 (QGHQ * DQG ,VUDHOL O
$ QXPHULFDO VWXG\ RI IORZ LQ D WKUHH GLPHQVLRQDO ELIX
6\VWHPV '"\QDPLFV 6RFLHW\ OHHWLQJ &DQDGD

XIrox
([SHULPHQWDO FKROHVWHURO DUWHULRVFOHURVLYV DQG LWV
URVLV $UFK 3DWKRO

'XIXLG - % DQG 5REHUWVRQ : %
OHFKDQLFDO IDFWRUV LQ DWKHURVFOHURVLY /DQOHW

'XQFDQ '' %DUJHURQ & % %RUFKDUGW 6 ( HW DO
7KH HIITHFWV RI FRPSOLDQFH RQ ZDOO VKHDU LQ FDVWV RI K
$GYDQFHV LQ %LRHQJLQHHULQJ (G E\ OLOOHU $60( 1HZ <¥

'XUVW ) OHOOLQJ $ DQG :KLWHODZ - +
BULQFLSOHVY DQG SUDFWLFH RI ODVHU 'RSSOHU DQHPRPHWU
1HZ <RUN 7RURQWR ©6\GQH\ 6DQ )UDFLVEFR



(GZDUGV 7 $
1RQ LWHUDWLYH GLPHQVLRQDO JULG JHQHUDWLRQ XVLQJ
HTXDWLRQYV UG $HURVSDFH 6FLHQFH OHHWLQJ $,$$ 3$3(5

(LVHPDQ 35 DQG (ULHEDFKHU *
*ULG JHQHUDWLRQ IRU WKH VROXWLRQ RI SDUWLDO GLIIHUH
UHSRUW

(ULNVVRQ / (
*HQHUDWLRQ RI ERXQGDU\ FRQIRUPLQJ JULGV DURXQG ZLQJ
WUDQVILQLWH LQWHUSRODWLRQ $,$% -

(XOHU /
BULQFLSLD SUR PRWX VDQJXLQV SHU DUWHULDV GHWHUPLQI
PDWLFD HW 3K\VLFD 3HWURSROL

(YHQV ($ DQG )XQJ < &
,PSURYHG PHDVXUHPHQWVY Rl WKH HU\WKURF\WH JHRPHWU\

JHUQDQGH] 5 & :LWW .- DQG 6RWDLQ 0 5
3XOVDWLOH IORZ WKURXJK D ELIXUFDWLRQ ZLWK DSSOLFDWL!
%LRPHFKDQLFV

JHXHUVWHLQ /$ (/ ODVU\ 2 $ DQG 5RXQG *)
$UWHULDO ELIXUFDWLRQ IORZV 3 HIIHFWV RI IORZ UDWH DQG
3KDUPDFRO

JLVKPDQ $ 3 DQG 5LFKDUGYV
&LUFXODWLRQ RI WKH EORRG OHQ DQG LGHDV 2[IRUG 8QL

J)LW]JHUDOG ' ( )RUWHVFXH :HEE & 0 (NHVWURP 6 DQG /
KXV

ORQLWRULQJ FRURQDU\ DUWHU\ EORRG IORZ E\ 'RSSOHU VKLI
&DUGLRYDVF 6XUJ

JODKHUW\ - - DQG 6WUDXWV ( -
BOWUDVRQLF SXOVH 'RSSOHU LQVWUXPHQWDWLRQ 3URF V

JRUVH\ & 5 DQG %LOOLQJ & O

6RPH H[SHULHQFHV ZLWK JULG JHQHUDWLRQ RQ FXUYHG VXUI

PLVDWLRQ WHFKQLTXHV ,Q 1XPHULFDO *ULG *HQHUDWLRQ C
HG E\ .: ORUWRQ DQG 0 - %DLQHV 2[IRUG 8QLYHUVLW

JRUVWHU ). &KLNRV 3 0 DQG )UDJLHU - 6
*HRPHWULF PRGHOOLQJ RI WKH FDURWLG ELIXUFDWLRQ LQ



WDVRQLF 'RSSOHU DQG UDGLRORJLF LQYHVWLJDWLRQV -RX

JR[ - $ DQG +XJK $ (
/JRFDOLVDWLRQ RI DWKHURPD WKHRU\ EDVHG RQ ERXQGDU\
-RXUQDO

JULHGPDQ 0 + +XWFKLQV 0 * %DUJHURQ & % '"HWHUV

&RUUHODWLRQ EHWZHHQ LQWLPDO WKLFNQHVY DQG IOXLG Vk
VFOHURVLYV

yOu\ -/
&HUWDLQ FKHPRUKHRORJLF FRQVLGHUDWLRQV UHJDUGLQJ W
SDUWLFXODU UHIHUHQFH WR FRURQDU\ DUWHU\ GLVHDVH &L

YU\ "/

JREDOLVLQJ IDFWRUV LQ DUWHULRVFOHURVLV ,Q $WKHURYV
HDVH HG E\ : /LNRII DQG % / 6HJDO HW DO 1HZ <RUN
SS

YU\
+HPRG\QDPLF IDFWRUV LQ DWKHURJHQHVLYV ,Q &HUHEURY|
6WHLQEHUJ 1HZ <RUN 5DYHQ 3UHVYV SS

)XQJ < &
%LRUKHRORJ\ Rl VRIW WLVVXHV %LRUKHRORJ\

)XQJ < &
2Q PDWKHPDWLFDO PRGHOV RI VWUHVV VWUDLQ UHODWLRQYV
3RO\PHURU 8665

)XQJ < &
,QYHUVLRQ RI D FODVV Rl QRQOLQHDU VWUHVV VWUDLQ UHOT
-RXUQDO RI %LRPHFKDQLFDO (QJLQHHULQJ 7UDQV $60(

)XQJ < & )JURQHN . DQG 3DWLWXFFL 3
3VHXGRHODVWLFLW\ RI DUWHULHYVY DQG WKH FKRLFH RI LWV PI
-RXUQDO RI 3K\VWLRORJ\ + -

*HVVQHU ) %
+HPRG\QDPLF WKHRULHV RI DWKHURJHQHVLY &LUFXODWLRQ

*ODVV - DQG 5RGL
$ KLJKHU RUGHU QXPHULFDO VFKHPH IRU VFDODU WUDQVSRUW
DQG (QJ



*RIPDQ - : DQG <RXQJ

7KH ILOWUDWLRQ FRQFHSW RI DWKHURVFOHURVLV DQG 6HUXF
URVLV ,Q $WKHURVFOHURVLV DQG LWV 2ULJLQ HG E\ 0 6L
<RUN DQG /RQGRQ $FDGHPLF 3UHVYV

*RUGRQ 3 DQG 6FDOD 6 0
1RQOLQHDU WKHRU\ Rl SXOVDWLOH EORRG IORZ WKURXJK YL\
Rl $*$5' &RQIHUHQFH RQ T)OXLG '\QDPLFV Rl %ORRG &LUFX!
JORZ- 1R

*RUGRQ : - DQG 7KLHO / &
7UDQVKQLWH PDSSLQJ DQG WKHLU DSSOLFDWLRQV WR JULG
*HQHUDWLRQ HG E\ - ) 7TKRPSVRQ 1RUWK +ROODQG

*UHVKR 3 $

$ PRGLILHG ILQLWH HOHPHQW PHWKRG IRU VROYLQJ WKH W
1IDYLHU 6WRNHV HTXDWLRQV 3DUW , 7KHRU\ ,QWHUQDWLRC
JOXLGV

*XWVHLQ : + DQG 6FKQHFN ' -
,Q YLWUR ERXQGDU\ OD\HU VWXGLHV RI EORRG IORZ LQ EUDQ
VFOHURVLV 5HVHDUFK

+DOHV 6
WDWLFDO HVVD\V +DHPDVWDWLFNV ,, /RQGRQ ,QQD\V DQC

+DVVDQ < $ G5LFH -* DQG .LP - +
$ VWDEOH PDVV IORZ ZHLJKWHG WZR GLPHQVLRQDO VNHZ XS
7UDQVIHU

+DUYH\

'H ORWX &RUGLV :LOOLDQ )LW]JHU )UDQNIXUW 7UDQVODWHC
DQG %ORRG LQ $QLPDOVWH E\ . - )UDQNOLQ % ODFNZHC
2[IRUG

+DXVHU - DQG 7D\ORU &

1XPHULFDO JULG JHQHUDWLRQ LQ FRPSXWDWLRQDO IOXLG G\
,QWHUQDWLRQDO &RQIHUHQFH KHOG DW /DQGVKXW *HUPDQ\

+HGEHUJ 3 . 0

121',) $ PHWKRG WR DYRLG QXPHULFDO GLIIXVLRQ DQG RYH
B3URF WK ,QW &RQI 1XP OHWK /DP 7XUE )ORZ 6ZDQVHI
+RZ 7 9 DQG &ODUNH 5 0

7KH HODVWLF SURSHUWLHYV RI D SRO\XUHWKDQH DUWHULDO S



+XVVDLQL 0 < DQG =DQJ 7 $
6SHFWUDO PHWKRGV LQ IOXLG G\QDPLFV $QQXDO 5HYLHZ R

,VVD 5 ,
6ROXWLRQ RI WKH LPSOLFLWO\ GLVFUHWLVHG IOXLG IORZ HT
- RI &RPSXWDWLRQDO 3K\VLFV

-RQHV & - + /[HYHU O - 2JDVDZDUD < SDUNHU . + 7TV XM
OLWR . &DUR & * DQG .DML\D )

%ORRG YHORFLW\ SURILOHV DW DUWHULDO ELIXUFDWLRQV P

'RSSOHU XOWUDVRXQG YHORFLPHWU\ WR EH SXEOLVKHG LC

RJ\

.DOPDQVRQ ' O9H\UDW & DQG &KLFKH 3
9HQRXV UHWXUQ GLVWXUEDQFHV LQGXFHG E\ DUUK\WKPLDV

.DOPDQVRQ ' 9H\UDW & 'HUDL ' DQG &KLFKH 3
'LDIJQRVWLF YDOXH RI MXJXODU YHQRXV IORZ YHORFLW\ WU]I
%ORRG )ORZ OHDVXUHPHQW (G 9 & 5REHUWV G6HFWRU 3XE

.DULQR 7 .ZRQJ + + 0 DQG *ROGVPLWK + /
SDUWLFOH EHKDYLRXU LQ PRGHOV RI EUDQFKLQJ YHVVHOV
%LRUKHRORJ\

.KRGDGDGL -0 1JX\HQ 7 0 DQG 90ODFKRV 1 6
/IDPLQDU DQG IRUFHG FRQYHFWLYH KHDW WUDQVIHU LQ D WZ
1XPHULFDO +HDW 7UDQVIHU

.KRGDGDGL -0 90DFKRV 1 6 ILHSVFK ' DQG ORUDYHF 6
/'$ PHDVXUHPHQWY DQG QXPHULFDO SUHGLFWLRQ RI SXOVDYV
GHJUHH ELIXUFDWLRQ -RXUQDO RI %LRPHFKDQLFV

.LIJKWOH\ -5 DQG -RQHV , 3
$ FRPSDULVRQ RI FRQMXJDWH JUDGLHQW SUHGLFWLRQV IRU
D &5%< &RPS 3K\V &RPP

.MDHUQHV 0 6YLQGODQG $ :DOOGRH / DQG :LWWH 6 2
/RFDOLVDWLRQ RI HDUO\ DWKHURVFOHURWLF OHVLRQV LQ T
$FWD 3DWK OLFURELRO 6FDQG $

.UHLVV + 2 DQG gOLJHU -
&RPSDULVRQ RI DFFXUDWH PHWKRGV IRU WKH LQWHJUDWLRC(
SRUW 1R '"HSDUWPHQW RI &RPSXWHU 6FLHQFH 8SSVDOD

X "1 DQG *LGGHQV '3
3XOVDWLOH IORZ LQ D PRGHO FDURWLG ELIXUFDWLRQ $WKH



.X "1 *LGGHQV '3 =DULQV & . DQG *ODJRY 6
3XOVDWLOH J)ORZ DQG DWKHURVFOHURVLVY LQ WKH KXPDQ FDL
UHODWLRQ EHWZHHQ SODTXH ORFDWLRQ DQG ORZ DQG RVFLO

X "1 *LGGHQV '3 3KLOOLSV '- DQG BWUDQGQHVV ' (
+HPRG\QDPLFV RI WKH QRUPDO KXPDQ FDURWLG ELIXUFDWL
VWXGLHV B8OWUDVRXQG LQ OHGLFLQH DQG %LRORJ\

X "1 DQG /LHSVFK
7KH HIIHFWV RI QRQ 1HZWRQLDQ YLVFRHODVWLFLW\ DQG ZI
GHJUHH ELIXUFDWLRQ %LRUKHRORJ\

X "1 DQG *LGGHQV '3
IDVHU 'RSSOHU DQHPRPHWHU PHDVXUHPHQWY RI SXOVDWLOF
IXUFDWLRQ -RXUQDO RI %LRPHFKDQLFV

. XPDU $
$ FRQYHFWLYH WUDQVSRUW DQDO\VLV XVLQJ VSOLQH WHFKQ
OHJH /RQGRQ

IDPEHUW - 0
2Q WKH QRQOLQHDULWLHY RI IOXLG IORZ LQ QRQULJLG WXEHYV

/JHRQDUG % 3

$ VWDEOH DQG DFFXUDWH FRQYHFWLYH PRGHOOLQJ SURFHG X
LQWHUSODWLRQ

&RPSXWHU OHWKRGV LQ $SSOLHG OHFKDQLFV DQG (QJLQHHU

IHZLV - SDSDWKDQDLRX & <DR 6 7 DQG (DVWFRWW +
6LPXOWDQHRXV IORZ DQG SUHVVXUH PHDVXUHPHQWY LQ LQW
6XUJ

ILHSVFK ' DQG ORUDYHF 6
OHDVXUHPHQW DQG FDOFXODWLRQV RI ODPLQDU IORZ LQ D QL
RI %LRPHFKDQLFV

ILHSVFK ' ORUDYHF 6 DQG =LPPHU 5

3XOVDWLOH IORZ LQ GLVWHQVLEOH PRGHOV RI YDVFXODU EU
/IRFEDOLVLQJ )DFWRU IRU $WKHURVFOHURVLY HG E\ * 6FKHYV
6SULQJ 9HUODJ

JLHSVFK ' DQG ORUDYHF 6
3XOVDWLOH IORZ Rl QRQ 1HZWRQLDQ IOXLG LQ GLVWHQVLE
%LRUKHRORJ\



JIHSVFK ' 6HHPDQQ 6 DQG B6LHNPDQQ -
1RWH RQ ZDYH SURSDJDWLRQ LQ D WKLQ HODVWLF WXEH FRQ\
%LRPHFKDQLFYV

ILHSVFK
5HYLHZ DUWLFOH )ORZ LQ WXEHV DQG DUWHULHV 3 D FRPSD

I[LHSVEFK ' 3ROO $ DQG ORUDYHF 6
JORZ VWXGLHVY LQ WUXH WR VFDOH PRGHOV RI KXPDQ UHQD
JORZ LQ $WKHURJHQHVLY HG E\ <RVKLGD HW DO 7RN\R 68S

JLJKWKLOO -
ODWKHPDWLFDO %LR IOXLG G\QDPLFV B6RFLHW\ IRU ,QGXVW
LFV 3KLODGHOSKLD 3HQQV\OYDQLD

JLOOLQJWRQ - 1
$ YHFWRU XSVWUHDP GLIIHUHQFLQJ VFKHPH IRU SUREOHPV L
FDQW VRXUFH WHUPV LQ VWHDG\ VWDWH OLQHDU V\VWHPV C

/ILQ $
7KH SDUDPHWHULVHG VWURQJO\ LPSOLFLW PHWKRG IRU VR
WLRQV ,QW - 1XP OHWKRGV LQ )OXLGV

ODOFROP $ ' DQG 5RDFK 0 5
JORZ GLVWULEXWLRQ DW WKH DSH[ DQG ODWHUDO DQJOHV R
DQG WKHLU UROH LQ GHYHORSPHQW DQG PDQLIHVWDWLRQV |

ODVWLQ & : DQG 7KRPSVRQ -)
7UDQVIRUPDWLRQ Rl WKUHH GLPHQVLRQDO UHJLRQV RQWR |
VIVWHPV 1XP O0DWK

OF'RQDOG ' $
7KH RFFXUUHQFH RI WXUEXOHQW IORZ LQ WKH UDEELW DRU\

OF'RQDOG ' $
%ORRG IORZ LQ DUWHULHY %DOWLPRUH :LOOLDPV DQG :LC

OHUULOO ( : ODUJHWWYV : * &RNHOHW *5 DQG *LOOLOD!
7KH &DVVRQ HTXDWLRQ DQG UKHRORJ\ RI EORRG QHDU JHU!
%LRUKHRORJ\ HG E\ $/ &RSOH\ 1HZ <RUN ,QWHUVFLHQF

OHUULOO (: DQG 3HOOHWLHU * $
9LVFRVLW\ RI KXPDQ EORRG WUDQVLWLRQ IURP 1HZWRQLDQ



DSSOLHG SKA\WLRORJ\

OLNL . DQG 7DJDJL 7
$ GRPDLQ GHFRPSRVLWLRQ DQG RYHUODSSLQJ PHWKRG IR
GLPHQVLRQDO ERXQGDU\ ILWWHG FRRUGLQDWH V\VWHPV -R)

OLWFKHOO -58% DQG 6FKZDUW] & -
$UWHULDO 'LVHDVH 2[IRUG %ODFN :HOO G6FLHQWLILF 3XEC

ORUDYHF 6 DQG /LHSVFK
JORZ LQYHVWLIJDWLRQ LQ D PRGHO RI D WKUHH GLPHQVLRQDC
DQG QRQ 1HZWRQLDQ IOXLGV 3DUW , %LRUKHRORJ\

IDNDPXUD O DQG 6DZDGD -
IXPHULFDO VWXG\ RQ WKH ODPLQDU SXOVDWLOH IORZ RI VOXI
IOXLG PHFKDQLFV

IDNDPXUD O DQG 6DZDGD -
IXPHULFDO VWXG\ RQ WKH IORZ RI D QRQ 1HZWRQLDQ I10XL(
VWHQRVLY $60( -RXUQDO RI %LRPHFKDQLFDO (QJLQHHULQJ

IDNDPXUD 6
ODUFKLQJ JULG HTXDWLRQV XVLQJ SDUDEROLF SDUWLDO GLII
LFDO *ULG *HQHUDWLRQ HG E\ - ) TKRPSVRQ 1RUWK +ROC

1IHUHP 5 0 5XPEHUJHU - $ *URVV " 5 +DPOLQ 5/ D¢

+RW ILOP DQHPRPHWHU YHORFLW\ PHDVXUHPHQWY RI DUWHU
SHV

1HUHP 5 0 DQG /HYHVJXH O -
7KH FDVH IRU I10XLG G\QDPLFV DV D ORFDOLVLQJ IDFWRU
*6FKHWWOHU HW DO %HUOLQ +HLEHOEHUJ 6SULQJHU 9HU(

2 - %ULHQ 9 (KUOLFK /: DQG )ULHGPDQ 0 +
8QVWHDG) IORZ LQ D EUDQFK -RXUQDO RI JOXLG OHFKDQLFV

2-%ULHQ 9 DQG (KUOLFK /[ :
6LPXODWLRQ RI XQVWHDG\ IORZ DW UHQDO EUDQFKHV -RXU

20VRQ ' (
)OXLG PHFKDQLFV UHOHYDQW WR UHVSLUDWLRQ DQG IORZ Z
DQG ELIXUFDWLQJ V\VWHPV 3K ' WKHVLV ,PSHULDO &ROOHJ



2UV]DJ 6 $
1XPHULFDO VLPXODWLRQ RI LQFRPSUHVVLEOH IORZ ZLWKLQ
VSHFWUDO UHSUHVHQWDWLRQ 6WXG $SSO O0DWK

3DWDQNDU 6 9 DQG 6SDOGLQJ ' %
$ FDOFXODWLRQ SURFHGXUH IRU KHDW PDVV DQG PRPHQWXP
SDUDEROLF IORZV ,QW - +HDW DQG 0ODVV 7UDQVIHU

SDWDQNDU 6 9
I1XPHULFDO KHDW WUDQVIHU DQG IOXLG IORZ +HPLVSKHUH S
LQJWRQ 1HZ <RUN J/RQGRQ

3DWDQNDU 6 9
$ FDOFXODWLRQ SURFHGXUH IRU WZR GLPHQVLRQDO HOOLSV
7UDQVIHU

SDWDQNDU 6 9
SHFHQW GHYHORSPHQWY LQ FRPSXWDWLRQDO KHDW WUDQVI}

3DWHO ' - *UHHQILHOG - & DQG )u\ '/
,Q YLYR SUHVVXUH OHQJWK UDGLXYV UHODWLRQVKLS RI FHUW
3XOVDWLOH %ORRG )ORZ (G (2 $WWLQJIHU OF*UDZ +LOO

S3DWHO ' - DQG 9DLVKQDY 5 1
7KH UKHRORJ\ RI ODUJH EORRG YHVVHOV ,Q &DUGLRYDVF
"+ %HUJHO 1HZ <RUN $FDGHPLF 9RL SS

SHUDLUH - ORUJDQ . DQG 3HULR -
BQVWUXFWXUHG PHVK PHWKRGV IRU &)' 9RQ .DUPDQ ,QVWL\
-1XPHULFDO *ULG *HQHUDWLRQ- OHFWXUH QRWH

S3HULF O
(I N'LFLHQW VHPL LPSOLFLW VROYLQJ DOJRULWKP IRU QLQH Gl
1XPHULFDO +HDW 7UDQVIHU

SHUNWROG . DQG +LOEHUW
I1XPHULFDO VLPXODWLRQ RI SXOVDWLOH IORZ LQ D FDURWLG
%LRPHFKDQLFV

SHUNWROG . DQG 3HWHU 5 2
I1XPHULFDO ' VLPXODWLRQ RI SXOVDWLOH ZDOO VKHDU VWUF
PRGHO -RXUQDO RI %LRPHGLFDO (QJLQHHULQJ

SBHUNWROG . DQG 5HVFK O
I1XPHULFDO IORZ VWXGLHV LQ KXPDQ FDURWLG DUWHU\ ELIXU



JHRPHWULF IDFWRU LQ DWKHURJHQHVLYV -RXUQDO RI %LRPHGLFDO (QJLQHH

SHUNWROG . SHVFK 0 DQG 3HWHU 5 2
7KUHH GLPHQVLRQDO QXPHULFDO DQDO\VLV RI SXOVDWLOH
FDURWLG DUWHU\ ELIXUFDWLRQ -RXUQDO RI %LRPHFKDQLFV

SBHURQQHDX 3 ;KDDUG O 1RZLFNL $ SHOOHW O '"HOR
3XOVHG 'RSSOHU XOWUDVRQLF IORZPHWHU DQG IORZ SDWW
OHDVXUHPHQW (G & 5SREHUWYV G6HFWRU 3XEOLVKLQJ /WG |/

3KLOOLSV ' - 3RZHUV - ( (\HU 0. %ODFNVKHDU : 0 %
QHVV ' ( DQG %DNHU '

'"HWHFWLRQ Rl SHULSKHUDO YDVFXODU GLVHDVH XVLQJ WKH
OHG %LRO

3KLOOLSVY 5 ( DQG 6FKPLGW )
OXOWLJULG WHFKQLTXHV IRU WKH QXPHULFDO VROXWLRQ RI W
7UDQVIHU

3KLOOLSVY 5 ( DQG 6FKPLGW ) : D
OXOWLJULG WHFKQLTXHV IRU WKH VROXWLRQ RI WKH SDVVLY!
WLRQ 1XP +HDW 7UDQVIHU

3KLOOLSVY 5 ( DQG 6FKPLGW ) : E
$ OXOWLOHYHO PXOWLJULG WHFKQLTXH IRU UHFLUFXODWLQ.

S5DLWKE\ * '
6NHZ XSVWUHDP GLIIHUHQFLQJ VFKHPHV IRU SUREOHPV LQYR
OHWKRGV ,Q $SSOLHG OHFKDQLFV DQG (QJLQHHULQJ

SHQHPDQ 5 6 OHURGH 7Y +LFN 3 DQG +RHNV $ 3 *
JORZ YHORFLW\ SDWWHUQV LQ DQG GLVWHQVLELOLW\ LI WKH
YDULRXV DJHV &LUFXODWLRQ

S5HQHPDQ 56 OHURGH 7Y +LFN 3 DQG +RHNV $ 3 *
&DUGLRYDVFXODU DSSOLFDWLRQV RI PXOWL JDWH SXOVHG 'F
OHGLFLQH DQG %LRORJ\

SHXGHULQN 3 -
$QDO\WVLV RI WKH IORZ LQ D ' GLVWHQVLEOH PRGHO RI WKH
3K'" 7KHVLY 7HFKQLVFKH 8QLYHUVLWHLW (LQGKRYHQ

5KLH & 0 DQG &KRzZ : [/
IXPHULFDO VWXG\ RI WKH WXUEXOHQW IORZ SDVW DQ DLUIRL
$,.$% -RXUQDO



S5LFKDUGVRQ 3 DQG &KULVWR -
JORZ VHSDUDWLRQ RSSRVLWH D VLGH EUDQFK ,Q %LRIOXI
/{DUJH 9HVVHOV (G E\ ' /LHSVFK 6SULQJHU 9HUODJ SS

5LQGW & & 0 9RVVH )1 19' G6WHHQKRYHQ $ $ 9 DQG -D
$ QXPHULFDO DQG H[SHULPHQWDO DQDO\VLV RI WKH IORZ LC
WKH KXPDQ FDURWLG ELIXUFDWLRQ -RXUQDO RI %LRPHFKDC

5LQGW & & O
$QDOVWLYV RI WKH WKUHH GLPHQVLRQDO IORZ ILHOG LQ WKH F
WKHVLY (LQGKRYHQ 8QLYHUVLW\ RI 7THFKQRORJ\ 1HWKHUOD

S5LWWHQKRXVH ($ DQG %URFNHQEURXJK ( &
$ PHWKRG IRU DVVHVVLQJ WKH FLUFXODWLRQ GLVWDO WR
6XUJ *\QHF 2EVHW

5RGNLHZLF] & 0 6LQKD 3 DQG .HQQHG\ - 6
2Q WKH DSSOLFDWLRQ RI D FRQVWLWXWLYH HTXDWLRQ IRU Z|
Rl %LRPHFKDQLFDO (QJLQHHULQJ

5SRVV 5
6PRRWK PXVFOH FHOOV DQG DWKHURVFOHURVLV ,Q 9DVFX!
HG E\ 6 ORRUH 1HZ <RUN %DVHO ODUFHO 'HNNHU SS

5XELQ 6 * DQG *UDYHV 5 %
9LVFRXV IORZ VROXWLRQV ZLWK D FXELF VSOLQH DSSURJ[LPEL

5XQFKDO $
&21',) $ PRGLILHG FHQWUDO GLIIHUHQFH VFKHPH IRU FRQY}
OHWK (QJ

6DWRPXUD 6
6WXG\ RI IORZ SDWWHUQV LQ SHULSKHUDO DUWHULHV E\ XOW!

6FKQHLGHU * ( DQG =HGDQ O
$ PRGLILHG VWURQJO\ LPSOLFLW SURFHGXUH IRU WKH QXPHL
1XPHULFDO +HDW 7UDQVIHU

6FKXOW] '/ 7TXQVWDOO 3HGRH '/ /[HH * *XQQLQJ $ -

9HORFLW\ GLVWULEXWLRQ DQG WUDQVLWLRQ LQ WKH DUWH
5HVSLUDWRU\ ODVV 7UDQVSRUW (G * (: :ROVWHQKROPH DQ
SRVLXP - 9% &KXUFKLOO (GLQEXUJK



6POGLQI ' %
$ QRYHO ILQLWH GLIITHUHQFH IRUPXODWLRQ IRU GLIITHUHQWLEL
DQG VHFRQG GHULYDWLRQV ,QW - |IRU 1XPHULFDO OHWKRG

6SDOJLQI ' %

ODWKHPDWLFDO PRGHOOLQJ RI IOXLG PHFKDQLFVY KHDW WU
FHVVHV PSHULDO FROOHJH /RQGRQ OHFKDQLFDO (QJLQHHL
+76

6WDULXV *
&RQVWUXFWLRQ RI RUWKRJRQDO FXUYLOLQHDU PHVKHV E\ V
1XP ODWK

6WHJIJDOO + ) 5XVKPHU 5 ) DQG %DNHU
$ WUDQVFXWDQHRXY XOWUDVRQLF EORRG YHORFLW\ PHWHU

BWHJHU -/ DQG 6RUHQVRQ 5/

8VH Rl K\SHUEROLF SDUWLDO GLITHUHQWLDO HTXDWLRQ WR .
,Q 1XPHULFDO *ULG *HQHUDWLRQ HG E\ 5 ( B6PLWK 1%$6%$ &
&3

BWHKEHQV : (
(ISHULPHQWDO DUWHULRYHQRXV ILVWXODH LQ QRUPDO DQG F

BWHKEHQV : (
JORZ LQ JODVV PRGHOV RI DUWHULDO ELIXUFDWLRQV DQG El
QXPEHUV 4 - ([SO 3K\VLRO

BWHWWOHU - & 1LHGHUHU 3 DQG $QOLNHU 0
7KHRUHWLFDO DQDO\VLV Rl DUWHULDO KHPRG\QDPLFV LQFO
WLRQV 3DUW , ODWKHPDWLFDO PRGHO DQG SUHGLFWLRQ R
,, &ULWLFDO HYDOXDWLRQ Rl WKHRUHWLFDO PRGHO DQG FR
VXUHPHQWY RI IORZ SDWWHUQV LQ QRUPDO DQG SDWKRORJL]
(QJLQHHULQJ

6WRQH + /
Y WHUDWLYH VROXWLRQ RI LPSOLFLW DSSUR[LPDWLRQV RI PX
WLDO HTXDWLRQV 6,%$0 - 1XP 3$QDO

6WUDQGQHVV ' ( 6FKXOW] 5" 6XPPHU "6 DQG 5XVKPHU
8OWUDVRQLF IORZ GHWHFWLRQ $ XVHIXO WHFKQLTXH LQ WI
FXODU GLVHDVH $PHULFDQ -RXUQDO RI 6XUJHU\

6WXEOH\ * ' 5DLWKEN *' DQG 6WURQJ $ %
BURSRVDO IRU D QHZ GLVFUHWH PHWKRG EDVHG RQ DQ DVVH



1XPHULFDO +HDW 7UDQVIHU

6YLQGODQG $ ' DQG :DOORH /

/JRFDOLVDWLRQ RI HDUO\ DWKHURVFOHURWLF OHVLRQV LQ FD
KXPDQ ¢ $ ELIXUFDWLRQ RI WKH KLJK VKHDU K\SRWKHVLV
/JREDOLVLQJ )DFWRU IRU $WKHURVFOHURVLY HG E\ * BFKHW
6SULQJ 9HUODJ SS

6\HG 6 &KLDSSHWWD /
J)LOQLWH GLIIHUHQFH PHWKRGV IRU UHGXFLQJ QXPHULFDO GLI
ODWLRQV $,$%$ SDSHU

7TKRPSVRQ -) 7TKDPHV ) & DQG ODVWLQ &
$XWRPDWLF QXPHULFDO JHQHUDWLRQ RI ERG\ ILWWHG FXUY
ILHOG FRQWDLQLQJ DQ\ QXPEHU RI DUELWUDU\ WZR GLPHQVLI

7KRPSVRQ -) :DUVL =8 $ DQG ODVWLQ &
%RXQGDU\ ILWWHG FRRUGLQDWH V\WVWHPV IRU QXPHULFDO \
HTXDWLRQV 2 D UHYLHZ

7TKRPSVRQ -) HG
I1XPHULFDO JULG JHQHUDWLRQ lIRUWK +ROODQG

7KRPSVRQ - )
*ULG JHQHUDWLRQ WHFKQLTXHV LQ FRPSXWDWLRQDO IOXLG G

7TXQVWDOO 3HGRH ' 6
'LDJQRVLVY RI DRUWLF LQFRPSHWHQFH XVLQJ GLUHFWLRQDO
8 SUREOHPV RI TXDQWLILFDWLRQ ,P )OXLG '\QDPLFV OHDV.

FDO DQG ,QGXVWULDO (QYLURQPHQW (G '"- &RFNUHOO 8C
SS
8VDE : - DQG OXUPDQ (O

(PEHGGHG PHVK VROXWLRQ RI WKH (XOHU HTXDWLRQV XVLQJ
SDSHU 'DQYHUV O0DVYV

9DbQ 'RRUPDO -3 DQG 5DLWKE\V *
(QKDQFHPHQW RI WKH 6,03/( PHWKRG IRU SUHGLFWLQJ LQF
1XPHULFDO +HDW 7UDQVIHU

‘DOEXUQ ) - DQG B6FKQHFN ' -
$ FRQVWLWXWLYH HTXDWLRQ IRU ZKROH KXPDQ EORRG %LR

"HDWKHULOO 13 DQG )RUVH\ & 5
*ULG JHQHUDWLRQ DQG IORZ FDOFXODWLRQ IRU DLUFUDIW JH



"HDWKHULOO 13 DQG 6KDzZ - $
&RPSRQHQW DGDSWLYH JULG JHQHUDWLRQ IRU DLUFUDIW FRC
HG E\ + <RVKLKDUD -/ 6WHJHU DQG -) 7KRPSVRQ

'HOOV 3 17
$ UDQJH JDWHG XOWUDVRQLF 'RSSOHU VA\VWHP OHG %LRO

HVOH\ 5/ 5 9DLVKQDY 5 1 JXFKV - & $ 3DWHO ' - DQG
6WDWLF OLQHDU DQG QRQOLQHDU HODVWLF SURSHUWLHV RI
VXH LQ GRJ DQG PDQ &LUFXODWLRQ 5HVHDUFK

‘'HVRORZVNL 6 $ )JULHV & & 6DELQL $ 0 DQG 6DZ\HU 31
6LIQLILFDQFH Rl WXUEXOHQFH LQ KHPLF VIVWHPV DQG LQ WKI
URWLF OHVLRQ 6XUJHU\

KLWPRUH 5/
5KHRORJ\ RI WKH FLUFXODWLRQ 3HUJDPRQ 3UHVV 2[IRUG

:LOHQV 6/
7KH QDWXUH RI GLIIXVH LQWLPDO WKLFNHQLQJ RI DUWHULHYV

'LOOH 6 2
1XPHULFDO VLPXODWLRQ RI VWHDG\ IORZ LQVLGH D WKUHH ¢
PRGHO -RXUQDO RI %LRPHGLFDO (QJLQHHULQJ

"RPHUVOH\ - 5
OHWKRG IRU WKH FDOFXODWLRQ RI YHORFLW\ UDWH RI I0OF
ZKHQ WKH SUHVVXUH JUDGLHQW LV NQRZQ -RXUQDO RI 3K\V

RQJ + + DQG 5DLWKE\ *
,PSURYHG ILQLWH GLIIHUHQFH PHWKRGY EDVHG RQ D FULWL
PDWLRQ HUURUV 1XP +HDW 7UDQVIHU

<HK < DQG &XPPLQV + =
/RFDOLVHG IORZ PHDVXUHPHQWY ZLWK DQ +H 1H ODVHU VSHI
JHWWHUV

<RXQJ 7
+\GUDXOLF LQYHVWLJDWLRQ 6XEVHUYLHQW WR DQ LQWHQGH
RI WKH EORRG 3KLORVRSKLFDO 7UDQV RI WKH 5R\ 6RF R

<X 6 <
&URVYV OLQNLQJ RI HODVWLQ LQ KXPDQ BWHKHHORVEQBWUWR W MFX
/IDE ,QYHVW



=DULQV & . *LGGHQV ' 3 %KDUDGYDM % . 6RWWLXUDL
*ODJRY 6

&DURWLG ELIXUFDWLRQ DWKHURVFOHURVLYVY 4XDQWLWDWLYH
ZLWK IORZ YHORFLW\ SURILOHYVY DQG ZDOO VKHDU VWUHVV &l

%URRNV ' ( *RRGZLQ 7 : DQG 6HDPDQ * 9 )
, QWHUDFWLRQV DPRQJ HU\WKURF\WHV XQGHU VKHDU - $SSO

'LQQDU 8
&DUGLRYDVFXODU IOXLG G\QDPLFV &5& 3UHVV ,QF %RFD

"ZLIKW + %
ODWKHPDWLFDO/WDHEOHVUG HGQ '"RYHU 1HZ <RUN

+RZz 7 9 DQG &ODUNH 5 0
7KH HODVWLF SURSHUWLHY RI D SRO\XUHWKDQH DUWHULDO

.DULQR 7 DQG *ROGVPLWK +/
'LVWXUEHG IORZ LQ PRGHOV RI EUDQFKLQJ YHVVHOV 7UDQV
2UJDQV ;;9,

OF'RQDOG ' $
%ORRG IORZ LQ DUWHULHV (GZDUG $UQROG /RQGRQ

OF/DFKODQ 1
%HVVHO IXQFWLRQV IRU HQJLQHHUV 2[IRUG 8QLYHUVLW\ 3U



$33(1°",; $

*HQHUDO )RUP RI 7KH 6WUHVV 7HQVRU (TXDWLRQ )RU

,QFRPSUHVVLEOH 1RQ 1HZWRQLDQ )OXLGYV

W ZDV GHILQHG LQ FKDSWHU WKDW WKH VWUHVV WHQ\

1HZWRQLDQ IOXLG LV JLYHQ E\

7LM 3ALSVW L M

ZKHUHLY D FRQVWDQW )RU QRQ 1HZWRQLDQ IOXLGV WKH
VWUHVV DQG VWUDLQ LV QRW WKH VLPSOH RQH JLYHQ LQ (TC

RI QRQ 1HZWRQLDQ I0OXLGYVY D UHODWLRQVKLS RI WKH IRUP R

&LM S6LM 6?M

ZKHUHQ 1LV QRW D FRGUWDE@WWDD IXQFWLRQ RI WKIB WMWUDLQ
6LQEK :LV D VFDODU LQ RUGHU WR NHHS (TQ WHQVRULDO
LV WKH HTXDWLRQ PXVW EH D WHQVRPX\RW \E KHDV\DFPHODDQIX Q F
RIGLMQ RWKHU ZDUGV LW PXVW EH D IXQBWMR® RQ WKH.DQ W
DUH WKRVH VSHFLDO FRPELQDWLR®VMKIDW KW UDRP/IRQP DV VVF
XQGHU D URWDWLRQ RI WKH FRPUWGN QD W\H PPHWWHFP WH QWFRIU

WKUHH LQYDULDQWYV

VU!



JRU DQ LOQFRPSUHVYHE®RBOOWAHGR ,Q PDQ\ VLPSOH IORZV H .
D WXEH FRQH SODWHYDORXKHWLGEGIQWLFDOO\ DQG LW LV FI
WKDWLY QRW YHU\ LPSRUWDQW LQ RWKHU IORZV +HQFH LW

so 1LV D IXQFWLRQORI %XW ZKHQ LW QHJDWLYH KHQFH LW

FRQYHQLHQW WR XVH

.K 3 L K % a6LM ,6LM

7KXWQ1 LV D IXQFWLBQGR(TQ O FDQ EH JHQHUDOLVHG DV

FULM S6ILM 6LM
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J)LQLWH 1RQOLQHDU (ODVWLEF $QDO\VLV

&RQVLGHU D WKLQ ZDOO F\OLQGHU RI PLG ZDOO UDGLXV
MHFWHG WR D SK\WLRORJLFDO ORDGLQJ L H DQ LQWHUQD
IRUFH ) %\ WDNLQJ D ORQJLWXGLQDO DQG D WUDQVYHUVHO

HQWLDO 6VWORHYM W X G L GD D QBN U B @Y DEURMMWQU EWGHWHUPLQHG |

HTXLOLEULXP FRQVLGHUDWLRQV

Va S + a

JRU DQ LQFRPSUHVVLEOH PDWHULDO WKH VWUHVVHV DUH

ZKHUH : LV WKH VWUDLQ HQHUJ\ IXQFWLRQ ZKLFK LV H[SUHWV'

LQ WZR SULQFLSDO VWUDLQV

$x %DE&E 'DJ (D E)DE *E

ZKHUH $ % * DUH WKH FRQVWLWXWLYH FRQVWDQWY D DQ

VWUDLQV LQ WKH FLUFXPIHUHQWLDO DQG ORQJLWXGLQDO GL!I



DUH GHILQHG DV IROORZV
D3 zA A
E O .! $

ZKHUH IW DQG IW DUH WKH LQLWLDO XQGHIRUPHG PLG ZDC

6XEVWLWXWLQJ (TQV O DQG LQWR \LHOGYV DQ HTXEC

VWUDLQV DQG FRQVWLWXWLYH FRQVWDQWYV

3 a »'D $ ' $(EBP $ %WE (E )E D
%E )E
6LPLODUO\ E\ VXEVWLWXWLQJ (TQV DQG LQWR DQ |

IRUFH LV REWDLQHG

) QUK * * YD E & %D )D (D
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5HODWLRQVKLS 21 9HORFLW\ )ORZ 5DWH $QG :DOO 6KHD

7R $Q 2VFLOODWRU\ 3UHVVXUH *UDGLHQW

&RQVLGHU WKH IORZ RI DQ LQFRPSUHVVLEOH 1HZWRQLD
ORQJ VWUDLJKW FLUFXODU ULJLG WXEH XQGHU D SHULRGLF
VXIILFLHQWO\ ORQJ UHODWLYH WR LWV GLDPHWHU 5 WK FE
WKHQ EH QHJOHFWHG DQG LWV D[LDO YHORFLW\ X LV LQGH:?

WKH WXEH 7KH PRPHQWXP HTXDWLRQ JRYHUQLQJ VXFK D IO

GX GX S GX G3
GUA U GU S GW S GJ

ZKHUH WKH RVFLOODWLQJ SUHVVXUH JUDGLHQW PD\ EH UHS

PRWLRQ DQG ZULWWHQ LQ FRPSOH[ IRUP

G3
3 $H XW
Gl

ZKHUH U LV WKH DQJXODU IUHTXHQF\ RI WKH RVFLOODWL
HTXDWLRQ LV D FODVVLF SUREOHP LQ PDWKHPDWLFDO SK\VLF
DXWKRUV VLQFH RQzZDUGY DQG LWV VROXWLRQ ZDV DSS(
DUWHULHY E\ :RPHUVOH\ 8VLQJ WKH QR VOLS FRQGLWL

LV JLYHQ E\
$B X AUAXM YU \wxw
LsR -X A5\-XM YL

X

"KHUHX LV D %HVVHO IXQFWLRQ RI WKH ILUVW NLQG RI RUGH!
PHQW 7KH TXDQWMVD QRQ GLPHQVLRQDO SDUDPHWHU ZKLF

WKH :RPHUVOH\ SDUMPBWHRIQ GLPHQVLRQD® URUPTQZLWK



EHFRPHYV

-RD\L
LXS -R "RG
7KH QXPHULFDO VROXWLRQ RI (TQ LV FRQFHUQHG ZLW

PD\ EH PDGH E\ VHSDUDWLRQ LQWR UHDO DQG LPDJLQDU\ S
WDEXODWHG WKH UHDO DQG LPDJLQDU\N SDUWV RI D %HVVHO

DQRG %HL IXQFWLRQV LW LV KLV WDEOHV WKDW ZHUH XVHG L

$OWHUQDWLYHO\ (TQ PD\ EH H[SUHVVHG LQ WHUPV RI

"RPHUVOH\ UHJDUGHG DV PRUH WUDFWDEOH 7KLV LQYF
-Xx D\LL Ox D\ HLGR \

-x P O0x D HWHf

7TEOHVORID\ DQ®R D\DUH JLYHQ E\ OF/DFKODQ I WKH U

WKH SUHVVXUH OUPRRWQW IWKH FRUUHVSRQGLQJ YHORFLW\ I

0
X 8 0XVP XW W

ZKHUH
B8 0 D\
f a 0 D
A X R D X D\
0 R ?-OKfz KXFR&X
L RUL, s, LsviQ
(o] OR &26NR
1RWH WKDW (TQ FDQ DOVR EH ZULWWHQ DV

0 7
X33 09xFRWLWFM 33
XS



+HQFH WKH SKDVH ODJ RI YHORFLW\ EHKLQG WKHKBEKVVXU!
YDULHV ZLWWbK SBRH- WLRQ \ 1HDU WKH WAXEH fZDWKH WBPSRUD
YDULDWLRQ RI WKH YHORFLW\ LV LQ SKDVH ZLWK WKDW RI
QHDU WKH FHQWUH LW LV XS WRO LY QRWIRI BKDWHIZKA® SU
KLIKHU YHORFLWLHY QHDU WKH ZDOO DQG ORZHU YHORFLWLHE

RIXW7KLV WKHQ LV WKH "DQQXODU HIIHFWu

%\ LQWHJUDWLQJ (TQ DFURVV WKH WXEH WKH FRUUHYV

REWDLQHG

WXSA FWLLM-DL

ZKHURA LV D %YHVVHO IXQFWLRQ RI RUGHU RQH KHQ WKH U

JUDGLHQWRWY XW (TQ FDQ EH FRQYHUWHG WR PRGXOXV
DV
B us o_ 1 00
3 ?2VPMAW S BVYVP ZI 3TI3¢L?
FXSO D 0x
ZKHUH
f L X

SHGXFHG WR D VLQJOH SKDVH UHODWLRQVKLS WKH YROXPH

w5
4 00 xVLQ XM ®...LR
XS

7TDEOHY RDQG ZDUH JLYHQ E\ :RPHUVOH\ ,W FDQ EH GH
SKDVH ODJ RI IORZ EHKLQG WKH SUHVVXUH LVD 3 3 EXRV LW W

PRYHV YHU\ VORZO\ WRZDUGV LWV DV\PSWRWLMD YDOXHV RI

6LPLODUO\ E\ GLIITHUHQWLDWLQJ (TQ WKH FRUUHVSRQ



REWDLQHG
GX £L OD OL \

AXW ® IKER®
a*su 5 XIs o

ZKHUH
¢aLR

+HQFH WKH ZDOO VKHDU VWUHVV LV JLYHQ E\
wz O0°3MaFRWRW 3 [ 3 2L R

7KH SKDVH ODJ RI WKH zZDOO VKHDU VWUHVV EHKLQG WKH ¢

ZKH@Q@ LV ODUJH
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UHVVXUH '"LVWULEXWLRQ LQ D ' 7 ELIXUFDWLRQ

$SDUW IURP WKH YHORFLW)\ ILHOG DQG YDULDWLRQV RI Z
WULEXWLRQ LQ WKH EUDQFKLQJ UHJLRQ PD\ DOVR FRQWULE X
WKH IORZ SKHQRPHQD RFFXUULQJ WKHUH )RU WKH ' 7 ELI>

WKH SUHVVXUH FRQWRXUV LQ WKH ELIXUFDWLRQ SODQ
DQG E IRU WKH PD[LPXP DQG PLQLPXP IORZ UDWHV UHVSH
WKH ILJIXUHV WKH PD[LPXP SUHVVXUH ORFDWLRQV DUH DW
DQG LWV GLVWDO SRVLWLRQV 3UHVVXUH YDULDWLRQV DUF
DWH YLFLQLW\ RI WKH EUDQFKLQJ DUHD RZLQJ WR WKH IOR

BUHVVXUH FKDQJHYVY DW WKH UHVW RI WKH IORZ ILHOG GXH WF

YLIV ( D DQG E LOOXVWUDWH SUHVVXUH GLVWULEXWL
FURVV VHFWLRQV GHILQHG SUHYLRXVO\ LQ )LJ IRU WK
IORZ UDWHYV UHVSHFWLYHO\ W LV VHHQ WKDW SUR[LPDO WHF
% SUHVVXUHV RQ WKH ZDOO DW WKH EUDQFKLQJ VLGH DUH
ZDOO 'LVWDO WR WKH ELIXUFDWLRQ DW FURVV VHFWLRQV &
WKH GLYLGHU VLGH DUH KLJKHU WKDQ WKRVH RQ WKH RXWH

$ DQG GRZQVWUHDP SRVLWLRQV ( DQG ) FURVV VHFWLRQDO

VPDOO



D DW WKH PD[LPXPX@WRZfUDWH

E DW WKH PLQLPXPXIWRZfUDWH

yLJ (O BUHVVXUH FRQWRXUV LQ WKH ELIXUFDWLRQ SODQ

D WKH PD[LPXP DQG E WKH PLQLPXP IORZ UDWHV



E DW WKH PLQLPXPXWRZfUDWH

yLJ ( SUHVVXUH GLVWULEXWLRQV RQ WKH ZDOO DW GLIIHL

PD[LPXP DQG E WKH PLQLPXP IORZ UDWHYV
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38%/,6+(' 3%$3(56

JORZ 6WXG\ ,Q &DQLQH $UWHU\ %LIXUFDWLRQV 8VLQJ $ 1XPH
;X < &ROOLQV 0 : DQG -RQHV & - + LQ WKH SUHYV

$60( - %LRPHFKDQLFDO (QJLQHHULQJ

$ 5HYLHZ 21 7KH 1XPHULFDO $QDO\VLV 21 %ORRG )ORZ ,Q $U
‘X ; < DQG &ROOLQV 0

3URF ,QVWQ OHFK (QJUV 3DUW + (QJLQHHULQJ LQ OHGLFI

$ 3UHGLFWLYH 6FKHPH )RU )ORZ ,Q $UWHULDO %LIXUFDWLRC(
UDWRU\ OHDVXUHPHQWYV

&ROOLQV 0 : DQG ;X ; <

%LRPHFKDQLFDO 7UDQVSRUW 3URFHVVHV (G E\ ) ORVRUD

BUHVYV SSO 7 G

$VVHVVPHQW 21 7KH 3UREOHP 21 1XPHULFDO 6LPXODWLRQ 2
7KUHH 'LPHQVLRQDO $UWHULDO %LIXUFDWLRQV

'X ; < DQG &ROOLQV 0

%LRIOXLG OHFKDQLFV %ORRG )ORZ ,Q /DUJH 9HVVHOV (G

9HUODJ SS

ORGHOOLQJ RI %ORRG )ORZ ,Q 7TKUHH "LPHQVLRQDO $UWHUL
&ROOLQV 0 : DQG ;X ; <

8/&& 6XSHUFRPSXWHU $VVLVWHG 5HVHDUFK 5HSRUW SSO



7KH (IITHFW Rl 1RQ 1HZWRQLDQ 9LVFRVLW\ 2Q )ORZ $QG 6
%LIXUFDWLRQ
‘X : < DQG &ROOLQV O : WR EH SXEOLVKHG

7TKHWK ,QWHUQDWLRQDO &RQJUHVV RI %LRUKHRORJ\ %HLML

35(6(17(' 3$3(56

1XPHULFDO 6LPXODWLRQ 21 %YORRG )ORZ ,Q $UWHULDO %LIXL
LGDWLRQ

X ; < DQG &ROOLQV 0

7KH UG OHHWLQJ RI 7KH :RUNLQJ 3DUW\ 2Q 7XUEXOHQW )O

YHEUXDU\

*ULG *HQHUDWLRQ RI *HQHUDOLVHG " $SUWHULDO %LIXUFDW
;X ;< DQG &ROOLQV O

7KH )J)LUVW RUOG &RQJUHVV RI %LRPHFKDQLFV /D -ROOD &

BUREOHPYV $QG 3URFHGXUHV LQ $SSO\LQJ &RPSXWDWLRQDO
$QG &DUGLDF )ORZV
&ROOLQV 0 : X < +HQU\ )6 DQG %XUuUQv $

"RUOG &RQJUHVV 2Q OHGLFDO 3K\VLFV $QG %LRPHGLFDO (QJ

W ,QFOXGHG LQ WKH $SSHQGL]



$ UHYLHZ RI WKH QXPHULFDO DQD
LQ DUWHULDO ELIXUFDWLRQYV

0,1XF(

; < ;X06F DQIG: &ROOLQY¥K'O%BF &(QJ O,0HFK( 0,((
7KH &LW\ 8QLYHUVLW\ /RQGRQ

7KHUPR )OXLGV (QJLQHHULQJ 5HVHDUFK &HQWUH

$UWHULDO ELIXUFDWLRQ IORZ KDV EHHQ RI VSHFLDO LQWHUHVW IRU VRPH \HDUV EHFDXVH R
SODTXHV DQG WKURPEL 7R LQYHVWLIJDWH WKH IORZ SKHQRPHQD DQDO\WLFDOO\ IRXU PDMI
GLPHQVLRQDOLW\ RI D JHQHUDO ELIXUFDWLRQ WKH SXOVDWLOH QDWXUH RI WKH ODPLQDU 10|
1HZWRQLDQ FKDUDFWHU RI WKH EORRG ,Q WKLV UHYLHZ ERWK HQJLQHHULQJ DQG PHGLFDO
GHPRQVWUDWHG WKDW WKH ODWHVW JHQHUDWLRQ RI FRPSXWDWLRQDO IOXLG G\QDPLFV FRGH\
DQG GHVLUDEOH WR LQYHVWLJDWH WKH HIIHFWV RI HDFK LQGHSHQGHQW IDFWRU

,1752'8&7,21 SURYLGLQJ D FOHDUO\ GHILQHG OLQH RI DS

$ PDMRU PHGLFDO SUREOHP LQ WKH DUWHBES&U\)’\F\/R/\R-|I!"||_|I_\/\)_|QNL',(FHK

IUHTXHQW RFFXUUHQFH RI DWKHURVFOHURVLY DQG WKURPERVLV
LQ EHQGY DQG ELIXUFDWLRQV $OWKRXJK WKH H[DFW PHF

QLVP LQV XQF?)HDU D QXPEHU RI K\SRWKHVHV KDYI: E7H+I-‘Q(%SLI§RE&$7’21 352%/(0

SRVHG WR UHODWH KDHPRG\QDPLFDO IRUFHY ®WRGMWKHWAR¥DPMXLAROOIWH KDHPRG\QDPLF SK
RI' DWKHURVFOHURWLF OHVLRQV VXFK DV DWKWH UK IDIK EDIQBU ORWMLRQ QXPHULFDOO\ WK |
VKHDU VWUHVV WKHRULHY UHVSHFWLYHO\ RIDRW WK Q® LRI BHQHRUDWLRQ EHFRPH WKH IL
HW DO $FFRUGLQJ WR )U\ HDUO\ DWKHHRVFIOEHHRMWULIFSWLRQ RI UHFHQW GHYHORS
OHVLRQV DUH WR EH H[SHFWHG LQ UHJLRQQWHIWKR KLJXKWMWKHOW WR WKH FXUUHQW D¢
VWUHVVHYV ZKLFK ZHUH IRXQG WR LQGXFH HQERWKHOLDO LQMXU\

+RZHYHU DFFRUGLQJ HW d@® OHVLRQV DUH

PRUH OLNHO\ WR GHYHORS LQ UHJLRQV ZLWK ORZ VKHDU VWUHVYV

GXH WR WKH VKHDU GHSHQGHQW PDVV WUDQVSRHRPHAFKNRVADUWHULDO ELIXUFDW
IRU DWKHURJHQHVLY 'HVSLWH WKHLU DSSDUHQW FRQWUDGLFW

LR
RQH FRPPRQ FHUWDLQ srRLQw Lv wkpow wkH BRESI ED%LOGK'/KLA%%%H RI'FRQILIXUDWLRQ
VWUHVV DQG WKXV WKH ORFDO IORZ SDWWhB%WKs"bD’ﬂ§P£ LBUSRHULPO VAVWHE W KDV
WDQW UROH 7KLV kDv EHHQ Ixuwknu rrEAUPHE POO JRpYWKHP DUH JHRPHWULFDOON
UHFHQW H[SHULPHQWDO vwxcLHWEDfsasopEHWXUYHEG DQG EUDQFKHG 'LQ D FRPS
'x HW DO7KHUHIRUH GHWDLOHG DQDO\WLY" W POVR WKHL KDYH UDWKHU O
WHUQV LQ DUWHULDO EHQGV DQG ELIXUFDWEI&L W Ry W HRPHWULHV . RT DL
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EHH VWXGLHG E\ D
LPSRUWDQFH Q Q

&RQVLGHUDEOH SURJUHVV KDV EHHQ PDG ORI LWV FOLQLFDO LPSRU
VWXGLHV RI IORZ SDWWHUQV LQ PRGHO DU L T& \WR WKH FDURWLG EL
7KLV ZRUN JHQHUDOO\ LQYROYHG IORZ YLV)&%%?]IP \L\H IGEII-T%ODQDU DQJLRHWP\DO
E\ PHDQV RI FRORXULQJ VWUHDPOLQHYV D S‘I-I?Y RﬂDYHUDJH' JHRPHWUL R
JHQ EXEEOH WHFKQLTXH RU DGGLQJ Hﬁl
YHORFLW\ PHDVXUHPHQWY E\ XVLQJ ODVHUL']FS?Qg%GHU
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VIVWHP WR PHDVXUH WKH
DUWHULHV GXULQJ WKH FDU
P KHDOWK\ VXEMHFWYV
WHUQDO DQG FRPPRQ FD
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PHWU\ DQG D 'RSSOHU XOWUDVRXQG GHYLFH
HzLQ YelbYWRXUHPHQWYV H[LVW LQ WKH oLwh
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EHFDXVH RI WKH GLIILFXOWLHV LQ PHDVXUL
ILOHV DFFXUDWHoWhYBRLHY w
(IIRUWV KDYH EHHQ PDGH LQ Q@xPHULFDO® RY
EORRG IORZ WKURXJK DUWHULDO ELIXUFDwWEROR VYT
7KH PRGHOOLQJ RI VXFKk D 1orz sureon® WL
QXPEHU RI QRYHO IHDWXUHV VxFKk DV wk#® %F%Red
GLPHQVLRQDO JHRPHWU\ RI WKH EL|XUFDWFL'??V(‘5LR§

UH
YoRQELLQIRUPDWLRQ RQ WK

QDWXUH RI WKH IORZ WKH GLVWHQVLELoLw! TRV \7

DQG WKH QRQ 1HZWRQLDQ FkpubrwHuLvwEEYERBWLRRE

I-t OLQD\%BUPV RI PHDQ YDO.
II:'%LfQFPGQRUPDO SRSXODWLRQ |
7KH SUHVHQW UHYLHZ DWWHPSWV WR WDNIQQD F7I$3 é)UHHKH7Q
BJFDWLV JDQG V9}€”LQH OLPLWYV RI DFFXU
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W
YLHZ RI WKLV UHVHDUFK VXEMHFW E\ LQ%H\?\/V&/ ) QI ERWK T LR WR
PHGLFDO DQG HQJLQHHULQJ DVSHFWV R1 HDFK-PHDWED Wk Q Q

EORRG IORZ FKDUDFWHULVWLFV ORUHRYHU
7KH 06 ZDV UHFHLYHG RQ JHEUXDU\ DQG zZDV DFFHSV\}TQB |FRB%§(|¥¥)HF>$DI\:NW QQQD WKUHH GLPHQVLRQDO
1RYHPEHU FDURWLG ELIXUFDWLRQ
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RI FDURWLG ELIXUFDWLRQV D DQG DUH \

IURP WKH FRPPRQ FDURWLG WR WKH LQWHUQDO DQG H[WHUQDO FDUR\)\

&&$ ,&% DQG
SODQH RI WKH

(&%

UHVS\HIFW MYKHOELIXUFDWLRQ DQJOH LQ WKH
,&$ DN/ WKH DQJIOH EHWZHHQ WKH

&% & &S

SODQH DQG WKH (&% &&$ SODQH

7TDEOH 'LPHQVLRQV R D JH

HUDOL
ELIXUFDWLRQ >GDwD HWrD@uvwHu

/IREFDWLRQ Q®PQ YDOXHwWDQGDUG

)LJ GHJ GHYLDWLRQ
$QJOHV
&RHIILFLHQW
OHDQ YDOXRl YDULDWLRQ
PP
&%
(&$
&$$
3DUW + -RXUQDO RI (QJLQHHULQJ LQ OHGLFLQH

1HG

FEWRVEGJHQHUDWLRQ

JRU WKH DSSOLFDWLRQ WR PRGHOOLQJ
JULG JHQHUDWLRQ SUREOHP LV FUXFLDO
ERXQGDU\ VKDSHV RI WKH ELIXUFDWLROQ
UHVHQWHG YHU\ DFFXUDWHO\ HQVXULQJ
HUURUV DUH LQWURGXFHG 1XPHULFDO JUL
QRZ EHFRPH D IDLUO\ FRPPRQ WRRO IRL
QXPHULFDO VROXWLRQ RI SDUWLDO GLIIHUH
DUELWUDULO\ VKDSHG UHJLRQV 9HU\ VXEV
KDV EHHQ ZLWQHVVHG LQ WKLV DUHD LQ WKH
$ FRPSUHKHQVLYH VXUYH\ RI SURFHGXUHV D
zpv JLYHQ E\ 7KRHWRDBDOpoGc D OxPEHU R
FRQIHUHQFHV VSHFLILFDOO\ LQ WKH DUHD
JHQHUDWLRQ KDYH EHHQ KBHBBHQW JHQHUL
VXUYH\V KDYH EHHQ JLYHQ E\ 7KR®G®VRC
(LVHPDQ DQG (ULHEDFKHU

:LWK WKH LQWURGXFWLRQ RI ERXQGDU\ IL
FRRUGLQDWH V\VWHPV JHQHUDWHG WR PDL
OLQHV FRLQFLGHQW ZLWK WKH ERXQGDULH)
FRGHV FDQ EH ZULWWHQ WKDW DUH DSSOLFD
ILJXUDWLRQV ZLWKRXW WKH QHHG RI VSHFLD
ERXQGDULHYV +RZHYHU WKLV LV DFKLHYHG
PDNLQJ WKH SDUWLDO GLIIHUHQWLDO HTXDW
WDWLRQDO GRPDLQ PRUH FRPSOLFDWHG G
OLQHDU FRRUGLQDWH WUDQVIRUPDWLRQ 9
QXPHULFDO JULG JHQHUDWLRQ IDOOV LQWR
JRULHVY DOJHEUDLF PHWKRGYV DQG SDUWLDO
WLRQ PHWKRGV $ ORJLF EUHDNGRZQ RI WKHI
LOOXVWUDWHG LQ )LJ

R 1
V
K

W K

< LOHFK(



$ 5(9,(: 2) 7+( 180(5,&$/ $18$/<6,6 2) %/22' )/2: ,1 $57(5.$/ %,)85&%$7,216

6SHFLDO FDVH
)LJ /RJLF EUHDNGRZQ RI JULG JHQHUDWLRQ PHWKRGV

$OJHEUDLF PHWKRGY DUH WKRVH LQ ZKLFRUWKIRBERRDOLYDWRY QHDU RUWKRJIRQDOLW
DUH GHWHUPLQHG E\ LQWHUSRODWLRQ |URPXDWIOHQ ERKG@ GPDEBENQJ ,W VKRXOG EH VW
7KH YDULRXV LQWHUSRODWLRQ PHWKRGV RYWERUR QD@IMEUDM RQH RI WKH KLJKO\ GH\
JULG JHQHUDWLRQ FDQ EH FODVVLILHG DV UHNDXGLVBR URIFWK RIHIQLHUDWLRQ $Q RUWKR
DQG E PXOWL GLUHFWLRQDO 7KH VLPSOHMWWX® L FGDLNJHVF WLRI) DDOSSOLFDWLRQ RI ERX
PHWKRG LV /DJUDQJH LQWHUSRODWLRQ DQ® RWKH WRWDAL JKHVQIRWEZ® UG HQDEOHV PXFK P
RQH LV WKH PXOWL VXUIDFH SURFHGXUH 7RHTRHNOWIRGEWHPBRRBAWHG DQG SHUPLWV D
WUDQVILQLWH LQWHUSRODWLRQ LV WKH P R\HFWRRR PDROLR\Q XRVGBGYVXSHUFRPSXWHUV 2Q
DOJHEUDLF PHWKRG ,W ZDV LQWURGXFHG VHY HUMHU GGRH® DUV UH ITURP RUWKRJRQDOL\
7KLHO DQG KDV EHHQ XVHG LQ VHYHUDONERQADWLRQ@ HRWRUV LQ GLIIHUHQFH H[S
WZR GLPHQVLRQDO DQG WKUHH GLPHQWVWHRGXF® WKHIUDLBFXUDF\ RI D QXPHULFDO
JHQHUDWLRQ 2QH RI WKH PDMRU DGYDQWDUWWKRRRQDOHWUWWHPY DUH JHQHUDOO\ D
PHWKRGV LV WKDW WKH JHQHUDWLRQ RI| D WHR K LRHRWULRUPHMHGGERPDLQ EXW DUH GLI
GLUHFWO\ DQG LV FRPSXWDWLRQDOO\ YHULP SIRMV L BB@H RWWR KIMVKILHYH LQ WKUHH GLP HQ
WHFKQLTXHV DOORZ WKH H[SOLFLW FRQWUW®IRIQWHUEBVWRWAWIHQHUDWH JULGV WKD

VSDFLQJ 8QIRUWXQDWHO\ VLQFH WKH PRXRGYLWKR WERWFRQGLWLRQV IRU RUWKR
SRVVHVV LQKHUHQW VPRRWKLQJ SURSHUWWHDOOGL WMDRMLW LIQHXG W L H V
FDQ DULVH LQ WKH PHVK $SDUW IURP WKH VWUXFWXUHG PHVKHV

3DUWLDO GLIIHUHQWLDO HTXDWLRQ V\VWHPHWEBK VJULIGY FDHMOMHIG DERYH VRPH XQVW
DWLRQ SURFHGXUHV LQ ZKLFK WKH JULGV DBRPVBIRY WR OXIWWHQDRI®HY RU DUELWUDU\ TX
VHW RI SDUWLDO GLIIHUHQWLDO HTXDWLRQ®LP7HHWLR @WHDIXEGWKHWUDKHGURQV RU HL.
VSOLW LQWR VXE FDWHJRULHYV HQWLWOHG KWXHWEROLPHAUDROWLK DO DOVR EHHQ ZLG
SDUDEROLF PHWKRGY WR UHIOHFW WKH W\SBDRD'S ZKWOQD & KL IBFRPPHDLQ R1 LQWHUHVW LV
WLDO HTXDWLRQ XVHG WR JHQHUDWH WKH WHKHGWHFKRRQYHWKHPFK DUH QRUPDOO\ DG
WKH HOOLSWLF JHQHUDWLRQ V\VWHP LV WKXQNWUWF®RSKGDWURRBIXODU PHVKHYV DUH |
EHFDXVH RI LWV LQKHUHQW VPRRWKLQJ SUFRRSHUMKHVDGXKBQFSEQOLIURQW DSSURDFKHV
FDWLRQ RI HOOLSWLF PHWKRGV FDQ EMWAx@wwpaor kR sEHWoD®O2Q xQvbwxubwHG PHYV
DO DQG ODVWLQ DQG 7KRPSVRQ 7 KFHULWUW DI®WDLRR Q PHWKRGV ZKLFK DUH EDVHG
WDJHV RYHU DOJHEUDLF PHWKRGV DUH VAPHRGRAWHKIYH WX FKKBYHILQLWH YROXPH RU ILQLYV
PHDQLQJ WKH FRQWLQXLW\ RI JHRPHWURUHGQDMWXOUWILY HD QGLGDWHY WR XVH 7KH S
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7TDEOH 6XPPDU\ RI QXPHULFDO UHVHDUFK RQ EORRG IORZ LQ ELIXUI

5HIHUHQFH %LIXUFDWLRQ JHRPHWUX\SH RI IORZ 1XPHULFDO PHWKRGYV
2-%ULH\W DO 7ZR GLPHQVLRQDO < W\S$HQVWHDG\ 9RUWLFLW\ VWUHDP IXQFWLRQ
2 -%ULHQ DQG (KUOLFER GLPHQVLRQDO 7 W\SBQVWHDG\ 9RUWLFLW\ VWUHDP IXQFWLRQ
ILHSVFK DQG ORUDYHZR GLPHQVLRQDO 7 W\SBWHDG\ JLQLWH GLIIHUHQFH

3HUN WROG DQG +LOBARUGWPHQVLRQDO FDUR®QGWHRGH O JLQLWH HOHPHQW

5LQGMW DO 7ZR GLPHQVLRQDO FDURWWBDBR@OH®E XQVMWEDWH HOHPHQW
.KRGDGB®LDO 7ZR GLPHQVLRQDO 7 W\SBQVWHDG\ JLQLWH GLIIHUHQFH

:LOOH 7KUHH GLPHQVLRQDO V\PAMMOG\F JLQLWH HOHPHQW

'LQQIHW DO 7KUHH GLPHQVLRQDO 7 WA@WWHDG\ JLQLWH GLIIHUHQFH

5LQGW 7KUHH GLPHQVLRQDO FDBRWDG\PRGHO )LQLWH HOHPHQW

3HUNWROG DQG 3HWAKWHH GLPHQVLRQDO 7 WAGWWHDG\ JLQLWH HOHPHQW

Rl WKH XQVWUXFWXUHG PHVK LV WKDW LWKDBBWRHGCGHWWWR DUHUHBW LQWHUHVW LQ VHHNLQJ
SRZHUIXO WRRO |IRU GLVFUHWL]LQJ GRPDRLIQNORR | | LIHRORGS/OHQ ELIXUFDWLRQV 6RPH RI1 W
VKDSH DQG QDWXUDOO\ RIIHUV WKH SRVVIEDIOOLWHYVRDUFXFRQOSRAVKLY VXEMHFW DQG WK
UDWLQJ DGDSWLYLW\ +RZHYHU VXFK D BKXKPHUL¥DORRHWKRGY DQG FRPSXWHU FRGH
RUGHUHG DQG LV WKHUHIRUH OHVV DPHQDEKM®RIVR WKH XVH RI

FHUWDLQ DOJRULWKPV DQG YHFWRUL]JHG FRPSXWHUV ,Q DGGL

WLRQ LW UHTXLUHV FRQVLGHUDEO\ PRUH FRP SHFHQWLEDXPHGELFDO VWXGLHV
VWRUDJH DV ZHOO DV PXFK PRUH LQYROYHG GDWD KDQGOLOJ
2YHU WKH SDVW [HZ \HDUV FRQVLGHUDEOH ¢
SURFHGXUH WKDQ GRHV WKH VWUXFWXUHG PHVK
PHYLFDO, VLPXODWLRQ RI EORR
YRU WKH SDUWLFXODU ELIXUFDWLRQ SURE H W K H
UFDWLRQV 6RPH RI WKH
JULGY PD\ EH JHQHUDWHG LQ WZR ZD\V J
PPDUL]HG LQ 7DEOH ,Q WI
XQVWUXFWXUHG PHVKHY DQG E VHJPHQWL W LR
SWLRQV DUH PDGH WKH E
LQWR FRQWLJXRXV VXE UHJLRQV ZLWK JUL WHG
VVLEOH DQG 1HZWRQLDQ
LQ HDFK VXE UHJLRQ E\ XVLQJ HLWKHU DO SWLF
DU\ DQG LVRWKHUPDO Wi
JULG JHQHUDWLRQ PHWKRGY 7KH SRWHQWL .
WKH IRUPHU LV WKH GLIILEXOW\ LQ FRQVWUXFWL
ILQLWH GLIIHUHQFH VFKHPHY RQ XQVWUXFW
ILFXOW\ LV VRPHZKDW GLPLQLVKHG E\ ILQL
ODWLRQV ZKLFK FDQ LQ D V\WWHPDWLF ID
VFKHPH RI DUELWUDU\ RUGHU +RZHYHU WKH
ODWWHU OLHV LQ WKH WUHDWPHQW RI WKH J
6RPH JULG LQWHUIDFLQJ SURFHGXUHV KDY
E\ OLNL DQG 7DNDJL DQG 6WHLQKRII
7KHUH LV QRZ D ZLGHVSUHDG DYDLODELOL
SDFNDJHV IRU ILQLWH HOHPHQW DQG ILQL\WV%
JHQHUDWLRQ VXFK DV WKH ZHOO NQRZQ 720 &
IRU WZR GLPHQVLRQDO JULGV WK H
HOHPHQW SDFNDJH 7*,1 WKH LQWHUDFWL
DWRU 623+,% 8.%(% DQG )(09,(:
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ULFDO VWXGLHV KDYH |
WZR GLPHQVLRQDO XOQ
PHWULF ELIXUFDWLRQV X
PHWKRG 7KLV DOJRUL
HY DQG KDV EHHQ UDW!
DWLRQV IRU D ORQJ WI
FH DQG LQVWHDG RI «
RQ DQG WZR PRPHQMW
QV QHHG WR EH VROYH
DQG YRUWLFLW\ +RZH
WKH PHWKRG LV WKDW LW
UHH GLPHQVLRQDO VLWXD\
GRHV QRW H[LVW 7KXV
WXUQHG WR PHWKRGV WKDW XVH WKH VR FD¢
DEOHY QDPHO\ WKH YHORFLW\ FRPSRQHQMW
7KHVH SURFHGXUHY ZHUH DGRSWHG LQ PRV
FDO UHVHDUFK SDSHWY ZKLFK WKH IORZ SDW
7KH FLUFXODWRU\ VIVWHP RI WKH KXPDQ ER®RFLRWQLHIW WSYURVVXUHY DQG ZDOO VKHDU
WKH KHDUW PXVFOH DQG WZR FRPSRQHQWYQ & KRHU SXXQOVPARHODDGU\ IORZ ZHUH FRPSXWHG XV
DQG VIVWHPLF FLUFXODWLRQ V\VWHPV 7KHHYFPHWRPRLFLELWAXBOHPHQW WHFKQLTXHV 7K
WLRQ LQLWLDWHG DW WKH OHIW YHQWULFOHK DLYHUWWSRGY VERH GRQWWKHUHJLRQV RI VHSTE
VXSSO\ RI IUHVK EORRG WR DOO WKH RUJDQPVRINQ B QW DMV H/DR H WSKHRY LGHG QXPHULFDO |
ERG\ DQG WKXV FDQ EH FRQVLGHUHG DV WKW WHHEXWLFROQAQYHRRIZDOO VKHDU VWUHVV D
DOO WKH HOHPHQWY RI WKH ERG\ 7KH WUDRNWPLVYXDROQWDIWHEORRBG UHSUHVHQW Qwk¥ L R
WKURXJK DUWHULHY LV RQH RI WKH PRVW ERERYWDQWWSDKHWXORI EH QRWHG WKDW SUHI
WKLY FLUFXODWLRQ VLPXODWLRQV DUH PRVWO\ UHVWULFWHG W
% ORRG LV HMHFWHG IURP WKH OHIW YHQWIUWKLFIOM GOPWRO WIKRIQ BDUPXR GHOOLQJ LV YLUWXE
ODWRU\ VIVWHP E\ D SHULRGLF DFWLRQ RWRWWHHKBEVWQFIKIRI QRQ QHJOLJLEOH WKUH
DGGHG EORRG FUHDWHY D FKDQJH LQ SUHVYRE H QDD GV X FK XIDW VHIRKRQGDU\ IORZV LQ D W
IORZ RI EORRG DORQJ WKH DRUWD DQG WKBRBXHKRXMOWIOH IHZUPKKUHH GLPHQVLRQDO VL
ODWRU\ VI\VWHP $W DQ\ JLYHQ SRLQW WEMHRUEMUXRHP MRG$V DQ LQLWLD®HYWBR S HIGO
YHORFLW\ ZLOO FKDQJH SHULRGLFDOO\ DQD WKQHWH GWPHQWRRQOINO PDWKHPDWLFDO PRG
SXOVDWLOH DQG DVVRFLDWHG ZLWK WKH S UIRS DJPWLPRHW BLFD G LEHYXUFDWLRQ E\ XVLQJ W
VXUH ZDYH ORUHRYHU LQ EHQGV DQG ELPHUWIDRVARQMYWHWBHMOHYVY WKLYV PHWKRG UHT
DUH XVXDOO\ VHFRQGDU\ IORZV 7KH LPSHFRWBE WD WLREDPOK WLPH WKXV SURKLELWLQ]J
VHFRQGDU\ IORZV LQ WKH SDWKRJHQHVLV GRHYHORISPROPM HYRRIMWKHU FRPSXWDWLRQ VF
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