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DEVWUDFW

Zh ghyhors d vlpsoh/ pxowlfrxqwu|/ pxowlvhfwru lqwhuwhpsrudo jhqhudo htxloleulxp prgho lq
zklfk wkh ghjuhh ri wudgdelolw| ri rxwsxw gl�huv dfurvv vhfwruv1 Wudgdelolw| lv ghwhuplqhg erwk
e| wkh ghjuhh ri vxevwlwxwdelolw| lq frqvxpswlrq ehwzhhq xqlwv ri wkh vdph jrrg surgxfhg
lq gl�huhqw frxqwulhv dqg e| wkh wudqvdfwlrqv frvwv wkdw pxvw eh lqfxuuhg wr frqvxph jrrgv
rxwvlgh wkhlu frxqwu| ri ruljlq1 Krph eldv lv hqgrjhqrxvo| ghwhuplqhg1 D yhfwru ri frxqwu|
vshfl�f vkrfnv lv uhdol}hg dw hdfk gdwd/ dqg wkhuh duh frpsohwh frqwlqjhqw fodlpv pdunhwv1
D fdoleudwhg yhuvlrq ri wkh prgho uhsolfdwhv wkh revhuyhg uhodwlrqvkls ehwzhhq pryhphqwv lq
wkh elodwhudo uhdo h{fkdqjh udwh ehwzhhq Ph{lfr dqg wkh Xqlwhg Vwdwhv dqg pryhphqwv lq wkh
uhodwlyh sulfh ri frpsdudwlyho| qrqwudghg jrrgv wr wudghg jrrgv dfurvv frxqwulhv1 Lq dgglwlrq/
wkh vkrfnv lqgxfh pryhphqwv lq wudgh edodqfhv dqg uhdo h{fkdqjh udwh wkdw duh frqvlvwhqw
zlwk wkh gdwd1 Ilqdoo|/ wkh prgho fdq dovr pdwfk hylghqfh rq vhfwrudo ghyldwlrqv iurp wkh odz
ri rqh sulfh1 Zkhq wkh prgho lv dgdswhg wr lqfrusrudwh prqh| dv d phglxp ri h{fkdqjh/ dqg
wkhuh duh qr prqhwdu| qrqqhxwudolwlhv/ wkh vdph prgho lv fdsdeoh ri uhsolfdwlqj wkh revhuyhg
uhodwlrqvkls lq rxu gdwd ehwzhhq wkh uhdo h{fkdqjh udwh dqg wkh qrplqdo h{fkdqjh udwh1

� f�5333/ Fdurolqh P1 Ehwwv dqg Wlprwk| M1 Nhkrh1 Zh zrxog olnh wr wkdqn Plfkhoh Erogulq/ Y1Y1 Fkdul/

Fkduohv Hqjho/ Jrq}dor Ihuqdqgh} gh Frugred/ Sdwulfn Nhkrh/ Qdud|dqd Nrfkhuodndwd/ Gdylg Ohylqh/ Urehuw

Oxfdv/ Ylfwru Ulrv0Uxoo/ Qdqf| Vwrnh|/ dqg vhplqdu sduwlflsdqwv dw qxphurxv frqihuhqfhv dqg vhplqduv iru

pdq| ydoxdeoh frpphqwv rq hduolhu yhuvlrqv ri wklv sdshu1 Wkh ylhzv h{suhvvhg khuhlq duh wkrvh ri wkh dxwkruv

dqg qrw qhfhvvdulo| wkrvh ri wkh Ihghudo Uhvhuyh Edqn ri Plqqhdsrolv ru wkh Ihghudo Uhvhuyh V|vwhp1



41 Lqwurgxfwlrq

Lq srvw0zdu gdwd/ phdvxuhg uhdo h{fkdqjh udwhv kdyh ehhq kljko| yrodwloh dqg yhu|

shuvlvwhqw/ h{klelwlqj vxvwdlqhg ghyldwlrqv iurp wkhlu sxufkdvlqj srzhu sdulw| ydoxhv1 Ixu0

wkhupruh/ vlqfh wkh hqg ri wkh Euhwwrq Zrrgv �{hg h{fkdqjh udwh v|vwhp/ uhdo h{fkdqjh

udwh pryhphqwv kdyh ehhq yhu| kljko| fruuhodwhg zlwk qrplqdo h{fkdqjh udwh pryhphqwv1

Lq dgglwlrq/ lq srvw Euhwwrq Zrrgv glvdjjuhjdwhg sulfh gdwd wkhuh duh odujh dqg shuvlvwhqw

ghyldwlrqv iurp wkh odz ri rqh sulfh iru pdq| lqglylgxdo wudghg jrrgv/ vxjjhvwlqj wkdw re0

vhuyhg uhdo h{fkdqjh udwh pryhphqwv duh gulyhq e| ghyldwlrqv iurp wkh odz ri rqh sulfh dprqj

wudghg jrrgv/ udwkhu wkdq wr dq|  xfwxdwlrq lq wkh uhodwlyh sulfh ri qrqwudghg wr wudghg jrrgv

dfurvv frxqwulhv1 Lq idfw/ lq dq hpslulfdo dqdo|vlv ri elodwhudo h{fkdqjh udwhv ehwzhhq wkh XV

dqg rwkhu lqgxvwuldol}hg frxqwulhv/ Hqjho +4<<<, vkrzv gluhfwo| wkdw doprvw doo uhdo h{fkdqjh

udwh  xfwxdwlrqv duh dwwulexwdeoh wr  xfwxdwlrqv lq wkh lqwhuqdwlrqdo uhodwlyh sulfhv ri wudghg

jrrgv1 Wklv uhvxow lv dw ohdvw frqvlvwhqw zlwk wkh idfw wkdw uhdo dqg qrplqdo h{fkdqjh udwh

fkdqjhv duh kljko| fruuhodwhg/ vlqfh uhdo vkrfnv wr wkh uhodwlyh sulfh ri qrqwudghg wr wudghg

jrrgv gr qrw vhhp wr pdwwhu1 Khuh lw lv vkrzq/ krzhyhu/ wkdw zkloh wkh yduldelolw| ri wkh uhdo

h{fkdqjh udwh lv idu juhdwhu wkdq wkdw ri wkh uhodwlyh sulfh ri qrqwudghg wr wudghg jrrgv dfurvv

frxqwulhv/ wkhuh lv dovr d yhu| kljk vlpxowdqhrxv fruuhodwlrq ehwzhhq wkh wzr1 Lq uhodwhg zrun/

Ehwwv dqg Nhkrh +4<<<, kdyh irxqg wkdw wklv uhvxow krogv iru elodwhudo h{fkdqjh udwhv ehwzhhq

wkh Xqlwhg Vwdwhv dqg khu wkuhh pdmru wudglqj sduwqhuv/ Fdqdgd/ Ph{lfr dqg Mdsdq1

Wklv sdshu ghyhorsv d txdqwlwdwlyh iudphzrun iru dqdo|}lqj wkh vrxufhv ri uhdo h{0

fkdqjh udwh  xfwxdwlrqv dqg wkh dvvrfldwhg lqwhuqdwlrqdo wudqvplvvlrq phfkdqlvp/ dqg vshfli0

lfdoo| iru dgguhvvlqj wkh ihdwxuhv ri h{fkdqjh udwh gdwd lghqwl�hg deryh1 Wkh prgho lv d vlpsoh

lqwhuqdwlrqdo exvlqhvv f|foh prgho zlwk qr qrplqdo iulfwlrqv1 Zh �uvw ghyhors d sxuho| uhdo



yduldqw ri rxu exvlqhvv f|foh prgho/ dqg vxevhtxhqwo| vkrz wkdw lw fdq eh uhlqwhusuhwhg dv d

prqhwdu| exvlqhvv f|foh prgho lq zklfk prqh| lv d yhlo zlwk uhvshfw wr uhdo dfwlylw|1

Wkh prgho ghsduwv iurp wudglwlrqdo wkhrulhv ri uhdo h{fkdqjh udwh ghwhuplqdwlrq lq

wkdw wkh rxwsxwv ri gl�huhqw vhfwruv/ udwkhu wkdq ehlqj hlwkhu shuihfwo| wudgdeoh ru hqwluho|

qrqwudgdeoh/ kdyh gl�hulqj ghjuhhv ri wudgdelolw|1 Wkhvh ghjuhhv ri wudgdelolw| duh ghwhuplqhg

e| uhdo wudqvdfwlrqv frvwv ri wudgh ri wkh w|sh hpskdvl}hg e| Revwihog dqg Urjr� +5333,/

dqg e| wkh ghjuhh ri lpshuihfw vxevwlwxwdelolw| lq frqvxpswlrq ri wkh vdph w|sh ri jrrg

surgxfhg lq gl�huhqw frxqwulhv1 Lq dgglwlrq/ wkh prgho lqfrusrudwhv frqvlghudeoh vhfwrudo

ghwdlo dorqj wkh olqhv ri pxowlvhfwru vwdwlf dssolhg jhqhudo htxloleulxp prghov dqg/ dv d �uvw

fxw/ zh hpskdvl}h wklv vhfwrudo ghwdlo udwkhu wkdq pruh frqyhqwlrqdo ihdwxuhv ri uhdo exvlqhvv

f|foh prghov/ olnh fdslwdo dffxpxodwlrq1 Wkh prqhwdu| yduldqw ri rxu prgho dovr gl�huv iurp

uhfhqw prqhwdu| uhdo h{fkdqjh udwh wkhrulhv lq wkdw wkhuh duh qr h{rjhqrxv qrplqdo sulfh

uljlglwlhv zklfk fdq surgxfh ghyldwlrqv iurp wkh odz ri rqh sulfh dqg d kljk fruuhodwlrq ri

wkh uhdo dqg qrplqdo h{fkdqjh udwh/ dv lq Ehwwv dqg Ghyhuhx{ +5333, dqg Fkdul/ Nhkrh dqg

PfJudwwhq +5333,1 Lq dgglwlrq/ wkhuh lv qr lpshuihfw frpshwlwlrq ru sulfh0vhwwlqj delolw| ri

wkh �upv lq rxu hfrqrp|/ ihdwxuhv zklfk fkdudfwhul}h uhfhqw zrun rq wkh uroh ri qrplqdo

uljlglwlhv iru uhdo h{fkdqjh udwh ehkdylru1

Lq nhhslqj zlwk wkh lqwhuqdwlrqdo exvlqhvv f|foh olwhudwxuh/ dv h{sodlqhg e| Edfnxv/

Nhkrh/ dqg N|godqg +4<<5, dqg Vwrfnpdq dqg Whvdu +4<<8,/ zh vwxg| wkh h�hfwv ri vkrfnv

wkdw fdxvh wkh wudgh edodqfh wr eh frxqwhuf|folfdo/ dv lw kdv ehhq irxqg wr eh lq d odujh

erg| ri hpslulfdo hylghqfh1 Jlyhq wkdw zh devwudfw iurp lqyhvwphqw/ zh prgho wkhvh vkrfnv

dv d�hfwlqj wkh xwlolw| ri frqvxpswlrq1 Wklv prgholqj vkruwfxw vkrxog eh wkrxjkw ri dv d

vruw ri uhgxfhg irup/ krzhyhu1 Zh dovr doorz iru prqhwdu| vkrfnv1 Wr wkh h{whqw wkdw wkh

5



h{shulphqwdo uhvxowv lqglfdwh wkdw rxu dssurdfk lv zruwk sxuvxlqj/ ixwxuh h�ruw qhhgv wr eh

sxw lqwr prgholqj wkh uhdo vkrfnv dqg lqwr lghqwli|lqj wkhlu xqghuo|lqj vrxufhv1

D fdoleudwhg yhuvlrq ri wkh sxuho| uhdo exvlqhvv f|foh prgho fdq pdwfk nh| ihdwxuhv

ri wkh pdfurhfrqrplf dqg vhfwrudo gdwd vhw wkdw zh frqvwuxfw1 Wkh prgho uhsolfdwhv wkh

revhuyhg uhodwlrqvkls ehwzhhq pryhphqwv lq wkh elodwhudo uhdo h{fkdqjh udwh ehwzhhq Ph{lfr

dqg wkh Xqlwhg Vwdwhv dqg pryhphqwv lq wkh uhodwlyh sulfh ri frpsdudwlyho| qrqwudghg jrrgv

wr wudghg jrrgv dfurvv wkhvh wzr frxqwulhv1 Lqwxlwlyho|/ wkh uhdo h{fkdqjh udwh lv pxfk pruh

yduldeoh wkdq wkh uhodwlyh sulfh ri frpsdudwlyho| qrqwudghg wr wudghg jrrgv dfurvv frxqwulhv

ehfdxvh wkh odwwhu yduldeoh dvvxphv wkdw wkhuh duh qr uhodwlyh sulfh pryhphqwv dfurvv vhfwruv

ri vlplodu ghjuhhv ri wudgdelolw|1

Lq dgglwlrq/ wkh prgho lv fdsdeoh ri pdwfklqj wkh yduldwlrq lq dqg pxfk ri wkh shuvlv0

whqfh lq wkh uhdo h{fkdqjh udwh zkhq wkhuh duh vx!flhqwo| kljk ghjuhhv ri idfwru lpprelolw|

dfurvv vhfwruv1 Ixuwkhu/ wkh vkrfnv lqgxfh pryhphqwv lq wudgh edodqfhv dqg wkh uhdo h{fkdqjh

udwh wkdw duh frqvlvwhqw zlwk wkh gdwd1 Ilqdoo|/ wkh prgho fdq dovr pdwfk vhfwrudo ghyldwlrqv

iurp wkh odz ri rqh sulfh/ djdlq frqglwlrqdo rq wkhuh ehlqj d vx!flhqwo| odujh sursruwlrq ri

vhfwru vshfl�f idfwruv1

Lq Vhfwlrq 5/ zh uhylhz hylghqfh rq wkh ydolglw| ri wudglwlrqdo uhdo h{fkdqjh udwh wkhru|

xvlqj vrph qhz gdwd/ dqg lq Vhfwlrq 6 zh vhw rxw d pxowlfrxqwu|/ pxowlvhfwru exvlqhvv f|foh

prgho wkdw fdq srwhqwldoo| dffrxqw iru wkh ihdwxuhv ri wkh qhz sulfh gdwd wkdw zh xqfryhu1

Lq Vhfwlrq 7/ zh ghyhors d ghfhqwudol}hg vhtxhqwldo pdunhwv uhsuhvhqwdwlrq ri wkh hfrqrp|/

dqg lq Vhfwlrq 8 zh froohfw wkhruhpv dqg surriv hvwdeolvklqj wkh h{lvwhqfh ri htxloleulxp/

dqg glvfxvv rxu phwkrg iru frpsxwlqj htxloleulxp1 Vhfwlrq 9 lv uhvhuyhg iru d ghvfulswlrq ri

rxu fdoleudwlrq ri wkh prgho wr Ph{lfdq dqg X1V1 gdwd1 Vhfwlrq : suhvhqwv rxu txdqwlwdwlyh
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uhvxowv1 Vhfwlrq ; suhvhqwv d prqhwdu| prgho lq zklfk/ dowkrxjk prqh| lv yhlo sod|v qr uroh lq

ghwhuplqlqj uhdo yduldeohv/ zh duh qrqhwkhohvv deoh wr dqdo|}h wkh uhodwlrq ehwzhhq qrplqdo

dqg uhdo h{fkdqjh udwhv1 Vhfwlrq < frqfoxghv1

51 Gdwd

Lq wklv vhfwlrq zh uhh{dplqh txdqwlwdwlyho| wkh wudglwlrqdo dssurdfk wr uhdo h{fkdqjh

udwh ghwhuplqdwlrq1 Dffruglqj wr wklv dssurdfk/ dq| jrrg lv hlwkhu shuihfwo| wudgdeoh/ zlwk dq

htxloleulxp sulfh wkdw vdwlv�hv wkh lqwhuqdwlrqdo odz ri rqh sulfh/ ru lv hqwluho| qrqwudgdeoh/

zlwk d sulfh wkdw lv ghwhuplqhg e| lqwhuqdo frqglwlrqv1 Wkh elodwhudo uhdo h{fkdqjh udwh dw

gdwh | ehwzhhq dq| wzr frxqwulhv/ dqg khuh zh frqvlghu wkh fdvh ri Ph{lfr dqg wkh Xqlwhg

Vwdwhv/ lv jlyhq e|

-.-| ' �.-|

� �r
|

�6e%
|

�+4,

Khuh �.-| lv wkh qrplqdo h{fkdqjh udwh/ h{suhvvhg lq shvrv shu groodu/ dqg � �r
| dqg �6e%

|

duh sulfh lqglfhv iru wkh Xqlwhg Vwdwhv dqg Ph{lfr uhvshfwlyho|1 Lq wudglwlrqdo prghov ri

uhdo h{fkdqjh udwh ghwhuplqdwlrq/ wkhvh djjuhjdwh rxwsxw sulfhv frpsulvh ixqfwlrqv ri wkh

sulfhv ri shuihfwo| wudgdeoh dqg hqwluho| qrqwudgdeoh jrrgv1 Khqfh wkh uhdo h{fkdqjh udwh fdq

dozd|v eh wkrxjkw ri dv frpsulvlqj wzr glvwlqfw frpsrqhqwv= rqh wkdw phdvxuhv wkh uhodwlyh

lqwhuqdwlrqdo sulfhv ri shuihfwo| wudgdeoh jrrgv dqg rqh wkdw phdvxuhv wkh uhodwlyh lqwhuqdo

sulfhv ri hqwluho| qrqwudgdeoh wr wudgdeoh jrrgv dfurvv frxqwulhv1

Ri frxuvh/ li wudglwlrqdo uhdo h{fkdqjh udwh wkhru| zhuh fruuhfw/ wkhq wkh odz ri rqh sulfh

zrxog krog lqvwdqwdqhrxvo| iru doo wudgdeoh jrrgv1 Li/ lq dgglwlrq/ wzr frxqwulhv surgxfhg

h{dfwo| wkh vdph edvnhw ri wudgdeoh jrrgv/ wkhq wkh iroorzlqj uhodwlrqvkls zrxog krog ehwzhhq
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djjuhjdwh wudgdeoh jrrgv sulfh lqglfhv=

�A6e%
| ' �.-|�A

�r
| �+5,

Lq rwkhu zrugv/ wkh sulfhv iru wudgdeoh jrrgv lq Ph{lfr zrxog eh wkh vdph dv lq wkh Xqlwhg

Vwdwhv diwhu zh xvh wkh qrplqdo h{fkdqjh udwh wr frqyhuw grooduv lqwr shvrv1 Vxevwlwxwlqj

iru �.-| iurp +5, lqwr +4, |lhogv wkh iroorzlqj htxdwlrq iru wkh uhdo h{fkdqjh udwh zkhq doo

wudgdeoh jrrgv* sulfhv vdwlvi| wkh odz ri rqh sulfh dqg wkh edvnhw ri wudgdeoh jrrgv lv wkh

vdph lq erwk frxqwulhv=

-̂.-| '

�
�A6e%

|

�A �r
|

��
� �r
|

�6e%
|

�
c+6,

Zh iuhtxhqwo| uhihu wr -̂.-| dv wkh h{sodlqhg uhdo h{fkdqjh udwh/ wkdw lv/ wkh sduw ri wkh uhdo

h{fkdqjh udwh wkdw lv dffrxqwhg iru e| pryhphqwv lq wkh uhodwlyh lqwhuqdo sulfh ri qrqwudgdeoh

wr wudgdeoh jrrgv dfurvv frxqwulhv1

Frpsdulqj wkh surshuwlhv ri -.-| dqg -̂.-| fdq vkhg vrph oljkw rq wkh ydolglw| ri

wkh dvvxpswlrqv xqghuo|lqj wudglwlrqdo uhdo h{fkdqjh udwh wkhru|1 Wkh zrunlqj k|srwkhvlv

ri wklv sdshu lv wkdw wkh }hur0rqh wudgdelolw| glvwlqfwlrq ryhu jrrgv gudzq lq wudglwlrqdo uhdo

h{fkdqjh udwh wkhru| lv lqdssursuldwh1 Rxu ylhz lv wkdw d jrrg*v wudgdelolw| lv ghwhuplqhg

e| ixqgdphqwdo dqg srwhqwldoo| phdvxudeoh ihdwxuhv ri wkh hfrqrp|/ vxfk dv wkh frvwv ri

wudglqj d jlyhq surgxfw dfurvv qdwlrqdo erughuv dqg wkh udwh dw zklfk lqglylgxdo frqvxphuv

duh zloolqj wr vxevwlwxwh lq frqvxpswlrq iruhljq iru grphvwlfdoo| surgxfhg jrrgv1 Dffruglqj

wr wklv ylhz/ wkh ghjuhh wr zklfk d jrrg lv dfwxdoo| wudghg uh hfwv h{dfwo| wkh ghjuhh wr

zklfk lw lv wudgdeoh1 Lq dgglwlrq/ jrrgv fdq eh ri zlgho| gl�hulqj ghjuhhv ri wudgdelolw|1

Frqvhtxhqwo|/ -.-| dqg -̂.-| fdq eh yhu| gl�huhqw remhfwv1
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Wr hydoxdwh wkh ydolglw| ri wkh wudglwlrqdo dssurdfk/ zh frqvwuxfw phdvxuhv ri -.-|

dqg -̂.-|1 Zh �uvw ghyhors lpsolflw sulfh lqglfhv iru wudgdeoh jrrgv dqg iru djjuhjdwh rxwsxw

iru wkh Xqlwhg Vwdwhv dqg Ph{lfr dqg wkhq xvh wkhvh wr frqvwuxfw wkh wzr uhdo h{fkdqjh udwh

phdvxuhv1 Wr frqvwuxfw sulfh lqglfhv/ zh hpsor| vhfwrudo jurvv rxwsxw gdwd gudzq iurp hdfk

frxqwu|*v qdwlrqdo dffrxqwv1 Vshfl�fdoo|/ zh rewdlq dqqxdo gdwd iru wkh shulrg 4<;3�4<<; rq

uhdo dqg qrplqdo jurvv rxwsxw iru wkuhh vhfwruv> djulfxowxuh dqg plqlqj/ zklfk zh uhihu wr

dv sulpdulhv> pdqxidfwxuhv> dqg vhuylfhv dqg frqvwuxfwlrq1 Zh fkrrvh gdwd rq jurvv rxwsxw

udwkhu wkdq rq ydoxh dgghg vlqfh jurvv rxwsxw lv wkh phdvxuh iru zklfk sulfh lqglfhv duh

prvw dssursuldwh iru wkh wudglwlrqdo wkhru| glvfxvvhg vr idu1 Glylglqj d qrplqdo jurvv rxwsxw

qxpehu e| wkh fruuhvsrqglqj uhdo jurvv rxwsxw qxpehu |lhogv wkh ghvluhg lpsolflw sulfh lqgh{

iru wkdw rxwsxw/ dqg wklv fdq eh grqh hlwkhu dw wkh ohyho ri dq lqglylgxdo vhfwru ru dw pruh

djjuhjdwhg ohyhov1

Zh dovr froohfw gdwd rq wkh ydoxh ri wrwdo wudgh lq Ph{lfr iru hdfk ri rxu wkuhh vhfwruv/

wkdw lv/ wkh ydoxh ri lpsruwv soxv wkh ydoxh ri h{sruwv1 Glylglqj d wrwdo wudgh qxpehu e| wkh

fruuhvsrqglqj jurvv rxwsxw iru d jlyhq vhfwru |lhogv d phdvxuh ri wudghgqhvv ri wkdw vhfwru*v

rxwsxw1 Wklv doorzv xv wr lghqwli| wkh vhfwruv wkdw surgxfh uhodwlyho| wudghg w|shv ri jrrgv

dqg vr wr ghyhors dq lpsolflw sulfh lqgh{ ryhu doo vxfk wudghg jrrgv/ �A �
| 1 Lq rwkhu zrugv/

zh rshudwlrqdol}h wkh devwudfw frqfhsw ri wudgdelolw| xvhg lq wudglwlrqdo uhdo h{fkdqjh udwh

wkhru| e| lghqwli|lqj uhodwlyho| wudghg vhfwrudo rxwsxwv dv ehlqj uhodwlyho| wudgdeoh vhfwrudo

rxwsxwv1
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Wdeoh 4

Wudghgqhvv dqg Ghyldwlrqv Iurp
Odz ri Rqh Sulfh lq Ph{lfr/ 4<;3�4<<;

Vhfwru Wudghgqhvv Ghyldwlrq
Sulpdulhv 5316: 4:196
Pdqxidfwxuhv 6916: 48143
Vhuylfhv 7163 57159

Wkh �uvw froxpq ri Wdeoh 4 suhvhqwv wkh shufhqwdjh ri wkh jurvv rxwsxw ri hdfk vhfwru

wkdw zdv wudghg lq 4<<6 lq Ph{lfr/

wudghgqhvv� ' �ff
lpsruwv6e%

�c�bb� n h{sruwv6e%
�c�bb�

jurvv rxwsxw6e%
�c�bb�

�+7,

+Khuh wudgh lv wkdw zlwk wkh Xqlwhg Vwdwhv1, Lw lv hylghqw wkdw wkh ghjuhh wr zklfk wkh

rxwsxw ri hdfk vhfwru lv wudghg ydulhv zlgho|1 Wkh rxwsxw ri wkh pdqxidfwxuhv vhfwru lv wkh

prvw kljko| wudghg ri jrrg w|shv/ zlwk sulpdulhv dqg vhuylfhv ehlqj wkh ghvfhqglqj udqnlqj

ri wkh uhpdlqlqj vhfwruv e| ghjuhh ri wudghgqhvv ri rxwsxw1 Zh ghflgh/ vrphzkdw duelwudulo|/

wkdw dq| vhfwru zlwk d wudghgqhvv shufhqwdjh lq h{fhvv ri 43 shufhqw lv d wudgdeoh jrrgv

vhfwru/ vr wkdw vhuylfhv lv d qrqwudgdeoh jrrgv vhfwru/ zkloh sulpdulhv dqg pdqxidfwxuhv duh

wudgdeoh jrrgv vhfwruv1

Zh frpsxwh wkh lpsolflw sulfh lqgh{ iru wudgdeoh jrrgv dv
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Khuh/ t � �
�| lv wkh qrplqdo ydoxh ri jurvv rxwsxw iru vhfwru � lq frxqwu| � dw gdwh |/ zkloh t -

�
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lv wkh fruuhvsrqglqj uhdo ydoxh ri jurvv rxwsxw lq wkdw vhfwru1 Wkh djjuhjdwh sulfh lqglfhv iru

wkh Xqlwhg Vwdwhv dqg Ph{lfr duh vlpso| jlyhq e|
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Zh qrz frpsduh wkh surshuwlhv ri -.-| dqg -̂.-|1 Iljxuh 4 sorwv wkh wzr vhulhv

zkhuh �.-| lv phdvxuhg e| wkh dqqxdo dyhudjh qrplqdo h{fkdqjh udwh gudzq iurp wkh LPI*v

Lqwhuqdwlrqdo Ilqdqfldo Vwdwlvwlfv gdwd edvh1 Fohduo|/ wkh uhdo h{fkdqjh udwh lv pxfk pruh

yduldeoh wkdq lv -̂.-|1 Lq idfw/ wkh vwdqgdug ghyldwlrq ri -.-| lv 51;4 wlphv dv kljk dv wkdw

ri -̂.-|1 Wkh gluhfwlrqdo fkdqjhv lq wkh wzr vhulhv duh yhu| vlplodu lq Iljxuh 4/ krzhyhu/ dqg

wkh fruuhodwlrq ehwzhhq wkhp lv kljk dqg srvlwlyh/ dw 31;51 Wkxv/ dowkrxjk wkhuh duh reylrxvo|

odujh ghyldwlrqv iurp wkh odz ri rqh sulfh iru wkh wudgdeoh jrrgv edvnhwv wkdw zh kdyh xvhg

wr frqvwuxfw �A �r
| / �A6e%

| / dqg -̂.-|/ wkh sruwlrq ri wkh uhdo h{fkdqjh udwh wkdw lv h{sodlqhg

e| wkh uhodwlyh lqwhuqdo sulfh ri qrqwudgdeoh wr wudgdeoh jrrgv dfurvv frxqwulhv wudfnv wkh

dfwxdo uhdo h{fkdqjh udwh yhu| forvho|1 Lq Iljxuh 5 zh suhvhqw gdwd rq wkh Ph{lfr0XV uhdo

dqg qrplqdo h{fkdqjh udwhv/ -.-| dqg �.-|1 Wkh fruuhodwlrq ehwzhhq wkhvh wzr vhulhv lv

uhodwlyho| orz dw 31441 Frqvlvwhqw zlwk wkh hylghqfh suhvhqwhg e| Pxvvd +4<;9,/ wkh qrplqdo

h{fkdqjh udwh vhhpv wr iroorz d udqgrp zdon1

Iljxuh 6 suhvhqwv gdwd rq �uvw gl�huhqfhv ri -.-| dqg -̂.-|1 Rqfh djdlq -.-| lv

pruh yrodwloh wkdq -̂.-|/ zlwk d vwdqgdug ghyldwlrq wkdw lv odujhu e| d idfwru ri 7148/ exw

wkh wzr vhulhv duh kljko| srvlwlyho| fruuhodwhg/ zlwk d fruuhodwlrq frh!flhqw ri 31881 Iljxuh

7 suhvhqwv wkh dqdorjrxv gdwd rq �uvw gl�huhqfhv ri -.-| dqg �.-|1 Qrwlfh wkh h{whqw

wr zklfk wkhvh wzr vhulhv pryh wrjhwkhu/ zlwk d fruuhodwlrq frh!flhqw ri 31:3/ rqfh djdlq

frqvlvwhqw zlwk wkh hylghqfh suhvhqwhg e| Pxvvd +4<;9,1

Lq Wdeoh 4/ zh vhh wkdw wkh ydu|lqj ghjuhhv ri wudghgqhvv lq wkh lqglfhv lq wkh �uvw

froxpq vkrxog pdnh xv vxvslflrxv ri wkh wudglwlrqdo dssurdfk wkdw lghqwl�hv jrrgv dv ehlqj

hlwkhu shuihfwo| wudgdeoh ru hqwluho| qrqwudgdeoh1 Vlqfh ghjuhhv ri wudghgqhvv ydu| zlgho|
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hyhq dfurvv zkdw zh kdyh gh�qhg dv wudgdeoh jrrg vhfwruv/ wkh odz ri rqh sulfh zloo olnho|

qhlwkhu krog shuihfwo| iru dq| vhfwrudo rxwsxw qru krog wr wkh vdph ghjuhh iru gl�huhqw vhfwrudo

rxwsxwv1 Lq wkh vhfrqg froxpq ri Wdeoh 4/ zh uhsruw wkh shufhqwdjh vwdqgdug ghyldwlrq ri

wkh uhdo h{fkdqjh udwh e| vhfwru ryhu wkh shulrg 4<;3�4<<;1 Khuh

ghyldwlrq� ' �ff
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zkhuh -.-�| lv wkh uhdo h{fkdqjh udwh iru wkh sulfh lqglfhv ri vhfwru �1 Revhuyh wkdw/ li wkh

odz ri rqh sulfh krogv iru vhfwru �/ wkhq wkh vwdqgdug ghyldwlrq ri lwv uhdo h{fkdqjh udwh vkrxog

eh }hur1 Wkhvh vwdqgdug ghyldwlrqv ydu| zlgho| dfurvv zkdw zh kdyh gh�qhg dv wudgdeoh jrrg

vhfwruv/ dqg qrqh ri wkhp duh }hur1

Wkxv/ wzr ri wkh edvlf dvvxpswlrqv xqghuo|lqj wudglwlrqdo uhdo h{fkdqjh udwh wkhru|

duh jurvvo| ylrodwhg lq wklv gdwd= qrw doo wudgdeoh jrrgv duh htxdoo| dqg shuihfwo| wudgdeoh/

dqg wkhlu sulfhv gr qrw doo vdwlvi| wkh lqwhuqdwlrqdo odz ri rqh sulfh1 Lq dgglwlrq/ lw lv olnho|

wkdw wkhuh uhpdlq lpsruwdqw frpsrvlwlrqdo gl�huhqfhv dfurvv wkh wzr frxqwulhv lq wkh wudg0

deoh jrrgv* edvnhwv wkdw zh kdyh frqvwuxfwhg1 Wklv zrxog lpso| wkdw +5, zrxog idlo hyhq

li wkh odz ri rqh sulfh khog h{dfwo| iru d vxevhw/ li lw h{lvwhg/ ri lghqwlfdo shuihfwo| wudgdeoh

jrrgv1 Qrwlfh/ krzhyhu/ wkdw/ li zh frxog rewdlq d �qh hqrxjk glvdjjuhjdwlrq ri vhfwruv vr

wkdw frpsrvlwlrqdo gl�huhqfhv zlwklq d vhfwru zhuh qhjoljleoh/ wkhq wkh ghyldwlrq lqgh{ iru d

shuihfwo| wudgdeoh vhfwru zrxog eh forvh wr }hur1

Ilqdoo|/ zh dgguhvv wkh srwhqwldo sureohp wkdw zh pljkw qrw kdyh xqfryhuhg wkh gh0

juhh ri wudgdelolw| ri hdfk vhfwrudo rxwsxw e| h{dplqlqj lwv dfwxdo ghjuhh ri wudghgqhvv1 Ri

frxuvh/ wkh qrwlrq ri wudgdelolw| lv devwudfw lq wudglwlrqdo wkhru|/ uhtxlulqj wkdw phdvxuhphqw

ri vrph sur{|�dqg wudghgqhvv lq sduwlfxodu�eh xvhg lq txdqwlwdwlyh dqdo|vhv1 Pruh wkdq
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wklv/ krzhyhu/ zh kdyh vhhq khuh wkdw kljkhu ghjuhhv ri dfwxdo wudghgqhvv ri rxwsxw e| vhfwru

fruuhvsrqg wr orzhu dyhudjh ghyldwlrqv iurp wkh odz ri rqh sulfh e| vhfwru lq Wdeoh 41 Wkh

odujhvw ghyldwlrqv iurp wkh odz ri rqh sulfh duh dvvrfldwhg zlwk wkh vhuylfhv vhfwru1 Sulpdulhv

rxwsxw h{klelwv wkh vhfrqg odujhvw ghyldwlrq iurp wkh odz ri rqh sulfh/ pdqxidfwxulqj wkh

vpdoohvw ghyldwlrq1 Wkxv/ wkhuh lv d vwurqj/ qhjdwlyh fruuhodwlrq ehwzhhq wkh ghjuhh ri wudg0

hgqhvv ri d vhfwru*v rxwsxw dqg wkh ghyldwlrqv iurp wkh odz ri rqh sulfh wkdw lwv lpsolflw sulfh

lqgh{ h{klelwv1 Wkhuhiruh/ dowkrxjk wkh whupv �wudgdelolw|� dqg �wudghgqhvv� duh w|slfdoo|

wkrxjkw ri dv glvwlqfw frqfhswv/ wkh hylghqfh wkdw zh suhvhqw khuh rq ghyldwlrqv iurp wkh odz

ri rqh sulfh vxjjhvwv wkdw wkh| duh uhdoo| lqwhufkdqjhdeoh/ dw ohdvw lq whupv ri wkh rshudwlrqdo

glvwlqfwlrq ehwzhhq krz wkh htxloleulxp sulfhv ri pruh dqg ohvv wudghg jrrgv duh ghwhuplqhg1

Rxu �qdo jrdo lq wklv vhfwlrq lv wr h{dplqh wkh uhodwlrqvkls ehwzhhq wkh uhdo dqg wkh

qrplqdo h{fkdqjh udwh lq rxu gdwd1 E| frqwudvw wr wkh wudglwlrqdo dssurdfk wr uhdo h{fkdqjh

udwh ghwhuplqdwlrq/ pruh uhfhqw dqdo|vhv kdyh hpskdvl}hg wkh uroh ri prqhwdu| dqg �qdqfldo

vkrfnv wr wkh qrplqdo h{fkdqjh udwh dv d vrxufh ri  xfwxdwlrqv lq wkh uhdo h{fkdqjh udwh1

Pxfk ri wklv uhfhqw zrun lv prwlydwhg e| wkh revhuydwlrq ri Pxvvd +4<;9, wkdw fkdqjhv lq

uhdo dqg qrplqdo h{fkdqjh udwhv duh yhu| kljko| srvlwlyho| fruuhodwhg1 Wklv revhuydwlrq lv

zlgho| lqwhusuhwhg dv wkh rxwfrph ri qrplqdo sulfh uljlglwlhv1 Qrplqdo dqg �qdqfldo vkrfnv

surgxfh  xfwxdwlrqv lq wkh qrplqdo h{fkdqjh udwh zkloh wkh sulfhv ri lqglylgxdo jrrgv gr qrw

lqvwdqwdqhrxvo| uhvsrqg1 Odujh ghyldwlrqv iurp wkh odz ri rqh sulfh dqg dw wkh djjuhjdwh ohyho

odujh dqg srwhqwldoo| shuvlvwhqw  xfwxdwlrqv ri wkh uhdo h{fkdqjh udwh dulvh1 Lq Iljxuhv 5 dqg

7 zh suhvhqw gdwd rq wkh Ph{lfr0XV uhdo dqg qrplqdo h{fkdqjh udwhv/ -.-| dqg �.-|1 Wkh

fruuhodwlrq ehwzhhq wkhvh wzr vhulhv lv uhodwlyho| orz/ exw wkh fruuhodwlrq ri �uvw gl�huhqfhv

lv pxfk kljkhu/ frqvlvwhqw zlwk wkh hylghqfh ri Pxvvd +4<;9,1 Lq wklv sdshu/ krzhyhu/ zh gr
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qrw dvvxph wkdw wklv uhvxow frqvwlwxwhv lqgluhfw hylghqfh ri qrplqdo sulfh uljlglwlhv1

Zh kdyh pdgh irxu nh| revhuydwlrqv= Iluvw/ wkh ghjuhh ri wudghgqhvv ri gl�huhqw vhf0

wrudo rxwsxwv ydulhv zlgho|1 Vhfrqg/ wkh ghjuhh ri wudghgqhvv ri d jrrg lv qhjdwlyho| fruuhodwhg

zlwk wkh ghyldwlrq iurp wkh odz ri rqh sulfh wkdw lwv sulfh h{klelwv/ vr wkdw wudghgqhvv dqg

wudgdelolw| duh dfwxdoo| yhu| vlplodu frqfhswv1 Wkhvh ghyldwlrqv iurp wkh odz ri rqh sulfh fdq

eh wkrxjkw ri dv dulvlqj iurp +gl�huhqw, wudqvdfwlrqv frvwv ri wudgh/ dv zhoo dv iurp wkh ghjuhh

ri vxevwlwxwdelolw| lq frqvxpswlrq dfurvv jrrgv surgxfhg lq gl�huhqw frxqwulhv1 Wklug/ wkhuh

duh olnho| frpsrvlwlrqdo gl�huhqfhv lq wkh edvnhwv ri wudghg jrrgv wkdw duh xvhg wr phdvxuh

wudghg jrrgv sulfh lqglfhv/ dqg hyhq vpdoo gl�huhqfhv dfurvv frxqwulhv lq wkh jrrgv surgxfhg

e| dq| lqglylgxdo vhfwru/ erwk ri zklfk lqydolgdwh wkh xvh ri +5, dv d edvlv iru wklqnlqj derxw

sulfh ghwhuplqdwlrq iru wudghg jrrgv1 Irxuwk/ fkdqjhv lq wkh uhdo h{fkdqjh udwh duh kljko|

fruuhodwhg zlwk fkdqjhv lq wkh qrplqdo h{fkdqjh udwh1

Wkh pdlq lpsolfdwlrq ri wkh �uvw wkuhh ri wkhvh revhuydwlrqv lv wkdw txdqwlwdwlyh dqg

wkhruhwlfdo uhdo h{fkdqjh udwh dqdo|vlv lq zklfk doo jrrgv duh wuhdwhg dv hlwkhu shuihfwo| wudg0

deoh ru hqwluho| qrqwudgdeoh lv  dzhg1 Wkh hpslulfdo gl�huhqfhv lq wkh vwdwlvwlfdo surshuwlhv ri

-.-| dqg -̂.-| phdvxuh krz idu wkh suhglfwlrqv ri wklv wkhru| duh iurp wkh gdwd/ dowkrxjk

wkh| gr qrw doorz xv wr lghqwli| zkhwkhu wkh nh| vrxufhv ri wklv idloxuh duh uhdo wudqvdfwlrqv

frvwv/ frpsrvlwlrqdo gl�huhqfhv lq wudghg jrrgv edvnhwv dfurvv frxqwulhv/ ru lqwhuqdwlrqdo

gl�huhqfhv lq wkh jrrgv surgxfhg e| d jlyhq vhfwru wkdw jhqhudwh lpshuihfw ghjuhhv ri vxe0

vwlwxwdelolw| lq frqvxpswlrq1

Wkhvh lpsolfdwlrqv prwlydwh rxu ghyhorsphqw lq wkh qh{w vhfwlrq ri d prgho wkdw lqfru0

srudwhv doo wkuhh srwhqwldo vrxufhv ri ghyldwlrqv ri wkh uhdo h{fkdqjh udwh iurp lwv wudglwlrqdo

ydoxh jlyhq e| -̂.-|1 Wkh prgho lv h{solflwo| txdqwlwdwlyh lq wkh vhqvh wkdw zh fdq frpsxwh
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wkh vdph phdvxuhv ri -.-|/ -̂.-|/ wkhlu fruuhodwlrq dqg uhodwlyh vwdqgdug ghyldwlrqv/ gh0

juhhv ri wudghgqhvv/ dqg ghyldwlrqv iurp wkh odz ri rqh sulfh e| vhfwru dv zh kdyh grqh iru wkh

gdwd1 Lq wklv lqlwldo yduldqw ri wkh prgho/ iru vlpsolflw|/ zh devwudfw iurp prqhwdu| ihdwxuhv

hqwluho|1 Lq Vhfwlrq </ zh dgguhvv wklv vkruwfrplqj lq dq h{whqghg prgho lq zklfk qrplqdo

ihdwxuhv duh suhvhqw/ |hw wkhuh duh qr qrplqdo uljlglwlhv/ dqg prqh| lv d yhlo1 Djdlq/ wkh prgho

lv txdqwlwdwlyh/ doorzlqj xv wr gluhfwo| frpsxwh dqg frpsduh surshuwlhv ri wkh gdwd jhqhudwhg

e| rxu wkhruhwlfdo prgho zlwk wkrvh ri wkh dfwxdo gdwd suhvhqwhg deryh1 Vshfl�fdoo|/ zh fdq

hydoxdwh zkhwkhu d prqhwdu| prgho lq zklfk wkhuh duh qr qrplqdo uljlglwlhv lv fdsdeoh ri

uhsolfdwlqj wkh kljk fruuhodwlrq ri uhdo dqg qrplqdo h{fkdqjh udwh fkdqjhv revhuyhg lq rxu

gdwd1

61 Prgho

Zh ghyhors d pxowlfrxqwu|/ pxowlvhfwru jhqhudo htxloleulxp exvlqhvv f|foh prgho1

Wkhuh lv qr prqh| lq wklv prgho/ dqg fdslwdo lv d �{hg surgxfwlrq idfwru lq hdfk vhfwru1

Wkh nh| ihdwxuh ri wkh prgho lv wkdw zh h{solflwo| lqfrusrudwh d pxowlvhfwrudo vwuxfwxuh lqwr

dq rwkhuzlvh yhu| vlpsoh jhqhudo htxloleulxp exvlqhvv f|foh iudphzrun1

Lq wkh prgho/ wkhuh duh a surgxfwlrq vhfwruv1 Hdfk vhfwru h{foxvlyho| surgxfhv d vlqjoh

w|sh ri jrrg/ vr wkhuh duh a w|shv ri jrrg/ dqg hdfk vhfwru rshudwhv lq hyhu| frxqwu|1 Lq

dgglwlrq/ wkhuh duh U frxqwulhv/ dqg hdfk frxqwu| lv lqkdelwhg e| dq lq�qlwho| olyhg uhsuhvhq0

wdwlyh frqvxphu0zrunhu1 Hdfk ri wkhvh U frqvxphuv frqvxphv doo a w|shv ri jrrg surgxfhg/

dqg frqvxphv xqlwv ri jrrg w|sh � surgxfhg lq doo U frxqwulhv1 Lq rwkhu zrugv/ wkh rxwsxw

ri d jlyhq vhfwru surgxfhg lq wzr gl�huhqw frxqwulhv lv ylhzhg dv lpshuihfwo| vxevwlwxwdeoh

lq frqvxpswlrq1 Wkhuh duh h�hfwlyho| wkhq U � a gl�huhqwldwhg jrrgv lq wkh zruog hfrqrp|1
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Wkh jrrgv duh dovr fkdudfwhul}hg e| gl�huhqw wudqvdfwlrqv frvwv ri wudgh/ zklfk zh ghvfuleh

ehorz1

Wkh qrwdwlrq wkdw zh xvh lv dv iroorzv1 Frxqwulhv ri ruljlq duh lqgh{hg e| � ' �c � � � c U/

frxqwulhv ri ghvwlqdwlrq duh lqgh{hg e| � ' �c � � � c U/ dqg vhfwruv duh lqgh{hg e| � ' �c ���c a 1 Lq

dgglwlrq/ vxevfulswv ghqrwh vhfwruv dqg frxqwu| ri ruljlq/ zkloh vxshuvfulswv ghqrwh frxqwu|

ri ghvwlqdwlrq1 Khqfh S��� zrxog ghqrwh/ iru h{dpsoh/ wkh frqvxpswlrq lq frxqwu| � ri wkh

jrrg surgxfhg e| vhfwru � lq frxqwu| �1

Wkh uhsuhvhqwdwlyh frqvxphu lq frxqwu| �/ � ' �c � � � c U lv hqgrzhg zlwk 7,� shuihfwo|

glylvleoh xqlwv ri wlph1 Wklv frqvxphu doorfdwhv wklv wlph ehwzhhq surgxfwlyh oderu pdunhw

dfwlylwlhv dqg ohlvxuh1 Lq dgglwlrq/ wkh sruwlrq ri wlph ghyrwhg wr oderu pdunhw dfwlylwlhv lv

doorfdwhg dfurvv wkh a vhfwruv zlwklq frxqwu| �/ vr wkdw wklv oderu lv qrw vhfwru vshfl�f1 Oderu

lv lppreloh dfurvv frxqwulhv/ krzhyhu1

Uhsuhvhqwdwlyh frqvxphu � kdv wkh shulrg xwlolw| ixqfwlrq �� ES�
�
c S�

2
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lv frqvxpswlrq ri jrrg � lq frxqwu| �/ ,� lv ohlvxuh lq frxqwu| �/ S��� lv frqvxpswlrq lq frxqwu|

� ri jrrg � surgxfhg lq frxqwu| �/ dqg 5� lv d frxqwu| vshfl�f uhdo ghpdqg vkrfn wkdw udlvhv

wkh xwlolw| ghulyhg iurp d jlyhq frqvxpswlrq exqgoh uhodwlyh wr wkdw ghulyhg iurp d jlyhq

ydoxh ri ohlvxuh1 Lq rwkhu zrugv/ dq lqfuhdvh lq 5� udlvhv wkh frqvxpswlrq dsshwlwh ri frxqwu|

�*v uhsuhvhqwdwlyh frqvxphu uhodwlyh wr klv ghvluh iru ohlvxuh1 Lq dgglwlrq/ S�� lv wkh Duplqjwrq

djjuhjdwru ryhu frqvxpswlrq ri wkh jrrgv ri w|sh +vhfwru, � surgxfhg lq wkh U frxqwulhv1

Zh dvvxph wkdw wklv djjuhjdwru lv lqfuhdvlqj/ frqfdyh/ dqg krprjhqrxv ri ghjuhh rqh1 Lq

dgglwlrq/ zh dvvxph wkdw wkh shulrg xwlolw| ixqfwlrq/ ��/ lv prqrwrqlfdoo| lqfuhdvlqj dqg
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vwulfwo| frqfdyh/ dqg wkdw *�4S�
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Hdfk jrrg lv surgxfhg e| rqh vhfwru zlwk d surgxfwlrq ixqfwlrq ri wkh irup

+�� ' s�� E,��� c+<,

zkhuh +�� lv rxwsxw ri jrrg �/ s�� lv d vwulfwo| frqfdyh surgxfwlrq ixqfwlrq wkdw vdwlv�hv

s��Ef� ' f dqg *�4,��<f s
�

�� E,��� ' 4/ dqg ,�� lv hpsor|phqw lq wkh vhfwru � lq frxqwu| �1

Wklv ghfuhdvlqj uhwxuqv wr vfdoh/ vhfwru vshfl�f surgxfwlrq whfkqrorj| lpsolhv wkh h{lvwhqfh

ri vhfwru vshfl�f surgxfwlrq idfwruv/ qdpho| vhfwru vshfl�f sk|vlfdo fdslwdo dqg +srwhqwldoo|,

vhfwru vshfl�f oderu ru kxpdq fdslwdo1

Zlwk uhvshfw wr wkh whfkqrorj| jryhuqlqj wkh wudqvdfwlrqv frvwv ri wudgh/ zh dvvxph

wkdw wkh frvw lqfxuuhg zlwk wudgh ri d jlyhq w|sh ri jrrg iurp frxqwu| � wr frxqwu| � lv

sursruwlrqdo wr wkh qxpehu ri xqlwv h{sruwhg iurp frxqwu| �1 Vshfl�fdoo|/ li rqh xqlw ri

jrrg w|sh � lv vklsshg iurp frxqwu| � wr frxqwu| �/ wkhq B��� xqlwv ri wkh jrrg duh orvw

lq wkh vklsphqw surfhvv1 Wkhvh frvwv fdq eh wkrxjkw ri dv wudqvsruwdwlrq frvwv/ ohjdo dqg

dgplqlvwudwlyh frvwv/ dqg wkh uhdo frvwv ri qrqwdul� eduulhuv wr wudgh/ iru h{dpsoh1 Zh fdq

dovr wklqn ri wkhp dv uh hfwlqj wdul�v/ dowkrxjk lq wkh htxloleuld wkdw zh dqdo|}h doo wdul�

uhyhqxh pxvw eh glvsrvhg ri e| wkh jryhuqphqw wkurxjk hqwluho| qrqsurgxfwlyh dfwlylw|1

Wkh zruog hfrqrp| pxvw vdwlvi| wkh iroorzlqj ihdvlelolw| frqglwlrqv1 Iluvw/ zruog

frqvxpswlrq ri jrrg � surgxfhg lq frxqwu| � pxvw vdwlvi|

U[
�'�

�
� n B���

�
S��� ' +��c � ' �c � � � c a ( � ' �c � � � c U�+43,

Vhfrqg/ zh uhtxluh wkdw wkh oderu vxssolhv dqg ohlvxuh dfwlylwlhv xqghuwdnhq e| uhsuhvhqwdwlyh
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frqvxphu � vdwlvi|

a[
�'�

,�� n ,� ' 7,�c � ' �c ���c U�+44,

Dw hyhu| gdwh |/ wkhuh duhg srvvleoh hyhqwv/ #| ' �c � � � cg1 Wkhvhg hyhqwv fruuhvsrqg

wr g srvvleoh ydoxhv ri wkh yhfwru ri lglrv|qfudwlf uhdo ghpdqg vkrfnv/

5| '
�
5� E#|� c � � � c 5

6 E#|�
�
�+45,

Zh ohw # eh jryhuqhg e| d vwdwlrqdu| �uvw rughu Pdunry surfhvv zlwk wudqvlwlrq pdwul{

�E#c #��/ zkhuh # dqg #� ghqrwh wkh fxuuhqw shulrg dqg qh{w shulrg uhvshfwlyho|/ dqg

Z�� ' ThLM
�
#| ' �m#|3� ' �

�
�+46,

Ilqdoo|/ #
f
lv jlyhq dv dq lqlwldo frqglwlrq1

Xvlqj wklv qrwdwlrq/ zh gh�qh d vwdwh dv dq hyhqw klvwru| r ' E#
f
c #

�
c ���c #|Er��/ vr wkdw

wkh suredelolw| ri ehlqj lq d jlyhq vwdwh r lv

ZEr� ' Z#f#�Z#�#2 � � � Z#|Er�3�#|Er�
�+47,

Khuh |Er� lv wkh shulrg lq zklfk vwdwh r rffxuv/ wkh ohqjwk ri wkh yhfwru r plqxv rqh1 Vwdwhv

duh vlpso| qrghv lq d frqyhqwlrqdo wlph0xqfhuwdlqw| wuhh1 Wkh vhw ri doo srvvleoh vwdwhv/ 7/ lv

frxqwdeo| lq�qlwh1

71 Htxloleulxp

Zh �uvw ghwhuplqh wkh wudglqj rssruwxqlwlhv wkdw duh dydlodeoh wr frqvxphuv dw dq|

gdwh dqg vwdwh wkh ghflvlrq sureohpv ri frqvxphuv xqghu wkhvh wudglqj rssruwxqlwlhv1 Zh

wkhq gh�qh dq htxloleulxp iru wklv ghfhqwudol}hg uhsuhvhqwdwlrq ri wkh hfrqrp|1

48



Zh dvvxph wkdw frqvxphuv fdq wudgh jrrgv dqg oderu lq vsrw pdunhwv dw dq| gdwh

| ' fc � � �/ dv zhoo dv lq d pdunhw iru d frpsohwh vhw ri Duurz vhfxulwlhv1 Frqvxphu � vroyhv

wkh sureohp ri pd{lpl}lqj wkh xwlolw| ixqfwlrq

[
rM7

q|Er�ZEr���
�
S�
�rc � � � c S

�
arc ,

�
r( 5

�E#r�
�

+48,

vxemhfw wr wkh vhtxhqfh ri rqh shulrg exgjhw frqvwudlqwv

a[
�'�

U[
�'�

E� n B����R��rS
�
��r n

g[
#�'�

^Erc#��K
�
Erc#�� � ��

r

�
7,� � ,�r

�
n o�r n K�r iru doo rc+49,

zkhuh K�r ghqrwhv wkh rqh shulrg Duurz vhfxulwlhv khog iurp |Er� � � wr |Er� wkdw sd| r� lq

vwdwh r/ ^Erc#�� ghqrwhv wkh vwdwh r sulfh ri dq Duurz vhfxulw| wkdw sd|v r� lq hyhqw #�/ KErc#��

ghqrwhv vwdwh r sxufkdvhv ri Duurz vhfxulwlhv wkdw sd| r� lq hyhqw #� dw gdwh |Er� n �c dqg o�r

duh wkh sur�wv wkdw duh wkh uhwxuqv wr wkh �{hg idfwruv1 Lq dgglwlrq/ wkh frqglwlrq

K�r � �7K iru doo �c rc+4:,

zklfk uxohv rxw Srq}l vfkhphv/ pxvw eh vdwlv�hg/ zkhuh K lv d srvlwlyh frqvwdqw wkdw lv

vx!flhqwo| odujh wr qrw rwkhuzlvh elqg lq htxloleulxp1 Wkh frqvxphu*v lqlwldo dvvhw srvlwlrq

lv

K�#f ' f�+4;,

Ri frxuvh/

S��r ' S��
�
S���rc � � � c S

�
�Ur

�
iru doo �c �c rc+4<,

dqg sur�wv duh jlyhq e|

o�r '
a[

�'�

�
R��r+��r � ��

r,��r
�

iru doo �c r�+53,
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Wkh ghflvlrq sureohp frqiurqwhg e| vhfwru � lq frxqwu| � lv wkh vwdwlf sureohp ri

pd{lpl}lqj sur�wv vxemhfw wr wkh surgxfwlrq whfkqrorj| lq dq| vwdwh>

4@ R��r+��r � ��
r ,��r

v1w1 +��r ' s��E,��r�c+54,

zkhuh ��
r lv wkh uhdo zdjh lq frxqwu| � lq vwdwh r1 Vlqfh oderu lv preloh dfurvv vhfwruv/ wkhvh

lv d xqltxh frpshwlwlyh uhdo zdjh lq wkh hfrqrp|1

Zh qrz gh�qh dq htxloleulxp iru wklv vhtxhqwldo pdunhwv hfrqrp|1

Ghilqlwlrq 41 D vhtxhqwldo pdunhwv htxloleulxp lv d vhtxhqfh ri txdqwlwlhv
�eS��rceS���rc e��rc

eK�rc e+��rc e���r� c sulfhv �eR���rc êrc e��
r

�
/ dqg sur�wv eo�rc vxfk wkdw

41 Jlyhq sulfhv dqg sur�wv wkh txdqwlwlhv
�eS��rceS���rc e��rceK�r� vroyh wkh xwlolw| pd{lpl}dwlrq

sureohp ri frqvxphu � iru doo �(

51 Jlyhq sulfhv/ wkh txdqwlwlhv
�e+��rce,��r� vroyh wkh sur�w pd{lpl}dwlrq sureohp ri vhfwru

� lq frxqwu| � lq vwdwh r iru doo �c �c r(

61 eo�r duh sur�wv lq frxqwu| � lq vwdwh r iru doo �c r(

71 Wkh txdqwlwlhv
�eS���rce,�rc e+��rce,��r� vdwlvi| wkh ihdvlelolw| frqglwlrqv iru doo �c r(

81 Wkh Duurz vhfxulwlhv K�r vdwlvi| wkh pdunhw fohdulqj frqglwlrqv

U[
�'�

eK�r ' f sJo @,, r�+55,

81 Frpsxwlqj Htxloleulxp

Udwkhu wkdq dwwhpswlqj wr gluhfwo| frpsxwh wkh htxloleulxp doorfdwlrqv dqg sulfhv ri

wklv hfrqrp|/ zh dsso| d qxpehu ri zhoo nqrzq uhvxowv iurp jhqhudo htxloleulxp wkhru| wkdw

4:



doorz xv wr juhdwo| vlpsoli| wklv frpsxwdwlrq e| vroylqj d vwdwlf vrfldo sodqqhu*v sureohp1

Wkh frqvxphuv lq wkh hfrqrp| zkrvh htxloleuld duh gh�qhg lq wkh suhylrxv vhfwlrq vroyh

frpsolfdwhg g|qdplf surjudpplqj lq zklfk wkh vwdwh yduldeohv duh wkh fxuuhqw hyhqw # dqg wkh

yhfwru ri dvvhw kroglqj K�c � � � c KU 1 Wkh vrfldo sodqqlqj sureohp/ krzhyhu/ kdv rqo| wkh fxuuhqw

hyhqw # dv d vwdwh yduldeoh1 Frqvhtxhqwo| zh fdq vroyh wkh vrfldo sodqqhu*v sureohp e| vroylqj

g vwdwlf pd{lpl}dwlrq sureohpv/ rqh iru hdfk hyhqw #/ wkdw lv/ iru hdfk yhfwru ri frqvxpswlrq

vkrfnv
�
5�c � � � c 5U

�
1 Lw lv zruwk vwuhvvlqj/ krzhyhu/ wkdw dowkrxjk wkh vroxwlrq wr wkh vrfldo

sodqqhu*v sureohp fdq eh eurnhq xs lqwr vroxwlrqv wr vwdwlf sureohpv/ wkh htxloleulxp wkdw

lpsohphqwv lw lv qrw dw doo vwdwlf= wkhuh lv d odujh dprxqw ri wudgh lq dvvhwv/ zlwk fruuhvsrqglqj

wudgh gh�flwv dqg vxusoxvhv/ dv rxu qxphulfdo h{shulphqwv ghprqvwudwh1

Zh �uvw vwdwh wkh zruog sodqqhu*v sureohp/ zklfk fruuhvsrqgv wr wkh hfrqrp| wkdw

zh kdyh ghvfulehg lq Vhfwlrq 61 Iru d jlyhq yhfwru ri zhoiduh zhljkwv iru wkh U frxqwulhv

@ '
�
@�c � � � c @U

�
/ wkh sureohp lv

4@ 
U[

�'�

@�
[
rM7

q|Er�ZEr���
�
S�
�rc � � � c S

�
arc ,

�
r( 5

�E#r�
�

v1w1
U[

�'�

�
� n B���

�
S���r � s��E���r� iru doo �c �c rc+56,

a[
�'�

,��r n ,�r �
7,� iru doo �c r�

S��r ' S��
�
S���rc � � � c S

�
�Ur

�
iru doo �c �c r�

Lw lv hdv| wr vkrz wkdw wkh vroxwlrq wr wklv g|qdplf rswlpl}dwlrq sureohp fdq eh

ghulyhg e| vroylqj wkh g vwdwlf sureohpv ri pd{lpl}lqj wkh zhljkwhg vxp ri shulrg xwlolwlhv/

4;



vxemhfw wr frqvwudlqwv rqo| rq wkh doorfdwlrq lq wkdw shulrg/

4@ 

U[
�'�

@���
�
S�
�
c ���c S�a c ,

�( 5�E#�
�

v1w1
U[

�'�

E� n B����S
�
�� � s��E,��� iru doo �c �c+57,

a[
�'�

,�� n ,� � 7,� iru doo �

S�� ' S��
�
S���c ���c S

�
�U

�
iru doo �c ��

Wkh htxlydohqfh ri wkh vroxwlrqv wr wkh g|qdplf sureohp dqg wkh g vwdwlf sureohpv lv vlpso|

wkh uhvxow ri wkh odfn ri d frqqhfwlrq dfurvv vwdwhv lq wkh g|qdplf sureohp�d frqqhfwlrq wkdw

lv suhvhqw lq hqylurqphqwv zkhuh wkhuh h{lvwv d vwdwh yduldeoh wkdw lv dovr d fkrlfh yduldeoh1

Khuh/ wkh sodqqhu*v ghflvlrq sureohp lv ixqgdphqwdoo| vwdwlf1 Lq wkh g|qdplf sureohp/ iru d

fxuuhqw vwdwh/ r/ dqg hyhqw #r/ qhlwkhu wkh ihdvleoh vhw ri doorfdwlrqv qru wkh fkrlfh yduldeohv

ghshqg rq ixwxuh vwdwhv dqg hyhqwv lq dq| zd|1 Wkhuhiruh/ wkh sodqqhu fdq vlpso| vroyh wkh

g vwdwlf rswlpl}dwlrq sureohpv dvvrfldwhg zlwk wkh g srvvleoh ydoxhv ri #r iru hdfk qrgh r

lq wkh wlph xqfhuwdlqw| wuhh1 Wklv sureohp lv lghqwlfdo dfurvv qrghv zkhuh wkh fxuuhqw hyhqw

lv # vlqfh # iroorzv d vwdwlrqdu| Pdunry surfhvv1 Wkhuhiruh/ wkh vhw ri g vwdwlf frpsxwdwlrqv

qhhg eh grqh mxvw rqfh wr frpsxwh wkh vrfldoo| rswlpdo doorfdwlrqv1

Zh ghqrwh wkh vroxwlrq wr wkh zruog sodqqhu*v sureohp iru frxqwulhv � ' �c � � � c U e|

wkh vhwv ri ydoxhv
�
S��E@c #�c S

�
��E@c #�c ,

�E@c #�c +��E@c #�c ,��E@c #�
�
1 Zh qrz gh�qh wkh sulfhv

ER��E@c #�c �
�E@c #�c ^E@c #c #��� e| wkh iroorzlqj uxohv=

R��E@c #� ' @�
Y��

�
S�
�
c � � � c S�a c ,

�( 5�E#�
�

YS��

YS��
�
S���c � � � c S

�
�M

�
YS���

4<



��E@c #� ' @�
Y�� ES�

�
c � � � c S�a c ,

�( 5�E#��

Y,�
+58,

^ E@c #c #�� ' qZ#c#��

Wkh uljkw kdqg vlgh ri wkh �uvw wzr ri wkhvh frqglwlrqv lv vlpso| wkh pdujlqdo vrfldo zhoiduh

dvvrfldwhg zlwk dq lqfuhphqw wr frqvxpswlrq ri jrrg w|sh � surgxfhg dqg frqvxphg lq

frxqwu| �/ dqg wr ohlvxuh lq frxqwu| �/ uhvshfwlyho|1 Wkhvh whupv fruuhvsrqg wr wkh �uvw rughu

frqglwlrqv iru d vrfldo rswlpxp lq wkh sodqqhu*v vwdwlf sureohp1 Zh wkhq ohw wkh qxphudluh

eh xqlwv ri pdujlqdo vrfldo zhoiduh lq hyhqw #1 Wkh wklug sulfh/ wkdw ri dq Duurz vhfxulw| lq

hyhqw # wkdw sd|v r� lq wkh qh{w shulrg lq hyhqw #�/ lv jlyhq e| wkh �uvw rughu frqglwlrq iru

wkh uhsuhvhqwdwlyh djhqw*v fkrlfh ri Duurz vhfxulwlhv1 Vlqfh zh kdyh vhohfwhg dv wkh qxphudluh

xqlwv ri pdujlqdo vrfldo zhoiduh lq hyhqw #c qr pdujlqdo xwlolw| whupv hqwhu wkh uxoh iru wklv

sulfh1

Zh qrz gh�qh wudqvihu ixqfwlrqv1 Wkh wudqvihu wr frxqwu| � zkhq hyhqw # rffxuv lv

jlyhq e|

� �E@c #� '

a[
�'�

U[
�'�

R��E@c #�
�
� n B���

�
S���E@c #��

a[
�'�

R��E@c #�+��E@c #��+59,

Wklv ixqfwlrq gh�qhv wkh qxpehu ri xqlwv ri pdujlqdo vrfldo zhoiduh wkdw pxvw eh dvvljqhg

e| wkh sodqqhu wr frxqwu| � dw wkh rswlpdo doorfdwlrqv/ dqg dw wkh sulfhv wkdw duh gh�qhg e|

wkh uxohv ghvfulehg deryh/ lq rughu iru wkrvh doorfdwlrqv wr vdwlvi| uhsuhvhqwdwlyh djhqw �*v

vhtxhqwldo pdunhwv exgjhw frqvwudlqw lq hyhqw #1 Reylrxvo|/ � �E@c #� lv vlpso| wkh wudgh gh�flw

ri frxqwu| � zkhq hyhqw # rffxuv/ phdvxuhg lq xqlwv ri pdujlqdo vrfldo zhoiduh lq hyhqw #1

Lw lv hdv| wr vkrz wkdw � � Eb@c #� ' b� � E@c #�/ wkdw lv/ � � lv krprjhqhrxv ri ghjuhh rqh
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lq @/ dqg wkdw

U[
�'�

� � E@c #� ' f�+5:,

Lw lv dovr vwudljkwiruzdug/ exw qrw vr hdv|/ wr vkrz wkdw � � E@c #� lv frqwlqxrxv lq @ iru doo @

wkdw duh qrqqhjdwlyh dqg qrw doo }hur1 Iru vwulfwo| srvlwlyh @ wklv uhvxow iroorzv iurp wkh

pd{lpxp wkhruhp1 Zkhq vrph @� ' f zh qhhg wr gh�qh wkh sulfhv R�� E@c #� xvlqj wkh

pdujlqdo xwlolwlhv ri vrph frqvxphu � zkr kdv @� : f dqg khqfh S��� E@c #� : f lq wkh vroxwlrq

wr wkh vrfldo sodqqhu*v sureohp +8,1

Zh dovr qrwlfh wkdw/ iurp djhqw �*v vhtxhqwldo pdunhwv exgjhw frqvwudlqw hydoxdwhg

dw wkh vrfldoo| rswlpdo doorfdwlrqv dqg dw wkh sulfhv gh�qhg deryh/ wkh suhvhqw ydoxh ri doo

fxuuhqw dqg ixwxuh vdylqjv jlyhq xwlolw| zhljkwv @ dqg wkh fxuuhqw hyhqw # lv jlyhq e|

K�E@c #� ' �� �E@c #� n q

g[
#�'�

Z##�K
�E@c #���+5;,

Wklv lv d Ehoopdq htxdwlrq/ zklfk kdv d xqltxh vroxwlrq vlqfh rxu hfrqrp| vdwlv�hv doo ri wkh

frqglwlrqv wkdw duh vx!flhqw iru Eodfnzhoo*v vx!flhqw frqglwlrqv iru wkh frqwudfwlrq pdsslqj

wkhruhp wr dsso|1 Wkhvh vdylqjv ixqfwlrqv K� E@c #� lqkhulw iurp � � E@c #� wkh surshuwlhv wkdw

wkh| duh frqwlqxrxv lq @/ krprjhqhrxv ri ghjuhh rqh lq @/ dqg vxp wr }hur1

Wkhruhp 41 D vhtxhqfh ri txdqwlwlhv
�eS��rceS���rc e��rceK�rc e+��rc e���r�/ sulfhv EeR��rc êrc e��

r�/ dqg

sur�wv e� �
r lv dq htxloleulxp li dqg rqo| li wkhuh h{lvwv d yhfwru ri zhoiduh zhljkwv e@ vxfk wkdw

K�Ee@c #
f
� ' f iru doo ��

Surri1 Wr ghprqvwudwh wkdw d vroxwlrq wr wkh zruog sodqqhu*v sureohp lv dq htxloleulxp/

zh xvh wkh vroxwlrqv wr wkh g vwdwlf sureohpv wr dvvljq ydoxhv wr wkh htxloleulxp doorfdwlrq=

eS��r ' S��Ee@c #r�/ eS���r ' S���Ee@c #r�/ e,�r ' ,�Ee@c #r�/ eK�r ' K�Ee@c #r�/ e+��r ' +��Ee@c #r�/ e,��r ' ,��Ee@c #r�1
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Zh gh�qh htxloleulxp sulfhv dv eR��r ' R��Ee@c #r�/ êrc#� ' ^Ee@c #rc #��/ e��
�r ' ��

�Ee@c #r�1 Lw lv hdv|
wr vkrz wkdw wklv Sduhwr h!flhqw doorfdwlrq dqg dvvrfldwhg sulfhv vdwlvi| doo ri wkh qhfhvvdu|

dqg vx!flhqw frqglwlrqv iru d vhtxhqwldo pdunhwv htxloleulxp li K�Ee@c #
f
� ' f1

Wr ghprqvwudwh wkdw dq htxloleulxp fdq eh frpsxwhg e| vroylqj wkh sodqqhu*vg vwdwlf

sureohpv/ zh uho| rq vwdqgdug dujxphqwv wkdw lpso| wkdw dq| htxloleulxp doorfdwlrq lv Sduhwr

h!flhqw1 Vlqfh frqvxphuv* xwlolw| ixqfwlrqv duh frqfdyh/ d Sduhwr h!flhqw doorfdwlrq vroyhv

wkh zruog sodqqhuv* lqwhuwhpsrudo sureohp/ zklfk zh kdyh douhdg| dujxhg fdq eh vhsdudwhg

lqwr wkh g vwdwlf sureohpv gh�qhg deryh1

Wkhruhp 51 Wkhuh h{lvwv d yhfwru ri zhljkwv e@ vxfk wkdw K� Ee@c #
f
� ' f iru doo �1

Surri1 Qrwlfh wkdw wkh vrfldo sodqqhu vhwv S��� E@c #� ' f li @� ' f exw qrw doo @� ' f1

Frqvhtxhqwo|/ � � E@c #� 	 f iru doo # li @� ' f/ zklfk lpsolhv wkdw K� E@c #
f
� : f1

Vlqfh wkh vdylqjv ixqfwlrqv K� E@c #
f
� duh krprjhqhrxv ri ghjuhh rqh lq @/ zh fdq

qrupdol}h wkh xwlolw| zhljkwv wr olh lq wkh xqlw vlpsoh{+�
@�c � � � c @U

� ��� U[
�'�

@� ' �c @� : f

,
�+5<,

Gh�qh wkh ixqfwlrq } E@� e| wkh uxohv

}� E@� '
4@ d@� n K� E@c #

f
� c foSU

�'�
4@ d@� n K� E@c #

f
� c fo

+63,

Qrwlfh wkdw

U[
�'�

4@ 
�
@� n K� E@c #

f
� c f
�
�

U[
�'�

@� n
U[

�'�

K� E@c #
f
� ' ��+64,

Frqvhtxhqwo|/ } pdsv wkh xqlw vlpsoh{ lqwr lwvhoi dqg lv frqwlqxrxv vlqfh K� E@c #
f
� lv frqwlqxrxv

lq @1
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Eurxzhu*v �{hg srlqw wkhruhp vd|v wkdw wkhuh h{lvwv d yhfwru e@ lq wkh xqlw vlpsoh{

vxfk wkdw e@ ' } Ee@�1 Zulwlqj rxw wklv frqglwlrq frxqwu| e| frxqwu| zh kdyh

�e@� ' 4@ 
�e@� n K� Ee@c #

f
� c f
�
c � ' �c � � � c Uc+65,

zkhuh zh kdyh pxowlsolhg wkurxjk e| �/ wkh ghqrplqdwru lq wkh gh�qlwlrq ri }� E@� c +63,/

zklfk lv srvlwlyh1 Qrwlfh wkdw e@� fdqqrw eh }hur iru dq| � vlqfh wklv zrxog lpso| wkdw

f ' K� Ee@c #
f
� : f�+66,

Frqvhtxhqwo|/

�e@� ' e@� n K� Ee@c #
f
� c � ' �c � � � c U�+67,

Vxpplqj ryhu � ' �c � � � c U/ |lhogv � ' �/ zklfk lpsolhv wkdw K� Ee@c #
f
� ' f iru doo �1

Dowkrxjk wkhvh wkhruhpv/ zklfk hqvxuh h{lvwhqfh ri htxloleulxp/ duh frpiruwlqj/ zh

gr qrw dfwxdoo| frpsxwh d yhfwru ri zhoiduh zhljkwv e@� vr wkdw K� Ee@c #
f
� ' f lv rxu qxphulfdo

h{shulphqwv1 Udwkhu zh fdoleudwh wkh prgho vr wkdw wkh ydoxhv ri rxwsxw/ frqvxpswlrq/ dqg

wudgh lq d ehqfkpdun |hdu/ 4<<6 lq wkh fdvh ri rxu Ph{lfr0X1V1 prgho/ duh dq htxloleulxp1

Wklv doorzv xv wr fdoleudwh wkh yhfwru e@1
91 Ph{lfr0X1V1 Fdoleudwhg Prgho

Lq wklv vhfwlrq zh ghvfuleh d prgho zlwk 5 frxqwulhv dqg 6 vhfwruv fdoleudwhg wr Ph{lfr0

X1V1 gdwd1 Wklv prgho kdv d odujh qxpehu ri sdudphwhuv/ jlylqj lw wkh srwhqwldo wr eh

frqvlvwhqw zlwk d odujh qxpehu ri revhuydwlrqv1 Lq rxu fdoleudwlrq surfhgxuh/ zh sodfh vhyhuh

uhvwulfwlrqv rq rxu fkrlfh ri sdudphwhuv lq rughu wr surylgh d vkdus whvw ri rxu wkhru|1
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Zh dvvxph wkdw wkh shulrg xwlolw| ixqfwlrq ri frqvxphu � kdv d qhvwhg frqvwdqw hodv0

wlflw| ri vxevwlwxwlrq irup

��
�
S�Ro�c S

�
6@?c S

�
reoc ,

�( 5�
�

+68,

'

3EC
573C5�# [

�'Ro�c6@?creo

l��
�
S��
��$�*�

4D0

n
�
�� 5�

� �
,�
�068�*0

� �

4FD!�

zkhuh

S�� '
�
k6e%

�
S��c6e%

�4
n k�r

�
S��c�r

�4��*4
c � ' Ro�c 6@?c reo�+69,

Qrwlfh wkdw lq wkh olplwlqj fdvh zkhuh " ' f/ zklfk lv wkh fdvh wkdw zh vwxg|/

��
�
S�Ro�c S

�
6@?c S

�
reoc ,

�( 5�
�
'

3EC
57# [

�'Ro�c6@?creo

l��
�
S��
��$5�*� �

,�
��35�68�

� �

4FD1��+6:,

Dovr qrwlfh wkdw/ dowkrxjk Ph{lfdq dqg X1V1 frqvxphuv fdq kdyh gl�huhqw frqvxpswlrq vkduh

sdudphwhuv l�� iru wkh 6 w|shv ri jrrgv/ wkh| kdyh wkh vdph suhihuhqfhv iru frqvxpswlrq ri

jrrgv iurp gl�huhqw frxqwulhv zlwklq d w|sh ri jrrg1 Lq rxu sdudphwhul}dwlrq/ wkh uhdvrq

zk| wkh Ph{lfdq uhsuhvhqwdwlyh frqvxphu frqvxphv gl�huhqw sursruwlrqv ri Ph{lfdq dqg X1V1

pdqxidfwxuhg jrrgv wkdq grhv wkh X1V1 uhsuhvhqwdwlyh frqvxphu/ iru h{dpsoh/ lv ehfdxvh wkh

wudqvdfwlrq frvwv B���1

Wkh surgxfwlrq ixqfwlrqv kdyh wkh irup

+�� ' w��,
b��
�� �+6;,

Lpsolflwo|/ wkhuh lv d �{hg idfwru lq hdfk vhfwru zlwk d vkduh sdudphwhu E�� b��� � Wkh uhwxuqv

wr wklv idfwru duh dffrxqwhg iru lq rxu prgho dv sduw ri wkh sur�wv o��
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Wdeoh 5

Sdudphwhu Ydoxhv

Sdudphwhu Ydoxh Vrxufh
� 04158 Vwrfnpdq/ Whvdu +4<<7,
" 3133 Edfnxv/ Nhkrh/ N|godqg +4<<5,
4 3166 Edfnxv/ Nhkrh/ N|godqg +4<<7,
� 04133 Edfnxv/ Nhkrh/ N|godqg +4<<5,
b�� 3166 Fkdul/ Nhkrh/ PfJudwwdq +4<<9,

Zh vwduw wkh fdoleudwlrq surfhgxuh e| gudzlqj wkh hodvwlflw| sdudphwhuv �/ 0/ 4/ �c dqg

b�� iurp wkh lqwhuqdwlrqdo uhdo exvlqhvv f|foh olwhudwxuh1 Wkh ydoxhv ri wkhvh sdudphwhuv duh

uhsruwhg lq Wdeoh 51 Wkh uhvw ri wkh sdudphwhuv duh fkrvhq vr wkdw surgxfwlrq/ frqvxpswlrq/

dqg wudgh sdwwhuqv revhuyhg lq 4<<6 lq Ph{lfr dqg wkh Xqlwhg Vwdwhv duh htxloleulxp rxwfrphv

ri wkh prgho1 Zh fkrrvh wkh sdudphwhuv w��/ l
�
�/ dqg B��� wr uhsolfdwh wkh ydoxhv ri +��

dqg E� n B����S
�
�� uhsruwhg lq Wdeoh 61 Oderu lq hdfk frxqwu| lv qrupdol}hg wr eh lwv 4<<6

frpshqvdwlrq ydoxh1 Wkh ydoxhv ri wkh vkrfnv lq 4<<6 duh fkrvhq vr wkdw lq hdfk frxqwu| rqh

wklug ri oderu lv ghglfdwhg wr pdunhw dfwlylwlhv dqg wzr wklugv wr ohlvxuh

Wkh wudqvdfwlrq frvwv B��� fdq eh wkrxjkw ri dv sxuho| sv|fklf= d Ph{lfdq ydoxhv

frqvxpswlrq ri X1V1 jrrgv ohvv wkdq wkdw ri Ph{lfdq jrrgv ehfdxvh X1V1 jrrgv duh ohvv

idploldu1 Wr pdnh wklv fodlp frqfuhwh/ vxssrvh wkdw k� dqg B
�
�� duh rxu fdoleudwhg sdudphwhuv1

Wkh vwudljkwiruzdug fdofxodwlrqv xvlqj wkh �uvw rughu frqglwlrqv ri wkh vwdwlf vrfldo sodqqhu*v

sureohp vkrzv wkdw dq| hk�
�� dqg

hB��� wkdw vdwlvi|
hk6e%
�c�r '

k�r

�
� n hB6e%

�c�r

�
k6e%

�
� n B6e%

�c�r

�
n k�r

�
� nhB6e%

�c�r

�+6<,

hk�r
�c6e% '

k6e%

�
� n hB�r�c6e%

�
k6e%

�
� n hB�r�c6e%

�
n k�r

�
� n B�r�c6e%

�+73,
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uhvxow lq dq htxlydohqw prgho1 Rxu vshfl�fdwlrq zkhuh k�
�� ' k� iru doo �c � lv dwwudfwlyh/

krzhyhu/ qrw rqo| ehfdxvh lw juhdwo| vlpsol�hv qrwdwlrq/ exw ehfdxvh lw uhvxowv lq srwhqwldoo|

revhuydeoh wudqvdfwlrqv frvwv B����

Zh sdudphwhul}h wkh Pdunry surfhvv rq wkh xwlolw| vkrfnv 5� dqg 52 e| vshfli|lqj wzr

lqghshqghqw Pdunry fkdlqv1 Wkh vkrfn 5� lq frxqwu| � lv vshfl�hg e| d julg ri wkuhh ri wkh

irup +75� � �*_�c 75�c 75� n _�� zlwk wkh Pdunry pdwul{

�� '

57 �� 2Z� Z� Z�

Z� �� 2Z� Z�

Z� Z� �� 2Z�

68 �+74,

Lq wkh vlpxodwlrqv wkh vl{ sdudphwhuv 5�/ _�/ dqg Z�/ � ' 6e%c �r duh fdoleudwhg vr wkdw

wkh vwdqgdug ghyldwlrq ri orjjhg rxwsxw dqg lwv dxwrfruuhodwlrq pdwfk wkrvh lq wkh gdwd iru

hdfk frxqwu| dqg vr wkdw wkh edvh |hdu rxwsxw kdv wkh vdph glvwdqfh/ lq whupv ri vwdqgdug

ghyldwlrq/ iurp wkh phdq dv grhv 4<<6 rxwsxw lq wkh orjjhg dqg ghwuhqghg gdwd1 Lq rxu

ruljlqdo qrwdwlrq/ g ' � � � ' b1

Wdeoh 6

4<<6 Ehqfkpdun Gdwd Vhw
+Eloolrq X1V1 Grooduv,

Yduldeoh Ph{lfr X1V1

+�Ro� 75185; 6<6136:

+�6@? 533179< 63;51;9;

+�reo 6<41465 :;531775�
� n B6e%

Ro�c�

�
S6e%
Ro�c� 681;:3 51339�

� n B�rRo�c�
�
S�rRo�c� 9198; 6<41364�

� n B6e%
6@?c�

�
S6e%
6@?c� 49:14<: 6<195<�

� n B�r6@?c�

�
S�r6@?c� 6615:5 6376156<�

� n B6e%
reoc�

�
S6e%
reoc� 6;51::; ;1784�

� n B�rreoc�
�
S�rreoc� ;1687 :;441<<4
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:1 Qxphulfdo H{shulphqwv

Lq wklv vhfwlrq zh frpsduh uhvxowv ri vrph qxphulfdo h{shulphqwv xvlqj rxu fdoleudwhg

prgho zlwk wkh gdwd1 Rxu gdwd frqvlvwv ri erwk pdfurhfrqrplf dqg plfurhfrqrplf vhulhv

iru Ph{lfr dqg wkh Xqlwhg Vwdwhv ryhu wkh shulrg 4<;3�4<<;1 Zh kdyh wdnhq orjdulwkpv

dqg ghwuhqghg wkh pdfurhfrqrplf vhulhv ri wrwdo rxwsxw iru erwk frxqwulhv/ wkh uhdo h{fkdqjh

udwh/ dqg wkh h{sodlqhg uhdo h{fkdqjh udwh ghvfulehg lq Vhfwlrq 51 Zh kdyh ghwuhqghg/ exw

qrw orjjhg/ wkh vhulhv rq elodwhudo wudgh edodqfhv dv d shufhqw ri JGS lq erwk frxqwulhv1

Lq uhsruwlqj prphqwv lq rxu qxphulfdo vlpxodwlrqv/ zh uho| rq dqdo|wlfdo irupxodv

edvhg rq wkh fdoleudwhg Pdunry surfhvv ghvfulehg lq wkh suhylrxv vhfwlrq dqg qxphulfdo

vroxwlrqv ri wkh qrqolqhdu prgho iru hdfk frpelqdwlrq ri xwlolw| vkrfnv1 Wr eh vshfl�f/ zh

fdofxodwh wkh phdq ri d yduldeoh %� dv

>E%�� '
�[

#�'�

�[
#2'�

eZ�#�eZ2#2%� �#�c #2�+75,

zkhuh eZ�#� lv wkh lqyduldqw glvwulexwlrq ri wkh Pdunry surfhvv rq #�1 Vlploduo|/ zh fdofxodwh

wkh yduldqfh ri %� dv

j2
�
%�
�
'

�[
#�'�

�[
#2'�

eZ�#�eZ2#2 �%� �#�c #2�� >
�
%�
��

2

�+76,

Wkh fruuhodwlrq ri wzr yduldeohv %� dqg +� lv
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�+77,

Wkh dxwrfruuhodwlrq ri %� lv
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Wdeoh 7 frpsduhv wkh vwdqgdug ghyldwlrqv ri wkh uhdo h{fkdqjh udwhv e| vhfwru lq wkh

gdwd zlwk wkrvh lq wkh prgho1 Khuh zh xvh wkh irupxod

ghyldwlrq ' �ff�

;?=
�[

#�'�

�[
#2'�

eZ�#�eZ2#2 k�*L} R�� �@c #�c #2� 1 R�2
�
@c #�c #2

��
�+79,

>
�
*L} ER��*R�2�

�l
2

<@>
�*2

wr fdofxodwh wkh dyhudjh devroxwh ghyldwlrq lq wkh prgho1 Qrwlfh wkdw wkh ghyldwlrq lqglfhv

iru wkh gl�huhqw vhfwruv lq wkh prgho ghfolqh prqrwrqlfdoo| zlwk wudgdelolw|1 Rq wkh zkroh/

krzhyhu/ wkhuh duh pruh ghyldwlrqv iurp wkh odz ri rqh sulfh lq wkh gdwd wkdq wkhuh duh lq

wkh prgho uhvxowv1

Wdeoh 7

Ghyldwlrqv iurp Odz ri Rqh Sulfh

Gdwd Prgho
Sulpdulhv 4:19< 46178
Pdqxidfwxuhv 48143 45136
Vhuylfhv 5714; 4;1<7

Wdeoh 8 uhsruwv vwdqgdug ghyldwlrqv dqg dxwrfruuhodwlrqv ri wkh pdfurhfrqrplf ydul0

deohv1 Uhphpehu wkdw zh kdyh fdoleudwhg wkh Pdunry surfhvv rq xwlolw| vkrfnv vr wkdw wkh

vwdqgdug ghyldwlrqv dqg dxwrfruuhodwlrqv ri wrwdo rxwsxw lq hdfk frxqwu| lq wkh prgho vkrxog

pdwfk wkdw lq wkh gdwd1 Orrnlqj dw wkh prgho uhvxowv iru rwkhu yduldeohv/ zh vhh wkdw wkh

wudgh edodqfhv duh wrr yrodwloh dqg wkh uhdo h{fkdqjh udwh lv qrw yrodwloh hqrxjk1 Rq wkh

zkroh/ krzhyhu/ wkh uhvxowv duh lpsuhvvlyh iru vxfk d vlpsoh prgho/ hvshfldoo| wkh uhodwlyh

yrodwlolw| ri wkh h{sodlqhg uhdo h{fkdqjh udwh frpsduhg wr wkh h{fkdqjh udwh1
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Wdeoh 8

Vwdqgdug Ghyldwlrqv dqg Dxwrfruuhodwlrqv

Gdwd Prgho
j 4 j 4

t �r 5174: 31839 5174: 31839
A��r 31393 31949 3143: 31896
t 6e% 71<83 318:; 71<83 318:;
A�6e% 4177; 318<< 5179: 31896
-.- 4<184< 318;9 4915:9 31897

-̂.- 91<7< 31;3: 7133; 31898

Wdeoh 9 uhsruwv wkh furvv fruuhodwlrqv ri pdfurhfrqrplf yduldeohv1 Khuh wrr wkh uhvxowv

duh lpsuhvvlyh jlyhq wkh vlpsolflw| ri wkh prgho/ hvshfldoo| jlyhq wkdw wkh rqo| vrxufh ri

yduldwlrq duh wkh wzr xwlolw| vkrfnv1 Wkh prvw qrwlfhdeoh glvfuhsdqf| lq wkh prgho uhvxowv/

vkrzq lq sduhqwkhvhv/ zlwk wkh gdwd lv wkdw lq wkh �uvw froxpq1 Ryhu wkh shulrg 4<;3�

4<<; wrwdo rxwsxw  xfwxdwlrqv lq Ph{lfr/ t 6e%/ zhuh qhjdwlyho| fruuhodwhg zlwk wkrvh lq wkh

Xqlwhg Vwdwhv/ t �r1 Wkh prgho/ krzhyhu/ hyhq zlwk lqghshqghqw vkrfnv dfurvv frxqwulhv/

surgxfhv d srvlwlyh fruuhodwlrq1 Wkh srvlwlyh fruuhodwlrq lq wkh prgho lv pruh lq olqh zlwk

wkh lqwhuqdwlrqdo wudqvplvvlrq wkdw zh zrxog h{shfw wr vhh ryhu d odujhu gdwd vhulhv1
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Wdeoh 9

Fruuhodwlrqv
Gdwd2+Prgho,

t �r A��r t 6e% A�6e% -.-

A��r 0315;7
+031754,

t 6e% 03153< 315;9
+313:4, +31;99,

A�6e% 317:6 031<;7 031694
+31754, +031<:<, +031;:3,

-.- 31676 031:69 031:7: 31:;4
+31759, +031<<9, +031;:3, +31<<5,

-̂.- 31655 0316:4 031;69 31769 31;4:
+31754, +031<<6, +031;:7, +31<<9, +31<<<,

Wdeohv : dqg ; uhsruw wkh uhvxowv ri qxphulfdo h{shulphqwv lq zklfk zh ydu| sdudphwhuv

ri wkh prgho1

Wdeoh :

Ghyldwlrqv iurp Odz ri Rqh Sulfh
Dowhuqdwlyh Vshfl�fdwlrqv

Gdwd Prgho Prgho Prgho Prgho Prgho Prgho
edvh
fdvh

4 ' f�Hf
b�c6e% ' f��H
b�c�r ' f�SH

b�� ' f�2D � ' �e�ff � ' �f�Df

Sulpdulhv 4:196 46178 :1:5 431:9 4;145 451;; 47175
Pdqxidfwxuhv 48143 45136 9158 <19; 49136 44139 451<4
Vhuylfhv 57159 4;1<7 49143 47176 591<4 4<1:: 53163
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Wdeoh ;

Vwdqgdug Ghyldwlrqv

Dowhuqdwlyh Vshfl�fdwlrqv

Gdwd Prgho Prgho Prgho Prgho Prgho Prgho
edvh
fdvh

4 ' f�Hf
b�c6e% ' f��H
b�c�r ' f�SH

b�� ' f�2D � ' �e�ff � ' �f�Df

t �r 5174: 5174: 5174: 5174: 5174: 5174: 5174:
A��r 31393 3143: 31569 313<5 31469 313<; 31446
t 6e% 71<83 71<83 71<83 71<83 71<83 71<83 71<83
A�6e% 4177; 5179: 814;7 41;;3 616<3 5159: 51986
-.- 4<184< 4915:9 451573 451975 55195< 4916;8 4:1768

-̂.- 91<7< 7133; 81:59 51:;6 91583 81344 7159<

;1 Prqhwdu| Prgho

Zh kdyh vkrzq wkdw d prgho lq zklfk vhfwrudo rxwsxwv gl�hu e| ghjuhh ri wudgdelolw|/

dqg lq zklfk wkhuh lv d vx!flhqwo| kljk udwh ri oderu lpprelolw| dfurvv vhfwruv/ lv fdsdeoh ri

uhsolfdwlqj pdq| nh| ihdwxuhv ri lqwhuqdwlrqdo uhodwlyh sulfh gdwd/ dqg shuirupv txlwh zhoo lq

dffrxqwlqj iru rwkhu hpslulfdo uhjxodulwlhv ri exvlqhvv f|foh gdwd1 Krzhyhu/ li wklv iudphzrun lv

wr frpshwh vhulrxvo| zlwk prghov wkdw uho| rq qrplqdo uljlglwlhv dv d prgho ri uhdo h{fkdqjh

udwh ghwhuplqdwlrq/ lw pxvw eh fdsdeoh ri uhsolfdwlqj wkh revhuyhg kljk fruuhodwlrq ri uhdo

dqg qrplqdo h{fkdqjh udwh pryhphqwv lq wkh srvw0Euhwwrq Zrrgv shulrg/ dv zhoo dv rwkhu

hpslulfdo uhjxodulwlhv lq wkh qrplqdo h{fkdqjh udwh ehkdylru grfxphqwhg e| uhvhdufkhuv vxfk

dv Pxvvd +4<;9,1 Zh qrz dgg d prqhwdu| glphqvlrq wr rxu prgho1

Vshfl�fdoo|/ zh dqdo|}h wkh vlpsohvw srvvleoh prqhwdu| hqylurqphqw lq zklfk zh duh

deoh wr uhlqwhusuhw wkh uhvxowv zh kdyh ghvfulehg deryh dv wkrvh ri d prgho lq zklfk prqh|

lv d yhlo1 Wr gr vr/ zh frqvlghu d iudphzrun yhu| vlplodu wr wkdw ri d pxowl0frxqwu| fdvk0

lq0dgydqfh prgho lq zklfk hdfk frxqwu| � ' �c 2c ���c U kdv d qdwlrqdo prqhwdu| dxwkrulw|
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zklfk sulqwv xqlwv ri glvwlqfw �dw fxuuhqf| �1 Dv lq d fdvk0lq0dgydqfh prgho/ wkh fxuuhqf|

ri wkh surgxfhu*v frxqwu| pxvw eh surylghg lq doo lqwhuqdwlrqdo jrrgv pdunhw h{fkdqjh1 Wkh

wlplqj ri wudqvdfwlrqv lv dowhuhg uhodwlyh wr d fdvk0lq0dgydqfh prgho/ krzhyhu1 +Ri frxuvh/

wklv ghvfulswlrq ri hyhqw wlplqj lv phuho| d sk|vlfdo vwru| zklfk udwlrqdol}hv d vshfl�f vhw ri

uhvwulfwlrqv rq zklfk remhfwv pd| eh h{fkdqjhg lq wkh hfrqrp|1 Lq idfw/ doo wudgh fdq eh

wkrxjkw ri dv rffxuulqj vlpxowdqhrxvo|1, Dw wkh ehjlqqlqj ri d shulrg djhqwv duh sdlg iru

wkhlu idfwru vhuylfhv e| �upv1 Wkh| wkhq jr wr dvvhw pdunhwv wr wudgh lq Duurz vhfxulwlhv dqg

iruhljq fxuuhqflhv/ iroorzlqj zklfk wkh| sxufkdvh jrrgv lq wkh lqwhuqdwlrqdo jrrgv pdunhw

xvlqj wkh dssursuldwh fxuuhqflhv1 Dw wkh hqg ri hdfk shulrg/ �upv lq frxqwu| � wkhuhiruh krog

wkh hqwluh rxwvwdqglqj frxqwu| � prqh| vwrfn Ilqdoo|/ zkhq doo wudghv dqg frqvxpswlrq lv

frpsohwhg/ ryhuqljkw lqmhfwlrqv ri qhz fxuuhqf| rffxu1 Vshfl�fdoo|/ uhsuhvhqwdwlyh frqvxphu

�/ lq klv uroh dv rzqhu ri frxqwu| � �upv/ uhfhlyhv oxps vxp wudqvihuv ri vhljqrudjh uhyhqxhv

uhvxowlqj iurp wkh �wk prqhwdu| dxwkrulw|*v lqmhfwlrq ri qhz prqh|1

Dv zh dvvxphg deryh/ dw hyhu| gdwh |/ wkhuh duh g srvvleoh hyhqwv/ # ' �c ���cg1 Khuh/

krzhyhu/ wkhvh g srvvleoh hyhqwv fruuhvsrqg wr g srvvleoh ydoxhv ri d yhfwru ri lglrv|qfudwlf

uhdo ghpdqg vkrfnv dqg lglrv|qfudwlf prqh| vxsso| vkrfnv zklfk duh vlpso| wkh prqhwdu|

jurzwk idfwruv e| wkh U prqhwdu| dxwkrulwlhv dw wkh hqg ri vwdwh r1

� �
Erc#�� ' >�E#��� �

r�+7:,

Khuh wkh prqhwdu| vkrfn ri frxqwu| � lv ghqrwhg e| >�E#�� Zh frqwlqxh wr ghqrwh wkh uhdo

ghpdqg vkrfn ri frxqwu| � e| 5�E#�1 Dv ehiruh/ zh ohw # eh jryhuqhg e| d vwdwlrqdu| �uvw

rughu Pdunry surfhvv zlwk wudqvlwlrq pdwul{ �E#c #
�

�/ zkloh #
f
lv jlyhq dv dq lqlwldo frqglwlrq1

Wkh �wk uhsuhvhqwdwlyh frqvxphu lq wkh prqhwdu| zruog hfrqrp| pd{lpl}hv wkh xwlolw|
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ixqfwlrq

[
rM7

q|Er�ZEr���
�
S�
�rc � � � c S

�
arc ,

�
r( 5

�E#r�
�

+7;,

zkhuh S��r ' S��ES
�
��rc ���c S

�
�Ur�/ dqg ,�r lv ohlvxuh1 Wklv pd{lpl}dwlrq lv vxemhfw wr wkh vhtxhqfh ri

rqh shulrg exgjhw frqvwudlqwv/

a[
�'�

U[
�'�

E� n B����.
�
�r�

�
�rS

�
��r n.�

�r

g[
#�'�

'Erc#���
�
Erc#�� n� �

r

� ` �
r

�
7,� � ,�r

�
n-�

r n >�E#�� �
r3� n.�

�r�
�
r iru doo r�+7<,

Khuh/ � �
�r lv wkh sulfh ri jrrg � lq frxqwu| � lq vwdwh rc phdvxuhg lq xqlwv ri fxuuhqf| �/ .�

�r

lv wkh qrplqdo h{fkdqjh udwh phdvxuhg lq xqlwv ri fxuuhqf| � uhtxluhg wr sxufkdvh rqh xqlw

ri fxuuhqf| � lq vwdwh r/ dqg ��
rErc #

�� lv sxufkdvhv lq vwdwh r ri dq Duurz vhfxulw| wkdw sd|v

rqh xqlw ri fxuuhqf| � li hyhqw #� rffxuv dw |Er� n �/ zklfk lv phdvxuhg lq xqlwv ri fxuuhqf|

� dw |Er� n � li hyhqw #� rffxuv1 Lq dgglwlrq/ 'Erc#�� lv wkh vwdwh r fxuuhqf| � sulfh ri d xqlw ri

fxuuhqf| � gholyhuhg dw |Er� n � li #� rffxuv/ dqg -�
r duh sur�wv1

Wkh uhsuhvhqwdwlyh frqvxphu*v xwlolw| pd{lpl}dwlrq sureohp lv frqvwudlqhg dovr e| wkh

frqglwlrq

��
r � � 7�r iru doo rc+83,

zklfk uxohv rxw Srq}l vfkhphv/ zkhuh �r lv d srvlwlyh frqvwdqw wkdw lv vx!flhqwo| odujh wr

qrw rwkhuzlvh elqg lq htxloleulxp1 Ilqdoo|/ wkh �wk frqvxphu*v lqlwldo dvvhw srvlwlrq lv

��
#f

' f�+84,

66



Reylrxvo|/ lq htxloleulxp/ wkh ihdvlelolw| frqglwlrqv iru wkh zruog hfrqrp| pxvw dovr

eh vdwlv�hg1 Ilqdoo|/ zh qrwh wkdw wkh ydoxh ri dq| frxqwu|*v prqh| vwrfn pxvw eh htxdo wr

wkh ydoxh ri zruog qrplqdo h{shqglwxuhv rq wkdw frxqwu|*v jrrgv lq htxloleulxp/ ru

a[
�'�

U[
�'�

E� n B�����
�
�rS

�
��r ' � �

r iru doo rc �1+85,

Lw lv wklv txdqwlw| htxdwlrq wkdw lv hvvhqwldo iru ghulylqj uhodwlrqv ehwzhhq sulfhv lq wkh

prqhwdu| prgho dqg wkrvh lq wkh prgho zlwkrxw prqh|1

Gh�qlwlrq 5 D vhtxhqwldo pdunhwv htxloleulxp lv d vhtxhqfh ri txdqwlwlhv EeS��rceS���rc
e,�rce,��rc e+��rc e��

rcf� �
rc eA �

r�c sulfhv E e� �
�rc f̀�

r c e'rc e.�
�r�/ dqg sur�wv e-�

r vxfk wkdw

41 Jlyhq sulfhv/ sur�wv dqg vhljqlrudjh wudqvihuv/ wkh txdqwlwlhv EeS��rceS���rce,�rc e��
rcf� �

r�

vroyh wkh xwlolw| pd{lpl}dwlrq sureohp ri frqvxphu � lq vwdwh r iru doo �c r>

51 Jlyhq sulfhv/ wkh txdqwlwlhv Ee,��rc e+��r� vroyh wkh sur�w pd{lpl}dwlrq sureohp ri

vhfwru � lq frxqwu| � lq vwdwh r iru doo �c �c r(

61 Wkh prqh| vwrfn f� �
r vdwlv�hv

f� �
r ' >�rf� �

r3� iru doo �c r(

71 e-�
r duh sur�wv lq frxqwu| � lq vwdwh r iru doo �c r >

81 Wkh txdqwlwlhv EeS��rceS���rce,�rce,��rc e+��r� vdwlvi| wkh ihdvlelolw| frqglwlrqv iru doo �c r >

91 Wkh vhfxulwlhv e��
r vdwlvi| wkh pdunhw fohdulqj frqglwlrqv

U[
�'�

e��
r ' f iru doo r>+86,

Lw lv vwudljkwiruzdug wr vkrz wkdw wkhuh h{lvwv dq htxlydohqfh ehwzhhq wkh htxloleulxp

wkdw zh kdyh mxvw gh�qhg dqg dq htxloleulxp ri wkh qrqprqhwdu| hfrqrp| ghvfulehg lq

Gh�qlwlrq 41
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Wkhruhp 6 Vxssrvh wkdw wkh vhtxhqfh ri txdqwlwlhv EeS��rceS���rce,�rce,��rc e+��rc e��
rcf� �

r�c

sulfhv E e� �
�rc f̀�

r c e'rc e.�
�r�/ dqg sur�wv e-�

r lv dq htxloleulxp ri wkh prqhwdu| hfrqrp|1 Wkhq

wkhuh h{lvw vhtxhqfhv ri erqg kroglqjv eK�r/ sulfhv EeR��rc e��
rc êr�/ dqg sur�wv eo�r wkdw/ wrjhwkhu

zlwk wkh txdqwlwlhv EeS��rceS���rce,�rce,��rc e+��r� pdnh xs d vhtxhqfh wkdw lv dq htxloleulxp ri wkh

hfrqrp| zlwkrxw prqh|1

Frqyhuvho|/ vxssrvh wkdw wkh vhtxhqfh ri txdqwlwlhv EeS��rceS���rce,�rce,��rc e+��rceK�r�c sulfhv
EeR���rc e��

rc êr�/ dqg sur�wv eo�r lv dq htxloleulxp ri wkh hfrqrp| zlwkrxw prqh|1 Vxssrvh wrr

wkdw >�E#�/ � ' �c ���c Uc duh prqhwdu| vkrfnv dqg �
�

f
/ � ' �c ���c Uc duh lqlwldo ydoxhv ri prqh|1

Wkhq wkhuh h{lvw erqg kroglqjv e��
r/ prqh| vwrfnv f� �

r/ sulfhv E e� �
�rc f̀�

rc e'rc e.�
�r�/ dqg suri0

lwv e-�
r wkdw/ wrjhwkhu zlwk wkh txdqwlwlhv EeS��rceS���rce,�rce,��rc e+��r� pdnh xs d vhtxhqfh wkdw lv dq

htxloleulxp ri wkh prqhwdu| hfrqrp|1

Surri Frqvlghu d vhtxhqfh ri txdqwlwlhv EeS��rceS���rce,�rce,��rc e+��rc e��
rcf� �

r�c sulfhv E e� �
�rc f̀�

r c

e'rc e.�
�r�/ dqg sur�wv

e-�
r wkdw lv dq htxloleulxp ri wkh prqhwdu| hfrqrp|1 Qrupdol}h eR��r ' ��

Gh�qh

eR��r ' e.�

�r
e� �
�r* e� �

�r+87,

Qrz gh�qh d qrplqdo sulfh ohyho e� �
r xvlqj wkh txdqwlw| htxdwlrq

e� �
r ' f� �

r*
a[

�'�

U[
�'�

E� n B����eR��reS���r�+88,

Lw lv qrz hdv| wr dvvljq ydoxhv wr wkh uhvw ri wkh yduldeohv=

eK�r ' e��
r* e� �

r+89,

e��
r ' f̀�

r* e� �
r+8:,

êErc#�� ' e� �

Erc#��
e'Erc#��* e� �

r+8;,
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eo�r ' e-�
r* e� �

r �+8<,

Lw lv qrz d phfkdqlfdo pdwwhu wr yhuli| wkdw doo ri wkh htxloleulxp frqglwlrqv iru wkh hfrqrp|

zlwkrxw prqh| duh vdwlv�hg1

Qrz frqvlghu d vhtxhqfh ri txdqwlwlhv EeS��rceS���rce,�rce,��rc e+��rceK�r�c sulfhv EeR���rc e��
rc êr�/ dqg

sur�wv eo�r wkdw lv dq htxloleulxp ri wkh hfrqrp| zlwkrxw prqh|1 Jlyhq wkh lqlwldo ydoxhv ri

wkh prqh| vwrfn �
�

#f
c xvh wkh prqhwdu| vkrfnv >�E#� wr jhqhudwh wkh vhtxhqfhv ri prqh|

vwrfnv

f� �
Erc#�� ' >�E#��f� �

r+93,

Djdlq gh�qh wkh qrplqdo sulfh ohyhof� �

r xvlqj wkh txdqwlw| htxdwlrq

e� �
r ' f� �

r*
a[

�'�

U[
�'�

E� n B����eR��reS���r�+94,

Rqfh djdlq/ lw lv hdv| wr dvvljq ydoxhv wr wkh uhvw ri wkh yduldeohv=

e��
r ' e� �

r
eK�r+95,

e� �
�r ' e� �

reR��r+96,

f̀�
r ' e� �

r e��
r+97,

e'Erc#�� ' e� �

r êErc#��* e� �

Erc#��+98,

e.�
�r ' e� �

r* e� �
r+99,

e-�
r ' e� �

reo�r+9:,

Ilqdoo|/ lw lv djdlq d phfkdqlfdo pdwwhu wr yhuli| wkdw doo ri wkh htxloleulxp frqglwlrqv iru wkh

prqhwdu| hfrqrp| duh vdwlv�hg1 �
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Vlqfh wkh qrplqdo yduldeohv lq wklv prgho iroorz udqgrp zdonv/ lw pdnhv qr vhqvh wr

frpsduh gdwd dqg prgho uhvxowv lqyroylqj ohyhov1 Lqvwhdg/ zh frpsduh �uvw gl�huhqfhv lq

wkh gdwd zlwk wkh fruuhvsrqglqj �uvw gl�huhqfhv lq wkh prgho uhvxowv1 Wdeoh < frpsduhv wkh

vwdqgdug ghyldwlrqv ri �uvw gl�huhqfhv lq wkh gdwd zlwk wkrvh lq wkh prgho1

Wdeoh <

Vwdqgdug Ghyldwlrqv ri Iluvw Gl�huhqfhv

Gdwd Prgho
{t �r 5144: 51735
{A��r 31384 31433
{t 6e% 714:: 7187;
{A�6e% 41597 51639
{-.- 491893 4814<3

{-̂.- 61<;; 61:6<
{��r 519<5 519<5
{� �r 51364 61673
{�6e% 481:39 481:39
{�6e% 5619:8 4:1:89
{�.- 641<97 5<13;5

Wdeoh 43 frpsduhv wkh fruuhodwlrqv dprqj �uvw gl�huhqfhv lq wkh gdwd zlwk wkrvh lq

wkh prgho iru wkh uhdo yduldeohv1

6:



Wdeoh 43

Fruuhodwlrqv ri Iluvw Gl�huhqfhv
Gdwd2+Prgho,

{t �r {A��r {t 6e% {A�6e% {-.-

{A��r 31679
+03177<,

{t 6e% 313<5 31984
+313:8, +31;7:,

{A�6e% 0315<9 031<8; 031:63
+3177<, +031<:3, +031;7<,

{-.- 0316;; 031;53 031:63 31;89
+31788, +031<<8, +031;85, +31<<3,

{-̂.- 31559 0316<; 031:68 3184; 3187:
+318<6, +031<<3, +031;89, +31<<8, +31<<<,

Wdeoh 44 surylghv dgglwlrqdo frpsdulvrqv ri fruuhodwlrqv ri �uvw gl�huhqfhv lq wkh gdwd

zlwk wkrvh lq wkh prgho lqyroylqj wkh qrplqdo yduldeohv1 Qrwlfh wkh kljk fruuhodwlrqv ehwzhhq

wkh �uvw gl�huhqfhv lq wkh qrplqdo dqg wkh uhdo h{fkdqjh udwh/ erwk lq wkh prgho dqg lq wkh

gdwd1

6;



Wdeoh 44

Dgglwlrqdo Fruuhodwlrqv ri Iluvw Gl�huhqfhv
Gdwd2+Prgho,

{��r {� �r {�6e% {�6e% {�.-

{t �r 31477 031679 031577 313;: 031448
+31477, +031936, +31336, +031365, +315;;,

{A��r 31463 031385 031686 031443 031835
+031399, +315:3, +0315<3, +0317:6, +031;73,

{t 6e% 0314;4 31494 031668 0318:4 031;44
+3133<, +031379, +031668, +031886, +031:::,

{A�6e% 031395 31359 315;5 31456 31865
+31399, +0315:3, +315<4, +317:8, +31;6;,

{-.- 3156< 03144< 31793 31566 319<<
+3139:, +0315:7, +315<5, +317:9, +31;78,

{-̂.- 31448 031559 31764 318<6 31:6:
+31399, +0315:4, +315<6, +317:;, +31;78,

{� �r 0317::
+31:35,

{�6e% 0313:8 3157:
+0313:8, +031389,

{�6e% 03133< 313;8 3196:
+03139;, +031365, +31<:3,

{�.- 3147: 031395 319<7 31;89
+0313;;, +0315:;, +31:84, +31;96,

<1 Frqfoxglqj Uhpdunv

Dq lqwhuqdwlrqdo uhdo exvlqhvv prgho zlwk vhfwrudo ghwdlo dqg gl�hulqj ghjuhhv ri wudg0

delolw| dprqj vhfwrudo rxwsxwv kdv wkh srwhqwldo wr dffrxqw iru erwk uhodwlyh sulfh pryhphqwv

e| vhfwru dqg iru uhdo h{fkdqjh udwh  xfwxdwlrqv lq Ph{lfr0X1V1 gdwd1

Wklv h{huflvh kdv ehhq d �uvw fxw1 Wkh dssurdfk lv zruwk ixuwkhu zrun1

6<



Uhihuhqfhv

Edfnxv/ G1N1/ S1M1 Nhkrh/ dqg I1H1 N|godqg +4<<5,/ �Lqwhuqdwlrqdo Uhdo Exvlqhvv F|fohv/�

Mrxuqdo ri Srolwlfdo Hfrqrp|/ 433/ :78�::81

Edfnxv/ G1N1/ S1M1 Nhkrh/ dqg I1H1 N|godqg +4<<7,/ �G|qdplfv ri wkh Wudgh Edodqfh dqg

wkh Whupv ri Wudgh= Wkh M0FxuyhB� Dphulfdq Hfrqrplf Uhylhz/ ;7/ ;704361

Ehwwv/ F1P1 dqg P1E1 Ghyhuhx{ +5333,/ �H{fkdqjh Udwh G|qdplfv lq d Prgho ri Sulflqj0wr0

Pdunhw/� Mrxuqdo ri Lqwhuqdwlrqdo Hfrqrplfv/ 83/ 54805771

Fkdul/ Y1Y1/ S1M1 Nhkrh/ dqg H1U1 PfJudwwdq +4<<9,/ �Wkh Sryhuw| ri Qdwlrqv= D Txdqwl0

wdwlyh H{sorudwlrq/� Ihghudo Uhvhuyh Edqn ri Plqqhdsrolv Vwd� Uhsruw= 5371

Hqjho/ F1 +4<<<,/�Dffrxqwlqj iru X1V1 Uhdo H{fkdqjh Udwh Fkdqjhv/� Mrxuqdo ri Srolwlfdo

Hfrqrp|/ 43:/ 83:�86;1

Ihuqdqgh} gh Frugred/ J1 dqg W1M1 Nhkrh +5333,/ �Fdslwdo Iorzv dqg Uhdo H{fkdqjh Udwh

Pryhphqwv Iroorzlqj Vsdlq*v Hqwu| lqwr wkh Hxurshdq Frppxqlw|/� Mrxuqdo ri Lq0

whuqdwlrqdo Hfrqrplfv/ 84/ 7<0:;1

Nhkrh/ S1M1 dqg W1M1 Nhkrh +4<<7,/ �D Sulphu rq Vwdwlf Dssolhg Jhqhudo Htxloleulxp Prg0

hov/� Ihghudo Uhvhuyh Edqn ri Plqqhdsrolv Txduwhuo| Uhylhz/ 4;=5/ 5�491

Phqgr}d/ H1J1 +4<<4,/ �Uhdo Exvlqhvv F|fohv lq d Vpdoo Rshq Hfrqrp|/� Dphulfdq Hfr0

qrplf Uhylhz/ ;4/ 4445�44581

Uhehor/ V1 dqg F1 Yhjk +4<<8,/ �Uhdo H�hfwv ri H{fkdqjh0Udwh0Edvhg Vwdelol}dwlrq= Dq Dqdo0

|vlv ri Frpshwlqj Wkhrulhv/� lq E1V1 Ehuqdqnh dqg M1M1 Urwhpehuj/ hglwruv/ QEHU

Pdfurhfrqrplfv Dqqxdo 4<<81 Fdpeulgjh/ PD= PLW Suhvv/ 458�4:61
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Vwrfnpdq/ D1F1/ dqg O1O1 Whvdu +4<<8,/ �Wdvwhv dqg Whfkqrorj| lq d Wzr0Frxqwu| Prgho

ri wkh Exvlqhvv F|foh= H{sodlqlqj Lqwhuqdwlrqdo Frpryhphqwv/� Dphulfdq Hfrqrplf

Uhylhz/ ;8/ 49;�4;81

Wxuqryvn|/ V1M1 +4<<:,/ Lqwhuqdwlrqdo G|qdplf Pdfurhfrqrplfv1 Fdpeulgjh/ PD= PLW

Suhvv1
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