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Devwudfw

Wkh Uhdo Exvlqhvv F|foh +UEF, uhvhdufk surjudp kdv jurzq vshfwdfx0
oduo| ryhu wkh odvw ghfdgh/ dv lwv frqfhswv dqg phwkrgv kdyh gl�xvhg lqwr
pdlqvwuhdp pdfurhfrqrplfv1 \hw/ wkhuh lv lqfuhdvlqj vnhswlflvp wkdw whfk0
qrorj| vkrfnv duh d pdmru vrxufh ri exvlqhvv �xfwxdwlrqv1 Wklv fkdswhu
h{srvlwv wkh edvlf UEF prgho dqg vkrzv wkdw lw uhtxluhv odujh whfkqrorj|
vkrfnv wr surgxfh uhdolvwlf exvlqhvv f|fohv1 Zkloh Vrorz uhvlgxdov duh vxi0
�flhqwo| yrodwloh/ wkhvh lpso| iuhtxhqw whfkqrorjlfdo uhjuhvv1 Surgxfwlylw|
vwxglhv shuplwwlqj xqrevhuyhg idfwru yduldwlrq �qg pxfk vpdoohu whfkqrorj|
vkrfnv/ vxjjhvwlqj wkh lpplqhqw ghplvh ri uhdo exvlqhvv f|fohv1 Krzhyhu/
zh vkrz wkdw juhdwhu idfwru yduldwlrq dovr gudpdwlfdoo| dpsol�hv vkrfnv= d
UEF prgho zlwk ydu|lqj fdslwdo xwlol}dwlrq |lhogv uhdolvwlf exvlqhvv f|fohv
iurp vpdoo/ qrqqhjdwlyh fkdqjhv lq whfkqrorj|1

M1H1O1 Fodvvl�fdwlrq= H43/ H651
Nh|zrugv= Pdfurhfrqrplfv/ Exvlqhvv F|fohv1

�Zulwwhq iru wkh Kdqgerrn ri Pdfurhfrqrplfv hglwhg e| Plfkdho Zrrgirug dqg Mrkq Wd|oru1
Zh ehqh�whg iurp wkh frpphqwv ri wkh hglwruv dv zhoo dv iurp wkrvh ri Uxl Doextxhutxh/ Urehuw
Eduur/ Pduldqqh Ed{whu/ Vdw|dmlw Fkdwwhumhh/ Dxekln Nkdq/ Gdqlhoh Frhq Sludql/ Khqu| Vlx/
Mxold Wkrpdv/ dqg Plfkhooh ]dkdufkxn1 Gruvh| Iduu surylghg ghwdlohg frpphqwv dqg h{fhoohqw
uhvhdufk dvvlvwdqfh1 Vxssruw iurp wkh Qdwlrqdo Vflhqfh Irxqgdwlrq lv judwhixoo| dfnqrzohgjhg1

|Xqlyhuvlw| ri Ylujlqld dqg QEHU1
}Qruwkzhvwhuq Xqlyhuvlw| dqg QEHU1
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8Krzhyhu/ wkhuh lv vrph uhfhqw lqwhuhvw lq wkhvh phwkrgv1 Zdwvrq ^4<<7` xvhv wkh Exuqv dqg
Plwfkhoo phwkrgrorj| wr frqwudvw lqwhu0zdu dqg srvw0zdu X1V1 exvlqhvv f|fohv1 Vlpnlqv ^4<<7`
dqg Nlqj dqg Sorvvhu ^4<<7` vkrz wkdw UEF prghov surgxfh duwl�fldo gdwd wkdw wkh Exuqv dqg
Plwfkhoo phwkrgv zrxog uhfrjql}h dv kdylqj vlplodu fkdudfwhulvwlfv wr X1V1 gdwd1
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Iru txduwhuo| gdwd/ wkh vwdqgdug ydoxh fkrvhq iru wkh vprrwklqj sdudphwhu � lv 49331 Zkhq
� @ 4 wkh vroxwlrq wr wklv sureohp lv d olqhdu wuhqg/ zkloh zlwk � @ 3 wkh wuhqg frlqflghv
zlwk wkh ruljlqdo vhulhv1 Lq d �qlwh vdpsoh frqwh{w/ wkh zhljkwv dm lq +514, ghshqg rq wkh ohqjwk
ri wkh vdpsoh vr wkdw wkh wh{w h{suhvvlrq lv d vlpsol�fdwlrq1 Nlqj dqg Uhehor ^4<<6` glvfxvv
dgglwlrqdo surshuwlhv ri wklv ghwuhqglqj surfhgxuh/ lqfoxglqj ghulydwlrq ri �owhu zhljkwv dqg
iuhtxhqf| uhvsrqvh ixqfwlrqv iru wkh fdvh lq zklfk wkh vdpsoh lv lq�qlwho| odujh1 Wkh| hvwdeolvk
wkdw wkh KS �owhu kdv vwurqj ghwuhqglqj surshuwlhv/ lq wkh vhqvh wkdw lw fdq pdnh vwdwlrqdu|
vhulhv xs wkurxjk irxu rughuv ri lqwhjudwlrq1

:Vlqfh dq h{dfw edqgsdvv �owhu frqwdlqv dq lq�qlwh qxpehu ri prylqj dyhudjh whupv/ d
sudfwlfdo edqgsdvv �owhu fdqqrw eh surgxfhg h{dfwo| exw lqyroyhv dssur{lpdwlrqv1 Ed{whu dqg
Nlqj ^4<<8` ghulyh wkh uhohydqw irupxodv/ lpsrvlqj wkh frqvwudlqw wkdw wkh vxp ri wkh �owhuzhljkwv
pxvw eh }hur> wkh| dovr frpsduh wkh ES �owhu wr vhyhudo rwkhu ghwuhqglqj phwkrgv lqfoxglqj
wkh KS �owhu1
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;Hljkw |hduv fruuhvsrqgv wr wkh orqjhvw uhihuhqfh f|foh wkdw Exuqv dqg Plwfkhoo ^4<79` xq0
fryhuhg xvlqj yhu| gl�huhqw phwkrgv1 Vwrfn dqg Zdwvrq ^4<<;` dgrsw dq dowhuqdwlyh ylhz ri wkh
lqwhuhvwlqj exvlqhvv f|foh shulrglflwlhv +vl{ wr wzhqw| irxu txduwhuv,/ exw wklv lv d gl�huhqfh ri
ghjuhh udwkhu wkdq nlqg1

<Wklv gdwd vhw fryhuv wkh shulrg 4<7: +�uvw txduwhu, wr 4<<9 +irxuwk txduwhu,1
43Iru d glvfxvvlrq ri rshq hfrqrp| vw|ol}hg idfwv vhh Ed{whu dqg Vwrfnpdq ^4<;<`/ Edfnxv

dqg Nhkrh ^4<<5` dqg Ed{whu ^4<<8`1
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44Wklv phdvxuh ri fdsdflw| xwlol}dwlrq/ frqvwuxfwhg e| wkh Ihghudo Uhvhuyh V|vwhp/ lv vxemhfw
wr vxevwdqwldo phdvxuhphqw huuru/ vhh Vkdslur ^4<;<`1

45Wkh revhuydwlrq wkdw wkh uhdo zdjh lv qrw wljkwo| uhodwhg wr wkh exvlqhvv f|foh jrhv edfn wr
Gxqors ^4<6;` dqg Wduvklv ^4<6<` zkr vwuhvvhg wkdw wklv zdv dw rggv zlwk Nh|qhvldq prghov1
Wklv �qglqj lv vrphzkdw ghshqghqw rq suhflvho| krz wkh uhdo zdjh lv frqvwuxfwhg/ ghshqglqj rq
wkh zkhwkhu wkh qxphudwru +wkh zdjh, lqfoxghv ydulrxv frpshqvdwlrq lwhpv dqg rq wkh lqgh{ lq
wkh ghqrplqdwru +wkh sulfh ohyho,1 Wzr sduwlfxodu ihdwxuhv ri zdjh phdvxuhphqw wkdw d�hfw lwv
f|folfdo ehkdylru duh dv iroorzv1 Iluvw/ �upv sd| iru ryhuwlph krxuv lq dq h{sdqvlrq dqg od|r�
uhjxodu krxuv lq d uhfhvvlrq1 Vhfrqg/ wkhuh lv d f|folfdo frpsrvlwlrq eldv lq wkh oderu irufh~orzhu
txdolw| zrunhuv duh kluhg lq h{sdqvlrqv~zklfk vxjjhvwv wkdw wkh uhdo zdjh shu h�flhqf| xqlw ri
oderu h�ruw lv surf|folfdo1
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46Vhh Vwrfn dqg Zdwvrq ^4<<;/ vhfwlrqv 6+g,/ 6+i,/ dqg 714` iru d glvfxvvlrq ri olwhudwxuh dqg
hpslulfdo uhvxowv1
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i T*@�? |�i }i?ih@* t�@Ti Lu �4T�*ti hitTL?ti T@||ih?tc @t �? L�h _�tU�tt�L? Lu
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94Wkhuh lv qr xqltxh zd| ri frpsxwlqj wklv vkrfn surfhvv/ exw udwkhu dq| ri wkh prgho*v
ghflvlrq uxohv frxog eh xvhg lq wklv zd| ru wkhvh uxohv frxog eh frpelqhg zlwk rwkhu uhodwlrqvklsv
lq wkh prgho1 Iru h{dpsoh/ rqh frxog h{sorlw wkh ghflvlrq uxoh iru xwlol}dwlrq dv lq Exuqvlgh/
Hlfkhqedxp dqg Uhehor*v ^4<<6` dqdo|vlv ri oderu krduglqj/ e}w @ �|nenw . �|D eDw/ dqg frpelqh
wklv zlwk wkh prgl�hg Vrorz ghfrpsrvlwlrq +:14,1 Wklv dowhuqdwlyh phwkrg zrxog surgxfh d
gl�huhqw vkrfn surfhvv/ zklfk ohdg wr eurdgo| vlplodu/ exw vrphzkdw ohvv gudpdwlf uhvxowv1 Wkh
gl�huhqfhv ehwzhhq wkhvh wzr surgxfwlylw| phdvxuhv olhv lq zkhwkhu oderu lq +:14, lv wdnhq iurp
wkh gdwd ru iurp wkh prgho1

95Zh vkrxog qrw xvh wkh hpslulfdo fdslwdo vwrfn vhulhv vlqfh wkhvh duh �dzhg lq wkh h|hv ri wkh
prgho= wkh| duh frpsxwhg dvvxplqj frqvwdqw udwhv ri ghsuhfldwlrq1 Wklv fdq eh flufxpyhqwhg
e| xvlqj d vhfrqg ghflvlrq uxoh wr frpsxwh wkh _wuxh% fdslwdo vwrfn vhulhv1 Lq sudfwlfh wklv kdv
olwwoh lpsdfw rq wkh uhvxowv1
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98Mxvw dv wklv �uvw urxqg ri sureohpv lv vhw wr uhvw/ qhz fkdoohqjhv dulvh iru wkh UEF prgho
uhjduglqj wkh frpryhphqw ehwzhhq surgxfwlylw| dqg hfrqrplf dfwlylw|1 Lq d uhfhqw sdshu/
Jdol ^4<<9` dujxhv/ xvlqj YDU whfkqltxhv/ wkdw whfkqrorj| vkrfnv dfwxdoo| uhgxfh lqsxw xvdjh
lq wkh djjuhjdwh hfrqrp|1 Wklv �qglqj uhfhlyhv lqgluhfw vxssruw iurp wzr vrxufhv wkdw gr
qrw uho| rq wkh YDU phwkrgrorj|= Exuqvlgh/ Hlfkhqedxp dqg Uhehor ^4<<9` grfxphqw wkdw
d vhfwrudo fdslwdo0xwlol}dwlrq dgmxvwhg phdvxuh ri whfkqrorj| vkrfnv lv hvvhqwldoo| xqfruuhodwhg
zlwk surgxfwlrq lq 50gljlw VLF pdqxidfwxulqj lqgxvwulhv1 Edvx/ Ihuqdog dqg Nlpedoo ^4<<:` vkrz
wkdw/ iru wklv vdph vhw ri lqgxvwulhv lqsxw xvdjh lv qhjdwlyho| fruuhodwhg zlwk whfkqrorj| vkrfnv1
Rqh lqwhusuhwdwlrq ri wkhvh idfwv lv wkdw wkh| uh�hfw wkh suhvhqfh ri qrplqdo uljlglwlhv wkdw
nhhs qrplqdo djjuhjdwh ghpdqg �{hg dqg ohdg lqsxwv wr frqwudfw lq uhvsrqvh wr d surgxfwlylw|
lqfuhdvh +Jdol ^4<<9`,1 Dq dowhuqdwlyh �h{leoh0sulfh h{sodqdwlrq iru wkhvh vdph idfwv lqyroyhv d
pxowlvhfwru prgho lq zklfk jrrgv duh frpsohphqwv vr wkdw d whfkqrorj| vkrfn wr dq lqglylgxdo
vhfwru grhv qrw qhfhvvdulo| zduudqwv dq h{sdqvlrq ri lqsxw xvdjh lq wkdw vhfwru1

99Dq lqwhuhvwlqj dqg rshq txhvwlrq lv zkhwkhu wkhvh vdph phfkdqlvpv fdq dpsoli| rwkhu
vkrfnv ehvlghv surgxfwlylw| vkrfnv vx�flhqwo| wkdw wkhvh fdq surgxfh uhdolvwlf exvlqhvv f|fohv1
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9;Dqrwkhu srvvlelolw| lv wkdw xwlolw| ghshqgv rq ohlvxuh lq h�flhqf| xqlwv/ l1h1/ rq ohlvxuh
dxjphqwhg e| whfkqrorjlfdo surjuhvv +Ow[w,1 Lq wklv fdvh lw lv vx�flhqw wr dvvxph wkdw x+F>O[,
lv krprjhqhrxv/ ri fodvv F5/ dqg frqfdyh1 Wkh ghshqghqf| ri xwlolw| rq ohlvxuh phdvxuhg lq
h�flhqf| xqlwv fdq eh mxvwl�hg e| lqwurgxflqj krph surgxfwlrq lqwr wkh prgho1 Vhh Juhhqzrrg/
Urjhuvrq dqg Zuljkw ^4<<8` sdjh 4940495 iru d glvfxvvlrq1

9<Wklv lqyduldqfh h{whqgv wr d vhwwlqj zkhuh wkh exgjhw frqvwudlqw lqfoxghv qrqzdjh lqfrph
zklfk jurzv dw wkh vdph udwh dv wkh uhdo zdjh1

:3Pruh vshfl�fdoo|/ zh dvvxph wkdw wkh ixqfwlrqv �l duh wzlfh frqwlqxrxvo| gl�huhqwldeoh1 Li
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� @ 4/ wkhq frqfdylw| uhtxluhv wkdw wkh ixqfwlrq orj+�, pxvw eh lqfuhdvlqj dqg frqfdyh1 Li � lv
qrw htxdo wr 4/ wkhq �4�� pxvw eh lqfuhdvlqj dqg frqfdyh li � ? 4 dqg ghfuhdvlqj dqg frqyh{
li � A 41 Lq dgglwlrq zh qhhg= ���+O,�33+O, A +4� 5�, ^�3+O,`5 wr dvvxuh wkh ryhudoo frqfdylw|
ri x1

:4Zkhqhyhu wkhuh lv rqh sdwk wkdw |lhogv lq�qlwh xwlolw| lw lv dozd|v srvvleoh wr frqvwuxfw rwkhu
sdwkv +lq idfw d frqwlqxxp ri sdwkv, wkdw dovr |lhogv lq�qlwh xwlolw|1 Wkxv/ wr hqvxuh wkdw wkhuh
lv rqo| rqh vroxwlrq wr wkh sodqqhu*v sureohp zh qhhg wr frqvwudlq wkh glvfrxqw idfwru vr wkdw
olih0wlph xwlolw|/ X / lv �qlwh1 Wkh uhtxluhphqw +e�4�� ? 4, lqyroyhv wkh lqwhudfwlrq ri suhihuhqfhv
dqg whfkqrorj|1 Vhh Doyduh} dqg Vwrnh| ^4<<<` iru d glvfxvvlrq ri wklv w|sh ri frqglwlrqv1

:5Vhh Kruqvwhlq ^4<<6`/ Urwhpehuj dqg Zrrgirug ^4<<8`/ dqg Fkdwwhumhh dqg Frrshu ^4<<6`
iru d glvfxvvlrq ri prghov wkdw pryh dzd| iurp shuihfw frpshwlwlrq dqg lqfrusrudwh lqfuhdvlqj
uhwxuqv wr vfdoh1

:6Vxssrvh/ iru h{dpsoh/ wkdw wkh surgxfwlrq ixqfwlrq lv Free0Grxjodv dqg wkdw wkhuh lv d
vwrfn ri fdslwdo N dqg d qxpehu ri oderu krxuv Q zklfk zloo eh glylghg htxdoo| dprqj q �upv1
Wrwdo surgxfwlrq zloo eh jlyhq e|= \ @ qD+N@q,�4+Q@q,�5 @ DN�4Q�5q4��4��51 Zlwk
ghfuhdvlqj uhwxuqv wr vfdoh �4 . �5 ? 4 dqg olp

q$4
\ @41

:7Dv lq wkh pdlq wh{w zh xvh wkh qrwdwlrq GlI +=, wr uhihu wr wkh sduwldo ghulydwlyh ri I +=,
zlwk uhvshfw wr lwv lwk dujxphqw1 Zh xvh GI +=, wr uhihu wr wkh wrwdo ghulydwlyh ri d ixqfwlrq ri
d vlqjoh yduldeoh1
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