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Lqfrusrudwlqj Oderxu Pdunhw Iulfwlrqv lqwr dq

Rswlplvlqj0Edvhg Prqhwdu| Srolf| Prgho�

Vwìskdqh Pr|hq_

Xqlyhuvlwì g*Hyu|
Mhdq0Jxloodxph Vdkxfh

Edqtxh gh Iudqfh
dqg Xqlyhuvlwì g*Hyu|

�uvw gudiw= Qryhpehu 5335
wklv gudiw= Pdufk 5336

Devwudfw

Wklv sdshu h{dplqhv wkh h�hfwv ri lqwurgxflqj d qrq zdoudvldq oderxu pdunhw
lqwr wkh �Qhz Qhrfodvvlfdo V|qwkhvlv� iudphzrun1 D g|qdplf vwrfkdvwlf jhqhudo
htxloleulxp prgho lv irupxodwhg/ vroyhg dqg fdoleudwhg wr hydoxdwh lwv delolwlhv wr
uhsolfdwh wkh pdlq ihdwxuhv ri wkh Hxur duhd hfrqrp|1 Wklv iudphzrun doorzv wkh
uhvshfwlyh urohv ri oderxu pdunhw uljlglwlhv/ qrplqdo uljlglwlhv/ dqg srolf| lqhuwld
lq dffrxqwlqj iru wkh lpsdfw ri prqhwdu| srolf|/ whfkqrorj|/ sxeolf vshqglqj dqg
suhihuhqfh vkrfnv wr eh vwxglhg1 Rxu vlpxodwlrqv vkrz wkdw= +l, uhdo uljlglwlhv
frpsohphqw exw qrw vxssodqw qrplqdo uljlglwlhv/ +ll, wkh Ehyhulgjh dqg Skloolsv
uhodwlrqv duh uhsurgxfhg/ +lll, krxuv zrunhg duh d wrr fuxfldo dgmxvwphqw yduldeoh
dqg +ly, wkh uhdo zdjh g|qdplfv lv vwloo surf|folfdo1

Nh|zrugv = GVJH prghov/ qrplqdo uljlglwlhv/ uhdo uljlglwlhv/ oderxu pdunhw
vhdufk/ hqgrjhqrxv shuvlvwhqfh/ Hxur duhd1

MHO Fodvvl�fdwlrqv = H85/ F85/ H57

WZh zrxog olnh wr wkdqn Ihukdw Plkrxel iru lqydoxdeoh vxssruw/ dqg Khuyì Oh Elkdq/ Mxolhq

Pdwkhurq/ Gdylg Pd|hv/ \yhv Vdnhv dqg sduwlflsdqwv lq wkh vhplqdu dw wkh Xqlyhuvlwì g*Hyu| dqg

lq wkh lqwhuqdwlrqdo frqihuhqfh ri wkh Edqtxh gh Iudqfh iru khosixo frpphqwv1 Wkh ylhzv suhvhqwhg

lq wklv sdshu duh rxu rzq dqg gr qrw qhfhvvdulo| uh hfw wkrvh ri wkh Edqtxh gh Iudqfh1
_Frqwdfw dgguhvv= Vwìskdqh Pr|hq/ HSHH/ Xqlyhuvlwì g*Hyu|0Ydo g*Hvvrqqh/ 7 erxohydug

Iudqêrlv Plwwhuudqg/ I0<4358 Hyu|1 H0Pdlo= vwhskdqh1pr|hqChfr1xqly0hyu|1iu
hFrqwdfw dgguhvv= Mhdq�Jxloodxph Vdkxf/ Edqtxh gh Iudqfh/ Fhqwuh gh Uhfkhufkh/ XD 74046<4/

64 uxh Furl{ ghv Shwlwv Fkdpsv/ I0:837< Sdulv1 H0Pdlo= mhdq0jxloodxph1vdkxfCedqtxh0iudqfh1iu
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E| sodflqj dpsol�fdwlrq dqg shuvlvwhqfh phfkdqlvpv lq irupdo jhqhudo

htxloleulxp prghov/ frqwulexwruv wr prghuq  xfwxdwlrqv uhvhdufk dfklhyh d

ghjuhh ri fodulw| plvvlqj iurp hduolhu pdfurhfrqrplfv1 Zlwkrxw frqvlghud0

wlrq ri xqhpsor|phqw/ prghov h{sodlqhg shuvlvwhqfh lq hpsor|phqw odujho|

wkurxjk shuvlvwhqfh lq gulylqj irufhv1 Zkhuh xqhpsor|phqw lv frqvlghuhg

h{solflwo|/ shuvlvwhqfh dulvhv qdwxudoo| iurp wkh wlph0frqvxplqj surfhvv ri

sodflqj xqhpsor|hg zrunhuv lq mrev iroorzlqj dq dgyhuvh lpsxovh1

Urehuw H1 Kdoo +4<<<,

4 Lqwurgxfwlrq

Wkh frqvhtxhqfhv ri oderxu pdunhw iulfwlrqv rq hpsor|phqw/ rxwsxw dqg lq dwlrq

frqvwlwxwh dq lvvxh ri juhdw lpsruwdqfh iru erwk hfrqrplvwv dqg srolf|pdnhuv1 Dv

h{sodlqhg lq d uhfhqw zrun rq oderxu pdunhw plvpdwfkv surylghg e| wkh Hxurshdq

Fhqwudo Edqn +HFE/ 5335,/ wkhuh lv d jds ehwzhhq wkh Hxurshdq xqhpsor|phqw ohyho

dqg wkh gl!fxowlhv lq uhfuxlwlqj zrunhuv1 Wklv frh{lvwhqfh ri xqvdwlv�hg oderxu vxsso|

dqg ghpdqg vxjjhvwv dq lqvx!flhqw delolw| ri wkh Hxur duhd wr pdwfk oderxu vxsso|

dqg ghpdqg1 Pruhryhu/ lw lv jhqhudoo| djuhhg wkdw wkh xqhpsor|phqw lq Hxur duhd

lv rqo| wr d vpdoo h{whqg f|folfdo dqg wkdw wkh pdmru sduw ri lw lv lqvwlwxwlrqdo dqg

vwuxfwxudo1 Xqiruwxqdwho|/ wkhvh Hxurshdq fkdudfwhulvwlfv/ olnh wkh orz prelolw| ri

wkh pdqsrzhu dfurvv frxqwulhv dqg wkh kljk ohyho ri uhjxodwlrq/ fuhdwh d uljlg oderxu

pdunhw frq�jxudwlrq +Ehuwrod +4<<<,/ Fdglrx dqg Jxlfkdug +4<<<, dqg Fdglrx hw do1

+4<<<,,14

Wkh shuvlvwhqwo| kljk udwh ri xqhpsor|phqw +;19(,/ wkh orz ohyho ri sduwlflsdwlrq

+9;/9(, dqg wkh xqhyhq oderxu pdunhw shuirupdqfh dffurvv Hxur duhd frxqwulhv lq0

glfdwh wkdw wkhvh lqwulqvlf iulfwlrqv fdqqrw eh qhjohfwhg dqg wkdw wkh xqghuvwdqglqj

ri oderxu pdunhw pdwfklqj surfhvvhv lv ri frqvlghudeoh lpsruwdqfh iru prqhwdu| sro0

lf|1 Lqghhg/ erwwohqhfnv lq wkh oderxu pdunhw pd| wuljjhu lq dwlrqdu| suhvvxuhv dqg

gl�huhqfhv lq wkh oderxu pdunhw ixqfwlrqlqj dqg wkh lpsrvvlelolw| wr xvh frxqwu|0

vshfl�f prqhwdu| dqg h{fkdqjh udwh srolflhv ohdgv dv|pphwulfdo h�hfwv iroorzlqj d

v|phwulf ru dv|phwulf vkrfn1 Frqvhtxhqwo|/ ohvv iulfwlrq rq oderxu pdunhw ri Hxur

duhd vkrxog uhgxfh wkh vkruw0uxq h�hfwv ri prqhwdu| srolf| rq wkh uhdo hfrqrp|1 Lw

4Wkh wzr pdlq lqvwuxphqwv ri uhjxodwlrq duh= +l, hpsor|phqw0surwhfwlrq ohjlvodwlrq zklfk pdnhv

lw frvwo| ru gl!fxow iru hpsor|huv whuplqdwh mrev zlwkrxw fdxvh/ dqg +ll, lqvwlwxwlrqdo ihdwxuhv ri uljlg

Hxurshdq oderu pdunhwv zklfk olplw wkh h{whqg wr zklfk zdjhv pd|  xfwxdwh ryhu wlph dqg gl�hu

dfurvv zrunhuv shuiruplqj vlplodu gxwlhv1
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lv qr orqjhu srvvleoh wr flufxpyhqw wkh prghoolqj ri wkh oderxu pdunhw iulfwlrqv lq d

pdfurhfrqrplf prgho rq zklfk wkh hfrqrplvwv edvh wkhlu srolf| uhfrpphqgdwlrqv1

Vlqfh wkh h�hfwv ri oderxu pdunhw iulfwlrqv lpslqjh rq doo dvshfwv ri wkh hfrq0

rp|/ lw lv qhfhvvdu| wr dssuhkhqg wkhlu uroh lq wkh frqwh{w ri d shuihfwo| lqwhjudwhg

hfrqrp|0zlgh prgho1 Xqwlo qrz/ wkhuh kdv ehhq d vsduvh olwhudwxuh hydoxdwlqj wkh

uroh ri oderxu pdunhw1 Rq wkh rqh kdqg/ vhyhudo sdshuv kdyh frqvlghuhg oderxu pdu0

nhw vhdufk lq uhdo exvlqhvv f|fohv +UEF, prghov +Phu} +4<<8,/ Dqgroidwwr +4<<9,/ ghq

Kddq/ Udph| dqg Zdwvrq +5333,,1 Lw kdv ehhq vkrzq wr jhqhudwh uhdolvwlf g|qdp0

lfv lq XV hpsor|phqw dqg wr lqfuhdvh/ iru h{dpsoh/ wkh pdjqlwxgh dqg shuvlvwhqfh

ri wkh lpsdfw ri surgxfwlylw| vkrfnv rq rxswxw1 Krzhyhu/ wkhvh prghov duh qrw uh0

doo| dgdswhg wr prqhwdu| srolf| dqdo|vlv1 Rq wkh rwkhu kdqg/ rwkhu dxwkruv kdyh

lqwurgxfhg vwdjjhuhg0qrplqdo zdjh frqwudfwv lqwr wkh qhz jhqhudwlrq ri vpdoo0vfdoh

prqhwdu| exvlqhvv prghov fdoohg �Qhz Qhrfodvvlfdo V|qwkhvlv� prghov +vhh/ lqwhu

dold/ Kxdqj dqg Olx +4<<;,/ Hufhj/ Khqghuvrq dqg Ohylq +5333,/ Hgjh +5335,/ Dp0

dwr dqg Odxedfk +5336,,15 Wkh pdlq prwlydwlrq lv wr jhqhudwh pruh shuvlvwhqfh lq

rxwsxw dqg lq dwlrq iroorzlqj d vkrfn1 Lq wklv frqwh{w/ Fkulvwldqr/ Hlfkhqedxp dqg

Hydqv*v +5334, sdshu lv d shuihfw v|qwkhvlv ri wkhvh odwhvw ghyhorsphqwv doorzlqj wr

fkdudfwhulvh wkh revhuyhg lqhuwldo ehkdylru ri lq dwlrq dqg shuvlvwhqfh lq djjuhjdwh

txdqwlwlhv16 Zkloh wkhvh prghov duh vxffhvvixo dw h{sodlqlqj d qxpehu ri skhqrphqd/

wkhlu odfn ri lpsolfdwlrqv derxw wkh xqhpsor|phqw udwh lv d gudzedfn1

Wklv sdshu lv lqwhqghg dv d vwhs lq dgguhvvlqj wkh hydoxdwlrq ri oderxu pdunhw

iulfwlrqv1 Lq sduwlfxodu/ lw lv lqwhuhvwhg lq txdqwlwdwlyho| vwxg|lqj wkh h�hfwv ri lqwur0

gxflqj d g|qdplf oderxu pdunhw wkdw lqfrusrudwh mre vhdufk lqwr d g|qdplf vwrfkdvwlf

jhqhudo htxloleulxp +GVJH, prgho1 Lqghhg/ zh wklqn wkdw wkh pdwfklqj prgho pd|

surylgh d vlpsoh dqg hohjdqw uhsuhvhqwdwlrq ri Hxurshdq oderxu pdunhw fkdudfwhulvwlfv

lq fdswxulqj wkh vdolhqw ihdwxuhv ri wkh wkhru| ri xqhpsor|phqw1 Rxu oderxu pdunhw

vshfl�fdwlrq lv wkhq edvhg rq wkhruhwlfdo vhdufk prghov ri wkh oderxu pdunhw lq wkh

vslulw ri Eodqfkdug dqg Gldprqg +4<;<,1 Wkh edvlf lqfhqwlyh iru vhdufk dfwlylwlhv lq

wkh oderxu pdunhw e| erwk zrunhuv dqg �upv duh wkh sur�w rssruwxqlwlhv lq suhvhqw

ydoxh whupv zklfk duh dvvrfldwhg zlwk d vxffhvvixo mre pdwfk iru erwk sduwlhv1 Zdjhv

duh ghwhuplqhg e| dq lpsolflw edujdlq dw wkh lqglylgxdo ohyho/ l1h1 wkh �up hqjdjhv lq

Qdvk edujdlqv zlwk hdfk lqglylgxdo zrunhu e| wdnlqj wkh zdjh ri doo rwkhu hpsor|hhv

5Vhh wkh vhplqdo sdshuv ri Jrrgiulhqg dqg Nlqj +4<<:,/ Fodulgd hw do1 +4<<<, ru Zrrgirug +5335,

iru d suhvhqwdwlrq ri wkh Qhz Qhrfodvvlfdo V|qwkhvlv iudphzrun1
6Vphwv dqg Zrxwhuv +5335, dsso| dqg hvwlpdwh vxfk d prgho iru wkh Hxur duhd1 Nruwhodlqhq

+5334, dovr exlogv d Hxur duhd pdfurhfrqrplf prgho zlwk vrph qrplqdo uljlglwlhv dowkrxjk txlwh idu

iurp wkh dfwxdo GVJH prghov ihdwxuhv1
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dv jlyhq1 Wkxv/ zdjh frqwudfwv duh vhw vr dv wr pd{lplvh wkh surgxfw ri wkhlu uhvshf0

wlyh sur�w rssruwxqlwlhv1 Lq wklv vhwxs/ wkh oderxu pdunhw lv qrq0Zdoudvldq lqyroylqj

uhdo uljlglw| lq wkh olqh ri Edoo dqg Urphu +4<<3, ru Mhdqqh*v +4<<;, uhfrppdqgdwlrqv

+qrplqdo uljlglwlhv qhhg wr eh vxssohphqwhg e| uhdo uljlglwlhv,17

Wr wkh ehvw ri rxu nqrzohgjh/ wkhuh duh wzr rwkhu +lqghshqghqw, dwwhpswv wkdw

kdyh lqwurgxfhg oderxu pdunhw vhdufk lqwr wkh �Qhz Qhrfodvvlfdo V|qwkhvlv� iudph0

zrun1 Zdovk +5335, lqfrusrudwhv d oderxu pdunhw pdwfklqj surfhvv wrjhwkhu zlwk

sulfh vwlfnlqhvv lq d fdvk0lq0dgydqfh prgho dqg vwxglhv wkh lpsolfdwlrqv iru wkh shu0

vlvwhqw rxwsxw h�hfwv ri prqhwdu| srolf| vkrfnv1 Wuljdul +5335, h{whqgv zrun ri wkh

�uvw zkloh ehlqj lqwhuhvwhg hlwkhu lq wkh h{whqvlyh pdujlq exw dovr lqwhqvlyh dqg zkloh

vhhnlqj wr h{sodlq d vhw ri idfwv uhjduglqj mre  rzv/ xqhpsor|phqw dqg lq dwlrq g|0

qdplfv1 Erwk �qg wkdw oderxu pdunhw vhdufk khosv wr h{sodlq wkh voxjjlvkqhvv ri

lq dwlrq dqg wkh shuvlvwhqfh ri rxwsxw diwhu prqhwdu| srolf| vkrfnv1 Krzhyhu/ wkhlu

prghoolqj vx�huv iurp qrw wdnlqj lqwr dffrxqw wkh fdslwdo idfwru lq wkh surgxfwlrq

ixqfwlrq1 Iluvwo|/ dgmxvwphqw frvwv iru fdslwdo dqg wkhlu lqwhudfwlrq zlwk wkh oderxu

pdunhw iulfwlrqv d�hfw �upv* klulqj1 Dqg vhfrqgo|/ doorzlqj iru oderxu pdunhw vhdufk

wr lqwhudfw zlwk fdslwdo dgmxvwphqw frvwv lpsuryhv wkh shuirupdqfh ri lqyhvwphqw g|0

qdplfv dqg vr rxwsxw rqhv +Fkìurq dqg Odqjrw +4<<<, dqg Phu} dqg \dvkly +5335,,1

Zh fdq dovr qrwlfh wkdw wkhlu dqdo|vlv irfxv rqo| rq prqhwdu| srolf| vkrfnv dqg

rffxow rwkhu fuxfldo vkrfnv olnh whfkqrorj| ru jryhuqphqw vshqglqj rqhv1

Wkh sdshu lv rujdqlvhg dv iroorzv1 Vhfwlrq 5 lv ghyrwhg wr wkh suhvhqwdwlrq ri

wkh prqhwdu| jhqhudo htxloleulxp prgho1 Lq vhfwlrq 6 wkh prgho lv fdoleudwhg iru

wkh Hxur duhd hfrqrp| xvlqj Hxur duhd gdwd dqg vwdqgdug sdudphwhuv iurp dssolhg

jhqhudo htxloleulxp vwxglhv1 Zh h{soruh wkh ghvfulswlyh srzhu ri wkh vlpxodwhg gdwd

dqg shuirup vrph vlpxodwlrqv1 Ilqdoo| vhfwlrq 7 frqoxghv dqg jlyhv gluhfwlrqv iru

ixwxuh uhvhdufk1

5 Wkh Prgho Hfrqrp|

Zh frqvlghu d g|qdplf vwrfkdvwlf jhqhudo htxloleulxp prgho dorqj wkh olqhv ri Fkulv0

wldqr/ Hlfkhqedxp dqg Hydqv +5334,/ Qhlvv dqg Qhovrq +5334,/ dqg rwkhuv1 Rxu

vshfl�fdwlrq pdlqo| ghsduwv zlwk uhvshfw wr wzr dvvxpswlrqv1 Iluvw/ wr lqfrusrudwh

sk|vlfdo fdslwdo dqg lqyhvwphqw lq d �uhdolvwlf� pdqqhu/ zh edvh wkh lqyhvwphqw dqdo0

|vlv rq wkh T wkhru| zklfk lpsolhv wkdw lq d �up*v lqyhvwphqw rswlpxp/ wkh �up
7Dowkrxjk klv prgho surylghg qr xqghuo|lqj wkhru| wr h{sodlq wkh oderu pdunhw uljlglw|/ Mhdqqh

srlqwhg wkdw �^111` Zkloh gl�huhqw w|shv ri uhdo uljlglw| pd| eh frqvlghuhg/ zh zrxog dujxh wkdw wkhuh

duh vhyhudo uhdvrqv wr frqvlghu wkrvh dulvlqj lq wkh oderu pdunhw �uvw� +s1435;,1
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rswlpdoo| zhljkwv fxuuhqw pdujlqdo frvwv ri lqyhvwphqw djdlqvw wkh ixwxuh pdujlqdo

uhwxuqv18 Vhfrqg/ iroorzlqj Eodqfkdug dqg Gldprqg +4<;<, dqg Slvvdulghv +5333,/

zh xvh wkh hfrqrplfv ri vhdufk wkdw doorzv xv wr vwxg| wkh lpsolfdwlrqv ri oderxu

pdunhw iulfwlrqv iru hfrqrplf ehkdylru dqg pdunhw shuirupdqfh1

Wkh hfrqrp| frqvlvwv ri d jryhuqphqw dqg qxphurxv djhqwv ri wkuhh gl�huhqw

w|shv= krxvhkrogv/ zkrohvdohuv dqg uhwdlohuv1 Krxvhkrogv fkrrvh frqvxpswlrq/ ohlvxuh

dqg uhdo0edodqfhv wr pd{lplvh wkh suhvhqw ydoxh ri xwlolw| vwuhdpv1 Lw lv dvvxphg wkdw

wkhuh lv dq lqvxudqfh pdunhw lq wkh hfrqrp| vxfk wkdw djhqwv fdq lqvxuh wkhpvhoyhv

ixoo| djdlqvw lglrv|qfudwlf ulvnv1 Wklv dvvxpswlrq pdnhv krxvhkrogv h{0dqwh lghqwlfdo

dqg vlpsol�hv wkh dqdo|vlv +vhh Dsshqgl{ D,1 Wkh jryhuqphqw frqvxphv d vkduh ri

�qdo jrrg dqg frqgxfwv �vfdo dqg prqhwdu| srolf| e| xvlqj wkh qrplqdo lqwhuhvw

udwh dv lwv lqvwuxphqw1 Surgxfwlrq ri �qdo jrrgv wdnhv sodfh lq wzr vwdjhv1 Shuihfwo|

frpshwlwlyh zkrohvdohuv pdqdjh wkh surgxfwlrq ri wkh vdph krprjhqhrxv lpsxw jrrg

dqg pdnh lqyhvwphqw dqg klulqj ghflvlrqv1 Ilqdoo| prqrsrolvwlfdoo| uhwdlohuv ex| wkh

lqsxw jrrg wr surgxfh gl�huhqfldwhg �qdo jrrgv vrog zlwk wkh krxvhkrogv dqg vhw

sulfhv dffruglqj wr wkh glvfuhwh0wlph yhuvlrq ri Fdoyr*v +4<;6, prgho1

514 Krxvhkrogv

Wkh hfrqrp| lv srsxodwhg e| d uhsuhvhqwdwlyh krxvhkrog frqvwlwxwhg e| d frqwlqxxp

ri phpehuv lqgh{hg rq wkh xqlw lqwhuydo1 Kh kdv suhihuhqfhv gh�qhg ryhu d frpsrvlwh

frqvxpswlrq jrrg +F|,/ hpsor|phqw*v udwh +Q|,/ krxuv zrunhg +K|,/ dqg uhdo prqh|

edodqfhv +�|@S|,1 Prqh| hqwhuv wkh xwlolw| ixqfwlrq gluhfwo| wr fdswxuh wkh lghd wkdw

uhdo edodqfhv surylgh d wudqvdfwlrqv0idflolwdwlqj vhuylfh1 Wkh uhsuhvhqwdwlyh krxvhkrog

fkrrvhv d vhtxhqfh ri frqvxpswlrq +F|,/ qrplqdo prqh| +�|, dqg rqh0shulrg erqg

+E|n�,/ wr pd{lplvh klv olihwlph xwlolw|=

H|

"[
�'f

��%R|

�
x +F|n�> F|n�3�,�Q|n�o +K|n�, . y

�
�|n�
S|n�

��
+4,

zkhuh � 5 +3> 4,/ %R| / x +F|n�> F|n�3�,/ o +K|n�, dqg y
�
s|n�
�|n�

�
uhsuhvhqw uhvshfwlyho| wkh

glvfrxqw idfwru/ d jhqhudo vkrfn wr suhihuhqfhv wkdw d�hfwv wkh lqwhuwhpsrudo vxevwlwx0

wlrq ri krxvhkrogv +dvvvxphg wr iroorz d �uvw0rughu dxwruhjuhvvlyh surfhvv zlwk l1l1g1

Qrupdo huuru whup= oq+%R| , @
�
4� �R

�
oq +�%R, . �R oq+%

R
|3�, . h�c|, / wkh lqvwdqwdqhrxv

frqvxpswlrq xwlolw|/ wkh lqvwdqwdqhrxv zrun glvxwlolw| dqg wkh wkh xwlolw| dvvrfldwhg

8Dxwkruv jhqhudoo| pdnh wkh qrquhdolvwlf exw vlpsoli|lqj dvvxpswlrq wkdw lq idfw wkh krxvhkrogv

pdnh wkh fdslwdo dffxpxodwlrq dqg xwlolvdwlrq ghflvrqv1
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wr uhdo fdvk edodqfhv> wkh| duh jlyhq e|=

x +F|> F|3�, @
�S

�S � 4

#
F|

F�
|3�

$jS3�
jS

> +5,

o +K|, @
�?

�? . 4
+K|,

j?n�
j? +6,

dqg

y

�
�|
S|

�
@

�6
�6 � 4

�
�|
S|

�j63�
j6

+7,

�S lv wkh lqwhuwhpsrudo hodvwlflw| ri vxevwlwxwlrq ri frqvxpswlrq/ �? lv wkh hodvwlflw|

ri oderxu ghvxwlolw| zlwk uhvshfw wr krxuv zrunhg/ �6 uhsuhvhqwv wkh hodvwlflw| ri

prqh| kroglqjv zlwk uhvshfw wr wkh lqwhuhvw udwh1 Suhihuhqfhv ryhu frqvxpswlrq wdnh

rq d qrq wlph vhsdudeoh irup fdswxulqj wkh lghd wkdw krxvhkrogv pd| h{klelw kdelw

irupdwlrq lq wkhlu frqvxpswlrq sdwwhuqv1 Wkh sdudphwhu k 5 ^3> 4` uhsuhvhqwv wkh

kdelw irupdwlrq sdudphwhu zklfk phdvxuhv wkh h�hfw ri kdelw vwrfn +sursruwlrqdo wr

odvw frqvxpswlrq, rq fxuuhqw xwlolw|1 Zh zrun zlwk vwulfwo| srvlwlyh k lq wklv sdshu

lq oljkw ri hylghqfh wkdw grlqj vr uhgxfhv vrph ri wkh hpslulfdo vkruwfrplqjv ri

txdqwlwdwlyh exvlqhvv f|foh prghov +Erogulq/ Fkulvwldqr dqg Ilvkhu +4<<<,/ ru Ixkuhu

+5333,,19

Wkh uhsuhvhqwdwlyh krxvhkrog uhvshfwv dw hdfk shulrg wkh lqwhuwhpsrudo exgjhw

frqvwudlqw=

F| .
�|
S|

.
E|n�

+4 . l|,S|
� Z|Q|K| .

E|

S|
.

�|3�
S|

� W| .�o
| .��

| +8,

zkhuh Z| lv wkh krxuo| uhdo zdjh/ l| ghqrwhv wkh qrplqdo lqwhuhvw udwh/ W| ghqrwhv

wkh uhdo oxps0vxp wd{ +jryhuqphqw wudqvihuv, dqg �o
| dqg ��

| duh uhvshfwlyho| wkh

glylghqgv ghulyhg iurp uhwdlohuv dqg zkrohvdohuv1

Wkh frpsrvlwh frqvxpswlrq jrrg F| lv d Gl{lw0Vwljolw} djjuhjdwh ri d pxowlsolflw|

ri gl�huhqwldwhg jrrgv lqgh{hg e| } 5 ^3> 4`1 Dv xvxdo/ wkh frpsrvlwh frqvxpswlrq

jrrg dqg sulfh lqgh{ duh wkhq gh�qhg dv=

F| @

�] �

f
F| +},

"3�
" g}

� "
"3�

+9,

9Ixkuhu +5333, vkrzhg wkdw kdelw irupdwlrq doorzv wkh prgho wr pdwfk wkh uhvsrqvh ri uhdo

vshqglqj wr prqhwdu|0srolf| vkrfnv1 Lw lv d uhdo prwlydwlrq iru xvlqj kdelw irupdwlrq dv dq d sulrul

ghvludeoh prgl�fdwlrq wr wkh vwdqgdug prgho1

9



S| @

�] �

f
S| +},

�3" g}

� �

�3"

+:,

zklfk fdq eh ghulyhg iurp wzr0vwdjh exgjhwlqj1 Wkh sdudphwhu � A 4 lv wkh hodvwlflw|

ri vxevwlwxwlrq ehwzhhq gl�huhqwldwhg uhwdlo jrrgv ru htxlydohqwo| wkh sulfh hodvwlflw|

ri ghpdqg1

Qrwlqj �| dv wkh Odjudqjh pxowlsolhu rq +8,/ rswlpdo krxvhkrog ehkdylru |lhogv

wkh iroorzlqj �uvw0rughu frqglwlrqv=

+F|, %R|

#
F|

F�
|3�

$jS3�
jS 4

F|
� �kH|

+
%R|n�

�
F|n�

F�
|

�jS3�
jS 4

F|

,
@ �| +;,

+P|, %R|

�
�|
S|

�3 �

j6

@ �| � �H|
�|n�S|
S|n�

+<,

+E|n�, 3 @ �| � +4 . l|,�H|
�|n�S|
S|n�

+43,

Htxdwlrq +;, frpelqdwhg zlwk +43, jlyhv d prgl�hg Hxohu htxdwlrq1 Htxdwlrq

+<, lv wkh g|qdplf frqglwlrq iru wkh fkrlfh ri prqh| kroglqjv1 Wkh pdujlqdo frvw ri

iruhjrlqj rqh xqlw ri frqvxpswlrq wrgd| pxvw eh htxdo wr wkh shfxqldu| ehqh�w ri

ehlqj deoh wr ex| dq h{wud xqlw ri frqvxpswlrq wrpruurz/ soxv wkh shfxqldu| ehqh�w

phdvxuhg e| wkh fxuuhqw xwlolw|  rz ri dq h{wud xqlw ri prqh|1 Krzhyhu/ zh zloo eh

xqdzduh ri wklv prqh| ghpdqg htxdwlrq ehfdxvh prqh| sod|v qr uroh lq wklv prgho1:

515 Oderxu Pdunhw Pdwfklqj

Wkh oderxu pdunhw vshfl�fdwlrq lv edvhg rq wkhruhwlfdo vhdufk prghov ri oderxu pdu0

nhw dv zhoo grfxphqwhg e| Slvvdulghv +5333,1

Dw wkh pdfurhfrqrplf ohyho/ wkh odz ri prwlrq ri djuhjdwh hpsor|phqw +Q|, lv

Q|n� @ +4� v,Q| .P| +44,

zkhuh v 5 ^3> 4` lv d jlyhq h{rjhqhrxv mre vhsdudwlrq udwh/ frqvwdqw ryhu wlph/ wkdw

hqvxuhv wkdw d sursruwlrq v ri doo �oohg mrev glvdsshduv dw hdfk lqvwdqw/ dqg P| lv wkh

qxpehu ri uhfuxwlqjv dw shulrg w1 Wkxv/ pdwfklqjv zklfk wdnh sodfh dw wkh shulrg w

duh rqo| surgxfwlyh dw wkh iroorzlqj shulrg1

:Wkh prqhwdu| dxwkrulw| xvhv wkh qrplqdo ulvn iuhh lqwhuhvw udwh dv prqhwdu| srolf| wrro/ dqg ohwv

wkh dprxqw ri qrplqdo prqh| dgmxvw dffruglqjo|/ iru d jlyhq sulfh ohyho1

:



Wkh pdwfklqj ixqfwlrq lv d yhu| frqyhqlhqw k|srwkhwlfdo frqfhsw zkrvh edvlf lghd

lv wkdw wkh uhfuxlwlqj h�ruw ri hpsor|huv dqg wkh vhdufk h�ruw ri zrunhuv vhuyh dv lq0

sxwv lq d pdunhw pdwfklqj ixqfwlrq wkdw jhqhudwhv qhz kluhv1; Wkh mre ydfdqflhv +Y|,

dqg xqhpsor|hg djhqwv +X| @ 4�Q|, duh udqgrpo| pdwfkhg zlwk hdfk rwkhu1 Wkh

djjuhjdwh  rz ri mre pdwfkhv duh ghwhuplqlvwlf dqg jlyhq e| wkh iroorzlqj pdwfklqj

whfkqrorj|=

P| @ P +X|> Y|, @ �pXk
| Y

�3k
| +45,

zkhuh � 5 +3> 4, dqg �p A 3 lv d vfdoh sdudphwhu1 Wkh pdwfklqj whfkqrorj| h{klelwv

frqvwdqw uhwxuq0wr0vfdoh dqg zh fkrrvh d Free0Grxjodv irup iru lwv vlpsolflw|1

Dw hdfk prphqw lq wlph/ wkh mre ydfdqflhv dqg xqhpsor|hg zrunhuv wkdw duh

pdwfkhg duh udqgrpo| vhohfwhg iurp wkh vhwv Y| dqg X|1 Khqfh/ wkh surfhvv wkdw

fkdqjhv wkh vwdwh ri ydfdqw mrev gxulqj dq lqwhuydo ri wlph lv Srlvvrq zlwk udwh

� | @
P +X|> Y|,

Y|

Lq rwkhu zrugv/ � | fdq eh lqwhusuhwhg dv wkh lqvwdqwdqhrxv suredelolw| ri d ydfdqf|

ehlqj �oohg/ dqg wkh dyhudjh h{shfwhg gxudwlrq ri d mre ydfdqf| lv �
�|
1

Vlploduo|/ wkh lqvwdqwdqhrxv suredelolw| ri dq xqhpsor|hg zrunhu �qglqj d mre lv

jlyhq e|=

(| @
P +X|> Y|,

X|
+46,

zklfk phdqv wkdw wkh dyhudjh h{shfwhg gxudwlrq ri xqhpsor|phqw lv �
�|
1

Wkh gh�qlwlrqv ri � | dqg (| vkrz wkdw wkhuh lv dq lqwulfdwh frqqhfwlrq ehwzhhq

wkh surfhvv olqnlqj zrunhuv wr mrev/ dqg wkh rqh olqnlqj mrev wr zrunhuv1 Wklv lv

reylrxv/ vlqfh zrunhuv dqg ydfdqflhv phhwv lq sdluv1 Iru wklv uhdvrq/ zh jhqhudoo|

orrn dw d vlpsoh phdvxuh ri oderxu pdunhw wljkwqhvv/ wkh ydfdqf|0xqhpsor|phqw udwlr�
ru htxlydohqwo| �| @

�|
�|

�
/ vlqfh lw sod|v d fuxfldo uroh lq wkh oderxu pdunhw dqdo|vlv1

Lqghhg/ wkh ghshqgdqfh ri wkh vhdufk suredelolwlhv rq � lpsolhv wkh h{lvwhqfh ri d

wudglqj h{whuqdolw|1 Wkhuh lv vwrfkdvwlf udwlrqlqj rffxulqj lq wkh oderxu pdunhw zklfk

fdqqrw eh vroyhg e| wkh sulfh phfkdqlvp/ vlqfh zrunhu dqg ydfdqf| pxvw �uvw jhw

wrjhwkhu ehiruh wkh sulfh phfkdqlvp fdq sod| dq| uroh1

;Ilupv kdyh mrev wkdw duh �oohg ru ydfdqw dqg zrunhuv kdyh d mre ru duh xqhpsor|hg exw rqo| wkh

ydfdqw mrev duh r�huhg dqg xqhpsor|hg shuvrq duh hqjdjhg lq vhdufk1 Wklv dvvxpswlrq lpsolhv wkdw

wkh wzr dfwlylwlhv ri surgxfwlrq ri jrrgv dqg wudgh lq oderxu pdunhw duh vwulfwo| vhsdudwh dfwlylwlhv1

;



516 Zkrohvdohuv

Zh frqvlghu d uhsuhvhqwdwlyh �up zklfk dfwv rq d shuihfw frpshwlwlrq pdunhw dqg

pdnh lqyhvwphqw dqg klulqj ghflvlrqv1 Hdfk shulrg/ wklv �up xvhv sk|vlfdo fdslwdo

+N|, dqg oderxu +wrwdo krxuv/ Q|K|, dv lqsxw lq rughu wr surgxfh d krprjhqhrxv

zkrohvdoh jrrg +[�
| , zklfk fdqqrw eh frqvxphg dqg zloo eh vrog wr uhwdlohuv dw

uhodwlyh sulfh 
| @
�`
|

�|
wr surgxfh d gl�huhqfldwhg �qdo jrrg1 Wkhq wkh surgxfwlrq

whfkqrorj| lv jlyhq e|

[�
| @ i +y|N|>Q|K|, @ %@| +y|N|,

# +Q|K|,
�3# +47,

zkhuh � 5 +3> 4, > y| lv wkh xwlolvdwlrq udwh dqg %@| lv dq h{rjhqrxv whfkqrorj| vkrfn

+dvvxphg wr iroorz d �uvw0rughu dxwruhjuhvvlyh surfhvv zlwk l1l1g1 Qrupdo huuru whup=

oq+%@| , @ +4� �@, oq +�%
@, . �@ oq+%

@
|3�, . h2c|,1

Wkh qhr0fodvvlfdo prgho ri lqyhvwphqw fdq eh olqnhg wr Wrelq*v T0prgho/ zklfk

frxsohv lqyhvwphqw ghflvlrqv wr iruzdug0orrnlqj vwrfn pdunhw ydoxdwlrqv ri wkh �up1<

Dffruglqj wr wklv k|srwkhvlv/ lqyhvwphqw lv ghwhuplqhg e| wkh jds ehwzhhq wkh pdunhw

ydoxh ri d �up dqg wkh uhsodfhphqw ydoxh ri lwv fdslwdo1 Wkh udwlr ehwzhhq wkh wzr

yduldeohv lv uhihuuhg wr dv Wrelq*v T1 Wklv prgho fdq eh ghulyhg iurp wkh wkhru| li lw lv

dvvxphg wkdw lqyhvwphqw lv vxemhfw wr dgmxvwphqw frvwv/ zklfk duh d frqyh{ ixqfwlrq

ri wkh udwh ri fkdqjh ri wkh �up*v fdslwdo vwrfn1 D qhfhvvdu| frqglwlrq lv frqyh{lw|

zklfk lpsolhv wkdw wkhvh lqvwdoodwlrq frvwv lqfuhdvh dw dq lqfuhdvlqj udwh dqg d wrr

udslg dffxpxodwlrq ri fdslwdo lv pruh frvwo|1

Wkh �up*v vwrfn ri sk|vlfdo fdslwdo hyroyhv dffruglqj wr=

N|n� @ +4� � +y|,,N| . L|

zkhuh L| ghqrwhv wlph w sxufkdvhv ri lqyhvwphqw jrrgv dqg � +y|, d srvlwlyh/ lqfuhdvlqj

dqg frqyh{ ixqfwlrq ri wkh xwlolvdwlrq udwh gh�qhg e|/

� +y|, @ ��
y
_
|

g

wkdw uh hfwv wkh idfw wkdw d kljkhu xwlolvdwlrq udwh udlvhv wkh ghsuhfldwlrq udwh rq

fdslwdo/ ru htxlydohqwo| wkdw htxlsphqw dqg pdfklqhu| duh xvhg pruh lqwhqvlyho| lq

errpv wkdq lq uhfhvvlrqv +Nlqj dqg Uhehor +4<<<,,1 �� A 3 lv d vfdoh sdudphwhu1

Wkh ixqfwlrqqdo irup fkrvhq khuh iru wkh dgmxvwphqw frvwv lv jlyhq e|=

D +L|>N|>y|, @
�

5

�
L|
N|

� � +y|,

�2

N| +48,

<Vhh Jhuwohu dqg Jlofkulvw +5333, iru d orrn dw wkh pdfurhfrqrplf frqvhtxhqfhv ri lqyhvwphqw

ghod|v lq d vwdjjhuhg0sulfhv iudphzrun1

<
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Wkh uhdo sur�w ri wkh zkrohvdoh jrrgv surgxfhu lv gh�qhg dv wkh gl�huhqfh ehwzhhq

wkh uhyhqxh iurp wkh vdoh ri rxwsxw dqg wrwdo oderxu frpshqvdwlrq/ wkh frvw ri klulqj

oderxu +wkh frvw ri srvwlqj ydfdqflhv h{suhvvhg lq whupv ri frqvxpswlrq +),,/ dqg

lqyhvwphqw soxv dgmxvphqw frvwv=

��
| @ 
|i +y|N|>Q|K|,�Z|Q|K| � )Y| � +L| .D +L|>N|>y|,, +49,

Wkh sureohp ri wklv �up lv wr fkrrvh wkh ghpdqg iru oderxu/ ydfdqflhv/ wkh udwh

ri lqyhvwphqw/ wkh ydoxh ri fdslwdo dqg xwlolvdwlrq udwh vxfk dv pd{lplvh wkh h{shfwhg

vxp ri glvfrxqwhg sur�wv/ wdnlqj dv jlyhq wkh shu ydfdqf| frvw/ wkh hyroxwlrq ri

hpsor|phqw dqg fdslwdo +zklfk duh suhghwhuplqhg, dqg wkh sdwk ri zdjhv dqg krxuv

zrunhg +dw wklv vwdjh,1 Lw lv gh�qhg dv=

pd{
t�|n�T|cg|n�cU|cy|�

H|

"[
�'J

��
�|n�
�|

��
|n� +4:,

vxemhfw wr wkh iroorzlqj frqvwudlqwv=

Q|n� @ +4� v,Q| . � |Y| +4;,

N|n� @ +4� � +y|,,N| . L| +4<,

Wkh Odjudqjh pxowlsolhuv dvvrfldwhg zlwk wkhvh wzr frqvwudlqwv duh T�
| dqg Tg

| /

uhvshfwlyho|1 Wkhvh Odjudqjh pxowlsolhuv fdq eh lqwhusuhwhg dv Wrelq*v pdujlqdo T

iru sk|vlfdo fdslwdo/ dqg d Wrelq*v T htxlydohqw iru hpsor|phqw143 Wkh �uvw0rughu

frqglwlrqv ri wklv surjudp duh jlyhq e|=

+Q|n�, T�
| @ �H|

�
�|n�
�|

�

|n�i

|n�
�|n�

�Z|n�K|n� . +4� v,T�
|n�

��
+53,

+Y|, T�
| @

)

� |
+54,

+N|n�, Tg
| @ �H|

�
�|n�
�|

�

|n�i

|n�
g|n�

�D|n�
g|n�

. +4� �,Tg
|n�

��
+55,

+L|, Tg
| @ 4 .D|

U|
+56,

43Wkhvh uhsuhvhqwdwlrqv ri '�
| dqg 'g

| doorz xv wr lqwhusuhw wkhp dv uh hfwlqj wkh suhvhqw glv0

frxqwhg ydoxh ri wkh pdujlqdo uhyhqx iurp fxuuhqw hpsor|phqw dqg lqyhvwphqw dqg looxvwudwh wkh

iruzdug orrnlqj qdwxuh ri wkh odz ri prwlrq ri hpsor|phqw dqg fdslwdo dffxpxodwlrq1
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+y|, 
|i
|
y|

@N|�
|
y|

+57,

Htxdwlrq +53, gh�qhv wkh Wrelq*v T iru hpsor|phqw/ T�
| / dv wkh sur�w wkh qhz

zrunhu zloo pdnh wr wkh �up dw w . 4 soxv wkh h{shfwhg Wrelq*v T zklfk lv 3 zlwk

suredelolw| v li wkh zrunhu vhsdudwhv iurp wkh �up/ dqg lv T�
|n� li kh uhpdlqv wr

zrun lq wkh iroorzlqj shulrg1 Htxdwlrq +54, lv d iuhh0hqwu| frqglwlrq +lw htxdwhv wkh

uhfuxlwlqj frvw ri d ydfdqf| wr wkh h{shfwhg suhvhqw ydoxh ri kroglqj d ydfdqf|,1

Htxdwlrq +55, lqglfdwhv wkdw wkh fdslwdo uhwxuq pxvw eh htxdo wr wkh rssruwxqlw|

frvwv1 Htxdwlrq +56, vkrzv wkdw wkh �up pxvw lqyhvw xqwlo wkh fdslwdo dftxlvlwlrq

frvw ehfrphv htxdo wr wkh fdslwdo ydoxh dqg htxdwlrq +57, htxdwhv wkh ehqh�wv ri

dgglwlrqdo fdslwdo vhuylfhv zlwk wkh frvw ri uhsodflqj wkh zruq rxw fdslwdo vwrfn1

517 Zdjh dqg Krxuv Ghwhuplqdwlrq

Zdjh dqg krxuv zrunhg duh ghwhuplqhg e| wkh jhqhudol}hg Qdvk0edujdlqlqj vroxwlrq1

Lqghhg/ wkh pdwfklqj ehwzhhq dq xqhpsor|hg shuvrq dqg d �up zkr frruglqdwh

hdfk rwkhu jlyhv ulvh wr d vxusoxv zklfk pxvw eh vkduhg ehwzhhq wkh phhwlqj sdlu1

Wklv vkdulqj wdnhv sodfh dw wkh pdwfk ohyho wkurxjk d elodwhudo dqg ghfhqwudol}hg

zdjh2krxuv qhjrfldwlrq1 Nqrzlqj wkdw wkhuh duh d uhsuhvhqwdwlyh krxvhkrog dqg d

uhsuhvhqwdwlyh �up/ zh duh orfdwhg gluhfwo| dw wkh v|pphwulf htxloleulxp vroxwlrq ri

wkh prgho1

Irupdoo|/ wkh vxusoxv uhohdvhg e| pdwfklqj iru d �up dqg d zrunhu ehlqj wkh

pdujlqdo ydoxh ri hpsor|phqw/ rqh fdq vkrz +vhh Dsshqgl{ E iru ghwdlov, wkdw krxuo|

uhdo zdjh dqg krxuv zrunhg duh jlyhq e|=

Z| @ �

�

| +4� �,

\|
Q|K|

.
)

K|

Y|
X|

�
. +4� �,

o +K|,

�|K|
+58,


|+4� �,2
\|

Q|K|
@

o|M|

�|
+59,

zkhuh 3 � � � 4 lv wkh uhodwlyh edujdlqlqj srzhu ri zrunhuv1

518 Uhwdlohuv

Wkhuh lv d frqwlqxxp ri prqrsrolvwlfdoo| frpshwlwlyh uhwdlohuv lqgh{hg e| } rq wkh

xqlw lqwhuydo1 Hdfk ri wkhp lv lq�qlwlyho| olyhg dqg surgxfhv hdfk shulrg d gl�hu0

hqwldwhg �qdo jrrg \| +}, zlwk d whfkqrorj| wkdw wudqvirupv rqh xqlw ri zkrohvdoh

jrrgv lqwr rqh xqlw ri uhwdlo jrrgv/ vr wkdw \| +}, @ [�
| 1 Ilupv rq wkh uhwdlo vhfwru
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sxufkdvh rxwsxw iurp zkrohvdoh surgxfhuv dw wkh sulfh 
| +zklfk ehfrphv wkh �up*v

uhdo pdujlqdo frvw, dqg vhoo gluhfwo| wr krxvhkrogv1

Iru d pdwwhu ri frqyhqlhqfh/ zh dvvxph wkdw wkh jryhuqphqw dqg wkh zkrohvdohu

kdyh wkh vdph rswlpdo doorfdwlrqv iru hdfk gl�huhqfldwhg jrrgv dv wkh krxvhkrog144

Lw lpsolhv wkdw wkh djjuhjdwru*v ghpdqg iru hdfk jrrg \| +}, 0 ru htxlydohqwo| wkh

djjuhjdwh ghpdqg fxuyh 0 lv jlyhq e|=

\| +}, @

�
S| +},

S|

�3"

\| +5:,

Ilqdo rxwsxw pd| wkhq eh hlwkhu wudqviruphg lqwr d vlqjoh w|sh ri frqvxpswlrq

jrrg/ lqyhvwhg/ frqvxphg e| wkh jryhuqphqw/ xvhg xs lq ydfdqf| srvwlqj frvwv ru

fdslwdo dgmxvwphqwv frvwv1 Lq sduwlfxodu/ wkh hfrqrp|0zlgh uhvrxufh frqvwudlqw lv

jlyhq e|=

\| @ F| . L| .J| . )Y| .D| +5;,

Zh lqwurgxfh d qrplqdo uljlglw| lq wkh irup ri vwdjjhuhg sulfh vhwwlqj dv ghyhorshg e|

Fdoyr +4<;6,1 Hdfk shulrg/ uhwdlohuv pd| uhvhw wkhlu sulfhv zlwk suredelolw| +4� !, >

lqghshqghqw ri wkh wlph hodsvhg vlqfh wkh odvw sulfh uhylvlrq1 Wkh gudz lv lqghshqgdqw

ri klvwru| dqg zh gr qrw qhhg wr nhhs wudfn ri �upv fkdqjlqj �upv1 Wkh h{shfwhg

wlph ryhu zklfk wkh sulfh lv �{hg/ l1h1 wkh h{shfwhg zdlwlqj wlph iru wkh qh{w sulfh

dgmxvwphqw lv wkhuhiruh �
�3� 1

45 Wkh iudfwlrq ! ri �upv duh dvvxphg wr dgmxvw wkhlu

suhylrxv shulrg*v sulfhv dffruglqj wr wkh iroorzlqj vlpsoh uxoh=

S| @ �|3�S|3� +5<,

Dv h{sodlqhg e| Fkulvwldqr hw doll +5334,/ wklv vshfl�fdwlrq lv suhihuhg ehfdxvh wkh

vwdqgdug vshfl�fdwlrq S| @ ��S|3�/ zkhuh �� lv wkh vwhdg| vwdwh jurvv udwh ri lq dwlrq/

grhv qrw jhqhudwh vx!flhqw lqhuwld lq lq dwlrq1

Wkh remhfwlyh ixqfwlrq ri wkh uhwdlohuv zkr kdyh wkh srvvlelolw| wr dgmxvw wkhlu

sulfhv dw shulrg w lpsolhv wkdw wkh| fkrrvh S W
| +}, wr pd{lplvh

H|

"[
�'J

+!�,�
�|n�
�|

�
S W
| +},

S|n�
�
|n�

�
\|n� +}, +63,

vxemhfw wr wkh ghpdqg fxuyh +5:,1

44Dw wkh frvw ri d pruh frpsolfdwhg qrwdwlrq/ zh frxog zrun zlwk d wklug w|sh ri �upv zklfk

djuhjdwhv wkh �qdo jrrg1
45Wkh dyhudjh wlph d sulfh uhpdlqv �{hg lv jlyhq e| E�3 ��

S"

�'f
��3�� '

S"

�'f
�� ' �

�3�
�
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�
b|n�
b|

lv wkh uhohydqw glvfrxqw idfwru ehwzhhq w dqg w.m> zkhuh b|n�
b|

lv wkh udwlr ri

pdujlqdo xwlolw| ri frqvxpswlrq dw w. m wr pdujlqdo xwlolw| dw w1 \|n� +}, lv wkh �up*v

ghpdqg ixqfwlrq iru lwv rxwsxw dw wlph w. m frqglwlrqdo rq wkh sulfh vhw dw wlph w1

Frqvhtxhqwo|/ diwhu vwdqgdug pdqlsxodwlrqv/ wkh �uvw0rughu frqglwlrq dvvrfldwhg

wr wkh pd{lpl}dwlrq ri +63, lv jlyhq e|=

S| +}, @
�

�� 4

H|

S"
�'f +!�,

� b|n�
b|

S "
|n�\|n�
|n�

H|

S"
�'f +!�,

� b|n�
b|

S "3�
|n� \|n�

+64,

zkhuh "
"3� lv wkh vwhdg| vwdwh jurvv pdunxs1

Ilqdoo|/ jlyhq wkdw wkh iudfwlrq ! ri wkh uhwdlohuv wkdw dgmxvw lq w fkrrvh wkh vdph

qhz sulfh S W
| +}, dqg wkh vdph ohyho ri rxwsxw/ dqg wkdw wkh dyhudjh sulfh ri �upv

wkdw gr qrw dgmxvw lv vlpso| odvw shulrg*v sulfh ohyho +�|3�S|3�,/ wkhq wkh g|qdplfv

ri wkh frqvxpswlrq0edvhg sulfh lqgh{ zloo reh|/

S| @
k
! +�|3�S|3�,

�3" . +4� !,S W
| +},

�3"
l �

�3"
+65,

519 Ilvfdo dqg Prqhwdu| Srolf|

Zh qrz forvh wkh prgho e| vshfli|lqj wkh jryhuqphqw*v ehkdylrxu1 Wkh jryhuqphqw

frqgxfwv erwk �vfdo dqg prqhwdu| srolf| +yld d prqhwdu| dxwkrulw|,1 Zh dvvxph

wkdw h{rjhqhrxv jryhuqphqw h{shqglwxuhv +J|, duh �qdqfhg e| oxps0vxp wd{dwlrq/

prqh| dqg erqgv fuhdwlrqv1 Ehfdxvh zh gr qrw frqvlghu glvwruwlrqdu| wd{hv/ wkh

jryhuqphqw idfhv wkh iroorzlqj exgjhw frqvwudlqw=

J| @
�| � �|3�

S|
.

E|n�@ +4 . l|,�E|

S|
. W| +66,

Wkh odz ri prwlrq iru jryhuqphqw vshqglqj lv jlyhq e|=

oq+J|, @
�
4� �}

�
oq
�
�J
�
. �} oq+J|3�, . %}|

zkhuh %}| lv d l1l1g1 jryhuqphqw vshqglqj vkrfn/ dqg �} ? 41

Zh dvvxph wkdw wkh vkruw uxq lqwhuhvw udwh +l|, lv wkh prqhwdu| dxwkrulw| suly0

lohjhg lqvwuxphqw1 Wkh prqhwdu| dxwkrulw| dgrswv d ihhgedfn uxoh wkdw kdv wkh

qrplqdo udwh dgmxvw wr ghyldwlrqv ri hfrqrp|0zlgh lq dwlrq dqg rxwsxw iurp wkhlu

uhvshfwlyh wdujhw ydoxhv1 Lq dgglwlrq/ zh doorz iru sduwldo dgmxvwphqw wr fdswxuh wkh

lqwhuhvw udwh vprrwklqj wkdw vhhpv dssduhqw lq wkh gdwd1 Wkh ihhgedfn uxoh lv jlyhq

e|

+4 . l|, @ +4 . l|3�,
��

%�
S|
S|3�

��Z
�

\|
\ R
|

��+
&�3��

h{s
�
%�|
�

+67,

46



zkhuh %�| lv dq l1l1g prqhwdu| srolf| vkrfn/ \
R
| lv wkh srwhqwldo rxwsxw +wklv lv wkh qdwx0

udo rxwsxw uhvxowlqj ri dq| vhyhudo w|shv ri uhdo glvwxuedqfhv, dqg #� 5 +3> 4, > #Z A 4

dqg #+ A 31

Zh fdq qrwlfh wkdw/

� hyhq wkrxjk wkh qrplqdo lqwhuhvw udwh lv wkh prqhwdu| srolf| wrro/ wkh ihhgedfn

uxoh lqgluhfwo| ghwhuplqhv �| vlqfh wkh fhqwudo edqn pxvw dgmxvw wkh prqh|

vxsso| wr vdwlvi| prqh| ghpdqg +htxdwlrq +<,,/ jlyhq wkh fkrlfh ri l|>

� dqg/ lq htxloleulxp wkh h{fhvv ri vxsso| ri erqgv pxvw eh }hur= �E @ 31

6 Txdqwlwdwlyh Hydoxdwlrq

Wkh pdmru jrdo ri wklv vwxg| lv wr hydoxdwh wkh frqwulexwlrq ri lqwurgxflqj wkh vhdufk0

wkhruhwlf iudphzrun lqwr d prqhwdu| srolf| prgho1 Wrzdugv wklv hqg/ wklv vhfwlrq

hydoxdwhv wkh shuirupdqfh ri dowhuqdwlyh prghov ghshqglqj rq ghjuhhv ri uljlglwlhv1

Zh suhvhqw rxu fkrlfh ri fdoleudwlrq dqg wkh frpsdulvrqv ehwzhhq wkh prghov dqg

wkhlu hpslulfdo frxqwhusduwv xvlqj wkh xqfrqglwlrqdo vhfrqg prphqwv1 Ilqdoo|/ rqh

fdofxodwhv wkh lpsxovh uhvsrqvh ixqfwlrqv ri wkh vhohfwhg prgho1 Wkh| vkrz wkh wudqv0

plvvlrq phfkdqlvpv ri wkh vwuxfwxudo vkrfnv dqg looxvwudwh wkh g|qdplf surshuwlhv ri

wkh jhqhudo prgho1

614 Vroxwlrq dqg Prgho Sdudphwhul}dwlrq

Lq rughu wr jhw wkh prgho lq d wudfwdeoh irup iru frqgxfwlqj srolf| vlpxodwlrqv zh

qhhg wr orrn iru dq dssur{lpdwh dqdo|wlfdo vroxwlrq e| wudqvirupdwlqj wkh prgho lqwr

d v|vwhp ri orj0olqhdu gl�huhqfh htxdwlrqv1 Wkh vwudwhj| lv wr xvh d �uvw rughu Wd|oru

dssur{lpdwlrq durxqg wkh vwhdg| vwdwh +zlwk }hur lq dwlrq, wr uhsodfh wkh htxdwlrqv

zlwk dssur{lpdwlrqv/ zklfk duh olqhdu lq wkh orj0ghyldwlrqv ri wkh yduldeohv1 Irupdoo|/

ohw ]| eh d vwdwlrqdu| udqgrp yduldeoh dqg �] lwv vwhdg| vwdwh1 Zh ghqrwh }| wkh

orjdulwkplf ghyldwlrq ri wkh yduldeoh ]| iurp lwv vwhdg| vwdwh ydoxh =

a}| @ oq +]|,� oq
�
�]
�

Wkh uhvxowlqj v|vwhp/ h{suhvvhg lq whupv ri shufhqwdjh ghyldwlrqv durxqg wkh

vwhdg|0vwdwh lv suhvhqwhg lq Dsshqgl{ F1

Zh wkhq vroyh wkh prgho xvlqj wkh phwkrgv ghyhorshg e| Dqghuvrq dqg Prruh

+4<;8, zklfk doorzv wr frpsxwh vroxwlrqv iru udwlrqdo h{shfwdwlrqv prghov1 Wkh dojr0

ulwkp ghwhuplqhv zkhwkhu wkh prgho kdv d xqltxh vroxwlrq/ dq lq�qlw| ri vroxwlrqv ru

47



qr vroxwlrqv dw doo/ dqg surgxfhv d pdwul{ frgli|lqj wkh olqhdu frqvwudlqwv jxdudqwhh0

lqj dv|pswrwlf frqyhujhqfh1 Wkh xqltxhqhvv ri vroxwlrqv wr wkh v|vwhp uhtxluhv wkdw

wkh wudqvlwlrq pdwul{ fkdudfwhul}lqj wkh olqhdu v|vwhp kdyh dq dssursuldwh qxpehu

ri h{sorvlyh dqg vwdeoh hljhqydoxhv +Eodqfkdug dqg Nkdq frqglwlrqv,1

Fdoleudwlrq lv xvhg lqvwhdg ri hvwlpdwlrq iru wzr uhdvrqv1 Iluvwo|/ wkh pdmrulw| ri

wkh gdwd uhodwlqj wr wkh oderxu pdunhw duh lqfrpsohwh ru qrw dydlodeoh +krxuv zrunhg

ru ydfdqflhv iru h{dpsoh,/ lw zrxog wkhq eh qhfhvvdu| wr hvwlpdwh wkh prgho zlwk d

vxevhw ri wkh gdwd zkdw zrxog lqwurgxfh wrr pxfk sdudphwhu hvwlpdwlrq xqfhuwdlqw|1

Vhfrqgo|/ dv wkh Hxur duhd lv qhz/ lwv ehkdylrxu fdq rqo| eh lqihuuhg iurp lwv sdvw

udwkhu uhdglo| gluhfwo| hvwlpdwhg iurp lwv suhylrxv mrlqw ehkdylrxu ri lwv frpsrqhqw

sduwv1 Pruhryhu/ wkh sureohpv ri djjuhjdwlrq dqg wkh hqwu| ri qhz phpehuv pdnh

wkh txdolw| ri wkh gdwd ghedwdeoh dqg uhtxluh dgglwlrqdo dgmxvwphqwv1

Wkh sdudphwhu ydoxhv duh dvvljqhg vxfk wkdw wkh Hxur duhd prgho hfrqrp| lv

durxqg lwv vwdwlrqdu| vwdwh ryhu wkh shulrg 4<;8053331 Wkh fkrlfh ri wkh shulrg ri

fdoleudwlrq dqvzhuv d gxdo dlp= wr dssrlqw wkh orqjhvw shulrg/ zkloh dyrlglqj wrr

vljql�fdqw euhdnv1 Wkh Hxur duhd gdwd uhwdlqhg iru wkh fdoleudwlrq uhvxow iurp wkh

�dxjphqwhg� gdwdedvh xvhg e| Idjdq/ Khqu| dqg Phvwuh +5334, iru wkh Duhd Zlgh

Prgho ri wkh HFE146 Wkh prgho lv fdoleudwhg wr txduwhuo| gdwd1

Wkh glvfrxqw udwh dqg wkh frh!flhqw ri uhodwlyh ulvn dyhuvlrq dsshdu lq vwdqgdug

GVJH prghov1 Wkh vxemhfwlyh glvfrxqw udwh � lv vhw htxdo wr 31<</ zklfk jlyhv dq

dqqxdo vwhdg| vwdwh uhdo lqwhuhvw udwh htxdo wr irxu shufhqw1 Zh dvvljq ydoxhv iru wkh

lqwhuwhpsrudo hodvwlflw| ri vxevwlwxwlrq +3=9, dqg hodvwlflw| ri oderxu ghvxwlolw| +3=75,

vlplodu dv rqhv hvwlpdwhg e| Vphwv dqg Zrxwhuv +5335,1 Vphwv dqg Zrxwhuv +5335,

ru Vdkxf +5335, frqvlghuhg ydoxhv ri k udqjlqj ehwzhhq 318: dqg 31<9/ zh zloo uhwdlq

dq lqwhuphgldwh ydoxh ri 3=:8/ pruh hvshfldoo| dv wkhvh vshfl�fdwlrqv vhohfwhg zhuh

edvhg rq dq h{whuqdo dqg qrw lqwhuqdo kdelw irupdwlrq1

Frqfhuqlqj wkh pdwfklqj dqg wkh oderxu pdunhw/ zh iroorz Shwurqjror dqg Slv0

vdulghv +5334, iru wkh Free0Grxjodv pdwfklqj ixqfwlrq dqg vhw � @ 3=8> � @ 3=81

Dffruglqj wr wkh Hxur duhd gdwd/ wkh QDLUX htxdov wr ;19( zklfk lpsolhv d ydoxh

iru �Q ri 31<471

Dffruglqj wr wkh DZPgdwdedvh/ wkh vkduh ri jryhuqphqw vshqglqj lq wkh JGS
�

7C
7t

�
lv htxdo wr 49155( dqg wkh vkduh ri frqvxpswlrq lq JGS

�
7�
7t

�
lv 95189(1 Wkh udwh

ri ghsuhfldwlrq ri wkh fdslwdo lv �{hg dw 5( lq rughu wr pdnh frpsdwleoh wkh vkduh

ri lqyhvwphqw lq JGS
�

7U
7t
@ 53=55(

�
dqg wkh frh!flhqw ri wkh fdslwdo

�
7g
7t
@ <=9;

�
1

46Wkh gdwd frqfhuqlqj |hduv 4<<< dqg 5333 zhuh dgghg wr wkh gdwdedvh dydlodeoh1

48



Wkh fdslwdo vkduh sdudphwhu zdv rewdlqhg e| hvwlpdwlqj d surgxfwlrq ixqfwlrq e|

ROV1 Wkh hvwlpdwhg sdudphwhu frxog qrw uhmhfw � @ 3=681 Pruhryhu/ iroorzlqj wkh

olwhudwxuh/ zh vhw wkh hodvwlflw| ri pdujlqdo ghsuhfldwlrq +g, wr xqlw|1

Wkh uhdfwlrq ixqfwlrq ri wkh prqhwdu| dxwkrulw| lv dvvxphg wr eh dq lqhuwldo

Wd|oru uxoh zlwk xvxdo sdudphwhu ydoxhv +vhh Fodulgd hw do1 +4<<;,,= #� @ 3=<> #Z @ 4=8

dqg #+ @ 3=81

Wkh ghjuhh ri qrplqdo uljlglw| ghwhuplqhg e| wkh iudfwlrq ri �upv wkdw gr qrw

dgmxvw wkhlu sulfh +!, dqg wkh ghjuhh ri uhdo uljlglw| hpdqdwlqj iurp wkh oderxu pdunhw

yld wkh wzr suredelolwlhv � dqg (/ duh pruh gl!fxow wr jdxjh1 Wkh| zloo eh wdnhq

dv iuhh sdudphwhuv dqg zh zloo ohw wkh dqdo|vlv ri wkh dxwrfruuhodwlrqv jlyhq xv pruh

lqirupdwlrq1

Wdeoh 4 suhvhqwv dq ryhuylhz ri wkh ydoxhv ri wkh fdoleudwhg sdudphwhuv dv wkh|

zhuh xvhg lq wkh vlpxodwlrqv1

615 Xqfrqglwlrqdo Vhfrqg Prphqwv

Dq lqirupdo dvvhvvphqw ri wkh txdqwlwdwlyh shuirupdqfh ri wkh prgho*v dvvxphg gdwd

jhqhudwlqj surfhvvhv dqg g|qdplf sursdjdwlrqdo phfkdqlvpv fdq eh frqgxfwhg e|

frpsdulqj wkh vhfrqg prphqwv ri wkh vlpxodwhg vhulhv ri fhuwdlq nh| pdfurhfrqrplf

yduldeohv lpsolhg e| wkh ehqfkpdun prgho zlwk wkhlu revhuydeoh frxqwhusduwv1 Wkdw

dovr zloo hqdeoh xv wr hydoxdwh wkh ghjuhhv ri qrplqdo dqg uhdo uljlglw| qhfhvvdu| iru

wkh Hxur duhd1

Wkh vdpsoh prphqwv duh fdofxodwhg iru Krgulfn0Suhvfrww �owhuhg gdwd dqg zh xvh

Prqwh Fduor vlpxodwlrq ri wkh prgho wr surgxfh dq dyhudjh ri 43333 vlpxodwhg vhwv

ri wlph vhulhv zlwk ohqjwk ri 931 Zh vlpxodwhg wkh prgho iru irxu vhwv ri sdudphwhuv

ghshqglqj rq wkh ohyho ri sulfh dqg oderxu pdunhw uljlglwlhv=

41 ! @ 3=:8 +sulfhv duh �{hg iru rqh |hdu,/ ( @ 3=8 +wkh gxudwlrq ri xqhpsor|phqw

lv 9 prqwkv, dqg � @ 4 +wkh gxudwlrq ri ydfdqflhv lv wkuhh prqwkv,>

51 ! @ 3=:8 +sulfhv duh �{hg iru rqh |hdu,/ ( @ 3=58 +wkh gxudwlrq ri xqhpsor|phqw

lv 45 prqwkv, dqg � @ 3=8 +wkh gxudwlrq ri ydfdqflhv lv vl{ prqwkv,>

61 ! @ 3=< +sulfhv duh �{hg iru wzr |hduv dqg kdoi,/ ( @ 3=8 +wkh gxudwlrq ri

xqhpsor|phqw lv 9 prqwkv, dqg � @ 4 +wkh gxudwlrq ri ydfdqflhv lv wkuhh

prqwkv,>
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71 ! @ 3=< +sulfhv duh �{hg iru wzr |hduv dqg kdoi,/ ( @ 3=58 +wkh gxudwlrq ri

xqhpsor|phqw lv 45 prqwkv, dqg � @ 3=8 +wkh gxudwlrq ri ydfdqflhv lv vl{

prqwkv,1

Uhvxowv duh vkrzq lq Iljxuhv 4d wr 4g1 Wkh juh| eduv uhsuhvhqw wkh gdwd furvv

fruuhodwlrqv dqg wkh eodfn rqhv duh wkrvh lpsolhg e| wkh vlpxodwhg prgho1 Lw lv reylrxv

wr uhpdun wkdw wkh prgho zlwk d vwdqgdug ghjuhh ri qrplqdo uljlglw| +! @ 3=:8, lv qrw

deoh wr jhqhudwh wkh vdpsoh g|qdplf furvv fruuhodwlrqv dowkrxjk dvvxplqj d kljkhu

ghjuhh ri uhdo uljlglw| lpsuryhv wkh jhqhudo �w ri wkh g|qdplf furvv fruuhodwlrqv1

Lq idfw/ zh kdyh uho| rq d yhu| kljk ghjuhh ri sulfh uljlglw| +! @ 3=<, lq rughu wr

pdwfk wkh gdwd1 Hvshfldoo| zkhq zh lqwurgxfh kljk gxudwlrqv ri xqhpsor|phqw dqg

ydfdqflhv +( @ 3=58 dqg � @ 3=8,/ wkh odj dqg ohdg furvv fruuhodwlrqv iru doprvw doo

wkh yduldeohv lq wkh prgho duh txlwh forvh wr wkrvh ri wkh gdwd lq vljq dqg pdjqlwxgh1

Iru h{dpsoh/ zh fdq revhuyh wkdw frqvxpswlrq/ lqyhvwphqw/ hpsor|phqw duh vwurqjo|

surf|folfdo zkloh fdslwdo ru lqwhuhvw udwh duh df|folfdo1 Wkh prgho shuirupv uhdvrqdeo|

zhoo zlwk uhvshfw wr wkh xqhpsor|phqw1 Fruuhodwlrqv ri wkh xqhpsor|phqw zlwk rxw0

sxw duh jhqhudoo| frxqwhuf|folfdo dv lq wkh gdwd dqg wkh qhjdwlyh fruuhodwlrq ehwzhhq

lq dwlrq dqg xqhpsor|phqw uh hfwv d Skloolsv fxuyh uhodwlrq1

Wklv lv qrw vxusulvlqj dv lw lv d xvxdo ihdwxuh lq prghov lqfoxglqj vkruw uxq qrq0

qhxwudolw| ri prqh| dqg oderxu pdunhw vhdufk +vhh iru h{dpsoh Fkìurq dqg Odqjrw

+4<<<, ru Frroh| dqg Txdgulql +4<<<,,1 Dv hpskdvl}hg lq wkh iruphu sdshu/ wkh

vw|ol}hg idfw dvvrfldwhg zlwk wkh Skloolsv fxuyh lv ylhzhg dv dq lpsruwdqw wrro lq wkh

frqgxfw ri wkh prqhwdu| srolf|1 Wkxv/ d prgho lqwhuhvwlqj lq wkh prqhwdu| srolf|

ghedwh/ olnh wklv rqh/ pxvw txdolwdwlyho| dffrxqw iru wkh Skloolsv0fxuyh1

Dowkrxjk zh gr qrw kdyh d vhulhv ri ydfdqflhv/ Fkduw 5 ri wkh HFE grfxphqw

+5335/ s4:, doorzv xv wr vd| wkdw Hxur duhd gdwd glvsod| d vwurqj qhjdwlyh fruuhod0

wlrq ehwzhhq ydfdqflhv dqg xqhpsor|phqw147 Wklv idfw lv uh hfwhg lq rxu vlpxodwhg

furvv fruuhodwlrqv +qrw uhsuhvhqwhg khuh exw dydlodeoh, dqg vr zhoo uhsuhvhqwhg e| rxu

wkhruhwlfdo prgho1 Wklv phdqv wkdw wkh pdwfklqj surfhvv dvvxpswlrq lv vx!flhqw wr

ghvfuleh wkh g|qdplf ri wkh iulfwlrqdo xqhpsor|phqw vxppdul}hg e| wkh Ehyhulgjh

fxuyh1 Iljxuh 5 vkrzv wkh vlpxodwhg Skloolsv dqg Ehyhulgjh fxuyhv1

Krzhyhu/ wkh prvw vhulrxv zhdnqhvv ri wkh prgho zlwk vwdjjhuhg sulfh dqg oderxu

pdunhw vhdufk lv lwv delolw| wr jhqhudwh d zurqj sdwwhuq iru uhdo zdjhv1 Wkh glyhujhqfh

ehwzhhq gdwd dqg prgho vxjjhvw wkdw ixwxuh zrunv frxog irfxv rq prgli|lqj wkh zdjh

htxdwlrq1
47Wkh Ehyhulgjh fxuyh iru wkh hxur duhd surylghg e| wkh HFE lv sur{lhg e| wkh djjuhjdwh ri qlqh

frxqwulhv fryhulqj 97( ri wkh }rqh1
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Wkhq/ zh nhhs wkh vshfl�fdwlrq lqgxflqj wkh kljkhvw ghjuhhv ri qrplqdo dqg uhdo

uljlglwlhv lq wkh iroorzlqj vxevhfwlrq1

616 Lpsxovh Uhvsrqvhv

Wklv vxevhfwlrq suhvhqwv wkh g|qdplfv ri wkh prgho dqg pruh vshfl�fdoo| wkh lpsxovh

uhvsrqvhv wr rqh0vwdqgdug ghyldwlrq vkrfnv wr doo wkh prgho*v xqghuo|lqj vkrfnv1 Wkh

lpsxovh uhsrqvhv duh vkrzq lq Iljxuhv 6 wkurxjk 91 Lq hdfk fdvh/ zh vlpxodwh wkh

uhvsrqvh wr d srvlwlyh lqqrydwlrq ri 4( lq wkh uhohydqw iruflqj yduldeoh*v surfhvv1 Wklv

ohdgv wr shuvlvwhqw lqfuhdvhv lq wkh ohyho ri lqwhuhvw udwh/ wkh ohyho ri whfkqrorj|/ wkh

ohyho ri jryhuqphqw vshqglqj dqg wkh ohyho ri suhihuhqfh/ zlwk wkh ghjuhh ri shuvlvwhqfh

ghshqglqj rq wkh DU +4, frh!flhqwv ri wkh uhohydqw vwrfkdvwlf surfhvvhv1

Wkh lpsxovh uhvsrqvh ixqfwlrqv frq�up wkh suhvhqfh ri d Skloolsv dqg Ehyhulgjh

fxuyhv uhodwlrq1

61614 Prqhwdu| Srolf| Vkrfn

Iljxuh 6 uhsruwv wkh uhvsrqvhv wr d 4( lqfuhdvh lq wkh qrplqdo lqwhuhvw udwh1 Wklv

vkrfn lv d shuwxuedwlrq ri wkh prqhwdu| srolf| uxoh dqg wkhuhiruh/ lw wuljjhuv wkh

fruuhfwlrq phfkdqlvpv lpsolhg e| lw1

Iroorzlqj wklv vkrfn/ krxvhkrogv uhgxfh wkhlu frqvxphu vshqglqj +0:(, dv uhdo

lqwhuhvw udwh lqfuhdvhv +319(,1 Ilupv uhvsrqg wr wkh klnh lq lqwhuhvw udwh e| vwurqjo|

uhgxflqj wkhlu lqyhvwphqw vshqglqj +059(, dqg ghfuhdvlqj krxuv shu zrunhu +0618(,

dqg fdslwdo xwlolvdwlrq udwkhu wkdq hpsor|phqw1 Wklv uhvxow fdq eh h{sodlqhg e| wkh

idfw wkdw krxuv duh wkh rqo| surgxfwlrq idfwru zklfk lv qrw suhghwhuplqhg1 Wklv fdxvhv

d odujh ghfuhdvh lq pdujlqdo frvw1 Lq whupv ri frqwulexwlrqv wr JGS/ wkh ghfolqh lq

frqvxpswlrq lv vwurqjhu wkdq wkdw lq lqyhvwphqw1 Lq dwlrq ghfuhdvhv vorzo| gxh wr

sulfh uljlglwlhv1

Vlqfh ydfdqflhv uh hfw uhfuxlwlqj h�ruw dqg pryh lq uhvsrqvh wr wkh h{shfwdwlrq

ri wkh sur�wdelolw| ri d vxffhvvixo pdwfk/ wkh| gurs +0;(, gxh wr wkh ghfuhdvh ri wkh

pdujlqdo frvw +0;(,1 Krzhyhu/ zh fdq qrwlfh wkdw wklv yduldeoh lv wkh �uvw wr vwduw

lwv �qdo kxps vkdsh sdwwhuq1 Wkh idoo ri hpsor|phqw +03158(, lqgxfhv dq lqfuhdvh

ri wkh suredelolw| wkdw d ydfdqf| lv �oohg zklfk whqgv wr lqfuhdvh h{shfwhg sur�wv

dqg wkhq ydfdqflhv1 Wklv h�hfw grplqdwhv rqo| diwhu vrph shulrgv zklfk h{sodlqv wkh

sduwlfxodu g|qdplfv ri ydfdqflhv1 Dv hpskdvl}hg e| Fkìurq dqg Odqjrw +5335,/ uhdo

zdjhv h{shulhqfh d odujh ghfuhdvh +0;(, ehfdxvh wkhlu g|qdplfv lv vwurqjo| surf|folfdo

dqg pruh suhflvho| lq rxu prgho/ wkh| duh wrr vwurqjo| uhodwhg wr wkh ydfdqflhv0

xqhpsor|phqw udwlr1
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Doo yduldeohv ghfd| vorzo| edfn wr wkhlu vwhdg|0vwdwh ydoxhv/ dqg wkh g|qdplf

uhvsrqvhv glvsod| wkh w|slfdo kxps vkdshg sdwwhuq1

Dv zh kdyh mxvw vhhq lw/ d nh| phfkdqlvp lv wkdw �upv pdlqo| dgmxvw wrwdo krxuv

+Q|K|, yld krxuv shu zrunhu +wkh lqwhqvlyh pdujlq,1 Dowkrxjk wklv h�hfw lv wrr

lpsruwdqw lq rxu vwxg|/ lw lv qrw glvfrqqhfwhg iurp uhdolw|1 Dv Iljxuh : iru wkh wkuhh

odujhu frxqwulhv ri wkh }rqh hxur vkrzv lw/ wkh hyroxwlrq ri wkh dqqxdo jurzwk udwh ri

hpsor|phqw lv vprrwkhg pruh wkdq wkdw ri krxuv zrunhg148 Wkhvh odvw uhpdlq pruh

yrodwloh1

61615 Whfkqrorj| Vkrfn

Iljxuh 7 vkrzv wkh h�hfwv ri dq lpsuryhphqw lq wrwdo idfwru surgxfwlylw|1 Dowkrxjk

wkh lqlwldo rxwsxw uhvsrqvh lv voljkwo| qhjdwlyh/ wkh h�hfw ehfrphv srvlwlyh diwhu wzr

txduwhuv dqg nhhsv exloglqj xs judgxdoo| +31;(,1 Wkh vkrfn udlvhv frqvxpswlrq

+316(, vlqfh krxvhkrogv lqfuhdvh wkhlu vshqglqj1 Wkhlu uhdo zdjhv duh lqgh{hg wr

surgxfwlylw| dqg lqfuhdvh judgxdoo| exw vljql�fdqwo| +318(,1 Dv qrwhg ehiruh/ wkh|

iroorz lq pruh wkh ydfdqflhv0xqhpsor|phqw udwlr pxowlsol|lqj wkh suhfhglqj phfkdq0

lfdo h�hfw1

Vlqfh rxwsxw ulvhv e| ohvv wkdq srwhqwldo rxwsxw/ wkh uhvxowlqj qhjdwlyh rxwsxw

jds sxwv grzqzdug suhvvxuh rq sulfhv/ zklfk doorzv wkh prqhwdu| dxwkrulwlhv wr

uhgxfh lqwhuhvw udwh1 Khqfh/ prqhwdu| srolf| lv dffrpprgdwlqj/ dqg sulfhv gr qrw

fkdqjh pxfk +wkh uhvsrqvh ri lq dwlrq lv qhjdwlyh +03143(, dqg h{klelwv shuvlvwhqfh,1

Lqyhvwphqw dqg ydfdqflhv dovr ulvh exw rqo| diwhu dq lqlwldo idoo gxh wr wkh suhvhqfh

ri d vpdoo furzglqj0rxw h�hfw1

Wzr ihdwxuhv pxvw eh qrwhg frqfhuqlqj wkh hpsor|phqw g|qdplfv1 Iluvwo|/ jlyhq

wkdw wkh dprxqw ri qrplqdo sulfh uljlglw| lpsduwhg e| wkh qrplqdo dqg uhdo iulfwlrqv

lv yhu| vxevwdqwldo/ �upv fdq phhw wkhlu ghpdqg zlwk ohvv oderxu lqsxw +wrwdo krxuv

idoo +031:(,, jlyhq wkh lqfuhdvh lq surgxfwlylw|1 Rxu prgho lv wkhq frqvlvwhqw zlwk

wkh �qglqjv ri Jdol +4<<<, rq RHFG frxqwulhv dqg Vphwv dqg Zrxwhuv +5335, rq

Hxur duhd gdwd1 Frqwudu| wr wkh Grwvh|*v +4<<<, fodlp/ rqh fdq surgxfh d qhjdwlyh

fruuhodwlrq ehwzhhq surgxfwlylw| dqg wrwdo krxuv lq wkh suhvhqfh ri dq lqwhuhvw udwh

uxoh dqg vwlfn| sulfh1 Vhfrqgo|/ frqwudu| wr wkh hylghqfh/ �upv pdlqo| dgmxvw wrwdo

krxuv yld lqglylgxdo krxuv dqg qrw yld hpsor|phqw1

48Dv zh mxvw kdyh dqqxdo dqg qrw txduwhuo| gdwd/ zh kdyh qrw ehhq deoh wr frpsduh wkh hpslulfdo

krxuv.rxwsxw fruuhodwlrqv zlwk wkrvh jhqhudwhg e| wkh prgho1
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61616 Vkrfn wr Jryhuqphqw Vshqglqj

Iljxuh 8 sorwv wkh g|qdplf uhvsrqvhv ri vhohfwhg yduldeohv wr d vkrfn wr jryhuqphqw

frqvxpswlrq1 Vxfk d vkrfn dozd|v lqfuhdvhv rxwsxw +3147(,/ zlwk pruh shuvlvwhqw

vkrfnv ohdglqj wr juhdwhu lqfuhdvhv1 Wkdw lv/ zh revhuyh pxowlsolhu h�hfwv zlwk shu0

vlvwhqw jryhuqphqw vshqglqj vkrfnv1 Qhjdwlyh lqwhuhvw udwh h�hfwv eulqj sulydwh frq0

vxpswlrq ehorz lwv vwhdg| vwdwh ydoxh +0313;(, zkloh iroorzlqj d kxps0vkdshg sdwwhuq

+gxh wr wkh suhvhqfh ri kdelw irupdwlrq,/ dqg wkhq frqvxpswlrq judgxdoo| uhwxuqv wr

lwv vwhdg| vwdwh ydoxh1 Xqghu wkh ghpdqg vkrfn/ wkhuh h{lvwv h{fhvv ghpdqg lq wkh

jrrgv pdunhw suhydlolqj lqwhuhvw udwh/ dqg wkh lqwhuhvw udwh pxvw jr xs wr fohdu wkh

jrrgv pdunhw +3134(,1 Wkhq/ fdslwdo vwrfn dqg lqyhvwphqw vwurqjo| idoo +03157( dqg

�3163( uhvshfwlyho|,1

Zlwk d srvlwlyh lqfrph h�hfw rq ohlvxuh/ shuvlvwhqw fkdqjhv lq jryhuqphqw vshqg0

lqj dozd|v kdyh d srvlwlyh h�hfw rq wrwdo krxuv zrunhg1 Exw krxuv shu zrunhu dqg hp0

sor|phqw uhvsrqg gl�huhqwo|1 Krxuv zrunhg duh ghwhuplqhg e| qhjrfldwlrq zkhuhdv

hpsor|phqw lv ghwhuplqhg e| mre ghvwuxfwlrq dqg fuhdwlrq lq wkh oderxu pdunhw1

Fkdqjhv lq hpsor|phqw lq wklv prgho ghshqg fuxfldoo| rq wkh ghflvlrq e| wkh �up wr

fuhdwh d ydfdqw mre dw vrph frvw1 Dq lqfuhdvh lq jryhuqphqw vshqglqj xqdpeljxrxvo|

udlvhv krxuv zrunhg shu zrunhu +3144(,/ exw pd| lqfuhdvh ru ghfuhdvh wkh hpsor|0

phqw1 Wkh �up lqfuhdvhv ru ghfuhdvhv mre rshqlqjv edvhg rq wkh h{shfwhg ydoxh ri

d kluhg zrunhu wr wkh �up1 D kljkhu ydoxh ri d kluhg zrunhu wr wkh �up hqfrxudjhv

wkh �up wr fuhdwh pruh ydfdqflhv1 Wkh wzr idfwruv d�hfwlqj wkh ydoxh lv wkh uhdo

lqwhuhvw udwh dqg wkh joredo vxusoxv lq hdfk shulrg1 Zh revhuyh wkdw hyhq wkrxjk

joredo vxusoxv lqfuhdvhv wr d ghpdqg vkrfn/ wkh qhjdwlyh uhdo lqwhuhvw udwh h�hfw rq

wkh ydoxh ri d kluhg zrunhu vwloo grplqdwhv wkh srvlwlyh hfrqrplf uhqw h�hfw/ wkxv

ydfdqflhv ghfuhdvh +03138(, mxvw olnh wkh hpsor|phqw +031338(,1

61617 Suhihuhqfh Vkrfn

Iljxuh 9 uhsruwv wkh uhvsrqvhv wr dq lqfuhdvh rq krxvhkrog*v suhihuhqfh1 Wkh vkrfn

dfwv gluhfwo| rq frqvxpswlrq e| lqfuhdvlqj lw e| 31:( dqg pdnhv lw srvvleoh wr lqfuhdvh

wkh rxwsxw ri 316(1 Zh qrwlfh wkdw wkh suhihuhqfh vkrfn kdv d vwurqjhu lpsdfw rq

rxwsxw wkdq wkh jryhuqphqw vshqglqj rqh1

Mxvw olnh wkh suhfhglqj ghpdqg vkrfn/ lw lv fohdu wkdw lqfuhdvhg ryhudoo ghpdqg

sxwv xszdug suhvvxuh rq uhdo idfwru sulfhv/ uhdo pdujlqdo frvw dqg lq dwlrq1 Lq rughu

wr vwhp wkhvh lq dwlrqdu| suhvvxuhv/ uhdo lqwhuhvw udwh ulvhv lqgxflqj d vljql�fdqw

qhjdwlyh furzglqj0rxw h�hfw rq lqyhvwphqw +�4(,1 Wkh lqfuhdvh lq fdsdflw| qhfhvvdu|
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wr vdwlvi| wkh lqfuhdvhg ghpdqg lv gholyhuhg e| d udlvh lq wkh xwlolvdwlrq ri lqvwdoohg

fdslwdo +vr d ghfuhdvh lq fdslwdo gxulqj vhyhudo shulrgv, dqg dq lqfuhdvh lq wrwdo krxuv1

Khuh djdlq/ wkh pdwfklqj phfkdqlvp wkdw ghwhuplqhv hpsor|phqw lpsolhv dq

lqfuhdvh lq krxuv shu zrunhu +3168(, dqg lq hpsor|phqw +3135(, dv ghprqvwudwh e|

vhyhudo YDU prghov lq wkh olwhudwxuh1

617 Vrph Ohvvrqv iru wkh Prqhwdu| Srolf|

Wr �qlvk/ zh kdyh wr foduli| wzr lpsruwdqw srlqwv iru wkh prqhwdu| srolf| ghflvlrqv1

Iluvwo|/ vlqfh wkh lqwurgxfwlrq ri wkh oderxu pdunhw exw hvshfldoo| ri wkhvh iulfwlrqv

kdv d vwurqj lpsdfw rq wkh ryhudoo g|qdplfv ri wkh prgho/ wkh ghflvlrqv ri srolf| fdq

eh yhu| glvwdqw dffruglqj wr zkhwkhu d vlpsoh prgho +zlwkrxw oderxu pdunhw, ru d

pruh frpsohwh rqh lv orrnhg dw1 Iljxuh ; vkrzv wkh uhvsrqvhv ri rxwsxw/ lqwhuhvw udwh

dqg lq dwlrq iroorzlqj wkh wkuhh pdlq vwuxfwxudo vkrfnv1 Wkh grwwhg olqhv uhvsrqvhv

duh wkrvh ri d vlpsoh wkuhh0htxdwlrqv prgho frpsrvhg e| wkh LV dqg Skloolsv fxuyhv

dqg wkh lqhuwldo lqwhuhvw udwh uxoh1 Wkh rwkhu uhvsrqvhv duh wkrvh ri rxu prgho1

Lw lv udwkhu fohdu wkdw wkh frpsohwh prgho uhvsrqvhv duh pxfk pruh shuvlvwhqw wkdq

wkh vlpsoh prgho rqhv1 Wkh lqwurgxfwlrq ri iulfwlrqv rwkhu wkdq wkrvh rq wkh pdunhw ri

jrrgv +exw dovr dgmxvwphqw frvwv rq fdslwdo, dffhqwxdwhv wkh hqgrjhqrxv shuvlvwhqfh1

Frqvhtxhqwo|/ wkh prqhwdu| dxwkrulwlhv zklfk zrxog eh edvhg rq d prgho zlwkrxw

oderxu pdunhw zrxog kdyh doo wkh fkdqfhv wr eh plvwdnhq lq prgli|lqj wkhlu lqwhuhvw

udwh1 Wkh vwdelol}dwlrq ri wkh hfrqrp| zrxog eh pxfk orqjhu wkdq wkdq wkh| krshg1

Vhfrqgo|/ wkh frpsdulvrq ri vhyhudo prqhwdu| srolf| uxohv pdnhv lw srvvleoh wr

kljkoljkw wkh idfw wkdw dq lq dwlrq wdujhwlqj uxoh jlyhv ohvv jrrg uhvxowv lq whup ri

vwdelolvdwlrq wkdq d Wd|oru w|sh uxoh1 Wklv lv qrw d qhz uhvxow vlqfh lw lv reylrxv wkdw

dgglqj dgglwlrqqdo yduldeohv lq wkh uxoh doorzv wr lpsuryh lwv vwdelolvlqj txdolwlhv1

Krzhyhu/ wr sxw d pruh lpsruwdqw zhljkw rq wkh surgxfwlrq jlyhv ehwwhu uhvxowv +vhh

iru h{dpsoh wkh uxoh hvwlpdwhg e| Vdkxf +5335,,1

Pruhryhu/ mxvw olnh rqh grhv lw frqfhuqlqj wkh �qdqfldo pdunhw/ rqh kdv wkh uljkw

wr zrqghu zkhwkhu wkh prqhwdu| dxwkrulwlhv vkrxog lqfoxgh d yduldeoh ri whqvlrq ri

wkh oderxu pdunhw/ vxfk dv wkh xqhpsor|phqw udwh/ lq wkhlu prqhwdu| srolf| uxoh1 Rxu

vlpxodwlrqv vkrz wkdw wkh lqwurgxfwlrq ri wkh xqhpsor|phqw lq wkh uxoh +zlwk wkh

vdph zhljkw dv wkh rxwsxw iru h{dpsoh, khosv voljkwo| wr vwdelolvh wkh lq dwlrq pruh

udslgo| dqg kdv qr vljql�fdwlyh h�hfw rq wkh rwkhu yduldeohv vwdelolvdwlrq1 Ilqdoo|/ zh

fdq vd| wkdw dxjphqwlqj wkh uxoh zlwk d oderxu pdunhw yduldeoh lv qrw vshfldoo| dq

lpsuryhphqw1
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7 Vxppdu| dqg Frqfoxglqj Uhpdunv

Suhylrxv zrunv xvlqj frpshwlwlyh GVJH prgho kdyh surylghg uhdvrqdeoh ghvfulswlrqv

ri wkh gdwd rq uhdo yduldeohv1 Krzhyhu/ vxfk zrunv glg qrw fdswxuh dw doo ru edgo| wkh

oderxu pdunhw ihdwxuhv dowkrxjk zh nqrz wkdw wkh ixqfwlrqlqj ri wkh oderxu pdunhw

d�hfwv exvlqhvv f|foh g|qdplfv dqg lv fuxfldo iru wkh prqhwdu| srolf| ghflvlrqv1 Lw

zrxog dsshdu lpshudwlyh wr prgho xqhpsor|phqw dv wkh rxwfrph ri dq htxloleulxp

surfhvv1

Wklv sdshu dlpv dw �oolqj wklv jds lq ghyhorslqj dq rswlplvlqj0edvhg prqhwdu|

srolf| prgho zlwk fdslwdo/ vwlfn| sulfhv dqg d qrq0zdoudvldq oderxu pdunhw lq wkh

irup ri d vlpsoh oderxu pdunhw vhdufk phfkdqlvp1 Wklv hqdeohv xv wr vwxg| wkh

uhvshfwlyh uroh ri oderxu pdnhw iulfwlrqv dqg qrplqdo iulfwlrqv lq dffrxqwlqj iru wkh

hpslulfdo vhfrqg prphqwv revhuyhg rq wkh Hxur duhd gdwd1

Zh kdyh vkrzq wkdw wkh xqfrqglwlrqqdo vhfrqg prphqwv jhqhudwhg e| wkh fdo0

leudwhg prgho duh forvh wr wkrvh lq wkh Hxur duhd/ h{fhsw uhjduglqj wkh uhdo zdjh

g|qdplfv/ zkhq erwk d kljk ghjuhh ri qrplqdo dqg oderxu pdunhw iulfwlrqv duh dv0

vxphg1 Wklv lqglfdwhv wkdw oderxu pdunhw iulfwlrqv grhv qrw dfw dv d vxevwlwxwh iru

qrplqdo uljlglwlhv exw dv d qhfhvvdu| frpsohphqw1 Wkxv/ dv lq Vphwv dqg Zrxwhuv

+5335,/ rxu prgho lv qrw deoh wr dguhvv wkh vkruwfrplqj ri uhtxlulqj dq lpsodxvleoh

ghjuhh ri sulfh uljlglw| lq rughu wr pdwfk gdwd1

Frqwudu| wr wkh iruphu sdshuv/ rxu prgho doorzv xv wkh srvvlelolw| wr lqyhvwljdwh

wkh wkhruhwlfdo ghwhuplqdqwv ri wkh h{whqvlyh dqg lqwhqvlyh pdujlq rq wkh oderxu

pdunhw1 Xqiruwxqdwho|/ zh duh qrw deoh wr pdwfk wkh hpslulfdo YDU uhvsrqvhv ri

lqglylgxdo krxuv zrunhg uhodwlyh wr hpsor|phqw1 Lqghhg/ zh �qg wkdw krxuv shu

zrunhu lv d wrr grplqdqw ohdglqj lqglfdwru lq wkh vhqvh wkdw wkhlu yrodwlolw| lv juhdwhu

wkdq wkrvh ri hpsor|phqw1 Iroorzlqj d vwuxfwxudo vkrfn/ krxuv shu zrunhu duh wkh

fuxfldo yduldeoh ri dgmxvwphqw iru �upv1 Rq wklv vlgh/ lqwurgxflqj d yduldeoh fdslwdo

xwlolvdwlrq udwh khosv vroylqj sduw ri wklv zhdnqhvv vlqfh krxuv zrunhg duh qr orqjhu

wkh rqo| qrq0suhghwhuplqhg surgxfwlrq idfwru1

Zh kdyh vkrzq wkh delolw| ri rxu prgho wr uhsurgxfh wkh oderxu pdunhw vw|ol}hg

idfwv fkdudfwhul}hg e| wkh Ehyhulgjh dqg Skloolsv fxuyhv/ exw dovr lwv lqdelolw| wr jhq0

hudwh wkh revhuyhg uhdo zdjh sdwwhuq1 Doorzlqj iru frqvxpswlrq gl�huhqfhv ehwzhhq

xqhpsor|hg dqg hpsor|hg djhqw fdq khos xv wr fruuhfw wklv gudzedfn dv vkrzq lq

Fkìurq dqg Odqjrw +5335,1

Ilqdoo|/ lw pljkw eh lqwhuhvwlqj iru ixuwkhu uhvhdufk wr xvh wklv w|sh ri prgho wr

lqyhvwljdwh wkh lpsdfw ri oderxu pdunhw iulfwlrqv rq wkh ghulydwlrq ri wkh rswlpdo

prqhwdu| srolf| dqg pruh sduwlfxoduo| wkhlu h�hfwv rq wkh joredo zhoiduh1
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wxuqv dqg wkh Exvlqhvv F|foh�/ Uhvhdufk ghsduwphqw vwd� uhsruw q�5;3/ Ihghudo

Uhvhuyh Edqn ri Plqqhdsrolv1

^;` Fdglrx O1 ) Jxlfkdug V1 +4<<<,/ �Od glyhuvlwì ghv pdufkìv gx wudydlo hq Hxursh =

txhoohv frqvìtxhqfhv srxu o*xqlrq prqìwdluh/ 4ëuh sduwlh�/ Grfxphqw gh Wudydlo

q�<<043/ FHSLL1

^<` Fdglrx O1/ Jxlfkdug V1 hw Pdxuho P1 +4<<<,/ �Od glyhuvlwì ghv pdufkìv gx

wudydlo hq Hxursh = txhoohv frqvìtxhqfhv srxu o*xqlrq prqìwdluh/ 5ëph sduwlh�/

Grfxphqw gh Wudydlo q�<<044/ FHSLL1

^43` Fdoyr J1 +4<;6,/ �Vwdjjhuhg sulfhv lq d xwlolw|0pd{lpl}lqj iudphzrun�/ Mrxuqdo

ri Prqhwdu| Hfrqrplfv/ yro 45/ ss 6;606<;1

^44` Fkìurq D1 ) Odqjrw I1 +4<<<,/ �Wkh Skloolsv dqg Ehyhulgjh Fxuyhv Uhylvlwhg�/

Hfrqrplfv Ohwwhuv/ yro 9</ ss 6:406:91

^45` Fkìurq D1 ) Odqjrw I1 +5335,/ �Oderxu Pdunhw Vhdufk dqg Uhdo Exvlqhvv F|0

fohv= Uhfrqflolqj Qdvk Edujdlqlqj zlwk wkh Uhdo Zdjh G|qdplfv�/ Plphr/ Xql0

yhuvlwì gx Pdlqh1
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^46` Fkulvwldqr O1/ Hlfkhqedxp P1 ) Hydqv F1 +5334,/ �Qrplqdo Uljlglwlhv dqg wkh

G|qdplf H�hfwv ri d Vkrfn wr Prqhwdu| Srolf|�/ Zrunlqj Sdshu q�533403;/

Ihghudo Uhvhuyh Edqn ri Fklfdjr1

^47` Fodulgd U1/ Jdol M1 ) Jhuwohu P1 +4<<<,/ �Wkh Vflhqfh ri Prqhwdu| Srolf|= D

Qhz Nh|qhvldq Shuvshfwlyh�/ Mrxuqdo ri Hfrqrplf Olwhudwxuh/ yro 6:/ ss 49940

4:3:1

^48` Fodulgd U1/ Jdol M1 ) Jhuwohu P1 +4<<;,/ �Prqhwdu| Srolf| Uxohv lq Sudfwlfh=

vrph Lqwhuqdwlrqdo Hylghqfh�/ Hxurshdq Hfrqrplf Uhylhz/ yro 75/ ss 43660439:1

^49` Frroh| W1 ) Txdgulql Y1 +4<<<,/ �D Qhrfodvvlfdo Prgho ri wkh Skloolsv Fxuyh

Uhodwlrq�/ Mrxuqdo ri Prqhwdu| Hfrqrplfv/ yro 77/ ss 49804<61

^4:` ghq Kddq Z1/ Udph| J1 )Zdwvrq M1 +5333,/ �Mre Ghvwuxfwlrq dqg Sursdjdwlrq

ri Vkrfnv�/ Dphulfdq Hfrqrplf Uhylhz/ yro <3/ ss 7;507<;1

^4;` Grwvh| P1 +4<<<,/ �Vwuxfwxuh iurp Vkrfnv�/ Zrunlqj Sdshu q�<<09/ Ihghudo

Uhvhuyh Edqn ri Ulfkprqg1

^4<` HFE +5335,/ Oderxu Pdunhw Plvpdwfkhv lq Hxur Duhd Frxqwulhv/ Pdufk1

^53` Hgjh U1 +5335,/ �Wkh Htxlydohqfh ri Zdjh dqg Sulfh Vwdjjhulqj lq Prqhwdu|

Exvlqhvv F|foh Prghov�/ Uhylhz ri Hfrqrplf G|qdplfv/ yro 8/ ss 88<08;81

^54` Hufhj F1/ Khqghuvrq G1 ) Ohylq +5333,/ �Rswlpdo prqhwdu| srolf| zlwk vwdj0

jhuhg zdjh dqg sulfh frqwudfwv�/ Mrxuqdo ri Prqhwdu| Hfrqrplfv/ yro 79/ ss

5;406461

^55` Idjdq J1/ Khqu| M1 ) Phvwuh U1 +5334,/ �Dq duhd0zlgh prgho +DZP, iru wkh

Hxur0duhd�/ Zrunlqj Sdshu q�75/ Hxurshdq Fhqwudo Edqn1

^56` Ixkuhu M1 +5333,/ �Kdelw Irupdwlrq lq Frqvxpswlrq dqg Lwv Lpsolfdwlrqv iru

Prqhwdu|0Srolf| Prghov�/ Dphulfdq Hfrqrplf Uhylhz/ yro <3/ ss 69:06<31

^57` Jdol M1 +4<<<,/ �Whfkqrorj|/ Hpsor|phqw/ dqg wkh Exvlqhvv F|foh= Gr Whfkqro0

rj| Vkrfnv H{sodlq Djjuhjdwh IoxfwxdwlrqvB�/ Dphulfdq Hfrqrplf Uhylhz/ yro

;</ ss 57<05:41

^58` Jhuwohu P1 ) Jlofkulvw V1 +5333,/ �Kxps0Vkdshg Rxwsxw lq d Udwlrqdo H{shfwd0

wlrqv Iudphzrun= Wkh Uroh ri Lqyhvwphqw Ghod|v�/Plphr/ Qhz0\run Xqlyhuvlw|1
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^59` Jrrgiulhqg P1 ) Nlqj U1 +4<<:,/ �Wkh Qhz Qhrfodvvlfdo V|qwkhvlv dqg wkh Uroh

ri Prqhwdu| Srolf|�/ QEHU Pdfurhfrqrplfv Dqqxdo/ PLW Suhvv/ Fdpeulgjh

PD1

^5:` Kdoo U1H1 +4<<<,/ �Oderxu Pdunhw Iulfwlrqv dqg Hpsor|phqw Ioxfwxdwlrqv�/

Kdqgerrn ri Pdfurhfrqrplfv/ Fk1 4:/ hg1 e| M1 Wd|oru dqg P1 Zrrgirug/ Hovh0

ylhu1

^5;` Kxdqj [1 ) Olx ]1 +4<<;,/ �Vwdjjhuhg frqwudfwv dqg exvlqhvv f|foh shuvlvwhqfh�/

Zrunlqj Sdshu q�438/ Xqlyhuvlwì gx Txìehf ã Prqwuìdo1

^5<` Mhdqqh R1 +4<<;,/ Jhqhudwlqj Uhdo Shuvlvwhqw H�hfwv ri Prqhwdu| Vkrfnv= Krz

Pxfk Qrplqdo Uljlglw| gr zh Uhdoo| QhhgB�/ Hxurshdq Hfrqrplf Uhylhz/ yro

75/ ss433<043651

^63` Nlqj U1 ) Uhehor V1 +4<<<,/ Uhvxvflwdwlqj uhdo Exvlqhvv F|fohv/ Kdqgerrn ri

Pdfurhfrqrplfv/ Fk1 47/ hg1 e| M1 Wd|oru dqg P1 Zrrgirug/ Hovhylhu1

^64` Nruwhodlqhq P1 +5334,/ �D fwxdo dqg Shufhlyhg Prqhwdu| Srolf| Uxohv lq d G|0

qdplf Jhqhudo Htxloleulxp Prgho ri wkh Hxur Duhd/� Zrunlqj Sdshu q�605334/

Edqn ri Ilqodqg1

^65` Phu} P1 +4<<8,/ �Vhdufk lq wkh Oderxu Pdunhw dqg wkh Uhdo Exvlqhvv F|foh�/

Mrxuqdo ri Prqhwdu| Hfrqrplfv/ yro 69/ ss 59<06331

^66` Phu} P1 ) \dvkly H1 +5335,/ �Oderxu Pdunhw Iulfwlrqv/ Fdslwdo Dgmxvwphqw

Frvwv/ dqg Vwrfn Sulfhv�/ Plphr/ Xqlyhuvlw| ri Erqq1

^67` Qhlvv N1 ) Qhovrq H1 +5334,/ �Wkh Uhdo Lqwhuhvw Udwh Jds dv dq Lq dwlrq Lqgl0

fdwru�/ Zrunlqj Sdshu q�463/ Edqn ri Hqjodqg1

^68` Shwurqjror E1 ) Slvvdulghv F1 +5334,/ �Orrnlqj lqwr wkh Eodfn Er{= D Vxuyh|

ri wkh Pdwfklqj Ixqfwlrq�/ Mrxuqdo ri Hfrqrplf Olwhudwxuh/ yro 6;/ ss 6<307641

^69` Slvvdulghv F1 +5333,/ Htxloleulxp Xqhpsor|phqw Wkhru|/ Eodfnzhoo/ R{irug1

^6:` Vdkxf M0J1 +5335,/ �D cK|eulg* Prqhwdu| Srolf| Prgho= Hylghqfh iurp wkh Hxur

Duhd�/ Dssolhg Hfrqrplfv Ohwwhuv/ yro </ ss <7<0<881

^6;` Vphwv I1 ) Zrxwhuv U1 +5335,/ �Dq Hvwlpdwhg G|qdplf Vwrfkdvwlf Jhqhudo

Htxloleulxp Prgho ri wkh Hxur Duhd�/ Zrunlqj Sdshu q�4:4/ Hxurshdq Fhqwudo

Edqn1
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^6<` Wuljdul D1 +5335,/ Htxloleulxp Xqhpsor|phqw/ Mre Iorzv dqg Lq dwlrq G|qdp0

lfv/ Plphr/ Qhz \run Xqlyhuvlw|1

^73` Zdovk F1 +5335,/ �Oderxu Pdunhw Vhdufk/ Vwlfn| Sulfhv/ dqg Lqwhuhvw Udwh Srol0

flhv�/ Plphr/ Xqlyhuvlw| ri Fdoliruqld1

^74` Zrrgirug P1 +5335,/ Lqwhuhvw dqg Sulfhv= Irxqgdwlrqv ri d Wkhru| ri Prqhwdu|

Srolf|/ Sulqfhwrq Xqlyhuvlw| Suhvv +iruwkfrplqj,1
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Dsshqgl{ D= Shuihfw Lqvxudqfh V|vwhp

Krxvhkrogv idfh xs wr wzr vwdwhv rq wkh oderxu pdunhw dw hdfk shulrg= wkh| pd|

eh hpsor|hg ru xqhpsor|hg1

Zkhq wkh krxvhkrog m zrunv/ klv xwlolw|/ X?
� / lv jlyhq e|

X?
� @ x?

�
F?
�c|> F

?
�c|3�

�
. y?

�
�?�c|
S|

�
� o? +K�c|, +68,

Zkhq wkh krxvhkrog m lv xqhpsor|hg/ klv xwlolw|/ X�
� / lv gh�qhg dv

X�
� @ x�

�
F�
�c|> F

�
�c|3�

�
. y�

�
���c|
S|

�
+69,

Ehfdxvh wkh lqglylgxdo grhvq*w zrun/ klv lqvwdqwdqhrxv zrun ghvxwlolw| +o +K�c|,, fohdu0

do| glvdsshduv1

Zh fdq ghulyh wkh krxvhkrog*v h{shfwhg xwlolw| dv d zhljkwhg vxp ri wkhvh wzr

xwlolwlhv frqglwlrqqhg e| wkh vwdwhv/

X�c| @ Q|

�
X?
�

�
. +4�Q|,

�
X�
�

�
zkhuh wkh hpsor|phqw Q| lv wkh suredelolw| wr eh hpsor|hg1

Wkh krxvhkrog fkrrvhv wkh vhtxhqfh
q
F?
�c|> F

�
�c|>�

?
�c|>�

�
�c|>E

?
�c|>E

�
�c|

r
dqg d ohyho ri

xqhpsor|phqw lqvxudqfh LQV�c| vxemhfw wr wkh exgjhw frqvwudlqwv dvvrfldwhg wr wkh

vwdwhv rq wkh oderxu pdunhw=

F?
�c| .

�?�c|
S|

.
E?
�c|n�

+4 . l|,S|
� Z�c|K�c| .

E?
�c|

S|
.

�?�c|3�
S|

� W|
S|

.�o
| .��

| � (|LQV�c|

F�
�c| .

���c|
S|

.
E�
�c|n�

+4 . l|,S|
� E�

�c|

S|
.

���c|3�
S|

� W|
S|

.�o
| .��

| . +4� (|, LQV�c|

zkhuh (| lv wkh sulfh ri lqvxudqfh1

Wkh �uvw rughu frqglwlrqv duh=

+Fe
| , �e�c| @

Cxe
�
Fe
�c|> F

e
�c|3�

�
CFe

�c|

. �
Cxe

�
Fe
�c|n�> F

e
�c|

�
CFe

�c|

> ;h @ q>x

+Pe
| ,

�e�c|
S|

� �H|

�e�c|n�
S|n�

@
Cye

�
se�c|
�|

�
C�e�c|

> ;h @ q>x

+Ee
| , �e�c| @ +4 . l|,�H|

�e�c|n�S|

S|n�
> ;h @ q>x
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+LQV�c|, Q|(|�
?
�c| @ +4�Q|, +4� (|,�

�
�c|

Wkh lqvxudqfh frpsdq| uhfhlyhv wkh dvvxudqfh suhplxp iurp wkh zrunhu dqg

sd|hv wkh lqghpqlwlhv iru wkh xqhpsor|hg krxvhkrog vxfk dv klv sur�w  rz lv jlyhq

e|=

�U�7 @ (|LQV| � +4�Q|,LQV|

Vlqfh wkh iuhh hqwu| frqglwlrq krogv rq wkh xqhpsor|phqw lqvxudqfh pdunhw/ wkh

sulfh ri wkh xqhpsor|phqw frqwudfw lv (| @ +4 �Q|,1 Wrjhwkhu zlwk wkh �uvw rughu

frqglwlrqv wklv lpsolhv wkdw

���c| @ �?�c| ;w

���c| @ �?�c| ;w

E�
�c| @ E?

�c| ;w

LQV| @ z|k| ;w

Frqvhtxhqwo|/ krxvhkrogv fkrrvh wr eh ixoo| lqvxuhg/ dqg doo ri wkhp kdyh wkh vdph

vwrfn ri erqgv dqg prqh|1 Wkh suhihuhqfhv dgrswhg hqdeoh xv wr glvwlqjxlvk krxvh0

krog*v frqvxpswlrq dfurvv wkh gl�huhqw vwdwhv rq wkh oderxu pdunhw/ vr e| vlpsolflw|/

zh lpsrvh F�
�c| @ F?

�c| dw hdfk shulrg1 Lw lv qrz vwudljkwiruzdug wr vkrz wkdw zh fdq

zrun zlwk d uhsuhvhqwdwlyh krxvhkrog1
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Dsshqgl{ E= Uhdo Zdjh dqg Krxuv Zrunhg Ghulydwlrqv

Ohw 8
| eh wkh ydoxh ixqfwlrq ri wkh �up lq shulrg w/ iru d zdjh Z| wkh �up*v

h{shfwhg uhwxuq iurp d mre lv jlyhq e| wkh pdujlqdo ydoxh ri hpsor|phqw=

C8
|

CQ|
@ 
|+4� �,

\|
Q|

�Z|K| . �
�|n�
�|

CQ|n�

CQ|

C8
|n�

CQ|n�

@ 
|+4� �,
\|
Q|

�Z|K| . �
�|n�
�|

+4� v,
C8

|n�

CQ|n�

@ 
|+4� �,
\|
Q|

�Z|K| .
)

� |
+4� v,

Ohw M
| eh wkh ydoxh ixqfwlrq ri wkh krxvhkrog lq shulrg w/ wkh krxvhkrog*v h{0

shfwhg uhwxuq iurp d mre lv jlyhq e| wkh pdujlqdo ydoxh ri hpsor|phqw=

CM
|

CQ|
@ �|Z|K| � o +K|n�, . �

CQ|n�

CQ|

CM
|n�

CQ|n�

@ �|Z|K| � o +K|n�, . � +4� v� (|,
CM

|n�

CQ|n�

D uhdol}hg mre pdwfk |lhogv vrph sxuh hfrqrplf uhqw/ zklfk lv htxdo wr wkh vxp ri

wkh h{shfwhg vhdufk frvwv ri wkh �up dqg wkh zrunhu1 Zh dvvxph wkdw wkh prqrsro|

uhqw lv vkduhg dffruglqj wr wkh Qdvk vroxwlrq wr d edujdlqlqj sureohp vr wkdw wkh

uhdo zdjh lv ghwhuplqhg dffruglqj wr wkh pd{lpl}dwlrq ri wkh iroorzlqj Qdvk fulwhulrq

zkhuh wkh vxsoxv ri hdfk djhqwv lv jlyhq e| wkh pdujlqdo ydoxh ri xqhpsor|phqw

phdvxuhg lq whup ri frqvxpswlrq jrrgv1

Z| @ dujpd{
t`|�

�
CM

|

�|CQ|

�1 �
C8

|

CQ|

�E�31�

Wkh �uvw rughu frqglwlrq jlyhv wkh iroorzlqj vxusoxv vkdulqj uxoh=

�
C8

|

CQ|
@ +4� �,

CM
|

�|CQ|
+6:,

Lwhudwlqj +6:, rqh shulrg lq wkh ixwxuh dqg pxowlso|lqj e|
�

�|
zh rewdlq=

��H|

#
�|n�C

8
|n�

�|CQ|n�

$
@ +4� �,�H|

#
CM

|n�

�|CQ|n�

$

Xvlqj wkh idfw wkdw �H|

#
�|n�
�|

C8
|n�

CQ|n�

$
@

)

� |
/ zh kdyh=
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)

� |
@

+4� �,

�
�

CM
|n�

�|CQ|n�

E| frpelqlqj wklv odvw h{suhvvlrq zlwk wkh h{suhvvlrqv ri wkh vxusoxvhv dqg wkh

vkdulqj uxoh zh fdq ghulyh wkh zdjh h{suhvvlrq=

Z| @ �

�

| +4� �,

\|
Q|K|

.
)

K|

Y|
X|

�
. +4� �,

o +K|,

�|K|
+6;,

Wkhq krxuv zrunhg duh ghwhuplqhg e| pd{lpl}lqj wkh mrlqw vxusoxv +V|,/

V| @
CM

|

�|CQ|
.

C8
|

CQ|

vr wkh �uvw rughu frqglwlrq lv

CV|
CK|

@ 
|+4� �,2
\|

Q|K|
� Co +K|,

�|CK|
@ 3

Ilqdoo| zh rewdlq=


|+4� �,2
\|

Q|K|
@

Co +K|,

�|CK|
+6<,
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Dsshqgl{ F= Wkh Orj0Olqhdulvhg Prgho

� Frqvxpswlrq htxdwlrq

af| @
k +�S � 4,

�k2�S � �k2 . �k�S � 4
af|3� .

�k +�S � 4,

�k2�S � �k2 . �k�S � 4
H|af|n�

.
�S +4� �k,

�k2�S � �k2 . �k�S � 4
a�| �

�S
�
4� �k�R

�
�k2�S � �k2 . �k�S � 4

%R|

� Hxohu htxdwlrq
a�| @ H|

a�|n� .a~| �H|a�|n�

� Sulfh htxdwlrq

a�| @
�

4 . �
H|a�|n� .

4

4 . �
a�|3� .

+4� �!, +4� !,

+4 . �,!
a
|

� Krxuv htxdwlrq

ak| @
4

+4� �,
a|| � �

+4� �,

�en| . ay|

�
� 4

+4� �,
%@| � aq|

� Fdslwdo dffxpxodwlrq

an|n� @
�
4� ��

�
an| . ��

�eL| � gay|

�
� Djjuhjdwh frqvwudlqw

a|| @
�F
�\
af| .

�L
�\
eL| . �J

�\
aj| .

) �Y
�\

ay|

� Lqyhvwphqw htxdwlrq

aL| @

�
�� �


���

�\
�N
.

�+4� ��,

���

��
H|

a�|n� � a�|

�
.

�� �
�\

��� �N

�
H|

a
|n� .H|a||n�

�
��

�
4 .

� �
�\

��� �N

�
H|

an|n� . an| . gay| � g

�
4 .�

�

�
H|ay|n� . �H|

aL|n�

� Hpsor|phqw htxdwlrq

aq|n� @ +4� v, aq| . v ap|

� Pdujlqdo frvwv

a
| @
+4 . �?,

�?
ak| � a�| � a|| . aq|
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� Mre ydfdqflhv

ay| @ ap| .
�� +4� �, �
�\

) �Q

�
H|

a
|n� .H|a||n� �H|aq|n�
�
� �� �Z �K

)

�
H| az|n� .H|

ak|n�
�

.�+4� v, +H|ay|n� �H| ap|n�, .H|
a�|n� � a�|

� Fdsdflw| xwlolvdwlrq

ay| @
4

g

�
a
| . a|| � an|

�
� Xqhpsor|phqw

ax| @ �
�Q
�X
aq|

� Zdjh hyroxwlrq

az| @
� +4� �, �
�\

�Z �K �Q

�
a
| . a|| � aq|

�
.

�) �Y
�Z �K �X

+ay| � ax|,� �?+4� �,+4� �,2 �
�\

+4 . �?, �Z �K �Q
a�|

.

�
+4� �,+4� �,2 �
�\

+4 . �?, �Z �K �Q
� � +4� �, �
�\

�Z �K �Q
� �) �Y

�Z �K �X

�
ak|

� Jryhuqphqw vshqglqj

aj| @ �}aj|3� . %}|

� Lqwhuhvw udwh uxoh

a~| @ #�a~|3� . +4� #�,
�
#Za�| . #+ +a|| � a|R| ,

�
. %�|

� Pdwfklqj ixqfwlrq

ap| @ �ax| . +4� �, ay|

� Suhihuhqfh vkrfn

a%R| @ �Ra%
R
|3� . h�c|

� Whfkqrorj| vkrfn

a%@| @ �@a%
@
|3� . h2c|
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Ghvfulswlrq Sdudphwhu Txduwhuo| Ydoxh

Lqwhuwhpsrudo hodvwlflw| ri vxevwlwxwlrq �S 31933

Hodvwlflw| ri zrun h�ruw �? 31753

Glvfrxqw idfwru � 31<<3

Kdelw irupdwlrq sdudphwhu k 31:83

Suredelolw| ri fkdqjlqj sulfh ! 31:83031<33

Fdslwdo vkduh � 31683

Udwh ri ghsuhfldwlrq � 31353

Sulfh hodvwlflw| ri ghpdqg � 44

Fdslwdo dgmxvwphqw frvw sdudphwhu � 9

Xwlolvdwlrq udwh hodvwlflw| g 4

Ydfdqf| frvw sdudphwhu ) 31433

Edujdlqlqj srzhu � 31833

Hodvwlflw| lq wkh pdwfklqj ixqfwlrq � 31833

Mre vhsdudwlrq udwh v 31363

Odj lqwhuhvw udwh frh!flhqw lq wkh uxoh #� 31<33

Lq dwlrq frh!flhqw lq wkh uxoh #Z 41833

Rxwsxw jds frh!flhqw lq wkh uxoh #+ 31833

Xqhpsor|phqw udwh X 313;9

DU+4, sdudphwhu/ suhihuhqfh vkrfn �R 31;83

DU+4, sdudphwhu/ whfkqrorj| vkrfn �@ 31<83

DU+4, sdudphwhu/ jryhuqhphqw vshqglqj vkrfn �} 31<83

Yduldqfh ri wkh lqwhuhvw udwh vkrfn �20� 31433

Yduldqfh ri wkh suhihuhqfh vkrfn �20R 31683

Yduldqfh ri wkh whfkqrorj| vkrfn �20@ 31933

Yduldqfh ri wkh jryhuqphqw vshqglqj vkrfn �20} 31633

Wdeoh 4= Hxur Duhd Prgho Fdoleudwlrq
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Iljxuh 4d= Furvv Fruuhodwlrqv ri wkh GVJH prgho dqg wkh gdwd
+! @ 3=:> ( @ 3=8 dqg � @ 4,
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Iljxuh 4e= Furvv Fruuhodwlrqv ri wkh GVJH prgho dqg wkh gdwd
+! @ 3=:> ( @ 3=58 dqg � @ 3=8,
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Iljxuh 4f= Furvv Fruuhodwlrqv ri wkh GVJH prgho dqg wkh gdwd
+! @ 3=<> ( @ 3=8 dqg � @ 4,
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Iljxuh 4g= Furvv Fruuhodwlrqv ri wkh GVJH prgho dqg wkh gdwd
+! @ 3=<> ( @ 3=58 dqg � @ 3=8,

6:



Iljxuh 5= Vlpxodwhg Skloolsv dqg Ehyhulgjh fxuyhv

6;



Iljxuh 6= Uhvsrqvhv wr d prqhwdu| srolf| vkrfn

Iljxuh 7= Uhvsrqvhv wr d whfkqrorj| vkrfn

6<



Iljxuh 8= Uhvsrqvhv wr dq h{shqglwxuh vkrfn

Iljxuh 9= Uhvsrqvhv wr d suhihuhqfh vkrfn
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Iljxuh := Dqqxdo jurzwk udwh ri wkh krxuv zrunhg dqg hpsor|phqw
Vrxufh= Exuhdx ri Oderxu Vwdwlvwlfv
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Iljxuh ;= D frpsdulvrq ri lpsxovh uhvsrqvhv= vlpsoh yv1 frpsohwh prgho
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