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Devwudfw

Wklv sdshu hvwlpdwhv wkh lpsolhg vwrfkdvwlf surfhvv ri wkh yrodwlolw| ri wkh Vzlvv pdunhw lqgh{

+VPL, iurp wkh sulfhv ri rswlrqv zulwwhq rq lw1 D JDUFK+4/4, prgho lv vkrzq wr eh d jrrg

sdudphwhul}dwlrq ri wkh surfhvv1 Wkhq/ xvlqj wkh JDUFK rswlrq sulflqj prgho ri Gxdq +4<<4,/

wkh lpsolhg yrodwlolw| surfhvv lv hvwlpdwhg e| d vlpxodwlrq plqlpl}dwlrq phwkrg iurp rswlrq sulfh

gdwd1 Zh ?qg wkh shuvlvwhqfh ri yrodwlolw| vkrfnv lpsolhg e| rswlrqv rq wkh VPL wr eh yhu| forvh wr

wkdw hvwlpdwhg iurp klvwrulfdo gdwd rq wkh lqgh{ lwvhoi1 Frpsdulqj wkh shuirupdqfhv ri wkh lpsolhg

JDUFK rswlrq sulflqj prgho wr wkdw ri wkh Eodfn dqg Vfkrohv prgho lw dsshduv wkdw wkh ryhudoo

sulflqj shuirupdqfh ri wkh iruphu lv vxshulru1 Krzhyhu wkh odujh vdpsoh vwdqgdug ghyldwlrqv ri wkh

rxw0ri0vdpsoh sulflqj huuruv vxjjhvw wkdw wklv uhvxow vkrxog eh wdnhq zlwk fdxwlrq1

Nh| Zrugv= DUFK Prghov> Rswlrq Sulflqj> Vlpxodwlrq Hvwlpdwlrq> Vzlvv Pdunhw Lqgh{> Yrodwlo0

lw|>
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4 Lqwurgxfwlrq

D fhqwudo k|srwkhvlv lq wkh ghulydwlrq ri wkh Eodfn dqg Vfkrohv +4<:6, rswlrq sulflqj prgho lv wkdw

wkh uhwxuqv rq wkh xqghuo|lqj dvvhw duh orjqrupdoo| glvwulexwhg zlwk d phdq dqg yrodwlolw| wkdw duh

frqvwdqw wkurxjk wlph1 Krzhyhu/ lw kdv ehhq zlgho| uhfrjql}hg vlqfh Pdqghoeurw +4<96/ 4<9:, dqg

Idpd +4<98, wkdw dvvhw uhwxuqv srvvhvv erwk idw0wdlohg glvwulexwlrqv dqg wkdw vtxduhg uhwxuqv dsshdu

wr foxvwhu1 Wkhvh fkdudfwhulvwlfv duh lqwhusuhwhg dv hylghqfh ri wkh vwrfkdvwlf yrodwlolw| ri ?qdqfldo

dvvhwv1 Wkh dvvxpswlrq ri frqvwdqw yrodwlolw| kdv vlqfh ehhq uhod{hg e| qxphurxv dxwkruv1 Iru

h{dpsoh/ Phuwrq +4<:9, h{dplqhv wkh fdvh ri d ?qdqfldo dvvhw zkrvh sulfh iroorzv d pl{hg mxps0

gl>xvlrq surfhvv1 Kxoo dqg Zklwh +4<;:, sursrvh d pruh jhqhudo vwrfkdvwlf yrodwlolw| prgho lq zklfk

wkh sulfh ri wkh xqghuo|lqj dvvhw dqg lwv yduldqfh iroorz lqghshqghqw gl>xvlrq surfhvvhv1 Uxelqvwhlq*v

+4<;6, prgho srvwxodwhv d srvlwlyh uhodwlrq ehwzhhq wkh sulfh ri wkh dvvhw dqg lwv yduldqfh1 Frqyhuvho|/

wkh FHYprgho +Frqvwdqw Hodvwlflw| ri Yduldqfh, ri Fr{ dqg Urvv +4<:9, dvvxphv wkdw wkh yduldqfh ri

wkh vwrfn lv qhjdwlyho| uhodwhg wr wkh hyroxwlrq ri lwv sulfh1 Ilqdoo|/ ryhu wkh odvw ?iwhhq |hduv DUFK

+Dxwruhjuhvvlyh Frqglwlrqdo Khwhurvnhgdvwlflw|, prghov kdyh ehhq zlgho| dssolhg lq wkh ?qdqfldo

olwhudwxuh dqg vshfl?fdoo| lq wkh rswlrq olwhudwxuh1 Zh rzh wkh DUFK prgho wr Hqjoh +4<;5, dqg lwv

jhqhudol}hg yhuvlrq fdoohg JDUFK wr Eroohuvohy +4<;9,1 Wkhvh prghov dvvxph frqglwlrqdoo| qrupdoo|

glvwulexwhg uhwxuqv zlwk d wlph0ydu|lqj frqglwlrqdo yduldqfh/ dqg dsshdu wr uhfrqfloh wkh vw|ol}hg idfwv

ri ?qdqfldo wlph vhulhv ehwwhu wkdq pruh 3fodvvlf4 wlph vhulhv prghov +vxfk dv DUPD prghov,1 Wkh

lqlwldo vxffhvv ri DUFK prghov lq fdswxulqj wkhvh qrqolqhdulwlhv lq wkh ?qdqfldo vhulhv kdv ohg wr

pdq| h{whqvlrqv ri wkh ruljlqdo prgho14 Dw wkh vdph wlph zh zlwqhvv d uhzulwlqj ri wkh hfrqrplf

prghov/ vxfk dv rswlrq sulflqj prghov/ wr lqfrusrudwh wklv surjuhvv1 Wkh JDUFK rswlrq sulflqj

4Vhh wkh h{fhoohqw uhylhzv e| Eroohuvohy/ Fkrx dqg Nurqhu +4<<5, dqg Sdjdq +4<<6, iru ixuwkhu glvfxvvlrq1
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prgho e| Gxdq +4<<4,/ wkdw zh xvh lq wklv sdshu/ lv dq h{dpsoh ri wklv1

Yrodwlolw| dqg lwv phdvxuhphqw duh wkxv ri juhdw lpsruwdqfh lq ?qdqfh dqg lq rswlrq sulflqj lq

sduwlfxodu1 Lq rswlrq sulflqj/ wzr phwkrgv duh qrz frpprqo| xvhg wr rewdlq d jrrg h{0dqwh phdvxuh

ri wkh yrodwlolw| ri uhwxuqv1 Wkh ?uvw phwkrg lv nqrzq dv wkh gluhfw phwkrg1 Rq wkh edvlv ri pdunhw

uhwxuqv d vwdwlvwlf vxfk dv wkh vwdqgdug ghyldwlrq lv fdofxodwhg dqg lv wkhq xvhg dv d iruhfdvw iru wkh

ixwxuh yrodwlolw|1 Wkh lqgluhfw phwkrg frqvlvwv lq xvlqj wkh sulfhv ri wkh frqwlqjhqw dvvhwv wr h{wudfw

d phdvxuh ri wkh yrodwlolw|1 Odwdqh dqg Uhqgohpdq +4<:9, zhuh wkh ?uvw wr sursrvh wklv dssurdfk

edvhg rq wkh Eodfn dqg Vfkrohv rswlrq sulflqj irupxod1 Wkh lghd lv wr vroyh wkh sulflqj irupxod iru

wkh lpsolhg yrodwlolw| jlyhq e| wkh pdunhw sulfh ri wkh frqwlqjhqw dvvhw1

Lq wklv sdshu/ zh h{dplqh d vhulhv ri gdlo| uhwxuqv rq wkh Vzlvv Pdunhw Lqgh{ +VPL,/ zklfk lv d

frqwlqxrxvo| frpsxwhg vwrfn pdunhw lqgh{ wkdw lv pdunhw ydoxh zhljkwhg dqg frqwdlqv wkh 56 vwrfnv

zlwk wkh odujhvw pdunhw ydoxhv/ dqg d vhulhv ri fdoo dqg sxw rswlrqv rq wklv lqgh{ zklfk zhuh wudghg

rq wkh VRIIH[ +Vzlvv Rswlrqv dqg Ilqdqfldo Ixwxuhv H{fkdqjh,1 Wkh Vzlvv ?qdqfldo pdunhwv gl>hu

lq ydulrxv zd|v iurp wkh XV pdunhwv rq zklfk prvw ri wkh vwxglhv lq dssolhg ?qdqfh duh frqgxfwhg1

Dvlgh iurp wkh reylrxv gl>huhqfh lq vl}h/ wkh Vzlvv vwrfn pdunhw lv kljko| frqfhqwudwhg dqg lwv ghjuhh

ri wudglqj dfwlylw| lv vhyhuho| vhjphqwhg e| ?up vl}h dv zhoo dv e| rzqhuvkls vwuxfwxuh15 Wkh Vzlvv

vwrfn pdunhw lv dovr uhodwlyho| |rxqj/ iru h{dpsoh/ wkh VPL zdv qrw frpsxwhg sulru wr Mxo| 4<;;1

Wkh Vzlvv rswlrqv pdunhw lv dovr yhu| uhfhqw1 Wkh VRIIH[ vwduwhg wudglqj Dphulfdq fdoo dqg sxw

rswlrqv rq 44 lqglylgxdo eoxh fkls vwrfnv rq Pd| 4</ 4<;;1 Frqwudu| wr wkh XV h{shulhqfh/ rswlrqv

rq wkh lqgh{ ^zklfk duh frqvlghuhg dv pruh frpsoh{ lqvwuxphqwv wkdq lqgh{ ixwxuhv 0 hvshfldoo| li

wkh| duh Dphulfdq` zhuh odxqfkhg ?uvw rq Ghfhpehu :/ 4<;;/ iroorzhg e| VPL ixwxuhv rq Qryhpehu

</ 4<<31 D wklq lqlwldo wudglqj dfwlylw| dqg luudwlrqdo hduo| h{huflvh srolflhv ohg wkh VRIIH[ wr

5Euxdqg dqg Jlevrq +4<<8, uhsruw wkdw lq Mxo| 4<<8/ iru h{dpsoh/ wkh 43 odujhvw frpsdqlhv dffrxqwhg iru pruh

wkdq 93( ri lwv wrwdo fdslwdol}dwlrq1 Wkh| dovr vwuhvv wkh idfw wkdw iru odujh/ jhqxlqho| sxeolf/ frpsdqlhv/ elg dqg dvn

vsuhdgv uhsuhvhqw ohvv wkdq 318( ri wkh vwrfn*v elg sulfh zkloh wkh| uhdfk 6 wr 7( ri wkh elg sulfh lq vpdoo frusrudwlrqv/

dqg wkdw lw lv qrw xqfrpprq/ iru vrph vpdoo ?upv* vwrfnv/ wr revhuyh rqo| rqh wudqvdfwlrq shu zhhn1
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frqyhuw wkh rswlrqv rq wkh VPL wr wkh Hxurshdq ydulhw| gxulqj wkh vhfrqg kdoi ri 4<<31 Zh vkrz

wkdw d JDUFK+4/4, prgho lv d jrrg uhsuhvhqwdwlrq iru wkh gdlo| uhwxuq vhulhv1 Lq uhjdug wr uhvxowv

rewdlqhg rq rwkhu pdunhwv/ qrwdeo| wkh XV vwrfn pdunhw/ rxu hvwlpdwlrqv ri wkh yrodwlolw| e| wkh

gluhfw phwkrg uh hfw d orz shuvlvwhqfh ri vkrfnv rq wkh yduldqfh ri uhwxuqv rq wkh VPL1 Zh dovr dsso|

wkh lqgluhfw phwkrg/ lq wkh iudphzrun ri Gxdq*v +4<<4, JDUFK rswlrq sulflqj prgho/ wr rswlrqv

zulwwhq rq wkh VPL1 Wkh lpsolhg yrodwlolw| prgho wkdw uhvxowv fdq wkhq eh xvhg wr whvw wkh ydolglw| ri

d JDUFK vshfl?fdwlrq dqg wr hydoxdwh Hxurshdq rswlrqv1 Gxdq*v JDUFK rswlrq sulflqj irupxod

grhv qrw doorz iru dq dqdo|wlfdo vroxwlrq> wkhuhiruh/ zh xvh vlpxodwhg rswlrq sulfhv wr rewdlq dq

hvwlpdwh ri wkh sdudphwhuv ri wkh lpsolhg yrodwlolw| surfhvv1 Wkh lpsolhg JDUFK prgho lv wkh rqh

zkrvh sdudphwhuv plqlpl}h d orvv ixqfwlrq wkdw phdvxuhv wkh glvwdqfh ehwzhhq wkh vlpxodwhg sulfhv

dqg wkh revhuyhg pdunhw sulfhv1 Wkh lpsolhg yrodwlolw| surfhvv zh rewdlq vxjjhvwv d shuvlvwhqfh lq

yduldqfh vlplodu wr wkdw rewdlqhg e| wkh gluhfw phwkrg1 Ilqdoo|/ frpsdulqj wkh rxw0ri0vdpsoh sulflqj

huuruv ri wkh lpsolhg JDUFK prgho wr wkrvh ri wkh Eodfn dqg Vfkrohv prgho/ lw dsshduv wkdw wkh

iruphu lv vxshulru lq hydoxdwlqj rswlrqv rq wkh VPL1 Krzhyhu/ wkh odujh vdpsoh vwdqgdug ghyldwlrqv

ri wkh rxw0ri0vdpsoh sulflqj huuruv vxjjhvw wkdw wklv uhvxow vkrxog eh wdnhq zlwk vrph fdxwlrq1

Wkh vwxg| zh frqgxfw lq wklv sdshu lv vlplodu wr wkdw e| Hqjoh dqg Pxvwdid +4<<5, rq wkh V)S833

lqgh{1 Wkhlu uhvxowv vkrz wkdw d JDUFK vshfl?fdwlrq lv qrw vxshulru lq jhqhudo wr wkdw ri wkh Eodfn

dqg Vfkrohv prgho1 Krzhyhu/ wkh| dgyrfdwh wkdw iru orqj0olyhg rswlrqv wkhlu prgho surylghv ehwwhu

sulflqj1 Frqfhuqlqj wkh Vzlvv pdunhw/ Fkhvqh|/ Jlevrq dqg Orxehujì +4<<6/ 4<<7, vkrz wkdw wkh

Eodfn dqg Vfkrohv/ FHY dqg vwrfkdvwlf yrodwlolw| prghov duh lqdghtxdwh iru d vdwlvidfwru| sulflqj

ri Hxurshdq rswlrqv rq wkh VPL1 Dgmdrxwh +4<<6, rewdlqv vlplodu uhvxowv iru rswlrqv rq lqglylgxdo

Vzlvv vwrfnv1

Wkh uhvw ri wklv sdshu ehjlqv lq Vhfwlrq 5 zlwk d eulhi suhvhqwdwlrq ri DUFK prghov1 Zh gh?qh

wkh frqfhsw ri shuvlvwhqfh lq yduldqfh dqg frqvlghu wkh hvwlpdwlrq ri wkhvh prghov1 Zh suhvhqw wkh

JDUFK rswlrq sulflqj prgho ri Gxdq lq Vhfwlrq 61 Vhfwlrq 7 frqwdlqv wkh hpslulfdo dssolfdwlrq ri
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wklv prgho wr rswlrqv rq wkh VPL dqg Vhfwlrq 8 vrph frqfoxglqj frpphqwv1

5 DUFK Prghov

Zh vxssrvh wkdw rxu ghshqghqw yduldeoh +| lv jhqhudwhg e|

+| ' %â|ò n 0| | ' �c é é é c Ac +4,

zkhuh %| lv d &û � yhfwru ri odjjhg hqgrjhqrxv yduldeohv dqg h{rjhqrxv yduldeohv/ dqg ò lv dq &û �

yhfwru ri sdudphwhuv1 Wkh DUFK prgho fkdudfwhul}hv wkh glvwulexwlrq ri wkh vwrfkdvwlf huuru whup

0| frqglwlrqdoo| rq d vhw ri odjjhg yduldeohv [|3� ' i+|3�c %|3�c +|32c %|32c é é éj1 Lq klv ruljlqdo prgho/

Hqjoh +4<;5, dvvxphv d frqglwlrqdo qrupdo glvwulexwlrq ri wkh huuru whup/

0| m[|3� q Q Efc û|ä c +5,

zkhuh

û| ' kf n k�0
2
|3� n k20

2
|32 n ü ü ün k^0

2
|3^c +6,

zlwk kf : f dqg kæ è f iru æ ' �c é é é c ^/ lq rughu wr hqvxuh d srvlwlyh frqglwlrqdo yduldqfh1 Khuh/ ^

lv wkh rughu ri wkh DUFK surfhvv1

Wkh dsshdo ri prgho +4,0+6, lv wkdw wkh frqglwlrqdo yduldqfh û| ghshqgv rq wkh sdvw [|3� dqg

lv d srvlwlyh ixqfwlrq ri wkh vl}h ri sdvw huuruv lq devroxwh whupv1 Wkxv d odujh srvlwlyh ru qhjdwlyh

huuru whqgv wr eh iroorzhg e| d odujh +lq devroxwh whupv, huuru/ dqg vlploduo| d vpdoo huuru whqgv



xqfrqglwlrqdo prphqwv/ zklfk doorzv wkh prgho wr eh frqvlvwhqw zlwk Pdqghoeurw +4<96, zkr irxqg

hylghqfh wkdw wkh glvwulexwlrq ri ?qdqfldo dvvhw uhwxuqv pd| zhoo kdyh lq?qlwh yduldqfh1

Lw udslgo| ehfdph dssduhqw lq dssolhg zrun wkdw wkh vshfl?fdwlrq ri wkh frqglwlrqdo yduldqfh dv

dq DUFK+t, fdoohg iru d odujh qxpehu ri odjv dqg wkhuhiruh wkh hvwlpdwlrq ri qxphurxv sdudphwhuv

vxemhfw wr lqhtxdolw| frqvwudlqwv1 Lq frqvhtxhqfh/ Eroohuvohy +4<;9, sursrvhg d jhqhudol}dwlrq ri wkh

DUFK prgho 0 zklfk kh whuphg JDUFK 0 wkdw doorzv iru d sduvlprqlrxv uhsuhvhqwdwlrq ri d kljk0

rughu DUFK prgho1 Wkh frqglwlrqdo yduldqfh ixqfwlrq ri d JDUFK+s/t, prgho kdv wkh iroorzlqj

irup

û| ' kf n k�0
2
|3� n ü ü ün k^0

2
|3^ n q�û|3� n é é é n qRû|3R +7,

zlwk

kf : f

kæ è f iru æ ' �c é é é c ^

q& è f iru & ' �c é é éc Rc +8,

zkhuh wkh frqvwudlqwv +8, hqvxuh d srvlwlyh frqglwlrqdo yduldqfh16

Hqjoh dqg Eroohuvohy +4<;9, lqwurgxfhg wkh lqwhjudwhg JDUFK surfhvv +LJDUFK,1 Wklv prgho

lv d JDUFK surfhvv lq zklfk
S^

æ'� kæ n
SR

&'� q& ' �1 Lq wklv fdvh/ d frqwhpsrudqhrxv vkrfn

shuvlvwv lqgh?qlwho| lq ixwxuh frqglwlrqdo yduldqfhv1 Iru djhqwv lq wkh rswlrqv pdunhw/ wkh ghjuhh ri

shuvlvwhqfh ri wkh vkrfnv rq wkh yduldqfh lv dq hvvhqwldo hohphqw17 Lq h>hfw/ wkh| zloo eh suhsduhg wr

sd| d kljkhu sulfh iru orqj0olyhg rswlrqv li wkh| shufhlyh wkdw wkh vkrfnv duh odujh dqg vx!flhqwo|

shupdqhqw uhodwlyh wr wkh olih ri wkh rswlrqv1

6Qhovrq dqg Fdr +4<<5, vkrz wkdw Eroohuvohy*v ruljlqdo frqvwudlqwv +8, fdq eh ylrodwhg zlwkrxw/ krzhyhu/ wkh

frqglwlrqdo yduldqfh ixqfwlrq hyhu ehlqj qhjdwlyh1 Wkh| sursrvhg ohvv uhvwulfwlyh frqvwudlqwv wkdw gr qrw lpsrvh wkh

srvlwlylw| ri hdfk sdudphwhu ri +7,1
7Hqjoh dqg Pxvwdid +4<<5, vkrz wkdw lq wkh fdvh ri d JDUFK+4/4, wkh ghjuhh ri shuvlvwhqfh ghshqgv hvvhqwldoo|

rq wkh ydoxh ri ò4 . ñ41
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Wkh ?qglqj ri d yhu| kljk ghjuhh ri shuvlvwhqfh iru ?qdqfldo gdwd lv qrw xqlyhuvdo1 Dowkrxjk

Hqjoh dqg Pxvwdid +4<<5, rewdlq d yhu| kljk ghjuhh ri shuvlvwhqfh iru vhyhudo lqglylgxdo vwrfnv ri

odujh ?upv rq wkh XV vwrfn pdunhw dqg iru wkh V)S833 lqgh{/ wkh uhvxowv ri Hqjoh dqg Jrq}doh}0

Ulylhud +4<<4, vxjjhvw wkdw wkh ghjuhh ri shuvlvwhqfh ghshqgv rq wkh vl}h ri wkh ?up/ vpdoohu ?upv

h{klelwlqj d orzhu ghjuhh ri shuvlvwhqfh wkdq odujhu rqhv1 Ixuwkhupruh/ dffruglqj wr Odprxuhx{ dqg

Odvwudshv +4<<3,/ wkh kljk ghjuhh ri shuvlvwhqfh wkdw lv revhuyhg frxog eh gxh wr d plvvshfl?fdwlrq ri

wkh frqglwlrqdo yduldqfh1 Wkh| vxjjhvw wkdw vwuxfwxudo fkdqjhv lq wkh xqfrqglwlrqdo yduldqfh ri wkh

surfhvv surgxfh yrodwlolw| foxvwhuv wkdw uhvxow lq d kljk ghjuhh ri shuvlvwhqfh1 Doorzlqj wkh frqvwdqw

lq wkh frqglwlrqdo yduldqfh ixqfwlrq wr ydu| rq gl>huhqw vxe0shulrgv ri wkhlu vdpsoh/ wkh| rewdlq d

orzhu ghjuhh ri shuvlvwhqfh dv frpsduhg wr wkdw ri d prgho zlwkrxw vwuxfwxudo fkdqjhv1

Hvwlpdwlrq dqg whvwlqj ri DUFK0w|sh prghov fdq eh shuiruphg xvlqj vwdqgdug pd{lpxp olnh0

olkrrg phwkrgv1 Dvvxplqj frqglwlrqdo qrupdolw| dv deryh lq +5,/ wkh vlqjoh shulrg orj olnholkrrg

ixqfwlrq 0 ohdylqj rxw wkh frqvwdqw whupv 0 lv jlyhq e|

,| EBä ' ý�

2
*L} û| ý �

2

02|
û|

c +9,

zkhuh B ' Ekfc k�c é é é c k^c q�c é é é c qRä
â lv wkh yhfwru ri xqnqrzq sdudphwhuv1 Lq wkh JDUFK+s/t,

prgho wkh ?uvw 4@ ERc ^ä revhuydwlrqv duh xvhg dv vwduwlqj ydoxhv1 Wkhuhiruh wkh orj olnholkrrg

ixqfwlrq zh pd{lpl}h lv +9, vxpphg ryhu wkh A ý4@ ERc ^ä uhpdlqlqj revhuydwlrqv1 Wkh h{foxghg

revhuydwlrqv hqwhu lqgluhfwo| wkurxjk û|1

Zh xvh wkh EKKK dojrulwkp wr frpsxwh rxu hvwlpdwhv1 Ohw BEðä eh wkh sdudphwhu hvwlpdwhv jlyhq

e| wkh ð|û lwhudwlrq/ wkhq

BEðn�ä ' BEðä n bð

#[
|

Y,|
YB

Y,|
YBâ

$3�[
|

Y,|
YB

c +:,

zkhuh Y,|*YB lv hydoxdwhg dw BEðä dqg bð lv d yduldeoh vwhs0ohqjwk18 Wkh odvw lwhudwlrq ri EKKK |lhogv d

8PfFxug| dqg Prujdq +4<;;, jlyh wkh h{suhvvlrqv ri wkh sduwldo ghulydwlyhv ri d pruh jhqhudo prgho ri w|sh

JDUFK0P1
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frqvlvwhqw hvwlpdwh ri wkh dv|pswrwlf yduldqfh0fryduldqfh pdwul{/ jlyhq e| A3� d
S

| EY,|*YBä EY,|*YBâäo3�1

6 Wkh JDUFK rswlrq sulflqj prgho

Wr dsso| wkh lqgluhfw phwkrg wr jhw d phdvxuh ri wkh yrodwlolw| ri uhwxuqv zh qhhg ?uvw wr gh?qh dq

rswlrq sulflqj prgho1 Wklv prgho zloo surylgh xv zlwk d wkhruhwlfdo rswlrq sulflqj irupxod> wkdw lv/ d

ixqfwlrqdo uhodwlrqvkls ehwzhhq wkh sulfh ri d frqwlqjhqw dvvhw dqg wkh xqghuo|lqj dvvhw*v yrodwlolw|1

Zh fdq wkhq vroyh wklv ixqfwlrq iru wkh lpsolhg yrodwlolw| uhvxowlqj iurp wkh pdunhw sulfh ri wkh

rswlrq1 Wkh wkhruhwlfdo rswlrq sulflqj irupxod zh xvh lq wklv sdshu lv wkdw zklfk iroorzv iurp wkh

JDUFK+s/t, rswlrq sulflqj prgho sursrvhg e| Gxdq +4<<4,1

Ohw f|/ lq d glvfuhwh wlph hfrqrp|/ eh wkh sulfh ri wkh ?qdqfldo dvvhw dw wlph |1 Lwv uhwxuq udwh lv

dvvxphg wr eh frqglwlrqdoo| orjqrupdoo| glvwulexwhg/ l1h1/

*L}
f|

f|3�
' >| n 0|c +;,

zkhuh 0| kdv phdq }hur dqg frqglwlrqdo yduldqfh û|1 Zh dvvxph wkdw 0| lv d JDUFK+s/t, surfhvv/

l1h1/

0| m[|3� q Q Efc û|ä +<,

zlwk
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q&û|3&é +43,

Qrz vxssrvh rqh zrxog olnh wr ghwhuplqh wkh sulfh ä ri d fdoo rswlrq zulwwhq rq fé Gxdq +4<<4,

vkrzv wkdw li wkh uhsuhvhqwdwlyh djhqw ri wklv hfrqrp| pd{lpl}hv h{shfwhg xwlolw| dqg wkdw klv xwlolw|

ixqfwlrq lv wlph vhsdudeoh/ wkhq xqghu dq| ri wkh iroorzlqj wkuhh frqglwlrqv/ wkh 3ulvn0qhxwudo sulflqj4

dssurdfk ^vhh ehorz` lv ydolg=

+l, wkh xwlolw| ixqfwlrq h{klelwv frqvwdqw uhodwlyh ulvn dyhuvlrq dqg wkh yduldwlrqv ri wkh

orjdulwkp ri djjuhjdwh frqvxpswlrq iroorz d JDUFK+s/t, surfhvv>
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+ll, wkh xwlolw| ixqfwlrq h{klelwv frqvwdqw devroxwh ulvn dyhuvlrq dqg wkh yduldwlrqv ri

djjuhjdwh frqvxpswlrq iroorz d JDUFK+s/t, surfhvv>

+lll, wkh xwlolw| ixqfwlrq lv olqhdu1

Zkhq dq| ri +l,0+lll, krog/ zh fdq jhw dq rswlrq sulflqj irupxod wkdw grhv qrw ghshqg rq lqglylgxdo

suhihuhqfhv19

Wkh ulvn0qhxwudo sulflqj dssurdfk/ zklfk lv fhqwudo wr prghuq rswlrq sulflqj wkhru|/ lv dssolhg lq

wkh frqwh{w ri wzr yhu| gl>huhqw fodvvhv ri prghov1 Wkh ?uvw dvvxphv frqwlqxrxv wlph wudqvdfwlrqv

dqg lpsrvhv qr rwkhu frqvwudlqw rq wkh djhqw*v suhihuhqfhv rwkhu wkdq qrq0vdwldwlrq1 Wkh vhfrqg

fodvv ri prghov/ ri zklfk Gxdq*v lv sduw/ dvvxphv glvfuhwh wlph wudqvdfwlrqv dqg lpsrvhv vwurqjhu

uhvwulfwlrqv rq wkh djhqw*v suhihuhqfhv1 Lq frqwlqxrxv wlph prghov/ ulvn0qhxwudo sulflqj uhodwlrq0

vklsv iroorz gluhfwo| iurp wkh dvvxpswlrqv ri qrq0vdwldwlrq dqg wkh devhqfh ri duelwudjh1 Lq h>hfw/

zkhq wudqvdfwlrqv wdnh sodfh frqwlqxrxvo|/ wkh g|qdplfv ri wkh sulfh ri wkh xqghuo|lqj dvvhw fdq eh

ghvfulehg e| dq Lw÷ surfhvv/ dqg wkh qr0duelwudjh frqglwlrq lpsolhv d sduwldo gl>huhqwldo htxdwlrq

zkrvh vroxwlrq grhv qrw ghshqg rq wkh djhqw*v suhihuhqfhv1 Fr{ dqg Urvv +4<:9, vkrz wkdw/ zkhq

lw lv srvvleoh wr frqvwuxfw d sruwirolr frpsrvhg ri wkh frqwlqjhqw dvvhw dqg wkh xqghuo|lqj dvvhw lq

vxfk sursruwlrqv wkdw lwv lqvwdqwdqhrxv uhwxuq lv qrq0vwrfkdvwlf/ wkhq wkh sulflqj uhodwlrqvkls wkdw

uhvxowv lv ulvn0qhxwudo1

Lq glvfuhwh wlph prghov/ lw lv/ lq jhqhudo/ qrw srvvleoh wr frqvwuxfw vxfk d sruwirolr1 Wkdw lv zk|

vwurqjhu uhvwulfwlrqv wkdq qrq0vdwldwlrq duh uhtxluhg wr rewdlq d ulvn0qhxwudo sulflqj uhodwlrqvkls1

Uxelqvwhlq +4<:9, dqg Euhqqdq +4<:<, hvwdeolvk gl>huhqw vhwv ri frqglwlrqv rq suhihuhqfhv dqg glv0

wulexwlrqv ri wkh xqghuo|lqj dvvhw xqghu zklfk wkh ulvn0qhxwudo sulflqj sulqflsdo lv ydolg1 Frqglwlrqv

+l,0+lll, deryh duh d jhqhudol}dwlrq ri wkhlu uhvxowv wr wkh fdvh zkhuh wkh uhwxuqv iroorz d JDUFK

surfhvv1

9Qrwlfh wkdw h{suhvvlrq +;, lv qrw qhfhvvdulo| lqghshqghqw ri lqglylgxdo suhihuhqfhv ehfdxvh wkh h{shfwhg uhwxuq çw/

zklfk ghshqgv rq wkh djhqw*v ghjuhh ri ulvn dyhuvlrq/ lv suhvhqw1
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Xqghu fhuwdlq frqglwlrqv/ wkhq/ wkh ulvn0qhxwudo sulflqj sulqflsdo lv ydolg1 Gxdq vkrzv wkdw/ lq d

ulvn0qhxwudo zruog/ wkh prgho +;,0+43, deryh ehfrphv
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zkhuh oS lv wkh lqvwdqwdqhrxv ulvn0iuhh udwh1 Wkh gluhfw frqvhtxhqfh ri d sdvvdjh wr d ulvn0qhxwudo

zruog lv wkdw wkh uhwxuq udwh ri wkh ?qdqfldo dvvhw qr orqjhu ghshqgv rq >|1
: Iurp +44, zh kdyh wkdw

wkh sulfh ri wkh xqghuo|lqj dvvhw dw pdwxulw| A lv

fA ' f| i T

%
EA ý |äoS ý �

2

A[
r'|n�

ûWr n
A[

r'|n�

1r

&
é +47,

Lw iroorzv wkdw wkh sulfh ri d Hxurshdq fdoo/ dw wlph |/ xqghu d JDUFK+s/t, vshfl?fdwlrq lv

äC
| ' e3EA3|äoS.W d4@ EfA ýgc fä m[| o c +48,

zkhuh g lv wkh vwulnh0sulfh/ A lv wkh wlph ri pdwxulw|/ dqg .W wkh h{shfwdwlrq lq wkh ulvn qhxwudo

zruog1;

Gxdq*v vshfl?fdwlrq ri wkh lqvwdqwdqhrxv uhwxuq udwh dv frqglwlrqdoo| orjqrupdo lv yhu| lpsruwdqw

vlqfh lw doorzv iru wkh Eodfn dqg Vfkrohv prgho wr eh d sduwlfxodu fdvh ri wkh JDUFK+s/t, rswlrq

sulflqj prgho1 Wr vhh wklv/ vhw s dqg t htxdo wr }hur> wkh prgho wkhq lv vlpso| wkh Eodfn dqg Vfkrohv

prgho/ zlwk frqvwdqw phdq >| ' > dqg frqvwdqw yduldqfh û| ' kf1 Dqrwkhu lqwhuhvwlqj surshuw| ri

:Qrwlfh wkdw wkh JDUFK+s/t, sdudphwhuv duh lqyduldqw wr wkh fkdqjh ri suredelolw| phdvxuh1
;Wkh sulfh ri d Hxurshdq sxw/ zlwk rwkhuzlvh wkh vdph fkdudfwhulvwlfv dv wkh fdoo/ fdq eh ghulyhg wkurxjk wkh

sxw0fdoo sdulw| uhodwlrqvkls1
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wklv prgho lv wkdw wkh lqvwdqwdqhrxv h{shfwhg udwh ri uhwxuq ri wkh xqghuo|lqj dvvhw ehkdyhv lwvhoi dv

d JDUFK+s/t,0P surfhvv oS ý �
2
ûW| / zklfk lv qhjdwlyho| fruuhodwhg zlwk wkh frqglwlrqdo yduldqfh ûW| 1

Ilqdoo|/ wkhuh h{lvwv qr dqdo|wlfdo vroxwlrq iru +48,> wkdw lv zk| lq Vhfwlrq 7161 zh dsshdo wr

vlpxodwhg rswlrq sulfhv wr hvwlpdwh wkh sdudphwhuv ri wkh lpsolhg yrodwlolw| surfhvv1

7 Hvwlpdwlrq ri wkh lpsolhg yrodwlolw| sdudphwhuv

Wklv vhfwlrq lv frqfhuqhg zlwk wkh hvwlpdwlrq ri wkh sdudphwhuv ri wkh lpsolhg yrodwlolw| surfhvv ri

wkh Vzlvv pdunhw lqgh{1 Iluvw/ zh glvfxvv rxu gdwd vhw lq Vhfwlrq 7141 Wkhq zh vkrz/ lq Vhfwlrq 715/

wkdw d JDUFK+4/4, prgho lv d jrrg uhsuhvhqwdwlrq ri wkh VPL gdlo| uhwxuqv1 Ilqdoo|/ rq wkh edvlv ri

wklv vshfl?fdwlrq/ lq Vhfwlrq 716 zh hvwlpdwh wkh yrodwlolw| surfhvv ri wkh uhwxuqv rq wkh VPL/ lpsolhg

e| vlpxodwhg rswlrq sulfhv1

714 Wkh gdwd

Rxu gdwd vhw fryhuv d irxu0|hdu shulrg/ uxqqlqj iurp Mdqxdu| 4/ 4<<5/ wkurxjk Ghfhpehu 64/ 4<<91

Ryhu wkh hqwluh shulrg zh kdyh wkh gdlo| forvlqj ydoxhv ri wkh VPL zklfk zh xvh lq rxu hvwlpdwlrq

ri wkh yrodwlolw| surfhvv e| wkh gluhfw phwkrg1 Wkh lqgluhfw hvwlpdwlrq xvlqj rswlrq sulfhv zloo eh

grqh rq d wzr |hdu vxe0shulrg ri wkh gdwd vhw/ uxqqlqj iurp Vhswhpehu 63/ 4<<5/ wkurxjk Vhswhpehu

5</ 4<<71 Ryhu wklv vxe0shulrg zh kdyh wkh iroorzlqj dgglwlrqdo vhulhv= wkh gdlo| forvlqj sulfhv ri doo

rswlrqv rq wkh VPL/ wkhlu uhvshfwlyh pdwxulwlhv dqg vwulnh sulfhv/ wkh gdlo| wudglqj yroxphv ri hdfk

rswlrq dqg wkh Hxur0Vzlvv0Iudqf lqwhuhvw udwhv iru doo uhohydqw pdwxulwlhv1

715 Hvwlpdwlrq ri wkh yrodwlolw| surfhvv

D suhuhtxlvlwh wr dsso|lqj wkh JDUFK rswlrq sulflqj prgho lv wkdw wkh xqghuo|lqj dvvhw*v uhwxuqv

ehkdyh olnh d JDUFK surfhvv1 Zh wkhuhiruh whvw iru wkh suhvhqfh ri DUFK lq wkh gdlo| uhwxuqv
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rq wkh VPL1 D vlpsoh zd| wr whvw iru DUFK/ sursrvhg e| Eroohuvohy +4<;9,/ lv wr xvh wkh vwdqgdug

Er{0Mhqnlqv phwkrg/ xvxdoo| dssolhg iru wkh lghqwl?fdwlrq ri wkh rughu ri DU ru DUPD surfhvvhv/

exw khuh dssolhg wr wkh vtxduhg vhulhv ru vtxduhg uhvlgxdov udwkhu wkdq wr wkh vhulhv lwvhoi1 Iru dq

DUFK+t, prgho/ wkh sduwldo dxwrfruuhodwlrq ixqfwlrq è&& lv ri wkh irup

è&& 9' fc & é ^

è&& ' fc & : ^é +49,

Wklv lv lghqwlfdo wr wkh sduwldo dxwrfruuhodwlrq ixqfwlrq ri dq DU+t, surfhvv iru 02| 1 Ixuwkhupruh/

d JDUFK+s/t, surfhvv lv dq DUPD^pd{+s/t,/s` iru 02| 1 Lw iroorzv wkdw wkh sduwldo dxwrfruuhodwlrq

ixqfwlrq ri d JDUFK surfhvv/ dv iru dq DUPD surfhvv/ lv lq jhqhudo qrq0}hur exw surjuhvvlyho|

ghfuhdvlqj1<

Ohw f| eh wkh forvlqj ydoxh ri wkh VPL rq gd| |1 Zh duh lqwhuhvwhg lq wkh gdlo| uhwxuq udwh/

o| ' *L} Ef|*f|3�ä/ iru zklfk zh kdyh 4637 revhuydwlrqv143 Iljxuh 714 vxppdul}hv wkh hyroxwlrq ri

wkh gdlo| uhwxuqv rq wkh VPL iurp Mdqxdu| 4/ 4<<5/ wr Ghfhpehu 64/ 4<<91 Qrwlfh wkdw wkh phdq

ri wkh vhulhv dsshduv wr eh frqvwdqw zkhuhdv wkh yduldqfh fohduo| fkdqjhv ryhu wlph1 Dovr/ vrph

yrodwlolw| foxvwhulqj lv suhvhqw lq wkh gdwd1

Dv vxjjhvwhg deryh zh ?uvw hvwlpdwh dq ROV prgho/ l1h1/ zh dvvxph/ dv lq wkh Eodfn dqg Vfkrohv

prgho/ wkdw wkh yrodwlolw| lv wlph lqyduldqw dqg uhjuhvv wkh gdlo| uhwxuq rq d frqvwdqw1 Wdeohv 714

dqg 715 suhvhqw wkh uhvxowv ri wkhvh hvwlpdwlrqv rq wkh klvwrulfdo gdwd iru wkh hqwluh shulrg fryhuhg

e| rxu gdwd vhw dqg wkh vxe0shulrg uhvshfwlyho|1

--- Iljxuhv 4 dqg 5 khuh ---

---Wdeohv 714 dqg 715 khuh ---
<Wkh dxwrfruuhodwlrq ixqfwlrq ri JDUFK surfhvvhv lv dovr uhodwhg wr wkh dxwrfruuhodwlrq ixqfwlrq ri DUPD prghov1

Wkh uhvxowv zlwk wkh dxwrfruuhodwlrq ixqfwlrq zhuh hvvhqwldoo| wkh vdph dqg duh qrw uhsruwhg1
43Wkh vxe0shulrg/ iurp Vhswhpehu 63/ 4<<5/ wr Vhswhpehu 5</ 4<<7/ frqwdlqv 855 revhuydwlrqv1
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Lq wkhvh wdeohv/ iru hdfk prgho/ zh jlyh wkh hvwlpdwhv ri wkh uhohydqw sdudphwhuv zlwk wkh fruuhvsrqg0

lqj w0vwdwlvwlfv lq sduhqwkhvhv dqg wkh ydoxhv ri wkh pd{lpl}hg orj olnholkrrg ghqrwhg e| *L} ,1

---Wdeoh 716 khuh---

Wkh ROV hvwlpdwhv ri wkh frqvwdqw/ zklfk duh ri plqru lqwhuhvw wr xv/ duh idluo| vlplodu lq erwk

vdpsohv zlwk wkh h{fhswlrq wkdw lq wkh ixoo shulrg wkh sdudphwhu hvwlpdwh lv vljql?fdqwo| gl>huhqw

iurp }hur dw wkh 8( ohyho/ zkhuhdv lw lv qrw lq wkh vxe0shulrg1 Lq Wdeohv 716 dqg 717 zh suhvhqw/ iru

hdfk ri wkh prghov zh hvwlpdwh/ wkh sduwldo dxwrfruuhodwlrqv ri wkh vtxduhg vwdqgdugl}hg uhvlgxdov xs

wr wkh ?iwk odj dqg wkh vnhzqhvv dqg nxuwrvlv frh!flhqwv ri wkh vwdqgdugl}hg uhvlgxdov ÷#| ' ÷0|*÷û
�*2
| 1

---Wdeoh 717 khuh---

Lq erwk vdpsohv/ iru wkh ROV vshfl?fdwlrq/ rqo| wkh sduwldo dxwrfruuhodwlrqv dw wkh wzr ?uvw odjv

duh odujhu wkdq wzlfh wkhlu dv|pswrwlf vwdqgdug huuru1 Wkh vnhzqhvv frh!flhqwv duh vljql?fdqwo|

qrq0}hur/ wkxv wkh xqfrqglwlrqdo hpslulfdo glvwulexwlrqv duh dv|pphwulf1 Wkh nxuwrvlv frh!flhqwv

duh fohduo| odujhu wkdq 6/ zklfk lqglfdwhv d idw0wdlohg hpslulfdo glvwulexwlrq ri wkh uhwxuqv ryhu erwk

wkh hqwluh shulrg xqghu frqvlghudwlrq dqg wkh vxe0shulrg144 Wkhvh surshuwlhv vxjjhvw wkh suhvhqfh

ri DUFK lq wkh gdwd1 Wkh idfw wkdw rqo| wkh wzr ?uvw sduwldo dxwrfruuhodwlrqv duh vljql?fdqwo|

gl>huhqw iurp }hur vxjjhvwv wkdw dq DUFK+5, prgho lv dq dghtxdwh uhsuhvhqwdwlrq ri wkh huuruv1 Wkh

hvwlpdwlrq ri erwk dq DUFK+4, dqg DUFK+5, vshfl?fdwlrq frq?upv wkhvh lqglfdwlrqv1

Lq wkh fdvh ri dq DUFK+4, prgho/ wkh hvwlpdwhg DUFK sdudphwhu/ k�/ lv kljko| vljql?fdqw lq

erwk vdpsohv1 Lw lv vrphzkdw odujhu iru wkh vxe0shulrg wkdq iru wkh hqwluh vdpsoh/ zkhuhdv wkh

frqvwdqw lq wkh frqglwlrqdo yduldqfh ixqfwlrq/ kf/ lv vlplodu lq erwk1 Wkh vwdwlvwlfv rq wkh vtxduhg

vwdqgdugl}hg uhvlgxdov/ ÷#2| ' ÷02|*
÷û|/ jlyhq lq Wdeohv 716 dqg 717/ lqglfdwh wkdw/ lq erwk vdpsohv/ wkh

44D Mdutxh0Ehud qrupdolw| whvw/ edvhg rq wkh vnhzqhvv dqg nxuwrvlv frh!flhqwv/ uhmhfwv/ dw dq| uhdvrqdeoh ohyho/ wkh

qxoo k|srwkhvlv ri qrupdoo| glvwulexwhg uhvlgxdov lq erwk vdpsohv1 Vhh Mdutxh dqg Ehud +4<;3,1
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sduwldo dxwrfruuhodwlrqv dw wkh ?uvw odj duh qr orqjhu vljql?fdqw dw dq| uhdvrqdeoh ohyho1 Krzhyhu/

erwk wdeohv vkrz wkdw wkh sduwldo dxwrfruuhodwlrqv fruuhvsrqglqj wr wkh vhfrqg odj uhpdlq odujhu

wkdq wzlfh wkhlu dv|pswrwlf vwdqgdug huuruv1 Erwk wkh vnhzqhvv dqg nxuwrvlv frh!flhqwv duh orzhu lq

pdjqlwxgh dv frpsduhg wr wkrvh ri wkh ROV uhvlgxdov exw wkh| vwloo ehwud| d qrq0qrupdo xqfrqglwlrqdo

glvwulexwlrq ri wkh uhvlgxdov145 Wklv vxjjhvwv wkdw dq DUFK+4, vshfl?fdwlrq grhv qrw hqwluho| fdswxuh

wkh qrqolqhdulwlhv suhvhqw lq wkh gdwd1

Zh qrz wxuq wr wkh hvwlpdwhv ri wkh DUFK+5, vshfl?fdwlrq1 Lq erwk wkh vdpsohv fryhulqj wkh

hqwluh shulrg dqg wkh vxe0shulrg/ wkh hvwlpdwhv ri kf dqg k� kdyh ydulhg rqo| voljkwo| iurp wkrvh

rewdlqhg lq wkh DUFK+4, prgho1 Wkh uhvxowv lqglfdwh wkdw wkhvh sdudphwhuv uhpdlq vljql?fdqwo|

gl>huhqw iurp }hur lq hdfk vdpsoh1 Wkh hvwlpdwhv ri wkh vhfrqg DUFK sdudphwhu/ k2/ duh txlwh

vlplodu lq vl}h lq erwk vdpsohv/ wkdw ri wkh hqwluh shulrg ehlqj vljql?fdqwo| gl>huhqw iurp }hur dw wkh

8( ohyho/ zkhuhdv wkdw fruuhvsrqglqj wr wkh vxe0shulrg lv rqo| vljql?fdqw dw d voljkwo| kljkhu ohyho1

Iru erwk shulrgv xqghu frqvlghudwlrq/ d olnholkrrg udwlr whvw uhmhfwv frpiruwdeo| wkh qxoo k|srwkhvlv

ri d prgho zlwk krprvnhgdvwlf/ lqghshqghqw dqg qrupdoo| glvwulexwhg huuruv djdlqvw wkh DUFK+5,

dowhuqdwlyh1 Dovr wkh vdph whvw uhmhfwv hdvlo|/ lq erwk vdpsohv/ wkh qxoo ri dq DUFK+4, prgho

djdlqvw dq DUFK+5, dowhuqdwlyh1 Wkh vwdwlvwlfv rq wkh vtxduhg vwdqgdugl}hg uhvlgxdov lqglfdwh wkdw

qr sduwldo dxwrfruuhodwlrqv duh odujhu wkdq wzlfh wkhlu dv|pswrwlf vwdqgdug huuru lq hlwkhu vdpsoh1

Vxusulvlqjo|/ iru erwk shulrgv xqghu frqvlghudwlrq wkh vnhzqhvv dqg nxuwrvlv frh!flhqwv kdyh hlwkhu

uhpdlqhg xqfkdqjhg ru lqfuhdvhg lq pdjqlwxgh/ dowkrxjk qrw vljql?fdqwo|1 Krzhyhu zh dujxh wkdw

wklv vshfl?fdwlrq fdswxuhv vdwlvidfwrulo| wkh suhvhqfh ri DUFK lq wkh gdlo| uhwxuqv rq wkh VPL146

Wkh JDUFK+4/4, prgho zh hvwlpdwh grhv hyhq ehwwhu1 Wdeohv 714 dqg 715 lqglfdwh wkdw doo wkh

45Djdlq d Mdutxh0Ehud qrupdolw| whvw ohdgv wr wkh uhmhfwlrq ri wkh qxoo dw dq| uhdvrqdeoh ohyho1
46Lw lv zhoo grfxphqwhg lq wkh dssolhg ?qdqfh olwhudwxuh wkdw DUFK0w|sh vshfl?fdwlrqv dvvxplqj frqglwlrqdoo|

qrupdoo| glvwulexwhg huuruv riwhq gr qrw fdswxuh hqwluho| wkh h{fhvv nxuwrvlv lq wkh gdwd1 Lq frqvhtxhqfh/ vhyhudo

dxwkruv kdyh vxjjhvwhg wkdw wkh dvvxpswlrq ri w0glvwulexwhg huuruv wrjhwkhu zlwk d JDUFK prgho vkrxog eh suhihuuhg1

Vhh/ iru h{dpsoh/ Edloolh dqg GhJhqqdur +4<<3,1
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sdudphwhuv ri wklv prgho duh kljko| vljql?fdqw1 Wkh frqvwdqwv lq wkh phdq htxdwlrqv ri erwk shulrgv

uhpdlq vlplodu wr wkrvh hvwlpdwhg lq wkh suhylrxv vshfl?fdwlrqv1 Wkh frqvwdqwv lq wkh frqglwlrqdo

yduldqfh htxdwlrqv duh pxfk vpdoohu wkdq lq wkh ROV ru DUFK vshfl?fdwlrqv/ dqg duh htxdo lq erwk

vdpsohv1 Ilqdoo|/ erwk wkh DUFK sdudphwhu/ k�/ dqg wkh JDUFK sdudphwhu/ q�/ duh vlplodu dfurvv

vdpsohv1 Lq frqvhtxhqfh/ wkh ghjuhhv ri shuvlvwhqfh/ lq hdfk shulrg xqghu frqvlghudwlrq/ duh yhu|

vlplodu dqg lqglfdwh d idlu dprxqw ri shuvlvwhqfh ri yrodwlolw| vkrfnv rq wkh gdlo| uhwxuqv ri wkh

VPL1 Krzhyhu/ wkh shuvlvwhqfh uhpdlqv orzhu wkdq wkdw revhuyhg rq wkh XV vwrfn pdunhw147 Wkh

vwdwlvwlfv rq wkh vwdqgdugl}hg uhvlgxdov uhvxowlqj iurp wkh hvwlpdwhg JDUFK+4/4, prgho frq?up

wkdw lw lv d jrrg uhsuhvhqwdwlrq ri wkh yrodwlolw| surfhvv ri wkh gdlo| uhwxuqv rq wkh VPL1 Qrqh ri wkh

sduwldo dxwrfruuhodwlrqv duh vljql?fdqwo| gl>huhqw iurp }hur dw dq| uhdvrqdeoh ohyho/ lq hlwkhu vdpsoh1

Wkh vnhzqhvv dqg nxuwrvlv frh!flhqwv vwloo srlqw wr d qrq0qrupdo xqfrqglwlrqdo glvwulexwlrq ri wkh

uhvlgxdov rq erwk wkh hqwluh shulrg dqg wkh vxe0shulrg dqg djdlq wklv lv frq?uphg e| d Mdutxh0Ehud

qrupdolw| whvw1 Krzhyhu/ iru wkh vxe0shulrg/ wkh nxuwrvlv lv qrz vljql?fdqwo| uhgxfhg lq frpsdulvrq

wr wkh wkuhh dowhuqdwlyh prghov zh hvwlpdwh dqg/ wdnlqj lqwr dffrxqw wkh ydoxh ri wkh fruuhvsrqglqj

dv|pswrwlf vwdqgdug huuru/ lv uhodwlyho| forvh wr 6/ wkh nxuwrvlv frh!flhqw ri d qrupdo glvwulexwlrq1

Wklv vxjjhvwv wkdw d JDUFK+4/4, vshfl?fdwlrq fdswxuhv wkh qrqolqhdulwlhv lq wkh gdwd ehwwhu wkdq wkh

DUFK+5, prgho1 Ilqdoo|/ Wdeohv 714 dqg 715 lqglfdwh wkdw wkh ydoxhv ri wkh pd{lpl}hg JDUFK+4/4,

orj olnholkrrgv duh vxevwdqwldoo| juhdwhu wkdq wkrvh ri wkh DUFK+5, orj olnholkrrgv/ wkhuhiruh/ vlqfh

erwk prghov ghpdqg wkh hvwlpdwlrq ri wkh vdph qxpehu ri sdudphwhuv/ dq| prgho vhohfwlrq fulwhuld

zrxog vhohfw wkh JDUFK+4/4, vshfl?fdwlrq ryhu wkh DUFK+5, vshfl?fdwlrq1 Wkxv/ rq wkh edvlv ri

wklv uhsuhvhqwdwlrq ri wkh gdlo| uhwxuqv rq wkh VPL/ zh zloo lq Vhfwlrq 716 xvh Gxdq*v JDUFK rswlrq

sulflqj irupxod wr hvwlpdwh wkh sdudphwhuv ri wkh lpsolhg yrodwlolw| surfhvv1

Wr frqfoxgh wklv vhfwlrq rq wkh uhsuhvhqwdwlrq ri wkh klvwrulfdo gdwd/ lw lv lqwhuhvwlqj wr frpsduh

wkh hyroxwlrq ri wkh hvwlpdwhg frqglwlrqdo yduldqfhv ri wkh JDUFK+4/4, prgho lq Iljxuh 715 wr wkdw

47Hqjoh dqg Pxvwdid +4<<5, rewdlq/ iru wkh V)S833 lqgh{/ ò4 . ñ4 @ 3=<<;1
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ri wkh gdlo| uhwxuqv suhvhqwhg lq Iljxuh 7141

716 Hvwlpdwlrq ri wkh sdudphwhuv ri wkh lpsolhg yrodwlolw| surfhvv

Zh hvwdeolvkhg lq wkh suhylrxv Vhfwlrq wkdw d JDUFK+4/4, prgho lv d jrrg uhsuhvhqwdwlrq ri wkh gdlo|

uhwxuqv rq wkh VPL1 Wkxv/ iroorzlqj Gxdq +4<<4, zh fdq dsso| d JDUFK+4/4, sulflqj prgho ri wkh

rswlrqv rq wkh VPL1 Wklv 3ulvn0qhxwudo4prgho lv jlyhq e| htxdwlrqv +44048, deryh1 Qrz ohw '| eh wkh

revhuyhg pdunhw sulfh ri dq rswlrq dw wlph | dqg ohw 'C
| EfA c gc wä/ zkhuh w ' Ekfc k�c q�ä

â 5 X ë Uô/
eh wkh wkhruhwlfdo sulfh iru wklv vdph rswlrq/ l1h1/ +48, iru d fdoo rswlrq1 Frqvlghu wkh qrqolqhdu ohdvw

vtxduhv hvwlpdwru ÷wA wkdw plqlpl}hv wkh remhfwlyh ixqfwlrq

uA E'c fc wä '
�

A

A[
|'�

õ
'| ý'C

| EfA c gc wä
ô2

é +4:,

Xqiruwxqdwho|/ lq rxu prgho wkhuh h{lvwv qr dqdo|wlfdo vroxwlrq iru 'C
| EfA c gc wäc vr wkdw +4:, fdqqrw

eh frpsxwhg1 Wkhuhiruh/ zh duh jrlqj wr dssur{lpdwh wkh wkhruhwlfdo rswlrqv sulfhv qxphulfdoo|

xvlqj Prqwh Fduor vdpsolqj1 Wklv w|sh ri hvwlpdwlrq surfhgxuh xvlqj vlpxodwlrq phwkrgv kdv ehhq

zlgho| glvfxvvhg lq wkh hfrqrphwulfv olwhudwxuh ^vhh iru h{dpsoh/ PfIdgghq +4<;<,/ Sdnhv dqg Sroodug

+4<;<,/ Jrxulhurx{ dqg Prqiruw +4<<4/ 4<<6,/ Odurtxh dqg Vdodqlì +4<;<,/ Od>rqw/ Rvvdug dqg

Yxrqj +4<<8,`1 Vlqfh 'C
| EfA c gc wä lv qrw uhdglo| dydlodeoh/ zh uhsodfh lw zlwk dq xqeldvhg vlpxodwru

÷'C
| EfAc?c gc wä/ l1h1/ d vlpxodwru iru zklfk .

k
÷'C
| EfAc?c gc wä

l
' 'C

| EfA c gc wä1 Zh frqvwuxfw wkh

vlpxodwruv iru wkh JDUFK+4/4, rswlrq sulfhv dv iroorzv= xvlqj wkh fxuuhqw Hxur0Vzlvv0Iudqf lqwhuhvw

udwh iru o| dqg wkh hvwlpdwh ri û| iurp wkh klvwrulfdo ?w ri wkh JDUFK+4/4, prgho/ zh vlpxodwh

wkh ydoxh ri wkh xqghuo|lqj dvvhw dw pdwxulw| iru hdfk rswlrq xqghu frqvlghudwlrq xvlqj htxdwlrqv

+44,0+48,/ e| wdnlqj udqgrp gudzv ri wkh yduldeoh 1|1
48 Wklv surfhgxuh lv uhshdwhg ? wlphv wr rewdlq

48Lqyrnlqj wkh wkhruhwlfdo lqyduldqfh ri wkh sdudphwhuv ri wkh JDUFK+4/4, surfhvv zkhq dsso|lqj wkh ulvn0qhxwudo

ydoxdwlrq sulqflsdo/ zh dvvxph wkdw wkh vhulhv ri hvwlpdwhg frqglwlrqdo yduldqfhv akw surylgh xv zlwk jrrg vwduwlqj

ydoxhv iru wkh vlpxodwlrq ri wkh xqghuo|lqj dvvhw1
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wkh vlpxodwhg wkhruhwlfdo sulfh ri wkh rswlrq xvlqj

÷äC
| EfAc?c gc wä '

�
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e3EA3|äo|
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4@ EfAcð ýgc fä +4;,

iru wkh fdoov/ dqg

÷åC
| EfAc?c gc wä '
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?
e3EA3|äo|
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4@ Eg ýfAcðc fä +4<,

iru wkh sxwv/ zkhuh ? lv wkh qxpehu ri vlpxodwlrqv/ fkrvhq yhu| odujh1 Fohduo|/ dv ? jrhv wr lq?qlw|

wkh vlpxodwruv ÷äC
| EfAc?c gc wä dqg ÷åC

| EfAc?c gc wä frqyhujh wr äC
| dqg åC

| / wkh wkhruhwlfdo sulfhv ri

d fdoo dqg sxw rswlrq uhvshfwlyho|1

Uhsodflqj 'C
| EfA c gc wä lq +4:, e| wkhvh vlpxodwruv zh frqvwuxfw dq dssur{lpdwh remhfwlyh ixqf0

wlrq

uA E'c fc wä '
�

A

A[
|'�

q
'| ý ÷'C

| EfAc?c gc wä
r2

é +53,

Wkh vlpxodwhg qrqolqhdu ohdvw vtxduhv hvwlpdwru ÷w?A lv wkh ydoxh ri w wkdw plqlpl}hv +53,1 Qrwh

wkdw zh xvh gl>huhqw gudzlqjv 1ð|/ ð ' �c é é é c ?/ iru gl>huhqw revhuydwlrqv |1 Krzhyhu/ lq wkh hvwl0

pdwlrq surfhgxuh/ zkhq w fkdqjhv wkh vdph gudzlqjv 1ð|/ ð ' �c é é é c ?/ dqg | ' �c é é é c A duh xvhg

iru wkh frpsxwdwlrq ri +53,1 Dv wkh qxpehu ri vlpxodwlrqv ?



vhtxhqfh ri dssur{lpdwh hvwlpdwruv ÷w?A =

s
A E÷w?A ý wfä,Q Efc a3�f Ufa
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f ä +54,

dv ?uvw ? $4 dqg wkhq A $4c dqg
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zkhuh u� lv gh?qhg e| +4:, iru A ' �/ dqg wf ghqrwhv wkh wuxh ydoxh ri wkh sdudphwhu1

Qrwlfh wkdw plqlpl}lqj wkh remhfwlyh ixqfwlrq +53, zlwk uhvshfw wr w surgxfhv dq lqfrqvlvwhqw

hvwlpdwru iru dq| ?{hg qxpehu ri vlpxodwlrqv1 Krzhyhu zh dujxh wkdw zlwk wkh qxpehu ri vlpxodwlrqv

zh xvh rxu uhvxowv duh urexvw wr wkh vlpxodwlrq huuru149

Iru wkh hvwlpdwlrq ri wkh sdudphwhuv ri wkh lpsolhg yrodwlolw| surfhvv zh xvh d vhw ri sxw dqg fdoo

Hxurshdq rswlrqv rq wkh VPL/ ri gl>huhqw pdwxulwlhv dqg vwulnh sulfhv1 Wkh ydoxh dw pdwxulw| ri wkh

xqghuo|lqj dvvhw lv vlpxodwhg ? ' Dff wlphv iru hdfk rswlrq1 Lq rughu wr uhgxfh frpsxwdwlrq wlph/

49Odurtxh dqg Vdodqlì +4<;<, xvh q @ 83 dqg q @ 433 uhvshfwlyho| iru wkhlu Il{0Sulfh prgho zlwk dqg zlwkrxw wkh

lqwurgxfwlrq ri plfur pdunhwv1

Vhyhudo dxwkruv kdyh sursrvhg hvwlpdwruv wkdw duh frqvlvwhqw xqghu d ?{hg qxpehu ri vlpxodwlrqv1 Jrxulhurx{

dqg Prqiruw +4<<4/ 4<<6, sursrvh dq hvwlpdwru edvhg rq vlpxodwlqj wkh ?uvw0rughu frqglwlrqv/ xvlqj dq dgglwlrqdo

lqghshqghqw vhw ri udqgrp gudzv åúlw/ l @ 4> = = = > q wr vlpxodwh wkh sduwldo ghulydwlyhv CTJw +[W >N> ë,@Cë1 Krzhyhu/

wkh| dvvxph wkdw wkhlu vlpxodwru lv wzlfh frqwlqxrxvo| gl>huhqwldeoh zlwk uhvshfw wr ë1 Dqrwkhu gudzedfn ri wklv

phwkrg lv lwv frpsxwdwlrqdo exughq1 Iluvw/ vlpxodwlqj wkh sduwldo ghulydwlyhv xvlqj d gl>huhqw vhw ri udqgrp gudzv

lqfuhdvhv frpsxwdwlrq wlph1 Vhfrqg/ wkh hvwlpdwru lv wkh ydoxh ri ë wkdw vhwv wklv vhw ri vlpxodwhg ?uvw0rughu frqglwlrqv

wr }hur1 Ilqglqj wkh urrw ri d vhw ri vlpxodwhg htxdwlrqv lv qrw dq hdv| wdvn hvshfldoo| zkhq wkh ghulydwlyh ri wkhvh

htxdwlrqv kdv wr eh hydoxdwhg qxphulfdoo|1 Od>rqw/ Rvvdug dqg Yxrqj +4<<8, sursrvh d gl>huhqw hvwlpdwru wkdw lv

frqvlvwhqw xqghu d ?{hg qxpehu ri vlpxodwlrqv1 Wkhlu hvwlpdwru lv wkh ydoxh ri ë wkdw plqlpl}hv d vlpxodwhg qrqolqhdu

ohdvw vtxduhv remhfwlyh ixqfwlrq dgmxvwhg e| wkh vdpsoh yduldqfh ri wkh vlpxodwru1 Krzhyhu wkh| dovr dvvxph wkdw wkh

vlpxodwru lv wzlfh frqwlqxrxvo| gl>huhqwldeoh dqg xvh lpsruwdqfh vdpsolqj wr dfklhyh wklv uhtxluhg surshuw|1
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zh nhsw rqo| 4339 rswlrqv lq rxu vdpsoh> wkhvh duh doo qhdu wkh prqh|14:

Wkh remhfwlyh ixqfwlrq +53, lv plqlpl}hg xvlqj d EKKK dojrulwkp zlwk qxphulfdoo| frpsxwhg

?uvw ghulydwlyhv1 Wkh hvwlpdwhg sdudphwhu ydoxhv duh jlyhq ehorz zlwk wkh fruuhvsrqglqj hvwlpdwhg

dv|pswrwlf w0vwdwlvwlfv lq sduhqwkhvhv=

kf 'féfffffb
Eôéeôä

/ k� 'féfH.fSH
E2éeôä

/ q� 'féHfeDôf
E�HéS.ä

é

Wdeoh 718 jlyhv wkh hvwlpdwhg dv|pswrwlf fruuhodwlrq pdwul{ ri wkh sdudphwhuv1 Wkh hvwlpdwhg

sdudphwhuv ri wkh lpsolhg JDUFK+4/4, yrodwlolw| surfhvv duh yhu| vlplodu wr wkrvh rewdlqhg e| wkh

gluhfw hvwlpdwlrq rq klvwrulfdo gdwd1 Erwk wkh frqvwdqw/ kf/ dqg wkh JDUFK sdudphwhu/ q�/ duh

voljkwo| odujhu zkhuhdv wkh DUFK sdudphwhu/ k�/ lv vpdoohu1 Dovr/ wkh dv|pswrwlf vwdqgdug huuruv

zh rewdlq duh vlplodu wr wkrvh rewdlqhg deryh dqg wkh sdudphwhuv duh fohduo| vljql?fdqwo| gl>huhqw

iurp }hur dw d 8( ohyho1 Wklv uhvxow lqglfdwhv wkdw wkh shuvlvwhqfh ri yrodwlolw| vkrfnv rq wkh gdlo|

VPL uhwxuqv lpsolhg e| rswlrq sulfhv lv yhu| forvh wr wkdw rewdlqhg iurp klvwrulfdo gdwd rq wkh lqgh{

lwvhoi1

--- Wdeoh 718 khuh ---

Wr jhw dq lghd ri shuirupdqfh ri wkh lpsolhg JDUFK+4/4, rswlrq sulflqj prgho zh wxuq qrz wr

wkh uhvxowlqj dyhudjh uhodwlyh ydoxdwlrq huuruv jlyhq lq Wdeoh 71914; Lq jhqhudo/ rxu prgho ryhuydoxhv

4:Wkh revhuydwlrqv zh lqfoxgh lq rxu vdpsoh duh udqgrpo| gudzq rxw ri d vxevhw ri ryhu 77*333 revhuydwlrqv1 Wzr

revhuydwlrqv/ d sxw dqg d fdoo/ zhuh gudzq iru hdfk wudglqj gd| ehwzhhq <2632<5 dqg <25<2<71 Wkh vxevhw lqfoxghg

rqo| rswlrqv dfwxdoo| wudghg rq wkh gd| lq txhvwlrq/ wkdw gl>huhg e| 43( ru ohvv iurp sdu dqg zlwk d shulrg wr pdwxulw|

ri dw ohdvw 48 gd|v1 Wkxv zh duh dvvxuhg ri rqo| frqvlghulqj revhuydwlrqv zlwk vx!flhqw uhohydqw lqirupdwlrq frqwhqw1
4;Uhodwlyh ydoxdwlrq huuru @ +wkhruhwlfdo sulfh 0 pdunhw sulfh, 2 pdunhw sulfh1 D uhihuhh kdv srlqwhg rxw wkdw xvh ri

uhodwlyh ydoxdwlrq huuru pd| ohdg wr d vhulrxv plvuhsuhvhqwdwlrq ri wkh ydoxdwlrq huuru iru ghhs lq0wkh0prqh| rswlrqv1

Qhyhuwkhohvv/ wklv lv wkh vwdqgdug dssurdfk xvhg e| Hqjoh dqg Pxvwdid +4<<5,/ iru h{dpsoh1

Zh gh?qh qhdu pdwxulw| rswlrqv dv wkrvh zlwk d prqwk ru ohvv wr pdwxulw|/ plg pdwxulw| dv wkrvh zlwk ehwzhhq rqh

dqg wkuhh prqwkv wr pdwxulw|/ wkh uhpdlqghu ehlqj frqvlghuhg dv orqj pdwxulw| rswlrqv1
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fdoo rswlrqv dqg xqghuhvwlpdwhv wkh sulfhv ri sxw rswlrqv1 Ryhudoo lw dsshduv wr kdyh pruh gl!fxow|

zlwk fdoov1 Hqjoh dqg Pxvwdid +4<<5, rewdlq d vlplodu uhvxow1

--- Wdeoh 719 khuh ---

Iru fdoov wkh vpdoohvw eldvhv duh iru wkh qhdu pdwxulw| rswlrqv zkhuhdv iru sxwv orqjhu pdwxulw|

rswlrqv duh ehwwhu sulfhg1 Wkh vdpsoh vwdqgdug ghyldwlrq ri wkh dyhudjh uhodwlyh ydoxdwlrq huuruv ri

wkh JDUFK+4/4, prgho duh jlyhq lq Wdeoh 71:1

--- Wdeoh 71: khuh ---

Dw wklv vwdjh/ d ixuwkhu dqdo|vlv ri rxu prgho qhfhvvlwdwhv wkh frqvlghudwlrq ri dqrwkhu prgho

dv uhihuhqfh1 Wkh Eodfn dqg Vfkrohv prgho lv d qdwxudo fdqglgdwh1 Wr phdvxuh wkh shuirupdqfh

ri rxu prgho/ zh fdofxodwhg wkh dyhudjh uhodwlyh ydoxdwlrq huuruv ri erwk rxu lpsolhg JDUFK+4/4,

prgho dqg wkh Eodfn dqg Vfkrohv prgho rq d vdpsoh ri 43/:5; rswlrqv wkdw zhuh qrw lqfoxghg lq wkh

hvwlpdwlrq vdpsoh14< Wr sulfh dq rswlrq dw wlph |/ wkh yrodwlolw| xvhg lq wkh sulflqj irupxod lv wkh

hvwlpdwh ri û| iurp wkh klvwrulfdo ?w ri wkh JDUFK+4/4, prgho1 Wkhvh huuruv dqg wkh fruuhvsrqglqj

vdpsoh vwdqgdug ghyldwlrqv duh jlyhq uhvshfwlyho| lq Wdeohv 71; dqg 71< iru wkh lpsolhg JDUFK+4/4,

prgho dqg Wdeohv 7143 dqg 7144 iru wkh Eodfn dqg Vfkrohv prgho153

--- Wdeoh 71; dqg 71< khuh ---

Ryhudoo rxu lpsolhg JDUFK+4/4, prgho xqghuydoxhv erwk fodvvhv ri rswlrqv1 Frqwudu| wr wkh

uhvxowv lq wkh hvwlpdwlrq vdpsoh/ wkh JDUFK+4/4, prgho grhv ehwwhu ryhudoo iru fdoo rswlrqv lq wkh

4<Wkh revhuydwlrqv lqfoxghg lq wklv rxw0ri0vdpsoh whvw zhuh dovr fkrvhq vxfk wkdw wkh rswlrq kdg d pdwxulw| ri dw

ohdvw 48 gd|v dqg zdv dfwxdoo| wudghg rq wkh gd| lq txhvwlrq1
53Zh gh?qh qhdu wkh prqh| rswlrqv dv wkrvh zlwklq 43( ri sdu/ wkh uhpdlqghu ehlqj hlwkhu lq ru rxw ri wkh prqh|1
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rxw0ri0vdpsoh whvw1 Wkh xqghuydoxdwlrq ri sxw rswlrqv dsshduv wr eh d pruh urexvw uhvxow wkdq wkdw

ri fdoov1 Doo orqj0olyhg fdoov dqg wkrvh ri plg pdwxulw| wkdw duh rxw ri wkh prqh| dsshdu wr eh

ryhuydoxhg/ zkhuhdv rqo| vkruw0olyhg lq wkh prqh| sxwv duh voljkwo| ryhusulfhg e| rxu prgho1

--- Wdeoh 7143 dqg 7144 khuh ---

Wkh Eodfn dqg Vfkrohv prgho ryhusulfhv wkh exon ri fdoo rswlrqv dqg xqghusulfhv sxwv/ zkhuhdv

rxu lpsolhg JDUFK+4/4, prgho xqghuydoxhv erwk fodvvhv ri rswlrqv1 Ryhudoo/ wkh Eodfn dqg Vfkrohv

prgho grhv ehwwhu zlwk fdoo rswlrqv wkdq sxwv1 Khuh djdlq wkh xqghuydoxdwlrq ri sxwv vhhpv d pruh

urexvw uhvxow wkdq wkh ryhusulflqj ri fdoo rswlrqv1 Frpsdulqj wkh dyhudjh uhodwlyh sulflqj huuruv ri

wkh wzr prghov/ rxu uhvxowv vxjjhvw wkdw ryhudoo wkh JDUFK+4/4, prgho shuirupv ehwwhu wkdq wkh

Eodfn dqg Vfkrohv prgho1 Wkh odwwhu w|slfdoo| sulfhv fdoo rswlrqv kljkhu dqg sxwv orzhu wkdq rxu

lpsolhg JDUFK+4/4, prgho/ h{fhsw iru lq wkh prqh| rswlrqv lq erwk fodvvhv1 Rqh zrxog h{shfw wkdw

wkh ydoxdwlrq huuruv gxh wr vwrfkdvwlf yrodwlolw| zrxog eh pruh surqrxqfhg iru orqj0olyhg rswlrqv1

Rxu uhvxowv iru fdoo rswlrqv whqg wr frq?up wklv eholhi/ dowkrxjk erwk prghov kdyh pruh gl!fxow|

zlwk wkh sxw ydulhw|1 Krzhyhu/ wkhvh uhvxowv vkrxog eh wdnhq zlwk fdxwlrq gxh wr wkh uhodwlyho| odujh

fruuhvsrqglqj vdpsoh vwdqgdug ghyldwlrqv/ hvshfldoo| iru rxw ri wkh prqh| fdoov1

8 Frqfoxvlrq

Zh vkrzhg wkdw wkh gdlo| uhwxuqv rq wkh VPL dgplw d JDUFK+4/4, uhsuhvhqwdwlrq1 Wkh hvwlpdwhg

sdudphwhu ydoxhv zh rewdlq gluhfwo| iurp wkh klvwrulfdo VPL vhulhv lpso| d vxevwdqwldoo| kljkhu ghjuhh

ri shuvlvwhqfh wkdq wkrvh rewdlqhg e| Juÿqelfkohu dqg Vfkzduw} +4<<6, iru wkh gdlo| uhwxuqv rq wkh

VPL iru wkh shulrg iurp Mdqxdu| 4<;< wkurxjk Rfwrehu 4<<41 Wkh| vkrz wkdw wkh ehvw prgho iru

wkhvh uhwxuqv lv d JDUFK+4/4, zlwk k� ' fé�.ôD2 dqg q� ' féDeHfD dqg/ wkhuhiruh/ frqfoxgh lq d

orz shuvlvwhqfh ri yrodwlolw|1 Wkh ghjuhhv ri shuvlvwhqfh lpsolhg e| rxu uhvxowv iurp wkh ixoo shulrg
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iurp Mdqxdu| 4/ 4<<5/ wkurxjk Ghfhpehu 64/ 4<<9/ dqg wkh vxe0shulrg duh hvvhqwldoo| lghqwlfdo/ exw

duh orzhu wkdq wkdw revhuyhg e| Hqjoh dqg Pxvwdid +4<<5, rq wkh V)S833 lqgh{1

Xvlqj d vlpxodwlrq plqlpl}dwlrq phwkrg zh hvwlpdwhg dq lpsolhg JDUFK+4/4, rswlrq sulflqj

prgho iurp wkh sulfhv ri rswlrqv zulwwhq rq wkh VPL1 Wkh hvwlpdwhg prgho lqglfdwhv wkdw wkh shuvlv0

whqfh ri vkrfnv rq wkh frqglwlrqdo yduldqfh ixqfwlrq ri wkh lqgh{ lv uh hfwhg lq wkh sulfhv ri rswlrqv

zulwwhq rq lw1 Wkh ydoxdwlrq huuruv uhvxowlqj iurp wkh hvwlpdwlrq lqglfdwh wkdw wkh prgho whqgv wr

ryhuydoxh fdoo rswlrqv dqg xqghusulfh sxw rswlrqv lq wkh hvwlpdwlrq vdpsoh1

Wkh rxw0ri0vdpsoh whvw zh frqgxfw vxjjhvwv wkdw wkh ryhudoo shuirupdqfh ri rxu lpsolhg JDUFK+4/4,

rswlrq sulflqj prgho lv vxshulru wr wkdw ri wkh Eodfn dqg Vfkrohv prgho lq hydoxdwlqj Hxurshdq rs0

wlrqv zulwwhq rq wkh VPL1 Lq wkh whvw vdpsoh wkh lpsolhg JDUFK+4/4, prgho xqghuydoxhv erwk

fodvvhv ri rswlrqv zkhuhdv wkh Eodfn dqg Vfkrohv prgho w|slfdoo| sulfhv fdoo rswlrqv kljkhu dqg sxwv

orzhu dqg wkxv/ ryhusulfhv fdoo rswlrqv dqg xqghuydoxhv sxwv1 Krzhyhu/ wkh odujh vdpsoh vwdqgdug

ghyldwlrqv ri wkh dyhudjh uhodwlyh ydoxdwlrq huuruv lq wkh rxw0ri0vdpsoh whvw vxjjhvw wkdw wkhvh uhvxowv

vkrxog eh wdnhq zlwk fdxwlrq1

Dfnqrzohgjhphqwv

Zh zrxog olnh wr wkdqn D1 Kroo| dqg U1 Jlevrq iru khosixo frpphqwv/ dqg wkh Qdwlrqdo Vflhqfh

Irxqgdwlrq iru ?qdqfldo vxssruw1
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Uhihuhqfhv

^4` Dgmdrxwh N1 +4<<6,= 3Wkh Ydoxdwlrq ri Rswlrqv iru Frqvwdqw Hodvwlflw| ri Yduldqfh Surfhvvhv=

D Uhylhz ri wkh Wkhru| dqg Hpslulfdo Hylghqfh iru Rswlrqv Zulwwhq rq Vzlvv Vwrfnv4/ Ilqdq}0

pdunw xqg Sruwirolr Pdqdjhphqw/ :/ 7<8083<1

^5` Edloolh U1 W1 dqg GhJhqqdur U1 S1 +4<<3,= 4Vwrfn Uhwxuqv dqg Yrodwlolw|4/ Mrxuqdo ri

Ilqdqfldo dqg Txdqwlwdwlyh Dqdo|vlv/ 58/ 53605471

^6` Eodfn I1 dqg Vfkrohv P1 +4<:6,= 3Wkh Sulflqj ri Rswlrqv dqg Frusrudwh Oldelolwlhv4/

Mrxuqdo ri Srolwlfdo Hfrqrp|/ ;4/ 96:098<1

^7` Eroohuvohy W1 +4<;9,= 3Jhqhudol}hg Dxwruhjuhvvlyh Frqglwlrqdo Khwhurvnhgdvwlflw|4/ Mrxuqdo

ri Hfrqrphwulfv/ 64/ 63:065:1

^8` Eroohuvohy W1/ Fkrx U1 \1 dqg Nurqhu N1 I1 +4<<5,= 3DUFK Prgholqj lq Ilqdqfh= d

Uhylhz ri wkh Wkhru| dqg Hpslulfdo Hylghqfh4/ Mrxuqdo ri Hfrqrphwulfv/ 85/ 808<1

^9` Euhqqdq P1 M1 +4<:<,= 3Wkh sulflqj ri Frqwlqjhqw Fodlpv lq Glvfuhwh Wlph Prghov4/ Mrxuqdo

ri Ilqdqfh/ 67/ 8609;1

^:` Euxdqg P1 dqg Jlevrq U1 +4<<8,= 4Rswlrqv/ Ixwxuhv dqg Vwrfn Pdunhw Lqwhudfwlrqv> Hp0

slulfdo Hylghqfh Iurp wkh Vzlvv Vwrfn Pdunhw4/ Zrunlqj Sdshu/ LJEI/ Odxvdqqh Xqlyhuvlw|1

^;` Fkhvqh| P1/ Jlevrq U1 dqg Orxehujì K1 +4<<6,/ 3O*ìydoxdwlrq ghv Rswlrqv vxu Lqglfh hq

Xqlyhuv qrq Vwdwlrqqdluh4/ Zrunlqj Sdshu/ Jhqhyd Xqlyhuvlw|1
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^<` Fkhvqh| P1/ Jlevrq U1 dqg Orxehujì K1 +4<<7,/ 3Duelwudjh Wudglqj dqg Lqgh{ Rswlrq

Sulflqj dw Vr>h{= dq Hpslulfdo Vwxg| Xvlqj Gdlo| dqg Lqwudgdlo| Gdwd4/Zrunlqj Sdshu/ Jhqhyd

Xqlyhuvlw|1

^43` Fr{ F1 dqg Urvv D1 +4<:9,= 3Wkh Ydoxdwlrq ri Rswlrqv iru Dowhuqdwlyh Vwrfkdvwlf Surfhvvhv4/

Mrxuqdo ri Ilqdqfldo Hfrqrplfv/ 6/ 47804991

^44` Gxdq M0F1 +4<<4,= 3Wkh JDUFK Rswlrq Sulflqj Prgho4/ HUDVPXV 4;wk Dqqxdo Phhwlqj/

Yro1 LL/ 40671

^45` Hqjoh U1 I1 +4<;5,= 3Dxwruhjuhvvlyh Frqglwlrqdo Khwhurvfhgdvwlflw| zlwk Hvwlpdwhv ri wkh

Yduldqfh ri Xqlwhg Nlqjgrp Lq dwlrq4/ Hfrqrphwulfd/ 83/ <;:0433;1

^46` Hqjoh U1 I1 dqg Eroohuvohy W1 +4<;9,= 3Prghoolqj wkh Shuvlvwhqfh ri Frqglwlrqdo Ydul0

dqfhv4/ Hfrqrphwulf Uhylhzv/ 8/ 40831

^47` Hqjoh U1 I1 dqg Jrq}doh}0Ulylhud J1 +4<<4,= 3Vhplsdudphwulf DUFK Prghov4/ Mrxuqdo

ri Exvlqhvv dqg Hfrqrplf Vwdwlvwlfv/ </ 67806931

^48` Hqjoh U1 I1 dqg Pxvwdid F1 +4<<5,= 3Lpsolhg DUFK prghov iurp Rswlrqv Sulfhv4/ Mrxuqdo

ri Hfrqrphwulfv/ 85/ 5;<06441

^49` Idpd H1 I1 +4<98,= 3Wkh Ehkdylru ri Vwrfn Pdunhw Sulfhv4/ Mrxuqdo ri Exvlqhvv/ 6;/ 6704381

^4:` Juÿqelfkohu D1 dqg Vfkzduw} H1 V1 +4<<6,= 3Wkh Yrodwlolw| ri wkh Jhupdq dqg Vzlvv

Htxlw| Pdunhwv4/ Ilqdq}pdunw xqg Sruwirolr Pdqdjhphqw/ :/ 53805481

^4;` Jrxulhurx{ F1 dqg Prqiruw D1 +4<<4,= 3Vlpxodwlrq Edvhg Hfrqrphwulfv lq Prghov Zlwk

Khwhurjhqhlw|4/ Dqqdohv g*Hfrqrplh hw gh Vwdwlvwltxh/ qr1 532541

^4<` Jrxulhurx{ F1 dqg Prqiruw D1 +4<<6,= 3Vlpxodwlrq Edvhg Lqihuhqfh= D Vxuyh| Zlwk

Vshfldo Uhihuhqfh wr Sdqho Gdwd Prghov4/ Mrxuqdo ri Hfrqrphwulfv/ 8</ 80661
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^53` Kxoo M1 dqg Zklwh D1 +4<;:,= 3Wkh Sulflqj ri Rswlrqv rq Dvvhwv zlwk Vwrfkdvwlf Yrodwlolwlhv4/

Wkh Mrxuqdo ri Ilqdqfh/ 75/ 5;405<<1

^54` Mdutxh F1 P1 dqg Ehud D1 N1 +4<;3,= 3H!flhqw Whvwv iru Qrupdolw|/ Krprvfhgdvwlflw| dqg

Vhuldo Lqghshqgdqfh ri Uhjuhvvlrq Uhvlgxdov4/ Hfrqrplf Ohwwhuv/ 9/ 588058<1

^55` Odiirqw M0M1/ Rvvdug K1 dqg Yxrqj T1 +4<<8,= 3Hfrqrphwulfv ri Iluvw0Sulfh Dxfwlrqv4/

Hfrqrphwulfd/ 96/ <860<;31

^56` Odprxuhx{ F1 J1 dqg Odvwudshv Z1 G1 +4<<3,= 3Shuvlvwhqfh lq Yduldqfh/ Vwuxfwxudo

Fkdqjh dqg wkh JDUFK Prgho4/ Mrxuqdo ri Exvlqhvv dqg Hfrqrplf Vwdwlvwlfv/ ;/ 55805671

^57` Odurtxh J1 dqg Vdodqlì E1 +4<;<,= 3Hvwlpdwlrq ri Pxowl0Pdunhw Il{0Sulfh Prghov= Dq

dssolfdwlrq ri Svhxgr Pd{lpxp Olnholkrrg Phwkrgv/4 Hfrqrphwulfd/ 8:/ ;640;931

^58` Odwdqh K1 dqg Uhqgohpdq U1 +4<:9,= 3Vwdqgdug Ghyldwlrq ri Vwrfn Sulfhv Lpsolhg lq

Rswlrq Sulfhv4/ Mrxuqdo ri Ilqdqfh/ 64/ 69<06;41

^59` Pdqghoeurw E1 +4<96,= 3Wkh Yduldwlrq ri fhuwdlq vshfxodwlyh sulfhv4/ Mrxuqdo ri Exvlqhvv/

69/ 6<7074<1

^5:` Pdqghoeurw E1 +4<9:,= 3Wkh Yduldwlrq ri vrph rwkhu vshfxodwlyh sulfhv4/ Mrxuqdo ri Exvlqhvv/

73/ 6<607461

^5;` PfFxug| W1 K1 dqg Prujdq L1 J1 +4<;;,= 3Whvwlqj wkh Pduwlqjdoh K|srwkhvlv lq Ghxwvfkh

Pdun Ixwxuhv zlwk Prghov Vshfl?|lqj wkh Irup ri Khwhurvfhgdvwlflw|4/ Mrxuqdo ri Dssolhg

Hfrqrphwulfv/ 6/ 4;:05351

^5<` PfIdgghq G1 +4<;<,= 3D Phwkrg ri Vlpxodwhg Prphqwv Iru Hvwlpdwlrq ri Glvfuhwh Uhvsrqvh

Prghov Zlwkrxw Qxphulfdo Lqwhjudwlrq4/ Hfrqrphwulfd/ 8:/ <<8043591
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^63` Phuwrq U1 F1 +4<:9,= 3Rswlrq Sulflqj Zkhq Xqghuo|lqj Vwrfn Uhwxuqv duh Glvfrqwlqxrxv4/

Mrxuqdo ri Ilqdqfldo Hfrqrplfv/ 6/ 45804771

^64` Qhovrq G1 E1 dqg Fdr F1 T1 +4<<5,= 3Lqhtxdolw| Frqvwudlqwv lq wkh Xqlyduldwh JDUFK

Prgho4/ Mrxuqdo ri Exvlqhvv ) Hfrqrplf Vwdwlvwlfv/ 43/ sdjhv 55<05681

^65` Sdjdq D1 +4<<6,= 3Wkh Hfrqrphwulfv ri Ilqdqfldo Pdunhwv4/ +Ohfwxuh Qrwhv/ Jhu}hqvhh Grf0

wrudo Frxuvh ,1

^66` Sdnhv D1 dqg Sroodug G1 +4<;<,= 3Vlpxodwlrq dqg wkh Dv|pswrwlfv ri Rswlpl}dwlrq Hvwl0

pdwruv4/ Hfrqrphwulfd/ 8:/ 435:0438:1

^67` Uxelqvwhlq P1 +4<:9,= 3Wkh Ydoxdwlrq ri Xqfhuwdlq Lqfrph Vwuhdpv dqg wkh Sulflqj ri Rs0

wlrqv4/ Ehoo Mrxuqdo ri Hfrqrplfv dqg Pdqdjhphqw Vflhqfh/ :/ 73:07581

^68` Uxelqvwhlq P1 +4<;6,= 3Glvsodfhg Gl>xvlrq Rswlrq Sulflqj4/ Plphr1/ XFOD/ lq Euhqqhu

Phqdfkhp/ Rswlrq Sulflqj1 Oh{lqjwrq Errnv1

5:



Iljxuhv dqg Wdeohv

Ilj1 41 Hyroxwlrq ri wkh gdlo| uhwxuqv ri wkh VPL

5;



Ilj1 51 Hyroxwlrq ri wkh frqglwlrqdo yduldqfh ri wkh gdlo| uhwxuqv rq wkh VPL
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Prgho Frh!flhqwv *L} ,

UL?t|@?| kf k� k2 q�

ROV féfffSDb
E2ébDä

eeô.éô

DUFK+4, féfff.ee
Eôé2Hä

féffffDD
E2Déb�ä

fé�SSSbH
EDé2ôä

eeD�é�

DUFK+5, féfffH.S
EôéHbä

féffffDf
E22ébHä

fé�2HH..
Eeéefä

fé�f.2DD
Eôéô2ä

eeS�é�

JDUFK+4/4, féfffHfe
EôéD2ä

féfffff.
Eeé�Dä

féfb�De2
Eeé.bä

féHffbfô
E2�é�eä

ee.�ée

Wdeoh 714= Hvwlpdwlrq uhvxowv iru wkh shulrg iurp 4242<5 wr 452642<9
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Frh!flhqwv *L} ,

UL?t|@?| kf k� k2 q�

ROV féfffDbf
E�éD�ä

�.2ôéH

DUFK+4, féfffb�2
E2éô2ä

féffffSf
E�2éD.ä

fé2S2��H
EDé2ôä

�.2béH

DUFK+5, féfffbSS
E2ée2ä

féffffDô
E��éD2ä

fé2�ôôfH
EôéH2ä

fé�22ô..
E�éHbä

�.ôHé.

JDUFK+4/4, féfffb.f
E2éebä

féfffff.
Eôé�fä

fé�fôô2S
Eôé.2ä

fé.bSSf�
E�.éHHä

�.e.éS

Wdeoh 715= Hvwlpdwlrq uhvxowv iru wkh shulrg iurp <2632<5 wr <25<2<7
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Prgho Odjv Vnhzqhvv Nxuwrvlv

4 5 6 7 8

ROV féfb� fé��f féfô2 féfee féf�e ýfé2� DéS2

DUFK+4, ýfé2D féfbô féf2b féfeD féf2S ýfé�S Déeb

DUFK+5, ýféf�D ýféffD féf�S féfef féf2S ýfé�S DéSb

JDUFK+4/4, ýféff2 féffe ýféf�H féffe ýféffS ýfé�b DéSb

Wdeoh 716= Sduwldo dxwrfruuhodwlrqv dqg vnhzqhvv dqg nxuwrvlv frh!flhqwv ri wkh uhvlgxdov iru wkh

shulrg iurp 4242<5 wr 452642<91 Wkh dv|pswrwlf vwdqgdug huuruv ri wkh sduwldo dxwrfruuhodwlrqv dqg

wkh vnhzqhvv dqg nxuwrvlv frh!flhqwv duh uhvshfwlyho| 3135;/ 3139; dqg 314691
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Prgho Odjv Vnhzqhvv Nxuwrvlv

4 5 6 7 8

ROV fé�ee fé�Se féf�S féfH� féff2 ýféDD eéeD

DUFK+4, ýféfôH fé�2H féfôb féf.2 féfô2 ýféDf eéf2

DUFK+5, ýféf2� ýféff. féffe féfDb féf�. ýféDb eéô�

JDUFK+4/4, féffe féf2D ýféffb féf�S ýféf�b ýféDf ôéDô

Wdeoh 717= Sduwldo dxwrfruuhodwlrqv dqg vnhzqhvv dqg nxuwrvlv frh!flhqwv ri wkh uhvlgxdov iru wkh

shulrg iurp <2632<5 wr <25<2<71 Iru wkh vxe0shulrg/ wkh dv|pswrwlf vwdqgdug huuruv ri wkh sduwldo

dxwrfruuhodwlrqv dqg wkh vnhzqhvv dqg nxuwrvlv frh!flhqwv duh uhvshfwlyho| 31377/ 3143: dqg 315471
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÷kf ÷k� ÷q�

÷kf � ýféff. ýféSS�

÷k� ýféff. � ýfé.e2

÷q� ýféSS� ýfé.e2 �

Wdeoh 718= Hvwlpdwhg Dv|pswrwlf Fruuhodwlrq Pdwul{
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Wrwdo Qhdu pdwxulw| Plg pdwxulw| Orqj pdwxulw|

Fdoov 31467 313:5 31488 31487

Sxwv 03143< 031544 0313<: 031369

Wdeoh 719= Dyhudjh uhodwlyh ydoxdwlrq huuruv ri wkh JDUFK+4/4, prgho
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Wrwdo Qhdu pdwxulw| Plg pdwxulw| Orqj pdwxulw|

Fdoov 31754 318:; 316;3 31578

Sxwv 31559 3157; 3154: 314;:

Wdeoh 71:= Vdpsoh vwdqgdug ghyldwlrq ri wkh dyhudjh uhodwlyh ydoxdwlrq huuruv ri wkh JDUFK+4/4,

prgho
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Wrwdo Qhdu pdwxulw| Plg pdwxulw| Orqj pdwxulw|

Fdoov 03135; 03138; 03135< 31356

Rxw ri wkh prqh| 313:< 031775 3159; 3139;

Qhdu wkh prqh| 031366 031388 03136: 3134:

Lq wkh prqh| 03133: 031343 03133: 31335

Sxwv 031564 031635 031553 03149;

Rxw ri wkh prqh| 031:53 031<93 031:43 0317:8

Qhdu wkh prqh| 0314<7 031578 0314<4 031469

Lq wkh prqh| 031365 3133: 031366 031387

Wdeoh 71;= Rxw0ri0vdpsoh dyhudjh uhodwlyh ydoxdwlrq huuruv ri wkh JDUFK+4/4, prgho

6:



Wrwdo Qhdu pdwxulw| Plg pdwxulw| Orqj pdwxulw|

Fdoov 31567 31588 3156< 31499

Rxw ri wkh prqh| 3199< 31<54 31<97 31597

Qhdu wkh prqh| 31535 3156: 314<8 3147<

Lq wkh prqh| 31366 31349 31365 31396

Sxwv 31575 31643 3154: 314::

Rxw ri wkh prqh| 3158: 313:4 31558 314;<

Qhdu wkh prqh| 314<7 3157: 314:8 3146<

Lq wkh prqh| 31395 31354 3138< 313:5

Wdeoh 71<= Vdpsoh vwdqgdug ghyldwlrq ri wkh rxw0ri0vdpsoh dyhudjh uhodwlyh ydoxdwlrq huuruv ri wkh

JDUFK+4/4, prgho
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Wrwdo Qhdu pdwxulw| Plg pdwxulw| Orqj pdwxulw|

Fdoov 3136; 031353 31378 3143:

Rxw ri wkh prqh| 31845 0313<6 41394 31655

Qhdu wkh prqh| 31354 031353 31357 313;5

Lq wkh prqh| 03133; 031343 03133: 031338

Sxwv 03158; 031663 031569 031556

Rxw ri wkh prqh| 031::9 031<:< 031:58 031966

Qhdu wkh prqh| 03154< 0315:7 03153: 0314;5

Lq wkh prqh| 03134; 3133; 03135: 031356

Wdeoh 7143= Rxw0ri0vdpsoh dyhudjh uhodwlyh ydoxdwlrq huuruv ri wkh Eodfn dqg Vfkrohv prgho

6<



Wrwdo Qhdu pdwxulw| Plg pdwxulw| Orqj pdwxulw|

Fdoov 318:; 31654 31:4< 316;<

Rxw ri wkh prqh| 51794 31;36 7156< 31:37

Qhdu wkh prqh| 31673 3164; 31687 31654

Lq wkh prqh| 31366 31348 31363 31399

Sxwv 31639 31685 315;9 315:<

Rxw ri wkh prqh| 31633 31386 31668 315;6

Qhdu wkh prqh| 3159: 31637 31586 31573

Lq wkh prqh| 313:7 31354 31397 313<<

Wdeoh 7144= Vdpsoh vwdqgdug ghyldwlrq ri wkh rxw0ri0vdpsoh dyhudjh uhodwlyh ydoxdwlrq huuruv ri

wkh Eodfn dqg Vfkrohv prgho
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