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Devwudfw

Zh vkrz wkdw wkh uhfhqwo| ghyhorshg qrqsdudphwulf surfhgxuh iru ?wwlqj wkh whup vwuxfwxuh

ri lqwhuhvw udwhv ghyhorshg e| Olqwrq/ Pdpphq/ Qlhovhq/ dqg Wdqjjddug +5333, ryhudoo shuirupv

qrwdeo| ehwwhu wkdq wkh kljko|  h{leoh PfFxoorfk +4<:8, fxelf vsolqh dqg Idpd dqg Eolvv +4<;:,

errwvwuds phwkrgv1 Krzhyhu/ li lqwhuhvw lv olplwhg wr wkh Wuhdvxu| eloo uhjlrq dorqh wkhq wkh

Idpd0Eolvv phwkrg ghprqvwudwhv vxshulru shuirupdqfh1 Zh ixuwkhu vkrz/ yld vlpxodwlrq/ wkdw

xvlqj wkh hvwlpdwhg vkruw udwh iurp wkh Olqwrq0Pdpphq0Qlhovhq0Wdqjjddug surfhgxuh dv d

sur{| iru wkh vkruw udwh kdv kljkhu suhflvlrq wkhq wkh frpprqo| xvhg sur{lhv ri wkh rqh dqg

wkuhh prqwk Wuhdvxu| eloo udwhv1 Lw lv ghprqvwudwhg wkdw wklv suhflvlrq lv lpsruwdqw zkhq xvlqj

sur{lhv wr hvwlpdwh wkh vwrfkdvwlf surfhvv jryhuqlqj wkh hyroxwlrq ri wkh vkruw udwh1

4 Lqwurgxfwlrq

Wkh whup vwuxfwxuh ri lqwhuhvw udwhv lv fhqwudo wr doo prghov ri ?{hg0lqfrph vhfxulw| sulflqj1 Sulph

h{dpsohv ri frqwlqxrxv wlph prghov ri wkh whup vwuxfwxuh lqfoxgh Ydvlfhn +4<::,/ Fr{/ Lqjhuvroo dqg

Urvv +4<;8,/ Kxoo dqg Zklwh +4<<3,/ dqg Khdwk/ Mduurz/ dqg Pruwrq +4<<5,1 Lq erwk wkh Ydvlfhn

dqg Fr{0Lqjhuvroo0Urvv prghov wkh hyroxwlrq ri wkh vkruw whup lqwhuhvw udwh dqg ulvn suhihuhqfhv duh

vshfl?hg> wklv ghwhuplqhv wkh whup vwuxfwxuh rq dq| jlyhq gd|1 Kxoo dqg Zklwh ghprqvwudwhv krz

wr h{whqg erwk ri wkhvh prghov vr wkdw wkh| fdq eh fdoleudwhg wr dq revhuyhg lqlwldo whup vwuxfwxuh1

úDqguhz Mh>uh|/ \doh Vfkrro ri Pdqdjhphqw/ SR Er{ 53;533/ Qhz Kdyhq FW1 398530;5331 Skrqh= +536, 765

935<1 Id{= +536, 765 9<:31 Hpdlo= Dqguhz1Mh>uh|C|doh1hgx
|Ghsduwphqw ri Hfrqrplfv/ Orqgrq Vfkrro ri Hfrqrplfv/ Krxjkwrq Vwuhhw/ Orqgrq ZF5D 5DH/ Xqlwhg Nlqjgrp1

H0pdlo dgguhvv= olqwrqrCovh1df1xn1
}Edqn ri Dphulfd Vhfxulwlhv/ Vdq Iudqflvfr/ FD <7444/ X1V1D1
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Khdwk0Mduurz0Pruwrq ghyldwh vljql?fdqwo| iurp wkhvh sdudgljpv e| wdnlqj dq lqlwldo whup vwuxfwxuh

dv jlyhq dqg prghov wkh hyroxwlrq ri wkh zkroh fxuyh1

Xqiruwxqdwho|/ dw dq| srlqw lq wlph wkh zkroh whup vwuxfwxuh lv qrw gluhfwo| revhuydeoh1 Frqvlghu

jryhuqphqw erqgv/ zklfk lv d qdwxudo gdwd vhw iurp zklfk wr rewdlq wkh whup vwuxfwxuh1 Wkhuh duh

vhyhudo revwdfohv lq sodfh1 Wkh ?uvw/ dqg prvw reylrxv/ gl!fxow| lv wkdw rqo| d ?qlwh froohfwlrq ri

erqgv duh revhuyhg dv rssrvhg wr d ghvluhg frqwlqxxp1 Vhfrqg/ doo erqgv lvvxhg zlwk pdwxulwlhv

juhdwhu wkdq rqh |hdu duh frxsrq ehdulqj/ h{fhsw iru erqgv fuhdwhg xvlqj wkh uhfhqwo| lqwurgxfhg

VWULSV surjudp14 Wkh h{lvwhqfh ri frxsrq sd|phqwv lv xqghvludeoh ehfdxvh wkhruhwlfdo whup vwuxf0

wxuh prghov/ vxfk dv wkrvh phqwlrqhg deryh/ dozd|v pdnh uhihuhqfh wr wkh }hur0frxsrq erqg whup

vwuxfwxuh1 Wklug/ pdq| wkhruhwlfdo prghov dovr dvvxph wkdw doo erqgv duh ghidxow0iuhh zlwkrxw ihd0

wxuhv vxfk dv fdoodelolw| dqg2ru vshfldo wd{ sulylohjhv1 Wklv xqiruwxqdwho| olplwv wkh gdwd wkdw fdq eh

xvhg1 Ilqdoo|/ oltxlglw| sureohpv duh vrphwlphv suhvhqw1 Lw kdv ehhq zhoo grfxphqwhg wkdw Wuhdvxu|

qrwhv dqg erqgv zlwk ohvv wkdq rqh |hdu wr pdwxulw|/ dqg Wuhdvxu| eloov zlwk ohvv wkdq rqh prqwk wr

pdwxulw|/ duh looltxlg +vhh Idpd dqg Eolvv +4<;:,/ Vdulj dqg Zdujd +4<;<,/ Dplkxg dqg Phqghovrkq

+4<<4,/ Gx>hh +4<<9,/ Eolvv +4<<:,,1

Rxu lqwhuhvw lq hvwlpdwlqj wkh }hur0frxsrq erqg whup vwuxfwxuh lv wzr0irog1 Iluvw/ hvwlpdwlrq ri

wkh glvfrxqw ixqfwlrq hdfk gd| vkrxog eh frqvlghuhg dv d yhklfoh wr h{soruh wkh lqwhuwhpsrudo ehkdylru

ri wkh whup vwuxfwxuh1 Lq idfw vxfk h{wudfwlrq surfhgxuhv duh dovr d suh0uhtxlvlwh iru lqwhuwhpsrudo

prghov uhtxlulqj wkh vshfl?fdwlrq ri dq lqlwldo whup vwuxfwxuh/ vxfk dv Kxoo dqg Zklwh +4<<3, dqg

Khdwk/ Mduurz dqg Pruwrq +4<<5,1 Vhfrqg/ ri sduwlfxodu lqwhuhvw lv wkh hvwlpdwlrq ri wkh yhu| vkruw

hqg ri wkh whup vwuxfwxuh vlqfh prvw prghov ri wkh whup vwuxfwxuh*v hyroxwlrq kdyh wkh vkruw whup

lqwhuhvw udwh dv d vwdwh yduldeoh1 Wkh lpsruwdqfh ri wkh vkruw hqg lv kljkoljkwhg e| wkh idfw wkdw

wkh hyroxwlrq ri wkh vkruw0whup lqwhuhvw udwh xqghu wkh ulvn0qhxwudo suredelolw| phdvxuh lv hqrxjk wr

fkdudfwhul}h wkh zkroh whup vwuxfwxuh1

Wkh ?uvw zrun ghdolqj zlwk wkh h{wudfwlrq ri wkh +xqrevhuyhg, }hur0frxsrq erqg whup vwuxfwxuh lv

dffuhglwhg wr PfFxoorfk +4<:4/ 4<:8, zkr sursrvhg ?wwlqj wkh glvfrxqw ixqfwlrq zlwk txdgudwlf dqg

fxelf vsolqhv1 Ydulrxv dowhuqdwlyh sdudphwulf phwkrgv iroorzhg= Fkdpehuv/ Fduohwrq/ dqg Zdogpdq

+4<;7, xvh sro|qrpldov wr hvwlpdwh wkh |lhog fxuyh/ Ydvlfhn dqg Irqj +4<;5, xvh h{srqhqwldo vsolqhv wr

hvwlpdwh wkh glvfrxqw ixqfwlrq/ dqg Qhovrq dqg Vlhjho +4<;:, xvh d vhfrqg0rughu frqvwdqw0frh!flhqw

sduwldo gl>huhqwldo htxdwlrq wr ?w wkh |lhog fxuyh lq d sduvlprqlrxv idvklrq1 Ilvkhu/ Q|fknd/ ]huyrv

43Vwulsshg4 qrwhv dqg erqgv duh lvvxhv wkdw kdyh kdg wkhlu frpsrqhqw fdvk  rzv wudghg vhsdudwho|1 Wkh Wuhdvxu|

grhv qrw vhoo wkh lqglylgxdo fdvk  rzv/ wklv lv grqh e| ghdohuv wkdw ?uvw sxufkdvh d frxsrq ehdulqj qrwh ru erqg1 Lq

4<;8 wkh Wuhdvxu| shuplwwhg wklv uhvdoh ri lqglylgxdo fdvk  rzv iru d olplwhg vhohfwlrq ri qrwhv dqg erqgv 0 fdoohg wkh

VWULSV surjudp1 Dv ri Vhswhpehu 4<<; doo Wuhdvxu| qrwhv dqg erqgv lvvxhg rq ru diwhu Vhswhpehu 63/ 4<<: duh doo

holjleoh iru wkh VWULSV surjudp1
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+4<<8, dqg Zdjjrqhu +4<<:, prgli| wkh PfFxoorfk fxelf vsolqh surfhgxuh e| dgglqj d ixqfwlrq wr

shqdol}h odujh yduldwlrqv lq wkh hvwlpdwhg |lhog fxuyh wkdw fdq rffxu zlwk ryhu0?wwlqj1 Idpd dqg

Eolvv +4<;:, dssurdfk wkh whup vwuxfwxuh hvwlpdwlrq sureohp gl>huhqwo|1 Lqvwhdg ri surylglqj d fxuyh

?wwlqj surfhgxuh wkh| xvh dq lwhudwlyh vfkhph/ uhihuuhg wr dv 3errwvwudsslqj4/ zkhuh d slhfh0zlvh

frqvwdqw iruzdug udwh fxuyh lv fkrvhq wr h{dfwo| sulfh doo erqgv15 Dq h{fhoohqw sdshu wkdw frpsduhv

d odujh vxevhw ri wkh deryh whup vwuxfwxuh h{wudfwlrq phwkrgv lv surylghg e| Eolvv +4<<:,1 Lq vkruw/

edvhg rq rxw0ri0vdpsoh whvwv/ kh frqfoxghv wkdw wkh Idpd0Eolvv phwkrg shuirupv ehwwhu wkdq doo

rwkhu phwkrgv dqg wkh PfFxoorfk fxelf vsolqh lv wkh ehwwhu shuiruphu dprqjvw wkh uhpdlqlqj fxuyh

?wwlqj surfhgxuhv1

Uhfhqwo|/ Olqwrq/ Pdpphq/ Qlhovhq/ dqg Wdqjjddug +5333, +OPQW khuhdiwhu, kdyh ghyhorshg

d qrqsdudphwulf nhuqho vprrwklqj surfhgxuh wr ?w wkh glvfrxqw ixqfwlrq1 Wklv dssurdfk lv kljko|

 h{leoh zlwk uhjdug wr wkh ixqfwlrqdo irup ri wkh hvwlpdwhg fxuyh> wkh wudgh0r> ehwzhhq xqghu2ryhu0

?wwlqj lv frqwuroohg e| wkh 3edqgzlgwk4 wkdw ghwhuplqhv wkh txdqwlw| ri qhdue| lqirupdwlrq xvhg wr

hvwlpdwh wkh |lhog dw d sduwlfxodu pdwxulw|1 OPQW +5333, prvwo| surylghv d ghvfulswlrq ri wkh odujh

vdpsoh wkhruhwlfdo surshuwlhv ri wkh glvfrxqw ixqfwlrq*v hvwlpdwh exw wkh uhodwlyh shuirupdqfh ri wklv

hvwlpdwh frpsduhg zlwk rwkhu whup vwuxfwxuh h{wudfwlrq phwkrgv kdv qrw ehhq hvwdeolvkhg rq uhdo

gdwd1 Wklv prwlydwhv wkh ?uvw sduw ri wkh suhvhqw sdshu= zh frqvlghu d prgl?hg yhuvlrq ri wkh OPQW

surfhgxuh/ surylgh wkh ?uvw rughu frqglwlrqv qhfhvvdu| wr vroyh wkh rswlpl}dwlrq sureohp lq d wlpho|

idvklrq/ dqg ?qdoo| hpslulfdoo| frpsduh wklv whup vwuxfwxuh hvwlpdwlrq surfhgxuh wr rwkhu  h{leoh

whup vwuxfwxuh h{wudfwlrq phwkrgv16 Lq rxu frpsdulvrq zh rqo| frqvlghu wkh Idpd0Eolvv +4<;:,

errwvwudsslqj phwkrg dqg wkh PfFxoorfk +4<:8, fxelf vsolqh phwkrg vlqfh= l, wkh OPQW phwkrg

lv qrw sduvlprqlrxv dqg zh zlvk wr frpsduh lw wr rwkhu qrq0sduvlprqlrxv phwkrgv/ dqg ll, Eolvv

+4<<:, kdv fohduo| ghprqvwudwhg wkh vxshulru shuirupdqfh ri erwk wkh Idpd0Eolvv dqg PfFxoorfk

surfhgxuhv uhodwlyh wr rwkhu h{lvwlqj phwkrgv17

Xvlqj X1V1 Wuhdvxu| eloov/ qrwhv dqg erqgv zlwk wlph0wr0pdwxulwlhv rxw wr whq |hduv rewdlqhg

iurp wkh FUVS erqgv gdwd vhw ryhu wkh shulrg Mdqxdu| 4<:3 wr Ghfhpehu 4<<; zh frqfoxgh wkdw

wkh prgl?hg OPQW surfhgxuh ghprqvwudwhv qrwdeoh vxshulru shuirupdqfh rq dyhudjh1 Lq0vdpsoh

uhvxowv vxjjhvw wkdw wkh OPQW phwkrg lv suhihuuhg wr PfFxoorfk*v fxelf vsolqh :3( wr ;8( ri

wkh wlph dfurvv wkh zkroh pdwxulw| vshfwuxp18 Rxw0ri0vdpsoh wkh OPQW surfhgxuh lv suhihuuhg wr

5Qrwh wkdw wkhlu lpsohphqwdwlrq uhtxluhv wkh holplqdwlrq ri vxvslflrxv txrwhv xvlqj d vhulhv ri ?owhuv1
6Wkh prgl?fdwlrq frqvlghuhg lv wr hvwlpdwh wkh |lhog fxuyh lqvwhdg ri wkh glvfrxqw ixqfwlrq1 Wklv zdv vxjjhvwhg

lq OPQW +5333, dv dq h{whqvlrq1
7Zh frqgxfwhg vrph suholplqdu| dqdo|vlv xvlqj rwkhu whup vwuxfwxuh ?wwlqj surfhgxuhv dqg rxu uhvxowv frqiruphg

wr wkh ?qglqjv ri Eolvv +4<<:,1
8Lq0vdpsoh frpsdulvrq wr wkh Idpd0Eolvv phwkrg lv qrw frqvlghuhg dv wklv phwkrg zloo/ e| frqvwuxfwlrq/ surylgh

dq doprvw shuihfw ?w1
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PfFxoorfk*v fxelf vsolqh dssur{lpdwho| :8( ri wkh wlph iru vhfxulwlhv zlwk ohvv wkdq rqh |hdu xqwlo

pdwxulw|/ 9<( ri wkh wlph iru vhfxulwlhv zlwk pdwxulwlhv ehwzhhq rqh dqg wkuhh |hduv/ 85( ri wkh

wlph iru vhfxulwlhv zlwk pdwxulwlhv ehwzhhq wkuhh wr ?yh |hduv/ dqg 96( ri wkh wlph iru vhfxulwlhv zlwk

pdwxulwlhv juhdwhu wkdq ?yh |hduv1 Zlwk uhvshfw wr wkh Idpd0Eolvv phwkrg zh ?qg wkdw wkh OPQW

surfhgxuh lv rqo| suhihuuhg d glvdssrlqwlqj 4;( ri wkh wlph iru vhfxulwlhv zlwk ohvv wkdq rqh |hdu

xqwlo pdwxulw|1 Krzhyhu eh|rqg rqh |hdu wkh OPQW phwkrg lv suhihuuhg :4(/ ::( dqg 97( ri wkh

wlph rq wkh rqh wr wkuhh/ wkuhh wr ?yh/ dqg eh|rqg ?yh |hdu pdwxulw| uhjlrqv uhvshfwlyho|1 D vlplodu

sdwwhuq rffxuv zkhq frpsdulqj wkh PfFxoorfk phwkrg wr wkh Idpd0Eolvv vfkhph lq wkdw wkh odwwhu lv

rqo| suhihuuhg zkhq frqvlghulqj vhfxulwlhv zlwk ohvv wkdq rqh |hdu xqwlo pdwxulw|1 Wklv vxjjhvwv wkdw

wkh sulpdu| ehqh?w ri xvlqj wkh Idpd0Eolvv errwvwudsslqj surfhgxuh lv lq wkh Wuhdvxu|0eloo uhjlrq

ri wkh whup vwuxfwxuh krzhyhu iru orqjhu pdwxulw| vhfxulwlhv zh duh ehwwhu r> xvlqj d fxuyh ?wwlqj

surfhgxuh vxfk dv wkh OPQW phwkrg1

Jlyhq wkh lpsruwdqfh ri wkh vkruw0hqg ri wkh whup vwuxfwxuh wkh vhfrqg frpsrqhqw ri wklv sdshu

vwxglhv wkh vkruw udwh hvwlpdwh rewdlqhg e| xvlqj wkh deryh OPQW surfhgxuh1 Sur{lhv iru wkh

vkruw udwh ydu| iurp vwxg| wr vwxg|= Fkdq/ Nduro|l/ Orqjvwd>/ dqg Vdqghuv +4<<5, xvh wkh rqh

prqwk Wuhdvxu| eloo udwh> Dòw0Vdkdold +4<<9e, xvhv wkh vhyhq gd| Hxurgroodu ghsrvlw vsrw udwh>

Frqoh|/ Kdqvhq/ Oxwwphu/ dqg Vfkhlqnpdq +4<<:, xvh wkh Ihghudo ixqgv udwh> Vwdqwrq +4<<:, xvhv

wkh wkuhh prqwk Wuhdvxu| eloo udwh1 Dw ?uvw jodqfh doo ri wkhvh sur{lhv vhhp uhdvrqdeoh krzhyhu vrph

txhvwlrqv uhjduglqj wkhlu dssursuldwhqhvv kdyh uhfhqwo| ehhq udlvhg1 Lq sduwlfxodu Gx>hh +4<<9,

?qgv lglrv|qfudwlf ehkdylru lq yhu| vkruw whup X1V1 Wuhdvxu| eloov dqg vxjjhvwv xvlqj wkh wkuhh

prqwk Wuhdvxu| eloo udwh dv rssrvhg wr d vkruwhu pdwxulw| udwh1 Fkdspdq0Orqj0Shduvrq +4<<<,

ghprqvwudwh wkdw li wkh whup vwuxfwxuh ri lqwhuhvw udwhv lv gulyhq e| d qrq0d!qh whup vwuxfwxuh

prgho wkhq dq hfrqrplfdoo| vljql?fdqw gl>huhqfh fdq dulvh ehwzhhq wkh xvh ri rqh prqwk dqg wkuhh

prqwk vsrw udwh sur{lhv iru wkh vkruw udwh1 Krzhyhu/ rqh lvvxh wkdw lv qrw frqvlghuhg lq wkh deryh

vwxglhv lv wkh lpsdfw ri revhuydwlrq qrlvh lq sulfhv dqg lw lv wklv lvvxh wkdw zh zlvk wr dgguhvv1

Rqh phwkrg ri uhgxflqj wkh lq xhqfh ri revhuydwlrq qrlvh lv wr xvh d fxuyh0?wwlqj surfhgxuh wr

hvwlpdwh wkh yhu| vkruw whup hqg ri wkh whup vwuxfwxuh1 Wkh uhvxowlqj sur{| iru wkh vkruw udwh vkrxog

h{klelw ohvv huuru iru wkh reylrxv uhdvrq wkdw wkh fxuyh0?wwlqj surfhgxuh 3dyhudjhv wkh huuruv4 suhvhqw

lq revhuyhg sulfhv1 Zh ghprqvwudwh wklv lq wkh sdshu yld d vlpxodwlrq vwxg|= frxsrq0erqg sulfhv duh

jhqhudwhg zlwk huuru/ wkh whup vwuxfwxuh lv wkhq h{wudfwhg xvlqj wkh prgl?hg OPQW phwkrgrorj|/

dqg d frpsdulvrq ehwzhhq vhyhudo vkruw whup lqwhuhvw udwh sur{lhv lv frqgxfwhg1 Wkh frpsdulvrq

lqyroyhv vwxg|lqj= l, hdfk sur{|*v ghyldwlrq iurp wkh wuxh vkruw udwh jhqhudwhg iurp wkh vlpxodwlrq/

dqg ll, wkh xvh ri hdfk sur{| lq wkh hvwlpdwlrq ri wkh guliw dqg gl>xvlrq frh!flhqwv ri wkh vwrfkdvwlf

surfhvv fkdudfwhul}lqj wkh hyroxwlrq ri wkh vkruw udwh1 Dv h{shfwhg/ wkh OPQW0edvhg hvwlpdwh ri wkh

vkruw udwh kdv kljkhu suhflvlrq uhodwlyh wr wkh xvh ri wkh rqh2wkuhh prqwk Wuhdvxu| eloo udwhv1 Zh
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dovr uhfryhu wkh uhvxow ri Gx>hh +4<<9, lq wkdw wkh wkuhh prqwk Wuhdvxu| eloo udwh surylghv d ehwwhu

sur{| wr wkh vkruw udwh wkdq wkh wkuhh prqwk Wuhdvxu| eloo udwh1 Wklv lv ehfdxvh wkh huuru lq |lhog

uhvxowlqj iurp wkh qrlvh lq sulfhv lv dpsol?hg zkhq wkh vhfxulw|*v wlph0wr0pdwxulw| ghfuhdvhv1 Wkh

lpsruwdqfh ri xvlqj d vkruw udwh sur{| zlwk orz qrlvh lv kljkoljkwhg zkhq xvlqj lw wr hvwlpdwh guliw

dqg gl>xvlrq frh!flhqwv iurp lqwhuhvw udwh fkdqjhv1 Wkh vlpxodwlrq ghprqvwudwhv wkdw wkh eldv lq d

gl>xvlrq hvwlpdwh dqg wkh delolw| wr hvwlpdwh wkh vorsh ri wkh guliw ghshqgv khdylo| rq wkh delolw| wr

rewdlq d pruh suhflvh hvwlpdwh1

Wkh uhpdlqghu ri wklv sdshu surfhhgv dv iroorzv1 Lq Vhfwlrq 5 wkh prgl?hg OPQW +5333,/ Idpd0

Eolvv +4<;:, dqg PfFxoorfk +4<:8, whup vwuxfwxuh h{wudfwlrq surfhgxuhv duh ghvfulehg1 Vhfwlrq 6

frqwdlqv wkh frpsdulvrq phwkrgrorj|/ gdwd ghvfulswlrq/ dqg uhvxowv1 D vlpxodwlrq vwxg| ghprqvwudw0

lqj d ehqh?w ri xvlqj d fxuyh ?wwlqj surfhgxuh wr h{wudfw d sur{| iru wkh vkruw whup lqwhuhvw udwh lv

surylghg lq vhfwlrq 71 Vhfwlrq 8 vxppdulhv dqg frqfoxghv1

5 Whup Vwuxfwxuh H{wudfwlrq Phwkrgv

Lq wklv vhfwlrq zh surylgh rxu lpsohphqwdwlrq ri wkh OPQW +5333, surfhgxuh dqg ghvfuleh erwk wkh

PfFxoorfk +4<:8, dqg Idpd dqg Eolvv +4<;:, phwkrgv iru h{wudfwlqj wkh whup vwuxfwxuh ri lqwhuhvw

udwhv1 Doo ri wkhvh surfhgxuhv hvwlpdwh wkh whup vwuxfwxuh dw wlph | zlwk erqg gdwd revhuyhg dw wkdw

wlph rqo| dqg khqfh wkh| ljqruh wkh lqwhuwhpsrudo dvshfwv ri wkh whup vwuxfwxuh*v hyroxwlrq1 Doo

erqgv duh lghdolvwlfdoo| ghidxow0iuhh dqg surylgh d vwuhdp ri qrq0udqgrp fdvk  rzv dw nqrzq wlphv

lq wkh ixwxuh1 Lq hqvxlqj vhfwlrqv zh wdnh dv jlyhq ù erqg sulfhv doo revhuyhg dw wkh vdph srlqw

lq wlph1 Wkh ð|û revhuyhg erqg sulfh lv ghqrwhg å ð dqg wklv erqg surylghv nqrzq fdvk  rzv Kðæ dw

wlphv ô ðæ lq wkh ixwxuh iru æ ' �c é é é c6ð1 Wkh glvfrxqw ixqfwlrq/ ghqrwhg _Eüä/ lv h{wudfwhg iurp wkhvh

revhuyhg erqg sulfhv e| lpsrvlqj wkh vwdwlf qr0duelwudjh frqglwlrq/ zklfk kdv wkh lqwhusuhwdwlrq

wkdw wkh sulfh ri dq| erqg lv wkh vxp ri doo lwv glvfrxqwhg fdvk  rzv/ wkdw lv å ð ' åT ðc zkhuh

åT ð '
S6ð

æ'� K
ð
æ_Eô

ð
æä lv wkh glvfrxqwhg suhvhqw ydoxh lq zklfk _Eô ä lv wkh glvfrxqwhg ydoxh ri rqh

groodu wr eh uhfhlyhg dw wlph ô 1 Lq sudfwlfh/ zh fdq h{shfw wkhuh wr eh vpdoo huuruv lq wklv uhodwlrq

zkhq dssolhg wr dfwxdo gdwd1 Iluvw/ zh gr qrw revhuyh wkh dfwxdo wudgh sulfh/ lqvwhdg zh revhuyhg

txrwhg elg dqg dvn sulfhv1 Ixuwkhu wkhvh sulfhv pd| qrw kdyh ehhq txrwhg dw h{dfwo| wkh vdph wlph

vr vpdoo ghyldwlrqv pd| uhvxow iurp qrq0v|qfkurqrxv wudglqj1 Lq dgglwlrq wr wklv wkhuh duh rwkhu

frpsolfdwlrqv vxfk dv oltxlglw| dqg wd{hv wkdw kdyh ehhq sursrvhg dv uhdvrqv wr h{shfw ixuwkhu vpdoo

ylrodwlrqv ri wkh duelwudjh frqglwlrq1 Zh vkdoo wkhuhiruh vxssrvh wkdw å ð ' åT ð n 0ðc zkhuh 0ð lv d

udqgrp huuru whup1

8



514 Wkh OPQW Phwkrg

OPQW +5333, vxjjhvw ydulrxv nhuqho vprrwklqj hvwlpdwruv iru wkh glvfrxqw ixqfwlrq1 Lq sduwlfxodu

wzr hvwlpdwruv duh vwxglhg lq ghswk/ wkh 3orfdo frqvwdqw4 dqg 3orfdo olqhdu4 phwkrgv1 Lq eulhi wkhvh

hvwlpdwruv duh/ uhvshfwlyho|/ edvhg rq orfdoo| dssur{lpdwlqj wkh glvfrxqw ixqfwlrq dv d frqvwdqw dqg

d olqhdu ixqfwlrq ri pdwxulw|1 Wkh OPQW lpsohphqwdwlrq wkdw zh dgrsw prgl?hv wkh orfdo olqhdu

phwkrg e| dsso|lqj lw wr wkh |lhog fxuyh lqvwhdg ri wkh glvfrxqw ixqfwlrq> wkh |lhog fxuyh +Eüä lv
gh?qhg e| +Eôä ' ý �

ô
*?E_Eôää ru htxlydohqwo| _Eôä ' i TEýô+Eôää1 Wkh prwlydwlrq iru frqvlghulqj

wklv yhuvlrq ri wkh OPQW surfhgxuh lv wkuhhirog= l, wkh glvfrxqw ixqfwlrq dw wkh ruljlq lv jxdudqwhhg

wr eh rqh/ ll, wkh glvfrxqw ixqfwlrq zloo eh vwulfwo| srvlwlyh iru ?qlwh pdwxulwlhv/ dqg lll, wkh glvfrxqw

ixqfwlrq lv 3forvhu4 wr ehlqj orj0olqhdu wkdq olqhdu1

Wklv yhuvlrq ri wkh OPQW surfhgxuh surylghv hvwlpdwhv iru erwk wkh |lhog fxuyh dqg lwv ?uvw

ghulydwlyh +ghqrwhg +âEüä,1 Wkh lghd lv wkdw iru dq| srlqw ô forvh wr d srlqw ñ zh fdq dssur{lpdwh

+Eôä e| wkh olqhdu ixqfwlrq +Eñä n Eô ý ñä+âEñäé Wkhuhiruh/ zh fdq dssur{lpdwh wkh suhvhqw ydoxh ri

d jlyhq erqg e|

gåT ð ' 6ð[
æ'�

Kðæe
3E+EñæänEô ðæ3ñæä+âEñæääô ðæ c

zkhuh ñæ duh srlqwv forvh wr ô ðæé Wkh hvwlpdwlrq phwkrg lv edvhg rq plqlpl}lqj wkh vxp ri vtxduhg

sulflqj huuruv å ðýgåT ðé Vshfl?fdoo|/ zh ?qg wkh ixqfwlrqv e+Eüä dqg e+âEüä wkdw plqlpl}h wkh iroorzlqj
fulwhulrq ixqfwlrq zlwk uhvshfw wr wkh ixqfwlrqv +Eüä dqg +âEüä=

'ùE+c +
âä '

ù[
ð'�

]
ü ü ü
] 3Cå ð ý 6ð[

æ'�

Kðæe
3E+EñæänEô ðæ3ñæä+âEñæääô ðæ

4D2
6ð\
&'�

õ
gûEñ& ý ô ð&ä_ñ&

ô
c +4,

zkhuh g lv wkh nhuqho ixqfwlrq/ û lv wkh edqgzlgwk/ dqg gûEüä ' gEü*ûä*û1 Khuh/ wkh lqwhjudov

duh wdnhq ryhu wkh vxssruw ri wkh nhuqho1 Dq lqwhusuhwdwlrq iru wklv fulwhulrq lv wkdw lw lv d nhuqho

vprrwkhg yhuvlrq ri wkh vdpsoh ohdvw vtxduhg huuruv fulwhulrq> wkh nhuqho zhljkwlqj vfkhph phdvxuhv

wkh glvwdqfh ehwzhhq erqgv e| wkh glvwdqfh ehwzhhq wkhlu uhvshfwlyh yhfwruv ri fdvk  rz sd|phqw

wlphv19

9Wkh remhfwlyh ixqfwlrq +4, kdv wkh vdph suredelolw| olplw dv

Q[
l@4

3CS l ý pl[
m@4

el+á lm,h
ýálm|+vlm,

4D5

>

zklfk fdq eh vhhq e| ohwwlqj k & 3./ Q $4 dqg suhvxplqj wkdw wkh erqgv hqvxuh wkh vhtxhqfh iá lmj ehfrphv ghqvh
lq d frpsdfw vxssruw1

9



Wkh deryh plqlpl}dwlrq sureohp jhqhudwhv wkh iroorzlqj ?uvw rughu frqglwlrqv iru +Eéäc +âEéä iru

doo srlqwv ñ lq wkh vxssruw ri wkh sd|phqw wlphv=

ù[
ð'�

6ð[
&'�

f ð
&Eñ( +Eéäc +

âEéää ' f +5,

ù[
ð'�

6ð[
&'�

fð
&Eñ( +Eéäc +

âEéää
ý
ñ ý ô ð&

ü
' fc

zkhuh=

f ð
&Eñ( +c +

âä '
ý
gûEñ ý ô ð&äKð&ô ð&_ð&Eñä

ü3EECå ð ý Kð&_ð&Eñäý 6ð[
æ'�
æ õ'&

ë]
gûE%ý ô ðæäKðæ_ðæE%ä_%

ê4FFD /

_ð&Eñä ' i T
õý ý+Eñä n Eô ð& ý ñä+âEñä

ü
ô ð&
ô
1

Qxphulfdoo| lw lv hdvlhu wr vroyh wkhvh ?uvw rughu frqglwlrqv dv rssrvhg wr wkh plqlpl}dwlrq sureohp

+4, gxh wr wkh kljk glphqvlrqdolw| ri wkh pxowlsoh lqwhjudov suhvhqw lq +4,1:

Wr lpsohphqw wkh deryh OPQW surfhgxuh fkrlfhv pxvw eh pdgh uhjduglqj= l, wkh nhuqho/ ll, wkh

edqgzlgwk/ dqg lll, wkh vhw ri |lhogv wr vroyh iru zklfk lv gh?qhg e| wkh fkrlfh ri ñ*v frqvlghuhg

lq wkh ?uvw rughu frqglwlrqv1; Rxu fkrlfhv duh dv iroorzv1 D frpprq nhuqho fkrlfh lq wkh dssolhg

qrqsdudphwulf olwhudwxuh lv wkh Jdxvvldq nhuqho/ prvwo| ehfdxvh lw surgxfhv yhu| vprrwk fxuyhv dqg

lw lv dovr zhoo dwwxqhg iru hvwlpdwlrq ri wkh ghulydwlyhv1< Frqvhtxhqwo| zh dgkhuh wr wklv fkrlfh1 Iru

wkh edqgzlgwk rxu fkrlfh lv edvhg rq wkh revhuydwlrq wkdw wkh fdvk  rzv jhqhudwhg e| doo erqgv

ehfrphv lqfuhdvlqjo| vsduvh dv wlph wr pdwxulw| lqfuhdvhv1 Khqfh/ zkhq frpsxwlqj wkh suhvhqw ydoxh

ri wkh ?|û fdvk  rz iurp erqg ð/ rffxuulqj dw wlph ô ð?/ lw lv ghvludeoh iru wkh edqgzlgwk û wr eh

dq lqfuhdvlqj ixqfwlrq ri ô ð?1 Zh fkrrvh û wr eh ri wkh irup ûEô ð?ä ' @ n Kô ð? zkhuh @ dqg K duh

duelwudulo| fkrvhq vr wkdw ûEfä ' 2*�2 dqg ûE�fä ' �143 Wklv edqgzlgwk fkrlfh hqvxuhv wkdw wkh

:Wkhvh frqglwlrqv duh ghulyhg lq d vlplodu pdqqhu wr wkh ?uvw rughu frqglwlrqv iru wkh orfdo olqhdu hvwlpdwru ri wkh

glvfrxqw ixqfwlrq lq OPQW +5333,1
;Lw lv wkhruhwlfdoo| srvvleoh wr frpsxwh hyhu| srlqw rq wkh |lhog fxuyh iurp wkh ?uvw rughu frqglwlrqv rqfh wkh

nhuqho dqg edqgzlgwk kdyh ehhq fkrvhq1 Krzhyhu vlqfh wklv lv lpsrvvleoh lq sudfwlfh zh fkrrvh d ?qlwh vhw ri vshfl?f

pdwxulwlhv wr irup d 3uhihuhqfh vhw ri |lhogv4 dqg lqwhusrodwh ehwzhhq wkhp lq d pdqqhu wkdw zloo ehq glvfxvvhg vkruwo|1
<Wkh |lhog fxuyh hvwlpdwru zloo lqkhulw wkh gl>huhqwldelolw| surshuwlhv ri wkh nhuqho lpso|lqj wkdw wkh uhvxowlqj |lhog

fxuyh hvwlpdwru zloo eh lq?qlwho| gl>huhqwldeoh rq wkh hqwluh uhdo olqh1
43Dg krf prwlydwlrq iru wkhvh fkrlfhv lv rewdlqhg iurp wkh iroorzlqj surshuwlhv ri rxu gdwd vhw1 Zh gr qrw xvh dq|

Jryhuqphqw vhfxulwlhv zlwk d wlph0wr0pdwxulw| ri ohvv wkdq rqh prqwk krzhyhu zh gr zlvk lqihu dq hvwlpdwh ri wkh

vkruw udwh1 Zh frqvlghu d edqgzlgwk fkrlfh ri wzr prqwkv wr eh dgdtxdwh wr fdswxuh d uhdvrqdeoh dprxqw ri gdwd dw

wkh vkruw hqg ri wkh whup vwuxfwxuh iru vxfk dq lqihuhqfh1 Dw wkh orqj hqg/ zh gr qrw xvh dq| Jryhuqphqw vhfxulwlhv

zlwk d wlph0wr0pdwxulw| ri pruh wkdq whq |hduv1 Xvlqj d rqh |hdu edqgzlgwk zloo 3wlh wrjhwkhu4 wkh odvw ihz fdvk  rz

:



hvwlpdwhg |lhog fxuyh lv uhodwlyho| pruh  h{leoh dw wkh vkruw hqg zkhuh pruh lqirupdwlrq lv dydlodeoh1

Ilqdoo|/ zh fkrrvh d ?qlwh qxpehu ri pdwxulw| gdwhv ñ�c é é é c ñ& iru zklfk wr frpsxwh e+Eñðä dqg e+âEñðä
iru ð ' �c é é é c &1 Wkhvh hvwlpdwhv fdq eh ylhzhg dv d vhw ri sdudphwhuv vxppdul}lqj wkh hqwluh |lhog

fxuyh dqg dq lqwhusrodwlrq dojrulwkp lv wkhq xvhg wr rewdlq dq hvwlpdwh ri dq| ghvluhg |lhog1 Zh

fkrrvh ñ�c é é é c ñ& e| vhwwlqj ñ� ' f dqg jhqhudwh wkh uhpdlqlqj ñð*v e| ñð ' ñð3� n �
2
ûEñð3�ä1 Wklv

vwuxfwxuh lv frqvlvwhqw zlwk wkh qrwlrq wkdw ohvv |lhog phdvxuhphqwv duh uhtxluhg zkhq wkh edqgzlgwk

lqfuhdvhv dqg dgmdfhqw ñð*v duh 3forvh4 wr hdfk rwkhu uhodwlyh wr wkh edqgzlgwk lq wkdw qhljkerukrrg1

Wkh fkrvhq lqwhusrodwlrq dojrulwkp lv prwlydwhg iurp wkh ruljlqdo remhfwlyh ixqfwlrq +4, dv iroorzv1

Vxssrvh zh kdyh frpsxwhg e+Eüä dqg e+âEüä1 Qrz frqvlghu d sxuh glvfrxqw erqg zlwk wlph wr pdwxulw|

ô dqg sulfh _Eô ä1 Wkh |lhog rq wklv }hur frxsrq erqg fdq eh frpsxwhg iurp wkh uhodwlrqvkls

_Eô ä ' e3+Eôäfô 1 Dq hvwlpdwh ri wkh |lhog +Eô ä lv rewdlqhg iurp wkh ydoxh et Eôä wkdw plqlpl}h wkh
ruljlqdo remhfwlyh ixqfwlrq +4, zlwk uhvshfw wr +Eôä jlyhq e+Eüä dqg e+âEüä> wkdw lv

4ð?
+Eôä

] í
e3+Eôäfô ý e3Ee+EñänEô3ñäe+âEñääôì2gûEñ ý ô ä_ñ1

Wkh vroxwlrq wr wklv plqlpl}dwlrq sureohp lv

t Eô ä ' ý�

ô
*?

ë] í
e3Ee+EñänEô3ñäe+âEñääôìgûEñ ý ô ä_ñ

ê
é

Vlqfh zh rqo| kdyh e+Eñðä dqg e+âEñðä iru ð ' �c é é é c &/ zh fdq dssur{lpdwh wkh deryh zlwk

et Eô ä ' ý�

ô
*?

3CS&
ð'�gûEñð ý ô ä

í
e3Ee+EñðänEô3ñðäe+âEñðääôìS&

ð'�gûEñð ý ôä

4D é +6,

et Eôä fdq eh lqwhusuhwhg dv wkh |lhog rq wkh ô pdwxulw| sxuh glvfrxqw erqg zkrvh sulfh lv rewdlqhg

e| wkh Qdgdud|d0Zdwvrq nhuqho vprrwklqj hvwlpdwh ri sxuh glvfrxqw erqg sulfhv frpsxwhg iurp

|lhog fxuyh hvwlpdwhv e+Eñðä dqg e+âEñðä iru ð ' �c é é é c &1 Vlqfh et Eôä lv rewdlqhg iurp rwkhu |lhog fxuyh

hvwlpdwhv zh vkrxog lqwhusuhw wklv sxuho| dv dq lqwhusrodwlrq vfkhph144

515 Wkh Idpd0Eolvv Phwkrg

Wkh Idpd0Eolvv +4<;:, errwvwudsslqj surfhgxuh frqvlghuv h{suhvvlqj wkh whup vwuxfwxuh lq whupv ri

wkh iruzdug udwh fxuyh sEüä/ zklfk lv gh?qhg e| wkh uhodwlrq _Eôä ' i T
ýý U ô

f
sEñä_ñ

ü
/ dqg ixuwkhu wkh

sd|phqwv ri wkh orqjhvw pdwxulw| erqg +fdvk  rzv iurp XV Wuhdvxu| qrwhv2erqgv rffxu vhpl0dqqxdoo|, lq wkh vhqvh

wkdw wkh| zloo eh glvfrxqwhg dw vlplodu udwhv1Zh dovr frqgxfwhg vrph suholplqdu| h{shulphqwv zlwk ydulrxv fkrlfhv ri

e/ qdpho| e @ 31:8/ 4158 dqg 4181 Wkh uhvxowv glg qrw ydu| gudpdwlfdoo|1
44Qrwh wkdw wkh ?uvw rughu frqglwlrqv +5, uhtxluh frpsxwdwlrq ri wkh lqwhjudo

U
Nk+{ý á lm,hý+|+{,.+á

l
mý{,|3+{,,álmg{=

Xvlqj wkh deryh lqwhusrodwlrq vfkhph wkh lqwhjudo lv dssur{lpdwhg e| h{s
q
ýá lm û e\ +á lm,r1

;



iruzdug udwh fxuyh lv suhvxphg frqvwdqw ehwzhhq vxffhvvlyh revhuyhg erqg pdwxulwlhv1 Pruh vshfli0

lfdoo| ohw wkh vhtxhqfh ri revhuyhg erqgv iå ðjùð'� eh rughuhg iurp wkh vkruwhvw pdwxulw| wr orqjhvw

pdwxulw| dqg ohw ô ð ghqrwh wkh wlph0wr0pdwxulw| ri wkh ð|û erqg1 Ohw 8 ð ghqrwh wkh frqvwdqw iruzdug

udwh rq wkh wlph0wr0pdwxulw| lqwhuydo Eô ð3�c ô ðo zkhuh ô f ' f/ wkdw lv sEôä ' 8 ð iru ô 5 Eô ð3�c ô ðo1 Wkh

glvfrxqw ixqfwlrq qrz wdnhv wkh irup _Eôä ' i T
í
ý8gEô ý ôg3�äýSg3�

&'� 8
&Eô& ý ô&3�ä

ì
zkhuh

g lv fkrvhq vr wkdw ô 5 Eôg3�c ôgo1

Wr h{wudfw +errwvwuds, wkh iruzdug udwh fxuyh surfhhg dv iroorzv1 Iluvw ghwhuplqh 8 � e| frq0

vlghulqj wkh vkruwhvw pdwxulw| lqvwuxphqw dqg vroyh iru 8 � lq å � '
S6�

æ'� K
�
æ i T

ýý8 � û ô�æü1 Qrz

frqvlghu wkh vhfrqg vkruwhvw lqvwuxphqw dqg vroyh iru 8 2 lq å 2 '
S62

æ'� K
2
æ_Eô

2
æä jlyhq 8

�/ dqg vr rq1

Lq jhqhudo/ wr errwvwuds 8 ð xvh wkh ð|û revhuyhg erqg dqg ?qg wkh 8 ð wkdw vroyhv å ð '
S6ð

æ'� K
ð
æ_Eô

ð
æä

zkhuh wkh vhtxhqfh i8 æjð3�æ'� kdv ehhq frpsxwhg iurp suhylrxv erqgv lq wkh vdph idvklrq1

E| frqvwuxfwlrq wkh deryh surfhgxuh h{dfwo| sulfhv doo lq0vdpsoh erqgv1 Lw frqvhtxhqwo| lv vxemhfw

wr vsxulrxv ehkdylru li vrph 3plv0sulfhg4 erqgv duh lq wkh vdpsoh1 Wr ohvvhq wkh lpsdfw ri wklv

sureohp Idpd0Eolvv sursrvh wkh iroorzlqj ?owhuv iru wkh gdwd= l, rqo| ixoo| wd{deoh/ qrq0fdoodeoh

dqg qrq0 rzhu erqgv duh xvhg/ ll, Wuhdvxu| qrwhv dqg erqgv duh h{foxghg iurp wkh vdpsoh li wkhlu

wlph0wr0pdwxulw| lv ohvv wkdq rqh |hdu/ lll, dq lqvwuxphqw lv lqfoxghg li hlwkhu lwv |lhog0wr0pdwxulw| lv

zlwklq 315( devroxwh gl>huhqfh ri wkh |lhog0wr0pdwxulwlhv ri vxuurxqglqj lqvwuxphqwv ru lq ehwzhhq

wkhp/ dqg ly, dq lqvwuxphqw lv lqfoxghg li wkh uhvxowlqj |lhog fxuyh zkhq wkh lqvwuxphqw lv lqfoxghg

grhv qrw h{klelw odujh |lhog uhyhuvdov +dgmdfhqw fkdqjhv wkdw juhdwhu wkdw 315( lq devroxwh ydoxh dqg

lq rssrvlwh gluhfwlrqv,145

516 Wkh PfFxoorfk Fxelf Vsolqh Phwkrg

PfFxoorfk +4<:8, xvhv d fxelf vsolqh surfhgxuh wr hvwlpdwh wkh glvfrxqw ixqfwlrq1 Wkdw lv/ wkh

hvwlpdwhg glvfrxqw ixqfwlrq lv ri wkh irup

e_Eô ä ' }ðEôä rq wkh lqwhuydo dô ðc ô ðn�o iru ð ' �c é é é c & ý �c +7,

zkhuh=

ô �c é é é c ô& duh d suh0vshfl?hg vhw ri nqrw srlqwv zkhuh ô � ' f/

}ðEôä ' @ðEô ý ô ðäô n KðEô ý ô ðä2 n SðEô ý ô ðä n _ð/
}
E?ä
ð Eô ðn�ä ' }

E?ä
ðn�Eô ðn�ä iru ð ' �c é é é c & ý 2 dqg ? ' fc �c 2 +? uhsuhvhqwv wkh ?|û ghulydwlyh,/

45Wkh deryh lv rqo| d eulhi ghvfulswlrq ri wkh Idpd0Elovv ?owhu dqg grhv qrw gr lw mxvwlfh1 D ghwdlohg ghvfulswlrq ri

wkh ?owhulqj surfhgxuh fdq eh irxqg lq wkh FUVS prqwko| erqg ?oh pdqxdo iurp wkh Fhqwhu iru Uhvhdufk lq Vhfxulw|

Sulfhv1

<



dqg }�Efä ' �1

Wkh deryh vwuxfwxuh lpsolhv wkdw iru & nqrw srlqwv wkhuh duh &n� iuhh sdudphwhuv wkdw fdq eh vroyhg

iru xvlqj wkh vwdqgdug ruglqdu| ohdvw vtxduhv remhfwlyh ixqfwlrq> wkdw lv 4ð?w
Sù

ð'� 0
2
ð zkhuh w lv wkh

vhw ri iuhh sdudphwhuv lq wkh fxelf vsolqh1

PfFxoorfk fkrrvhv wkh vsdflqj ri wkh nqrw srlqwv vr wkdw wkhuh duh dq htxdo qxpehu ri erqg

revhuydwlrqv ehwzhhq vxffhvvlyh nqrw srlqwv1 Wkh prwlydwlrq iru wklv fkrlfh lv wkdw kdylqj pruh

lvvxhv lq d sduwlfxodu pdwxulw| uhjlrq ri wkh whup vwuxfwxuh doorzv xv wr ghwhuplqh d pruh ghwdlohg

ghslfwlrq ri wkh glvfrxqw ixqfwlrq lq wkdw uhjlrq1 Vlqfh pruh lvvxhv duh revhuyhg dw wkh vkruw hqg ri

wkh whup vwuxfwxuh wkh PfFxoorfk vfkhph doorzv iru juhdwhu  h{lelolw| lq wkdw uhjlrq1 Ixuwkhupruh

PfFxoorfk vxjjhvwv vhwwlqj wkh qxpehu ri nqrw srlqwv htxdo wr wkh vtxduh urrw ri wkh qxpehu ri

revhuyhg erqgv
s
ù 1 Rxu ?uvw lpsohphqwdwlrq ri wkh PfFxoorfk vfkhph dgkhuhv wr wklv fkrlfh

krzhyhu zh dovr frqvlghu grxeolqj wkh qxpehu ri nqrw srlqwv wr 2
s
ù lq rughu wr vwxg| wkh lpsdfw

ri d pruh  h{leoh fxelf vsolqh1

6 Frpsdulvrq ri H{wudfwlrq Surfhgxuhv

614 Gdwd

Wkh gdwd xvhg lq wklv vwxg| lv rewdlqhg iurp wkh Fhqwhu iru Uhvhdufk lq Vhfxulw| Sulfhv +FUVS, dqg

frqvlvwv ri X1V1 Wuhdvxu| eloo/ qrwh dqg erqg elg dqg dvn sulfhv uhfrughg rq wkh odvw gd| ri hdfk

prqwk ryhu wkh shulrg 4<:3 wr 4<<;1 Wr suhvhuyh krprjhqhlw| lq wkh gdwd zh rqo| frqvlghu ixoo|0

wd{deoh/ qrq0fdoodeoh/ dqg qrq0 rzhu X1V1 lvvxhv1 Wklv holplqdwhv sulflqj frpsolfdwlrqv dssduhqw

lq vrph lvvxhv wkdw kdyh hlwkhu d vshfldo wd{0sulylohjhg vwdwxv ru rswlrq olnh ihdwxuhv1 Wr doohyldwh

zhoo nqrzq looltxlglw| sureohpv dvvrfldwhg zlwk lvvxhv wkdw duh dssurdfklqj wkhlu pdwxulw| gdwh/

Wuhdvxu| eloov zlwk d wlph0wr0pdwxulw| ri ohvv wkdq rqh prqwk dqg Wuhdvxu| qrwhv dqg erqgv zlwk d

wlph0wr0pdwxulw| ri ohvv wkdq rqh |hdu duh h{foxghg1 Dv dq dgglwlrqdo dg0krf looltxlglw| ?owhu/ lvvxhv

wkdw kdyh d uhodwlyho| odujh elg0dvn vsuhdg frpsduhg wr wkh dyhudjh elg0dvn vsuhdg ri lqvwuxphqwv

zlwk d vlplodu wlph wr pdwxulw| duh dovr h{foxghg146 Wkh gdwd uhpdlqlqj diwhu lpsrvlqj wkh deryh

?owhuv h{klelwv vsduvlw| dqg qrwdeoh jdsv lq pdwxulw| iru erqg lvvxhv zlwk d wlph wr pdwxulw| eh|rqg

46Wr eh pruh vshfl?f/ rq d jlyhq gd| wkh lqvwuxphqwv wkdw uhpdlq diwhu lqyrnlqj wkh suhylrxv ?owhuv duh jurxshg e|

wlph0wr0pdwxulw| lqwr rqh |hdu lqwhuydov1 Ghqrwh wkh dyhudjh elg0dvn vsuhdg iru wkh lwk lqwhuydo dv vl1 Li wkh elg0dvn

vsuhdg v ri dq lqvwuxphqw wkdw kdv d wlph wr pdwxulw| idoolqj zlwklq wkh lwk lqwhudo lv juhdwhu wkdq wkh dyhudjh vsuhdg

e| 83(/ wkdw lv v A 4=8 û vl/ wkhq wklv lqvwuxphqw lv h{foxghg iurp wkh vdpsoh1 Wkh sduwlfxodu ?owhu rqo| holplqdwhv

dssur{lpdwho| wkuhh wr vl{ lqvwuxphqwv hdfk prqwk1
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whq |hduv1 Wklv klqghuv wkh delolw| ri doo whup vwuxfwxuh h{wudfwlrq surfhgxuhv lqwurgxfhg lq vhfwlrq

5 wr surylgh d uhdvrqdeoh ghslfwlrq ri wkh |lhog fxuyh dw wkh orqj whup hqg ri wkh whup vwuxfwxuh1

Frqvhtxhqwo| zh uhvwulfw dwwhqwlrq wr lvvxhv wkdw kdyh dw prvw d pdwxulw| ri whq |hduv1 Dv d uhvxow

ri wkh deryh ?owhulqj surfhvv wkh dyhudjh vdpsoh vl}h iru d gd| lq wkh 4<:3*v/ 4<;3*v/ dqg 4<<3*v/ lv

97/ 446 dqg 473 uhvshfwlyho|1

615 Phwkrgrorj|

Wr frpsduh wkh shuirupdqfh ri wkh gl>huhqw whup vwuxfwxuh h{wudfwlrq surfhgxuhv zh frqvlghu irxu

fulwhuld/ wkuhh ri zklfk zhuh xvhg e| Eolvv +4<<:,147 Iluvw wkh phdq devroxwh sulflqj huuru�øå. 'Sù
ð'�

ññeåð ññ/ zkhuh eåð ghqrwhv wkh sulflqj huuru ri wkh ð|û uhfrqvwuxfwhg erqg/ surylghv wkh dyhudjh

groodu huuru zkhuh doo erqgv kdyh d idfh ydoxh ri '4331 Dv hylghqfhg lq Wdeohv 4 dqg 5 wr iroorz/

dqg qrwhg lq Eolvv +4<<:,/ sulflqj huuruv iru orqjhu pdwxulw| erqgv whqg wr eh odujhu1 Wklv prwlydwhv

wkh xvh ri wkh zhljkwhg phdq devroxwh sulflqj huuru phdvxuh `�øå. '
Sù

ð'�çð
ññeåð ññ c zkhuh Eolvv

+4<<:, vxjjhvwv wkh zhljkwlqj vfkhph çð ' E(ðä3�*
Sù

ð'�E(
ðä3�c zkhuh (ð ghqrwhv wkh Pdfdxod|

gxudwlrq ri wkh ð|û erqg1 Dv dq dowhuqdwlyh phdqv ri vwdqgdugl}lqj sulflqj huuru ehkdylru zh frqvlghu

wkh phdq devroxwh |lhog huuru �øt . '
Sù

ð'�

ññetð ññ c zkhuh etð ghqrwhv wkh huuru lq |lhog0wr0pdwxulw|

ri wkh ð|û uhfrqvwuxfwhg erqg1 Wklv vwdqgdugl}dwlrq lv prwlydwhg e| wkh revhuydwlrq wkdw dq huuru lq

|lhog zloo kdyh d juhdwhu lpsdfw rq wkh sulfh ri d orqjhu pdwxulw| erqg1 Frqvlghudwlrq ri wkh�øt. lv

dovr lqwxlwlyho| dsshdolqj iurp d sudfwlwlrqhuv srlqw ri ylhz vlqfh erqgv duh riwhq frqvlghuhg lq whupv

ri wkhlu |lhog dv rssrvhg wr sulfh1 Ilqdoo|/ vlqfh dq| srlqw ehwzhhq wkh elg0dvn vsuhdg lv d yldeoh sulfh

dqrwkhu phdvxuh ri shuirupdqfh lv wr frpsxwh wkh iuhtxhqf| ri wlphv wkdw wkh uhfrqvwuxfwhg sulfh

lv zlwklq wkh txrwhg elg0dvn vsuhdg1 Wklv lv phdvxuhg e| wkh klw udwh M- ' �
ù

Sù
ð'� UdîU(ð9å ð9ø7gðo

zkhuh U
dîU(ð9få ð9ø7gðo

lv wkh lqglfdwru ixqfwlrq wkdw wdnhv wkh ydoxh 4 zkhq wkh uhfrqvwuxfwhg sulfh

ri wkh ð|û erqg lv ehwzhhq wkh revhuyhg elg sulfh îU(ð dqg dvn sulfh ø7g ð dqg 3 rwkhuzlvh1

D qryho ihdwxuh ri wkh Eolvv +4<<:, frpsdulvrq phwkrgrorj| lv wkdw sulflqj huuru lv gh?qhg lq whupv

ri wkh uhfrqvwuxfwhg erqg sulfh uhodwlyh wr wkh revhuyhg elg dqg dvn sulfhv1 Pruh vshfl?fdoo| wkh

sulflqj huuru ri ð|û revhuyhg erqg lv frpsxwhg dv eåð 'få ðýø7gð zkhqfå ð : ø7gð/ eåð 'få ðýîU(ð

zkhq få ð ÷ îU(ð/ dqg eåð ' f zkhq îU(ð 9 få ð 9 ø7gð1 Wklv qrwlrq ri sulflqj huuru lv lqwxlwlyh

vlqfh doo ydoxhv ehwzhhq wkh elg dqg dvn sulfhv duh yldeoh1 Doo shuirupdqfh phdvxuhv frqvlghuhg khuh

duh edvhg rq 3plvsulflqj rxwvlgh wkh elg0dvn vsuhdg4 lqfoxglqj wkh phdq devroxwh |lhog huuru/ zklfk

lv edvhg rq wkh |lhog0wr0pdwxulwlhv lpsolhg e| wkh ?wwhg erqg sulfh/ elg sulfh dqg dvn sulfh> ghqrwhgft ð/ t ðîU( dqg t ðø7g uhvshfwlyho|1 Lq sduwlfxodu etð ' ft ð ý t ðø7g zkhq ft ð ÷ t ðø7g/ etð ' ft ð ý t ðîU(
47Wkh wkuhh fulwhuld frqvlghuhg lq Eolvv +4<<:, duh= l, wkh phdq devroxwh sulflqj huuru/ ll, wkh lqyhuvh0gxudwlrq

zhljkwhg phdq devroxwh sulflqj huuru/ dqg lll, wkh klw0udwh1
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zkhq ft ð : t ðîU(/ dqg etð ' f zkhq t ðîU( A ft ð A t ðø7g 1 Qrwh krzhyhu wkdw wkh Eolvv +4<<:, qrwlrq
ri sulflqj huuru lv rqo| xvhg iru shuirupdqfh hydoxdwlrq1 Zkhq lpsohphqwlqj wkh whup vwuxfwxuh

h{wudfwlrq surfhgxuhv ri vhfwlrq 5 doo huuruv duh zlwk uhvshfw wr plg0srlqw ri elg dqg dvn sulfhv/ wkdw

lv doo huuruv duh ri wkh irup 0ð ' å
ð ýfå ðc zkhuh å ð ' �

2
EîU(ð nø7gðä1

616 Uhvxowv

Wkh deryh shuirupdqfh phdvxuhv duh frpsxwhg iru hdfk ri wkh wkuhh kljko|  h{leoh whup vwuxfwxuh

h{wudfwlrq surfhgxuhv suhvhqwhg lq Vhfwlrq 5 zlwk uhvxowv uhsruwhg lq Wdeohv 4 dqg 51 Wkh wzr lpsoh0

phqwdwlrqv ri wkh PfFxoorfk fxelf vsolqh surfhgxuh duh uhihuuhg wr dv PfFxoorfk0D dqg PfFxoorfk0E

zlwk wkh ?uvw xvlqj wkh ruljlqdoo| vxjjhvwhg
s
ù qxpehu ri nqrw srlqwv dqg wkh vhfrqg h{whqglqj

wkh qxpehu ri nqrw srlqwv wr 2
s
ù 1 Wr ghwhuplqh zkhwkhu wkhvh shuirupdqfh phdvxuhv ydu| dfurvv

wkh pdwxulw| glphqvlrq zh dovr frpsxwh wkhvh phdvxuhv iru gl>huhqw vhjphqwv ri wkh whup vwuxf0

wxuh1 Wklv lv dfklhyhg e| sduwlwlrqlqj vhfxulwlhv lqwr wlph0wr0pdwxulw| uhjlrqv/ qdpho| f 9 ô ÷ �/

� 9 ô ÷ ô/ ô 9 ô ÷ D dqg D 9 ô ÷ �fc zkhuh ô uhsuhvhqwv wkh wlph0wr0pdwxulw| ri wkh vhfxulw|1

Vlqfh d sulpdu| jrdo ri whup vwuxfwxuh h{wudfwlrq surfhgxuhv lv wr hvwlpdwh wkh sulfh ri d erqg wkdw

lv qrw dfwxdoo| wudghg dw wkh wlph ri lqwhuhvw zh zlvk wr dvvhvv wkh uhodwlyh lqwhusrodwlrq shuirupdqfh

dfurvv whup vwuxfwxuh h{wudfwlrq surfhgxuhv1 Wklv lv dfklhyhg e| vhsdudwlqj wkh vdpsoh ri erqgv rq

hdfk gd| lqwr dq hvwlpdwlrq vxevdpsoh dqg d krog rxw vxevdpsoh dqg frpsxwlqj erwk lq0vdpsoh dqg

rxw0ri0vdpsoh shuirupdqfh phdvxuhv1 Wkh hvwlpdwlrq vxevdpsoh lv rewdlqhg e| vhohfwlqj hyhu| rwkhu

erqg iurp wkh vdpsoh zkhuh wkh orqjhvw pdwxulqj erqg lv dozd|v lqfoxghg1 Wkh uhpdlqlqj erqgv

frqvwlwxwh wkh krog rxw vdpsoh1 Fdofxodwlqj shuirupdqfh phdvxuhv xvlqj rxw0ri0vdpsoh gdwd fdq dovr

eh ylhzhg dv frqwuroolqj iru wkh sureohp ri ryhu0?wwlqj dvvrfldwhg zlwk qrq0sduvlprqlrxv phwkrgv1

Wkh lq0vdpsoh dqg rxw0ri0vdpsoh uhvxowv dsshdu lq Wdeohv 4 dqg 5 uhvshfwlyho|1

WDEOH 4 DERXW KHUH

E| frqvwuxfwlrq/ wkh Idpd0Eolvv +4<;:, phwkrg surylghv d shuihfw ?w ri doo lq0vdpsoh erqg sulfhv1

Wkh rqo| huuruv duh iurp wkh erqgv dgglwlrqdoo| ?owhuhg rxw xvlqj wkh Idpd0Eolvv ?owhulqj uxohv1

Frqvhtxhqwo| lq0vdpsoh shuirupdqfh frpsdulvrqv duh khdylo| eldvhg lq idyru ri wkh Idpd0Eolvv errw0

vwudsslqj surfhgxuh dqg vkrxog eh ljqruhg1 Wklv dffrxqwv iru wkh kljk Klw0Udwh phdvxuh lq Wdeoh

4 lqglfdwlqj wkdw rq dyhudjh <8( ri erqgv sulfhg xvlqj wkh Idpd0Eolvv h{wudfwhg whup vwuxfwxuh duh

zlwklq txrwhg elg0dvn vsuhdgv1 Wklv lv qrwdeo| kljkhu wkdq wkh dyhudjh klw0udwhv jhqhudwhg xvlqj

rwkhu surfhgxuhv/ zklfk udqjh iurp 96( wr :6(1 Ixuwkhu lq0vdpsoh huuruv iurp wkh Idpd0Eolvv

surfhgxuh |lhogv dq huuru uhgxfwlrq ri dssur{lpdwho| 83( uhodwlyh wr rwkhu whup vwuxfwxuh h{wudf0

wlrq phwkrgv1 Lq sduwlfxodu iru erqgv zlwk d wlph0wr0pdwxulw| ri ohvv wkdq rqh |hdu/ frpsulvlqj ri

Wuhdvxu| eloov/ wkh dyhudjh devroxwh huuru lv dssur{lpdwho| 53 wr 73 wlphv vpdoohu1
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Irfxvlqj rq wkh rwkhu whup vwuxfwxuh h{wudfwlrq phwkrgv zh ?qg wkdw rq dyhudjh wkh lq0vdpsoh

devroxwh sulflqj huuru lv 615: fhqwv/ 619< fhqwv dqg 7156 fhqwv rxwvlgh wkh elg0dvn vsuhdg iru wkh

OPQW/ PfFxoorfk0E dqg PfFxoorfk0D phwkrgv uhvshfwlyho|1 Qrwh wkdw wkhvh huuruv duh olvwhg

lq 3shuirupdqfh rughu4 zlwk wkh vfkhph surylglqj wkh vpdoohvw phdq devroxwh sulflqj huuru ?uvw1

Krzhyhu Wdeoh 4 vkrzv wkdw wkh phdq devroxwh sulflqj huuru lv frqvlvwhqwo| vpdoohu dw wkh vkruw

hqg ri wkh whup vwuxfwxuh dqg wkdw huuru pdjqlwxghv lqfuhdvh dv wkh pdwxulw| ri erqgv lqfuhdvhv1

Urxjko| vshdnlqj/ wkh phdq devroxwh sulflqj huuru rxwvlgh wkh elg0dvn vsuhdg iru doo wkuhh ?wwlqj

surfhgxuhv jurzv iurp 4 fhqw iru vkruw pdwxulw| erqgv wr :18 fhqwv iru orqj pdwxulw| erqgv1 Jlyhq

wklv khwhurvnhgdvwlf ehkdylru lq wkh huuru/ Eolvv +4<<:, vxjjhvwv zhljkwlqj huuruv e| wkhlu uhvshfwlyh

erqg*v gxudwlrq lqyhuvh wr suhyhqw wkh sulflqj huuruv ri orqj whup erqgv grplqdwlqj wkh frpsdulvrq

uhvxowv1 Wkh uhvxowlqj lq0vdpsoh zhljkwhg phdq devroxwh sulflqj huuruv rxwvlgh wkh elg0dvn vsuhdg

duh 4154 fhqwv/ 41<4 fhqwv dqg 5156 fhqwv iru wkh OPQW/ PfFxoorfk0E dqg PfFxoorfk0D phwkrgv

uhvshfwlyho|1 Qrwh wkdw wkh shuirupdqfh rughu uhpdlqv xqfkdqjhg1 Frqvlghulqj erqgv lq whupv ri

wkhlu |lhog0wr0pdwxulw| lqvwhdg ri wkhlu sulfh vkrzv wkdw odujhu |lhog huuruv rffxu dw wkh yhu| vkruw

hqg ri wkh whup vwuxfwxuh1 Wklv lv sduwlfxoduo| wuxh iru erwk lpsohphqwdwlrqv ri wkh PfFxoorfk

surfhgxuh1 Rughulqj wkh lq0vdpsoh phdq devroxwh |lhog0wr0pdwxulw| huuruv uhvxowv lq dq xqfkdqjhg

shuirupdqfh rughu zlwk phdq devroxwh |lhog huuruv rxwvlgh ri wkh elg0dvn vsuhdg ri 4184 edvlv srlqwv/

517: edvlv srlqwv dqg 6139 edvlv srlqwv uhvshfwlyho| iru wkh OPQW/ PfFxoorfk0E dqg PfFxoorfk0D

surfhgxuhv1 Frqvlghudwlrq ri klw0udwhv djdlq ohdyhv wkh shuirupdqfh rughu xqfkdqjhg zlwk uhvshfwlyh

ryhudoo klw0udwhv ri :6(/ 9:( dqg 96(1

Lq vxppdu| luuhvshfwlyh ri wkh shuirupdqfh phdvxuh wkh lq0vdpsoh uhvxowv vxjjhvw wkdw wkh OPQW

phwkrg lv suhihuuhg wr wkh PfFxoorfk0E vfkhph/ zklfk lq wxuq lv suhihuuhg wr wkh PfFxoorfk0D

vfkhph1 Wkh dujxphqwv iru wklv rughulqj duh edvhg rq ryhudoo shuirupdqfh phdvxuhv krzhyhu wkh

uhvxowv surylghg lq Wdeoh 4 vkrzv wkdw wklv rughulqj lv suhvhuyhg zlwklq hdfk erqg pdwxulw| uhjlrq

dv zhoo1

WDEOH 5 DERXW KHUH

Dv h{shfwhg wkh rxw0ri0vdpsoh shuirupdqfh phdvxuhv surylghg lq Wdeoh 5 duh qrw dv jrrg dv wkhlu

lq0vdpsoh frxqwhusduwv1 Wklv lv sduwlfxoduo| wuxh iru wkh Idpd0Eolvv errwvwudsslqj surfhgxuh1 Lw lv

lqwhuhvwlqj wr revhuyh wkdw edvhg rq ryhudoo rxw0ri0vdpsoh phdq devroxwh sulflqj huuru wkh Idpd0

Eolvv surfhgxuh lv qrz wkh zruvw shuiruphu zlwk dq dyhudjh devroxwh sulflqj huuru ri 9134 fhqwv

rxwvlgh wkh elg0dvn vsuhdg1 Wkh ehvw shuiruphu lv wkh OPQW surfhgxuh zlwk 71<9 fhqwv wkhq wkh

PfFxoorfk0E dqg PfFxoorfk0D surfhgxuhv zlwk 8167 fhqwv dqg 817< fhqwv uhvshfwlyho|1 Rqfh djdlq

qrwdeoh khwhurvnhgdvwlf ehkdylru lq wkh pdwxulw| glphqvlrq lv revhuyhg vxjjhvwlqj wkdw rughulqj wkh

shuirupdqfh ri fxuyh ?wwlqj phwkrgv edvhg rq phdq devroxwh sulflqj huuru pd| eh plvohdglqj1 Lq
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sduwlfxodu phdq devroxwh sulflqj huuruv dw wkh orqj hqg duh lq wkh rughu ri 48 fhqwv zkhuhdv wkh| duh

dssur{lpdwho| 4 fhqw dw wkh vkruw hqg1 Irfxvlqj rq erwk wkh ryhudoo zhljkwhg phdq devroxwh sulflqj

huuru dqg wkh ryhudoo phdq devroxwh |lhog huuru/ zklfk dwwhpsw wr fruuhfw iru wklv khwhurvnhgdvwlf

ehkdylru/ lpsuryhv wkh uhodwlyh shuirupdqfh ri wkh Idpd0Eolvv vfkhph wr wkh srlqw zkhuh lw qrz

shuirupv ehwwhu wkdq erwk PfFxoorfk vfkhphv1 Lq sduwlfxodu wkh Idpd0Eolvv/ PfFxoorfk0E dqg

PfFxoorfk0D phwkrgv uhvxow lq dq rxw0ri0vdpsoh ryhudoo zhljkwhg phdq devroxwh sulflqj huuru ri

4194/ 5158 dqg 517< fhqwv uhvshfwlyho| zlwk fruuhvsrqglqj ryhudoo phdq devroxwh |lhog huuruv ri 5138/

51<7 dqg 6177 edvlv srlqwv1 Qrwh krzhyhu wkdw wkh Idpd0Eolvv surfhgxuh grhv qrw shuirup qrwdeo|

ehwwhu ru zruvh wkdq wkh OPQW surfhgxuh1 Wkh OPQW phwkrg kdv dq ryhudoo zhljkwhg phdq

devroxwh sulflqj huuru ri 4189 fhqwv dqg d ryhudoo phdq devroxwh |lhog huuru ri 5136 edvlv srlqwv erwk

ri zklfk duh qhjoljleo| ehwwhu wkdq wkh fruuhvsrqglqj phdvxuhv surylghg e| wkh Idpd0Eolvv phwkrg1

Wkh frpsdudeoh shuirupdqfh ehwzhhq wkh Idpd0Eolvv dqg OPQW phwkrgv lv uhlwhudwhg zlwk d vpdoo

31:( gl>huhqfh lq wkh rxw0ri0vdpsoh ryhudoo klw0udwh lq idyru ri wkh Idpd0Eolvv surfhgxuh1 Wkh uhdvrq

iru wkh lpsuryhphqw lq wkh Idpd0Eolvv phwkrg fdq eh rewdlqhg e| revhuylqj zkdw kdsshqv dfurvv

erqg0pdwxulw| uhjlrqv1 Qrwlfh wkdw wkh rqo| uhjlrq zkhuh wkh Idpd0Eolvv errwvwudsslqj surfhgxuh

shuirupv ehwwhu wkdq rwkhu vfkhphv lv lq wkh Wuhdvxu| eloo uhjlrq 0 erqgv zlwk d wlph0wr0pdwxulw|

ri ohvv wkdq rqh |hdu1 Zlwklq wklv uhjlrq wkh Idpd0Eolvv surfhgxuh |lhogv d phdq devroxwh sulflqj

huuru ri 3169 fhqwv dqg d phdq devroxwh |lhog huuru ri 414: edvlv srlqwv dqg wkhvh vpdoo huuruv kdyh d

vljql?fdqw lpsdfw rq wkh `�øå. dqg wkh �øt. shuirupdqfh phdvxuhv1 Wr ixuwkhu hpskdvl}h

wkh khdy| lq xhqfh ri wklv qrwdeo| kljk shuirupdqfh dw wkh vkruw hqg revhuyh wkdw wkh Idpd0Eolvv

surfhgxuh lv frqvlvwhqwo| wkh zruvw shuiruphu zkhq erqg pdwxulw| lv juhdwhu wkdq rqh |hdu1

Krz wr fkrrvh iurp wkh whup vwuxfwxuh h{wudfwlrq vfkhphv edvhg rq rxw0ri0vdpsoh shuirupdqfh lv

qrw fohdu fxw1 Wklv lv ehfdxvh wkh shuirupdqfh rughu grhv ydu| zlwklq pdwxulw| uhjlrqv/ lq sduwlfxodu

wkh vwulnlqj fkdqjh lq shuirupdqfh rughu ri wkh Idpd0Eolvv phwkrg1 Krzhyhu/ edvhg rq ryhudoo

shuirupdqfh dqg frqwuroolqj iru wkh khwhurvnhgdvwlf ehkdylru dorqj wkh pdwxulw| glphqvlrq ^e| xvlqj

wkh zhljkwhg phdq devroxwh sulflqj huuru dqg wkh phdq devroxwh |lhog huuru phwulfv` vxjjhvwv wkh

shuirupdqfh rughulqj= OPQW/ Idpd0Eolvv/ PfFxoorfk0E dqg wkhq PfFxoorfk0D1 Wklv lv frqvlvwhqw

zlwk wkh lq0vdpsoh udqnlqj jlyhq wkh h{foxvlrq ri wkh Idpd0Eolvv vfkhph ehfdxvh ri lwv lq0vdpsoh

frqvwuxfwlrq1 Wkh rqo| ghyldwlrq iurp wklv rughulqj lv d uhyhuvdo lq rughu ri wkh Idpd0Eolvv dqg

OPQW surfhgxuhv zkhq xvlqj wkh ryhudoo klw0udwh phwulf1 Zh fkrrvh wr ljqruh wklv uhyhuvdo jlyhq= l,

wkdw wklv uhyhuvdo lv edvhg rq d phuh 31:( gl>huhqfh lq klw0udwh/ ll, rxu suhylrxv revhuydwlrq wkdw wkh

OPQW vfkhph lv frqvlvwhqwo| vxshulru wr wkh Idpd0Eolvv vfkhph lq doo erqg pdwxulw| uhjlrqv eh|rqg

rqh |hdu/ dqg lll, iru erqgv zlwk d pdwxulw| ri ohvv wkdq rqh |hdu wkh gl>huhqfh lq phdq devroxwh

sulflqj huuru lv 3159 fhqwv dqg wkh gl>huhqfh lq phdq devroxwh |lhog huuru lv 4178 edvlv srlqwv erwk ri

zklfk duh hfrqrplfdoo| vpdoo1
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D ihdwxuh wkdw kdv ehhq ljqruhg lq wkh deryh glvfxvvlrq lv krz wkhvh shuirupdqfh phdvxuhv ehkdyh

ryhu wlph1 Iru hdvh ri h{srvlwlrq rqo| wkh wlph vhulhv ri wkh ryhudoo rxw0ri0vdpsoh OPQW shuirupdqfh

phdvxuhv duh surylghg lq Iljxuh 4 dv doo rwkhu vfkhphv uhvxow lq vlplodu ehkdylru erwk lq0vdpsoh dqg

rxw0ri0vdpsoh1

ILJXUH 4 DERXW KHUH

Lw lv lqwhuhvwlqj wr revhuyh wkdw wkh ghfdgh sulru wr 4<;3 lv d wlph shulrg zkhq whup vwuxfwxuh

h{wudfwlrq surfhgxuhv zrun uhodwlyho| zhoo1 Krzhyhu wkh hduo| wr plg04<;3v/ hqfdsvxodwlqj wkh shulrg

ri zkdw lv uhihuuhg wr dv wkh 3ihg0h{shulphqw4/ pdunhg d wlph ri uhodwlyho| srru shuirupdqfh zlwk

devroxwh huuruv pruh wkdq grxeolqj1 Diwhu wkh plg wr odwh 4<;3 devroxwh huuru pdjqlwxghv vwhdglo|

ihoo qhdulqj ohyhov revhuyhg lq wkh 4<:3v hyhq wkrxjk wkh qxpehu ri erqgv rxw ri vdpsoh pruh wkdq

grxeohg> iurp Mdqxdu| 4<;< wr Ghfhpehu 4<<; wkhuh zhuh d wrwdo ri ;666 rxw0ri0vdpsoh erqgv/

zkhuhdv iurp Mdqxdu| 4<:3 wr Ghfhpehu 4<:< wkh rxw0ri0vdpsoh erqgv qxpehuhg 6:<41

Zkhq frpsdulqj whup vwuxfwxuh h{wudfwlrq surfhgxuhv lw lv lpsruwdqw wr frqwuro iru wkh v|vwhpdwlf

yduldwlrq lq shuirupdqfh phdvxuh pdjqlwxghv ryhu wlph1 Wklv lv dfklhyhg e| xvlqj hdfk phwulf wr

ghwhuplqh zklfk whup vwuxfwxuh h{wudfwlrq phwkrg lv suhihuuhg rq hdfk gd| zkhq shuiruplqj sdlu0

zlvh frpsdulvrqv1 Zh wkhq frpsxwh wkh iudfwlrq ri wlph wkdw rqh vfkhph lv vwulfwo| suhihuuhg wr

dqrwkhu qrwlqj wkdw wkh wlphv zkhq erwk vfkhphv shuirup htxdoo| zhoo duh h{foxghg1 Zh uhihu wr

wklv frpsdulvrq phwulf dv 3shufhqwdjh suhihuhqfh4=

Shufhqwdjh Suhihuhqfh6e|oðS '

SA
|'� Udf|:t|oSA

|'� Udf|:t|o n
SA

|'� Udt|:f|o

zkhuh A ' ôeHc zklfk lv wkh qxpehu ri gd|v lq wkh vdpsoh dqg Udf|:t|o lv wkh lqglfdwru ixqfwlrq wdnlqj

rq wkh ydoxh 4 zkhq whup vwuxfwxuh h{wudfwlrq surfhgxuh f lqglfdwhv d ehwwhu ?w wkdq whup vwuxfwxuh

h{wudfwlrq surfhgxuh t dw wlph | xqghu d jlyhq phwulf +qdpho| rqh ri �øå./ `�øå./ �øt .

ru M-,1 E| djjuhjdwlqj suhihuhqfh rughuv ryhu wlph lq wklv pdqqhu zh duh hqvxulqj wkdw wkh kljk

huuru pdjqlwxghv revhuyhg lq wkh 4<;3v gr qrw grplqdwh wkh frqfoxvlrqv gudzq1 Lq0vdpsoh dqg rxw0

ri0vdpsoh shufhqwdjh suhihuhqfhv iru hdfk frpsdulvrq phwulf dsshdu lq Wdeohv 6 dqg 7 uhvshfwlyho|1

Iru frpsohwhqhvv wkh lq0vdpsoh shufhqwdjh suhihuhqfh ri wkh Idpd0Eolvv surfhgxuh lv lqfoxghg lq

Wdeoh 6 hyhq wkrxjk lw vkrxog eh ljqruhg vlqfh/ e| frqvwuxfwlrq/ lwv shufhqwdjh suhihuhqfh zloo eh

forvh wr 433(1

WDEOH 6 DERXW KHUH

Iurp Wdeoh 6 lw lv dssduhqw wkdw lq0vdpsoh wkh OPQW surfhgxuh frqvlvwhqwo| rxw shuirupv wkh

ruljlqdo PfFxoorfk vfkhph +PfFxoorfk0D,> zlwklq doo pdwxulw| uhjlrqv wkh OPQW surfhgxuh lv frq0

vlvwhqwo| suhihuuhg :3(0;8( ri wkh wlph xqghu doo shuirupdqfh phdvxuhv1 Wkh h{whqghg PfFxoorfk

vfkhph/ wkdw lv PfFxoorfk0E/ vkrxog shuirup ehwwhu lq0vdpsoh wkdq wkh ruljlqdo PfFxoorfk0D vfkhph1
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Wklv lv lqghhg uh hfwhg lq Wdeoh 6 krzhyhu lw lv lqwhuhvwlqj wr revhuyh wkdw wkh pdmrulw| ri wkh ehqh?w

dsshduv dw wkh orqj hqg ri wkh whup vwuxfwxuh> doo shuirupdqfh phdvxuhv vxjjhvw wkdw wkh PfFxoorfk0

E vfkhph lv suhihuuhg rqo| 88( ri wkh wlph lq wkh Wuhdvxu| eloo uhjlrq krzhyhu wklv suhihuhqfh iru wkh

PfFxoorfk0E phwkrg jurzv wr :3( dqg kljkhu lq wkh ?yh wr whq |hdu pdwxulw| uhjlrq1 Wklv yduldwlrq

lq shufhqwdjh suhihuhqfh dfurvv pdwxulw| h{sodlqv wkh :9( ryhudoo suhihuhqwldo jlyhq e| wkh �øå.

phwulf/ zklfk ryhu0zhljkwv wkh lpsruwdqfh ri wkh orqj hqg/ zkhuhdv erwk wkh`�øå. dqg�øt .

phwulfv/ zklfk vwdqgdugl}h iru huuru khwhurvnhgdvwlflw|/ surylgh dq ryhudoo shufhqwdjh suhihuhqfh ri

8:(1 Frpsdulqj wkh OPQW dqg PfFxoorfk0E surfhgxuhv zh djdlq vhh yduldwlrq lq shufhqwdjh suhi0

huhqfh dfurvv pdwxulw|1 Zlwklq wkh rqh |hdu ru ohvv erqg pdwxulw| uhjlrq wkh OPQW surfhgxuh lv

suhihuuhg wr wkh PfFxoorfk0E surfhgxuh pruh wkdq :8( ri wkh wlph exw wklv shufhqwdjh suhihuhqfh

vorzo| ghfuhdvhv wr dssur{lpdwho| 83( lq wkh ?yh wr whq |hdu erqg pdwxulw| uhjlrq1 Lw lv fohdu krz0

hyhu wkdw hyhq wkrxjk wkhuh lv qr fohdu suhihuhqfh ehwzhhq wkh OPQW dqg PfFxoorfk0E vfkhphv dw

wkh orqj hqg ri wkh whup vwuxfwxuh wkhuh lv d glvwlqfw suhihuhqfh iru wkh OPQW surfhgxuh iru vkruwhu

pdwxulw| erqgv1 Wklv lv uhlwhudwhg e| wkh ryhudoo shufhqwdjh suhihuhqfh ?jxuhv udqjlqj iurp :9( wr

;7( dfurvv doo shuirupdqfh phwulfv lq idyru ri wkh OPQW surfhgxuh uhodwlyh wr wkh PfFxoorfk0E

surfhgxuh1 Lq vxppdu| wkh lq0vdpsoh uhvxowv vxjjhvw d fohdu shuirupdqfh rughulqj/ Iluvw wkh OPQW

surfhgxuh iroorzhg e| wkh PfFxoorfk0E vfkhph dqg ?qdoo| wkh PfFxoorfk0D phwkrg1

WDEOH 7 DERXW KHUH

Wxuqlqj wr wkh rxw0ri0vdpsoh uhvxowv uhyhdov vrph vwulnlqj gl>huhqfhv wr wkhlu lq0vdpsoh frxq0

whusduwv1 Iluvw frpsdulqj wkh wzr PfFxoorfk lpsohphqwdwlrqv zh vhh wkdw wkh khdy| lq0vdpsoh

suhihuhqfh ri wkh PfFxoorfk0E phwkrg ryhu wkh PfFxoorfk0D vfkhph dw wkh orqjhu hqg ri wkh whup

vwuxfwxuh kdv hurghg dqg lq idfw lq wkh wkuhh wr ?yh |hdu erqg pdwxulw| elq wkh PfFxoorfk0D vfkhph

lv voljkwo| suhihuuhg1 Wklv lv vxjjhvwlyh wkdw wkh vxshulru lq0vdpsoh shuirupdqfh ri wkh PfFxoorfk0E

phwkrg lv gxh wr ryhu0?wwlqj1 Wkh ryhudoo shufhqwdjh shuirupdqfh ?jxuhv vwloo vxjjhvw d voljkw ehqh?w

ri wkh PfFxoorfk0E surfhgxuh krzhyhu wklv lv sulpdulo| gxh wr wkh pdujlqdoo| ehwwhu shuirupdqfh

lq pdwxulwlhv ohvv wkdq wkuhh |hduv1 Wkh klw0udwh shuirupdqfh phdvxuh lv wkh vwurqjhvw vxssruwhu ri

wkh PfFxoorfk0E vfkhph ryhu wkh PfFxoorfk0D phwkrg vxjjhvwlqj dq ryhudoo shufhqwdjh suhihuhqfh

ri 95(1 Krzhyhu zh pxvw uhdol}h wkdw wkh klw0udwh phdvxuh grhv qrw glvwlqjxlvk ehwzhhq huuru pdj0

qlwxghv rxwvlgh wkh elg0dvn vsuhdg dqg khqfh grhv qrw shqdol}h wkrvh phwkrgv wkdw uhvxow lq odujhu

huuruv1 Wkh uhpdlqlqj phwulfv +�øå./ `�øå. dqg �øt., gr qrw vx>hu iurp wklv gh?flhqf|

dqg surylgh ryhudoo shufhqwdjh suhihuhqfh ?jxuhv lq wkh udqjh ri 85( wr 87(/ zklfk vxjjhvwv wkh

ehqh?w ri dgglqj sdudphwhuv wr wkh ruljlqdo PfFxoorfk fxelf vsolqh surfhgxuh lv qhjoljleoh1

Frpsdulqj wkh OPQW surfhgxuh wr erwk PfFxoorfk lpsohphqwdwlrqv lqglfdwhv d :8( shufhqwdjh

suhihuhqfh iru wkh OPQW phwkrg zkhq xvlqj wkh ryhudoo pdwxulw| vshfwuxp dfurvv doo phwulfv1
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Frqvlvwhqwo| wkh OPQW surfhgxuh lv suhihuuhg wr erwk PfFxoorfk vfkhphv dssur{lpdwho| :8( ri

wkh wlph lq wkh Wuhdvxu| eloo uhjlrq/ 9809<( ri wkh wlph lq wkh rqh wr wkuhh |hdu erqg pdwxulw| uhjlrq/

85093( ri wkh wlph lq wkh wkuhh wr ?yh |hdu pdwxulw| uhjlrq/ dqg dssur{lpdwho| 95( ri wkh wlph lq

wkh ?yh wr whq |hdu pdwxulw| uhjlrq1 Rffdvlrqdo h{fhswlrqv wr wkhvh ?jxuhv dulvh zkhq frqvlghulqj

wkh klw0udwh phwulf zkhuh d orzhu suhihuhqfh iru wkh OPQW phwkrg lv vrphwlphv revhuyhg1 Jlyhq wkh

klw0udwh phdvxuh*v odfn ri shqdow| wrzdug odujhu huuruv rxwvlgh wkh elg0dvn vsuhdg dqg wkh vwurqjhu

suhihuhqfh iru wkh OPQW phwkrg zkhq frqvlghulqj rwkhu shuirupdqfh phdvxuhv/ zh fkrrvh qrw wr

sodfh dq hpskdvlv rq klw0udwh shufhqwdjh suhihuhqfh qxpehuv1

Ilqdoo| frqvlghulqj wkh Idpd0Eolvv vfkhph uhyhdov vhyhudo lqwhuhvwlqj revhuydwlrqv1 Lq wkh Wuhd0

vxu| eloo uhjlrq wkh Idpd0Eolvv phwkrg lv vwurqjo| suhihuuhg rxw0ri0vdpsoh wr erwk PfFxoorfk lp0

sohphqwdwlrqv dqg wkh OPQW surfhgxuh1 Ghshqglqj rq wkh shuirupdqfh phdvxuh frqvlghuhg wkh

shufhqwdjh suhihuhqfh lv dq h{wudruglqdu| ;40;;( ryhu wkh OPQW surfhgxuh dqg d pdvvlyh <30<:(

ryhu erwk PfFxoorfk vfkhphv1 Krzhyhu wklv vwurqj suhihuhqfh udslgo| gzlqgohv doprvw wr wkh rwkhu

h{wuhph zkhq frqvlghulqj erqgv zlwk d pdwxulw| ri juhdwhu wkdq rqh |hdu1 Lq wkh rqh wr wkuhh/ wkuhh

wr ?yh/ dqg ?yh wr whq |hdu erqg pdwxulw| elqv wkh dssur{lpdwh rxw0ri0vdpsoh shufhqwdjh suhihuhqfh

ryhu wkh Idpd0Eolvv phwkrg e| l, erwk PfFxoorfk vfkhphv lv 98(/ :7( dqg 89(/ dqg ll, wkh OPQW

surfhgxuh lv d pdvvlyh :4(/ ::( dqg 97(148 Wkhvh revhuydwlrqv surylgh vwurqj hylghqfh wr vxjjhvw

wkdw eh|rqg wkh rqh0|hdu pdwxulw| uhjlrq wkh Idpd0Eolvv surfhgxuh lv wkh odvw phwkrg ri fkrlfh/

krzhyhu lq wkh Wuhdvxu| eloo pdwxulw| uhjlrq lw lv wkh suhihuuhg phwkrg1 Djjuhjdwlqj vxfk d gl0

yhuvh udqnlqj dfurvv pdwxulw| lv yluwxdoo| dq lpsrvvleoh wdvn vlqfh lw ghshqgv rq wkh xvhuv vxemhfwlyh

zhljkwlqjv uhjduglqj zklfk pdwxulw| uhjlrqv duh pruh lpsruwdqw1 Li doo erqgv duh wuhdwhg dv htxdoo|

lpsruwdqw/ luuhvshfwlyh ri wkhlu pdwxulw|/ wkhq wkh ryhudoo shufhqwdjh suhihuhqfh ?jxuhv vkrxog eh

xvhg1 Dgrswlqj hlwkhu wkh ryhudoo`�øå. ru wkh�øt. edvhg shufhqwdjh suhihuhqfh phdvxuhv wr

udqn whup vwuxfwxuh hvwlpdwlrq surfhgxuhv/ ehfdxvh wkh| dwwhpsw wr vwdqgdugl}h huuru pdjqlwxghv

dfurvv wlph dqg pdwxulw|/ wkh Idpd0Eolvv surfhgxuh lv suhihuuhg rxw0ri0vdpsoh wr erwk PfFxoorfk

vfkhphv dw ohdvw :3( ri wkh wlph dqg wkh OPQW vfkhph lv suhihuuhg pdujlqdoo| wr wkh Idpd0Eolvv

vfkhph +88( ri wkh wlph rxw0ri0vdpsoh,1

Wr vxppdul}h/ lq0vdpsoh uhvxowv vxjjhvw d fohdu udqnlqj ri wkh whup vwuxfwxuh hvwlpdwlrq sur0

fhgxuhv vwxglhg> ?uvw wkh OPQW surfhgxuh iroorzhg e| wkh PfFxoorfk0E vfkhph dqg ?qdoo| wkh

PfFxoorfk0D phwkrg1 Wkh Idpd0Eolvv vfkhph lv h{foxghg iurp wklv udqnlqj vlqfh e| lwv frqvwuxf0

48Wkhvh qxpehuv gr qrw lqfoxgh wkh shufhqwdjh suhihuhqfh ?jxuhv edvhg rq wkh klw0udwh phwulf krzhyhu wklv phwulf

grhv lq sduw vxssruw wkh deryh dujxhphqw1 Wkh rqo| h{fhswlrq lv lq wkh ?yh wr whq |hdu erqg pdwxulw| vshfwuxp

zkhuh wkh klw0udwh shufhqwdjh suhihuhqfh vxjjhvwv d voljkw suhihuhqfh iru wkh Idpd0Eolvv vfkhph ryhu rwkhu phwkrgv1

Rqfh djdlq zh h{sodlq wklv uhvxow e| uhvruwlqj wr wkh gh?fldqf| ri wkh klw0udwh phwulf/ qdpho| lw idlov wr shqdol}h odujhu

huuruv1
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wlrq lw zloo doprvw dozd|v eh udqnhg ?uvw1 Ljqrulqj wkh Idpd0Eolvv vfkhph wkh rxw0ri0vdpsoh uhvxowv

uhd!up wkh deryh udqnlqj1 Sodflqj wkh Idpd0Eolvv vfkhph zlwklq wklv udqnlqj xqiruwxqdwho| lv qrw

dv fohdu0fxw1 Li rqh lv suhgrplqdqwo| lqwhuhvwhg lq wkh vkruw hqg ri wkh whup vwuxfwxuh +ohvv wkdq

rqh |hdu wlph0wr0pdwxulw|, wkhq wkh Idpd0Eolvv vfkhph lv wkh suhihuuhg fkrlfh deryh wkh OPQW

surfhgxuh1 Li rqh lv lqwhuhvwhg lq pdwxulwlhv juhdwhu wkdq rqh |hdu wkhq wkh Idpd0Eolvv vfkhph udqnv

odvw/ ehorz wkh OPQW/ PfFxoorfk0E/ dqg PfFxoorfk0D vfkhphv1

7 D Sur{| iru wkh Vkruw Udwh

Vhyhudo uhfhqw duwlfohv kdyh udlvhg wkh lvvxh ri zklfk lqwhuhvw udwh wr xvh dv d sur{| iru wkh vkruw whup

lqwhuhvw udwh1 Gx>hh +4<<9, dujxhv wkdw wkh wkuhh prqwk Wuhdvxu| eloo udwh lv suhihudeoh wr wkh rqh

prqwk udwh dqg d uhfhqw sdshu e| Fkdspdq0Orqj0Shduvrq +4<<<, vkrzv wkdw vhyhuh eldvhv fdq dulvh

lq wkh vkruw udwh*v guliw dqg gl>xvlrq hvwlpdwhv zkhq xvlqj wkhvh Wuhdvxu| eloo udwhv dv vkruw udwh

sur{lhv1 Dq dgglwlrqdo lvvxh wkdw lv qrw dgguhvvhg lq hlwkhu vwxg| lv wkh h>hfw ri revhuydwlrq huuru

lq erqg sulfhv1 Li revhuydwlrq huuruv duh suhvhqw d uhdvrqdeoh frqmhfwxuh lv wkdw xvlqj dq hvwlpdwhg

vkruw udwh iurp d fxuyh ?wwlqj surfhgxuh vkrxog eh vxshulru wr erwk wkh rqh prqwk dqg wkuhh prqwk

Wuhdvxu| eloo udwh sur{lhv1 Wklv frqmhfwxuh lv edvhg rq wkh lghd wkdw d fxuyh ?wwlqj surfhgxuh dyhudjhv

revhuydwlrqv dw wkh vkruw hqg ri wkh whup vwuxfwxuh dqg h{wudsrodwhv edfn wr wkh ruljlq surylglqj d

vkruw udwh hvwlpdwh zlwk kljkhu suhflvlrq1 Hylghqfh wr vxssruw wklv lv surylghg ehorz yld d vlpxodwlrq

zkhuh lw lv ghprqvwudwhg wkdw= l, wkh hvwlpdwhg vkruw udwh iurp wkh OPQW fxuyh ?wwlqj surfhgxuh

uhvxowv lq d vpdoohu phdq huuru dqg d vpdoohu huuru yduldqfh/ dqg ll, hvwlpdwhg guliw dqg gl>xvlrq

frh!flhqwv iru wkh vkruw udwh surfhvv duh pruh dffxudwh zkhq xvlqj wkh OPQW edvhg vkruw udwh

hvwlpdwh dv d sur{| iru wkh vkruw udwh1 Wkh OPQW whup vwuxfwxuh h{wudfwlrq phwkrg lv xvhg khuh

vlqfh lw zdv frqfoxghg lq Vhfwlrq 6 wkdw wkh OPQW surfhgxuh shuirupv ehwwhu wkdq erwk PfFxoorfk

fxelf vsolqh lpsohphqwdwlrqv1 Wkh Idpd0Eolvv vfkhph lv qrw frqvlghuhg vlqfh lw lv qrw d fxuyh ?wwlqj

surfhgxuh lq wkh vhqvh wkdw lw lv qrw uhjuhvvlrq edvhg dqg khqfh grhv qrw kdyh wkh delolw| wr dyhudjh

revhuydwlrq huuruv1 Qrwh wkdw hyhq wkrxjk lw zdv frqfoxghg lq vhfwlrq 6 wkdw wkh Idpd0Eolvv phwkrg

iru hvwlpdwlqj wkh whup vwuxfwxuh lv suhihuuhg lq wkh Wuhdvxu| eloo uhjlrq/ lw lv dovr wuxh wkdw Wuhdvxu|

eloov zlwk yhu| vkruw pdwxulwlhv ^ohvv wkdq rqh prqwk` zhuh h{foxghg iurp wkh vdpsoh dqg xqghu

lghdo flufxpvwdqfhv wkhvh Wuhdvxu| eloov vkrxog eh xvhg wr ghwhuplqh d sur{| wkh vkruw udwh1 Dv zloo

eh vhhq lq wkh iroorzlqj vlpxodwlrq/ lq ohvv wkhq lghdo flufxpvwdqfhv lw lv lq wkhvh yhu| vkruw whup

vhfxulwlhv wkdw odujh huuruv rffxu zkhq hvwlpdwlqj wkh vkruw udwh1
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714 Wkh Vlpxodwlrq

Zkhq hvwlpdwlqj d whup vwuxfwxuh prgho lw lv w|slfdo wkdw wkh gdwd frqvlvwv ri Wuhdvxu| eloo/ qrwh dqg

erqg sulfhv1 Wr vlpxodwh wkh sulfhv ri wkhvh vhfxulwlhv d wlph0vhulhv ri }hur0frxsrq erqg |lhog fxuyhv

lv vlpxodwhg1 Wklv lv dfklhyhg xvlqj wkh Fr{0Lqjhuvroo0Urvv +4<;8, whup vwuxfwxuh prgho/ zklfk lv

fkrvhq sxuho| iru wkh frqyhqlhqfh ri kdylqj d forvhg iru vroxwlrq1 Lq sduwlfxodu wkh hyroxwlrq ri wkh

vkruw udwh lv fkdudfwhul}hg e| wkh phdq0uhyhuwlqj surfhvv

_oE|ä ' V Ew ý oE|ää _|n j
s
oE|ä_` E|äc

zkhuh oE|ä lv wkh vkruw udwh dw wlph | dqg ` E|ä lv wkh Eurzqldq prwlrq fkdudfwhul}lqj xqfhuwdlqw|

lq wkh erqg pdunhw1 Ixuwkhu wkh pdunhw sulfh ri lqwhuhvw udwh ulvn wdnhv wkh irup
b
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EVn bä2 n 2j2/ è2 ' EVn bn è�ä *2 dqg èô ' 2Vw*j21 Iru wkh vlpxodwlrq wkh vkruw

udwh surfhvv lv vlpxodwhg gdlo| ryhu d whq |hdu wlph krul}rq xvlqj sdudphwhuv iurp Fkhq dqg Vfrww

+4<<6,> V ' féeSb./ w ' féfS�H2/ j ' féfH2eH/ b ' ýféfeDee1 Jlyhq wklv wlph0vhulhv uhdol}dwlrq

ri |lhog fxuyhv wkh sulfhv ri Wuhdvxu| vhfxulwlhv duh frqvwuxfwhg hdfk zlwk d idfh ydoxh ri '4331 Wr

hqvxuh wkdw wkh pdwxulw| dqg frxsrq vwuxfwxuh ri wkhvh vhfxulwlhv duh dv uhdolvwlf dv srvvleoh zh xvh

wkh vwuxfwxuh revhuyhg lq wkh FUVS erqg gdwd vhw iurp Mdqxdu| 4<;< wr Ghfhpehu 4<<; rq d gdlo|

edvlv/ zklfk surylghv 5834 gd|v ri vlpxodwhg sulfhv149 Zh fkrrvh wkh vwuxfwxuh lpsolhg e| jryhuqphqw

vhfxulwlhv ryhu wkh prvw uhfhqw whq |hdu shulrg sxuho| ehfdxvh pruh vhfxulwlhv duh revhuyhg lq odwhu

|hduv1 Ilqdoo| wkhvh vlpxodwhg vhfxulw| sulfhv duh frqwdplqdwhg zlwk Qrupdoo| glvwulexwhg l1l1g1

udqgrp qxpehuv wkdw duh phdq }hur dqg kdyh d vwdqgdug ghyldwlrq ri 8 fhqwv/ 48 fhqwv/ 58 fhqwv dqg

68 fhqwv iru vhfxulwlhv zlwk d wlph0wr0pdwxulw| ô lq |hduv ri f ÷ ô 9 �/ � ÷ ô 9 ô/ ô ÷ ô 9 D dqg

D ÷ ô 9 �f uhvshfwlyho|1

Xvlqj wkh deryh frqwdplqdwhg sulfhv wkuhh sur{lhv iru wkh vkruw udwh duh frpsxwhg> wkh |lhogv

lpsolhg e| wkh rqh dqg wkuhh prqwk Wuhdvxu| eloov dqg wkh hvwlpdwhg vkruw udwh iurp wkh OPQW

surfhgxuh1 Wdeoh 8 suhvhqwv wkh phdq dqg vwdqgdug ghyldwlrq ri wkh huuru dvvrfldwhg zlwk hdfk vkruw

udwh sur{|1 Iurp wklv wdeoh wkh OPQW edvhg vkruw udwh hvwlpdwh kdv d orzhu eldv dqg d kljkhu

suhflvlrq +lwv phdq huuru lv 91; 2 619 wlphv vpdoohu dqg lwv huuru vwdqgdug ghyldwlrq lv dssur{lpdwho|

719 2 41: wlphv vpdoohu wkdq wkh rqh 2 wkuhh prqwk Wuhdvxu| eloo udwh edvhg sur{|,1

WDEOH 8 DERXW KHUH

49Wkh rqo| uhjxodu h{fhswlrq lv wkh dgglwlrq ri erwk d rqh0prqwk dqg d wkuhh0prqwk Wuhdvxu| eloo1
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Wkh ehqh?w ri xvlqj wkh OPQW vkruw udwh hvwlpdwh dv rssrvhg wr wkh deryh wzr Wuhdvxu| eloo

sur{lhv lv ixuwkhu kljkoljkwhg zkhq hvwlpdwlqj wkh vkruw udwh surfhvv lwvhoi1 Lq sduwlfxodu vxssrvh

wkdw zh gr qrw nqrz wkh ixqfwlrqdo irup ri wkh surfhvv ghvfulelqj wkh hyroxwlrq ri wkh vkruw udwh dqg

zh duh lqwhuhvwhg lq ohduqlqj derxw lw wkurxjk wkh gdwd1 Wklv fdq eh dfklhyhg xvlqj qrqsdudphwulf

whfkqltxhv vxfk dv wkrvh lq Dòw0Vdkdold +4<<9d,/ Vwdqwrq +4<<:,/ Mldqj dqg Nqljkw +4<<:, dqg Edqgl

dqg Skloolsv +4<<;,1 W|slfdoo| wkhvh phwkrgv dvvxph wkdw wkh vkruw udwh surfhvv iroorzv d wlph0

krprjhqhrxv xqlyduldwh Pdunry gl>xvlrq dqg wkh remhfwlyh lv wr hvwlpdwh wkh guliw dqg gl>xvlrq

frh!flhqwv qrqsdudphwulfdoo|1 Khuh zh xvh Vwdqwrq*v phwkrg zkhuh wkh guliw dqg gl>xvlrq hvwlpdwruv

duh edvhg rq vwdqgdug nhuqho vprrwklqj phwkrgv zlwk wkh qrupdo nhuqho gE%ä ' �I
2Z

i T
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2
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Wkh guliw dqg gl>xvlrq hvwlpdwruv duh uhvshfwlyho|
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zkhuh ? lv wkh vdpsoh vl}h dqg { ' |ðn� ý |ð iru doo ð1 Wkh edqgzlgwk sdudphwhu û fkrvhq e|

Vwdqwrq lv e
s
T ?3�*D zkhuh T lv wkh vdpsoh yduldqfh ri fkdqjhv rq wkh vkruw udwh14: Wkh uhvxowv

iurp lpsohphqwlqj wkhvh hvwlpdwruv xvlqj wkh wkuhh vkruw udwh sur{lhv lv surylghg lq Iljxuh 5 dorqj

zlwk wkh 3wuxh4 guliw dqg yrodwlolw| ixqfwlrqv iurp wkh ruljlqdo Fr{0Lqjhuvroo0Urvv prgho wkdw iruphg

wkh irxqgdwlrq ri wkh vlpxodwhg gdwd1

ILJXUH 5 DERXW KHUH

Wkh uhvxowv lq Iljxuh 5 lqglfdwh wkdw wkh ehqh?wv iurp xvlqj d fxuyh ?wwlqj edvhg hvwlpdwh ri

wkh vkruw udwh lv qrw lqfrqvhtxhqwldo1 Erwk wkh guliw dqg yrodwlolw| hvwlpdwhv duh qrwdeo| forvhu

wr wkh wuxh guliw dqg yrodwlolw| zkhq xvlqj wkh OPQW edvhg vkruw udwh sur{|1 Doo guliw hvwlpdwhv

ghprqvwudwh d qrwdeoh huuru lq wkhlu vorsh/ fruuhvsrqglqj wr wkh vshhg ri phdq uhyhuvlrq/ dqg wkh

yrodwlolw| hvwlpdwhv duh xszdug eldvhg1 Wkh fdxvh ri wkh eldv lq wkh yrodwlolw| hvwlpdwh lv fohdu1 Lw

vwhpv iurp wkh dgglwlrqdo qrlvh lq wkh vkruw udwh sur{| iurp revhuydwlrq qrlvh1 Lw lv dovr lqwhuhvwlqj

wr revhuyh wkh gudpdwlf lpsuryhphqw ri wkh wkuhh prqwk Wuhdvxu| eloo udwh sur{| ryhu wkh rqh prqwk

sur{| hyhq wkrxjk wkh iruphu lv wkhruhwlfdoo| forvhu wr wkh vkruw udwh li revhuydwlrq qrlvh lv ljqruhg1

Wkh lpsuryhphqw e| xvlqj wkh wkuhh prqwk Wuhdvxu| eloo dulvhv iurp wkh idfw wkdw iru d jlyhq huuru

4:Wklv edqgzlgwk fkrlfh e| Vwdqwrq lv uhsruwhg lq Fkdspdq dqg Shduvrq +4<<<, irrwqrwh 71
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lq sulfh wkh fruuhvsrqglqj huuru lq |lhog zloo eh juhdwhu iru vkruwhu pdwxulw| vhfxulwlhv1 Wkh suhvhqfh

ri huuruv lq vkruw udwh sur{lhv fdq dovr h{sodlq wkh huuru lq wkh vorsh ri wkh guliw ixqfwlrq*v hvwlpdwh1

Wr vhh wklv frqvlghu wkh fdvh zkhuh wkh vkruw udwh lv lqghhg uhyhuwlqj wrzdug vrph phdq ohyho w1

Dq| sur{| iru wkh vkruw udwh wkdw kdv qrlvh zloo kdyh kljkhu yrodwlolw| wkdq wkh wuxh vkruw udwh1

Frqvhtxhqwo| wkh sur{| zloo furvv wkh ydoxh w pruh iuhtxhqwo| wkdq wkh wuxh vkruw udwh1 Wklv pdnhv

wkh hvwlpdwlrq ri wkh udwh ri phdq uhyhuvlrq pruh gl!fxow dqg wkh kljkhu wkh sur{| huuru yduldqfh

wkh pruh gl!fxow lw zloo eh1

Lq vkruw/ jlyhq revhuydwlrq qrlvh lq sulfhv/ wkh OPQW edvhg vkruw udwh sur{| surylghv d ehwwhu

hvwlpdwh wr wkh vkruw udwh wkdq wkh wkuhh prqwk Wuhdvxu| eloo udwh/ zklfk lq wxuq lv d ehwwhu hvwlpdwh

wkdq wkdw surylghg e| wkh rqh prqwk Wuhdvxu| eloo udwh1 Wkh lpsruwdqfh ri xvlqj d ehwwhu hvwlpdwh

lv kljkoljkwhg zkhq xvlqj lw wr hvwlpdwh wkh wlph vhulhv surshuwlhv ri wkh vkruw udwh1 Lq sduwlfxodu wkh

yduldqfh ri wkh qrlvh lq wkh sur{| ghwhuplqhv wkh eldv lq vkruw udwh yrodwlolw| dqg vwurqjo| lq xhqfhv

wkh delolw| wr hvwlpdwh wkh vorsh ri wkh guliw ixqfwlrq1

8 Vxppdu| dqg Frqfoxvlrq

Xvlqj prqwk hqg erqg sulfh gdwd iurp Mdqxdu| +4<:3, wr Ghfhpehu +4<<;, wkuhh kljko|  h{leoh

whup vwuxfwxuh h{wudfwlrq phwkrgv kdyh ehhq frpsduhg= PfFxoorfk*v +4<:8, fxelf vsolqh/ wkh Idpd0

Eolvv +4<;:, errwvwudsslqj surfhgxuh dqg wkh OPQW +5333, qrqsdudphwulf hvwlpdwlrq phwkrg1 Wzr

yhuvlrqv ri wkh PfFxoorfk fxelf vsolqh surfhgxuh zhuh frqvlghuhg/ qdpho| wkdw ruljlqdoo| sursrvhg

e| PfFxoorfk +4<:8, dqg d yhuvlrq zlwk wzlfh dv pdq| nqrw srlqwv1 Ghvslwh wklv dgglwlrqdo  h{lelolw|

ri wkh odwwhu yhuvlrq/ rxw0ri0vdpsoh uhvxowv vxjjhvw wkdw wkhuh lv doprvw qr ehqh?w ri lqfuhdvlqj wkh

qxpehu ri nqrw srlqwv eh|rqg wkdw sursrvhg e| PfFxoorfk1 Udqnlqj wkh shuirupdqfh ri wkh wkuhh

phwkrgv/ edvhg rq dqdo|}lqj erwk lq0vdpsoh dqg rxw0ri0vdpsoh sulflqj dqg |lhog huuruv/ zh frqfoxgh

wkdw wkh OPQW +5333, phwkrg lv wkh suhihuuhg phwkrg ri fkrlfh zkhq hvwlpdwlqj wkh whup vwuxfwxuh

eh|rqg rqh |hdu1 Wklv lv iroorzhg e| PfFxoorfk*v fxelf vsolqh dqg wkhq wkh Idpd0Eolvv errwvwudsslqj

phwkrg1 Lw lv lqwhuhvwlqj wr revhuyh wkdw zkhq frqvlghulqj wkh pdwxulw| uhjlrq ri ohvv wkdq rqh |hdu

wkh Idpd0Eolvv surfhgxuh lv qrz wkh suhihuuhg phwkrg iroorzhg e| wkh OPQW surfhgxuh dqg wkhq

PfFxoorfk*v fxelf vsolqh1 Jlyhq wkdw wkh Idpd0Eolvv surfhgxuh lv wkh ohdvw sduvlprqlrxv phwkrg/

vlqfh doo lq0vdpsoh erqgv duh sulfhg h{dfwo|/ wkh odvw uhvxow vxjjhvwv wkdw dgglwlrqdo  h{lelolw| lq wkh

Wuhdvxu| eloo uhjlrq qhhgv wr eh lqfrusrudwhg lqwr wkh rwkhu wzr whup vwuxfwxuh hvwlpdwlrq phwkrgv1

Xvh ri OPQW fxuyh ?wwlqj phwkrg lv vkrzq yld vlpxodwlrq wr dlg lq wkh hvwlpdwlrq ri wkh

xqrevhuydeoh vkruw udwh1 Hyhq wkrxjk lw zdv frqfoxghg wkdw wkh Idpd0Eolvv phwkrg lv wkh suhihuuhg

whup vwuxfwxuh h{wudfwlrq phwkrg lq wkh Wuhdvxu| eloo uhjlrq lw lv dovr wuxh wkdw wklv frqfoxvlrq zdv

edvhg rq uhfrqvwuxfwlqj Wuhdvxu| eloo sulfhv dqg |lhogv zlwk pdwxulwlhv udqjlqj iurp rqh wr wzhoyh
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prqwkv1 Zkhq irfxvlqj rq hvwlpdwlqj wkh vkruw udwh wkh vlpxodwlrq vkrzv wkdw li revhuydwlrq qrlvh

lv suhvhqw lq sulfhv wkhq xvlqj wkh |lhog iurp d yhu| vkruw pdwxulw| Wuhdvxu| eloo ^pdwxulw| ri rqh

prqwk` dv d sur{| iru wkh vkruw udwh kdv d orzhu suhflvlrq wkhq d |lhog iurp d orqjhu whup Wuhdvxu|

eloo ^pdwxulw| ri wkuhh prqwkv`1 Wklv lv ehfdxvh d vpdoo huuru lq sulfh kdv d odujhu lpsdfw rq wkh huuru

lq |lhog dv wkh pdwxulw| ri wkh Wuhdvxu| eloo ghfuhdvhv1 Wkh ehqh?w ri xvlqj wkh OPQW surfhgxuh

dulvhv iurp wkh idfw wkdw huuruv iurp d qxpehu d vkruw gdwhg Wuhdvxu| eloov duh dyhudjhg surylglqj d

vkruw udwh hvwlpdwh zlwk kljkhu suhflvlrq1 Wkh vlpxodwlrq ixuwkhu ghprqvwudwhv wkdw xvlqj wkh OPQW

edvhg hvwlpdwh lv qrw lqfrqvhtxhqwldo zkhq hvwlpdwlqj wkh wlph vhulhv surshuwlhv ri wkh vkruw udwh1

Wkh kljkhu suhflvlrq ri wkh vkruw udwh hvwlpdwh uhvxowv lq d orzhu eldv lq wkh vkruw udwh yrodwlolw|

hvwlpdwh dqg vpdoohu huuru lq wkh vorsh hvwlpdwh ri wkh vkruw udwh*v guliw ixqfwlrq1
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