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Wkh Uhsuhvhqwdwlyh Krxvhkrog*v Ghpdqg iru

Prqh| lq d Frlqwhjudwhg YDU Prgho

Wköudulqq J1 Sìwxuvvrq�

Fhqwudo Edqn ri Lfhodqg/ Hfrqrplfv Ghsduwphqw/

dqg

Xqlyhuvlw| ri Lfhodqg/ Ghsduwphqw ri Hfrqrplfv

Dsulo 4<<;

Devwudfw

Wklv sdshu ghyhorsv d frqvwdqw/ gdwd frqjuxhqw/ huuru fruuhfwlrq prgho

ri eurdg prqh| ghpdqg lq Lfhodqg1 D uhsuhvhqwdwlyh krxvhkrog prgho

zlwk oltxlglw| vhuylfhv gluhfwo| lq wkh xwlolw| ixqfwlrq lv ghyhorshg1 Vroylqj

iru wkh vwhdg| vwdwh jlyhv d olqhdu/ orqj0uxq uhodwlrq ehwzhhq uhdo prqh|

edodqfhv/ rxwsxw dqg wkh rssruwxqlw| frvw ri kroglqj prqh| wkdw lv xvhg

wr ryhu0lghqwli| wkh frlqwhjudwlqj vsdfh1 Wkh ryhu0lghqwli|lqj uhvwulfwlrqv

vxjjhvw wkdw wkh uhsuhvhqwdwlyh krxvhkrog lv htxdoo| dyhuvh wr yduldwlrqv lq

frqvxpswlrq dqg prqh| kroglqjv1 Rxwsxw dqg wkh rssruwxqlw| frvw duh

irxqg wr eh vwurqjo| dqg vxshu h{rjhqrxv iru wkh sdudphwhuv ri wkh prqh|

ghpdqg htxdwlrq1 Ilqdoo|/ d iruzdug orrnlqj lqwhusuhwdwlrq ri wkh vkruw0

uxq g|qdplfv/ dvvxplqj txdgudwlf dgmxvwphqw frvwv/ fdqqrw eh uhmhfwhg e|

wkh gdwd1 Wklv lqwhusuhwdwlrq lv/ krzhyhu/ irxqg wr eh sureohpdwlf dv wkh

iruhfdvwlqj htxdwlrqv xvhg wr jhqhudwh ixwxuh h{shfwdwlrqv duh irxqg wr eh

xqvwdeoh1

Nh| zrugv = Prqh| ghpdqg/ frlqwhjudwlrq/ huuru fruuhfwlrq prghov/ vx0

shu h{rjhqhlw|/ iruzdug orrnlqj ehkdylrxu

MHO Fodvvl�fdwlrqv= H74/ F65/ F66

�Wklv sdshu lv edvhg rq Fkdswhu 6 ri p| Sk1G1 wkhvlv dw wkh Xqlyhuvlw| ri Ddukxv1 L zrxog

olnh wr wkdqn Wruehq P1 Dqghuvhq/ Iulguln P1 Edogxuvvrq/ Jxgpxqgxu Jxgpxqgvvrq/ Päu

Jxgpxqgvvrq/ Qlhov Kdoguxs/ Wöpdv Kdqvvrq/ Vyhqg K|oohehuj/ Khojl Wöpdvvrq dqg vhplqdu

sduwlflsdqwv dw wkh FQOPH zrunvkrs lq Nrnnhgdo Vorw Ghqpdun/ iru khosixo frpphqwv dqg

vxjjhvwlrqv1 Wkh xvxdo glvfodlphu dssolhv1 Wkh ylhzv h{suhvvhg lq wklv sdshu duh vroho| wkrvh ri

wkh dxwkru dqg vkrxog qrw eh lqwhusuhwhg dv qhfhvvdulo| uh hfwlqj wkrvh ri wkh Fhqwudo Edqn ri

Lfhodqg1



41 Lqwurgxfwlrq

Wkh prghoolqj ri wkh ghpdqg iru prqh| kdv ehhq d pdmru irfxv ri lqwhuhvw lq
pdfurhfrqrphwulfv vlqfh wkh hduo| 4<:3v1 Wklv lv qrw vxusulvlqj frqvlghulqj lwv
lpsruwdqfh iru prqhwdu| srolf| dqg lwv uroh lq prghuq hfrqrplhv1 Wkh h{lvwhqfh
ri d vwdeoh ghpdqg ixqfwlrq/ wkh olqn ehwzhhq prqh| dqg sulfhv/ dqg wkh hqgr0
jhqhlw| ru h{rjhqhlw| ri prqh| duh doo uhfxuulqj lvvxhv lq wkh olwhudwxuh1 Rewdlqlqj
frqvwdqw hpslulfdo prqh| ghpdqg htxdwlrqv kdv/ krzhyhu/ suryhq hoxvlyh/ ohdglqj
pdq| surplqhqw prqhwdu| hfrqrplvwv wr ghfoduh wkdw qr vxfk frqvwdqw uhodwlrq
h{lvwv +vhh/ iru h{dpsoh/ Jrogihog dqg Vlfkho/ 4<<3 dqg Idvh/ 4<<7,1 Uhfhqwo|/
krzhyhu/ d qxpehu ri hpslulfdo vwxglhv ri prqh| ghpdqg kdyh ehhq vxffhvvixo lq
�qglqj vwdeoh prqh| ghpdqg uhodwlrqv1 Dprqj wkhp duh Eded hw do1 +4<<4, iru
wkh X1V1/ Khqgu| dqg Hulfvvrq +4<<4, iru wkh X1N1 dqg Kr�pdq hw do1 +4<<8, iru
wkh X1V1/ Mdsdq/ Fdqdgd/ wkh X1N1/ dqg Zhvw Jhupdq|14

Wkh sxusrvh ri wklv sdshu lv wr dqdo|vh wkh ghpdqg iru eurdg prqh| +P6, lq
Lfhodqg xvlqj dqqxdo gdwd iru wkh shulrg 4<95 wr 4<<81 D vlpsoh prqh| ghpdqg
prgho lv ghulyhg iurp dq rswlpl}dwlrq sureohp ri d uhsuhvhqwdwlyh krxvhkrog zlwk
oltxlglw| vhuylfhv gluhfwo| lq wkh xwlolw| ixqfwlrq1 Wkh xvh ri dq h{solflw rswlpl}lqj
prgho lq wkh frlqwhjudwlqj dqdo|vlv vkrxog idflolwdwh hfrqrplf lqwhusuhwdwlrq ri
wkh orqj0uxq sdudphwhuv ri wkh prqh| ghpdqg htxdwlrq15

Wkh g|qdplf dgmxvwphqw wrzdugv wkh orqj0uxq htxloleulxp lv dvvxphg wr eh
fkdudfwhul}hg e| d frqwlqjhqw sodq prgho ri wkh huuru fruuhfwlrq +HFP, irup1
Vlqfh vrph ri wkh hduolhu vwxglhv ri Lfhodqglf prqh| ghpdqg kdyh vx�huhg iurp
lqvwdelolw| sureohpv/ wkdw fdq eh h{sodlqhg e| wrr uhvwulfwlyh g|qdplfv/ wkh ds0
surdfk khuh lv wr hvwlpdwh wkh vkruw0uxq g|qdplfv iuhho|/ xvlqj wkh jhqhudo0wr0
vshfl�f dssurdfk16 Wkhvh vkruw0uxq g|qdplfv frxog/ krzhyhu/ lq sulqflsoh eh gh0
ulyhg h{solflwo| dvvxplqj/ iru h{dpsoh/ txdgudwlf dgmxvwphqw frvwv1 Wr wkdw hqg/
d iruzdug orrnlqj/ udwlrqdo h{shfwdwlrqv vshfl�fdwlrq ri wkh vkruw0uxq dgmxvwphqw
g|qdplfv lv h{dplqhg1

Wkh uhpdlqghu ri wkh sdshu lv rujdql}hg dv iroorzv1 Vhfwlrq 5 ghvfulehv wkh

4Iru vxuyh|v ri hpslulfdo prqh| ghpdqg htxdwlrqv/ vhh iru h{dpsoh Jrogihog dqg Vlfkho
+4<<3,/ Idvh +4<<7, dqg Eurzqh hw do1 +4<<:,1

5Wklv dssurdfk kdv wzr lpsruwdqw dgydqwdjhv +fi1 Shvdudq/ 4<<:,1 Iluvw/ lw hqvxuhv wkdw
wkh prgho hperglhv wkhru|0frqvlvwhqw vwhdg| vwdwh uhodwlrqv iurp wkh rxwvhw1 Vhfrqg/ wr wkh
h{whqw wkdw wkh wkhru| lpsolhv ryhu0lghqwli|lqj uhvwulfwlrqv rq wkh orqj0uxq uhodwlrqv/ lw doorzv
wkh prgho*v orqj0uxq surshuwlhv wr eh hydoxdwhg hpslulfdoo|1

6Dprqj hduolhu vwxglhv ri prqh| ghpdqg lq Lfhodqg duh Hjjhuwvvrq +4<;5,/ Fruqholxv +4<<3,
dqg Jxgpxqgvvrq +4<;9,1 Wkh �uvw wzr xvh d sduwldo dgmxvwphqw iudphzrun/ zkhuhdv wkh odvw
rqh xvhv d frqglwlrqdo HFP1 Wkh ghpdqg htxdwlrqv lq wkh �uvw wzr sdshuv euhdn grzq lq
4<:</ zkhuhdv Jxgpxqgvvrq/ e| doorzlqj d ulfkhu vhw ri h{sodqdwru| yduldeohv dqg pruh  h{leoh
g|qdplfv lqkhuhqw lq wkh HFP/ �qgv qr vxfk sureohpv1 Wklv vxjjhvwv d srwhqwldo ehqh�w ri
hvwlpdwlqj wkh vkruw0uxq g|qdplfv xquhvwulfwhwo|1
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xqghuo|lqj wkhruhwlfdo prgho ri prqh| ghpdqg1 Wkh vshfl�fdwlrq ri wkh vkruw0
uxq g|qdplf dgmxvwphqw sdwk lv dovr glvfxvvhg dqg krz lw uhodwhv wr wkh orqj0uxq
htxloleulxp ghpdqg iru prqh|/ zklfk frqvwlwxwhv wkh hfrqrphwulf prgho vwxglhg
lq wklv sdshu1 Vhfwlrq 6 ghvfulehv wkh gdwd dqg qhfhvvdu| wudqvirupdwlrqv gxh
wr �qdqfldo lqqrydwlrqv lq wkh grphvwlf �qdqfldo v|vwhp lq wkh odvw ghfdgh1 Wkh
irxuwk vhfwlrq suhvhqwv wkh hvwlpdwlrq uhvxowv iru wkh vlpsoh prqhwdu| v|vwhp
dqdo|vhg1 Wkh �iwk vhfwlrq glvfxvvhv wkh vlqjoh htxdwlrq ghpdqg iru prqh| dqg
wkh iruzdug orrnlqj/ udwlrqdo h{shfwdwlrqv lqwhusuhwdwlrq lq pruh ghwdlo1 Wkh �qdo
vhfwlrq frqfoxghv1

51 Wkhruhwlfdo Vshfl�fdwlrq

5141 Vwhdg| vwdwh dqdo|vlv

Wr prgho krxvhkrogv* ghpdqg iru prqh| lw lv dvvxphg wkdw prqh| surylghv gl0
uhfw xwlolw| iurp oltxlglw| vhuylfhv xvlqj d vwdqgdug prqh|0lq0wkh0xwlolw|0ixqfwlrq
+PLXI, prgho1 Wklv prgho doorzv wkh xwlolw| ixqfwlrq wr fdswxuh wkh oltxlglw|
vhuylfhv ri prqh| dqg kdv wkh dgydqwdjh ri ehlqj hdvlo| wudfwdeoh dqg jlylqj
orj0olqhdu vwhdg| vwdwh vroxwlrqv/ wkhuhiruh ehlqj hdvlo| hvwlpdeoh1 Ixuwkhupruh/
Ihhqvwud +4<;9, kdv vkrzq wkdw prghov zklfk h{solflwo| prgho wkh wudqvdfwlrq
vhuylfhv ri prqh| fdq eh dssur{lpdwhg dv PLXI prghov1 Wklv lv lpsruwdqw vlqfh
h{lvwlqj prghov zklfk h{solflwo| prgho wkh wudqvdfwlrq vhuylfhv ri prqh|/ vxfk
dv fdvk0lq0dgydqfh prghov/ txlfno| ehfrph fxpehuvrph dqg riwhq dqdo|wlfdoo|
lqwudfwdeoh17

Wkh uhsuhvhqwdwlyh krxvhkrog lv dvvxphg wr vroyh wkh iroorzlqj lq�qlwh krul}rq
sureohp
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+514,

zkhuh �| lv uhdo ydoxhg frqvxpswlrq dqg �E�� dqg �E�� duh wzlfh gl�huhqwldeoh
frqfdyh lqvwdqwdqhrxv xwlolw| ixqfwlrqv1 (E� m L|� ghqrwhv h{shfwdwlrqv frqglwlrqdo
rq lqirupdwlrq dw wlph |/ B lv wkh glvfrxqw idfwru dqg l phdvxuhv wkh uhodwlyh zhljkw
ri frqvxpswlrq jrrgv dqg uhdo prqh| edodqfhv lq wkh ryhudoo xwlolw| ixqfwlrq1

Wkh uhsuhvhqwdwlyh krxvhkrog doorfdwhv lwv uhdo lqfrph/ U|/ dorqj zlwk dffuxhg
fdslwdo hduqlqjv dprqj frqvxpswlrq jrrgv �|/ erqgv �|/ dqg uhdo prqh| edodqfhv
�|

�|

/ zkhuh �| lv wkh sulfh ri frqvxpswlrq dw wlph |1 �| ghqrwhv wkh uhdo ydoxh ri

erqgv ghqrplqdwhg lq xqlw ri wlph | frqvxpswlrq1 Wkhvh erqgv sd| d jurvv uhdo

uhwxuq ri E� n o|� iurp wlph | wr |n �1 Uhdo prqh| edodqfhv sd| wkh jurvv uhwxuq

7Vhh Ulsdwwl +4<<9, dqg Srwhued dqg Urwhpehuj +4<;7, iru hpslulfdo dssolfdwlrqv ri PLXI
prghov1 Vhh Oxfdv +4<;;, iru dq hpslulfdo dssolfdwlrq ri d fdvk0lq0dgydqfh prgho1
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E� n _|�
�|

�|n�
/ zkhuh E� n _|� lv wkh jurvv rzq udwh ri prqh| iurp wlph | wr | n �1

Wkh krxvhkrogv exgjhw frqvwudlqw lv wkhq
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Wkh �uvw rughu frqglwlrqv iru wklv rswlpl}dwlrq sureohp duh jlyhq e| wkh vwdqgdug
Hxohu frqglwlrqv
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Wkh �uvw Hxohu htxdwlrq vwdwhv wkdw dorqj dq rswlpdo sdwk wkh uhsuhvhqwdwlyh
krxvhkrog fdqqrw lqfuhdvh lwv h{shfwhg xwlolw| e| irujrlqj rqh xqlw ri frqvxpswlrq
lq shulrg |/ lqyhvwlqj lwv ydoxh lq erqgv/ dqg frqvxplqj lwv surfhhglqjv dw wlph
|n�1 Wkh vhfrqg Hxohu htxdwlrq vwdwhv wkdw h{shfwhg xwlolw| fdqqrw eh lqfuhdvhg
e| kroglqj rqh xqlw ohvv ri prqh| dw wlph |/ lqyhvwlqj lw lq erqgv/ dqg frqvxplqj
lwv surfhhglqjv dw wlph |n �1

Wr vroyh wklv prgho h{solflwo| wzr vlpsoli|lqj dvvxpswlrqv duh pdgh1 Iluvw/ lw
lv dvvxphg wkdw wkh Ilvkhu sdulw| krogv8

E� n �|� ' E� n o|�
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�|

+518,

zkhuh �| lv wkh qrplqdo erqg udwh1 Vhfrqg/ lw lv dvvxphg wkdw
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��E�|�

�����L|

$
' f +519,

Wklv fryduldqfh uhvwulfwlrq lpsolhv wkdw wkh uhdo vwrfkdvwlf glvfrxqw idfwru lv lq0
ghshqghqw ri lq dwlrq/ l1h wkdw lq dwlrq dqg wkh lqwhuwhpsrudo pdujlqdo udwh ri
vxevwlwxwlrq duh lqghshqghqw1 Wklv frxog eh lqwhusuhwhg dv d qhxwudolw| ri prqh|
frqglwlrq +vhh Ulsdwwl/ 4<<9,19

8Rqh frxog dovr dvvxph wkdw wkhuh h{lvwv dq dvvhw zlwk lqgh{hg uhwxuqv1
9Erwk wkhvh dvvxpswlrqv iroorz gluhfwo| iurp d shuihfw fdslwdo pdunhw dvvxpswlrq dqg lpso|

wkdw wkh vkruw whup erqg udwh/ lw/ zloo lqfoxgh doo wkh lqirupdwlrq rq wkh uhwxuq rq dowhuqdwlyh
dvvhwv dydlodeoh wr krxvhkrogv1 Wklv lv/ ri frxuvh/ d vwurqj dvvxpswlrq dqg lv vxemhfw wr hpslulfdo
whvwlqj1 Pruh glvfxvvlrq rq wklv dvvxpswlrq dqg hpslulfdo whvwlqj ri wkh ydolglw| ri vrph ri lwv
lpsolfdwlrqv lv frqwdlqhg ehorz1 Vhh Jleerqv dqg Udpdvzdp| +4<<6, iru dq dssolfdwlrq ri wklv
dvvxpswlrq iru whvwlqj uhdo whup vwuxfwxuh prghov1 Oxfdv +4<;;, rewdlqv d vlplodu uhvxow iurp
d fdvk0lq0dgydqfh prgho zkhuh wkh fulwlfdo dvvxpswlrq lv wkdw doo djhqwv hqjdjh lq vhfxulwlhv
wudglqj dw wkh vdph wlph/ zlwk wkh vdph �{hg shulrg1
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Wkh �uvw rughu frqglwlrq iru uhdo prqh| edodqfhv fdq qrz eh zulwwhq dv
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+51:,

Ilqdoo|/ wkh lqvwdqwdqhrxv xwlolw| ixqfwlrqv duh sdudphwhul}hg zlwklq wkh vwdq0
gdug frqvwdqw uhodwlyh ulvn dyhuvlrqv +FUUD, fodvv dv iroorzv:
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|

�� /
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�
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�|

�|

�
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zkhuh / dqg � duh wkh frqvwdqw uhodwlyh ulvn dyhuvlrq frh!flhqwv1 Lq wkh fdvh
/ ' � ' � wkhvh xwlolw| ixqfwlrqv ehfrph �E�|� ' *L}�| � S| dqg �E�|

�|

� '

*L} �|

�|

� E6� R�|1
Lqvhuwlqj wkh jlyhq xwlolw| ixqfwlrqv lqwr wkh �uvw rughu frqglwlrq/ wdnlqj orjv

dqg dssur{lpdwlqj jlyhv

E6� R�| '
�

�
*L} l n

/

�
S| �

�

�
-| +5143,

zkhuh orzhu fdvh ohwwhuv ghqrwh orjv dqg -| � E�|�_|� lv wkh qhw rssruwxqlw| udwh1
Lq vwdwlrqdu| htxloleulxp �| '� _/ �| ' �/ -| ' - dqg �| ' � 1 Wkh vwdwlrqdu|
htxloleulxp iru uhdo prqh| edodqfhv lv wkhuhiruh

E6_
� R� ' V n #S� w- +5144,

zkhuh V � �

�
*L} l/ # � /

�
dqg w � �

�
1 Wklv lv d vwdqgdug ixqfwlrqdo irup xvhg lq

hpslulfdo vwxglhv rq prqh| ghpdqg1 Krzhyhu/ lw lv pruh frpprq wr xvh vrph
phdvxuh ri djjuhjdwh lqfrph dv wkh vfdoh yduldeoh udwkhu wkdq sulydwh frqvxps0
wlrq1 Wklv lv dovr grqh khuh dv wkh vwxg| xvhv d eurdg phdvxuh ri prqh| wkdw qrw
rqo| lqfoxghv wkh prqh| kroglqjv ri krxvhkrogv exw dovr ri wkh frusrudwh vhfwru1
Wkh xvh ri d pruh eurdg h{shqglwxuh yduldeoh wkdq sulydwh frqvxpswlrq lv wkhuh0
iruh dssursuldwh1 Wkh vwhdg| vwdwh prqh| ghpdqg uhodwlrq dqdo|vhg lq wklv sdshu
lv wkhuhiruh wkh iroorzlqj;

E6_
� R� ' Vn #+ � w- +5145,

:Dgglorj suhihuhqfhv duh frpprqo| xvhg lq frlqwhjudwlrq dqdo|vlv ri suhihuhqfh sdudphwhuv1
Vhh/ iru h{dpsoh/ Rjdnl +4<<5, dqg Fodulgd +4<<7,1

;Wklv lpsolhv wkdw � fdqqrw eh lghqwl�hg vlqfh d fkdqjh ri vfdoh yduldeoh zloo lq xhqfh wkh
hvwlpdwh ri � 1
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Wkhru| lv qrw xql�hg rq wkh vl}h ri wkh orqj0uxq lqfrph hodvwlflw|/ #1 Lq wkh
wudqvdfwlrq prgho ri Edxpro +4<85, dqg Wrelq +4<89, # htxdov �

2
/ zkhuhdv lq wkh

suhfdxwlrqdu| prgho ri Ploohu dqg Ruu +4<99, lw htxdov �

�
� Wkh txdqwlw| wkhru|

ri Iulhgpdq +4<89, suhglfwv/ krzhyhu/ d ydoxh ri xqlw|1 Wkh vl}h ri # lv wkhuhiruh
ohiw rshq dv dq hpslulfdo txhvwlrq1 D xqlw vfdoh hodvwlflw| ixuwkhu lpsolhv lq wklv
prgho wkdw / ' �/ l1h1 wkdw suhihuhqfhv duh krprwkhwlf1 Wklv dovr lpsolhv wkdw
krxvhkrogv duh htxdoo| ulvn dyhuvh wr yduldwlrqv lq frqvxpswlrq dqg uhdo prqh|
edodqfhv1

5151 G|qdplf dgmxvwphqw

Wkh suhylrxv vhfwlrq ohg wr dq h{suhvvlrq iru wkh ghpdqg iru prqh| zkhq krxvh0
krogv idfh qr dgmxvwphqw frvwv1 Lw lv qdwxudo wr lqwhusuhw wklv prqh| ghpdqg
uhodwlrq dv d orqj0uxq htxloleulxp uhodwlrq1 G|qdplf dgmxvwphqw wrzdugv wklv
orqj0uxq htxloleulxp fdq eh prwlydwhg lq vhyhudo zd|v1 Wkh vlpsohvw zd| lv wr
dvvxph wkdw g|qdplf dgmxvwphqw fdq eh fkdudfwhul}hg e| d frqwlqjhqw sodqqlqj
prgho ri wkh iroorzlqj HFP irup +vhh Khqgu| dqg Hulfvvrq/ 4<<4,

4fEu�{6| ' 4�Eu�{R| n 42Eu�{+| n 4�Eu�{-| n 4eE6�6_�|3� n 06| +5146,

zkhuh u?%| � %|3? lv wkh odj rshudwru/ { � E� � u�/ 4�Eu� E� ' fc �c 2c �� duh
�qlwh rughu odj sro|qrpldov lq u dqg 06| ghqrwhv ghyldwlrqv ri rxwfrph iurp
sodq1 Iru wkh prgho wr eh vwdeoh 4e vkrxog eh ohvv wkdq }hur +lq wkh vlqjoh0
htxdwlrq fdvh,/ zklfk djdlq lqglfdwhv wkdw wkh yduldeohv lq +5145, frlqwhjudwh/ vhh
Hqjoh dqg Judqjhu +4<;:,1 Iru +5146, wr eh lqwhusuhwdeoh dv d ghpdqg ixqfwlrq
lw vkrxog dovr krog wkdw 4�E��c 42E�� � f dqg 4�E�� � f1

Hfrqrplfdoo|/ wklv prgho frxog eh uhodwhg wr wkh wdujhw0wkuhvkrog prgho +ru
ex�hu vwrfn prgho, ri prqh| ghpdqg ri Dnhuori +4<:<, dqg Ploerxuqh +4<;6,1
Dffruglqj wr wkhvh prghov/ prqh| kroglqjv duh dffxpxodwhg sdvvlyho| xqwlo vrph
wkuhvkrog lv uhdfkhg1 Dw wkdw wlph/ wkh| duh uhvwruhg wr lwv orqj0uxq wdujhw ydoxh1
Prqh| edodqfhv lqvlgh wkh edqgv duh wkhuhiruh ghwhuplqhg e| wkh vkruw0uxq g|0
qdplfv lq +5146,/ zkhuhdv wkh ohyhov ri wkh edqgv duh ghwhuplqhg e| wkh orqj0uxq
idfwruv/ fi1 wkh E7c r� prgho1 Vhh/ iru h{dpsoh/ Khqgu| +4<<7,1

Wkh HFP lq +5146, fdq vlpso| eh lqwhusuhwhg dv d sduvlprqlrxv phwkrg ri
uhsuhvhqwlqj odj uhvsrqvhv1 Lw fdq/ krzhyhu/ dovr eh ghulyhg h{solflwo| iurp d frvw
plqlpl}dwlrq sureohp/ zkhuh krxvhkrogv duh shqdol}hg li dfwxdo prqh| kroglqjv
ghyldwh iurp wkh orqj0uxq wdujhw dqg iru dgmxvwlqj wkhlu dfwxdo prqh| kroglqjv

N| ' �E6| �6
_

|
�2 n E{6|�

2 +5147,

zkhuh 6_

|
lv wkh ghvluhg prqh| edodqfhv zkhq krxvhkrogv idfh qr dgmxvwphqw

frvwv/ dv ghulyhg iurp wkh suhylrxv vhfwlrq1 Wkh sureohp zlwk wklv dssurdfk lv
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wkdw lw dvvxphv p|rslf ehkdylrxu rq ehkdoi ri krxvhkrogv dv wkh| ryhuorrn wkh
h�hfwv ri fxuuhqw ghflvlrqv rq ixwxuh frvwv1 D pruh dssursuldwh dssurdfk lv wr
dvvxph wkdw wkh| plqlpl}h wkh h{shfwhg suhvhqw ydoxh ri N|

O| ' (

+
"[
�'f

B
�N|n� m L|

,
+5148,

Lq wklv fdvh prqh| ghpdqg zloo ghshqg rq h{shfwhg ixwxuh lqfrph dqg lqwhuhvw
udwhv1< Wklv iruzdug orrnlqj lqwhusuhwdwlrq ri wkh prqh| ghpdqg htxdwlrq lv
whvwhg ehorz1

61 Wkh Gdwd

Wklv sdshu dqdo|vlv wkh ghpdqg iru prqh| lq Lfhodqg/ xvlqj dqqxdo gdwd iru wkh
shulrg 4<95 wr 4<<81 Dv d phdvxuh ri prqh|/ eurdg prqh|/ P6/ lv xvhg +pdlqo|
gxh wr lwv pruh vwdeoh gh�qlwlrq wkurxjkrxw wkh hvwlpdwlrq shulrg wkdq qduurzhu
phdvxuhv ri prqh|,1 Dv d vfdoh yduldeoh jurvv grphvwlf rxwsxw +JGS, lv fkrvhq
dqg wkh lpsolflw JGS sulfh gh dwru dv d phdvxuh ri sulfhv1 Erwk yduldeohv duh
phdvxuhg dv dqqxdo dyhudjhv dqg rxwsxw lv phdvxuhg dw frqvwdqw/ 4<<3 sulfhv143

Wkh �qdo yduldeoh lq wkh prgho phdvxuhv wkh rssruwxqlw| frvw ri prqh|1 Vlqfh
lqwhuhvw udwhv lq Lfhodqg zhuh qrw pdunhw ghwhuplqhg iru wkh pdlq sduw ri wkh
shulrg dqdo|vhg khuh dqg dowhuqdwlyh �qdqfldo dvvhwv zhuh jhqhudoo| qrw dydlodeoh
wr lqglylgxdo lqyhvwruv/ lw lv qrw fohdu krz wkh rssruwxqlw| frvw ri prqh| kroglqjv
vkrxog eh gh�qhg1

Lqwhuhvw udwhv ehfdph sduwldoo| pdunhw ghwhuplqhg lq 4<;7 zkhq edqnv zhuh
doorzhg wr ghwhuplqh wkhlu rzq udwhv1 D pdunhw iru vkruw whup erqgv glg qrw/
krzhyhu/ ghyhors xqwlo 4<;: zkhq wudglqj zlwk wuhdvxu| eloov lqlwldwhg1 Dw wkh
vdph wlph/ d vhfrqgdu| pdunhw iru jryhuqphqw erqgv ghyhorshg dqg lw lv uhdoo|
qrw xqwlo wkhq wkdw vkruw whup/ orz ulvn lqwhuhvw ehdulqj pdunhwdeoh dvvhwv ehfrph
dydlodeoh iru lqglylgxdo lqyhvwruv1

Xqwlo 4<;: lqglylgxdo lqyhvwruv kdg ihz dydlodeoh dvvhw fkrlfhv rwkhu wkdq
prqh| ru uhdo dvvhwv/ vxfk dv uhdo hvwdwh ru frqvxphu gxudeohv1 Wkh udwh ri lq d0
wlrq lv wkhuhiruh xvhg dv d sur{| iru wkh udwh ri uhwxuq rq wkhvh dowhuqdwlyh uhdo
dvvhwv1 Diwhu 4<;:/ krzhyhu/ qhz �qdqfldo lqvwuxphqwv judgxdoo| ehfdph dydlodeoh
dqg lqglylgxdo lqyhvwruv zhuh deoh wr lqyhvw wkhlu zhdowk lq pruh oltxlg dvvhwv vxfk
dv wuhdvxu| eloov dqg edqnlqj eloov1

<Vhh/ iru h{dpsoh/ Fxwkehuwvrq dqg Wd|oru +4<;:,/ zkr hvwlpdwh vxfk d prqh| ghpdqg
htxdwlrq1

43Iru d pruh ghwdlohg glvfxvvlrq ri wkhvh dqg rwkhu phdvxuhv ri prqh| dqg vfdoh yduldeoh/ vhh
Sìwxuvvrq +4<<;d,1
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Dv wkhvh qhz dvvhwv duh lqwurgxfhg/ lqglylgxdo dvvhw kroghuv pxvw ohduq derxw

wkhlu h{lvwhqfh dqg fkdudfwhulvwlfv1 Wkhuhiruh lw lv dvvxphg wkdw wkh lqwurgxfwlrq

ri oltxlg/ vkruw0whup dvvhwv lq 4<;: rqo| d�hfwhg lqyhvwphqw ehkdylrxu judgxdoo|1

Khqfh/ wkh udwh ri uhwxuq rq dowhuqdwlyh dvvhwv lv fdofxodwhg xvlqj d �ohduqlqj

dgmxvwhg� udwh44

-@| ' {R| n �|E-|K| �{R|� +614,

zkhuh {R| lv lq dwlrq/ -|K| lv wkh lqwhuhvw udwh rq wuhdvxu| eloov +xvhg wr sur{|
oltxlg/ vkruw0whup dvvhwv, dqg f � �| � � lv wkh zhljkw dw wlph |/ uh hfwlqj
nqrzohgjh ri wkh fkdudfwhulvwlfv rq wkh qhzo| lqwurgxfhg dvvhw/ -|K| +fi1 Eded hw

do1/ 4<<4 dqg Khqgu| dqg Hulfvvrq/ 4<<4 iru vlplodu lghdv,1 Wkh ohduqlqj fxuyh/
�|/ lv jlyhq e| wkh orjlvwlf ixqfwlrq

�| ' d� n i TE@� KE|� |f n ���o3� ( iru | � |f +615,

zkhuh |f ' �bHH lv wkh �uvw ixoo |hdu ri wuhdvxu| eloov wudglqj1 @ fruuhvsrqgv wr
wkh lqlwldo nqrzohgjh ri lqyhvwruv dqg K wr wkh udwh ri ohduqlqj1 �| ' f wloo |f zkhq
wkh qhz dvvhw lv lqwurgxfhg1 Wkh ydoxhv ri @ ' D dqg K ' ��2 duh fkrvhq vr dv �|

lv derxw d kdoi lq 4<<4 dqg xqlw| lq 4<<81 Wkhvh ydoxhv dovr fruuhvsrqg wr wkh
ydoxhv xvhg e| Khqgu| dqg Hulfvvrq +4<<4,145

Wkh ohduqlqj dgmxvwhg udwh/ -@|/ lv wkhuhiruh vlpso| wkh lq dwlrq udwh lq wkh
shulrg 4<95 wr 4<;:/ exw d zhljkwhg dyhudjh ri wkh lq dwlrq udwh dqg wkh wuhdvxu|
eloov udwh lq wkh shulrg 4<;; wr 4<<8/ zlwk wkh zhljkw rq wkh wuhdvxu| eloo lqfuhdvlqj/
fruuhvsrqglqj wr lqfuhdvhg nqrzohgjh dqg wudgh lq wuhdvxu| eloov1

Wkhuh duh irxu srwhqwldo vkruwfrplqjv ri wklv phdvxuh ri wkh rssruwxqlw| frvw
ri prqh|1 Iluvw/ lq dwlrq pd| lqfoxgh vrph lqghshqghqw lqirupdwlrq rq wkh frvw
ri kroglqj prqh|/ qrw uh hfwhg lq wkh qrplqdo lqwhuhvw udwh/ fi1 Khqgu| dqg Hulfv0
vrq +4<<4,1 Krzhyhu/ gxh wr wkh gh�qlwlrq ri wkh rssruwxqlw| frvw lq wklv dqdo|vlv/
lw lv qrw srvvleoh wr kdyh wkh lq dwlrq udwh dv dq lqghshqghqw h{sodqdwru| yduldeoh1
Lw lv/ krzhyhu/ lpsruwdqw wr qrwh wkdw lq dwlrq grhv sod| dq lpsruwdqw gluhfw uroh
wkurxjkrxw wkh shulrg wkurxjk -@|/ dowkrxjk lwv uroh ghfolqhv zlwk �|1

46 Vhfrqg/

44Xvlqj d ohduqlqj dgmxvwhg udwh dv deryh reylrxvo| lpsrvhv uhvwulfwlrqv rq wkh vkruw0uxq

g|qdplfv ri wkh prgho1 Krzhyhu/ vlqfh wkh gdwd vhw lv udwkhu vpdoo wkhuh lv d vwurqj fdvh iru

wu|lqj wr nhhs wkh glphqvlrq ri wkh v|vwhp dv orz dv srvvleoh1 Vrph ri wkh lpsrvhg uhvwulfwlrqv

duh whvwhg ehorz dqg qrw uhmhfwhg1
45Wkh pdlq uhvxowv uhpdlq odujho| xqfkdqjhg zkhq zw @ +3>4,/ l1h1 zkhq Udw @ �sw iru wkh

zkroh shulrg ru zkhq Udw @ Uwew lpphgldwho| diwhu 4<;:1 Rwkhu ydoxhv ri d dqg e zhuh dovr

wulhg zlwk rqo| vpdoo fkdqjhv lq wkh uhvxowv1
46Zkhq whvwhg zkhwkhu wkh frh!flhqw rq lq dwlrq zdv vljql�fdqwo| gl�huhqw iurp wkh lqwhuhvw

udwh frh!flhqw diwhu 4<;;/ e| xvlqj d gxpp| yduldeoh/ wkh frh!flhqw zdv irxqg lqvljql�fdqw/

I +4> 5:, @ 5=: +S @ 3=44,1
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pdq| hfrqrplvwv dujxh wkdw wkh h{fkdqjh udwh dqg iruhljq lqwhuhvw udwhv pd| kdyh
dq lpsruwdqw lqghshqghqw h{sodqdwru| srzhu iru grphvwlf prqh| ghpdqg lq d
vpdoo rshq hfrqrp|/ fi1 Kdnnlr dqg Grprzlw} +4<<3, dqg Eèugvhq +4<<5,1 Wklv
zdv whvwhg e| dgglqj wkh h�hfwlyh qrplqdo h{fkdqjh udwh dqg d vlploduo| zhljkwhg
iruhljq lqwhuhvw udwh1 Lq erwk fdvhv wkhvh yduldeohv zhuh irxqg lqvljql�fdqw/ zklfk
lv qrw vxusulvlqj frqvlghulqj wkdw grphvwlf lqyhvwruv glg qrw kdyh pdq| rssruwx0
qlwlhv wr lqyhvw deurdg iru prvw sduw ri wkh shulrg dqdo|vhg khuh1 Wklug/ lw lv riwhq
dujxhg wkdw vrph phdvxuh ri ulvn lv dq lpsruwdqw idfwru ri prqh| ghpdqg +fi1
Eded hw do1/ 4<<4,1 Wklv zdv whvwhg e| whvwlqj wkh vljql�fdqfh ri wkh frqglwlrqdo
yduldqfh ri lq dwlrq +phdvxuhg zlwk dq DUFK prgho,1 Wklv phdvxuh ri ulvn zdv
qrw irxqg vljql�fdqw1 Wkh �qdo srwhqwldo vkruwfrplqj ri wkh phdvxuhphqw ri wkh
rssruwxqlw| frvw xvhg khuh lv wkdw lw odfnv d orqj whup |lhog/ dv vrph frpsrqhqwv
ri P6 dqg jryhuqphqw erqgv vkrxog eh frpshwlqj dvvhw irupv1 Hyhq wkrxjk jry0
huqphqw erqgv ehfdph dydlodeoh lq wkh hduo| 4<93v/ lw zrxog qrw eh dssursuldwh
wr xvh wkhvh udwhv/ dv wudglqj ri jryhuqphqw erqgv rq wkh sulpdu| pdunhw zdv qrw
frqwlqxrxv dqg wkh fruuhvsrqglqj udwh ri uhwxuqv dgplqlvwudwlyho| �{hg iru orqj
shulrgv1 Lw zdv qrw xqwlo 4<;:/ zkhq dq rujdql}hg vhfrqgdu| pdunhw vwduwv wr rs0
hudwh/ wkdw lqwhuhvw udwhv rq jryhuqphqw erqgv ehfrph ixoo| pdunhw ghwhuplqhg1
D vlplodu ohduqlqj dgmxvwhg udwh rq jryhuqphqw erqgv zrxog wkhuhiruh eh qhhghg/
wkxv pdnlqj lw lpsrvvleoh wr xvh erwk ohduqlqj dgmxvwhg udwhv vlpxowdqhrxvo|147

Wkhuhiruh wkh rssruwxqlw| frvw phdvxuh xvhg lq wklv sdshu lv jlyhq e|

-| ' -@| �-6| +616,

zkhuh -6| lv wkh rzq udwh ri prqh| +fdofxodwhg dv d zhljkwhg dyhudjh ghsrvlw
udwh,1

Iljxuh 4 sorwv wkh gdwd1 Wzr wklqjv vkrxog eh qrwhg1 Iluvw/ d srvlwlyh orqj0
uxq uhodwlrq ehwzhhq yhorflw| ri prqh|/ �| � +| � E6 � R�|/ dqg wkh rssruwxqlw|
frvw ri prqh|/ -|/ vhhpv hylghqw1 Erwk yhorflw| dqg wkh rssruwxqlw| frvw ulvh
frqvlghudeo| xqwlo 4<:</ zkhq zlghvsuhdg �qdqfldo lqgh{dwlrq zdv lqwurgxfhg1
Diwhu wkdw/ yhorflw| idoov dv wkh rssruwxqlw| frvw ri kroglqj prqh| idoov1

Vhfrqg/ lw vhhpv reylrxv wkdw prqh| dqg sulfhv duh qrw vwdwlrqdu|1 Wkh
vprrwkqhvv ri 6| dqg R| lq Iljxuh 4d zrxog ixuwkhu vxjjhvw wkdw wkhvh surfhvvhv
duh forvh wr ehlqj L+5,/ exw wkh pruh huudwlf qdwxuh ri E6� R�| lq Iljxuh 4e lp0
solhv wkdw E6� R�| lv L+4,1 Wklv lqglfdwhv wkdw prqh| dqg sulfhv frlqwhjudwh/ zlwk
wkh frlqwhjudwlqj yhfwru E�c���1 Wklv djdlq lpsolhv d orqj0uxq sulfh hodvwlflw| ri
xqlw|/ zklfk zloo eh lpsrvhg wkurxjkrxw wkh sdshu1 Wkh prgho lv wkhuhiruh hvwl0
pdwhg iru uhdo udwkhu wkdq qrplqdo prqh|/ dv vxjjhvwhg e| wkh wkhruhwlfdo prgho

47Wkh erqg udwh zdv wulhg lqvwhdg ri wkh wuhdvxu| eloo udwh wr fdofxodwh wkh ohduqlqj dgmxvwhg

udwh/ Udw1 Wkh uhvxowv zhuh vrphzkdw lqihulru wr wkh rqhv uhsruwhg khuh1
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lq wkh suhylrxv vhfwlrq1 Rxwsxw lq Iljxuh 4e/ wkh udwh ri uhwxuqv/ -@| dqg -6|/
lq Iljxuh 4f dqg yhorflw| lq Iljxuh 4g doo vhhp wr eh ,+4,1 Wkh rssruwxqlw| frvw
phdvxuh/ -|/ dovr vhhpv wr eh ,+4,/ hyhq wkrxjk lw lv d qhw udwh +ru d uhdo udwh,
zklfk pljkw eh h{shfwhg wr eh vwdwlrqdu|1 Iurp wkh �jxuh/ lw lv krzhyhu hylghqw
wkdw lw lv pruh dssursuldwh wr wuhdw wklv vhulhv dv gl�huhqfh vwdwlrqdu| udwkhu wkdq
ohyho vwdwlrqdu|1 Lw vhhpv wkhuhiruh dssursuldwh wr wuhdw E6�R�|/ +| dqg -| dv ,+4,
vhulhv/ lpso|lqj wkdw wkhlu jurzwk udwhv duh vwdwlrqdu|1
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Iljxuh 41 Wkh gdwd

71 Hvwlpdwlrq Uhvxowv

7141 D jhqhudo YDU prgho

Wkh �uvw vwhs wrzdugv rewdlqlqj wkh �qdo prqh| ghpdqg htxdwlrq lv wr hvwlpdwh
wkh mrlqw gdwd ghqvlw| zlwk dq xquhvwulfwhg yhfwru dxwruhjuhvvlyh +YDU, prgho1
Kdylqj rewdlqhg d vwdeoh dqg frqjuxhqw YDU/ wkh v|vwhp fdq eh dqdo|vhg iru
frlqwhjudwlrq uhodwlrqv dqg ixuwkhu vwuxfwxudo lqwhusuhwdwlrqv rewdlqhg iurp wkh
wkhruhwlfdo prgho lq wkh suhylrxv vhfwlrq1 Wkh qh{w vwhs lv wr whvw zhdn h{rjhqhlw|
uhvwulfwlrqv vr dv wr h{dplqh zkhwkhu wkh mrlqw gdwd ghqvlw| fdq eh frqglwlrqhg
ixuwkhu1 Wkh lpsruwdqw ehqh�w ri wkh dssurdfk xvhg khuh lv wkdw frqglwlrqlqj
k|srwkhvhv fdq eh whvwhg zlwklq d frqvlvwhqw iudphzrun/ wkxv dyrlglqj dq| lqydolg
frqglwlrqlqj ri wkh mrlqw ghqvlw|1 Wklv dssurdfk lv frqvlvwhqw zlwk wkh surjuhvvlyh
uhgxfwlrq surfhgxuh dgyrfdwhg e| wkh jhqhudo0wr0vshfl�f vfkrro/ jhqhudol}hg wr
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v|vwhp dqdo|vlv/ dv dssolhg e| Khqgu| dqg Pl}rq +4<<6,/ Fohphqwv dqg Pl}rq
+4<<4, dqg Khqgu| dqg Grruqln +4<<7,1

Wkh xquhvwulfwhg/ Jdxvvldq YDU+&, v|vwhp iru wkh R0glphqvlrqhg yhfwru/ ij|j
lv

j| '

&[

�'�

��j|3� nC#| n 0|( 0| � ,1REfcl� +714,

zkhuh wkh lqlwldo ydoxhv ij
3&n�c ���cjfj duh wdnhq dv jlyhq dqg #| lv d r � �

yhfwru ri ghwhuplqlvwlf yduldeohv/ vxfk dv frqvwdqw dqg gxpp| yduldeohv1 Wkh
yhfwru lqfoxghv rqh vxfk gxpp| yduldeoh iru wkh |hdu 4<;7/ _He|/ fruuhvsrqglqj wr
d vwuxfwxudo fkdqjh lq wkh Lfhodqglf �qdqfldo v|vwhp/ gxh wr wkh olehudol}dwlrq ri
lqwhuhvw udwh ghwhuplqdwlrq148 Lw zrxog kdyh ehhq suhihuuhg wr prgho wklv vwuxf0
wxudo euhdn h{solflwo|/ exw dv wkh gxpp| yduldeoh lv qrw irxqg vljql�fdqw lq wkh
prqh| ghpdqg htxdwlrq/ zklfk lv ri sulpdu| lqwhuhvw/ wklv lv qrw sxuvxhg khuh1

Wkh odj ohqjwk ri wzr zdv fkrvhq iru wkh YDU1 D olnholkrrg udwlr +OU, whvw iru
odj 5 djdlqvw odj 6 jdyh d whvw vwdwlvwlf ri 8 Ebc e�� ' f�bS ES ' f�eb�/ xvlqj Udr*v
8 0dssur{lpdwlrqv ri wkh OU whvw +vhh Grruqln dqg Khqgu|/ 4<<8,1

Dv wkh sdudphwhuv ri wkh xquhvwulfwhg YDU duh qrw ri lqwhuhvw e| wkhpvhoyhv/
wkh uhvlgxdo dqdo|vlv ri wkh v|vwhp lv rqo| uhsruwhg lq Wdeoh 41 Wkh �uvw sduw
uhsruwv wkh uhvlgxdo fruuhodwlrqv ri wkh v|vwhp1 Wkhuh duh odujh fruuhodwlrqv eh0
wzhhq uhdo edodqfhv dqg wkh rssruwxqlw| frvw dqg uhdo rxwsxw/ uhvshfwlyho|/ wkdw
qhhg ixuwkhu prghoolqj1 Dw wkh vdph wlph wkh fruuhodwlrq ehwzhhq wkh rxwsxw
dqg rssruwxqlw| frvw uhvlgxdov lv forvh wr }hur1 Wkh vhfrqg sduw uhsruwv whvwv iru
qrupdoo| glvwulexwhg krprvfhgdvwlf lqqrydwlrq huuruv iru hdfk lqglylgxdo htxdwlrq
dqg wkh v|vwhp dv d zkroh1 Dv fdq eh vhhq/ wkhvh whvwv vxjjhvw qr vhulrxv vshfl0
�fdwlrq sureohpv dw wklv vwdjh= wkh whvwv gr qrw uhmhfw wkdw wkh uhvlgxdov ri hdfk
htxdwlrq duh qrupdoo| glvwulexwhg zklwh qrlvh surfhvvhv1 Wkh vdph dssolhv iru wkh
v|vwhp1

Dqrwkhu lpsruwdqw sduw ri v|vwhp frqjuxhqf| lv wkdw wkh lqlwldo jhqhudo v|v0
whp glvsod|v frqvwdqf|1 Wklv fdq eh whvwhg e| hvwlpdwlqj wkh YDU zlwk uhfxuvlyh
phwkrgv1 Wkh sureohp khuh lv wkh uhodwlyho| ihz qxpehu ri revhuydwlrqv dydlo0
deoh1 Hvwlpdwlrq zlwk uhfxuvlyh phwkrgv vxjjhvwv qr hylghqfh ri qrq0frqvwdqf|/
dowkrxjk wkh uhvxowv pxvw eh lqwhusuhwhg zlwk fdxwlrq149

Ilqdoo|/ wkh orqj0uxq lpsdfw pdwul{/� �
S

&

�'�
���W/ kdv rqh hljhqydoxh zlwk

prgxoxv htxdo wr 3187 dqg wzr hljhqydoxhv htxdo wr 31381 Wklv vxjjhvwv wkdw� kdv

48Wkh gxpp| yduldeoh wdnhv wkh ydoxh xqlw| lq 4<;7 dqg }hur rwkhuzlvh1 Gxh wr wkh gh�qlwlrq

ri Uw/ g;7w frxog dovr eh lqwhusuhwhg dv d vwuxfwxudo euhdn lq wkh sulfh surfhvv/ zkhq lq dwlrq
ihoo iurp 93( lq 4<;6 wr 53( lq 4<;71 Wklv vwuxfwxudo euhdn lv ixoo| h{sodlqhg e| fkdqjhv lq
zdjhv dqg lpsruw sulfhv/ vhh Sìwxuvvrq +4<<;e,1

49Wkh uhvxowv duh dydlodeoh iurp wkh dxwkru xsrq uhtxhvw1
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Wdeoh 41 Uhvlgxdo dqdo|vlv ri wkh YDU+5, v|vwhp
Uhvlgxdo fruuhodwlrqv

+p� s,w |w Uw

+p� s,w 4133 � �

|w 3185 4133 �

Uw 031:4 3134 4133

Uhvlgxdo gldjqrvwlfv

+p� s,w |w Uw YDU prgho

e� 8199( 6195( 71<8( Idu4�5+4;> 75, 3179
Idu4�5+5> 54, 3189 4197 3178 Ikhw+:5>66, 319;
Idufk4+4> 54, 3176 3197 31<3 "5

q
+9, ;1:8

Ikhw+45>43, 41;9 3176 31:9
"5
q
+5, 3167 4199 4173

Qrwh = e� ghqrwhv wkh vwdqgdug huuru ri wkh htxdwlrq1 Idu4�5 ghqrwhv dq I 0
whvw iru qr vhuldo fruuhodwlrq/ djdlqvw d vhfrqg rughu dxwrfruuhodwlrq1 Idufk4

ghqrwhv wkh Hqjoh +4<;5, iru qr dxwruhjuhvvlyh frqglwlrqdo khwhurvfhgdvwlflw|/
djdlqvw d �uvw rughu DUFK h�hfw1 Ikhw ghqrwhv wkh Zklwh +4<;3, whvw iru qr
khwhurvfhgdvwlflw|1 "5q ghqrwhv wkh Grruqln dqg Kdqvhq +4<<6, qrupdolw| whvw1
Wkh wdeoh dovr vkrzv dqdorjrxv v|vwhp whvwv1

uhgxfhg udqn/ lpso|lqj rqh frlqwhjudwlqj frpelqdwlrq dqg wzr frpprq vwrfkdvwlf
wuhqgv1 Wkh hvwlpdwlrq dqg lghqwl�fdwlrq ri wklv frlqwhjudwlqj uhodwlrqvkls lv wkh
vxemhfw ri wkh qh{w vhfwlrq1

7151 Frlqwhjudwlrq

D xvhixo uhirupxodwlrq ri wkh xquhvwulfwhg YDU prgho lq +714, lv wkh yhfwru HFP
+YHFP, uhsuhvhqwdwlrq ri wkh prgho

{j| '

&3�[

�'�

K�{j|3� nkq
�

j|3� nC#| n 0| +715,

zkhuh K� � �

S
&
�'�n��� dqg � kdv ehhq idfwrul}hg lqwr wzr R � o pdwulfhv

zlwk ixoo udqn kq
�

/ zkhuh k lv wkh pdwul{ ri dgmxvwphqw frh!flhqwv +wkh idfwru
ordglqjv, dqg q lv wkh pdwul{ ri frlqwhjudwlqj uhodwlrqv1 Wkhuh duh wkhuhiruh o

frlqwhjudwlqj ,+3, uhodwlrqv lqgxflqj wkh uhvwulfwhg/ uhgxfhg udqn ,+3, vshfl�fdwlrq
+vhh Mrkdqvhq/ 4<;;, lq htxdwlrq +715,1

Ehiruh +715, lv hvwlpdwhg zlwk wkh ixoo lqirupdwlrq pd{lpxp olnholkrrg +ILPO,
phwkrg ri Mrkdqvhq +4<;;/ 4<<4,/ wkh qdwxuh ri wkh ghwhuplqlvwlf yduldeohv qhhgv
wr eh ghwhuplqhg dqg krz wkh| hqwhu wkh prgho1 Wkh lqwhufhsw fdqqrw eh uh0
vwulfwhg d sulrul wr olh lq wkh frlqwhjudwlrq vsdfh dv d ghwhuplqlvwlf wuhqg lq rxw0
sxw fdqqrw eh uxohg rxw/ fi1 Iljxuh 41 Wkhuh vkrxog/ krzhyhu/ eh qr wuhqg lq
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Wdeoh 51 Frlqwhjudwlrq whvwv

Hljhq0 <8( fulwlfdo <8( fulwlfdo

+3 k|srwkhvhv ydoxhv "
5

pd{
ydoxhv "

5

wudfh
ydoxhv

u @ 3 318;6 5:145 5413 631:9 5<1:

u � 4 313:; 5184 4714 6197 4817

u � 5 31369 4146 61; 4146 61;

Vwdqgdugl}hg hljhqyhfwruv eq
3

Vwdqgdugl}hg idfwru ordglqjv ek

+p� s,w |w Uw 4 5 6

4 4 031;:: 61;79 +p� s,w 0313<6 31344 31335

5 317;: 4 41;77 |w 313;3 031344 31334

6 04;1<7 45185 4 Uw 0313<: 031357 031334

Qrwh= u lv wkh qxpehu ri frlqwhjudwlqj uhodwlrqv1 Wkh OU whvwv/ "
5
pd{

dqg "
5
wudfh

> duh ghulyhg lq Mrkdqvhq dqg Mxvholxv +4<<3,1 Wkh fulwlfdo
ydoxhv duh wdnhq iurp Rvwhuzdog0Ohqxp +4<<5,1

wkh lqwhuhvw udwh1 Wkh lqwhufhsw lv wkhuhiruh lqfoxghg xquhvwulfwhgo|1 Wkh gxpp|

yduldeoh/ _He|/ lv uhvwulfwhg wr kdyh rqo| vkruw0uxq h�hfwv dqg qr h�hfwv rq wkh

orqj0uxq uhodwlrqv14:

Wdeoh 5 uhsruwv wkh uhvxowv ri wkh uhgxfhg udqn uhjuhvvlrqv dqg wkh Mrkdqvhq
+4<;;, whvwv iru wkh qxpehu ri frlqwhjudwlqj yhfwruv1 Wkh orqj0uxq pdwul{ kdv rqh
txlwh odujh hljhqydoxh dqg wzr vpdoo/ pdwfklqj hduolhu uhvxowv14;

Iljxuh 5 sorwv wkh wkuhh hvwlpdwhg uhodwlrqv/ eq
�

j|/ wrjhwkhu zlwk wkh �wwhg
dqg dfwxdo ydoxhv ri j|/ zkhuh %�| duh wkh dfwxdo ydoxhv dqg �

S
� �'�

eq
��%�| duh wkh

�wwhg ydoxhv1 Wkh �jxuh dovr sorwv wkh uhfxuvlyho| hvwlpdwhg hljhqydoxhv E>�/ � '
�c 2c ��/ xvlqj wkh vzlwfklqj dojrulwkp ri Kdqvhq dqg Mrkdqvhq +4<<5,/ diwhu kdylqj
sduwldoohg rxw wkh ixoo0vdpsoh vkruw0uxq g|qdplfv dqg xquhvwulfwhg yduldeohv1 Wkh
�uvw uhodwlrq vhhpv vwdwlrqdu| dqg/ iurp Wdeoh 5/ orrnv olnh d prqh| ghpdqg
uhodwlrq/ zlwk d srvlwlyh lqfrph hodvwlflw| dqg d odujh qhjdwlyh lqwhuhvw udwh vhpl0
hodvwlflw|1 Wkh rwkhu wzr frpsrqhqwv duh glvwlqfwo| qrw vwdwlrqdu|1 Dffruglqjo|/
wkh odujhvw hljhqydoxh lv txlwh vwdeoh dqg dozd|v odujhu wkdq }hur/ zkhuhdv wkh
rwkhu wzr duh doprvw }hur doo wkh wlph14< Ilqdoo|/ wkh frlqwhjudwlqj yhfwru vhhpv

4:Wuhqg vwdwlrqdulw| ri wkh gdwd zdv dovr fkhfnhg e| doorzlqj d olqhdu wlph wuhqg lq wkh
frlqwhjudwlqj vsdfh1 Wkh wuhqg zdv irxqg lqvljql�fdqw/ "5+4, @ 4=36 +S @ 3=64,1

4;Dv wkh fulwlfdo ydoxhv duh pruh vxlwhg wr odujhu gdwd vhwv wkdq xvhg khuh/ wkh irupdo whvw
vwdwlvwlfv pxvw eh lqwhusuhwhg zlwk fdxwlrq1 Wkh vpdoo vdpsoh fruuhfwlrqv vxjjhvwhg e| Uhlphuv
+4<<5, zhuh qrw xvhg vlqfh wkh uhvxowv lq Nrvwldo +4<<7, lqglfdwh d whqghqf| iru wkh fulwlfdo ydoxhv
wr xqghuhvwlpdwh wkh glphqvlrq ri wkh frlqwhjudwlqj vsdfh hyhq zkhq xqdgmxvwhg1

4<Djdlq/ lw pxvw eh nhsw lq plqg wkdw uhodwlyho| ihz revhuydwlrqv duh xvhg lq wkh uhfxuvlyh
hvwlpdwhv1
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wr kdyh uhdvrqdeoh h{sodqdwru| srzhu iru uhdo prqh| edodqfhv exw yhu| olwwoh iru

rxwsxw dqg wkh rssruwxqlw| frvw1

1970 1980 1990

-4

-3.5 vector1

1970 1980 1990

-1

-.5

0
mp fitted

1990 1995

.5

1
mu1

1970 1980 1990

3.5

4

4.5

5
vector2

1970 1980 1990

4

4.5
y fitted

1990 1995

.5

1
mu2

1970 1980 1990

60

65

70
vector3

1970 1980 1990

-5

0

5
R fitted

1990 1995

.5

1
mu3

Iljxuh 51 Frlqwhjudwlrq dqdo|vlv

715141 Wkh uhvwulfwhg frlqwhjudwlrq yhfwru

Dv lw vwdqgv/ wkh wkhruhwlfdo prqh| ghpdqg prgho lq +5145, lpsrvhv qr ryhu0
lghqwli|lqj uhvwulfwlrqv rq wkh frlqwhjudwlqj vsdfh1 Krzhyhu/ vwdqgdug prghov
ri prqh| ghpdqg vxjjhvw ydulrxv ydoxhv iru wkh orqj0uxq lqfrph hodvwlflw|/ #1
Wkhuhiruh lw zrxog eh lqwhuhvwlqj wr whvw wkhvh uhvwulfwlrqv1

Wkh vwuxfwxudo k|srwkhvhv duh irupxodwhg dv whvwv derxw wkh frlqwhjudwlqj
vsdfh/ l1h1 zkhwkhu wkh vwdwlrqdu| sduw ri wkh vsdfh vsdqqhg e| wkh qrq0vwdwlrqdu|
yduldeohv lqfoxghv wkh wkhruhwlfdo orqj0uxq uhodwlrq iurp wkh suhylrxv vhfwlrq1 Wd0
eoh 6 uhsruwv wkh uhvxowv1 Dv vhhq lq wkh �uvw sduw ri Wdeoh 6/ lqfrph hodvwlflw|
ri xqlw| lv qrw uhmhfwhg/ zkhuhdv ydoxhv ri �

2
dqg �

�
duh vwurqjo| uhmhfwhg/ wkhuh0

iruh uhmhfwlqj wkh wudqvdfwlrq prgho ri Edxpro +4<85, dqg Wrelq +4<89, dqg wkh
suhfdxwlrqdu| prgho ri Ploohu dqg Ruu +4<99, lq wklv gdwd vhw1

Wkh vhfrqg sduw lq Wdeoh 6 uhsruwv whvwv ri zhdn h{rjhqhlw| ri wkh iruflqj
yduldeohv/ +| dqg -|/ iru wkh orqj0uxq sdudphwhuv1 Wkh OU whvwv lqglfdwh wkdw +|

dqg -| duh zhdno| h{rjhqrxv iru wkh orqj0uxq sdudphwhuv lq wkh prqh| ghpdqg
htxdwlrq/ zklfk lv d qhfhvvdu| frqglwlrq iru ydolg frqglwlrqlqj rq wkhvh yduldeohv
+vhh Hqjoh hw do1/ 4<;6 dqg Mrkdqvhq/ 4<<5,1 Zkhq wkh uhvwulfwlrqv rq k dqg q
duh whvwhg mrlqwo|/ wkh OU0whvw jlyhv �2E�� ' S�H ES ' f�fH�1

47



Wdeoh 61 Whvwlqj uhvwulfwlrqv rq k dqg q

Whvwlqj uhvwulfwlrqv rq q

Uhvwulfwlrqv rq � @ $
#

Whvw vwdwlvwlf s0ydoxh

+3= � @ 4 "5+4, @ 5=<8 313<

+3= � @ 4@5 "5+4, @ 49=8: 3133

+3= � @ 4@6 "5+4, @ 4<=99 3133

Whvwlqj uhvwulfwlrqv rq k

Zhdn h{rjhqhlw| uhvwulfwlrqv Whvw vwdwlvwlf s0ydoxh

+3= �| @ 3 "
5+4, @ 5=43 3148

+3= �U @ 3 "
5+4, @ 4=95 3153

+3= �| @ �U @ 3 "
5+5, @ 6=:< 3148

Mrlqw whvw=

+3= � @ 4> �| @ �U @ 3 "
5+6, @ 9=;7 S @ 3=3;

Qrwh = Wkh OU whvwv rq wkh frlqwhjudwlqj vsdfh dqg wkh idfwru
ordglqjv duh ghulyhg lq Mrkdqvhq dqg Mxvholxv +4<<3,1

Wkh frlqwhjudwlqj yhfwru xvhg lq wklv vwxg| wkhuhiruh lpsrvhv d xqlw orqj0uxq
lqfrph hodvwlflw|/ wkxv lpso|lqj htxdo ydoxhv ri wkh ulvn dyhuvlrq sdudphwhuv/ dqg
zhdn h{rjhqhlw| ri +| dqg -| zlwk uhvshfw wr wkh orqj0uxq sdudphwhuv153 Wkh
uhvxowlqj orqj0uxq uhodwlrq lv

E6_
� R�| ' +|� e�f�f

Ef�e��
-| n SJ?r| +716,

Wkh qxpehu lq sduhqwkhvlv lv d vwdqgdug huuru +vhh Mrkdqvhq/ 4<<4,1 Wklv uhodwlrq
lpsolhv d srvlwlyh orqj0uxq uhodwlrq ehwzhhq yhorflw| dqg wkh rssruwxqlw| frvw ri
prqh|154

Wkh orqj0uxq lqfrph hodvwlflw| ri prqh| ghpdqg lv irxqg wr eh xqlw|/ vxjjhvw0
lqj krprwkhwlf suhihuhqfhv1 Wklv dovr lpsolhv wkdw krxvhkrogv duh htxdoo| dyhuvh
wr yduldwlrqv lq frqvxpswlrq dqg uhdo prqh| edodqfhv1 Wkh lpsolhg ydoxh ri e/ ' e�

lv f�2D zlwk d vwdqgdug huuru ri f�f2� +fdofxodwhg xvlqj Fudpìu*v uxoh,1 Wkhvh hvwl0
pdwhv duh lq wkh orzhu uhjlrq ri furvv frxqwu| hvwlpdwhv iurp frqvxpswlrq0edvhg

53D OU whvw iru wkh qxoo k|srwkhvlv ri vwdwlrqdulw| lv vwurqjo| uhmhfwhg iru doo vhulhv/ lqfoxglqj

yhorflw|1 Wklv pdwfkhv wkh frqfoxvlrqv gudzq iurp Iljxuh 41 Wkh uhvxowv duh dydlodeoh xsrq

uhtxhvw1
54Lw lv dovr ri lqwhuhvw wr whvw zkhwkhu wkh gdwd uhmhfwv htxdo orqj0uxq vhpl0hodvwlflwlhv ri

Udw dqg Upw1 Wklv fdq eh grqh e| hvwlpdwlqj d YDU prgho iru ^+p � s,w> |w>Udw> Upw` dqg
whvwlqj zkhwkhu Udw dqg Upw kdyh htxdo frh!flhqwv exw zlwk rssrvlwh vljqv lq wkh frlqwhjudwlrq

dqdo|vlv1 Wkh OU whvw jlyhv "5+4, @ 3=8< +S @ 3=77,/ wkhuhiruh qrw uhmhfwlqj htxdo orqj0uxq vhpl0

hodvwlflwlhv1 Wklv lpsolhv wkdw wkh rssruwxqlw| frvw/ Uw/ fdq eh xvhg lqvwhdg ri wkh wzr lqwhuhvw

udwhv vhsdudwho| lq wkh frlqwhjudwlqj dqdo|vlv wr uhgxfh wkh glphqvlrqdolw| ri wkh v|vwhp1
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dvvhw sulflqj prghov1 Wkh| w|slfdoo| �qg hvwlpdwhv ri wkh ulvn dyhuvlrq sdudphwhuv
o|lqj lq wkh uhjlrq 318 wr 7 iru gl�huhqw frxqwulhv1 Ixuwkhu/ zkhq wkh vhw ri dvvhwv
lv dxjphqwhg zlwk vwrfnv/ wkh ulvn dyhuvlrq sdudphwhu lv w|slfdoo| kljkhu/ o|lqj lq
wkh uhjlrq 5 wr 9/ vhh Ur| +4<<8,1 Doorzlqj iru kdelw shuvlvwhqfh lq xwlolw| zlghqv
wkh hvwlpdwlrq uhjlrq ixuwkhu wr 3168 wr 45/ vhh Eudxq hw do1 +4<<6,1

81 D Vlqjoh0Htxdwlrq Prqh| Ghpdqg Prgho

8141 D frqglwlrqdo HFP iru uhdo prqh| edodqfhv

Wklv �qdo vhfwlrq irfxvhv rq wkh frqglwlrqdo ghqvlw| ri uhdo prqh| edodqfhv/ jlyhq
+| dqg -| dqg wkh sdvw klvwru| ri wkh surfhvv1 Wkhuhiruh/ wkh YDU prgho lv sduwl0
wlrqhg lqwr wkh frqglwlrqdo dqg pdujlqdo prghov1 Wkh gdwd yhfwru lv sduwlwlrqhg
dv j| ' dE6 � R�| G ~|o/ zkhuh ~| � E+|c -|�� duh wkh yduldeohv frqglwlrqhg xsrq1
Wkh frlqwhjudwhg YDU+5, zlwk rqh frlqwhjudwlqj yhfwru fdq wkxv eh uhzulwwhq dv

{E6� R�
|

' K6�{j|3� n k6q
�
j|3� nC6#| n 06| +814,

{~| ' K~�{j|3� nk~q
�

j|3� nC~#| n 0~| +815,

zkhuh K� ' EK6� G K~��/ k ' Ek6 G k~�/ C ' EC6 G C~� dqg 0| ' E06| G 0~|�
kdyh ehhq sduwlwlrqhg dffruglqjo|1

Wkh frqglwlrqdo prgho iru {E6� R�
|
jlyhq wkh sdvw dqg {~| lv jlyhq e|

{E6� R�
|
' KW

6�
{j|3� n k

W

6
q�
j|3� n 1{~| nC

W

6
#| n 0

W

6|
+816,

zkhuh KW

6�
� EK6� � 1K

~�
�/ kW

6
� Ek6 � 1k

~
�/ CW

6
� EC6 � 1C

~
�/ 0W

6|
�

E06|�10~|� dqg 1 � l6~
l
3�

~~
/ zkhuh wkh fryduldqfh pdwul{ kdv ehhq sduwlwlrqhg

frqirupdeo|1 Lq jhqhudo d ixoo v|vwhp dqdo|vlv lv qhfhvvdu| vlqfh wkh idfwru ordglqjv
iurp wkh pdujlqdo prgho/ k~/ dovr hqwhu wkh frqglwlrqdo prgho1 Hvwlpdwlrq ri wkh
frqglwlrqdo prgho dorqh zrxog wkhuhiruh uhvxow lq d orvv ri lqirupdwlrq1 Krzhyhu/
li k~ ' f wkh iruflqj yduldeohv duh zhdno| h{rjhqrxv/ lq wkh vhqvh ri Hqjoh hw

do1 +4<;6,/ dqg h!flhqw hvwlpdwhv ri sdudphwhuv ri lqwhuhvw fdq eh rewdlqhg iurp
hvwlpdwlqj wkh frqglwlrqdo prgho dorqh/ vhh Mrkdqvhq +4<<5,1 Wkh uhvxowv iurp
wkh zhdn h{rjhqhlw| whvwv lq Wdeoh 6 wkhuhiruh lqglfdwh wkdw wkh dqdo|vlv fdq eh
ixuwkhu vlpsol�hg wr dqdo|vlqj wkh frqglwlrqdo ghqvlw| ri uhdo prqh| edodqfhv1

Hvwlpdwlqj wkh frqglwlrqdo YDUdprxqwv wr hvwlpdwlqj d vlqjoh0htxdwlrqprqh|
ghpdqg prgho1 Wr hvwlpdwh wkh frqglwlrqdo HFP/ wkh orqj0uxq prqh| uhodwlrq
iurp +716, lv xvhg1 Wkh �qdo prgho lv

g{E6� R�| 'f�.Sb
Ef��2�

{+|� f�.DD
Ef�fb�

{-|n f��.e
Ef�f2�

E� � e�f�f-�|3�� f�.D2
Ef�fb�

+817,
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ROVc 4<9704<<8 +A ' �2,/ 5
2
' f�Hf/ ej0 ' 2�.eI/ 8e?SEDc 22� ' f�H�/

8@o�32E2c 2S� ' f���/ 8@oS��E�c 2S� ' f�S./ �2
?E2� ' D�S2/ 8�e|ESc 2�� ' f�b�/

8s?Ebc �H� ' f�H�/ 8oere|E�c 2.� ' f��f/ 8sJoEDc 2�� ' ���e/ 8S�J�.bE�2c �2� ' f�D�c
T 7 ' f���/ a7 ' f�SD

zkhuh wkh qxpehuv lq sduhqwkhvhv duh Zklwh*v +4<;3, khwhurvfhgdvwlflw| dg0

mxvwhg vwdqgdug huuruv1 5
2

lv wkh ghjuhhv ri iuhhgrp dgmxvwhg frh!flhqw ri gh0
whuplqdwlrq/ 8e?S whvwv iru sduvlprqlrxv hqfrpsdvvlqj/ whvwlqj wkh ydolglw| ri wkh
vlpsoli|lqj uhvwulfwlrqv rq dq xquhvwulfwhg glvwulexwhg odj prgho zlwk wzr odjv ri
hdfk yduldeoh/ DGO+5,1 Wkh HFP lpsrvhv �yh ryhu0lghqwli|lqj uhvwulfwlrqv rq wkh
DGO+5, zklfk duh hdvlo| dffhswhg155

8s? dqg 8oere| duh wkh Zklwh +4<;3, dqg Udpvh| +4<9<, whvwv iru qr vshfl�fd0
wlrq huuru1 8sJo lv wkh Fkrz whvw iru qr iruhfdvw lqvwdelolw| iru wkh odvw �yh |hduv1
8S�J�.b lv d Fkrz whvw iru d vwuxfwxudo euhdn lq 4<:<1 T 7 dqg a7 duh wkh Kdqvhq
+4<<5, whvwv iru qr lq0vdpsoh yduldqfh lqvwdelolw| dqg mrlqw yduldqfh dqg sdudphwhu
lqvwdelolw|/ uhvshfwlyho|1 Rwkhu whvwv kdyh suhylrxvo| ehhq h{sodlqhg1

Doo wkh whvwv kdyh S0ydoxhv deryh 315/56 lpso|lqj wkdw wkh k|srwkhvlv ri qru0
pdoo| glvwulexwhg/ krprvfhgdvwlf lqqrydwlrq huuruv lv qrw uhmhfwhg1 Wkhuh lv qr
hylghqfh ri lqvwdelolw| lq0 ru rxwvlgh wkh vdpsoh1 Ilqdoo|/ wkhuh lv qr hylghqfh
ri ixqfwlrqdo plv0vshfl�fdwlrq157 Wkh prgho h{sodlqv ;3( ri wkh jurzwk lq uhdo
prqh| edodqfhv zlwk d vwdqgdug huuru ri 51:(1 Doo sdudphwhuv duh zhoo ghwhuplqhg
+zlwk |0ydoxhv deryh 918, dqg zlwk fruuhfw vljqv/ doorzlqj +817, wr eh lqwhusuhwhg
dv d prqh| ghpdqg htxdwlrq1

Prgho vwdelolw| lv dqrwkhu lpsruwdqw idfwru ri gdwd frqjuxhqf|1 Wkh vwdelolw|
whvwv uhsruwhg deryh duh qrw deoh wr uhmhfw d frqvwdqw prqh| ghpdqg htxdwlrq1
Ixuwkhu/ zkhq hvwlpdwhg e| uhfxuvlyh phwkrgv/ qr lqvwdelolw| lv ghwhfwhg1 Iljxuh
6 uhsruwv wkh uhvxowv1

Wkh irxu �uvw �jxuhv vkrz wkh uhfxuvlyh sdudphwhu hvwlpdwhv dorqj zlwk wkhlu
	2ej edqgv1 Wkh �iwk �jxuh vkrzv wkh uhfxuvlyh rqh0vwhs uhvlgxdov zlwk 	2ej

edqgv/ dqg wkh �qdo �jxuh vkrzv wkh uhfxuvlyh rqh0vwhs Fkrz whvwv vfdohg e|

wkhlu 4( vljql�fdqfh ydoxhv1 Wkhuh dsshduv qr hylghqfh ri vwuxfwxudo lqvwdelolw|1

Wkh uhfxuvlyh sdudphwhuv duh frqvwdqw dqg vljql�fdqw iurp }hur iru wkh zkroh

55Wklv whvw lv vlplodu wr wkh Khqgu| dqg Pl}rq +4<<6, ryhu0lghqwli|lqj whvw iru hqfrpsdvvlqj
wkh YDU1

56H{fhsw wkh Grruqln dqg Kdqvhq +4<<6, qrupdolw| whvw/ zklfk jlyhv "5

q
+5, @ 8=9 +S @ 3=39,1

Wkh k|srwkhvlv ri qrupdoo| glvwulexwhg uhvlgxdov lv wkhuhiruh forvh wr ehlqj uhmhfwhg dw wkh 8(

fulwlfdo ohyho1
57Wkh lpsxovh gxpp|/ g;7w/ lv irxqg lqvljql�fdqw/ zlwk d I vwdwlvwlf ri I +4>5;, @ 4=5

+S @ 3=5<,1 Lw zdv dovr whvwhg zkhwkhu wkh vkruw0uxq vhpl0hodvwlflwlhv ri wkh rzq udwh dqg wkh
dowhuqdwlyh udwh zhuh vljql�fdqwo| gl�huhqw1 Wkh whvw vwdwlvwlf zdv I +4>59, @ 3=36 +S @ 3=;9,1
Wkh gdwd grhv wkhuhiruh qrw uhmhfw htxdo vkruw0uxq vhpl0hodvwlflwlhv1

4:



shulrg/ dqg wkh Fkrz whvwv duh qrzkhuh forvh wr wkhlu 4( vljql�fdqw ohyho1 Wkh
prgho wkxv glvsod|v frqvlghudeoh vwdelolw|/ lq vslwh ri odujh  xfwxdwlrqv lq wkh
frqglwlrqdo yduldeohv/ �qdqfldo lqqrydwlrqv lq wkh grphvwlf �qdqfldo pdunhw/ dqg
fkdqjhv lq wkh prqhwdu| srolf| uhjlph1

Wkh uhvxowv wkhuhiruh lpso| wkdw wkh frqglwlrqdo prgho lv gdwd frqjuxhqw/ zlwk
frqvwdqw sdudphwhuv/ d zhoo gh�qhg orqj0uxq htxloleulxp/ dqg krprvfhgdvwlf lq0
qrydwlrq huuruv1 Ixuwkhu/ lwv h{sodqdwru| yduldeohv frqvwlwxwh d qhdu ruwkrjrqdo
sdudphwhul}dwlrq158
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Iljxuh 61 Uhfxuvlyh vwdwlvwlfv

8151 Prqh| ghpdqg dqg vxshu h{rjhqhlw|

Wkh vlqjoh0htxdwlrq prqh| ghpdqg htxdwlrq lv hvwlpdwhg dvvxplqj wkdw rxwsxw
dqg wkh lqwhuhvw udwh duh zhdno| h{rjhqrxv iru wkh sdudphwhuv ri lqwhuhvw1 Li/
lq dgglwlrq/ wkh sdudphwhuv ri lqwhuhvw duh lqyduldqw wr wkh fodvv ri lqwhuyhqwlrqv
rffxuulqj gxulqj wkh vdpsoh shulrg/ wkh yduldeohv duh dovr vxshu h{rjhqrxv iru wkh
sdudphwhuv ri lqwhuhvw/ vhh Hqjoh/ hw do1 +4<;6,1 Wklv lpsolhv wkdw srolf| dqdo|vlv
fdq eh shuiruphg e| vxlwdeo| fkdqjlqj wkh surfhvvhv gulylqj wkhvh yduldeohv1

Wr whvw iru vxshu h{rjhqhlw|/ wkh lqyduldqfh whvw ri Hqjoh dqg Khqgu| +4<<6,
lv xvhg1 Wklv dprxqwv wr hvwlpdwlqj wkh pdujlqdo surfhvvhv iru wkh frqglwlrqdo
yduldeohv1 Li wkhvh frqglwlrqdo yduldeohv duh vxshu h{rjhqrxv/ wkh sdudphwhuv ri wkh
frqglwlrqdo prgho vkrxog eh lqyduldqw wr wkh sdudphwhuv ri wkh pdujlqdo prghov1

58
Wkh fruuhodwlrq ehwzhhq �|w dqg �Uw lv 0313;/ wkh fruuhodwlrq ehwzhhq �|w dqg wkh frlqwh0

judwlrq whup lv 316;/ dqg wkh fruuhodwlrq ehwzhhq �Uw dqg wkh frlqwhjudwlrq whup lv 031551
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Wdeoh 71 Hvwlpdwhg pdujlqdo htxdwlrqv

f�|
w
@3=34<

+3=33<,
. 3=794

+3=49,
�|w�4

5
5 @ 3=56/ e� @ 6=88(

g�Uw @ � 3=335
+3=34,

� 3=55;
+3=4;,

�Uw�4

5
5 @ 3=38/ e� @ 8=8<(

f�s
w
@3=365

+3=36,
. 3=;69

+3=44,
�sw�4

5
5 @ 3=99/ e� @ ;=77(

Zx0Kdxvpdq whvw= I +6>57, @ 3=;5 +S @ 3=83,

Wkxv/ wkh ghwhuplqdqwv ri wkh pdujlqdo prghov lqvwdelolw| vkrxog eh lqvljql�fdqw
li dgghg wr wkh frqglwlrqdo prgho1 Wklv fdq eh whvwhg e| dsso|lqj d Zx0Kdxvpdq
w|sh ri whvw e| whvwlqj wkh vljql�fdqfh ri wkh uhvlgxdov iurp wkh pdujlqdo htxdwlrqv
lq wkh frqglwlrqdo prgho1

Wkh pdujlqdo surfhvvhv iru {+|/ {-| dqg {R| +lqfoxghg gxh wr lwv d�hfw rq
prqh| ghpdqg wkurxjk E6� R�| dqg -|, duh wkhuhiruh hvwlpdwhg1 Wkh| duh ds0
sur{lpdwhg zlwk xqlyduldwh irxuwk0rughu dxwruhjuhvvlyh surfhvvhv dqg lq doo fdvhv
wkhvh frxog eh vlpsol�hg wr d �uvw rughu dxwruhjuhvvlyh surfhvvhv159 Wdeoh 7 uhsruwv
wkh uhvxowlqj hvwlpdwhv1

Wkh lqyduldqfh whvw iru vxshu h{rjhqhlw| lqglfdwhv wkdw wkh frqglwlrqdo yduldeohv
duh vxshu h{rjhqrxv iru wkh sdudphwhuv ri wkh prqh| ghpdqg htxdwlrq1 Ixuwkhu0
pruh/ wkh {R| dqg {-| htxdwlrqv euhdn grzq lq 4<;7/ pdwfklqj wkh vwuxfwxudo
euhdn fdswxuhg e| _He|/ glvfxvvhg deryh1 Wklv dovr lpsolhv vxshu h{rjhqhlw| df0
fruglqj wr Khqgu|*v +4<;;, frqvwdqf| whvw1 Kh vkrzv wkdw li wkh frqglwlrqdo prgho
lv frqvwdqw exw wkh pdujlqdo prghov duh qrw/ wkh frqglwlrqdo sdudphwhuv fdqqrw
ghshqg rq wkh pdujlqdo surfhvvhv dqg wkh frqglwlrqdo sdudphwhuv duh wkhuhiruh
vxshu h{rjhqrxv1

Wr vxppdul}h/ wkh uhvxowv iurp wkh vxshu h{rjhqhlw| whvwv lqglfdwh wkdw rxw0
sxw/ wkh rssruwxqlw| frvw dqg lq dwlrq duh vxshu h{rjhqrxv iru doo sdudphwhuv
ri wkh prqh| ghpdqg htxdwlrq1 Srolf| h{shulphqwv fdq wkhuhiruh eh frqgxfwhg
zlwk wkh prqh| ghpdqg htxdwlrq/ frqglwlrqdo rq wkhvh yduldeohv/ dv fkdqjhv lq
wkh pdujlqdo surfhvvhv zloo qrw d�hfw wkh sdudphwhuv ri wkh prqh| ghpdqg htxd0
wlrq1 Dv vxshu h{rjhqhlw| lpsolhv zhdn h{rjhqhlw| iru doo wkh sdudphwhuv ri wkh
prqh| ghpdqg htxdwlrq/ wkhvh uhvxowv dovr vxssruw suhylrxv �qglqjv1 Wklv ixuwkhu

59Khqgu| +4<;;, vkrzv wkdw wkhvh whvwv kdyh srzhu hyhq zkhq wkh pdujlqdo surfhvvhv duh
lqfruuhfwo| vshfl�hg1
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idflolwdwhv lghqwl�fdwlrq ri +817, dv d prqh| ghpdqg htxdwlrq1

8161 Whvwlqj wkh iruzdug orrnlqj prgho

Lq wklv �qdo vhfwlrq wkh iruzdug orrnlqj lqwhusuhwdwlrq ri wkh prqh| ghpdqg
htxdwlrq lq +5146, lv whvwhg1 Xqghu wklv lqwhusuhwdwlrq krxvhkrogv plqlpl}h wkh
h{shfwhg/ glvfrxqwhg suhvhqw ydoxh ri d txdgudwlf frvw ixqfwlrq jlyhq lq +5148,15:

Wkh plqlpl}dwlrq sureohp lv d vwdqgdug/ glvfuhwh wlph/ fdofxoxv ri yduldwlrq sure0
ohp ri zklfk wkh vroxwlrq phwkrg lv jlyhq lq Vdujhqw +4<:<, dqg Kdqvhq dqg
Vdujhqw +4<;3,1

Wkh Hxohu htxdwlrq rewdlqhg iurp wkh plqlpl}dwlrq sureohp fdq eh zulwwhq
lq wkh iroorzlqj zd|

{E6� R�| ' B(E{E6� R�|n� m L|�� �E6�6_�| +818,

Wkh Hxohu htxdwlrq fdq eh vroyhg ixuwkhu wr jlyh d iruzdug orrnlqj HFP

{E6� R�| ' E�� b�
"[

�'f

EbB��q�
~
(E{~|n� m L|�� E� � b�q�

j|3� +819,

zkhuh wkh frlqwhjudwlqj yhfwru kdv ehhq sduwlwlrqhg dv q ' E� G �q
~
� dqg b lv

wkh vwdeoh urrw ri wkh txdgudwlf htxdwlrq B,2� E�n Bn��,n� ' f iurp wkh Hxohu
htxdwlrq1

Wr rewdlq d forvhg irup vroxwlrq wr wklv prgho vrph dvvxpswlrqv pxvw eh
pdgh frqfhuqlqj wkh gdwd jhqhudwlqj surfhvv iru wkh iruflqj yduldeohv {~|1 Wkh
reylrxv fkrlfh lv wkh pdujlqdo YDUprgho lq +815, +devwudfwlqj iurp ghwhuplqlvwlf
whupv wr vlpsoli| wkh qrwdwlrq,

{~| ' K~�{j|3� nk~q
�

j|3� n 0~|

Wkh suhylrxv dqdo|vlv lqglfdwhv wkdw wkh iruflqj yduldeohv duh zhdno| h{rjhqrxv

iru wkh orqj0uxq sdudphwhuv/ l1h1 k~ ' f1 Ixuwkhupruh/ {E6 � R�| lv qrw irxqg
wr Judqjhu +4<9<, fdxvh {+| ru {-|/ �2E2� ' f�b2 ES ' f�S��1 Wkxv/ uhdo prqh|
kroglqjv duh vwurqjo| h{rjhqrxv lq wkh vhqvh ri Hqjoh hw do1 +4<;6, zlwk uhvshfw
wr wkh sdudphwhuv ri lqwhuhvw lq wkh prqh| ghpdqg htxdwlrq1

Wkh gdwd jhqhudwlqj surfhvv iru {~| fdq wkhuhiruh eh dssur{lpdwhg e|

{~| ' K~~�{~|3� n 0~| +81:,

5:
Wkh frvw plqlpl}dwlrq lv lq whupv ri uhdo prqh| edodqfhv udwkhu wkdq qrplqdo prqh| edo0

dqfhv dv lq +5148,/ dv wkh jurzwk udwh ri uhdo prqh| edodqfhv lv vwdwlrqdu| zkhuhdv wkh jurzwk
udwh ri qrplqdo prqh| edodqfhv lv qrw1 Wklv kdv wkh xqdsshdolqj lpsolfdwlrq wkdw dgmxvwphqwv
ri qrplqdo prqh| kroglqjv duh frvwohvv li sulfhv dgmxvw e| wkh vdph pdjqlwxgh/ vhh Jrrgiulhqg
+4<<3,1
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zkhuh K~� ' EK~6� G K~~��/ dqg K~6� ' f dv {E6� R�| grhv qrw Judqjhu fdxvh
{+| ru {-|1

Iurp +81:, lw lv vlpsoh wr jhqhudwh ixwxuh h{shfwdwlrqv ri {~| xvlqj wkh odz
ri lwhudwhg h{shfwdwlrqv

(E{~|n� m K|� ' K
�

~~�{~| +81;,

zkhuh K| ' i{~|c{~|3�c ���j � L| lv wkh lqirupdwlrq vhw dydlodeoh wr wkh hfrqr0
phwulfldq1

Lqvhuwlqj wklv rswlpdo surmhfwlrq lqwr +819, jlyhv

{E6� R�| ' SJ?r|n E�� b�EW� bBK~~��
3�q�

~
{~| � E�� b�q�

j|3� n e| +81<,

Wkh uhvwulfwlrqv lpsrvhg rq wkh xquhvwulfwhg HFP lq +817, duh wkhuhiruh KW

6�
' f/

k
W

6
' �E��b� dqg 1 ' E��b�EW�bBK~~��3�q�

~
1 Wkh huuru whup e| lv jlyhq e| wkh

gl�huhqfh ehwzhhq wkh h{shfwhg ixwxuh sdwk ri wkh iruflqj yduldeohv frqglwlrqdo rq

wkh lqirupdwlrq vhw dydlodeoh wr krxvhkrogv L|/ dqg wkh lqirupdwlrq vhw dydlodeoh wr

wkh hfrqrphwulfldqK|/ l1h1 e| � E��b�
S
"

�'f
q�
~
d(E{~|n� m L|�� (E{~|n� m K|�o1

5;

Wkh iruzdug orrnlqj lqwhusuhwdwlrq ri wkh prqh| ghpdqg htxdwlrq lv hvwlpdwhg
vlpxowdqhrxvo| zlwk wkh h{shfwdwlrqv jhqhudwlqj surfhvv iru {~| lq +81:,1 Dv
wkh frlqwhjudwlqj yhfwru q lv hvwlpdwhg vxshu0frqvlvwhqwo|/ lw fdq eh wuhdwhg dv

�{hg zkhq hvwlpdwlqj wkh prqh| ghpdqg htxdwlrq/ mxvw dv zkhq hvwlpdwlqj wkh

frqglwlrqdo/ edfnzdug orrnlqj HFP deryh1 Ixuwkhupruh/ dv lv vwdqgdug lq wkh

udwlrqdo h{shfwdwlrqv olwhudwxuh/ wkh glvfrxqw idfwru B lv wdnhq dv jlyhq1 Wkh ydoxh

ri B lv fkrvhq dv 31<9 zklfk fruuhvsrqgv dssur{lpdwho| wr d 7( dqqxdo udwh ri wlph

suhihuhqfhv1 Wkxv/ rqo| b dqg K~~� duh hvwlpdwhg1 Ilqdoo|/ wkh vxshu h{rjhqhlw|

dqdo|vlv deryh lqglfdwhg wkdw wkh pdujlqdo htxdwlrqv iru {+| dqg {-| fdq eh

dssur{lpdwhg e| xqlyduldwh �uvw rughu DU htxdwlrqv1 Wkhuhiruh wkh r�0gldjrqdo

hohphqwv ri K~~� zloo eh vhw wr }hur lq wkh iroorzlqj dqdo|vlv1 Wkh uhvxowlqj

hvwlpdwhv duh uhsruwhg lq Wdeoh 81

Wkh uhvwulfwhg v|vwhp hvwlpdwh ri wkh iruzdug orrnlqj prgho lpsolhv d huuru

fruuhfwlrq frh!flhqw ri E�� eb� ' f��.D/ zklfk lv doprvw lghqwlfdo wr wkh hvwlpdwh

iurp wkh edfnzdug orrnlqj prgho iurp deryh15< Wkh dxwruhjuhvvlyh frh!flhqwv

lq wkh pdujlqdo htxdwlrqv duh dovr doprvw lghqwlfdo wr wkh xquhvwulfwhg hvwlpdwhv

lq Wdeoh 81 Wkh vwdqgdug huuru ri wkh prqh| ghpdqg htxdwlrq lv 61:(/ zklfk

lv derxw 4( srlqw kljkhu wkdq lq wkh xquhvwulfwhg edfnzdug orrnlqj prgho1 Wkh

5;Iru d pruh jhqhudo yhuvlrq ri wkhvh qrq0olqhdu furvv0htxdwlrq uhvwulfwlrqv vhh wkh dqdo|vlv lq
Sìwxuvvrq +4<<;e,1

5<Wkh lpsolhg frh!flhqwv rq �|w dqg �Uw lq wkh iruzdug orrnlqj prgho duh 3157 dqg 03193/
uhvshfwlyho|/ zklfk duh txlwh forvh wr wkh xquhvwulfwhg hvwlpdwhv lq +817,/ dowkrxjk wkh vkruw0uxq
lqfrph hodvwlflw| lv vrphzkdw vpdoohu1
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Wdeoh 81 Hvwlpdwlqj wkh iruzdug orrnlqj prqh| ghpdqg v|vwhp

Hvwlpdwhg v|vwhp

�+p� s,w @ frqvw.
�

4��
4����4

�
�|w �

�
+4��,�
4����5

�
�Uw . +4� �, +y � �U,w�4 . hw

�|w @ frqvw. �4�|w�4 . �4w
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Hvwlpdwhg sdudphwhuv

e� @3=;58
+3=375,

e�4 @3=68;
+3=455,

e�5 @ � 3=565
+3=497,

e�h @ 6=:( e��4
@ 6=9( e��5

@ 8=:(

Olnholkrrg udwlr whvw iru sdudphwhu uhvwulfwlrqv

"5
ru
+5, @ 6=9; +S @ 3=49,

vwdqgdug huuruv ri wkh pdujlqdo htxdwlrqv duh/ krzhyhu/ doprvw wkh vdph dv lq wkh
xquhvwulfwhg hvwlpdwhv1 Ilqdoo|/ wkh OU whvw iru wkh ryhu0lghqwli|lqj furvv0htxdwlrq
uhvwulfwlrqv grhv qrw uhmhfw163

Wkh iruzdug orrnlqj/ udwlrqdo h{shfwdwlrqv lqwhusuhwdwlrq ri wkh prqh| gh0
pdqg htxdwlrq lv wkhuhiruh qrw uhmhfwhg dqg wkh uhvwulfwhg hvwlpdwhv ri wkh g|0
qdplf dgmxvwphqw frh!flhqwv duh yhu| vlplodu wr wkh hvwlpdwhv iurp wkh xquh0
vwulfwhg hvwlpdwhv ri wkh frqwlqjhqw sodqqlqj htxdwlrq1 Wkh sureohp zlwk wklv
iruzdug orrnlqj lqwhusuhwdwlrq/ krzhyhu/ lv wkdw lq wkh suhylrxv vhfwlrq lw zdv
irxqg wkdw rqh ri wkh pdujlqdo htxdwlrqv lv xqvwdeoh/ dv wkh {-| htxdwlrq euhdnv
grzq lq 4<;71 Rqh vkrxog wkhuhiruh eh fduhixo lq lqwhusuhwlqj wklv htxdwlrq dv
dq h{shfwdwlrqv jhqhudwlqj surfhvv/ iru lw zrxog qrw eh vhqvleoh iru krxvhkrogv wr
xvh xqvwdeoh h{shfwdwlrqv jhqhudwlqj surfhvvhv1 Ixuwkhupruh/ dv Khqgu| +4<;;,
srlqwv rxw/ frqvwdqf| ri wkh frqglwlrqdo prgho dqg qrq0frqvwdqf| ri wkh pdu0
jlqdo prgho suhfoxghv d iruzdug orrnlqj lqwhusuhwdwlrq ri wkh frqglwlrqdo prgho1
Fxwkehuwvrq +4<<4, vkrzv/ krzhyhu/ wkdw wkhvh whvwv pd| kdyh orz srzhu lq vpdoo
vdpsohv1

Lw lv wkhuhiruh qrw fohdu zkhwkhu d iruzdug orrnlqj lqwhusuhwdwlrq ri wkh prqh|
ghpdqg htxdwlrq/ dowkrxjk vwdwlvwlfdoo| qrw uhmhfwhg/ lv ydolg1

91 Frqfoxvlrqv

Wklv sdshu dqdo|vlv wkh ghpdqg iru eurdg prqh| lq Lfhodqg lq wkh shulrg 4<95 wr

4<<81 D prgho ri d uhsuhvhqwdwlyh krxvhkrog zlwk prqh|0lq0wkh0xwlolw|0ixqfwlrq

63Qr vhuldo fruuhodwlrq lq hw zdv ghwhfwhg1 Wkh Omxqj0Er{ T whvw iru vhfrqg rughu vhuldo

fruuhodwlrq jdyh T @ 5=6< +S @ 3=63,1
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suhihuhqfhv lv dssolhg wr ghulyh wkh vwhdg| vwdwh vroxwlrq iru prqh| ghpdqg xvhg
lq wkh hpslulfdo dqdo|vlv1

D pxowlyduldwh frlqwhjudwhg YDU iru uhdo prqh| edodqfhv/ uhdo rxwsxw dqg d
phdvxuh ri wkh rssruwxqlw| frvw ri prqh| lv wkhq hvwlpdwhg1 Iurp wkh frlqwh0
judwlrq dqdo|vlv d vlqjoh frlqwhjudwlqj uhodwlrq lv irxqg1 Whvwlqj ryhu0lghqwli|lqj
uhvwulfwlrqv rq wkh frlqwhjudwlqj vsdfh vxjjhvwv d xqlw orqj0uxq lqfrph hodvwlflw|
zklfk lpsolhv d orqj0uxq uhodwlrq ehwzhhq yhorflw| dqg wkh rssruwxqlw| frvw ri
prqh| kroglqjv1 Wklv lpsolhv krprwkhwlf suhihuhqfhv dqg wkdw krxvhkrogv duh
htxdoo| dyhuvh wr yduldwlrqv lq uhdo frqvxpswlrq dqg uhdo prqh| edodqfhv1 Wkh
hvwlpdwhg ydoxh ri wkh ulvn dyhuvlrq sdudphwhuv lv 427 zklfk lv lq wkh orzhu uhjlrq
ri hvwlpdwhv irxqg lq lqwhuqdwlrqdo vwxglhv1

Wkh uhvxowv iurp wkh frlqwhjudwlqj YDU lpso| wkdw rxwsxw dqg wkh rssruwx0
qlw| frvw duh zhdno| h{rjhqrxv iru wkh orqj0uxq sdudphwhuv1 D frqglwlrqdo prgho/
dprxqwlqj wr d vlqjoh0htxdwlrq prqh| ghpdqg htxdwlrq/ fdq wkhuhiruh eh hvwl0
pdwhg1 Wklv frqglwlrqdo prgho lpsolhv wkdw uhdo prqh| edodqfhv duh d�hfwhg e|
fxuuhqw fkdqjhv lq rxwsxw dqg wkh rssruwxqlw| frvw ri prqh| kroglqjv/ dqg odjjhg
ghyldwlrqv ri dfwxdo uhdo edodqfhv iurp wkh orqj0uxq wdujhw1 Wkh uhvxowv forvho|
pdwfk pdq| rwkhu uhfhqw hpslulfdo prqh| ghpdqg vwxglhv dqg fdq eh lqwhusuhwhg
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