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Devwudfw

L h{dplqh wkh h{whqw wr zklfk prghoolqj d vlpsoh irup ri qrqolqhdulw| lq
wkh rxwsxw0jds2lq dwlrq uhodwlrqvkls lv xvhixo iru rqh0vwhs0dkhdg rxw0ri0vdpsoh
iruhfdvwlqj ri wkh txduwohuo| XV lq dwlrq udwh1 Li qrqolqhdulw| lv dq lpsruwdqw
ihdwxuh ri wklv uhodwlrqvkls wkhuh duh vwurqj srolf| lpsolfdwlrqv1 Suhylrxv zrun
kdv irfxvvhg rq lq0vdpsoh whvwlqj/ exw dv lv zhoo nqrzq/ lq0vdpsoh hylghqfh iru
qrqolqhdulw| lv qrw dv frqylqflqj dv hylghqfh edvhg rq rxw0ri0vdpsoh lqihuhqfh1
Dv wkh rxwsxw0jds lv xqrevhuydeoh L frpsduh wkuhh gl�huhqw hvwlpdwhv ri wkh
rxwsxw0jds iru wkhlu iruhfdvwlqj delolw|1 Wzr ri wkh phdvxuhv wxuq rxw wr kdyh
vljql�fdqw ydoxh iurp d iruhfdvwlqj shuvshfwlyh/ dqg ixuwkhupruh wkhuh lv frq0
ylqflqj hylghqfh wkdw wkh rxwsxw0jds vkrxog hqwhu qrqolqhduo| lq wkh iruhfdvwlqj
prgho1

4 Lqwurgxfwlrq
Wkhuh lv olwwoh frqvhqvxv dv wr zkdw prghov duh ehvw iru iruhfdvwlqj lq dwlrq1 D
qxpehu ri hfrqrplf wkhrulhv gr h{lvw wkdw vxjjhvw h{sorlwdeoh uhodwlrqvklsv ehwzhhq
ixqgdphqwdo yduldeohv dqg wkh lq dwlrq udwh1 Vrph h{dpsohv lqfoxgh pdun0xs sulf0
lqj/ frvw0sxvk dqg vlpsoh Skloolsv fxuyh w|sh uhodwlrqvklsv1 Krzhyhu/ zklovw fhuwdlq
hfrqrplf prghov kdyh ehhq vhhq wr eh xvhixo dw wlphv/ qr vlqjoh jhqhudo prgho vhhpv
wr kdyh ehhq glvfryhuhg +Vwrfnwrq dqg Jodvvpdq*v vwxg| lv vhplqdo rq wklv srlqw^59`,
wkdw lv frqvlvwhqwo| suhihudeoh1 Wkhuh kdyh ehhq wzr pdlq zd|v wkdw hfrqrplvwv kdyh
dssurdfkhg wklv fxuuhqw vwdwh ri wkh olwhudwxuh zlwk d ylhz wr lpsurylqj wkh vlwxdwlrq1

Rqh zd| lv wr uhfrjqlvh wkdw lq sudfwlfh rqh uduho| uholhv rq rqh prgho iruhfdvw/
exw udwkhu vrph vruw ri frqvhqvxv iruhfdvw lv duulyhg dw/ riwhq xvlqj d pl{wxuh ri vxe0
mhfwlyh dgmxvwphqwv dqg vwdwlvwlfdo iruhfdvw frpelqdwlrq1 Wkh odwwhu lv prwlydwhg e|
wkh frpprqo| revhuyhg vw|ol}hg idfw wkdw vlpsoh frpelqdwlrqv +vlpsoh ru zhljkwhg
dyhudjhv, ri iruhfdvwv iurp gl�huhqw vrxufhv fdq jlyh ehwwhu iruhfdvwv wkdq dq| lq0
glylgxdo iruhfdvw1 Rqh uhfhqwo| sursrvhg ghyhorsphqw lq iruhfdvw frpelqdwlrq lv wr
doorz iru gl�huhqw iruhfdvwv wr kdyh gl�huhqw zhljkwv lq d frpelqdwlrq ryhu wlph/ vhh
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iru h{dpsoh ^<` dqg ^49`1 Vxfk phwkrgv gr vhhp deoh wr surgxfh lpsuryhg iruhfdvwv/
dqg lq wkh odwwhu zrun wkh phwkrgrorj| r�huv lqvljkwv lqwr zk| gl�huhqw prghov pd|
eh pruh dssursuldwh dw gl�huhqw wlphv41 Wkh hvvhqfh ri wkh frpelqdwlrq dssurdfk
lv wkdw wkhuh pd| eh gl�huhqw vwdwlvwlfdo uhodwlrqvklsv wkurxjk wlph/ dqg lqglylgxdo
hvwlpdwlrq ri gl�huhqw prghov/ iroorzhg e| d srrolqj ri wkh prghov lv rqh zd| wr
fdswxuh wklv1

D vhfrqg dssurdfk wr wkh sureohp ri iruhfdvwlqj lq dwlrq kdv ehhq wr jhqhudolvh
wkh irup ri vwdwlvwlfdo uhodwlrqvklsv wkdw wkh hduolhu prghov doorzhg1 Doo ri wkh prghov
h{dplqhg e| Vwrfnwrq dqg Jodvvpdq zhuh olqhdu1 Krzhyhu wkhuh duh iuhtxhqwo| fodlpv
pdgh wkdw hfrqrplf yduldeohv glvsod| qrqolqhdulw|/ sduwlfxoduo| lq wkhlu xqlyduldwh
wlph vhulhv ehkdylrxu1 Fohduo| d qdwxudo uhvsrqvh wr vxfk ghwhfwlrqv ri qrqolqhdulw|
lv wr h{dplqh zkhwkhu doorzlqj iru srwhqwldo qrqolqhdulwlhv ehwzhhq vd| wkh prqh|
vxsso|/ rxwsxw0jdsv/ odjjhg lq dwlrq dqg vr rq/ fdq dfwxdoo| lpsuryh iruhfdvwlqj1
Xqiruwxqdwho| hfrqrplf wkhru| grhv qrw riwhq r�hu pxfk jxlgdqfh wr wkh suhflvh
irup ri qrqolqhdulw| wkdw pd| eh xvhixo wr prgho/ dqg qrqolqhdu prgho vshfl�fdwlrq
phwkrgv duh olwwoh ghyhorshg51 Dv d uhvxow prvw ri wkh qrqolqhdu iruhfdvwlqj dwwhpswv
kdyh xvhg d frpprq vwudwhj|1 Wklv lv wr lpsrvh yluwxdoo| qr uhvwulfwlrqv rq wkh
irup ri qrqolqhdulw| dw doo/ dqg wr vhdufk iru wkh ehvw �wwlqj prgho/ w|sl�hg e| wkh
dssolfdwlrq ri qhxudo qhwzrunv iru h{dpsoh1 Wkh sureohpv ri wklv dssurdfk vxfk dv
ryhu�wwlqj/ dssur{lpdwlrq ri vsxulrxv uhodwlrqvklsv/ odfn ri sdudphwhu lghqwl�fdwlrq/
dqg wkh hqvxlqj srru lqihuhqwldo delolw| duh zhoo nqrzq1 Dv L zloo uhylhz lq wkh qh{w
vhfwlrq/ wkh iruhfdvwlqj uhvxowv ri wkhvh dssolfdwlrqv kdv ehhq glvdssrlqwlqj1

Lq wklv sdshu L lqyhvwljdwh wkh iruhfdvwlqj delolw| ri vrph yhu| vshfl�f irupv ri
qrqolqhdulw|1 Zklovw wkhuhiruh L pd| qrw eh deoh wr prgho suhflvho| vrph jhqxlqh
qrqolqhdu uhodwlrqvkls lq wkh gdwd e| uhvwulfwlqj wkh ixqfwlrqdo irup dv pxfk dv L gr/
L juhdwo| uhgxfh wkh rswlpl}dwlrq/ lqihuhqfh/ dqg ryhu�wwlqj sureohpv dvvrfldwhg zlwk
pruh jhqhudo qrqolqhdu prghov1 Zkdw lv pruh wkh suhflvh irup ri qrqolqhdulw| wkdw L
orrn iru lv vxssruwhg dqg vxjjhvwhg e| hfrqrplf wkhru|/ dqg vrph uhfhqw dvvrfldwhg
hpslulfdo zrun1 Wkhuh duh dovr vwurqj srolf| lpsolfdwlrqv vxjjhvwhg e| wkh xvh ri
wkhvh uhvwulfwhg ixqfwlrqdo irupv/ wkh hvwlpdwhg uhodwlrqvklsv duh lqwhusuhwdeoh iurp d
srolf| shuvshfwlyh1 Wkh sduwlfxodu irup ri qrqolqhdulw| L vwxg| lv dovr forvho| uhodwhg
wr wkh uhfhqw zrun rq iruhfdvw frpelqdwlrq1 Wkh hvvhqfh ri wkh dssurdfk lv wkh vdph/
wkdw lv/ wkhuh pd| eh gl�huhqw vwdwlvwlfdo uhodwlrqvklsv ehwzhhq vhwv ri yduldeohv ryhu

4Dq lqwhuhvwlqj phwkrgrorjlfdo lpsolfdwlrq vxjjhvwhg e| iroorzlqj wklv olqh ri uhvhdufk lv wkdw wkh
jrdo ri �qglqj d vlqjoh joredo +l1h1 d prgho wkdw zrunv doo wkh wlph, lv plvjxlghg1 Udwkhu zh vkrxog
doorz iru d glyhuvlw| ri prghov/ uhfrjqlvlqj hdfk prghov vwuhqjwkv +dqg zhdnqhvvhv/ iru h{dpsoh
ryhu wlph ru lq gl�huhqw flufxpvwdqfhv,/ dqg frqfhqwudwh rq ghyhorslqj phwkrgv wr glvfulplqlqdwh
ehwzhhq prghov ryhu wlph1 Dqrwkhu h{dpsoh ri zrun lq wklv yhlq lv Fkhq/ PfFxoorfk dqg Wvd|
+4<<9 ^6`,1

5L phdq qrqolqhdu lq wkh zlghvw srvvleoh vhqvh/ zklfk lpsolhv d ydvw vhw ri ixqfwlrqdo irupv1
Wkhuh duh d qxpehu ri vshfl�fdwlrq phwkrgv wkdw kdyh ehhq ghyhorshg iru xvh zlwklq vshfl�f fodvvhv
ri qrqolqhdu prgho/ vxfk dv wkuhvkrog prghov dqg Pdunry0vzlwfklqj prghov1 Wkhvh phwkrgv duh
jhqhudoo| cvshfl�f0wr0jhqhudo* zlwklq d fodvv1
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wlph1
D uhvxow lv wkdw L gr �qg frqylqflqj hylghqfh +idu vwurqjhu wkdq wkh uhvxowv sur0

ylghg e| uhvhdufkhuv xvlqj pruh  h{leoh prghov, wkdw prghoolqj qrqolqhdulw| lv xvhixo
iru iruhfdvwlqj lq dwlrq/ dw ohdvw zlwklq wkh vhw ri yduldeohv L h{dplqh1 Dw wkh hqg ri
sdshu L glvfxvv vrph pruh sklorvrsklfdo lvvxhv dv wr zkdw wkh hvwlpdwhg uhodwlrqvklsv
lq wklv sdshu fdq doorz xv wr vd| derxw wkh qdwxuh ri wkh cwuxh* prgho jhqhudwlqj wkh
gdwd zh revhuyh1

Wkh uhvw ri wklv sdshu lv rujdqlvhg dv iroorzv1 Vhfwlrq 5 frqwdlqv d eulhi uhylhz ri
vrph uhfhqw dwwhpswv wr h{dplqh wkh xvhixoqhvv ri prghoolqj qrqolqhdulw| lq iruhfdvw0
lqj wkh lq dwlrq udwh1 Vhfwlrq 6 ehjlqv zlwk d uhylhz ri vrph plfur0irxqgdwlrqv wkdw
vxjjhvw wkh rxwsxw0jds2lq dwlrq uhodwlrqvkls zloo eh qrqolqhdu/ dqg wkhq surfhhgv wr
vxppdulvh wkh whvwlqj phwkrgv dqg h{wdqw hylghqfh1 Lq Vhfwlrq 7 L lqwurgxfh p|
prghoolqj surfhgxuh/ wkdw frpelqhv dgdswlyh prghoolqj/ dxwrpdwlf yduldeoh vhohfwlrq
whfkqltxhv dqg wkuhvkrog prghoolqj1 Vhfwlrq 8 ghvfulehv wkh gdwd/ dqg dq lpsruwdqw
lvvxh/ wkdw ri krz wr hvwlpdwh wkh rxwsxw0jds phdvxuh lwvhoi1 Vhfwlrq 9 uhsruwv ghwdlov
rq wkh prgho hvwlpdwhv/ dqg Vhfwlrq : frqwdlqv wkh iruhfdvwlqj uhvxowv1 Lq Vhfwlrq ; L
jlyh d eulhi glvfxvvlrq ri krz wr lqwhusuhw wkh uhvxowv/ dqg lq sduwlfxodu zkdw/ li dq|0
wklqj/ zh fdq lqihu derxw vrph wuxh GJS edvhg rq rxu uhvxowv1 Vhfwlrq < frqfoxghv
zlwk d glvfxvvlrq ri vrph olplwdwlrqv ri wklv sdshu/ dqg vrph vxjjhvwlrqv iru ixwxuh
zrun1

5 Qrqolqhdu Iruhfdvwlqj Prghov ri Lq dwlrq
Dv phqwlrqhg deryh/ wkhuh kdv ehhq vrph zrun rq qrqolqhdu iruhfdvwv ri lq dwlrq/ exw
xqiruwxqdwho| wkh uhvxowv ri wkhvh h{huflvhv kdyh qrw ehhq yhu| hqoljkwhqlqj dv wr wkh
irup ri qrqolqhdulw| wkdw pljkw eh lpsruwdqw1 Iru h{dpsoh Prvklul/ Fdphurq dqg
Vfxvh +^54` 4<<:, dqg Fdphurq dqg Prvklul +^5` 4<<:, kdyh h{soruhg qhxudo qhwzrun
edvhg prghov ri lq dwlrq1 D jhqhulf qhxudo qhwzrun prgho ri lq dwlrq zrxog kdyh
wkh irup

Z| ' w�~| n
�[

�'�

b�}E~|(��� n e|

zkhuh wc b� E� ' � wr ��c dqg �� E� ' � wr �� duh sdudphwhuv1 ~| lv d yhfwru ri
lqsxwv/ dqg }E� lv d qrqolqhdu ixqfwlrq1 Li ~| frqwdlqv odjjhg lq dwlrq dqg dq rxwsxw
jds whup wkhq fohduo| zh duh lq h�hfw hvwlpdwlqj htxdwlrq +4, dv wkh �uvw sduw ri
wkh deryh/ exw qrz dxjphqwhg e| d qxpehu ri qrqolqhdu whupv1 Vwulfwo| vshdnlqj
wkh prgho jlyhq deryh lv d vhpl qrq0sdudphwulf prgho udwkhu wkdq zkdw zh zrxog
qrupdoo| wklqn ri dv d qhxudo qhwzrun/ wkh odwwhu zrxog qrw frqwdlq wkh vhsdudwh
olqhdu sduw1 Wkh fkrlfh ri }E� fdq eh duelwudu|61 Zh nqrz wkrxjk wkdw iru vrph
vlpsoh vtxdvklqj ixqfwlrqv vxfk dv vljprlgdo ixqfwlrqv/ jlyhq vx!flhqwo| hqrxjk ri

6Wklv irup lv dovr wkdw xvhg e| Ohh/ Zklwh dqg Judqjhu +4<<6 ^4<`, dv d phdqv ri whvwlqj iru
qrqolqhdulw| lq phdq1
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wkhp +}E� ixqfwlrqv rq wkh uljkw kdqg vlgh l1h1 � lv odujh hqrxjk, wklv prgho fdq
dssur{lpdwh d zlgh udqjh ri qrqolqhdu ixqfwlrqv +^5;` 4<;<,1 Prvklul/ Fdphurq dqg
Vfxvh + ^54` 4<<:, dqg Fdphurq dqg Prvklul +^5` 4<<:, hvwlpdwhg prghov olnh wkh
rqh deryh/ zlwkrxw wkh olqhdu sduw/ xvlqj d ydulhw| ri vtxdvklqj ixqfwlrqv +dqg
dovr d voljkwo| pruh frpsolfdwhg yhuvlrq wkdw frqwdlqv ihhgedfn iurp wkh }E� ixqfwlrq
rxwsxwv wr wkh ~| yhfwru,1 Wkh ghshqghqw yduldeoh zdv Fdqdgldq FSL lq dwlrq1 Wkh|
xvhg dv lqsxwv frpelqdwlrqv ri odjjhg dqg h{shfwhg lq dwlrq/ prqh| vxsso| dqg dq
rxwsxw jds whup1 Ryhudoo wkh| irxqg vrph zhdn hylghqfh iru qrqolqhdulw|1 Wkrxjk
qr irupdo whvwv iru vwdwlvwlfdo vljql�fdqfh zhuh fduulhg rxw wkh| frqfoxghg wkdw vrph
ri wkh qhxudo prghov wkh| hvwlpdwhg rxwshuiruphg wkh olqhdu ehqfkpdun frpsdulvrq
prghov dw vrph krul}rqv lq whupv ri vwdqgdug fulwhulrq olnh phdq vtxduh huuru dqg
phdq devroxwh huuru1 Wkh uhvxowv zhuh krzhyhu vhqvlwlyh wr wkh irup ri }E� ixqfwlrqv/
vrph rxwshuiruphg wkh olqhdu prgho dw d sduwlfxodu krul}rq zklovw rwkhu qrqolqhdu
prghov zhuh qrw dv dffxudwh1

Fkhq dqg Vzdqvrq +4<<: ^7`, orrnhg dw rqh0vwhs0dkhdg iruhfdvwv ri XV lq dwlrq1
Wkh| orrnhg dw d udqjh ri qhxudo qhwzrun edvhg prgho zlwk gl�huhqw }E� ixqfwlrqv zlwk
dqg zlwkrxw wkh olqhdu sduw1 Wkh| irxqg wkdw lq whupv ri pvh d sxuho| qrqsdudphwulf
prgho +l1h1 zlwkrxw wkh olqhdu sduw, rxwshuiruphg doo rwkhu prghov lqfoxglqj olqhdu
prghov dqg d udqgrp zdon vshfl�fdwlrq1 Wkh fkrvhq prgho xvhg odjjhg lq dwlrq dqg
odjjhg rxwsxw jds whupv dv uhjuhvvruv1 Krzhyhu wkh vxffhvv ri wklv prgho zdv qrw
ryhuzkhoplqj/ lw glg qrw vljql�fdqwo| rxwshuirup d olqhdu prgho zlwk wkh vdph vhw ri
h{sodqdwru| yduldeohv rq wkh uljkw kdqg vlgh1 Dovr wkh olqhdu vshfl�fdwlrq zlwk odjjhg
lq dwlrq dqg d vlqjoh odjjhg rxwsxw jds whup zdv ehvw lq whupv ri phdq devroxwh
huuru +pdh, dqg lq whupv ri suhglfwlqj gluhfwlrq1 D ixuwkhu sureohp lq dwwdfklqj dq|
vljql�fdqfh wr wkhvh zhdn iruhfdvw lpsuryhphqwv lv wkdw wkh qrqolqhdu prgho wkdw
h{ srvw zdv irxqg wr eh ehvw e| pvh zdv rqh ri 5; qrqolqhdu prghov �wwhg1 Pdq|
ri wkh rwkhu 5: prghov shuiruphg yhu| edgo| +pdq| vljql�fdqwo| zruvh, frpsduhg
zlwk wkh olqhdu prgho1 Ilqdoo| wkh irup ri wkh qrqolqhdulw| fdswxuhg e| wklv prgho
lv qrw reylrxv1 Wkh ceodfn0er{* qdwxuh ri wkh qhxudo qhwzrun prgho pdnhv ohduqlqj
dq|wklqj derxw srwhqwldo vwuxfwxudo qrqolqhdu uhodwlrqvklsv yhu| gl!fxow1

Lq pdq| zd|v wkh uhvxowv ri wklv erg| ri zrun duh qrw sduwlfxoduo| vxusulvlqj1 Lw
lv zhoo nqrzq wkdw rswlpl}dwlrq ri qhxudo qhwzrun w|sh prghov lv lqkhuhqwo| gl!fxow/
pdlqo| gxh wr wkh odfn ri lghqwl�fdwlrq zlwklq wkh prgho dqg wkh gxdo sureohp ri
erwk hvwlpdwlqj wkh sdudphwhuv dqg wkh qhwzrun vl}h +wkh qxpehu ri klgghq xqlwv,1
Ixuwkhupruh vxfk dq dssurdfk lv lqwulqvlfdoo| olplwhg wr ehlqj deoh wr surylgh dw ehvw
lpsuryhg iruhfdvwv/ wkhvh prghov zrxog qrw eh deoh wr whoo xv pxfk derxw wkh irup
ri qrqolqhdulw|/ lw*v lqwhusuhwdwlrq dqg hfrqrplf vljql�fdqfh1

7



6 Zkdw Wkhru| dqg H{wdqw Hpslulfdo Zrun Kdv
wr Vxjjhvw Derxw Qrqolqhdulw| lq wkh Ghwhupl0
qdwlrq ri Lq dwlrq

614 Plfurirxqgdwlrqv

Wkh h{ dqwh fdvh iru qrqolqhdulw| ehwzhhq wkh rxwsxw0jds dqg lq dwlrq lv txlwh vwurqj1
Xqiruwxqdwho|/ lw lv qrw xqdpeljxrxv dv wr wkh suhflvh irup ri qrqolqhdulw|1 Wzr
uhfhqw sdshuv ghdo yhu| frpsuhkhqvlyho| zlwk wkh plfur0irxqgdwlrqv wkdw pljkw ohdg
rqh wr eholhyh wkh uhodwlrqvkls lv qrqolqhdu/ \dwhv +^5<` 4<<;, dqg Gxsdvtxlhu hw
do +^44`4<<;,1 L zloo jlyh wkuhh h{dpsohv wkdw jlyh wkh  dyrxu ri wkhvh dujxphqwv1
Iluvwo|/ dqg suredeo| wkh prvw reylrxv dujxphqw lv edvhg rq fdsdflw| frqvwudlqwv1
Rqh zrxog h{shfw wkdw zlwk lqfuhdvlqj pdujlqdo frvwv dqg �{hg fdsdflw| lq wkh vkruw
uxq/ vrph �upv �qg lw frvwo| wr lqfuhdvh wkhlu fdsdflw| lq wkh vkruw uxq1 Wklv zrxog
phdq lq dwlrq ehfrphv pruh vhqvlwlyh wr rxwsxw lq wlphv ri h{fhvv ghpdqg/ lpso|lqj
d frqyh{ vkdsh/ frqvlvwhqw zlwk wkh ruljlqdo Skloolsv fxuyh lghd1 D vhfrqg irup ri
qrqolqhdulw| zrxog eh lpsolhg e| d vljqdo h{wudfwlrq sureohp dv sursrvhg e| Oxfdv
+^53` 4<:5,1 Lq wklv zruog djhqwv kdyh wr wu| dqg xqwdqjoh uhodwlyh sulfh pryhphqwv
iurp djjuhjdwh sulfh pryhphqwv1 Djhqwv zrxog rqo| zdqw wr uhvsrqg wr fkdqjhv
lq uhodwlyh sulfhv lghdoo|1 Krzhyhu wkh pruh yrodwloh lv lq dwlrq wkh ohvv djhqwv zloo
eh deoh wr �owhu rxw uhodwlyh fkdqjhv/ dqg vr wkh ohvv zloo eh wkhlu rxwsxw uhvsrqvh1
Xqghu frqglwlrqv ri kljk lq dwlrq wkhq wkh vorsh ri wkh uhodwlrqvkls zloo eh vwhhshu
wkdq xqghu wlphv ri orz lq dwlrq1 Wkh qrqolqhdulw| khuh lv d irup ri vwdwh0ghshqghqfh/
zkhuh wkh vorsh lv d ixqfwlrq ri wkh yrodwlolw| ri lq dwlrq1 D wklug dqg �qdo dujxphqw
wkdw lpsolhv qrqolqhdulw| lv edvhg rq prqrqsrolvwlf frpshwlwlrq1 Li wkh hfrqrp| lv
pdgh xs ri vxfk �upv/ wkhq surgxfhuv pd| eh lqfolqhg wr orzhu sulfhv txlfno| wr
dyrlg ehlqj xqghufxw1 Krzhyhu wkh| pd| eh uhoxfwdqw wr udlvh sulfhv lq wkh krsh ri
nhhslqj rxw qhz frpshwlwruv1 Wklv zrxog lpso| d frqfdyh Skloolsv fxuyh/ vhh Vwljolw}
iru dq dujxphqw iru wklv fdvh +^58` 4<;7,1 Idfhg zlwk wkhvh gl�huhqw dqg frq lfwlqj
wkhruhwlfdo dujxphqwv d uhfhqw olwhudwxuh kdv ghyhorshg wkdw dwwhpswv wr glvfulplqdwh
ehwzhhq wkhvh prghov hpslulfdoo|1

615 Hpslulfdo Hylghqfh

Dv glvfxvvhg lq wkh suhylrxv vhfwlrq/ wkhuh kdyh ehhq uhfhqw dujxphqwv sursrvlqj wkh
uhodwlrqvkls lv olqhdu ^46`/ frqfdyh ^58` dqg frqyh{ ^8`1 Wkhuh duh vwurqj dqg gl�huhqw
srolf| lpsolfdwlrqv ghshqglqj rq zklfk ylhz lv uljkw1 Wkh suhylrxv dxwkruv doo glvfxvv
wkh srolf| lvvxh wkrurxjko| dqg L zloo qrw uhshdw doo wkh dujxphqwv khuh/ exw rqh ri wkh
prvw reylrxv h{dpsohv ri zk| wklv lv lpsruwdqw lv frqfhuqhg zlwk wkh wlplqj ri srolf|1
Li wkh uhodwlrqvkls lv frqyh{ wkdw phdqv wkdw li wkh hfrqrp| vkrzv vljqv ri ryhukhdwlqj
lw pd| zhoo eh ehqh�fldo wr dfw dv txlfno| dv srolf| wr gdpshq wkh hfrqrp|1 Wkh
uhdvrq lv wkdw lq rughu wr pdlqwdlq d vwdeoh lq dwlrq udwh wkh hfrqrp| kdv wr vshqg

8



sursruwlrqdwho| orqjhu lq d glvlq dwlrqdu| uhjlph +zlwk xqhpsor|phqw kljkhu wkdq
wkh qdwxudo udwh, wkdw lw grhv lq dq h{sdqvlrqdu| ru ryhukhdwlqj uhjlph1 Wkh uhdvrq
zk| wkh hpslulfdo hylghqfh iru wkh irup ri qrqolqhdulw| lv vr lpsruwdqw lv wkdw wkh
rssrvlwh lv wuxh li wkh uhodwlrqvkls lv frqfdyh$ Qh{w L zloo ghvfuleh wkh phwkrgv dqg
uhvxowv wkdw h{lvw lq wkh olwhudwxuh iru whvwlqj iru wkh irup ri wklv uhodwlrqvkls1

Wkh vlpsoh olqhdu prgho srvlwv wkdw lq dwlrq lv gulyhq e| lq dwlrq h{shfwdwlrqv
dqg wkh rxwsxw jds +ru wkh xqhpsor|phqw jds,

Z| ' Ze
|n� n q +}@R| n e| +4,

zkhuh Z lv lq dwlrq/ Ze lq dwlrq h{shfwdwlrqv dqg +}@R wkh rxwsxw jds whup1 e| lv d
vwrfkdvwlf huuru1 Wkhuh duh d qxpehu ri zd|v wkh rxwsxw jds pd| eh phdvxuhg/ dqg
odwhu L zloo jr lqwr pruh ghwdlo1 Iru qrz frqvlghu lw phdvxuhv wkh gl�huhqfh ehwzhhq
dfwxdo rxwsxw dqg srwhqwldo rxwsxw1 Wkh lq dwlrq h{shfwdwlrqv whupv suhvhqfh lq wklv
vlpsoh htxdwlrq vxjjhvwv wkdw wklv lv wkh pdlq idfwru wkrxjkw wr gulyh lq dwlrq1 Wklv
fdq eh prghoohg lq d qxpehu ri zd|v/ srsxoduo|/ e| glylglqj wkh whup lqwr d iruzdug
dqg edfnzdugv frpsrqhqw/ vr w|lqj lq dwlrq grzq lq sduw wr wkh sdvw1 Zh frxog
zulwh wklv hdvlo| dv

Z| ' �Eu�Z|3� n�Eu�Ze
|n� n q +}@R| n e|

zkhuh qrz wkh �Eu� dqg �Eu�*v duh odj rshudwruv1 Odjv ri lq dwlrq pljkw dovr eh
h{shfwhg wr hqwhu li wkhuh lv vrph lqwulqvlf g|qdplfv lqgxfhg e| ryhuodsslqj zdjh
frqwudfwv ru frvwo| sulfh dgmxvwphqwv1 Dowkrxjk wkhruhwlfdoo| xqdsshdolqj lw fdq eh
gl!fxow wr uhmhfw wkh suhvhqfh ri d xqlw0urrw lq lq dwlrq +l1h1 �Eu� n�Eu� ' �� ^7`1

Whvwlqj iru qrqolqhdulw| kdv jhqhudoo| surfhhghg e| lqwurgxflqj wkh srvvlelolw| ri
d vlpsoh irup ri dv|pphwu|1 Wkh lghd lv wkdw wkh h�hfw ri wkh rxwsxw jds rq lq dwlrq
lv ghshqghqw rq wkh vljq ri wkh rxwsxw jds1 Wkh vlpsohvw irup ri dv|pphwu| vxjjhvwv
wkdw zkhq wkh rxwsxw jds lv srvlwlyh +l1h1 zkhq rxwsxw lv deryh wkh srwhqwldo udwh/
shukdsv ghvfulehg dv errp frqglwlrqv, wkh rxwsxw jds kdv d juhdwhu h�hfw rq lq dwlrq
wkdq zkhq lq uhfhvvlrqdu| wlphv1 Dq reylrxv zd| wr whvw iru wklv lv wr hvwlpdwh wkh
dxjphqwhg prgho

Z| ' �Eu�Z|3� n�Eu�Ze
|n� n q +}@R| n �+}@RRJr| n e|

dqg whvw wkdw � : f� Li +}@R lv gh�qhg dv +|�+R +dfwxdo rxwsxw 0 srwhqwldo rxwsxw, dqg
+R lv wkh ohyho ri rxwsxw dwwdlqdeoh rq dyhudjh lq d vwrfkdvwlf hfrqrp|/ wkhq zh pljkw
h{shfw +}@R wr kdyh d }hur phdq1 Wklv zrxog eh wuxh lq d v|pphwulf wudgh0r�1 Zlwk
dq dv|pphwulf wudgh0r� krzhyhu zkhq srvlwlyh jdsv kdyh pruh h�hfw wkdq qhjdwlyh
jdsv/ wkhq iru lq dwlrq wr eh erxqghg li � : f zh zrxog uhtxluh wkh +}@R whup wr
kdyh d qhjdwlyh phdq71 Lq sudfwlfh wkhq lq whvwlqj wklv htxdwlrq lw lv lpsruwdqw wr
uhgh�qh +}@R � + � +R n kc zkhuh k lv hvwlpdwhg1 Wklv w|sh ri dv|pphwu| vxjjhvwv

7Wklv dujxphqw fdq eh pdgh lq wkh frqwh{w ri d Skloolsv fxuyh1 Li wkh Skloolsv fxuyh lv olqhdu
wkh QDLUX lv zkhuh wkh fxuyh fxwv wkh {0d{lv1 Wklv zrxog dovr eh wuxh li wkh hfrqrp| zdv klw
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d nlqnhg ru slhfhzlvh Skloolsv fxuyh/ dw rxwsxw jds ohyhov juhdwhu wkdq k wkh rxwsxw
jds kdv dq lqfuhdvhg h�hfw rq lq dwlrq1 Wklv htxdwlrq kdv ehhq xvhg e| ^8` ^4;` zkr
irxqg hylghqfh lq idyrxu ri wklv irup ri dv|pphwu|1

D pruh  h{leoh irup ri qrqolqhdulw| wkdw doorzv iru pdujlqdo frqyh{lw| kdv dovr
ehhq xvhg wr whvw iru dq dowhuqdwlyh wr olqhdulw|1 Lq wklv fdvh zh pljkw whvw dq htxdwlrq
ri wkh irup

Z| ' �Eu�Z|3� n�Eu�Ze
|n� n q E+R| � +|�*+| n e|

lq zklfk fdvh wkh frh!flhqw q phdvxuhv wkh ghjuhh ri frqyh{lw|1 Htxdwlrqv ri wklv
irup +wkrxjk xvlqj wkh xqhpsor|phqw jds udwkhu wkdq wkh rxwsxw jds, kdyh ehhq
whvwhg e| Fodun dqg Od{wrq +4<<: ^9`, dqg Ghehooh dqg Od{wrq +4<<: ^;`,1 Wkh whvwlqj
surfhgxuh kdv ehhq wr frpsduh wkh �w ri wklv htxdwlrq zlwk wkh vlpsoh olqhdu yhuvlrq lq
+4, deryh1 Wkrxjk wkhuh duh sureohpv zlwk xquhvwulfwhg whvwlqj ri wkhvh prghov +vhh
lq sduwlfxodu ^;`8,/ wkh hylghqfh vhhpv wr eh idluo| fohduo| lq idyrxu ri wkh qrqolqhdu
vshfl�fdwlrq/ exw ydulhv iru gl�huhqw frxqwulhv1 Lq sduwlfxodu wkh vwurqjhvw hylghqfh
iru qrqolqhdulw| lv irxqg lq wkh XV gdwd/ qh{w Fdqdgd/ wkhq wkh zhdnhvw hylghqfh lq
wkh XN gdwd1

7 DWkuhvkrogPrgho Dssurdfk wr wkh Iruhfdvwlqj
Sureohp

Dq dowhuqdwlyh phwkrg ri prghoolqj wkh srwhqwldo dv|pphwu| lq wkh Skloolsv fxuyh
uhodwlrq lv yld d wkuhvkrog prgho1 Wkuhvkrog prghov kdyh ehhq xvhg iru rwkhu w|shv
ri dv|pphwu| lq pdfur0hfrqrplfv zlwk vrph ghjuhh ri vxffhvv douhdg|1 Iru h{dp0
soh Kdqvhq +4<<9 ^48`, prghoohg XV xqhpsor|phqw dqg wkh dv|pphwulf g|qdplfv
ehwzhhq uhfhvvlrqv dqg errpv1 Shho dqg Vshljkw +4<<; ^55`, fduulhg rxw d vlplodu
h{huflvh zlwk pruh xqhpsor|phqw udwhv1 L zloo frqvlghu d vlpsoh irup ri wkuhvkrog
prgho

Z| ' �Eu�Z|3� n UE+}@R|3_ � +W�q +}@R|3_ n UE+}@R|3_ : +W�� +}@R|3_ n e|

zkhuh UE� lv dq lqglfdwru ixqfwlrq1
Wklv prgho kdv d frpprq sduw frqvlvwlqj ri odjv ri lq dwlrq1 Lq sulqflsoh L frxog

prgho wklv h{shfwdwlrqv sduw pruh fduhixoo|1 Rqh srwhqwldo sureohp zlwk vroho| xvlqj
edfnzdug orrnlqj h{shfwdwlrqv lv wkdw zh zrxog qrw h{shfw wkh sdudphwhuv hvwlpdwhg

e| d v|pphwulf glvwulexwhg vkrfnv1 Wkh dyhudjh xqhpsor|phqw udwh zrxog dovr eh wkh QDLUX1
Krzhyhu lq d vwrfkdvwlf hfrqrp| wkh dyhudjh ohyho ri xqhpsor|phqw zkhq wkh Skloolsv fxuyh lv
frqyh{ lv kljkhu wkdq wkh ghwhuplqvwlf +dqg olqhdu, QDLUX1 Vhh Fodun dqg Od{wrq +4<<:, iru d jrrg
h{srvlwlrq ^9`1

8Wkh sureohp lv hvvhqwldoo| wkdw li zh frpsduh d olqhdu dqg qrqolqhdu prgho/ vwdwlvwlfdoo| wkh
olqhdu prgho zloo riwhq �w wkh gdwd ehwwhu1 Krzhyhu wkh lpsolhg yduldelolw| ri wkh QDLUX iurp wkh
olqhdu prgho lv wrr kljk1 Wklv vxjjhvwv lpsrvlqj sulruv rq wkh prghov/ dqg rqfh wklv kdv ehhq grqh
wkh olqhdu prgho zloo dsshdu ohvv dwwudfwlyh lq frpsdulvrq wr wkh qrqolqhdu prgho1

:



lq �Eu� wr eh lqyduldqw wr fkdqjhv lq srolf| ryhu wlph1 Iru wklv uhdvrq zh pljkw
zdqw wr lqfoxgh vrph dfwxdo iruzdug orrnlqj yduldeohv olnh vxuyh| phdvxuhv dqg vr
rq1 Lq sduwldo plwljdwlrq ri wklv sureohp L fdq dujxh wkdw zh duh jrlqj wr hvwlpdwh
wkhvh prghov dgdswlyho|1 L grq*w wkhuhiruh lq sudfwlfh uhtxluh wkdw hlwkhu wkh vdph
odjv hqwhu �Eu� hdfk shulrg/ ru wkdw wkh frh!flhqwv rq wkh odjv duh frqvwdqw1 Dv lw
wxuqv rxw wkh sdudphwhu hvwlpdwhv rq wkhvh yduldeohv duh yhu| vwdeoh1

Wkh frh!flhqw rq wkh +}@R yduldeoh lv doorzhg wr eh gl�huhqw ghshqglqj rq zkhwkhu
+}@R|3_ lv deryh ru ehorz wkh wkuhvkrog ohyho ri +}@Rc +W� Wkh vlpsoh Skloolsv fxuyh
vxjjhvwv +}@R|3� vkrxog hqwhu wkh htxdwlrq +dqg doo wkh h{dpsohv lq wkh whvwlqj olw0
hudwxuh wkdw xvhv nlqnhg ixqfwlrqv vroho| orrn dw wklv vshfl�fdwlrq, exw lq sudfwlfh L
ylhz wklv dv dq hpslulfdo txhvwlrq1 L iroorz d vlpsoh surfhgxuh wr fkrrvh _c wkh odj
ri +}@R� Iluvw L hvwlpdwh d udqjh ri olqhdu prghov doorzlqj xs wr irxu odjv ri lq dwlrq
dqg rqh odj ri +}@R wr hqwhu wkh htxdwlrq1 L fkrrvh wkh suhihuuhg prgho dv wkh rqh
zklfk plqlpl}hv wkh VLF9/ jlyhq dv

7U� ' *L}E6re� n ER *L} ?�*?

Lq rwkhu zrugv L hvwlpdwh prghov zlwk qr odjjhg rxwsxw jds/ dqg wkhq rqh vhw ri
prghov iru hdfk odj ri wkh rxwsxw jds whup +4 wr 7, zlwk doo srvvleoh frpelqdwlrqv
ri 7 odjv ri lq dwlrq Wkh odj ri wkh rxwsxw jds wkdw plqlpl}hv wklv htxdwlrq wkhq
vhuyhv dv wkh _ iru wkh wkuhvkrog h{whqvlrq1 Rqh fdq ylhz wklv surfhgxuh dv d vhqvleoh
phdqv ri dxjphqwlqj wkh olqhdu prgho1 Iluvw L �qg wkh ehvw olqhdu prgho/ wkhq L
doorz dq dv|pphwu| wr hqwhu wkdw olqhdu prgho lq d yhu| vshfl�f zd|1 Dv lq wkh whvw
iru dv|pphwu| h{sodlqhg hduolhu wklv wkuhvkrog prgho doorzv iru d slhfh0zlvh olqhdu
dssur{lpdwlrq wr d srwhqwldoo| vprrwk uhodwlrqvkls:1 Wkh hvwlpdwh ri wkh wkuhvkrog
sdudphwhu +W frqwurov zkhuh rq wkh +}@R d{lv wkh nlqn rffxuv1 Wkh hduolhu dujxphqwv
derxw wkh lqfoxvlrq ri wkh k sdudphwhu +zklfk lv qrw qhhghg zlwk wklv dssurdfk,
vxjjhvw lw rxjkw wr eh zkhuh +}@R lv qhjdwlyh/ wkrxjk wklv lv ri frxuvh dq hpslulfdo
txhvwlrq1

L iroorz dq dgdswlyh prghoolqj dssurdfk wr iruhfdvwlqj wkh lq dwlrq udwh/ zklfk
phdqv L doorz erwk wkh prgho vshfl�fdwlrq +lq whupv ri wkh vhohfwhg h{sodqdwru|
yduldeohv, dqg wkh frh!flhqwv wr fkdqjh ehiruh pdnlqj hdfk rqh0vwhs dkhdg iruhfdvw1
Wkh surfhgxuh fdq eh vxppdulvhg dv ehorz

41 Vwduw zlwk vdpsoh 4<8<=6 wr 4<;8=6 +vhh ehorz,

9Lq sulqflsoh zh frxog xvh rwkhu vhohfwlrq phwkrgv vxfk dv wkh Dndlnh Lqirupdwlrq Fulwhulrq
+DLF,/ Suhglfwlyh Vwrfkdvwlf Fulwhulrq +SVF,/ PVH/ vljq0suhglfwdelolw| phwulfv dqg vr rq1 Shvdudq
dqg Wlpphupdq +4<<9, glvfxvv gl�huhqw phwkrgv/ dqg rwkhu sdshuv e| Vzdqvrq dqg rwkhuv h{soruh
wklv lvvxh/ hj1 Vzdqvrq dqg Zklwh +4<<8 ^5:`,1 Lw lv shukdsv zruwk qrwlqj wkdw xqolnh wkh DLF/
wkh VLF lv d frqvlvwhqw vhohfwlrq phwkrg1 Wklv phdqv wkdw li wkhuh lv d wlph0lqyduldqw GJP/ wkhq
uhfxuvlyh dssolfdwlrq ri wkh VLF +dvvxplqj wkh dfwxdo uhjuhvvruv duh lqfoxghg lq wkh srwhqwldo vhw,
zloo ohdg wr wkh fruuhfw prgho ehlqj fkrvhq hyhqwxdoo|1

:Ri frxuvh/ zh kdyh ihz sulruv wr vxjjhvw wkh Skloolsv fxuyh lv lq idfw d frqyh{ fxuyh1 Lw pljkw eh
d wkuhvkrog ru slhfh0zlvh ixqfwlrq1 L vxvshfw wkdw zh frxog qrw vdwlvidfwrulo| glvfulplqdwh ehwzhhq d
frqyh{ fxuyh dqg d 5 ru 6 uhjlph slhfhzlvh dssur{lpdwlrq dq|zd|/ zlwk wkh vdpsoh vl}hv dydlodeoh1

;



51 Ilw udqjh ri prghov ri wkh irup

Z| ' �Eu�Z|3� n +}@R|3_ n e|

zkhuh wkh yduldeohv lqfoxghg rq wkh uljkw kdqg vlgh duh uhdfk srvvleoh vxevhw ri
wkh vhw ri srwhqwldo uhjuhvvruv 7 ' EZ|3�c Z|32c Z|3�c Z|3ec +}@R|3�c +}@R|32c +}@R|3�c +}@R|3e��
Fkrrvh wkh prgho wkdw plqlpl}hv wkh VLF/ wkhuhe| ghwhuplqlqj wkh crswlpdo*
odj vhohfwlrqv iru lq dwlrq dqg _ iru wkh +}@R whup1

61 Hvwlpdwh wkh wkuhvkrog prgho/ iru _ dqg wkh lq dwlrq odj yhfwru wkdw kdv ehhq
vhohfwhg deryh

Z| ' �Eu�Z|3� n UE+}@R|3_ � +W�q+}@R|3_ n UE+}@R|3_ : +W��+}@R|3_ n e|�

71 Surgxfh rqh vwhs dkhdg iruhfdvwv iurp erwk olqhdu dqg qrqolqhdu prghov +h1j1
iru wkh �uvw wlph iru ;8=7,1

81 Dgg wkh qh{w revhuydwlrq wr wkh hvwlpdwlrq +lq0vdpsoh vhw, wkhq jr edfn wr 51

Wklv dssurdfk doorzv iru frh!flhqw hyroxwlrq dqg iru wkh pd{lpxp xvh ri sdvw
gdwd ehiruh pdnlqj hdfk rqh0vwhs0dkhdg iruhfdvw;1 Zh rewdlq 85 jhqxlqh rxw0ri0
vdpsoh rqh vwhs dkhdg iruhfdvwv1

P| lqwhuhvw lv lq wkh iruhfdvwlqj srwhqwldo ri wkh qrqolqhdu prgho/ exw qhyhuwkhohvv
wkhuh lv dq lvvxh dv wr zkhwkhu zh zrxog dfwxdoo| fkrrvh wkh qrqolqhdu lq uhdo wlph1
Wkhuh*v wzr zd|v wr orrn dw wklv sureohp1 Iluvwo| zh fdq dvn zkhwkhu wkh qrqolqhdu
prgho �wv wkh lq0vdpsoh gdwd vx!flhqwo| ehwwhu wkdq wkh olqhdu prgho1 Mxvw krz
cvx!flhqwo|* lv vxemhfwlyh1 Frqyhqwlrqdo zlvgrp vxjjhvwv wkdw wkh �w kdv wr ehwwhu
wkdq wkh olqhdu �w/ hyhq diwhu wdnlqj lqwr dffrxqw wkh idfw wkh qrqolqhdu prgho kdv
pruh ghjuhhv ri iuhhgrp wkdq wkh olqhdu prgho1 Wklv csduvlprq|* fulwhulrq lv ghvljqhg
wr dyrlg wkh sudfwlfh ri ryhu0�wwlqj1 Zh frxog xvh shqdol}hg olnholkrrg phdvxuhv vxfk
dv VLF ru DLF wr shuirup wklv1 Iru h{dpsoh Shho dqg Vshljkw +4<<;, xvhg DLF wr
vhohfw wkhlu qrqolqhdu prghov ryhu wkhlu olqhdu frpshwlwruv1 Dq dowhuqdwlyh dssurdfk
zrxog eh wr xvh d errwvwuds olnholkrrg udwlr +OU, whvw1 Zh zrxog qhhg wr xvh wkh
errwvwuds ehfdxvh wkh OU glvwulexwlrq lv qrq0vwdqgdug gxh wr lghqwl�delolw| sureohpv
lqkhuhqw lq wkh pl{wxuh vwuxfwxuh ri wkh wkuhvkrog prgho/ vhh iru h{dpsoh ^4:` dqg ^47`1
Wkh vhfrqg zd| wr ghdo zlwk wklv txhvwlrq lv wr vd|/ dfwxdoo| lw grhvq*w pdwwhu wrr
pxfk derxw krz pxfk ehwwhu wkh qrqolqhdu prgho lv lq0vdpsoh/ zkdw uhdoo| pdwwhuv
lv wkh rxw0ri0vdpsoh shuirupdqfh1 Iru h{dpsoh/ zh pljkw wkhq ghflgh wkdw li rxu
qrqolqhdu prgho kdv ehhq rxwshuiruplqj wkh olqhdu prgho rxw0ri0vdpsoh iru 8 |hduv/
zh vkrxog frqwlqxh xvlqj wkh qrqolqhdu prgho iru wkh qh{w rqh0vwhs0dkhdg iruhfdvw
dqg vr rq1 Wklv pljkw eh uhjdugohvv ri wkh lq0vdpsoh shuirupdqfh ri wkh prgho1 Wklv

;Lw zrxog ri frxuvh eh ri lqwhuhvw wr orrn dw pxowl0vwhs iruhfdvwv1 L ohdyh wklv wr ixwxuh zrun1

<



zrxog eh dq h{dpsoh ri d pruh jhqhudo dssurdfk wr prgho vhohfwlrq lq zklfk zh vhohfw
iruhfdvwlqj prghov dv ehlqj xvhixo edvhg rq krz zhoo zh wklqn wkh| pljkw iruhfdvw lq
wkh ixwxuh1 Zh zrxog vxuho| zdqw wr orrn rwkhu phdvxuhv wkdq lq0vdpsoh �w dorqh wr
dfklhyh wklv dlp/ hvshfldoo| zkhq frqvlghulqj qrqolqhdu prghov1

8 Wkh Gdwd dqg Rxwsxw0Jds Frqvwuxfwlrq
Lq dwlrq lv gh�qhg dv eff *L}dR|*R|3�oc zkhuh R| lv wkh lpsolflw sulfh gh dwru iru JGS1
+| lv uhdo JGS1 Erwk vhulhv iru wkh XV duh phdvxuhg txduwhuo| dqg gudzq iurp IUHG/
wkh Ihghudo Uhvhuyh Hfrqrplf Gdwdedvh<1 Zh kdyh gdwd iurp 4<8<=6 wr 4<<;=51

Xs wr qrz L kdyh ghvfulehg d uhodwlrqvkls ehwzhhq lq dwlrq dqg wkh rxwsxw0jds
zlwkrxw dfwxdoo| gh�qlqj wkh rxwsxw jds yhu| suhflvho|1 Wkh hvvhqfh ri wkh whup lv
wkdw lw fdswxuhv wr zkdw h{whqw wkh hfrqrp| pd| eh rshudwlqj deryh ru ehorz vrph
wuhqg ohyho1 Lq sudfwlfh zh qhhg wr gh�qh vrph phdvxuh ri wklv wuhqg1 L kdyh wzr
fulwhulrq wkdw p| phdvxuh pxvw ixo�oo1 Iluvwo| L zdqw wr eh deoh wr hvwlpdwh uhdo0
wlph rxwsxw0jdsv/ dw ohdvw wr wkh h{whqw wkdw L grq*w h{solflwo| xvh lqirupdwlrq odwhu
wkdq wkh wlph shulrg dw zklfk p| odvw lq0vdpsoh revhuydwlrq rffxuv1 Wklv zd| L fdq
+doprvw$43, dujxh wkdw wkh iruhfdvwv duh jhqxlqho| rxw0ri0vdpsoh1 Vhfrqgo|/ ehfdxvh
L zdqw wr uh0hvwlpdwh wkh rxwsxw0jds phdvxuh hdfk shulrg L uhtxluh d idluo| vlpsoh
phwkrg ri hvwlpdwlrq1

Wkhuh lv d kxjh olwhudwxuh rq hvwlpdwlqj rxwsxw0jdsv dqg srwhqwldo rxwsxw1 Whfk0
qltxhv udqjh iurp phfkdqlfdo �owhuv +vxfk dv prylqj0dyhudjhv ri dfwxdo orj JGS, wr
ixoo eorzq pdfur0prghov wkdw hqgrjhqrxvo| hvwlpdwh srwhqwldo rxwsxw1 Eduuhoo dqg
Vhiwrq +^4`4<<8 , surylgh d uhfhqw frpsdulvrq ri vrph ri wkh prvw srsxodu phdvxuhv1
Rqh uhvxow iurp wklv vxuyh| lv wkdw wkh pdfur prgho edvhg hvwlpdwhv duh qrw vwulnlqjo|
gl�huhqw iurp vlpsoh phfkdqlfdo �owhuv/ wkrxjk wkh prgho phdvxuhv pd| r�hu vrph
pruh lqvljkw lqwr wkh xqghuo|lqj qdwxuh ri srwhqwldo rxwsxw1 Lq wklv sdshu L kdyh
wkhuhiruh xvhg wkuhh phdvxuhv wkdw phhw p| fulwhulrq1

Wkh �uvw phdvxuh lv d uroolqj olqhdu wuhqg1 L iroorz d vlplodu phwkrg wr wkdw
sursrvhg e| Fkhq dqg Vzdqvrq +4<<:, wr jhqhudwh wklv rxwsxw jds whup1 Wklv doorzv
xv vrph frpsdudelolw| zlwk wkhlu iruhfdvw uhvxowv1 Zh frqvwuxfw wkh yduldeoh +}@R| '
effE+| � +R|n��c zkhuh +

R
|n� lv d phdvxuh ri srwhqwldo rxwsxw1 Jlyhq wklv lv xqrevhuyhg

dqg zh rqo| zdqw wr xvh lqirupdwlrq xs wr | � � wr hvwlpdwh lw dqg hqvxuh wkh
iruhfdvwv ri wlph | duh frqvhtxhqwo| wuxo| rxw0ri0vdpsoh/ zh xvh d yhu| vlpsoh phwkrg
wr hvwlpdwh +R|n�� Zh �w d olqhdu wuhqg wr +| xvlqj uroolqj vdpsohv ri �f txduwhuv/ dqg
iru hdfk uroolqj vdpsoh zh iruhfdvw rqh txduwhu dkhdg wr jhw dq hvwlpdwh ri +R|n� jlyhq
i+�j|�'|3�f� +h1j1 zh hvwlpdwh wkh prgho +R| ' eS n e_| / wkhq iruhfdvw +R|n�,1 Zklovw

<Dydlodeoh ryhu wkh lqwhuqhw dw kwws=22zzz1vwov1iue1ruj2iuhg2gdwd2jgs1kwpo1
43Vwulfwo| vshdnlqj/ hyhq grlqj wklv grhv qrw phdq wkh lqirupdwlrq L xvh wr pdnh wkh iruhfdvw

dw vd| ;8=6 zdv dfwxdoo| dydlodeoh dw ;8=61 Vrph gdwd duh sxeolvkhg zlwk odjv/ dqg dovr vxemhfw wr
uhylvlrqv dw odwhu gdwhv1 D qxpehu ri shrsoh duh zrunlqj rq wkh frqvwuxfwlrq ri jhqxlqh uhdo0wlph
gdwd vhwv +Uhfhqw vxuyh|v fdq eh irxqg lq Jk|vhov hw do +4<<:,/ dqg Glherog dqg Uxghexvfk +4<<4,,11
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wkh olqhdu ghwhuplqlvwlf wuhqg lv lq wkh orqj0uxq fohduo| lqdssursuldwh/ wkh uroolqj
hvwlpdwlrq grhv surgxfh lqwxlwlyho| udwlrqdolvdeoh rxwsxw0jds vhulhv1 L dwwdfk wkh
suh�{ OLQ wr prghov wkdw xvh wklv phdvxuh1

Wkh vhfrqg phdvxuh L xvh lv d uhfxuvlyho| hvwlpdwhg Krgulfn0Suhvfrww �owhu1 Wklv
�owhu kdv ehhq zlgho| fulwlflvhg dv ehlqj dwkhruhwlfdo dqg vrphzkdw dg krf/ exw vwloo
uhpdlqv d khdylo| xvhg whfkqltxh ri hvwlpdwlqj wuhqg rxwsxw1 Wkh phdvxuh ri wkh
rxwsxw jds khuh lv vlpso| wkh gl�huhqfh ehwzhhq orj JGS dqg lw*v KS wuhqg1 Rqh
riwhq flwhg sureohp zlwk wkh �owhu lv wkdw lw lv qrw yhu| jrrg dw wkh hqg srlqwv ri wkh
vdpsoh1 Lq idfw wkh c�owhu* ehkdyhv olnh d vprrwkhu lq wkh plggoh ri wkh vdpsoh +xvlqj
lqirupdwlrq iurp erwk vlghv ri wkh revhuydwlrq, dqg dv d wuxh c�owhu* dw wkh hqg ri wkh
gdwd/ wkdw lv lw fohduo| fdq rqo| xvh lqirupdwlrq iurp rqh vlgh ri wkh odvw revhuydwlrq1
Pdq| ri wkh sureohpv dqg lvvxhv lqyroyhg zlwk wkh KS �owhu duh glvfxvvhg lq Eduuho
dqg Vhiwrq +4<<8, dqg pruh uhfhqwo| e| Ydq Qrughq441 Wkhuh*v qr uhdvrq wr wkurz
dzd| lqirupdwlrq dw wkh ehjlqqlqj ri wkh vdpsoh zlwk wkh KS0�owhu vr L hvwlpdwh
lw uhfxuvlyho|1 Iru frqyhqlhqfh/ L uhwdlq wkh suhylrxv hvwlpdwhv ri wkh wuhqg dw hdfk
iruhfdvw srlqw1 Wklv phdqv wkdw lq <;=4 iru h{dpsoh wkh hvwlpdwhv ri wuhqg iru <3=4
zhuh wkh rqhv hvwlpdwhg lq <3=4/ qrw wkh hvwlpdwh L frxog qrz pdnh xvlqj lqirupdwlrq
iurp eh|rqg <3=41 L dwwdfk wkh suh�{ KS wr wkh prghov wkdw xvh wkh KS phdvxuh1

Wkh �qdo phdvxuh L xvh lv ohvv phfkdqlfdo/ dqg qrw vwulfwo| vshdnlqj dq rxwsxw
jds phdvxuh shu vh1 L kdyh xvhg wkh gl�huhqfhg fdsdflw| xwlol}dwlrq vhulhv iru wkh
pdqxidfwxulqj vhfwru +rewdlqhg iurp Gdwdvwuhdp,1 Fdsdflw| xwlol}dwlrq kdv orqj
ehhq xvhg dv d ohdglqj lqglfdwru iru lq dwlrq/ vhh iru h{dpsoh Fruudgr dqg Pdwwh|
+^:` 4<<:,1 Wkh vdph vruw ri dujxphqwv iru d qrqolqhdu uhodwlrqvkls ehwzhhq fdsdflw|
xwlol}dwlrq dqg wkh rxwsxw jds krog1 Lq idfw Ud}}dn +^57` 4<<;, kdv xvhg suhflvho| wklv
phdvxuh lq d vwxg| ri qrqolqhdulw| lq wkh rxwsxw0jds2lq dwlrq uhodwlrqvkls lq Qhz
]hdodqg1 Wkhvh prghov duh ghqrwhg yld d FDS suh�{1

Sorw 4 vkrzv wkh wkuhh phdvxuhv1 Fohduo| wkh jhqhudo vkdsh ri wkh phdvxuhv lv
yhu| vlplodu1 Iru prvw ri wkh wlph doo wkh phdvxuhv zrxog ohdg wr wkh vdph lqihuhqfh
uhjduglqj zkhwkhu wkh hfrqrp| lv ehorz ru deryh wuhqg1

9 Hvwlpdwhg Iruhfdvwlqj Prgho Ghwdlov

Wkh prghov duh uhihuuhg wr lq wkh irup cjds phdvxuh/ OLQ/ KS ru FDS*0cprgho w|sh
OLQhdu ru WKUhvkrog*/ h1j1 OLQ0OLQ lv d olqhdu prgho zklfk xvhv wkh uroolqj olqhdu
jds phdvxuh1 Iru wkh OLQ dqg wkh KS jds/ wkh uhvxowv zhuh txlwh vlplodu1 Lq erwk
fdvhv/ iru hdfk olqhdu iruhfdvwlqj prgho vhohfwhg/ dq rxwsxw jds whup zdv vhohfwhg
yld wkh VLF451 Vr iru wkhvh rxwsxw jds phdvxuhv wkh wzr wkuhvkrog prghov hvwlpdwhg

44Wkh Edqn ri Fdqdgd zhe vlwh kdv d odujh qxpehu ri sdshuv ghdolqj zlwk wkh lvvxh ri hvwlpdwlqj
ri hvwlpdwlqj rxwsxw jdsv/ vhh kwws=22zzz1edqn0edqtxh0fdqdgd1fd2hqjolvk2zs+|,1kwp

45Uhphpehu wkdw wkhuh lv qr uhtxluhphqw wkdw wkh olqhdu prgho kdv wr lqfoxgh dq rxwsxw jds
whup1 Lq idfw iru wkh fdsdflw| jds prgho uhvxowv zh zloo �qg wkdw wkh rxwsxw jds whup lv qrw
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Iljxuh 4= Rxwsxw Jdsv +Gdun olqh 0 Uroolqj Olqhdu/ Oljkw Olqh 0 Uhfxuvlyh KS Ilowhu/
Gdvkhg olqh 0 Fdsdflw| Xwlol}dwlrq,

+hdfk shulrg, lqfoxglqj wkh lq dwlrq odjv vhohfwhg yld wkh VLF rq wkh olqhdu prgho/
dqg wkh uhvshfwlyh odj ri wkh rxwsxw jds1 Iru wkh OLQ phdvxuh +}@R|32�@r fkrvhq/
iru wkh KS jds +}@R|3� zdv fkrvhq1 Dovr iru erwk prghov rqo| Z|3� dqg Z|3� zhuh
fkrvhq iurp wkh vhw ri lq dwlrq odjv dydlodeoh1 Iru wkh FDS jds phdvxuh/ qrqh ri
wkh iruhfdvwlqj prghov lqfoxghg dq rxwsxw jds whup/ dqg vr d vlpsoh prgho frq0
wdlqlqj Z|3� dqg Z|3� zdv uhfxuvlyho| hvwlpdwhg wkurxjkrxw wkh iruhfdvwlqj h{huflvh1
Wkhuhiruh p| dxwrpdwlf surfhgxuh iru vshfli|lqj d wkuhvkrog prgho zrxog qrw eh
dssolfdeoh1 Krzhyhu forvh lqvshfwlrq ri wkh lqglylgxdo prgho hvwlpdwhv uhyhdohg wkdw
wkh FDS phdvxuh zdv vljql�fdqw wkurxjkrxw wkh iruhfdvwlqj vhw/ wkrxjk reylrxvo|
qrw vljql�fdqw hqrxjk rqfh shqdol}hg e| wkh VLF1 Vr/ rxw ri lqwhuhvw L glg jr rq dqg
hvwlpdwh d wkuhvkrog prgho zlwk d vlqjoh odjjhg +wkh �uvw odj dv wklv zdv wkh prvw
vljql�fdqw lq d frpsdulvrq ri wkh irxu prghov zklfk frqwdlqhg d vlqjoh odj ri +}@R
dqg wkh wzr lq dwlrq odjv, +}@R whup1 Lq idfw/ kdylqj grqh wklv wkh fdsdflw| jds
phdvxuh zdv vwloo vljql�fdqw lq wkh wkuhvkrog prgho/ exw dv zloo eh vhhq lq wkh qh{w
vhfwlrq/ wklv glg qrw khos wkh iruhfdvwlqj shuirupdqfh ri wkh prgho1

Erwk wkh KS dqg wkh OLQ wkuhvkrog prghov glvsod|hg vlplodu uhvxowv1 Wkh hv0
wlpdwhg qrqolqhdulw| dfwxdoo| srlqwhg wrzdugv d irup rq plog frqfdylw|/ frqvlvwhqw
zlwk wkh uhvxowv ri Ilodugr +4<<; ^45`,1 Rqo| zkhq wkh wkuhvkrog yduldeoh +wkh odjjhg
rxwsxw jds whup, ihoo ehorz d fulwlfdo ohyho +urxjko| 5 shufhqw ehorz wuhqg46, glg wkh
prgho vxjjhvw d vljql�fdqwo| srvlwlyh h�hfw iurp wkh +}@R whup1 Dw rwkhu wlphv/ wkdw
lv zkhq wkh rxwsxw jds whup zdv deryh 05(/ wkhuh zdv qr vljql�fdqw h�hfw iurp
wkh rxwsxw jds whup1 Wdeohv 4 dqg 5 vkrz vrph vwdwlvwlfv rq wkh hvwlpdwhg prgho
sdudphwhuv1 Vljql�fdqw +dw <8(, sdudphwhuv duh lq erog1 Wkh hvwlpdwhv zhuh yhu|
vwdeoh ryhu wlph dv fdq eh vhhq e| orrnlqj dw wkh plqlpxp/ pd{lpxp dqg phdq

vhohfwhg/ ghvslwh ehlqj vljql�fdqw zlwklq wkh htxdwlrq1
46Wkh hvwlpdwhg wkuhvkrog iru wkh OLQ prgho zdv 051648 xqwlo <5T4 dqg wkhq 051895 xqwlo <;=51

Iru wkh KS prgho wkh wkuhvkrog zdv 41746 xqwlo <5T5 wkhq 041;96 xqwlo wkh hqg ri wkh vdpsoh1
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Z|3� Z|3� +}@R|32
OLQ0OLQ
Plq 1:34 159< 1357
Phdq 1:4: 15<4 1359
Pd{ 1:69 163: 1364
OLQ0WKU 1 +}@R|32E�RReo� +}@R|32E,J�eo�
Plq 1:38 15<; 03135; 14:6
Phdq 1:4; 1649 03133< 14;5
Pd{ 1:6; 1659 31339 14<7

Wdeoh 4= Iruhfdvwlqj Prgho Sdudphwhu Hvwlpdwhv 0 OLQ

Z|3� Z|3� +}@R|3�
KS0OLQ
Plq 19:: 15;3 1465
Phdq 19<6 1634 146;
Pd{ 1:45 164: 147<
KS0WKU +}@R|3�E�RReo� +}@R|3�E,J�eo�
Plq 19:9 1636 1346 157:
Phdq 19<6 165: 1363 158;
Pd{ 1:59 167: 137< 15:4

Wdeoh 5= Iruhfdvwlqj Prgho Sdudphwhu Hvwlpdwhv 0 KS

sdudphwhu hvwlpdwhv ryhu wkh 85 shulrg rxw0ri0vdpsoh vhw1 Wkh wdeoh vkrzv wkdw hv0
wlpdwlqj wkh olqhdu prgho jlyhv dq dyhudjhg rxw hvwlpdwh ri wkh h�hfw ri wkh rxwsxw
jds whup/ dv wkh hvwlpdwh lv ehwzhhq wkh orzhu uhjlph dqg wkh xsshu uhjlph hvwlpdwh
ri wkh wkuhvkrog prgho1 Wkh vljql�fdqfh ri wkh orzhu uhjlph rxwsxw0jds whupv zdv
dovr frqvlghudeo| vwurqjhu wkdq wkh vljql�fdqfh ri wkh rxwsxw jds whup lq wkh olqhdu
prgho1

Wkh h�hfw ri wkh qrqolqhdulw| fdq eh vhhq e| sorwwlqj wkh wlph0ydu|lqj sdudphwhu
rq wkh rxwsxw jds whup wkurxjkrxw wkh rxw0ri0vdpsoh iruhfdvwlqj vhw1 Sorwv 5 dqg
6 vkrz wklv sdudphwhu ryhu wlph/ dqg dovr wkh frqvwdqw sdudpdwhu iurp wkh olqhdu
prgho1 Zkdw zh fdq vhh lv wkdw iru pxfk ri wkh vdpsoh wkh h�hfw ri wkh rxwsxw jds
lv yluwxdoo| }hur/ exw iru d shulrg lq wkh plggoh ri wkh vdpsoh/ wkh sdudphwhu ehfrphv
srvlwlyh1
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Iljxuh 5= Wlph Ydu|lqj Frh!flhqw rq wkh Rxwsxw Jds Phdvxuh zkhq +}@R lv d
uroolqj olqhdu wuhqg
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Iljxuh 6= Wlph Ydu|lqj Frh!flhqw rq wkh Rxwsxw Jds Phdvxuh zkhq +}@R lv d
uhfxuvlyh Krgulfn0Suhvfrww �owhuhg hvwlpdwh
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: Rxw0ri0Vdpsoh Iruhfdvwlqj Uhvxowv

:14 Iruhfdvw Fulwhulrq

L kdyh xvhg wkuhh rxw0ri0vdpsoh iruhfdvw phwulfv1 Wkh �uvw wzr duh idluo| vwdqgdug
phwulfv/ phdq vtxduh huuru +pvh,/ phdq devroxwh ghyldwlrq +pdg,1 Wkh wklug phwulf
lv wkh frqixvlrq udwh/ zklfk jlyhv xv d phdvxuh ri delolw| ri wkh prgho wr iruhfdvw
wkh gluhfwlrq ri lq dwlrq1 Wklv odvw phdvxuh kdv ehhq glvfxvvhg e| Shvdudq dqg
Wlpphupdq +4<<7 ^56`, dqg Vzdqvrq dqg Zklwh +4<<8 ^5:`,1 Lq rxu fdvh zh frqvlghu
d 5 e| 5 pdwul{/ zlwk wkh urz fruuhvsrqglqj wr suhglfwlrqv ri xs ru grzq/ dqg wkh
froxpqv fruuhvsrqglqj dfwxdo xsv ru grzqv1 Wkh vxp ri wkh r�0gldjrqdov glylghg
e| wkh wrwdo qxpehu ri revhuydwlrqv rxw0ri0vdpsoh uhsuhvhqwv wkh qxpehu ri wlphv
wkh prgho iruhfdvwhg wkh zurqj gluhfwlrq1 L uhsruw wklv vwdwlvwlf/ dqg dovr wkh �2

whvw ri lqghshqghqfh s0ydoxhv/ edvhg rq wkh qxoo k|srwkhvlv wkdw wkh prgho lv ri
qr ydoxh lq suhglfwlqj wkh gluhfwlrq ri wkh lq dwlrq udwh1 �2 lv fdofxodwhg vlpso|
dv �2 '

S&
�'�EsJ� � se��

2*se�c zkhuh � udqjhv ryhu wkh frqixvlrq pdwul{ hqwulhv dqg
sJ� duh wkh revhuyhg qxpehuv lq wkh fhoov/ dqg se� duh wkh h{shfwhg qxpehu1 L dovr
uhsruw � '

t
�2*A 1 Wklv lv dqrwkhu phdvxuh ri wkh gluhfwlrqdo suhglfwdelolw| dqg

lq h�hfw jlyhv wkh ghjuhh ri gldjrqdo frqfhqwudwlrq/ udqjlqj iurp 3 zkhq wkh dfwxdo
dqg suhglfwhg gluhfwlrqv duh frpsohwho| lqghshqghqw wr 4 zkhq wkh| duh shuihfwo|
pdwfkhg1

Wkh vhfrqg pdlq zd| lq zklfk L zloo frpsduh wkh iruhfdvwdelolw| ri gl�huhqw prg0
hov lv yld d qxpehu ri sdlu0zlvh frpsdulvrq whvwv1 L xvh wkh suhglfwdelolw| frpsdulvrq
phwkrg lqwurgxfhg e| Glherog dqg Pduldqr +^43` 4<<8, dqg dssolhg lq wkh lq dwlrq
iruhfdvwlqj frqwh{w e| Fkhq dqg Vzdqvrq +^7` 4<<:,1 Wkh corvv0gl�huhqwldo* whvw uh0
txluhv d vdpsoh ri gl�huhqwldov/ i_|jA|'�� Lq wkh jhqhulf fdvh/ jlyhq vrph orvv phwulf/
}E�c zh fuhdwh wkh _| vhulhv dv _| ' }E5|c��� }E5|c2�� Iru rxu wzr phwulfv pvh dqg pdg/
wkh }E� ixqfwlrqv duh }E%� ' %2 dqg }E%� ' m%m uhvshfwlyho|1 Zh wkhq xvh wklv vhulhv
wr hvwlpdwh wkh odujh vdpsoh vwdwlvwlf

( ' _*dA3�2Zfs_Ef�o � �Efc ��

fs_Ef� lv dq hvwlpdwh ri wkh vshfwudo ghqvlw| ri wkh orvv gl�huhqwldo dw iuhtxhqf| f� Zh
iroorz Glherog dqg Pduldqr dqg xvh rewdlq d frqvlvwhqw hvwlpdwh e| fdofxodwlqj d
+wzr0vlghg, zhljkhg vxp ri wkh dydlodeoh vdpsoh dxwrfryduldqfhv/ vshfl�fdoo|

2Zfs_Ef� '
EA3��[

�'3EA3��

uE
�

7EA �
�e�_E� �

dqg

e�_E�� '
�

A

A[
|'�� �n�

E_| � _�E_|3�� � � _�
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pvh pdg FU s0ydoxh �
UZ 319:7 31968
DU+Z� 31845 318;5 31686 3139< 31588
OLQ0OLQ 31877 318:: 31666 31364 31635
OLQ0WKU 3183: 318;3 31647 31348 3166<
KS0OLQ 3184; 318:< 31686 3139: 3158:
KS0WKU 317<: 3189; 31647 31348 3166<
FDS0OLQ 31836 318:: 316:6 31445 31556
FDS0WKU 3186; 318<8 316<5 3146; 3153;

Wdeoh 6= Iruhfdvwlqj Uhvxowv

uE �
7EA �

� lv wkh odj zlqgrz/ dqg zh xvh Glherog dqg Pduldqr*v vxjjhvwlrq wr xvh d
xqlirup odj zlqgrz l1h1

uE
�

7EA �
� ' � iru

�����
�

7EA �

����� � �

' f rwkhuzlvh

Zh dovr vhw 7EA � ' & � �c edvhg rq wkh lghd glvfxvvhg e| Glherog dqg Pduldqr wkdw
dv rswlpdo &� @�e@_ iruhfdvwv lpso| dw prvw &� � ghshqghqfh/ wkhq wkh odj zlqgrz
qhhg rqo| lqfoxgh &�� dxwrfryduldqfhv dv rwkhuv vkrxog eh }hur1 Wklv dv|pswrwlf whvw
phwkrg lv urexvw wr qrq0}hur phdq huuruv/ qrq0qrupdolw|/ dqg frqwhpsrudqhrxv fru0
uhodwlrq1 Lw*v hdvlo| dssolfdeoh wr duelwudu| }E� ixqfwlrqv/ dqg lv hdvlo| lpsohphqwdeoh1

:15 Iruhfdvw Uhvxowv

Wdeoh 6 frqwdlqv wkh iruhfdvwlqj uhvxowv1 Wkh ehvw uhvxowv iru hdfk phwulf duh lq erog1
Lq wkh wdeoh L dovr uhihu wr wzr rwkhu prghov1 Wkh �vw UZ lv d vlpsoh udqgrpzdon zlwk
qr guliw1 Wklv fohduo| fdqqrw jlyh gluhfwlrqdo iruhfdvwv/ exw lv d vwdqgdug ehqfkpdun
prgho iru pvh dqg pdg phwulfv1 Wkh vhfrqg prgho +DU+Z� , lv d olqhdu prgho wkdw
frqwdlqv wzr odjv ri lq dwlrq rqo|/ Z|3� dqg Z|3�� Wkhvh zhuh wkh wzr odjv vhohfwhg e|
wkh VLF/ dqg wklv prgho zrxog eh wkh rswlpdo prgho li wkhuh zhuh qr rxwsxw jds whupv
shuplvvleoh lq wkh htxdwlrq471 Wklv prgho dfwxdoo| shuirupv udwkhu zhoo/ lw ehdwv wkh
olqhdu rxwsxw0jds prghov lq whupv ri pvh dqg pdg/ exw lv qrw pxfk ehwwhu lq whupv
ri gluhfwlrqdo iruhfdvwdelolw|1 Wkh UZ prgho grhv qrw shuirup zhoo lq frpsdulvrq wr
wkh rwkhu prghov dv pljkw eh h{shfwhg/ exw L wklqn lw zrxog eh plvohdglqj wr mxvwli|
wkh xvhixoqhvv ri wkh rxwsxw jds whupv e| frpsdulqj wkh rxwsxw0jds prghov +OLQ0
OLQ dqg KS0OLQ, zlwk wklv prgho/ d ehwwhu frpsdulvrq lv zlwk wkh DU+Z� prgho1

47Lw dovr kdsshqhg wr eh wkh ehvw prgho vhohfwhg e| VLF zkhq L doorzhg d fdsdflw| jds phdvxuh
wr hqwhu wkh htxdwlrq1

49



UZ DU+Z, OLQ0OLQ OLQ0WKU KS0OLQ KS0WKU FDS0OLQ FDS0WKU
UZ f 2�2D. ��.�D ��SSH ��D2. 2�fee 2��2H ����

DU+Z, �2�2D. f f��bbH f���f2 f��f22 f�.fDe f�SS� �f�S�e.
OLQ0OLQ ���.�D �f��bbH f �f��SD2 �f��.b� f�SDH� �f�ff� �f�DHDe
OLQ0WKU ���SSH �f���f2 f��SD2 f f�feeS2 f�He22 f��e�2 �f�D2D
KS0OLQ ���D2. �f��f22 f��.b� �f�feeS2 f ��HH� f�f..b �f�DfH
KS0WKU �2�fee �f�.fDe �f�SDH� �f�He22 ���HH� f �f�e�D� �f�bbHH
FDS0OLQ �2��2H �f�SS� f�ff� �f��e�2 �f�f..b f�e�D� f ����b
FDS0WKU ����� f�S�e. f�DHDe f�D2D f�DfH f�bbHH ���b f

Wdeoh 7= PDG Sdluzlvh whvwv

UZ DU+Z, OLQ0OLQ OLQ0WKU KS0OLQ KS0WKU FDS0OLQ FDS0WKU
UZ f e�2b2 2��ee 2�HHD 2�.S� 2�.bb ��Sf� 2�f�D

DU+Z, �e�2b2 f �f�..e� f��D2D �f��SeD f�e�Db f�SbHe �f�.fS�
OLQ0OLQ �2��ee f�..e� f ���2S ��2eH ��2S� ��fDb f��2eD
OLQ0WKU �2�HHD �f��D2D ����2S f �f�e��e f�D� f��bf2 �f�b2�S
KS0OLQ �2�.S� f��SeD ���2eH f�e��e f f�b��2 f�eHfH �f�DffD
KS0WKU �2�.bb �f�e�Db ���2S� �f�D� �f�b��2 f �f��bfS �����H
FDS0OLQ ���Sf� �f�SbHe ���fDb �f��bf2 �f�eHfH f��bfS f ����b.
FDS0WKU �2�f�D f�.fS� �f��2eD f�b2�S f�DffD ����H ���b. f

Wdeoh 8= PVH Sdluzlvh Whvwv

Zklovw wkh OLQ0OLQ prgho grhv ehdw wkh UZ prgho frqylqflqjo|/ lw lv qrw txlwh vr
fohdu zkhq frpsduhg zlwk wkh DU+Z� prgho/ zkhuh wkh odwwhu prgho dfwxdoo| ehdwv
OLQ0OLQ e| pvh481

Wkh ehvw prgho iru hdfk fulwhulrq lv d qrqolqhdu prgho1 Wkh KS dqg wkh OLQ
wkuhvkrog prghov ehdw erwk wkh UZ dqg wkh DU+Z� ehqfkpdun prghov/ dqg dovr zlwk
wkh h{fhswlrq ri pdg iru wkh OLQ prgho/ wkh| ehdw wkhlu olqhdu frxqwhusduwv1 Wkh
fdsdflw| phdvxuh edvhg prghov gr qrw iduh zhoo lq frpsdulvrq zlwk wkh rwkhu prghov1
Wkh FDS0OLQ prgho lv ehwwhu wkdq wkh DU+Z� prgho lq whupv ri pvh dqg pdg/
exw zruvh lq whupv ri gluhfwlrq1 Wkh FDS0WKU prgho/ ghvslwh kdylqj vljql�fdqw
sdudphwhuv/ iduhg zruvh ri doo1 Lq d vhqvh wkhuh lv vrph hqfrxudjhphqw wr eh kdg
iurp wklv idfw ehfdxvh wkh VLF glg qrw vxjjhvw jrlqj iruzdug dqg dxjphqwlqj wkh
olqhdu prgho zlwk wkh qrqolqhdu sduw1 Iroorzlqj wkh VLF zrxog kdyh ehhq mxvwl�hg
wkhuhiruh lq wklv fdvh1

Wdeohv 8 dqg 7 frqwdlq wkh uhvxowv ri wkh sdluzlvh whvwv1 Lq erog L kdyh pdunhg rxw
d sduwlfxodu frpsdulvrq ri lqwhuhvw/ zklfk lv wkh qrqolqhdu yhuvxv wkh olqhdu prgho1 Zh

48Fkhq dqg Vzdqvrq +4<<:, dujxhg wkh olqhdu prgho zlwk dq rxwsxw jds whup zdv vljql�fdqwo|
ehwwhu wkdq d UZ prgho/ exw wkh srlqw lv wklv zrxogq*w mxvwli| d fodlp wkdw wkh lqfoxvlrq ri wkh
rxwsxw jds whup vljql�fdqwo| lpsuryhv wkh iruhfdvwlqj delolw| ri d prgho zlwkrxw wkh rxwsxw jds
whup1
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fdq vhh wkdw rqo| zkhq zh frpsduh KS0WKU djdlqvw KS0OLQ gr zh �qg d vljql�fdqw
lpsuryhphqw/ exw wklv lv qrw wr eh vql�hg dw1 Vljql�fdqw lpsuryhphqwv duh qrw
frpprq lq wkhvh h{huflvhv1 Wdnhq wrjhwkhu zlwk wkh idfw wkdw KS0WKU prgho kdv wkh
orzhvw frqixvlrq udwh ryhudoo/ dqg dovr frqvlghudeo| orzhu wkdq lw*v olqhdu frxqwhusduw
+KS0OLQ, wkhuh lv frqylqflqj hylghqfh wkdw d qrqolqhdu prgho zlwk d KS rxwsxw0jds
lv d jrrg prgho iru iruhfdvwlqj1 Zh fdq dovr vhh wkdw doo wkh prghov edu wkh FDS0
WKU iru pdg/ gr vljql�fdqwo| ehwwhu wkdq wkh UZ1 Vr wkhuh lv vrph urexvwqhvv khuh/
xvlqj wklv vlpsoh VLF phwkrg/ iroorzhg e| wkh wkuhvkrog dxjphqwdwlrq/ zh duh qrw
olnho| wr hqg xs zlwk yhu| edg iruhfdvwv/ xqolnh vrph ri wkh rwkhu uhvxowv glvfxvvhg
hduolhu zklfk xvhg yhu| frpsoh{ qrqolqhdu dxjphqwdwlrqv1

; Glvfxvvlrq ri Uhvxowv
Wkh vlpsoh wkuhvkrog prghov hvwlpdwhg khuh dsshdu wr eh yhu| dwwudfwlyh iurp d iruh0
fdvwlqj shuvshfwlyh1 D qrqolqhdu prgho shuirupv ehvw iru doo wkuhh iruhfdvw fulwhulrq/
dqg wkhuh duh vrph vljql�fdqw frpsdulvrqv wr eh irxqg dv zhoo1 Krzhyhu wkhuh lv
d fdyhdw1 Wkh qrqolqhdulw| kdv ehhq irxqg wr eh xvhixo/ exw rqo| zlwklq wklv vhw
ri h{sodqdwru| yduldeohv/ dqg rqo| frpsduhg wr vlpso| vshfl�hg ehqfkpdun prghov1
Iluvwo|/ lw frxog eh wkh fdvh wkdw zhuh zh wr prgho h{shfwdwlrqv pruh suhflvho| +e|
lqwurgxflqj iruzdug orrnlqj phdvxuhv iru h{dpsoh, ru wr lqfoxgh pruh odjv ri lq d0
wlrq/ wkh fdvh iru qrqolqhdulw| pd| eh zhdnhqhg1 Lq wkh dfwxdo jhqhudwlrq ri wkh
lq dwlrq udwh d qxpehu ri revhuydeoh yduldeohv pd| frqwulexwh olqhduo|/ exw jlyhq zh
kdyhq*w lqfoxghg doo wkh uhohydqw yduldeohv/ zh duh ohiw zlwk wkh rswlpdo vshfl�fdwlrq
+dv rssrvhg wr wkh cwuxh* vshfl�fdwlrq, ehlqj qrqolqhdu1 Wkh qrqolqhdu vshfl�fdwlrq
lv rswlpdo jlyhq wkh vhw ri h{sodqdwru| yduldeohv xqghu frqvlghudwlrq1 Dovr wkh hvwl0
pdwlrq ri wkh rxwsxw0jds whup lv qrw qhfhvvdulo| dq lqqrfhqw surfhgxuh1 Lw pljkw eh
wkdw vrph cwuxh* phdvxuh ri wkh rxwsxw jds zrxog hqwhu wkh htxdwlrq olqhduo|/ exw wkh
�owhulqj phwkrgv L xvhg khuh kdyh lqgxfhg vrph qrqolqhdulw| lqwr wkh htxdwlrq1 Vr zh
frxog qrw fodlp rq wkh vwuhqjwk ri wkhvh uhvxowv wkdw wkh rxwsxw0jds gulyhv lq dwlrq
lq d qrqolqhdu zd|/ qru zrxog zh1 Krzhyhu lw lv idlu wr vd| wkdw jlyhq wkhvh hvwlpdwhv
ri wkh rxwsxw jds dqg wklv vhw ri h{sodqdwru| yduldeohv/ d qrqolqhdu prgho lv pruh
dssursuldwh iru prghoolqj wkh uhodwlrqvklsv wkdq d olqhdu prgho1 Ri frxuvh wklv vruw ri
vwdwhphqw zloo eh pruh uhohydqw wkdq qrw lq hfrqrphwulfv/ zkhuh zh vrphwlphv kdyh
yhu| zhdn wkhru| dv wr wkh vhw ri uhohydqw uhjuhvvruv1

< Frqfoxvlrqv
L kdyh h{dplqhg wkh xvhixoqhvv ri iroorzlqj d yhu| vlpsoh prgho hvwlpdwlrq dqg vshfl�0
fdwlrq surfhgxuh wr wkh wdvn ri iruhfdvwlqj txduwhuo| lq dwlrq rqh0vwhs0dkhdg1 Zklovw
wkh qrqolqhdu dxjphqwdwlrq surfhgxuh pd| qrw eh rswlpdo/ lw dsshduv wr eh txlwh ur0
exvw/ dqg xqgrxewhgo| surylghv d sd|0r� lq whupv ri lpsuryhg iruhfdvwdelolw|1 Krz0
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hyhu lw zrxog eh zruwkzkloh h{dplqlqj rwkhu surfhgxuhv iru vshfli|lqj wkh qrqolqhdu
prgho1 Jlyhq wkh wzr0uhjlph wkuhvkrog ixqfwlrqdo irup L xvh khuh/ L frxog wuhdw wkh
vshfl�fdwlrq ri wkh wkuhvkrog prgho frpsohwho| lqghshqghqwo| iurp wkh olqhdu vshfl0
�fdwlrq1 Rqh reylrxv zd| wr gr wklv zrxog eh wr cVLF* wkh qrqolqhdu prgho dv zhoo/
vhdufklqj ryhu doo srvvleoh qrqolqhdu vshfl�fdwlrqv mxvw dv L gr iru wkh olqhdu prgho1
Wklv lv ehfdxvh mxvw ehfdxvh wkh �uvw odj +vd|, ri wkh rxwsxw jds whup lv lqfoxghg lq
wkh olqhdu prgho/ lw grhv qrw iroorz wkdw wkh �uvw odj ri wkh rxwsxw jds whup rxjkw wr
dsshdu lq wkh rswlpdo wkuhvkrog prgho idfhg zlwk wkh vdph vhw ri srwhqwldo uhjuhvvruv1
Wr zkdw h{whqw wkhvh uhvxowv duh vljql�fdqw lq d zlghu vhqvh/ zkhq frpsduhg wr rwkhu
ehqfkpdun prghov lv dovr ri lqwhuhvw1 Lq dqrwkhu sdshu L xvh vrph ri wkhvh iruhfdvw
uhvxowv dqg frpsduh wkhp wr vxuyh| phdvxuhv/ wkh uhvxowv wkhuh vxssruw wkhvh iruh0
fdvwv dv ehlqj xvhixo1 Vwrfnwrq dqg Jodvvpdq +4<;:, dovr irxqg wkdw vlpsoh Skloolsv
fxuyh edvhg prghov zhuh qrw frqvlvwhqwo| ehdwhq e| rwkhu hfrqrphwulf prgho xvlqj
rwkhu yduldeohv1 Fkhq dqg Vzdqvrq +4<<:, dovr orrnhg dw prghov +olqhdu dqg qrqolq0
hdu, zklfk kdg wkh srwhqwldo wr lqfoxgh d pxfk zlghu udqjh ri yduldeohv/ lqfoxglqj
h{fhvv oderxu vxsso|/ prqh| vxsso| jurzwk dqg lqwhuhvw udwhv1 Lqwhuhvwlqjo| wkhlu
cehvw* prghov rqo| xvhg odjjhg lq dwlrq dqg odjjhg rxwsxw jds whupv/ vr wklv hyl0
ghqfh zrxog ixuwkhu vxssruw wkh idfw wkh iruhfdvwv suhvhqwhg khuh zrxog qrw eh hdvlo|
ehdwhq1

Ilqdoo| lw zloo eh ri lqwhuhvw wr wlh xs wkh phwkrgv xvhg khuh pruh forvho| wr wkh
fxuuhqw olwhudwxuh rq srolf| dqdo|vlv ri qrqolqhdu Skloolsv fxuyhv1 P| prgho vxjjhvwv d
plog frqfdylw|/ dw orz ohyhov ri wkh rxwsxw jds wkhuh lv d nlqn iurp d srvlwlyh vorsh wr
dq lqvljql�fdqw vorsh1 Wklv w|sh ri nlqn zdv dovr irxqg e| Ilodugr +4<<; ^45`, ryhu d
vlplodu vdpsoh1 Krzhyhu/ kh dovr irxqg dqrwkhu uhjlph dw kljkhu ohyhov ri wkh rxwsxw
jds1 Lq wklv uhjlph/ zklfk uhsuhvhqwv dq ryhukhdwhg hfrqrp|/ kh irxqg dqrwkhu vhw ri
flufxpvwdqfhv zkhq wkh rxwsxw0jds h{huwv vljql�fdqw suhvvxuh rq lq dwlrq1 Fohduo|
lw zrxog eh ri lqwhuhvw wr vhh krz d wkuhh0uhjlph prgho zrxog frpsduh zlwk wkh
wzr0uhjlph prgho h{soruhg lq wklv sdshu1

Uhihuhqfhv
^4` U1 Eduuhoo dqg M1 Vhiwrq +4<<8,/ Rxwsxw jdsv/ vrph hylghqfh iurp wkh XN/ iudqfh

dqg jhupdq|/ Qdwlrqdo Lqvwlwxwh Hfrqrplf Uhylhz +4<<8,1

^5` Q1 Fdphurq dqg V1 Prvklul +4<<:,/ Qhxudo qhwzrun yv1 hfrqrphwulf prghov lq
iruhfdvwlqj lq dwlrq/ Whfk1 uhsruw/ Xqlyhuvlw| ri Pdqlwred/ Zrunlqj Sdshu1

^6` F1 Fkhq/ U1 PfFxoorfk/ dqg U1 Wvd| +4<<9,/ D xql�hg dssurdfk wr hvwlpdw0
lqj dqg prghoolqj olqhdu dqg qrqolqhdu wlph vhulhv/ Whfk1 uhsruw/ Xqlyhuvlw| ri
Fklfdjr/ Judgxdwh Vfkrro ri Exvlqhvv/ 4<<91

^7` [1 Fkhq dqg Q1 Vzdqvrq +4<<:,/ Vhplsdudphwulf DU[ qhxudo qhwzrun prghov
zlwk dq dssolfdwlrq wr iruhfdvwlqj lq dwlrq/ Whfk1 uhsruw/ Shqq Vwdwh/ 4<<:1
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qh{xv/ LPI Vwd� Sdshuv 76 +4<<9,/ 549�5841

^9` S1 Fodun dqg G1 Od{wrq +4<<:,/ Skloolsv fxuyhv/ skloolsv olqhv dqg wkh xqhpsor|0
phqw frvwv ri ryhukhdwlqj/ LPI Zrunlqj Sdshu +4<<:,1

^:` F1 Fruudgr dqg M1 Pdwwh| +4<<:,/ Fdsdflw| xwlol}dwlrq/ Mrxuqdo ri Hfrqrplf
Shuvshfwlyhv 44 +4<<:,/ 484�49:1
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hylghqfh iru fdqdgd/ wkh xqlwhg nlqjgrp dqg wkh xqlwhg vwdwhv/ LPI Vwd� Sdshuv
+4<<:,1

^<` P1 Ghxwvfk/ W1 Whudvyluwd/ dqg F1 Judqjhu +4<<7,/ Wkh frpelqdwlrq ri iruhfdvwv
xvlqj fkdqjlqj zhljkwv/ Lqwhuqdwlrqdo Mrxuqdo ri Iruhfdvwlqj 43/ 7:�8:1
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uhodwlrqvkls= Vrph hpslulfdo uhvxowv iru fdqdgd/ Whfk1 Uhsruw <;047/ Edqn ri
Fdqdgd/ 4<<;1

^45` D1 Ilodugr +4<<7,/ Exvlqhvv0f|foh skdvhv dqg wkhlu wudqvlwlrqdo g|qdplfv/ Mrxuqdo
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