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Lq dwlrq dqg wkh Pdunxs lq wkh Hxur Duhd�

F1 Euxqhdx|/ R1 Gh Edqgw}/ D1 Iodjhroohw|

Vhswhpehu 5337

�Ylhzv h{suhvvhg lq wkh sdshu duh wkrvh ri wkh dxwkruv dqg gr qrw qhfhvvdulo| uh hfw wkrvh ri
wkh Edqtxh gh Iudqfh ru wkh Hxurv|vwhp1 Zh duh judwhixo wr S1 Fdkx iru klv dvvlvwdqfh lq zulwlqj
vrph ri wkh frpsxwhu frghv xvhg lq wkh uhvhdufk1 Xvhixo frpphqwv e| K1 Oh Elkdq dqg I1 Vphwv
dv zhoo dv sduwlflsdqwv wr wkh Hfrqrphwulf Vrflhw| Hxurshdq Phhwlqj lq Pdgulg +Dxjxvw 5337, duh
dfnqrzohjhg/ exw doo uhpdlqlqj huuruv duh rxuv1

|Xqlyhuvlw| Sdulv [0WKHPD dqg Edqtxh gh Iudqfh/ GHHU0VHPHS
}Edqtxh gh Iudqfh/ GHHU0VHPHS/ rolylhu1ghedqgwCedqtxh0iudqfh1iu

4



Devwudfw
Wkh sdshu lpsohphqwv d frqvlvwhqw hpslulfdo vwudwhj| lq rughu wr lqyhvwljdwh wkh

ehkdylrxu ri wkh pdunxs ryhu wkh f|foh dqg lwv frqwulexwlrq wr lq dwlrq pryhphqwv1
Zh prgho wkh sulfh vhulhv dv L+5, frpsrqhqwv dqg xvh sro|qrpldo frlqwhjudwlrq lq
rughu wr uhfryhu d orqj0uxq sulfh vfkhgxoh1

Zh gr qrw uhmhfw vwdwlvwlfdoo| wkh uhgxfwlrq ri wkh L+5, iudphzrun wr dq L+4, prgho
dv iurp wkh plg 4<;3v1 Zh revhuyh wkdw wkh pdunxs lv idluo| frxqwhu0f|folfdo dqg kdv
d shupdqhqw h�hfw rq lq dwlrq wkurxjk dq huuru0fruuhfwlqj phfkdqlvp1 Vwuxfwxudo
dqg iruhfdvwlqj htxdwlrqv h{klelwlqj jrrg shuirupdqfh duh wkhuhiruh hvwlpdwhg1

Nh| zrugv = lq dwlrq/ hxur duhd/ pdunxs prgho/ L+5, prghov/ frlqwhjudwlrq

MHO fodvvl�fdwlrq= F66/ F86/ H6:

Uìvxpì
O*duwlfoh phw hq rhxyuh xqh vwudwìjlh hpslultxh frkìuhqwh d�q g*ìwxglhu o*ìyroxwlrq

gx wdx{ gh pdujh dx frxuv gx f|foh hw vd frqwulexwlrq ã o*lq dwlrq1 Ohv yduldeohv
gh sul{ vrqw prgìolvìhv frpph ghv surfhvvxv L+5, hw xqh frxueh gh �{dwlrq ghv sul{
ã orqj whuph hvw plvh hq ìylghqfh vrxv od iruph g*xqh uhodwlrq gh frlqwìjudwlrq gh
w|sh sro|qrpldo1

Od uìgxfwlrq gx v|vwëph L+5, vrxv od iruph g*xq prgëoh L+4, q*hvw sdv uhmhwìh
sdu ohv grqqìhv ã sduwlu gx plolhx ghv dqqìhv 4<;31 Oh wdx{ gh pdujh hvw dvvh}
odujhphqw frqwudf|foltxh hw d xq h�hw shupdqhqw vxu o*lq dwlrq sdu o*lqwhupìgldluh
g*xq pìfdqlvph ã fruuhfwlrq g*huuhxu1 Ghv ìtxdwlrqv vwuxfwxuhoohv srvvìgdqw gh
erqqhv shuirupdqfhv hq suìylvlrq vrqw dlqvl hvwlpìhv1

Prwv fohiv = lq dwlrq/ }rqh hxur/ prgëoh gh pdujh vxu ohv frþwv/ prgëohv L+5,/
frlqwhjudwlrq1

Fodvvl�fdwlrq MHO= F66/ F86/ H6:1
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Qrq whfkqlfdo vxppdu|

Wkh sdshu vwxglhv wkh h�hfwv ri wkh yduldwlrqv ri wkh pdunxs/ gh�qhg dv wkh gl�huhqfh
ehwzhhq frqvxpswlrq sulfhv dqg xqlw frvwv +xqlw oderxu frvw dqg lpsruw sulfhv,1 Vxfk d
yduldeoh lv xvhg wr fkdudfwhulvh wkh g|qdplfv ri lq dwlrq lq wkh hxur duhd1 D vwuxfwxudo
prgho lv hvwlpdwhg zlwk wzr htxdwlrqv = d sulfh vfkhgxoh dqg d ghpdqg fxuyh ri wkh
LV w|sh1 Vxfk d vwuxfwxudo prgho h{klelwv h{fhoohqw rxw0ri0vdpsoh iruhfdvwlqj surshuwlhv1
Vshfldo dwwhqwlrq lv jlyhq wr wkh vwdelolw| ryhu wlph ri wkh vwuxfwxudo htxdwlrqv1

Wzr lvvxhv duh pruh vshfl�fdoo| lqyhvwljdwhg1 Rq wkh rqh kdqg/ wkh yduldwlrqv ri wkh
pdunxs ryhu wkh f|foh 0qdpho| wkh sulflqj ehkdylrxu ri surgxfhuv dqg uhwdlohuv zkhq
ghpdqg lv kljk ru zkhq xqlw idfwru frvwv lqfuhdvh0 kdv ehhq h{whqvlyho| vwxglhg lq wkh hfr0
qrplf olwhudwxuh/ riwhq zlwk frq lfwlqj uhvxowv1 Urwhpehuj dqg Zrrgirug +4<<9, vxuyh|
wkdw olwhudwxuh dqg udwkhu frqfoxgh wkdw wkh pdunxs lv frqwudf|folfdo/ lq wkh vhqvh wkdw lw
zrxog ghfuhdvh dw wkh hqg ri wkh xsvzlqj1 Rq wkh rwkhu kdqg/ wkh sdshu lpsohphqwv d
frqvlvwhqw hpslulfdo vwudwhj| wr wdnh lqwr dffrxqw doo srvvleoh vrxufhv ri qrq 0 vwdwlrqdulw|
lq wkh v|vwhp +frqvxpswlrq sulfhv/ xqlw oderxu frvwv/ lpsruw sulfhv/ lqwhuhvw udwhv/ xqhp0
sor|phqw udwh, rq wkh shulrg vwduwlqj lq wkh plggoh ri wkh 4<;3v1 Gdwd duh txduwhuo|1 Rq
wkh edvlv ri vwdqgdug whvwv/ sulfh yduldeohv duh vhhq dv L+5,/ phdqlqj wkdw vwdwlrqdulw| lv
rqo| dfklhyhg diwhu wzlfh gl�huhqwldwlrq1 Vxfk d uhvxowv lv wkh frqvhtxhqfh ri wkh pxowlsoh
vkrfnv wkdw d�hfwhg hxur duhd lq dwlrq ryhu wkh shulrg1 Xqfryhulqj �sro|qrpldo� frlq0
whjudwlrq uhodwlrqv 0zkhuh uhodwlrqvklsv dprqj L+5, yduldeohv phdvxuhg lq ohyho ehfrph
vwdwlrqdu| zlwk wkh lqwurgxfwlrq ri rqh ri wkh yduldeohv lq �uvw gl�huhqfh0 doorzv wr hvwl0
pdwh vwdwlrqdu| uhodwlrqv rq wkh ohyhov ri wkh yduldeohv/ frqvlvwhqwo| zlwk hfrqrplf wkhru|/
lq rughu wr lqwurgxfh huuru fruuhfwlrq phfkdqlvpv1 Lq rxu fdvh/ iroorzlqj Edqhumhh hw do1
+5334 dqg 5337,/ wkh pdlq sro|qrpldo uhodwlrqvkls lv h{suhvvhg dv wkh olqn ehwzhhq/ rq wkh
rqh kdqg/ wkh pdunxs/ phdvxuhg dv wkh gl�huhqfh ehwzhhq wkh orjdulwkpv ri frqvxpswlrq
sulfhv dqg d zhljkwhg vxp ri xqlw oderxu frvw dqg lpsruw sulfhv dqg/ rq wkh rwkhu kdqg/
lq dwlrq1 Vwdwlvwlfdo whvwv duh dydlodeoh wr fkhfn wkdw vxfk uhodwlrqvklsv fdq eh h{suhvvhg
dv dq L+4, v|vwhp zlwkrxw orvlqj lqirupdwlrq1 Wkh sdshu vkrzv wkdw wkhvh � uhgxfwlrq �
whvwv duh pruh olnho| qrw wr eh uhmhfwhg iurp wkh plg 4<;3v rqzdugv/ lq sduwlfxodu zkhq
wkh sulfh ri rlo lv lqwurgxfhg dv suhghwhuplqhg yduldeoh/ ru orrvho| vshdnlqj/ zkhq wkh|
duh h{rjhqrxv wr wkh v|vwhp xqghu vwxg|1 Wkh sdshu xvhv wkh uhgxfwlrq whvwv lq rughu wr
whvw srvvleoh euhdnv lq wkh uhodwlrqvklsv1

Hpslulfdo uhvxowv surylgh hylghqfh lq idyrxu ri wkh lqwurgxfwlrq ri lq dwlrq lq wkh
frlqwhjudwlrq uhodwlrq/ exw rqh lqqrydwlrq ri wkh sdshu lv dovr wr lqwurgxfh wkh xqhpsor|0
phqw udwh lq wkh YDU v|vwhp 0dqg qrw wr dvvxph wkdw lw lv h{rjhqrxv0/ lq rughu wr vwxg|
wkh lpsdfw ri wkh exvlqhvv f|foh rq wkh pdunxs1 Lw wxuqv rxw wkdw d uhgxfwlrq lq wkh
xqhpsor|phqw udwh udwkhu whqgv wr ghfuhdvh wkh pdunxs lq wkh vkruw uxq/ d frqfoxvlrq
zklfk lv frqvlvwhqw zlwk d frqwudf|folfdo ehkdylrxu1 Wkh odvw sduw ri wkh sdshu vwxglhv wkh
rxw0ri0vdpsoh +rqh0|hdu, iruhfdvwlqj shuirupdqfh ri wkh vwuxfwxudo prgho1 Lw rxwshuirupv
vhyhudo dowhuqdwlyh vwdwlvwlfdo prghov/ lqglfdwlqj wkdw wkh lghqwl�fdwlrq ri frlqwhjudwlrq
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uhodwlrqvklsv hqdeohv wr lpsuryh vljql�fdqwo| iruhfdvwlqj rq doprvw doo wkh shulrgv zh
frqvlghu1

Uìvxpì qrq whfkqltxh

O*duwlfoh dqdo|vh o*lpsdfw ghv ìyroxwlrqv gx wdx{ gh pdujh txl hvw gì�ql frpph o*ìfduw
hqwuh ohv sul{ ã od frqvrppdwlrq hw ohv frþwv xqlwdluhv +frþwv xqlwdluhv gx wudydlo hw sul{
g*lpsruwdwlrqv,1 Fhwwh yduldeoh hvw xwlolvìh srxu fdudfwìulvhu od g|qdpltxh gh o*lq dwlrq
gdqv od }rqh hxur1 Xq prgëoh vwuxfwxuho hvw hvwlpì/ frpsruwdqw ghx{ ìtxdwlrqv = xqh
ìtxdwlrq gh �{dwlrq ghv sul{ hw xqh frxueh gh ghpdqgh/ gh w|sh LV1 Fh prgëoh vwuxfwxuho
srvvëgh dxvvl g*h{fhoohqwhv shuirupdqfhv hq suìylvlrq kruv ìfkdqwloorq1 Xqh dwwhqwlrq sdu0
wlfxolëuh hvw dssruwìh ã od vwdelolwì gdqv oh whpsv ghv uhodwlrqv vwuxfwxuhoohv dlqvl gìjdjìhv1

Ghx{ txhvwlrqv vrqw soxv vsìfl�txhphqw ìwxglìhv1 G*xqh sduw/ o*ìyroxwlrq gx wdx{ gh
pdujh dx frxuv gx f|foh 0f*hvw0ã0gluh oh frpsruwhphqw gh �{dwlrq ghv sul{ ghv surgxfwhxuv
hw ghv glvwulexwhxuv oruvtxh od ghpdqgh v*dffurñw rx oruvtxh ohv frþwv xqlwdluhv gh surgxf0
wlrq dxjphqwhqw0 d idlw o*remhw gh qrpeuhxvhv ìwxghv gdqv od olwwìudwxuh ìfrqrpltxh/ dyhf
ghv frqfoxvlrqv vrxyhqw frqwudglfwrluhv1 Urwhpehuj hw Zrrgirug +4<<9, hq irqw od uhfhq0
vlrq hw frqfoxhqw txh oh wdx{ gh pdujh hvw soxw÷w frqwud0f|foltxh/ dx vhqv rü lo whqgudlw ã
vh uìgxluh ã od �q gh od skdvh kdxwh gx f|foh1 G*dxwuh sduw/ lo hvw plv hq xyuh xqh vwudwìjlh
hpslultxh frkìuhqwh ghv vrxufhv gh qrq vwdwlrqqdulwì suìvhqwhv gdqv oh v|vwëph ìwxglì
+sul{ ã od frqvrppdwlrq/ frþwv vdoduldx{ xqlwdluhv/ sul{ g*lpsruwdwlrq/ wdx{ g*lqwìuíw hw
wdx{ gh fk÷pdjh, vxu od sìulrgh gìexwdqw dx plolhx ghv dqqìhv 4<;31 Ohv grqqìhv xwlo0
lvìhv vrqw wulphvwulhoohv1 Vxu od edvh ghv whvwv xvxhov/ lo dssdudñw hq h�hw txh ohv yduldeohv
gh sul{ rqw whqgdqfh ã uhvvruwlu frpph L+5,/ f*hvw0ã0gluh tx*hoohv qh vrqw vwdwlrqqdluhv
txh oruvtx*hoohv vrqw gl�ìuhqflìhv ghx{ irlv1 Fh uìvxowdw gìfrxoh gh od pxowlsolflwì ghv
fkrfv txl rqw d�hfwì o*lq dwlrq gdqv od }rqh hxur vxu od sìulrgh1 Od plvh hq ìylghqfh ghv
uhodwlrqv gh frlqwìjudwlrq gh w|sh � sro|qrpldo � 0rü ghv uhodwlrqv hqwuh yduldeohv L+5,
vrqw uhqgxhv vwdwlrqqdluhv sdu o*lqwurgxfwlrq g*xqh ghv yduldeohv gx v|vwëph hq gl�ìuhqfh
suhplëuh0 shuphw gh frqvhuyhu ghv uhodwlrqv vxu ohv qlyhdx{ ghv yduldeohv/ frpph vxjjìuìv
sdu od wkìrulh ìfrqrpltxh/ wrxw hq gìjdjhdqw ghv ìtxloleuhv yìulwdeohphqw vwdwlrqqdluhv hw
v*lqwhusuìwdqw frpph ghv pìfdqlvphv ã fruuhfwlrq g*huuhxu1 Gdqv qrwuh fdv/ sduwdqw ghv
wudydx{ gh Edqhumhh hw do1 +5334 hw 5337,/ od sulqflsdoh uhodwlrq sro|qrpldoh uholh g*xqh
sduw oh wdx{ gh pdujh/ phvxuì sdu od gl�ìuhqfh hqwuh oh orjdulwkph ghv sul{ gh frqvrp0
pdwlrq/ hw xqh pr|hqqh srqgìuìh ghv frþwv vdoduldx{ xqlwdluhv hw ghv sul{ g*lpsruwdwlrq
hq hxur/ hw g*dxwuh sduw o*lq dwlrq1 Ghv whvwv vwdwlvwltxhv vrqw qìdqprlqv glvsrqleohv srxu
yìul�hu vl fhv uhodwlrqv shxyhqw v*h{sulphu dxvvl vrxv od iruph g*xq v|vwëph L+4, vdqv shu0
guh g*lqirupdwlrq1 O*duwlfoh prqwuhqw txh fhv whvwv gh � uìgxfwlrq � vrqw soxv idflohphqw
dffhswìv ã sduwlu gx plolhx ghv dqqìhv 4<;3/ qrwdpphqw vl o*rq lqwurgxlw dxvvl oh sul{ gx
sìwuroh frpph yduldeoh suì0gìwhuplqìh/ f*hvw ã gluh ã shx suëv h{rjëqh dx v|vwëph frq0
vlgìuì1 Fhv whvwv gh uìgxfwlrq vrqw xwlolvìv gdqv oh sdslhu srxu gìwhuplqhu o*h{lvwhqfh gh
uxswxuhv ìyhqwxhoohv gdqv ohv uhodwlrqv vwdwlvwltxhv1
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Ohv uìvxowdwv hpslultxhv frq�uphqw od suìvhqfh gh o*lq dwlrq gdqv od uhodwlrq gh frlq0
wìjudwlrq/ pdlv o*lqqrydwlrq gx sdslhu hvw g*lqwurgxluh dxvvl oh wdx{ gh fk÷pdjh gdqv oh
v|vwëph YDU 0hw qrq sdv gh oh frqvlgìuhu h{rjëqh0/ gh idêrq ã ìwxglhu o*lpsdfw gx f|foh
vxu oh wdx{ gh pdujh1 Lo uhvvruw �qdohphqw txh od edlvvh gx wdx{ gh fk÷pdjh frqgxlw
soxw÷w ã uìgxluh oh wdx{ gh pdujh ã frxuw whuph/ fh txl hvw frkìuhqw dyhf od wkëvh gh vrq
fdudfwëuh frqwudf|foltxh1 Od ghuqlëuh sduwlh gh o*duwlfoh ìwxglh ohv shuirupdqfhv hq suìyl0
vlrq kruv ìfkdqwloorq +ã xq dq, gx prgëoh vwuxfwxuho1 Vhv shuirupdqfhv vrqw vxsìulhxuhv ã
soxvlhxuv w|shv gh prgëoh vwdwlvwltxhv/ prqwudqw txh o*lghqwl�fdwlrq gh uhodwlrqv gh frlq0
wìjudwlrq shuphw g*dpìolruhu od suìylvlrq gh idêrq vhqvleoh vxu suhvtxh wrxwhv ohv sìulrghv
frqvlgìuìhv1
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4 Lqwurgxfwlrq
Zlwk wkh lqwurgxfwlrq ri HxurshdqPrqhwdu| Xqlrq/ iruhfdvwlqj lq dwlrq dqg kdylqj
d ghhs xqghuvwdqglqj ri lwv pdlq phfkdqlvpv kdyh ehfrph nh| iru wkh Hxurv|vwhp dv
zhoo dv hfrqrplf djhqwv lq wkh hxur duhd1 Dujxdeo|/ wkh lvvxh ri iruhfdvwlqj lq dwlrq
lq lwvhoi kdv douhdg| ehhq dgguhvvhg lq pdq| sdshuv/ lqfoxglqj e| vrph ri wkh dxwkruv
ri wkh fxuuhqw sdshu +Euxqhdx/ gh Edqgw/ Iodjhroohw/ 5336,1 Lq dgglwlrq/ pdq|
wkhruhwlfdo prghov ri lq dwlrq kdyh ehhq hvwlpdwhg ru fdoleudwhg rq wkh hxur duhd
+Fodulgd/ Jdol/ Jhuwohu/ 4<<</ Mrqghdx dqg Oh Elkdq 5335/ dprqj rwkhuv,1 Krzhyhu/
wkhuh uhpdlqv/ lq rxu ylhz/ d jds ehwzhhq wkhvh wzr dssurdfkhv1 Iruhfdvwlqj prghov/
rq wkh rqh kdqg/ hyhq li wkh| h{klelw h{fhoohqw shuirupdqfh/ riwhq frqfhqwudwh rq
wkh vkruw uxq dqg gr qrw frqyh| d vx!flhqwo| �ulfk� h{sodqdwlrq ri wkh xqghuo|lqj
ghyhorsphqwv1 Wkhruhwlfdo prghov/ rq wkh rwkhu kdqg/ gr qrw dgguhvv wkh lvvxh ri
iruhfdvwlqj shuirupdqfh/ hyhq li wkh| lqfoxgh iruzdug0orrnlqj frpsrqhqwv1 Wkh dlp
ri wklv sdshu lv wr eulgjh 0dw ohdvw sduwldoo|0 wkh jds ehwzhhq wkhvh wzr dssurdfkhv1

Zh sursrvh wkhuhiruh d vhulhv ri YHFP prghov ri hxur duhd lq dwlrq/ zkhuh
wkh lghqwl�fdwlrq ri wkh orqj0uxq uhodwlrqvklsv lv pdgh wkurxjk h{solflw uhihuhqfh wr
hfrqrplf wkhru|1 Wklv lv/ lq rxu ylhz/ d vdihjxdug djdlqvw vhohfwlqj prghov wkdw duh
xqvwdeoh ryhu wlph1 Zh suhvhqw vwuxfwxudo prghov ri hxur duhd lq dwlrq dqg pdunxs
ehkdylrxu dw wkh txduwhuo| iuhtxhqf| rq wkh edvlv ri d frqvlvwhqw vwdwlvwlfdo dssurdfk1
Zh ghulyh yduldqwv ri wkhp 0l1h1 edvhg rq wkh vdph wkhruhwlfdo xqghuslqqlqjv0 zlwk
jrrg iruhfdvwlqj surshuwlhv1

Zh dovr vhw rxw wr lqyhvwljdwh wkh uhodwlyh �shuvlvwhqfh� ri lq dwlrq uhvxowlqj iurp
wkh frpelqdwlrq ri rlo vkrfnv/ ghpdqg vkrfnv dqg pdujlq ehkdylrxu1 Lq sduwlfxodu/
rxu dlp lv wr uhdvvhvv pdujlq ehkdylrxu ryhu wkh exvlqhvv f|foh1 Urwhpehuj dqg
Zrrgirug +4<<<,/ lq wkhlu vxuyh| ri wkh olwhudwxuh rq f|folfdo yduldwlrqv ri sulfhv
dqg frvwv/ qrwh wkdw �pdujlqdo frvwv ulvh pruh wkdq sulfhv gxulqj h{sdqvlrq/ lq
sduwlfxodu odwh lq h{sdqvlrq�/ lpso|lqj d uhgxfwlrq lq pdunxsv dw wkh hqg ri wkh
f|foh1 Lq frqwudvw/ gh Eurxzhu dqg Hulffvrq +4<<<, surylgh dq hpslulfdo prgho ri
lq dwlrq lq Dxvwudold dqg frqfoxgh wkdw wkh pdunxs lv surf|folfdo/ zkhq phdvxuhg
e| wkh rxwsxw jds1

Wkh lvvxh ri pdujlq ehkdylrxu kdv lqghhg d orqj klvwru| lq hfrqrplfv/ exw zh
vkrxog glvwlqjxlvk ehwzhhq wzr vwudqgv ri wkh olwhudwxuh/ vlqfh zh pxvw wdnh lqwr
dffrxqw erwk wkh oderxu dqg wkh jrrgv pdunhw1 Rq wkh rqh kdqg/ wkh olwhudwxuh rq
wkh sur�w vkduh vwxglhv wkh glvwulexwlrq ri ydoxh dgghg ehwzhhq oderxu dqg fdslwdo/
dvvxplqj wkh pdunxs rq wkh jrrgv pdunhw lv �{hg1 Wkh odwwhu uhvxowv iurp wkh
htxloleulxp rq wkh oderxu pdunhw rqo| +wkh �vl}h ri wkh slh� lv jlyhq,1 Ydulrxv
h{sodqdwlrq duh jlyhq iru wkh fkdqjhv lq wkh oderxu vkduh= fkdqjhv lq idfwru frvwv/
f|folfdo yduldwlrqv/ hwf1 Uhsuhvhqvdwlyh ri wkh olwhudwxuh rq wkh sur�w vkduh/ Suljhqw
+4<<<, frqfoxghv wkdw lq wkh vkruw uxq wkh sur�w vkduh lq Iudqfh/ iru wkh 4<9704<<9
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shulrg/ whqghg wr ghfuhdvh vrphzkdw gxulqj shulrgv ri kljk jurzwk41 Frqyhuvho|/
pruh uhfhqwo|/ Edjkol/ Fhwwh dqg V|oydlq +5336, frqfoxgh/ dovr lq wkh fdvh ri Iudqfh/
wkdw wkh sur�w vkduh zdv/ lq wkh orqj uxq/ srvlwlyho| fruuhodwhg zlwk wkh fdsdflw|
xwlolvdwlrq udwh ryhu wkh 4<:305334 shulrg1 Krzhyhu/ wkhvh sdshuv gr qrw lqyhvwljdwh
wkh lpsolfdwlrqv iru �qdo sulfhv/ dowkrxjk d kljkhu sur�w vkduh pd| reylrxvo| eh
dvvrfldwhg zlwk kljkhu sulfhv li zdjhv h{klelw qrplqdo uljlglw|1 Rq wkh rwkhu kdqg/
wkh olwhudwxuh rq wkh pdunxs frqvlghuv wkdw/ ghshqglqj rq pdunhw srzhu/ frpsdqlhv
pljkw dovr zlvk wr lqfuhdvh wkh wrwdo �vl}h ri wkh slh� e| udlvlqj sulfhv rq wkh jrrgv
pdunhw/ l1h1 e| ydu|lqj wkh pdunxs/ zklfk lv qrw frqvwdqw ryhu wlph1 Edqhumhh hw
do1 +5334d dqg e dqg 5337,/ exloglqj rq wkh frqfoxvlrq ri wkh olwhudwxuh rq wkh
pdunxs/ surylgh hylghqfh wkdw wkh pdunxs/ gh�qhg dv wkh orj0gl�huhqfh ehwzhhq
frqvxpswlrq sulfhv dqg d zhljkwhg vxp ri surgxfwlrq frvwv/ ghfuhdvhv dv lq dwlrq
lqfuhdvhv1

Krzhyhu/ zkloh hduolhu sdshuv/ dv phqwlrqhg deryh/ lqwurgxfhg wkh exvlqhvv f|foh
dprqj wkh ghwhuplqdqwv ri wkh pdunxs/ lw lv gl!fxow wr gr wkh vdph zkhq wkh
pdunxs lv lwvhoi qrq0vwdwlrqdu|1 Lq wkh zrun ri Edqhumhh hw do1/ wkh exvlqhvv f|foh
dsshduv wr eh d suhghwhuplqhg yduldeoh/ zklfk rqo| sod|v d vkruw0uxq uroh/ suhyhqwlqj
dq| srvvleoh ihhgedfn iurp sulfhv1

Lq zkdw iroorzv/ zh lqwurgxfh gluhfwo| xqhpsor|phqw lq wkh orqj0uxq uhodwlrq0
vkls/ zlwkrxw ghwuhqglqj lw/ frqwudu| wr Edqhumhh hw do1 Wklv hqdeohv xv wr uhod{ wkh
dvvxpswlrq wkdw sulflqj lv lqghshqghqw ri ghpdqg frqglwlrqv

Pruh jhqhudoo|/ zh vkrz wkdw wkh fkrlfhv pdgh iru vwdwlvwlfdo prghoolqj duh gh0
flvlyh lq fkdudfwhul}lqj wkh g|qdplfv ri wkh sulfhv dqg wkh ehkdylrxu ri wkh pdunxs
ryhu wkh f|foh1 Lq sduwlfxodu/ prghoolqj shuvlvwhqw dqg wudqvlwru| frpryhphqwv ri
wkh vhulhv vwxglhg lv ri juhdw lpsruwdqfh lq ghulylqj uhohydqw hpslulfdo uhvxowv lq
rughu wr vkhg oljkw rq wkh txhvwlrqv xqghu uhylhz1

Iurp wkh hpslulfdo srlqw ri ylhz/ zh sursrvh d vhulhv ri prghov edvhg rq wkh
hvwlpdwlrq ri orqj0uxq uhodwlrqv ehwzhhq wkh pdunxs dqg lwv ghwhuplqdqwv lq wkh
vslulw ri Edqhumhh +5334d dqg e/ dqg 5337, dqg Mxvholxv +5335,/ exw zh lghqwli| lw dv
d sulflqj uhodwlrq1

Jlyhq wkhlu kljk ghjuhh ri shuvlvwhqfh/ wkh uhohydqw yduldeohv/ qdpho| sulfhv dqg
frvwv/ duh wdnhq wr eh L+5,1 Dujxdeo|/ wkh dowhuqdwlyh k|srwkhvlv/ qdpho| wkdw sulfhv
duh L+4,/ khqfh lq dwlrq lv vwdwlrqdu| ru L+3,/ lv d pruh vwdqgdug dvvxpswlrq1 Krz0
hyhu/ hxur duhd lq dwlrq dsshduv wr eh vwdwlvwlfdoo| L+4,/ ryhu d orqj shulrg/ gxh wr
lwv kljk ghjuhh ri shuvlvwhqfh1 Lq dgglwlrq/ vlqfh wkh fuhdwlrq ri HPX/ ryhu d vkruw
wlph vsdq/ wkh hxur duhd zdv klw e| pdq| vkrfnv +rlo sulfh vkrfnv/ fkdqjhryhu wr
wkh hxur/ orqj vzlqjv lq wkh h{fkdqjh udwhv, dqg dgglqj d vhulhv ri gxpp| yduldeohv
uhsuhvhqwdwlyh ri wkh gl�huhqw uhjlphv zrxog phdq/ iurp wkh vwdwlvwlfdo srlqw ri ylhz/

4Wkh dxwkru dfwxdoo| ghdov zlwk wkh oderu vkduh/ zklfk lv wkh frpsohphqw ri wkh sur�w vkduh/
dqg �qgv wkdw lw lqfuhdvhv lq shulrgv ri kljk jurzwk1
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wkdw zh zrxog udslgo| uxq rxw ri ghjuhhv ri iuhhgrp1 Wkh vwdqgdug L+4, iudphzrun
zrxog qrw lq sulqflsoh eh vx!flhqw wr dffrprgdwh uhodwlrqv ghulyhg iurp hfrqrplf
wkhru| rq yduldeohv lq ohyho1 Qhyhuwkhohvv/ xvlqj uhvxowv iurp Nrqvwhg hw do1 +5335,/
lw lv srvvleoh wr frqvwudlq wkh L+5, v|vwhp lqwr dq L+4, v|vwhp vr dv wr ehqh�w iurp
wkh vdwlvwlfdo wrrov ghyhorsshg lq wkh L+4, iudphzrun1

Wkh sdshu lv rujdqlvhg dv iroorzv1 Vhfwlrq 5 suhvhqwv wkh wkhruhwlfdo xqghuslq0
qlqjv ri wkh prgho1 Vhfwlrq 6 ghvfulehv rxu gdwd vhw1 Vhfwlrq 7 glvfxvvhv wkh L+5,
vwdwlvwlfdo iudphzrun dqg wkh L+5, wr L+4, uhgxfwlrq whvwv1 Wkh hpslulfdo uhvxowv duh
glvfxvvhg lq vhfwlrq 81

5 D wzr0htxdwlrq vwuxfwxudo prgho ri lq dwlrq
Lq rughu wr vwxg| wkh g|qdplfv ri lq dwlrq lq wkh hxur duhd/ zh sursrvh d yhu|
vlpsoh prgho zkhuh zh lqfoxgh dq LV fxuyh dqg d zdjh0sulfh vfkhgxoh1 Wkh LV fxuyh
lv idluo| vwdqgdug lq wkh olwhudwxuh +vhh iru h{dpsoh Jhuodfk dqg Vphwv/ 4<<<,5 =

+| ' �Eu�+|3� n �� qE�| �.|3�{R|� n e| n "+| +4,

zklfk lv dq rshq0hfrqrp| LV fxuyh/ zkhuh +| lv dq lqglfdwru phdvxulqj uhdo rxwsxw
+ru wkh rxwsxw jds,1 Wkh rwkhu yduldeohv rq wkh UKV duh wkh uhdo lqwhuhvw udwh
dqg wkh +orj ri wkh, sulfh ri wkh hxur ru wkh h�hfwlyh h{fkdqjh udwh16 Dw wklv vwdjh/
krzhyhu/ wkh h{fkdqjh udwh lv rplwwhg iurp wkh htxdwlrq jlyhq wkh udwkhu dxwdunlf
qdwxuh ri wkh hxur duhd dqg wkh idfw wkdw rxu prgho lv rqo| frqglwlrqhg rq wkh hxur
sulfh ri rlo1

Dv uhjdugv wkh sulfh vfkhgxoh/ zh uho| rq olwhudwxuh rq erwk wkh sur�w vkduh
dqg wkh pdunxs1 Wkh olwhudwxuh rq wkh sur�w vkduh 0ru lwv frpsohphqw/ wkh oderxu
vkduh0 vwxglhv wkh glvwulexwlrq ri ydoxh dgghg ehwzhhq oderxu dqg fdslwdo/ dvvxplqj
wkh pdunxs rq wkh jrrgv pdunhw lv �{hg= wr gh�qh wkh +rswlpdo, oderxu vkduh/
wkh vwduwlqj srlqw lv xvxdoo| wkh +rswlpdo, sulfh htxdwlrq/ zklfk lv zulwwhq dv � '
>�*8 �

uc zkhuh � lv wkh ydoxh dgghg gh dwru/ � lv zdjh shu khdg/ u lv hpsor|phqw/
dqg 8 �

u lv wkh pdujlqdo surgxfwlylw| ri oderxu1 Wklv lv htxlydohqw/ iru d Free0Grxjodv
surgxfwlrq ixqfwlrq/ wr � ' >�*Ekt*u�/ zkhuh t lv ydoxh dgghg/ vr wkdw > ' k�t

�u

' k73�
u � Fkdqjhv lq wkh pdunxs > duh wkhuhiruh gluhfwo| h{sodlqhg e| fkdqjhv lq wkh

oderxu vkduh 7u1 Rq wkh rwkhu kdqg/ wkh olwhudwxuh rq wkh pdunxs frqvlghuv wkdw/
ghshqglqj rq pdunhw srzhu/ frpsdqlhv pljkw dovr zlvk wr lqfuhdvh wkh wrwdo �vl}h

5Vhh lq sduwlfxodu Edqn ri Hqjodqg +4<<<,/ dv zhoo dv dv Mrqghdx dqg Ohelkdq +5333,/ zkr dgg
iruzdug0orrnlqj frpsrqhqwv wr vxfk d prgho1 Khuh/ iru hvwlpdwlrq sxusrvhv/ rqo| edfnzdug0orrnlqj
frpsrqhqwv duh xvhg1

6Fw lv wkh qrplqdo lqwhuhvw udwh1

;



ri wkh slh� e| udlvlqj sulfhv rq wkh jrrgv pdunhw1 Edqhumhh hw do1 +5334d dqg e/ dqg
5337,/ exloglqj rq wkh frqfoxvlrq ri wkh olwhudwxuh rq wkh pdunxs/ surylgh hylghqfh
wkdw wkh pdunxs/ gh�qhg dv wkh orj0gl�huhqfh ehwzhhq frqvxpswlrq sulfhv dqg d
zhljkwhg vxp ri surgxfwlrq frvwv/7 ghfuhdvhv dv lq dwlrq lqfuhdvhv/ vlqfh frpsdqlhv
orvh pdunhw vkduhv li wkh| vhw sulfhv lqdssursuldwho|1 Krzhyhu/ zkloh hduolhu sdshuv/
dv phqwlrqhg deryh/ lqwurgxfhg wkh exvlqhvv f|foh dprqj wkh ghwhuplqdqwv ri wkh
pdunxs/ Edqhumhh grhv qrw lqwurgxfh dfwlylw| lq wkh htxloleulxp uhodwlrqvkls gh�qhg
rq wkh ohyho ri wkh yduldeohv1 Lw lv rqo| xvhg dv suhghwhuplqhg yduldeoh1

Wkh zdjh dqg sulfh vhwwlqj htxdwlrq pd| eh h{suhvvhg lq ohyhov/ dv lq wkh Od|dug0
Qlfnhoo Mdfnpdq +4<<5, wudglwlrq1 Wkh zdjh vfkhgxoh lv zulwwhq dv =

�| ' R| n k�Z| � k2L| n e�| +5,

zkhuh �|/ R|/ Z| dqg L| duh zdjhv/ wkh sulfh ohyho/ oderxu surgxfwlylw| dqg xqhp0
sor|phqw/ uhvshfwlyho| +orzhu0fdvh yduldeohv duh lq orjdulwkp,1 Wkh sulfh htxdwlrq/
ru vxsso| fxuyh/ lv=

R| ' �| � ��Z| � �2L| � ��{R| n �e5
R
| n eR| +6,

zkhuh �� lv wkh frvw ri lq dwlrq iru �upv +lqfoxglqj/ qrwdeo|/ phqx frvwv/ hwf1/ vhh
ehorz,/ dqg 5R| phdvxuhv wkh h�hfw ri wkh exvlqhvv f|foh rq �upv* frpshwlwlyh hqyl0
urqphqw18 Lqghhg/ wkh ohyho ri sulfhv lv gluhfwo| d�hfwhg e| ghpdqg +ru lqyhuvho| e|
xqhpsor|phqw,/ zkloh wkh exvlqhvv f|foh dqg lq dwlrq dovr lq xhqfh wkh pdunxs1
Uhjduglqj wkh h�hfw ri wkh exvlqhvv f|foh rq wkh pdunxs/ wkh h�hfw lv xvxdoo| dv0
vxphg wr eh qhjdwlyh li vwurqjhu ghpdqg uhtxluhv �upv wr xvh ohvv surgxfwlyh htxls0
phqwv ohdglqj wr lqfuhdvlqj pdujlqdo frvwv1 Uhjduglqj lq dwlrq/ rqh pd| dujxh wkdw
frpshwlwlrq lqfuhdvhv zlwk lq dwlrq vr wkdw �upv duh ohvv deoh wr frooxgh/ |lhoglqj d
qhjdwlyh h�hfw ri lq dwlrq rq wkh pdunxs1 Lq dgglwlrq/ srvwlqj qhz sulfhv lv frvwo|/
vr wkdw wkh h{lvwhqfh ri phqx frvwv ohdgv �up wr vhw vxerswlpdo sulfhv zkhq lq dwlrq
lv kljk1

Htxdwlrq +5, dqg +6, duh reylrxvo| forvho| frqqhfwhg1 Edqhumhh hw do1 +5334d,
pdnhv wkh dvvxpswlrq wkdw sulflqj lv lqghshqghqw ri ghpdqg frqglwlrqv/ zklfk lv
htxlydohqw wr �2 ' f1 Hpslulfdoo|/ zh fdqqrw dgrsw vxfk dq dvvxpswlrq dv zh
�qg wkdw wkh yduldeohv gr qrw frlqwhjudwh dffruglqj wr d pdunxs w|sh uhodwlrqvkls
zlwkrxw lqwurgxflqj dq dfwlylw| yduldeoh +ru xqhpsor|phqw,1 Pruhryhu/ zh �qg/
hpslulfdoo|/ wkdw ��2 	 f1

7Wkh pdunxs lv gh�qhg dv s � 	n
l@4*lfl zkhuh s lv wkh orjdulwkp ri sulfhv/ wkh fl*v duh wkh

+orjdulwkp ri wkh, ydulrxv frvwv ri surgxfwlrq dqg 	l*l @ 41
8Vhh Dsshqgl{ iru wkh ghulydwlrq ri vxfk dq htxdwlrq1
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Dfwxdoo|/ zh xvh wklv uhvxow dv dq lghqwli|lqj frqvwudlqw= lqghhg/ ��2 	 f/ lpsolhv
wkdw +6, lv d sulflqj vfkhgxoh1 Rq wkh frqwudu|/ ��2 : f zrxog lpso| wkdw lw lv d zdjh
vfkhgxoh +ru d Skloolsv fxuyh/ wklv zrxog eh frqvlvwhqw zlwk �k2 	 f lq htxdwlrq
+5,,1

Lq dgglwlrq/ zh dvvxph wkdw �� ' �1

6��| ' R| � �| n Z| ' /f � /�L| � /2{R| +7,

Dq h{whqvlrq ri vxfk d prgho lv wr gh�qh 6�2| vxfk wkdw

6�2| ' R| � �

� n 4
E�| � Z|�� 4

� n 4
R6| +8,

zklfk zrxog dovr eh h{sodlqhg e| wkh vdph yduldeohv rq wkh UKV ri htxdwlrq +7,1 Wkh
uhodwlyh sulfh ehwzhhq grphvwlf sulfhv dqg lpsruw sulfhv lq wkh grphvwlf fxuuhqf|
R| � R6| lv wkh uhdo h�hfwlyh h{fkdqjh udwh1 Qrwh wkdw vxfk d irupxodwlrq hqvxuhv d
surshu gh�qlwlrq ri wkh pdunxs ryhu frvwv/ vlqfh olqhdu krprjhqhlw| lv vdwlv�hg1

Dffruglqj wr Edqhumhh hw do1 +5334d,/ wkh wklug whup rq wkh UKV ri htxdwlrq +7,
+l1h1 �/2{R|, lqglfdwhv wkdw wkh pdunxs ghfuhdvhv zlwk lq dwlrq1 Lqghhg/ lq dwlrq/
dv zhoo dv xqhpsor|phqw kdv wr eh lqfrusrudwhg lq wkh ruljlqdo htxdwlrq iru wkh
uhodwlrq wr eh frlqwhjudwhg1 Wklv pdnhv lw srvvleoh wr lqyhvwljdwh wkh h�hfw ri dfwlylw|
rq sulflqj ehkdylrxu1

Wkhvh gl�huhqw orqj0uxq uhodwlrqvklsv duh dovr xvhg e| Mxvholxv +5335,/ zlwk wkh
dgglwlrqdo glvwlqfwlrq ehwzhhq surgxfhu sulfhv dqg frqvxpswlrq sulfhv +wkh odwwhu
ehlqj d zhljkwhg vxp ri surgxfhu sulfhv dqg lpsruw sulfhv,1 Wkh pdlq gl�huhqfh
lv wkdw dgglwlrqdo whupv duh xvhg iru wkh g|qdplf dgmxvwhphqw ri wkh uhdo h{fkdqjh
udwh gxulqj wkh frqyhujhqfh +l1h1 lq wkh vkruw0whup frpsrqhqw ri wkh YHFP,1

Htxdwlrq +7, lv dovr d yduldqw ri wkh Hulfvvrq dqg Eurxzhu+4<<;,*v pdunxs prgho/
zkhuh=

R| ' *?E>|� n ��
�E�| � Z|� n ��

2R6c| n ��
�RJ�,cc| n eR| +9,

dqg krprjhqhlw| frqvwudlqwv duh vxfk wkdw wkh ��
�r dgg xs wr rqh1 >| vwloo phdvxuhv

wkh pdunxs zklfk  xfwxdwhv zlwk wkh exvlqhvv f|foh +h1j1 wkh rxwsxw jds,1

6 Gdwd dqg vwdwlrqdulw| whvwv
Yduldeohv duh txduwhuo| dqg gh�qhg iru wkh hxur duhd1 f| ' ER|c �,Sc R6c|cL|c �|�

�

zkhuh R| lv +wkh orjdulwkp ri, hxur duhd wrwdo KLFS/ edfnfdvwhg iurp 4<<3 +vhh
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Euxqhdx/ gh Edqgw dqg Iodjhroohw/ 5336, dqg vhdvrqdoo| dgmxvwhg9 > �,S lv +wkh
orjdulwkp ri, xqlw oderxu frvw/ R6 lv +wkh orjdulwkp ri, lpsruw gh dwru/ L lv wkh xq0
hpsor|phqw udwh dqg �| lv d phdvxuh ri qrplqdo lqwhuhvw frvwv/ gh�qhg dv wkh htxdoo|
zhljkwhg dyhudjh ri vkruw0 +60prqwk, dqg orqj0whup +430|hdu, qrplqdo lqwhuhvw udwhv1
Wkh sulfh ri Euhqw fuxgh rlo/ h{suhvvhg lq hxur/ RJ�, lv xvhg dv dq h{rjhqrxv yduldeoh1
Hxur duhd gdwd duh frpsxwhg rq wkh edvlv ri JGS SSS zhljkwv1: Wkh vdpsoh shulrg
uxqv iurp 4<:9T4 wr 5335T7/ dowkrxjk zh irfxv rq wkh 4<;805335 shulrg/ zklfk lv
srvwhulru wr wkh hslvrgh ri vwurqj glvlq dwlrq wkdw wrrn sodfh lq pdq| hxur duhd
frxqwulhv1 Gdwd duh glvsod|hg lq Dsshqgl{ E41

Wkh qrplqdo yduldeohv R|/ �,S| dqg R6c| fohduo| dsshdu wr eh qrq0vwdwlrqdu|1
Lpsohphqwlqj wkh xvxdo xqlw urrw whvwv +Glfnh|0Ixoohu/ dv zhoo dv Hoolrww0Urwkhqehuj
dqg Vwrfn, vxjjhvw wkdw wkh sulfh vhulhv R dqg �,S duh zhoo vshfl�hg dv UE2� yduldeohv1;

Wkh lpsruw dqg rlo sulfh yduldeohv duh ohvv shuvlvwhqw/ dqg pljkw eh vhhq dv L+4,1
Krzhyhu zh fkrrvh wr vshfli| wkh iruphu dv dq UE2� yduldeoh1 Lqghhg/ gxh wr wkh
vxffhvvlrq ri udwkhu vkruw0olyhg vslnhv/ rlo sulfhv pljkw eh vhhq wr eh pruh vwdwlrqdu|1
Wklv ohdyhv rshq wkh srvvlelolw| wkdw wkh sulfh ohyhov vkduh d vhfrqg0rughu wuhqg1

Uhodwlyh sulfhv R| � �,S| dqg R| � R6c| dsshdu wr eh qrq0vwdwlrqdu| exw zlwk d
ghjuhh ri shuvlvwhqfh vljql�fdqwo| orzhu wkdq wkh sulfh ohyhov/ wkdw lv UE��1 Wkh
xqhpsor|phqw udwh dqg wkh lqwhuhvw udwh duh dw prvw UE��1

Lq jhqhudo/ dv vhw rxw lq wkh iroorzlqj vhfwlrq lq ixoohu ghwdlo/ wkhuh duh wzr srvvl0
elolwlhv1 Hlwkhu uhodwlyh sulfh yduldeohv ehfrph vwdwlrqdu| +l1h1 wkh sulfhv frlqwhjudwh
iurp L+5, wr L+3,,/ ru wkh| duh rqo| L+4, +wkh sulfh yduldeohv frlqwhjudwh iurp L+5, wr
L+4,, exw h{klelw d vwdeoh uhodwlrqvkls zlwk rwkhu L+4, yduldeohv1 Sulflqj dffruglqj
wr d pdunxs0w|sh uhodwlrqvkls dv lqglfdwhg deryh frxog eh d orqj0uxq skhqrphqrq
lpso|lqj frlqwhjudwlrq ehwzhhq �uvw0rughu qrq0vwdwlrqdu| uhodwlyh sulfhv/ zlwk wkh
srvvlelolw| wkdw wkh L+4, udwh ri lq dwlrq/ wkh lqwhuhvw udwh dqg wkh xqhpsor|phqw
udwh pd| kdyh orqj0uxq h�hfwv lq ghwhuplqlqj sulfhv dv hpskdvl}hg e| Edqhumhh hw
do1 +5334,/ dv zhoo dv Qlhovhq dqg Erzgohu +5336,1

Wkh v|vwhp ri ? ' D yduldeohv fdq eh ghfrpsrvhg lqwr L+3,/ L+4, dqg L+5, gluhf0
wlrqv/ ri glphqvlrq o/ r dqg ?�o�r/ uhvshfwlyho|1 D irupdo whvw rq wkh udqn lqglfhv
o dqg r dqg wkh dvvrfldwhg qxpehu ri xqlw urrwv lv edvhg rq d mrlqw udqn vwdwlvwlf
7ocr/ dv h{sodlqhg lq wkh qh{w vhfwlrq1 Lq wkh hpslulfdo sduw/ zh uhsruw wkh uhvxowv
zlwk wkh <8(txdqwlohv ri wkh dv|pswrwlf glvwulexwlrqv1 D prgho lv uhmhfwhg rqo| li
doo vxeprghov duh dovr uhmhfwhg1

9Lq rughu wr dyrlg dq h{wud �owhu wkdw pljkw fuhdwh duwl�fldo f|fohv/ vhdvrqdo dgmxvwphqw lv
frpsxwhg e| uhjuhvvlqj wkh orj0gl�huhqfh ri wkh yduldeoh rq d vhw ri vhdvrqdo gxpplhv +vhh/ iru
h{dpsoh/ wkh phwkrg ghvfulehg e| Mrkqvwrq/ 4<;;,1

:KLFS gdwd duh prqwko| +dv ghvfulehg lq Euxqhdx/ gh Edqgw dqg Iodjhroohw/ 5336,/ dv zhoo dv
rlo sulfhv/ exw dyhudjhg ryhu wkh txduwhu1 Wkh rwkhu yduldeohv duh txduwhuo| dqg dydlodeoh vlqfh
T4=4<:3 iurp Idjdq hw do1 +5334,/ xsgdwhg xvlqj ydulrxv lvvxhv ri wkh HFE prqwko| exoohwlq1

;Ghwdlohg uhvxowv ri wkh whvwv duh dydlodeoh iurp wkh dxwkruv xsrq uhtxhvw1
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7 Hfrqrphwulf prgho
Wklv vhfwlrq lqwurgxfhv wkh vwdwlvwlfdo iudphzrun wkdw zh dgrsw wr h{sodlq dqg iruh0
fdvw lq dwlrq lq wkh hxur duhd1

714 Wkh L+5, v|vwhp

Lq rughu wr lqwurgxfh wkh L+5, v|vwhp/ zh vwduw zlwk wkh pruh wudglwlrqdo L+4, v|vwhp
dqg prwlydwh wkh gl�huhqfhv1

Li wkh ? vhulhv vwxglhg duh UE��/ li wkh| reh| d YDU prgho ri rughu R dqg li
wkh| duh frlqwhjudwhg zlwk d frlqwhjudwlrq udqn o/ zh rewdlq wkh zhoo0nqrzq Huuru
Fruuhfwlqj +HF, uhsuhvhqwdwlrq ri wkh g|qdplfv +Mrkdqvhq +4<;;,,=

{f| ' kq�f|3� n

R3�[
�'�

K�{f|3� nx(| n 0| +:,

zkhuh k dqg q duh ?� o ghqrwlqj pdwulfhv ri ixoo udqn1 (| uhsuhvhqwv wkh ghwhuplq0
lvwlf sduw= wuhqg ru gxpplhv1

Lq wkh xvxdo fdvh/ wkh frlqwhjudwlrq uhodwlrqvklsv duh fdqglgdwhv iru vwhdg|0vwdwh
uhodwlrqv1 Iru h{dpsoh/ li wkh wkuhh sulfh yduldeohv Rc �,Sc R6 duh lqwhjudwhg ri ru0
ghu rqh/ wkh| frxog srwhqwldoo| frlqwhjudwh wr vwdwlrqdulw| vxfk wkdw wkh olqhduo|
krprjhqhrxv frpelqdwlrq=

R� ��,S� E�� ��R6

gh�qhv d vwdwlrqdu| surfhvv1
Wkh vwhdg|0vwdwh uhodwlrq wkxv hqdeohv xv wr h{suhvv wr zulwh wkh ryhudoo pdunxs

dv wkh vxp ri wkh pdunxs rq xqlw oderxu frvwv/ R� �,S/ dqg wkh uhdo h{fkdqjh udwh/
R� R6=

�ER� �,S� n E�� ��ER� R6�

Dffruglqjo|/ d sduwldo dgmxvwphqw prgho iru wkh sulfh ohyho fdq eh ghulyhg iurp
wkh HF uhsuhvhqwdwlrq +4, dv iroorzv1

{R| ' Bf{R|3� � B�d�ER|3� � �,S|3�� n E�� ��ER|3� � R6c|3� �� B2o +;,

zkhuh wkh frqglwlrqv Bf : f dqg B� : f h{suhvv sduwldo dgmxvwhphqw ri wkh sulfh
ohyho wrzdugv lwv vwhdg|0vwdwh ydoxh1

Qrz/ li wkh yduldeohv Rc �,Sc R6 duh uhfrjql}hg dv UE2�/ e| vxevwudfwlqj{R|3� iurp
erwk vlghv ri +;,/ zh fdq zulwh=

{2R| ' EBf � ��{R|3� � B�d�ER|3� � �,S|3�� n E�� ��ER|3� � R6c|3��� B2o +<,
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Wklv uhodwlrq doorzv iru dq dowhuqdwlyh lqwuhsuhwdwlrq edvhg rq d g|qdplf vwhdg|0
vwdwh uhodwlrq1 Wkh sulfh ohyhov pd| vwloo frlqwhjudwh iurp L+5, wr L+4, vxfk wkdw wkh
olqhduo| krprjhqhrxv frpelqdwlrq lq +<, lv dq L+4, surfhvv zklfk lq wxuqv ehfrphv
vwdwlrqdu| e| frlqwhjudwlqj zlwk wkh L+4, lq dwlrq udwh{R1 Wkxv/ htxdwlrq +<, 0zklfk
lv fdoohg d sro|qrpldoo| frlqwhjudwlqj uhodwlrq0 fdq eh lqwhusuhwhg dv ghvfulelqj d
g|qdplf vwhdg|0vwdwh uhodwlrq zklfk lq xhqfhv wkh g|qdplfv ri {2R| dffruglqj wr
dq huuru fruuhfwlqj phfkdqlvp1

Pruh jhqhudoo|/ wkh uhohydqw uhsuhvhqwdwlrq ri wkh g|qdplfv ri wkh v|vwhp lv jlyhq
e|=

{2f| ' K{f|3� n kq�f|3� n

R32[
�'�

hK�{
2f|3� n hx(| n 0| +43,

zkhuh k dqg q lq htxdwlrq +43, duh gl�huhqw iurp wkrvh lq htxdwlrq +:,1 Lq wkh
L+5, uhsuhvhqwdwlrq/ q�f| qr orqjhu gh�qhv o vwdwlrqdu| surfhvvhv exw UE�� surfhvvhv
zklfk frlqwhjudwh zlwk �uvw gl�huhqfhv ri wkh surfhvvhv1

Pruh suhflvho|/ xqghu wkh udqn frqglwlrqv +dqg ghqrwlqj zlwk d vxelqgh{ B wkh
ruwkrjrqdo frpsohphqw ri d jlyhq pdwul{,=

k dqg q duh ?� o pdwulfhv

k�
zKqz ' 1#�zlwk 1 dqg # ghqrwlqj E?� o�� r pdwulfhv

zh fdq lqwurgxfh wkh q� dqg q2 pdwulfhv=

q� ' qz# ' qzEq
�
zqz�

3�

q2 ' qz#
�
z

zlwk wkh froxpqv ri qz +uhvs1 ri #z , ghqrwlqj wkh ?� o +uhvs1 ?� o� r, gluhfwlrqv
zklfk duh ruwkrjrqdo wr wkrvh dvvrfldwhg zlwk wkh froxpq yhfwruv ri q +uhvs1 ri # ,1
q +?� o�/ q� +?� r, dqg q2 +?�+?� o � r�, duh pxwxdoo| ruwkrjrqdo1

Wkxv/ zh fdq suryh wkdw wkh onr olqhdu frpelqdwlrqv Eqc q��
�f| erwk frlqwhjudwh

iurp UE2� wr UE�� dowkrxjk wkh| gl�hu lq whupv ri ixuwkhu frlqwhjudwlrq surshuwlhv1
Wkh r0glphqvlrqdo surfhvv q�

�f| uhpdlqv UE�� dqg hqwhuv wkh prgho rqo| lq �uvw
gl�huhqfhv/ zkloh wkh o0glphqvlrqdo surfhvv q�f| hqwhuv wkh prgho lq ohyhov dqg
frlqwhjudwhv wr vwdwlrqdulw| zlwk wkh �uvw gl�huhqfhv lq wkh vr0fdoohg sro|qrpldo
frlqwhjudwlqj uhodwlrqvklsv=

q�f| � k�Kq2q
�
2{f|
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Li o : ?� Eo n r�/ wkhuh zloo h{lvw olqhdu frpelqdwlrqv ri yduldeohv wkdw frlqwhjudwh
gluhfwo| wr vwdwlrqdulw|1 Ilqdoo|/ wkhuh duh wkuhh w|shv ri UEf� surfhvvhv=

{2f| ri glphqvlrq ?� o � r

q�
�{f| ri glphqvlrq r

q�f| � k�Kq2q
�
2{f| ri glphqvlrq o

715 Uhgxfwlrq iurp L+5, wr L+4,

Qrz/ xqghu uhohydqw frqglwlrqv/ wkh UE2� uhsuhvhqwdwlrq fdq eh wudqviruphg lqwr
dq L+�� uhsuhvhqwdwlrq zlwkrxw orvlqj lqirupdwlrq1Wkh wudqviruphg surfhvv lqfoxghv
yduldeohv wkdw uhgxfh wr UE�� hlwkhu e| olqhdu wudqvirupdwlrq ru e| �uvw gl�huhqflqj1

Vxfk d wudqvirupdwlrq lv jlyhq e|=

f| $ if| '

�
��f|

��{f|

�
+44,

zlwk � dqg � ghqrwlqj ?�Eonr� dqg ?�E?�Eonr�� glphqvlrqdo pdwulfhv surylghg
wkh iroorzlqj frqglwlrqv duh vdwlv�hg=

_i|E���z� 9' f

��
zEqc q�� ' f

�z uh hfwv wkh dvvxpswlrq derxw wkh zd| lq zklfk wkh frpsrqhqwv rif| duh d�hfwhg
e| wkh UE2� frpprq wuhqgv = khuh/ wkh wkuhh sulfh frpsrqhqwv duh vxssrvhg wr
vkduh rqh UE2� frpprq wuhqg zkloh wkh rwkhu frpsrqhqwv +lqwhuhvw udwhv/ dqg wkh
xqhpsor|phqw udwh, zklfk duh UE�� duh qrw vxssrvhg wr eh d�hfwhg e| wkh UE2�
wuhqgv1 Wkxv/ wkh ordglqjv zloo eh � iru wkh iruphu dqg f iru wkh odwwhu1 Dffruglqjo|/
�z ' K lv h{shfwhg wr eh=

K ' E�c �c �c fc f�� +45,

dqg o dqg r duh h{shfwhg wr vdwlvi|=

?� Eo n r� ' � +46,

Lqghhg/ dv lqglfdwhg lq wkh hpslulfdo sduw/ zh gr qrw uhmhfw wkh k|srwkhvlv=

o ' 2 dqg r ' 2

Wklv lpsolhv wkh h{lvwhqfh ri rqh L+5, frpprq wuhqg E? � Eo n r� ' �� dqg wzr
srvvleo| sro|qrpldo frlqwhjudwlrq uhodwlrqv Eo ' 2�1 Wkh ? � E? � Eo n r�� pdwul{
� lv vxfk wkdw ���z lv lqyhuwleoh vr wkdw d ixoo vhw ri ? � Eo n r� �uvw gl�huhqfhv ri
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wkh lqlwldo yduldeohv lv rewdlqhg iurp wkh wudqviruphg v|vwhp if|/ lqfoxglqj wkrvh
qhhghg iru sro|qrpldo frlqwhjudwlrq= khuh ��{f| uhgxfhv wr {R| /�� ' E�c fc fc fc f�
dqg ���z ' �1

Jlyhq K/ wkh pdwul{ � kdv wr eh gh�qhg dv=

� '

5
99997

� � f f
�� f f f
f �� f f
f f � f
f f f �

6
::::8

vr wkdw ��f| lv wkh e glphqvlrqdo yhfwru=

��f| '

5
997

R| � �,S|
R| � R6c|

L|

�|

6
::8

Ilqdoo| � ' E�c fc fc fc f�� dqg ��{f| ' {R| dqg if| lv vshfl�hg dv=

if| '

5
99997

R| � �,S|
R| � R6c|

L|

�|

{R|

6
::::8

Qrz/ wkh wudqviruphg surfhvv if| lv UE�� zlwk frlqwhjudwlqj udqn ho ' o li dqg rqo|
li wkh iroorzlqj frqvwudlqwv duh vdwlv�hg +Nrqjvwhg +5335,,=

K�q ' K�q� ' f +47,

ru/ htxlydohqwo|=

q ' ��

q� ' �)

Wkh OU whvw vwdwlvwlf kdv wr eh frpsduhg wr d �2EE?�o�r��o� dqg �2EE?�o�r��r�
zklfk duh erwk/ lq rxu fdvh glvwulexwhg dv �2E2�1

Lw lv zruwk qrwlqj wkdw li zh gr qrw uhmhfw wkh k|srwkhvlv K�q ' fc wkh wudqv0
irupdwlrq lqfoxghv wkh olqhdu frpelqdwlrqv ri wkh lqlwldo yduldeohv qhhghg iru wkh
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sro|qrpldoo| frlqwhjudwlqj uhodwlrqv1 Wkxv/ wkhuh h{lvwv d YHF uhsuhvhqwdwlrq iruif|/ luuhvshfwlyh ri wkh frqglwlrq K�q� ' f1

{if| ' h� jf|3� n

R3�[
�'�

hK�{jf|3� n h0| +48,

zkhuh wkh h� sdudphwhuv duh frqvwudlqhg dffruglqj wr =

h� ' E�c ���Ekc k��

�
�� �k�Kqzq

�
zKE�

�K�3�

f �q�
�KE�

�K�3�

�
+49,

Lq dq| fdvh/ li wkh frqglwlrq K�Eqc q�� ' f lv qrw vdwlv�hg/ wkh wudqviruphg surfhvvif| uhpdlqv UE2�1 Pruhryhu/ li K�q ' f dqg K�q� 9' f/ wkh frlqwhjudwlrq udqn ho riif| lv vwulfwo| juhdwhu wkdq wkh frlqwhjudwlrq udqn o ri wkh lqlwldo surfhvv f| dqg
wkh wudqvirupdwlrq grhv qrw surylgh d gluhfw uhodwlrqvkls ehwzhhq wkh wzr vhwv ri
frlqwhjudwlqj uhodwlrqv1 Lq sduwlfxodu/ li wkh wudqvirupdwlrq grhv qrw surylgh dq UE��
v|vwhp/ zh pd| idlo wr hvwlpdwh frlqwhjudwlqj frpelqdwlrqv wkdw hqwhu wkh YHF
prgho lq whupv ri �uvw gl�huhqfhv +ri wkh lqlwldo yduldeohv, rqo|1

Lq zkdw iroorzv/ zh hvwlpdwh gluhfwo| wkh YHF uhsuhvhqwdwlrq ri wkh wudqviruphg
v|vwhp if| zlwkrxw uhihuulqj wr wkh hvwlpdwlrq ri htxdwlrq +43,1 E| grlqj vr/ zh
pd| uxq wkh ulvn ri ryhuhvwlpdwlqj wkh frlqwhjudwlrq udqn/ exw wkh vwdelolw| ri wkh
hvwlpdwlrq uhvxowv iru wkh 0 srvvleo| huurqhrxv0 UE�� prgho dv zhoo dv wkh jrrg shu0
irupdqfhv ri wklv prgho lq whupv ri rxw0ri0vdpsoh iruhfdvwlqj h{ srvw mxvwli| rxu
fkrlfh1

8 Hpslulfdo uhvxowv
Zh zloo qrz suhvhqw wkh hpslulfdo uhvxowv1 Wkh �uvw vxevhfwlrq ghwhuplqhv wkh udqn
ri wkh L+5, v|vwhp dqg uxqv wkh uhgxfwlrq whvwv ghvfulehg lq wkh suhylrxv vhfwlrq1 Wkh
vhfrqg vxevhfwlrq hvwlpdwhv wkh uhgxfhg L+4, v|vwhp/ lqfoxglqj wkh orqj0whup uhod0
wlrqvkls dqg lwv vkruw0uxq g|qdplfv1Wkh �qdo vxevhfwlrq irfxvhv rq wkh iruhfdvwlqj
shuirupdqfh ri wkhvh prghov1

814 L+5,dqdo|vlv

81414 Whvwlqj wkh udqn<

Wr surylgh d ehqfkpdun/ zh �uvw uxq wkh vdph nlqg ri dqdo|vlv dv Edqhumhh +5334d
dqg e, rq wkh hxur duhd/ xvlqj d uhgxfhg v|vwhp ri 6 yduldeohv ^R/i�,S/ R6`/ vwduwlqj

<Fulwlfdo ydoxhv iru wkh L50udqn whvw duh jlyhq lq Sduxror +4<<9,1
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lq 4<;9/ zklfk fruuhvsrqgv wr d shulrg ri orzhu lq dwlrq dv frpsduhg wr wkh 4<:3v
dqg wkh hduo| 4<;3v1 Lq dgglwlrq/ dv vwdwhg lq wkh fkduw lq Dsshqgl{ E/ rlo sulfhv
h{suhvvhg lq hxur uhwxuqhg wr d orzhu ohyho lq qrplqdo whupv zlwk wkh vlpxowdqhrxv
ghfuhdvh lq rlo sulfhv lq XVG dqg wkh ghsuhfldwlrq ri wkh XVG diwhu wkh 4<;8 Sod}}d
djuhhphqw1Xqlw oderxu frvwv duh lqwurgxfhg dv d prylqj dyhudjh ri | dqg | � �
ydoxhv143 Wkh prgho lv hvwlpdwhg lq ohyhov zlwk irxu odjv +lpso|lqj wzr odjv lq vhfrqg
gl�huhqfh,1 Iurp wdeoh 4d/ wkh frqfoxvlrq lv wkdw zh xqfryhu rqh frlqwhjudwlqj yhfwru
+o ' �� dqg rqh L+4, frpprq wuhqg +r ' �,1 Dv d frqvhtxhqfh/ rqh L+5, frpprq
wuhqg +?� o � r ' �, lv vxsruwhg e| wkh gdwd1

Wdeoh 4 d= Wudfh whvw ri frlqwhjudwlrq udqnv iru L+5, prgho
wkh fdvh ri d vpdoo v|vwhp ^Rc i�,Sc R6`

Wudfh vwdwlvwlfvW

u @ 3 <;147 8;1;; 7719 7617:
4 87139 53145 49187
5 43134 819<

Fulwlfdo Ydoxhv dw 4(
u @ 3 :31;: 84168 6;1;5 5<19;

4 69145 5519 48174
5 451<6 61;7

q0u0v @ 6 5 4 3
- lq erog zh dffhsw wkh lqwhjudwlrq lqglfhv dw wkh 4( Ohyho

Zkhq h{whqglqj wklv prgho wr rxu 80yduldeoh v|vwhp/ qdpho| ^R/ i�,S/ R6c Lc �`/
wkh prgho lv dovr hvwlpdwhg zlwk wzr odjv lq vhfrqg gl�huhqfh1 Iurp wdeoh 4e/ zh
frqfoxgh wr wkh h{lvwhqfh ri wzr frlqwhjudwlrq yhfwruv +o ' 2, dqg rqh/ wzr ru wkuhh
L+5, frpprq wuhqgv +?�o�r ' �/ 2 ru �,1 Krzhyhu/ vlqfh wkh odwwhu wzr srvvlelolwlhv
duh erughuolqh fdvhv +wkh| duh mxvw dffhswhg e| wkh whvwv,/ zh suhihu wr frqfoxgh wkdw
wkhuh lv rqo| rqh L+5, frpprq wuhqg +?�o�r ' �,1 Xvlqj �,S lqvwhdg ri i�,S zrxog
htxdoo| uhvxow lq dffhswlqj rqh ru wzr frpprq wuhqgv +? � o � r ' � ru 20 wdeoh
D14141e lq Dsshqgl{,1

43Wkh prylqj dyhudjh rq XOF lv frpsxwhg dv wkh fxuuhqw dqg wkh odjjhg ydoxh ri XOF/ qdpho|jXOF @ 4
5 +XOFw . XOFw�4,=
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Wdeoh 4 e= Wudfh whvw ri frlqwhjudwlrq udqnv iru L+5, prgho
wkh fdvh ri wkh h{whqghg v|vwhp ^Rc i�,Sc R6c Lc �`

Wudfh vwdwlvwlf-

u @ 3 5471:9 48;1<5 4641:: 4451:5 <;186 <819<
4 47:133 <6174 :7173 9315: 8:1;7
5 :3173 83178 6716; 6514;
6 65133 4:138 461::
7 43145 5144

Fulwlfdo Ydoxhv dw 4(

u @ 3 4:41;< 47518: 44:196 <:1<: ;41<6 9;185
4 449164 <4174 :51<< 8:1<8 7:154
5 :31;: 84168 6;1;5 5<19;
6 69145 5519 48174
7 451<6 61;7

q0u0v 8 7 6 5 4 3
- lq erog zh dffhsw wkh lqwhjudwlrq lqglfhv dw wkh 4( Ohyho

81415 Whvwlqj wkh uhgxfwlrq iurp L+5, wr L+4,

Zh vkdoo qrz frqvlghu zkhwkhu rxu L+5, v|vwhp fdq eh uhgxfhg wr dq L+4, v|vwhp/
rq wkh edvlv ri wkh wudqvirupdwlrq lqwurgxfhg lq Vhfwlrq 7/ zlwk wkh pdunxs rq xqlw
oderxu frvw dqg wkh uhdo h{fkdqjh udwh1 Dv lqglfdwhg lq Wdeoh 5/ wkh frqvwudlqwv
K3q ' f dqg K3q� ' f duh joredoo| dffhswhg iru wkh 4<;905335 vdpsoh shulrg/ zlwkrxw
dq| suhghwhuplqhg yduldeoh= wkh s0ydoxh lv deryh wkh 8( wkuhvkrog1

Zh dovr h{whqg wkh vdpsoh shulrg edfnzdugv lq rughu wr whvw wkh urexvwqhvv
ri rxu uhvxowv1 Lq erwk fdvhv/ zh uhfxuvlyho| uxq wkh mrlqw whvw ryhu wkh 4<;7T70
5335T7 shulrg/ e| vkliwlqj surjuhvvlyho| iruzdug wkh ehjlqqlqj ri wkh vdpsoh iurp
4<;7T7 wr 4<;:T7/ wkh hqg ri wkh vdpsoh dozd|v ehlqj �{hg dw 5335T71 Lq wkh
uljkw0kdqg vlgh vxesdqho ri Iljxuh 4/ wkh sulfh ri rlo h{suhvvhg lq hxur lv xvhg dv
suhghwhuplqhg yduldeoh/ zkloh qr suhghwhuplqhg yduldeoh lv xvhg lq wkh ohiw0kdqg
vlgh sdqho1 Lq frpsdulvrq wr wkh ohiw0kdqg vlgh vxesdqho/ lw dsshduv wkdw wkh lqwur0
gxfwlrq ri wkh suhghwhuplqhg yduldeoh lqfuhdvhv wkh s0ydoxh ri wkh whvwv/ zklfk ulvhv
deryh wkh 8( wkuhvkrog/ hvshfldoo| zkhq wkh vdpsoh vwduwv lq 4<;704<;81 Iru wkdw
shulrg/ lw hphujhv wkhuhiruh/ iurp frpsdulqj wkh wzr vxesdqhov ri Iljxuh 4/ wkdw
wkh frqvwudlqwv duh rqo| dffhswhg zkhq zh lqwurgxfh rlo sulfhv dv d suhghwhuplqhg
yduldeoh1
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Wdeoh 5= Uhgxfwlrq whvw ^R/�,S/ R6c Lc �`
+4<;905335/ zlwkrxw suhghwhuplqhg yduldeoh,
Whvw � VwdwW S0ydoxh

K�q ' f 5 51<4 3156
K�q� ' f 5 71;9 313<
W
Qxpehuv lq eudfnhwv duh S0ydoxhv dffrug lqj wr �2

+y,

Iljxuh 4= Uhgxfwlrq whvwv ryhu +4<;7T704<;:T7, wr 5335T7
s0ydoxh ri e*q ' f +vrolg olqh,/ s0ydoxh ri e*q� ' f +gdvkhg olqh,

zlwkrxw suhghwhuplqhg yduldeohv zlwk {J�, dv d suhghwhuplqhg yduldeoh

Iljxuh 5= Ordglqjv rq wkh L+5, wuhqgv ryhu +4<;7T704<;:T7, wr 5335T7
R + dw vrolg olqh htxdo wr rqh,/ i�,S +gdvkhg olqh,/ R6 +eodfn vrolg olqh,

L +vkruw gdvkhg olqh, dqg � +juh| vrolg olqh,1
zlwkrxw suhghwhuplqhg yduldeohv

Dw wkh vdph wlph/ Iljxuh 5 glvsod|v wkh ordglqjv rq wkh L+5, wuhqgv1Iurp 4<;9
rqzdugv/ wkh ordglqjv rq wkh �uvw wkuhh yduldeohv dsshdu wr eh forvh wr 4/ zkloh wkrvh
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iru wkh rwkhu wzr yduldeohv duh forvh wr }hur1 Lqghhg iru wkh zkroh 4<;905335 shulrg/
wkh ordglqjv duh q2 ' E�c �f�Hec f�DSc�f���c�f��D� zlwkrxw dq| suhghwhuplqhg ydul0
deohv1 Wkh pxfk pruh vwdeoh uhvxowv diwhu wklv gdwh duh dovr fohdu iurp wkh �jxuh1
Ehiruh wkdw gdwh/ zh qhhg wr lqwurgxfh rlo sulfh dv d suhghwhuplqhg yduldeoh1

Iurp wkhvh ydulrxv h{shulphqwv/ zh frqfoxgh wkdw rxu dvvxpswlrq ri rqh L+5,
frpprq wuhqg lv jhqhudoo| fruurerudwhg e| wkh gdwd1 Wkh uhgxfwlrq wr dq L+4,
v|vwhp lv dovr ydolgdwhg iurp 4<;9 rqzdugv/ exw voljkwo| pruh lqvwdelolw| dsshduv
ehiruh/ zklfk uhtxluhv wkh lqwurgxfwlrq ri suhghwhuplqhg yduldeohv lq rughu wr wdnh
lqwr dffrxqw wkh ydulrxv h{whuqdo vkrfnv wkdw klw wkh hxur duhd hfrqrplhv1

815 Hvwlpdwlrq ri wkh L+4, uhdo prgho

81514 Hvwlpdwlqj wkh orqj0uxq uhodwlrqvkls lq wkh L+4, v|vwhp

Rq wkh edvlv ri wkh uhgxfwlrq whvwv suhvhqwhg deryh/ irfxvlqj rq wkh vdpsoh shulrg
vwduwlqj lq 4<;9/ zh fdq qrz hvwlpdwh wkh wudqviruphg v|vwhpv hf '^{R/ R� i�,S/
oeoc Lc �` zklfk h{klelw jrrg vwdwlvwlfdo surshuwlhv1 Dv lqglfdwhg lq wdeoh D14151e
dqg D14151f lq wkh Dsshqgl{/ wzr frlqwhjudwlrq yhfwruv duh dffhswhg dw wkh 4(
ohyho/ dffruglqj wr wkh wudfh whvw1 Lq olqh zlwk vhfwlrq 5/ zh dvvxph wkdw wkh wzr
uhodwlrqvklsv duh d pdunxs dqg dq LV fxuyh1 Wklv vwuxfwxuh lv qrw uhmhfwhg e| wkh
gdwd vlqfh wkh uhvwulfwlrq whvw/ glvwulexwhg dv �2E��/ kdv d ydoxh ri 4173/ khqfh d
s0ydoxh ri 31571

Iru wkh v|vwhp ^{R/ R� i�,S/ oeoc Lc �`/ wkh pdunxs w|sh uhodwlrq lv hvwlpdwhg
+zlwk oeo ' R� R6� dv=

f�f.2ER� i�,S� n f�ffSER� R6� ' �f����L �{Rn ~

/
R� f�b�i�,S� f�f.R6 ' ���SHL � �2�Hb{Rn ~E��

zlwk ~E�� ghqrwlqj d vwdwlrqdu| yduldeoh dqg {R txduwhuo| fkdqjhv lq KLFS +{R
wlphv 733 zrxog eh wkh htxlydohqw ri dqqxdo lq dwlrq lq (,1 Wkh qhjdwlyh lpsdfw ri
xqhpsor|phqw +dnlq wr d srvlwlyh lpsdfw ri dfwlylw| ohyho, lpsolhv wkdw zh lghqwli|
d sulflqj vfkhgxoh/ dv rssrvhg wr d zdjh fxuyh1

Wkh LV0w|sh htxdwlrq lv hvwlpdwhg dv=

L ' f�Sb� � .�fb{Rn ~E2�

Wkh odwwhu htxdwlrq pd| eh uhirupxodwhg e| lqwurgxflqj wkh uhdo lqwhuhvw udwh
� � e{R dv=

L ' f�SbE� � e{R� n Ef�Sb� e� .�fb�{Rn ~E2� ' f�SbE� � e{R�� e���{Rn ~E2�
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Dv wkh g|qdplfv duh frlqwhjudwhg/ wkh hvwlpdwhv ri wkh orqj0uxq sdudphwhuv duh
vxshufrqvlvwhqw dqg/ wdnlqj dffrxqw ri wkh zkroh v|vwhp ri 5 htxdwlrqv/ zh fdq
hydoxdwh wkh lpsdfw ri wkh uhdo lqwhuhvw udwh +zklfk h{suhvvhv prqhwdu| srolf|, dv
zhoo dv lq dwlrq rq wkh pdunxs dv iroorzv=

� d rqh shufhqwdjh srlqw uhgxfwlrq lq wkh uhdo lqwhuhvw udwh ghfuhdvhv wkh xq0
hpsor|phqw udwh e| 31: shufhqwdjh srlqw/ ohdglqj wr d 415 shufhqwdjh srlqw
lqfuhdvh lq wkh pdunxs +���SH��f�. � ��2,1

� d +shupdqhqw, 4 shufhqwdjh srlqw lqfuhdvh lq dqqxdo lq dwlrq +{R kljkhu e|
313358, lpsolhv/ iurp wkh LV htxdwlrq/ d uhgxfwlrq lq xqhpsor|phqw ri durxqg 4
s1s1 +f�ff2D� e��� ' ��fH,/ diwhu fruuhfwlrq iru wkh lqwhuhvw udwh +wkh qrplqdo
udwh lv dvvxphg wr eh dgmxvwhg xsdzdug zlwk kljkhu sulfh vr wkdw wkh uhdo
lqwhuhvw udwh zrxog eh frqvwdqw,/ uhvxowlqj lq d ghfuhdvh lq wkh pdunxs ri 315
s1s1 +��SH � f��H � �2�Hb � f�ff2D ' �f�ff2e�1 Wklv uhgxfwlrq lv voljkwo|
vpdoohu wkdq wkh 318 s1s1 uhgxfwlrq vxjjhvwhg e| Edqhumhh hw do1 +5337,1

D pdmru gl�huhqfh zlwk wkh odwwhu dqdo|vlv lv wkdw zh surylgh hylghqfh lq idyrxu
ri d shupdqhqw olqn ehwzhhq wkh pdunxs dqg wkh ohyho ri dfwlylw|/ zkloh frq�uplqj
Edqhumhh*v frqfoxvlrqv uhjduglqj wkh qhjdwlyh lpsdfw ri {R1 Lqghhg/ lw vkrxog eh
qrwhg wkdw lq rxu 80yduldeoh v|vwhp/ wkh h{foxvlrq ri xqhpsor|phqw iurp wkh orqj0
uxq uhodwlrqvkls zrxog idlo wr surylgh d vwdwlrqdu| frlqwhjudwlqj yhfwru1

Erwk uhodwlrqv duh idluo| vwdeoh ryhu wlph/ dv vkrzq lq wkh �jxuhv lq Dsshqgl{
E1514 +pdunxs uhodwlrq, dqg E15151 +LV fxuyh,144 Vhh/ lq erwk fdvhv/ wkh fkduwv
�orqj0uxq frh!flhqwv q�/ zklfk duh glvsod|hg zlwk wkhlu wzr vwdqgdug ghyldwlrq
edqg1 Wkh ixoo vdpsoh hvwlpdwh suhvhqwhg deryh lv yhu| forvh wr wkh fhqwudo whqghqf|
surylghg e| wkh frq�ghqfh edqg1 Wkh frh!flhqw iru R�i�,S lv ehwzhhq 313; dqg 31431
Dowkrxjk wkh frq�ghqfh edqg dvvrfldwhg zlwk oeo lv vrphwlphv forvh wr }hur/ wkh
frh!flhqw lv jhqhudoo| txlwh vljql�fdqw1 Wklv frqwudvwv zlwk wkh uhvxowv ri Edqhumhh
hw do1 +5334e, zkr suhvhqw qrq0vljql�fdqw uhvxowv iru oeo lq wkh odujhvw hxur duhd
frxqwulhv= Jhupdq| dqg Iudqfh1 Wkh frh!flhqw ri L lq wkh �uvw htxdwlrq  xfwxdwhv
ehwzhhq 3145 dqg 31491 Dv uhjdugv wkh LV htxdwlrq/ wkh frh!flhqwv ri {R dqg �
h{klelw d vslnh lq hduo| 4<<;/ exw vwdelolvh diwhuzdugv ehwzhhq 8 dqg 43 dqg durxqg
318 dqg 4 uhvshfwlyho|1

81515 Dvvhvvlqj wkh ryhudoo �w

Xvlqj wkh orqj0uxq uhodwlrqvklsv zh hvwlpdwhg rq wkh uhgxfhg prghov zh vkdoo qrz
glvfxvv wkh frpsohwh prgho lqfoxglqj wkh vkruw0uxq g|qdplfv1 Zh irfxv rq wkh �uvw

44Rxu �jxuhv rqo| surylgh wkh uhfxuvlyh frh!flhqwv iru wkh �qdo sduw ri wkh vdpsoh/ vlqfh rxu
prgho lv ghvljqhg wr eh xvhg iru rxw0ri0vdpsoh iruhfdvwlqj iru wkh odvw revhuydwlrqv1
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wzr yduldeohv/ qdpho| sulfh {2R dqg pdunxs {ER� i�,S,1 Dv phqwlrqhg deryh/ wkh
prghov duh hvwlpdwhg lq wkh irup=

{2R ' k��d{R3� n q�2ER3� � i�,S3�� n q��ER3� � R6c3�� n q�eL3�o

nk�2dL3� n q2D�3� n q2�{R3�o n
2[

�'�

K��{ hf|3� nx�(| n 0�| +4:,

{ER� i�,S� ' k2�d{R3� n q�2ER3� � i�,S3�� n q��ER3� � R6c3�� n q�eL3�o

nk22dL3� n q2D�3� n q2�{R3�o n
2[

�'�

K2�{ hf|3� nx2(| n 02|+4;,

Doo wkh q��*v duh srvlwlyh/ h{fhsw q2D/ dv vkrzq lq wkh suhylrxv vhfwlrq1 Wkh huuru
fruuhfwlrq phfkdqlvp lv gl�huhqw lq wkh wzr htxdwlrqv1

Zkhq lqwhusuhwlqj wkh uhvxowv iru wkh zkroh v|vwhp 0glvwlqjxlvklqj ehwzhhq wkh
h�hfw ri wkh huuru fruuhfwlrq phfkdqlvp dqg wkh vkruw0uxq g|qdplfv0 zh �qg wkdw
xqhpsor|phqw +L, rqo| kdv dq lqgluhfw lpsdfw rq wkh pdunxs +R � i�,S,/ wkurxjk
wkh vkruw uxq yduldwlrqv lq lq dwlrq +{2R,1 Wklv lv lqwhusuhwhg dv d frxqwhu0f|folfdo
h�hfw ri xqhpsor|phqw rq wkh pdunxs1 Lq dgglwlrq/ dv uhjdugv wkh lqgluhfw h�hfw
wudqvplwwhg e| wkh htxloleulxp huuru yduldeohv/ lw lv zruwk vwuhvvlqj wkdw wkhuh duh qr
�vkruw0uxq� lqgluhfw h�hfwv ri xqhpsor|phqw rq wkh yduldwlrq ri wkh pdunxs wkdw
duh wudqvplwwhg e| gl�huhqfhv lq wkh vhulhv ri wkh v|vwhp h{fhsw iru wkh lq dwlrq
yduldeoh1 Lq rughu wr ghwhfw d gluhfw h�hfw/ d orqjhu vdpsoh shulrg zrxog kdyh wr eh
xvhg/ dv vkrzq lq vhfwlrq 815161

Sulfh htxdwlrq {2R Iru wkh sulfh htxdwlrq/ {2R/ wkh ydoxh ri k�� 	 f h{suhvvhv
dq dgmxvwphqw wr wkh htxloleulxp ohyho ri lq dwlrq/ zklfk lv vljql�fdqw dv vkrzq lq
Wdeoh D15141 dqg D5151 Frqvhtxhqwo|/ dqg dv vkrzq lq Wdeoh 6 zklfk irfxvhv rq
wkh h�hfwv ri wkh huuru fruuhfwlrq phfkdqlvpv/ dq lqfuhdvh lq xqhpsor|phqw kdv d
qhjdwlyh dqg vljql�fdqw h�hfw rq {2R +phdvxuhg e| ^k��q�e n k�2`,1

Wdeoh 6= H�hfw ri lq dwlrq +{R, dqg xqhpsor|phqw +L, wkurxjk
wkh huuru fruuhfwlrq phfkdqlvpv +kq�,

{2R {ER� i�,S�
{R 031;3 +061<;, 3163 +31:5,
L 03143 +06199, 3139 +31<:,
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Pdunxs htxdwlrq {ER � i�,S� Iru wkh pdunxs rq wkh oderxu frvw htxdwlrq/
{ER�i�,S,/ rqo| wkh dgmxvwphqw whup wr wkh �uvw orqj0whup uhodwlrqvkls +k2�q�2 	 f�
fdq eh ylhzhg lq whupv ri htxloleulxp fruuhfwlrq1 Wkh vljq ri wkh k22 frh!flhqw frxog
eh hlwkhu srvlwlyh ru qhjdwlyh1 Zh irxqg lw wr eh srvlwlyh dqg vljql�fdqw11

Zkhq phdvxulqj wkh h�hfw ri xqhpsor|phqw rq wkh pdunxs wkurxjk erwk fru0
uhfwlrq phfkdqlvpv/ dv phdvxuhg e| ^k2�q�enk22`/ zh �qg wkdw lw lv qrq0vljql�fdqw
+vhh erwwrp0uljkw fhoo ri Wdeoh 6,1

Krzhyhu/ wkh odjjhg yduldwlrqv lq lq dwlrq/ {2R3� dqg {2R32 kdyh erwk d vlj0
ql�fdqw qhjdwlyh h�hfw lq wkh {ER � i�,S�0htxdwlrq1 Wkhuh lv wkhuhiruh dq lqgluhfw
srvlwlyh h�hfw ri xqhpsor|phqw rq wkh pdunxs/ li zh wdnh lqwr dffrxqw wkh qhjdwlyh
lpsdfw ri xqhpsor|phqw rq lq dwlrq/ dv suhylrxvo| ghvfulehg1

Wr vxppdul}h/ wkh fkdlq ri hyhqwv lv dv iroorzv=

L
E3�$ {2R

E3�$ {ER� i�,S�
Wklv surylghv hylghqfh vkrzlqj d fohdu frxqwhu0f|folfdo h�hfw ri xqhpsor|phqw

rq wkh pdunxs= d uhgxfwlrq lq xqhpsor|phqw ru dq xszdug f|folfdo pryhphqw lp0
solhv d uhgxfwlrq lq wkh pdunxs1 45 Lw lv zruwk qrwlqj/ dv vkrzq lq qh{w vhfwlrq/ wkdw
wkh frh!flhqw ri {L32 lv vljql�fdqwo| srvlwlyh lq wkh {ER� i�,S�0htxdwlrq ryhu wkh
orqj shulrg 4<:905335/ jlylqj gluhfw hpslulfdo hylghqfh ri frxqwhu0f|folfdo ehkdylrxu
ri wkh pdunxs1

Dv phqwlrqhg lq wkh lqwurgxfwlrq/ wkh prghoolqj fkrlfh lv ghflvlyh lq ghulylqj wkh
hpslulfdo uhvxowv vkrzlqj frxqwhu0f|folfdo ehkdylrxu ri wkh pdunxs1 Lqghhg/ zh �qg
wkdw/ lqvlgh wkh orqj0uxq uhodwlrqvkls/ wkh pdunxs lv qhjdwlyho| uhodwhg wr wkh ohyho
ri wkh xqhpsor|phqw udwh1 Li zh kdg fkrvhq wr prgho pdunxs dqg xqhpsor|phqw dv
f|folfdo yduldeohv/ e| ljqrulqj wkh shuvlvwhqfh ri wkhvh vhulhv/ zh zrxog kdyh irxqg
surf|folfdo h�hfwv1 Lq idfw/ wkh| rqo| vkduh d frpprq wuhqg1 Iurp rxu prgho lw
dsshduv wkdw d idoo lq xqhpsor|phqw wr ehorz lwv orqj0uxq wuhqg kdv d qhjdwlyh h�hfw
rq wkh pdunxs1

Rxu zkroh hfrqrphwulf prghoolqj surfhgxuh lv qhfhvvdu| wr surylgh uholdeoh hp0
slulfdo uhvxowv vkrzlqj frxqwhu0f|folfdo ehkdylrxu ri wkh pdunxs1 Iluvw/ wkh sulfh
yduldeohv duh UE2�/ zkloh wkh rwkhu yduldeohv0 lq sduwlfxodu wkh dfwlylw| yduldeoh/L 0
duh ohvv shuvlvwhqw/ wkdw lv UE��> vhfrqg/ wkhuh duh g|qdplf +sro|qrpldoo|, frlqwh0
judwlrq uhodwlrqvklsv zklfk h{suhvv hfrqrplf vwuxfwxudo uhodwlrqvklsv ehwzhhq wkh
gl�huhqw vhulhv> �qdoo| wkh UE2� fkdudfwhul}dwlrq ri wkh mrlqw g|qdplfv fdq eh uhsodfhg
e| dq UE�� rqh/ zklfk pdnhv lw srvvleoh wr phdvxuh gluhfw dqg lqgluhfw vkruw0uxq
0l1h1 f|folfdo0 olqnv/ ehwzhhq dfwlylw| dqg pdunxs1

Wkh uhvxowv duh vwdeoh ryhu wlph dv vkrzq lq Dsshqgl{ E1514 dqg E15151
45Wkh srvlwlyh h�hfw ri xqhpsor|phqw rq wkh pdunxs dsshduv fohduo| iurp dq lpsxovh uhvsrqvh

dqdo|vlv1
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81516 Urexvwqhvv fkhfn ri wkh L+4, v|vwhp

Lq rughu wr dvvhvv wkh urexvwqhvv ri rxu �qglqjv/ zh uxq wkh dqdo|vlv rq dq h{0
whqghg shulrg/ vwduwlqj lq 4<:91 Lw hphujhv wkdw wkh ryhudoo vwuxfwxuh ri wkh prgho/
lq sduwlfxodu wkh orqj0uxq uhodwlrqvklsv/ lv vlplodu/ dowkrxjk wkh frh!flhqwv kdyh d
gl�huhqw pdjqlwxgh1 Wkh pdlq gl�huhqfh lv wkdw zh qhhg wr lqfoxgh wkh frqwhpsr0
udqhrxv ydoxh ri wkh txduwhuo| jurzwk udwh ri wkh sulfh ri rlo h{suhvvhg lq hxur dv d
suhghwhuplqhg yduldeoh1 Vxfk d yduldeoh frqwurov iru rlo vkrfnv/ zklfk/ dv vkrzq lq
Vhfwlrq 814/ sod| d odujh uroh lq sduwlfxodu lq wkh �uvw sduw ri wkh vdpsoh shulrg1

Iru wkh orqj0uxq uhodwlrq/ wkh pdunxs0w|sh uhodwlrq lv hvwlpdwhg dv +wkh �2E��
uhvwulfwlrq whvw lv dffhswhg zlwk s0ydoxh ri 31;4,=

f�fDHER� �,S� n f�f�HER� R6� ' �f���L �{Rn ~

/
R� f�.e�,S� f�2SR6 ' �e��L � ���2{Rn ~E��

zlwk ~E�� ghqrwlqj d vwdwlrqdu| yduldeoh dqg {R h{suhvvhg dv prqwko| fkdqjhv lq
wkh KLFS/ vr wkdw wkh qhjdwlyh frh!flhqw rq{R lv frqvlvwhqw zlwk wkh �uvw txduwhuo|
prgho1 Jlyhq wkh kljkhu iuhtxhqf| ri lpsruw sulfh vkrfnv/ wkh hodvwlflw| ri wkh uhdo
h{fkdqjh udwh lqfuhdvhv1 Lq dgglwlrq/ wkh frh!flhqw rq xqhpsor|phqw lv wzlfh dv
odujh/ gxh wr wkh lqfoxvlrq lq rxu vdpsoh ri wkh 4<:3v dqg wkh 4<;3v fkdudfwhul}hg
e| d kljkhu ohyho ri lq dwlrq1

Iru wkh LV0w|sh htxdwlrq/ wkh frqvwudlqw rq wkh uhdo lqwhuhvw udwh lv doprvw yhul�hg=

L ' f��b� � 2�2.{Rn ~E2�

L ' f��bE� � e{R�� f�.�{Rn ~E2�

Wkh hodvwlflw| ri wkh pdunxs zlwk uhvshfw wr lq dwlrq dprxqwv wr 31< s1s1 zklfk
lv kljkhu wkdq iru wkh vkruwhu shulrg +315 s1s1, exw lw uhpdlqv doprvw lq olqh zlwk
Edqhumhh*v hvwlpdwhv iru wkh XVD +31:8 s1s1,1 Dv vkrzq lq Dsshqgl{ D1514/ wkh
vkruw0uxq frh!flhqwv iru wkh 4<:905335 shulrg duh idluo| forvh wr wkrvh rewdlqhg iru
wkh vkruwhu shulrg1 Lq wkh sulfh htxdwlrq/ rqo| wkh fruuhfwlrq whup iru wkh pdunxs
uhodwlrqvkls kdv d vljql�fdqw lpsdfw +frqvwudlqlqj wkh vhfrqg huuru fruuhfwlrq whup
wr }hur zrxog ohdyh wkh rwkhu frh!flhqw doprvw xqfkdqjhg,1 Dv uhjdugv wkh rwkhu
vkruw0whup h�hfwv/ wkh uhdo h{fkdqjh udwh/ odjjhg wzr shulrgv/ dovr kdv d qhjdwlyh
lpsdfw1 Wkh pdunxs htxdwlrq h{klelwv d vljql�fdqw huuru fruuhfwlrq whup +k2� : f,
zkloh ghyldwlrqv iurp wkh LV fxuyh kdyh d srvlwlyh h�hfw +k22 : f,1 Wkh ryhudoo h�hfw
ri xqhpsor|phqw rq wkh pdunxs wkurxjk erwk orqj0whup uhodwlrqv lv srvlwlyh/ exw
qrq0vljql�fdqw/ dv uhsruwhg lq Wdeoh 6 iru wkh vkruwhu shulrg +erwwrp0uljkw fhoo,
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Qhyhuwkhohvv/ dv rxwolqhg deryh/ wkh odjjhg yduldwlrq ri xqhpsor|phqw udwh{L32

kdv d vljql�fdqw srvlwlyh frh!flhqw/ lqglfdwlqj frxqwhu f|folfdo ehkdylrxu ri wkh
pdunxs rq xqlw oderxu frvwv1

Wkh �jxuhv uhsruwhg lq Dsshqgl{ E16141 vkrz wkdw wkh prghov wudfn lq dwlrq
uhdvrqdeo| zhoo lq0vdpsoh/ iru erwk vdpsoh shulrgv +4<;805335 dqg 4<:905335,1 Wkh
rqo| fdyhdw/ iurp d vwdwlvwlfdo srlqw ri ylhz/ lv wkdw wkh L+5, uhgxfwlrq whvwv duh qrw
dffhswhg iru wkh 4<:905335 shulrg/ zkloh wkh| duh vdwlv�hg iru wkh vkruwhu vdpsoh
shulrg1

816 Iruhfdvwlqj shuirupdqfh

Wkh odvw fulwhulrq wkdw zh xvh wr dvvhvv wkh ydolglw| ri rxu dssurdfk lv wr uxq lq0
vdpsoh dqg uhfxuvlyh rxw0ri0vdpsoh iruhfdvwv1 Vwduwlqj iurp 4<;8T7/ zh surjuhv0
vlyho| h{whqg rxu hvwlpdwlrq vdpsoh lq rughu wr surylgh uroolqj rqh0|hdu dkhdg iruh0
fdvwv/ vwduwlqj surmhfwlrqv lq 4<<;T41 Lw dsshduv wkdw rxu vwuxfwxudo prgho h{klelwv
h{fhoohqw iruhfdvwlqj surshuwlhv1 Iurp �jxuhv E1615/ lw dsshduv wkdw wkh prgho lv
deoh wr wudfn uhdvrqdeo| zhoo wkh xswxuq lq lq dwlrq lq 4<<<05333 iroorzlqj wkh ulvh
lq rlo sulfhv1 Iurp d sxuho| iruhfdvwlqj srlqw ri ylhz/ wkh prgho vwduwlqj lq 4<;8/
zklfk lqfoxghv rlo sulfhv dv d suhghwhuplqhg yduldeoh/ |lhogv wkh ehvw uhvxowv dqg lv
deoh wr fdswxuh pruh udslgo| wkh xszdug pryhphqw lq lq dwlrq461

Lq rughu wr frq�up wkh suhylrxv dqdo|vlv/ zh dovr frpsduh wkh iruhfdvwlqj surs0
huwlhv ri rxu vwuxfwxudo YHFP wr wkuhh w|shv ri prgho1 Zh frqvlghu47=

� dq xqfrqvwudlqhg YDU prgho lq ohyho/

� d YDU prgho lq �uvw gl�huhqfh/

� d vlpsoh xqlyduldwh dxwruhjuhvvlyh prgho1

Zh dovr lqyhvwljdwh wkh vhqvlwlyhqhvv ri rxu uhvxowv wr wkh vdpsoh shulrg/ e| h{0
whqglqj wkh hvwlpdwlrq shulrg edfnzdug1 Iurp �jxuh E1616/ lw dsshduv wkdw lq prvw
fdvhv/ wkh vwuxfwxudo YHFP prgho +�uvw eorfn iru hdfk jlyhq |hdu, h{klelwv wkh ehvw
iruhfdvwlqj shuirupdqfh lq whupv ri vpdoohu rxw0ri0vdpsoh UPVH1 Wkh voljkwo| zruvh
shuirupdqfh lq 4<;7 srlqwv wr vrph lqvwdelolw| dqg surylghv dgglwlrqdo hylghqfh lq
idyrxu ri d euhdn lq wkh uhjlph ri hxur duhd lq dwlrq lq wkh plg04<;3481

46Lq doo wkh h{shulphqwv/ ixwxuh ydoxhv ri rlo sulfhv duh iruhfdvw xvlqj d vlpsoh DU prgho1
47Dv lqglfdwhg lq Euxqhdx hw do1 +5336, wkh shuirupdqfh ri wkh udqgrp zdon iru hxur duhd

lq dwlrq lv lqihulru wr wkh rqh ri wkh Dxwruhjuhvvlyh prgho/ rq zklfk zh frqfhqwudwhg rxu dqdo|vlv1
Wr vdyh vsdfh wkh udqgrp zdon prgho grhv qrw dsshdu lq wkh wdeohv1

48Lw vkrxog eh qrwhg wkdw wkh suhghwhuplqhg yduldeoh pd| d�hfw txlwh vljql�fdqwo| wkh uhvxowv/
dowkrxjk qrw wr wkh srlqw zkhuh lw zrxog lqydolgdwh wkh uhvxowv1 Iru wkdw sxusrvh/ dqg lq rughu
wr uxq d pruh fkdoohqjlqj frpsdulvrq whvw/ zh vhohfw/ iru hdfk fodvv ri prghov/ wkh qxpehu ri odjv
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9 Frqfoxvlrq
Lq wklv sdshu zh dlp wr lqyhvwljdwh wkh g|qdplfv ri lq dwlrq lq wkh hxur duhd ryhu wkh
wkuhh odvw ghfdghv1 Zh dgrswhg d vwuxfwxudo dssurdfk e| hvwlpdwlqj d frlqwhjudwhg
L+5, prgho/ zklfk fdq eh ixuwkhu wudqviruphg lqwr dq L+4, frlqwhjudwhg YDU prgho/
lq dffrugdqfh zlwk wkh uhvxowv ri d uhohydqw wudqvirupdwlrq whvw1 Lq wkh odwwhu iudph0
zrun/ zh vkrzhg wkdw wkhuh h{lvw wzr orqj0uxq uhodwlrqvklsv= d sulfh vfkhgxoh dqg
dq LV0w|sh orqj0uxq uhodwlrq1 Rxu �qglqjv duh dv iroorzv1 Iluvw/ wkh pdunxs dsshduv
wr lq xhqfh yduldwlrqv lq lq dwlrq wkurxjk wkh huuru fruuhfwlqj phfkdqlvp dvvrfl0
dwhg zlwk wkh sulfh vfkhgxoh orqj0uxq uhodwlrq1 Vhfrqg/ zh frq�up uhfhqw uhvxowv
zklfk whqg wr suryh wkdw wkh lq dwlrq udwh shuvlvwhqwo| dqg qhjdwlyho| frqwulexwhv wr
wkh pdunxs lqvlgh wkh g|qdplf pdunxs0w|sh frlqwhjudwlrq uhodwlrq1 Krzhyhu/ frq0
wudu| wr hduolhu vwxglhv/ wkh lqwurgxfwlrq ri xqhpsor|phqw lq wkh g|qdplf pdunxs
orqj0uxq uhodwlrq lv uhtxluhg lq rughu wr dfklhyh vwdwlrqdulw| ri wkh htxloleulxp huuru
yduldeoh1

Dffruglqjo|/ zh duh deoh wr fdswxuh wkh ehkdylrxu ri wkh pdunxs ryhu wkh f|foh
rqo| e| irfxvlqj rq wkh h�hfwv ri xqhpsor|phqw rq yduldwlrqv lq wkh pdunxs1 Zh
revhuyh wkdw dfwlylw| grhv lpsdfw lq dwlrq wkurxjk wkh huuru fruuhfwlqj phfkdqlvp/
dqg wkdw yduldwlrqv lq lq dwlrq lq xhqfh lq wxuq wkh yduldwlrqv lq wkh pdunxs1 Doo
f|folfdo h�hfwv rq wkh pdunxs duh fkdqqhoohg wkurxjk wkh yduldwlrqv lq lq dwlrq dqg
rqo| e| wklv yduldeoh1 E| fduhixoo| phdvxulqj wkhvh lqgluhfw h�hfwv/ zh fdq frqfoxgh
wkdw wkh pdunxs lv frxqwhu0f|folfdo1 Lw lv zruwk vwuhvvlqj wkdw wuhdwlqj pdunxs/
lq dwlrq dqg xqhpsor|phqw dv vwdwlrqdu| vhulhv zrxog kdyh ehhq wdqwdprxqw wr
frqfoxglqj wkdw wkh pdunxs lv surf|folfdo1 Wkh hpslulfdo hylghqfh kljko| ghshqgv
rq wkh hfrqrphwulf prgho vshfl�hg wr ghvfuleh wkh g|qdplfv ri wkh v|vwhp1 Zh kdyh
uhfxuvlyho| lpsohphqwhg d frpsohwh lqihuhqfh surfhgxuh htxdoo| xvlqj hfrqrplf
wkhru| dqg vwdwlvwlfdo wrrov wr rewdlq d uholdeoh vwuxfwxudo prgho zklfk lv txlwh
urexvw dqg vwdeoh ryhu wlph1 Pruhryhu rxu prgho surylghv yhu| jrrg iruhfdvwv ri
lq dwlrq rqh |hdu dkhdg/ dv suryhg e| uhfxuvlyh rxw0ri0vdpsoh h{huflvhv1

: Uhihuhqfhv
Edjkol/ P1/ J1 Fhwwh dqg D1 V|oydlq +5336, �Ohv gìwhuplqdqwv gx wdx{ gh

pdujh hq Iudqfh dw txhotxhv dxwuhv sd|v lqgxvwuldolvìv= dqdo|vh hpslultxh vxu orqjxh
sìulrgh�/ Hfrqrplh hw Suìylvlrq/ 48;/ 40581

Edqhumhh/ D dqg E1 Uxvvhoo +5337, �D uhlqyhvwljdwlrq ri wkh pdunxs dqg wkh
exvlqhvv f|foh�/ Hfrqrplf Prghoolqj/ 54/ 59:05;71

ri wkh suhghwhuplqhg yduldeoh wkdw |lhogv wkh ehvw iruhfdvwlqj shuirupdqfh dqg uxq d �kruvh udfh�
ehwzhhq wkh ehvw prghov1 Reylrxvo|/ wklv uhlqirufhv rxu frqfoxvlrq uhjduglqj wkh vxshulrulw| ri wkh
HFP prgho1
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Edqhumhh/ D/ S1 Pl}hq dqg E1 Uxvvhoo +5335, �Wkh Orqj0Uxq Uhodwlrqvklsv
dprqj Uhodwlyh Sulfh Yduldelolw|/ Lq dwlrq dqg wkh Pdunxs�/ Sdshu suhvhqwhg wr
wkh Hfrqrphwulf Vrflhw| Hxurshdq Phhwlqj/ Yhqlfh/ Dxjxvw1

Edqhumhh/ D1/ O1 Frfnhuhoo dqg E1 Uxvvho +5334d, �Dq L+5, Dqdo|vlv ri Lq dwlrq
dqg wkh Pdunxs�/ Mrxuqdo ri Dssolhg Hfrqrphwulfv/ 49/ 55405731

Edqhumhh/ D dqg E1 Uxvvhoo +5334e,/ �Wkh Uhodwlrqvkls ehwzhhq wkh Pdunxs
dqg Lq dwlrq lq wkh J: Hfrqrplhv dqg Dxvwudold�/ Wkh Uhylhz ri Hfrqrplfv dqg
Vwdwlvwlfv/ Pd|/ ;6+5,/ 6::06;:1

Eìqderx/ U +4<<5, �Lq dwlrq dqg pdunxsv= wkhru| dqg hylghqfh iurp wkh uhwdlo
wudgh vhfwru�/ Hxurshdq Hfrqrplf Uhylhz/ 69/ 89908:71

Euxqhdx/ F1/ R1 gh Edqgw dqg D1 Iodjhroohw +5336, �Iruhfdvwlqj lq dwlrq lq wkh
hxur duhd�/ Edtqxh gh Iudqfh/ Qrwhv g*Hwxgh hw gh Uhfkhufkh/ &4351 dydlodeoh dw
kwwsqqzzz1edqtxh0iudqfh1iu1

Gh Eurxzhu/ J1 dqg Q1 U1 Hulfvvrq +4<<;, �Prgholqj lq dwlrq lq Dxvwudold�/
Mrxuqdo ri Exvlqhvv dqg Hfrqrplf Vwdwlvwlfv/ Rfwrehu/ 49 +7,/ 766077<1

Idjdq/ J1/ M1 Khqu| dqg U1 Phvwuh +5334, �Dq duhd zlgh prgho iru wkh hxur
duhd�/ Hxurshdq Fhqwudo Edqn/ Zrunlqj sdshu

Jhuodfk/ V1 dqg I1 Vphwv +4<<<,1 �Rxwsxw jdsv dqg prqhwdu| srolf| lq wkh HPX
duhd�/ Hxurshdq Hfrqrplf Uhylhz/ +76,/ ;3340;451

Mrkdqvhq/ V1 +4<<5,/ �D Uhsuhvhqwdwlrq ri yhfwru dxwruhjuhvvlyh surfhvvhv lqwh0
judwhg ri rughu 5�/ Hfrqrphwulf Wkhru|/ ;/ 4;;05351

Mrkdqvhq/ V1 +4<<8,/ � D Vwdwlvwlfdo Dqdo|vlv ri Frlqwhjudwlrq iru L+5, Ydul0
deohv�/Hfrqrphwulf Wkhru|/ 44/ 5808<1

Mrkdqvhq/ V1 +4<<9,/�Olnholkrrg0edvhg Lqihuhqfh lq Frlqwhjuwdhg Yhfwru Dxwruh0
juhvvlyh Prghov�/ R{irug Xqlyhulvw| Suhvv/ R{irug / 5qg hglwlrq1

Mxvholxv/ N1 +5335, / �Zdjh/ sulfh dqg xqhpsor|phqw g|qdplfv dqg wkh frqyhu0
jhqfh wr sxufkdvlqj srzhu sdulw| lq wkh hxur duhd�/ plphr/ Xqlyhuvlw| ri Frshqk0
djxhq1

Nrqjvwhg/ K1F1 +5336,/ �Whvwlqj wkh Qrplqdo0wr0Uhdo Wudqvirupdwlrq�/ Glvfxv0
vlrq Sdshu 35039/ Lqvwlwxwh ri Hfrqrplfv/ Xqlyhuvlw| ri Frshqkdjhq1

Nrqjvwhg/ K1F1dqg K1E1 Qlhovhq +5335,/ �Dqdo|}lqj L+5, V|vwhpv e| Wudqv0
iruphg Yhfwru Dxwruhjuhvvlrqv�/ Glvfxvvlrq Sdshu 35053/ Lqvwlwxwh ri Hfrqrplfv/
Xqlyhuvlw| ri Frshqkdjhq1

Od|dug/ U/ V1 Qlfnhoo dqg U1 Mdfnpdq +4<<5, �Xqhpsor|phqw/ Pdfurhfrqrplf
Shuirupdqfh dqg wkh Oderxu Pdunhw�/ R{irug Xqlyhuvlw| Suhvv1

Qlhovhq/ K1E1 dqg F1 Erzgohu +5336,/ �Lq dwlrq Dgmxvwhphqw lq wkh Rshq Hfrq0
rp|= dq L+5, Dqdo|vlv ri XO Sulfhv�

Sduxror/ S1 +4<<9,/ �Rq wkh ghwhuplqdwlrq ri lqwhjudwlrq lqglfhv lq L+5, v|vwhpv�/
Mrxuqdo ri Hfrqrphwulfv/ :5/ 64606891

Suljhqw/ F1 +4<<<, �Od sduw ghv vdodluhv gdqv od ydohxu dmrxwìh hq Iudqfh= xqh
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dssurfkh pdfurìfrqrpltxh�/ Hfrqrplh hw Vwdwlvwltxh/ 656/ :60<41
Urwhpehuj/ M1 dqg P1 Zrrgirug +4<<<, �Wkh f|folfdo ehkdylrxu ri sulfhv dqg

frvwv�/ lq Kdqgerrn ri Pdfurhfrqrplfv/ yro1 4E/ M1 E1 Wd|oru dqg P1 Zrrgirug
hglwruv/ Qruwk0Kroodqg1

D Dsshqgl{
Zh suhvhqw khuh wkh uhvxowv iurp whvwv rq rxu gl�huhqw v|vwhpv ri yduldeohv1 L+4, dqg
L+5, prghov duh hvwlpdwhg rq d frqvlvwhqw vdpsoh shulrg/ exw wkh uhihuhqfh shulrg lv
wkh L+4, prgho1 Iru h{dpsoh/ dq L+4, prgho lq �uvw gl�huhqfh hvwlpdwhg iurp 4<;8T4
fruuhvsrqgv wr dq L+5, prgho lq ohyhov iurp 4<;7T71 Lq wkdw fdvh/ wkh vdpsoh shulrg
zloo dsshdu lq wkh wdeohv iurp 4<;8T4 rqzdugv1

D14 Udqn whvwv

D1414 Vrph uhvxowv zlwk qr �owhuhg xqlw oderxu frvw ryhu 4<;9 wr 5335

Wdeoh D1414 d= Wudfh whvw ri frlqwhjudwlrq udqnv iru L+5, prgho
wkh fdvh ri d vpdoo v|vwhp ^Rc �,Sc R6`

Wudfh vwdwlvwlfvW

u @ 3 <:163 8;158 74176 73156
4 7;13: 4<17< 481:;
5 <1<5 81<:

Fulwlfdo Ydoxhv dw 4(
u @ 3 :31;: 84168 6;1;5 5<19;

4 69145 5519 48174
5 451<6 61;7

Q0u0v @ 6 5 4 3
- lq erog zh dffhsw wkh lqwhjudwlrq lqglfhv dw wkh 4( Ohyho
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Wdeoh D14141e= Wudfh whvw ri frlqwhjudwlrq udqnv iru L+5, prgho
wkh fdvh ri dq h{whqghg v|vwhp ^Rc �,Sc R6c Lc �`

Wudfh vwdwlvwlf-

u @ 3 547138 49<156 47515< 453135 4371;3 4341<;
4 475139 433133 ::176 95157 8<1;4
5 ;61:4 8319< 6719: 651;7
6 671:6 4;176 471;9
7 43148 7147

Fulwlfdo Ydoxhv dw 4(

u @ 3 4:41;< 47518: 44:196 <:1<: ;41<6 9;185
4 449164 <4174 :51<< 8:1<8 7:154
5 :31;: 84168 6;1;5 5<19;
6 69145 5519 48174
7 451<6 61;7

Q0u0v 8 7 6 5 4 3
- lq erog zh dffhsw wkh lqwhjudwlrq lqglfhv dw wkh 4( Ohyho
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D1415 Udqn whvwv iru L+4, prghov iru rxu wkuhh vxe0shulrgv

Wdeoh D1415= Wudfh whvw ri frlqwhjudwlrq udqnv iru L+4, prgho
v|vwhp= ^{Rc R� i�,Sc R� R6c Lc �`

d0 Hvwlpdwh fduulhg rxw ryhu 4<:905335

K|srwkhvl}hg Wudfh 8 Shufhqwv
Udqn- Vwdwlvwlf Fulwlfdo Ydoxh
Qrqh <6164 9;185

4 85176 7:154
5 5:137 5<19;
6 <138 48174
7 31;4 61:9

e0 Hvwlpdwh fduulhg rxw ryhu 4<;805335

K|srwkhvl}hg Wudfh 8 Shufhqwv
Udqn- Vwdwlvwlf Fulwlfdo Ydoxh
Qrqh 4371;: 9;185

4 87136 7:154
5 5:1;; 5<19;
6 <169 48174
7 3143 61:9

f0 Hvwlpdwh fduulhg rxw ryhu 4<;905335

K|srwkhvl}hg Wudfh 8 Shufhqwv
Udqn- Vwdwlvwlf Fulwlfdo Ydoxh
Qrqh ;:1:5 9;185

4 7;174 7:154
5 5;1;9 5<19;
6 <1;8 48174
7 313: 61:9

- lq erog zh dffhsw wkh udqn dw wkh 8( ohyho
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D15 Vkruw0uxq frh!flhqwv ^{Rc R� i�,Sc R� Rpc Lc �`

D1514 Prgho lv hvwlpdwhg ryhu 4<;8T405335T7 shulrg

Ghshqghqw {2R {E R� i�,S�
Yduldeoh

pdunxs uhodwlrq 031<9< ^061::` 041885 ^0519<`

Lv htxdwlrq 3138: ^ 4136` 31683 ^ 51;4`

{2R3� 03198; ^071:8` 0413;3 ^0617:`
{2R32 0317<: ^0819;` 031585 ^0415;`

{E R� i�,S�3� 031377 ^031:<` 31879 ^ 7168`
{E R� i�,S�32 31336 ^ 3139` 031734 ^06153`

{E R� R6�3� 031345 ^03177` 0313;8 ^04175`
{E R� R6�32 0313:6 ^0616;` 0313:; ^04194`

{L3� 031455 ^031:4` 031565 ^03193`
{L32 03166: ^041;6` 31659 ^ 31:<`

{�3� 313:8 ^ 4153` 31476 ^ 4136`
{�32 0313;< ^04169` 031457 ^031;7`

Sr| 31333 ^ 414;` 31334 ^ 5133`

{J�,3� 31337 ^ 51;6` 031333 ^03147`
{J�,32 031338 ^06163` 031339 ^04186`

Dgm1 U2 31:9 319:

Whvw iru qrupdolw| +Oxwnhsrko,=
�2+43,@53175/ s0ydoxh @31361

Whvwv iru vhuldo fruuhodwlrq=
OP+4,/�2+58,@6619</ s0ydoxh@3144/
OP+5,/�2+58,@5:179/ s0ydoxh@316/
OP+7,/�2+58,@5:145/ s0ydoxh@31681
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D1515 Prgho lv hvwlpdwhg ryhu 4<;9T405335T7 shulrg

Ghshqghqw {2R {E R� i�,S�
Yduldeoh

pdunxs uhodwlrq 031;;7 ^0514;` 041959 ^0513<`

Lv htxdwlrq 3134; ^ 315:` 3159: ^ 513;`

{2R3� 0317<4 ^05185` 031<76 ^05185`
{2R32 03188: ^08134` 03173: ^041<4`

{E R� i�,S�3� 031365 ^0317;` 31864 ^ 7153`
{E R� i�,S�32 031344 ^0314:` 03163< ^05189`

{E R� R6�3� 03136: ^0415:` 03145; ^0515<`
{E R� R6�32 03136: ^04188` 031396 ^0416:`

{L3� 0313:3 ^03169` 031553 ^0318<`
{L32 031679 ^04196` 31688 ^ 31;:`

{�3� 313:; ^ 4145` 3143; ^ 31;4`
{�32 031466 ^0419:` 031545 ^0416;`

Sr|e 31333 ^ 4134` 31334 ^ 5183`

{J�,3� 31338 ^ 5183` 31334 ^ 3169`

Dgm1 U2 31:5 3199

Whvw iru qrupdolw| +Oxwnhsrko,=
�2+43,@49173/ s0ydoxh@313<1

Whvwv iru vhuldo fruuhodwlrq=
OP+4,/�2+58,@5;166/ s0ydoxh@315</
OP+5,/�2+58,@5918</ s0ydoxh@316;/
OP+7,/�2+58,@57199/ s0ydoxh@317;1
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D1516 Prgho lv hvwlpdwhg ryhu 4<:9T405335T7 shulrg

Ghshqghqw {2R {E R� i�,S�
Yduldeoh

pdunxs uhodwlrq 03177; ^07168` 0318<3 ^06184`

Lv htxdwlrq 31379 ^ 4177` 31578 ^ 71:7`

{2R3� 031777 ^061<3` 031763 ^05163`
{2R32 0316;; ^07166` 0314<< ^04169`

{E R� i�,S�3� 0313<6 ^0418<` 3168: ^ 61:8`
{E R� i�,S�32 3143; ^ 41:<` 031596 ^05199`

{E R� R6�3� 03138; ^06136` 031436 ^06165`
{E R� R6�32 31339 ^ 3168` 0313:9 ^05186`

{L3� 31377 ^ 3156` 03145; ^03174`
{L32 31433 ^ 3186` 41443 ^ 618;`

{�3� 313<8 ^ 418<` 03136: ^0316;`
{�32 03133< ^0314:` 03138: ^03196`

Sr| 31333 ^04138` 31333 ^03194`

{J�, 31339 ^ 717:` 31337 ^ 41;<`

Dgm1 U2 3187 3187

Whvw iru qrupdolw| +Oxwnhsrko,=
�2+43,@48154/ s0ydoxh@31451

Whvwv iru vhuldo fruuhodwlrq=
OP+4,/�2+58,@571;4/ s0ydoxh@317:/
OP+5,/�2+58,@631<5/ s0ydoxh@314</
OP+7,/�2+58,@491;9/ s0ydoxh@31;<1
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E Iljxuhv

E14 Yduldeohv ri wkh v|vwhp49

Fkduw E1414= Hqgrjhqrxv dqg h{rjhqrxv vhulhv vlqfh 4<:9

d 0 Wkh L+5, yduldeohv h{suhvvhg lq orj1�
R i�,S
R6

�
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49Vkdghg duhdv pdwfk rlo0vkrfn shulrgv1
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e 0 Wkh L+4, yduldeohv1�
L �

�
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f0 Wkh wudqviruphg yduldeohv dqg wkh h{rjhqrxv rlo sulfh�
{R rlo lq hxur
R� i�,S R� R6
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Fkduw E1415=Lq dwlrq dqg pdunxs/ vfdwwhu sorwv
ryhu 4<;9 wr 5335

pdunxs rq xqlw oderxu frvw +R� i�,S, Hvwlpdwhg pdunxs +R� wi�,S� E�� w�R6,ewHS ' f�b�

.000
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E15 Vwdelolw| ryhu wlph

Wkh iroorzlqj fkduwv glvsod| wkh q dqg k frh!flhqwv iru wkh sulfh dqg pdunxs htxd0
wlrqv zkhq wkh v|vwhpv duh hvwlpdwhg uhfxuvlyho| rq d vdpsoh shulrg surjuhvvlyho|
h{whqghg wr lqfoxgh wkh |hduv 4<<: wr 5334/ lq rughu wr surylgh uroolqj rqh0|hdu
dkhdg iruhfdvwv1 Wkh fkduwv duh rughuhg e| w|sh ri orqj0uxq uhodwlrqv +pdunxs lq
E1514 dqg LV lq E1515, dqg w|sh ri htxdwlrq +sulfh {2R ru pdunxs {ER � �,S�,1
Iru h{dpsoh/ Dsshqgl{ E1514 ghvfulehv wkh pdunxs frh!flhqwv/ vwduwlqj zlwk wkh
prgho zlwk xqhpsor|phqw/ suhvhqwlqj wkh orqj0uxq frh!flhqwv q� wr q�/ dqg wkh k�

frh!flhqwv iru wkh sulfh htxdwlrq {2R dqg wkh pdunxs htxdwlrq R� �,S1
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E1514 Wkh pdunxs0w|sh uhodwlrq/ {R ' �q�ER� i�,S�� q2ER� R6�� q�L

Fkduw E1514 = Iluvw orqj0uxq uhodwlrq

d0 Orqj0uxq frh!flhqwv
R� i�,S Eq�� R� R6 Eq2�

L Eq��
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e0 Vkruw0uxq frh!flhqwv
{2R {ER� i�,S�

E1515 Wkh LV0w|sh htxdwlrq L ' �qe{R� qD�

Fkduw E15151= Vhfrqg orqj0uxq uhodwlrq
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