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Devwudfw

Zh ghyhors qrqolqhdu ohdglqj lqglfdwru prghov iru JGS jurzwk/ zlwk wkh

lqwhuhvw udwh vsuhdg dqg jurzwk lq P5 dv ohdglqj lqglfdwruv1 Vlqfh srolf|

pdnhuv duh w|slfdoo| lqwhuhvwhg lq zkhwkhu ru qrw d uhfhvvlrq lv lpplqhqw/ zh

hydoxdwh wkhvh prghov dffruglqj wr wkhlu delolw| wr suhglfw wkh suredelolw| ri

d uhfhvvlrq1 Xvlqj gdwd iru wkh Xqlwhg Vwdwhv/ zh �qg wkdw frqglwlrqdo rq

wkh vsuhdg/ wkh pdujlqdo frqwulexwlrq ri P5 jurzwk lq suhglfwlqj uhfhvvlrqv

lv qhjoljleoh1

Nh|zrugv= Hyhqw Suredelolwlhv/ Ohdglqj Lqglfdwruv/ Qrqolqhdu Prghov1

MHO fodvvl�fdwlrq= F55/ F56/ H4:/ H6:1

�Fruuhvsrqglqj dxwkru1 H0pdlo= Khdwkhu1DqghuvrqCExvHfr1prqdvk1hgx1dx



41 Lqwurgxfwlrq

Iruhfdvwlqj uhfhvvlrqv kdv dozd|v ehhq lpsruwdqw iru srolf| pdnhuv dqg exvlqhvv

sodqqhuv/ dqg wklv frqfhuq kdv ohg wr d odujh wlph0vhulhv olwhudwxuh rq pdfurh0

frqrplf iruhfdvwv1 Pxfk ri wklv olwhudwxuh lv edvhg rq olqhdu prghov/ exw wkhvh

fdqqrw dffrxqw iru dv|pphwulhv wkdw duh riwhq dvvrfldwhg zlwk exvlqhvv f|fohv1

W|slfdoo|/ uhfhvvlrqv lqyroyh vkdus exw vkruw0olyhg ghfolqhv lq hfrqrplf dfwlylw|/

exw h{sdqvlrqv duh judgxdo/ dqg riwhq odvw orqjhu wkdq uhfhvvlrqv1 Dovr/ qhjdwlyh

vkrfnv wr rxwsxw dsshdu wr eh ohvv shuvlvwhqw wkdq srvlwlyh vkrfnv1

Wkh uhfhqw wlph0vhulhv olwhudwxuh rq exvlqhvv f|fohv kdv sdlg pxfk dwwhqwlrq

wr wkh prghoolqj ri dv|pphwulhv lq rxwsxw/ dqg wkhuh duh qrz pdq| qrqolqhdu

xqlyduldwh prghov wkdw doorz iru uhfhvvlrqdu| dqg h{sdqvlrqdu| uhjlphv1 Zhoo

nqrzq h{dpsohv lqfoxgh wkh Pdunry Vzlwfklqj +PV, prgho +Kdplowrq/ 4<;<,/

wkh Fxuuhqw Ghswk ri Uhfhvvlrq +FGU, prgho +Ehdxgu| dqg Nrrs/ 4<<6,/ wkh

Vprrwk Wudqvlwlrq Dxwruhjuhvvlyh +VWDU, prgho +Whuçvyluwd/ 4<<7,/ dqg wkh

Wkuhvkrog Dxwruhjuhvvlyh +WDU, prgho +Srwwhu/ 4<<8,1 Doo ri wkhvh prghov kdyh

surylghg xvhixo lqirupdwlrq rq wkh g|qdplfv ri exvlqhvv f|fohv/ exw wkhlu iruhfdvw

shuirupdqfh kdv ehhq glvdssrlqwlqj1

Rqh uhdvrq zk| iruhfdvw hydoxdwlrqv kdyh qrw irxqg vljql�fdqw gl�huhqfhv eh0

wzhhq olqhdu dqg qrqolqhdu prghov pd| eh wkdw wkh rxw ri vdpsoh iruhfdvw shulrgv

duh xvxdoo| vkruw/ dqg wkh| gr qrw qhfhvvdulo| frqwdlq wkh qrqolqhdu ihdwxuhv wkdw

wkh qrqolqhdu prgho zdv ghvljqhg wr fdswxuh1 Wkxv wkh srwhqwldo dgydqwdjhv ri

qrqolqhdu vshfl�fdwlrqv duh qrw qhfhvvdulo| uhdol}hg rxw ri vdpsoh1 Qrwlqj wkdw

VWDU vshfl�fdwlrqv �w wkh gdwd yhu| zhoo gxulqj uhfhvvlrqv/ Whuçvyluwd dqg Dq0

ghuvrq +4<<5, dujxhg wkdw wkh iruhfdvwlqj jdlqv iurp vxfk prghov pljkw rqo| eh

vhhq zkhq rqh zdv iruhfdvwlqj ryhu d uhfhvvlrqdu| shulrg1 Wldr dqg Wvd| +4<<7,/

dqg Prqwjrphu| hw do1 +4<<;, kdyh irxqg hylghqfh wkdw vxssruwv wklv dujxphqw1

Prvw qrqolqhdu xqlyduldwh prghov ri exvlqhvv f|fohv kdyh xvhg JGS dv wkh

lqglfdwru ri hfrqrplf dfwlylw|/ ghvslwh wkh idfw wkdw irupdo whvwv wkdw JGS lv d

olqhdu surfhvv xvxdoo| idlo wr uhmhfw olqhdulw|1 Li JGS lv d olqhdu surfhvv/ wkhq wkh

PV/ WDU dqg VWDU prghov duh qrw hyhq lghqwl�hg1 Lw lv/ ri frxuvh/ srvvleoh wkdw

prghov ri JGS frqglwlrqdo rq rwkhu yduldeohv duh qrqolqhdu/ zkloh wkh pdujlqdo

prgho lv olqhdu1 Wkhuh lv qrz dpsoh hylghqfh wkdw JGS frqglwlrqhg rq rwkhu

yduldeohv lv qrqolqhdu1 Judqjhu hw do1 +4<<6, uhmhfwhg wkh qxoo k|srwkhvlv wkdw
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rxwsxw zdv olqhdu lq wkh frqwh{w ri d elyduldwh prgho ri JGS dqg d ohdglqj lqgl0

fdwru/ dqg Dqghuvrq dqg Ydklg +4<<;, irxqg vwdwlvwlfdoo| vljql�fdqw hylghqfh ri

d frpprq qrq0olqhdu idfwru lq d wulyduldwh prgho ri JGS/ frqvxpswlrq dqg lq0

yhvwphqw1 Uhfhqwo|/ Vndolq dqg Whuçvyluwd +4<<<, sursrvhg d VWDU0edvhg whvw ri

Judqjhu qrq0fdxvdolw| dqg dssolhg lw wr Vzhglvk JGS1 Wkhvh qrqolqhdu fdxvdolw|

whvwv irxqg vwurqj hylghqfh wkdw h{sruwv dqg zdjhv Judqjhu0fdxvh JGS1

Wkh idfw wkdw rwkhu yduldeohv duh xvhixo iru suhglfwlqj JGS lv yhu| zhoo nqrzq/

dqg lw kdv iuhtxhqwo| ehhq xvhg lq ghyhorslqj ohdglqj lqglfdwru prghov1 Vwrfn

sulfhv dqg vkruw0whup lqwhuhvw udwhv kdyh ehhq xvhg dv ohdglqj lqglfdwruv vlqfh

odvw fhqwxu|1 Ixuwkhu/ vlqfh Plwfkhoo dqg Exuqv +4<6;, �uvw qrplqdwhg vhyhudo

yduldeohv wkdw wkh| fdoohg �ohdglqj lqglfdwruv�/ wkh QEHU kdv h{solflwo| ixqghg

wkh ghyhorsphqw ri qhz ohdglqj lqglfdwruv1 Jlyhq wkhq/ wkdw rwkhu yduldeohv duh

nqrzq wr iruhfdvw rxwsxw zhoo/ wkh h{huflvh ri frpsdulqj wkh iruhfdvwlqj delolwlhv

ri olqhdu dqg qrqolqhdu xqlyduldwh prghov vhhpv wr eh phuho| ri dfdghplf ydoxh1 Li

wkh jrdo lv wr ghyhors jrrg iruhfdvwlqj prghov iru JGS/ wkhq pxowlyduldwh prghov

vhhp wr r�hu d pruh dssursuldwh iudphzrun1

Wklv sdshu ghyhorsv vrph qrqolqhdu ohdglqj lqglfdwru prghov iru rxwsxw1

Wkhvh prghov duh jhqhudol}dwlrqv ri wkh olqhdu ohdglqj lqglfdwru prghov dgyrfdwhg

e| ]hooqhu dqg Krqj +4<;<,/ ]hooqhu hw do1 +4<<4, dqg ]hooqhu dqg Plq +4<<<,1

Vrph suhylrxv dwwhpswv wr lqfrusrudwh ohdglqj lqglfdwruv lq qrqolqhdu prghov

lqfoxgh wkh elyduldwh vprrwk wudqvlwlrq huuru fruuhfwlrq prgho lq Judqjhu hw do1

+4<<6,/ dqg wkh elyduldwh PV prghov lq Kdplowrq dqg Shuh}0Txlurv +4<<9, dqg

Udyq dqg Vrodv +4<<<,1 Fkdxyhw +4<<;, xvhv d vlqjoh idfwru PV prgho dv dq do0

whuqdwlyh lqgh{ ri frlqflghqw lqglfdwruv1 Uhfhqw sdshuv/ vxfk dv wkrvh e| Hvwuhood

dqg Plvknlq +4<<;, dqg Elufkhqkdoo hw do1 +4<<<, kdyh xvhg ohdglqj lqglfdwruv

lq surelw dqg orjlw prghov wr iruhfdvw uhfhvvlrqv1 Rwkhu uhodwhg zrun lqfoxghv

wkh qrqolqhdu lpsxovh uhvsrqvh dqdo|vhv lq Zhlvh +4<<<, dqg Fkrl +4<<<,/ wkdw

looxvwudwh ydulrxv dv|pphwulhv lq wkh h�hfwv ri prqhwdu| srolf|1

Rxu hpslulfdo prghov hpskdvl}h wkh delolw| ri wkh lqwhuhvw udwh vsuhdg wr

suhglfw rxwsxw1 Iulhgpdq dqg Nxwwqhu +4<<;, surylgh d xvhixo ryhuylhz ri wkh

wkhruhwlfdo dqg hpslulfdo olwhudwxuh rq wkh suhglfwlyh srzhu ri wkh lqwhuhvw udwh

vsuhdg1 Jhqhudoo|/ lw lv eholhyhg wkdw prqhwdu| srolf| d�hfwv wkh vkruw hqg ri

wkh whup vwuxfwxuh pruh wkdq wkh orqj hqg/ vr wkdw fkdqjhv lq wkh lqwhuhvw udwh
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vsuhdg zloo ohdg wkh rxwsxw fkdqjhv lqgxfhg e| prqhwdu| srolf|1 Dovr/ fuhglw

frqglwlrqv fdq d�hfw lqwhuhvw udwh vsuhdgv e| fkdqjlqj orqj0whup udwhv pruh wkdq

vkruw0whup udwhv1 Wkxv/ lqwhuhvw udwh vsuhdgv pd| uh hfw dq hfrqrp|*v �qdqfldo

folpdwh/ dqg zkhwkhu ru qrw wklv folpdwh zloo eh frqgxflyh iru uhdo jurzwk1 Vlpv

+4<;3,/ dqg pruh uhfhqwo| Hvwuhood dqg Plvknlq +4<<;, dqg Nduxqdudwqh +4<<<,/

kdyh irxqg wkdw lqwhuhvw udwhv yduldeohv duh ehwwhu suhglfwruv ri uhdo dfwlylw| wkdq

gluhfw phdvxuhv ri prqh|1 Krzhyhu/ jlyhq wkh odujh wkhruhwlfdo dqg hpslulfdo

olwhudwxuhv wkdw uhodwh rxwsxw dqg prqh|/ dqg uhfhqw frqfhuq wkdw wkh vsuhdg glg

qrw suhglfw wkh 4<<3 uhfhvvlrq/ zh dovr lqfoxgh prqh| lq vrph ri rxu prghov1

Zh hydoxdwh rxu prghov dffruglqj wr wkhlu delolw| wr suhglfw uhfhvvlrqv1 Vhf0

wlrq 5 h{sodlqv zk| zh irfxv rq suhglfwlqj uhfhvvlrqv/ dqg lw dovr ghvfulehv wkh

fdofxodwlrq dqg hydoxdwlrq ri hyhqw iruhfdvwv1 Zh glvfxvv rxu gdwd lq Vhfwlrq 6/

dqg wkhq xqghuwdnh rxu hpslulfdo dqdo|vlv lq Vhfwlrqv 7 dqg 81 Zh �qg wkdw

dowkrxjk xqlyduldwh qrqolqhdu prghov fdqqrw suhglfw uhfhvvlrqv dq| ehwwhu wkdq

DU prghov/ wkh pxowlyduldwh qrqolqhdu prghov gr rxwshuirup YDUv1 Zh dovr

�qg wkdw wkh suhglfwlyh delolw| ri rxu prghov lqfuhdvh vljql�fdqwo|/ dv zh jr iurp

xqlyduldwh prghov ri rxwsxw wr elyduldwh prghov ri rxwsxw dqg wkh vsuhdg1 Xvlqj

prqh| lqvwhdg ri +ru dv zhoo dv, wkh vsuhdg grhv qrw lpsuryh iruhfdvwv1 Vhfwlrq 9

vxppdul}hv dqg frqfoxghv1

51 Iruhfdvwlqj Uhfhvvlrqv

Wlph vhulhv prghov kdyh dozd|v ehhq dvvhvvhg e| wkhlu delolw| wr suhglfw rxw

ri vdpsoh1 Wkxv/ wkh fdofxodwlrq ri iruhfdvwv/ dqg wkh frpsdulvrq ri iruhfdvwv

rewdlqhg iurp gl�huhqw prghov kdyh ehfrph txlwh urxwlqh1 Wzr w|slfdo h{dpsohv

wkdw vwxg| iruhfdvwv ri ghwuhqghg rxwsxw/ lqfoxgh d frpsdulvrq ri wkh iruhfdvwlqj

delolw| ri DU/ PV dqg WDU prghov ri JGS e| Fohphqwv dqg Nuro}lj +4<<;,/

dqg d frpsdulvrq ri wkh iruhfdvwlqj delolw| ri DU/ FGU dqg VWDU prghov ri

lqgxvwuldo surgxfwlrq e| Mdqvhq dqg Rk +4<<<,1

Frpsdulvrqv ri srlqw iruhfdvwv duh xvhixo iru prgho vhohfwlrq/ exw wkh| gr

qrw gluhfwo| dgguhvv wkh lqwhuhvwv ri iruhfdvw xvhuv1 Exvlqhvv f|foh dqdo|vwv duh

jhqhudoo| pruh lqwhuhvwhg lq iruhfdvwv ri ixwxuh wxuqlqj srlqwv ru suhglfwlrqv ri

hyhqwv vxfk dv uhfhvvlrqv1 Lq wklv sdshu zh frpsduh prghov dffruglqj wr wkhlu

delolw| wr suhglfw uhfhvvlrqv1 Suhylrxv uhodwhg zrun lqfoxghv Qhiwêl +4<;5,/ Glherog
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dqg Uxghexvfk +4<;<,/ ]hooqhu dw do1 +4<<4, dqg Idlu +4<<6,1

Lw lv gl!fxow wr wdnh h{shfwdwlrqv lq qrqolqhdu frqwh{wv/ dqg vlpxodwlrq whfk0

qltxhv duh jhqhudoo| xvhg zkhq iruhfdvwlqj1 Wkh uhohydqw lvvxhv duh glvfxvvhg lq

Judqjhu dqg Whuçvyluwd +4<<6,/ dqg Nrrs hw do1 +4<<9, surylgh d forvho| uhodwhg

glvfxvvlrq rq qrqolqhdu lpsxovh uhvsrqvh dqdo|vlv1 Fohphqwv dqg Vplwk +4<<:,

glvfxvv dqg frpsduh wkh ydulrxv Prqwh Fduor phwkrgv wkdw duh xvhg wr rewdlq

pxowl0shulrg iruhfdvwv1 Idlu +4<<6, edvhv suredelolw| hvwlpdwhv ri hyhqwv rq vlpx0

odwlrqv ri vhtxhqfhv ri pxowl0vwhs frqglwlrqdo iruhfdvwlqj ghqvlwlhv/ dqg zh xvh klv

dssurdfk dqg rxu ohdglqj lqglfdwru prghov wr suhglfw wkh suredelolw| ri uhfhvvlrq1

Wkh pdlq lghd ehklqg wklv dssurdfk lv wkdw rqh gh�qhv wkh hyhqw ri lqwhuhvw dv d

surshuw| ri d vhtxhqfh ri suhglfwlrqv/ dqg wkhq fodvvl�hv hdfk suhglfwhg vhtxhqfh

iurp wkh Prqwh Fduor dv hlwkhu kdylqj/ ru qrw kdylqj/ wkdw surshuw|1 Wkh suh0

glfwhg suredelolw| ri wkh hyhqw lv wkhq edvhg rq wkh sursruwlrq ri wkh Prqwh Fduor

vhtxhqfhv wkdw kdyh wkh surshuw| ri lqwhuhvw1

5141 Vwrfkdvwlf Vlpxodwlrqv ri Hyhqw Suredelolwlhv

Ohw || eh dq p0yhfwru ri hqgrjhqrxv yduldeohv/ \ |3� eh wkh klvwru| ri ||> l1h1

\ |3� @ i||3�c ||32> = = = > |�j> dqg gh�qh wkh iruhfdvwlqj prgho i iru || wr eh

|| @ i+\ |3�>�, . x|>

zkhuh � lv d n0yhfwru ri sdudphwhuv/ H+x|, @ 3/ dqg Y du+x|, @ 	1 Wkh prgho fdq

eh olqhdu ru qrqolqhdu lq \ |3� dqg2ru �/ exw zh vshfli| lw vr wkdw wkh x| duh l1l1g11

Iru wkh vlpxodwlrqv ehorz/ zh dvvxph wkdw wkh x| kdyh d pxowlyduldwh qrupdo

glvwulexwlrq/ exw lq sulqflsoh/ rqh frxog pdnh rwkhu glvwulexwlrqdo dvvxpswlrqv

derxw x|/ zlwkrxw d�hfwlqj wkh iruhfdvwlqj surfhgxuh1

Jlyhq frqvlvwhqw hvwlpdwhv e� dqg e	> zh frqvwuxfw d wuldo vhtxhqfh ri iruhfdvwv
iru ||n�> ||n2> = = = > ||n� frqglwlrqdo rq \ | dv iroorzv1 Zh gudz d udqgrp p0

yhfwru %|n� iurp wkh glvwulexwlrq % b Q+3> e	,> fdofxodwh e||n� @ i+\ |> e�, . %|n�

dqg irup e\ |n� @ i e||n�^\ | j= Wkhq zh gudz dq %|n2 iurp % b Q+3> e	,> fdofxodwh
e||n2 @ i+e\ |n�> e�,.%|n2 dqg irup e\ |n2 @ i e||n2^ e\ |n� j=Zh frqwlqxh grlqj wklv

xqwlo zh kdyh dq hqwluh iruhfdvw vhtxhqfh frqvlvwlqj ri ~ e||n�> e||n2> = = = > e||n��1 Zh

odeho wklv iruhfdvw vhtxhqfh dv V� +iru vlpxodwlrq rqh,/ dqg wkhq uhshdw wkh wuldo

pdq| wlphv wr rewdlq d vhw ri q iruhfdvw vhtxhqfhv V�> V2> = = = V?/ hdfk ri zklfk
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kdv ehhq edvhg rq lqghshqghqw gudzv ri k revhuydwlrqv iurp wkh glvwulexwlrq ri

%1 Zh xvh wkh hpslulfdo ghqvlw| ri wkhvh q wuldo vhtxhqfhv wr dssur{lpdwh wkh

ghqvlw| ri +||n�> ||n2> = = = > ||n� m \ |,/ dqg wr hqvxuh d uhdvrqdeoh dssur{lpdwlrq

lq rxu fdvh/ zh vhw q @ 53331

Iruhfdvwhuv riwhq xvh wkh vlpxodwhg ghqvlw| ri +||n�> ||n2> = = = > ||n� m \ |, wr

rewdlq rqh wr k0vwhs dkhdg srlqw iruhfdvwv/ +l1h1 e||n� m\ | iru m @ 4> 5 = = = k, wr0

jhwkhu zlwk wkhlu dvvrfldwhg frq�ghqfh lqwhuydov1 Khuh/ krzhyhu/ zh duh lqwhu0

hvwhg lq iruhfdvwlqj wkh frqglwlrqdo suredelolw| ri dq hyhqw udwkhu wkdq d frqgl0

wlrqdo phdq/ exw wklv vlpso| lqyroyhv dqdo|}lqj wkh wuldo vhtxhqfhv lq d gl�hu0

hqw zd|1 Rqh vwduwv e| gh�qlqj wkh hyhqw ri lqwhuhvw dv vrph fkdudfwhulvwlf ri

~ ||n�> ||n2> = = = > ||n��1 Wkhq rqh vlpso| ghwhuplqhv wkh sursruwlrq ri wkh wuldo

vhtxhqfhv wkdw duh suhglfwhg wr kdyh wklv sduwlfxodu fkdudfwhulvwlf/ dqg xvhv wklv

dv wkh hvwlpdwhg suredelolw| ri wkh hyhqw ri lqwhuhvw1

Lq wklv sdshu/ zh duh lqwhuhvwhg lq wkh hyhqw ri d uhfhvvlrq/ dqg wklv frxog eh

gh�qhg lq pdq| zd|v1 Prvw gh�qlwlrqv ri uhfhvvlrq lqyroyh qrwlrqv ri d vorzgrzq

lq rxwsxw jurzwk +dqg rwkhu surf|folfdo yduldeohv, ryhu vrph shulrg ri wlph/ exw

uhvhdufkhuv gl�hu lq rslqlrqv dv wr zkdw d �vorzgrzq� lv/ dqg krz orqj hfrqrplf

dfwlylw| vkrxog ghfolqh ehiruh zh ghfoduh d uhfhvvlrq1 Khuh/ zh xvh Idlu*v +4<<6,

wzr gh�qlwlrqv ri d uhfhvvlrq/ zklfk duh=

D= Dw ohdvw wzr frqvhfxwlyh txduwhuv ri qhjdwlyh jurzwk lq uhdo JGS ryhu wkh

qh{w �yh txduwhuv> dqg

E= Dw ohdvw wzr txduwhuv ri qhjdwlyh jurzwk lq uhdo JGS ryhu wkh qh{w �yh

txduwhuv1

Dv qrwhg lq Idlu/ wkh �uvw ri wkhvh gh�qlwlrqv lv lq frpprq xvh1 Wkh rwkhu

gh�qlwlrq lv eurdghu/ dqg doorzv xv wr dvvhvv krz suhglfwlrqv pljkw fkdqjh/ dv zh

fkdqjh wkh hyhqw wkdw zh duh wu|lqj wr suhglfw1 Rxu gh�qlwlrqv gr qrw qhfhvvdulo|

frlqflgh zlwk wxuqlqj srlqwv ru hyhq �vorzgrzqv� lq jurzwk/ dqg qhjdwlyh ydoxhv

ri ||> = = = ||3� duh qrw jlyhq vshfldo wuhdwphqw/ hyhq wkrxjk rqh pljkw zdqw wr

frxqw wkhp dv sduw ri dq rqjrlqj uhfhvvlrq1 Rqh frxog/ ri frxuvh/ xvh rwkhu

gh�qlwlrqv ri uhfhvvlrq/ ru fdofxodwh wkh suredelolwlhv ri rwkhu vruwv ri hyhqwv/ doo

xvlqj wkh vdph vhw ri Prqwh Fduor vlpxodwlrqv1

Doo ri rxu hvwlpdwhg prghov uhodwh wr wkh vdpsoh shulrg iurp 4<93=4 xqwlo

4<<9=71 Iru hdfk revhuydwlrq lq wklv vdpsoh/ zh wdnh odjjhg revhuydwlrqv dqg
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rxu hvwlpdwhg sdudphwhuv dv jlyhq/ dqg wkhq zh xvh wkh vlpxodwlrq surfhvv wr

hvwlpdwh wkh suredelolwlhv ri hyhqwv D dqg E1 Zh glvfxvv hydoxdwlrq ehorz1

Dw wklv srlqw/ lw lv xvhixo wr qrwh wkh vlplodulwlhv dqg gl�huhqfhv ehwzhhq rxu

suredelolw| suhglfwlrqv/ dqg rwkhuv1 Iluvwo|/ zh gh�qh d uhfhvvlrq dv dq revhuydeoh

hyhqw1 Wkhuhiruh/ zh gr qrw qhhg wr pdnh lqihuhqfh derxw dq xqrevhuydeoh vwdwh/

dv lv grqh lq Pdunry Vzlwfklqj prghov1 Pruhryhu/ vlqfh rxu gh�qlwlrq ri uhfhvvlrq

lv gluhfwo| uhodwhg wr rqh wr �yh shulrg dkhdg iruhfdvwv ri rxwsxw/ dq dssursuldwh

prgho iru iruhfdvwlqj wkh suredelolw| ri uhfhvvlrq lv rqh wkdw gholyhuv wkh rqh wr

�yh shulrg dkhdg suhglfwlyh ghqvlw| ri rxwsxw1 Lq wklv frqwh{w/ elqdu| ghshqghqw

yduldeoh prghov ljqruh dydlodeoh dqg uhohydqw lqirupdwlrq1 Dovr/ wkh elqdu| gh0

shqghqw yduldeoh prghov duh sureohp vshfl�f/ dqg li wkhuh lv lqwhuhvw lq hvwlpdwlqj

wkh suredelolwlhv dvvrfldwhg zlwk rwkhu hyhqwv/ wkhq wkh ghshqghqw yduldeoh qhhgv

wr eh uhgh�qhg lq hdfk fdvh/ dqg wkh prgho qhhgv wr eh uh0hvwlpdwhg1

5151 Hydoxdwlrq ri Suredelolw| Iruhfdvwv

Wkhuh duh pdq| dydlodeoh surfhgxuhv iru hydoxdwlqj suredelolw| iruhfdvwv/ dqg zh

xvh wkh wzr zhoo nqrzq phdvxuhv wkdw duh ghvfulehg lq Glherog dqg Uxghexvfk

+4<;<,1 Gh�qlqj S| wr eh wkh hvwlpdwhg suredelolw| wkdw dq hyhqw ri lqwhuhvw zloo

rffxu ehwzhhq wlph +w . 4, dqg +w . k,/ dqg d gxpp| yduldeoh G| wr eh rqh/ li/

dffruglqj wr wkh uhdol}hg vhtxhqfh ri wkh uhohydqw ~ ||n�> ||n2> = = = > ||n�� wkh hyhqw

dfwxdoo| rffxuuhg/ wkhq hdfk ri wkhvh hydoxdwlrq phwkrgv dvvhvv wkh dffxudf| ri

wkh iruhfdvwv/ e| frpsdulqj wkh hvwlpdwhg S| zlwk wkh revhuyhg G|=

Li zh xvh d prgho i wr jhqhudwh d vhtxhqfh ri W iruhfdvwv ri wkh suredelolw|

ri vrph hyhqw/ wkhq Eulhu*v +4<83, txdgudwlf suredelolw| vfruh/ gh�qhg e|

TSV @
4

W

A[
|'�

5+S| �G|,
2 +3 ? TSV ? 5,

surylghv d suredelolw| dqdorjxh wr wkh xvxdo phdq vtxduhg huuru fulwhulrq1 Olnh

wkh phdq vtxduhg huuru phdvxuh/ d orz TSV lpsolhv wkdw iruhfdvwv duh dffxudwh1

Wkh shqdowlhv iru ryhu dqg xqghu suhglfwlrq duh v|pphwulf/ exw vlqfh TSV jurzv

zlwk wkh vtxduh ri wkh suhglfwlrq huuru/ odujh plvwdnhv duh shqdol}hg pruh khdylo|1

Wkh rwkhu frpprq phdvxuh ri wkh dffxudf| ri suredelolw| iruhfdvwv lv jlyhq

e| wkh orj suredelolw| vfruh/ zklfk lv gh�qhg e|
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^+4�G|, oq+4� S|, .G| oqS|` +3 ? OSV ?4,

Olnh TSV/ wklv phdvxuh zloo eh orz zkhq iruhfdvwv duh dffxudwh/ exw OSV shqdol}hv

odujh plvwdnhv pruh khdylo| wkdq TSV1 OSV lv wkh qhjdwlyh ri wkh dyhudjh orj0

olnholkrrg ri wkh revhuyhg vhtxhqfh ri G| iru w @ 4> 5> = = = W> jlyhq wkh prgho1

Rxu iruhfdvwv derxw uhfhvvlrqv duh qrw jhqxlqh rxw0ri0vdpsoh iruhfdvwv/ exw

wkh TSV dqg OSV fulwhuld gl�hu iurp wkh orvv ixqfwlrqv wkdw duh plqlpl}hg zkhq

wkh sdudphwhuv duh hvwlpdwhg1 Dowkrxjk wkhvh fulwhuld duh qrw lqghshqghqw ri lq0

vdpsoh vxp ri vtxduhg huuruv/ wkhuh lv olwwoh uhdvrq wr eholhyh wkdw wkh| qhfhvvdulo|

lpsuryh zlwk wkh �w ri wkh prgho1 Zh hydoxdwh rxu iruhfdvwv ryhu wkh hvwlpdwlrq

vdpsoh vr wkdw rxu dqdo|vlv uhodwhv wr doo skdvhv ri wkh exvlqhvv f|foh1 Ixuwkhu/

zh xvh qlqh rxw0ri0vdpsoh revhuydwlrqv +4<<:=4 0 4<<<=4, wr surylgh frqyhqwlrqdo

phdq vtxduhg huuru +PVH, ri rqh vwhs dkhdg iruhfdvwv iru hdfk prgho wkdw zh

hvwlpdwh1 Wkhvh duh uhsruwhg lq wkh dsshqglfhv/ zlwk wkh hvwlpdwhg prghov1

61 Gdwd

Rxu hpslulfdo dqdo|vlv lv edvhg rq gdwd iru wkh Xqlwhg Vwdwhv gudzq iurp wkh

Ihghudo Uhvhuyh Gdwd Edvh +IUHG,/ dqg lw frqvlvwv ri txduwhuo| vhulhv rq uhdo

JGS +vhdvrqdoo| dgmxvwhg/ lq eloolrqv ri fkdlqhg 4<<5 grooduv,/ uhdo P5 +vhdvrqdoo|

dgmxvwhg P5/ lq eloolrqv ri grooduv/ gh dwhg e| wkh fkdlqhg JGS lpsolflw sulfh

gh dwru,/ dqg dq lqwhuhvw udwh vsuhdg +wkh whq |hdu Wuhdvxu| Erqg udwh plqxv wkh

wkuhh prqwk Wuhdvxu| Eloo udwh/ h{suhvvhg dv d shufhqwdjh,1 Wkh orqjhvw vdpsoh

shulrg dydlodeoh iru doo ri wkhvh vhulhv h{whqgv iurp 4<8<=4 xqwlo 4<<<=41 Krzhyhu/

rxu hvwlpdwhg prghov uhodwh wr dq h�hfwlyh vdpsoh ri 47; revhuydwlrqv/ zklfk

vwduwv lq 4<93=4 dqg hqgv lq 4<<9=71 Zh ohiw rxw wkh hduo| revhuydwlrqv wr doorz

iru wkh odjjlqj ri yduldeohv/ dqg ohiw rxw wkh odvw qlqh revhuydwlrqv ehfdxvh wkh|

zrxog fkdqjh dv d uhvxow ri wkh wzr0vlghg vhdvrqdo dgmxvwphqw surfhvv1

Wkh yduldeohv wkdw zh xvh lq rxu prghov duh || +433��oq uhdoJGS|, iru rxw0

sxw jurzwk/ p| +433��oq uhdoP5|, iru prqh| jurzwk/ dqg v| iru wkh lqwhuhvw udwh

vsuhdg +vhh Iljxuh 4/ sduwv +d,0+f,,1 Wkh orjdulwkpv ri uhdo JGS dqg uhdo P5

duh erwk L+4,/ exw wkhuh lv qr hylghqfh ri d vwdeoh orqj0uxq uhodwlrqvkls ehwzhhq

;



wkhvh wzr vhulhv/ dv lv fohdu iurp Iljxuh 4 +g,1 Wkh lqwhuhvw udwh vsuhdg lv L+3,1

Vlqfh wkhuh lv qr frlqwhjudwlrq ehwzhhq rxwsxw dqg prqh| dqg rxu prghov xvh

rqo| �uvw gl�huhqfhv ri wkhvh yduldeohv/ zh uhihu wr wkh jurzwk udwhv ri uhdo JGS

dqg uhdo P5 dv �rxwsxw� dqg �prqh|� iru wkh uhpdlqghu ri wkh sdshu1

71 Xqlyduldwh Prghov ri Rxwsxw

Dowkrxjk rxu jrdo lv wr ghyhors d qrqolqhdu ohdglqj lqglfdwru prgho/ zh ehjlq e|

lqyhvwljdwlqj krz zhoo vhyhudo xqlyduldwh prghov ri JGS shuirup lq suhglfwlqj

uhfhvvlrqv1 Zh hvwlpdwh dq DU+5,/ zklfk lv wkh ehvw olqhdu prgho dffruglqj wr

DLF1 Wdeoh 4/ zklfk whvwv wkh qxoo k|srwkhvlv ri olqhdulw| djdlqvw vhyhudo qrqolqhdu

dowhuqdwlyhv/ vkrzv wkdw wkhuh lv rqo| zhdn hylghqfh ri dq rplwwhg odjjhg FGU

whup lq wkh uhvlgxdov ri wklv prgho1

WDEOH 4= S0Ydoxhv ri Olqhdulw| Whvwv

Whvw Rplwwhg qrqolqhdu whupv s0ydoxh

Oxxnnrqhq hw do1 +4<;;, ||3�||32> |
2
|32> |

�
|32 3157

Rplwwhg FGU FGU|3� 313<

Udpvh| Uhvhw +4<9<, e|2| > e|�| 3173

Wvd|4+4<;<, Q=D1 3199

Krzhyhu/ zh �w d WDU prgho/ d VWDU prgho/ d FGU prgho dqg d Pdunry

vzlwfklqj prgho/ lq rughu wr vhh krz zhoo wkh| fdq suhglfw uhfhvvlrqv uhodwlyh wr

wkh DU+5,1 Wkh hvwlpdwhg prghov duh uhsruwhg lq Dsshqgl{ 4/ dqg duh eulh |

glvfxvvhg ehorz1

WDU Prgho= Iroorzlqj Srwwhu +4<<8,/ zh hvwlpdwhg d WDU+8, zlwk ||32 ? 3

gh�qlqj wkh uhfhvvlrqdu| uhjlph1 Iru wklv prgho/ dqg iru wkh rwkhuv glvfxvvhg

ehorz/ zh h{shulphqwhg zlwk ohdylqj lq lqvljql�fdqw odjv ru gursslqj wkhp/ exw

zh irxqg wkdw rxu �qdo frqfoxvlrqv gr qrw ghshqg rq rxu vshfl�fdwlrq vwudwhj|1

Rxu uhsruwhg uhvxowv fruuhvsrqg wr wkh prvw sduvlprqlrxv vshfl�fdwlrq1

VWDU Prgho= Xvlqj wkh DU+5, dv d edvholqh/ dqg wkh uhvxowv ri VWDU +Oxxnnr0

qhq hw do1 4<;;, vshfl�fdwlrq whvwv/ zh vwduwhg e| hvwlpdwlqj d orjlvwlf VWDU+5,/

4Wklv lv d whvw ri olqhdulw| djdlqvw d WDU dowhuqdwlyh1 Lw lv edvhg rq wkh uhfxuvlyh uhvlgxdov

ri d uhjuhvvlrq lq zklfk yduldeohv duh rughuhg dffruglqj wr wkh dvvxphg wkuhvkrog yduldeoh1 Wkh

uhsruwhg s0ydoxh lv wkh vpdoohvw zh irxqg iru wkuhvkrogv fruuhvsrqglqj wr +|3�c � � � c +|3D�
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zlwk ||32 dv wkh wudqvlwlrq yduldeoh1 Rxu whvwv glg qrw vxssruw qrqolqhdulw|/ exw

wkh wudqvlwlrq yduldeoh ||32 kdg ohg wr wkh orzhvw s0ydoxh1 Lq wklv dqg doo vxevh0

txhqw VWDU vshfl�fdwlrqv/ zh uhvwulfwhg wkh vprrwklqj sdudphwhu wr olh ehwzhhq

3 dqg 49 +wr dyrlg gl!fxowlhv zlwk qxphulfdo suhflvlrq,/ dqg zh dovr uhvwulfwhg

wkh fhqwudolw| sdudphwhu wr olh ehwzhhq wkh whqwk dqg wkh qlqhwlhwk shufhqwloh ri

wkh revhuyhg wudqvlwlrq yduldeoh +wr dyrlg lghqwl�fdwlrq sureohpv,1 Jlyhq wkdw

wkh vprrwklqj sdudphwhu lv udwkhu odujh/ wkh uhvxowlqj wudqvlwlrq ixqfwlrq lv forvh

wr wkdw ri d WDU prgho zlwk wkh wudqvlwlrq lqglfdwru ixqfwlrq 4+ ||32 A �=88,1
FGU Prgho= Wklv prgho lv wkh vdph dv wkdw vshfl�hg e| Ehdxgu| dqg Nrrs

+4<<6,/ dqg uhodwlyh wr wkh rwkhu qrqolqhdu prghov/ lw lv wkh rqo| prgho mxvwl�hg

dw wkh 43( vljql�fdqfh ohyho/ e| wkh whvwv lq Wdeoh 41

Pdunry Vzlwfklqj Prgho= Rxu hvwlpdwhg prgho frqwdlqv wzr vwdwhv zlwk wzr

odjv1 Dv lq Fohphqwv dqg Nuro}lj +4<<;,/ zh irxqg wkdw wkh wklug dqg irxuwk odjv

lq Kdplowrq*v ruljlqdo irxu odj vshfl�fdwlrq zhuh lqvljql�fdqw1

Wkh hyhqw0iruhfdvw shuirupdqfh ri rxu xqlyduldwh prghov lv looxvwudwhg lq Ilj0

xuh 5/ zklfk frpsduhv wkh suhglfwhg suredelolwlhv ri hyhqwv D dqg E zlwk revhuyhg

lqglfdwruv iru wkhvh hyhqwv1 Zh vhh wkdw qrqh ri wkh xqlyduldwh prghov surylgh

fohdu vljqdov ri uhfhvvlrqv/ dqg wkdw wkhlu suredelolw| suhglfwlrqv duh qrw pxfk

ehwwhu wkdq dq xqfrqglwlrqdo prgho +l1h1 d prgho wkdw dozd|v suhglfwv d frqvwdqw

suredelolw| iru dq hyhqw/ htxdo wr wkh revhuyhg iuhtxhqf| ri wkdw hyhqw,1

WDEOH 5= Shuirupdqfh ri Xqlyduldwh Prghov lq Suhglfwlqj Uhfhvvlrqv

Hyhqw D Hyhqw E

Prgho TSV OSV TSV OSV

Frqvwdqw 31586 31753 31664 31846

DU+5, 3157< 31743 31656 31836

WDU 31589 31756 31659 31838

VWDU+5, 31575 316<< 31656 31848

FGU 3156: 316<5 3164; 317<;

PV0DU+5, 31583 31745 31655 31833

Wklv revhuydwlrq lv uhlqirufhg e| wkh vxppdu| vwdwlvwlfv lq Wdeoh 51 Wkhuh

lv yhu| olwwoh gl�huhqfh ehwzhhq wkh dffxudf| ri wkhvh suredelolw| suhglfwlrqv/

dowkrxjk wkh FGU prgho dsshduv wr eh pdujlqdoo| ehwwhu wkdq wkh uhvw1 Ryhudoo/
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rxu uhvxowv duh vlplodu wr wkrvh lq wkh olwhudwxuh wkdw uhodwh wr wkh dffxudf| ri

pxowl0vwhs dkhdg srlqw iruhfdvwv ri xqlyduldwh prghov ri rxwsxw1

81 Pxowlyduldwh Ohdglqj Lqglfdwru Prghov

Wkhuh lv d odujh klvwrulfdo olwhudwxuh wkdw grfxphqwv hylghqfh wkdw �qdqfldo ydul0

deohv Judqjhu0fdxvh rxwsxw1 P5 kdv wudglwlrqdoo| ehhq uhfrjql}hg dv d sduwlf0

xoduo| uholdeoh lqglfdwru ri hfrqrplf frqglwlrqv1 Uhfhqwo|/ krzhyhu/ zlwk wkh

lqwurgxfwlrq ri qhz �qdqfldo lqvwuxphqwv dqg wkh lqfuhdvlqj lpsruwdqfh ri fuhglw

pdunhwv/ wkh ydoxh ri P5 dv d ohdglqj lqglfdwru kdv ehhq txhvwlrqhg1 Iru h{dpsoh/

Vwrfn dqg Zdwvrq +4<;<, ghflghg djdlqvw lqfoxglqj P5 lq wkhlu lqgh{ ri ohdglqj

lqglfdwruv1 Lq 4<<6/ wkh Ihghudo Uhvhuyh Fkdlupdq/ Dodq Juhhqvsdq/ lqiruphg

Frqjuhvv wkdw P5 kdg ehhq �grzqjudghg dv d uholdeoh lqglfdwru ri �qdqfldo frq0

glwlrqv lq wkh hfrqrp|/� dqg wkdw �wkh klvwrulfdo uhodwlrqvklsv ehwzhhq prqh|

dqg lqfrph kdg eurnhq grzq� +vhh Udjdq dqg Wuhkdq/ 4<<;,1

Wkh vsuhdg ehwzhhq orqj0whup dqg vkruw0whup lqwhuhvw udwhv lv qrz ehfrplqj

srsxodu dv d ohdglqj lqglfdwru iru rxwsxw1 Iru h{dpsoh/ Hvwuhood dqg Plvknlq

+4<<;,/ wkurxjk d vhulhv ri surelw uhjuhvvlrqv/ �qg wkdw lqwhuhvw udwh vsuhdg sur0

ylghv ehwwhu suhglfwlrqv ri wkh QEHU uhfhvvlrqv wkdq d odujh olvw ri rwkhu fdqglgdwh

ohdglqj lqglfdwruv1 Nduxqdudwqh +4<<<, frq�upv wkh srzhu ri lqwhuhvw udwh vsuhdg

dv wkh ehvw vlqjoh ohdglqj lqglfdwru iru Dxvwudoldq rxwsxw1

Zh wkhuhiruh ehjlq zlwk ghyhorslqj d srvvleo| qrqolqhdu elyduldwh ohdglqj

lqglfdwru prgho ri rxwsxw dqg wkh vsuhdg/ dqg wkhq srvh wkh txhvwlrq ri zkhwkhu

xvlqj prqh| lqvwhdg ri ru dv zhoo dv wkh vsuhdg lq wklv prgho fdq vljql�fdqwo|

lpsuryh wkh suhglfwlrq ri uhfhvvlrqv1

8141 Rxwsxw0Vsuhdg Prghov

Rxu vwduwlqj srlqw lv d YDU iru rxwsxw dqg wkh vsuhdg1 Dowkrxjk DLF vhohfwv d

odj rughu ri 5/ uhvlgxdo dqdo|vlv rq wkh YDU+5, vkrzv wkdw d wklug odj ri vsuhdg lv

qhhghg lq wkh vsuhdg htxdwlrq wr holplqdwh wkh vhuldo fruuhodwlrq lq wkh huuruv ri

wkdw htxdwlrq1 Vlqfh wkh ydolglw| ri rxu qrqolqhdulw| whvwv ghshqg rq wkh devhqfh

ri vhuldo ghshqghqfh lq wkh huuruv ri wkh olqhdu prgho/ zh vwduw iurp d YDU+6,1

Diwhu wkh rplvvlrq ri lqvljql�fdqw odjv/ wkh YDU+6, irupv wkh ehqfkpdun iru

rxu elyduldwh dqdo|vlv1 Zh uhihu wr wklv prgho dv d olqhdu dxwruhjuhvvlyh ohdglqj
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lqglfdwru +DUOL, prgho/ iroorzlqj ]hooqhu dqg Krqj*v +4<;<, whuplqrorj|1 Zh

uhgxfh wkh YDU+6, rqfh/ htxdwlrq e| htxdwlrq xvlqj ROV/ dqg wkhq djdlq xvlqj

lwhudwlyh VXU hvwlpdwlrq1 Zh hqg xs zlwk wkh vdph �qdo vshfl�fdwlrq/ exw ri

frxuvh zlwk voljkwo| gl�huhqw sdudphwhu hvwlpdwhv1 Wkh hvwlpdwhg prghov duh

uhsruwhg xqghu DUOL0ROV dqg DUOL0V\V lq Dsshqgl{ 5/ dqg wkhlu hyhqw0iruhfdvw

shuirupdqfh lv looxvwudwhg lq Iljxuhv 6D+d,/ 6D+e,/ 6E+d, dqg 6E+e,1 Zh uhsruw

wkh suredelolw| vfruhv lq wkh �uvw wzr olqhv ri Wdeoh 71

D frpsdulvrq ri wkh shuirupdqfh ri wkh elyduldwh DUOL prghov zlwk wkh

xqlyduldwh prghov vkrzv wkdw wkh dgglwlrq ri wkh vsuhdg wr wkh rxwsxw htxdwlrq

lpsuryhv wkh dffxudf| phdvxuh ryhu dq DU+5,/ e| pruh wkdq 58 shufhqw lq doo

fdvhv1 Lw lv lqirupdwlyh wr frpsduh wkhvh lpsuryhphqwv zlwk wkrvh uhsruwhg lq

Idlu +4<<6,/ hyhq wkrxjk klv vdpsoh shulrg +4<87=4 wr 4<<3=4, lv qrw h{dfwo| wkh

vdph dv rxuv +4<93=4 wr 4<<9=7,/ dqg klv uhdo JGS vhulhv lv dovr gl�huhqw iurp

rxuv +zh xvh wkh qhz EHD uhdo JGS vhulhv lq 4<<5 fkdlqhg grooduv,1 Idlu*v prgho

lv d vwuxfwxudo prgho zlwk 63 vwrfkdvwlf htxdwlrqv/ <; lghqwlwlhv dqg ;5 h{rjhqrxv

yduldeohv1 Zkhq wkh h{rjhqrxv yduldeohv duh suhglfwhg e| dgglqj dxwruhjuhvvlyh

vshfl�fdwlrqv iru wkhp wr wkh v|vwhp/ Idlu*v prgho suhglfwv hyhqw D voljkwo| zruvh

dqg hyhqw E voljkwo| ehwwhu wkdq klv DU+5, prgho1 Zkhq wkh h{rjhqrxv yduldeohv

duh wdnhq dv nqrzq/ klv prgho fdq suhglfw hyhqwv D dqg E ehwwhu wkdq wkh DU+5,

prgho/ e| 53 dqg 63 shufhqw uhvshfwlyho|1

Kdylqj hvwdeolvkhg wkdw wkh xvh ri wkh vsuhdg lq d olqhdu vshfl�fdwlrq lqfuhdvhv

wkh delolw| wr suhglfw uhfhvvlrqv/ zh qh{w dvn zkhwkhu wkh gdwd vxssruwv wkh olqhdu

vshfl�fdwlrq ri wkh DU0OL prghov1 Zh �qg qr hylghqfh ri dq rplwwhg odjjhg FGU

whup lq wkh DU0OL htxdwlrq iru rxwsxw +wkh s0ydoxh iru wklv lv 3155,1 Krzhyhu/

dxjphqwhg �uvw rughu whvwv5 iru VWDU qrqolqhdulwlhv +Oxxnnrqhq hw do1 +4<;;,,

uhmhfw wkh qxoo ri olqhdulw| lq hdfk htxdwlrq/ dv vkrzq lq Wdeoh 61

Riwhq/ lq sudfwlfh/ wkhvh olqhdulw| whvwv fdq uhmhfw wkh qxoo iru pruh wkdq rqh k|0

srwkhvl}hg wudqvlwlrq yduldeoh/ hvshfldoo| zkhq wkh wudqvlwlrq yduldeohv duh kljko|

fruuhodwhg1 Wklv kdsshqv khuh1 Lq vxfk fdvhv/ lw lv xvxdo wr fkrrvh wkh wudqvlwlrq

5Wklv whvw lv edvhg rq wkh mrlqw vljql�fdqfh ri d vhw ri qrqolqhdu whvw uhjuhvvruv lq d uhjuhvvlrq

ri wkh uhvlgxdov ri wkh olqhdu prgho rq wkh h{sodqdwru| yduldeohv lq wkh olqhdu prgho dqg wkhvh

whvw uhjuhvvruv1 Wkh vhw ri qrqolqhdu uhjuhvvruv frqvlvwv ri wkh surgxfwv ri wkh k|srwkhvl}hg

wudqvlwlrq yduldeoh dqg wkh odjjhg h{sodqdwru| yduldeohv/ dqg wkh fxelf srzhu ri wkh wudqvlwlrq

yduldeoh1
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yduldeoh wkdw plqlpl}hv wkh s0ydoxh ri wkh olqhdulw| whvwv iru hdfk htxdwlrq/ exw

vrphwlphv d frpprq qrqolqhdu idfwru prgho pljkw dffrxqw iru wkh qrqolqhdulw|

lq erwk htxdwlrqv +Dqghuvrq dqg Ydklg +4<<;,,1 Khuh/ d jhqhudo whvw wkdw doorzv

iru dq| ri wkh wkuhh odjv ri wkh vsuhdg wr eh wkh wudqvlwlrq yduldeoh uhmhfwv wkh

k|srwkhvlv ri frpprq qrqolqhdulw|1 Wkh s0ydoxh iru wklv whvw lv 313341

WDEOH 6= S0Ydoxhv ri VWDU Qrqolqhdulw| Whvwv

Wudqvlwlrq Rxwsxw Vsuhdg

yduldeoh htxdwlrq htxdwlrq

||3� 31:45 31339

||32 315:5 ?31334

||3� 3185; 31363

v|3� 31337 31334

v|32 31335 31378

v|3� 31398 ?31334

Edvhg rq plqlpxp s0ydoxhv/ wkh wudqvlwlrq yduldeohv lq wkh rxwsxw dqg vsuhdg

htxdwlrqv duh wkh vhfrqg dqg wklug odjv ri wkh vsuhdg1 Zh hvwlpdwh wklv elydul0

dwh qrqolqhdu ohdglqj lqglfdwru +\V El0QDUOL, prgho htxdwlrq e| htxdwlrq/ dqg

uhsruw wkh frh!flhqwv lq Dsshqgl{ 51 Wkh uhsruwhg htxdwlrq iru rxwsxw lqfrusr0

udwhv wkh uhvwulfwlrq wkdw doo frh!flhqwv rq odjjhg whupv h{fhsw wkh DU+4, whup

duh }hur6 zkhq i+|+v|32, @ 41 Wkxv/ lq qrupdo wlphv zkhq v|32 lv srvlwlyh/ || lv

hvvhqwldoo| dq DU+4, surfhvv/ exw zkhq wkh |lhog fxuyh lv vwhhs dqg qhjdwlyho|

vorshg/ wkhq wkh g|qdplf ehkdylru ri || ehfrphv pruh frpsolfdwhg1

Wkh hyhqw0iruhfdvw shuirupdqfh ri wklv qrqolqhdu rxwsxw0vsuhdg prgho lv lo0

oxvwudwhg lq Iljxuhv 6D+f, dqg 6E+f,1 Uhodwlyh wr wkh olqhdu prghov/ wklv prgho

surylghv pxfk vwurqjhu vljqdov iru wkh 4<:7/ 4<:< dqg 4<;4 uhfhvvlrqv/ exw d

zhdnhu vljqdo iru wkh 4<<3 uhfhvvlrq1 Rqh uhdvrq rxu prgho +dqg pdq| rwkhuv

lqfoxglqj Vlpv +4<<6, dqg Vwrfn dqg Zdwvrq +4<<6,, surgxfhg d zhdn vljqdo iru

wkh 4<<3 uhfhvvlrq/ lv wkdw wklv uhfhvvlrq zdv yhu| vkruw +dqg plog,1 Dqrwkhu

uhdvrq wkdw pdq| prghov +lqfoxglqj rxuv, kdg gl!fxow| suhglfwlqj wklv uhfhvvlrq

6Wkh �uvw gudiw ri wklv sdshu glg qrw lpsrvh wklv uhvwulfwlrq1 Iroorzlqj d uhihuhh*v vxjjhvwlrq/

zh whvwhg wklv uhvwulfwlrq dqg frxog qrw uhmhfw lw1 Erwk prghov ohdg wr yhu| vlplodu suhglfwlrqv/

dqg zh uhsruw rqo| wkh uhvwulfwhg yhuvlrq1
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lv wkdw wkh 4<<3 uhfhvvlrq zdv txlwh dw|slfdo1 Xqolnh rwkhu uhfhvvlrqv/ lw zdv qrw

suhfhghg e| wljkw prqhwdu| srolf|/ dqg dowkrxjk wkh vsuhdg ihoo sulru wr 4<<3/

wklv idoo zdv gxh wr d idoo lq wkh orqj udwh/ udwkhu wkdq d ulvh lq wkh vkruw udwh

wkdw qrupdoo| dffrpsdqlhv wljkwhu prqhwdu| srolf|1 Wkh olqhdu prghov surgxfh

d vwurqjhu vljqdo iru wkh 4<<3 uhfhvvlrq/ exw wkhq wkh olqhdu prghov dovr vljqdo

uhfhvvlrqv rq hyhu| rffdvlrq wkdw wkh vsuhdg idoov71 Wkxv/ wkh olqhdu prghov jlyh

plvohdglqj suredelolw| suhglfwlrqv ri uhfhvvlrq doo wkurxjk wkh 4<93v dqg lq 4<<81

Wkh suredelolw| vfruhv iru rxu \V El0QDUOL prgho duh uhsruwhg lq wkh wklug

urz ri Wdeoh 71 Xqolnh wkh xqlyduldwh fdvh/ prylqj iurp d olqhdu wr d qrqolqhdu

vshfl�fdwlrq/ pdnhv d qrwlfhdeoh gl�huhqfh lq wkh dffxudf| ri wkh suhglfwlrqv1

Dowkrxjk wkh jhqhudo frpprq qrqolqhdulw| whvw uhmhfwhg wkh qxoo k|srwkhvlv/

zh iroorzhg d uhihuhh*v vxjjhvwlrq dqg frqglwlrqhg rq erwk htxdwlrqv kdylqj wkh

vdph wudqvlwlrq yduldeoh1 Frqglwlrqdo rq wklv dvvxpswlrq/ frpprq qrqolqhdu

idfwru whvwv +Dqghuvrq dqg Ydklg +4<<;,, vxssruwhg wkh qxoo rqo| zkhq v|32 zdv

xvhg dv d frpprq wudqvlwlrq yduldeoh1 Wkh hvwlpdwhg frpprq qrqolqhdu idfwru

+\V Frp0QDUOL, prgho lv uhsruwhg lq Dsshqgl{ 5/ lwv hyhqw suhglfwlrqv duh

vkrzq lq Iljxuhv 6D+g, dqg 6E+g,/ dqg lwv suredelolw| vfruhv duh lq wkh odvw olqh

ri Wdeoh 71 Wklv prgho grhv qrw shuirup dv zhoo dv wkh \V El0QDUOL prgho1

WDEOH 7= Shuirupdqfh ri Rxwsxw0Vsuhdg Prghov lq Suhglfwlqj Uhfhvvlrqv

Hyhqw D Hyhqw E

Prgho TSV OSV TSV OSV

\V DUOL0ROV 314:5 315<9 31556 316:8

\V DUOL0V\V 314:5 315<8 31556 316:7

\V El0QDUOL 3145: 3156; 314:4 31634

\V Frp0QDUOL 3147< 31598 31539 31683

OP whvwv iru dgglwlrqdo qrqolqhdulw| +Hlwukhlp dqg Whuçvyluwd/ 4<<9, �qg qr

hylghqfh ri ixuwkhu qrqolqhdulw| lq wkh rxwsxw htxdwlrq/ exw wkh| lqglfdwh xq0

prghoohg qrqolqhdulw| lq wkh vsuhdg htxdwlrq1 Wkh s0ydoxhv iru wkhvh whvwv duh

31;; dqg 313341 D v|vwhp whvw iru dgglwlrqdo qrqolqhdulw| lq rxu \V Frp0QDUOL

prgho kdv d s0ydoxh ri 3133341 Zh glvfxvv wklv lvvxh ixuwkhu lq rxu frqfoxvlrq1

7 Lw lv lqwhuhvwlqj wr revhuyh wkdw wkh judskv ri suredelolwlhv suhglfwhg e| wkh olqhdu prghov

uhvhpeoh wkh xsvlgh0grzq lpdjh ri wkh judsk ri wkh vsuhdg1
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8151 Grhv P5 khosB

Hfrqrplvwv kdyh vwduwhg wr h{foxgh P5 iurp wkh olvw ri wkh ohdglqj lqglfdwruv/

eholhylqj wkdw wkh uhodwlrqvkls ehwzhhq prqh| dqg rxwsxw kdv fkdqjhg lq wkh odvw

ghfdgh ru vr1 Iljxuh 4+g, lqglfdwhv zk| wklv pljkw eh vr1 Fohduo| wkh orqj0uxq

uhodwlrqvkls ehwzhhq prqh| dqg rxwsxw kdv fkdqjhg1 Krzhyhu/ wklv grhv qrw

qhfhvvdulo| lpso| wkdw prqh| grhv qrw Judqjhu0fdxvh rxwsxw lq wkh vkruw0uxq1

Wkh hylghqfh wkdw prqhwdu| jurzwk Judqjhu0fdxvhv rxwsxw jurzwk lv vwloo vwurqj1

]hooqhu dqg Plq +4<<<, �qg wkdw dxwruhjuhvvlyh prghov zklfk lqfoxgh prqhwdu|

jurzwk dv d ohdglqj lqglfdwru fdq suhglfw wxuqlqj srlqwv zhoo1 Dovr/ wkh surelw

uhjuhvvlrqv uhsruwhg lq wkh Dsshqgl{ wr Hvwuhood dqg Plvknlq +4<<;, vkrz wkdw

P5 jurzwk fdq suhglfw uhfhvvlrqv lq dgglwlrq wr lqwhuhvw udwh vsuhdgv1 Wklv ohdgv

xv wr dvn zkhwkhu zh fdq lpsuryh rxu elyduldwh prghov e| dgglqj P51

Wkh vwduwlqj srlqw iru wkh wkuhh yduldeoh prgho lv d wulyduldwh YDU+6,1 Rxu

prghoolqj phwkrgrorj| lv wkh vdph dv iru wkh elyduldwh prgho1 Lq Dsshqgl{ 6 zh

uhsruw wkh htxdwlrq e| htxdwlrq ROV/ dqg wkh v|vwhp hvwlpdwhg olqhdu prghov1

Wkh hylghqfh ri qrqolqhdulw| lq wkh rxwsxw htxdwlrq lv zhdn +wkh plqlpxp s0

ydoxh iru OVWDU whvwv lv 3138 zlwk v|32 dv wkh wudqvlwlrq yduldeoh/ dqg wkh s0ydoxh

iru dq rplwwhg odjjhg FGU whup lv 31;<,1 Krzhyhu/ wkhuh lv vwurqj hylghqfh ri

qrqolqhdulw| lq wkh prqh| dqg vsuhdg htxdwlrqv1 Wkh �qdo hvwlpdwhg wulyduldwh

qrqolqhdu ohdglqj lqglfdwru +Wul0QDUOL, prgho lv uhsruwhg lq Dsshqgl{ 6/ dqg

vlqfh wkh hylghqfh ri qrqolqhdulw| lq wkh olqhdu rxwsxw htxdwlrq lv zhdn/ zh kdyh

dovr uhsruwhg d prgho +Wul0QDUOL3, wkdw xvhv d olqhdu vshfl�fdwlrq iru wkh rxwsxw/

dqg qrqolqhdu vshfl�fdwlrqv iru prqh| dqg vsuhdg1

Wkh suredelolw| iruhfdvwv rewdlqhg iurp wkh wulyduldwh prghov duh looxvwudwhg lq

Iljxuh 71 Wkhvh prghov duh deoh wr suhglfw wkh uhfhvvlrqv ri 4<:7/ 4<:< dqg 4<;5/

exw uhodwlyh wr wkh rxwsxw0vsuhdg prghov wkh| surylgh plvohdglqj lqglfdwlrqv ri

uhfhvvlrq durxqg 4<99 dqg 4<<81 Wkh suredelolw| vfruhv ri wkh wulyduldwh prghov

duh surylghg lq wkh �uvw irxu urzv ri Wdeoh 81 Frpsdulqj Wdeohv 7 dqg 8/ zh

frqfoxgh wkdw hyhq wkrxjk dgglqj prqh| lpsuryhv wkh suhglfwlyh delolw| ri wkh

olqhdu DUOL prgho/ lw grhv qrw lpsuryh wkh shuirupdqfh ri wkh qrqolqhdu DUOL

prgho1 Wkh vdph frqfoxvlrq fdq eh gudzq iurp d frpsdulvrq ri wkh iruhfdvw

PVH phdvxuhv iru 4<<:=4 0 4<<<=4/ uhsruwhg ehorz hdfk prgho lq wkh dsshqglfhv1
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WDEOH 8= Shuirupdqfh ri Prghov wkdw lqfoxgh P5

Hyhqw D Hyhqw E

Prgho TSV OSV TSV OSV

DUOL0ROV 3149< 315;7 31564 316::

DUOL0V\V 3149< 315;7 31565 316:<

Wul0QDUOL 31493 31597 31535 3165;

Wul0QDUOL3 31498 315:: 31557 3169:

\P DUOL0ROV 31559 31698 31636 31797

\P El0QDUOL 3155: 3169; 31638 31799

Zh frqfoxgh wkdw wkh dgglwlrq ri P5 grhv qrw khos lq suhglfwlqj uhfhvvlrqv1 Lq

rughu wr fkhfn wkdw wklv frqfoxvlrq lv qrw lq xhqfhg e| wkh rughu lq zklfk zh dgghg

wkh vsuhdg dqgP5/ zh dovr hvwlpdwhg elyduldwh olqhdu dqg qrqolqhdu rxwsxw0prqh|

prghov1 Zh gr qrw uhsruw wkh hvwlpdwhg prghov/ exw wkhlu suredelolw| iruhfdvwv

duh lq Iljxuh 8/ dqg wkhlu suredelolw| vfruhv duh lq wkh odvw wzr urzv ri Wdeoh 81

Lw lv fohdu wkdw wkh rxwsxw0prqh| prghov duh lqihulru wr rxwsxw0vsuhdg prghov/

dqg wkdw rxu frqfoxvlrq zdv qrw lq xhqfhg e| wkh rughu ri rxu lqyhvwljdwlrq1

Wkh rxwsxw0prqh| prghov duh rqo| voljkwo| ehwwhu wkdq wkh xqlyduldwh prghov/

dqg wkhlu hyhqw0suredelolw| iruhfdvwv iurp wkh odwh hljkwlhv rqzdugv duh huudwlf1

Wklv surylghv ixuwkhu hylghqfh wkdw wkh uhodwlrqvkls ehwzhhq P5 dqg rxwsxw kdv

fkdqjhg1

91 Frqfoxvlrq dqg Gluhfwlrqv iru Ixuwkhu Uhvhdufk

Lq wklv sdshu zh ghyhors d elyduldwh qrqolqhdu prgho ri rxwsxw dqg wkh lqwhu0

hvw udwh vsuhdg/ dqg frpsduh lwv delolw| lq suhglfwlqj uhfhvvlrqv zlwk olqhdu dqg

qrqolqhdu prghov ri rxwsxw1 Zh fruurerudwh wkh uhfhqw uhvxowv lq olwhudwxuh wkdw

wkh vsuhdg lv d ehwwhu ohdglqj lqglfdwru iru rxwsxw jurzwk/ wkdq prqh|1 Zh dovr

hvwdeolvk wkdw frqglwlrqdo rq wkh vsuhdg/ wkh pdujlqdo frqwulexwlrq ri P5 jurzwk

lq suhglfwlqj uhfhvvlrqv lv qhjoljleoh1 Zh �qg wkdw d qrqolqhdu prgho ri rxwsxw

dqg wkh vsuhdg vhhpv wr jlyh ohvv idovh zduqlqjv ri uhfhvvlrq wkdq d olqhdu prgho1

Wklv ohdgv xv wr frqfoxgh wkdw ixwxuh uhvhdufk vkrxog frqfhqwudwh rq ghyhorslqj

dqg frpsdulqj dowhuqdwlyh elyduldwh qrqolqhdu prghov ri rxwsxw dqg wkh vsuhdg1

Rxu phwkrg ri hydoxdwlrq xvhv wkh vdph gdwd wkdw lv xvhg wr hvwlpdwh wkh
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sdudphwhuv/ exw d gl�huhqw orvv ixqfwlrq iurp wkh orvv ixqfwlrq wkdw lv plqlpl}hg

wr hvwlpdwh wkh sdudphwhuv1 Hyhq wkrxjk wklv lv qrw d jhqxlqh rxw ri vdpsoh

hydoxdwlrq/ jlyhq wkh vsduvlw| ri hyhqwv ri sduwlfxodu lqwhuhvw vxfk dv uhfhvvlrqv/

zh wklqn wkdw lw lv dq lqirupdwlyh h{huflvh lq hydoxdwlqj wkh sudfwlfdo xvhixoqhvv

ri qrqolqhdu prghov1 Lq sudfwlfh/ zh glg qrw revhuyh wkdw wklv hydoxdwlrq fulwhulrq

pryhg lq dq| v|vwhpdwlf zd| dv wkh qxpehu ri sdudphwhuv lqfuhdvhg1 Qhyhuwkh0

ohvv/ pruh wkhruhwlfdo uhvhdufk vkrxog eh grqh rq fkdudfwhul}lqj wkh h{dfw qdwxuh

ri wkh ghshqghqfh ehwzhhq wkh hyhqw0suredelolw| vfruhv dqg wkh vxp ri vtxduhg

huuruv ri d prgho1

Lq wklv sdshu zh rqo| frqvlghu orjlvwlf vprrwk wudqvlwlrq prghov iru rxu pxo0

wlyduldwh qrqolqhdu prghov1 Wkh vwudwhj| wkdw zh xvh iru ghyhorslqj wkhvh prghov

vwduwv iurp d olqhdu vshfl�fdwlrq/ dqg dxjphqwv wkh prgho lq wkh gluhfwlrq wkdw

lv prvw idyruhg e| wkh uhvxowv ri OVWDU qrqolqhdulw| whvwv1 Wklv phwkrg ohdgv wr

prghov iru rxwsxw wkdw vkrz qr ixuwkhu hylghqfh ri qrqolqhdulw|1 Krzhyhu/ wkhuh

lv vwloo vwurqj hylghqfh ri ixuwkhu qrqolqhdulw| lq wkh uhvlgxdov ri wkh vsuhdg htxd0

wlrq1 Rqh gluhfwlrq lv wr sdwfk xs wkh qrqolqhdu prgho ri vsuhdg zlwk d vhfrqg

wudqvlwlrq ixqfwlrq1 Wklv vwudwhj|/ krzhyhu/ zrxog txlfno| h{kdxvw wkh ghjuhhv ri

iuhhgrp lq d pxowlyduldwh prgho/ dqg ohdg wr d yhu| frpsolfdwhg olnholkrrg ixqf0

wlrq zlwk pdq|  dw uhjlrqv1 Dq dowhuqdwlyh gluhfwlrq pljkw eh wr frqvlghu wkh

mrlqw gdwd jhqhudwlrq surfhvv ri vkruw dqg orqj lqwhuhvw udwhv1 Vxfk dq dssurdfk

pljkw lqfrusrudwh qrqolqhdulwlhv lq wkh frlqwhjudwlrq ehwzhhq wkhvh wzr lqwhuhvw

udwhv/ dv lq Edonh dqg Irpe| +4<<:, dqg Dqghuvrq +4<<:,1

Uhihuhqfhv

Dqghuvrq/ K1P1 +4<<:,/ �Wudqvdfwlrq Frvwv dqg Qrqolqhdu Dgmxvwphqw wrzdugv

Htxloleulxp lq wkh XV Wuhdvxu| Eloo Pdunhw�/ R{irug Exoohwlq ri Hfrqrplfv

dqg Vwdwlvwlfv/ 8</ 79807;71

Dqghuvrq/ K1P1 dqg I1 Ydklg +4<<;,/ �Whvwlqj Pxowlsoh Htxdwlrq V|vwhpv iru

Frpprq Qrqolqhdu Idfwruv�/ Mrxuqdo ri Hfrqrphwulfv/ ;7/ 406:1

Edonh/ Q1V1 dqg W1E1 Irpe| +4<<:,/ �Wkuhvkrog Frlqwhjudwlrq�/ Lqwhuqdwlrqdo

Hfrqrplf Uhylhz/ 6;/ 95:097:1
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Ehdxgu|/ S1 dqg J1 Nrrs +4<<6,/ �Gr Uhfhvvlrqv Shupdqhqwo| Fkdqjh Rxw0

sxwB�/ Mrxuqdo ri Prqhwdu| Hfrqrplfv/ 64/ 47<04961

Elufkhqkdoo/ F1U1/ K1 Mhvvhq/ G1U1 Rveruq dqg S1 Vlpsvrq +4<<<,/ � Suhglfwlqj

X1V1 Exvlqhvv F|foh Uhjlphv�/ Mrxuqdo ri Exvlqhvv dqg Hfrqrplf Vwdwlvwlfv/

4:/ 64606561

Eulhu/ J1Z1 +4<83, �Yhul�fdwlrq ri Iruhfdvwv H{suhvvhg lq Whupv ri Suredelo0

lw|�/ Prqwko| Zhdwkhu Uhylhz/ :8/ 4061

Fkdxyhw/ P1 +4<<;,/ �Dq Hfrqrphwulf Fkdudfwhul}dwlrq ri Exvlqhvv F|foh G|0

qdplfv zlwk Idfwru Vwuxfwxuh dqg Uhjlph Vzlwfklqj�/ Lqwhuqdwlrqdo Hfr0

qrplf Uhylhz/ 6</ <9<0<<91

Fkrl/ Z1J1 +4<<<,/ �Dv|pphwulf Prqhwdu| H�hfwv rq Lqwhuhvw Udwhv dfurvv

Prqhwdu| Srolf| Vwdqfhv�/ Mrxuqdo ri Prqh|/ Fuhglw dqg Edqnlqj/ 64/ 6;90

7491

Fohphqwv/ P1S1 dqg K1 Nuro}lj +4<<;,/ �D Frpsdulvrq ri wkh Iruhfdvw Shu0

irupdqfh ri Pdunry Vzlwfklqj dqg Wkuhvkrog Dxwruhjuhvvlyh Prghov ri XV

JQS�/ Hfrqrphwulfv Mrxuqdo/ 4/ f7:0f:81

Fohphqwv/ P1S1 dqg M1 Vplwk +4<<:,/ �Wkh Shuirupdqfh ri Dowhuqdwlyh Iruh0

fdvwlqj Phwkrgv iru VHWDU prghov�/ Lqwhuqdwlrqdo Mrxuqdo ri Iruhfdvwlqj/

46/ 79607:81

Glherog/ I1[1 dqg J1G1 Uxghexvfk +4<;<,/ �Vfrulqj wkh Ohdglqj Lqglfdwruv�/

Mrxuqdo ri Exvlqhvv/ 95/ 69<06<41

Hlwukhlp/ Û1 dqg W1 Whuçvyluwd +4<<9,/ �Whvwlqj wkh Dghtxdf| ri Vprrwk Wudq0

vlwlrq Dxwruhjuhvvlyh Prghov�/ Mrxuqdo ri Hfrqrphwulfv/ :7/ 8<0:91

Hvwuhood D1 dqg I1V1 Plvknlq +4<<;,/ �Suhglfwlqj X1V1 Uhfhvvlrqv= Ilqdq0

fldo Yduldeohv dv Ohdglqj Lqglfdwruv�/ Uhylhz ri Hfrqrplfv dqg Vwdwlvwlfv/

O[[[/ 780941

Idlu/ U1F1 +4<<6,/ �Hvwlpdwlqj Hyhqw Suredelolwlhv iurp Pdfurhfrqrphwulf

Prghov Xvlqj Vwrfkdvwlf Vlpxodwlrq�/ Fkdswhu 6 lq M1K1 Vwrfn dqg P1Z1
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Zdwvrq +hgv, Exvlqhvv F|fohv/ Lqglfdwruv dqg Iruhfdvwlqj/ QEHU

Vwxglhv lq Exvlqhvv F|fohv/ 5;/ QEHU= Fklfdjr1

Iulhgpdq/ E1P1 dqg N1Q1 Nxwwqhu +4<<;,/ � Lqglfdwru Surshuwlhv ri wkh Sdshu0

Eloo Vsuhdg= Ohvvrqv iurp Uhfhqw H{shulhqfh�/ Wkh Uhylhz ri Hfrqrplfv

dqg Vwdwlvwlfv/ O[[[/ 670771

Judqjhu/ F1Z1M1/ W1 Whuçvyluwd dqg K1P1 Dqghuvrq +4<<6, �Prghoolqj Qrq0

olqhdulw| Ryhu wkh Exvlqhvv F|foh�/ Fkdswhu ; lq M1 K1 Vwrfn dqg P1 Z1

Zdwvrq +hgv, Exvlqhvv F|fohv/ Lqglfdwruv dqg Iruhfdvwlqj/ QEHU

Vwxglhv lq Exvlqhvv F|fohv/ 5;/ QEHU= Fklfdjr1

Judqjhu/ F1Z1M1/ dqg W1 Whuçvyluwd +4<<6,Prghoolqj Qrqolqhdu Hfrqrplf

Uhodwlrqvklsv/ R{irug Xqlyhuvlw| Suhvv1

Kdplowrq/ M1G1 dqg J1 Shuh}0Txlurv +4<<9,/ �Zkdw gr wkh Ohdglqj Lqglfdwruv

OhdgB�/ Wkh Mrxuqdo ri Exvlqhvv/ 9</ 5:07:1

Kdplowrq/ M1G1 +4<;<,/ �D Qhz Dssurdfk wr wkh Hfrqrplf Dqdo|vlv ri Qrqvwd0

wlrqdu| Wlph Vhulhv dqg wkh Exvlqhvv F|foh�/ Hfrqrphwulfd/ 8:/ 68:06;71

Mdqvhq/ G1Z1 dqg Z1 Rk +4<<<,/ �Prgholqj Qrqolqhdulw| ri Exvlqhvv F|fohv=

Fkrrvlqj Ehwzhhq wkh FGU dqg VWDU Prghov�/ Uhylhz ri Hfrqrplfv dqg

Vwdwlvwlfv/ O[[[L/ 5/ 677067<1

Nduxqdudwqh/ Q1G1 +4<<<,/ �Wkh \lhog Fxuyh dv d Suhglfwru ri Jurzwk dqg

Uhfhvvlrqv lq Dxvwudold�/ Plphr/ Xqlyhuvlw| ri Txhhqvodqg/ Dxvwudold1

Nrrs/ J1/ P1K1 Shvdudq dqg V1P1 Srwwhu +4<<9,/ �Lpsxovh Uhvsrqvh Dqdo|vlv

lq Qrqolqhdu Pxowlyduldwh Prghov/ Mrxuqdo ri Hfrqrphwulfv/ :7/ 44<047;1

Oxxnnrqhq/ U1/ S1 Vdlnnrqhq dqg W1 Whuçvyluwd +4<;;,/ �Whvwlqj Olqhdulw|

Djdlqvw Vprrwk Wudqvlwlrq Dxwruhjuhvvlyh Prghov�/ Elrphwulnd/ :8/ 7<40

7<<1

Plwfkhoo/ Z1M1 dqg D1P1 Exuqv +4<6;,1 �Vwdwlvwlfdo Lqglfdwruv ri F|folfdo Uh0

ylydov�/ uhsulqwhg lq J1K1 Prruh +hg1,Exvlqhvv F|foh Lqglfdwruv/ Sulqfh0

wrq Xqlyhuvlw| Suhvv +4<94,1

4<



Prqwjrphu|/ D1O1/ Y1 ]duqrzlw}/ U1V1 Wvd| dqg J1F1 Wldr +4<<;,/ �Iruh0

fdvwlqj wkh X1V1 Xqhpsor|phqw Udwh�/ Mrxuqdo ri wkh Dphulfdq Vwdwlvwlfdo

Dvvrfldwlrq/ <6/ 7:;07<61

Qhiwêl/ V1Q1 +4<;5,/ �Rswlpdo Suhglfwlrq ri F|folfdo Grzqwxuqv�/ Mrxuqdo ri

Hfrqrplf G|qdplfv dqg Frqwuro/ 7/ 55805741

Srwwhu/ V1P1 +4<<8,/ �D Qrqolqhdu Dssurdfk wr X1V1 JQS�/ Mrxuqdo ri Dssolhg

Hfrqrphwulfv/ 43/ 43<04591

Udjdq/ N1 dqg E1 Wuhkdq +4<<;,/ �Lv lw Wlph wr Orrn dw P5 DjdlqB�/ Ihghudo

Uhvhuyh Erdug ri Vdq Iudqflvfr Hfrqrplf Ohwwhu &<;03:1

Udpvh|/ M1E1 +4<9<,/ �Whvwv iru Vshfl�fdwlrq Huuruv lq Fodvvlfdo Olqhdu Ohdvw

Vtxduhv Uhjuhvvlrq Dqdo|vlv�/ Mrxuqdo ri wkh Ur|do Vwdwlvwlfdo Vrflhw|/ Vh0

ulhv E/ 64/ 68306<41

Udyq/ P1R1 dqg P1 Vrod +4<<<,/ �Exvlqhvv F|foh G|qdplfv= Suhglfwlqj Wudq0

vlwlrqv zlwk Pdfuryduldeohv�/ Fkdswhu 45 lq S1 Urwkpdq +hg1, Qrqolqhdu

Wlph Vhulhv Dqdo|vlv ri Hfrqrplf dqg Ilqdqfldo Gdwd/ Noxzhu Dfd0

ghplf Sxeolvkhuv1

Vlpv/ F1D1 +4<;3,/ �Frpsdulvrq ri Lqwhuzdu dqg Srvwzdu Exvlqhvv F|fohv=

Prqhwdulvp Uhfrqvlghuhg�/ Dphulfdq Hfrqrplf Uhylhz Sdshuv dqg Sur0

fhhglqjv/ 583058:1

Vlpv/ F1D1 +4<<6,/ �D Qlqh0Yduldeoh Suredelolvwlf Pdfurhfrqrplf Iruhfdvwlqj

Prgho�/ Fkdswhu 7 lq M1K1 Vwrfn dqg P1Z1 Zdwvrq +hgv, Exvlqhvv F|0

fohv/ Lqglfdwruv dqg Iruhfdvwlqj/ QEHU Vwxglhv lq Exvlqhvv F|fohv/ 5;/

QEHU= Fklfdjr1

Vndolq/ M1 dqg W1 Whuçvyluwd +4<<<,/ �Dqrwkhu Orrn dw Vzhglvk Exvlqhvv F|0

fohv�/ Mrxuqdo ri Dssolhg Hfrqrphwulfv/ 47/ 68<06:;1

Vwrfn/ M1K1/ dqg P1Z1 Zdwvrq +4<<6,/ �D Surfhgxuh iru Suhglfwlqj Uhfhv0

vlrqvZlwk Ohdglqj Lqglfdwruv= Hfrqrphwulf Lvvxhv dqg Uhfhqw H{shulhqfh�/

Fkdswhu 5 lq M1K1 Vwrfn dqg P1Z1 Zdwvrq +hgv, Exvlqhvv F|fohv/ Lqgl0

fdwruv dqg Iruhfdvwlqj/ QEHU Vwxglhv lq Exvlqhvv F|fohv/ 5;/ QEHU=

Fklfdjr1
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Vwrfn/ M1K1/ dqg P1Z1 Zdwvrq +4<;<, �Qhz Lqgh{hv ri Frlqflghqw dqg Ohdglqj

Hfrqrplf Lqglfdwruv�/ QEHU Pdfurhfrqrplfv Dqqxdo/ QEHU1

Whuçvyluwd/ W1 dqg K1P1 Dqghuvrq +4<<5,/ �Fkdudfwhul}lqj Qrqolqhdulwlhv lq

Exvlqhvv F|fohv Xvlqj Vprrwk Wudqvlwlrq Dxwruhjuhvvlyh Prghov�/ Mrxuqdo

ri Dssolhg Hfrqrphwulfv/ :/ V44<0V4691

Whuçvyluwd/ W1 +4<<7,/ �Vshfl�fdwlrq/ Hvwlpdwlrq dqg Hydoxdwlrq ri Vprrwk

Wudqvlwlrq Dxwruhjuhvvlyh Prghov�/ Mrxuqdo ri wkh Dphulfdq Vwdwlvwlfdo Dv0

vrfldwlrq/ ;</ 53;054;1

Wldr/ J1F1 dqg U1V1 Wvd| +4<<7,/ �Vrph Dgydqfhv lq Qrqolqhdu dqg Dgdswlyh

Prghoolqj lq Wlph Vhulhv�/ Mrxuqdo ri Iruhfdvwlqj/ 46/ 43<04641

Wvd|/ U1 +4<;<, �Whvwlqj dqg Prgholqj Wkuhvkrog Dxwruhjuhvvlyh Surfhvvhv�/

Mrxuqdo ri wkh Dphulfdq Vwdwlvwlfdo Dvvrfldwlrq�/ ;7/ 56405731

Zhlvh/ F1 O1 +4<<<,/ �Wkh Dv|pphwulf H�hfwv ri Prqhwdu| Srolf|= D Qrqolqhdu

Yhfwru Dxwruhjuhvvlyh Dssurdfk�/ Mrxuqdo ri Prqh|/ Fuhglw dqg Edqnlqj/

64/ ;8043;1

]hooqhu/ D1 dqg F1 Krqj +4<;<,/ �Iruhfdvwlqj Lqwhuqdwlrqdo Jurzwk Udwhv Xvlqj

Ed|hvldq Vkulqndjh dqg rwkhu Surfhgxuhv�/ Mrxuqdo ri Hfrqrphwulfv/ 73/

4;605351

]hooqhu/ D1/ F1 Krqj dqg F1 Plq +4<<4,/ �Iruhfdvwlqj Wxuqlqj Srlqwv lq Lqwhu0

qdwlrqdo Jurzwk Udwhv Xvlqj Ed|hvldq H{srqhqwldoo| Zhljkwhg Dxwruhjuhv0

vlrq/ Wlph0Ydu|lqj Sdudphwhu dqg Srrolqj Whfkqltxhv�/ Mrxuqdo ri Hfrqr0

phwulfv/ 7</ 5:806371

]hooqhu/ D1 dqg F1 Plq +4<<<,/ �Iruhfdvwlqj Wxuqlqj Srlqwv lq Frxqwulhv* Rxw0

sxw Jurzwk Udwhv�/ Mrxuqdo ri Hfrqrphwulfv/ ;;/ 53606391
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DSSHQGL[ 4= XQLYDULDWH PRGHOV RI RXWSXW

+4<93=4 0 4<<9=7,

+PVH lv wkh phdq vtxduhg iruhfdvw huuru iru 4<<:=4 0 4<<<=4,

DU+5, prgho ri rxwsxw=

a|| @ 3=7<
Ef����

. 3=58
Ef�fH�

||3� . 3=46
Ef�fH�

||32

e�POH @ 3=;<> PVH @ 3=45

WDU prgho ri rxwsxw=

a|| @ 3=85
Ef��2�

. 3=59
Ef�fH�

||3� . 3=53
Ef�fb�

||32 � 3=49
Ef�fH�

||3D . i| � +3=76
Ef�2f�

||3D,

i| @ +||32 ? 3, e�POH @ 3=;:> PVH @ 3=48

OVWDU prgho ri rxwsxw=

a|| @ �4=84
Ef�HH�

� 4=73
Ef�Se�

||32 . i| � +5=37
Ef�bf�

. 3=59
Ef�fb�

||3� . 4=83
Ef�Se�

||32,

i| @ +4 . h{s i�44 +||32 . 3=88,j,3� e�POH @ 3=;9> PVH @ 3=45

FGU prgho ri rxwsxw=

a|| @ 3=68
Ef����

. 3=57
Ef�fH�

||3� . 3=55
Ef��f�

||32 . 3=53
Ef����

FGU|3�

FGU| @ pd{iFGU|3�> ||j � || e��w, @ 3=;<> PVH @ 3=48

Pdunry Vzlwfklqj prgho ri rxwsxw=

a|| @ �r| . 3=57
Ef��e�

+||3� � �r|3�, . 3=44
Ef����

+||32 � �r|32,

�r|'� @ �3=;3
Ef�D��

> �r|'f @ 3=<8
Ef��2�

> S @

5
97 3=85

Ef�2H�
3=38

3=7; 3=<8
Ef�f��

6
:8

e��w, @ 3=:9> PVH @ 3=45
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DSSHQGL[ 5= ELYDULDWH PRGHOV RI RXWSXW DQG WKH

VSUHDG +4<93=4 0 4<<9=7,

+PVH lv wkh phdq vtxduhg iruhfdvw huuru iru 4<<:=4 0 4<<<=4,

DUOL0ROV prgho ri rxwsxw dqg vsuhdg=

a|| @ 3=59
Ef��2�

. 3=4<
Ef�fH�

||3� . 3=45
Ef�fH�

||32 . 3=53
Ef�fS�

v|32 a��w, @ 3=;9> PVH @ 3=49

av| @ 3=5;
Ef�fH�

� 3=47
Ef�fD�

||32 . 4=38
Ef�fH�

v|3� � 3=69
Ef��2�

v|32 . 3=53
Ef�fH�

v|3� a��w, @ 3=89

DUOL0V\V prgho ri rxwsxw dqg vsuhdg=

a|| @ 3=59
Ef��2�

. 3=4:
Ef�fH�

||3� . 3=46
Ef�fH�

||32 . 3=54
Ef�fS�

v|32 a��w, @ 3=;9> PVH @ 3=49

av| @ 3=5;
Ef�fH�

� 3=47
Ef�fD�

||32 . 4=37
Ef�fH�

v|3� � 3=68
Ef����

v|32 . 3=4;
Ef�fH�

v|3� a��w, @ 3=89

El0QDUOL prgho ri rxwsxw dqg vsuhdg=

a|| @ �3=78
Ef�Df�

� 3=88
Ef�2e�

||3� . 3=84
Ef�2e�

||32 . 3=88
Ef�2b�

||3� � 3=8<
Ef��2�

v|3� . 4=37
Ef�DS�

v|32 .

i+| � +4=55
Ef�D2�

. 3=::
Ef�2S�

||3� � 3=84
Ef�2e�

||32 � 3=88
Ef�2b�

||3� . 3=8<
Ef��2�

v|3� � 4=37
Ef�DS�

v|32,

i+| @ +4 . h{s i�:=99 +v|32 � 3=33<,j,3� a��w, @ 3=:8> PVH @ 3=43

av| @ 4=48
Ef�Sb�

. 3=99
Ef�2f�

||3� � 3=49
Ef�fe�

||32 . 4=87
Ef�2e�

v|3� � 5=;<
Ef��b�

v|32 . 5=49
Ef�SS�

v|3� .

ir| � +�3=;;
Ef�.f�

� 3=:6
Ef�2f�

||3� � 3=79
Ef�2D�

v|3� . 5=9:
Ef�ef�

v|32 � 5=3<
Ef�SS�

v|3�,

ir| @ +4 . h{s i�46=:8 +v|3� . 3=888,j,3� a��w, @ 3=76

Frp0QDUOL prgho ri rxwsxw dqg vsuhdg=

a|| @ �4=7;
Ef�ee�

� 3=73
Ef�2D�

||3� . 3=:9
Ef�2D�

||32 . 3=63
Ef�S2�

v|3� � 4=<9
Ef�DH�

frp|> a��w, @ 3=::> PVH @ 3=44

av| @ 4=53
Ef��f�

. 3=57
Ef��2�

||3� � 3=77
Ef��.�

||32 . 4=36
Ef�fH�

v|3� � 3=53
Ef��2�

v|32 . frp|> a��w, @ 3=85

frp| @ +4 . h{s i�5=47 +v|32 . 3=88,j,3�
�
�4=4<
Ef��b�

� 3=66
Ef����

||3� . 3=6:
Ef��H�

||32 . 3=4;
Ef�fH�

v|3�

�
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DSSHQGL[ 6= WULYDULDWH PRGHOV RI RXWSXW/ WKH

VSUHDG DQG PRQH\ +4<93=4 0 4<<9=7,

+PVH lv wkh phdq vtxduhg iruhfdvw huuru iru 4<<:=4 0 4<<<=4,

DUOL0ROV prgho ri rxwsxw/ wkh vsuhdg dqg prqh|=

a|| @ 3=59
Ef����

. 3=4:
Ef�fS�

v|32 . 3=4:
Ef��f�

p|3� . 3=5:
Ef��f�

p|32 a��w, @ 3=;3> PVH @ 3=43

av| @ 3=5;
Ef�fH�

� 3=47
Ef�fD�

||32 . 4=38
Ef�fH�

v|3� � 3=69
Ef��2�

v|32 . 3=53
Ef�fH�

v|3� a��w, @ 3=89

ap| @ 3=47
Ef�fb�

. 3=48
Ef�f.�

v|3� � 3=46
Ef�f.�

v|3� . 3=96
Ef�f.�

p|3� . 3=43
Ef�f.�

p|3� a��w, @ 3=9:

DUOL0V\V prgho ri rxwsxw/ wkh vsuhdg dqg prqh|=

a|| @ 3=59
Ef��f�

. 3=4:
Ef�fS�

v|32 . 3=47
Ef�fb�

p|3� . 3=64
Ef�fb�

p|32 a��w, @ 3=;3> PVH @ 3=43

av| @ 3=5;
Ef�fH�

� 3=46
Ef�fS�

||32 . 4=37
Ef�fH�

v|3� � 3=67
Ef����

v|32 . 3=4<
Ef�fH�

v|3� a��w, @ 3=89

ap| @ 3=47
Ef�fb�

. 3=49
Ef�f.�

v|3� � 3=46
Ef�f.�

v|3� . 3=97
Ef�f.�

p|3� . 3=43
Ef�f.�

p|3� a��w, @ 3=9:

Wul0QDUOL prgho ri rxwsxw/ wkh vsuhdg dqg prqh|=

a|| @ �4=46
Ef����

. 3=;;
Ef�2S�

||32 . 3=57
Ef�fb�

p|32 �4=8:
Ef�eb�

p|3� .

i+| � +4=;6
Ef����

� 3=;<
Ef�2.�

||32 . 4=9:
Ef�Df�

p|3�,

i+| @ +4 . h{s i�<=<7 +v|32 . 3=369,j,3� a��w, @ 3=:7>PVH @ 3=3<

ev| @ 3=5<
Ef�fH�

� 3=3<
Ef�fD�

||3� � 3=49
Ef�fe�

||32 . 4=39
Ef�f.�

v|3� � 3=47
Ef�f.�

v|32 . 3=39
Ef�fe�

p|32 .

ir| � +�5=;3
Ef�S��

. 5=73
Ef�Sf�

||3� � 3=;9
Ef��2�

||3� . 4=45
Ef�ef�

v|3� � 7=<;
Ef�b2�

v|32 � 5=7<
Ef�H��

p|32,

ir| @ +4 . h{s i�<=56 +v|3� . 3=8<6,j,3� a��w, @ 3=75

ep| @ 4=35
E��ee�

. 3=<4
Ef�2b�

v|3� � 3=94
Ef��b�

v|32 . 3=;8
Ef����

v|3� . 3=:<
Ef����

p|3� � 3=5<
Ef��.�

p|3� .

i6| � +�48=4;
E�f�S2�

. 3=66
Ef�2e�

||3� � 6=3:
Ef�.f�

v|3� . :=:;
E��.2�

v|32 � 6=54
Ef�.f�

v|3� � 3=97
Ef��.�

p|3� . 4=6;
Ef�D��

p|3�,

i6| @ +4 . h{s i�3=;5 +v|32 � 6=59,j,3� a��w, @ 3=85
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FIGURE 1: THE DATA
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(a) AR(2) model
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(b) TAR model
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(c) STAR(2) model
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(d) CDR model
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(e) MS-AR(2) model
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(d) CDR model
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FIGURE2A: PERFORMANCE OF THE UNIVARIATE MODELS IN PREDICTING EVENT A

FIGURE2B: PERFORMANCE OF THE UNIVARIATE MODELS IN PREDICTING EVENT B

The shaded areas indicate the times that the event occurs. The unconditional probability of event A is .149 and
the unconditional probability of event B is .209.
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(a) YS ARLI-OLS model
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(b) YS ARLI-SYS model
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(d) YS Com-NARLI model
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(c) YS Bi-NARLI model
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(d) YS Com-NARLI model
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(c) YS Bi-NARLI model
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(b) YS ARLI-SYS model

FIGURE 3A: PERFORMANCE OF THE OUTPUT-SPREAD MODELS IN PREDICTING EVENT A

FIGURE3B: PERFORMANCE OF THE OUTPUT-SPREAD MODELS IN PREDICTING EVENT B

The shaded areas indicate the times that the event occurs. The unconditional probability of event A is .149 and
the unconditional probability of event B is .209.
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(a) ARLI-OLS model
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(b) ARLI-SYS model
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(d) Tri-NARLI0 model
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(c) Tri-NARLI model
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(d) Tri-NARLI0 model
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(c) Tri-NARLI model
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(a) ARLI-OLS model
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(b) ARLI-SYS model

FIGURE4A: PERFORMANCE OF THE TRIVARIATE MODELS IN PREDICTING A

FIGURE4B: PERFORMANCE OF THE TRIVARIATE MODELS IN PREDICTING EVENT B

The shaded areas indicate the times that the event occurs. The unconditional probability of event A is .149 and
the unconditional probability of event B is .209.
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(a) YM ARLI-OLS model
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(b) YM Bi-NARLI model
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(b) YM Bi-NARLI model

FIGURE 5A: PERFORMANCE OF THE OUTPUT-MONEY MODELS IN PREDICTING EVENT A

FIGURE 5B: PERFORMANCE OF THE OUTPUT-MONEY MODELS IN PREDICTING EVENT B

The shaded areas indicate the times that the event occurs. The unconditional probability of event A is .149  and
the unconditional probability of event B is .209.
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