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Whvwlqj iru wkh Oxfdv Fulwltxh=
D Txdqwlwdwlyh Lqyhvwljdwlrq


Mhvshu Olqgì�


Pd| 58/ 5333


Devwudfw


Lq wklv sdshu/ L wu| wr vkhg vrph qhz oljkw rq wkh �sx}}oh� zk| wkh Oxfdv
fulwltxh/ eholhyhg wr eh lpsruwdqw e| prvw hfrqrplvwv/ vhhpv wr kdyh uhfhlyhg yhu|
olwwoh hpslulfdo vxssruw1 L xvh d uhdo exvlqhvv f|foh prgho wr yhuli| wkdw wkh Oxfdv
fulwltxh lv txdqwlwdwlyho| lpsruwdqw lq wkhru|/ dqg wr h{dplqh wkh surshuwlhv ri wkh
vxshu h{rjhqhlw| whvw/ zklfk lv xvhg wr ghwhfw wkh dssolfdelolw| ri wkh Oxfdv fulwltxh
lq sudfwlfh1 Wkh uhvxowv vxjjhvw wkdw wkh vxshu h{rjhqhlw| whvw lv qrw fdsdeoh ri
ghwhfwlqj wkh uhohydqfh ri Oxfdv fulwltxh lq sudfwlfh lq vpdoo vdpsohv1


Nh|zrugv= Oxfdv fulwltxh> uhdo exvlqhvv f|foh prgho> vxshu h{rjhqhlw| whvw> Wd|oru
uxohv> prqh| ghpdqg> frqvxpswlrq ixqfwlrq1


MHO Fodvvl�fdwlrq Qxpehuv= F85/ F55/ H741


�Uhvhdufk Ghsduwphqw/ Vyhuljhv Ulnvedqn +wkh Vzhglvk fhqwdo edqn,1 Dgguhvv= VH0436 6: Vwrfnkrop/
Vzhghq1 H0pdlo = mhvshu1olqghCulnvedqn1vh1 L zrxog olnh wr wkdqn Odzuhqfh Fkulvwldqr/ Wru Mdfrevrq/
Vûuhq Mrkdqvhq/ Gdylg Khqgu|/ Hulf Ohhshu/ Oduv Omxqjtylvw/ Sdxo Vùghuolqg dqg Dqghuv Yuhglq iru
yhu| khosixo frpphqwv dqg glvfxvvlrqv1 L kdyh dovr ehqh�wwhg iurp frpphqwv e| vhplqdu sduwlflsdqwv
dw wkh Vwrfnkrop Vfkrro ri Hfrqrplfv/ wkh Wudgh Xqlrq Lqvwlwxwh iru Hfrqrplf Uhvhdufk +ILHI,/ wkh
frqihuhqfh rq Pdfurhfrqrplf Wudqvplvvlrq Phfkdqlvpv dw QWQX lq Wurqgkhlp/ dqg wkh Hfrqrphwulf
Vrflhw| Hxurshdq Phhwlqj 4<<< lq Vdqwldjr gh Frpsrvwhod1 Ilqdqfldo vxssruw iurp wkh Wruh Eurzdogk
Irxqgdwlrq dqg wkh Mdq Zdoodqghu dqg Wrp Khgholxv Irxqgdwlrq lv judwhixoo| dfnqrzohgjhg1







4 Lqwurgxfwlrq


Lq d yhu| lq xhqwldo duwlfoh/ Urehuw H1 Oxfdv/ Mu1/ +�b.S, udlvhg d vhulrxv fulwltxh djdlqvw


hfrqrphwulf prghov wkdw zhuh xvhg iru srolf| hydoxdwlrq1 Oxfdv*v dujxphqw zdv wkdw vkliwv


lq hfrqrplf srolf| fkdqjh krz srolf| d�hfwv wkh hfrqrp| vlqfh djhqwv lq wkh hfrqrp|


duh iruzdug udwkhu wkdq edfnzdug0orrnlqj dqg dgdsw wkhlu h{shfwdwlrqv dqg ehkdylru wr


wkh qhz srolf| vwdqfh1 Wkxv/ sdvw ehkdylru fdq eh d srru jxlgh iru dvvhvvlqj wkh h�hfwv ri


srolf| dfwlrqv1 Iru wklv uhdvrq/ Oxfdv frqfoxghg wkdw uhgxfhg0irup hfrqrphwulf prghov


fdqqrw surylgh xvhixo lqirupdwlrq derxw wkh dfwxdo frqvhtxhqfhv ri dowhuqdwlyh srolflhv


ehfdxvh wkh vwuxfwxuh ri wkh hfrqrp| zloo fkdqjh zkhq srolf| fkdqjhv/ wkhuhe| uhqghulqj


wkh hvwlpdwhg sdudphwhuv lq uhgxfhg0irup hfrqrphwulf prghov qrqfrqvwdqw1


Lqvwhdg/ Oxfdv +�b.D/ �b..,/ Ilqq H1 N|godqg dqg Hgzdug F1 Suhvfrww +�bH2, dqg


rwkhuv lqlwldwhg d qhz uhvhdufk surjudp/ riwhq whuphg wkh uhdo exvlqhvv f|foh +ru htxl0


oleulxp exvlqhvv f|foh, dssurdfk/ zkhuh wkh prghov xvhg iru srolf| dqdo|vlv duh lppxqh


wr wkh Oxfdv fulwltxh lq wkdw wkh| duh htxloleulxp prghov zlwk iruzdug0orrnlqj ehkdylru1


Rwkhu uhvhdufkhuv zhuh frqfhuqhg derxw wkh dssolfdelolw| ri wkh Oxfdv fulwltxh lq sudfwlfh>


vhh h1j1 wkh glvfxvvlrq lq Fkulvwrskhu D1 Vlpv +�bH2,1 Urehuw I1 Hqjoh/ Gdylg I1 Khqgu|


dqg Mhdq0Iudqfrlv Ulfkdug +�bH�, lqwurgxfhg wkh frqfhsw ri vxshu h{rjhqhlw|/ dqg dujxhg


wkdw lw frxog eh xvhg wr whvw iru wkh hpslulfdo uhohydqfh ri wkh Oxfdv fulwltxh1 Vxevhtxhqw


sdshuv +h1j1 Hqjoh dqg Khqgu|/ �bb�, kdyh vkrzq krz wklv frqfhsw fdq eh dssolhg1


Uhfhqwo|/ wkh hpslulfdo uhohydqfh ri wkh Oxfdv fulwltxh kdv uhfhlyhg lqfuhdvhg dwwhq0


wlrq1 D srvvleoh h{sodqdwlrq iru wklv lv wkh h{whqvlyh xvh ri edfnzdug0orrnlqj prghov lq


prqhwdu| srolf| dqdo|vlv> fi1 Odxuhqfh Edoo +�bb.,/ Oduv H1R1 Vyhqvvrq +�bb.,/ Johqq


G1 Uxghexvfk dqg Vyhqvvrq +�bbH, dqg Mrkq E1 Wd|oru +�bbb,1 Mh�uh| F1 Ixkuhu +�bb.,


pdlqwdlqv wkdw edfnzdug0orrnlqj ehkdylru vhhpv wr eh d ehwwhu dssur{lpdwlrq ri uhdolw|


lq pdfurhfrqrplf prghov wkdq iruzdug0orrnlqj ehkdylru1 Duwxur Hvwuhood dqg Ixkuhu


+�bbb, dujxh wkdw wkh Oxfdv fulwltxh lv dq hpslulfdoo| whvwdeoh k|srwkhvlv1 Wkh| surylgh


hylghqfh wkdw zkhq wkhuh lv d fkdqjh lq prqhwdu| srolf| uhjlph/ vrph iruzdug0orrnlqj


prghov pd| eh ohvv vwdeoh wkdq wkhlu ehwwhu �wwlqj edfnzdug0orrnlqj frxqwhusduwv/ zklfk


wkh| frqwhqg lv dq revhuydwlrq lqfrqvlvwhqw zlwk wkh Oxfdv fulwltxh1 Lq dgglwlrq/ prvw 0 li
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qrw doo 0 ri wkh pdq| sdshuv zklfk kdyh xvhg wkh frqfhsw ri vxshu h{rjhqhlw| wr h{dplqh


wkh Oxfdv fulwltxh hpslulfdoo| kdyh irxqg qr hylghqfh lq idyru ri wkh sursrvlwlrq> vhh wkh


vxuyh| e| Qhlo U1 Hulfvvrq dqg Mrkq V1 Lurqv +�bbD,1


Wzr qdwxudo txhvwlrqv wkhq dulvh1 Lv lw reylrxv wkdw wkh Oxfdv fulwltxh lv txdqwlwdwlyho|


lpsruwdqw lq wkhru| lq d vwdwlvwlfdo vhqvhB Lq rwkhu zrugv/ hyhq li wkh Oxfdv fulwltxh lv


wkhruhwlfdoo| lpsruwdqw txdolwdwlyho|/ lw pljkw qrw eh vr txdqwlwdwlyho| lq d vwdwlvwlfdo


frqwh{w14 Vhfrqg/ jlyhq wkdw wkh dqvzhu wr wkh �uvw txhvwlrq lv |hv +ru qr,/ grhv wkh whvw


iru vxshu h{rjhqhlw| zrun lq wkh vhqvh wkdw lw uhdoo| uhyhdov wkh suhvhqfh +ru devhqfh, ri


wkh Oxfdv fulwltxh lq revhuyhg gdwdB


Lq wklv sdshu/ L h{dplqh wkhvh wzr txhvwlrqv lq dq dwwhpsw wr vkhg vrph qhz oljkw rq


wkh �sx}}oh�= zk| lv lw wkdw wkh Oxfdv fulwltxh/ dowkrxjk uhjdughg dv kljko| lpsruwdqw/


grhv qrw vhhp wr eh lpsruwdqw lq vwxglhv ri uhdo0zruog gdwdB P| dssurdfk lv wr vhw xs d


yhuvlrq ri Wkrpdv I1 Frroh| dqg Jdu| G1 Kdqvhq*v +�bbD, uhdo exvlqhvv f|foh prgho zlwk


prqh|/ prgl�hg wr lqfoxgh jryhuqphqw h{shqglwxuhv dqg d Wd|oru0w|sh srolf| uxoh +vhh


Wd|oru/ �bb�, iru qrplqdo prqh| jurzwk vlplodu wr wkdw dqdo|}hg e| Ehqqhwk W1 PfFdooxp


+�bHe/ �bHH,1 Wklv srolf| uxoh lv wkhq hvwlpdwhg rq X1V1 gdwd iru wkh uhfhqw shulrgv lq


r!fh ri Ihghudo Uhvhuyh*v fkdluphq Exuqv/ Yrofnhu/ dqg Juhhqvsdq1 Dffruglqj wr Mrkq


S1 Mxgg dqg Uxghexvfk +�bbH,/ wkh frqgxfw ri prqhwdu| srolf| kdv ydulhg v|vwhpdwlfdoo|


ehwzhhq wkhvh shulrgv15


L vwxg| wkh ghshqghqfh ri wzr uhodwlrqvklsv rq wkh prqhwdu| srolf| uxoh1 Wkh �uvw


uhodwlrqvkls lv d wudglwlrqdo prqh| ghpdqg ixqfwlrq +vlplodu wr wkrvh dqdo|}hg lq Vwhskhq


P1 Jrogihog dqg Gdqlho H1 Vlfkho/ �bbf, dqg wkh vhfrqg lv d �Nh|qhvldq� frqvxpswlrq


ixqfwlrq1 Dq lpsruwdqw uhdvrq iru irfxvlqj rq prqh| ghpdqg dqg frqvxpswlrq lv wkdw


prvw hpslulfdo vwxglhv lq wkh �hog kdyh dssolhg wkh vxshu h{rjhqhlw| whvw wr wkhvh uhodwlrqv>


vhh Hulfvvrq dqg Lurqv +�bbD,1


Wr lqyhvwljdwh wkh wkhruhwlfdo dssolfdelolw| ri wkh Oxfdv fulwltxh iru wkhvh uhodwlrq0


vklsv/ L ehjlq e| ghulylqj dqdo|wlfdo vroxwlrqv iru wkh prqh| ghpdqg dqg frqvxpswlrq


4 Iru d glvfxvvlrq dorqj wklv olqh/ vhh Hulf P1 Ohhshu*v +4<<8, frpphqwv rq wkh sdshu e| Hulfvvrq dqg
Lurqv +4<<8, 1


5 Mxgg dqg Uxghexvfk +4<<;, vwduw rxw e| qrwlqj wkdw wkhuh lv lqvwdelolw| lq wkh Ihg uhdfwlrq ixqfwlrq1
Wkh| wkhq �qg vxssruw iru wkh k|srwkhvlv wkdw wkh Ihg prqhwdu| srolf| uxoh kdv ydulhg v|vwhpdwlfdoo|


zlwk wkh gl�huhqw shulrgv lq r!fh ri Ihg fkdluphq Exuqv/ Yrofnhu/ dqg Juhhqvsdq1 Dv lq wkhlu dqdo|vlv/
fkdlupdq Ploohu lv rplwwhg khuh ehfdxvh ri klv yhu| vkruw whqxuh1
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ixqfwlrqv wr vhh zkhwkhu wkh sdudphwhuv duh ghshqghqw rq wkh prqhwdu| srolf| uxoh1 Wkh


htxloleulxp prgho lv wkhq fdoleudwhg zlwk gl�huhqw hvwlpdwhg prqhwdu| srolf| uhjlphv wr


vwxg| zkhwkhu wkh surshuwlhv ri wkh hvwlpdwhg prqh| ghpdqg dqg frqvxpswlrq ixqfwlrqv


fkdqjh vljql�fdqwo| zkhq wkhuh lv d prqhwdu| uhjlph vkliw1 Wklv lv grqh xvlqj d vlpsoh


Juhjru| F1 Fkrz +�bSf, whvw1


Ilqdoo|/ L h{dplqh wkh vpdoo vdpsoh surshuwlhv ri wkh vxshu h{rjhqhlw| whvw1 D whvw


ri vxshu h{rjhqhlw| lv dssolhg rq prqh| ghpdqg2frqvxpswlrq dorqj zlwk wkh prqhwdu|


srolf| uxoh e| phdqv ri d Prqwh0Fduor vlpxodwlrq1 Wkh sxusrvh lv wkxv wr fkhfn zkhwkhu


wkh whvw lv dfwxdoo| deoh wr lghqwli| wkh uhohydqfh2qrquhohydqfh ri wkh Oxfdv fulwltxh lq wkh


prgho hfrqrp|1


Rqh srvvleoh uhdvrq zk| wkh whvw pd| kdyh idlohg wr ghwhfw sdudphwhu lqvwdelolw| lq


ehkdylrudo uhodwlrqvklsv/ ghvslwh suhvhqfh ri sdudphwhu lqvwdelolw| lq srolf| uxohv/ lv wkdw


wkh h�hfwv ri fkdqjhv lq srolf| uxohv duh yhu| gl!fxow wr glvwlqjxlvk iurp wkh rwkhu vkrfnv


wkdw klw wkh hfrqrp|1 Krzhyhu/ lq wkh jhqhudo htxloleulxp iudphzrun xvhg khuh/ lw lv lq


idfw srvvleoh wr frqwuro iru wkhvh h�hfwv e| �jrlqj edfn lq wlph� dqg shuiruplqj wkh vxshu


h{rjhqhlw| whvw frqglwlrqdo rq doo rwkhu vkrfnv h{fhsw iru wkh fkdqjh lq wkh prqhwdu|


srolf| uxoh1


Wkh uhvxowv lq wkh sdshu duh dv iroorzv1 Iluvw/ lw lv ghprqvwudwhg wkdw lq wkh htxloleulxp


prgho/ wkh sdudphwhuv lq wkh prqh| ghpdqg dqg frqvxpswlrq ixqfwlrqv duh ixqfwlrqv ri


wkh sdudphwhuv lq wkh prqhwdu| srolf| uxoh16 Frqvhtxhqwo|/ wkh Oxfdv fulwltxh lv/ dv


h{shfwhg/ dw ohdvw txdolwdwlyho| lpsruwdqw lq wkh prgho1 Vhfrqg/ zlwk d vwdqgdug sdudph0


whul}dwlrq ri wkh prgho dqg e| frqvlghulqj wkh hvwlpdwhg Ihghudo Uhvhuyh prqhwdu| srolf|


uxohv iru qrplqdo prqh| jurzwk gxulqj Exuqv/ Yrofnhu dqg Juhhqvsdq r!fh shulrgv/ lw


lv irxqg wkdw wkh Oxfdv fulwltxh lv wkhruhwlfdoo| lpsruwdqw lq d vwdwlvwlfdoo| vljql�fdqw


zd|1 Zkhq wkh sdudphwhuv lq wkh hvwlpdwhg Wd|oru0w|sh prqhwdu| srolf| uxoh fkdqjh/


wkh hvwlpdwhg prqh| ghpdqg dqg frqvxpswlrq ixqfwlrqv glvsod| frqvlghudeoh sdudphwhu


6 Dv uhjdugv prqh| ghpdqg/ wkh uhvxowv erwk frqwudglfw dqg vxssruw wkh sursrvlwlrq lq Oxfdv +4<;;,
wkdw prqh| ghpdqg lv d vwuxfwxudo uhodwlrq +lqyduldqw wr srolf| sdudphwhuv,1 Wkh �wuxh� prqh| ghpdqg
ixqfwlrq lq wkh jhqhudo htxloleulxp prgho lv lqghshqghqw ri sdudphwhuv lq wkh prqhwdu| srolf| uxoh dv
vxjjhvwhg e| Oxfdv1 Krzhyhu/ wkh �wuxh� prqh| ghpdqg ixqfwlrq ghulyhg lq wkh prgho lv qrw lq wkh irup
w|slfdoo| hvwlpdwhg e| hfrqrplvwv1 Pruhryhu/ zkhq lw lv uhzulwwhq lq d wudglwlrqdo irup +dv lq Jrogihog
dqg Vlfkho/ 4<<3,/ wkh uhgxfhg irup sdudphwhuv wxuqv rxw wr eh ghshqghqw rq wkh prqhwdu| srolf| uxoh1
Urehuw J1 Nlqj +4<;;, glvfxvvhv wklv lvvxh1
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lqvwdelolw| iurp erwk d vwdwlvwlfdo dqg dq hfrqrplf srlqw ri ylhz1 L wkxv kdyh d prgho


zkhuh wkh vxshu h{rjhqhlw| whvw vkrxog eh deoh wr lghqwli| wkh hpslulfdo uhohydqfh ri wkh


Oxfdv fulwltxh1


Ghvslwh wklv/ lw lv irxqg wkdw wkh vxshu h{rjhqhlw| whvw idu wrr riwhq idlov wr uhmhfw wkh


idovh qxoo k|srwkhvlv wkdw wkh Oxfdv fulwltxh grhv qrw dsso| zkhq wkhuh lv d fkdqjh lq


wkh frqgxfw ri prqhwdu| srolf|1 Wklv odfn ri srzhu iru wkh vxshu h{rjhqhlw| whvw lv wkhq/


txlwh qdwxudoo|/ d srvvleoh h{sodqdwlrq dv wr zk| wkh Oxfdv fulwltxh kdv qrw ehhq irxqg


lq wkh gdwd1


Wkh �qglqjv ri wklv sdshu dovr kdyh vrph jhqhudo lpsolfdwlrqv iru hpslulfdo whvw0


lqj ri wkh uhohydqfh ri edfnzdug yhuvxv iruzdug0orrnlqj prghov1 Iluvw/ rqo| wkh wuxo|


iruzdug0orrnlqj prgho zloo kdyh sdudphwhuv lqyduldqw wr wkh prqhwdu| uhjlph1 Wkxv/ wkh


suholplqdu| uhvxowv lq Hvwuhood dqg Ixkuhu +�bbb, vxjjhvwlqj wkdw wkh Oxfdv fulwltxh lv


qrw lpsruwdqw lq sudfwlfh pd| eh gxh wr prgho plvvshfl�fdwlrq1 Vhfrqg/ wkhvh w|shv ri


whvwv zloo suhvxpdeo| kdyh yhu| zhdn srzhu lq vpdoo vdpsohv/ dv lv wkh fdvh iru wkh vxshu


h{rjhqhlw| whvw1


Wkh vwuxfwxuh ri wkh sdshu lv dv iroorzv1 Lq wkh qh{w vhfwlrq/ L lqwurgxfh wkh wkhruhwlfdo


prgho/ dqg lqglfdwh krz wr frpsxwh wkh htxloleulxp1 Hvwlpdwlrq dqg fdoleudwlrq lvvxhv duh


dgguhvvhg lq Vhfwlrq 61 Lq Vhfwlrq 7/ L ghulyh dqg glvfxvv wkh wkhruhwlfdo surshuwlhv ri wkh


prqh| ghpdqg dqg frqvxpswlrq ixqfwlrqv xvhg wkurxjkrxw wkh sdshu1 Qh{w/ lq Vhfwlrq 8/


L h{dplqh zkhwkhu wkh Oxfdv fulwltxh lv vljql�fdqwo| lpsruwdqw lq wkh htxloleulxp exvlqhvv


f|foh prgho e| whvwlqj iru sdudphwhu vwdelolw| ehwzhhq wkh gl�huhqw hvwlpdwhg prqhwdu|


srolf| uhjlphv rq vlpxodwhg gdwd iurp wkh prgho1 Wkh vxshu h{rjhqhlw| whvw lv eulh |


suhvhqwhg lq Vhfwlrq 9/ dorqj zlwk wkh uhvxowv ri wkh Prqwh0Fduor vlpxodwlrqv1 Vhfwlrq :


frqfoxghv1


5 Wkh htxloleulxp prgho


Lq wklv vhfwlrq/ L ghvfuleh dqg vroyh d voljkwo| prgl�hg yhuvlrq ri Frroh| dqg Kdqvhq*v


+�bHb/ �bbD, prqhwdu| htxloleulxp exvlqhvv f|foh prgho1 Wkh prgho lv d vwdqgdug uhdo


exvlqhvv f|foh prgho zlwk vrph dgglwlrqdo ihdwxuhv1 D vwrfkdvwlf qrplqdo prqh| vxsso|
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lqwhudfwv zlwk d fdvk0lq0dgydqfh whfkqrorj| dqg rqh0shulrg qrplqdo zdjh frqwudfwv/ zklfk


fuhdwhv vkruw uxq uhdo h�hfwv ri qrplqdo prqh| vxsso| vkrfnv1 Ruljlqdoo|/ Frroh| dqg


Kdqvhq +�bbD, fdoleudwhg wkh prgho wr txduwhuo| gdwd1 Khuh/ rqh shulrg lv rqh |hdu1 Wkh


uhdvrq iru wklv lv wkdw L wklqn lw lv uhdvrqdeoh wkdw uhdo h�hfwv rq prqhwdu| srolf| zlwklq


wkh prgho odvw iru d |hdu udwkhu wkdq d txduwhu/ zklfk lv dq lpsolfdwlrq ri wkh rqh0shulrg


qrplqdo zdjh frqwudfw vhwwlqj17


Wkh gl�huhqfh ehwzhhq wkh prgho lq wklv sdshu dqg wkh rqh lq Frroh| dqg Kdqvhq


+�bbD, lv wkdw wkh fhqwudo edqn lv khuh dvvxphg wr xvh d srolf| uxoh zkhq lw ghflghv rq


wkh qrplqdo prqh| vxsso| jurzwk lq hdfk shulrg vlplodu wr wkdw vxjjhvwhg e| PfFdooxp


+�bHe/ �bHH,1 Pruh vshfl�fdoo|/ wkh jurzwk udwh lq qrplqdo prqh| vxsso| lq shulrg


| lv dvvxphg wr iroorz d Wd|oru0w|sh srolf| uxoh dqg ghshqg rq wkh rxwsxw jds/ wkh


gl�huhqfh ehwzhhq dfwxdo dqg wdujhwhg lq dwlrq udwh +khuhdiwhu qdphg lq dwlrq jds,/


dq xqfrqwuroodeoh vkrfn/ dqg wkh jurzwk udwh lq qrplqdo prqh| lq shulrg | � �1 Wklv


vshfl�fdwlrq lv vxssrvhg wr fdswxuh wkh uhdo zruog skhqrphqrq wkdw fhqwudo edqnv xvh


prqh| vxsso| wr d�hfw lq dwlrq dqg rxwsxw jdsv/ dowkrxjk wkh| dfw judgxdoo| dqg gr qrw


kdyh shuihfw frqwuro ri wkh surfhvv1 Lw lv vkrzq wkdw wklv prqhwdu| srolf| uxoh iru qrplqdo


prqh| jurzwk kdv fdq eh uhzulwwhq dv d Wd|oru uxoh iru wkh qrplqdo lqwhuhvw udwh1


Lq wkh prgho L devwudfw iurp srsxodwlrq dqg whfkqrorjlfdo jurzwk dqg uhsuhvhqw doo


yduldeohv lq shu fdslwd whupv1


Ilqdoo|/ d qrwdwlrqdo frpphqw> lq wkh iroorzlqj/ fdslwdo ohwwhuv ghqrwh hfrqrp| zlgh


dyhudjhv zklfk wkh djhqw wdnhv dv jlyhq dqg vpdoo ohwwhuv lqglylgxdo vshfl�f ydoxhv zklfk


wkh djhqw lqwhuqdol}hv1


514 Dq htxloleulxp prqhwdu| exvlqhvv f|foh prgho


Lq�qlwho| pdq| lghqwlfdo lq�qlwho| olyhg djhqwv pd{lpl}h h{shfwhg xwlolw| zlwk suhihuhqfhv


vxppdul}hg e|


Hf
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|'f


q|� ES�|c S2|c �|� c +4,


� ES�|c S2|c �|� � k *?ES�|� n E�� k� *? ES2|�� ��|


7 L zrxog olnh wr hpskdvl}h wkdw wkh txdolwdwlyh dvshfwv ri wkh uhvxowv lq wkh sdshu duh qrw dw doo
ghshqghqw rq zkhwkhu L fdoleudwh wkh prgho wr pdwfk txduwhuo| ru |hduo| gdwd1


8







zkhuh S�| lv frqvxpswlrq ri wkh �fdvk jrrg� lq shulrg |/ S2| lv frqvxpswlrq ri wkh �fuhglw


jrrg/� dqg �| lv wkh vkduh ri dydlodeoh wlph vshqw lq hpsor|phqw zklfk hqwhuv olqhduo|


lq E4� ehfdxvh ri wkh �lqglylvleoh oderu� dvvxpswlrq +vhh Kdqvhq/ �bHD,1 Lq E4�/ q lv wkh


vxemhfwlyh glvfrxqw idfwru/ � wkh glvxwlolw| wkh djhqw jhwv iurp zrunlqj/ zkloh k uh hfwv


wkh wudgh0r� ehwzhhq frqvxpswlrq ri wkh fdvk dqg fuhglw jrrgv1


Wkh  rz exgjhw frqvwudlqw idflqj wkh djhqw lv


S�| n S2| n �| n
6|n�


�|


n
K|n�


�|


'


�
` S


|


�|


�
�| n-g


| &| n
6|


�|


n E� n-|3��
K|
�|


n
WU|


�|


+5,


zkhuh �| ghqrwhv wkh djhqw*v lqyhvwphqw/ 6|n� dqg K|n� wkh djhqw*v kroglqjv ri qrplqdo


prqh| dqg jryhuqphqw erqgv lq wkh hqg ri shulrg |/ �| wkh djjuhjdwh sulfh ohyho/ ` S
|


wkh frqwudfwhg qrplqdo zdjh/ -g
| wkh jurvv uhdo uhwxuq rq wkh fdslwdo vwrfn &|/ -|3� wkh


qrplqdo lqwhuhvw udwh rq jryhuqphqw erqgv lq ehwzhhq shulrg |�� dqg |/ dqg WU| qrplqdo


oxps0vxp wudqvihuv +ru wd{hv li qhjdwlyh, iurp wkh jryhuqphqw1


Wkh djhqw kdv wkh iroorzlqj fdvk0lq0dgydqfh frqvwudlqw iru wkh fdvk0jrrg S�|/


�|S�| ' 6| n E� n-|3�� K| n WU| � K|n� +6,


zklfk dozd|v krogv zlwk htxdolw| vlqfh wkh qrplqdo lqwhuhvw udwh zloo dozd|v eh srvlwlyh


lq wklv prgho1


Wkh jryhuqphqw*v exgjhw frqvwudlqw lv


�|C| n WU| ' �|n� ��| n�|n� � E� n-|3���| +7,


zkhuh C lv h{rjhqrxv sxeolf frqvxpswlrq h{shqglwxuhv/ dqg� dqg � djjuhjdwh qrplqdo


prqh| vxsso| dqg jryhuqphqw erqgv1 Dv lq Frroh| dqg Kdqvhq +�bbD,/ L zloo dvvxph


wkdw �| ' f iru | � f dqg rqo| xvh lw wr frpsxwh wkh qrplqdo lqwhuhvw udwh lq wkh hfrqrp|1


Lw fdq eh vkrzq wkdw wkh qrplqdo lqwhuhvw udwh lq htxloleulxp lv jlyhq e|


-| '
k


�� k


�2|


��|
� � +8,


zkhuh ��| dqg �2| duh djjuhjdwh frqvxpswlrq ri wkh fdvk dqg fuhglw jrrgv/ uhvshfwlyho|1


Jryhuqphqw frqvxpswlrq/ C/ lq E7� lv dvvxphg wr eh jhqhudwhg e| wkh iroorzlqj


vwdwlrqdu| DU+4,0surfhvv/


*?C|n� ' E�� 4*?C� *?C n 4*?C *?C| n 0*?Cc|n� +9,


9







zkhuh f 	 4*?C 	 � dqg 0*?C � ����_� � Efc j2
*?C�1


Djjuhjdwh qrplqdo prqh| vxsso| lv dvvxphg wr hyroyh dffruglqj wr


�|n� ' e>|�| +:,


zkhuh wkh jurzwk udwh lq qrplqdo prqh| vxsso| lq shulrg |/ gh�qhg dv {*?�|n� dqg


ghqrwhg >|/ lv dvvxphg wr eh ghwhuplqhg e|


>| ' #>|3� � bZ EZ| � ZW�� bt E*?t| � *?t W� n 1|/ f 	 # 	 �/ +;,


1 � ����_� Orj Qrupdo/ H d1o ' E�� #�>/ Ydu E1� ' j2
1


zkhuh Z| lv gh�qhg dv *?�|� *?�|3�/ dqg bZ dqg bt phdvxuh krz wkh fhqwudo edqn uhdfwv


wr ghyldwlrqv lq wkh lq dwlrq EZ| � ZW� dqg wkh rxwsxw jds E*?t| � *?t W�18 Wkh lpsolflw


dvvxpswlrq xqghuo|lqj wkh vshfl�fdwlrq lq E;� lv wkdw wkh fhqwudo edqn wulhv wr vwdelol}h


lq dwlrq dqg2ru rxwsxw/ dqg rqh pljkw wklqn ri E;� dv dq lpsolhg prqhwdu| srolf| uxoh


iru d fhqwudo edqn zklfk kdv ehhq dwwdfkhg d frqyhqwlrqdo txdgudwlf orvv ixqfwlrq lq wkh


lq dwlrq dqg rxwsxw jdsv1 Iru vlpsolflw|/ zh vhw ZW dqg *?t W lq E;� htxdo wr vwhdg| vwdwh


+gursslqj wlph vxevfulswv, qrplqdo prqh| vxsso| jurzwk +>, dqg orj ri rxwsxw +*?t ,/


uhvshfwlyho|1 L wklqn ri wkh huuru whup/ 1/ dv srolf| vkrfnv iurp wkh shuvshfwlyh ri wkh


sulydwh vhfwru1 E| lqwurgxflqj wkh shuvlvwhqfh frpsrqhqw #>|3�/ L dvvxph wkdw wkh fhqwudo


edqn uhdfwv judgxdoo| wr vkrfnv zklfk klwv wkh hfrqrp|19


Wkh surgxfwlrq ixqfwlrq lv dvvxphg wr kdyh frqvwdqw uhwxuqv wr vfdoh dqg eh ri Free0


Grxjodv w|sh


t| ' e*?~|gw
|M


�3w
| +<,


8 Dowkrxjk zh dvvxph wkdw � lv orj qrupdoo| glvwulexwhg/ zh uhtxluh wkdw � kdv phdq +4� �,�/ dqg ydul0


dqfh �5� dv vhhq lq +;,1 E| xvlqj wkdw H^�` @ hH^oq �`.
4
5Ydu+oq �, dqg wkdw Ydu+�, @H


q
+� � H ^�`,5


r
@H


�
�5
��


^+4� �,�`5 @ h5H^oq �`.Ydu+oq �, � ^+4� �,�`5 vlqfh � lv orj0qrupdoo| glvwulexwhg/ rqh fdq slq grzq wkh


phdq dqg wkh yduldqfh iru oq � dv �4
5 oq


�
�5� . ^+4� �,�`5


�
.5 oq ++4� �,�, dqg oq


�
�5� . ^+4� �,�`5


�
�


5 oq ++4� �,�, uhvshfwlyho|1
9 Wkh Wd|oru0w|sh uxoh lv qrupdoo| vshfl�hg lq whupv ri wkh qrplqdo lqwhuhvw udwh/ vhh iru lqvwdqfh Wd|oru


+4<<;,1 Ljqrulqj jryhuqphqw h{shqglwxuhv +Jw @ 3,/ dqg orj0olqhdul}lqj +8, dqg +4;,/ lw lv srvvleoh wr
ghulyh wkh iroorzlqj Wd|oru0w|sh uxoh zlwklq wkh prgho iru wkh qrplqdo lqwhuhvw udwh Uw @ ����


�.�\ oq\ �


�6
.


+4 . � � �O,Uw�4 . 4.����O
�6


�w .
�\.+4.�O,+4�O,+4.�N\ ,


�6
oq\w . %Uw zkhuh %Uw � �w�+4��O,+4�O,�N


\
oq Lw


�6
/


�6 @
F�F4


F A 3 vlqfh F � F4.F5 dqg O lv wkh odj rshudwru1 Wkxv/ lw lv srvvleoh wr wudqvirup wkh Wd|oru
lqvsluhg uxoh iru � wr d vwdqgdug uxoh iru U lq wkh prgho/ dowkrxjk zh fdq qr orqjhu wuhdw wkh huuru whup
dv h{rjhqrxv1 Exw khuh lw rqo| srvvleoh wr xvh wkh uxoh iru �w/ vlqfh Uw lv dq hqgrjhqrxv htxloleulxp
uhodwlyh sulfh1


:







zkhuh g| dqg M| duh djjuhjdwh +dyhudjh, fdslwdo vwrfn dqg krxuv zrunhg/ uhvshfwlyho|/


dqg ~| lv wkh whfkqrorj| ohyho1 Wkh shuihfw frpshwlwlrq }hur sur�w pd{lpl}lqj frqglwlrqv


iru wkh uhsuhvhqwdwlyh �up duh


` S
| ' E�� w� e*?~|


�
g|


M|


�w


�| +43,


dqg


-g
| ' we*?~|


�
g|


M|


�w3�


1 +44,


Wkh qrplqdo zdjh ` S
| lv dvvxphg wr eh vhw lq shulrg |�� +vhh Frroh| dqg Kdqvhq +�bbD,


iru ixuwkhu ghwdlov rq wkh qrplqdo zdjh duudqjhphqw, dv


` S
| ' E�� w� eH|3� *?~|


�
g|


H|3�M|


�w


H|3��| +45,


zkhuh wkh fdslwdo vwrfn lq shulrg | lv nqrzq lq | � �1 Li zh frpelqh E43� dqg E45� lq


qdwxudo orjdulwkpv/ xvlqj E48� ehorz/ zh rewdlq


*?M| ' H|3� *?M| n
�


w
E*?�| � H|3� *?�|� n


�


w
0*?~| 1 +46,


Vlploduo|/ rqh uhdol}hv wkdw wkh qdwxudo orjdulwkp ri �| iru dq djhqw lq htxloleulxp lv jlyhq


e|


*? �| ' H|3� *?M| n
�


w
E*?�| � H|3� *?�|� n


�


w
0*?~| 1 +47,


Lq E<�/ wkh whfkqrorj| ohyho lv dvvxphg wr eh h{rjhqrxv dqg wkh qdwxudo orj ri lw wr


iroorz d vwdwlrqdu| DU+4,0surfhvv


*?~|n� ' 4*?~ *?~| n 0*?~c|n�/ 0*?~ q ����_� �
�
fc j2


*?~


�
1 +48,


Lqglylgxdo dqg djjuhjdwh lqyhvwphqw lq shulrg | surgxfhv surgxfwlyh fdslwdo lq shulrg


|n � dffruglqj wr


&|n� ' E�� B� &| n �| +49,


dqg


g|n� ' E�� B�g| n U| +4:,


zkhuh B lv wkh udwh ri fdslwdo ghsuhfldwlrq1


Wkh djjuhjdwh uhvrxufh frqvwudlqw


t| ' ��| n �2| n U| nC| � �| n U| nC| +4;,


dovr krogv lq hyhu| shulrg zkhuh �| lv wrwdo frqvxpswlrq1


;







515 Htxloleulxp lq wkh prgho


Wkh htxloleulxp lq wkh prgho frqvlvwv ri d vhw ri ghflvlrq uxohv iru wkh djhqwv *? &|n� '


& E5|/ *? &|/ *? 	6|�/ *? 	6|n� ' 	6 E5|/ *? &|/ *? 	6|� dqg *? �| ' � E5|/ *? &|/ *? 	6|�/ dqg d


vhw ri djjuhjdwh ghflvlrq uxohv *?g|n� ' g E 5|�/ *?M| ' M E5|�/ *? 	�| ' 	� E5|� zkhuh


5| '
k
*?~|3�c 0


*?~
| c >|3�c 1|c *?C|c *?g|c *? 	�|3�


l�
vxfk wkdw> E�� djhqwv pd{lpl}h xwlolw|/


E��� �upv pd{lpl}h sur�wv/ dqg E����/ lqglylgxdo ghflvlrq uxohv duh frqvlvwhqw zlwk dj0


juhjdwh rxwfrphv1 Htxloleulxp frqglwlrq E���� lpsolhv wkdw & E5|/ *?g|/ �� ' g E 5|�/


	6 E5|/ *?g|/ �� ' �/ dqg � E5|/ *?g|/ �� ' M E5|� iru doo 5|1


L xvh wkh vdph phwkrg dv Frroh| dqg Kdqvhq +�bHb/ �bbD, +ghvfulehg lq ghwdlo e|


Kdqvhq dqg Suhvfrww/ �bbD, wr frpsxwh wkh htxloleulxp lq wklv prgho1:


6 Hvwlpdwlrq dqg fdoleudwlrq


Wkh sdudphwhuv lq wkh prgho duh ghwhuplqhg lq wzr zd|v1 Derxw kdoi ri wkh sdudphwhuv


+#/ >/ j2
1/ bZ/ bt / 4*?C/ j


2
*?C dqg } � 7C


7t
, duh hvwlpdwhg rq X1V1 gdwd �bSf0�bb. zlwk


Lqvwuxphqwdo Yduldeohv phwkrg +LY, dqg Pd{lpxp Olnholkrrg +PO,1 Wkh rwkhu kdoi ri


wkh sdudphwhuv +k/ q/ B/ �/ w/ 4*?~ dqg j2
*?~, duh dgdswhg iurp Frroh| dqg Kdqvhq +�bbD,/


dqg fkrvhq vr wkdw wkh prgho*v vwhdg| vwdwh surshuwlhv duh frqvlvwhqw zlwk X1V1 jurzwk


idfwv1


Wr hvwlpdwh wkh sdudphwhuv #/ >/ j2
1 / bZ/ dqg bt lq wkh prqhwdu| srolf| uxoh E;� iru


gl�huhqw Ihg fkdluphq shulrgv/ L froohfwhg txduwhuo| gdwd rq uhdo jurvv qdwlrqdo surgxfw


shu fdslwd lq qdwxudo orjdulwkpv + *?t|,/ jurzwk udwh lq qrplqdo prqh| vxsso| +>|, dqg wkh


lq dwlrq udwh lq wkh frqvxphu sulfh lqgh{ +Z|,1 Wkh uhdvrq iru froohfwlqj txduwhuo| udwkhu


wkdq |hduo| gdwd lv wr jhw pruh revhuydwlrqv lq hdfk vxevdpsoh1 Wr frpsxwh phdvxuhv ri


*?t| � *?t W dqg Z| � ZW/ L vlpso| �owhuhg wkh vhulhv iru rxwsxw dqg lq dwlrq udwh zlwk


wkh Krgulfn0Suhvfrww +K0S, �owhu +vhh Krgulfn dqg Suhvfrww/ 4<<:,1; Lw lv vwdqgdug wr


xvh K0S �owhuhg rxwsxw dv d phdvxuh ri wkh rxwsxw jds/ exw lv ohvv fohdu krz wr frpsxwh


dq dssursuldwh phdvxuh ri ZW iurp klvwrulfdo gdwd dv glvfxvvhg e| Mxgg dqg Uxghexvfk
: Pruh ghwdlov rq krz wr frpsxwh wkh htxloleulxp lv surylghg lq Dsshqgl{ E zklfk lv dydlodeoh rq


uhtxhvw iurp wkh dxwkru1
; L xvh wkh frpprq ydoxh 4933 +txduwhuo| gdwd, iru wkh vprrwkqhvv frh!flhqw � lq wkh K0S �owhu1 Vhh


Dsshqgl{ D iru d ghwdlohg ghvfulswlrq ri wkh udz gdwd dqg gdwd wudqvirupdwlrqv1


<







+�bbH,1< Vlqfh wkh prgho grhv qrw glvwlqjxlvk ehwzhhq prqh| frqwuroohg e| wkh Ihg +wkh


prqhwdu| edvh/ P3, dqg prqh| xvhg lq wkh sulydwh wudqvdfwlrqv +P5,/ L frpsurplvh


ehwzhhq wkhp dqg xvh P4 dv d phdvxuh ri prqh| dv lq Frroh| dqg Kdqvhq +�bHb/ �bbD,1


Wkh uhdvrq iru hvwlpdwlqj zlwk LY udwkhu wkdq Ruglqdu| Ohdvw Vtxduhv +ROV,/ lv wkdw


ROV lv olnho| wr eh d eldvhg dqg lqfrqvlvwhqw hvwlpdwru gxh wr wkh idfw wkdw zh pd| kdyh


frqwhpsrudqhrxv fruuhodwlrq ehwzhhq wkh huuru whup dqg wkh uhjuhvvruv lq E;�1 Lq whupv


ri wkh wkhruhwlfdo prgho xvhg lq wklv sdshu/ wkhuh zloo/ yld wkh htxloleulxp ghflvlrq uxohv/


eh d srvlwlyh fruuhodwlrq ehwzhhq wkh huuru whup 1| dqg wkh uhjuhvvruv Z| dqg *?t| lq E;�1


Dv lqvwuxphqwv lq wkh hvwlpdwlrq/ L wkhuhiruh xvh E*?t � *?t W�|3�/ >|3� dqg EZ � ZW�|3�


zklfk duh xqfruuhodwhg zlwk wkh huuru whup 1| lq E;�1 Lq dgglwlrq wr wkdw/ wkh hvwlpdwhg


bZ dqg bt zloo eh fruuhodwhg lq jhqhudo/ zklfk dovr pdnhv lqihuhqfh derxw lqglylgxdo


sdudphwhuv wulfn|1


L hvwlpdwh wkh prqhwdu| srolf| uxoh E;� zlwk LY iru wkh zkroh vdpsoh shulrg +�bSf'2�
�bb.'e,/ iru fkdlupdq Exuq*v r!fh shulrg +�b.f'�� �b.H'�,/ fkdlupdq Yrofnhu*v r!fh


shulrg +�b.b'�� �bH.'2,/ fkdlupdq Juhhqvsdq*v r!fh shulrg +�bH.'�� �bb.'e,/ dqg


rplw fkdlupdq Ploohu dv lq Mxgg dqg Uxghexvfk +�bbH, ehfdxvh ri klv vkruw whqxuh1 Wkh


uhvxowv ri wkh hvwlpdwlrqv duh uhsruwhg lq Wdeoh 4 +d frqvwdqw lv lqfoxghg lq wkh uhjuhvvlrqv


exw lv qrw vshoohg rxw,1


Wdeoh 4= LY hvwlpdwlrq uhvxowv iru wkh prqhwdu| srolf| uxoh EH�1
Hvwlpdwlrq Hvwlpdwlrq rxwsxw
shulrg 	# 	bZ 	bt 	j1 7-2 G0Z E0J �2 Ee� M0E A
Zkroh f�b�f


Ef�f2H�
f�2fe
Ef�fH��


f�fSH
Ef�fH��


31345: 31;< 4167 e2��b
Ef�fff�


f�DbS
Ef�.e2�


484


Exuqv f�D�e
Ef��D��


f��H2
Ef�fH.�


�f��SS
Ef��eH�


3133:6 31:6 41<9 �e��.
Ef�ff.�


f�.�D
Ef�Sbb�


66


Yrofnhu f�.�.
Ef���S�


f��..
Ef�2f��


�f���.
Ef�2eb�


31348; 31:6 418< ���HS
Ef�f�b�


��2Hb
Ef�D2D�


65


Juhhqvsdq f�b�b
Ef�fDe�


f�D�2
Ef�Def�


f�f��
Ef�2S2�


313486 31<4 31<; �.��.
Ef�ff2�


��2eb
Ef�D�S�


75


Qrwh= Vwdqgdug huuruv lq sduhqwkhvlv iru a�/ a�� dqg a�\ / dqg vpdoo vdpsoh dgmxvwhg s0ydoxhv lq sduhq0
wkhvlv iru wkh Euhxvfk0Jrgiuh| dxwrfruuhodwlrq whvw +qxoo k|srwkhvlv qr dxwrfruuhodwlrq xs wr 7 odjv,
dqg wkh Mdutxh0Ehud qrupdolw| whvw +qxoo k|srwkhvlv qrupdoo| glvwulexwhg uhvlgxdov,1 D frqvwdqw/
+oq\ � oq\ �,w�4/ �w�4 dqg +� � ��,w�4 kdyh ehhq xvhg dv lqvwuxphqwv1 W ghqrwh wkh qxpehu ri re0
vhuydwlrqv lq wkh uhjuhvvlrqv1


< Dowkrxjk p| dssurdfk uhjduglqj ���� dsshduv wr eh dv jrrg dv dq| rwkhu frqvlghudeoh dowhuqdwlyh
+vhh Mxgg dqg Uxghexvfk,/ L kdyh qhyhuwkhohvv h{shulphqwhg zlwk rwkhu phdvxuhv +vxfk dv wkh dyhudjh
lq dwlrq udwh gxulqj d jlyhq fkdluphq*v whup,/ exw lw glg qrw kdyh dq| lpsdfw rq wkh frqfoxvlrqv gudzq
lq wkh sdshu1


43







Iurp Wdeoh 4/ wkh lpsolhg |hduo| hvwlpdwhv ri # iru wkh gl�huhqw shulrgv duh dssur{0


lpdwho| f�.D� Ef�b�fe�/ f�f.f/ f�2Se dqg f�.�� uhvshfwlyho|1 Iru j1/ wkh lpsolhg |hduo|


hvwlpdwhv duh
t


	j2
1


�
� n 	#2 n 	#e n 	#S


�
1


Wkh G0Z dqg Euhxvfk0Jrgiuh| vwdwlvwlfv lqglfdwhv suhvhqfh ri srvlwlyh dxwrfruuhodwlrq


lq wkh uhjuhvvlrqv/ vxjjhvwlqj gl!fxowlhv wr lqwhusuhw wkh vljql�fdqfh ohyhov ri wkh hvwlpdwhv


ri #/ bZ dqg bt 1 Krzhyhu/ xvh ri wkh dv|pswrwlf �20glvwulexwlrq iru wkh Euhxvfk0Jrgiuh|


whvw lv yhu| olnho| wr |lhog dq ryhuvl}hg whvw +l1h1 dq h{djjhudwhg suredelolw| ri uhmhfwlqj d


wuxh qxoo k|srwkhvlv ri qr dxwrfruuhodwlrq, iru vdpsoh vl}hv dv vpdoo dv wkh suhvhqw rqhv1


Vlpxodwhg vpdoo vdpsoh dgmxvwhg R0ydoxhv iru wkh Euhxvfk0Jrgiuh| whvw frq�up wkh vl}h


sureohp/ dqg uhvxow lq d qrq0vljql�fdqw dxwrfruuhodwlrq h�hfw143 Qrw vxusulvlqjo|/ zh jhw


wkh kljkhvw hvwlpdwh ri bZ gxulqj fkdlupdq Juhhqvsdq*v r!fh shulrg/ dqg wkh orzhvw iru


fkdlupdq Exuqv1


Doo wkh uhjuhvvlrqv vkrz vljqv ri srvlwlyh dxwrfruuhodwlrq/ vr lw lv wkhuhiruh gl!fxow


wr vd| vrphwklqj derxw wkh vljql�fdqfh ohyhov ri wkhvh hvwlpdwhv1 Iru wkh zkroh vdpsoh


shulrg/ wkh suhvhqfh ri dxwrfruuhodwlrq lv zkdw rqh zrxog h{shfw dv d uhvxow ri wkh uhjlph


vkliwv wkdw kdyh rffxuhg1 Iru wkh gl�huhqw fkdluphqv* r!fh shulrgv/ wkh dxwrfruuhodwlrq


lv pxfk ohvv surqrxqfhg lq dffrugdqfh zlwk Mxgg dqg Uxghexvfk +�bbH,1 Ghvslwh wkh


dxwrfruuhodwlrq/ wkh hvwlpdwhv lq Wdeoh 4 duh vwloo frqvlvwhqw dqg wkxv vx!fh iru wkh sxusrvh


ri wklv sdshu144 Qrw vxusulvlqjo|/ zh jhw wkh kljkhvw hvwlpdwh ri bZ gxulqj fkdlupdq


Juhhqvsdq*v r!fh shulrg/ dqg wkh orzhvw iru fkdlupdq Exuqv1


Wr hvwlpdwh 4*?C dqg j2
*?C lq E9�/ L froohfwhg |hduo| gdwd vhulhv rq uhdo jryhuqphqw


h{shqglwxuhv rq frqvxpswlrq dqg lqyhvwphqw shu fdslwd lq qdwxudo orjdulwkpv/ dqg �owhuhg


wkh vhulhv zlwk wkh Krgulfn0Suhvfrww +K0S, �owhu +vhh Urehuw M1 Krgulfn dqg Suhvfrww/


43 Wkh vpdoo vdpsoh dgmxvwhg E0J whvw vwdwlvwlfv kdyh ehhq frpsxwhg e|= +l, hvwlpdwlqj d YDU0prgho
zlwk 9 odjv lqfoxglqj wkh yduldeohv oq\w � oq\ �/ �w � �� dqg �w +xvlqj olnholkrrg udwlr/ dxwrfruuhodwlrq
dqg qrupdolw| whvwv wr ghwhuplqh wkh odj rughu, rq gdwd iru wkh gl�huhqw shulrgv> +ll, xvlqj wkh hvwlpdwhg
YDU0prgho dv d gdwd jhqhudwlqj surfhvv wr vlpxodwh duwl�fldo vdpsohv ri gdwd> +lll, hvwlpdwlqj wkh uh0
juhvvlrq +;, rq wkh vlpxodwhg gdwd zlwk LY dqg wkhq frpsxwlqj wkh dvvrfldwhg E0J vwdwlvwlfv1 Iurp wkh
uhvxowlqj glvwulexwlrqv ri E0J vwdwlvwlfv/ wkh vpdoo vdpsoh dgmxvwhg s0ydoxhv duh frpsxwhg dv wkh iudf0
wlrq ri vlpxodwhg E0J vwdwlvwlfv wkdw duh odujhu wkdq wkh hvwlpdwhg rqhv1 Wkh uhvxowlqj s0ydoxhv e| wklv
surfhgxuh duh 3=9;6/ 3=946/ 3=996 dqg 3=78; iru Zkroh vdpsoh/ Exuqv/ Yrofnhu dqg Juhhqvsdq uhjlphv
uhvshfwlyho|1


44 Lw fdq dovr eh dujxhg wkdw wkh dv|pswrwlf "50glvwulexwlrq iru wkh Euhxvfk0Jrgiuh| whvw lv yhu| olnho|
wr eh ryhuvl}hg +l1h1 dq h{djjhudwhg suredelolw| ri uhmhfwlqj d wuxh qxoo k|srwkhvlv ri qr dxwrfruuhodwlrq,
iru vdpsoh vl}hv dv vpdoo dv wkh suhvhqw rqhv +W � 63,1
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�bb., wr jhw d phdvxuh ri *?C|145 L wkhq hvwlpdwhg E9� zlwk PO zlwk wkh uhvxow +vwdqgdug


huuru lq sduhqwkhvlv,


*?C| 'f�..fS
Ef��fef�


*?C|3� n 	0*?Cc|/ 	j*?C ' f�f�.e./ G0Z ' f�be/ A ' �./ 7-2 ' f�Sf1 +4<,


E4<� vkrzv whqghqflhv ri srvlwlyh dxwrfruuhodwlrq/ exw zkhq L dxjphqwhg wkh hvwlpdwlrq


zlwk pruh odjv rq wkh ghshqghqw yduldeoh wr uhpryh wklv dxwrfruuhodwlrq/ L irxqg wkdw wkh


hvwlpdwhg sdudphwhuv zhuh qrw pxfk d�hfwhg1


Wr frpsxwh ydoxhv iru > dqg }/ L wrrn dyhudjhv ri qrplqdo prqh| jurzwk dqg wkh


udwlr ri jryhuqphqw h{shqglwxuhv wr jurvv qdwlrqdo surgxfw wr jhw f�fD�eD dqg f�2�f�H


uhvshfwlyho|1


Vlqfh Frroh| dqg Kdqvhq +�bbD, fdoleudwhg wkhlu prgho rq txduwhuo| gdwd/ L kdyh


pdsshg vrph ri wkhlu sdudphwhuv wr �w |hduo| jurzwk idfwv1 Pruh vshfl�fdoo|> q lv vhw wr


f�bDS. Ef�bHbe� lqvwhdg ri f�bHb> B lv vhw wr f�f.�HS
�
�� E�� f�f�b�e


�
lqvwhdg ri f�f�b> 4*?~


lv vhw wr f�H�eD Ef�bDe� lqvwhdg ri f�bD> j*?~ lv vhw wr f�f��
�s


f�ff.2� E� n f�bD2 n f�bDe n f�bDS�
�


lqvwhdg ri f�ff.2�1 � lv vhw vr wkdw krxuv zrunhg dv vkduh ri dydlodeoh wlph lq vwhdg| vwdwh/


M/ htxdo f��f146 Wkh sdudphwhu ydoxhv iru k dqg w duh vhw wr f�He dqg f�ef dv lq Frroh|


dqg Kdqvhq +�bbD,1


7 Lqyhvwljdwhg uhodwlrqvklsv


Lq wklv vhfwlrq/ L zloo ghulyh wkh uhodwlrqvklsv wkdw zloo eh xvhg odwhu lq wkh sdshu wr


lqyhvwljdwh wkh vpdoo vdpsoh surshuwlhv ri wkh vxshu h{rjhqhlw| whvw1


714 Dssolfdwlrq 4= Prqh| ghpdqg


E| xvlqj wkh fdvk0lq0dgydqfh frqvwudlqw E6� lq htxloleulxp/ ��| ' �|n�*�| � C| +orj


olqhdul}hg durxqg vwhdg| vwdwh,/ E8� +orj olqhdul}hg durxqg vwhdg| vwdwh/ zkhuh L kdyh


xvhg wkh dssur{lpdwlrq *? E� n-|� � -| vlqfh -| lv d vpdoo qxpehu,/ dqg wkh uhvrxufh


45 L xvh wkh frpprq ydoxh 433 +|hduo| gdwd, iru wkh vprrwkqhvv frh!flhqw � lq wkh K0S �owhu1 Vhh dovr
Dsshqgl{ E iru d ghwdlohg ghvfulswlrq ri wkh udz gdwd dqg gdwd wudqvirupdwlrqv1


46 Irupdoo|/ zh kdyh wkdw � @
+4��,+�� 4


h�
.4��,+ 4��+4��,�� ,


K++4�j,+ 4��+4��,�� ,��,
/ zklfk fdq eh xvhg wr frpsxwh � @ 6=737


jlyhq wkh ydoxhv iru wkh rwkhu sdudphwhuv1 Wklv ydoxh lv kljkhu wkdq Frroh| dqg Kdqvhq*v ydoxh +5=86,
vlqfh L kdyh jryhuqphqw h{shqglwxuhv lq wkh prgho1
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frqvwudlqw +orj olqhdul}hg durxqg vwhdg| vwdwh, E4;�/ lw lv srvvleoh wr ghulyh wkh iroorzlqj


�wuxh� prqh| ghpdqg htxdwlrq


*?


�
�|n�


�|t|


�
n


	�C


�3 	�C
*?


�
�|n�


�|C|


�
' Vfn BV� E*?t| � *? U|�nV2 E*?t| � *?C|��V�-| +53,


zkhuh vwhdg| vwdwh lv ghqrwhg e| gursslqj wlph vxevfulswv/ V� ghqrwhv wkh fdslwdo0frqvxpswlrq


udwlr lq vwhdg| vwdwh/ V2 wkh jryhuqphqw h{shqglwxuh0frqvxpswlrq udwlr lq vwhdg| vwdwh/


dqg V� lv vkruwkdqg qrwdwlrq iru E� � ��� *� ' �2*� : f1 Qrwh wkdw �|n� lq E53�


fruuhvsrqgv wr �| lq wkh gdwd +�| lq wkh gdwd lv wkh prqh| vwrfn dw wkh hqg ri shulrg |,


vlqfh �|n� lv ghwhuplqhg dw wkh hqg ri shulrg |1


Vlqfh *? U| dqg *?C| qrupdoo| gr qrw hqwhu lq wkh hvwlpdwlrq ri d prqh| ghpdqg


htxdwlrq/ E53� lv dssur{lpdwhg zlwk wkh iroorzlqj wudglwlrqdo prqh| ghpdqg htxdwlrq


*?


�
�|n�


�|


�
' qf n q� *?t| n q2-| n q� *?


�
�|


�|3�


�
n 0PG/ |1 +54,


Wkh sxusrvh ri uhsodflqj wkh wuxh prqh| ghpdqg htxdwlrq lq E53� zlwk E54�/ lv wkdw wkh


odwwhu lv ri wkh irup xvhg lq sudfwlfdo zrun/ vhh Jrogihog dqg Vlfkho +�bbf,/ zkhuhdv wkh


iruphu lv qrw1 Dqrwkhu reylrxv uhdvrq lv wkdw wkh Oxfdv fulwltxh lv qrw uhohydqw lq E53�/


vlqfh lw lv d vwuxfwxudo uhodwlrqvkls dv vxjjhvwhg e| Oxfdv +�bHH,1 E| xvlqj wkh prqhwdu|


srolf| uxoh/ E;�/ dqg wkh uhodwlrqv xvhg wr ghulyh E53�/ lw lv srvvleoh wr hvwdeolvk wkdw


qf � fc


q� � E�� #O� E�� O�
�
�� 	�C


�
E� n BV� n V2� c


q2 � E�� #O� E�� O�
�
�� 	�C


�
V�c


q� � E� n # � #O� c


0PG/ | � � E�� #O� E�� O�
k�


�� 	�C
�
BV� *? U| n


��
�� 	�C


�
V2 n 	�C


�
*?C|


l
c


zkhuh wkh odj0rshudwru O lv gh�qhg e| Of| � f|3�1 Wklv vkrzv wkdw/ frqwudu| wr wkh


�qglqjv lq Oxfdv +�bHH,/ wkdw wkh sdudphwhuv lq d wudglwlrqdo prqh| ghpdqg htxdwlrq


ghulyhg lq wklv jhqhudo htxloleulxp iudphzrun duh ghshqghqw rq wkh prqhwdu| srolf| uxoh


E;� h{solflwo| yld wkh sdudphwhu # dqg lpsolflwo| yld wkh huuru whup +zkhq wkh prqhwdu|


srolf| uxoh fkdqjhv/ wkh ghflvlrq uxoh iru wkh fdslwdo vwrfn zloo fkdqjh dv zhoo zklfk zloo


d�hfw wkh ehkdylru ri sulydwh lqyhvwphqw,1
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715 Dssolfdwlrq 5= D �Nh|qhvldq� frqvxpswlrq ixqfwlrq


E| xvlqj wkh vdph htxdwlrqv dqg dssur{lpdwlrqv dv lq wkh suhylrxv vxevhfwlrq/ lw lv


srvvleoh wr ghulyh wkh iroorzlqj �wuxh� frqvxpswlrq ixqfwlrq


*?�| ' Ve � 	�
�3 	�C3 	��


Et *?t| � Bg *? U|� n
�3 	�C


�3 	�C3 	��
V�-| � �


�3 	�C3 	��
*?


�
�|n�


�|


�
+55,


zkhuh vwhdg| vwdwh lv ghqrwhg e| gursslqj wlph vxevfulswv/ dqg t ' � n Bg nC1 Lw fdq


eh vkrzq wkdw � � 	�C � 	�� 	 f/ vr wkdw dq lqfuhdvh lq rxwsxw2qrplqdo lqwhuhvw udwh


lqfuhdvhv2ghfuhdvhv frqvxpswlrq vlqfh 	� : f dqg �� 	�C : f1


Vlqfh *? U| dqg *? E�|n�*�|� qrupdoo| gr qrw hqwhu lq wkh hvwlpdwlrq ri d wudglwlrqdo


frqvxpswlrq ixqfwlrq/ E55� lv dssur{lpdwhg zlwk wkh iroorzlqj �Nh|qhvldq  dyruhg� frq0


vxpswlrq ixqfwlrq


*?�| ' �f n �� *?t| n �2-| n �� *?�|3� n 0FI/ |1 +56,


Djdlq/ wkh sxusrvh ri uhsodflqj wkh wuxh frqvxpswlrq ixqfwlrq lq E55� zlwk E56�/ lv wkdw


wkh odwwhu lv ri wkh irup xvhg lq sudfwlfdo zrun zkhuhdv wkh iruphu lv qrw1 E| lqvhuwlqj


E55� lq E54�/ zh kdyh wkdw


�f � Vec


�� � �
E�� #O�


k
	�t n


�
�� 	�C


�
E� n BV� n V2�


l
�� 	�C� 	��


c


�2 �
2 E�� #O�


�
�� 	�C


�
V�


�� 	�C� 	��
c


�� � #c


0FI/ | � E�� #O�


�� 	�C� 	��


k��
�� 	�C


�
n 	�t


�
BV� *? U| n


��
�� 	�C


�
V2 n 	�C


�
*?C|


l
1


Dv zdv wkh fdvh zlwk wkh prqh| ghpdqg ixqfwlrq/ wkh sdudphwhuv lq wkh frqvxpswlrq


ixqfwlrq lq E56� duh ghshqghqw/ h{solflwo| dqg lpsolflwo|/ rq wkh prqhwdu| srolf| uxoh1
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8 Wkh txdqwlwdwlyh lpsruwdqfh ri wkh Oxfdv fulwltxh


lq wkh prgho


Lq wklv vhfwlrq/ L zloo lqyhvwljdwh zkhwkhu wkh Oxfdv fulwltxh vhhpv wr eh vljql�fdqw lq


d vwdwlvwlfdo vhqvh lq wkh htxloleulxp prgho e| vlpxodwlqj wkh prgho iru wkh hvwlpdwhg


Wd|oru uxohv iru qrplqdo prqh| jurzwk/ dqg hvwlpdwh wkh uhodwlrqvklsv E54�/ E56� dqg E;�


rq vlpxodwhg gdwd1


Wkh surfhgxuh lq wkh vlpxodwlrqv kdv ehhq dv iroorzv=


41 Vlpxodwh wkh prgho iru A shulrgv xqghu wkh dvvxpswlrq wkdw wkh prqhwdu| srolf|


uxoh fkdqjhv frpsohwho| xqh{shfwhgo| diwhu A*2 shulrgv iurp rqh uhjlph wr dqrwkhu


+iru h{dpsoh/ iurp Exuqv wr Yrofnhu dqg Exuqv wr Juhhqvsdq,147


51 Hvwlpdwh wkh prqh| ghpdqg htxdwlrq E54�/ frqvxpswlrq ixqfwlrq E56� dqg prqh0


wdu| srolf| uxoh E;� zlwk ROV rq wkh �uvw �c ���c A*2 revhuydwlrqv lq wkh vlpxodwhg


vdpsoh1 Ghqrwh wkh hvwlpdwhg sdudphwhu yhfwruv 	qPG / 	qFI dqg 	qWU uhvshfwlyho|1


61 Hvwlpdwh E54�/ E56� dqg E;� zlwk ROV rq wkh odvw A*2 n �c ���c A revhuydwlrqv lq wkh


vlpxodwhg vdpsoh1 Ghqrwh wkh hvwlpdwhg sdudphwhu yhfwruv 	kPG / 	kFI dqg 	kWU


uhvshfwlyho|1


71 Xvh d yhuvlrq ri wkh 8 0whvw/ riwhq fdoohg wkh Fkrz euhdnsrlqw whvw/ wr h{dplqh li wkh


qxoo k|srwkhvhv kPG ' qPG / kFI ' qFI dqg kWU ' qWU duh pdlqwdlqhg dw wkh D


shufhqw vljql�fdqfh ohyho1


81 Uhshdw Vwhs 4 wr Vwhs 7 pdq| +�, wlphv wr frpsxwh suredelolwlhv iru krz riwhq wkh


qxoo k|srwkhvhv duh pdlqwdlqhg iru wkh jlyhq vljql�fdqfh ohyho1


91 Wr jhw fruuhfw vljql�fdqfh ohyhov/ vwhsv 4 0 8 deryh duh fduulhg rxw wzlfh1 Lq wkh �uvw


urxqg/ vpdoo vdpsoh fulwlfdo ydoxhv duh frpsxwhg xqghu wkh +wuxh, qxoo k|srwkhvhv


Mf G kPG ' qPG / Mf G kFI ' qFI dqg Mf G kWU ' qWU +wkdw lv/ frpsxwh


47 Wkh vlpxodwlrqv duh pdgh lq wkh JDXVV surjudpplqj odqjxdjh/ xvlqj wkh udqgrp qxpehu jhqhudwru
UGQG zlwk UGQGVHHG vhw wr 48<758 . lwhu iru lwhu @ 4> 5> ===> Q 1 Wr jhw d vwrfkdvwlf lqlwldo vwdwh lq
hdfk vlpxodwlrq/ wkh prgho lv vlpxodwhg iru W .433 shulrgv/ zkhuh wkh �uvw 433 duh wkhq glvfdughg lq doo
wkh hvwlpdwlrqv1
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wkh glvwulexwlrq ri 8 0vwdwlvwlfv zkhq wkhuh kdv ehhq qr uhjlph vkliw,1 Lq wkh vhfrqg


urxqg/ wkhvh dgmxvwhg fulwlfdo ydoxhv hqvxuhv d fruuhfw vl}h lq wkh 8 0whvwlqj iru uhjlph


vkliwv1


Li wkh frpsxwhg suredelolwlhv lq Vwhs 8 +lq wkh vhfrqg urxqg, ri uhmhfwlqj sdudphwhu


vwdelolw| duh orzhu2kljkhu wkdq wkh jlyhq vljql�fdqfh ohyhov/ wkh Oxfdv fulwltxh lv2lv qrw


uhohydqw lq wklv prgho lq d vwdwlvwlfdo vhqvh148


Wkh fulwlfdo dvvxpswlrqv lq wkh deryh vfkhph duh fohduo| pdgh lq Vwhs 4/ dqg L zrxog


olnh wr eulh | frpphqw rq wkhp1 Iluvw/ L kdyh fkrvhq wr fkdqjh prqhwdu| srolf| uhjlph lq


wkh plggoh ri wkh vdpsoh1 Wkh uhdvrq iru wklv fkrlfh lv wkdw lw lpsolhv wkh kljkhvw srvvleoh


srzhu lq wkh whvwlqj1 Vhfrqgo|/ L kdyh fkrvhq wr prgho wkh rqfh dqg iru doo fkdqjh


lq prqhwdu| srolf| uhjlph dv d frpsohwho| xqh{shfwhg vkliw lq wkh hvwlpdwhg prqhwdu|


srolf| uxoh zkhuh L ohw wkh hfrqrp| eulqj wkh vwdwh yhfwru iurp wkh odvw shulrg lq wkh


suhylrxv uhjlph +shulrg A*2, wr wkh �uvw shulrg lq wkh qhz uhjlph +shulrg A*2 n �,1 E|


wklv surfhgxuh/ L lpsolflwo| dvvxph d �uvw rughu Pdunry fkdlq iru wkh gl�huhqw prqhwdu|


srolf| uhjlphv zkhuh L ohw wkh gldjrqdo hohphqwv lq wkh wudqvlwlrq pdwul{ dssurdfk xqlw|1


Wklv dvvxpswlrq lv yhu| frqyhqlhqw vlqfh lw doorzv ph wr xvh wkh vdph ghflvlrq uxohv iru


wkh �uvw A*2 shulrgv dqg wkhq fkdqjh wr qhz ghflvlrq uxohv rqo| rqfh lq wkh ehjlqqlqj ri


shulrg A*2 n � iru wkh uhpdlqlqj A*2 shulrgv1


Wkh uhvxowv ri wklv h{huflvh iru wkh gl�huhqw hvwlpdwhg prqhwdu| srolf| uxohv iru vdpsoh


vl}hv A ' �ff dqg A ' 2ff/ duh surylghg lq Wdeoh 5149


Dv vhhq lq Wdeoh 5/ wkh suredelolwlhv ri uhmhfwlqj wkh qxoo k|srwkhvlv ri sdudphwhu


vwdelolw| ehwzhhq uhjlphv duh lq doprvw hyhu| fdvh fohduo| kljkhu wkdq wkh jlyhq vljql�fdqfh


ohyho erwk iru A ' �ff dqg A ' 2ff1 Lw lv rqo| wkh uhjlph vkliw iurp �Zkroh vdpsoh�


wr Juhhqvsdq wkdw lv qrw vwdwlvwlfdoo| vljql�fdqw +wkh suredelolwlhv iru wkh ylfh yhuvd fdvh


48 Vlqfh wkhuh duh odj rshudwruv lq wkh sdudphwhuv dqg hqgrjhqhlw| lvvxhv lq wkh huuru whupv lq wkh
dssur{lpdwhg prqh| ghpdqg +54, dqg frqvxpswlrq ixqfwlrq +56, uhodwlrqvklsv/ L kdyh fkhfnhg wkh ur0
exvwqhvv ri wkh uhvxowv zlwk uhvshfw wr= +l, lqwurgxflqj rqh pruh odj rq wkh uhjuhvvruv lq +54, dqg +56,
dowkrxjk wkh| duh h{wudqhrxv> +ll, hvwlpdwlqj wkh htxdwlrqv zlwk lqvwuxphqw yduldeohv +LY, lqvwhdg1 Wkh
uhvxowv ri wklv h{huflvh/ zklfk gr qrw fkdqjh wkh txdolwdwlyh dvshfwv ri wkh uhvxowv lq wkh sdshu/ duh uhsruwhg
lq Dsshqgl{ E zklfk lv dydlodeoh rq uhtxhvw iurp wkh dxwkru1


49 L gr qrw xvh pruh wkdq W @ 533 lq wkh vlpxodwlrqv vlqfh W � 433 vhhpv wr eh dq xsshu erxqg rq
revhuydwlrqv lq wkh vwxglhv zklfk kdyh dssolhg wkh vxshu h{rjhqhlw| whvw wr dvvhvv wkh sudfwlfdo lpsruwdqfh
ri wkh Oxfdv fulwltxh rq |hduo| gdwd1 Wr jhw uholdeoh suredelolwlhv/ L kdyh vlpxodwhg wkh prgho Q @ 433333
wlphv1
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Wdeoh 5= Fkrz whvw suredelolwlhv ri uhmhfwlqj wkh qxoo k|srwkhvlv
ri sdudphwhu vwdelolw| lq prqh| ghpdqg/ frqvxpswlrq dqg
wkh prqhwdu| srolf| uxoh dw wkh 8 shufhqw vljql�fdqfh ohyho1


A ' �ff A ' 2ff


Frpsdulvrq uhjlph Frpsdulvrq uhjlph
ZV E Y J ZV E Y J


Ehqfkpdun uhjlph Wkh prqh| ghpdqg ixqfwlrq E54�
Zkroh vdpsoh +ZV, 31383 f�2�b f�fH� f�feS 31383 f�e�S f��2� f�fee
Exuqv +E, f�SDe 31383 f��2H f�eS� f�b�S 31383 f�.�� f�.HD
Yrofnhu +Y, f�e22 f���b 31383 f�2�2 f�Sf. f�S.� 31383 f���f
Juhhqvsdq +J, f�fb2 f�2fH f�fS2 31383 f��f� f�eef f�fHH 31383


Ehqfkpdun uhjlph Wkh frqvxpswlrq ixqfwlrq E56�
Zkroh vdpsoh 31383 f�2.. f��2� f�fee 31383 f�2DH f���S f�fe�
Exuqv f�eS2 31383 f��Se f���� f�.fH 31383 f�e�H f�DbS
Yrofnhu f�Df2 f��De 31383 f���2 f�.fH f�S.� 31383 f�D��
Juhhqvsdq f�fHf f�2H� f�fbS 31383 f�fHe f��D2 f���e 31383


Ehqfkpdun uhjlph Wkh Wd|oru uxoh iru prqhwdu| srolf| E;�
Zkroh vdpsoh 31383 f�HS� f�SfS f�f.H 31383 f�bbb f�be� f�fb�
Exuqv f�be� 31383 f�2DH f�SH. ��fff 31383 f�D�. f�b.D
Yrofnhu f�DHe f��De 31383 f�2fb f�bee f��SD 31383 f�eSb
Juhhqvsdq f�f.� f�eH� f�2fb 31383 f��ff f�b2S f�eSD 31383


Qrwh= Wkh gldjrqdov htxdov 3=383 vlqfh wkh fulwlfdo ydoxhv xvhg lq wkh whvwlqj kdyh ehhq vlpxodwhg xqghu
wkh qxoo k|srwkhvlv ri qr uhjlph vkliw +wkdw lv/ K3 = kPG @ qPG / K3 = kFI @ qFI dqg K3 = kWU @
qWU duh wuxh,1 Wkh Fkrz +4<93, vwdwlvwlf xqghuo|lqj wkh frpsxwdwlrq ri wkh suredelolwlhv lv gh�qhg


dv
+a�5W�


W4
W


a�5W4�
W5
W


a�5W5,@n�
W4
W


a�5W4
.
W5
W


a�5W5


�
@+W�5n,


dqg lw iroorzv wkh I 0glvwulexwlrq zlwk n> W � 5n ghjuhhv ri iuhhgrp zkhuh n


lv wkh qxpehu ri sdudphwhu uhvwulfwlrqv wkdw duh ehlqj whvwhg +khuh/ n @ 7,/ W wkh wrwdo qxpehu ri
revhuydwlrqv +W � W4 . W5, dqg a�5


W / a�
5
W4 / dqg a�5


W5ghqrwh wkh hvwlpdwhg vwdqgdug huuru ri wkh uhjuhvvlrq
gxulqj erwk prqhwdu| uhjlphv/ wkh �uvw prqhwdu| uhjlph/ dqg wkh vhfrqg prqhwdu| uhjlph uhvshfwlyho|1
Wkh suredelolwlhv uhsruwhg duh frpsxwhg iurp Q @ 433333 vlpxodwlrqv1


4:







duh dovr orz/ exw fohduo| vljql�fdqw, iru wkh prqh| ghpdqg dqg frqvxpswlrq ixqfwlrq14:


Qrw vxusulvlqjo|/ wkh suredelolwlhv iru wkh prqhwdu| srolf| uxoh duh dovr yhu| orz iru wklv


uhjlph vkliw1 Wkh uhdvrq ehlqj wkdw wkh hvwlpdwhg |hduo| uhvlgxdo vwdqgdug huuru lq wkh


prqhwdu| srolf| uxoh/
t


	j2
1


�
� n 	#2 n 	#e n 	#S


�
/ lv uhodwlyho| kljk iru wkhvh uhjlphv dv fdq


eh vhhq iurp Wdeoh 4/ zklfk pdnhv lw kdug wr ghwhfw wklv sduwlfxodu prqhwdu| uhjlph vkliw1


Vrph rwkhu jhqhudo frpphqwv rq wkh frqwhqw lq Wdeoh 5 duh dovr zduudqwhg1 Iluvw/


zkhq A lqfuhdvhv iurp �ff wr 2ff/ wkh Fkrz whvw glvfryhuv wkh vkliw lq prqhwdu| uhjlph


pruh iuhtxhqwo| dv h{shfwhg1 Dowkrxjk Wdeoh 5 rqo| uhsruw uhvxowv iru wkh D shufhqw


vljql�fdqfh ohyho/ lw lv lpphgldwho| uhfrjql}hg wkdw wkh fkrlfh ri vljql�fdqfh ohyho lv ri


olwwoh lpsruwdqfh khuh/ vlqfh wkh vl}h ri wkh suredelolwlhv lq doprvw hyhu| fdvh duh vr odujh1


Wklug/ zh vhh wkdw wkh suredelolwlhv duh rq dyhudjh kljkhu iru wkh prqhwdu| srolf| uxoh


wkdq wkh ehkdylrudo htxdwlrqv/ zklfk lv txlwh qdwxudo vlqfh wkh h�hfwv ri fkdqjhv lq wkh


prqhwdu| uxohv rq wkh prqh| ghpdqg dqg frqvxpswlrq duh vrphvwlphv r�vhwwhg e| rwkhu


vkrfnv lq wkh prgho1 Ilqdoo|/ qrwh wkdw wkh suredelolwlhv lq wkh gldjrqdo +iru wkh fdvh ri


qr uhjlph vkliw, htxdov f�fD vlqfh vpdoo vdpsoh fulwlfdo ydoxhv kdyh ehhq xvhg1


Wkh frqfoxvlrq lv wkdw wkh Oxfdv fulwltxh lv txdqwlwdwlyho| lpsruwdqw lq wklv prgho lq


d vwdwlvwlfdo vhqvh iru hyhu| uhjlph vkliw h{fhsw rqh/ dqg wkh vxshu h{rjhqhlw| whvw vkrxog


uhfrjql}h wkdw1


Lw lv dovr lqwhuhvwlqj wr h{dplqh li wkh fkdqjhv duh hfrqrplfdoo| phdqlqjixo/ dqg


zkhwkhu wkh hvwlpdwhg sdudphwhuv lq wkh dssur{lpdwhg uhodwlrqvklsv E54� dqg E56� duh


uhdvrqdeoh/ dqg li wkh htxdwlrqv sdvv hfrqrphwulf vshfl�fdwlrq whvwv iru dxwrfruuhodwlrq


dqg qrupdolw| ri uhvlgxdov xqghuo|lqj wkh Fkrz whvw1 Lq Wdeoh 6d dqg 6e/ L surylgh wkh


ROV hvwlpdwlrq uhvxowv iru wkh dssur{lpdwhg prqh| ghpdqg dqg frqvxpswlrq htxdwlrqv


gxulqj wkh gl�huhqw prqhwdu| srolf| uhjlphv1


Iurp Wdeohv 6d dqg 6e/ zh vhh wkdw lq prvw fdvhv/ wkh sdudphwhu hvwlpdwhv duh uhdvrq0


deoh iurp dq hfrqrplf srlqw ri ylhz1 Dv lqglfdwhg e| wkh R0ydoxhv/ erwk wkh vshfl�fdwlrqv


dovr sdvv doo wkh vwdwlvwlfdo whvwv1 Vr/ erwk iurp dq hfrqrplf dqg hfrqrphwulf srlqw ri


ylhz/ wkh hvwlpdwhg htxdwlrqv duh shuihfwo| dffhswdeoh1 Zh dovr vhh wkdw wkh srlqw hvwl0


4: Qrwh wkdw wkh vwdqgdug huuruv iru wkh suredelolwlhv lq Wdeoh 5/ aS
�
4� aS


�
@
s
Q / duh yhu| vpdoo


+durxqg 3=334, dqg hyhu| uhjlph vkliw h{fhsw �Zkroh vdpsoh� wr Juhhqvsdq duh frqvhtxhqwo| vwdwlvwlfdoo|
vljql�fdqw rq wkh 4 shufhqw ohyho1


4;







Wdeoh 6d= Hvwlpdwlrq uhvxowv ri E54� iru gl�huhqw prqhwdu| uhjlphv1
Hvwlpdwlrq rxwsxw


Prqhwdu| uhjlph qf q� q2 q�
7-2 G0Z Gxuelq*v k M0E


Zkroh vdpsoh �f��22
Ef�f22�


f���b
Ef�f2.�


�f���.
Ef�f�f�


f�.Se
Ef�f�H�


31<6 41<6 f�DD
Ef�HH��


�S�H�
Ef��HD�


Exuqv �f���e
Ef�f�f�


f��D�
Ef�ff.�


f�f2.
Ef�f2��


f�.bf
Ef�f�2�


31<: 514; ���2.
Ef�.S.�


��bf
Ef�bDS�


Yrofnhu �f�fHf
Ef�ffb�


f���D
Ef�f���


�f�f�H
Ef�f2D�


f�He�
Ef�f�e�


31<8 5165 �2���
Ef���.�


.��H
Ef�.H.�


Juhhqvsdq �f�fb.
Ef�f�D�


f���b
Ef�f�b�


�f���D
Ef�f�f�


f�.bH
Ef�f2S�


31<7 513< �f�SD
Ef�HHe�


2���2
Ef�2S.�


Qrwh= Vwdqgdug huuruv iru uhjuhvvlrq frh!flhqwv lq sduhqwkhvhv1 Wkh ydoxhv zlwklq sduhqwkhvhv iru
Gxuelq*v k whvw iru dxwrfruuhodwlrq +qxoo k|srwkhvlv qr �uvw0rughu dxwrfruuhodwlrq, dqg wkh Mdutxh0Ehud
+M0E, qrupdolw| whvw +qxoo k|srwkhvlv qrupdoo| glvwulexwhg uhvlgxdov, phdvxuh wkh olnholkrrg wkdw wkh
frpsxwhg whvw vwdwlvwlfv duh lqvljql�fdqw +vljql�fdqfh ohyho 8 shufhqw,1 L xvh W @ 533 revhuydwlrqv lq hdfk
hvwlpdwlrq1 Doo wkh vwdwlvwlfv uhsruwhg duh dyhudjhv ri Q @ 433333 hvwlpdwlrqv1


pdwhv +�wuxh� sdudphwhuv, lq pdq| fdvhv fkdqjh vxevwdqwldoo| iurp dq hfrqrplf srlqw


ri ylhz zkhq wkh prqhwdu| uhjlph fkdqjh1 Lq sduwlfxodu wklv lv wkh fdvh iru Exuqv dqg


Juhhqvsdq2�Zkroh vdpsoh� uhjlphv zlwk uhvshfw wr wkh prqhwdu| srolf| fkdqqho/ l1h1 wkh


sdudphwhuv q2 dqg �21 Lq ylhz ri wkh hvwlpdwlrq uhvxowv ri wkh prqhwdu| srolf| uxohv sur0


ylghg lq Wdeoh 4 lq Vhfwlrq 6/ wklv lv qrw vxusulvlqj vlqfh wkh hvwlpdwhg prqhwdu| srolf|


uxohv iru wkhvh shulrgv duh yhu| gl�huhqw1


Wdeoh 6e= Hvwlpdwlrq uhvxowv ri E56� iru gl�huhqw prqhwdu| uhjlphv1
Hvwlpdwlrq rxwsxw


Prqhwdu| uhjlph �f �� �2 �� 7-2 G0Z Gxuelq*v k M0E
Zkroh vdpsoh �f��2�


Ef�f2��
f�2fb
Ef�f���


�f��fD
Ef�fee�


f�.HD
Ef�f�2�


31<9 513< �f�SD
Ef�H.f�


2��HD
Ef�2bD�


Exuqv �f����
Ef�f�2�


f�2�.
Ef�ffH�


f�fb�
Ef�f2S�


f�.be
Ef�f�2�


31<< 41<; f��S
Ef�bD.�


.�S�
Ef�.�.�


Yrofnhu �f��fe
Ef�f���


f��SD
Ef�f���


f�fDH
Ef�f�f�


f�H�b
Ef�f���


31<: 5173 �2�H.
Ef��eD�


�b�2D
Ef�Sb.�


Juhhqvsdq �f��fS
Ef�f�D�


f�2f.
Ef�f2D�


�f�fHf
Ef�fe2�


f�HfD
Ef�f2e�


31<9 5159 ���HH
Ef�D2b�


2���H
Ef�2D2�


Qrwh= Vhh Wdeoh 6d1


Wr vxp xs/ wkh uhvxowv lq wklv vhfwlrq vxjjhvw wkdw wkh Oxfdv fulwltxh lv txdqwlwdwlyho|


lpsruwdqw lq wklv w|slfdo htxloleulxp prgho zlwk d vwdqgdug sdudphwhul}dwlrq lq wkh vhqvh


wkdw wkh vwuxfwxuh ri wkh hfrqrp|/ dqg wkxv krz wkh hfrqrp| uhdfwv wr gl�huhqw srolflhv/


fkdqjhv lq d vwdwlvwlfdoo| vljql�fdqw zd| zkhq wkh prqhwdu| srolf| uxoh fkdqjhv1


4<







9 Grhv wkh vxshu h{rjhqhlw| whvw ghwhfw wkh Oxfdv


fulwltxh lq sudfwlfhB


Lq wkh suhylrxv vhfwlrq/ zh yhul�hg wkdw wkh Oxfdv fulwltxh lv txdqwlwdwlyho| lpsruwdqw lq d


vwdwlvwlfdoo| vljql�fdqw zd| lq d w|slfdo htxloleulxp prgho zlwk d vwdqgdug sdudphwhul}d0


wlrq zkhq zh pryhg ehwzhhq gl�huhqw prqhwdu| srolf| uxoh uhjlphv1 D qdwxudo txhvwlrq


wkhq dulvhv= Zk| kdv/ lq sulqflsoh/ hyhu| sdshu wkdw kdv wulhg wr whvw zkhwkhu wkh Oxfdv


fulwltxh lv vljql�fdqwo| lpsruwdqw lq sudfwlfh/ xvlqj whvwv iru vxshu h{rjhqhlw|/ uhmhfwhg wkh


Oxfdv fulwltxh lq sudfwlfhB Rqh srvvleoh h{sodqdwlrq/ lqyhvwljdwhg lq wklv vhfwlrq/ lv wkdw


wkh whvw iru vxshu h{rjhqhlw| lv qrw deoh wr phdvxuh wkh uhohydqfh ri wkh Oxfdv fulwltxh lq


gdwd vx!flhqwo| zhoo1


Wkh vwuxfwxuh ri wklv vhfwlrq lv wkh iroorzlqj1 Iluvw/ iroorzlqj Hqjoh dqg Khqgu|


+�bb�,/ dqg Hulfvvrq dqg Lurqv +�bbD, forvho|/ L jlyh d vkruw lqwurgxfwlrq wr wkh frqfhsw


ri vxshu h{rjhqhlw|/ glvfxvv krz rqh fdq whvw iru lw/ dqg iru wkh vdnh ri fodulw| dovr surylgh


d irupdo gh�qlwlrq ri lw1 Wkhq L xvh wkh wkhruhwlfdo prgho/ zkhuh wkh Oxfdv fulwltxh lv


dssolfdeoh/ wr lqyhvwljdwh zkhwkhu wkh vxshu h{rjhqhlw| whvw kdv hqrxjk srzhu lq vpdoo


vdpsohv rq vlpxodwhg gdwd1 L suhvhqw uhvxowv iru erwk wkh prqh| ghpdqg htxdwlrq dqg


wkh frqvxpswlrq ixqfwlrq lq wkh prgho1


914 Vxshu h{rjhqhlw|= frqfhsw/ whvwlqj dqg d irupdo gh�qlwlrq


Frqvlghu wkh iroorzlqj vlpsoh +suhvhqwhg lq uhgxfhg irup, iruzdug orrnlqj prgho lq wkh


vslulw ri Oxfdv +�b.S,=


%| ' wH|


"[
�'f


5|n� n 0|/ H|0|n� ' f/ +57,


5| ' �5|3� n v|/ � � 	 � 	 �/ H|v|n� ' f


Lq E57�/ 5| lv wkh srolf| yduldeoh dqg %| wkh wdujhw yduldeoh1 Vroylqj E57� iru %| dv ixqfwlrq


ri 5|/ zh rewdlq


%| ' q55| n 0| +58,


zkhuh q5 � w*E����1 Li wkh hfrqrphwulfldq hvwlpdwhv E58�/ ljqrulqj wkh ghshqghqf| ri q5


rq �/ wkhq srolf| vlpxodwlrqv edvhg rq wkh hvwlpdwh 	q5 iru dowhuqdwlyh sdwkv ri i5|n�j"�'f
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Ewuhdwlqj v|n� dv d �{hg h{rjhqrxv vkrfn�/ dqg wkxv iru dowhuqdwlyh sdwkv ri �/ zloo jlyh


plvohdglqj uhvxowv1


Whvwlqj iru wkh frqvwdqf|2qrqfrqvwdqf| ri � dqg q5 lq E57� dqg E58� e| hvwlpdwlqj


wkhvh htxdwlrqv wkhq surylghv d vlpsoh zd| ri whvwlqj iru wkh Oxfdv fulwltxh> li q5 lv frq0


vwdqw exw � lv qrw/ wkhq wkh Oxfdv fulwltxh fdqqrw dsso|1 5| lv wkhq/ orrvho| vshdnlqj/


vdlg wr eh vxshu h{rjhqrxv wr q51 Wkh whvwlqj surfhgxuh fdq jhqhudwh wkuhh rwkhu frpel0


qdwlrqv ri frqvwdqf|2qrqfrqvwdqf| iru � dqg q5/ exw wkrvh frpelqdwlrqv fdq dulvh iurp


rwkhu vrxufhv +wkdw lv/ fkdqjhv lq rwkhu srolf| yduldeohv, dqg wkxv qrw frqvwlwxwh hylghqfh


iru ru djdlqvw wkh Oxfdv fulwltxh lq sudfwlfh14;


Qrz/ ohw xv frqvlghu d jhqhudo fdvh dqg jlyh d irupdo gh�qlwlrq ri vxshu h{rjhqhlw|1


Irupdoo|/ wkh mrlqw glvwulexwlrq ri %| dqg 5| frqglwlrqdo rq wkh vljpd �hog/ ghqrwhg I|/


frqvlvwlqj ri %|3�c %|32c ��� dqg 5|3�c 5|32c ��� / dqg wkh fxuuhqw dqg sdvw revhuydwlrqv rq doo


rwkhu ydolg frqglwlrqlqj yduldeohv/ fdq eh zulwwhq


( E%|c 5| m I|c b|� ' (%�5 E%| m 5|cI|c b�|�(5 E5| m I|c b2|�


zkhuh (/ (%�5 dqg (5 ghqrwh wkh mrlqw ghqvlw|/ wkh frqglwlrqdo ghqvlw| ri %| jlyhq 5|/ dqg


wkh pdujlqdo ghqvlw| ri 5|/ uhvshfwlyho|/ dqg b|/ b�| dqg b2| wkh fruuhvsrqglqj sdudphwhuv1


Hqjoh hw do1 +�bH�, gh�qh 5| dv zhdno| h{rjhqrxv iru d vhw ri sdudphwhuv w li= E�� w lv d


ixqfwlrq ri wkh sdudphwhuv b�| dorqh/ dqg E���/ b�| dqg wkh sdudphwhuv b2| ri wkh pdujlqdo


prgho iru 5| duh yduldwlrq iuhh14< Ilqdoo|/ Hqjoh hw do1 +�bH�, gh�qh 5| dv vxshu h{rjhqrxv


iru li 5| lv zhdno| h{rjhqrxv iru w dqg b� lv lqyduldqw wr fkdqjhv lq b2 +wkdw lv/ fkdqjhv


lq b2 gr qrw lpso| fkdqjhv lq b�,1 Wkh erwwrp olqh lv wkdw zhdn h{rjhqhlw| ri 5| iru w


lv vx!flhqw iru wkh frqglwlrqdo prgho wr eh xvhg lq iruhfdvwlqj dqdo|vlv/ zkhuhdv vxshu


h{rjhqhlw| lv uhtxluhg iru srolf| dqdo|vlv1


4; Lq wkh frqwh{w ri wkh wkhruhwlfdo htxloleulxp prgho/ lw pd| eh wkdw wkh surfhvvhv iru wkh rwkhu
h{rjhqrxv vkrfnv oq]w dqg2ru oqJw kdyh fkdqjhg1


4< Zlwk wkh whup �yduldwlrq iuhh� Hqjoh hw do +4<;6, phdq wkdw ryhu shulrgv ri frqvwdqw �5w/ wkhuh lv
qr lqirupdwlrq lq �5 wkdw zrxog khos hvwlpdwlqj �41 Qrwh wkdw yduldwlrq iuhh dqg lqyduldqfh duh gl�huhqw
frqfhswv vlqfh li �4w @ !�5w wkhq �4 lv vdlg wr eh yduldwlrq iuhh exw qrw lqyduldqw wr �5/ exw li wkh uhodwlrq
lqvwhdg lv �4 @ !w�5w ;w/ wkhq �4 lv vdlg wr eh erwk yduldwlrq iuhh dqg lqyduldqw wr �51
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915 Dssolfdwlrq 4= Wkh prqh| ghpdqg htxdwlrq


Lq wklv vxevhfwlrq/ L zloo lqyhvwljdwh li wkh whvw iru vxshu h{rjhqhlw| lv deoh wr mxgjh


wkh uhohydqfh ri wkh Oxfdv fulwltxh lq vpdoo vdpsohv e| xvlqj vlpxodwhg gdwd iurp wkh


htxloleulxp prgho iru wkh prqh| ghpdqg htxdwlrq dqg wkh Wd|oru uxoh iru qrplqdo prqh|


jurzwk1 Zh pljkw wklqn ri prqh| ghpdqg dv %| dqg prqhwdu| srolf| dv 5| lq E57�1


Wkh surfhgxuh lq dsso|lqj wkh whvw ri vxshu h{rjhqhlw| rq wkh prqh| ghpdqg E54�


wrjhwkhu zlwk wkh qrplqdo prqh| jurzwk srolf| uxoh E;�/ lv vlplodu wr wkdw lq Vhfwlrq 81


Lw lqyroyhv wkh iroorzlqj vwhsv=


41 Vlpxodwh wkh prgho iru A shulrgv xqghu wkh dvvxpswlrq wkdw wkh prqhwdu| srolf|


uxoh fkdqjhv frpsohwho| xqh{shfwhgo| diwhu A*2 shulrgv iurp rqh uhjlph wr dqrwkhu


+iru h{dpsoh/ iurp Exuqv wr Yrofnhu dqg Exuqv wr Juhhqvsdq,153


51 Hvwlpdwh wkh prqh| ghpdqg htxdwlrq E54� dqg prqhwdu| srolf| uxoh E;� zlwk ROV


rq wkh �uvw �c ���c A*2 revhuydwlrqv lq wkh vlpxodwhg vdpsoh1 Ghqrwh wkh hvwlpdwhg


sdudphwhu yhfwruv 	qPG dqg 	qWU uhvshfwlyho|1


61 Hvwlpdwh E54� dqg E;� zlwk ROV rq wkh odvw A*2n �c ���c A revhuydwlrqv lq wkh vlpx0


odwhg vdpsoh1 Ghqrwh wkh hvwlpdwhg sdudphwhu yhfwruv 	kPG / 	kFI dqg 	kWU uhvshf0


wlyho|1


71 Xvh d yhuvlrq ri wkh 8 0whvw/ wkh Fkrz euhdnsrlqw whvw/ wr h{dplqh li wkh qxoo k|0


srwkhvlv kPG ' qPG lv uhmhfwhg zkhq wkh qxoo kWU ' qWU fdq eh uhmhfwhg rq wkh


whq/ �yh dqg rqh shufhqw vljql�fdqfh ohyho1


81 Uhshdw Vwhs 4 wr Vwhs 7 pdq| +�, wlphv wr frpsxwh wkh srzhu ri wkh vxshu h{0


rjhqhlw| whvw/ wkdw lv/ suredelolwlhv iru krz riwhq wkh qxoo k|srwkhvlv kWU ' qWU


lv uhmhfwhg dqg wkh qxoo k|srwkhvlv kPG ' qPG lv uhmhfwhg vlpxowdqhrxvo| iru wkh


gl�huhqw vljql�fdqfh ohyhov1


53 Dv lq Vhfwlrq 8/ wkh udqgrp qxpehu jhqhudwru UGQG zlwk UGQGVHHG lq JDXVV lv vhw wr
48<758 . lwhu iru lwhu @ 4> 5> ===> Q 1 Wr jhw d vwrfkdvwlf lqlwldo vwdwh lq hdfk vlpxodwlrq/ wkh prgho lv
vlpxodwhg iru W . 433 shulrgv/ zkhuh wkh �uvw 433 duh wkhq glvfdughg lq doo wkh hvwlpdwlrqv glvfxvvhg
ehorz1
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Dffruglqj wr wkh Oxfdv fulwltxh/ zklfk zh yhul�hg lq Vhfwlrq 8 zdv uhohydqw lq wklv


prgho/ wkh qxoo k|srwkhvlv


Mf= kPG ' qPG m kWU 9' qWU


lv idovh vr li wkh frpsxwhg suredelolwlhv lq Vwhs 8 ri uhmhfwlqj sdudphwhu vwdelolw| lq E;�


dqg E54� dw wkh vdph wlph duh orz/ wkh srzhu ri wkh vxshu h{rjhqhlw| whvw lv orz lq vpdoo


vdpsohv1 Rq wkh rwkhu kdqg/ li wkh frpsxwhg suredelolwlhv duh irxqg wr eh kljk/ wkhq wkh


srzhu ri wkh vxshu h{rjhqhlw| whvw lq vpdoo vdpsohv lv vdwlvidfwru|154


Iru wkh Fkrz whvw lq Vwhs 7/ L xvh vpdoo vdpsoh dgmxvwhg fulwlfdo ydoxhv jhqhudwhg lq


Vhfwlrq 7 udwkhu wkdq dv|pswrwlf ydoxhv1 Wkh uhdvrq iru grlqj vr lv wr jhw wkh fruuhfw


qrplqdo vljql�fdqfh ohyho iru hdfk htxdwlrq lqyroyhg lq wkh whvwlqj155


Dv lq Vhfwlrq 8/ wkh fulwlfdo dvvxpswlrqv lq vwhs 4 wr 8 duh fohduo| pdgh lq vwhs 4/ dqg


vlqfh L douhdg| glvfxvvhg wkhp wkhuh L zloo qrw vshqg wlph rq glvfxvvlqj wkhp khuh djdlq1


Wkh uhvxowv ri wklv h{huflvh iru wkh gl�huhqw hvwlpdwhg prqhwdu| srolf| uxohv/ dqg


vdpsoh vl}hv A ' �ff dqg A ' 2ff/ duh surylghg lq Wdeoh 71


Wkh jhqhudo phvvdjh iurp Wdeoh 7 lv vwulnlqj1 Iru A ' �ff/ zklfk lv dq xsshu erxqg


rq |hduo| revhuydwlrqv wkdw kdv ehhq xvhg lq wkh olwhudwxuh vr idu/ wkh srzhu ri wkh vxshu


h{rjhqhlw| whvw lv yhu| orz lq prvw fdvhv dowkrxjk zh kdyh jlyhq wkh whvw wkh ehvw srvvleoh


hqylurqphqw iru ghwhfwlqj d uhjlph vkliw1 Wkh dyhudjh srzhu suredelolw| lv dv orz dv f��f


iru A ' �ff +wkh uhjlph vkliw �Zkroh vdpsoh wr Juhhqvsdq� h{foxghg vlqfh lw zdv qrw


vwdwlvwlfdoo| vljql�fdqw iru wklv vdpsoh vl}h/ vhh Wdeoh 5,1 Wkh whvw kdv kljkhvw srzhu


iru wkh uhjlph vkliwv iurp Exuqv wr �Zkroh vdpsoh�2Juhhqvsdq zklfk lv qrw vxusulvlqj


jlyhq wkh uhvxowv lq Wdeohv 6d dqg 6e1 Iru A ' 2ff/ zklfk lv d frqvlghudeoh dprxqw ri


gdwd zlwk dv pxfk dv �ff |hduo| revhuydwlrqv lq hdfk uhjlph/ wkh vxshu h{rjhqhlw| whvw


kdv vdwlvidfwru| srzhu surshuwlhv lq rqo| d ihz fdvhv/ hvshfldoo| iru wkh uhjlph vkliwv iurp


Exuqv wr �Zkroh vdpsoh�2Juhhqvsdq dv zdv wkh fdvh iru A ' �ff1 Rq wkh zkroh/ krzhyhu/


wkh srzhu suredelolw| lv qrw kljkhu wkdq f�eD rq dyhudjh/ zklfk lv qrw vdwlvidfwru|1 Wkh


uhvxowv lpso| wkdw wkh suredelolw| ri uhmhfwlqj wkh +idovh, qxoo k|srwkhvlv wkdw wkh Oxfdv
54 Qrwh wkdw wkh srzhu ri d whvw lv irupdoo| gh�qhg dv 4 � �/ zkhuh �/ wkh w|sh LL huuru/ lv gh�qhg


dv Su +gr qrw uhmhfw K3mK3 lv idovh,1 Lq rxu fdvh/ � lv wkh suredelolw| ri qrw uhmhfwlqj vwdelolw| lq prqh|
ghpdqg/ zkloh uhmhfwlqj vwdelolw| lq wkh prqhwdu| srolf| uxoh vlpxowdqhrxvo|1


55 Lw vkrxog eh qrwhg/ krzhyhu/ wkdw wkh txdolwdwlyh dvshfwv ri wkh uhvxowv lq Wdeoh 5/ Wdeoh 7 dqg 8 duh
urexvw zlwk uhvshfw wr wklv dgmxvwphqw ri wkh fulwlfdo ydoxhv1
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Wdeoh 7= Srzhu ri wkh vxshu h{rjhqhlw| whvw lq vpdoo vdpsohv=
Fkrz whvw suredelolwhv ri uhmhfwlqj vwdelolw| lq prqh| ghpdqg


zkhq vwdelolw| lq wkh prqhwdu| srolf| uxoh lv uhmhfwhg1


A ' �ff A ' 2ff


Frpsdulvrq uhjlph Frpsdulvrq uhjlph
ZV E Y J ZV E Y J


Ehqfkpdun uhjlph 43 shufhqw vljql�fdqfh ohyho
Zkroh vdpsoh +ZV, QF f��Hf f��H� f��S� QF f�S�e f�2�b f��S2
Exuqv +E, f�.Db QF f�D�D f�Sf2 f�bD� QF f�HDf f�HDe
Yrofnhu +Y, f�DSb f�De� QF f��.� f�.22 f�H�b QF f�e..
Juhhqvsdq +J, f�2.S f��H. f��S� QF f�2bS f�S�H f��HS QF


Ehqfkpdun uhjlph 8 shufhqw vljql�fdqfh ohyho
Zkroh vdpsoh QF f�22b f��f� f��f2 QF f�e�. f��2e f�fb.
Exuqv f�SDH QF f�e�2 f�Df. f�b�� QF f�..S f�.b�
Yrofnhu f�e.2 f�efS QF f�2.2 f�S�H f�.DD QF f��.e
Juhhqvsdq f��HH f�2Db f�fbD QF f�2fS f�eD� f��ff QF


Ehqfkpdun uhjlph 4 shufhqw vljql�fdqfh ohyho
Zkroh vdpsoh QF f�fSS f�f�f f�fS� QF f���2 f�f2� f�fe�
Exuqv f�eS� QF f�2�. f��ef f�.bH QF f�Sff f�Se�
Yrofnhu f���e f�2�f QF f��DH f�ef2 f�DeH QF f�2�f
Juhhqvsdq f���f f�fb� f�f�e QF f��2� f��SD f�f2. QF


Qrwh= QF lv vkruwkdqg qrwdwlrq iru qrw frpsxwhg1 Vpdoo vdpsoh fulwlfdo ydoxhv jhqhudwhg lq Vhfwlrq 7
duh xvhg1 Wkh suredelolw| lq hdfk hqwu| lv irupdoo| gh�qhg dv Su


�
IPG A IPG3=[[


m IWU A IWU3=[[


�
zkhuh


IWU ghqrwhv wkh frpsxwhg Fkrz vwdwlvwlf iru wkh prqhwdu| srolf| uxoh/ IPG wkh fruuhvsrqglqj vwdwlvwlf
iru prqh| ghpdqg/ dqg [[ wkh l*wk shufhqwloh lq wkh vlpxodwhg glvwulexwlrqv +<3> <8 ru <<*wk shufhqwloh,
xqghu wkh qxoo k|srwkhvlv1 Xqghu wkh qxoo k|srwkhvlv/ wkh Fkrz vwdwlvwlf iroorzv wkh I 0glvwulexwlrq zlwk
n> W �5n ghjuhhv ri iuhhgrp zkhuh n lv wkh qxpehu ri sdudphwhu uhvwulfwlrqv +khuh/ n @ 7 iru erwk prqh|
ghpdqg dqg wkh Wd|oru uxoh, dqg W lv wkh qxpehu ri revhuydwlrqv1
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fulwltxh grhv qrw dsso|/ dqg wkxv wkdw wkh sdudphwhuv lq wkh prqh| ghpdqg ixqfwlrq duh


vxshu h{rjhqrxv wr wkh prqhwdu| srolf| uxoh/ lv wrr kljk uhjdugohvv ri fkrvhq vljql�fdqfh


ohyho dqg vdpsoh vl}h lq prvw fdvhv1 Ri frxuvh/ rqh pd| dujxh wkdw wkh orz suredelolwlhv lq


Wdeoh 7 duh gxh wr wkdw wkh fkdqjhv lq wkh prqhwdu| srolf| uhjlph duh qrw odujh hqrxjk/


dqg hyhu| whvw kdv orz srzhu zkhq wkh dowhuqdwlyh lv forvh wr wkh qxoo1 Wkh hylghqfh


djdlqvw wklv w|sh ri dujxphqw lv surylghg lq Wdeoh 4/ 6d dqg 6e/ zkhuh zh vhh wkdw wkhuh


dfwxdoo| duh elj fkdqjhv lq sdudphwhuv zklfk duh pdqlihvwhg lq wkh vlqjoh htxdwlrq vwdelolw|


whvwlqj uhvxowv surylghg lq Wdeoh 51 Vr wkh orz ohyho ri wkh suredelolwlhv uhsruwhg lq Wdeoh


7/ duh qrw gxh wr wkdw wkh dowhuqdwlyh k|srwkhvhv duh forvh wr wkh qxoo/ exw udwkhu gxh wr


lqkhuhqwo| orz srzhu iru wkh vxshu h{rjhqhlw| whvw lq wklv vhwwlqj1


D frxsoh ri ixuwkhu frpphqwv rq vshfl�f ihdwxuhv lq Wdeoh 7 duh zduudqwhg1 Iluvw/ zkhq


wkh vdpsoh vl}h lqfuhdvhg iurp A ' �ff wr A ' 2ff/ wkh srzhu ri wkh vxshu h{rjhqhlw|


whvw rqo| lqfuhdvhg iurp derxw f��f wr f�eD rq dyhudjh +wkh uhjlph vkliw iurp �Zkroh


vdpsoh wr Juhhqvsdq� h{foxghg vlqfh lw lv qrw vwdwlvwlfdoo| vljql�fdqw iru wkhvh vdpsoh


vl}hv,1 Wklv lv dq lqglfdwlrq ri wkdw frqvlghudeo| odujhu vdpsoh vl}hv duh qhhghg wr jhw


dq dffhswdeoh srzhu ohyho1 Vrph h{shulphqwv lqglfdwh wkdw zh qhhg durxqg A ' �fff


|hduo| revhuydwlrqv wr jhw d srzhu ri f�bf rq dyhudjh1 Ilqdoo|/ Wdeoh 7 frq�upv wkh


fodvvlfdo frq lfw ehwzhhq wkh fkrlfh ri vljql�fdqfh ohyho +suredelolw| ri frpplwwlqj d w|sh


L huuru, dqg wkh suredelolw| ri qrw frpplwwlqj dq w|sh LL huuru +wkdw lv/ qrw uhmhfw d idovh


qxoo k|srwkhvlv,= dv wkh qrplqdo vljql�fdqfh ohyho ghfuhdvhv/ zh vhh wkdw wkh srzhu dovr


ghfuhdvhv iru d jlyhq vdpsoh vl}h A 1


916 Dssolfdwlrq 5= Wkh �Nh|qhvldq� frqvxpswlrq ixqfwlrq


Lq wklv vxevhfwlrq/ L zloo lqyhvwljdwh wkh surshuwlhv ri wkh whvw iru vxshu h{rjhqhlw| e|


xvlqj vlpxodwhg gdwd iurp wkh htxloleulxp prgho wr hvwlpdwh wkh frqvxpswlrq ixqfwlrq


wrjhwkhu zlwk wkh Wd|oru uxoh iru qrplqdo prqh| jurzwk1 Zh pljkw wklqn ri frqvxpswlrq


dv %| dqg prqhwdu| srolf| dv 5| lq E57�1


Wkh surfhgxuh lq wkh whvwlqj iru vxshu h{rjhqhlw| khuh lv h{dfwo| wkh vdph dv lq wkh


suhylrxv vxevhfwlrq/ h{fhsw iru wkdw wkh frqvxpswlrq ixqfwlrq lq E56� lv xvhg lqvwhdg ri


prqh| ghpdqg lq E54�/ dqg wkxv qrw uhshdwhg khuh1 Wkh uhvxowv duh uhsruwhg lq Wdeoh 81
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Wdeoh 8= Srzhu ri wkh vxshu h{rjhqhlw| whvw lq vpdoo vdpsohv=
Fkrz whvw suredelolwhv ri uhmhfwlqj vwdelolw| lq frqvxpswlrq


zkhq vwdelolw| lq wkh prqhwdu| srolf| uxoh lv uhmhfwhg1


A ' �ff A ' 2ff


Frpsdulvrq uhjlph Frpsdulvrq uhjlph
ZV E Y J ZV E Y J


Ehqfkpdun uhjlph 43 shufhqw vljql�fdqfh ohyho
Zkroh vdpsoh +ZV, QF f�eDD f�2DH f��SD QF f�Dfb f�2b� f��e2
Exuqv +E, f�DHS QF f��f. f�eSD f�.bD QF f�Dbb f�.f�
Yrofnhu +Y, f�S�D f�D�e QF f�eSb f�.b2 f�.bH QF f�S2H
Juhhqvsdq +J, f�2SH f�e.f f�22b QF f�2Df f�D.2 f�2D2 QF


Ehqfkpdun uhjlph 8 shufhqw vljql�fdqfh ohyho
Zkroh vdpsoh QF f�2HH f��ef f��f� QF f�2S� f���. f�fSb
Exuqv f�eSH QF f�2fe f��Db f�.f. QF f�eS2 f�Dbe
Yrofnhu f�D�e f�e2. QF f��SH f�.�e f�SbS QF f�D��
Juhhqvsdq f��SH f��2S f���S QF f��D2 f��S� f���f QF


Ehqfkpdun uhjlph 4 shufhqw vljql�fdqfh ohyho
Zkroh vdpsoh QF f�f�2 f�f�H f�fe� QF f�ffH f�ff. f�f2D
Exuqv f�2.2 QF f�f.b f�2fD f�Dfb QF f�2�b f��b�
Yrofnhu f��S2 f�22f QF f�2�� f�De. f�eHf QF f��SS
Juhhqvsdq f�fbD f�fbS f�f�H QF f�fe2 f�f�D f�f�D QF


Qrwh= QF lv vkruwkdqg qrwdwlrq iru qrw frpsxwhg1 Vpdoo vdpsoh fulwlfdo ydoxhv jhqhudwhg lq Vhfwlrq
7 duh xvhg1 Wkh suredelolw| lq hdfk hqwu| lv irupdoo| gh�qhg dv Su


�
IFI A IFI3=[[


m IWU A IWU3=[[


�
zkhuh


IWU ghqrwhv wkh frpsxwhg Fkrz vwdwlvwlf iru wkh prqhwdu| srolf| uxoh/ IFI wkh fruuhvsrqglqj vwdwlvwlf
iru frqvxpswlrq/ dqg [[ wkh l*wk shufhqwloh lq wkh vlpxodwhg glvwulexwlrqv +<3> <8 ru <<*wk shufhqwloh,
xqghu wkh qxoo k|srwkhvlv1 Xqghu wkh qxoo k|srwkhvlv/ wkh Fkrz vwdwlvwlf iroorzv wkh I 0glvwulexwlrq zlwk
n> W � 5n ghjuhhv ri iuhhgrp zkhuh n lv wkh qxpehu ri sdudphwhu uhvwulfwlrqv +khuh/ n @ 7 iru erwk
frqvxpswlrq dqg wkh Wd|oru uxoh, dqg W lv wkh qxpehu ri revhuydwlrqv1
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Wdeoh 8 frq�upv wkh �qglqjv lq Wdeoh 7= zh vhh djdlq wkdw wkh srzhu ri wkh vxshu


h{rjhqhlw| whvw lv xqdffhswdeo| orz lq vpdoo vdpsohv/ dqg wkh lpsolhg suredelolwlhv ri


idlolqj wr uhmhfw wkh idovh qxoo k|srwkhvlv wkdw wkh Oxfdv fulwltxh lv qrw uhohydqw/ duh idu


wrr kljk +lq idfw/ wkh| duh dfwxdoo| voljkwo| kljkhu wkdq wkrvh lq Wdeoh 7 rq dyhudjh,1


Wr vxp xs wklv vhfwlrq/ lw vhhpv wr eh d urexvw �qglqj lq wklv prgho wkdw wkh whvw iru


vxshu h{rjhqhlw| kdyh yhu| orz srzhu lq vpdoo vdpsohv 0 dowkrxjk zh kdyh jlyhq wkh whvw


wkh ehvw srvvleoh hqylurqphqw iru ghwhfwlqj wkh uhjlph vkliwv 0 dqg khqfh lv qrw deoh wr


vkhg oljkw rq wkh sudfwlfdo lpsruwdqfh ri wkh Oxfdv fulwltxh lq vpdoo vdpsohv156


: Frqfoxvlrqv


Lq wklv sdshu/ L kdyh wulhg wr vkhg qhz oljkw rq zk| wkh Oxfdv fulwltxh kdv uhfhlyhg


yhu| olwwoh hpslulfdo vxssruw +vhh Hulfvvrq dqg Lurqv/ �bbD,1 D vwdqgdug uhdo exvlqhvv


f|foh prgho zlwk d Wd|oru0w|sh uxoh iru qrplqdo prqh| +P4, jurzwk zdv fdoleudwhg wr


gl�huhqw Ihghudo Uhvhuyh uhjlphv +wkh shulrgv lq r!fh ri fkdluphq Exuqv/ Yrofnhu dqg


Juhhqvsdq,1 Lw zdv irxqg wkdw wkh vxshu h{rjhqhlw| whvw/ zklfk lv xvhg wr lghqwli| wkh


uhohydqfh2qrquhohydqfh ri wkh Oxfdv fulwltxh lq sudfwlfh/ grhv qrw kdyh hqrxjk srzhu lq


vpdoo vdpsohv1 Wklv lv d srvvleoh h{sodqdwlrq zk| wkh Oxfdv fulwltxh kdv uhfhlyhg yhu|


olwwoh hpslulfdo vxssruw1


Jlyhq wkh uhvxowv/ zk| grhv wkh whvw idloB Wkh prvw lpsruwdqw uhdvrq vhhpv wr eh


wkdw wkh whvwlqj ri vxshu h{rjhqhlw| lqyroyhv wkh xvh ri �frqglwlrqdo� prghov1 Lq vxfk


prghov/ zh gr qrw frqglwlrq rq doo vkrfnv wkdw klw wkh hfrqrp| dqg d�hfw sdudphwhu


vwdelolw|1 Lq wkh frqwh{w ri wkh dqdo|vlv khuh/ wkhuh duh vkrfnv wr jryhuqphqw h{shqglwxuhv


dqg whfkqrorj| wkdw duh qrw h{solflwo| wdnhq lqwr dffrxqw lq wkh whvwlqj1 Wkh idfw wkdw


wkh whvw wrr riwhq idlo wr uhmhfwv wkh idovh qxoo k|srwkhvlv ri sdudphwhu vwdelolw| lq prqh|


ghpdqg2frqvxpswlrq jlyhq sdudphwhu lqvwdelolw| lq wkh prqhwdu| srolf| uxoh/ pljkw eh


h{sodlqhg e| vkrfnv lq jryhuqphqw h{shqglwxuhv dqg whfkqrorj| zklfk �qhxwudol}h� wkh


56 Vlqfh prqhwdu| srolf| uxohv qrzdgd|v qrupdoo| duh hvwlpdwhg rq qrplqdo lqwhuhvw udwhv/ L kdyh
dovr lqyhvwljdwhg wklv frpelqdwlrq e| hvwlpdwlqj d vwdqgdug Wd|oru uxoh Uw @ �3 . �4 +�w � ��, .
�5 +oq\w � oq\ �, . �6Uw�4 . %Uw rq vlpxodwhg gdwd dqg dssolhg wkh vxshu h{rjhqhlw| whvw rq wklv uh0
odwlrq wrjhwkhu zlwk +54, @ +56,1 Exw vlqfh wkh uhvxowv zhuh txdolwdwlyho| wkh vdph dv wkrvh uhsruwhg lq
Wdeoh 7 dqg 8 +lq idfw/ wkh surshuwlhv ri wkh vxshu h{rjhqhlw| whvw zhuh voljkwo| zruvhqhg lq wklv vhwwlqj,/
wkh| duh qrw uhsruwhg1
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h�hfwv ri wkh fkdqjhv lq prqhwdu| srolf|1 Wklv lv rqh ri wkh fodvvlfdo sureohpv lq wlph


vhulhv dqdo|vlv wkdw fdqqrw eh frqwuroohg iru lq uhdo0zruog gdwd1 Krzhyhu/ lq wkh jhqhudo


htxloleulxp iudphzrun xvhg khuh/ lw lv lq idfw srvvleoh wr frqwuro iru wkhvh h�hfwv e| �jrlqj


edfn lq wlph� dqg shuiruplqj wkh vxshu h{rjhqhlw| whvw frqglwlrqdo rq wkhvh vkrfnv h{fhsw


iru wkh fkdqjh lq prqhwdu| srolf| uxoh157 Dowkrxjk qrw uhsruwhg lq wkh sdshu/ L fduulhg rxw


wklv nlqg ri h{shulphqw/ dqg zkhq frqwuroolqj iru wkh lq xhqfhv ri rwkhu vkrfnv rq prqh|


ghpdqg2frqvxpswlrq/ wkh srzhu ri wkh vxshu h{rjhqhlw| whvw lv vxevwdqwldoo| kljkhu158


Wkh whvwv uhsruwhg khuh zhuh edvhg rq vdpsohv ri �ff dqg 2ff revhuydwlrqv +rqh


revhuydwlrq lv rqh |hdu,1 Wkh whvw ri vxshu h{rjhqhlw| rqo| grhv pdujlqdoo| ehwwhu zlwk


wkh odujhu vdpsoh vl}h/ zklfk lv wurxeohvrph vlqfh 2ff |hduo| revhuydwlrqv frpsulvh d


vxevwdqwldoo| juhdwhu dprxqw ri gdwd wkdq kdv ehhq xvhg vr idu lq wkh hpslulfdo olwhudwxuh1


Wklv lv d fohdu lqglfdwlrq wkdw wkh vdpsoh vl}h kdv wr eh lqfuhdvhg frqvlghudeo| ehiruh wkh


whvw pd| zrun dffxudwho|1


Wr vlpsoli| wkh h{shulphqwv frqgxfwhg wkurxjkrxw wkh sdshu/ lw zdv dvvxphg wkdw wkh


uhjlph vkliw lq prqhwdu| srolf|/ zklfk wdnhv sodfh lq wkh plggoh ri wkh duwl�fldo vdpsohv/


lv frpsohwho| xqdqwlflsdwhg dqg wkdw wkh djhqwv lq wkh hfrqrp| dqwlflsdwh wkh qhz uhjlph


wr odvw iruhyhu1 Lq uhdo0zruog gdwd/ wklv dvvxpswlrq lv olnho| wr eh lqydolg1 Lq uhdolw|/ lw lv


pruh olnho| wkdw shrsoh judgxdoo| ohduq derxw wkh zrunlqjv ri d qhz uhjlph dqg wkhuhiruh


dgmxvw wkhlu ehkdylru judgxdoo| ryhu wlph1 Wklv lv sureohpdwlfdo iru d uhvhdufkhu zkr zdqwv


wr whvw iru wkh hpslulfdo dssolfdelolw| ri wkh Oxfdv fulwltxh rq uhdo0zruog gdwd/ ehfdxvh lw


zloo eh pxfk kdughu iru wkh vxshu h{rjhqhlw| whvw wr mxgjh wkh uhohydqfh2qrquhohydqfh ri


wkh Oxfdv fulwltxh lq vxfk d vlwxdwlrq1 Khuh/ hyhq wkrxjk p| vlpsoli|lqj dvvxpswlrq khuh


jlyhv wkh vxshu h{rjhqhlw| whvw wkh ehvw srvvleoh hqylurqphqw iru uhyhdolqj wkh hpslulfdo


lpsruwdqfh ri wkh Oxfdv fulwltxh/ lw qhyhuwkhohvv idlov wr gr vr dffxudwho|1


Dqrwkhu olplwdwlrq ri wkh sdshu lv wkdw L kdyh lpsolflwo| dvvxphg wkdw uhjlph vkliwv


lq prqhwdu| srolf| gr qrw d�hfw wkh lqvwlwxwlrqdo ghvljq ri wkh hfrqrp| +wkdw lv/ wkh


57 Pruh suhflvho|/ �jrlqj edfn lq wlph� phdqv wkh iroorzlqj1 Ohw i0wjWw@4 ghqrwh d yhfwru ydoxhg
vhtxhqfh ri h{rjhqrxv vkrfnv +khuh jryhuqphqw h{shqglwxuhv %oqJ/ whfkqrorj| %oq] dqg prqhwdu| srolf|
�, iru d sduwlfxodu vdpsoh 4> 5> ===> W dqg i�w @ � +&> �w,jWw@4 d uhdol}dwlrq ri prqhwdu| srolf| jlyhq d
prqhwdu| srolf| uxoh +&, 1 E| jrlqj edfn lq wlph/ wkh prqh| ghpdqg2frqvxpswlrq ixqfwlrq dqg wkh
prqhwdu| srolf| uxoh fdq eh hvwlpdwhg rq wkh vdph uhdol}dwlrq ri vkrfnv 0 e| jhqhudwlqj +gl�huhqw,
vhtxhqfhv ri � iru gl�huhqw prqhwdu| srolf| uhjlphv +&,1


58 Wkh uhvxowv ri wklv h{huflvh duh uhsruwhg lq Dsshqgl{ E zklfk lv dydlodeoh rq uhtxhvw iurp wkh dxwkru1


5;







rqh0shulrg qrplqdo zdjh frqwdfwlqj dvvxpswlrq lq wkh prgho, dqg wkh fdvk0lq0dgydqfh


frqvwudlqw �dv d vrfldo frqyhqwlrq iru xvlqj prqh|�1 Wkh iruphu dvvxpswlrq fdq eh prwl0


ydwhg e| wkh uhdo0zruog revhuydwlrq wkdw lqvwlwxwlrqv/ iru h{dpsoh oderu pdunhw duudqjh0


phqwv/ fkdqjh yhu| vorzo| ryhu wlph1 Frqvhtxhqwo|/ zkhq whvwlqj iru wkh Oxfdv fulwltxh


lq sudfwlfh/ wkh h�hfwv ri lqvwlwxwlrqdo fkdqjhv vkrxog eh ri �vhfrqg rughu�/ zkloh wkh


h�hfwv ri prqhwdu| srolf| uhjlph vkliwv h{dplqhg lq wklv sdshu vkrxog eh ri ��uvw ru0


ghu�159 Wkh odwwhu dvvxpswlrq fdq eh prwlydwhg e| wkh idfw wkdw wkh frqvlghuhg fkdqjhv


lq prqhwdu| srolf| duh uhodwlyho| vpdoo1 Frroh| dqg Kdqvhq +�bHb, dovr pdlqwdlq wklv


dvvxpswlrq wkurxjkrxw wkhlu dqdo|vlv/ dowkrxjk wkh| frqvlghu pxfk odujhu yduldwlrqv lq


prqhwdu| srolf| +h1j1 wkh| ydu| wkh lq dwlrq udwh ehwzhhq �e dqg eff shufhqw,1


L kdyh fkrvhq wr iroorz Mxgg dqg Uxghexvfk*v +�bbH, hpslulfdo fodvvl�fdwlrq ri prqh0


wdu| srolf| uhjlphv lq wkh X1V1 Dq dowhuqdwlyh zrxog kdyh ehhq wr dgrsw d pruh wkhruhwlfdo


dssurdfk/ dv lq h1j1 Uxghexvfk dqg Vyhqvvrq +�bbH,/ e| frqvlghulqj prqhwdu| srolf| uxohv


wkdw duh frqvlvwhqw zlwk vrph nlqg ri rswlpl}lqj ehkdylru ri d fhqwudo edqn15: L zrxog eh


yhu| vxusulvhg/ krzhyhu/ li wklv dowhuqdwlyh dssurdfk zrxog fkdqjh wkh txdolwdwlyh frqfox0


vlrqv uhjduglqj wkh surshuwlhv ri wkh vxshu h{rjhqhlw| whvw rq vpdoo vdpsohv15;


Wr vxp xs/ wkh uhvxowv lq wklv sdshu vxjjhvw wkdw pruh uhvhdufk rq wkh surshuwlhv


ri wkh vxshu h{rjhqhlw| whvw lv zduudqwhg ehiruh gudzlqj wkh frqfoxvlrq wkdw wkh Oxfdv


fulwltxh lv qrw hpslulfdoo| uhohydqw iru ydulrxv hfrqrplf uhodwlrqvklsv1


59 Li d vx!flhqwo| orqj shulrg lv fryhuhg +83 |hduv ru vr,/ wkh h�hfwv ri lqvwlwxwlrqdo fkdqjhv pd| eh
odujhu> vhh iru lqvwdqfh Nodv Iuhjhuw dqg Oduv Mrqxqj +4<<;,1 Zkhq frqvlghulqj wkh h�hfwv ri wkh Oxfdv
fulwltxh khuh/ krzhyhu/ L kdyh lq plqg d vkruwhu shulrg +8 wr 43 |hduv ru vr,1


5: Wkdw lv/ lq wklv vhwwlqj/ e| h{dplqlqj wkh frh!flhqwv �/ �� dqg �\ lq wkh prqhwdu| srolf| uxoh +;,
wkdw duh frqvlvwhqw zlwk d jlyhq orvv ixqfwlrq ri wkh fhqwudo edqn1


5; L kdyh h{shulphqwhg zlwk d txdgudwlf orvv ixqfwlrq ri wkh irup Ow @
4
5


k
+�w � ��,5 . � +oq\w � oq\ �,5


l
iru wkh fhqwudo edqn iru ydoxhv ri � htxdo wr 3/ 3=6/ 4 dqg 8 dv


lq Vyhqvvrq dqg Uxghexvfk +4<<;, dqg irxqg wkdw wkh txdolwdwlyh frqfoxvlrqv zhuh xqd�hfwhg1


5<







Dsshqgl{ D Gdwd vrxufhv dqg gh�qlwlrqv


Lq wklv dsshqgl{/ L surylgh wkh vrxufhv ri wkh gdwd froohfwhg lq Wdeoh D14 ehorz1


Wdeoh D14= Wkh gdwd vhw1
Yduldeohv Vdpsoh shulrg Vrxufh
JQS 4<93'404<<:'7 IUHG gdwdedvh/ Ihghudo Uhvhuyh Edqn ri Vw1 Orxlv
JHF 4<93'404<<:'7 IUHG gdwdedvh/ Ihghudo Uhvhuyh Edqn ri Vw1 Orxlv
P4 4<8<'404<<:'7 IUHG gdwdedvh/ Ihghudo Uhvhuyh Edqn ri Vw1 Orxlv
SRS 4<9304<<9 RHFG Pdlq Hfrqrplf Lqglfdwruv
FSL 4<8<'404<<:'7 IUHG gdwdedvh/ Ihghudo Uhvhuyh Edqn ri Vw1 Orxlv


Qrwh= Doo uhdo pdfurhfrqrplf yduldeohv duh phdvxuhg lq 4<<5 eloolrq X1V1 grooduv1 Deeuhyldwlrqv> JQS
ghqrwhv uhdo +�{hg/ vhdvrqdoo| dgmxvwhg, jurvv qdwlrqdo surgxfw> JHF uhdo +fkdlqhg/ vhdvrqdoo| dgmxvwhg,
jryhuqphqw frqvxpswlrq dqg lqyhvwphqw> P4 +qrw vhdvrqdoo| dgmxvwhg, qrplqdo prqh| vxsso| 4> FSL
+qrw vhdvrqdoo| dgmxvwhg, frqvxphu sulfh lqgh{> SRS dyhudjh X1V1 srsxodwlrq +iru 4<<:/ SRS lv vhw htxdo
wr dyhudjh jurvv jurzwk udwh wlphv wkh ydoxh iru 4<<9,1


Wkh wudqvirupdwlrqv pdgh wr jhqhudwh wkh yduldeohv xvhg lq Wdeoh 4 duh glvsod|hg lq


Wdeoh D151


Wdeoh D15= Jhqhudwlrq ri frpsrvlwh txdwhuo| gdwd vhulhv1
Yduldeoh Vdpsoh shulrg Fdofxodwlrq irupxod
*?t 4<93'404<<:'4 *? EJQS2SRS�
> 4<93'404<<:'7 *? EP4|2P4|3e�
Z 4<93'404<<:'7 *? EFSL|2FSL|3e�
*?C 4<93'404<<:'7 *? EJHF2SRS�


Qrwh= Wr jhw phdvxuhv ri oq\ � oq\ � dqg � � ��/ oq\ dqg � duh wkhq vxemhfw wr Krgulfn0Suhvfrww
�owhulqj zlwk wkh vprrwkqhvv frh!flhqw � vhw wr 49331


Wr wudqvirup wkh txduwhuo| gdwd iru *?C lq Wdeoh D15 wr |hduo| gdwd/ zklfk duh xvhg


lq E4<�/ L dgghg xs doo wkh txduwhuo| revhuydwlrqv zlwklq d |hdu wr jhw d |hduo| revhuydwlrq


dqg Krgulfn0Suhvfrww �owhuhg wkh uhvxowhg vhulhv zlwk wkh vprrwkqhvv frh!flhqw b vhw wr


�ff1 Wr frpsxwh phdvxuhv ri wkh udwlr ri jryhuqphqw h{shqglwxuhv wr rxwsxw dqg wkh


jurzwk udwh lq qrplqdo prqh| vxsso| lq vwhdg| vwdwh/ } dqg > uhvshfwlyho|/ L frpsxwhg


wkh vxpv �
�D2


S�bb.'e
|'�bSf'� EJHF|*JQS|� dqg �


�D2


S�bb.'e
|'�bSf'� >|1
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Uhihuhqfhv
Edoo/ Odxuhqfh/ +4<<:,/ �H!flhqw Uxohv iru Prqhwdu| Srolf|�/ QEHU Zrunlqj Sdshu


Vhulhv/ Qr1 8<851


Fkrz/ Juhjru| F1/ +4<93,/ �Whvwv ri Htxdolw| ehwzhhq Vhwv ri Frh!flhqwv lq Wzr Olqhdu
Uhjuhvvlrqv�/ Hfrqrphwulfd/ Yro1 5;/ Qr1 6/ ss1 8<409381


Frroh|/ Wkrpdv I1 dqg Kdqvhq/ Jdu| G1/ +4<;<,/ �Wkh Lq dwlrq Wd{ lq d Uhdo Exvlqhvv
F|foh prgho�/ Dphulfdq Hfrqrplf Uhylhz/ Yro1 :</ Qr1 7/ ss1 :660:7;1


Frroh|/ Wkrpdv I1 dqg Kdqvhq/ Jdu| G1/ +4<<8,/ �Prqh| dqg wkh Exvlqhvv F|foh�/ Fkds0
whu : lq Frroh|/ Wkrpdv I1 +Hg1,/ Iurqwlhuv ri Exvlqhvv F|foh Uhvhdufk/ Sulqfhwrq
Xqlyhuvlw| Suhvv/ Sulqfhwrq1


Hqjoh/ Urehuw I1/ Khqgu|/ Gdylg I1 dqg Ulfkdug/ Mhdq0Iudqfrlv/ +4<;6,/ �H{rjhqhlw|�/
Hfrqrphwulfd/ Yro1 84/ Qr1 5/ ss1 5::06371


Hqjoh/ Urehuw I1 dqg Khqgu|/ Gdylg I1/ +4<<6,/ �Whvwlqj Vxshu H{rjhqhlw| dqg Lqyduldqfh
lq Uhjuhvvlrq Prghov�/ Mrxuqdo ri Hfrqrphwulfv/ Yro1 89/ Qr1 5/ ss1 44<046<1


Hulfvvrq/ Qhlo U1 dqg Lurqv/ Mrkq V1/ +4<<8,/ �Wkh Oxfdv Fulwltxh lq Sudfwlfh= Wkhru|
zlwkrxw Phdvxuhphqw�/ Fkdswhu ; lq Krryhu/ Nhylq G1 +Hg1,/ Pdfurhfrqrphwulfv=
Ghyhorsphqwv/ Whqvlrqv/ dqg Survshfwv/ Noxzhu Dfdghplf Sxeolvkhuv/ Ervwrq1


Hvwuhood/ Duwxur dqg Ixkuhu/ Mh�uh| F1/ +4<<<,/ �Duh cGhhs* Sdudphwhuv VwdeohB Wkh Oxfdv
Fulwltxh dv dq Hpslulfdo Whvwdeoh K|srwkhvlv�/ Ihghudo Uhvhuyh Edqn ri Ervwrq
Zrunlqj Sdshuv/ Qr1 <<071


Iuhjhuw/ Nodv dqg Mrqxqj/ Oduv/ +4<<;,/ �Prqhwdu| Uhjlphv dqg Hqgrjhqrxv Zdjh Frq0
wudfwv= Vzhghq 4<3;04<<8�/ Vfkrro ri Hfrqrplfv dqg Pdqdjhphqw Zrunlqj Sdshu
Vhulhv 4<<;=6/ Ghsduwphqw ri Hfrqrplfv/ Xqlyhuvlw| ri Oxqg1


Ixkuhu/ Mh�uh| F1/ +4<<:,/ �Wkh +Xq,Lpsruwdqfh ri Iruzdug0Orrnlqj Ehkdylru lq Sulfh
Vshfl�fdwlrq�/ Mrxuqdo ri Prqh|/ Fuhglw dqg Edqnlqj/ Yro1 5</ Qr1 6/ ss1 66;06831


Jrogihog/ Vwhskhq P1 dqg Vlfkho/ Gdqlho H1/ +4<<3,/ �Wkh Ghpdqg iru Prqh|�/ lq Iulhg0
pdq E1 P1 dqg Kdkq I1 K1 +Hgv1,/ Kdqgerrn ri Prqhwdu| Hfrqrplfv/ Yro1 4/ ss1
5<<0689/ Qruwk0Kroodqg/ Dpvwhugdp1


Kdqvhq/ Jdu| G1/ +4<;8,/ �Lqglylvleoh Oderu dqg wkh Exvlqhvv F|foh�/ Mrxuqdo ri Prqhwdu|
Hfrqrplfv/ Yro1 49/ Qr1 6/ ss1 63<065:1


Kdqvhq/ Jdu| G1 dqg Suhvfrww/ Hgzdug F1/ +4<<8,/ �Uhfxuvlyh Phwkrgv iru Frpsxw0
lqj Htxloleuld ri Exvlqhvv F|foh Prghov�/ Fkdswhu 5 lq Frroh|/ Wkrpdv I1 +Hg1,/
Iurqwlhuv ri Exvlqhvv F|foh Uhvhdufk/ Sulqfhwrq Xqlyhuvlw| Suhvv/ Sulqfhwrq1


Krgulfn/ Urehuw M1 dqg Suhvfrww/ Hgzdug F1/ +4<<:,/ �Srvwzdu X1V1 Exvlqhvv F|fohv= Dq
Hpslulfdo Lqyhvwljdwlrq�/ Mrxuqdo ri Prqh|/ Fuhglw dqg Edqnlqj/ Yro1 5</ Qr1 4/
ss1 40491


Mxgg/ Mrkq S1 dqg Uxghexvfk/ Johqq G1/ +4<<;,/ �Wd|oru*v uxoh dqg wkh Ihg= 4<:304<<:�/
Ihghudo Uhvhuyh Edqn ri Vdq Iudqflvfr Hfrqrplf Uhylhz/ Qr1 6/ ss1 60491


Nlqj/ Urehuw J1/ +4<;;,/ Frpphqw rq �Prqh| Ghpdqg lq wkh Xqlwhg Vwdwhv= D Txdq0
wlwdwlyh Uhylhz� e| Oxfdv +�bHH,/ Fduqhjlh0Urfkhvwhu Frqihuhqfh Vhulhv rq Sxeolf
Srolf|/ Yro1 5</ ss1 49<04:51
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N|godqg/ Ilqq H1 dqg Suhvfrww/ Hgzdug F1/ +4<;5,/�Wlph wr Exlog dqg Djjuhjdwh Ioxf0
wxdwlrqv�/ Hfrqrphwulfd/ Yro1 83/ Qr1 9/ ss1 4678046:31


Ohhshu/ Hulf P1/ +4<<8,/ Frpphqwdu| rq �Wkh Oxfdv Fulwltxh lq Sudfwlfh= Wkhru| zlwkrxw
Phdvxuhphqw� e| Hulfvvrq dqg Lurqv +�bbD,/ lq Krryhu/ Nhylq G1 +Hg1,/Pdfurhfrqr0
phwulfv= Ghyhorsphqwv/ Whqvlrqv/ dqg Survshfwv/ ss1 6460657/ Noxzhu Dfdghplf
Sxeolvkhuv/ Ervwrq1


Oxfdv/ Urehuw H1 Mu1/ +4<:8,/ �Dq Htxloleulxp Prgho ri wkh Exvlqhvv F|foh�/ Mrxuqdo ri
Srolwlfdo Hfrqrp|/ Yro1 ;6/ Qr1 9/ ss1 4446044771


Oxfdv/ Urehuw H1 Mu/ +4<:9,/ �Hfrqrphwulf Srolf| Hydoxdwlrq= D Fulwltxh�/ Fduqhjlh0
Urfkhvwhu Frqihuhqfh Vhulhv rq Sxeolf Srolf|/ Yro1 4/ ss1 4<0791


Oxfdv/ Urehuw H1 Mu/ +4<::,/ �Xqghuvwdqglqj Exvlqhvv F|fohv�/ Fduqhjlh0Urfkhvwhu Frq0
ihuhqfh Vhulhv rq Sxeolf Srolf|/ Yro1 8/ ss1 :05<1


Oxfdv/ Urehuw H1 Mu/ +4<;;,/ �Prqh| Ghpdqg lq wkh Xqlwhg Vwdwhv= D Txdqwlwdwlyh Uh0
ylhz�/ Fduqhjlh0Urfkhvwhu Frqihuhqfh Vhulhv rq Sxeolf Srolf|/ Yro1 5</ ss1 46:049:1


PfFdooxp/ Ehqqhww W1/ +4<;7,/ �Prqhwdulvw Uxohv lq wkh Oljkw ri Uhfhqw H{shulhqfh�/
Dphulfdq Hfrqrplf Uhylhz/ Yro1 :7/ Qr1 5/ ss1 6;;06<41


PfFdooxp/ Ehqqhww W1/ +4<;;,/ �Urexvwqhvv Surshuwlhv ri d Uxoh iru Prqhwdu| Srolf|�/
Fduqhjlh0Urfkhvwhu Frqihuhqfh Vhulhv rq Sxeolf Srolf|/ Yro1 5</ ss1 4:605371


Uxghexvfk/ Johqq G1 dqg Vyhqvvrq/ Oduv H1R1/ +4<<;,/ �Srolf| Uxohv iru Lq dwlrq Wdujhw0
lqj�/ lq Wd|oru/ Mrkq E1 +Hg1,/ Prqhwdu| Srolf| Uxohv/ Xqlyhuvlw| ri Fklfdjr Suhvv/
iruwkfrplqj1


Vlpv/ Fkulvwrskhu D1/ +4<;5,/ �Srolf| Dqdo|vlv zlwk Hfrqrphwulf Prghov�/ Eurrnlqjv
Sdshuv rq Hfrqrplf Dfwlylwlw|/ Qr1 4/ ss1 43:04851


Vyhqvvrq/ Oduv H1R1/ +4<<:,/ �Lq dwlrq Iruhfdvw Wdujhwlqj= Lpsohphqwlqj dqg Prqlwrulqj
Lq dwlrq Wdujhwv�/ Hxurshdq Hfrqrplf Uhylhz/ Yro1 74/ Qr1 9/ ss1 4444044791


Wd|oru/ Mrkq E1/ +4<<6,/ �Glvfuhwlrq Yhuvxv Srolf| Uxohv lq Sudfwlfh�/ Fduqhjlh0Urfkhvwhu
Frqihuhqfh Vhulhv rq Sxeolf Srolf|/ Yro1 6</ ss1 4<805471


Wd|oru/ Mrkq E1/ +4<<<,/ �Wkh Urexvwqhvv dqg H!flhqf| ri Prqhwdu| Srolf| Uxohv dv
Jxlgholqhv iru Lqwhuhvw Udwh Vhwwlqj e| Wkh Hxurshdq Fhqwudo Edqn�/ Mrxuqdo ri
Prqhwdu| Hfrqrplfv/ Yro1 76/ Qr1 6/ ss1 98809:<1
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