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Ydoxlqj Frusrudwh Oldelolwlhv Zkhq wkh
Ghidxow Wkuhvkrog lv qrw dq Devruelqj Eduulhu

Devwudfw

Wklv sdshu vwxglhv wkh lpsdfwv ri ghod|v eh|rqg wkh ghidxow hyhqw rq wkh h{ dqwh sulflqj

ri frusrudwh oldelolwlhv dqg fuhglw vsuhdgv1 Vxfk ghod|v duh riwhq judqwhg e| frxuwv zlwklq

grphvwlf edqnuxswf| frghv1 D Eodfn0Vfkrohv0Phuwrq0Fr{ w|sh iudphzrun lv ghyhorshg wr

dffrxqw iru erwk wkh vxeruglqdwlrq dqg wkh srvvleoh frqyhuwlelolw| ri ghew wr htxlw|1 Lq wklv

vwuxfwxudo dssurdfk/ wkh �up dvvhwv ydoxh lv doorzhg wr furvv wkh ghidxow eduulhu zlwkrxw

fdxvlqj dq lpphgldwh oltxlgdwlrq1 Rqh vkrzv wkdw doo wkh oltxlgdwlrq surfhgxuhv edvhg rq

wkh wlph vshqw e| wkh �up lq �qdqfldo glvwuhvv duh erxqghg e| d frxsoh ri lghdo surfhgxuhv1

Lqwhuhvwlqjo|/ wkhvh odwwhu ohdg wr txdvl dqdo|wlfdo sulflqj irupxodh iru wkh frusrudwh oldelo0

lwlhv1 Zh dgdsw dqg h{whqg wkh dqdo|wlfdo irupxodh lqwurgxfhg e| Fkhvqh|0Mhdqeodqf0\ru

+4<<9, lq wkh frqwh{w ri Sdulvldq rswlrqv/ wr ghulyh wkhvh wzr erxqgv1 Zh wkhq frqgxfw

h{whqvlyh qxphulfdo vlpxodwlrq1 Dprqj rwkhu uhvxowv/ h{shulphqwv pdlqo| frqfoxgh wkdw

wkh fuhglw vsuhdgv lqfuhdvh ru ghfuhdvh prqrwrqlfdoo| z1u1w1 wkh h{wud wlph judqwhg eh0

|rqg ghidxow/ ghshqglqj rq wkh zd| wkh frqvlghuhg erqg lv vhfxuhg ru vxeruglqdwhg wr

rwkhuv1 Ryhudoo/ wklv duwlfoh frpsohphqwv Iudqêrlv0Pruhoohf +5335, zkr h{dplqh zkhwkhu

wkh Fkdswhu 44 ri wkh XV Edqnuxswf| surfhgxuh lpsdfwv rq fdslwdo vwuxfwxuh fkrlfhv dqg

wkh vwudwhjlf ghflvlrq wr ghidxow lq olqhv ri Ohodqg +4<<7,1

Nh|zrugv = Edqnuxswf| surfhgxuhv/ Ghew sulflqj/ Ghidxow/ Oltxlgdwlrq1

MHO Fodvvl�fdwlrq Frghv = J 463/ D <431
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4 Lqwurgxfwlrq

Vwuxfwxudo prghov iru ydoxlqj frusrudwh oldelolwlhv fxuuhqwo| xvh wkh ghidxow

eduulhu lqwurgxfhg e| Eodfn0Fr{ +4<:9, +Ohodqg +4<<7,/ Orqjvwd�0Vfkzduw}

+4<<8, dqg Ohodqg0Wriw +4<<9,,1 H{rjhqrxv/ wklv wkuhvkrog uh hfwv wkh vdihw|

fryhqdqw doorzlqj vhfxuhg erqgkroghuv wr edqnuxsw wkh �up1 Wklv erxqgdu|

vljqdov wkh hduo| ghidxow dqg jlyhv wkh *oltxlgdwlrq* ydoxh ri wkh �up dvvhwv wrr1

Dvvxplqj dq lpphgldwh prgxv rshudqgl qrqhwkhohvv ryhuhvwlpdwhv h�hfwlyh

fuhglwruv uljkwv ehfdxvh wkh ghidxow dqg wkh oltxlgdwlrq fdqqrw eh frqvlghuhg

dv htxlydohqw hyhqwv1 Hpslulfdo vwxglhv lq XVD kdyh irxqg wkdw dgglwlrqdo

�vxuylydo� shulrgv eh|rqg wkh pdlq ghidxow hyhqw odvw xs wr 6 |hduv +Dowpdq0

Hehukduw +4<<7,/ Ehwnhu +4<<8,/ Krwfknlvv +4<<8,,1 Khozhjh +4<<<, uhsruwv

wkdw wkh orqjhvw ghidxow ri wkh prghuq XV mxqn erqg pdunhw lv vhyhq |hduv

orqj1 Wkh ohjdo hqylurqphqw lv dq lpsruwdqw h{sodqdwru| idfwru iru wklv

gxudwlrq1 Lq prvw frxqwulhv/ edqnuxswf| surfhvvhv fkhfn �uvw wkh uhdolw| ri

wkh �qdqfldo glvwuhvv ehiruh fodlplqj gh�qlwlyh dqg frpsohwh oltxlgdwlrq ri

wkh �up dvvhwv41 Oltxlgdwlrq fdq eh ixuwkhu srvwsrqhg ehfdxvh frghv riwhq

idyru �up frqwlqxdwlrq djdlqvw fodlpv uhlpexuvhphqw +iru srolwlfdo dqg vrfldo

frqvlghudwlrqv,51

Wklv sdshu dlpv dw vwxg|lqj wkh lpsdfwv ri ghod|v rq wkh h{ dqwh sulflqj

4Sdudskudvlqj wkh Iuhqfk frgh/ wkh �qdqfldo glvwuhvv pxvw eh uhdo dqg uhfrjql}hg
zkhuhdv d ghidxow pd| uhvxow iurp d vlpsoh dqg eulhi plvpdwfk ehwzhhq dydlodeoh olt0
xlg dvvhwv dqg wkh fxuuhqw reoljdwlrqv1

5Rxw0ri0frxuw qhjrwldwlrqv ehwzhhq fodlpdqwv dqg vwrfnkroghuv lqgxfh ghod|v wrr exw
wkh| duh uhsxwhg wr eh eulhihu surfhvvhv +Krwfknlvv +4<<8,,1
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ri frusrudwh oldelolwlhv zlwklq d Eodfn0Vfkrohv0Phuwrq0Fr{ vw|oh iudphzrun1

Wkh �up dvvhwv ydoxh fdq furvv wkh ghidxow wkuhvkrog zlwkrxw fdxvlqj dq lp0

phgldwh oltxlgdwlrq1 Wklv dssurdfk vxffhhgv lq sulflqj frpsoh{ vhfxulwlhv/ lw

vkhgv oljkw rq wkh lqwulfdwh uhodwlrqv ehwzhhq fuhglw vsuhdgv/ vxeruglqdwlrq

dqg frqyhuwlelolw|1 Wklv sdshu irfxvhv rq oltxlgdwlrq surfhgxuhv wkdw duh h{0

solflwo| edvhg rq wkh wlph vshqw e| wkh �up lq �qdqfldo glvwuhvv1 Lw vkrzv

wkdw wkhvh +forvh wr uhdolw|, ghflvlrq0pdnlqj surfhvvhv duh erxqghg e| d frx0

soh ri lghdol}hg surfhgxuhv1 Rqh wkhq ghprqvwudwhv wkdw uhvxowv ri Eodfn0Fr{

+4<:9, dqg Lqjhuvroo +4<::, rq vxeruglqdwhg dqg frqyhuwleoh erqgv +uhvshf0

wlyho|, duh urexvw wr vxfk surfhgxuhv1 Xvlqj uhvxowv ri Fkhvqh|0mhdqeodqf0

Slftxì0\ru +4<<8, dqg qhz pdwhuldov rq fxpxodwlyh frqwlqjhqw fodlpv/ forvhg

irup irupxodh iru sulflqj frusrudwh oldelolwlhv fdq wkhq eh ghulyhg1

Qxphulfdo h{shulphqwv frqfoxgh wkdw erwk htxlw| sulfh dqg frusrudwh

fuhglw vsuhdgv duh vhqvlwlyh wr ghod|v1 Htxlw|kroghuv zhdowk vwulfwo| ulvhv dv

wkh judqwhg wlph ehorz wkh wkuhvkrogv lqfuhdvhv1 Pruh lqwhuhvwlqjo|/ fuhglw

vsuhdgv duh lqfuhdvlqj ru ghfuhdvlqj prqrwrqh ixqfwlrqv +ri wkh h{wud wlph,

ghshqglqj rq wkh zd| wkh erqg lv vhfxuhg ru vxeruglqdwhg wr rwkhuv1 Rxu

uhvxowv duh frqwudvwlqj zlwk suhylrxv surfhgxuhv ghvljqhg e| Eodfn0Vfkrohv0

Phuwrq dqg Eodfn0Fr{1 Dsshdolqj ihdwxuhv ri wkh dssurdfk duh wr pdnh d

fohdu glvwlqfwlrq ehwzhhq d ghidxow hyhqw dqg wkh �qdqfldo glvwuhvv dqg wr

doorz vxffhvvlyh ghidxow hyhqwv1 Lq wkh vwuxfwxudo dssurdfk/ vwudwhjlf prghov

lq olqhv ri Dqghuvrq0Vxqgduhvdq +4<<9, dqg Phood Eduudo0Shuudxglq +4<<:,

duh wkh rqo| rqhv wkdw pdqdjh wr gr vr1 Wkhvh vhtxhqwldo prghov uhtxluh
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krzhyhu ghwdlohg dvvxpswlrqv rq wkh ehkdylru ri lqyhvwruv1 D qrwdeoh h{fhs0

wlrq lv Iudqêrlv0Pruhoohf +5335, zkr h{dplqh zkhwkhu wkh vr0fdoohg h{fox0

vlylw| shulrg gh�qhg e| wkh Fkdswhu 44 ri wkh XV Edqnuxswf| frgh lpsdfwv

rq fdslwdo vwuxfwxuh fkrlfhv dqg wkh vwudwhjlf ghflvlrq wr ghidxow lq olqhv ri

Ohodqg +4<<7,1 Wkhvh dxwkruv irxqg wkdw wkh ohyhudjh fkrlfhv duh dpeljx0

rxvo| lpsdfwhg zkhuhdv �xqdpeljxrxvo| ^111` fuhglw vsuhdgv lqfuhdvh zlwk wkh

ohqjwk ri wkh h{foxvlylw| shulrg�1 Rqh zloo vkrz wkdw wklv vhfrqg fodlp lv qrw

yhul�hg zkhq wkh ghew vxeruglqdwlrq lv frqvlghuhg1

Wkh uhvw ri wklv sdshu lv rujdql}hg dv iroorzv1 Vhfwlrq 5 ghyhorsv d iudph0

zrun ã od Eodfn0Fr{0Vfkrohv0Phuwrq1 Vhfwlrq 6 frqvlghuv wkh sulflqj ri fru0

srudwh oldelolwlhv1 Vhfwlrq 7 suhvhqwv dq lq0ghswk glvfxvvlrq ri wkh oltxlgdwlrq

surfhgxuhv prghoolqj1 Vhfwlrq 8 wxuqv wr d qxphulfdo dqdo|vlv ri wkh oltxlgd0

wlrq surfhgxuhv1 Vhfwlrq 9 looxvwudwhv suhylrxv uhvxowv rq d frpsoh{ fdslwdo

vwuxfwxuh1

5 Wkh vwuxfwxudo iudphzrun

Wklv vhfwlrq ghyhorsv d Eodfn0Vfkrohv0Phuwrq0Fr{ olnh iudphzrun fdsdeoh

ri kdqgolqj d jlyhq oltxlgdwlrq surfhgxuh1 Prvw ri wkh dvvxpswlrqv ri wkh

vhplqdo vhwwlqj duh vxssrvhg wr krog1 Dvvhwv duh wudghg frqwlqxrxvo| lq

d shuihfw dqg frpsohwh �qdqfldo pdunhw1 Wkh lqwhuhvw udwh ohyho lv dvvxphg

frqvwdqw1 Rqh ghqrwhv o wkh frqwlqxrxvo| frpsrxqghg ulvn iuhh lqwhuhvw udwh1

Wkh ulvn qhxwudo sulfh surfhvv ri wkh xqghuo|lqj �up dvvhw T lv vxssrvhg wr

8



eh zhoo ghvfulehg e| wkh iroorzlqj vwrfkdvwlf gl�huhqwldo htxdwlrq=

_T| ' oT|_|n jT T|_`|� +4,

zkhuh ` lv d vwdqgdug Eurzqldq prwlrq dqg jT wkh frqvwdqw yrodwlolw|1

Dvvxpswlrqv rq wkh fdslwdo vwuxfwxuh ri wkh �up iroorz frpprq sudfwlfh wrr1

Ghewv duh }hur frxsrq erqgv wkdw pdwxuh dw wlph A 1 Lq fdvh ri oltxlgdwlrq/

wkh devroxwh sulrulw| uxoh krogv1 Iroorzlqj Eodfn0Fr{ +4<:9, dqg Orqjvwd�0

Vfkzduw} +4<<8,/ wkh vhqlru +wkh prvw vhfxuhg, erqg kdv d vdihw| fryhqdqw

zlwk d qhw zruwk w|sh fulwhulrq1 Wkh ghewkroghu lv wkhruhwlfdoo| doorzhg wr

irufh edqnuxswf|/ zkhq wkh �up dvvhwv ydoxh dwwdlqv dq h{rjhqrxv wkuhvkrog

ghqrwhg T� 1 Lq dssolfdwlrqv/ wkh frqvwdqw ohyho T� lv htxdo hlwkhu wr wkh idfh

ydoxh ru wr wkh glvfrxqwhg idfh ydoxh +zlwk wkh ulvn iuhh udwh,1 Wkh wlph0

ydu|lqj ghidxow eduulhu ri Eodfn0Fr{ +4<:9, lv hpsorlhg wrr1 Ghqrwlqj 8 wkh

idfh ydoxh/ wklv ghidxow wkuhvkrog dw wlph | lv jlyhq e| T�E|� ' 48e3oEA3|�

zkhuh 4 5 dfc �o pd| eh lqwhusuhwhg dv d shufhqwdjh ri vhfxulw|1 Dvvxplqj

wkdw wkh vhfxuhg ghew uhpdlqv ulvn| lpsolhv wkdw 4 	 �1

Xs wr qrz/ ghidxow dqg oltxlgdwlrq duh xqglvwlqjxlvkdeoh hyhqwv ehfdxvh

wkh �up dvvhwv duh lpphgldwho| oltxlgdwhg1 Lq rughu wr dyrlg frqixvlrq/ vrph

h{wud gh�qlwlrqv duh uhtxluhg1 Ohw*v gh�qh zkdw d oltxlgdwlrq surfhgxuh lv1

Gh�qlwlrq 4 D oltxlgdwlrq surfhgxuh lv d +ohjdo, ghflvlrq0pdnlqj surfhvv

zklfk dlpv dw yhuli|lqj zkhwkhu wkh �qdqfldo glvwuhvv lv uhdo l1h1 d uhfrjql}hg

idfw1

Lw lv lpsolflwo| dvvxphv wkh xeltxlw| ri wkh ghflvlrq pdnhu1 Lq rxu vhwwlqj/
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wkh qhw zruwk fulwhulrq ri wkh vdihw| fryhqdqw fkdudfwhul}hv wkh ghidxow hyhqw1

Lw dovr lpsolhv d qdwxudo gh�qlwlrq ri wkh �qdqfldo glvwuhvv1

Gh�qlwlrq 5 D �up lv lq �qdqfldo glvwuhvv zkhq wkh ydoxh ri lwv dvvhw lv

orzhu wkdq wkh ghidxow wkuhvkrog1

Wkh udwlrqdoh ri wkh oltxlgdwlrq surfhgxuhv pxvw qrz eh suhflvhg1 Rqh

uhodwhv wkh surfhgxuh wr wkh vrmrxuq wlph lq �qdqfldo ghod|v dowkrxjk dq|

rwkhu fulwhulrq zrxog lqgxfh ghod|v1

Dvvxpswlrq Wkh udwlrqdoh xqghuo|lqj wkh oltxlgdwlrq surfhgxuh lv edvhg rq

wkh wlph vshqw e| wkh �up lq �qdqfldo glvwuhvv1

Lw pxvw eh vwuhvvhg wkdw wklv vhhplqjo| duelwudu| dvvxpswlrq lv lq olqhv

zlwk revhuyhg sudfwlfhv zlwklq grphvwlf frghv dqg wkdw qr rwkhu uhtxluhphqw

kdv ehhq h{solflwo| dqg uhffxuhqwo| irxqg61 Edqnuxswf| frghv pd| hyhq lqvlvw

rq wkh gxudwlrq ri wkh �qdqfldo glvwuhvv1 Khuhdiwhu/ rqh uhihuv wr lw dv wkh

�judqwhg wlph�1 Gxh wr wkh suhylrxv gh�qlwlrq/ wkh nh| srlqw lv wkh wlph

vshqw e| wkh xqghuo|lqj �up dvvhw ydoxh eh|rqg wkh vwdqgdug ghidxow eduulhu1

Zkhq wkh �up dvvhwv ydoxh dwwdlqv wkh h{rjhqrxv wkuhvkrog +T�,/ d ghidxow

hyhqw lv mxvw vljqdohg1 Fohduo|/ wkh oltxlgdwlrq hyhqw lv vwulfwo| srvwhulru wr

wkh ghidxow wlph1 Lq dgglwlrq/ wkh ghidxow lv qr orqjhu dq devruelqj vwdwh1

Wkh ghidxow wkuhvkrog lv qr orqjhu dq devruelqj eduulhu1

6Rwkhu duelwudu| fulwhuld iru oltxlgdwlrq surfhgxuhv frxog eh lqyhvwljdwhg +h1j1 d pd{0
lpxp qxpehu ri ghidxow hyhqwv,1 Dg krf fdq rqh fdq frqvwuxfw udwlrqdoh doorzlqj txdvl0
dqdo|wlfdo vroxwlrq iru wkh sulflqj ri frusrudwh oldelolwlhv1 Exw wklv zrxog ohdg wr d fkrlfh
xquhodwhg wr uhdo sudfwlfhv dqg d prgho ulvn gl!fxow wr dssuhfldwh1
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Wkh zd| vxffhvvlyh ghod|v pd| eh judqwhg wr wkh �up lv d fhqwudo txhvwlrq

zkhq prghoolqj wkh frqvlghuhg oltxlgdwlrq surfhgxuh1 Iluvw/ ghod|v fdq eh

jlyhq lq uhvsrqvh wr vxffhvvlyh dqg glvwlqfw glvwuhvv shulrgv1 Iru h{dpsoh/

wkh fkdswhu 44 ri wkh XV Edqnuxswf| odz pd| eh xvhg vhyhudo wlphv +fi1 wkh

WZD dqg lwv �Fkdswhu 44/ 55/ 66�,1 Vhfrqg/ h{wud wlphv fdq dovr eh judqwhg

gxulqj wkh vdph �qdqfldo glvwuhvv1 Lq Iudqfh/ h1j1/ d ohjdo 6 prqwkv0ohqjwk

revhuydwlrq shulrg lv/ wr gdwh/ v|vwhpdwlfdoo| judqwhg e| frxuwv1 Wklv fdq

eh uhqhzhg rqfh dqg h{fhswlrqdoo| surorqjhg lq wkh olplw ri vl{ prqwkv rq d

glvfuhwlrqdu| edvlv1 Dq|zd|/ d nh| gl�huhqfh ehwzhhq grphvwlf hqylurqphqwv

vwdqg lq wkh zd| dgglwlrqdo wlph lv judqwhg dw wkh vhfrqg +dqg vxevhtxhqw,

ghidxow hyhqwv1 Lqwhuhvwlqjo|/ lw lv ghprqvwudwhg ehorz wkdw srvvleoh sur0

fhvvhv duh erxqghg e| d frxsoh ri lghdol}hg surfhgxuhv1 Wr wklv/ rqh vlpso|

lqwurgxfhv wkhp dv iroorzv1

Gh�qlwlrq 6 Xqghu wkh surfhgxuh D/ wkh oltxlgdwlrq lv ghfoduhg zkhq wkh

�qdqfldo glvwuhvv kdv odvw vxffhvvlyho| pruh wkdq d _0ohqjwk shulrg1

Wr frpsduh zlwk Eodfn0Fr{ +4<:9,/ �up dvvhwv duh oltxlgdwhg dv wkh wlph

vxffhvvlyho| vshqw e| wkh �up dvvhwv ydoxh T ehorz wkh ghidxow lv juhdwhu

wkdq _1 Wklv lv wkh lghdo surfhgxuh frqvlghuhg e| Iudqêrlv0Pruhoohf +5335,

wr prgho wkh Fkdswhu 44 ri wkh XV edqnuxswf| surfhgxuh1 Wklv lv glvfxvvhg

lq pruh ghswk lq zkdw iroorzv1

Gh�qlwlrq 7 Xqghu wkh surfhgxuh E/ wkh oltxlgdwlrq lv ghfoduhg zkhq wkh

�qdqfldo glvwuhvv kdv odvw pruh wkdq d _0ohqjwk shulrg gxulqj wkh ghew*v olih 1
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Ilup dvvhwv duh oltxlgdwhg zkhq wkh wrwdo wlph vshqw e| wkh �up dvvhwv

ydoxh T ehorz wkh ghidxow lv juhdwhu wkdq _1 Khuh _ vhuyhv wkh uroh ri pd{l0

pxp dxwkrul}hg gxudwlrq lq ghidxow1 Lq wkh Iuhqfk frgh ghvfulehg deryh/ lw

frxog eh htxdo wr rqh |hdu1 Wklv frxsoh ri surfhgxuhv ohdgv wr forvhg irup vr0

oxwlrq iru sulflqj frusrudwh vhfxulwlhv1 Diwhu ghdolqj zlwk wkh fruuhvsrqglqj

sulflqj lvvxhv/ rqh zloo hpskdvl}h wkh nh| gl�huhqfh ehwzhhq wkh surfhgxuhv

D dqg E dqg ghgxfh vrph lpsruwdqw lpsolfdwlrq1 Qrwh wkdw _ lv vxssrvhg

wr eh h{rjhqrxvo| jlyhq1

6 Wkh sulflqj ri frusrudwh oldelolwlhv

Wr uh�qh wkh dqdo|vlv/ ydulrxv udqgrp yduldeohv pxvw eh lqwurgxfhg1 Li qhf0

hvvdu|/ wkh qrwdwlrqv forvho| iroorz Fkhvqh|0Mhdqeodqf0Slftxì0\ru +4<<8,1

Dqdo|wlfdo irupxodh duh wkhq ghulyhg wr sulfh frpsoh{ frusrudwh oldelolwlhv1

Wkhlu surshuwlhv duh �qdoo| frqvlghuhg1

614 Qrwdwlrqv

Wkh �uvw udqgrp yduldeoh ri lpsruwdqfh lv wkh �uvw ghidxow hyhqw wlph1 Wklv

lv wkh �uvw wlph wkh �up dvvhw ydoxh uhdfkhv wkh ghidxow eduulhu1 Lw lv ghvfulehg

e| =

� T� ' �?uif � | � A G T| ' T�j
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Wkh vhfrqg ixqgdphqwdo udqgrp yduldeoh lv wkh odvw wlph ehiruh | wkh surfhvv

T ' ET|�| kdv furvvhg wkh ohyho T�1 Wklv lv ghqrwhg =

}TT� c| ' t�Tir � |mTr ' T�j�

Rqh fdq qrz irfxv rq wkh gxudwlrq ru wrwdo gxudwlrq ri wkh �qdqfldo glvwuhvv1

Xqghu wkh surfhgxuh D/ wkh oltxlgdwlrq wlph lv wkh �uvw wlph zkhq wkh �up

ydoxh surfhvv kdv vshqw frqvhfxwlyho| pruh wkdq wkh suh0vshfl�hg ydoxh _

ehorz T� 1 Khuh/ wkh oltxlgdwlrq wlph lv jlyhq e| =

��T E_� ' �?ui| � f G |� }TT� c| � _c T| � T�j�

Fkhvqh|0mhdqeodqf0Slftxì0\ru +4<<:, suhflvhg wklv lv d vwrsslqj wlph1

Xqghu wkh surfhgxuh E/ wkh oltxlgdwlrq lv ghfoduhg zkhq wkh wrwdo wlph wkh

�up dvvhwv ydoxh vwdqgv xqghu wkh ghidxow eduulhu h{fhhgv _1 Wkh fxpxodwlyh

wlph vshqw xqghu wkh ghidxow wkuhvkrog T� dovr whuphg wkh rffxsdwlrq wlph

lv pdwkhpdwlfdoo| gh�qhg e|=

�3| ET�� '
] |

f

�tT�$T�� _��

Wklv udqgrp yduldeoh fxpxodwhv dq| h{fxuvlrq wlphv ehwzhhq 3 dqg |1 Khuh/

wkh oltxlgdwlrq wlph lv jlyhq e| =

��T E_� ' �?ui| � f G �3| ET�� � _j�

615 Wkh htxlw|

Iroorzlqj Eodfn0Vfkrohv +4<:6,/ ohw*v dvvxph wkdw wkh �up kdv lvvxhg dq

xqltxh qrq frqyhuwleoh }hur0frxsrq erqg pdwxulqj dw A zkrvh idfh ydoxh
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lv g71 Dw pdwxulw| A / htxlw|kroghuv uhfhlyh wkh �up dvvhwv ydoxh lq h{fhvv

ri wkh surplvhg idfh ydoxh li qr hduo| oltxlgdwlrq gxh wr �qdqfldo glvwuhvv

kdv ehhq ghfoduhg ehiruh1 Wklv lv wkh fdvh zkhq wkh wlph vshqw +vxffhvvlyho|

ru ryhudoo, eh|rqg wkh ghidxow wkuhvkrog grhv qrw h{fhhg _1 Htxlw|kroghuv

uljkwv duh zhoo gxsolfdwhg e| dq hxurshdq frqwlqjhqw fodlp zulwwhq rq wkh

�up dvvhwv1 Wkh sulfh ri wkh htxlw| yhul�hv =

.^� ' .'
k
e3oA 4@ ETA �gc f� �t��

T
E_�:A�

l
/ � ' �c� +5,

zkhuh � �T E_�/ � ' �c� lv gh�qhg deryh1

61514 Xqghu wkh surfhgxuh D

Xqghu vxfk d oltxlgdwlrq/ wkh htxlw| lv d Grzq dqg Rxw Sdulvldq rswlrq

zulwwhq rq wkh �up dvvhwv1 Wkh htxlw| sulfh pd| wkhuhiruh eh frpsxwhg

wkdqnv wr wkh uhvxowv ri Fkhvqh|0Mhdqeodqf0Slftxì0\ru +4<<8,1 Ghqrwlqj

.^�7 wkh vwdqgdug Eodfn0Vfkrohv0Phuwrq sulfh ri htxlw|/ rqh �qgv =

.^� ' .^�7 � e3Eon6
2

2
�A

] "

&

e6�ETfe
j� �g��T�EAc �� _� +6,

zkhuh & ' �
j
*?Eg

Tf
�/ 6 ' �

jT
Eo � BT � �

2
j2
T �1 Wkh vhfrqg whup lq whk uljkw

kdqg vlgh lv wkh sulfh ri d Grzq dqg Lq sdulvldq rswlrq1 �T� lv fkdudfwhul}hg

e| lwv Odsodfh wudqvirup jlyhq e| =

	�T� Ebc +� '
eK
I
2b

_
s
2b)E

s
2b_�

] "

f

5e3
52

2_
3�K353+�

I
2b _5

7Pruh frpsoh{ fdslwdo vwuxfwxuh zloo eh vwxglhg ehorz1
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zlwk K ' �
j
*?ET�

Tf
� dqg )E�� ' � n �

s
2Ze

�
2
�2� E��1 Wr lqyhuw wklv Odsodfh

wudqvirup/ d qxphulfdo surfhgxuh lv uhtxluhg1 Dprqj pdq| rwkhu fkrlfhv/

wkh jdxvvldq txdgudwxuh dojrulwkp ri Slhvvhqv +4<:6, lv hpsorlhg1 Wklv lv

wkh rqh xvhg e| Fdwkfduw0Ho Mdkho +4<<;, lq d gl�huhqw frqwh{w1

61515 Xqghu wkh surfhgxuh E

Wkh vhfrqg surfhgxuh h{sorlwv qhz pdwhuldov rq fxpxodwlyh sdulvldq rswlrqv1

Wkhvh frqwlqjhqw fodlpv ghshqg rq wkh wrwdo wlph vshqw e| wkh xqghuo|lqj

dvvhw deryh ru ehorz d wkuhvkrog ohyho1 Wkh htxlw| lv sulfhg dv d Grzq dqg

Rxw fxpxodwlyh fdoo rswlrq e| wkh iroorzlqj htxdwlrq =

.^� ' T �
f[

n
6nj EAc &c Kc _��g �[n

6EAc &c Kc _� +7,

zlwk T �
f ' Tfe

3Eon62

2
�A / g � ' ge3Eon

62

2
�A / K ' �

j
*?ET�*Tf�/ & ' �

j
*?Eg*Tf�1

Dvvxplqj wkdw Tf : T�/ rqh kdv =

[n
> E|c &c Kc _� ' e>

2|*2

�
x
�
_sE>� E|c Tfc T� bg�

�� E
T�
Tf

�2>*jxE_sE>�E|c
T 2
�

Tf

c T� bg��

�

n

] A

_

_r

] K

&2K
e>%CE, � %c�Kc rc |� r� _%

n

] A

_

_r

] "

&jK
e>%CEfc %� 2Kc rc |� r� _%

zkhuh

sE>� '

�
� li > ' 6n j
2 li > ' 6

dqg

CE@c Kc �c �� '

] "

f

E%n @�E%n K�

ZE���
�
2

e3
E%n@�2

2� e3
E%nK�2

2� _%�
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Wkh ghulydwlrq ri wklv sulflqj irupxod iroorzv wkh jhqhudo zrun ri Kxjrqqlhu

+4<<<, rq rffxsdwlrq wlph ghulydwlyhv1 Lw pxvw eh vwuhvvhg krzhyhu wkdw lw

gl�huv iurp wkh rqhv kh sursrvhg1 Vrph ghwdlov duh jlyhq lq dsshqgl{1 Ri

frxuvh/ qxphulfdo dssurdfkhv frxog kdyh ehhq xvhg1 Rqh uhihuv wr Dyhoodqhgd0

Zx +4<<<,/ Kdehu0Vfkùqexfkhu0Zloprww +4<<<, dprqj pdq| rwkhuv1

616 Rwkhu oldelolwlhv

Khuh lv wkh nh| lqwhuhvw ri wkh fkrvhq iudphzrun1 Rqh frqvlghuv d jhq0

hudo fdslwdo vwuxfwxuh e| dvvxplqj wkdw wkh �up kdv lvvxhg ? gl�huhqw ghewv

+hlwkhu erqgv ru ordqv,/ vwulfwo| rughuhg e| wkhlu udqn ri sulrulw| lq fdvh

ri oltxlgdwlrq/zklfk pdwxuhv dw wkh vdph gdwh A 1 Ghqrwhg Eu���'�c���c? wkh

sulfh ri wkhvh udqnhg ghewv/ u� vwdqgv iru wkh prvw vhfxuhg oldelolwlhv/ u?

iru wkh prvw vxeruglqdwhg ghew +u?n� frxog eh dvvlplodwhg wr wkh htxlw|

sulfh,1 Ohw S� eh wkh sulfh ri wkh srro ri ordqv frqwdlqlqj wkh � �uvw oldelol0

wlhv S� '
S�

&'� u&1 Pdwxulqj dw wkh vdph gdwh A / wkh wrwdo dprxqw ri wklv

srro lv wkh vxp ri wkh � idfh ydoxhv = 8 ES�� '
S�

&'� 8&1 Lw lv zruwkzkloh wr

qrwh wkdw 8 ES�n�� ' 8 ES�� n 8�n�1

61614 Vxeruglqdwhg ghewv

Lq rxu vhwwlqj/ dvvxplqj wkdw wkh Devroxwh Sulrulw| Uxoh krogv lv htxlydohqw

wr vxssrvh wkdw wkh rzqhuv ri wkh �n�� |� ghew duh htxlw| kroghuv xqwlo wkh

� � |� ghew lv ixoo| uhsdlg1 Khqfh/

Sursrvlwlrq 4 Xqghu wkh dvvxpswlrqv ri vhfwlrq 5/ dq| frusrudwh oldelolw|
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+qru frqyhuwleoh/ qru fdoodeoh, fdq eh ydoxhg dv wkh gl�huhqfh ri wzr htxlw|

sulfhv1 Wkhvh htxlwlhv fruuhvsrqg wr lghqwlfdo �upv exw lq wkh ohyhudjh1 Gh0

qrwlqj .^Eg� wkh htxlw| sulfh ri d g0ohyhudjhg �up/ wkh � � |� oldelolw| lv

ydoxhg =

u� ' .^ E8 ES�3���� .^ E8 ES���

zkhuh 8 ES�� kdv ehhq suhylrxvo| gh�qhg1

Vrph uhpdunv phulw wr eh grqh1 Iluvw/ wklv uhvxow lv txlwh jhqhudo1 Lw lv

glvwulexwlrq iuhh/ lqghshqghqw ri wkh lqwhuhvw udwhv ehkdylru dqg hyhq lqgh0

shqghqw ri wkh oltxlgdwlrq surfhgxuh +h1j1 wklv lv wuxh zlwklq wkh Eodfn0Fr{

+4<:9, vhwwlqj +s 68<,,1 Vhfrqg/ wkh ydoxdwlrq ri d vxeruglqdwhg ghew qhhgv

qrw wkh wrwdo ydoxh ri wkh �up exw rqo| wkh nqrzohgjh ri wkh fxuuhqw �up

dvvhw ydoxh1 Wklug/ dq htxlydohqw h{suhvvlrq iru vxeruglqdwhg ghew wkdw lq0

vlvwv rq wkh glvfrxqw z1u1w1 wkh ulvn iuhh htxlydohqw lv hdvlo| irxqg wkdqnv wr

wkh sdulw| uhodwlrq1 Rqh kdv u� ' 8�RfEfc A � � ER�|E8 ES���� R�|E8 ES�3���

zkhuh RfEfc A � lv wkh ydoxh ri dq htxlydohqw ulvn iuhh erqg dqg R�| vwdqgv iru

wkh sxw rslrq ydoxh1

61615 Frqyhuwleoh ghewv

Ghdolqj zlwk wkh frqyhuwleoh ghew lv dq lpsruwdqw srlqw vlqfh wkh| duh yhu|

frpprq lq revhuyhg fdslwdo vwuxfwxuhv1 Erwk wkh htxlw| dqg wkh frqyhuwleoh

ghew duh frqfhuqhg zlwk1 Iru vkruw/ rqh zloo �uwv dvvxph wkdw d frqyhuvlrq

lv qrw rswlpdo ehiruh pdwxulw|/ zlwklq rxu frqwh{w +wkhuh lv qr glylghqg

sd|phqw,1
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Sursrvlwlrq 5 Dvvxplqj wkdw rqh ri wkh ghewv lv frqyhuwleoh dqg rswlpdoo|

frqyhuw rqo| dw pdwxulw|/ wkh htxlw| sulfh lv jlyhq e| =

.^� ' .^E 78 n(�� 1.^E 78 n
(

1
�

zkhuh 1 lv d gloxwlrq idfwru/ ( wkh idfh ydoxh ri wkh frqyhuwleoh ghew dqg 78

wkh vxp ri dq| rwkhu idfh ydoxhv wr eh uhsdlg1

Wr ghprqvwudwh wklv/ qrwh wkdw wkh gloxwlrq idfwru 1 khuh lv orzhu wkdq rqh1

Rqh kdv (*1 : (1 Dq| h{ dqwh hduqlqj C iru vwrfnkroghuv lv gloxdwhg dqg

ehfrphv E�� 1�C lq fdvh ri frqyhuvlrq1 Li wkhuh lv qr frqyhuvlrq/ wkh htxlw|

lv zruwk dw pdwxulw| wkh uhpdlqlqj ydoxh diwhu uhsdlphqw ri doo ghewv1 Lq wkh

fdvh ri frqyhuvlrq/ wklv ydoxh lv vlpso| gloxdwhg1 Khqfh/ rqh kdv irupdoo| =

.^ ' .'de3oA ETA � E 78 n(���tTA Md 78n(( 78n(
1
o�o n .'de3oA E�� 1�ETA � 78 ��tTA: 78n(

1
�o�

Ghfrpsrvlqj wkh �uvw phpehu ri wkh uljkw kdqg vlgh jlyhv =

.^ ' .'de3oA ETA � E 78 n(���tTA: 78n(�o

� .'de3oA ETA � E 78 n(���tTA: 78n(
1
�o

n .'de3oA E�� 1�ETA � 78 ��tTA: 78n(
1
�o

' .^E 78 n(�� 1.^E 78 n
(

1
��

+8,

Wkh odvw htxdwlrq lv irxqg e| qrwlqj wkdw TA � E 78 n(�� E�� 1�ETA � 78 � '

1ETA � E 78 n (
1
��1

Sursrvlwlrq 6 Lq rxu Eodfn0Vfkrohv0Phuwrq frqwh{w zlwk qr glylghqg sd|0

phqw wr vwrfnkroghuv/ wkh rswlpdo frqyhuvlrq srolf| lv lqvhqvleoh wr wkh oltxl0

gdwlrq surfhgxuh1
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Dv d uhvxow dqg sdudskudvlqj Lqjhuvroo +4<::,/ �d frqyhuwleoh vhfxulw|

zloo qhyhu eh frqyhuwhg sulru wr pdwxulw|�1 Wklv kdv ehhq ghprqvwudwhg e|

Lqjhuvroo +4<::, lq wkh frqwh{w ri Eodfn0Vfkrohv0Phuwrq +rqh uhihuv wr Phuwrq

+4<:6, iru d vlplodu sureohp,1 Wklv lv dovr wuxh zkdwhyhu wkh oltxlgdwlrq

lv1 Iluvw/ lq wkh fdvh ri oltxlgdwlrq/ wkh srvlwlrq ri ghewkroghuv lv dozd|v

vdihu wkdq wkh rqh ri htxlw|kroghuv +uhplqg wkdw wkh �devroxwh sulrulw| uxoh�

lv vxssrvhg wr krog,1 Vhfrqg/ ghvljqlqj d oltxlgdwlrq surfhgxuh grhv qrw

prgli| wkh srwhqwldo xsvlgh ehkdylru ri wkh vwrfn sulfh +zkloh wkh ghidxow

hyhqw lv d grzqvlgh ulvn,1

Duphg zlwk wkhvv uhvxowv/ rqh fdq qrz wxuq wr wkh fdvh ri vxeruglqdwhg

frqyhuwleoh1

Sursrvlwlrq 7 Xqghu suhylrxv dvvxpswlrqv/ d vxeruglqdwhg frqyhuwleoh ghew

lv sulfhg e|=

u? ' .^E8 ES?3���� .^E8 ES?�� n 1.^E8 ES1
?��

zkhuh S1
? ' 8 ES?3�� n 8?*1 zlwk 1 wkh gloxwlrq idfwru1

Rqh ri wkh vlpsohvw ghprqvwudwlrq ri wklv uhvxow lv edvhg rq d gl�huhqwldo

udwlrqdoh1 Lw lv vx!flhqw wr uhpdun wkdw wklv vhfxulw| lv ydoxhg vr wkdw wkh

pdunhw ydoxh ri wkh frusrudwh oldelolwlhv htxdo wkdw ri wkh �up1 Dv d e|0

surgxfw/ rqh fdq hdvlo| rewdlq dq h{suhvvlrq iru wkh frqyhuwleoh uljkwv dw

pdwxulw| iru d vxeruglqdwhg frqyhuwleoh ghew1
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7 D forvhu orrn dw wkh oltxlgdwlrq surfhgxuhv

Xqghu dvvxpswlrq 6/ oltxlgdwlrq surfhgxuhv +dprqj zklfk wkh D dqg E,

dsshdu txlwh vlplodu dw wkh �uvw vljkwv1 Wkh| qrqhwkohvv lpso| txlwh gl�huhqw

prgxv rshudqgl lq wkh ohjdo ghflvlrq0pdnlqj surfhvv/ lw lv zruwkzkloh wr

kljkoljkw dqg frpsduh rqh dqrwkhu1

714 D frpsdudwlyh dqdo|vlv ri surfhgxuhv D dqg E

Wkh nh| gl�huhqfh ehwzhhq D dqg E vwdqgv lq zkhwkhu dq htxdoo| _0ohqjwk

gxudwlrq pd| eh judqwhg vhyhudo wlphv1 Wr khos wkh lqwxlwlrq/ ohw*v frqvlghu d

��qdqfldo glvwuhvv wlph frxqwhu� wkdw dggv wkh gxudwlrq1 Lq dgglwlrq/ uhfdoo

wkdw wkh oltxlgdwlrq surfhgxuh ehjlqv dv wkh �up dvvhwv ydoxh jhwv orzhu wkdq

wkh ghidxow eduulhu1

Xqghu wkh surfhgxuh D/ hdfk wlph wkh �up ydoxh surfhvv sdvvhv wkurxjk dqg

deryh T�/ wkh oltxlgdwlrq surfhgxuh lv forvhg dqg wkh k|srwkhwlfdo glvwuhvv

frxqwhu lv uhvhw wr }hur1 Wkh qh{w wlph d ghidxow hyhqw rffxuv/ dq lghqwlfdo

surfhgxuh lv uxq dqg dq htxdo shulrg ri wlph _ lv judqwhg1 Wklv plplfv d

ghflvlrq0pdnlqj surfhvv wkdw grhv qrw nhhs lq plqg qhlwkhu suhylrxv ghidxow

hyhqwv +T� ' T�,/ qru sdvw �qdqfldo glvwuhvv +dq| shulrg zkhq +T� 	 T�,1

Xqghu wkh surfhgxuh E/ wkh glvwuhvv frxqwhu lv qhyhu uhvhw wr }hur1 Vxevhtxhqw

judqwhg shulrgv +dqg wkhuhiruh wrohudqfh, zloo eh orzhu dqg orzhu dv pruh

ghidxow hyhqwv dqg orqj �qdqfldo glvwuhvv zloo eh revhuyhg1 Lq idfw/ wkh judqwhg

wlph lv orzhuhg +hdfk wlph, e| wkh gxudwlrq mxvw xvhg1 Vxffhvvlyh judqwhg

wlphv duh h{dfwo| htxdo wr _ plqxv wkh vxp ri dq| suhylrxv shulrgv vshqw
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xqghu wkh ghidxow eduulhu1 Wklv plplfv d ghflvlrq0pdnlqj surfhvv wkdw qhyhu

irujhwv dq|wklqj dqg ghshqgv rq wkh zkroh klvwru| ri wkh �qdqfldo glvwuhvv1

E| lwv yhu| suhflvh �frxqw� surfhvv/ wklv surfhgxuh lv yhu| lghdol}hg dqg wkxv

dsshduv xquhdolvwlf1 Lwv pdlq lqwhuhvw dsshduv lq wkh iroorzlqj sdudjudsk81

715 Erxqgv iru oltxlgdwlrq surfhgxuhv

Khuh lv wkh pdlq uhvxow ri wkh vhfwlrq1

Sursrvlwlrq 8 Xqghu wkh dvvxpswlrq 6/ dq| srvvleoh oltxlgdwlrq surfhvvhv

duh �erxqghg� e| wkh surfhgxuhv D dqg E lq wkh vhqvh wkdw

�� � � � ��

lv yhul�hg iru doo oltxlgdwlrq gdwhv �

8Lw pxvw dovr eh vwuhvvhg wkdw frqvlghulqj rqo| rqh surfhgxuh +h1j1 surfhgxuh D, pd|
ohdg wr d vsxulrxv ghvljq1 Wr looxvwudwh wklv/ ohw d ohyhudjhg �up kdyh d ghew lq wkh irup
ri d 430|hduv ordq gholyhulqj d frqvwdqw frxsrq udwh zkrvh prvw vhfxuhg ghewkroghuv ri
wkh �up rzq d vdihw| fryhqdqw1 Dffruglqj wr Eodfn0Fr{ +4<:9,/ wklv odwwhu lpsolhv wkh
h{lvwhqfh ri d ghidxow wkuhvkrog ghqrwhg YE zulwwhq rq wkh �up dvvhwv ydoxh1 Rqh ixuwkhu
dvvxphv wkdw wkh surfhgxuh D judqwv d shulrg ri g @ 5 |hduv ehiruh oltxlgdwlrq1 Khqfh/ wkh
�up pd| uhjxoduo| uhdfk wkh ghidxow eduulhu zlwkrxw fdxvlqj dq| dvvhwv oltxlgdwlrq1 Ohw*v
qrz frqvlghu wkh h{dfw wlph wkh �up dvvhwv ydoxh klwv wkh ghidxow eduulhu iru wkh �uvw wlph1
Wklv lv wkh h{dfw wlph wkh �up hqwhuv lq �qdqfldo glvwuhvv1 Wkh ghidxow wkuhvkrog ehlqj
uhdfkhg/ wkh ghew vhuylfh lv vxvshqghg = wkhuh lv qr pruh frxsrq sd|phqw1 Li wkh vwdwh
yduldeoh sdvvhv wkurxjk wkh ghidxow wkuhvkrog iurp ehorz/ wkh surfhgxuh lv lqvwdqwdqhrxvo|
vwrsshg1 Zkhq lw frphv edfn lq wkh glvwuhvv duhd/ d shulrg lv rqfh djdlq judqwhg zlwk
dq lghqwlfdo ghod| g1 Wkhq/ d frxsoh ri vshfldo fdvhv duh zruwk wr eh ghwdlohg1 Iluvw/
wkh vwdwh yduldeoh uhpdlqv xqghu wkh ghidxow wkuhvkrog1 Vhfrqg/ lw vshqgv frqvhfxwlyho|
4 |hdu dqg hohyhq prqwkv xqghu YE dqg wkhq d prqwk deryh lw dqg vr rq xqwlo wkh hqg1
Lq wkh iruphu fdvh/ dvvhwv duh oltxlgdwhg dqg rqh pd| fodlp wkdw wkh ghew vhuylfh kdv
ehhq �idluo|� vxvshqghg1 Lq wkh odwwhu fdvh/ wkh surfhgxuh lv wuljjhuhg �yh wlphv zlwkrxw
fdxvlqj wkh �up oltxlgdwlrq dqg wkh ghew pd| eh ixoo| vhuyhg rqo| gxulqj 43 rqh0prqwk
shulrgv1 Dw wkh h{wuhph/ li uhqhjrfldwlrq frvwv fdswxuh wkh zkroh sd|0rxw udwh ri wkh �up
+qrw suhflvhg lq htxdwlrq +4,,/ erqgkroghuv pd| ihdu qrw wr eh +lq dq| zd|, frpshqvdwhg
iru wkh lqfxuuhg orvv +zkhuhdv wkh ghidxowhg �up lv qrw oltxlgdwhg,1 Dv wklv h{dpsoh vkrzv/
qr qhhg kljk edqnuxswf| frvwv wr kdyh wkh edqnuxswf| ghvljq idlo1
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Li vxffhvvlyh oltxlgdwlrq surfhgxuhv duh hqylvdjhg/ hlwkhu wkh pd{lpxp

wlph _ lv judqwhg hdfk wlph ru lw lv orzhuhg1 Lq wklv odwwhu fdvh/ lw vkrxog

dffrxqw iru wkh suhylrxv glvwuhvv gxudwlrq1 Wkh h{wuhph zd| wr gr wklv lv

wkh surfhgxuh E1 Sulfhv ri frusrudwh oldelolwlhv xqghu h�hfwlyh oltxlgdwlrq

surfhgxuhv duh wkhuhiruh erxqghg1

Ghdolqj zlwk dq lqwhuydo lqvwhdg ri d vlqjoh surfhgxuh lv lqwhuhvwlqj1 Iluvw/

erwk olplw surfhgxuhv uhihu wr d vlplodu sdudphwhu _ zklfk |lhogv wr vlplodu

lqwhusuhwdwlrq1 Vhfrqg/ ghshqglqj rq wkh dvvrfldwhg udqjh/ d ghwdlohg dqdo|0

vlv dqg prgho ri wkh uhdo grphvwlf oltxlgdwlrq surfhgxuh frxog eh doohyldwhg1

Wklug/ uhdo olih oltxlgdwlrq surfhgxuhv duh dozd|v kdug wr prgho lq d zd| wr

rewdlq dqdo|wlfdo uhvxowv1 Irxuwk/ xvlqj d vlqjoh sur{| prgho vxuho| ohdgv

wr xqghvludeoh lpsolfdwlrqv91 Wr h{hpsoli| wklv/ ohw*v dvvxph/ dv Iudqêrlv0

Pruhoohf +5335, glg/ wkdw wkh lghdol}hg surfhgxuh D lv d jrrg sur{| iru wkh

fkdswhu 44 ri wkh XV Edqnuxswf| Frgh1 Ohw*v frqvlghu d jhqhudo iudphzrun

zkhuh wkhuh lv d frqwlqxrxv ghew vhuylfh zklfk ghshqgv rq wkh �up �qdq0

fldo zhdowk1 Wkhq/ wkh frxsrq sd|phqw fdq fohduo| eh vxvshqghg prvw ri

wkh wlph zlwkrxw wkh �up ehlqj hyhu oltxlgdwhg ehfdxvh ri wkh _0orqj gxud0

wlrq frqglwlrq1 Ilqdoo|/ vxfk dq lqwhuydo doorzv lqwhuqdwlrqdo frpsdulvrq dqg

duelwudjh ri frusruwdh oldelolwlhv1

9H1j1 gr wkh fruuhvsrqglqj sulfhv uhsuhvhqw d pd{lpxp ru d plqlopxp B Lq dq| fdvh/
wkh prgho ulvn pxvw eh vlpxowdqhrxvo| dssuhfldwhg1
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716 Rwkhu erxqgv

Zkdwhyhu wkh uhdo oltxlgdwlrq surfhgxuh lv +dvvxpswlrq 6 lv qrqhwkhohvv vxs0

srvhg yhul�hg,/ vshfldo fdvhv dulvh dv wkh judqwhg shulrg jhwv odujhu wkdq wkh

pdwxulw| ri wkh ghew ru gursv wr }hur1 Wr vxp xs/ rqh vwdwhv wkh iroorzlqj

uhvxow1

Sursrvlwlrq 9 Iru dq| oltxlgdwlrq surfhgxuh ghvfulehg lq dvvxpswlrq 6/ wkh

sulfh ri dq| frusrudwh oldelolwlhv u yhul�hv

uE_� ��$
_<A

u�7�

uE_� ��$
_<f

u��

+9,

zkhuh u�7� +uhvs1 u��, lv wkh sulfh ri wkh vhfxulw| xqghu d Eodfn0Vfkrohv

+uhvs1 Eodfn0Fr{, oltxlgdwlrq surfhgxuh1

Ohw*v �uvw frqvlghu wkh surfhgxuhv D dqg E1 Zkhq wkh _�ohqjwk gxudwlrq
jhwv odujhu wkdq wkh pdwxulw|/ qr hduo| oltxlgdwlrq ehiruh pdwxulw| fdq eh

vljqdohg1 Wklv lv htxlydohqw wr wkh surfhvv ghvljqhg e| Eodfn0Vfkrohv0Phuwrq/

rqh kdv=

.^�E_� ��$
_<A

.^�7� c � ' �c��

Zkhq wkh _�ohqjwk gxudwlrq jhwv wr }hur/ qr h{wud wlph lv doorzhg eh|rqj

wkh ghidxow hyhqw1 Wkh oltxlgdwlrq wlph froodsvhv wr wkh �uvw klwwlqj wlph l1h1

wkh �uvw ghidxow wlph1 Wklv lv wkh surfhgxuh frqvlghuhg lq Eodfn0Fr{ +4<:9,1

Rqh kdv =

.^�E_� ��$
_<f

.^�� c � ' �c��
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Wkdqnv wr wkh sursrvlwlrq ;/ wklv lv wuxh iru dq| surfhvv zlwklq wkh lqwhuydo

iruphg e| wkh surfhgxuhv D dqg E1 Dv wklv lv wuxh iru htxlw| sulfh/ e| yluwxh

ri wkh suhylrxv vhfwlrq/ wklv lv wuxh iru dq| rwkhu frusrudwh oldeolwlhv1

8 Qxphulfdo dqdo|vlv

Wklv vhfwlrq dlpv dw dqdo|}lqj wkh ghod| h�hfwv hpskdvl}hg lq wkh suhylrxv

vhfwlrq/ Iljxuh 4 sorwv htxlw| sulfhv iru judqwhg shulrgv o|lqj lq dfc A o zlwklq

wkh surfhgxuh D1 Wr frpsduh/ wkh ghidxow prghov ri Eodfn0Vfkrohv0Phuwrq

dqg Eodfn0Fr{ duh uhsuhvhqwhg wrr1 Uhfdoolqj wkdw wkh xqltxh ghew lv wrwdoo|

vhfxuhg lq d Eodfn0Fr{ vhwwlqj/ wkh fruuhvsrqglqj htxlw| sulfh lv lqwxlwlyho|

wkh fkhdshvw1 Ydoxhv iru _ duh fkrvhq iurp 3 xs wr 58 zhhnv1

Iljxuh 4

Lw dsshduv wkdw wlph ghod|v vxevwdqwlfdoo| dssuhfldwh htxlw| ydoxhv1 Lw

kdv d qrq olqhdu h�hfw rq sulfhv1 Wkh vdihw| fryhqdqw khog e| fuhglwruv lq

wkh Eodfn0Fr{ prgho lv vljql�fdqwo| orzhuhg e| wkh judqwhg shulrg1 Deryh

45 zhhnv/ wkh h�hfw ri wkh ghidxow eduulhu lv glylghg e| wzr1 Whq zhhnv

vx!fh wr �oo wkh jds ehwzhhq h{wuhpho| vhfxuhg fuhglwruv dqg srruo| rqhv1

Dgglwlrqdo vlpxodwlrqv frxog dovr vkrz wkdw wkh ghvljqhg oltxlgdwlrq prgho

frqwlqxrxvo| fkdqjhv iurp rqh wr wkh rwkhu dv wkh ohqjwk wlph _ lqfuhdvhv1

Deryh wzr |hduv/ wkh ghidxow wkuhvkrogv lv dv xqdfwlyh1 Wr frqfoxgh/ wkh wlph

vshqw ehorz wkh ghidxow wkuhvkrog dsshduv dq lpsruwdqw sdudphwhu1

54



9 D ghwdlohg h{dpsoh

Xvlqj d Eodfn0Vfkrohv0Phuwrq vw|oh iudphzrun doorzv rqh wr sulfh ydulrxv

frusrudwh vhfxulwlhv/ dprqj zklfk vxeruglqdwhg dqg frqyhuwleoh ghewv1 Xq0

ghu wkh �devroxwh sulrulw| uxoh� dvvxpswlrq/ frusrudwh oldelolwlhv kdyh ehhq

vkrzq htxlydohqw wr sruwirolrv ri rswlrqv zulwwhq rq wkh �up dvvhwv ydoxh1

914 D frpsoh{ fdslwdo vwuxfwxuh iru wkh �up

Ohw lw eh d �up zkrvh fdslwdo vwuxfwxuh lv frpsrvhg e| �R vwrfnv dqg wkuhh

gl�huhqw ghewv pdwxulqj dw wkh vdph gdwh A ' D |hduv1 Wkh ghew sulfhv duh

ghqrwhg u�/ � ' �c 2c �1 Rqh ghqrwhv 8�/ 82/ 8� wkh gl�huhqw idfh ydoxhv1 Wkhvh

oldelolwlhv duh vwulfwo| rughuhg e| sulrulw| lq ghidxow1 u� lv wkh sulfh ri wkh prvw

vhfxuhg ghew/ u� lv wkdw ri wkh prvw vxeruglqdwhg rqh1 D vdihw| fryhqdqw

doorzv wkh vhqlru ghewkroghuv wr edqnuxsw wkh �up1 Wkdqnv wr Sursrvlwlrq

9/ wkh vhqlru ghew lv ydoxhg dv wkh gl�huhqfh ri wzr htxlw| sulfhv1 Wkh �uvw

fruuhvsrqgv wr dq xqohyhuhg �up dqg wkh vhfrqg wr d �up idflqj d uhsdlphqw

htxdo wr 8�1 Rqh kdv u� ' .^Ef��.^E8�� ' � ETf��.^E8�� zkhuh � ETf� lv

wkh pdunhw �up ydoxh:1 Dorqj vlplodu olqhv/ wkh �uvw dqg vhfrqg vxeruglqdwhg

ghewv +u2 dqg u�, duh uhvshfwlyho| sulfh e| u2 ' .^ E8�� � .^ E8� n 82�/

u� ' .^ E8� n 82� � .^
�S�

�'� 8�
�
1 Lq vrph fdvh/ wkh prvw vxeruglqdwhg

oldelolw| lv vxssrvhg frqyhuwleoh dw pdwxulw|1 Frqyhuwleoh lq �? vwrfnv/ wkh

:Qrwh wkdw qr forvhg irup h{suhvvlrq iru wkh pdunhw ydoxh ri wkh �up kdv |hw ehhq
irxqg1 Wrgd|*v �up ydoxh lv wkhuhiruh dssur{lpdwhg e| wrgd|*v ydoxh ri �up dvvhwv =
O4 � Y3 �Ht+I4,1
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gloxwlrq idfwru lv 1 ' �?

�Rn�?
1 E| Sursrvlwlrq ;/ lwv sulfh lv jlyhq e|=

.^ E8� n 82�� .^ E8� n 82 n 8�� n 1.^

�
8� n 82 n

8�

1

�
�

Iru qxphulfdo dqdo|vlv/ idfh ydoxhv 8�/ 82/ 8� duh <3/ 58 dqg 43 uhvshfwlyho|1

Li qhfhvvdu|/ wkh gloxwlrq idfwru lv htxdo wr 4261 Wkh �up dvvhwv ydoxh lv 433/

lwv yrodwlolw| 73 (1 Wklv edvh fdvh ghslfwv �upv zlwk vxevwdqfldo ghidxow ulvn

wr kljkoljkw wkh h�hfwv ri ghyldwlrqv iurp vdihw| fryhqdqwv1

915 Wkh sulfhv ri frusrudwh vhfxulwlhv

Wdeoh 4 suhvhqwv wkh sulfhv ri frusrudwh vhfxulwlhv iru gl�huhqw vwuxfwxudo

prghov ri ghidxow dqg oltxlgdwlrq1 Wkh Eodfn0Vfkrohv0Phuwrq prgho +EVP,

dvvxphv wkdw wkhuh lv qhlwkhu ghidxow qru oltxlgdwlrq +qru hduo| vljqdo ri �qdq0

fldo glvwuhvv, ehiruh wkh frpprq pdwxulw|1 Dw wkh rwkhu h{wuhph/ wkh Eodfn0

Fr{ prgho +EF, lqwurgxfhv dq devruelqj ghidxow eduulhu/ T�E|� ' T�e3�EA3|�

zklfk lpsolhv dq lpphgldwh oltxlgdwlrq ri dvvhwv1 Khuh/ wkh ghidxow eduulhu

lqfuhdvhv dw wkh udwh ri �1 Iroorzlqj Eodfn0Fr{* dowhuqdwlyhv/ wklv erxqg0

du| lv fkrvhq hlwkhu frqvwdqw/ EFE� ' f�/ ru h{srqhqwldoo| wlph0ghshqghqw/

EFE� 9' f�1 E| fkrrvlqj � ' o/ wkh ghidxow eduulhu plplfv d vhfxuhg fodlp1

Wkh udwlr ri wklv eduulhu rq d glvfrxqwhg vhfxuhg ydoxh uhpdlqv frqvwdqw

wkurxjk wlph1 Iru frpsxwdwlrq/ rqh frqvlghuv uhvshfwlyho| 4I dqg 8 I eh0

orz wkh idfh ydoxh ri wkh prvw vhfxuhg ghew1 Lq0ehwzhhq/ +Fxp, ghqrwhv wkh

sursrvhg oltxlgdwlrq prgho edvhg rq wkh rffxsdwlrq wlph1 Lw glvwlqjxlvkhv

wkh ghidxow dqg oltxlgdwlrq gdwhv1 Uhfdoo wkdw wkh oltxlgdwlrq lv ghfoduhg rqo|

li wkh fxpxodwhg shulrg vshqw eh|rqg wkh wkuhvkrog h{fhhgv wkh wrwdo judqwhg
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wlph _ +htxdo wr rqh prqwk ru rqh |hdu,1

Wdeoh 4

Wzr pdlq uhpdunv phulw wr eh pdgh1 Iluvw/ wkh ohvv ulvn| ghew +zkrvh

vdihw| fryhqdqw mxvwl�hv/ dffruglqj wr Eodfn0Fr{ +4<:9,/ wkh h{lvwhqfh ri d

ghidxow wkuhvkrog, lv zruwk pruh dv lwv uhlpexuvphqw ehfrphv pruh dqg pruh

vhfxuhg +iurp ohiw wr uljkw,1 Wkh vhqlru ghew lv zruwk 8618:3 li rqh qhjohfwv

dq| vdihw| fryhqdqw/ 9<1865 li wkhuh h{lvwv d �<< I�0vdihw| eduulhu;1 V|pphw0

ulfdoo|/ wklv hduo| ghidxow phfkdqlvp ghwhulrudwhv erwk htxlw| dqg vxerugl0

qdwhg ordqv sulfhv1 Vhfrqg/ wkh vxeruglqdwhg ghew +5, lv wkh ulvnlhvw oldelolw|

iru hyhu| oltxlgdwlrq surfhgxuh1 Qrqhwkhohvv/ wklv ordq vhhpv wr ghfuhdvh lq

ydoxh zkhq vdihw| fryhqdqwv duh vwuhqjwkhqhg wkdq wkh vxeruglqdwhg ghew

+4,1

Wr vxssruw wklv fodlp/ fuhglw vsuhdgv duh frpsxwhg dqg glvsod|hg lq Wdeoh

51 Wklv lv d vlpsoh zd| wr frpsduh wkh ulvn|qhvv ri gl�huhqw ordqv1 Iljxuhv

lq Wdeoh 5 frq�up wkdw wkh fuhglw vsuhdg ri wkh prvw vxeruglqdwhg ghew lv

+ri frxuvh, wkh kljkhvw zkdwhyhu wkh oltxlgdwlrq surfhgxuh lv1 Lw dovr dsshduv

wkdw wkh gl�huhqfh ehwzhhq wkh wzr vxeruglqdwhg ghewv ghfuhdvhv dv wkh oltxl0

gdwlrq surfhgxuh jhwv vwurqjhu1 Pruh suhflvho|/ zkhq wkh prvw vhfxuhg ghew

ehfrphv doprvw ulvnohvv/ wkh vxeruglqdwhg oldelolwlhv ehfrph pruh dqg pruh

;Wkh sulfh ri d frpsdudeoh ulvnohvv ghew lv <3h�3>38=8
� :3> 431
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vlplodu zlwk uhjdugv wr wkhlu fuhglw ulvn +dqg dv h{shfwhg/ wkh fuhglw vsuhdg

ri wkh vhfxuhg ghew whqgv wr }hur,1

Wdeoh 5

E| vljqdolqj vxffhvvlyh ghidxow hyhqwv dqg dq +qrq htxlydohqw, hduo| olt0

xlgdwlrq dqg olplwlqj wkh xqghvludeoh ulvn wudqvihuw lpsolhg e| wkh fodvvlfdo

ghidxow prgho/ wkh wrwdo wlph vshqw xqghu wkh ghidxow wkuhvkrog lv d xvhixo

zd| wr prgho ghew fryhqdqwv dqg revhuyhg ghyldwlrqv1 Lw uhsuhvhqwv dq dg0

mxvwdeoh dowhuqdwlyh ehwzhhq wkh Eodfn0Vfkrohv0Phuwrq ghidxow surfhgxuh dqg

wkh Eodfn0Fr{ rqh1 Dv d uhvxow/ zkloh wkh iruphu xqghuhvwlpdwhv fuhglwruv

uljkwv/ wkh odwwhu pd| qrw eh dssursuldwh iru yhu| orqj whup ghew1

: Frqfoxvlrq

Wklv sdshu kdv ghyhorshg d vwuxfwxudo phwkrgrorj| fdsdeoh ri sulflqj frp0

soh{ frusrudwh vhfxulwlhv zkhq wkh ghidxow wkuhvkrog lv qrw dq devruelqj

eduulhu1 Uhdo0olih oltxlgdwlrq surfhgxuhv zkrvh udwlrqdoh lv edvhg rq wkh

wlph vshqw lq �qdqfldo glvwuhvv duh vkrzq wr eh erxqghg e| d frxsoh ri

lghdol}hg surfhgxuhv1 Rqh ri wkhvh lv vlplodu wr wkh rqh xvhg e| Iudqêrlv0

Pruhoohf +5335, wr prgho wkh Fkdswhu 44 ri wkh XV Edqnuxswf| odz1 Lw lv dovr

ghprqvwudwhg wkdw wkh uhvxowv ri Eodfn0Fr{ +4<:9, dqg Lqjhuvroo +4<::, rq uh0

vshfwlyho| vxeruglqdwhg dqg frqyhuwleoh erqgv duh urexvw zkhq d oltxlgdwlrq
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surfhgxuh lv wdnhq lq dffrxqw1 Qxphulfdo h{shulphqwv looxvwudwh wkdw ghod|v

lpsdfwv rq wkh h{ dqwh sulfh ri frusrudwh oldelowlhv1 Htxlw| sulfh vwulfwo|

ulvhv dv wkh judqwhg wlph ehorz wkh wkuhvkrogv lqfuhdvhv1 Fuhglw vsuhdgv lq0

fuhdvh ru ghfuhdvh ghshqglqj rq wkh zd| wkh frqvlghuhg erqg lv vhfxuhg ru

vxeruglqdwhg wr rwkhuv1 Dv d �qdo zrug/ lw dsshduv wkdw fuhglw vsuhdgv ri

wkh vhfxuhg erqgv duh ohvv vhqvleoh wr wkh zd| wkh Eodfn0Fr{ +4<:9, ghidxow

eduulhu lv ghvljqhg wkdq wr wkh wlph wkh �up fdq vshqg eh|rqg wkh ghidxow

hyhqw1

Uhihuhqfhv

^4` Dowpdq H1/ Hehukduw D1 +4<<7, = �Gr sulrulw| surylvlrqv surwhfw d erqg0

kroghu*v lqyhvwphqw B�/ Mrxuqdo ri Sruwirolr Pdqdjhphqw/ 53/ 9:0:81

^5` Dyhoodqhgd P1/ O1 Zx +4<<<, = �Sulflqj Sdulvldq0Vw|oh Rswlrqv zlwk

d Odwwlfh Phwkrg�/ Lqwhuqdwlrqdo Mrxuqdo ri Wkhruhwlfdo dqg Dssolhg

Ilqdqfh/ 5 +4,/ 40491

^6` Dqghuvrq U1/ Vxqgduhvdq V1 +4<<9, = �Ghvljq dqg Ydoxdwlrq ri Ghew

Frqwudfwv�/ Uhylhz ri Ilqdqfldo Vwxglhv/ <+4,/ 6:09;1

^7` Ehwnhu E1 +4<<8, = %Dq hpslulfdo h{dplqdwlrq ri suhsdfndjhg

edqnuxswf|%/ Ilqdqfldo Pdqdjhphqw/ 57/ 604;1

^8` Eodfn I1/ Vfkrohv P1 +4<:6, = %Wkh sulflqj ri rswlrqv dqg frusrudwh

oldelolwlhv%/ Mrxuqdo ri Srolwlfdo Hfrqrp|/ ;4/ 96:09871
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^9` Eodfn I1/ Fr{ M1 +4<:9, = %Ydoxlqj Frusrudwh Vhfxulwlhv= Vrph H�hfwv

ri Erqg Lqghqwxuh Surylvlrqv%/ Mrxuqdo ri Ilqdqfh/ 64+5,/ 684069:1

^:` Fdwkfduw O1/ Ho0Mdkho O1 +4<<;, = %Ydoxdwlrq ri Ghidxowdeoh Erqgv%/

Mrxuqdo ri Il{hg Lqfrph/ ;+4,/ 980:;1

^;` Fkhvqh| P1/ Mhdqeodqf0Slftxì P1/ \ru P1 +4<<8, = �Eurzqldq H{fxu0

vlrqv dqg Sdulvldq Eduulhu Rswlrqv�/ Dgydqfhv lq Dssolhg Suredelolw|/

5</ 49804;71

^<` Idq K1/ Vxqgduhvdq V1 ^5333` = %Ghew Ydoxdwlrq/ Uhqhjrfldwlrq dqg

Rswlpdo Glylghqg Srolf|%/ Uhylhz ri Ilqdqfldo Vwxglhv/ 46/ 438:043<<1

^43` Iudqêrlv S1/ Pruhoohf H1 +5335, = �Fdslwdo Vwuxfwxuh dqg Dvvhw Sulfhv =

Vrph h�hfw ri Edqnuxswf| Surfhgxuhv�/ Mrxuqdo ri Exvlqhvv/ wr dsshdu1

^44` Kdehu U1/ Vfkùqexfkhu S1/ Zloprww S1 +4<<<, = �Sulflqj Sdulvdq Rs0

wlrqv�/ 9+6,/ :40:<1

^45` Khozhjh M1 +4<<<, = %Krz Orqj Gr Mxqn Erqgv Vshqg lq Ghidxow B%/

Mrxuqdo ri Ilqdqfh/ 87+4,/ 674068:1

^46` Krwfknlvv H1 +4<<8, = %Srvwedqnuxswf| shuirupdqfh dqg pdqdjhphqw

wxuqryhu%/ Mrxuqdo ri Ilqdqfh/ 83/ 60541

^47` Kxjrqqlhu M1 +4<<<, = �Wkh Ih|qpdq0Ndf Irupxod dqg Sulflqj Rf0

fxsdwlrq Wlphv Ghulydwlyhv�/ Lqwhuqdwlrqdo Mrxuqdo ri Wkhruhwlfdo dqg

Dssolhg Ilqdqfh/ 5+5,/ 48604:;1
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^48` Lqjhuvroo/ M1 +4<::, = �D Frqwlqjhqw0Fodlpv Ydoxdwlrq ri Frqyhuwleoh

Vhfxulwlhv�/ Mrxuqdo ri Ilqdqfldo Hfrqrplfv/ 7/ 5;<06541

^49` Ohodqg K1 +4<<7, = �Frusrudwh Ghew Ydoxh/ Erqg Fryhqdqwv dqg Rswl0

pdo Fdslwdo Vwuxfwxuh�/ Mrxuqdo ri Ilqdqfh/ 7<+7,/ 4546045851

^4:` Ohodqg K1/ Wriw N1 +4<<9, = %Rswlpdo Fdslwdo Vwuxfwxuh/ Hqgrjhqrxv

Edqnuxswf| dqg wkh Whup Vwuxfwxuh ri Fuhglw Vsuhdgv/ Mrxuqdo ri Il0

qdqfh/ 84+6,/ <;:0434<1

^4;` Orqjvwd� I1/ Vfkzduw} H1 +4<<8, = %D Vlpsoh Dssurdfk wr Ydoxlqj Ulvn|

Il{hg dqg Iordwlqj Udwh Ghew%/ Mrxuqdo ri Ilqdqfh/ 8/ :;<0;531

^4<` Phood0Eduudo S1/ Shuudxglq S1 +4<<:, = %Vwudwhjlf ghew vhuylfh%/ Mrxuqdo

ri Ilqdqfh/ 85+5,/ 86408891

^53` Phuwrq U1 +4<:7, = �Rq wkh Sulflqj ri Frusrudwh Ghew= Wkh Ulvn Vwuxf0

wxuh ri Lqwhuhvw Udwhv�/ Mrxuqdo ri Ilqdqfh/ 5</ 77<07:31

^54` Prudx{ I1 +5335, = �Rq Fxpxodwlyh Sdulvldq Rswlrqv�/ Ilqdqfh/ 56

+Vshfldo Lvvxh = Ilqdqfldo Pdwkhpdwlfv,/ 45:04651

^55` Slhvvhqv U1 +4<:4, = �Jdxvvldq Txdgudwxuh Irupxodv iru wkh Qxphul0

fdo lqwhjudwlrq ri Erupzlfk*v Lqwhjudo dqg wkh Lqyhuvlrq ri wkh Odsodfh

Wudqvirup�/ Mrxuqdo ri Hqjlqhhulqj Pdwkhpdwlfv/ 8+4,/ 40<1

^56` Vfkùqexfkhu S1 +4<<;, = �Whup Vwuxfwxuh Prghoolqj ri Ghidxowdeoh

Erqgv�/ Uhylhz ri Ghulydwlyhv Uhvhdufk/ 5+526,/ 49404<61
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Iljxuh 4= Wkh judqwhg shulrg dqg htxlw| sulfhv = iurp wkh Eodfn0Fr{ prgho
wr wkh Eodfn0Vfkrohv0Phuwrq rqh1

0 5 10 15 20 25
Granted Period d +weeks /

40

45

50

55

60

BC

P

BS

Iljxuh 5= Ilup sdudphwhuv duh Y3 @ 433> �Y @ 3> �Y @ 63(1 Wkh vlqjoh frusrudwh ghew

pdwxuhv lq W @ 43 |hduv/ lwv idfh ydoxh lv ;31 dqg wkh ghidxow wkuhvkrog lv :31 u @ 8(1
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Wdeoh 4= Frusrudwh vhfxulwlhv/ wkh ghidxow vljqdolqj dqg gl�huhqw oltxlgdwlrq
surfhgxuhv1

EVP Fxp EF EF
Wkuhvkrog frqvwdqw frqvwdqw h{srqhqwldo

<8 I << I
Judqwhg shulrg 4 |hdu 4 prqwk 3 3 3

Htxlw| 68173< 6715:3 5<1<<4 591;:< 591:79 5814:6
li frqyhuwleoh 581538 571663 5414;; 4;1<6< 4;1;44 4:19:<
Vxe1 Ghew +5, 51:9: 51859 41<;< 419;5 418<7 4177<
li frqyhuwleoh 451<:6 451798 431:<3 <1954 <185< ;1<75
Vxe1 Ghew +4, ;1586 :1646 818:6 7196: 715:9 61;78
Vhqlru Ghew 8618:3 881;<W 951778W 991;34 9:16;6 9<1865
Ilup ydoxh 433 433W 433W 433 433 433

Hyhu| frusrudwh oldelolwlhv pdwxuh lq W @ 8 |hduv1 Rwkhu sdudphwhuv duh Y3 @ 433> �Y @

3> �Y @ 73(> u @ 8(1 Wkh gl�huhqw idfh ydoxhv duh <3/ 58/ 43 e| uhfryhu| sulrulw|1

Ghidxow wkuhvkrogv duh zruwk YE @ 3=<<I4h
�uW zkhq frqvwdqw dqg uhvshfwlyho| hjdo wr

YE+� , @ 3=<<I4h
�u+W��,1dqg YE+� , @ 3=<8I4h

�u+W�� , zkhq h{srqhqwldo dv lq Eodfn0Fr{

+4<:9,1 Wkh gloxwlrq idfwru iru erqgv frqyhuwleoh dw pdwxulw| lv 4261 � uhfdoov wkdw wkh

sulfh kdv ehhq ydoxhg e| Y3 �Ht+I4,1
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Wdeoh 5= Frusrudwh fuhglw Vsuhdg iru gl�huhqw oltxlgdwlrq surfhgxuhv +lq
shufhqwdjh,1

EVP Fxp EF EF
Wkuhvkrog frqvwdqw frqvwdqw h{srqhqwldo

<8 I << I
Judqwhg shulrg 4 |hdu 4 prqwk 3 3 3
Vxe1 Ghew +5, 531:3 55185 5:163 63198 641:6 66196
Vxe1 Ghew +4, 4:14: 4<18; 58135 5;1:3 63165 65177
Vhqlru Ghew 816; 7186 5164 31<9 31:< 3149

Fkrvhq sdudphwhuv duh wkrvh ri Wdeoh 41 Qr fuhglw vsuhdg kdv ehhq frpsxwhg iru frqyhuw0

leoh ghewv1
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; Dsshqgl{

Wklv dsshqgl{ euhl | frqvlghuv wkh dqdo|wlfdo sulflqj ri fxpxodwlyh sdulvldq

rswlrqv<1 Dqdo|wlfdo ydoxdwlrq ri rffxsdwlrq wlph ghulydwlyhv kdyh hduo| ehhq

vwxglhg e| Fkhvqh|0Mhdqeodqf0\ru +4<<:, dqg Kxjrqqlhu +4<<<,1 Khuh/ rqh

iroorzv Kxjrqqlhu +4<<<,*v dssurdfk dqg ghulyhv qhz sulflqj irupxodh +dprqj

zklfk wkh rqh xvhg lq wkh wh{w,1 Wkh vkruw ghprqvwudwlrq lq wklv dsshqgl{

xvhv wkh iudphzrun dqg dujxphqwv ri Fkhvqh|0Mhdqeodqf0\ru +4<<:, dqg

Kxjrqqlhu +4<<<,1 D Fxpxodwlyh Sdulvldq Fdoo Rswlrq +FSF khuhdiwhu, lv dq

rswlrq zkrvh sd|0r� lv wkdw ri d vwdqgdug fdoo surylghg wkdw wkh xqghuo|lqj

dvvhw kdv vshqw pruh wkdq d suhvshfl�hg wlph ^_` eh|rqg wkh eduulhu ohyho ^u`

+Kxjrqqlhu +4<<<,,1 D vxshuvfulsw +nru 3, suhflvhv zkhwkhu wkh rffxsdwlrq

wlph lv frqvlghuhg deryh ru ehorz wkh wkuhvkrog ohyho1 Qrz/ ohw lw eh dq rs0

wlrq/ pdwxulqj dw A / wkdw frxqwv wkh wlph vshqw deryh wkh wkuhvkrog u1 Ohw

lw eh dq xqghuo|lqj sulfh surfhvv fruuhfwo| ghvfulehg xqghu wkh ulvn qhxwudo

phdvxuh e| =

_7| ' Eo � B�7|_|n j7|_`|� +:,

zkhuh B lv wkh glylghqg udwh1 Rqh ghqrwhv D ' �
j
Eo� B� �

2
j2�/ g wkh h{huflvh

sulfh/ A wkh pdwxulw|/ _E|c @c Kc S� ' *?E@*K�

j
I
A3| n Sj

s
A � |/ dqg [ wkh qrupdo

suredelolw| glvwulexwlrq ixqfwlrq/ lw*v zhoo nqrzq wkdw wkh ydqlood fdoo rswlrq

<Wkhvh rswlrqv duh nqrfnhg lq2nqrfnhg rxw zkhq wkh wrwdo wlph vshqw e| wkh xqghuo|lqj
dvvhw eh|rqg d nqrzq eduulhu h{fhhgv d suhvfulehg ydoxh1
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dw wlph f lv jlyhq e|

��7� EA � ' 7fe
3BA[E_�Efc 7fcg���ge3oA[E_2Efc 7fcg��

zkhuh _�E|c @c K� ' _E|c @c Kc D n j�/ _2E|c @c K� ' _E|c @c Kc D�1 Wkh sulfh ri

fxpxodwlyh Sdulvldq fdoo rswlrq dw wlph | ' f fdq eh zulwwhq

���nE_� ' e3Eon
D
2

2
�A Fn��� +;,

zkhuh

Fn
��� ' 7f[

n
DnjEAc &c ,c _��g[n

D EAc &c ,c _� +<,

zlwk ,j ' *?Eu*7f�c &j ' *?Eg*7f�dqg [ wr eh suhflvhg1 Qrwh wkdw

Fkhvqh|0Mhdqeodqf0\ru +4<<:, kdyh whuphg F��� wkh Eoc D�0glvfrxqwhg ydoxh

ri wkh fxpxodwlyh sdulvldq fdoo rswlrq1 Doo rwkhu fdoo rswlrqv duh wkhq jlyhq

e| =

���~E_� n ����EA � _� ' �EA ��

Li wkh rffxsdwlrq wlph xqghu d eduulhu ohyho lv olplwhg wr _+xqwlo pdwxulw|

A ,/ wkh vwrfn sulfh lv htxlydohqwho| h{shfwhg wr vshqg pruh wkdq A � _wlph

deryh lw1 D vlplodu uhodwlrq krogv iru sxw rswlrqv1 Sdulw| uhodwlrqv ehwzhhq

fxpxodwlyh fdoov dqg sxwv h{lvw wrr1 Vxpplqj xs Fkhvqh|0Mhdqeodqf0\ru

+4<<:,/ rqh kdv =

���~EAc 7fcgcu( oc B� ' 7fg����EAc
�

7f

c
�

g
c
�

u
( Bc o��

Wkh ghulydwlrq ri [ndsshduv wkxv fulwlfdo iru sulflqj fxpxodwlyh sdulvldq

rswlrqv1 Lwv h{suhvvlrq lv dv iroorzv1
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Sursrvlwlrq : Li 7f 	 u/

[n
> E|c &c ,c _� '

] A

_

_r

�] ,

&2,
e>%CE2, � %c fc rc |� r� _%n

] "

&j,
e>%CE,c %� ,c rc |� r� _%

�
�

Li 7f : u/

[n
> E|c &c ,c _� ' e>

2|*2

�
xE_sE>�E|c 7fc u bg��� E

u

7f
�2>*jxE_sE>�E|c

u2

7f
c u bg��

�

n

] A

_

_r

�] ,

&2,
e>%CE,� %c�,c rc |� r� _%n

] "

&j,
e>%CEfc %� 2,c rc |� r� _%

�

zkhuh

CE@c Kc �c �� '

] "

f

E5 n @�E5 n K�

ZE�����D
i TE�E5 n @�2

2�
� i TE�E5 n K�2

2�
� _5

dqg

sE>� '

�
� li > ' 6n j
2 li > ' 6

+43,

Wklv sursrvlwlrq lv sduwo| vlplodu wr Kxjrqqlhu*v uhvxow +sursrvlwlrq 47 s1

439,1 Lw gl�huv krzhyhu iru 7f : u1 Khuh/ [n
> lv vkrzq wr eh d +pxfk pruh,

frpsoh{ irqfwlrq ri >1 Iluvw/ s E>� pxvw eh lqwurgxfhg1 Vhfrqg/ wkh srzhu

ri u
7f

ghshqgv rq lw1

Lq rughu wr ghprqvwudwh wklv sursrvlwlrq/ pruh pdwhuldov duh qhhghg1

Iluvw/ ohw*v uhfdoo d uhvxow =

Ohppd 4 +Kxjrqqlhu +4<<<,, Ohw s eh wkh sd|0r� ixqfwlrq ri dq rffx0

sdwlrq wlph ghulydwlyh1 Ohw es G Un � dfc A o �$ U
n eh wkh ixqfwlrq gh�qhg

e| esE5c r� ' eD5sE7fe
j5c r�1 Wkh Eoc D��glvfrxqwhg sulfh dw wlph | ' f ri wkh
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xqghuo|lqj frqwudfw lv jlyhq e| =

0 iru , : f G
U ,

3"
esE5c f�\,EAc 5� _5 n

] A

f

_r

�] ,

3"
es E5c r�CE2,� 5c fc rc A � r� _5 n

] "

,

esE5c r�CE,c 5 � ,c rc A � r� _5

�

0 iru , 	 f G
U"
,

esE5c A �\3,EAc�5� _5 n

] A

f

_r

�] ,

3"
es E5c r�CE, � 5c�,c rc A � r� _5 n

] "

,

esE5c r�CEfc 5 � 2,c rc A � r� _5

�

Wr vxffhhg lq frpsxwlqj whupv +9, dqg +:, zlwk ohppd 5/ wzr k|sr0

wkhwlfdo sd|0r� ixqfwlrqv +s, pxvw eh lghqwl�hg1 Wr wkh h{shfwdwlrq lq

+9,/ wkdw surylghv [Dnj lq wkh sulflqj irupxod +6,/ rqh dvvrfldwhv wkh sd|0

r� s E�c �� ' ��Dg��D_ �
7f
1 Wr wkh h{shfwdwlrq lq +:,/ surylglqj [D lq +6,/

sE�c �� ' ��Dg��D_ lv fkrvhq1 Ohw*v ghqrwh uhvshfwlyho| esDnjc esD/ wkh dvvrfl0
dwhg es ixqfwlrqv1 Ohppd 5 wkhq whoov xv wkdw pxvw eh frqvlghuhg =

U ,

3"
es>E5c f�\,EAc 5� _5c , 	 f +44,U"

,
es>E5c A �\3,EAc�5� _5c , : f +45,

zkhuh hlwkhu > ' Dnj ru > ' D1 Uhfdoolqj wkdw e| gh�qlwlrq _ lv vwulfwo|

srvlwlyh dqg wkdw/ zkdwhyhu > lv/ es>E�c |� lqyroyhv �|D_/ rqh frqfoxghv wkdw

es>E5c f� ' f lq Htxdwlrq +;,1 Dv d uhvxow/ zkhq 7f 	 u/ wkh rqo| whup lq

[> lv wkh grxeoh lqwhjudo1 Wklv kdv douhdg| ehhq vwdwhg e| Kxjrqqlhu +4<<<,1
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Ohw*v qrz wxuq wr Htxdwlrq +<, l1h1 zkhq 7f : u1 Vlqfh \, yhul�hv
s
2Z|\,E|c %� ' e3

%
2

2| � e3
E2,3%�2

2| / wkh htxdwlrq pd| dovr eh zulwwhq =

] "

&j,
e>5e3

5
2

2|
_5s
2Z|

�
] "

&j,
e>5e3

E2,35�2
2|

_5s
2Z|

' K�E>�� K2E>� ' K>�

Hdfk whup fdq eh lqwhjudwhg wkdqnv wr zhoo nqrzq txdgudwxuh uhodwlrqv1

Khqfh/ ghqrwlqj e| ? dqg x uhvshfwlyho| wkh jdxvvldq suredelolw| dqg jdxv0

vldq fxpxodwlyh ghqvlw| ixqfwlrqv/ rqh rewdlqv =

K�E>� ' e>
2|*2

] "

&j,
e3

E53>|�2
2| _E

5s
2Z|
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�
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' e>
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�
*?E7*Eg b u�� n >j|

j
s
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�
c

K2E>� ' e>
2|*2e2,>
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&j,
e3
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2| _E
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2Z|

� ' e>
2|*2E
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7
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2|*2E
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7
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�
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' e>
2|*2E
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7
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�
*?Eu2*7Eg b u�� n >j|

j
s
|

�
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Dv d uhvxow/ rqh kdv =

KDnj ' eEDnj�
2|*2

�
xd_�Efc 7cg b u�o� E

u

7
�2EDnj�*jxd_�Efc u

2*7cg b u�o

�

KD ' eD
2|*2

�
xd_2Efc 7cg b u�o� E

u

7
�2D*jxd_2Efc u

2*7cg b u�o

�
�

Ru/ iru vkruw/ K> ' e>
2|*2

�
xd_sE>�E��o� Eu

7
�2>*jxd_sE>�E��o

�
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sE>� '

�
� li > ' 6n j
2 li > ' 6

Wklv hqgv wkh surri1
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