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Hgxfdwlqj Fkloguhq= D Orrn dw Krxvhkrog
Ehkdylru lq F÷wh g*Lyrluh1

Sklolssh Gh Yuh|hu� V|oylh Odpehuw| Wklhuu| Pdjqdf}

Mxo| 4<<<

Devwudfw

Zh frqvlghu d g|qdplf prgho ri lqyhvwphqw lq kxpdq fdslwdo zkhuh rqh
ghflvlrq pdnhu +wkh khdg ri wkh krxvhkrog, exlogv xs kxpdq fdslwdo vwrfnv
ri klv2khu fkloguhq1 Lq d vwrfkdvwlf iudphzrun/ wudghr�v ehwzhhq lqyhvwphqwv
lq +sk|vlfdo, dvvhwv dqg lqyhvwphqwv lq kxpdq fdslwdo dfklhyhg e| gl�huhqw
fkloguhq zlwklq wkh idplo| duh prghoohg dv uhvxowlqj iurp ulvn glyhuvl�fdwlrq
dqg gl�hulqj rssruwxqlw| frvwv ri lqyhvwphqwv1 Zh vkrz krz wr vshfli| wkh
vwuxfwxudo prgho dv d v|vwhp ri vlpxowdqhrxv glvfuhwh fkrlfh htxdwlrqv vr wkdw lw
lv hvwlpdeoh xvlqj sdqho ru furvv vhfwlrq gdwd rq fkloguhq* vfkrro dwwhqgdqfh1 Zh
hvwlpdwh vwuxfwxudo sdudphwhuv xvlqj gdwd iurp wkh F÷wh g*Lyrluh lq 4<;824<;9
xvlqj vwdqgdug dqg vlpxodwhg pd{lpxp olnholkrrg whfkqltxhv1 Uhvxowv lqglfdwh
wkdw uhwxuqv wr ohduqlqj e| grlqj duh pxfk odujhu wkdq uhwxuqv wr vfkrro dw ohdvw
dw |rxqj djhv/ wkdw wkh hvwlpdwhg lqwhuwhpsrudo vxevwlwxwlrq hodvwlflw| lv txlwh
odujh dqg wkdw wkh hodvwlflw| ri vxevwlwxwlrq ehwzhhq �qdqfldo dqg kxpdq fdslwdo
dvvhwv lv qhjdwlyh1

Nh|zrugv= Lqwhuwhpsrudo fkrlfhv/ kxpdq fdslwdo irupdwlrq/ glvfuhwh vlpxo0
wdqhrxv htxdwlrqv/ vlpxodwhg PO/ hfrqrplf ghyhorsphqw1

MHO Fodvvl�fdwlrq= G<4/ M57/ L54/ F68/ F48/ 348

�HSHH/ Xqlyhuvlw| ri Hyu| Ydo0g*Hvvrqqh/ Hpdlo= ghyuh|huChfr1xqly0hyu|1iu
|LQUD/ Hpdlo= V|oylh1OdpehuwChqv1iu
}Fruuhvsrqglqj dxwkru= FUHVW dqg LQUD0OHD/ Hfroh Qrupdoh Vxsìulhxuh/ 7; Erxohydug Mrxu0

gdq/ :8347 Sdulv/ Iudqfh Hpdlo= Wklhuu|1PdjqdfChqv1iu



41 Lqwurgxfwlrq4

Lq ohvv ghyhorshg frxqwulhv/ ghpdqg iru hgxfdwlrq vhhpv wr uhvsrqg hodvwlfdoo| wr hfr0

qrplf frqglwlrqv +Vfkxow}/ 4<;;/ Dohvvlh/ Ednhu/ Eoxqghoo/ Khdg| dqg Phjklu/ 4<<5/

Mdfre| dqg Vnrx�dv/ 4<<:,1 Wkh ghvljq ri sxeolf srolflhv iru hgxfdwlrq lv wkhq sduwlf0

xoduo| lpsruwdqw dqg wkh fkrlfh ri lqvwuxphqwv txlwh glyhuvl�hg= doorfdwlqj vxevlglhv

wr sulpdu| ru vhfrqgdu| vfkrrov/ wr yrfdwlrqdo ru irupdo vfkrrolqj/ uhjxodwlqj gh0

pdqg e| gl�huhqw nlqgv ri lqfhqwlyhv olnh ihhv ru judqwv/ ru rwkhu uhjxodwlqj srolflhv

olnh lq pdq| ghyhorshg frxqwulhv/ zkhuh vfkrrolqj lv frpsxovru| xqwlo d fhuwdlq djh1

Lqgluhfw srolflhv vxfk dv ehwwhu dffhvv wr fuhglw dqg lqvxudqfh pdunhwv fdq dovr eh

uhfrpphqghg +Mdfre| dqg Vnrx�dv/ 4<<:,1 Srolf| ghvljq vkrxog uho| rq dq hydoxd0

wlrq ri wkh vrfldo ydoxh ri hgxfdwlrq lqfoxglqj h{whuqdolwlhv/ wkh hqjlqh iru hqgrjhqrxv

jurzwk1 Lw vkrxog dovr uho| rq fduhixo vwxglhv derxw wkh zd| hfrqrplf djhqwv lqyhvw

lq kxpdq fdslwdo lq rughu wr xqghuvwdqg wkh ghwhuplqdqwv ri vxfk lqyhvwphqwv1 Wklv

sdshu ghdov zlwk krxvhkrogv* ghpdqg iru hgxfdwlrq/ irfxvvlqj rq wkh lvvxh ri wkh door0

fdwlrq ri lqyhvwphqwv lq �qdqfldo dvvhwv dqg lq kxpdq fdslwdo dprqj fkloguhq zlwklq

wkh idplo|1

Wkh wrslf ri lqglylgxdo ghpdqgv iru hgxfdwlrq kdv ehhq odujho| h{soruhg lq wkh

kxpdq fdslwdo olwhudwxuh zkhuh lqglylgxdo sulydwh lqyhvwphqwv duh prghoohg dv wkh

uhvxow ri frpsdulqj lqglylgxdo frvwv dqg ehqh�wv +Ehfnhu/ 4<:8,1 Lw vhhpv krzhyhu

zruwkzkloh wr frqvlghu wkdw kxpdq fdslwdo lqyhvwphqwv duh ghflvlrqv wdnhq dw wkh

ohyho ri wkh krxvhkrog/ dw ohdvw dv idu dv sulpdu| ru vhfrqgdu| hgxfdwlrq duh frq0

fhuqhg1 Dsduw iurp wkh lpsdfw ri fklog*v fkdudfwhulvwlfv +djh/ khdowk111, rq hgxfdwlrq

ghpdqg/ lw lv lpsruwdqw wr xqghuvwdqg zkhwkhu dqg krz wkh ohyho ri kxpdq fdslwdo

ri d fklog lv lq xhqfhg e| wkdw ri klv2khu vleolqjv dqg e| krxvhkrog fkdudfwhulvwlfv/

4Suhylrxv yhuvlrqv ri wklv sdshu zhuh flufxodwhg xqghu vrphzkdw gl�huhqw wlwohv1 Zh wkdqn I1
Erxujxljqrq/ J1 Ilhogv/ F1 Phjklu/ F1 Pxoohu/ M1P1 Urelq/ P1 Urvhq}zhlj/ H1 Vdgrxohw/ M1 Vwudxvv/
L1Wxqdol dqg sduwlflsdqwv dw vhplqduv lq Wrxorxvh/ Ehunhoh|/ MPD <7/ HVHP <7/ Wlqehujhq Lqvwlwxwh/
Ddukxv/ Ghowd/ FUHVW/ Sdulv L/ XFOrqgrq/ DHD <:/ R{irug dqg Nrê iru khosixo frpphqwv1 Sklolssh
Gh Yuh|hu zrxog olnh wr wkdqn FUHVW iru �qdqfldo vxssruw1 Uhpdlqlqj huuruv duh rxuv1
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vxfk dv hgxfdwlrq ri wkh sduhqwv dqg krxvhkrog zhdowk1 Wkh pdlq olqh ri dujxphqwv

frqfhuqlqj wklv srlqw zdv ghyhorshg e| Ehfnhu dqg Wrphv +4<:9, dqg Ehukpdq/ Sro0

odfn dqg Wdxepdq +4<;5, lq d vwdwlf iudphzrun1 Lw �uvw vwdwhv wkdw wkh doorfdwlrq ri

kxpdq fdslwdo lqyhvwphqwv lq wkh krxvhkrog fdq eh wkrxjkw ri dv reh|lqj wkh uxoh ri

lqglylgxdo frpsdudwlyh dgydqwdjh iru hgxfdwlrq dqg wkdw lq vxfk d fdvh/ frpsohwhg

ohyhov ri vfkrrolqj fdq eh xqhtxdo1 Dowkrxjk hgxfdwlrq lv uhjdughg dv d idplo| lq0

yhvwphqw/ dqrwkhu frqfoxvlrq ri wkhvh prghov lv wkdw kxpdq fdslwdo lqyhvwphqwv ri

wkh fkloguhq ri wkh idplo| zloo eh ghwhuplqhg lqghshqghqwo| iurp hdfk rwkhu/ dv orqj

dv wkh krxvhkrog grhv qrw idfh fuhglw frqvwudlqwv1 Lqyhvwphqwv lq kxpdq fdslwdo duh

xqghuwdnhq xqwlo wkh udwh ri uhwxuq lv htxdo wr wkh lqwhuhvw udwh1

Lw vhhpv wr xv wkdw wklv vwdwlf prgho lv qrw ehvw vxlwhg wr vwxg| hgxfdwlrq gh0

pdqg lq ghyhorslqj frxqwulhv1 Iluvw/ wkh vwdwlf iudphzrun lv gl!fxow wr xvh lq dssolhg

dqdo|vlv ehfdxvh lw uhtxluhv iru lqvwdqfh/ iru wkh fklog xqghu vwxg| dqg iru doo klv2khu

vleolqjv/ wkh nqrzohgjh ri frpsohwhg ohyhov ri vfkrrolqj dqg/ dw wkh vdph wlph/ ri

ghwhuplqlqj yduldeohv iurp zkhq wkh fklog zdv |rxqj/ yduldeohv zklfk riwhq duh xq0

revhuyhg1 Vhfrqg/ d vwdwlf prgho fdqqrw ghvfuleh fkdqjhv lq wkh whfkqrorj| ru lq

wkh hqylurqphqw wkdw frxog wdnh sodfh gxulqj wkh krxvhkrog*v olih0f|foh1 Uhwxuqv wr

kxpdq fdslwdo lqyhvwphqwv duh xqfhuwdlq dqg oltxlglw| frqvwudlqwv fdq elqg dw vrph

shulrgv1 Zlwk xqfhuwdlqw| dqg g|qdplfv/ wkh vhsdudwlrq ehwzhhq gl�huhqw w|shv ri

lqyhvwphqwv wkdw krogv lq wkh vwdwlf prgho/ zloo rqo| krog li pdunhwv duh frpsohwh/ dq

dvvxpswlrq zklfk vhhpv wr eh uhmhfwhg lq pdq| lqvwdqfhv lq ohvv ghyhorshg frxqwulhv

+vhh/ lq wkh fdvh ri hgxfdwlrq lqyhvwphqwv dqg iru rwkhu uhihuhqfhv wr wklv txlfno| jurz0

lqj olwhudwxuh/ Mdfre| dqg Vnrx�dv/ 4<<: dqg lq wkh fdvh ri F÷wh g*Lyrluh/ Ghdwrq/

4<<5 dqg Julpdug/ 4<<:,1 Ilqdoo|/ wklv vwdwlf prgho fdqqrw dffrxqw iru vrph vw|o0

l}hg idfwv frpprqo| revhuyhg lq ohvv ghyhorshg frxqwulhv/ dqg lq sduwlfxodu lq F÷wh

g*Lyrluh/ vxfk dv ghod|hg vfkrro hquroophqw dqg iuhtxhqw fdvhv ri fkloguhq uhshdwlqj

fodvvhv +Mdfre|/ 4<<7/ Erpplhu dqg Odpehuw/ 4<<;,1

Lq wklv sdshu/ d vwrfkdvwlf g|qdplf prgho lv ghyhorshg wr ghvfuleh wkh doorfdwlrq/

dw hdfk shulrg/ ri kxpdq fdslwdo lqyhvwphqwv zlwklq wkh krxvhkrog1 Zh h{whqg wkh
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xvxdo iudphzrun ri wkh kxpdq fdslwdo olwhudwxuh wr wkh fdvh ri rqh ghflvlrq pdnhu +wkh

krxvhkrog*v khdg, dqg vhyhudo uhflslhqwv +wkh fkloguhq,1 Lw lv dnlq wr d sruwirolr fkrlfh

prgho dqg h{solflwo| dffrxqwv iru srvvleoh wudgh0r�v ehwzhhq lqyhvwphqwv lq �qdqfldo

dvvhwv dqg kxpdq fdslwdo vwrfnv ri gl�huhqw fkloguhq1 Wkh krxvhkrog glyhuvl�hv ulvn

dv lq Nrwolnr� dqg Vslydn +4<;4, ru Urvhq}zhlj +4<;;,/ ehfdxvh lqvxudqfh dqg2ru

�qdqfldo pdunhwv duh lqfrpsohwh1 Wkuhh w|shv ri dvvhwv duh lqwurgxfhg lq wkh prgho=

�qdqfldo dvvhwv/ jhqhudo kxpdq fdslwdo dftxluhg wkurxjk vfkrrolqj/ dqg vshfl�f kxpdq

fdslwdo/ vxfk dv vnloov lq idplo| vhoi0hpsor|hg dfwlylwlhv +iduplqj ru zrunlqj lq wkh

lqirupdo vhfwru,1 Wkh glvwlqfwlrq ehwzhhq wkhvh wzr w|shv ri dfwlylwlhv shuplwv wr

h{sodlq vkruw whup wudghr�v iru fkloguhq ehwzhhq zrunlqj dqg jrlqj wr vfkrro lq wkh

fdvh zkhuh xqh{shfwhg lqfrph vkrfnv rffxu dv vkrzq lq Dohvvlh hw do1 +4<<5,1 Lq rxu

prgho/ wklv wudghr� lv g|qdplf dqg lv xvhg dv dq dujxphqw wr h{sodlq ghod|v lq vfkrro

hquroophqw/ dv lq Erpplhu dqg Odpehuw +4<<;,/ ehfdxvh fkloguhq zdjhv ru lpsolflw

zdjhv ghshqg rq wkhvh wzr w|shv ri lqyhvwphqwv1 Wklv lv d txlwh gl�huhqw ylhz iurp

wkh rqh ghyhorshg lq Mdfre| +4<<7,/ zkhuh ghod|v duh h{sodlqhg e| wkh h{lvwhqfh ri

oltxlglw| frqvwudlqwv dqg iurp Johzzh dqg Mdfre| +4<<8,/ zkhuh wkh u÷oh ri hduo|

fklogkrrg pdoqxwulwlrq lv sxw iruzdug1 Wkh prgho zh ghyhors dovr gl�huv vrphzkdw

iurp Mdfre| dqg Vnrx�dv +4<<:, dowkrxjk zh eholhyh vxshu�fldoo|1 Lw lv pdlqo| d

pdwwhu ri gh�qlwlrq ri zkdw kxpdq fdslwdo lv � wkh h{shfwhg fdslwdol}hg ydoxh ri

zdjhv lq wkhlu vhwwlqj dqg wkh qxpehu ri |hduv ri vfkrrolqj lq rxuv1 Wkh gl�huhqfh lv

lq wkh prwlydwlrq iru wkhlu lqwhuhvw lv wr whvw iru wkh frpsohwhqhvv ri pdunhwv/ zkloh zh

wu| wr hvwlpdwh vwuxfwxudo sdudphwhuv vxfk dv wkh lqwhuwhpsrudo vxevwlwxwlrq hodvwlflw|

dqg wkh hodvwlflw| ri vxevwlwxwlrq ehwzhhq �qdqfldo dvvhwv dqg kxpdq fdslwdo/ xqghu

wkh dowhuqdwlyh dvvxpswlrq wkdw pdunhwv duh lqfrpsohwh1

Wkh hpslulfdo dqdo|vlv lv jxlghg e| wklv vwuxfwxudo prgho1 Wkh hfrqrphwulf prgho

lv ghyhorshg lq rughu wr iroorz wkh hfrqrplf prgho dv forvho| dv srvvleoh/ vr wkdw d

vwuxfwxudo lqwhusuhwdwlrq fdq eh jlyhq wr wkh hvwlpdwhg frh!flhqwv1 Xvlqj d sduwlf0

xodu vshfl�fdwlrq iru suhihuhqfhv/ zh duh deoh wr ghulyh vwuxfwxudo htxdwlrqv wkdw duh

hvwlpdeoh xvlqj sdqho dqg furvv vhfwlrq gdwd1 Zh xvh gdwd iurp d vkruw uroolqj sdqho
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vxuyh| iurp F÷wh g*Lyrluh lq 4<;8 dqg 4<;9 wkdw lv rqh ri wkh Olylqj Vwdqgdug Vxuyh|v

frqgxfwhg durxqg wkh zruog zlwk wkh khos ri wkh Zruog Edqn1 Wkh rqo| uholdeoh lq0

irupdwlrq wkdw zh fdq xvh rq fxuuhqw kxpdq fdslwdo lqyhvwphqwv lv zkhwkhu fkloguhq

jr wr vfkrro ru qrw1 Lq wkh fdvh ri sdqho gdwd/ wkh vwuxfwxudo prgho ghvfulelqj vfkrro

dwwhqgdqfh wkdw lv hvwlpdwhg lv d v|vwhp ri vwdqgdug glvfuhwh fkrlfh htxdwlrqv1 Lq wkh

fdvh ri furvv vhfwlrq gdwd/ wkh hvwlpdwhg vwuxfwxudo prgho lv d v|vwhp ri vlpxowdqhrxv

glvfuhwh fkrlfh htxdwlrqv/ zkhuh uljkw kdqg vlgh yduldeohv lqfoxgh wuxqfdwhg odwhqw

yduldeohv1 Wklv prgho lv dq h{whqvlrq wr glvfuhwh2frqwlqxrxv prghov ri frqvxphu

ghpdqg +Kdqhpdqq/ 4<;7,1 Vwdqgdug Surelw dqg Vlpxodwhg Pd{lpxp Olnholkrrg

phwkrgv duh xvhg wr hvwlpdwh wkh prgho xvlqj sdqho dqg furvv vhfwlrq gdwd uhvshf0

wlyho|1 Zh dovr sd| sduwlfxodu dwwhqwlrq wr wkh hqgrjhqhlw| lvvxhv wkdw duh wuhdwhg e|

dgdswlqj lqvwuxphqwdo yduldeohv phwkrgv wr rxu vhwwlqj1

Wkh vwuxfwxudo htxdwlrqv ghvfuleh wkh zlwklq shulrg wudghr�v ri wkh idplo| khdg

ehwzhhq frqvxplqj dqg lqyhvwlqj lq kxpdq fdslwdo vwrfnv ri wkh fkloguhq1 Dowkrxjk

wkhvh htxdwlrqv ghshqg rq g|qdplf wudghr�v/ wkh| gr qrw ghshqg rq wkh vshfl�fdwlrq

ri wkh Hxohu htxdwlrq iru frqvxpswlrq1 Lq wklv vhqvh/ wkh| duh urexvw wr oltxlglw| frq0

vwudlqwv wkdw krxvhkrogv pljkw h{shulhqfh1 Wkh sulfh zh sd| lv wkdw wkh lqwhuwhpsrudo

hodvwlflw| ri vxevwlwxwlrq lv qrw lghqwl�hg/ ru pruh suhflvho| rqo| d orzhu erxqg iru wklv

sdudphwhu fdq eh lghqwl�hg lq vrph fdvhv1 Erxqgv iru wkh hodvwlflw| ri vxevwlwxwlrq

ehwzhhq �qdqfldo dqg kxpdq fdslwdo dvvhwv fdq dovr eh rewdlqhg1 Wkh pdlq uhvxowv

lqglfdwh wkdw uhwxuqv wr vshfl�f kxpdq fdslwdo duh kljkhu wkdq wr jhqhudo kxpdq fds0

lwdo/ wkdw wkh lqwhuwhpsrudo vxevwlwxwlrq hodvwlflw| lv odujh dqg wkdw wkh hodvwlflw| ri

vxevwlwxwlrq ehwzhhq �qdqfldo dqg kxpdq fdslwdo dvvhwv lv vljql�fdqwo| gl�huhqw iurp

}hur1

Vhfwlrq 5 eulh | ghvfulehv wkh hgxfdwlrqdo v|vwhp lq Frwh g*Lyrluh dqg wkh prvw

lpsruwdqw vw|ol}hg idfwv dsshdulqj lq wkh gdwd1 Vhfwlrq 6 exlogv xs wkh vwuxfwxudo

prgho zklfk ohdgv wr lwv hvwlpdeoh frxqwhusduw suhvhqwhg lq vhfwlrq 71 Hvwlpdwlrq

phwkrgv duh ghyhorshg lq vhfwlrq 8 dqg uhvxowv duh jlyhq lq vhfwlrq 91 Vhfwlrq :

frqfoxghv1
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51 Dq lqirupdo orrn dw wkh gdwd1

Rxu vwxg|/ dv zhoo dv d qxpehu ri rwkhu vwxglhv rq wkh F÷wh g*Lyrluh/ lv edvhg rq wkh

F÷wh g*Lyrluh Olylqj Vwdqgdug Vxuyh| +FLOVV,1 Wklv lv d qdwlrq0zlgh vxuyh| ri derxw

4933 krxvhkrogv +48333 shrsoh,/ orfdwhg lq 433 foxvwhuv/ wkdw kdv ehhq frqgxfwhg e|

wkh Gluhfwlrq gh od Vwdwlvwltxh lq F÷wh g*Lyrluh lq frooderudwlrq zlwk wkh Zruog Edqn1

Hdfk urxqg ri wkh vxuyh| fryhuv d 45 prqwkv shulrg1 Wkh FLOVV surylghv ghwdlohg

lqirupdwlrq derxw wkh vfkrrolqj ri hdfk krxvhkrog phpehu/ dv zhoo dv gdwd rq vrxufhv

ri krxvhkrog lqfrph/ h{shqglwxuhv dqg dvvhwv kroglqjv +Dlqvzruwk dqg Px�?r}/ 4<;9,1

Pruhryhu/ iru uxudo foxvwhuv/ wkh krxvhkrog txhvwlrqqdluh lv vxssohphqwhg zlwk d

frppxqlw| txhvwlrqqdluh wkdw/ lq sduwlfxodu/ surylghv lqirupdwlrq rq wkh vxsso| ri

vfkrrov1 Lq wklv vwxg| zh xvhg wzr urxqgv ri wklv vxuyh|= 4<;8 dqg 4<;91

Ryhu wkh odvw 58 |hduv/ wkh dyhudjh ohyho ri hgxfdwlrq lq F÷wh g*Lyrluh kdv qrwdeo|

lqfuhdvhg +vhh/ iru lqvwdqfh/ Ylmyhuehuj 4<<6 ru Zruog Edqn 4<<9,1 Qhyhuwkhohvv wkh

dyhudjh hgxfdwlrq ohyho uhpdlqv orz/ dw ohdvw e| ghyhorshg frxqwulhv vwdqgdugv/ dqg

pdunhg gl�huhqfhv fdq eh qrwlfhg ehwzhhq vh{hv dqg uhjlrqv ri uhvlghqfh +er|v dqg

fkloguhq olylqj lq xuedq duhdv uhfhlylqj pxfk pruh hgxfdwlrq wkdq jluov dqg fkloguhq

olylqj lq uxudo duhdv,/ wkxv vkrzlqj wkdw pxfk surjuhvv uhpdlqv wr eh dffrpsolvkhg

iru odujh vhjphqwv ri wkh srsxodwlrq1

Lq F÷wh g*Lyrluh vfkrro vwduwv qrupdoo| dw �yh1 Fkloguhq vwd| lq sulpdu| vfkrro

iru d wrwdo ri vl{ |hduv wkhq pryh wr mxqlru vhfrqgdu| vfkrro +7 |hduv, dqg wr xs0

shu vhfrqgdu| vfkrro +6 |hduv,1 Hqwudqfh wr mxqlru vhfrqgdu| vfkrro lv shuplwwhg

xsrq vxffhvv wr wkh �Fhuwl�fdw g*Hwxghv Sulpdluhv� h{dplqdwlrq dqg dffhvv wr xsshu0

vhfrqgdu| vfkrro lv frqwuroohg e| wkh �Euhyhw g*Hwxghv gx Suhplhu F|foh�1 Dw wkh

hqg ri vhfrqgdu| vfkrro/ hdfk vwxghqw kdv wr wdnh wkh �Edffdodxuìdw� h{dplqdwlrq

ehiruh jrlqj wr xqlyhuvlw|1

Dv fdq eh vkrzq lq �jxuh 4/ d odujh qxpehu ri fkloguhq ghod| wkhlu hqwu| lqwr

vfkrro1 Hyhq wkrxjk wkh qrupdo djh iru �uvw hquroophqw lq vfkrro lv vhyhq/ lq wkh

gdwd rqo| derxw 93( ri wkh fkloguhq hqwhu vfkrro dw wklv djh ru hduolhu dqg e| wkluwhhq
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rqo| :5( kdyh hyhu jrqh wr vfkrro1 Prvw fkloguhq hquroo lq vfkrro ehwzhhq 8 dqg :/

zlwk dwwhqgdqfh shdnlqj dw 43 |hduv ri djh1 Qxpehuv ri frpsohwhg |hduv ri hgxfdwlrq

duh orz zkhq fkloguhq duh ohdylqj vfkrro1 Xvlqj FLOVV/ Gh Yuh|hu +4<<9, hvwlpdwhv

ghpdqg iru hgxfdwlrq lq F÷wh g*Lyrluh xvlqj dq rughuhg surelw rq wkh frpsohwhg

|hduv ri hgxfdwlrq1 Dffruglqj wr klv uhvxowv/ dw eluwk/ wkh dyhudjh er| fdq h{shfw wr

frpsohwh derxw 918 |hduv ri hgxfdwlrq/ exw wklv idoov wr rqo| 719 |hduv ri hgxfdwlrq

iru wkh dyhudjh jluo1

Dqrwkhu idfw wkdw fkdudfwhul}hv ghpdqg iru hgxfdwlrq lq wkh F÷wh g*Lyrluh lv wkh

lqhtxdolw| wkdw fdq eh revhuyhg/ zlwklq idplolhv/ lq wkh vfkrro dwwhqgdqfh ri fkloguhq1

Wklv fdq eh vhhq lq �jxuh 5 zklfk vkrzv/ iru rxu vdpsoh/ wkh glvwulexwlrq ri idplolhv

dffruglqj wr wkh sursruwlrq ri wkhlu fkloguhq ri vfkrrolqj djh/ wkdw duh fxuuhqwo| ru

kdyh ehhq jrlqj wr vfkrro1 Dv fdq eh vhhq iurp wklv �jxuh/ derxw 49( ri wkh vdpsohg

idplolhv gr qrw vhqg dq| ri wkhlu fkloguhq wr vfkrro5/ zkhuhdv lq 58( ri wkhp doo

fkloguhq kdyh uhfhlyhg vrph hgxfdwlrq1 Wklv ohdyhv xv zlwk derxw 93( ri wkh idplolhv

lq zklfk vrph fkloguhq/ exw qrw doo/ duh jrlqj ru kdyh ehhq jrlqj wr vfkrro1 Lw lv fohdu

wkdw ghod|hg sulpdu| vfkrro hquroophqw fdq h{sodlq sduw ri wklv uhvxow1 Krzhyhu wklv

sursruwlrq lv vwloo dv kljk dv 79(/ li rqh uhgxfhv wkh vdpsoh wr fkloguhq ehwzhhq 43

dqg 58 |hduv rog1

Ilqdoo|/ rqh fdq dovr qrwlfh wkh odujh sursruwlrq ri fkloguhq wkdw duh uhshdwlqj

fodvvhv1 Wkh FLOVV vxuyh| surylghv uhshdwhg revhuydwlrqv lq wzr frqvhfxwlyh |hduv

rq d vxe0vdpsoh ri fkloguhq1 Dprqj wkhp d wrwdo ri 67: fkloguhq zhuh jrlqj wr vfkrro

lq 4<;8 dqg 4<;91 Rq wklv wrwdo 454/ wkdw lv 671<(/ kdyh uhshdwhg wkhlu fodvv1

Wkxv ghod|hg sulpdu| vfkrro hqurophqw/ lqhtxdolwlhv zlwklq idplolhv lq wkh hg0

xfdwlrqdo lqyhvwphqw ri fkloguhq dqg iuhtxhqw uhshwlwlrq ri fodvvhv fkdudfwhul}h wkh

ghpdqg iru hgxfdwlrq lq F÷wh g*Lyrluh dqg duh sduw ri wkh h{sodqdwlrq wr wkh orz

ohyhov ri hgxfdwlrq wkdw duh revhuyhg lq wklv frxqwu|1 Rxu jrdo lv wr surylgh dqg whvw

d prgho wkdw fdq h{sodlq wkhvh idfwv1

Rqh ri wkh uhdvrqv zk| ghpdqg iru hgxfdwlrq uhpdlqv orz lq ghyhorslqj frxqwulhv

5Rq d wrwdo ri 43<; idplolhv zlwk dw ohdvw wzr fkloguhq ri vfkrrolqj djh1

:



lv wkh odfn ri vfkrrov1 Krzhyhu wklv lv suredeo| qrw wkh rqo| h{sodqdwlrq lq F÷wh

g*Lyrluh1 Lq rxu gdwd/ wkhuh lv d sulpdu| vfkrro lq derxw <3( ri wkh frppxqlwlhv

wkdw kdyh ehhq vxuyh|hg dqg wkh dyhudjh glvwdqfh wr d sulpdu| vfkrro lv ohvv wkdq

833 phwhuv61 Vhfrqgdu| vfkrrov krzhyhu duh pxfk iduwkhu1 Lq uxudo duhdv/ vhfrqgdu|

vfkrrov duh orfdwhg derxw 58 nlorphwhuv dzd| rq dyhudjh1 Ody| +4<<5,/ xvlqj gdwd iurp

Jkdqd/ �qgv uhvxowv vxjjhvwlqj wkdw wkh glvwdqfh wr vhfrqgdu| vfkrrov lv vljql�fdqwo|

ghwulphqwdo wr wkh dwwhqgdqfh wr sulpdu| vfkrrov1 Wklv uhvxow pdnhv vhqvh lq Jkdqd/

zkhuh wkh uhwxuqv wr sulpdu| vfkrrov lq whupv ri frjqlwlyh dfklhyhphqw duh irxqg

h{wuhpho| orz +Johzzh 4<<5,1 Sduhqwv kdyh wkhq d vwurqj lqfhqwlyh wr pdlqwdlq wkhlu

fkloguhq dw vfkrro dw ohdvw xqwlo mxqlru vhfrqgdu| vfkrro lv frpsohwhg/ dqg dwwhqgdqfh

wr sulpdu| vfkrro vkrxog eh uhvsrqvlyh wr wkh vxsso| frqvwudlqwv rq vhfrqgdu| vfkrrov1

Lq F÷wh g*Lyrluh krzhyhu/ Ydq ghu Jddj dqg Ylmyhuehuj +4<;:, dqg Ylmyhuehuj +4<<4/

4<<6, kdyh irxqg srvlwlyh uhwxuqv wr sulpdu| hgxfdwlrq rq wkh oderxu pdunhw/ vr wkdw

vxsso| frqvwudlqwv rq vhfrqgdu| vfkrrov vkrxog kdyh rqo| d plqru lpsdfw rq sulpdu|

vfkrro dwwhqgdqfh1

Wkhuh uhpdlqv wkh srvvlelolw| wkdw hyhq zlwk sulpdu| vfkrrov orfdwhg lq wkh frp0

pxqlw|/ wkh qxpehu ri sodfhv lq wkh vfkrrov lv qrw vx!flhqw wr vdwlvi| wkh ghpdqg1

Lq vxfk d fdvh lw lv olnho| wkdw fkloguhq zrxog kdyh wr zdlw wr eh dffhswhg lq vfkrrov

dqg wklv frxog h{sodlq wkh kljk lqflghqfh ri ghod|hg sulpdu| vfkrro hquroophqw1 Lq

uxudo duhdv wkh FLOVV frppxqlw| txhvwlrqqdluh dvnhg zkdw zdv wkh pdlq vfkrrolqj

sureohp lq wkh yloodjh1 Rqo| derxw 48( ri wkh uhvsrqghqw dqvzhuhg wkdw lv zdv wkh

odfn ri vsdfh lq vfkrrov1 Pruhryhu/ rxu gdwd vkrzv wkdw derxw rqh �iwk ri wkh fkloguhq

ehwzhhq 8 dqg 4; wkdw kdg ehhq jrlqj wr vfkrro exw zhuh qrw fxuuhqwo| jrlqj lq 4<;8

lqwhqghg wr uhwxuq wr vfkrro lq wkh ixwxuh1 Wklv lv qrw wkh nlqg ri ehkdylrxu rqh zrxog

h{shfw li wkh qxpehu ri sodfhv lq vfkrrov zhuh udwlrqhg1 Li lw zhuh wkh fdvh lqghhg/

rqfh d fklog kdv ehhq dffhswhg lq vfkrro/ wkhuh zrxog eh d kljk lqfhqwlyh wr pdlqwdlq

klp2khu wkhuh/ dw ohdvw xqwlo wkh sulpdu| f|foh kdv ehhq frpsohwhg1

6Wkh iduwkhvw sulpdu| vfkrro lv orfdwhg dw ; nlorphwhuv1
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61 Wkh wkhruhwlfdo iudphzrun1

Lq wklv vhfwlrq/ d vwrfkdvwlf g|qdplf prgho ri idplo| kxpdq fdslwdo lqyhvwphqw ghfl0

vlrqv lv vhw xs1 Frqvlghu d idplo| zlwk ? fkloguhq ri vfkrrolqj djh1 Hdfk fklog vkduhv

klv2khu dydlodeoh wlph ehwzhhq vfkrro dqg zrun1 Zkloh dw vfkrro/ fkloguhq dftxluh

d �jhqhudo� kxpdq fdslwdo wkdw lv wr eh glvwlqjxlvkhg iurp wkh kxpdq fdslwdo df0

txluhg wkurxjk sduwlflsdwlrq lq idplo|*v dfwlylwlhv1 Wkh iruphu w|sh ri kxpdq fdslwdo

zloo wkhuhdiwhu dovr eh whuphg �hgxfdwlrq� zkloh wkh odwwhu pd| eh fdoohg �vshfl�f

kxpdq fdslwdo� ru �zrun h{shulhqfh�1 Erwk w|shv ri kxpdq fdslwdo/ lpshuihfwo| vxe0

vwlwxwdeoh/ lqfuhdvh fkloguhq* surgxfwlylw| rq wkh oderxu pdunhw1 Vfkxow} +4<:8, dqg

odwhu Urvhq}zhlj dqg Zroslq +4<;8, dqg Urvhq}zhlj +4<;;, kdyh hpskdvl}hg wkh lp0

sruwdqfh ri vshfl�f h{shulhqfh lq wkh lqyhvwphqw ghflvlrqv dqg oderxu duudqjhphqwv ri

idup krxvhkrogv1 Wudghr�v ehwzhhq zrunlqj dqg jrlqj wr vfkrro iru fkloguhq lq OGFv

lv dq dujxphqw wkdw lv xvhg wr h{sodlq whpsrudu| zlwkgudzdo iurp vfkrro zkhq wkhuh

duh dgyhuvh lqfrph vkrfnv dv ghprqvwudwhg lq Dohvvlh hw do +4<<5,1 Lw lv wkh dujxphqw

wkdw zh sxw iruzdug wr h{sodlq zk| fkloguhq duh ghod|hg lq wkhlu hqwu| lqwr vfkrro1

Li uhwxuqv wr h{shulhqfh duh kljkhu wkdq uhwxuqv wr irupdo hgxfdwlrq/ lw lv rswlpdo wr

zdlw xqwlo fkloguhq kdyh ehhq wudlqhg lq idplo| dfwlylwlhv1 Uhwxuqv wr h{shulhqfh duh

olnho| wr ghfuhdvh dv ohduqlqj jrhv e| dqg wkhq lw ehfrphv sur�wdeoh iru fkloguhq wr

dftxluh irupdo hgxfdwlrq1 Wklv lqvljkw lv pdgh suhflvh e| wkh wkhruhwlfdo iudphzrun1

Wkh krxvhkrog*v khdg ghflghv derxw vprrwklqj wkh frqvxpswlrq ri idplo| php0

ehuv lq d g|qdvwlf zd|1 Lw lv dfklhyhg e| dffxpxodwlqj ru ghfxpxodwlqj �qdqfldo dvvhwv

dqg e| dffxpxodwlqj kxpdq fdslwdo vwrfnv ri wkh fkloguhq1 Frqvxpswlrq vprrwklqj

ghshqgv rq wkh glvwulexwlrqv ri ixwxuh uhwxuqv wr doo dvvhwv1 Zh �uvw ghdo zlwk wkh

htxdwlrqv ghvfulelqj wkh dffxpxodwlrq ri dvvhwv dqg wkhq wxuq wr wkh ghflvlrq sur0

judp1

6141 Vwrfnv dffxpxodwlrq htxdwlrqv1

Wlph vshqw dw vfkrro lv wkh xqltxh lqsxw ri wkh jhqhudo kxpdq fdslwdo surgxfwlrq

ixqfwlrq1 Gxulqj shulrg |c fklog � ghglfdwhv d vkduh e�| ri klv2khu qrq0ohlvxuh wlph wr

<



vfkrrolqj1 Wkh uhpdlqlqj wlph/ �� e�|/ lv ghyrwhg wr zrunlqj1 Dw gdwh | n �c kxpdq

fdslwdo vwrfn/ 7�
|n�c lv vxssrvhg wr eh jlyhq e|=

7�
|n� ' 7�

| n e�|

zkhuh zh dvvxph dzd| dq| qrq olqhdulw| lq wkh dffxpxodwlrq ri kxpdq fdslwdo dv zhoo

dv dq| udqgrp hohphqw1 Olqhdulw| lq wkh dffxpxodwlrq htxdwlrq lv rqh srlqw zkhuh

zh ghsduw iurp wkh iudphzrun ri Mdfre| dqg Vnrx�dv +4<<:,1 Dv wkh zdjh htxdwlrq

lv frqvwdqw lq wkhlu vhwwlqj dqg qrw lq rxuv krzhyhu/ zh gr qrw eholhyh wkdw wkh wzr

dssurdfkhv duh lqfrqvlvwhqw vlqfh wkh| pdlqo| gl�hu lq wkh lpsolflw gh�qlwlrq ri zkdw

kxpdq fdslwdo lv � wkh h{shfwhg dqqxdol}hg ydoxh ri zdjhv lq wkhlu vhwwlqj dqg wkh

qxpehu ri |hduv ri hgxfdwlrq lq rxuv1

Lq wkh vdph zd|/ zrun h{shulhqfh dw gdwh | n �c u�
|n�c lv jlyhq e| wkh iroorzlqj

htxdwlrq=

u�
|n� ' u�

| n �� e�|

Zulwlqj wkh odz ri prwlrq ri wkh gl�huhqw kxpdq fdslwdo vwrfnv dv deryh vxssrvhv

wkdw hdfk xqlw ri wlph ghglfdwhg wr vfkrrolqj ru wr zrun lv dvvrfldwhg wr d �{hg

dprxqw ri ohlvxuh1 Ohlvxuh ghflvlrqv duh qrw prghoohg khuh1 Wklv k|srwkhvlv lpsolhv

wkdw hgxfdwlrq dqg zrun h{shulhqfh duh uhodwhg e| wkh iroorzlqj frqvwudlqw=

7�
| n u�

| ' � �| +614,

zkhuh � �| lv fklog*v djh dw gdwh |1 H{shulhqfh fdq wkhuhiruh eh phdvxuhg e| wkh gl�hu0

hqfh ehwzhhq djh dqg wkh qxpehu ri |hduv ri hgxfdwlrqdo dwwdlqphqw1

Zkhq zrunlqj/ d fklog � uhfhlyhv d zdjh wkdw ghshqgv rq hgxfdwlrq/ h{shulhqfh

dqg delolw| +5�,=

/E7�
|c u

�
|c 5

��

Wkh zdjh ixqfwlrq / lv vxssrvhg wr eh qrq ghfuhdvlqj lq lwv dujxphqwv1 Lw lv d phdvxuh

ri wkh fklog*v surgxfwlylw|/ erwk lq idplo| dfwlylwlhv dqg rq wkh oderxu pdunhw1 Iru
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zkdw iroorzv/ lw lv frqyhqlhqw wr h{suhvv wkh zdjh dv d ixqfwlrq ri djh udwkhu wkdq

h{shulhqfh1 Zh rewdlq wklv e| uhsruwlqj htxdwlrq +614, lq wkh zdjh ixqfwlrq/ zklfk

ohdgv wr=

/E7�
|c u

�
|c 5

�� ' /E7�
|c �

�
| � 7�

|c 5
�� ' /E7�

|c �
�
|c 5

�� +615,

Ghqrwlqj sduhqwv* lqfrph +f| / idplo|*v lqfrph dw shulrg | fdq wkhq eh zulwwhq dv=

+| ' +f|n
?[
�'�

/E7�
|c �

�
|c 5

��E�� e�|�

Lq shulrg |/ krxvhkrog*v frqvxpswlrq lv htxdo wr S|� Ghqrwh �| wkh krxvhkrog*v

vwrfn ri sk|vlfdo dvvhwv dw wkh ehjlqqlqj ri wklv shulrg1 Lqwhuhvw udwhv duh jlyhq e|

o|E�|�/ zkhuh o|E� lv d ghfuhdvlqj dqg frqyh{ ixqfwlrq iru qhjdwlyh ohyhov ri dvvhwv

vr dv wr fdswxuh oltxlglw| frqvwudlqwv1 Wkh idplo|*v exgjhw frqvwudlqw fdq wkhq eh

zulwwhq dv=

�|n� ' E� n o|E�|����| n +| � S|

Zh dvvxph wkdw krxvhkrogv idfh xqfhuwdlq uhwxuqv iru wkh gl�huhqw w|shv ri dvvhwv

wkh| fdq lqyhvw lq1 Zdjhv ri doo phpehuv dqg wkh lqwhuhvw udwh ixqfwlrq duh vxemhfw

wr udqgrp vkrfnv dw hdfk gdwh |1 Xqfhuwdlqw| lv uhvroyhg dw wkh ehjlqqlqj ri hdfk

shulrg/ vr wkdw dw wlph | krxvhkrogv nqrz wkh lqwhuhvw udwh ixqfwlrq o|E�|�/ zdjhv /�
|

dqg sduhqwdo lqfrph +f| 1

6151 Krxvhkrog*v ghflvlrq surjudpph1

Wkh krxvhkrog pd{lpl}hv wkh h{shfwhg suhvhqw ydoxh ri wkh vxp ri hdfk shulrg xwlolw|

dqg d whuplqdo ydoxh ixqfwlrq=

.fE
A[
|'f

�|�LES|� n �An�TAn�E�An�c 7
�
An�c �c 7

?
An���

Wkh zlwklq shulrg xwlolw| +L, lv dvvxphg wr ghshqg rqo| rq wkh ohyho ri djjuhjdwh

frqvxpswlrq S|� .| lv wkh h{shfwdwlrq rshudwru dw gdwh | zkhq h{shfwdwlrqv uho| rq wkh

lqirupdwlrq vhw dydlodeoh dw gdwh |1 � lv d glvfrxqw idfwru dqg A lv wkh wlph krul}rq1

Lw frxog hlwkhu fruuhvsrqg wr wkh olih h{shfwdqf| ri wkh krxvhkrog*v khdg/ ru wr wkh
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hqg ri wkh kxpdq fdslwdo lqyhvwphqw shulrg/ ru wr dq| rwkhu srlqw duelwudulo| fkrvhq

lq wkh ixwxuh1 Wkh zd| wkh krxvhkrog*v khdg ydoxhv kxpdq fdslwdo vwrfnv ri klv2khu

fkloguhq lv jlyhq e| wkh ydoxh ixqfwlrq dw gdwh A n �= TAn�E�An�c 7
�
An�c ��c 7

?
An���

Wklv wudqvyhuvdolw| frqglwlrq lv ohiw xqvshfl�hg7 dqg qr dqrq|plw| uhvwulfwlrqv rq

fkloguhq* lghqwlwlhv duh lpsrvhg1 Hdfk kxpdq fdslwdo vwrfn pljkw qrw eh jlyhq wkh

vdph lpsruwdqfh dqg gl�huhqfhv fdq lqghhg uh hfw suhihuhqfhv iru d jlyhq fklog ru iru

d jlyhq jurxs ri fkloguhq ru vshfldol}dwlrq +h1j1 dffruglqj wr wkhlu jhqghu ru udqn,1

Krxvhkrogv kdyh wr ghflgh rq djjuhjdwh frqvxpswlrq S| dqg rq lqyhvwphqwv lq

kxpdq fdslwdo Ee|��'�c���c?c wkdw wkh| zdqw wr dfklhyh dw hdfk ixwxuh shulrg | ' �c ���c A 1

Wkh vwdwh yduldeohv duh wkh vwrfnv douhdg| dffxpxodwhg= �|c E7
�
|��'�c���c?1 Wkh| vxp0

pdul}h sdvw dfwlrqv dqg ghwhuplqh zkdw fdq eh xqghuwdnhq lq wkh suhvhqw1 Qrwh

wkdw rqo| vwdwh yduldeohv uhodwhg wr wkh vwrfnv ri sk|vlfdo dvvhwv dqg ri hgxfdwlrq duh

frqvlghuhg ehfdxvh dw d jlyhq gdwh/ fkloguhq* djh ehlqj �{hg/ h{shulhqfh lv xqltxho|

ghwhuplqhg dv d ixqfwlrq ri hgxfdwlrq1

Ghqrwh T|E�|c 7
�
| c ���c 7

?
| � wkh ydoxh ixqfwlrq dw wlph |1 Dffruglqj wr wkh Ehoopdq

sulqflsoh/ wklv vhtxhqfh ri ixqfwlrqv yhul�hv wkh iroorzlqj surshuw|=

T|E�|c 7
�
| c ���c 7

?
| � ' 4@ 

iS|ce�| c���ce?| j
q
LES|� n ��.|T|n�E�|n�c 7

�
|n�c ���c 7

?
|n��

r
r�K�eS| |J �|n� ' �|�E� n oE�|�� n +| � S|

+| ' +f|n
?S

�'�
/E7�

|c �
�
|c 5

��E�� e�|�

7�
|n� ' 7�

| n e�| ;� 5 i�c ���c ?j
e�| 5 dfc �o ;� 5 i�c ���c ?j

+616,

Wklv surjudp fdswxuhv wkh prvw lpsruwdqw dujxphqwv wkdw zh sxw iruzdug wr

h{sodlq idplo| dvshfwv ri kxpdq fdslwdo lqyhvwphqwv1 Iluvw/ vfkrrolqj lv d idplo|*v

lqyhvwphqw dqg lw grhv qrw gluhfwo| jhqhudwh xwlolw| iru wkh phpehuv ri wkh idplo|1

Lw fohduo| lv dq lpsruwdqw lghqwli|lqj dvvxpswlrq1 Fkloguhq* frqvxpswlrq lv lqfoxghg

lq djjuhjdwh frqvxpswlrq S| dqg lv wkhuhiruh wuhdwhg e| wkh sduhqwv dv ehlqj htxdoo|

ydoxdeoh dv wkhlu rzq frqvxpswlrq1 Rwkhu irupv ri dowuxlvp fdq eh lqwurgxfhg lq

wkh prgho wkurxjk wkh wudqvyhuvdolw| frqglwlrq/ TAn�/ wkdw h{suhvvhv wkh ydoxh ri

7Rqo| lq yhu| shfxoldu fdvhv fdq wkh sodqqlqj krul}rq eh nqrzq +vhh h1j1 Uxvw 4<<8,1 Lq wkh
jhqhudo fdvh/ wkh wudqyhuvdolw| frqglwlrq fdq eh ohiw xqvshfl�hg dqg zh wuhdw lw dv d ixqfwlrq wr
hvwlpdwh lq wkh hpslulfdo sduw1
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fdslwdo vwrfnv dw gdwh A n �1 Vhfrqg/ wkh glyhuvl�fdwlrq ri ulvnv ehwzhhq dvvhwv lv

wdnhq lqwr dffrxqw wkurxjk wkh ixwxuh ydoxh ixqfwlrq1 Iru lqvwdqfh/ d vlpsoh sruwirolr

dujxphqw lpsolhv wkdw/ li wklv ixqfwlrq ehorqjv wr wkh FDUD idplo|/ wkhuh vkrxog eh

d wudgh0r� ehwzhhq phdq uhwxuqv dqg yduldqfhv lq wkh ohyhov ri wkh gl�huhqw dvvhwv

ghwdlqhg1 Dv d uhvxow/ lqyhvwphqw lq rqh fklog*v kxpdq fdslwdo fdq ghshqg xsrq

rwkhu idplo|*v lqyhvwphqwv/ lqfoxglqj kxpdq fdslwdo ri vleolqjv dqg sk|vlfdo dvvhwv1

Wklug/ wkh prgho fdswxuhv wkh wudgh0r� ehwzhhq vfkrrolqj dqg zrunlqj/ zklfk zh

wklqn sduwo| frppdqgv kxpdq fdslwdo lqyhvwphqwv lq ohvv ghyhorshg frxqwulhv1

Lq rughu wr eh deoh wr fkdudfwhul}h rswlpdo ghflvlrqv/ dvvxpswlrqv rq wkh sulplwlyhv

ri wkh sureohp duh lpsrvhg vr dv wr pdnh lw joredoo| frqfdyh1 Lw lv vxpphg xs e|

wkh iroorzlqj sursrvlwlrq1

Sursrvlwlrq 6141 Dvvxph wkdw wkh xwlolw| ixqfwlrq lv vwulfwo| frqfdyh dqg wzlfh gli0

ihuhqwldeoh dqg wkdw/ dw hdfk shulrg |/ | � Ac wkh ydoxh ixqfwlrq T| lv vwulfwo| frqfdyh

dqg wzlfh gl�huhqwldeoh dqg vrph dgglwlrqdo whfkqlfdo dvvxpswlrqv vwdwhg lq wkh surri1

Wkhq wkhuh lv d xqltxh vroxwlrq wr wkh ghflvlrq surjudp1 Wkh frqvxpswlrq ixqfwlrq

dqg wkh lqyhvwphqw ixqfwlrqv duh gl�huhqwldeoh zlwk uhvshfw wr wkh vwrfnv ri sk|vlfdo

dqg kxpdq fdslwdo/ h{fhsw rq srlqwv orfdwhg rq erughuv ehwzhhq uhjlphv/ gh�qhg df0

fruglqj wr zkhwkhu frqvwudlqwv rq kxpdq fdslwdo lqyhvwphqw duh elqglqj ru qrw +e�| ' f

ru �, 1 Wkh Ohehvjxh phdvxuh ri wklv vhw lv }hur1

Surri1 Vhh dsshqgl{1

Wkh dvvxpswlrq wkdw wkh ydoxh ixqfwlrqv dw dq| shulrg duh frqfdyh dqg wzlfh

gl�huhqwldeoh frxog eh mxvwl�hg e| �ghhshu� dvvxpswlrqv rq wkh wudqyhuvdolw| frqgl0

wlrq dqg rwkhu sulplwlyhv ri wkh sureohp1 Krzhyhu/ ehfdxvh wkh Hxohu htxdwlrqv ri

wklv g|qdplf sureohp duh qrq olqhdu/ wkh surri ri vxfk d uhvxow lv whglrxv1 Vlqfh wkh

hpslulfdo dssolfdwlrq suhvhqwhg lq wklv sdshu frqfhqwudwhv rq wkh hvwlpdwlrq ri vxfk

d prgho rq vkruw sdqhov dqg furvv0vhfwlrqv/ zh vkdoo qrw sxuvxh wklv urxwh khuh1
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6161 Iluvw rughu frqglwlrqv1

Wkh suhylrxv sursrvlwlrq hqvxuhv wkdw �uvw rughu frqglwlrqv duh qhfhvvdu| dqg vxi0

�flhqw wr fkdudfwhul}h rswlpdo ghflvlrqv1 Krzhyhu/ fruqhu vroxwlrqv/ qr hgxfdwlrq

ru qr zrun/ duh olnho| wr rffxu1 Zh vwduw e| vwxg|lqj lqwhulru vroxwlrqv iru zklfk

lqwhusuhwdwlrq lv hdvlhu dqg wkhq fkdudfwhul}h fruqhu vroxwlrqv1

616141 Lqwhulru vroxwlrqv1

Iru vlpsolflw| vdnh/ wkh ghulydwlyhv ri wkh ydulrxv ixqfwlrqv zloo eh ghqrwhg zlwk

lqglfhv wkdw fruuhvsrqg wr wkh yduldeoh uhodwlyh wr zklfk wkh| duh wdnhq1 Iru h{dpsoh/

T�|n�
' YT|n�

Y�|n�
� Zkhq doo vroxwlrqv duh lqwhulru +l1h1 ;�c e�| 5ofc �d,/ wkh �uvw rughu

frqglwlrqv duh=

LS| ' ��.T�|n�
+617,

.T7�|n�

.T�|n�

' /�
| ;� 5 i�c ���c ?j +618,

Wkh �uvw frqglwlrq h{suhvvhv wkh wudgh0r� ehwzhhq frqvxpswlrq dqg vdylqjv1 Wkh

pdujlqdo xwlolw| ri frqvxpswlrq lv htxdo wr wkh glvfrxqwhg h{shfwhg pdujlqdo ydoxh

ri dvvhwv/ l1h1 wkh ixwxuh vkdgrz sulfh ri dvvhwv1 Wkh vhfrqg frqglwlrq uhdgv dv wkh

wudgh0r� ehwzhhq lqyhvwlqj lq jhqhudo kxpdq fdslwdo dqg zrunlqj1 Wkh zdjh lv htxdo

wr wkh uhwxuq ri rqh xqlw ri lqyhvwphqw lq jhqhudo kxpdq fdslwdo uhodwlyh wr wkdw ri

rqh xqlw ri lqyhvwphqw lq sk|vlfdo dvvhwv= R�|Ee
�
|� '

.T
7�
|n�

.T�|n�
� Lw fdq eh lqwhusuhwhg dv

wkh uhodwlyh vkdgrz sulfh ri jhqhudo kxpdq fdslwdo1 Wklv uhwxuq ghshqgv rq ghflvlrqv

uhodwhg wr doo lqyhvwphqw dqg frqvxpswlrq ghflvlrqv/ dv zhoo dv rq vwdwh yduldeohv/ exw

zh ohdyh wkhp dvlgh dqg pdnh lw h{solflwo| ghshqg rq fklog*v � lqyhvwphqw/ e�| rqo|1

Wkh mxvwl�fdwlrq iru wklv fkrlfh ri vshfl�fdwlrq vkdoo ehfrph fohdu lq wkh iroorzlqj

vhfwlrq1

Wkh ghpdqg iru hgxfdwlrq lv d ixqfwlrq ri wkh fdslwdo vwrfn � dv zhoo dv ri wkh

hgxfdwlrq dqg h{shulhqfh dftxluhg e| wkh fklog/ wkurxjk wkh uhpxqhudwlrq ri wkhvh

ydulrxv w|shv ri dvvhwv rq wkh fdslwdo dqg oderu pdunhwv1 Lw dovr ghshqgv rq wkh vwrfn

ri kxpdq fdslwdo dffxpxodwhg e| rwkhu fkloguhq lq wkh idplo|/ lqvridu dv wkh ydoxh
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ri d pdujlqdo lqfuhdvh lq wkh fklog*v vwrfn ri jhqhudo kxpdq fdslwdo lv d ixqfwlrq ri

wkh vwrfn kh2vkh douhdg| dffxpxodwhg/ uhodwlyh wr wkh vwrfnv dffxpxodwhg e| rwkhu

fkloguhq/ dv lqgxfhg e| sruwirolr glyhuvl�fdwlrq1 Lw vkrxog eh qrwlfhg wkdw li wkhuh zhuh

h{lvwlqj frqwlqjhqw vhfxulwlhv iru doo wkh vwdwhv ri wkh zruog/ wkhq rxu prgho zrxog

suhglfw lqghshqghqfh ehwzhhq wkh lqyhvwphqwv lq wkh kxpdq fdslwdo ri wkh fkloguhq

lq wkh idplo| +Mdfre| dqg Vnrx�dv/ 4<<:,1 Dv suhglfwhg e| Ehkupdq/ Sroodn dqg

Wdxepdq +4<;5, wkhvh zrxog eh ghwhuplqhg hqwluho| e| sduhqwdo suhihuhqfhv dqg e|

hdfk fklog*v delolw| dffruglqj wr wkh uxoh ri frpsdudwlyh dgydqwdjh1 Lq rxu prgho/

lqwhughshqghqfh uhvxowv iurp wkh lqfrpsohwhqhvv ri vhfxulw| pdunhwv1

616151 Fruqhu vroxwlrqv1

Iru d jlyhq fklog/ d fruqhu vroxwlrq h{lvwv hlwkhu ehfdxvh wkh pdujlqdo surgxfwlylw| ri

wkh fklog rq wkh oderxu pdunhw lv wrr kljk/ uhodwlyh wr wkh uhwxuqv rq jhqhudo kxpdq

fdslwdo +e�| ' f ehfdxvh iru doo e�|= /
�
| : R�|Ee

�
|�,/ ru ehfdxvh wklv pdujlqdo surgxfwlylw|

lv wrr orz +e�| ' � ehfdxvh iru doo e�|= /
�
| 	 R�|Ee

�
|�,1 Vlqfh R

�
|Ee

�
|� lv d ghfuhdvlqj ixqfwlrq

ri e�| +vhh surri ri sursrvlwlrq 614,/ zh fdq zulwh=

+
e�| ' f �s /�

| : R�|Ef�
e�| ' � �s /�

| 	 R�|E��

Wkh �uvw fdvh fruuhvsrqgv wr wkdw ri ghyhorslqj frxqwulhv zkhuh prvw krxvhkrogv

duh uxqqlqj idplo| exvlqhvvhv dqg zkhuh fkloguhq duh riwhq lqyroyhg lq surgxfwlyh

dfwlylwlhv1 Wkh fklog pljkw eh nhsw rxw ri vfkrro ehfdxvh klv2khu lqlwldo pdujlqdo

surgxfwlylw| lv odujh dqg ehfdxvh uhwxuqv wr h{shulhqfh duh kljkhu wkdq wkrvh wr

irupdo vfkrrolqj1 Wkh vhfrqg fdvh fruuhvsrqgv wr ghyhorshg frxqwulhv zkhuh fkloguhq*

pdujlqdo surgxfwlylw| lq idplo|*v dfwlylwlhv lv forvh wr }hur1 Lq wklv fdvh/ vfkrrolqj

wdnhv xs doo ri wkh fklog*v dydlodeoh wlph1

Zkhq dq lqwhulru vroxwlrq h{lvwv/ wkh fklog vshqgv rqo| d iudfwlrq ri klv2khu wlph

dw vfkrro1 Jhqhudo kxpdq fdslwdo lv wkhq dffxpxodwhg dw d vorzhu sdfh wkdq qrupdo

zklfk pljkw mxvwli| wkh qhhg iru uhshdwlqj fodvvhv1 Mdfre| +4<<7, h{sodlqv sduw wlph

vfkrrolqj e| fuhglw udwlrqlqj= lq fdvh ri d wljkw fuhglw frqvwudlqw/ fkloguhq duh judgxdoo|
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zlwkgudzq iurp vfkrro lq rughu wr doorz krxvhkrog*v frqvxpswlrq vprrwklqj1 Lq wkh

suhvhqw prgho/ sduw wlph vfkrrolqj fdq wdnh sodfh hyhq li fuhglw lv qrw frqvwudlqhg1 Lw

vwhpv vlpso| iurp wkh idfw wkdw wkh fklog*v surgxfwlylw| lqfuhdvhv zlwk h{shulhqfh1

Dowrjhwkhu wkh prgho fdq h{sodlq d zlgh ydulhw| ri ehkdylrxu udqjlqj iurp qr

vfkrrolqj dw doo wr ixoo0wlph vfkrrolqj/ hqfrpsdvvlqj dv zhoo sduw0wlph vfkrrolqj1 Lw

fdq dovr h{sodlq zk| vrph fkloguhq ghod| wkhlu hqwu| lq vfkrro1 Hquroophqw zloo

eh ghod|hg li/ lqlwldoo|/ uhwxuqv wr h{shulhqfh duh kljkhu wkdq uhwxuqv wr vfkrrolqj

+/�
| : R�|Ef�, dqg li/ zkloh vshfl�f kxpdq fdslwdo lv dffxpxodwhg/ R

�
|Ef� lqfuhdvhv idvwhu

wkdq /�
| grhv1 Lq vxfk d fdvh/ wkh lqhtxdolw| /�

| : R�|Ef� pljkw uhyhuvh lwvhoi zkhq vrph

|hduv ri h{shulhqfh kdyh ehhq dffxpxodwhg1

71 Wkh hfrqrphwulf iudphzrun

Lq rxu vdpsoh/ vfkrrolqj lqyhvwphqwv duh revhuyhg dv glvfuhwh ghflvlrqv= fkloguhq duh

dwwhqglqj vfkrro ru qrw1 Wkh h{dfw dprxqw ri wlph ghglfdwhg wr vfkrrolqj lv qrw

nqrzq1 Wkhuhiruh/ wkh hfrqrphwulf prgho ghdov zlwk wkh vlpxowdqhrxv glfkrwrplf

ghflvlrqv ri zkhwkhu wr vhqg hdfk fklog wr vfkrro ru qrw1 Wkhvh ghflvlrqv duh ghwhu0

plqhg e| frqglwlrqv ghvfulelqj fruqhu vroxwlrqv/ iurp zklfk zh fdq ghulyh wkh odwhqw

yduldeohv ri wkh prgho1

D fklog grhv qrw dwwhqg vfkrro li e�| ' f dqg lv lqyroyhg lq vfkrrolqj/ dw ohdvw

sduw0wlph/ zkhq e�| : f� Wkdw lv=

+
e�| ' f �s /�

| � R�|Ef�
e�| : f �s /� 	 R�|Ef�

+714,

Ohw +�| eh wkh gxpp| yduldeoh wdnlqj wkh ydoxh ri � li wkh fklog dwwhqgv vfkrro dqg

f rwkhuzlvh1 Ghqrwlqj +�W| ' *? R�|Ef� � *?/�
| / wkh hvwlpdeoh prgho xvlqj htxdwlrqv

+714, fdq eh zulwwhq dv ixqfwlrqv ri +�| dqg +�W| =

+
+�| ' � �s +�W| : f
+�| ' f �s +�W| � f

+715,

Dw wklv srlqw/ wzr dssurdfkhv fdq eh frqvlghuhg1 Wkh �uvw rqh frqvlvwv lq fkrrvlqj

d suhflvh ixqfwlrqdo irup iru doo wkh sulplwlyhv ri wkh sureohp dqg wr whvw wkh �w ri
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wklv irup wr wkh gdwd1 Wklv dssurdfk lv wkh prvw ghpdqglqj rqh/ exw lw shuplwv wr

jlyh d vwuxfwxudo lqwhusuhwdwlrq wr wkh frh!flhqwv ri wkh hfrqrphwulf htxdwlrq1 Wkh

vhfrqg rqh wdnhv wkh uhyhuvh sdwk dqg frqvlvwv lq fkrrvlqj wkh ixqfwlrqdo irup wkdw

�wv wkh gdwd ehvw1 Lq wklv fdvh/ lw lv qrw srvvleoh wr jlyh dq| vwuxfwxudo lqwhusuhwdwlrq

wr wkh frh!flhqwv1 Lq wklv sdshu zh frqfhqwudwh rq wkh vwuxfwxudo dssurdfk dqg gr

qrw sxuvxh wkh rwkhu rqh1

D vlpsoh vshfl�fdwlrq ri wkh sulplwlyhv ri wklv sureohp lv fkrvhq lq rughu wr doorz

wkh ghulydwlrq ri d orj0olqhdu vwuxfwxudo prgho wkdw lv hvwlpdeoh zlwk vkruw sdqho gdwd

+wzr shulrgv,1 Zh dovr ghulyh d vwuxfwxudo prgho vxlwhg wr furvv vhfwlrq gdwd dqg

lwv dvvrfldwhg uhgxfhg irup1 Dv vkrzq ehorz/ jlyhq wkdw wkh hfrqrphwulf prgho lv d

v|vwhp ri htxdwlrqv iru elqdu| yduldeohv zkhuh hqgrjhqhlw| ri uljkw kdqg vlgh yduldeohv

lv dq lpsruwdqw lvvxh/ wkh vlpsoh irup wkdw zh xvh lv wkh rqo| vshfl�fdwlrq wkdw zh

irxqg wkdw shuplwv d vhqvleoh wuhdwphqw ri doo wkh lvvxhv wkdw duh lqyroyhg1

7141 Vshfli|lqj wkh sulplwlyhv

Wr fduu| rxw wkh hvwlpdwlrq ri wklv prgho/ lw lv qhfhvvdu| wr vshfli| wkh ixqfwlrqdo

irupv ri wkh xwlolw| ixqfwlrq/ wkh ixwxuh ydoxh ixqfwlrq dqg wkh zdjh ixqfwlrq1 Zh

�uvw dvvxph wkdw wkh fxuuhqw shulrg xwlolw| dqg wkh h{shfwdwlrq wdnhq dw gdwh | ri wkh

ydoxh ixqfwlrq dw gdwh |n �c fdq eh zulwwhq lq wkh iroorzlqj pdqqhu=

LES|� '
�

�� B
�ES�3B| � �� +716,

.|T|n�E�|n�c 7
�
|n�c ���c 7

?
|n�� '

�

�� �
Ei T[E�|n�c 7

�
|n�c ���c 7

?
|n��� �� +717,

zkhuh=

[ ' E�� ��E*?E�|n� n @f� n
?[

�'�

b� *?E7
�
|n� n rf��

Bc �c b�c @f dqg rf duh xqnqrzq sdudphwhuv zklfk pd| ghshqg rq wlph/ ghprjudsklfv

dqg xqrevhuyhg khwhurjhqhlw|81 Wkh uhvwulfwlrqv rq wkh ydoxhv wkdw fdq eh wdnhq e|

wkhvh sdudphwhuv dqg wkhlu lqwhusuhwdwlrq zloo eh suhflvhg ehorz1

8Qrwh wkdw li � @ 4 ru � @ 4 wkhvh ixqfwlrqv duh zhoo gh�qhg e| wdnlqj olplwv1
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Htxdwlrq +717, uh hfwv wkdw .|T|n� lv d ixqfwlrq ri lwv nqrzq +dw wlph |, dujxphqwv

�|n�c i7�
|n�j�'�c�c?1 Wkh fkrlfh ri d ixqfwlrqdo irup iru wkh h{shfwhg ydoxh ixqfwlrq dw

gdwh | n � lv mxvwl�hg e| wkh idfw wkdw zh kdyh lqirupdwlrq qhlwkhu rq wkh sodqqlqj

krul}rq qru rq wkh wudqvyhuvdolw| frqglwlrq1 Zkhq wkh sodqqlqj krul}rq lv �qlwh/ d

surjudpph vxfk dv +616, lv xvxdoo| vroyhg e| edfnzdug lqgxfwlrq vwduwlqj iurp shulrg

A 1 Jlyhq wkh wudqvyhuvdolw| frqglwlrq dqg wkh ixqfwlrqdo irup ri wkh xwlolw| ixqfwlrq/

lw lv wkhq srvvleoh wr rewdlq wkh ydoxh ixqfwlrq1 Qhyhuwkhohvv/ zkhq wkh wudqyhuvdolw|

frqglwlrq dqg wkh sodqqlqj krul}rq duh qrw nqrzq/ vroylqj wkh sureohp uhtxluhv wr

fkrrvh duelwudulo| A dqg wkh ixqfwlrqdo irup ri wkh ydoxh ixqfwlrq dw gdwh A 1 Lq

wklv fdvh/ lw lv htxlydohqw wr lpsrvh d ixqfwlrqdo irup iru wkh ydoxh ixqfwlrq dw gdwh

|n�1 Sdudphwhuv hqwhulqj wklv ixqfwlrqdo irup vkrxog krzhyhu eh frqvlghuhg dv vhpl0

vwuxfwxudo sdudphwhuv/ lq frqwudvw zlwk rwkhu sdudphwhuv hqwhulqj wkh lqvwdqwdqhrxv

xwlolw| ixqfwlrq ru wkh zdjh ixqfwlrq1 Qdpho|/ wkhvh sdudphwhuv ghshqg rq ghhshu

vwuxfwxudo sdudphwhuv vxfk dv wkrvh ri wkh xwlolw| ixqfwlrq/ exw dovr rq wkh vshfl�fdwlrq

ri h{shfwdwlrqv zklfk lv ohiw lpsolflw khuh1 Wklv lv dovr zk| wkhuh duh qr vwuxfwxudo

uhvwulfwlrqv uhodwlqj sdudphwhuv hqwhulqj +716, dqg +717,1

Ixuwkhupruh/ wr yhuli| wkh uhtxluhphqw ri sursrvlwlrq 614/ wkh iroorzlqj uhvxow

r�huv vx!flhqw frqglwlrqv1

Ohppd 7141 Li wkh sdudphwhuv duh vxfk wkdw=

B : fc b� : fc � :
S?

�'�
b�

�n
S?

�'�
b�

wkhq wkh xwlolw| ixqfwlrq dqg wkh ydoxh ixqfwlrq duh lqfuhdvlqj dqg frqfdyh lq wkhlu

dujxphqwv1

Surri1 Vhh dsshqgl{

Wkh lqwhusuhwdwlrq lv qrz vwudljkiruzdug1 B lv wkh vwdqgdug uhodwlyh ulvn dyhuvlrq

ri wkh krxvhkrog zlwk uhvshfw wr d frqvxpswlrq ulvn1 Lwv uhflsurfdo lv wkh lqwhuwhp0

srudo vxevwlwxwlrq hodvwlflw|1 Sdudphwhu �c dffruglqjo|/ lv wkh uhodwlyh ulvn dyhuvlrq

ri wkh krxvhkrog zlwk uhvshfw wr d ulvn lq �qdqfldo dvvhwv/ lq dq k|srwkhwlfdo zruog

zkhuh wkhuh zrxog eh dq dgglwlrqdo ulvn lq dvvhwv1 b� fdq eh lqwhusuhwhg dv wkh vxe0
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vwlwxwdelolw| ehwzhhq �qdqfldo zhdowk dqg kxpdq fdslwdo dvvhwv dv vkrzq lq dsshqgl{

51 Wkh odujhu b� lv/ wkh pruh vxevwlwxwdeoh zlwk �qdqfldo dvvhwv kxpdq fdslwdo vwrfn

7� lv1

Wkh zdjh ixqfwlrq lv wkh odvw sulplwlyh ri wkh sureohp1 Zh vhohfwhg wkh iroorzlqj

vshfl�fdwlrq=

*?/�
| ' >�r� *?E7

�
| n rf� n >�f +718,

zkhuh >�fc >�r pd| eh ixqfwlrqv ri ghprjudsklfv +h1j1 djh,1 Lw vkrxog eh qrwlfhg wkdw/

lq d prgho zkhuh wkh zdjh lv h{suhvvhg dv d ixqfwlrq ri hgxfdwlrq dqg djh/ >�r vxpv

xs h�hfwv ri jhqhudo dqg vshfl�f kxpdq fdslwdo rq wkh fxuuhqw zdjh1 Wkxv lw frxog

eh hlwkhu srvlwlyh ru qhjdwlyh1 D qhjdwlyh >�r zloo eh irxqg zkhq uhwxuqv wr vshfl�f

kxpdq fdslwdo +h{shulhqfh, duh vx!flhqwo| kljk uhodwlyh wr uhwxuqv wr jhqhudo kxpdq

fdslwdo +hgxfdwlrq, dv fdq eh vhhq e| gl�huhqwldwlqj +615,=

�

/�
|

Y/�
|

Y7�
|

'
>�r

7�
| n rf

'
�

7/�
|

%
Y7/�

|

Y7�
|

� Y7/�
|

Yu�
|

&

7151 Wkh odwhqw yduldeohv

Wkh uhwxuq wr d fklog*v lqyhvwphqw lq kxpdq fdslwdo fdq qrz eh zulwwhq=

R�|Ee
�
|� '

.T7�|n�

.T�|n�

' b�

�|n� n @f
7�
|n� n rf

+719,

Wkh odwhqw yduldeoh ri wkh prgho +715, fdq wkhuhiruh eh zulwwhq xvlqj 7�
|n� ' 7�

| li

e�| ' f=

+�W| ' *? R�|Ef�� *?/�
|

' *?b� n *?E�
E��
|n� n @f�� *?E7�

| n rf�� *?/�
| +71:,

zkhuh �E��
|n� lv wkh ydoxh ri dvvhwv fruuhvsrqglqj wr e�| ' f/ doo rwkhu ghflvlrqv ehlqj vhw

dw wkhlu rswlpdo ydoxhv1 Lq rxu vdpsoh/ lqirupdwlrq rq dvvhwv lv ri srru txdolw| dqg

frpsxwlqj �
E��
|n� vhhpv xqwudfwdeoh1 Krzhyhu/ frqvxpswlrq lv d vx!flhqw vwdwlvwlf iru

dvvhwv/ dv lq wkh xvxdo oderxu vxsso| prgho +Eoxqghoo dqg Zdonhu/ 4<;9,1 Wklv fdq eh

4<



vhhq dv iroorzv1 Xvlqj wkh �uvw rughu frqglwlrq iru frqvxpswlrq dqg htxdwlrqv +716,

dqg +717,/ zh rewdlq=

S3B| ' LS ' �.T� ' �
i TE[�

�|n� n @f

Lw lv srvvleoh wr h{suhvv wkh ixwxuh vwrfn ri sk|vlfdo dvvhwv/ �|n�/ dv d ixqfwlrq ri

fxuuhqw frqvxpswlrq dqg kxpdq fdslwdo vwrfnv=

*?E�|n� n @f� '
�

�

5
7*?E�� n B *? S| n E�� ��

?[
�'�

b� *?E7
�
|n� n rf�

6
8 +71;,

Qrz/ vhwwlqj fxuuhqw ghflvlrqv S| dqg ie�|j� �'� dw wkhlu rswlpdo ydoxhv dqg e�| ' fczh

rewdlq=

*?E�
E��
|n�n@f� '

�

�

5
7*?E�� n B *? S| n E�� ��b� *?E7

�
| n rf� n E�� ��

[
� �'�

b� *?E7
�
|n� n rf�

6
8

+71<,

Xvlqj +71<,/ +71:, dqg +718,/ wkh odwhqw yduldeoh ri wkh prgho ehfrphv=

+�W| ' �� n
B

�
*? S| n E

�� �

�
b� � �� >�r� *?E7

�
| n rf�

n
�� �

�

[
� �'�

b� *?E7
�
|n� n rf�

zkhuh �� ' *?b� n
�
�
*?E��� >�f

Lq wklv htxdwlrq/ � lv qrw lghqwl�deoh1 Wkh uhdvrq lv wkdw wkhvh htxdwlrqv duh

ghvfulelqj zlwklq0shulrg ghpdqgv iru hgxfdwlrq1 D ehwzhhq0shulrg htxdwlrq � wkh

Hxohu htxdwlrq iru frqvxpswlrq iru lqvwdqfh � lv qhhghg wr uhfryhu wkh lqwhuwhpsrudo

vxevwlwxwlrq hodvwlflw| B3� dqg wkhuhiruh � +vhh h1j1 Eoxqghoo/ Eurzqlqj dqg Phjklu/

4<<7/ iru d vlplodu srlqw,1 Zh uh0sdudphwul}h wkh prgho e| ghqrwlqj= B
�
� BWc�E� n

>�r� � >W�r dqg
b�E�3��

�
� bW� 1 Ohppd 714 lpsolhv BW : f dqg

S
bW� 	 �� Wkh odwhqw

yduldeoh ehfrphv=

+�W| ' �� n BW *? S| n E>W�r n bW� � *?E7
�
| n rf� n

[
� �'�

bW� *?E7
�
|n� n rf� +7143,

Wklv htxdwlrq ohdgv wr suhglfwlrqv rq frh!flhqwv vljqv1 Wkh frh!flhqw ri fxuuhqw

frqvxpswlrq BW fdq eh lqwhusuhwhg dv wkh lqfrph h�hfw lq ghpdqgv iru hgxfdwlrq1
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Wkh odujhu B +dqg wkhuhiruh BW, lv/ wkh odujhu wkh lqfrph h�hfw lv1 Wklv lv ehfdxvh

frqvxpswlrq lv ohvv yrodwloh ylv ã ylv lqfrph vkrfnv li B lqfuhdvhv/ dv lwv uhflsurfdo

lv wkh lqwhuwhpsrudo vxevwlwxwlrq hodvwlflw|1 Wkdw lv wr vd| wkdw wkh vdph fkdqjhv lq

frqvxpswlrq vljqdo odujhu xqghuo|lqj lqfrph vkrfnv li B lv odujhu1 Lw kdv wkhuhiruh

d odujhu h�hfw rq lqyhvwphqwv lq kxpdq fdslwdo1 Rq wkh rwkhu kdqg/ wkh odujhu �

lv/ wkh vpdoohu wkh lqfrph h�hfw lv1 Sdudphwhu � d�hfwv wkh pdujlqdo surshqvlw| wr

frqvxph lq dvvhwv +vhh htxdwlrq 71;,1 Wkh vdph fkdqjhv lq frqvxpswlrq vljqdo vpdoohu

xqghuo|lqj dvvhw fkdqjhv li � lv odujhu dqg/ dv vxevwlwxwdelolw| ehwzhhq �qdqfldo dqg

kxpdq fdslwdo dvvhwv lv frqvwdqw/ vpdoohu fkdqjhv lq lqyhvwphqwv lq kxpdq fdslwdo1

Wkh vljq ri rqh ri wkh frh!flhqwv d�hfwlqj wkh fklog*v jhqhudo kxpdq fdslwdo vwrfn/

>W�r ' �E�n>�r�c zloo ghshqg xsrq wkh uhodwlyh uhwxuqv wr jhqhudo dqg vshfl�f kxpdq

fdslwdo1 Lq sduwlfxodu >W�r zloo eh srvlwlyh li >�r lv qhjdwlyh dqg odujh hqrxjk lq devroxwh

ydoxh/ lq zklfk fdvh uhwxuqv wr vshfl�f kxpdq fdslwdo duh odujhu wkdq wkrvh wr jhqhudo

kxpdq fdslwdo1 Wkh odvw h�hfwv frqfhuqlqj kxpdq fdslwdo vwrfnv ri rwkhu fkloguhq

duh pruh frpsolfdwhg1 Qrwh wkdw wkh| gr qrw dsshdu lq htxdwlrq 71: zkhq zh rqo|

frqglwlrq rq dvvhwv1 Wkhlu h�hfwv frph iurp wkh frqglwlrqlqj rq fxuuhqw frqvxpswlrq

lqvwhdg ri dvvhwv1 Li +uhodwlyh, ulvn dyhuvlrq ylv ã ylv dvvhw ulvnv lv lpsruwdqw +� : �,

wkh h�hfw ri wkh vwrfn lv qhjdwlyh1 Qdpho|/ e| �{lqj frqvxpswlrq Sc dq lqfuhdvh lq

kxpdq fdslwdo vwrfnv phdqv wkdw �qdqfldo dvvhwv duh vpdoohu +vhh htxdwlrq 71;,1 Dv

lqyhvwphqwv lq kxpdq fdslwdo dqg �qdqfldo dvvhwv duh vxevwlwxwhv/ wkh lqyhvwphqw lq

wkh fklog*v kxpdq fdslwdo lv wkhuhiruh vpdoohu1 Rq wkh rwkhu kdqg/ li +uhodwlyh, ulvn

dyhuvlrq ylv ã ylv dvvhw ulvnv lv prghudwh +� 	 �, wkh h�hfw ri wkh vwrfn lv srvlwlyh iru

wkh rssrvlwh uhdvrq1

Wr eh frpsohwho| jhqhudo/ wkh ydoxh ixqfwlrq pljkw qrw rqo| ghshqg rq wkh jhqhudo

kxpdq fdslwdo vwrfnv dffxpxodwhg e| wkh fkloguhq ri wkh idplo|/ exw dovr rq wkh djh ri

hdfk ri wkh fkloguhq1 Lqghhg/ wkh rqo| vwdwh yduldeohv ri wkh sureohp duh vdylqjv dqg

hgxfdwlrq vwrfnv/ exw wklv lv gxh wr wkh idfw wkdw h{shulhqfh lv xqltxho| ghwhuplqhg dv

d ixqfwlrq ri djh dqg hgxfdwlrq1 Wklv lv zk| djh pljkw eh d ghwhuplqdqw ri ��c >W�r dqg

bW� � Rwkhu ghprjudsklfv fdq hqwhu wkh ydulrxv sdudphwhuv1 Lqglylgxdo fkdudfwhulvwlfv/
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vxfk dv jhqghu dqg udqn/ fdq d�hfw bW� �Krxvhkrog fkdudfwhulvwlfv/ vxfk dv idplo| vl}h/

jhrjudsklf orfdwlrq/ hgxfdwlrq ri wkh idwkhu dqg wkh prwkhu/ fdq d�hfw dq| ri wkh

vwuxfwxudo sdudphwhuv1

Odvw exw qrw ohdvw/ xqrevhuyhg khwhurjhqhlw| lv dvvxphg wr lq xhqfh wkh lqwhufhsw

ri wkh hvwlpdeoh htxdwlrq/ ��/ rqo|1 Wr xqghuvwdqg wkh hqgrjhqhlw| lvvxhv wkdw dulvh/

frqvlghu �uvw wkdw wkhuh h{lvwv vrph fxuuhqw lqfrph vkrfnv wkdw ohdg wr d whpsrudu|

dgmxvwphqw lq frqvxpswlrq dqg vlpxowdqhrxvo| wr dq dgmxvwphqw ri kxpdq fdslwdo

lqyhvwphqwv1 Frqvxpswlrq lv fohduo| hqgrjhqrxv lq wklv fdvh1 Vxfk whpsrudo vkrfnv

dovr uhqghu hqgrjhqrxv wkh vwrfnv ri kxpdq fdslwdo ri rwkhu fkloguhq/ vlqfh wkhvh duh

frpsxwhg dw gdwh | n � dqg wkhuhiruh ghshqg rq lqyhvwphqwv pdgh ehwzhhq | dqg

|n �� Vhfrqgo|/ li dq lqglylgxdo �{hg h�hfw/ vxfk dv delolw| wkdw lv qrw frqwuroohg iru/

ghwhuplqhv erwk wkh qxpehu ri |hduv ri vfkrrolqj dqg wkh fxuuhqw vfkrro dwwhqgdqfh/

wkhq wkh fklog*v jhqhudo kxpdq fdslwdo vwrfn lv hqgrjhqrxv1 Ilqdoo|/ dq xqfrqwuroohg

idplo| �{hg h�hfw pdnhv hgxfdwlrq vwrfnv dqg frqvxpswlrq hqgrjhqrxv1 Wkhvh lvvxhv

duh wdfnohg zlwk/ e| xvlqj lqvwuxphqwdo yduldeoh phwkrgv wkdw zloo eh h{srvhg lq wkh

qh{w vhfwlrq1

Wkh hvwlpdeoh htxdwlrq ghulyhg deryh fdq rqo| eh xvhg zkhq sdqho gdwd duh

dydlodeoh1 Lq furvv0vhfwlrq/ yduldeohv ghvfulelqj wkh ixwxuh fdslwdo vwrfnv ri wkh rwkhu

fkloguhq rq wkh UKV duh xqrevhuyhg1 Wkhvh yduldeohv krzhyhu duh uhodwhg wr wkh

rwkhu odwhqw yduldeohv1 Lq wkh hpslulfdo sduw/ zh zloo qrw rqo| hvwlpdwh wkh prgho

xvlqj sdqho gdwd exw dovr xvlqj furvv0vhfwlrq1 Lq rughu wr dfklhyh wklv odwwhu jrdo/ zh

qrz qhhg wr ghulyh wkh uhohydqw hvwlpdeoh htxdwlrq1 Wkh surfhgxuh lv ghvfulehg lq

wkh iroorzlqj vhfwlrq1

7161 Ghulylqj wkh fxuuhqw shulrg vwuxfwxudo htxdwlrq

Wkh v|vwhp ri htxdwlrqv +7143, iru wkh gl�huhqw fkloguhq lq wkh idplo| frpsulvhv

yduldeohv rq wkh UKV � shulrg |n� hgxfdwlrq vwrfnv ri wkh rwkhu fkloguhq � wkdw ghshqg

rq wkh odwhqw yduldeohv lq wkh rwkhu htxdwlrqv1 Diwhu vrph dojheudlf pdqlsxodwlrqv/
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wkh vwuxfwxudo irup ri wkh hgxfdwlrq ghpdqg v|vwhp lq d furvv vhfwlrq lv jlyhq e|9=

Sursrvlwlrq 7151

+W� ' �
�
n BW *?ES� n >W�r *?E7� n rf�

n
S?

�'� b
W
� *?E7� n rf� n

S
� �'�

bW�
�� bW�

+W��i+W� � fj
+7144,

Surri1 Vhh dsshqgl{

Wklv v|vwhp ri vlpxowdqhrxv htxdwlrqv lv frpsrvhg ri frqwlqxrxv dqg wuxqfdwhg

hqgrjhqhrxv yduldeohv1 Wkh gl!fxow| zlwk hvwlpdwlqj wklv v|vwhp vwhpv iurp wkh

wuxqfdwlrq ri yduldeohv dqg lv uhplqlvfhqw ri vlpxowdqhrxv htxdwlrqv iru glvfuhwh ydul0

deohv/ dv ghyhorshg lq Khfnpdq +4<:;,1 Lw udlvhv lvvxhv ri frkhuhqf| ri wkh v|vwhp

+Jrxulìurx{/ Prqiruw dqg Od�rqw/ 4<;3/ Ydq Vrhvw/ Ndswh|q dqg Nrruhpdq/ 4<<6,1

Qrwh dovr wkdw wkh suhvhqw prgho grhv qrw ehorqj wr wkh fodvv ri prghov ghyhorshg lq

Eoxqghoo dqg Vplwk +4<<7, dqg frqglwlrqdo olnholkrrg phwkrgv gr qrw dsso|1

Wkh uhgxfhg irup ri wklv v|vwhp lv gl!fxow wr ghulyh1 Krzhyhu/ dv wkh hqgrjhqhrxv

yduldeohv duh qrw glvfuhwh exw wuxqfdwhg rqo|/ wkhuh lv d fkdqjh lq yduldeohv wkdw |lhogv

d htxlydohqw h{suhvvlrq iru wkh vwuxfwxudo irup wkdw fdq eh hdvlo| wudqviruphg lqwr d

uhgxfhg irup dphqdeoh wr hvwlpdwlrq1

Sursrvlwlrq 7161 Wkh vwuxfwxudo prgho lv htxlydohqw wr=

+
+� ' � �s 5W� � f
+� ' f �s 5W� 	 f

+7145,

zkhuh
5W� ' �� n BW� *?ES� n >W�r� *?E7� n rf�
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+7146,

Surri1 Vhh dsshqgl{
9Zh gursshg lqgh{ w dv lw lv d vwdwlf v|vwhp ri htxdwlrqv ghvfulelqj ghpdqgv iru hgxfdwlrq

frqglwlrqdo rq h{shqglwxuhv dqg kxpdq fdslwdo vwrfnv dw wlph w
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7171 Wkh uhgxfhg irup

Iru d idplo| vl}h htxdo wr ?/ ghqrwh wkh yhfwru ri odwhqw yduldeohv ~W� ' E5W�c �c 5
W
?�c dqg

ghqrwh (c wkh yhfwru frpsrvhg ri wkh hohphqwv=

�� n BW *?ES� n >W�r� *?E7� n rf� n
?[
�'�

bW� *?E7� n rf�

Gh�qh wkh urz yhfwru

\+ '
�
bW�+� � bW?+?

�

zkhuh +� duh wkh revhuyhg yduldeohv dqg/ li U? lv wkh lghqwlw| pdwul{ dqg �? lv wkh

?0yhfwru zklfk hohphqwv duh doo htxdo wr � =

� ' U? � \+  �?

Wkh vwuxfwxudo irup lv=

�~W ' (

Dv vwuxfwxudo uhvwulfwlrqv lq ohppd 714 lpso| wkdw \+�? '
S

bW� 	 �c lw lv vwudljkwiru0

zdug wkdw=

�3� ' U? n
�

�� \+�?
\+  �?

dqg wkh uhgxfhg irup lv jlyhq e|=

~W ' �3�( +7147,

Lq wklv fdvh/ wkh v|vwhp lv frkhuhqw xqghu wkh vwuxfwxudo uhvwulfwlrqv dqg PO

phwkrgv fdq eh xvhg1 Lw lv lpsruwdqw wr qrwh wkdw vkrzlqj wkdw � lv lqyhuwleoh lv

qrw vx!flhqw wr suryh wkh h{lvwhqfh ri wkh uhgxfhg irup/ vlqfh � ghshqgv rq wkh

revhuydeohv1 Wkh iroorzlqj sursrvlwlrq vwdwhv d vx!flhqw frqglwlrq rqo|1 D qhfhvvdu|

dqg vx!flhqw frqglwlrq vhhpv gl!fxow wr ghulyh lq wklv fdvh +Ydq Vrhvw/ Ndswh|q dqg

Nrruhpdq/ 4<<6,

Sursrvlwlrq 7171 Li wkh frqglwlrqv ri ohppd 714 duh yhul�hg/ wkhuh lv d rqh0wr0rqh

pdsslqj ehwzhhq ( dqg ~W

Surri1 Vhh dsshqgl{
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81 Hvwlpdwlrq phwkrgv

Wkh vdpsoh frqvlvwv ri fkloguhq ehwzhhq 8 dqg 4; |hduv rog/ ri zkrp rqh sduhqw lv

wkh khdg ri wkh krxvhkrog/ dqg zkrvh uhfrugv rq vfkrrolqj dqg idplo| edfnjurxqg

duh frpsohwh1 Wkh FLOVV surylghv lqirupdwlrq rq wkh hgxfdwlrq ri doo fkloguhq ri

wkh krxvhkrog phpehuv/ zkhwkhu wkh| zhuh vkdulqj wkh vdph krxvlqj ru kdg ehhq

irvwhuhg dzd| lq rwkhu krxvhkrogv1 Erwk nlqgv ri fkloguhq kdyh ehhq lqfoxghg lq

wkh furvv0vhfwlrq vdpsoh1 Fkloguhq wkdw kdg ehhq irvwhuhg lq wkh krxvhkrog duh qrw

lqfoxghg1 Ryhudoo/ zh nhsw 6757 vdpsohg fkloguhq lq 4399 krxvhkrogv lq 4<;8 dqg

66<< fkloguhq lq 439< krxvhkrogv lq 4<;91

Hvwlpdwlrq fdq dovr eh edvhg rq d sdqho gdwd vhw exlow iurp wkh wzr zdyhv ri wkh

vxuyh|1 Krzhyhu/ rqh olplwdwlrq ri wkh FLOVV lv wkdw lw grhv qrw doorz wr wudfn wkh

hgxfdwlrq ohyho ri fkloguhq wkdw kdg ehhq irvwhuhg dzd| rqh |hdu ru wkh rwkhu1 Iru

wklv uhdvrq zh frxog qrw lqfoxgh irvwhuhg fkloguhq lq wkh sdqho vdpsoh1 Wklv gdwd vhw

lqfoxghv 4557 revhuydwlrqv lq 75; idplolhv1

Rxu hvwlpdwlrq vwudwhj| lv wzrirog1 Zh �uvw xvh sdqho gdwd wr hvwlpdwh htxdwlrq

+7143, vlqfh lw lqfoxghv yduldeohv gdwhg | dqg | n �1 Ohdylqj rxw hqgrjhqhlw| lvvxhv

wkdw zh vkdoo wdfnoh odwhu/ +7143, lv d v|vwhp ri glfkrwrplf ghshqghqw yduldeohv wkdw

fdq eh hvwlpdwhg xvlqj Surelw phwkrgv1 Krzhyhu/ fruuhodwlrq ehwzhhq khwhurjhqhlw|

whupv dprqj fkloguhq ri wkh vdph idplo| lv olnho| dqg wkh suhylrxv phwkrgv/ dowkrxjk

frqvlvwhqw/ duh qrw h!flhqw dqg vwdqgdug huuruv qhhg wr eh fruuhfwhg1 Rqh srvvlelolw|

wr lpsuryh h!flhqf| zrxog eh wr xvh pxowlyduldwh Surelw phwkrgv zlwk vlpxodwlrq

+Jrxulìurx{ dqg Prqiruw/ 4<<8/ Nhdqh/ 4<<7,1 Krzhyhu/ wkh hvwlpdwlrq xvlqj sdqho

gdwd iurp FLOVV frxog eh fulwlfl}hg rq wkuhh jurxqgv1 Iluvw/ wkh sdqho glphqvlrq lv

vkruw dqg wkh qxpehu ri revhuydwlrqv lv pxfk vpdoohu wkdq lq wkh furvv vhfwlrq glphq0

vlrq1 Vhfrqg/ phdvxuhphqw huuruv rq ixwxuh hgxfdwlrq vwrfnv lq +7143, duh olnho| wr eh

vl}hdeoh dqg duh olnho| wr eh ri d pxfk kljkhu rughu ri pdjqlwxgh lq wkh sdqho glphq0

vlrq wkdq lq wkh furvv vhfwlrq glphqvlrq1 Wklug/ irvwhuhg fkloguhq duh devhqw iurp wkh

sdqho gdwd vhw/ zklfk frxog eh fulwlfl}hg rq wkh jurxqg wkdw lqyhvwphqwv lq wkh kx0
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pdq fdslwdo vwrfnv ri wkhvh fkloguhq vkrxog hqwhu lq wkh krxvhkrog*v sruwirolr1 Wkhvh

dujxphqwv lqglfdwh wkdw xvlqj sdqho gdwd frxog ohdg wr yhu| lpsuhflvho| hvwlpdwhg

frh!flhqwv dqg wklv lv lqghhg zkdw kdsshqv1 Wklv lv zk| zh kdyh pruh frq�ghqfh lq

hvwlpdwlqj wkh uhgxfhg irup ri wkh vwuxfwxudo htxdwlrq xvlqj furvv0vhfwlrq gdwd +7147,

dqg xvh uhvxowv lq wkh sdqho glphqvlrq dv lqglfdwlyh1

Khwhurjhqhlw| whupv lq wkh vwuxfwxudo prgho +7146, duh dvvxphg wr eh qrupdoo|

glvwulexwhg zlwk frqvwdqw yduldqfh dqg d frqvwdqw frh!flhqw ri fruuhodwlrq ehwzhhq

khwhurjhqhlw| whupv zlwklq wkh idplo| � wkdw lv wr vd| d rqh0idfwru vwuxfwxuh1 Wkh

olnholkrrg ixqfwlrq fdqqrw eh frpsxwhg yhu| hdvlo| ehfdxvh wkh yduldqfh0fryduldqfh

pdwul{ ri wkh khwhurjhqhlw| whupv lq wkh uhgxfhg irup +7147, lv d frpsolfdwhg ixqfwlrq

ri wkh vwuxfwxudo sdudphwhuv1 Wklv lv zk| zh uho| rq vlpxodwhg pd{lpxp olnholkrrg wr

hvwlpdwh wkh frh!flhqwv1 Zh xvh d JKN vlpxodwru dv lw vhhpv wkh rqh wkdw shuirupv

ehvw +Kdmlydvvlolrx/ PfIdgghq dqg Uxxg/ 4<<9,1

Jlyhq wkh srwhqwldo hqgrjhqhlw| ri vhyhudo ri wkh h{sodqdwru| yduldeohv/ zh xvh

lqvwuxphqwdo yduldeohv phwkrgv lq rughu wr fruuhfw iru eldvhv wkdw pljkw uhvxow lq wkh

hvwlpdwhv1 Dq dgdswdwlrq ri Vplwk dqg Eoxqghoo +4<;9, frqglwlrqlqj whfkqltxh fdq

eh h{sodlqhg dv iroorzv1 Frqvlghu wkh edvlf vwuxfwxuh ri rxu prgho dv=+
5W ' kSn %f� n �

S ' %q n �

zkhuh � dqg � duh srvvleo| fruuhodwhg dqg zkhuh lghqwli|lqj uhvwulfwlrqv duh vxssrvhg

wr krog1 Dvvxph wkdw=

� ' 4� n "

zkhuh � dqg " duh lqghshqghqw/ frqglwlrqdo rq E%c %f� dqg zkhuh " lv vxssrvhg wr eh

qrupdoo| glvwulexwhg1

D frqvlvwhqw surfhgxuh lv wr hvwlpdwh wkh dx{loldu| uhjuhvvlrq ri S rq %c frpsxwh

uhvlgxdov 	� dqg soxj wkhp lq wkh dxjphqwhg htxdwlrq

5W ' kSn %f� n 4	� n "

Hvwlpdwhv ri k duh frqvlvwhqw dqg wkh whvw wkdw 4 ' f lv dq h{rjhqhlw| whvw1 Wkh

fuxfldo k|srwkhvlv lv wkdw " dqg � duh lqghshqghqw zklfk pdnhv " lqghshqghqw ri dq|
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ixqfwlrq ri S� Qr glvwulexwlrqdo dvvxpswlrq lv pdgh iru � dqg wkhuhiruh wkh hvwlpdwlrq

surfhgxuh lv d vhtxhqfh ri d svhxgr0pd{lpxp olnholkrrg vwhs � wkh lqvwuxphqwdo

htxdwlrqv � dqg d frqglwlrqdo pd{lpxp olnholkrrg vwhs1 Li h{rjhqhlw| lv uhmhfwhg/

vwdqgdug huuruv vkrxog wkhuhiruh eh fruuhfwhg iru wkh wzr vwhsv qdwxuh ri wkh surfhgxuh

lq d P0hvwlpdwlrq iudphzrun +vhh Gxqfdq/ 4<;:,1 Zh xvh wklv surfhgxuh iru doo

srwhqwldoo| hqgrjhqrxv yduldeohv lq wkh prghov1 Whvwv iru wkh ydolglw| ri lqvwuxphqwv

dv zhoo dv iru ryhulghqwli|lqj uhvwulfwlrqv duh shuiruphg1

91 Uhvxowv

Wkh gdwd zh xvh zhuh douhdg| ghvfulehg lq vhfwlrq 5 dqg duh h{wudfwhg iurp wkh FLOVV

uroolqj sdqho1 Wkh| fdq eh xvhg dv hlwkhu vkruw sdqho gdwd +wzr |hduv, ru wzr furvv

vhfwlrqv1 Ghvfulswlyh vwdwlvwlfv rq yduldeohv wkdw duh xvhg lq wkh dqdo|vlv duh jlyhq lq

wdeohv 4d wr 4f dffruglqj wr wkh furvv0vhfwlrqdo ru sdqho glphqvlrq1 Doprvw kdoi ri wkh

fkloguhq djhg ehwzhhq 8 dqg 4; jr wr vfkrro lq wkh vdpsohv1 Wkh qxpehu ri fkloguhq

ri wkh krxvhkrog*v khdg olhv ehwzhhq 9 dqg :1 Vdpsohg foxvwhuv duh vsuhdg dfurvv wkh

frxqwu| dqg vxuyh| shulrgv duh vsuhdg hyhqo| ehwzhhq Mdqxdu| dqg Ghfhpehu1

9141 H{sodqdwru| yduldeohv

Wkh olvw ri h{sodqdwru| yduldeohv lqfoxghv wkh orjdulwkp ri djjuhjdwh krxvhkrog frq0

vxpswlrq +vhh Mrkqvrq hw do1/ 4<;<,/ dv zhoo dv wkh orjdulwkp ri wkh fklog*v hgxfdwlrq

soxv 314 dqg d vsolqh ixqfwlrq ri klv2khu djh1: Wkh jhqhudo kxpdq fdslwdo vwrfn ri

rwkhu fkloguhq lq wkh idplo| lv dgghg lq wkh uhjuhvvlrq dv wkh vxp ri wkh orjdulwkpv

ri hdfk rwkhu fkloguhq*v hgxfdwlrq +soxv 314,1 Lq wkh hvwlpdwlrq xvlqj sdqho gdwd/

wkh fklog*v rzq hgxfdwlrq lv revhuyhg lq 4<;8 dqg wkh hgxfdwlrq ri klv2khu vleolqjv

lv revhuyhg lq 4<;91 Fklog*v jhqghu dqg djh lv dgghg wr frqwuro iru revhuydeoh khw0

hurjhqhlw|1 Zh dovr lqwurgxfh d vhulhv ri gxpplhv lqglfdwlqj wkh prqwk lq zklfk wkh

krxvhkrog kdv ehhq lqwhuylhzhg/ lq rughu wr frqwuro iru hyhqwv wkdw gr qrw prgli|

:Wkdw lv= wkh ydoxh ri v3 lv dvvxphg htxdo wr 3141 Wklv ydoxh zdv rewdlqhg diwhu d julg vhdufk
dv wkh rqh wkdw pd{lpl}hv wkh furvv vhfwlrq olnholkrrg1 Lq 4<;8 dqg 4<;9/ wkh vdph hvwlpdwh zdv
rewdlqhg1 Zh frqvlghu lq wkh uhvw ri wkh sdshu wkdw wklv lv d �{hg ydoxh1
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djjuhjdwh frqvxpswlrq exw wkdw fdq lqgxfh whpsrudu| zlwkgudzdo iurp vfkrro +vxfk

dv kduyhvwlqj shulrgv lq uxudo duhdv,1 Ilqdoo|/ zh dgg wkh glvwdqfh wr wkh qhduhvw

sulpdu| vfkrro dqg d vhulhv ri gxpplhv lqglfdwlqj wkh uhjlrq lq zklfk wkh krxvhkrog

olyhv/ dv frqwurov iru lqhtxdolw| lq wkh dydlodelolw| ri vfkrrolqj vhuylfhv1

9151 H{foxvlrq uhvwulfwlrqv

Srwhqwldoo| hqgrjhqhrxv yduldeohv duh ri wzr w|shv1 Krxvhkrog*v frqvxpswlrq lv dq

djjuhjdwh yduldeoh zkloh kxpdq fdslwdo vwrfnv duh lqglylgxdo yduldeohv1 Zh xvh lq0

vwuxphqwv dffruglqjo|1 Frqvxpswlrq lv lqvwuxphqwhg xvlqj krxvhkrog0ohyho yduldeohv

rqo|/ zkloh kxpdq fdslwdo vwrfnv duh lqvwuxphqwhg e| wkh vdph krxvhkrog0ohyho ydul0

deohv exw dovr e| lqglylgxdo yduldeohv1 Rxu vhohfwlrq lv edvhg xsrq hfrqrplf dqg

vwdwlvwlfdo fulwhuld1 Wkh pdlq lghqwli|lqj dvvxpswlrq zkhq lqvwuxphqwlqj djjuhjdwh

frqvxpswlrq lv wkdw dvvhw yduldeohv +krxvhkrog zrunlqj dvvhwv ru krxvlqj fkdudfwhulv0

wlfv, wkrxjk phdvxuhg zlwk huuruv duh h{foxghg iurp wkh htxdwlrqv ri lqwhuhvw +7146,/

dv lw lv suhglfwhg e| wkh vwuxfwxudo prgho1 Lw zloo eh wuxh surylghg wkdw phdvxuhphqw

huuruv lq frqvxpswlrq dqg dvvhwv duh lqghshqghqw dqg wkdw xqrevhuyhg krxvhkrog

h�hfwv lq +7146, duh lqghshqghqw ri dvvhwv1 Wkh pdlq lghqwli|lqj dvvxpswlrq zlwk

uhvshfw wr lqvwuxphqwlqj kxpdq fdslwdo vwrfnv lv wkdw sdvw vkrfnv rq vxssolhv ri hg0

xfdwlrq vhuylfhv +h1j1 qhz vfkrrov ru fkdqjlqj frqglwlrqv lq h{lvwlqj vfkrrov, zhuh

gl�huhqw dfurvv wkh gl�huhqw uhjlrqv1 Wkhvh sdvw vkrfnv duh vxssrvhg wr kdyh d�hfwhg

fkloguhq* vfkrro dwwhqgdqfh gl�huhqwo| dffruglqj wr wkhlu djh/ exw gr qrw d�hfw wkh

fxuuhqw lqyhvwphqw ghflvlrqv surylghg uhjlrqdo gxpp| yduldeohv duh lqfoxghg1 Wkxv

zh xvh wkh lqwhudfwlrq ri wkh fklog*v djh zlwk klv2khu uhjlrq ri uhvlghqfh dv lqvwux0

phqw1 Wkrvh wzr vxejurxsv ri yduldeohv surylgh wkh ehqfkpdun lqvwuxphqwv1 Rwkhu

vxejurxsv ri lqvwuxphqwv duh dovr frqvlghuhg1 Lq rughu wr ghwhuplqh wkh �qdo vhw ri

lqvwuxphqwdo yduldeohv zh whvwhg iru wkh ydolglw| ri hdfk vxe0jurxs vhsdudwho|1 Wdeoh

5 vxpv xs wkh uhvxowv1 D vxe0jurxs zdv dffhswhg dv ydolg li/ �uvw/ lw zdv vljqli0

lfdqw lq wkh fruuhvsrqglqj lqvwuxphqwdo uhjuhvvlrqv +Ilvkhu whvw/ froxpqv 6 dqg 7

ri wdeoh 5, dqg li lw glg qrw frqwulexwh wr wkh suredelolw| ri jrlqj wr vfkrro zkhq
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dgghg wr wkh olvw ri h{sodqdwru| yduldeohv +Zdog whvw/ froxpq 5,1 Wkh odwwhu whvw

surfhgxuh lv shuiruphg xqghu wkh dvvxpswlrq wkdw hqgrjhqrxv yduldeohv zhuh lqvwux0

phqwhg xvlqj rwkhu vxe0jurxsv dv lqvwuxphqwv1 Li wklv vxejurxs glg qrw sdvv wkh

vhfrqg uhtxluhphqw/ zh dgghg wkh fruuhvsrqglqj yduldeohv lq wkh htxdwlrq ri lqwhuhvw1

Wklv surfhgxuh lv dgrswhg iru lqvwuxphqwlqj htxdwlrqv lq doo wkh hvwlpdwlrqv1;

9161 Hvwlpdwlrq uhvxowv

Zkhq hvwlpdwlqj htxdwlrq +7146, lq furvv vhfwlrq +vhh ehorz,/ fduh vkrxog eh wdnhq

ryhu wkh frkhuhqf| frqglwlrqv dv ghyhorshg lq sursrvlwlrq 717 vlqfh PO hvwlpdwlrq lv

rqo| ydolg xqghu wkhvh frqglwlrqv1 Wkhvh frqglwlrqv duh wkdw wkh frh!flhqw ri orj0

h{shqglwxuh lv srvlwlyh/ wkdw doo bW� vkrxog kdyh wkh vdph vljq dqg wkdw
S

bW� 	 �1 Zh

shuiruphg wkh hvwlpdwlrqv dvvxplqj wkdw wkh bW� dqg >W�r duh qrw khwhurjhqhrxv/ wkdw

lv= bW� ' bWc >W�r ' >Wr iru doo �1 Wkh rqo| uhvwulfwlrq rq bW lv wkhq wkdw ?bW vkrxog

eh ohvv wkdq �czlwk ? wkh qxpehu ri fkloguhq lq wkh krxvhkrog1 Rqh gl!fxow| vwhpv

iurp wkh idfw wkdw krxvhkrogv gl�hu e| wkhlu vl}h1 Wkh rqo| zd| zh kdyh irxqg wr

flufxpyhqw wklv sureohp lv wr hvwlpdwh d prgho zkhuh bW� � bW

?
iru doo �1 Wkhuhiruh bW

vkrxog eh lqwhusuhwhg dv wkh wrwdo zhljkw wkdw wkh krxvhkrog sxwv rq kxpdq fdslwdo

vwrfnv ri doo lwv fkloguhq1

916141 Sdqho gdwd hvwlpdwlrq

Wkh vwuxfwxudo htxdwlrq +7143, lv zulwwhq dv=

+�W| ' �� n BW *? S| n >Wr *?E7
�
| n rf� n bW� +914,

zkhuh=

� '
�

?
E*?E7�

| n rf�n
[
� �'�

*?E7�
|n� n rf��

Hvwlpdwlrq uhvxowv duh suhvhqwhg lq wdeoh 61 Lq froxpq 4 qr yduldeoh lv lqvwux0

phqwhg/ zkhuhdv lq froxpq 5 djjuhjdwh frqvxpswlrq/ dv zhoo dv doo kxpdq fdslwdo

vwrfnv/ duh lqvwuxphqwhg1 Vwdqgdug huuruv zhuh qrw fruuhfwhg iru wkh wzr vwdjh qdwxuh

;Wkh ixoo uhvxowv ri wkh hvwlpdwlrq ri wkh lqvwuxphqwdo htxdwlrqv duh dydlodeoh xsrq uhtxhvw wr
wkh dxwkruv1
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ri wkh hvwlpdwlrq/ exw dwwhpswv lq suhylrxv yhuvlrqv lqglfdwhg wkdw wkh fruuhfwlrq

zdv qrw vl}hdeoh1 Dv furvv vhfwlrq hvwlpdwhv lq qh{w vhfwlrq duh pxfk pruh suhflvho|

hvwlpdwhg/ zh glg qrw wklqn wkdw wklv fruuhfwlrq zdv d uhdo lvvxh1 Whvwv ri h{rjhqhlw|

duh dq|krz ydolg1

Zlwkrxw dq| lqvwuxphqwdwlrq/ wkh hvwlpdwlrq vkrzv d srvlwlyh uhodwlrqvkls eh0

wzhhq wkh suredelolw| ri jrlqj wr vfkrro dqg frqvxpswlrq ru wkh qxpehu ri frpsohwhg

|hduv ri hgxfdwlrq1 H{dplqdwlrq ri wkh uhvxowv suhvhqwhg lq froxpq 5 ri wdeoh 6 vkrzv

wkdw wkh ohyho ri wkh rzq kxpdq fdslwdo vwrfn ri d fklog lv hqgrjhqhrxv/ zkloh wkh h{r0

jhqhlw| ri djjuhjdwh frqvxpswlrq dqg wkh idplo| kxpdq fdslwdo yduldeoh � fdqqrw eh

uhmhfwhg1 Wkh frh!flhqwv ri djjuhjdwh frqvxpswlrq dqg rwkhu fkloguhq* kxpdq fdsl0

wdo vwrfnv duh qrq vljql�fdqwo| gl�huhqw iurp }hur1 Dowkrxjk xqsuhflvho| hvwlpdwhg/

wkh h�hfw ri wkh uhvlgxdo ri djjuhjdwh frqvxpswlrq lv frqvlvwhqw zlwk wkh k|srwkhvlv

wkdw fkloguhq* oderxu lv hpsor|hg wr dgmxvw idplo| frqvxpswlrq zkhq dq dgyhuvh h{0

whuqdo vkrfn rffxuv +Dohvvlh hw do1/ 4<<5/ Mdfre| dqg Vnrx�dv/ 4<<:,1 Wkh srvlwlyh

frh!flhqw ri wkh vfkrrolqj yduldeoh/ >Wr/ lv ri sduwlfxodu lqwhuhvw1 Lw vkrzv wkdw/ lq wkh

uhgxfhg irup ri oderu pdunhw jdlqv wkdw zh xvhg/ zkhuh zdjh ghshqgv rq hgxfdwlrq

dqg djh/ wkh uhwxuqv wr hgxfdwlrq rq wkh oderu pdunhw duh qhjdwlyh +uhphpehu wkdw

>Wr ' �E� n >r�,1 Wklv phdqv wkdw wkh uhwxuqv wr vshfl�f kxpdq fdslwdo duh kljkhu

wkdq wkrvh wr jhqhudo kxpdq fdslwdo1 Wklv lv d pdmru vrxufh ri h{sodqdwlrq iru wkh

uhodwlyho| orz ohyho ri hgxfdwlrq revhuyhg iru fkloguhq zkr frpsohwhg vfkrrolqj/ dv

zhoo dv iru wkh ghod|v lq vfkrro hquroophqw dqg wkh kljk rffxuuhqfh ri fodvvhv uhshdwhg1

Krzhyhu/ wkh frh!flhqw ri wklv yduldeoh vhhpv wr eh yhu| odujh lqghhg1 Wkdw lv zk|

zh wxuq wr furvv vhfwlrq hvwlpdwlrq lq rughu wr fkhfn wkh urexvwqhvv ri wkhvh uhvxowv

dqg wr lpsuryh wkhlu suhflvlrq ehfdxvh ri odujhu vdpsoh vl}hv1

916151 Furvv vhfwlrq hvwlpdwlrq

Wdeohv 7d dqg 7e uhsruw uhvxowv iru furvv vhfwlrq gdwd lq 4<;8 dqg 4<;9 hvwlpdwlqj

htxdwlrq +7146, e| vlpxodwhg pd{lpxp olnholkrrg1 Wkh qxpehu ri vlpxodwlrqv xvhg

lv htxdo wr 83 dqg lqfuhdvlqj wkh qxpehu ri vlpxodwlrqv grhv qrw vljql�fdqwo| prgli|
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uhvxowv1 Zkhq frpsxwhg/ wkh �uvw rughu dv|pswrwlf eldv lv yhu| vpdoo +Ohh/ 4<<8,1

Urexvw vwdqgdug huuruv duh frpsxwhg xvlqj Gxqfdq +4<;:,/ vlqfh vlpxodwhg PO hv0

wlpdwlrq fdq eh lqwhusuhwhg dv svhxgr PO hvwlpdwlrq +Ohh/ 4<<8, dqg wkhuhiruh dv

P0hvwlpdwlrq1 Dqrwkhu whfkqlfdo srlqw lv wkdw dowkrxjk wkh yduldqfh ri khwhurjhqhlw|

whupv lv wkhruhwlfdoo| lghqwl�hg/ lw kdv kxjh vwdqgdug huuruv lq wkh hpslulfdo surfh0

gxuhv/ hvshfldoo| lq 4<;91 Wkh olnholkrrg ixqfwlrqv duh doprvw  dw lq wklv sdudphwhu1

Wkdw lv zk| zh uhsruw hvwlpdwhv ri wkh sdudphwhuv xqghu wkh vwdqgdug dvvxpswlrq lq

wkh glvfuhwh fkrlfh olwhudwxuh wkdw wkh yduldqfh ri khwhurjhqhlw| +j, htxdov 41 �Vwdq0

gdugl}hg� uhvxowv duh yhu| vlplodu zkhq rwkhu ydoxhv duh xvhg +j ' �c j ' �f�1 Zh

dovr h{shulphqwhg zlwk vshfl�fdwlrqv zkhuh sdudphwhu b ghshqgv rq revhuyhg khw0

hurjhqhlw|/ exw lqwhudfwlrqv qhyhu fdph rxw dv vljql�fdqw1

Uhvxowv duh eurdgo| vlplodu wr zkdw zh rewdlqhg suhylrxvo| exw wkh| duh pxfk pruh

suhflvh1 Wkh frh!flhqw ri djjuhjdwh h{shqglwxuhv +BW, lv srvlwlyh dqg vljql�fdqw erwk

lq 4<;8 dqg 4<;91 H{rjhqhlw| ri wklv yduldeoh fdqqrw eh uhmhfwhg krzhyhu/ dqg wkh

hvwlpdwhg frh!flhqw ri fruuhodwlrq ehwzhhq h{shqglwxuhv dqg vfkrrolqj lv qhjdwlyh1

Lw djuhhv zhoo zlwk wkh lghd wkdw krxvhkrogv duh khwhurjhqhrxv lq whupv ri suhihuhqfhv

wrzdugv wkh ixwxuh dqg frqvxpswlrq vprrwklqj1 Wkh odujhu duh h{shqglwxuhv wrgd|

ehfdxvh ri xqrevhuyhg khwhurjhqhlw|/ wkh vpdoohu duh kxpdq fdslwdo lqyhvwphqwv1 Lw

frxog dovr djuhh zlwk wkh suhvhqfh ri phdvxuhphqw huuruv1 Wkh frh!flhqw ri wkh hgx0

fdwlrq yduldeoh +>Wr, lv srvlwlyh dqg vwurqjo| vljql�fdqw1 Wkh frqfoxvlrq zh kdg/ xvlqj

sdqho gdwd/ wkdw uhwxuqv wr h{shulhqfh whqg wr grplqdwh uhwxuqv wr irupdo hgxfdwlrq lv

frq�uphg1 Hvwlpdwhv ri wkh frh!flhqw ri wklv yduldeoh*v uhvlgxdo vkrz wkdw h{rjhqhlw|

lv qrw uhmhfwhg iru erwk |hduv1 Li lw zhuh uhmhfwhg/ wkh vljq ri wklv frh!flhqw pljkw

lqglfdwh wkdw xqrevhuyhg khwhurjhqhlw| d�hfwlqj wkh ghpdqg wrgd| lv fruuhodwhg wr

xqrevhuyhg khwhurjhqhlw| kdylqj lq xhqfhg wkh dffxpxodwlrq ri kxpdq fdslwdo lq wkh

sdvw1 Odvw ri wkh vwuxfwxudo sdudphwhuv/ wkh hvwlpdwh ri bW lv irxqg srvlwlyh dqg vljqli0

lfdqwo| gl�huhqw iurp }hur lq 4<;8/ exw qrw lq 4<;91 H{rjhqhlw| ri wkh fruuhvsrqglqj

yduldeoh lv qrw uhmhfwhg e| wkh gdwd1 Wkh fruuhodwlrq frh!flhqw ehwzhhq wkh huuru

whup ri wzr revhuydwlrqv ehorqjlqj wr wkh vdph idplo| lv irxqg vljql�fdqwo| srvlwlyh
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erwk |hduv/ vxssruwlqj wkh lghd ri d vwurqj idplo| h�hfw lq hgxfdwlrq ghflvlrqv1

Wkhvh uhvxowv fdq eh xvhg wr lqihu hvwlpdwhv ri wkh xqghuo|lqj �ghhshu� sdudphwhuv/

wkh uhodwlyh ulvn dyhuvlrq lq frqvxpswlrq � ru wkh lqwhuwhpsrudo vxevwlwxwlrq hodvwlflw|

� dqg wkh hodvwlflw| ri vxevwlwxwlrq ehwzhhq �qdqfldo dqg kxpdq fdslwdo dvvhwv1 Dv zh

gr qrw hvwlpdwh dq Hxohu htxdwlrq iru frqvxpswlrq/ zh fdqqrw lghqwli| sdudphwhu �

lq wkh vwuxfwxudo prgho1 Vlqfh sdudphwhu bW '
bE�� ��

�
lv irxqg wr eh vljql�fdqwo|

srvlwlyh lq 4<;8/ lw frxog eh lqihuuhg wkdw wkh uhodwlyh ulvn dyhuvlrq sdudphwhu zlwk

uhvshfw wr d ulvn lq dvvhwv/ �c lv ohvv wkdq rqh dw ohdvw wkdw |hdu<1 Wkh whvw iru wklv

frqglwlrq lv htxlydohqw wr wkh whvw wkdw bW lv juhdwhu wkdq }hur/ vlqfh sdudphwhu b lv

srvlwlyh li wkh ydoxh ixqfwlrq lv lqfuhdvlqj zlwk kxpdq fdslwdo vwrfnv1 Wklv frqglwlrq

+� 	 �, lpsolhv lq wxuq wkdw erxqgv rq wkh uhodwlyh ulvn dyhuvlrq B ' �BW fdq eh

irxqg/ B 5 dfc BWo1 Dv wkh lqwhuwhpsrudo vxevwlwxwlrq hodvwlflw| +LVH, lv wkh uhflsurfdo

ri wklv sdudphwhu/ erxqgv iru wklv sdudphwhu duh wkhuhiruh d �
BW
cn4d1 Wkh vdph nlqg ri

dujxphqw shuplwv wr ghulyh erxqgv iru wkh hodvwlflw| ri vxevwlwxwlrq ehwzhhq �qdqfldo

dvvhwv dqg kxpdq fdslwdo1 Wdeoh 8 jlyhv hvwlpdwhv ri wkhvh wzr sdudphwhuv xqghu

dowhuqdwlyh dvvxpswlrqv derxw wkh ydoxh ri � 5ofc �d1
Iluvw/ xvlqj uhvxowv lq wdeoh 8/ wkh hodvwlflw| ri vxevwlwxwlrq ehwzhhq �qdqfldo dvvhwv

dqg kxpdq fdslwdo lv hvwlpdwhg wr eh ehwzhhq f�ff�2 +� ' f�f�, dqg f�b22 +� ' f�bb,1

Wkh udqjh ri hvwlpdwhv lv txlwh odujh/ exw lqglfdwhv wkdw wklv hodvwlflw| lv vljql�fdqwo|

srvlwlyh lq 4<;81

Hvwlpdwhv ri wkh LVH duh zhoo rxw ri wkh udqjh ri wkrvh irxqg lq wkh olwhudwxuh

xvlqj plfurgdwd lq ghyhorshg frxqwulhv dqg hyhq iduwkhu iurp zkdw lv irxqg xvlqj

pdfurgdwd/ exw wkh odwwhu gl�huhqfh frxog eh h{sodlqhg e| djjuhjdwlrq eldvhv +Dw0

wdqdvlr dqg Eurzqlqj/ 4<<8/ Eoxqghoo/ Eurzqlqj dqg Phjklu/ 4<<7,1 Zh gr qrw �qg

wklv uhvxow wrr glvfrpiruwlqj krzhyhu1 Wkh dujxphqw lv wkdw rxu hvwlpdwlrq surfhgxuh

uholhv rq d yhu| gl�huhqw phwkrg wkdq wkh xvxdo rqh wkurxjk wkh Hxohu htxdwlrq e|

xvlqj wudghr�v ehwzhhq lqyhvwphqwv lq gl�huhqw dvvhwv1 Qrwh lq sduwlfxodu wkdw lq wkh

<Uhphpehu iurp vhfwlrq 7 wkdw sdudphwhu � lv d vhpl0vwuxfwxudo sdudphwhu zklfk vxppdul}hv
suhihuhqfhv dqg h{shfwdwlrqv1
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wudglwlrqdo Hxohu htxdwlrq vhwwlqj/ wkh LVH lv gluhfwo| hvwlpdwhg zkloh zh hvwlpdwh

lwv uhflsurfdo1 Lq wkh fdvh zkhuh xqrevhuyhg lqglylgxdo h�hfwv duh qrw frpsohwho|

frqwurohg iru e| odfn ri dssursuldwh lqvwuxphqwv/ dwwhqxdwlrq eldvhv frxog h{sodlq

zk| wkh LVH lv grzqzdug eldvhg lq wkh wudglwlrqdo Hxohu vhwwlqj dqg xszdug eldvhg

lq rxu vhwwlqj1 Wkdw dujxphqw lv forvh wr wkh dujxphqw wkdw lv ghyhorshg wr uhfrq0

floh hylghqfh derxw LVH xvlqj plfur ru pdfurgdwd +Eoxqghoo/ Eurzqlqj dqg Phjklu/

4<<7,1

Li orqjhu sdqho gdwd zhuh dydlodeoh/ lw frxog eh srvvleoh wr hvwlpdwh dq Hxohu

htxdwlrq dqg ghvljq hvwlpdwlrq surfhgxuhv wkdw frxog khos wr uhfrqfloh wkh wzr ds0

surdfkhv � wkh Hxohu htxdwlrq dqg rxu hvwlpdwlrq surfhgxuh1 Xvlqj wzr |hduv ri gdwd

rqo| dqg jlyhq grxewv derxw wkh ydolglw| ri vshfli|lqj dq Hxohu htxdwlrq dffrxqwlqj

iru oltxlglw| frqvwudlqwv pdnh xv ohdyh wklv srlqw iru ixuwkhu uhvhdufk1

Wkdw wkh suhvhqfh ri xqrevhuyhg khwhurjhqhlw| frxog ohdg wr xszdug eldvhv lq wkh

hvwlpdwh ri wkh LVH lv reylrxvo| d fulwlflvp ri rxu surfhgxuh1 Uhvxowv lq wdeohv 7 vkrz

wkdw xqrevhuyhg krxvhkrog khwhurjhqhlw| vhhpv wr eh lpsruwdqw1 Wkh frh!flhqw ri

fruuhodwlrq ehwzhhq lqglylgxdov zlwklq krxvhkrogv lv txlwh odujh +durxqg 317,1 Li zh

uhwxuq wr wkh vwuxfwxudo prgho lq htxdwlrq +7143,/ wklv fruuhodwlrq fdq eh h{sodlqhg

hlwkhu e| d frpprq xqrevhuyhg krxvhkrog h�hfw lq sulfhv ri fkloguhq oderxu/ ru e|

d krxvhkrog h�hfw lq wkh glvfrxqw udwh �1 Qdpho|/ li vwuxfwxudo dqg vhpl0vwuxfwxudo

sdudphwhuv/ �c B dqg b duh vxssrvhg wr eh krprjhqhrxv dfurvv krxvhkrogv/ wkh rqo|

vrxufh ri khwhurjhqhlw| lq krxvhkrog suhihuhqfhv lv �1 Lq wkh fdvh zkhuh wkh glvfrxqw

udwh lv khwhurjhqhrxv/ wkh txdolw| ri rxu pdlq lqvwuxphqwv +krxvhkrog dvvhwv,� ru pruh

fruuhfwo| rxu lghqwli|lqj dvvxpswlrq � lv grxewixo ehfdxvh khwhurjhqhrxv glvfrxqw

udwhv reylrxvo| dowhu wkh dvvhw dffxpxodwlrq surfhvv1 E| frqwudglfwlrq/ wkdw lv wr vd|

wkdw rqh ri rxu pdlqwdlqhg lghqwli|lqj dvvxpswlrq lv wkdw krxvhkrog suhihuhqfhv duh

krprjhqhrxv � frqglwlrqdo rq revhuyhg fkdudfwhulvwlfv � dqg wkdw xqrevhuyhg h�hfwv

duh vxssrvhg wr d�hfw sulfhv ri fklog oderxu rqo|1

Xvlqj wkh vdph olqh ri dujxphqwv/ gl�huhqfhv dulvlqj ehwzhhq |hduv 4<;8 dqg 4<;9

frxog eh h{sodlqhg e| fkdqjlqj hfrqrplf frqglwlrqv +Ehuwkìohp| dqg Erxujxljqrq/
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4<<8,1 4<;8 zdv d errp |hdu ehiruh wkh fulvlv ri 4<;91 Uhvxowv vkrz wkdw sdudphwhu

BW � bW dv zhoo � lv vpdoohu lq 4<;91 Wkh| duh uhodwhg wr wkh uhflsurfdo ri sdudphwhu

�1 Wklv ghfuhdvh frxog eh h{sodlqhg e| wkh idfw wkdw wkh uhodwlyh ulvn dyhuvlrq zlwk

uhvshfw wr dvvhwv � frxog eh odujhu lq 4<;9 wkdq lq 4<;8/ vlqfh h{shfwdwlrqv zhuh qr

grxew pxfk pruh exr|dqw lq 4<;8 wkdq lq 4<;91 Dv wklv sdudphwhu lv d vhpl0vwuxfwxudo

sdudphwhu zklfk ydoxh lv d�hfwhg e| wkh h{shfwdwlrq ri wkh ixwxuh ydoxh ixqfwlrq/ lw

lv vhqvlwlyh wr djjuhjdwh ru vshfl�f vkrfnv ru pruh jhqhudoo| qhz lqirupdwlrq1

Ilqdoo|/ hvwlpdwhv ri wkh h�hfw ri rwkhu yduldeohv duh forvh wr zkdw lv irxqg lq wkh

olwhudwxuh1 Lqyhvwphqwv lq kxpdq fdslwdo iru er|v duh odujhu wkdq iru jluov/ ghfuhdvh

zlwk djh exw ohvv vwurqjo| dv djh lqfuhdvhv1 Wkh frvw ri hgxfdwlrq vhuylfhv dv sur{lhg

e| wkh glvwdqfh wr sulpdu| vfkrrov kdv wkh h{shfwhg qhjdwlyh lpsdfw rq lqyhvwphqwv1

Ilqdoo|/ wkh udqn ri wkh fklog qhyhu fdph rxw dv d vljql�fdqw yduldeoh lq wkh ydulrxv

hvwlpdwlrqv zh shuiruphg1 Li oltxlglw| frqvwudlqwv zhuh wkh pdlq uhdvrq iru ghod|lqj

hqwu| lqwr vfkrro/ zh zrxog h{shfw wklv yduldeoh wr eh vljql�fdqw1

:1 Frqfoxvlrq1

Wkh wkhruhwlfdo prgho suhvhqwhg lq wklv sdshu shuplwv wr frqvlghu vlpxowdqhrxvo|

vhyhudo olqhv ri dujxphqw wr h{sodlq idplo| ghpdqg iru hgxfdwlrq/ wkdw kdyh qrw ehhq

wdnhq lqwr dffrxqw vr idu lq wkh h{lvwlqj olwhudwxuh ru kdyh rqo| ehhq frqvlghuhg lq

lvrodwlrq1 Wkh prgho eulqjv dq h{sodqdwlrq iru vw|ol}hg idfwv uhjduglqj hgxfdwlrq riwhq

revhuyhg lq ghyhorslqj frxqwulhv/ vxfk dv iuhtxhqw uhshwlwlrq ri fodvvhv/ ghod|hg vfkrro

hquroophqw dqg lqhtxdolwlhv zlwklq idplolhv1 Dffruglqj wr wklv prgho/ wkh ohdglqj irufh

lq wkh ghflvlrq wr hgxfdwh fkloguhq ru qrw uhvlghv lq d wudgh0r� ehwzhhq hgxfdwlrq dqg

zrun h{shulhqfh1 Li wkh pdujlqdo uhwxuqv wr h{shulhqfh duh kljkhu wkdq wkrvh wr

hgxfdwlrq/ vfkrrolqj lv srvwsrqhg xqwlo wkh vlwxdwlrq lv uhyhuvhg1 Wkxv/ wkh orz ohyhov

ri hgxfdwlrq dqg wkh kljk rffxuuhqfh ri ghod|hg vfkrro hquroophqw wkdw duh fxuuhqwo|

revhuyhg lq ghyhorslqj frxqwulhv zrxog dsshdu wr eh olqnhg wr wkh surgxfwlyh uroh

dwwulexwhg wr fkloguhq dqg wr wkh kljk rssruwxqlw| frvwv wklv lqgxfhv1

Hvwlpdwlrq ri wkh prgho vkrzv wkdw wkh uhwxuqv wr vshfl�f h{shulhqfh lqghhg grp0
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lqdwh wkrvh ri vfkrrolqj1 Wklv kdv lpsruwdqw srolf| lpsolfdwlrqv/ vlqfh hqfrxudjlqj

hduolhu vfkrro hquroophqw dqg d kljkhu ohyho ri hgxfdwlrqdo lqyhvwphqw dowrjhwkhu/

fdqqrw eh dfklhyhg e| vlpso| wu|lqj wr lqfuhdvh wkh vxsso| ri vfkrrolqj idflolwlhv ru

idflolwdwlqj dffhvv wr fuhglw dqg lqvxudqfh +Mdfre| dqg Vnrx�dv/ 4<<:,1 Lw zloo rqo|

uhvxow iurp ghhs fkdqjhv lq wkh hfrqrplf rssruwxqlwlhv rshq wr hgxfdwhg lqglylgxdov1

Wkh pdlq udwlrqdoh zh sxw iruzdug lq wklv sdshu wr h{sodlq ghod|hg vfkrro hq0

uroophqw dqg vorz frpsohwlrq ri vfkrrolqj gxh wr uhshdwhg fodvvhv lv qrw h{foxvlyh

ri rwkhu ghwhuplqdqwv ri hgxfdwlrq ghpdqg/ sod|lqj dq lpsruwdqw sduw lq h{sodqlqj

wkh ohyhov ri hgxfdwlrq dfwxdoo| dfklhyhg e| fkloguhq1 Rwkhu h{sodqdwlrqv frxog eh

frqvlvwhqw/ lq sduwlfxodu/ zlwk wkh qhjdwlyh hvwlpdwhg lpsdfw ri wkh glvwdqfh wr vfkrro1

Wkh h{lvwhqfh ri oltxlglw| frqvwudlqwv/ iru h{dpsoh/ frxog frqwulexwh wr vxfk d uhvxow1

Qhyhuwkhohvv/ zkdw lv vkrzq lq wklv sdshu lv wkdw d wudgh0r� ehwzhhq h{shulhqfh dqg

vfkrrolqj dfwxdoo| h{lvwv dqg lv mxvwl�hg e| wkh kljk uhodwlyh uhwxuqv wr h{shulhqfh1
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Uhihuhqfhv

Dlqvzruwk/ P1 dqg M1 Pxqr} +4<;8, �Wkh F÷wh g*Lyrluh Olylqj Vwdqgdug
Vxuyh|= Ghvljq dqg Lpsohphqwdwlrq�/ OVPV Zrunlqj Sdshu q�59/ Wkh Zruog Edqn1

Dohvvlh/ U1/ S1/Ednhu/ U1/ Eoxqghoo/ F1/Khdg| dqg F1/ Phjklu +4<<5, �Wkh
Zrunlqj Ehkdylru ri \rxqj Shrsoh lq Uxudo F÷wh g*Lyrluh= Hylghqfh iurp wkh OVPV
Sdqho�/ Wkh Zruog Edqn Hfrqrplf Uhylhz/ 9=46<04871

Dwwdqd}lr/ R1/ dqg P1/Eurzqlqj +4<<8, �Frqvxpswlrq ryhu wkh Olih0F|foh
dqg ryhu wkh Exvlqhvv F|foh� Dphulfdq Hfrqrplf Uhylhz/ ;8+8,=44;06:1

Ehfnhu/ J1V1 +4<:8, Kxpdq Fdslwdo/ Xqlyhuvlw| ri Fklfdjr Suhvv= Fklfdjr1
Ehfnhu/ J1V1/ dqg Q1/Wrphv +4<:9, �Fklog Hqgrzphqwv dqg wkh Txdqwlw| dqg

Txdolw| ri Fkloguhq�/ Mrxuqdo ri Srolwlfdo Hfrqrp|/ ;7=V4760V4951
Ehkupdq/ M1U1/ U1/Sroodn dqg S1/Wdxepdq +4<;5, �Sduhqwdo Suhihuhqfhv dqg

Surylvlrq iru Surjhq|�/ Mrxuqdo ri Srolwlfdo Hfrqrp|/ <3=860:61
Eoxqghoo/ U1/ Eurzqlqj/ P1/ dqg F1/Phjklu/ +4<<7,/ �Frqvxphu Ghpdqg

dqg wkh Olih0F|foh Doorfdwlrq ri Krxvhkrog H{shqglwxuhv�/ Uhylhz ri Hfrqrplf Vwxg0
lhv/ 94= 8:0;31

Eoxqghoo/ U1/ dqg U1/Vplwk/ 4<<7/ �Frkhuhqf| dqg Hvwlpdwlrq lq Vlpxowdqhrxv
Prghov zlwk Fhqvruhg ru Txdolwdwlyh Ghshqghqw Yduldeohv�/ Mrxuqdo ri Hfrqrphwulfv/
97=68806:61

Eoxqghoo/ U1/ dqg L1/Zdonhu/ +4<;9,/ �D Olih0F|foh Frqvlvwhqw Hpslulfdo Prgho
ri Oderxu Vxsso| xvlqj Furvv Vhfwlrq Gdwd�/ Uhylhz ri Hfrqrplf Vwxglhv/ 86=86<08;1

Erpplhu/ D1/dqg V1/Odpehuw/ +4<<;,/ �Hgxfdwlrq Ghpdqg dqg Djh dw Vfkrro
Hquroophqw lq Wdq}dqld�/ iruwkfrplqj lq Wkh Mrxuqdo ri Kxpdq Uhvrxufhv1

Erxujxljqrq/ I1 dqg M1F1/Ehuwkìoìp|/ +4<<9,/ Jurzwk dqg Fulvlv lq F÷wh
g*Lyrluh/ Wkh Zruog Edqn=Zdvklqjwrq1

Ghdwrq/ D1/ +4<<5,/ �Krxvhkrog vdylqjv lq OGFv= Fuhglw pdunhwv/ lqvxudqfh dqg
zhoiduh�/ Vfdqglqdyldq Mrxuqdo ri Hfrqrplfv/ <9=58605:61

Gh Yuh|hu S1/ +4<<9, Hvvdlv vxu od ghpdqgh g*ìgxfdwlrq/ SkG glvvhuwdwlrq/
HKHVV=Sdulv1

Gxqfdq/ J1P1/ +4<;:, �D Vlpsol�hg Dssurdfk wr P0Hvwlpdwlrq zlwk Dssolfd0
wlrq wr Wzr0Vwdjh Hvwlpdwruv�/ Mrxuqdo ri Hfrqrphwulfv/ 67=6:606;<1

Johzzh/ S1/+4<<5, �Vfkrrolqj/ Vnloov/ dqg wkh Uhwxuq wr Jryhuqphqw Lqyhvwphqw
lq Hgxfdwlrq�/ OVPV Zrunlqj Sdshu qr :9/ Wkh Zruog Edqn1

Johzzh/ S1/ dqg K1/Mdfre|/ +4<<8,/ �Dq Hfrqrplf Dqdo|vlv ri Ghod|hg Sul0
pdu| Vfkrro hquroophqw lq d Orz Lqfrph Frxqwu| 0 wkh Uroh ri Hduo| Fklogkrrg
Qxwulwlrq�/ Uhylhz ri Hfrqrplfv dqg Vwdwlvwlfv/ ::=489049<1

Jrxulìurx{/ F1/ dqg D1/Prqiruw/ +4<<8,/ Vlpxodwlrq Edvhg Hfrqrphwulfv/
Fruh Ohfwxuh Vhulhv= Orxydlq od Qhxyh1

Jrxulìurx{/ F1/ M1M1/Od�rqw dqg D1/Prqiruw/ +4<;3,/ �Frkhuhqf| Frqgl0
wlrqv lq Vlpxowdqhrxv Olqhdu Htxdwlrqv Prghov zlwk Hqgrjhqhrxv Vzlwfklqj Uhjlphv�/
Hfrqrphwulfd/ 7;=9:809<81

Julpdug/ I1/ +4<<:,/ �Krxvhkrog Frqvxpswlrq Vprrwklqj wkurxjk Hwkqlf Wlhv=
Hylghqfh iurp F÷wh g*Lyrluh�/ Mrxuqdo ri Ghyhorsphqw Hfrqrplfv/ 86=6<407551

Kdmlydvvlolrx/ Y1/ G1/PfIdgghq/ dqg S1/Uxxg/ +4<<9,/ �Vlpxodwlrq ri Pxowl0
yduldwh Uhfwdqjoh Suredelolwlhv dqg wkhlu Ghulydwlyhv= Wkhruhwlfdo dqg Frpsxwdwlrqdo
Uhvxowv�/ Mrxuqdo ri Hfrqrphwulfv/ :5=;804671
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Kdqhpdqq/ Z1P1/ +4<;7,/ �Glvfuhwh2Frqwlqxrxv Prghov ri Frqvxphu Gh0
pdqg�/ Hfrqrphwulfd/ 85=87408941

Khfnpdq/ M1M1/ +4<:;,/ �Gxpp| Hqgrjhqhrxv Yduldeohv lq d Vlpxowdqhrxv
Htxdwlrq V|vwhp�/ Hfrqrphwulfd/ 79=<6408<1

Mdfre|/ K1/ +4<<7, �Eruurzlqj Frqvwudlqwv dqg Surjuhvv wkurxjk Vfkrro= Hyl0
ghqfh iurp Shux�/ Uhylhz ri Hfrqrplf dqg Vwdwlvwlfv/ :9=4840493

Mdfre|/ K1/ dqg H1/ Vnrx�dv/ +4<<:,/ �Ulvn/ Ilqdqfldo Pdunhwv dqg Kxpdq
Fdslwdo lq d Ghyhorslqj Frxqwu|�/ Uhylhz ri Hfrqrplf Vwxglhv/ 97=64406691

Mrkqvrq P1/ D1G1/ PfNd| dqg M1L1/ Urxqg +4<;<, �Krxvhkrog Lqfrph
dqg H{shqglwxuh Djjuhjdwhv iurp wkh F÷wh g*Lyrluh Olylqj Vwdqgdug Vxuyh| 4<;9=
Phwkrgrorj| dqg Grfxphqwdwlrq�/ plphr/ Xqlyhuvlw| ri Zduzlfn1

Nhdqh/ P1S1/ +4<<7,/ �D Frpsxwdwlrqqdoo| H!flhqw Sudfwlfdo Vlpxodwlrq Hvwl0
pdwru iru Sdqho Gdwd�/ Hfrqrphwulfd/ 95=<804491

Nrwolnr�/ O1M1/ dqg D1/Vslydn/ +4<;4,/ �Wkh Idplo| dv d Lqfrpsohwh Dqqxlwlhv
Pdunhw�/ Mrxuqdo ri Srolwlfdo Hfrqrp|/ ;<=6:50<41

Ody|/ Y1/+4<<5, �Lqyhvwphqw lq Kxpdq Fdslwdo= Vfkrrolqj Vxsso| Frqvwudlqwv
lq Uxudo Jkdqd�/ OVPV Zrunlqj Sdshu qr <6/ Wkh Zruog Edqn1

Ohh/ O1I1/ +4<<8,/ � Dv|pswrwlf Eldv lq Vlpxodwhg Pd{lpxp Olnholkrrg Hvwl0
pdwlrq ri Glvfuhwh Fkrlfh Prghov�/ Hfrqrphwulf Wkhru|/ 44=76:0;61

Urvhq}zhlj/ P1U1 +4<;;, �Ulvn/ Lpsolflw Frqwudfwv dqg wkh Idplo| lq Uxudo
Duhdv ri Orz0Lqfrph Frxqwulhv�/ Wkh Hfrqrplf Mrxuqdo/ <;=447;044:31

Urvhq}zhlj/P1U1/ dqg N1L1/Zroslq/ +4<;8,/ �Vshfl�f H{shulhqfh/ Krxvhkrog
Vwuxfwxuh dqg Lqwhujhqhudwlrqdo Wudqvihuv= Idup Idplo| Odqg dqg Oderu Duudqjh0
phqwv lq Ghyhorslqj Frxqwulhv�/ Txdwhuo| Mrxuqdo ri Hfrqrplfv/ 433=V<940<;:1

Uxvw/ M1/ +4<<9,/ �Qxphulfdo G|qdplf Surjudpplqj lq Hfrqrplfv�/ lq hgv Dp0
pdq/K1/ G1/Nhqgulfn dqg M1/Uxvw/ Kdqgerrn ri Frpsxwdwlrqdo Hfrqrplfv/ Qruwk Kro0
odqg=Dpvwhugdp1

Vfkxow}/ W1S1/ +4<:8,/ �Wkh Ydoxh ri wkh Delolw| wr Ghdo zlwk Ghvhtxloleuld�/
Mrxuqdo ri Hfrqrplf Olwhudwxuh/ 46=;5:0;791

Vfkxow}/ W1S1 +4<;;, �Hgxfdwlrq Lqyhvwphqwv dqg Uhwxuqv�/ lq Fkhqhu| K1 dqg
W1Q1 Vulqlydvdq hg1/ Kdqgerrn ri Ghyhorsphqw Hfrqrplfv/ Qruwk Kroodqg Dpvwhu0
gdp1

Vplwk/ U1 dqg U1/Eoxqghoo/ +4<;9,/ � Dq H{rjhqhlw| Whvw iru d Vlpxowdqhrxv
htxdwlrq Wrelw prgho zlwk dq dssolfdwlrq wr oderxu vxsso|�/ Hfrqrphwulfd/ 87=9:<0
9;81

Ydq ghu Jddj/ M1/ dqg Z1/Ylmyhuehuj +4<;:, �Zdjh ghwhuplqdqwv lq F÷wh
g*Lyrluh�/ OVPV Zrunlqj Sdshu qr 66/ Wkh Zruog Edqn1

Ydq Vrhvw/ D1/ Ndswh|q/ D1/ dqg S1/Nrruhpdq/ +4<<6,/ �Frkhuhqf| dqg
Uhjxodulw| ri Ghpdqg V|vwhpv zlwk Htxdolw| dqg Lqhtxdolw| Frqvwudlqwv�/ Mrxuqdo
ri Hfrqrphwulfv/ 8:=49404;;1

Ylmyhuehuj/ Z1/+4<<4, �Sur�wv iurp Vhoi0Hpsor|phqw= d Fdvh Vwxg| ri F÷wh
g*Lyrluh�/ Zruog Ghyhorsphqw/ 4<=9;609<91

Ylmyhuehuj/ Z1/+4<<6, �Hgxfdwlrqdo Lqyhvwphqwv dqg Uhwxuqv iru Phq dqg
Zrphq lq F÷wh g*Lyrluh�/ Wkh Mrxuqdo ri Kxpdq Uhvrxufhv/ 5;=<660<:71

Zruog Edqn +4<<9, Zruog ghyhorsphqw uhsruw1
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D1 Surri ri sursrvlwlrq 614
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41 � Dvvxpswlrq 4= Wkh ixqfwlrqv iT|j|'�c�cAn� dqg L duh vwulfwo| lqfuhdvlqj
dqg frqfdyh dqg wzlfh gl�huhqwldeoh lq wkhlu dujxphqwv1
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*�4
S<fn

YLES�

YS
' n4

� Dvvxpswlrq 6= Wkh phdvxuh ri suredelolw| ri wkh udqgrp vkrfnv lv devr0
oxwho| frqwlqxrxv zlwk uhvshfw wr wkh Ohehvjxh phdvxuh1

Wkh �uvw dvvxpswlrq lqvxuhv wkh joredo frqfdylw| ri wkh surjudp1 Wkh Lqdgd frq0
glwlrqv lqvxuh wkdw djjuhjdwh frqvxpswlrq lv qhyhu htxdo wr }hur/ holplqdwlqj wkhuhe|
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frqfdyh dqg wkh dujxphqwv lq wkh ixqfwlrqv duh olqhdu lq S|c e
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|� Wkh rswlpdo vrox0

wlrq lv wkhuhiruh xqltxh dqg wkh �uvw rughu frqglwlrqv duh qhfhvvdu| dqg vx!flhqw wr
fkdudfwhul}h wkhp1

Lq rughu wr vkrz wkh gl�huhqwldelolw| ri wkh frqvxpswlrq dqg lqyhvwphqw ixqfwlrq/
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E1 Frqfdylw| uhvwulfwlrqv= surri ri ohppd 714
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Table 1a: Descriptive statistics of variables used in the analysis, 1985.

Variables Mean Std Min Max Valid

School attendance (1 = yes) 0.48 - 0.00 1.00 3424
ln(Education + 0s ) 0.88 0.86 -2.30 2.71 3424
lnExpenditures (lnCFA) 12.24 0.63 10.63 14.39 3424
Sex (1 = male) 0.53 - 0.00 1.00 3424
Age 10.50 3.90 5.00 18.00 3424
Rank 5.08 3.34 1.00 23.00 3424
Number of children 6.59 3.52 1.00 19.00 3424
Father’s education 2.53 4.14 0.00 21.00 3424
Male family head (1 = yes) 0.97 - 0.00 1.00 3424
Mother’s education 0.78 2.42 0.00 21.00 3424
Distance to primary school (km) 0.26 1.04 0.00 8.00 3424
East forest (1 = yes) 0.16 - 0.00 1.00 3424
West forest 0.19 - 0.00 1.00 3424
Savanna 0.11 - 0.00 1.00 3424
Rural coast 0.04 - 0.00 1.00 3424
Kassou Lake 0.07 - 0.00 1.00 3424
Abidjan 0.20 - 0.00 1.00 3424
Other urban 0.23 - 0.00 1.00 3424
January 0.05 - 0.00 1.00 3424
February 0.09 - 0.00 1.00 3424
March 0.03 - 0.00 1.00 3424
April 0.09 - 0.00 1.00 3424
May 0.12 - 0.00 1.00 3424
June 0.09 - 0.00 1.00 3424
July 0.10 - 0.00 1.00 3424
August 0.11 - 0.00 1.00 3424
September 0.10 - 0.00 1.00 3424
October 0.10 - 0.00 1.00 3424

November 0.02 - 0.00 1.00 3424

December 0.10 - 0.00 1.00 3424

Notes : Variables ’’East forest’’ to ’’Other urban’’ refer to a set of geographical dummies. Variables
’’January’’ to ’’December’’ refer to a set of monthly dummies corresponding to the survey
month.
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Table 1b: Descriptive statistics of variables used in the analysis, 1986.

Variables Mean Std Min Max Valid

School attendance (1 = yes) 0.44 - 0.00 1.00 3399
ln(Education  0s+ ) 0.88 0.86 -2.30 2.71 3399
lnExpenditures (lnCFA) 12.24 0.67 10.46 14.85 3399
Sex (1 = male) 0.53 - 0.00 1.00 3399
Age 10.60 3.80 5.00 18.00 3399
Rank 5.50 3.58 1.00 26.00 3399
Number of children 6.92 3.70 1.00 21.00 3399
Father’s education 2.62 4.28 0.00 21.00 3399
Male family head (1 = yes) 0.96 - 0.00 1.00 3399
Mother’s education 0.96 2.67 0.00 21.00 3399
Distance to primary school (km) 0.28 1.24 0.00 10.00 3399
East forest (1 = yes) 0.16 - 0.00 1.00 3399
West forest 0.19 - 0.00 1.00 3399
Savanna 0.12 - 0.00 1.00 3399
Rural coast 0.04 - 0.00 1.00 3399
Kassou Lake 0.07 - 0.00 1.00 3399
Abidjan 0.18 - 0.00 1.00 3399
Other urban 0.24 - 0.00 1.00 3399
January 0.05 - 0.00 1.00 3399
February 0.06 - 0.00 1.00 3399
March 0.14 - 0.00 1.00 3399
April 0.01 - 0.00 1.00 3399
May 0.14 - 0.00 1.00 3399
June 0.06 - 0.00 1.00 3399
July 0.10 - 0.00 1.00 3399
August 0.11 - 0.00 1.00 3399
September 0.10 - 0.00 1.00 3399
October 0.10 - 0.00 1.00 3399

November 0.05 - 0.00 1.00 3399

December 0.08 - 0.00 1.00 3399

Notes: See table 1a.
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Table 1c: Descriptive statistics of variables used in the analysis, panel 1985-1986

Variables Mean Std Min Max Valid

School attendance (1 = yes) 0.48 - 0.00 1.00 1224
ln(Education )0s+ 0.87 0.84 -2.30 2.56 1224
lnExpenditures (lnCFA) 12.26 0.65 10.72 14.39 1224
Sex (1 = male) 0.54 - 0.00 1.00 1224
Age 10.33 3.73 5.00 18.00 1224
Rank 5.16 3.36 1.00 18.00 1224
Number of children 4.40 2.36 1.00 11.00 1224
Father’s education 2.25 3.81 0.00 18.00 1224
Male family head (1 = yes) 0.97 - 0.00 1.00 1224
Mother’s education 0.65 2.10 0.00 16.00 1224
Distance to primary school (km) 0.37 1.30 0.00 8.00 1224
East forest  (1 = yes) 0.13 - 0.00 1.00 1224
West forest 0.23 - 0.00 1.00 1224
Savanna 0.08 - 0.00 1.00 1224
Rural coast 0.05 - 0.00 1.00 1224
Kassou Lake 0.08 - 0.00 1.00 1224
Abidjan 0.19 - 0.00 1.00 1224
Other urban 0.24 - 0.00 1.00 1224
January 0.08 - 0.00 1.00 1224
February 0.08 - 0.00 1.00 1224
March 0.005 - 0.00 1.00 1224
April 0.09 - 0.00 1.00 1224
May 0.11 - 0.00 1.00 1224
June 0.08 - 0.00 1.00 1224
July 0.09 - 0.00 1.00 1224
August 0.12 - 0.00 1.00 1224
September 0.12 - 0.00 1.00 1224
October 0.12 - 0.00 1.00 1224
November 0.005 - 0.00 1.00 1224
December 0.10 - 0.00 1.00 1224

Notes: See table 1a.
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Table 2 : Tests of overidentifying restrictions

Variables group Degrees of
freedom

Wald
test

Fisher test
(instrumental equation)

Valid/non valid
instruments

Consumption Education
stock

1985
1. Household’s head education and age 4 8.74 7.5* 15.7* Valid
Household’s head occupation 4 8.12 11.7* 2.4 Valid
Housing characteristics 12 10.1 34.5* 5.1* Valid
Household working assets 18 25.3 14.9* 4.3* Valid
(Child’s age)*(Head’s occupation) 4 11.8* - 7.8* Non valid
(Child’s age)*(Region of residence) 5 3.25 - 16.1* Valid
Child’s anthropometrics, rank,
mother’s education & size of
household

9 8.83 - 2.24* Valid

1986
1. Household’s head education and age 6 10.3 19.1* 17.3* Valid
2. Household’s head occupation 4 11.7* 18.2* 2.7* Non valid
3. Housing characteristics 16 27.6* 49.2* 5.8* Non valid
4. Household working assets 18 8.56 15.4* 3.9* Valid
5. (Child’s age)*(Head’s occupation) 4 16.7* - 5.2* Non valid
6. (Child’s age)*(Region of residence) 5 2.69 - 9.6* Valid
7. Child’s anthropometrics, rank,
mother’s education & size of
household

9 23.4* - 7.87* Non valid
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Table 3: Panel data estimation of the structural model, 1985-1986.

(1) (2)

Variables estimates t-stat. estimates t-stat.

LnExpenditures (δ*) 0.46 3.83 0.31 1.35
Residual 0.14 0.52

)ln .0s(Education +  )( *
sµ 2.72 15.1 3.54 8.23

Residual -0.89 2.17

Stock of family human capital )( *λ 0.04 1.33 0.03 0.75

Residual -0.05 0.63
Gender )(β 0.10 0.91 -0.03 0.23
Age 2.85 6.79 2.64 6.14
Age squared -0.29 7.25 -0.29 7.25
Cube of age 0.01 10.0 0.01 10.5
Rank 0.04 2.00 0.03 1.50
Father’s education 0.05 2.50 0.03 1.50
Christian -0.11 0.73 -0.10 0.67
Muslim 0.16 1.00 0.41 2.05
Male household head 0.38 1.19 0.47 1.47
Distance to primary school -0.15 2.50 -0.11 1.57

Number of observations 1224 1224

LogLikelihood -362.81 -360.28

Notes : These estimations also included monthly and geographical dummies that are not reported
here.

The variable related to family human capital is defined by equation (6.1)
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Table 4a : Cross-section estimation of the structural model, 1985

(SML-GHK, 50 simulations, σ=1)

Mean log-likelihood    -1.98068
Number of observations  3424

Variables Estimates t-stat.
Intercept -5.071 -2.48

lnExpenditures (δ*) 0.547 3.71
Residual -0.245 -1.46
ln  own human capital stock (µs*) 2.09 13.0
Residual -0.139 -0.81

Stock of family human capital (λ*) 0.119 -1.83
Residual 0.270 1.64
Gender 0.191 3.08
Age -1.45 -3.38
(Less than 11 years old)*age -3.16 -5.40
(Between 11 and 15 years old)*age 2.79 3.88
Distance to primary school. -0.096 -1.85
ρ 0.327 7.53

* Robust standard errors  (Duncan correction) are used

Note : This estimation also included geographical and monthly dummies, as well as the set of
variables that could not be retained as instruments (see table 2)
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Table 4b : Cross-section estimation of the structural model, 1986
(SML-GHK, 50 simulations, σ=1)

Mean log-likelihood       -2.09179
Number of observations  3399

Variable Estimates Est./s.e.
Intercept -1.32 -0.94

ln Expenditures (δ*) 0.280 2.85
Residual -0.151 -1.21
In own human capital stock ( µs*) 1.85 11.5
Residual -0.259 -1.54

Stock of family human capital (λ*) -0.053 -0.67
Residual 0.120 0.70
Gender 0.136 2.28
Age -1.64 -4.05
(Less than 11 years old)*age -2.20 -4.29
(Between 11 and 15 years old)*age 1.03 1.53
Distance to primary school. -0.145 -2.32
ρ 0.472 10.6

* Robust standard errors  (Duncan correction) are used

Note : This estimation also included geographical and monthly dummies, as well as the set of
variables that could not be retained as instruments (see table 2)
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